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Foreword

Ten quadrennial editions and counting! This latest edition 
of Brenner and Rector’s The Kidney, which comes 40 years 
after the first, is also the first in which I have had no formal 
role. The work of editing is now in the very capable hands 
of five exceptionally gifted and internationally dispersed 
former colleagues. It is perhaps fitting then to leave behind 
something of the history of how this textbook came  
into being. The year was 1972, the setting the Veterans 
Administration Medical Center at Fort Miley, perched on a 
high bluff overlooking the Golden Gate Bridge at the 
entrance to San Francisco Bay. I was then in my third year 
beyond renal physiology fellowship training, holding the 
position as Chief, Nephrology Section, overseeing a faculty 
of four and a single laboratory devoted to basic kidney 
research. Exploiting surface glomeruli in a unique strain of 
Wistar rats, using specially designed micropuncture tech-
niques, our now classical studies of glomerular hemodynam-
ics and permselectivity propelled me up the academic 
ladder such that a full professorship in the University of 
California system was soon earned. I was so self-confident 
and ambitious that new challenges and adventures were 
eagerly sought and considered.

But the one that presented itself on a Saturday morning 
in late 1972 could hardly have been imagined. After review-
ing the week’s laboratory data with my research team, I 
wandered, as I often did, into the nearby office of the Chair 
of Medicine, Marvin H. Sleisenger, whose warm and sup-
portive words were always a treasured source of guidance 
and encouragement. On this particular morning’s visit, I 
saw on his desk before him reams of long vertical galley 
proof of what was soon to become the first edition of a new 
textbook on gastroenterology, co-edited with John Fordtran. 
How wonderful it must feel, I remarked, to be in the posi-
tion to oversee the organization and synthesis of a major 
field of internal medicine. He indeed expressed great pride 
and satisfaction in dealing with this challenge and, to my 
complete amazement, gazed up at me and suggested that 
this might be the appropriate time in my career to under-
take a similar responsibility for a large-scale academic work 
in nephrology.

Flattered, of course, I left his office with little belief that 
I had the knowledge or capability to take on so formidable 
a challenge at this relatively early stage in my career. Not 
more than a week later, however, Albert Meier, Senior Editor 
at W.B. Saunders Publishing Company, was in my office 
urging me to set aside my reservations and undertake the 
responsibility for putting together a comprehensive com-
pendium of nephrology, from basic science to clinical diag-
nosis and treatment of kidney disease. Weeks passed without 
decision into early 1973, when I learned that Floyd C. 
Rector, Jr., a world-renowned academic nephrologist, was 
moving to San Francisco to direct the Renal Division at the 

University of California, San Francisco. Imagine my excite-
ment at the prospect of collaborating with this brilliant 
physician-scientist on a project of this magnitude and impor-
tance. Upon my sharing the notion with him, Dr. Rector was 
quick to agree that a two-volume textbook of nephrology 
based on fundamental physiologic principles was indeed 
needed, and we soon informed Saunders that a detailed 
outline of the scope and organization that reflected our 
combined personal insights and imagination would soon be 
forthcoming. All this was achieved in an informal 4-hour 
session in the living room of my Mill Valley home, where, 
over a lovely bottle of Napa Valley cabernet sauvignon and 
delicious, warm canapés prepared by my wife, Jane, we 
sketched out the five-section structure of a book that would 
remain unaltered over seven editions, namely, “Elements of 
Normal Renal Function,” “Disturbances in Control of Body 
Fluid Volume and Composition,” “Pathogenesis of Renal 
Disease,” “Pathophysiology of Renal Disease,” and “Manage-
ment of the Patient with Renal Failure.” Over the next few 
weeks, we added the filigree of specific chapter titles, pro-
spective authors, timelines, and our shared editorial respon-
sibilities and submitted the operational plan to Saunders for 
their executive consideration. Enthusiastic approval and 
contracts soon followed, and we were then busy with formal 
letters of invitation to authors (no e-mail in those days) for 
49 chapters in nearly 2000 printed pages, with not a single 
turndown.

The first edition of The Kidney debuted at the ninth 
annual meeting of the American Society of Nephrology in 
November 1975, bearing the publication date of 1976. 
Acceptance was instantaneous and robust. Three subse-
quent editions with Dr. Rector appeared in 1980, 1984, and 
1988, each extensively revised and expanded to reflect the 
remarkable progress in the field. I then served as sole editor 
for four editions, including an extensive structural redesign 
for the eighth edition, which consisted of 70 chapters in 12 
sections. Among the newly crafted sections were the timely 
themes of “Epidemiology and Risk Factors in Kidney 
Disease,” “Genetic Basis of Kidney Disease,” and “Frontiers 
in Nephrology.” The eighth edition also displayed cover art, 
tables, and figures redrawn in house in multicolor format 
and a fully functional electronic edition. In the preface to 
this eighth edition, which appeared in 2008, I wrote, “Just 
as blazing embers eventually grow dimmer, I recognize that 
now is the appropriate time to begin the orderly transition 
of responsibility for future editions…to a new generation of 
editors.” An international team consisting of Glenn M. 
Chertow, Philip A. Marsden, Karl L. Skorecki, Maarten W. 
Taal, and Alan S. L. Yu joined me in crafting the ninth 
edition, to which two major new sections were added, “Pedi-
atric Nephrology” and “Global Considerations in Kidney 
Disease.” And for this tenth edition, which you are now 

xix
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reading, these five editors have operated fully indepen-
dently in producing this extensively updated and further 
expanded latest edition, featuring several novel new chap-
ters, by far the best ever!

In addition to the refinements mentioned, what has come 
to be known as the “Brenner and Rector” project has grown 
into a very well received library of nephrology, consisting of 
discrete companion volumes designed to delve more deeply 
into specific areas of readership interest, including Therapy 
in Nephrology and Hypertension; Chronic Kidney Disease, Dialysis, 
and Transplantation; Hypertension; Acute Renal Failure; Acid-
Base and Electrolyte Disorders; Diagnostic Atlas of Renal Pathology; 
Molecular and Genetic Basis of Renal Disease; and Pocket Com-
panion to Brenner and Rector’s The Kidney.

Nephrology has evolved dramatically over these past 40 
years and will surely continue at an ever-quickening pace in 
the future. This will necessitate a full thrust into multimedia 
electronic formats such that updating new developments 
will appear more and more as a continuum. This will surely 

require new tools and editorial flexibility not yet tested. But 
therein may lie the project’s greatest challenge.

Looking back, I could hardly have imagined the enor-
mous success and respect this textbook project has enjoyed. 
Of course, full credit rests entirely with the authors of the 
chapters in each edition, whose enormous commitments of 
time and effort provided the outstanding scholarship and 
synthesis their respective areas demanded, along with invalu-
able comprehensive bibliographies, all of which served our 
devoted readership so well. My gratitude to them, our edito-
rial staff, and the readers for their generous feedback over 
the years is unbounded. Playing a part in documenting the 
ever-more complex and expanding disciplines of renal 
science and medicine is among my life’s greatest pleasures 
and challenges. If only I could again be a young student and 
have this magnificent new edition introduce me to the kid-
ney’s many wonders and enigmas.

Barry M. Brenner, MD
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Preface

The tenth edition of The Kidney represents a turning point 
in the more than 40-year history of what has rightfully 
become a classic in nephrology. Barry Morton Brenner, co–
founding editor with his distinguished colleague, Floyd 
Rector, and sole editor for the fourth through eighth edi-
tions, has shepherded an orderly transition of editorial stew-
ardship to five of his fortunate trainees. We served as 
co-editors with Dr. Brenner on the ninth edition, for which 
Maarten W. Taal was a lead editor, and have now been fully 
entrusted with this precious legacy, buoyed by the mentor-
ship and training that we have each received from Dr. 
Brenner.

The same sense of honor, mixed with trepidation, respon-
sibility, and pride, that accompanied each of us as we entered 
the vaunted nephrology clinical and research program in 
Dr. Brenner’s division at Brigham and Women’s Hospital 
now accompanies us as we accept into our hands this “labor 
of love.” Although this is the first edition for which Dr. 
Brenner is not an editor, his presence is palpable through-
out the book. A fascinating history of The Kidney is described 
in the foreword by Dr. Brenner, and the narrative very much 
follows the exciting history of scientific discovery and clini-
cal advances in the rather young clinical specialty of nephrol-
ogy and our emerging knowledge of kidney biology. Dr. 
Brenner’s imprint is also evident in so many of his own 
scientific discoveries and insights that have transformed our 
understanding of all aspects of the kidney in health and 
disease, as described by the authors throughout all the sec-
tions of the book. The Kidney continues to combine authori-
tative coverage of the most important topics of relevance to 
readers worldwide with the excitement of “a work in prog-
ress” presenting novel and transformative insights based on 
basic and clinical research and clinical paradigms that 
inform and improve medical care to patients with kidney 
disease in every corner of the world.

The more than 200 authors with whom we have had the 
great privilege of working have succeeded in transmitting 
not only a wealth of information, but also a sense of passion 
for the topics at hand. We hope that the reader will readily 
identify for each author the specific attraction that draws 
the author closer to the subject. These are myriad and 
diverse, ranging from the sheer and exquisite beauty of the 
architecture, structure, and substructure of the renal system, 
to the intricacies of cellular and molecular function, along-
side advances in our understanding of disease pathogenesis 
at the most fundamental level, coupled with the opportunity 
to offer lifesaving clinical management with a global health 
perspective. Indeed, the authors reflect an international 
fellowship of dedicated researchers, scientists, and health 
professionals who find their expression in narrative text, 
images, illustrations, Web links, review questions, and refer-
ences that constitute this tenth edition of The Kidney.

Most of all, the book is imbued with the inspiration of Dr. 
Brenner. We feel that it is this ingredient that guarantees 
the continued success of The Kidney in an era when other 
textbooks in all specialties are supplanted by a morass of 
other information sources. We, the editors and publishers, 
together with our authors, believe in the cardinal impor-
tance of a coherent and updated source of empowering 
information for students and devotees of the kidney, whether 
in the professional, teaching, or research domain.

To this end, the ninth edition of The Kidney, with Maarten 
W. Taal as lead editor, introduced several major changes  
that have proven enormously successful. Therefore we  
have retained and extended these innovations in the tenth 
edition. As befitting a living textbook, all chapters have been 
extensively updated or entirely rewritten. All of the authors 
are authorities in their respective fields, and many have 
accompanied The Kidney for several editions. However, new 
authors have been invited to provide refreshing perspectives 
on existing topics or to introduce brand-new areas relevant 
to kidney biology and health. One of the many examples is 
thorough consideration of our completely transformed 
understanding of sodium balance, resulting from the discov-
ery of sodium stores whose very existence had been unknown 
and whose fluxes are under complex hormonal and growth 
factor regulation. By combining the classical and authorita-
tive with transformative discovery and perspectives, The 
Kidney has positioned itself as the “go-to” reference and also 
the leading learning resource for kidney health and disease 
throughout the world. For example, a section on pediatric 
kidney disease was included in the ninth edition, and the 
positive feedback we received resulted in greater emphasis 
in the tenth edition. The extension of The Kidney into pedi-
atric kidney disease will allow individuals and institutions 
throughout the world, sometimes with limited resources, to 
access information from a learning resource that covers 
kidney health and disease from pre-conception, through 
fetal and infant health, childhood, adulthood, and into old 
age. Similarly, the section on global perspectives has been 
expanded, and the chapter on ethical challenges has been 
deepened.

A number of practical considerations were also taken into 
account in the production of the tenth edition. Positive 
feedback and reviews have reinforced the overall organiza-
tion into 14 sections and 87 chapters that take the reader 
from normal structure and function through to current and 
future challenges in the concluding section.

The authors have been asked to choose 50 key references 
for their respective chapters, whose citations will appear  
in the print edition. The online edition will in turn offer 
access to the full repertoire of references for each chapter, 
allowing scholarly primary assessment of each subject. As a 
new resource, we have included a set of board review–style 
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Senior Project Manager. These are but a few of the many 
members of the highly professional team at Elsevier, from 
whose wealth of experience the editors have benefited 
greatly.

None of this is possible without our authors, whose impri-
matur, loyalty, and commitment to the highest standards 
continue to place The Kidney in its well-deserved position 
of international recognition. Through interactions with 
authors, we have also been able to strengthen long-standing 
bonds and to cultivate friendships. Most importantly, we owe 
a debt of gratitude to our readers, whose loyalty to and 
enthusiastic participation in each new edition energizes us 
as editors and reinforces our belief that the guiding spirit 
of Brenner and Rector for the subject matter and respect 
for the tradition initiated by the veritable “father” of The 
Kidney—Barry Morton Brenner—will continue to enliven 
this labor of love through many future editions.

On behalf of my co-editors, Maarten Taal, Glenn Chertow, 
Alan Yu, and Philip Marsden, I express tremendous gratifi-
cation with the work that has become a major part of our 
lives and those of our families and friends and hope that 
the reader will also share this gratification upon partaking 
of The Kidney.

Karl Skorecki
Haifa, Israel

questions for those using The Kidney in preparation for cer-
tification and other examination purposes. As an educa-
tional resource, readers will be able to download figures for 
PowerPoint teaching purposes. We have also made an effort 
to adopt uniform terminology and nomenclature, in line 
with emerging consensus in the world kidney community. 
Thus, wherever possible, we have preferred terms such as 
chronic kidney disease and acute kidney injury, replacing the 
diverse and sometimes confusing terms that have peppered 
the literature in the past. Through Expert Consult, individu-
als who wish access to a physiology or disease topic at the 
most authoritative level will also be able to acquire separate 
chapters of interest, as might be the case for scientists and 
professionals outside of nephrology. Thus, through acquisi-
tion of The Kidney, individuals or institutions acquire a com-
panion to accompany them on their journey in study, 
research, or patient care related to kidney health and 
disease.

Production of The Kidney is very much a team effort. The 
editors are indebted to the publication production team. 
Joan Ryan has served as our guide and lamppost beaconing 
the numerous contributors and providing expert input and 
support as Senior Content Development Specialist now for 
the ninth and tenth editions. Kate Dimock, Helene Caprari, 
and now Dolores Meloni have successfully assumed succes-
sive positions as Content Strategists, and Mary Pohlman as 
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Over the past several decades, the identification of genes 
and molecular pathways required for normal kidney devel-
opment has provided insight into our understanding of 
obvious developmental diseases such as renal agenesis and 
renal dysplasia. However, many of the genes identified have 
also been shown to play roles in adult-onset and acquired 
kidney diseases such as focal segmental glomerulosclerosis. 
The number of nephrons present in the kidney at birth, 
which is determined during fetal life, predicts the risk of 
kidney disease and hypertension later in life; a lower number 
is associated with greater risk.1-3 Discovery of novel therapeu-
tic targets and strategies to slow and reverse kidney diseases 
requires an understanding of the molecular mechanisms 
that underlie kidney development.

MAMMALIAN KIDNEY  
DEVELOPMENT: EMBRYOLOGY

DEVELOPMENT OF THE UROGENITAL SYSTEM

The vertebrate kidney derives from the intermediate meso-
derm of the urogenital ridge, a structure found along the 

posterior wall of the abdomen in the developing fetus.4 It 
develops in three successive stages known as the pronephros, 
the mesonephros, and the metanephros (Figure 1.1), although 
only the metanephros gives rise to the definitive adult 
kidney. However, earlier stages are required for develop-
ment of other organs, such as the adrenal gland and gonad, 
that also develop within the urogenital ridge. Furthermore, 
many of the signaling pathways and genes that play impor-
tant roles in the metanephric kidney appear to play parallel 
roles during earlier stages of renal development, in the 
pronephros and mesonephros. The pronephros consists of 
pronephric tubules and the pronephric duct (also known 
as the precursor to the wolffian duct) and develops from 
the rostralmost region of the urogenital ridge at 22 days of 
gestation (humans) and 8 days post coitum (dpc; mouse). 
It functions in the larval stages of amphibians and fish, but 
not in mammals. The mesonephros develops caudal to the 
pronephric tubules in the midsection of the urogenital 
ridge. The mesonephros becomes the functional excretory 
apparatus in lower vertebrates and may perform a filtering 
function during embryonic life in mammals. However, it 
largely degenerates before birth. Prior to its degeneration, 
endothelial, peritubular myoid, and steroidogenic cells 
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from the mesonephros migrate into the adjacent adrenogo-
nadal primordia, which ultimately form the adrenal gland 
and gonads.5 Abnormal mesonephric migration leads to 
gonadal dysgenesis, a fact that underscores the intricate 
association between these organ systems during develop-
ment and explains the common association of gonadal and 
renal defects in congenital syndromes.6,7 In males, produc-
tion of testosterone also induces the formation of seminal 
vesicles, tubules of the epididymis, and portions of the vas 
deferens from the wolffian duct.

DEVELOPMENT OF THE METANEPHROS

The metanephros, the third and final stage, gives rise to  
the definitive adult kidney of higher vertebrates; it results 
from a series of reciprocal inductive interactions that  
occur between the metanephric mesenchyme (MM) and 
the epithelial ureteric bud (UB) at the caudal end of the 
urogenital ridge. The UB is first visible as an outgrowth at 
the distal end of the wolffian duct at approximately 5 weeks 
of gestation in humans or 10.5 dpc in mice. The MM 
becomes histologically distinct from the surrounding mes-
enchyme and is found adjacent to the UB. Upon invasion 
of the MM by the UB, signals from the MM cause the UB 
to branch into a T-tubule (at around 11.5 dpc in mice) and 
then to undergo iterative dichotomous branching, giving 
rise to the urinary collecting duct system (Figure 1.2). 
Simultaneously, the UB sends reciprocal signals to the MM, 
which is induced to condense along the surface of the bud. 
Following condensation, a subset of MM cells aggregates 
adjacent and inferior to the tips of the branching UB. These 
collections of cells, known as pretubular aggregates, undergo 
mesenchymal-to-epithelial conversion to become the renal 
vesicle (Figure 1.3).

Figure 1.1  Three stages of mammalian kidney development. The 
pronephros (P) and mesonephros (M) develop in a rostral-to-caudal 
direction  and  the  tubules  are  aligned  adjacent  to  the  wolffian  or 
nephric duct (WD). The metanephros develops from an outgrowth of 
the distal end of the wolffian duct known as the ureteric bud epithe-
lium  (UB) and a cluster of  cells  known as  the metanephric mesen-
chyme  (MM).  Cells  migrate  from  the  mesonephros  (M)  into  the 
developing  gonad  (G),  which  develop  in  close  association  with  
each  another.  (Adapted from Saxen L: Organogenesis of the kidney, 
Cambridge, 1987, Cambridge University Press.)
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Pronephros Mesonephros Metanephros

Figure 1.2  Organ culture of rat metanephroi dissected at T-tubule stage. Within 84 hours, dichotomous branching of the ureteric bud (UB) 
has occurred  to provide  the basic architecture of  the kidney. Bottom panel  is  stained with Dolichos biflorus  agglutinin—a  lectin  that binds 
specifically to UB cells. (Adapted from Saxen L: Organogenesis of the kidney, Cambridge, 1987, Cambridge University Press.)

0.5 mm

0 hrs 24 hrs 60 hrs 84 hrs

http://www.myuptodate.com


4 SECTION I — NORMAL STRUCTURE AND FUNCTION

capsule, a structure that surrounds the urinary space and is 
continuous with the proximal tubular epithelium. Concur-
rently, endothelial cells migrate into the vascular cleft. 
Together with podocytes, the endothelial cells produce the 
glomerular basement membrane (GBM), a major compo-
nent of the mature filtration barrier. Initially the podocytes 
are connected by intercellular tight junctions at their apical 
surfaces.10 As glomerulogenesis proceeds, the podocytes 
revert to a mesenchymal-type phenotype, flatten, and spread 
out to cover the greater surface area of the growing glo-
merular capillary bed. They develop microtubule-based 
primary processes and actin-based secondary foot processes. 
During this time, the intercellular junctions become 
restricted to the basal aspect of each podocyte and eventu-
ally are replaced by a modified adherens junction–like struc-
ture known as the slit diaphragm (SD).10 At the same time, 
foot processes from adjacent podocytes become highly 
interdigitated. The SDs are signaling hubs serving as the 
final layer of the glomerular filtration barrier.11 Mesangial 
cell ingrowth follows the migration of endothelial cells and 
is required for development and patterning of the capillary 
loops that are found in normal glomeruli. The endothelial 
cells also flatten considerably, and capillary lumens are 

DEVELOPMENT OF THE NEPHRON

The renal vesicle undergoes patterned segmentation and 
proceeds through a series of morphologic changes to form 
the glomerulus and components of the nephrogenic tubules 
from the proximal convoluted tubule, the loop of Henle, 
and the distal tubule. The renal vesicles undergo differentia-
tion, passing through morphologically distinct stages start-
ing from the comma-shaped body and proceeding to the 
S-shaped body, capillary loop, and mature stage, each step 
involving precise proximal-to-distal patterning and struc-
tural transformations (see Figure 1.3). Remarkably, this 
process is repeated 600,000 to 1 million times in each devel-
oping human kidney as new nephrons are sequentially born 
at the tips of the UB throughout fetal life.

The glomerulus develops from the most proximal end of 
the renal vesicle that is farthest from the UB tip.8,9 Distinct 
cell types of the glomerulus can first be identified in the 
S-shaped body stage, in which presumptive podocytes appear 
as a columnar epithelial cell layer. A vascular cleft develops 
and separates the presumptive podocyte layer from more 
distal cells that will form the proximal tubule. Parietal epi-
thelial cells differentiate and flatten to form Bowman’s 

Figure 1.3  Overview of kidney development. A, Gross kidney histoarchitecture. NZ, nephrogenic zone. B through E, As described in the 
text, reciprocal interaction between the ureteric bud (UB) and metanephric mesenchyme results in a series of well-defined morphologic stages 
leading to formation of the nephron, including to the branching of the UB epithelium and the epithelialization of the metanephric mesenchyme 
into  a  highly  patterned  nephron.  F,  Distinctive  segmentation  of  the  S-shaped  body  defines  the  patterning  of  the  nephron.  BC,  Bowman’s 
capsule; CD, collecting duct; CM, cap mesenchyme; CSB, comma-shaped body; CT, connecting  tubule; DT, distal  tubule; EC, endothelial 
cells; LH, loop of Henle; PA, pretubular aggregate; PT, proximal tubule; SSB, S-shaped body. 

A

B

C

D

E

F

Ureter

Pelvis P
ap

ill
a

Medulla

Cortex

NZ

PA

UB

CSB
EC

SSB

UB

CT
DT

PT

BC

EC

LH

CD

PT
CT

DT

CMUB

GC
BC

RV

http://www.myuptodate.com


 CHAPTER 1 — EMBRyOLOGy OF THE KIDNEy 5

formed owing to apoptosis of a subset of endothelial cells.12 
At the capillary loop stage, glomerular endothelial cells 
develop fenestrae, which are semipermeable transcellular 
pores common in capillary beds exposed to high hemody-
namic flux. Positioning of the foot processes on the GBM 
and spreading of podocyte cell bodies are still incompletely 
understood but share many features of synapse formation 
and neuronal migration.13-15

In the mature stage, glomerulus, the podocytes, fenes-
trated endothelial cells, and intervening GBM compose the 
filtration barrier that separates the urinary from the blood 
space. Together, these components provide a size- and 
charge-selective barrier that permits free passage of small 
solutes and water but prevents the loss of larger molecules 
such as proteins. The mesangial cells are found between the 
capillary loops (approximately three per loop); they are 
required to provide ongoing structural support to the capil-
laries and possess smooth muscle cell–like characteristics 
that give them the capacity to contract, which may account 
for the dynamic properties of the glomerulus. The tubular 
portion of the nephron becomes segmented in a proximal-
to-distal order, into the proximal convoluted tubule, the 
descending and ascending loops of Henle, and the distal 
convoluted tubule. The distal tubule is contiguous with the 
collecting duct, a derivative of the UB. Imaging and fate 
mapping analysis reveal that this interconnection results 
from the invasion of the UB by cells from the distal segments 
of nascent nephrons (around the S-shaped body stage).16

Although all segments of the nephron are present at birth 
and filtration occurs prior to birth, maturation of the tubule 
continues in the postnatal period. Increased expression 
levels of transporters, switch in transporter isoforms, altera-
tions in paracellular transport mechanisms, and the devel-
opment of permeability and biophysical properties of 
tubular membranes have all been observed to occur postna-
tally.17 Although additional studies are needed, these 
observations emphasize the importance of considering 
developmental stage of the nephron in interpretation of 
renal transport and may explain the age of onset of symp-
toms in inherited transport disorders; some of these issues 
may be recapitulated in acute kidney injury.

THE NEPHROGENIC ZONE

After the first few rounds of branching of the UB and the 
concomitant induction of nephrons from the MM, the 
kidney subdivides into an outer cortical region, where neph-
rons are being induced, and an inner medullary region, 
where the collecting system will form. As growth continues, 
successive groups of nephrons are induced at the peripheral 
regions of the kidney known as the nephrogenic zone (Figure 
1.4). Thus, within the developing kidney, the most mature 
nephrons are found in the innermost layers of the cortex, 
and the most immature nephrons in the most peripheral 
regions. At the extreme peripheral lining, under the renal 
capsule, a process that seems to recapitulate the induction 
of the original nephrons can be observed, whereby numer-
ous UB-like structures are inducing areas of condensed mes-
enchyme. Indeed, whether there are significant molecular 
differences between the induction of the original nephrons 
and these subsequent inductive events is not known. A sub-
population of self-renewing mesenchymal cells immediately 

Figure 1.4  The nephrogenic zone. As described in the text, neph-
rons  are  continually  produced  in  the  nephrogenic  zone  throughout 
fetal life. CM, Condensing mesenchyme; PTA, pretubular aggregate; 
S, stromal cell lineage (spindle-shaped cells); UB, ureteric bud. 

CM

UB PTA
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adjacent and inferior to the UB tips at the nephrogenic 
zone undergoes epithelial transformation, giving rise to new 
nephrons postnatally.18,19

BRANCHING MORPHOGENESIS: DEVELOPMENT 
OF THE COLLECTING SYSTEM

The collecting system is composed of hundreds of tubules 
through which the filtrate produced by the nephrons is 
conducted out of the kidney and to the ureter and then the 
bladder. Water and salt resorption and excretion, ammonia 
transport, and H+ secretion required for acid-base homeo-
stasis also occur in the collecting ducts, under different 
regulatory mechanisms and using different transporters and 
channels from those that are active along tubular portions 
of the nephron. The collecting ducts are all derived from 
the original UB (Figure 1.5). Whereas each nephron is an 
individual unit separately induced and originating from a 
distinct pretubular aggregate, the collecting ducts are the 
product of branching morphogenesis from the UB. Consid-
erable remodeling is involved in forming collecting ducts 
from branches of UB, and how this occurs remains incom-
pletely understood.20 The branching is highly patterned; the 
first several rounds are somewhat symmetric, additional 
rounds of branching are asymmetric, in which a main trunk 
of the collecting duct continues to extend toward the neph-
rogenic zone but smaller buds branch as they induce new 
nephrons within the nephrogenic zone. Originally, the UB 
derivatives are branching within a surrounding mesen-
chyme. Ultimately, they form a funnel-shaped structure in 
which cone-shaped groupings of ducts or papillae sit within 
a funnel or calyx that drains into the ureter. The mouse 
kidney has a single papilla and calyx, but a human kidney 
has 8 to 10 papillae, each of which drains into a minor calyx, 
with several minor calyces draining into a smaller number 
of major calyces.

RENAL STROMA AND  
INTERSTITIAL POPULATIONS

For decades in classic embryologic studies of kidney devel-
opment, emphasis was placed on the reciprocal inductive 
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Figure 1.5  Collecting duct system. The branching ureteric epithe-
lial lineage gives rise to the collecting duct system. A, E12.5 mouse 
embryonic kidney explant grown in vitro for 2 days and B, neonatal 
mouse kidney section, stained for the ureteric epithelium and collect-
ing  ducts  (pan-cytokeratin,  red)  and  the  nascent  proximal  tubules 
(Lotus  lectin,  green).  C,  Scanning  electron  micrograph  of  a  hemi-
sected adult mouse kidney showing the funnel-shaped renal papillae. 
D, Scanning electron micrograph of a collecting duct showing smooth 
principal cells and reticulated intercalated cells. 
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signals between MM and UB. However, in later years, inter-
est has arisen in the stromal cell as a key regulator of 
nephrogenesis.9,21-23 Stromal cells also derive from the MM 
but are not induced to condense by the UB. Two distinct 
populations of stromal cells have been described: Cortical 
stromal cells exist as a thin layer beneath the renal capsule 
and medullary stromal cells populate the interstitial space 
between the collecting ducts and tubules (Figure 1.6). Corti-
cal stromal cells also surround the condensates and provide 
signals required for UB branching and patterning of the 
developing kidney. Disruption or loss of these stromal cells 
leads to failure of UB branching, a reduction in nephron 
number, and disrupted patterning of nephric units with 
failure of cortical-medullary boundary formation. A recipro-
cal signaling loop from the UB exists to properly pattern 
stromal cell populations. Loss of these UB-derived signals 
leads to a buildup of stromal cells beneath the capsule that 
is several layers thick. As nephrogenesis proceeds, stromal 
cells differentiate into peritubular interstitial cells and peri-
cytes that are required for vascular remodeling and for  
production of extracellular matrix responsible for proper 

nephric formation.23 These cells migrate from their posi-
tions around the condensates to areas between the develop-
ing nephrons within the medulla. Although stromal cells are 
derived from the MM cells, it remains unclear whether 
stromal cells and nephric lineages arise from a common 
progenitor MM cell.

DEVELOPMENT OF THE VASCULATURE

The microcirculations of the kidney include the specialized 
glomerular capillary system responsible for production of 
the ultrafiltrate and the vasa recta, peritubular capillaries 
involved in the countercurrent mechanism. In the adult, 
each kidney receives 10% of the cardiac output. Vasculogen-
esis and angiogenesis have been described as two distinct 
processes in blood vessel formation. Vasculogenesis refers to 
de novo differentiation of previously nonvascular cells into 
structures that resemble capillary beds, whereas angiogenesis 
refers to sprouting from these early beds to form mature 
vessel structures including arteries, veins, and capillaries. 
Both processes are involved in development of the renal 
vasculature. At the time of UB invasion at 11 dpc (all timing 
given is for mice), the MM is avascular, but by 12 dpc a rich 
capillary network is present, and by 14 dpc vascularized 
glomeruli are present.

Transplantation experiments support a model whereby 
endothelial progenitors within the MM give rise to renal 
vessels in situ,24 although the origin of large blood vessels is 
still debated. At 13 dpc capillaries form networks around 
the developing nephric tubules, and by 14 dpc the hilar 
artery and first-order interlobar renal artery branches can 
be identified. These branches will form the corticomedul-
lary arcades and the interlobular arteries that branch from 
them. Further branching produces the glomerular afferent 
arterioles. From 13.5 dpc onward, endothelial cells migrate 
into the vascular cleft of developing glomeruli, where they 
undergo differentiation to form the glomerular capillary 
loops (Figure 1.7). The efferent arterioles carry blood away 
from the glomerulus to a system of fenestrated peritubular 
capillaries that are in close contact with the adjacent tubules 
and receive filtered water and solutes reabsorbed from the 
filtrate.25 These capillaries have few pericytes. In compari-
son, the vasa recta, which surround the medullary tubules 
and are involved in urinary concentration, are also fenes-
trated but have more pericytes. They arise from the efferent 
arterioles of deep glomeruli.26 The peritubular capillary 
system surrounding the proximal tubules is well developed 
in the late fetal period, whereas the vasa recta mature 1 to 
3 weeks postnatally.

MODEL SYSTEMS TO STUDY  
KIDNEY DEVELOPMENT

ORGAN CULTURE

THE KIDNEY ORGAN CULTURE SYSTEM:  
CLASSIC STUDIES
Metanephric kidney organ culture (Figures 1.8 and 1.9) 
formed the basis for extensive classic studies of embryonic 
induction. Parameters of induction such as the temporal 
and physical constraints on exposure of the inductive tissue 
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sustained UB branching and early induction of nephrons 
even when cultured for a week. The isolated mesenchyme 
experiment has proved useful in the analysis of renal agen-
esis phenotypes, in which there is no outgrowth of the UB. 
In these cases, the mesenchyme can be placed in contact 
with neural tube to determine whether it has the intrinsic 
ability to differentiate. Most often, when renal agenesis is 
due to the mutation of a transcription factor gene, tubular 
induction is not rescued by neural tube, as could be pre-
dicted for transcription factors which would be expected to 
act in a cell-autonomous fashion.28 In the converse situation, 
in which renal agenesis is caused by loss of a gene function 
in the UB (e.g., Emx2 in the mouse), it is usually possible for 
embryonic neural tube to induce tubule formation in iso-
lated mesenchymes.29 Therefore, the organ culture induc-
tion assay can be used to test hypotheses concerning whether 
a particular gene is required in the UB or the MM. As chemi-
cal inhibitors specific for various signal transduction path-
ways have been synthesized and become available, it has 
been possible to add them to organ cultures and observe 
effects that are informative about the roles of specific path-
ways in development of the kidney. Examples are the uses of 
drugs to block the Erk/MAP kinase, PI3K/Akt, and Notch 
signaling pathways in renal explant cultures.30-32

ANTISENSE OLIGONUCLEOTIDES AND siRNA 
IN ORGAN CULTURE
Several studies have described the use of antisense oligo-
nucleotides and of siRNA (small interfering, or silencing, 
RNA) molecules to inhibit gene expression in kidney organ 
cultures. Among the earliest of these was the inhibition of 
the low-affinity nerve growth factor receptor, p75 or NGFR, 
by antisense oligonucleotides,33 a treatment that decreased 
the growth of cultured embryonic kidneys. A subsequent 
study could not duplicate this phenotype,34 although there 
were possible differences in experimental techniques.35 An 

to the mesenchyme were determined, as were the times 
during which various tubular elements of the nephron were 
first observed in culture.

MUTANT PHENOTYPIC ANALYSES
As originally shown by Grobstein, Saxen, and their col-
leagues in classic studies of embryonic induction, the two 
major components of the metanephric kidney, the MM and 
the UB, could be separated from each other, and the isolated 
mesenchyme could be induced to form nephron-like tubules 
by a selected set of other embryonic tissues, the best example 
of which is embryonic neural tube.4,27 When neural tube is 
used to induce the separated mesenchyme, there is terminal 
differentiation of the mesenchyme into tubules, but not 
significant tissue expansion. In contrast, intact metanephric 
rudiments can grow more extensively, displaying both 

Figure 1.6  Populations of cells within the metanephric mesenchyme. As described in the text, these populations are defined by morpho-
logic and molecular characteristics. Metanephroi from a 14.5 dpc Tcf21-LacZ mouse  (A) and a 15.5 dpc Tcf21-LacZ mouse  (B) are stained 
for β-galactosidase activity. Tcf21-expressing cells stain blue. Stromal cells (S; pink in C) are seen surrounding condensing mesenchyme (CM). 
Nephrogenic population (green in C) remains unstained. By 15.5 dpc a well-developed interstitial compartment is seen and consists of peritu-
bular fibroblasts, medullary fibroblasts, and pericytes. Loose and condensed mesenchymal cells are also observed around  the stalk of  the 
ureteric bud  in B. v, Renal vesicle; po, podocyte precursors; sp, stromal pericytes;  int,  interstitium. C, Schematic diagram of mesenchymal 
populations includes the nephrogenic precursors (in green), uninduced mesenchyme (white), condensing mesenchyme around the UB tips and 
stalk (blue), and stromal cell lineage (pink). (Reproduced with permission from Developmental Dynamics.)
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Figure 1.7  Renal vasculature.  A,  Corrosion  resin  cast  of  renal 
vasculature revealing the highly convoluted assembly of the glomeru-
lar capillaries  (g). B, Scanning electron micrograph of a glomerulus 
with an exposed endothelial lumen (dashed outlined) showing fenes-
trations. EC, Endothelial cell; Pod, podocyte. (Corrosion cast electron 
micrograph courtesy of Fred Hossler, Department of Anatomy and Cell 
Biology, East Tennessee State University.)
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Figure 1.8  Metanephric organ explants Top (A, B) and lateral (C) views of a kidney organ culture in a center-well dish. Embryonic kidney 
explants are grown at the air-growth medium interface on top of a floating porous polycarbonate filter (dashed lines in A) supported on a metal 
mesh. D, Kidneys grown after 4 days of culture.  (Reproduced with permission from Barak H, Boyle SC: Organ culture and immunostaining of 
mouse embryonic kidneys. Cold Spring Harb Protoc 2011[1]:pdb.prot5558, 2011.)

A B

C D

Figure 1.9  Recapitulation of branching and nephrogenesis in renal explant cultures. A, Ureteric  tree stained  for cytokeratin 8  (Cyk8). 
B, Condensed metanephric mesenchyme stained  for WT1. C, Epithelial derivatives of  the metanephric mesenchyme stained  for E-cadherin 
(Cdh6). D, Proximal tubules stained with Lotus tetraglobulus lectin (LTL). E, Merged image of A through D. F, WT1-expressing cells represent 
the nephron progenitor cells that surround the ureteric bud. G, Cdh6-expression marks the mesenchyme-to-epithelial transformation of nephron 
progenitor cells. H, Early patterning of nascent nephrons along a proximodistal axis. E-H, Cyk8 (magenta), WT1 (red), Cdh6 (green) and LTL 
(blue).  (Reproduced with permission from Barak H, Boyle SC: Organ culture and immunostaining of mouse embryonic kidneys. Cold Spring Harb 
Protoc 2011[1]:pdb.prot5558, 2011.)
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additional study using antisense oligonucleotides to Pax2 
also showed this gene to be crucial in epithelialization of 
the MM.36,37 Antisense morpholinos modified with an octa-
guanidine dendrimer moiety to facilitate cell uptake have 
been used to target Wilms’ tumor-1 gene (Wt1) in kidney 

explant cultures. This morpholino-based knockdown  
strategy allowed the identification of WT1 transcriptional 
targets in nephron progenitors, which was technically 
impossible in conventional Wt1 knockout mice because of 
renal agenesis.38 Co-transported with synthetic delivery 

http://www.myuptodate.com


 CHAPTER 1 — EMBRyOLOGy OF THE KIDNEy 9

may be used to target specific kidney cell lineages (Table 
1.2; Figure 1.10). As with any experimental procedure, 
numerous caveats must be taken into account in the inter-
pretation of data.52,53 These include determining the com-
pleteness of excision at the locus of interest, the timing and 
extrarenal expression of the promoters, and general toxicity 
of expressed proteins to the cell of interest. In spite of these 
issues, tissue-specific conditional gene targeting strategies 
remain powerful tools to study gene functions. The next 
generation of targeting includes improved efficiency using 
bacterial artificial chromosome (BAC) targeting approaches, 
siRNA and microRNA (miRNA) approaches, and large 
genomewide targeting efforts already under way at many 
academic and pharmaceutical institutions.

In contrast to gene targeting experiments in which the 
gene is known at the beginning of the experiment (reverse 
genetics), random mutagenesis represents a complimentary 
phenotype-driven approach (forward genetics) to study the 
physiologic relevance of certain genes. Random mutations 
are introduced into the genome at high efficiency by chemi-
cal or gene trap mutagenesis. Consecutively, large numbers 
of animals are screened systematically for specific pheno-
types of interest. As soon as a phenotype is identified, test 
breeding is used to confirm the genetic nature of the trait. 
Chromosomal mapping and positional cloning are then 
used to determine the identity of the culprit mutant gene. 
There are two major advantages of genomewide approaches 
over reverse genetics. First, most knockouts lead to major 
gene disruptions, which may not be relevant to the subtle 
gene alterations that underlie human renal disease. Second, 
many of the complex traits underlying congenital anomalies 
and acquired diseases of the kidney are unknown, making 
predictions about the nature of the genes that are involved 
in these diseases difficult.

One of the most powerful and well-characterized muta-
gens in the mouse is the chemical mutagen N-ethyl-N-
nitrosourea (ENU). It acts through random alkylation of 
nucleic acids, inducing point mutations in spermatogonial 
stem cells of injected male mice.54,55 ENU mutagenesis intro-
duces multiple point mutations within the spermatogonia 
of the male, which is then bred to a female mouse of differ-
ent genetic background. Resultant offspring are screened 
for renal phenotypes of interest (e.g., dysplastic, cystic) and 

peptides, antisense morpholinos have also been used to 
investigate the negative regulation of ureteric branching 
morphogenesis by semaphorin3a (Sema3a).39,40 Gene 
knockdown using siRNA has also been used to demonstrate 
the importance of Wt1 and Pax2 in nephrogenesis in whole 
organ and dissociated embryonic kidneys.38,41,42 Similar 
siRNA-based knockdown strategies have been successfully 
used to demonstrate the importance of fibronectin, Dact2, 
and estrogen-related receptor γ (Esrrg) in ureteric branch-
ing in whole embryonic renal explant cultures.43-45

ORGAN CULTURE MICROINJECTION
Microinjection in kidney explant cultures can be used to 
selectively target gene expression using a variety of reagents 
(plasmid constructs, viruses, and siRNA) in either the MM 
or the branching ureteric epithelia, depending on the  
site of injection.46,47 Retroviruses encoding mutants of 
polycystin-1 were used to demonstrate that polycystin-1 is 
required for normal ureteric branching patterns.48 Microin-
jection followed by electroporation of DNA plasmid con-
structs has been used to overexpress GDNF (glial cell–derived 
neurotrophic factor), Wt1, Pax2, Vegfa, and Robo2 in the MM 
and to assess the role of these genes in ureteric branching 
and early nephron induction.47,49

TRANSGENIC AND KNOCKOUT MOUSE MODELS

Over the past two decades, the generation and analysis of 
knockout and transgenic mice have provided tremendous 
insight into kidney development (Table 1.1).50,51 Although 
homologous recombination to delete genes within the 
germline, also known as standard “knockout” technology, 
has provided information about the biologic functions of 
many genes in kidney development, it has several disadvan-
tages. Disruption of gene function in embryonic stem (ES) 
cells may result in embryonic or perinatal death, precluding 
the functional analysis of the gene in the kidney that devel-
ops relatively late in fetal life. Additionally, many genes are 
expressed in multiple cell types, and the resulting knockout 
phenotypes can be complex and difficult or impossible to 
dissect. The ability to limit gene targeting to specific renal 
cell types overcomes some of these problems, and the tem-
poral control of gene expression permits more precise char-
acterization of a gene’s function. A number of mouse lines Text continued on p. 17 

Figure 1.10  Glomeruli expressing (A) cyan fluorescent protein (CFP) or (B) β-galactosidase. Transgenic mice were generated using the nephrin 
promoter to direct expression of either CFP or β-galactosidase specifically in developing and mature podocytes. 
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Table 1.1 Summary of Knockout and Transgenic Models for Kidney Development

Gene Mutation or 
Knockout

Renal and Urogenital  
Tract Phenotypes, Other  
Tissues Affected Associated Human Disease(s) Reference(s)

Renal Aplasia (Variable)

CTNNB1 (β-catenin) Renal agenesis or severe renal 
hypoplasia, premature 
differentiation of UB epithelia  
(UB selective)

Colorectal cancer, hepatoblastoma, 
hepatocellular cancer

142

Emx2 Complete absence of urogenital 
system

29

Emx2, PAX2  Duplicated kidneys and ureter, 
ureteral obstruction

CAKUT, VUR 401

Etv4, Etv5 Renal agenesis or severe renal 
hypodysplasia

76,166

EYA1 (Eyes absent-1) Renal agenesis, lack of UB branching 
and mesenchymal condensation

Branchiootorenal syndrome (brachial 
fistulas, deafness)

96, 110

Fgf9, Fgf20 Renal agenesis 230
Fgf10, GDNF, Gfra1 Renal agenesis 172
Fgfr1, Fgfr2 Renal agenesis (MM selective) 240
FRAS1, FREM1, FREM2 UB failure, defect of GDNF 

expression
Fraser’s syndrome (cryptophthalmos, 

syndactyly, CAKUT); Manitoba-
oculotrichoanal (MOTA) syndrome

122, 123, 178-180

GATA3 Renal agenesis, gonad dysgenesis 
(null mutation); ectopic ureteric 
budding, kidney, hydroureter  
(UB selective)

Hypoparathyroidism, sensorineural 
deafness, and renal dysplasia 
(HDRS) syndrome; autoimmune 
disease (rheumatoid arthritis)

136, 137, 139, 140

Gdf11 (growth differentiation 
factor 11)

UB failure, skeletal defects 102, 402

GDNF, Gfra1, RET Renal agenesis or rudimentary 
kidneys, aganglionic megacolon

Hirschsprung disease, multiple 
endocrine neoplasm type IIA/B 
(MEN2A/MEN2B), and familial 
medullary thyroid carcinoma 
(FMTC)

103-106, 118, 119, 
403-406,

GLI3 Renal agenesis, severe renal 
agenesis, absence of renal medulla 
and papilla

Pallister-Hall (PH) syndrome 
(polydactyly, imperforate anus, 
abnormal kidneys, defects in the 
gastrointestinal tract, larynx, and 
epiglottis)

212, 213

Grem1 (Gremlin) Renal agenesis; apoptosis of the MM 107
GRIP1 Renal agenesis Fraser’s syndrome 182-184
Hox-A11/D11 Distal limbs, vas deferens 407
Hs2st1 (heparan sulfate 2 

O-sulfotransferase 1)
Lack of UB branching and 

mesenchymal condensation
408

Isl1 (islet1) Renal agenesis, renal hypoplasia, 
hydroureter (MM selective)

409

ITGA8 (integrin α8) Renal agenesis, renal hypodysplasia Fraser’s syndrome  124
Itgb1 (integrin β1) Disrupted UB branching, bilateral 

renal agenesis, hypoplastic 
collecting duct system (collecting 
duct selective); podocyte 
dedifferentiation (podocyte 
selective)

Fraser’s syndrome 134, 410, 411

Kif26b Renal agenesis, failed UB attraction 
to the MM

125

Lamc1 UB failure, delayed nephrogenesis, 
water transport defects

185

LHX1/LIM1 Renal agenesis (null mutant); renal 
hypoplasia, UB branching defect, 
hydronephrosis, distal ureter 
obstruction (UB selective); arrested 
nephrogenesis, nephron patterning 
defects (MM selective)

Mayer-Rokitansky-Kuster-Hauser 
(MRKH) syndrome (müllerian duct 
agenesis)

97, 412, 413

LRP4 Delayed UB induction, failed MM 
induction, syndactyly, oligodactyly

Cenani-Lenz syndrome 414-417
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Table 1.1 Summary of Knockout and Transgenic Models for Kidney Development (Continued)

Gene Mutation or 
Knockout

Renal and Urogenital  
Tract Phenotypes, Other  
Tissues Affected Associated Human Disease(s) Reference(s)

Npnt (nephronectin) Delay of UB invasion into MM 126
Osr1/Odd1 Lack of MM, adrenal gland, gonads, 

defects in formation of pericardium 
and atrial septum

98, 109

PAX2 Renal hypoplasia, VUR CAKUT, VUR, optic nerve colobomas 36, 37
PAX2, PAX8 Defect in intermediate mesoderm 

transition, failure of pronephric duct 
formation

CAKUT, VUR, optic nerve colobomas 418

PTF1Α (pancreas transcription 
factor 1α subunit/Danforth 
short-tail)

Failure of UB induction; anal atresia, 
persistent cloaca, skeletal 
malformation

Pancreatic and cerebellar agenesis; 
diabetes mellitus

419-421

Retinoic acid receptors (Rara, 
Rarb2)

Renal hypoplasia, dysplasia, 
hydronephrosis, skeletal and 
multiple visceral abnormalities

7, 9, 68

SALL1 Renal agenesis, severe renal 
hypodysplasia

Townes-Brock syndrome (anal, renal, 
limb, ear anomalies)

99, 422

SHH (Sonic hedgehog) Bilateral or unilateral renal agenesis, 
unilateral ectopic dysplastic kidney, 
defective ureteral stromal 
differentiation

Vertebral defects, anal atresia, 
cardiac defects, tracheoesophageal 
fistula, renal anomalies, and limb 
abnormalities (VACTERL) syndrome

209

SIX1 Lack of UB branching and 
mesenchymal condensation

Branchiootorenal syndrome 96, 110

SOX8, SOX9 Renal genesis, renal hypoplasia Camptomelic dysplasia (limb and 
skeletal defects, abnormal gonad 
development)

423

WT1 Renal and gonadal agenesis, severe 
lung, heart, spleen, adrenal, and 
mesothelial abnormalities

Wilms’ tumor, aniridia, genitourinary 
abnormalities, and retardation 
(WAGR) syndrome; Denys-Drash 
syndrome

28, 38, 337, 338

Hypoplasia/Dysplasia/Low Nephron Mass

Adamts1 Hypoplasia of the renal medulla, 
hydronephrosis

250, 253

Adamts1, Adamts4 Hypoplasia of the renal medulla, 
hydronephrosis

254

Agtr2 (angiotensin II type-2 
receptor)

Various collecting system defects CAKUT 202, 321, 322

Ald1a2/Raldh2 (retinal 
dehydrogenase)

Renal hypoplasia, hydronephrosis, 
ectopic ureter

139

BMP1RA/Alk3 Hypoplasia of renal medulla, fewer 
UB branches (UB selective)

Juvenile polyposis syndrome 200

Bmp7 Reduced MM survival 225
Cdc42, Yap Renal hypoplasia, oligonephronia, 

defects in mesenchyme to 
epithelial transition (CM selective)

424

Cfl1, Dstn (cofilin1, destrin) Renal hypodysplasia, ureter 
duplication

425

CTNNB1 (β-catenin) Severely hypoplastic kidney, lack of 
nephrogenic zone and S-shaped 
body (CM selective)

Colorectal cancer, hepatoblastoma 223

DICER1 Renal hypoplasia, dysplasia, cysts 
(UB selective); renal hypoplasia 
characterized by premature 
termination of nephrogenesis  
(MM selective)

Pleopulmonary blastoma 426

Dkk1 (Dickkopf 1) Overgrown renal papilla (renal tubule 
and collecting duct restricted)

196

Dlg1, Cask Renal hypoplasia and dysplasia, 
premature depletion of nephrogenic 
precursor cells

326, 427

Continued on following page
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Table 1.1 Summary of Knockout and Transgenic Models for Kidney Development (Continued)

Gene Mutation or 
Knockout

Renal and Urogenital  
Tract Phenotypes, Other  
Tissues Affected Associated Human Disease(s) Reference(s)

Egfr (epidermal growth factor 
receptor)

Hypoplasia of the renal papilla, 
moderate polyuria, and urine 
concentration defects

194

Esrrg Agenesis of renal papilla 43
Fat4 Failed nephrogenesis (mesenchyme-

to-epithelial transition), expansion 
of nephrogenic precursor zone 
(stroma selective)

274

Fgf7 Small kidneys, reduction in nephron 
number

198

FGF8 Renal dysplasia, arrested 
nephrogenesis at pretubular 
aggregate stage (MM selective)

Kallmann’s syndrome, hypogonadism 428, 429

Fgf10 Renal hypoplasia, multiorgan 
developmental defects including 
the lungs, limb, thyroid, pituitary, 
and salivary glands

199

Fgfr1, Fgfr2 Renal agenesis (MM selective) 240
Fgfr2 Renal hypoplasia, hydronephrosis 

(UB selective)
69

FOXC2 Renal hypoplasia AD lymphedema-distichiasis 
syndrome

214, 430

Foxd1 (BF-2) Accumulation of undifferentiated CM, 
attenuated UB branching, stromal 
patterning defects

22, 266, 268

Foxd1 Mild renal hypoplasia (UB selective) 431
Fzd4, Fzd8 (frizzled 4/8) Impaired UB branching, renal 

hypoplasia
432

LGR4 Severe renal hypoplasia and 
oligonephronia; renal cysts

Aniridia–genitourinary anomalies–
mental retardation syndrome

433, 434

LMX1B Renal dysplasia, skeletal 
abnormalities

Nail-patella syndrome 334, 341

Mdm2 (murine double 
minute 2)

Renal hypoplasia and dysplasia, 
severely impaired UB branching 
and nephrogenesis (UB selective); 
depletion of nephrogenic 
precursors (MM selective)

435, 436

Mf2 Renal hypoplasia, oligonephronia 437
Pbx1 Reduced UB branching, delayed 

mesenchyme-to-epithelial 
transformation, dysgenesis of 
adrenal gland and gonads

438, 439

Plxnb2 (plexin B2) Renal hypoplasia and ureter 
duplication

440

Pou3f3 (Brn1) Impaired development of distal 
tubules, loop of Henle, and macula 
densa; distal nephron patterning 
defect

251

Prr (prorenin receptor) Renal hypoplasia, renal dysplasia  
(UB selective)

441

Psen1, Psen2 (presenilins 1/2) Severe renal hypoplasia, severe 
defects in nephrogenesis

247

Ptgs2 (prostaglandin 
endoperoxide synthase 2/
cyclooxygenase-2)

Oligonephronia 442

Rbpj Severe renal hypoplasia, 
oligonephronia, loss of proximal 
nephron segments, tubular cysts 
(MM selective)

248, 249

Shp2 Severe impairment of UB branching, 
renal hypoplasia

163
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Table 1.1 Summary of Knockout and Transgenic Models for Kidney Development (Continued)

Gene Mutation or 
Knockout

Renal and Urogenital  
Tract Phenotypes, Other  
Tissues Affected Associated Human Disease(s) Reference(s)

Six1 Hydronephrosis, hydroureter, 
abnormal development of ureteral 
smooth muscle

309

Six2 Renal hypoplasia, premature 
depletion of nephrogenic 
precursors

235

Tbx18 Hydronephrosis, hydroureter, 
abnormal development of ureteral 
smooth muscle

307, 309

Tfap2b MM failure, craniofacial and skeletal 
defects

443

TRPS1 Impaired UB branching, renal 
hypoplasia

Trichorhinophalangeal syndrome 
(skeletal defects)

444

Wnt4 Failure of MM induction 223
Wnt7b Complete absence of medulla and 

renal papilla (UB selective)
190

Wnt9b Vestigial kidney, failure of MM 
induction

Cystic kidney (collecting duct 
selective)

191, 220

Wnt11 Impaired ureteric branching, renal 
hypoplasia

165

Mislocalized or Ectopic UB/Increased UB Branching

Bmp4, Bmp7 Ectopic UB, renal hypodysplasia, 
hydroureter, defective 
ureterovesical junction

218, 445

Cer1 Increased ureteric branching, altered 
spatial organization of ureteric 
branches

446

Foxc1 Duplex kidneys, ectopic ureters, 
hydronephrosis, hydroureter

214

HNF1B, PAX2 Renal hypoplasia, duplex kidneys, 
ectopic ureters, megaureter, 
hydronephrosis

CAKUT 447

Lzts2 (leucine-zipper putative 
tumor suppressor 2)

Duplex kidneys/ureters, 
hydronephrosis, hydroureter

448

Plxnb1 (plexin B1) Increased ureteric branching 449
Plxnb2 (plexin B2) Renal hypoplasia and ureter 

duplication
440

Sema3a Increased ureteric branching  
(UB selective)

40

Slit2, ROBO2 Increased UB branching CAKUT, VUR 215, 216
Spry1 (sprouty 1) Supernumerary UBs, multiple ureters 70, 173

Cysts

Aqp11 (aquaporin-11) Abnormal vacuolization of proximal 
tubules; polycystic kidneys

450

Bcl2 Renal hypoplasia and cysts 451
Bicc1 Polycystic kidneys 452
Bpck/TMEM67 Polycystic kidneys, hydrocephalus Meckel’s syndrome (multicystic renal 

dysplasia, neural tube defects)
453

Erbb4 Renal cysts (overexpression in renal 
tubules)

Dilated and mispolarized tubules, 
increased renal fibrosis (renal 
tubule deletion)

454

FAT4 Renal cysts, disrupted hair cell 
organization in inner ear

Van Maldergem’s syndrome (mental 
retardation, abnormal craniofacial 
features, deafness, skeletal and limb 
malformations, renal hypoplasia)

259, 455

Continued on following page
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Table 1.1 Summary of Knockout and Transgenic Models for Kidney Development (Continued)

Gene Mutation or 
Knockout

Renal and Urogenital  
Tract Phenotypes, Other  
Tissues Affected Associated Human Disease(s) Reference(s)

GLIS3 Polycystic kidney, neonatal diabetes Congenital hypothyroidism, diabetes 
mellitus, hepatic fibrosis, congenital 
glaucoma

456, 457

GPC3 (glypican-3) Disorganized tubules and medullary 
cysts

Simpson-Golabi-Behmel syndrome 458-460

HNF1B Polycystic kidney disease (tubular-
selective)

Maturity-onset diabetes of the young 
type 5 (MODY5)

260, 261

Ift88/Orpk (intraflagellar 
transport 88/Oak Ridge 
Polycystic Kidney Disease)

Polycystic kidneys; defective left-right 
asymmetric patterning

461, 462

Invs (inversin) Polycystic kidneys, inverted viscera 463, 464
Kif3A Polycystic kidney disease (tubular-

selective)
465

MAFB (Kreisler) Decreased glomeruli, cysts, and 
tubular dysgenesis

Musculoaponeurotic fibrosarcoma 466, 467

MKS1 Renal hypoplasia and cysts Meckel’s syndrome (multicystic renal 
dysplasia, neural tube defect)

468

PKD1, PKD2 Renal cysts ADPKD, ARPKD 469
PTEN Abnormal ureteric bud branching, 

cysts (UB selective)
Cowden’s disease, Bannayan-Riley-

Ruvalcaba syndrome, various 
tumors

164

Taz/Wwtr1 Polycystic kidneys, emphysema 470, 471
VHL Renal cysts (tubular-selective) Von Hippel–Lindau syndrome 472
Xylt2 (xylosyltransferase 2) Polycystic kidneys and liver 473

Later Phenotypes (Glomerular, Vascular, and Glomerular Basement Membrane)

ACE (angiotensin-converting 
enzyme)

Atrophy of renal papillae, vascular 
thickening and hypertrophy, 
perivascular inflammation

Chronic systemic hypotension 203, 204

ACTN4 (α-actinin 4) Glomerular developmental defects, 
FSGS

SRNS 349, 350

AGT (angiotensinogen) Atrophy of renal papillae, vascular 
thickening and hypertrophy, 
perivascular inflammation

Essential hypertension, renal tubular 
dysgenesis

205, 326

AGTR1A (AT1A) Hypertrophy of juxtaglomerular 
apparatus and expansion of renin 
cell progenitors, mesangial cell 
hypertrophy

Essential hypertension, renal tubular 
dysgenesis

474

AGTR1A, AGTR1B 
(AT1A, AT1B)

Atrophy of renal papillae, vascular 
thickening and hypertrophy, 
perivascular inflammation

Essential hypertension, renal tubular 
dysgenesis

206

AMPD (AMP [adenosine 
monophosphate] deaminase)

Podocyte foot process effacement, 
proteinuria

Minimal change nephrotic disease 475

Angpt1/ANG1 (angiopoietin 1) Simplification and dilation of 
glomerular capillaries; detachment 
of glomerular endothelium from the 
GBM; loss of mesangial cells

286

Angpt2/ANG2 (angiopoietin 2) Cortical peritubular capillary 
abnormalities (null allele)

Apoptosis of glomerular capillaries, 
proteinuria (transgenic 
overexpression)

295, 296

ARHGDIA/RhoGDIα FSGS SRNS 351, 352
Bmp7 Hypoplastic kidney, impaired 

maturation of nephron, reduced 
proximal tubules (podocyte 
selective)

302

CD151 Podocyte foot process effacement, 
disorganized GBM, tubular cystic 
dilation

Nephropathy (FSGS) associated with 
pretibial epidermolysis bullosa and 
deafness

476, 477
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Table 1.1 Summary of Knockout and Transgenic Models for Kidney Development (Continued)

Gene Mutation or 
Knockout

Renal and Urogenital  
Tract Phenotypes, Other  
Tissues Affected Associated Human Disease(s) Reference(s)

CD2AP Podocyte foot process  
effacement, immunotactoid 
nephropathy

FSGS 387

Cdc42 Congenital nephrosis; impaired 
formation of podocyte foot 
processes (podocyte selective)

374

Cmas Congenital nephrosis; impaired 
formation of podocyte foot 
processes, defective sialylation

478

COL4A1, COL4A3, COL4A4, 
COL4A5

Disorganized GBM, proteinuria Alport’s syndrome 479-482

Crk1/2, CrkL Albuminuria, altered podocyte 
cytoarchitecture (podocyte 
selective)

483

Cxcl12/SDF1 (stroma-derived 
factor 1), CXCR4, Cxcr7

Petechial hemorrhage in the kidneys, 
glomerular aneurysm, fewer 
glomerular fenestrations, reduced 
mesangial cells, podocyte foot 
process effacement, mild renal 
hypoplasia

WHIM (warts, 
hypogammaglobulinemia, 
infections, and myelokathexis) 
syndrome

305, 306, 484

DICER1 Podocyte damage, albuminuria, 
end-stage kidney failure (podocyte 
selective); reduced renin 
production, renal vascular 
abnormalities, striped fibrosis (renin 
cell selective)

Pleuropulmonary blastoma 329, 396-398

Dnm1, Dnm2 (dynamin 1/2) Podocyte foot process effacement 
and proteinuria (podocyte selective)

485

EphB4 Aberrant development of vascular 
shunts in glomerular arterioles 
(transgenic overexpression in renal 
tubules and parietal cells of 
Bowman’s capsule)

300

Ephrin-B2 Dilation of glomerular capillaries 301
Fat1 Foot process fusion, failure of foot 

process formation
353

Flt1/VEGFR1 Nephrotic syndrome 395
Foxc2 Impaired podocyte differentiation, 

dilated glomerular capillary loop, 
poor mesangial migration

64

Foxi1 Distal renal tubule acidosis; absence 
of collecting duct intercalated cells

255

Fyn Podocyte foot process effacement, 
abnormal slit diaphragms, 
proteinuria

382, 486

Gne/Mnk (glucosamine-2-
epimerae/N-
acetylmannosamine kinase)

Hyposialylation defect, foot process 
effacement, GBM splitting, 
proteinuria and hematuria

487

Ilk (integrin-like kinase) Nephrotic syndrome (podocyte 
selective)

384

INSR (insulin receptor) Podocyte effacement, GBM 
alteration, proteinuria (podocyte 
selective)

Diabetic nephropathy 488

Itga3 (integrin α3) Reduced UB branching, glomerular 
defects, poor foot process 
formation

195, 197

Itgb1 (integrin β1) Podocyte loss, capillary and 
mesangial degeneration, 
glomerulosclerosis (podocyte 
selective)

410, 411
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Table 1.1 Summary of Knockout and Transgenic Models for Kidney Development (Continued)

Gene Mutation or 
Knockout

Renal and Urogenital  
Tract Phenotypes, Other  
Tissues Affected Associated Human Disease(s) Reference(s)

Kirrel (Neph1) Abnormal slit diaphragm function, 
FSGS

63

Lama5 Defective glomerulogenesis, abnormal 
GBM, poor podocyte adhesion, 
loss of mesangial cells

186

LAMB2 Proteinuria prior to the onset of foot 
process effacement

Pierson’s syndrome 187, 489

LMX1B Impaired differentiation of podocytes, 
cytoskeletal disruption in 
podocytes

Nail-patella syndrome 490-492

Mafb (Kreisler) Abnormal podocyte differentiation 335
Mpv17 (mitochondrial inner 

membrane protein 17)
Nephrotic syndrome 493

Mtor/mTOR (mechanistic 
target of rapamycin)

Proteinuria, podocyte autophagy 
defects (podocyte selective)

494

MYO1E Podocyte foot process effacement 
and proteinuria

SRNS 354, 495, 496

Nck1, Nck2 Failure of foot process formation 
(podocyte selective)

380

Nid1 (nidogen-1/entactin-1) Abnormal GBM 497
NPHS1 (nephrin) Absent slit diaphragms, congenital 

nephrotic syndrome
Congenital nephrosis of the Finnish 

type, childhood-onset steroid-
resistant nephritic syndrome, 
childhood- and adult-onset FSGS

342

NPHS2 (podocin) Congenital nephrosis, FSGS, vascular 
defects

SRNS, congenital nephritic syndrome 343, 498

NOTCH1, NOTCH2 Lack of glomerular endothelial and 
mesangial cells (standard knockout)

Lack of podocytes and proximal 
tubular cells (MM selective); 
impaired nephrogenesis (cap 
mesenchyme selective)

Alagille’s syndrome (cholestatic liver 
disease, cardiac disease, kidney 
dysplasia, renal cysts, renal tubular 
acidosis)

243, 244, 248, 499

Pdgfb/PDGFR-β Lack of mesangial cells, ballooned 
glomerular capillary loop

332, 333

Pik3c3/Vps34 FSGS, defects in vesicular trafficking 
(podocyte selective)

500, 501

Prkci/aPKCλ/ι (atypical protein 
kinase C λ/ι)

Defect of podocyte foot processes, 
nephrotic syndrome (podocyte 
selective)

375, 376

PTPRO/GLEPP1 (glomerular 
epithelial protein 
phosphatase 1)

Broadened podocyte foot processes 
with altered interdigitation patterns

SRNS 487, 502

Rab3A Albuminuria, disorganization of 
podocyte foot process structure

15

Rbpj Decreased renal arterioles, absence 
of mesangial cells, and depletion of 
renin cells (stromal cell selective)

Reduction in juxtaglomerular cells, 
impaired renin synthesis (renin cell 
selective)

310, 331

Rhpn1 (rhophilin-1) FSGS, podocyte foot process 
effacement, GBM thickening

355

ROBO2 Abnormal pattern of podocyte foot 
process interdigitation, focal 
effacement of foot processes, 
proteinuria

CAKUT, VUR 503

SLC5A2/SGLT2 (sodium-
glucose transporter 2)

Elevated urinary excretion of glucose, 
calcium, and magnesium

Glucosuria 504

Sh3gl1/2/3 (endophilin 1/2/3) Podocyte foot process effacement 
and proteinuria, neuronal defects

485
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Table 1.1 Summary of Knockout and Transgenic Models for Kidney Development (Continued)

Gene Mutation or 
Knockout

Renal and Urogenital  
Tract Phenotypes, Other  
Tissues Affected Associated Human Disease(s) Reference(s)

Sirpa/SIRPα Irregular podocyte foot process 
interdigitation; mild proteinuria

505

Sox4 Oligonephronia, podocyte 
effacement, GBM defects (MM 
selective)

506

SOX17, SOX18 Vascular insufficiency in kidneys and 
liver; ischemic atrophy of renal and 
hepatic parenchyma; defective 
postnatal angiogenesis

HLT (hypotrichosis-lymphedema-
telangiectasia) syndrome (hair, 
vascular and lymphatic disorder)

311, 314

Synj1 (synaptojanin 1) Podocyte foot process effacement 
and proteinuria; neuronal defects

485

Tcf21 (Pod1/capsulin/
epicardin)

Lung and cardiac defects, sex 
reversal and gonadal dysgenesis, 
vascular defects, disruption in UB 
branching, impaired podocyte 
differentiation, dilated glomerular 
capillary, poor mesangial migration

6, 264

Tie1 Tie1–null cells fail to contribute to the 
glomerular endothelium

297

TRPC6 Protected from angiotensin-mediated 
or proteinuria or complement-
dependent glomerular injury (null 
mutation); podocyte foot process 
effacement and proteinuria 
(transgenic overexpression in the 
podocyte lineage)

SRNS, FSGS 356, 393, 394, 
507-510

Vegfa Endotheliosis, disruption of 
glomerular filtration barrier 
formation, nephrotic syndrome 
(podocyte selective)

279, 280, 511

VHL Rapidly progressive 
glomerulonephritis (podocyte 
selective)

Von Hippel–Lindau syndrome 304

AD, Autosomal dominant; AR, autosomal recessive; CAKUT, congenital anomalies of the kidney and urinary tract; CM, cap mesenchyme; 
FSGS, focal segmental glomerulosclerosis; GBM, glomerular basement membrane; MM, metanephric mesenchyme; PKD, polycystic 
kidney disease; SRNS, steroid-resistant nephrotic syndrome; UB, ureteric bud; VUR, vesicoureteral reflux.

heritability. Mutations may be complete or partial loss of 
function, gain of function, or altered function and can have 
either dominant or recessive effect. The specific locus muta-
tion frequency of ENU is 1 in 1000. Assuming a total number 
of 25,000 to 40,000 genes in the mouse genome, a single 
treated male mouse should have between 25 and 40 differ-
ent heterozygous mutagenized genes. In the case of multi-
genic phenotypes, segregation of the mutations in the next 
generation allows the researcher to focus on monogenic 
traits. In each generation, 50% of the mutations are lost, 
and only the mutation underlying the selected phenotype 
is maintained in the colony. A breeding strategy that includes 
backcrossing to the female genetic strain enables rapid 
mapping of the ENU mutation that occurred on the male 
genetic background.

The screening in ENU mutagenesis experiments can 
focus on dominant or recessive renal mutations. Screening 
for dominant phenotypes is popular because breeding 

schemes are simple and a great number of mutants can be 
recovered through this approach. About 2% of all first-
generation offspring mice display a heritable phenotypic 
abnormality.56,57 One of the fruitful results obtained with this 
approach is the identification of a mutation in the aquapo-
rin 11 gene (Aqp11) that causes severe proximal tubule 
injury and vacuolation of the renal cortex resulting in renal 
failure and perinatal death.58 It is possible to design “sensi-
tized screens” on a smaller scale, thereby improving the 
ability to identify genes in a pathway of interest. For example, 
in renal glomerular development, the phenotype of a 
genetic mouse strain with a tendency to development of 
congenital nephrosis (e.g., CD2AP haploinsufficiency) may 
be enhanced or suppressed by breeding a female of  
the strain to a mutagenized male.59 The modifier gene 
may then be mapped using the approach outlined earlier. 
This approach has been successfully used to identify genes 
involved in neural development.60,61
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Table 1.2 Conditional Mouse Lines for the Kidney

Promoter Renal Expression Extrarenal Expression Reference(s)

11Hsd2 (11β-hydroxysteroid 
dehydrogenase-2)

Principal cells of collecting duct, 
connecting tubules

Amygdala, cerebellum, colon, 
ovary, uterus, epididymis, 
salivary glands

512

Aqp2 (aquaporin-2) Principal cells of collecting duct Testis, vas deferens 513
Atp6v1b1 (V-ATPase-B1) Collecting ducts (intercalated cells), 

connecting tubule
514, 515

Bmp7 Cap mesenchyme 516
Cdh16/Ksp-cadherin Renal tubules, collecting ducts, ureteric 

bud, wolffian duct, mesonephros
Müllerian duct 75, 517

Cited1 Cap mesenchyme 18
Emx1 Renal tubules (proximal and distal 

tubules)
Cerebral cortex, thymus 518

Foxd1/BF2 Stromal cells 519
Ggt1 (gamma-glutamyl transferase 1) Cortical tubules 520
HoxB6 Metanephric mesenchyme Lateral mesoderm, limb buds 409, 521
HoxB7 Ureteric bud, wolffian duct, collecting 

ducts, distal ureter
Spinal cord, dorsal root ganglia 209

Kap (kidney androgen regulated 
protein)

Proximal tubules Brain 522

Klf3 Collecting ducts Gonads 541
Nphs1 (nephrin) Podocytes Brain 523, 524
Nphs2 (podocin) Podocytes 525
Osr2 Condensing metanephric mesenchyme; 

glomeruli
Palatal mesenchyme 526

Pax2 Pronephric duct, wolffian duct, ureteric 
bud, cap mesenchyme

Inner ear, midbrain, cerebellum, 
olfactory bulb

527

Pax3 Metanephric mesenchyme Neural tube, neural crest 525, 528, 529
Pax8 Renal tubules (proximal and distal 

tubules) and collecting ducts (Tet-On 
inducible system)

530

Pdgfrb (PDGFR-β) Mesangial cells, vascular smooth 
muscles

Pericytes, vascular smooth 
muscles

301, 531

Pepck Proximal tubules Liver 472
Rarb2 Metanephric mesenchyme 412
Ren1 (Renin) Juxtaglomerular cells, afferent arterioles, 

mesangial cells
Adrenal gland, testis, 

sympathetic ganglia, etc.
319

Ret Ureteric bud, collecting ducts Dorsal root ganglion, neural 
crest

532

Sall1 Metanephric mesenchyme (tamoxifen-
inducible system)

Limb buds, central nervous 
system, heart

533

Slc5a2/SGLT2 (sodium-glucose 
transporter 2)

Proximal tubules 534

Six2 Cap mesenchyme 19
Sox18 Cortical and medullary vasculature Blood vessel and precursor of 

lymphatic endothelial cells
535-537

Spink3 Medullary tubules (distal or connecting 
tubules?)

Mesonephric tubules, pancreas, 
lung, liver, gastrointestinal 
tract

528, 529, 538

T (brachyury) Whole kidney (both ureteric bud and 
metanephric mesenchyme)

Panmesodermal 428

Tcf21 (Pod1) Metanephric mesenchyme, cap 
mesenchyme, podocytes, stromal cells

Epicardium, lung mesenchyme, 
gonad, spleen, adrenal gland

193

Umod (uromodulin/Tamm-Horsfall 
protein)

Thick ascending loops of Henle Testis, brain 539

Wnt4 Renal vesicles, nascent nephrons 
(comma- and S-shaped bodies)

19, 540
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Other genomewide approaches that have led to the dis-
covery of novel genes in kidney development and disease 
are gene trap consortia62,63 and genomewide transcriptome 
and proteome projects.64-66 The interested reader is referred 
to the websites for the Centre for Modeling Human Disease 
(www.cmhd.ca), the International Gene Trap Consortium 
(www.genetrap.org), Knockout Resources to Conquer 
Human Disease (www.tigm.org), and the Human Kidney & 
Urine Proteome Project (www.hkupp.org).

IMAGING AND LINEAGE TRACING STUDIES

Detailed imaging of renal structures and morphogenetic 
processes has benefited significantly from the availability 
and development of multiple fluorescent proteins. The 
advent of genetically modified mice that express fluorescent 
proteins revolutionized cell lineage and mapping studies 
allowing high-resolution live visualization of morphogenetic 
events both in situ and in cultured organ explants. Targeted 
labeling of cells with fluorescent proteins can be achieved 
by driving expression of fluorescent proteins under direct 
control of a cell-specific promoter. Alternatively, a Cre driver 
mouse can be crossed with a fluorescent reporter animal, 
whereby Cre recombinase (an enzyme that triggers swap-
ping, or recombination, of stretches of DNA in chromo-
somes) turns on the constitutive expression of a fluorescent 
protein. This Cre-driven strategy is particularly valuable in 
cell lineage tracking and fate mapping analysis because both 
the progenitor and its subsequent derivatives become fluo-
rescently labeled. A third method involves spatiotemporal 
induction of fluorescent protein expression, allowing for 
the fluorescence to be turned on or off through administra-
tion of doxycycline or tamoxifen by either the tetracycline 
(Tet)- or estrogen receptor (ERT2)–dependent inducible 
system, respectively. This third method allows for the incom-
plete and pulse labeling of certain cell lineages, permitting 
the tracking of the fate and migratory behavior of individual 
cells in real time.

HoxB7-EGFP is the first fluorescent transgene developed 
to visualize renal development.67 Enhanced green fluores-
cent protein (EGFP), placed under the control of the HoxB7 
promoter, specifically labels the wolffian duct and the ure-
teric epithelial lineage. HoxB7-EGFP has therefore proved to 
be invaluable in studying the rates and pattern of ureteric 
branching morphogenesis and ureteral development, 
including disruption of these events in the context of  
particular mutant backgrounds.68-71 The HoxB7–myr-Venus 
transgene, designed to express a membrane-bound myris-
toylated variant of EGFP (myr-Venus), allows for the visual-
ization of individual ureteric epithelial cells by confocal 
microscopy, thus facilitating observation of changes in cell 
shape and position.72 Other fluorescent transgenes for 
imaging of ureteric epithelia are Ret-EGFP and Ksp-cadherin 
(Cdh16-EGFP). In Ret-EGFP mice, EGFP expression is most 
prominent in the ampullary tips of the UB.73,74 In contrast, 
fluorophore expression is restricted in the UB trunk and 
stalk, and absent in the UB tips, in Cdh16-EGFP mice.75 An 
ingenious strategy involving the creation of chimeric animals 
with wild-type epithelial cells expressing HoxB7-EGFP 
that are intermingled with cells derived from mutant ES 
cells engineered to express CFP (cyan fluorescent protein) 
under the control of HoxB7-Cre unraveled the distinctive 

dependence on genes such as Ret, Etv4, Etv5, and Spry1 in 
the cellular sorting and rearrangement needed for ureteric 
branching (Figure 1.11).76,77 Inducible transgene expression 
systems can be very useful in labeling a small subset of cells 
to enable the fate of the cells to be monitored temporally. 
A tamoxifen-inducible strategy to mark ureteric epithelial 
cells with myr-Venus has been cleverly used to observe the 
unique manner in which proliferating UB cells delaminate 
into the UB lumen and reposition themselves within the 
expanding UB ampullary tip.78

Lgr5-EGFP, Cited1-EGFP, and a variety of Six2-EGFP trans-
genes have been employed to characterize the self-renewing 
capacity and multipotency of nephron progenitor cells 
within the cap mesenchyme.18,19,79 The mechanism by which 
nephrogenic and ureteric epithelia are physically conjoined 
via the invasion of the UB tip by distal nephron precursors 
has been imaged through the targeted expression of myr-
Venus under the control of a Six2-Cre driver.16 A wide variety 
of fluorescent protein transgenes and Cre transgenes are 
now available to characterize the development and organi-
zation of multiple compartments of the kidney (see Table 
1.2).80

NONMAMMALIAN MODEL SYSTEMS FOR 
KIDNEY DEVELOPMENT

Organisms separated by millions of years of evolution from 
humans still provide useful models to study the genetic basis 
and function of mammalian kidney development. This con-
tinuing feature stems from the facts that all of these organ-
isms possess excretory organs designed to remove metabolic 
wastes from the body and that genetic pathways involved in 
other aspects of invertebrate development may serve as tem-
plates to dissect pathways in mammalian kidney develop-
ment. In support of the latter argument, elucidation of the 
genetic interactions and molecular mechanism of the 
Neph1 ortholog and nephrin-like molecules SYG-1 and 
SYG-2 in synapse formation in the soil nematode Caenorhab-
ditis elegans is providing major clues to the function of their 
corresponding genes in glomerular and slit diaphragm for-
mation and function in mammals.81

The excretory organs of invertebrates, which differ greatly 
in their structure and complexity, range in size from a few 
cells in C. elegans to several hundred cells in the malpighian 
tubules of the fly Drosophila to the more recognizable kidneys 
in amphibians, birds, and mammals. In C. elegans, the excre-
tory system consists of a single large H-shaped excretory cell, 
a pore cell, a duct cell, and a gland cell.82,83 C. elegans pro-
vides many benefits as a model system: the availability of 
powerful genetic tools including “mutants by mail,” short 
life and reproductive cycle, publicly available genome 
sequence and resource database (www.wormbase.org), the 
ease of performing genetic enhancer-suppressor screens in 
worms, and the fact that they share many genetic pathways 
with mammals. Major contributions to our understanding 
of the function of polycystic and cilia-related genes have 
been made from studying C. elegans. The PKD1 and PKD2 
homologs in C. elegans, lov-1 and lov-2, are involved in cilia 
development and function of the mating organ required for 
mating behavior.84,85 Strides in understanding the function 
of the slit diaphragm have also been made from studies of 
C. elegans, as described earlier.
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definitive kidney in amphibians. The pronephros found in 
larval stage zebrafish (Dario rerio) consists of two tubules 
connected to a fused, single, midline glomerulus. The 
zebrafish pronephric glomerulus expresses many of the 
same genes found in mammalian glomeruli (e.g., Vegfa, 
Nphs1, Nphs2, and Wt1) and contains podocytes and fenes-
trated endothelial cells.90 Advantages of the zebrafish as a 
model system include its short reproductive cycle, transpar-
ency of the larvae with easy visualization of defects in pro-
nephric development without sacrifice of the organism, 
availability of the genome sequence, the ability to rapidly 
knock down gene function with morpholino oligonucle-
otides, and the ability to perform functional studies of filtra-
tion using fluorescently tagged labels of varying sizes.91 
These features make zebrafish amenable to both forward 
and reverse genetic screens. Currently, multiple laboratories 
perform knockdown screens of mammalian homologs and 

In Drosophila, the “kidney” consists of malpighian tubules 
that develop from the hindgut and perform a combination 
of secretory, resorption, and filtering functions.86 They 
express a number of mammalian gene homologs (e.g., Cut, 
members of the Wingless pathway) that have subsequently 
been shown to play major roles in mammalian kidney devel-
opment. Furthermore, studies on myoblast fusion and 
neural development in Drosophila—two processes that may 
not appear to be related to kidney development at first 
glance—have provided major clues to the development  
and function of slit diaphragms.87 Mutations in the fly 
Neph ortholog, irregular chiasm C-roughest (irreC-rst), are 
associated with neuronal defects and abnormal patterning 
of the eye.88,89

The pronephros, which is only the first of three stages of 
kidney development in mammals, is the final and only 
kidney of jawless fishes, whereas the mesonephros is the 

Figure 1.11  Cell fate tracing through genetic expression of fluorophores. Segregation of Ret-deficient cells in the outgrowth and branch-
ing of the ureteric bud (UB). A, Ret-null embryonic stem cells (ES) expressing HoxB7-GFP (green fluorescent protein) were mixed with a wild-
type transgenic blastocyst (HoxB7-Cre: R26R-CFP [cyan fluorescent protein]). This process generates chimeric animals in which Ret-null cells 
exhibit GFP fluorescence and wild-type UB cells express CFP. B, At 9.5 dpc (days post coitum), Ret-null epithelial cells are intermingled with 
wild-type cells in the wolffian duct (WD). C, At 10 dpc, when the dorsal side of the WD begins to swell, the region where the UB will emerge 
becomes enriched with CFP-expressing but not Ret-null cells. D and E, At around 10.5 dpc, the UB is formed exclusively by wild-type cells. 
F, Upon elongation of the UB at 11 dpc, the bulbous distal tip of the UB is formed by wild-type cells but the Ret-null cells begin to contribute 
to the trailing trunk structure. G and H, During the initial branching of the UB at around 11.5 dpc, Ret-null cells are excluded from the distal 
ampullary  UB  tips.  I,  In  contrast,  control  cells  expressing  Ret  and  GFP  contribute  to  the  whole  branching  UB  structure.  (Reproduced with 
permission from Chi X, Michos O, Shakya R, et al: Ret-dependent cell rearrangements in the Wolffian duct epithelium initiate ureteric bud morpho-
genesis. Dev Cell 17:199-209, 2009.)
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The work with the organ culture system provided an 
extensive framework on which to base further studies of 
organ development, and the system remains in extensive use 
to this day. However, the modern era of studies on the early 
development of the kidney began with the observation of 
renal agenesis phenotypes in gene-targeted or knockout 
mice, the earliest among these being the knockout of several 
transcription factors, including the WT1, Pax2, Eya1, Osr1/
Odd1, Six1, Sall1, Lhx1/Lim1, and Emx2.28,29,37,96-101 The 
knockout of several secreted signaling molecules, such as 
GDNF, GDF11, gremlin (Grem1), and the receptors Ret and 
GFRα1 (GDNF family receptor alpha1), also resulted in 
renal agenesis, at least in the majority of embryos.102-108

EARLY LINEAGE DETERMINATION OF  
THE METANEPHRIC MESENCHYME
In most embryos exhibiting renal agenesis, an appropriately 
localized putative MM is often uninvaded by a UB  
outgrowth. Two exceptions are the Osr1/Odd1 and Eya1 
mutant embryos, in which this distinct patch of MM  
is absent, suggesting that Osr1 and Eya1 represent the earli-
est determinants of the MM yet identified (Figure 1.12). 
Together, the phenotypes of these knockout mice have  
provided an initial molecular hierarchy of early kidney 
development.96,109 Osr1 is localized to mesenchymal cells 
within the mesonephric and metanephric kidney and is 
subsequently downregulated upon epithelial differentia-
tion. Mice lacking Osr1 do not form the MM and do not 
express several other factors required for metanephric 
kidney formation, including Eya1, Six2, Pax2, Sall1, and 
GDNF.109 Other factors implicated in the earliest stages of 
MM cell fate determination are the Eya1/Six1 pathway. Eya1 
and Six1 mutations are found in humans with branchioot-
orenal (BOR) syndrome.110 It is now known through in vitro 
experiments that the proteins Eya1 and Six1 form a regula-
tory complex that appears to be involved in transcriptional 
regulation.111,112 Interestingly, Eya1 was shown to have an 
intrinsic phosphatase activity that regulates the activation of 
the Eya1/Six1 complex.112,113 Moreover, Eya and Six family 
genes are co-expressed in several tissues in mammals, 
Xenopus, and Drosophila, further supporting a functional 
interaction between these genes.96,100,101,114,115 Direct tran-
scriptional targets of this complex appear to include the 
pro-proliferative factor c-Myc.112 In the Eya1-deficient 
urogenital ridge the putative MM is completely absent.116 
Consistent with this finding, Six1 is either absent or poorly 
expressed in the presumptive location of the MM of  
Eya1-null embryos.112,114–116 These findings may identify Eya1 
as a gene involved in early commitment of this group of cells 
to the metanephric lineage. Although Six1 and Eya1 may 
act in a complex together, the Six1 phenotype is somewhat 
different, in that a histologically distinct mesenchyme is 
present at 11.5 dpc, without an invading UB, similar to the 
other renal agenesis phenotypes.100,101 Eya1 is expressed in 
the Six1-null mesenchyme, suggesting that Eya1 is upstream 
of Six1. Additionally, Sall1 and Pax2 are not expressed 
in the Six1 mutant mesenchyme even though WT1 is 
expressed.100,101,116 There are discrepancies in the literature 
about Pax2 expression in Six1 mutant embryos, which may 
reflect the exact position along the anterior-posterior axis 
of the urogenital ridges of Six1 mutant embryos from which 
sections are obtained.

genomewide mutagenesis screens in zebrafish in order to 
study renal function.

The pronephros of the clawed frog Xenopus laevis has also 
been used as a simple model to study early events in nephro-
genesis. As in the fish, the pronephros consists of a single 
glomus, paired tubules, and a duct. The fact that X. laevis 
embryos develop rapidly outside the body (all major organ 
systems are formed by 6 days of age), the ease of injecting 
DNA, messenger RNA, and protein, and the ability to 
perform grafting and in vitro culture experiments establish 
the frog as a valuable model system for dissection of early 
inductive and patterning cues.92 In addition, insights emerg-
ing from the use of the chick embryo as a model for meso-
nephros development have highlighted the role of the Vg1/
Nodal signaling pathway in formation of the intermediate 
mesoderm as the embryonic source of all kidney tissue in 
vertebrates.93

GENETIC ANALYSIS OF MAMMALIAN 
KIDNEY DEVELOPMENT

Much has been learned about the molecular genetic basis 
of kidney development over the past 15 years. This under-
standing has been gained primarily through the phenotypic 
analysis of mice carrying targeted mutations that affect 
kidney development. Additional information has been 
gained by identification and study of genes expressed in the 
developing kidney, even though the targeted mutation, or 
knockout, either has not yet been performed or has not 
affected kidney development or function. This section cat-
egorizes the genetic defects on the basis of the major phe-
notype and stage of disrupted development. It must be 
emphasized that many genes are expressed at multiple 
points of renal development and may play pleiotropic roles 
that are not entirely clear.

INTERACTION OF THE URETERIC BUD AND  
THE METANEPHRIC MESENCHYME

The molecular analysis of the initiation of metanephric 
kidney development has included a series of classic experi-
ments using organ culture systems that allow separation of 
the UB and the MM as well as a later analysis of many gene-
targeted mice with phenotypes that included various degrees 
of renal agenesis. As previously mentioned, the organ 
culture system has been in use since the seminal experi-
ments, beginning in the 1950s, of Grobstein, Saxen, and 
their colleagues.27,94,95 These experiments showed that the 
induction of the mesenchymal-to-epithelial transformation 
within the MM required the presence of an inducing agent 
provided by the UB. The embryonic neural tube was found 
to be able to substitute for the epithelial bud, and experi-
ments involving the placement of the inducing agent on the 
opposite side of a porous filter from the mesenchyme pro-
vided information about the degree of contact required 
between them. A large series of experiments using organ 
cultures provided information about the timing of appear-
ance of different proteins normally observed during the 
induction of nephrons and about the intervals that were 
crucial in maintaining contact between the inducing agent 
and the mesenchyme to obtain induction of tubules.
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in the assembly of a histone H3, lysine 4 methyltansferase 
complex through the ubiquitously expressed nuclear factor 
PTIP (pax transcription activation domain interacting 
protein), which regulates histone methylation.132 The Hox 
genes are conserved in all metazoans and specify positional 
information along the body axis. Hox11 paralogs include 
Hoxa11, Hoxc11, and Hoxd11. Mice carrying mutations in 
any one of these genes do not have kidney abnormalities; 
however, triple-mutant mice for these genes demonstrate a 
complete absence of metanephric kidney induction.129 
Interestingly, in these mutants, the formation of condensing 
MM and the expressions of Eya1, Pax2, and WT1 remain 
unperturbed, suggesting that Hox11 is not upstream of these 
factors. Although there seems to be some hierarchy, Eya1, 
Pax2, and Hox11 appear to form a complex to coordinately 
regulate the expression of GDNF.133

Sall1 indirectly controls the expression of GDNF. Sall1 is 
necessary for the expression of the kinesin Kif26b by the 
MM cells.125 In the absence of either Sall1 or Kif26b, the 
nephronectin receptor α8β1-integrin expressed by the MM 
mesenchyme is downregulated. The loss of Sall1, Kif26b, 
α8β1-integrin, and nephronectin compromises the adhesion 
of the MM cells to the UB tips, ultimately causing loss  
of GDNF expression and failure of UB outgrowth.124,126,134, 
Loss of the extracellular matrix protein Fras1—the gene 
which is linked to Fraser’s syndrome and which is expressed 
selectively in the UB epithelium and nascent epithelialized 
nephrons but not the MM—causes loss of GDNF expres-
sion.122 Fras1 likely regulates MM induction and GDNF 
expression via multiple signaling pathways. Fras1 deficiency 
results in downregulation of GDF11, Hox11, Six2, and  

URETERIC BUD INDUCTION: TRANSCRIPTIONAL 
REGULATION OF GDNF
In many cases of renal agenesis, a failure of the GDNF-Ret 
signaling axis has been identified.117 GDNF, a member of 
the tumor growth factor-β (TGF-β) superfamily and secreted 
by the MM, activates the Ret-GFRα1 receptor complex that 
is expressed by cells of the nephric duct and the UB. Activa-
tion of the Ret tyrosine kinase is of central importance to 
UB induction. Most mutant embryos lacking Gdnf, Ret, or 
Gfrα1 exhibit partial or complete renal agenesis owing to 
severe impairment of UB induction, whereas exogenous 
GDNF is suffice to induce sprouting of ectopic buds  
from the nephric duct.103-106,118-121 Consistently, other genes 
linked to renal agenesis are known to regulate the normal 
expression of GDNF. These include genes encoding for 
transcription factors (e.g., Eya1, Pax2, Six1, Hox11 paralogs, 
and Sall1) and proteins required to stimulate or maintain 
GDNF expression (e.g., GDF11, Kif26b, nephronectin, α8β1-
integrin, and Fras1) (see Figure 1.12).96,99,101,102,122-130

As described earlier, Eya1 mutants fail to form the MM. 
Pax2, a transcriptional regulator of the paired box (Pax) 
gene family, is expressed widely during the development of 
both UB and mesenchymal components of the urogenital 
system.127 In Pax2-null embryos, Eya1, Six1, and Sal11 are 
expressed,116 suggesting that the Eya1/Six1 is likely upstream 
of Pax2. Through a combination of molecular and in vivo 
studies, it has been demonstrated that Pax2 appears to act 
as a transcriptional activator of GDNF and regulates the 
expression of Ret.128,131 Pax2 also appears to regulate kidney 
formation through epigenetic control because it is involved 

Figure 1.12  Genetic interactions during early 
metanephric kidney development.  A,  Regulatory 
interactions  that  control  the  strategically  localized 
expression of GDNF (glial cell–derived neurotrophic 
factor) and Ret and the subsequent induction of the 
ureteric bud (UB). The anterior part of GDNF expres-
sion is restricted by Foxc1/2 and Slit/Robo2 signal-
ing. Spry1 suppresses the post-receptor activity of 
Ret.  BMP4/7-BMPR  (bone  morphogenetic  protein 
4/7–bone morphogenetic protein receptor) signaling 
inhibits  the  response  to  GDNF,  an  effect  counter-
acted by gremlin 1 (Grem1). B and C, Genetic regu-
latory  networks  that  control  the  expression  of  
(B)  GDNF  and  (C)  Ret.  MM,  Metanephric  mesen-
chyme; NC, nephrogenic cord; ND, nephric duct. 
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the nephric duct, which terminates into either blind-ended 
ureters or abnormal connections between the bladder and 
urethra.136 The curtailed caudal growth of the nephric duct 
when either Lhx1 or Gata3 is lost prevents the formation of 
the first UB and consequently causes renal agenesis.136,140,141 
The absence of Aldh1a2 leads to the formation of ectopic 
ureters and hydronephrotic kidneys.139 Emx2 deficiency does 
not prevent caudal extension of the nephric duct toward the 
presumptive MM, but the evagination of the UB is aborted, 
thereby resulting in renal agenesis.29 Without β-catenin, 
nephric duct cells undergo precocious differentiation into 
collecting duct epithelia.142 Ret does not affect the nephric 
duct fate but has importance in later UB development and 
insertion of the nephric duct into the cloaca.77,120,139 Identifi-
cation of additional targets of Pax2, Pax8, Lhx1, Gata3, and 
β-catenin are necessary in order to fully understand these 
seemingly disparate mutant phenotypes.

UB induction and subsequent branching require a unique 
spatial organization of Ret signaling. The bulbous UB tip is 
a region enriched with proliferative ureteric epithelial cells, 
in contrast to the emerging stalk regions of the developing 
ureteric tree.30,143 It is now well appreciated that receptor 
tyrosine kinase (RTK) signaling primarily through Ret is key 
to the proliferation of UB tip epithelia. Exogenous GDNF 
supplemented in explanted embryonic kidneys can cause 
expansion of the UB tip region toward the source of the 
ligand.143-145 Erk kinase activation is prominent within the 
ampullary UB terminals, where Ret expression is elevated.30 
Consistently, chimera analysis in mice reveals that Ret-
deficient cells do not contribute to the formation of the UB 
tips.120 All together, these studies underscore the impor-
tance of strategic levels of Ret expression and activation of 
proliferative signaling pathways in the stereotypical sculpt-
ing of the nascent collecting duct network.

A ligand-receptor complex formed by GDNF, GFRα1, and 
Ret is necessary for autophosphorylation of Ret on its intra-
cellular tyrosines (Figure 1.13). A number of downstream 
adaptor molecules and effectors have been identified to 
interact with active phosphorylated Ret, including the 
growth factor receptor–bound proteins Grb2, Grb7, and 
Grb10, ShcA, Frs2, phospholipase Cγ1 (PLCγ1), Shp2, Src, 
and Dok adaptor family members (Dok4/5/6).146-157 These 
downstream Ret effectors together are likely contributors to 
the activation of the Ras/SOS/Erk and PI3K/Akt pathways 
supporting the proliferation, survival, and migratory behav-
ior of the UB epithelium.30,32,158 Knock-in mutations of the 
interaction site for Shc/Frs2/Dok adaptors on the short 
isoform of Ret lead to the formation of rudimentary 
kidneys.159-162 Specific mutation of the PLCγ1 docking site on 
Ret leads to renal dysplasia and ureter duplications.159 The 
loss of Shp2 in the UB lineage also causes severe renal hypo-
plasia, phenocopying that is observed in occasional Ret-
deficient kidneys.163 UB-specific inactivation of Pten, a target 
of the PI3K/Akt pathway, disrupts UB branching.164 Taken 
together, these findings underscore the significance of Ret 
signaling in normal UB branching.

A number of transcriptional targets of Ret activation in 
microdissected UB stimulated with GDNF have been eluci-
dated (see Figure 1.13).76 Among these are Ret itself and 
Wnt11, which stimulates GDNF expression in the MM,165 
suggesting that a positive feedback loop exists for the GDNF-
Ret signaling pathway. Ret activation also positively regulates 

α8-integrin, and an increase in bone morphogenetic 
protein 4 (BMP4), which cooperatively controls GDNF 
expression.122

NON-GDNF PATHWAYS IN THE  
METANEPHRIC MESENCHYME
Another pathway in early development of the MM involves 
WT1 and vascular endothelial growth factor A (VEGF-A).49 
Induction of the UB does not occur in Wt1 mutants, 
although GDNF is expressed in the MM, indicating the 
existence of a GDNF-independent UB induction mecha-
nism.28 However, details of this pathway still remain to be 
clarified. A novel approach to the organ culture system 
involving microinjection and electroporation has also 
yielded insights as to a possible function of the Wt1 gene in 
early kidney development. Overexpression of WT1 from an 
expression construct led to high-level expression of VEGF-A. 
The target of VEGF-A appeared to be Flk1 (VEGF receptor 
2 [VEGFR2])–expressing angioblasts at the periphery of the 
mesenchyme. Blocking signaling through Flk1, if done 
when the metanephric rudiment was placed in culture, 
blocked expression of Pax2 and GDNF and, consequently, 
of the continued branching of the UB and induction of 
nephrons by the bud. Blockade of Flk1 after the organ had 
been in culture for 48 hours had no effect, indicating that 
the angioblast-derived signal was required to initiate kidney 
development but not to maintain continued development.49 
The signal provided by the angioblasts is not yet known, nor 
is it known whether WT1 is a direct transcriptional activator 
of VEGF-A. Flk1 signaling is also required to initiate hepa-
tocyte differentiation during liver development. Numerous 
targets of WT1 in nephron progenitors have been identified 
though chromatin immunoprecipitation, providing a com-
prehensive catalog of genes particularly enriched for func-
tions relating to transcription, multiorgan development, 
and cell cycle regulation. In addition, a number of these 
WT1 targets have special roles in remodeling of the actin 
cytoskeleton.38

GENES REQUIRED BY THE URETERIC BUD IN EARLY 
KIDNEY DEVELOPMENT
Several components of the genetic network supporting the 
development of the nephric duct and the UB have been 
identified (see Figure 1.12). Pax2 and Pax8 are required to 
maintain the expression of Lhx1.135 Pax2, Pax8, and Lhx1 
altogether likely coordinate the expression of Gata3, which 
is necessary for elongation of the nephric duct.136 Gata3 and 
Emx2, which are required for the expression of Ret in the 
nephric duct, are both regulated by β-catenin, an effector of 
the canonical Wnt signaling pathway (for a discussion of 
Wnt, see section “Molecular Analysis of the Nephrogenic 
Zone”).29,137,138 Acting likely in parallel with Gata3 to main-
tain Ret expression in the UB is Aldh1a2 (Raldh2), a gene in 
the retinoic acid synthesis pathway.139 Surprisingly, this 
genetic regulatory hierarchy cannot fully account for the 
distinctive phenotypes arising from the mutations of indi-
vidual genes, suggesting that additional important compo-
nents of the nephric duct genetic network have yet to be 
identified. Nephric duct specification fails in Pax2/Pax8 
mutants but not in the case of Lhx1 deficiency, in which only 
the caudal portion of the nephric duct degenerates.135 The 
absence of Gata3 or Raldh2 causes misguided elongation of 
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activation. Interestingly, Spry1 expression is distinctively 
upregulated upon GDNF activation of Ret.76 This finding 
suggests that Ret activates a negative feedback mechanism 
via Spry1 in order to control activated ERK levels and modu-
late cell proliferation in the UB. Studies on Spry1-knockout 
mice reveal some intriguing facets about Ret dependence 
of UB induction and branching.70,72,172-175 Spry1 deficiency 
leads to ectopic UB induction and can rescue renal develop-
ment in the absence of either GDNF or Ret.172,176 Germline 
inactivation of Spry2 does not overtly affect renal develop-
ment but can rescue renal hypoplasia in mice engineered 
to express Ret mutants impaired in activating the Ras/ERK 
pathway.171 The transcriptional targets of Ret, such as Etv4, 
Etv5 and Wnt11, are retained in Gdnf/Spry1 or Ret/Spry1 
compound null mutants.172,176 These findings indicate that 
Ret signaling is not absolutely required for UB develop-
ment. In fact, signaling via FGF10 and the receptor FGFR2 
is sufficient for renal development despite the absence of 
GDNF or Ret, provided that Spry1 is inactivated. Neverthe-
less, patterns of renal branching are distinctively altered in 
Gdnf/Spry1 and Gdnf/Ret compound mutants, with UB tips 

the ETS (E26 transformation-specific) transcription factors 
Etv4 and Etv5, which are also necessary for normal UB 
branching morphogenesis. Etv4-null homozygous mutants 
and compound heterozygous mutants for Etv4 and Etv5 
manifest severe renal hypoplasia or renal agenesis, suggest-
ing that these transcription factors are indispensable targets 
of Ret for proper UB development.76 In chimeric animals 
Etv4/Etv5-deficient cells, just like Ret-deficient cells, fail to 
integrate within the UB tip domain.120,166

The gene Sprouty was identified as a general antagonist of 
RTKs and was discovered for inhibiting the fibroplastic 
growth factor (FGF) and epidermal growth factor (EGF) 
signaling pathways that pattern the Drosophila airways, wings, 
and ovarian follicles.167-169 Of the four mammalian Sprouty 
homologs, Spry1, Spry2, and Spry4 are expressed in develop-
ing kidneys.170 Spry1 is expressed strongly at the UB tips, 
whereas Spry2 and Spry4 are found in both the UB and the 
MM.171 Sprouty molecules are thought to uncouple receptor 
tyrosine kinases with the activation of ERK pathway either 
through competitive binding with the Grb2/SOS complex 
or through the kinase Raf, effectively repressing ERK 

Figure 1.13  Ret signaling pathway. Ret is activated and becomes autophosphorylated on intracellular tyrosine residues (pY) upon associa-
tion with GDNF GDNF (glial cell–derived neurotrophic factor) and its receptor GFRα1. Signaling molecules such as Grb2, Shc, FRS2, PLCγ1, 
and Shp2 bind directly  to  the phosphorylated tyrosine residues within  the  intracellular domain of Ret. Recruitment of Shc, FRS2, and Grb2 
leads to activation of the ERK and PI3K/Akt pathways. GDNF-Ret signaling leads to the specific activation of a host of genes, some of which 
strongly depend on  the upregulation of  the  transcription  factors Etv4 and Etv5  (solid arrows). Etv4/Etv5 activation requires activation of  the 
PI3K/Akt but not the ERK pathway. Transcription factors Sox8 and Sox9 are believed to act in parallel to reinforce transcriptional responses 
to GDNF-Ret engagement. Some of these pathways are shared with the FGF7/10-FGFR2 receptor signaling system. The proteins Spry1 and 
Spred2 negatively regulate ERK signaling, whereas Dusp6 likely mitigates dephosphorylation of the Ret receptor, thus acting as part of a nega-
tive feedback regulatory loop. Other distinctive transcriptional targets of Ret activation include Crlf1, Cxcr4, Mmp14, Myb and Wnt11. 
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integrin-based signaling. This fact is another example of 
how signaling through the extracellular matrix intersects 
with growth factor signaling to influence morphogenesis. 
The importance of basement membrane assembly in the 
development of other renal structures is emphasized by 
genetic studies on the genes Lama5 and Lamb2, which 
encode for laminins α5 and β2, respectively. Loss of Lama5 
causes either renal agenesis or disruption of glomerulogen-
esis, whereas deficiency of Lamb2 leads to a defective glo-
merular filtration barrier.186,187

The UB branching program is stereotypically organized 
so that the proliferative UB epithelial cells are largely  
confined to the bulbous UB tips but cell division is damp-
ened within the elongated nonbranching UB stalks of the 
growing ureteric tree. TROP2/Tacstd2, an adhesion mole-
cule related to epithelial cell adhesion molecule (EpCAM), 
is expressed prominently in the UB stalks, where it colocal-
izes with collagen-1.188 TROP2, unlike EpCAM, which is 
expressed throughout the UB tree, is not expressed at the 
UB ampullary tips. Consistently, dissociated and sorted UB 
cells expressing high levels of TROP2 are nonproliferative 
and express low levels of Ret, GFRα1, and Wnt11, which are 
notable UB tip markers. Elevated expression of TROP2 is 
also associated with poor attachment of epithelial cells to 
collagen matrix and with suppression of cell spreading and 
motility, thus emphasizing the importance of this adhesion 
molecule in negative regulation of UB branching and the 
sculpting of the nascent collecting duct network. The forma-
tion of patent lumens within epithelial tubules of the kidney 
also depends on coordinated cell adhesion. β1-integrin is 
tethered to the actin cytoskeleton via a ternary complex 
formed between integrin-like kinase (ILK) and parvin. ILK 
has been shown to be important in mediating cell cycle 
arrest and cell contact inhibition in the collecting duct epi-
thelia.189 The targeted ablation of Ilk expression in the UB 
does not cause remarkable defects in UB branching but 
does eventually lead to postnatal death due to obstruction 
of collecting ducts arising from dysregulated intraluminal 
cell proliferation. Thus, cell adhesion molecules may sup-
press cell division to regulate distinctive aspects of renal 
branching and tubulogenesis.

FORMATION OF THE COLLECTING SYSTEM

The overall shape, structure, and size of the kidneys are 
largely guided by the stereotypical branching of the UB and 
the subsequent patterning of the collecting duct system. 
During late gestation, past embryonic stage 15.5 dpc in the 
mouse, the trunks of the UB tree undergo extensive elonga-
tion to establish the array of collecting ducts found in the 
renal medulla and papilla. The radial arrangement of elon-
gated collecting ducts together with the loops of Henle 
(derived from the nephrogenic mesenchyme) establishes 
the corticomedullary axis by which nephron distributions 
are patterned. Further elongation of the newly formed col-
lecting duct network after birth is partly responsible for the 
postnatal growth of the kidney.

Elongation of the collecting ducts is regulated by  
oriented cell division, a process dependent on Wnt7b  
and Wnt9b.190-192 Oriented cell division is characterized 
by the parallel alignment of the mitotic spindle of proliferat-
ing ductal epithelia with the longitudinal axis of the duct. 

often displaying more heterogeneous shapes and orienta-
tion. These findings indicate that there remain some dis-
tinctive roles of GDNF-Ret signaling that cannot be fully 
compensated by FGF10/FGFR2 during UB development.

ADHESION PROTEINS IN EARLY  
KIDNEY DEVELOPMENT
A current theme in cell biology is that growth factor signal-
ing often occurs coordinately with signals from the extracel-
lular matrix transduced by adhesion receptors, such as 
members of the integrin family. α8β1-integrin is expressed 
by cells of the MM interacting with the novel ligand neph-
ronectin expressed specifically by UB cells.124,177 In most 
embryos with mutations causing absence of α8-integrin, UB 
outgrowth is arrested upon contact with the MM.124 In a 
small portion of embryos, this block is overcome, and a 
single, usually hypoplastic, kidney develops. Nephronectin 
gene (Npnt) knockout mice exhibit renal agenesis or severe 
hypoplasia.126 Thus, the interaction of α8β1-integrin with 
nephronectin must have an important role in the continued 
growth of the UB toward the MM. Phenotypes of both Itga8 
and Npnt knockout mice appear to result from a reduction 
in GDNF expression.126 The attraction of the UB to the 
mesenchyme is also governed by the maintenance of proper 
cell-cell adhesion within mesenchymal cells. Kif26b, a 
kinesin specifically expressed in the MM, is important for 
tight condensation of mesenchymal cells.125 Genetic inacti-
vation of Kif26b results in renal agenesis due to impaired 
UB induction. In Kif26b mutant mice, the compact aggrega-
tion of mesenchymal cells is compromised, resulting in dis-
tinctive loss of polarized expression of α8-integrin and severe 
downregulation of GDNF expression. Hence, dysregulation 
of mesenchymal cell adhesion causes the failure to attract 
and induce the ureteric epithelia.

Genetic evidence further shows that nephronectin local-
ization at the basement membrane of the UB is critical for 
GDNF expression by the MM. Genetic inactivation of base-
ment membrane proteins associated with Fraser’s syndrome 
(Fras1, Frem1/Qbrick, and Frem2) leads to renal agenesis 
characterized by severe downregulation of GDNF expres-
sion.122,123,178-181 On the basis of interaction of nephronectin 
with Fras1, Frem1/Qbrick, and Frem2, it has been proposed 
that the Fras1/Frem1/Frem2 ternary complex anchors 
nephronectin to the UB basement membrane, thus stabiliz-
ing engagement with α8β1-integrin expressed by the MM 
(Figure 1.14).179 Grip1, a PDZ domain protein known to 
interact with Fras1, is required to localize the Fras1/Frem1/
Frem2 complex on the basal aspect of the UB epithelium.182 
Grip1 mutations phenocopy Fraser’s syndrome, including 
renal agenesis, thus further highlighting the importance of 
the strategic localization of nephronectin on the UB surface 
toward the opposing MM.182-184

The establishment of epithelial basement membranes 
during metanephric kidney development involves the stage-
specific assembly of different laminin α and β subunits with 
a common laminin γ1 subunit. The UB-specific inactivation 
of the gene Lamc1, which encodes for laminin γ1, leads to 
impaired UB induction and branching, ultimately causing 
either renal agenesis or hypomorphic kidneys with water 
transport deficits.185 Lamc1 deficiency prevents formation of 
basement membranes, causing downregulation of both 
growth factor (GDNF/Ret, Wnt11, and FGF2)–based and 
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β-catenin–dependent Wnt signaling pathway. Wnt9b, 
another ligand expressed along the UB trunk region, has 
been identified as required for oriented cell division in col-
lecting duct cells. In contrast, Wnt9b signals through a non-
canonical Wnt pathway involving the activation of the small 
guanosine triphosphatase (GTPase) RhoA and the kinase 
Jnk.191 Another mechanism that could contribute to elonga-
tion of the collecting ducts is convergent extension. Conver-
gent extension involves the coordinated intercalation of 
elongated epithelial cells that thereby narrows and effec-
tively lengthens the ducts. This mechanism was proposed on 
the basis of the reconfigured orientation of elongated cells 
in Wnt9b mutant collecting ducts.191 How the interstitial 
stroma signals back to the UB to modulate oriented cell divi-
sion and convergent-extension remains unknown.

Oriented cytokinesis, therefore, guarantees that the daugh-
ter cells contribute to lengthening of the duct with minimal 
effect on tubular lumen diameter. The renal medulla and 
pelvis are nonexistent in mice lacking Wnt7b.190 Notably, the 
collecting ducts and loops of Henle are stubbier, likely 
through disruption of oriented cell division. Wnt7b expres-
sion is restricted within the UB trunks and is absent in the 
ampullary UB tips. Oriented cell division of the collecting 
duct epithelia therefore requires reciprocal signaling with 
the surrounding interstitial stromal mesenchyme. Condi-
tional inactivation of Cttnb1 (β-catenin) using a Tcf21-Cre 
transgene (which is expressed in the interstitial stroma) 
results in hypoplastic kidneys lacking medullary and papil-
lary regions.193 This is consistent with the possibility that the 
UB-stromal interaction via Wnt7b activates the canonical 

Figure 1.14  Molecular model of renal defect in Fraser’s syndrome. A, Adhesion to the ureteric bud (UB) epithelium positively regulates 
the expression of glial cell–derived neurotrophic  factor  (GDNF) by the metanephric mesenchyme (MM). Adhesion and GDNF expression are 
impaired in the absence of (B) nephronectin (expressed by the UB), (C) α8β1 integrin (expressed by the MM), (D) or the Fras1/Frem1/Frem2 
complex. Fras1, Frem1, and Frem2, which are implicated in Fraser’s syndrome, are believed to coordinatedly anchor nephronectin to the UB 
basement membrane and stabilize the conjugation with α8β1 integrin. (Modified from Kiyosumi D, Takeichi M, Nakano I, et al: Basement membrane 
assembly of the integrin α8β1 ligand nephronectin requires Fraser syndrome-associated proteins. J Cell Biol 197:677-689, 2012.)
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epithelia later in gestation, and its inactivation in mice 
causes complete aplasia of the renal medulla and papillae. 
However, the ligand of Esrrg remains to be identified, and 
little is known about its downstream targets.

POSITIONING OF THE URETERIC BUD

A crucial aspect of kidney development that is of great rel-
evance to renal and urologic congenital defects in humans 
relates to the positioning of the UB (see Figure 1.12A). 
Incorrect positioning or duplication of the bud leads to 
abnormally shaped kidneys and incorrect insertion of the 
ureter into the bladder, with resultant ureteral reflux that 
can predispose to infection and scarring of the kidneys and 
urologic tract.

Foxc1 (Forkhead box C1) is a transcription factor of the 
Forkhead family, expressed in the intermediate mesoderm 
and the MM adjacent to the wolffian duct. In the absence 
of Foxc1, the expression of GDNF adjacent to the wolffian 
duct is less restricted than in wild-type embryos. Foxc1 defi-
ciency results in ectopic UBs, hypoplastic kidneys, and 
duplicated ureters.214 Additional molecules that regulate the 
location of UB outgrowth are Slit2 and Robo2, signaling 
molecules best known for their role in axon guidance in the 
developing nervous system. Slit2 is a secreted factor, and 
Robo2 is its cognate receptor. Slit2 is mainly expressed in 
the Wolffian duct, whereas Robo2 is expressed in the mes-
enchyme.215 In one study, UBs formed ectopically in embryos 
deficient in either Slit2 or Robo2 similar to those in the 
Foxc1 mutant. However, in contrast to the Foxc1 phenotype, 
ureters in the Slit2/Robo2 mutants undergo remodeling 
allowing their insertion into the bladder.215 Instead, the 
ureters remained connected to the nephric duct in Slit2 or 
Robo2 mutants. The domain of GDNF expression is expanded 
anteriorly in the absence of either Slit2 or Robo2. Indeed, 
mutations in Robo2 have been identified in patients with 
vesicoureteral junction defects and vesicoureteral reflux.216 
The expressions of Pax2, Eya1, and Foxc1, all thought to 
regulate GDNF expression, were not dramatically different 
in the absence of Slit2 or Robo2, suggesting that Slit/Robo 
signaling is not upstream of these genes. It is possible that 
Slit/Robo signaling is regulating the point of UB initiation 
by regulating the GDNF expression domain downstream  
of Pax2 or Eya1. An alternative explanation is that Slit2 
and Robo2 act independently of GDNF and that the 
expanded GDNF domain is a response to rather than a 
cause of ectopic UBs.

Spry1, as described earlier, negatively regulates the Ras/
Erk signaling pathway and is expressed strongly in the pos-
terior wolffian duct and the UB tips.217 Embryos lacking 
Spry1 develop supernumerary UBs, but unlike mutants of 
Foxc1, Slit2, or Robo2, they do not display changes in GDNF 
expression.173 The phenotype of Spry1 mutants can be 
rescued by reducing the GDNF expression dosage.173 Spry1 
deletion also rescues the renal agenesis defect in mice 
lacking either Ret or GDNF.172 Consistently, renal agenesis 
and severe renal hypoplasia, in mice expressing Ret specifi-
cally mutated on a tyrosine phosphorylation site known to 
couple with the Ras/ERK pathway, can be reversed in the 
absence of Spry1.176 Thus, Spry1 appears to regulate UB 
induction site by dampening RTK-dependent proliferative 
signaling.

The normal development of the collecting ducts also 
depends on cell survival cues provided by diverse ligands 
such as Wnt7b, EGF, and hepatocyte growth factor (HGF) 
and on interactions with the extracellular matrix.190,194,195 
Papillary collecting ducts display higher incidence of apop-
tosis in mice lacking Wnt7b or EGF receptor (EGFR).190,194 
Conversely, loss of Dkk1 (Dickkopf1), a secreted antagonist 
of Wnt7b, results in overgrowth of the renal papilla.196 Con-
ditional inactivation of Dkk1 using the Pax8-Cre transgene 
(expressed in renal tubules and the collecting ducts) causes 
increased proliferation of papillary epithelial cells. The 
HGF receptor Met, α3β1-integrin (Itga3/Itgb1), and laminin 
α5 (Lama5) are all required to maintain the expression of 
Wnt7b and thus are likely to support the viability of collect-
ing duct cells.134,195,197

Poor development of the renal medulla and papilla are 
also observed in mutant mice lacking FGF7, FGF10, FGFR2, 
BMPR1A (ALK3), the components of the renin angiotensin 
aldosterone system (RAAS), Shh (Sonic hedgehog), or the 
orphan nuclear steroid hormone receptor Esrrg. FGF7 and 
FGF10 are the cognate ligands of FGFR2. Renal hypoplasia 
observed when Fgfr2 is conditionally removed from the ure-
teric lineage is more severe than in mutants lacking Fgf7 or 
Fgf10, suggesting that these related ligands may have some 
functional redundancy in the development of the UB and 
collecting ducts.69,198,199 Kidneys lacking Bmp1ra show an 
attenuated phosphorylation of SMAD1, an effector of the 
BMP and TGFβ ligands, and a concomitant increase in 
expression of c-Myc and β-catenin.200 Although the signifi-
cance of these results are not clear, the elevation of β-catenin 
indicates a novel crosstalk between BMP and Wnt signaling 
pathways in collecting ducts. Signaling through angiotensin 
is relevant to both early UB branching and the morphogen-
esis of medullary collecting ducts.201 Genetic inactivation 
of angiotensinogen, its processing enzyme angiotensin-
converting enzyme (ACE), and its target angiotensin-II 
AT1R receptors (Agtr1a and Agtr1b) results in similar phe-
notypes characterized by hypoplastic kidneys with modestly 
sized renal papillae.202-207 Furthermore, the postnatal growth 
and survival of renal papilla grown ex vivo depend on the 
presence of AT1R.208 Interestingly, in cultures of renal 
papilla explants, angiotensin appears to regulate the Wnt7b, 
FGF7, and α3β1-integrin signaling pathways such that the 
loss of endogenous angiotensin or pharmacologic inhibi-
tion of AT1R causes significant dampening of the expres-
sion of Wnt7b, Fgf7, Cttnb1, and Itga3/Itgb1.208 Shh is expressed 
in the more distal derivatives of the UB, the medullary col-
lecting ducts and the ureter.209 The germline deletion of Shh 
results in either bilateral renal agenesis or a single ectopic 
dysplastic kidney.210,211 It has been shown that Shh controls 
the expression of early inductive and patterning genes 
(Pax2 and Sall1), cell cycle regulators (N-myc and cyclin 
D1), and signaling effectors of the Hedgehog pathway (Gli1 
and Gli2). Interestingly, genetic removal of Gli3 on an Shh-
null background restores the expression of Pax2, Sall1, cyclin 
D1, N-Myc, Gli1, and Gli2, providing physiologic proof 
for the role of Gli3 as a repressor of the Shh pathway in 
renal development.211 Frameshift mutations resulting in 
truncation of the expressed Gli3 protein is linked to Pallister-
Hall syndrome and the presence of hydronephrosis and 
hydroureter in both humans and mice.212,213 Esrrg has a 
strong and localized expression within collecting duct 
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Wnt4 likely bind distinctive receptor complexes, with Wnt4 
acting downstream of Wnt9b. Thus, a model has been pro-
posed whereby Wnt9b acts as a paracrine factor, priming the 
MM to develop into renal vesicles expressing Wnt4. Wnt4 in 
this model functions as an autocrine factor required for 
commitment to a tubulogenesis program (Figure 1.15).

Two major Wnt signaling branches exist downstream of 
the Frizzled receptor (Fz): a canonical β-catenin–depen-
dent pathway and a noncanonical β-catenin–independent 
pathway.222 In the canonical pathway, Wnt-mediated signal-
ing suppresses a phosphorylation-triggered pathway of  
proteosomal degradation, enabling the stabilization of 
β-catenin, which results in the formation of a complex 
between β-catenin and TCF/LEF (T-cell factor/lymphoid-
enhancing factor) DNA-binding proteins that directly regu-
lates transcriptional targets. Numerous studies demonstrate 
the importance of the canonical Wnt pathway for renal 
development: Conditional deletion of β-catenin from the 
cap mesenchyme completely blocks renal vesicle formation 
as well as expression of markers of induction such as Wnt4, 

Another negative regulator of branching is BMP4, which 
is expressed in the mesenchyme surrounding the wolffian 
duct. Bmp4 heterozygous mutants have duplicated ureters, 
and in organ culture, BMP4 blocks the induction of ectopic 
UBs by GDNF-soaked beads.218 Furthermore, knockout of 
gremlin, a secreted BMP inhibitor, causes renal agenesis, 
supporting a role for BMP in the suppression of UB 
formation.219

MOLECULAR ANALYSIS OF  
THE NEPHROGENIC ZONE

The continued replenishment of the reservoir of nephron 
progenitors during kidney development is crucial to  
guarantee generation of a sufficient number of nephrons. 
Fate mapping studies in mice using Cre driven by Cited1 
and Six2 promoters demonstrate that the condensed 
mesenchyme, which aggregates around the UB, represents 
a pool of multipotent progenitors that replenishes itself  
and differentiates to give rise to all epithelial components 
of the nephron from podocytes to distal tubules.18,19 
Signaling through Wnt, FGF, and the BMP family of  
ligands is critical to maintain the delicate balance between 
progenitor self-renewal and differentiation toward a neph-
rogenic fate.

Wnt11 and Wnt9b, two ligands belonging to the Wnt 
family of signaling molecules, are expressed by the UB. The 
Wnt family was originally discovered as the wingless muta-
tion in Drosophila and, in mammals, as genes found at retro-
viral integration sites in mammary tumors in mice. Wnt11 
is highly expressed at the UB tips and decreased branching 
occurs in its absence, although it has no known specific 
effect on the induction of the epithelial transformation of 
the MM.165 Wnt11 is a downstream target of Ret and is neces-
sary to sustain GDNF expression in the MM.76,144,145,165 Hence, 
Wnt11 participates in an autoregulatory feedback loop that 
maintains GDNF-Ret signaling to promote UB branching.165 
In contrast, Wnt9b, which is expressed in the entire UB 
except the very tips, appears to be the vital molecule 
expressed by the UB that induces the MM.220 Wnt9b is not 
essential for the early induction of the UB or for the initial 
condensation of the MM. Further UB branching fails beyond 
the initial branching step resulting in T-shaped tubule 
(T-stage), however, likely because of downregulation of 
GDNF in the MM. The MM condenses up to the T-stage but 
the expressions of Pax2, Eya1, WT1, Bmp7, and Six2 are 
distinctively diminished by 12.5 dpc in Wnt9b mutant mouse 
embryos. This loss of MM markers leads to failed induction 
of renal vesicles and tubulogenesis. Thus, Wnt9b is the 
closest candidate identified to date, which is likely to be the 
crucial molecule produced by the bud that stimulates induc-
tion of the nephrons.

A third member of the Wnt family, Wnt4, is expressed in 
pretubular aggregates and is additionally required for the 
epithelial transformation of the MM.220,221 In Wnt4 mutant 
embryos, pretubular aggregates failed to epithelialize into 
the tubular precursor of the mature nephron.221 Wnt9b-
deficient MM could be sufficiently induced in vitro to 
undergo tubulogenesis when grown with Wnt4-expressing 
fibroblasts.220 In contrast, another study using the same 
co-culture assay showed that Wnt9b could not compensate 
for the loss of Wnt4. These findings suggest that Wnt9b and 

Figure 1.15  Tripartite inductive interactions regulating ureteric 
branching and nephrogenesis.  Six2  and  Cited1  are  expressed  in 
the self-renewing nephron progenitors within  the cap mesenchyme 
(CM) surrounding the ureteric bud (UB). The UB tip domains express 
high levels of Ret, which is activated by glial cell–derived neurotrophic 
factor  (GDNF)  from  the  surrounding  CM.  Wnt11  is  upregulated  in 
response to Ret activation and stimulates GDNF synthesis in the CM. 
Wnt9b,  expressed  by  the  UB,  and  Fat4,  expressed  by  the  Foxd1-
positive stroma, are required to initiate nephrogenesis from a subset 
of  the CM. This  results  in  the  formation of a  transient  renal  vesicle 
(RV) expressing FGF8 and Wnt4, factors that sustain epithelialization. 
The  stroma  expresses  Aldh1a2,  a  gene  required  for  retinoic  acid 
synthesis, and genes for the retinoic acid receptors Rara and Rarb2. 
Retinoic acid signaling stimulates elevated expression of Ret  in  the 
UB tip domain while also suppressing Ret expression via Rara/Rarb2 
and Ecm1 in the stroma to initiate bifurcation of the UB tip to generate 
new branches. Foxd1 in the cortical stroma also represses Dcn, thus 
relieving the Dcn-mediated suppression of BMP7-dependent signal-
ing,  which  results  in  phosphorylation  of  SMAD1/5/8  (pSMAD1/5/8) 
and epithelialization of the cap mesenchyme. Wnt7b expressed in the 
UB stalk signals to the interstitial stroma and is an important factor 
that regulates cortico-medullary patterning of the kidney. 
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signaling, Six2 constitutively represses expression of renal 
vesicle markers within nephron progenitors.223 In response 
to Wnt induction, Six2 forms a complex with β-catenin and 
Lef/Tcf factors that regulate the expression of multiple 
genes required to coordinate mesenchyme-to-epithelial 
transition, including the upregulation of Pax8, Fgf8, Wnt4, 
and Lhx1 and the attenuation of Six2 expression. A fine-
tuned activity of Six2 is therefore required to balance the 
maintenance of a pool of self-renewing nephron progeni-
tors and to prime these progenitors for commitment to an 
epithelial fate via a canonical Wnt-dependent pathway.

The multidomain scaffolding proteins Dlg1 and CASK, 
members of the MAGUK (membrane-associated guanylate 
kinase) family of proteins, have been shown to be important 
in maintenance of nephron progenitor cells.236 Dlg1 and 
CASK prominently localize at the plasma membranes of 
polarized cells, where they coordinate cell junction forma-
tion and assembly of protein complexes that regulate cell 
polarity.237 In neurons, they are known to be important for 
organization of synapses.238 The global deletion of Dlg1 and 
Cask in mice led to severe renal hypoplasia and dysplasia 
with notable loss of the nephrogenic zone.236 This renal 
phenotype was fully recapitulated when Dlg1 and Cask were 
removed conditionally using either Pax3-Cre or Six2-Cre, 
suggesting that the defects are inherent within the MM 
compartment, particularly the nephrogenic precursors. 
Although UB branching was also decreased in the global 
and MM double-knockout mice, this defect proved to be 
secondary to depletion of the nephrogenic zone, because 
targeted ablation of Dlg1 and Cask in the ureteric lineage 
using HoxB7-Cre did not cause renal hypoplasia or abnor-
mal renal histology. Significantly diminished cell prolifera-
tion and increased apoptosis were observed in the 
nephrogenic zone in the absence of Dlg1 and Cask. Consis-
tent with the loss of the nephrogenic zone is the decreased 
expression of BMP7, Cited1, Six2, and FGF8. GDNF expres-
sion is also notably decreased, a finding that could explain 
the secondary impairment in ureteric branching. The con-
comitant reduction in BMP7 and FGF8 levels correlates with 
the dampening of signaling events downstream of Ras, 
including Erk, Jnk, and p38 MAPK pathways, possibly 
accounting for the loss of cell proliferation in the nephro-
genic zone of Dlg1/Cask double-knockout mice.

The extracellular cues regulating Dlg1 and CASK func-
tions in the nephrogenic mesenchyme are not yet clear. One 
possibility invoked is the interaction between Dlg1 and 
CASK with the FGF pathway via syndecan-2.237 FGF2 is 
known to mediate condensation of the MM, whereas FGF8 
is important for transition to Wnt4-expressing pretubular 
aggregates and renal vesicles.215,239 FGF9 and FGF20, on the 
other hand, are important to maintain the stemness of 
nephron progenitors.230 The corresponding receptors, 
FGFR1 and FGFR2, are crucial for the survival of the MM 
without which renal agenesis ensues.240 Dlg1 and CASK are 
also likely to mitigate the proper migration and condensa-
tion of the nephron precursors around the UB. In com-
pound heterozygous/homozygous Dlg1/Cask knockout 
subjects, kidneys were only modestly hypoplastic but showed 
a distinctively loose aggregation of Six2-expressing condens-
ing mesenchyme.236 This result is consistent with those of 
other studies showing that Dlg1 is important for directed 
cell migration of Schwann cells.241,242

Fgf8, and Pax8.223 By contrast, activation of stabilized 
β-catenin in the same cell population causes ectopic expres-
sion of mesenchymal induction markers in vitro and  
functionally rescues the defects observed in Wnt4- or Wnt9b-
deficient mesenchymes. Inhibition of the kinase GSK3, a 
member of the β-catenin degradation complex, results in 
the ectopic differentiation of the MM.224

BMP7 is expressed in the UB and in the condensed 
MM.225,226 Loss of BMP7 causes untimely depletion of the 
cap mesenchyme and nephrogenesis arrest.225,226 BMP7 is 
thought to be a survival and proliferative factor for the cap 
mesenchyme, on the basis of organ culture experiments and 
the increased incidence of apoptosis observed within the 
presumptive nephrogenic zone of Bmp7-null kidneys.226-229 
The proliferative effect of BMP7 on nephron progenitors 
has been shown to depend on specific activation of the 
kinase Jnk leading to phosphorylation and activation of Jun 
and Atf2.230 However, the cell-survival promoting functions 
of BMP7 are unlikely specific since BMP4 can functionally 
substitute for loss of BMP7 (based on phenotypic rescue in 
“knocked-in” mutants where Bmp4 cDNA was inserted next 
to the endogenous Bmp7 promoter).231 The exact role of 
BMP4 in nephrogenesis is not known, although it has been 
described as important specifically within the UB lineage.218 
The transcription factor Trps1, an atypical member of the 
GATA family of transcription factors implicated in trichorhi-
nophalangeal (TRP) syndrome, has been identified as a 
novel target of BMP7.232 Trps1 expression is absent in Bmp7-
null kidneys. Trps1-null mutant kidneys are hypoplastic and 
distinctively lacking glomeruli and renal tubules. Renal 
vesicle formation is distinctively compromised in the absence 
of Trps1, with a concomitant depletion of the cap mesen-
chyme. In cultured MM cells, the increased expression of 
E-cadherin following BMP7 stimulation is inhibited upon 
RNA interference–mediated knockdown of Trps1. Alto-
gether these studies suggest that BMP7 acting through 
Trps1 is important for epithelialization of the cap 
mesenchyme.

The more primitive progenitors within the condensed 
mesenchyme express high levels of Cited1 and proliferate 
in a BMP7-dependent manner.233 In response to BMP7, 
these Cited1-positive cells begin expressing Six2 and acquire 
responsiveness to Wnt9b. The exact role of Cited1 in the 
condensing mesenchyme remains poorly understood 
because Cited1- and compound Cited1/Cited2-knockout 
kidneys have apparently intact mesenchyme-to-epithelial 
transitions. It is not clear, however, whether the closely 
related Cited4 is upregulated and functionally compensates 
in the absence of Cited1 and Cited2.234 Genetic inactivation 
of Six2 causes premature and ectopic nephrogenesis.19,235 
The precocious epithelialization combined with increased 
incidence of apoptosis in Six2-deficient cap mesenchyme 
rapidly depletes the pool of nephrogenic precursors. The 
defective maintenance of nephrogenic precursors impairs 
reciprocal inductive interactions between the cap mesen-
chyme and the UB, causing overall stunting of kidney 
growth. Overexpression of Six2, on the other hand, pre-
vented epithelial differentiation of the cap mesenchyme. 
Six2, therefore, is required to maintain the undifferenti-
ated, self-renewing progenitor states of nephron precursors.  
Nevertheless, epithelialization in Six2-null mutants remains 
dependent on Wnt9b induction.19 In the absence of Wnt 
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findings further reiterate the crucial importance of canoni-
cal Notch signaling via Rbpj in the specification of the proxi-
mal segment of nephrons and the likelihood that Notch 
signaling independent of Rbpj arbitrates the determination 
of podocyte fate. Consistently, overexpression of the consti-
tutively active Notch1 intracellular domain (N1ICD) drives 
the acquisition of proximal tubule fate in nephron precur-
sors but inhibits the development of podocytes.248

The specification of the distal nephron fate requires the 
POU domain–containing transcription factor Pou3f3 (Brn1) 
and the metalloprotease genes Adamts1 and Adamts4.250,251 
The proneural basic helix-loop-helix (bHLH) factor Ascl1 
(MASH1) binds cooperatively with Pou3f3 and the related 
Pou3f2 (Brn2) to the promoter of the Notch ligand Delta1 
to synergistically activate the transcription of Delta1 and 
stimulate neurogenesis.252 Whether Pou3f3 is involved in 
regulation of Notch signaling in renal development is not 
clear. Germline deletion of Pou3f3 results in defective pat-
terning of the distal nephron segments.251 Pou3f3 expression 
is first detectable in renal vesicles and becomes localized to 
the distal aspects of the comma- and S-shaped bodies, regions 
destined to become the distal convoluted tubules, the macula 
densa, and the loop of Henle. Without Pou3f3, elongation 
of prospective loop of Henle and overall maturation of distal 
nephron segments are arrested. Although the development 
of glomeruli, proximal tubules, and collecting ducts is seem-
ingly not affected by the absence of Pou3f3, the severity of 
the distal nephron abnormalities causes renal insufficiency 
and perinatal death. The products of Adamts1 and Adamts4 
are secreted thrombospondin domain–containing metallo-
proteases known to cleave a class of proteoglycans called 
lecticans. Null mutation of Adamts1 in mice leads to hydrone-
phrosis and is characterized by the thinning of the renal 
medulla and a distinctive paucity in the loops of Henle.250,253 
Lack of Adamts4 appears benign but can exacerbate the sim-
plification of the renal medulla due to loss of Adamts1.254 As 
a consequence, mice with a compound null mutation of 
Adamts1 and Adamts4 mostly perish perinatally. This finding 
suggests that Adamts1 and Adamts4 have overlapping impor-
tance in the development of the distal nephron segment by 
a mechanism yet to be identified.

There is one example so far of a transcription factor 
involved in the differentiation of a specific cell type in the 
kidney. The phenotype is actually found in the collecting 
ducts, rather than in the nephron itself, but is discussed in 
this section because it is demonstrative of the kinds of phe-
notypes expected to be found as additional mutant mice are 
examined. Two cell types are normally found in the collect-
ing ducts—principal cells, which mediate water and salt 
reabsorption, and intercalated cells, which mediate acid-
base transport. In the absence of the Foxi1 transcription 
factor, only one cell type is present in collecting ducts, and 
many acid-base transport proteins normally expressed by 
intercalated cells are absent.255

In addition to cell differentiation, spatial orientation of 
cells is essential for tubule elongation and morphogenesis. 
In epithelia, cells are uniformly organized along an apical-
basal plane of polarity. However, in addition, cells in most 
tissues require positional information in the plane perpen-
dicular to the apical-basal axis. This type of polarization, 
referred to as planar cell polarity, is critical for morphogenesis 
of metazoans.256,257 A study using cell lineage analysis and 

MOLECULAR BIOLOGY OF NEPHRON 
DEVELOPMENT: TUBULOGENESIS

Gene targeting and other analyses have identified many 
genes involved in the initial induction of the metanephric 
kidney and the formation of the pretubular aggregate, but 
much less is currently known about how the pretubular 
aggregate develops into a mature nephron, a process 
through which a simple tubule elongates, convolutes, and 
differentiates into multiple distinct segments with different 
functions. Discussions of how this segmentation occurs have 
considered whether similarities will be found to other 
aspects of development, such as the limb or neural tube, 
where there is segmentation along various axes.

The Notch group of signaling molecules has been impli-
cated in directing segmentation of the nephron. Notch 
family members are transmembrane proteins, the cytoplas-
mic domains of which are cleaved by the γ-secretase enzyme 
upon the interaction of the extracellular domain with trans-
membrane ligand proteins of the Delta and Jagged families, 
found on adjacent cells.243 Thus, Notch signaling occurs 
between adjacent cells, in contrast to signaling by secreted 
growth factors, which may occur at a distance from the 
growth factor–expressing cells. The cleaved portion of the 
Notch cytoplasmic domain translocates to the nucleus, 
where it has a role in directing gene expression. Mice homo-
zygous for a hypomorphic allele of Notch2 have abnormal 
glomeruli, with a failure to form a mature capillary tuft.244,245 
Because null mutants of Notch family members usually 
result in early embryonic death, further analysis of Notch 
family function in kidney development has made use of the 
organ culture model.

When metanephric rudiments were cultured in the pres-
ence of a γ-secretase inhibitor,31,246 expression of podocyte 
and proximal tubule markers was diminished in comparison 
with expression of distal tubule markers and branching of 
the UB. When the γ-secretase inhibitor was removed, there 
seemed to be a better recovery of expression of proximal 
tubule markers than of podocyte differentiation markers. 
Similar results were observed in mice carrying targeted 
mutation of the Psen1 and Psen2 genes that encode a com-
ponent of the γ-secretase complex.247 Conditional deletion 
of Notch2 in the MM resulted in hypoplastic kidneys that did 
not develop glomeruli and proximal tubules, despite the 
presence of distal tubules and collecting ducts. Interestingly, 
the condensed mesenchyme and pretubular aggregates ini-
tiated epithelialization expressing Pax2 and E-cadherin but 
did not proceed to form S-shaped bodies. By contrast, 
Notch1-deficient metanephroi are phenotypically wild type, 
suggesting that Notch1 is not critical for cell fate determina-
tion during early nephron formation. Taken together, these 
studies seem to indicate that local activation of Notch2 
during tubule morphogenesis is critical to determining the 
proximal cell fate after the epithelialization of renal 
vesicle.248 The transcription factor Rbpj, the homolog of the 
Drosophila gene Suppressor of Hairless, is a transducer of 
canonical Notch signaling. Genetic inactivation of Rbpj in 
the MM leads to pronounced renal hypoplasia character-
ized by significant paucity in nephrons and the develop-
ment of tubular cysts.248,249 Fate mapping analyses reveal that 
Rbpj-deficient nephrogenic precursors develop into podo-
cytes and distal tubules but not proximal tubules.249 These 
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decorin and collagen IV are upregulated in the cortical 
interstitium. These findings are corroborated by the partial 
rescue of the Foxd1-null phenotype through genetic inacti-
vation of Dcn.

Tcf21 (also called Pod1) is expressed in the medullary 
stroma as well as in the condensing MM.264,265 Tcf21 is also 
expressed in a number of differentiated renal cell types that 
derive from these mesenchymal cells and include develop-
ing and mature podocytes of the renal glomerulus, cortical 
and medullary peritubular interstitial cells, pericytes sur-
rounding small renal vessels, and adventitial cells surround-
ing larger blood vessels (see Figure 1.6).193 The defect in 
nephrogenesis observed in Tcf21-null mice is similar to the 
defect seen in Foxd1-knockout mice, consisting of disruption 
of branching morphogenesis with associated arrest and 
delay in nephrogenesis. Analysis of chimeric mice derived 
from Tcf21 mutant embryonic stem cells and EGFP-
expressing embryos demonstrated both cell-autonomous 
and non–cell-autonomous roles for Tcf21 in nephrogene-
sis.269 Most strikingly, the glomerulogenesis defect was 
rescued by the presence of wild-type stromal cells (i.e., 
mutant cells will epithelialize and form nephrons normally 
as long as they are surrounded by wild-type stromal cells). 
In addition, there is a cell-autonomous requirement for 
Tcf21 in stromal mesenchymal cells to allow differentiation 
into interstitial and pericyte cell lineages of the cortex and 
medulla, because Tcf21-null ES cells were unable to contrib-
ute to these populations.

Although many of the defects in the Tcf21 mutant kidneys 
phenocopy those seen in the Foxd1 mutant kidneys, there 
are important differences. Kidneys from Tcf21-null mice 
have vascular anomalies and defective pericyte differentia-
tion that were not reported in Foxd1 mutant mice. These 
differences might result from the broader domain of Tcf21 
expression, which includes the condensing mesenchyme, 
podocytes, and medullary stromal cells in addition to the 
stromal cells that surround the condensates. In contrast to 
Foxd1, Tcf21 is not highly expressed in the thin rim of 
stromal cells found immediately beneath the capsule, sug-
gesting that Foxd1 and Tcf21 might mark early and late 
stromal cell lineages, respectively, with overlap in the stroma 
that surrounds the condensates.23 However, definitive 
co-labeling studies to address this issue have not been per-
formed. Both Tcf21 and Foxd1 are transcription factors so 
it is interesting to speculate that they might interact or regu-
late the expression of a common stromal “inducing factor.”

Retinoids secreted by the renal stroma are also recog-
nized as important for the maintenance of a high level of 
Ret receptor expression in the UB tip, promoting the pro-
liferation of UB epithelial cells and the growth of the ure-
teric tree.9,270-272 One study concluded that the defective UB 
branching seen in Foxd1-null mutants is most likely a direct 
consequence of the loss of cortical expression of Aldh1a2, a 
gene involved in retinol (vitamin A) synthesis.266 A later 
study has shown that renal stroma immediately around the 
UB tips is also important in regulating the bifurcation of the 
tips and the creation of new UB branches.273 Autocrine reti-
noid signaling in the stromal cells juxtaposed to the UB tips 
stimulates the expression of extracellular matrix 1 (Ecm1). 
Ecm1 is specifically expressed at the UB cleft, where it sup-
presses and restricts Ret expression domains within the UB 
tips. In the absence of Ecm1, Ret expression in the UB tips 

close examination of the mitotic axis of dividing cells has 
shown that lengthening of renal tubules is associated with 
mitotic orientation of cells along the tubule axis, demon-
strating intrinsic planar cell polarity.192 Dysregulation of ori-
ented cell division can give rise to cysts as a result of abnormal 
widening of tubule diameters.258 To date, molecules impli-
cated in planar cell polarity and tubule elongation include 
HNF1β-PKHD axis, Fat4, and Wnt9b.191,192,259-263

MOLECULAR GENETICS OF THE STROMAL  
CELL LINEAGE

The maintenance of reiterative ureteric branching and con-
comitant nephron induction largely accounts for the growth 
and enlargement of embryonic kidneys. Genetic studies 
reveal that interstitial stroma provides additional inductive 
cues that regulate UB branching and nephrogenesis (see 
Figure 1.15). These studies also underscore the pivotal role 
played by the stroma in establishing the stereotypical radial 
patterning of the kidney. In embryonic kidneys, the stroma 
is organized into two distinct zones, an outer stromal region 
within the nephrogenic zone expressing the winged helix 
transcription factor Foxd1/BF-2, and a deeper region 
expressing the basic helix-loop-helix transcription factor 
Tcf21 (Pod1/capsulin/epicardin).22,23,264,265 Without either 
Foxd1 or Tcf21, UB branching and nephrogenesis are 
notably impaired, resulting in a distinctive perturbation of 
the corticomedullary renal histoarchitecture.22,23,264

The most prominent features of the genetic loss of Foxd1 
include the thickening of the renal capsule and the forma-
tion of large metanephric mesenchymal condensates.22,266 
The morphologically altered renal capsule in Foxd1 mutant 
kidneys has notably lost expression of Aldh1a2/Raldh2 and 
Sfrp1 (a regulator of Wnt signaling) and is abnormally inter-
spersed with endothelial cells and Bmp4-positive cells.266 
The identity of these Bmp4-expressing cells populating the 
renal capsule in Foxd1-deficient kidneys is unknown, 
although on the basis of lineage tracing for Foxd1-promoter 
expression, the cells are clearly distinct from the presump-
tive medullary stroma. Bmp4 is a known chemotactic agent 
for endothelial cells,267 so it is very likely that the ectopic 
Bmp4-positive cells account for the presence of endothelial 
cells within the broadened renal capsule of Foxd1 mutant 
kidneys. The accumulation of the cap mesenchyme is also 
likely contributed in part by ectopic Bmp4 signaling in the 
absence of Foxd1, because Bmp4 has been shown to antago-
nize epithelialization of the cap mesenchyme.267 Transcrip-
tome analysis shows that the gene Dcn, which encodes for 
the collagen-binding proteoglycan decorin, is a specific 
target that is repressed by Foxd1 in the cortical intersti-
tium.268 Dcn expression is normally localized within the med-
ullary stroma but is normally absent in the cortical stroma 
of wild-type kidneys. In the absence of Foxd1, decorin 
becomes abundantly expressed in the presumptive cortical 
stromal region. Functional cell-culture–based assays and 
epithelialization assays of mesenchymal aggregates demon-
strate that decorin inhibits Bmp7 signaling and mesenchyme-
to-epithelial transformation. The antagonistic effect of 
decorin on epithelial differentiation is further enhanced in 
vitro when the mesenchymal aggregates are grown in col-
lagen IV, thus recapitulating the persistence of the cap mes-
enchyme as seen in Foxd1 mutant kidneys, in which both 
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colorimetrically (with a β-galactosidase substrate) or by fluo-
rescence (Figure 1.16). Use of other knock-in strains allows 
identification of endothelial cells lining arteriolar or venous 
vessels.276

Over the past decade, a number of growth factors and 
their receptors have been identified that are required for 
vasculogenesis and angiogenesis. Gene deletion studies in 
mice have shown that VEGF-A and its cognate receptor 
VEGFR2 are essential for vasculogenesis.275,277 Mice that are 
null for the Vegfa gene die at 9.5 dpc from a failure of vas-
culogenesis, whereas mice lacking a single Vegfa allele (i.e., 
they are heterozygous for the Vegfa gene) die at 11.5 dpc, 
also from vascular defects.277 These data demonstrate gene 
dosage sensitivity to VEGF-A during development. In the 
developing kidney, podocytes and renal tubular epithelial 
cells express VEGF-A and continue to express it constitu-
tively in the adult kidney, whereas the cognate tyrosine 
kinase receptors for VEGF-A, VEGFR1 (Flt1), and VEGFR2 
(Flk1/KDR) are predominantly expressed by all endothelial 
cells.278 Which non-endothelial cells might also express the 
VEGF receptors in the kidney in vivo is still debated, 
although renal cell lines clearly do and MM cells express 
VEGFR2 in organ culture as outlined earlier.

Conditional gene targeting experiments and cell-selective 
deletion of Vegfa from podocytes demonstrated that VEGF-A 
signaling is required for formation and maintenance of the 
glomerular filtration barrier.279,280 Glomerular endothelial 
cells express VEGFR2 as they migrate into the vascular cleft. 
Although a few endothelia migrated into the developing 
glomeruli of Vegfa podocyte conditional knockout mutants 
(likely because of a small amount of VEGF-A produced by 
presumptive podocytes at the S-shaped stage of glomerular 
development prior to Cre-mediated genetic deletion), the 
endothelia failed to develop fenestrations and rapidly disap-
peared, leaving capillary “ghosts” (Figure 1.17). Similar to 
the dosage sensitivity observed in the whole embryo, dele-
tion of a single Vegfa allele from podocytes also led to glo-
merular endothelial defects known as endotheliosis that 
progressed to end-stage kidney failure at 3 months of age. 
As the dose of VEGF-A decreased, the associated endothelial 
phenotypes became more severe (Figure 1.18). Upregula-
tion of the major angiogenic VEGF-A isoform (VEGFA164) 
in developing podocytes of transgenic mice led to massive 
proteinuria and collapse of the glomerular tuft by 5 days of 
age. Taken together, these results show a requirement for 

broadens, effectively attenuating UB branching through 
impaired formation of UB bifurcation clefts. Thus, stromal 
retinoids promote and confine Ret expression domains and, 
more likely, cell proliferation patterns within the UB tips.

A 2013 study has provided valuable insight into how 
stroma-based signaling intersects with UB-derived inductive 
cues to promote proper differentiation of the nephrogenic 
mesenchyme.274 When the stromal lineage is selectively 
annihilated by Foxd1-Cre–driven expression of diphtheria 
toxin, the zone of condensing mesenchymal cells capping 
the UBs is abnormally broadened but the development of 
pretubular aggregates is strongly hindered. These findings 
reiterate those previously described in Foxd1-null mice, sug-
gesting that regulation of nephrogenesis involves a crosstalk 
between stroma and UB-derived inductive signals. In par-
ticular, it was shown that Fat4-dependent Hippo signaling 
initiated by the stroma integrates with canonical Wnt signal-
ing derived from the ureteric lineage in order to balance 
nephron precursor propagation and differentiation. The 
absence of Fat4 in the stromal compartment phenocopies 
the expansion of the nephrogenic precursor domain and 
failed epithelial differentiation of nephron progenitors seen 
in stroma-deficient kidneys. It was postulated that Fat4 
acting through the Hippo pathway promotes the differentia-
tion of the epithelial transition of nephrogenic precursors. 
This possibility was further reiterated by the rescue of the 
depletion of nephrogenic precursors by Fat4 deficiency in 
Wnt9b-knockout mice. Interestingly, the ablation of Vangl2, 
a signaling partner of Fat4 known to regulate renal tubular 
diameter,259 fails to rescue the loss of nephron progenitors 
in Wnt9b-knockout animals, suggesting that Fat4-mediated 
signaling during early differentiation of nephrogenic pre-
cursors is independent of the planar cell polarity pathway.274

MOLECULAR GENETICS OF  
VASCULAR FORMATION

Vasculogenesis and angiogenesis both contribute to vascular 
development within the kidney. Endothelial cells may be 
identified through the expression of the tyrosine kinase 
receptor, VEGFR2 (Flk1/KDR).275 Reporter mouse strains 
that carry β-galactosidase (lacZ) or GFP cDNA cassettes 
“knocked into” the Vegfr2 locus permit precise snapshots of 
vessel development, because all the vascular progenitor and 
differentiated cells in these organs can be visualized either 

Figure 1.16  Developing glomeruli stained with an antibody to green fluorescent protein (GFP). Control glomerulus from a wild-type mouse. 
A, Comma-shaped body; B, S-shaped body; C, capillary  loop stage;  and D, mature glomeruli  in  the metanephros of  an 18 dpc Flk1-GFP 
mouse strain. All endothelial cells express the GFP protein that is expressed under control of the endogenous Flk1/VEGFR2 promoter. (Repro-
duced with permission from the Journal of American Society of Nephrology.)
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system. The molecular basis and mechanism of dosage sen-
sitivity are unclear at present and are particularly intriguing, 
given the documented inducible regulation of VEGF-A by 
hypoxia-inducible factors (HIFs) at a transcriptional level. 
Nevertheless, it is clear that in vivo, a single Vegfa allele is 

VEGF-A for development and maintenance of the special-
ized glomerular endothelia and demonstrate a major para-
crine signaling function for VEGF-A in the glomerulus. 
Furthermore, tight regulation of the dose of VEGF-A is 
essential for proper formation of the glomerular capillary 

Figure 1.17  Top, Transmission electron micrographs of the glomerular filtration barriers from a wild-type mouse (left) and from a transgenic 
mouse with selective knockout of VEGF from the podocytes (right). Podocytes (po) are seen in both but the endothelial  layer  (en)  is entirely 
missing from the knockout mouse, leaving a “capillary ghost.” Bottom, Immunostaining of the barriers for WT1 (podocytes/green) and PECAM 
(endothelial cells/red) confirms the absence of capillary wall in VEGF knockouts. (Adapted from Eremina V, Sood M, Haigh J, et al: Glomerular-
specific alterations of VEGF-A expression lead to distinct congenital and acquired renal diseases. J Clin Invest 111:707-716, 2003.)
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Figure 1.18  Effect of vascular endothelial growth factor dose on glomerular development.  Photomicrographs  of  glomeruli  from 
mice  carrying  different  copy  numbers  of  the  VEGF  gene  within  podocytes.  A  total  knockout  (loss  of  both  alleles, −/−)  results  in  failure  of 
glomerular  filtration  barrier  formation  and  perinatal  death.  A  single  hypomorphic  allele  (hypo/−)  leads  to  massive  mesangiolysis  in  the  first 
weeks of life and death at 3 weeks of age. Loss of one copy (+/−) results in endotheliosis (swelling of the endothelium) and death at 12 weeks 
of age. Overexpression (20-fold increase in VEGF, +++++) results in collapsing glomerulopathy. (Adapted from Eremina V et al: Role of the VEGF-A 
signaling pathway in the glomerulus: evidence for crosstalk between components of the glomerular filtration barrier. Nephron Physiol 106:32-37, 
2007.)
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in the developing kidney; in the whole embryo, it is involved 
in neural sprouting and axon finding as well as in the speci-
fication of arterial and venous components of the vascula-
ture.298,299 Ephrins and their cognate receptors are expressed 
widely during renal development. Overexpression of EphB4 
leads to defects in glomerular arteriolar formation, whereas 
conditional deletion of EphrinB2 from perivascular smooth 
muscle cells and mesangial cells results in glomerular vascu-
lar abnormalities.300,301 How this latter effect occurs is not 
entirely clear because EphrinB2 has a dynamic pattern of 
expression in the developing glomerulus, beginning in 
podocyte precursors and rapidly switching to glomerular 
endothelial cells and mesangial cells.276

Dysregulation of BMP within the podocyte compartment 
also results in glomerular vascular defects. Overexpression 
of BMP4 leads to defects in endothelial and mesangial 
recruitment, and overexpression of noggin, a natural BMP2 
antagonist, results in collapse of the glomerular tuft.302,303 
Bmp4 haploinsufficiency, on the other hand, leads to dys-
plastic kidneys and glomerular cysts with collapsed capillary 
tufts.303 Additional studies are required to fully understand 
the role of this family of growth factors in glomeruli.

An additional pathway that is likely to play a role in glo-
merular endothelial development and perhaps in develop-
ment of the entire renal vasculature is the SDF1-CXCR4 
axis. CXCR4, a G protein–coupled chemokine receptor, is 
expressed by bone marrow–derived cells but also by endo-
thelial cells. SDF1 (CXCL12), the only known ligand for 
CXCR4, is expressed in a dynamic segmental pattern in 
podocytes and later in the mesangial cells of the glomeru-
lus.304 Embryonic deletion of either Cxcl12 or Cxcr4 does not 
preclude nephrogenesis but results in defective formation 
of blood vessels, notably an abnormal patterning of the 
renal vasculature and the development of a simplified and 
dilated glomerular capillary tuft.305 Interestingly, genetic 
loss of CXCR7, which is thought to act as a decoy receptor 
for SDF1, phenocopies defective development seen in 
Cxcl12 and Cxcr4 mutant mice. Unlike CXCR4, CXCR7 is 
specifically expressed by podocytes and not endothelial 
cells.306 It has been proposed that CXCR7, acting as a scav-
enger receptor, establishes an SDF1 morphogen gradient, 
preventing feedback inhibition of CXCR4 receptor expres-
sion in target cells such as the endothelium.306 Consistent 
with this proposal, inactivation of Cxcr7 distinctively causes 
downregulation of CXCR4 expression in the renal cap mes-
enchyme and the glomerular tuft. Thus, the spatial regula-
tion of SDF1-CXCR4 signaling appears to be important for 
normal development of the glomerular vasculature.

The T-box transcription factor Tbx18 is strongly expressed 
during early urogenital tract development in the ureteral 
mesenchyme and in a subset of kidney stromal mesenchyme 
originating from Foxd1-positive precursor cells.307,308 Later 
in renal development, Tbx18 expression is also found in the 
renal capsule, vascular smooth muscle cells, pericytes, 
mesangial cells, and the mesenchyme surrounding the renal 
papillae and calyces.308 The most overt phenotype of Tbx18 
inactivation is the onset of hydronephrosis and hydroureter 
due to impaired development of the ureteral smooth muscle 
cells.307,309 This finding underscores the importance of 
Tbx18 in the normal differentiation of the ureteral mesen-
chyme. A detailed phenotypic characterization of Tbx18-null 
mutant kidneys reveals an additional significance of this 

unable to compensate for loss of the other. Immortalized 
podocyte cell lines express a variety of VEGF receptors, 
opening up the possibility that VEGF-A also plays an auto-
crine role in the developing glomerulus.281-283 However, the 
functional relevance of these findings for the glomerulus in 
vivo is unclear at present.

A second major RTK signaling pathway required for matu-
ration of developing blood vessels is the angiopoietin-Tie 
signaling system. Angiopoietin 1 (Angpt1) stabilizes newly 
formed blood vessels and is associated with loss of vessel 
plasticity and concurrent recruitment of pericytes or vascu-
lar support cells to the vascular wall.284 The molecular switch 
or pathway leading to vessel maturation through activation 
of Tie2 (previously known as Tek), the major receptor for 
Angpt1, is not known and appears to be independent of the 
PDGF (platelet-derived growth factor) signaling system that 
is also required for pericyte recruitment. The importance of 
Angpt1 in promoting the development of the renal micro-
vasculature was first suggested on the basis of observations 
that exogenous Angpt1 enhanced the growth of interstitial 
capillaries in mouse metanephric organ cultures.285 Because 
Angpt1-null mice perish embryonically at around 12.5 dpc, 
the in vivo role of Angpt1 during renal development was 
gleaned through the use of an inducible knockout strat-
egy.286,287 Ablation of Angpt1 at around 10.5 dpc resulted in 
general dilation of renal blood vessels, including the glo-
merular capillaries sometimes observed as simplified single 
enlarged loops.286 A marked reduction of mesangial cells was 
also observed in Angpt1-deficient mutants. Without Angpt1, 
a few endothelial cells are seen to detach from the GBM, 
although the GBM itself appears otherwise normal directly 
beneath the podocytes, suggesting that the endothelium is 
primarily affected by loss of Angpt1.

In contrast, it is proposed that angiopoietin 2 (Angpt2) 
functions as a natural antagonist of the Tie2 receptor, 
because Angpt2 can bind to this receptor but fails to induce 
Tie2 phosphorylation in endothelial cultures.288,289 Consis-
tent with this hypothesis is the fact that overexpression of 
Angpt2 in transgenic mice resulted in a phenotype similar 
to the Angpt1 or Tie2 knockout mice. Angpt1, Angpt2, Tie2, 
and the orphan receptor Tie1 have all been shown to be 
expressed in the developing kidney.290-294 Whereas Angpt1 is 
quite broadly expressed in condensing mesenchyme, podo-
cytes, and tubular epithelial cells, Angpt2 is more restricted 
to pericytes and smooth muscle cells surrounding cortical 
and large vessels as well as in the mesangium. In one study, 
Angpt2-null mice were viable but exhibited defects in peri-
tubular cortical capillary development; the mice died prior 
to differentiation of vasa recta, precluding analysis of the 
role of Angpt2 in these other capillary beds.295 Podocyte-
specific overexpression of Angpt2 has been found to cause 
proteinuria and increased apoptosis in glomerular capillar-
ies.296 Both angiopoietin ligands function in concert with 
VEGF, although the precise degree of crosstalk between 
these pathways is still under investigation. VEGF and Angpt2, 
for example, have been shown to cooperate in promoting 
endothelial sprouting. Chimeric studies showed that Tie1 is 
required for the development of the glomerular capillary 
system because Tie1-null cells failed to incorporate into the 
glomerular endothelium.297

The Ephrin-Eph family is a third tyrosine kinase–
dependent growth factor signaling system that is expressed 
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There is evidence from other model systems that vascular 
development is required for patterning and terminal dif-
ferentiation of adjacent tissues. For example, vascular signals 
and basement membrane produced by adjacent endothelial 
cells are required for differentiation of the islet cells of the 
pancreas.316,317 In the kidney, it is possible that vascular 
signals are required for branching morphogenesis and pat-
terning of the nephron and that this requirement may 
explain some of the defects observed in mice such as the 
Tcf21 mutants. Understanding co-patterning between the 
vasculature and its immediate neighbors will be a challeng-
ing task, given the complex nature of various tissue-tissue 
communications involved, although progress in this effort 
will likely be facilitated by a growing arsenal of genetic tools.

THE JUXTAGLOMERULAR APPARATUS AND THE 
RENIN ANGIOTENSIN ALDOSTERONE SYSTEM

The juxtaglomerular apparatus consists of juxtaglomerular 
cells that line the afferent arteriole, the macula densa cells 
of the distal tubule, and the extraglomerular mesangial cells 
that are in contact with intraglomerular mesangium.318 
Renin-expressing cells may be seen in arterioles in early 
mesonephric kidneys in 5-week human fetuses and in meta-
nephric kidneys by week 8, at a stage prior to hemodynamic 
flow changes within the kidney. Gomez and colleagues gen-
erated a Ren1–knock-in mouse that expresses Cre recombi-
nase in the renin locus.319 Offspring of matings between the 
Ren1-Cre and a reporter strain that expresses β-galactosidase 
or GFP showed that renin-expressing cells reside within the 
MM and give rise not only to juxtaglomerular cells but also 
to mesangial cells, epithelial cells, and extrarenal cells, 
including interstitial Leydig cells of the XY gonad and  
cells within the adrenal gland. Although most of these cells  
cease to express renin in the adult, they appear to reexpress 
renin in stress conditions and are recruited to the afferent 
arteriole.

The only known substrate for renin, angiotensinogen, is 
converted to angiotensin I and angiotensin II by ACE.320 
The renin angiotensin aldosterone axis is required for 
normal renal development. In humans, the use of ACE 
inhibitors during pregnancy has been associated with con-
genital defects including renal anomalies.321,322 Two subtypes 
of angiotensin receptors exist: AT1 receptors are responsi-
ble for most of the classically recognized functions of the 
RAAS including pressor effects and aldosterone release 
mediated through angiotensin; functions of the AT2 recep-
tors have been more difficult to characterize but generally 
seem to oppose the actions of the AT1 receptors.323 Genetic 
deletion of angiotensinogen or ACE results in hypotension 
and defects in formation of the renal papilla and pelvis.202-205 
Humans have one AT1 gene whereas mice have two, Agtr1a 
and Agtr1b. Mice carrying a knockout for either AT1 recep-
tor alone exhibit no major defects,324,325 but the combined 
deficiency phenocopies the angiotensinogen and ACE phe-
notypes.206,207 Although AT2 receptor expression is markedly 
upregulated in the embryonic kidney, genetic deletion of 
the AT2 receptor does not cause major impairment of renal 
development.326,327 However, an association between AT2 
receptor deficiency and malformations of the collecting 
system, including vesicoureteral reflux and ureteropelvic 
junction obstruction, has been reported.328

transcription factor in the overall development of the renal 
vasculature.308 The branching and overall density of the 
renal vasculature are notably reduced in the absence of 
Tbx18. Tbx18 is also specifically required in the normal 
development of the glomerular microvasculature. Loss of 
Tbx18 causes significant oligonephronia and dilation of  
glomerular capillaries. These vascular phenotypes likely 
result from the degeneration of the vascular mesenchyme 
and the failure to sustain the proliferation of mesangial 
precursors.

Mice carrying a hypomorphic allele of Notch2 that is 
missing two epidermal growth factor (EGF) motifs are born 
with a reduced number of glomeruli that also lack both 
endothelial and mesangial cells, as discussed in the section 
on nephron segmentation.243,244 The transcription factor 
Rbpj, a common downstream target of Notch signaling 
pathways, has also been described as crucial to the proper 
development of the renal vasculature and the glomerular 
mesangium. Conditional inactivation of Rbpj in the Foxd1-
expressing stromal lineage leads to profound renal malde-
velopment and early postnatal death.310 Rbpj deficiency in 
the renal stroma results in poor branching and simplifica-
tion of the renal vascular network. Rbpj conditional mutant 
kidneys have a greater proportion of larger vessels and a 
concomitant reduction in microvascular density. Glomeruli 
are dilated and lack mesangial cells in Rbpj conditional 
knockout animal. Furthermore, loss of Rbpj results in loss 
of renin cells, abnormal thickening of blood vessels, and 
renal fibrosis. Altogether, these studies highlight the distinc-
tive significance of Notch signaling in the establishment and 
organization of the renal vasculature.

Two transcription factors belonging to the large Sry-
related HMG box (Sox) gene family, named Sox17 and 
Sox18, have distinctive and overlapping expressions in  
vascular endothelial cells.311 Complete loss of Sox17 is 
embryonically lethal in mice owing to endodermal dysmor-
phogenesis.312 In mice, Sox18 ablation results in a mild 
coat defect but does not cause cardiovascular abnormali-
ties.313 Nevertheless, a point mutation in SOX18 in humans 
has been implicated in HLT (hypotrichosis-lymphedema-
telangiectasia) syndrome, which affects hair, lymph, and 
blood vessel vasculature.314 The more severe consequence 
of the human SOX18 mutation, in comparison with the null 
mutation in mice, has been suggested to be due to a 
dominant-negative effect. Sox17, however, shows haploinsuf-
ficiency in a homozygous Sox18 mutant background, affect-
ing neovascularization in kidneys, liver, and the reproductive 
system and causing early postnatal death.311 Kidneys from 
Sox17(−/+):Sox18(−/−) mice have hypoplastic and atrophying 
medullary regions. In these compound Sox17/Sox18 mutants, 
the radiating outer medullary vascular bundles of the  
vasa recta are completely absent without apparent abnor-
malities in the inner medullary or cortical regions. These 
defects within the outer medullary region result in variable 
degrees of hydronephrosis. In livers from these mice, 
Angpt2 expression is elevated whereas Angpt1 expression is 
significantly attenuated, although Tie2 receptor expression 
in unchanged. Because Angpt1 and Angpt2 have distinctive 
roles in endothelial sprouting, vascular stabilization, and 
remodeling,315 it can be argued that Sox17 and Sox18 play 
redundant or synergistic roles in coordinating normal post-
natal angiogenesis.
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required for mesangial migration.333 In turn, mesangial cells 
and the matrix they produce are required to pattern the 
glomerular capillary system. Loss of podocyte-derived factors 
such as VEGF-A also leads to failure of mesangial cell 
ingrowth, likely through primary loss of endothelial cells 
and failure of PDGF-B signaling.280

A number of other knockouts demonstrate defects in 
both vascular development and mesangial cell ingrowth. 
Loss of the transcription factors Tcf21 and Foxc2 causes 
defective migration of mesangial cells (Figure 1.19).64,264 
Mesangial abnormalities in Tcf21- and Foxc2-deficient mice 
are poorly understood in terms of the mesangium-specific 
transcriptional targets of Tcf21 and Foxc2. Nevertheless, 
these mutant phenotypes highlight the importance of cross-
talk between cell compartments within the glomerulus.

GLOMERULAR EPITHELIAL DEVELOPMENT
Presumptive podocytes are located at the proximal end of 
the S-shaped body in apposition to the emerging vascular 
cleft (Figure 1.20). Immature podocytes are simple colum-
nar epithelia expressing E-cadherin. Postmitotic mature 
podocytes, on the other hand, normally lose E-cadherin 
expression and atypically express vimentin, an intermediate 
filament protein more common among mesenchymal cells 
but absent in most epithelial cells. The most distinctive 
morphologic feature of a fully differentiated podocyte is its 
arborized and stellate appearance (Figure 1.21). Podocytes 
ensheathe the glomerular capillaries, with their foot pro-
cesses effectively forming the final layer of the glomerular 
filtration barrier. Foot processes emanating from adjacent 
podocytes interdigitate in trans (i.e., a foot process from one 
podocyte is flanked by foot processes from its neighbouring 
podocyte) and form a unique and porous intercellular junc-
tion called the slit diaphragm, through which primary urinary 
filtrate passes.

The transcription factors WT1, Tcf21/Pod1, Mafb/
Kreisler, Foxc2, and Lmx1b are highly expressed by develop-
ing podocytes and are important for the elaboration of 
podocyte foot processes and the establishment of slit dia-
phragms.28,64,264,265,334,335 Complete loss of WT1 leads to renal 
agenesis.28 However, specific loss of a WT1 splice isoform 
results in poor development of podocyte foot processes.336 
One study found that the Wt1-null phenotype in mice could 
also be rescued with use of a yeast artificial chromosome 

MiRNAs are regulatory RNAs that act as antisense post-
transcriptional repressors by binding the 3′ untranslated 
region of target mRNAs. In eukaryotes, hundreds of miRNAs 
regulate the expression of thousands of mRNAs, thus impli-
cating miRNAs in a myriad of events during development 
and disease including cell proliferation, differentiation, 
apoptosis, signaling and tumorigenicity. Dicer1 is an endori-
bonuclease that processes precursor miRNAs. Deletion of 
Dicer1 from renin-expressing cells results in severe reduction 
in the number of juxtaglomerular cells, reduced renin pro-
duction, and lower blood pressure. The kidney develops 
severe vascular abnormalities and striped fibrosis along the 
affected blood vessels, suggesting that miRNAs are required 
for normal morphogenesis and function of the kidney.329

Gene promoter analysis indicates that renin expression 
depends on the Notch signaling pathway. The intracellular 
domain of Notch (NIC) and the transcription factor Rbpj 
bind and cooperatively stimulate reporter gene expression 
from the renin promoter.330 Genetic studies, however, indi-
cate that Notch signaling has a broader role in the juxtaglo-
merular apparatus.331 The conditional ablation of Rbpj in 
renin cells results in severe paucity of juxtaglomerular cells 
with consequential decrease in overall renin expression and 
the development of lower blood pressure. Lack of increase 
in apoptosis in Rbpj conditional mutant kidneys suggests 
that Rbpj may have altered the cell fate specification of 
renin cell precursors.

NEPHRON DEVELOPMENT AND 
GLOMERULOGENESIS

MESANGIAL CELL INGROWTH
Mesangial cells grow into the developing glomerulus and 
come to sit between the capillary loops. Gene deletion 
studies have demonstrated a critical role for PDGF-B/
PDGFR-β signaling in this process. The absence of PDGF-B, 
which is expressed by glomerular endothelia, or of the 
receptor PDGFR-β, which is expressed by mesangial cells, 
results in glomeruli with single balloon-like capillary loops, 
instead of the intricately folded glomerular endothelial cap-
illaries of wild-type kidneys. Furthermore, the glomeruli 
contain no mesangial cells.332 Endothelial cell–specific dele-
tion of Pdgfb results in the same glomerular phenotype and 
shows that production of PDGF-B by the endothelium is 

Figure 1.19  Glomeruli  from a wild-type mouse  (A) and a Tcf21 knockout mouse  (B). Note  the dilated capillary  loop and poor  ingrowth of 
mesangial cells (me). 

A B

me

http://www.myuptodate.com


 CHAPTER 1 — EMBRyOLOGy OF THE KIDNEy 37

Genetic studies have also led to the identification of struc-
tural proteins crucial for normal podocyte function and the 
integrity of the glomerular filtration barrier. The seminal 
discoveries of the causal link between nephrotic diseases 
and mutations in podocyte-specific genes NPHS1 and NPHS2 
set the stage for vigorous investigations that led to the appre-
ciation of the key importance of podocytes in renal filtra-
tion.342,343 Mutations in NPHS1, the gene that encodes for 
the protein nephrin, are associated with congenital nephrop-
athy of the Finnish variety (CNF), a serious condition that 
requires early renal replacement therapy.342 Glomeruli 
obtained from infants with CNF are devoid of slit dia-
phragms. Nephrin, a huge transmembrane adhesion mol-
ecule with multiple immunoglobulin-like motifs, has been 
shown to be a structural component of the slit diaphragm. 
NPHS2, whose product is the intracellular membrane–
bound protein podocin, is the first gene identified as linked 
to steroid-resistant nephrotic syndrome (SRNS).343 Podocin, 
which interacts with nephrin in cholesterol-rich membrane 
microdomains (also called lipid rafts), is also a vital and 
indispensable component of the slit diaphragm.344-348 A 
number of other genes specifically expressed by podocytes 
have been associated with proteinuric diseases, including 
CD2AP, Kirrel/Neph1, FAT1, ACTN4, TRPC6, MYO1E, 
ARHGAP24, ARHGDIA, Rhpn1, INF2, COQ2, COQ6, PLCE1, 

containing the human Wt1 gene, and depending on the 
level of expression of Wt1, the mice developed a range of 
glomerular pathologies ranging from crescentic glomerulo-
nephritis to mesangial sclerosis, clinical features observed 
in Denys-Drash syndrome arising from a mutant WT1 allele 
in humans.337 Transgenic mice expressing a Denys-Drash 
mutant WT1 allele under the regulation of a podocyte-
specific promoter also developed glomerular disease, with 
abnormalities observed in the adjacent endothelium.338 
Genetic inactivation of Lmx1b, Tcf21, Mafb, and Foxc2 causes 
podocytes to remain as cuboidal epithelia and to fail to 
spread on the glomerular capillary bed.64,264,335,339 Tcf21 
likely acts upstream of Mafb, because the latter is downregu-
lated in Tcf21-null mice.335 Loss of Mafb and Lmx1b reduces 
the expression of Nphs1 (nephrin) and Nphs2 (podocin), 
whereas the absence of Foxc2 causes the specific downregu-
lation of Nphs2 and α3α4α5 (IV) collagen.64,335,340 Lmx1b 
mutations are linked to nail-patella syndrome in humans, 
with a subset of affected individuals manifesting nephrotic 
disease.334,341 WT1, Tcf21, Mafb, Foxc2, and Lmx1b are 
expressed from the S-shaped stage onward and remain con-
stitutively expressed in adult glomeruli. Proteinuria devel-
ops from loss of these genes, thus underscoring the 
importance of normal podocyte maturation in the establish-
ment of the glomerular filtration barrier.

Figure 1.20  Molecular basis of glomerular development. Key factors are shown along with the time point where major effects were observed 
in knockout or transgenic mouse studies. Many factors play roles at more than one time point. Genes identified as mutated in patients with 
glomerular disease are marked by asterisks. 
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cytoskeleton and that perturbation of this relationship 
results in compromised renal filtration and proteinuric 
disease. Nck adaptor molecules (Nck1 and Nck2) are known 
to link tyrosine kinase receptors to signaling molecules that 
regulate the actin cytoskeleton. Podocytes lacking Nck1 and 
Nck2 are effaced and form abnormal slit diaphragms.380 Cell 
culture studies demonstrate that clustered nephrin is phos-
phorylated at its cytoplasmic tail by the kinase Fyn, creating 
distinctive phosphotyrosine sites where Nck1 and Nck2 
adaptors can bind directly. The association between nephrin 
and Nck adaptors consequently recruits N-WASP (neuronal 
Wiskott–Aldrich syndrome protein) and the Arp2/3 protein 
complex to mediate localized polymerization of actin.380,381 
Loss of Fyn causes congenital nephrosis, but podocyte-
specific inactivation of N-WASP leads to proteinuric 
disease.382,383 It is also very likely that Nck adaptors can 
mediate adhesion of podocytes to the GBM by virtue of  
their ability to interact with the PINCH-ILK-integrin 
complex.384-386 Cdc42, in addition to its role in podocyte 
polarization, has been shown to be required for the cou-
pling of actin polymerization to nephrin. CD2AP, a mole-
cule known to stabilize actin microfilaments, is also 
indispensable in podocytes.387-389 Mutations in ACTN4, 
ARHGDIA, ARHGAP24, INF2, and MYO1E, whose protein 
products are established regulators of the actin cytoskele-
ton, are also implicated in pathologic transformation of 
podocytes and proteinuric diseases.349-352,354,358,360,363

It has been proposed that the slit diaphragm likely func-
tions in mechanotransduction in podocytes, allowing them 
to modulate renal filtration in response to hemodynamic 
changes within the glomerular microenvironment.390,391 
MEC-2, the C. elegans homolog of podocin, is a component 
of the touch receptor complex coupled to the ion channel 

and APOL1.63,349-366 The products of most of these genes are 
either integral parts of the slit diaphragm complex or 
directly interacting partners of the complex, and the remain-
der are important in regulating the development, viability, 
cytoskeleton, and distinctive morphology of podocytes.

The topologic organization of slit diaphragm compo-
nents remains unknown but it is likely that the larger adhe-
sion molecules nephrin and Fat1 bridge juxtaposed foot 
processes.353,367-369 Smaller adhesion molecules within the slit 
diaphragms, such as Neph1, Neph3, and P-cadherin, may 
more likely associate in cis (within the same foot process 
surface).370-372 Nephrin and the related protein Neph1 are 
known to interact with the polarity complex proteins Par3, 
Par6, and aPKCλ/ι, indicating a co-regulation between the 
polarized cell structure of podocytes and the compartmen-
talized assembly of the slit diaphragm complex along the 
foot processes.373 Conditional inactivation in podocytes of 
aPKCλ/ι or the small GTPase Cdc42, which positively regu-
lates the Par3/Par6/aPKCλ/ι complex, causes proteinuria 
characterized by abnormal, pseudo–slit diaphragms formed 
between effaced foot processes (Figure 1.22).374-376 It has also 
been shown that inactivation of aPKCλλ/ι can specifically 
inhibit the localization of nephrin to the cell surface.377

Terminal foot processes of podocytes are longitudinally 
supported by parallel bundles of actin, setting them apart 
from the larger primary processes, which have a microtubule-
based backbone.378 The stereotypical response of podocytes 
to injury through either chemical insults or a detrimental 
gene mutation is effacement of foot processes. In effaced 
foot processes, the actin cytoskeleton has been remodeled 
into a meshlike network of randomly oriented filaments.379 
Genetic and biochemical studies provide evidence that  
the slit diaphragm is functionally coupled to the actin 

Figure 1.21  Ultrastructure of podocytes and the glomerular filtration barrier. A, Scanning electron micrograph of podocytes and their 
interdigitating  foot  processes  (falsely  colored  to  highlight  the  spatial  relationships  between  neighboring  foot  processes).  B,  High-resolution 
image of podocyte foot processes (FP) and the porous slit diaphragms (SD) linking them. C, Transmission electron micrograph of the glomerular 
filter. Direction of filtration is indicated by the dashed arrow. EC, Endothelial cell; EF and small red arrow, endothelial fenestration; GBM, glo-
merular basement membrane; Pod, podocyte; SD and blue arrows, slit diaphragm.  (Panel B is reproduced with permission from Gagliardini E, 
Conti S, Benigni A, et al: Imaging of the porous ultrastructure of the glomerular epithelial filtration slit. J Am Soc Nephrol 21:2081-2089, 2010.)

A

B C

http://www.myuptodate.com


 CHAPTER 1 — EMBRyOLOGy OF THE KIDNEy 39

All of these studies indicate that intrinsic proteins and 
functions of podocytes play a key role in the development 
and maintenance of the permselective properties of the 
glomerular filtration barrier; however, as described earlier 
in the section on vascular development, podocytes also func-
tion as vasculature support cells, producing VEGF and other 
angiogenic growth factors. It is likely that endothelial cells 
also produce factors required for terminal differentiation of 
podocytes, although these factors are currently unknown.

MATURATION OF GLOMERULAR  
ENDOTHELIAL CELLS AND GLOMERULAR 
BASEMENT MEMBRANE

Following migration into the glomerular vascular cleft, 
endothelial cells are rounded and capillaries do not possess 
a lumen. Lumens form during glomerulogenesis through 
apoptosis of a subset of endothelial cells. Surviving endothe-
lial cells flatten considerably and develop fenestrations  
and complex glycocalyces. Endothelial lumen formation 
depends on a TGFβ1-dependent signal, whereas fenestra-
tions and the remodeling of the glycocalyx depend on 
VEGF-A and Angpt1, respectively.12,279,399 Abnormal develop-
ment of the glomerular endothelium, as in endotheliosis 
(see Figure 1.18), leads to disruption of the filtration barrier 
and protein loss, emphasizing that this layer of the filtration 
barrier plays a major role in perm-selectivity.

Although Chapters 2 and 44 in the book describes  
in detail the properties and development of the GBM, 
knockout models yielding information about this structure 

MEC-4/MEC-10.392 Loss of MEC-2 in worms leads to insen-
sitivity to touch.392 In podocytes, the ion channel Trpc6 
forms an integral slit diaphragm component that directly 
interacts with podocin.391 In diverse cell types such as myo-
cytes, cochlear hair cells, and sensory neurons, Trpc6 
channel opening is gated by mechanical stimuli. Mutations 
in TRPC6 have been strongly linked to proteinuria.356,393,394

A novel lipid-dependent signaling pathway involving the 
VEGF receptor Flt1 (VEGFR1) has been described as crucial 
to the regulation of podocyte actin cytoskeleton and the 
maintenance of slit diaphragms. Genetic removal of Flt1 
from podocytes leads to foot process effacement and pro-
teinuria.395 Intriguingly, a kinase-inactive mutant of Flt1 is 
able to support normal podocyte development and func-
tion. In vivo, Flt1 is cleaved, releasing a soluble ectodomain 
(sFlt1). The secreted sFlt1 has been shown to act as an 
autocrine factor in podocytes, associating with glycosphin-
golipids and mediating podocyte cell adhesion, nephrin 
phosphorylation, and actin polymerization. It has been  
proposed that sFlt1 may function physiologically to stabilize 
the slit diaphragms and the attachment of podocytes to  
the GBM.

Three groups generated mice carrying a podocyte-specific 
deletion of Dicer1, thereby interfering with the production 
of functional miRNAs.396-398 Podocyte-specific Dicer1 knock-
out mice demonstrated albuminuria by 3 weeks of age and 
rapidly progressed to end-stage kidney failure by approxi-
mately 6 weeks. A number of potential miRNA targets were 
identified in these three studies, but their functional signifi-
cance in the podocyte in vivo is yet unknown.

Figure 1.22  Cdc42 inactivation in podocytes causes nephrosis. A and B, Falsely colored scanning electron micrographs of glomeruli from 
neonatal kidneys: wild-type control podocytes showing normal  interdigitated podocytes  (A) and Cdc42-deficient mutant podocytes showing 
total effacement of foot processes (B). C and D, Transmission electron micrographs of sectioned glomeruli: wild-type control, showing regularly 
interdigitating podocyte foot processes and basolateral slit diaphragms (C), and podocyte-specific Cdc42-deficient mutant (D), showing mis-
localized cell junctions (arrows) between effaced foot processes (asterisk). EC, Endothelial cell; Pod, podocyte. (Adapted from Scott RP, Hawley 
SP, Ruston J, et al: Podocyte-specific loss of Cdc42 leads to congenital nephropathy. J Am Soc Nephrol 23:1149-1154, 2012.)
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Knowledge of the complex structure of the mammalian 
kidney provides a basis for understanding the multitude of 
functional characteristics of this organ in both healthy and 
diseased states. In this chapter, an overview of the renal 
organization is presented through gross anatomical observa-
tions and ultrastructural information. Examples of the 
expression of selected molecules, such as channels, trans-
porters, and regulatory proteins, are also provided, although 
this topic is covered in detail in later chapters.

GROSS FEATURES

The kidneys are paired retroperitoneal organs normally 
situated one on each side of the vertebral column. In the 
human, the upper pole of each kidney lies at a level corre-
sponding to the twelfth thoracic vertebra, and the lower 
pole lies corresponding to the third lumbar vertebra. The 
right kidney is usually slightly more caudal in position than 
the left. The weight of a human kidney ranges from 125 to 
170 g in the adult male and from 115 to 155 g in the adult 
female. The human kidney is approximately 11 to 12 cm in 
length, 5.0 to 7.5 cm in width, and 2.5 to 3.0 cm in thick-
ness. When renal magnetic resonance imaging (MRI) is 
performed, the ranges of normal reference values (mean  
± 2 SD) for male and female kidney lengths are 10.7 to 14.3 
and 9.5 to 13.9 cm, respectively, and the ranges for male and 

female kidney volumes are 132 to 276 and 87 to 223 mL, 
respectively.1 Located on the medial or concave surface of 
each kidney is a slit, called the hilum, through which the 
renal pelvis, the renal artery and vein, the lymphatics, and 
a nerve plexus pass into the sinus of the kidney. The organ 
is surrounded by a thin tough fibrous capsule, which is 
smooth and easily removable under normal conditions.

In the human, as in most mammals, each kidney is nor-
mally supplied by a single renal artery, although the pres-
ence of one or more accessory renal arteries is not 
uncommon. The renal artery enters the hilar region and 
usually divides to form an anterior and a posterior branch. 
Three segmental or lobar arteries arise from the anterior 
branch and supply the upper, middle, and lower thirds of 
the anterior surface of the kidney (Figure 2.1). The poste-
rior branch supplies more than half of the posterior surface 
and occasionally gives rise to a small apical segmental 
branch. However, the apical segmental or lobar branch 
arises most commonly from the anterior division. No col-
lateral circulation has been demonstrated between individ-
ual segmental or lobar arteries or their subdivisions. The 
kidneys often receive aberrant arteries from the superior 
mesenteric, suprarenal, testicular, or ovarian arteries. True 
accessory arteries that arise from the abdominal aorta 
usually supply the lower pole of the kidney. The arterial and 
venous circulations in the kidney are described in detail in 
Chapter 3 and are not discussed further in this chapter.
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Figure 2.1  Diagram of the vascular supply of the human kidney. 
The anterior half of the kidney can be divided into upper (U), middle 
(M), and  lower  (L) segments, each supplied by a segmental branch 
of the anterior division of the renal artery. A small apical segment (A) 
is usually supplied by a division from the anterior segmental branch. 
The posterior half of the kidney is divided into apical  (A), posterior 
(P), and lower (L) segments, each supplied by branches of the pos-
terior  division  of  the  renal  artery.  (Modified from Graves FT: The 
anatomy of the intrarenal arteries and its application to segmental resec-
tion of the kidney. Br J Surg 42:132-139, 1954.)
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Two distinct regions can be identified on the cut surface 
of a bisected kidney: a pale outer region, the cortex, and a 
darker inner region, the medulla (Figure 2.2). In humans, 
the medulla is divided into 8 to 18 striated conical masses, 
the renal pyramids. The base of each pyramid is positioned 
at the corticomedullary boundary, and the apex extends 
toward the renal pelvis to form a papilla. On the tip of each 
papilla are 10 to 25 small openings that represent the distal 

ends of the collecting ducts (ducts of Bellini). These open-
ings form the area cribrosa (Figure 2.3). A renal pyramid 
and the corresponding cortex are referred to as a renal 
lobus. In contrast to the human kidney, the kidney of the 
rat and of many other laboratory animals has a single renal 
pyramid with its overlying cortex and is therefore termed 
“unipapillate.” Otherwise, these kidneys resemble the 
human kidney in their gross appearance. In humans, the 
renal cortex is about 1 cm in thickness, forms a cap over  
the base of each renal pyramid, and extends downward 
between the individual pyramids to form the renal columns 
of Bertin (see Figures 2.2 and 2.4). From the base of the 
renal pyramid, at the corticomedullary junction, longitudi-
nal elements termed the “medullary rays of Ferrein” extend 
into the cortex. Despite their name, the medullary rays are 
actually considered a part of the cortex and are formed by 
the collecting ducts and the straight segments of the proxi-
mal and distal tubules.

In humans, the renal pelvis is lined by transitional epithe-
lium and represents the expanded portion of the upper 
urinary tract. In rodents, the epithelium closely resembles 
that of the terminal part of the collecting duct. Two and 
sometimes three protrusions, the major calyces, extend 
outward from the upper dilated end of the renal pelvis. 
From each of the major calyces, several minor calyces extend 
toward the papillae of the pyramids and drain the urine 
formed by each pyramidal unit. In mammals possessing a 
unipapillate kidney, the papilla is directly surrounded by the 
renal pelvis. The ureters originate from the lower portion 
of the renal pelvis at the ureteropelvic junction, and in 
humans they descend a distance of approximately 28 to 
34 cm to open into the fundus of the bladder. The mean 
size of ureters in adults is 1.8 mm, with a maximum width 
of 3 mm considered normal.2 The papilla, the walls of the 
calyces, pelvis, and ureters contain smooth muscle that con-
tracts rhythmically to propel the urine to the bladder.

Figure 2.2  Bisected kidney  from a 4-year-old child, demonstrating  the difference  in appearance between the  light-staining cortex and the 
dark-staining outer medulla. The inner medulla and papillae are less dense than the outer medulla. The columns of Bertin can be seen extend-
ing downward to separate the papillae. 
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Figure 2.3  Scanning electron micrograph of papilla from a rat kidney (upper center), illustrating the area cribrosa formed by slitlike openings 
where the ducts of Bellini terminate. The renal pelvis (below) surrounds the papilla. (×24.) 

Figure 2.4  Diagram of the cut surface of a bisected 
kidney, depicting important anatomic structures. 
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THE NEPHRON

The nephron is often referred to as the functional unit of 
the kidney. Although the average nephron number in adult 
humans is approximately 900,000 to 1 million per kidney, 
numbers for individual kidneys range from approximately 
200,000 to more than 2.5 million,3-6 contrasting with the 
approximately 30,000 nephrons in each adult rat kidney.7-9 
The essential components of the nephron include the renal 
or malpighian corpuscle (comprising the glomerulus and 
Bowman’s capsule), the proximal tubule, the thin limbs, the 

distal tubule, and the connecting tubule (Figure 2.5). The 
origin of the nephron is the metanephric blastema. Although 
there has not been universal agreement on the origin of the 
connecting tubule, it is now generally believed also to derive 
from the metanephric blastema.10 The collecting duct 
system, which includes the initial collecting tubule/duct, 
the cortical collecting duct (CCD), the outer medullary  
collecting duct (OMCD), and the inner medullary collect-
ing duct (IMCD), is not considered part of the nephron, 
because it arises embryologically from the ureteric bud. 
However, all of the components of the nephron and the 
collecting duct system are functionally interrelated. An 
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cortex.11 Nephrons originating from the juxtamedullary 
region near the corticomedullary boundary have long loops 
of Henle with long descending and ascending thin limb 
segments that enter the inner medulla. Many variations 
exist, however, between the two basic types of nephrons, 
depending on their relative positions in the cortex. Three-
dimensional (3D) reconstruction studies of the rat and 
mouse kidney have provided insight into the anatomical 
distribution of various nephrons.12-16 These studies have 
highlighted that the ratio of long and short loop nephrons 
varies among species, with humans and rodents having a 
larger number of short looped than long looped nephrons. 
Owing to these anatomical differences, caution should be 
exercised in interpretation of micropuncture data for 
understanding the urinary concentrating mechanism, 
because the majority of this data arises from studies on 
short-looped nephrons.

On the basis of the segmentation of the renal tubules, the 
medulla can be divided into an inner zone and an outer 
zone, with the outer zone further subdivided into an inner 
stripe and an outer stripe (see Figure 2.5). The inner 
medulla contains both descending and ascending thin limbs 
and large collecting ducts, including the ducts of Bellini. In 
the inner stripe of the outer medulla, TALs are present in 
addition to descending thin limbs and collecting ducts. The 
outer stripe of the outer medulla of the human kidney con-
tains the terminal segments of the pars recta of the proximal 
tubule, the TALs (pars recta of the distal tubule), and col-
lecting ducts. By contrast, the renal cortex contains the 
renal corpuscles, segments of proximal tubules, and distal 
tubules as well as collecting ducts, but does not contain thin 
limbs of Henle’s loop. The division of the kidney into corti-
cal and medullary zones and the further subdivision of the 
medulla into inner and outer zones are of considerable 
importance in relating renal structure to the ability of an 
animal to form maximally concentrated urine.

RENAL CORPUSCLE

The initial part of the nephron is the renal corpuscle, which 
is composed of a capillary network lined by a thin layer of 
endothelial cells (glomerulus), a central region of mesan-
gial cells with surrounding matrix material, the visceral epi-
thelial layer of Bowman’s capsule and the associated 
basement membrane, and the parietal layer of Bowman’s 
capsule with its basement membrane (Figures 2.6 through 
2.8). The Bowman’s space, or the urinary space, is a narrow 
cavity between the two epithelial cell layers. Although renal 
corpuscle is anatomically correct when used to refer to the 
portion of the nephron composed of the glomerular tuft 
and Bowman’s capsule, glomerulus is employed throughout 
this chapter because of its common use. At the vascular 
pole, the visceral epithelium is continuous with the parietal 
epithelium. This is where the afferent arteriole enters and 
the efferent arteriole exits the glomerulus. The parietal 
layer of Bowman’s capsule continues into the epithelium of 
the proximal tubule at the so-called urinary pole. The 
average diameter of a glomerulus is approximately 200 µm 
in the human kidney and 120 µm in the rat kidney. However, 
the number of glomeruli and their size varies significantly 
with age, gender, birth weight, and renal health. The average 
glomerular volume is 3 to 7 million µm3 in humans3-5 and 

alternative structural/functional separation and a way to 
circumvent confusion in the literature are to use the terms 
(1) the renal corpuscle and (2) the renal tubular system.

Several populations of nephrons are recognizable in the 
kidney with varying length of the loop of Henle (see Figure 
2.5). The loop of Henle is composed of the straight portion 
of the proximal tubule (pars recta), the thin limb segments, 
and the straight portion of the distal tubule (thick ascend-
ing limb [TAL], or pars recta). The length of the loop of 
Henle is generally related to the position of its parent renal 
corpuscle in the cortex. Most nephrons originating from 
superficial and midcortical locations have shorter loops of 
Henle that bend within the inner stripe of the outer medulla 
close to the inner medulla. A few species, including humans, 
also possess cortical nephrons with extremely short loops 
that never enter the medulla but turn back within the 

Figure 2.5  Diagram illustrating superficial and juxtamedullary 
nephron.  CCD,  cortical  collecting  duct;  CNT,  connecting  tubule; 
CTAL, cortical  thick ascending  limb; DCT, distal convoluted tubule; 
IMCDi,  initial  inner  medullary  collecting  duct;  IMCDt,  terminal  inner 
medullary  collecting  duct;  MTAL,  medullary  thick  ascending  limb; 
OMCD,  outer  medullary  collecting  duct;  PCT,  proximal  convoluted 
tubule; PST, proximal straight tubule; TL, thin limb of loop of Henle. 
(Modified from Madsen KM, Tisher CC: Structural-functional relationship 
along the distal nephron. Am J Physiol 250:F1-F15, 1986.)
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0.6 to 1 million µm3 in rats.7,8 Rat juxtamedullary glomeruli 
are larger than glomeruli in the superficial cortex; this is 
not the case in the human kidney.17

The main function of the glomerulus is production of an 
ultrafiltrate from plasma. The fenestrated endothelium, the 
peripheral glomerular basement membrane (GBM), and 
the slit pores between the foot processes of the visceral 
epithelial cells form the filtration barrier between the blood 
and the urinary space (Figure 2.9). In the human kidney, 
mean area of filtration surface per glomerulus is 0.203 mm2,18 
and in the rat kidney, 0.184 mm2.19 Although the glomerular 
capillary wall functions as a “sieve” to allow passage of small 
molecules, it restricts the passage of larger molecules, such 
as albumin. The glomerular capillary wall possesses both 
size-selective and charge-selective properties.20 To cross the 
capillary wall, a molecule must pass sequentially through the 
fenestrated endothelium, the GBM, and the epithelial slit 
diaphragm. The fenestrated endothelium, possessing a neg-
atively charged glycocalyx, excludes formed elements of the 
blood and is important for determining access of proteins 
to the GBM.

ENDOTHELIAL CELLS

The glomerular capillaries are lined by a thin fenestrated 
endothelium (see Figures 2.9 and 2.10). These endothelial 
cells form the initial barrier to the passage of blood constitu-
ents from the capillary lumen to Bowman’s space. Under 
normal conditions, the formed elements of the blood, 
including erythrocytes, leukocytes, and platelets, do not 
gain access to the subendothelial space.

Figure 2.6  Light micrograph of a normal glomerulus from a rat, demonstrating the four major cellular components: endothelial cell (E), mesan-
gial cell (M), parietal epithelial cell (P), and visceral epithelial cell (V). MD, macula densa. (×750.) 
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Figure 2.7  Scanning electron micrograph of a cast of a glomerulus 
with  its  many  capillary  loops  (CL)  and  adjacent  renal  vessels.  The 
afferent  arteriole  (A)  takes  its  origin  from  an  interlobular  artery  at 
lower left. The efferent arteriole (E) branches to form the peritubular 
capillary  plexus  (upper left).  (×300.)  (Courtesy Waykin Nopanitaya, 
PhD.)
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Nonfenestrated, ridgelike structures termed cytofolds are 
found near the cell borders.

An extensive network of intermediate filaments and 
microtubules is present in the endothelial cells and micro-
filaments surrounding the endothelial fenestrations.25 The 
endothelial cells synthesize polyanionic glycosaminoglycans 
and glycoproteins, representing a glycocalyx, that coats the 
surfaces of the glomerular endothelial cells, providing a 
negative charge.26 The endothelial cell glycocalyx contrib-
utes to the charge-selective properties of the glomerular 
capillary wall and constitutes an important part of the filtra-
tion barrier.27

The surfaces of glomerular endothelial cells express 
receptors for vascular endothelial growth factor (VEGF).28 
VEGF is synthesized by the glomerular visceral epithelial 
cells and is an important regulator of microvascular perme-
ability.28,29 VEGF increases endothelial cell permeability and 

The endothelial cell nucleus lies adjacent to the mesan-
gium, with the remainder of the cell irregularly attenuated 
around the capillary lumen (see Figure 2.8). The endothe-
lium contains pores or fenestrae that range from 70 to 
100 nm in diameter in human (see Figure 2.10).21 Thin 
protein diaphragms extend across these fenestrae, and  
filamentous sieve plugs have been observed in the fenes-
trae.22 The function of these plugs remains to be fully estab-
lished, and it is not known whether they represent a 
significant barrier to the passage of molecules. However, 
adult glomerular endothelial cells have been reported to 
lack these diaphragms, and instead diaphragmed fenestra 
are present predominantly in the embryo, where they may 
compensate for the functional immaturity of the embryonic 
glomerular filtration barrier.23 Electron-dense filamentous 
material in the fenestrae and a thick filamentous surface 
layer on the endothelial cells have also been demonstrated.24 

Figure 2.8  Electron micrograph of a portion of a glomerulus from a normal human kidney in which segments of three capillary loops (CL) are 
evident. The relationship between mesangial cells (M), endothelial cells (E), and visceral epithelial cells (V) is demonstrated. Several electron-
dense erythrocytes lie in the capillary lumens. BS, Bowman’s space. (×6700.) 
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composed primarily of collagen IV, laminin, entactin/
nidogen, and sulfated proteoglycans.40-44 In addition, the 
GBM contains specific components, such as laminin 11, dis-
tinct collagen IV α chains, and the proteoglycans agrin and 
perlecan.44-46 As reviewed by Kashtan,47 six isomeric chains, 
designated α1 through α6 (IV), constitute the type IV col-
lagen family of proteins.48 Of these six chains, α1 through α5 
have been identified in the normal GBM.47 Mutations in the 
genes encoding α3, α4, and α5 (IV) chains are known to 
cause Alport’s syndrome, a hereditary basement membrane 
disorder associated with progressive glomerulopathy.47,49

The exact contribution of the GBM to the glomerular 
filtration barrier remains somewhat controversial. Ultra-
structural tracer studies provided evidence that the GBM 
constitutes both a size-selective and a charge-selective 
barrier.50-52 Caulfield and Farquhar53 demonstrated the exis-
tence of anionic sites in all three layers of the GBM. Addi-
tional studies revealed a lattice of anionic sites with a spacing 
of approximately 60 nm (Figure 2.11) throughout the 
lamina rara interna and lamina rara externa.54 The anionic 
sites in the GBM consist of glycosaminoglycans rich in 
heparan sulfate.55,56 Removal of the heparan sulfate side 
chains by enzymatic digestion resulted in an increase in the 
in vitro permeability of the GBM to ferritin57 and to bovine 

induces the formation of endothelial fenestrations.30,31 Gene 
deletion studies in mice have demonstrated that VEGF is 
required for normal differentiation of glomerular endothe-
lial cells.32,33 VEGF is also important for endothelial cell 
survival and repair in glomerular diseases characterized by 
endothelial cell damage.34 Thus, VEGF produced by the 
visceral epithelial cells plays a critical role in the differentia-
tion and maintenance of glomerular endothelial cells and 
is an important regulator of endothelial cell permeability.

GLOMERULAR BASEMENT MEMBRANE

The GBM is composed of a central dense layer, the lamina 
densa, and two thinner, more electron-lucent layers, the 
lamina rara externa and the lamina rara interna (see Figure 
2.9). The latter two layers measure approximately 20 to 
40 nm in thickness.21 The layered configuration of the GBM 
results in part from the fusion of endothelial and epithelial 
basement membranes during development.35 Although in 
the rat the width of the GBM has been found to be 132 nm,36 
the width of the human GBM has consistently been reported 
to be more than 300 nm37,38 with a slightly thicker basement 
membrane in men (373 nm) than in women (326 nm).39 
Like other basement membranes in the body, the GBM is 

Figure 2.9  Electron micrograph of normal rat glomerulus fixed in a 1% glutaraldehyde solution containing tannic acid. Note the rela-
tionship among  the  three  layers of  the glomerular basement membrane and  the presence of  the pedicels  (P) embedded  in  the  lamina  rara 
externa (arrowhead). The filtration slit diaphragm with the central dense spot (thin arrow) is especially evident between the individual pedicels. 
The fenestrated endothelial lining of the capillary loop is shown below the basement membrane. A portion of an erythrocyte is located in the 
extreme lower right corner. BS, Bowman’s space; CL, capillary lumen. (×120,000.) 
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Figure 2.6) and are characterized by long cytoplasmic pro-
cesses that extend from the main cell body. The primary 
processes divide into secondary and tertiary processes and 
finally into the individual foot processes, or pedicels, that 
come into direct contact with the lamina rara externa of the 
GBM (see Figures 2.8 and 2.9). By scanning electron micros-
copy, it is apparent that adjacent foot processes are derived 
from different podocytes (Figure 2.12). The podocytes 
contain well-developed Golgi complexes and are capable of 
endocytosis. Lysosomes are frequently observed, and their 
heterogeneous content most likely reflects the uptake of 
proteins and other components from the ultrafiltrate. Large 
numbers of microtubules, microfilaments, and intermediate 
filaments are present in the cytoplasm,25 and actin filaments 
are especially abundant in the foot processes.68 Despite a 
prominent motility in vitro, podocytes in the healthy glom-
erulus in vivo are rather stationary and maintain fixed posi-
tions of their cell bodies and microprojections as shown by 
intravital time-lapse microscopy of zebrafish larvae69 and 
mouse kidneys.70 However, podocyte motility drastically 
increases in the mice with glomerular damage induced by 
unilateral ureteral ligation and doxorubicin (Adriamycin) 
nephropathy.70

In a healthy glomerulus, the distance between adjacent 
foot processes near the GBM varies from 25 to 60 nm (see 
Figure 2.9). This gap, referred to as the filtration slit or slit 

serum albumin,58 suggesting that glycosaminoglycans might 
play a role in establishing the permeability properties of the 
GBM to plasma proteins (see Figure 2.11). However, in vivo 
digestion of heparan sulfates with heparanase in rats did not 
result in proteinuria.59 Furthermore, neither mice geneti-
cally engineered to lack agrin and perlecan heparin sulfate 
side chains,60,61 nor collagen XVIII–deficient mice,62 demon-
strate significant proteinuria. Moreover, studies in the iso-
lated GBM failed to demonstrate charge selectivity in vitro.63 
Nevertheless, a variety of genetic findings in humans and 
knockout studies in mice suggest that the GBM significantly 
contributes to the functional properties of the glomerular 
filtration barrier.64 The strongest evidence for a specific role 
of the GBM in the filtration barrier is the finding that mice 
deficient in laminin β2, a major component of the GBM, 
have massive proteinuria,65 as do patients with mutations in 
this gene.66 Importantly, in the laminin β2 knockout mice, 
proteinuria is associated with increases in the permeability 
of the GBM that precede the onset of any abnormalities in 
the podocyte.67

VISCERAL EPITHELIAL CELLS

The visceral epithelial cells, also called podocytes, are ter-
minally differentiated cells that do not replicate anymore. 
The podocytes are the largest cells in the glomerulus (see 

Figure 2.10  Scanning electron micrograph demonstrating the endothelial surface of a glomerular capillary from the kidney of a normal rat. 
Numerous endothelial pores, or fenestrae, are evident. The ridgelike structures (arrows) represent localized thickenings of the endothelial cells. 
(×21,400.) 
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Figure 2.11  Transmission electron micrographs of  the glomerular filtration barrier  in normal  rats perfused with native anionic  ferritin  (A) or 
cationic  ferritin  (C)  and  in  rats  treated with heparitinase before perfusion with anionic  (B) or cationic  ferritin  (D).  In normal animals, anionic 
ferritin  is present  in  the capillary  (Cap) but does not enter  the glomerular basement membrane  (GBM), as shown  in A.  In contrast, cationic 
ferritin binds to the negatively charged sites in the lamina rara interna (LRI) and lamina rara externa (LRE) of the GBM (see C). After treatment 
with heparitinase, both anionic  (B) and cationic  (D)  ferritin penetrates  into  the GBM, but  there  is no  labeling of negatively charged sites by 
cationic ferritin. En, endothelial fenestrae; fp, foot processes; LD, lamina densa; US, urinary space. (×80,000.) (From Kanwar YS: Biophysiology 
of glomerular filtration and proteinuria. Lab Invest 51:7-21, 1984.)
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skeletal rearrangements that may finally prevent detach-
ment of the podocyte from the GBM after injury.

MESANGIAL CELLS

The mesangial cells and their surrounding matrix constitute 
the mesangium, which is separated from the capillary lumen 
by the endothelium (see Figures 2.6 and 2.8). Light and 
electron microcopy studies have provided detailed descrip-
tions of the mesangium.21,86,87 The mesangial cell is irregular 
in shape, with a dense nucleus and elongated cytoplasmic 
processes that can extend around the capillary lumen and 
insinuate themselves between the GBM and the overlying 
endothelium (see Figure 2.8). In addition to the usual com-
plement of organelles, mesangial cells possess an extensive 
array of microfilaments composed at least in part of actin, 
α-actinin, and myosin.88 The contractile mesangial cell pro-
cesses appear to bridge the gap in the GBM encircling the 
capillary, and bundles of microfilaments interconnect 
opposing parts of the GBM, an arrangement that is believed 
to prevent capillary wall distension secondary to elevation 
of the intracapillary hydraulic pressure.88,89

The mesangial cell is surrounded by a matrix that is 
similar to but not identical with the GBM; the mesangial 
matrix is more coarsely fibrillar and slightly less electron 
dense. Several cell surface receptors of the β-integrin family 
have been identified on the mesangial cells, including α1β1, 
α3β1, and the fibronectin receptor, α5β1.90-92 These inte-
grins mediate attachment of the mesangial cells to specific 
molecules in the extracellular mesangial matrix and link the 
matrix to the cytoskeleton. The attachment to the mesangial 
matrix is important for cell anchorage, contraction, and 

pore, is bridged by a thin membrane called the filtration slit 
membrane71,72 or slit diaphragm,73 which is located approxi-
mately 60 nm from the GBM. A continuous central filament 
with a diameter of approximately 11 nm can be seen in the 
filtration slit diaphragm.71 Detailed studies of the slit dia-
phragm in the rat, mouse, and human glomerulus have 
revealed that the 11 nm wide central filament is connected 
to the cell membrane of the adjacent foot processes by regu-
larly spaced cross-bridges approximately 7 nm in diameter 
and 14 nm in length, giving the slit diaphragm a zipper-like 
configuration (Figure 2.13).73,74 The slit diaphragm has the 
morphologic features of an adherens junction,75 and the 
tight junction protein ZO-1 has been localized to the sites 
where the slit diaphragm is connected to the plasma mem-
brane of the foot processes.76

The molecular components of the slit diaphragm and 
their role in determining the selective properties of the 
filtration barrier are now well established.77-79 The slit dia-
phragm is formed by a complex of the transmembrane 
proteins nephrin, NEPH1-3, podocin, Fat1, VE-cadherin 
and P-cadherin. Mutations in nephrin and podocin cause 
inherited nephrotic syndrome,80,81 and knockout of nephrin, 
NEPH1, and podocin causes proteinuria in mice.82 In addi-
tion, mutations in linker proteins that connect the slit dia-
phragm to the actin cytoskeleton, such as CD2AP and Nck, 
also cause proteinuria.83,84

In many diseases associated with proteinuria, the inter-
digitating foot processes are replaced by rather broad adhe-
sions of the cells to their GBM. This process is commonly 
referred to as foot process fusion or effacement. As reviewed by 
Kriz and associates,85 foot process effacement is a rather 
complex structural response that involves profound cyto-

Figure 2.12  Scanning electron micrograph of a glomerulus from the kidney of a normal rat. The visceral epithelial cells, or podocytes 
(P), extend multiple processes outward from the main cell body to wrap around individual capillary  loops. Immediately adjacent pedicels, or 
foot processes, arise from different podocytes. (×6000.) 

P
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Mesangial cells are also involved in the generation and 
metabolism of the extracellular mesangial matrix.93,95 
Because of both their distinct anatomic localization and 
their production of various vasoactive substances (e.g., nitric 
oxide [NO]), growth factors (e.g., VEGF, platelet-derived 
growth factor [PDGF], transforming growth factor [TGF]), 
and cytokines and chemokines (interleukins [ILs], chemo-
kine [C-X-C motif] ligand 1 [CXCLs], chemokine [C-C 
motif] ligand [CCLs]), mesangial cells are also perfectly 
suited to mediate an extensive crosstalk to both endothelial 
cells and podocytes to control and maintain glomerular 
function.99 As such, the mesangial cells also importantly 
contribute to a number of glomerular diseases, including 
immunoglobulin A (IgA) glomerulonephritis and diabetic 
nephropathy.

PARIETAL EPITHELIAL CELLS

The parietal epithelium, which forms the outer wall of Bow-
man’s capsule, is continuous with the visceral epithelium at 
the vascular pole. The parietal epithelial cells are squamous 
in character, but at the urinary pole there is an abrupt transi-
tion to the taller cuboidal cells of the proximal tubule, 
which has a well-developed brush border (Figures 2.14 and 
2.15). The parietal epithelium of the capsule was described 
in detail by Jørgensen.21 The cells are 0.1 to 0.3 µm in 
height, except at the nucleus, where they increase to 2.0 to 
3.5 µm. Each cell has a long cilium and occasional microvilli 
up to 600 nm in length. Cell organelles are generally sparse 
and include small mitochondria, numerous vesicles of 40 to 
90 nm in diameter, and the Golgi apparatus. Large vacuoles 
and multivesicular bodies are rare. The thickness of the 
basement membrane of Bowman’s capsule varies from 1200 
to 1500 nm.21 The basement membrane is composed of 
multiple layers, or lamellae, that increase in thickness with 

migration; ligand-integrin binding also serves as a signal 
transduction mechanism that regulates the production of 
extracellular matrix as well as the synthesis of various vasoac-
tive mediators, growth factors, and cytokines.93,94

As proposed by Schlondorff,95 the mesangial cell may 
have some specialized features of pericytes and possesses 
many of the functional properties of smooth muscle cells. 
In addition to providing structural support for the glomeru-
lar capillary loops, the mesangial cell has contractile proper-
ties and is thought to play a role in the regulation of 
glomerular filtration.95 The local generation of autacoids, 
such as prostaglandin E2 (PGE2), by the mesangial cell, may 
provide a counterregulatory mechanism to oppose the 
effect of vasoconstrictors.

Mesangial cells exhibit phagocytic properties and partici-
pate in the clearance of macro molecules from the mesan-
gium,95,96 as evidenced by the uptake of tracers such as 
ferritin,86 colloidal carbon,97 and aggregated proteins.98 

Figure 2.13  Electron  micrograph  showing  the  epithelial  foot  pro-
cesses of normal  rat glomerulus preserved  in a 1% glutaraldehyde 
solution containing  tannic acid.  In several areas,  the slit diaphragm 
has been sectioned parallel to the plane of the basement membrane, 
revealing  a  highly  organized  substructure.  The  thin  central  filament 
corresponding  to  the  central  dot  observed  on  cross  section  (see 
Figure 2.9) is indicated by the arrows. (×52,000.) 

Figure 2.14  Scanning electron micrograph depicting the transition 
from the parietal epithelial cells of Bowman’s capsule  (foreground) 
to the proximal tubule cells, with their well-developed brush border, 
in the kidney of a rat. (×3200.) 
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The juxtaglomerular apparatus has a vascular component 
and a tubular component. The vascular component is com-
posed of the terminal portion of the afferent arteriole, the 
initial portion of the efferent arteriole, and the extraglo-
merular mesangial region. The tubular component is the 
macula densa, which is the terminal portion of the TAL and 
which is in contact with the vascular component.109-111 The 
extraglomerular mesangial region, which has also been 
referred to as the polar cushion (polkissen) or the lacis, is 
bounded by the cells of the macula densa, the specialized 
regions of the afferent and efferent glomerular arterioles, 
and the mesangial cells of the glomerular tuft (the intraglo-
merular mesangial cells). Within the vascular component of 
the juxtaglomerular apparatus, two distinct cell types can be 
distinguished: the juxtaglomerular granular cells, also called 
epithelioid or myoepithelial cells, and the agranular extraglo-
merular mesangial cells, which are also referred to as lacis 
cells.

JUXTAGLOMERULAR GRANULAR CELLS

The granular cells are located primarily in the walls of the 
afferent and, to a lesser extent, the efferent arterioles.109,111-113 
They exhibit features of both smooth muscle cells and secre-
tory epithelial cells and therefore have been called myoepi-
thelial cells.109 They contain myofilaments in the cytoplasm 
and, except for the presence of granules, are indistinguish-
able from the neighboring arteriolar smooth muscle cells. 
They also exhibit features suggestive of secretory activity, 
including a well-developed endoplasmic reticulum and a 
Golgi complex containing small granules with a crystalline 
substructure.109,114

The juxtaglomerular granular cells are characterized by 
the presence of numerous membrane-bound granules of 
variable size and shape (Figure 2.16),113 which are thought 
to contain the aspartic protease rennin.115,116 In addition to 
these so-called specific granules, lipofuscin-like granules are 
commonly observed in the human kidney.112,114

The juxtaglomerular granular cells express both renin 
and angiotensin II, with activities being highest in the affer-
ent arteriole.117 Immunogold electron microscopy revealed 
that renin and angiotensin II colocalize in the same gran-
ules.113 Enzyme histochemical and immunocytochemical 
studies also demonstrated the presence of lysosomal 
enzymes, including acid phosphatase and cathepsin B, in 
renin-containing granules, suggesting that these granules 
may represent modified lysosomes.113 During renal develop-
ment, a widespread expression of renin in the developing 
intrarenal arteries is seen. It later disappears from the larger 
arteries and arterioles and becomes restricted to the granu-
lar cells in the end portion of the afferent arteriole.118 
However, in response to extracellular volume depletion, 
renin expression may again extend into more proximal arte-
rial portions,119,120 suggesting that the renal arterial smooth 
muscle cells retain their ability to produce renin and can be 
recruited for renin secretion, depending on functional 
demand.

EXTRAGLOMERULAR MESANGIUM

Located between the afferent and efferent arterioles in 
close contact with the macula densa (see Figure 2.16), the 

Figure 2.15  Scanning electron micrograph  illustrating  the appear-
ance of the surface of the parietal epithelial cells adjacent to the early 
proximal tubule at the urinary pole (lower left). Parietal epithelial cells 
possess single cilia, and their lateral cell margins are accentuated by 
short  microvilli  (arrowheads).  (×12,500.)  (Courtesy Jill W. Verlander, 
DVM.)

many disease processes. At both the vascular pole and the 
urinary pole, the thickness of Bowman’s capsule decreases 
markedly.

The parietal epithelial cell functions as the final perme-
ability barrier for the urinary filtrate. In experimental  
glomerulonephritis, this barrier is compromised, and mac-
romolecules can leak into the space between the parietal 
cell and the basement membrane of Bowman’s capsule and 
subsequently into the periglomerular space.100 There 
is also evidence that the parietal epithelial cell can trans-
differentiate into podocytes101,102 and can even repopulate 
the glomerular tuft after extensive podocyte loss.103 However, 
as reviewed by Shankland and associates, abberant prolif-
eration of parietal epithelial cells may also contribute to 
renal scarring or the formation of glomerular crescents in 
certain renal disease processes, such as rapidly progressive 
glomerulonephritis.104

PERIPOLAR CELLS

Ryan and colleagues have described a peripolar cell that is 
located at the origin of the glomerular tuft in Bowman’s 
space and interposed between the visceral and parietal epi-
thelial cells.105 The peripolar cells are especially prominent 
in sheep, but they have also been identified in other species, 
including humans, and have been localized predominantly 
in glomeruli in the outer cortex.106 The functional signifi-
cance of these peripolar cells is unclear.

JUXTAGLOMERULAR APPARATUS

The juxtaglomerular apparatus is located at the vascular 
pole of the glomerulus, where a portion of the distal 
nephron comes into contact with its parent glomerulus. It 
represents a major structural component of the renin-
angiotensin system and contributes to the regulation of glo-
merular arteriolar resistance and glomerular filtration.107,108 
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Figure 2.16  Transmission electron micrograph of  juxtaglomerular apparatus from a rabbit kidney,  illustrating macula densa (MD), extraglo-
merular mesangium (EM), and a portion of an arteriole (on the right), containing numerous electron-dense granules. (×3700.) 

seen to interdigitate with the adjacent extraglomerular 
mesangial cells.109,110 Although mitochondria are numerous, 
their orientation is not perpendicular to the base of the cell, 
and they are rarely enclosed within foldings of the basolat-
eral plasma membrane. The position of the Golgi apparatus 
is lateral to and beneath the cell nucleus. In addition, other 
cell organelles, including lysosomes, autophagic vacuoles, 
ribosomes, and profiles of smooth and granular endoplas-
mic reticulum, are located principally beneath the cell 
nucleus. The basement membrane of the macula densa is 
continuous with that surrounding the granular and agranu-
lar cells of the extraglomerular mesangial region, which in 
turn is continuous with the matrix material surrounding the 
mesangial cells within the glomerular tuft. Macula densa 
cells lack the lateral cell processes and interdigitations that 
are characteristic of the TAL. Ultrastructural studies have 
provided evidence that the width of the lateral intercellular 
spaces in the macula densa varies with the physiologic status 
of the animal.124

AUTONOMIC INNERVATION

The function of the juxtaglomerular apparatus is controlled 
by the autonomic nervous system. Electron microscopy 
demonstrated synapses between granular and agranular 
cells of the juxtaglomerular apparatus and autonomic nerve 
endings.125 Nerve endings, principally adrenergic in type, 
were observed to be in contact with approximately one third 

extraglomerular mesangium is continuous with the intraglo-
merular mesangium and is composed of cells that are similar 
in ultrastructure to the mesangial cells.109,111 The extraglo-
merular mesangial cells possess long, thin cytoplasmic pro-
cesses that are separated by basement membrane material. 
Under normal conditions, these cells do not contain gran-
ules; however, juxtaglomerular granular cells are occasion-
ally observed in the extraglomerular mesangium. The 
extraglomerular mesangial cells are in contact with the arte-
rioles and the macula densa, and gap junctions are com-
monly observed between the various cells of the vascular 
portion of the juxtaglomerular apparatus.121,122 Gap junc-
tions have also been described between extraglomerular 
and intraglomerular mesangial cells, suggesting that the 
extraglomerular mesangium may serve as a functional link 
between the macula densa and the glomerular arterioles.122 
Moreover, there is evidence that mesangial cell damage and 
selective disruption of gap junctions eliminate the tubulo-
glomerular feedback response.123

MACULA DENSA

The macula densa is a specialized region of the distal tubule 
adjacent to the hilum of the parent glomerulus (see Figure 
2.16). Only those cells immediately adjacent to the hilum 
are morphologically distinctive from the surrounding cells 
of the TAL and are composed of columnar cells with apically 
placed nuclei. With electron microscopy, the cell base is 
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of the cells of the efferent arteriole and with somewhat less 
than one third of the cells of the afferent arteriole, while 
the frequency of innervation of the tubule component of 
the juxtaglomerular apparatus was far less.126 Consistent 
with the existence of neuroeffector junctions on renin-
positive granular cells of the juxtaglomerular apparatus, 
renin secretion was shown to be modulated by renal sympa-
thetic nerve activity.127

TUBULOGLOMERULAR FEEDBACK

The cells of the macula densa sense changes in the luminal 
concentrations of sodium and chloride, presumably via 
absorption of these ions across the luminal membrane by 
the Na+-K+-2Cl− cotransporter,128,129 of which the NKCC2B 
and NKCC2A variants are expressed in the macula 
densa.130,131 This sensing initiates the tubuloglomerular 
feedback response (see Chapter 3) by which signals gener-
ated by acute changes in sodium chloride concentration are 
transferred via the macula densa cells to the glomerular 
arterioles to control the glomerular filtration rate. Signals 
from the macula densa, generated in response to changes 
in luminal sodium and chloride, are also transmitted to the 
renin-secreting cells in the afferent arteriole.108 Renin syn-
thesis and secretion by the juxtaglomerular granular cells 
are also controlled by several other factors, including neu-
rotransmitters of the sympathetic nervous system, glomeru-
lar perfusion pressure (presumably through arteriolar 
baroreceptors), and mediators in the macula densa.108,132,133 
There is increasing evidence that the macula densa control 
of renin secretion is mediated by NO, cyclo-oxygenase prod-
ucts such as PGE2, and adenosine.108,115,133-135 In addition to 
its inhibition of renin secretion, adenosine appears to serve 
as a mediator of the tubuloglomerular feedback response 
evoked by an increased NaCl concentration at the macula 
densa.134

PROXIMAL TUBULE

The proximal tubule consists of an initial convoluted 
portion, the pars convoluta, which is a direct continuation 
of the parietal epithelium of Bowman’s capsule, and a 
straight portion, the pars recta, which is located in the med-
ullary ray (see Figure 2.5). The length of the proximal 
tubule varies with species; for instance, it is 10 mm in 
rabbits,136 8 mm in rats, 4 to 5 mm in mice,15 and 14 mm in 
humans.

In the rat137 and the rhesus monkey,138 three morphologi-
cally distinct segments—S1, S2, and S3—have been identi-
fied. The S1 segment is the initial portion of the proximal 
tubule; it begins at the glomerulus and constitutes approxi-
mately two thirds of the pars convoluta (see Figures 2.14 and 
2.15). The S2 segment contains the final third of the pars 
convoluta and the initial portion of the pars recta. The S3 
segment is the remainder of the proximal tubule, located 
in the deep inner cortex and the outer stripe of the outer 
medulla. These segments can be distinguished morphologi-
cally because of their structurally unique cells137,139 (Figures 
2.17 through 2.19). Cells in the S1 segment have a tall brush 
border and a well-developed vacuolar-lysosomal system. The 
basolateral plasma membrane forms extensive lateral invagi-
nations, and lateral cell processes extending from the apical 

to the basal surface interdigitate with similar processes from 
adjacent cells. Elongated mitochondria are located in the 
lateral cell processes in proximity to the plasma membrane. 
The ultrastructure of cells in the S2 segment is similar to 
that in the S1 segment; however, the brush border is shorter, 
the basolateral invaginations are less prominent, and the 
mitochondria are smaller. Numerous small lateral processes 
are located close to the base of the cell. The endocytic com-
partment is less prominent than in the S1 segment, with the 
number and size of the lysosomes varying among species 
and between males and females.136,137

In cells from the S3 segment, the length of the brush 
border differs with species and can be rather short (in 
humans) or long (in rats). Lateral cell processes and invagi-
nations are essentially absent, and mitochondria are small 
and randomly distributed within the cell. Species variation 
is also observed in the vacuolar-lysosomal compartment in 
the S3 segment. In rats137 and humans,140 endocytic vacuoles 
and lysosomes are small and sparse, whereas in rabbits, large 
endocytic vacuoles and numerous small lysosomes are 
present.136 Peroxisomes are present throughout the proxi-
mal tubule, with progressively increased quantities toward 
the S3 segment. There are contrasts to the described mor-
phology in different species. In rabbits, the S2 segment 
represents a transition between the S1 and S3 segments,141,142 
whereas in mice there is no structural segmentation along 
the proximal tubule.15 In the nondiseased human kidney, 
only the pars convoluta and the pars recta have been posi-
tively identified and described.140 To facilitate comparisons, 
the remainder of this chapter differentiates the proximal 
tubule into the convoluted and the straight portions, rather 
than the S1, S2, and S3 segments.

PARS CONVOLUTA

Cells of the pars convoluta are structurally complex (Figure 
2.20).143 Large primary ridges extend laterally from the 
apical to the basal surfaces of the cells. Large lateral pro-
cesses, often containing mitochondria, extend outwards 
from the primary ridges and interdigitate with similar pro-
cesses in adjacent cells (see Figure 2.20). At the luminal 
surfaces of the cells, smaller lateral processes extend out-
wards from the primary ridges to interdigitate with those of 
adjacent cells. Small basal villi that do not contain mito-
chondria are found along the basal cell surfaces (Figure 
2.21). These extensive interdigitations result in a complex 
extracellular compartment, referred to as the basolateral 
intercellular space (see Figures 2.21 and 2.22), that is sepa-
rated from the tubule lumen (apical cell surface) by the 
zonula occludens or tight junctions.144 In parallel with a high-
resistance pathway across the apical and basal plasma mem-
branes of the proximal tubule cell, a low-resistance shunt 
pathway is also present.145-147 Thus, the proximal tubule is 
often referred to as “a leaky epithelium” with low transepi-
thelial resistance and high paracellular transport. Claudins, 
a diverse family of tight junction proteins with various ion 
permeability properties that are expressed throughout the 
renal tubule system, mediate the paracellular permeability 
properties of the tight junction (see Chapter 6).148 Claudin-2 
and claudin-10 are highly expressed in proximal tubule 
cells,149 and claudin-2 forms high-conductance cation pores 
permitting large amounts of paracellular Na+ transport.150 
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tubule.153 Elongated mitochondria are located in the lateral 
cell processes in close proximity to the plasma membrane 
(see Figure 2.22), where the sodium-potassium adenosine 
triphosphatase (Na+-K+-ATPase) is located.154,155 Mitochon-
dria are often observed as rod-shaped and tortuous, but 
many mitochondria are branched and connected with one 
another.156 A system of smooth membranes called the para-
membranous cisternal system, thought to be in continuity with 
the smooth endoplasmic reticulum,157 is often observed 
between the plasma membrane and mitochondria. The 
function of the paramembranous cisternal system is not 
known. Pars convoluta cells contain large quantities of 
smooth and rough endoplasmic reticulum, and free ribo-
somes are abundant in the cytoplasm. A well-developed 
Golgi apparatus, composed of smooth-surfaced sacs or cis-
ternae, coated vesicles, uncoated vesicles, and larger vacu-
oles, is located above and lateral to the nucleus in the 
midregion of the cell (Figure 2.23). In addition, an exten-
sive system of microtubules is located throughout the cyto-
plasm of proximal tubule cells.

Pars convoluta cells have well-developed brush borders at 
their luminal surfaces that are formed by numerous finger-
like projections of the apical plasma membranes, the 

Interestingly, claudin-2, which is frequently expressed in 
leaky epithelia, has been shown to be water permeable.151 
Below the tight junction lies the beltlike intermediate junc-
tion or zonula adherens,144 which is followed by several des-
mosomes distributed randomly at variable distances beneath 
the intermediate junction. In mammalian and invertebrate 
renal proximal tubules, gap junctions are present in small 
numbers19 and can provide a pathway for the movement of 
ions between cells and for cell-cell communication via a 
family of proteins known as connexins.152 The lateral intercel-
lular space of each pars convoluta cell is open toward the 
basement membrane, which separates the cell from the 
peritubular interstitium and capillaries. The thickness of  
the basement membrane gradually decreases along the 
proximal tubule, in the rhesus monkey, for example, from 
approximately 250 nm in the S1 segment to 145 nm in the 
S2 segment to 70 nm in the S3 segment.138

The lateral cell processes of pars convoluta cells com-
bined with extensive invaginations of the plasma membrane 
increase both the intercellular space and surface area of the 
basolateral plasma membrane. Studies in rabbits have dem-
onstrated that the area of the lateral surface equals that of 
the luminal surface and amounts to 2.9 mm2 per mm of 

Figure 2.17  Transmission electron micrograph of the S1 segment of a rat proximal tubule. The cells are characterized by a tall brush 
border, a prominent endocytic-lysosomal apparatus, and extensive invaginations of the basolateral plasma membrane. (×10,600.) 
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Figure 2.18  Transmission electron micrograph of the S2 segment of a rat proximal tubule. The brush border is less prominent than in 
the S1 segment. Note numerous small lateral processes at the base of the cell. (×10,600.) 

Figure 2.19  Transmission electron micrograph of the S3 segment of a rat proximal tubule. The brush border is tall, but the endocytic-
lysosomal apparatus is less prominent than in the S1 and S2 segments. Basolateral invaginations are sparse, and mitochondria are scattered 
randomly throughout the cytoplasm. (×10,600.) 
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Figure 2.20  Schematic drawing  illustrating 
the  three-dimensional  configuration  of  the 
proximal convoluted tubule cell. (From Welling 
LW, Welling DJ: Shape of epithelial cells and 
intercellular channels in the rabbit proximal 
nephron. Kidney Int 9:385-394, 1976.)

Figure 2.21  Scanning  electron  micrograph  of  proximal  convoluted  tubule,  illustrating  prominent  lateral  cell  processes. Arrow  on  adjacent 
proximal convoluted tubule denotes small basal processes. (×8200.) (From Madsen KM, Brenner BM: Structure and function of the renal tubule 
and interstitium. In Tisher CC, Brenner BM, editors: Renal pathology with clinical and functional correlations, Philadelphia,1989, JB Lippincott, p 606.)
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microvilli and contain clathrin161 and megalin,162,163 proteins 
that are involved in receptor-mediated endocytosis. The 
cytoplasmic coat of the small vesicles is similar in ultrastruc-
ture to the coat that is present on the cytoplasmic side of 
the coated pits.

A large number of lysosomes with variable size, shape, 
and ultrastructural appearance are present in cells of the 
pars convoluta (Figure 2.25).160,164 Lysosomes are membrane-
bound, heterogeneous organelles that contain a variety of 
acid hydrolases, including acid phosphatases, and various 
proteases, lipases, and glycosidases. Lysosomes are involved 
in the degradation of material absorbed by endocytosis (het-
erophagocytosis), and they often contain multiple electron-
dense deposits that are believed to represent reabsorbed 
substances such as proteins (see Figure 2.25). Lysosomes 

microvilli. The brush border serves to increase the apical cell 
surface, by 36-fold in rabbit kidneys.153 Each microvilli con-
tains 6 to 10 actin filaments of approximately 6 nm in diam-
eter that extend downwards into the apical region of the 
cell for variable distances. A network of filaments containing 
myosin and spectrin,158 called the terminal web, is located in 
the apical cytoplasm just beneath and perpendicular to the 
microvilli.159 Each pars convoluta cell has a well-developed 
endocytic-lysosomal apparatus that is involved in the reab-
sorption and degradation of macromolecules from the 
ultrafiltrate.160 The endocytic compartment consists of an 
extensive system of coated pits, small coated vesicles, apical 
dense tubules, and larger endocytic vacuoles without a cyto-
plasmic coat (Figure 2.24). The coated pits are invagina-
tions of the apical plasma membrane at the base of the 

Figure 2.22  Electron micrograph of the pars convoluta of the proximal tubule from a normal human kidney. The mitochondria (M) are 
elongated and tortuous, occasionally doubling back on themselves. The endocytic apparatus, composed of apical vacuoles (AV), apical vesicles 
(V), and apical dense tubules  (arrows),  is well developed. G, Golgi apparatus;  IS,  intercellular space; L,  lysosome; Mv, microvilli  forming the 
brush border; TL, tubule lumen. (×15,000.) 
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convoluta, but in proteinuric states large vacuoles and 
extensive lysosomes can be observed in the latter portions 
of the proximal tubule.136,137

PARS RECTA

The pars recta is the terminal portion of the S2 segment 
and the entire S3 segment. Pars recta morphology varies 
considerably between species, (e.g., in the rat, the microvilli 
of the brush border measure up to 4 µm in length, whereas 
in the rabbit and human kidney they are much shorter). 
The epithelium of the pars recta S3 segment is simpler than 
that of the S1 and S2 segments.137,141 Invaginations of the 
basolateral plasma membrane are virtually absent, mito-
chondria are small and randomly scattered throughout the 
cytoplasm, and the intercellular spaces are smaller and less 
complex (see Figures 2.21 and 2.26). These morphologic 
characteristics are in agreement with studies demonstrating 
that Na+-K+-ATPase activity and fluid reabsorption are sig-
nificantly less in the pars recta than in the pars con-
voluta.169,170 In contrast to cells of the pars convoluta, the 
vacuolar-lysosomal system is less prominent in cells of the 

also play a role in the normal turnover of intracellular con-
stituents by autophagocytosis, and autophagic vacuoles con-
taining fragments of cell organelles are often seen in pars 
convoluta cells.164 Lysosomes containing nondigestible sub-
stances are called residual bodies, which can empty their con-
tents into the tubule lumen by exocytosis. Multivesicular 
bodies (MVBs), which are part of the vacuolar-lysosomal 
system, are often observed in the cytoplasm of proximal 
convoluted tubule cells. MVBs were originally thought to be 
involved in membrane retrieval and/or membrane disposal, 
but later studies suggest that MVBs may provide an exit 
route for a variety of endocytically retrieved plasma mem-
brane proteins (of both basolateral and apical membrane 
origin) and could also function as a signaling mechanism 
to downstream nephron segments.165,166 The extensive 
vacuolar-lysosomal system of proximal tubule cells plays an 
important role in the reabsorption and degradation of 
albumin and low-molecular-weight plasma proteins from 
the glomerular filtrate.160,167,168 Under normal conditions the 
vacuolar-lysosomal system is most prominent in the pars 

Figure 2.23  Electron micrograph of a Golgi apparatus from a 
normal human proximal tubule. Small vesicles  (arrows) consistent 
with the appearance of primary lysosomes are seen budding from the 
larger  cisternal  profiles  (CP).  M,  mitochondrion.  (×32,900.)  (From 
Tisher CC, Bulger RE, Trump BF: Human renal ultrastructure. I: Proximal 
tubule of healthy individuals. Lab Invest 15:1357-1394, 1966.)
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Figure 2.24  Transmission electron micrograph of the apical region 
of  a  human  proximal  tubule,  illustrating  the  endocytic  apparatus, 
including coated pits (cp), coated vesicles (cv), apical dense tubules 
(dat), and endosomes (E). (×18,500.) 

E

E

E

dat

cp

cp

cv

http://www.myuptodate.com


 CHAPTER 2 — AnATOMy OF THE KIDnEy 61

proximal tubule cells aid in these transport processes. The 
transcellular transport of these substances occurs via specific 
transport proteins that have polarized expression in proxi-
mal tubule cells (see Chapters 6 through 9). Of note, the 
rate of fluid absorption from the proximal tubule to the 
peritubular capillaries is influenced by the hydraulic and 
oncotic pressures across the tubule and capillary wall. 
Changes in these parameters cause significant ultrastruc-
tural changes in the proximal tubule, especially in the con-
figuration of the lateral intercellular spaces.174,175

THIN LIMBS OF THE LOOP OF HENLE

For an extensive review of the structure and function of the 
thin limbs of the loop of Henle, see the review by Panna-
becker.176 The thin limbs of the loop of Henle connect the 
proximal and distal tubules of the nephron. The transition 
from the proximal tubule to the descending thin limb of 
the loop of Henle is abrupt (Figures 2.27 and 2.28) and 
marks the boundary between the outer and inner stripes of 
the outer medulla. Short-looped nephrons originating from 
superficial and midcortical glomeruli have a short descend-
ing thin limb located in the inner stripe of the outer medulla. 
Close to the hairpin turn of the short loops of Henle, the 
thin limb continues into the TAL. Long-looped nephrons 
originating from juxtamedullary glomeruli have a long 
descending thin limb that extends into the inner medulla 
and a long ascending thin limb that continues into the TAL. 
The transition from the thin to the thick ascending limb 
forms the boundary between the outer and inner medulla 
(see Figure 2.5). Nephrons arising in the extreme outer 
cortex may possess short cortical loops that do not extend 
into the medulla. Variations on this basic organization have 
been highlighted in studies of different species.13,16,177 The 
histotopographic organization of the renal medulla has 
been studied in several laboratory animals, including three-
dimensional (3D) reconstruction studies of the nephron.13,16 
These studies have highlighted the complexity of organiza-
tion of the medulla and are discussed in detail in Chapter 
10.

Ultrastructural studies have shown that the cells of the 
initial part of the descending thin limb of Henle have exten-
sive interdigitation with one another, whereas the cells of 
the ascending thin limb near the transition with the TAL, 
and thin limb cells in the inner medulla, are less complex 
in configuration. Four morphologically distinct segments of 
the thin limb of Henle, composed of four types of epithelia 
(types I through IV), have been described and classified on 
the basis of their ultrastructure and location within the 
medulla141,178-182 (Figure 2.29). Type I epithelium is found 
exclusively in the descending thin limb of short-looped 
nephrons. Type II epithelium forms the descending thin 
limb of long-looped nephrons in the outer medulla and 
gives way to type III epithelium in the inner medulla. Type 
IV epithelium forms the bends of the long loops and the 
entire ascending thin limb to the transition into the TAL  
at the boundary between the inner and outer medulla.  
Type I epithelium is extremely thin and has few basal or 
luminal surface specializations, the latter in the form of 
microvilli (see Figure 2.29). There is a virtual absence of 
lateral interdigitations with adjacent cells, and cellular 
organelles are relatively sparse. Tight junctions between 

S3 segment, although in both rabbits and humans, many 
small lysosomes with electron-dense membrane-like mate-
rial can still be observed.136,140 Peroxisomes are common in 
the pars recta. In contrast to lysosomes, peroxisomes are 
irregular in shape, are surrounded by a 6.5-nm-thick mem-
brane, and do not contain acid hydrolases.164 Peroxisomes 
within the pars recta vary considerably in appearance among 
species. In the rat, small, circular profiles can be observed 
just inside the limiting membrane, and rod-shaped struc-
tures often project outward from the organelle. In addition, 
a small nucleoid is often present in peroxisomes from the 
pars recta. The functional significance of peroxisomes in 
the kidney is not known with certainty; however, they are 
believed to be involved in lipid metabolism and fatty acid 
oxidation. They have a high content of catalase, which is 
involved in the degradation of hydrogen peroxide, and of 
various oxidative enzymes, including l-α-hydroxy-acid 
oxidase and D-amino acid oxidase.171,172 Interestingly, mistar-
geting of the mutated peroxisomal enzyme EHHADH 
(enoyl-CoA hydratase–L-3-hydroxyacyl-CoA dehydrogenase) 
to proximal tubule mitochondria disrupts mitochondrial 
metabolism and leads to renal Fanconi’s syndrome.173

The proximal tubule plays a major role in the reabsorp-
tion of Na+, HCO3

−, Cl−, K+, Ca2+, PO4
3−, water, and organic 

solutes such as vitamins, glucose, and amino acids. The 
aforementioned ultrastructural specializations of the 

Figure 2.25  Electron micrographs illustrating the appearance 
of different types of lysosomes from human proximal tubules. 
A, Lysosomes. Several mitochondria  (M) are also shown.  (×15,500.) 
B, Early stage of  formation of an autophagic vacuole.  (×23,500.) C, 
Fully  formed  autolysosome  containing  a  mitochondrion  undergoing 
digestion.  (×28,500.)  D,  Autolysosome,  containing  a  microbody 
undergoing  digestion.  A  multivesicular  body  (arrow)  is  also  shown. 
(×29,250.)  (From Tisher CC, Bulger RE, Trump BF: Human renal ultra-
structure. I: Proximal tubule of healthy individuals. Lab Invest 15:1357-
1394, 1966.)
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interdigitations. The tight junctions are shallow, character-
istic of a leaky epithelium, and as such type IV epithelium 
has prominent paracellular pathways.

The basement membrane of the thin limb segments 
varies greatly in thickness from species to species and in 
many animals is multilayered. There is structural heteroge-
neity along the thin limb of the loop of Henle in the rat,185 
rabbit,184 and P. obesus.183 Segmental as well as species differ-
ences were found in the number of strands and the depth 
of the tight junctions. The most striking finding in these 
ultrastructural studies was the extremely high density of 
intramembrane particles in both the luminal and the baso-
lateral membranes of type II epithelium. In the rat, type II 
epithelium has significant levels of Na+-K+-ATPase activ-
ity,187,188 whereas little activity is detectable in other segments 
of the rat thin limb or in any segment of the rabbit thin 
limb.189 Permeability studies of isolated perfused descend-
ing thin limbs from different species have demonstrated 
that type II epithelium has a higher permeability to Na+ and 
K+ in the rat and hamster than in the rabbit,190 supporting 
the described differences in ultrastructure and biochemical 
properties of type II epithelium among species.

cells are intermediate in depth with several junctional 
strands, suggesting a tight epithelium.183-185 Type II epithe-
lium is taller and exhibits considerable species differences. 
In the rat,186 mouse,178 Psammomys obesus,181 and hamster,180 
the type II epithelium is complex and characterized by 
extensive lateral and basal interdigitations and a well-
developed paracellular pathway (Figure 2.30). The tight 
junctions are extremely shallow and contain a single junc-
tional strand, characteristics of a “leaky epithelium.” The 
luminal surface is covered by short blunt microvilli, and cell 
organelles, including mitochondria, are more prominent 
than in other segments of the thin limb. In the rabbit the 
type II epithelium is less complex141; lateral interdigitations 
and paracellular pathways are less prominent, and tight 
junctions are deeper.184 In comparison with type II epithe-
lium, type III epithelium is lower (thinner) and has a simpler 
structure. The cells do not interdigitate, the tight junctions 
are intermediate in depth, and fewer microvilli cover the 
luminal surface. Type IV epithelium (see Figure 2.29) is 
generally low and flattened and possesses relatively few 
organelles. It is characterized by an absence of surface 
microvilli but has an abundance of lateral cell processes and 

Figure 2.26  Low-magnification electron micrograph of a segment of the pars recta of a proximal tubule from a human kidney. 
The microvilli on the convex apical cell surface are not as long as those from the pars recta of the rat. The lysosomes are extremely electron 
dense. The clear,  single membrane–limited structures at  the base of  the cell  to  the  right  represent  lipid droplets.  (×10,400.)  (Courtesy R. E. 
Bulger, PhD.)
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the inner stripe of the outer medulla. In short-looped neph-
rons, the transition to the TAL can occur shortly before the 
hairpin turn, but this is not the case in all species.16 From 
its transition from the thin limb, the TAL extends upward 
through the outer medulla and the cortex to the glomerulus 
belonging to the nephron of origin, where the macula 
densa is formed. At the point of contact with the extraglo-
merular mesangial region, only the immediately contiguous 
portion of the wall of the tubule actually forms the macula 
densa. The transition from TAL to the DCT occurs shortly 
after the macula densa. The cells forming the medullary 
segment in the inner stripe of the outer medulla measure 
approximately 7 to 8 µm in height.141,192 As the tubule 
ascends toward the cortex, cell height gradually decreases 
to approximately 5 µm in the cortical TAL of the rat192 and 
to 2 µm in the terminal part of the cortical TAL of the 
rabbit. Welling and colleagues reported an average cell 
height of 4.5 µm in the cortical TAL of the rabbit kidney.193

The cells of the TAL are characterized by extensive invagi-
nations of the basolateral plasma membrane and interdigi-
tations between adjacent cells. The lateral invaginations 
often extend two thirds or more of the distance from the 
base to the luminal border of the cell. This arrangement is 
most prominent in the TAL of the inner stripe of the outer 
medulla (Figure 2.31). Numerous elongated mitochondria 
are located in lateral cell processes, and their orientation is 
perpendicular to the basement membrane. The mitochon-
dria resemble those in the proximal tubule but contain very 

It is generally accepted that the permeability properties 
of the thin limb epithelium are important for the mainte-
nance of a hypertonic interstitium. The role of the thin limb 
in the maintenance of a hypertonic medullary interstitium 
and in the dilution and concentration of the urine via  
countercurrent multiplication is discussed in detail in 
Chapter 10.

DISTAL TUBULE

The distal tubule is composed of morphologically distinct 
segments: the TAL (pars recta), the macula densa, the distal 
convoluted tubule (DCT) (pars convoluta), and the con-
necting tubules. Some studies showed that the cortical TAL 
extends beyond the vicinity of the macula densa and forms 
an abrupt transition with the DCT at a slightly more distal 
position.141,191 These data, combined with the observation 
that TAL proteins are observed by immunohistochemical 
methods even slightly distal to the macula densa, suggest 
that the macula densa is a specialized region within the TAL.

THICK ASCENDING LIMB

The TAL represents the initial portion of the distal tubule 
and can be divided into a medullary and a cortical segment 
(see Figure 2.5). In long-looped nephrons, there is an 
abrupt transition from the thin ascending limb to the TAL, 
which marks the boundary between the inner medulla and 

Figure 2.27  Transmission electron micrograph from rabbit kidney, illustrating the transition from the pars recta of the proximal tubule to the 
descending thin limb of the loop of Henle. (×4500.) (From Madsen KM, Park CH: Lysosome distribution and cathepsin B and L activity along the 
rabbit proximal tubule. Am J Physiol 253:F1290-F1301, 1987.)
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increases, and luminal microprojections and apical lateral 
invaginations become more prominent. Consequently, the 
surface area of the luminal plasma membrane is signifi-
cantly greater in the cortical TAL than in the medullary 
TAL.192

The TAL is involved in active transport of NaCl from the 
lumen to the surrounding interstitium. Because this epithe-
lium is almost impermeable to water, the reabsorption of 
salt contributes to the formation of a hypertonic medullary 
interstitium and the delivery of a dilute tubule fluid to the 
DCT (see Chapter 6). In studies by Good and colleagues 
evidence is provided that in addition to NaCl reabsorption, 
the TAL is involved in HCO3

− reabsorption in the rat.194,195 
Finally, the TAL is involved in the transport of divalent 
cations such as Ca2+ and Mg2+.196,197 The reabsorption of 
NaCl in both the medullary and the cortical segments of the 
TAL is mediated by a Na+-K+-2Cl− cotransport mecha-
nism,198-201 which is inhibited by loop diuretics such as furo-
semide and bumetanide.201 The bumetanide-sensitive 
Na+-K+-2Cl− cotransporter (BSC-1 or NKCC2) is expressed 
in the cortical and medullary TAL,130,202,203 where it localizes 
to the apical plasma membrane domains.202,204,205

The energy for reabsorptive processes in the TAL is pro-
vided by the Na+-K+-ATPase that is located in the basolateral 
plasma membrane. Biochemical206 and histochemical207 
studies have demonstrated that Na+-K+-ATPase activity is 
greatest in the segment of the TAL from the inner stripe of 
the outer medulla, which also has a larger basolateral 

prominent granules in the matrix. Other subcellular organ-
elles in this segment of the nephron include a well-developed 
Golgi complex, multivesicular bodies and lysosomes, and 
abundant quantities of smooth and rough endoplasmic 
reticulum. Numerous small vesicles are commonly observed 
in the apical portion of the cytoplasm. The cells are attached 
to one another via tight junctions that are 0.1 to 0.2 µm in 
depth in the rat.144 Intermediate junctions are also present, 
but desmosomes appear to be lacking.

Scanning electron microscopy of the TAL of the rat 
kidney has revealed the existence of two distinct surface 
configurations of the luminal membrane.191 Some cells have 
a rough surface because of the presence of numerous small 
microprojections, whereas others have a smooth surface 
that is largely devoid of microprojections except along the 
apical cell margins (Figure 2.32). Like all other cells from 
the parietal layer of Bowman’s capsule to the terminal col-
lecting duct (except intercalated cells), TAL cells possess a 
primary cilium. The rough-surfaced cells possess more 
extensive lateral processes radiating from the main cell body 
than do the smooth-surfaced cells. In contrast, small vesicles 
and tubulovesicular profiles are more numerous in the 
apical region of the smooth-surfaced cells. A predominance 
of cells with the smooth-surface pattern is observed in the 
medullary segment. As the thick limb ascends toward the 
cortex, the number of cells with a rough surface pattern 

Figure 2.28  Scanning electron micrograph from a normal rat kidney, 
depicting the transition from the terminal S3 segment of the proximal 
tubule  (above)  to  the early descending  thin  limb of Henle  (below). 
Note  the elongated cilia projecting  into  the  lumen  from cells of  the 
proximal tubule and the thin limb of Henle. (×4500.) 

Figure 2.29  Diagram depicting the appearance of the four types of 
thin limb segments in a rat kidney. (See text for explanation.) 
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DISTAL CONVOLUTED TUBULE

The DCT measures approximately 1 mm in length141,210 and 
extends to the connecting tubule, which connects the 
nephron with the collecting duct. The cells of the DCT 
resemble those of the TAL but are considerably taller 
(Figure 2.33). By light microscopy, the cells appear tall and 
cuboid, and they contain numerous mitochondria. The cell 
nuclei occupy an apical position just beneath the luminal 
plasma membrane. Scanning electron microscopy has 

membrane area and more mitochondria than does the 
remainder of the TAL.192 In agreement with these observa-
tions, physiologic studies using the isolated perfused tubule 
technique have demonstrated that NaCl transport is greater 
in the medullary segment than in the cortical segment of 
the TAL.208 However, the cortical segment can create a 
steeper concentration gradient and can therefore achieve a 
lower NaCl concentration and a lower osmolality in the 
tubule fluid.209 Thus, an excellent correlation exists between 
the structural and functional properties of the TAL.

Figure 2.30  Transmission electron micrograph of type II epithelium of the thin limb of the loop of Henle in the inner stripe of the outer medulla 
of a rat kidney. (×11,800.) 

Figure 2.31  Transmission electron micrograph from a thick ascending limb in the outer stripe of the outer medulla of a rat kidney. Note the 
deep, complex invaginations of the basal plasma membrane, which enclose elongated mitochondrial profiles and extend into the apical region 
of the cell. (×13,000.) 
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DCT and, in some species, the short segment of the TAL 
that extends beyond the macula densa, whereas the “late” 
distal tubule actually represents the connecting tubule and 
the first portion of the collecting duct, which is sometimes 
referred to as the initial collecting tubule (Figure 2.36).210,211 
(A more detailed discussion of the anatomy of this region 
of the renal tubule can be found in the next section, which 
describes the connecting tubule.)

The DCT has the highest Na+-K+-ATPase activity of all 
nephron segments,169,189 which provides the driving force for 
ion transport and explains the high mitochondrial density 
in this segment. Micropuncture and microperfusion studies 
in the rat demonstrated a net NaCl reabsorption in the 
distal tubule.212,213 The apical transport pathway is the 
thiazide-sensitive Na+-Cl− cotransporter, NCC.212 NCC is 
expressed exclusively in the DCT, where it localizes to the 
apical plasma membrane and subapical vesicles.214-217 
Kaissling and colleagues demonstrated that the ultrastruc-
ture and the functional capacity of the DCT and connecting 
tubule are highly dependent on the delivery and uptake of 
sodium.218-221 Animals treated with a loop diuretic, furose-
mide, and given sodium chloride in their drinking water, 
which increases NaCl delivery to the tubule segments down-
stream of the TAL, exhibited a striking increase in epithelial 
cell volume, in the basolateral membrane area, and in cell 
proliferation in the DCT and connecting tubule. Consistent 
with these morphologic changes, NCC becomes upregu-
lated222 and the sodium transport capacity in these nephron 
segments rises.223 Conversely, genetic deletion of NCC in 
mice224 and pharmacologic inhibition of NCC by thiazides 
in rats225 provoke marked DCT cell atrophy and apoptosis, 
respectively, supporting the idea that DCT cell structure 
largely depends on its ion transport activity.

The mineralocorticoid receptor as well as the enzyme that 
confers mineralocorticoid specificity, 11-β-hydroxysteroid 
dehydrogenase, are detected in the DCT, and NCC abun-
dance is increased by mineralocorticoids.226-228 However, in 
rat and mouse kidneys, the abundance of 11-β-hydroxysteroid 
dehydrogenase is rather low in the early DCT and promi-
nent only in the late DCT,227,229,230 suggesting that only a 
proportion of the DCT is sensitive to physiologic variations 
in circulating aldosterone levels. In fact, numerous morpho-
logic studies (reviewed by Loffing and Kaissling231) have 
revealed a marked axial heterogeneity of the DCT in most 
species. Although rabbits show a clear morphologic demar-
cation between DCT and connecting tubule, the transition 
between these two segments is gradual in rats, mice, and 
humans, and the typical morphology of the DCT cells 
changes progressively to that of connecting tubule. Studies 
in the rat have distinguished between an early segment, 
DCT1, and a late segment, DCT2, on the basis of the obser-
vation that NCC is expressed throughout the DCT, whereas 
the Na+-Ca2+ exchanger (NCX1) and a vitamin D-dependent 
calcium-binding protein, calbindin-D28K, are expressed at 
high levels only in DCT2 (as well as in the connecting tubule 
[CNT]) and not at all or only weakly in DCT1.226,227 In 
mice229,232 and humans233 NCX and calbindin-D28K expres-
sion are seen along almost the entire DCT, making a sub-
segmentation based on these markers difficult. Nevertheless, 
in all three species (i.e., rat, mouse, and human) the DCT 
can be subdivided into an early DCT that is only NCC-
positive and a late DCT that expresses, in addition to the 

demonstrated that the luminal surface of the DCT differs 
substantially from that of the TAL (Figure 2.34; compare 
with Figure 2.32). The DCT is covered with numerous small 
microprojections or microplicae. The individual cells each 
possess one centrally placed primary cilium on the apical 
surface. The epithelium of the DCT is characterized by 
extensive invaginations of the basolateral plasma membrane 
and by interdigitations between adjacent cells similar to the 
arrangement in the TAL. Transmission electron microscopy 
reveals numerous elongated mitochondria that are located 
in lateral cell processes and are closely aligned with the 
plasma membrane. They are oriented perpendicular to  
the basement membrane and often extend from the basal 
to the apical cell surface (Figure 2.35). The junctional 
complex in this segment of the nephron is composed of a 
tight junction, which is approximately 0.3 µm in depth and 
an intermediate junction.144 Lysosomes and multivesicular 
bodies are observed but are certainly less common than in 
the proximal tubule. The Golgi complex is well developed, 
and its location is lateral to the cell nucleus. The cells 
contain numerous microtubules and abundant quantities of 
rough- and smooth-surfaced endoplasmic reticulum and 
free ribosomes. Numerous small vesicles are located in the 
apical region of the cells. Investigators working with micro-
puncture techniques arbitrarily defined the distal tubule as 
the region of the nephron that begins just after the macula 
densa and extends to the first junction with another renal 
tubule. With that definition, however, the distal tubule can 
be formed by as many as four different types of epithelia. In 
general, the “early” distal tubule corresponds largely to the 

Figure 2.32  Scanning  electron  micrograph  illustrating  the  luminal 
surface of  a  rat medullary  thick ascending  limb. The white asterisk 
denotes  smooth-surfaced  cells;  the  black asterisk  identifies  rough-
surfaced  cells.  (×4300.)  (From Madsen KM, Tisher CC: Structural-
functional relationship along the distal nephron. Am J Physiol 250:F1-F15, 
1986.)
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K+ secretion in early distal tubule portions (likely 
corresponding to the DCT).213 Nevertheless, reports that a 
high dietary K+ intake causes a rapid and persistent reduc-
tion of the phosphorylation and hence activity of NCC240,241 
indicate that the DCT does also participate in the control 
of K+ homeostasis. Downregulation of NCC likely increases 
the delivery of Na+ to the downstream collecting system, 
where the Na+ can then be reabsorbed in exchange for 
secreted K+.

The general consensus is that the DCT, like the TAL, is 
relatively impermeable to water. However, the DCT does 
express vasopressin receptors, and vasopressin positively 
regulates both Na+ transport and NCC abundance/
activity.242-245 Furthermore, later studies have highlighted 
that adenylate cyclase 6 activity is essential for mediating the 
effects of vasopressin on NCC abundance/activity.246 Several 
human diseases that result from abnormal distal tubule 

thiazide-sensitive NCC, the amiloride-sensitive epithelial 
sodium channel (ENaC), which is the apical sodium entry 
pathway in the connecting tubule and the collecting duct.231 
Likewise, in mice and rats, the late DCT and the connecting 
tubule express the apical calcium channel TRPV5, which is 
absent from the early DCT,234,235 and a Ca2+-Mg2+-ATPase in 
the basolateral plasma membrane.236 Moreover, the DCT 
appears to specifically express the magnesium channel 
TRPM6 in its apical plasma membrane.237 The high levels of 
expression of calcium- and magnesium-transporting pro-
teins is consistent with suggestions from numerous func-
tional studies that the DCT is involved in regulated 
reabsorption of Ca2+ and Mg2+ in the kidney (reviewed by 
Dimke and associates238). Immunohistochemical studies 
also demonstrated the co-localization of NCC with the secre-
tory potassium channel ROMK in DCT cells of the rat,239 
although microperfusion studies did not detect significant 

Figure 2.33  Micrographs depicting  the abrupt  transition  (arrows)  from  the  thick ascending  limb of Henle  (below)  to  the distal  convoluted 
tubule (above). A, Light micrograph of normal rat kidney. (×775.) B, Scanning electron micrograph of normal rabbit kidney. (×2700.) (B Courtesy 
Ann LeFurgey, PhD.)
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function, such as Gitelman’s syndrome, nephrolithiasis, and 
familial hyperkalemic hypertension (FFHt), emphasize the 
importance of this relatively short nephron segment.212,247

CONNECTING TUBULE

The CNT represents a transitional region between the distal 
nephron and the collecting duct, and it constitutes the main 
portion of the late distal tubule as defined in the micro-
puncture literature. The CNTs of superficial nephrons con-
tinue directly into initial collecting tubules, whereas CNTs 
from midcortical and juxtamedullary nephrons join to form 
arcades that ascend in the cortex and continue into initial 
collecting tubules (see Figures 2.36 and 2.37).141,248 In the 
rabbit, the CNT is a well-defined segment composed of two 
cell types: the CNT cell and the intercalated cell.141,249 In 
most other species, however, including rats,210,211 mice,249 
and humans,250 there is a gradual transition from the DCT 
to the CNT, and the CCD is not clearly demarcated from 
neighboring segments.

The CNT in the rat measures 150 to 200 µm in length.211 
It is composed of four different cell types: CNT cells, inter-
calated cells, DCT cells, and principal cells, which are similar 
to principal cells in the CCD. The CNT cell is characteristic 
of this segment. It is intermediate in ultrastructure between 
the DCT cell and the principal cell and exhibits a mixture 
of lateral invaginations and basal infoldings of the plasma 
membrane.251 CNT cells are taller than principal cells and 
have apically located nuclei. Mitochondria are fewer in the 
CNT and more randomly distributed than in the distal 
tubule. In the rat, variations in the density of the cytoplasm 
of intercalated cells were reported in the CNT.210 Two con-
figurations of intercalated cells, type A and type B, were 
described in both the CNT and the CCD of the rat.252 In the 
CNT, acid-secreting type A cells were more numerous than 
bicarbonate-secreting type B cells. A third type of interca-
lated cell was identified in the CNT of both rats and 

Figure 2.34  Scanning electron micrograph  illustrating  the appear-
ance of  the  luminal surface of a distal convoluted tubule from a rat 
kidney.  Microvilli  are  prominent,  but  there  is  a  marked  absence  of 
lateral interdigitations in the apical region of the cells. The cell bound-
aries  are  accentuated  by  taller  microvilli.  (×3000.)  (Modified from 
Madsen KM, Tisher CC: Structural-functional relationship along the 
distal nephron. Am J Physiol 250:F1-F15, 1986.)

Figure 2.35  Transmission electron micrograph illustrating a typical portion of the pars convoluta segment of the distal  tubule of a rat. The 
ultrastructural features closely resemble those of the pars recta of the distal tubule (see Figure 2.40). (×10,000.) 
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sodium absorption in the collecting duct, is also highly 
expressed in the CNT as well as in DCT2.232 As described in 
the discussion of the DCT, the CNT is also an important site 
of calcium reabsorption. Immunohistochemical studies 
have demonstrated the presence of the Na+-Ca2+ exchanger 
NCX1215,255 as well as a Ca2+-ATPase236,256 in the basolateral 
plasma membrane of the CNT cells. Expression of a vitamin 
D–dependent calcium-binding protein, calbindin-D28K, 
and of the apical Ca2+ entry pathway, TRPV5, has also been 
demonstrated in the CNT cells.256-259

Immunohistochemical studies in rats showed that a sub-
population of cells in the late part of the DCT, at the transi-
tion to the CNT, expresses both the NaCl cotransporter 
NCC and the Na+-Ca2+ exchanger, which are traditionally 
considered specific for DCT cells and CNT cells, respec-
tively.227,255 In the rabbit, the connecting tubule constitutes 
a distinct segment with respect to both structure and func-
tion, and there is no coexpression of NCC and the Na+-Ca2+ 
exchanger in any cells in the DCT or CNT.214 In all mam-
malian species investigated so far, the transition of the CNT 
to the CCD can arbitrarily be set to the region where the 
CNT exits the renal cortical labyrinth to fuse with the CCD 
running in the medullary ray. In rats, mice, and rabbits this 
transition coincides with a disappearance of the Na+-Ca2+ 
exchanger, which is highly abundant in the basolateral 
plasma membrane of CNT cells but undetectable in the 
collecting duct principal cells.231 Morphologic and physio-
logic studies have provided evidence that the CNT plays an 
important role in K+ secretion, which is at least in part regu-
lated by mineralocorticoids.212 In a combined structural-
functional study, Stanton and associates260 demonstrated 
that chronic K+ loading, which stimulates aldosterone secre-
tion, causes an increase in K+ secretion by the late distal 
tubule and a simultaneous increase in the surface area of 
the basolateral plasma membrane of CNT cells and princi-
pal cells of both the CNT and the initial collecting tubule, 
indicating that these cells are responsible for K+ secretion. 
No changes were observed in the cells of the DCT. Studies 
in the rabbit showed a similar increase in the basolateral 
membrane area of the CNT cells after ingestion of a high-
potassium, low-sodium diet.249 Studies in adrenalectomized 
rats demonstrated a decrease in K+ secretion in the superfi-
cial distal tubule261 as well as a decrease in the surface area 
of the basolateral membrane of the principal cells in the 
initial CNT.262 Both structural and functional changes could 
be prevented by aldosterone treatment, indicating that K+ 
secretion in the CNT and initial collecting tubule is regu-
lated by mineralocorticoids.

COLLECTING DUCT

The collecting duct extends from the connecting tubule in 
the cortex through the outer and inner medulla to the tip 
of the papilla. It can be divided into at least three regions, 
primarily on the basis of their location in the kidney: the 
CCD, the OMCD, and the IMCD. The inner medullary seg-
ments terminate as the ducts of Bellini, which open on the 
surface of the papilla to form the area cribrosa (see Figure 
2.3). Traditionally, two types of cells have been described in 
the mammalian collecting duct: principal cells and interca-
lated cells. The principal cells are the major cell type; they 

mice.253,254 This cell has been referred to as the nonA–nonB 
type of intercalated cell. In the mouse, this is the most 
prevalent form of intercalated cell in the CNT.253 The func-
tional properties and immunohistochemical features of the 
intercalated cells have been studied extensively and are 
described in Chapter 9.

Like the TAL and DCT, the CNT is an important site for 
regulation of Na+ reabsorption, but unlike the TAL and 
DCT, it is also capable of transporting large amounts of 
water. Consistently, in rats, mice, and humans, not only the 
collecting duct but also the CNT expresses the vasopressin-
sensitive water channel aquaporin-2 (AQP2). However, 
AQP2 is absent from the rabbit CNT.231 The amiloride-
sensitive sodium channel, ENaC, which is responsible for 

Figure 2.36  Light micrograph of initial collecting tubules (aster-
isks) of a cortical collecting duct in a rat kidney.  One  tubule  is 
situated just beneath the surface of the capsule (top of picture) and 
hence  is  easily  accessible  to  micropuncture.  This  segment  of  the 
cortical collecting duct corresponds to the so-called late distal tubule 
as defined with use of micropuncture studies. (×360.) 

Figure 2.37  Diagram of the various anatomic arrangements of 
the distal tubule and cortical collecting duct in superficial and 
juxtamedullary nephrons.  (See  text  for detailed explanation.) ATL, 
ascending thick limb (of Henle); CS, connecting segment; DCT, distal 
convoluted  tubule; G, glomerulus;  ICT,  initial collecting  tubule; MD, 
macula densa; MRCT, medullary ray collecting tubule. 
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Intercalated cells in the CCD have a dense-staining cyto-
plasm and therefore are sometimes referred to as dark cells 
(Figure 2.40). They are characterized by the presence of 
various tubulovesicular membrane structures in the cyto-
plasm and prominent microprojections on their luminal 
surfaces. In addition, numerous mitochondria and polyri-
bosomes are located throughout the cells, which also contain 
well-developed Golgi apparatuses. Previous studies have 
described two distinct populations of intercalated cells, type 
A and type B, in the CCD duct of the rat,252,267 each constitut-
ing approximately 50% of the intercalated cells in this 
segment (see Figure 2.40). Type A intercalated cells are 
similar in ultrastructure to intercalated cells in the OMCD. 
They have prominent tubulovesicular membrane compart-
ments that include both spherical and invaginated vesicles 
and flat saccules or cisternae that appear as tubular profiles 
on section (Figure 2.41). The cytoplasmic faces of these 
membrane structures are coated with characteristic club-
shaped particles or studs, similar to the coat that lines the 
cytoplasmic face of the apical plasma membrane.268

The ultrastructural appearance of the apical region of 
type A intercalated cells can vary considerably, depending 
on the physiologic state. Some cells have numerous tubulo-
vesicular structures and few microprojections on their 
luminal surfaces, whereas other cells have extensive micro-
projections on their surfaces with only a few tubulovesicular 
structures in the apical cytoplasm. The type B intercalated 
cell has a denser cytoplasm and more mitochondria than 
the type A cell, giving it a darker appearance (see Figure 
2.40). Numerous vesicles are present throughout the cyto-
plasm, but tubular profiles and studded membrane struc-
tures are rare in the cytoplasm of the type B cell. The apical 
membrane exhibits small, blunt microprojections, and 
often a band of dense cytoplasm without organelles is 
present just beneath the apical membrane. Morphometric 
analysis in the rat has demonstrated that type B intercalated 
cells have smaller apical membrane areas but a larger 

were originally believed to be present in the entire collect-
ing duct, whereas intercalated cells disappear at different 
points along the inner medulla collecting duct depending 
on the species. There is also both structural and functional 
evidence that the cells in the terminal portion of the inner 
medullary collecting duct constitute a distinct cell popula-
tion, IMCD cells.263 Furthermore, at least two, and in certain 
species, three configurations of intercalated cells have been 
described in the CCD,252 highlighting the structural axial 
heterogeneity that exists along the collecting duct.

CORTICAL COLLECTING DUCT

The CCD can be further subdivided into two parts: the 
initial collecting tubule/duct (iCCD) and the medullary  
ray CD (rCCD) (see Figure 2.5). The cells of the initial col-
lecting tubule are taller than those of the medullary ray 
segment, but otherwise no major morphologic differences 
exist between the two subsegments. The CCD is composed 
of principal cells and intercalated cells, the latter constitut-
ing approximately one third of the cells in this segment in 
the rat,253,264 the mouse,253,254 and the rabbit.265 In electron 
micrographs, principal cells have a light-staining cytoplasm 
and relatively few cell organelles (Figure 2.38). They  
are characterized by numerous infoldings of the basal 
plasma membrane below the nucleus. The infoldings do not 
enclose mitochondria or other cell organelles, which  
causes the basal region to appear as a light rim by light 
microscopy. Lateral cell processes and interdigitations are 
virtually absent.266 Mitochondria are small and scattered 
randomly in the cytoplasm. A few lysosomes, autophagic 
vacuoles, and multivesicular bodies are also present, as are 
rough and smooth endoplasmic reticulum and free ribo-
somes. Scanning electron microscopy of the luminal surface 
of the principal cells reveals relatively smooth membranes 
covered with short, stubby microvilli and single primary cilia 
(Figure 2.39).

Figure 2.38  Transmission electron micrograph of a principal cell from the cortical collecting duct of a normal rat kidney. Note the extensive 
infoldings of the basal plasma membrane. (×11,000.) (From Madsen KM, Tisher CC: Structural-functional relationship along the distal nephron. Am 
J Physiol 250:F1-F15, 1986.)
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rabbit.141 The light form was most commonly observed in 
the outer medulla, whereas the dark form was observed 
mainly in the cortex. Flat and invaginated vesicles were 
present in both cell configurations. The two manifestations 
of intercalated cells in the rabbit possibly correspond to type 
A and type B intercalated cells in the rat. Scanning electron 
microscopy has also revealed different surface configura-
tions of intercalated cells in the collecting duct of the 
rabbit.265 Cells with either microplicae or microvilli, or both, 
have been described, but their relationship to the two cell 
types has not been investigated. Cells with microvilli are 
prevalent in the cortex, however.

High levels of carbonic anhydrase are detectable in inter-
calated cells,269-271 suggesting that these cells are involved in 
regulating tubule fluid acidity in the collecting duct. The 
CCD is capable of both reabsorption and secretion of 
HCO3

−. Morphologic and immunocytochemical studies 
have provided evidence that the type A intercalated cells are 

basolateral membrane area than type A cells.252 By scanning 
electron microscopy, two different surface configurations 
have been described in the rat.252 The type A cell has a large 
luminal surface covered with microplicae or a mixture of 
microplicae and microvilli; the type B cell has a smaller, 
angular surface with a few microprojections, mostly in the 
form of small microvilli (see Figure 2.39).

Both type A and type B intercalated cells are present in 
the CCD of the mouse.254 However, the type B cells are less 
common than in the rat. As previously mentioned, later 
studies have identified and characterized a third type of 
intercalated cell in both the rat253 and the mouse.253,254 This 
so-called nonA–nonB type of intercalated cell constitutes 
approximately 40% to 50% of the intercalated cells in the 
CNT and initial CCD of the mouse but is fairly rare in the 
rat.253

Kaissling and Kriz described both light and dark manifes-
tations of intercalated cells in the collecting duct of the 

Figure 2.39  Scanning electron micrograph illustrating the luminal surface of a rat cortical collecting duct. The principal cells possess 
small, stubby microprojections and a single cilium. Two configurations of  intercalated cells are present: type A  (arrows), with a large luminal 
surface covered mostly with microplicae, and type B (arrowhead), with a more angular outline and a surface covered mostly with small microvilli. 
(×5900.)  (From Madsen KM, Verlander JW, Tisher CC: Relationship between structure and function in distal tubule and collecting duct. J Electron 
Microsc Tech 9:187-208, 1988.)
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presence of two types of intercalated cells in the CCD  
in both mouse and rat. Type A intercalated cells have an 
apical H+-ATPase (Figure 2.42)253,254,273-277 and a basolateral 
AE1,253,254,273,278,279 indicating that they are involved in H+ 
secretion. In contrast, type B intercalated cells have the H+-
ATPase in the basolateral plasma membrane and in cytoplas-
mic vesicles throughout the cell, and they express pendrin 
rather than AE1 in the luminal membrane.253,254,273,279-282

In the CCD of the rabbit, AE1 immunoreactivity is  
located mainly in intracellular vesicles and multivesicular 
bodies in a subpopulation of intercalated cells, and there  
is little labeling of the basolateral plasma membrane.283 

involved in H+ secretion in the CCD of the rat.272 In a 
study of the effect of acute respiratory acidosis on the CCD 
of the rat, Verlander and colleagues demonstrated a signifi-
cant increase in the surface area of the apical plasma mem-
brane of type A intercalated cells.252 No ultrastructural 
changes were observed in type B intercalated cells. Similar 
ultrastructural findings were reported in intercalated  
cells in the outer cortex of rats with acute metabolic acido-
sis; however, no distinction was made between type A  
and type B cells.188 Immunocytochemical studies using anti-
bodies to the vacuolar H+-ATPase and the erythrocyte Cl−-
HCO3

− exchanger AE1 (band 3 protein) have confirmed the 

Figure 2.40  Transmission electron micrograph from rat cortical collecting duct illustrating type A (right) and type B (left)  intercalated cells. 
Note differences in the density of organelles in the cytoplasm and the number of apical projections between the two cell types. (×5300.) (From 
Madsen KM, Verlander JW, Tisher CC: Relationship between structure and function in distal tubule and collecting duct. J Electron Microsc Tech 
9:187-208, 1988.)

Figure 2.41  Higher-magnification transmission electron micrograph illustrating the apical region of an intercalated cell from a rat kidney. Note 
especially  the  large number of  tubulocisternal profiles  (solid arrows),  invaginated vesicles  (open arrows), and small coated vesicles with  the 
appearance of clathrin vesicles (arrowheads). (×38,000.) 
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involve regulated exocytosis, endocytosis, and degradation 
and are reviewed in detail elsewhere.288-291

Another major function of the CCD is the secretion of K+. 
This process is, at least in part, regulated by mineralocorti-
coids, which stimulate K+ secretion and Na+ reabsorption in 
the isolated perfused CCD of the rabbit.292,293 Morphologic 
studies of the collecting ducts of rabbits given a low-sodium, 
high-potassium diet249 and of rabbits treated with deoxycor-
ticosterone294 demonstrated a significant increase in the 
surface areas of the basolateral plasma membranes of the 
principal cells. The observed changes were similar to those 
reported in principal cells in the connecting segment and 
in the initial collecting duct of rats on a high-potassium 
diet,260 indicating that these cells are responsible for K+ 
secretion in the CNT and CCD.

OUTER MEDULLARY COLLECTING DUCT

The function and regulation of the medullary collecting 
ducts have been described in detail by Fenton and Praeto-
rius.295 In this section, the collecting duct segments in the 
outer and inner stripes of the outer medulla are abbreviated 
OMCDo and OMCDi, respectively. The homeostatic mecha-
nisms of the OMCDs and the transport proteins responsible 
are discussed in detail in Chapters 5 to 11. The OMCDs are 
composed of principal cells and intercalated cells. In the rat 
and mouse, intercalated cells constitute approximately one 
third of the cells in both the OMCDo and the OMCDi.254,264 

Immunocytochemical studies have demonstrated that the 
H+-ATPase is located in intracellular vesicles in most inter-
calated cells in the rabbit CCD, and only a minority of 
intercalated cells in the apical plasma membrane have H+-
ATPase immunoreactivity characteristic of type A interca-
lated cells.284 These observations suggest that, under normal 
conditions, most type A intercalated cells in the rabbit CCD 
are not functionally active.

In the CNT and collecting duct, sodium is absorbed 
through an amiloride-sensitive sodium channel, ENaC, 
which is located in the apical plasma membrane of CNT and 
principal cells.285,286 The amiloride-sensitive sodium channel 
is composed of three homologous ENaC subunits, α, β, and 
γ, that together constitute the functional channel.287 All 
three subunits are expressed in CNTs and principal cells in 
the collecting duct.285,286 However, high-resolution immuno-
histochemistry and immunogold electron microscopy 
revealed that α-ENaC was expressed in both the apical 
plasma membrane and apical cytoplasmic vesicles, whereas 
β-ENaC and γ-ENaC appeared to be located in small vesicles 
throughout the cytoplasm.286 The activity of ENaC in the 
collecting duct is regulated by aldosterone and vasopressin 
as well as other hormonal systems via mechanisms that 
involve complex signaling pathways and incorporate changes 
in expression and subcellular trafficking of ENaC subunits. 
The regulation of epithelial Na+ transport by ENaC is 
complex, involving multiple mechanisms that control ENaC 
abundance at the apical cell surface. These mechanisms 

Figure 2.42  Light  micrographs  illustrating 
immunostaining  for  (A)  the  vacuolar  H+-
ATPase and  the anion exchanger, AE1,  and 
(B) pendrin and AE1 in serial sections of the 
mouse cortical collecting duct with use of a 
horseradish peroxidase technique. In A, type 
A  intercalated  cells  (arrows)  have  strong 
apical labeling for H+-ATPase and basolateral 
labeling for AE1, whereas type B intercalated 
cells  (arrowheads)  have  basolateral  and 
diffuse labeling for H+-ATPase and no AE1. In 
contrast, type B intercalated cells have apical 
labeling for pendrin (B). PT, proximal tubule. 
(Differential  interference  microscopy;  ×800.) 
(Courtesy Jin Kim, MD, Catholic University, 
Seoul, Korea.)
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intercalated cells increased concomitant with a decrease in 
the number of tubulovesicular structures in the apical 
cytoplasm.

INNER MEDULLARY COLLECTING DUCT

The IMCD extends from the boundary between the outer 
and inner medullae to the tip of the papilla. As the IMCDs 
descend through the inner medulla, they undergo succes-
sive fusions, which result in fewer tubules that have larger 
diameters (Figure 2.44). The final ducts, the ducts of Bellini, 
open on the tip of the papilla to form the area cribrosa (see 
Figure 2.3). The epithelium of the ducts of Bellini is tall, 
columnar, and similar to that covering the tip of the 
papilla.141,300 There are species differences in the length of 
the papilla, the number of fusions of the collecting ducts, 
and the height of the cells.179,300 In the rabbit, the height of 
the cells gradually increases from approximately 10 µm in 
the initial portion to approximately 50 µm close to the pap-
illary tip. In the rat, the epithelium is lower, and the increase 
in height occurs mainly in the inner half, from approxi-
mately 6 µm to 15 µm at the papillary tip.263,300

The IMCD has been subdivided arbitrarily into three por-
tions: the outer third (IMCD1), middle third (IMCD2), and 
inner third (IMCD3).263,301,302 IMCD1 is similar in ultrastruc-
ture to the OMCDi, but most of the IMCD2 and the IMCD3 
appear to represent distinct segments.302 Transport studies 
have provided evidence that the IMCD segments are func-
tionally distinct: with an initial portion, the IMCDi, corre-
sponding to the IMCD1, and a terminal portion, the IMCDt, 
including most of the IMCD2 and the IMCD3. In the fol-
lowing text, the terms IMCDi and IMCDt are used to distin-
guish these two functionally distinct segments of the inner 
medullary collecting duct.

In the rabbit, although there is a similar ratio between prin-
cipal cells and intercalated cells in the OMCDo, the number 
of intercalated cells varies in the OMCDi. This variation also 
applies to other species, and often intercalated cells are 
present only in the outer half of the OMCDi, where they 
constitute 10% to 15% of the total cell population.

Principal cells of the OMCD are similar in ultrastructure 
to those in the CCD. However, the cells become slightly taller 
and the number of organelles and basal infoldings decreases 
as the collecting duct descends through the outer medulla. 
Whether principal cells in the OMCDo are functionally 
similar to those in the CCD is a matter of debate. OMCDo 
cells express Na+-K+-ATPase in their basolateral plasma mem-
branes155 and ENaC in their apical plasma membranes,285,286 
and are believed to be involved in Na+ reabsorption; however, 
there is no evidence that they secrete K+ similarly to the CCD. 
In fact, in the rabbit, the OMCDi is a site of K+ reabsorp-
tion.296 Intercalated cells of the OMCD are similar in ultra-
structure to type A intercalated cells of the CCD (Figure 
2.43). In the OMCDi, the cells become taller and less 
electron-dense, and little difference in density of the cyto-
plasm exists between intercalated cells and principal cells. 
The main characteristics of the intercalated cells in the outer 
medulla include numerous tubulovesicular structures in the 
apical cytoplasm and prominent microprojections on the 
luminal surface. Intercalated cells are covered with micropli-
cae and often bulge into the tubule lumen.

The OMCD plays an important role in urine acidifica-
tion,297 with H+ secretion in the OMCDi occurring via an 
Na+-independent electrogenic process.298 After stimulation 
of H+ secretion, ultrastructural changes occur in interca-
lated cells in the collecting duct; for example, in rats with 
acute respiratory acidosis268 or chronic metabolic acidosis,299 
the surface areas of the apical plasma membranes of 

Figure 2.43  Transmission electron micrograph of an intercalated cell in the outer medullary collecting duct of a normal rat kidney. 
The cell has a prominent tubulovesicular membrane compartment and many microprojections on the apical surface. (×10,000.) (From Madsen 
KM, Tisher CC: Response of intercalated cells of rat outer medullary collecting duct to chronic metabolic acidosis. Lab Invest 51:268-276, 1984.)
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Figure 2.44  Scanning electron micrographs of the normal papillary collecting duct of a rabbit. A, The junction between two subdivisions 
at low magnification. (×600.) B, Higher-magnification view (×4250) illustrating the luminal surfaces of individual cells with prominent microvilli 
and single cilia.  (A courtesy Ann LeFurgey, PhD; B from LeFurgey A, Tisher CC: Morphology of rabbit collecting duct. Am J Anat 155:111-124, 
1979.)
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In both rat301 and mouse254 species the IMCDi consists of 
principal cells (Figure 2.45) and intercalated cells, the latter 
constituting approximately 10% of the total cell popula-
tion.301 Both cell types are similar in ultrastructure to the 
cells in the OMCDi and are believed to have the same func-
tional properties. In the rabbit, the IMCDi is often com-
posed of only one cell type, similar in ultrastructure to the 
predominant cell type in the OMCDi.141 However, in some 
rabbits, intercalated cells can be found in this segment.

In rats, the transition from the IMCDi to the IMCDt is 
gradual and occurs in the outer part of the IMCD2.263,302 The 
IMCDt consists mainly of one cell type, the IMCD cell. It is 
cuboid to columnar with a light-staining cytoplasm and few 
cell organelles (Figure 2.46). It contains numerous ribo-
somes and many small coated vesicles resembling clathrin-
coated vesicles. Small, electron-dense bodies representing 
lysosomes or lipid droplets are present in the cytoplasm, 
often located beneath the nucleus. The luminal membrane 
has short, microvilli that are more numerous than on prin-
cipal cells, and they are covered with an extensive glycoca-
lyx. Infoldings of the basal plasma membrane are sparse. By 
scanning electron microscopy, the luminal surfaces of IMCD 
cells are covered with numerous small microvilli (Figures 
2.47 and 2.48), with only a proportion of cells possessing 
single central cilia.302

The functional properties of the IMCD have been studied 
by in vivo micropuncture of the exposed rat papilla by 
microcatheterization through a duct of Bellini179,263 or the 
isolated perfused tubule technique. Use of these techniques 
has established that the IMCD is involved in the reabsorp-
tion of Na+, Cl−, K+, urea, and water and the acidification of 
urine. The permeability properties of the epithelium and 
the various transport proteins responsible are discussed in 
detail in Chapters 6 and 10.

INTERSTITIUM

The renal interstitium is composed of interstitial cells and 
a loose, extracellular matrix consisting of sulfated and  
nonsulfated glucosaminoglycans.303,304 The quantity of 
interstitial tissue in the cortex is limited, and the tubules 
and capillaries are often directly apposed to each other.  
The interstitium constitutes 7% to 9% of the cortical  
volume in the rat,40,305 3% of which is interstitial cells, and 
the remaining the extracellular space.303 In the medulla, a 
gradual increase occurs in interstitial volume, from  
10% to 20% in the outer medulla to approximately 30% to 
40% at the papillary tip in both the rat and the rabbit.300,306 
The interstitial volume in the rat kidney constitutes 
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Figure 2.45  Transmission electron micrograph of a principal cell from the initial portion of the rat inner medullary collecting duct. 
Few organelles are present in the cytoplasm, and apical microprojections are sparse. (×11,750.)  (From Madsen KM, Clapp WL, Verlander JW: 
Structure and function of the inner medullary collecting duct. Kidney Int 34:441-454, 1988.)

Figure 2.46  Transmission electron micrograph of cells from the terminal portion of the rabbit inner medullary collecting duct. The 
cells are tall, possess few organelles, and exhibit small microprojections on their apical surfaces. Ribosomes and small coated vesicles are 
scattered throughout the cytoplasm. (×7000.) 
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Figure 2.47  Scanning electron micrograph from the middle 
portion of the rat inner medullary collecting duct.  The  luminal 
surface is covered with small microvilli, and some cells possess single 
cilia. (×10,500.) (From Madsen KM, Clapp WL, Verlander JW: Structure 
and function of the inner medullary collecting duct. Kidney Int 34:441-
454, 1988.)

Figure 2.48  Scanning electron micrograph of the terminal portion of rabbit inner medullary collecting duct. The cells are tall and covered 
with small microvilli on their  luminal surfaces. Small  lateral cell processes project  into the lateral  intercellular spaces.  (×6000.)  (From Madsen 
KM, Clapp WL, Verlander JW: Structure and function of the inner medullary collecting duct. Kidney Int 34:441-454, 1988.)

approximately 13% of the total kidney volume; in the rabbit 
kidney, approximately 18%.307

CORTICAL INTERSTITIUM

The cortical interstitium can be divided into a wide intersti-
tial space, located between two or more adjacent renal 
tubules, and a narrow or slitlike interstitial space, located 
between the basement membrane of a single tubule and the 
adjacent peritubular capillary.308,309 Whether such a division 
has any functional significance is unknown; however, it is of 
interest that approximately two thirds of the total peritubu-
lar capillary wall faces the narrow compartment and that this 
portion of the vessel wall is fenestrated.305 This relationship 
might facilitate the control of fluid reabsorption across the 
basolateral membrane of the proximal tubule via Starling 
forces.

There are two types of interstitial cells in the cortex: one 
that resembles a fibroblast (type 1 cortical interstitial cell) 
(Figure 2.49) and another, less common mononuclear or 
lymphocyte-like cell (type 2 cortical interstitial cell).303,308 
Type 1 cells are positioned between the basement mem-
branes of adjacent tubules and peritubular capillaries. They 
have a stellate appearance and contain irregularly shaped 
nuclei and a well-developed rough- and smooth-surfaced 
endoplasmic reticula. Type 2 cells are usually round, with 
sparse cytoplasm and few cell organelles. Antigen-presenting 
dendritic cells are among the fibroblasts in the peritubular 
interstitium in both cortex and outer medulla of the normal 
rat kidney.310 The interstitial space contains a loose, floccu-
lent material of low density and small bundles of collagen 
fibrils. In humans, types I and III collagen and fibronectin 
are present in the interstitium of the cortex,311 whereas type 
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Most interstitial cells in the inner medulla are the lipid-
containing type 1 interstitial cells,318 which are often referred 
to as the renomedullary interstitial cells. They have long cyto-
plasmic projections that give them an irregular, star-shaped 
appearance. The cells are often arranged in rows between 
the loops of Henle and vasa recta, with their long axes per-
pendicular to those of adjacent tubules and vessels, thus 
resembling the rungs of a ladder (Figure 2.50). The elon-
gated cell processes are in close contact with the thin limbs 
of Henle and the vasa recta, but direct contact with collect-
ing ducts is observed only rarely. Often, a single cell is in 
contact with several vessels and thin limbs.309 The long cyto-
plasmic processes from different cells are often connected 
by specialized cell junctions that vary in both size and shape 
and contain elements of tight junctions, intermediate junc-
tions, and gap junctions.319,320

The ultrastructure of the type 1 medullary interstitial cells 
has been described in rat,309 rabbit,308,318 and human kidneys. 
They contain numerous lipid inclusions or droplets in the 
cytoplasm that vary considerably in both size and number 
(Figure 2.51). An average diameter of 0.4 to 0.5 µm has 
been reported in the rat, but profiles of up to 1 µm in diam-
eter were also observed.321 The droplets have a homoge-
neous content and have no limiting membrane; however, 
they are often surrounded by smooth cytomembranes with 
a thickness of 6 to 7 nm. The cells contain large amounts 
of rough endoplasmic reticulum that often is continuous 
with elements of the smooth cytoplasmic membranes. Mito-
chondria are sparse and scattered randomly in the cyto-
plasm. A small number of lysosomes are present, but 

V collagen has been described in the cortical interstitium  
of the rat.312 The peritubular, fibroblast-like interstitial 
cells express an ecto-5′-nucleotidase and are likely the 
site of erythropoietin production in the kidney.313-315 The 
lymphocyte-like interstitial cells in the cortex are believed 
to represent bone marrow–derived cells. The morphology 
and functional aspects of the renal interstitium in the 
healthy and the fibrotic kidney have been reviewed 
elsewhere.316,317

MEDULLARY INTERSTITIUM

Three types of interstitial cells have been described in the 
renal medulla of the rat and the rabbit.308,309 Type 1 cells are 
prominent, lipid-containing interstitial cells that resemble 
the type 1 cells in the cortex but do not express erythropoi-
etin messenger RNA (mRNA) or contain ecto-5′-
nucleotidase.314,315 Type 1 cells are present throughout the 
inner medulla and are also found in the inner stripe of the 
outer medulla. The type 2 medullary interstitial cell is a 
lymphocyte-like cell present in the outer medulla and in the 
outer part of the inner medulla that is virtually identical to 
the mononuclear cell (type 2 interstitial cell) in the cortex. 
It is free of lipid droplets, but lysosome-like bodies are often 
observed. Type 2 cells are sometimes found together with 
type 1 cells. The type 3 cell is a pericyte that is located in 
the outer medulla and the outer portion of the inner 
medulla. It is closely related to the descending vasa recta, 
where it is found between two leaflets of the basement 
membrane.

Figure 2.49  Transmission electron micrograph of type 1 cortical interstitial cell (asterisk) from a rat. A peritubular capillary is located at right 
center. (×9300.) 
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of the animal325,326 and on the species.318 In the rat, lipid 
droplets constitute 2% to 4% of the interstitial cell volume, 
and the volume depends largely on the physiologic state of 
the animal.321 The lipid droplets were originally reported to 
decrease in both size and number after 24 hours of dehydra-
tion,326 but a later study could not confirm these 
findings.321

The functions of type 1 interstitial cells (renomedullary 
interstitial cells) are incompletely understood. The cells 
likely provide structural support in the medulla because of 
their special arrangement perpendicular to the tubules and 
vessels. The close relationship between type 1 interstitial 
cells and the thin limbs and capillaries also suggests a pos-
sible interaction with these structures. Owing to the well-
developed endoplasmic reticulum and prominent lipid 
droplets, type 1 interstitial cells may also be secretory in 
nature.327 The lipid droplets are not secretory granules in 
the usual sense, however, because they have no limiting 
membrane and there is no evidence that they are secreted 
by the cell. The droplets have been isolated from homoge-
nates of the renal medulla of both the rat328,329 and the 
rabbit.330 They consist mainly of triglycerides and small 
amounts of cholesterol esters and phospholipids.329 The tri-
glycerides are rich in unsaturated fatty acids, including ara-
chidonic acid.328,330

endocytic vacuoles are sparse. An unusual type of cylindrical 
body, measuring 0.1 to 0.2 µm in diameter and up to 11 mm 
in length and believed to be derived from the endoplasmic 
reticulum, has been described in the type 1 interstitial 
cells.303,322-324 These structures were observed originally in 
dehydrated rats and were believed to represent a response 
to severe dehydration,322 but subsequent studies demon-
strated their presence under normal conditions.323 The walls 
of the cylinders consist of two triple-layered membranes, 
each measuring 6 nm in thickness, and connections between 
the walls and the membranes of the endoplasmic reticulum 
have been observed.322 The functional significance of these 
cylindrical structures remains unknown. The number and 
size of the lipid inclusions in the type 1 medullary interstitial 
cells vary considerably, depending on the physiologic state 

Figure 2.50  Light micrograph of the renal medullary interstitium 
from a normal rat. The lipid-laden type 1 interstitial cells bridge the 
interstitial space between adjacent thin limbs of Henle (TL) and vasa 
recta (VR). (×830.) 

VR

TL

TL

Figure 2.51  Higher-magnification  electron  micrograph  illustrating 
the  relationship  between  the  electron-dense  lipid  droplets,  which 
almost  fill  the  type  1  medullary  interstitial  cells,  and  the  granular 
endoplasmic reticulum  (arrows). Wisps of basement membrane–like 
material adjacent to the surfaces of the cells are contiguous with the 
basement membranes of the adjacent tubules (lower right). (×12,000.) 
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cortex, and into the hilar region (Figure 2.53). In the dog 
kidney, two types of tributaries have been described in asso-
ciation with the surface lymphatics.345 So-called communi-
cating lymphatic channels were found in small numbers, 
usually in association with an interlobular artery and vein; 
these lymphatics penetrated the capsule and appeared to 
represent a connection between the hilar and capsular 
systems. The second type of vessel, the so-called perforating 
lymphatic channel, penetrated the capsule alone or in asso-
ciation with a small vein; these channels appeared to repre-
sent a primary pathway for lymph drainage from the 
superficial cortex. From a study in the dog kidney, investiga-
tors concluded that medullary lymphatics do not exist in 
this species, and they suggested that interstitial fluid from 
the medulla may drain to the arcuate or interlobar lymphat-
ics.346 It has also been suggested that plasma proteins are 
cleared from the medullary interstitium through the ascend-
ing vasa recta.347-349 Microscopic examination shows that the 
wall of the interlobular lymphatic vessel is formed by a single 
endothelial layer and does not have the support of a base-
ment membrane.341 The arcuate and interlobar lymphatic 
vessels are similar in appearance, although the latter possess 
valves.

INNERVATION

The efferent nerve supply to the kidney arises largely  
from the celiac plexus, with additional contributions origi-
nating from the greater splanchnic nerve, the intermesen-
teric plexus, and the superior hypogastric plexus.350 The 

The renomedullary interstitial cells are a major site of 
prostaglandin synthesis, with the major product being 
PGE2.331 Prostaglandin synthesis in the renomedullary inter-
stitial cells is mediated by cyclo-oxygenase-2 (COX-2),332 
which increases in expression in response to water depriva-
tion or hypertonicity.332-334 Binding sites for several vasoac-
tive peptides, including angiotensin II, are also present in 
renomedullary interstitial cells,335,336 and there is evidence 
that angiotensin may be involved in the regulation of pros-
taglandin production in the renal medulla.337 Finally, the 
interstitial cells are responsible for the synthesis of the gly-
cosaminoglycans, in particular hyaluronic acid, that are 
present in the matrix material of the interstitium.338

Little is known about the function of the type 2 and type 
3 medullary interstitial cells. The type 2 cells are probably 
phagocytic,303 but the function of type 3 cells remains 
unknown.

LYMPHATICS

Interstitial fluid can leave the kidney through two different 
lymphatic networks, a superficial capsular system and a 
deeper hilar system.339,340 Our knowledge of the distribution 
of lymphatics is limited. Intrarenal lymphatics are embed-
ded in the periarterial loose connective tissue around the 
renal arteries and are distributed primarily along the inter-
lobular and arcuate arteries in the cortex.339-341 Kriz and 
Dieterich341 believed that the cortical lymphatics begin as 
lymphatic capillaries in the area of the interlobular arteries 
and that these capillaries drain into the arcuate lymphatic 
vessels at the region of the corticomedullary junction 
(Figure 2.52). The arcuate lymphatic vessels drain to hilar 
lymphatic vessels through interlobar lymphatics. Numerous 
valves have been described within the interlobar and hilar 
lymphatic channels.340,341 In the horse, glomeruli are often 
completely surrounded by lymphatic channels, whereas in 
the dog, only a portion of the glomerulus is surrounded by 
lymphatics.340

In the dog, small lymphatic channels, in close apposition 
to both proximal and distal tubules, have been observed in 
addition to the interlobular arteries.342 Furthermore, in the 
dog kidney the existence of cortical intralobular lymphatics 
closely associated with terminal arteries, arterioles, renal 
corpuscles, and tubule elements has been reported.343 Mor-
phometric analysis revealed that the cross-sectional area of 
interlobular lymphatics was almost twice that of intralobular 
lymphatics in the cortex, with the volume density of renal 
cortical lymphatics approximately 0.17%.343 Similar mor-
phometric studies in the rat, hamster, and rabbit revealed 
volume densities of cortical lymphatics of 0.11%, 0.37%, 
and 0.02%, respectively.344

A less extensive system of lymphatic vessels is present 
within and immediately beneath the renal capsule.340,341 The 
lymphatic vessels of the renal capsule drain into subcapsular 
lymphatic channels that lie adjacent to interlobular arteries 
just beneath the renal capsule. These lymphatic vessels 
appear to provide continuity between the major intrarenal 
lymphatic vessels within the cortex (interlobular and arcuate 
lymphatic vessels) and the capsular lymphatic vessels; thus, 
in some animals, a continuous system of lymphatic drainage 
has been observed from the renal capsule, through the 

Figure 2.52  Diagram of the lymphatic circulation in the mammalian 
kidney.  (Modified from Kriz W, Dieterich HJ: [The lymphatic system of 
the kidney in some mammals. Light and electron microscopic investiga-
tions]. Z Anat Entwicklungsgesch 131:111-147, 1970.)
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apparatus,126,357,358 and in the connecting segment and the 
CCD.359 Autoradiographic studies have also shown that 
injected tritiated norepinephrine is associated with both 
proximal and distal convoluted tubules, indicating mono-
aminergic innervation of these tubules.19 The TAL receives 
the largest nerve supply.19

Myelinated and unmyelinated nerve fibers have been 
demonstrated in the corticomedullary region and in peri-
vascular connective tissue.360 Electron microscopic autoradi-
ography revealed that tritiated norepinephrine is 
concentrated mainly on unmyelinated fibers, suggesting 
that these fibers are adrenergic in nature.360 There is evi-
dence that renal nerves possess fibers containing neuropep-
tide Y, a potent vasoconstrictor,361,362 as well as immunoreactive 
somatostatin and neurotensin.362 Vasoactive intestinal poly-
peptide immunoreactive nerve fibers are also well docu-
mented in the kidney.362 Earlier studies describing 
cholinergic nerve fibers within the renal parenchyma have 
fallen into disrepute because the conclusions were based 
largely on the presence of acetylcholinesterase.352

The afferent renal nerves are found principally in the 
pelvic region, the major vessels, and the corticomedullary 
connective tissue.358 Most, although not all, afferent renal 
nerves are unmyelinated.363 Largely on the basis of immu-
nocytochemical localization of calcitonin gene–related 
peptide, a marker of afferent nerve fibers, Barajas and asso-
ciates358 suggested that these immunoreactive nerve fibers 
may be involved in baroreceptor and afferent nerve 
responses to changes in arterial, venous, interstitial, or intra-
pelvic pressure.
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Under resting conditions, blood flow to the kidneys repre-
sents approximately 20% of cardiac output in humans even 
though these organs constitute less than 1% of body mass. 
This rate of blood flow, approximately 400 mL per 100 g of 
tissue per minute, is significantly greater than that observed 
in other vascular beds considered to be well perfused, such 
as heart, liver, and brain.1 From this enormous blood flow 
(1.0 to 1.2 L/minute), only a small quantity of urine is 
formed (1 mL/minute). Although the metabolic energy 
requirement of urine production is relatively high (approxi-
mately 10% of basal O2 consumption), the renal arteriove-
nous O2 difference reveals that blood flow far exceeds 
metabolic demands. In fact, the high rate of blood flow is 
essential to the process of urine formation as described later.

The kidney contains several distinct microvascular net-
works, including the glomerular microcirculation, the corti-
cal peritubular microcirculation, and the unique 
microcirculations that nourish and drain the inner and 
outer medulla. In Chapter 2 the gross anatomy of the kidney 
and arrangement of tubular segments were described. In 
this chapter we consider the intrarenal organization of the 

discrete microcirculatory networks and regional renal blood 
flows as well as how this anatomy contributes to the physi-
ologic factors that regulate renal blood flow (RBF) and 
glomerular filtration rate (GFR).

MAJOR ARTERIES AND VEINS

Blood supply for each kidney is provided by a renal artery 
that branches directly from the abdominal aorta. The 
human renal artery typically branches into multiple segmen-
tal vessels at a point just before entry into the renal paren-
chyma (Figure 3.1). Therefore, complete obstruction of an 
arterial segmental vessel results in ischemia and infarction 
of the tissue in its area of distribution. In fact, ligation of 
individual segmental arteries has frequently been per-
formed in the rat to reduce renal mass and produce the 
remnant kidney model of chronic renal failure. Morpho-
logic studies in this model reveal the presence of ischemic 
zones adjacent to the totally infarcted areas. These regions 
contain viable glomeruli that appear shrunken and crowded 
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Figure 3.1  Simplified drawing of the human kidney in cross section, 
illustrating  the organization of vasculature. A single nephron  is also 
drawn  to  show  the  interlobular  artery  entering  into  the  glomerular 
capillary network.  (From Fox SI: Human physiology, ed 6, New York, 
1999, McGraw-Hill, pg 529. Reproduced with permission of The 
McGraw-Hill Companies.)
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Figure 3.2  Low-power photomicrograph of silicone rubber-injected 
vascular structures in human renal cortex. The tissue has been made 
transparent by dehydration and clearing procedures after  injection. 
Interlobular  arteries  (some  indicated  by  arrows)  arise  from  arcuate 
arteries (not seen) and extend toward the kidney surface. The glom-
eruli, visible as small round objects, arise from the interlobular vessels 
at all cortical levels. (×5.) (Courtesy of R Beeuwkes, PhD.)

Figure 3.3  Photomicrograph  of  a  single  interlobular  artery  and 
glomeruli  arising  from  it  as  seen  in  a  cleared  section  of  a  silicone 
rubber–injected human kidney. Afferent arterioles (arrows) extend to 
glomeruli. Efferent vessels emerging  from glomeruli branch  to  form 
the cortical postglomerular capillary network. The photomicrograph 
is oriented so that the outer cortex is at the top and the inner cortex 
is at the bottom. (×25.) (Courtesy R. Beeuwkes, PhD.)

together, demonstrating that some portions of the renal 
cortex may have partial dual perfusion.2

The anatomic distribution just described is most common; 
however, other patterns may occur.3,4 Not infrequently, sec-
ondary renal arteries may result from division of the renal 
artery at the aorta. These vessels, which most often supply 
the lower pole,5 may be the sole arterial supply of some part 
of the kidney.6 Such additional arteries are found in 20% to 
30% of normal individuals.

Within the renal sinus of the human kidney, division of 
the segmental arteries gives rise to the interlobar arteries. 
These vessels, in turn, give rise to the arcuate arteries, whose 
several divisions lie at the border between the cortex and 
medulla (see Figure 3.1). From the arcuate arteries, the 
interlobular arteries branch more or less sharply, most often 
as a common trunk that divides two to five times as it extends 
toward the kidney surface7,8 (Figure 3.2). Afferent arterioles 
leading to glomeruli arise from the smaller branches of the 
interlobular arteries (Figure 3.3). Glomeruli are classified 
according to their position within the cortex as superficial 
(i.e., near the kidney surface), midcortical, or juxtamedul-
lary (near the corticomedullary border). The capillary 
network of each glomerulus is connected to the postglo-
merular (peritubular) capillary circulation by way of the 
efferent arterioles. Both the nomenclatures and the pat-
terns of the renal arterial system are similar in most of the 
mammals commonly used experimentally. For example, the 
main arterial branches that lie beside the medullary pyramid 
are called interlobar, even in animals such as rodents that 
have but a single lobe.
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arteriole.9,10 Approximately 70% of the postglomerular 
hydraulic pressure drop takes place along the efferent arte-
rioles, with approximately 40% of the total postglomerular 
resistance accounted for by the early efferent arteriole (see 
Figure 3.4). Of note, studies of juxtamedullary nephrons 
perfused via the arcuate artery indicate that the very late 
portion of the afferent arteriole (last 50-150 µm) and the 
very early portion of the efferent arteriole (first 50-150 µm) 
provide a large portion of the total preganglionic and post-
glomerular resistance.9,10 Indeed, elegant work by Peti-
Peterdi and associates using multiphoton imaging indicate 
the presence of an intraglomerular precapillary sphinc-
ter11,12 (Figure 3.5).

TOTAL RENAL BLOOD FLOW

Total RBF in humans typically exceeds 20% of the cardiac 
output, or about 1 to 1.2 L/min for a man. The classic 
method of determining total RBF is first to determine renal 
plasma flow using the “clearance” of an indicator substance 
from blood passing through the kidney and its subsequent 
appearance in the urine. The simple formula for the clear-
ance of any substance is as follows:

 C U V/Px x x=  (1)

where Cx is the clearance of a substance x, Ux is the urinary 
concentration of x, V is urine flow rate, and Px is the plasma 
concentration of x.

If the substance is neither metabolized nor synthesized in 
the kidney then its rate of appearance in the urine equals 
its rate of extraction from the blood. The blood extraction 
rate is equal to the renal plasma flow rate multiplied by the 
difference between the arterial and renal venous plasma 
concentrations. This can be expressed mathematically as 
follows:

 U V Art Vein RPFx x x= − ×( )  (2)

HYDRAULIC PRESSURE PROFILE OF THE  
RENAL CIRCULATION

The pressure drop between the systemic vasculature and the 
end of the interlobular artery in both the superficial and 
the juxtamedullary microvasculature can be as much as 
25 mm Hg at normal perfusion pressures, with the majority 
of that pressure drop occurring along the interlobular arter-
ies (Figure 3.4). However, on the basis of studies of the 
vasculature of a unique set of juxtamedullary nephrons, 
most of the preglomerular pressure drop between the 
arcuate artery and the glomerulus occurs along the afferent 

Figure 3.4  Hydraulic pressure profile in the renal vasculature based 
on a variety of micropuncture studies  in superficial nephrons of the 
rat and squirrel monkey as well as values obtained by micropuncture 
of  juxtamedullary  nephrons  in  the  rat.  For  these  latter  studies  the 
arcuate artery was perfused with whole blood at normal arterial pres-
sures, and hydraulic pressures were measured at downstream sites, 
including  the  interlobular artery,  the proximal and distal portions of 
the afferent arteriole, the glomerular capillaries, the proximal and late 
segments of the efferent arteriole, the peritubular capillaries, and the 
renal vein. (See references 76 and 88 for sources of data used to gener-
ate the profile.)
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Figure 3.5  Constriction  of  the  terminal  afferent  arteriole  (AA),  an  intraglomerular  precapillary  sphincter,  in  response  to  elevations  in  distal 
tubular salt content. A and B, Transmitted light–differential interference contrast (DIC) images. A, Control, with NaCl concentration at the macula 
densa at 10 mM. B, NaCl concentration is increased to 60 mM, resulting in an almost complete closure of the AA. C, Fluorescence image of 
the same preparation as shown in B. Vascular endothelium and tubular epithelium are labeled with R18  (red), renin granules with quinacrine 
(green), cell nuclei with Hoechst 33342 (blue). Note that renin-positive granular cells constitute the sphincter. MD, macula densa. Scale bar = 
10 µm. (From Peti-Peterdi J: Multiphoton imaging of renal tissues in vitro. Am J Physiol Renal Physiol 288:F1079-F1083, 2005.)
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where Ux is urine concentration of the indicator, V is urine 
flow rate, Artx and Veinx are arterial and renal venous con-
centrations of the indicator, respectively, and RPF is renal 
plasma flow rate. Rearranging we get:

 RPF U V/ Art Veinx x x= −( ) (3)

RBF can then be calculated by dividing RPF by the plasma 
fraction of whole blood (from the hematocrit, Hct):

 RBF RPF/ Hct= −( )1  (4)

Historically, RBF has been estimated from determinations 
of renal plasma flow using p-aminohippuric acid (PAH) as 
the indicator. This substance is both filtered at the glomeru-
lus and actively secreted by the tubules, resulting in the 
renal extraction of 70% to 90% of PAH from the blood. Not 
all the PAH is removed from the kidney circulation because 
of flow through regions of the kidney (e.g., medulla) that 
do not perfuse proximal tubule segments where secretion 
occurs, incomplete removal of PAH in (some) cortical 
regions, and the presence of periglomerular shunts (Figure 
3.6). If the extraction is assumed to be equal to 100% (renal 
venous concentration equals zero) then the clearance of 
PAH, using equation 1 ((UPAH × V)/ArtPAH), provides a 
simple, noninvasive approximation of RPF. This approxima-
tion is often termed “effective” renal plasma flow (ERPF) 
and provides an estimate of RPF without the need for a 
renal venous blood sample. However, this estimate of renal 
plasma flow is much less accurate in renal disease because 
extraction is further reduced by damage to proximal tubule 
segments involved in PAH secretion.13 Figure 3.7 shows 
some typical values for ERPF and GFR in adult humans from 
a number of studies.

Micropuncture studies performed in vivo in experimental 
animals provide more accurate and detailed information 
about cortical blood flow but the medulla is less accessible 
to micropuncture, and thus the medullary blood flow has 

Figure 3.6  Anatomy of the medullary microcirculation.  In  the 
cortex, interlobular arteries arise from the arcuate artery and ascend 
toward  the  cortical  surface.  Cortical  and  juxtamedullary  glomeruli 
branch from the interlobular artery. The majority of blood flow reaches 
the medulla through juxtamedullary efferent arterioles; however, there 
is evidence that some may also be from periglomerular shunt path-
ways.  In  the outer medulla,  juxtamedullary efferent arterioles  in  the 
outer stripe give rise to descending vasa recta (DVR) that coalesce to 
form  vascular  bundles  in  the  inner  stripe.  DVR  on  the  periphery  of 
vascular bundles give rise to the interbundle capillary plexus that sur-
rounds nephron segments (thick ascending limb, collecting duct, long-
looped thin descending limbs [not shown]). DVR in the center continue 
across the inner-outer medullary junction to perfuse the inner medulla. 
Thin descending limbs of short-looped nephrons may also associate 
with the vascular bundles in a manner that is species dependent (not 
shown).  Inner  medulla:  Vascular  bundles  disappear  in  the  inner 
medulla, and vasa recta become dispersed with nephron segments. 
Ascending vasa recta (AVR) that arise from the sparse capillary plexus 
of inner medulla return to the cortex by passing through outer medul-
lary  vascular  bundles.  DVR  have  a  continuous  endothelium  (inset). 
(From Pallone TL, Zhang Z, Rhinehart K: Physiology of the renal medullary 
microcirculation. Am J Physiol 284:F253-F266, 2003.)
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been less studied. For detailed discussion of historical 
methods of RBF measurements, the reader is referred to 
Dworkin and Brenner.13 Improved methods of RBF mea-
surement have been introduced with laser Doppler flow-
metry, video microscopy, and imaging techniques such as 
positron emission tomography (PET), high-speed com-
puted tomography (CT), and magnetic resonance imaging 
(MRI).13-17 These methods have been especially useful in 
determining regional blood flow as discussed later.

INTRARENAL BLOOD FLOW 
DISTRIBUTION

The cortex accounts for filtration and the majority of reab-
sorption, whereas the medulla’s primary function is mainte-
nance of a hypertonic gradient and urine concentration. 
Therefore, RBF to these regions is differentially regulated 
in response to the differing demands of these two kidney 
regions.18 There are structural differences in vascular com-
ponents of the cortex and the medulla that may account for 
differences in RBF, namely, the organization of the afferent 
and efferent arterioles of the cortical and juxtamedullary 
glomeruli. Studies conducted in rabbits demonstrated that 
cortical afferent arterioles have larger internal diameters 
than the efferent arterioles, whereas juxtamedullary affer-
ent and efferent arterioles are significantly larger and the 
efferent arteriole is more muscular compared to the cortical 
arterioles.18,19 In addition, the cortical peritubular capillar-
ies, derived from efferent arterioles of cortical glomeruli, 
are about half the size of the medullary vasa recta derived 
from efferent arterioles of the juxtamedullary glomeruli 

Figure 3.7  Typical  values  for  glomerular  filtration  rate  (GFR)  and 
renal plasma flow (ERPF)  from five studies  in adult humans. Values 
from men and women were pooled. Numbers under each set of bars 
refer to the following studies: 1, Giordano and Defronzo356; 2, Winetz 
et al357; 3, Hostetter358; 4, Deen et al359; 5, Chagnac et al.360 For studies 
1 through 3 and 5, values were obtained after approximately 12 hours 
of fasting; subjects in study 4 were allowed food ad libitum. For study 
5, values  from  lean subjects  (average body mass  index  [BMI] = 22) 
were  compared  with  those  from  obese  nondiabetic  individuals  
(BMI > 38) after a 10-hour fast, and those values were not corrected 
for body surface area. 
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(Figure 3.8).18 These features may partially explain the dif-
ferential control of medullary and cortical blood flows. 
Additional factors include sympathetic nerve activity and 
hormonal influences.

VASCULAR-TUBULE RELATIONS

Cortical vascular-tubule relations have been described most 
completely in the canine kidney.7,20,21 These studies show 
that, except for convoluted tubule segments in the outer-
most region of the cortex, the efferent peritubular capillary 
network and the nephron arising from each glomerulus are 
often dissociated. In addition, even though the blood supply 
of many superficial proximal and distal convoluted tubules 
is derived from peritubular capillaries arising from the 
parent glomerulus of the same nephron (Figure 3.9), the 
loops of Henle of such nephrons, descending in the medul-
lary ray, are surrounded by blood vessels emerging from 
many midcortical glomeruli through efferent arterioles that 
extend directly into the ray. Nephrons originating from 
midcortical glomeruli have proximal and distal convoluted 
tubule segments lying close to the interlobular axis in the 
region above the glomerulus of origin. This region is per-
fused by capillary networks arising from the efferent arteri-
oles of more superficial glomeruli. It is in the inner cortex, 
however, that this dissociation between individual tubules 
and the corresponding postglomerular capillary network is 
most apparent. The convoluted tubule segments of these 
nephrons lie above the glomeruli surrounded either by the 
dense network close to the interlobular vessels or by capil-
lary networks arising from other inner cortical glomeruli.

Efferent vessel patterns and vascular-tubule relationships 
in the human kidney are similar to those in the dog 
kidney.21,22 In general, a close association between the initial 
portions of peritubular capillaries and early and late proxi-
mal tubule segments of the same glomerulus has been 
shown.23-25 However, this close association does not mean 
that each vessel adjacent to a given tubule necessarily arises 
from the same glomerulus. In fact, Briggs and Wright26 
found that although superficial nephron segments and 
vessels arising from the same glomerulus are closely associ-
ated, each vessel may serve segments of more than one 
nephron.

CORTICAL BLOOD FLOW

The majority of RBF perfuses the cortex. Vasoconstrictors 
such as angiotensin II, endothelin, and noradrenaline have 
much greater effects on cortical blood flow than on medul-
lary blood flow, whereas vasodilators such as bradykinin and 
nitric oxide tend to selectively increase medullary blood 
flow.18 There can be extensive redistribution of blood flow 
in the kidney under various conditions that may be impor-
tant in physiologic and pathophysiologic conditions.27 
Studies by Trueta28 of RBF distribution after hemorrhage 
were among the first performed. These studies indicated 
that during shock, RBF appeared to be shunted through the 
medulla. This phenomenon, observed more than 60 years 
ago in qualitative studies of the distribution of India ink and 
radiographic contrast media, was subsequently termed “cor-
tical ischemia with maintained blood flow through the 
medulla.”29
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Figure 3.8  A, Resin cast of the renal vasculature of a rabbit, depicting both cortical and medullary vessels (scale bar = 1 mm). Note that the 
cortical peritubular capillaries are considerably smaller in diameter than the medullary vasa recta. B, Cortical glomeruli showing afferent (upper 
vessel) and efferent arterioles and the capillary tuft (scale bar = 60 µm). C, Juxtamedullary glomeruli showing afferent (upper vessel) and efferent 
arterioles and the capillary tuft (scale bar 60 = µm). Note that the juxtamedullary arterioles are larger in diameter than the cortical glomerular 
arterioles, particularly the efferent arterioles. (From Evans RG, Eppel GA, Anderson WP, Denton KM: Mechanisms underlying the differential control 
of blood flow in the renal medulla and cortex. J Hypertens 22:1439-1451, 2004.)
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that is negatively charged.32 Beneath the fenestrae of the 
endothelial cells lies a basement membrane that completely 
surrounds the capillary. For the most part, peritubular capil-
laries are closely apposed to cortical tubules (Figure 3.10), 
so that the extracellular space between the tubules and 
capillaries constitutes only about 5% of the cortical volume.33 
The tubular epithelial cells are surrounded by the tubular 
basement membrane, which is distinct from and wider than 
the capillary basement membrane (see Figure 3.10). Numer-
ous microfibrils connect the tubular and capillary basement 
membranes, a feature that may help limit expansion of the 
interstitium and maintain close contact between tubular 
epithelial cells and the peritubular capillaries during periods 
of high fluid flux.34 Thus, the pathway for fluid reabsorption 
from the tubular lumen to the peritubular capillary is com-
posed, in series, of the epithelial cell, tubular basement 
membrane, a narrow interstitial region containing microfi-
brils, the capillary basement membrane, and the thin mem-
brane bridging the endothelial fenestrae.34

Like the endothelial cells, the basement membrane of the 
peritubular capillaries possesses anionic sites.32 The electro-
negative charge density of the peritubular capillary base-
ment membrane is significantly greater than that observed 
in the unfenestrated capillaries of skeletal muscle and 
similar to that observed in the glomerular capillary bed. 
Although the function of the anionic sites in the peritubular 
capillaries is uncertain, it is likely, by analogy to the 

PERITUBULAR CAPILLARY DYNAMICS

The same Starling forces that control fluid movement across 
all capillary beds govern the rate of fluid movement across 
peritubular capillary walls. Owing to the relatively high resis-
tance along the afferent and efferent arterioles, a large drop 
in hydraulic pressure occurs prior to the peritubular capil-
laries. In addition, as protein-free fluid is filtered out of the 
glomerular capillaries and into Bowman’s space, the oncotic 
pressure of blood flowing into the peritubular capillaries 
increases because of “trapped” plasma proteins. The sum of 
these forces favors fluid movement into the peritubular cap-
illaries. Alterations in the net driving force for reabsorption 
(i.e., the balance between the transcapillary oncotic and 
hydraulic pressure gradients) have significant effects on net 
proximal reabsorption.30 The absolute amount of move-
ment resulting from this driving force also depends on the 
peritubular capillary surface area available for fluid uptake 
and the hydraulic conductivity of the capillary wall. Values 
for the hydraulic conductivity of the peritubular capillaries 
are not as great as those for the glomerular capillaries, but 
this difference is offset by the much larger total surface area 
of the peritubular capillary network.

In the rat, it has been estimated that approximately 50% 
of the peritubular capillary surface is composed of fenes-
trated areas.31 Unlike the glomerular capillaries, peritubular 
capillary fenestrations are bridged by a thin diaphragm31 

Figure 3.9  A, Superficial and  juxtamedullary nephrons and  their vasculature. The glomerulus plus  the surrounding Bowman’s capsule are 
known as the renal corpuscle. The beginning of the proximal tubule, called the urinary pole, lies opposite the vascular pole, where the afferent 
and efferent arterioles enter and leave the glomerulus. The early distal tubule is always apposed to the vascular pole belonging to the same 
nephron;  the  juxtaglomerular apparatus  is  located at  the point of contact. B, Capillary networks have been superimposed on  the nephrons 
illustrated in A. Both diagrams are highly schematic (for a more accurate portrayal, see Beewukes and Bonventre21), and they do not accurately 
reflect some relationships that probably have functional meaning. In the rat, for example, long thin descending limbs of Henle are located next 
to collecting ducts, and short thin descending limbs are closely associated with the vascular bundles made up of descending and ascending 
vasa recta  in the outer medulla.  (Drawings are based on Kriz and Bankir,361 from Valtin H, Schafer JA: Renal function, ed 3, 1995, Philadelphia, 
Lippincott Williams & Wilkins).
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comparable to that of resting muscle or brain.40 The fact 
that such large flows are compatible with the existence and 
maintenance of the inner medullary solute concentration 
gradient attests to the efficiency of countercurrent mecha-
nisms in this region. The descending vasa recta have a con-
tinuous endothelium in which water moves across water 
channels and urea moves through endothelial carriers.41,42 
The ascending vasa recta are fenestrated, with a high 
hydraulic conductivity and water movement likely governed 
by transcapillary hydraulic and oncotic pressure gradients.42 
Medullary blood flow is highest under conditions of water 
diuresis and declines during antidiuresis.38 This decrease 
depends, at least in part, on a direct vasoconstrictive action 
of vasopressin on the medullary microcirculation.43 Vasodi-
latory factors act to preserve medullary blood flow and 
prevent ischemia. Acetylcholine,44 vasodilator prostaglan-
dins,45 kinins,46 adenosine,47 atrial peptides,48 bradykinin,15 
and nitric oxide49 increase medullary RBF. In contrast to 
their vasoconstrictor effects in the renal cortex, angiotensin 
II50-52 and endothelin 50 increase medullary blood flow, 
effects mediated in part by vasodilatory prostaglandins,51,52 
whereas vasopressin decreases medullary blood flow.43,53 
Alterations in medullary blood flow may be a key determi-
nant of medullary tonicity and, thereby, solute transport in 
the loops of Henle. In addition the medullary circulation 
may play an important role in the control of sodium excre-
tion and blood pressure.54

MEDULLARY MICROCIRCULATION

VASCULAR PATTERNS
The precise location of the boundary between the renal 
cortex and medulla is difficult to discern because the medul-
lary rays of the cortex merge imperceptibly with the medulla. 
In general, the arcuate arteries or the sites at which the 
interlobular arteries branch into arcuate arteries mark this 

glomerulus, that they are an adaptation to compensate for 
the greater permeability of fenestrated capillaries, allowing 
free exchange of water and small molecules while restricting 
anionic plasma proteins to the circulation. In fact, some 
workers have reported that the renal peritubular capillaries 
are more permeable to both small and large molecules than 
are other beds.35 This conclusion is based on tracer studies 
in which the renal artery was clamped or the kidney removed 
before fixation. However, because normal plasma flow con-
ditions appear necessary for the maintenance of the glo-
merular permeability barrier,36 it is possible that these high 
stop-flow peritubular permeabilities occur as an artifact of 
the unfavorable experimental conditions employed. Indeed, 
studies by Deen and associates37 indicate that, at least under 
free-flow conditions, the permeability of these vessels to 
dextrans and albumin is extremely low.

Because the peritubular capillaries that surround a given 
nephron are derived from many efferent vessels, regulatory 
processes related to capillary factors should not be viewed 
only as a mechanism for balancing filtration and reabsorp-
tion in a single nephron. Instead, assuming that capillary 
dynamics throughout the cortex are the same, we may con-
sider that all tubule segments are surrounded by capillary 
vessels that are operating in a similar reabsorptive mode. 
Thus, the function of the cortex as a whole may reflect the 
average reabsorptive capacity of all cortical peritubular 
vessels.

MEDULLARY BLOOD FLOW

Medullary blood flow constitutes about 10% to 15% of total 
RBF13,38 and is derived from efferent arterioles of the juxta-
medullary nephrons.19,39 Although these medullary flows are 
less than one fourth as high as cortical flows, medullary flow 
is still substantial. Thus, per gram of tissue, outer medullary 
flow exceeds that of liver, and inner medullary flow is 

Figure 3.10  Electron micrographs (by DA Maddox) of a proximal tubule of a Munich Wistar rat. Tubule was perfusion-fixed with 1.25% glu-
taraldehyde thereby also fixing red cells in adjacent capillaries. A, The apposition of the basolateral surface of the tubular cells with the adjacent 
peritubular capillaries  is close,  leaving  little  interstitial space where  the  two come  in contact.  (≈ ×13,000.) B, The proximal  tubule basement 
membrane (PC-BM) is relatively thick in comparison with the peritubular capillary endothelial basement membrane (PC-BM.) (≈×25,000.) 
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junction, and the majority join with cortical veins at the level 
of the inner cortex.61 A minority of the veins may extend 
within the medullary rays to regions near the kidney 
surface.7,55,61 Thus, the capillary network of the inner stripe 
makes no contact with the vessels draining the inner 
medulla.

The inner medulla contains thin descending and thin 
ascending limbs of Henle, together with collecting ducts 
(see Figure 3.9). Within this region, the straight, unbranch-
ing vasa recta descend in bundles, with individual vessels 
leaving at every level to divide into a simple capillary network 
characterized by elongated links (see Figures 3.6 and 
3.9).39,58,61 These capillaries converge to form the venous 
vasa recta. Within the inner medulla, the descending and 
ascending vascular pathways remain in close apposition, 
although distinct vascular regions can no longer be clearly 

boundary. When considering the medullary circulation, 
most studies focus on its relation to the countercurrent 
mechanism as facilitated by the parallel array of descending 
and ascending vasa recta. However, although this configura-
tion is characteristic of the inner medulla, the medulla also 
contains an outer zone, which consists of two morphologi-
cally distinct regions, the outer and inner stripes of the 
outer medulla (see Figure 3.9). The boundary between the 
outer medulla and inner medulla is defined by the begin-
ning of the thick ascending limbs of Henle (see Figure 3.9). 
In addition to the thick ascending limbs, the outer medulla 
contains descending straight segments of proximal tubules 
(pars recta), descending thin limbs, and collecting ducts. The 
nephron segments of the inner stripe of the outer medulla 
include thick ascending limbs, thin descending limbs, and 
collecting ducts. Each of these morphologically distinct 
medullary regions is supplied and drained by an indepen-
dent, specific vascular system.

The blood supply of the medulla is derived entirely from 
the efferent arterioles of the juxtamedullary glomeruli (see 
Figure 3.9).21,55-57 Depending on the species and the method 
of evaluation, it has been estimated that from 7% to 18% of 
glomeruli give rise to efferents that ultimately supply the 
medulla.57,58 Efferent arterioles of juxtamedullary nephrons 
are larger in diameter and possess thicker endothelium and 
more prominent smooth muscle layers than arterioles origi-
nating from superficial glomeruli.18,59

The vasculature of the outer medulla displays both verti-
cal and lateral heterogeneity, but in general, both the outer 
and inner stripes contain two distinct circulatory regions: 
the vascular bundles, formed by the coalescence of the 
descending and ascending vasa recta, and the interbundle 
capillary plexus. Vascular bundles of descending and ascend-
ing vasa recta arise from the efferent arterioles of juxtamed-
ullary glomeruli and descend through the outer stripe of 
the outer medulla to supply the inner stripe of the outer 
medulla and the inner medulla (Figure 3.11). Within the 
outer stripe, the descending vasa recta also give rise, via 
small side branches, to a complex capillary plexus. Early 
studies suggested that this capillary network was limited and, 
therefore, not the main blood supply to this region. Instead, 
it was thought that nutrient flow was provided by the ascend-
ing vasa recta rising from the inner stripe. This notion was 
further suggested by the large area of contact between 
ascending vasa recta and the descending proximal straight 
tubules within this zone.31,58,60

The outer medulla includes the metabolically active thick 
ascending limbs. Nutrients and O2 to this energy-demanding 
tissue to the inner stripe are delivered by a dense capillary 
plexus arising from a few descending vasa recta at the 
periphery of the bundles. Approximately 10% to 15% of 
total RBF is directed to the medulla, and of this amount, 
probably the largest portion perfuses this inner stripe capil-
lary plexus. The smooth muscle cells of the descending vasa 
recta are replaced by pericytes surrounding the endothe-
lium with subsequent loss of the pericytes and transforma-
tion into medullary capillaries accompanied by endothelial 
fenestrations.39,61

The rich capillary network of the inner stripe drains into 
numerous veins, which for the most part do not join the 
vascular bundles but ascend directly to the outer stripe. 
These veins subsequently rise to the cortical-medullary 

Figure 3.11  Longitudinal section of kidney of  the sand rat  (Psam-
momys obesus) after arterial injection of Microfil silicone rubber and 
clearing. A, The low-power magnification reveals distinct zonation of 
the kidney (C, cortex; OS and IS, outer and inner stripes of the outer 
medulla,  respectively;  IZ,  inner  medulla).  The  inner  medulla  is  long 
and extends a short distance below the bottom of the picture. Giant 
vascular bundles,  including a mixture of descending and ascending 
vasa  recta,  traverse  the outer medulla  to supply blood  to  the  inner 
medulla. B, The outer medulla at a higher magnification. Between the 
vascular bundles (three are visible), a rich capillary plexus (asterisk in 
both views) supplies the tubule segments present in this zone. (From 
Bankir L, Kaissling B, de Rouffignac C, Kriz W: The vascular organization 
of the kidney of Psammomys obesus. Anat Embryol 155:149, 1979.)
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These capillaries supply the metabolic needs of nearby tissues 
and are responsible for the uptake and removal of water 
extracted from collecting ducts during the process of urine 
concentration. However, because the urinary concentration 
process is based on the maintenance of a hypertonic intersti-
tium, the countercurrent arrangement of medullary blood 
flow plays a vital role in maintaining the medullary solute 
gradient through passive countercurrent exchange.

STRUCTURE OF THE GLOMERULAR 
MICROCIRCULATION

The glomerulus and glomerular filtration are discussed in 
detail later in this chapter. Figure 3.12 shows a scanning 
electron micrograph of a resin-filled cast of a glomerulus 
with the afferent arteriole branching from the interlobular 
artery, the many loops of the glomerular capillaries, and the 
efferent arteriole emerging from the glomerular tuft. Elger 
and coworkers70 published a detailed ultrastructural analysis 
of the vascular pole of the renal glomerulus. They described 
significant differences in the structure and branching pat-
terns of the afferent and efferent arterioles as these vessels 
enter and exit the tuft. Afferent arterioles lose their internal 
elastic layer and smooth muscle cell layer prior to entering 
the glomerular tuft. Smooth muscle cells are replaced by 
renin-positive, myosin-negative granular cells that are in 
close contact with the extraglomerular mesangium.71 As 
described by Eljer and coworkers,70 upon entering Bow-
man’s space, afferent arterioles branch immediately and are 
distributed along the surface of the glomerular tuft. These 
primary branches have wide lumens and immediately 

discerned. The venous vasa recta rise toward the outer 
medulla in parallel with the supply vessels to join the vascu-
lar bundles. Thus, the outer medullary vascular bundles 
include both supplying and draining vessels of the inner 
medulla. Within the outer stripe of the outer medulla, the 
vascular bundles spread out and traverse the outer stripe as 
wide, tortuous channels that lie in close apposition to the 
tubules, eventually emptying into arcuate or deep interlobu-
lar veins.58 The venous pathways within the bundles are both 
larger and more numerous than the arterial vessels, suggest-
ing lower flow velocities in the ascending (venous) than in 
the descending (arterial) direction.62 The close apposition 
of the arterial and venous pathways within the vascular 
bundles is important for maintaining the hypertonicity of 
the inner medulla.

There are important differences in the structures of the 
ascending and descending vasa recta. The descending vasa 
recta possess a contractile layer composed of smooth muscle 
cells in the early segments that evolve into pericytes by the 
more distal portions of the vessels. Immunohistochemical 
studies demonstrate that these pericytes contain smooth 
muscle α-actin, suggesting that they may serve as contractile 
elements and participate in the regulation of medullary 
blood flow 63 as well as vascular-tubular crosstalk.64 Each of 
these vessels also displays a continuous endothelium that 
persists until the hairpin turn is reached and the vessels 
divide to form the medullary capillaries. In contrast, ascend-
ing vasa recta, like true capillaries, lack a contractile layer and 
are characterized by a highly fenestrated endothelium.65,66

VASCULAR-TUBULE RELATIONS
The mechanism of urine concentration requires coordi-
nated function of the vascular and tubule components of 
the medulla. In species capable of marked concentrating 
ability, medullary vascular-tubule relations show a high 
degree of organization favoring particular exchange pro-
cesses by the juxtaposition of specific tubule segments and 
blood vessels.61 In addition to anatomic proximity, the abso-
lute magnitude of these exchanges is greatly influenced by 
the permeability characteristics of the structures involved, 
which may vary significantly among species.67

Most of our detailed knowledge of vascular-tubule rela-
tions within the medulla is based on histologic studies of 
rodent species.56,60,61,63,68,69 As already discussed, the inner 
stripe of the outer medulla contains two distinct territories, 
the vascular bundles and the interbundle regions (see 
Figures 3.6 and 3.11). In most mammals, the vascular 
bundles contain only closely juxtaposed descending and 
ascending vasa recta running in parallel. The tubule struc-
tures of the inner stripe, including thin descending limbs, 
thick ascending limbs, and collecting ducts, are found in 
the interbundle regions and are supplied by the dense capil-
lary bed described earlier.61 Commonly, the interbundle ter-
ritory is organized with the long loops of the juxtamedullary 
nephrons lying closest to the vascular bundles. The shorter 
loops arising from superficial glomeruli are more periph-
eral and therefore closer to the collecting ducts. The vascu-
lar bundles themselves contain no tubule structures.

MEDULLARY CAPILLARY DYNAMICS
The functional role of the medullary peritubular vasculature 
is basically the same as that of cortical peritubular vessels. 

Figure 3.12  Scanning electron micrograph of a cast of a glomerulus 
showing  the  capillary  loops  (CL)  and  adjacent  renal  vessels.  The 
afferent arteriole  (A)  is shown branching  from an  interlobular artery. 
The  efferent  arteriole  (E)  branches  to  form  the  peritubular  capillary 
plexus (upper left). (×300.) (Courtesy Waykin Nopanitaya, PhD.)
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activity when exposed to angiotensin II.73 Mesangial cells, 
which possess specific receptors for angiotensin II, undergo 
contraction when exposed to this peptide in vitro.74 Three-
dimensional reconstruction of the entire mesangium in the 
rat suggests that approximately 15% of capillary loops may 
be entirely enclosed within armlike extensions of mesangial 
cells that are anchored to the extracellular matrix.75 Con-
traction of these cells might alter local blood flow and filtra-
tion rate as well as the intraglomerular distribution of blood 
flow and total filtration surface area. Many hormones and 
other vasoactive substances capable of altering glomerular 
filtration may bring about this adjustment, in part, by alter-
ing the state of contraction of mesangial cells.

In the outermost, or subcapsular, region of the cortex, 
the efferent arterioles give rise to a dense capillary network 
that surrounds the convoluted tubule segments arising from 
the superficial glomeruli (see Figure 3.9). There is evidence 
suggesting that this arrangement is of great importance for 
reabsorption of water and electrolytes in proximal tubule 
segments of superficial nephrons. In contrast, the efferent 
arterioles originating from the comparatively fewer juxta-
medullary glomeruli extend into the medulla and give rise 
to the medullary microcirculatory patterns: an intricate cap-
illary network in the outer medulla and long, unbranched 
capillary loops, the vasa recta, in the inner medulla. The 
arrangement of the medullary microcirculation plays an 
important role in the process of concentration of urine.

Venous drainage of the most superficial cortex is by way 
of superficial cortical veins.7,57 In middle and inner cortex, 
venous drainage is achieved mainly by the interlobular 
veins. The dense peritubular capillary network surrounding 
the interlobular vessels drains directly into the interlobular 
veins through multiple connections, whereas the less dense, 

Figure 3.13  Electron  micrographs  of  glomerular  capillaries  of  a  Munich-Wistar  rat.  A,  An  overview  of  several  capillaries.  (≈×14,500.)  The 
majority of  the glomerular capillary endothelium  (E)  is  in contact with  the glomerular basement membrane  (GBM); only a small portion  is  in 
contact with the mesangium (M). At its outer aspect, the GBM is covered by podocyte foot processes. Note that there is no basement mem-
brane separating the endothelium from the mesangium at their interface. B, The mesangial cell (MC) extends outward to meet the glomerular 
capillary.  (≈×42,000.) Kriz and coworkers have suggested  that within  these cylinder-like stalks are contractile filament bundles  (short arrow) 
that attach to the perimesangial glomerular basement membranes (PM-GBM) and extend to the GBM at the mesangial angles (long arrow).61,72 
For  this preparation  the nephron was perfusion-fixed by micropuncture  (DA Maddox) with 1.25% glutaraldehyde through Bowman’s space, 
thereby yielding the fixation of glomerular structures as well as the red cells in the capillaries. 

GBM

E

A

MC

B PM-GBM

acquire features of glomerular capillaries, including a fenes-
trated endothelium, characteristic glomerular basement 
membrane, and epithelial foot processes. In contrast, the 
efferent arteriole arises deep within the tuft, from the con-
vergence of capillaries arising from multiple lobules. Addi-
tional tributaries join the arteriole as it travels toward the 
vascular pole. The structure of the capillary wall begins to 
change even before the vessels coalesce to form the efferent 
arteriole, losing fenestrae progressively until a smooth epi-
thelial lining is formed. At the arteriole’s terminal portion 
within the tuft, endothelial cells may bulge into the lumen, 
reducing its internal diameter.

Typically, the diameter of the efferent arteriole within the 
tuft is significantly less than that of the afferent arteriole in 
the outer cortex. Efferent arterioles of the juxtamedullary 
nephrons, however, may be larger in diameter than the 
afferent arterioles and have thicker walls.18 Moreover, both 
the efferent and afferent arterioles of the juxtamedullary 
nephrons appear to be larger in diameter than those of 
more superficial nephrons (see Figure 3.8).18 Efferent arte-
rioles acquire a smooth muscle cell layer, which is observed 
distal to the entry point of the final capillary. The efferent 
arteriole is also in close contact with the glomerular mesan-
gium as it forms inside the tuft and with the extraglomerular 
mesangium as it exits the tuft. This precise and close ana-
tomic relationship between the afferent and efferent arteri-
oles and mesangium is consistent with the presence of the 
intraglomerular signaling system that participates in the 
regulation of blood flow and filtration rate.

The appearance of the vascular pathways within the glom-
erulus may change under different physiologic conditions. 
The glomerular mesangium has been shown to contain con-
tractile elements (Figure 3.13)70,72 and to exhibit contractile 
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the filtration barrier, mathematical modeling suggests that 
only about 2% of the total hydraulic resistance is accounted 
for by the fenestrated capillary endothelium and the base-
ment membrane accounts for nearly 50%.81-83 The remain-
ing hydraulic resistance resides in the diaphragm of  
the filtration slits.82,83 A reduction in the frequency of 
intact filtration slits is an important factor in the deteriora-
tion of filtration in some disease states.82,84

HYDRAULIC PRESSURES IN THE GLOMERULAR 
CAPILLARIES AND BOWMAN’S SPACE

Direct measurements of glomerular capillary hydraulic pres-
sure (PGC) were first obtained in the Munich-Wistar rat more 
than 40 years ago by Brenner and associates,85 who found 
that PGC averaged 46 mm Hg. Subsequent studies confirmed 
the original observations, demonstrating that values for PGC 
average 43 to 49 mm Hg (Figure 3.14), with similar values 
found in the squirrel monkey.86 PGC is nearly constant along 
the length of the capillary bed, resulting in a transcapillary 
hydraulic pressure gradient that averages 34 mm Hg in the 
hydropenic Munich-Wistar rat (see Figure 3.14). Coupling 
these hydraulic pressure measurements with determinations 
of systemic plasma protein concentration and efferent arte-
riolar protein concentrations of superficial nephrons 
permits determination of the hydraulic and oncotic pres-
sures that govern glomerular ultrafiltration at the beginning 
and end of the capillary network.

The early direct measurements of PGC were obtained in 
“hydropenic” rats, which exhibit a surgically induced reduc-
tion in plasma volume and GFR.87 Subsequent studies in 
which plasma volume was restored to the “euvolemic” state, 
equal to that of the awake animal,87 by infusion of isooncotic 
plasma, yielded SNGFRs substantially higher than those in 
hydropenic rats, primarily as a consequence of a marked 
increase in glomerular plasma flow (QA) associated with a fall 
in preglomerular (RA) and efferent arteriolar (RE) resistance 
values (see Figure 3.14). The use of the Munich-Wistar rat 
with superficial glomeruli allows direct determinations of 
hydraulic pressure drops and preglomerular and postglo-
merular blood flows and hence of RA and RE. Because surface 
glomeruli are not available in most experimental animals, 
the stop-flow technique has been used by a number of inves-
tigators to estimate PGC. With this technique, fluid movement 
in the early proximal tubule is blocked, resulting in an 
increase in intratubular pressure until filtration at the glom-
erulus is stopped. At that point the sum of the hydrostatic 
pressure in the early proximal tubule plus the systemic colloid 
oncotic pressure is equal to the pressure in the glomerular 
capillaries (PGCSF). Glomerular capillary pressures calculated 
using this stop-flow technique indicate that PGCSF provides a 
reasonable estimate of PGC with PGCSF generally being about 
2 mm Hg greater than that for PGC measured directly.88

GLOMERULAR CAPILLARY HYDRAULIC AND 
COLLOID OSMOTIC PRESSURE PROFILES

Glomerular capillary hydraulic and oncotic pressure pro-
files for hydropenic and euvolemic Munich-Wistar rats are 
shown in Figure 3.15), which uses the mean values deter-
mined from the study data shown in Figure 3.14. By the time 
the blood reaches the efferent end of the glomerular 

long-meshed network of the medullary rays appears to anas-
tomose with the interlobular network and thus drain later-
ally. The medullary circulation also shows two different types 
of drainage: The outer medullary networks typically extend 
into the medullary rays before joining interlobular veins, 
whereas the long vascular bundles of the inner medulla 
(vasa recta) converge abruptly and join the arcuate veins. 
(See previous section on medullary circulation.)

DETERMINANTS OF GLOMERULAR 
ULTRAFILTRATION

Urine formation begins with filtration of a nearly protein-
free fluid from the glomerular capillaries into Bowman’s 
space. The barrier to filtration includes the fenestrated 
endothelial surface of the glomerular capillaries; the three 
layers of the glomerular basement membrane; the filtration 
slits between adjacent pedicels or foot processes of the vis-
ceral epithelial cells (podocytes) that surround the capillar-
ies; and the filtration slit diaphragm that extends along the 
filtration slits and connects adjacent foot processes to form 
the ultimate barrier to filtration (see Chapter 2 and Figure 
3.13). Water, electrolytes, amino acids, glucose, and other 
endogenous or exogenous compounds with molecular radii 
smaller than 20 Å are freely filtered from the blood into 
Bowman’s space, whereas molecules larger than about 50 Å 
are virtually excluded from filtration.30,76-80 At any given 
point of a glomerular capillary wall, the process of ultrafil-
tration of fluid is governed by the net balance among the 
transcapillary hydraulic pressure gradient (ΔP), the trans-
capillary colloid osmotic pressure gradient (Δπ), and the 
hydraulic conductivity of the filtration barrier (k) on the 
basis of the Starling equation, as follows:

 
J k P

k P P
v

GC BS GC BS

= −
= − − −

( )

[( ) ( )]

∆ ∆π
π π

 (5)

where Jv is the net movement between compartments, PGC 
and PBS are the hydraulic pressures in the glomerular capil-
laries and Bowman’s space, respectively, and πGC and πBS are 
the corresponding colloid osmotic pressures. Because the 
protein concentration of the fluid in Bowman’s space is 
essentially zero, πBS is also zero. Total GFR of fluid for a 
single nephron (SNGFR) is equal to the product of the 
surface area for filtration (S), the hydraulic conductivity (k), 
and average values along the length of the glomerular capil-
laries of the right-side terms in equation 5, yielding the 
following expression:

 
SNGFR kS P

K Pf UF

= −
=

( )∆ ∆π
 (6)

Kf, the glomerular ultrafiltration coefficient, is the product 
of S and k. PUF, the mean net ultrafiltration pressure, is 
the difference between the mean transcapillary hydrau-
lic and colloid osmotic pressure gradients, ∆P and ∆π, 
respectively.

On the basis of known ultrastructural detail and the 
hydrodynamic properties of the individual components of 
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ΔP is referred to as “filtration pressure equilibrium,” As seen 
in Figure 3.15, filtration pressure equilibrium (πE/ΔP ≅ 
1.00) is almost always observed in the hydropenic Munich-
Wistar rat but is present in only about 40% of the studies in 
the euvolemic rat, suggesting that the normal condition in 
the glomerulus is poised on the verge of disequilibrium.

capillaries, plasma oncotic pressure (πE) rises to a value that, 
on average, equals ΔP. As a consequence, the net local ultra-
filtration pressure, PUF, or [PGC − (PT + πGC)], is reduced 
from approximately 17 mm Hg at the afferent end of the 
glomerular capillary network to essentially zero at the effer-
ent end in hydropenic animals. The equality between πE and 

Figure 3.14  A to E, Glomerular ultrafiltration in the 
Munich Wistar rat. Each point represents the mean 
value  reported  for  studies  in  hydropenic  and 
euvolemic  rats provided  food and water ad  libitum 
until the time of study. Only data from studies using 
male or a mix of male and  female  rats are shown. 
Values of the ultrafiltration coefficient, Kf (pink circles 
in D), denote minimum values because the animals 
were  in  filtration  pressure  equilibrium.  Blue circles 
represent unique values of Kf calculated under con-
ditions of filtration pressure disequilibrium (πE/∆P ≤ 
0.95).  CA,  concentration  in  the  afferent  arteriole; 
∆P, pressure gradient; PGC, pressure in the glomeru-
lar  capillaries;  QA,  glomerular  plasma  flow  rate; 
SNFF,  single-nephron  filtration  fraction;  SNGFR, 
single-nephron glomerular filtration  rate.  (Data from 
Maddox et al76 and Deen et al.88)
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Figure 3.15  Hydraulic and colloid osmotic pressure pro-
files  along  idealized  glomerular  capillaries  in  hydropenic 
and euvolemic rats. Values shown are mean values derived 
from  the studies shown  in Figure 3.14. The  transcapillary 
hydraulic pressure gradient, ΔP,  is equal  to PGC − PT, and 
the transcapillary colloid osmotic pressure gradient, Δπ, is 
equal to πGC − πT, where PGC and PBS are the hydraulic pres-
sures  in  the  glomerular  capillary  and  Bowman’s  space, 
respectively, and πGC and πT are the corresponding colloid 
osmotic  pressures.  Because  the  value  of πT  is  negligible, 
Δπ essentially equals πGC. PUF is the ultrafiltration pressure 
at any point. The area between the ΔP and Δπ curves rep-
resents  the  net  ultrafiltration  pressure,  PUF.  Left,  Lines  A 
and B  represent  two of  the many possible profiles under 
conditions of filtration pressure equilibrium. Line D  repre-
sents  disequilibrium.  Line  C  represents  the  hypothetical 
linear Δπ profile. QA, glomerular plasma flow rate; SNGFR, 
single-nephron glomerular flow rate. 
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Figure 3.16  Maturational alterations in the determinants of glomerular ultrafiltration in the euvolemic Munich Wistar rat. In A through D, pink 
symbols  denote  values obtained  from only  female  rats,  and blue symbols  denote  values  from studies of male or male plus  female  rats.  In 
E, the pink symbols denote values of RA, and blue symbols values of RE.; circles are values from studies of male or male plus female rats, and 
squares  values  from  studies  of  only  female  animals.  Each  point  represents  the  mean  value  for  a  given  study.  Kf,  ultrafiltration  coefficient; 
∆P, pressure gradient; PGC, pressure in the glomerular capillaries; QA, glomerular plasma flow rate; SNGFR, single-nephron glomerular filtration 
rate. (Data from Maddox et al76 and Deen et al.88)
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The decline in PUF between the afferent and efferent ends 
of the glomerular capillary network in the hydropenic 
animal is primarily due to the rise in πGC, because ΔP remains 
nearly constant along the glomerular capillaries (see Figure 
3.15). Curve A in Figure 3.15 shows that the decline in PUF 
(the difference between the ΔP and Δπ curves) is nonlinear; 
the reasons are that (1) filtration is more rapid at the affer-
ent end of the capillary where PUF is greatest, and (2) the 
relationship between plasma protein concentration and 
colloid osmotic pressure is nonlinear (see Maddox and asso-
ciates76 and Maddox and Brenner88). Under conditions of 
filtration pressure equilibrium, the exact profile of Δπ along 
the capillary network cannot be determined, and curves A 
and B in Figure 3.15 are only two of many possibilities.

DETERMINATION OF THE  
ULTRAFILTRATION COEFFICIENT

As was shown in Equation 6, SNGFR equals the ultrafiltra-
tion coefficient (Kf) multiplied by the net driving force for 
ultrafiltration averaged over the length of the glomerular 
capillaries (PUF). Under conditions of filtration pressure 
equilibrium, a unique value of PUF cannot be determined 
because an exact Δπ profile cannot be defined. If, however, 
a linear rise in Δπ between the afferent and efferent ends 
of the glomerular capillaries is assumed then a maximum 
value for PUF can be determined (curve C, dashed line in 

Figure 3.15). With this maximum value for PUF and mea-
sured values of SNGFR, a minimum estimate of Kf can be 
obtained. This minimum estimate of Kf in the hydropenic 
Munich-Wistar rat averages 3.5 ± 0.2 nL/(min • mm Hg) 
(see Figure 3.14D). In the euvolemic Munich-Wistar rat, Kf 
increases with age and little differences are noted between 
sexes when body mass is taken into account (see Figure 
3.16).

Changes in QA (in the absence of changes in any other 
determinants of SNGFR) are predicted to result in propor-
tional changes in SNGFR under conditions of filtration pres-
sure equilibrium.89 The reasoning is that an increase in QA 
slows the rate of increase of plasma protein concentration 
and therefore Δπ along the glomerular capillary network, 
shifting the point at which filtration equilibrium is achieved 
toward the efferent end of the glomerular capillary network. 
This process effectively increases the total capillary surface 
area exposed to a positive net ultrafiltration pressure and 
increases the magnitude of the local PUF at any point along 
the glomerular capillary network. This situation is illus-
trated in Figure 3.15, which shows that even in the absence 
of changes in ΔP or plasma protein concentration, an 
increase in QA can result in a change in the profile from 
that seen with curve A to that of curve B while filtration 
pressure equilibrium is still achieved. For curve B, however, 
PUF (the area under the curve) is significantly greater than 
with curve A, and hence SNGFR increases proportionately.
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GLOMERULAR PLASMA FLOW RATE
Under normal conditions, protein is excluded from the 
glomerular ultrafiltrate, so the total amount of protein 
entering the glomerular capillary network from the afferent 
arteriole equals the total amount leaving at the efferent 
arteriole, as dictated by the conservation of mass:

 Q C Q CA A E E=  (7)

where QA is afferent arteriolar plasma flow rate, QE is effer-
ent arteriolar plasma flow rate, and CA and CE are the affer-
ent and efferent arteriolar plasma concentrations of protein, 
respectively. This relationship can also be expressed as:

 Q C Q SNGFR CA A A E= −( )  (8)

Rearranging Equation 8 yields

 SNGFR C /C QA E A= − ×( [ ])1  (9)

with

 SNFF C /CA E= −1 ( )  (10)

where SNFF is the single-nephron filtration fraction. 
Although the relationship between colloid osmotic pressure 
(π) and protein concentration deviates from linearity,91 
equation 9 can be approximated as follows:

 SNGFR / QA E A≅ − ×( [ ])1 π π  (11)

At filtration pressure equilibrium, πE = ΔP, so that:

 SNGFR / P QA A≅ − ×( [ ])1 π ∆  (12)

Under conditions of filtration pressure equilibrium, fil-
tration fraction, approximately 1 − (πA/ΔP), is constant if πA 
and ΔP are unchanged. SNGFR will then vary directly with 
changes in QA (Equation 12). If QA increases enough to 
produce disequilibrium (πE less than ΔP), then CE will fall, 
SNFF will decrease (Equation 9), and SNGFR will no longer 
vary linearly with QA. The first demonstration of the plasma 
flow dependence of GFR was provided by Brenner and col-
leagues.91 As shown in Figure 3.17, increases in glomerular 
plasma flow are associated with increases in SNGFR in a 
number of studies of rats, dogs, nonhuman primates, and 
humans. Filtration pressure equilibrium was obtained in 
most studies at plasma flow rates less than 100 to 150 nL/
min. Therefore, increases in QA result in proportional 
increases in SNGFR, and SNFF remains constant. Further 
increases in QA are associated with proportionately lower 
increases in SNGFR, resulting in decreased SNFF as filtra-
tion pressure disequilibrium is achieved.

TRANSCAPILLARY HYDRAULIC PRESSURE DIFFERENCE
Mathematical modeling also suggests that isolated changes 
in the glomerular transcapillary hydraulic pressure gradient 
affect SNGFR.89 No filtration can take place until ∆P exceeds 
the colloid osmotic pressure at the afferent end of the glo-
merular capillary. Once that point is reached, SNGFR 
increases as ∆P increases. The rate of increase is nonlinear, 

Filtration pressure disequilibrium is obtained if QA 
increases enough so that Δπ no longer rises to the extent 
that efferent arteriolar oncotic pressure (πE) equals ΔP.89 A 
unique profile of Δπ can then be derived, PUF can be accu-
rately determined, and a unique value of Kf can be calcu-
lated.89 Deen and colleagues used isooncotic plasma volume 
expansion to increase QA sufficiently to produce filtration 
pressure disequilibrium to obtain the first unique determi-
nations of Kf in the Munich-Wistar rat.89 Under these condi-
tions the researchers observed that Kf exceeded the 
minimum estimate obtained in hydropenic rats by 37%, 
averaging 4.8 nL/(min • mm Hg). Because this value 
remained essentially unchanged over a twofold range of 
changes in QA, the data suggested that changes in QA per se 
did not affect Kf.89

The values of Kf for a large number of studies in euvolemic 
Munich-Wistar rats (shown in Figure 3.14) averaged 5.0 ± 
0.3 nL/(min • mm Hg) and are similar to those obtained in 
plasma-expanded Munich-Wistar rats in which only unique 
values of Kf were obtained (4.8 ± 0.3 nL/(min • mm Hg)).76,89 
Although measured values of ∆P are slightly higher in 
euvolemic rats than in hydropenic animals (see Figure 3.14), 
this difference is offset by higher plasma protein concentra-
tions in the afferent arteriole (CA and hence πA), so that PUF 
at the afferent end of the glomerular capillary network is 
nearly identical in euvolemia and hydropenia (see Figure 
3.15). Thus, the higher SNGFRs observed in euvolemic rats 
are primarily the result of increases in QA (see Figure 3.14), 
yielding a greater value of PUF (see Figure 3.15).

Kf is the product of the total surface area available for 
filtration (S) and the hydraulic conductivity of the filtration 
barrier (k). In the rat, total capillary basement membrane 
surface area per glomerulus (As) is approximately 0.003 cm2 
in superficial nephrons and 0.004 cm2 in the deep neph-
rons.90 Only the peripheral area of the capillaries sur-
rounded by podocytes participates in filtration because a 
large portion faces the mesangium. This peripheral area 
available for filtration (Ap) is only about half that of As 
(≈0.0016-0.0018 and 0.0019-0.0022 cm2 in the superficial 
and deep glomeruli, respectively).90 With the use of a value 
of Kf of approximately 5 nL/(min • mm Hg), as determined 
by micropuncture techniques, these estimates of Ap, yield a 
hydraulic conductivity (k) of 45 to 48 nL/(s • mm Hg • 
cm2). These estimates of k for the rat glomerulus are all one 
to two orders in magnitude higher than those reported for 
capillary networks in mesentery, skeletal muscle, omentum, 
and peritubular capillaries of the kidney.76,88 As a conse-
quence of this very high glomerular hydraulic permeability, 
filtration across glomerular capillaries occurs at very rapid 
rates despite mean net ultrafiltration pressures (PUF) of only 
5 to 6 mm Hg in hydropenia and 8 to 9 mm Hg in 
euvolemia.

SELECTIVE ALTERATIONS IN THE  
PRIMARY DETERMINANTS OF  
GLOMERULAR ULTRAFILTRATION

The four primary determinants of ultrafiltration are QA, ΔP, 
Kf, and πA, and alterations in each of these affects GFR. The 
degree to which such alterations modify SNGFR has been 
examined by mathematical modeling89 and compared with 
values obtained experimentally (see Maddox and Brenner88).
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COLLOID OSMOTIC PRESSURE
SNGFR and SNFF are each predicted to vary reciprocally as 
a function of πA.89 When QA, ΔP, and Kf are held constant, 
reductions in πA will increase PUF, leading to an increase in 
SNGFR. An increase in πA should produce a decrease in 
SNGFR until πA equals ∆P (normally ~ 35 mm Hg), at which 
point filtration stops and SNFF is zero. In contrast to theo-
retical predictions, experimentally induced reductions in πA 
do not lead to a rise in SNGFR. Studies in rats have shown 
a direct relationship between πA and Kf when plasma protein 
concentrations were varied between 3.4 and 5.9 g/dL,88 so 
that a reduction in πA results in a reduction in Kf, thereby 
offsetting variations in PUF that occur with changes in πA.

88 
Studies in isolated glomeruli, however, indicated that 
extremely low concentrations of albumin produce an 
increase in Kf while extremely high concentrations of 
albumin result in a decrease in Kf.88 These divergent results 
of the effect of protein concentration on Kf can be partially 
explained by the results from studies of isolated glomerular 
basement membranes by Daniels and coworkers, who 
described a biphasic relationship between albumin concen-
tration and hydraulic permeability.92 They observed lower 
values of hydraulic permeability at albumin concentrations 
of 4 g/dL than at either 0 or 8 g/dL, but they did not study 
the effects of extremely high protein concentrations. Their 
studies suggest a primary effect of protein on hydraulic 
conductivity,92 but the mechanism is unknown.

REGULATION OF RENAL HEMODYNAMICS 
AND GLOMERULAR FILTRATION

VASOMOTOR PROPERTIES OF THE RENAL 
MICROCIRCULATIONS
A variety of hormonal, neural, and vasoactive substances 
influence RBF and glomerular ultrafiltration.76,88 The 
arcuate arteries, interlobular arteries, and both afferent and 
efferent arterioles are all influenced by such substances, 
thereby regulating the tone of preglomerular and postglo-
merular resistance vessels to control RBF, glomerular 
hydraulic pressure, and the transcapillary hydraulic pres-
sure gradient. The glomerular mesangium is also the site of 
action and production of many such substances. Various 
growth factors can affect renal hemodynamics as well as 
promoting mesangial cell proliferation and expansion of 
the extracellular matrix, leading to obliteration of capillary 
loops and a reduction in the ultrafiltration coefficient. A 
number of vasoactive compounds may also affect Kf by 
changing the effective surface area for filtration through 
contraction of mesangial cells, causing shunting of blood to 
fewer capillary loops.93,94 In addition, contraction of glo-
merular epithelial cells (podocytes), which contain filamen-
tous actin molecules, may decrease the size of the filtration 
slit pores, thereby altering hydraulic conductivity of the fil-
tration pathway and reducing Kf.95

Functional studies of reactivity of afferent and efferent 
arterioles to neural, hormonal, and vasoactive substances 
have, to a large part, come from micropuncture studies of 
glomerular hemodynamics. Other methods have included 
studies of renal tissue from neonatal hamsters grafted into 

however, because the rise in SNGFR at any given fixed value 
of QA results in a concurrent (but smaller) increase in Δπ. 
Because ∆P is normally 30 to 40 mm Hg (see Figure 3.14), 
changes in ∆P generally result in relatively minor variations 
in SNGFR.

THE GLOMERULAR CAPILLARY  
ULTRAFILTRATION COEFFICIENT
Glomerular damage from a variety of kidney diseases can 
result in a reduction in the glomerular ultrafiltration coeffi-
cient in part as a consequence of a reduction in surface area 
available for filtration. Studies of the hydraulic permeability 
of the glomerular basement membrane have demonstrated 
an inverse relationship to ∆P, indicating that Kf, the product 
of surface area and hydraulic conductivity, may be directly 
affected by ∆P.92 The hydraulic conductivity of the glomeru-
lar basement membrane (GBM), and thus Kf, are also affected 
by the plasma protein concentration (see later). Filtration 
pressure equilibrium is generally observed at low values of 
QA, so reductions in Kf do not effect SNGFR until Kf is 
reduced enough to produce filtration pressure disequilib-
rium. At low QA values, increases in Kf above normal values 
move the point of equilibrium closer to the afferent end of 
the capillaries but have little affect on SNGFR.88,89 At high QA 
values, filtration pressure disequilibrium occurs and there is 
a more direct relationship between Kf and SNGFR.88,89

Figure 3.17  Relationship between single-nephron glomerular filtra-
tion rate (SNGFR) and glomerular plasma flow rate (QA) in three animal 
models and humans. The values for SNGFR and QA for humans were 
calculated by dividing whole kidney GFR and  renal plasma flow by 
the estimated total number of nephrons/kidney (1 million). Each point 
represents  the  mean  value  for  a  given  study.  (Data from Maddox 
et al76 and Deen et al.88)
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interlobular artery, and afferent arteriole as well as the  
postglomerular efferent arterioles, constrict in response to 
exogenous and endogenous Ang II.103-108 Figure 3.18 
shows the effects of Ang II on diameters and estimated 
changes in resistance in these vessels. The efferent arteriole, 
however, has a 10- to 100-fold greater sensitivity to Ang 
II.103,106-108 The vasoconstrictor effects of Ang II are blunted 
by the endogenous production of vasodilators, including 
the endothelium-derived relaxing factor nitric oxide as well 
as cyclo-oxygenase and cytochrome P450 epoxygenase 
metabolites, in the afferent but not the efferent arteri-
ole.99,103,108-113 Ang II–simulated release of NO in the afferent 
arteriole occurs through activation of the AT1 receptors.114,115 
Ang II increases the production of prostaglandins in affer-
ent arteriolar smooth muscle cells (both PGE2 and PGI2), 
and PGE2, PGI2, and cyclic adenosine monophosphate 
(cAMP) all blunt Ang II–induced entry of calcium into these 
cells,110 potentially explaining, at least in part, the different 
effects of Ang II on vasoconstriction of the afferent and 
efferent arterioles.109,110 PGE2 has been found to have no 
effect on Ang II–induced vasoconstriction of the efferent 
arteriole.99 The effects of PGE2 on Ang II-induced vasocon-
striction of the afferent arteriole are concentration-
dependent, with low concentrations acting as a vasodilator 
via interaction with prostaglandin E2 type 4 receptors (EP4), 
whereas high concentrations of PGE2 act on type 3 receptors 
(EP3) to restore Ang II effects in that segment.99 Ang II 
infusion alone has little effect on SNGFR, but when com-
bined with cyclo-oxygenase inhibition, Ang II causes marked 
reductions in SNGFR as well as glomerular plasma flow rate 
(QA), suggesting an important role for endogenous vasodila-
tory prostaglandins in ameliorating the vasoconstrictor 
effects of Ang II.116 Because Ang II increases renal produc-
tion of vasodilatory prostaglandins, a feedback loop may 
exist to modulate the vasoconstrictor effects on Ang II 
under chronic conditions when the renin-angiotensin 
system is stimulated.88

In addition to causing renal vasoconstriction, reduced 
blood flow, and glomerular capillary hypertension, Ang II 
causes a decrease in Kf.116 As noted earlier, glomerular Ang 
II receptors are found on the mesangial cells, glomerular 
capillary endothelial cells, and podocytes. Ang II causes 
contraction of mesangial cells,117 so one possible cause for 
the changes in Kf, is that contraction of the mesangial cells 
reduces effective filtration area by blocking flow through 
some glomerular capillaries; no direct evidence has been 
obtained, however, that would support this hypothesis. 
Alternatively the Ang II–induced decrease in Kf could be the 
result of a decrease in hydraulic conductivity rather than a 
reduction in the surface area available for filtration.118 A 
role for glomerular epithelial cells in the effects of Ang II 
on Kf is suggested by the fact that the cells possess both AT1 
and AT2 receptors and respond to Ang II by increasing 
cAMP production.119 Alterations in neither epithelial struc-
ture nor the size of the filtration slits have been detected 
following infusion of Ang II at a dose sufficient to decrease 
GFR and Kf.120

The vasoconstrictive effect of Ang II on glomerular 
mesangial cells is markedly reduced by NO, which is often 
cited as “endothelium-derived relaxation factor” (EDRF) in 
older studies.121 Mesangial cells co-incubated with endothe-
lial cells have increased cyclic guanosine monophosphate 

the cheek pouches of adult hamsters, allowing access to 
afferent and efferent arterioles and the ability to examine 
the effects of local application of vasoactive agents.96 Several 
other models have been developed to study functional 
responses of the preglomerular and postglomerular vascu-
lature. Steinhausen and colleagues applied epi-illumination 
and transillumination microscopic techniques to the split, 
hydronephrotic rat kidney.97 This preparation permits the 
arcuate artery, interlobular artery, afferent arteriole, and 
efferent arteriole to be visualized and studied in situ during 
perfusion with systemic blood, independent of tubular 
influences (e.g., tubuloglomerular feedback, as described 
later). Changes in diameter of these vessels have been mea-
sured in response to systemically or locally applied vasoac-
tive substances.

Loutzenhiser and associates employed a modification of 
the hydronephrotic kidney technique in which the kidney 
is mounted and perfused in vitro to examine the response 
of the afferent arteriole to various stimuli.98-100 In vitro perfu-
sion of rat kidney has also been utilized to assess segmental 
vascular reactivity directly in the juxtamedullary nephrons 
that lie in apposition to the pelvic cavity.101 Edwards devel-
oped an in vitro technique to study the reactivity of isolated 
segments of interlobular arteries and superficial afferent 
and efferent arterioles dissected from rabbit kidneys.102 Ito 
and colleagues103further developed the in vitro approach to 
study changes in preglomerular resistance using the isolated 
perfused afferent arterioles with attached glomeruli. Thus 
a variety of techniques have been used to provide insight 
into the vasoactive properties of the preglomerular and 
postglomerular vasculature that control renal hemodynam-
ics and GFR.

The renal vasculature and glomerular mesangium 
respond to a number of endogenous hormones and vasoac-
tive peptides by vasoconstriction, reductions in RBF and 
GFR, and reductions in the glomerular capillary ultrafiltra-
tion coefficient. Among the vasoconstrictors are angiotensin 
II (Ang II), norepinephrine, leukotrienes C4 and D4, platelet 
activating factor (PAF), adenosine 5′-triphosphate (ATP), 
endothelin, vasopressin, serotonin, and epidermal growth 
factor. Similarly, vasodilatory substances such as endothelium-
derived relaxing factor (nitric oxide [NO]), prostaglandins 
PGE2 and PGI2, histamine, bradykinin, acetylcholine, 
insulin, insulin-like growth factor, calcitonin gene–related 
peptide, cyclic adenosine monophosphate, and relaxin can 
increase RBF and GFR. However, in addition to having their 
own direct effects on blood flow and GFR, a number of 
these vasodilator substances stimulate Ang II production, 
masking their primary effects. In addition, vasoconstrictor 
substances such as Ang II can result in a feedback stimula-
tion of renal vasodilator production, yielding a complex 
interaction for the control of renal hemodynamics. Cellular 
mechanisms of action of some of these compounds are 
covered in detail in other chapters.

ROLE OF THE RENIN-ANGIOTENSIN SYSTEM IN 
THE CONTROL OF RENAL BLOOD FLOW AND 
GLOMERULAR FILTRATION RATE

The renin-angiotensin system plays an important role in 
modulating RBF and filtration rate. Numerous studies indi-
cate that preglomerular vessels, including the arcuate artery, 
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In the past two decades, our understanding of the classi-
cal renin-angiotensin-aldosterone system (RAAS) has greatly 
evolved. For example, Ang II produces prohypertensive and 
renal vasoconstrictor effects via activation of AT1 receptors, 
whereas activation of AT2 receptors results in vasodilation as 
described previously.124 Furthermore, fragments of the octa-
peptide Ang II that were once believed to be inactive have 
now been shown to have physiologic effects within the 
kidney, often opposing the actions of Ang II. Although find-
ings from multiple laboratories and in various preparations 
have not always been consistent, the related peptide, angio-
tensin-(1-7) (Ang-[1-7]) has been shown to induce vasodila-
tion of preconstricted renal arterioles.126 These effects of 
Ang-(1-7) occur independent of binding to AT1 or AT2 
receptors and appear to involve activation of the G protein–
coupled Mas receptor,127 which has been shown to be 
expressed in the afferent arteriole.128 In addition, an isoform 
of angiotensin-converting enzyme (ACE) known as 
ACE2129,130 appears to be involved in the formation of Ang-
(1-7).131 Ang-(1-7), ACE2, and the Mas receptor have all 
been detected within the kidney. The balance between 

(cGMP) production induced by NO release from the endo-
thelial cells, decreasing the vasoconstrictive effects of Ang 
II, a finding that indicates that local NO production can 
modify the effects of agents such as Ang II.121 Whether a 
similar effect would be observed for glomerular epithelial 
cells co-incubated with endothelial cells and whether either 
effect would translate into protection from Ang II–induced 
alterations of glomerular capillary surface area or hydraulic 
conductivity is not known, but inhibition of NO production 
in the normal rat does produce a marked decrease in Kf.121-

123Arima and coworkers124 examined Ang II AT2 receptor–
mediated effects on afferent arteriolar tone. When the AT1 
receptor was blocked, Ang II caused a dose-dependent dila-
tion of the afferent arteriole that could be blocked by dis-
ruption of the endothelium or by simultaneous inhibition 
of the cytochrome P450 pathway. These data suggest that 
AT2 receptor–mediated vasodilation in afferent arterioles is 
endothelium-dependent, possibly via the synthesis of 
epoxyeicosatrienoic acids via a cytochrome P450 pathway, 
counteracting the vasoconstrictor effects of Ang II at AT1 
receptors.124,125

Figure 3.18  Effect of angiotensin II on the blood-perfused 
juxtamedullary nephron microvasculature. A, Vessel inside-
diameter  responses  to  angiotensin  II  (ANG  II).  Each  line 
denotes  observations  of  a  single  vessel  segment  during 
control, angiotensin II, and recovery periods. B, Estimation 
of  angiotensin  II–induced  changes  in  segmental  vascular 
resistance, calculated from data in upper panel. P < 0.01. 
(From Navar LG, Gilmore JP, Joyner WL, et al: Direct assess-
ment of renal microcirculatory dynamics. Fed Proc 45:2851, 
1986.)

0.1nM ANG II

0.1nM ANG II

Control

Arcuate
artery

Interlobular
artery

Mid-afferent
arteriole

Late afferent
arteriole

Efferent
arteriole

Arcuate
artery

Interlobular
artery

Mid-afferent
arteriole

Late afferent
arteriole

Efferent
arteriole

6

5

4

3

2

1

0

120

100

80

60

40

20

0

* *

* * * * * * * *

1
Radius4

(• 10–4 –4)

Diameter
m

m

A

B

http://www.myuptodate.com


 CHAPTER 3 — THE RENAL CIRCULATIONS AND GLOMERULAR ULTRAFILTRATION 101

through a cGMP-dependent protein kinase (PKG)–medi-
ated phosphorylation of targets believed to include IP3 (ino-
sitol trisphosphate) receptors, calcium channels, and 
phospholipase A2,151 thereby reducing the amount of 
calcium available for contraction and hence promoting 
relaxation.152 The breakdown of cyclic nucleotides such as 
cGMP as well as cAMP is catalyzed by a large superfamily of 
more than 50 phosphodiesterases (PDEs) that either are 
selective for cGMP or cAMP or are capable of metabolizing 
both.153 Inhibitors of the PDEs are currently under investiga-
tion as potential therapeutic agents in kidney disease.

In addition to stimulation by acetylcholine, NO formation 
in the vascular endothelium increases in response to brady-
kinin,121,154-157 thrombin,158 platelet-activating factor,159 endo-
thelin,160 and calcitonin gene–related peptide.155,161-164 
Increased flow through blood vessels with intact endothe-
lium or across cultured endothelial cells, which results in 
increased shear stress, also increases NO release,147,154,156,165-169 
and elevated perfusion pressure/shear stress increases NO 
release from afferent arterioles.170 Both pulse frequency and 
amplitude modulate flow-induced NO release.165

In the kidney, nitric oxide has numerous important func-
tions, including the regulation of renal hemodynamics, 
maintenance of medullary perfusion, blunting of tubuloglo-
merular feedback, inhibition of tubular sodium reabsorp-
tion, modulation of renal sympathetic neural activity, and 
mediation of pressure natriuresis.171 The net effect of NO 
in the kidney is to promote natriuresis and diuresis.172 
Indeed, pressure natriuresis in experimental models utiliz-
ing stepwise increases of both renal perfusion pressure and 
medullary blood flow involve increased medullary NO 
release,173 which can exert direct tubular effects to promote 
sodium and water excretion. Although tubular epithelial 
cells are capable of releasing NO, the vasa recta may be a 
primary source of the NO produced during increased med-
ullary flow, because Zhang and Pallone174 observed flow-
dependent increases in NO during microperfusion of 
isolated outer medullary vasa recta.

Experimental studies also support the presence of an 
important interaction among NO, Ang II, and renal nerves 
in the control of renal function.175 Renal hemodynamics are 
continuously affected by endogenous NO production, as 
evidenced by the fact that nonselective NO synthase (NOS) 
inhibition results in marked decreases in RPF, an increase 
in mean arterial blood pressure (AP), and generally a reduc-
tion in GFR.176-178 These effects are largely prevented by the 
simultaneous administration of excess l-arginine, the NOS 
substrate.176 Selective inhibition of neuronal NOS (nNOS or 
type I NOS), which is found in the thick ascending limb of 
the loop of Henle, the macula densa, and efferent arteri-
oles,144,179 decreases GFR without affecting blood pressure 
or RBF.180 Because eNOS (endothelial NOS or type II NOS) 
is found in the endothelium of renal blood vessels, includ-
ing the afferent and efferent arterioles and glomerular cap-
illary endothelial cells,144 differences between the effects 
of inhibition of NO formation on RBF from generalized 
NOS inhibition and those from specific inhibition of nNOS 
appear to be related to the distinct distributions of eNOS 
and nNOS in the kidney.

Both short- and long-term inhibition of NO production 
results in systemic and glomerular capillary hypertension, 
an increase in preglomerular resistance and efferent 

opposing actions of the vasoconstrictor peptide, Ang II, and 
the vasodilator peptide, Ang-(1-7), may be influenced by the 
ratio of ACE to ACE2 and of AT1 to Mas receptor contents 
within specific vascular regions (as well as tubular segments) 
of the kidney. In fact, cardiovascular and renal diseases may 
involve an imbalance of these peptides, enzymes, or 
receptors.128

There has been renewed interest in the hormone aldo-
sterone. Once believed to be involved solely in salt and water 
balance manifested through tubular effects, aldosterone has 
been postulated to have direct renovascular effects, possibly 
via activation of rapid nongenomic mechanisms. Aldoste-
rone has induced a rapid vasoconstriction that was not 
blocked by spironolactone in perfused arterioles isolated 
from rabbit kidneys.132 These data are somewhat controver-
sial, but other researchers have shown either no effect or a 
vasodilator effect of aldosterone in vasculature with intact 
endothelium, whereas a vasoconstrictor effect of aldoste-
rone is consistently observed when endothelial function is 
impaired by inhibition of NO production (for review, see 
Arima133 and Schmidt134). Finally, a novel peptide known as 
apelin was found to serve as an endogenous ligand for the 
orphan G protein–coupled receptor APJ, which shares sig-
nificant homology with the AT1 receptor.135 Apelin immuno-
reactivity and APJ receptor messenger RNA have been 
detected in the kidney and are believed to play a counter-
regulatory role with respect to renovascular and tubular 
effects of the RAAS.136,137

ENDOTHELIAL FACTORS IN THE CONTROL  
OF RENAL HEMODYNAMICS AND  
GLOMERULAR FILTRATION

Endothelial cells were once considered “vascular cello-
phane,” simple metabolically inactive cells that passively 
lined the vascular tree and provided a nonstick surface for 
blood cells. Thanks in large part to the pioneering work of 
Robert Furchgott, Louis Ignarro, Ferid Murad, and Masashi 
Yanigasawa, we now recognize that these cells produce a 
number of substances that can profoundly alter vascular 
tone, including vasodilators such as NO as well as vasocon-
strictors such as the endothelins. These factors play an 
important role in the minute-to-minute regulation of renal 
vascular flow and resistance.

NITRIC OXIDE
In 1980, Furchgott and Zawadzki138 demonstrated that the 
vasodilatory action of acetylcholine required the presence 
of an intact endothelium. The binding of acetylcholine and 
many other vasodilator substances to receptors on endothe-
lial cells leads to the formation and release of an 
“endothelium-derived relaxing factor,” which was subse-
quently determined to be NO.139,140 NO is formed from 
L-arginine141 by a family of enzymes that are encoded by 
separate genes called nitric oxide synthases that are present in 
many cells, including vascular endothelial cells, macro-
phages, neurons,142 glomerular mesangial cells,143 macula 
densa,144 and renal tubular cells. Once released by the endo-
thelium, NO diffuses into adjacent and downstream vascular 
smooth muscle cells,145 where it activates soluble guanylate 
cyclase leading to cGMP accumulation.121,146-150 Cyclic GMP 
modulates intracellular calcium concentration, in part, 
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levels for both eNOS and nNOS.188,189 Ang II increases NO 
production in isolated perfused afferent arterioles via activa-
tion of the AT1 Ang II receptors.114 On the other hand, Deng 
and colleagues reported that nonselective NOS inhibition 
increased renal oxygen consumption, an effect that was 
independent of Ang II.190 Additionally, Baylis and associates 
reported that inhibition of NOS in conscious rats had 
similar effects on renal hemodynamics in both intact and 
angiotensin II–blocked states,191 These findings show that 
the vasoconstrictor response of NOS blockade is not medi-
ated by Ang II. In a later study, Baylis and associates showed 
that when the Ang II level was acutely raised by infusion of 
exogenous peptide, acute NO blockade amplified the renal 
vasoconstrictor actions of Ang II.192 In agreement with this 
finding, Ito and coworkers103 demonstrated that intrarenal 
inhibition of NO enhanced Ang II–induced constriction of 
afferent, but not efferent, arterioles in the rabbit. Similar 
results have also been obtained in dogs.111 Although no clear 
consensus exists, these data suggest that NO modulates the 
vasoconstrictor effects of Ang II on glomerular arterioles in 
vivo, perhaps blunting Ang II’s vasoconstrictor response in 
the afferent arteriole but not the efferent arteriole. As men-
tioned earlier, this difference may provide a mechanism for 
the proposed preferential vasoconstrictor response to Ang 
II in the efferent arteriole observed in settings where Ang 
II values are elevated.

arteriolar resistance, a decrease in Kf, and decreases in both 
QA and SNGFR.122,123,181-183 As shown in Figure 3.19, acute 
administration of pressor doses of a blocker of NO produc-
tion resulted in a decline in SNGFR, QA, and Kf and increases 
in both RA and RE. Administration of nonpressor doses of 
the inhibitor of NO formation through the renal artery 
yielded an increase in RA and decreases in SNGFR and Kf 
but no effect on RE (see Figure 3.19).123 These studies sug-
gested that the cortical afferent, but not efferent, arterioles 
were under tonic control by NO. However, other studies 
have found that the renal artery, the arcuate and interlobu-
lar arteries, and the afferent and efferent arterioles produce 
NO and constrict in response to inhibition of endogenous 
NO production.103,108,145,184-187 In agreement with this finding, 
other investigators have reported that NO dilates both effer-
ent and afferent arterioles in the perfused juxtamedullary 
nephron.10,187

Controversy exists regarding the role of the renin-
angiotensin system in the genesis of the increase in vascular 
resistance that follows blockade of NOS. Studies of in vitro 
perfused nephrons187 and of anesthetized rats in vivo188 
suggest that the increase in renal vascular resistance that 
follows NOS blockade is blunted when Ang II formation or 
binding is blocked. NO inhibits renin release, short-term 
Ang II infusion increases cortical NOS activity and protein 
expression and long-term Ang II infusion increases mRNA 

Figure 3.19  Role of endothelium-derived relaxing factor (EDRF = nitric oxide) in the control of glomerular ultrafiltration. Studies were performed 
in euvolemic Munich-Wistar  rats either  receiving  intravenous pressor doses of  the EDRF-blocker N-monomethyl-L-arginine  (NMA)  (i.v., filled 
squares) or nonpressor doses of NMA at  the origin of  the  renal artery  (i.r., open squares). Kf, ultrafiltration coefficient;  PGC , pressure  in  the 
glomerular capillaries; PT, pressure in the tubules; QA, glomerular plasma flow rate; RA, preglomerular arteriolar resistance; RE, efferent arteriolar 
resistance; SNGFR, single-nephron glomerular filtration rate. (Data [mean ± SE] obtained from Deng and Naylis.123) 
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Endothelin production is stimulated by physical factors, 
including increased shear stress and vascular stretch.218,219 In 
addition a variety of hormones, growth factors, and vasoac-
tive peptides increase endothelin production including 
transforming growth factor-β, platelet-derived growth factor, 
tumor necrosis factor-α, Ang II, arginine vasopressin, 
insulin, bradykinin, thromboxane A2, and throm-
bin.198,202,204,208,220-223 Endothelin production is inhibited by 
atrial and brain natriuretic peptides acting through a cGMP-
dependent process217,224 and by factors that increase intracel-
lular cAMP and protein kinase A activation, such as 
β-adrenergic agonists.204

Typically, intravenous infusion of ET-1 induces a marked, 
prolonged pressor response193,225 accompanied by increases 
in preglomerular and efferent arteriolar resistances and a 
decrease in RBF and GFR.225 As shown in Figure 3.20, infu-
sion of subpressor doses of ET-1 also decreases SNGFR, QA, 
and whole kidney RBF and GFR,226-230 again accompanied by 
increases in both preglomerular and postglomerular resis-
tances and filtration fraction.226,228,231 Vasoconstriction of 
afferent and efferent arterioles by endothelin has been con-
firmed in the split, hydronephrotic rat kidney prepara-
tion232,233 and in isolated perfused arterioles.106,185,234 In both 
micropuncture226 and isolated arteriole106 studies, the sensi-
tivity and response of the efferent arteriole exceeded those 
of the afferent vessel. Endothelin also causes mesangial cell 
contraction.195,235 Finally, other studies have suggested that 
the vasoconstrictor effects of the endothelins can be modu-

ENDOTHELIN
Endothelin, a potent vasoconstrictor derived primarily from 
vascular endothelial cells, was first described by Yanagasawa 
and colleagues.193 There are three distinct genes for endo-
thelin, each encoding distinct 21–amino acid isopeptides 
termed ET-1, ET-2, and ET-3.193-195 Endothelin is produced 
after endothelin-converting enzyme cleaves the 38– to 40–
amino acid proendothelin, which in turn is produced from 
proteolytic cleavage of pre-proendothelin (≈212 amino 
acids) by furin.196,197 ET-1 is the primary endothelin pro-
duced in the kidney, including the arcuate arteries and 
veins, interlobular arteries, afferent and efferent arterioles, 
glomerular capillary endothelial cells, glomerular epithelial 
cells, and glomerular mesangial cells of both rats and 
humans,198-209 and it acts in an autocrine or paracrine fashion 
or both210 to alter a variety of biologic processes in these 
cells. Endothelins are extremely potent vasoconstrictors and 
the renal vasculature is highly sensitive to them.211 Once 
released from endothelial cells, endothelins bind to specific 
receptors on vascular smooth muscle, the ETA receptors that 
bind both ET-1 and ET-2.210,212-215 ETB receptors are expressed 
in the glomerulus on mesangial cells and podocytes with 
equal affinity for ET-1, ET-2, and ET-3.214,215 There are two 
subtypes of ETB receptors, the ETB1 linked to vasodilation 
and the ETB2 linked to vasoconstriction.216 An endothelin-
specific protease modulates endothelin levels in the 
kidney.217

Figure 3.20  Effects of  intravenous administration of  endothelin  (subpressor dose) on glomerular ultrafiltration. Kf,  ultrafiltration coefficient; 

∆P , pressure gradient;  PGC , pressure in the glomerular capillaries; QA, glomerular plasma flow rate; RA, afferent arteriolar resistance; RE, effer-
ent arteriolar resistance; SNGFR, single-nephron glomerular filtration rate. (Data [mean ± SE] obtained in euvolemic Munich-Wistar rats from Badr 
et al.226)
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efficient in brain and kidney), virtually all organs and tissues, 
including skeletal muscle and intestine, exhibit this prop-
erty, termed “autoregulation.” As shown in Figure 3.21, the 
kidney autoregulates RBF and GFR over a wide range of 
renal perfusion pressures.

Autoregulation of blood flow requires parallel changes in 
resistance and perfusion pressure. However, if efferent arte-
riolar resistance declined significantly when perfusion pres-
sure was reduced, glomerular capillary pressure and GFR 
would also fall. Therefore, the finding that both RBF and 
GFR are autoregulated suggests that the principal resistance 
change is in the preglomerular vasculature. Studies using 
the Munich-Wistar rat, which has glomeruli on the renal 
cortical surface that are readily accessible to micropuncture, 
afforded an opportunity to observe the renal cortical micro-
vascular adjustments that take place in response to varia-
tions in renal arterial perfusion pressure. Figure 3.22 
summarizes the effects in the normal hydropenic rat of 
graded reductions in renal perfusion pressure on glomeru-
lar capillary blood flow rate, mean glomerular capillary 
hydraulic pressure (PGC), and preglomerular (RA) and effer-
ent arteriolar (RE) resistance.253 As shown in Figure 3.22, 
graded reduction in renal perfusion pressure from 120 to 
80 mm Hg resulted in only a modest decline in glomerular 
capillary blood flow, whereas further reduction in perfusion 
pressure to 60 mm Hg led to a more pronounced decline. 
Despite the decline in perfusion pressure from 120 to 
80 mm Hg, values of PGC fell only modestly on average, from 
45 to 40 mm Hg. Further reduction in perfusion pressure 
from 80 to 60 mm Hg resulted in a further fall in PGC (from 
40 to 35 mm Hg). Calculated values for RA and RE are shown 
in Figure 3.22. Autoregulation of glomerular capillary blood 
flow and PGC as perfusion pressure decreased from 120 to 
80 mm Hg was due to a pronounced decrease in RA with 
little change in RE. Over the range of renal perfusion pres-
sure from 120 to 60 mm Hg, RE tended to increase slightly. 
In that study, when plasma volume was expanded, RA 
declined while RE increased as renal perfusion pressure was 

lated by a number of factors,213,236 including NO,185,237 bra-
dykinin,238 PGE2,239 and prostacyclin.239,240

Although there are multiple endothelin receptors, most 
is known about the ETA and ETB receptors, which have been 
cloned and characterized.215,241,242 According to the tradi-
tional view, ETA receptors, which are abundant on vascular 
smooth muscle, have a high affinity for ET-1 and play a 
prominent role in the pressor response to endothelin.243 
ETB receptors are present on endothelial cells, where they 
may mediate NO release and endothelium-dependent relax-
ation.242 However, the distribution and function of ETA and 
ETB receptors vary greatly among species and, in the rat, 
even according to strain. In the normal rat, according to an 
immunofluorescence microscopy study by Wendel and asso-
ciates, both ETA and ETB receptors are expressed in the 
media of interlobular arteries and afferent and efferent 
arterioles. In interlobar and arcuate arteries, only ETA recep-
tors are present on vascular smooth muscle cells.244 These 
workers found that ETB receptor immunoreactivity is sparse 
on endothelial cells of renal arteries, but strong labeling of 
peritubular and glomerular capillaries as well as vasa recta 
endothelium.244 ETA receptors are evident on glomerular 
mesangial cells and pericytes of descending vasa recta 
bundles.244 Another study in the rat suggested that endog-
enous endothelin may actually dilate the afferent arteriole 
and lower Kf via ETB receptors.245 However, ETB receptors 
on vascular smooth muscle also mediate vasoconstriction in 
the rat, an effect that is potentiated in hypertensive 
animals.246

Endothelin stimulates the production of vasodilatory 
prostaglandins,229,237,240,247,248 yielding a feedback loop to 
modify the vasoconstrictor effects of endothelin. ET-1, ET-2, 
and ET-3 also stimulate NO production in the arteriole and 
glomerular mesangium via activation of the ETB recep-
tor.158,160,185,237,249 Resistances in the renal and systemic vascu-
lature are markedly increased during inhibition of NO 
production, and these effects can be partially reversed by 
ETA blockade or inhibition of endothelin-converting 
enzyme, indicating the dynamic interrelationship between 
NO and endothelin effects.250,251 The vasoconstrictive effects 
of Ang II may be mediated, in part, by a stimulation of ET-1 
production that acts on ETA receptors to produce vasocon-
striction.220,223 Long-term administration of Ang II reduces 
RBF, and this effect is prevented by administration of a 
mixed ETA/ETB receptor antagonist, suggesting that endo-
thelin contributes importantly to the renal vasoconstrictive 
effects of Ang II.220 Interestingly, antagonists of endothelin 
receptors may reduce proteinuria, demonstrating renopro-
tective effects in diabetic nephropathy. However, a clinical 
trial was halted early because of fluid retention and forma-
tion of peripheral edema in ET antagonist–treated patients 
with diabetic nephropathy. Currently, the endothelin antag-
onists have been approved by the U.S. Food and Drug 
Administration only for the treatment of pulmonary 
hypertension.252

RENAL AUTOREGULATION

Many organs are capable of maintaining relative constancy 
of blood flow in the face of major changes in perfusion 
pressure. Although the efficiency with which blood flow is 
maintained differs from organ to organ (being most 

Figure 3.21  Autoregulatory response of total renal blood flow (RBF) 
to changes in renal perfusion pressure in the dog and rat. In general, 
the normal anesthetized dog exhibits greater autoregulatory capabil-
ity  to  lower arterial pressure  than  the  rat.  (From Navar LG, Bell PD, 
Burke TJ: Role of a macula densa feedback mechanism as a mediator 
of renal autoregulation. Kidney Int 22:S157, 1982.)
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large, preglomerular vessels in the autoregulatory response, 
Heyeraas and Aukland258 reported that interlobular arterial 
pressure remained constant when renal perfusion pressure 
was reduced by 20 mm Hg, again suggesting that these 
vessels contribute importantly to the constancy of outer 
cortical blood flow in the upper autoregulatory range. A 
number of observations have provided evidence that the 
major preglomerular resistor is located close to the glom-
erulus, at the level of the afferent arteriole.12,259-261 As in 
superficial nephrons, direct observations of perfused juxta-
medullary nephrons revealed parallel reductions in the 
luminal diameters of arcuate, interlobular, and afferent 
arterioles in response to elevation in perfusion pressure. 
However, because quantitatively similar reductions in vessel 
diameter produce much greater elevations in resistance in 
small than in large vessels, the predominant effect of these 
changes is an increase in afferent arteriolar resistance.259

CELLULAR MECHANISMS INVOLVED IN  
RENAL AUTOREGULATION
Autoregulation of the afferent arteriole and interlobular 
artery is blocked by administration of L-type calcium channel 
blockers, inhibition of mechanosensitive cation channels, 
and a calcium-free perfusate.262-265 The autoregulatory 
response thus involves gating of mechanosensitive channels, 
which produces membrane depolarization, and activation 
of voltage-dependent calcium channels, which leads to an 
increase in intracellular calcium concentration and vaso-
constriction.262,266,267 Calcium channel blockade almost com-
pletely blocks autoregulation of RBF.268,269 The autoregulatory 
capacity of the afferent arteriole is attenuated by intrinsic 
metabolites of the cytochrome P450 epoxygenase pathway, 
and metabolites of the cytochrome P450 hydroxylase 
pathway enhance autoregulatory responsiveness.270

Autoregulation of both GFR and RBF has been found to 
occur in the presence of inhibition of NO, but values for 
RBF were reduced at any given renal perfusion pressure in 
comparison with control values.177,271-273 In the isolated per-
fused juxtamedullary afferent arteriole, the initial vasodila-
tation observed when pressure was increased was of shorter 
duration when endogenous NO formation was blocked, but 
the autoregulatory response was unaffected.267 Cortical and 
juxtamedullary preglomerular vessels in the split hydrone-
phrotic kidney also perform autoregulation in the presence 
of NO inhibition.184 The majority of evidence therefore sug-
gests that NO is not essential, at least for the myogenic 
component of renal autoregulation, though it may play a 
role in tubuloglomerular feedback (see later).274

THE MYOGENIC MECHANISM  
FOR AUTOREGULATION
According to the myogenic theory, arterial smooth muscle 
contracts and relaxes in response to increases and decreases 
in vascular wall tension.275 Thus, an increase in perfusion 
pressure, which initially distends the vascular wall, is fol-
lowed by a contraction of resistance vessels, resulting in a 
recovery of blood flow from an initial elevation to a value 
comparable to the control level. Fray and coworkers pre-
sented a model of myogenic control of RBF based on the 
assumption that flow remains constant when the distending 
force and the constricting force, determined by the proper-
ties of the vessel wall, are equal.276,277 The constricting force 

Figure 3.22  Glomerular dynamics in response to reduction of renal 
arterial perfusion pressure  in  the normal hydropenic  rat. As can be 
seen, glomerular blood flow (GBF) and glomerular capillary hydraulic 
pressure  (PGC)  remained  relatively  constant  as  blood  pressure  was 
lowered from ≈120 mm Hg to ≈80 mm Hg, over the range of perfu-
sion pressure examined, primarily as a result of a marked decrease 
in afferent arteriolar resistance (RA). Efferent arteriolar resistance (RE) 
was relatively constant. (Adapted from Robertson CR, Deen WM, Troy 
JL, Brenner BM: Dynamics of glomerular ultrafiltration in the rat. III: 
Hemodynamics and autoregulation. Am J Physiol 223:1191, 1972.)

200

100

0

50

40

30

20

10

0

4.0

3.0

2.0

GBF
nL/min

PGC
mm Hg

RA

RE

60 80

Mean arterial
pressure, mm Hg

100 120

�1010 dyn�s�cm–5

lowered, so that PGC and ∆P were virtually unchanged over 
the entire range of renal perfusion pressures.253 In plasma-
expanded animals, the mean glomerular transcapillary 
hydraulic pressure difference (∆P) exhibited nearly perfect 
autoregulation over the entire range of perfusion pressures 
because of concomitant increases in RE as RA fell.253 These 
results indicate that autoregulation of GFR is the conse-
quence of the autoregulation of both glomerular blood flow 
and glomerular capillary pressure.

The medullary circulation has also been shown to possess 
autoregulatory capacity.254-256 The extent of autoregulation 
of the medullary circulation may be influenced by the 
volume status of the animal.255 Preglomerular vessels, includ-
ing the afferent arterioles and vessels as large as the arcuate 
and interlobular arteries, participate in the autoregulatory 
response. In the split, hydronephrotic rat kidney prepara-
tion, Steinhausen and coworkers observed dilation of all 
preglomerular vessels from the arcuate to interlobular arter-
ies in response to reductions in perfusion pressure from 120 
to 95 mm Hg.257 The proximal afferent arteriole did not 
respond to pressure changes in this range but did dilate 
when perfusion pressure was reduced to 70 mm Hg. The 
diameter of the distal afferent arteriole did not change at 
any pressure. Also consistent with an important role of 
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increases in perfusion pressure when the rats are fed a high-
salt diet.288 Thus, alterations in autoregulatory responses of 
the renal vasculature occur in a variety of disease states.

AUTOREGULATION MEDIATED BY 
TUBULOGLOMERULAR FEEDBACK
The nephron is uniquely organized so that the same tubule 
that descends from the cortex into the medulla eventually 
returns to the originating glomerulus to provide a regula-
tory mechanism known as tubuloglomerular feedback (TGF). 
There is a specialized nephron segment lying between the 
end of the thick ascending limb of the loop of Henle and 
the beginning of the distal convoluted tubule, known as the 
macula densa. The macula densa cells are adjacent to the 
cells of the extraglomerular mesangium, which fill the angle 
formed by the afferent and efferent arterioles of the glom-
erulus (Figure 3.23). This anatomic arrangement of macula 
densa cells, extraglomerular mesangial cells, arteriolar 
smooth muscle cells, and renin-secreting cells of the affer-
ent arteriole is known as the juxtaglomerular apparatus (JGA). 
The JGA is ideally suited for a feedback system whereby a 
stimulus received at the macula densa may be transmitted 
to the arterioles of the same nephron to alter RBF and GFR. 
Changes in the delivery rate and composition of the fluid 
flowing past the macula densa have been shown to elicit 
rapid changes in glomerular filtration of the same nephron, 
with increases in delivery of fluid resulting in decreases in 
SNGFR and glomerular capillary hydraulic pressure (PGC) 
of the same nephron.289,290 This TGF system senses delivery 
of fluid to the macula densa and “feeds back” to control 
filtration rate, thus providing a powerful mechanism to 
regulate the pressures and flows that govern GFR in response 
to acute perturbations in delivery of fluid to the JGA.

The TGF mechanism has been suggested as an additional 
mechanism to the myogenic response to explain the auto-
regulation of RBF and GFR. Increased RBF or glomerular 
capillary pressure would lead to increased GFR, and there-
fore, delivery of solute to the distal tubule would rise. 
Increased distal delivery is sensed by the macula densa, 
which activates effector mechanisms that increase preglo-
merular resistance, reducing RBF, glomerular pressure, and 
GFR. A number of observations support this hypothesis. 
Perfusion of the renal distal tubule at increasing flows 
causes reduction in glomerular blood flow and GFR.291 Fur-
thermore, as reviewed by Navar and colleagues, a variety of 
experimental maneuvers that cause distal tubule fluid flow 
to decline or cease induce afferent arteriolar vasodilation 
and interfere with the normal autoregulatory response.274,292 
In addition, infusion of furosemide into the macula densa 
segment of juxtamedullary nephrons was found to signifi-
cantly abrogate the normal constrictor response of afferent 
arterioles to increased perfusion pressure,293 presumably by 
blocking the uptake of Na+ and Cl− from the tubule lumen.294 
A similar observation was made by Takenaka and cowork-
ers.260 These studies suggest that the autoregulatory response 
in juxtamedullary nephrons is mainly dependent on the 
TGF mechanism. Moreover, deletion of the A1 adenosine 
receptor gene in mice to block TGF results in less efficient 
autoregulation, again indicating the role for TGF in the 
autoregulatory response.295

To examine the role of TGF in autoregulation, investiga-
tors have studied spontaneous oscillations in proximal 

is envisioned to have both a passive and an active compo-
nent, the latter sensitive to stretch in the vessel. Myogenic 
control of renal vascular resistance has been estimated to 
contribute up to 50% of the total autoregulatory response.278

Several lines of evidence indicate that such a myogenic 
mechanism is important in renal autoregulation. Autoregu-
lation of RBF is observed even when tubuloglomerular feed-
back is inhibited by furosemide, suggesting an important 
role for a myogenic mechanism.105 This myogenic mecha-
nism of autoregulation occurs very rapidly, reaching a full 
response in 3 to 10 seconds.105 Autoregulation occurs in all 
of the preglomerular resistance vessels of the in vitro blood-
perfused juxtamedullary nephron preparation.260,270,279-281 Of 
note, the afferent arteriole in this preparation has been 
shown to be able to constrict in response to rapid changes 
in perfusion pressure even when all flow to the macula 
densa was stopped by resection of the papilla, indicating an 
important role for a myogenic mechanism in autoregula-
tion.281 Isolated perfused rabbit afferent arterioles respond 
to step increases in intraluminal pressure with a decrease in 
luminal diameter.102 In contrast, efferent arteriolar seg-
ments show vasodilation when submitted to the same pro-
cedure, probably reflecting simple passive physical 
properties. Autoregulation is also observed in the afferent 
arteriole and arcuate and interlobular arteries of the split 
hydronephrotic kidney,184,262,264,265,282 but again the efferent 
arteriole did not show autoregulation in this model.184 
Further evidence that the renal vasculature is indeed intrin-
sically responsive to variations in the transmural hydraulic 
pressure difference was obtained by Gilmore and col-
leagues,283 who provided direct evidence for myogenic auto-
regulation in renal vessels transplanted into a cheek pouch 
of the hamster. In this nonfiltering system, contraction of 
afferent but not efferent arterioles was observed in response 
to increased interstitial pressure in the pouch. However, it 
should be noted that, in vivo, efferent arteriolar resistance 
may increase in response to decreases in arterial pres-
sure,284,285 and this response may result from increased activ-
ity of the renin-angiotensin system. These data may also 
explain why autoregulation of GFR is more efficient than 
autoregulation of RBF.

The autoregulatory threshold can be reset in response to 
a variety of perturbations. Autoregulation in the afferent 
arteriole is greatly attenuated in the kidneys of subjects with 
diabetes and may contribute to the hyperfiltration seen 
early in this disease.282 Autoregulation is partially restored 
by insulin treatment and/or by inhibition of endogenous 
prostaglandin production.282 Autoregulation in the remnant 
kidney is markedly attenuated 24 hours after the reduction 
in renal mass and is again restored by cyclo-oxygenase inhi-
bition, suggesting that release of vasodilatory prostaglandins 
may be involved in the initial response to increase SNGFR 
in the remaining nephrons after acute partial nephrec-
tomy.286 Much higher pressures than normal are required to 
evoke a vasoconstrictor response in the afferent arteriole 
during the development of spontaneous hypertension.287 
The intermediate portion of the interlobular artery of the 
spontaneously hypertensive rat exhibits an enhanced myo-
genic response, with a lower threshold pressure and a 
greater maximal response.264 Both the afferent arterioles 
and the interlobular arteries of Dahl salt-sensitive hyperten-
sive rats exhibit a reduced myogenic responsiveness to 
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in rats.299 Two separate components of autoregulation were 
identified, one operating at about the same frequency as the 
spontaneous fluctuations in tubule pressure (the TGF com-
ponent) and one operating at a much higher frequency 
consistent with spontaneous fluctuations in vascular smooth 
muscle tone (the myogenic component). Subsequently, 
Flemming and coworkers reported that renal vascular 
responses to alterations in renal perfusion pressure varied 
considerably according to the dynamics of the change and 
that rapid and slow changes in perfusion pressure could 
have opposite effects.300 They suggested that slow pressure 
changes elicited a predominant TGF response, whereas 
rapid changes invoked the myogenic mechanism.

Despite these observations, the conclusion that the TGF 
system plays a central role in autoregulation is complicated 
by several factors. First, there is the process of glomerulotu-
bular balance, by which proximal tubule reabsorption 
increases as GFR rises. This mechanism would tend to blunt 
the effects of alterations in GFR on distal delivery. 

tubule pressure and RBF and the response of the renal 
circulation to high-frequency oscillations in tubule flow 
rates or renal perfusion pressure.296 Oscillations in tubule 
pressure have been observed in anesthetized rats at a rate 
of about three cycles per minute that are sensitive to small 
changes in delivery of fluid to the macula densa.297 These 
spontaneous oscillations are eliminated by loop diuretics,298 
findings consistent with the hypothesis that they are medi-
ated by the TGF response. To examine this hypothesis, 
Holstein-Rathlou induced sinusoidal oscillations in distal 
tubule flow in rats at a frequency similar to that of the spon-
taneous fluctuations in tubule pressure.296 Varying distal 
delivery at this rate caused parallel fluctuations in stop-flow 
pressure (an index of glomerular capillary pressure), prob-
ably mediated by alterations in afferent resistance, again 
consistent with dynamic regulation of glomerular blood 
flow by the TGF system. To investigate further, Holstein-
Rathlou and colleagues examined the effects of sinusoidal 
variations in arterial pressure at varying frequencies on RBF 

Figure 3.23  Schematic drawing of a cross section of a glomerulus, including the afferent and efferent arterioles, macula densa cells of the 
early distal tubule, glomerular capillaries, mesangial cells, and podocytes. (Drawing by DA Maddox.)
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the macula densa cells or is formed in the adjacent intersti-
tium, it interacts with adenosine A1 receptors on the extra-
glomerular mesangial cells, resulting in an increase in 
[Ca2+]i.309 The increase in [Ca2+]i may occur, in part, via 
basolateral membrane depolarization through Cl− channels 
followed by Ca2+ entry into the cells via voltage-gated Ca2+ 
channels.310 As indicated in Figure 3.24, gap junctions then 
transmit the calcium transient to the adjacent afferent arte-
riole, leading to vasoconstriction.290 In addition, adenosine 
can directly constrict the afferent arteriole through calcium 
release from the sarcoplasmic reticulum; activation of 
calcium-dependent chloride channels; and influx of calcium 
through voltage-dependent calcium channels.311 Macula 
densa cells respond to an increase in luminal [NaCl] by 
releasing ATP at the basolateral cell membrane through 
ATP-permeable large-conductance anion channels, possibly 
providing a communication link between macula densa 
cells and adjacent mesangial cells via purinoceptors recep-
tors on the latter.312

Several lines of evidence support the role for adenosine 
in mediating TGF. Intraluminal administration of an 

In addition, the persistence of autoregulatory behavior in 
nonfiltering kidneys301 and in isolated blood vessels suggests 
that the delivery of filtrate to the distal tubule is not abso-
lutely required for constancy of blood flow, at least in super-
ficial nephrons. Consistent with this view, Just and associates 
demonstrated in the conscious dog that although TGF con-
tributes to maximum autoregulatory capacity of RBF, auto-
regulation is observed even when tubuloglomerular 
feedback is inhibited by furosemide, suggesting an impor-
tant role for a myogenic mechanism.105,302 However, Wang 
and colleagues found that the myogenic responses of the 
afferent arteriole are affected by inhibition of the Na+-K+-
2Cl− cotransporter with furosemide in the absence of tubu-
loglomerular feedback.303 The myogenic and TGF 
mechanisms are not mutually exclusive, and Aukland and 
Oien have proposed a model of renal autoregulation that 
incorporates both systems.304 Because the myogenic and 
TGF responses share the same effector site, the afferent 
arteriole, interactions between these two systems are 
unavoidable and each response is capable of modulating the 
other. The prevailing view is that these two mechanisms act 
in concert to accomplish the same end, a stabilization of 
renal function when blood pressure is altered.278,305 Just sug-
gested that the myogenic component of autoregulation 
requires less than 10 seconds for completion and normally 
follows first-order kinetics without rate-sensitive compo-
nents.278 Peti-Peterdi and colleagues reported that the 
response time for the tubuloglomerular feedback may be as 
short as 5 seconds,261 although others have suggested it takes 
30 to 60 seconds and shows spontaneous oscillations at 0.025 
to 0.033 Hz.278 The myogenic and tubuloglomerular feed-
back mechanisms account for the majority of the autoregu-
latory response.278

Mechanisms of Tubuloglomerular Feedback 
Control of Renal Blood Flow and Glomerular 
Filtration Rate

Several factors have been identified as tubular signals for 
TGF.306 Changes in delivery of Na+, Cl−, and K+ are thought 
to be sensed by the macula densa through the Na+-K+-2Cl− 
cotransporter (a.k.a. the NKCC2 or BSC1 cotransporter) on 
the luminal cell membrane of the macula densa cells.307 
Alterations in Na+, K+, and Cl− reabsorption result in inverse 
changes in SNGFR and renal vascular resistance, primarily 
in the preglomerular vessels. For instance, when the salt 
delivery increases to the distal tubule, the feedback mecha-
nism decreases glomerular filtration. Agents such as furose-
mide that interfere with the Na+-K+-2Cl− cotransporter in the 
macula densa cells294 inhibit the feedback response.308 Ade-
nosine, and possibly ATP, play a central role in mediating 
the relationship between transport of Na+, K+, and Cl−, at 
the luminal cell membrane of the macula densa and the 
GFR of the same nephron, as illustrated in Figure 3.24.290 
According to this scheme, increased delivery of solute to the 
macula densa results in concentration-dependent increases 
in solute uptake by the Na+-K+-2Cl− cotransporter. These 
increases, in turn, stimulate Na+-K+-ATPase activity on the 
basolateral side of the cells, leading to the formation of 
adenosine diphosphate (ADP) and subsequent formation of 
AMP. Dephosphorylation of AMP by cytosolic 5′-nucleotid-
ase or endo-5′-nucleotidase bound to the cell membrane 
yields the formation of adenosine.290 Once adenosine leaves 

Figure 3.24  Proposed  mechanism  of  tubuloglomerular  feedback 
(TGF). The sequence of events (numbers in circles) are: (1) uptake of 
Na+, Cl−, and K+ by the Na+-K+-2Cl− cotransporter on the luminal cell 
membrane of the macula densa cells; (2) intracellular or extracellular 
production of adenosine  (ADO);  (3) ADO activation of adenosine A1 
receptors, triggering an increase in cytosolic Ca2+ in extraglomerular 
mesangial cells (MCs); and (4) coupling between extraglomerular MCs 
and granular cells (containing renin) and smooth muscle cells of the 
afferent arteriole (VSMCs) by gap junctions, allowing propagation of 
the increased [Ca2+]i (intracellular calcium concentration) and resulting 
in afferent arteriolar vasoconstriction and  inhibition of renin release. 
Local angiotensin II and neuronal nitric oxide synthase (nNOS) activity 
modulate the response. ADP, adenosine diphosphate; AMP, adenos-
ine  monophosphate;  ATP,  adenosine  triphosphate.  (From Vallon V: 
Tubuloglomerular feedback and the control of glomerular filtration rate. 
News Physiol Sci 18:169-174, 2003.)
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indicating the importance of NO in modulating TGF.319 Ito 
and Ren, using an isolated perfused complete JGA prepara-
tion, found that microperfusion of the macula densa with 
an inhibitor of NO production led to constriction of the 
adjacent afferent arteriole.186 When the macula densa was 
perfused with a low-sodium solution, however, the response 
was blocked, indicating that solute reabsorption is 
required.186 Microperfusion of the macula densa with the 
precursor of NO, l-arginine, blunts TGF, especially in salt-
depleted animals.331-333 Therefore, it appears that the affer-
ent arteriole vasodilates acutely in response to NO, thus 
blunting TGF. An increase in NO production may also 
inhibit renin release by increasing cGMP in the granular 
cells of the afferent arteriole,334 thereby accentuating its 
vasodilatory effects. Of note, however, Schnermann and 
coworkers reported that when NO production is blocked 
long term in knockout mice lacking nNOS, TGF in response 
to acute perturbations in distal sodium delivery is normal.322 
These workers did observe, however, that the presence of 
intact nNOS in the JGA is required for sodium chloride–
dependent renin secretion.322 The TGF system, which elicits 
vasoconstriction and a reduction in SNGFR in response to 
acute increases in sodium delivery to the macula densa, 
appears to secondarily activate a vasodilatory response. Stim-
ulation of NO production in response to increased distal 
salt delivery under conditions of volume expansion, by reset-
ting tubuloglomerular feedback and limiting TGF-mediated 
vasoconstrictor responses, would be advantageous.

Tubuloglomerular feedback responses might be tempo-
rally divided into two opposing events. The initial, rapid 
(seconds) TGF response would yield vasoconstriction and a 
decrease in GFR and PGC when sodium delivery out of the 
proximal tubule is acutely increased. The same increase in 
sodium delivery would be expected with time (minutes) to 
decrease renin secretion, which in the presence of a contin-
ued stimulus such as volume expansion would reduce Ang 
II production and allow filtration rate to increase, thereby 
helping raise urinary excretion rates. The rapid TGF system 
would prevent large changes in GFR under such conditions 
as spontaneous fluctuations in blood pressure that might 
otherwise occur, thereby maintaining tight control of distal 
sodium delivery in the short term.322 Schnermann and 
coworkers hypothesized that the JG Afunctions to maintain 
tight control of distal sodium delivery only for the short 
term.322 Over the long term, renin secretion is controlled by 
the JGA in accordance with the requirements for sodium 
balance, and the TGF system resets at a new sodium delivery 
rate.322 The TGF system then continues to operate around 
this new set point. Over the long term, resetting of the TGF 
system may thus be the result of sustained increases in GFR 
and distal delivery.322,335,336

AUTOREGULATION MEDIATED BY  
METABOLIC MECHANISMS
The metabolic theory predicts that, given the relative con-
stancy of tissue metabolism, a decrease in organ blood flow 
leads to local accumulation of a vasodilator metabolite, 
maintaining blood flow at or near its previous level, whether 
in tissues such as muscle or in kidney.305,337,338 The TGF 
system is affected by compounds that are closely linked to 
cellular metabolism, ATP and its metabolites ADP and ade-
nosine. These metabolites have important effects on renal 

adenosine A1 receptor agonist enhances the TGF response.313 
In addition, TGF is completely absent in adenosine A1 
receptor–deficient mice.314,315 Blockage of adenosine A1 
receptors, or inhibition of adenosine synthesis via inhibition 
of 5′-nucleotidase, reduces TGF efficiency, and combining 
the two inhibitors nearly completely blocks TGF.316 Addition 
of adenosine to the afferent arteriole causes vasoconstric-
tion via activation of the adenosine A1 receptor, and addi-
tion of an A1 receptor antagonist blocks the effects of both 
adenosine and of high macula densa [NaCl].317 Of note, 
these effects occur only when adenosine is added to the 
extravascular space and do not occur when adenosine is 
added to the lumen of the macula densa.317 These results 
are consistent with the proposed scheme in Figure 3.24, 
which suggests that an increase in [NaCl] to the macula 
densa stimulates Na+-K+-ATPase activity, leading to increased 
adenosine synthesis followed by constriction of the afferent 
arterioles via A1 receptor activation.317

Efferent arterioles preconstricted with norepinephrine 
vasodilate in response to an increase in NaCl concentration 
at the macula densa, an effect blocked by adenosine A2 
receptor antagonists but not by A1 receptor antagonists.318 
The changes in efferent arteriolar resistance are in opposite 
direction to that of the afferent arterioles, which vasocon-
strict in response to an increase in NaCl at the macula 
densa.317,319 The net result is decreased glomerular blood 
flow, decreased glomerular hydraulic pressure, and a reduc-
tion in SNGFR.

Angiotensin appears to be another regulatory factor. TGF 
is blunted by Ang II antagonists and Ang II synthesis inhibi-
tors and is absent in knockout mice lacking either the AT1A 
Ang II receptor or angiotensin-converting enzyme (ACE). 
Furthermore, systemic infusion of Ang II in ACE knockout 
mice restores TGF.320-325 Ang II enhances TGF via activation 
of AT1 receptors on the luminal membrane of the macula 
densa.326 Acute inhibition of the AT1 receptor in normal 
mice blocks TGF and reduces autoregulatory efficiency.321 
There have also been studies showing the interaction of 
adenosine and angiotensin in feedback mechanisms. In 
these studies, adenosine A1 receptor antagonist administra-
tion resulted in decreased afferent arteriolar resistance and 
increased transcapillary hydraulic pressure differences 
(ΔP), whereas pretreatment with an angiotensin AT1 recep-
tor antagonist prevented these changes.327 Although it is 
known that Ang II is not the primary regulator of TGF, these 
results indicate that Ang II plays a prominent role in modu-
lating TGF and that this response is mediated through the 
AT1 receptor, which may also link to the adenosine 
regulation.

Neuronal nitric oxide synthase is present in the macula 
densa.328 Nitric oxide derived from nNOS in the macula 
densa provides a vasodilatory influence on tubuloglomeru-
lar feedback, decreasing the amount of vasoconstriction of 
the afferent arteriole that otherwise would occur.328,329 
Increased distal NaCl delivery to the macula densa stimu-
lates nNOS activity and also increases activity of the induc-
ible form of cyclo-oxygenase (COX-2), which counteracts 
TGF-mediated constriction of the afferent arteriole.328,329 
Macula densa cell pH rises in response to increased luminal 
sodium concentration and may be related to the stimulation 
of nNOS.330 Inhibition of macula densa guanylate cyclase 
increases the TGF response to high luminal [NaCl], further 
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immunoreactive for neuropeptide Y (NPY), neurotensin, 
vasoactive intestinal polypeptide, and somatostatin are also 
found in the kidney.76 Neuronal nitric oxide synthase–
immunoreactive neurons have now been identified in the 
kidney.347 The NOS-containing neuronal somata are seen in 
the wall of the renal pelvis, at the renal hilus close to the 
renal artery, along the interlobar and arcuate arteries, and 
extending to the afferent arteriole, suggesting that they 
have a role in the control of RBF.347 Such somata were also 
present in nerve bundles having vasomotor and sensory 
fibers, suggesting that they might modulate renal neural 
function.347

In micropuncture studies of the effects of renal nerve 
stimulation (RNS), RNS alone increased RA and RE, resulting 
in a fall in QA and SNGFR without any effect on Kf.350 When 
prostaglandin production was inhibited by indomethacin, 
however, the same level of RNS produced even greater 
increases in RA and RE accompanied by very large declines in 
QA and SNGFR and decreases in Kf, PGC, and ΔP.350 When 
saralasin was administered as a competitive inhibitor of 
endogenous Ang II in conjunction with indomethacin, RNS 
had no effect on Kf, but both RA and RE were still increased 
and ΔP was slightly reduced.350 The release of norepineph-
rine by RNS enhances Ang II production to yield arteriolar 
vasoconstriction and reduction in Kf. The increase in Ang II 
production may then increase vasodilator prostaglandin pro-
duction,350,351 partially ameliorating the constriction. Contin-
ued vasoconstriction by RNS during blockade of endogenous 
prostaglandins and Ang II suggests that norepinephrine has 
separate vasoconstrictive properties by itself. In agreement 
with this suggestion are the findings that norepinephrine 
causes constriction of preglomerular vessels.109 Inhibition of 
NOS results in a decline in SNGFR in normal rats but not in 
rats with surgical renal denervation, suggesting that NO nor-
mally modulates the effects of renal adrenergic activity.352 
This modulation does not appear, however, to be related to 
sympathetic modulation of renin secretion.353

Renal denervation in animals undergoing acute water 
deprivation (48 hours duration) or with congestive heart 
failure produces increases in SNGFR, QA, and Kf.354 This 
finding suggests that the natural activity of the renal nerves 
in these settings plays an important role in the constriction 
of the arterioles and reduction in Kf that were observed.354 
The vasoconstrictive effects of the renal nerves in both set-
tings were mediated in part by a stimulatory effect on Ang II 
release, together with a direct vasoconstrictive effect on the 
preglomerular and postglomerular blood vessels.354 These 
studies demonstrate the important role of the renal nerves in 
pathophysiologic settings. In fact, clinical trials have focused 
on whether catheter-based renal artery denervation reduces 
blood pressure in patients with resistant hypertension. The 
latest trial demonstrated a reduction in blood pressure of 
those patients who underwent renal denervation; however, 
the response did not differ from that of the sham-treated 
patients at 6 months after treatment.355
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vascular smooth muscle and thus may provide a metabolic 
link to autoregulation via the TGF mechanism.272,339,340

OTHER FACTORS INVOLVED IN AUTOREGULATION
Studies have shown that endothelium-dependent factors 
might play a role in the myogenic response of renal arteries 
and arterioles to changes in perfusion pressure. For 
example, in 1992 Hishikawa and coworkers reported that 
raised transmural pressure increased NO release by cul-
tured endothelial cells.341 In addition, Tojo and associates 
used histochemical techniques to demonstrate the presence 
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ticipates in the TGF response.342 Other studies suggest that 
NO produced by the macula densa can dampen the TGF 
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NEURAL REGULATION OF GLOMERULAR 
FILTRATION RATE
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tubule, and the glomerular mesangium, is richly inner-
vated.88,347 Innervation includes renal efferent sympathetic 
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taining peptides such as calcitonin gene–related peptide 
(CGRP) and substance P.88,347 Acetylcholine is a potent vaso-
dilator of the renal vasculature (discussed previously), sug-
gesting a potential role for circulating acetylcholine in the 
control of the renal circulation. Sympathetic efferent nerves 
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riole, including the JGA.347,348 Peptidergic nerve fibers 
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Normal human urine contains only tiny amounts of protein. 
The presence of increased amounts of urinary protein (pro-
teinuria), especially albumin (albuminuria), is a cardinal 
feature of glomerular disease and an important prognostic 
marker in a wide variety of forms of kidney disease, includ-
ing the most numerically and economically important form 
of kidney disease, diabetic nephropathy.1 Perhaps not so 
widely appreciated is that albuminuria is also an important 
independent risk factor for cardiovascular mortality in both 
diabetic and nondiabetic populations.2 Therefore the study 
of albuminuria, the factors that prevent it in the healthy 
state, the disease mechanisms that lead to its occurrence 
and its prognostic significance, and, perhaps most impor-
tantly, the therapeutic approaches to its modification, all 
have major clinical and health economic significance.

The healthy kidney limits the amount of albumin passing 
into the glomerular filtrate by virtue of the selective perme-
ability of the glomerular capillary wall. In a 70-kg adult, 
approximately 180 L of water and small molecules such as 
salt, glucose, and amino acids pass relatively freely across the 
glomerular capillary wall into the primary urine in every 
24-hour period. Yet, while allowing this massive permeability 

to water and small molecules, the glomerular capillary main-
tains relative impermeability to albumin. The structure of 
the glomerular capillary wall that serves this selective perme-
ability comprises three interacting components: fenestrated 
glomerular endothelial cells on the inner (luminal) aspect, 
podocytes (also called glomerular visceral epithelial cells) 
on the outer (urinary) aspect of the capillary, and the highly 
negatively charged glomerular basement membrane (GBM) 
between these two cellular layers.3 Each of these three com-
ponents exerts an important influence on the selective per-
meability of the glomerular capillary wall to albumin and 
other proteins, and it is therefore unduly simplistic to think 
of any of the components in isolation. However, there are 
structural, scientific, clinical, and therapeutic reasons for 
focusing on the podocytes as the conductors of this orches-
tra, which is the purpose of this chapter.

BIOLOGIC FUNCTIONS OF PODOCYTES

The main biologic function of podocytes is to restrict the 
passage of albumin and other key proteins to the blood 
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(ZO-1), and membrane-associated guanylate kinase, WW 
and PDZ domain–containing protein 2 (MAGI-2), and the 
actin-binding proteins α-actinin-4 and Ras activating-like 
protein IQGAP1 (IQGAP1). In addition, transient receptor 
potential cation channel, subfamily C, member 6 (TRPC6)14 
and TRPC515 are cationic sensing channels at the slit dia-
phragm. The protein structure of nephrin, and particularly 
its high number of intracytoplasmic tyrosine residues, 
strongly suggests a signaling function for this protein.16 It 
has become apparent that slit diaphragm proteins play a key 
role in signaling to the podocyte actin cytoskeleton and in 
turn control the shape and structural integrity of the podo-
cyte.17 The slit diaphragm complex communicates actively 
with the rest of the podocyte to convey mechanical pressures 
and other signals to adapt to change. Phosphorylation of 
nephrin by Src family tyrosine kinases plays a role in signal 
transduction via phosphatidylinositol-3-kinase (PI3-K), Akt, 
and other pathways.18

CYTOSKELETON

The podocyte cytoskeleton ensures cell contractility, cell 
shape, and polarity. Foot processes contain long actin fiber 
bundles that run cortically and contiguously to link adjacent 
podocytes.19 The cell body and major and secondary pro-
cesses contain vimentin-rich intermediate filaments that 
assist in maintaining cell shape and rigidity, and large micro-
tubules form organized structures along major and minor 
processes. Actin, α-actinin, and myosin form a contractile 
system in podocyte foot processes, and, along with the 
microtubule system, anchor podocytes to specific matrix 
proteins in the underlying GBM by way of integrins, vincu-
lin, and talin.20-22 Several Rho GTPases also regulate podo-
cyte contractility23; actin is also regulated by podocyte-specific 
proteins, such as synpaptopodin24 and actinin-4, which are 
actin-binding proteins. Studies have shown that this well-
orchestrated actin- and microtubule-cytoskeleton accounts 
for not only the shape of podocytes, but the ability to 
migrate.

GLOMERULAR DISEASES IN WHICH 
PODOCYTES ARE THE PRIMARY 
GLOMERULAR CELL TYPE INJURED

Certain types of proteinuric glomerular diseases are  
characterized by primary injury of podocytes.25 The three 
leading primary glomerular diseases (defined as a kidney-
specific disease) are focal segmental glomerulosclerosis 
(FSGS), membranous nephropathy (MN), and minimal 
change disease (MCD). “Nontraditional” podocyte diseases 
include diabetic kidney disease, amyloidosis, Fabry’s disease, 
membranoproliferative glomerulonephritis and postinfec-
tious glomerulonephritis. The inciting causes of each podo-
cyte disease differ, and therefore each disease affects 
podocytes in different ways; in turn, the response to injury 
in each disease differs, leading to different histologic and 
clinical manifestations (Table 4.1). Yet, regardless of the 
inciting causes and their mediators of podocyte injury, 
several common clinical and pathologic responses occur, 
which will be highlighted later.

space within the glomerular capillaries and to prevent their 
passage into the extracapillary urinary space.4 Additional 
functions include maintaining the shape of the underlying 
glomerular capillaries to which they adhere,5 the produc-
tion of extracellular matrix proteins for the development 
and likely subsequent maintenance of the GBM,6 and the 
production and secretion of survival and angiopathic factors 
such as vascular endothelial growth factor (VEGF) and 
angiopoietin for the neighboring glomerular endothelial 
cells.7,8 Alterations to one or more of these functions result-
ing from glomerular disease–induced injury lead to func-
tional and structural changes that characterize podocyte 
injury, both clinically and pathologically. These will be dis-
cussed later.

ULTRASTRUCTURAL AND MOLECULAR 
ANATOMY OF PODOCYTES  
REQUIRED FOR NORMAL STRUCTURE 
AND FUNCTION

STRUCTURE

The complex podocyte ultrastructure comprises a cell body, 
from which extend long branching cellular processes. Major 
processes give rise to interdigitating secondary processes, 
which are arranged like the teeth of a zipper9 (Figure 4.1). 
These minor processes end in foot processes, which attach 
podocytes to the underlying GBM. The gaps between these 
secondary processes form specialized and modified tight 
junctions called the slit diaphragms, through which glo-
merular filtration occurs (see Figure 4.1). This structure is 
analogous to a molecular sieve, which limits the passage of 
macromolecules based on size, in which the diameter of the 
sieve (40 nm) is smaller than that of albumin.10 Foot pro-
cesses are actively motile due to a well-organized and abun-
dant actin cytoskeleton that is in direct communication with 
the slit diaphragm (see later). Multiple podocyte-specific 
proteins in the slit diaphragm enable this structure to serve 
several functions11 (Figure 4.2). They include being a size, 
charge, and shape macromolecular filter to proteins (see 
later), anchoring the filter to the GBM, and communicating 
with the actin cytoskeleton in the foot processes to process 
cues appropriate for the regulation of podocyte shape and 
polarity.

SLIT DIAPHRAGM PROTEINS

Several classes of proteins make up the structure of the slit 
diaphragm, and each is required to accomplish specialized 
and diverse biologic functions in health (see Figure 4.2).11 
Perhaps the best known is the transmembrane protein 
nephrin, which spans the slit diaphragm across adjacent 
foot processes, giving rise to the characteristic zipper struc-
ture that participates in homotypic intercellular interac-
tions.10 Podocin helps anchor nephrin to the plasma 
membrane, whereas the family of Neph proteins ensures the 
cis-configuration of nephrin for proper function.12 Nephrin, 
and likely additional slit diaphragm proteins, is further 
anchored to the actin cytoskeleton by the scaffold proteins 
CD2-associated protein (CD2AP),13 zonula occludens 1 
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Figure 4.1  Podocyte ultrastructure. A, Scanning electron micrograph of podocytes (orange) covering the underlying capillary. From the cell 
body (CB), arise major processes (MP), from which arise secondary processes (SP), culminating in foot processes (FP). B-D, Visualization of 
interdigitating foot processes and epithelial filtration pores using an in-lens detector with scanning electron photomicrographs from a Wistar 
rat, taken at increasing magnifications (B, ×36,000; C, ×60,000; D, ×100,000). E and F, Scanning electron microscopy of a capillary loop covered 
by a podocyte. At higher power (F), the filtration barrier comprising the innermost glomerular endothelial cells, the middle glomerular basement 
membrane (GBM), and outermost podocyte foot processes (FP), between which are the slit diaphragms (SD).  (A from Welsh GI, Saleem MA: 
The podocyte cytoskeleton—key to a functioning glomerulus in health and disease. Nat Rev Nephrol 8:14-21, 2011; B-D from Gagliardini E, Conti 
S, Benigni A, et al: Imaging of the porous ultrastructure of the glomerular epithelial filtration slit. J Am Soc Nephrol 21:2081-2089, 2010; E and 
F were provided by Dr. Behzad Najafian, University of Washington.)
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MECHANISMS OF INJURY IN COMMON 
PODOCYTE DISEASES

The following is a brief overview of how each proteinuric 
glomerular disease leads to podocyte injury. Readers are 
referred to a more general discussion of these glomerular 
diseases in Chapter 32.

MINIMAL CHANGE NEPHROPATHY

The fact that the podocyte is the only glomerular cell that 
is structurally altered in MCD has led to the assumption  
that this disease is a “podocytopathy.”26 There are cer-
tainly changes in expression patterns of podocyte-specific 
genes, but it is difficult to be sure whether these are  
cause or effect. Unfortunately, there are no satisfactorily 
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Figure 4.2  Podocyte molecular anatomy. The schema shows the slit diaphragm between two adjacent podocyte foot processes that are 
attached to the underlying glomerular basement membrane. Numerous constitutively expressed proteins are expressed within different geo-
graphic  domains  of  the  podocyte.  CD2AP,  CD2-associated  protein;  ILK,  integrin-linked  kinase;  P,  phosphate;  TRPC5,  transient  receptor 
potential cation channel, subfamily C, member 5; TRPC6, transient receptor potential cation channel, subfamily C, member 6. 
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Table 4.1 Diseases of the Podocyte

Broad Classification of 
Podocyte Diseases Disease

Mediators and Mechanisms of Inciting Injury to 
Podocytes

Traditional podocyte 
diseases—podocytes are 
considered the primary cell 
injured in disease

Focal segmental glomerulosclerosis •  Hereditary and congenital: due to mutations in structural 
podocyte proteins such as nephrin, podocin, CD2AP, 
TRPC6, and others

•  Circulating factors: candidates include suPAR
•  Drugs
•  Infections
•  Metabolic: obesity, hypertension

Membranous nephropathy •  Primary: anti-PLA2R antibodies
•  Secondary: antigen-antibody deposition, due to either 

preformed complexes or antibodies to existing antigens 
in podocytes

Minimal change disease •  Cause unknown—circulating factors considered but not 
fully proven

Nontraditional podocyte 
diseases—podocytes 
considered injured as the 
primary or secondary cell 
by the disease process

Diabetic nephropathy •  Hyperglycemia
•  ROS
•  Systemic and local RAAS activation
•  Growth factors such as TGF-β, CTGF

Mesangioproliferative glomerulonephritis
Amyloidosis
Fabry’s disease
Postinfectious glomerulonephritis

CD2AP, CD2-associated protein; CTGF, connective tissue growth factor; PLA2R, phospholipase A2 receptor; RAAS, renin angiotensin 
aldosterone system; ROS, reactive oxygen species; suPAR, soluble urokinase-type plasminogen activator receptor; TGF-β, transforming 
growth factor-β; TRPC6, transient receptor potential cation channel, subfamily C, member 6.
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which could also explain the recurrence of FSGS in a pro-
portion of kidney transplants.

MEMBRANOUS NEPHROPATHY

The subepithelial (subpodocyte) location of the immune 
deposits in MN and analogies with the representative animal 
model of passive Heymann nephritis have led to attempts 
to identify podocyte antigens that are targets of the immune 
response.42 Ronco and Debiec identified a podocyte antigen 
(neutral endopeptidase) that is the target of an alloimmune 
response in neonatal MN43 but does not seem to explain 
idiopathic MN. The identification of autoantibodies to the 
M-type phospholipase A2 receptor (PLA2R) by Beck and 
colleagues in approximately 70% of patients with idiopathic 
MN44 represents a very significant advance. PLA2R is 
expressed by human podocytes, but its role in podocyte 
biologic processes and the causative link between anti-
PLA2R autoantibodies and the pathologic condition of MN 
require further study.

HUMAN IMMUNODEFICIENCY  
VIRUS NEPHROPATHY

Another acquired renal disease in which study of podocytes 
has been very informative is human immunodeficiency virus 
(HIV) nephropathy. Podocytes may be directly infected by 
HIV-1, though because they lack the cellular receptors for 
HIV that have been identified in lymphocytes, other mecha-
nisms for uptake of HIV viral proteins may be involved.45 
Presence of HIV viral proteins leads to upregulation of the 
key mediator VEGF and its receptor.46 Addition of exoge-
nous VEGF to cultured podocytes leads to proliferation and 
dedifferentiation as seen in HIV nephropathy. HIV alters 
the shape of podocytes by disrupting the actin cytoskeleton. 
The kidney is known to act as a reservoir for HIV, and the 
podocyte may be a cell that is not easily accessible to antivi-
ral defense mechanisms. Thus improved understanding of 
the relationship between HIV and the podocyte may be 
vitally important to the future success of anti-HIV therapeu-
tic strategies.

DIABETIC KIDNEY DISEASE

Diabetic kidney disease, extensively covered in other parts 
of this edition, is the numerically and economically most 
important form of progressive kidney disease worldwide. 
The role of the podocyte therein has been the topic of much 
exciting literature. Podocyte number is a better predictor of 
prognosis in diabetic nephropathy than GBM thickness, 
mesangial proliferation or sclerosis, or any other feature of 
glomerular injury.47-49 Podocyte abnormalities are detectable 
very early in the disease.47,50 It seems that VEGF is key to 
understanding the importance of the podocyte in diabetic 
nephropathy51 with chronic hyperglycemia leading to exces-
sive production of VEGF by the podocyte and an abnormal 
crosstalk with the nitric oxide pathway. There may also be a 
link with insulin responsiveness of podocytes: insulin stimu-
lates the production of VEGF by podocytes,52 and the selec-
tive deletion of the insulin receptor from podocytes leads 
to progressive kidney disease with many features in common 

specific animal models of MCD: administration of puromy-
cin aminonucleoside causes similar morphologic changes, 
but puromycin aminonucleoside is a cellular toxin that  
is not specific for podocytes.27 Administration of the anti-
nephrin monoclonal antibody 5-1-6 in rats rapidly induces 
proteinuria with the glomerular structure initially remain-
ing normal.28 Perhaps the most exciting insights concern 
the production by podocytes of a hyposialylated version  
of a protein called angiopoietin-like 4, which seems to 
mediate proteinuria in rats overexpressing this protein 
selectively in their podocytes. The proteinuric animals  
had normal glomerular morphologic characteristics by  
light microscopy.29 A later publication from the same group 
suggests that the normal form of angiopoietin-like 4 may 
actually be antiproteinuric but may explain the hypertriglyc-
eridemia that is typically seen in nephrotic syndrome.30 
These observations strengthen the link between podo-
cyte injury and MCD, but a direct causal link is not yet 
proven.

FOCAL SEGMENTAL GLOMERULOSCLEROSIS

The causes or mechanisms underlying FSGS are broadly 
considered as hereditary or congenital and sporadic or 
acquired in nature. Study of podocytes received new impetus 
in the late 1990s when the positional cloning of the gene 
responsible for congenital nephrotic syndrome of the 
Finnish type led to the identification of the archetypal 
podocyte-specific protein, nephrin.31 This was rapidly fol-
lowed by the identification of other proteinuric diseases 
linked to podocyte-specific single-gene disorders, including 
those affecting podocin,14 Wilms’ tumor 1,32 CD2AP,33 
α-actinin-4,34 TRPC6,35 and phospholipase Cε1 (PLCE1).36 
In each of these conditions it is generally accepted that 
proteinuria results directly from the disruption of these 
constitutively expressed genes in the podocyte, leading to 
FSGS. However, all these genetic disorders are rare, and a 
key question for practicing nephrologists is whether 
podocyte-specific gene mutations or polymorphisms play a 
role as predisposing factors for the much more common 
“sporadic” forms of proteinuric disease.

There is abundant evidence that podocyte injury and 
depletion lead to classical FSGS in experimental models 
(reviewed by D’Agati).37 In human disease an opportunity 
to study the very earliest features of FSGS is afforded by 
studies of recurrence of this disease in transplanted kidneys: 
changes in podocytes can be seen in reperfusion biopsies 
and are predictive of full-blown FSGS recurrence.38 An 
example of bringing the knowledge of podocyte biology to 
therapeutic application is afforded by the studies of the 
expression by podocytes of the protein B7-1 (also known as 
CD80, a protein originally thought to have its major role as 
a lymphocyte costimulatory protein). Upregulation of B7-1 
on podocytes has been shown to be key to the development 
of nephrotic syndrome in various animal models,39 and this 
led to the experiment in which abatacept, a fusion protein 
that targets B7-1, was used in the treatment of five patients 
with FSGS and led to marked reductions in proteinuria.40 
Another area of excitement in relation to FSGS concerns 
the possible role of a circulating mediator called soluble 
urokinase-type plasminogen activator receptor (suPAR),41 
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with diabetic nephropathy even though these animals are 
not diabetic.53

RESPONSES BY PODOCYTES TO DISEASE-
INDUCED INJURY: LINKING STRUCTURE 
TO FUNCTION TO CLINICAL FINDINGS

The discussion of how podocytes may be injured in the 
common individual proteinuric glomerular diseases leads to 
the question “How does podocyte injury translate into the 
characteristic clinical findings in these diseases?” This 
requires that we focus on how the responses to podocyte 
injury lead to the characteristic histopathologic changes 
seen on renal biopsy, proteinuria (the clinical signature of 
podocyte injury), and glomerulosclerosis (which leads to 
reduced kidney function and progression of the disease).

EFFACEMENT: A HISTOLOGIC CHANGE IN 
PODOCYTE SHAPE MEDIATED BY THE  
ACTIN CYTOSKELETON

The podocyte depends for its normal functions on mainte-
nance of the complex architecture of interdigitating sec-
ondary cell processes. Anything that disrupts this will lead 
to damage to the selective glomerular filter, with proteinuria 
being the demonstrable clinical consequence. Regardless  
of the underlying disease, a characteristic and almost pre-
dictable response to podocyte injury is a change in the 
shape of podocytes, called effacement (Figure 4.3).54 On 
examination by electron microscopy, effaced podocytes 

Figure 4.3  Effaced podocytes.  The  biopsy  specimen  was  taken 
from a patient with focal segmental glomerulosclerosis. The electron 
micrograph shows that the foot processes appear flattened and give 
the impression that they are fused (white arrows). This ultrastructural 
change is called effacement. GBM, Glomerular basement membrane. 
(Figure was provided by Dr. Behzad Najafian, University of Washington.)
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appear flattened and even fused (although the latter does 
not happen functionally). Numerous studies have shown 
that effacement is an active process, due to changes in the 
actin cytoskeleton of the podocyte, which forms the “back-
bone” of these highly specialized cells.17 Further evidence 
that effacement is an active process is that in some instances 
it can be reversed, such as in treatment-responsive patients 
with MCD. There has been debate whether effacement per 
se causes proteinuria, because proteinuria due to podocyte 
damage can occur independent of this change in shape. 
The relationship between podocyte foot process effacement 
and proteinuria has been questioned,55 and it is clear that 
there is still much to learn about this long-recognized but 
still poorly understood ultrastructural phenomenon. Con-
fusingly, effacement has also been reported (in the absence 
of proteinuria) in the protein-malnutrition state kwashior-
kor,56 suggesting that it may be a feature of hypoalbumin-
emia rather than of proteinuria per se. However, it is the 
view of the authors that effacement is a manifestation of 
serious podocyte injury, and that this histologic finding 
implies changes in either slit diaphragm proteins, actin 
binding and regulating proteins, podocyte attachment to 
the GBM, and/or other events. Therefore teasing out pre-
cisely the biologic role of effacement in the development 
and maintenance of proteinuria may not be important.

How does effacement occur? Several genetic studies in 
humans have been very instructive in understanding podo-
cyte biology in general and the role of the actin cytoskeleton 
in particular (reviewed by Wang and von der Lehr).57 For 
example, we now appreciate the importance of the gene 
encoding α-actinin-4, which plays an important role in actin 
polymerization. The mutant form of α-actinin-4 binds more 
avidly to actin and affects the mechanical properties of actin 
gels, providing an explanation for its effect on podocyte 
structure when mutated in autosomal dominant late-onset 
familial FSGS.34 Experimental approaches have been 
employed to better understand the pathogenesis. To this 
end, the podocyte-specific transgenic expression of the 
mutant α-actinin-4 gene in mice leads to FSGS,58 demon-
strating that it is the effects of the gene in the podocyte 
rather than any other cell that is responsible for the disease. 
The final experimental proof of the causative role of the 
mutation came in experiments showing that when the 
mutant gene was “knocked in” in mice, the animals devel-
oped FSGS, showing that this gene defect alone is capable 
of causing the disease.59 The mechanisms underlying the 
effects of the mutant protein were later demonstrated in 
detail,60 and there is further evidence that the physicochem-
ical characteristics of actin fibers formed with the mutant 
α-actinin-4 show altered flexibility that can explain the 
effects on the podocyte.61 α-Actinin-4 protein mutants 
have been shown to mislocalize to the cell cytoplasm and 
lose their ability to associate with nuclear receptors and 
activate gene transcription.62 Other groups have reported 
different gene mutations that affect the actin cytoskeleton 
and also cause FSGS. For instance, the gene encoding 
CD2AP encodes a protein that is important in linking  
to actin fibers.33 Intriguingly, calcineurin antagonists and 
corticosteroids, discussed further in the section on thera-
peutic approaches, both have beneficial effects on the podo-
cyte actin cytoskeleton, and this may be an important 
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podocin, particular mutations being strongly associated with 
early age of presentation.70 In the other 80% of children, 
and in adult patients, the genetic contribution remains 
uncertain, although one study suggested that the most fre-
quently reported variant of NPHS2, known as R229Q, 
increased the risk for sporadic FSGS in European-derived 
populations by 20% to 40%.71 One small study of sporadic 
disease has reported that heterozygous mutations in one or 
more podocyte genes can predispose to FSGS72; this awaits 
confirmation in larger studies and in different populations. 
Analysis of podocyte genes as predisposing factors for dia-
betic nephropathy has so far produced negative results.73 
Studies of the increased susceptibility of African Americans 
to FSGS have implicated variants of another gene expressed 
in podocytes, apolipoprotein L1, although the causal mech-
anism remains obscure.74-76

Finding a genetic cause in a patient with apparently 
acquired nephrotic syndrome has implications for manage-
ment. For example, a therapeutic response to steroids or 
immunosuppression is unlikely. Avoiding these drugs spares 
patients from unnecessary exposure to toxic therapies. Also, 
disease recurrence after transplantation is less likely. Regret-
tably, at present such information assists in the management 
of only a very small proportion of patients.

GLOMERULOSCLEROSIS AND REDUCED KIDNEY 
FUNCTION: A CORRELATION WITH DEPLETION 
IN PODOCYTE NUMBER

Many podocyte diseases such as FSGS, MN, and diabetic 
kidney disease are accompanied by a progressive decline in 
overall kidney function, measured clinically by a decrease 
in glomerular filtration rate. This is largely due to glomeru-
losclerosis, with or without tubulointerstitial fibrosis. Pat-
terns of glomerulosclerosis histologically include a segmental 
form (a portion of an individual glomerulus is scarred) and 
the more extensive global form (the majority of an indi-
vidual glomerulus scars). There are several mechanisms 
whereby injury to podocytes leads to glomerulosclerosis. 
First is the association of reduced podocyte number and 
scarring.77 Several glomerular diseases are accompanied by 
podocyte apoptosis, necroptosis, necrosis, detachment, and 
dysregulated autophagy.78 These lead to podocyte deple-
tion. However, because podocytes are terminally differenti-
ated epithelial cells, they are unable to adequately proliferate 
to replace those lost because of the events described earlier.79 
This is in part due to cell cycle arrest secondary to an 
increase in cyclin kinase inhibitors,80 and/or mitotic catas-
trophe.81 This imbalance (loss exceeding regeneration) 
ultimately leads to progressive podocyte depletion. The con-
sequences of this have been well delineated experimentally 
as follows. When podocyte number is reduced by 20% of 
normal, mesangial cells begin to proliferate and undergo 
expansion.82 When podocyte number is reduced by 40%, 
segmental glomerulosclerosis ensues, with global glomeru-
losclerosis when podocyte number is below 60% of normal.82 
A decrease in podocyte number is one of the best predictors 
for a poor outcome in clinical diabetic kidney disease. 
Studies have suggested that despite a lack of proliferation, 
podocyte number can be restored following certain thera-
pies such as angiotensin-converting enzyme inhibition.83 If 
podocyte regeneration does occur, then a possible source 

component of their mechanisms of action in proteinuric 
diseases.63

PROTEINURIA DUE TO REDUCED SIZE AND/OR 
CHARGE PROPERTIES

One of the most important biologic functions of podocytes 
is to limit the passage of plasma proteins into the urinary 
space. The podocyte slit diaphragm is a major size barrier 
to albumin and other proteins, and studies have suggested 
the possibility that this also serves as a charge barrier too. A 
hereditary or acquired defect of one or more structural 
proteins making up the slit diaphragm, such as nephrin, 
podocin, and TRPC6, leads to abnormal function, allowing 
increased passage of proteins across this barrier. In acquired 
diseases, either an absolute decrease in their levels or a 
change in their subcellular location is associated with pro-
teinuria.64 Moreover, given the complex interplay between 
proteins making up the slit diaphragm, a change in one slit 
diaphragm protein often leads to a cascading dysfunction 
of one or more of the other proteins.65 The outer surface 
of podocytes is negatively charged due to the constitutive 
expression of proteins such as podocalyxin.66 Although no 
known hereditary mutations have been described, reduced 
podocalyxin levels lead to proteinuria. Another mechanism 
for proteinuria is a decrease in podocyte number, which 
simply creates gaps in this layer, enabling proteins to escape 
through the cellular barrier.

A second mechanism underlying proteinuria from podo-
cyte injury is its effect on the underlying GBM.67 Recall that 
podocytes constitute the outermost layer of the glomerular 
filtration barrier, which includes the GBM to which it is 
anchored, and the innermost fenestrated and highly special-
ized glomerular endothelial cells. The GBM derives embryo-
logically from both podocytes and glomerular endothelial 
cells. In adults, podocytes can alter GBM structure and func-
tion in disease as follows. In membranous and diabetic 
nephropathy, podocytes produce and secrete increased 
extracellular matrix proteins, which are laid down along the 
GBM, eventually leading to the characteristic thickening of 
the underlying GBM in these diseases.68 The altered extra-
cellular matrix composition leads to secondary changes 
(loss) in negative charge to the GBM, thereby enabling 
increased passage of proteins. In addition, increased pro-
duction by and secretion from podocytes of reactive oxygen 
species and metalloproteinases leads to degradation of the 
GBM and proteinuria.

A third mechanism underlying proteinuria following 
podocyte injury is its effect on the glomerular endothelial 
cell. The survival of glomerular endothelial cells is depen-
dent in part on VEGF produced and secreted from podo-
cytes.69 A decrease in production by podocytes, such as when 
podocyte number decreases, leads to secondary apoptosis of 
glomerular endothelial cells, which in turn is accompanied 
by a decrease in resistance of this layer of the glomerular 
filtration barrier.

In general, increased knowledge about genetic causes of 
nephrotic syndrome has so far had a disappointingly limited 
impact on understanding, prediction, or management of 
sporadic cases. In children with steroid-resistant nephrotic 
syndrome, with or without a positive family history, up to 
20% may have mutations in NPHS2, the gene encoding 
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shown that GR-induced signaling pathways are functional in 
murine podocytes, having transcriptional and posttranscrip-
tional effects on podocyte genes.93 Dexamethasone increases 
phosphorylation of nephrin at a key intracellular tyrosine 
residue in cultured human podocytes, and this phos-
phorylation is blocked by a GR antagonist but not by a 
mineralocorticoid receptor antagonist.94 It is assumed that 
phosphorylation of nephrin is important for its function, 
and the same group has shown95 that nephrin phosphoryla-
tion is reduced in puromycin aminonucleoside nephrosis in 
rats and in human MCD. Thus an effect of corticosteroids 
to reverse these nephrin changes could provide a plausible 
mechanism of their action in MCD. Finally, studies have 
shown that administering corticosteroids to mice with FSGS 
following podocyte depletion does significantly increase 
podocyte number.96 This is not due to proliferation and 
might be due to the augmentation of podocyte progenitors, 
although further studies are needed to better define this 
effect.96

CALCINEURIN INHIBITORS

The calcineurin inhibitors cyclosporine and tacrolimus are 
widely used in nephrotic syndrome, either alone or in com-
bination with other therapies. An elegant study showed that 
the effects of cyclosporine on proteinuria are independent 
of its effects on the immune system and defined the 
calcineurin-dependent dephosphorylation of synaptopodin, 
which in turn leads to destabilization of the podocyte actin 
cytoskeleton, as the key reaction in podocytes that is inhib-
ited by cyclosporine.97 The net effect is that cyclosporine can 
stabilize the actin cytoskeleton in podocytes and thereby 
reduce proteinuria directly.97

ANTI–B CELL THERAPY

The specific anti–B cell monoclonal antibody rituximab, 
increasingly thought to be effective in proteinuric diseases 
even when they are not all obviously immune mediated, has 
been shown to have direct effects on podocytes, including 
stabilizing their actin cytoskeleton.98 Although monoclonal 
antibodies are assumed to have very specific binding targets, 
they can also have “off-target” effects. In this case it seems 
that rituximab, as well as binding to the CD20 molecule that 
is its accepted molecular target, also binds to a podocyte 
protein called sphingomyelin phosphodiesterase acid- 
like 3b, (SMPDL-3b) and this protein stabilizes the actin 
cytoskeleton.

RENIN ANGIOTENSIN ALDOSTERONE  
SYSTEM INHIBITORS

The levels of tissue angiotensin II and the angiotensin 
subtype 1 receptor are increased in podocytes following 
injury in several glomerular diseases, including diabetic 
kidney disease.99 The consequences include increased 
apoptosis, extracellular matrix protein accumulation, reac-
tive oxygen species production and oxidative stress, 
alterations in several slit diaphragm proteins, increased 
calcium influx, cell cycle inhibition, detachment and 
inflammatory cytokine production, and other deleterious 
effects.99,100 Angiotensin-converting enzyme inhibitors, AT1R 

might be stem or progenitor cells derived from glomerular 
parietal epithelial cells84 and/or cells of renin lineage,85 
although further studies are needed to fully validate these 
findings.

The cellular sources of the increase in extracellular 
matrix proteins in podocyte diseases derive from podocytes 
and also from their neighbors, the parietal epithelial cells. 
Studies have shown that podocytes produce increased 
matrix proteins in response to C5b-9, high glucose level, 
angiotensin II, and numerous other factors upregulated in 
disease.68,86 This is mediated by cytokines such as transform-
ing growth factor-β, connective tissue growth factor, and 
others. Later studies show that in diseases considered pri-
marily podocyte in nature, the parietal epithelial cells 
become activated (defined as the de novo expression of 
CD44) and migrate from Bowman’s capsule onto the glo-
merular tuft, where they produce and deposit extracellular 
matrix proteins. The composition of this extracellular 
matrix is related to that of Bowman’s capsule.87

Finally, studies have shown that following podocyte deple-
tion, the number of podocytes can be normalized under 
certain circumstances despite the absence of proliferation. 
Such findings would imply a regenerative pathway or path-
ways arising from another source. A study of kidneys trans-
planted from female donors into male recipients identified 
“male” (i.e., recipient)–derived podocytes in half the cases.88 
In humans, increasing evidence suggests that a subset of the 
neighboring glomerular parietal epithelial cells located at 
the tubular pole might serve as podocyte progenitors. 
Experimental data in mice do not support this at the time 
of writing this chapter. Experimental studies suggest that 
cells of renin lineage, normally residing in the juxtaglo-
merular compartment, might also serve as adult podocyte 
progenitors in states of podocyte depletion.85

EFFECTS OF EXISTING THERAPIES  
ON PODOCYTES

Regrettably no therapeutic approaches are currently avail-
able that specifically target podocytes in disease. However, 
several therapies have, in addition to their systemic effects, 
direct biologic actions on podocytes (i.e., pleiotropic 
actions), and these will be considered in the following 
sections.

GLUCOCORTICOSTEROIDS

Steroids are widely used in the treatment of proteinuric 
diseases, but their modes of action, especially in those forms 
of nephrotic syndrome, such as MCD, in which there is no 
inflammation remains completely unknown. Glucocorticoid 
receptor (GR) expression is ubiquitous. Therefore, in 
theory, any cell type could be affected by these drugs. The 
identification of the podocyte as the key cell type in protein-
uric disease made it logical to examine whether effects of 
glucocorticoids on podocytes could explain their efficacy in 
nephrotic syndrome. Initial reports in murine89 and human90 
podocytes showed that dexamethasone had potent biologic 
effects directly on podocyte structure and function. These 
include limiting podocyte apoptosis,91 enhanced nephrin 
transport,92 and effects on the actin cytoskeleton. It has been 
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acquired diseases, the loss of normal function is manifest 
clinically. Moreover, these proteins are constantly commu-
nicating with one another through elaborate signaling path-
ways to ensure that they function properly to limit the 
passage of proteins from the blood compartment to the 
urinary space, while also maintaining a normal shape. 
Clearly podocytes do not function in isolation. Rather, they 
are critical for normal glomerular endothelial cell health, 
and likely GBM maintenance, and likely communicate with 
parietal epithelial cells by poorly understood pathways. 
Thus, when injured, they cause changes to other glomerular 
cells and structures to some extent, depending on the glo-
merular disease type. These changes can include mesangial 
proliferation, parietal epithelial cell activation, glomerular 
endothelial cell death, and/or GBM thickening. Our under-
standing of the causes of podocyte diseases, which except 
for diabetic kidney disease are rare, has improved substan-
tially, as evidenced by the discovery of the anti-PLA2R auto-
antibody in MN and the identification of genetic disorders 
underlying FSGS.

Several clinical and experimental challenges and oppor-
tunities lie ahead. Perhaps one of the biggest is podocyte 
regeneration, because these cells are simply unable to pro-
liferate successfully or adequately to replace any depletion 
in their overall number. Designing and delivering therapeu-
tic agents specific to podocytes is actively being pursued, 
both to enhance efficacy and to reduce systemic side effects. 
Noninvasive diagnostic testing is being keenly studied, such 
as measuring podocyte products in the urine, and markers 
in the serum and urine. Live video imaging is significantly 
advancing our understanding of the movement and behav-
ior of podocytes under normal and stressed conditions 
beyond the traditional “fixed” pictures using conventional 
microscopy. Urinary and plasma biomarkers are being iden-
tified that it is hoped will translate into clinical practice. The 
past 2 decades have witnessed phenomenal advances in 
understanding podocyte biology in health and disease, and 
the future looks ever so bright too. There is definite hope 
for our patients.
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The term metabolism refers to the entire set of intercon-
nected chemical reactions within living organisms that form 
and maintain tissue and govern the storage and release of 
energy to sustain life. This chapter is dedicated to one 
aspect of kidney metabolism—namely the storage, release, 
and utilization of energy by the nephron as it transforms the 
glomerular filtrate into urine.

How much energy is required to make the urine? Of the 
major body organs, the kidney consumes the second highest 
amount of oxygen per gram of tissue (2.7 mmol/kg/min 
for the kidney vs. 4.3 mmol/kg/min for the heart).1 Most 
of the potential energy provided by renal oxidative metabo-
lism is committed to epithelial transport, which determines 
the volume and composition of the urine. It has been 
asserted that because the kidney reabsorbs 99% of the glo-
merular filtrate, it must use a lot of energy—but this logic 
is incorrect. The minimum net energy required for reab-
sorption does not depend on the amount of fluid that is 

reabsorbed. Forming a volume of urine with a solute com-
position equal to that of the body fluid from which it is 
formed is the thermodynamic equivalent of partitioning a 
bucket into two compartments by the use of a divider, which 
requires no net energy. On the other hand, energy is 
required to form a urine that differs in solute composition 
from that of the body fluids (e.g., plasma). To appreciate 
this, consider that the hypothetical remixing of urine with 
plasma would cause the formation of entropy, known as 
mixing entropy. Thus, energy is required to form urine from 
plasma and attain a state of reduced entropy. The minimum 
amount of energy required for this is equal to the tempera-
ture multiplied by the decrease in mixing entropy associated 
with the differential solute composition of urine versus 
plasma.

This chapter provides an overview of the interde-
pendence of renal solute transport and renal metabo-
lism, including the following: (1) role of the sodium pump, 
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necessarily incorrect if it violates these laws. The laws of 
thermodynamics essentially describe transitions of a system 
from one state to another. The first law of thermodynamics 
states that total energy is conserved during any process that 
occurs in a closed system. When a system is open to its envi-
ronment, the combined energy of the system plus environ-
ment remains constant. When the total internal energy, 
temperature, pressure, and volume of a system remain con-
stant, any process that yields a change in free energy also 
yields a reciprocal change in entropy. Doing work on the 
system is equivalent to adding free energy to the system, 
which determines the upper limit of how much useful work 
the system can do against its environment.

The first law of thermodynamics stipulates that total 
energy is conserved throughout any process, but provides 
no other indication of whether a given process will occur 
spontaneously. The glomerular filtrate contains a mixture 
of salt and urea. The tubule partitions this into urine and 
reabsorbate. The urine has a different ratio of urea to salt 
than the reabsorbate, so the entropy has decreased. However, 
the total internal energy of the combined urine and reab-
sorbate is the same as the original filtrate. Hence, the  
first law would be satisfied if the urine were to form sponta-
neously from the filtrate. The fact that NaCl and urea  
never sort themselves spontaneously into regions of higher 
and lower concentration is a consequence of the second law 
of thermodynamics, which states that all spontaneous  
processes generate entropy. Conversely, all spontaneous 
processes dissipate free energy and will cease when the 
supply of free energy is exhausted. It is possible to reduce 
entropy or elevate free energy in a system, but only if the 
system imports energy from its surroundings, in which case 
there will be an increase in entropy of the surroundings that 
exceeds the decrease in entropy of the system. Some pro-
cesses in the kidney, such as conversion of chemical to 
mechanical energy by Na+-K+-ATPase, are highly efficient 
and generate almost no entropy. Other processes, such as 
the countercurrent multiplier, are inefficient and generate 
a lot of entropy. As a rule, those processes that generate the 
least entropy work over short distances and short times.

The laws of equilibrium thermodynamics determine the 
direction of any spontaneous process, but they do not 
address the rate of change. Hence, the laws of equilibrium 
thermodynamics are not adequate for a full description of 
a living system that is displaced from equilibrium and char-
acterized by flow of matter and energy within the system 
itself, as well as between the system and its environment. 
Thermodynamic principles are extended to incorporate 
time as a variable by the theory of nonequilibrium thermo-
dynamics. Nonequilibrium thermodynamics entails certain 
assumptions and approximations that make it more of a tool 
and less of a foundation than classic equilibrium thermody-
namics, but the theory performs well in many areas of physi-
ology, including transport physiology. Basically, the theory 
asserts that the flow of any extensive property (e.g., mass, 
volume, charge) is the product of a driving force and a 
proportionality constant, which has units of conductance. It 
applies to macroprocesses and microprocesses involved in 
forming the urine. Examples include all mechanisms for 
secondary active transport and the conversion of chemical 
to translational free energy by adenosine triphosphatases 
(ATPases).

Na+-K+-ATPase, in epithelial transport; (2) metabolic sub-
strates fueling active transport along the nephron and 
regional metabolic considerations; (3) role of renal blood 
flow, glomerular filtration rate, and tubuloglomerular feed-
back in controlling fluid and electrolyte filtration and tissue 
oxygenation; (4) amount of oxygen consumed per sodium 
reabsorbed (Qo2/TNa); and (5) metabolic efficiency of 
transport during normal perturbations and disease.

THERMODYNAMIC APPROACH TO 
METABOLISM AND TRANSPORT

THERMODYNAMIC ANALYSIS OF  
KIDNEY FUNCTION

Interest in kidney metabolism antedates most knowledge of 
the kidney’s inner workings or of biochemistry. The theo-
retical minimum amount of energy required to make urine 
was determined from the laws of equilibrium thermodynam-
ics nearly a century ago. For a human in balance on a typical 
diet, the cost of converting the glomerular filtrate into urine 
by an idealized process that is 100% efficient, infinitely slow, 
completely reversible, involves no backleak, and generates 
no entropy and heat is about 0.5 cal/min/1.73 m2.2 In 
reality, the kidney consumes more than 50-fold this amount 
of energy. On this basis alone, one might argue that the 
kidney is horribly inefficient, even after one subtracts the 
cost to the kidney of maintaining itself. On the other hand, 
added costs are imposed by the requirement to make urine 
in a finite amount of time, need for flexibility to alter the 
volume and composition of the urine rapidly, stoichiometric 
constraints of biochemistry, known limits on the thermody-
namic efficiency of oxidative phosphorylation, and intrinsic 
permeabilities of tissues to electrolytes, gases, and urea.

The thermodynamic requirement may be a small fraction 
of the actual expenditure, but before one concludes that 
the body is unconcerned with thermodynamics, it may be 
noted that the thermodynamic energy required of the 
kidney to maintain salt and nitrogen balance with consump-
tion of a typical diet is minimized with the usual water intake 
of 1 to 2 L/day. This is consistent with an evolutionary 
process geared to minimize the thermodynamic energy 
requirements of the kidney.

Moreover, the thermodynamic cost of excreting urea 
declines as blood urea nitrogen (BUN) concentration 
increases. Thus, as the BUN level rises in kidney disease, less 
energy is required to maintain the nitrogen balance. In 
kidney disease, the urine composition is also restricted to a 
narrower range. Using a classic thermodynamic approach, 
Newburgh suggested that the composition of the urine and 
body fluids in kidney disease are determined by the avail-
able free energy and noted that the declining flexibility of 
the diseased kidney to vary the urine composition could  
be predicted from the reduced free energy available for 
transport.3

APPLICATION OF THE LAWS OF 
THERMODYNAMICS TO KIDNEY FUNCTION

The macroscopic laws of equilibrium thermodynamics  
apply to kidney metabolism; any theory of metabolism is 
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PUMP-LEAK PROCESS AND THE  
SODIUM POTENTIAL

For a cell in steady state, the pumping of ions by the  
Na+-K+-ATPase must be offset by an equal and opposite dif-
fusion of those ions back across the cell membrane. The 
backleak of ions is an example of electrodiffusion. This dif-
fusion of ions generates an electric field to retard diffusion 
of the most mobile charged species, thereby transferring 
free energy from the chemical potential of the mobile 
species to an electrical potential acting on the less mobile 
species. If the electric field is constant within the cell mem-
brane, then the electrical potential difference across the 
membrane is given by the Goldman voltage equation, which 
is shown here for a membrane that is permeable to Na, K, 
and Cl:

ψ = [ ] + [ ] − [ ]
[ ] + [ ] − [ ]
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F

P K P Na P Cl
P K P Na P Cl
K o Na o Cl o
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where PX is the permeability to X (X is Na, K, or Cl), [X]o 
is the concentration of X outside the cell, and [X]i is the 
concentration inside the cell. If the permeability to one  
ion dominates the others, then the membrane voltage 
approaches the Nernst potential for that ion, and the free 
energy is transferred to the electrochemical potential of the 
other ions. If chloride is not actively transported, then the 
second law of thermodynamics dictates that no free energy 
exists in the chloride gradient. Thus, for a membrane that 
actively transports Na and K and is primarily permeable to 
K, the membrane voltage approaches the Nernst potential 
for K, and the free energy provided by active transport is all 
transferred to the transmembrane Na difference.

ENERGY AND THE SODIUM PUMP

Na+-K+-ATPase, also known as the sodium pump, is a ubiqui-
tous plasma membrane protein that transports intracellular 
sodium out of the cell and extracellular potassium into the 
cell, thereby generating opposite concentration gradients 
for sodium and potassium ions across the cell membrane. 
This process of separating sodium from potassium across the 
cell membrane is fueled by the hydrolysis of adenosine tri-
phosphate (ATP).4,5 Each cycle of the pump consumes one 
ATP molecule while transporting three Na+ and two K+ ions 
across the cell membrane. The hydrolysis of ATP and the 
associated transport of ions are mutually dependent4,5 and 
constitute an example of primary active transport. In this 
process, there is almost full conversion from chemical to 
mechanical energy, with minimal dissipation. The transla-
tional energy that develops after ATP hydrolysis results from 
electrostatic repulsion between the product ions, adenosine 
diphosphate (ADP) and inorganic phosphate (Pi), in accor-
dance with Coulomb’s law. Although this energy could be 
dissipated through subsequent collisions, such events are 
unlikely over very short time scales and short distances. For 
a relative kinetic energy of the phosphate of 0.6 electron volt 
(eV), for example, the phosphate ion moves about 0.1 nm in 
0.3 picosecond. If no other collisions occur in that short time 
interval, the phosphate can then transfer its entire kinetic 
energy to the sodium pump in the form of a molecular 
strain. Given the intrinsic free energy of ATP hydrolysis, the 
pump can generate gradients that store up to approximately 
0.6 eV of electrochemical potential per three Na+ plus two K+ 
ions. For a typical cell in a typical environment, about 0.4 eV 
is required to cycle the pump against the existing sodium 
and potassium gradients, which means that cells tend to 
operate with some reserve to reduce their sodium or increase 
their potassium concentrations further.

STRUCTURE OF THE SODIUM PUMP

The sodium pump is composed of an α-catalytic subunit, 
which hydrolyzes ATP and transports Na+ and K+ across the 
membrane, a β-subunit that is critical for functional matura-
tion and delivery of Na+-K+-ATPase to the plasma membrane, 
and an FXYD protein that can modulate the kinetics of 
Na+-K+-ATPase in a tissue-specific manner6 (Figure 5.1). 
There are multiple isoforms of each subunit. The α1β1 het-
erodimer is likely the exclusive Na+-K+-ATPase in renal epi-
thelia,7 whereas several FXYD protein subunits are expressed 
differentially along the nephron.6-9 Biophysical models 
describing the turnover of the sodium pump through its 
functional cycle have been described in a review by 
Horisberger.4

OTHER ADENOSINE TRIPHOSPHATASES

In addition to Na+-K+-ATPase, additional ion-translo-
cating ATPases are expressed in renal epithelia along the 
nephron,10 including H+-K+-ATPase,11,12 Ca2+-ATPases,13 and 
H+-ATPases.14,15 These transport ATPases play important 
roles in maintaining urinary acidification and calcium 
homeostasis, as discussed in Chapters 6, 7, and 9. These 
ATPases do not contribute significantly to the reabsorption 
of the bulk of the filtrate.

Figure 5.1  Na+-K+-ATPase  is  composed  of  a  catalytic  α-subunit 
(teal),  an  obligatory  β-subunit  (pink),  and  tissue-specific  FXYD 
proteins  (blue).  The  α-subunit  has  10  transmembrane  segments 
(1 to 10). It hydrolyzes ATP, is phosphorylated in the large cytoplas-
mic loop, and transports sodium and potassium. The β-subunit is a 
type  II  glycoprotein  located  close  to  M7/M10  that  interacts  with  
the  extracellular  loop  between  transmembrane  segments  M7  and  
M8  and  with  intracellular  regions  of  the  α-subunit.  FXYD  proteins 
are type I membrane proteins that interact with M9 with the β-subunit4 
and,  in  the  case  of  FXYD1,  with  the  intracellular  lipid  surface  
and cytoplasmic domain of the α-subunit. (From Geering K: Functional 
roles of Na,K-ATPase subunits. Curr Opin Nephrol Hypertens 17:526-
532, 2008.)
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free energy that can be dissipated by intercellular backleak 
of chloride, which would increase entropy, or be applied to 
do useful work of cation reabsorption, which would decrease 
entropy. The kidney uses the latter mechanism of energy 
transfer to augment Na reabsorption in the proximal tubule 
as well as calcium and magnesium reabsorption in the TAL.

For cells that express an amiloride-sensitive sodium 
channel (ENaC), opening these channels will depolarize 
the apical membrane, as can be seen from the Goldman 
equation. K+ ions, which enter the cell via the basolateral 
Na pump, can leave the cell by K conductances in basolat-
eral or apical membranes. Depolarizing the apical mem-
brane will increase the fraction of K+ ions leaving by way of 
the apical membrane conductance. This represents transfer 
of free energy from the Na+-K+-ATPase and apical Na poten-
tial to the useful work of K secretion.

To summarize, because cell membranes are generally 
more permeable to potassium than to sodium, potassium 
diffusion contributes more to the cell voltage than sodium 
diffusion, even though three sodium ions leak into the cell 
for every two potassium ions that leak out. Thus, diffusion 
of potassium out of the cell dominates the cell voltage, 
making it negative. The negative cell voltage, in turn, neu-
tralizes the net driving force for further potassium egress 
and augments the net driving force for sodium entry. 
Because cell membranes are poor capacitors, an impercep-
tible charge imbalance suffices to form the entire mem-
brane voltage. This allows the transmembrane concentration 
differences for sodium and potassium to remain almost 
equal and opposite in spite of the much greater permeabil-
ity to potassium. The net outcome of this pump-leak process 
is that electrochemical potential, which originates with ATP 
hydrolysis, becomes concentrated in the transmembrane 
sodium gradient, whereas potassium resides close to electro-
chemical equilibrium.

HARNESSING THE SODIUM POTENTIAL  
FOR WORK

The difference in electrochemical potential for sodium 
across the cell membrane is available to drive the unfavorable 
passage of other solutes across the membrane by a variety of 
exchangers and cotransporters. Examples include the  
proximal tubule Na+-H+ exchanger, sodium-glucose−linked 
cotransporters (SGLTs), basolateral Na–α-ketoglutarate 
(α-KG) cotransporter, furosemide-sensitive Na+-K+-2Cl− 
cotransporter type 2 (NKCC2), and thiazide-sensitive Na+-Cl− 
cotransporter (NCC). Generically, transport that directly 
uses free energy from the sodium gradient to drive uphill flux 
of another solute is referred to as secondary active transport16 
(α-KG cotransport in Figure 5.2). Tertiary active transport 
refers to the net flux of a solute against its electrochemical 
potential gradient coupled indirectly to the Na+ gradient 
(three transport processes working in parallel). An example 
of tertiary active transport is the uptake of various organic 
anions from the peritubular blood into the proximal tubular 
cell by the so-called organic anion transporters (OATs). 
Energy from the sodium gradient is converted into a gradient 
for α-KG to diffuse out of the cell by Na–α-KG cotransporter. 
OATs use this potential difference to exchange α-KG for 
another organic anion17 (see Figure 5.2).

For tubular cells that actively reabsorb chloride, free 
energy is transferred from the Na potential to drive apical 
chloride entry and raise cell chloride above equilibrium. In 
the proximal tubule, the energy for apical chloride entry is 
derived circuitously via sodium-hydrogen exchange, which 
is coupled to oxalate, formate, or hydroxyl ion transport.  
In the thick ascending loop of Henle (TAL) and distal  
convoluted tubule (DCT), the energy transfer occurs by 
direct cotransport with Na via NKCC2 or NCC. In each  
case, raising cell chloride above equilibrium provides a 
driving force for chloride to diffuse out of the cell across 
the basolateral membrane, which is permeable to chloride. 
Raising cell chloride also makes the basolateral membrane 
voltage less negative, as is apparent from the Goldman equa-
tion. Because luminal voltage is the sum of voltage steps 
across the basolateral and apical membranes, raising cell 
chloride in a cell with basolateral chloride conductance will 
raise the lumen voltage (i.e., less negative), thus providing 

Figure 5.2  Different modes of active uphill transport as exemplified 
by  organic  acid  (OA)  secretion  in  proximal  tubule  epithelial  cells. 
Transport  across  the  basolateral  membrane  involves  three  steps 
functioning  in parallel: 1, primary active  transport of Na+ and K+ by 
Na+-K+-ATPase  coupled  to  the  hydrolysis  of  ATP  establishes  the 
inwardly  directed  Na  gradient;  2,  secondary  active  transport  of 
α-ketoglutarate (α-KG) with Na+ on an Na–α-KG cotransporter uses 
the inwardly directed Na gradient to drive α-KG into the cell; and 3, 
tertiary active transport of OA with α-KG on an OA–α-KG antiporter 
uses the outward downhill transport of α-KG to drive the inward uphill 
transport of OA. The α-KG is recycled through the Na–α-KG cotrans-
porter, which thus links the uphill  transport of OA to the generation 
of the Na gradient by the Na+-K+-ATPase. Ultimately, OAs are secreted 
down  the  OA  concentration  gradient  into  the  tubular  lumen.  (From 
Dantzler WH, Wright SH: The molecular and cellular physiology of baso-
lateral organic anion transport in mammalian renal tubules. Biochim 
Biophys Acta 1618:185-193, 2003.)
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cause of metabolism. Thus, we might be inclined to recognize that 
transport and metabolism, as usually understood by biochemists, 
may be conceived advantageously as different aspects of one and 
the same process of vectorial metabolism.

PETER MITCHELL

METABOLISM BASICS

Detailed accounts of cellular metabolism are provided in 
many excellent texts23; nonetheless, an abbreviated overview 
relevant to renal metabolism is warranted. Substrates enter 
the kidney via renal blood flow (RBF) and glomerular filtra-
tion rate (GFR) and enter renal epithelial cells by substrate 
transporters, often facilitated by the inward-directed Na+ 
gradient created by the sodium pump (see Figure 5.2), as 
discussed thoroughly in Chapter 8. Oxygen is similarly deliv-
ered by RBF to the epithelial cells. Once in the cell, sub-
strates face one of three fates: (1) transport across the 
epithelium back into the blood (reabsorption); (2) conver-
sion into another substrate (e.g., lactate to pyruvate); or (3) 
oxidization to CO2 in the process of cellular ATP produc-
tion.24 This section traces the road map that connects sub-
strates to production of ATP in the mitochondrion and to 
ATP utilization by the sodium pump and the feedback con-
nections between production and utilization.

Renal epithelia, except in the descending and thin 
ascending limbs of the loop of Henle, are packed with mito-
chondria (see Chapter 2). All the pathways of fuel oxidation 
take place in the mitochondrial matrix, except for glycolysis, 
which occurs in the cytosol. Substrates in the cytosol can 
freely cross the outer mitochondrial membrane through 
integral membrane porins. These substrates, as well as ADP 
and phosphate (the building blocks of ATP), cross the inner 
mitochondrial membrane into the mitochondrial matrix via 
specific substrate transporters driven by their respective 
concentration gradients or by the H+ gradient created by 
the electron transport chain (Figure 5.3).

As illustrated in Figure 5.4, amino acids, fatty acids, and 
pyruvate are metabolized to acetyl coenzyme A and enter 
the citric acid cycle. With each turn of the cycle, three mol-
ecules of reduced nicotinamide adenine dinucleotide 
(NADH), one molecule of reduced flavin adenine dinucleo-
tide (FADH2), one molecule of guanosine triphosphate 
(GTP) or ATP, and two molecules of CO2 are released in 
oxidative decarboxylation reactions. Electrons carried by 
NADH and FADH2 are transferred into the mitochondrial 
electron transport chain, a series of integral membrane 
complexes located within the inner mitochondrial mem-
brane, where the electrons are sequentially transferred, ulti-
mately to oxygen, which is reduced to H2O. NADH and 
FADH2 oxidation provoke the transport of H+ from the 
matrix to the inner mitochondrial space.

The release of the potential energy stored in the H+ gradi-
ent across the inner mitochondrial membrane provides the 
driving force for ATP synthesis from ADP by the ATP syn-
thase; H+ is transported into the matrix coupled to the 
production of ATP from ADP and Pi; see Figure 5.3). These 
are the fundamental pieces of the chemiosmotic mecha-
nism of oxidative phosphorylation proposed by Peter Mitch-
ell in 1961.22 The newly synthesized ATP is extruded from 
the matrix into the intermembrane space via the ADP-ATP 
countertransporter termed adenine nucleotide translocase and 

CELL POLARITY AND  
VECTORIAL TRANSPORT

The polar arrangement of transporters in renal cells is 
essential for vectorial transport. Wherever it is expressed 
along the nephron, the sodium pump, which removes 
sodium from the cell, is restricted to the basolateral mem-
brane. Meanwhile, the variety of exchangers, cotransport-
ers, and sodium channels through which sodium enters  
the tubular cell are restricted to the apical membrane. 
These include the principal Na+-H+ exchanger (NHE3) and 
SGLTs in the proximal tubule, NKCC2 in the TAL, NCC  
in the distal convoluted tubule, and epithelial sodium  
channels in the connecting tubule and collecting duct. 
These apical sodium transporters effect secondary active 
transport coupled to the primary active transporter, 
Na+-K+-ATPase.

Close coordination of sodium uptake across the apical 
membrane with sodium extrusion across the basolateral 
membrane is required to avoid osmotic swelling and shrink-
ing of the cell. Assuming that ATP is not limiting for baso-
lateral exit, the magnitude of transepithelial transport is a 
function of the following: (1) the number of transporters in 
the plasma membrane, which can be varied by changes in 
synthesis or degradation rates and/or trafficking between 
intracellular and plasma membranes; and (2) the activity 
per transporter, which can be varied by covalent modifica-
tion (e.g., phosphorylation, proteolysis) or protein-protein 
interaction (e.g., Na+-K+-ATPase kinetics are influenced by 
FXYD subunit association6). The rate of apical sodium entry 
is also subject to influence by the availability of substrates 
for cotransport. For example, the amount of sodium-glucose 
cotransport depends on the availability of glucose in proxi-
mal tubular fluid, and the sodium entry at a given point 
along the TAL is subject to variations in the local chloride 
concentration because NKCC2 has a relatively low affinity 
for chloride.

Many factors and hormones known to regulate renal 
sodium reabsorption (e.g., angiotensin II, aldosterone, 
dopamine, parathyroid hormone, blood pressure) act in 
parallel to affect the activity, distribution, or abundance of 
apical transporters and basolateral sodium pumps.7,18 The 
molecular basis of this apical-basolateral crosstalk is not 
clearly understood, especially in the light of close cell volume 
control; however, there is evidence for a role of an elevated 
cellular calcium level in response to depressed sodium trans-
port,19 evidence for a salt-inducible kinase that responds to 
slight elevations in cell Na and Ca levels,20 and evidence for 
the coupling of Na+-K+-ATPase to apical channel activity.21

METABOLIC SUBSTRATES FUELING ACTIVE 
TRANSPORT ALONG THE NEPHRON

It has been noted that22:

Biochemists generally accept the idea that metabolism is the cause 
of membrane transport. The underlying thesis of the hypothesis 
put forward here is that if the processes that we call metabolism 
and transport represent events in a sequence, not only can 
metabolism be the cause of transport, but also transport can be the 
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demonstrated that inhibition of Na+-K+-ATPase activity by 
the removal of sodium or addition of the sodium pump–
specific inhibitor ouabain (neither of which directly inhibits  
mitochondrial respiration) markedly reduced QO2, which 
led the investigators to conclude that an extramitochondrial 
ATPase, sensitive to Na+ and ouabain, as well as to K+ 
and Ca2+, is one of the pacemakers of respiration of the 
kidney cortex.28,29

A careful study by Balaban and colleagues 2 decades 
later30 used a suspension of renal cortical tubules to reex-
amine this Whittam model (see Figure 5.3) in more detail 
by measuring the redox state of mitochondrial nicotinamide 
adenine dinucleotide (NAD), cellular ATP and ADP con-
centrations, ATP/ADP ratio, and Qo2 in the same samples. 
If transport and respiration are assumed to be coupled, 
inhibition of transport is predicted to provoke a mitochon-
drial transition to a resting state31 accompanied by an 
increase in NADH/NAD+ (reduced to oxidized NAD), 
increase in [ATP], decrease in [ADP] and [Pi], increase in 
ATP/ADP ratio, and decrease in Qo2. Stimulation of active 
transport would provoke the opposite pattern—decreased 
NADH, ATP, and ATP/ADP ratio, and increased Qo2. Pre-
dictably, incubating the renal cortical tubule suspension 
with the Na+-K+-ATPase inhibitor ouabain caused a 50% 
decline in Qo2, reduction of NAD to NADH, and 30% 
increase in the ATP/ADP ratio, all evidence for coupling of 
mitochondrial ATP production to ATP consumption via 
Na+-K+-ATPase. Similarly, in tubules deprived of K+ (which 
is required for Na+-K+-ATPase turnover), adding 5 mmol/L 
of K+ increased Qo2 by more than 50%, oxidized NADH to 

then exits the mitochondria across the permeable outer 
membrane. In the cytosol, ATP is available to bind to 
ATPases such as plasma membrane Na+-K+-ATPase.

In summary, the flow of electrons through the electron 
transport chain generates a proton gradient across the inner 
mitochondrial membrane that provides the energy to drive 
ATP synthesis from ADP + Pi by ATP synthase and is also 
sufficient to extrude the ATP across the mitochondrial 
membrane.23 Thus, the oxidation of substrates is coupled to 
ATP synthesis by an electrochemical proton gradient. This 
coupling can be influenced by uncoupling protein isoforms 
(UCPs) located in the mitochondrial inner membrane and 
expressed in a tissue-specific manner. Simply stated, UCPs 
create a proton leak that dissipates the proton gradient 
available to drive oxidative phosphorylation (see Figure 
5.3). It has been reported that UCP-2 is expressed in the 
renal proximal tubule and TAL (not in the glomerulus or 
distal nephron) and that its expression is elevated in the 
kidneys of diabetic rats.25 However, the physiologic conse-
quences of the expression and regulation of UCP in kidneys 
have not been explored much experimentally.

WHITTAM MODEL

In the early 1960s, the coupling between active transport, 
respiration, and Na+-K+-ATPase activity was recognized by 
Whittam and Blond,28,29 who tested the idea that inhibition 
of active ion transport at the plasma membrane would cause 
a fall in oxygen consumption (QO2) in the mitochondria. 
Using brain or kidney samples studied in vitro, they 

Figure 5.3  Whittam model showing the coupling of ATP utilization by Na+-K+-ATPase to ATP production by mitochondrial oxygen consump-
tion (QO2). Hydrolysis of ATP produces ADP plus inorganic phosphate (Pi), which lowers the ATP/ADP ratio, a signal to increase ADP uptake 
into the mitochondria and increase ATP synthesis. UCP, Uncoupling protein isoform. 
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Figure 5.4  Catabolism of proteins, fats, and carbohydrates in three stages of cellular respiration. Stage 1, Oxidation of fatty acids, glucose, 
and some amino acids yields acetyl coenzyme A (CoA). Stage 2, Oxidation of acetyl groups in the citric acid cycle includes four steps in which 
electrons are abstracted. Stage 3, Electrons carried by reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine dinucleo-
tide (FADH2) are funneled into a chain of mitochondrial (or, in bacteria, plasma membrane–bound) electron carriers—the respiratory chain—that 
ultimately reduces O2 to H2O. This electron flow drives the production of ATP. Also shown are two proximal tubule pathways: (1) oxidation of 
lactate through pyruvate and acetyl CoA; and (2) glutamine conversion to glutamate and α-ketoglutarate in the mitochondria with the produc-
tion of 2 mol NH3, which is the main source of NH3 secreted during acidosis.  (Modified from Nelson DL, Cox MM: Lehninger principles of bio-
chemistry, ed 5, New York, 2008, WH Freeman.)
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NAD+, and decreased the cellular ATP/ADP ratio by 50%. 
These results provide evidence for the coupling of both 
Na+-K+-ATPase and ATP production via ATP synthase to the 
cellular ATP/ADP ratio (see Figure 5.3).

ENERGY REQUIREMENTS AND SUBSTRATE USE 
ALONG THE NEPHRON

In all renal epithelial cells, from the proximal convoluted 
tubule to the inner medullary collecting duct (IMCD), the 
basolateral sodium pump uses the hydrolysis of ATP to drive 

primary active transport of Na+ out of and K+ into the cell, 
and the gradients created are used to drive coupled trans-
port of ions and substrates across the apical and basolateral 
membranes.

In spite of consistent distribution and function, the rela-
tive abundance of Na+-K+-ATPase as a function of tubular 
location along the nephron is highly variable. Na+-K+-ATPase 
activity, ouabain binding, and Na+-K+-ATPase subunit abun-
dance have been studied in dissected tubules and with 
imaging techniques. Na+-K+-ATPase expression patterns 
and ouabain binding patterns along the nephron are very 
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similar.10,32 The pronounced differences in activity can 
largely be accounted for by differences in sodium  
pump number, measured by ouabain binding or by immu-
noblot testing of subunits in dissected nephron segments 
(Figure 5.5).33

The patterns of Na+-K+-ATPase protein expression and 
activity as a function of tubule length are what is to be 
expected from what is understood of the physiology of the 
nephron segments—moderate levels are expressed in the 
proximal tubule, where two thirds of the sodium is reab-
sorbed across a leaky epithelium, and lower levels are 
expressed in the straight than in the convoluted segments, 
reflecting the amount of sodium transported in these two 
regions. Very low levels are detected in the thin limbs of the 
loop of Henle, whereas high levels are expressed in the 
medullary and cortical TALs (so-called diluting segments), 
which must reabsorb a significant fraction of NaCl without 
water against an increasingly steep transepithelial gradient. 
The Na+-K+-ATPase activity and expression in the DCT, 
which is responsible for reabsorbing another 5% to 7% of 
the filtered load against a very steep transepithelial gradi-
ent, is very high. In the collecting duct, which reabsorbs a 
smaller fraction of Na+ via channels electrically coupled to 
the secretion of K+ or H+ and has variable H2O permeability, 
the Na+-K+-ATPase is quite low, albeit sufficient to drive 
sodium reabsorption in this region. The distribution of the 
ATP-producing mitochondria along the nephron, reported 
as a percentage of cytoplasmic volume,34 parallels the distri-
bution of the ATP-consuming sodium pumps but is some-
what less variable, ranging from 10% or less of the cell 
volume in the thin loop of Henle and medullary collecting 
duct to 20% in the cortical collecting duct and proximal 
straight tubule to 30% to 40% of cell volume in the proximal 
tubule and TAL34 (see Figure 5.5C).

Determining which substrates support ATP production 
and Na+-K+-ATPase activity along the nephron has been the 
subject of many studies and reviews.24,35,36 To obtain nephron-
specific information, investigators have dissected nephron 
segments and assayed for metabolic pathway enzyme dis-
tribution or examined how specific substrates affect ATP 
levels. Although these in vitro approaches lack the in vivo 
realities of blood flow, tubular flow, and autocrine-paracrine, 
hormonal, and nervous system inputs that are evident in the 
whole kidney, these studies do provide information about 
the metabolic potential of each segment under defined 
conditions.

Isolated nephron segments had been reported to have 
low levels of cellular ATP, so Uchida and Endou37 reasoned 
that if the segments were incubated with fuels that could be 
used by the segment, their ATP levels should increase toward 
physiologic levels. They examined a range of substrates for 
their ability to maintain cellular ATP levels in microdis-
sected glomeruli and nephron segments (excluding thin 
sections of loop of Henle and papillary duct). The substrates 
studied (all at 2 mmol/L) included l-glutamine, d-glucose, 
β-hydroxybutyrate (HBA), and dl-lactate. Because the pre-
incubation did not fully deplete the TAL and distal nephron 
segments of ATP, the ionophore monensin was included in 
the incubation with the substrate to dissipate the Na+ gradi-
ent and promote ATP consumption.

The change in ATP per millimeter of tubule (or glomeru-
lus) as a function of substrate addition, shown in Figure 5.6, 

Figure 5.5  A, Relative levels of Na+-K+-ATPase activity measured in 
individual segments of the rat nephron. (Data are normalized to that 
of the distal convoluted tubule and expressed per unit length of the 
tubule segment.) B, Detection of Na+-K+-ATPase α1- and β1-subunits 
along the nephron. Tubule segments 40 mm long were resolved by 
sodium  dodecyl  sulfate–polyacrylamide  gel  electrophoresis  (SDS-
PAGE) and subjected  to  immunoblotting with  subunit-specific anti-
sera.  Blots  were  placed  below  the  corresponding  tubule  label 
indicated in A. C, Morphologic analysis of mitochondrial density rela-
tive to a unit of cytoplasm. CCD, Cortical collecting duct; CTAL, corti-
cal thick ascending limb of the loop of Henle; DCT, distal convoluted 
tubule; MCD, outer medullary collecting duct; MTAL, medullary thick 
ascending  limb  of  the  loop  of  Henle;  PCT,  proximal  convoluted 
tubule; PR, pars recta (proximal straight tubule); TAL, thin ascending 
limb of  the  loop of Henle; TDL,  thin descending  limb of  the  loop of 
Henle.  (A redrawn from Katz AI, Doucet A, Morel F: Na+-K+-ATPase 
activity along the rabbit, rat, and mouse nephron, Am J Physiol 
237:F114-F120, 1979; B based on data from McDonough AA, Magyar 
CE, Komatsu Y: Expression of Na[+]-K[+]-ATPase alpha- and beta-
subunits along rat nephron: isoform specificity and response to hypo-
kalemia. Am J Physiol 267:C901-C908, 1994; C based on data from 
Pfaller W, Rittinger M: Quantitative morphology of the rat kidney. Int J 
Biochem 12:17-22, 1980.)
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effectively in all nephron segments tested; however, in the 
S1 and S2 segments of the proximal tubule, the capacity of 
HBA to support ATP production was far less than that pro-
vided by glutamine or lactate.

The distribution along the nephron of numerous enzymes 
involved in metabolic pathways, collated from many studies, 
has been summarized by Guder and Ross.35 Their descrip-
tion of glycolytic (Figure 5.7A) and gluconeogenic (see 
Figure 5.7B) enzymes along the rat nephron38-40 demon-
strate very low glycolytic potential in the proximal tubule 
and high glycolytic potential from the medullary ascending 
limb to the medullary collecting tubule. In contrast, gluco-
neogenic enzymes are found almost exclusively in the proxi-
mal tubule.

In summary, the proximal tubule reabsorbs glucose and 
can synthesize glucose biosynthetically, but does not metab-
olize glucose. There are practical and theoretical explana-
tions for the lack of glucose metabolism in this segment. 
The proximal tubule is specialized to reabsorb the filtered 
load of glucose from the tubular fluid back into the blood. 
Because of the enormous load of glucose moving through 
these cells, a proximal tubule hexokinase would need to 
have exceedingly low affinity for glucose, which would be 
difficult to regulate. In contrast, more distal regions of the 
nephron, such as the loop of Henle and distal nephron, 
normally have little or no glucose in their tubular fluid, have 
no sodium-glucose cotransporters in their apical mem-
branes, and cannot synthesize glucose, but these regions use 
glucose delivered via RBF as a metabolic fuel (which could 
be provided by gluconeogenesis in the proximal tubule 
during fasting). A summary of substrate preferences along 
the nephron is provided in Figure 5.8.36

RENAL GLUCONEOGENESIS AND  
LACTATE HANDLING

In a review of renal gluconeogenesis, Gerich and col-
leagues41 noted that the kidney can be considered two sepa-
rate organs because the proximal tubule makes and releases 
glucose from noncarbohydrate precursors, whereas glucose 
utilization occurs primarily in the medulla. Because the 
kidney is a consumer and producer of glucose, net arterio-
venous glucose differences across the kidney can be unin-
formative because glucose consumption in the medulla can 
mask glucose release by the cortex.

Gerich and colleagues41 also made the case that the 
kidney is a significant gluconeogenic organ in normal 
humans based on the following:

1. In humans fasted overnight, proximal tubule gluconeo-
genesis can be as much as 40% of whole-body 
gluconeogenesis.41

2. During liver transplantation, endogenous glucose release 
falls to only 50% of control levels by 1 hour after liver 
removal.42

3. Pathologically, in type 2 diabetes, renal glucose release is 
increased by about the same fraction as hepatic glucose 
release.43

Zucker diabetic fatty rats also exhibit marked stimulation  
of gluconeogenesis compared with their lean littermate 
controls.44

Figure 5.6  ATP production in glomeruli and dissected nephron seg-
ments as a function of substrates. In glomeruli and PCT1, PCT2, and 
PST  segments,  the  values  equal  the  differences  in  ATP  content 
between samples incubated with and without each substrate for 30 
minutes.  In  MAL,  CAL,  DCT,  CCT,  and  MCT,  the  values  equal  the 
differences  in  ATP  content  between  samples  incubated  with  and 
without each substrate  in  the presence of monensin  (10 pg/mL)  for 
15  minutes.  CAL,  Cortical  ascending  limb;  CCT,  cortical  collecting 
tubule;  DCT,  distal  convoluted  tubule;  GL,  glomerulus;  HBA, 
β-hydroxybutyrate; MAL, medullary thick ascending limb; MCT, med-
ullary  collecting  tubule;  PCT1,  early  proximal  convoluted  tubule; 
PCT2, late proximal convoluted tubule; PST, proximal straight tubule. 
(Data from Uchida S, Endou H: Substrate specificity to maintain cellular 
ATP along the mouse nephron. Am J Physiol 255[Pt 2]:F977-F983, 
1988.)
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illustrates that each segment has a distinct ability to use 
these substrates. Lactate was very effective at maintaining 
ATP levels in all nephron segments tested, notably in the 
proximal tubule. The S1, S2, and S3 segments of the proxi-
mal tubule all used glutamine effectively as a fuel, which is 
consistent with the role of the proximal tubule in ammonia-
genesis. Glutamine is the main amino acid oxidized by the 
proximal tubule, where it is deaminated and converted to 
α-KG, yielding two NH3 molecules that are secreted during 
acidosis, as illustrated in Figure 5.4 and discussed in Chapter 
9. Glutamine is not a preferred fuel in the more distal 
nephron segments. Glucose is completely reabsorbed along 
the proximal tubule, but glucose is not an effective meta-
bolic fuel for the S1 or S2 regions of the proximal tubule. 
In contrast, all the more distal segments tested readily used 
glucose to maintain cellular ATP. The ketone HBA was used 
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Figure 5.7  Distribution of glycolytic and gluconeogenic enzymes along the rat nephron. Nephron segments were dissected from fed (A) and 
starved  (B)  rats,  respectively.  The  activity  of  hexokinase,  phosphofructokinase,  pyruvate  kinase,  glucose-6-phosphatase,  fructose-1,6-
bisphosphatase,  and  phosphoenolpyruvate  carboxykinase  were  determined  in  individual  segments.  Enzyme  activities  are  expressed  as  a 
percentage of the maximal value observed, based on the original activity per gram of dry weight. CAL, Cortical ascending limb; CCT, cortical 
collecting tubule; DCT, distal convoluted tubule; GL, glomerulus; MAL, medullary thick ascending limb; MCT, medullary collecting tubule; PCT1, 
early proximal convoluted tubule; PCT2, late proximal convoluted tubule; PST, proximal straight tubule; TL, loop of Henle, thin limbs. (Modified 
from Guder WG, Ross BD: Enzyme distribution along the nephron. Kidney Int 26:101-111, 1984.)
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Figure 5.8  Substrate  preferences  along  the  nephron.  Shown  is  a 
summary of preferred substrates to fuel active transport  in nephron 
segments as gleaned primarily from studies using oxygen consump-
tion (QO2), ion fluxes, radioactive carbon (14C)–labeled carbon dioxide 
generation from 14C-labeled substrates, ATP contents, and reduced 
nicotinamide adenine dinucleotide (NADH) fluorescence. ATL, Ascend-
ing  thin  limb;  β-OHB,  β-hydroxybutyrate.  CCD,  cortical  collecting 
tubule; CTAL, cortical thick ascending limb of the loop of Henle; DCT, 
distal convoluted tubule; DTL, descending thin limb; IMCD, inner med-
ullary collecting duct; MTAL, medullary  thick ascending  limb of  the 
loop of Henle; OMCD, outer medullary collecting duct. (From Kone BC: 
Metabolic basis of solute transport. In Brenner and Rector’s the kidney, 
Philadelphia, 2008, Saunders.)
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gluconeogenesis in the proximal tubule, a process that  
consumes oxygen and ATP. This is shown in Figure 5.9. 
Studies by Cohen45 in isolated whole kidney perfused only 
with lactate as a substrate demonstrated a change in 
14C-lactate utilization as a function of its concentration in 
the perfusate:

1. At low concentrations, all the lactate was oxidized 
(detected as CO2) to fuel transport and basal metabo-
lism.

2. When the lactate level in the perfusate was raised above 
2 mmol/L, some of the lactate was used for synthesis of 
glucose (gluconeogenesis).

3. At a high lactate concentration in the perfusate, the 
metabolic and synthetic rates approached maximum, 
and some lactate was conserved (reabsorbed).

Lactate can reach the nephron by filtration or blood  
flow and can also be produced along the nephron. Within 
the kidney, lactate can either be oxidized to produce  
energy with generation of CO2, a process that consumes 
oxygen but generates ATP, or be converted to glucose via 
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However, it is not the normal circumstance that lactate is 
the sole substrate, and it is now appreciated that the metabo-
lism of lactate is affected by the presence of other substrates; 
for example, lactate uptake and oxidation are inhibited in 
the presence of fatty acids.24,46

The kidney’s ability to convert lactate to glucose provides 
evidence that it can participate in cell-cell lactate shuttle, 
also known as the Cori cycle.47 This cycle is important 
when oxidative phosphorylation is inhibited in vigorously 
exercising muscle, which becomes hypoxic. In the muscle, 
pyruvate is reduced to lactate to regenerate NAD+ from 
NADH, which is necessary for ATP production by glycolysis 
to continue. Lactate is released into the blood and can be 
taken up by tissues capable of gluconeogenesis, such as liver 
and kidney. In the proximal tubule, the lactate that is not 
oxidized can be converted to glucose and, because this  
substrate is not used by the proximal tubule, glucose will  
be reabsorbed back into the blood, where it will be available 
for metabolism by the exercising muscle. Overall, this  
cycle is metabolically costly. Glycolysis produces two ATP 
molecules at a cost of six ATP molecules consumed in  
the gluconeogenesis. Thus, the Cori cycle is an energy-
requiring process that shifts the metabolic burden away 
from the exercising muscle during hypoxia. This cell-cell 
lactate shuttle could also operate within the kidney between 
nephron segments that produce lactate anaerobically and 
the proximal tubule.

Renal medullary lactate concentration was explored in a 
1965 study in rats by Scaglione and colleagues48 to test the 
idea that the medulla uses glycolysis in the low-oxygen envi-
ronment. Medullary lactate concentration is a function of 
delivery via blood flow, production in the medulla, and 
removal by blood flow, because there is no gluconeogenesis 
in this region to consume lactate. Because of the counter-
current arrangement of the vasa recta, lactate would be 
expected to be somewhat concentrated in the medulla. The 
study results indicate that lactate concentration is twice as 
high in the inner medulla as in the cortex and that during 
osmotic diuresis, the medullary lactate concentration 
doubled, whereas the cortical lactate level remained 
unchanged. The authors postulated that increased medul-
lary lactate was evidence for increased glycolysis during 
osmotic diuresis because the diuresis and increased flow 
through the vasa recta would be expected to decrease the 
medullary lactate concentration if synthesis rates were 
unchanged. Sodium delivery to the distal nephron would 
also increase during osmotic diuresis, and the accompany-
ing increased sodium reabsorption could drive the increased 
glycolysis.

Bagnasco and colleagues,49 20 years later, studied lactate 
production along the nephron in dissected rat nephron 
segments incubated in vitro with glucose, with or without 
antimycin A, an inhibitor of oxidative metabolism. The only 
pathway for lactate production in the kidney is from pyru-
vate via lactate dehydrogenase. Proximal tubules produced 
no lactate with or without antimycin A. The distal segments 
all produced lactate, and the production was significantly 
increased (approximately 10-fold in the TAL) during anti-
mycin A incubation (Figure 5.10), which led the authors to 
conclude that significant amounts of lactate can be pro-
duced by anaerobic glycolysis during anoxia in the distal 
segments. The IMCD, a region with low oxygen tension 

Figure 5.10  Lactate  production  by  rat  nephron  segments  under 
control  conditions  and  in  the  presence  of  antimycin  A.  (From Bag-
nasco S, Good D, Balaban R, et al: Lactate production in isolated seg-
ments of the rat nephron. Am J Physiol 248:F522-F526, 1985.)
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under control conditions, had high levels of lactate produc-
tion, even without antimycin A, which indicates that it is 
primed for anaerobic glycolysis.

NEPHRON REGION–SPECIFIC  
METABOLIC CONSIDERATIONS

PROXIMAL TUBULE

Studies carried out in a number of laboratories have  
provided evidence that sodium transport and gluconeogen-
esis compete for ATP in the proximal convoluted tubule.50-52 
Friedrichs and Schoner51 studied both processes in rat 
renal tubules and slices and found that ouabain inhibition 
of Na+-K+-ATPase increased renal gluconeogenesis by 10% 
to 40%, depending on the substrate, and that stimulating 
Na+-K+-ATPase activity with high extracellular K+ inhib-
ited gluconeogenesis. The authors concluded that inhibi-
tion of the sodium pump induces a higher energy state  
of the cell, which would favor energy-requiring synthetic 
processes.

Nagami and Lee52 used an isolated perfused mouse proxi-
mal tubule preparation to address this issue. When tubules 
were perfused at higher rates, delivering more sodium to 
the proximal tubule, the glucose production rate was 
decreased by 50%, whereas when tubules were incubated 
with ouabain in the bath or perfused with amiloride (to 
inhibit apical transport), the glucose production rate 
increased above that seen in nonperfused tubules. The 
authors also verified that the reduction in glucose produc-
tion seen at elevated perfusion rates does not result from 
increased glucose utilization and is not dependent on the 
presence of specific substrates.

THICK ASCENDING LIMB

The TAL has a very high rate of Na+ transport against a steep 
concentration gradient, very high levels of Na+-K+-ATPase 
activity and expression and, perhaps not unexpectedly, 40% 
of its cytosolic volume occupied by mitochondria (see Figure 
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CONTROL OF RENAL OXYGENATION

The kidneys are faced with the challenge of maintaining 
intrarenal oxygen levels to avoid both hypoxia, which leads 
to energy failure, and hyperoxia, which promotes oxidant 
damage.56 Determinants of renal oxygenation and tissue 
oxygen tension (PO2) include RBF and oxygen content of 
arterial blood, oxygen consumed by the cells, and arterial 
to venous (AV) oxygen shunting, which entails the diffusion 
of oxygen from preglomerular arteries to postglomerular 
veins without being available to the cell for consumption.

RENAL BLOOD FLOW AND  
OXYGEN CONSUMPTION

The kidney enjoys a high blood flow, almost 25% of the 
cardiac output, which is needed to sustain the GFR. Com-
pared to other major body organs, renal oxygen consump-
tion (product of RBF and renal oxygen extraction) per 
gram of tissue is high, second only to the heart (2.7 mmol/
kg/min for the kidney vs. 4.3 mmol/kg/min for the heart).1 
Renal oxygen consumption is largely driven by the high RBF 
because renal oxygen extraction itself is low. It has been 
hypothesized that renal AV oxygen shunting is an adapta-
tion to prevent hyperoxia in the setting of the high renal 
perfusion needed to sustain GFR. However, such shunting 
can be detrimental in conditions of oxygen demand and 
supply mismatch (Figure 5.11).56

The phenomenon of O2 shunting from the descending 
to ascending vasa recta in the medulla has been accepted 
for decades. Evidence for AV O2 shunting in the kidney 
cortex was provided when it was shown, by the use of oxygen-
sensing microelectrodes, that the oxygen tension is substan-
tially higher in the renal vein (50 mm Hg) than in efferent 
arterioles (45 mm Hg) or tubules (40 mm Hg).57,58 The 
fraction of incident oxygen subject to AV O2 shunting is 
estimated at 50%. This causes tissue oxygen pressure (Po2) 
in the kidney cortex to be lower than otherwise expected 
and similar to that of other organs with a lower venous Po2, 
in which perfusion is matched more closely to metabolic 
demand.

Noting the similarity of tissue Po2 in the kidney and in 
other organs, some have argued that the renal AV O2 shunt 
is an adaptive mechanism for preventing the exposure of 
cortical tubules to toxic levels of oxygen while permitting a 
high RBF, which is needed for clearance59 (see Figure 5.11). 
As mentioned earlier, there is substantial shunting of oxygen 
from descending to ascending vasa recta in the renal 
medulla due to countercurrent flow in these vessels. Coun-
tercurrent flow in so-called hairpin loops formed by the vasa 
recta facilitates the recycling of solutes to the inner medulla, 
where a high osmolarity is essential to the formation of 
concentrated urine (see Chapter 10). As an inherent con-
sequence of this countercurrent mechanism for maintain-
ing a medullary osmotic gradient, there arises a negative 
oxygen gradient from the cortex to the inner medulla, 
where Po2 falls to 10 mm Hg.60 This results from the com-
bination of slow blood flow through the vasa recta, O2 con-
sumption by active transport in the outer medullary TAL, 
and diffusion of O2 from the descending to ascending vasa 
recta.60 This leaves the medullary tissue at the brink of 

5.5). Although the TALs have a far greater capacity for 
anaerobic metabolism than the proximal tubules, this 
region still requires oxidative metabolism to maintain cel-
lular ATP levels and active sodium reabsorption.37,53

CORTICAL COLLECTING DUCT

Cortical collecting duct (CCD) metabolism has been studied 
by Hering-Smith and Hamm.54 This region is particularly 
interesting because it is made up of distinctly different cell 
types, such as principal cells that reabsorb sodium and inter-
calated cells that can secrete bicarbonate. Rabbit CCDs were 
microperfused, Na+ reabsorption was measured by 22Na+ ion 
flux from lumen to bath, and bicarbonate transport was 
assayed by microcalorimetry in the presence of substrates, 
with and without inhibitors. Both Na+ reabsorption and 
bicarbonate secretion were inhibited by antimycin A, which 
provides evidence for dependence on oxidative phosphory-
lation. However, neither was dependent on glycolysis or the 
hexose-monophosphate shunt pathways. A small compo-
nent of sodium transport was supported by endogenous 
substrates. Na+ reabsorption was supported best by a mixture 
of basolateral glucose and acetate, whereas HCO3

− secretion 
was fully supported by glucose or acetate. HCO3

− secretion 
(but not sodium transport) was supported to some extent 
by luminal glucose. In sum, this study indicates that princi-
pal cells and intercalated cells have distinct metabolic 
phenotypes.

MEDULLARY COLLECTING DUCT

Medullary collecting ducts contribute to final urinary  
acidification. Comparing the outer medullary collecting 
duct (OMCD) with the CCD, Hering-Smith and Hamm54 
found that bicarbonate secretion in the OMCD could be 
fully supported by endogenous substrates. This region  
has far less sodium transport and few mitochondria (see 
Figure 5.5). Stokes and colleagues55 isolated IMCDs and 
examined their metabolic characteristics. In the absence of 
exogenous substrate, IMCD can maintain cellular ATP  
and respire normally, which is evidence for the presence  
of significant endogenous substrate. In the presence of  
rotenone, an inhibitor of oxidative phosphorylation,  
glycolysis increased 56%, which provides evidence for  
anaerobic metabolism, as supported by enzymatic profiles. 
Inhibition of sodium pump activity reduced QO2 by 25% to 
35%, which provides evidence for a requirement for a 
linkage between sodium pump activity and oxidative 
metabolism.

In studies that examined the metabolic determinants of 
K+ transport in isolated IMCDs,12 glucose increased oxygen 
consumption and cell potassium content by more than 10%, 
whereas an inhibitor of glycolysis promoted a release of cell 
potassium, and cell potassium content could not be main-
tained during the inhibition of mitochondrial oxidative 
phosphorylation. Thus, in the IMCD, glycolysis and oxida-
tive phosphorylation are required to maintain optimal Na+-
K+-ATPase activity to preserve cellular K+ gradients. Given 
the low Po2 and low density of mitochondria in this region, 
the collecting ducts have a higher reliance on anaerobic 
metabolism but still take advantage of oxidative metabolism 
to fully support transport.
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distance from those vascular bundles. The model predicts 
steeply declining O2 gradients from the vascular bundles to 
the corresponding TALs and a compromise between the 
TAL and inner medulla with respect to the provision of 
oxygen.63

In most organs, tissue oxygen can be stabilized by meta-
bolic regulation of blood flow. In such an arrangement, 
vasoactive end products of metabolism due to increased 
metabolic activity and oxygen utilization produce a signal 
that results in more blood flow to that organ. A unique 
feature of renal oxygenation is that the kidney cannot rely 
on this simple mode of metabolic autoregulation because, 
unlike other organs that receive blood solely to supply the 
metabolic needs of the organ, the kidney also receives blood 
to perform the functions of glomerular filtration and tubule 
transport.

RBF creates its own demand, because it determines the 
GFR, which in turn determines the rate of tubular sodium 
reabsorption (TNa), the main determinant of O2 consump-
tion (Qo2).64,65 If the kidneys were to modulate RBF as a 
means of stabilizing renal O2 content, this would create a 
vicious cycle of positive feedback in which increased O2 
delivery would increase O2 consumption, which would call 
for more O2 delivery. Positive feedback is inherently desta-
bilizing, so this arrangement alone could not work to stabi-
lize RBF or renal O2 content. Hence, the kidney is compelled 
to invoke mechanisms that are more complex. There are 
two generic routes for the kidney to stabilize its O2 content. 
One is to dissociate RBF from GFR. The other is to alter the 
metabolic efficiency of Na+ transport (Table 5.1). Further 
details are discussed later.

Ultimately, the rate at which the kidney consumes oxygen 
must be linked to the GFR. This is true because the main 
use of oxygen is to reabsorb the filtered sodium, which is 
linked to GFR by glomerulotubular balance (GTB). GTB 
describes the direct effect of the filtered load on tubular 
reabsorption, and it operates in all nephron segments, 
although the mechanism differs among segments. In the 
proximal tubule, shear strain tied to increased tubular flow 
exerts torque on the apical microvilli, which leads to upreg-
ulation of apical sodium transporters.66 In cases in which 
filtration fraction increases, the parallel increase in peritu-
bular capillary oncotic pressure will increase the Starling 
force driving fluid reabsorption. In the TAL, flux through 
NKCC2 is limited by the chloride concentration, which 
declines more slowly along the TAL at high flow rates. 
However, although GTB applies to net reabsorption, an 

hypoxia, especially the outer stripe of outer medulla, where 
the S3 segment of the proximal tubule and medullary TAL 
lie, making these segments most vulnerable to ischemic 
injury.

Consideration of O2 transport was incorporated into a 
mathematical model of the rat outer medulla by Chen and 
colleagues.61,62 This model takes into account fine details of 
the medullary anatomy, which includes positioning of the 
long descending vasa recta in the center of vascular bundles 
and the positioning of the TAL and collecting ducts at some 

Figure 5.11  Control of intrarenal oxygenation. Renal arteriovenous 
(AV)  oxygen  shunting  is  a  structural  antioxidant  mechanism  that  
contributes  to  the  dynamic  regulation  of  intrarenal  oxygenation.  
A, Because of AV oxygen shunting, much of the oxygen entering the 
kidney  (1)  never  enters  the  renal  microcirculation,  instead  diffusing 
from preglomerular intrarenal arteries to the closely associated veins 
(2).  The  O2  content  of  downstream  blood  perfusing  the  peritubular 
capillaries  (3)  that  supply  the  tissue with O2  is  low but  sufficient  to 
meet metabolic O2 demands because of the high rate of renal perfu-
sion.  This  mechanism  helps  maintain  stable  renal  tissue  oxygen 
tension. B, A model of the control of renal tissue oxygen tension (PO2) 
is shown. Changes in renal blood flow (RBF) directly affect tissue PO2 
through changes  in the supply of oxygen (1) but, at  the same time, 
have an opposing effect on tissue PO2 (2) by affecting the glomerular 
filtration  rate  (GFR),  tubular  sodium  reabsorption  (TNa+),  and  hence 
renal oxygen consumption ( �VO2). Each of these factors also affects 
the degree of AV O2 shunting, which acts to limit delivery of oxygen 
to renal tissue. As RBF increases, circulatory transit time falls, which 
should  limit  the  time  available  for  AV  diffusion  and  therefore  the 
quantity  of  oxygen  shunted  (3).  On  the  other  hand,  tubular  ( �VO2 
creates the driving force for AV oxygen shunting, the AV PO2 gradient, 
so increased tubular ( �VO2  should increase shunting (4). (Modified from 
Evans RG, Gardiner BS, Smith DW, O’Connor PM: Intrarenal oxygen-
ation: unique challenges and the biophysical basis of homeostasis. Am 
J Physiol Renal Physiol 295:F1259-F1270, 2008.)
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Table 5.1 Mechanisms for Changing Amount 
of Oxygen Consumed per  
Work Performed

Dissociate glomerular filtration rate from renal blood flow.
Alter the amount of O2 consumed per Na+ reabsorbed.
Shift transport between tubular segments that make more or 

less use of passive reabsorption.
Alter backleak permeability of the tubule.
Change the coupling ratio of adenosine triphosphate 

generated to O2 consumed by mitochondria.
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of increasing Po2 by reducing Qo2. The same pool of ade-
nosine also activates vascular adenosine A2 receptors in the 
deep cortex and medullary vasa recta to increase blood 
flow.72,73

By these mechanisms, the TAL looks after its own inter-
ests. However, because TAL sodium reabsorption normally 
exceeds the urinary sodium excretion by 40-fold, any signifi-
cant decline in TAL reabsorption must be compensated for 
by increasing active transport somewhere else or by reduc-
ing the GFR through tubuloglomerular feedback. The acti-
vation of adenosine A1 receptors in the glomerulus, proximal 
tubule, or TAL contributes to lessening the amount of work 
imposed on the hypoxic outer medulla, whereas activating 
adenosine A2 receptors in the vasa recta supports O2 delivery 
to the medulla (summarized in Figure 5.12).

METABOLIC COST OF SODIUM REABSORPTION

The cost of renal sodium transport can be estimated from 
the sodium pump stoichiometry and amount of oxygen 
required to produce ATP. Sodium pump stoichiometry dic-
tates that hydrolysis of one ATP molecule is coupled to the 
transport of three Na+ ions out of the cell and two K+ ions 
into the cell,4 and oxidative metabolism generates approxi-
mately six ATP molecules per O2 molecule consumed (see 
Figure 5.4). In the 1960s, several investigators undertook to 
measure the metabolic cost of tubular reabsorption in 
various species of mammals. There is fair consensus among 
four oft-cited studies published between 1961 and 1966 that 
the relationship between QO2 and TNa is fairly linear, and 
that the kidney reabsorbs 25 to 29 Na+ ions per molecule of 
O2 consumed in the process.74-77 A representative figure 
from one of these studies is shown in Figure 5.13.

If one assumes that kidney mitochondria make six mol-
ecules of ATP per molecule of O2, the kidney must then 
reabsorb four or five Na+ ions per ATP molecule. This 
exceeds the 3 : 1 stoichiometry of the Na+-K+-ATPase, which 
was known at the time.78 Because there are thermodynamic 
difficulties with the idea of an undiscovered basolateral 
sodium pump capable of forcing five Na+ ions from a tubular 
cell with energy from a single ATP molecule, it was surmised 
that a considerable fraction of overall sodium reabsorption 
must be passive and paracellular, as is now accepted.

It was later suggested by Cohen45 and others that these 
calculated ratios of Qo2/TNa actually underestimate the true 
efficiency of sodium reabsorption because a fraction of the 
oxygen consumed during sodium transport is also spent 
metabolizing organic substrates that enter the cell by sodium 
cotransport. The most important example of this is lactate, 
which is converted to glucose in the proximal tubule via the 
Cori cycle. The capacity for renal gluconeogenesis from 
lactate is large, and it has been estimated that the kidney 
can consume up to 25% as much energy converting lactate 
to glucose as it spends reabsorbing sodium.45

The metabolic cost of active sodium transport is expected 
to vary along the nephron. As reviewed earlier, the overall 
stoichiometry of Na+ reabsorbed to O2 consumed is esti-
mated at 25 to 30 µEq Na+/µmol O2.74,76 This ratio translates 
to five Na+ ions reabsorbed for every ATP molecule con-
sumed, which is much higher than the ratio of three Na+ 
ions to every ATP molecule predicted by sodium pump 
stoichiometry. In fact, one might expect a ratio lower than 

increased flow rate in the tubule also shortens the time that 
a given sodium ion is exposed to the reabsorptive machin-
ery. This leads to the prediction that GTB can do no better 
than maintain constant fractional reabsorption.65

TUBULOGLOMERULAR FEEDBACK

Significant fluctuations in RBF, GFR, and filtered Na+ load 
would overwhelm the kidney’s ability to match Na+ and 
volume output accurately to input and compromise homeo-
stasis of extracellular fluid volume. This does not normally 
occur because RBF and GFR are tightly controlled by the 
tubuloglomerular feedback mechanism (described in detail 
in Chapter 3). Thus, if RBF and/or GFR increases, and GTB 
maintains a constant fractional reabsorption along the prox-
imal tubule, an increasing amount of salt will be delivered 
to the macula densa, which sets off the tubuloglomerular 
feedback response. Specifically, increases in apical NaCl 
delivery or flow to this region provoke the cells of the 
macula densa to release ATP into the interstitium surround-
ing the afferent arterioles. This response is dependent on 
the basolateral Na+-K+-ATPase to maintain the inward-
directed Na+ gradient.67 ATP release is via maxi-anion chan-
nels.68 Some fraction of the released ATP is converted to 
adenosine by local ecto-nucleoside triphosphate diphospho-
hydrolase 1 (ecto-NTPDase1) and ecto-5′-nucleotidase.69 
This adenosine activates A1 adenosine receptors on the 
afferent arteriole, causing vasoconstriction. The arteriolar 
constriction reduces RBF and GFR in concert until Na+ 
delivery to the macula densa is realigned. Thus, an inverse 
relationship is established between tubular NaCl load and 
the GFR of the same nephron.64

Because of the time it takes for information to pass 
through the tubuloglomerular feedback system, the system 
is prone to oscillate, with a period of around 30 seconds. 
Rhythmic oscillations of kidney Po2 occur at the same fre-
quency as tubuloglomerular feedback–mediated oscillations 
in tubular flow. This illustrates the simultaneous influence 
of tubuloglomerular feedback over minute to minute 
tubular flow rate and oxygen levels in the kidney.70

Adenosine mediates tubuloglomerular feedback as a  
vasoconstrictor. Adenosine-mediated vasoconstriction is 
unique to the afferent arteriole. In all other beds in which 
adenosine is vasoactive, it exerts a vasodilatory effect medi-
ated by adenosine A2 receptors. In addition to adenosine 
receptors, the afferent arteriole expresses P2X purinergic 
receptors, which also mediate a vasoconstrictor response, in 
this case to interstitial ATP. These P2X receptors are essen-
tial to pressure-mediated RBF autoregulation, but adenos-
ine A1 receptors are sufficient to explain the tubuloglomerular 
feedback response.69

Adenosine also plays an important role in stabilizing med-
ullary energy balance through local adjustments in blood 
flow and transport, along with other autocrine and para-
crine factors, including vasodilatory prostaglandins and 
nitric oxide, which increase medullary blood flow while 
inhibiting sodium transport in the TAL.50,70,71 Adenosine, in 
particular, is a case study in local metabolic regulation by 
negative feedback in the medulla. When ATP levels decline, 
adenosine is released from TAL cells into the renal intersti-
tium, where it binds to adenosine A1 receptors and inhibits 
Na+ reabsorption in the TAL and IMCD. This has the effect 
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electrodiffusion of chloride, in turn, drives passive sodium 
reabsorption. Because the NaCl reflection coefficient is less 
than that for NaHCO3 in this region,79 coupled sodium 
chloride reabsorption also occurs secondary to solvent 
drag.81 Although estimates vary, this passive reabsorption 
may increase the number of Na+ ions reabsorbed to O2 
molecules consumed in the proximal tubule from 18 to 48.82

Simultaneously blocking both cytosolic and membrane 
carbonic anhydrase with acetazolamide reduces bicarbonate 
reabsorption and Qo2 in a 16 : 1 molar ratio, as expected for 
simple coupling to the sodium pump.83 However, inhibiting 
bicarbonate reabsorption with a membrane-specific car-
bonic anhydrase inhibitor, which acidifies the tubular 
lumen, paradoxically increases Qo2 both in vivo and in iso-
lated proximal tubules, an effect that is prevented by also 
blocking the apical Na+-H+-exchanger isoform 3 (NHE3).84 
A simple explanation is lacking for why increasing the cell 
to lumen proton gradient should increase Qo2 in the proxi-
mal tubule, but these results establish the phenomenon in 
vitro and in vivo.

3 : 1 because of the basal metabolic functions of the kidney 
that are independent of sodium transport (i.e., insensitive 
to the Na+-K+-ATPase inhibitor ouabain; Figure 5.14) and 
because of tubular backleak.

One reason for this higher than expected efficiency of 
sodium reabsorption is that the kidney can leverage excess 
free energy in the gradients created by primary and second-
ary active transport to drive passive paracellular reabsorp-
tion of sodium chloride. Free energy for paracellular 
reabsorption is available in the midproximal tubule and 
early TAL.78 In the proximal tubule, the driving force for 
the passive transport develops as a result of the preferential 
absorption of bicarbonate over chloride earlier in the 
tubule.79,80

The decline in tubular bicarbonate concentration is  
paralleled by a rise in chloride concentration as water 
follows Na+, HCO3

−, and organic osmoles across the leaky 
proximal tubule (see Chapter 6). This favorable lumen to 
blood Cl− gradient drives passive paracellular chloride reab-
sorption. The transepithelial voltage that arises from the 

Figure 5.12  Role  of  extracellular  adenosine  (ADO)  in  protecting  the  renal  medulla  from  hypoxia.  The  line  plots  illustrate  the  relationships 
between the given parameters. Small circles on these lines  indicate ambient physiologic conditions. 1, A rise  in the glomerular filtration rate 
(GFR) increases the Na+ load (FNa) to the tubular system in cortex and medulla. 2, This rise in FNa increases the salt concentration sensed by 
the macula densa  ([NaClK]MD). 3, The  increase  in  [NaClK]MD,  in  turn, enhances  local ADO. 4, ADO  lowers GFR and thus FNa, which closes a 
negative feedback loop and thus provides a basis for an oscillating system. 5, FNa determines Na+ transport work (TNa) and O2 consumption in 
every nephron segment, so oscillations in FNa may help protect the medulla. 6, A rise in TNa increases ADO along the nephron. 7, In the cortical 
proximal tubule, ADO stimulates TNa and thus lowers the Na+ load to segments residing in the medulla. 8, In contrast, ADO inhibits transport 
work  in  the medulla,  including  the medullary  thick ascending  limb  (mTALH) and  inner medullary collecting duct  (IMCD). 9,  In addition, ADO 
enhances medullary blood flow  (MBF), which  increases O2 delivery and  further  limits O2-consuming  transport  in  the medulla.  (Modified from 
Vallon V, Muhlbauer B, Osswald H: Adenosine and kidney function. Physiol Rev 86:901-940, 2006. © 2006 American Physiological Society.)
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The early portion of the TAL is also capable of paracel-
lular sodium reabsorption. In this region, sodium can  
be transported transcellularly by the apical Na-K-2Cl cotrans-
porter or apical Na+-H+ exchanger, secondary to a high 
density of Na+-K+-ATPase extruding sodium across the baso-
lateral membranes. In addition, sodium can be reabsorbed 
paracellularly as long as there is a lumen-positive, transepi-
thelial voltage sufficient to overcome the force for back 
diffusion associated with an unfavorable concentration dif-
ference. A lumen-positive voltage develops in the TAL 
because the apical membrane has a high concentration of 
sodium channels, whereas the basolateral membrane has 
both sodium and chloride channels. As predicted by the 
Goldman-Hodgkin-Katz voltage equation, the chloride con-
ductance causes the basolateral membrane potential to be 
less negative than the apical membrane potential, which 
results in a positive transepithelial gradient.85,86

Further along the nephron in the distal tubule and col-
lecting duct, the tubular fluid sodium concentration is too 
low to allow paracellular reabsorption of sodium. In those 
segments, a lower limit on the cost of sodium reabsorption 
is set by the 3 : 1 Na+/ATP ratio of the sodium pump. 
Although active transport of sodium is a pacemaker for 
renal respiration, there are ways to reset the relationship  
of Qo2 to sodium pump activity. Examples of this were 
provided by Silva and associates,87 who measured O2 con-
sumption and Na+-K+-ATPase activity in rat kidney slices in 
which an increase in the latter had been induced by prior 
treatment of the animals with triiodothyronine (T3), meth-
ylprednisolone, potassium loading, or subtotal nephrec-
tomy. Although each of these maneuvers increased ex vivo 
sodium pump activity, only T3 and methylprednisolone 
increased Qo2.

It has also been shown that the thermogenic effect of 
catecholamines, normally associated with brown fat and stri-
ated muscle, also occurs in the kidney, which responds to 
dopamine infusion with a near-doubling of overall meta-
bolic rate, but minimal change in sodium reabsorption.88 
Dopamine inhibits sodium reabsorption in the proximal 
tubule,89,90 thereby shifting the reabsorptive burden to less 
efficient downstream segments. However, heat accumulates 
in both the cortex and medulla during dopamine infusion, 
which suggests that the mechanism may be a direct effect 
of catecholamines on renal metabolism. In addition, an 
increase in RBF by dopamine could be responsible for the 
increased renal oxygen consumption, which is the product 
of RBF and renal oxygen extraction.

Weinstein and Szyjewicz91,92 also examined Qo2/TNa 
using 10% body weight short-term saline expansion as 
another way to inhibit proximal sodium reabsorption in 
rats. Using this maneuver, they were able to reduce frac-
tional sodium reabsorption by 30% in the proximal tubule, 
leading to a GTB-mediated increase in net reabsorption 
downstream of the proximal tubule. However, overall Qo2 
did not increase but actually fell. It was conjectured that 
energy for this increase in downstream reabsorption was 
derived anaerobically, but the full details of this remain to 
be clarified. It appears that the energy cost of transport 
in the proximal versus distal nephron during inhibition of 
proximal tubule transport depends on the stimulus pro-
voking the change in transport, as well as the metabolic 
environment.

Figure 5.13  Oxygen consumption as a function of net sodium reab-
sorption  in  whole  dog  kidney.  Filled circles,  control;  open circles, 
hypoxia; squares, hydrochlorothiazide. The slope of the line fitted to 
the data points represents QO2/TNa and is approximately 1/28. (Modi-
fied from Thurau K: Renal Na-reabsorption and O2-uptake in dogs during 
hypoxia and hydrochlorothiazide infusion. Proc Soc Exp Biol Med 
106:714-717, 1961; and Mandel LJ, Balaban RS: Stoichiometry and 
coupling of active transport to oxidative metabolism in epithelial tissues. 
Am J Physiol 240:F357-F371, 1981.)

0

2

1

3

4

5

6

7
O

xy
ge

n 
co

ns
um

pt
io

n 
(µ

m
ol

 O
2/

m
in

 g
)

0 20 40 60 80 100 120 140

Reabsorbed sodium (µeq Na/min g)

Figure 5.14  A large fraction of renal epithelial oxygen consumption 
(QO2) in renal cells is sensitive to the Na+-K+-ATPase–specific inhibitor 
ouabain, and this QO2 drives primary active transport and transport 
coupled to sodium pump activity. The fraction of renal oxygen con-
sumption  that  does  not  change  in  the  presence  of  ouabain  is,  by 
definition,  independent  of  Na+-K+-ATPase  activity  in  the  cell  and  is 
roughly equivalent to the basal QO2, which fuels transport not coupled 
to sodium gradients, cell  repair and growth, biosynthesis, and sub-
strate interconversions. 

Components of renal epithelial oxygen consumption

(QO2) Ouabain sensitive
• Primary active transport
   - Na+-K+-ATPase
• Coupled transport
   - Secondary Na coupled transport
   - Tertiary coupled transport

Ouabain-insensitive (basal)
• Primary and secondary active transport not coupled to

Na+-K+-ATPase
• Cell repair, growth
• Synthetic functions
  - Lipid synthesis
  - Gluconeogenesis
• Substrate interconversions
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Each adopted a similar standard, which was to express 
suprabasal renal Qo2 as a function of TNa. Suprabasal O2 
consumption was obtained by subtracting from total O2 con-
sumption the amount required for basal metabolism, which 
was determined by various methods. One method was to 
plot Qo2 against TNa and then extrapolate to the y-intercept 
to obtain basal Qo2. Another approach was to reduce renal 
perfusion pressure to the point that glomerular filtration 
ceased, and then ascribe the residual measured Qo2 to basal 
metabolism. These approaches for obtaining basal O2 con-
sumption have their unique limitations, and both require 
the dubious assumption that basal metabolism is static 
under most conditions and is unaffected by TNa per se. 
Nonetheless, these studies attempted to measure and incor-
porate the contribution of basal Qo2 to the total Qo2. In 
recent studies,95 the ratio of total Qo2 to TNa has been rep-
resented as an index of metabolic efficiency of transport, 
ignoring the contribution of basal Qo2 to the total Qo2. This 
can lead to inaccuracies, because estimates of basal metabo-
lism have varied widely in the published literature, indicat-
ing its susceptibility to different experimental conditions. 
For example, the proximal tubule can devote considerable 
energy to gluconeogenesis, especially in the postabsorptive 
or fasting states, and in diabetes.43,96,97 In light of the fact 
that oxygen can be diverted to do other work, an increase 
in Qo2/TNa is not necessarily due to “decreased transport 
efficiency.”

The specific factors contributing to this Qo2/TNa stoichi-
ometry, as well as to the basal metabolic rate in the kidney, 
have been the subject of numerous reviews.98,99 It is theoreti-
cally possible to alter Qo2/TNa in a number of ways (see 
Table 5-1):

1. Transport could be shifted from the proximal tubule, 
where efficient use of energy from the Na+-K+-ATPase 
drives passive transport, to other segments, where all 
sodium reabsorbed passes through the Na+-K+-ATPase.

2. Tubular backleak permeability could change, which 
would affect the number of times that a given Na+ ion 
must be reabsorbed to escape excretion into the urine.

3. The ratio of ATP produced per O2 consumed could 
be altered by the regulated activity of UCPs (see  
Figure 5.3).25

4. ATP could be diverted to gluconeogenesis, such as during 
fasting.

The same neurohumoral factors that exert well-known 
effects on glomerular hemodynamics and O2 supply, includ-
ing nitric oxide, angiotensin II, adenosine, and catechol-
amines, also appear to participate in the regulation of 
kidney metabolism and Qo2 by the tubule. It has been 
shown100,101 that administration of nonselective nitric oxide 
synthase (NOS) inhibitors increases Qo2/TNa. Other experi-
ments have suggested that NOS-1 is the specific isoform that 
regulates this action in vivo.100 The changes in Qo2 with NOS 
inhibition may occur because of the following: (1) a shift in 
the site of sodium reabsorption to a less efficient nephron 
segment; (2) decreased efficiency of transport in the proxi-
mal tubule (i.e., decrease in the passive component of reab-
sorption); or (3) less efficient use of O2 by mitochondria. 
For example, nitric oxide given directly to a proximal 
tubular cell is a proximal diuretic102 and competitive 

REGULATION OF METABOLIC EFFICIENCY 
OF TRANSPORT DURING NORMAL 
PERTURBATIONS AND DISEASE

The kidneys have developed multiple mechanisms to mini-
mize changes in oxygen delivery and to cope with a reduc-
tion in PO2. Some of these are specific to the kidney, whereas 
others are generic to many tissues, as discussed next.

PHYSIOLOGIC REGULATION: FILTRATION 
FRACTION AND OXYGEN CONSUMPTION

As reviewed earlier, there are two generic routes for the 
kidney to achieve a stable content of O2—dissociation of 
RBF from GFR and alteration of QO2/TNa (see Table 5.1). 
Both routes are subject to regulation. Dissociating RBF from 
GFR equates to changing the glomerular filtration fraction. 
This can work to stabilize kidney O2 because lowering the 
filtration fraction increases the ratio of supply to demand 
for O2. For nephrons in filtration equilibrium, this requires 
independent control of the afferent and efferent arterioles, 
which can be achieved by modulating relative activities of 
purinergic, angiotensin, nitric oxide, and other signaling 
systems in the glomerulus. A full discussion of glomerular 
hemodynamics is available in Chapter 3, but a few features 
are noted here.

To begin, the filtration fraction can be lowered by con-
stricting the afferent arteriole (which reduces net O2 deliv-
ery) or dilating the efferent arteriole (which increases net 
O2 delivery). Constricting the afferent arteriole confers 
initial energy savings by reducing the GFR faster than RBF, 
but there is a diminishing return as O2 delivery declines 
toward the basal requirement. Dilating the efferent arteriole 
only reduces GFR when glomerular capillary pressure is low 
to begin with, such as during hypotension or with high affer-
ent resistance.93 When angiotensin II acts on the afferent 
and efferent arterioles to stabilize GFR in the presence of 
low blood pressure or high upstream resistance by prefer-
entially constricting efferent arterioles, the kidney is accept-
ing a decrease in the ratio of O2 supply to O2 demand. 
Conversely, adenosine signaling in the glomerulus decreases 
the filtration fraction and thus manages to stabilize nephron 
function without compromising the O2 supply-demand 
balance. Adenosine in the nanomolar range constricts the 
afferent arteriole via high-affinity adenosine A1 receptors. A 
higher adenosine concentration dilates the efferent arteri-
ole via low-affinity adenosine A2 receptors. The interstitial 
adenosine concentration rises as more NaCl is delivered 
into the nephron. The prototype for this is tubuloglomeru-
lar feedback signaling through the macula densa, although 
other sources are not precluded (see Figure 5.12). When 
the kidney is operating in the domain of modest distal deliv-
ery, increasing the tubuloglomerular feedback signal con-
stricts the afferent arteriole. When the kidney is operating 
in the domain of high distal delivery, a further increase 
causes the efferent arteriole to dilate,94 which can be viewed 
as a shift in priority toward maintaining the O2 supply as the 
supply diminishes.

The second generic means for stabilizing kidney O2 is to 
alter the Qo2/TNa. As mentioned earlier, studies in the 1960s 
established the linear relationship between Qo2 and TNa. 
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the urine and renal tissue of diabetic animals. Inhibition of 
the Krebs cycle’s succinate dehydrogenase complex causes 
robust renin release. This effect is amplified in high-glucose 
conditions or with added succinate. In summary, GPR91-
mediated signaling in the juxtaglomerular apparatus could 
modulate glomerular filtration rate and RAS activity in 
response to changes in metabolism (especially after a meal, 
when the glucose level is elevated). Pathologically, GPR91-
mediated signaling could link metabolic diseases (e.g.,  
diabetes) with RAS activation, systemic hypertension, and 
organ injury.

HYPOXIA AND ISCHEMIA

Intrarenal hypoxia has been proposed as a final common 
pathway to the progression of CKD.124 In late stages of CKD, 
rarefaction of capillaries and other structural changes have 
been implicated in the decrease in oxygen supply leading 
to hypoxia. However, intrarenal hypoxia has been demon-
strated in the early stages before any structural changes.125 
A high QO2/TNa has been postulated to be the cause of 
tubular hypoxia in the early stages of CKD.120 In early experi-
mental diabetes, decreased tissue oxygen tension (PO2) by 
blood oxygen level–dependent magnetic resonance imaging 
(BOLD MRI) has also been demonstrated prior to any struc-
tural changes associated with diabetic nephropathy.126

BOLD MRI has been used to measure blood flow, oxygen 
tension, and regional tissue oxygenation in the kidney 
cortex and medulla in humans with hypertension. The fol-
lowing were compared: kidneys with atherosclerotic renal 
artery stenosis, kidneys contralateral to the stenotic kidneys, 
and kidneys in individuals with essential hypertension, with 
no accompanying stenosis.127,128 In the stenotic kidneys, as 
expected, tissue volume was decreased and blood flow was 
compromised; however, there was no significant decrease in 
Po2 in the cortex or deep medulla compared with the con-
tralateral kidney in the same person or compared with 
kidneys in individuals with essential hypertension. This led 
the authors to postulate that there was reduced oxygen 
consumption in the stenotic kidneys. Consistent with this 
interpretation, furosemide-suppressible Qo2 in the medulla 
was significantly less in the stenotic kidney than in the  
contralateral kidney or in kidneys in those with essential 
hypertension.128

BOLD MRI has been found to be a useful technique for 
assessing whether renal artery stenosis is associated with 
tissue hypoxia and renal damage.129 In diabetic and nondia-
betic CKD patients, BOLD MRI has been used to demon-
strate intrarenal hypoxia, with a good correlation with renal 
pathology.130,131 It has also been used to assess alterations in 
renal oxygenation in acute transplant rejection.132 It was also 
used recently to investigate the effect of sodium intake on 
renal tissue oxygenation.133 In brief, 1 week of low sodium 
intake increased renal medullary oxygenation in normoten-
sive and hypertensive subjects, whereas a high-sodium diet 
reduced medullary oxygenation. A recent study of humans 
with CKD and hypertension, as well as healthy controls, with 
BOLD MRI revealed tight regulation of renal oxygenation 
at rest, but an altered response to furosemide in the CKD 
and hypertension groups, suggesting early metabolic 
changes in hypertension.134,135 In many of these studies, furo-
semide was administered to inhibit tubular reabsorption, 

inhibitor of O2 flux through the electron transport chain in 
mitochondria.103

Most effects of nitric oxide are mediated by cyclic guano-
sine monophosphate, but the mitochondrial effect is pre-
sumed to occur through the competitive inhibition of 
cytochrome c oxidase.103-105 Studies in normal rats,106 in rats 
with experimental diabetes,107 and in rats with untreated 
hypertension108,109 have found an antagonistic relationship 
between nitric oxide and angiotensin II in terms of glomeru-
lar hemodynamics and tubular reabsorption. Specifically, 
systemic NOS blockade causes renal vasoconstriction and 
activation of tubuloglomerular feedback, which can be pre-
vented by angiotensin II blockers.

A similar antagonistic relationship also appears to exist in 
the control of kidney. Angiotensin II has been shown to be 
capable of increasing Qo2, in spite of lowering TNa.110 Rats 
and mice with angiotensin-induced hypertension exhibit 
stimulation of sodium transporters from the cortical TAL to 
the CD in regions with higher QO2/TNa and inhibition or no 
stimulation of sodium transporters in the proximal nephron, 
where QO2/TNa is lower.111,112 Studies in spontaneous hyper-
tensive rats have suggested opposing effects of angiotensin 
II and nitric oxide on the Qo2/TNa ratio in the kidney.113 
Rats with angiotensin-induced hypertension demonstrated 
an increased Qo2/TNa that was reversed by a mimetic of 
superoxide dismutase, which is consistent with the theory 
that many angiotensin II effects are mediated by upregulat-
ing the activity of reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase.110 In addition, there is 
evidence that angiotensin II contributes to mitochondrial 
dysfunction and oxygen consumption in aging rats.114

There is also evidence for a self-contained intrarenal 
renin angiotensin system that operates independently of the 
systemic renin angiotensin system (RAS).115-118 It is possible 
to dissociate tubular and whole-kidney angiotensin II in the 
regulation of proximal reabsorption and salt homeostasis.118 
For example, a low-salt diet activates the systemic RAS and 
increases renal sodium reabsorption without any measur-
able increase in intrarenal synthesis of angiotensin II,119 
whereas a high-salt diet has a predictable inhibitory effect 
on plasma and whole-kidney angiotensin II; surprisingly, 
however, this leads to increased angiotensin II content of 
proximal tubular fluid. This finding explains why the tonic 
influence of endogenous angiotensin II over proximal reab-
sorption fails to decline with consumption of a high-salt 
diet. Thus, whereas the systemic RAS is oriented toward salt 
homeostasis, it appears that the tubular angiotensin II 
system is oriented toward a stable salt delivery beyond the 
proximal tubule.118

The role of angiotensin II in kidney metabolism is impli-
cated in the ablation/infarction remnant kidney model of 
chronic kidney disease (CKD). Oxygen consumption fac-
tored for nephron number or TNa has been shown to be 
elevated in this model120-122 and lowered by various treat-
ments, including angiotensin blockade.120 A connection has 
also been established between local accumulation of the 
Krebs cycle intermediate succinate and activation of the 
RAS.123 Succinate can accumulate extracellularly when 
oxygen supply does not match demand. In the extracellular 
fluid, it can bind to its G protein–coupled receptor, GPR91. 
Po2 in the juxtaglomerular region is reduced in the hyper-
glycemia of diabetes, and succinate levels are very high in 
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conserves energy by decreasing substrate movement into 
the tricarboxylic acid cycle, increasing cellular glucose 
uptake and glycolytic enzymes to increase anaerobic ATP 
production and shifting the cell toward glycolytic metabo-
lism.140 HIF-1α also has significant effects on mitochondrial 
metabolism; specifically, it diminishes NADH supply to the 
electron transport chain (ETC), induces a subunit switch in 
complex IV of the ETC to optimize its efficiency in hypoxia, 
and represses mitochondrial biogenesis and respiration.147,148 
Finally, HIF-1α also induces mitochondrial autophagy as an 
adaptive metabolic response to prevent increased levels of 
reactive oxygen species (ROS) generation and cell death in 
hypoxia.149

HIF-1 α has also been recognized as a regulator of salt 
transport. High-salt intake increased HIF-1α expression in 
the renal medulla.150 Inhibition of HIF-1α in the renal 
medulla decreased medullary blood flow and blunted urine 
flow and urinary Na excretion. In the presence of HIF-1α 
inhibitor, rats on a high-salt diet developed positive cumula-
tive salt balance and higher blood pressure. Thus, medullary 
HIF-1α inhibition on high salt intake leads to the resetting 
of pressure natriuresis, sodium retention, and salt-sensitive 
hypertension.151 HIF-1α expression has been reported in the 
medulla in a normal rat,152 in which selective inhibition 
of medullary HIF-1 induced significant tubulointerstitial 
damage. Interestingly, HIF-1 expression appeared to corre-
late with salt transport; an increase was noted after an 
increase in medullary workload and a decrease in expres-
sion was noted after inhibiting sodium transport in the TAL 
by furosemide administration, which also increased medul-
lary Po2.152

HIF activity is regulated by proteasamal degradation 
during normoxia by a von Hippel-Lindau E3 ubiquitin 
ligase complex after being hydroxylated by prolyl-4-hydrox-
ylase domains (PHDs). Of the three main identified PHDs 
(1, 2, and 3), PHD2 is the main enzyme that targets HIF  
for degradation under normoxia.143 All three PHDs are 
expressed in the kidney and are found predominantly in the 
distal convoluted tubule, collecting duct, and podocytes, 
and levels are depressed during ischemia and reperfu-
sion.142,143 HIF activity is also regulated by factor-inhibiting 
HIF (FIH), which inhibits its transcriptional activity by 
hydroxylating an asparagine residue within the transactiva-
tion domain and preventing the binding of coactivators to 
the HIF transcriptional complex.139 Although a tremendous 
amount of progress has been made in understanding how 
HIF helps maintain O2 homeostasis, the study of this factor 
in the kidney under normal physiologic and pathophysio-
logic conditions is just in its infancy.

ADENOSINE MONOPHOSPHATE–ACTIVATED 
PROTEIN KINASE

The energy status of the cell can be detected by the ultra-
sensitive 5′-adenosine monophosphate (AMP)–activated 
protein kinase (AMPK), which is a ubiquitously expressed, 
highly conserved, key energy sensor and regulator of cel-
lular metabolic activity.153 AMPK is comprised of a hetero-
trimer of a catalytic subunit (α1 or α2), together with a beta 
(β1 or β2) and gamma (γ1,γ2, or γ3) regulatory subunit.153 
Cellular energy stress, which can be due to a variety of condi-
tions, such as nutrient or glucose deprivation, exercise, 

which improved medullary oxygenation; this demonstrated 
the significant role of sodium reabsorption–driven Qo2, 
even in established disease with structural alterations, which 
affect oxygen delivery.

Evans and colleagues136 recently examined Po2 during 
moderate renal ischemia, when changes in renal oxygen 
delivery and Qo2 are mismatched. When renal artery pres-
sure was reduced from 80 to 40 mm Hg, Qo2 was reduced 
almost 40%, even though delivery was reduced by only 26%. 
Renal angiotensin II infusion reduced O2 delivery by almost 
40% and increased fractional oxygen extraction (renal 
venous Po2 decreased). When renal arterial pressure was 
higher than 40 mm Hg, renal Po2 remained remarkably 
stable. With these protocols, reductions in Qo2 were propor-
tionally less than reductions in TNa. Thus, reducing renal 
Qo2 can help prevent tissue hypoxia during mild ischemia; 
other mechanisms, not including increased efficiency of 
renal oxygen utilization for sodium reabsorption, appar-
ently come into play to prevent a fall in renal Po2 when renal 
Qo2 is reduced less than O2 delivery.

HYPOXIA-INDUCIBLE FACTOR
During hypoxia, the cellular interior becomes acidic, and 
the low cellular pH causes a small protein inhibitor called 
inhibitory factor 1 (IF1) to dimerize. In the dimeric state, 
the IF1 binds to two ATPase synthase molecules and inhibits 
their activity.23 This is an important adaptation because, 
during low-energy states, ATPase synthase can actually 
operate in reverse (as an ATPase), which would cause 
further deterioration of the energy status of the cell. IF1 
inhibits the ATPase activity of ATP synthase, thereby pre-
venting wasteful hydrolysis of ATP that could occur if there 
were insufficient oxygen to drive the electron transport 
chain. When oxygen delivery is normalized and cellular pH 
increases, the IF1 dimer disassembles, and ATP synthase 
begins to operate in the ATP synthesis mode.23

In addition to the IF1-mediated, rapid posttranscriptional 
adaptation to hypoxia, there is a transcriptional adaptive 
response to hypoxia mediated by hypoxia-inducible factor 
(HIF).137 A great body of work by Semenza has described 
the role of HIF as a primary oxygen sensor and regulator of 
cellular oxygen homeostasis.137-140 It accumulates in hypoxic 
cells, where it acts to regulate gene expression. HIF consists 
of a labile α-subunit (HIF-1α, HIF-2α, HIF-3α) and a con-
stitutive β-subunit. These subunits heterodimerize to form 
a transcriptional complex that translocates to the nucleus 
and binds to hypoxia response elements of various hypoxia-
responsive genes.141,142 HIF-1α and HIF-2α have been well-
studied, have similar structures, and have significant overlap 
in their actions on target genes; however, some target genes 
appear to be exclusively under the regulation of one or the 
other. Their renal tissue expression patterns also differ, with 
predominant expression of HIF-1α in the tubular epithelial 
cells and of HIF-2α in the interstitial fibroblasts and peritu-
bular endothelial cells in the hypoxic kidney.143,144 There is 
limited information regarding the function and actions of 
HIF-3α.

During adaptation to hypoxia, HIF-1α and HIF-2α regu-
late the expression of many genes that regulate oxygen 
delivery and consumption. Changes that culminate in a rise 
in erythropoiesis, vasodilation, and tissue vascularization all 
increase oxygen delivery.145,146 Another set of responses 
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in ion transport in the kidney has been recently reviewed.158,159 
Overall, AMPK becomes activated when ATP is limiting—
that is, when the AMP/ATP ratio increases—and, once acti-
vated, it decreases ATP consumption and increases ATP 
synthesis. In the kidney, sodium transport is the major 
energy-consuming process, and there is increasing evidence 
regarding the role of AMPK in sodium transport in the 
kidney and other epithelial cells. AMPK has been shown to 
inhibit the activity of various transport proteins in lung, gut, 
and kidney, including the epithelial Na channel (ENaC) in 
the kidney collecting duct, NKCC2 in the TAL, and Na+-K+-
ATPase in the alveolar epithelial cells, particularly during 
hypoxia.159,160 Hallows and colleagues158,159 have determined 
that AMPK activation depresses transport mediated by the 
cystic fibrosis transmembrane conductance regulator, epi-
thelial sodium channel, vacuolar H+-ATPase, and NKCC2 
(see Figure 5.15). AMPK expression in the kidney is seen 
mainly in the cortical thick ascending limb and macula 
densa cells and in some DCTs and collecting ducts.161 
Recently, AMPK expression in the proximal tubule has also 
been reported.162 Differing results in pAMPK expression in 
response to high salt intake has been observed with increased 
phosphorylated (activated) AMPK in one study161 and 
reduced expression in another.163 In vivo, pharmacologic 
activation of AMPK in rats fed a high-salt diet was shown to 
enhance the tubuloglomerular feedback (TGF) response 
and reduce sodium reabsorption in the proximal and distal 
tubules, but had no effects on these parameters in rats fed 
a normal-salt diet.163 Whether these effects are driven by a 
change in cellular metabolism that results in an increase in 
AMP and ATP levels is not clear. Consumption of a high-salt 
diet decreases the fraction of the filtered load of sodium 
that is absorbed and, given the effect of AMPK activation in 
inhibiting transporters, the findings suggest that AMPK par-
ticipates in salt and water homeostasis.

The AMPK pathway may provide another important layer 
of regulation between ATP production by mitochondria and 
ATP consumption by transporters. In the Whittam model 
illustrated in Figure 5.3, increased active transport provokes 
a decrease in the ATP/ADP ratio, which drives increased 
ATP production by the mitochondria. When ATP produc-
tion by the mitochondria becomes limiting, however, AMPK 
is likely to be activated, which would drive a reduction in 
ATP consumption by active membrane transporters. Thus, 
AMPK may regulate the coupling of ion transport and 
energy metabolism in the kidney.

Acute renal ischemia provokes a rapid and powerful acti-
vation of AMPK, but its functional role in the response to 
ischemia remains unclear. There is conflicting evidence in 
the literature regarding the effects of AMPK activation in 
ischemia-reperfusion injury.164-167 Similarly, although several 
studies have shown a beneficial effect of AMPK activation in 
myocardial ischemia-reperfusion, there are some conflict-
ing studies demonstrating the deleterious effects of AMPK 
activation in ischemic injury in the heart and brain.153 
Hence, the effects of AMPK activation are likely to be time-, 
tissue-, and cell-dependent. Whether AMPK abundance  
or its phosphorylation is higher in the hypoxia-prone 
medulla than in the cortex has not yet been investigated, 
nor have studies been conducted examining the effect of 
AMPK activation on renal gluconeogenesis or glycolysis. A 
key question is whether renal AMPK activation suppresses 

hypoxia, or ischemia, is detected as a rising concentration 
of AMP and an increase in the AMP/ATP ratio. AMPK is 
activated by phosphorylation of the α-catalytic subunit on 
threonine-172 (Thr172) by upstream kinases.154 The binding 
of AMP to the γ-regulatory subunit of AMPK increases its 
activity in three ways: (1) conformational change in AMPK, 
which allows enhanced phosphorylation of the α-catalytic 
subunit on Thr172 by upstream kinases, thus activating 
AMPK; (2) inhibition of dephosphorylation of the catalytic 
subunit; and (3) direct allosteric activation. These three 
effects, working in concert, render the system exquisitely 
sensitive to changes in AMP, and all are antagonized by 
ATP—thus the importance of the AMP/ATP ratio. AMPK 
acts as a metabolic checkpoint to facilitate metabolic adapta-
tion to cellular energetic stress by triggering ATP-producing 
pathways such as fatty acid oxidation, glucose uptake, and 
glycolysis while inhibiting ATP-consuming pathways such as 
fatty acid synthesis, protein synthesis, and potentially active 
transport155 (Figure 5.15). AMPK also promotes cellular 
autophagy, an energy-conserving survival mechanism in low-
energy states, by inhibiting the mammalian target of rapa-
mycin (mTOR).156,157

There is abundant AMPK expression in the kidney, but 
the understanding of its impact on energy metabolism and 
transport in the kidney is just emerging. The role of AMPK 

Figure 5.15  Proposed role of adenosine monophosphate–activated 
protein kinase (AMPK)  in the kidney in coupling catabolic pathways 
requiring ATP hydrolysis (primarily sodium transport) with metabolic 
pathways leading to ATP synthesis (primarily fatty acid and glucose 
oxidation). +, Activating pathway; −, inhibitory pathway. ACC, Acetyl 
CoA carboxylase.; CFTR, cystic fibrosis transmembrane conductance 
regulator; eF2, elongation factor 2; ENaC, epithelial sodium channel; 
mTOR,  mammalian  target  of  rapamycin;  NKCC,  Na-K-chloride 
cotransporter.  (From Hallows KR, Mount PF, Pastor-Soler NM, Power 
DA.: Role of the energy sensor AMP-activated kinase in renal physiology 
and disease. Am J Physiol Renal Physiol 298:F1067-F1077, 2010.)
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are enlarged mitochondria. Supplements of sodium bicar-
bonate, potassium, vitamin D, phosphorus, and water are 
called for if these symptoms are evident.171,172

SUMMARY

Most of the energy consumed by the kidney is traceable to 
the energy requirements for sodium reabsorption. Although 
all sodium reabsorption is linked to Na+-K+-ATPase, effi-
ciency is achieved by leveraging Na+-K+-ATPase into transepi-
thelial chloride or voltage gradients that allow some sodium 
to be reabsorbed without passing through the Na+-K+-ATPase 
itself. ATP production in the proximal tubule is solely by 
aerobic metabolism, whereas the medullary segments have 
additional capacity to produce energy by glycolysis. Trans-
port activity regulates metabolism, metabolism may be rate-
limiting for transport, and the efficiency of transport can be 
made to vary at multiple levels, from backleak permeability 
to the efficiency of mitochondrial respiration. With regard 
to metabolic autoregulation, the kidney faces a particular 
challenge because the usual mechanism for delivering more 
oxygen to the kidney also increases demand for that oxygen. 
Several intermediaries have been identified as parts of the 
complex network of interactions between transport and 
metabolism that allow the kidney to meet this challenge 
while balancing the risk of hypoxia against the risk of oxygen 
toxicity. These include adenosine, nitric oxide, prostaglan-
dins, angiotensin II, dopamine, succinate, uncoupling pro-
teins, HIF, and AMPK. A multiscale systems model that 
incorporates these elements, along with renal anatomy to 
recapitulate renal metabolism, is expected in the future.
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SODIUM AND CHLORIDE TRANSPORT

Sodium (Na+) is the principal osmole in extracellular fluid; 
as such, the total body content of Na+ and chloride (Cl−), 
its primary anion, determine the extracellular fluid volume. 
Renal excretion or retention of salt (Na+-Cl−) is thus the 
major determinant of the extracellular fluid volume, such 
that genetic loss- or gain-of-function in renal Na+-Cl− trans-
port can be associated with relative hypotension or hyper-
tension, respectively. On a quantitative level, at a glomerular 
filtration rate of 180 L/day and serum Na+ of about 
140 mmol/L, the kidney filters some 25,200 mmol/day of 
Na+; this is equivalent to about 1.5 kg of salt, which would 
occupy roughly 10 times the extracellular space.1 Minute 
changes in renal Na+-Cl− excretion can thus have massive 
effects on the extracellular fluid volume. In addition, 99.6% 
of filtered Na+-Cl− must be reabsorbed to excrete 
100 mmol/L/day. Energetically, this renal absorption of 
Na+ consumes 1 molecule of ATP per 5 molecules of Na+.1 
This is gratifyingly economical, given that the absorption of 
Na+-Cl− is primarily, but not exclusively, driven by basolateral 
Na+-K+-ATPase, which has a stoichiometry of 3 molecules 
of transported Na+ per molecule of adenosine triphosphate 
(ATP).2 This estimate reflects a net expenditure, however, 
because the cost of transepithelial Na+-Cl− transport varies 
considerably along the nephron, from a predominance of 
passive transport by thin ascending limbs to the purely active 
transport mediated by the aldosterone-sensitive distal 
nephron (distal convoluted tubule, connecting tubule, and 
collecting duct). The bulk of filtered Na+-Cl− transport is 
reabsorbed by the proximal tubule and thick ascending 

limb (TAL; Figure 6.1), nephron segments that use their 
own peculiar combinations of paracellular and transcellular 
Na+-Cl− transport. Whereas the proximal tubule can theo-
retically absorb as much as 9 Na+ molecules for each hydro-
lyzed ATP, paracellular Na+ transport by the TAL doubles 
the efficiency of transepithelial Na+-Cl− transport (6 Na+ per 
ATP).1,3 Finally, the fine-tuning of renal Na+-Cl− absorption 
occurs at full cost (3 Na+ per ATP) in the aldosterone-
sensitive distal nephron while affording the generation of 
considerable transepithelial gradients.1

The nephron thus constitutes a serial arrangement of 
tubule segments with considerable heterogeneity in the 
physiologic consequences, mechanisms, and regulation of 
transepithelial Na+-Cl− transport. These issues will be 
reviewed in this section in anatomic order.

PROXIMAL TUBULE

A primary function of the renal proximal tubule is the near-
isosmotic reabsorption of two thirds to three quarters of the 
glomerular ultrafiltrate. This encompasses the reabsorption 
of approximately 60% of filtered Na+-Cl− (see Figure 6.1), 
such that this nephron segment plays a critical role in the 
maintenance of extracellular fluid volume. Although all seg-
ments of the proximal tubule share the ability to transport 
a variety of inorganic and organic solutes, there are consid-
erable differences in the transport characteristics and capac-
ity of early, mid, and late segments of the proximal tubule. 
There is thus a gradual reduction in the volume of trans-
ported fluid and solutes as one proceeds along the proximal 
nephron. This corresponds to distinct ultrastructural char-
acteristics in the tubular epithelium, moving from the S1 

http://www.myuptodate.com


 CHAPTER 6 — TRANSPoRT of SoDIuM, CHLoRIDE, AND PoTASSIuM 145

plasma membrane that is characteristic of epithelial cells 
involved in active transport. Ultrastructure of the S2 segment 
is similar, albeit with a shorter brush border, fewer lateral 
invaginations, and less prominent mitochondria. In epithe-
lial cells of the S3 segment, lateral cell processes and invagi-
nations are essentially absent, with small mitochondria that 
are randomly distributed within the cell.4 The extensive 
brush border of proximal tubular cells serves to amplify the 
apical cell surface that is available for reabsorption; again, 
this amplification is axially distributed, increasing the apical 
area 36-fold in S1 and 15-fold in S3.5 At the functional level, 
there is a rapid drop in the absorption of bicarbonate and 
Cl− after the first millimeter of perfused proximal tubule, 
consistent with a much greater reabsorptive capacity in S1 
segments.6

There is also considerable axial heterogeneity in the 
quantitative capacity of the proximal nephron for organic 
solutes such as glucose and amino acids, with predominant 
reabsorption of these substrates in S1 segments.7 The Na+-
dependent reabsorption of glucose, amino acids, and other 
solutes in S1 segments results in a transepithelial potential 
difference (PD) that is initially lumen-negative due to elec-
trogenic removal of Na+ from the lumen (Figure 6.3).8 This 
is classically considered the first phase of volume reabsorp-
tion by the proximal tubule.9 The lumen-negative PD serves 
to drive both paracellular Cl− absorption and a backleak of 
Na+ from the peritubular space to the lumen. Paracellular 
Cl− absorption in this setting accomplishes the net transepi-
thelial absorption of a solute such as glucose, along with 
equal amounts of Na+ and Cl−; in contrast, backleak of Na+ 

segment (early proximal convoluted tubule) to the S2 
segment (late proximal convoluted tubule and beginning 
of the proximal straight tubule) and the S3 segment 
(remainder of the proximal straight tubule) (Figure 6.2). 
Cells of the S1 segment are thus characterized by a tall brush 
border, with extensive lateral invaginations of the basolat-
eral membrane.4 Numerous elongated mitochondria are 
located in lateral cell processes, with a proximity to the 

Figure 6.1  Percentage  reabsorption  of  filtered  Na+-Cl−  along  the 
euvolemic nephron. ALH, Thin ascending limb of the loop of Henle; 
CCD,  cortical  collecting  duct;  DCT,  distal  convoluted  tubule;  DLH, 
descending  thin  limb  of  the  loop  of  Henle;  IMCD,  inner  medullary 
collecting duct; OMCD, outer medullary collecting duct; PCT, proxi-
mal  convoluted  tubule;  PST,  proximal  straight  tubule;  TALH,  thick 
ascending limb of the loop of Henle. (From Moe OW, Baum M, Berry 
CA, Rector FC, Jr: Renal transport of glucose, amino acids, sodium, 
chloride, and water. In Brenner BM, editor: Brenner and Rector’s the 
kidney, Philadelphia, 2004, WB Saunders, pp 413-452.)
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Figure 6.2  Schematic representation of  the distribution of S1, S2, 
and S3 segments in the proximal tubules of superficial and juxtamed-
ullary nephrons. (From Woodhall PB, Tisher CC, Simonton CA, Robin-
son RR: Relationship between para-aminohippurate secretion and 
cellular morphology in rabbit proximal tubules. J Clin Invest 61: 1320-
1329, 1978).
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Figure 6.3  Reabsorption  of  solutes  along  the  proximal  tubule  in 
relation to the transepithelial potential difference (PD). Osm, Osmolal-
ity; TF/P, ratio of tubule fluid to plasma concentration.  (From Rector 
FC, Jr: Sodium, bicarbonate, and chloride absorption by the proximal 
tubule. Am J Physiol 244:F461-F471, 1983).
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pathway is thought to mediate about 40% of transepithelial 
Na+-Cl− reabsorption by the mid to late proximal tubule.11 
Of note, however, there may be heterogeneity in the  
relative importance of this paracellular pathway, with evi-
dence that active (i.e., transcellular) reabsorption predom-
inates in proximal convoluted tubules from juxtamedullary 
versus superficial nephrons.14 Regardless, the combination 
of passive and active transport of Na+-Cl− explains how 
the proximal tubule is able to reabsorb about 60% of fil-
tered Na+-Cl−, despite Na+-K+-ATPase activity that is consid-
erably lower than that of distal segments of the nephron 
(Figure 6.4).15

The transcellular component of Na+-Cl− reabsorption ini-
tially emerged from studies of the effect of cyanide, ouabain, 
luminal anion transport inhibitors, cooling, and luminal-
peritubular K+ removal.9 For example, the luminal addition 
of SITS (4-acetamido-4′-isothiocyanostilbene-2,2′-disulfonic 
acid), an inhibitor of anion transporters, reduces volume 
reabsorption of proximal convoluted tubules perfused with 
a high Cl−, low HCO3

− solution that mimics the luminal 
composition of the late proximal tubule; this occurs in the 
absence of an effect on carbonic anhydrase.12 This transcel-
lular component of Na+-Cl− reabsorption is clearly electro-
neutral. For example, in the absence of anion gradients 
across the perfused proximal tubule, there is no change in 
transepithelial PD after the inhibition of active transport by 
ouabain, despite a marked reduction in volume reabsorp-
tion.16 Transcellular Na+-Cl− reabsorption is accomplished by 
the coupling of luminal Na+-H+ exchange or Na+-SO4

2− 

leads only to reabsorption of the organic solute, with no net 
transepithelial transport of Na+ or Cl−. The amount of Cl− 
reabsorption that is driven by this lumen-negative PD thus 
depends on the relative permeability of the paracellular 
pathway to Na+ and Cl−. There appears to be considerable 
heterogeneity in the relative paracellular permeability to 
Na+ and Cl−; for example, whereas superficial proximal con-
voluted tubules and proximal straight tubules in the rabbit 
are Cl−-selective, juxtamedullary proximal tubules in this 
species are reportedly Na+-selective.10,11 Regardless, the com-
ponent of paracellular Cl− transport that is driven by this 
lumen-negative PD is restricted to the very early proximal 
tubule.

The second phase of volume reabsorption by the proxi-
mal tubule is dominated by Na+-Cl− reabsorption via paracel-
lular and transcellular pathways.9 In addition to the 
Na+-dependent reabsorption of organic solutes, the early 
proximal tubule has a much higher capacity for HCO3

− 
absorption via the coupling of apical Na+-H+ exchange, car-
bonic anhydrase, and basolateral Na+-HCO3

− cotransport.7 
As the luminal concentrations of HCO3

− and other solutes 
begin to drop, the concentration of Na+-Cl− rises to a value 
greater than that of the peritubular space.12 This is accom-
panied by a reversal of the lumen-negative PD to a lumen-
positive value generated by passive Cl− diffusion (see Figure 
6.3).13 This lumen-positive PD serves to drive paracellular 
Na+ transport, whereas the chemical gradient between the 
lumen and peritubular space provides the driving force for 
paracellular reabsorption of Cl−. This passive paracellular 

Figure 6.4  Distribution  of  Na+-K+-ATPase  activity  along  the  nephron.  CAL,  Cortical  thick  ascending  limb;  CCT,  cortical  collecting  duct; 
DCT,  distal  convoluted  tubule;  MAL,  medullary  thick  ascending  limb;  MCT,  medullary  collecting  duct;  PCT,  proximal  convoluted  tubule;  
PR,  pars  recta;  TAL,  thin  ascending  limb  of  the  loop  of  Henle;  TDL,  descending  thin  limb  of  the  loop  of  Henle.  (From Katz AI, Doucet A, 
Morel F: Na-K-ATPase activity along the rabbit, rat, and mouse nephron. Am J Physiol 237:F114-F120, 1979.)
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this protein in mice converts the proximal tubule to a tight 
epithelium expressing low levels of claudin-2.28

The molecular identification of anion-selective claudins 
in the proximal tubule has remained a challenge. Recently, 
claudin-17 was found to generate a predominantly anion-
selective paracellular conductance in Madin-Darby canine 
kidney (MDCK) C7 cells, whereas knockdown of the protein 
was able to reverse a predominantly cation-selective LLC-
PK(1) epithelial cell line to an anion-selective cell line.25 
Claudin-17 appears to be expressed in proximal tubular 
cells, suggesting a significant role in paracellular chloride 
absorption by this nephron segment.

The reabsorption of HCO3
− and other solutes from the 

glomerular ultrafiltrate would be expected to generate an 
osmotic gradient across the epithelium, resulting in a hypo-
tonic lumen. This appears to be the case, although the 
absolute difference in osmolality between the lumen and 
peritubular space has been a source of considerable contro-
versy.17 Another controversial issue has been the relative 
importance of paracellular versus transcellular water trans-
port from this hypotonic lumen. These issues have been 
elegantly addressed through characterization of knockout 
mice with a targeted deletion of aquaporin-1, a water 
channel protein expressed at the apical and basolateral 
membranes of the proximal tubule. Mice deficient in 
aquaporin-1 have an 80% reduction in water permeability 
in perfused S2 segments, with a 50% reduction in transepi-
thelial fluid transport.29 Aquaporin-1 deficiency also results 
in a marked increase in luminal hypotonicity, providing 

cotransport with a heterogeneous population of anion 
exchangers, as reviewed below.

PARACELLULAR Na+-Cl− TRANSPORT
A number of factors serve to optimize the conditions for 
paracellular Na+-Cl− transport by the mid to late proximal 
tubule. First, the proximal tubule is a low-resistance, so-called 
leaky epithelium, with tight junctions that are highly perme-
able to both Na+ and Cl−.10,11 Second, these tight junctions 
are preferentially permeable to Cl− over HCO3

−, a feature 
that helps generate the lumen-positive PD in the mid to late 
proximal tubule.12 Third, the increase in luminal Na+-Cl− 
concentrations in the mid to late proximal tubule generates 
the electrical and chemical driving forces for paracellular 
transport. Diffusion of Cl− thus generates a lumen-positive 
PD, which drives paracellular Na+ transport; the chemical 
gradient between the lumen and peritubular space provides 
the driving force for paracellular reabsorption of Cl−.13 This 
increase in luminal Na+-Cl− is the direct result of the robust 
reabsorption of HCO3

− and other solutes by the early S1 
segment, combined with the isosmotic reabsorption of fil-
tered water.7,17

A highly permeable paracellular pathway is a consistent 
feature of epithelia that function in the near-isosmolar reab-
sorption of Na+-Cl−, including the small intestine, proximal 
tubule, and gallbladder. Morphologically, the apical tight 
junction of proximal tubular cells and other leaky epithelia 
is considerably less complex than that of tight epithelia. 
Freeze-fracture microscopy thus reveals that the tight junc-
tion of proximal tubular cells is comparatively shallow, with 
as few as one junctional strand (Figure 6.5); in contrast, 
high-resistance epithelia have deeper tight junctions, with a 
complex and extensive network of junctional strands.18 At 
the functional level, tight junctions of epithelia function as 
charge- and size-selective paracellular tight junction chan-
nels, physiologic characteristics that are thought to be con-
ferred by integral membrane proteins that cluster together 
at the tight junction. Changes in the expression of these 
proteins can have marked effects on permeability without 
affecting the number of junctional strands.12,19,20 In particu-
lar, the charge and size selectivity of tight junctions appears 
to be conferred in large part by the claudins, a large (>20) 
gene family of tetraspan transmembrane proteins.21-23 The 
repertoire of claudins expressed by proximal tubular epithe-
lial cells may thus determine the high paracellular perme-
ability of this nephron segment. At a minimum, proximal 
tubular cells coexpress claudin-2, -10, and -17.12,24,25

The robust expression of claudin-2 in the proximal tubule 
is of particular interest because this claudin can dramatically 
decrease the resistance of transfected epithelial cells.20 Over-
expression of claudin-2, but not claudin-10, also increases 
Na+-dependent water flux in epithelial cell lines, suggesting 
that claudin-2 directly modulates paracellular water perme-
ability.26 Consistent with this cellular phenotype, targeted 
deletion of claudin-2 in knockout mice generates a tight 
epithelium in the proximal tubule, with a reduction in Na+, 
Cl−, and fluid absorption.27 Loss of claudin-2 expression 
does not affect the ultrastructure of tight junctions, but 
leads to a reduction in paracellular cation permeability and 
secondary reduction in transepithelial Cl− transport.27 Ter-
minal differentiation of proximal tubular claudin-2 expres-
sion requires the integrin β1-subunit, such that deletion of 

Figure 6.5  Freeze-fracture  electron  microscopy  images  of  tight 
junctions in mouse proximal and distal nephron. A, Proximal convo-
luted tubule, a “leaky” epithelium; the tight junction contains only one 
junctional  strand,  seen  as  a  groove  in  the  fracture  face  (arrows). 
B,  Distal  convoluted  tubule,  a  “tight”  epithelium.  The  tight  junction 
is  deeper  and  contains  several  anastamosing  strands,  seen  as 
grooves in the fracture face. (From Claude P, Goodenough, DA: Frac-
ture faces of zonulae occludentes from “tight” and “leaky” epithelia. J 
Cell Biol 58:390-400, 1973).
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(see Figure 6.6). Evidence for such a Cl−-OH− exchanger was 
reported by a number of groups in the early 1980s that used 
membrane vesicles isolated from the proximal tubule.40 
These findings could not, however, be replicated in similar 
studies from other groups.40,41 Moreover, experimental 
evidence was provided for the existence of a dominant  
Cl−-formate exchange activity in brush border vesicles in the 
absence of significant Cl−-OH− exchange.41 It was postulated 
that recycling of formate by the back diffusion of formic 
acid would sustain the net transport of Na+-Cl− across the 
apical membrane. Vesicle formate transport stimulated by a 
pH gradient (H+-formate cotransport or formate-OH− 
exchange) is saturable, consistent with a carrier-mediated 
process rather than diffusion of formic acid across the apical 
membrane of the proximal tubule.42 Transport studies using 
brush border vesicles have also detected the presence of 
Cl−-oxalate exchange mechanisms in the apical membrane 
of the PT, in addition to SO4

2−-oxalate exchange.43,34 Based 
on differences in the affinities and inhibitor sensitivity of 
the Cl−-oxalate and Cl−-formate exchange activities, it was 
suggested that there are two separate apical exchangers in 
the proximal nephron, a Cl−-formate exchanger and a Cl−–
formate-oxalate exchanger capable of transporting both 
formate and oxalate (see Figure 6.6).

The physiological relevance of apical Cl−-formate and Cl−-
oxalate exchange has been addressed by perfusing individ-
ual proximal tubule segments with solutions containing 
Na+-Cl− and formate or oxalate. Both formate and oxalate 
significantly increased fluid transport under these condi-
tions in rabbit, rat, and mouse proximal tubules.39 This 
increase in fluid transport was inhibited by DIDS, suggesting 
involvement of the DIDS-sensitive anion exchanger(s) 
detected in brush border vesicle studies. A similar mecha-
nism for Na+-Cl− transport in the distal convoluted tubule 
(DCT) has also been detected, independent of thiazide-
sensitive Na+-Cl− cotransport.45 Further experiments have 
indicated that the oxalate- and formate-dependent anion 
transporters in the PT are coupled to distinct Na+ entry 
pathways, to Na+-SO4

2− cotransport and Na+-H+ exchange, 
respectively.46 The coupling of Cl−-oxalate transport to Na+-
SO4

2− cotransport requires the additional presence of SO4
2−-

oxalate exchange, which has been demonstrated in brush 
border membrane vesicle studies.44 The obligatory role for 
NHE3 in formate-stimulated Cl− transport was illustrated 
using NHE3 null mice, in which the formate effect is abol-
ished; as expected, oxalate stimulation of Cl− transport is 
preserved in the NHE3 null mice.39 Finally, tubular perfu-
sion data from superficial and juxtamedullary proximal con-
voluted tubules have suggested that there is heterogeneity 
in the dominant mode of anion exchange along the PT, 
such that Cl−-formate exchange is absent in juxtamedullary 
proximal convoluted tubule (PCTs), in which Cl−-OH− 
exchange may instead be dominant.12

The molecular identity of the apical anion exchanger(s) 
involved in transepithelial Na+-Cl− by the proximal tubule 
has been the object of almost 3 decades of investigation. A 
key breakthrough was the observation that the SLC26A4 
anion exchanger, also known as pendrin, is capable of Cl−-
formate exchange when expressed in Xenopus laevis oocytes.47 
However, expression of SLC26A4 in the proximal tubule is 
minimal or absent in several species, and formate-stimulated 
Na+-Cl− transport in this nephron segment is unimpaired in 

definitive proof that near-isosmotic reabsorption by the 
proximal tubule requires transepithelial water transport via 
aquaporin-1.17 The residual water transport in the proximal 
tubules of aquaporin-1 knockout mice is mediated in part 
by aquaporin-7 and/or by claudin-2–dependent paracellu-
lar water transport.27,30 Combined knockout of aquaporin-1 
and claudin-2 in mice demonstrate sustained proximal 
tubule water reabsorption (25% of wild-type), suggestive of 
compensation from other pathways.31 Alternative pathways 
for water reabsorption may include cotransport of H2O via 
the multiple Na+-dependent solute transporters in the early 
proximal tubule; this novel hypothesis is, however, a source 
of considerable controversy.32,33 A related issue is the relative 
importance of diffusional versus convective (solvent drag) 
transport of Na+-Cl− across the paracellular tight junction; 
convective transport of Na+-Cl− with water would seem to 
play a lesser role than diffusion, given the evidence that the 
transcellular pathway is the dominant transepithelial 
pathway for water in the proximal tubule.11,17,29,30

TRANSCELLULAR Na+-Cl− TRANSPORT
Apical Mechanisms

Apical Na+-H+ exchange plays a critical role in the transcel-
lular and paracellular reabsorption of Na+-Cl− by the proxi-
mal tubule. In addition to providing an entry site in the 
transcellular transport of Na+, Na+-H+ exchange plays a dom-
inant role in the robust absorption of HCO3

− by the early 
proximal tubule; this absorption of HCO3

− serves to increase 
the luminal concentration of Cl−, which in turn increases 
the driving forces for the passive paracellular transport of 
Na+ and Cl−.34 Increases in luminal Cl− also help drive the 
apical uptake of Cl− during transcellular transport. Not sur-
prisingly, there is a considerable reduction in fluid transport 
of perfused proximal tubules exposed to concentrations of 
amiloride that are sufficient to inhibit proximal tubular 
Na+-H+ exchange.12

Na+-H+ exchange is predominantly mediated by the NHE 
proteins, encoded by the nine members of the SLC9 gene 
family; NHE3 in particular plays an important role in proxi-
mal tubular physiology.35 The NHE3 protein is expressed at 
the apical membrane of S1, S2, and S3 segments.36 The 
apical membrane of the proximal tubule also expresses 
alternative Na+-dependent H+ transporters, including 
NHE8.35,37 NHE8 predominates over NHE3 in the neonatal 
proximal tubule, with subsequent induction of NHE3 and 
downregulation of NHE8 in mature, adult nephrons.35 The 
primacy of NHE3 in mature proximal tubules is illustrated 
by the renal phenotype of NHE3 null knockout mice, which 
have a 62% reduction in proximal fluid absorption and a 
54% reduction in baseline chloride absorption.38,39

Much as amiloride and other inhibitors of Na+-H+ 
exchange have revealed an important role for this trans-
porter in transepithelial salt transport by the proximal 
tubule, evidence for the involvement of an apical anion 
exchanger first came from the use of anion transport inhibi-
tors; DIDS (4,4′-diisothiocyanostilbene-2,2′-disulfonic acid), 
furosemide, and SITS all reduce fluid absorption from the 
lumen of proximal (PT) segments perfused with solutions 
containing Na+-Cl−.12 In the simplest arrangement for the 
coupling of Na+-H+ exchange to Cl− exchange, Cl− would 
be exchanged with the OH− ion during Na+-Cl− transport 
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Figure 6.6  Transepithelial Na+-Cl− transport in the proximal tubule. A, In the simplest scheme, Cl− enters the apical membrane via a Cl−-OH− 
exchanger,  coupled  to  Na+  entry  via  NHE3.  B,  Alternative  apical  anion  exchange  activities  that  couple  to  Na+-H+  exchange  and  Na+-SO4

2− 
cotransport. See text for details. 
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SLC26A4 null mice.12 There is, however, robust expression 
of SLC26A4 in distal type B intercalated cells; the role of 
this exchanger in Cl− transport by the distal nephron is 
reviewed elsewhere in this chapter (see later, “Connecting 
Tubules and the Cortical Collecting Duct: Cl− Transport”).48 
Regardless, this data for SLC26A4 led to the identification 
and characterization of SLC26A6, a widely expressed 
member of the SLC26 family that is expressed at the apical 
membrane of proximal tubular cells. Murine Slc26a6, when 
expressed in Xenopus oocytes, mediates the multiple modes 
of anion exchange that have been implicated in transepi-
thelial Na+-Cl− by the proximal tubule, including Cl−-formate, 
Cl−-OH−, Cl−-SO4

2−, and SO4
2−-oxalate exchange.49 However, 

tubule perfusion experiments in mice deficient in Slc26a6 
did not reveal a reduction in baseline Cl− or fluid transport, 
indicative of considerable heterogeneity in apical Cl− trans-
port by the proximal tubule.50 Candidates for the residual 
Cl− transport in Slc26a6-deficient mice include Slc26a7 and 
Slc26a9, which are expressed at the apical membrane of 
proximal tubules; however, these members of the SLC26 
family appear to function as Cl− channels rather than as 
exchangers.51-53 SLC26A2 may also contribute to apical 
anion exchange in the proximal tubule.54 It does, however, 
appear that Slc26a6 is the dominant Cl−-oxalate exchanger 

of the proximal brush border; the usual increase in tubular 
fluid transport induced by oxalate is abolished in Slc26a6 
knockout mice, with an attendant loss of Cl−-oxalate 
exchange in brush border membrane vesicles.50,55

Somewhat surprisingly, Slc26a6 mediates electrogenic 
Cl−-OH− and Cl−-HCO3

− exchange, and most if not all the 
members of this family are electrogenic in at least one mode 
of anion transport.12,49,53,56,57 This begs the question of how 
the electroneutrality of transcellular Na+-Cl− transport is pre-
served. Notably, however, the stoichiometry and electrophys-
iology of Cl−-base exchange differ for individual members 
of the family; for example, Slc26a6 exchanges one Cl− for 
two HCO3

− anions, whereas SLC26A3 exchanges two Cl− 
anions for one HCO3

− anion.12,56 Coexpression of two or 
more electrogenic SLC26 exchangers in the same mem-
brane may thus yield a net electroneutrality of apical Cl− 
exchange. Alternatively, apical K+ channels in the proximal 
tubule may function to stabilize membrane potential during 
Na+-Cl− absorption.58

Another puzzle is why Cl−-formate exchange preferen-
tially couples to Na+-H+ exchange mediated by NHE3 
(Figure 6.6), without evident coupling of Cl−-oxalate 
exchange to Na+-H+ exchange or Cl−-formate exchange to 
Na+-SO4

2− cotransport; it is evident that SLC26A6 is capable 
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important role for basolateral K+-Cl− cotransport in transcel-
lular Na+-Cl− reabsorption.67

The basolateral chloride conductance of mammalian 
proximal tubular cells is relatively low, suggesting a lesser 
role for Cl− channels in transepithelial Na+-Cl− transport. 
Basolateral anion substitutions have minimal effect on the 
membrane potential, despite considerable effects on intra-
cellular Cl− activity, nor for that matter do changes in baso-
lateral membrane potential affect intracellular Cl−.63,64,68 
However, as with basolateral K+-Cl− cotransport, basolateral 
Cl− channels in the proximal tubule may be relatively inac-
tive in the absence of cell swelling. Cell swelling thus acti-
vates both K+ and Cl− channels at the basolateral membranes 
of proximal tubular cells.12,69,70 Seki and associates have 
reported the presence of a basolateral Cl− channel in S3 
segments of the rabbit nephron, wherein they did not see 
an effect of the KCC inhibitor H74 on intracellular Cl− activ-
ity.71 The molecular identity of these and other basolateral 
Cl− channels in the proximal nephron is not known with 
certainty, although S3 segments have been shown to express 
mRNA exclusively for the swelling-activated CLC-2 Cl− 
channel; the role of this channel in transcellular Na+-Cl− 
reabsorption is not as yet clear.72

Finally, there is functional evidence for Na+-dependent 
and Na+-independent Cl−-HCO3

− exchange at the basolat-
eral membrane of proximal tubular cells.10,68,73 The impact 
of Na+-independent Cl−-HCO3

− exchange on basolateral exit 
is thought to be minimal.68 First, this exchanger is expected 
to mediate Cl− entry under physiologic conditions.73 Second, 
there is only a modest difference between the rate of 
decrease in intracellular Cl− activity and the combined 
removal of Na+ and Cl− versus Cl− and HCO3

− removal, sug-
gesting that pure Cl−-HCO3

− exchange does not contribute 
significantly to Cl− exit. In contrast, there is a 75% reduction 
in the rate of decrease in intracellular Cl− activity after the 
removal of basolateral Na+.68 The Na+-dependent Cl−-HCO3

− 
exchanger may thus play a considerable role in basolateral 
Cl− exit, with recycled exit of Na+ and HCO3

− via the baso-
lateral Na+-HCO3

− cotransporter NBC1 (see Figure 6.6). The 
molecular identity of this proximal tubular Na+-dependent 
Cl−-HCO3

− exchanger is not as yet known.

REGULATION OF PROXIMAL TUBULAR 
Na+-Cl− TRANSPORT
Glomerulotubular Balance

A fundamental property of the kidney is the phenomenon 
of glomerulotubular balance, wherein changes in the glo-
merular filtration rate (GFR) are balanced by equivalent 
changes in tubular reabsorption, thus maintaining a con-
stant fractional reabsorption of fluid and Na+-Cl− (Figure 
6.7). Although the distal nephron is capable of adjusting 
reabsorption in response to changes in tubular flow, the 
impact of GFR on Na+-Cl− reabsorption by the proximal 
tubule is particularly pronounced (Figure 6.8).74 Glomeru-
lotubular balance is independent of direct neurohumoral 
control and is thought to be mediated by the additive effects 
of luminal and peritubular factors.75

At the luminal side, changes in GFR increase the filtered 
load of HCO3

−, glucose, and other solutes, increasing their 
reabsorption by the load-responsive proximal tubule and 
thus preserving a constant fractional reabsorption.7 Changes 

of mediating SO4
2−-formate exchange, which would be nec-

essary to support coupling between Na+-SO4
2− cotransport 

and formate.39,49 Scaffolding proteins may serve to cluster 
these different transporters together in separate microdo-
mains, leading to preferential coupling. Notably, whereas 
both Slc26a6 and NHE have been reported to bind to the 
scaffolding protein PDZK1, distribution of SLC26A6 is selec-
tively impaired in PDZK1 knockout mice.59 Petrovic and 
colleagues have also reported a novel activation of proximal 
Na+-H+ exchange by luminal formate, suggesting a direct 
effect of formate per se on NHE3; this may in part explain 
the preferential coupling of Cl−-formate exchange to 
NHE3.60

Basolateral Mechanisms

As in other absorptive epithelia, basolateral Na+-K+-ATPase 
activity establishes the Na+ gradient for transcellular Na+-Cl− 
transport by the proximal tubule and provides a major  
exit pathway for Na+. To preserve the electroneutrality of 
transcellular Na+-Cl− transport, this exit of Na+ across the 
basolateral membrane must be balanced by an equal exit of 
Cl−.16 Several exit pathways for Cl− have been identified in 
proximal tubular cells, including K+-Cl− cotransport, Cl− 
channels, and various modalities of Cl−-HCO3

− exchange 
(see Figure 6.6).

Several lines of evidence support the existence of a 
swelling-activated basolateral K+-Cl− cotransporter (KCC) in 
the proximal tubule.61 The KCC proteins are encoded by 
four members of the cation-chloride cotransporter gene 
family; KCC1, KCC3, and KCC4 are all expressed in the 
kidney. In particular, there is very heavy coexpression of 
KCC3 and KCC4 at the basolateral membrane of the proxi-
mal tubule, from S1 to S3.62 At the functional level, basolat-
eral membrane vesicles from the renal cortex reportedly 
contain K+-Cl− cotransport activity.61 The use of ion-sensitive 
microelectrodes, combined with luminal charge injection 
and manipulation of bath K+ and Cl−, suggest the presence 
of an electroneutral K+-Cl− cotransporter at the basolateral 
membrane of proximal straight tubules. Increases or 
decreases in basolateral K+ increase or decrease intracellular 
Cl−activity, respectively, with reciprocal effects of basolateral 
Cl− on K+ activity; these data are consistent with coupled 
K+-Cl− transport.63,64 Notably, a 1-mmol/L concentration 
of furosemide, sufficient to inhibit all four of the KCCs,  
does not inhibit this K+-Cl− cotransport under baseline con-
ditions.63 However, only 10% of baseline K+ efflux in the 
proximal tubule is mediated by furosemide-sensitive K+-Cl− 
cotransport, which is likely quiescent in the absence of cell 
swelling. Thus, the activation of apical Na+-glucose transport 
in proximal tubular cells strongly activates a barium-resistant 
(Ba2+) K+ efflux pathway that is 75% inhibited by 1-mmol/L 
furosemide.65 In addition, a volume regulatory decrease 
(VRD) in Ba2+-blocked proximal tubules swollen by hypo-
tonic conditions is blocked by 1-mmol/L furosemide.61 
Cell swelling in response to apical Na+ absorption is 
postulated to activate a volume-sensitive basolateral K+-Cl− 
cotransporter, which participates in transepithelial absorp-
tion of Na+-Cl−.12 Notably, targeted deletion of KCC3 
and KCC4 in the respective knockout mice reduces VRD in 
the proximal tubule.66 Furthermore, perfused proximal 
tubules from KCC3-deficient mice have a considerable 
reduction in transepithelial fluid transport, suggesting an 
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(Figure 6.9).75,77 These data were analyzed using a mathe-
matical model that estimated microvillus torque as a func-
tion of tubular flow; accounting for increases in tubular 
diameter, which reduce torque, there is a linear relationship 
between calculated torque and fluid and HCO3

− absorp-
tion.75,77 Consistent with an effect of torque rather than flow 
per se, increasing viscosity of the perfusate by the addition 
of dextran increases the effect on fluid transport; the extra 
viscosity increases the hydrodynamic effect of flow and thus 
increases torque. The mathematical analysis of Du and asso-
ciates provides an excellent explanation of the discrepancy 
between their results and those of Burg and coworkers.76 
Whereas Burg and colleagues performed their experiments 
in rabbits, the more recent report used mice; other studies 
that had found an effect of flow used perfusion of rat proxi-
mal tubules, presumably more similar to mouse than 
rabbit.74-77 Increased flow has a considerably greater effect 
on tubular diameter in the rabbit proximal tubule, thus 
reducing the increase in torque. Mathematical analysis of 
the rabbit data thus predicts a 43% increase in torque due 
to a 41% increase in tubule diameter at a threefold increase 
in flow; this corresponds to the statistically insignificant 36% 
increase in volume reabsorption reported by Burg and 
associates.76

Pharmacologic inhibition reveals that tubular flow acti-
vates proximal HCO3

− reabsorption mediated by NHE3 and 
apical H+-ATPase.75 The flow-dependent increase in proxi-
mal fluid and HCO3

− reabsorption is also attenuated in 
NHE3-deficient knockout mice.75,77 Inhibition of the actin 
cytoskeleton with cytochalasin D reduces the effect of flow 
on fluid and HCO3

− transport, suggesting that flow-
dependent movement of microvilli serves to activate NHE3 
and H+-ATPase via their linkage to the cytoskeleton (see 
Figure 6.13 for NHE3). Fluid shear stress induces densely 
distributed peripheral actin bands and increases the forma-
tion of tight junctions and adherens junctions in cultured 
tubule cells; this junctional buttressing is hypothesized to 
maximize flow-activated transcellular salt and water absorp-
tion.78 More recent studies have found that dopamine 
through the D1A receptor and angiotensin II through the 
AT1A receptor are able to inhibit the flow-dependent increase 
in sodium and bicarbonate transport, with no effects on the 
flow-dependent increase in H+-ATPase activity.79,80 Addition-
ally, flow and torque were not found to have any effects on 
chloride absorption, suggesting no convective flow of chlo-
ride through the paracellular pathway.

Peritubular factors also play an important additive role in 
glomerulotubular balance. Specifically, increases in GFR 
result in an increase in filtration fraction and an attendant 
increase in postglomerular protein and peritubular oncotic 
pressure. It has long been appreciated that changes in peri-
tubular protein concentration have important effects on 
proximal tubular Na+-Cl− reabsorption; these effects are also 
seen in combined capillary and tubular perfusion experi-
ments.75,81 Peritubular protein also has an effect in isolated 
perfused proximal tubule segments, where the effect of 
hydrostatic pressure is abolished.75 Increases in peritubular 
protein concentration have an additive effect on the flow-
dependent activation of proximal fluid and HCO3

− absorp-
tion (see Figure 6.9). The effect of peritubular protein on 
HCO3

− absorption, which is a predominantly transcellular 
phenomenon, suggests that changes in peritubular oncotic 

in the tubular flow rate have additional stimulatory effects 
on luminal transport in both the proximal and distal neph-
rons.74 In the proximal tubule, increases in tubular perfu-
sion increase the rate of Na+ and HCO3

− absorption due to 
increases in the capacity of luminal Na+-H+ exchange, as 
measured in brush border membrane vesicles, with the 
opposite effect in volume contraction.74

Notably, influential experiments from almost 4 decades 
ago, performed in rabbit proximal tubules, failed to dem-
onstrate a significant effect of tubular flow on fluid absorp-
tion.76 This issue has been revisited by Du and coworkers, 
who reported a considerable flow dependence of fluid and 
HCO3

− transport in perfused murine proximal tubules 

Figure 6.7  Glomerulotubular  balance.  The  tubular  fluid-to-plasma 
ratio of the nonreabsorbable marker, inulin (TF/P Inulin), at the end of 
the proximal tubule, which is used as a measure of fractional water 
absorption by the proximal tubule, does not change as a function of 
single  nephron  GFR.  Measurements  were  done  during  antidiuresis 
(triangles) and water diuresis (circles).  (From Schnermann J, Wahl M, 
Liebau G, Fischbach H: Balance between tubular flow rate and net fluid 
reabsorption in the proximal convolution of the rat kidney. I. Dependency 
of reabsorptive net fluid flux upon proximal tubular surface area at spon-
taneous variations of filtration rate. Pflugers Arch 304:90-103, 1968.)
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Figure 6.8  Glomerulotubular balance. Shown is the linear increase 
in absolute fluid reabsorption by the late proximal tubule as a function 
of  single-nephron GFR  (SNGFR).  (From Spitzer A, Brandis M: Func-
tional and morphologic maturation of the superficial nephrons. Relation-
ship to total kidney function. J Clin Invest 53:279-287, 1974.)
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nephrectomy surgeries concentrations up to 10−6 M Ang II 
stimulate Na+-Cl− reabsorption, primarily due to a stimula-
tory effect of the nitric oxide (NO)–cyclic guanosine mono-
phosphate (cGMP) pathway on extracellular signal–regulated 
kinase (ERK) phosphorylation.87 Further complexity arises 
from the presence of AT1 receptors for Ang II at luminal 
and basolateral membranes in the proximal tubule.88 Ang 
II application to the luminal or peritubular side of perfused 
tubules has a similar biphasic effect on fluid transport, albeit 
with more potent effects at the luminal side.89 Traditionally, 
experiments using receptor antagonists and knockout mice 
have indicated that the stimulatory and inhibitory effects of 
Ang II are both mediated via AT1 receptors due to signaling 
at the luminal and basolateral membranes.90 However, 
recent work has identified that AT2 receptors working 
through NO-cGMP pathway are able to downregulate NHE3 
and Na+-K+-ATPase, leading to natriuresis and reduced 
blood pressure.91 Finally, Ang II is also synthesized and 
secreted by the proximal tubule, exerting a potent auto-
crine effect on proximal tubular Na+-Cl− reabsorption.92 
Proximal tubular cells thus express mRNA for angiotensino-
gen, renin, and angiotensin-converting enzyme,84 allowing 
for the autocrine generation of Ang II. Indeed, luminal 
concentrations of Ang II can be 100- to 1000-fold higher 
than circulating levels of the hormone.84 Proximal tubular 
and systemic synthesis of Ang II may be subject to different 
control. Androgens increase proximal tubular Na+-Cl− reab-
sorption via marked induction of renal angiotensinogen, 
presumptively within the proximal tubule.93 Thomson and 
colleagues have demonstrated that proximal tubular Ang II 
is increased considerably after a high-salt diet, with a pre-
served inhibitory effect of losartan on proximal fluid reab-
sorption.94 They have argued that the increase in proximal 
tubular Ang II after a high-salt diet contributes to a more 
stable distal salt delivery.94

The proximal tubule is also a target for natriuretic hor-
mones; in particular, dopamine synthesized in the proximal 
tubule has negative autocrine effects on proximal Na+-Cl− 
reabsorption.84 Proximal tubular cells have the requisite 
enzymatic machinery for the synthesis of dopamine,  
using l-dopa reabsorbed from the glomerular ultrafiltrate. 

pressure do not affect transport via the paracellular 
pathway.12 However, the mechanism of the stimulatory effect 
of peritubular protein on transcellular transport is still not 
completely clear.75

Neurohumoral Influences

Fluid and Na+-Cl− reabsorption by the proximal tubule are 
affected by a number of hormones and neurotransmitters. 
The major hormonal influences on renal Na+-Cl− transport 
are shown in Figure 6.10. Renal sympathetic tone exerts a 
particularly important stimulatory influence, as does angio-
tensin II; dopamine is a major inhibitor of proximal tubular 
Na+-Cl− reabsorption.

Unilateral denervation of the rat kidney causes a marked 
natriuresis and a 40% reduction in proximal Na+-Cl− reab-
sorption, without effects on single-nephron GFR or on the 
contralateral innervated kidney.82 In contrast, low-frequency 
electrical stimulation of renal sympathetic nerves increases 
proximal tubular fluid absorption, with a 32% drop in natri-
uresis and no change in GFR.83 Basolateral epinephrine 
and/or norepinephrine stimulate proximal Na+-Cl− reab-
sorption via both α- and β-adrenergic receptors. Several 
lines of evidence suggest that α1-adrenergic receptors exert 
a stimulatory effect on proximal Na+-Cl− transport via activa-
tion of basolateral Na+-K+-ATPase and apical Na+-H+ 
exchange; the role of α2-adrenergic receptors is more con-
troversial.84 Ligand-dependent recruitment of the scaffold-
ing protein NHERF-1 by β2-adrenergic receptors results in 
direct activation of apical NHE3, bypassing the otherwise 
negative effect of downstream cyclic AMP (cAMP; see 
later).85

Angiotensin II (Ang II) has potent complex effects on 
proximal Na+-Cl− reabsorption. Several issues unique to Ang 
II deserve emphasis. First, it has been appreciated for 3 
decades that this hormone has a biphasic effect on the 
proximal tubule in rats, rabbits, and mice; stimulation of 
Na+-Cl− reabsorption occurs at low doses (10−12 to 10−10 M), 
whereas concentrations greater than 10−7 M are inhibitory 
(Figure 6.11).86 More recent data have found that this 
biphasic role of Ang II does not hold true for all species, 
and human proximal tubule samples obtained during 

Figure 6.9  Glomerulotubular  balance;  flow-dependent  increases  in  fluid  (Jv)  and  HCO3Cl−  (JHCO3)  absorption  by  perfused  mouse  proximal 
tubules. Absorption also increases when bath albumin concentration increases from 2.5 to 5 g/dL. (From Du Z, Yan Q, Duan Y, et al: Axial flow 
modulates proximal tubule NHE3 and H-ATPase activities by changing microvillus bending moments. Am J Physiol Renal Physiol 290:F289-F296, 
2006).
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Dopamine synthesis by proximal tubular cells and release 
into the tubular lumen is increased after volume expansion 
or a high-salt diet, resulting in a considerable natriuresis.95,96 
Luminal dopamine antagonizes the stimulatory effect of 
epinephrine on volume absorption in perfused proximal 
convoluted tubules, consistent with an autocrine effect of 
dopamine released into the tubular lumen.95,97 Dopamine 
primarily exerts its natriuretic effect via D1-like dopamine 
receptors (D1 and D5 in humans); as is the case for the AT1 
receptors for Ang II, D1 receptors are expressed at the apical 
and luminal membranes of proximal tubules.88,98 Targeted 
deletion of the D1A and D5 receptors in mice leads to hyper-
tension by mechanisms that include reduced proximal 
tubular natriuresis.99,100 The proximal tubular-specific dele-
tion of aromatic amino acid decarboxylase (AADC), which 
produces dopamine, generates mice that are a vivid demon-
stration of the role of intrarenal dopamine. This intrarenal 
dopamine deficiency leads to upregulation of sodium trans-
porters along the nephron, upregulation of the intrarenal 
renin angiotensin axis, decreased natriuresis in response to 
l-dopa, and reduced medullary cyclo-oxygenase-2 (COX-2) 
expression, with reduced urinary prostaglandin levels. 
These mice also exhibit salt-sensitive hypertension and ulti-
mately a significantly shorter life span compared to wild-type 
mice.101

Figure 6.10  Neurohumoral influences on Na+-Cl− absorption by the proximal tubule, thick ascending limb, and collecting duct. Factors that 
stimulate (→) and inhibit (|−) sodium reabsorption are as follows: α1 adr, α1-Adrenergic agonist; ANG II, angiotensin II (low and high referring 
to picomolar and micromolar concentrations,  respectively); ANP/Urod, atrial natriuretic peptide and urodilatin; AVP, arginine vasopressin; β 
adr, β-adrenergic agonist; BK, bradykinin; CCD, cortical collecting duct; CTAL, cortical thick ascending limb; ET, endothelin; GC, glucocorti-
coids;  IMCD,  inner medullary collecting duct; MC, mineralocorticoids; MTAL, medullary  thick ascending  limb of Henle’s  loop; OMCD, outer 
medullary collecting duct; PTH, parathyroid hormone; PAF, platelet-activating  factor; PCT, proximal convoluted  tubule; PGE2, prostaglandin 
E2;  PST,  proximal  straight  tubule.  (From Feraille E, Doucet A: Sodium-potassium-adenosine triphosphatase-dependent sodium transport in the 
kidney: hormonal control. Physiol Rev 81:345-418, 2001.)
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Figure 6.11  Biphasic effect of Ang II on Na+ reabsorption in micro-
perfused proximal tubules. The steady-state transepithelial Na+ con-
centration  gradient  (peritubular-luminal),  ΔCNa,  that  developed  in  a 
stationary split droplet  is used as an  indication of the rate of active 
Na+  reabsorption. This  is plotted as a  function of peritubular Ang  II 
concentration;  low  concentrations  activate  Na+  absorption  by  the 
proximal tubule, whereas higher concentrations inhibit it. (From Harris 
PJ, Navar LG: Tubular transport responses to angiotensin. Am J Physiol 
248:F621-F630, 1985.)
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nant target for regulatory pathways.77 NHE3 is regulated 
by the combined effects of direct phosphorylation and 
dynamic, C-terminal interaction with scaffolding proteins 
and signal transduction proteins, which primarily regulate 
transport via changes in trafficking of the exchanger protein 
to and from the brush border membrane (Figure 6.12).35,107 
Basal activity of the exchanger is also dependent on 
C-terminal binding of casein kinase 2 (CK2); phosphoryla-
tion of serine 719 by CK2 contributes significantly to the 
transport activity of NHE3 by modulating membrane traf-
ficking of the transport protein.108

Increases in cAMP have a profound inhibitory effect on 
apical Na+-H+ exchange in the proximal tubule. Intracellu-
lar cAMP is increased in response to dopamine signaling via 
D1-like receptors and/or parathyroid hormone (PTH)–
dependent signaling via the PTH receptor, whereas Ang 
II–dependent activation of NHE3 is associated with a reduc-
tion in cAMP.109 PTH is a potent inhibitor of NHE3, presum-
ably so as to promote the distal delivery of Na+-HCO3

− and 
an attendant stimulation of distal calcium reabsorption.110 
The activation of protein kinase A (PKA) by increased cAMP 
results in direct phosphorylation of NHE3; although several 
sites in NHE3 are phosphorylated by PKA, the phosphoryla-
tion of serine 552 (S552) and 605 (S605) have been specifi-
cally implicated in the inhibitory effect of cAMP on Na+-H+ 
exchange.111 So-called phospho-specific antibodies, which 
specifically recognize the phosphorylated forms of S552 and 
S605, have demonstrated dopamine-dependent increases in 
the phosphorylation of both these serines.112 Moreover, 
immunostaining of rat kidney has revealed that S552-
phosphorylated NHE3 localizes at the coated pit region of 
the brush border membrane, where the oligomerized inac-
tive form of NHE3 predominates.112,113 The cAMP-stimulated 
phosphorylation of NHE3 by PKA thus results in a redistri-
bution of the transporter from the microvillar membrane 
to an inactive submicrovillar population (see Figure 6.12). 

The natriuretic effect of dopamine in the proximal tubule 
is modulated by atrial natriuretic peptide (ANP), which 
inhibits apical Na+-H+ exchange via a dopamine-dependent 
mechanism.12 ANP appears to induce recruitment of the D1 
dopamine receptor to the plasma membrane of proximal 
tubular cells, thus sensitizing the tubule to the effect of 
dopamine.102 The inhibitory effect of ANP on basolateral 
Na+-K+-ATPase occurs via a D1-dependent mechanism, with 
a synergistic inhibition of Na+-K+-ATPase by the two hor-
mones.102 Furthermore, dopamine and D1 receptors appear 
to play critical permissive roles in the in vivo natriuretic 
effect of ANP.12

Finally, there is considerable crosstalk between the major 
antinatriuretic and natriuretic influences on the proximal 
tubule. For example, ANP inhibits Ang II–dependent stimu-
lation of proximal tubular fluid absorption, presumably  
via the dopamine-dependent mechanisms discussed 
above.12,103 Dopamine also decreases the expression of AT1 
receptors for Ang II in cultured proximal tubular cells.104 
Furthermore, the provision of l-dopa in the drinking water 
of rats decreases AT1 receptor expression in the proximal 
tubule, suggesting that dopamine synthesis in the proximal 
tubule resets the sensitivity to Ang II.104 Ang II signaling 
through AT1 receptors decreases expression of the D5 dopa-
mine receptor, whereas renal cortical expression of AT1 
receptors is in turn increased in knockout mice deficient in 
the D5 receptor.105 Similar interactions have been found 
between proximal tubular AT1 receptors and the D2-like D3 
receptor.106

Regulation of Proximal Tubular Transporters

The apical Na+-H+ exchanger NHE3 and the basolateral 
Na+-K+-ATPase are primary targets for signaling pathways 
elicited by the various antinatriuretic and natriuretic stimuli 
discussed earlier; NHE3 mediates the rate-limiting step in 
transepithelial Na+-Cl− absorption and, as such, is the domi-

Figure 6.12  Effect of dopamine on  trafficking of  the Na+-H+  exchanger NHE3  in  the proximal  tubule. Microdissected proximal convoluted 
tubules were perfused for 30 minutes with 10−5 mol/L dopamine (DA), in the lumen or the bath, inducing a retraction of immunoreactive NHE3 
protein from the apical membrane. (From Bacic D, Kaissling B, McLeroy P, et al: Dopamine acutely decreases apical membrane Na/H exchanger 
NHE3 protein in mouse renal proximal tubule. Kidney Int 64:2133-2141, 2003).
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implicated in glomerulotubular balance (see above).75,77,116 
Ezrin also interacts directly with NHE3, binding to a sepa-
rate binding site within the C-terminus of the transport 
protein.107 Ezrin functions as an anchoring protein for PKA, 
bringing PKA into close proximity with NHE3 and facilitat-
ing its phosphorylation (see Figure 6.13).116 Analysis of 
knockout mice for NHERF-1 has revealed that it is not 
required for baseline activity of NHE3; as expected, however, 
it is required for cAMP-dependent regulation of the 
exchanger by PTH.116 One long-standing paradox has been 
that β-adrenergic receptors, which increase cAMP in the 
proximal tubule, cause an activation of apical Na+-H+ 
exchange.84 This was resolved by the observation that the 
first PDZ domain of NHERF-1 interacts with the β2-
adrenergic receptor in an agonist-dependent fashion; this 
interaction serves to disrupt the interaction between the 
second PDZ domain and NHE3, resulting in a stimulation 
of the exchanger, despite the catecholamine-dependent 
increase in cAMP.116

As discussed above, at concentrations higher than 10−7 M 
(see Figure 6.11), Ang II has an inhibitory effect on proxi-
mal tubular Na+-Cl− absorption.86 This inhibition is depen-
dent on the activation of brush border phospholipase A2, 
which results in the liberation of arachidonic acid.89 Metabo-
lism of arachidonic acid by cytochrome P450 mono-
oxygenases, in turn, generates 20-hydroxyeicosatetraenoic 
acid (20-HETE) and epoxyeicosatrioenoic acids (EETs), 
compounds that inhibit NHE3 and the basolateral Na+-K+-
ATPase.84,117 EETs and 20-HETE have also been implicated 
in the reduction in proximal Na+-Cl− absorption that occurs 
during pressure natriuresis, inhibiting Na+-K+-ATPase and 
retracting NHE3 from the brush border membrane.118

Antinatriuretic stimuli such as Ang II acutely increase the 
expression of NHE3 at the apical membrane, at least in part 
by inhibiting the generation of cAMP.109 Low-dose Ang II 
(10−10 M) also increases exocytic insertion of NHE3 into the 
plasma membrane via a mechanism that is dependent on 
phosphatidylinositol-3-kinase (PI3K).119 Treatment of rats 
with captopril thus results in a retraction of NHE3 and 
associated proteins from the brush border of proximal 
tubule cells.120 Glucocorticoids also increase NHE3 activity 
due to transcriptional induction of the NHE3 gene and an 
acute stimulation of exocytosis of the exchanger to the 
plasma membrane.35 Glucorticoid-dependent exocytosis of 
NHE3 appears to require NHERF-2, which acts in this 
context as a scaffolding protein for the glucocorticoid-
induced serine-threonine kinase SGK1 (see later, “Regula-
tion of Na+-Cl− Transport in the Connecting Tubule and 
Cortical Collecting Duct: Aldosterone”).121 The acute effect 
of dexamethasone has thus been shown to require direct 
phosphorylation of serine 663 in the NHE3 protein by 
SGK1.122

Finally, many of the natriuretic and antinatriuretic path-
ways that influence NHE3 have parallel effects on the baso-
lateral Na+-K+-ATPase (see Feraille and Doucet84 for a 
detailed review). The molecular mechanisms underlying 
inhibition of Na+-K+-ATPase by dopamine have been par-
ticularly well characterized. Inhibition by dopamine is asso-
ciated with removal of active Na+-K+-ATPase units from the 
basolateral membrane, somewhat analogous to the effect on 
NHE3 expression at the apical membrane.123 This inhibitory 
effect is primarily mediated by protein kinase C (PKC), 

Notably, however, phosphorylation of these residues appears 
to be necessary but not sufficient for regulation of NHE3.35 
A number of regulators of NHE3, including gastrin and 
uroguanylin, have been found to exert a functional effect 
through phosphorylation of S552 and/or S605.114,115

The regulation of NHE3 by cAMP also requires the par-
ticipation of a family of homologous scaffolding proteins 
that contain protein-protein interaction motifs known as 
PDZ domains (named for the PSD95, Drosophila disc large, 
and ZO-1 proteins in which these domains were first discov-
ered; Figure 6.13). The first of these proteins, NHE regula-
tory factor-1 (NHERF-1), was purified as a cellular factor 
required for the inhibition of NHE3 by PKA.116 NHERF-2 
was in turn cloned by yeast two-hybrid screens as a protein 
that interacts with the C-terminus of NHE3; NHERF-1 and 
NHERF-2 have very similar effects on the regulation of 
NHE3 in cultured cells. The related protein PDZK1 inter-
acts with NHE3 and a number of other epithelial transport-
ers and is required for expression of the anion exchanger 
Slc26a6 at brush border membranes of the proximal 
tubule.59

NHERF-1 and NHERF-2 are both expressed in human 
and mouse proximal tubule cells; NHERF-1 co-localizes with 
NHE3 in microvilli of the brush border, whereas NHERF-2 
is predominantly expressed at the base of microvilli in the 
vesicle-rich domain.116 The NHERFs assemble a multipro-
tein, dynamically regulated signaling complex that includes 
NHE3 and several other transport proteins. In addition to 
NHE3, they bind to the actin-associated protein, ezrin, thus 
linking NHE3 to the cytoskeleton; this linkage to the cyto-
skeleton may be particularly important for the mechanical 
activation of NHE3 by microvillar bending, as has been 

Figure 6.13  Scaffolding protein NHERF (Na+-H+ exchanger regula-
tory factor) links the Na+-H+ exchanger NHE3 to the cytoskeleton and 
signaling proteins. NHERF binds to ezrin, which in turn links to protein 
kinase  A  (PKA)  and  the  actin  cytoskeleton.  NHERF  also  binds  to 
SGK1  (serum-  and  glucocorticoid-regulated  kinase  1),  which  acti-
vates  NHE3.  PDZ,  Domain  named  for  the  PSD95,  Drosophila  disc  
large (Drosophila), and ZO-1 proteins; C, catalytic; R, regulatory. 
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properties appear to change as a function of cell type, with 
a progressive axial drop in water permeability of long-looped 
descending limbs; the water permeability of descending 
thin limbs in the middle part of the inner medulla is thus 
about 42% that of outer medullary thin descending limbs.130 
Furthermore, the distal 20% of descending thin limbs have 
a very low water permeability.130 These changes in water 
permeability along the descending thin limb are accompa-
nied by a progressive increase in Na+-Cl− permeability, 
although the ionic permeability remains considerably less 
than that of the ascending thin limb.129

Consistent with a primary role in passive water and solute 
absorption, Na+-K+-ATPase activity in the descending thin 
limb is almost undetectable,15 suggesting that these cells do 
not actively transport Na+-Cl−; those ion transport pathways 
that have been identified in descending thin limb cells are 
thought to contribute primarily to cellular volume regula-
tion.131 In contrast to the relative lack of Na+-Cl− transport, 
transcellular water reabsorption by the thin descending 
limb is a critical component of the renal countercurrent 
concentrating mechanism (see Chapter 10).124,127

Na+-Cl− TRANSPORT BY THE THIN ASCENDING LIMB
Fluid entering the thin ascending limb has a very high con-
centration of Na+-Cl− due to osmotic equilibration by the 
water-permeable descending limbs. The passive reabsorp-
tion of this delivered Na+-Cl− by the thin ascending limb is 
a critical component of the passive equilibration model of 
the renal countercurrent multiplication system. Consistent 
with this role, the permeability properties of the thin ascend-
ing limb are dramatically different from those of the 
descending thin limb, with a much higher permeability to 
Na+-Cl− and vanishingly low water permeability.129,132 Passive 
Na+-Cl− reabsorption by thin ascending limbs occurs via a 
combination of paracellular Na+ transport and transcellular 
Cl− transport.125,133-137 The inhibition of paracellular conduc-
tance by protamine thus selectively inhibits Na+ transport 
across perfused thin ascending limbs, consistent with para-
cellular transport of Na+.133 As in the descending limb, thin 
ascending limbs have a modest Na+-K+-ATPase activity (see 
Figure 6.4); however, the active transport of Na+ across thin 
ascending limbs accounts for only an estimated 2% of Na+ 
reabsorption by this nephron segment.138 Chloride channel 
blockers reduce Cl− permeability of the thin ascending limb, 
consistent with passive transcellular Cl− transport.136 Direct 
measurement of the membrane potential of impaled 
hamster thin ascending limbs has also yielded evidence for 
apical and basolateral Cl− channel activity.137 This transepi-
thelial transport of Cl−, but not Na+, is activated by vasopres-
sin, with a pharmacologic profile that is consistent with 
direct activation of thin ascending limb Cl− channels.139

Both apical and basolateral Cl− transport in the thin 
ascending limb appear to be mediated by the CLC-K1 Cl− 
channel in cooperation with the Barttin subunit (see also 
Na+-Cl− transport in the thick ascending limb; basolateral 
mechanisms). Immunofluorescence and in situ hybridiza-
tion indicate a selective expression of CLC-K1 in thin 
ascending limbs, although single-tubule, reverse transcrip-
tase polymerase chain reaction (RT-PCR) studies have sug-
gested additional expression in the thick ascending limb, 
distal convoluted tubule, and cortical collecting duct.140-142 
Notably, immunofluorescence and immunogold labeling 

which directly phosphorylates the α1-subunit of Na+-K+-
ATPase, the predominant α-subunit in the kidney.84 The 
effect of dopamine requires phosphorylation of serine 18 of 
the α1-subunit by PKC; this phosphorylation does not affect 
enzymatic activity of the Na+-K+-ATPase, but rather induces 
a conformational change that enhances the binding of PI3K 
to an adjacent, proline-rich domain. The PI3K recruited by 
this phosphorylated α1-subunit then stimulates the dynamin-
dependent endocytosis of the Na+-K+-ATPase complex via 
clathrin-coated pits.123

LOOP OF HENLE AND THICK ASCENDING LIMB

The loop of Henle encompasses the thin descending limb, 
thin ascending limb, and TAL. The descending and ascend-
ing thin limbs function in passive absorption of water and 
Na+-Cl−, respectively, whereas the TAL reabsorbs about 30% 
of filtered Na+-Cl− via active transport.124,125 There is consid-
erable cellular and functional heterogeneity along the 
entire length of the loop of Henle, with consequences for 
the transport of water, Na+-Cl−, and other solutes. The thin 
descending limb begins in the outer medulla after an abrupt 
transition from S3 segments of the proximal tubule, marking 
the boundary between the outer and inner stripes of the 
outer medulla. Thin descending limbs end at a hairpin turn 
at the end of Henle’s loop. Short-looped nephrons that 
originate from superficial and midcortical nephrons have a 
short descending limb within the inner stripe of the outer 
medulla; these tubules merge abruptly into the TAL close 
to the hairpin turn of the loop (see also below). Long-
looped nephrons originating from juxtamedullary glomer-
uli have a long ascending thin limb that then merges with 
the TAL. The TALs of long-looped nephrons begin at the 
boundary between the inner and outer medulla, whereas 
the TALs of short-looped nephrons may be entirely cortical. 
The ratio of medullary to cortical TAL for a given nephron 
is a function of the depth of its origin, such that superficial 
nephrons are primarily composed of cortical TALs, whereas 
juxtamedullary nephrons primarily possess medullary TALs.

TRANSPORT CHARACTERISTICS OF THE  
DESCENDING THIN LIMB
It has long been appreciated that the osmolality of tubular 
fluid increases progressively between the corticomedullary 
junction and papillary tip due to active secretion of solutes 
or passive absorption of water along the descending thin 
limb.126 Subsequent reports have revealed a very high water 
permeability of perfused outer medullary thin descending 
limbs in the absence of significant permeability to Na+-Cl−.127 
Notably, however, the permeability properties of descending 
thin limbs vary as a function of depth in the inner medulla 
and inclusion in short- versus long-looped nephrons.128,129 
Descending thin limbs from short-looped nephrons contain 
type I cells, very flat, endothelial-like cells, with intermediate-
depth tight junctions suggesting a relative tight epithe-
lium.128,129 The epithelium of descending limbs from 
long-looped nephrons is initially more complex, with taller 
type II cells possessing more elaborate apical microvilli and 
more prominent mitochondria. In the lower medullary 
portion of long-looped nephrons, these cells change into a 
type III morphology, endothelial-like cells similar to the type 
I cells from short-looped nephrons.128 The permeability 
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(NPPB) to inhibit CLC-K1; the respective diffusion voltages 
are 7.9 mV (−/− plus protamine), 8.6 mV (+/− plus prot-
amine and NPPB), and 9.8 (+/+ plus protamine and NPPB). 
Therefore, the paracellular Na+ conductance is unimpaired 
and essentially the same in CLC-K1 mice when compared to 
littermate controls. This study thus provided elegant proof 
for the relative independence of paracellular and transcel-
lular conductances for Na+ and Cl−, respectively, in thin 
ascending limbs.125

CLC-K1 associates with Barttin, a novel accessory subunit 
identified via positional cloning of the gene for Bartter’s 
syndrome with sensorineural deafness (see later, “Na+-Cl− 
Transport by the Thick Ascending Limb: Basolateral Mecha-
nisms”).145 Barttin is expressed with CLC-K1 in thin 
ascending limbs, in addition to the TAL, distal convoluted 
tubule, and α-intercalated cells.142,145 Rat CLC-K1 is unique 
among the CLC-K orthologs and paralogs (CLC-K1/2 in 
rodents, CLC-NKB/NKA in humans) in that it can generate 
Cl− channel activity in the absence of coexpression with 
Barttin; however, its human ortholog CLC-NKA is nonfunc-
tional in the absence of Barttin.140,145,146 Regardless, Barttin 
co-immunoprecipitates with CLC-K1 and increases expres-
sion of the channel protein at the cell membrane.142,146 This 
so-called chaperone function seems to involve the trans-
membrane core of Barttin, whereas domains within the cyto-
plasmic carboxy terminus modulate channel properties 
(open probability and unitary conductance).146

With respect to regulation in this nephron segment, vaso-
pressin has stimulatory effects on Cl− transport by the thin 
ascending limb, acting as in principal cells and TAL through 
V2 receptors and cAMP.139 Water deprivation induces a four-
fold increase in CLC-K1 mRNA, indicating transcriptional 
effects of vasopressin or medullary tonicity.147 Basolateral 

indicate that CLC-K1 is expressed exclusively at both the 
apical and basolateral membranes of thin ascending limbs, 
such that both the luminal and basolateral Cl− channels of 
this nephron segment are encoded by the same gene.137,140 
Homozygous knockout mice with a targeted deletion of 
CLC-K1 have a vasopressin-resistant nephrogenic diabetes 
insipidus, reminiscent of the phenotype of aquaporin-1 
knockout mice.124,143 Given that CLC-K1 is potentially 
expressed in the TAL, dysfunction of this nephron segment 
might also contribute to the renal phenotype of CLC-K1 
knockout mice; however, the closely homologous channel 
CLC-K2 (CLC-NKB) is clearly expressed in the TAL, where 
it can likely substitute for CLC-K1.142 Furthermore, loss-of-
function mutations in CLC-NKB are an important cause of 
Bartter’s syndrome, indicating that CLC-K2, rather than 
CLC-K1, is critical for transport function of the TAL.144

Detailed characterization of CLC-K1 knockout mice has 
revealed a selective impairment in Cl− transport by the thin 
ascending limb.125 Whereas Cl− absorption is profoundly 
reduced, Na+ absorption by thin ascending limbs is not 
significantly impaired (Figure 6.14). The diffusion voltage 
induced by a transepithelial Na+-Cl− gradient is reversed by 
the absence of CLC-K1, from +15.5 mV in homozygous wild-
type controls (+/+) to −7.6 mV in homozygous knockout 
mice (−/−). This change in diffusion voltage is due to the 
dominance of paracellular Na+ transport in the CLC-K1–
deficient −/− mice, leading to a lumen-negative potential; 
this corresponds to a marked reduction in the relative per-
meability of Cl− to that of Na+ (PCl/PNa), from 4.02 to 0.63 
(see Figure 6.14). Protamine, an inhibitor of paracellular 
Na+ transport, has a comparable effect on the diffusion 
voltage in −/− mice versus +/− and +/+ mice that have been 
treated with 5-nitro-2-(3-phenylpropylamino)-benzoate 

Figure 6.14  Role of the CLC-K1 chloride channel in Na+ and Cl− transport by the thin ascending limbs. Homozygous knockout mice (CLC-
K1−/−) are compared to their littermate controls (CLC-K1+/+). A, Efflux coefficients for 36Cl− and 22Na+ in the thin ascending limbs. Cl− absorption 
is essentially abolished in the knockout mice, whereas there  is no significant effect of CLC-K1 deficiency on Na+  transport. B, The diffusion 
voltage (VD),  induced by a transepithelial Na+-Cl− gradient,  is reversed by the absence of CLC-K1, from +15.5 mV in controls to −7.6 mV in 
homozygous knockout mice. This change in diffusion voltage is due to the dominance of paracellular Na+  transport  in the CLC-K1–deficient 
−/− mice, leading to a lumen-negative potential; this corresponds to a marked reduction in the relative permeability of Cl− to that of Na+ (PCl/
PNa), from 4.02 to 0.63. (From Liu W, Morimoto T, Kondo Y, et al: Analysis of NaCl transport in thin ascending limb of Henle’s loop in CLC-K1 null 
mice. Am J Physiol Renal Physiol 282:F451-F457, 2002).
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independent; this issue is reviewed below (“Regulation of 
Na+-Cl− Transport by the Thick Ascending Limb”). Regard-
less, this transporter is universally sensitive to furosemide, 
which has been known for more than 3 decades to inhibit 
transepithelial Cl− transport by the TAL.154 Apical Na+-K+-
2Cl− cotransport is mediated by the cation-chloride cotrans-
porter NKCC2, encoded by the SLC12A1 gene.155 Functional 
expression of NKCC2 in Xenopus laevis oocytes yields Cl−- 
and Na+-dependent uptake of Rb+ (a radioactive substitute 
for K+) and Cl−- and K+-dependent uptake of 22Na+.86,155-157 As 
expected, NKCC2 is sensitive to micromolar concentrations 
of furosemide, bumetanide, and other loop diuretics.155

Immunofluorescence indicates expression of NKCC2 
protein along the entire length of the TAL.155 In particular, 
immunoelectron microscopy reveals expression in rough 
(R) and smooth (S) cells of the TAL (see above).152 NKCC2 
expression in subapical vesicles is particularly prominent in 
smooth cells, suggesting a role for vesicular trafficking in 
the regulation of NKCC2 (see later, ”Regulation of Na+-Cl− 
Transport by the Thick Ascending Limb”).152 NKCC2 is also 
expressed in macula densa cells, which have been shown to 
possess apical Na+-K+-2Cl− cotransport activity.152,158 This 
latter observation is of considerable significance, given the 
role of the macula densa in tubuloglomerular feedback 
(TGF) and renal renin secretion; luminal loop diuretics 
block tubuloglomerular feedback and the suppression of 
renin release by luminal Cl−.12

Alternative splicing of exon 4 of the SLC12A1 gene yields 
NKCC2 proteins that differ within transmembrane domain 
2 and the adjacent intracellular loop. There are thus three 
different variants of exon 4, denoted “A,” “B,” and “F”; the 
variable inclusion of these cassette exons yields NKCC2-A, 
NKCC2-B, and NKCC2-F proteins.155,157 Kinetic characteriza-
tion reveals that these isoforms differ dramatically in ion 

calcium in turn inhibits Cl− and Na+ transport in the thin 
ascending limb via activation of the calcium-sensing 
receptor.148

Na+-Cl− TRANSPORT BY THE THICK ASCENDING LIMB
Apical Na+-Cl− Transport

The TAL reabsorbs about 30% of filtered Na+-Cl− (see Figure 
6.1). In addition to an important role in the defense of the 
extracellular fluid volume, Na+-Cl− reabsorption by the 
water-impermeable TAL is a critical component of the renal 
countercurrent multiplication system. The separation of 
Na+-Cl− and water in the TAL is thus responsible for the 
capability of the kidney to dilute or concentrate the urine. 
In collaboration with the countercurrent mechanism, Na+-
Cl− reabsorption by the thin and thick ascending limbs 
increases medullary tonicity, facilitating water absorption by 
the collecting duct.

The TAL begins abruptly after the thin ascending limb of 
long-looped nephrons and after the aquaporin-negative 
segment of short-limbed nephrons.149 The TAL extends 
into the renal cortex, where it meets its parent glomerulus 
at the vascular pole; the plaque of cells at this junction form 
the macula densa, which function as the tubular sensor  
for tubuloglomerular feedback and tubular regulation of  
renin release by the juxtaglomerular apparatus. Cells in  
the medullary TAL are 7 to 8 µm in height, with exten-
sive invaginations of the basolateral plasma membrane and 
interdigitations between adjacent cells.4 As in the proximal 
tubule, these lateral cell processes contain numerous elon-
gated mitochondria, perpendicular to the basement mem-
brane. Cells in the cortical TAL are considerably shorter, 2 
µm in height at the end of the cortical TAL in rabbits, with 
less mitochondria and a simpler basolateral membrane.4 
Macula densa cells also lack the lateral cell processes and 
interdigitations characteristic of medullar TAL cells.4 
However, scanning electron microscopy has revealed that 
the TAL of rat and hamster contains two morphologic sub-
types, a rough-surfaced cell type (R cells) with prominent 
apical microvilli and a smooth-surfaced cell type (S cells) 
with an abundance of subapical vesicles.4,150-152 In the hamster 
TAL, cells can also be separated into those with high apical 
and low basolateral K+ conductance and weak basolateral 
Cl− conductance (LBC cells) versus a second population 
with low apical and high basolateral K+ conductance com-
bined with high basolateral Cl− conductance (HBC).137,151 
The relative frequency of the morphologic and functional 
subtypes in the cortical and medullary TAL suggests that 
HBC cells correspond to S cells and LBC cells to R cells.151

Morphologic heterogeneity notwithstanding, the cells of 
the medullary TAL, cortical TAL, and macula densa share 
the same basic transport mechanisms (Figure 6.15). Na+-Cl− 
reabsorption by the TAL is thus a secondarily active process, 
driven by the favorable electrochemical gradient for Na+ 
established by the basolateral Na+-K+-ATPase.12,153 Na+, K+, 
and Cl− are cotransported across the apical membrane by 
an electroneutral Na+-K+-2Cl− cotransporter; this transporter 
generally requires the simultaneous presence of all three 
ions, such that the transport of Na+ and Cl− across the epi-
thelium is mutually codependent, dependent on the luminal 
presence of K+.12 Of note, under certain circumstances, 
apical Na+-Cl− transport in the TAL appears to be K+-

Figure 6.15  Transepithelial  Na+-Cl−  transport  pathways  in  the 
thick ascending  limb  (TAL). CLC-NKB, Human Cl−  channel, Barttin; 
KCC4, K+-Cl− cotransporter-4; NKCC2, Na+-K+-2Cl− cotransporter-2; 
ROMK, renal outer medullary K+ channel, Cl− channel subunit. 
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Several lines of evidence have indicated that apical K+ 
channels are required for transepithelial Na+-Cl− transport 
by the TAL12,153:

First, the removal of K+ from luminal perfusate results in 
a marked decrease in Na+-Cl− reabsorption by the TAL, as 
measured by short circuit current; the residual Na+-Cl− trans-
port in the absence of luminal K+ is sustained by the exit of 
K+ via apical K+ channels, because the combination of K+ 
removal and a luminal K+ channel inhibitor (barium) almost 
abolishes the short circuit current.12 Apical K+ channels are 
thus required for continued functioning of NKCC2, the 
apical Na+-K+-2Cl− cotransporter; the low luminal concentra-
tion of K+ in this nephron segment would otherwise become 
limiting for transepithelial Na+-Cl− transport.

Second, the net transport of K+ across perfused TAL is 
less than 10% that of Na+ and Cl−; about 90% of the K+ 
transported by NKCC2 is recycled across the apical mem-
brane via K+ channels, resulting in minimal net K+ absorp-
tion by the TAL.12,167

Third, the intracellular K+ activity of perfused TAL cells 
is about 15 to 20 mV above equilibrium due to furosemide-
sensitive entry of K+ via NKCC2.168 Given an estimated apical 
K+ conductivity of about 12 m/cm2, this intracellular K+ 
activity yields a calculated K+ current of about 200 µA/cm2, 
which corresponds quantitatively to the uptake of K+ by the 
apical Na+-K+-2Cl− cotransporter.153

Fourth, the observation that Bartter’s syndrome can be 
caused by mutations in renal outer medullary potassium 
(ROMK) provides genetic proof for the importance of K+ 
channels in Na+-Cl− absorption by the TAL (see below).169

Finally, a novel ROMK inhibitor functions as a potent 
diuretic in vivo, primarily due to inhibition of TAL 
Na+-Cl− transport.170

Three types of apical K+ channels have been identified in 
the TAL, a 30-pS (picosiemens) channel, a 70-pS channel, 
and a high-conductance, calcium-activated maxi-K+ channel 
(see Figure 6.15).171-173 The higher Po and greater density 
of the 30-pS and 70-pS channels versus the maxi-K+ 
channel suggest that these are the primary routes for K+ 
recycling across the apical membrane; the 70-pS channel  
in turn appears to mediate about 80% of the apical K+ con-
ductance of TAL cells.174 The low-conductance, 30-pS 
channel shares several electrophysiologic and regulatory 
characteristics with ROMK, the cardinal inward-rectifying  
K+ channel that was initially cloned from renal outer 
medulla.12 ROMK protein has been identified at the apical 
membrane of medullary TAL, cortical TAL, and macula 
densa.175 Furthermore, the 30-pS channel is also absent 
from the apical membrane of mice with homozygous dele-
tion of the gene encoding ROMK.176 Notably, not all cells in 
the TAL are labeled with ROMK antibody, suggesting that 
ROMK might be absent in the co-called HBC cells with high 
basolateral Cl− conductance and low apical, high basolateral 
K+ conductance (also see above).137,151 HBC cells are thought 
to correspond to the smooth-surfaced morphologic subtype 
of TAL cells (S cells)151; however, distribution of ROMK 
protein by immunoelectron microscopy has not as yet been 
reported.

ROMK clearly plays a critical role in Na+-Cl− absorption by 
the TAL, given that loss-of-function mutations in this gene 
are associated with Bartter’s syndrome.169 The role of ROMK 
in Bartter’s syndrome was initially discordant with the data, 

affinities.155,157 In particular, NKCC2-F has a very low affinity 
for Cl− (Km = 113 mmol/L) and NKCC2-B has a very high 
affinity (Km = 8.9 mmol/L); NKCC2-A has an intermediate 
affinity for Cl− (Km = 44.7 mmol/L).157 These isoforms 
differ in axial distribution along the tubule, with the F  
cassette expressed in the inner stripe of the outer medulla, 
the A cassette in the outer stripe, and the B cassette in  
cortical TAL.12 There is thus an axial distribution of the 
anion affinity of NKCC2 along the TAL, from a low-affinity, 
high-capacity transporter (NKCC2-F) to a high-affinity, low-
capacity transporter (NKCC2-B). Although technically com-
promised by the considerable homology between the 3′ end 
of these 96 base pair exons, in situ hybridization has sug-
gested that rabbit macula densa exclusively expresses the 
NKCC2-B isoform.12 Notably, however, selective knockout of 
the B cassette exon 4 does not eliminate NKCC2 expression 
in the murine macula densa, which also seems to express 
NKCC2-A by in situ hybridization.159 The comparative phe-
notypes of NKCC2-A and NKCC2-B knockout mice are con-
sistent with the relative Cl− affinity of each isoform, with 
NKCC2-B functioning as a high-affinity, low-capacity isoform 
and NKCC2-A functioning as a low-affinity, high-capacity 
isoform. Thus, targeted deletion of NKCC2-A selectively 
reduces TGF responses at the higher range of tubular flow 
rates (a low-affinity, high-capacity situation), whereas 
NKCC2-B deletion reduces responses at low flow rates.160 
Loss of NKCC2-A almost abolishes the suppression of plasma 
renin activity by isotonic saline infusion, which is, if any-
thing, more robust in NKCC2-B knockout mice than wild-
type littermates.160

It should be mentioned in this context that the Na+-H+ 
exchanger NHE3 functions as an alternative mechanism for 
apical Na+ absorption by the TAL. There is also evidence in 
mouse cortical TAL for Na+-Cl− transport via parallel Na+-H+ 
and Cl− -HCO3

− exchange, although the role of this mecha-
nism in transepithelial Na+-Cl− transport seems less promi-
nent than in the proximal tubule.12 Indeed, apical Na+-H+ 
exchange mediated by NHE3 appears to function primarily 
in HCO3

− absorption by the TAL.161 There is thus a consider-
able upregulation of both apical Na+-H+ exchange and 
NHE3 protein in the TAL of acidotic animals, paired with 
an induction of AE2, a basolateral Cl−-HCO3

− exchanger.162,163 
NHE3 in the TAL is also upregulated by increased flow. 
However, this is not via shear stress, as demonstrated in the 
proximal tubule, but by the production of endogenous O2

− 
and activation of PKC, a potential pathway for flow-
stimulated bicarbonate reabsorption.164

Apical K+ Channels

Microperfused TALs develop a lumen-positive PD during 
perfusion with Na+-Cl−.165,166 This lumen-negative PD plays a 
critical role in the physiology of the TAL, driving the para-
cellular transport of Na+, Ca2+, and Mg2+ (see Figure 6.15). 
Originally attributed to electrogenic Cl− transport, the 
lumen-positive transepithelial PD in the TAL is generated 
by the combination of apical K+ channels and basolateral 
Cl− channels.12,153,166 The conductivity of the apical mem-
brane of TAL cells is predominantly, if not exclusively, K+-
selective. Luminal recycling of K+ via Na+-K+-2Cl− cotransport 
and apical K+ channels, along with basolateral depolariza-
tion due to Cl− exit through Cl− channels, results in the 
lumen-positive transepithelial PD.12,153

http://www.myuptodate.com


160 SECTIoN I — NoRMAL STRuCTuRE AND fuNCTIoN

The reported transepithelial resistance in the TAL is 
between 10 and 50 Ω-cm2; although this resistance is higher 
than that of the proximal tubule, the TAL is not considered 
a tight epithelium.12,153 Notably, however, water permeability 
of the TAL is extremely low, less than 1% that of the proxi-
mal tubule.153 These hybrid characteristics—relatively low 
resistance and very low water permeability—allow the TAL 
to generate and sustain Na+-Cl− gradients of up to 
120 mmol/L.12,153 Not unexpectedly, given its lack of water 
permeability, the TAL does not express aquaporin water 
channels; as in the proximal tubule, the particular reper-
toire of claudins expressed in the TAL determines the resis-
tance and ion selectivity of this nephron segment. Mouse 
TAL segments coexpress claudin-3, -10, -14, -16, and 
-19.12,182,183 Notably, the expression of claudin-19 in TAL cells 
is heterogeneous, analogous perhaps to the heterogeneity 
of ROMK expression (see above).183

Mutations in human claudin-16 (paracellin-1) and 
claudin-19 are associated with hereditary hypomagnesemia, 
suggesting that these claudins are particularly critical for the 
cation selectivity of TAL tight junctions.12,182 Heterologous 
expression of claudin-16 (paracellin-1) in the anion-selective 
LLC-PK1 cell line markedly increases Na+ permeability 
without affecting Cl− permeability; this generates a signifi-
cant increase in the PNa/PCl ratio (Figure 6.16).184 LLC-PK1 
cells expressing claudin-16 also have increased permeability 
to other monovalent cations. There is, however, only a 
modest increase in Mg2+ permeability, suggesting that 
claudin-16 does not form a Mg2+-specific pathway in the tight 
junction; rather, it may serve to increase the overall cation 
selectivity of the tight junction. Claudin-19 appears in turn 
to reduce PCl in LLC-PK1 cells, without having much effect 
on Mg2+ or Na+ permeability.185 The claudin-16 and claudin-
19 proteins interact in multiple systems, and coexpression 
of claudin-16 and claudin-19 synergistically increases the 
PNa/PCl ratio in LLC-PK1 cells.185,186 Knockdown of claudin-
16 in transgenic mice increases Na+ absorption in the down-
stream collecting duct, with the development of hypovolemic 
hyponatremia after treatment with amiloride; claudin-19 
knockdown mice exhibit an increase in fractional excretion 
of Na+ and a doubling in serum aldosterone levels.186,187 In 
summary, therefore, claudin-16 and claudin-19 interact to 
confer the cation selectivity of tight junctions in the TAL, 
contributing significantly to the transepithelial absorption 
of Na+ in this nephron segment.

Other claudins expressed in the TAL modulate the func-
tion of claudin-16–claudin-19 heterodimers or have  
independent effects. Claudin-14 interacts with claudin-16, 
disrupting cation selectivity of the paracellular barrier  
in cells that also coexpress claudin-19.188 Claudin-14 
expression in the TAL is calcium-dependent via the cal-
cium-sensing receptor, providing a novel axis for calcium-
dependent regulation of paracellular calcium transport  
(see below).188-190 Claudin-10 appears to modulate paracel-
lular Na+ permeability specifically, with impaired paracellu-
lar Na+ transport in claudin-10 knockout mice.191

Basolateral Mechanisms

The basolateral Na+-K+-ATPase is the primary exit pathway 
for Na+ at the basolateral membrane of TAL cells. The Na+ 
gradient generated by Na+-K+-ATPase activity is also thought 
to drive the apical entry of Na+, K+, and Cl− via NKCC2, the 

suggesting that the 70-pS K+ channel is the dominant con-
ductance at the apical membrane of TAL cells; heterologous 
expression of the ROMK protein in Xenopus oocytes had 
yielded a channel with a conductance of about 30 pS, sug-
gesting that the 70-pS channel was distinct from ROMK.12,174 
This paradox has been resolved by the observation that the 
70-pS channel is absent from the TAL of ROMK knockout 
mice, indicating that ROMK proteins form a subunit of  
the 70-pS channel.177 ROMK activity in the TAL is clearly 
modulated by association with other proteins, such that 
co-association with other subunits to generate the 70-pS 
channel is perfectly compatible with the known physiology 
of this protein. ROMK thus associates with scaffolding pro-
teins NHERF-1 and NHERF-2 (see earlier, “Proximal Tubule: 
Neurohumoral Influences”) via the C-terminal PDZ-binding 
motif of ROMK; NHERF-2 is coexpressed with ROMK in the 
TAL.178 The association of ROMK with NHERFs serves to 
bring ROMK into closer proximity to the cystic fibrosis trans-
membrane regulator protein (CFTR).178 This ROMK-CFTR 
interaction is, in turn, required for the native ATP and glib-
enclamide sensitivity of apical K+ channels in the TAL179

Paracellular Transport

Microperfused TALs perfused with Na+-Cl− develop a lumen-
positive, transepithelial PD generated by the combination of 
apical K+ secretion and basolateral Cl− efflux.12,153,165,166,168 This 
lumen-positive PD plays a critical role in the paracellular reab-
sorption of Na+, Ca2+, and Mg2+ by the TAL (see Figure 6.15). 
In the transepithelial transport of Na+, the stoichiometry of 
NKCC2 (1Na+:1K+:2Cl−) is such that other mechanisms are 
necessary to balance the exit of Cl− at the basolateral mem-
brane; consistent with this requirement, data from mouse 
TAL have indicated that about 50% of transepithelial Na+ 
transport occurs via the paracellular pathway.3,180 For example, 
the ratio of net Cl− transepithelial absorption to net Na+ 
absorption through the paracellular pathway is 2.4 ± 0.3 in 
microperfused mouse medullary TAL segments, the expected 
ratio of 50% of Na+ transport occurs via the paracellular 
pathway. In the absence of vasopressin, apical Na+-Cl− cotrans-
port is not K+-dependent (see “Regulation of Na+-Cl− Trans-
port by the Thick Ascending Limb”), reducing the 
lumen-positive PD; switching to K+-dependent Na+-K+-2Cl− 
cotransport in the presence of vasopressin results in a dou-
bling of Na+-Cl− reabsorption, without an effect on oxygen 
consumption.3,180 Therefore, the combination of a cation-
permeable paracellular pathway and an “active transport,” 
lumen-positive PD,153 generated indirectly by the basolateral 
Na+-K+-ATPase, results in a doubling of active Na+-Cl− trans-
port for a given level of oxygen consumption.3,181

Unlike in the proximal tubule, the voltage-positive PD in 
the TAL is generated almost entirely by transcellular trans-
port, rather than by diffusion across the lateral tight junc-
tion.13 In vasopressin-stimulated mouse TAL segments, with a 
lumen-positive PD of 10 mV, the maximal increase in Na+-Cl− 
in the lateral interspace is about 10 mmol/L.180 Tight junc-
tions in the TAL are cation-selective, with PNa/PCl ratios of 2 to 
5.153,180 Notably, however, PNa/PCl ratios can be highly variable 
in individual tubules, ranging from 2 to 5 in a single study of 
perfused mouse TAL.180 Regardless, assuming a PNa/PCl ratio 
of about 3, the maximal dilution potential in the mouse TAL 
is between 0.7 and 1.1 mV, consistent with a dominant effect 
of transcellular processes on the lumen-positive PD.180
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CLC-K1 and CLC-K2 in several nephron segments, includ-
ing TAL (see also “Na+-Cl− Transport by the Thin Ascending 
Limb”).142,145 Unlike rat CLC-K1, the rat CLC-K2, human 
CLC-NKA, and human CLC-NKB paralogs are not func-
tional in the absence of Barttin coexpression.145,146 CLC-NKB 
coexpressed with Barttin is highly selective for Cl−, with a 
permeability series of Cl− ≫ Br− = NO3

− > I−.12,142,145 
CLC-NKB/Barttin channels are activated by increases in 
extracellular Ca2+ and are pH-sensitive, with activation at an 
alkaline extracellular pH and marked inhibition at an acidic 
pH.145 CLC-NKA/Barttin channels have similar pH and 
calcium sensitivities, but exhibit higher permeability to 
Br−.145 Strikingly, despite the considerable homology 
between the CLC-NKA/NKB proteins, these channels also 
differ considerably in pharmacologic sensitivity to various 
Cl− channel blockers, potential lead compounds for the 
development of paralog-specific inhibitors.195

Correlation between functional characteristics of CLC-K 
proteins with native Cl− channels in TAL has been problem-
atic. In particular, a wide variation in single-channel conduc-
tance has been reported for basolateral Cl−channels in this 
nephron segment.196 This is perhaps due to the use of col-
lagenase and other conditions for the preparation of tubule 
fragments and/or basolateral vesicles, manipulations that 
potentially affect channel characteristics.196 There may also 
be considerable molecular heterogeneity of Cl− channels in 
the TAL, although the genetic evidence would seem to 
suggest a functional dominance of CLC-NKB.144 Notably, 
single-channel conductance has not been reported for 
CLC-NKB/Barttin channels because of the difficulty in 
expressing the channel in heterologous systems; this  
complicates the comparison of CLC-NKB/Barttin to native 
Cl− channels. Single-channel conductance has, however, 
been reported for the V166E mutant of rat CLC-K1, which 
alters gating of the channel without expected effects  
on single-channel amplitude—coexpression with Barttin 

furosemide-sensitive Na+-K+-2Cl− cotransporter.12 Inhibition 
of Na+-K+-ATPase with ouabain thus collapses the lumen-
positive PD and abolishes transepithelial Na+-Cl− transport 
in the TAL.165,166,181 Basolateral exit of Cl− from TAL cells is 
primarily but not exclusively electrogenic, mediated by Cl− 
channel activity.12,153,192 Reductions in basolateral Cl− depo-
larize the basolateral membrane, whereas increases in 
intracellular Cl− induced by luminal furosemide have a 
hyperpolarizing effect.12 Intracellular Cl− activity during 
transepithelial Na+-Cl− transport is above its electrochemical 
equilibrium,12 with an intracellular negative voltage of −40 
to −70 mV that drives basolateral Cl− exit.12,153

At least two CLC chloride channels, CLC-K1 and CLC-K2 
(CLC-NKA and CLC-NKB in humans), are coexpressed in 
this nephron segment.142,145 However, an increasing body of 
evidence has indicated that the dominant Cl− channel in the 
TAL is encoded by CLC-K2. First, CLC-K1 is heavily expressed 
at the apical and basolateral membranes of the thin ascend-
ing limb, and the phenotype of the corresponding knockout 
mouse is consistent with primary dysfunction of thin ascend-
ing limbs, rather than the TAL (see Na+-Cl− transport in the 
thin ascending limb).3,125,140,143 Second, loss-of-function 
mutations in CLC-NKB are associated with Bartter’s syn-
drome, genetic evidence for a dominant role of this channel 
in Na+-Cl− transport in the TAL.144 More recently, a very 
common T481S polymorphism in human CLC-NKB was 
shown to increase channel activity by a factor of 20; prelimi-
nary data have indicated an association with hypertension, 
suggesting that this gain-of-function in CLC-NKB increases 
Na+-Cl− transport by the TAL and/or other segments of the 
distal nephron.12,193 Finally, CLC-K2 protein is heavily 
expressed at the basolateral membrane of the mouse TAL, 
with additional expression in the DCT, connecting tubule 
(CNT), and α-intercalated cells.194

A key advance was the characterization of the Barttin 
subunit of CLC-K channels, which is coexpressed with 

Figure 6.16  Effect of claudin-16 (paracellin-1) overexpression in LLC-PK1 cells. A, Effects of paracellin-1 on the permeability of Na+ and Cl− in 
LLC-PK1 cells. B, Ratio of PNa to PCl and diffusion potential (bottom) across an LLC-PK1 cell monolayer. C, Transepithelial resistance across 
an LLC-PK1 cell monolayer over a period of 12 days in cells expressing paracellin-1 and control cells. D, Summary of the effects of paracellin-1 
on permeability of various cations in LLC-PK1 cells. (From Hou J, Paul DL, Goodenough DA: Paracellin-1 and the modulation of ion selectivity of 
tight junctions. J Cell Sci 118:5109-5118, 2005.)
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in intracellular K+ that are generated by the basolateral 
Na+-K+-ATPase, thus maintaining transepithelial Na+-Cl− 
transport.204-206 In addition, basolateral K+ channel activity 
may help stabilize the basolateral membrane potential 
above the equilibrium potential for Cl−, thus maintaining a 
continuous driving force for Cl− exit via CLC-NKB/Barttin 
Cl− channels.206

REGULATION OF Na+-Cl− TRANSPORT BY THE THICK 
ASCENDING LIMB
Activating Influences

Transepithelial Na+-Cl− transport by the TAL is regulated by 
a complex blend of competing neurohumoral influences. 
In particular, increases in intracellular cAMP tonically stim-
ulate ion transport in the TAL; the stimulatory hormones 
and mediators that increase cAMP in this nephron segment 
include vasopressin, PTH, glucagon, calcitonin, and 
β-adrenergic activation (see Figure 6.10). These overlap-
ping cAMP-dependent stimuli are thought to result in 
maximal baseline stimulation of transepithelial Na+-Cl− 
transport.84 For example, characterization of the in vivo 
effect of these hormones requires the prior simultaneous 
suppression or absence of circulating vasopressin, PTH, cal-
citonin, and glucagon.84 This baseline activation is, in turn, 
modulated by a number of negative influences, most promi-
nently prostaglandin E2 (PGE2) and extracellular Ca2+ (see 
Figure 6.10). Other hormones and autocoids working 
through cGMP-dependent signaling, including NO, have 
potent negative effects on Na+-Cl− transport within the 
TAL.207 In contrast, Ang II has a stimulatory effect on Na+-
Cl− transport within the TAL.208

Vasopressin is perhaps the most extensively studied posi-
tive modulator of transepithelial Na+-Cl− transport in the 
TAL. The TAL expresses type 2 vasopressin receptors (V2Rs) 
at both the mRNA and protein levels, and microdissected 
TALs respond to the hormone with an increase in intracel-
lular cAMP.209 Vasopressin activates apical Na+-K+-2Cl− 
cotransport within minutes in perfused mouse TAL segments 
and also exerts a longer term influence on NKCC2 expres-
sion and function. The acute activation of apical Na+-K+-2Cl− 
cotransport is achieved at least in part by the stimulated 
exocytosis of NKCC2 proteins, from subapical vesicles to the 
plasma membrane.210 This trafficking-dependent activation 
is abrogated by treatment of perfused tubules with tetanus 
toxin, which cleaves the vesicle-associated membrane pro-
teins VAMP-2 and VAMP-3.210 Activation of NKCC2 is also 
associated with the phosphorylation of a cluster of N-terminal 
threonines in the transporter protein; treatment of rats with 
the V2 agonist desmopressin (DDAVP) induces phosphory-
lation of these residues in vivo, as measured with a potent 
phosphospecific antibody.210 These threonine residues are 
substrates for SPAK (STE20/SPS1-related proline/alanine-
rich kinase) and OSR1 (oxidative stress–responsive kinase 
1), first identified by Gagnon and colleagues as key regula-
tory kinases for NKCC1 and other cation- chloride cotrans-
porters.211 SPAK and OSR1 are in turn activated by upstream 
WNK (with no lysine [K] kinases; see also “Regulation 
of Na+-Cl− Transport in the Connecting Tubule and 
Cortical Collecting Duct”), such that SPAK or OSR1 require 
coexpression with WNK4 to activate NKCC1 fully.211 WNK 
kinases can, however, influence transport when coexpressed 

increases the single-channel conductance of V166E CLC-K1 
from about 7 pS to 20 pS.146 Therefore, part of the reported 
variability in native single-channel conductance may reflect 
heterogeneity in the interaction between CLC-NKB and/or 
CLC-NKA with Barttin. Regardless, a study using whole-cell 
recording techniques has suggested that CLC-K2 (CLC-NKB 
in humans) is the dominant Cl− channel in TAL and 
other segments of the rat distal nephron.196 Like CLC-NKB/
Barttin, this native channel is highly Cl−-selective, with con-
siderably weaker conductance for Br− and I−; CLC-NKA/
Barttin channels exhibit higher permeability to Br−.12,142,145,196 
This renal channel is also inhibited by acidic extracellular 
pH, but seems to lack the activation by alkaline pH seen in 
CLC-NKB/Barttin–expressing cells.145,196

Electroneutral K+-Cl− cotransport has also been impli-
cated in transepithelial Na+-Cl− transport in the TAL (see 
Figure 6.15), functioning in K+-dependent Cl− exit at the 
basolateral membrane.12 The K+-Cl− cotransporter KCC4 is 
thus expressed at the basolateral membrane of medullary 
and cortical TAL, in addition to the macula densa.197,198 
There is also functional evidence for K+-Cl− cotransport at 
the basolateral membrane of this section of the nephron. 
First, TAL cells contain a Cl−-dependent NH4

+ transport 
mechanism that is sensitive to 1.5-mmol/L furosemide and 
10-mmol/L barium (Ba2+).199 NH4

+ ions have the same ionic 
radius as K+ and are transported by KCC4 and other K+-Cl− 
cotransporters; KCC4 is also sensitive to Ba2+ and millimolar 
furosemide, consistent with the pharmacology of NH4

+-Cl− 
cotransport in the TAL.199-201 Second, to account for 
the effects on the transmembrane potential difference  
of basolateral Ba2+ and/or increased K+, it has been sug-
gested that the basolateral membrane of TAL contains a 
Ba2+-sensitive K+-Cl− transporter; this is also consistent 
with the known expression of Ba2+-sensitive KCC4 at the 
basolateral membrane.12,197,198,201 Third, increases in basolat-
eral K+ cause Cl−-dependent cell swelling in Amphiuma 
early distal tubule, an analogue of the mammalian TAL; in 
Amphiuma LBC cells with low basolateral conductance, 
analogous to mammalian LBC cells (see “Na+-Cl− Transport 
by the Thick Ascending Limb: Apical Na+-Cl− Transport”), 
this cell swelling was not accompanied by changes in baso-
lateral membrane voltage or resistance, consistent with 
K+-Cl− transport.137,151,202

There is thus considerable evidence for basolateral K+-Cl− 
cotransport in the TAL, mediated by KCC4.197,198 However, 
direct confirmation of a role for basolateral K+-Cl− cotrans-
port in transepithelial Na+-Cl− transport is lacking. Indeed, 
KCC4-deficient mice do not have a prominent defect in 
function of the TAL, but exhibit instead a renal tubular 
acidosis.198 The renal tubular acidosis in these mice has been 
attributed to defects in acid extrusion by H+-ATPase in 
α-intercalated cells; however, this phenotype is conceivably 
the result of a reduction in medullary NH4

+ reabsorption by 
the TAL due to the loss of basolateral NH4

+ exit mediated 
by KCC4.198,200,203

Finally, there is also evidence for the existence of Ba2+-
sensitive K+ channel activity at the basolateral membrane 
of the TAL, providing an alternative exit pathway for K+ to 
that mediated by KCC4.204-206 These channels may function 
in transepithelial transport of K+, which is, however, only 
less than 10% that of Na+ and Cl− transport by the TAL.167 
Basolateral K+ channels may also attenuate the increases 
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from a K+-independent Na+-Cl− mode to the classic Na+-K+-
2Cl− cotransport stoichiometry.3 In the absence of vasopres-
sin, 22Na+ uptake by mouse medullary TAL cells is not 
dependent on the presence of extracellular K+, whereas the 
addition of the hormone induces a switch to K+-dependent 
22Na+ uptake. Underscoring the metabolic advantages of 
paracellular Na+ transport, which is critically dependent on 
the apical entry of K+ via Na+-K+-2Cl− cotransport (see above), 
vasopressin accomplishes a doubling of transepithelial Na+-
Cl− transport without affecting 22Na+ uptake (an indicator of 
transcellular Na+-Cl− transport); this doubling in transepi-
thelial absorption occurs without an increase in O2 con-
sumption, highlighting the energy efficiency of ion transport 
by the TAL.3 The mechanism of this shift in the apparent 
stoichiometry of NKCC2 is not completely clear. However, 
splice variants of mouse NKCC2 with a novel, shorter 
C-terminus have been found to confer sensitivity to cAMP 
when coexpressed with full-length NKCC2.227 Notably, these 
shorter splice variants appear to encode furosemide-
sensitive, K+-independent Na+-Cl− cotransporters when 
expressed alone in Xenopus oocytes.228 The in vivo relevance 
of these phenomena is not clear, however, nor is it known 
whether similar splice variants exist in species other than 
mouse.

In addition to its acute effects on NKCC2, the apical Na+-
K+-2Cl− cotransporter, vasopressin increases transepithelial 
Na+-Cl− transport by activating apical K+ channels and baso-
lateral Cl− channels in the TAL.84,209 Details have yet to 
emerge of the regulation of the basolateral CLC-NKB/
Barttin Cl− channel complex by vasopressin, cAMP, and 
related pathways. However, the apical K+ channel ROMK is 
directly phosphorylated by protein kinase A on three serine 
residues (S25, S200, and S294 in the ROMK2 isoform). 
Phosphorylation of at least two of these three serines is 
required for detectable K+ channel activity in Xenopus 
oocytes; mutation of all three serines to alanine abolishes 
phosphorylation and transport activity, and all three serines 
are required for full channel activity.229 These three phospho 
acceptor sites have distinct effects on ROMK activity and 
expression.230 Phosphorylation of the N-terminal S25 residue 
appears to regulate trafficking of the channel to the cell 
membrane, without effects on channel gating; this serine is 
also a substrate for the SGK1 kinase, which activates the 
channel via an increase in expression at the membrane.230 
In contrast, phosphorylation of the two C-terminal serines 
modulates open channel probability via effects on 
pH-dependent gating and on activation by the binding of 
phosphatidylinositol 4,5-bisphosphate (PIP2) to the 
C-terminal domain of the channel.231,232

Vasopressin also has considerable long-term effects on 
transepithelial Na+-Cl− transport by the TAL. Sustained 
increases in circulating vasopressin result in marked hyper-
trophy of medullary TAL cells, accompanied by a doubling 
in baseline active Na+-Cl− transport.209 Water restriction or 
treatment with DDAVP also results in an increase in abun-
dance of the NKCC2 protein in rat TAL cells. Consistent 
with a direct effect of vasopressin-dependent signaling, 
expression of NKCC2 is reduced in mice with a heterozy-
gous deletion of the Gs stimulatory G protein, through 
which the V2R activates cAMP generation.209 Increases in 
cAMP are thought to induce transcription of the SLC12A1 
gene that encodes NKCC2 directly, given the presence of a 

alone in Xenopus oocytes with cation-chloride cotransporters 
in the absence of exogenous SPAK/OSR1, reflective perhaps 
of the activation of endogenous Xenopus laevis orthologs of 
SPAK and/or OSR1. Regardless, coexpression with WNK3 
in Xenopus oocytes results in activatory phosphorylation of 
the N-terminal threonines in NKCC2 that are phosphory-
lated in TAL cells after treatment with DDAVP.210,212 The 
WNK3 protein is also expressed in TAL cells, although the 
link(s) between activation of the V2 receptor and this par-
ticular kinase are as yet uncharacterized.212

The N-terminal phosphorylation of NKCC2 by SPAK 
and/or OSR1 kinases appears to be critical for activity of 
the transporter in the native TAL. The N-terminus of NKCC2 
contains a predicted binding site for the SPAK kinase,213 
proximal to the sites of regulatory phosphorylation; the 
analogous binding site is required for activation of the 
NKCC1 cotransporter.214 SPAK also requires the sorting 
receptor SORLA (sorting protein-related receptor with 
A-type repeats) for proper trafficking within TAL cells,  
such that targeted deletion of SORLA results in a marked 
reduction in N-terminal NKCC2 phosphorylation.215 The 
role of the upstream WNK kinases is illustrated by the phe-
notype of a “knockin” mouse strain, in which the knocked-in 
mutant SPAK cannot be activated by upstream WNK kinases; 
these mice have a marked reduction in N-terminal phos-
phorylation of both NKCC2 and the thiazide-sensitive  
Na+-Cl− cotransporter (NCC), with associated salt-sensitive 
hypotension.216 The upstream WNK kinases appear to 
regulate SPAK and NKCC2 in a chloride-dependent  
fashion, phosphorylating and activating SPAK and the trans-
porter in response to a reduction in intracellular chloride 
concentration.217

Of the two kinases, SPAK and OSR1, OSR1 is perhaps 
more critical for NKCC2 function in the TAL, given the  
loss of function of the TAL with reduced N-terminal  
NKCC2 phosphoprotein in mice with targeted, TAL-specific 
deletion of OSR1.218 Some reports have also found 
an increase in NKCC2 N-terminal phosphorylation in  
SPAK knockout mice, suggesting overcompensation by 
OSR1.219-221 However, in a more recent report, baseline Na+ 
absorption by perfused TAL segments is profoundly 
impaired in SPAK-deficient mice, albeit with no evident 
effect on vasopressin-stimulated transport.222 Truncated 
species of SPAK protein have also been detected in kidney 
due to generation of alternative mRNA species that lack the 
N-terminal kinase domain and to proteolytic degradation; 
both forms of SPAK function as dominant-negative inhibi-
tors of the full-length kinase, abrogating the usual stimula-
tory effect on coexpressed NKCC2 or NKCC1.221,223 Further 
complexity arises from the influence of the adaptor protein 
calcium-binding protein 39 (CAB39), which directly acti-
vates SPAK and OSR1 without the need for upstream phos-
phorylation by WNK kinases by promoting dimerization of 
the kinases.224,225 WNK4 is also capable of direct interaction 
with CAB39, promoting activation of NKCC2 in the absence 
of SPAK or OSR1 expression.226 Therefore, there appear to 
be three potential pathways for NKCC2 activation—a WNK4-
dependent SPAK-OSR1 pathway, a WNK4-independent 
SPAK-OSR1 pathway, and a SPAK-independent WNK4 
pathway.226

Vasopressin has also been shown to alter the stoichiom-
etry of furosemide-sensitive apical Cl− transport in the TAL, 
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NKCC2 protein, whereas targeted deletion of the CaSR in 
mouse TAL activates NKCC2 via increased N-terminal 
phosphorylation.189,209

Activation of the CaSR and other receptors in the TAL 
also results in the downstream generation of arachidonic 
acid metabolites, with potent negative effects on Na+-Cl− 
transport (see Figure 6.17). Extracellular Ca2+ thus activates 
phospholipase A2 (PLA2) in TAL cells, leading to the libera-
tion of arachidonic acid. This arachidonic acid is in turn 
metabolized by cytochrome P450 ω-hydroxylase to 20-HETE 
or by cyclo-oxygenase-2 (COX-2) to PGE2; cytochrome P450 
ω-hydroxylation generally predominates in response to acti-
vation of the CaSR in TAL.235 20-HETE has very potent 
negative effects on apical Na+-K+-2Cl− cotransport, apical K+ 
channels, and the basolateral Na+-K+-ATPase.84,235 PLA2-
dependent generation of 20-HETE also underlies in part 
the negative effect of bradykinin and Ang II on Na+-Cl− 
transport.84,235 Activation of the CaSR also induces tumor 
necrosis factor-α (TNF-α) expression in the TAL, which 
activates COX-2 and thus generation of PGE2 (see Figure 
6.17); this PGE2 in turn results in additional inhibition of 
Na+-Cl− transport.235

The relative importance of the CaSR in the regulation of 
Na+-Cl− transport by the TAL is dramatically illustrated by 
the phenotype of a handful of patients with gain-of-function 
mutations in this receptor. In addition to suppressed PTH 
and hypocalcemia, the usual phenotype caused by gain-of-
function mutations in the CaSR (autosomal dominant hypo-
parathyroidism), these patients manifest a hypokalemic 
alkalosis, polyuria, and increases in circulating renin and 
aldosterone.238,239 Therefore, the persistent inhibition of 

cAMP-response element in the 5′ promoter.209,210 Abrogation 
of the tonic negative effect of PGE2 on cAMP generation 
with indomethacin also results in a considerable increase in 
abundance of the NKCC2 protein.209 Finally, in addition to 
these effects on NKCC2 expression, water restriction or 
DDAVP treatment increases abundance of the ROMK 
protein at the apical membrane of TAL cells.233

Inhibitory Influences

The stimulation of transepithelial Na+-Cl− transport by 
cAMP-generating hormones (e.g., vasopressin, PTH) is 
modulated by a number of negative neurohumoral influ-
ences (see Figure 6.10).84 In particular, extracellular Ca2+ 
and PGE2 exert dramatic inhibitory effects on ion transport 
by this and other segments of the distal nephron through a 
plethora of synergistic mechanisms. Extracellular Ca2+ 
and PGE2 both activate the Gi inhibitory G protein in TAL 
cells, opposing the stimulatory, Gs-dependent effects of 
vasopressin on intracellular levels of cAMP.234,235 Extracel-
lular Ca2+ exerts its effect through the calcium-sensing 
receptor (CaSR), which is heavily expressed at the basolat-
eral membrane of TAL cells; PGE2 primarily signals through 
EP3 prostaglandin receptors.84,235,236 The increases in intra-
cellular Ca2+ due to the activation of the CaSR and other 
receptors directly inhibits cAMP generation by a Ca2+-inhib-
itable adenylate cyclase that is expressed in the TAL, accom-
panied by an increase in phosphodiesterase-dependent 
degradation of cAMP (Figure 6.17).235,237 These negative 
stimuli likely inhibit baseline transport in the TAL; abroga-
tion of the negative effect of PGE2 with indomethacin 
results in a considerable increase in abundance of the 

Figure 6.17  Inhibitory  effects  of  the  calcium-sensing  receptor  (CaSR)  on  transepithelial  Na+-Cl−  transport  in  the  TAL.  A,  Activation  of  the 
basolateral  CaSR  inhibits  the  generation  of  cAMP  in  response  to  vasopressin  and  other  hormones  (see  text  for  details).  B,  Stimulation  of 
phospholipase A2 by  the CaSR  leads  to  liberation of arachidonic acid, which  is  in  turn metabolized by cytochrome P450 ω-hydroxylase  to 
20-HETE (20-hydroxyeicosatetraenoic acid), or by cyclo-oxygenase-2 (COX-2) to prostaglandin E2 (PGE2). 20-HETE is a potent natriuretic factor, 
inhibiting apical Na+-K+-2Cl− cotransport, apical K+ channels, and the basolateral Na+-K+-ATPase. Activation of the CaSR also induces tumor 
necrosis factor-α (TNF-α) expression in the TAL, which activates COX-2 and thus generation of PGE2, leading to additional inhibition of Na+-
Cl− transport. (From Hebert SC: Calcium and salinity sensing by the thick ascending limb: a journey from mammals to fish and back again. Kidney 
Int Suppl 91:S28-S33, 2004).
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DISTAL CONVOLUTED TUBULE, CONNECTING 
TUBULE, AND COLLECTING DUCT

The distal nephron that extends beyond the TAL is the final 
arbiter of urinary Na+-Cl− excretion and a critical target for 
natriuretic and antinatriuretic stimuli. The understanding 
of the cellular organization and molecular phenotype of the 
distal nephron continues to evolve and merits a brief review 
in this context. The DCT begins at a variable distance after 
the macula densa, with an abrupt transition between 
NKCC2-positive cortical TAL cells and DCT cells that express 
the thiazide-sensitive Na+-Cl− cotransporter NCC. Consider-
able progress has been made in the phenotypic classifica-
tion of cell types in the DCT and adjacent nephron segments, 
based on the expression of an expanding list of transport 
proteins and other markers.247 This analysis has revealed 
considerable differences in the organization of the DCT, 
CNT, and cortical collecting duct (CCD) in rodent, rabbit, 
and human kidneys. In general, rabbit kidneys are unique 
in the axial demarcation of DCT, CNT, and CCD segments, 
at both a molecular and morphologic level; the organization 
of the DCT to CCD is considerably more complex in other 
species, with boundaries that are much less absolute.247 
Notably, however, the overall repertoire of transport pro-
teins expressed does not vary among these species; what 
differs is the specific cellular and molecular organization of 
this segment of the nephron.

The early DCT (DCT1) of mouse kidney expresses NCC 
and a specific marker, parvalbumin, that also distinguishes 
the DCT1 from the adjacent cortical TAL (Figure 6.18).248 
Targeted deletion of parvalbumin in mice reveals that this 
intracellular Ca2+-binding protein is required for full activity 
of NCC in the DCT.249 Cells of the late DCT (DCT2) in mice 
coexpress NCC with proteins involved in transcellular Ca2+ 
transport, including the apical calcium channel, TRPV5 
(previously ECaC1), the cytosolic calcium-binding protein 
calbindin D28K, and the basolateral Na+-Ca2+ exchanger 
NCX1.248 NCC is coexpressed with ENaC in the late DCT2 

Na+-Cl− transport in the TAL by these overactive mutants of 
the CaSR causes a rare subtype of Bartter’s syndrome, type 
V, in the genetic classification of this disease.235

Activation of the CaSR also affects claudin expression in 
TAL cells via downregulation of microRNAs, leading to 
PTH-independent hypercalciuria (see Chapter 7).188-190,240

Uromodulin

TAL cells are unique in expressing the membrane-bound, 
glycosylphosphatidylinositol (GPI)–anchored protein uro-
modulin (Tamm-Horsfall glycoprotein), which is not 
expressed by macula densa cells or the downstream DCT. 
Uromodulin is released by proteolytic cleavage at the apical 
membrane and is secreted as the most abundant protein in 
normal human urine (20 to 100 mg/day).241 Uromodulin 
has a host of emerging roles in the physiology and biology 
of the TAL. A high-salt diet increases uromodulin expres-
sion, suggesting a role in ion transport.241 In this regard, 
uromodulin facilitates membrane trafficking and function 
of the NKCC2 protein, with similar effects on apical ROMK 
protein.242,243

Autosomal dominant mutations in the UMOD gene 
encoding uromodulin are associated with medullary  
cystic disease type 2 and familial juvenile hyperuricemic 
nephropathy. Now referred to as uromodulin-associated 
kidney disease (UAKD), this syndrome includes progressive 
tubulointerstitial damage and chronic kidney disease 
(CKD), variably penetrant hyperuricemia and gout, and 
variably penetrant renal cysts that are typically confined to 
the corticomedullary junction.241 The causative mutations 
tend to affect conserved cysteine residues within the 
N-terminal half of the protein, leading to protein misfolding 
and retention within the endoplasmic reticulum.241,244 More 
common genetic variants in the UMOD promoter have 
recently been linked in genomewide association studies with 
a risk of CKD and hypertension.241 These susceptibility vari-
ants have a high frequency (≈0.8) and confer an approxi-
mately 20% higher risk for CKD and a 15% risk for 
hypertension.245 These polymorphisms are associated with 
more abundant renal uromodulin transcript and higher 
urinary uromodulin excretion due to activating effects  
on the UMOD promoter.245,246 Overexpression of uromodu-
lin in transgenic mice leads to distal tubular injury, with 
segmental dilation and an increased tubular cast area rela-
tive to wild-type mice; similar lesions are increased in fre-
quency in older adults homozygous for susceptibility variants 
in UMOD when compared to those homozygous for protec-
tive variants.245

Uromodulin-transgenic mice also manifest salt-sensitive 
hypertension due to activation of the SPAK kinase and acti-
vating N-terminal phosphorylation of NKCC2. Human 
hypertensive subjects homozygous for susceptibility variants 
in UMOD appear to have an analogous phenotype, with 
exaggerated natriuresis in response to furosemide com-
pared to those who are homozygous for protective vari-
ants.245 These findings are compatible with the stimulatory 
effects of uromodulin on NKCC2 and ROMK—that is, a net 
gain of function in TAL transport.242,243 Uromodulin excre-
tion also appears to parallel transport activity of the TAL, 
with common polymorphisms in the KCNJ1 gene encoding 
ROMK and two genes involved in regulating SPAK and 
OSR1 kinase activity (SORL1 and CAB39).246

Figure 6.18  Schematic  representation  of  the  segmentation  of  the 
mouse distal nephron and distribution and abundance of Na+-, Ca2+-, 
and Mg2+-transporting proteins. CB, Calbindin; CBP-D28K, calbindin-
D28K; CCD, cortical collecting duct; CNT, connecting tubule; DCT1, 
DCT  2,  distal  convoluted  tubules  1  and  2;  ENaC,  epithelial  Na+ 
channel; NCC,  thiazide-sensitive Na+-Cl− cotransporter; NCX1, Na+-
Ca2+ exchanger; PMCA, plasma membrane Ca2+-ATPase; PV, parval-
bumin; TRPM6, apical Mg2+ entry channel; TRPV5 and TRPV6, apical 
Ca2+ entry channels.248,526,527 
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more elusive than that of the CNT and CCD; however, to 
the extent that ENaC is expressed in the IMCD and OMCD, 
homologous mechanisms are expected to function in Na+-
Cl− reabsorption by the CNT, CCD, OMCD, and IMCD 
segments.

DISTAL CONVOLUTED TUBULE
Mechanisms of Na+-Cl− Transport in the Distal 
Convoluted Tubule

Earlier micropuncture studies that did not distinguish 
between early and late DCT indicated that this nephron 
segment reabsorbs about 10% of filtered Na+-Cl−.257,258 The 
apical absorption of Na+ and Cl− by the DCT is mutually 
dependent; ion substitution does not affect transepithelial 
voltage, suggesting electroneutral transport.259 The absorp-
tion of Na+ by perfused DCT segments is also inhibited by 
chlorothiazide, localized proof that this nephron segment 
is the target for thiazide diuretics.260 Similar thiazide-sensitive 
Na+-Cl− cotransport exists in the urinary bladder of winter 
flounder, the species in which the thiazide-sensitive Na+-Cl− 
cotransporter was first identified by expression cloning.261 
Functional characterization of rat NCC indicates very high 
affinities for both Na+ and Cl− (Michaelis-Menten constants 
of 7.6 ± 1.6 and 6.3 ± 1.1 mmol/L, respectively); equally 
high affinities had previously been obtained by Velazquez 
and associates in perfused rat DCT.259,262 The measured Hill 
coefficients of rat NCC are about 1 for each ion, consistent 
with electroneutral cotransport.262

NCC expression is the defining characteristic of the DCT 
(Figure 6.19).247 There is also evidence for expression of this 
transporter in osteoblasts, peripheral blood mononuclear 
cells, and intestinal epithelium; however, kidney is the 
primary expression site.155,263 Loss-of-function mutations in 
the SLC12A2 gene encoding human NCC cause Gitelman’s 
syndrome, familial hypokalemic alkalosis with hypomagne-
semia and hypocalciuria (see Chapter 45). Mice with homo-
zygous deletion of the Slc12a2 gene encoding NCC exhibit 
marked morphologic defects in the early DCT, with a reduc-
tion in the absolute number of DCT cells and changes in 
ultrastructural appearance.264,265 Similarly, thiazide treat-
ment promotes marked apoptosis of the DCT, suggesting 
that thiazide-sensitive Na+-Cl− cotransport plays an impor-
tant role in modulating growth and regression of this 
nephron segment (see also “Regulation of Na+-Cl− Transport 
in the Distal Convoluted Tubule”).266

Coexpression of NCC and ENaC occurs in the late DCT 
and CNT segments of many species, either in the same cells 
or in adjacent cells in the same tubule.247 Notably, ENaC is 
the primary Na+ transport pathway of CNT and CCD cells, 
rather than DCT. There is, however, evidence for other Na+ 
and Cl− entry pathways in DCT cells. In particular, the Na+-
H+ exchanger NHE2 is coexpressed with NCC at the apical 
membrane of rat DCT cells.267 As in the proximal tubule, 
perfusion of the DCT with formate and oxalate stimulates 
DIDS-sensitive Na+-Cl− transport that is distinct from the 
thiazide-sensitive transport mediated by NCC.45 Therefore, 
a parallel arrangement of Na+-H+ exchange and Cl− anion 
exchangers may play an important role in electroneutral 
Na+-Cl− absorption by the DCT (see Figure 6.19). Of note, 
the anion exchanger SLC26A6 is evidently expressed in the 
human distal nephron, including perhaps in DCT cells; 

of mouse, with robust expression of ENaC continuing in the 
downstream CNT and CCD.248 In contrast, rabbit kidney 
does not have a DCT1 or DCT2 and exhibits abrupt transi-
tions between NCC- and ENaC-positive DCT and CNT seg-
ments, respectively.247 Human kidneys that have been 
studied thus far exhibit expression of calbindin D28K all 
along the DCT and CNT, extending into the CCD; however, 
the intensity of expression varies at these sites. Approxi-
mately 30% of cells in the distal convolution of human 
kidney express NCC, with 70% expressing ENaC (CNT 
cells); ENaC and NCC overlap in expression at the end of 
the human DCT segment. Finally, cells of the early CNT of 
human kidneys express ENaC in the absence of aquaporin-2, 
the apical vasopressin-sensitive water channel.247

Although primarily contiguous with the DCT, CNT cells 
share several traits with principal cells of the CCD, including 
apical expression of ENaC and ROMK, K+ secretory channel; 
the capacity for Na+-Cl− reabsorption and K+ secretion in this 
nephron segment is as much as 10 times higher than that 
of the CCD (see also “Connecting Tubules and the Cortical 
Collecting Duct: Apical Na+ Transport”).250 Intercalated cells 
are the minority cell type in the distal nephron, emerging 
within the DCT and CNT and extending into the early inner 
medullary collecting duct (IMCD).251 Three subtypes of 
intercalated cells have been defined, based on differences 
in the subcellular distribution of the H+-ATPase and the 
presence or absence of the basolateral AE1 Cl−-HCO3

− 
exchanger. Type A intercalated cells extrude protons via an 
apical H+-ATPase in series with basolateral AE1; type B inter-
calated cells secrete HCO3

− and OH− via an apical anion 
exchanger (SLC26A4 or pendrin) in series with basolateral 
H+-ATPase.251 In rodents, the most prevalent subtype of 
intercalated cells in the CNT is the non-A, non-B interca-
lated cell, which possesses an apical Cl−-HCO3

− exchanger 
(SLC26A4 or pendrin) along with apical H+-ATPase.251 
Although intercalated cells play a dominant role in acid-
base homeostasis, Cl− transport by type B intercalated cells 
performs an increasingly appreciated role in distal nephron 
Na+-Cl− transport (see “Connecting Tubules and the Cortical 
Collecting Duct: Cl− Transport”).

The outer medullary collecting duct (OMCD) encom-
passes two separate subsegments corresponding to the outer 
and inner stripes of the outer medulla, OMCDo and OMCDi, 
respectively. OMCDo and OMCDi contain principal cells 
with apical amiloride-sensitive Na+ channels (ENaC); 
however, the primary role of this nephron segment is renal 
acidification, with a particular dominance of type A interca-
lated cells in OMCDi.4,252 The OMCD also plays a critical 
role in K+ reabsorption via the activity of apical H+-K+-ATPase 
pumps.253-255

Finally, the inner medullary collecting duct begins at the 
boundary between the outer and inner medulla and extends 
to the tip of the papilla. The IMCD is arbitrarily separated 
into three equal zones, denoted IMCD1, IMCD2, and 
IMCD3; at the functional level, an early IMCD (IMCDi) and 
a terminal portion (IMCDt) can be appreciated.4 The IMCD 
plays a particularly prominent role in vasopressin-sensitive 
water and urea transport.4 The early IMCD contains princi-
pal cells and intercalated cells; all three subsegments 
(IMCD1-3) express apical ENaC protein, albeit considerably 
weaker expression than in the CNT and CCD.256 The roles 
of the IMCD and OMCD in Na+-Cl− homeostasis have been 
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Patients with loss-of-function mutations in the KCNJ10 gene 
that encodes KIR4.1 develop a syndrome encompassing epi-
lepsy, ataxia, sensorineural deafness, and tubulopathy 
(EAST or SeSAME syndrome).274,276 The associated tubu-
lopathy includes hypokalemia, metabolic alkalosis, hypocal-
ciuria, and hypomagnesemia.274,276 KIR4.1 knockout mice 
demonstrate a greater natriuresis than littermate controls, 
in addition to hypocalciuria; this can be attributed to 
reduced activation of NCC (see also below).274,277 The 
KIR4.1/KIR5.1 and KIR4.2/KIR5.1 channels at the basolat-
eral membrane of DCT cells are hypothesized to function 
in basolateral K+ recycling, maintaining adequate Na+-K+-
ATPase activity for Na+-Cl− absorption and other aspects 
of DCT function. Notably, the calcium-sensing receptor 
co-associates with KIR4.1 and KIR4.2 proteins and inhibits 
their activity, providing a mechanism for the dynamic modu-
lation of Na+-Cl−, calcium, and magnesium transport by the 
DCT.273

Regulation of Na+-Cl− Transport in the Distal 
Convoluted Tubule

Considerable hypertrophy of the DCT occurs in response to 
chronic increases in delivery of Na+-Cl− to the DCT, typically 
induced by furosemide treatment with dietary Na+-Cl− 
supplementation.247,257 These morphologic changes are 
reportedly independent of changes in aldosterone or  
glucocorticoid, suggesting that increased Na+-Cl− entry via 
NCC promotes hypertrophy of the DCT; this is the inverse 
of the hypomorphic changes seen in NCC deficiency or 
thiazide treatment.247,264,265 Notably, however, changes in 
aldosterone do have dramatic effects on the morphology of 

NHE2 and SLC26A6 are thus candidate mechanisms for this 
alternative pathway of DCT Na+-Cl− absorption.267,268

At the basolateral membrane, as in other nephron seg-
ments, Na+ exits via Na+-K+-ATPase; bearing in mind the 
considerable caveats in morphologic identification of the 
DCT, this nephron segment appears to have the highest 
Na+-K+-ATPase activity of the entire nephron (see Figure 
6.4).15,247 Basolateral membranes of DCT cells in both rabbit 
and mouse express the K+-Cl− cotransporter KCC4, a poten-
tial exit pathway for Cl−.197,269 However, several lines of evi-
dence have indicated that Cl− primarily exits DCT cells via 
basolateral Cl− channels. First, the basolateral membrane of 
rabbit DCT contains Cl− channel activity, with functional 
characteristics similar to those of CLC-K2.196,270 Second, 
CLC-K2 protein is expressed at the basolateral membrane 
of DCT and CNT cells; mRNA for CLC-K1 can also be 
detected by RT-PCR of microdissected DCT segments.142,194 
Third, loss-of-function mutations in CLC-NKB, the human 
ortholog of CLC-K2, typically cause Bartter’s syndrome (dys-
function of the TAL); however, in some of these patients, 
mutations in CLC-NKB lead to more of a Gitelman’s syn-
drome phenotype, consistent with loss of function of DCT 
segments.144,271

K+ channels at the basolateral membrane of DCT cells 
play a critical role in the function of this nephron segment. 
Cell-attached patches in basolateral membranes of microdis-
sected DCTs detect an inward rectifying K+ channel, with 
characteristics similar to those of heteromeric KIR4.1/
KIR5.1 and KIR4.2/KIR5.1 channels.272 Basolateral mem-
branes of the DCT express immunoreactive KIR4.1 and 
KIR5.1 protein, and DCT cells express KIR4.2 mRNA.272-275 

Figure 6.19  Transport pathways  for Na+-Cl−and K+  in DCT cells  (A) and principal cells of  the CNT and CCD  (B). Aqp-2, 3/4, Aquaporin-2, 
aquaporin-3/4.  ENaC,  Epithelial  Na+  channel;  KCC4,  K+-Cl−  cotransporter-4;  NCC,  thiazide-sensitive  Na+-Cl−  cotransporter;  NHE-2,  Na+-H+ 
exchanger-2; ROMK, renal outer medullary K+ channel. 

Na� 3Na�

Na� NHE2 CLC-K2

HCOO�

H�

NCC

K� K�

K�

2K�

ROMK KCC4

CI�

CI�

CI�

CI�

ATP

Lumen

DCT

A

Na�

3Na�

CLC-K2

ENaC

Aqp-2

K�K�

K�

K�

2K�

ROMK

BK

CI�

CI�

K�

H2O H2OAqp-3/4

ATP

Lumen (�)(�)

B

Kir 4.1/5.1

http://www.myuptodate.com


168 SECTIoN I — NoRMAL STRuCTuRE AND fuNCTIoN

NCC is catalyzed by the ubiquitin-ligase Nedd4-2, causing 
downregulation of NCC.296

To develop in vivo models relevant to FHHt and the physi-
ologic role of WNK4 in the distal nephron, Lalioti and 
coworkers generated two strains of BAC-transgenic mice 
that overexpress wild-type WNK4 (TgWnk4WT) or an FHHt 
mutant of WNK4 (TgWnk4PHAII, bearing a Q562E mutation 
associated with the disease).281 Consistent with the inhibi-
tory effect of WNK4 on NCC, the blood pressure of 
TgWnk4WT is lower than that of wild-type littermate controls; 
in contrast, TgWnk4PHAII mice are hypertensive.285,286 The 
biochemical phenotype of TgWnk4PHAII is also similar to that 
of FHHt (i.e. hyperkalemia, acidosis, and hypercalciuria), 
with a suppressed expression of renal renin. TgWnk4PHAII 
mice also exhibit marked hyperplasia of the DCT, compared 
to a relative hypoplasia in the TgWnk4WT mice; the morphol-
ogy and phenotype of the CCD were not particularly 
affected. Of particular significance, the DCT hyperplasia of 
TgWnk4PHAII mice was completely suppressed on an NCC-
deficient background, generated by mating TgWnk4PHAII 
mice with NCC knockout mice.264,265 Therefore, the DCT is 
the primary target for FHHt-associated mutations in WNK4. 
In addition, as suggested by prior studies, changes in Na+-
Cl− entry via NCC can evidently modulate hyperplasia or 
regression of the DCT.247,264,265,281 Vidal-Petiot and colleagues 
have also generated mice that lack the orthologous intron 
of WNK1 involved in patients with FHHt, recapitulating the 
phenotype.297 Treatment with the calcineurin inhibitor 
tacrolimus has a similar effect as in FHHt.298

Under certain conditions, a stimulatory effect of the WNK 
kinases appears to dominate. The WNK kinases appear to 
exert their effect on NCC and other cation-chloride cotrans-
porters via the phosphorylation and activation of the SPAK 
and OSRI serine-threonine kinases, which in turn phos-
phorylate the transporter proteins.211,299,300 Specifically, in 
NCC, WNK-dependent phosphorylation and activation of 
SPAK or OSR1 leads to phosphorylation of a cluster  
of N-terminal threonines, resulting in the activation of 
Na+-Cl− cotransport.289,301

A further level of complexity arises from the finding that 
most cases of FHHt are caused by mutations in cullin 3 
(CUL3) or Kelch-like 3 (KLHL3), components of an E3 
ubiquitin ligase complex that targets the WNKs for 
degradation.302-304 Genetically, disease-associated mutations 
in KLHL3 abrogate binding to WNK4 and vice versa.304 In 
turn, disease-associated mutations in CUL3 deplete levels of 
KLHL3, preventing WNK degradation.305 Physiologically, 
phosphorylation of KLHL3 by protein kinase C, downstream 
of Ang II, also abrogates the interaction between KLHL3 
and WNK4, leading to NCC activation.306

The various mechanistic models for the regulation of 
NCC by upstream WNK1, WNK4, and the SPAK-OSR1 
kinases have recently been reviewed; interactions between 
WNK4 and both WNK3 and SGK1 also contribute to the 
complexity, as do CUL3 and KLH3.289,302-304,306-309 Competing 
divergent mechanisms can be reconciled by the likelihood 
that the physiologic context determines whether WNK4 will 
have an activating or inhibitory effect on NCC. For example, 
the activation of NCC by the Ang II receptor type 1 (AT1R) 
appears to require the downstream activation of SPAK by 
WNK4.290,310 Changes in circulating and local levels of Ang 
II, aldosterone, vasopressin, and K+ are thus expected to 

the DCT and expression of NCC.247,278-280 The DCT is 
thus an aldosterone-sensitive epithelium, expressing both  
mineralocorticoid receptor and the 11β-hydroxysteroid 
dehydrogenase-2 (11β-HSD2) enzyme that confers speci-
ficity for aldosterone over glucocorticoids.247 Mice with a 
targeted deletion of 11β-HSD2, with activation of the min-
eralocorticoid receptor by circulating glucocorticoid, 
exhibit massive hypertrophy of what appear to be DCT cells; 
this suggests an important role for mineralocorticoid activity 
in shaping this nephron segment.278 Furthermore, NCC 
expression is dramatically increased by treatment of normal 
rats with fludrocortisone or aldosterone; adrenalectomized 
rats also show an increase in NCC expression after rescue 
with aldosterone, and treatment with spironolactone 
reduces expression of NCC in salt-restricted rats.279,280

Considerable insight into the role of NCC in the patho-
biology of the DCT has emerged from the study of the 
WNK1 and WNK4 kinases.281 WNK1 and WNK4 were ini-
tially identified as causative genes for familial hyperkalemic 
hypertension (FHHt; also known as pseudohypoaldosteron-
ism type II or Gordon’s syndrome). FHHt is in every respect 
the mirror image of Gitelman’s syndrome, encompassing 
hypertension, hyperkalemia, hyperchloremic metabolic aci-
dosis, suppressed PRA and aldosterone, and hypercalci-
uria.282 Furthermore, FHHt behaves like a gain of function 
in NCC and/or the DCT in that treatment with thiazides 
typically results in resolution of the entire syndrome; 
however, simple transgenic overexpression of NCC in DCT 
cells does not replicate the phenotype in mice, indicating 
specific effects of the mutant WNK1 and WNK4 alleles.282,283 
Intronic mutations in WNK1 have been detected in patients 
with FHHt, leading to increased abundance of WNK1 
mRNA in patient leukocytes; WNK4-associated FHHt is due 
to clustered point mutations in an acid-rich conserved 
region of the protein.284 The WNK1 and WNK4 proteins are 
coexpressed within the distal nephron in DCT and CCD 
cells; whereas WNK1 localizes to the cytoplasm and basolat-
eral membrane, WNK4 protein is found at the apical tight 
junctions.284

Consistent with the physiologic gain of function in NCC 
associated with FHHt,282 WNK4 coexpression with NCC in 
Xenopus oocytes inhibits transport, and both kinase-dead 
and disease-associated mutations abolish the effect.285,286 
WNK1 was initially thought to have no effect on NCC, 
instead abrogating the inhibitory effect of WNK4.287 
However, more recent data using kidney-enriched splice 
forms of WNK1 have indicated that it activates NCC in a 
SPAK-dependent fashion in both a mouse model and heter-
ologous expression systems.288 WNK4 coexpression with 
NCC reduces transporter expression at the membrane of 
both Xenopus oocytes and mammalian cells, suggesting a 
prominent effect on membrane trafficking.289,290 The WNK4 
kinase activates lysosomal degradation of the transporter 
protein, rather than inducing dynamin- and clathrin-
dependent endocytosis.291,292 This occurs through effects of 
WNK4 on the interaction of NCC with the lysosomal target-
ing receptor sortilin and AP-3 adaptor complex.291,292 
Dynamin-dependent endocytosis of NCC is induced by 
ERK1/2 phosphorylation via activation of H-Ras, Raf, and 
MEK1/2, resulting in ubiquitination of NCC and endocyto-
sis of the transporter; this plays a significant role in the 
downregulation of NCC by PTH.293-295 Ubiquitination of 
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positive charge generates a lumen-negative PD, the magni-
tude of which varies considerably as a function of mineralo-
corticoid status and other factors (see also “Regulation of 
Na+-Cl− Transport in the Connecting Tubule and Cortical 
Collecting Duct”). This lumen-negative PD serves to drive 
the following critical processes: (1) K+ secretion via apical 
K+ channels; (2) paracellular Cl− transport through the adja-
cent tight junctions; and/or (3) electrogenic H+ secretion 
via adjacent type A intercalated cells.321

ENaC is a heteromeric channel complex formed by the 
assembly of separate, homologous subunits, denoted α-, β-, 
and γ-ENaC.12 These channel subunits share a common 
structure, with intracellular N- and C-terminal domains, two 
transmembrane segments, and a large glycosylated extracel-
lular loop.12 Xenopus oocytes expressing α-ENaC alone have 
detectable Na+ channel activity (Figure 6.20), which facili-
tated the initial identification of this subunit by expression 
cloning; functional complementation of this modest activity 
was then used to clone the other two subunits by expression 
cloning.12 Full channel activity requires the coexpression of 
all three subunits, which causes a dramatic increase in 
expression of the channel complex at the plasma mem-
brane (see Figure 6.20).322 The subunit stoichiometry has 
been a source of considerable controversy, with some reports 
favoring a tetramer with ratios of two α-ENaC proteins to 
one each of β-, and γ-ENaC (2α:1β:1γ) and others favoring 
a higher order assembly with a stoichiometry of 3α:3β:3γ.323 
Regardless, the single-channel characteristics of heterolo-
gously expressed ENaC are essentially identical to those of 
the amiloride-sensitive channel detectable at the apical 
membrane of CCD cells.12,320

ENaC plays a critical role in renal Na+-Cl− reabsorption 
and maintenance of the extracellular fluid volume (see also 
“Regulation of Na+-Cl− Transport in the Connecting Tubule 

have different and often opposing effects on the activity of 
NCC in the DCT (see also Figure 6.26 and “Integrated Na+-
Cl− and K+ Transport in the Distal Nephron”).289,290,310-314

Changes in intracellular chloride in particular play a key 
role in modulating the effect of the SPAK-OSR1 and WNK 
kinase pathway on NCC. A reduction in intracellular chlo-
ride thus activates the WNK isoforms.315,316 For WNK1, chlo-
ride binds to the catalytic site of the kinase and inhibits 
autophosphorylation and activation of the kinase.315 This 
chloride sensing has a major role in the potassium-sensing 
function of DCT cells. Reduction in potassium intake and/
or hypokalemia lead to reduced basolateral K+ concentra-
tion in the DCT; the subsequent hyperpolarization is depen-
dent on basolateral KIR4.1-containing K+ channels.317 
Hyperpolarization leads to chloride exit via basolateral 
CLC-NKB chloride channels and a reduction in intracellu-
lar chloride; the reduction in intracellular chloride activates 
the SPAK and OSR1-WNK cascade, resulting in phosphory-
lation of NCC and activation of the transporter.317 These 
findings help explain the activating effect of potassium 
depletion on NCC and the inhibitory effect of potassium 
loading on NCC, and they go a long way to explain the criti-
cal role of the DCT and NCC in potassium homeostasis.317

CONNECTING TUBULES AND THE CORTICAL 
COLLECTING DUCT
Apical Na+ Transport

The apical membrane of CNT cells and principal cells 
contain prominent Na+ and K+ conductances, without a 
measurable apical conductance for Cl−.196,250,318,319 The entry 
of Na+ occurs via the highly selective epithelial Na+ channel 
(ENaC), which is sensitive to micromolar concentrations of 
amiloride (see Figure 6.19).320 This selective absorption of 

Figure 6.20  Maximal expression of the amiloride-sensitive epithelial Na+ channel (ENaC) at the plasma membrane requires the coexpression 
of all  three subunits  (α-, β-, and γ-ENaC). A, Amiloride-sensitive current  in Xenopus oocytes expressing  the  individual subunits and various 
combinations thereof. B, Surface expression is markedly enhanced in Xenopus oocytes that coexpress all three subunits. The individual cDNAs 
were engineered with an external epitope tag; expression of the channel proteins at the cell surface is measured by binding of a monoclonal 
antibody (M2Ab*) to the tag. Poly A+, Polyadenylated mRNA. (A from Canessa CM, Schild L, Buell G, et al: Amiloride-sensitive epithelial Na+ channel 
is made of three homologous subunits. Nature 367:463-467, 1994; B from Firsov, D, Schild L, Gautschi I, et al: Cell surface expression of the 
epithelial Na channel and a mutant causing Liddle syndrome: a quantitative approach. Proc Natl Acad Sci U S A 93:15370-15375, 1996.)
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pathway for Cl− in the collecting duct, thus mediating trans-
cellular Cl− absorption via the paracellular pathway.333 More-
over, CCD-specific knockout of claudin-4 in mice leads to 
NaCl wasting, hypotension, and hyperkalemia.334 Regulated 
changes in paracellular permeability may also contribute to 
Cl− absorption by the CNT and CCD. In particular, wild-type 
WNK4 appears to increase paracellular Cl− permeability in 
transfected MDCK II cell lines; a WNK4 FHHt mutant has 
a much larger effect, with no effect seen in cells expressing 
kinase-dead WNK4 constructs.335 Yamauchi and colleagues 
have also reported that FHHt-associated WNK4 increases 
paracellular permeability, due perhaps to an associated 
hyperphosphorylation of claudin proteins.336 The claudin-4–
mediated chloride conductance is also negatively regulated 
by cleavage in its second extracellular loop by channel-
activating protease 1 (cap1).334

and Cortical Collecting Duct”). In particular, recessive loss-
of-function mutations in the three subunits of ENaC are a 
cause of pseudohypoaldosteronism type I.12,324 Patients with 
this syndrome typically present with severe neonatal salt 
wasting, hypotension, acidosis, and hyperkalemia; this dra-
matic phenotype underscores the critical roles of ENaC 
activity in renal Na+-Cl− reabsorption, K+ secretion, and H+ 
secretion. Gain-of-function mutations in the β- and γ-ENaC 
subunits are in turn a cause of Liddle’s syndrome, an auto-
somal dominant hypertensive syndrome accompanied by 
suppressed aldosterone and variable hypokalemia.325 With 
one exception, ENaC mutations associated with Liddle’s 
syndrome disrupt interactions between a PPxY motif in the 
C-terminus of channel subunits with the Nedd4-2 ubiquitin-
ligase leading to increased surface expression of the channel 
(see also “Regulation of Na+-Cl− Transport in the Connect-
ing Tubule and Cortical Collecting Duct”).326

The ENaC protein is detectable at the apical membrane 
of CNT cells and principal cells in the CCD, OMCD, and 
IMCD.252,256 Notably, however, several lines of evidence have 
supported the hypothesis that the CNT makes the dominant 
contribution to amiloride-sensitive Na+ reabsorption by the 
distal nephron:

1. Amiloride-sensitive Na+ currents in the CNT are two- to 
fourfold higher than in the CCD; the maximal capacity 
of the CNT for Na+ reabsorption is estimated to be about 
10 times higher than that of the CCD.250

2. Targeted deletion of α-ENaC in the collecting duct abol-
ishes amiloride-sensitive currents in CCD principal cells, 
but does not affect Na+ or K+ homeostasis; the residual 
ENaC expression in the late DCT and CNT of these 
knockout mice easily compensates for the loss of the 
channel in CCD cells.327

3. Na+-K+-ATPase activity in the CCD is considerably less 
than that of the DCT (see also Figure 6.4); this speaks to 
a greater capability for transepithelial Na+-Cl− absorption 
by the DCT and CNT.15

4. The apical recruitment of ENaC subunits in response to 
dietary Na+ restriction begins in the CNT, with progres-
sive recruitment of subunits in the downstream CCD at 
lower levels of dietary Na+; although the CNT plays a 
dominant role in ENaC-mediated sodium transport, it 
does so primarily in an aldosterone-independent mecha-
nism, with aldosterone-mediated sodium transport in the 
CCD involved in the finely tuned regulation of sodium 
transport.328,329

Cl− Transport

There are two major pathways for Cl− absorption in the CNT 
and CCD—paracellular transport across the tight junction 
and transcellular transport across type B intercalated cells 
(Figure 6.21).251,330 The CNT and CCD are “tight” epithelia, 
with comparatively low paracellular permeability that is not 
selective for Cl− over Na+; however, voltage-driven, paracel-
lular Cl− transport in the CCD may play a considerable role 
in transepithelial Na+-Cl− absorption.331 The CNT, DCT, and 
collecting duct coexpress claudin-3, -4, and -8; claudin-8 in 
particular may function as a paracellular cation barrier that 
prevents backleak of Na+, K+, and H+ in this segment of the 
nephron.12,332 Several lines of evidence have indicated that 
claudin-4 and claudin-8 interact to form a paracellular 

Figure 6.21  Transepithelial  Cl−  transport  by  principal  and  interca-
lated cells. The lumen-negative PD generated by principal cells drives 
paracellular  Cl−  absorption.  Alternatively,  transepithelial  transport 
occurs  in  type  B  intercalated  cells  via  apical  Cl−-HCO3

−  exchange 
(SLC26A4/pendrin)  and  basolateral  Cl−  exit  via  CLC-K2.  (Modified 
from Moe OW, Baum M, Berry CA, Rector FC, Jr: Renal transport of 
glucose, amino acids, sodium, chloride, and water. In Brenner BM, 
editor: Brenner and Rector’s the kidney, Philadelphia, 2004, WB Saun-
ders, pp 413-452.)
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Tubule”). However, Tomita and coworkers demonstrated 
many years ago that approximately 50% of Na+-Cl− transport 
in rat CCD is electroneutral, amiloride-resistant, and 
thiazide-sensitive.347,348 Thiazide-sensitive electroneutral Na+-
Cl− transport has also been demonstrated in mouse CCD.349 
This transport activity is preserved in CCDs from mice with 
genetic disruption of NCC and ENaC, indicating indepen-
dence from the dominant apical Na+ transport pathways in 
the distal nephron. This thiazide-sensitive, electroneutral 
Na+-Cl− transport appears to be mediated by the parallel 
activity of the Na+-driven SLC4A8 Cl−-HCO3

− exchanger and 
SLC26A4 Cl−-HCO3

− exchanger (pendrin; see above).349 In 
particular, amiloride-resistant Na+-Cl− absorption is abol-
ished in CCDs from Slc4a8 null knockout mice. Notably, 
however, heterologously expressed recombinant Slc4a8 and 
Slc26a4 are resistant and partially sensitive to thiazide, 
respectively, such that the in vivo pharmacology of this elec-
troneutral Na+-Cl− absorption is not completely explained. 
Furthermore, immunolocalization of Slc4a8 within the CCD 
has been problematic; hence, it is unknown whether Slc4a8 
and Slc26a4 are coexpressed in type B intercalated cells. 
Regardless, the combined activity of Slc4a8 and Slc26a4 
appears to play a major role in Na+-Cl− transport within the 
CCD, with significant implications for Na+-Cl− and K+ homeo-
stasis (see also “Integrated Na+-Cl− and K+ Transport in the 
Distal Nephron”).

The apical entry of Na+ via SLC4A8 requires a basolateral 
exit of Na+ in type B intercalated cells, evidently mediated 
by the basolateral Na+-HCO3

− transporter SLC4A9.2 Another 
puzzle was the energetics of transcellular Na+-Cl− transport 
in intercalated cells, which possess minimal, if any, detect-
able Na+-K+-ATPase activity. A series of elegant experiments 
has revealed that electroneutral Na+-Cl− transport in type B 
intercalated cells is energized by and thus dependent on the 
activity of the basolateral H+-ATPase.2 Type B intercalated 
cells are therefore unique among mammalian renal epithe-
lial cells in that transcellular ion transport is driven by H+-
ATPase rather than Na+-K+-ATPase activity.

REGULATION OF Na+-Cl− TRANSPORT 
IN THE CONNECTING TUBULE AND  
CORTICAL COLLECTING DUCT
Aldosterone

The DCT, CNT, and collecting ducts collectively constitute 
the aldosterone-sensitive distal nephron, expressing the 
mineralocorticoid receptor and 11β-hydroxysteroid 
dehydrogenase-2 (11β-HSD2) enzyme that protects against 
illicit activation by glucocorticoids.247 Aldosterone plays a 
dominant positive role in the regulation of distal nephron 
Na+-Cl− transport, with a plethora of mechanisms and tran-
scriptional targets.350 For example, aldosterone increases 
the expression of the Na+-K+-ATPase α1- and β1-subunits in 
the CCD, in addition to inducing Slc26a4, the apical Cl−-
HCO3

− exchanger of intercalated cells.339,351 Aldosterone 
may also affect paracellular permeability of the distal 
nephron via posttranscriptional modification of claudins 
and other components of the tight junction.352 However, 
particularly impressive progress has been made in the 
understanding of the downstream effects of aldosterone on 
synthesis, trafficking, and membrane-associated activity of 
ENaC subunits. A detailed discussion of aldosterone’s 

Transcellular Cl− absorption across intercalated cells is 
thought to play a quantitatively greater role in the CNT and 
CCD than that of paracellular transport.330 In the simplest 
scheme, this process requires the concerted function of type 
A and type B intercalated cells, achieving net electrogenic 
Cl− absorption without affecting HCO3

− or H+ excretion330 
(see also Figure 6.21). Chloride thus enters type B interca-
lated cells via apical Cl−-HCO3

− exchange, followed by exit 
from the cell via basolateral Cl− channels. Recycling of Cl− at 
the basolateral membrane of adjacent type A intercalated 
cells also results in HCO3

− absorption and extrusion of H+ 
at the apical membrane. The net effect of apical Cl−-HCO3

− 
exchange in type B intercalated cells, leading to apical secre-
tion of HCO3

−, and recycling of Cl− at the basolateral 
membrane type A intercalated cells, leading to apical secre-
tion of H+, is electrogenic Cl− absorption across type B inter-
calated cells (see Figure 6.21).

At the basolateral membrane, intercalated cells have a 
very robust Cl− conductance, with transport characteristics 
similar to those of CLC-K2/Barttin.196 CLC-K2 protein is also 
detected at the basolateral membrane of type A intercalated 
cells, although expression in type B cells has not been  
clarified.194 The basolateral Na+-K+-2Cl− cotransporter 
NKCC1 in adjacent type A intercalated cells also plays an 
evident role in transepithelial Cl− absorption by the CCD.337 
At the apical membrane, the SLC26A4 exchanger (also 
known as pendrin) has been conclusively identified as the 
elusive Cl−-HCO3

− exchanger of type B and non-A, non-B 
intercalated cells; this exchanger functions as the apical 
entry site during transepithelial Cl− transport by the distal 
nephron.251 Human SLC26A4 is mutated in Pendred’s syn-
drome, which encompasses sensorineural hearing loss and 
goiter; these patients do not have an appreciable renal phe-
notype.251 However, Slc26a4-deficient knockout mice are 
sensitive to restriction of dietary Na+-Cl−, developing hypo-
tension during severe restriction.338 Slc26a4 knockout mice 
are also resistant to mineralocorticoid-induced hyperten-
sion.339 Pendrin has indirect effects on ENaC abundance 
and activity, apparently by modulating luminal ATP and 
HCO3

− concentrations; pendrin and ENaC are also both 
coactivated by Ang II.340-343 The overexpression of pendrin 
in intercalated cells thus causes hypertension in transgenic 
mice, with an increase in ENaC activity and activity of elec-
troneutral Na+-Cl− absorption (see below).344 Finally, dietary 
Cl− restriction with provision of Na+-HCO3

− results in Cl− 
wasting in Slc26a4 knockout mice and increased apical 
expression of Slc26a4 protein in the type B intercalated cells 
of normal littermate controls.345 Several groups have 
reported that Slc26a4 expression is exquisitely responsive to 
changes in distal chloride delivery.346 Therefore, Slc26a4 
plays a critical role in distal nephron Cl− absorption, under-
lining the particular importance of transcellular Cl− trans-
port in this process. Of broader relevance, these studies 
have served to underline the important role for Cl− homeo-
stasis in the maintenance of extracellular volume and patho-
genesis of hypertension.346

Electroneutral Na+-Cl− Cotransport

Thiazide-sensitive Na+-Cl− cotransport is considered the 
exclusive provenance of the DCT, which expresses the 
canonical thiazide-sensitive transporter NCC (see earlier, 
“Mechanisms of Na+-Cl− Transport in the Distal Convoluted 
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SGK-1 with ENaC subunits in Xenopus oocytes results in 
a dramatic activation of the channel due to increased 
expression at the plasma membrane.357,359,360 Notably, an 
analogous redistribution of ENaC subunits occurs in the 
CNT and early CCD, from a largely cytoplasmic location 
during dietary Na+-Cl− excess to a purely apical distribution 
after aldosterone or Na+-Cl− restriction (see Figure 
6.22).280,328,357 Furthermore, there is a temporal correlation 
between the appearance of induced SGK-1 protein in the 
CNT and the redistribution of ENaC protein to the plasma 
membrane.357

SGK-1 modulates membrane expression of ENaC by 
interfering with regulated endocytosis of its channel sub-
units. Specifically, the kinase interferes with interactions 
between ENaC subunits and the ubiquitin ligase Nedd4-2.358 
PPxY domains in the C-termini of all three ENaC subunits 
bind to WW domains of Nedd4-2361; these PPxY domains are 
deleted, truncated, or mutated in patients with Liddle’s syn-
drome, leading to a gain of function in channel activity.322,325 
Coexpression of Nedd4-2 with the wild-type ENaC channel 
results in a marked inhibition of channel activity due to 
retrieval from the cell membrane, whereas channels bearing 
Liddle’s syndrome mutations are resistant; Nedd4-2 is 
thought to ubiquitinate ENaC subunits, resulting in the 
removal of channel subunits from the cell membrane and 
degradation in lysosomes and the proteosome.358 A PPxY 
domain in SGK-1 also binds to Nedd4-2, which is a phos-
phorylation substrate for the kinase; phosphorylation of 

actions may be found in Chapter 12; here we summarize the 
major findings of relevance to Na+-Cl− transport.

Aldosterone increases abundance of α-ENaC via a gluco-
corticoid response element in the promoter of the SCNN1A 
gene that encodes this subunit.353 Aldosterone also relieves 
a tonic inhibition of the SCNN1A gene by a complex that 
includes the Dot1a (disruptor of telomere silencing splicing 
variant a) and AF9 and AF17 transcription factors.354 An 
aldosterone-dependent reduction in promoter methylation 
is also involved.355 This transcriptional activation results in 
an increased abundance of α-ENaC protein in response to 
exogenous aldosterone or dietary Na+-Cl− restriction (Figure 
6.22); the response to Na+-Cl− restriction is blunted by spi-
ronolactone, indicating involvement of the mineralocorti-
coid receptor.280,356,357At baseline, α-ENaC transcripts in the 
kidney are less abundant than those encoding β- and γ-
ENaC358 (see Figure 6.22). All three subunits are required 
for efficient processing of heteromeric channels in the 
endoplasmic reticulum and trafficking to the plasma mem-
brane (see Figure 6.20), such that the induction of α-ENaC 
is thought to relieve a major bottleneck in the processing 
and trafficking of active ENaC complexes.358

Aldosterone also plays an indirect role in the regulated 
trafficking of ENaC subunits to the plasma membrane via 
the regulation of accessory proteins that interact with pre-
existing ENaC subunits. Aldosterone rapidly induces expres-
sion of a serine-threonine kinase denoted SGK-1 (serum 
and glucocorticoid-induced kinase-1); coexpression of 

Figure 6.22  Immunofluorescence images of connecting tubule (CNT) profiles in kidneys from adrenalectomized rats (ADX) and from ADX rats 
2 and 4 h after aldosterone (aldo)  injection. Antibodies against the α-, β-, and γ-subunits of ENaC reveal absent expression of the former  in 
ADX rats, with progressive induction by aldosterone. All three subunits traffic to the apical membrane in response to aldosterone. This coincides 
with rapid aldosterone induction of the SGK kinase in the same cells; SGK is known to increase the expression of ENaC at the plasma mem-
brane (see text for details). Bar ≅ 15 µm.  (From Loffing J, Zecevic M, Féraille E, et al: Aldosterone induces rapid apical translocation of ENaC in 
early portion of renal collecting system: possible role of SGK. Am J Physiol Renal Physiol 280:F675-F682, 2001).
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specific acidic cleft in the extracellular loop of α-ENaC, 
causing inhibition of the channel.378 The structures of the 
extracellular domains of ENaC and related channels resem-
ble an outstretched hand holding a ball, with defined sub-
domains termed the wrist, finger, thumb, palm, β-ball, and 
knuckle; functionally relevant proteolytic events target the 
finger domains of ENaC subunits.374 Unprocessed channels 
at the plasma membrane are thought to function as a reserve 
pool, capable of rapid activation by membrane-associated 
luminal proteases.372

Vasopressin and Other Factors

Although not typically considered an antinatriuretic 
hormone, vasopressin has well-characterized stimulatory 
effects on Na+-Cl− transport by the CCD.84,379 Vasopressin 
directly activates ENaC in murine CCD, increasing the open 
probability (Po) of the channel.380 In perfused rat CCD seg-
ments, vasopressin and aldosterone can have synergistic 
effects on Na+ transport, with a combined effect that exceeds 
that of the individual hormones.379 In addition, water and 
Na+-restriction synergistically increase the Po of ENaC in 
murine CCDs.380 Prostaglandins inhibit this effect of vaso-
pressin, particularly in the rabbit CCD; this inhibition occurs 
at least in part through reductions in vasopressin-generated 
cAMP.84,379 There are, however, considerable species-
dependent differences in the interactions between vasopres-
sin and negative modulators of Na+-Cl− transport in the 
CCD, which include prostaglandins, bradykinin, endothe-
lin, and α2-adrenergic tone.84,379 Regardless, cAMP causes a 
rapid increase in the Na+ conductance of apical membranes 
in the CCD; this effect appears to be due to increases in the 
surface expression of ENaC subunits at the plasma mem-
brane381 in addition to effects on open channel probabil-
ity.380,382 Notably, cAMP inhibits retrieval of ENaC subunits 
from the plasma membrane via PKA-dependent phosphory-
lation of the phosphoacceptor sites in Nedd4-2 that are 
targeted by SGK-1; therefore, both aldosterone and vaso-
pressin converge on Nedd4-2 in the regulation of ENaC 
activity in the distal nephron.383 Analogous to the effect on 
trafficking of aquaporin-2 in principal cells, cAMP also 
seems to stimulate exocytosis of ENaC subunits to the 
plasma membrane.382 Finally, similar to the long-term effects 
of vasopressin on aquaporin-2 expression and NKCC2 
expression, chronic treatment with DDAVP results in an 
increase in abundance of the β- and γ-ENaC subunits.209,384

The activation of ENaC by vasopressin appears to have 
additional direct effects on water homeostasis. Hyperna-
tremic mice treated with the ENaC inhibitor benzamil thus 
exhibit further increases in tonicity due to a reduction in 
urinary osmolality.385 In adrenalectomized mice, which lack 
circulating aldosterone, vasopressin maintains ENaC activity 
in the distal nephron.386 This vasopressin-dependent activa-
tion of ENaC may, by extension, play a role in generating 
hyponatremia in the setting of primary adrenal failure. Sys-
temic generation of circulating Ang II induces aldosterone 
release by the adrenal gland, with downstream activation of 
ENaC. However, Ang II also directly activates amiloride-
sensitive Na+ transport in perfused CCDs; blockade by losar-
tan or candesartan suggests that this activation is mediated 
by AT1Rs.387 Of particular significance, the effect of luminal 
Ang II (10−9) was greater than that of bath Ang II, suggesting 
that intratubular Ang II may regulate ENaC in the distal 

Nedd4-2 by SGK-1 abrogates its inhibitory effect on ENaC 
subunits.362,363 Aldosterone also stimulates Nedd4-2 phos-
phorylation in vivo.364 Nedd4-2 phosphorylation in turn 
results in ubiquitin-mediated degradation of SGK-1, suggest-
ing that there is considerable feedback regulation in this 
system.365 Aldosterone also reduces Nedd4-2 protein expres-
sion in cultured CCD cells, suggesting additional levels of 
in vivo regulation.366

The induction of SGK-1 by aldosterone thus appears to 
stimulate the redistribution of ENaC subunits from the cyto-
plasm to the apical membrane of CNT and CCD cells. This 
phenomenon involves SGK-1–dependent phosphorylation 
of the Nedd4-2 ubiquitin ligase, which is coexpressed with 
ENaC and SGK-1 in the distal nephron.366 Of note, there is 
considerable axial heterogeneity in the recruitment and 
redistribution of ENaC to the plasma membrane, which 
begins in the CNT and only extends into the CCD and 
OMCD in Na+-Cl−–restricted or aldosterone-treated 
animals.247,357 The underlying causes of this progressive axial 
recruitment are not as yet clear.247 However, Nedd4-2 expres-
sion is inversely related to the apical distribution of ENaC, 
with low expression in the CNT and increased expression 
levels in the CCD. In all likelihood, the relative balance 
among SGK-1, ENaC, and Nedd4-2 figures prominently in 
the recruitment of the channel subunits to the apical 
membrane.366

Nedd4-2 and ENaC are part of a larger regulatory complex 
that includes the signaling protein Raf-1, stimulatory 
aldosterone-induced chaperone GILZ1 (glucocorticoid-
induced leucine zipper-1), and scaffolding protein 
CNK3.367,368 The mTORC2 (mammalian target of rapamycin 
complex 2) kinase complex is another component, catalyz-
ing upstream activation of SGK1 and thus inducing activa-
tion of ENaC.369,370

Finally, aldosterone indirectly activates ENaC channels 
through the induction of channel-activating proteases, 
which increase open channel probability by cleavage of the 
extracellular domains of α- and γ-ENaC. Western blotting of 
renal tissue from rats subjected to Na+-Cl− restriction or 
treatment with aldosterone has revealed α- and γ-ENaC sub-
units of lower molecular mass than those detected in control 
animals, indicating that aldosterone induces proteolytic 
cleavage.356,371 Proteases that have been implicated in the 
processing of ENaC include furin, elastase, and three 
membrane-associated proteases denoted CAP1-3 (channel 
activating proteases-1, -2, and -3).372-374 Filtered proteases 
such as plasmin may also contribute to ENaC activation in 
nephrotic syndrome.374 CAP1 was initially identified from 
Xenopus A6 cells as an ENaC-activating protease; the mam-
malian ortholog is an aldosterone-induced protein in prin-
cipal cells.375,376 Urinary excretion of CAP1, also known as 
prostasin, is increased in hyperaldosteronism, with a reduc-
tion after adrenalectomy.376 CAP1 is tethered to the plasma 
membrane by a GPI linkage, whereas CAP2 and CAP3 are 
transmembrane proteases.373,375All three of these proteases 
activate ENaC by increasing the Po of the channel, without 
increasing expression at the cell surface.373 Proteolytic cleav-
age of ENaC appears to activate the channel by removing 
the self-inhibitory effect of external Na+; in the case of furin-
mediated proteolysis of α-ENaC, this appears to involve the 
removal of an inhibitory domain from within the extracel-
lular loop.372,377 Extracellular Na+ appears to interact with a 
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drugs used for the treatment of type II diabetes. Treatment 
with these agents is frequently associated with fluid reten-
tion, suggesting an effect on renal Na+-Cl− transport. Given 
robust expression of PPARγ in the collecting duct, activation 
of ENaC was an attractive hypothesis for this TZD-associated 
edema syndrome.398,399 This appears to be the case, in that 
selective deletion of the murine PPARγ gene in principal 
cells abrogates the increase in amiloride-sensitive transport 
seen in response to TZDs.398,399 TZDs appear to induce tran-
scription of the Sccn1g gene encoding γ-ENaC in addition 
to inducing SGK-1; targeted deletion of SGK1 in knockout 
mice attenuates but does not abolish TZD-associated 
edema.398,400,401 Notably, however, other studies have failed 
to detect an effect of TZDs on ENaC activity, which may 
instead activate a nonspecific cation channel within the 
IMCD.402,403 Regardless, the beneficial effect of spironolac-
tone in type II diabetics with TZD-associated volume expan-
sion is consistent with in vivo activation of Na+-Cl− absorption 
in the aldosterone-responsive distal nephron.404 In addition, 
the risk of peripheral edema is increased considerably in 
patients treated with both TZDs and insulin therapy. Notably, 
insulin appears to activate ENaC via SGK1-dependent mech-
anisms; PPARγ is required for the full activating effect of 
insulin on ENaC, such that this clinical observation may 
reflect synergistic activation of ENaC by insulin and 
TZDs.402,405,406

POTASSIUM TRANSPORT

Maintenance of K+ balance is important for a multitude of 
physiologic processes. Changes in intracellular K+ affect cell 
volume regulation, regulation of intracellular pH, enzy-
matic function, protein synthesis, DNA synthesis, and apop-
tosis.12 Changes in the ratio of intracellular to extracellular 
K+ affect the resting membrane potential, leading to depo-
larization in hyperkalemia and hyperpolarization in hypo-
kalemia. Thus, disorders of extracellular K+ have a dominant 
effect on excitable tissues, chiefly heart and muscle. In addi-
tion, a growing body of evidence has implicated hypokale-
mia and/or reduced dietary K+ in the pathobiology of 
hypertension, heart failure, and stroke; these and other 
clinical consequences of K+ disorders are reviewed in 
Chapter 18.

Potassium is predominantly an intracellular cation, with 
only 2% of total body K+ residing in the extracellular fluid. 
Extracellular K+ is maintained within a very narrow range by 
three primary mechanisms. First, the distribution of K+ 
between the intracellular and extracellular space is deter-
mined by the activity of a number of transport pathways—
namely, Na+-K+-ATPase, the Na+-K+-2Cl− cotransporter 
NKCC1, the four K+-Cl− cotransporters, and a plethora of K+ 
channels. In particular, skeletal muscle contains as much as 
75% of body potassium (see Figure 18.1) and exerts consid-
erable influence on extracellular K+. Short-term and long-
term regulation of muscle Na+-K+-ATPase play a dominant 
role in determining the distribution of K+ between the intra-
cellular and extracellular spaces; the various hormones and 
physiologic conditions that affect the uptake of K+ by skel-
etal muscle are reviewed in Chapter 18 (see Table 18.1). 
Second, the colon has the ability to absorb and secrete K+, 
with considerable mechanistic and regulatory similarities to 

nephron. Ang II also activates chloride absorption across 
intercalated cells via a pendrin (SLC26A4) and an H+-
ATPase-dependent mechanism.388 Stimulation of ENaC is 
seen when tubules are perfused with Ang I; this effect is 
blocked by angiotensin-converting enzyme (ACE) inhibi-
tion with captopril, suggesting that intraluminal conversion 
of Ang I to Ang II can occur in the CCD.389 Notably, CNT 
cells express considerable amounts of immunoreactive 
renin versus the vanishingly low expression of renin mRNA 
in the proximal tubule.390 Angiotensinogen secreted into 
the tubule by proximal tubule cells may thus be converted 
to Ang II in the CNT via locally generated renin and ACE 
and/or related proteases.390

Luminal perfusion with ATP or uridine triphosphate 
(UTP) inhibits amiloride-sensitive Na+ transport and reduces 
ENaC Po in the CCD via activation of luminal P2Y2 puriner-
gic receptors.391,392 Targeted deletion of the murine P2Y2 
receptor results in salt-resistant hypertension due in part to 
an upregulation of NKCC2 activity in the TAL; resting ENaC 
activity is also increased, but suppressed aldosterone and 
downregulation of the α-subunit of ENaC blunts the role of 
amiloride-sensitive transport.392,393 Clamping mineralocorti-
coid activity at higher levels, via the administration of exog-
enous mineralocorticoid, reveals that P2Y2 receptor 
activation may be a major mechanism for the modulation 
of ENaC Po in response to changes in dietary Na+-Cl−.394 
Increased dietary Na+-Cl− thus leads to increased urinary 
ATP and UTP excretion in mice392; endogenous ATP from 
principal cells inhibits ENaC, and ENaC activity is not 
responsive to increased dietary Na+-Cl− in P2Y2 receptor 
knockout mice.392,394 In addition, the activation of apical 
ionotropic purinergic receptors, likely P2X4 and/or P2X4/
P2X6, can inhibit or activate ENaC, depending on luminal 
Na+ concentration; these receptors may also participate in 
fine-tuning ENaC activity in response to dietary Na+-Cl−.395

As in other segments of the nephron, Na+-Cl− transport 
by the CNT and CCD is modulated by metabolites of ara-
chidonic acid generated by cytochrome P450 monooxygen-
ases. In particular, arachidonic acid inhibits ENaC channel 
activity in the rat CCD via generation of the epoxygenase 
product 11,12-EET (epoxyeicosatrienoic acid) by the 
CYP2C23 enzyme expressed in principal cells.396 Targeted 
deletion of the murine Cyp4a10 enzyme, another P450 
monooxygenase, results in salt-sensitive hypertension; 
urinary excretion of 11,12-EET is reduced in these knockout 
mice, with a blunted effect of arachidonic acid on ENaC 
channel activity in the CCD.397 These mice also became 
normotensive after treatment with amiloride, indicative of 
in vivo activation of ENaC. It appears that deletion of 
Cyp4a10 reduces activity of the murine ortholog of rat 
CYPC23 (Cyp2c44 in mouse) and/or related expoxygenases 
via reduced generation of a ligand for PPARα (peroxisome 
proliferator–activated receptor α) that induces epoxygenase 
activity.397 The mechanism(s) whereby 11,12-EET inhibits 
ENaC are unknown as yet. However, renal 11,12-EET pro-
duction is known to be salt-sensitive, suggesting that genera-
tion of this mediator may serve to reduce ENaC activity 
during high dietary Na+-Cl− intake.396

Finally, activation of PPARγ by thiazolidinediones results 
in amiloride-sensitive hypertension, suggesting in vivo acti-
vation of ENaC.398,399 Thiazolidinediones (TZDs; e.g., rosigli-
tazone, pioglitazone, troglitazone) are insulin-sensitizing 
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Notably, however, changes in Na+-Cl− reabsorption by the 
proximal tubule have considerable effects on distal tubular 
flow and distal tubular Na+ delivery, with attendant effects 
on the excretory capacity for K+ (see later, “K+ Secretion by 
the Distal Convoluted Tubule, Connecting Tubule, and Cor-
tical Collecting Duct”).

The mechanisms involved in transepithelial K+ transport 
by the proximal tubule are not completely clear, although 
active transport does not appear to play a major role.410,411 
Luminal barium has modest effects on transepithelial K+ 
transport by the proximal tubule, suggesting a component 
of transcellular transport via barium-sensitive K+ channels.412 
However, the bulk of K+ transport is thought to occur via 
the paracellular pathway, driven by the lumen-positive 
potential difference in the mid to late proximal tubule (see 
Figure 6.3).412,413 The total K+ permeability of the proximal 
tubule is thus rather high, apparently due to features of the 
paracellular pathway.412,413 The combination of luminal K+ 
concentrations that are about 10% higher than that of 
plasma, a lumen-positive PD of about 2 mV (see Figure 6.3), 
and high paracellular permeability leads to considerable 
paracellular absorption in the proximal tubule. This absorp-
tion is thought to primarily proceed via convective 
transport—solvent drag due to frictional interactions 
between water and K+—rather than diffusional transport.414 
Notably, however, the primary pathway for water movement 
in the proximal tubule is conclusively transcellular via 
aquaporin-1 and aquaporin-7 water channels in the apical 
and basolateral membrane.17,29,30 Therefore, the apparent 
convective transport of K+ would have to constitute so-called 
pseudosolvent drag, with hypothetical uncharacterized 
interactions between water traversing the transcellular route 
and diffusion of K+ along the paracellular pathway.414

LOOP OF HENLE AND MEDULLARY  
K+ RECYCLING

Transport by the loop of Henle plays a critical role in medul-
lary K+ recycling (Figure 6.24). Several lines of evidence 
have indicated that a considerable fraction of K+ secreted by 
the CCD is reabsorbed by the medullary collecting ducts 
and then secreted into the late proximal tubule and/or 
descending thin limbs of long-looped nephrons.415 In 
potassium-loaded rats, there is thus a doubling of luminal 
K+ in the terminal thin descending limbs, with a sharp drop 
after inhibition of CCD K+ secretion by amiloride.416 
Enhancement of CCD K+ secretion by treatment with 
DDAVP also results in an increase in luminal K+ in the 
descending thin limbs.417 This recycling pathway (secretion 
in CCD, absorption in OMCD and IMCD, secretion in 
descending thin limb) is associated with a marked increase 
in medullary interstitial K+. Passive transepithelial K+ absorp-
tion by the thin ascending limb and active absorption by the 
TAL also contribute to this increase in interstitial K+ (see 
Figure 6.24).167 Specifically, the absorption of K+ by the 
ascending thin limb, TAL, and OMCD exceeds the secretion 
by the descending thin limbs, thus trapping K+ in the 
interstitium.

The physiologic significance of medullary K+ recycling is 
not completely clear. However, an increase in interstitial K+ 
concentration from 5 to 25 mmol/L dramatically inhibits 
Cl− transport by perfused thick ascending limbs.167 By 

renal K+ secretion. K+ secretion in the distal colon is 
increased after dietary loading and in end-stage kidney 
disease (ESKD).12,407,408 However, the colon has a relatively 
limited capacity for K+ excretion, such that changes in renal 
K+ excretion play the dominant role in responding to 
changes in K+ intake. In particular, regulated K+ secretion 
by the CNT and CCD play a critical role in the response to 
hyperkalemia and K+ loading; increases in the reabsorption 
of K+ by the CCD and OMCD function in the response to 
hypokalemia or K+ deprivation.

This section reviews the mechanisms and regulation of 
transepithelial K+ transport along the nephron. As in other 
sections of this chapter, the emphasis is on particularly 
recent developments in the molecular physiology of renal 
K+ transport. Of note, transport pathways for K+ play impor-
tant roles in renal Na+-Cl− transport, particularly within the 
TAL. Furthermore, Na+ absorption via ENaC in the 
aldosterone-sensitive distal nephron generates a lumen-
negative potential difference that drives distal K+ excretion. 
These pathways are primarily discussed in the section on 
renal Na+-Cl− transport; related issues relevant to K+ homeo-
stasis per se will be specifically addressed in this section.

PROXIMAL TUBULE

The proximal tubule reabsorbs some 50% to 70% of filtered 
K+ (Figure 6.23). Proximal tubules generate minimal trans-
epithelial K+ gradients, and fractional reabsorption of K+ is 
similar to that of Na+.253 K+ absorption follows that of fluid, 
Na+, and other solutes, such that this nephron segment does 
not play a direct role in regulated renal excretion.409,410 

Figure 6.23  K+ transport along the nephron. Approximately 90% of 
filtered K+ is reabsorbed by the proximal tubule and the loop of Henle. 
K+  is  secreted  along  the  initial  and  cortical  collecting  tubule.  Net 
reabsorption occurs in response to K+ depletion, primarily within the 
medullary  collecting duct. ADH, Antidiuretic hormone; ALDO, aldo-
sterone;  CCT,  cortical  collecting  tubule;  DCT,  distal  convoluted 
tubule; ICT, initial connecting tubule; MCD, medullary collecting duct; 
PCT,  proximal  tubule;  R,  reabsorption;  S,  secretion;  TAL,  thick 
ascending limb. 
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K+ SECRETION BY THE DISTAL CONVOLUTED 
TUBULE, CONNECTING TUBULE, AND  
CORTICAL COLLECTING DUCT

Approximately 90% of filtered K+ is reabsorbed by the proxi-
mal tubule and loop of Henle (see Figure 6.23); the fine 
tuning of renal K+ excretion occurs in the remaining distal 
nephron. The bulk of regulated secretion occurs in princi-
pal cells within the CNT and CCD, whereas K+ reabsorption 
primarily occurs in the OMCD (see below). K+ secretion is 
initially detectable in the early DCT, in which NCC-positive 
cells express ROMK, the apical K+ secretory channel.175,419 
Generally, the CCD is considered the primary site for distal 
K+ secretion, partially due to the greater ease with which this 
segment is perfused and studied. However, as is the case for 
Na+-Cl− absorption (see “Connecting Tubules and the Corti-
cal Collecting Duct: Apical Na+ Transport), the bulk of distal 
K+ secretion appears to occur prior to the CCD, within the 
CNT.253,319

In principal cells, apical Na+ entry via ENaC generates a 
lumen-negative PD, which drives passive K+ exit through 
apical K+ channels. Distal K+ secretion is therefore depen-
dent on delivery of adequate luminal Na+ to the CNT and 
CCD, essentially ceasing when luminal Na+ drops below 
8 mmol/L.420-422 Dietary Na+ intake also influences K+ excre-
tion, such that excretion is enhanced by excess Na+ intake 
and reduced by Na+ restriction.420,421 Secreted K+ enters prin-
cipal cells via the basolateral Na+-K+-ATPase, which also gen-
erates the gradient that drives apical Na+ entry via ENaC 
(see Figure 6.23).

Two major subtypes of apical K+ channels function in 
secretion by the CNT and CCD, with or without the DCT; a 
small-conductance (SK), 30-pS channel and a large-
conductance, Ca2+-activated, 150-pS (maxi-K or BK) 
channel.176,319,423 The density and high Po of the SK channel 
indicates that this pathway alone is sufficient to mediate the 
bulk of K+ secretion in the CCD under baseline conditions—
hence, its designation as the secretory K+ channel.424 Notably, 
SK channel density is considerably higher in the CNT than 
in the CCD, consistent with the greater capacity for Na+ 
absorption and K+ secretion in the CNT.31 The characteris-
tics of the SK channel are similar to those of the ROMK K+ 
channel, and ROMK protein has been localized at the apical 
membrane of principal cells.175,425 SK channel activity is 
absent from apical membranes of the CCD in homozygous 
knockout mice with a targeted deletion of the Kcnj1 gene 
that encodes ROMK, definitive proof that ROMK is the SK 
channel.176 The observation that these knockout mice are 
normokalemic, with an increased excretion of K+, illustrates 
the considerable redundancy in distal K+ secretory pathways; 
distal K+ secretion in these mice is mediated by apical BK 
channels (see below).176,426 Of interest, loss-of-function 
mutations in human KCNJ1 genes are associated with Bart-
ter’s syndrome; ROMK expression is critical for the 30- and 
70-pS channels that generate the lumen-positive PD in  
the TAL (see Figure 6.15).176,177 These patients typically 
have slightly higher serum K+ levels than those with other 
genetic forms of Bartter’s syndrome, and affected patients 
with severe neonatal hyperkalemia have also been described; 
this neonatal hyperkalemia is presumably the result of a 
transient developmental deficit in apical BK channel 
activity.12,169

inhibiting Na+-Cl− absorption by the TAL, increases in inter-
stitial K+ would increase Na+ delivery to the CNT and CCD, 
thus enhancing the lumen-negative PD in these tubules and 
increasing K+ secretion.167 Alternatively, the marked increase 
in medullary interstitial K+ after dietary K+ loading serves to 
limit the difference between luminal and peritubular K+ in 
the CCD, thus minimizing passive K+ loss from the collecting 
duct.

K+ is secreted into the descending thin limbs by passive 
diffusion, driven by the high medullary interstitial K+ con-
centration. Descending thin limbs thus have a very high K+ 
permeability, without evidence for active transepithelial K+ 
transport.418 Transepithelial K+ transport by ascending thin 
limbs has not to our knowledge been measured; however, 
as is the case for Na+-Cl− transport (see earlier, “Na+-Cl− 
Transport by the Thin Ascending Limb”), the absorption of 
K+ by the thin ascending limbs is presumably passive. Active 
transepithelial K+ transport across the TAL includes a trans-
cellular component, via apical Na+-K+-2Cl− cotransport 
mediated by NKCC2, and a paracellular pathway (see Figure 
6.15). Luminal K+ channels play a critical role in generating 
the lumen-positive PD in the TAL, as summarized earlier 
(see “Na+-Cl− Transport by the Thick Ascending Limb: 
Apical K+ Channels”).

Figure 6.24  Schematic  representation  of  medullary  K+  recycling. 
Medullary interstitial K+ increases considerably after dietary K+ loading 
due to the combined effects of secretion  in the CCD, absorption  in 
the  OMCD,  TAL,  and  IMCD,  and  secretion  in  the  descending  thin 
limb. See text  for details.  (From Stokes JB: Consequences of potas-
sium recycling in the renal medulla. Effects of ion transport by the medul-
lary thick ascending limb of Henle’s loop. J Clin Invest 70:219-229, 
1982.)
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tubules; flow-activated BK channels reduce the cell volume 
of intercalated cells after K+ loading, reducing tubular resis-
tance, increasing tubular flow rates, and increasing distal K+ 
secretion.433

The physiologic rationale for the presence of two apical 
secretory K+ channels, ROMK/SK and BK channels, is not 
completely clear. However, the high density and higher Po 
of ROMK/SK channels is perhaps better suited for a role in 
basal K+ secretion, with additional recruitment of the higher 
capacity, flow-activated BK channels when additional K+ 
secretion is required.423 Evolving evidence has also indicated 
that BK channels function in partially Na+-independent K+ 
secretion by intercalated cells, with ROMK functioning in 
ENaC- and Na+-dependent K+ excretion by DCT, CNT, and 
CCD cells. Regardless, at the whole-organ level, the two K+ 
channels can substitute for one another, with BK-dependent 
K+ secretion in ROMK knockout mice and an upregulation 
of ROMK in the distal nephron of α1-subunit BK 
knockouts.426,429

Other K+ channels reportedly expressed at the luminal 
membranes of the CNT and CCD include voltage-sensitive 
channels such as Kv1.3, the calcium-activated, small-
conductance SK3 channel, and double-pore K+ channels, 
such as TWIK-1 and KCNQ1.439-441,443 KCNQ1 mediates K+ 
secretion in the inner ear and is expressed at the apical 
membrane of principal cells in the CCD, whereas TWIK-1 
is expressed at the apical membrane of intercalated 
cells.442,443 The roles of these channels in renal K+ secretion 
or absorption are not fully characterized. However, Kv1.3 
may play a role in distal K+ secretion in that luminal marga-
toxin, a specific blocker of this channel, reduces K+ 
secretion in CCDs of rat kidneys from animals on a high-K+ 
diet.444 Other apical K+ channels in the distal nephron 
may subserve other physiologic functions. For example,  
the apical Kv1.1 channel is critically involved in Mg2+ trans-
port by the DCT, likely by hyperpolarizing the apical mem-
brane and increasing the driving force for Mg2+ influx 
via TRPM6 (transient receptor potential cation channel 6); 
missense mutations in Kv1.1 are a cause of genetic 
hypomagnesemia.445

K+ channels present at the basolateral membrane of prin-
cipal cells appear to set the resting potential of the basolat-
eral membrane and function in K+ secretion and Na+ 
absorption at the apical membrane, the latter via K+ recy-
cling at the basolateral membrane to maintain activity of the 
Na+-K+-ATPase. A variety of different K+ channels have been 
described in the electrophysiologic characterization of the 
basolateral membrane of principal cells, which has a number 
of technical barriers to overcome.446 However, a single pre-
dominant activity has been identified in principal cells from 
the rat CCD using whole-cell recording techniques under 
conditions in which ROMK is inhibited (low intracellular 
pH or presence of the ROMK inhibitor tertiapin-Q).446 This 
basolateral current is tetraethylammonium (TEA)-insensi-
tive, barium-sensitive, and acid-sensitive (pKa ≅ 6.5), with a 
conductance of about 17 pS and weak inward rectification. 
These properties do not correspond exactly to specific char-
acterized K+ channels or combinations thereof. However, 
candidate inward-rectifying K+ channel subunits that have 
been localized at the basolateral membrane of the CCD 
include KIR4.1, KIR5.1, KIR7.1, and KIR2.3.446 A more 
recent report suggested that KIR4.1 and KIR5.1 channels 

The apical Ca2+-activated BK channel plays a critical role 
in flow-dependent K+ secretion by the CNT and CCD.423 BK 
channels have a heteromeric structure, with α-subunits that 
form the ion channel pore and modulatory β-subunits that 
affect the biophysical, regulatory, and pharmacologic char-
acteristics of the channel complex.423 BK α-subunit tran-
scripts are expressed in multiple nephron segments, and 
channel protein is detectable at the apical membrane of 
principal and intercalated cells in the CCD and CNT.423 The 
β-subunits are differentially expressed within the distal 
nephron. Thus, β1-subunits are restricted to the CNT, with 
no expression in intercalated cells, whereas β4-subunits are 
detectable at the apical membranes of the TAL, DCT, and 
intercalated cells.423,427 Increased distal flow has a well-
established stimulatory effect on K+ secretion, due in part 
to enhanced delivery and absorption of Na+ and to increased 
removal of secreted K+.420,421 The pharmacology of flow-
dependent K+ secretion in the CCD is consistent with domi-
nant involvement of BK channels, and flow-dependent K+ 
secretion is reduced in mice with targeted deletion of the 
α1- and β1-subunits.423,428-430 Both mice strains develop hyper-
aldosteronism that is exacerbated by a high-K+ diet, leading 
to hypertension in the α1-subunit knockout.430

One enigma has been the greater density of BK channels 
in intercalated cells in both the CCD and CNT.431,432 This 
has suggested a major role for intercalated cells in K+ secre-
tion; however, the much lower density of Na+-K+-ATPase 
activity in intercalated cells has been considered inadequate 
to support K+ secretion across the apical membrane.433 More 
recent evidence has revealed a major role for the basolateral 
Na+-K+-2Cl− cotransporter NKCC1 in K+ secretion mediated 
by apical BK channels. NKCC1 is expressed almost exclu-
sively at the basolateral membrane of intercalated cells, pro-
viding an alternative entry pathway for basolateral K+ 
secreted at the apical membrane.434,435 This still begs the 
question of how basolateral Na+ recycles across the basolat-
eral membrane in the absence of significant Na+-K+-ATPase 
activity; one possibility is an alternative basolateral Na+ 
pump, the ouabain-insensitive furosemide-sensitive Na+-
ATPase, a transport activity that has been detected in cell 
culture models of intercalated cells.434 At the apical mem-
brane, BK-mediated K+ secretion is only partially dependent 
on luminal Na+; K+ secretion would eventually hyperpolarize 
the membrane in the absence of apical Na+ entry, which is 
mediated by ENaC in principal cells.436 An intriguing pos-
sibility is that apical Cl− channels allow for the parallel secre-
tion of K+ and Cl− in intercalated cells.437

BK channels also play a critical role in cell volume regula-
tion by intercalated cells, with indirect, flow-mediated influ-
ences on distal K+ secretion. MDCK-C11 cells have an 
intercalated cell phenotype and express BK α- and β4-
subunits, as do intercalated cells; shear stress activates BK 
channels in these cells, leading to loss of K+ and cell shrink-
age.427,438 Mice with a targeted deletion of the β4-subunit 
exhibit normal K+ excretion on a normal diet.433 However, 
when fed a high-K+ diet, which increases urinary and tubular 
flow rates and tubular shear stress, the β4-knockout mice 
develop hyperkalemia with a blunted increase in K+ excre-
tion and urinary flow rates. Intercalated cells from β4-
knockouts fail to significantly decrease cell volume in 
response to high-K+ diet. Intercalated cells thus function as 
so-called speed bumps that protrude into the lumen of distal 
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units of the basolateral Na+-K+-ATPase.456 HKα1 and HKα2 
are also referred to as the gastric and colonic subunits, 
respectively; humans also have an HKα4-subunit.456,457 
A specific HKβ-subunit interacts with the HKα-subunits to 
ensure delivery to the cell surface and complete expression 
of H+-K+-ATPase activity; HKα2- and HKα4-subunits are 
also capable of interaction with Na+-K+-ATPase β-subunits.12,458 
The pharmacology of H+-K+-ATPase holoenzymes differs 
considerably, such that the gastric HKα1–subunit is typically 
sensitive to the H+-K+-ATPase inhibitors SCH-28080 and 
omeprazole and resistant to ouabain; the colonic HKα2-
subunit is usually sensitive to ouabain and resistant to  
SCH-28080.458 Within the kidney, the HKα1-subunit is 
expressed at the apical membrane of at least a subset of  
type A intercalated cells in the distal nephron.457 HKα2-
subunit distribution in the distal nephron is more diffuse, 
with robust expression at the apical membrane of types  
A and B intercalated cells and connecting segment cells  
and lesser expression in principal cells.459-461 The human 
HKα4-subunit is reportedly expressed in intercalated 
cells.457

HKα1- and HKα2-subunits are both constitutively ex-
pressed in the distal nephron. However, tubule perfusion  
of K+-replete animals suggests a functional dominance of 
omeprazole/SCH-28080–sensitive, ouabain-resistant H+-K+-
ATPase activity, consistent with holoenzymes containing the 
HKα1-subunit.462 K+ deprivation increases the overall activity 
of H+-K+-ATPase in the collecting duct, with the emergence 
of ouabain-sensitive H+-K+-ATPase activity; this is consistent 
with a relative dominance of the HKα2-subunit during K+-
restricted conditions.12 K+ restriction also induces a dramat-
ic upregulation of the HKα2-subunit transcript and protein 
in the outer and inner medulla during K+ depletion; HKα1-
subunit expression is unaffected.12 Mice with a targeted de-
letion of the HKα2-subunit exhibit lower plasma and muscle 
K+ than wild-type littermates when maintained on a K+-defi-
cient diet. However, this appears to be due to marked loss 
of K+ in the colon rather than in the kidney, because renal 
K+ excretion is appropriately reduced in the K+-depleted 
knockout mice.463 Presumably the lack of an obvious renal 
phenotype in HKα1- or HKα2-subunit knockout mice re-
flects the marked redundancy in the expression of HKα-
subunits in the distal nephron.463,464 Indeed, collecting ducts 
from the HKα1-subunit knockout mice have significant re-
sidual ouabain-resistant and SCH-28080–sensitive H+-K+-
ATPase activities, consistent with the expression of other 
HKα-subunits that confer characteristics similar to the 
“gastric” H+-K+-ATPase.465 However, data from HKα1- and 
HKα2-subunit knockout mice have suggested that compen-
satory mechanisms in these mice are not accounted for by 
ATPase-type mechanisms.466

The importance of K+ reabsorption mediated by the col-
lecting duct is dramatically illustrated by the phenotype of 
transgenic mice with generalized overexpression of a gain-
of-function mutation in H+-K+-ATPase, effectively bypassing 
the redundancy and complexity of this reabsorptive pathway. 
This transgene expresses a mutant form of the HKβ-subunit, 
in which a tyrosine-to-alanine mutation within the C-terminal 
tail abrogates regulated endocytosis from the plasma mem-
brane; these mice have higher plasma K+ than their wild-
type littermates, with approximately half the fractional 
excretion of K+.467

generate a predominant 40-pS basolateral K+ channel in 
murine principal cells.447 Notably, basolateral K+ channel 
activity increases on a high-K+ diet, suggesting a role in 
transepithelial K+ secretion.446

In addition to apical K+ channels, considerable evidence 
has implicated apical K+-Cl− cotransport (or functionally 
equivalent pathways) in distal K+ secretion.61,420,448,449 Thus, 
in rat distal tubules, a reduction in luminal Cl− markedly 
increases K+ secretion; the replacement of luminal Cl− 
with SO4

− or gluconate has an equivalent stimulatory effect 
on K+ secretion.450 This anion-dependent component of K+ 
secretion is not influenced by luminal Ba2+, suggesting 
that it does not involve apical K+ channel activity.450 Perfused 
surface distal tubules are a mixture of the DCT, connecting 
segment, and initial collecting duct; however, Cl−-coupled 
K+ secretion is detectable in the DCT and in early CNT.451 
In addition, similar pathways are detectable in rabbit  
CCD, where a decrease in luminal Cl− concentration from 
112 to 5 mmol/L increases K+ secretion by 48%.452 A reduc-
tion in basolateral Cl− also decreases K+ secretion without 
an effect on transepithelial voltage or Na+ transport, and the 
direction of K+ flux can be reversed by a lumen to bath 
Cl− gradient, resulting in K+ absorption.452 In perfused CCDs 
from rats treated with mineralocorticoid, vasopressin 
increases K+ secretion; because this increase in K+ secretion 
is resistant to luminal Ba2+ (2 mmol/L), vasopressin may 
stimulate Cl−-dependent K+ secretion.12,453 Pharmacologic 
study results of perfused tubules are consistent with K+-Cl− 
cotransport mediated by the KCCs; however, of the three 
renal KCCs, only KCC1 is apically expressed along the 
nephron.61,449 Other functional possibilities for Cl−-
dependent K+ secretion include parallel operation of apical 
H+-K+-exchange and Cl−-HCO3

− exchange in type B interca-
lated cells.448

A provocative study by Frindt and Palmer serves to under-
line the importance of ENaC-independent K+ excretion, 
whether it is mediated by apical K+-Cl− cotransport and/or 
by other mechanisms (see also “Integrated Na+-Cl− and K+ 
Transport in the Distal Nephron”).454 Rats were infused with 
amiloride via osmotic minipumps, generating urinary con-
centrations considered sufficient to inhibit more than 98% 
of ENaC activity. Whereas amiloride almost abolished K+ 
excretion in rats on a normal K+ intake, acute and long-term 
high-K+ diets led to an increasing fraction of K+ excretion 
that was independent of ENaC activity (≈50% after 7 to 9 
days on a high-K+ diet).

K+ REABSORPTION BY THE COLLECTING DUCT

In addition to K+ secretion, the distal nephron is capable of 
considerable reabsorption, primarily during restriction of 
dietary K+.253-255 This reabsorption is accomplished largely 
by intercalated cells in the OMCD via the activity of apical 
H+/K+-ATPase pumps. Under K+-replete conditions, apical 
H+/K+-ATPase activity recycles K+ with an apical K+ channel, 
without an effect on transepithelial K+ absorption. Under 
K+-restricted basolateral conditions, K+ absorbed via apical 
H+/K+-ATPase appears to exit intercalated cells via a K+ 
channel, thus achieving the transepithelial transport of 
K+.455

H+-K+-ATPase holoenzymes are members of the P-type 
family of ion transport ATPases, which also includes sub-
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and CCD.476 This hormone activates ENaC via interrelated 
effects on the synthesis, trafficking, and membrane-
associated activity of the subunits encoding the channel (see 
“Regulation of Na+-Cl− Transport in the Connecting Tubule 
and Cortical Collecting Duct”). Aldosterone is thus induced 
by a high-K+ diet and strongly stimulates apical ENaC activ-
ity, which provides the lumen-negative PD that stimulates K+ 
secretion by principal cells.

The important relationships between K+ and aldosterone 
notwithstanding, it is increasingly clear that much of the 
adaptation to a high-K+ intake is aldosterone-independent. 
For example, a high-K+ diet in adrenalectomized animals 
increases apical Na+ reabsorption and K+ secretion in the 
CCD.477 At the tubular level, when basolateral K+ is increased, 
there is significant activation of Na+-K+-ATPase, accompa-
nied by a secondary activation of apical Na+ and K+ chan-
nels.478 Increased dietary K+ also markedly increases the 
density of SK channels in the CCD, along with a modest 
increase in Na+ channel (ENaC) density; this is associated 
with changes in the subcellular distribution of the ROMK 
protein, with an increase in apical expression.476,479 Notably, 
this increase in ENaC and SK density in the CCD occurs 
within hours of consuming a high-K+ diet, with a minimal 
associated increase in circulating aldosterone (Figure 
6.25).480 In contrast, a week of low Na+-Cl− intake, with 
almost a thousand-fold increase in aldosterone, has no 
effect on SK channel density, nor for that matter does 2 days 
of aldosterone infusion, despite the development of hypo-
kalemia (see Table 6.1).480 Of note, unlike the marked 
increase seen in the CCD, the density of SK channels in the 
CNT is not increased by high dietary K+.319,476,480 This appears 
to be due to difficulties in estimating channel densities in 
small membrane patches, because measurement of whole 
cell currents using the ROMK inhibitor tertiapin-Q indi-
cates an upregulation of ROMK activity in the CNT by a 
high-K+ diet.481

BK channels in the CNT and CCD play an important role 
in the flow-activated component of distal K+ excretion; these 
channels are also activated by dietary K+ loading.423 Flow-
stimulated K+ secretion by the CCD of mice and rats is thus 
enhanced on a high-K+ diet, with an absence of flow-
dependent K+ secretion in rats on a low-K+ diet.426,482 This is 
accompanied by the appropriate changes in transcript levels 
for α- and β2-4-subunits of the BK channel proteins in micro-
dissected CCDs (β1-subunits are restricted to the CNT).423 
Trafficking of BK subunits is also affected by dietary K+, with 
a largely intracellular distribution of α-subunits in K+-
restricted rats and prominent apical expression in K+-loaded 
rats.482 Aldosterone does not contribute to the regulation of 
BK channel activity or expression in response to a high-K+ 
diet.483

The changes in trafficking and/or activity of the ROMK 
channel that are induced by dietary K+ appear in large part 
to involve tyrosine phosphorylation and dephosphorylation 
of the ROMK protein (see below). However, a series of 
reports have linked changes in expression of WNK1 kinase 
subunits in the response to a high K+ diet. WNK1 and WNK4 
were initially identified as causative genes for familial hyper-
tension with hyperkalemia (FHHt), also known as Gordon’s 
syndrome or pseudohypoaldosteronism type II (see also 
“Regulation of Na+-Cl− Transport in the Distal Convoluted 
Tubule”). ROMK expression at the membrane of Xenopus 

REGULATION OF DISTAL K+ TRANSPORT

MODULATION OF RENAL OUTER MEDULLARY 
POTASSIUM ACTIVITY
ROMK and other Kir channels are inward-rectifying—that 
is, K+ flows inward more readily than outward (Kir, inward 
rectifying renal K+ channel). Even though outward conduc-
tance is usually less than inward conductance, K+ efflux 
through the ROMK predominates in the CNT and CCD 
because the membrane potential is more positive than the 
equilibrium potential for K+. Intracellular magnesium 
(Mg2+) and polyamines play key roles in inward rectification, 
binding and blocking the pore of the channel from the 
cytoplasmic side.468-470 A single transmembrane residue, 
asparagine-171 in ROMK1, controls the affinity and block-
ing effect of Mg2+ and polyamines.468,469 Intracellular Mg2+ in 
the TAL, DCT, CNT, and principal cells is thought to have 
a significant effect on ROMK activity because it inhibits 
outward ROMK-dependent currents in principal cells.471 
The blocking affinity of Mg2+ is enhanced at lower extracel-
lular K+ concentrations, which should aid in reducing K+ 
secretion during hypokalemia and K+ deficiency.471A reduc-
tion of this intracellular Mg2+ block may also explain the 
hypokalemia associated with hypomagnesemia, wherein 
distal K+ secretion is enhanced.470,471

In addition to inward rectification, the endogenous 
ROMK channels in the TAL and principal cells exhibit a 
very high channel Po. The high Po of ROMK is maintained 
by the combined effects of binding of PIP2 to the channel 
protein, direct channel phosphorylation by PKA, ATP 
binding to the ROMK-CFTR complex, and cytoplasmic pH. 
PIP2 binding to ROMK is thus required to maintain the 
channel in an open state, whereas cytoplasmic acidification 
inhibits the channel.472 PKA phosphorylates ROMK protein 
at one N-terminal serines and two C-terminal serines—S25, 
S200, and S294 in the ROMK2 isoform.229 Phosphorylation 
of all three sites is required for full channel function. Phos-
phorylation of the N-terminal site overrides the effect of a 
carboxy-terminal endoplasmic reticulum retention signal, 
thus increasing expression of the channel protein at the cell 
membrane.473 Phosphorylation of S200 and S294 maintains 
the channel in a high Po state, in part by modulating the 
effects of PIP2, ATP, and pH.179,231,232

Because ROMK channels exhibit such a high Po, physio-
logic regulation of the channel is primarily achieved by 
regulated changes in the number of active channels on the 
plasma membrane. The associated mechanisms are dis-
cussed in the context of the adaptation to K+ loading and 
hyperkalemia and K+ deprivation and hypokalemia.

ALDOSTERONE AND K+ LOADING
Aldosterone has a potent kaliuretic effect, with important 
interrelationships between circulating K+ and aldosterone.474 
Aldosterone release by the adrenal is thus induced by hyper-
kalemia and/or a high-K+ diet, suggesting an important feed-
back effect of aldosterone on K+ homeostasis.475 Aldosterone 
also has clinically relevant effects on K+ homeostasis, with a 
clear relationship at all levels of serum K+ between circulating 
levels of the hormone and the ability to excrete K+.

Aldosterone has no effect on the density of apical SK 
channels in the CCD; it does, however, induce a marked 
increase in the density of apical Na+ channels in the CNT 
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Figure 6.25  A high-K+ diet rapidly activates SK channels in the CCD, 
mediated by the ROMK (Kir 1.1) K+ channel. Histograms of channels/
patch  are  shown  for  rats  on  a  control  diet  (A),  a  high-K  diet  for  6 
hours (B), and a high-K diet for 48 hours (C). Each determination of 
N represents a single cell-attached patch. A high-K+ diet results in a 
progressive  recruitment  of  SK  channels  at  the  apical  membrane. 
(From Palmer LG, Frindt G: Regulation of apical K channels in rat cortical 
collecting tubule during changes in dietary K intake. Am J Physiol 
277:F805-F812, 1999.)
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oocytes is dramatically reduced by coexpression of WNK4; 
FHHt-associated mutations dramatically increase this effect, 
suggesting a direct inhibition of SK channels in FHHt.484 
The study of WNK1 is further complicated by the transcrip-
tional complexity of its gene, which has at least three sepa-
rate promoters and a number of alternative splice forms 
(Figure 6.26). In particular, the predominant intrarenal 
WNK1 isoform is generated by a distal nephron transcrip-
tional site that bypasses the N-terminal exons that encode 
the kinase domain, yielding a kinase-deficient short form of 
the protein (“WNK1-S”).485 Full-length WNK1 (WNK1-L) 
inhibits ROMK activity by inducing endocytosis of the 
channel protein; kinase activity and/or the N-terminal 
kinase domain of WNK1 appear to be required for this 

effect, although Cope and colleagues have reported that a 
kinase-dead mutant of WNK1 is unimpaired.486-488 WNK1 
and WNK4 induce endocytosis of ROMK via interaction with 
intersectin, a multimodular endocytic scaffold protein.489 
Additional binding of ROMK to the clathrin adaptor protein 
termed autosomal recessive hypercholesterolemia (ARH) is 
required for basal and WNK1-stimulated endocytosis of the 
channel protein.490 Ubiquitination of ROMK protein is also 
involved in clathrin-dependent endocytosis, requiring inter-
action between the channel and the U3 ubiquitin ligase 
POSH (plenty of SH domains).491

The shorter WNK1-S isoform, which lacks the kinase 
domain, appears to inhibit the effect of WNK1-L.487,488 The 
ratio of WNK1-S to WNK1-L transcripts is reduced by K+ 
restriction (greater endocytosis of ROMK) and increased by 
K+ loading (reduced endocytosis of ROMK), suggesting that 
this ratio between WNK1-S and WNK1-L functions as a type 
of switch to regulate distal K+ secretion (see also Figure 
6.26).487,488,492 The inhibitory effect of WNK1-S tracks to the 
first 253 amino acids of the protein, encompassing the 
initial 30 amino acids unique to this isoform and an adjacent 
autoinhibitory domain.493 Transgenic mice that overexpress 
this inhibitory domain of WNK1-S have lower serum K+ 
concentrations, higher fractional excretion of K+, and 
increased expression of ROMK protein at the apical mem-
brane of CNT and CCD cells—all consistent with an impor-
tant inhibitory effect of WNK1-S.493

The BK channel is also regulated by the WNK kinases. 
WNK4 thus inhibits BK channel activity and protein expres-
sion, whereas FHHt-associated mutations in WNK4 also 
enhance the inhibitory effect via ubiquitination.494-496 WNK1 
in turn activates the channel by reducing ERK1/2 signaling–
mediated lysosomal degradation of the channel protein.497

K+ DEPRIVATION
A reduction in dietary K+ leads within 24 hours to a dramatic 
drop in urinary K+ excretion.492,498 This drop in excretion is 
due to both an induction of reabsorption by intercalated 
cells in the OMCD and to a reduction in SK channel activity 
in principal cells.12,254,255 The mechanisms involved in K+ 
reabsorption by intercalated cells are discussed above; 
notably, H+/K+-ATPase activity in the collecting duct does 
not appear to be regulated by aldosterone.499

Considerable progress has been made in defining the 
signaling pathways that regulate the activity of the SK channel 
(ROMK) in response to changes in dietary K+. Dietary K+ 
intake modulates trafficking of the ROMK channel protein 
to the plasma membrane of principal cells, with a marked 
increase in the relative proportion of intracellular channel 
protein in K+-depleted animals and clearly defined expres-
sion at the plasma membrane of CCD cells from animals on 
a high-K+ diet.479,500 The membrane insertion and activity of 
ROMK is modulated by tyrosine phosphorylation of the 
channel protein, such that phosphorylation of tyrosine 
residue 337 stimulates endocytosis and dephosphorylation 
induces exocytosis; this tyrosine phosphorylation appears to 
play a key role in the regulation of ROMK by dietary K+.501-503 
Whereas the levels of protein tyrosine phosphatase-1D do 
not vary with K+ intake, intrarenal activity of the cytoplasmic 
tyrosine kinases c-src and c-yes are inversely related to dietary 
K+ intake, with a decrease under high K+ conditions and a 
marked increase after several days of K+ restriction.12,504 
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Localization studies have indicated coexpression of c-src 
with ROMK in the TAL and principal cells of the CCD.479 
Moreover, inhibition of protein tyrosine phosphatase activ-
ity, leading to a dominance of tyrosine phosphorylation, 
dramatically increases the proportion of intracellular ROMK 
in the CCD of animals on a high-K+ diet.479

The neurohumoral factors that induce the K+-dependent 
trafficking and expression of apical ROMK and BK channels 
have only come into focus rather recently.479,482,500 Several 
studies have implicated the intrarenal generation of super-
oxide anions in the activation of cytoplasmic tyrosine kinases 
and downstream phosphorylation of the ROMK channel 
protein by K+ depletion.505-507 Potential candidates for the 

Figure 6.26  Model of NCC  regulation by  the WNK-SPAK/OSR1 signaling cascade. Several hormones are known  to stimulate NCC phos-
phorylation at sites  that are directly phosphorylated by SPAK and OSR1. The calcineurin  inhibitor  tacrolimus has similar effects,  leading  to 
thiazide-sensitive hypertension. The mechanisms likely involve activation of the upstream WNK kinases. In some cases, specifically aldosterone 
and angiotensin II, activation of the WNK-SPAK/OSR1 cascade is associated with increased trafficking of NCC to the apical membrane of DCT 
cells. NCC, Na+-Cl− cotransporter. (From Subramanya AR, Ellison DH: Distal convoluted tubule. Clin J Am Soc Nephrol 9:2147-2163, 2014.)
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Table 6.1 Effect of High-K+ Diet, Aldosterone, and/or Na+-Cl− Restriction on SK Channel Density in the Rat 
Cortical Collecting Duct

Parameter K+ Channel Density (µm2) Plasma Aldosterone (ng/dL) Plasma K (mmol/L)

Control 0.41 15 3.68
High-K+ diet, 6 hr 1.51 36 NM
High-K+ diet, 48 hr 2.13 98 4.37
Low-Na+ diet, 7 days 0.48 1260 NM
Aldosterone infusion, 48 hr 0.44 550 2.44
Aldosterone + high-K+ diet 0.32 521 3.80

NM, Not measured.
Modified from Palmer LG, Frindt G: Regulation of apical K channels in rat cortical collecting tubule during changes in dietary K intake. 

Am J Physiol 277:F805-F812, 1999.

upstream kaliuretic factor include Ang II and growth factors 
such as insulin-like growth factor-1 (IGF-1).505 Ang II inhibits 
ROMK activity in K+-restricted rats, but not rats on a normal 
K+ diet.508 This inhibition involves downstream activation of 
superoxide production and c-src activity, such that the well-
known induction of Ang II by a low-K+ diet appears to play 
a major role in reducing distal tubular K+ secretion.509

Reports of transient postprandial kaliuresis in sheep, 
independent of changes in plasma K+ or aldosterone, have 
suggested that an enteric or hepatoportal K+ sensor controls 
kaliuresis via a sympathetic reflex; tissue kallikrein has 
recently emerged as a candidate mediator for this postpran-
dial kaliuresis (see below).510 Regardless of the signaling 
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perfused CCDs from TK knockout mice, without develop-
ment of a lumen-negative PD; this is consistent with an 
increased activity of the electroneutral Na+-Cl− cotransport 
mediated by the Na+-driven SLC4A8 Cl−-HCO3

− exchanger 
and the SLC26A4 Cl−-HCO3

− exchanger (see also below).349 
This electroneutral transport pathway had previously been 
shown to be inhibited by bradykinin; hence, the activation 
by TK deletion presumably reflected loss of tonic inhibition 
by TK-generated bradykinin.347 Previous data had indicated 
that TK mediates proteolytic cleavage of the γ-subunit of 
ENaC, with reduced ENaC activity in TK-deficient mice; net 
Na+ balance is thus neutral in these mice.518

In summary, TK secretion from CNT cells is induced by 
oral K+-Cl− loading, causing proteolytic activation of ENaC 
and thus an increase in ENaC-driven K+ secretion, bradykinin-
dependent inhibition of electroneutral Na+-Cl− cotransport 
in the CCD.347,349,518 There is consequently a further augmen-
tation of electrogenic Na+ transport (favoring K+ secretion), 
and direct luminal inhibition of H+/K+-ATPase activity and 
thus a decrease or tonic inhibition of K+ reabsorption. TK 
may very well be the postprandial factor that functions in 
feed-forward control of plasma K+.510,511

INTEGRATED Na+-Cl− AND K+ TRANSPORT 
IN THE DISTAL NEPHRON

In the classic model of renal K+ secretion, the lumen-
negative potential difference generated by Na+ entry via 
ENaC induces the exit of K+ via apical K+-selective channels. 
This general scheme explains much of the known physiol-
ogy and pathophysiology of renal K+ secretion, yet has 
several key consequences that bear emphasis. First, enhanced 
Na+-Cl− reabsorption upstream of the CNT and CCD will 
reduce the delivery of luminal Na+ to the CNT and CCD, 
decrease the lumen-negative potential difference, and thus 
decrease K+ secretion; K+ secretion by the CCD essentially 
stops when luminal Na+ drops below 8 mmol/L.420-422 In this 
respect, the increasingly refined phenotypic understanding 
of FHHt, caused by kinase-induced gain of function of the 
DCT (see also “Regulation of Na+-Cl− Transport in the Distal 
Convoluted Tubule”), has served to underscore that varia-
tion in NCC-dependent Na+-Cl− absorption, just upstream of 
the CNT, has truly profound effects on the ability to excrete 
dietary K+.281 Second, aldosterone is a kaliuretic hormone, 
induced by hyperkalemia. However, under certain circum-
stances associated with marked induction of aldosterone, 
such as dietary sodium restriction, sodium balance is main-
tained without effects on K+ homeostasis. This so-called 
aldosterone paradox—how does the kidney independently 
regulate Na+-Cl− and K+ handling by the aldosterone-sensitive 
distal nephron?—is only recently beginning to yield to inves-
tigative efforts. The major factors in the integrated control 
of Na+-Cl− and K+ transport appear to include electroneutral 
thiazide-sensitive Na+-Cl− transport within the CCD (see 
“Connecting Tubules and the Cortical Collecting Duct: Elec-
troneutral Na+-Cl− Cotransport”), ENaC-independent K+ 
excretion within the distal nephron, and the differential 
regulation of various signaling pathways by aldosterone, 
Ang II, and dietary K+.347-349,454,519,520

Thiazide-sensitive electroneutral Na+-Cl− transport within 
the CCD is evidently mediated by the parallel activity of the 
Na+-driven SLC4A8 Cl−-HCO3

− exchanger and the SLC26A4 

involved, changes in dietary K+ absorption have a direct 
anticipatory effect on K+ homeostasis in the absence of 
changes in plasma K+. Such a feed-forward control has the 
theoretical advantage of greater stability because it operates 
prior to changes in plasma K+.511 Notably, changes in ROMK 
phosphorylation status and insulin-sensitive muscle uptake 
can be seen in K+-deficient animals in the absence of a 
change in plasma K+, suggesting that upstream activation of 
the major mechanisms that serve to reduce K+ excretion 
(reduced K+ secretion in the CNT and CCD, decreased 
peripheral uptake, and increased K+ reabsorption in the 
OMCD) does not require changes in plasma K+.512 Consis-
tent with this hypothesis, moderate K+ restriction, without 
an associated drop in plasma K+, is sufficient to induce Ang 
II–dependent superoxide generation and c-src activation, 
leading to inhibition of ROMK channel activity.509

VASOPRESSIN
Vasopressin has a well-characterized stimulatory effect on K+ 
secretion by the distal nephron.417,513 Teleologically, this 
vasopressin-dependent activation serves to preserve K+ 
secretion during dehydration and extracellular volume 
depletion, when circulating levels of vasopressin are high 
and tubular delivery of Na+ and fluid is reduced. The stimu-
lation of basolateral V2Rs results in an activation of ENaC, 
which increases the driving force for K+ secretion by princi-
pal cells; the relevant mechanisms have been discussed 
earlier in this chapter (see “Regulation of Na+-Cl− Transport 
in the Connecting Tubule and Cortical Collecting Duct: 
Vasopressin and Other Factors”). In addition, vasopressin 
activates SK channels directly in the CCD, as does cAMP.424,514 
The ROMK is directly phosphorylated by PKA on three 
serine residues (S25, S200, and S294 in the ROMK2 isoform), 
with phosphorylation of all three sites required for full activ-
ity in Xenopus oocytes (see “Regulation of Na+-Cl− Transport 
by the Thick Ascending Limb: Activating Influences”). 
Finally, the stimulation of luminal V1 receptors also stimu-
lates K+ secretion in the CCD, apparently via activation of 
BK channels.515

TISSUE KALLIKREIN
The serine protease tissue kallikrein (TK) is involved in the 
generation of kinins, ultimately stimulating the formation 
of bradykinin.516 Within the kidney, TK is synthesized in 
CNT cells and released into the tubular lumen and peritu-
bular interstitium. Although TK-induced bradykinin has a 
number of effects on distal tubular physiology, more recent 
data have revealed a provocative role in postprandial kali-
uresis.516 Thus, oral K+-Cl− loading leads to a spike in urinary 
K+ and TK excretion in rats, mice, and humans.516 The 
increase in urinary TK after K+ loading is not accompanied 
by changes in urinary aldosterone and can be detected in 
aldosterone synthase knockout mice.517 Mice deficient in TK 
demonstrate postprandial hyperkalemia, indicating a role 
for the protease in postprandial kaliuresis. This transient 
hyperkalemia is accompanied by a marked increase in K+ 
reabsorption by perfused CCDs due to an upregulation of 
H+/K+-ATPase activity and an increase in HKα2-subunit tran-
script. The addition of luminal but not basolateral TK inhib-
its the activated CCD H+/K+-ATPase activity in the TK 
knockout mice, consistent with direct proteolytic activation. 
There is also a marked increase in Na+ reabsorption by 
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of Distal K+ Transport”).501,503,525 The increase in c-src tyro-
sine kinase activity also abrogates the effect of SGK1 on 
WNK4.520
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port”).349 The molecular identity of this transport mecha-
nism has only emerged rather recently, so regulatory 
influences are not fully characterized.349 However, electro-
neutral Na+-Cl− transport within the CCD is evidently 
induced by volume depletion and mineralocorticoid 
treatment.347-349 This mechanism appears to mediate about 
50% of Na+ reabsorption in the CCD under these condi-
tions, all without affecting the luminal PD and thus without 
direct effect on K+ excretion. Therefore, electroneutral, 
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increase the reabsorption of Na+ within the CCD without 
affecting K+ excretion. The converse occurs after several 
days accommodation to a high-K+ diet, which increases the 
fraction of ENaC-independent, amiloride-resistant K+ excre-
tion to about 50%. Again, this presumptively electroneutral, 
aldosterone-independent pathway for K+ excretion serves to 
uncouple distal tubular Na+ and K+ excretion.454

In a landmark study in 2003, Kahle and coworkers estab-
lished that the WNK4 kinase, encoded by a disease gene  
for FHHt, causes inhibition of ROMK activity in Xenopus 
oocytes; FHHt-associated mutations potentiated this effect.484 
This identified WNK-dependent signaling as a major 
pathway for integrating Na+-Cl− and K+ transport within the 
distal nephron. Details of the relevant effects of WNK 
kinases on NCC and ROMK are discussed earlier (see Figure 
6.26, “Regulation of Distal K+ Transport,” and “Regulation 
of Na+-Cl− Transport in the Connecting Tubule and Cortical 
Collecting Duct”). However, key findings include the dif-
ferential influence of K+ intake on circulating Ang II, ROMK 
activity (i.e., K+ secretory capacity), ratio of WNK1 isoforms, 
and activity of NCC in the DCT. Thus, Ang II activates NCC 
via the WNK4-SPAK pathway, reducing delivery of Na+ to the 
CNT and limiting K+ secretion.310,521,522 In contrast, Ang II 
inhibits ROMK activity via several mechanisms, including 
downstream activation of c-src tyrosine kinases.507-509 Whereas 
K+ restriction induces renin and circulating Ang II, increases 
in dietary K+ are suppressive.509,523 A decrease in circulating 
and local Ang II partially explains why NCC phosphoryla-
tion and activity is downregulated by a high-K+ diet; teleo-
logically, this serves to increase delivery of Na+ to the CNT, 
thus increasing K+ secretion.314 The DCT also clearly func-
tions as a potassium sensor, directly responding to changes 
in circulating potassium. Reduction in potassium intake 
and/or hypokalemia thus lead to reduced basolateral [K+] 
in the DCT; the subsequent hyperpolarization is dependent 
on basolateral KIR4.1-containing K+ channels.317 Hyperpo-
larization leads to chloride exit via basolateral CLC-NKB 
chloride channels and a reduction in intracellular chloride; 
the reduction in intracellular chloride activates the SPAK 
and OSR1/WNK cascade, resulting in phosphorylation of 
NCC and activation of the transporter.317 Finally, within prin-
cipal cells, increases in aldosterone induce the SGK1 kinase, 
which phosphorylates WNK4 and attenuates the effect of 
WNK4 on ROMK, while activating ENaC via Nedd4-2-depen-
dent effects (see “Regulation of Na+-Cl− Transport in the 
Connecting Tubule and Cortical Collecting Duct”).524 
However, when dietary K+ intake is reduced, c-src tyrosine 
kinase activity increases under the influence of increased 
Ang II, causing direction inhibition of ROMK activity via 
tyrosine phosphorylation of the channel (see “Regulation 
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In this chapter, we will discuss how the kidney regulates 
calcium, phosphorus, and magnesium balance and the 
manner in which various hormones and factors alter the 
efficiency with which these substances are reabsorbed by  
the kidney. The molecular processes responsible for the 
reabsorption of these substances by the kidney and the local-
ization of the cognate molecular machinery along the 
nephron are unique for calcium, phosphorus, and magne-
sium. In the case of calcium and phosphorus, similar hor-
mones regulate the efficiency of renal reabsorption, 
although specific factors for each substance also function to 
regulate reabsorption. With magnesium, the molecular 
mediators of reabsorption are poorly regulated, and the 
precise hormonal factors involved in the regulation of mag-
nesium reabsorption by the nephron are less well defined.

CALCIUM TRANSPORT IN THE KIDNEY

ROLE OF CALCIUM IN CELLULAR PROCESSES

Calcium is an abundant cation in the body (Table 7.1). 
Several biochemical and physiologic processes, including 
nerve conduction and function, coagulation, enzyme activ-
ity, exocytosis, and bone mineralization, are critically depen-
dent on normal calcium concentrations in extracellular 
fluid.1-3 Not unexpectedly, intricate mechanisms exist to 
maintain extracellular fluid calcium concentrations within 
a narrow range and to maintain calcium balance. Significant 
decreases in serum calcium concentrations are associated 
with Chvostek’s and Trousseau’s signs, tetany and, when 
profound, generalized seizures.4-6 A deficiency in calcium 
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Figure 7.1  Calcium  homeostasis  in  normal  humans  showing  the 
amounts of calcium absorbed in the intestine and reabsorbed by the 
kidney. 
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Figure 7.2  Components of serum total calcium assessed by ultra-
filtration  data  in  normal  human  subjects.  CaProt,  Protein-bound 
calcium;  CaR,  diffusible  calcium  complexes;  Ca2+,  ionized  calcium. 
(Redrawn from Moore EW: Ionized calcium in normal serum, ultrafil-
trates, and whole blood determined by ion-exchange electrodes. J Clin 
Invest 1970;49:318-334, with permission of the publisher.)
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Table 7.1 Composition of the Whole Body*

Body Weight
(kg)

Water†

(g)
Fat†

(g)
Water
(g)

N
(g)

Na
(mEq)

K
(mEq)

Cl
(mEq)

Mg
(g)

Ca
(g)

P
(g)

Fe 
(mg)

Cu
(mg)

Zn 
(mg)

B
(mg)

Co
(mg)

70 605 160 720 34 80 69 50 0.47 22.4 12.0 74 1.7 28 0.37 0.02

*As determined by chemical analysis (values per kilogram fat-free tissue, unless otherwise indicated).
†Per kilogram whole-body weight.

absorption in the intestine, such as occurs in vitamin D 
deficiency, is associated with secondary hyperparathyroid-
ism, hypophosphatemia, and rickets or osteomalacia.5,6 
Hypercalcemia, with attendant hypercalciuria, is associated 
with a reduced capacity to concentrate urine,7-9 volume 
depletion, and nephrocalcinosis and renal stones.10,11 As 
shown in Figure 7.1, the intestine and kidney are important 
in the absorption and reabsorption and excretion of 
calcium. Following absorption in the intestine, calcium in 
the extracellular fluid space is deposited in bone (the major 
repository of calcium in the body) and is filtered in the 
kidney. The concentration of calcium in serum varies with 
age and gender, with higher values being present in chil-
dren and adolescent subjects than in adults.

CALCIUM PRESENT IN SERUM IN BOUND  
AND FREE FORMS

Calcium is present in plasma in filterable (60% of total 
calcium) and bound (40% of total calcium) forms. Filter-
able calcium is comprised of calcium complexed to anions 
such as citrate, sulfate, and phosphate (~10% of total 
calcium) and ionized calcium (~50% of total calcium; Figure 
7.2).12 The percentage of calcium bound to proteins (pre-
dominantly albumin and, to a lesser extent, globulins), and, 
the amount of filterable calcium, is dependent on plasma 
pH.12 Alkalemia is associated with a reduction in free 
calcium, whereas acidemia is associated with an increase in 
free calcium. A 1-g/dL change in serum albumin is associ-
ated with a 0.8-mg/dL change in total serum calcium, and 
a 1-g/dL change in globulins is associated with a 0.16-mg/

dL change in total serum calcium. An equation defining the 
amount of calcium (mmol/L) bound to albumin and globu-
lins (g/L) as a function of pH is as follows12:

[ ] . [ ] [( . )([ ]/ . )( . )]
. [

CaProt Alb Alb pH
Gl

= − −
+
0 019 0 42 47 3 7 42

0 004 oob
Glob pH

]
[( . )([ ]/ . )( . )]− −0 42 25 0 7 42

If one assumes that all calcium is bound to albumin, the 
following equation applies:

[ ] . [ ] [( . )([ ]/ . )( . )]CaProt Alb Alb pH= − −0 0211 0 42 47 3 7 42

A nomogram describing this relationship is shown in 
Figure 7.3.
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calcium transport in the intestine26-28 and in the kidney.29-33 
The effects of parathyroid hormone and 1α,25(OH)2D 
restore calcium balance by increasing the amount of calcium 
accreted. At the same time, parathyroid hormone34-36 and 
1α,25(OH)2D37,38 increase bone calcium mobilization and 
help maintain serum calcium concentrations. The converse 
series of events occurs in hypercalcemic circumstances.

REABSORPTION OF CALCIUM ALONG  
THE TUBULE

The kidney reabsorbs filtered calcium in amounts that are 
subject to regulation by calciotropic hormones, parathyroid 
hormone (PTH), and 1α,25(OH)2D.15,25,39-44 The glomerulus 
filters 9000 to 10,000 mg of complexed and ionized calcium 
in a 24-hour period. The amount of calcium appearing in 
the urine is approximately 250 mg/day, and it is therefore 
evident that a large percentage of filtered calcium is reab-
sorbed. As a result of reabsorption processes that occur in 
both the proximal and distal tubules, only 1% to 2% of 
calcium filtered at the glomerulus appears in the urine.41,43,44 
Figure 7.5 shows the percentages of calcium reabsorbed 
along different segments of the nephron.

Figure 7.3  Nomogram for estimating protein-bound calcium levels 
[CaProt]  in  normal  humans.  [CaProt]  is  obtained  by  connecting 
observed albumin and pH values with a straight line and reading the 
point  at  which  it  intersects  the  curve.  The  equation  describing  the 
relationship among [CaProt], serum albumin concentrations, and pH 
is shown at the bottom of the graph. (Redrawn from Moore EW: Ionized 
calcium in normal serum, ultrafiltrates, and whole blood determined by 
ion-exchange electrodes. J Clin Invest 1970;49:318-334, with permis-
sion of the publisher.)
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REGULATION OF CALCIUM HOMEOSTASIS BY 
THE PARATHYROID HORMONE–VITAMIN D 
ENDOCRINE SYSTEM

In states of neutral calcium balance, the amount of calcium 
absorbed by the intestine is equivalent to the amount 
excreted by the kidney.13 The central role of the parathyroid 
hormone–vitamin D endocrine system in the regulation of 
calcium homeostasis is well recognized and is summarized 
in Figure 7.4.14-16 In response to reductions in calcium intake 
and subsequent decreases in the serum calcium level, para-
thyroid hormone release from the parathyroid glands is 
increased. The change in serum calcium concentration is 
detected by the parathyroid gland calcium-sensing receptor, 
a G protein–coupled receptor, which alters parathyroid 
hormone release from the parathyroid cell.17-20 Parathyroid 
hormone enhances the efficiency of calcium transport in 
the distal tubule of the kidney21-23 and increases the activity 
of the renal 25-hydroxyvitamin D 1α-hydroxylase, which 
enhances the formation of 1α,25-dihydroxyvitamin D 
(1α,25(OH)2D), the active metabolite of vitamin D.24 The 
reader is referred to reviews by Kumar and colleagues25 
concerning details of the regulation of the synthesis of 
1α,25(OH)2D. 1α,25(OH)2D increases the efficiency of 

Figure 7.4  Changes  in  parathyroid  hormone  (PTH)  and  1α,25-
dihydroxyvitamin  D  1α-25(OH)2D  and  the  subsequent  physiologic 
changes  in  intestinal calcium absorption or renal calcium reabsorp-
tion following perturbations in serum calcium. The effects of PTH on 
sclerostin  concentrations,  and  the  effect  of  sclerostin  (green)  on 
tubular transport and 1α,25(OH)2D synthesis, are also shown. 
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reabsorbs large amounts of Ca2+, primarily by paracellular 
processes, the rate of Ca2+ reabsorption is not influenced by 
factors or hormones that regulate calcium balance.48,49,52 
However, in conditions such as volume depletion, in which 
proximal tubule Na+ reabsorption is increased, one also 
observes enhanced Ca2+ reabsorption, which can contribute 
to the hypercalcemia that is sometimes seen in such situa-
tions. The salutary effects of isotonic saline administration 
in patients with hypercalcemia are attributable to a reduc-
tion in Ca2+ reabsorption as a result of reduced Na+ 
reabsorption.

Ca2+ REABSORPTION IN THE LOOP OF HENLE
The thin descending and thin ascending limbs of the loop 
of Henle do not transport significant amounts of Ca2+.60,61 
Of filtered Ca2+, 20% to 25% is reabsorbed in the thick 
ascending limb of Henle primarily by the paracellular route 
involving claudins 16 and 19.45,60-71 Thick ascending limb 
cells express the furosemide-sensitive Na+-K+-2Cl− cotrans-
porter, NKCC2,72-75 which mediates the reabsorption of Na+ 
and thereby contributes to the driving force for paracellular 
Ca2+ transport. A lumen-positive transepithelial potential is 
generated in the thick ascending limb of the loop of Henle 
through the activity of the NKCC2 (Na+-K+-2Cl− cotrans-
porter)76 by two mechanisms, secondary apical recycling of 
K+ via the renal outer medullary potassium (ROMK) channel 
and a NaCl diffusion potential generated by reabsorbed 
NaCl establishing a concentration gradient across the 
Na-selective paracellular pathway. This transepithelial 
voltage provides the driving force for passive Ca2+ reabsorp-
tion through the paracellular pathway.

The specific role played by claudins in the tight junction 
of the thick ascending limb of Henle in Ca2+ reabsorption 
(and Mg2+ reabsorption, as discussed in the next section) 
is controversial. Together with claudin-19, claudin-16  
forms a paracellular pore and a heteromeric claudin-16,  
and claudin-19 interaction is required to assemble and 
traffic to the tight junction and to generate cation-selective 

Ca2+ REABSORPTION IN THE PROXIMAL TUBULE
This reabsorption is predominantly passive. As noted earlier, 
about 60% to 70% of total plasma calcium is free (not 
protein-bound) and is filtered at the glomerulus.45,46 A large 
percentage (~70%) of filtered calcium (Ca2+) is reabsorbed 
in the proximal tubule (PT), mainly by paracellular pro-
cesses that are linked with Na+ reabsorption.45,47-50 In this 
nephron segment, the reabsorption of Na+ and Ca2+ is pro-
portional under a variety of conditions49,51 and is not dissoci-
ated following the administration of several factors known 
to alter renal Ca2+ reabsorption, such as PTH, cyclic adenos-
ine monophosphate (cAMP), chlorothiazide, furosemide, 
acetazolamide, or changes in the hydrogen ion content.48,49,52,53 
The precise cellular and molecular mechanisms responsible 
for the movement of Ca2+ from the lumen of the proximal 
tubule into the interstitial space are not clearly defined. 
Most Ca2+ is believed to move in between cells (paracellular 
movement), with a smaller, but significant, transcellular 
component (Figure 7.6). The components of the paracel-
lular pathway include claudin-2. Ca2+ permeates through 
claudin-254 and simultaneously competitively inhibits Na+ 
conductance.55 A transcellular component of Ca2+ reabsorp-
tion may also be present in the proximal tubule. Undefined 
Ca2+ channels and intracellular Ca2+ binding proteins influ-
ence the movement of Ca2+ into and across the cell. The 
Na+-K+-ATPase has been implicated in transcellular Ca2+ 
transport in the proximal tubule,56 and both the Na+-Ca2+ 
exchanger57 and isoforms 1 and 4 of the plasma membrane 
Ca2+ pump58,59 are expressed in the proximal tubule and 
could be important in the movement of Ca2+ out of the 
proximal tubule cell. Although the proximal tubule 

Figure 7.5  Percentages  of  filtered  calcium  reabsorbed  along  the 
tubule. 
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Figure 7.6  Mechanisms whereby calcium is transported in the prox-
imal tubule. Most calcium is reabsorbed by paracellular mechanisms. 
A smaller percentage is reabsorbed by transcellular mechanisms. 
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increases the activity of TRPV5 channels in the kidney by 
activating cAMP-PKA (protein kinase A) signaling and phos-
phorylating a threonine residue within the channel, result-
ing in an increase in the open probability of the channel.100,101 
PTH also activates the PKC pathway and increases the 
numbers of TRPV5 channels on the surface of tubular cells 
by inhibiting endocytosis of the caveolae in which the  
channels are located.102 1α,25(OH)2D3 enhances the expres-
sion of TRPV5 and TRPV6 channels present in the distal 
and connecting tubules and cortical collecting duct  
by increasing respective messenger RNA (mRNA) concen-
trations through increased binding of the vitamin D recep-
tor to response elements in the gene promoters.32,93 
1α,25(OH)2D3 increases the expression of calbindin D9K 
and D28K and the PMCA pump in the kidney and cultured 
renal cells.32,59,103-112 The effect of PTH and 1α,25(OH)2D3 is 
to increase the expression of Ca2+ channels, binding pro-
teins, pumps, and exchangers, thereby increasing the reten-
tion of calcium by the kidney.

EXTRACELLULAR CALCIUM
The level of extracellular calcium regulates renal Ca2+ reab-
sorption by signaling through the Ca-sensing receptor 
(CaSR). In the kidney, the CaSR is primarily expressed on 
the basolateral membrane of the thick ascending limb of 
the loop of Henle (TALH). Activation of the CaSR reduces 
renal tubular Ca2+ reabsorption and induces calciuresis in 
response to a Ca load.113,114 One mechanism is by inhibition 
of NKCC2 expression114 or activity. More recently, it has 
been suggested that CaSR acts primarily by regulating para-
cellular permeability. Loupy and colleagues have shown that 
a CaSR antagonist increases Ca2+ permeability in isolated 
perfused TALH, with no change in transepithelial voltage 
or Na flux.115 This appears to be mediated by regulation of 
the expression of claudin-14. Activation of the CaSR causes 
robust upregulation of claudin-14,116,117 which, through 
physical interaction, inhibits paracellular cation channels 
formed by claudin-16 and claudin-19.116 The signaling 
mechanism seems to involve CaSR inhibiting calcineurin, a 
phosphatase that normally activates the nuclear factor of 
activated T cells (NFAT) to increase transcription of two 
micro-RNAs, miR-9 and miR-374, thereby downregulating 
claudin-14 expression.116,118 The central role of claudin-14 is 
further supported by the finding that claudin-14 knockout 
mice are unable to increase their fractional excretion of 
calcium in response to a high-Ca2+ diet116 and exhibit com-
plete loss of regulation of urinary Ca2+ excretion in response 
to a CaSR agonist or antagonist.118

DIURETICS
Loop diuretics such as furosemide increase urinary calcium 
losses. The mechanism whereby furosemide causes  
hypercalciuria is linked to its ability to bind to and inhibit 
the furosemide-sensitive Na+-K+-2Cl− cotransporter type 2, 
NKCC2,72-75 present in the TALH. NaCl absorption is dimin-
ished, as is potassium recycling, resulting in a reduction in 
lumen positivity that drives Ca2+ reabsorption. Subjects with 
the common form of Bartter’s syndrome have inactivating 
mutations of the NKCC2, which are associated with calci-
uria.83 Compensatory increases occur in the expression of 
distal tubule transport channels and proteins, such as the 
TRPV5 and TRPV6 channels and calbindin D28K following 

paracellular channels.77,78 It has been postulated that these 
channels are themselves responsible for permeating diva-
lent cations, Ca2+ and Mg2+, via the paracellular route.79,80 An 
alternative prevailing hypothesis is that claudins 16 and 19 
form Na+ channels and act primarily to establish the trans-
epithelial NaCl diffusion potential, thus contributing to the 
driving force for divalent cation reabsorption.77,78,81,82 
Regardless of the mechanism, loss of function mutations in 
the genes encoding claudin-16 and claudin-19 result in 
familial hypomagnesemia with hypercalciuria and nephro-
calcinosis, which is characterized by renal Ca2+ and Mg2+ 
wasting because of defective thick ascending limb divalent 
cation reabsorption. Similarly, mutations of NKCC2 are 
associated with the common form of Bartter’s syndrome, 
which, like the other Bartter’s forms, can be associated with 
hypercalciuria.83

There is considerable species heterogeneity with respect 
to responses to calcium-regulating hormones by the thick 
ascending limb; in the mouse, PTH and calcitonin (CT) 
stimulate Ca2+ transport in the cortical thick ascending 
limb,64,66,84,85 whereas in the rabbit CT stimulates calcium 
reabsorption in the medullary thick ascending limb but not 
in the cortical thick ascending limb.69 Extracellular fluid 
calcium also regulates calcium reabsorption in this segment 
through the Ca2+-sensing receptor (see below).

Ca2+ REABSORPTION IN THE DISTAL TUBULE
This reabsorption is hormonally regulated, transcellular, 
and active and is mediated by specific channels, proteins, 
and pumps. In the distal convoluted tubule (primarily 
DCT2) and connecting tubule (together abbreviated as 
DT), 5% to 10% of filtered Ca2+ is reabsorbed86-88 by active 
transport processes against electrical and concentration gra-
dients. Ca2+ reabsorption in this segment of the nephron is 
regulated by PTH,21-23 calcitonin,84,85 and 1α,25(OH)2D3

29-33, 
hormones that increase the efficiency of Ca2+ reabsorption 
in this nephron segment. Ca2+ reabsorption in the DT 
occurs via a transcellular pathway. Mediators of Ca2+ trans-
port in the renal DT include apically situated, transient 
receptor potential cation channels, subfamily V, types 5 and 
6 channels (TRPV5, TRPV6), which mediate the increase in 
Ca2+ uptake from the lumen into the cell44,89-94; micropunc-
ture studies in knockout mice have indicated that TRPV5 is 
the gatekeeper of Ca2+ reabsorption in the accessible DT in 
mice (Figure 7.7A).91 Intracellular Ca2+ binding proteins 
such as calbindin D9K and D28K facilitate the movement of 
Ca2+ across the cell,40,95 and the basolateral plasma mem-
brane calcium (PMCA) pump,39,40,42 Na+-Ca2+ exchanger 
(NaCX),96-99 and Na+-Ca2+-K+ exchanger (NaCKX)100 increase 
the rate of extrusion of Ca2+ across the basolateral mem-
brane (see Figure 7.7B and C). The Na+ gradient for the 
activity of the NaCX and the NaCKX is provided by the 
Na+-K+-ATPase situated at the basolateral cell membrane 
(not shown).

REGULATION OF Ca2+ TRANSPORT 
IN THE KIDNEY

CALCIUM-REGULATING HORMONES
Calcium-regulating hormones alter the expression of 
calcium channels, calcium-binding proteins, calcium pumps, 
and exchangers in the kidney by varied mechanisms. PTH 
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reabsorption in the proximal tubule of the kidney.53 Distal 
tubule Ca2+ transport is clearly unaffected by chronic thiazide 
use,53 in contrast to older reports that thiazide acutely 
increases Ca2+ reabsorption in an isolated perfused DCT.124 
The development of hypocalciuria parallels a compensatory 
increase in Na+ reabsorption secondary to an initial natri-
uresis following thiazide administration. These observations 
are supported by the upregulation of the Na+-H+ exchanger, 

the administration of furosemide, but fail to compensate for 
the increase in excretion that occurs in the TALH.119

Thiazide diuretics, on the other hand, cause hypocalci-
uria,93,120-122 and the effect appears to be independent of 
PTH in humans and rodents. Thiazides bind to and inhibit 
the Na-Cl cotransporter in the distal tubule.72,123 Chronic 
thiazide use is associated with a reduction in extracellular 
fluid volume, which secondarily enhances Na+ and Ca2+ 

Figure 7.7  Mechanisms of calcium transport in the distal nephron. A, Role of TRPV5 investigated by micropuncture of kidneys from TRPV5 
knockout mice. The figure shows  fractional Ca2+ delivery  to micropuncture sites  in  the  late proximal  tubule  (LPT)  to sites  located along  the 
distal  convolution  (DT)  from early  to  late DT  (as  localized using  tubular K+  concentrations)  and  to  the urine  (U). Deletion of TRPV5  in mice 
prevents Ca2+  reabsorption along  the DT, and  there  is even evidence  for Ca2+  leaking back  into  the  lumen, possibly by paracellular  routes. 
TRPV6 may partially compensate in the collecting duct. B, Distribution of 1α,25(OH)2D or parathyroid hormone (PTH)–sensitive channels and 
transporters along the distal convoluted tubules (DCT1 and DCT2), connecting tubule (CNT), and cortical and medullary collecting ducts (CCD 
and MCD). C, Ca transport in the DT occurs by transcellular mechanisms. Transcellular Ca transport is mediated by several channels, pumps, 
and exchangers located at the apical and basolateral portions of the cell. 1α,25(OH)2D, 1α,25-dihydroxyvitamin D; FGF, fibroblast growth factor. 
(Modified from Kumar R, Vallon V: Reduced renal calcium excretion in the absence of sclerostin expression: evidence for a novel calcium-regulating 
bone kidney axis. J Am Soc Nephrol 25:2159-2168, 2014, with permission of the publisher.)
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kidney. Urinary calcium excretion and renal fractional 
excretion of calcium are decreased in Sost−/−mice.153 Serum 
1α,25(OH)2D concentrations are increased without 
attendant hypercalcemia; renal 25(OH)D-1α hydroxylase 
(Cyp27b1) mRNA and protein expression are also increased 
in Sost−/− mice, strongly suggesting that the increase in 
serum 1α,25(OH)2D concentrations was the result of 
increased 1α,25(OH)2D synthesis. When recombinant 
sclerostin is added to cultures of proximal tubular cells,  
the expression of the messenger RNA for Cyp27b1, the 
1α-hydroxylase cytochrome P450, is diminished. Serum 
24,25(OH)2D concentrations were diminished in Sost−/− 
mice, and PTH concentrations were similar in knockout and 
wild-type mice. The lack of change in PTH is consistent with 
previous studies in humans.157 The data suggest that in addi-
tion to the hormones traditionally thought to alter calcium 
reabsorption in the kidney (PTH and 1α,25(OH)2D), 
sclerostin plays a significant role in altering renal calcium 
excretion. Although PTH and 1α,25(OH)2D decrease frac-
tional excretion of calcium by increasing the efficiency of 
calcium reabsorption in the DT, sclerostin increases frac-
tional excretion of calcium (the absence of sclerostin 
expression is associated with a reduced fractional excretion 
of calcium).153 Thus, the adaptation to a reduction in 
calcium intake and resultant downstream alterations in hor-
mones (see Figure 7.2 for current understanding) may need 
to be amended to include changes in sclerostin expression 
(see Figures 7.4 and 7.7C). In the modified scheme, reduced 
sclerostin expression, which can occur as a result of increases 
in PTH,158-161 would enhance renal Ca2+ reabsorption directly 
or through changes in 1α,25(OH)2D synthesis (see Figure 
7.4). The change in 1α,25(OH)2D synthesis might be direct 
or mediated through changes in FGF-23 concentrations. 
Clearly, further work needs to be performed to dissect the 
proximate drivers of increased sclerostin-mediated renal 
Ca+ reabsorption.

STRUCTURES OF PROTEINS INVOLVED IN THE 
TRANSPORT OF CALCIUM

The structural analysis and molecular modeling of Ca2+ 
transporters and Ca2+-binding proteins have revealed sur-
prisingly diverse mechanisms whereby these proteins bind 
the metal ligand. Such information is important because it 
suggests how drugs might be designed to inhibit or enhance 
the activity of these Ca2+ transporters. As noted earlier, the 
TRPV5 channel, calbindin D28K, and plasma membrane 
calcium pump are important in the transport of Ca2+ across 
the cell. Figure 7.8A shows a homology model for the human 
TRPV5. The TRPV5 channel forms a tetramer. Each TRPV5 
protomer, shown by a blue, green, red, and yellow trace of 
α carbon backbone atom positions, putatively contains six 
transmembrane helices that may traverse the phospholipid 
bilayer as drawn. Most of the tetramer, including the N- and 
C-termini, is intracellular. Residues of transmembrane 
helices 5 and 6 form a central pore (black), where regulated 
calcium influx occurs. Residue D542 was reported as essen-
tial for Ca2+ selectivity162 and likely creates the first of two 
calcium binding sites (red spheres) inside a funnel-like cavity 
within the pore’s extracellular entry. Residue T539 may 
form another calcium binding site closer to the pore. N572 
and I575 seemingly perform gatelike functions because the 

responsible for most of the Na+ and associated Ca2+ reab-
sorption in the proximal tubule, whereas the expression  
of proteins involved in active Ca2+ transport in the distal 
tubule was unaltered. Indeed, thiazide administration was 
associated with hypocalciuria in Trpv5 knockout mice. 
Humans with Gitelman’s syndrome and inactivating muta-
tions of the thiazide-sensitive Na-Cl transporter have hypo-
calciuria, hypomagnesemia, and volume depletion,88,125-127 
findings that are recapitulated in Na-Cl cotransporter 
knockout mice.128

ESTROGENS
Estrogens influence calcium transport in the kidney because 
postmenopausal women have higher urinary Ca2+ excretion 
than premenopausal women.129 In the early postmenopausal 
period, the administration of estrogen is associated with a 
decrease in urine Ca2+ excretion and an increase in serum 
PTH and 1α,25(OH)2D levels.130,131 Estradiol increases the 
expression of the TRPV5 channel in the kidney in a manner 
independent of 1α,25(OH)2D3.132 These observations are 
supported by reduced duodenal TRPV5 channel expression 
in mice lacking the estrogen receptor alpha.133

METABOLIC ACIDOSIS AND ALKALOSIS
Metabolic acidosis is associated with hypercalciuria and, 
when prolonged, often results in bone loss and osteoporo-
sis.134 Metabolic acidosis and metabolic alkalosis decrease or 
increase the reabsorption of Ca2+ in the distal tubule,52,135-138 
expression of TRPV5 in the distal tubule,139 and activity of 
TRPV5 channels.140-142

REGULATION OF RENAL CALCIUM TRANSPORT 
BY NOVEL PROTEINS

KLOTHO
Klotho is a co-receptor for the phosphaturic peptide, fibro-
blast growth factor 23 (FGF-23), with β-glucuronidase 
activity.143-146 It is a kidney- and parathyroid gland–specific 
protein, which influences epithelial Ca2+ transport by degly-
cosylating TRPV5, thereby trapping the channel in the 
plasma membrane and sustaining the activity of the 
channel.147 Further evaluation of serum Klotho concentra-
tions and their association with changes in renal calcium 
excretion are required to establish a role for this factor in 
the regulation of renal calcium transport.

SCLEROSTIN
Sclerostin is an osteocyte-derived glycoprotein that influ-
ences bone mass.148 Patients with sclerosteosis and its milder 
variant, van Buchem’s disease,149-151 have exceptionally dense 
bones and skeletal overgrowth that often constricts cranial 
nerve foramina and the foramen magnum, resulting in pre-
mature death. Sclerosteosis is caused by inactivating muta-
tions of the sclerostin (SOST) gene, and the milder van 
Buchem’s disease is caused by a 52-kb deletion of a down-
stream enhancer element of the sclerostin gene.152 Mouse 
models of sclerosteosis have increases in skeletal mass 
similar to those found in patients with the disease153-156 and, 
by using a Sost gene knockout model generated in our labo-
ratory,153 we have demonstrated that sclerostin, directly 
or indirectly, through an alteration in the synthesis of 
1α,25(OH)2D, influences renal calcium reabsorption in the 
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display substantial chemical shifts when calbindin D28K is 
titrated with three peptides derived from other proteins 
known to interact. Unlike the conformation of many EF- 
hand proteins, such as calmodulin, Ca2+-bound calbindin 
D28K forms one ordered domain. The apo calbindin D28K 
structure is also mostly ordered. However, EF hands 1 and 
4, a segment prior to EF hand 1 and polypeptide between 
EF hands 4 and 5 and 5 and 6, are altered in conformation 
from the fully Ca2+-bound form.165,166 When only one, two, 
or three Ca2+ are bound, calbindin D28K is considerably 
more disordered.165

A model of the human plasma membrane calcium pump 
A1 (PMCA1) is shown in Figure 7.8C. The protein acts as a 
high-affinity, Ca2+-H+ P-type ATPase (cotransporter) that 
removes Ca2+ from cells at a slow rate against their electro-
chemical gradient.2,167 The structural features of the PMCA1 

pore’s diameter appears restricted by these residues. Ca2+ 
influx through TRPV5 is inhibited by a feedback mecha-
nism when Ca2+-bound calmodulin binds to amino acids 691 
to 711 (arrow) between two TRPV5 protomers; the key con-
tacts are the conserved R699, W701, L704, R705, and 
L709.163 PTH-mediated PKA kinase activation leads to phos-
phorylation of T708 at this site, which stimulates TRPV5 by 
inhibiting calmodulin binding.

The structure of Ca-loaded calbindin D28K bound to Ca2+ 
has been solved (see Figure 7.8B).164 Calbindin D28K con-
tains six EF-hand motifs, which are canonical helix-loop-
helix structures that coordinate Ca2+. As shown, only four of 
the six EF hands in calbindin D28K bind Ca2+ ions with 
significant binding affinity—EF hand 1 (red Ca2+), EF hand 
3 (blue Ca2+), EF hand 4 (purple Ca2+), and EF hand 5 (cyan 
Ca2+). The yellow surface patches indicate residues that 

Figure 7.8  Structural models of distal  tubule Ca2+  transport proteins. A, Human TRPV5 homology model made using Phyre 2 with atomic 
coordinates from PDB IDs 2B0O (chain F), 3J5P (chain B), and 2B5K (chain A). Each TRPV5 protomer, shown by a blue, green, red, and yellow 
trace of α carbon backbone atom positions, putatively contains six transmembrane helices that traverse the phospholipid bilayer as drawn. 
B, Surface and α carbon backbone atom trace of calbindin D28K (PDB ID 2G9B).164 C, A homology model of human plasma membrane calcium 
pump A1 (PMCa1), created using Phyre 2 with atomic coordinates from PDB IDs 3IXZ (chain A), 3B9B (chain A), 2KNE (chain B), 3B8E (chain 
C), and 3B8C (chain B). (B from Kojetin DJ, Venters RA, Kordys DR, et al: Structure, binding interface and hydrophobic transitions of Ca2+-loaded 
calbindin-D(28K). Nat Struct Mol Biol 2006;13:641-647.)
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with the administration of excessive amounts of magnesium 
in diseases such as eclampsia and in patients with renal 
failure is manifest as weakness of the voluntary muscles.

MAGNESIUM PRESENT IN SERUM IN BOUND 
AND FREE FORMS

Most magnesium within the body is present in bone or 
within the cells (Table 7.2).177 Approximately 60% of magne-
sium is stored in bone. The serum magnesium concentra-
tion varies slightly with age; in adults, it is 1.6-2.3 mg/dL 
(0.66 to 0.94 mmol/L). In plasma, about 70% of Mg is ultra-
filtrable, 55% is free, and 14% of Mg is in the form of soluble 
complexes with citrate and phosphate.202 Because Mg is 
present largely within cells and bone, there is some interest 
as to whether serum Mg concentration reflects tissue stores, 
especially when Mg is depleted or deficient. When rats203-205 
and humans182,206 are placed on Mg-deficient diets, the serum 
Mg level decreases within 1 day in rats and in 5 to 6 days in 
humans. Bone Mg and blood mononuclear cell Mg concen-
trations correlate well with total body Mg and serum Mg 
levels.206-209 The correlations between total body Mg stores 
and muscle or cardiac Mg, however, are not precise.206

REGULATION OF MAGNESIUM HOMEOSTASIS

The intestine and the kidney regulate magnesium balance 
(Figure 7.9).177 A normal diet adequate in magnesium nor-
mally contains 200 to 300 mg of magnesium.210 Of ingested 
dietary magnesium, 75 to 150 mg is absorbed in the jejunum 
and ileum, primarily by paracellular passive processes.211-215 
The Trpm6 protein (a mutant form of this protein is present 
in patients with familial hypomagnesemia) is localized to 

are 10 transmembrane helices, with most of the polypeptide 
inside the cytoplasm (bottommost), organized into three 
domains, termed P, N, and A. The P, or phosphorylation 
domain, has the highly conserved catalytic core, with a 
canonical Rossmann fold common among ATPases. The N, 
or nucleotide-binding domain, is a region of β-sheet that 
oscillates among conformations to deliver bound ATP to the 
P domain’s phosphorylation site. The A, or actuator domain, 
is also very mobile and actually consists of two subdomains, 
which may exist to protect the phosphoryl group from 
hydrolysis and sometimes block ion access or egress. The 
mechanism whereby the PMCA1 transports Ca2+ begins with 
Ca2+ binding to a site(s) in the transmembrane domain (key 
residues are N859, N891, and D895) made cytoplasmically 
accessible because helices 4 and 6 are structurally altered 
when the P domain is unphosphorylated. Two calciums, 
shown as red spheres, are modeled here based on a crystal 
structure of the homologous sarcoplasmic reticulum Ca2+-
ATPase.168-170 ATP-Mg2+ binding to a site (arrow) that per-
turbs an important salt bridge between R646 and D248 
brings the N domain into closer proximity with the P 
domain’s residue D475. ATP hydrolysis leads to phosphory-
lation of D475 and large-scale conformational changes 
result, such as a 90-degree rotation of the A domain and 
rearrangement of transmembrane helices 4 and 6 to cause 
extracellular release of Ca2+. There remains some debate 
about whether the ratio of calcium flux is one calcium per 
hydrolyzed ATP molecule. PMCA1 is autoinhibited by its C 
terminus; this regulation is relieved when calmodulin binds 
to a calmodulin-binding domain, also within the C termi-
nus.2,167 PMCA1 is also activated by acidic phospholipids, 
although a full understanding is lacking.2,167

MAGNESIUM TRANSPORT IN THE KIDNEY

ROLE OF MAGNESIUM IN CELLULAR PROCESSES

Magnesium is an abundant cation in the human body  
(Table 7.1).171-176 It is required for a variety of biochemical 
functions.177 The activities of magnesium-dependent 
enzymes are modulated by the metal as a result of binding 
to the substrate or of direct binding to the enzyme.177-180 
Enzymes of the glycolytic and citric acid pathways, exo-
nuclease, topoisomerase, RNA and DNA polymerases, and 
adenylate cyclase are among the many enzymes regulated 
by magnesium.177-181 Also, magnesium regulates channel 
activity.177

Given its role in such diverse biologic processes, it is not 
surprising that a deficiency or increase in serum magnesium 
concentration is associated with important clinical symp-
toms.182 For example, a low serum magnesium concentra-
tion is associated with muscular weakness, fasciculations, 
Chvostek’s and Trousseau’s signs, and sometimes frank 
tetany.182 The tetany of hypomagnesemia is independent 
of changes in the serum calcium level. On occasion, person-
ality changes, anxiety, delirium, and psychoses may  
manifest. Hypocalcemia,183-189 reduced PTH secretion,190-195 
and hypokalemia196-199 are sometimes present in patients 
with hypomagnesemia. Cardiac arrhythmias and prolonga-
tion of the corrected QT interval200,201 are sometimes 
observed. Conversely, hypermagnesemia seen in association 

Table 7.2 Distribution and Concentrations of 
Magnesium in a Healthy Adult

Site
Whole-Body 
Mg (%)

Concentration and 
Content

Bone 53 0.5% of bone ash
Muscle 27 9 mmol/kg wet weight
Soft tissue 19 9 mmol/kg wet weight
Adipose tissue 0.012 0.8 mmol/kg wet weight
Erythrocytes 0.5 1.65-2.73 mmol/L
Serum 0.3 0.69-0.94 mmol/L

Figure 7.9  Magnesium homeostasis in normal humans showing the 
amounts of magnesium absorbed in the intestine and reabsorbed by 
the kidney. 
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mechanisms whereby magnesium is reabsorbed in the  
proximal nephron are unknown. However, it is speculated 
that reabsorption of magnesium in the proximal nephron 
occurs by paracellular mechanisms. The bulk of the filtered 
magnesium is reabsorbed in the TALH, again by a paracel-
lular mechanism of which paracellin-1 or claudin-16 is a 
critical component.77,81,232-239 As discussed earlier for Ca2+ 
transport, claudin-16 and claudin-19 form cation-selective 
paracellular channels77,78 that directly mediate paracellular 
Mg2+ reabsorption or facilitate the generation of a NaCl dif-
fusion potential that provides the driving force for paracel-
lular Mg2+ reabsorption. Mutations of the CLDN16 and 
CLDN19 genes and the SLC12A1, KCNJ1 and CLCNKB 
genes, which encode proteins required for normal thick 
ascending limb function, result in excessive magnesium 
losses in the urine and hypomagnesemia. Figure 7.11 shows 
the mechanism whereby magnesium is transported in the 
TALH.

Of filtered magnesium exiting from the thick ascending 
limb, 5% to 10% is reabsorbed in the distal convoluted 
tubule where proteins such as TRPM6 and HNF1 are local-
ized.43,88,92,216,240-242 Mutations of the TRPM6, HNF1, and 
PCBD1 genes are associated with increased urinary magne-
sium losses and hypomagnesemia.43,88,92,216,240-245 Figure 7.12 
shows the cellular localization of these proteins in the DCT 
into the cell. It is unclear about the mode of exit of magne-
sium from the cell into the interstitial space. Precisely how 
these proteins interact with one another to regulate magne-
sium transport is currently under investigation. It has been 
suggested that PCBD1 binds HNF1B to costimulate the pro-
moter of FXYD2, the activity of which is important in mag-
nesium reabsorption in the DCT.244

the apical membrane of intestinal epithelial cells and medi-
ates transcellular magnesium absorption.43,216 About 30 mg 
of magnesium is secreted into the intestine via pancreatic 
and intestinal secretions, giving a net magnesium absorp-
tion of approximately 130 mg/24 hr. Magnesium that is not 
absorbed in the intestine and is secreted into the intestinal 
lumen eventually appears in the feces (125 to 150 mg). 
Absorbed magnesium enters the extracellular fluid pool 
and moves in and out of bone and soft tissues. Approxi-
mately 130 mg of magnesium (equivalent to the net amount 
absorbed in the intestine) is excreted in the urine.

In experimental animals and humans, feeding a diet low 
in magnesium results in a rapid decrease in urinary and 
fecal magnesium and the development of a negative mag-
nesium balance.217-226 Conversely, the administration of mag-
nesium is associated with an increase in the renal excretion 
of magnesium.227-229 Unlike calcium and phosphorus, 
however, no hormones or molecules have been identified 
that alter magnesium transport in the intestine or alter the 
renal excretion of magnesium in response to changes in 
magnesium balance.177,230,231

REABSORPTION OF MAGNESIUM ALONG  
THE TUBULE

Approximately 10% of total body magnesium is filtered in 
glomeruli (≈3000 mg/24 hr). About 75% of total plasma 
magnesium is filterable. Because urinary magnesium excre-
tion is about 150 mg/24 hr, a substantial fraction of filtered 
magnesium is reabsorbed along the tubule (≈95%). Fifteen 
percent to 20% of filtered magnesium is reabsorbed in the 
proximal tubule (Figure 7.10). The cellular and molecular 

Figure 7.10  Percentages of  filtered magnesium  reabsorbed along 
the tubule. 
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Figure 7.11  Mechanism whereby magnesium is transported in cells 
of the thick ascending limb of the loop of Henle (TALH). Most of the 
magnesium  is  reabsorbed  by  paracellular  mechanisms.  Claudin-16 
and claudin-19 are depicted as directly transporting Ca2+ and Mg2+, 
but  it has also been hypothesized that their primary role  is to allow 
backleak  of  reabsorbed  Na+  and  thus  establish  a  NaCl  diffusion 
potential, thereby indirectly facilitating divalent cation reabsorption 
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following the infusion of various substances or following 
blockade of their activity, it is not clear that such changes 
occur with physiologic changes in concentrations of these 
factors in vivo. Furthermore, it is clear that concentrations 
of the effector substances do not change in a physiologically 
appropriate manner following changes in serum concentra-
tions of magnesium. Thus, hormonal homeostasis, in which 
concentrations of a hormone (e.g., PTH, glucagon, arginine 
vasopressin [AVP]) are altered following changes in the 
concentration of magnesium, and in turn alter the reten-
tion or concentrations of magnesium, are difficult to 
demonstrate.

STRUCTURES OF PROTEINS INVOLVED IN THE 
TRANSPORT OF MAGNESIUM

Claudin-16 and/or claudin-19 form permeable selective 
channels in the TALH (Figure 7.13A). These proteins have 

Figure 7.12  Mechanism  whereby  magnesium  is  transported  in 
distal  tubule  (DT)  cells.  Most  of  the  magnesium  is  reabsorbed  by 
transcellular mechanisms mediated by the TRPM6 channel. 
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REGULATION OF MAGNESIUM TRANSPORT  
IN THE KIDNEY

A variety of factors alter magnesium reabsorption in the 
kidney (Table 7.3). It should be emphasized that although 
effects on magnesium excretion in the urine are noted 

Table 7.3 Factors Altering the Uptake of 
Magnesium in the Kidney

Substance Effect

Peptide hormones
  Parathyroid hormone85,472-476 Increase
  Calcitonin476-484 Increase
  Glucagon485,486 Increase
  Arginine vasopressin487 Increase
  Insulin488 Increase
β-Adrenergic agonists
  Isoproterenol489 Increase
Prostaglandins—PGE2

490 Decrease
Mineralocorticoids, aldosterone Increase
1,25-Dihydroxyvitamin D3

491 Decrease
Magnesium
  Restriction217-220,222 Increase
  Increase227-229 Decrease
Metabolic alkalosis138,492,493 Increase
Metabolic acidosis138,492,493 Decrease
Hypercalcemia494 Decrease
Phosphate depletion495,496 Decrease
Potassium depletion497 Unknown
Diuretics
  Furosemide No effect
  Amiloride498,499 Increase
  Chlorothiazide497,500 Increase

Modified from Dai LJ, Ritchie G, Kerstan D, et al: Magnesium 
transport in the renal distal convoluted tubule. Physiol Rev 
81:51-84, 2001.

Figure 7.13  A, Claudin-16 and/or claudin-19 form permeable selec-
tive channels in the thick ascending limb of the loop of Henle. These 
proteins  have  four  transmembrane  helices  with  a  short  N-terminus 
and longer, more variable C-termini that associate with scaffold pro-
teins intercellularly. When claudin-16 and claudin-19 are coexpressed, 
linear heteropolymeric fibrils develop within  the plasma membrane, 
as  shown  (claudin-16,  dark-light green;  claudin-19,  blue-cyan);  this 
model  is  based  on  interactions  observed  in  the  mouse  claudin-15 
crystal lattice that are conserved in these human claudins. B, Model 
of the human transepithelial receptor potential melastatin 6 (TRPM6) 
channel kinase. The partial homology model for TRPM6 was initially 
created using Phyre 2, with atomic coordinates from PDB IDs 1YDA 
(chain A), 2Q4O (chain A), 3QUA (chain A), 2IZ6 (chain A), 3SBX (chain 
C),  and  2Q4O  (chain  A).  Modifications  were  then  made  based  on 
another  homology  model  created  using  a  crystal  structure  of  the 
kinase domain of TRPM7  (76% sequence  identity)  in complex with 
AMP-PNP (Adenylylimidodiphosphate) PDB ID 1IA9. 
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intestine and kidney (Figure 7.14). A normal diet adequate 
in phosphorus normally contains approximately 1500 mg of 
phosphorus. Approximately 1100 mg of ingested dietary 
phosphate is absorbed in the proximal intestine predomi-
nantly in the jejunum. About 200 mg of phosphorus is 
secreted into the intestine via pancreatic and intestinal 
secretions, giving a net phosphorus absorption of approxi-
mately 900 mg/24 hr. Phosphorus that is not absorbed in 
the intestine or is secreted into the intestinal lumen eventu-
ally appears in the feces. Absorbed phosphorus enters the 
extracellular fluid pool and moves in and out of bone (and, 
to a smaller extent, in and out of soft tissues), as needed 
(~200 mg). Approximately 900 mg of phosphorus (equiva-
lent to the amount absorbed in the intestine) is excreted in 
the urine.

PHOSPHORUS PRESENT IN BLOOD IN  
MULTIPLE FORMS

Phosphorus is present in almost every bodily fluid. In human 
plasma or serum, phosphorus exists in the form of inorganic 
phosphorus or phosphate (Pi), lipid phosphorus, and phos-
phoric ester phosphorus. Total serum phosphorus concen-
trations range from 8.9 to 14.9 mg/dL (2.87 to 4.81 
mmol/L), inorganic phosphorus (phosphate, Pi) concen-
trations from 2.56 to 4.16 mg/dL (0.83 to 1.34 mmol/L) 
(this is what is usually measured clinically, referred to as the 
serum phosphorus, and the normal range changes with 
age),256 phosphoric ester phosphorus concentrations from 
2.5 to 4.5 mg/dL (0.81 to 1.45 mmol/L), and lipid phos-
phorus concentration from 6.9 to 9.7 mg/dL (2.23 to 3.13 
mmol/L; Table 7.4).257 Of phosphorus in the body, 85% is 
present in bones, 14% exists in cells from soft tissues, and 
1% is present in extracellular fluids. In mammals, bone 
contains a substantial amount of phosphorus (≈10 g/100 g 
dry, fat-free tissue); in comparison, muscle contains 0.2 
g/100 g fat-free tissue, and brain contains 0.33 g/100 g fresh 
tissue.257

four transmembrane helices with a short N-terminus and 
longer, more variable C-termini that associate with scaffold 
proteins intercellularly. Where claudin-16 and claudin-19 
are coexpressed, linear heteropolymeric fibrils may develop 
within the plasma membrane, as shown (claudin-16, dark-
light green; claudin-19, blue-cyan), a model based on inter-
actions observed in the mouse claudin-15 crystal lattice that 
are conserved in these human claudins.246 This fibril model 
explains how human claudin-16 point mutants (L145P, 
L151F, G191R, A209T, and F232C) and claudin-19 mutants 
(L90P and G123R), which cause FHHNC, can disrupt fibril 
formation.82 Tight junctions probably form when intramem-
brane fibrils of neighboring cells interact via the extracel-
lular loops of claudin-16 and claudin-19.82 A model for these 
interactions in the homologous claudin-15 has been pub-
lished.247 The first extracellular loop of claudin-16 contains 
negatively charged residues (D104S, D105S, E119T, D126S, 
and E140T) that appear to regulate cation permeability.81 
However, it is not now clear whether heteromeric claudin-16 
and claudin-19 are selective for Na+, and therefore influence 
Mg2+ and Ca2+ permeability indirectly, or whether they 
together have a degree of divalent cation selectivity. Inter-
acting fibrils may also be later modified to achieve differen-
tiation in the barrier function of these tight junctions.

A model of the human TRPM6 channel kinase is shown 
in Figure 7.13B. TRPM6 functions as a homotetramer. The 
transmembrane region is formed by six helices. The first 
four helices are likely to act as a sensor of transmembrane 
voltage. The last two, more highly conserved helices and 
their connecting loop constitute the pore. These helices 
most likely associate with the first four helices of a neighbor-
ing subunit in the homotetramer. The connecting loop for 
these last two helices probably contains a non–membrane-
spanning α-helix that may have functional importance. The 
C-terminus of TRPM6 contains a kinase domain similar to 
other serine-threonine kinases. The mechanism of Mg2+ 
transport by the TRPM6 channel mechanism remains 
unclear, as does the role of its kinase domain. E1024 and 
E1029 are key residues that abolish Mg2+ and Ca2+ perme-
ation and remove the pH sensitivity of TRPM6.248 We are 
not able to model these residues.

PHOSPHORUS TRANSPORT IN  
THE KIDNEY

ROLE OF PHOSPHORUS IN CELLULAR PROCESSES

Phosphorus is a key component of hydroxyapatite, the 
major component of bone mineral, nucleic acids, bioactive 
signaling proteins, phosphorylated enzymes, and cellular 
membranes.249-252 Prolonged deficiency of phosphorus and 
inorganic phosphate results in serious biologic problems, 
including impaired bone mineralization resulting in osteo-
malacia or rickets, abnormal erythrocyte, leukocyte, and 
platelet function, impaired cell membrane integrity that can 
result in rhabdomyolysis, and impaired cardiac function.253-255 
Phosphate balance is maintained through a series of 
complex hormonally and locally regulated metabolic adjust-
ments. In states of neutral phosphate balance, net accretion 
equals net output. The major organs involved in the absorp-
tion, excretion, and reabsorption of phosphate are the 

Figure 7.14  Phosphorus homeostasis in humans. The major organs 
involved in the absorption, excretion, and reabsorption of phosphate 
are the intestine and kidney. 
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intakes of phosphate. A decrease in serum phosphate con-
centration, as would occur with a reduced intake of phos-
phorus, results in increased ionized calcium concentration, 
decreased parathyroid hormone secretion, and a subse-
quent decrease in renal phosphate excretion. At the  
same time, by PTH-independent mechanisms, there is an 
increase in renal 25-hydroxyvitamin D 1α-hydroxylase activ-
ity, increased 1α,25(OH)2D3 synthesis, and increased phos-
phorus absorption in the intestine and reabsorption in the 
kidney.264-273 Conversely, with elevated phosphate intake, 
there is decreased calcium concentration, increased para-
thyroid hormone release from the parathyroid gland, and 
increased renal phosphate excretion. An increased serum 
phosphate concentration inhibits renal 25-hydroxyvitamin 
D 1α-hydroxylase activity and decreases 1α,25(OH)2D3 syn-
thesis. A reduced 1α,25(OH)2D3 concentration decreases 
intestinal phosphorus absorption and renal phosphate reab-
sorption. All these factors tend to bring serum phosphate 
concentrations back into the normal range. The vitamin D 
endocrine system, PTH, and the phosphatonins are respon-
sible for the control of renal Pi reabsorption on a longer 
term basis (hours to days). PTH, by virtue of its phosphatu-
ric effect in the kidney, decreases overall phosphate reten-
tion, whereas 1α,25(OH)2D3 increases phosphate retention 
by enhancing the efficiency of phosphorus absorption in 
the intestine and kidney.30,274-285 PTH has two opposing 
effects; it increases urinary phosphate excretion but also 
increases the synthesis of 1α,25(OH)2D3 by stimulating the 
activity of the renal 25-hydroxyvitamin D 1α-hydroxylase. In 
turn, 1α,25(OH)2D3 increases the efficiency of phosphorus 
absorption in the intestine and kidney. The phosphatonins, 
FGF-23, and serum frizzled-related protein 4 (sFRP-4)  
modulate renal phosphate reabsorption.286-295 They also 
decrease,286,292,296-301 and insulin-like growth factor-1 (IGF-1) 

REGULATION OF PHOSPHATE HOMEOSTASIS: 
AN INTEGRATED VIEW

Intestinal feed-forward and hormonal feedback systems 
(PTH–vitamin D endocrine system and the phosphatonins) 
are likely to be responsible for the control of phosphorus 
homeostasis (Figure 7.15). The short-term responses that 
occur within minutes to hours of feeding a high Pi meal are 
important in regulating phosphorus homeostasis via feed-
forward mechanisms, whereas the longer term changes 
occur as a result of alterations in circulating concentrations 
of PTH, 1α,25(OH)2D3, and the phosphatonins, such as 
FGF-23.258-262 Intestinal signals have been shown in rodents 
to alter renal Pi excretion rapidly in response to changes in 
duodenal Pi concentrations.259

PTH, 1α,25(OH)2D3 and the phosphatonin, FGF-23, 
control phosphorus homeostasis.262,263 Concentrations of 
these hormones and factors are regulated by phosphorus in 
a manner that is conducive to the maintenance of normal 
phosphorus concentrations. Figure 7.16 shows the physio-
logic changes known to occur with low or high dietary 

Table 7.4 Distribution and Concentrations of 
Phosphorus (in mmol/L) in Adult 
Human Blood

Phosphorus 
Compounds Erythrocytes Plasma

Phosphate ester 12.3-19.0 0.86-1.45
Phospholipids 4.13-4.81 2.23-3.13
Inorganic phosphate 0.03-0.13 0.71-1.36

Figure 7.15  Intestinal feed-forward and hormonal feedback systems are responsible for the control of phosphorus homeostasis. Changes in 
intestinal luminal phosphate concentrations (Pi load meal) results in the elaboration of chemical signals (intestinal phosphatonins) that alter the 
fractional excretion of phosphate in the kidney over a time frame of minutes. Long-term changes in the amount of phosphate in the diet result 
in changes in the concentrations of parathyroid hormone (PTH), 1α,25-dihydroxyvitamin D, and phosphatonins, which influence the fractional 
excretion of phosphate in the kidney over a time frame of hours, as shown. Short-term changes mediated by feed-forward intestinal signals 
are proposed to be superimposed on this chronic baseline. 
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REABSORPTION OF PHOSPHATE ALONG  
THE NEPHRON

Almost all serum phosphate is filtered at the glomerulus.311 
Under conditions of normal dietary phosphate intake, and 
in the presence of intact parathyroid glands, approximately 
20% of the filtered phosphate load is excreted. The other 
80% of the filtered load of phosphate is reabsorbed by the 
renal tubules. The proximal tubules are the major sites of 
phosphate reabsorption along the nephron (Figure 7.17).311 
Little phosphate reabsorption occurs between the late prox-
imal tubule and early distal tubule in animals with intact 
parathyroid glands.312-320 In the absence of PTH, however, 
phosphate is avidly reabsorbed between the late proximal 
tubule and early distal tubule, reflecting phosphate reab-
sorption by the proximal straight tubule.315 Phosphate trans-
port rates are approximately three times higher in the 
proximal convoluted than in the proximal straight tubules.321 
Renal phosphate handling is characterized by intranephro-
nal heterogeneity, reflecting segmental differences in phos-
phate handling within an individual nephron as well as 
internephronal heterogeneity.312,316,321,322

The uptake of phosphate is mediated by Na-phosphate 
cotransporters located at the apical border of proximal 
tubule cells (NaPi-IIa and NaPi-IIc).323-346 The structure and 
physiology of these phosphate transport molecules have 
been extensively reviewed, and the reader is directed to 
other publications in this regard.323-346 The Na-phosphate 
cotransporters are highly homologous and are predicted to 

increases,302 the activity of the 25-hydroxyvitamin D 
1α-hydroxylase (growth factors in Figure 7.16). FGF-23 
induces renal phosphate wasting in patients with tumor-
induced osteomalacia (TIO),289,303-305 autosomal dominant 
hypophosphatemic rickets (ADHR), X-linked hypophos-
phatemic rickets (XLH), and autosomal recessive hypo-
phosphatemic rickets (ARHR).287,292,294,306 From a physiologic 
perspective, it would be appropriate for FGF-23 and sFRP-4 
concentrations to be regulated by the intake of dietary phos-
phorus and by the serum phosphate concentration. In 
humans, in the short term, the feeding of meals containing 
increased amounts of phosphate does not increase serum 
FGF-23 concentration, despite the induction of a robust and 
dose-dependent phosphaturia.260,307 Other human studies 
conducted over a period of days or weeks, however, have 
shown changes in serum FGF-23 concentration following 
alterations in the content of phosphate in the diet.308,309 In 
mice, Perwad and associates have shown that a high-
phosphate diet increases and a low-phosphate diet decreases 
serum FGF-23 levels in these animals within 5 days of chang-
ing the dietary phosphate intake.310 The changes in serum 
FGF-23 correlated with changes in serum phosphate con-
centration. Studies from our laboratory performed in rats 
fed a low-, normal-, or high-phosphate diet have demon-
strated that serum FGF-23 levels significantly decrease in 
animals fed a low-phosphate diet and increase in animals 
fed a high-phosphate diet within 24 hours of altering dietary 
phosphate intake, but do not correlate with serum phos-
phate in the animals fed a high-phosphate diet.295

Figure 7.16  Shown  are  the  changes  in  growth  factors—
fibroblast  growth  factor  23  (FGF-23),  sFRP-4  (secreted 
frizzled  related  protein  4),  insulin-like  growth  factor  (IGF), 
parathyroid hormone (PTH), and 1α,25-dihydroxyvitamin D 
and  the  subsequent  physiologic  changes  in  intestinal  or 
renal  phosphate  reabsorption  following  perturbations  in 
serum phosphate levels. 
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in renal phosphate excretion is independent of PTH because 
thyroparathyroidectomy does not alter the process. Serum 
concentrations of PTH do not change, and serum concen-
trations of other phosphaturic peptides, such as FGF-23 and 
sFRP-4, are unchanged following the infusion of intraduo-
denal phosphate. Aqueous duodenal extracts contain a 
phosphaturic substance that is likely to be a protein. The 
processes or pathways whereby changes in luminal phos-
phate concentration within the bowel are detected have not 
been defined, although the presence of a so-called phos-
phate sensor has been postulated.375 A recent study, however, 
suggests that such an intestinal phosphate-sensing mecha-
nism may be absent in humans.376

Studies using cultured renal proximal tubular cells 
provide evidence of an intrinsic ability of these cultured 
cells to increase phosphate transport when exposed to a low 
phosphate concentration in the medium.371-374 The mecha-
nism of upregulation of Na-Pi cotransport in opossum 
kidney cells by low-Pi media involves two regulatory mecha-
nisms, an immediate (early) increase (after 2 hours) in the 
expression of the Na-Pi cotransporter, independent of 
mRNA synthesis or stability, and a delayed (late) effect  
(after 4 to 6 hours), resulting in an increase in NaPi-4 
mRNA abundance.373,377 The enhanced Pi reabsorption 
of short-term Pi deprivation has been linked to decreased 
intrarenal synthesis of dopamine and/or stimulation of 
β-adrenoreceptors because infusion of dopamine or pro-
pranolol restores the phosphaturic response to PTH in 
short-term (<3 days) Pi deprivation.378-380 Conversely, dopa-
mine may also mediate the acute phosphaturic effect of a 
high-Pi diet.381 The NaPi-IIa transporter is expressed in the 
brain and is regulated by dietary Pi, suggesting that dietary 

have similar structures. Mice with ablation of the NaPi-IIa 
gene exhibit renal phosphate wasting, and it is estimated 
that the NaPi-IIa transporter is responsible for approxi-
mately 85% of proximal tubular phosphate transport,  
which contributes to the adaptive increase in tubular  
phosphate transport in animals fed a low-phosphate diet 
(Figure 7.18).347,348

REGULATION OF PHOSPHATE TRANSPORT  
IN THE KIDNEY

DIETARY PHOSPHATE
The influence of dietary phosphate intake on the  
urinary excretion of phosphate has been known for many 
years.312,349-364 The reabsorption of phosphate is decreased in 
animals fed a high-phosphate diet, whereas animals with a 
low intake of phosphate reabsorb almost 100% of the fil-
tered load of phosphate.199,236-251 These changes in phos-
phate reabsorption are associated with parallel changes in 
the abundance of NaPi-IIa and NaPi-IIc.365,366 In infants and 
children, phosphate reabsorption is high so as to maintain 
the positive phosphate balance required for growth.367,368 
Conversely, decreased phosphate reabsorption has been 
demonstrated in older adults.369,370

Although dietary phosphate deprivation results in marked 
changes in the plasma concentration of several hormones 
(see Figure 7.16) that contribute to the increases in phos-
phate reabsorption, the enhanced tubular reabsorption can 
also be demonstrated independently of changes in these 
hormones.259,371-374 When a bolus of phosphate is instilled 
into the duodenum of intact rats, renal phosphate excretion 
increases within 10 minutes without a change in serum Pi 
concentration.259 The change in Pi reabsorption in response 
to a high-Pi meal is independent of plasma Pi concentra-
tions and filtered Pi load. Such changes are not elicited on 
the administration of NaCl into the duodenum. The increase 

Figure 7.17  The  proximal  tubule  is  the  major  site  of  phosphate 
reabsorption  along  the  nephron.  The  effects  of  dietary  phosphate 
loading or deprivation, parathyroid hormone (PTH) infusion, or para-
thyroidectomy  on  phosphate  absorption  along  the  proximal  tubule 
are shown. Proximal tubule %, distance along the proximal tubule as 
a percentage of total length; TF/UFPi, ratio of tubular fluid to ultrafil-
trate phosphate concentration. 
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NaPi-IIc mRNA levels were not different between VDR null 
or wild-type mice, whereas NaPi-IIa protein expression and 
NaPi-IIa cotransporter immunoreactive signals were slightly 
but significantly decreased in the VDR mice compared with 
the wild-type mice.366 When VDR knockout mice were fed a 
low-Pi diet, serum Pi concentrations were more markedly 
decreased in the VDR knockout mice than in the wild-type 
mice. Other studies performed in VDR and 25(OH)D 
1α-hydroxylase null mutant mice have shown that both 
these knockout mice adapt to Pi deprivation with increased 
NaPi-IIa protein in a manner similar to that found in wild-
type mice.407 However, when these mice were fed a high-Pi 
diet, Pi excretion was less in the VDR and 25-hydroxyvitamin 
D 1α-hydroxylase null mutant mice compared to the wild-
type mice. In vitamin D-deprived rats, NaPi-IIa transporter 
protein and mRNA levels were reported to be decreased in 
juxtamedullary but not superficial renal cortical tubules 
compared with normal rats.408

INSULIN, GROWTH HORMONE, AND INSULIN-LIKE 
GROWTH FACTOR
Insulin decreases plasma Pi and Pi excretion in human and 
animal models.409-412 This enhanced renal Pi reabsorption 
can be demonstrated in the absence of changes in blood 
glucose, PTH, and Pi levels or urinary Na excretion. Micro-
puncture studies410 have demonstrated enhanced Pi reab-
sorption in hyperinsulinemic dogs and somatostatin 
infusion, which decreases plasma insulin levels, increases Pi 
excretion.413 Growth hormone decreases Pi excretion and 
has been postulated to contribute to the increased Pi reab-
sorption and positive Pi balance demonstrated in growing 
animals.369,414 Administration of a growth hormone antago-
nist for 4 days to immature rats is associated with increased 
Pi excretion and a decreased transport capacity for Pi reab-
sorption.415,416 In juvenile rats, suppression of growth 
hormone is associated with an increase in Pi excretion as a 
result of decreased NaPi-IIa expression.417 Growth hormone 
administration increases Pi uptake by brush border mem-
brane vesicles.418 Because growth hormone increases renal 
IGF-1 synthesis,419 the effects of growth hormone on Pi reab-
sorption may also be caused by IGF-1.369,419-424

RENAL NERVES, CATECHOLAMINES, DOPAMINE, 
AND SEROTONIN
Numerous studies have demonstrated that acute renal 
denervation or the administration of catecholamines alter 
Pi reabsorption independently of PTH.378,425-437 The increase 
in urinary Pi excretion after acute renal denervation could 
be the result of both increased production of dopamine and 
decreased α- or β-adrenoreceptor activity because acute 
renal denervation was shown initially to increase renal  
dopamine excretion and almost completely abolish renal 
norepinephrine and epinephrine levels.438,439 Epinephrine 
decreases plasma Pi, presumably by shifting Pi from the 
extracellular into the intracellular space. The hypophospha-
temic response to isoproterenol infusion is blocked by pro-
pranolol, suggesting involvement of the β-adrenoreceptors. 
Infusion of isoproterenol markedly enhances renal Pi reab-
sorption in normal rats and hypophosphatemic mice.436,440 
The enhanced Pi reabsorption and attenuated phosphatu-
ric response to PTH observed in acute respiratory alkalosis 
and Pi deprivation is blocked by infusion of propranolol, 

Pi could regulate neural outputs to regulate renal Pi excre-
tion.382 Increasing cerebrospinal fluid Pi concentrations in 
the presence of low plasma Pi concentrations reversed  
the adaptations to feeding a low-Pi diet, suggesting that the 
Pi concentration in the brain regulates not only central  
but also renal expression of NaPi-IIa transporters. It  
should be remembered that alterations in serum Pi concen-
trations also alter 1α,25(OH)2D3 synthesis and serum con-
centrations.264-273 Infusions of 1α,25(OH)2D3 increase the 
renal reabsorption of Pi, predominantly in the proximal 
nephron.30,276,280,281,383-386

PARATHYROID HORMONE
Parathyroidectomy decreases renal Pi excretion and, con-
versely, injection of PTH increases urinary Pi excretion387-391 
by altering Pi reabsorption along the proximal tubule (see 
Figure 7.17).314-318,392 The proximal straight tubule is an 
important site of PTH action with respect to Pi transport 
and may be critical in the final regulation of Pi excre-
tion.313,319,322,393 Parathyroid hormone maintains Pi homeo-
stasis by regulating NaPi cotransporters in the kidney. Renal 
NaPi cotransporters, which are internalized and degraded 
within the lysosomes,333,338,394,395 are reduced in number 
along the apical borders of proximal tubular cells following 
the administration of PTH 1-34 but not by the administra-
tion of PTH 3-34.343,344 Disruption of the NaPi-IIa (Slc34a1) 
gene in mice resulted in increased Pi excretion compared 
to wild-type mice and a resistance to the phosphaturic effect 
of PTH (Figure 7.18), although the cAMP response is 
normal.396 Under conditions in which the phosphaturic 
effect of PTH is blunted or absent, such as following short-
term Pi deprivation or acute respiratory alkalosis, the inhibi-
tory effect of PTH on Pi reabsorption by the proximal 
convoluted tubule remains intact. However, the increased 
delivery of Pi is blunted by enhanced reabsorption by the 
proximal straight tubule.319,322,393 These studies suggest that 
the regulation of Pi reabsorption by PTH in the proximal 
convoluted and proximal straight tubules may be mediated 
by different mechanisms. It should be noted that PTH has 
two opposing effects—PTH increases urinary Pi excretion 
but also increases the synthesis of 1α,25(OH)2D3 by stimulat-
ing the activity of the 25(OH)D3 1α-hydroxylase enzyme in 
the kidney.264-273

VITAMIN D AND VITAMIN METABOLITES
Both PTH and 1,25(OH)2D3 play important roles in calcium 
and Pi regulation (see earlier discussion regarding Ca 
homeostasis).25 Decreases in plasma ionized calcium levels 
increase PTH levels, and PTH also stimulates the renal con-
version of 25(OH)2D3 to 1,25(OH)2D3 by the 25(OH)D3 
1α-hydroxylase located in the proximal tubule of the 
kidney.397-403 Dietary Pi deprivation or hypophosphatemia 
induces 25-hydroxyvitamin D3 1α-hydroxylase.264-273 Mice or 
rats, but not pigs, fed a low-Pi diet showed a decrease in the 
activity of the 25-hydroxyvitamin D3 24-hydroxylase (a renal 
enzyme involved in the catabolism of 1,25(OH)2D3) com-
pared with rats fed a normal Pi diet within 24 hours  
of Pi restriction.404-406 1,25(OH)2D3 decreases renal Pi 
excretion.22,30,276,280,281,383

Vitamin D receptor (VDR) mutant mice exhibit decreased 
serum Pi; however, Pi transport by renal cortical brush 
border membranes, Pi excretion, and/or NaPi-IIa or 
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porting an important role for vitamin D in the pathogenesis 
of the abnormal phenotype seen in FGF-23 null mice.457 
FGF-23 binds and signals through FGF receptors 1c, 3c,  
and FGFR4,146 although this has not been established in 
mice in vivo.458 A co-receptor, klotho, is necessary for FGF-23 
to exhibit bioactivity.146,459 The role of klotho in FGF-23 
signaling is supported by the observation that klotho  
knockout mice have a phenotype identical to that of  
FGF-23 knockout mice.460 FGF-23 synthesis is regulated by 
1α,25(OH)2D. Increasing doses of 1α,25(OH)2D increase 
FGF-23 concentrations in the serum within 24 hours, but 
statistically significant changes are observed 4 hours after 
1α,25(OH)2D treatment.461,462 In the physiologic sense, it is 
possible that FGF-23 is a negative feedback regulator of the 
25-hydroxyvitamin D 1α-hydroxylase enzyme.

The Wnt antagonist, sFRP-4, is highly expressed in tumors 
associated with renal phosphate wasting and osteomala-
cia.291 Recombinant sFRP-4 is phosphaturic in rats and pre-
vents the upregulation of the 25-hydroxyvitamin D 
1α-hydroxylase enzyme seen in the presence of hypophos-
phatemia.286 sFRP-4 decreases Na+Pi co-transporter abun-
dance in the brush border membrane of the proximal 
tubule and reduces the surface expression of the Na+Pi-IIa 
co-transporter in proximal tubules of the kidney, as well as 
on the surface of opossum kidney cells.301 sFRP-4 expression 
is increased in bone samples and serum from X-linked hypo-
phosphatemic mice and in mice with a global knockout of 
the Phex gene, but not in mice in which the Phex gene has 
been knocked out in bone alone.463 sFRP-4 protein concen-
trations are increased in the kidneys of rats fed a high-
phosphate diet for 2 weeks but not in animals fed a 
low-phosphate diet, suggesting a possible role for sFRP-4 
during increases in phosphate intake.464 This suggests that 
sFRP-4 concentrations are altered in the kidney of animals 
fed a high-phosphate diet and could play a role in the long-
term adaptations to high phosphate intake.

MEPE is abundantly overexpressed found in tumors  
associated with renal phosphate wasting and osteomala-
cia.465 Recombinant MEPE is phosphaturic and reduces 
serum phosphate concentrations when administered to 
mice in vivo.466 The protein inhibits Na-dependent phos-
phate uptake in opossum kidney cells and has also been 
demonstrated to reduce intestinal Pi absorption directly.467 
MEPE also inhibits bone mineralization in vitro, and MEPE 
null mice have increased bone mineralization.468 Thus, it is 
possible that MEPE is important in the pathogenesis of 
hypophosphatemia in renal phosphate wasting observed in 
patients with TIO. However, MEPE infusion does not reca-
pitulate the defect in vitamin D metabolism seen in patients 
with TIO.466 Infusion of MEPE reduces serum phosphate 
concentrations, and serum 1α,25(OH)2D concentrations 
increase following MEPE, as would be expected in the pres-
ence of hypophosphatemia. Thus, in patients with TIO, it is 
likely that MEPE contributes to the hypophosphatemia,  
but other products such as FGF-23 and sFRP-4 inhibit 
1α,25(OH)2D concentrations by inhibiting the activity of 
the 25-hydroxyvitamin D 1α-hydroxylase. MEPE may play a 
role in the pathogenesis of X-linked hypophosphatemic 
rickets, in which there is phosphate wasting, and there is 
evidence for a mineralization defect that is independent of 
low phosphate concentrations in the extracellular fluid.463 
MEPE expression is increased in mice with the Hyp 

suggesting a possible role for stimulation of β-adrenoreceptors 
in these conditions. Stimulation of α-adrenoreceptors by 
the addition of epinephrine to opossum kidney (OK) cells 
blunts the PTH-induced increase in cAMP levels and the 
inhibition of Pi transport.441

Stimulation of α2-adrenoreceptors in vivo has also 
been demonstrated to attenuate the phosphaturic response 
to PTH.379 Dopamine infusion and the infusion of l-
dopa, gludopa, or dopamine precursors increase Pi excre-
tion in the absence of PTH.442-444 Dopamine administration 
decreases Pi transport in OK cells and rabbit proximal 
straight tubules.435,445-450 Increasing dietary Pi intake increases 
urinary dopamine excretion and Pi excretion.451 Inhibition 
of endogenous dopamine synthesis by the administration of 
carbidopa to rats results in decreased dopamine and Pi 
excretion suggesting a role for endogenous dopamine in Pi 
regulation.431,439 A paracrine role for dopamine in Pi regula-
tion is strengthened by studies in OK cells showing that the 
addition of dopamine or l-dopa selectively decreases Pi 
uptake. Furthermore, Pi-replete OK cells produce more 
dopamine from l-dopa than Pi-deprived cells.447 Dopamine 
inhibits Pi transport by multiple mechanisms, including  
activation of DA1 and DA2 receptors.446,449,450 Dopamine 
induces the internalization of NaPi-IIa cotransporter mole-
cules by activation of luminal DA1 receptors.445 Renal 
proximal tubules also synthesize serotonin from 5-hydroxy-
tryptophan using the same enzyme that converts l-dopa to 
dopamine. Incubation of OK cells with serotonin or 
5-hydroxytryptophan enhances Pi transport and raises the 
possibility that serotonin may also be involved in the physi-
ologic regulation of renal Pi transport.442,448,452,453

PHOSPHATONINS (FGF-23, sFRP-4)
The term phosphatonin was introduced to describe a factor 
or factors responsible for the inhibition of renal phosphate 
reabsorption and altered 25(OH)D 1α-hydroxylase regula-
tion observed in patients with tumor-induced osteomala-
cia.304 Cai and coworkers303 described a patient with 
tumor-induced osteomalacia (TIO) in whom the biochemi-
cal features of hypophosphatemia, renal phosphate wasting, 
and reduced serum 1α,25(OH)2D disappeared following 
removal of the tumor. Several factors have been identified 
that are associated with phosphate wasting, including 
FGF-23, sFRP-4, fibroblast growth factor 7 (FGF-7), and 
matrix extracellular phosphoglycoprotein (MEPE).

The most extensively studied phosphatonin is FGF-23, a 
251–amino acid secreted protein.256,287,293,454 Recombinant 
FGF-23 administered intraperitoneally to mice or rats 
induces phosphaturia and inhibits 25-hydroxyvitamin D 
1α-hydroxylase activity.256,287,293,454 The minimal sequence 
needed for phosphaturic activity resides between amino 
acids 176 and 210.293 Transgenic animals overexpressing 
FGF-23 are hypophosphatemic and phosphaturic and show 
the presence of rickets and reduced serum 1α,25(OH)2D 
concentrations or 25-hydroxyvitamin D 1α-hydroxylase 
activity.296,297,455 Conversely, mice in which the FGF-23 
gene has been ablated demonstrate hyperphosphatemia, 
reduced phosphate excretion, markedly elevated serum 
1α,25(OH)2D concentrations and renal 25-hydroxyvitamin 
D 1α-hydroxylase mRNA expression, vascular calcification, 
and early mortality.297,456 The ablation of the VDR in FGF-23 
null mice has been reported to rescue this phenotype, sup-
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Most nephrons of lower organisms are largely secretory in 
nature. Kidneys in higher vertebrates transport solutes by  
combined filtration, reabsorption, and secretion. The han-
dling of organic solutes involves all three of these; it spans 
a wide range from a clearance that exceeds the glomerular 
filtration rate (GFR) in the form of filtration-secretion (frac-
tional excretion > 1) to filtration, followed by complete 
reabsorption (fractional excretion = 0), and everything in 
between.

The kidney adjusts the body fluid content as well as the 
concentration of specific solutes. To achieve these regula-
tory functions, there are sensing mechanisms for the pool 
size and concentration of the solute. Unlike inorganic 
solutes such as sodium or potassium, the total pool for 
organic solutes is difficult to define, because these solutes 
are constantly being absorbed, excreted, synthesized, and 
metabolized. For glucose, the maintenance of a discrete 
plasma concentration is clearly important. For amino acids 
and organic cations and anions, it is less clear whether 
plasma levels are that tightly regulated, so regulation of this 
latter group of organic solutes may be more concerned with 
external balance than maintaining concentration.

A filtration-reabsorption system is critical to maintain a 
high GFR, which is required for the metabolism and homeo-
stasis of terrestrial mammals, because tubular reabsorption 
salvages all the valuable solutes that would otherwise be  
lost in the urine. Filtration-reabsorption commences by 

disposing everything and then selectively reclaiming and 
retaining substances that the organism needs to keep in the 
appropriate amount. This mechanism economizes on gene 
products required to identify and excrete the myriad of 
undesirable substances. In the secretion mode, the burden 
is on the kidney to recognize the substrates to be secreted 
and then secrete them. In contrast to glucose reabsorption, 
which is highly specific to certain hexose structures, organic 
anion and cation secretion can engage hundreds of struc-
turally distinct substrates.

The reabsorption and secretion of organic solutes are 
primarily performed by the proximal tubule, with little or 
no contribution past the pars recta. This chapter summa-
rizes the physiology, and cell and molecular biology of 
organic solute transport in the kidney. Although only renal 
mechanisms will be covered in this chapter, it is important 
to note that homeostasis of organic solutes involves the 
concerted action of multiple organs.

GLUCOSE

PHYSIOLOGY OF RENAL GLUCOSE TRANSPORT

Plasma glucose concentration is regulated at about 
5 mmol/L, with balanced actions of glucose ingestion, gly-
cogenolysis, and gluconeogenesis against glucose utilization 
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Figure 8.1  Urinary glucose excretion and tubular reabsorption as a 
function of filtered load. Tubular reabsorption increases linearly with 
filtered load as a part of glomerulotubular balance. When reabsorption 
reaches the tubular capacity (Tmglucose), glucose starts appearing in the 
urine.  Excretion  is  indicated  by  the  blue line.  The  plasma  glucose 
concentration for the given GFR is the glycosuric threshold. 
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The maximal rate of glucose transport slows as one pro-

gresses from the early (S1) to late (S3) segments of the 
proximal tubule (Figure 8.2),3 but the affinity for glucose 
rises, so the S1 segment reabsorbs glucose with a higher 
capacity but the S3 segment can decrease the luminal 
glucose concentration to a much lower level. Transport 
studies with brush border membrane vesicles and molecular 
cloning have established two transport systems with charac-
teristics consistent with earlier microperfusion findings. Na+ 
and glucose move as a net positive charge into the cell. 
Elimination of Na+-glucose cotransport results in hyperpo-
larization of about 14 mV in the S1 and about 4 mV in the 
late S2 segment; Na+-glucose transport accounts for approxi-
mately 15% of the apical membrane current and for 50% 
of the luminal negative potential difference (PD) in the 
early proximal convoluted tubule (PCT).4 Crane first 
described the Na+-coupled nature of glucose transport in 
the intestine,5 and Aronson and Sacktor in renal brush 
border vesicles.6,7 The two Na+-glucose apical uptake systems 
have been defined by transport, biochemical, and molecular 
studies, with good internal agreement, and are summarized 
in Figure 8.3.

MOLECULAR BIOLOGY OF RENAL GLUCOSE 
TRANSPORT PROTEINS

CELL MODEL
Proximal tubule glucose reabsorption occurs in two steps: 
(1) carrier-mediated Na+-glucose cotransport across the 
apical membrane; and (2) facilitated glucose transport and 
active Na+ extrusion across the basolateral membrane (see 
Figure 8.3). Electroneutrality is maintained by paracellular 
Cl− diffusion from the lumen or Na+ back diffusion into the 
lumen, depending on the relative permeabilities of the 
intercellular tight junction to Na+ and Cl− (see Figure 8.3). 
Two Na+-coupled carriers (sodium-glucose–linked cotrans-
porters SGLT1 and SGLT2) are in the apical membrane 
(Table 8.1). The two SGLTs are part of a much larger SLC5 
family, with 12 genes in humans expressed in a wide range 
of tissues with diverse functions encompassing plasma mem-
brane Na+-coupled cotransporters for glucose, galactose, 
mannose, fructose, myoinositol, choline, short-chain fatty 
acids, and other anions.8

Apical Entry

SGLT1.  SGLT1 (SLC5A1) is an important brush border 
glucose transporter in the enterocytes for D-glucose and 
D-galactose,8,9 as evidenced by studies of patients with 
glucose-galactose malabsorption and of mice with genetic 
ablations of SGLT1,9,10 but its role in bulk glucose absorp-
tion in the kidney is likely smaller than that in SGLT2. 
Glucose transport is driven by the Na+ electrochemical 
potential gradient using a model proposed by Wright and 
colleagues,9 in which two extracellular Na+ ions first bind to 
SGLT1, opening the external gate to permit sugar binding. 
After closure of the external gate, the internal gate opens 
to allow Na+ and sugar to enter the cytoplasm site to permit 
the binding of external sugar. The sugar is then occluded 
from the aqueous phases by the closing of the external gate. 
The cycle is completed by the return of the protein confor-
mation to the starting position. External phlorizin behaves 

and, in some cases, renal glucose excretion. Although tran-
sient increments and decrements of plasma glucose are  
tolerated in postprandial and fasting states, neither hypogly-
cemia nor hyperglycemia is desirable for the organism. The 
metabolic rate of mammals mandates a high GFR, so the 
loss of glucose would be colossal if not reclaimed. The main 
physiologic task of the kidney is to retrieve as much glucose 
as possible so that normal urine is glucose-free, a phenom-
enon described by Cushny as early as 1917.1 The proximal 
tubule is a major glyconeogenic organ,2 so the glucose in 
the renal vein represents almost complete retrieval of 
glucose from the glomerular filtrate plus the glucose synthe-
sized in the proximal tubule minus renal glucose 
utilization.

RENAL GLUCOSE HANDLING

Plasma glucose is neither protein-bound nor complexed, so 
it is filtered freely at the glomerulus. Glucose reabsorption 
by the proximal tubule increases as the filtered load increases 
(plasma [glucose] × GFR) until it reaches a threshold 
(tubular maximum, or Tmglucose), which is the maximal reab-
sorptive capacity of the proximal tubule, beyond which gly-
cosuria ensues (Figure 8.1). With a normal GFR, the value 
of plasma glucose for glycosuria to occur is about 9 to 
11 mmol/L (162 to 200 mg/dL). One can predict that  
glycosuria will occur at a lower plasma glucose concentra-
tion in a physiologic state of hyperfiltration, such as preg-
nancy or a unilateral kidney (e.g., nephrectomy, transplant 
allograft). Conversely, in patients with a reduced GFR, it 
may take a higher plasma glucose concentration for glycos-
uria to occur if Tmglucose is relatively preserved. Some of the 
whole organism values for humans are as follows:

• Reabsorptive capacity (Tmglucose), 1.7 to 2.0 mmol/min 
(2450 to 2880 mmol/day)

• Excretion rate—normally no more than 0 to 1 mmol/day
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mutations have also been found. The functional effects 
include failure of the protein to reach the plasma mem-
brane, which was also shown in patients by immunohisto-
chemistry of jejunal biopsies. There are also allelic variants 
that are not associated with transport defects, such as 
Asn51Ser, His615Gln, and Ala411Thr.9 The phenotype of 
GGM patients also may include a mild renal glucosuria that 
is reflective of the minor role that SGLT1 plays in glucose 
reabsorption in the kidney. Slc5a1−/− mice develop GGM 
but, surprisingly, this only occurs after weaning.12

SGLT2.  SGLT2 (SLC5A2) is highly and specifically 
expressed in the early proximal tubule apical membrane in 
the S1 segment.13 In subjects with familial renal glucosuria 
(Online Mendelian Inheritance in Man [OMIM] 233100), 
there is a correlation with mutations in the SGLT2 gene, 
and in knockout mice there is a massive glucosuria that is 
not observed in control mice.13 This indicates that SGLT2 is 
the major protein responsible for the reabsorption of the 
filtered glucose. Transport properties of SGLT2 are distinct 
from those of SGLT1.11 The Na+ to glucose coupling is 1, 
not 2, rendering it with a lower power than SGLT1. In con-
junction with the lower glucose affinity, it is not able to pick 
up all the glucose in the urine. Galactose is a poor substrate 
for SGLT2; this is understandable because the plasma con-
centration of galactose is only a few millimolar, and the fil-
tered load of galactose is much smaller than that of glucose. 
Phlorizin is a more potent inhibitor of SGLT2 than SGLT1, 
with an inhibition constant, Ki of 11 versus 140 nM, respec-
tively, and so is dapagliflozin. Ki is 100 to 1000 times lower 
for human SGLT2 than human SGLT1 (1 to 5 nM).14,15 As 

Figure 8.2  Relative magnitude of glucose transport characteristics in different segments of the proximal tubule. Jmax, Maximal glucose transport 
rate; Km, affinity constant for glucose. PCT, Proximal convoluted tubule; PST, proximal straight tubule. (Data from Barfuss DW, Schafer JA: Dif-
ferences in active and passive glucose transport along the proximal nephron. Am J Physiol 241:F322-F332, 1981.)
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Figure 8.3  Model of proximal tubule glucose absorption. The Na+-
K+-ATPase lowers cell [Na+] and generates a negative interior voltage, 
driving uphill Na+-coupled glucose entry  from the apical membrane 
via  the  SGLT  transporters  1  and  2.  Glucose  leaves  the  basolateral 
membrane via the facilitative glucose transporters GLUT1 and GLUT2 
down its electrochemical gradient. 
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as a nontransported competitive inhibitor, with an inhibitor 
constant of 140 nM.11

In autosomal recessive glucose-galactose malabsorption 
(GGM), newborns present with life-threatening diarrhea 
(see later). Most mutations are missense mutations, but 
nonsense, frameshift, splice-site, and some promoter 
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S3.21 GLUT2 is a high-capacity, lower affinity basolateral 
transporter (K0.5 = 15 to 20 mM) found in tissues with large 
glucose fluxes, such as intestine, liver, and pancreas and the 
S1 segment of the PCT.20,21 GLUT4 is the insulin-responsive 
glucose transporter found in fat and muscle.22,23 GLUT4 was 
found in glomeruli and renal microvessels but its role in 
tubular absorption is likely minimal.24,25 The role of GLUT2 
in renal glucose transport has been demonstrated by the 
presence of renal glycosuria in GLUT2−/− mice26 as well as 
in humans with GLUT2 mutations who present, interest-
ingly, with the Fanconi syndrome, which is glycosuria accom-
panied by generalized proximal tubule dysfunction, possibly 
secondary to glycotoxicity.27,28

Transcripts of some of the other GLUT transporters have 
been detected in the kidney (see Table 8.2), but the location 
of their protein and their roles are unclear.

RENAL GLUCOSE TRANSPORT IN  
DISEASE STATES

MONOGENIC DEFECTS OF GLUCOSE TRANSPORT
Glucose-Galactose Malabsorption

The best-characterized monogenic disease in the SGLT 
family is glucose-galactose malabsorption due to an inacti-
vating mutation of SGLT1 (OMIM 182380).25,29-32 This rare 
autosomal recessive disease presents in infancy with osmotic 
diarrhea, which resolves on cessation of dietary glucose, 
galactose, and lactose, substrates of SGLT1. The diarrhea 
returns when rechallenged with one or more of these sub-
strates. The diagnosis of the disease can be readily con-
firmed by the administration of oral glucose or galactose 
followed by lactic acid determination in the breath. Patients 
with inactivating mutations of SGLT1 exhibit some degree 
of renal glycosuria.33 Because of redundance in SGLT2, the 
glycosuria is mild, and reduction of Tmglucose is not always 
demonstrable. However, this is in keeping with the low-
capacity, late proximal tubule SGLT1 transport system.

Renal Glycosuria

Because of the lack of intestinal defects and the renal-
restricted distribution of SGLT2, the SGLT2 gene is expected 
to be the perfect candidate for congenital renal glycosuria. 

will be discussed later, SGLT2 inhibitors hold much promise 
for the treatment of type 2 diabetes.

Three other members of the SLC5 family with detectable 
transcripts in the kidney are glucose transporters based on 
in vitro substrate studies. SGLT3 (SLC5A, SAAT1) is likely a 
glucose-activated cation channel, and SGLT4 (SLC5A9) and 
SGLT5 (SLC5A10) are Na+-coupled glucose-mannose-fruc-
tose cotransporters.8 Their protein localization and role in 
renal glucose transport are not yet defined.

A seminal achievement in this field was attained when 
Faham and associates solved the structure of the Vibrio Na+-
galactose symporter (vSGLT1), which has a 32% identity 
and 60% similarity to SGLT1 in the presence of Na+ and 
galactose to approximately 3 Å resolution.16 The predicted 
structure of the protein is shown in Figure 8.4. This struc-
ture was not predictable from the amino acid sequence of 
vSGLT but there is striking structural similarity to the leucine 
transporter, leuT, which shares almost no primary sequence 
similarity to vSGLT. The galactose binding site is interposed 
between hydrophobic residues that form intracellular and 
extracellular portals of entry. This 5 + 5 motif is discussed 
in more detail in the amino acid transport section later. An 
alternative access model was proposed to account for the 
translocation of the galactose and Na+ ions (see Figure 8.4). 
This should provide clues to the structure of the human 
SGLTs and guide further studies in transporter function and 
drug design.

Basolateral Exit

Proximal tubule basolateral membrane glucose transport is 
believed to be passive and is mediated by members of a large 
gene family termed GLUT. There are 18 known genes, of 
which 14 have known gene products (Table 8.2).17 A thor-
ough discussion is beyond the scope of this book; several 
excellent reviews are available.17,18

GLUT1  and  GLUT2.  The two isoforms believed to be 
important for renal transepithelial glucose transport are 
GLUT1 and GLUT2 (see Figure 8.3). GLUT1 was the first 
member of the GLUT family discovered in the red blood 
cell, with a 1- to 2-mM affinity for glucose (K0.5), and is found 
at variable levels in almost all nephron segments.19,20 It is 
probably also the principal mechanism for glucose exit in 

Table 8.1 Proximal Tubule Na+-Coupled Glucose Transporters*

Parameter SGLT1 SGLT2

Gene (human chromosome) SLC5A1 (22p13.1) SLC5A2 (16p11.2)
Human genetic disease (OMIM) Intestinal glucose-galactose malabsorption (182380) Familial renal glycosuria (233100)
Mouse deletion Glucose-galactose malabsorption Massive glycosuria
Tissue distribution Intestine, kidney liver, spleen Kidney
Amino acids 664 672
Hexose selectivity Glucose = galactose Glucose ≫ galactose
Stoichiometry 2Na+ : glucose Na+ : glucose
K0.5 (mM)
  Glucose 0.4 2
  Sodium 32 100
Ki phlorizin (nM) 140 11 nM

*Several other members of the SLC5 family (SGLT3, 4, and 5) are expressed in the kidney but there is little or no information on their role in 
renal glucose handling.
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Figure 8.4  Structure of Vibrio sodium galactose transporter vSGLT. A, Topology. The protein has 14 transmembrane helices, with both termini 
in the extracellular space. A structural core is formed from inverted repeats of five transmembrane helices (TMII to VI and TMVII to XI). Galactose 
is at the central heart of the core seven helices (II,  III,  IV, VII, VIII,  IX, XI). The two grey trapezoids represent the inverted topology of TMII-VI 
and TMVII-XI. Galactose traversing the central core is shown as black and red spheres (C and O atoms, respectively). B, Top panel shows the 
structure viewed in the membrane plane. The coloring scheme matches that of A. Bound galactose is shown as black and red spheres, as in 
A. Na+ ion is shown as a blue sphere. Bottom panel, View from the intracellular side. C, Alternating accessibility. The protein on the left is a 
slice through the surface of the outward-facing model viewed from the membrane plane. An externally facing cavity  is depicted by the blue 
mesh. The protein on the right shows a slice through the surface of the inward-facing structure of vSGLT in the membrane plane showing the 
internally  facing cavity. Helices showing structural  rearrangement during the transport cycle are colored orange, green, and blue  for helices 
TMIII, TMVII, and TMXI. Helices with little movement during transport are white. The surface is shown in beige. Galactose is shown as black 
and red spheres. Na+ ion is shown as blue spheres. (Adapted from Faham S, Watanabe A, Besserer GM, et al: The crystal structure of a sodium 
galactose transporter reveals mechanistic insights into Na+/sugar symport. Science 321:810-814, 2008.)
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Table 8.2 Facilitative Sugar Transporters

Protein Gene Class Renal Expression Extrarenal Expression

GLUT1 SLC2A1 I All nephron segments; proximal tubule basolateral S2 Erythrocytes, brain
GLUT2 SLC2A2 I Proximal tubule basolateral S1 Liver, islet cells, intestine
GLUT3 SLC2A3 I Absent Brain, testis
GLUT4 SLC2A4 I mRNA in situ in thick ascending limb Adipocyte, muscle
GLUT5 SLC2A5 II mRNA in situ in proximal straight tubule Testis, intestine, muscle
GLUT6 SLC2A6 III Absent Brain, spleen, leukocyte
GLUT7 SLC2A7 II Unknown Intestine, prostate, testis
GLUT8 SLC2A8 III Absent Testis, brain, adipocyte
GLUT9 SLC2A9 II mRNA present Liver
GLUT10 SLC2A10 III mRNA present Liver, pancreas
GLUT11 SLC2A11 II Absent Pancreas, placenta, muscle
GLUT12 SLC2A12 III Unknown Heart, prostate
GLUT 14 SLC2A14 I Absent Testis
HMIT SLC2A13 III Unknown Brain
No gene product SLC2A3P1 —
No gene product SLC2A3P2 —
No gene product SLC2A3P3 —
No gene product SLC2AXP1 —
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the Fanconi-Bickel syndrome are homozygous for the 
disease-related mutations but some patients have been 
shown to be compound heterozygotes.41

The mechanism whereby GLUT2 mutation causes the 
proximal tubulopathy is unclear. It is conceivable that 
impaired basolateral exit of glucose in the proximal  
convoluted tubule can lead to glucose accumulation and 
glycotoxicity.42 GLUT2 gene deletion in rodents leads to 
glucose-insensitive islet cells, but proximal tubulopathy  
was not described.26 GLUT1 mutations present with primar-
ily a neurologic syndrome, with no documented renal 
involvement.39,43,44

Pharmacologic Manipulation of Sodium-Glucose–
Linked Cotransporters

Antidiabetic therapy traditionally targets several broad 
levels—gut glucose absorption, insulin release, and insulin 
sensitivity. One additional strategy is to provide a glucose 
sink to alleviate hyperglycemia and the ravages of systemic 
glycotoxicity without actual direct manipulation of insulin 
secretion or sensitivity.45 If one decreases the capacity of 
proximal absorption, the same filtered load will lead to 
higher glycosuria, resulting in a lower plasma glucose con-
centration (Figure 8.5).

In addition to providing a glucose sink, the proximal 
osmotic diuresis can potentially act via tubuloglomerular 
feedback and reduce the GFR, especially in the setting  
of diabetic hyperfiltration. One advantage of this approach 
is the self-limiting effect—increased filtered load from 

There is disagreement on the inheritance pattern (autoso-
mal dominant vs. recessive), clinical classification of the 
reabsorptive defect (lowered glucose threshold vs. decreased 
maximal absorptive capacity, or both), and associated over-
lapping defects with aminoaciduria in this syndrome.34,35

To date, the strongest evidence that SGLT2 is the major 
causative gene comes from the analysis of a patient with 
autosomal recessive renal glycosuria with a homozygous 
nonsense mutation in exon 1 of SGLT2 and a heterozygous 
mutation in both parents and a younger brother.36 In con-
trast, the linkage of the autosomal dominant form of renal 
glycosuria to the human leukocyre antigen (HLA) complex 
on chromosome 6 are not supportive of the SGLT transport-
ers being causative.37 Based on circumstantial evidence, an 
autoimmune mechanism has been proposed for this 
disease.38 It is likely that this entity represents a heteroge-
neous group of disorders.

Diseases of Glucose Transporters

The first patient with Fanconi-Bickel syndrome39 had hepa-
torenal glycogenosis and renal Fanconi’s syndrome40 who 
presented at age 6 months with failure to thrive, polydipsia, 
and constipation followed by osteopenia, short stature,  
hepatomegaly, and a proximal tubulopathy consisting of 
glycosuria, phosphaturia, aminoaciduria, proteinuria, and 
hyperuricemia. The liver was infiltrated with glycogen and 
fat. Disturbance of glucose homeostasis included fasting 
hypoglycemia, ketosis, and postprandial hyperglycemia. A 
mutation in GLUT2 was demonstrated.28 Most patients with 

Figure 8.5  Effect of SGLT  inhibition. Left panel,  Inhibition of proximal absorption  leads  to  increased glucose excretion. Proximal osmotic 
diuresis activates tubuloglomerular (TG) feedback and reduces hyperfiltration. Right panel, Self-adjusting features of the renal glucose sink. 
As the plasma glucose level falls, so does the filtered load, and glycosuria ceases, even though proximal absorption is still inhibited. 
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hyperglycemia in the presence of reduced proximal reab-
sorption increases glycosuria (see Figure 8.5). Once hyper-
glycemia is corrected and the filtered load is reduced, renal 
glucose leak ceases, even if the drug is still present (see 
Figure 8.5).46-54 The long-term consequence of escalated gly-
cosylation of epithelial proteins exposed to the urinary 
lumen has not been examined. Because hyperglycemia fluc-
tuates, so does osmotic diuresis. The staccato natriuresis 
may present a challenge in control of the extracellular fluid 
volume. The increased renal glucose sink is also inducing 
higher glucagon and glucose production rates, which may 
or may not have undesired consequences.55

ORGANIC CATIONS

PHYSIOLOGY OF RENAL ORGANIC  
CATION TRANSPORT

The kidney clears the plasma of a vast array of organic 
solutes that share little in common other than a net positive 
charge at physiologic pH. These organic cations (OCs) 
include a structurally diverse array of primary, secondary, 
tertiary, or quaternary amines.48,56 Studies using stop flow, 
micropuncture, and microperfusion have identified the 
renal proximal tubule as the principal site of renal OC secre-
tion.48 Although a number of endogenous OCs are actively 
secreted by the proximal tubule (e.g., N1-methylnicotinamide 
[NMN], choline, epinephrine, dopamine57), an equal if not 
more important function is clearing the body of exogenous 
xenobiotic compounds.48,56 These include a wide range of 
alkaloids and other positively charged heterocyclic dietary 
constituents, cationic therapeutic or recreational drugs, and 
cationic environmental toxins (e.g., nicotine). Importantly, 
the renal OC secretory pathway is also the site of clinically 
significant drug-drug interactions.58

RENAL ORGANIC CATION SECRETION
Renal OC secretion involves the concerted activities of a 
suite of distinct transport processes arranged in series in the 
basolateral and apical poles or in parallel within the same 
pole of renal proximal tubule cells. It is useful to consider 
the type I and II structural classifications of OCs originally 
developed to describe OC secretion in the liver.47 In general, 
type I OCs are relatively small (generally, <400 Da) monova-
lent compounds such as tetraethylammonium and procain-
amide ethobromide. Most clinical cationic drugs are type I 
OCs, including antihistamines, skeletal muscle relaxants, 
antiarrhythmics, and β-adrenoceptor blocking agents. Type 
II OCs are usually bulkier (generally, >500 Da) and are 
frequently polyvalent, including D-tubocurarine, vecuronium, 
and hexafluorenium. Although the kidney plays a quantita-
tively significant role in the secretion of some type II OCs, 
the liver plays the most predominant role in excretion into 
the bile of these large hydrophobic cations. Renal excretion 
is the prime avenue for clearance of type I OCs,59 and type 
I OCs will be focus of this discussion.

BASOLATERAL ORGANIC CATION ENTRY
Figure 8.6 shows a model for transcellular OC transport by 
the proximal tubule based on studies using intact proximal 
tubules and isolated membrane vesicles, subsequently 

Figure 8.6  Schematic model of the transport processes associated 
with the secretion of organic cations (OCs) by renal proximal tubule 
cells. Circles,Carrier-mediated transport processes. Arrows  indicate 
the direction of net substrate  transport. Solid lines depict what are 
believed to be principal pathways of substrate transport; dotted lines 
indicate  pathways  believed  to  be  of  secondary  importance;  the 
dashed line indicates diffusive movement. Following is a brief descrip-
tion of each of the numbered processes currently believed to play a 
role, direct or indirect, in transepithelial OC secretion. Principal baso-
lateral processes include the following: (1) Na+-K+- ATPase; maintains 
the K+ gradient associated with the inside negative membrane poten-
tial and the inwardly directed Na+ gradient, both of which represent 
driving forces associated with active OC secretion; (2) OCT1, OCT2, 
and OCT3—support electrogenic uniport (facilitated diffusion) of type 
I OCs from the blood (these processes are also believed to support 
electroneutral OC-OC exchange); (3) diffusive flux of type II OCs. The 
principal apical transport processes include the folllowing: (4) MDR1—
supports the ATP-dependent, active luminal export of type II OCs; (5) 
NHE3 and NHE8—support the Na+-H+ exchange activity that sustains 
the inwardly directed hydrogen electrochemical gradient that, in turn, 
supports activity of MATE transporters;  (6) MATE1 and MATE2-K—
support the mediated electroneutral exchange of luminal H+ for intra-
cellular  type  I  OCs;  (7)  OCTN1  and  OCTN2—principally  support 
electrogenic Na+-dependent reabsorptive fluxes of ergothionine and 
carnitine, respectively;  (8) physiologically characterized electrogenic 
choline reabsorption pathway (CTL1?). 
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supported by molecular data. For type I OCs, the basolateral 
entry step involves electrogenic uniport (facilitated diffu-
sion) driven by the inside negative electrical potential60 or 
electroneutral antiport (exchange) of OCs.60 These two 
mechanisms can represent alternative modes of action of 
the same transporter(s).61 The basolateral PD is approxi-
mately 60 mV (inside negative),62 which is sufficient to 
account for an approximately 10-fold accumulation of OCs 
within proximal cells. A hallmark of peritubular OC uptake 
is its broad selectivity63; effective interaction of substrates 
and inhibitory ligands are largely defined by cationic charge 
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ORGANIC CATION REABSORPTION
Whereas secretion dominates the net flux of OCs in the 
proximal tubule, net reabsorption has been reported for a 
few cationic substrates, most notably choline.48 Also, although 
the secretory flux of metformin dominates in the proximal 
tubule, there is evidence for a modest reabsorption of met-
formin by the human renal proximal tubule that is associated 
with a modest expression of OCT1 in the luminal membrane 
of these cells.76 The apical membrane of renal proximal 
tubule cells expresses an electrogenic uniporter that accepts 
choline and structurally similar compounds with relatively 
high affinity.77,78 In contrast, the apical OC-H+ exchanger has 
a low affinity (but high capacity) for choline.78 Consequently, 
choline is effectively reabsorbed when plasma concentration 
is in the physiologic range (10 to 20 µmol/L) and is secreted 
when plasma concentrations exceed 100 µmol/L.79 The 
molecular identity of the apical choline transporter is 
unknown, but expression patterns and the functional profile 
of a member of the SLC44 family of solute carriers, CTL1 
(choline-like transporter 1), suggest that it may contribute to 
choline reabsorption.80

MOLECULAR BIOLOGY OF RENAL ORGANIC 
CATION TRANSPORT

The cloning of OCT1,81 followed in close succession by the 
cloning of OCT282 and OCT3,83 resulted in a rapid increase 
in understanding of the molecular and cellular bases of 
renal OC transport. Evidence supports the basolateral entry 
of type I OCs by species-specific combination of the activities 
of OCT1, OCT2, and OCT3. Although OCT1 and OCT2 
both play major roles in basolateral OC transport in rabbits 
and rodents, the human kidney expresses very low levels of 
OCT1 and OCT3, and OCT2 appears to dominate basolat-
eral OC transport.84 Species differences are also found in 
the expression profile of apical OC transport. In humans, 
the apical exit of type I OCs uses a combination of MATE1 
and MATE2/2-K, which are coexpressed along with OCT285 
(Table 8.3). In contrast, rodent kidney only expresses 
MATE1.86 The OCTs are members of the SLC22 family of 
solute carriers and share a common set of structural features 
that place them within the major facilitator superfamily 
(MFS) of transport proteins,87 whereas the MATEs are part 
of the SLC47 family of solute carriers.88

BASOLATERAL ORGANIC CATION TRANSPORTERS: 
OCT1, OCT2, AND OCT3
Basolateral OC transport is dominated by the combined 
activity of three members of the SLC22A family—OCT1 
(SLC22A1), OCT2 (SLC22A2), and OCT3 (SLC22A3).89 
The human genes for OCT1, OCT2, and OCT3 congregate 
within a cluster on chromosome 6q26-27, and each has 11 
coding exons.90 Several alternatively spliced variants of 
OCT1 have been described. Rat Oct1A lacks the putative 
transmembrane helix (TMH) types 1 and 2 and the large 
extracellular loop that separates these two TMHs, yet sup-
ports transport of TEA.91 In humans, four alternatively 
spliced isoforms of OCT1 are present in glioma cells,92 a 
long (full-length) form and three shorter forms. Only the 
long form (hOCT1G/L554) supports transport when 
expressed in HEK2 cells.92,93

and modest increases in solute hydrophobicity.63 As will be 
discussed later, basolateral OC entry into human renal prox-
imal tubules is likely dominated by the organic cation trans-
porter OCT2.

The mechanisms for basolateral entry of type II OCs into 
the proximal tubule cells are less clear. The bulky ring struc-
tures render them substantially more hydrophobic than 
type I OCs. In the liver, type II OCs (e.g., rocuronium) tend 
to be substrates for the organic anion transporting polypep-
tide (OATP) superfamily of transporters (SLCO),59 but 
these are poorly expressed in the proximal tubule.64 Despite 
the presence of one or more cationic charges, the marked 
hydrophobicity of most type II OCs makes it likely that there 
is a substantial diffusive flux across the peritubular mem-
brane that provides these compounds with a passive, electri-
cally conductive avenue for entry into proximal cells.

APICAL ORGANIC CATION EXIT
Exit of type I OCs across the luminal membrane involves 
carrier-mediated antiport of OC for H+ (see Figure 8.6), a 
process described in renal brush border membrane vesicles 
(BBMVs) in many species.48 Importantly, net OC secretion 
does not require a transluminal H+ gradient. Indeed, in the 
early proximal tubule, where the luminal pH is close to 7.4, 
tubular secretion exceeds that of later tubule segments,65 in 
which an inwardly directed (lumen into cell) H+ gradient is 
present.66 The nonelectrogenic nature of the exchanger 
(obligatory 1 : 1 exchange of monovalent cations),67 even in 
the absence of an H+ gradient, will permit OCs to exit the cells 
and develop a luminal concentration as high as that in the 
cytoplasm. In the presence of an inwardly directed H+ gradi-
ent, OCs can be moved uphill into the lumen. Net transepi-
thelial secretion is a consequence of combining an electrically 
driven flux of OCs across the basolateral membrane and 
luminal OC-H+ exchange. From an energy perspective, 
OC-H+ antiport is the active step because it depends on the 
displacement of H+ away from electrochemical equilibrium, 
primarily through the apical membrane Na+-H+ exchanger,68 
which derives electrochemical energy from the basolateral 
Na+-K+-ATPase. The inside negative membrane potential sup-
ports the concentrative uptake of OCs across the basolateral 
membrane and the inwardly directed Na+ gradient that drives 
luminal Na+-H+ exchange. The primary contributor to apical 
OC-H+ exchange activity includes MATE1 and MATE2-K, two 
novel members of the multidrug and toxin extrusion (MATE) 
family of drug resistance transporters.69

The SLC22 carriers are implicated in renal handling of 
selected cationic substrates. The so-called novel organic 
cation transporters, OCTN1 and OCTN2, are expressed in 
the luminal membrane of the proximal tubule70 and were 
considered potential contributors to renal OC secretion.71,72 
However, these transporters were subsequently shown to 
support Na+-dependent reabsorption of certain zwitterions, 
including ergothioneine (by OCTN1) and carnitine (by 
OCTN2),73 and likely play little role in type I OC secretion. 
Although MDR1 (ABCB1) is linked to several aspects of 
renal function,74 its quantitative influence on renal OC 
secretion is less clear. For example, whereas biliary excre-
tion of the prototypic MDR1 substrate, doxorubicin, is 
markedly decreased in mdr1−/− mice, urinary clearance actu-
ally increases.75 We will focus on OCTs and MATEs and renal 
OC transport.
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predominant, physiologic mode of operation is electrogenic 
uniport.61,104 Transport is independent of extracellular Na+ 
and H+, with membrane potential providing the driving 
force for concentrative uptake of cationic substrates.104 
Simultaneous measurement of rOCT2-mediated current 
versus radiolabeled OC flux has revealed charge-to-substrate 
ratios that vary between 1.5 and 4.0, depending on the sub-
strate and membrane potential.105 The excess charge-to-flux 
ratio appears to involve a nonselective cotransport (that 
does not involve energetic coupling) of OCs with cations, 
which could include molecules as diverse as Na+ or lysine. 
Modeling of the outwardly directed surface of rOCT2 has 
revealed a binding region with more anionic residues than 
those accessible in the inward-facing mode of the trans-
porter, thereby facilitating the parallel net influx of small 
charged cations with each transport cycle of conformational 
change.

OCT1, OCT2, and OCT3 display marked overlap in sub-
strates but are nevertheless distinguishable by their selectivi-
ties for specific compounds. For example, the prototypic 
OC, tetraethylammonium, is transported with similar affin-
ity by OCT1 and OCT2 but has very low affinity for OCT3, 
whereas epinephrine and norepinephrine are transported 
with similar affinities by OCT2 and OCT3 but interact 
poorly with OCT1.106 In general, however, the three homo-
logs all support transport of a structurally diverse array of 
type I OCs,106 but can interact with a limited number of 
neutral and even anionic substrates.107

The molecular determinants of the interaction of sub-
strates and inhibitors with OCTs have been assessed using 
computational methods. A screen of inhibition of OCT2 
transport by 900 drugs was used to define three structural 
classes of inhibitory ligands.108 Cluster I and cluster III 

The human kidney expresses at least one splice variant of 
OCT2, designated hOCT2A, that is characterized by a 
1169-bp insertion from the intron between exons 7 and 8 
of hOCT2,93 resulting in a truncated protein missing the last 
three putative TMHs (10, 11, and 12). Despite the absence 
of the last three TMHs, hOCT2A retains the capacity to 
transport TEA and cimetidine, although guanidine trans-
port is lost.

As MFS transporters, the OCTs share several structural 
characteristics, including 12 TMHs, cytoplasmic N- and 
C-termini, a long cytoplasmic loop between TMHs 6 and  
7, and several conserved sequence motifs94 (Figure 8.7). 
Several additional features are unique to the OCT members 
of SLC22A, including a long extracellular loop (~110 amino 
acid residues) between TMHs 1 and 2, as well as a distin-
guishing sequence motif just before TMH2.95 The long 
extracellular loop between TMH1 and TMH2 contains 
three N-linked glycosylation sites in all three homologs. In 
OCT2, all three sites are glycosylated; their elimination is 
associated with decreased trafficking of protein to the mem-
brane and changes in apparent affinity for substrate.89

The latter observation suggests that the configuration of 
the long extracellular loop influences the position of TMHs 
1 and 2, which are elements of the hydrophilic binding cleft 
common to the OCTs and in which substrate is suspected 
to bind (discussed later).96,97 The long extracellular loop 
also contains six conserved cysteine residues inaccessible to 
the aqueous medium supporting one or two disulfide 
bonds,98,99 which influence the structure of the extracellular 
domain and stabilize the formation of functional homo-
oligomers of OCTS (and OATS).100-102

Although the OCTs can support electroneutral OC-OC 
exchange (e.g., 1-methyl-4-phenylpyridium [MPP]103), the 

Table 8.3 Renal Organic Cation Transporters

Name Gene Name
Human 
Chromosome

Proximal Tubule 
Localization Principal Transport Mode or Substrate

OCT Family

OCT1 SLC22A1 6q26 Basolateral (low in 
human kidney)

Electrogenic uniport; type I OCs (e.g., TEA, 
MPP, clonidine)

OCT2 SLC22A2 6q26 Basolateral Electrogenic uniport; type I OCs (e.g., TEA, 
MPP, metformin, cimetidine)

OCT3 SLC22A3 6q26-27 Basolateral (modest 
in human kidney)

Electrogenic uniport; type I OCs (e.g., 
MPP, catecholamines)

OCTN1 SLC22A4 5q31.1 Apical Na-cotransport; ergothionine
OCTN2 SLC22A5 5q31 Apical Na-cotransport; carnitine

MATE Family

MATE1 SLC47A1 17p11.2 Apical H+-driven exchange; type I OCs (e.g., TEA, 
MPP, metformin, cimetidine)

MATE2-K SLC47A2 17p11.2 Apical H+-driven exchange; type I OCs (e.g., TEA, 
MPP, metformin, cimetidine)

MDR Family

MDR1 ABCB1 7q21.1 Apical ATP-dependent; type II OCs, neutral 
steroids, cardiac glycosides (e.g., 
doxorubicin, dexamethsone, digoxin)

MPP, 1-Methyl-4-phenylpyridium; TEA, tetraethylammonium.
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the structural basis of ligand interaction with OCTs and 
other multidrug transporters may require inclusion of the 
substrate identity as an additional factor.

Organic Cation Transporter Structure

The elucidation of the crystal structure of two MFS transport-
ers, LacY and GlpT, and the fact that these two proteins share 
marked structural similarity of a common helical fold, despite 
low sequence homology (<15%), paved the way for homol-
ogy modeling as a means to develop structural models for 
other MFS transporters.110-112 LacY and GlpT served as tem-
plates for the modeling of OCT196 and OCT2,97 respectively, 
and the models share a number of common structural fea-
tures (partly because of shared structural features of the 
templates). These include a large hydrophilic cleft formed by 
the juxtaposition of the N- and C-terminal halves of the pro-
teins comprised of the amino acid residues of the cleft-
forming helices—TMH types 1, 2, 4, 5,7, 8, 10, and 11 (see 
Figure 8.7). Several residues in these helices predicted to face 
the cleft have been shown to influence substrate binding. In 

consist primarily of nontransported inhibitors, which are 
large linear cations and globular neutral sterols. In contrast, 
cluster II contains most known OCT2 substrates, suggesting 
that they share the property of binding to the transport 
binding site. In addition, the kinetic mechanisms of inhibi-
tion of OCT2 activity, derived from representatives of the 
three clusters, are complex and include competitive, non-
competitive, and mixed-type interactions.103 These observa-
tions are consistent with the view that ligand interaction of 
OCT2 (and, presumably the other OCTs), is not restricted 
to competition for a single binding site. It is therefore not 
surprising that the efficacy of the ligand inhibition of OCT 
transport is influenced by the identity of the substrate being 
transported. For example, trimethoprim is 12-fold more 
effective in inhibition of OCT2-mediated transport of the 
fluorescent organic cation, N,N,N-trimethyl-2-[methyl(7-
nitrobenzo[c][l,2,5]oxadiazol-4-yl)amino]ethanaminium 
iodide (NBD-MTMA), than of MPP, and metformin is a 
threefold more effective inhibitor of OCT2-mediated trans-
port of MPP than of NBD-MTMA.109 Thus, efforts to model 

Figure 8.7  Model of the three-dimensional structure of the rabbit ortholog of OCT2 based on structural homology with the major facilitator 
superfamily (MFS) transporter, GlpT. A, Proposed secondary structure of OCT2, which is representative of all three OCT homologs. The human 
orthologs of OCT1, OCT2, and OCT3 contain 554, 555, and 556 amino acid  residues,  respectively, and several consensus sites  for PKC-, 
PKA-, PKG-, CKII- and/or CaMII-mediated phosphorylation located within or near the long cytoplasmic loop between transmembrane helices 
(TMHs) 6 and 7, or in the cytoplasmic C-terminal sequence. B, Side view of OCT2, with the cytoplasmic face directed downward. The helices 
(TMHs 1 to 6) comprising the N-terminal half of  the protein are shown  in blue;  the helices comprising the C-terminal half of  the protein are 
shown in cyan. The lighter colored helices (1, 2, 4, 5, 7, 8, 10, and 11) border the hydrophilic cleft region formed by the juxtaposition of the 
N- and C-terminal halves of  the protein. The amino acid residues that comprise the postulated substrate-binding region within  the cleft are 
rendered as sticks with a pink van der Waals surface. D475 is rendered as a space-filling residue in orange. Note that residues from the long 
extracellular loop (between TMHs 1 and 2) and the cytoplasmic loop (between TMHs 6 and 7) were eliminated to facilitate homology modeling 
with the GlpT template.97 C, Proposed secondary structure of MATE1 and MATE2/2-K. MATE1 is a 570-amino acid protein with 13 putative 
TMHs139 and no N-linked glycosylation sites (in extracellular loops), and no splice variants have been described. MATE1 has three consensus 
PKG phosphorylation sites and no PKC, PKA, CKII, or CaMII sites, but current structural prediction suggests that the first three of these sites 
lie within TMH 8 or 9 and are probably inaccessible to modification. MATE2 is 602 amino acid residues in length, but MATE2-K is shorter (566 
amino acid residues), the result of a deletion of 108 bp in exon 7 of hMATE2, probably due to alternative splicing.130 MATE2/2-K has one PKC 
site, three PKG sites, and one MAPK site within putative cytoplasmic loops and these residues are within, or very close to, cytoplasmic loops 
in current homology MATE models, although no studies have examined the influence on MATE function of kinase activation to date. D, Side 
view of MATE1 with the cytoplasmic face directed downward. (Adapted from Zhang X, He X, Baker J, et al: Twelve transmembrane helices form 
the functional core of mammalian MATE1 [multidrug and toxin extruder 1] protein. J Biol Chem 287:27971-27982, 2012.)
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rodents, Oct2 is regulated by sex steroids, with kidneys from 
male rats expressing higher levels of mRNA, protein, and 
transport function.124 Moreover, treatment of male and 
female rats with testosterone significantly increases OCT2 
expression in the kidney,125 via androgen receptor–mediated 
transcription,126 although similar profiles have not been 
seen in all species (e.g., rabbits127).

APICAL ORGANIC CATION TRANSPORTERS:  
MATE1 AND MATE2/2-K
The significance of MATEs in the apical secretion of OCs  
is evident from the Mate1−/− mouse, which displays 82% 
reduction of total renal clearance and 86% reduction in 
renal secretion of the cationic drug metformin.128 In 
humans, the two MATE genes, each with 17 coding exons, 
are tandem-located on chromosome 17p11.2 and are desig-
nated as hMATE1 (SLC47A1) and hMATE2 (SLC47A2). 
MATE1 is expressed in the kidney and liver and is found  
in the apical and canalicular membranes, respectively, of 
renal proximal tubules and hepatocytes69 (see Figure 8.6). 
Humans express at least three isoforms of MATE2. Expres-
sion of one of these is largely restricted to the kidney (hence, 
designated as MATE2-K), although by the reverse transcrip-
tase polymerase chain reaction (RT-PCR), low levels of 
MATE2-K can be found in brain and testis.129 The full-length 
isoform, MATE2, is also predominantly expressed in human 
kidney (MATE2 mRNA amounts to 39% of total mRNA for 
MATE2/2-K).129 Antibodies that react with both MATE2 and 
MATE2-K have shown proximal tubule brush border expres-
sion.90 MATE2 expression is more restricted to the kidney69 
and a splice variant (missing part of exon 7), resulting in 
the loss of 36 amino acids in the putative intracellular loop 
between TMHs 4 and 5 (see Figure 8.7). Both isoforms are 
functional, and their expression in human kidney is effec-
tively comparable.130 Figure 8.7C and D outline the struc-
tural characteristics of MATE1 and MATE2/2-K.

The principal mode of apical OC transport in intact renal 
tubules is OC-H+ exchange, and it was the pH dependence 
of MATE-mediated OC transport that initially provided the 
evidence for MATEs serving as the OC-H+ exchanger of renal 
(and hepatic) OC secretion.69 MATE1 and MATE2/2-K 
uptake is cis-inhibited by extracellular H+ and trans-stimulated 
by intracellular H+, and MATE-mediated OC efflux is stimu-
lated by inwardly directed H+ gradients. The latter observa-
tion was confirmed in studies of transcellular OC transport 
across confluent MDCK cell monolayers stably expressing 
OCT in the basolateral membrane and MATE1 in the apical 
membrane. Acidification of the apical solution stimulates 
net transepithelial OC transport.131 Proof that the pH sensi-
tivity of MATE-mediated OC transport reflects a coupled 
exchange of H+ for an OC was based on observations that 
membrane vesicles isolated from HEK2 cells expressing rat 
Mate1 or human MATE1 or MATE2-K support concentrative 
electroneutral accumulation of TEA driven by an outwardly 
directed H+ gradient.93,132,133 Together, the evidence strongly 
supports that mammalian MATEs can operate as secondary 
active OC-H+ exchangers.

The ability to transport structurally diverse compounds is 
a defining characteristic of renal OC handling, and mam-
malian MATE transporters fulfill this description.134 The 
multidrug acceptance of MATEs is evident in the observa-
tion that molecules as structurally dissimilar as cimetidine 

particular, an aspartate residue conserved in all OCT homo-
logs (TMH 11 D475 in hOCT2) markedly influences sub-
strate binding in rOCT1 and rOCT2 and is directed toward 
the hydrophilic cleft at a position within the protein that 
coincides closely to the binding site identified in GlpT111 
and in LacY110 (see Figure 8.7).113,114 Similarly, residues 
within TMHs 4 and 10 that influence substrate binding are 
also directed toward the cleft of OCT196 and OCT2,97 includ-
ing three residues in TMH10 that play a key role in defining 
the selectivity differences that distinguish OCT1 and 
OCT2.96,97,115 The large extent of the pore or cleft region of 
OCTs (20 Å × 60 Å × 80 Å)96 is consistent with the suggestion 
that the broad substrate selectivity of these proteins reflects 
binding interactions over a large surface that contains several 
distinct regions.97,115 The external aspect of the binding cleft 
of all three OCTs also appears to include one or more inhibi-
tory binding sites capable of interacting with specific OCs 
(e.g., nucleoside reverse transcriptase inhibitors), with dis-
sociation constant, Kd values much less than 1 nM,116 in addi-
tion to the lower affinity sites that appear to play predominant 
roles in substrate translocation (i.e., Kd values > 1 µmol/L). 
The influence of these very high-affinity sites on OCT trans-
port activity is not clear, though the presence of high-affinity 
inhibitory ligands could influence the binding and transloca-
tion of other substrates.

At least 46 SNPs have been identified in the human OCT2 
gene. Of the 15 single-nucleotide polymorphisms (SNPs) in 
exons, nine are nonsynonymous and potentially influence 
OCT2 function. Primary focus has been directed toward the 
G808T (A270S) SNP, found in 7% to 16% of human popula-
tions (http://pharmacogenetics.ucsf.edu), in regard to the 
renal handling of metformin. The impact of this common 
SNP on metformin transport is controversial, with different 
groups showing significant or no changes in Kt and maximal 
glucose transport rate (Jmax).117 Similarly, clinical studies 
have reported decreased,118 increased,119 or no change76 in 
renal clearance of metformin in subjects with the A270S 
variant. The failure to establish the A270S polymorphism 
consistently as a predictor of metformin pharmacokinetics 
may indicate that the influence of this variant is small in 
comparison to other factors, including age, gender, environ-
mental influences, or genetic variations in other genes (e.g., 
other transporters involved in renal OC secretion).

It is interesting to consider the position of A270 within 
the current structural models of OCT proteins. A270 is 
within the small extracellular loop between TMHs 5 and 697 
or in the middle of TMH 6.117 Neither position is near the 
putative binding region within the hydrophilic cleft between 
the N- and C-terminal halves of OCT transporters. Thus, to 
the extent that the A270S polymorphism may influence 
ligand interaction with OCT2, this residue in fact resides far 
from the active sites of proteins but may be able to exert 
large effects on transporter activity.117-120

Regulation of OCT-Mediated Transport

OCT activity responds to short- and long- term regulation.121 
Human OCT2 is acutely downregulated following activation 
of protein kinase A (PKA), PKC, Ca2+–calcium/calmodulin-
dependent protein kinase (CaM), or phosphatidylinositol-
3-kinase (PI3).122 The kinase-mediated decrease in human 
OCT2 transport activity appears to reflect a decrease in the 
maximal rate of transport (i.e., Kt is not affected123). In 
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fold is unique among all known structures of transporters. 
This information was used to generate homology models of 
human MATE1 (see Figure 8.7) and MATE2-K. Several of 
the amino acid residues shown in site-directed studies to 
influence MATE1-mediated OC transport reside within the 
hydrophilic cleft between the N- and C-terminal halves of 
the protein (see Figure 8.7).

At least 57 SNPs have been identified in the human MATE1 
gene and 67 in the MATE2 gene. Of these, 16 SNPs in 
MATE1 reside in exons and 12 are nonsynonymous changes 
altering the primary protein sequence. In MATE2/2-K, 15 
SNPs reside in exons and six result in nonsynonymous 
changes. At least four of the MATE1 variants, and two of the 
MATE2/2-K variants, display reduced transport activity when 
expressed heterologously. The impact of these variants on 
renal clearance is unclear, but one intronic SNP (rs2289669 
G>A) has been shown to be associated with changes in the 
glucose-lowering effect of metformin in humans, although 
the effect appeared to be correlated with MATE1-mediated 
export of metformin from hepatocytes.141

Regulation of MATE-Mediated Transport

Current efforts to understand the regulation of MATE 
expression has focused mainly on basal transcription. The 
constitutive expression of MATE1 appears to be under 
control of the general transcriptional factor SP1.142 The 
promoter region of MATE1 also contains the sequence 
GTACTCA, which is similar to the consensus sequence rec-
ognized by activator protein 1 (AP-1) and the repressor 
AP-2rep.143 AP-1 is a strong oncogene that mediates tumor 
invasion and is influenced by growth factors, cytokines, neu-
rotransmitters, hormones, infections, and stress. The poly-
morphism g.-66T>C, present at a very high allele frequency 
in all major ethnic groups, is associated with reduction in 
the promoter activity of MATE1 and with lower expression 
levels of the transporter in the kidney, which are correlated 
with decreased binding of AP-1 and increased binding of 
AP-2rep.143 The common variant of the basal promoter 
region of MATE2-K, G>A (rs12943590; >26% allele fre-
quency) is associated in vitro with a significant increase in 
luciferase activity and reduces binding of the transcriptional 
repressor myeloid zinc finger 1 (MZF-1), which are corre-
lated with a poor clinical response to metformin in patients 
homozygous for this variant.144 In mice, the transcription 
factors aryl hydrocarbon receptor (AhR), constitutive 
androstane receptor (CAR), pregnane X receptor (PXR), 
peroxisome proliferator-activated receptor α (PPARα), and 
NF-E2–related factor 2 (Nrf2) do not appear to affect levels 
of Mate1 or Mate2.86 It is not clear which, if any, of these 
regulatory pathways are involved in the decreased Mate1 
expression in rat kidney associated with cisplatin-induced 
acute kidney injury145 or to the decrease in cimetidine secre-
tion associated with decreased expression of Mate1 in rats.146

ORGANIC ANIONS

PHYSIOLOGY OF ORGANIC ANION TRANSPORT

Organic anions (OAs) are another immensely broad group 
of solutes transported by the kidney. One can provide a 
general overview followed by a discussion of specific topics, 

and MPP share a similar Kt and Jmax. The diversity of effective 
ligand interaction with MATE transporters has been exam-
ined extensively. A study of the inhibitory efficacy of more 
than 900 prescription drugs has identified 84 (at concentra-
tion of 20 µmol/L) that reduced MATE1 transport activity 
by more than 50%. As seen with the OCTs, effective interac-
tion of inhibitory ligands with MATE1 is positively corre-
lated with increasing lipophilicity. However, compared to 
OCT2, MATE1 inhibitors tend to be larger (higher molecu-
lar weight, more bonds and rings, and longer circuits) and 
less electronegative molecules.135 Predictive models of inhib-
itory ligand interaction with MATE1 also found correlations 
between half-maximal inhibitory concentration (IC50) values 
and increasing lipophilicity, cationic charge, and number 
and placement of hydrogen donor and acceptor moieties.136 
However, the complex binding interaction of ligands (sub-
strates and inhibitors) with the surface of a multidrug trans-
porter (including MATEs and OCTs) makes it unlikely that 
a single molecular descriptor (e.g., log P or the number of 
hydrogen bond donors and acceptors) will provide an ade-
quate means to predict drug-drug interactions.

It was also noteworthy that the structural characteristics  
of pharmacophores used to identify spatial correlations 
between the chemical features of an inhibitor and its inhibi-
tory efficacy differed markedly, depending on the substrate 
used to assess MATE1 transport. The concept that profiles of 
ligand inhibition of transport activity display substrate 
dependence is not new. There has been growing recognition 
that ligand binding with multidrug-binding proteins involves 
interaction with spatially distinct sites within a larger binding 
surface. Similar observations have been reported for ligand 
interaction with the OCTs.109 Also, the kinetics of ligand 
inhibition of Pgp-mediated transport shows a clear substrate-
dependency,137 as does the interaction of selected inhibitors 
with OATP-mediated transport.138

MATE Structure

Nonmammalian MATE proteins typically have 12 TMHs, 
but hydropathy analysis of the mammalian MATEs has  
suggested 13 TMHs (see Figure 8.7C), which has been 
confirmed by the mapping of heterologously expressed, 
epitope-tagged MATE1 (human, rabbit, mouse).139

Interestingly, elimination of the C-terminal (13th TMH) 
of MATE1 results in a protein that supports OC transport 
and has the same ligand inhibition profile as the full-length 
transporter.139 Thus, the 13th TMH of the mammalian 
MATEs is not required for transport, and the functional 
core of the mammalian MATEs consists of the first 12 TMHs. 
Further evidence supporting the contention that the func-
tional core of mammalian MATE is 12 TMHs was revealed 
in the Na+-multidrug exchanger of Vibrio, NorM,140 the pro-
totypical prokaryotic MATE transporter. The structure of 
NorM, resolved to 3.65 Å, spans approximately 50 Å in the 
plane of the lipid bilayer and assumes an outward-facing 
conformation arranged as two bundles of 6 TMHs (1 to 6 
and 7 to 12). The fold results in a large internal cavity with 
a volume of about 4300 Å3 (almost two thirds that of the 
ABC exporter P gp), embedded within the lipid bilayer and 
open to the extracellular space. The N- and C-terminal 
halves of the protein display a pseudo–intramolecular 
twofold symmetry that is likely a result of gene duplication 
consistent with its protein sequence. The NorM (MATE) 
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without attempts to be exhaustive. An OA is any organic 
compound that bears a net negative charge at the pH of the 
fluid in which the compound resides. These can be endog-
enous substances or exogenously acquired toxins or drugs. 
The physiology can be poised for conservation, with an 
extremely low fractional excretion (FE); such is the case 
with metabolic intermediates such as monocarboxylates and 
dicarboxylates. The system can also be geared for elimina-
tion, with combined glomerular filtration and secretion. In 
addition to the large range of FEs, these transporters also 
have a broad array of substrates with completely disparate 
chemical structures. The field was opened by the seminal 
work of Marshall and coworkers who studied the elimina-
tion of dyes and concluded that mammalian renal tubules 
have a high-capacity secretory function.147

Smith has described the tubular secretion of p-aminohip-
purate (PAH) and provided a marker for estimating renal 
plasma flow (RPF) by PAH clearance.148 Figure 8.8 illustrates 
the proximal tubule secretion using PAH as a surrogate. In 
low plasma concentrations, PAH has a FE of more than 1, 
and PAH clearance (CPAH) approaches RPF because most 
of the PAH is removed from the plasma in a single pass. As 
plasma PAH increases, filtered and secreted PAH increase 
and CPAH remains a good estimate of RPF. When the secre-
tory maximum is reached and then exceeded, the incre-
ment in excretion is contributed solely by an increasing 
filtered load. At this stage, CPAH starts to gradually drift 
below RPF toward the value of GFR (see Figure 8.8).

Classic studies using stop flow, micropuncture, and 
microperfusion149-151 have demonstrated OA secretion in the 
proximal tubule. The secretory mode mandates energetic 
uphill transport and has broad substrate recognition. Table 
8.4 is an illustrative but incomplete inventory of the spectra 
of OAs handled by the kidney; it is impossible to fathom any 
structural similarities among these compounds. In addition, 
the number of substrates far exceeds the number of pro-
teins to excrete these substances. This is typical for these 
proteins, in which the ability to engage multiple compounds 

Figure 8.8  Illustration of filtration-secretion using p-aminohippurate 
(PAH) clearance. When plasma [PAH] is low, PAH clearance approxi-
mates that of renal plasma flow (RPF). When plasma [PAH] is high, it 
is less than RPF and higher than the glomerular filtration rate (GFR). 
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Table 8.4 Classes of Organic Anions 
Transported by the Proximal Tubule

Type of Agent Examples

Endogenous

Metabolic intermediates α-Ketoglutarate, succinate, citrate
Eicosanoids PGE1, PGE2, PGD2, PGF2α, PGI2,
TXB2 cyclic nucleotides cAMP, cGMP
Others Urate, folate, bile acids, oxalate, 

5-HIA, HVA

Metabolic Conjugates

Sulfate Estrone sulfate, DHEAS
Glucuronide Estradiol glucuronide, 

salicylglucuronide
Acetyl Acetylated sulfonamide
Glycine PAH, o-hydroxyhippurate
Cysteine CTFC, DCVC, N-acetyl-S-

farnesyl-cysteine

Drugs

Antibiotics β-Lactam, cepham, tetracycline, 
sulfonamide

Antiviral Acyclovir, amantadine, adefovir
Antiinflammatory Salicylates, indomethacin,
Diuretic Loop diuretics, thiazides, 

acetazolamide
Antihypertensive ACE inhibitors, ARBs
Chemotherapeutic Methotrexate, azathioprine, 

cyclophosphamide, 5-FU
Antiepileptic Valproate
Uricosuric Probenicid

Environmental Toxins

Fungal products Ochratoxin A and B, aflatoxin G1, 
patulin

Herbicides 2,4-Dichlorophenoxyacetic acid

ACE inhibitor, Angiotensin-converting enzyme inhibitor; ARBs, 
angiotensin receptor blockers; CTFC, S-(2-chloro-1,1,2-
trifluoroethyl)-L-cysteine; DCVC, S-(1,2-dichlorovinyl)-L-cysteine; 
DHEAS, dihydroxyepiandroesterone sulfate; 5-FU, 
5-fluorouracil;. 5-HIA, 5-hydroxyindoleacetate; HVA, 
homovanillic acid; PAH, p-aminohippuric acid; PG, 
prostaglandin; TX, thromboxane.

is intrinsic to their biologic function.152,153 Fritzch and col-
leagues proposed a minimal requirement of a hydrophobic 
region in the anion to be a substrate.154

MOLECULAR BIOLOGY OF ORGANIC  
ANION TRANSPORT

The segregation into apical and basolateral classes of 
tandem transporters is not that distinct for OAs due to the 
assorted secretory and absorptive functions and the wide-
spread use of anion exchange mechanisms; hence, the same 
family of transporters can be found on both membranes. 
Three families of solute transporters will be discussed here 
(Figure 8.9)—dicarboxylate-sulfate transporters (NaDC-
NaS, SLC13 family, both apical and basolateral), OA trans-
porters (OATs, SLC22 family, both apical and basolateral), 
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titrated by H+ (citrate3−-citrate2− pK = 5.7) and is taken up 
as citrate2−. The Michaelis constant (Km) for dicarboxylates 
ranges from 0.3 to 1 mmol/L, and one divalent anion is 
coupled to three Na+ ions. Once across the apical mem-
brane, cytosolic citrate is metabolized through adenosine 
triphosphate (ATP) citrate lyase, which cleaves citrate to 
oxaloacetate and provides a cytoplasmic source of acetyl 
coenzyme A or transported into the mitochondria, where  
it can be metabolized in the tricarboxylic acid cycle to 
neutral end products such as carbon dioxide (Figure 
8.10).156,157 When a divalent OA is converted to neutral prod-
ucts, two H+ ions are consumed, which renders citrate2+ 
an important urinary base.158 Gene deletion of NaDC1 in 
rodents leads to increased excretion of dicarboxylic acids in 
the urine, but the phenotype was not examined in regard 
to acid-base balance.159

NaDC3

NaDC3 has wider tissue distribution and broader substrate 
specificity than NaDC1. NaDC3 is on the basolateral mem-
branes in renal proximal tubule cells160 and in the liver, 
brain, and placenta. The basolateral localization signal of 
NaDC3 was mapped to a motif in its amino-terminal cyto-
plasmic domain.161 The NaDC3 Km for succinate is lower 
than NaDC1 (10 to 100 mmol/L).161 Similarly, NaDC3 dis-
plays a higher affinity for α-ketoglutarate than NaDC1.162

Like NaDC1, NaDC3 is Na+-coupled and electrogenic, so 
it mediates citrate uptake from the peritubular space into 
the proximal tubule. It is also likely that NaDC3 serves a 

Figure 8.9  NaDC (green), OAT (blue), and OATP (purple) families of anionic transporters in the proximal tubule. The intracellular transport and 
sequestration of organic anions are not understood. OA, Organic anion; Ur, urate. 
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and OA-transporting polypeptides (OATP, SLC21 family, 
basolateral). Finally, we will consider uric acid separately.

NaDC FAMILY
Also designated as the SLC13A family, these proteins are 
functionally opposite to the secretory transporters because 
they mainly reclaim filtered solutes. The extended family is 
related by similarities in primary sequences but the members 
are quite distinct in their function (Table 8.5). NaS1 is a 
low-affinity sulfate transporter in the proximal tubule apical 
membrane (see Table 8.5) and is not an OA transporter; 
hence, it is not discussed here. NaS2 and NaCT are not 
expressed in the kidney (see Table 8.5). NaDC1 and NaDC3 
are the main transporters of interest. An important aspect 
of citrate is that it is present in the urine in millimolar 
quantities; it is an important base equivalent in urine and 
also chelates calcium in a soluble form. Citrate is taken up 
into the proximal tubule cell from urine and plasma and 
extensively metabolized.

NaDC1

First cloned by Pajor and associates,155 NaDC1 is on the 
apical membranes of the renal proximal tubule and small 
intestine, where it mediates absorption of tricarboxylic acid 
cycle intermediates from the glomerular filtrate and intesti-
nal lumen. The preferred substrates are four-carbon dicar-
boxylates such as succinate, fumarate, and α-ketoglutarate. 
Citrate has six carbons and exists mostly as a tricarboxylate 
at plasma pH but, in the proximal tubule lumen, citrate3− is 
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Table 8.5 Organic Anion Transporters

Transporter Name Gene Name Human Chromosome
Renal Proximal 
Tubule Localization

Transport Mode or Substrate 
(Na+-Dependent)

NaDC Family

NaS1 SLC13A1 7q31-32 Apical Sulfate, thiosulfate, selenate
NaDC1 SLC13A2 17p11.1-q11.1 Apical Succinate, citrate, α-ketoglutarate
NaDC3 SLC13A3 20q12-13.1 Basolateral Succinate, citrate, α-ketoglutarate
NaS2 SLC13A4 7q33 Absent Sulfate
NaCT SLC13A5 12q12-13 Absent Citrate, succinate, pyruvate

OAT Family

OAT1 SLC22A6 11q12.3 Basolateral OA dicarboxylate exchange
OAT2 SLC22A7 6q21.1-2 Basolateral OA dicarboxylate exchange
OAT3 SLC22A8 11q12.3 Basolateral OA dicarboxylate exchange
OAT4 SLC22A11 11q13.1 Apical OA dicarboxylate exchange
URAT1 SLC22A12 11q13.1 Apical Urate OA exchange
OAT5 Slc22a19 (Murine) — —

OATP Family

OATP4C1 SLCO4C1 5q21 PT—basolateral Digoxin, ouabain, T3

OATP1A2 SLCO1A2 12p12 CCD—basolateral Bile salts, estrogen conjugates 
PGs, T3, T4, antibiotics, 
ouabain, ochratoxin A

OATP2A1
OATP2B1

SLCO2A1
SLCO2B1

3q21
11q13

mRNA
mRNA

PGs
Estrogen conjugates, antibiotics

OATP3A1 SLCO3A1 15q26 mRNA Estrogen conjugates, antibiotics
OATP4A1 SLCO4A1 20q13.1 mRNA Bile salts, estrogen conjugates, 

PGs, T3, T4, antibiotics

CCD, Cortical collecting duct; OA, organic anion (broad substrate specificity); PT, proximal tubule; PGs, prostaglandins; T3, thyroid hormone; 
T4, thyroxine.

Figure 8.10  Proximal tubule citrate absorption and metabolism. The 
Na+-K+-ATPase generates  the  low cell  [Na+]. As a secondary active 
transporter, NaDC1 uses the electrochemical gradient to pick up fil-
tered citrate, which is metabolized in the cytoplasm or the mitochon-
dria.  Ambient  and  cytoplasmic  pH  increase  citrate  uptake  and 
metabolism.  (1)  Acidification  of  urinary  lumen  titrates  citrate  to  the 
divalent transported species; (2) NaDC1 activity is directly activated 
by  pH,  and  a  chronic  low  pH  increases  the  expression  of  NaDC1 
(circled plus symbol);  (3)  intracellular  acidification  increases  the 
expression of ATP citrate lyase and aconitase (circled plus symbol). 
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second function of supporting the outwardly directed 
α-ketoglutarate gradient required for OAT transporters to 
perform OA exchange (see later). NaDC3 supports approxi-
mately 50% of the OAT-mediated uptake of the organic 
anion across the basolateral membrane (see Figure 8.9) in 
isolated rabbit renal tubules,163 with half of this effect reflect-
ing the accumulation of exogenous α-ketoglutarate from 
the blood and the other half arising from recycling endog-
enous α-ketoglutarate that exited the cell in exchange for 
an OA substrate such as urate.

OAT FAMILY
Also known as SLC22A, these high-capacity transporters 
have tremendously diverse substrate selectivity (see Table 
8.5), and are present on both membranes (see Figure 8.9). 
These proteins are important in rescuing the organism from 
succumbing to toxins. The uptake of substrates from the 
basolateral membrane of the proximal tubule is a thermo-
dynamically uphill process using tertiary active transport. 
The Na+ and voltage generated by the Na+-K+-ATPase drives 
the accumulation of α-ketoglutarate in the proximal tubule 
via NaDC3, which in a tertiary fashion (thrice removed from 
ATP hydrolysis) energizes the uptake of other OAs into the 
proximal tubule (see Figure 8.9). Endogenously produced 
α-ketoglutarate from deamination and deamidation of 
glutamine (ammoniagenesis) may also participate in the 
exchange. Some of the OAs transported may be endoge-
nous or relatively innocuous exogenous compounds, but 
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in human OATP genes renders this class of transporter a 
focus of pharmacogenomic research. Among human OATPs, 
only OATP4C1 is expressed in the kidney.

There is a myriad of rodent isoforms that have not been 
confirmed in humans.175 One important substrate is the 
cardiac glycoside digoxin.179 OATP4C1 is expressed in the 
basolateral membrane of proximal tubular cells and medi-
ates the high-affinity transport of digoxin (Km = 7.8 mmol/L) 
and ouabain (Km = 0.38 mmol/L), as well as triiodothyro-
nine (Km = 5.9 mmol/L). The apical pathway for digoxin 
has been presumed, although not proven, to be an ATP-
dependent efflux pump such as P-glycoprotein.

CLINICAL RELEVANCE OF ORGANIC  
ANION TRANSPORTERS

This field is obviously extremely broad and cannot be 
exhaustively covered. We will focus here on the transport of 
citrate, an anion with particular physiologic and clinical 
significance.

DISORDERS OF CITRATE TRANSPORT
The role of NaDC1 in physiology and pathophysiology has 
been well studied. Citrate exists in urine in millimolar quan-
tities and has multiple functions in mammalian urine. The 
two most important are as a chelator for urinary calcium 
and as a physiologic urinary base.158

Calcium associates in a 1 : 1 stoichiometry. The highest 
affinity and solubility is a monovalent anionic (Ca2+-citrate3−) 
complex.158 It is a tricarboxylic acid cycle intermediate, and 
most of the citrate reabsorbed by the proximal tubule is 
oxidized to electroneutral end products, so H+ is consumed 
in the process, rendering citrate a major urinary base.

The final urinary excretion of citrate is determined by 
reabsorption in the proximal tubule, and the most impor-
tant regulator of citrate reabsorption is the proximal tubule 
cell pH. Acidification of the cell increases citrate absorption 
by four mechanisms (see Figure 8.10):

1. Low luminal pH titrates citrate3− to citrate2−, which is the 
preferred transported species.180

2. NaDC1 is also gated by pH so that a low pH acutely 
stimulates its activity.181

3. Intracellular acidosis increases expression of the NaDC1 
transporter182 and insertion of NaDC1 into the apical 
membrane.

4. Intracellular acidosis stimulates enzymes that metabolize 
citrate in the cytoplasm and mitochondria.183,184 This is a 
well-concerted response, and an appropriate response  
of the proximal tubule to cellular acidification is 
hypocitraturia.185

Although perfectly adaptive from an acid-base point of 
view, this response is detrimental to the prevention of 
calcium precipitation. All conditions that lead to proximal 
tubular cellular acidification (e.g., distal renal tubular  
acidosis, high-protein diet, potassium deficiency) are clini-
cal risk factors for calcareous nephrolithiasis.186 Hypoci-
traturia can cause kidney stones by itself or by acting with 
other risk factors such as hypercalciuria; therapy with potas-
sium citrate reverses the biochemical defect and reduces 
stone recurrence.

many of the substrates (see Table 8.4) are toxins. Although 
its function is to defend the body, the proximal tubule cells 
cannot afford a self-sacrificial approach because the end 
result can be destruction of the very mechanism that secretes 
these toxins. There is a detoxifying mechanism in the proxi-
mal tubule cell that protects the cell while the toxins are en 
route to the apical membrane to be disposed. The details 
of these mechanisms are still elusive, but current studies of 
isolated tubules and cell culture models have suggested that 
compartmentalization may serve to sequester the toxins 
from imparting their harmful effects.164

Basolateral OATs

More than a half-century after Homer Smith described  
PAH secretion into the urine,148 the so-called PAH trans-
porter was cloned by several laboratories almost contempo-
raneously.165-168 OAT1 and OAT3 are present in the 
basolateral membrane of the proximal tubule (see Figure 
8.9 and Table 8.5). OAT1-mediated uptake of PAH is stimu-
lated by an outwardly directed gradient of dicarboxylates 
such as α-ketoglutarate, indicating that OAT1 is an OA 
exchanger.169 The substrate selectivity of OAT1 is extremely 
broad with affinities comparable to those reported for the 
functional PAH transport system. OAT3 is localized in the 
basolateral membrane of the kidney and, like OAT1, has a 
broad extrarenal expression.170 OAT3 also has a large sub-
strate list comparable to that of OAT1. OAT2 was originally 
identified from the liver, and its expression in the kidney 
appears to be weaker than that of OAT1 and OAT3.171 It 
transports PAH, dicarboxylates, prostaglandins, salicylate, 
acetylsalicylate, and tetracycline. Their role in uric acid 
transport is discussed later.

Apical OATs

There is no overlap of polarized expression of OATs in the 
proximal tubule. OAT4 was cloned from the kidney and is 
expressed in the apical membrane of the proximal tubule.172 
In oocytes, it transports PAH, conjugated sex hormones, 
prostaglandins, and mycotoxins in an OA-dicarboxylate 
exchange mode and is capable of bidirectional movement 
of OAs.173 It is not known whether OAT4 represents an 
exceptional OAT-mediated luminal uptake. The role of 
OAT4 and OAT10 in facilitating luminal uric acid uptake as 
dicarboxylate and monocarboxylate exchangers is discussed 
later. The other apical transporter is URAT1, which is renal-
specific in its expression.174 Human URAT1 appears to be 
specific for urate transport174 (see later).

OATP FAMILY
The OATPs are placed into their own family of transporters, 
designated SLCO (solute carrier OATP).175 There are con-
siderable interspecies differences that engender difficulties 
in extrapolating rodent data to humans. This family has  
11 human members,175 expressed widely in the brain, liver, 
heart, intestine, kidney, placenta, and testis and, like OATs, 
also has a wide spectrum of substrates.176,177 The first member, 
Oatp1, was cloned from liver as a Na+- independent bile acid 
transporter.178 Substrates are diverse and include hormones 
and their conjugates, bile salts, and drugs such as the 
3-hydroxy-3-methylglutaryl−coenzyme A (HMG-CoA) reduc-
tase inhibitors, cardiac glycosides, antimicrobials, and anti-
cancer drugs. The presence of naturally occurring variations 
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three components—glomerular filtration of uric acid, which 
occurs freely, and reabsorption and secretion, which are 
now believed to coexist along the entire length of the proxi-
mal tubule. Net tubular handling varies among mammalian 
species; in humans (like rodents), net reabsorption occurs 
so that the fractional excretion of uric acid averages 5% to 
10%.

The reabsorptive and secretory transporters are depicted 
in Figure 8.11B. These candidates are based on multiple 
levels of data, but very few candidates satisfy all the criteria— 
immunolocalization in the proximal tubule, transport of 
urate when heterologously expressed, gene deletion in mice 
leading to the expected under- or overexcretion phenotype, 
GWAS loci linked to serum uric acid level or gout, Mende-
lian inheritance of functionally significant alleles, and 

URIC ACID

This is a highly complex field and will only be covered 
briefly here. More detailed recent reviews are available.187,188 
Several points will be highlighted. Genome-wide association 
studies (GWAS) have identified many loci linked to serum 
uric acid levels, and two surprising findings have emerged. 
The loci are remarkably reproducible across different geo-
graphic populations, and most of the loci are in fact uric 
acid transporters.189,190 This highlights the important role 
that the kidney and uric acid transporters play in regulating 
serum uric acid levels.

The traditional four-phase model of renal uric acid han-
dling is not supported by data and has been replaced by a 
simpler current model (Figure 8.11A).187 This model has 

Figure 8.11  Uric acid  transport. A, Filtration-reabsorption-secretion model of proximal  tubule  transport. B, UA  transporters organized  into 
whether they mediate secretion (left) or reabsorption (right). C, Uricosuric drugs and their mechanism of action. All drugs target URAT1 and 
some have additional effects on other uric acid transporters and nontransport targets. *, denote the candidates with the strongest evidence; 
ABCG, ATP-binding cassette G; FE, fractional excretion; GLUT, glucose transporter; hUAT, human uric acid transporter; NaDC, Na-dicarboxylate 
cotransporter; NPT, Na-phosphate transporter; OAT, organic anion transporter; SMCT, Na monocarboxylate transporter; Ur, urate; URAT, uric 
acid transporter. 
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about 150%, indicating complete loss of tubular urate  
reabsorption.195 Interestingly, genetic variations within 
the SLC2A9 gene that encodes GLUT9 are the major 
determinant of serum uric acid levels in the general 
population.193,196

URIC ACID SECRETION
Urate entry from the basolateral side of the proximal tubule 
is likely mediated by members of the OAT family, particu-
larly OAT1 and OAT3, in exchange for divalent anions such 
as α-ketoglutarate. Mice with double knockout of Oat1/3 
have impaired renal urate secretion.197 On the apical side, 
the major efflux pathway is through ABCG2, which func-
tions as a high-capacity, ATP-dependent urate trans-
porter.198,199 Genetic variation in ABCG2 has been strongly 
associated with variation in serum uric acid levels.200 Loss or 
reduced function in ABCG2 in mice and humans causes 
hyperuricemia although interestingly the mechanism seems 
to be primarily by reducing intestinal urate secretion.201,202 
Other transporters that have been postulated to play a role 
in apical uric acid efflux include NPT1, NPT4, and MRP, 
but the evidence for each of these is limited.

DRUGS THAT AFFECT RENAL URATE HANDLING
Antiuricosuric drugs raise serum and lower urine uric acid 
levels. These drugs include many diuretics, ethambutol, pyr-
azinoate, pyrazinamide, and aspirin. Uricosuric drugs do 
the exact opposite. The mechanisms whereby they are 
believed to inhibit uric acid reabsorbing transporters are 
depicted in Figure 8.11C.

corresponding clinical phenotype. Of all the candidates 
shown in Figure 8.11B, GLUT9, URAT1, and ABCG2 cur-
rently fulfill all the criteria; a number of the features are 
shown in Table 8.6. Due to constraints in a number of refer-
ences, a large number of original papers are not cited 
directly but are in the review articles mentioned in the table.

URIC ACID REABSORPTION
URAT1 is the dominant apical entry pathway for urate reab-
sorption.174 It acts as an anion exchanger and reabsorbs 
urate in exchange for monovalent intracellular anions such 
as nicotinate, pyrazinamide, lactate, β-hydroxybutyrate, and 
acetoacetate, which enter the cell through Na-coupled 
monocarboxylate cotransporters, likely SMCT1 and SMCT2. 
Loss of function mutations in URAT1 cause renal hypouri-
cemia.172 Similarly, drugs such as probenecid and losartan 
inhibit URAT1, accounting for their uricosuric effect. 
However, probenecid does not entirely block urate reab-
sorption, suggesting the existence of other apical urate 
transporters. OAT4191 and OAT10192 have been postulated 
to fulfill these roles, but the evidence is incomplete. The 
dependence on filtered monocarboxylate anions potentially 
explains the development of hyperuricemia with diabetic, 
alcoholic, or starvation ketoacidosis and with nicotinic  
acid use.

The sole basolateral exit pathway for urate is believed to 
be GLUT9. Its properties are most consistent with its func-
tion as a urate uniporter or possibly as an electrogenic anion 
exchanger.193,194 Loss-of-function mutations in GLUT9 cause 
renal hypouricemia with fractional urate excretion rates of 

Table 8.6 Three Best Characterized Uric Acid Transporters187,189,374

Transporter

Uric Acid
Transport in 
Expression 
Systems

Immunohistologic
Localization to 
Proximal Tubule 
(PT)

Association
with Uric
Acid Level or
Gout*

Evidence from
Rodent Gene Deletion

Human Monogenic
Disease or Direct 
Genotype-Phenotype 
Correlation

Absorptive

URAT1
(SLC22A12)

Urate-lactate 
exchange; 
Xenopus oocytes 
inhibited by 
uricosuric drugs

Apical membrane Yes Renal hypouricemia 1 
from loss-of-function 
mutation

(OMIM 220150)

GLUT9
(SLC2A9)

Xenopus oocytes 
inhibited by 
some uricosuric 
drugs

GLUT9, long form 
(SLC2A9a), 
basolateral;

GLUT9DN, short 
form (SLC2A9b), 
apical

Yes Whole-body deletion—
hyporuricemia, 
hyperuricosuria, urate 
nephropathy

Liver-specific deletion— 
hyporuricemia, milder 
hyperuricosuria, no 
nephropathy

Renal hypouricemia 2 
from loss-of-function 
mutation

(OMIM 612076), 
urolithiasis, exercise-
induced acute kidney 
injury

Secretory

ABCG2
(ABCP)

Multisubstrate 
efflux transporter

Apical membrane in 
PT but also in 
intestine

Yes Reduced gut and renal 
excretion, 
hyperuricemia

Hypofunctional 
single-nucleotide 
polymorphism 
Q141K— 
predisposes to gout

*In genome-wide association studies.
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high-affinity systems are differentially distributed along the 
proximal convoluted and straight tubules, respectively.

Transepithelial flux of amino acids from the lumen to the 
interstitial space requires sequential transport through 
apical and basolateral plasma membranes (Figure 8.12). 
The easier experimental accessibility to apical membranes 
has allowed a more thorough knowledge of the transporters 
in the past, and this is still applicable in the age of genomes.

Apical transporters in the renal proximal tubule proven 
for reabsorption of neutral amino acids include B0AT1, 
IMINOB, B0AT3, PAT2, and TauT; for dibasic amino acids, 
rBAT/b0,+AT; and for dicarboxylic amino acids, EAAT3. 
Other transporters such as ASCT2 have been localized in 
the proximal apical membrane but their role in renal reab-
sorption is only suspected (see Figure 8.12).

Two basolateral transporters demonstrated to reabsorb 
dibasic and aromatic amino acids are 4F2hc/y+LAT1 and 
TAT1, respectively. Another basolateral transporter for 
neutral amino acids is 4F2hc/LAT2. Other transporters in 
the basolateral plasma membrane (e.g., SNAT3 and EAAT2) 
might serve for the metabolic needs of the epithelial cells 
rather than reabsorption and are not addressed further 
here.199 Different amino acid groups will be discussed 
separately.

NEUTRAL AMINO ACIDS
Apical Transporters

It is worthwhile to note that the cloning of these transport-
ers, which really propelled the field forward, was achieved 
by multiple routes, including expression and homology 
cloning and bioinformatic screens. Differences among 
species complicate the study of amino acid transport in the 
kidney. For example, B0AT2 is expressed in mouse kidney 
but, in humans, it is expressed in brain,214,215 and B0AT3 
might not be a functional transporter at all in humans (see 
later).

B0AT1 (SLC6A19).  B0AT1 corresponds to the major apical 
neutral amino acid transport system B0 (or NBB, neutral 
brush border).216-218 The main characteristics of B0AT1 are 
as follows: (1) low-affinity amino acid symporter with Na+, 
with 1 : 1 stoichiometry (Km in the low millimolar range for 
L-leucine); (2) Cl-independent and therefore at odds with 
neurotransmitter transporters of the SLC6 family; (3) trans-
ports all neutral amino acids with preference for large ali-
phatic amino acids with higher apparent affinity and 
maximum velocity (Vmax; e.g., proline is a slowly transported 
substrate, and glycine has low affinity); and (4) Km values 
for amino acid and Na+ are highly dependent on the con-
centration of the cotransported molecule. B0AT1 is in the 
apical membranes of epithelial cells from the glomerulus to 
segments S1 and S2 (even some in S3) and in the small 
intestine.216,219-221

Hartnup’s Disorder. Major support for the role of 
B0AT1 in renal reabsorption has come from the fact that 
mutations in this transporter are associated with Hartnup’s 
disorder (OMIM 234500; Table 8.7), an inherited aminoac-
iduria with hyperexcretion of all neutral amino acids except 
proline.219-223 A total of more than 20 B0AT1 mutations 
(missense, nonsense, frameshift, and splice-site) have  
been identified224 in this autosomal recessive disease. The 

AMINO ACIDS

PHYSIOLOGY OF RENAL AMINO  
ACID TRANSPORT

The amino acid cystine was discovered in the urine of a 
patient with urolithiasis by Wollaston in 1810.203 Now we 
know that this was caused by failure of this patient’s kidney to 
reabsorb cystine. Given a concentration of total free amino 
acids in the plasma of about 2.5 mmol/L,204 the daily filtered 
load amounts to about 400 mmol. In 1917, Cushny recog-
nized that reabsorptive mechanisms must be present in the 
tubular walls of the nephron to recover amino acids because 
almost none of the filtered load is lost in the urine.204b 

The powerful techniques of stop flow, micropuncture, 
and microperfusion have identified the renal proximal 
tubule as the principal site of renal amino acid reabsorp-
tion.204 Although net transepithelial reabsorption predomi-
nates, there is also a physiologically important influx of 
many amino acids from the blood into renal cells across the 
basolateral membrane. This is further complicated by 
tubular amino acid metabolism and synthesis. Renal gluta-
mine breakdown, for example, plays a key role in acid-base 
balance by yielding NH3, and renal conversion of citrulline 
to arginine is the most important source of this dibasic 
amino acid in the entire body.205,206

Contrary to the other transport processes highlighted in 
this chapter, which are restricted to the proximal tubule, all 
cells of the nephron express an array of distinct amino acid 
transporters that take up amino acids from the blood and 
support the metabolic needs of the cells. In addition, amino 
acid transporters in Henle’s loop play critical roles in gen-
erating large medullary concentrations of certain amino 
acid, which protects the cells against the high ionic strength 
associated with concentrating mechanisms.207-210 These fea-
tures greatly complicate renal amino acid handling. The 
discussion of renal amino acid physiology at the tubular and 
organ levels from classic studies has been covered by Silber-
nagl.204 We will focus on the molecular and cellular physiol-
ogy of reabsorptive amino acid transport in the proximal 
tubule.

MOLECULAR BIOLOGY OF AMINO  
ACID TRANSPORT

OVERVIEW OF THE COMPLEXITY
Renal reabsorption of amino acids occurs mainly in the 
proximal convoluted tubule (S1 to S2 segments) and, to a 
lesser extent, in the proximal straight tubule (S3 segment),204 
somewhat akin to amino acid absorption in the small intes-
tine.211 Physiologic studies using substrate competition have 
defined distinct amino acid transport systems in renal and 
intestinal epithelial cells.212 The molecular correlates of 
these functional transport systems were established in the 
early 1990s by cloning of mammalian amino acid transport-
ers. Currently, we recognize that intestinal and renal epithe-
lia have a remarkably similar set of plasma membrane amino 
acid transporters, but there are also divergent isoforms.212,213 
Amino acid transport in the kidney is more complex than 
in the gut because, for some amino acids, low-affinity and 
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Figure 8.12  Transporters involved in renal reabsorption of amino acids in the proximal convoluted tubule (PCT) and proximal straight tubules 
(PST).  Red arrows  indicate  possible  functional  cooperation  between  uniport  and  exchangers  (between  B0AT1  and  rBAT/b0,+AT,  B0AT1  and 
ASCT2, system L and 4F2hc/LAT2, and TAT1 and 4F2hc/LAT2 (see text  for details). Efflux system L and efflux systems for proline,  taurine, 
β-alanine, and anionic amino acids have been detected in the basolateral membrane but their molecular entity (indicated by ?) has not been 
identified. Basolateral Na+-dependent transporters with no clear function in renal reabsorption (e.g., EAAT2 for anionic amino acids in PCT and 
PST; SNAT3 for glutamine, histidine, and asparagine in PST and glycine transporter) are not depicted. Transporters are colored depending on 
the substrate—dibasic (blue), neutral (gold), and anionic (red). Letters inside the spheres refer to the amino acid transport systems and letters 
in italics refer to the molecular identity of the transporter. AA0, neutral amino acids; AA+, dibasic amino acids; AA−, anionic amino acids; ARO, 
aromatic amino acids; CSSC, cystine; CSH, cysteine; P, proline; G, glycine; Tau, taurine; β, β-alanine. 
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Table 8.7 Primary Inherited Aminoacidurias

Disorder
OMIM 
Code Prevalence Inheritance Gene Chromosome Mutations

Transport 
System Protein Locale

Cystinuria* 220100 1 : 7000 AR/ADIP SLC3A1 2p16.3 117 b0,+ rBAT Apical
SLC7A9 19q13.1 92 b0,+ b0,+AT Apical

LPI 222700 ~200 cases AR SLC7A7 14q11 49 y+L y+LAT1 Basolateral
Hyperdibasic 

aminoaciduria 
type 1

222690 Very rare AD ? ? ? ? ? ?

Hartnup’s 
disorder

234500 1 : 26000 AR SLC6A19 5p15 21 B0 B0AT1 Apical

Renal familial 
iminoglycinuria

242600 1 : 15000 Complex SLC36A2
(SLC6A20)
(SLC6A19)

5q33
3921
5p15

2
1
1 Poly†

Imino acid
IMINO
B0

PAT2
IMINOB
B0AT1

Apical
Apical
Apical

Glycinuria 138500 (SLC6A18) 5p15 2 and 2 
Poly†

? XT2 Apical

Dicarboxylic 
aminoaciduria

222730 Very rare AR? SLC1A1 9p24 KO null‡ XAG - EAAT3 Apical

*, Four phenotypes of cystinuria, depending on the obligate heterozygotes, are considered: type I (with AR inheritance), type non-I (ADIP 
inheritance), mixed type (combination of both), and isolated cystinuria. †, Poly, polymorphism. ‡, Slc1a1-null knockout mice present 
dicarboxylic aminoaciduria,352 suggesting this gene as a candidate for the human disease. See text for details and references.

AR, Autosomal recessive; ADIP, autosomal dominant with incomplete penetrance; AD, autosomal dominant; AR? unclear but familial studies 
in the very few cases described for these diseases suggest an autosomal recessive mode of inheritance. Complex inheritance refers to 
autosomal recesive mode on inheritance of a major gene (SLC36A2) with other genes (SLC6A20, SLC6A19, SLC6A18) acting as modifiers 
indicated in parenthesis. LPI, Lysinuric protein intolerance.
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B0AT1−/− mouse has aminoaciduria resembling Hartnup’s 
disorder.225 Thus, B0AT1 is the predominant transporter 
for neutral amino acid reabsorption in the renal tubule. 
Clinical manifestations of primary inherited aminoacid-
urias are discussed in Chapter 45, but it is worth mention-
ing that most symptoms could be explained by tryptophan 
deficiency caused by intestinal malabsorption and defec-
tive renal reabsorption, which is a relevant precursor  
of serotonin and niacin biosynthesis.226 This highlights 
the relevance of B0AT1 for tryptophan availability in 
humans.

B0AT3 (SLC6A18).  Also known as XT2, mouse B0AT3 is a 
Na+ and Cl− symporter with high affinity (Km in the micro-
molar range) for a broad range of neutral amino acids, with 
a stoichiometry of 1 amino acid (AA):2Na+ : 1Cl−.221 Mouse 
B0AT3 is only expressed in the apical membrane of the renal 
proximal tubule and not in the intestine. B0AT3 shows an 
axial arrangement in the proximal tubule complementary 
to that of B0AT1 (i.e., higher expression in the more distal 
segments, S2 and S3).227 B0AT3 seems to be the molecular 
correlate of the high-affinity B0-like activity in the proximal 
straight tubule (S3)191 that reabsorbs the amino acids 
remaining after reabsorption by S1 and S2 transporters.228 
Indeed, the B0AT3−/− mouse shows moderate defective renal 
reabsorption of several neutral amino acids, especially for 
glycine and glutamine.229 Human B0AT3 may not be a rel-
evant transporter for renal amino acid reabsorption because 
a considerable proportion of the human population carries 
a nonfunctional B0AT3 transporter (i.e., the stop codon 
variation Y318X has a frequency of 0.4 in French-Canadian, 
Australian, and Japanese populations), and functional 
expression of a human B0AT3 transporter in a heterologous 
expression system has not yet been reported.230 Thus, the 
molecular correlate of the human high-affinity transporter 
for neutral amino acids is not known (see Figure 8.12).

Scriver and coworkers have revealed at least three trans-
port systems for proline, hydroxyproline, and glycine in the 
proximal tubule brush border membrane231: (1) a system 
shared by these three amino acids (system imino acid);  
(2) specific systems for proline and hydroxyproline (system 
IMINO); and (3) glycine (system Gly). To our knowledge, 
the molecular correlate of the renal system Gly has not been 
unequivocally identified.

IMINOB  (SLC6A20).  IMINOB (SIT1, system imino trans-
porter 1; XT3, STRP3, rB21A) is the molecular correlate of 
system IMINO.232,233 Human IMINOB transports proline, 
hydroxyproline, and N-methylated amino acids and ana-
logues in a Na+- and Cl−-dependent manner, characteristic 
of the SLC6 family. The homologous genes with a syntenic 
location in the rat and mouse (XT3s31 and XT3, respec-
tively) have not been ascribed a transport function.212 
IMINOB is expressed in brain and in the apical membrane 
of epithelial cells of the small intestine and kidney,221 
particularly in the S2 and S3 segments.232 The role of 
IMINOB in the renal reabsorption of proline is supported 
by the fact that mutations in this transporter combined with 
mutations in PAT2 result in iminoglycinuria,234 a primary 
inherited aminoaciduria characterized by hyperexcretion of 
proline, hydroxyproline, and glycine (see PAT2, later, and 
Table 8.7).

PAT2 (SLC36A2).  PAT2 (proton amino acid transporter 2) 
is considered to be the molecular correlate of the common 
transporter for imino acids and glycine. It is an H+ sym-
porter with a high affinity (Km in the micromolar range) for 
imino acids and neutral amino acids (1 : 1 stoichiome-
try).235,236 Among the preferred substrates, glycine has a 
higher Vmax than proline and alanine. PAT2 is expressed 
mainly in the heart and lung and, to a lesser extent, in 
kidney and muscle.235 In the nephron, PAT2 localizes to the 
apical membrane of S1 close to the glomerulus.234 Interest-
ingly, PAT2 is not expressed in intestine. Another H+–amino 
acid symporter of this family, PAT1, appears to be a lyso-
somal transporter in many cells, but is also found in the 
apical membrane of intestinal epithelial cells.230 PAT1 is 
highly expressed in the kidney but its location along the 
nephron has not yet been reported. No PAT1 mutations 
have been identified in individuals with iminoglycinuria and 
hyperglycinuria.234

Iminoglycinuria.  The role of PAT2 and IMINOB in the renal 
reabsorption of imino acids and glycine was elegantly dem-
onstrated by the study of iminoglycinuria (OMIM 242600) 
and glycinuria (OMIM 138500; see Table 8.7 and Chapter 
45).234 Iminoglycinuria (OMIM 242600) is an autosomal 
disorder associated with hyperexcretion of proline, hydroxy-
proline, and glycine in the urine.237 Large urine-screening 
studies have shown that iminoglycinuria is a benign condi-
tion230 caused by several autosomal alleles, some of which are 
partially expressed in heterozygotes. In general, iminogly-
cinuria seems to be the recessive phenotype, whereas glycin-
uria is present in many, but not all, heterozygotes and thus 
can present as a dominant trait.230 Individuals with iminogly-
cinuria have mutations in SLC36A2, SLC6A20, and SLC6A19 
that segregate with the phenotype.234 The major gene 
involved in homozygous cases of iminoglycinuria is SLC36A2 
(renal transporter PAT2). Two types of mutations have been 
identified230: (1) a splice mutation (IVS1+1G→A) that inac-
tivates the transporter by a premature stop codon and is not 
associated with intestinal malabsorption of imino acids and 
glycine; and (2) a nonsense mutation (G87V) that partially 
compromises transport and appears together with a mutated 
allele (missense mutation T199M) in SLC6A20 (renal and 
intestinal transporter IMINOB). T199M causes an almost 
complete inactivation of the transporter. In these cases, 
there are renal and intestinal phenotypes. The role of an 
SLC6A19 polymorphism is not clear because it does not seg-
regate completely with the phenotype (see Table 8.7).

TauT  (SLC6A6).  TauT is the molecular correlate of the 
amino acid transport system β, a Na+- and Cl−-dependent, 
high-affinity transporter common for taurine, β-alanine, 
and γ-aminobutyric acid (GABA) in renal proximal tubule 
brush border membranes.238-241 TauT mediates highly con-
centrative (three log10 orders of magnitude) taurine trans-
port with Km values of about 20 µmol/L and a stoichiometry 
of >2Na+ : 1Cl−:1 taurine.242-245 TauT may have two functions 
in the kidney. Upregulation of TauT in Madin-Darby canine 
kidney (MDCK) cells on hypertonic stress suggests a role in 
osmotic regulation. TauT−/− mice show an impaired ability 
to lower urine osmolality and increase urinary water excre-
tion.246 These animals excrete taurine to levels close to the 
filtered load, pointing to TauT as the major system for renal 
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transport function of B0AT1 in brush border membranes 
from the small intestine, whereas expression of B0AT1 in 
renal brush borders is not affected. Interestingly, there are 
some missense mutations that compromise interaction  
with ACE2, but not with collectrin, explaining patients with 
Hartnup’s disorder affecting only the intestine.251 In addi-
tion to B0AT1 and B0AT3, ablation of collectrin in mouse 
also depletes the renal brush border transporter IMINOB.252 
Moreover, high-affinity, Na+-dependent transport of l-
proline, presumably via IMINOB (Slc6a20), was absent in 
ACE2−/− mice.254 Thus, both collectrin and ACE2 also seem 
to be trafficking proteins for transporter IMINOB in the 
intestine and kidney.

Reabsorption requires a net basolateral efflux of neutral 
amino acids. These transporters were identified by homol-
ogy (4F2hc/LAT2)258-261 and expression cloning from rat 
small intestine (TAT1)262 and MDCK cells in hypertonic 
medium (BGT1).263 In addition to the TAT1 uniport specific 
for aromatic amino acids, no other neutral amino acids 
uniporters have been identified in the basolateral mem-
brane of the small intestine and renal proximal tubule (see 
Figure 8.12). Orphan transporters from the monocarboxyl-
ate transporter family SLC16264 and from the glycoprotein-
independent, L-type transporter family SLC43265,266 are 
candidates for such activities.

TAT1  (SLC16A10).  TAT1 is the molecular correlate of 
system T (Na+-independent uniport system for aromatic 
amino acids),262 initially described in erythrocytes267 Sub-
strate affinity is low (Km in the micromolar range) and it 
also transports L-dopa and N-methylated aromatic amino 
acids.262,268 TAT1 belongs to the H+-monocarboxylate 
cotransporter family (SLC16).269 TAT1, at variance with 
other SLC16 members,270 neither cotransports H+ nor needs 
ancillary proteins (e.g., basigin, embigin) to reach the 
plasma membrane and maintain the catalytic activity.

TAT1 is highly expressed in the basolateral membrane of 
the small intestine and renal proximal convoluted tubules 
(segments S1 and S2) in humans and mouse, but is curiously 
absent from rat kidney.262,268 TAT1 likely has a direct role in 
the basolateral efflux of aromatic amino acids. Ablation of 
TAT1 in mouse results in aromatic aminoaciduria,271 which 
is exacerbated and also involves other neutral amino acids 
when mice are fed with a high-protein diet. Intestinal 
absorption of phenylalanine is also reduced in the knockout 
mice.

4F2hc/LAT2  (SLC3A2/SLC7A9).  A heavy (4F2hc) and 
light subunit (LAT2) linked by a disulfide bridge forming a 
heterodimer is a key feature of heteromeric amino acid 
transporters (HATs). No larger oligomeric state has been 
detected in kidney or cultured cells.272 4F2hc/LAT2 medi-
ates a high-affinity (Km in the micromolar range) obligatory 
exchange of all neutral amino acids except proline with 1 : 1 
stoichiometry.258,259 This activity resembles the classic system 
L initially defined in nonepithelial cells,273 but with broader 
substrate specificity, and fits with the Na+-independent 
neutral amino acid transport defined in renal basolateral 
plasma membrane vesicles.274 LAT2, in addition to several 
other tissues, is highly expressed in the kidney and small 
intestine.258-260 LAT2 is expressed in the basolateral mem-
brane in the small intestine and proximal convoluted tubule 

taurine reabsorption. A basolateral net efflux pathway for 
taurine has not been described in the renal proximal tubule 
(see Figure 8.12).

Other  Transporters  of  Neutral  Amino  Acids:  ASCT2 
(SLC1A5).  Two isoforms of the system ASC are ASCT1 
(SLC1A4) and ASCT2 (SLC1A5, also called ATB0). ASCT2 
is the molecular correlate of intestinal ASC.247,248 ASCT2 is 
a Na+-dependent obligatory exchanger of neutral amino 
acids with variable stoichiometry for Na+.249 ASCT2 trans-
ports small neutral amino acids (e.g., alanine, serine, cyste-
ine) with Km values of about 20 µmol/L and other neutral 
amino acids (e.g., glycine, leucine, methionine), with an 
order of magnitude lower affinity.248 ASCT2 is expressed in 
the apical membrane of the proximal tubule.250 In spite of 
its location, there is no evidence for a role of ASCT2 in renal 
reabsorption, and no knockout models have been reported. 
A functional cooperation between ASCT2 and B0AT1 has 
been proposed but not demonstrated.212 GlyT1 (SLC6A12) 
is a high-affinity Na+ and Cl−-dependent glycine symporter 
expressed in brain and kidney,228 but the role of this trans-
porter in kidney is unknown.

Ancillary Proteins for B0AT1, B0AT3, and IMINOB.  B0AT1, 
B0AT3, and IMINO transporters require collectrin (also 
called TMEM27 [transmembrane protein 27]) or ACE2 
(angiotensin-converting enzyme 2) for cell surface expres-
sion in renal (B0AT1, B0AT3, and IMINOB) and intestinal 
epithelial cells (B0AT1 and IMINOB).220,251-254 Collectrin and 
ACE2 are type I membrane proteins, with an extracellular 
N-terminus and a single transmembrane domain. ACE2 
inactivates angiotensin II,241 but is also a carboxypeptidase 
that aids in the digestion of nutrient-derived peptides in the 
intestine.220 ACE2 preferentially releases large neutral 
amino acids, which are the preferred substrates of the trans-
porter B0AT1. ACE2 does not modify the apparent sub-
strates affinity (Km) but complex formation with another 
general peptidase, aminopeptidase N (APN), decreases the 
Km of B0AT1 for its substrates.255 Thus, functional protein 
complexes between neutral amino acid transporters and 
peptidases could play a role in protein absorption by increas-
ing local amino acid substrate concentration or affinity. In 
contrast, collectrin lacks the catalytic domain of ACE2 but 
shares sequence homology in the transmembrane and cyto-
solic regions.241 Collectrin is thought to interact with the 
SNARE (soluble N-ethylmaleimide–sensitive fusion protein 
attachment protein receptor) exocytotic machinery.256,257 
Collectrin and ACE2 facilitate the fusion of vesicles contain-
ing transporters of the SLC6 family to the apical plasma 
membrane of the epithelial cells in the kidney (collectrin 
and ACE2) or small intestine (ACE2).

In accord with the differential tissue distribution of 
collectrin and ACE2, ablation of these proteins causes dif-
ferent phenotypes. Collectrin−/− mice show reduction of 
B0AT1 expression and activity in renal brush border mem-
branes but are otherwise normal.252,253 These animals display 
tyrosine crystalluria and hyperexcretion of neutral amino 
acids, resembling Hartnup’s disorder. In these mice, B0AT1 
expression was unaffected in the small intestine. ACE2−/− 
mice have a more complex phenotype, including cardiomy-
opathy and glomerulosclerosis, but have normal urinary 
amino acid levels.251 These mice show no expression and 
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membrane of the collecting ducts and thick ascending limbs 
of Henle’s loop, precluding a role in reabsorption.280 BGT1 
expression responds to osmolarity changes, suggesting a 
protective role in osmotic stress. In contrast to this view, 
BGT1-deficient mice tolerate osmotic stress well, suggesting 
the existence of compensatory mechanisms.280

CATIONIC AMINO ACIDS
Apical Transporters

The molecular entity of one transporter for dibasic amino 
acids has been identified in the apical membranes of the 
renal proximal tubule, the heterodimer rBAT/b0,+AT. 
Expression cloning first identified rBAT (related to b0,+ 
amino acid transporter),282-283 and 4F2hc-induced amino 
acid transport in oocytes.282,283 4F2hc needs accompanying 
proteins for transport activity in oocytes.284 Coexpression 
cloning with 4F2hc285 and coexpression of 4F2hc with 
orphan transporters286 have identified LAT1 (system L 
exchanger) as the first light subunit of 4F2hc. Similarly, 
coexpression cloning identified xCT (system xc

−).287 The 
rest of the subunits associated with 4F2hc and rBAT were 
identified by homology, such as b0,+AT and y+LAT1.288,289

Transport studies have suggested Na+-dependent or Na+-
modulated transport for cationic amino acids in the apical 
membrane. A defect in such a system may cause type I 
dibasic aminoaciduria (OMIM 222690), a disease affecting 
the kidney, but differs from cystinuria because of the absence 

(segments S1 > S2 ≫ S3).258 This distribution parallels the 
reabsorptive capacity for neutral amino acids along the 
nephron.204 Knockdown of LAT2 in the proximal tubule-like 
OK cells resulted in increased intracellular cysteine content, 
lower transepithelial flux of cysteine, and decreased alanine, 
serine, and threonine content.275 This suggests that 4F2hc/
LAT2 likely plays a role in cysteine efflux, which is generated 
after the reduction of cystine by cytoplasmic glutathione.276 
Deletion of LAT2 in mice did not result in defective reab-
sorption of neutral amino acids,277 possibly due to compen-
sation by other transporters.

It has been speculated that the activity of 4F2hc/LAT2 
(broad substrate specificity), in cooperation with the activity 
of a uniport with specificity for only a few neutral amino 
acids, could mediate the net basolateral efflux of any neutral 
amino acid by recycling the common substrates (Figure 
8.13). TAT1 co-localizes with 4F2hc/LAT2 in the basolateral 
membrane of the human renal proximal convoluted 
tubule.278,279 Coexpression of 4F2hc/LAT2 and TAT1 in 
Xenopus oocytes resulted in a net efflux of alanine, serine, 
glutamine, and asparagine, which are not normally TAT1 
substrates.279 Double-knockout models of TAT1 and LAT2 
are needed to test this hypothesis.

Other Neutral Amino Acid Transporters

BGT1 (SLC6A12) is a Na+ and Cl− cotransporter of GABA 
and betaine that is expressed in the liver, kidney, and 
brain.263 In the kidney, BGT1 localizes to the basolateral 

Figure 8.13  Schematic representation of heteromeric amino acid transporters (HATs) with indication of the membrane topology of the light 
subunits. HATs are composed of a heavy subunit and light subunit linked by a disulfide bridge between two conserved cysteine residues (C). 
The heavy subunit has a cytoplasmic N-terminus, a single transmembrane domain, TMD (M), and an ectodomain similar to that of bacterial 
glucosidases (for human 4F2hc, domain A, TIM barrel; domain C, all 8β; PDB code 2DH3). The light subunits share the LeuT fold and TMD1-5 
and TMD6-10 correspond to the two inverted repeats. The C-terminal helices (TMD11 and TMD12) are not related symmetrically to the 5 + 5 
inverted repeat. According to the atomic structure of the structural paradigm AdiC, TMD1 and TMD6 have unwound parts in the middle of the 
helices. The extracellular  loop 4 (EL4) and intracellular  loop 1 (IL1) are expected to occlude the substrate in the outward- and inward-facing 
conformations.355 IL1 is accessible from the external medium in human xCT.371 In the internal helices TMD1, TMD3, TMD6, and TMD8, most 
of the cystinuria (b0,+AT) and LPI (y+LAT1) missense mutations are located. The ectodomain of 4F2hc is located over the light subunit and not 
over the plasma membrane, according to the low-resolution structural model of human 4F2hc/LAT2.369 
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(hyperexcretion of cystine without cationic aminoacid-
uria).309 A heterozygous b0,+AT mutation (T123M) explains 
isolated cystinuria in this family and other individuals.307,310 
It is believed that all cases of classic and isolated cystinuria 
are caused by mutations in system b0,+. Cystine clearance is 
close to the GFR in classic cystinuria (see Table 8.7).289 Thus, 
system b0,+ is the major transporter for cystine reabsorption 
in the proximal tubule apical membrane. In contrast, clear-
ance of cationic amino acids is only partially affected (40 to 
60 mL/min/1.73 m2) in cystinuria,311 suggesting that other 
apical transport systems participate in the renal reabsorp-
tion of these amino acids. Indeed, lysine transport has been 
reported in the human kidney, which was also present in 
patients with cystinuria.312 The molecular identity of this 
transporter is currently unknown.

All b0,+AT are covalently linked by a disulfide bridge to 
rBAT in kidney (segments S1 and S2) but not all renal rBAT 
heterodimerizes with b0,+AT in mouse.300 rBAT has the 
higher expression along the proximal tubule in the S3 
segment,313 where it forms disulfide-linked heterodimers 
(~140 kDa) with a yet unidentified light subunit.300 This 
heterodimer (arbitrarily called rBAT-X) is clearly detected 
in renal brush border membranes from b0,+AT knockout 
mice.304 There is no experimental support for rBAT/X 
having a role in renal reabsorption. The mean and range 
(fifth to 95th percentile limits) of cystine, lysine, arginine, 
and ornithine in the urine of patients with mutations in 
rBAT and in b0,+AT are almost identical.307 This is expected 
because all b0,+AT heterodimerizes with rBAT (system b0,+) 
in renal brush border membranes and rules out the role of 
rBAT-X heterodimer in cystine and cationic amino acid 
reabsorption.

Oligomeric Structure and Biogenesis of rBAT/b0,+AT. The 
native oligomeric state of system b0,+ is a heterotetramer 
(dimer of heterodimers), in which each dimer indepen-
dently catalyzes transport.272 rBAT and b0,+AT need to be 
coexpressed to reach the plasma membrane, but reconstitu-
tion of b0,+AT alone conferred full transport activity, showing 
that it is the catalytic subunit.299

The mutations causing cystinuria that have been func-
tionally studied agree with the proposed role of each subunit 
in the holotransporter b0,+. Thus, mutations in rBAT cause 
trafficking defects,314-316 whereas mutations in b0,+AT cause 
trafficking defects and/or inactivation of the trans-
porter.299,317 The only exception to this rule is the rBAT 
mutation R365W, which affects both trafficking and trans-
port.316 The impact of cystinuria-specific rBAT mutations on 
system b0,+ trafficking in transfected mammalian cells has 
been studied in more detail, allowing the proposal of a 
minimal working model for the biogenesis of the trans-
porter.314,318 Fast interactions of the transmembrane segment 
of rBAT with folded b0,+AT determine formation of the het-
erodimer within the endoplasmic reticulum (ER). This 
interaction is drastically reduced by the cystinuria-specific 
mutation L89P, in the transmembrane domain of rBAT. 
Assembly with b0,+AT is necessary for rBAT folding and 
blocks rBAT degradation via the ER-associated degradation 
(ERAD) pathway. These early steps do not require the cal-
nexin chaperone system. After assembly, the rBAT extracel-
lular domain folds within that chaperone system. 
Heterotetramerization proceeds immediately after comple-
tion of rBAT folding or is interspersed within the final 

of cystine hyperexcretion and from LPI because of the 
absence of hyperammonemia and protein intolerance.290,291 
The molecular identity of this transporter is unknown (see 
Table 8.7).

rBAT/b0,+AT (SLC3A1/SLC7A9).  This is the molecular cor-
relate of the renal and intestinal cationic amino acid trans-
port system b0,+ named by Van Winkle initially in the mouse 
blastocyst292 and that was detected in brush border mem-
branes from the small intestine and kidney.293,294 The heavy 
(rBAT) and light (b0,+AT) subunits of the heterodimer are 
linked by a disulfide bridge, characteristic of HATs.295 rBAT/
b0,+AT mediates the obligatory exchange of cationic amino 
acids, cystine (i.e., two cysteines bound by a disulfide bridge), 
and neutral amino acids (except imino acids) with 1 : 1 stoi-
chiometry. The transport properties of the heterodimer has 
been studied mainly in oocytes injected with rBAT with the 
endogenous Xenopus b0,+AT subunit with the following char-
acteristics: (1) high affinity for cationic amino acids (lysine, 
arginine, and ornithine) and cystine (Km values ≅ 100 µM) 
and slightly lower for other neutral amino acids; (2) appar-
ent affinity that is three orders of magnitude higher in the 
extracellular than in the intracellular binding site; and (3) 
reversible electrogenic exchange of cationic and neutral 
amino acids.296-299 The rBAT/b0,+AT heterodimer is expressed 
in the apical membrane of the small intestine and S1 and 
S2 segments of the nephron,300 where more than 90% of 
cystine reabsorption occurs.191

Under physiologic conditions, only cationic amino acids 
are absorbed via system b0,+ in exchange with neutral amino 
acids, likely driven by the interior negative membrane 
potential. Similarly, system b0,+ mediates the uptake of 
cystine from the lumen because, once in the epithelial cell, 
the amino acid is reduced to cysteine. Final proof came 
from the fact that mutations in system b0,+ cause cystin-
uria,288,301 characterized by defective renal reabsorption and 
intestinal malabsorption of cationic amino acids (lysine, 
arginine, and ornithine) and cystine, but not other neutral 
amino acids (see Table 8.7).302 Cystine has low solubility and 
precipitates, forming cystine crystals and calculi. Moreover, 
mouse models with defective rBAT (D140G mutation)303 or 
b0,+AT (knockout)304 and Newfoundland dogs with defective 
rBAT (natural nonsense mutation)305 have cystinuria similar 
to that in humans.

Cystinuria. This is the most common primary inherited 
aminoaciduria (OMIM 220100), causing 1% to 2% of renal 
stones in adults and 6% to 8% in pediatric patients306 (see 
also Chapter 45). Cystinuria is recessive in inheritance; 
homozygotes hyperexcrete large amounts of cationic amino 
acids (mainly lysine) and cystine.307 A total of 133 mutations 
in rBAT (SLC3A1; cystinuria type A) and 95 mutations in 
b0,+AT (SLC7A9; cystinuria type B) have been identified in 
humans, including missense, nonsense, splice-site, frame-
shift, and large rearrangements.306 System b0,+ mutations 
were identified in about 90% of the alleles studied and, in 
a small proportion of patients (≈3%), no mutations have 
been identified. These cases may be due to mutations in 
promoter, regulatory, or intron regions. Alternatively, hap-
lotypes with several b0,+AT polymorphisms may contribute 
to cystinuria, as has been shown for the group of b0,+AT 
heterozygotes who are cystine stone formers.308 Brodehl and 
coworkers reported a family transmitting isolated cystinuria 
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reabsorption of cationic amino acids in homozygotes causes 
a metabolic derangement characterized by a low cationic 
amino acid plasma concentration, which causes dysfunction 
of the urea cycle and leads to hyperammonemia and protein 
aversion (see Chapter 45). In contrast to disorders of apical 
amino acid transporters (Hartnup’s disorder and cystin-
uria), the basolateral location of the LPI transporter cannot 
be bypassed by the apical intestinal absorption of peptides 
containing dibasic amino acids (PEPT1 (peptide trans-
porter 1; SLC15A1).329,330 Thus, patients fail to thrive nor-
mally. Similarly, y+LAT1−/− mice that survive the neonatal 
lethality display identical metabolic derangements as LPI 
patients.331 The pathophysiology of other symptoms of LPI, 
such as chronic kidney disease, lung alveolar proteinosis, 
and altered immune response are not understood.332

Fifty-four mutations (missense, nonsense, splice-site, 
frameshift deletions and insertions, and large rearrange-
ments) have been described in y+LAT1 in 149 patients from 
115 independent families,333,334 and some have been recently 
identified.335-337 In addition to aminoaciduria, the other 
symptoms vary widely among patients, even when they 
harbor the same mutations, precluding genotype and phe-
notype correlations.327 Only some LPI point mutations have 
been studied for functional defects.326,338-340 Four mutations 
(E36del, G54V, F152L, L334R) showed defective system y+L 
transport activity despite adequate plasma membrane 
expression in heterologous systems, indicating defective 
intrinsic transporter activity.338,339

As for other HATs, 4F2hc is needed to bring the heterodi-
mer 4F2hc/y+LAT1 to the plasma membrane,338 and specifi-
cally to the basolateral membrane.329 No mutations have 
been identified in 4F2hc in LPI, suggesting perhaps lethality 
and. indeed, 4F2hc knockout is lethal.340 4F2hc services six 
human amino acid transporter subunits (LAT1, LAT2, 
y+LAT1, y+LAT2, xCT, asc1)295 and is necessary for proper β1 
integrin function.341 Defective 4F2hc is likely incompatible 
with life.

ANIONIC AMINO ACIDS
Five transporters for anionic amino acids (EAAT1-5) are in 
the SLC1 family.342 EAAT3 (EAAC1) was cloned from the 
kidney by functional expression.343 The Na+-dependent 
neutral amino acid transporters ASCT1 and ASCT2 are also 
part of the SLC1 family.342 AGT1 is a light subunit (family 
SLC7) of HAT.344

EAAT3 (SLC1A1).  EAAT3 is the molecular correlate of the 
neuronal and epithelial X-AG system, with transport activity 
fitting all properties of the high-affinity (Km < 20 µmol/L), 
L-glutamate transporter described in the kidney and intes-
tine.342 EAAT3 cotransports 3Na+ : glutamate : H+, and the 
return of the transporters is facilitated by the binding of one 
K+.345,346

The transporter shows preference for l-aspartate over 
l-glutamate and transports cystine with a Km value of approx-
imately 100 µmol/L. EAAT3 is expressed in the apical mem-
brane of the S2 and S3 segments and weaker signals in the 
S1 segments, descending thin limbs of long-loop nephrons, 
medullary thick ascending limbs, and distal convoluted 
tubules.347 This distribution agrees only partially with the 
reabsorption of glutamate along the nephron348; more than 
90% occurs in segment S1, where EAAT3 expression is low, 

folding steps. Only the heterotetramers exit the ER to the 
Golgi complex. Mutations of the extracellular domain of 
rBAT (T216M, R365W, M467T, M467K) disrupt or delay the 
postassembly folding, hindering stable oligomerization and 
leading to its degradation.

Cystinuria is classified clinically based on the urinary phe-
notype of the heterozygotes—type I are silent (without ami-
noaciduria) and those with moderate aminoaciduria (mainly 
lysine and cystine) are called type non-I.307 rBAT heterozy-
gotes are type I with the exception of some carrying the 
mutation dupE5-E9 (in-frame duplication of part of rBAT). 
Almost 90% of b0,+AT heterozygotes are type non-I. The 
remaining type I heterozygotes are associated with mild 
b0,+AT mutations. A low fraction of b0,+AT heterozygotes with 
the non-I phenotype present with cystine stones.305 Like 
most patients, mice and dogs with defective rBAT transmit 
type I cystinuria,303,305 whereas b0,+AT knockout mice trans-
mit type non-I cystinuria.304 Due to the role of b0,+AT in the 
biogenesis of system b0,+, it is tempting to speculate that 
b0,+AT limits the amount of rBAT/b0,+AT heterotetramer 
leaving the ER, and half the genetic dose of b0,+AT is suffi-
cient to result in moderate aminoaciduria.

Basolateral Transporters

4F2hc/y+LAT1 is the only transporter for dibasic amino 
acids identified at the molecular level in the basolateral 
membranes of renal epithelial cells.289,319

4F2hc/y+LAT1  (SLC3A2/SLC7A7).  This is one of the two 
molecular correlates of system y+L, initially described in 
erythrocytes and placenta,320,321 and is the mediator of cat-
ionic amino acid efflux in epithelial cells.295 The heavy 
subunit (4F2hc) and the light subunit (y+LAT1) are linked 
by a disulfide bridge forming a heterodimer, characteristic 
of the HATs.289,319

4F2hc/y+LAT1 mediates electroneutral, high-affinity (low 
micromolar range) exchange of cationic amino acids with 
neutral amino acids plus Na+, with 1 : 1 : 1 stoichiome-
try.289,319,322 The affinity of neutral but not cationic amino 
acids increases around two orders of magnitude in the pres-
ence of Na+. 4F2hc/y+LAT1 is highly expressed in the kidney, 
small intestine, placenta, spleen, and macrophages323 (per-
sonal communication). In epithelial cells, the transporter 
has a basolateral location.324 The other system y+L isoform 
(4F2hc/y+LAT2) is widely expressed, but less in the kidney 
and small intestine compared with 4F2hc/y+LAT1.323

Under physiologic conditions, the high extracellular Na+ 
concentration drives the efflux of cationic amino acids in 
exchange for neutral amino acids. In this mode, this elec-
troneutral transporter mediates the efflux of cationic amino 
acids against the membrane potential (positive outside). 
Proof for this exchange mode is supported by the fact that 
mutations in y+LAT1 cause lysinuric protein intolerance 
(LPI)325,326 (see Table 8.7), characterized by urine hyperex-
cretion and intestinal malabsorption of cationic amino acids 
only.327,328 Lysinuria is the most prominent aminoaciduria in 
patients with LPI ,with renal clearance values of approxi-
mately 25 mL/min/1.73 m2.

Lysinuric Protein Intolerance.  LPI (OMIM 222700) is a rare 
recessive disease (~200 patients known), probably due par-
tially to misdiagnosis. Impairment of intestinal and renal 
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structurally similar repeats of five consecutive transmem-
brane domains (TMDs) by a pseudo–twofold axis of sym-
metry in the plane of the membrane—that is, five TMDs 
(first repeat) followed by five TMDs (second repeat) with 
an inverted topology in the membrane; this has been termed 
a 5 + 5 inverted repeat fold (see Figure 8.13). The motif con-
sists of two interior pairs of symmetry-related helices, sur-
rounded by an arch of outer helices. The central part of the 
internal helices TMD1 and TMD6 are unwound (TMDs 
numbered according to LeuT, AdiC, or the light subunits of 
HAT). Thus, TMD1 and TMD6 each have two helices (e.g., 
TMD1a and TMD1b). To translocate substrate, LeuT fold 
transporters transit through different outward-facing and 
inward-facing conformations of apo, substrate-bound open 
and substrate-bound occluded states. When occluded, the 
substrate is blocked by a thin gate (side chain of a single 
residue) and thick gate (usually several TMDs; Figure 8.14), 
preventing the diffusion of the substrate to either side of 
the membrane.355 Finally, release of the substrate to one or 
the other side of the membrane completes the alternate 
access mechanism of transport characteristic of secondary 
active transporters. Interestingly, the LeuT fold is shared by 
five transporter families, with no apparent primary amino 
acid homology between them (<10%).356

Six atomic structures of LeuT-fold transporters with a 
bound amino acid substrate have been reported: LeuT with 
l-leucine bound in the outward-facing state of the trans-
porter,354 AdiC with l-arginine bound in the outward-facing 
open state of the transporter,357 AdiC with l-arginine bound 
in the outward-facing occluded state of the transporter,358 
and BetP, with betaine bound in a fully occluded state and 
inward-facing conformations.359,360 Interestingly, a common 
feature in these structures is binding of the α-amino car-
boxyl moiety of the substrate to the unwound section of the 
first TMDs of each repeat and interaction of the side chain 
of the substrate to residues in the third TMD of each repeat 
(see Figure 8.14). In LeuT, the α-amino carboxyl moiety of 
l-leucine and the two Na+ ions interact with (or next to) the 
unwound regions of TMD1 and TMD6. Specifically, one of 
the two Na+ ions, Na1, connects the carboxyl group 
of l-leucine with TMD1 and TMD6 (see Figure 8.14). In 
AdiC, the α-amino carboxyl moiety of l-arginine interacts 
with the unwound regions of TMD1 and TMD6, and  
the main attractor of the guanidinium group is residue 
Trp293 in TMD8 (see Figure 8.13). A tilting movement of 
TMD6a in AdiC, and most probably in LeuT, positions resi-
dues Trp202 and Phe253 over l-arginine and l-leucine to 
occlude the substrates from the periplasm in the occluded, 
outward-facing conformations of AdiC and LeuT, respec-
tively (see Figure 8.14).

SLC6 TRANSPORTERS
LeuT from Aquifex aeolicus presents an approximately 30% 
amino acid sequence identity to the mammalian SLC6 
family, and good structural models have been made for 
human B0AT1.220,351 Based on the fact that the carboxyl 
group of leucine forms part of the Na1 site in LeuT, these 
models explain the mutual influence of substrate and Na+ 
on each other’s Km, which has been observed in B0AT1, 
B0AT2, and IMINOB.212,361 Similarly, the Cl− binding site 
identified in GAT1 after the LeuT structure362,363 is con-
served in the SLC6 Cl−-dependent transporters (e.g., 

and remains significant until the distal convoluted tubules, 
which also express EAAT3.

Dicarboxylic  Aminoaciduria.  The role of EAAT3 in renal 
reabsorption is supported by the fact that mutations  
in SLC1A1 cause human dicarboxylic aminoaciduria (OMIM 
222730),349 an extremely rare autosomal recessive disorder 
of glutamate and aspartate transport350,351 (see Table 8.7). 
Two mutations (I395del and R445W) were identified  
in three patients from two families segregating with the 
phenotype and leading to the near absence of surface 
expression in a heterologous system.349 The Slc1a1−/− 
knockout mouse also has dicarboxylic aminoaciduria.352 In 
human and murine dicarboxylic aminoaciduria, hyperex-
cretion of cystine does not segregate with the genotype, 
suggesting that the role of EAAT3 in cystine reabsorption is 
minimal.

Basolateral AGT1.  AGT1, also known as SLC7A13, is a light 
subunit of HAT in search of a heavy subunit. AGT1 has 
conserved cysteine residues responsible for disulfide bond 
formation. In contrast, none of the two heavy subunits iden-
tified (4F2hc, rBAT) resulted in function when coexpressed 
with AGT1 in Xenopus oocytes. In nonreducing conditions, 
AGT1 has a molecular weight compatible with that of a 
heterodimer, suggesting that a yet to be identified heavy 
subunit may heterodimerize with AGT. Fusion proteins of 
AGT1-4F2hc or AGT1-rBAT brought the transporter to the 
cell surface, and AGT1 showed Na+-independent transport 
for acidic amino acids (Km for L-aspartate and L-glutamate 
in the low micromolar range).344 In contrast to the homolo-
gous Na+-independent cystine-glutamate transporter xCT, 
AGT1 does not accept cystine, homocysteate, and l-α-
aminoadipate. AGT1 is expressed in the basolateral mem-
brane of the proximal straight tubules and distal convoluted 
tubules in mice; there are no data on human AGT1. In one 
report on AGT1 function, the mechanism of transport 
(uniport or exchanger) was not studied.344 To date, there 
is no proof for AGT1 mediating renal amino acid 
reabsorption.

STRUCTURAL INFORMATION OF AMINO  
ACID TRANSPORTERS

Some information on protein structure was presented 
earlier on glucose and organic cation transporters, but 
there has been an eruption of new structural information 
in amino acid transporters. Since the beginning of the 
twenty-first century, the atomic resolution structures of pro-
karyotic models of several mammalian amino acid trans-
porters have been reported and are summarized in Table 
8.8. For reasons of brevity, we will focus only on transporters 
with the LeuT fold shared by SLC6 and SLC7 transporters, 
which are implicated in primary inherited aminoacidurias. 
PAT2 (SLC36 family) is considered to share the LeuT fold,353 
but structural homology models have not been reported to 
our knowledge.234

5 + 5 INVERTED REPEAT FOLD
The structure of the prokaryotic LeuT homologue from 
Aquifex aeolicus was solved by Gouaux’s group.354 The LeuT 
fold is characterized by a pseudosymmetry that relates two 
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Table 8.8 Prokaryotic Transporters as Structural Models of Mammalian Amino Acid Transporters

Transporter Species Description Conformation* PDB Code
Protein 
Family

Related Mammalian 
Transporter

GlpT111 Escherichia coli Glycerol 
3-phosphate 
exchanger

Apo, inward-facing, 
closed

1PW4 MFS SLC16 members 
(e.g., TAT1)

GltPh375 Pyrococcus 
horikoshii

Sodium-dependent 
aspartate 
transporter

Substrate-bound, 
outward-facing

2NWL DAACS SLC1 members (e.g., 
EAAT3, ASCT2)

Apo, inward-facing376 4P19
LeuT354 Aquifex aeolicus Sodium-dependent 

leucine transporter
Apo, outward-facing, 

open
3TT1 NSS SLC6 members (e.g., 

B0AT1, B0AT2, 
IMINO, XT2, TauT)

SLC36 members 
(e.g., PAT2)

Substrate-bound, 
outward-facing, 
occluded377

2A65

Apo, inward-facing, 
open378

3TT3

AdiC379 Salmonella sp. Arginine-agmatine 
antiporter

Apo, outward-facing, 
open

3NCY APC SLC7 members (e.g., 
b0,+AT, y+LAT1)

Escherichia 
coli358

Substrate-bound, 
outward-facing, 
open

3OB6

Escherichia 
coli357

Substrate-bound, 
outward-facing, 
occluded

3L1L

ApcT380 Methanocal-
dococcus 
jannaschii

H+-coupled, broad 
specificity amino 
acid transporter

Apo, fully occluded 3GIA APC SLC7 members (e.g., 
b0,+AT, y+LAT1)

GadC381 Escherichia coli Glutamate-GABA 
antiporter

Apo, inward-facing, 
open†

4DJK APC SLC7 members (e.g., 
b0,+AT, y+LAT1)

*APC transporters share the LeuT fold. Schematic representation of LeuT fold transporter conformations during the transport cycle is shown 
in Figure 8.14.

†This structure has the substrate binding site in a conformation that would be open to the cytosol were it not for blockade by the C-terminus 
of the transporter. Only structures with the highest resolution are indicated.

APC, Amino acid–polyamine–organocation family; Apo, without substrate-bound; DAACS, dicarboxylate amino acid cation symporter family; 
inward, the substrate binding site faces the cytosol; GABA, γ-aminobutyric acid; MFS, major facilitated superfamily; NSS, neurotransmitter 
sodium symporter family; open, occluded, refer to whether the substrate in the binding site is free to dissociate or is occluded; outward, 
the substrate binding site faces the extracellular medium; PDB code, protein database code of protein structures.

IMINOB and TauT), but also in B0AT1 and B0AT2, which are 
not Cl−-dependent. This led to the suggestion that a static 
Cl− ion stabilizes the structure of B0AT1 and B0AT2.361

LeuT-based B0AT1 structural models help in the under-
standing of the molecular bases of the defect in Hartnup’s 
disorder. Functional analysis has shown that certain B0AT1 
missense mutations that do not compromise protein expres-
sion (presumed functional defects) fall into three pheno-
typic categories.220,251 In the first group (G93R and E501K), 
mutations abolish the intrinsic transport activity, irrespec-
tive of the presence of the auxiliary proteins collectrin and 
ACE2. Gly93 in TMD2 interacts with the intracellular part 
of TMD6b, and Glu501 in TMD10 interacts with one of two 
water molecules that hold the structure of the unwound 
residues between TMD6a and TMD6b, the domains that 
interact with the amino acid substrate and Na+ at the Na1 
site. Thus, mutations E501K and G93R most probably affect 
the folding and position of this unwound region, compro-
mising binding and eventually substrate translocation. In 

the second group of mutations (A69T and R240Q), neither 
collectrin nor ACE2 stimulated transport, in spite of physi-
cal interaction between the auxiliary proteins and the trans-
porter. Interestingly, both residues are related to the 
extracellular loop TMD5-TMD6. Ala69 is located in the 
beginning of TMD2, interacting with loop TMD5-TMD6, 
and R240Q is located at the end of TMD5. This suggests 
that loop TMD5-TMD6 is involved in the functional interac-
tion of B0AT1 with collectrin and ACE2. Finally, the third 
group of Hartnup mutants (the hypomorphic polymor-
phism D173N and mutation P265L) loses functional interac-
tion with collectrin but not with ACE2. Interestingly, Pro276 
is located at the N-terminus of TMD6a in a similar location 
to the second group of mutants and is involved in defective 
interaction with collectrin and ACE2. Asp174 is in the extra-
cellular loop TMD3-TMD4, opposite to another extracellu-
lar loop, TMD5-TMD6, suggesting a complex functional 
interaction of B0AT1 with collectrin and ACE2 involving at 
least two extracellular loops.
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cytoplasmic N-terminus are essential for the stimulation of 
β1 integrin signaling.368 A low-resolution model (21 Å) of a 
human 4F2hc/LAT2 heterodimer positions the ectodomain 
of 4F2hc on top of LAT2, providing a structural basis for 
this ectodomain in recognition of the light subunit.369

Neither 4F2hc nor rBAT have α-amylase activity, and 
essential catalytic residues in α-amylases are missing in the 
4F2hc ectodomain.365 Therefore, the role of the large 
N-glycosylated ectodomains (~60 kDa) of rBAT and 4F2hc 
is unknown.

The light subunits are the catalytic components and 
confer specificity to the holotransporter, as revealed by 
reconstitution experiments of human b0,+AT in the absence 
of rBAT299 or functional expression of human LAT2 in Pichia 
yeast in the absence of 4F2hc.369 Light subunits (~50 kDa) 
are highly hydrophobic and not glycosylated. Light subunits 
belong to the l-amino acid transporter (LAT) family within 
the large APC superfamily.370 Cysteine scanning mutagene-
sis studies of xCT have supported a 12-transmembrane 
topology, with the N- and C- termini inside the cell and with 
the TMD2-TMD3 intracellular loop (IL1) accessible to the 
external medium (see Figure 8.13).371 The 5 + 5 inverted 
repeat corresponds to the first 10 TMDs in the light subunits 
of HAT.372 The conserved cysteine residue responsible for 
the intersubunit disulfide bridge is located in the TM3-TM4 
extracellular loop.

In spite of the low amino acid sequence identity with 
LeuT (<10%) and AdiC (<20%), the design of the substrate-
binding site seems to be conserved in LATs. Accordingly, 
residues in TMD8 seem to interact with the lateral chain of 
the substrate. Thus, thiol modification of Cys327 in TMD8 
of the light subunit xCT suggests close proximity to the 

HETEROMERIC AMINO ACID TRANSPORTERS
HATs are composed of a heavy chain (rBAT or 4F2hc) 
linked by a disulfide bridge with a light subunit (in humans, 
b0,+AT for rBAT; LAT1, LAT2, y+LAT1, y+LAT2, asc1, and 
xCT for 4F2hc; and AGT1 for an unidentified heavy subunit). 
HATs are, with the exception of 4F2hc/asc1, tightly coupled 
amino acid antiporters.295

rBAT and 4F2hc364 share less than 30% of amino acid 
identity. The heavy subunits (molecular mass of ~90 and 
~80 kDa for rBAT and 4F2hc, respectively) are N-glycoproteins 
with a single transmembrane segment, an intracellular 
N-terminus, and an extracellular C-terminal domain signifi-
cantly homologous to insect and bacterial α-amylases (see 
Figure 8.13). X-ray diffraction of the extracellular domain 
of human 4F2hc has revealed an atomic structure similar to 
that of these enzymes—domain A, a triose phosphate isom-
erase (TIM) barrel [(αβ)8] and domain C, eight antiparal-
lel β-strands at the C-terminal part (see Figure 8.13).365 The 
conserved cysteine responsible for the intersubunit disul-
fide bridge is between the transmembrane segment and 
ectodomain.

In contrast to rBAT, 4F2hc has a dual role as a component 
of six amino acid transporters and as an enhancer of β1 
and β3 outside-inside integrin signaling.341 The structural 
information on the supramolecular organization of HAT is 
very scarce. Domain swapping and analysis of cystinuria 
point mutations have revealed that the rBAT transmem-
brane segment and cytoplasmic N-terminus are essential for 
amino acid transport function.314,366 In contrast, the 4F2hc 
ectodomain might be necessary for interaction with the 
light subunits,367 whereas the transmembrane segment and 

Figure 8.14  Binding pocket and substrate recognition in the bacterial L-leucine transporter LeuT (A) and in the L-arginine/agmatine antiporter 
AdiC (B). View from the periplasmic side. Color codes for TMDs: TMD1, cyan; TMD3, orange; TMD6, yellow; TMD8, green. The α-amino car-
boxyl moiety of  L-leucine  (C atoms  in green  in A)  and L-arginine  (C atoms  in green  in B)  interacts with  the unwound  regions of TMD1 and 
TMD6. Two Na+  ions (Na1 and Na2) are shown (violet spheres)  in A. Na1 coordinates the carboxyl group of L-leucine with TMD1 and TMD6 
residues of LeuT. Trp293 in TMD8 is the main attractor of the guanidinium group of L-arginine in AdiC in B. The region marked in red in TMD3 
of AdiC corresponds to residue Gly100, homologous to residue Thr123 in b0,+AT.372 Residues Phe235 of LeuT and Trp202 of AdiC in TMD6a 
occludes the substrate from the periplasm (thin gate). The thick gate (occluding the substrate from the cytosol) is composed of several TMDs, 
including those depicted in the figure. For clarity, TMD4, TMD5, TMD7, TMD9, TMD10, TMD11, and TMD12 of LeuT and AdiC are not depicted. 
O and N atoms are depicted in red and blue, respectively. The atomic structures of LeuT and AdiC in the outward-facing substrate occluded 
conformation correspond to PDB codes 2A65 and 3L1L, respectively. (Adapted from Fotiadis D, Kanai Y, Palacin M: The SLC3 and SLC7 families 
of amino acid transporters. Mol Aspects Med 34:139-158, 2013.)
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substrate binding site and permeation pathway.373 Further-
more, mutations of Lys295 in TMD8 (homologous to Trp293 
in AdiC) broadened the substrate specificity of SteT, a bacte-
rial LAT that exchanges l-serine and l-threonine.372 Finally, 
the biochemical phenotype in some cystinuria and LPI 
mutations (e.g., T123M in b0,+AT and G54V in y+LAT1) also 
support a common substrate binding design. Mutation 
G54V completely abolishes the intrinsic transport activity of 
4F2hc/y+LAT1.338 According to homology models, residue 
Gly54 in y+LAT1 is located in the unwound segment of 
TMD1, suggesting a substrate binding defect. Human carri-
ers of mutation T123M in b0,+AT present with isolated cys-
tinuria, with hyperexcretion of cystine but not cationic 
amino acids in urine.310 Homology modeling positions 
residue Thr123 in TMD3 close to the homologous substrate 
binding site in AdiC (see Figure 8.14). This location would 
be consistent with the observed altered substrate selectivity 
of T123M (defective binding for cystine but not for cationic 
amino acids) in isolated cystinuria. Finally, homology models 
of b0,+AT and y+LAT1 based on the AdiC structure show that 
almost half of the more than 60 missense mutations causing 
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symmetry-related helices (TMD1 and TMD6 and TMD3 and 
TMD8), that are expected to participate in the substrate 
binding (see Figure 8.13). This highlights the relevance of 
the inner helices in the transport function of the light sub-
units of HAT as well.
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Acid-base homeostasis involves two separate but related pro-
cesses, bicarbonate reabsorption and new bicarbonate gen-
eration. The first relates to the reabsorption of bicarbonate 
filtered by the glomerulus. The second relates to the need 
to generate “new bicarbonate” to replenish bicarbonate that 
is used to neutralize endogenous and exogenous fixed acid 
loads. Finally, a number of pathophysiologic conditions gen-
erate acid or alkali loads that the kidneys must respond to 
in order to maintain acid-base homeostasis.

BICARBONATE REABSORPTION

Bicarbonate reabsorption involves coordinated transport 
events in multiple nephron segments (Figure 9.1). The 
proximal tubule reabsorbs the majority of filtered bicarbon-
ate. Little-to-no bicarbonate reabsorption occurs in the thin 
descending limb of the loop of Henle, moderate reabsorp-
tion occurs in the thick ascending limb of the loop (TAL), 
and the remaining filtered bicarbonate is reabsorbed in 
distal sites, including the distal convoluted tubule (DCT), 
connecting segment (CNT), initial collecting tubule (ICT), 
and collecting duct.

PROXIMAL TUBULE

GENERAL TRANSPORT MECHANISMS
Proximal tubule bicarbonate reabsorption involves several 
distinct, but interconnected, processes (Figure 9.2). First, 
protons (H+) are secreted into the luminal fluid. Multiple 
proteins mediate H+ secretion; the apical Na+-H+ exchanger, 
NHE3, and an apical H+-ATPase (hydrogen ion adenosine 
triphosphatase) are the primary mechanisms of proton 

secretion in the adult kidney. In the neonatal kidney, the 
Na+-H+ exchanger, NHE8, appears to substitute for NHE3.1 
In the adult kidney, NHE3 is responsible for 60% to 70% of 
H+ secretion, and H+-ATPase accounts for the majority of 
the remainder.

Secreted H+ combines with luminal HCO3
− to form car-

bonic acid (H2CO3). Luminal carbonic acid dissociates to 
water (H2O) and carbon dioxide (CO2). Although this 
process can occur spontaneously, the spontaneous dehydra-
tion rate is inadequate to support normal rates of proximal 
tubule bicarbonate reabsorption. The dehydration reaction 
is catalyzed by carbonic anhydrase IV (CA IV), a membrane-
bound carbonic anhydrase isoform present in the proximal 
tubule brush border.

Luminal CO2 then moves across the apical plasma mem-
brane into the cell. Although this process has traditionally 
been thought to occur through lipid-phase diffusion, the 
integral membrane protein, aquaporin 1 (AQP1), may 
mediate about 50% of CO2 transport across the apical 
plasma membrane.2 Cytosolic CO2 is then hydrated, forming 
carbonic acid, through a process accelerated by the cytosolic 
carbonic anhydrase, carbonic anhydrase II (CA II). Cyto-
solic carbonic acid spontaneously dissociates to H+ and 
HCO3

−, “replenishing” the H+ secreted across the apical 
plasma membrane by apical NHE3 and H+-ATPase.

Cytosolic HCO3
− is transported across the basolateral 

plasma membrane. In the S1 and S2 segments of the proxi-
mal tubule, the primary HCO3

− transport mechanism is a 
sodium-coupled, electrogenic bicarbonate cotransporter, 
NBCe-1A.3,4 Because NBCe-1A is electrogenic, generation 
and regulation of the transmembrane voltage between cyto-
plasm and interstitium are important and appear to be 
related to extracellular pH-dependent activation of the 
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substitute for Na+, and NH4
+ can substitute for H+.13 The 

latter process, which enables Na+-NH4
+ exchange, is impor-

tant in proximal tubule NH4
+ secretion.14

NHE3, the primary apical Na+-H+ exchanger in the proxi-
mal tubule, mediates the majority of luminal bicarbonate 
reabsorption. Multiple mechanisms regulate NHE3. The 
best-studied hormonal mechanisms involve parathyroid 
hormone (PTH), dopamine, and Ang II. Both PTH and 
dopamine inhibit NHE3 activity, whereas Ang II has a bipha-
sic effect, stimulatory at low concentrations and inhibitory 
at high concentrations. Both PTH and dopamine increase 
intracellular levels of cyclic adenosine monophosphate 
(cAMP), leading to decreased NHE3 activity,15 and dopa-
mine also has protein kinase C (PKC)–dependent effects.16 
Ang II decreases cAMP levels and activates PKC, tyrosine 
kinase, and phosphatidylinositol-3-kinase.17

NHE3 phosphorylation is an important regulatory mech-
anism. Serine 552 (in the rat sequence) is a consensus 
protein kinase A (PKA) phosphorylation site, and phos-
phorylation of this site causes localization to the coated pit 
region of the brush border membrane, where NHE3 cannot 
contribute to bicarbonate reabsorption.18 Similarly, phos-
phorylation of rabbit serine 719 regulates insertion into the 
plasma membrane.19 Dephosphorylation, mediated by the 
serine/threonine phosphatase 1 (PP1), but not PP2, at 
serines 552 and 605, and at other novel phosphorylation 
sites, stimulates NHE3 activity.20

Movement of NHE3 between different subcellular loca-
tions, including microvilli, intermicrovillar clefts, endo-
somes, and the cytoplasm, is an important regulatory 
mechanism. Only NHE3 in microvilli contributes to bicar-
bonate reabsorption. Redistribution within these domains 
is regulated by a variety of factors, including renal sympa-
thetic nerve activity, glucocorticoids and insulin, Ang II, 
dopamine, and PTH.15,21-24 This process involves a number 
of cellular proteins, including dynamin, NHE regulatory 
factor 1 (NHERF-1), clathrin-coated vesicles, calcineurin 
homologous protein-1, ezrin phosphorylation, G-protein 
alpha subunits and G-protein beta-gamma dimers.25-27

NHE8 is a second Na+-H+ exchanger found in the proxi-
mal tubule.28 Under normal conditions, NHE8 is mostly 
intracellular in the adult kidney,29 but in the absence of 
NHE3, NHE8 expression increases and the exchanger con-
tributes to bicarbonate reabsorption.1 In the neonatal 
kidney, NHE8 expression is increased and NHE3 expression 
is decreased, suggesting that NHE8 is the primary mecha-
nism of apical Na+-H+ exchange activity in the neonatal 
kidney.30

H+-ATPase

A second mechanism of proximal tubule apical H+ secretion 
involves the vacuolar H+-ATPase.31 H+-ATPase is expressed 
in the brush border microvilli, the base of the brush border, 
and apical invaginations between clathrin-coated domains.32 
In addition, H+-ATPase acidifies proximal tubule endosomes 
and lysosomes, senses endosomal pH, and is involved in 
recruiting trafficking proteins to acidified vesicles, thereby 
assuring appropriate progression from early endosomes to 
lysosomes.33 Proximal tubule H+-ATPase activity is increased 
by Ang II, increased axial flow, and chronic metabolic 
acidosis.34-36 H+-ATPase has a direct binding interaction with 
aldolase, which may underlie the development of proximal 

basolateral K+ channel, TASK2.5 In the S3 segment a Na+-
dependent, Cl−-HCO3

− exchanger appears be the primary 
mechanism of basolateral HCO3

− transport,6 although 
NBCe-1A may also contribute.7

In addition to active or secondarily active H+ secretion 
and bicarbonate reabsorption, the proximal tubule exhibits 
passive H+ and bicarbonate transport. Because bicarbonate 
reabsorption decreases the luminal bicarbonate concentra-
tion and increases the luminal H+ concentration relative to 
the peritubular space, this passive transport limits bicarbon-
ate reabsorption and generation of an acidic luminal pH.8 
The molecular mechanisms of bicarbonate backleak are 
unclear, but several functional aspects are known. It is quan-
titatively less in newborn than in the adult kidney.9 The 
backleak may be regulated; for example, the hormone 
angiotensin II (Ang II) decreases bicarbonate backleak.10 
Finally, it is known to be partially transcellular and involves 
specific membrane proteins, but it does not involve 
NHE3.11,12

TRANSPORTERS INVOLVED IN PROXIMAL TUBULE 
BICARBONATE REABSORPTION
Na+-H+ Exchangers

Na+-H+ exchangers (NHEs) are expressed widely in the 
kidney, where they function in intracellular pH regulation, 
transepithelial bicarbonate reabsorption, and vacuolar acid-
ification. All utilize the extracellular-to-intracellular Na+ gra-
dient to enable secondary active, electroneutral H+ secretion. 
Although the preferred ions are Na+ and H+, Li+ can 

Figure 9.1  Summary of sites of bicarbonate reabsorption.  The 
proximal tubule is the primary site quantitatively for filtered bicarbon-
ate reabsorption. Minimal reabsorption occurs in the thin limb of the 
loop of Henle. The  thick ascending  limb of  the  loop of Henle  reab-
sorbs the majority of the bicarbonate not reabsorbed in the proximal 
tubule. The collecting duct is the primary site for reabsorption of the 
remaining filtered bicarbonate. 

Collecting duct ~5%

Proximal
tubule
~80%

Thick ascending limb
of Henle’s loop ~15%
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the moving force. However, the coupling ratio of Na+ and 
HCO3

− is critically important: a 1 : 3 coupling mediates net 
HCO3

− efflux, whereas with a 1 : 2 ratio the net electrochemi-
cal gradient favors HCO3

− influx. Indeed, some cases of 
proximal RTA appear to result from NBCe1-A mutations 
that alter the coupling ratio.44

Metabolic acidosis increases proximal tubule HCO3
− reab-

sorption and basolateral HCO3
− transport activity but does 

not alter NBCe1-A expression.45 Instead, phosphorylation 
regulates NBCe1-A activity in response to metabolic acido-
sis.46 A number of signaling molecules regulate NBCe1-A. 
These include PKA, cAMP, PKC, Mg2+, Ca2+, adenosine tri-
phosphate, carbonic anhydrases I through III, inositol 
1,4,5-trisphosphate (IP3) receptor (IP3R)–binding protein 
released with IP3 (IRBIT), and phosphatidylinositol 
4,5-bisphosphate.39

Defects in NBCe1-A are the most common cause of auto-
somal recessive proximal RTA (pRTA).39,44,47 In addition to 
causing severe pRTA, NBCe1 defects can cause growth and 
mental retardation, basal ganglia calcification, cataracts, 
corneal opacities (band keratopathy), glaucoma, elevations 

renal tubular acidosis (RTA) in individuals with hereditary 
fructose intolerance.37

Electroneutral Sodium-Bicarbonate Cotransporter

Basolateral bicarbonate exit largely is mediated by the elec-
troneutral sodium-bicarbonate cotransporter NBCe1-A. In 
humans, three splice variants of the NBCe1 gene are known; 
only NBCe1-A, also known as kNBC1, is expressed in the 
kidney, where it is found exclusively in the basolateral 
plasma membrane in the proximal tubule.4,38 In mice, two 
additional splice variants exist.39 NBCe1-A has large cytoplas-
mic amino- and carboxy-termini tails, 14 transmembrane 
domains and two glycosylation sites.40-43

NBCe1-A in the proximal tubule mediates the coupled 
net movement of Na+ and HCO3

− in a 1 : 3 ratio of Na+ and 
HCO3

− equivalents. Under normal circumstances intracel-
lular Na+ and HCO3

− concentrations are less than peritubu-
lar concentrations, meaning that reabsorption via NBCe1-A 
moves these solutes against their concentration gradients. 
Because the cytoplasm is negatively charged relative to the 
peritubular compartment, these electrical gradients provide 

Figure 9.2  Bicarbonate reabsorption in the proximal tubule. Proximal tubule HCO3
− reabsorption involves integrated function of multiple 

proteins.  Protons  are  secreted  by  both  the  Na+-H+  exchanger,  NHE3,  and  H+-ATPase,  and  titrate  luminal  HCO3
−  to  H2CO3.  Luminal  H2CO3 

dehydration to H2O and CO2 is accelerated by luminal carbonic anhydrase activity mediated by carbonic anhydrase isoform CA IV. CO2 enters 
the cell via aquaporin AQP1 and most likely also via passive lipid-phase diffusion, where its hydration to H2CO3 is accelerated by cytoplasmic 
CA II. H2CO3 rapidly dissociates to H+ and HCO3

−, thereby “replenishing” the secreted cytosolic H+. Cytosolic HCO3
− exits across the basolateral 

plasma membrane primarily by the electrogenic Na+-HCO3
− cotransporter, NBCe1. 
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through an apical Ang II AT1 receptor to stimulate bicarbon-
ate reabsorption.54,55

Chronic metabolic acidosis increases proximal tubule 
bicarbonate reabsorption more than acute metabolic acido-
sis. This adaptive increase involves increased NHE3 expres-
sion and activity and increased H+-ATPase activity,34,56,57 but 
not detectable changes in NBCe1 expression.45 Glucocorti-
coid levels rise with chronic metabolic acidosis,58 and gluco-
corticoid receptor activation enhances acidosis-induced 
increases in NHE3 expression and apical trafficking.59

Luminal Flow Rate

Renal bicarbonate reabsorption changes in parallel with 
glomerular filtration rate and luminal flow.60 Increased 
luminal flow enhances apical plasma membrane NHE3 
activity.61 In addition, increased flow minimizes changes in 
the luminal bicarbonate concentration, thereby maintain-
ing a higher mean luminal bicarbonate concentration, 
which facilitates bicarbonate reabsorption.62 Proximal 
tubule brush border microvilli may function as flow sensors, 
with drag force transmitted through the actin filament, 
altering cytoskeletal elements and regulating transport.35

Angiotensin II

Ang II is an important regulator of proximal tubule ion 
transport, including bicarbonate reabsorption. Low Ang II 
concentrations increase but high concentrations inhibit 
bicarbonate reabsorption.63,64 Both luminal and peritubular 
low doses of Ang II stimulate bicarbonate reabsorption, 
mediated predominantly through apical and basolateral AT1 
receptors. An increase in AT1 receptor expression due to 
acidosis may contribute to adaptive changes in bicarbonate 
reabsorption.65

Potassium

Chronic hypokalemia stimulates and chronic hyperkalemia 
inhibits proximal tubule bicarbonate reabsorption.66 The 
inhibition is associated with parallel changes in apical Na+-
H+ exchange and basolateral sodium-bicarbonate cotrans-
port activity67 and involves increased apical and basolateral 
plasma membrane AT1 receptor expression.68 Acute changes 
in extracellular potassium concentration, however, do not 
alter proximal tubule bicarbonate transport.69

Endothelin

Endothelin has important and direct effects on ion trans-
port in a variety of renal epithelial cells, including the proxi-
mal tubule. Endothelin can be produced in the proximal 
tubule and exhibits an autocrine effect to stimulate NHE3.70 
In particular, metabolic acidosis–induced increases in NHE3 
expression may require endothelin type B (ET-B) receptor 
activation.71

Parathyroid Hormone

PTH immediately inhibits proximal tubule bicarbonate reab-
sorption through activation of adenylyl cyclase and increased 
intracellular cAMP production.72 Short-term systemic PTH 
administration leads to metabolic acidosis, but long-term 
administration to metabolic alkalosis.73 The short-term effect 
is due primarily to increased urinary bicarbonate excretion, 
likely as a result of changes in proximal tubule bicarbon-
ate reabsorption; the long-term effect is due to increased 

of serum amylase and lipase, and defects in the enamel sug-
gestive of amelogenesis imperfecta.39,47 In mice, homozy-
gous NBCe1-A deletion causes a very severe phenotype, with 
severe metabolic acidosis, marked volume depletion, and 
death within a few weeks of birth. Heterozygous deletion 
gives rise to a milder phenotype but still causes development 
of pRTA.48

Carbonic Anhydrase

Carbonic anhydrases are a family of zinc metalloenzymes 
that catalyze the reversible hydration of CO2 to form car-
bonic acid (H2CO3), reaction A in the following equation:

 CO H O H CO H HCO
A B

2 2 2 3 3+ ⇔ ⇔ ++ −  (1)

In the absence of carbonic anhydrase, the hydration/
dehydration reaction (reaction A) is rate limiting.

Carbonic Anhydrase II. CA II, the predominant carbonic 
anhydrase in the kidney, is also the predominant carbonic 
anhydrase in the proximal tubule. It is expressed in the 
cytoplasm of the proximal tubule, in addition to multiple 
other sites in the kidney, including thin descending limb, 
TAL, and intercalated cells. In the mouse kidney, CA II is 
also expressed in collecting duct principal cells.

Carbonic Anhydrase IV. CA IV is found in the proximal 
tubule and in intercalated cells in the collecting duct.49 CA 
IV is linked to the plasma membrane via a glycosylphospha-
tidylinositol lipid (GPI) anchor and extends into the extra-
cellular compartment; the active site is thus extracellular, 
not intracellular.50 In the proximal tubule, CA IV is expressed 
in both apical and basolateral plasma membranes where, by 
facilitating HCO3

− interconversion with CO2, it contributes 
to transepithelial bicarbonate reabsorption.51

REGULATION OF PROXIMAL TUBULE  
BICARBONATE REABSORPTION
Systemic Acid-Base

Changes in extracellular acid-base status profoundly alter 
proximal tubule bicarbonate reabsorption. Both metabolic 
acidosis and respiratory acidosis increase bicarbonate reab-
sorption, and alkalosis has the opposite effect. These 
changes occur with both acute and chronic pH changes, 
although the effect is substantially greater with chronic aci-
dosis. It is important to note that these effects are mediated 
through changes in interstitial, that is, peritubular, HCO3

− 
and pCO2. Changes in luminal HCO3

− have the opposite 
effect on proximal tubule bicarbonate transport, a manifes-
tation of glomerular-tubular balance.

Studies have begun to elucidate the mechanisms through 
which extracellular bicarbonate and CO2 regulate proximal 
tubule bicarbonate reabsorption. Changes in CO2 and 
HCO3

−, but not changes in pH when the other two compo-
nents are constant, alter bicarbonate reabsorption.52 These 
effects are specific to bicarbonate reabsorption, as fluid 
reabsorptive rates do not change. At least in part, this 
process involves members of the ErbB receptor tyrosine 
kinase family.53 They also involve the intrarenal angiotensin 
system, because peritubular CO2 stimulates intracellular 
production and luminal secretion of Ang II, which acts 
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regulation is the observation in experimental models that 
metabolic alkalosis decreases bicarbonate reabsorption.88

Several hormones regulate bicarbonate reabsorption. 
Ang II stimulates TAL bicarbonate reabsorption, likely 
through activation of AT1 receptors.89,90 Glucocorticoid 
receptors are present in the TAL, and glucocorticoids are 
necessary for normal bicarbonate reabsorption.91 Mineralo-
corticoids, at high concentrations, stimulate bicarbonate 
reabsorption,88 but their absence does not alter basal trans-
port.91 Arginine vasopressin (AVP) inhibits bicarbonate 
reabsorption through prostaglandin E2–mediated inhibi-
tion of apical Na+-H+ exchange activity.92,93 PTH inhibits 
bicarbonate reabsorption, but the effect is less than the 
effect of AVP.93

Cytokines regulate bicarbonate transport. Lipopolysac-
charide (LPS) inhibits transport; this effect involves the 
cytokine receptor Toll-like receptor-4 (TLR4) as well as sepa-
rate pathways activated by luminal and peritubular LPS. 
Luminal LPS involves the mTOR (mammalian target of 
rapamycin) pathway, whereas peritubular LPS functions 
through the MEK/ERK (mitogen-activated protein kinase/
extracellular signal–regulated kinase) pathway.94,95

Another important regulatory factor is the medullary 
osmotic gradient. Increased tonicity inhibits and decreased 
tonicity stimulates bicarbonate reabsorption; these effects 
occur through phosphatidylinositol 3-kinase–mediated 
changes in apical Na+-H+ exchange activity.96,97 AVP, which 
contributes to the development of the medullary osmotic 
gradient, inhibits bicarbonate reabsorption.93

ACID-BASE TRANSPORTERS IN THE THICK 
ASCENDING LIMB
Many of the major H+ and HCO3

− transporters were dis-
cussed previously in relation to the proximal tubule and are 
not described again here.

Electroneutral Sodium-Bicarbonate Transporter 1

NBCn1 facilitates the electroneutral, coupled transport of 
Na+ and HCO3

− in a 1 : 1 ratio. In the kidney, NBCn1 is found 
in the basolateral plasma membrane in the TAL, the inter-
calated cells of the outer medullary collecting duct (OMCD), 
and the terminal inner MCD (IMCD).45,98 Because the con-
centrations of Na+ and HCO3

− are generally lower in the 
cytoplasm than in the interstitium, basolateral NBCn1 likely 
mediates peritubular HCO3

− uptake. Moreover, both meta-
bolic acidosis and hypokalemia increase TAL NBCn1 expres-
sion.45,99 Thus, NBCn1 is unlikely to mediate a critical role 
in bicarbonate reabsorption. Instead, it is likely to contrib-
ute to ammonia reabsorption, as discussed later.

DISTAL CONVOLUTED TUBULE

The DCT consists of two cell types, DCT cells and interca-
lated cells, which employ different mechanisms of bicarbon-
ate reabsorption. DCT cells express apical NHE2,100 and 
NHE2 inhibitors decrease bicarbonate reabsorption.78 Baso-
lateral HCO3

− exit likely involves AE2.80 A basolateral Cl− 
channel that has limited HCO3

− permeability may also 
contribute.101 Cytosolic CA II is present, but not apical CA 
IV.51 In the late DCT intercalated cells are present.102 Quan-
titatively, intercalated cells constitute only a very small pro-
portion of all cells in the DCT, about 4% and 7% in mouse 

titratable acid excretion, which is likely a result of increased 
excretion of dihydrogen and hydrogen phosphate.73

Calcium-Sensing Receptor

The calcium-sensing receptor (CaSR) is present in the 
apical membrane in the proximal tubule. CaSR activation, 
through either increased luminal calcium or calcimimetic 
agents, increases bicarbonate reabsorption through a mech-
anism likely involving the activation of apical NHE3.74 CaSR 
activation may modulate the effects of PTH in proximal 
tubule bicarbonate reabsorption; hypercalcemia resulting 
from excess PTH has the opposite effect of PTH alone on 
bicarbonate transport.

LOOP OF HENLE

The TAL reabsorbs approximately 15% of the filtered bicar-
bonate load. The overall schema in this loop is fundamen-
tally similar to that in the proximal tubule. Apical Na+-H+ 
exchange and vacuolar H+-ATPase secrete H+. Quantita-
tively, apical Na+-H+ exchange activity is the major H+ secre-
tory mechanism; vacuolar H+-ATPase activity is present but 
has at most a minor role in bicarbonate reabsorption.75,76 
Two Na+-H+ exchanger isoforms are present in the TAL, 
NHE2 and NHE3, but NHE3 appears to be predominant.77,78 
Secreted H+ reacts with luminal HCO3

−, forming H2CO3, 
which dissociates to CO2 and H2O. Whether luminal CA IV 
is present is unclear, as reports in the literature are conflict-
ing.51,79 Luminal CO2 moves down its concentration gradient 
across the apical plasma membrane into the cell cytoplasm. 
Cytoplasmic CA II catalyzes CO2 hydration to form H2CO3, 
which dissociates to H+ and HCO3

−, thereby recycling the 
H+ secreted across the apical plasma membrane. Cytosolic 
HCO3

− exits via basolateral Cl−/HCO3
− exchange—possibly 

anion exchanger 2 (AE2)—via an electroneutral sodium-
bicarbonate cotransporter (NBCn1), and possibly via baso-
lateral Cl− channels.80-82

Several plasma membrane proteins either directly or indi-
rectly alter bicarbonate reabsorption. Inhibiting the  
apical Na+-K+-2Cl− cotransporter, NKCC2, increases bicar-
bonate reabsorption.75 This increase may occur because 
inhibiting NKCC2 decreases Na+ entry, thereby decreasing 
intracellular Na+ and increasing the Na+ uptake gradient for 
apical Na+-H+ exchange. Inhibiting basolateral Na+-H+ 
exchange activity decreases bicarbonate reabsorption 
through cytoskeletal alterations that reduce apical NHE3 
expression.83,84

REGULATION OF THICK ASCENDING LIMB 
BICARBONATE REABSORPTION
A variety of stimuli regulate TAL bicarbonate reabsorption. 
Metabolic acidosis increases TAL bicarbonate reabsorp-
tion,85,86 but whether the effects are specific to metabolic 
acidosis or due to other mechanisms is not clear. Metabolic 
acidosis induced by NH4Cl and chloride loading with 
NaCl have similar effects on bicarbonate transport, raising 
the possibility that chloride loads, not acid loads, regulate 
TAL bicarbonate transport.86 Support for acidosis regula-
tion of TAL bicarbonate transport comes from the finding 
that NH4Cl-induced metabolic acidosis, but not equivalent 
chloride loading with NaCl, increases TAL NHE3 expres-
sion.87 Further supporting a role of the TAL in acid-base 
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At least three distinct intercalated cell subtypes exist; the 
type A intercalated cell, the type B intercalated cell, and the 
non-A, non-B intercalated cell (Figure 9.3). In the CNT, 
both type A and non-A, non-B intercalated cells are present, 
and type B intercalated cells are uncommon. In the CCD, 
both type A and type B intercalated cells are present, and 
the non-A, non-B cell is uncommon. In the OMCD and 
IMCD, only the type A intercalated cell is present under 
normal conditions.

Type A Intercalated Cell

The type A intercalated cell is involved in H+ secretion, 
HCO3

− reabsorption and ammonia secretion. The proteins 
involved in these processes are, in general, different from 
those in the proximal tubule and TAL (Figure 9.4).

Both vacuolar H+-ATPase and P-type H+-K+-ATPases are 
involved in H+ secretion. H+-ATPase is abundant in the 
apical plasma membrane and in apical cytoplasmic tubulo-
vesicles in type A intercalated cells. H+-ATPase undergoes 
redistribution between the cytoplasmic compartment and 
the apical plasma membrane; this mechanism, rather than 
changes in total protein expression, appears to be the major 
adaptive response to acid-base disturbances.104 In addition 
to having a major role in H+ secretion, H+-ATPase also has 
an essential role in cell volume regulation and maintenance 
of intracellular electronegativity, replacing the Na+-K+-
ATPase which provides these functions in most other cell 
types.105

A second means of H+ secretion is electroneutral, depends 
on luminal K+, and is mediated by P-type H+-K+-ATPase pro-
teins.106 At least two H+-K+-ATPase α-isoforms are present. 
One, HKα1, is similar to the α-isoform involved in gastric 
acid secretion. The other, HKα2, is similar to the α-isoform 
in the colon. K+ reabsorbed via apical H+-K+-ATPase can 
either recycle across the apical plasma membrane or exit 
the cell across the basolateral plasma membrane, and rela-
tive movement across the apical versus basolateral plasma 
membranes is regulated by dietary K+ intake.107

A truncated isoform of the erythrocyte anion exchanger, 
the kidney anion exchanger (kAE1), is present in the  
basolateral plasma membrane and mediates basolateral 

and rat kidneys, respectively.103 The majority of intercalated 
cells in the DCT are type A and non-A, non-B intercalated 
cells (see “Cell Composition”).103

COLLECTING DUCT

The renal collecting duct, the final site of bicarbonate reab-
sorption, has the capacity to both reabsorb and secrete 
luminal bicarbonate. Specific proteins in specific epithelial 
cell types, which vary in type and frequency in different col-
lecting duct segments, mediate these processes.

COLLECTING DUCT SEGMENTS
Technically, the collecting duct begins with the initial collect-
ing tubule (ICT), immediately distal to the CNT, and extends 
through the IMCD. The CNT arises from a different embry-
onic origin from that of the ICT and the remainder of the 
collecting duct. However, the CNT is included in the discus-
sion of the role of the collecting duct in acid-base regulation 
because it has cell types and acid-base transport mechanisms 
similar to those in the collecting duct. Different portions of 
the collecting duct are identified by where they reside: corti-
cal collecting duct (CCD), outer medullary collecting duct in 
the outer stripe (OMCDo), outer medullary collecting duct 
in the inner stripe (OMCDi), and the IMCD.

CELL COMPOSITION
Collecting duct segments contain several distinct epithelial 
cell types, and the cellular composition differs in the various 
collecting duct segments. Two distinct cell types, interca-
lated cells and principal cells, are present. Principal cells 
account for about 60% to 65% of cells, and intercalated cells 
account for the remainder in the ICT, CCD, and OMCD. 
The proportion of intercalated cells is less in the IMCD and 
decreases progressively as one moves from the outer 
medullary–inner medullary junction to the papillary tip. In 
the terminal IMCD, the epithelium is composed of IMCD 
cells, a cell distinct from both intercalated cells and princi-
pal cells. The CNT contains both intercalated cells and a 
cell type specific to the CNT, termed the connecting segment 
cell; in some species, principal cells are also present.

Figure 9.3  Intercalated cell subtypes in the distal nephron and collecting duct. The late distal convoluted tubule, connecting segment, 
initial collecting tubule, cortical collecting duct, outer and inner medullary collecting ducts have multiple distinct cell types. Three intercalated 
cell  types can be distinguished on  the basis of ultrastructural  features and differential expression  in plasma membrane domains of several 
proteins involved in renal acid-base transport, including H+-ATPase, AE1, pendrin, Rhbg, and Rhcg. These specific intercalated cell subtypes 
occur at different frequencies specific to the various tubule segments. (Courtesy Ki-Hwan Han, MD, PhD, Ewha Womans University, Seoul, Korea.)
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present in the CNT and ICT.103,124 This cell has several fea-
tures that distinguish it from both type A and type B inter-
calated cells. These differences include the expression of 
both pendrin and H+-ATPase in the apical plasma mem-
brane and in apical cytoplasmic vesicles, the absence of 
basolateral plasma membrane H+-ATPase and basolateral 
AE1, the presence of apical but not basolateral Rhesus (Rh) 
glycoprotein Rhcg, and the absence of basolateral Rhbg 
(see Figure 9.3). Thus, this cell differs significantly from 
both type A and type B intercalated cells. Studies of the 
developing kidney show that non-A, non-B cells and type B 
intercalated cells arise simultaneously, but from different 
foci.125,126 This cell type was termed “non-A, non-B cell” in 
early studies. However, its unique transporter expression, 
distribution, and developmental origin suggest it is a third 
distinct intercalated cell subtype.

Principal Cells

Principal cells have indirect and direct roles in acid secre-
tion. Indirectly, principal cell–mediated Na+ reabsorption 
leads to luminal electronegativity, which facilitates H+ secre-
tion by the electrogenic, and thus voltage-sensitive, H+-
ATPase. In addition, principal cells have direct roles. 
Functional studies show that principal cells have apical H+ 
secretory and basolateral Cl−-HCO3

− exchange activities,127,128 
and they express H+-ATPase129,130 and both the HKα1 and 
HKα2 isoforms of H+-K+-ATPase.106 In the mouse and rat 
kidney, principal cells in the OMCDi and IMCDi express 
both carbonic anhydrase activity and CA II protein.131,132 
Finally, the ammonia transporters Rhcg and Rhbg are both 
present in principal cells in the CCD and OMCD.133

IMCD Cell

The IMCD cell is a distinct cell type and is the predominant 
cell present in the terminal IMCD. It exhibits carbonic anhy-
drase activity,132 both H+-ATPase and H+-K+-ATPase activ-
ity,106,134 and basolateral Cl−-HCO3

− exchange.135 In vitro 
microperfusion studies have demonstrated directly that the 
IMCD secretes H+ and reabsorbs luminal HCO3

−.136

FUNCTIONAL ROLE OF DIFFERENT COLLECTING 
DUCT SEGMENTS
Connecting Tubule and Initial Collecting Tubule

Relatively little information is available on the functional 
role of the CNT and ICT in acid-base homeostasis. Morpho-
logic and immunolocalization studies suggest that the CNT 
and ICT contain type A, type B, and non-A, non-B interca-
lated cells.103,124,137 Under basal conditions, the CNT, at least 
in the rabbit, secretes bicarbonate through a Cl−-, carbonic 

bicarbonate exit.108 Cl− that enters the cell via basolateral 
Cl−-HCO3

− exchange exits via the KCl cotransporter, 
KCC4109,110; a basolateral Cl− channel, presumably ClC-Kb in 
humans and ClC-K2 in rodents, also contributes to 
Cl− recycling.111

Cytoplasmic CA II is abundant in type A intercalated cells 
and enables intracellular generation of H+, for apical secre-
tion, and HCO3

−, for basolateral transport. In addition, 
membrane-associated carbonic anhydrases are present in 
the apical region (CA IV) and, at least in mouse and rabbit, 
in the basolateral region (CA XII) of intercalated cells.112

Type B Intercalated Cell

The type B intercalated cell mediates a major role in HCO3
− 

secretion and luminal Cl− reabsorption. It contains basolat-
eral H+-ATPase and an apical Cl−-HCO3

− exchanger, 
pendrin.113 H+-ATPase is also present in vesicles throughout 
the cell, but it is not present in the apical plasma membrane. 
As in type A intercalated cells, H+-ATPase, rather than Na+-
K+-ATPase, prevents cell swelling and maintains intracellular 
electronegativity in type B cells.105 Type B intercalated cells 
also express H+-K+-ATPase.114,115 In the rabbit and mouse an 
apical H+-K+-ATPase activity is present,116,117 whereas in the 
rat a basolateral H+-K+-ATPase activity has been suggested.118 
The type B cell also has cytoplasmic CA II, which facilitates 
intracellular H+ and HCO3

− production. Figure 9.4 summa-
rizes the proteins involved in type B intercalated cell acid-
base transport.

The type B intercalated cell also has the ability to secrete 
H+ and reabsorb luminal HCO3

−. As noted previously, most 
studies indicate that the type B intercalated cell has an 
apical H+-K+-ATPase activity, and functional studies have 
shown that all CCD intercalated cells with apical Cl−-HCO3

− 
exchange activity, that is, all type B intercalated cells, also 
have basolateral Cl−-HCO3

− exchange activity.119

The type B intercalated cell has several roles in acid-base 
and ion transport homeostasis. Genetic deletion of apical 
pendrin impairs HCO3

− secretion, luminal Cl− reabsorption, 
and, through a mechanism involving coordinated function 
with the principal cell, luminal Na+ reabsorption.120-122 
The type B intercalated cell may also contribute to H+ 
secretion and luminal HCO3

− reabsorption. Ammonia, 
which is increased in metabolic acidosis and hypokalemia, 
increases apical H+-K+-ATPase and basolateral Cl−-HCO3

− 
activity, a change that would result in increased net 
HCO3

− reabsorption.123

Non-A, Non-B or Type C Intercalated Cell

A third intercalated cell subtype, generally termed the 
non-A, non-B cell (sometimes called the type C cell), is 

Figure 9.4  Bicarbonate transport by type A and type B intercalated cells. Top panel shows a model of acid-base transport by the type 
A intercalated cell. Two families of H+  transporters, H+-ATPase and H+-K+-ATPase, are present  in the apical plasma membrane. Secreted H+ 
titrates luminal HCO3

− to form H2CO3, which dehydrates to water (H2O) and CO2. Luminal carbonic anhydrase activity, most likely mediated by 
carbonic anhydrase isoform CA IV, is variably present in the collecting duct (see text for details). Cytosolic H+ and HCO3

− are formed from CA 
II–accelerated hydration of CO2 and rapid dissociation of H2CO3. Cytosolic HCO3

− exits across the basolateral plasma membrane via the anion 
exchanger AE1. Cl− that enters via the exchanger kAE1 recycles via a basolateral Cl− channel. K+ that enters via apical H+-K+-ATPase can either 
recycle via an apical, Ba+-sensitive K+ channel or be reabsorbed via a basolateral Ba+-sensitive K+ channel. A basolateral Na+-H+ exchanger is 
present but does not contribute to bicarbonate reabsorption and is not shown. Bottom panel shows a model of acid-base transport by the 
type B intercalated cell. Apical pendrin is the primary mechanism of bicarbonate secretion. Chloride enters the cell via pendrin and exits across 
a basolateral chloride channel. Basolateral H+-ATPase extrudes protons into the peritubular compartment. Bicarbonate and protons are pro-
duced from CO2 and water in a CA II–catalyzed reaction. In addition, an apical H+-K+-ATPase in series with a basolateral Cl−-HCO3

− exchange 
activity is present and may contribute to bicarbonate reabsorption by the type B intercalated cell. ATP, adenosine triphosphate. 
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connecting segment cells, but its expression is much less 
than in intercalated cells. The role of apical H+-ATPase in 
nonintercalated cells has not been clearly defined; it may 
be involved in endosomal trafficking and fusion,147 and in 
the OMCDi it can also mediate apical H+ secretion.127

Vacuolar H+-ATPase is an assembly of multiple subunits 
that form two main domains; the V1 domain is extramem-
branous and hydrolyzes ATP, and the V0 domain is trans-
membranous and transports protons. The V0 domain is 
composed of six subunits; the V1 domain is composed of 
eight subunits and is linked to the V0 domain via a stalk 
region comprising subunits from both V0 and V1. Distinct 
isoforms and splice variants have been identified for many 
of these H+-ATPase subunits and their cell specific distribu-
tion may contribute to cell specific regulation of proton and 
bicarbonate transport.

Genetic defects in several H+-ATPase subunit mutations 
can cause distal RTA (dRTA) in humans. Defects in the B1 
subunit in the hydrolytic V1 domain resulting from ATP6V1B1 
gene mutations can produce early-onset hearing loss with 
autosomal recessive, severe dRTA.148-150 Mice with B1 subunit 
deletion have incomplete dRTA.151 In these mice, the B2 
subunit can substitute partially for the B1 subunit, enabling 
partial compensation.152 Mutations in the a4 subunit 
(ATP6V0A4) in the H+-translocating V0 domain also produce 
recessive, severe early-onset dRTA, with variable onset of 
hearing loss.150,153,154

H+-K+-ATPase

The second mechanism of collecting duct H+ secretion 
involves electroneutral H+-K+ exchange.106 The active protein 
is a heterodimer composed of α- and β-subunits. The 
α-subunit is an integral membrane protein with multiple 
membrane-spanning domains and contains the catalytic 
portion of the enzyme. Two α-subunit isoforms have 
been identified. HKα1, also termed the gastric isoform, was 
identified originally in the stomach. HKα1 forms heterodi-
mers with its specific β-subunit, HKβ. The β-subunit has 
only a single membrane-spanning region and is necessary 
for targeting of the α-subunit to the plasma membrane 
and for transport function.106 HKα2 was identified originally 
in the colon and is also referred to as the colonic isoform. 
Three splice variants of HKα2 have been identified in the 
kidney. HKα2 forms heterodimers with the β1-subunit of 
Na+-K+-ATPase.

HKα1, HKα2, and HKβ are expressed throughout the col-
lecting duct, with greater expression in intercalated cells 
than in principal cells.155-157 Physiologic studies suggest that 
both HKα1 and HKα2 are present in type A as well as type 
B intercalated cells.116,117,158 However, immunohistochemis-
try studies have yielded variable results with respect to the 
precise cellular distribution of the HKα1 and HKα2 isoforms. 
HKα1 immunoreactivity was found in both AE1-positive 
(type A) and AE1-negative intercalated cells in both rat and 
rabbit kidneys,115 but in human kidneys, diffuse HKα1 immu-
noreactivity was present in both intercalated and principal 
cells.159 HKα2 immunoreactivity was consistently apical, but 
in different cell types in different studies. It was found exclu-
sively in the connecting segment cell in rabbits in one 
study160 and exclusively in the OMCD principal cell in rats 
in another.161 A third study found the splice variant, HKα2c, 
in intercalated cells, principal cells, and connecting segment 

anhydrase–, and H+-ATPase–dependent mechanism138 that 
likely involves apical pendrin, cytosolic CA II, and basolat-
eral H+-ATPase.

Cortical Collecting Duct

Unlike the OMCD and IMCD, which can only secrete acid, 
the CCD both reabsorbs and secretes bicarbonate. The basal 
direction of bicarbonate transport varies among species, but 
both bicarbonate absorption and secretion can be induced 
in response to systemic acid or alkali loading.139-141 The 
ability to secrete bicarbonate, which is not found in the 
OMCD or IMCD, correlates with the presence of type B 
intercalated cells in the CCD, but not in the OMCD or 
IMCD. Mineralocorticoids stimulate CCD bicarbonate 
secretion, likely in relation to generation of metabolic alka-
losis and to stimulation of pendrin expression.122,142

Outer Medullary Collecting Duct

The OMCD is responsible for approximately 40% to 50% of 
the net acid secretion in the collecting duct. Both interca-
lated cells and principal cells contribute to acid secretion, 
although intercalated cells are believed to be the primary 
type responsible for OMCD acid secretion.127,128

Inner Medullary Collecting Duct

The IMCD secretes H+ and reabsorbs luminal bicarbon-
ate.143 However, the number of type A intercalated cells is 
substantially less than in other collecting duct segments. In 
the rat they account for only 10% of cells in IMCD1,144 and 
in all species examined the prevalence diminishes distally 
such that no intercalated cells exist in the distalmost portion 
of the IMCD (IMCD3). Nonetheless, bicarbonate reabsorp-
tion occurs in the terminal IMCD and basolateral Cl−-HCO3

− 
exchange is present in cultured IMCD cells.135 H+ secretion 
is at least partly mediated by H+-K+-ATPase.145 In rats fed a 
potassium-deficient diet, H+-K+-ATPase activities ware upreg-
ulated,134 but H+-K+-ATPase accounts for only about 50% of 
bicarbonate reabsorption in the IMCD, indicating that 
other mechanisms of luminal acidification also contribute, 
likely including H+-ATPase. The IMCD expresses carbonic 
anhydrase IV and luminal, cytoplasmic, and lateral 
membrane–associated carbonic anhydrase activity has been 
reported.132,146

PROTEINS INVOLVED IN COLLECTING DUCT H+/
BICARBONATE TRANSPORT
Collecting duct H+ and HCO3

− transport involves the coor-
dinated activity of multiple transporters in conjunction with 
specific carbonic anhydrase isoforms. This section reviews 
the specific proteins involved.

H+-ATPase

Electrogenic apical H+ secretion in acid-secreting interca-
lated cells and basolateral proton transport by bicarbonate-
secreting intercalated cells are mediated by the vacuolar 
H+-ATPase. Intercalated cells in the OMCD and initial 
IMCD and type A intercalated cells in the CCD contain H+-
ATPase in the apical plasma membrane and in an apical 
cytoplasmic vesicle pool, and redistribution between the 
cytoplasmic vesicle pool and the apical plasma membrane 
is a major mechanism regulating H+ secretion. H+-ATPase is 
also present in the apical region of principal cells and 
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well as in the basolateral plasma membrane; metabolic aci-
dosis decreases intracellular kAE1 and increases basolateral 
kAE1, suggesting that regulated trafficking contributes to 
bicarbonate reabsorption.173

Several mutations in AE1 cause human autosomal domi-
nant and autosomal recessive dRTA. Autosomal dominant 
dRTA can be caused by a trafficking defect leading either 
to mistargeting to the apical plasma membrane or to failure 
of plasma membrane insertion.174,175 Autosomal recessive 
dRTA due to AE1 mutation is commonly due to mutations 
that lead to intracellular protein retention.176

KCl cotransporter KCC4 is a member of the SLC12 family 
of solute transporters and mediates electroneutral, coupled 
transport of K+ and Cl−. Basolateral KCC4 expression has 
been shown in the proximal convoluted tubule (PCT), TAL, 
DCT, CNT, and type A intercalated cells.109,177 In the type A 
intercalated cell, KCC4 likely contributes to basolateral Cl− 
recycling. Metabolic acidosis increases KCC4 expression in 
type A intercalated cells in the OMCD, suggesting a role in 
the response to metabolic acidosis,110 and KCC4 deletion 
causes development of dRTA,109 suggesting that KCC4 is 
necessary for both basal and acidosis-stimulated acid-base 
homeostasis.

Cl− Channel

Cl− entering via basolateral kAE1 recycles across the basolat-
eral plasma membrane. In addition to KCC4, the Cl− 
channel, ClC-K2, is present in the basolateral plasma 
membrane of type A intercalated cells and likely contributes 
to this recycling.178

Other Anion Exchangers

Several other anion transporters, including anion exchang-
ers and sodium bicarbonate cotransporters, are present in 
the collecting duct, but their roles in acid-base homeostasis 
are less completely understood. AE2 is expressed in collect-
ing ducts, particularly in the basolateral plasma membrane 
of IMCD cells.179 Another Cl−-HCO3

− exchanger, Slc26a7, is 
found in the basolateral plasma membrane of OMCD inter-
calated cells.180 Slc26a7 messenger RNA (mRNA) and 
protein expression increases with acid loading, suggesting 
that it may contribute to regulated bicarbonate reabsorp-
tion.181 Anion exchanger AE4 (Slc4a9) has been reported 
in the collecting duct, but both its location and function are 
in question. One study reported that AE4 immunoreactivity 
is exclusively apical in type B intercalated cells in rabbit 
kidneys,182 whereas another found apical and lateral AE4 
immunoreactivity in rabbit type A intercalated cells, and 
basolateral immunoreactivity in both type A and type B 
intercalated cells in the rat CCD.183

Sodium-Bicarbonate Cotransporters

Several sodium bicarbonate cotransporters (NBCs) are 
expressed in the collecting duct. NBC3 (Slc4a7) is found in 
the apical region of OMCD intercalated cells and type A 
intercalated cells in the CCD and in the basolateral region 
of type B intercalated cells.184,185 It appears to contribute to 
intracellular pH regulation but not to transepithelial bicar-
bonate transport.186 As previously mentioned, NBCn1, also 
an SLC4A7 gene product, is an electroneutral sodium-
bicarbonate cotransporter, and its basolateral expression is 
found in the terminal IMCD and in OMCD intercalated 

cells from the CNT through the initial IMCD in rabbit 
kidneys.114

Multiple physiologic conditions alter H+-K+-ATPase 
expression and activity. Metabolic acidosis increases H+-K+-
ATPase activity in the CCD and HKα1 and HKα2 mRNA 
expression in the OMCD, suggesting that H+-K+-ATPase con-
tributes to H+ secretion.106 Specific studies have identified 
apical, but not basolateral, H+-K+-ATPase activity in both 
types A and type B intercalated cells in mouse and rabbit 
kidney.117,158,162 Extracellular ammonia, which increases with 
both metabolic acidosis and hypokalemia, enhances apical 
H+-K+-ATPase–mediated H+ secretion in both type A and 
type B intercalated cells in the CCD.123,163

Pendrin is an electroneutral Cl−-HCO3
− exchanger present 

exclusively in type B and non-A, non-B intercalated cells. It 
is found in the apical plasma membrane and in apical cyto-
plasmic vesicles in type B and non-A, non-B intercalated 
cells in the CNT, ICT, and CCD. Under basal conditions, 
pendrin is predominantly expressed in the apical plasma 
membrane in non-A, non-B intercalated cells and in subapi-
cal cytoplasmic vesicles in type B intercalated cells, and 
redistribution between these two sites is an important regu-
latory mechanism.164 Pendrin is regulated by Ang II, nitric 
oxide, and cAMP.165,166 In addition to bicarbonate secretion, 
pendrin mediates an important role in extracellular fluid 
volume and blood pressure regulation. This role appears to 
involve participation in both transcellular Cl− reabsorption 
and, through luminal alkalinization due to HCO3

− secre-
tion, activation of the principal cell epithelial Na+ trans-
porter, ENaC.167,168

Carbonic Anhydrase

Three carbonic anhydrase isoforms, CA II, CA IV, and CA 
XII, are present in the collecting duct. CA II is cytosolic in 
proximal tubular cells, discussed previously, in intercalated 
cells, and in principal cells in mouse collecting ducts.169 CA 
II is present in all intercalated cell types, but expression is 
generally greater in the type A than in type B intercalated 
cells.

CA IV is an extracellular, membrane-associated carbonic 
anhydrase tethered to the membrane through a glyco-
sylphosphatidylinositol (GPI) lipid anchoring protein. It is 
expressed apically in the majority of cells in the OMCD and 
IMCD and in type A intercalated cells in the CCD in 
rabbits.170 In the OMCDi, luminal carbonic anhydrase inhi-
bition decreases bicarbonate absorption, suggesting an 
important role for CA IV in acid-base homeostasis.171

CA XII is another extracellular, membrane-associated car-
bonic anhydrase found in the collecting duct.112 In contrast 
to CA IV, CA XII is an integral membrane protein with a 
single membrane-spanning region.112 Basolateral CA XII 
immunoreactivity has been reported in principal cells in 
human kidneys, and in the mouse, basolateral CA XII 
immunoreactivity is found in type A intercalated cells in the 
CCD and OMCD.112,172

Kidney Anion Exchanger 1

The major basolateral anion exchanger in type A interca-
lated cells is kAE1. In the human, rat, and mouse kidney 
kAE1 is expressed almost entirely in the basolateral plasma 
membrane. In the rabbit kidney under basal conditions, 
kAE1 is present in intracytoplasmic multivesicular bodies as 
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CCDs,197 a finding consistent with activation of H+-ATPase–
mediated proton secretion. In addition, chronic respiratory 
acidosis increases kAE1 mRNA.198 Pendrin expression 
decreases during respiratory acidosis,199 a decrease that likely 
mediates decreased bicarbonate secretion.

Alkalosis

Metabolic alkalosis induces coordinated changes in acid-
base transport throughout the collecting duct. In the  
OMCD of bicarbonate-loaded animals, bicarbonate reab-
sorption is lower than in control animals140 and in the 
IMCD, bicarbonate loading abolishes acid secretion.200 In 
the CCD, bicarbonate loading in animals produces net 
bicarbonate secretion.141 However, no studies have shown 
the development of HCO3

− secretion by the OMCD or 
the IMCD in response to metabolic alkalosis, and absence 
of this development correlates with the lack of pendrin-
expressing type B and non-A, non-B intercalated cells in 
these segments.

The cellular response to alkalosis in OMCD and CCD type 
A cells entails essentially the reverse of processes that occur 
to stimulate acid secretion. H+-ATPase is redistributed from 
the apical plasma membrane into the apical vesicle pool, 
and basolateral AE1 immunoreactivity decreases.191,201,,202 
Depending on the animal model, alkalosis increases pendrin 
expression and its apical distribution in type B and non-A, 
non-B intercalated cells as well as pendrin-mediated CCD 
bicarbonate secretion.192,193 However, pendrin expression, 
subcellular location, and functional activity are regulated by 
other factors independent of acid-base status, particularly 
chloride balance and luminal chloride delivery.203,204

Hormonal Regulation of Collecting Duct  
Acid-Base Transport

In addition to extracellular pH, multiple other factors regu-
late collecting duct acid-base transport. Importantly, in vivo 
acid-base changes cause greater adaptations than equivalent 
in vitro changes, suggesting that in vivo regulatory mecha-
nisms mediate a critical role in the response to acid-base 
disturbances.205 Several hormones and receptors regulate 
bicarbonate transport in the collecting duct, particularly 
aldosterone and its analogs, and Ang II.

Aldosterone is an important regulator of collecting duct 
bicarbonate transport.206 Both in vivo and in vitro mineralo-
corticoids increase OMCD bicarbonate reabsorption.206 
This increase involves, at least in vitro, increased H+-ATPase 
activity and apical translocation in OMCD intercalated cells, 
stimulated through a nongenomic pathway not inhibited by 
mineralocorticoid receptor blockade.207 Mineralocorticoids 
also increase CCD bicarbonate secretion; this increase 
depends on luminal chloride, is mediated by pendrin, and 
involves increased pendrin mRNA and protein expression 
and pendrin redistribution from cytoplasmic vesicles to the 
apical plasma membrane in type B intercalated cells.121,122 
Probably because of parallel stimulation of both acid and 
bicarbonate secretion, mineralocorticoid therapy usually 
has modest effects on systemic acid-base homeostasis.

Ang II exerts effects on the proximal tubule, TAL, DCT, 
and collecting ducts. The collecting duct expresses apical 
AT1 (AT1a) receptors in both principal cells and intercalated 
cells.208 In mouse OMCD and CCD, Ang II in vitro increases 
H+-ATPase activity in acid-secreting intercalated cells by 

cells.98 NBCe2 (Slc4a5), an electrogenic sodium-bicarbonate 
cotransporter, is apical in intercalated cells in the medullary 
collecting duct.187

REGULATION OF COLLECTING DUCT  
ACID-BASE TRANSPORT
The collecting duct is the final site controlling renal acid-
base regulation. It responds quickly to physiologic condi-
tions to increase acid or bicarbonate excretion as needed to 
maintain systemic acid-base homeostasis.

Acidosis

The collecting duct response to metabolic acidosis includes 
adaptations in all segments of the collecting duct and the 
connecting segment. Increased acid secretion in the collect-
ing duct during acidosis is mediated primarily by H+-ATPase. 
Both metabolic acidosis and respiratory acidosis increase 
apical plasma membrane H+-ATPase expression and activity 
in acid-secreting collecting duct intercalated cells. Redistri-
bution of H+-ATPase from a subapical vesicle pool to the 
apical plasma membrane is the primary means of activation 
of proton secretion, and it involves vesicular trafficking that 
requires SNARE (soluble N-ethylmaleimide-sensitive factor 
attachment protein receptor) proteins and Rab GTPases 
(guanosine triphosphatases).129,130 In most models of meta-
bolic acidosis, total renal H+-ATPase mRNA and protein 
expression do not change,130,188 but examination of OMCD 
segments from acid-loaded mice found increased mRNA 
expression of several H+-ATPase subunits, including the β1 
and α4 subunits.189

During metabolic acidosis, AE1 mRNA and AE1 protein 
expression in the basolateral plasma membranes of OMCD 
and CCD type A intercalated cells is increased. In rats and 
mice, AE1 is present in the basolateral membrane under 
basal conditions, and the subcellular distribution does not 
change with metabolic acidosis.190,191 In rabbits fed a normal 
diet, AE1 is in both intracellular multivesicular bodies and 
in the basolateral plasma membrane in type A intercalated 
cells. Metabolic acidosis increases the amount of AE1 immu-
noreactivity in the basolateral plasma membrane and 
reduces intracellular AE1.173

During metabolic acidosis, both net HCO3
− secretion and 

type B intercalated cell–mediated unidirectional HCO3
− 

secretion decrease. This decrease is associated with reduc-
tions of pendrin expression in type B and non-A, non-B cells 
as well as of apical Cl−-HCO3

− exchange activity in type B 
intercalated cells in the CCD.192-194 Reduced bicarbonate 
secretion by type B cells during acid loading thus contrib-
utes to increased net bicarbonate reabsorption.

Carbonic anhydrase activity and the expression of CA II 
and CA IV in the collecting duct are increased by metabolic 
acidosis.112 CA IV expression is upregulated in the OMCD, 
whereas CA II expression is upregulated in the CNT, CCD, 
and OMCD.

The collecting duct response to respiratory acidosis 
appears to be similar to that to metabolic acidosis. Respira-
tory acidosis stimulates structural changes in OMCD and 
CCD type A intercalated cells that are consistent with translo-
cation of H+-ATPase–bearing membrane from the apical 
vesicle pool to the apical plasma membrane.195 Respiratory 
acidosis also stimulates N-ethylmaleimide (NEM)–sensitive 
ATPase activity130,196 and bicarbonate reabsorption in isolated 
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The Krebs cycle intermediate, 2-oxoglutarate (α-KG), 
may have an important role in acid-base homeostasis. 
Changes in acid-base loading change the net direction of 
transport in the proximal tubule and the loop of Henle 
from reabsorption (acid-loaded) to net secretion (alkali 
loading).227-229 In the CNT and CCD, luminal 2-oxoglutarate 
regulates net bicarbonate and sodium chloride reabsorp-
tion, acting through its receptor, Oxgr1, in type B and 
non-A, non-B intercalated cells.229 Thus, 2-oxoglutarate can 
function as a paracrine mediator, enabling functional coor-
dination of the proximal tubule and the TAL with the col-
lecting duct.

CELLULAR ADAPTATIONS TO  
ACID-BASE PERTURBATIONS
In addition to changes in the abundance and subcellular 
distribution of membrane transporters, adaptive responses 
to some physiologic disturbances may involve changes in the 
numbers of intercalated cells. Several studies have shown 
that chronic metabolic acidosis and chronic hypokalemia 
increase intercalated cell numbers in medullary collecting 
ducts,230-234 whereas others have found no change in inter-
calated cell number in these conditions.137,190,235 Long-term 
administration of lithium or acetazolamide also increases 
intercalated cell numbers in the OMCD.230,231,233

Increases in intercalated cell numbers could result from 
intercalated cell proliferation or from principal cell prolif-
eration followed by conversion into intercalated cells. 
Studies using proliferation markers show that metabolic aci-
dosis, hypokalemia, and lithium administration are each 
associated with increased proliferation of collecting duct 
cells,232,234,236 some showing increased proliferation in type A 
intercalated cells234 and others showing the proliferating 
cells to be principal cells.232,233,236 The latter studies suggest 
that principal cells and OMCD intercalated cells may inter-
convert on the basis of observations of rare cells with immu-
nohistochemical and ultrastructural characteristics of both 
cell types.232,233,236

With respect to the CCD, some studies have suggested 
there may be interconversion of type A and type B interca-
lated cells. An early paper examining the rabbit isolated 
perfused CCD equated apical endocytosis with alpha (type 
A) intercalated cells and used apical peanut lectin binding 
as a marker of beta (type B) intercalated cells. Long-term 
NH4Cl loading in vivo increased the number of intercalated 
cells exhibiting apical endocytosis in microperfused CCDs 
and decreased the number of cells that bound peanut lectin; 
the interpretation was that intercalated cell subtypes in the 
CCD could interconvert, with the type B intercalated cells 
reversing polarity to meet the physiologic demand for 
increased acid secretion.237 Subsequently, some studies 
reported that acidosis, lithium administration, and carbonic 
anhydrase inhibition alter the relative numbers of interca-
lated cells identifiable as type A or type B, although none 
have shown cells in native tissue with either apical AE1, 
basolateral pendrin, or coexpression of these two transport-
ers.192,230,231,234,238 Other studies of acid-base disturbances find 
regulation of the abundance and distribution of transport 
proteins specific to the A and B intercalated cell types and 
changes in cell morphology, but no change in the relative 
or absolute numbers of specific intercalated cell sub-
types.104,137,191,195 The explanation for these different findings 

trafficking H+-ATPase to the apical plasma membrane.208,209 
In mouse OMCD, Ang II stimulates H+-ATPase activity 
through a G protein–coupled PKC pathway.208 However, in 
other studies, Ang II in vivo and in vitro decreased bicarbon-
ate reabsorption in rat OMCD but Ang II in vitro decreased 
H+-ATPase activity via AT1 receptors210,211; this apparent dis-
crepancy has not been resolved.

Endothelin has important effects on collecting duct acid-
base transport that are mediated partly by nitric oxide. 
Dietary protein intake stimulates urinary acidification 
through a process involving H+-ATPase activation, mediated 
by endothelin and nitric oxide.212 Endothelin-1 (ET-1) is 
synthesized by the collecting duct,213,214 and endothelin 
receptors ET-A and ET-B are present in the collecting 
duct.215 ET-B activation regulates both type A and type B 
intercalated cell responses to metabolic acidosis.216

The calcium-sensing receptor (CaSR) is apical in inner 
medullary collecting duct cells and in type A intercalated 
cells217 and mediates luminal Ca2+-stimulation of H+-
ATPase.218 Luminal acidification stimulated by this pathway 
may inhibit calcium precipitation and minimize develop-
ment of nephrolithiasis.218

Activation of the vasopressin type 1A (V1a) receptor is an 
additional regulatory mechanism. The V1a receptor is 
expressed in the medullary TAL (MTAL) and throughout 
the collecting duct,219,220 with expression in both interca-
lated cells and principal cells in the CCD and only in inter-
calated cells in the OMCD.219 Metabolic acidosis increases 
V1a receptor expression in the MTAL and the OMCD in the 
inner stripe.219,221 Genetic deficiency of the V1a receptor 
causes development of type IV RTA and diminishes miner-
alocorticoid stimulation of H+-K+-ATPase and Rhcg.222

Several other hormones and drugs also alter collecting 
duct acid-base transport. Kallikrein inhibits bicarbonate 
secretion.223 Calcitonin stimulates H+-ATPase–dependent 
bicarbonate reabsorption in the rabbit CCD.224 Isoprotere-
nol stimulates bicarbonate secretion by type B intercalated 
cells.225

Paracrine Regulation

Several compounds produced and/or transported in the 
proximal tubule and TAL have downstream effects that 
regulate collecting duct acid-base transport. Presumably, 
this arrangement enables these segments, which exist in an 
area with very high blood flow and thus rapid exposure to 
changes in systemic acid-base and potassium, to regulate 
transport in collecting duct segments in the outer medulla 
and inner medulla, sites of low blood flow and thus reduced 
exposure to changes in systemic acid-base and potassium 
homeostasis. The paracrine molecules most extensively 
studied are ammonia and α-ketoglutarate (α-KG).

Ammonia, discussed in detail later regarding its role in 
net acid excretion, is produced in the proximal tubule and 
undergoes regulated transport in both the proximal tubule 
and the TAL in response to both acid loading and hypoka-
lemia. In addition to its roles in bicarbonate generation, 
ammonia stimulates CCD bicarbonate reabsorption in a 
concentration-dependent fashion.163 Ammonia stimulates 
both type A intercalated cell acid secretion and inhibits type 
B intercalated cell bicarbonate secretion.123,163 Its stimula-
tion of proton secretion involves stimulation of H+-K+-
ATPase, not H+-ATPase.163,226
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of the urinary component is in the acid form. Phosphate is 
the predominant titratable acid and typically accounts for 
more than 50% of total titratable acid.242,244 Citrate and 
creatinine also contribute to titratable acid excretion, but 
to a lesser extent. Ammonia is frequently termed a urinary 
buffer, but because of its high pKa it does not contribute 
substantially to titratable acid excretion. The role of 
ammonia in new bicarbonate generation is considered sepa-
rately later. Figure 9.6 shows both the relative contributions 
of major urinary buffers to titratable acid excretion and the 
effect of changes in urine pH after the amount excreted 
under normal conditions and the pKa of each buffer is taken 
into account.

PHOSPHATE AS A TITRATABLE ACID
Titratable acid excretion in the form of phosphate is the 
amount of HPO4

2− that is filtered, not reabsorbed, and that 
buffers secreted H+, forming H2PO4

−. Phosphate exists, 
under physiologically relevant conditions, in equilibrium 
between two forms, H2PO4

− and HPO4
2−. The relative amount 

of these two forms is given by the following formula:

 10 6 8 4
2

2 4

pH HPO
H PO

−
−

−=. [ ]
[ ]

 (2)

The amount of H2PO4
− in the urine (H2PO4

−
Urine) at any 

given pH can be calculated as follows:

 H PO
U V

Urine
Phos

pHU
2 4 6 810 1

−
−=

+( . )
 (3)

where UPhos is the urinary concentration of total phosphate. 
Filtered phosphate, at the typical serum pH of 7.4, is about 
80% in the form of HPO4

2− and 20% in the form of H2PO4
−. 

could include differences in the experimental models, 
species examined, sensitivity and specificity of intercalated 
cell identification, and cell quantitation methods.

In vitro studies have implicated the extracellular matrix 
protein hensin and the prolyl isomerase activity of cyclophilin 
in the process of intercalated cell remodeling.239,240 In mice 
with intercalated cell–specific hensin deletion there is devel-
opment of dRTA, lack of type A intercalated cells, and an 
increased number of type B intercalated cells.241 Hensin’s 
effects on type A intercalated cell development appears to 
require the activation of β1 integrin.241

BICARBONATE GENERATION

Acid-base homeostasis requires not only reabsorption of fil-
tered bicarbonate but also the generation of new bicarbon-
ate to replace the bicarbonate used for buffering of 
endogenous and exogenous fixed acids. There are two 
major components of bicarbonate generation, titratable 
acid excretion and ammonia excretion. In addition, organic 
anion excretion is biologically important. Organic anions 
can be metabolized to form HCO3

−; accordingly their excre-
tion is physiologically equivalent to bicarbonate excretion.

TITRATABLE ACID EXCRETION

Titratable acids are urinary solutes that buffer secreted 
protons, enabling H+ excretion without substantial changes 
in urine pH. Titratable acid excretion constitutes about 40% 
of net acid excretion under basal conditions. Metabolic aci-
dosis increases titratable acid excretion by as much as 50% 
above baseline (Figure 9.5).242,243

Multiple buffers contribute to titratable acid excretion. 
An ideal urinary buffer has a pKa lower than systemic pH, 
so that the majority of the filtered component is in the base 
form, and a pKa higher than urine pH, so that the majority 

Figure 9.5  Relative contributions of titratable acid and ammonia 
excretion in the response to metabolic acidosis. Normal human 
volunteers  were  acid-loaded  with  approximately  2 mmol/kg/d  of 
ammonium chloride, and changes in urinary ammonia and titratable 
acid  excretion  were  quantified.  (Data recalculated from Elkinton JR, 
Huth EJ, Webster GD, Jr, McCance RA: The renal excretion of hydrogen 
ion in renal tubular acidosis. Am J Med 36:554-575, 1960.)
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nine, 11 mmol/d and 4.9; citrate, 3 mmol/d and 5.6; and ammonia, 
40 mmol/d and 9.15. 
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OTHER URINARY BUFFERS

Creatinine, typically used to assess glomerular filtration, has 
a pKa of about 4.9 and is excreted in sufficient amounts—
approximately 11 mmol • d−1—that it can contribute to 
titratable acid excretion, particularly when urinary pH is 5.5 
or less.242 Uric acid, although it can function as a buffer, is 
typically excreted in such small amounts—approximately 
4 mmol • d−1—as to limit its role as a titratable acid. In 
ketoacidosis, β-hydroxybutyric acid and acetoacetic acid 
excretion increases, in turn increasing titratable acid excre-
tion. However, because ketoacids can be metabolized to 
bicarbonate, their loss in the urine has no net effect on 
acid-base homeostasis.

ORGANIC ANION EXCRETION

Multiple organic anions in the urine can contribute to acid-
base homeostasis. At least 95 different urinary organic 
anions have been identified, and many, including hippuric, 
erythronic, threonic, tartaric, and uric acids, are excreted 
in substantial quantities.253 In general, their role in acid-base 
homeostasis is not as titratable acids. Instead, because their 
metabolism produces bicarbonate, their excretion enables 
alkali excretion without altering urine pH.

CITRATE EXCRETION
Citrate plays an important role in both acid-base homeosta-
sis and urinary calcium excretion. The latter function, which 
relates to citrate’s ability to complex calcium and enables 
excretion of high urinary calcium concentrations, is dis-
cussed elsewhere in this textbook. This chapter discusses 
citrate’s role in acid-base homeostasis.

Citrate has two roles in acid-base homeostasis: (1) as a 
urinary buffer contributing to titratable acid excretion and, 
(2) as a substrate in the tricarboxylic acid cycle. Approxi-
mately 99% of plasma citrate is in the molecular form of 
citrate3−, and at a urine pH of 5.6 about 50% of urinary citrate 
is in the form citrate2−, thereby enabling citrate to function as 
titratable acid (see Figure 9.6). Citrate is also a key compo-
nent of the tricarboxylic acid cycle, and its metabolism results 
in HCO3

− generation. Thus, citrate excretion is functionally 
equivalent to HCO3

− excretion through mechanisms inde-
pendent of citrate’s role as a titratable acid.

Multiple factors regulate renal citrate excretion. Meta-
bolic acidosis decreases and alkalosis increases citrate excre-
tion.254 Decreased citrate excretion with metabolic acidosis 
reduces its availability as a titratable acid, but because citrate 
is also a metabolic alkali equivalent, decreased excretion 
results in decreased alkali equivalent excretion and is there-
fore beneficial for acid-base homeostasis. Hypokalemia 
reduces citrate excretion.255,256 This effect is likely indepen-
dent of systemic pH. The carbonic anhydrase inhibitor acet-
azolamide and high dietary intake of either NaCl or protein 
decrease citrate excretion.257,258 Lithium chloride adminis-
tered at equivalent therapeutic doses in animal models 
increases citrate excretion,259 but this effect has not been 
found in studies in humans.260

Renal citrate handling determines renal citrate excretion. 
In humans, plasma citrate levels average about 0.1 mM, and 
changes in plasma levels are not an important regulatory 
mechanism. The proximal tubule reabsorbs 65% to 90% of 

Thus, at any urine pH (pHU), titratable acid excretion in 
the form of phosphate (TAPhos) is given by the following 
formula:

 TA U VPhos Phos pHU
= ∗

+
−



−

1
10 1

0 2
6 8( . )

.  (4)

These considerations indicate that titratable acid excre-
tion as phosphoric acid is determined by phosphate excre-
tion and by the ability to lower urine pH. Phosphate 
excretion is determined by the difference between the fil-
tered load of phosphate and tubular phosphate reabsorp-
tion. Regulation of renal tubular phosphate transport is a 
complex process and is discussed in detail elsewhere in this 
text. Here, only the factors that regulate this process in 
response to acid-base disorders are reviewed.

The proximal tubule is the primary site of phosphate 
reabsorption and is where metabolic acidosis and other 
acid-base disorders regulate phosphate transport. Acid 
loading decreases proximal tubule phosphate reabsorption, 
leading to increased excretion. However, absolute changes 
in urinary phosphate excretion are usually rather modest, 
less than a twofold increase. The decrease involves decreased 
expression of sodium-dependent phosphate cotransporter 
NaPi-IIa protein and mRNA and changes in its subcellular 
distribution.245,246 Interestingly, acid loading alters NaPi-IIa 
expression even if the acid load is completely compensated 
and there are no changes in systemic pH, suggesting that 
factors that precede changes in systemic pH regulate this 
response.247 Metabolic acidosis also lowers luminal pH in the 
proximal tubule, thereby directly inhibiting phosphate 
uptake.248,249 Finally, metabolic acidosis increases PTH 
release, also inhibiting phosphate reabsorption.

Other phosphate transporters besides NaPi-IIa, such as 
NaPi-IIc and Pit-2, are present in the proximal tubule apical 
plasma membrane. Whether NaPi-IIc changes with meta-
bolic acidosis is unclear because some studies find decreased 
expression247 and others do not.250 Pit-2 expression, although 
regulated by dietary phosphate availability, is not altered in 
metabolic acidosis in phosphate-replete conditions but does 
increase in response to metabolic acidosis in conditions of 
phosphate depletion.247

Acidosis-induced changes in phosphate excretion depend 
on systemic phosphate availability. In the presence of dietary 
phosphate restriction, basal phosphate excretion is reduced, 
and the increase in urinary phosphate excretion in response 
to metabolic acidosis is blunted.247 Similarly, changes in 
NaPi-IIa abundance are smaller.245 In contrast to expression 
of NaPi-IIa, and to their response to metabolic acidosis in 
phosphate-replete animals, expression of NaPi-IIc and Pit-2 
actually increases in phosphate-restricted animals exposed 
to metabolic acidosis.247

Increased renal phosphate excretion with metabolic aci-
dosis is balanced by parallel increases in extrarenal phos-
phate transport. Metabolic acidosis increases small intestinal 
Na+-dependent phosphate transport, and this increase is 
associated with greater expression of NaPi-IIb.251 There is 
also increased phosphate release from bone in response to 
both acute and chronic metabolic acidosis.252 These extra-
renal effects minimize the changes in systemic phosphate 
levels that could otherwise develop from the higher phos-
phate excretion.
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urine. Instead, the kidney produces ammonia, which is then 
selectively transported either into the urine or the renal 
vein, from where it is transported to the systemic circulation. 
Importantly, renal vein ammonia content exceeds arterial 
content, indicating that the kidney is a net producer of 
ammonia, even in the presence of significant urinary 
ammonia excretion. Selective ammonia transport involves 
integrated transport in the proximal tubule, the TAL, and 
the collecting duct (Figure 9.7).

AMMONIA CHEMISTRY
Ammonia exists in two molecular forms, NH3 and NH4

+. The 
relative amounts of each are governed by the following 
buffer reaction: NH3 + H+ ↔ NH4

+. This reaction occurs 
essentially instantaneously and has a pKa under biologically 
relevant conditions of about 9.15. Accordingly, the majority 
of ammonia is present as NH4

+; at pH 7.4 only about 1.7% 
is present as NH3. Because most biological fluids exist at a 
pH substantially below this pKa, small changes in pH cause 
exponential changes in NH3 concentration, but almost no 
change in NH4

+ concentration (Figure 9.8).
NH3, although uncharged, has an asymmetric arrange-

ment of positively charged hydrogen nuclei around a central 
nitrogen, resulting in significant polarity (Figure 9.9). As a 
consequence, NH3 has limited lipid permeability. Conse-
quently, diffusion across plasma membranes is limited, and 
NH3 transporters both accelerate NH3 transport and provide 
important regulatory control.

NH4
+ also has limited permeability across lipid bilayers in 

the absence of specific transport proteins. However, in 
aqueous solutions NH4

+ and K+ have nearly identical bio-
physical characteristics, enabling NH4

+ to be transported at 
the K+ transport site of many proteins.274

AMMONIA PRODUCTION
Almost all renal epithelial cells can produce ammonia, but 
the proximal tubule is the primary site for physiologically 
relevant ammoniagenesis.275 Phosphate-dependent gluta-
minase (PDG) is involved in this process.276 The proximal 
tubule accounts for 60% to 70% of total renal ammonia 
production under basal conditions and at least 70% to 80% 
in response to metabolic acidosis275 (Figure 9.10).

Although multiple pathways for ammoniagenesis are 
present in the proximal tubule (Figure 9.11), the predomi-
nant pathway involves phosphate-dependent glutaminase 
(PDG).277,278 PDG is an inner mitochondrial membrane–
bound enzyme that metabolizes glutamine to glutamate, pro-
ducing NH4

+. Glutamate then undergoes further metabolism 
through multiple pathways. The major pathways involve glu-
tamate dehydrogenase (GDH) with production of α-KG and 
release of NH4

+. GDH-mediated metabolism is regulated in 
parallel with changes in total renal ammoniagenesis. Gluta-
mate can be converted back to glutamine via the enzyme 
glutamine synthetase. This reaction utilizes NH4

+ as a 
co-substrate, reducing net NH4

+ formation. Glutamine synthe-
tase is expressed in the proximal tubule and in intercalated 
cells, and its expression decreases in response to metabolic 
acidosis and, in the proximal tubule, with hypokalemia.279

α-KG can be metabolized through α-KG dehydrogenase 
and succinate dehydrogenase, forming oxaloacetic acid 
(OAA). OAA can serve as a substrate for phosphoenolpyru-
vate carboxykinase (PEPCK) to form phosphoenolpyruvate 

filtered citrate, and reabsorption parallels the filtered load. 
Citrate transported into proximal tubule epithelial cells, 
whether across apical or basolateral plasma membranes, is 
metabolized, enabling citrate to serve as a significant com-
ponent of renal oxidative metabolism.257 There does not 
appear to be significant citrate transport in other renal sites.

Proximal tubule apical citrate uptake is a secondarily 
active process, involving electrogenic cotransport of 3 Na+ 
with citrate2−.257 Apical citrate transport is believed mediated 
by the sodium-dicarboxylate cotransporter, NaDC-1, an inte-
gral membrane protein highly expressed in apical plasma 
membrane in the proximal tubule and in the small 
intestine.261,262

Multiple mechanisms regulate proximal tubule citrate 
transport. First, the transported citrate form is citrate2−; 
luminal acidification, as present with metabolic acidosis, 
shifts the buffer reaction, citrate3− + H+ ↔ citrate2−, towards 
citrate2−, which facilitates citrate transport. Second, meta-
bolic acidosis increases apical citrate transport capacity,263 
most likely by increasing NaDC-1 expression.264 Both hypoka-
lemia and starvation decrease citrate excretion, likely through 
stimulation of proximal tubule citrate transport.265,266

Basolateral citrate transport in the proximal tubule has 
different characteristics from those of apical transport. 
Uptake is pH-independent, Na+-dependent, and electroneu-
tral, appears to involve 3 Na+ and 1 citrate3−,257,267 and 
appears to be mediated by NaDC-3.268 Approximately 20% 
of proximal tubule citrate uptake appears to be mediated 
by basolateral uptake. However, because the proximal 
tubule does not secrete citrate, basolateral citrate uptake 
does not regulate renal citrate excretion.

OTHER ORGANIC ANIONS
Humans excrete 26 to 52 mEq • d−1 of organic anions other 
than citrate. Because organic anions can be metabolized to 
bicarbonate, organic anion excretion is functionally equiva-
lent to alkali excretion and thereby can contribute to acid-
base regulation. The extent of change in these organic 
anions with acid-base disturbances is not clear. Some studies 
show that acid or alkali loading does not alter urinary 
organic anion excretion,269 whereas other studies show that 
alkali loading increases and acid loading decreases organic 
anion excretion.270

Quantitatively, there are important species-dependent 
differences in the magnitude of organic anion excretion. In 
humans, basal organic anion excretion averages 0.3 to 
0.7 mEq kg−1 • d−1,269 whereas in the rat organic anion excre-
tion is 2 to 8 mEq kg−1 • d−1.44,263,271,272 Studies in the dog 
report 1 to 2 mEq kg−1 • d−1,273 and excretion in the rabbit 
averages 4 mEq kg−1 • d−1.272 This species-dependent varia-
tion may in part be due to differences in intestinal organic 
anion absorption.372

AMMONIA METABOLISM

Renal ammonia metabolism and transport constitute a pre-
dominant mechanism of the renal response to most acid-
base disorders (see Figure 9.5). Ammonia metabolism 
involves integrated function of multiple portions of the 
kidney. Only a minimal amount of urinary ammonia derives 
from glomerular filtration, making urinary ammonia excre-
tion unique among the major compounds present in the 
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Figure 9.8  Relative changes in NH3 and NH4
+ concentration as 

pH changes. Contributions of NH3 and NH4
+ to total ammonia were 

determined from the buffer reaction, NH3 + H+ ↔ NH4
+. A pKa of 9.15 

was used  for calculations. Amounts shown are proportions of  total 
ammonia present as NH3 and NH4

+. Note that the y-axis is log trans-
formed.  (From Weiner ID, Verlander JW: Renal ammonia metabolism 
and transport. Compr Physiol 3:201-220, 2013.)
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Figure 9.7  Integrated overview of renal ammonia metabolism. Renal ammoniagenesis occurs primarily  in the proximal tubule,  involving 
glutamine (Gln) uptake by transporters SNAT3 and BoAT-1, with glutamine metabolism forming ammonium and bicarbonate and apical NH4

+ 
secretion involving the apical Na+/H+ exchanger NHE3 and parallel H+ and NH3 transport. Ammonia reabsorption in the thick ascending limb, 
involving  uptake  mediated  by  apical  Na+-K+-2Cl−  cotransporter  NKCC2,,  results  in  medullary  ammonia  accumulation.  Medullary  sulfatides 
(highlighted in green) reversibly bind NH4

+, contributing to medullary accumulation. Ammonia is secreted in the collecting duct via parallel H+ 
and NH3 secretion. Numbers  in blue  represent proportion of  total excreted ammonia at each  location. Gsc, Galactosylceramide backbone; 
NBCe1-A, electroneutral sodium-bicarbonate cotransporter; PDG, phosphate-dependent glutaminase. 
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(PEP), which is then utilized for gluconeogenesis. Condi-
tions that increase ammonia increase flux through this 
pathway and stimulate renal gluconeogenesis. The net result 
is that complete glutamine metabolism results in production 
of 2 NH4

+ and 2 HCO3
− molecules per glutamine molecule in 

association with glucose production.

GLUTAMINE TRANSPORT IN AMMONIAGENESIS
Glutamine is the primary metabolic source for renal ammo-
niagenesis. Under normal acid-base balance conditions, the 
kidneys extract less than 3% of delivered glutamine. Acute 
metabolic acidosis induces a rapid, about twofold, rise in 
plasma glutamine levels; this rise results primarily from 
increased skeletal muscle and hepatic glutamine release.280 
In parallel, renal glutamine uptake increases to about 20% 
of delivered glutamine.280,281 With chronic metabolic acido-
sis, renal extraction increases to as much as 50% of deliv-
ered glutamine.281 Because glutamine uptake can exceed 
filtered glutamine, basolateral glutamine uptake is an 
important response element.

Filtered glutamine is almost completely reabsorbed in the 
PCT.282 Multiple glutamine transporters are expressed in 
the apical membrane in the proximal tubule, including the 
Na+-dependent neutral amino acid transporters B0AT1 
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Figure 9.9  Electrostatic charge distribution in NH3, H2O, and urea molecules. Models of NH3, H2O and urea showing space-filling repre-
sentation and surface pseudocolored to show surface charge. Each molecule, although an uncharged molecule, is polar. This polarity results 
in limited permeability across plasma membranes. (Models generated using Avogadro software, v1.0.3.)
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Figure 9.10  Ammonia production in various renal segments. Ammonia production rates in different renal components measured in micro-
dissected components from rats eating control diets (top) and after induction of metabolic acidosis (bottom). All segments tested produce net 
ammonia. Metabolic acidosis increases total renal ammoniagenesis, but only through increased production in proximal tubule segments (S1, 
S2, and S3). Rates (pmol/mm/min) calculated from measured ammonia production rates and mean length per segment as described in Verlander 
and associates.122 Size of each pie graph is proportional to total renal ammoniagenesis rates. CCD, cortical collecting duct; CAL, cortical thick 
ascending  limb of Henle’s  loop; DCT, distal convoluted tubule; DTL, descending thin  limb of Henle’s  loop;  IMCD,  inner medullary collecting 
duct. MAL, medullary thick ascending limb of Henle’s loop; OMCD, outer medullary collecting duct. 
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facilitates “trapping” of secreted NH3 as NH4
+.287,288 However, 

the role of NHE3 has been questioned by a study in which 
proximal tubule NHE3 deletion did not alter renal ammonia 
excretion.289

The proximal tubule also can reabsorb luminal ammonia; 
this reabsorption appears to occur primarily in the late 
proximal tubule.290 This portion of the proximal tubule 
expresses glutamine synthetase, which catalyzes the reaction 
of NH4

+ with glutamate to form glutamine.291 Metabolic aci-
dosis converts late proximal tubule ammonia transport from 
net reabsorption to net secretion290; the molecular mecha-
nisms that underlie this conversion involve decreased gluta-
mine synthetase–mediated NH4

+ metabolism.292,293

The TAL reabsorbs luminal ammonia. The apical Na+-K+-
2Cl− cotransporter NKCC2 mediates the majority of ammo-
nium reabsorption.294 Metabolic acidosis increases both 
TAL ammonia reabsorption and NKCC2 expression.295 
Intracellular NH4

+ can dissociate into NH3 and H+, resulting 
in intracellular acidification. Ammonia exit across the baso-
lateral plasma membrane appears to involve components of 
both diffusive NH3 movement and basolateral NH4

+ trans-
port through NHE4 Na+-NH4

+ exchange activity.278,296

Some of the ammonia absorbed by the MTAL under-
goes recycling into the thin descending limb of the loop  

(SLC6A19) and B0AT3 (SLC6A18). Under basal conditions, 
relatively little glutamine reabsorbed in the proximal tubule 
is metabolized; instead it is transported across the basolat-
eral membrane, resulting in glutamine reabsorption.

Chronic metabolic acidosis increases basolateral gluta-
mine transport through a mechanism that likely involves 
glutamine transporter SNAT3.283 Under basal conditions, 
basolateral SNAT3 is detectable only in the S3 proximal 
tubule segment, whereas conditions that increase ammonia-
genesis, such as metabolic acidosis and hypokalemia, raise 
S3 segment expression and induce expression in the S2 
proximal tubule segment.284,285

Because the initial enzyme involved in ammonia, PDG,  
is a mitochondrial enzyme, glutamine movement across  
the mitochondrial membrane is necessary. This process 
involves a specific transporter-mediated mechanism, is trans-
stimulated and cis-inhibited by alanine, and is stimulated by 
metabolic acidosis.286

AMMONIA TRANSPORT
Ammonia produced in the proximal tubule is secreted pref-
erentially into the tubule lumen. Preferential apical secre-
tion is due to multiple factors, including NHE3-mediated 
Na+-NH4

+ exchange and luminal acidification, which 

Figure 9.11  Mechanisms of ammoniagenesis. Multiple pathways for enzymatic ammonia production originating from glutamine metabolism 
are present in the proximal tubule. Glutamine metabolism through phosphate-dependent glutaminase (PDG) and glutamate dehydrogenase (GDH) 
and involving phosphoenolpyruvate carboxykinase (PEPCK) is both the quantitatively most significant component of renal ammoniagenesis and 
the  primary  pathway  stimulated  in  response  to  metabolic  acidosis.  AcCoA,  Acetyl  coenzyme  A;  GABA,  gamma-aminobutyric  acid; α-KG, 
α-ketoglutarate; OAA, oxaloacetic acid. (From Weiner ID, Verlander JW: Renal ammonia metabolism and transport. Compr Physiol 3:201-220, 2013.)
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There is likely to be a small component of ammonia secre-
tion in the regions of the distal tubule prior to the CCD—
that is, the DCT, CNT, and ICT. Studies in the rat show that 
ammonia secretion in the micropuncturable distal tubule 
could account for around 10% to 15% of ammonia 
excretion.300,301

Collecting duct ammonia secretion is a complex process 
(see Figure 9.12). Several studies of the CCD, OMCD, and 
IMCD have uniformly shown that collecting duct ammonia 
secretion involves parallel NH3 and H+ transport, with little-
to-no pH-independent NH4

+ permeability.299,302 H+ secretion 
likely involves both H+-ATPase and H+-K+-ATPase. Carbonic 
anhydrase is necessary for ammonia secretion, probably 
through a role in supplying cytosolic H+ for secretion.303

NH3 movement across collecting duct cell apical and 
basolateral membranes appears to involve both diffusive 
and transporter-mediated movements. The nondiffusive 
component is Na+ and K+ independent, electroneutral, facil-
itated NH3 transport, the predominant route at physiologi-
cally relevant ammonia concentrations.304,305 Basolateral 

of Henle. This results in countercurrent amplification of 
medullary interstitial ammonia concentration. Ammonia 
recycling predominantly involves NH3 transport, with a 
smaller component of NH4

+ transport.297

Interstitial ammonia appears to bind reversibly to medul-
lary sulfatides. Sulfatides are highly charged, anionic glyco-
sphingolipids that appear to increase medullary ammonia 
accumulation. Metabolic acidosis increases their expression, 
and disruption of their synthesis decreases basal urinary 
ammonia excretion and impairs the ability to increase 
ammonia excretion in response to an acid diet.298

The net effect of ammonia absorption by the TAL and 
passive ammonia secretion into the thin descending limb is 
development of an axial ammonia concentration gradient 
that parallels the hypertonicity gradient. Moreover, ammonia 
absorption by the MTAL results in ammonia delivery to the 
distal tubule, accounting for only about 20% to 40% of final 
urinary ammonia content.242,299 As a result, the majority of 
ammonia excreted by the kidneys is secreted by tubule seg-
ments farther downstream.

Figure 9.12  Mechanisms of collecting duct ammonia secretion. Rh glycoproteins Rhbg and Rhcg  likely both contribute  to basolateral 
ammonia uptake. As described in the text, whether Rhbg mediates transport of NH4

+ or NH3 remains controversial, but it is likely to mediate 
uptake of either ammonia molecular species across the basolateral membrane. Rhcg is generally believed to primarily mediate electroneutral 
NH3 uptake across  the basolateral plasma membrane. NH3  is  then secreted across  the apical plasma membrane down  its electrochemical 
gradient through processes involving both apical Rhcg transport and a separate, undefined mechanism. H+ is secreted across the apical plasma 
membrane by both H+-ATPase and H+-K+-ATPase. Cytoplasmic H+ is supplied either by dissociation of NH4

+ or via a carbonic anhydrase II (CA 
II)–dependent bicarbonate shuttle mechanism involving basolateral chloride-bicarbonate exchange and basolateral chloride channel–mediated 
bicarbonate shuttling. Also shown is NH4

+ uptake by basolateral Na+-K+-ATPase, which contributes to ammonia secretion in the inner medullary 
collecting duct  (IMCD),346 where the majority of cells do not express Rh glycoproteins. Pharmacologic  inhibitor studies  indicate that Na+-K+-
ATPase is unlikely to contribute to ammonia secretion by the cortical collecting duct (CCD).173 Not shown is NH4

+ uptake mediated by Na-K-Cl 
cotransporter NKCC1, because  inhibitor studies suggest  that  this  transport mechanism does not contribute substantially  to collecting duct 
ammonia secretion.348 ATP, Adenosine triphosphate. 
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glutamate concentration, which occur during metabolic aci-
dosis, likely in relation to increased GDH activity, increase 
PDG activity.323

Glutamate Dehydrogenase

GDH is a mitochondrial enzyme that catalyzes the reaction 
L-glutamate + H2O + NAD+ (or NADP+) → α-KG2− + NH4

+ + 
NADH (or NADPH) + H+. The two GDH isoforms are prod-
ucts of two different genes; GLUD1 is widely expressed, 
including in the kidney, whereas GLUD2 appears to be 
specific to neural and testicular tissues.324,325

Metabolic acidosis stimulates renal GDH activity,326 both 
by altering its affinity for glutamate and by increasing 
protein and mRNA (GLUD1) expression.323,327,328 Acidosis 
also decreases intramitochondrial α-KG concentration, a 
reduction which contributes to increased GDH activity.322 
Decreased α-KG accelerates GDH activity by relieving α-KG–
mediated competitive inhibition of the enzymatic reaction 
and by inhibiting the reverse reaction.329,330 Changes in 
mRNA expression occur through changes in mRNA stabil-
ity, not transcription rate.331

Phosphoenolpyruvate carboxykinase 

Renal PEPCK is a cytosolic enzyme that is the product of the 
PCK1 gene. In the kidney, as in extrarenal sites, including 
liver, adipose tissue, and small intestine, PEPCK is a key 
enzyme in gluconeogenesis through its role in conversion 
of oxaloacetate into PEP and CO2. It also mediates an 
important role in the renal response to metabolic acidosis332 
coincident with increased renal gluconeogenesis. The adap-
tive increase in PEPCK activity and protein expression 
results from greater protein synthesis and mRNA expres-
sion.327 In contrast to increases in PDG and GDH, the 
increase in PEPCK mRNA expression appears to result from 
increased gene transcription.333

γ-Glutamyl Transpeptidase

γ-Glutamyl transpeptidase (γ-GT) accounts for phosphate-
independent glutaminase activity identified in many early 
enzymatic studies of renal ammoniagenesis. However, γ-GT 
is expressed primarily in the proximal straight tubule 
(PST),276 and micropuncture studies suggest that glutamine 
is completely reabsorbed by the PCT, making PST ammonia-
genesis via γ-GT unlikely to contribute significantly to renal 
ammoniagenesis.

Na+-H+ Exchanger 3

Multiple lines of evidence suggest that NHE3 secretes NH4
+ 

through binding of NH4
+ at the H+ binding site. These data 

include evidence that proximal tubule brush border mem-
brane vesicles exhibit NH4

+-Na+ exchange activity,13 that 
combining a low luminal Na+ concentration with Na+-H+ 
exchange inhibitor amiloride decreases ammonia secre-
tion,14 and that the Na+-H+ exchange inhibitor EIPA blunts 
ammonia secretion when alternative secretory pathways are 
blocked.288 However, proximal tubule-specific NHE3 dele-
tion does not alter either basal or acidosis-stimulated 
ammonia excretion.289

Apical NHE3 is also present in the TAL. However, because 
this transporter secretes NH4

+, and the TAL reabsorbs NH4
+, 

NHE3 is unlikely to mediate an important role in loop of 
Henle ammonia transport.

NH3 transport appears to involve Rhbg and Rhcg, and apical 
NH3 transport involves Rhcg.

At least two basolateral NH4
+ transport mechanisms 

are present. In the IMCD basolateral Na+-K+-ATPase contrib-
utes to basolateral NH4

+ uptake.306,307 However, in the 
CCD, basolateral Na+-K+-ATPase does not contribute to 
ammonia secretion.308 Another possible NH4

+ transport 
mechanism involves NKCC1. NKCC1 is present at the baso-
lateral plasma membrane of medullary intercalated cells 
and IMCD cells and can transport NH4

+ at the NKCC1 K+ 
binding site.309-312 However, inhibiting NKCC1 does not alter 
OMCD ammonia secretion, suggesting either that NKCC1 
does not contribute to transepithelial ammonia secretion or 
that alternative transport mechanisms compensate in its 
absence.303

The absence or presence of luminal carbonic anhydrase 
activity impacts collecting duct ammonia secretion. In the 
absence of luminal carbonic anhydrase, H+ secretion 
increases the luminal [H+] above equilibrium because of 
relatively slow conversion of H2CO3 to CO2 and H2O. This 
is termed a luminal disequilibrium pH. The increased luminal 
acidification shifts the H+ + NH3 ↔ NH4

+ reaction towards 
NH4

+ and decreases luminal [NH3]. The decreased luminal 
[NH3] increases both the gradient for NH3 secretion and 
net ammonia secretion. A luminal disequilibrium pH is 
found in the rat OMCD and terminal IMCD146,313 and in the 
rabbit CCD and OMCDo,308,314,315 but not in the rabbit 
OMCDi.314

SPECIFIC PROTEINS INVOLVED IN RENAL  
AMMONIA METABOLISM
Phosphate-Dependent Glutaminase

PDG is the initial enzymatic step in renal ammoniagenesis. 
It is located in mitochondria and catalyzes the reaction 
L-glutamine + H2O → L-glutamate + NH4

+. In the kidney, 
PDG activity is found primarily in the proximal tubule, 
although a lesser degree of activity is found in essentially all 
renal epithelial cells.276,316,317 The physiologic role of this 
activity outside the proximal tubule is unclear. Some studies 
have found that metabolic acidosis increases PDG activity in 
the DTL, MTAL in the outer stripe, and DCT,316 whereas 
others have found no change in activity in sites other than 
the proximal tubule.317 Quantitative analyses suggest that 
the proximal tubule is the primary site of ammonia produc-
tion, accounting for the majority of the increase in ammo-
niagenesis with metabolic acidosis.277,278

Multiple PDG isoforms exist. In humans, the gene for the 
kidney-type isoform gives rise to at least two transcripts, KGA 
and GAC.318 A separate gene gives rise to an LGA isoform. 
The KGA protein is expressed ubiquitously in the kidney, 
including the renal proximal tubule, and is the source of 
the majority of renal PDG.

Metabolic acidosis increases proximal tubule PDG activ-
ity; these increases derive from multiple mechanisms. There 
is increased protein expression, which appears to be tran-
scriptionally mediated.319,320 The increase in PDG mRNA 
results from mRNA stabilization, not higher transcription 
rates.321

A second regulatory mechanism likely involves changes 
in intramitochondrial glutamate. Glutamate is a competitive 
inhibitor of PDG,322 and decreases in intramitochondrial 
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does not appear to contribute to CCD ammonia 
secretion.308

H+-K+-ATPase

H+-K+-ATPase proteins, members of the P-type ATPase 
family, transport NH4

+. The majority of evidence suggests 
NH4

+ is transported at the K+-binding site, such that these 
proteins mediate H+-NH4

+ exchange. Thus, H+-K+-ATPase is 
unlikely to contribute to collecting duct ammonia secretion. 
However, potassium deficiency increases expression of 
colonic H+-K+-ATPase, and it has been postulated that 
colonic H+-K+-ATPase mediates increased NH4

+ secretion via 
transport at the H+-binding site.345

Aquaporins

The aquaporin family is an extended family of proteins that 
facilitate water transport. Because H2O and NH3 have similar 
molecular sizes and charge distributions, several studies 
have examined the role of aquaporins in NH3 transport. 
Importantly, many, but not all aquaporins transport 
ammonia.346

AQP1 was the first aquaporin shown to transport 
ammonia. Studies using AQP1 expression in Xenopus oocytes 
demonstrated that AQP1 expression increases NH3 trans-
port.346,347 However, not all studies have confirmed NH3 
transport by AQP1.348 AQP1 is present in the thin descend-
ing limb of the loop of Henle, suggesting it may contribute 
to ammonia permeability in this segment.

AQP3 is present in the basolateral membranes of collect-
ing duct principal cells and, when expressed in the Xenopus 
oocytes, transports NH3.348 Whether AQP3 contributes to 
renal principal cell basolateral NH3 transport has not been 
determined.

AQP8 is expressed in intracellular sites in the proximal 
tubule, CCD, and OMCD in the kidney, but not the plasma 
membrane.349 AQP8’s specific intracellular site in mamma-
lian cells has not been determined, but it localizes to the 
inner mitochondrial membrane when expressed in yeast.350 
AQP8’s role in renal ammonia metabolism is unclear. 
Genetic deletion alters hepatic ammonia accumulation, 
renal excretion of infused ammonia, and intrarenal 
ammonia concentrations but does not change serum chlo-
ride concentration, urine ammonia concentration, or urine 
pH either under basal conditions or in response to acid 
loading.351,352

Carbonic Anhydrase

Carbonic anhydrase, in addition to its role in bicarbonate 
reabsorption, contributes to ammonia secretion. Direct 
studies have shown that carbonic anhydrase inhibition, pre-
sumably through effects on CA II, block OMCD ammonia 
secretion.303 Figure 9.12 shows the putative role of cyto-
plasmic CA II in facilitating transepithelial ammonia 
secretion.

CA IV, although functioning to increase bicarbonate reab-
sorption, likely reduces collecting duct ammonia secretion 
because it prevents a luminal disequilibrium pH. Apical CA 
IV expression has been demonstrated in the rabbit CCD type 
A intercalated cell, in the rabbit OMCD and IMCD,170 in the 
human CCD and OMCD,353 but not in the rat collecting 
duct.51 This pattern is inconsistent with evidence of luminal 
disequilibrium pH in the rat CCD and OMCD313,354 but 

Changes in NHE3 expression and activity are important 
components of ammonia regulation. In response to  
chronic metabolic acidosis, changes in extracellular potas-
sium and Ang II as well as in NHE3 expression and activity 
parallel changes in ammonia secretion.56,334-336 In S2 and 
S3 segments, chronic metabolic acidosis increases AT1 
receptor–mediated stimulation of NHE3.337-339 Increased 
ET-1 expression with subsequent activation of the ET-B 
receptor mediates an important role in raising both NHE3 
expression and renal ammonia excretion in metabolic 
acidosis.71

Potassium Channels

At a molecular level, K+ and NH4
+ have nearly identical 

biophysical characteristics. In general, the relative conduc-
tance for NH4

+ is 10% to 20% of that observed for K+.274 The 
primary evidence that K+ channels contribute to proximal 
tubule ammonia transport comes from in vitro microperfu-
sion studies showing that barium, a nonspecific K+ channel 
inhibitor, inhibits proximal tubule ammonia transport.288 
Multiple K+ channels are present in the apical membrane 
of the proximal tubule, including KCNA10, TWIK-1, and 
KCNQ1; which of these mediates ammonia transport is not 
known currently. In the TAL, K+ channels can contribute to 
luminal NH4

+ uptake when apical Na+-K+-2Cl− cotransport is 
inhibited.294 However, NKCC2 inhibitors completely inhibit 
TAL ammonia transport, suggesting that apical K+ channels 
are unlikely to mediate a quantitatively important role in 
TAL ammonia transport.340

Na+-K+-2Cl− Cotransport

NKCC1 is a widely expressed Na+-K+-2Cl− cotransporter 
family isoform that in the kidney is present in the basolateral 
membrane of intercalated cells in the OMCD and IMCD 
and in IMCD cells.309,310,312 However, pharmacologic inhibi-
tors do not alter either OMCD ammonia secretion or IMCD 
basolateral ammonia uptake.303,306 Thus, NKCC1 appears 
unlikely to mediate a substantial role in renal ammonia 
secretion.

NKCC2 is a kidney-specific isoform expressed in the 
apical plasma membrane of the TAL and the major mecha-
nism for ammonia reabsorption in the TAL.340 Luminal 
NH4

+ competes for binding with K+ to the K+-transport 
site, enabling alterations in luminal K+ in hypokalemia 
and hyperkalemia to alter net NH4

+ transport and lead to 
alterations in medullary interstitial ammonia concentra-
tion in conditions of altered potassium homeostasis.  
Metabolic acidosis increases NKCC2 expression, contribut-
ing to the higher ammonia reabsorption observed86,295; 
these changes appear related to a rise in systemic levels of 
glucocorticoid.341

Na+-K+-ATPase

Na+-K+-ATPase is present in the basolateral plasma mem-
branes of essentially all renal epithelial cells. NH4

+ binds to 
and is transported at the K+-binding site, enabling Na+-NH4

+ 
exchange.342,343 In the IMCD, Na+-K+-ATPase–mediated baso-
lateral NH4

+ uptake is critical for IMCD ammonia and acid 
secretion.342,343 Reductions in interstitial K+ levels during 
hypokalemia facilitate greater basolateral NH4

+ uptake by 
Na+-K+-ATPase and contribute to increased NH4

+ secretion 
rates.344 In the CCD, in contrast, basolateral Na+-K+-ATPase 
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intercalated cells is similar to that in CNT cells, although 
non-A, non-B intercalated cells have very little or no baso-
lateral Rhcg. IMCD cells do not express detectable Rhcg.

Rhcg has an important role in renal ammonia excretion 
in a wide variety of conditions, including basal acid- 
base homeostasis, metabolic acidosis, and hypokalemia. 
Gene deletion studies show that the absence of Rhcg impairs 
basal ammonia excretion.372,373 Both metabolic acidosis and 
hypokalemia increase Rhcg expression, and Rhcg expres-
sion is necessary for the normal increase in ammonia excre-
tion.370,374 With reduced renal mass there is increased 
single-nephron ammonia excretion, and this increase 
involves greater polarization of Rhcg to the apical and baso-
lateral plasma membranes.375 Cyclosporine A can induce 
RTA, and this process involves altered Rhcg expression.376 
Aldosterone increases renal ammonia excretion, in associa-
tion with increased Rhcg expression.222

Rhcg expression appears to be regulated through a variety 
of mechanisms. There are changes in total protein expres-
sion in several conditions; these are not associated with 
changes in steady-state mRNA expression, indicating a 
primary role for posttranscriptional regulation.367 In addi-
tion, Rhcg is found in both apical and basolateral plasma 
membranes and in subapical sites, and changes in this sub-
cellular distribution and expression are a prominent com-
ponent of the response to metabolic acidosis, hypokalemia, 
and reduced renal mass.364,,371,375,377

Multiple studies have addressed the molecular form of 
ammonia that Rhcg transports. Essentially all studies have 
found that Rhcg transports ammonia in the form of NH3, 
although there is some controversy in this regard.367

CO2 Transport by Rh Glycoproteins. Rh glycoproteins can 
transport molecules other than ammonia, specifically CO2. 
Quantitative studies using human erythrocytes deficient in 
RhAG show that the absence of RhAG decreases CO2 trans-
port.378,379 Studies using heterologous expression in Xenopus 
oocytes show that all Rh glycoproteins can transport 
CO2.346,380 However, the physiologic role of Rhbg- or Rhcg-
mediated CO2 transport in the kidney is not clear. Interca-
lated cells use cytoplasmic CO2 to generate, through a CA 
II–catalyzed process, the intracellular H+ used for urinary 
acidification. Several studies using Rhbg and/or Rhcg dele-
tion show that Rhbg and Rhcg expression is not necessary 
for urine acidification.365,366,372,373,381,382 However, these studies 
cannot exclude the possibility of either altered intrarenal 
CO2 concentrations, which enable diffusive CO2 movement 
in the absence of Rhbg and Rhcg, or adaptive changes in 
other CO2 transport mechanisms.

SULFATIDES

Studies show that sulfatides, highly charged anionic glyco-
sphingolipids, have an important role in renal ammonia 
metabolism. Sulfatides are highly charged anion glycosphin-
golipids that can reversibly bind NH4

+. They are expressed 
throughout the kidney but at highest levels in the outer and 
inner medulla,298 and they appear to have an important role 
in maintaining the high inner medullary ammonium accu-
mulation and the increase in urinary acid elimination that 
develop during metabolic acidosis. Disruption of renal  
sulfatide synthesis, by a genetic approach along the entire 

consistent with the evidence of luminal disequilibrium pH in 
the rabbit CCD and OMCD outer stripe segments.314,315

Rh Glycoproteins

Rh glycoproteins are mammalian orthologs of Mep/AMT 
proteins, ammonia transporter family proteins present in 
yeast, plants, bacteria, and many other organisms. Three 
mammalian Rh glycoproteins are known, Rh A glycoprotein 
(Rhag), Rh B glycoprotein (Rhbg) and Rh C glycoprotein 
(Rhcg).

Rhag. Rhag is an essential component of the erythrocyte 
“Rh complex,” which consists of Rhag in association with 
RhD and RhCE subunits in a 1 : 1 : 1 stoichiometric ratio.355 
Rhag transports ammonia in the form of NH3, whereas RhD 
and RhCE do not transport ammonia.356,357 In humans, 
RhAG deficiency leads to Rhnull disease, which is character-
ized by hemolytic anemia, spherocytosis, and lack of eryth-
rocyte expression of RhAG, RhD, and RhCE.358,359 Rhag 
protein is present in erythrocytes and in erythrocyte precur-
sor cells present in the bone marrow and in rodent spleen, 
but it does not appear to be expressed in nonerythroid 
tissues. In particular, Rhag is not found in the kidney except 
in residual erythrocytes.360,361

Rhbg. Rhbg in the kidney is found exclusively in distal epi-
thelial cell populations, with low-level basolateral expression 
in the DCT and higher-level basolateral expression in the 
CNT, CCD, OMCD, and IMCD.169,362,363 The CNT and the col-
lecting duct have heterogeneous epithelial cell populations; 
type A and non-A, non-B intercalated cells, principal cells, 
and connecting segment cells express Rhbg, but expression 
is greater in intercalated cells. Type B intercalated cells do 
not express detectable Rhbg immunolabeling.

Rhbg has important roles in the increase in ammonia 
excretion that occurs in response to both metabolic acidosis 
and hypokalemia. Both conditions increase Rhbg protein 
expression, and genetic deletion of Rhbg from intercalated 
cells impairs the change in ammonia excretion.364,365 Another 
study using a different method of acid loading that resulted 
in lesser stimulation of ammonia excretion found no effect 
of Rhbg deletion.366 This finding suggests that other mecha-
nisms can compensate for the lack of Rhbg if only modest 
increases in ammonia excretion are needed but that greater 
degrees of adaptation require Rhbg expression.

A number of studies have addressed the issue as to 
whether Rhbg transports NH3, NH4

+, or both, with conflict-
ing results.367 Importantly, the electrochemical gradient 
across the basolateral plasma membrane is such that both 
electroneutral NH3 transport and electrogenic NH4

+ trans-
port modes result in ammonia transport from the intersti-
tium into the cell cytoplasm.367

Rhcg. Rhcg is expressed in the kidney exclusively in distal 
epithelial cells.169,368-371 Rhcg is prominently expressed in the 
CNT, ICT, CCD, OMCD, and IMCD, weakly expressed in 
late DCT cells, and exhibits both apical and basolateral 
expression.133,369-371 Rhcg expression differs among renal epi-
thelial cell types. In general, type A intercalated cells express 
higher levels of Rhcg than principal cells. Rhcg is not detect-
able by immunohistochemistry in type B intercalated cells. 
In the CNT, apical Rhcg expression in non-A, non-B 
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phosphatase-γ.390 Acute acidosis increases tyrosine phos-
phorylation of ErbB1 and ErbB2, consistent with a role in a 
signaling cascade that regulates HCO3

− reabsorption.392

BICARBONATE-STIMULATED ADENYLYL CYCLASE

Another mechanism regulating renal acid-base homeo-
stasis involves the soluble adenylyl cyclase (sAC). Its pro-
duction of cAMP is directly stimulated by increases in 
cytoplasmic HCO3

−,393 and cAMP stimulates collecting duct 
H+ secretion.394 Soluble AC is widely expressed in the kidney, 
including the TAL, DCT, and collecting duct.395,396 In col-
lecting duct intercalated cells, sAC colocalizes with H+-
ATPase in both the type A and type B intercalated cells and 
it co-immunoprecipitates with H+-ATPase, implicating sAC 
in regulation of H+ secretion.396 In clear cells of the epididy-
mis, used as a model system of collecting duct intercalated 
cells, sAC regulates apical H+-ATPase expression through 
changes in cAMP production.395

DIURNAL VARIATION IN  
ACID EXCRETION

There is a diurnal variation in renal acid excretion, which 
involves ammonia and titratable acid excretion and urine 
pH.397 Circadian changes in NHE3 expression have been 
identified, particularly in the TAL in the outer medulla,398 
and are likely mediated by Clock and BMAL1 genes.399 There 
are also circadian changes in ENaC expression,400 which by 
altering luminal electronegativity may alter voltage-sensitive 
H+ secretion and urine acidification. Diurnal variation in 
net acid excretion is altered in uric acid stone formers and 
may contribute to the pathogenesis of nephrolithiasis in this 
condition.401
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renal tubule, led to lower urinary pH accompanied by  
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INDEPENDENT REGULATION OF WATER 
AND SALT EXCRETION

The kidney is responsible for numerous homeostatic func-
tions. For example, body fluid tonicity is tightly controlled 
by regulation of renal water excretion; extracellular fluid 
volume is controlled by regulation of NaCl excretion; sys-
temic acid-base balance is controlled by regulation of net 
acid excretion; systemic K+ balance is controlled by regula-
tion of K+ excretion; and the body maintains nitrogen 
balance through regulation of urea excretion.

The independent regulation of water and solute excre-
tion is essential for the homeostatic functions of the kidney 
to be performed simultaneously. This means that in the 
absence of changes in solute intake or metabolic production 
of waste solutes, the kidney is able to excrete different 
volumes of water upon changes in water intake. This ability 

to excrete the appropriate amount of water without marked 
perturbations in solute excretion (without disturbing the 
other homeostatic functions of the kidney) is dependent on 
renal concentrating and diluting mechanisms and forms the 
basis of this chapter (Figure 10.1).

Renal water excretion is tightly regulated by the peptide 
hormone arginine vasopressin (AVP; also named antidi-
uretic hormone). Under normal circumstances, the circu-
lating vasopressin level is determined by osmoreceptors in 
the hypothalamus that trigger increases in vasopressin secre-
tion (by the posterior pituitary gland) when the osmolality 
of the blood rises above a threshold value, approximately 
292 mOsm/kg H2O. This mechanism can be modulated 
when other inputs to the hypothalamus (e.g., arterial  
underfilling, severe fatigue, or physical stress) override the 
osmotic mechanism. Upon an increase in plasma osmolality, 
vasopressin is secreted from the posterior pituitary gland 
into the peripheral plasma. The kidney responds to the 
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variable vasopressin levels by varying urine flow (i.e., water 
excretion). For example, during extreme antidiuresis (high 
vasopressin levels), water excretion is 100- or more-fold 
lower than during extensive water diuresis (low vasopressin 
levels). These major changes in water excretion are obtained 
without substantial changes in steady-state solute excretion. 
This phenomenon is dependent on the kidney’s ability to 
concentrate and dilute the urine. During low circulating 
vasopressin levels, urine osmolality is less than that of plasma 
(290 mOsm/kg H2O)—the diluting function of the kidney. 
In contrast, when the circulating vasopressin levels are high, 
urine osmolality is much higher than that of plasma—the 
concentrating function of the kidney.

Figure 10.1  Steady-state renal response to varying rates of 
vasopressin infusion in conscious rats. A water  load (4% of body 
weight [BW]) was maintained throughout the experiments to suppress 
endogenous vasopressin secretion. Although the urine flow rate was 
markedly  reduced  at  higher  vasopressin  infusion  rates,  the  osmolar 
clearance  (solute  excretion,  Cosm)  changed  little.  Concordantly,  at 
higher vasopressin infusion rates, the osmolality of the urine increased 
significantly,  whereas  plasma  osmolality  remained  constant.  (Data 
from Atherton JC, Hai MA, Thomas S: The time course of changes in 
renal tissue composition during water diuresis in the rat. J Physiol 
197:429-443, 1968.)
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CRITICAL ROLE OF PARALLEL 
ORGANIZATION OF STRUCTURES  
IN THE RENAL MEDULLA TO  
URINARY CONCENTRATING AND 
DILUTING PROCESS

The kidney’s ability to vary water excretion over a wide 
physiologic range, without altering steady-state solute  
excretion, cannot be simply explained as a consequence  
of the sequential transport processes along the nephron.1 
The independent regulation of water and sodium excretion 
occurs in the renal medulla, where the nephron segments 
and vasculature (vasa recta) are arranged in complex  
but specific anatomic relationships, both in terms of which 
segments connect to which segments and their three-
dimensional configuration. Thus it is necessary to consider 
the parallel interactions between nephron segments  
that occur as a result of its looped or hairpin structure. 
Figure 10.2 illustrates the regional architecture of the renal 
medulla and medullary rays.2

RENAL TUBULES

LOOPS OF HENLE
The kidney generally contains two populations of nephrons, 
long-looped and short-looped, which merge to form a 
common collecting duct system (see Figure 10.2). Both 
types of nephrons have loops of Henle that are arranged in 
a folded or hairpin configuration. Short-looped nephrons 
generally have glomeruli that are located more superficially 
in the cortex and have loops that bend in the outer medulla. 
Long-looped nephrons generally have glomeruli that are 
located more deeply within the cortex and have loops that 
bend at various levels of the inner medulla. Long-looped 
nephrons also contain a thin ascending limb, a segment that 
is not present in short-looped nephrons. Thin ascending 
limbs are found only in the inner medulla. The inner-outer 
medullary border is defined by the transition from thin to 
thick ascending limbs. Thus the outer medulla contains only 
thick ascending limbs, regardless of the type of loop. The 
long-looped nephrons bend at various levels of the inner 
medulla from the inner-outer medullary border to the papil-
lary tip. Thus progressively fewer loops of Henle extend to 
deeper levels of the inner medulla. Some mammalian 
kidneys, such as human kidneys, also contain cortical neph-
rons, which are nephrons whose loops of Henle do not 
reach into the medulla.

The loops of Henle receive tubule fluid from the proxi-
mal convoluted tubules. Tubule fluid exits the thick ascend-
ing limbs of both long- and short-looped nephrons, and 
from cortical nephrons in species that have them, and flows 
into distal convoluted tubules (DCTs). Thus the descending 
and ascending limbs of the loops of Henle have a counter-
current flow configuration and are composed of several 
different nephron segments (see Figure 10.2). The descend-
ing portion of the loop of Henle consists of the S2 proximal 
straight tubule in the medullary ray, the S3 proximal straight 
tubule (or pars recta) in the outer stripe of the outer 
medulla, and the thin descending limb in the inner stripe 
of the outer medulla and the inner medulla. The descend-
ing thin limb of short-looped nephrons differs structurally 
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to provide new detail about the functional architecture of 
the rat inner medulla.10-13 Figure 10.4 shows a computerized 
reconstruction of the inner medullary portion of several 
long-looped nephrons from rats that are labeled using anti-
bodies to the water channel aquaporin-1 (AQP1, shown in 
red) and the kidney-specific chloride channel 1 (ClC-K1; 
shown in green).10-14 AQP1 is a marker of thin descending 
limbs of long-looped nephrons in the outer medulla, and 
AQP1 is detected in thin descending limbs of long-looped 
nephrons in the inner medulla for a variable distance. 

Figure 10.2  Mammalian renal structure.  Major  regions  of  the 
kidney are shown on the left. Configurations of a long-looped and a 
short-looped nephron are depicted. The major portions of the nephron 
are  proximal  tubules  (medium blue),  thin  limbs  of  loops  of  Henle 
(single line),  thick  ascending  limbs  of  loops  of  Henle  (green),  distal 
convoluted tubules (lavender), and the collecting duct system (yellow). 
(Modified from Knepper MA, Stephenson JL: Urinary concentrating and 
diluting processes. In Andreoli TE, Hoffman JF, Fanestil DD, et al: Physi-
ology of membrane disorders, ed 2, New York, 1986, Plenum, pp 
713-726.)
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and functionally from the descending thin limb of long-
looped nephrons.3,4

The location of the descending thin limb of short-looped 
nephrons within the outer medulla is illustrated in Figure 
10.3 (labeled in green).5 The descending thin limbs of 
short-looped nephrons surround the vascular bundles in 
the outer medulla and tend to be organized in a ringlike 
pattern (see Figure 10.3 inset). Thin descending limbs of 
long-looped nephrons in the outer medulla differ morpho-
logically and functionally from thin descending limbs of 
long-looped nephrons in the inner medulla.6-9 The histo-
logic transition from the outer medullary to the inner med-
ullary type of thin descending limbs of long-looped nephrons 
is gradual and often occurs at some distance into the inner 
medulla, rather than strictly at the inner-outer medullary 
border as is the case for the transition between thin and 
thick ascending limbs.

Pannabecker, Dantzler, and coworkers used immunohis-
tochemical labeling and computer-assisted reconstruction 

Figure 10.3  Triple  immunolabeling  of  rat  renal  medulla  showing 
localization of UT-A2 (green), marking late thin descending limbs from 
short-looped nephrons,  von Willebrand  factor  (blue) marking endo-
thelial cells of vasa recta, and aquaporin-1 (red) marking thin descend-
ing  limbs  from  outer  medullary  long-looped  nephrons  and  early 
short-looped  nephrons.  Inset  shows  a  cross  section  of  a  vascular 
bundle  demonstrating  that  UT-A2–positive  thin  descending  limbs 
from  short-looped  nephrons  surround  the  vascular  bundles  in  the 
deep part of the outer medulla. IM, Inner medulla; IS, inner stripe of 
outer  medulla;  OS,  outer  stripe  of  outer  medulla;  VBa,  vascular 
bundles in outer part of  inner stripe; VBb, vascular bundles in  inner 
part  of  inner  stripe.  (From Wade JB, Lee AJ, Liu J, et al: UT-A2: a 
55 kDa urea transporter protein in thin descending limb of Henle’s loop 
whose abundance is regulated by vasopressin. Am J Physiol Renal 
Physiol 278:F52-F62, 2000.)
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segments, prebend segments, and thin ascending limbs lie 
equally near the collecting ducts.16 However, the distal 30% 
of thin ascending limbs of the longest loops of Henle lie 
distant from collecting ducts.16 Based upon these findings, 
Pannabecker and colleagues hypothesize that descending 
and ascending thin limbs enter and exit collecting duct 
clusters in a manner that is important for the generation 
and maintenance of the osmolality gradient within the 
inner medulla.19 These anatomic relationships result in iso-
lated interstitial nodal spaces that may facilitate preferential 
mixing of solutes and fluid within the inner medulla.18

Pannabecker and colleagues have also found evidence for 
mixed descending- and ascending-type thin limbs of the 
loops of Henle in the inner medulla.19 The ascending por-
tions of the loops of Henle consist of the thin ascending 
limbs (which are present only in the long-looped nephrons 
of the inner medulla), the medullary thick ascending limbs 
in the inner and outer stripes of the outer medulla, and the 
cortical thick ascending limbs in the medullary rays.

DISTAL TUBULE SEGMENTS IN THE  
CORTICAL LABYRINTH
After tubule fluid exits the loop of Henle through the corti-
cal thick ascending limb, it enters the DCT, which is located 

However, AQP1 was not found in thin descending limbs of 
loops of Henle that turn within the upper first millimeter 
of the inner medulla. Correspondingly, Zhai and colleagues 
determined that AQP1 was not detectable along the entire 
length of thin descending limbs of short-looped rat neph-
rons.15 In contrast, thin descending limbs of loops of Henle 
that turn below the first millimeter have three discernible 
functional subsegments: the upper 40% express AQP1, 
whereas the lower 60% do not. ClC-K1 is a marker of the 
thin ascending limb–type epithelium. It is first detected in 
the final approximately165 µm of the thin descending limb. 
Thus, ClC-K1 is detected before the bend of the loops of 
Henle, consistent with several morphologic studies that 
demonstrate that the descending limb to ascending limb 
transition occurs before the loop bend. A substantial portion 
of the inner medullary thin descending limb of long-looped 
nephrons did not express either AQP1 or ClC-K1, as indi-
cated in gray.

The deepest portions of descending thin limbs have  
low water permeability and reduced AQP1.16 It has been 
proposed, but not demonstrated experimentally, that urine 
concentration would be improved by the presence of a urea-
Na+ or urea-Cl− cotransporter in the AQP1-null portion 
of the thin descending limb.17 These deep AQP1-null 

Figure 10.4  Computer-assisted reconstruction of loops of Henle from rat inner medulla showing expression of aquaporin-1 (AQP1; red) and 
kidney-specific chloride channel 1  (ClC-K1; green); gray regions  (B-crystallin)  express undetectable  levels of AQP1 and ClC-K1. Loops are 
oriented along the corticopapillary axis, with the  left edge of each image nearer the base of the  inner medulla. A, Thin  limbs that have their 
bends within the first millimeter beyond the outer-inner medullary boundary. Descending segments lack detectable AQP1. ClC-K1 is expressed 
continuously along the prebend segment and the thin ascending limb. B, Loops that have their bends beyond the first millimeter of the inner 
medulla. AQP1  is expressed along  the  initial 40% of each  thin descending  limb and  is absent  from  the  remainder of each  loop. ClC-K1  is 
expressed continuously along the prebend segment and the thin ascending limb. C, Enlargement of near-bend regions of four thin limbs from 
box  in B. ClC-K1 expression, corresponding  to  thin descending  limb prebend segment, begins, on average, 165 µm before  the  loop bend 
(arrows). Scale bars, 500 µm (A and B) and 100 µm (C). (From Pannabecker TL, Dantzler WH, Layton HE, et al: Role of three-dimensional archi-
tecture in the urine concentrating mechanism of the rat renal inner medulla. Am J Physiol Renal Physiol 295:F1271-F1285, 2008.)
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enters the descending vasa recta from the efferent arterioles 
of juxtamedullary nephrons and supplies it to the capillary 
plexuses at each level of the medulla. The outer medullary 
capillary plexus is denser and better perfused than the 
plexus in the inner medulla.31 Blood from the inner medul-
lary capillary plexus feeds into ascending vasa recta (ascend-
ing vasa recta are never formed directly from descending 
vasa recta in a looplike structure). Inner medullary ascend-
ing vasa recta traverse the inner stripe of the outer medulla 
in close physical association with the descending vasa recta 
in vascular bundles.23 In many animal species, thin descend-
ing limbs of short-looped nephrons surround the vascular 
bundles, as shown in Figure 10.3. Here the thin descending 
limb segments are labeled with an antibody to the UT-A2 
urea transporter,5 suggesting a route for urea recycling from 
the vasa recta to the thin descending limbs of short-looped 
nephrons. The outer medullary capillary plexus is drained 
by vasa recta that ascend through the outer stripe of the 
outer medulla, separate from the descending vasa recta.26 
Computer-assisted digital tracing of mouse kidney com-
bined with AQP1 immunohistochemistry has added to our 
knowledge of the arrangement of tubules and vessels in the 
vascular bundles being implicit in providing a lateral osmo-
lality heterogeneity for urine concentration.32

The counterflow arrangement of the vasa recta in the 
medulla promotes countercurrent exchange of solutes and 
water, which is abetted by the presence of AQP1 and UT-B 
urea transporters in the endothelial cells of the descending 
portion of the vasa recta.33-36 Countercurrent exchange pro-
vides a means of reducing the effective blood flow to the 
medulla while maintaining a high absolute perfusion rate.37 
The low effective blood flow that results from countercur-
rent exchange is thought to be important for the preserva-
tion of solute concentration gradients in the medullary 
tissue (see later).

In contrast to the medulla, the cortical labyrinth has a 
high effective blood flow. The rapid vascular perfusion to 
this region promotes the rapid return of solutes and water 
reabsorbed from the nephron to the general circulation. 
The rapid perfusion is thought to maintain the interstitial 
concentrations of most solutes at levels close to those in the 
peripheral plasma. The medullary rays of the cortex have a 
capillary plexus that is considerably sparser than that of the 
cortical labyrinth. Consequently, the effective blood flow to 
the medullary rays has been postulated to be lower than that 
of the cortical labyrinth.1

MEDULLARY INTERSTITIUM

The renal medullary interstitium connects the tubules and 
vasculature.38 It is a complex space that includes the medul-
lary interstitial cells, microfibrils, extracellular matrix, and 
fluid.30,38,39 The interstitium is relatively small in volume in 
the outer medulla and the outer portion of the inner 
medulla, which may be important in limiting the diffusion 
of solutes upward along the medullary axis.1,28,38 In contrast, 
the interstitial space is much larger in the inner half of  
the inner medulla.1,28,38 Within this region, it consists of a 
gelatinous matrix containing large amounts of highly polym-
erized hyaluronic acid, consisting of alternating N-acetyl-D-
glucosamine and D-glucuronate moieties.40 Theories have 
been proposed in which the hyaluronic acid interstitial 

in the cortical labyrinth. In most mammalian species, several 
distal tubules merge to form a connecting tubule arcade.20 
The connecting tubular cells express both the vasopressin-
regulated water channel, aquaporin-2 (AQP2), and the type 
2 vasopressin receptor (V2R),21 suggesting that the arcades 
are sites of vasopressin-regulated water reabsorption, similar 
to collecting ducts (see later). Tubule fluid exits the con-
necting tubules within the arcades and enters the initial 
collecting tubules, located in the superficial cortex, and 
then into the cortical collecting ducts. In most rodent 
species that have been studied, several nephrons merge to 
form a single cortical collecting duct.3,22

COLLECTING DUCT SYSTEM
The collecting duct system spans all regions of the kidney, 
starting in the cortex and running to the tip of the inner 
medulla (see Figure 10.2). The collecting ducts are arranged 
parallel to the loops of Henle in the medullary rays, outer 
medulla, and inner medulla. Like the loops of Henle, several 
morphologically and functionally discrete segments are con-
tained within the collecting duct system. In general, the col-
lecting ducts descend straight through the medullary rays 
and outer medulla without joining with other collecting 
ducts. However, several collecting ducts merge as they 
descend within the inner medulla, resulting in a progressive 
reduction in the number of inner medullary collecting ducts 
(IMCDs) from the inner-outer medullary border to the pap-
illary tip.22 The tapered structure of the renal papilla results 
from the reduction in collecting duct number, accompanied 
by a progressive reduction in the number of loops of Henle, 
reaching the deepest levels of the inner medulla.

Detailed studies of inner medullary structure, both by 
Kriz and coworkers and in later studies by Pannabecker and 
Dantzler, found that the IMCDs in the inner medullary base 
(initial IMCDs) form clusters that coalesce along the corti-
comedullary axis.14,23-29 The thin descending limbs are pre-
dominantly present at the periphery of these clusters and 
appear to form an asymmetric ring around each collecting 
duct cluster, whereas the thin ascending limbs are distrib-
uted relatively uniformly among the collecting ducts and 
thin descending limbs.28,30

Pannabecker and Dantzler identified three population 
groups of loops of Henle in Munich-Wistar rats,27 distin-
guished by the position of the thin ascending limb at the 
base of the inner medulla and by differing loop length 
(Figure 10.5). Group 1 loops have thin ascending limbs that 
are interposed between collecting ducts and reach a mean 
length of 700 µm into the inner medulla. Group 2 loops 
have thin ascending limbs that are adjacent to just one col-
lecting duct and reach a mean length of 1500 µm. Group 3 
loops have thin ascending limbs that lie more than 0.5 
tubule diameters from a collecting duct and reach a mean 
length of 2200 µm. As the collecting ducts coalesce and the 
shorter loops of Henle disappear, the originating portions 
of the longer thin ascending limbs run alongside the col-
lecting ducts for a substantial distance.27

VASCULATURE

For detailed descriptions of the renal vasculature, see Chap-
ters 2 and 3. The major blood vessels that carry blood into 
and out of the renal medulla are named the vasa recta. Blood 
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Figure 10.5  Spatial relationships between thin descending limbs (red tubules), thin ascending limbs (green tubules), and collecting 
ducts (dark blue tubules).  Thin  ascending  limbs  were  categorized  into  three  groups  related  to  their  lateral  proximity  to  collecting  ducts. 
Members of each group are shown  in a  transverse section  located at  the base of  the  inner medulla. A, Group 1. B, Group 2. C, Group 3. 
A-C, Open red figures represent aquaporin-1 (AQP1)–null thin descending limbs, solid red figures represent AQP1-expressing thin descending 
limbs, white outlined figures  represent  thin ascending  limbs not associated with  the collecting duct cluster, and  light blue figures  represent 
collecting ducts not associated with the collecting duct cluster. Two prebend segments from group 1 are included in A. One thin ascending 
limb from each of groups 2 and 3 (B and C) extends below the region of reconstruction, and their thin descending limbs were therefore not 
reconstructed.  A′,  B′,  and  C′  show  thin  descending  limbs  and  collecting  ducts.  Gray tubules  represent  AQP1-null  thin  descending  limbs. 
A″, B″, and C″ show thin ascending limbs and collecting ducts. Scale bars, 100 µm.  (From Pannabecker TL, Dantzler WH: Three-dimensional 
lateral and vertical relationships of inner medullary loops of Henle and collecting ducts. Am J Physiol Renal Physiol 287:F767-F774, 2004.)

A

B

C

A´ B´ C´

A´´ B´´ C´´

http://www.myuptodate.com


264 SECTION I — NORMAl STRUCTURE AND FUNCTION

URINE CONCENTRATION AND  
DILUTION PROCESSES ALONG THE 
MAMMALIAN NEPHRON

SITES OF URINE CONCENTRATION  
AND DILUTION

Micropuncture studies of the mammalian nephron have 
determined the major sites of tubule fluid concentration 
and dilution (Figure 10.7). Proximal tubule fluid is always 
isosmotic with plasma, regardless of whether the kidney is 
diluting or concentrating the urine.46 In contrast, the fluid 
in the early DCT is always hypotonic, regardless of the final 
osmolality of the urine. Indeed, during both antidiuresis 
and water diuresis, the earliest nephron segment where 

matrix plays a direct role in the generation of an inner 
medullary osmotic gradient through its ability to store and 
transduce energy from the smooth muscle contractions of 
the renal pelvis (see later).40

RENAL PELVIS

Urine exits the collecting duct system through the ducts of 
Bellini at the papillary tip and enters the renal pelvis (Figure 
10.6). The renal pelvis (or calyx in multipapillate kidneys) 
is a complex intrarenal urinary space that surrounds the 
papilla. The renal pelvis (or calyx) has portions that extend 
into the outer medulla, which are called fornices and sec-
ondary pouches. Although a transitional epithelium lines 
most of the pelvic space, the renal parenchyma is separated 
from the pelvic space by a simple cuboidal epithelium.41 It 
has been proposed that water and solute transport could 
occur across this epithelium, thereby modifying the compo-
sition of the renal medullary interstitial fluid.42 There are 
two smooth muscle layers within the renal pelvic (calyceal) 
wall.43 Contractions of these smooth muscle layers generate 
powerful peristaltic waves that appear to displace the renal 
papilla downward with a “milking” action.44 These peristaltic 
waves may intermittently propel urine along the collecting 
ducts. The contractions compress all structures within the 
renal inner medulla, including the interstitium, loops of 
Henle, vasa recta, and collecting ducts.45 Theories have 
been proposed whereby these contractions furnish part of 
the energy for concentrating solutes, and hence concentrat-
ing urine, within the inner medulla,40 as discussed later.

Figure 10.6  Pattern of urine flow in papillary collecting ducts 
and renal pelvis. Urine exits the papillary collecting ducts (ducts of 
Bellini)  at  the  tip  of  the  renal  papilla  and  is  carried  to  the  urinary 
bladder by the ureter. Under some circumstances, a fraction of  the 
urine may reflux backward in the pelvic space and contact the outer 
surface of  the  renal papilla. Solute and water exchange across  the 
papillary surface epithelium has been postulated (see text). 

Pelvic
space

Pelvic
wall

Ureter
To

bladder

Papillary
interstitium

Pelvic wall

Figure 10.7  Typical osmolalities (in mOsm/kg H2O) found in 
various vascular (left) and renal tubule (right) sites in rat kidneys. 
Fluid  in  the  proximal  tubule  is  always  isosmotic  with  plasma 
(290 mOsm/kg H2O). Fluid emerging from the loop of Henle (entering 
the  early  distal  tubule)  is  always  hypotonic.  Osmolality  in  the  late 
distal tubule increases to plasma level only during antidiuresis. Final 
urine  is  hypertonic  when  the  circulating  vasopressin  (AVP)  level  is 
high, and hypotonic when the AVP level  is  low. A high osmolality  is 
always maintained in the loop of Henle and vasa recta. During antidi-
uresis, osmolalities in all inner medullary structures are nearly equal. 
Osmolalities  are  somewhat  attenuated  in  the  loop  and  vasa  recta 
during water diuresis (not shown). (Based on micropuncture studies; 
see text.) IMCD, Inner medullary collecting duct. 
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collecting duct fluid is concentrated chiefly by water absorp-
tion, rather than by solute addition.

An axial osmolality gradient in the renal medullary tissue, 
with the highest degree of hypertonicity at the papillary tip, 
provides the osmotic driving force for water absorption 
along the collecting ducts. This osmolality gradient was ini-
tially reported by Wirz and colleagues.53 In a classic study 
they demonstrated, in antidiuretic rats, the existence of a 
continuously increasing osmolality gradient along the outer 
and inner medulla, with the highest osmolality in the 
deepest part of the inner medulla, the papillary tip. In addi-
tion, within the medulla the osmolality of the collecting 
ducts was as high as in the loops of Henle, and the osmolal-
ity of vasa recta blood, sampled from near the papillary tip, 
was virtually equal to that of the final urine.53 Taken together 
these results demonstrated that the high tissue osmolality 
was not simply a manifestation of a high osmolality in a 
single structure, namely, the collecting duct. Micropuncture 
studies by Gottschalk and Mylle based on the superficial and 
thus accessible tubules and vessels confirmed that the osmo-
lality of the fluid in the loops of Henle, the vasa recta, and 
the collecting ducts is approximately the same (see Figure 
10.7),46 supporting the hypothesis that the collecting duct 
fluid is concentrated by osmotic equilibration with a hyper-
tonic medullary interstitium. Furthermore, in vitro studies 
demonstrated that collecting ducts have a high water per-
meability in the presence of vasopressin,54,55 as is required 
for osmotic equilibration. The mechanism by which the 
corticomedullary osmolality gradient is generated is consid-
ered in the next section.

Although the final axial osmolality gradient within the 
renal medulla is due to the combined gradients of several 
individual solutes, as initially demonstrated using tissue slice 
analysis by Jarausch and Ullrich,56 the principal solutes 
responsible for the osmolality gradient are NaCl and urea 
(Figure 10.8). The increase in the NaCl concentration gra-
dient along the corticomedullary axis occurs predominantly 
in the outer medulla, with only a small increase in the inner 
medulla. In contrast, the increase in urea concentration 
occurs predominantly in the inner medulla, with little or no 
increase in the initial outer medulla. The mechanisms for 
generating the NaCl gradient in the outer medulla and urea 
accumulation in the inner medulla are discussed in the next 
section.

GENERATION OF THE AXIAL SODIUM CHLORIDE 
GRADIENT IN THE RENAL OUTER MEDULLA
A sustained osmolality gradient is maintained along the 
corticomedullary axis of the outer medulla (see Figure 
10.8); that gradient, which is present in both diuresis and 
antidiuresis,57 arises mostly from an accumulation of NaCl. 
The gradient is generated by the concentrating mechanism 
of the outer medulla. General considerations circumscribe 
the nature of that mechanism. Because the axial osmolality 
gradient is present in both diuresis and antidiuresis (in 
which the outer medullary collecting duct is water perme-
able to varying degrees), the accumulation of NaCl in the 
outer medulla cannot depend on a sustained osmolality dif-
ference across the collecting duct epithelium. Thus the con-
centrating mechanism must depend on the loops of Henle, 
on the vasculature, and on their interactions within the 
outer medulla. Moreover, mass balance of water and NaCl 

significant differences in tubule fluid osmolality can be 
detected is the late distal tubule. During water diuresis, the 
fluid in the distal tubule remains hypotonic. During antidi-
uresis, the fluid in the distal tubule becomes isosmotic with 
plasma, and the osmolality between the end of the late distal 
tubule and the IMCD rises to a level greater than that of 
plasma. Thus the conclusion from micropuncture studies is 
that the loop of Henle is the major site of dilution of tubule 
fluid, and that dilution processes in the loop occur regard-
less of whether the final urine is dilute or concentrated. 
Further dilution of the tubule fluid can occur in the collect-
ing ducts during water diuresis.47 In contrast, the chief site 
of urine concentration is beyond the distal tubule (i.e., in 
the collecting duct system). The mechanisms of urinary 
dilution and of urinary concentration are discussed in the 
following sections.

MECHANISM OF TUBULE FLUID DILUTION

Micropuncture studies in rats have shown that the fluid in 
the early distal tubule is hypotonic, due mainly to a reduc-
tion in luminal NaCl concentration relative to that in the 
proximal tubule.48 The low luminal NaCl concentration 
could result either from active NaCl reabsorption from the 
loop of Henle or from water secretion into the loop of 
Henle. Micropuncture measurements in rats, performed 
using inulin as a volume marker, demonstrated net water 
reabsorption from the superficial loops of Henle during 
antidiuresis, thereby ruling out water secretion as a poten-
tial mechanism of tubule fluid dilution.49 Thus one can 
conclude that luminal dilution occurs because of NaCl reab-
sorption from the loops of Henle, in excess of water reab-
sorption. Classic studies of isolated perfused rabbit thick 
ascending limbs established the mechanism of tubule fluid 
dilution.50,51 NaCl is rapidly reabsorbed by active transport, 
which lowers the luminal osmolality and NaCl concentra-
tion to levels below those in the peritubular fluid. The 
osmotic water permeability of the thick ascending limb is 
very low, which prevents dissipation of the transepithelial 
osmolality gradient by water flux.

The tubule fluid remains hypotonic throughout the distal 
tubule and collecting duct system during water diuresis, 
aided by the low osmotic water permeability of the collect-
ing ducts when circulating levels of vasopressin are low. Even 
though the tubule fluid remains hypotonic in the collecting 
duct system, the solute composition of the tubule fluid is 
modified within the collecting duct, mainly by Na+ absorp-
tion and K+ secretion. Active NaCl reabsorption from the 
collecting duct results in a further dilution of the collecting 
duct fluid, beyond that achieved in the thick ascending 
limbs.47

MECHANISM OF TUBULE FLUID 
CONCENTRATION

When circulating vasopressin levels are high, net water 
absorption occurs between the late distal tubule and the 
collecting ducts.49 The reader is referred to Chapter 11 
for a detailed discussion of the cell biology of vasopressin 
action. Because water is absorbed in excess of solutes,  
with a resulting rise in osmolality along the collecting  
ducts toward the papillary tip,52 it can be concluded that 
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It has long been believed that the osmolality gradient of 
the outer medulla is generated by means of countercurrent 
multiplication of a single effect (“Vervielfältigung des 
Einzeleffektes”). In this paradigm, proposed by Kuhn and 
Ryffel in 1942,58 osmotic pressure is raised along parallel but 
opposing flows in nearby tubes that are made contiguous by 
a hairpin turn (Figure 10.9): a transfer of solute from one 
tubule to another (i.e., a single effect) would augment (mul-
tiply), or reinforce, the osmotic pressure in the parallel 
flows. Thus, by means of the countercurrent configuration, 
a small transverse osmotic difference would be multiplied 
into a relatively large difference along the axes of flow. In 
support of this paradigm, Kuhn and Ryffel provided both a 
mathematical model and an apparatus that exemplified 
countercurrent multiplication.

As anatomic and physiologic understanding of the renal 
medulla increased, the countercurrent multiplication para-
digm was reinterpreted and modified. In 1951 Hargitay and 
Kuhn put the paradigm in the context of specific renal 
tubules.59 The loop of Henle was identified with the parallel 
tubes joined by a hairpin turn as proposed by Kuhn and 
Ryffel. Thus the loops of Henle were proposed as the source 
of the outer medullary gradient, and that gradient was 
hypothesized to draw water out of water-permeable collect-
ing ducts. In 1959 Kuhn and Ramel used a mathematical 
model to show that active transport of NaCl from thick 
ascending limbs could serve as the single effect.60 Subse-
quent physiologic experiments confirmed the active NaCl 
transport and the osmotic absorption of water from collect-
ing ducts.49-52 Experiments indicating high water permeabil-
ity in hamster descending limbs of short loops and in 
descending limbs of long loops suggested that the accumu-
lation of NaCl from thick limbs concentrated descending 
limb tubule fluid by osmotic water withdrawal, rather than 
by NaCl addition (see Figure 10.9).6,7,9,61

Doubts have arisen about whether the paradigm of coun-
tercurrent multiplication provides an accurate representa-
tion of the means by which the gradient is generated in the 
mammalian outer medulla. Several weaknesses have been 
noted:

1. The descending limbs of short loops are anatomically 
separated from ascending limbs, with inner stripe por-
tions of short loops near (or within) the vascular bundles 
and thick limbs near the collecting ducts.23,62 This con-
figuration is not consistent with direct interactions 
between counterflowing limbs.

2. In short-looped rat nephrons, Wade and associates found 
that AQP1 is not expressed in portions of descending 
limb segments in the distal inner stripe.5 Zhai and col-
leagues found that AQP1 is not expressed in descending 
limbs of short loops in the inner stripes of mice, rats, and 
humans.15 The absence of AQP1 suggests that the assump-
tion of high water permeability in descending limbs of 
short loops merits further experimental study. (Dantzler 
and coworkers have found that the AQP1-null segments 
of descending limbs in the inner medulla are essentially 
impermeable to water.63)

3. Using transport rates based on measured sodium-
potassium adenosine triphosphatase (Na+-K+-ATPase) 
activities, mathematical models predict substantial trans-
epithelial NaCl gradients along the medullary portions  

must be maintained; thus, for example, concentrated fluid 
that flows into the inner medulla must be balanced by dilute 
fluid that, in the presence of vasopressin, is absorbed from 
the cortical collecting duct, dilutes the cortical interstitial 
fluid, enters the cortical vasculature, and thus participates 
in maintaining an appropriate systemic level of blood 
plasma osmolality.

Figure 10.8  Data from rat kidney in an antidiuretic state. Osmo-
lality,  urea  concentration,  and  sodium  concentration  plus  its  anion  
are  shown  (scale  at  right);  also,  loop  of  Henle  and  collecting  duct 
(CD) populations  (scale at  left). Loop of Henle and CD populations 
decrease in inner medulla because CDs merge and loops turn back. 
The osmolality gradient is larger in the outer medulla (OM) and papilla 
than in the outer part of the inner medulla. The gradient is largest in 
the papilla, where  the osmolality and concentration profiles appear 
to increase exponentially. The shape of the sodium profile has been 
corroborated  by  electron  microprobe  measurements.200  IC,  Inner 
cortex;  IM, outer part  (base [B]) of  inner medulla; P, papilla or  inner 
part (tip) of inner medulla; U, urine. Figure based on published data. 
Curves connecting data points are natural cubic splines, computed 
by standard algorithms.201 Dashed curve segments are interpolations 
without supporting measurements. Tubule populations in papilla are 
from Han and colleagues202; tubule populations in outer medulla are 
based on estimates in Knepper and associates.22 Concentrations and 
osmolalities  are  from  tissue  slices  and  urine  samples  collected  4.5 
hours after onset of vasopressin infusion at 15µ /min per 100 g body 
weight. Data are from Figure 5 in Atherton and coworkers and Figures 
1, 3, and 9 in Hai and Thomas57,203; slice locations were given in Chou 
and Knepper.8 The osmolality reported in the inner cortex seems high 
relative to the reported plasma concentration of 314 mOsm/kg H2O. 
The  osmolality  and  concentration  profiles,  as  drawn  in  Hai  and 
Thomas,  apparently  do  not  take  into  account  relative  distances 
between tissue sample sites.57 (From Sands JM, Layton HE: The urine-
concentrating mechanism and urea transporters. In Alpern RJ, Caplan 
MJ, Moe OW, editors: The kidney: physiology and pathophysiology, ed 
5, San Diego, 2013, Academic Press, pp 1463-1510.)
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is likely to participate in sustaining the axial gradient: as 
ascending vasa recta fluid ascends toward the cortex, its 
osmolality will exceed that in the descending limbs of long 
loops and in the collecting ducts. Thus ascending vasa recta 
fluid will be progressively diluted as that fluid contributes 
to the concentrating of fluid in descending limbs of long 
loops and in collecting ducts, by giving up NaCl to, and 
absorbing water from, the interstitium (Figure 10.10).

The previous summary appears to account for the eleva-
tion of osmolality in the outer medulla without invoking  
a role for countercurrent multiplication. However, a ques-
tion remains: why does the osmolality gradient increase 
along the outer medulla as a function of increasing medul-
lary depth? The answer likely lies in the local balance  
of NaCl absorption from thick limbs and water absorption 
from descending limbs of long loops and from collecting 
ducts. At deeper medullary levels, the rate of NaCl absorp-
tion from thick limbs may be higher than at shallow levels, 
owing to a higher Na+-K+-ATPase activity at deeper levels 
and to a saturation of transport proteins by the higher  
NaCl concentration in thick limb tubule fluid before  
dilution.67 Moreover, because of the water already absorbed 
in the upper outer medulla, the load of water presented to 
the thick limbs deep in the outer medulla by descending 
limbs of long loops and by the collecting ducts is much 
reduced.

A caveat is in order. Our understanding of the outer 
medulla is mostly based on information obtained from 
heavily studied laboratory animals, especially rats and mice. 
Outer medullary function and structure are likely to vary 
substantially in other species. For example, the human 
kidney has limited concentrating capability (relative to 
many other mammals), and only approximately one seventh 
of the loops of Henle are long68; the mountain beaver (Aplo-
dontia rufa) has mostly cortical loops of Henle and essentially 

of thick limbs64; this seems contrary to the notion of a 
small single effect.

4. It may well be that the concentrating mechanism of the 
outer medulla is placed under increased load, not less, if 
it has to concentrate water flowing in, and absorbed 
from, the descending limbs of short loops.65

5. The absorption of water from the outer medullary por-
tions of long loops has sometimes been considered to 
participate in a generalized form of countercurrent mul-
tiplication, and this may be the case for long loops that 
extend for sufficiently short distances into the inner 
medulla. However, in sufficiently long loops, tubule fluid 
is likely to be much altered by urea secretion and passive 
NaCl absorption within the inner medulla.

From these considerations, it seems reasonable therefore 
to hypothesize that the outer medullary osmolality gradient 
arises principally from vigorous active transport of NaCl, 
without accompanying water, from the thick ascending limbs 
of short- and long-looped nephrons. The tubule fluid of the 
thick limbs that enters the cortex is diluted well below plasma 
osmolality, and thus, the requirement of mass balance is met. 
In rats and mice, the thick limbs are localized near the col-
lecting ducts66; mathematical models suggest that at a given 
level of the outer medulla, the interstitial osmolality will be 
higher near the collecting ducts than near the vascular 
bundles.64,65 This higher osmolality will facilitate water with-
drawal from the descending limbs of long loops and from 
collecting ducts. Descending vasa recta are thought to be 
found only in the vascular bundles. Thus the ascending vasa 
recta will act as the collectors of any NaCl that is absorbed 
from loops of Henle and water that is absorbed from the 
descending limbs of long loops and from collecting ducts.

The countercurrent configuration of the ascending vasa 
recta, relative to the descending limbs and collecting ducts, 

Figure 10.9  A,  Countercurrent  multiplication  by 
means of NaCl transfer from an ascending flow to a 
descending flow. B, Countercurrent multiplication by 
means of water withdrawal from a descending flow. 
NaCl  transport  from  the  ascending  flow  into  the 
interstitium  raises  interstitial  osmolality;  this  results 
in passive water transport from the descending flow, 
which has  lower osmolality  than  the  interstitium.  In 
both panels,  tubule fluid flow direction  is  indicated 
by blue arrows; increasing osmolality is indicated by 
darkening shades of blue.  Ascending  flow  may  be 
considered to be in the thick ascending limb of Henle 
(TAL) and descending flow in the descending limb of 
Henle (DL). Thick blue lines indicate that a tubule is 
impermeable  to water;  thin lines  indicate high per-
meability to water. 
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ACCUMULATION OF UREA IN THE RENAL  
INNER MEDULLA
Urea accumulation within the inner medulla is partly depen-
dent on variable urea permeabilities along the collecting 
duct system (Figure 10.11). Within the collecting duct 

no inner medulla.69 It seems likely that the outer medullary 
structure in these species differs substantially from that in 
rats and mice. Finally, it should be acknowledged that the 
paradigm formulated earlier is similar to that proposed by 
Berliner and coworkers in 1958.37

Figure 10.10  Outer medullary concentrating mechanism based on NaCl addition to the interstitium but without water absorption from 
descending limbs of short loops.  Arrows  indicate  water  (cyan)  and  NaCl  (yellow)  transepithelial  transport;  arrow widths  suggest  relative 
transport magnitudes. Isotonic fluid is considered to have the same osmolality as blood plasma. Flow entering the ascending vas rectum (AVR) 
is assumed to arise from a descending vas rectum that  is  in, or near, a vascular bundle. Outflow from collecting duct  (CD) enters the  inner 
medullary CD. Tubule fluid flow direction is indicated by blue arrows; increasing osmolality is indicated by darkening shades of blue. Thick blue 
lines indicate that a tubule is impermeable to water; thin lines indicate high permeability to water. IS, inner stripe; OS, Outer stripe. 
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duct system in the cortex and outer medulla, causing a 
progressive increase in the luminal urea concentration 
along the connecting tubules, cortical collecting ducts, and 
outer medullary collecting ducts. Thus, when the tubule 
fluid reaches the highly urea-permeable terminal IMCD 
(due to the presence of urea transporters), urea rapidly 
exits from the lumen to the inner medullary interstitium, 
where it is “trapped” by countercurrent urea exchange 
between descending and ascending flows in both vasa recta 
and loops of Henle. Under steady-state conditions, and in 
the continued presence of vasopressin, urea nearly equili-
brates across the IMCD epithelium and thus osmotically 
balances the urea in the collecting duct lumen, preventing 
possible instances of osmotic diuresis (Figure 10.13).

The descending and ascending vasa recta are in close 
association with each other in the inner medulla, facilitating 
countercurrent exchange of urea between the two struc-
tures.37 In the ascending vasa recta, aided by the extremely 
high (>40 × 10−5 cm/sec) permeability to urea, the concen-
tration of urea exiting the inner medulla is similar to the 
concentration of urea in the descending vasa recta.35,55 This 
minimizes the washout of urea from the inner medulla. 
However, countercurrent exchange cannot completely elim-
inate loss of urea from the inner medullary interstitium, 
because the volume flow rate of blood in the ascending vasa 
recta exceeds that in the descending vasa recta.74 During 
antidiuresis, water is added to the vasa recta from both 
IMCDs and descending limbs, resulting in a higher volume 
flow rate and an increased mass flow rate of urea. This 
ensures that the inner medullary vasculature continually 

system, only the terminal portion of the IMCD possesses 
high urea permeability,70 which can be further increased by 
vasopressin.55,71,72 The effects of vasopressin are mediated (at 
least in part) by the secondary messenger cyclic adenosine 
monophosphate (cAMP).73 Urea-specific transporters are 
localized to the apical and basolateral plasma membranes 
of the IMCD cells and are responsible for the high urea 
permeability of the terminal portion of the IMCD.

The mechanisms of urea accumulation in the renal 
medulla are depicted in Figure 10.12. Accumulation of urea 
is predominantly a result of passive urea reabsorption from 
the IMCD. Tubule fluid entering the collecting duct system 
in the renal cortex has a relatively low urea concentration. 
However, during antidiuresis, water is osmotically reab-
sorbed from the urea-impermeable parts of the collecting 

Figure 10.12  Schematic representation of the mammalian col-
lecting duct system showing principal sites of water absorption 
and urea absorption. Water is absorbed in the early part of the col-
lecting  duct  system,  driven  by  an  osmotic  gradient.  Because  urea 
permeabilities of the cortical collecting duct, outer medullary collect-
ing duct, and  initial  inner medullary collecting duct  (IMCD) are very 
low,  the  water  absorption  concentrates  urea  in  the  lumen  of  these 
segments. When the  tubule fluid  reaches  the  terminal  IMCD, which 
is highly permeable to urea, urea rapidly exits  from the  lumen. This 
urea  is  trapped  in  the  inner  medulla  as  a  result  of  countercurrent 
exchange. 
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urea transporter, UT-A2, in the thin descending limb of 
the short loops of Henle provides further support for this 
mechanism.5,82 However, later studies on UT-A2 knock-
out mice and UT-A2/UT-B knockout mice have raised 
doubts about the importance of this pathway.83,84

3. Urea recycling between ascending and descending limbs of the 
loops of Henle. The urea permeability of thick ascending 
limbs from the inner stripe of the outer medulla is low.85,86 
However, the urea permeability of thick ascending limbs 
from the outer stripe of the outer medulla and the med-
ullary rays is relatively high.85,87 Based on this, a urea 
recycling pathway has been proposed in which urea is 
reabsorbed from thick ascending limbs and is secreted 
into neighboring proximal straight tubules, forming a 
recycling pathway between the ascending limbs and the 
descending limbs of the loop of Henle.1,75 Urea recycling 
from the thick ascending limbs and the proximal straight 
tubules is facilitated by the parallel relationship of these 
two structures in the outer stripe of the outer medulla 
and in the medullary rays. This transfer of urea is also 
likely to depend on a relatively attenuated effective blood 
flow in these regions. Urea secretion into the proximal 
straight tubules can occur by passive diffusion,87 active 
transport,88 or a combination of both. Urea presumably 
enters the proximal straight tubules of both short- and 
long-looped nephrons. The urea that enters the short-
looped nephrons will be carried back to the inner 
medulla by the flow of tubule fluid through the superfi-
cial distal tubules and cortical collecting ducts, reenter-
ing the inner medullary interstitium by reabsorption 
from the terminal IMCD. The urea that enters proximal 
straight tubules of long-looped nephrons returns to the 
inner medulla directly through the descending limbs of 
the loops of Henle.75

COLLECTING DUCT WATER ABSORPTION AND 
OSMOTIC EQUILIBRATION
The urinary concentrating mechanism is dependent upon 
two independent processes: (1) generation of a hypertonic 
medullary interstitium by concentration of NaCl and urea 
via countercurrent processes, and (2) osmotic equilibration 
of the tubule fluid within the medullary collecting ducts 
with the hypertonic medullary interstitium. In reality these 
two processes are not truly separable, particularly with 
regard to urea. The following describes the mechanism of 
osmotic equilibration.

AVP is essential for determining the degree of water 
excretion for two reasons: (1) it increases NaCl reabsorption 
via the thick ascending limb and thus increases the hyper-
tonicity of the medullary interstitium; and (2) it regulates 
collecting duct water permeability, allowing removal of 
water from the tubule fluid via diffusion. When circulating 
vasopressin levels are low, for example during water diuresis, 
the water permeability of the collecting ducts is also 
extremely low and relatively little water is reabsorbed from 
the tubule fluid. The dilute tubule fluid that exits from the 
loops of Henle remains dilute as it passes through the col-
lecting duct system, yielding a large volume of hypotonic 
urine. In contrast, high circulating levels of vasopressin 
increase the water permeability of the collecting ducts to 
very high levels. At the same time, vasopressin increases the 
permeability of the apical membrane of the thick ascending 

removes urea from the inner medulla. Quantitatively, the 
most important loss of urea from the inner medullary inter-
stitium is thought to occur via the vasa recta,75 but urea 
recycling pathways play a major role in limiting the loss of 
urea from the inner medulla. These pathways have been 
further elucidated via the use of knockout mouse models 
(see later).76-78 Three major urea recycling pathways are 
described in the following list, and an overview of these is 
shown in Figure 10.14.

1. Recycling of urea through the ascending limbs, distal tubules, 
and collecting ducts. Urea that escapes the inner medulla 
in the ascending limbs of the long loops of Henle is 
carried back through the thick ascending limbs, DCTs, 
and early portions of the collecting duct system by the 
flow of tubule fluid.49 When it reaches the urea-permeable 
part of the IMCDs, it passively exits into the inner medul-
lary interstitium and starts the cycle again.

2. Recycling of urea through the vasa recta, short loops of Henle, 
and collecting ducts. The delivery of urea to the superficial 
distal tubule exceeds the delivery out of the superficial 
proximal tubule.49,79,80 This implies that net urea addition 
occurs somewhere along the short loops of Henle. One 
possible mechanism is that the urea leaving the inner 
medulla in the vasa recta is transferred to the descending 
limbs of the short loops of Henle and is subsequently 
carried through the superficial distal tubules back to the 
urea-permeable part of the IMCDs,79 where it passively 
exits, completing the recycling pathway. The close physi-
cal association between the vasa recta and the descending 
limbs of the short loops in the vascular bundles of the 
inner stripe of the outer medulla would facilitate this 
transfer of urea from the vasa recta to the short loops of 
Henle.26,81 Furthermore, the existence of a facilitative 

Figure 10.14  Pathways of urea recycling in renal medulla. Solid 
blue lines represent a short-looped nephron (left) and a long-looped 
nephron (right). Transfer of urea between nephron segments is indi-
cated  by  dashed red arrows  labeled  a,  b,  and  c,  corresponding  to 
recycling pathways described in the text. CD, Collecting duct; DCT, 
distal convoluted tubule; DL, descending limb; PST, proximal straight 
tubule; TAL, thick ascending limb; tAL, thin ascending limb; vr, vasa 
recta.  (From Knepper MA, Roch-Ramel F: Pathways of urea transport 
in the mammalian kidney. Kidney Int 31:629-633, 1987.)
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medullary collecting duct, which has an underappreciated 
effect on the concentrating process. Too much fluid delivery 
saturates water reabsorption processes along the medullary 
collecting ducts, leading to interstitial dilution due to rapid 
osmotic water transport. In contrast, too little fluid delivery 
to the medullary collecting ducts, even in the absence of 
vasopressin, results in sustained osmotic equilibration across 
the collecting duct epithelium owing to the nonzero osmotic 
water permeability of the IMCD.72,93,97

AN UNRESOLVED QUESTION: CONCENTRATION OF 
SODIUM CHLORIDE IN THE RENAL INNER MEDULLA
Tissue slice studies have demonstrated that the corticome-
dullary osmolality gradient is made up largely of a NaCl 
gradient in the outer medulla and a urea gradient in the 
inner medulla (see Figure 10.8). Accordingly, in the previ-
ous sections we have emphasized the processes that concen-
trate NaCl in the outer medulla and the processes responsible 
for urea accumulation in the inner medulla (passive urea 
absorption from the IMCD plus countercurrent exchange 
of urea via diffusion). The concentrating mechanism 
described earlier functions only in the renal outer medulla 
and medullary rays of the cortex. The ascending limbs of 
the loops of Henle that reach into the inner medulla are 
thin walled and do not actively transport NaCl55,99,100; none-
theless, in antidiuresis a substantial axial osmolality gradient 
is generated in the inner medulla of many mammals. For 
nearly 50 years, controversy has persisted regarding the 
nature of the mechanism that generates the inner medul-
lary osmolality gradient. Moreover, the energy source for 
the concentrating of nonurea solutes in the inner medullary 
interstitium is not known. General analysis of inner medul-
lary concentrating processes indicates that, to satisfy mass 
balance requirements, either an ascending stream (thin 
ascending limbs or ascending vasa recta) must be diluted 
relative to the inner medullary interstitium, or a descending 
stream (descending thin limbs, descending vasa recta, or 
collecting ducts) must be concentrated locally relative to the 
inner medulla.40,101

Three major hypotheses have been proposed for the con-
centrating mechanism of the inner medulla:

1. The “passive” countercurrent mechanism of Kokko and 
Rector and of Stephenson,102,103 in which the absorption 
of urea and accompanying water from the IMCDs results 
in a transepithelial NaCl gradient that promotes NaCl 
absorption from the water-impermeable ascending thin 
limbs without a significant compensatory secretion of 
urea into those limbs

2. The external solute hypothesis, proposed by Jen and 
Stephenson and extended by Thomas and colleagues,104-107 
in which a net generation of osmotically active particles 
in the inner medulla raises the osmolality of the inner 
medulla

3. The mechano-osmotic induction hypothesis,40,108 in 
which energy from the peristaltic contractions of the 
renal pelvic wall is used to concentrate solutes in the 
descending limbs and collecting ducts by water with-
drawal, or, alternatively, the peristaltic contractions 
reduce sodium activity in the hyaluronan matrix of the 
interstitium resulting in the reabsorption of hypotonic 
fluid from that matrix into ascending vasa recta

limb to NaCl, leading to an increase in the osmolality of the 
peritubular interstitium (due to countercurrent multiplica-
tion). These effects combined result in water being rapidly 
reabsorbed from the cortical and outer medullary portions 
of the collecting duct system via aquaporin water channels 
(discussed later), resulting in the production of a small 
volume of hypertonic urine, with osmolality approaching 
that of the inner medullary interstitium.

Micropuncture studies indicate that the late distal tubule 
(the late DCT, the connecting tubule, and the initial collect-
ing tubule) is the earliest site along the renal tubule where 
water absorption increases during antidiuresis (see Figure 
10.7).89 Although the DCT does not express any water chan-
nels, it does express V2R, and vasopressin regulates NaCl 
transport in this segment via increasing the activity of the 
NaCl transport protein, Na-Cl cotransporter (NCC).90,91 In 
contrast, the connecting tubule and the cortical collecting 
duct express the V2R and the vasopressin-regulated water 
channel AQP2.92 Thus it is likely that the connecting tubule 
and the cortical collecting duct segments are the earliest 
sites of distal tubular osmotic equilibration.

The volume of water absorption in the connecting 
segment and initial collecting tubule required to raise 
tubule fluid to isotonicity is considerably greater than the 
additional amount required to concentrate the urine above 
the osmolality of plasma in the medullary portion of the 
collecting duct system.1 Consequently, during antidiuresis 
most of the water reabsorbed from the collecting duct 
system enters the cortical labyrinth, where the effective 
blood flow is high enough to return the reabsorbed water 
to the general circulation without diluting the interstitium. 
In contrast, if such a large volume of water were reabsorbed 
along the medullary collecting ducts, it would have a signifi-
cant dilution effect on the medullary interstitium and thus 
impair concentrating ability.93,94

During water diuresis a modest corticomedullary osmolal-
ity gradient persists,95,96 and the water permeability of the 
collecting ducts is low but not zero.72,97 Consequently, some 
water is reabsorbed by the collecting ducts during water 
diuresis, driven by the small transepithelial osmolality gradi-
ent. The majority of this water reabsorption occurs in the 
terminal IMCDs, where the transepithelial osmolality gradi-
ent is highest. In fact, more water is absorbed from the 
terminal IMCDs during water diuresis than during antidi-
uresis owing to a much greater transepithelial osmolality 
gradient.93 Water reabsorption from the IMCDs is thought 
to contribute to the reduction of the medullary interstitial 
osmolality during water diuresis due to its dilutional 
effect.94,98

DETERMINANTS OF CONCENTRATING ABILITY
The overall concentrating ability of the kidney arises from 
interactions among several differing components. In addi-
tion to the active transport of NaCl from the thick ascending 
limbs and the water permeability of the collecting ducts, two 
other factors play a significant role in determining the 
osmolality of the final urine. One important determinant is 
the delivery rate of NaCl and water to the loop of Henle, 
which sets an upper limit on the amount of NaCl actively 
reabsorbed by the thick ascending limb to drive the outer 
medullary concentrating mechanism. Another important 
determinant is the volume of tubule fluid delivered to the 
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(e.g., 40 × 10−5 cm/sec). Long-loop thin ascending limbs, 
which have previously been shown to exhibit no water per-
meability,114 were found to have high urea permeability 
(e.g., ≈204 × 10−5 cm/sec) in the upper thin ascending limbs 
and somewhat higher urea permeability (e.g., 265 × 10−5 cm/
sec) in the lower thin ascending limbs. The significance of 
these findings is that they are inconsistent with the passive 
mechanism for concentrating the inner medulla proposed 
by Kokko and Rector and by Stephenson,102,103 because the 
passive mechanism requires that thin descending limbs in 
the inner medulla have high water permeability whereas 
thin ascending limbs are required to have low urea perme-
ability (much less than the NaCl permeability in thin ascend-
ing limbs).

Concentrating Mechanism Driven by  
External Solute

Jen and Stephenson proposed that the concentrating mech-
anism of the inner medulla depends on a solute other than 
NaCl and urea.104 By means of a mathematical model, they 
demonstrated, in principle, that the continuous addition of 
small amounts of an unspecified, but osmotically active, 
solute to the inner medullary interstitium could produce a 
substantial axial osmolality gradient. Such a solute would 
have to be generated in the inner medulla by a chemical 
reaction that produces more osmotically active particles 
than it consumes. The mechanism of concentration is 
similar to that driven by urea in the “passive” models pro-
posed by Kokko and Rector and by Stephenson: the thin 
descending limbs of inner medulla are assumed imperme-
able to the solute (thus it is an “external” solute), and as a 
result, water is withdrawn from the descending limbs and 
the concentration of NaCl is raised in descending limb 
tubule fluid.102,103 Beginning at the loop bend, elevated NaCl 
concentration within the loop will result in a substantial 
NaCl efflux that will dilute the ascending flow and that is 
sufficient to generate the axial gradient.

The feasibility of this mechanism was subsequently con-
firmed by Thomas and Wexler in the context of a more 
detailed mathematical model.107 In further modeling 
studies, Thomas and Hervy proposed that lactate, generated 
by anaerobic glycolysis (the predominant means of adenos-
ine triphosphate [ATP] generation in the inner medulla), 
could serve as the solute.105,106 Two lactate ions are generated 
per glucose consumed:

glucose lactate- H→ + +2 2

However, as pointed out by Knepper and colleagues,40 the 
net generation of osmotically active particles depends on 
which buffering anions are titrated by the protons. If the 
protons titrate bicarbonate, there may be a net removal of 
osmotically active particles; if instead the protons titrate 
other buffers (e.g., phosphate or NH3), there will be a net 
generation of osmotically active particles.

A mathematical model developed by Zhang and Edwards 
predicted that vascular countercurrent exchange would 
tend to restrict significant glucose availability into the outer 
medulla and the upper inner medulla,116 thus limiting the 
rate of lactate generation in the deep inner medulla where 
the highest osmolalities are found. Findings by Dantzler and 
associates present an additional challenge to the external 
solute hypothesis: in a perfused tubule study, they found 

These hypotheses are described in more detail in the fol-
lowing sections.

The “Passive Mechanism”

Kokko and Rector and Stephenson simultaneously and 
independently proposed a model by which the osmolality in 
the thin ascending limb could be lowered below that of the 
interstitium entirely by passive transport processes in the 
inner medulla.102,103 This mechanism is generally referred to 
as the “passive model” or the “passive countercurrent mul-
tiplier mechanism.” The passive mechanism depends on the 
separation of urea and NaCl that is accomplished by NaCl 
absorption from the thick ascending limbs; indeed, this 
absorption is the hypothesized energy source for the passive 
mechanism. In this model, rapid urea reabsorption from 
the IMCD generates and maintains a high urea concentra-
tion in the inner medullary interstitium, causing the osmotic 
withdrawal of water from the thin descending limb. This 
concentrates NaCl in the descending limb lumen and results 
in a transepithelial gradient favoring the passive reabsorp-
tion of NaCl from the thin ascending limb of Henle’s loop. 
In addition, if the ascending limbs have extremely low urea 
permeability, then any NaCl that has been reabsorbed from 
the ascending thin limb will not be replaced by urea. Thus 
the ascending limb fluid will be dilute relative to the fluid 
in other nephron segments generating a “single effect” 
analogous to active NaCl absorption from thick ascending 
limbs. This single effect can then be multiplied by the coun-
terflow between the ascending and descending limbs of the 
loops of Henle. This model requires that the thin descend-
ing limbs be highly permeable to water but not NaCl or 
urea, whereas the thin ascending limb would have to be 
permeable to NaCl but not water or urea. Several objections 
to the passive mechanism have been made, both because of 
the high urea permeabilities that have been measured in 
the thin descending limb and thin ascending limb (sum-
marized in Gamba and Knepper),109 and studies in urea 
transporter knockout mice in which urea accumulation in 
the inner medulla was largely eliminated, but inner medul-
lary NaCl accumulation was not affected (discussed in the 
“UT-A1/3 Urea Transporter Knockout Mice” section).92,110,111

Layton and colleagues reevaluated the passive mecha-
nism in the context of the emerging information coming 
from the studies by Pannabecker and Dantzler.112 This study 
showed that water absorption from descending limbs was 
not a requirement for the passive mechanism to generate 
an osmolality gradient. That study also identified a second 
concentrating passive mode in which the loops of Henle are 
highly urea permeable and serve as a highly effective coun-
tercurrent urea exchanger. However, neither mode was able 
to fully account for the high urine osmolalities attained by 
some animals.

Nawata and colleagues, by means of isolated perfused 
tubule studies conducted using with tubules taken from 
Munich-Wistar rats,113 found that lower portions of long-
loop thin descending limbs in the inner medulla (approxi-
mately 2.5 mm in length) have little or no osmotic water 
permeability but exhibit high urea permeability (e.g., ≈200 
× 10−5 cm/sec). Conversely, upper thin descending limb 
segments (those extending approximately 0.5 to 2.5 mm 
below the outer medulla) exhibited high osmotic water per-
meability (e.g., ≈3200 µm/sec) and low urea permeability 
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When hyaluronan is compressed, the repulsive forces of 
neighboring carboxylate groups are overcome in part by a 
condensation of cations (mainly Na+), and a localized crys-
talloid structure is formed. Thus compression of the hyal-
uronan gel results in a decrease of the local sodium ion 
activity in the gel.40 In aqueous solutions that are in equilib-
rium with the gel, the NaCl concentration will decrease as 
a consequence of the compression-induced reduction in 
Na+ activity within the gel. Therefore, the free fluid that is 
expressed from the hyaluronan matrix during the contrac-
tion phase will have a lower total solute concentration than 
that of the gel as a whole. The slightly hypotonic fluid 
expressed from the matrix is likely to escape the inner 
medulla via the ascending vasa recta, the only structure that 
remains open during the compressive phase of the contrac-
tion cycle.124 As a consequence, the ascending fluid within 
ascending vasa recta would have a lower osmolality than the 
local interstitium, and therefore, fluid in collecting ducts 
and descending vasa recta would be concentrated.

This mechanism is consistent with the nodal compart-
ments found by Pannabecker and Dantzler: these compart-
ments, which are likely rich in hyaluronan, are in contact 
with collecting ducts, thin ascending limbs, and ascending 
vasa recta.29 Thus they are well configured to be sites of 
transduction, that is, sites where the mechanical energy of 
peristalsis is harnessed to generate an ascending flow that is 
dilute relative to average local osmolality. However, no quan-
titative analyses or mathematical models have examined the 
mass balance consistency or the thermodynamic adequacy 
of hypotheses that depend on the peristaltic contractions.

MOLECULAR PHYSIOLOGY OF  
URINARY CONCENTRATING AND 
DILUTING PROCESSES

Figure 10.15 shows a schematic representation of the mam-
malian nephron with the localization of major water chan-
nels (aquaporins), urea transporters, and ion transporters 
important to the urinary concentrating process. Figure 
10.16 shows which of these transporters and channels are 
molecular targets for regulated vasopressin action, either in 
abundance or activity, and thus likely to play a role in urine 
concentration. The function and regulation of several of 
these transporters are explained in detail elsewhere in this 
book, with Chapter 11 providing a detailed discussion of the 
cell biology of vasopressin action.

The functions of several of the transporters and channels 
shown in Figure 10.15 have been evaluated in mice using 
gene deletion techniques (see Fenton and Knepper for a 
comprehensive review of these mouse models and other 
knockout models with urinary concentrating defects).84 The 
phenotypes of these mice have been informative with regard 
to the role of these proteins in the urinary concentrating 
and diluting mechanisms. A brief overview of the studies in 
these mice with respect to the urinary concentrating mecha-
nism is provided here.

AQUAPORIN-1 KNOCKOUT MICE

AQP1 is abundantly expressed in and responsible for water 
reabsorption along the proximal tubule and the descending 

that the deepest 60% of inner medullary thin descending 
limbs (those limb portions that lack measurable AQP1) have 
essentially no osmotic water permeability.63

Hyaluronan as a Mechano-osmotic Transducer

Hyaluronan (or hyaluronic acid) is a glycosaminoglycan 
(GAG). GAGs consist of unbranched polysaccharide chains 
composed of repeating disaccharide units. In contrast to 
other GAGs, which are produced in the Golgi apparatus, 
hyaluronan is synthesized at the plasma membrane by an 
integral membrane protein, hyaluronan synthase (HAS).117,118 
Three mammalian HAS genes have been identified: HAS1, 
HAS2, and HAS3. All three HAS proteins produce hyaluro-
nan on the cytoplasmic side of the plasma membrane and 
transport it across the plasma membrane to the extracellular 
space. Because of the importance of GAGs in the structure 
of connective tissues (e.g., cartilage, tendon, bone, synovial 
fluid, intervertebral disks, and skin), the physiochemical 
properties of GCGs have been extensively investigated.119

Hyaluronan is abundant in the interstitium of the renal 
inner medulla.120,121 Other GAGs are also present, but in 
much lower amounts. The hyaluronan in the inner medulla 
is produced by a specialized interstitial cell (the type 1 inter-
stitial cell), which forms characteristic “bridges” between 
the thin limbs of Henle and the vasa recta.122 These bridges 
may delimit, above and below, the nodal compartments 
identified by Pannabecker and Dantzler.29 Thus the inner 
medullary interstitium may be considered to be composed 
of a compressible, viscoelastic, hyaluronan matrix.

Several hypotheses have been advanced that depend on 
the peristalsis of the papilla as an integral component of the 
concentrating mechanism of the inner medulla.78,123 
Knepper and colleagues proposed that the periodic com-
pression of the papilla, and the effects of that compression 
on the hyaluronan matrix, could explain the osmolality gra-
dient along the inner medulla.40

Two hypotheses were proposed. In the first hypothesis, 
which was suggested in part by Schmidt-Nielsen,124 compres-
sion of the hyaluronan matrix stores some of the mechani-
cal energy from the smooth muscle contraction that gives 
rise to the peristaltic wave. In the postwave decompression, 
the matrix exerts an elastic force that promotes water 
absorption from thin descending limbs and collecting ducts 
and thereby increases tubule fluid osmolality. Water absorp-
tion from the descending limbs would raise tubule fluid 
NaCl concentration and thus promote a vigorous NaCl 
absorption from the loop bends and early ascending limbs. 
However, if, as is apparently the case in the rat, the lower 
60% of inner medullary descending limbs are water imper-
meable,63,113 water is unlikely to be absorbed from descend-
ing limbs in the deep portion of the inner medulla where 
the highest osmolalities are achieved.

The second hypothesis involves special properties of hyal-
uronan.125 Hyaluronan is a large polyanion (1000 to 
10,000 kDa). Its charge is due to the carboxylate (COO) 
groups of the glucuronic subunits. Hyaluronan is hydro-
philic and assumes a highly expanded, random-coil confir-
mation that occupies a large volume of space relative to its 
mass. This extended state arises partly from electrostatic 
repulsion between carboxylate groups (which maximize the 
distances between neighboring negative charges) and partly 
from the extended conformations of the glycosidic bonds.
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in response to water deprivation.128 The concentrating defect 
is so severe that their average body weight decreases by 35% 
and serum osmolality increases to greater than 500 mOsm/
kg H2O after 36 hours of water deprivation. Proximal tubule 
fluid absorption is markedly impaired in AQP1 knockout 
mice, but distal delivery of water and NaCl is not impaired 
due to a reduction in glomerular filtration rate (GFR) via the 
tubular-glomerular feedback mechanism.129 The osmotic 

limbs of long-looped nephrons.7,126,127 However, AQP1 is 
absent along the entire length of thin descending limbs of 
90% of short-looped nephrons,15 suggesting that the mecha-
nisms of water transport in the thin descending limbs of 
short-looped nephrons and the roles of AQP1 in the counter-
current multiplier and water conservation may need to be 
readdressed. AQP1 knockout mice have increased urine 
volume and reduced urinary osmolality that does not increase 

Figure 10.15  Major aquaporins, urea transporters, and ion transporters/channels that are important to the urinary concentrating and 
diluting process. Schematic overview of a mammalian kidney tubule, showing the solute and water transport pathways in the proximal tubule 
(PT), thin descending limb of the loop of Henle (tDL), thick ascending limb (TAL), distal convoluted tubule (DCT), cortical collecting duct (CCD), 
and  inner medullary collecting duct  (IMCD). Tubule  lumen side  is always on the  left-hand side of the cell, whereas the  interstitium is on the 
right-hand side. Arrows  represent direction of movement.  (See  text  for details.) AQP1, Aquaporin-1; ATP, adenosine  triphosphate; ClC-K2, 
kidney-specific  chloride  channel  2;  ENaC,  epithelial  sodium  channel;  KCC4,  K+-Cl−−  cotransporter  4;  NHE3,  Na+-H+-exchanger  isoform  3; 
NKCC2, Na-K-2Cl cotransporter type 2; ROMK, renal outer medullary potassium.  (Adapted from Fenton RA, Knepper MA: Mouse models and 
the urinary concentrating mechanism in the new millennium. Physiol Rev 87:1083-1112, 2007.)
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thin descending limbs is one factor responsible for the con-
centrating defect in AQP1 knockout mice. Descending vasa 
recta, a second renal medullary site of AQP1 expression, also 
displayed a marked reduction in osmotic water permeability 
in AQP1 knockout mice,33,34 and thus, countercurrent 
exchange processes are also likely to be impaired in AQP1 

water permeability of isolated perfused thin descending 
limbs from AQP1 knockout mice was markedly reduced com-
pared to control animals.130 Because rapid water absorption 
from the long-loop thin descending limbs is essential for 
countercurrent multiplication processes in the outer 
medulla, the reduced water reabsorption from the long-loop 

Figure 10.16  Grid showing sites of expression of water channels, urea transporters, and ion transporters important to the urinary concentrat-
ing process. (See text for details.) ATL, Ascending thin limb; CCD, cortical collecting duct; CNT, connecting tubule; CTAL, cortical thick ascend-
ing limb; DCT, distal convoluted tubule; ICT, initial collecting tubule; IMCD, inner medullary collecting duct; LDL-IM, inner medullary long-loop 
thin descending limb; LDL-OM, outer medullary long-loop thin descending limb; MTAL, medullary thick ascending limb; OMCD, outer medullary 
collecting duct; SDL, short descending limb. 
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IMCD water permeability, AQP4 knockout mice have rela-
tively normal serum electrolyte concentrations and, com-
pared to wild-type controls, have no difference in urine 
osmolality. However, after 36 hours of water deprivation, 
AQP4 knockout mice have a significantly reduced maximal 
urine osmolality that cannot be further increased by vaso-
pressin administration. This modest decrease in urinary 
concentrating ability in AQP4 knockout mice, compared to 
the profound concentrating defect in AQP3 knockout mice, 
is likely due to the normal distribution of water transport 
along the collecting duct,1 with much greater osmotic reab-
sorption of water in the cortical portion of the collecting 
duct system (where AQP3 is predominant) than in the med-
ullary collecting ducts (where AQP4 is the predominant 
basolateral water channel).

UT-A1/3 UREA TRANSPORTER KNOCKOUT MICE

Urea plays a central role in the urinary concentrating  
mechanism. Urea’s importance has been appreciated since 
1934, when Gamble and colleagues initially described “an 
economy of water in renal function referable to urea,”151 
findings that were confirmed and advanced in UT-A1/A3 
knockout mice (discussed later).152 Many studies show that 
maximal urine concentrating ability is decreased in protein-
deprived or malnourished humans (and other mammals), 
and that urea infusion restores urine concentrating ability 
(reviewed in Sands and Layton).78 Urine concentrating 
defects have been demonstrated in UT-A1/3, UT-A2, UT-B, 
and UT-A2/UT-B knockout mice.83,110,153-156 Thus an effect 
due to urea or urea transporters must be part of the mecha-
nism by which the inner medulla concentrates urine.

UT-A1 and UT-A3 are major targets for vasopressin action 
in the IMCD (Figure 10.17), where its function is regulated 
acutely via phosphorylation and changes in plasma mem-
brane accumulation. Hyperosmolality also increases the 
phosphorylation and the plasma membrane accumulation 
of both UT-A1 and UT-A3, similar to the effects of vasopres-
sin. The biology of UT-A1 and UT-A3 is reviewed extensively 
in various review articles.76-78,157

A mouse model in which the two IMCD urea transporters 
UT-A1 and UT-A3 were deleted (UT-A1/3−/− mice) was gen-
erated in 2004.77,158,159 These mice have a complete absence 
of phloretin-sensitive and vasopressin-regulated urea trans-
port in the IMCD.110 UT-A1/3−/− mice fed a normal or high-
protein diet have a significantly greater fluid intake and 
urine flow, resulting in a decreased urine osmolality, com-
pared to wild-type mice.110,111 Under these dietary condi-
tions, after an 18-hour water restriction, UT-A1/3−/− mice are 
unable to reduce their urine flow to levels below those 
observed under basal conditions, resulting in volume deple-
tion and loss of body weight. In contrast, on a low-protein 
diet (4%), UT-A1/3−/− mice did not show a substantial degree 
of polyuria and can reduce their urine volume to a similar 
level as control mice after water restriction. On a low-protein 
diet, hepatic urea production is low and urea delivery to the 
IMCD is predicted to be low, thus rendering collecting duct 
urea transport largely immaterial to water balance. Thus, 
the concentrating defect in UT-A1/3−/− mice is due to a urea-
dependent osmotic diuresis, results that are compatible with 
a model of urea handling proposed in the 1950s by Berliner 
and colleagues.37

knockout mice. The results from studies in these mice show 
that AQP1 in the renal medulla is essential for the urine con-
centrating mechanism.

AQUAPORIN-2 KNOCKOUT MICE

AQP2 is a major target for vasopressin action in the connect-
ing tubule and throughout the collecting duct system, where 
its function is regulated acutely, via regulated AQP2 traffick-
ing, or long-term, via alterations in AQP2 protein abun-
dance. The biology of AQP2 is reviewed extensively in 
Chapter 11 and various review articles.131-133 A number of 
different genetic models have been generated to assess the 
role of AQP2 in the urinary concentrating mechanism, 
including inducible and nephron-specific models of AQP2 
deletion, models where essential phosphorylation sites in 
AQP2 are modified, and models of autosomal dominant 
nephrogenic diabetes insipidus (NDI).134-143 The major phe-
notype in these models is severe polyuria; however, with free 
access to water, plasma concentrations of electrolytes, urea, 
and creatinine are not different in knockout mice com-
pared to controls. In contrast, a mouse model with connect-
ing tubule–specific AQP2 deletion has indicated a role of 
the connecting tubule in regulating body water balance 
under basal conditions,144 but not for maximal concentra-
tion of the urine during antidiuresis. Taken together, these 
mouse models confirm that AQP2 is responsible for the 
majority of transcellular water reabsorption in the connect-
ing tubule and collecting duct system.

AQUAPORIN-3 AND AQUAPORIN-4  
KNOCKOUT MICE

The basolateral component of water transport across con-
necting tubular cells and collecting duct principal cells  
is mediated by aquaporin-3 (AQP3) and aquaporin-4 
(AQP4).145,146 AQP3 is the dominant basolateral water 
channel in the connecting tubule and early parts of the col-
lecting duct system, whereas AQP4 predominates in the 
outer medullary and inner medullary collecting ducts. The 
abundances of AQP3 and AQP4 can be increased by  
the long-term action of vasopressin.145-147 The osmotic water 
permeability of the basolateral membrane of cortical col-
lecting duct cells from AQP3 knockout mice is reduced by 
greater than threefold compared to wild-type control 
mice.148 Consequently, AQP3 knockout mice are markedly 
polyuric (10-fold greater daily urine volume than controls), 
with an average urine osmolality of less than 300 mOsm/kg 
H2O. In contrast to AQP1 or AQP2 knockout mice, AQP3 
knockout mice can slightly increase their urine osmolality 
after either water deprivation or vasopressin treatment, indi-
cating that other basolateral AQPs may partially compensate 
for loss of AQP3. The relatively severe polyuria in AQP3 
knockout mice is consistent with data from micropuncture 
studies indicating that the majority of post–macula densa 
fluid reabsorption is from the cortical portion of the collect-
ing duct system, where AQP3 is normally the predominant 
basolateral water channel.1

AQP4 knockout mice have a fourfold decrease in IMCD 
osmotic water permeability, indicating that AQP4 is respon-
sible for the majority of water movement across the basolat-
eral membrane in this segment.149,150 Despite this reduced 
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the passive mechanism.10 Thus the issue remains unresolved 
at present.

Another hypothesis regarding urea and the urinary con-
centrating mechanism was described nearly 75 years ago as 
“an economy of water in renal function referable to urea” 
and affectionately known as the Gamble phenomenon.151 
Gamble described that (1) the water requirement for excre-
tion of urea is less than for excretion of an osmotically 
equivalent amount of NaCl, and (2) less water is required 
for the excretion of urea and NaCl together than the water 
needed to excrete an osmotically equivalent amount of 
either urea or NaCl alone. In UT-A1/3−/− mice both elements 
of the Gamble phenomenon were absent, indicating that 
IMCD urea transporters play an essential role.152 When wild-
type mice were given progressively increasing amounts of 
urea or NaCl in the diet, both substances induced osmotic 
diuresis, but at different excretion levels (6000 µosmol/day 
for urea; 3500 µosmol/day for NaCl). Mice were unable to 
increase urinary NaCl concentrations above 420 mM. Thus, 
the second component of the Gamble phenomenon derives 

UT-A1/3−/− mice have also been exploited to study the 
models proposed in 1972 by Stephenson and by Kokko  
and Rector for concentration of Na+ and Cl− in the inner 
medulla in the absence of active transport (see earlier  
discussion).102,103 In these models, generally referred to 
as the “passive model” or the “passive countercurrent  
multiplier mechanism,” the passive electrochemical gradi-
ent that drives Na+ and Cl− exit from the thin ascending 
limb is indirectly dependent on rapid reabsorption of  
urea from the IMCD (see earlier for a full description). 
However, despite a profound decrease in inner medulla 
urea accumulation in UT-A1/3−/− mice, three independent 
studies failed to demonstrate the predicted decline in Na+ 
and Cl− concentrations in the inner medulla.77,110,151,159 Based 
on these results alone, the passive concentrating model in 
the form originally proposed does not appear to be the only 
mechanism by which NaCl is concentrated in the inner 
medulla. However, mathematical modeling analysis of these 
same data concluded that the results found in the UT-
A1/3−/− mice are consistent with what one would predict for 

Figure 10.17  Localization of urea transporters. UT-A1  is  localized  to  the  terminal portion of  the  inner medullary collecting duct  (IMCD), 
whereas UT-A2  is  localized  to  the  thin descending  limbs of  the  loop of Henle  in  the  inner stripe of outer medulla  (A). Higher magnification 
shows that both UT-A2 (B) and UT-A1 (C) are predominantly intracellular. UT-A3 is localized to the terminal portion of the IMCD (D) and is both 
intracellular and  in  the basolateral membrane domains  (F). UT-B  is expressed  in  the descending vasa  recta  (G), where  it  is  localized  to  the 
basolateral and apical  regions  (E).  (Adapted from Fenton RA, Knepper MA: Urea and renal function in the 21st century: insights from knockout 
mice. J Am Soc Nephrol 18:679-688, 2007.)
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KIDNEY-SPECIFIC CHLORIDE CHANNEL  
1 KNOCKOUT MICE

ClC-K1 is localized to both the apical and basolateral plasma 
membranes of thin ascending limbs.185 In addition, CLC-K1 
messenger RNA has been detected in both the thick ascend-
ing limb and DCT.186 In isolated perfused tubules, chloride 
conductance of the thin ascending limb is increased by 
vasopressin exposure, a result of either increased unit con-
ductance or altered cellular localization of ClC-K1 chloride 
channels.187 Microperfusion studies of ClC-K1 null mice 
(Clcnk1−/−) determined that there was drastically reduced 
transepithelial chloride transport in the thin ascending limb 
of knockout mice.188 Clcnk1−/− mice had significantly greater 
urine volume and lower urine osmolality compared to con-
trols, and even after water deprivation, or vasopressin 
administration, knockout mice were unable to concentrate 
their urine. This observed polyuria was due to water diuresis 
and not osmotic diuresis. Inner medulla concentrations of 
Na+ and Cl− from Clcnk1−/− mice were approximately half 
those of controls, resulting in a significantly reduced osmo-
lality of the papilla. These studies demonstrate that the 
ClC-K1 chloride channel is necessary for maintenance of a 
maximal osmolality in the inner medullary tissue. The find-
ings in the Clcnk1−/− mice emphasize the importance of 
rapid chloride exit (and presumably sodium exit) from the 
thin ascending limb in the inner medullary concentrating 
process and provide support for the passive mechanism (see 
earlier).

RENAL OUTER MEDULLARY POTASSIUM 
CHANNEL KNOCKOUT MICE

The renal outer medullary potassium (ROMK) channel (Kir 
1.1), an ATP-sensitive inwardly rectifier potassium channel, 
localizes to the thick ascending limb, DCT, connecting 
tubule, and collecting duct system, where it is predomi-
nantly associated with the apical plasma membrane (see 
Figure 10.15).189-193 Chronic vasopressin treatment increases 
ROMK abundance in the thick ascending limb, thus con-
tributing to the long-term effect of vasopressin to increase 
NaCl transport in this segment.194,195 The majority of ROMK 
knockout mice die before weaning due to hydronephrosis 
and severe dehydration.196 Although 5% of these mice 
survive the perinatal period, adults manifest polydipsia, 
polyuria, impaired urinary concentrating ability, hyperna-
tremia, and reduced blood pressure, consistent with the 
known role of ROMK in active NaCl absorption in the thick 
ascending limb. From these animals, a line of mice has been 
derived that has a greater survival rate and no hydronephro-
sis in adult animals; yet the concentrating defect still 
persists.

TYPE 2 VASOPRESSIN RECEPTOR  
KNOCKOUT MICE

A mouse model of X-linked NDI (XNDI) has provided 
insight into the role of the V2R in the urinary concentrating 
mechanism.197 Male V2R mutant mice (V2R−/y) die within 
7 days after birth, with 3-day mice displaying severe hyper-
natremia, drastically increased serum Na+ and Cl− levels, 
and significantly lower urine osmolality. The V2R agonist 

from the fact that both urea and NaCl excretion are satu-
rable, presumably resulting from an ability to exceed the 
respective reabsorptive capacity for urea and NaCl, rather 
than a specific interaction of urea transport and NaCl trans-
port at an epithelial level.

Na+-H+-EXCHANGER ISOFORM 3 AND Na-K-2Cl 
COTRANSPORTER TYPE 2 KNOCKOUT MICE

Knockout of Na+-H+-exchanger isoform 3 (NHE3) or Na-K-
2Cl cotransporter type 2 (NKCC2), the major apical trans-
porters mediating Na+ entry in the thick ascending limb,160-163 
results in drastically different effects on the urinary concen-
trating mechanism.164,165 NHE3 knockout mice have a marked 
reduction in proximal tubule fluid absorption, with a com-
pensatory decrease in GFR owing to an intact tubuloglo-
merular feedback (TGF) mechanism.166 On ad libitum water 
intake, NHE3 knockouts manifest a moderate increase in 
water intake associated with lower urinary osmolalities.167 In 
contrast, NKCC2 knockout mice die before weaning due to 
renal fluid wasting and dehydration—highlighting the essen-
tial role of NKCC2 in the urinary concentrating mecha-
nism.165 Why does deletion of NKCC2 result in such a severe 
phenotype, when deletion of NHE3, a transporter responsi-
ble for reabsorption of far more Na+, results in a viable mouse 
capable of maintaining extracellular fluid volume? The 
answer appears to be in the special role that NKCC2 plays in 
the macula densa in the mediation of TGF. TGF allows NHE3 
knockout mice to maintain a relatively normal distal delivery 
through a decrease in GFR, whereas NKCC2 mice cannot 
compensate in this manner because the transporter is neces-
sary for the feedback to occur. Indeed, mice with isoform-
specific deletion of NKCC2 have been generated that may be 
useful for examining the tubular versus TGF role of NKCC2 
in the urinary concentrating mechanism.168,169

EPITHELIAL SODIUM CHANNEL KNOCKOUT MICE

Epithelial sodium channel (ENaC) is localized to the late 
DCT, connecting tubule, initial collecting tubule, and 
throughout the collecting duct.170,171 Vasopressin treatment 
results in increased protein abundance of NCC and the β- 
and γ-subunits of ENaC.172-174 Acute vasopressin exposure 
also increases Na+ reabsorption in the cortical collecting 
duct by increasing apical Na+ entry via ENaC,175-177 due to 
adenylyl cyclase 6–dependent stimulation of ENaC open 
probability and apical membrane channel number.178 Dele-
tion of any of the ENaC subunits results in a severe pheno-
type with neonatal death.179-182 In ENaC knockout mice, 
early death appears to be due to failure to adequately clear 
fluid from the pulmonary alveoli after birth, whereas the 
β- and γ-ENaC knockout mice appear to die of hyperkalemia 
and sodium chloride wasting.179,180,182 α-ENaC deletion from 
the collecting ducts alone, leaving intact ENaC expression 
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desmopressin (DDAVP) had no effect in V2R −/y mice. Adult, 
female V2R+/− mice have an approximately 50% decrease in 
total vasopressin binding capacity and a 50% decrease in 
DDAVP-induced intracellular cAMP levels, resulting in poly-
uria, polydipsia, and a reduced urinary concentrating ability. 
The expression of multiple other gene products, including 
those of the renin-angiotensin-aldosterone system, are 
altered in V2R-deficient mice.198

Mice have been generated in which the V2R gene can be 
conditionally deleted during adulthood by administration 
of 4-OH-tamoxifen.199 Upon V2R deletion, adult mice dis-
played all characteristic symptoms of XNDI, including poly-
uria, polydipsia, and resistance to the antidiuretic actions of 
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via aquaporins. Furthermore, they demonstrate that there 
is no other significant compensatory event that can generate 
cAMP and increase water permeability in the renal collect-
ing duct.
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The small peptide hormone vasopressin (AVP) and its type 
2 receptor (V2R) play a central role in the urinary concen-
trating mechanism. V2R activation results in the accumula-
tion of a water channel, aquaporin-2 (AQP2), on the plasma 
membrane of collecting duct (CD) principal cells, thus 
increasing their permeability to water. This event permits 
the collecting duct luminal fluid to equilibrate osmotically 
with the surrounding interstitium in the kidney, resulting in 
water reabsorption and urine concentration. In humans the 
glomerulus filters approximately 180 L/day of fluid from 
plasma, of which 90% is returned to the circulation by reab-
sorption in the proximal tubule and descending limb of 
Henle’s loop. Most of the remaining 18 L is delivered to the 
CD system and is reabsorbed under the regulation of AVP. 
Dysfunction of this reabsorptive mechanism in the CD 
results in the production of large amounts of dilute urine, 
up to 18 L per day—a disease known as diabetes insipidus 
(DI). The antidiuretic hormone, AVP, plays a multifaceted 
role in the urinary concentrating process in mammals. In 
addition to activating the V2R and increasing plasma mem-
brane AQP2 levels, AVP stimulates NaCl reabsorption by 
thick ascending limbs of Henle. AVP also stimulates urea 
transport in terminal portions of the CD, which allows high 
levels of urea to be excreted without reducing urinary con-
centrating ability. The urinary concentration mechanism 
therefore requires the tight coordination of cellular and 
molecular events within the context of renal architecture 
and fluid dynamics in the vasculature. This chapter will 
focus on the AVP-activated renal concentrating mechanism 
and will address how the V2R and the AQP2 water channel 
interact via intracellular signaling pathways to regulate CD 
water reabsorption and urine concentration.

VASOPRESSIN—THE  
ANTIDIURETIC HORMONE

The antidiuretic hormone of most mammals is a nine–
amino acid peptide, AVP. Secretion of AVP from the pos-
terior pituitary is stimulated by an increase in plasma 
osmolality, but also by a reduction in plasma volume (see 
Chapter 16). A change in osmolality as small as 1% can 
cause a significant rise in plasma AVP levels. AVP then 
activates regulatory systems necessary to retain water and 
restore osmolality to normal. In contrast, a 5% to 10% 
decrease in volume is required to stimulate AVP secretion, 
but AVP nevertheless has important clinical applications 
in the control of vasodilatory shock.1 The effects of AVP 
occur through the stimulation of receptors that are located 
on different cell types. The V1 receptor activates a Ca++ 
pathway and is involved in the pressor effect of AVP, 
whereas the V2R activates a cyclic adenosine monophos-
phate (cAMP) pathway that regulates transepithelial water 
transport in the kidney.2,3 In situations when it becomes 
critical to distinguish V1 from V2 receptor effects, a modi-
fied form of AVP, known as 1-desamino-8-D-arginine 
vasopressin(DDAVP) is used, which is specific for the V2R 
and has little or no V1-related pressor effect. The remain-
der of this discussion will focus on the V2R in renal epi-
thelial cells.

THE TYPE 2 VASOPRESSIN RECEPTOR— 
A G PROTEIN–COUPLED RECEPTOR

The V2R is a member of the family of seven membrane-
spanning domain receptors that couple to heterotrimeric G 
proteins (GPCRs).4,5 In the kidney it is expressed in seg-
ments from the thick ascending limb of the loop of Henle 
through to the CD principal cells.6-10 Most studies on V2R 
recycling, downregulation, and desensitization have been 
performed in cell culture using epitope-tagged V2R con-
structs. When AVP binds to the V2R, adenylyl cyclase (AC) 
activity is stimulated and cytosolic cAMP levels increase.11 
This activates protein kinases, leading to the phosphoryla-
tion of several proteins, including AQP2. This water channel 
then accumulates in the apical plasma membrane of CD 
principal cells, thus increasing transepithelial water perme-
ability and facilitating osmotically driven water reabsorption 
(Figure 11.1). AQP2 contains several C-terminal residues 
whose phosphorylation status changes upon AVP treatment 
of V2R-expressing cells. Intracellular calcium is also increased 
by AVP via a mechanism involving calmodulin12; this is also 
involved in the regulated trafficking of AQP2.13,14

INTERACTION OF TYPE 2 VASOPRESSIN 
RECEPTOR WITH HETEROTRIMERIC G  
PROTEINS AND β-ARRESTIN

The V2R has been cloned from several mammalian species, 
and the sequences are more than 90% identical. Upon 
ligand binding, the V2R assumes an active configuration and 
the bound heterotrimeric G protein, Gs, dissociates into 
Gsα and Gsβγ subunits.11 This G protein is localized on the 
basolateral plasma membrane of the thick ascending limb 
of Henle, distal convoluted tubule, and CD principal 
cells.15,16 AC is stimulated by activated Gsα, and cAMP levels 
are increased. The predominant AC isoform in the adult rat 
kidney is AC-6, but several other AC isoforms are expressed 
at lower levels, including AC-4, AC-5, and AC-9 and 
calmodulin-sensitive AC-3.17 Knockout mice lacking the 
AC-6 isoform have significant nephrogenic DI (NDI),18,19 
confirming its key role in the V2R-mediated signal transduc-
tion pathway. Liganded V2R interacts with Gs via its cytosolic 
domain, and a peptide corresponding to the third intracel-
lular loop of the V2R inhibits signaling through Gs.20

The AVP/V2R association increases cellular cAMP, 
which initiates a cascade of events that increases CD water 
permeability by changing the phosphorylation pattern of 
AQP2 and causing its accumulation at the cell surface. Ter-
mination of this response depends on the internalization of 
the V2R after AVP binding and its delivery to and degrada-
tion in lysosomes (Figure 11.2A and D). Many accessory 
proteins are involved in V2R downregulation, including 
inhibitory Gi proteins,11,21,22 proteins involved in clathrin-
mediated endocytosis,23,24 and proteins of the so-called ret-
romer complex.25 In addition to less receptor at the cell 
surface, the level of V2R messenger RNA (mRNA) also 
decreases rapidly after elevation of plasma AVP.26 Additional 
mechanisms that downregulate the AVP response include 
destruction of cAMP by cytosolic phosphodiesterases27 and 
inhibition by prostaglandins,28 dopamine,29,30 adenosine 
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is involved in the phosphorylation process. Thus phosphory-
lation of V2R with GRK2 and GRK3 results in AVP-dependent 
desensitization and recruitment of β-arrestins. In contrast, 
GRK5 and GRK6 phosphorylation is involved in extracel-
lular signal–regulated kinase activation.37

Arrestin-receptor complexes recruit the clathrin adaptor 
protein AP-2, an important component of the endocytotic 
mechanism,22 and the complex is then internalized via 
clathrin-mediated endocytosis.23,38,39 Arrestins also uncouple 
GPCRs from heterotrimeric G proteins, producing a desen-
sitized receptor.40 After downregulation, restoration of pre-
stimulation levels of V2R at the cell surface requires several 
hours.41-43 In contrast, prestimulation levels of the β2-
adrenergic receptor (β2AR) are restored on the cell surface 

receptor stimulation,31 adrenergic agonists,32 endothelin-1,33 
bradykinin,34 and epidermal growth factor.35 However, 
data have shown that cAMP levels in AVP target cells  
remain elevated for a considerable time after stimulation, 
and that the V2R continues to signal from endosomes after 
internalization.25

Changes in receptor conformation after AVP binding  
are followed by receptor phosphorylation, desensitization, 
internalization, and sequestration. One critical step in  
this process is the binding of β-arrestin to the V2R,36 
which is triggered by phosphorylation of the V2R by kinases, 
including G protein–coupled receptor kinases (GRKs). 
Interestingly, different cellular responses to receptor phos-
phorylation can be dissected depending on the kinase that 

Figure 11.1  Key events that contribute to the regulation of aquaporin-2 (AQP2) trafficking. The canonical pathway involves interaction 
of vasopressin (AVP) with the type 2 receptor (V2R) on the basolateral surface of the principal cell. This increases cyclic adenosine monophos-
phate  (cAMP) formation after Gαs stimulation of adenylyl cyclase  (AC). Phosphorylation of AQP2 occurs  initially on residue S256, via protein 
kinase A (PKA) activation. After AVP stimulation, residue S261 on AQP2 is dephosphorylated, and residues S264 and S269 phosphorylation is 
increased. During exocytosis AQP2 interacts with soluble N-ethylmaleimide–sensitive factor attachment protein receptor (SNARE) proteins and 
their regulatory proteins such as Munc18-2, and these interactions may be regulated by phosphorylation. At the cell surface, phosphorylated 
AQP2  is present  in endocytosis-resistant domains, and  its  interaction with heat shock protein/heat shock cognate 70  (hsp/hsc70) which  is 
required for clathrin-mediated endocytosis,  is  inhibited. The myeloid and lymphocyte protein (MAL) also is  involved in AQP2 endocytosis by 
an as-yet-unknown mechanism. Endocytosis of AQP2 is also facilitated by protein kinase C (PKC) activation (but possibly not by direct phos-
phorylation of AQP2), as well as by activation of dopamine (DA, D1), prostaglandin E2 (PGE2), and PGE2 receptor type 3 (EP3). However, con-
stitutive exocytosis of AQP2 occurs without AVP stimulation and does not require AQP2 phosphorylation on residue S256. Accumulation of 
AQP2  at  the  plasma  membrane  is  increased  by  inhibiting  clathrin-mediated  endocytosis.  AQP2  phosphorylation  can  also  be  increased  by 
stimulating the cyclic guanosine monophosphate/protein kinase G (cGMP/PKG) pathways using, for example, nitric oxide (NO). Extracellular 
hypertonicity activates the mitogen-activated protein (MAP) kinase pathway, and c-Jun N-terminal kinase (JNK), extracellular signal–regulated 
kinase (ERK), and p38 MAP kinase activities are all required for AQP2 surface accumulation after acute hypertonic shock. Finally, AQP2 traf-
ficking  involves  the  actin  cytoskeleton,  and  actin  depolymerization  results  in  cell  surface  accumulation  of  AQP2  without  the  need  for  AVP 
stimulation. ATP, Adenosine triphosphate; GC, guanylyl cyclase; GTP, guanosine triphosphate; SNAP23, synaptosomal-associated protein 23; 
VAMP-2, vesicle-associated membrane protein 2. 
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with the AVP ligand enters a lysosomal degradation compart-
ment.46-48 Real-time microscopy of transfected LLC-PK1 cells 
shows that after ligand binding, V2R–green fluorescent 
protein (GFP) moves along microtubules (Figure 11.2E) to 
perinuclear late endosomes and lysosomes for degrada-
tion.46,49,50 Restoration of prestimulation levels of the V2R at 
the cell surface is greatly inhibited by cycloheximide, indicat-
ing that new protein synthesis is involved in the resensitiza-
tion process.46 However, the V2R can continue to signal even 
after internalization, because of the presence of the requisite 
array of signal transduction proteins on endosomes.25 This 
can extend the duration of cAMP elevation in cells, in con-
trast to oxytocin, which stimulates a cAMP pulse of much 
shorter duration. This prolonged cAMP signaling via the V2R 
may be an adaptation to the unusually harsh (high osmolal-
ity, low pH) conditions in the renal medulla, which, com-
bined with low circulating levels of AVP that allow only low 

within an hour of internalization.42 This difference has 
been correlated with the association characteristics of the 
receptor/β-arrestin complex. The V2R forms a more stable 
interaction with β-arrestin than the β2AR. This interaction 
is responsible for the intracellular retention of the V2R38,42 
and its continued signaling from intracellular vesicles,25 but 
it does not dictate the final cellular destination of the 
receptor.44

FATE OF THE TYPE 2 VASOPRESSIN  
RECEPTOR AFTER INTERNALIZATION—DELIVERY 
TO LYSOSOMES

After AVP stimulation, there is a rapid β-arrestin–dependent 
ubiquitination of the V2R, followed by internalization and 
increased degradation.45 Much of the V2R that is internalized 

Figure 11.2  Internalized type 2 vasopressin receptor (V2R) is trafficked along microtubules to lysosomes for degradation.  A  to 
D, Spinning disk confocal microscopy (live imaging of the same cells over time) of LLC-PK1 cells stably expressing type 2 vasopressin receptor 
(V2R)–green flourescent protein (GFP) seen at various times (0 to 90 minutes) after addition of vasopressin (AVP). Initially most of the V2R-GFP 
is located on the plasma membrane (A). After AVP treatment, the V2R-GFP is downregulated from the cell surface and is progressively internal-
ized (B, C, and D) into a perinuclear compartment that is seen as a bright fluorescent patch (indicated with an arrow in each panel). E, LLC-PK1 
cells  expressing  GFP-tubulin  after  incubation  with  a  fluorescent  derivative  of  AVP,  AVP-tetramethylrhodamine  (AVP-TAMRA).  Endocytotic 
vesicles containing the internalized ligand align along GFP-labeled microtubules  (inset) and are eventually delivered to the perinuclear region 
for degradation  in  lysosomes.  (Adapted from Brown D: Imaging protein trafficking. Nephron Exp Nephrol 103:e55-e61, 2006; Bouley R, Lin HY, 
Raychowdhury MK, et al: Downregulation of the vasopressin type 2 receptor after vasopressin-induced internalization: involvement of a lysosomal 
degradation pathway. Am J Physiol Cell Physiol 288:C1390-C1401, 2005; and Chen S, Webber MJ, Vilardaga JP, et al: Visualizing microtubule-
dependent vasopressin type 2 receptor trafficking using a new high-affinity fluorescent vasopressin ligand. Endocrinology 152:3893-3904, 2011.)
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NEPHROGENIC DIABETES INSIPIDUS
The loss of an appropriate renal response to AVP in NDI 
usually reflects a functional defect in either the V2R or AQP2 
protein. Administration of AVP is not, therefore, usually 
sufficient to rectify the concentrating defect. However, the 
mutated V2R may have a reduced affinity for AVP in some 
patients, and they may respond if circulating AVP levels are 
increased sufficiently.

NDI can be of a rare congenital/hereditary nature or, 
more commonly, an acquired disease.61 A variety of gene 
mutations that result in defective targeting and/or function 
of the V2R or the AQP2 water channel result in several dis-
tinct forms of NDI. The predominant form (type 1) affect-
ing the V2R is an X-linked recessive trait resulting from 
mutations in the AVP receptor type 2 gene (AVPR2).66,67 
Mutations in AVPR2 represent approximately 90% of hered-
itary NDI cases. Over 225 mutations that result in NDI have 
been identified in the V2R protein,61 and these are discussed 
in more detail in Chapter 45. These mutations can be 
divided into five classes.68 Class I mutations lead to improp-
erly processed/unstable mRNA, frameshifts, or nonsense 
mutations resulting in truncation of the receptor.68 Class II 
mutations result in misfolding of the receptor and retention 
in the endoplasmic reticulum (ER). Class III mutations 
cause misfolding of the V2R, reduced interaction of the V2R 
with G proteins, and impaired cAMP production. Class IV 
mutations also lead to misfolding, with the V2R able to reach 
the plasma membrane yet unable to interact properly with 
AVP. Class V mutations are missorted to an incorrect cellular 
compartment. Novel approaches for X-linked NDI therapy 
are discussed later in this chapter.

Type II NDI is a much less common autosomal recessive 
disease caused by mutations in the AQP2 gene,54,68 repre-
senting approximately 10% of NDI cases. Currently 49 
mutations in the AQP2 gene, resulting in two different 
molecular outcomes, have been described. First, mutations 
in AQP2 can affect the routing of functional AQP2 to the 
membrane. Second, some AQP2 mutations result in a defect 
in the formation of the pore-forming structure of AQP2, 
resulting in a lack of water channel function. In addition to 
these recessive forms, 10% of autosomal NDI cases are 
inherited in a dominant manner. The defect in these cases 
is due to mutations in the C-terminal tail of AQP2, which is 
essential for correct intracellular routing of the channel. In 
this case, heterotetramers of AQP2 monomers may be 
formed between the wild-type and the mutated form, 
causing misrouting of AQP2,69 retention in the Golgi appa-
ratus, or sorting of AQP2 to late endosomes, lysosomes, or 
the basolateral plasma membrane.70 Thus the mutations act 
by a dominant negative mechanism. Because the condition 
is only partial, some wild-type AQP2 forms functional  
homotetramers,71-74 and fluid restriction or desmopressin 
(DDAVP) administration increases urine osmolality except 
in severe cases.75

Although specific treatments for non–X-linked NDI are 
not available, various novel approaches have been proposed 
(see later). In addition, therapeutic guidelines include the 
use of a low-salt diet, combined with hydrochlorothiazide 
and amiloride treatment. In addition, inhibitors of cyclo-
oxygenases, such as indomethacin, are often prescribed, 
despite their involvement in gastrointestinal disturbances.61

receptor occupancy, might otherwise lead to only a small 
cAMP response.

In summary, the V2R—classified as a “slow-recycling” 
GPCR—continues to signal after internalization and is then 
largely degraded in lysosomes. This pathway may allow the 
V2R to function in the harsh environment of the renal 
medulla, which can be acidic and of high osmolality.51,52 
Receptor-ligand pairs often separate in the acidic environ-
ment of endosomes, but AVP must actually associate with 
the V2R in the acidic renal medulla, indicating that it is at 
least partially resistant to pH-induced dissociation. Delivery 
of both the ligand and receptor to lysosomes may be 
required to terminate the physiologic response to AVP.52

DIABETES INSIPIDUS (CENTRAL AND 
NEPHROGENIC)

DI is characterized by excessive urinary water loss (up to 18 L 
of dilute urine/day) via the kidneys.53,54 Central DI (CDI), 
results from loss of AVP, whereas in NDI the kidneys no 
longer respond to circulating AVP. Both types can be either 
acquired or inherited. Failure of water reabsorption in the 
CD is associated with most cases of DI. If not detected and 
corrected early in life, DI can result in severe dehydration 
and damage to the central nervous system, hypernatremia, 
and bladder enlargement. The most common cause of NDI 
is in bipolar patients treated with lithium, which results in 
NDI in approximately 20% of treated patients.55 Other 
acquired causes of NDI include hypokalemia, hypercalce-
mia, and ureteral obstruction. Both acquired and congenital 
forms of NDI have been linked to defects in AVP signaling 
and AQP2 trafficking. Although the inherited forms of DI are 
much rarer, their molecular basis has been largely elucidated 
following identification and characterization of the key pro-
teins involved: the V2R,4,5 the AVP-sensitive CD water channel, 
AQP2,56 and the gene coding for the AVP/neurophysin/
glycopeptide precursor protein from which active AVP is 
generated.57,58 Chapters 16 and 45 provide more extensive 
details on the pathophysiology of this disease, and several 
review articles have covered this topic in depth.59-61

CENTRAL (NEUROHYPOPHYSEAL) DIABETES INSIPIDUS
CDI results from a defect in the production and release of 
functional AVP.62,63 Acquired CDI is often idiopathic but can 
also result from damage to the AVP-producing and AVP-
secreting cells in the hypothalamus/pituitary, for example 
from trauma or infection. Hereditary forms of familial dia-
betes insipidus have been linked to over 66 different muta-
tions of the gene encoding the AVP-neurophysin II 
precursor.61 Absence of functional AVP can be generally 
treated by administration of AVP or DDAVP, usually via nasal 
aerosol.64 However, AVP is also involved in stimulating AQP2 
transcription; AQP2 levels are significantly lower than 
normal in Brattleboro rats—a valuable, but now difficult to 
obtain, animal model of CDI that does not produce func-
tional AVP because of a single amino acid mutation in the 
neurophysin domain of the AVP gene.57,65 It is likely, there-
fore, that the beneficial effect of AVP in CDI results from 
increased sodium reabsorption in the thick ascending limb 
of Henle, increased AQP2 trafficking (see later), and 
increased AQP2 protein levels following transcriptional acti-
vation of the AQP2 gene.
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are impermeable to protons, a property that was first dem-
onstrated using isolated apical endosomes from rat kidney 
papilla.89,90 Crystallographic evidence has shown that the 
central region of the aqueous channel with charged  
residues lining a constricted region renders the passage  
of protons energetically unfavorable.91-94 Physiologically 
the impermeability of aquaporins, including AQP2, to 
protons is important because the CD luminal fluid is  
acidic due to proton secretion and can reach a pH close to 
4.5. It would be problematic if the cytosol of the principal 
cells equilibrated with the low pH of the tubule lumen 
simultaneously with an increase in apical membrane water 
permeability.

AQUAPORIN-2: THE VASOPRESSIN-SENSITIVE 
COLLECTING DUCT WATER CHANNEL

AQP2 is the AVP-regulated water channel in kidney CD 
principal cells.56 AVP stimulation of the kidney CD results 
in the accumulation of AQP2 on the plasma membrane of 
principal cells (Figure 11.4). This involves the recycling  
of AQP2 between intracellular vesicles and the cell  
surface.82-84,87,95-98 However, both AQP3 and AQP4, which are 
found in the basolateral membrane of principal cells,99,100 
are also regulated at the expression and possibly functional 
level by AVP and/or dehydration.100-103

THE AQUAPORINS—A FAMILY OF WATER 
CHANNEL PROTEINS

A total of 12 mammalian aquaporin homologs are known, 
and dozens more have been identified in virtually all organ-
isms, including invertebrates, plants, and microbes. The  
first water channel (AQP1) was identified in 1991 by Peter 
Agre and his associates76-79 and the CD AVP-sensitive water 
channel, AQP2, was cloned in 1993.56 AQP1 is expressed in 
many cells and tissues with high constitutive water perme-
ability, including proximal tubules and thin descending 
limbs of Henle’s loop in the kidney.80,81 AQP2 is the princi-
pal cell water channel that is involved in AVP-regulated 
urinary concentration in the kidney.82-87 The membrane 
topography and some key features (e.g., phosphorylation 
sites) of AQP2 are illustrated in Figure 11.3.

OTHER PERMEABILITY PROPERTIES  
OF AQUAPORINS

The single channel water permeability of different aquapo-
rins varies greatly,88 and some aquaporins, including AQP3, 
AQP8, and AQP9—referred to as aquaglyceroporins—even 
allow the passage of molecules, including urea, glycerol, 
ammonia, and other small solutes. However, all aquaporins 

Figure 11.3  Membrane topology of the aquaporin-2 (AQP2) water channel. This 271–amino acid protein spans the lipid bilayer six times. 
Both N and C termini are in the cytoplasm. Five confirmed phosphorylation sites in the C-terminal region are shown in red, T244, S256, S261, 
S264, and S269. The S256 site is a target for protein kinase A (PKA), protein kinase G (PKG), and potentially other kinases and was originally 
shown to be required for AQP2 membrane accumulation after vasopressin stimulation.  It  is now believed to be a “master regulator”  for  the 
other adjacent phosphorylation sites in the C terminus. Other potential AQP2 phosphorylation sites, based on motif analysis by bioinformatics, 
are shown in purple, but they have not yet been confirmed experimentally. Two AQP2 ubiquitinylation sites are shown in yellow, of which only 
the penultimate residue in the C terminus, K270, has been shown to be functionally important at the time of writing. The single N-glycosylation 
site in the second extracellular loop is indicated by a red branched symbol. Finally, the arginine-glycine-aspartic acid (RGD) integrin–binding 
site, also in the second extracellular loop, is enclosed in a black rectangle. 
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of water channels are located on intracellular vesicles  
that fuse with the apical plasma membrane upon AVP 
stimulation. The water channels are internalized back  
into the cell by endocytosis after AVP washout.104-108 Fol-
lowing the identification of aquaporins, specific antibodies 
allowed direct testing of the mechanism by which mem-
brane water permeability is increased in AVP target cells, 
both in the kidney and in cell culture models. AQP2 is 
located in the apical plasma membrane of CD principal 
cells, as well as in intracellular vesicles.56,109,110 In vitro and 
in vivo studies correlated the AVP-stimulated increase in 
CD water permeability and urinary concentration with 
relocalization of AQP2 from intracellular vesicles to the 
plasma membrane of principal cells (see Figure 11.4).110-113 
This relocation was reversible upon AVP washout and in 
animals either infused with a V2R antagonist or subjected 
to water loading to reduce circulating AVP levels.114-116 
These and other data indicated that AVP acutely regulates 
the osmotic water permeability of CD principal cells by 
inducing a reversible shift in the steady state distribution 
of AQP2. One unexpected observation from initial studies 
was that significant amounts of AQP2 were present on 
principal cell basolateral membranes in some kidney 
regions, and that this staining tended to increase after AVP 

The AVP-induced change from a low-to-high permeability 
state of CD principal cells, and vice versa, involves the revers-
ible redistribution of AQP2 from cytoplasmic vesicles to the 
apical plasma membrane. Because the basolateral mem-
brane of these cells always has high water permeability due 
to the presence of AQP3 and/or AQP4, the luminal fluid 
then equilibrates osmotically with the surrounding intersti-
tium. The osmolality in the renal inner medulla reaches 
approximately 1200 mOsm/kg in humans, and the urine 
can reach the same concentration in the presence of AVP. 
However, this mechanism also functions in the cortical CDs, 
in which a lumen (approximately 100 mOsm/kg) to inter-
stitial (approximately 300 mOsm/kg) osmotic gradient 
results from NaCl extraction (luminal dilution) in the thick 
ascending limbs of Henle. Approximately 60% of the dis-
tally delivered water load is reabsorbed in the cortical CD 
system, or approximately 12 L/day.

AN OVERVIEW OF VASOPRESSIN-REGULATED 
AQUAPORIN-2 TRAFFICKING IN COLLECTING 
DUCT PRINCIPAL CELLS

Early freeze-fracture electron microscopy studies using 
amphibian urinary bladder and skin suggested that clusters 

Figure 11.4  Increased plasma membrane expression of AQP2 in principal cells of VP-deficient Brattleboro rat kidney inner medullary collect-
ing duct injected with AVP for15 minutes. Kidneys were then fixed, sectioned and immunostained using anti-AQP2 antibodies. Under control 
conditions (A), AQP2 has a cytosolic distribution in principal cells. After perfusion with VP (B), AQP2 shows an increased apical localization in 
principal cells (arrows). A weaker basolateral localization of AQP2 in principal cells is also visible in this section. The lower two panels show 
the effect of VP on AQP2 distribution by immunogold electron microscopy. Tubules were perfused with 4nM DDAVP for 60 minutes The left 
panel (pre-VP) shows the apical region of a principal cell, with gold particles (detecting AQP2) distributed on cytoplasmic vesicles, as well as 
a few on the apical plasma membrane  (arrows). After VP treatment, the number of gold particles on the apical plasma membrane  is greatly 
increased (arrows), and the number of labeled cytoplasmic vesicles (arrowheads) is decreased. L, Tubule lumen. Bar equals 5 µm. (Lower panels 
adapted from Nielsen S, Chou CL, Marples D, et al: Vasopressin increases water permeability of kidney collecting duct by inducing translocation of 
aquaporin-CD water channels to plasma membrane. Proc Natl Acad Sci U S A 92:1013-1017, 1995.)
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USE OF IN VITRO SYSTEMS TO EXAMINE 
AQUAPORIN-2 TRAFFICKING AND FUNCTION

EXPRESSION OF AQUAPORINS  
IN XENOPUS OOCYTES
Xenopus oocytes were the first model protein expression 
system that allowed the identification of AQP1 as a func-
tional water channel using an oocyte swelling assay.79,127 This 
system has also been valuable in assessing the function and 
regulation of mutated aquaporins128 and addressing the role 
of oligomerization and phosphorylation of both wild-type 
and mutated AQP2 on its function.129 In this way, many of 
the mutant AQP2 proteins resulting in NDI were shown to 
have folding defects that cause retention and ultimate deg-
radation in the rough endoplasmic reticulum and/or reten-
tion in the Golgi.73,130

EXPRESSION OF AQUAPORINS IN  
NONEPITHELIAL CELLS
Chinese hamster ovary (CHO) and other nonpolarized cells, 
although not being appropriate models for studying the 
polarized expression of aquaporins in epithelia, can be used 
to measure functional and physical properties of aquaporins. 
For example, freeze-fracture studies on CHO cells revealed 
that AQP1 assembles in the lipid bilayer as a tetramer,131,132 in 
agreement with biochemical cross-linking data133 and cryo-
microscopy and atomic force microscopy.134-136 Important 
information was gathered concerning the abnormal intracel-
lular location and the defective functional activity of AQP2 
mutations.130 CHO cells were also used to demonstrate that 
chemical chaperones could increase the delivery of mis-
folded AQP2 protein to the cell surface.137

TRANSFECTED POLARIZED CELLS EXPRESSING 
EXOGENOUS AQUAPORIN-2
Several laboratories developed stably transfected cells to 
dissect AQP2 trafficking and V2R signaling. These include 
LLC-PK1 cells (Figure 11.5),120 rabbit CD epithelial cells,138 

treatment. This issue will be addressed in more detail later 
in this chapter.

The internalized AQP2 that accumulates in endosomes 
after AVP withdrawal follows a complex intracellular 
pathway before reinsertion into the plasma membrane.97,117-119 
Recycling of the existing cohort of AQP2 can occur even 
when protein synthesis is inhibited, indicating that de novo 
protein synthesis is not required for sequential responses to 
AVP stimulation.120 However, not all AQP2 is recycled. A 
significant amount of AQP2 also accumulates in multivesicu-
lar bodies (MVBs) after treatment of rats with an AVP antag-
onist.114 This pool of AQP2 can then be directed to lysosomes 
for degradation, be transferred to a recycling compartment, 
or be directly transported to the cell surface via transport 
vesicles that derive from the MVBs. The fate of internalized 
AQP2 seems to be at least in part regulated by ubiquitinyl-
ation, and this pathway will be discussed later.

At least some of the MVBs can fuse with the apical mem-
brane of principal cells and release small vesicles known as 
exosomes into the tubule lumen. These exosomes contain 
AQP2 on their limiting membranes,121,122 as well as AQP2 
mRNA and many other mRNAs and microRNAs within their 
lumen.123,124 AQP2 protein can be detected in urine, and the 
amount increases in conditions of antidiuresis, when more 
AQP2 is present in the apical membrane of principal cells. 
The physiologic relevance, if any, of this urinary excretion 
of AQP2 and other membrane proteins in exosomes remains 
unknown, but the amount of exosomal AQP2 can be 
increased by AVP and urinary alkalinization.125 It has also 
been shown that exosomes from DDAVP treated rats can 
induce increased AQP2 expression and water permeability 
in mCCD11 cells in culture,124 implying a role in cell-cell 
communication. Interestingly, urinary AQP2 correlates with 
the severity of nocturnal enuresis in children, and lowering 
urinary calcium levels (by a low-calcium diet) has a benefi-
cial effect in reducing the severity of the enuresis and reduc-
ing AQP2 secretion in hypercalcemic children treated with 
DDAVP.126

Figure 11.5  Immunofluorescence staining showing aquaporin-2 (AQP2) expressed in LLC-PK1 cells. Under control (CON) conditions (A), 
AQP2 is located on perinuclear and more diffusely distributed intracellular vesicles, with very little plasma membrane staining. After vasopressin 
(AVP) treatment for 10 minutes, AQP2 accumulates on the plasma membrane of cells expressing wild-type (WT) AQP2 (B) but remains mainly 
on intracellular vesicles after AVP treatment of cells expressing AQP2-S256A, a mutation that prevents protein kinase A–mediated phosphoryla-
tion of this critical amino acid (C). Bar equals 5 µm. 
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in Figure 11.7. In the inner medulla, basolateral expression 
of AQP2 is greatly increased by AVP (see Figure 11.6B) and 
oxytocin,160,161 with hypertonicity in the medulla playing a 
modulating role.161 Basolateral AQP2 expression is increased 
by long-term (6 days) aldosterone or AVP treatment of  
rats in the cortical CD.158,162,163 Importantly, basolateral mem-
brane water permeability in this region is increased in a 
mercurial-sensitive manner by AVP treatment, ruling out the 
contribution of the mercurial-insensitive AQP4 to this 
process.164

A frameshift mutation in AQP2 that results in NDI in 
humans also results in basolateral targeting when the 
mutated protein is expressed in polarized MDCK cells.69 
This shows that an increased basolateral expression of AQP2 
is not sufficient to increase transepithelial water permeabil-
ity in the CD. Based on new data (see later), it now appears 
that the basolateral AQP2 represents a transient step in an 
indirect apical targeting pathway for the AQP2 protein.165

Madin-Darby canine kidney (MDCK) cells,139 and primary 
cultures of inner medullary CD (IMCD) cells.140 Transfected 
LLC-PK1 and MDCK cells showed constitutive plasma mem-
brane expression of AQP1, similar to its pattern of expres-
sion in vivo, whereas AQP2 accumulation at the cell surface 
was increased by AVP or forskolin.120,141 Similar data were 
obtained using transformed rabbit CD epithelial cells.138 
Since their initial development, AQP2-expressing cultured 
cell lines have proven to be reliable cell models that in most 
cases predict the in vivo behavior of the AVP-stimulated 
AQP2 trafficking pathway.

CELLS EXPRESSING ENDOGENOUS AQUAPORIN-2
Some cell lines, including mpkCCD(cl4) cells, express 
endogenous AQP2142 and can be used to examine factors 
regulating AQP2 transcription. These include studies on the 
tonicity-responsive enhancer–binding protein (TonEBP) 
and the nuclear factor-kappaB pathway regulating AQP2 
expression in response to hypertonicity and lipopolysac-
charide,143 showing that the effect of lithium on AQP2 
downregulation was unrelated to AC activity,144 demonstrat-
ing the role of exchange protein activated by cAMP (Epac) 
in long-term regulation of AQP2 transcription,145 and 
showing that angiotensin II increases AQP2 protein expres-
sion.146 Other studies using mpkCCD cells to address issues 
of AQP2 expression and trafficking have also used this cell 
line.147-149

USE OF KIDNEY TISSUE SLICES AND  
ISOLATED COLLECTING DUCT TO EXAMINE 
AQUAPORIN-2 TRAFFICKING
Kidney slices and isolated tubules have been extremely valu-
able tools to study AQP trafficking.112,147,150-153 Although 
there may be potential issues of oxygen, nutrient, and drug 
diffusion into 150- to 200-µm–thick slices, dozens of samples 
can be prepared from the same kidney and treated simulta-
neously in paired studies. Isolated perfused tubules provide 
invaluable data, but the procedure is technically demanding 
and is accessible to only a few laboratories. Finally, isolated, 
microdissected CDs in suspension have been exploited as a 
system to study AQP2 recycling,154 as well as to provide a 
pure IMCD cell population for detailed proteomic analysis 
of IMCD cells before and after exposure to AVP.155

EXPRESSION OF MULTIPLE BASOLATERAL 
AQUAPORINS (AQUAPORIN-2, AQUAPORIN-3, 
AND/OR AQUAPORIN-4) IN PRINCIPAL CELLS

The presence of AQP3 and/or AQP4 renders the basolat-
eral plasma membranes of CD principal cells constitutively 
permeable to water. AQP3 expression is predominant in  
the cortex and decreases toward the inner medulla, with the 
reverse pattern for AQP4, which is most abundant in the 
inner medulla.100,156 Interestingly, AQP2 is also localized in 
the basolateral plasma membrane of these cells in some 
regions of the CD.109 The bipolar expression of AQP2 is 
most evident in the cortical connecting segment (Figure 
11.6A) and the inner medulla (Figure 11.6B)111,157-159 but is 
also detectable in other regions, including the outer medul-
lary CD. An example of AQP2 and AQP4 staining in the 
same principal cells from an outer medullary CD is shown 

Figure 11.6  Immunofluorescence  localization  of  aquaporin-2 
(AQP2) in apical and basolateral plasma membranes of epithelial cells 
in the cortical connecting segment (CNS) (A) and the inner medullary 
collecting duct (IMCD) (B) of rat kidney. In the CNS, cells positive for 
AQP2 show a sharp apical band of staining (arrows). The basolateral 
staining  appears  broader,  due  to  the  relatively  deep  basolateral 
infoldings present in these CNS cells. The IMCD segment shown here 
is from the central portion of the papilla and is from a tubule that was 
exposed  to  AVP  for  approximately  15  minutes  before  fixation  and 
staining. In this region AVP induces a marked basolateral accumula-
tion of AQP2 (arrows). This basolateral AQP2 may be important in cell 
migration  and  tubulogenesis  in  the  kidney.  Nuclei  are  stained  blue 
with 4′,6-diamidino-2-phenylindole (DAPI) in A. L, Tubule lumen. Bar 
equals 5 µm. 
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A ROLE OF BASOLATERAL AQUAPORIN-2  
IN CELL MIGRATION AND  
TUBULE MORPHOGENESIS

Because other water channels are basolaterally localized, the 
additional role of basolateral AQP2 in principal cell water 
transport remains unclear. However, studies have suggested 
that basolateral AQP2 may have a role in cell migration and 
tubulogenesis.166 The extracellular domain of AQP2 con-
tains an arginine-glycine-aspartic acid (RGD) domain that 
is involved in interaction with some integrins.166,167 
Many transgenic or knockout mice that lack AQP2 expres-
sion have a defect in kidney structure, most evident in  
the medulla, which can lead to premature death (Figure 
11.8). These phenotypes are similar to those seen in a β1 
integrin knockout mouse.168 The structural alterations in 
AQP2 knockout mice were previously attributed to increased 
urine flow due to an AQP2-related concentrating defect. 
However, based on analysis of the phenotypes of various 
mice with NDI, the kidney structural defects may instead be 
due to the absence of normal AQP2/integrin/extracellular 
matrix interactions during renal development and perhaps 
adulthood.166 This morphogenic effect seems to be indepen-
dent of the water-transporting activity of AQP2. In contrast, 
the effects of AQP1 expression on cell migration were  
attributed to its role in increasing membrane water 
permeability.169,170

Figure 11.7  Example of a collecting duct from the outer medulla (outer stripe) of a rat kidney, immunostained for aquaporin-2 (AQP2) 
(green) and aquaporin-4 (AQP4) (red). The merged image in C shows that AQP2 is  largely apical  in this region, but both AQP2 and AQP4 
are present on basolateral membranes. This  is best seen  in  the  individual  images  in B  (AQP2) and A  (AQP4). All principal cells have some 
basolateral  AQP2  staining  at  about  the  same  intensity,  whereas  the  basolateral  staining  for  AQP4  varies  somewhat  among  different,  even 
adjacent, principal cells  in this segment.  Intercalated cells are not stained with either antibody and appear as darker gaps among the other 
cells. In A, nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI). Bar equals 10 µm. 

A B C

Figure 11.8  Effect of aquaporin-2 (AQP2) knockout on kidney 
morphology. Compared to the wild-type mouse kidney section (left), 
the kidney from an AQP2 knockout mouse (right) has severe morpho-
logic abnormalities 5 weeks after birth. Bar equals 1 mm. (From Chen 
Y, Rice W, Gu Z, et al: Aquaporin 2 promotes cell migration and epithelial 
morphogenesis. J Am Soc Nephrol 23:1506-1517, 2012.)
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press AQP2 and GLUT4.183 Whether vesicles containing 
recycling AQP2 represent a novel “organelle” or whether 
AQP2 usurps an already existing pathway in cultured cells 
and modifies it based on intrinsic signals within the AQP2 
sequence remains unclear. It is probable that as newly syn-
thesized AQP2 is loaded into transporting vesicles as it exits 
the TGN, the fate of the vesicles is indeed determined by 
signals on the AQP2 protein itself.

However, when recycling of AQP2 is interrupted by lower-
ing the incubation temperature of the cells to 20° C, or by 
incubating cells with bafilomycin (an inhibitor of the vacu-
olar hydrogen ion adenosine triphosphatase [H+-ATPase]), 
AQP2 can be concentrated in a clathrin-positive, Golgi-
associated compartment.118 This accumulation occurs even 
in the presence of cycloheximide, indicating that recycling 
AQP2 is also accumulating in this juxtanuclear compart-
ment. The 20° C block prevents exit of proteins from the 
TGN,184 and clathrin-coated vesicles are enriched in this 
cellular compartment.185 However, some portions of the 
so-called recycling endosome, which is located in a similar 
juxtanuclear region of some cells, also have clathrin-coated 
domains.186 Therefore, the AQP2 could be recycling either 
via the TGN, through a specialized clathrin-coated recycling 
endosome, or both. Indeed recycling AQP2 is partially 
co-localized with rab11, a marker of the recycling endo-
somal compartment, in subapical vesicles.187,188

AQUAPORIN-2 IS A CONSTITUTIVELY RECYCLING 
MEMBRANE PROTEIN

As discussed earlier, AQP2 recycles continually between 
intracellular vesicles and the cell surface, both in cultured 
cells and in principal cells in situ.83,117 This provides the 
opportunity to modulate the plasma membrane content of 
AQP2 by increasing the rate of exocytosis, decreasing endo-
cytosis, or both. Such a dual action of AVP was predicted by 
Knepper and Nielsen by comparing mathematical models 
of AVP-induced permeability changes to experimental data 
from perfused CDs.172 Constitutive recycling was subse-
quently shown experimentally by blocking the AQP2  
recycling pathway either in an intracellular perinuclear 
compartment identified as the TGN as discussed earlier,118 
or at the cell surface.175,177 When clathrin-mediated endo-
cytosis is arrested using dominant negative dynamin or  
MBCD, AQP2 accumulates at the plasma membrane in an 
AVP-independent manner (see Figure 11.9).175,177,189,190 
Importantly, MBCD also causes a rapid and significant accu-
mulation of AQP2 in the apical membrane of CD principal 
cells in situ (see Figure 11.9E and F).178 This observation 
raises the possibility that inhibition of endocytosis is a poten-
tial pathway by which AQP2 can be accumulated at the cell 
surface of CD principal cells in patients with X-linked NDI.

REGULATION OF AQUAPORIN-2 
TRAFFICKING

Our understanding of AQP2 recycling continues to evolve 
in parallel with new discoveries related to the targeting and 
trafficking of membrane proteins in general. These include 
the discovery of alternative signaling pathways for AQP2 
trafficking in addition to the “conventional” cAMP pathway, 

INTRACELLULAR PATHWAYS OF 
AQUAPORIN-2 TRAFFICKING

AQP2 is continually (constitutively) recycling between intra-
cellular vesicles and the cell surface even in the absence of 
AVP stimulation. Membrane accumulation of AQP2 can 
then be achieved by a combination of stimulation of exocy-
tosis and inhibition of endocytosis.171,172 This pattern of traf-
ficking has been described for some other membrane 
transporters, including the insulin-regulated glucose trans-
porter 4 (GLUT4)173 and cystic fibrosis transmembrane con-
ductance regulator (CFTR).174

ROLE OF CLATHRIN-COATED PITS IN 
AQUAPORIN-2 RECYCLING

Clathrin-coated pits concentrate and internalize many 
plasma membrane proteins, including receptors,22 trans-
porters, and channels.171 Clathrin-coated pits are critical for 
the internalization of both AQP2 and the V2R.23,38,175 When 
clathrin-mediated endocytosis is inhibited by the expression 
of a mutated dominant negative form of the protein dynamin 
in LLC-PK1 cells, AQP2 accumulates on the plasma mem-
brane and is depleted from cytoplasmic vesicles.175 Dynamin 
is a GTPase that is involved in the formation and pinch-
ing off of clathrin-coated pits to form clathrin-coated vesi-
cles.176 The cholesterol-depleting drug methyl-β-cyclodextrin 
(MBCD) also blocks clathrin-mediated endocytosis. Expo-
sure of both AQP2-expressing cell cultures and intact 
kidneys (using an isolated perfused kidney preparation) to 
MBCD results in AQP2 accumulation on the plasma mem-
brane within 15 minutes (Figure 11.9).177,178 Taken together, 
these data demonstrate the central role of clathrin-coated 
pits in AQP2 endocytosis. A later study proposed a role for 
caveolae as an alternative endocytotic pathway for AQP2 in 
cultured cells,179 but under normal conditions, caveolae and 
caveolin are not present on the apical pole of principal cells 
in vivo.180 Therefore, if caveolae are indeed involved in 
apical endocytosis in vitro, this is probably an artifact of cell 
culture. It has already been shown that several endocytotic 
events attributed to caveolae in proximal tubular cell cul-
tures are not relevant to the in vivo situation. Proximal 
tubules do not express caveolin under normal conditions, 
but expression is induced in proximal tubular cell 
cultures.181

AQUAPORIN-2 LOCALIZATION IN 
INTRACELLULAR COMPARTMENTS  
DURING RECYCLING

Recycling of AQP2 was directly demonstrated in 
cycloheximide-treated, AQP2-transfected LLC-PK1 cells, in 
which several rounds of exocytosis and endocytosis of AQP2 
occurred despite the inhibition of de novo AQP2 synthe-
sis.120 After internalization via clathrin-coated pits, AQP2 
enters an early endosomal antigen 1 (EEA1)–positive com-
partment.182 This subapical recycling compartment is dis-
tinct from organelles such as the Golgi, the trans-Golgi 
network (TGN) and lysosomes,182 does not contain transfer-
rin receptor, and is distinct from vesicles that contain 
GLUT4 (another recycling protein) in adipocytes that coex-
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membrane accumulation of AQP2.191,192 However, S256 is 
part of a polyphosphorylated region at the C terminus of 
AQP2, which contains three further AVP-regulated phos-
phorylation sites: S261, S264, and S269 (threonine in 
humans),193,194 as well as a threonine at position T244.195 
The rise in intracellular cAMP following activation of AC by 
AVP/ V2R results in recruitment of PKA to AQP2-containing 
vesicles by A-kinase-anchoring proteins (AKAPs).196 The 
co-localization of vesicular AQP2 with AKAP 18δ makes this 
the most likely isoform to mediate this event.197,198 Inhibition 
of the cAMP-specific phosphodiesterase 4D (PDE4D) with 
rolipram increases AKAP-tethered PKA activity in AQP2-
bearing vesicles and enhances AQP2 trafficking,187 indicat-
ing that a novel, compartmentalized cAMP-dependent 
signal transduction pathway consisting of anchored PDE4D, 
AKAP18δ, and PKA plays an essential role in AQP2 translo-
cation. Furthermore, AKAP Ht31 directly interacts with the 

the role of phosphorylation by various kinases, the involve-
ment of the actin cytoskeleton, and the gradual discovery of 
accessory interacting proteins, including phosphorylation-
dependent AQP2-binding proteins.

ROLE OF KINASES AND A-KINASE ANCHORING 
PROTEINS IN AQUAPORIN-2 TRAFFICKING

Phosphorylation of the C-terminal tail of AQP2 plays a 
complex regulatory role in trafficking and compartmental-
ization of the protein. AQP2 contains several putative phos-
phorylation sites for kinases (see Figure 11.3), including 
protein kinase A (PKA), protein kinase G (PKG), protein 
kinase C (PKC), Golgi casein kinase, and casein kinase II. 
The majority of work has focused on the role of PKA-
induced phosphorylation of S256 in the AVP-induced signal-
ing cascade, because this site is critical for the AVP-induced 

Figure 11.9  Methyl-β-cyclodextrin (MBCD) stimulates aquaporin-2 (AQP2) membrane accumulation in LLC-PK1 cells (A to D) and col-
lecting duct principal cells in situ (E and F). Immunofluorescence staining for AQP2 in LLC-PK1 cells expressing wild-type AQP2 (A to C) or 
a mutant  in which the S256 residue has been replaced by alanine (S256A) (D). Under baseline conditions, wild-type AQP2 is  located mainly 
on intracellular vesicles, often concentrated in the perinuclear region of the cell (A). After vasopressin (AVP) treatment, wild-type AQP2 relocates 
to the plasma membrane (B). When endocytosis is inhibited by application of the cholesterol-depleting drug MBCD, both wild-type and S256A 
AQP2 accumulate at  the cell  surface  in  the absence of AVP  (C  and D).  This  result  shows  that both wild-type AQP2 and S256A AQP2 are 
constitutively  recycling between  intracellular vesicles and  the plasma membrane, and  that  inhibiting endocytosis with MBCD  is sufficient  to 
cause membrane accumulation, even in the absence of S256 phosphorylation of AQP2. In collecting duct principal cells (inner stripe of outer 
medulla) in situ, AQP2 is located on vesicles scattered throughout the cytoplasm after perfusion of intact kidneys in vitro (E). However, after 
perfusion of kidneys for 60 minutes with 5 mmol/L MBCD,  increased apical plasma membrane expression of AQP2 is seen  (F). This finding 
indicates that AQP2 is constitutively recycling through the apical plasma membrane in principal cells in situ, and that membrane accumulation 
can be induced by blocking endocytosis (with MBCD) even in the absence of AVP. Con, Control. 
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ROLE OF PHOSPHORYLATION IN EXOCYTOSIS 
AND ENDOCYTOSIS OF AQUAPORIN-2

Although phosphorylation has clearly been shown to inhibit 
endocytosis of AQP2, its role in exocytosis is much less clear. 
An S256A mutant, from which the PKA phosphorylation  
site is absent, readily accumulates on the plasma mem-
brane upon inhibition of endocytosis with either K44A 
dynamin or MBCD (see Figure 11.9),177 suggesting that the 
exocytotic pathway is intact under these conditions. Using 
a fluorescence-based exocytosis assay, Nunes and associates 
showed that AVP increases exocytosis of vesicles in AQP2-
expressing cells whether or not AQP2 is phosphorylated at 
S256.216 Thus, although AVP-induced accumulation of AQP2 
at the cell surface requires S256 phosphorylation, exocytotic 
insertion of AQP2 into the plasma membrane is probably 
independent of this phosphorylation event.

Although phosphorylation of AQP2 is usually required 
for AVP-induced cell surface expression of AQP2, the inter-
nalization of AQP2 may not be dependent on its phosphory-
lation state at S256. Prostaglandin E2 (PGE2) stimulates 
removal of AQP2 from the surface of principal cells when 
added after AVP treatment217 but does not appear to alter 
the S256 phosphorylated state of AQP2. This conclusion was 
based on whole-cell examination, however, and it remains 
possible that the cohort of AQP2 that is internalized does 
in fact undergo dephosphorylation. Resolving this issue will 
require immunolabeling of individual endocytotic events/
vesicles, either by electron microscopy or superresolution 
fluorescence imaging. However, the S256D-AQP2 mutant—
which mimics a phosphorylated S256 residue—is constitu-
tively expressed predominantly at the cell surface,218 and 
internalization can be induced by either PGE2 or dopamine, 
but only after preexposing cells to forskolin. This suggests 
that PGE2 and dopamine induce internalization of AQP2 
independently of AQP2 S256 dephosphorylation,219 but that 
preceding activation of cAMP production is necessary for 
PGE2 and dopamine to cause AQP2 internalization. These 
data imply that phosphorylation of another intracellular 
target(s) (presumably by forskolin-stimulated elevation of 
cAMP) is necessary for AQP2 endocytosis to occur (see 
later). However, other data suggest that the effect of PGE2 
on AQP2 recycling depends on which PGE2 receptor (EP 
receptor) it acts upon, because EP2 and EP4 receptor stimu-
lation is able to increase intracellular cAMP levels and  
presumably AQP2 membrane insertion.153,220 In a similar 
manner, the fact that AVP-induced exocytosis of AQP2 also 
seems to be independent of S256 phosphorylation216 also 
suggests that AVP acts on other targets within the cell to 
stimulate vesicle exocytosis. One such target is the actin 
cytoskeleton (see later).

PHOSPHORYLATION OF S256 MODULATES 
AQUAPORIN-2 INTERACTION WITH 
ENDOCYTOTIC PROTEINS

The mechanism by which phosphorylation of AQP2 affects 
the steady-state redistribution of AQP2 is slowly being unrav-
eled. One report has suggested that a Golgi casein kinase–
mediated phosphorylation of S256 is necessary for the 
passage of AQP2 through the Golgi apparatus in its biosyn-
thetic pathway.221 However, this conclusion is not supported 

actin-modifying GTPase RhoA, which plays a crucial role in 
modulating AQP2 trafficking (see later).

IMPORTANCE OF THE S256 RESIDUE FOR 
AQUAPORIN-2 MEMBRANE ACCUMULATION

Phosphorylation is certainly involved in the regulated accu-
mulation of AQP2 in the plasma membrane; phosphoryla-
tion of S256 and S269 prevent or reduce AQP2 endocytosis 
(see later). Whether the actual water permeability of AQP2 
is also modulated by phosphorylation—by analogy with 
some of the plant aquaporins199,200 and AQP4201,202—is con-
troversial.203,204 In addition, PKA-dependent phosphoryla-
tion of AQP2 in purified endosomes had no effect on single 
channel water permeability.205 In contrast, regulation of 
membrane permeability by AQP2 trafficking has been estab-
lished in a variety of experimental systems. Following PKA 
activation, phosphorylation of AQP2 on S256 is critical for 
AVP-induced cell-surface accumulation of AQP2 (see Figure 
11.5).191,192 In oocytes, S256 phosphorylation is required for 
AQP2 trafficking to the plasma membrane.206 A mouse strain 
with an amino acid substitution at S256 (S256L), which pre-
vents phosphorylation of this residue and inhibits AQP2 
accumulation on the plasma membrane, has polyuria and 
congenital progressive hydronephrosis.207 The importance 
of S256 phosphorylation was shown in humans by the iden-
tification of a mutation in AQP2 (S254L), which destroys the 
PKA phosphorylation site at S256 and results in NDI.71

OTHER PHOSPHORYLATION SITES (S261, S264, 
S269) ARE MODIFIED BY VASOPRESSIN

The role of three other phosphorylation sites in the AQP2 
C terminus, S261, S264, and S269, remains uncertain, 
although the pS269 form of AQP2 is exclusively detected in 
the apical plasma membrane, suggesting a regulatory role 
of this phosphorylation site directly in the plasma mem-
brane, perhaps by inhibiting endocytosis.208,209 S256 seems 
to be the “master” phosphorylation site, because down-
stream phosphorylation of S264 and S269 requires prior 
PKA-mediated phosphorylation of S256,193 whereas S261 
phosphorylation is independent of any of the other sites.204 
Acute AVP exposure normally decreases the abundance of 
pS261 but increases that of both pS264 and pS269. All three 
phosphorylated forms are localized to some degree in the 
plasma membrane in vivo,103,208,210,211 but cell-culture studies 
have demonstrated that S261 phosphorylation is not 
required for either AVP-stimulated AQP2 trafficking or con-
stitutive recycling.212,213 Preventing dephosphorylation of 
AQP2 with the phosphatase inhibitor okadaic acid increases 
cell surface accumulation of AQP2 in cultured cells, 
although this effect was also unexpectedly found in the pres-
ence of the kinase inhibitor H89, suggesting an effect that 
is not dependent on AQP2 phosphorylation by PKA.214 
However, there is a complex interaction between S261 phos-
phorylation and AQP2 ubiquitinylation that plays a role in 
modulating AQP2 trafficking.215 As for other proteins with 
multiple kinase target sites, dissecting their individual con-
tributions to AQP2 trafficking is likely to be a complex and 
difficult process, made even more complicated by the super-
imposition of AQP2 ubiquitinylation events that contribute 
to the regulation of AQP2 trafficking.
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a reduction of TM5b bound to F-actin, inducing F-actin 
destabilization and subsequent AQP2 trafficking to the 
plasma membrane. These findings also suggest a novel 
mechanism of protein trafficking in which the channel 
protein itself critically regulates local actin reorganization 
to initiate its movement. This idea is supported by data 
showing that AVP induces a burst of exocytosis only in cells 
expressing AQP2, and not in cells that are AQP2 null.216 In 
addition, AVP induces significant actin depolymerization in 
LLC-PK1 cells and MDCK only when they express AQP2.235 
Thus the presence of AQP2 influences the cellular effect of 
AVP on target cells, despite the fact that cAMP levels are 
similarly increased under all conditions. Further evidence 
for the involvement of actin in AQP2 trafficking comes from 
work using statins. After acute application to cells, statins 
cause the inhibition of RhoA, actin depolymerization,  
and AQP2 membrane accumulation due to inhibition of 
endocytosis.236,237

In contrast to the data showing membrane accumulation 
of AQP2 after actin depolymerization, a study using trans-
fected MDCK cells reported that AQP2 was concentrated in 
an EEA1-positive early endosomal compartment upon actin 
filament disruption by either cytochalasin D or latruncu-
lin.188 These contrasting effects may reflect the use of differ-
ent model systems. The physiologic role played by actin on 
AQP2 trafficking in renal principal cells in situ is still not 
clear, but apical fluid shear stress has been reported also to 
depolymerize the apical actin cytoskeleton and cause AQP2 
membrane accumulation in IMCD cells,238 suggesting 
that luminal flow might also be implicated in this response 
in vivo.

IDENTIFICATION OF ACTIN-ASSOCIATED 
PROTEINS POTENTIALLY INVOLVED IN 
AQUAPORIN-2 TRAFFICKING

Many studies have implicated actin and associated proteins 
such as the myosins, as well as microtubules (see later), in 
sequential transport steps of vesicle trafficking.239,240 Myosin 
I, an actin-associated motor protein, was localized on AQP2-
containing vesicles by electron microscopy,241 and various 
other myosin isoforms, including nonmuscle myosins IIA 
and IIB, myosin VI, and myosin IXB, were identified by mass 
spectrometry using these vesicles.227 Coupling of motor pro-
teins to vesicles requires multiple Rab proteins, and myosin 
VB has been suggested to play a role in the AQP2 shuttle by 
Rab11-family interacting protein 2–dependent recycling 
through a perinuclear Rab11 compartment.187 Quantitative 
proteomics has revealed a network of 14 actin regulatory 
proteins whose abundance is changed in cortical CD cells 
after AVP stimulation.231 Myosin light-chain kinase, the 
myosin regulatory light chain, and nonmuscle myosin IIA 
and IIB isoforms have also been detected in rat IMCD cells 
and implicated in a calcium/calmodulin-regulated pathway 
leading to AQP2 membrane accumulation.242 These results 
support previous data that Ca2+ release from ryanodine-
sensitive stores plays an essential role in AVP-mediated 
AQP2 trafficking via a calmodulin-dependent mechanism.13 
A role of Epac, which is expressed in the CD,243 in AVP-
induced calcium mobilization, and AQP2 exocytosis in per-
fused CDs, has also been shown.244 Epac has also been 
implicated in extending the AQP2 transcriptional response 

by studies showing that S256A AQP2 can recycle and accu-
mulate at the cell surface when endocytosis is inhibited.177 
Nonetheless, accumulating evidence suggests that phos-
phorylation of AQP2 mediates its interaction with other 
proteins. For example, phosphorylation modifies AQP2 
interaction with key proteins of the endocytotic machinery, 
including heat shock cognate/heat shock protein 70 (hsc/
hsp70).222 AQP2 is present in “endocytosis-resistant” mem-
brane domains after AVP treatment,49 probably because the 
interaction of AQP2 with hsc/hsp70 and other key proteins, 
such as dynamin and clathrin itself, that are required for 
clathrin-mediated endocytosis is greatly reduced by phos-
phorylation of AQP2 at S256.213,222 AQP2 membrane accu-
mulation was increased in cells expressing a dominant 
negative mutation of hsc70, which blocks clathrin-mediated 
endocytosis.222 A comparative proteomic approach deter-
mined that several proteins, including hsp70 isoforms 1, 2, 
and 5 (hsp70-1, hsp70-2, hsp70-5), and annexin 2, differen-
tially interact with AQP2 depending on its phosphorylation 
status.103 The myelin and lymphocyte protein (MAL) is an 
AQP2-interacting protein that enhances AQP2 cell surface 
accumulation by reducing AQP2 internalization. MAL asso-
ciates less with AQP256A than with wild-type AQP2.223

ROLE OF THE ACTIN CYTOSKELETON IN 
AQUAPORIN-2 TRAFFICKING

It has been appreciated for many years that the actin cyto-
skeleton is important for AQP2 trafficking. G-actin associ-
ates directly with non–S256-phosphorylated AQP2,224-226 and 
both β- and γ-actin are associated with AQP2-containing 
vesicles.227 Early studies conducted in rat inner medulla and 
toad urinary bladder demonstrated that AVP induces a 
reduction in F-actin in apical regions of cells228,229 in parallel 
with the accumulation of water channels on apical mem-
branes.230 Later studies in mpkCCD14 cells have confirmed 
these findings and demonstrated that in response to AVP, 
F-actin disappears from near the center of the apical plasma 
membrane while consolidating laterally near the tight  
junction in a calcium-dependent manner.231 Furthermore, 
AVP-induced apical AQP2 trafficking and forskolin-
induced water permeability increases were blocked by 
F-actin disruption.

The potential role of actin in AQP2 trafficking was directly 
examined in transfected cells in culture. Exposure of cells 
to Clostridium toxin B, which inhibits Rho GTPases that are 
involved in regulating the actin cytoskeleton,232 resulted in 
actin depolymerization and accumulation of AQP2 in the 
plasma membrane.230 AQP2 translocation was also seen in 
cells treated with the downstream Rho kinase inhibitor, 
Y-27632.230 Conversely, expression of constitutively active 
RhoA in these cells induced stress fiber formation, indicat-
ing actin polymerization, and inhibited the AQP2 transloca-
tion in response to forskolin. The actin cytoskeleton has 
varied and complex effects on several aspects of vesicle traf-
ficking, including an involvement in endocytosis in some 
systems.233,234 This mechanism is probably responsible for 
the effects of actin depolymerization on AQP2 membrane 
accumulation.

Noda and colleagues showed that AQP2 phosphorylation 
results in release of AQP2 from G-actin and an increased 
affinity of AQP2 for tropomyosin 5b (TM5b).225 This causes 

http://www.myuptodate.com


 CHAPTER 11 — THE CELL BIOLOGy OF VASOPRESSIN ACTION 295

that microtubules are involved in the long-range trafficking 
of vesicles toward the plasma membrane, but that the final 
steps of approach and fusion are microtubule independent. 
Upon AVP exposure the microtubule network is reversibly 
reorganized with increased formation of microtubules in 
the cell periphery.258 In the same study, depolymerization of 
microtubules prevented the perinuclear positioning of 
AQP2 in resting cells, but, after internalization of AQP2 
following AVP washout, forskolin stimulation still caused a 
redistribution of AQP2 to the plasma membrane,258 in 
agreement with previous data. These results suggest that the 
microtubule-dependent translocation of AQP2 is predomi-
nantly responsible for trafficking and localization of AQP2 
inside the cell after internalization, but not for its exocytic 
translocation. Microtubules are also critical for the traffick-
ing of the V2R to lysosomes after ligand-induced internaliza-
tion, as described earlier (see Figure 11.2).50

Later studies demonstrated a role of microtubules in the 
basolateral to apical transcytosis of AQP2.165 Data from 
MDCK cells suggest that AQP2 trafficking to the apical recy-
cling endosome and ultimately the apical plasma membrane 
can occur via an indirect pathway through the basolateral 
membrane of epithelial cells (Figure 11.10). It is possible 
that this pathway is in some way disrupted or absent in LLC-
PK1 cells, in which AQP2 is inserted into the basolateral 
membrane both constitutively and after stimulation by AVP 
or forskolin.177,264

SNARE PROTEINS AND  
AQUAPORIN-2 TRAFFICKING

The membrane docking and fusion steps of AQP2 vesicle 
exocytosis are mediated by vesicle-targeting proteins similar 
to those described in many other cell types. Vesicle tether-
ing, docking, and fusion involve a complex series of protein-
protein interactions that are combined under the name 
“the SNARE hypothesis.”265-268 This requires a complex inter-
action between integral membrane proteins, the SNAREs 
(soluble N-ethylmaleimide–sensitive factor attachment 
protein receptors), present in the vesicle (v-SNAREs) and 
the target membrane (t-SNAREs). In the CD principal cell, 
several proteins of the SNARE complex are associated with 
AQP2-containing vesicles and/or the apical plasma mem-
brane of principal cells. The SNARE protein VAMP-2 
(vesicle-associated membrane protein 2, also known as 
synaptobrevin-2) is associated with AQP2 vesicles,269,270 and 
disruption of VAMP-2 with tetanus toxin diminishes cAMP-
dependent AQP2 trafficking.271 Further SNARES that 
co-localize with AQP2 include VAMP-3 (cellubrevin), 
SNAP23 (synaptosomal-associated protein 23), and the 
ATPase Hrs-2, which may regulate exocytosis via interaction 
with SNAP25.271,273,274 The t-SNARE syntaxin 4 is present in 
the apical plasma membrane of CD principal cells,275 and 
SNAP23 is associated with syntaxin 4 and VAMP-2.276 The 
interaction of AQP2 and the t-SNARE complex may be 
mediated by the protein snapin277 and/or by the angiotensin-
converting enzyme 2 homolog collectrin, which has been 
implicated in salt-sensitive hypertension.278 Furthermore, 
other proteins that are involved in exocytotic processes in 
other cell types, such as members of the Rab GTPase family 
Rab3 and Rab5a,279 have been identified in AQP2-containing 
vesicles and may also play a role in vesicle docking and 

to AVP when cAMP levels are no longer elevated.145 However, 
the role of calcium in the AVP response was questioned by 
another group who provided capacitance data in support of 
a cAMP-dependent but calcium-independent exocytotic 
process after AVP stimulation.245

Immunoaffinity isolation of AQP2 followed by protein 
mass spectrometry has been used to identify a “multiprotein 
complex” containing ionized calcium–binding adapter mol-
ecule 2, myosin regulatory light-chain smooth muscle iso-
forms 2A and 2B, α-tropomyosin 5b, annexin A2 and A6, 
scinderin, gelsolin, α-actinin-4, αII-spectrin, and myosin 
heavy-chain nonmuscle type A.246 Interestingly, the gelsolin-
like protein adseverin is much more highly expressed in CD 
principal cells than gelsolin (which is abundant in interca-
lated cells), indicating that it might be a physiologically 
important player in calcium-activated actin remodeling.247 
In addition to myosins, members of the ERM (ezrin-radixin-
moesin) family of scaffolding proteins, have also been impli-
cated in the apical trafficking process.248 Ezrin expression is 
significantly upregulated in the CDs of lithium-treated 
rats,249 indicating that actin remodeling might occur. The 
GTPase Rap1 and the signal-induced proliferation–
associated gene 1 (SPA-1) may also have a role in regulating 
AQP2 trafficking.250 Activation of Rap1 was found to inhibit 
AQP2 plasma membrane targeting, possibly by increasing 
actin polymerization mediated by SPA-1.

Based on these studies, it is clear that actin and its complex 
array of regulatory proteins play critical roles in the mem-
brane accumulation and recycling of AQP2. However, with 
few exceptions, the precise steps in the pathway, and how 
these processes are regulated by AVP (e.g., via protein phos-
phorylation) have not been established in any detail.

MICROTUBULES AND  
AQUAPORIN-2 TRAFFICKING

Intracellular vesicles can move along microtubules, driven 
by microtubule “mechanoenzymes” or motors.251-253 It is 
therefore not surprising that microtubule-depolymerizing 
agents such as colchicine and nocodazole partially inhibit 
the AVP-induced water permeability increase in target  
epithelia.254-256 Colchicine and combretastatin treatment 
disrupt the apical localization of AQP2 in rat kidney  
principal cells, resulting in AQP2 scattering in vesicles 
throughout the cytoplasm.110,257-258 Furthermore, cold treat-
ment, which depolymerizes microtubules, also inhibits the 
AVP response, indicating that caution must be exercised in 
the interpretation of data from cell or tissue preparations 
that involve a cold incubation step as part of the experimen-
tal procedure.152

Two large protein families are critically involved in 
microtubule-based vesicle movement. These are ATPases 
known as motor proteins, the dyneins259 and the kinesins.260 
Minus end–directed motors (dyneins) transport vesicles 
toward the microtubule-organizing center, whereas plus 
end–directed motors (kinesins) transport vesicles in the 
opposite direction.261,262 Dynein and dynactin, a protein 
complex thought to link dynein to microtubules and vesi-
cles, are associated with AQP2-bearing vesicles.263 The effect 
of AVP on transepithelial water flow in toad bladder and 
CDs was only partially inhibited by microtubule disruption 
(approximately 65% in CDs).255 These data support the idea 
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Figure 11.10  Aquaporin-2 (AQP2) follows a transcytotic pathway before apical membrane delivery.  From vesicles  in  the perinuclear 
region (PNR), probably originating from the trans-Golgi network, AQP2 can be delivered to the basolateral plasma membrane before reaching 
the apical surface of epithelial cells. From there, it is retrieved by clathrin-mediated endocytosis into Rab5-positive endosomes (green), which 
move in a microtubule (MT)-dependent manner to the PNR and ultimately to Rab11-positive apical recycling endosomes (AREs, purple). These 
Rab11-positive vesicles are involved in recycling AQP2 constitutively to and from the apical plasma membrane. The endocytotic branch of this 
recycling pathway  is  inhibited by  the methyl-β-cyclodextrin  treatment shown  in Figure 11.9,  resulting  in cell surface accumulation of AQP2. 
The physiologic stimulus, vasopressin (AVP), increases apical AQP2 expression in two ways. It increases exocytosis from the Rab11 compart-
ment and also  inhibits  clathrin-mediated endocytosis of AQP2  from  the apical plasma membrane. The delivery of AQP2  to  the basolateral 
membrane of collecting duct principal cells may be important for collecting duct tubulogenesis,166 whereas apical AQP2 is necessary for urine 
concentration. (From Yui N, Lu HA, Chen Y, et al: Basolateral targeting and microtubule-dependent transcytosis of the aquaporin-2 water channel. 
Am J Physiol Cell Physiol 304:C38-C48, 2013.)
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fusion. Several additional SNARE proteins, including syn-
taxin 7, syntaxin 12, and syntaxin 13, were identified in a 
proteomic screen using vesicles immunoisolated using anti-
AQP2 antibodies.227 However, such isolated vesicles repre-
sent a mixed population that contain AQP2 but are not all 
in the exocytotic pathway. A study using small interfering 
RNA has shown that VAMP-2, VAMP-3, syntaxin 3, and 
SNAP23 are a complementary set of SNAREs responsible for 
AQP2-vesicle fusion into the apical plasma membrane, and 
Munc18b is a negative regulator of the SNARE complex.280 
Finally, VAMP-8–null mice have hydronephrosis, and AQP2 
exocytosis is impaired in VAMP-8–null CD cells.281 This study 
also showed that VAMP-8 interacts with both syntaxin 3 and 
syntaxin 4.

LONG-TERM REGULATION OF  
WATER BALANCE

The actions of AVP on the kidney CD are mediated by two 
different but convergent mechanisms. As described earlier, 
AVP-mediated short-term regulation of CD water permeabil-
ity is highly dependent on AQP2 trafficking events. Of equal 

importance are the effects of long-term AVP exposure. Pro-
longed dehydration increases urinary concentrating ability 
to a similar extent as acute AVP treatment,282 whereas 
chronic water loading reduces urinary concentrating capac-
ity. The consequences of long-term dehydration are complex 
and probably result from numerous adaptational changes. 
For example, in addition to changes in circulating AVP 
levels, dehydration alters circulating levels of glucocorti-
coids and prostaglandins, in addition to causing adapta-
tional changes in the kidney, such as reducing glomerular 
filtration rate. However, one aspect of long-term regulation 
can be ascribed to changes in CD water permeability. Lank-
ford and colleagues demonstrated that isolated perfused 
CDs isolated from water-restricted rats displayed a much 
higher AVP-stimulated osmotic water permeability than 
tubules from water-loaded rats,283 suggesting an adaptation 
in CD principal cells. One such adaptation is that AQP2 
expression markedly increases in response to water restric-
tion with a greater abundance of AQP2 in the apical plasma 
membrane,109 and long-term AVP exposure results in 
increased abundance of several forms of phosphorylated 
AQP2.103,210,284 It was shown that the cAMP responsive 
element pathway is involved in the initial rise in AQP2 levels 
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after DDAVP stimulation, but not in the long-term effect of 
DDAVP.145 Instead, long-term regulation of AQP2 may 
involve the activation of Epac. In addition, both AVP-
dependent and AVP-independent pathways probably play a 
role in these changes,111,285-288 with evidence suggesting that 
both secretin289 and oxytocin290,291 are important for AVP-
independent AQP2 translocation and expression. Also, the 
long-term effects of AVP on medullary hyperosmolality 
should not be underestimated, because extracellular tonic-
ity, through activation of the tonicity-responsive enhancer–
binding protein, increases AVP-induced AQP2 transcription 
and subsequent whole-cell AQP2 abundance.292

ACQUIRED WATER BALANCE DISORDERS

In addition to the rare hereditary forms of NDI, resulting 
in the inability of the kidney to respond to AVP and produce 
a concentrated urine, acquired forms of NDI occur much 
more frequently and arise as a consequence of drug treat-
ments, electrolyte disturbances, and urinary tract obstruc-
tion (Table 11.1). These conditions are discussed extensively 
in other chapters, and only an overview is provided here.

In most manifestations of acquired NDI, dysregulation of 
AQP2, either in terms of protein abundance or in AQP2 
membrane targeting, plays a fundamental role in the devel-
opment of polyuria.70,293 Quantitative data on AQP2 levels 
in various experimental conditions resulting in acquired 
NDI are summarized in Figure 11.11. Downregulation of 
AQP2 observed in acquired NDI is most likely the primary 
cause of the NDI, rather than being a secondary event (e.g., 
as a consequence of the increased urine production or 
reduction in interstitial osmolality). For example, in models 
of hypokalemic and lithium-induced NDI, the changes in 
AQP2 expression in the kidney cortex are identical to those 
seen in the inner medulla,294-296 which indicates that inter-
stitial tonicity is not a major factor. Moreover, washout of 
the medullary osmotic gradient for 1 or 5 days using the 
loop diuretic furosemide has no effect on AQP2 expres-
sion,288,296 which indicates that high urine flow in itself is not 
responsible for the reduced AQP2 expression in experimen-
tal NDI. Here, we summarize a number of causes of acquired 
NDI, focusing on new developments in the field and poten-
tial new strategies for NDI treatment that have arisen from 
experimental research. Readers are directed toward other 
chapters of this book or extensive review articles98 for further 
information.

LITHIUM TREATMENT

Approximately 0.5% of the Western population is currently 
receiving lithium therapy for treatment of bipolar affective 
disorders.297 Unfortunately, up to 40% of treated individuals 
develop NDI as a side effect.298 Lithium treatment can result 
in a reduced capacity to concentrate urine as early as 8 
weeks after onset of treatment, with prolonged use (over 10 
years) being linked to chronic kidney disease in some 
patients.

Lithium is filtered and reabsorbed by the kidney similarly 
to sodium and can enter the CD principal cells. AQP2 
expression in principal cells is greatly decreased by lithium 
treatment (Figure 11.12). Several sets of data indicate that 
lithium exerts its effects by entering principal cells through 

Table 11.1 Physiologic or Pathophysiologic 
Conditions Associated with  
Altered Abundance and/or  
Targeting of Aquaporin-2

Reduced Abundance  
of AQP2

Increased Abundance  
of AQP2

With Polyuria With Expansion of 
Extracellular Fluid Volume

Genetic defects Vasopressin infusion (SIADH)
  Brattleboro rats (central DI) Congestive heart failure
  DI +/+ Severe mice (low 

cAMP)
Hepatic cirrhosis (CCl4-

induced noncompensated)?
  AQP2 mutants (human)
  Vasopressin type 2 receptor 

variants (human)*

Pregnancy

With Polyuria

Acquired NDI (rat models) Osmotic diuresis (DM model 
in rat)  Lithium treatment

  Hypokalemia
  Hypercalcemia
  Postobstructive NDI
    Bilateral
    Unilateral
Low-protein diet (urinary 

concentrating defect 
without polyuria)

Water loading (compulsive 
water drinking)

Chronic renal failure (5/6 
nephrectomy model)

Ischemia-induced acute 
renal failure (polyuric 
phase in rat model)

Cisplatin-induced acute renal 
failure

Calcium channel blocker 
(nifedipine) treatment (rat 
model)

Age-induced NDI

With Altered Urinary Concentration  
without Polyuria

Nephrotic syndrome models 
(rat models)

  PAN-induced
  Adriamycin-induced
Hepatic cirrhosis (CBL, 

compensated)
Ischemia-induced acute 

renal failure (oliguric phase 
in rat model)

*Reduced vasopressin type 2 receptor density has a profound 
effect on AQP2 targeting and expression.

AQP2, Aquaporin-2; cAMP, cyclic adenosine monophosphate; 
CBL, common bile duct ligation; CCI4, carbon tetrachloride; 
DI, diabetes insipidus; DM, diabetes mellitus; NDI, nephrogenic 
diabetes insipidus; PAN, puromycin aminonucleoside; SIADH, 
syndrome of inappropriate antidiuretic hormone secretion.
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In contrast to these effects in the CD, the use of connecting 
tubule–specific AQP2 knockout mice has demonstrated that 
the connecting tubule is not involved in the pathogenesis 
of lithium treatment.305

The mechanisms behind the onset of lithium-induced NDI 
and the molecular mechanisms behind lithium-induced 
effects on AQP2 have been long sought, but these mecha-
nisms are likely to be multifactorial.293 One hypothesis 
derived from early cell studies suggests that lithium causes 
decreased AQP2 transcription.144,306 Lithium-based interrup-
tion of normal AVP signaling and impaired cAMP produc-
tion would result in drastically reduced AQP2 expression 
levels and/or targeting.307-310 However, studies in mpkCCD 
cells contradicted this hypothesis and demonstrated that 
lithium decreases AQP2 transcription without changes in 

the epithelial sodium channel (ENaC). ENaC has a higher 
permeability for lithium than for sodium,299 the ENaC 
blocker triamterene increases lithium excretion,300 and it 
has been shown in rats301 and in a limited number of lithium-
NDI patients that blocking ENaC with amiloride signifi-
cantly reduces urine volume and increases urine osmolality.302 
In addition, in the mouse CD cell lines mCCDc11 and 
mpkCCD, co-incubation of lithium with the ENaC blockers 
amiloride or benzamil prevented the lithium-induced AQP2 
downregulation and decreased the intracellular lithium 
concentration,303 showing that ENaC is the major cellular 
entry pathway for lithium. Confirming the ENaC-mediated 
lithium entry pathway in CD principal cells, CD-specific α-
ENaC knockout mice do not demonstrate polyuria or a 
reduction in urine osmolality when treated with lithium.304 

Figure 11.11  Quantitation  of  aquaporin-2  (AQP2) 
levels  in  various  conditions  of  fluid  and  electrolyte 
imbalance, including acquired nephrogenic diabetes 
insipidus (NDI). DI, Diabetes insipidus. 

0

50

100

150

200

250

300

350

A
Q

P
2 

le
ve

ls
 (

%
 o

f c
on

tr
ol

 le
ve

ls
)

Con
tro

l

Cen
tra

l D
I

DI 
+/

+  m
ale

 m
ice

Lit
hiu

m
-N

DI

Hyp
ok

ale
m

ia

Hyp
er

ca
lce

m
ia

Pos
to

bs
tr.

 N
DI

Con
g.

 h
ea

rt 
fa

ilu
re

Pre
gn

an
cy

Polyuric conditions Water retent.

Figure 11.12  Effect of lithium (Li) treatment on aquaporin-2 (AQP2) expression and cellular composition of rat medullary collecting 
ducts. AQP2 levels in control rat kidneys (A, arrows) are considerably greater than after treatment with lithium for 4 weeks (B), when levels of 
AQP2 fall dramatically, and some principal cells (PCs) show little or no immunoperoxidase staining. In parallel, the number of PCs is reduced 
in collecting ducts of lithium-treated rats, whereas the number of intercalated cells is increased (not shown).383 CCD, Cortical collecting duct. 
(Figure courtesy Soren Nielsen, Aarhus University, Aarhus, Denmark.)

A BControl Li

CCD

10 �m

CCD

http://www.myuptodate.com


 CHAPTER 11 — THE CELL BIOLOGy OF VASOPRESSIN ACTION 299

inhibitor prevents downregulation of AQP2 and reduces 
postobstructive polyuria.332 The renin-angiotensin system is 
also involved in the pathophysiologic changes of BUO,333 
and angiotensin II type 1 receptor blockade prevents  
downregulation of NaPi2, NKCC2, and AQP2 following 
BUO release.334 In contrast to BUO, unilateral ureteral 
obstruction does not result in changes in the absolute  
excretion of water and solute, because the nonobstructed 
kidney is able to compensate.328,330 However, there is still 
a pronounced reduction in AQP1 to AQP4 in the obstructed 
kidney, suggesting that local factors, such as prostaglandins, 
may play a role.332,334 Inflammatory cytokines have also 
been implicated in ureteral obstruction,335 and α-melanocyte–
stimulating hormone treatment of rats with ureteral 
obstruction or release of obstruction markedly prevents the 
downregulation of several aquaporins and sodium 
transporters.336

ACUTE AND CHRONIC RENAL INJURY

As discussed in detail in Chapter 16, polyuria and impaired 
urinary concentration are seen in patients with acute and 
chronic renal injury. In both conditions, various abnormali-
ties contribute to the renal dysfunction. A widely used 
experimental animal model for acute kidney injury (AKI) is 
ischemia and reperfusion,337,338 which are a major cause of 
AKI in humans.338 AKI is complicated by defects of both 
water and solute reabsorption in the proximal tubule and 
CD,339-341 where AQP1 expression and AQP2 and AQP3 
expression are decreased in AKI, respectively.342 Hemor-
rhagic shock–induced AKI is also associated with decreased 
expression of AQP2 and AQP3.343 In patients with chronic 
kidney disease (CKD), administration of AVP has no effect 
on the dilute urine, suggesting a defect in the receptor 
response.344 Rat models of CKD have reduced AVPR2 
mRNA345 and downregulated AQP2 and AQP3 expression,346 
providing a molecular mechanism for the impaired concen-
trating function.

LIVER CIRRHOSIS AND CONGESTIVE  
HEART FAILURE

Hepatic cirrhosis and congestive heart failure (CHF) are 
just two conditions resulting in extracellular fluid expansion 
and hyponatremia due to sodium and water retention. In 
experimentally induced CHF, a marked increase in AQP2 
expression and apical targeting was observed.347,348 Admin-
istration of the V2R antagonist OPC 31260 (Mozavaptan) in 
this model significantly increases diuresis, decreases urine 
osmolality, and reduces the observed increase in AQP2 
levels, supporting the view that dysregulation of AQP2 plays 
a significant role in the development of water retention and 
hyponatremia in CHF. Interestingly, restoration of prestimu-
lation levels of the V2R on the surface of principal cells 
occurs within 30 minutes in CDs from CHF rats, compared 
to several hours in control rats.349 This implies that the V2R 
acquires the capacity to recycle rapidly (like the β2AR [see 
earlier]) in this experimental model, explaining the high 
sensitivity to AVP and the increased AQP2 expression levels 
in this condition. It should be emphasized that other mech-
anisms, including changes in NaCl transporter expression, 
are also likely to play a major role in the development of 

cAMP levels.144 Other factors involved in the effects of 
lithium on water balance could be altered PGE2 production 
or secretion, cyclo-oxygenase-2 (COX-2)–mediated signal-
ing, AVP-independent mechanisms, β-catenin–mediated 
gene transcription or glycogen synthase kinase type 3β–
mediated cell signaling.293,298,311,312 Thus, it is likely that the 
diuretic effect of lithium is not simply a direct effect on 
AQP2, but a complex cascade of events that results from 
alterations in various signaling pathways, cell death, cell 
proliferation, altered principal cell morphology, and cellu-
lar organization of the tubular system.310,313-316

Treatment strategies for lithium-induced NDI include 
treatment with thiazide and amiloride317,318 or modulation 
of the renin-angiotensin-aldosterone system via captopril 
(angiotensin-converting enzyme inhibitor), spironolactone 
(mineralocorticoid receptor blocker), or candesartan 
(angiotensin II receptor antagonist).293

ELECTROLYTE ABNORMALITIES: HYPOKALEMIA 
AND HYPERCALCEMIA

Hypokalemia and hypercalcemia are both associated with 
significant AVP-resistant polyuria.296,319 In rat models of 
hypokalemia the condition is associated with decreased 
AQP2 mRNA and protein expression.296,320 Besides AQP2, 
hypokalemia also decreases the expression of renal urea and 
sodium transporters in the distal nephron, which may con-
tribute to the urinary concentrating defect by reducing 
interstitial tonicity.321,322 Hypercalcemia decreases AQP2 
protein levels independently of AQP2 mRNA, suggesting 
that the effects are independent of AQP2 transcription and 
may result from increased AQP2 degradation or decreased 
AQP2 translation.

Hypercalcemia also affects AQP2 membrane targeting,323 
the expression levels of AQP1 and AQP3, and the AVP-
regulated Na-K-2Cl cotransporter type 2 (NKCC2) and renal 
outer medullary potassium324; probably all of these effects 
contribute to the decreased urine concentrating ability. The 
effects of hypercalcemia on AQP2 have been ascribed to 
activation of the apical calcium-sensing receptor (CaSR), 
which might be a defense mechanism to reduce the risk for 
calcium renal stone formation in states of high luminal 
calcium. Activation of the CaSR by high extracellular 
calcium antagonizes AQP2 translocation to the plasma 
membrane and AQP2 expression in cultured cells, which 
suggests that hypercalcemia-induced activation of the CaSR 
in vivo may have a similar effect, resulting in subsequent 
urine concentration defects.126,325-327

OBSTRUCTION OF THE URINARY TRACT

Chronic urinary outflow obstruction with impaired ability 
of the kidney to concentrate the urine is a common condi-
tion among elderly men. Moreover, acute obstruction in all 
age groups results in a similar concentrating defect. Several 
experimental animal models have been developed to study 
the physiology of this disorder. Experimental bilateral ure-
teral obstruction (BUO) for 24 hours results in dramatically 
reduced expression of AQP1 to AQP4, key sodium trans-
porters/channels, and urea transporters.328-330 BUO is associ-
ated with COX-2 induction and cellular infiltration of the 
renal medulla.331,332 Indeed, treatment with a specific COX-2 
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plasma membrane delivery of the L62P mutant is not influ-
enced by either peptide.364 The use of small nonpeptide 
compounds that also act as agonists have also been pro-
posed.365 However, despite their promise, there are several 
considerations that need to be addressed for the potential 
use of pharmacologic chaperones: (1) effects of chaperones 
are often significantly dependent on the nature of the muta-
tion,366,367 (2) if the compound is not a completely selective 
V2R agonist, side effects via other receptors may arise, (3) the 
need for sufficient receptor binding combined with easy 
release from the receptor may constitute a weak point in this 
treatment strategy, (4) stimulation of V2R by AVP promotes 
termination of the response by inducing receptor internal-
ization and its delivery to and degradation in lysosomes. In 
the presence of high levels of AVP, this could counteract the 
effect of the rescued receptor.

Another exciting approach for X-linked NDI (XNDI) 
treatment is the use of cell-permeable nonpeptide agonists, 
which do not necessarily have to elicit translocation of the 
V2R to the plasma membrane. For example, VA999088, 
VA999089, and OPC 51803 can enter the cell, reach the 
mutant V2R, and initiate a cAMP response and AQP2 trans-
location,366,368 because the V2R can signal even when on 
intracellular vesicles.25 However, some agonists (e.g., MCF14, 
MCF18, and MCF57) can also rescue membrane expression 
of the V2R and thus provide additional beneficial effects 
(e.g., antagonistic effects on β-arrestin recruitment that 
would downregulate V2R signaling).365

VASOPRESSIN RECEPTOR–INDEPENDENT 
MEMBRANE INSERTION OF AQUAPORIN-2—
POTENTIAL STRATEGIES FOR TREATING 
NEPHROGENIC DIABETES INSIPIDUS

Important progress has been made in the last few years in 
our understanding of intracellular signaling or alternative 
trafficking pathways that bypass the V2R-cAMP-PKA cascade, 
allowing membrane accumulation of AQP2 even in the 
absence of a functional V2R. This is especially important for 
the generation of novel strategies to alleviate the symptoms 
of X-linked NDI, in which a mutated V2R is defective for a 
number of reasons (see earlier). Renal principal cells in 
these patients may still produce AQP2, but the defective V2R 
signaling mechanism means that it does not accumulate at 
the cell surface to increase urine concentration upon an 
increase in circulating AVP levels. Later developments in 
understanding the cell biology of AQP2 trafficking have 
provided some hope that AQP2 can in fact accumulate at 
the cell surface independently of AVP signaling in CDs of 
these patients. Various treatment strategies have been exten-
sively reviewed,61,117 and an overview is provided here.

PHOSPHODIESTERASE INHIBITORS
Increasing either cyclic guanosine monophosphate (cGMP) 
or cAMP levels in principle will lead to increased AQP2 
phosphorylation and trafficking. Intracellular cGMP levels 
can be increased by sodium nitroprusside, L-arginine, and 
atrial natriuretic peptide. All these substances can increase 
AQP2 abundance in the apical plasma membrane.117,150,369 
The selective cGMP phosphodiesterase (PDE5) inhibitor 
sildenafil citrate (Viagra) prevents degradation of cGMP, 

sodium and water retention in CHF.350 Treatment of CHF 
rats with Losartan normalizes the levels of NKCC2 and 
AQP2, resulting in normalization of daily sodium excretion 
and partially improved renal function.

In experimental models of severe hepatic cirrhosis, AQP2 
protein abundance is greatly increased,351,352 whereas in 
models of compensated biliary hepatic cirrhosis AQP2 
expression is reduced.353 Thus it appears that, unlike in 
CHF, the changes in AQP2 levels vary considerably between 
different experimental models of hepatic cirrhosis. Concor-
dantly, some studies of cirrhosis patients have demonstrated 
greater AQP2 levels in the urine compared to control sub-
jects,354,355 whereas other studies have demonstrated no 
increase, or even a decrease, in urinary AQP2 in cirrhosis 
patients.355,356 Although an explanation for these differences 
remains to be determined, it is well known that the dysregu-
lation of body water balance depends on the severity of 
cirrhosis.293 Thus the downregulation of AQP2 observed in 
milder forms of cirrhosis may represent a compensatory 
mechanism to prevent development of water retention. In 
contrast, the increased levels of AVP seen in severe noncom-
pensated cirrhosis with ascites may induce an inappropriate 
upregulation of AQP2 that would in turn participate in the 
development of water retention.

NOVEL APPROACHES FOR X-LINKED 
NEPHROGENIC DIABETES INSIPIDUS THERAPY

Our increased understanding of V2R cell biology and signal-
ing pathways have led to the consideration and development 
of several potential therapeutic strategies for X-linked NDI. 
For example, the aminoglycoside antibiotic G418 (Geneti-
cin) promotes a cAMP response from a V2R mutant resulting 
from a premature stop codon.357 In the case of the most 
prevalent AVPR2 mutations (class II) that result in misfolding 
of the receptor and ER/Golgi retention, a variety of 
approaches to induce the cell surface delivery of mutated 
receptors (which may be functional) have been attempted. 
These include the use of chemical chaperones, such as glyc-
erol and dimethylsulfoxide, or drugs that modify cellular 
calcium levels, such as thapsigargin/curcumin or ionomycin. 
However, these approaches have had limited success with 
surface expression of only one V2R mutant (V206D) increased 
using these reagents.358 In contrast, the use of V2R antagonists 
to increase cell surface expression and functionality of 
mutant V2R protein seems more promising,359-361 with small, 
cell-permeable nonpeptide antagonists (e.g., satavaptan, lix-
ivaptan, mozavaptan, and tolvaptan) able to rescue the cell 
surface appearance of eight mutant receptors.360 Impor-
tantly, the antagonist SR49059, which was shown to be effec-
tive in three patients harboring the R137H V2R mutation, 
acts by improving the maturation and cell surface targeting 
of the mutant receptor.362 Furthermore, the pharmacologic 
V2R antagonist SR121463B resulted in greater maturation 
and surface expression of the V2R mutations V206D and 
S167T than chemical chaperones.358 However, when clini-
cally relevant drug concentrations are considered, high-
affinity nonpeptide antagonists such as OPC 31260 and OPC 
41061 are the best potential candidates to treat NDI.363 The 
alternative membrane-permeable peptides, penetratin and 
its synthetic analogue KLAL, could increase surface expres-
sion of the Y205C mutant that has a post-ER defect, whereas 
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simvastatin increased AQP2 trafficking in principal cells of 
Brattleboro rats in parallel with increased urine concentra-
tion (Figure 11.13),236 and fluvastatin increased AQP2 
expression and water reabsorption in mouse kidney in an 
AVP-independent manner.377 The molecular mechanism 
behind these effects is not fully understood but has been 
attributed to changes in prenylation of Rho family proteins 
that are involved in AQP2 trafficking and regulation of  
the cell cytoskeleton.236,377 Importantly, a later study 
demonstrated that atorvastatin administration significantly 
improved urinary concentration in BUO-induced NDI by 
reversing the downregulation of AQP2.378 Whether the 
effect of statins is specific for AQP2 or whether all other 
classes of membrane channels/transporters are influenced 
by statin treatment remains to be resolved.

PROSTAGLANDINS
Although PGE2 antagonizes AVP-induced water permeabil-
ity, PGE2 increases CD water permeability in the absence of 
AVP stimulation, probably via activation of its receptors EP2 
and/or EP4.379-381 Agonists specific for EP2 (butaprost) and 
EP4 (CAY10580) increase AQP2 trafficking in MDCK cells.153 
The EP4 agonist ONO-AE1-329 increased urine osmolality, 
decreased urine volume, and increased AQP2 expression in 
a mouse model for XNDI, whereas the EP2 agonist butaprost 
reduced urine volume and increased urine osmolality in rats 
treated with a V2R antagonist.153,220 Furthermore, long term, 
the ONO compound increased AQP2 protein abundance in 
XNDI.220 Together these data suggest that specific EP2 or 
EP4 agonist administration could be a promising treatment 
strategy for NDI.

HEAT SHOCK PROTEIN 90
Heat shock protein 90 (hsp90) is considered an ER-resident/
cytoplasmic “molecular chaperone” that aids proper folding 

resulting in increased membrane expression of AQP2 in 
vitro and in vivo.151 Sildenafil citrate also reduces polyuria 
in rats with lithium-induced NDI.370 In comparison, rolip-
ram, a PDE4 inhibitor, increased cAMP and AQP2 traffick-
ing in cell culture and urine osmolality in a mouse model 
of autosomal dominant NDI, whereas PDE3 and PDE5 inhib-
itors had no significant effects.371 However, rolipram treat-
ment of two male patients suffering from NDI due to V2R 
mutations did not result in any relief of symptoms.372

CALCITONIN AND SECRETIN
Calcitonin is a 32–amino acid linear polypeptide hormone 
that is produced in humans primarily by the parafollicular 
cells of the thyroid. Calcitonin acts via a seven transmem-
brane spanning (7TM) GPCR, which is coupled to Gαs and 
can increase intracellular cAMP levels. Calcitonin induces 
AQP2 membrane accumulation in vitro and in vivo via a 
cAMP-mediated mechanism.373,374 Secretin is another 
hormone that acts via a GPCR to increase cAMP and induce 
AQP2 membrane expression in principal cells.289 A study 
has combined secretin with fluvastatin (see also later) to 
ameliorate the symptoms of NDI in mice with X-linked 
NDI.375 Secretin may also influence AVP release from the 
hypothalamus, and defects in this regulation could be 
involved in some cases of syndrome of inappropriate secre-
tion of antidiuretic hormone secretion.376

STATINS
Statins inhibit the activity of 3-hydroxy-3-methylglutaryl–
coenzyme A reductase, which results in decreased biosyn-
thesis of cholesterol, and they are most commonly associated 
with treatment of hypercholesterolemia. Statins have also 
been proposed for treatment of NDI. Acute exposure to 
simvastatin, fluvastatin, or lovastatin increased apical  
membrane AQP2 in cultured cells.236,237,377 In addition, 

Figure 11.13  Statins increase urine concentration and reduce urine volume in vasopressin-deficient Brattleboro rats. Six-hour urine 
volumes produced by untreated, vasopressin-deficient  rats  (Ctr #1 to #3), compared to rats  treated with simvastatin  for 6 hours.  Inset, The 
actual urine specimens from these animals. (Adapted from Li W, Zhang Y, Bouley R, et al: Simvastatin enhances aquaporin-2 surface expression 
and urinary concentration in vasopressin-deficient Brattleboro rats through modulation of Rho GTPase. Am J Physiol Renal Physiol 301:F309-F318, 
2011.)
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of proteins.363 An hsp90 inhibitor (17-allylamino-17-deme-
thoxygeldanamycin) partially corrected NDI in a mouse 
model of autosomal recessive NDI in which the mutant, 
AQP2-T126M, was retained in the ER.382
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vitamin D3. This classification was based on observed effects 
of these hormones and has proven robust despite current 
appreciation of a much more diverse physiology of steroid 
hormones over and above their classical roles. In further 
support of this original classification is the characterization 
of six intracellular receptors (mineralocorticoid, MR; gluco-
corticoid, GR; androgen, AR; estrogen, ER; progestin, PR; 
vitamin D3, VDR). As further addressed later, it is now appre-
ciated that a one-to-one relationship between receptor and 
hormone does not hold, and this is particularly the case for 
MR. Aldosterone was isolated and characterized in 1953. 
Crucial for its isolation was the application of radioisotopic 
techniques to measure [Na+] and [K+] flux across epithelia 
in the laboratory of Sylvia Simpson, a biologist, and Jim Tait, 
a physicist.2,3 Because of this, the active principle was initially 
called electrocortin; the name was soon changed to aldosterone 
when its unique aldehyde (rather than methyl) group at 
carbon 18 was discovered in collaborative studies between 
investigators in London and Basel.4 Aldosterone is com-
monly depicted so as to highlight this aldehyde group 
(Figure 12.1, right). In vivo, the very reactive aldehyde 
group cyclizes with the β-hydroxyl group at carbon 11 to 
form the 11,18 hemiacetal and, in addition, may exist in an 
11,18 hemiketal form. This cyclization of the 11β-hydroxyl 
group protects aldosterone from dehydrogenation by the 
enzyme 11β-hydroxysteroid dehydrogenase in epithelial 
tissue, which enables it to activate epithelial MR and  
thus regulate ion transport at very low (subnanomolar) cir-
culating levels.5,6 There is broad evidence that aldosterone 
is not the only cognate ligand for MR, its essential effects 
via MR on epithelial ion transport notwithstanding. MR is 
found in high abundance in the hippocampus and cardio-
myocytes, and in such nonepithelial tissues—which lack 
11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2; see 
“11β-Hydroxysteroid Dehydrogenase Type 2” section)—are 
essentially constitutively occupied by glucocorticoids (corti-
sol in humans, corticosterone in rodents). This is due to the 
comparable affinity and markedly higher plasma free levels 
(≥100-fold) of glucocorticoids compared with those of 
aldosterone. In terms of evolution, MR appeared well  
before aldosterone synthase (e.g., in fish).7 It was commonly 
assumed that MR and GR share a common immediate evo-
lutionary precursor,8 although this has recently been chal-
lenged on sequence grounds,9 which implicate MR as the 

In mammals, the control of extracellular fluid volume and 
blood pressure is intimately intertwined with the regulation 
of epithelial ion transport. Aldosterone, which is essential 
for survival, is the central hormone regulating the relevant 
epithelial transport processes, particularly of ions such as 
Na+, K+, and Cl−. All circulating aldosterone is generated in 
the adrenal glomerulosa, where its synthesis and secretion 
are under the control of angiotensin II and potassium, and 
its major epithelial actions occur in the distal nephron and 
colon. The former extends from the late distal convoluted 
tubule (DCT) through the connecting segment and the 
entire cortical and medullary collecting ducts. These seg-
ments, rich in mineralocorticoid receptor (MR), are often 
referred to as the aldosterone-sensitive distal nephron (ASDN).1 
Most if not all effects of aldosterone are mediated by MR, a 
hormone-regulated transcription factor related closely to 
the glucocorticoid receptor and more distantly to other 
members of the nuclear receptor superfamily. The physio-
logic effects of aldosterone on epithelia entail direct gene 
regulatory actions of MR. Thus, a sound foundation for 
understanding aldosterone’s physiologic effects on the 
extracellular fluid, blood pressure, and electrolyte concen-
trations can be had through familiarity with MR-dependent 
effects on the transcription of various genes, which, in turn, 
alter epithelial ion transport. Aldosterone actions in certain 
disease states involve both genomic and nongenomic effects 
in both epithelial and nonepithelial tissues. This chapter 
addresses the cellular and molecular mechanisms underly-
ing aldosterone action, focusing primarily on its effects on 
ion transport in epithelia but also highlighting key aspects 
of nonepithelial actions, which are of particular importance 
to its pathophysiologic effects.

GENERAL INTRODUCTION TO 
ALDOSTERONE AND 
MINERALOCORTICOID RECEPTORS

Steroid hormones are derived from cholesterol and pro-
duced in systemically relevant amounts in a relatively narrow 
range of tissues (adrenal glands, gonads, placenta, and 
skin). In mammalian physiology, six classes of steroid hor-
mones are commonly recognized: mineralocorticoid, gluco-
corticoid, androgen, estrogen, progestin, and the secosteroid 

Figure 12.1  Final step in aldosterone synthesis. Note that the aldehyde form of aldosterone is shown. Most aldosterone (>99%) exists as 
the hemiacetal form, which is cyclized and does not allow access of 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) to the 11-hydroxyl. 
See text for details. 
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In most species, aldosterone synthase, or cytochrome 
P450 (CYP) enzyme 11B2, is responsible for the conver-
sion of deoxycorticosterone to aldosterone in a three-step 
process of sequential 11β-hydroxylation, 18-hydroxylation, 
and 18-methyl oxidation, to produce the characteristic C18-
aldehyde from which aldosterone derives its name (Figure 
12.2, left). Although CYP11B2 is distinct from CYP11B1 
(11β-hydroxylase) in most species,12,13 in some species (e.g., 
bovine), only a single CYP11B is expressed. How this enzyme 
is responsible for the three-step process of aldosterone syn-
thesis in the glomerulosa but not the fasciculata is yet to be 
determined.

Figure 12.2 also shows key steps in biosynthesis of cortisol 
to illustrate the overlap and similarities with that of aldoste-
rone. The genes encoding CYP11B1 and CYP11B2 lie  
close to one another on human chromosome band 8q24.3, 
so that an unequal crossing over at meiosis has been shown 
to be responsible for the syndrome of glucocorticoid-
remediable aldosteronism (now known as familial hyperal-
dosteronism type I), in which the 3′ end of the CYP11B1 is 
fused to the 5′ end of CYP11B2. The chimeric gene product14 
is expressed in the fasciculata and responds to adrenocorti-
cotrophic hormone (ACTH) with aldosterone synthesis, 
producing a syndrome of juvenile-onset hyperaldosteronism 
and hypertension.

Normal glomerulosa secretion of aldosterone is primarily 
regulated by angiotensin II in response to posture and acute 
lowering of circulating volume, to plasma [K+] in response 
to elevated potassium, particularly in settings of Na+ defi-
ciency,15 and to ACTH to the extent of entrainment of the 
circadian fluctuation in plasma aldosterone levels with those 
of cortisol. Aldosterone secretion is lowered by high levels 
of atrial natriuretic peptide and by the administration of 

first of the MR/GR/AR/PR subfamily to branch off an 
ancestral receptor. A final reason not to equate MR and 
aldosterone action derives from a comparison of the MR 
knockout and aldosterone synthase knockout (AS−/−) phe-
notypes. MR knockout mice (which lack all functional MR) 
cannot survive sodium restriction; AS−/− mice (which have 
no detectable aldosterone) survive even stringent sodium 
restriction but die when their fluid intake is restricted to 
that of wild-type animals.10 The survival of AS−/− mice on a 
low Na+ intake may reflect, in part, Na+ retention via renal 
tubular intercalated cells, in which MRs (not 11β-HSD2 pro-
tected) are activated by glucocorticoids in the context of 
high ambient angiotensin concentrations.10a,10b Their inabil-
ity to survive fluid restriction suggests an as yet poorly 
defined dependence on aldosterone for vasopressin action.11

ALDOSTERONE SYNTHESIS

Aldosterone is synthesized in the adrenal cortex, which has 
three functional zones. The outermost layer of cells repre-
sents the zona glomerulosa, which is the unique site of 
aldosterone biosynthesis. Cortisol is synthesized in the 
middle zone, the zona fasciculata, and the innermost zona 
reticularis secretes adrenal androgens in many species, 
including humans, but not in rats or mice. Normally the 
glomerulosa secretes aldosterone at the rate of 50 to 200 
µg/day, to give plasma levels of 4 to 21 µg/dL; in contrast, 
secretion of cortisol is at levels 200- to 500-fold higher. 
Underlying the separate synthesis of cortisol and aldoste-
rone is expression of the enzyme 17α-hydroxylase uniquely 
in the zona fasciculata and that of aldosterone synthase 
uniquely in the glomerulosa.

Figure 12.2  Overview of aldosterone synthetic pathway showing key regulatory nodes. Note that adrenocorticotropic hormone (ACTH), 
angiotensin II (Ang II), and K+ regulate steroidogenic acute regulatory protein (StAR), which stimulates cholesterol uptake by mitochondria and 
thus substrate availability for synthesis of all of the steroid hormones. Aldosterone synthase (AS; gene name CYP11B2), which is selectively 
expressed in the adrenal glomerulosa, mediates the final step in aldosterone synthesis. It is also regulated by Ang II and K+. Aldosterone syn-
thesis  is  shown  on  the  left.  Cortisol  synthesis  is  also  shown  (right)  to  emphasize  the  interconnections  and  similarities  between  these 
pathways. 
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receptor superfamily appears to have both genomic and 
nongenomic actions; however, the latter do not appear to 
play a significant role in the control of epithelial ion trans-
port. This section thus focuses exclusively on the function 
of MR as a hormone-regulated transcription factor.

MINERALOCORTICOID RECEPTOR FUNCTION  
AS A HORMONE-REGULATED TRANSCRIPTION 
FACTOR: GENERAL FEATURES AND  
SUBCELLULAR LOCALIZATION

In the presence of agonists, MR binds to specific genomic 
sites and alters the transcription rate of a subset of genes. 
Figure 12.3 shows the fundamental paradigm of MR func-
tion. All nuclear receptors shuttle in and out of the nucleus; 
however, in the absence of hormone, some, such as the estro-
gen and the vitamin D receptors, are predominantly nuclear, 
whereas others, like GR, are almost exclusively cytoplasmic. 
In the absence of hormone, MR is distributed relatively 
evenly between nuclear and cytoplasmic compartments, but 
in the presence of hormone, it is highly concentrated in the 
nucleus (Figure 12.4).27,28 It is also notable that in addition 
to this marked change in MR cellular distribution, its sub-
nuclear organization and protein-protein interactions are 
also changed.28 Like its close cousin the GR, the unliganded 
MR (in the absence of hormone) is complexed with a set of 
chaperone proteins, which include the heat shock proteins 
hsp90, hsp70, and hsp56, and immunophilins.29,30 This chap-
erone complex is essential for several aspects of MR func-
tion, notably high-affinity hormone binding and trafficking 
to the nucleus.30 It was thought for many years that after 
binding hormone, the hsp90-containing chaperone complex 
is jettisoned. However, it has become clear that this complex 

heparin, somatostatin, and dopamine. As yet, incompletely 
characterized molecules of adipocyte origin have been 
shown to stimulate aldosterone secretion in vitro, and  
roles in the metabolic syndrome have been proposed on  
this basis.16

Angiotensin and plasma [K+] stimulate aldosterone secre-
tion primarily by increasing the expression and activity of 
key steroidogenic enzymes as well as the steroidogenic acute 
regulatory protein (StAR).17 StAR is required for cholesterol 
transport into mitochondria and hence is available for 
steroid synthesis.18 Regulated steroidogenic enzymes include 
side-chain cleavage enzyme, 3β-hydroxysteroid dehydroge-
nase, and, most notably, aldosterone synthase, which medi-
ates the final step in aldosterone synthesis. Common to the 
mechanism of stimulation by angiotensin II and [K+] is 
elevation of intracellular [Ca2+]. Angiotensin activates angio-
tensin type I receptors in the glomerulosa cell membrane, 
which in turn activate phospholipase C. Elevated [K+] 
increases intracellular [Ca2+] by depolarizing the cell mem-
brane and activating voltage-sensitive Ca2+ channels.19,20 Sub-
sequently, the pathways diverge, with the [K+] effect but not 
the angiotensin effect dependent on Ca2+/calmodulin 
kinase. Patients taking angiotensin-converting enzyme 
inhibitors or angiotensin receptor blockers usually show a 
degree of suppression of aldosterone secretion, reflected in 
a modest (0.2 to 0.3 mEq/L) elevation in plasma [K+]. This 
is often sufficient to establish a new steady state, with plasma 
aldosterone levels rising into the normal range, a process 
best termed breakthrough rather than escape, given the time-
honored usage of the latter for escape from progression of 
the salt and water effect of mineralocorticoid excess in the 
medium and long term.21

Recent data have shed new light on the regulation of 
aldosterone production by the adrenal glomerulosa in 
health and disease. Choi and associates found recurrent 
somatic mutations in the K+ channel Kir3.4 (encoded by the 
gene KCNJ5), which were present in more than a third of 
human aldosterone-producing adenomas studied.22 These 
mutations increased Na+ conductance through Kir3.4 and 
resulted in increased Ca2+ entry and enhanced aldosterone 
production and glomerulosa cell proliferation. Interest-
ingly, an inherited mutation in KCNJ5 is associated with 
hypertension associated with marked bilateral adrenal 
hyperplasia (now known as familial hyperaldosteronism 
type III [FH-III]).23 These findings suggest that KCNJ5 may 
provide tonic inhibition of aldosterone production and glo-
merulosa cell proliferation. In glomerulosa cells harboring 
the mutant channel, both proliferation rate and aldoste-
rone synthesis are increased. These initial studies have been 
continued and extended by a much wider survey by Boulk-
roun and colleagues24; more recently, less common but simi-
larly somatic mutations in the adrenal cortex (ATP1A1, 
ATP2A3, CACNA1D) have been associated with hyperaldos-
teronism caused by adrenal adenomas.25,26

MECHANISMS OF  
MINERALOCORTICOID RECEPTOR 
FUNCTION AND GENE REGULATION

Mammals cannot survive without MR, except with substan-
tial NaCl supplementation. This member of the nuclear 

Figure 12.3  General mechanism of aldosterone action through 
the mineralocorticoid receptor (MR). This simple schematic shows 
the general features of MR regulation of a “simple” hormone response 
element (HRE), common to a large subset (but not all) of aldosterone-
stimulated genes. Note that in the absence of hormone, MR is found 
in both nucleus and cytoplasm (see Figure 12.4). Aldosterone triggers 
nuclear translocation of cytoplasmic MR, binding as a dimer to HREs, 
and  stimulation  of  transcription  initiation  complex  formation  (arrow 
upstream of  “protein  coding gene” defines  the  site of  transcription 
initiation). See text for further details. 
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Figure 12.4  Time-dependent nuclear translocation of the mineralocorticoid receptor (MR) in the presence of aldosterone. Cultured 
cells expressing green fluorescent protein–MR fusion protein (GFP-MR) were grown in a steroid-free medium and treated with 1 nmol/L aldos-
terone. Translocation of GFP-MR was followed in real time, and images were captured at indicated times. It is notable that nuclear accumulation 
of GFP-MR started within 30 sec, was half-maximal  at  7.5 min,  and was complete by 10 min. Control: MR distribution prior  to addition of 
aldosterone.  (From Fejes-Toth G, Pearce D, Naray-Fejes-Toth A: Subcellular localization of mineralocorticoid receptors in living cells: effects of 
receptor agonists and antagonists, Proc Natl Acad Sci U S A 95[6]:2973-2978, 1998, Figure 3.)

10 �m

remains associated with the receptor and plays an important 
role in nuclear trafficking.29 Several members of the immu-
nophilin family, including FKBP52, FKBP51, and CyP40, are 
present in the chaperone complex and provide a bridge 
between hsp90 and the cytoplasmic motor protein dynein, 
which moves the receptor-hsp90 complex retrogradely along 
microtubules to the nuclear envelope.30 Here, the receptor 
is handed off to the nuclear pore protein, importin-α, and 
translocated into the nucleus, where it functions as a tran-
scription factor, stimulating transcription of certain genes 
and repressing the transcriptional activity of others. In the 
regulation of ion transport, stimulation of key target genes 
is paramount. Transcriptional repression may be essential 
for effects in nonepithelial cells, including neurons, cardio-
myocytes, smooth muscle cells, and macrophages.31

DOMAIN STRUCTURE OF  
MINERALOCORTICOID RECEPTORS

The MRs of all vertebrates are highly conserved. There are 
only minor differences between MRs in rodents and MRs in 

humans.31 In general, the steroid and nuclear receptors 
have been divided into three major domains (Figure 12.5): 
(1) an N-terminal transcriptional regulatory domain, (2) a 
central DNA-binding domain (DBD), and (3) a C-terminal 
ligand/hormone-binding domain (LBD). Each of these 
broadly defined domains has more than one function, and 
not all of the functions can be neatly assigned to separate 
distinct domains; however, much of what MRs do can be 
understood from this point of view. In the following sec-
tions, the domains are described roughly in the historical 
order in which they were characterized, which also parallels 
the clarity of functional and structural knowledge about 
them.

DNA-BINDING DOMAIN
The sine qua non of MR function as a transcription factor 
is its ability to bind specifically to DNA. This protein-DNA 
interaction is mediated by the receptor’s compact modular 
DBD (amino acids 603 to 688 of human MR; Figure 12.5 
shows a strip diagram and two-dimensional structure), 
which forms a variety of contacts with a specific 15-nucleotide 
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Figure 12.5  Domain structure of the mineralocorticoid receptor (MR). Three major domains have been defined, which are common to all 
steroid/nuclear receptors. Further refinements have led some to use a six-letter system, which is shown; however, this adds little to the under-
standing of receptor structure or function, and the authors prefer the three global domain system. These large receptor sections should not 
be confused with the many small functional domains that have been identified, as discussed in the text. The size and amino acid designations 
used here are for rat MR (981 amino acids total); they apply with minor variations to human MR (984 amino acids total). A, Strip diagram of 
MR. N terminus is to the left, C terminus to the right. B, Schematic of MR DNA-binding domain (DBD), showing the two zinc fingers, and the 
positions of the coordinating Zn ions. Boxed region is the α-helix, which intercalates into the major groove of the DNA and provides the major 
protein-DNA interaction contacts. The dimerization interface comprises amino acids within the second zinc finger, which form van der Waals 
and salt bridge interactions. LBD, Ligand/hormone-binding domain. 

DNA sequence termed a hormone response element (HRE). 
Receptor binding to the HRE in the vicinity of regulated 
genes promotes the recruitment of coactivators and compo-
nents of the general transcription machinery, such as the 
TATA-binding protein, which binds to the thymidine- and 
adenosine-rich DNA sequence found upstream of many 
genes and is required for correct transcription initiation. 
These types of HREs have been identified near or in many 
of the key MR-regulated genes, such as serum- and 
glucocorticoid-regulated kinase 1 (SGK1), glucocorticoid-
induced leucine zipper (GILZ), and amiloride-sensitive 
sodium channel subunit α (α ENaC). Although in many 
cases, differential binding to HREs is a key determinant of 
the specificity of many transcription factors, it should be 
noted that some steroid receptors (notably MR and GR) 
have only minor (<10%) differences within this domain and 
have identical DNA-binding properties.32 Specificity in these 
cases is determined through other mechanisms.31,33

The canonical MR HRE is a 15-nucleotide sequence that 
forms a partial palindrome (inverted repeat), which binds 
a receptor homodimer. A dimer interface embedded within 
the DBD is essential for MR to form these requisite homodi-
mers, as well as to form heterodimers with GR.34,35 Mutations 
that disrupt this interface have complex effects on receptor 
activity in animals36 and cultured cells,37 and similar muta-
tions in other receptors (AR in particular) result in disease 
states.38 Also, in at least one kindred of the autosomal domi-
nant form of pseudohypoaldosteronism type I, an MR DBD 
mutation appears to be causative, although the mechanistic 
basis has not been elucidated.39

In addition to supporting DNA binding and dimerization, 
the DBD also harbors a nuclear localization signal,40,41 as 
well as surfaces that contact distant parts of the receptor and 
that mediate interactions with other proteins, as has been 
shown for GR and, in some cases, MR.42-44

LIGAND/HORMONE-BINDING DOMAIN
The MR LBD comprises amino acids 689 to 981 (see Figure 
12.5A). Like the DBD, the LBD has multiple functions: in 
addition to binding with high affinity to various MR agonists 
and antagonists, it also harbors interaction surfaces for 
coactivators, dimerization, and N-C interactions.45-47 MR is 
distinct from GR in that it binds with equal, high affinity to 
cortisol, corticosterone (the physiologic glucocorticoid  
in rats and mice), and aldosterone. Indeed, as discussed 
later, MR appears to function as a high-affinity glucocorti-
coid receptor in some tissues, including the brain and  
the heart.

High-resolution representations of the crystal structures 
of wild-type and mutant MR have identified the structural 
features of the LBD and specific amino acid contacts 
involved in binding to the mineralocorticoid desoxycortico-
sterone (Figure 12.6).48,49 Key features include the follow-
ing: (1) The LBD of MR, like that of other nuclear receptors, 
is arranged into 11 α-helices and four small β-strands. (2) 
The C-terminal α-helix, H12, contains the activation func-
tion AF2. (3) Ligand is deeply embedded into a pocket 
comprising α-helices H3, H4, H5, H7, and H10, and two 
β-strands; numerous contacts are made between amino 
acids of the pocket and the hormone. This accounts for the 
slow off rate and high affinity of aldosterone, corticoste-
rone, and cortisol for MR.48 The crystal structure of the 
mutant (S810L) MR, in which progesterone acts as an 
agonist rather than an antagonist,50 reveals that H12 is sta-
bilized with AF2 in the active conformation.49 The crystal 
structure of wild-type MR LBD also provides insight into the 
mechanisms underlying some forms of pseudohypoaldoste-
ronism type I. Notably, MR/S810L has an LBD mutation in 
helix 5, which is predicted to disrupt interaction with the 
steroid ring structure,51 whereas Q776R and L979P have 
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Figure 12.6  Mineralocorticoid receptor (MR) ligand/hormone-binding domain (LBD) crystal structure. Structure of the MR LBD bound 
to corticosterone and coactivator peptides (SRC1-4). A and B, Two views of the complex (rotated by 90 degrees about the vertical axis) are 
shown in ribbon representation. MR is colored in gold and SRC1-4 peptide in yellow. Corticosterone, which binds MR with an affinity compa-
rable to that of aldosterone, is shown in ball and stick representation. Note that hormone is located in a deep pocket formed by helices 3, 5, 
and 7 (H3, H5, and H7), which explains the slow off rate and high affinity. C, Sequence alignment of the human MR LBD with other steroid 
hormone receptors (GR, glucocorticoid; AR, androgen; PR, progesterone; and ER, estrogen). Residues that form the steroid-binding pockets 
are  shaded  in gray. Key  structural  features  for  the binding of SRC peptides are noted with stars,  and  the  residues  that determine MR/GR 
hormone specificity are  labeled by arrowheads. See Li and others381  for further details.  (From Li Y, Suino K, Daugherty J, et al: Structural and 
biochemical mechanisms for the specificity of hormone binding and coactivator assembly by mineralocorticoid receptor. Mol Cell 19:367-380, 2005.)
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been demonstrated to have markedly reduced aldosterone 
binding.39 Structural analysis reveals that Q776 is located in 
helix H3 at the extremity of the hydrophobic ligand-binding 
pocket and anchors the steroid C3-ketone group.

MR binds cortisol and corticosterone with an affinity 
similar to that of aldosterone. 11β-HSD2 is an essential 
determinant of aldosterone specificity, through its effect  
in metabolizing glucocorticoids to their receptor-inactive 

keto-congeners in collecting duct principal cells, as dis-
cussed later. In tissues that do not coexpress 11β-HSD2, the 
physiologic ligand for MR is cortisol (corticosterone in rats 
and mice).52-54 The extent to which such “unprotected” MR 
can be pathophysiologically activated in aldosterone excess 
states is discussed in the “Primary Aldosteronism” section 
under “Disease States” and in the “Nonepithelial Actions of 
Aldosterone” section.
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REGULATION OF SODIUM ABSORPTION 
AND POTASSIUM SECRETION

GENERAL MODEL OF ALDOSTERONE ACTION

Aldosterone enters the cell passively, binds to MR, triggers 
changes in gene transcription (as addressed in the “Mecha-
nisms of MR Function and Gene Regulation” section), and 
potentially has nongenomic effects. Aldosterone effects in 
the ASDN have been divided into three major phases: latent, 
early, and late.1 This designation goes back to the early 
observations by Ganong and Mulrow that after aldosterone 
infusion into experimental animals, no effect was observed 
for at least 15 to 20 minutes.68 A similar delay was observed 
in isolated epithelia.69 The early phase, which is now known 
to involve primarily MR-dependent regulation of signaling 
mediators such as SGK1, culminates in increased apical 
localization—and possibly increased probability of the open 
state—of ENaC. In the late phase, aldosterone stimulates 
transcription of a variety of effector genes, including those 
that encode components of the ion transport machinery, 
notably the ENaC and Na+-K+–adenosine triphosphatase 
(Na+-K+-ATPase) subunits. The major direct effect is to 
increase Na+ reabsorption, which is accompanied variably 
by Cl− reabsorption and/or K+ secretion, and ultimately 
water reabsorption. Aldosterone’s actions in the principal 
cells of the connecting segment and collecting duct (Figure 
12.7) are of primary significance; however, it also has been 
shown to influence fluid and electrolyte transport in other 
tubule segments, as well as in other organs. These actions 
of aldosterone can be surmised from the clinical features of 
individuals with aldosterone-secreting tumors; they have 
volume expansion with high blood pressure and are com-
monly (≈50%) hypokalemic.70,71 In general, the effects of 
aldosterone on Na+ absorption and K+ secretion work 
together. However, there are ways that these actions can be 
separated, as discussed later.

The two basic cell processes that aldosterone regulates—
Na+ absorption and K+ secretion—are depicted in Figure 
12.7. Most aspects of this mechanism are relevant to the 
various aldosterone target tissues.

Na+-K+-ATPase, located on the basolateral membrane 
(blood side), establishes the essential electrochemical gra-
dients that drive ion transport (see Chapters 5 and 6). The 
most important, rate-limiting step is that of Na+ entry into 
the cell via the epithelial Na+ channel, ENaC. The discovery 
of the molecular composition of ENaC in 199372,73 opened 
the door to understanding how aldosterone functions to 
regulate this critically important ion channel. Most Na+ 
transporters are encoded by a single gene product. In con-
trast, ENaC is composed of three similar but distinct sub-
units, each encoded by a unique gene. All three subunits 
come together (the stoichiometry is controversial) to form 
an ion channel with unique biophysical characteristics, the 
most striking of which is the relatively long time it stays open 
or closed.74 The complete loss of any one of these subunits 
in mice is incompatible with life.75-77

The entry of Na+ into the cell via ENaC in the apical 
membrane is the rate-limiting step in both Na+ absorption 
and K+ secretion.78 Na+ enters the cell down a steep electro-
chemical gradient; intracellular [Na+] is approximately 

N-TERMINAL DOMAIN

As its noncommittal name implies, the N-terminal region of 
MR has diverse functions, which appear to revolve primarily 
around protein-protein interactions and recruitment of 
coactivators and corepressors. It has two potent transcrip-
tional regulatory motifs, usually termed AF1a and AF1b.45,55 
This domain bears some functional and sequence similarity 
to the homologous region of GR and is capable of stimulat-
ing gene transcription when fused to an unrelated DBD.45 
Overall, however, MR and GR differ markedly in the 
N-terminal domain, and this region of the receptor is a 
central determinant of specificity.56 Recent evidence sup-
ports the idea that this domain has functional sequences 
that limit receptor activity through recruitment of corepres-
sors, in addition to transcriptional activation functions.44,57 
Its role in coactivator and corepressor recruitment is 
addressed further in the following section.

MINERALOCORTICOID RECEPTOR REGULATION 
OF TRANSCRIPTION INITIATION: COACTIVATORS 
AND COREPRESSORS

The major mechanism of MR action is its effects on transcrip-
tion initiation; however, there may also be effects on tran-
script elongation.58,59 Much has been learned about the 
generation of an initiation complex and the particular roles 
that steroid receptors play in this process. Several review 
articles and book chapters provide in-depth examinations of 
the biochemistry of the general transcription machinery, 
transcription initiation, promoter escape, and processive 
elongation.60-62 Most of the coactivators identified so far inter-
act with the C-terminal AF2 domain and include the proto-
typical GRIP1/TIF2 and SRC,63,64 which sequentially recruit 
a series of different components of the transcriptional 
machinery and result in the formation of a preinitiation 
complex (PIC). This PIC includes all of the key components 
of the transcription machinery, including RNA polymerase 
II. A detailed picture of MR-dependent PIC formation has 
not been obtained. However, the general features are likely 
similar to those for ER65 and involve the sequential recruit-
ment by the receptor of (1) chromatin-remodeling SWI/SNF 
and CARM1/PRTM1 proteins, which promote chromatin 
remodeling and initiation of complex formation; (2) histone 
acetylase CBP/P300 (cyclic adenosine monophosphate 
[cAMP]–responsive element–binding protein), which pro-
motes an active chromatin conformation61; and (3) direct or 
indirect recruitment of the TATA-binding protein and other 
components of the general transcription machinery.65

The aforementioned mechanisms are generic and are 
used by many transcription factors, including all steroid 
receptors, through interactions with the C-terminal AF2 
domain. The N-terminal region of MR, which harbors the 
AF1 domain, diverges from the other steroid receptors, and 
recent evidence has identified coregulators that interact 
selectively with this receptor domain. ELL (eleven-nineteen 
lysine-rich leukemia factor) is a coactivator for MR that 
specifically interacts with AF1b and assists in PIC forma-
tion.58 It was originally identified as an elongation factor, 
and it may also affect transcript elongation. Other specific 
coregulators include the synergy inhibitory protein PIAS1,57 
Ubc9,66 and p68 RNA helicase.67
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efforts to manipulate mediators of the early phase (through 
overexpression and knockdown experiments) have been 
evaluated after prolonged alteration. Nevertheless, there is 
some heuristic value in considering early and late phases of 
aldosterone action separately.

In cultured collecting duct cells deprived of corticoste-
roids and then exposed to high concentrations of aldoste-
rone, an increase in ENaC-mediated Na+ transport can 
be observed in well under an hour, which is consistent  
with animal studies.68,81 Na+ transport continues to increase 
for 2 to 3 hours, then plateaus for a few hours, and  
then gradually increases over the next several hours. After 
12 hours of exposure to saturating aldosterone concentra-
tions, the increase in ENaC activity is near maximal. The 
molecular basis for this increase in ENaC activity has been 
intensively investigated, and several key events are now 
apparent.

For aldosterone to increase ENaC activity, a change in 
gene transcription must occur. One of the earliest response 
genes is SGK1.82-84 This discovery has had a major impact on 
the direction of research on aldosterone action, and this 
gene is addressed separately—together with its major target, 
Nedd4-2—later in this chapter. SGK1 is particularly impor-
tant for the early actions of aldosterone.85,86 An important 
consideration in evaluating our understanding of this 
molecular pathway is that the genetic disease Liddle’s syn-
drome provided the first clues that the C-terminal portions 
of the ENaC subunits were essential in regulating ENaC 
surface expression87,88 (see Chapter 45).

ALDOSTERONE AND EPITHELIAL SODIUM 
CHANNEL TRAFFICKING

The major action of aldosterone is to increase the number 
of functional ENaC units on the apical membrane. This 
process can involve an increase in the number of channel 
complexes on the surface, or activation of existing com-
plexes, or both. There is evidence to support both, although 
the bulk of evidence favors the idea that change in the 
number of ENaC complexes predominates.89-91 The redistri-
bution of ENaC to the apical membrane can be detected in 
less than 2 hours after aldosterone exposure.81

It is less well established whether the number of ENaC 
complexes is increased through increased insertion, 
decreased removal, or both. Aldosterone probably contrib-
utes to both processes. Rapid insertion of ENaC complexes 
is best understood with regard to the actions of cAMP.92 The 
extent to which the molecules involved in cAMP-mediated 
insertion are also involved in aldosterone action is uncer-
tain, but some common mechanisms probably are used. 
Trafficking to the apical membrane appears to involve 
hsp70,93 SNARE (soluble NEM-sensitive factor attachment 
protein receptor) proteins,94 and the aldosterone-induced 
protein melanophilin.95 The mitogen-activated protein 
kinase pathway may also be involved, because interruption 
of ERK phosphorylation by GILZ96 increases ENaC surface 
expression.

Considerably more is known about how ENaC complexes 
are retrieved from the apical membrane. This understand-
ing is the direct result of dissecting the molecular conse-
quences of Liddle’s syndrome, in which mutations in the C 
terminus of ENaC lead to increased residence time in the 

10 mmol/L, and the membrane voltage is strongly negative 
inside the cell. The Na+ inside the cell is pumped out across 
the basolateral membrane by Na+-K+-ATPase, as addressed 
in detail in Chapter 6. Most epithelial cells have a greater 
density of K+ channels on the basolateral membrane and 
thus recycle K+ back into the blood. The distal nephron is 
unique in that it has an unusually high density of K channels 
on the apical membrane (primarily Kir 1.1 [renal outer 
medullary potassium (ROMK)] and BK channels).79,80 This 
distribution of K+ channels permits a large amount of K+ 
that enters the cell via Na+-K+-ATPase to exit the cell into 
the lumen and be excreted into the urine. The vast majority 
of K+ that appears in the urine is secreted by the distal 
nephron.

Much attention has been focused on the early phase of 
aldosterone action because it appears to be more tractable 
to dissection and the majority of change in Na+ current 
occurs during this phase. This separation is probably some-
what artificial, however, and there is considerable overlap in 
events that define the early and late phases. Moreover, many 

Figure 12.7  Schematic of principal cells in the aldosterone-
sensitive distal nephron (ASDN). The ASDN includes the distal third 
of  the distal convoluted  tubule  (DCT),  the connecting  tubule  (CNT), 
and the collecting duct. The Na+-K+–adenosine triphosphatase (Na+-
K+-ATPase)  establishes  the  gradients  for  passive  apical  entry  of 
sodium  through  the epithelial  sodium channel  (ENaC). Transport of 
sodium  through  the  ENaC  creates  a  negative  lumen  potential  that 
drives potassium secretion into the lumen. Potassium is also recycled 
at  the  basolateral  surface,  which  facilitates  potassium  exchange 
across the Na+-K+-ATPase. Chloride (Cl−) moves via paracellular and 
transcellular  pathways.  There  is  evidence  to  support  aldosterone 
actions in other segments, particularly the sodium-chloride cotrans-
porter (NCC)—expressing portions of the DCT (DCT1 and DCT2). 
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attenuated in animals fed a low-Na+ diet. This result strongly 
suggests that apical Na+ entry is required for basolateral 
changes to occur. However, good evidence exists for direct 
transcriptional stimulation of Na+-K+-ATPase subunit expres-
sion,125,126 as well as reports supporting some direct effects 
of aldosterone in increasing basolateral pump activity119,127 
or at least in constituting the pool of latent pumps, which 
are then recruited to the basolateral membrane in response 
to a rise in intracellular [Na+].128

ACTIVATION OF THE EPITHELIAL SODIUM 
CHANNEL BY PROTEOLYTIC CLEAVAGE

There is now clear evidence that when ENaC is delivered to 
the apical membrane, it can be activated by proteolytic 
cleavage. The first hint of this process was the demonstra-
tion that rats fed a low-Na diet or given aldosterone over the 
long term showed the appearance of a proteolytic fragment 
of the γ-ENaC subunit.90 Subsequently, investigators have 
shown that both the α- and the γ- but not the β-ENaC sub-
units can be cleaved. Furthermore, cleavage at each site 
apparently initiates a degree of activation of the channel 
complex. ENaC complexes are activated by cleavage because 
specific regions of the large extracellular domain (26 resi-
dues in the α-ENaC and 46 residues in the γ-ENaC) are 
excised. These regions contain inhibitory sequences that, 
when introduced exogenously, can inhibit ENaC function. 
Removing these regions by proteolytic cleavage releases this 
inhibition.129

Several proteases can cleave either the α- or γ-ENaC sub-
units. Among them are furin, prostasin, CAP2, kallikrein, 
elastase, matriptase, plasmin, and trypsin. It is not clear 
whether activation of ENaC by proteolytic cleavage can be 
regulated by aldosterone, but the idea certainly has attrac-
tive features. Were aldosterone able to regulate expression 
of one or more rate-limiting proteases, it would be able to 
regulate both the number of complexes in the apical mem-
brane and the ability of the channel complex to be active. 
It appears that aldosterone may regulate the expression of 
prostasin.130 Aldosterone may also regulate the expression 
of the protease, nexin-1 (an inhibitor of prostasin), and 
other proteases.131

The discovery of ENaC activation by cleavage helps to 
explain how aldosterone might increase ENaC activity by 
increasing both surface expression and the activity of a 
single ENaC complex. By phosphorylating Nedd4-2 via 
SGK1 and reducing its ability to bind to the PY domains  
of the ENaC subunits, aldosterone increases ENaC resi-
dence time on the apical membrane. This additional time 
permits proteolytic activation by one or more endogenous 
proteases.132

POTASSIUM SECRETION AND ALDOSTERONE

One of the major effects of aldosterone is to increase K+ 
secretion (and thus excretion). This phenomenon has been 
demonstrated in countless patients with aldosterone-
secreting tumors and in hundreds of studies in animals 
given excess amounts of aldosterone. The general mecha-
nism whereby aldosterone increases K+ secretion is depicted 
in Figure 12.7. The key feature of this process involves the 
increased absorption of Na+ via ENaC. The dependence of 

apical membrane.87,88 The missing or mutated domains in 
the β- or γ-subunit of ENaC in this syndrome normally bind 
to Nedd4-2, a ubiquitin ligase, which ultimately is respon-
sible for initiating endocytosis and degradation.97,98 The 
interaction of Sgk1 and Nedd4-2 in the actions of aldoste-
rone is discussed later. ENaC is internalized via clathrin-
coated vesicles and processed into early endosomes, then 
further processed into recycling endosomes and late endo-
somes.99,100 Degradation is via lysosomes or proteasomes.101,102 
The processing of ENaC by vesicular trafficking and its regu-
lation by aldosterone has been reviewed.103

Phosphatidylinositol-3-kinase (PI3K)–dependent signal-
ing is essential for epithelial Na+ transport. It controls 
SGK1 activity (addressed later) and also appears to have 
independent effects on ENaC open probability through 
direct actions of 3-phosphorylated phosphoinositides, par-
ticularly phosphatidylinositol (3,4,5) trisphosphate.104,105 
Ras-dependent signaling may also regulate ENaC and  
the pump in complex ways that depend on downstream 
signaling through Raf, MEK and ERK, as well as through 
PI3K.106-111

The late phase of ENaC activation by aldosterone is less 
well understood than the early phase. A simple evaluation 
of the late phase is that aldosterone increases the transcrip-
tion and protein abundance of the ENaC subunits. This idea 
comes from the fact that aldosterone increases the mRNA 
and protein abundance of α-ENaC in the kidney90,112 after a 
lag of several hours.113 However, whereas aldosterone pro-
duces an increase in α-subunit expression in the kidney, it 
produces an increase of β- and γ-subunits in the colon.113,114 
Dietary Na+ restriction, a physiologically relevant maneuver 
that increases aldosterone secretion, clearly increases ENaC 
surface expression in the renal distal nephron.91 However, 
there appear to be some important differences between 
chronic aldosterone administration to an Na+-replete animal 
and chronic dietary Na+ restriction.112,115 The role of 
increased expression of α-ENaC in the long-term actions of 
aldosterone has been questioned, because overexpression 
of this subunit does not increase ENaC activity in models  
of collecting duct and lung epithelia.116 It appears that 
increased expression of α-ENaC may be important for the 
consolidation of the increase, but it is not sufficient to 
reproduce the steroid-mediated increase in ENaC activity.

BASOLATERAL MEMBRANE EFFECTS  
OF ALDOSTERONE

Over the years, research on aldosterone action has focused 
with varying degrees of intensity on apical effects,117,118 baso-
lateral effects,119-121 and effects on metabolism.69 There is 
general agreement now that the early effects of aldosterone 
are on apical events, primarily on ENaC, and that basolat-
eral and metabolic effects come later. In addition, although 
it is somewhat less settled whether the basolateral effects are 
direct or result indirectly from the enhanced entry of Na+ 
into cells, the bulk of evidence favors the latter view. Notably, 
increased Na+ entry has been found to control more than 
80% of increased Na+-K+-ATPase activity and basolateral 
membrane density in the rat122,123 and rabbit123 cortical 
collecting tubule. Furthermore, striking increases in baso-
lateral membrane folding and surface area occur in 
aldosterone-treated animals,124 an effect that is markedly 
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vertebrate evolution. However, organisms do not ingest  
a fixed amount of Na+ and K+, so inexorable linkage between 
Na+ absorption and K+ secretion by the ASDN cannot 
possibly occur all the time. Investigators have proposed 
several possibilities to explain how these processes can be 
separated.

ROLE OF DISTAL TUBULE FLUID DELIVERY
A traditional view for differential Na+ and K+ handling stems 
from the differing role that aldosterone plays in potassium 
secretion depending on the tubular flow (and thus “sodium 
flow”) rate. Studies from adrenalectomized dogs have dem-
onstrated that the primary regulators of potassium excre-
tion are serum potassium concentration and tubular flow 
rate. A higher serum potassium concentration yields a 
higher filtered load of potassium. Hyperkalemia also stimu-
lates natriuresis from upstream segments of the nephron.141,142 
This latter effect can increase tubular flow rate, which, in 
turn, diminishes potassium concentration in the lumen and 
activates flow-stimulated BK channel–mediated potassium 
secretion in the collecting duct. In the setting of sufficient 
distal delivery of sodium, potassium loading will not yield  
a higher steady-state concentration of aldosterone, as the 
two mechanisms previously mentioned are sufficient to nor-
malize serum potassium.143 However, under conditions of 
sodium depletion, proximal Na+ reabsorption is increased, 
which further diminishes distal delivery of sodium and 
hence tubular flow rate.144 This diminishes flow-mediated 
potassium secretion, so that aldosterone secretion is neces-
sary to normalize potassium balance.

INDEPENDENT REGULATION OF SODIUM AND 
POTASSIUM TRANSPORTERS
Other possible mechanisms have been suggested, which 
involve separate regulation of sodium and potassium trans-
port (e.g., ENaC and ROMK) by specific stimuli depending 
on the state of Na+ and K+ intake. With a constant Na+ 
intake, one could envision that a high-potassium diet could 
enhance the activity of ROMK, while a low-potassium diet 
would reduce its activity. Such an effect would cause more 
or less of the K+ entering the cell via the Na+-K+ pump to be 
recycled across the basolateral membrane. This mechanism, 
although probably very complex in its execution, is appeal-
ing in its simplicity. The actions of WNK4 may be central to 
the regulation of ROMK.140

ELECTRONEUTRAL VERSUS ELECTROGENIC  
SODIUM REABSORPTION
Other appealing possibilities invoke the differing nature of 
Na+ and K+ transport along the distal nephron. For example, 
DCT absorbs Na+ and Cl− via the electroneutral Na-Cl 
cotransporter (NCC), and enhanced activity in this segment 
would not stimulate K+ secretion. Such a situation occurs in 
pseudohypoaldosteronism type II or familial hyperkalemic 
hypertension (also referred to as Gordon’s syndrome).145 
Indeed, potassium, independent of aldosterone, is known 
to regulate the NCC. A high-potassium diet inhibits this 
transporter141,142 and would thus promote aldosterone-
mediated sodium reabsorption only through ENaC (rather 
than both NCC and ENaC), while favoring potassium secre-
tion via ROMK and also potassium and flow-induced K+ 
secretion via BK channels.146

K+ secretion on Na+ absorption is the basis of the action of 
the “K-sparing” diuretics, amiloride and triamterene, both 
of which inhibit ENaC. These drugs have no direct effect 
on the apical K+ channels.

Increasing ENaC activity produces two major secondary 
effects that, in turn, enhance K+ secretion. First, the 
enhanced Na+ conductance of the apical membrane pro-
duces depolarization of that membrane and hence a more 
favorable electrical driving force for K+ efflux into the 
lumen. The second effect relates to the activity of the Na+-K+ 
pump on the basolateral membrane. The more Na+ that 
enters across the apical membrane, the more that must be 
extruded by the pump. Since the stoichiometry of the pump 
is constant (3Na+ and 2K+), more K+ enters the cell. In iso-
lated, perfused cortical collecting ducts, the amount of 
secreted K+ is highly related to the amount of absorbed Na+ 
when the stimulus for Na+ absorption is mineralocorticoid 
hormone.133

Two kinds of K+ channels are found in the apical mem-
brane of the ASDN: small conductance (SK, 30 to 40 pico-
siemens) channels encoded by the ROMK gene, and large 
conductance (BK, 100 to 200 picosiemens) channels found 
in many kinds of cells, including the apical membrane of 
the colon. The majority of the K+ channels on the apical 
membrane of the principal cells appear to be SK, at least as 
far as can be assessed by patch clamp analysis. The activity 
of either channel is not increased by aldosterone.134,135.

A feature of K+ secretion is that although apical K+ chan-
nels are abundant in the proximal portion of the ASDN 
(connecting tubule and cortical collecting duct), they  
are strikingly less abundant in the medullary collecting 
duct.136-138 Because apical K channels are not regulated by 
aldosterone, their absence in the medullary collecting duct 
might uncouple aldosterone-regulated Na+ reabsorption 
from K+ secretion in this segment.

Recent advances in understanding genetic forms of 
hypertension have uncovered an important role for a family 
of kinases that lack an otherwise conserved lysine residue in 
the catalytic domain. These kinases, called WNK (with no 
lysine; K is the one-letter code for lysine), have potent effects 
on pathways regulating Na+ and K+ transport in the distal 
nephron. An important feature of one member of this 
family, WNK4, is its ability to modulate the activity of 
ROMK.139,140 The activity of ROMK can be regulated via 
WNK4 by signaling events activated by aldosterone but mod-
ulated by serum [K+], Na balance via angiotensin II, and 
SGK1 activity. The importance of this synthesis is that it 
provides a molecular mechanism for the collecting duct 
separately to regulate Na+ absorption via ENaC and K+ secre-
tion via ROMK.

SEPARATION OF SODIUM ABSORPTION  
AND POTASSIUM SECRETION BY THE 
ALDOSTERONE-SENSITIVE DISTAL NEPHRON

The preceding sections establish a picture that parsimoni-
ously accounts for the effect of aldosterone to stimulate, pari 
passu, Na+ reabsorption and K+ secretion. The simple stimu-
lation of electrogenic Na+ reabsorption (via ENaC) is suffi-
cient to stimulate K+ secretion, which fits well for organisms 
faced with a combined low-Na+, high-K+ diet, which was 
maintained most of the time through millions of years of 
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late distal convoluted tubule (DCT2) through the connect-
ing tubule to the cortical collecting duct and, finally, to the 
medullary collecting duct. In mice on a standard salt diet, 
total ENaC expression increases with progression from the 
DCT2 to the connecting tubule,158 although ENaC apical 
localization and activity are higher in the DCT2. Only under 
conditions of low-sodium diet or aldosterone administration 
does the primacy of the connecting tubule in particular, and 
to a lesser extent the cortical collecting duct, emerge. The 
total luminal surface area in the DCT2 and connecting 
tubule is several-fold higher than in the cortical collecting 
duct,159 and together these two segments appear to be suffi-
cient to maintain sodium balance, even in the absence of 
detectable ENaC along the collecting duct. Mice lacking 
ENaC selectively in the collecting duct come into balance, 
even on a low-sodium diet.160 Congruent with these findings, 
deletion of α-ENaC from the DCT2, connecting tubule and 
collecting duct results in severe sodium wasting.161 Notably, it 
is the connecting tubule that appears to be most important 
in the response to aldosterone, while DCT2 has the highest 
baseline transport in the absence of MR activation.162 The 

SHIFT TO MEDULLARY COLLECTING DUCT
Another possibility involves modulation of Na+ absorption 
by the medullary collecting duct, a segment that has little 
capacity to secrete K+. The environment of the renal medulla 
is very different from that of the cortex, and endogenous 
paracrine factors such as prostaglandins E2 and transform-
ing growth factor–β, both of which have potent inhibitory 
effects on Na+ transport, are increased in response to a high-
NaCl diet.147,148

REGULATION OF CHLORIDE TRANSPORT
A fifth possibility involves the independent regulation of 
Cl− transport by the collecting duct. Cl− can be absorbed by 
the paracellular pathway (i.e., between cells) driven by the 
lumen-negative voltage across the epithelium. This pathway 
can be influenced by aldosterone.149 Cl− can also be absorbed 
through the cells by specific transporters. One example of 
a Cl− transporter in the collecting duct is pendrin, an anion 
exchanger present on the apical membrane of intercalated 
cells. Mice that lack this transporter do not tolerate NaCl 
restriction as well as normal mice.150 This transporter seems 
not to be upregulated by aldosterone, but is dependent on 
Cl− delivery to the distal nephron and is upregulated by 
angiotensin II.151,152

DIFFERENTIAL REGULATION OF INTERCALATED CELL 
MINERALOCORTICOID RECEPTOR
A recent study has highlighted a sixth possible mechanism 
allowing distinct responses to volume depletion versus 
hyperkalemia.153,154 The central feature of this proposed 
regulation is differential phosphorylation of the MR LBD in 
intercalated cells, as shown schematically in Figure 12.8. 
When phosphorylated at S843 in the LBD, MRs cannot bind 
aldosterone or cortisol and thus cannot be activated. This 
phosphorylation, which is stimulated by hyperkalemia, 
occurs selectively in intercalated cells but not principal cells. 
Angiotensin II, on the other hand, induces S843 dephos-
phorylation in intercalated cells, markedly increasing ligand 
binding and, therefore, activation. Intercalated cells are 
known predominantly to mediate H+ transport; however, 
recent studies have implicated them in electroneutral NaCl 
transport via the combined actions of Na+-dependent Cl−-
HCO3

− exchanger (NDCBE) 155 and the apical Cl−-HCO3
− 

exchanger, pendrin.156,157 Thus, when MR is active in these 
cells (S843 dephosphorylated), electroneutral NaCl trans-
port occurs, without enhancing the driving force for K+ 
secretion. Since intercalated cells lack 11β-HSD2, under 
these conditions, it is cortisol that binds to and activates MR. 
When intercalated cell MR is inactive (S843 phosphory-
lated), aldosterone acts in principal cells to stimulate ENaC-
dependent electrogenic Na+ transport, which enhances K+ 
secretion.

ALDOSTERONE-INDEPENDENT  
ENAC-MEDIATED SODIUM REABSORPTION IN 
THE DISTAL NEPHRON

The term aldosterone-sensitive distal nephron emphasizes the 
primacy of this key steroid in the control of ion transport  
in this region of the nephron. However, ENaC activity and 
aldosterone sensitivity exhibit axial heterogeneity from the 

Figure 12.8  The role of mineralocorticoid receptor (MR) ligand/
hormone-binding domain (LBD) phosphorylation in controlling 
chloride reabsorption by intercalated cells. When phosphorylated 
at Ser-843 in the LBD, MR cannot bind ligand and hence cannot be 
activated. This phosphorylated state of MR is found only in interca-
lated  cells,  not  in  neighboring  principal  cells.  In  states  of  volume 
depletion, elevated angiotensin  II decreases MR phosphorylation at 
Ser-843, allowing activation. In intercalated cells, MR mediates stimu-
lation of both the proton pump and Cl−-HCO3

− exchangers,  thereby 
increasing Cl− reabsorption and promoting increased plasma volume 
while  inhibiting K+  secretion.  In contrast,  in  states of hyperkalemia, 
phosphorylation of Ser-843 is increased, and hence Cl− reabsorption 
by  intercalated  cells  is  decreased,  and  principal  cell-dependent  K+ 
secretion  is  increased.  (Reprinted with permission from Shibata S, 
Rinehart J, Zhang J, et al: Regulated mineralocorticoid receptor phos-
phorylation controls ligand binding and renal response to volume deple-
tion and hyperkalemia. Cell Metab 18[November 5]:660-671, 2013.)
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Proximal Convoluted Tubule

Hierholzer and Stolte showed, through elegant microperfu-
sion studies, that the sodium reabsorptive capacity of the 
proximal convolution was decreased in adrenalectomized 
animals and restored by administration of aldosterone.183 
Chronic volume depletion increases sodium reabsorption 
in the proximal convoluted tubule, which is in part medi-
ated by MR. The mechanisms of action in this nephron 
segment are controversial. Recent studies indicate an 
MR-dependent increase in the activity of Na+-H+-exchanger 
isoform 3, possibly through an increase in trafficking of the 
transporter to the membrane.184-187 This transporter contrib-
utes to sodium and bicarbonate reabsorption. MR activa-
tion, in turn, may activate the Na+-K+-ATPase in the 
basolateral membrane of the proximal convoluted tubule to 
maintain a gradient for sodium reabsorption.188-191

Medullary Thick Ascending Limb

In the medullary thick ascending limb, mineralocorticoids 
but not glucocorticoids increase sodium and chloride reab-
sorption. In rodents, adrenalectomy impairs reabsorption 
of NaCl in the medullary thick ascending limb, and aldoste-
rone restores this process.192,193 This reabsorptive defect may 
contribute to the urinary concentrating and diluting abnor-
mality measured in patients with Addison’s disease and in 
mice lacking aldosterone synthase.169,183,194 The medullary 
thick ascending limb also participates in the regulation of 
acid-base balance by reabsorbing most of the filtered HCO3 
that is not reabsorbed by the proximal tubule. In this 
context, aldosterone has been shown to stimulate the Na+-
H+ exchanger in amphibian thick ascending limb, possibly 
through a rapid nongenomic effect.195 Recent evidence has 
also implicated regulation of the Na-K-2Cl cotransporter 
type 2 in the thick ascending limb—as well as the NCC in 
the DCT (see later)—by oxidative stress response kinase 1 
(OSR1) and STE20/SPS1-related proline/alanine–rich 
kinase (SPAK) (OSR1/SPAK).196,197

Distal Convoluted Tubule

The DCT is also capable of mineralocorticoid specificity.198,199 
Hormone studies in rodents demonstrate that aldosterone 
increases expression of the NCC and its apical membrane 
abundance200-202 without changes in mRNA expression.202,203 
The recently described family of WNK kinases may play a 
pivotal role in mediating this effect. Aldosterone acts through 
MR to increase NCC phosphorylation, which appears to be 
important for the changes in its expression and apical target-
ing.204,205 Recent evidence supports the idea that aldosterone-
induced NCC phosphorylation occurs through a signaling 
cascade in which SGK1 phosphorylates WNK4,206,207 which, in 
turn, phosphorylates OSR1 and SPAK.204,208,197 OSR1/SPAK 
then directly phosphorylates NCC at three serine/threonine 
sites,209 which results in increased activity. It is interesting to 
note that SGK1 may also be a target of WNK1.210

NONRENAL ALDOSTERONE-RESPONSIVE 
TIGHT EPITHELIA

The mineralocorticoid effects of aldosterone have predomi-
nantly been studied in the distal nephron, but do influence 

cortical collecting duct is not as critical as was originally 
thought for either baseline or aldosterone-stimulated sodium 
reabsorption, probably due to its smaller surface area com-
pared with the DCT2 and connecting tubule.

As we continue to traverse the nephron, further sodium 
reabsorption is minimal in the medullary collecting duct, 
under standard sodium diet conditions, and not signifi-
cantly stimulated by aldosterone.133

SITES OF MINERALOCORTICOID RECEPTOR 
EXPRESSION AND LOCUS OF ACTION  
ALONG THE NEPHRON

ALDOSTERONE-SENSITIVE DISTAL NEPHRON
In the kidney, MR is expressed at the highest levels in distal 
nephron cells extending from the last third of the DCT 
through the medullary collecting duct,163 which is frequently 
referred to as the aldosterone-sensitive distal nephron (ASDN) 
(Figure 12.9).1 This pattern of expression was first demon-
strated using labeled hormone–binding studies performed 
before the cloning of MR164 and has been confirmed since 
by several methods, including polymerase chain reaction,165 
in situ hybridization,166 and immunohistochemical analy-
sis.167 Effects of aldosterone on electrogenic Na+ and K+ 
transport in principal cells have been found consistently in 
these nephron segments,163 which also express ENaC, and 
11β-HSD2, as addressed in detail earlier. Collecting duct 
intercalated cells also express MR and respond specifically 
to aldosterone and alter proton secretion. Aldosterone 
directly increases the activity of the H+-ATPase in the collect-
ing duct, and its absence results in decreased proton 
secretion.168-170 Interestingly, nongenomic stimulation of H+-
ATPase activity in type A intercalated cells has been demon-
strated in isolated murine collecting ducts.171 Consistent 
with these effects, aldosterone deficiency results in distal 
renal tubular acidosis type 4, and excess aldosterone results 
in metabolic alkalosis.172 It should be noted that aldosterone 
also stimulates H+ secretion due to effects on principal cell 
Na+ transport, which alter the electrical gradient. These 
older studies must also now be interpreted in the context 
of more recent data,153 which, as noted earlier, demonstrate 
that the effect of aldosterone on intercalated cells depends 
on the genesis of the signal.

OTHER SITES OF EXPRESSION
MR has been identified at some level in all parts of the 
nephron examined, including the glomerulus.165,173-178 Its 
effects, at least at some of these sites, are likely to be physi-
ologically relevant in states of volume depletion and acid-
base disturbances; however, the data are not as robust and 
consistent as those for the ASDN.

Glomerulus

MR (but not 11β-HSD2) is expressed in glomerular mesan-
gial cells, where it is thought to affect proliferation and 
production of reactive oxygen species179,180 and to have pro-
fibrotic effects through SGK1.181 These effects have been 
suggested to be important in the progression of renal 
damage, particularly in diabetic nephropathy,182 where glu-
cocorticoids mimic the activity of aldosteronism in the 
context of tissue damage. However, the physiologic role of 
mesangial cell MR is uncertain.
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including ENaC. Like the nephron, the proximal colon 
reabsorbs sodium via an electroneutral, ENaC-independent 
process. In the distal colon, electrogenic Na+ absorption via 
ENaC channels is the predominant mode of sodium 
transport.212-215 In disease states such as inflammatory bowel 
disease, ENaC-mediated sodium reabsorption can be 
reduced,216 although in diarrheal states, elevated aldoste-
rone levels may attenuate sodium and water loss from the 
colon.217 It should be noted that in the colon, as in the distal 
nephron, MR signaling is aldosterone selective, reflecting 
the activity of 11β-HSD2.218 Aldosterone increases electro-
genic sodium absorption and potassium secretion and 
inhibits electroneutral absorption.219 This is in contrast to 

other—mostly ENaC-expressing—tight epithelia. ENaC is 
present in visceral epithelial cells of the distal colon, distal 
lung, salivary glands, sweat glands, and taste buds.

COLON

Under physiologic conditions, approximately 1.3 to 1.8 L of 
electrolyte-rich fluid is reabsorbed per day from the colonic 
epithelium, which accounts for about 90% of the salt and 
water that enter the proximal colon from the terminal 
ileum. In nonmammalian vertebrates, sodium conservation 
by the colon plays an even more significant role.211 This 
transport is regulated by several transporters and channels, 

Figure 12.9  Expression and/or activity of the mineralocorticoid-dependent transport machinery in principal cells along the mature 
aldosterone-sensitive distal nephron (ASDN). Mineralocorticoid specificity  is conferred by  the presence of  the mineralocorticoid  receptor 
(MR) and 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) beginning primarily from the latter part of the distal convoluted tubule (DCT). 
The thiazide-sensitive sodium-chloride cotransporter (NCC) is expressed exclusively in the DCT, but after the transition from the DCT to the 
connecting tubule (CNT), sodium reabsorption is distinctly determined by amiloride-sensitive sodium channel (ENaC) activity. ENaC activity is 
strongest in the CNT and decreases down to the inner medulla collecting duct. Variation in gene expression or activity along the nephron is 
indicated by the intensity of shading. Note that there is some variation in gene expression from mouse to human. However, the machinery for 
sodium reabsorption  in  the ASDN  is predominantly conserved across species. Each nephron segment  is drawn to scale, but expression of 
channels/transporters in intercalated cells is omitted. Expression and/or activity is based on messenger RNA, protein, and biochemical studies. 
G, Glomerulus; PCT, proximal convoluted tubule; ROMK channel, renal outer medullary potassium; SGK1, serum- and glucocorticoid-regulated 
kinase 1. (Adapted from Loffing J, Korbmacher C: Regulated sodium transport in the renal connecting tubule [CNT] via the epithelial sodium channel 
[ENaC]. Pflugers Archiv 458[1]:111-135, 2009.)
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role in transduction of sodium salt taste in the anterior 
papillae of the tongue.250,251 The appropriate molecular 
machinery for mineralocorticoid-responsive sodium reab-
sorption is expressed in these organs,218,252,253 and these 
epithelia are model systems for the study of ENaC regula-
tion.247,254 As in colonic epithelia, aldosterone stimulates 
expression of β- and γ-ENaC and sodium transport in glands 
and taste buds in animal models.251,255 Moreover, in humans, 
changes in dietary sodium are inversely proportional to 
sodium transport across salivary epithelia.256 As in the 
aldosterone-responsive distal nephron and distal colon, 
sodium uptake is coupled with potassium secretion in sali-
vary epithelia. This effect is evident in humans with hyper-
aldosteronism. Such patients have a salivary [Na+]/[K+] 
ratio significantly lower than that of subjects without the 
disorder,257,258 although this has not been accepted as a valid 
means to screen for hyperaldosteronism.

ROLE OF SERUM- AND 
GLUCOCORTICOID-REGULATED KINASE  
IN MEDIATING ALDOSTERONE EFFECTS

INDUCTION OF SGK1 BY ALDOSTERONE

In the early to mid-1960s, primarily from the work of Isidore 
Edelman and colleagues, it became clear that aldosterone, 
like cortisol, exerted most, if not all, of its key physiologic 
effects by altering transcription rates of a specific subset  
of genes.259 In particular, hormone-induced changes in 
gene transcription were shown to be essential for its effects 
on epithelial Na+ transport.69 Attention focused first on 
enzymes of intermediary metabolism, particularly citrate 
synthase,260,261 and after the cloning of the transporters 
involved in Na+ translocation (Na+-K+-ATPase and ENaC), 
these were also found to be regulated by aldosterone at the 
transcriptional level. However, these effects are manifest 
several hours after most of the change in Na+ transport has 
already occurred and hence could not explain the early and 
greatest proportion of effects of aldosterone.1 Considerable 
effort by many groups went into unbiased screening for 
aldosterone-regulated proteins262 and later aldosterone-
regulated mRNAs (reviewed in Verrey1). In 1999, SGK1 was 
identified as the first early-onset aldosterone-induced gene 
product, which clearly stimulates ENaC-mediated sodium 
reabsorption in the distal nephron221,263 without pleiotropic 
effects on other cellular processes. The physiologic rele-
vance of SGK1 is now firmly established, and investigations 
by numerous laboratories into its mechanism of action  
have revealed critical general features of the mechanism 
underlying hormone-regulated ion transport: it is therefore 
addressed in some detail here. SGK1 mRNA levels are 
increased within 15 minutes, and protein levels within 30 
minutes, in cultured cells upon stimulation by aldoste-
rone264,265 and in the collecting duct by aldosterone or a 
low-salt diet (a physiologic stimulus for aldosterone secre-
tion) in vivo.81,221,266 Notably, SGK1 is increased more abun-
dantly in kidney cortex (the connecting tubule and cortical 
collecting duct) than in medulla, which corresponds to the 
potency of ENaC activation in these nephron segments.267 
SGK1 is expressed in other nephron segments, including 
glomeruli, proximal tubule, and papillae81,221,268; however, its 

glucocorticoids, which, at higher concentrations, activate 
GR to stimulate electroneutral absorption in the proximal 
and distal colon.78,220 As in the distal nephron, the aldoste-
rone response can be characterized by an early and late 
response. The early response gene, SGK1, is upregulated by 
aldosterone via MR.221 However, in contrast with the kidney, 
aldosterone and a low-salt diet have been shown to stimulate 
transcription of β- but not α-ENaC in rat models.222,223

Aldosterone stimulates electrogenic potassium secretion 
from colonic epithelia. The significance of this secretion is 
evident in anuric patients. Potassium secretion from the 
colon is much higher in patients undergoing long-term 
hemodialysis than in patients not undergoing dialysis.224-226 
Indeed, administration of fludrocortisone, a mineralocorti-
coid agonist, to dialysis patients has been shown to reduce 
hyperkalemia in small clinical trials.227 Low doses of the 
common MR antagonist spironolactone do not result in 
significant hyperkalemia.228-230

LUNG

Vectorial transport of salt and water across the distal airway 
epithelium (ciliated Clara cells, nonciliated cuboidal cells) 
and alveoli (type I and type II alveoli) primarily determines 
fluid clearance from the lung. ENaC is the rate-limiting step 
in sodium transport in the lung and plays a primary role in 
several physiologic and pathophysiologic conditions deter-
mined by fluid clearance.231 At birth, the lung assumes a 
resorptive phenotype, and lack of functional ENaC channels 
leads to neonatal respiratory distress syndrome in mouse 
knockout models.232 In children, lack of functional ENaC 
(e.g., autosomal recessive pseudohypoaldosteronism type 
I)233-235 results in increased rates of recurrent infection 
due to increased airway liquid.234 In the mature lung, defec-
tive ENaC channels can lead to pulmonary edema and patho-
logic conditions (e.g., acute respiratory distress syndrome236 
and high-altitude pulmonary edema237). Conversely, hyperab-
sorption through ENaC is emerging as an important mecha-
nism of decreased mucus clearance in cystic fibrosis.238

The molecular apparatus for mineralocorticoid-stimulated 
liquid reabsorption via ENaC (concomitant MR and 11β-
HSD2) is present in late gestational and mature adult lung 
in humans218,239,240 and rats,241 and there is some evidence 
for a significant physiologic role of aldosterone in ENaC-
mediated sodium transport,241 although glucocorticoids 
acting via GR are likely to play the predominant role in 
lung.112,221,242-245 Importantly, glucocorticoids, but not miner-
alocorticoids, play a critical role in lung maturation in 
humans, and GR knockout mice, like α-ENaC knockout 
mice, die of respiratory insufficiency within hours of birth. 
In contrast, MR knockout mice demonstrate a severe salt-
wasting phenotype but no significant lung phenotype.168,246

EXOCRINE GLANDS AND SENSORS

ENaC-mediated sodium reabsorption is also measurable in 
salivary and sweat glands.247 The importance of these tissues 
for sodium and water homeostasis is underscored by rare 
genetic mutations that confer elevated plasma aldosterone 
levels and pseudohypoaldosteronism with normal renal 
tubular function but significant sodium loss from salivary or 
sweat glands.248,249 ENaC channels also play an important 
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early aldosterone-induced genes, including K-ras, GILZ, 
kidney-specific WNK1, Usp45, melanophilin, and promyelo-
cytic leukemia zinc finger,291-296 have also been implicated in 
the stimulation of ENaC. Their distinct mechanisms of 
action have not been studied in vivo and are beyond the 
scope of this chapter.

Alternatively, SGK1 may play a more significant role in 
states of aldosterone excess or upregulation of hormonal 
activators of SGK1 (e.g., insulin). Indeed, SGK1 knockout 
mice are protected from the development of salt-sensitive 
hypertension, which accompanies the hyperinsulinemia of 
the metabolic syndrome.297,298 Despite its accepted role as a 
mediator of aldosterone-stimulated sodium reabsorption, 
the mechanisms by which SGK1 stimulates ENaC are not 
fully characterized. Several mechanistic studies have dem-
onstrated that SGK1 is rapidly induced but also rapidly 
degraded.221,299,300 The N terminus of the kinase, which dis-
tinguishes SGK1 from other kinase family members (e.g., 
Akt), is important for stimulation of sodium transport but 
is also the target for rapid degradation of the kinase via the 
ubiquitin-proteasome system.301-304 In addition, several natu-
rally occurring variants of SGK1 possess distinct N termini 
that modify the ability to stimulate ENaC and to be 
degraded.305-307 The pathophysiologic implications of the N 
terminus for sodium transport are unclear, but they may 
involve a negative feedback loop to limit sodium reabsorp-
tion in states of hypertension.

The molecular mechanisms of ENaC stimulation by SGK1 
can be divided into three known categories (Figure 12.10): 
(1) posttranslational effects on the E3 ubiquitin ligase Nedd4-
2, (2) posttranslational Nedd4-2–independent effects, and 
(3) transcription of gene products such as α-ENaC.

SGK1 INHIBITS THE UBIQUITIN LIGASE NEDD4-2
Before the discovery of SGK1 as an aldosterone-induced 
early gene product, the E3 ubiquitin ligase known as neural 
developmentally downregulated isoform 4-2 (Nedd4-2) was shown 
to interact with the C-terminal tails of β-ENaC and γ-ENaC308 
and decrease surface expression of the channel via channel 
ubiquitination, and hence to inhibit sodium current.102,309 
The genetic defect in Liddle’s syndrome (ENaC-mediated 
hypertension, hypokalemia, and metabolic alkalosis) con-
sists of a gain-of-function mutation in the C-terminal tail  
of these subunits, which results in decreased inhibition  
by Nedd4-2 and hence increased ENaC activity.310 Lack of 
Nedd4-2 in vivo results in increased ENaC activity and  
salt-sensitive hypertension,311,312 recapitulating a Liddle’s 
syndrome–like phenotype. SGK1 interacts with and phos-
phorylates Nedd4-2265,287 in an ENaC signaling complex107 
and enhances cell surface expression of ENaC,264,313 a deter-
minant of ENaC activity (see Figure 12.10A). This interac-
tion coordinates phosphorylation-dependent binding of 
14-3-3 proteins to inhibit Nedd4-2 and prevent ubiquitina-
tion of ENaC.314-317 This disinhibition of ENaC parallels a 
recurring theme in the regulation of ion transport in the 
kidney seen with the WNK kinases and the NCC, other 
aldosterone-regulated gene products (e.g., GILZ) and 
ENaC, and NHERF2 and ROMK.270,318 Similarly, SGK1 has 
also been implicated in stimulation of NCC via inhibition of 
Nedd4-2, but because NCC lacks a PY motif, the mechanism 
by which SGK1 and Nedd4-2 modify NCC-mediated sodium 
reabsorption is unknown.319,320

rapid induction specifically in the ASDN appears to provide 
most of the basis for its role in aldosterone-regulated sodium 
and potassium transport. It is of interest that SGK1 is highly 
expressed in glomeruli and inner medulla and papillae in 
the absence of aldosterone; recent data are consistent with 
the idea that its inner medullary induction is related to its 
role in osmotic responses.269

MOLECULAR MECHANISMS OF SGK1  
ACTION IN THE ALDOSTERONE-SENSITIVE 
DISTAL NEPHRON

SGK1 is a serine/threonine kinase of the AGC protein 
kinase superfamily,270 and its kinase activity appears to be 
essential for Na+ transport regulation. Although it has effects 
on proliferation and apoptosis in kidney cells, these effects 
appear to be minor, and the control of ENaC and other 
transporters271 predominates. SGK1 transcription is induced 
by a variety of stimuli in addition to aldosterone. As its name 
implies, these include serum and glucocorticoids, but also 
follicle-stimulating hormone, transforming growth factor–β, 
and hypotonic and hypertonic stress.272-275 Of these, osmotic 
regulation is of the clearest physiologic relevance.276

SGK1 is interesting as a signaling kinase in that both its 
expression level and its activity are highly regulated. Regula-
tion of the former occurs primarily through effects on gene 
transcription, although protein stability is also regulated, 
whereas regulation of the latter occurs through phosphoryla-
tion.277,278 Like that of its close relative Akt, SGK1 phosphory-
lation is stimulated by a variety of growth factors including 
insulin and insulin-like growth factor-1,277,278-280 which act 
through PI3K to trigger phosphorylation at two key residues, 
an activation loop (residue T256) and a hydrophobic motif 
(S422). Both of these phosphorylation events appear to be 
PI3K dependent. Specifically, the α-isoform of the p110 
subunit of PI3K stimulates PI3K-dependent kinase 1 and 
mTORC2 (PDK2), respectively.278,280-283,284 Recent evidence 
has established that PDK2 is in fact the mammalian target of 
rapamycin [mTOR] in its complex 2 variant.284,285 mTORC2 
also uses a co-factor, SIN1, to specify activation of SGK1 
rather than related family members such as Akt.286 In turn, 
the upstream kinases, PI3K-dependent kinase 1 and 
mTORC2, phosphorylate and thereby activate SGK1 kinase, 
which is required for its stimulation of ENaC.283,287,288 Thus, 
SGK1 serves as a convergence point for different classes  
of stimuli, which act on the one hand to control its expres-
sion (aldosterone) and on the other to control its activity 
(insulin), which results in the coordinate regulation of ENaC.

In the study of the physiologic and pathophysiologic role 
of SGK1 in the ASDN, mice lacking SGK1 have provided 
considerable insight. Unlike MR knockout mice,168 mice 
lacking SGK1 survive the neonatal period and appear 
normal when consuming a diet with normal salt levels, 
although their aldosterone levels are markedly elevated. 
When subjected to a low-salt diet, these mice have a pro-
found sodium-wasting phenotype (pseudohypoaldosteron-
ism type I).289,290 Notably, this is a significantly milder 
phenotype than in the MR knockout. This comparison sug-
gests that disruption of SGK1 signaling may be insufficient 
to eliminate aldosterone-mediated sodium transport due to 
additional aldosterone-induced and aldosterone-repressed 
proteins that could compensate for the lack of SGK1. Other 
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SGK1 STIMULATES THE COMPONENTS OF SODIUM 
TRANSPORT MACHINERY

SGK1 also regulates the expression of late aldosterone-
responsive genes, primarily α-ENaC.326,327 Active SGK1 is an 
important mediator of aldosterone-sensitive α-ENaC tran-
scription in vivo via inhibition of a transcriptional repres-
sion element, the disruptor of telomeric silencing alternative 
splice variant a (Dot1a)–ALL1–fused gene from chromo-
some 9 (Af9) complex.327 SGK1 phosphorylates Af9 and 
reduces interaction between Dot1a and Af9. This releases 
suppression of ENaC transcription by this complex (see 
Figure 12.10E). Thus, SGK1 not only acts on ENaC channels 
to rapidly enhance sodium channel activity through the 
increase of active channels at the apical surface and increase 
of the Na+-K+-ATPase at the basolateral surface but also 
stimulates transcription of elements of the machinery for 
sodium transport to promote a sustained response to aldos-
terone. SGK1 is an early-onset gene, but its effects influence 
both immediate and long-term aldosterone-stimulated 
sodium reabsorption.

SGK1 STIMULATES POTASSIUM SECRETION IN THE 
ALDOSTERONE-SENSITIVE DISTAL NEPHRON
Further evidence of a role for SGK1 in the regulation 
of sodium transport in the ASDN is revealed by the study 

SGK1 ENHANCES EPITHELIAL SODIUM CHANNEL 
ACTIVITY INDEPENDENTLY OF NEDD4-2

In cell culture systems, mutation of SGK1 phosphorylation 
sites on Nedd4-2 does not completely abolish the ability 
of SGK1 to stimulate ENaC.287 Furthermore, SGK1 has 
been shown to stimulate ENaC channels with Liddle’s 
syndrome mutations, which are unable to bind Nedd4-
2.221,264 Consequently, other Nedd4-2–independent mecha-
nisms of SGK1 stimulation have been proposed. SGK1 
directly phosphorylates a serine residue in the intracellular 
C-terminal tail of α-ENaC, which directly activates channels 
at the cell surface (see Figure 12.10B).321,322 SGK1 has been 
implicated in the stimulation of ENaC via phosphorylation 
of WNK4, a kinase mutated in pseudohypoaldosteronism 
type II (see Figure 12.10C).206 Cell-surface expressed 
SGK1 may also increase open probability of the channel.322,323 
In addition to showing effects on ENaC, SGK1 has been 
found to stimulate the activity of basolateral Na+-K+-ATPase, 
which separately increases ENaC-mediated sodium trans-
port (see Figure 12.10D).324,325 The time course of these 
effects and their relative importance compared with 
Nedd4-2–dependent inhibition have not been explored.321 
The next generation of molecular studies of SGK1 will 
elucidate the relative importance of each of these 
pathways.

Figure 12.10  Mechanisms of serum- and glucocorticoid-regulated kinase 1 (SGK1)–mediated stimulation of the amiloride-sensitive 
sodium channel (ENaC). Within principal cells of the mammalian kidney, SGK1 is transcriptionally upregulated as an early aldosterone-induced 
gene product. SGK1 is then phosphorylated twice via a phosphatidylinositol-3-kinase (PI3K)–dependent cascade of upstream kinases leading 
to active SGK1. Active SGK1 has multiple effects: it increases apical plasma membrane ENaC by inhibiting Nedd4-2 and Raf-1, and it induces 
transcription of  the α-ENaC  (thereby  influencing  late effects of aldosterone). A  to E  (clockwise),  the  individual mechanisms  that have been 
elucidated  in  principal  cells.  See  text  for  details.  InsR,  Insulin  receptor;  IRS1,  insulin  receptor  substrate  1;  MR,  mineralocorticoid  receptor; 
mTORC2, mammalian target of rapamycin complex 2; PDK1, 3-phosphoinositide-dependent protein kinase type 1. 
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brain,336 and the vessel wall,53 which makes all of these 
tissues potential aldosterone target tissues.

IMPACT OF 11β-HSD2 ON MINERALOCORTICOID 
RECEPTOR ACTIVITY

The initial5,6 and still widely held interpretation of the role 
of 11β-HSD2 was that of excluding active glucocorticoids 
from epithelial MR, which allowed aldosterone unfettered 
access. This is only part of the picture, however; to reduce 
the signal-to-noise ratio from 100-fold to 10% would require 
that 999 of every 1000 cortisol molecules entering the cell 
be metabolized to cortisone, a very tall order in an organ 
such as the kidney, which commands 20% to 25% of cardiac 
output. 11β-HSD2 in epithelia (and in other tissues in which 
it is expressed) clearly reduces glucocorticoid levels by an 
order of magnitude337 but still leaves them with intracellular 
levels well above those of aldosterone. At the same time, 
although it is clear that when 11β-HSD2 is operative, 
glucocorticoid-occupied MR is not transcriptionally active, 
it is also clear that when enzyme activity is insufficient (as 
in apparent mineralocorticoid excess) or deficient (as in 
licorice abuse or by genetic mutation), cortisol can activate 
MR and ion transport. Although the subcellular mecha-
nisms involved have yet to be established, it appears that 
glucocorticoid-MR complexes are conformationally distinct 
from aldosterone-MR complexes. One intriguing possibility 
is that these hormone-receptor complexes, in contrast to 
aldosterone-MR complexes, are held inactive by the obligate 
generation of NADH from the cosubstrate NAD, required 
for the operation of 11β-HSD2.338 There is direct evidence 
to support the idea that redox potential affects the activity 
of the glucocorticoid receptor through effects on 
thioredoxin.339

APPARENT MINERALOCORTICOID EXCESS:  
A DISEASE OF DEFECTIVE 11β-HSD2

Apparent mineralocorticoid excess was first described by 
Maria New, and the molecular mechanisms responsible 
were established after an intense but fruitless search for a 
novel mineralocorticoid.340 The condition reflects partial or 
complete deficiency of 11β-HSD2 activity, is more common 
in consanguinity, and manifests as severe juvenile hyperten-
sion (see also Chapter 47).341 Confectionery licorice (or that 
added to chewing tobacco) contains glycyrrhizic and glycyr-
rhetinic acid, suicide substrates for 11β-HSD2, which thus 
acts as a potent inhibitor of the enzyme. Lack of functional 
11β-HSD2 results in MR activation by cortisol and inappro-
priate mineralocorticoid-like stimulation of ENaC-mediated 
Na+ reabsorption. This causes severe hypertension, often 
accompanied by hypokalemia. Plasma renin, angiotensin II, 
and aldosterone are suppressed. Treatment of apparent 
mineralocorticoid excess is the use of MR antagonists and 
additional antihypertensives as required. Treatment of lico-
rice abuse is moderation.

ROLE OF 11β-HSD2 IN BLOOD VESSELS

Studies of 11β-HSD2 in the human vascular wall342 defined 
the activity of aldosterone and cortisol in this physiologic 
aldosterone target tissue. Aldosterone at nanomolar 

of potassium secretion. As outlined earlier, sodium reab-
sorption through ENaC increases the negative charge on 
the luminal surface of the apical membrane of principal 
cells, thereby providing an electrical driving force for 
potassium secretion through the ROMK channel. If SGK1 
enhances ENaC-mediated sodium transport, the potential 
difference across the apical-to-basolateral surface of prin-
cipal cells should be higher (more negative) and thus 
should indirectly stimulate potassium secretion. SGK1 
knockout mice are unable to adequately secrete potas-
sium in both the short and long term when challenged 
with a high-potassium diet. Moreover, the potential dif-
ference across collecting duct epithelia from these knock-
out mice indicates that the effect of SGK1 on potassium 
secretion occurs via ENaC, not through direct regulation 
of ROMK.328

11β-HYDROXYSTEROID 
DEHYDROGENASE TYPE 2

11β-HSD2: AN ESSENTIAL DETERMINANT OF 
MINERALOCORTICOID SPECIFICITY

The physiologic glucocorticoid cortisol (corticosterone in 
rats and mice) has a high affinity for MR, equivalent to that 
of aldosterone and, as noted earlier, circulates at plasma 
free concentrations that are 100-fold or more greater than 
those of aldosterone. Central to the ability of MR to selec-
tively respond to aldosterone in the ASDN is the coexpres-
sion of the enzyme 11β-HSD2.5,6 11β-HSD2 converts cortisol/
corticosterone to receptor-inactive 11-keto steroids (corti-
sone in humans, 11-dehydrocorticosterone in rats and 
mice), using nicotinamide adenine dinucleotide (NAD) as 
a cosubstrate and generating sufficient amounts of the 
reduced form of NAD (NADH) to alter the redox potential 
of the cell. This dependence sets it in contrast to 11β-HSD1, 
which uses the reduced form of nicotinamide adenine dinu-
cleotide phosphate (NADPH), preferentially catalyzes the 
conversion of the oxidized to the reduced form, and has 
received substantial attention recently as a target for treat-
ment of metabolic syndrome.329 Aldosterone has a very reac-
tive aldehyde group at carbon 18 (see Figure 12.1), which 
forms an 11,18-hemiacetal and is protected from dehydro-
genation by 11β-HSD2.5,6

SITES OF 11β-HSD2 EXPRESSION

In the kidney, 11β-HSD2 is expressed at high levels through-
out the ASDN,166,177,330 where it is coexpressed with MR and 
ENaC (see Figure 12.9).331 Consistent with aldosterone regu-
lation of the NCC, it is also coexpressed in DCT with this 
transporter as well.332,333 Interestingly, expression has also 
been found in the thick ascending limb,177 although expres-
sion levels appear to be substantially lower, and increase 
progressively in DCT. Expression is by far highest in the 
connecting tubule and cortical collecting duct.330,333 It is also 
expressed in the aldosterone-sensitive segments of the 
colon, particularly the distal colon, as is the case for MR, 
although there is species variability.334 11β-HSD2 expression 
has also been described in several nonepithelial tissues, 
including placenta,335 the nucleus tractus solitarius in the 
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cultured endothelial cells.351 Such nongenomic effects are 
not unique to aldosterone, having been shown for the other 
recognized classes of steroid hormones352 and reported for 
dehydroepiandrosterone (DHEA).344 Genomic effects com-
monly have a lag period of 20 minutes or longer and are 
abrogated by inhibitors of transcription such as actinomycin 
D. Most nongenomic effects of steroids have time courses 
from onset to plateau of 5 to 10 minutes and are mediated 
by a variety of pathways.

MR does not have a myristoylation site (unlike, for 
example, estrogen receptors353), and there is little evidence 
for membrane-associated classical MR. Most rapid nonge-
nomic effects of aldosterone appear to be mediated by clas-
sical MR, in that they are inhibited by the MR antagonist 
RU 28318. In some instances342 spironolactone is ineffective 
as an inhibitor: exclusive reliance on blockade by spirono-
lactone led to the assumption of a widely distributed aldos-
terone receptor distinct from classical MR and a long and 
unsuccessful search for such a membrane-bound species.354 
The physiology of nongenomic aldosterone actions has 
been slow to be accepted, which in part reflects the major 
emphasis on the clearly genomic actions of aldosterone in 
the kidney. The most obvious example is the conjunction of 
rapid secretion of aldosterone in response to orthostasis and 
its demonstrated rapid vascular effects.345,355 With the recent 
interest in the pathophysiologic effects of MR activation, 
particularly in nonclassical aldosterone target tissues, there 
has been renewed interest in rapid nongenomic effects of 
aldosterone (and the physiologic glucocorticoids) via classi-
cal MR. Further details of the nongenomic actions of aldos-
terone can be found in Funder355 and other sources.356,357

DISEASE STATES

PRIMARY ALDOSTERONISM

Clinically, by far the most prevalent disorder directly involv-
ing aldosterone is Conn’s syndrome, or primary aldosteron-
ism.358 In this syndrome, aldosterone secretion is elevated 
and (relatively) autonomous as a result of an adrenal 
adenoma or, more frequently, bilateral adrenal hyperplasia, 
and, very rarely, adrenal carcinoma or the inherited disor-
der glucocorticoid remediable aldosteronism (FH-1). Once 
considered rare (<1% of all cases of hypertension), neces-
sarily characterized by hypokalemia and relatively benign, 
primary aldosteronism is now thought to account for 
approximately 8% to 13% of all hypertension, which reflects 
improved case detection and diagnosis. In contrast with 
previous teaching, frank hypokalemia is found in only 25% 
to 30% of cases, and the incidence of cardiovascular pathol-
ogy (fibrosis, fibrillation, infarct, stroke) is substantially 
higher than in age-, sex-, and blood pressure–matched indi-
viduals with essential hypertension.359,360

Guidelines for the case detection, diagnosis, and manage-
ment of primary aldosteronism have been published361 as a 
first step in addressing what is increasingly recognized as a 
major public health issue. It has long been thought and 
taught that the role of aldosterone in blood pressure regula-
tion reflects its epithelial effects leading to retention of 
sodium, and with it water, which thus increases circulating 
volume. This increase, in turn, is reflected in an increased 

concentrations caused a rapid rise in intracellular pH, 
reflecting nongenomic activation of the Na+-H+ exchanger. 
Cortisol alone over a range of doses produced no effect, but 
when carbenoxolone was added to inhibit 11β-HSD2, corti-
sol mimicked aldosterone. Inhibitor studies revealed that 
the effects of both aldosterone and cortisol were mediated 
by classical MR. In other studies involving tissue damage, 
mineralocorticoid antagonists were protective, whereas 
aldosterone or cortisol worsened injury. The inference from 
these results was that cortisol becomes an MR agonist in the 
context of tissue damage (or when 11β-HSD2 is pharmaco-
logically inhibited), with alteration of reactive oxygen 
species generation and redox potential.343 It is further 
notable that aldosterone has been shown to have both  
vasodilatory and vasoconstricting effects in animals and 
humans.344 These contradictory results have not been fully 
reconciled345 but may well reflect a combination of direct 
effects on vascular smooth muscle to stimulate myosin light-
chain phosphorylation through ERK activation,346,347 on the 
one hand, and stimulatory effects on endothelial cell nitric 
oxide synthase,344 on the other. Finally, it is of considerable 
interest that vascular smooth muscle cells express ENaC, in 
addition to MR, and that the channel might play a role in 
vascular tone.348

SUMMARY OF 11β-HSD2 ROLES

In summary, the enzyme 11β-HSD2 is crucial for aldosterone-
selective activation of epithelial MR and possibly of MR  
in other tissues, including blood vessels, nucleus of the soli-
tary tract, and placenta. It does this in part by debulking 
intracellular glucocorticoids by an order of magnitude, 
which is not sufficient to account for its blockade of cortisol 
agonist activity. Current evidence supports the possibility 
that 11β-HSD2–mediated generation of NADH renders 
glucocorticoid-occupied MR inactive. Partial or complete 
deficiency of 11β-HSD2 results in the syndrome of apparent 
mineralocorticoid excess, which is mimicked by licorice 
abuse.

NONGENOMIC EFFECTS  
OF ALDOSTERONE

The classical effects of aldosterone on ion transport are 
genomic, with MR acting at the nuclear level to regulate 
DNA-directed, RNA-mediated protein synthesis and thereby 
sodium transport. Such genomic effects are characterized 
by a lag period of 45 to 60 minutes before changes in ion 
transport can be measured, commensurate with a homeo-
static role for aldosterone action in regulating sodium and 
potassium status in response to dietary intake. In other  
circumstances (e.g., orthostasis, acute blood volume  
depletion), aldosterone secretion rises rapidly, and acute 
nongenomic effects are an understandable response. Such 
rapid effects were first demonstrated 25 years ago in the 
laboratory349; in human vascular tissues they have been 
amply demonstrated both in vitro342 and in vivo.350 Although 
most of these rapid nongenomic effects appear to be medi-
ated via activation of classical MR,342,349 there is evidence 
from atomic force microscopy studies for non-MR mem-
brane sites binding aldosterone with high affinity on 
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100-fold or more and mimics aldosterone in the context of 
tissue damage.

CHRONIC KIDNEY DISEASE

The role of MR blockade in slowing the progression of  
chronic kidney disease is considered in a recent study and 
commentary373,374 and in Chapter 62. The study, a double-
blind, randomized, placebo-controlled trial, examines the 
anti-albuminuric effect of the aldosterone blocker eplere-
none in nondiabetic hypertensive patients with albuminuria.

NONEPITHELIAL ACTIONS  
OF ALDOSTERONE

In addition to the classical epithelial tissues involved in ion 
transport (kidney, colon, sweat gland, salivary gland), there 
are documented effects of aldosterone in the brain, vascular 
wall, and possibly the placenta, as previously noted. Many 
other tissues and organs have been postulated as physiologic 
aldosterone target tissues, largely on the inadequate evi-
dence that they express MR and can be shown in vitro to 
respond by some measure to aldosterone. What underpins 
these postulates is the misconception that aldosterone is the 
cognate ligand for MR, which is true for epithelia but not for 
cells not expressing 11β-HSD2, coupled with disregard for 
the role of cortisol. Cortisol was not only the ligand for MR 
in cartilaginous and bony fish, millions of years before the 
appearance of aldosterone synthase, but is the overwhelm-
ing occupant of MR that is not protected by 11β-HSD2 (pri-
marily nonepithelial MR) throughout the body. It is notable 
that some nonepithelial MR is also protected by 11β-HSD2, 
for example, in the nucleus tractus solitarius.

The fact that aldosterone can activate MR under experi-
mental conditions without 11β-HSD2 is illustrated by the 
work of Gómez-Sánchez and colleagues more than two 
decades ago.375 Very low doses of aldosterone that did not 
affect blood pressure when infused systemically elevated 
blood pressure when infused into the lateral ventricle of 
conscious, free-living rats. That this did not reflect a physi-
ologic role for aldosterone, however, was shown by the 
co-infusion of one, two, and five times the dose of corticos-
terone, which progressively blocked the blood pressure 
effect of the infused aldosterone, evidence for the absence 
of 11β-HSD2 in the hypothalamic nuclei involved, and the 
overwhelming occupancy of their MR by the physiologic 
glucocorticoid.

The two established nonepithelial aldosterone target 
tissues are the vascular wall and the nucleus tractus solitarius 
in the brain. Both of these tissues express 11β-HSD2, as 
noted earlier, allowing aldosterone-selective MR activation; 
both can be reasonably envisaged as having important ancil-
lary roles supporting the primary, epithelial role of aldoste-
rone on fluid and electrolyte homeostasis. Aldosterone 
vasoconstricts blood vessels, acutely and in the longer term, 
in response to volume depletion; similarly, it acts on the 
nucleus tractus solitarius to stimulate salt appetite. Both 
actions are thus harnessed into the physiologic role of aldos-
terone in maintaining fluid and electrolyte balance.

It is commonly assumed that in pathophysiologic states of 
high aldosterone level, such as primary aldosteronism, the 

cardiac output, which is reflexively normalized by vasocon-
striction and thus elevation of blood pressure (in keeping 
with the Guyton hypothesis362). Although the epithelial 
effects of aldosterone on vascular volume are indisputably 
homeostatically important, there are compelling experi-
mental and clinical studies to suggest a role for nonepithe-
lial effects in mineralocorticoid-induced hypertension.363,364 
Very recently, in addition to MR-mediated central nervous 
system and vascular effects in hypertension, roles for mac-
rophages have been demonstrated by two groups using dis-
tinct and complementary experimental approaches.365,366

Recent data have suggested a role for a mutated K+ 
channel (KCNJ5) in the pathogenesis of aldosterone-
producing adrenal adenomas and in the rare condition of 
FH type III.22,23 See section “Aldosterone Synthesis” for addi-
tional details.

CONGESTIVE HEART FAILURE

Aldosterone has been implicated in the pathophysiology of 
congestive heart failure since soon after its discovery in the 
mid-1950s.367,368 Until fairly recently, most of the focus has 
been on the counterproductive effects of aldosterone in 
epithelia. More recently, the beneficial effects of MR antago-
nists in congestive heart failure have suggested an additional 
effect in myocardium itself.369 In the Randomized Aldactone 
Evaluation Study (RALES),369 addition of low-dose (mean 
26 mg/day) spironolactone to standard-of-care treatment in 
patients with progressive heart failure produced a 30% 
reduction in mortality and 35% fewer hospitalizations. This 
result is often attributed to spironolactone antagonizing the 
effect of aldosterone on cardiomyocyte MR, but actually 
reflects its antagonizing of cortisol acting as an MR agonist 
under ischemic conditions. Subsequently, the Eplerenone 
Post-Acute Myocardial Infarction Heart Failure Efficacy and 
Survival Study (EPHESUS) examined the effect of eplere-
none, an MR antagonist with improved specificity relative 
to spironolactone, on heart failure due to systolic dysfunc-
tion complicating acute myocardial infarction. The study 
showed that adding eplerenone (43 mg/day) on top of con-
ventional therapy significantly decreased mortality due to 
all causes (31%) and cardiovascular mortality (13%).370 
Potassium concentration was only slightly higher in the 
eplerenone-treated group than in the placebo-treated group 
(4.47 mmol/L and 4.54 mmol/L, respectively). Coupled 
with the recent literature on direct vascular effects of aldos-
terone addressed earlier, these data suggest that MR antago-
nists have a beneficial effect that cannot be accounted for 
by diuretic actions in the kidney alone.371

It is also notable that a recent trial (Eplerenone in Mild 
Patients Hospitalization And SurvIval Study in Heart Failure 
[EMPHASIS-HF]) examining the effect of eplerenone in 
New York Heart Association (NYHA) class II heart failure 
(milder than previously examined) was stopped early 
because a significant benefit was found in the treated 
group.372 In summary, the pathophysiologic effects of aldos-
terone excess on the cardiovascular system in primary aldos-
teronism are well documented, and MR also plays an 
important role in essential hypertension and heart failure. 
Importantly, MR expressed in cardiac and vascular cells may 
commonly be activated by cortisol rather than aldosterone, 
which is present in serum at levels that are higher by 
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deleterious effects are mediated by aldosterone occupying 
and inappropriately activating nonprotected MR, in cardio-
myocytes, for example. It is plausible that instead of the 
approximately 1% physiologic occupancy (given the approx-
imately 100-fold higher levels of plasma free cortisol), aldos-
terone occupancy of cardiomyocyte MR might rise to 3% to 
5%. Relatively minor degrees of MR occupancy have been 
shown effective for spironolactone, acting as a protective 
inverse agonist,376 so similarly minor degrees of cardiomyo-
cyte MR occupancy by aldosterone could potentially produce 
the deleterious effects seen.

This explanation, however, is almost certainly incorrect. 
Plasma aldosterone levels are as high or higher in chronic 
sodium deficiency (or in the effectively volume-depleted 
condition of secondary hyperaldosteronism), with no dele-
terious cardiovascular effects. In primary and secondary 
aldosteronism, and in chronic sodium deficiency, physio-
logic target tissues, both renal tubular and coronary vascu-
lar, are exposed to (and respond to) maintained high levels 
of aldosterone; it is thus unlikely that in primary aldosteron-
ism the cardiovascular damage reflects increased MR activa-
tion in blood vessels, coronary and peripheral. The key 
difference between the circumstances is that primary aldos-
teronism is a state of aldosterone and sodium excess, and 
the others of sodium/volume depletion.

A plausible but untested mechanism of aldosterone-
induced damage is that it is secondary to increased renal 
sodium reabsorption and the action of endogenous ouabain 
on blood vessels. Endogenous ouabain is incompletely 
explored, but its levels are elevated in primary aldosteron-
ism.377 Like aldosterone, its secretion is elevated by ACTH 
and angiotensin (the latter via AT2R); in stark contrast with 
aldosterone, it is raised (not lowered) in states of sodium 
excess.378-380 It acts via Na+-K+-ATPase in vessel wall as a vaso-
constrictor, presumably physiologically to produce a pres-
sure natriuresis as a homeostatic response. It may thus be 
that the cardiovascular damage in primary aldosteronism 
reflects a combination of the effects of aldosterone plus 
endogenous ouabain on the vasculature, and, if this is the 
case, the fons et origo of the nonepithelial effects of aldoste-
rone remain squarely in the renal tubule and the exagger-
ated sodium retention therein.
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Vasoactive peptides, arising from both the systemic circula-
tion and local tissue-based generation, play important roles 
in kidney physiology, not only in the regulation of renal 
blood flow but also in electrolyte exchange, acid-base 
balance, and diuresis. More recent interest has focused on 
the role of these peptide systems in kidney development and 
in the pathogenesis of organ injury.

RENIN-ANGIOTENSIN-
ALDOSTERONE SYSTEM

In their now seminal 1898 report, Niere und Kreislauf, 
Robert Tigerstedt and Per Bergman, while working at the 

Karolinska Institute in Sweden, described the prolonged 
vasopressor effects of crude kidney extracts.1 Although rec-
ognizing the impurity of the extract, Tigerstedt named the 
unidentified active substance “renin,” based on its organ of 
origin. More than 110 years later, our understanding of the 
renin-angiotensin-aldosterone system (RAAS) continues to 
evolve with insights into its pivotal role in pathophysiologic 
and physiologic processes. Underlying this effort to fully 
understand the RAAS is not only a desire for knowledge but 
a profound appreciation of the therapeutic importance of 
its blockade. Much of this insight is derived from work in 
1985 by Anderson and colleagues, who defined the reno-
protective effects of angiotensin-converting enzyme (ACE) 
inhibition in a rodent model of progressive kidney disease.2
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Figure 13.1  Schematic depiction of the renin-angiotensin-aldosterone system components and selected actions. The enzymes of the 
system  are  shown  in  red.  Newly  described  enzymatic  pathways  are  shown  in  red.  Receptors  are  shown  in  the  boxes.  ACE,  Angiotensin-
converting enzyme; Agt, angiotensinogen; Ang, angiotensin; APA, aminopeptidase A; AT1R, angiotensin type 1 receptor; AT2R, angiotensin type 
2 receptor; MasR, Mas receptor; MrgD, Mas-related G protein–coupled receptor; and PRR, (pro)renin receptor. (Reproduced and adapted with 
permission from Carey RM: Newly discovered components and actions of the renin-angiotensin system. Hypertension 62:818-822, 2013.)
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CLASSICAL RENIN-ANGIOTENSIN- 
ALDOSTERONE SYSTEM

The classical view of the RAAS focuses on the endocrine 
aspects of this peptidergic system. Angiotensinogen synthe-
sized by the liver enters the circulation, where it is cleaved 
to form angiotensin I by renin, a peptidase that is secreted 
from the juxtaglomerular apparatus (JGA) of the kidney. 
The terminal two amino acids of angiotensin I are then 
removed to form angiotensin II, as it traverses through the 
circulation, exposed to ACE, a peptidase expressed on 
endothelial cells, particularly in the pulmonary vasculature. 
Angiotensin II, the principal effector molecule of the RAAS, 
then binds to its type 1 receptor, resulting in vasoconstric-
tion, sodium retention, thirst, and aldosterone secretion. 
This traditional view of the RAAS is still valid but has been 
considerably augmented, not only by the discovery of new 
enzymes, peptides, and receptors but also by an apprecia-
tion that in addition to its endocrine paradigm, the RAAS 
also has an independently functioning local tissue-based 
component that acts through paracrine, autocrine, and pos-
sibly intracrine mechanisms (Figure 13.1).

ANGIOTENSINOGEN
Angiotensinogen is primarily, though by no means exclu-
sively, synthesized in the liver, particularly the pericentral 
zone of the hepatic lobules.3 In humans it is coded by a 
single gene, composed of five exons and four introns, that 
spans approximately 13 kb of genomic sequence on chro-
mosome 1 (1q42-q43). It is translated to a 453–amino acid 
globular glycoprotein with a molecular weight between 45 
and 65 kd, depending on the extent of its glycosylation, 
which then undergoes posttranslational cleavage of a 24– or 
33–amino acid signal peptide,4 giving rise to the mature 
circulating form of angiotensinogen.5

Structurally angiotensinogen bears substantial homol-
ogy to the serpin superfamily of protease inhibitors and  
like many members of its family behaves as an acute phase 
reactant in the inflammatory setting,6 reflecting the pres-
ence of an acute phase response element that binds the 

transcription factor nuclear factor κ-light-chain-enhancer of 
activated B cells (NF-κB).7

RENIN
Like the gene encoding angiotensinogen, the gene encod-
ing renin is located on the long arm of chromosome 1 
(1q32) and contains 10 exons and 9 introns, similar to other 
aspartyl proteases.8 Unlike humans and rats, which have 
only a single renin gene, the mouse has two, Ren1 and Ren2, 
expressed primarily in the submandibular gland and kidney, 
respectively.

Following its synthesis as a 406–amino acid preprohor-
mone, the 23–amino acid leader sequence of preprorenin 
is cleaved in the rough endoplasmic reticulum, giving rise 
to prorenin (also called inactive renin and “big” renin), 
which may be then rapidly secreted directly from the Golgi 
apparatus or from protogranules.4 Alternatively, and virtu-
ally exclusively in the JGA, prorenin may be packaged into 
mature, dense granules that instead of being immediately 
secreted, undergo further processing to the active enzyme, 
renin (active renin). In contrast to the more constitutive 
secretion of prorenin, release of renin-containing granules 
is tightly regulated.8

Mature, active renin is a variably glycosylated 37- to 40-kd 
aspartyl protease that is active at neutral pH, and in contrast 
to the more promiscuous activities of most other proteases 
in this class, has only a single known substrate, cleaving  
the decapeptide angiotensin I from the amino-terminal of 
angiotensinogen. Whereas the kidney produces both renin 
and prorenin, a range of extrarenal tissues, including the 
adrenals, gonads, and placenta, produce prorenin and con-
tribute to its presence in plasma. However, as evidenced by 
the near-total absence of active renin in anephric patients, 
the kidney, and the JGA in particular, appears to be the only 
source of circulating renin in humans.

Factors that chronically stimulate renin secretion, such as 
a low-sodium diet and ACE inhibition, lead to an increase 
in the number of renin-secreting cells rather than an 
increase in cell size or the number of granules that each 
JGA cell contains. This expansion of the renin-secreting 
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Renal Baroreceptor

The existence of a renal baroreceptor mechanism was first 
conceptualized by Skinner and associates to explain how 
renin secretion increases when afferent arteriolar perfusion 
pressure falls.19 Studies in conscious dogs show that changes 
in renal perfusion pressure have only a small effect on renin 
secretion until a threshold of approximately 90 mm Hg is 
reached, below which renin secretion abruptly increases, 
doubling with every 2– to 3–mm Hg fall in pressure.20 
Accordingly, reduction in pressure below this level pro-
foundly stimulates renin secretion, thereby acutely activat-
ing the RAAS and resulting in a range of angiotensin 
II–dependent phenomena that collectively serve to restore 
systemic pressure. Despite the importance of the barore-
ceptor function, several decades of research have not  
identified precisely how the pressure signal is transduced 
into renin release, though postulated mediators include 
stretch-activated calcium channels, endothelins (ETs), and 
prostaglandins.

Neural Control

The JGA is endowed with a rich network of noradrenergic 
nerve endings and their β1 receptors. Stimulation of the 
renal sympathetic nerve activity leads to renin secretion that 
is independent of changes in renal blood flow, glomerular 
filtration rate (GFR), or Na+ resorption. Moreover, this 
effect can be blocked surgically (by denervation) and phar-
macologically (by the administration of β-adrenoreceptor 
blockers).20 The role of cholinergic, dopaminergic, and 
adrenergic activation is controversial, though these agents 
have also been shown to modulate renin release under 
certain circumstances.

Tubular Control

Chronic diminution in luminal NaCl delivery to the macula 
densa is a potent stimulus for renin secretion, reflecting  
a coordinate interaction between a range of mediators, 
including adenosine, nitric oxide, and prostaglandins, that 
affect not only renin release but also its transcription.21 This 
mechanism is thought to account for the chronically high 

mass occurs proximally by metaplastic transformation of 
smooth muscle cells within the walls of the afferent arteri-
ole. Although sometimes mentioned, ectopic renin expres-
sion within the extraglomerular mesangium appears to be 
an extraordinarily rare event.9

PRORENIN ACTIVATION
Prorenin is maintained as an inactive zymogen through the 
occupation of its catalytic cleft by its prosegment. Removing 
this prosegment by either proteolytic or nonproteolytic 
means yields active renin, a term that denotes its enzymatic 
activity rather than its amino acid sequence (Figure 13.2).

Within the dense core secretory granules of the  
JGA, acidification by vacuolar adenosine triphosphatases 
(ATPases) provides the optimal pH for the prosegment-
cleaving enzymes: proconvertase 1 and cathepsin B and may 
also assist the pH-dependent, non-enzymatic activation of 
prorenin as well.9-11 Although various peptidases such as 
trypsin, plasmin, and kallikrein can also cleave the proseg-
ment of prorenin in vitro, these do not appear to contribute 
to the generation of renin in the in vivo setting. Although 
traditionally viewed as occurring only in the JGA, cell 
culture–based studies suggest that proteolytic activation of 
renin can also occur in cardiac and vascular smooth muscle 
cells by as-yet-unidentified serine proteases.12-14 The signifi-
cance of these findings in the intact organism, however, 
remains to be established.

In addition to proteolytic cleavage of its prosegment, pro-
renin can also be reversibly activated nonenzymatically by a 
conformational change such that the prosegment no longer 
occupies the enzymatic cleft. Under usual circumstances, 
less than 2% of prorenin is in this open active conformation. 
This process can, however, be induced by acid (pH < 4.0)15,16 
and to a lesser extent by cold.17 In a later study the putative 
(pro)renin receptor (see later) was also shown to nonpro-
teolytically activate prorenin.18

REGULATION OF RENIN SECRETION
Mechanical, neurologic, and chemical factors regulate the 
activity of the RAAS by modulating renin secretion.

Figure 13.2  Prorenin activation. The conformational changes and the expression of immunoreactive epitopes associated with the activation 
of  prorenin  are  depicted.  The  main  body  of  the  molecule,  the  substrate-binding  cleft,  and  the  prosegment  are  shown.  The  closed triangle 
represents the epitope of the main body expressed by PRc (prorenin in the inactive closed conformation), PRoi (prorenin in the inactive inter-
mediary open conformation), PRo (prorenin in the active open conformation), and renin. The closed circle represents the epitope of the main 
body, expressed by PRo and renin, but not by PRc and PRoi. The open circles represent epitopes of the prosegment expressed by PRo but not 
by PRc and PRoi. (Adapted from Schalekamp MA, Derkx FH, Deinum J, et al: Newly developed renin and prorenin assays and the clinical evaluation 
of renin inhibitors. J Hypertens 26:928-937, 2008.)
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concentrations but will also overestimate the extent of inhi-
bition by renin inhibitors because of the displacement of 
protein-bound drug by the peptidase inhibitors. The latter 
scenario may be diminished by using an antibody capture 
method in which anti–angiotensin I antibody, instead of 
peptidase inhibitors, is used to protect angiotensin I from 
further catabolism.28

The nomenclature of renin assays can be quite confusing 
in that PRC may be measured by both activity and immuno-
logic assays. With the plasma renin concentration activity 
assay (PRCa), exogenous angiotensinogen is added to the 
assay, thereby avoiding the influence that endogenous levels 
of the substrate might have. However, PRCa may also be 
affected by the presence of renin inhibitors; as with PRA, 
this effect may be reduced by antibody capture methodol-
ogy.28 In the plasma renin concentration immunologic assay 
(PRCi), the concentrations of renin and prorenin in its 
active, open conformation are assessed, so that the PRCi 
assay, like PRA and PRCa, is time and temperature depen-
dent because lower temperatures will increase the propor-
tion of prorenin in its active conformation. Moreover, renin 
inhibitors, by binding to the active site of prorenin in its 
open conformation, prevent the refolding of the proseg-
ment and may therefore lead to an overestimation of 
PRCi.28,29

ANGIOTENSIN-CONVERTING ENZYME
ACE is a zinc-containing dipeptidyl carboxypeptidase that 
cleaves the terminal histidyl-leucine from angiotensin I to 
form the octapeptide angiotensin II. In contrast to the 
single-substrate specificity of renin, ACE is not specific, 
cleaving the two terminal acids from peptides with the C′-
terminal sequence R1-R2-R3-OH, in which R1 is the protected 
(noncleaved) amino acid, R2 is any nonproline L-amino 
acid, and R3 is any nondicarboxylic (cysteine, ornithine, 
lysine, arginine) L-amino acid with a free carboxy-terminal.4 
Importantly, therefore ACE also catalyzes the inactivation of 
bradykinin. Although encoded by a single ACE gene, two 
distinct tissue-specific messenger RNAs (mRNAs) are tran-
scribed, each with different initiation and alternative splice 
sites.30 The somatic form, present in almost all tissues, is a 
1306–amino acid, 140- to 160-kd glycoprotein with two 
active sites, whereas the 90- to 100-kd testicular or germinal 
form is found exclusively in postmeiotic male germ cells, 
contains a single active site, and appears to be involved with 
spermatogenesis.4,31,32 The somatic form of ACE is widely 
distributed with activity present not only in tissues but also 
in most biologic fluids. In the human kidney, ACE is present 
to the greatest extent within proximal and distal tubules; 
however, both the magnitude of expression and its site-
specific distribution may be altered by disease.33

ANGIOTENSIN TYPE 1 RECEPTOR
The angiotensin type 1 (AT1) receptor mediates most of 
the known physiologic effects of angiotensin II. The gene 
for this widely distributed 359–amino acid, 40-kDa, seven-
transmembrane G protein–coupled receptor is located on 
chromosome 3 in humans.34

Within the kidney, AT1 receptors are widely expressed. In 
the glomerulus, they are found in both afferent and efferent 
arterioles as well as in the mesangium, in endothelium, and 
on podocytes.35 Consistent with the role of angiotensin II in 

plasma renin activity (PRA) in subjects who adhere to a low-
salt diet.22

Metabolic Control

The tricarboxylic acid cycle provides a final common 
pathway by which carbohydrates, fatty acids, and amino 
acids converge in the process of adenosine triphosphate 
(ATP) generation by aerobic electron transfer. Although the 
tricarboxylic acid cycle operates within mitochondria, its 
intermediates can be detected within the extracellular 
space, increasing in abundance when local energy supply 
and demand are mismatched or when cells are exposed to 
hypoxia, toxins, or injury.23 Succinate, for instance, has been 
shown to stimulate renin release, and its intravenous admin-
istration leads to hypertension, though the mechanisms 
underlying this effect have only recently been unravelled. 
In 2004, He and colleagues reported that α-ketoglutarate 
and succinate are ligands for the previously orphaned G 
protein–coupled receptors GPR90 and GPR99, respectively, 
and that succinate-induced hypertension is abolished in 
GPR91-deficient mice.24 Notably, in other studies, GPR91 
was localized to the apical plasma membrane of macula 
densa cells, where succinate stimulation was shown to 
activate p38 and extracellular signal–regulated kinases 1 
and 2 (ERK1/2) mitogen-activated protein (MAP) kinases, 
inducing cyclo-oxygenase-2–dependent synthesis of prosta-
glandin E2, a well-established paracrine mediator of renin 
release.25 Moreover, the ability of tubular succinate to induce 
juxtaglomerular renin secretion suggests that this phenom-
enon is likely an important determinant of JGA function in 
both physiologic and pathophysiologic settings.

Other Local Factors

In addition to the factors discussed earlier, a large range of 
locally active factors have also been shown to alter renin 
secretion. These include peptides (atrial natriuretic peptide, 
kinins, vasoactive intestinal polypeptide, ET, calcitonin 
gene–related peptide), amines (dopamine and histamine), 
and arachidonic acid derivatives.20

PLASMA PRORENIN AND RENIN
Under usual circumstances the plasma concentration of 
prorenin is approximately 10 times greater than renin. In 
some patients with diabetes, however, the plasma prorenin 
level is disproportionately increased, where it predicts the 
development of diabetic nephropathy (including microal-
buminuria) and retinopathy.26,27

In addition to its role in the research setting, measure-
ment of plasma renin concentration (PRC) is an important 
clinical assay, providing important information, for example, 
when evaluating patients with possible hyperaldosteronism, 
assessing volume status, and in predicting the response to, 
or monitoring drug adherence to, an ACE inhibitor or 
angiotensin receptor blocker (ARB). In broad terms, PRC 
is determined by either activity or immunologic assay 
methods.28 The most commonly used method involves the 
measurement of PRA. With this method the rate at which 
angiotensin I is produced from plasma angiotensinogen is 
assayed. To prevent the degradation of angiotensin I or its 
conversion to angiotensin II, inhibitors of angiotensinase 
and ACE are added to the assay. Accordingly, PRA is not 
only dependent on renin and endogenous angiotensinogen 

http://www.myuptodate.com


 CHAPTER 13 — VASOACTIVE MOLECULES AND THE KIDNEy 329

also a number of transcription pathways implicated in the 
pathogenesis of inflammatory and degenerative disease.34 
Although the mechanisms by which the AT1 receptor stimu-
lates NADH/NADPH are not well understood, angiotensin 
II binding to this receptor results in the generation of both 
superoxide and hydrogen peroxide.

Tyrosine Kinases

Angiotensin II binding to the AT1 receptor “transactivates” 
a number of nonreceptor tyrosine kinases (Src, Pyk2, FAK, 
and JAK), as well as the growth factor receptor tyrosine 
kinases for epidermal growth factor (EGF)39,40 and platelet-
derived growth factor (PDGF).41,42 By binding to the 
AT1 receptor, angiotensin II initiates the translocation 
of tumor necrosis factor-α (TNF-α)–converting enzyme 
(TACE) to the cell surface. TACE then cleaves TNF-α from 
its membrane-associated precursor (pro–TNF-α), allowing 
it to bind to EGF receptor (EGFR) on the cell surface. This 
ligand-receptor interaction then induces EGFR autophos-
phorylation and activates its downstream signaling pathways 
that include Akt, ERK1/2, and mammalian target of rapa-
mycin (mTOR) (Figure 13.3). The in vivo relevance of this 
transactivation pathway has been confirmed. Using mice 
that express a dominant negative form of EGFR, Lautrette 
and colleagues showed that despite similar blood pressures, 
mutant mice infused with angiotensin II had less protein-
uria and renal fibrosis than did their wild-type counter-
parts.43 Consistent with these findings and the pivotal role 
of the RAAS in diabetic nephropathy, studies using the spe-
cific EGFR tyrosine kinase inhibitor PKI 166 have also shown 
a reduction in early structural injury in a rat model of dia-
betic nephropathy.44

Na+ resorption, AT1 receptors are highly abundant on the 
brush borders of proximal tubular epithelial cells.36 Promi-
nent expression has also been found in renal medullary 
interstitial cells, located between the renal tubules and vasa 
recta, where angiotensin II is purported to have a potential 
role in the regulation of medullary blood flow.37

Angiotensin II binding to the AT1 receptor initiates 
cell signaling by several different pathways that have been 
mostly studied in vascular smooth muscle cells.38 These 
include G protein–mediated pathways and the activation  
of tyrosine kinases, reduced nicotinamide adenine dinucle-
otide (NADH)/reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidases, and serine/threonine 
kinases.34

G Protein–Mediated Signaling

In the classical G protein–mediated pathway, AT1 receptor 
ligand binding leads to activation of phospholipases C, D, 
and A2. Phospholipase C rapidly hydrolyses phosphati-
dylinositol bisphosphate to inositol trisphosphate and di-acyl 
glycerol (DAG), initiating calcium release from intracellular 
stores and protein kinase C (PKC) activation, respectively. 
Phospholipase D similarly generates DAG and activates 
PKC, whereas phospholipase A2 leads to the formation of 
various vasoactive and proinflammatory arachidonic acid 
derivatives.

Reactive Oxygen Species

Although reactive oxygen species were previously regarded 
as toxic waste products, emerging evidence indicates that 
they may also act as second messengers, activating not only 
other cell signaling cascades such as p38 MAP kinase but 
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Figure 13.3  Angiotensin II–mediated transactivation of the epidermal growth factor (EGF) receptor. Angiotensin II  (Ang II) binds to its 
angiotensin II type 1 (AT1) receptor, a G protein–coupled receptor lacking intrinsic tyrosine kinase activity. Through as-yet-undescribed mecha-
nisms, this interaction leads to the translocation of the metalloprotease tumor necrosis factor-α (TNF-α)–converting enzyme (TACE) from the 
cytosol to the cell surface, where it cleaves TNF-α from its membrane-associated promolecule, allowing it to bind and activate the EGF recep-
tor.  Erk  1/2,  Extracellular  signal–regulated  kinases  1  and  2;  mTOR,  mammalian  target  of  rapamycin;  P13K,  phosphatidylinositol-3-kinase. 
(Adapted from Wolf G: “As time goes by”: angiotensin II–mediated transactivation of the EGF receptor comes of age. Nephrol Dial Transplant 
20:2050-2053, 2005.)
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Angiotensin Type 1 Receptor Dimerization

In addition to their ability to induce cell signaling in their 
monomeric state, G protein–coupled receptors such as AT1 
receptor may also associate to form both homodimers and 
heterodimers.50 Beyond its constitutive homodimerization,51 
AT1 receptor may dimerize with angiotensin type 2 (AT2) 
receptor and also form hetero-oligomers with receptors for 
bradykinin (B2), epinephrine (β2), dopamine (D1, D3, and 
D5), endothelin type B, Mas, and EGF that modulate their 
function.52-55

Ligand-Independent Angiotensin Type 1  
Receptor Activation

Without involvement of angiotensin II, cell stretch induces 
a conformational switch that initiates intracellular signaling 
pathways of the AT1 receptor.56,57 As might be expected from 
an understanding of this mechanism, an AT1 receptor 
blocker, acting as an inverse agonist, will abrogate these 
effects, as described in both cardiac57 and mesangial cells.58 
A similar means of ligand-independent activation has also 
been shown to result from the binding of agonist antibodies 
to AT1 receptors in some women with preeclampsia59 and in 
certain cases of renal allograft rejection.60

PHYSIOLOGIC EFFECTS OF ANGIOTENSIN II IN  
THE KIDNEY
The traditional actions of angiotensin II relate primarily to 
its effects on vascular tone and fluid balance that are medi-
ated by its actions on the vasculature, heart, kidney, brain, 
and adrenal glands by the AT1 receptor. In vascular smooth 
muscle, stimulation of AT1 receptors by angiotensin II 
induces cell contraction and consequent vasoconstriction. 
In the adrenal cortex, this ligand-receptor interaction stimu-
lates aldosterone release, thereby promoting sodium resorp-
tion in the distal nephron. Moreover, angiotensin II will 

Like EGFR, the transactivation of the PDGF receptor 
(PDGFR) by the AT1 receptor is also complex, involving the 
adaptor protein Shc.41,42 In addition to studies that have 
explored the angiotensin-PDGFR interaction in cell culture 
or organ baths,45 a later report has shown that despite con-
tinued hypertension, inhibition of the PDGFR kinase in vivo 
can also dramatically attenuate angiotensin II–induced vas-
cular remodeling.46

Angiotensin Type 1 Receptor Internalization

In addition to the conventional ligand-receptor–mediated 
pathways, a range of other signaling mechanisms that 
involve the AT1 receptor have been described. These include 
the discovery of receptor-interacting proteins, heterologous 
receptor dimerization, and ligand-independent activation47 
(Figure 13.4). These new insights, though adding greater 
complexity to our understanding of the RAAS, also provide 
the potential for new therapeutic targets in disease preven-
tion and management.

Following ligand binding and the initiation of signal 
transduction, AT1 receptors are rapidly internalized, fol-
lowed by either lysosomal degradation or recycling back  
to the plasma membrane. Several mechanisms account for 
AT1 receptor internalization, including interaction with 
caveolae, phosphorylation of its carboxy-terminal by G 
protein–coupled receptor kinases,34 and association with the 
newly described AT1 receptor interacting proteins.47 To 
date, two such interacting proteins, AT1 receptor–associated 
protein (ATRAP)48 and AT1 receptor–associated protein 1 
(ARAP1),49 have been described. ATRAP interacts with the 
C terminus of AT1 receptor, downregulating cell surface 
AT1 receptor expression and attenuating angiotensin II–
mediated effects.47 ARAP1 though somewhat similar to 
ATRAP, promotes AT1 receptor recycling to the plasma 
membrane such that its kidney-specific overexpression 
induces hypertension and renal hypertrophy.49

Figure 13.4  Developments in knowledge about the regulation of angiotensin receptors. ARAP1, AT1 receptor–associated protein 1; ATBP50, 
AT2 receptor–binding protein of 50 kDa; ATIP, angiotensin type 2 receptor–interacting protein; ATRAP, AT1 receptor–associated protein; AT1 
receptor, angiotensin type 1 receptor; AT2 receptor, angiotensin type 2 receptor; PLZF, promyelocytic leukemia zinc finger. (Adapted from Mogi 
M, Iwai M, Horiuchi M: New insights into the regulation of angiotensin receptors. Curr Opin Nephrol Hypertens 18:138-143, 2009.)
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incompletely understood. In the distal tubule the effects of 
angiotensin II on Na+ transport are site dependent. In the 
early distal tubule, for instance, angiotensin II stimulates 
apical Na+-H+ exchange, whereas in the late distal tubule it 
stimulates the amiloride-sensitive sodium channel.63

Acid-Base Regulation

The kidney has a key role in the maintenance of physiologic 
pH by regulating the secretion and resorption of acids and 
bases. As for Na+, angiotensin II also has substantial effects 
on acid-base transport in the proximal tubule, distal tubule, 
and collecting duct. Interest has focused in particular on its 
actions in the collecting duct. In the collecting duct, angio-
tensin II not only stimulates Na+-H+-exchangers and Na+-
HCO3

− cotransporters but has also been shown to stimulate 
the vacuolar hydrogen ion adenosine triphosphatase (H+-
ATPase) in intercalated A cells via its AT1 receptor.64 More-
over, elegant and detailed electron microscopic studies have 
helped to unravel the mechanisms by which angiotensin II 
exerts its effects at this site, revealing translocation of the 
H+-ATPase from the cytoplasm to the apical surface in 
response to ligand stimulation.65

EXPANDED RENIN-ANGIOTENSIN-ALDOSTERONE 
SYSTEM: ENZYMES, ANGIOTENSIN PEPTIDES, 
AND RECEPTORS

ANGIOTENSIN TYPE 2 RECEPTOR
In humans the AT2 receptor is a 363–amino acid protein 
that maps to the X chromosome and is highly homologous 
to its rat and mouse counterparts.66 Like AT1 receptor, AT2 
receptor is also a seven-transmembrane G protein–coupled 
receptor, though it shares only 34% homology.

Despite substantial research, the actions of AT2 receptor 
are still not well understood and remain somewhat contro-
versial.67 In general, however, the actions of AT2 receptor 
stimulation oppose those of AT1 receptor. For instance, 
whereas AT1 receptor vasoconstricts and promotes Na+ 
retention, AT2 receptor stimulation leads to vasodilation68 
and natriuresis,69 consistent with its abundance on the epi-
thelium of the proximal tubule.70 The vasodilatory effects 
of AT2 receptor stimulation are mediated by increasing 
nitric oxide synthesis and cyclic guanosine monophos-
phate (cGMP) by bradykinin-dependent and bradykinin-
independent mechanisms.71 Its natriuretic effects, however, 
seem to be dependent on conversion of angiotensin II to 
angiotensin III by aminopeptidase N.72

Like the activity of the AT1 receptor, the activity of the 
AT2 receptor may also be modulated by oligomerization, 
association with various interacting proteins, and ligand-
independent effects.71

(PRO)RENIN RECEPTOR
In 2002 an apparently novel, 350–amino acid, single-
transmembrane protein that binds both renin and prorenin 
with high affinity was identified.18 Ligand binding to this 
protein was shown to induce a fourfold increase in the cata-
lytic cleavage of angiotensinogen as well as stimulating intra-
cellular signaling with activation of MAP kinases ERK1/2,18 
leading to it being named the (pro)renin receptor ([P]RR). 
The designation (pro)renin refers to its ability to interact 
with both renin and prorenin.

directly enhance sodium retention by the proximal tubule, 
and in the brain it will stimulate thirst and salt craving. 
Additional effects include sympathoadrenal stimulation and 
the augmentation of cardiac contractility. Together these 
effects serve to maintain extracellular fluid volume and sys-
temic blood pressure. Given the central role that the kidney 
has in the regulation of these key aspects of mammalian 
homeostasis, it is not surprising that angiotensin II should 
have profound effects on renal physiology.

HEMODYNAMIC ACTIONS
The effects of exogenously administered angiotensin II are 
dose dependent. At low doses, angiotensin II infusion 
increases renal vascular resistance and lowers renal blood 
flow without affecting GFR so that the filtration fraction is 
increased. At higher doses of angiotensin II, renal vascular 
resistance is further increased, leading to an augmented 
reduction in renal blood flow and fall in GFR.61 However, 
because GFR is reduced to a lesser extent than renal plasma 
flow, the filtration fraction remains elevated. Such studies 
are consistent with the view that limited stimulation of the 
RAAS would mostly serve to enhance tubular sodium levels, 
as is seen, for instance, in societies unaccustomed to con-
temporary diets.22 Greater activation of the RAAS, on the 
other hand, as might be found in the setting of severe 
volume depletion, would result in angiotensin II–dependent 
reduction in renal blood flow that would aid in sustaining 
systemic blood pressure while further stimulating sodium 
resorption.

Kidney micropuncture has been used extensively to 
explore the intrarenal sites of the effects of angiotensin II 
on vascular resistance. These studies demonstrate that 
although angiotensin II increases both afferent and efferent 
arteriolar resistance, glomerular capillary hydraulic pres-
sure (PGC) is consistently elevated,62 and the glomerular 
ultrafiltration coefficient (Kf) is reduced.61 Moreover, as 
predicted by mathematical modeling, the glomerular hyper-
tension induced by angiotensin II does not lead to acute 
proteinuria, because the structural barriers to macromo-
lecular passage remain intact.61 Chronic angiotensin II 
infusion with sustained intraglomerular hypertension, by 
contrast, leads to glomerular capillary damage and substan-
tial proteinuria.

TUBULAR TRANSPORT
Sodium

Consistent with its importance in the regulation of volume 
status, angiotensin II has profound effects on renal Na+ 
handling. The proximal tubule is responsible for the resorp-
tion of approximately two thirds of the sodium from the 
glomerular filtrate, and binding sites for angiotensin II are 
particularly abundant in the proximal tubule with immuno-
histochemical localization of the AT1 receptor to both apical 
and basolateral surfaces.63 At picomolar concentrations, 
angiotensin II stimulates the luminal Na+-H+-exchanger, the 
basolateral Na+-HCO3

− cotransporter, and sodium-potassium 
adenosine triphosphatase (Na+-K+-ATPase). However, at 
concentrations higher than 10−9 M, angiotensin II inhibits 
the very same transporters. The mechanisms underlying  
this dose-dependent effect of angiotensin II on Na+ trans-
port, which seem to also occur in the loop of Henle,63 are 
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injury. However, emerging data suggest that the situation is 
far from clear. For instance, although lentivirus-induced 
overexpression of ACE2 in the heart exerted a protective 
influence following experimental myocardial infarction,87 a 
later study of cardiac ACE2 overexpression led to cardiac 
dysfunction and fibrosis, despite lowering systemic blood 
pressure.88

In the kidney, ACE2 co-localizes with ACE and angioten-
sin receptors in the proximal tubule, whereas in the glom-
erulus it is predominantly expressed within podocytes and 
to a lesser extent in mesangial cells, contrasting the endo-
thelial predilection of ACE at that site.89 Numerous studies 
have explored changes in ACE2 expression in human kidney 
disease, as well as in a range of animal models, reporting 
both increased and decreased levels.90 Therefore it is uncer-
tain whether increased ACE2 might be detrimental or a 
beneficial response to injury. With this in mind, the findings 
of intervention studies are of particular importance.

In experimental diabetic nephropathy, for instance, phar-
macologic ACE2 inhibition with MLN-4760 led to worsening 
albuminuria and glomerular injury89; similar findings were 
obtained in ACE2 knockout mice that were crossed with the 
Akita model of type 1 diabetes.91 As might be expected from 
these findings, augmenting ACE2 activity by the infusion of 
human recombinant protein (hrACE2) has been shown to 
attenuate diabetic kidney injury in the Akita mouse. In this 
study, hrACE2 not only improved kidney structure and func-
tion but also showed that the protective effects were likely 
due to reduction in angiotensin II and an increase in angio-
tensin-(1-7) signaling.92 Finally, in addition to its role in the 
RAAS, ACE2 has also been shown to be the receptor for the 
severe adult respiratory syndrome coronavirus.93

ANGIOTENSIN PEPTIDES
Angiotensin III, or Angiotensin-(2-8)

Formed by the actions of aminopeptidase A, the heptapep-
tide angiotensin III, also known as angiotensin-(2-8), like 
angiotensin II, also known as angiotensin-(1-8), exerts its 
effects by binding to AT1 receptors and AT2 receptors.94 
Initially, Angiotensin III was thought to have a predominant 
role in regulating vasopressin release.95 However, later 
studies indicate that while angiotensin III is equipotent to 
angiotensin II with regard to its effects on blood pressure, 
aldosterone secretion, and renal function, its metabolic 
clearance rate is approximately five times as rapid.96

Angiotensin IV, or Angiotensin-(3-8)

Angiotensin IV is generated from angiotensin III by the 
actions of aminopeptidase M. Although some of its actions 
are mediated by the AT1 receptor, the majority of the bio-
logic effects of angiotensin IV are thought to result from its 
binding to insulin-regulated aminopeptidase.97 Angiotensin 
IV was previously viewed as inactive, but there has been 
considerable interest in its actions in the central nervous 
system (CNS), where it not only enhances learning and 
memory but also possesses anticonvulsant properties and 
protects the brain from ischemic injury.97

In addition to its CNS effects, angiotensin IV has also 
been implicated in atherogenesis, principally related to its 
ability to activate NF-κB and upregulate several proinflam-
matory factors, which include monocyte chemoattractant 

Given its localization to the mesangium in initial studies, 
its actions in augmenting local angiotensin II production, 
and its ability to increase mesangial transforming growth 
factor-β (TGF-β) production,73 the (P)RR has under-
standably been implicated in the pathogenesis of kidney 
disease.74 However, despite the appeal, it has been difficult 
to reconcile this view of the (P)RR with a number of other 
experimental findings, regarding not only its potentially 
pathogenetic role, but also its pattern of distribution within 
the kidney and its homology to other proteins. For instance, 
given the purported pathogenetic role of the (P)RR, the 
increased abundance of renin that follows the use of ACE 
inhibitors and ARBs would be expected to be adverse, yet 
these classes of drugs have been repeatedly shown to be 
renoprotective. Secondly, although the (P)RR was initially 
localized to the glomerular mesangium, later, highly detailed 
studies have shown that it is primarily expressed in the col-
lecting duct.75 Thirdly, although initially reported as having 
no homology with any known membrane protein,18 database 
interrogation shows that the (P)RR is identical to two other 
proteins: endoplasmic reticulum–localized type 1 trans-
membrane adaptor precursor (CAPER) and ATPase, H+ 
transporting, lysosomal accessory protein 2 (ATP6ap2),76-80 
a protein that associates with the vacuolar H+-ATPase.81 
Indeed, the predominant expression of the (P)RR at the 
apex of acid-secreting cells in the collecting duct, in con-
junction with its co-localization and homology with an acces-
sory subunit of the vacuolar H+-ATPase, suggest that the 
(P)RR may function primarily in urinary acidification.75 
However, the vacuolar H+-ATPase is not restricted to the 
kidney but is widely distributed in the plasma membrane 
and the membranes of organelles in several tissues where it 
functions, not only in urinary acidification but also in endo-
cytosis, conversion of proinsulin to insulin, and osteoclast 
bone resorption.82 Although the prevailing data indicate 
that (P)RR is an accessory subunit of the vacuolar H+-ATPase 
that also binds renin and prorenin, the precise functions of 
the prorenin- and renin-binding subunit remain to be 
unravelled in the kidney and elsewhere.

ANGIOTENSIN-CONVERTING ENZYME 2
In 2000, two groups independently reported the existence 
of the first ACE homolog, angiotensin-converting enzyme 2 
(ACE2), an apparently novel zinc metalloprotease but with 
considerable homology (40% identity and 61% similarity) 
to ACE.83,84 The gene encoding ACE2, located on the X 
chromosome (Xp22) contains 18 exons, several of which 
bear considerable similarity to the first 17 exons of human 
ACE. Its transcript is 3.4 kb, generating an 805–amino acid 
peptide that is most highly expressed in kidney, heart, and 
testis but is also present in plasma and urine.85,86 In contrast 
to ACE, ACE2 functions as a carboxypeptidase, removing 
the terminal phenylalanine from angiotensin II to yield the 
vasodilatory heptapeptide angiotensin-(1-7). ACE2 may also 
indirectly lead to the formation of angiotensin-(1-7) by 
cleaving the C-terminal leucine from angiotensin I, thereby 
generating angiotensin-(1-9), which may then give rise to 
angiotensin-(1-7) under the influence of ACE or neutral 
endopeptidase (NEP).86 Thus, ACE2 contributes to both 
angiotensin II degradation and angiotensin-(1-7) synthesis. 
Accordingly, ACE and ACE2 were initially viewed as having 
opposing actions with regard to vascular tone and tissue 
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concentrations in patients with end-stage kidney disease 
(ESKD).107 With the ability of alamandine to lower blood 
pressure and reduce fibrosis, the actions of alamandine 
resemble those of angiotensin-(1-7). However, rather than 
exerting its effects via the Mas receptor, the actions of ala-
mandine occur through a related receptor, the Mas-related 
G protein–coupled receptor (MrgD).108

INTRARENAL RENIN-ANGIOTENSIN- 
ALDOSTERONE SYSTEM
In the traditional view of the RAAS, angiotensin II functions 
as a hormone that, in classical endocrine fashion, circulates 
systemically to act at sites distant from those where it was 
formed. However, since the cloning of its components, it has 
become increasingly clear that there is an additional local, 
tissue-based RAAS that functions quasi-independently from 
its systemic counterpart, acting in paracrine, autocrine, and 
possibly even intracrine modes.1 This is most clearly seen in 
the kidney, where pioneering work of several groups has 
shown that not only does the kidney possess all the necessary 
molecular machinery to synthesize angiotensin II and other 
bioactive angiotensin peptides but that their concentrations 
in glomerular filtrate, tubule fluid, and the interstitium  
are frequently between 10- and 1000-fold higher than in 
plasma.36,109-112

Within the kidney, renin-expressing cells have tradition-
ally been considered to be terminally differentiated and 
confined to the JGA. However, in a series of elegant studies 
using a fate-mapping Cre-loxP system, Sequeira Lopez and 
coworkers showed that renin-expressing cells are precursors 
to a range of other cell types in the kidney, including those 
of the arteriolar media, mesangium, Bowman’s capsule, and 
proximal tubule.113 Although normally quiescent, these cells 
may undergo metaplastic transformation to synthesize renin 
when homeostasis is challenged.113 Such threats include not 
only those related to volume depletion but also tissue injury. 
For instance, in the setting of single-nephron hyperfiltration 
and consequent progressive dysfunction that follows renal 
mass reduction, Gilbert and colleagues noted the de novo 
expression of renin mRNA and angiotensin II peptide in 
tubular epithelial cells.114

In addition to resident kidney cells, infiltrating mast cells 
may contribute to activation of the local RAAS in disease. 
Traditionally associated with allergic reactions and host 
responses to parasite infestation, mast cells have been 
increasingly recognized for their role in inflammation, 
immunomodulation, and chronic disease. In the kidney, 
interstitial mast cell infiltration accompanies most forms of 
chronic kidney disease (CKD), in which their abundance 
correlates with the extent of tubulointerstitial fibrosis  
and declining GFR, though not proteinuria.115Mast cells 
have been shown to synthesize renin,116 such that their 
degranulation will release large quantities of both renin and 
chymase, accelerating angiotensin II formation in the local 
environment.

Intracrine Renin-Angiotensin-Aldosterone System

Peptide hormones traditionally bind to their cognate recep-
tors on the plasma membrane and produce their effects 
through the generation of secondary intermediates. 
However, emerging evidence suggests that certain peptides 
may also act directly within the cell’s interior, having arrived 

protein-1 (MCP-1), intercellular adhesion molecule-1, 
interleukin-6 (IL-6), and TNF-α, as well as enhancing the 
synthesis of prothrombotic factor plasminogen activator 
inhibitor-1.98,99 In the kidney, angiotensin IV is reported to 
have variable effects on blood flow and natriuresis.97

Angiotensin-(1-7)

The ostensibly vasodilatory and antitrophic angiotensin- 
(1-7) may be formed by the actions of several endopepti-
dases, which include removal of the terminal tripeptide of 
angiotensin I by NEP, cleavage of the C-terminal phenylala-
nine of angiotensin II by ACE2, and the excision of the 
dipeptidyl group from the C terminus of angiotensin-(1-9) 
by ACE. Evolving evidence indicates that the actions of  
this heptapeptide are mediated by its binding to the  
previously orphaned G protein–coupled receptor MasR.100 
Angiotensin-(1-7) induces vasodilation by a number of 
mechanisms, which include the amplification of the effects 
of bradykinin, stimulating cGMP synthesis, and inhibiting 
the release of norepinephrine.101 In addition, angiotensin-
(1-7) inhibits vascular smooth muscle proliferation and pre-
vents neointima formation following balloon injury to the 
carotid arteries.102 Contrasting these findings, however, is a 
report that exogenous angiotensin-(1-7), rather than ame-
liorating diabetic nephropathy, as might have been pre-
dicted based on the prevailing paradigm, actually accelerated 
the progression of the disease.91

Angiotensin-(2-10)

In addition to angiotensin II and the other C-terminal cleav-
age products discussed earlier, angiotensin I, or angioten-
sin-(1-10), may also give rise to a number of other potentially 
biologically active peptides that result from removal of 
amino acids from its N terminus. Of these, angioten-
sin-(2-10), produced by the actions of aminopeptidase A, 
has been found to modulate the pressor activity of angio-
tensin II in rodents.103

Angiotensin-(1-12)

Angiotensin-(1-12) is a dodecapeptide, first isolated in rat 
intestine but also found to be present in the kidney and 
heart, that is cleaved from angiotensinogen by a heretofore 
unidentified nonrenin enzyme.104 Notably, in the kidney, 
angiotensin-(1-12), akin to other components of the intra-
renal RAAS, is primarily localized to the proximal tubular 
epithelium.105 Although its biologic activity is incompletely 
understood, its main mode of action is thought to be medi-
ated by its ability to serve as a precursor to angiotensin II by 
the site-specific and possibly species-specific actions of ACE 
and chymase.106 Other pathways may, however, also contrib-
ute to the overall effects of angiotensin-(1-12), which in the 
rat kidney may also include the formation of angioten-
sin-(1-7) and angiotensin-(1-4) by neprilysin.105

Angiotensin A and Alamandine

Identified by mass spectroscopy, angiotensin A and alaman-
dine are characterized by the decarboxylation of N-terminal 
aspartic acid to alanine in angiotensin II and angioten-
sin-(1-7), respectively.107 Although the extremely low 
concentrations of angiotensin A suggest that it is unlikely to 
play a physiologic role, this may not be the case for alaman-
dine, which circulates in human plasma and at increased 
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nephrectomized and diabetic rats, in which studies also 
showed that both ACE inhibitors and ARBs were effective at 
reducing TGF-β and disease progression.127,128 Similarly, in 
human diabetic nephropathy, the ACE inhibitor perindo-
pril was found to reduce TGF-β mRNA in a sequential renal 
biopsy study,129 and losartan was shown to lower urinary 
TGF-β excretion.130

PROTEINURIA
The development of proteinuria is both a cardinal manifes-
tation of glomerular injury and a pathogenetic factor in the 
progression of renal dysfunction. Although PGC remains 
an important factor in determining the transglomerular 
passage of albumin, later work has focused on the potential 
contribution of the podocyte. Indeed, podocyte injury is a 
cardinal manifestation of proteinuric renal disease, in which 
foot process effacement has been shown to be prevented by 
both ACE inhibition and angiotensin receptor blockade.131 
Other studies have focused on nephrin, a podocyte slit pore 
membrane protein, because of its crucial role in the devel-
opment and function of the glomerular filtration barrier. 
Of note, podocytes express the AT1 receptor and respond 
to the addition of angiotensin II to the cell culture medium 
by dramatically decreasing their expression of nephrin.132 
Consistent with these findings, the reduction in nephrin 
expression in patients with diabetic nephropathy was shown 
to be ameliorated by ACE inhibitor treatment for 2 years.133

INFLAMMATION, IMMUNITY, AND THE RENIN–
ANGIOTENSIN-ALDOSTERONE SYSTEM
Inflammatory cell infiltration is a long-recognized feature 
of CKD that is attenuated in rodent models by agents that 
block the RAAS.134 In the in vitro setting, angiotensin II 
activates NF-κB by both AT1 receptor– and AT2 receptor–
dependent pathways, stimulating the expression of a number 
of potent chemokines such as MCP-1 and RANTES (regu-
lated on activation, normal T expressed, and secreted), as 
well as cytokines, such as IL-6.135 In addition to angiotensin 
II, angiotensin-(1-7), acting via the Mas receptor, activates 
NF-κB, inducing proinflammatory effects in the kidney 
under both basal and disease settings.136

In addition to macrophages, mast cells, and other com-
ponents of the innate immune system, the adaptive immune 
system also appears to be involved in the pathogenesis of 
angiotensin II–mediated organ injury. Of note, suppression 
of the adaptive immune system prevents the development 
of angiotensin II–dependent hypertension in experimental 
models,137 and adoptive transfer of CD4+CD25+ regulatory T 
cells is able to ameliorate angiotensin II–dependent injury.138

DIABETES PARADOX
Despite the fact that patients with long-standing diabetes 
characteristically have low plasma renin levels,139-141 suggest-
ing that the RAAS is not activated by the disease, agents that 
block the RAAS are the mainstay of therapy in diabetic 
nephropathy. Compounding this apparent paradox, whereas 
PRA is normal or low in diabetes, plasma prorenin levels are 
characteristically elevated. This dichotomy suggests differ-
ences in cell-specific responses to diabetes, because the JGA 
is the primary source of renin secretion, whereas prorenin 
is secreted by a much wider range of cell types. In a recent 
commentary, Peti-Peterdi and associates have ventured to 

there by either internalization or intracellular synthesis. For 
instance, angiotensin II has not only been localized within 
the cytoplasm and nucleus, but its introduction into the 
cytoplasm was shown more than a decade ago to have major 
effects on intracellular calcium currents.117 Uptake of angio-
tensin II from the extracellular space likely contributes to 
its intracellular activity; however, later studies have focused 
predominantly on its endogenous synthesis. Consistent with 
the potential role for intracellular angiotensin II, transgenic 
mice that express an enhanced cyan fluorescent protein–
angiotensin II fusion protein that lacks a secretory signal, so 
that it is retained intracellularly, develop hypertension with 
microthrombi in glomerular capillaries and small vessels.118 
To date, numerous canonical and noncanonical pathways in 
the cytoplasm, nucleus, and mitochondria have been impli-
cated in the intracrine RAAS,119,120 providing a new forefront 
for the role of the RAAS in physiology, pathophysiology, and 
therapeutics.

RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM IN 
KIDNEY PATHOPHYSIOLOGY

In a critical series of experiments in the 1980s, Brenner, 
Hostetter, and colleagues studied the hemodynamic effects 
of renal mass ablation in 5/6 nephrectomized rats, a  
well-established model of progressive kidney disease.121 In 
the setting of nephron loss, those glomeruli that remain 
undergo compensatory enlargement with increased single 
nephron GFR (SNGFR) and elevations in PGC, ultimately 
leading to glomerulosclerosis and loss of function. That this 
phenomenon might be related to angiotensin II was sug-
gested by previous work in which angiotensin II infusion was 
demonstrated to also result in elevated PGC.122 Together 
these studies suggested that intraglomerular hypertension, 
as a consequence of the action of angiotensin II, was a 
pivotal factor underlying the inexorable progression of 
kidney disease and that strategies that reduce PGC should 
lead to its amelioration. Indeed, in proof-of-concept studies, 
blockade of angiotensin II formation with the ACE inhibitor 
enalapril was shown to dilate the glomerular efferent  
arteriole and to reduce PGC and disease progression in 
5/6 nephrectomized rats.123 In contrast, combination 
therapy with hydralazine, reserpine, and hydrochlorothia-
zide, though equally effective in lowering systemic blood 
pressure, failed to ameliorate intraglomerular hypertension 
and disease progression.123 These studies were soon fol-
lowed by similar ones in other disease models, particularly 
diabetes, which, like the 5/6 nephrectomized rat, is also 
characterized by increased SNGFR and elevated PGC.124

FIBROSIS
During the past 20 years considerable research has focused 
on many of the nonhemodynamic effects of angiotensin II. 
For instance, in addition to their effects on PGC, ACE inhibi-
tors and ARBs are also highly effective in reducing intersti-
tial fibrosis and tubular atrophy, which are close correlates 
of progressive kidney dysfunction. Underlying these effects 
is the ability of angiotensin II to potently induce expression 
of the profibrotic and proapoptotic growth factor TGF-β in 
a range of kidney cell types.125,126 Consistent with these 
in vitro studies, TGF-β overexpression is seen in both the 
glomerular and tubulointerstitial compartments in 5/6 
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synthesized, ET-1 is secreted by endothelial cells into the 
basolateral compartment, toward the adjacent smooth 
muscle cells. Because of its abluminal secretion, plasma 
levels of ET-1 do not necessarily reflect its production.149

Within the kidneys, ET-1 expression is most abundant  
in the inner medulla. In fact, this region possesses the 
highest concentration of ET-1 of any tissue bed.150 In addi-
tion to the inner medullary collecting ducts (IMCDs), ETs 
have also been described in glomerular endothelial cells,151 

explain the (pro)renin paradox of diabetes.142 Whereas 
early diabetes would lead to augmented succinate levels and 
enhanced JGA renin release, elevated angiotensin II levels 
would thereafter suppress JGA renin secretion. In contrast 
to this negative feedback at the JGA, angiotensin II has been 
shown to have the opposite effect in the tubule, with diabe-
tes causing a 3.5-fold increase in collecting duct renin that 
could be reduced by AT1 receptor blockade.143

ENDOTHELIN

ETs are potent vasoconstrictors that, although expressed 
primarily in the vascular endothelium, are also notably 
present within the renal medulla. The biologic effects of the 
ET system are mediated by two receptors, endothelin types 
A (ET-A) and B (ET-B). In the kidneys these receptors con-
tribute to the regulation of renal blood flow, salt and water 
balance, and acid-base homeostasis, as well as potentially 
mediating tissue inflammation and fibrosis. An important 
therapeutic role has emerged for ET receptor antagonism 
in the treatment of pulmonary hypertension144-147; ET recep-
tor antagonists have been granted regulatory authority 
approval for this indication in the United States and in 
Europe.148 ET receptor blockade as a therapeutic strategy 
has been investigated in a range of renal diseases. Clinical 
trials have demonstrated the antiproteinuric and antihy-
pertensive properties of ET receptor antagonists. However, 
adverse side effects, most notably fluid retention and  
hepatotoxicity, and issues related to trial design have 
impeded the development of ET receptor blockers for these 
indications.

STRUCTURE, SYNTHESIS, AND SECRETION OF 
THE ENDOTHELINS

ETs consist of three 21–amino acid isoforms that are struc-
turally and pharmacologically distinct: ET-1, ET-2, and ET-3. 
The dominant isoform in the cardiovascular system is ET-1. 
Differences in the amino acid sequence among the isopep-
tides are minor. All three isoforms share a common struc-
ture with a typical hairpin-loop configuration resulting from 
two disulfide bonds at the amino-terminal and a hydropho-
bic carboxy-terminal containing an aromatic indol side 
chain at Trp21 (Figure 13.5). Both the carboxy-terminal and 
the two disulfide bonds are responsible for the biologic 
activity of the peptide.

ETs are synthesized from preprohormones by posttrans-
lational proteolytic cleavage mediated by furin and other 
enzymes. Dibasic pair–specific processing endopeptidases, 
which recognize Arg-Arg or Lys-Arg paired amino acids, 
cleave preproETs, reducing their size from approximately 
203 to 39 amino acids. Subsequent proteolytic cleavage of 
the largely biologically inactive big ETs is mediated by 
endothelin-converting enzymes (ECEs), the key enzymes in 
the ET biosynthetic pathway. ECEs are type II membrane-
bound metalloproteases whose amino acid sequence is sig-
nificantly homologous to that of NEP 24.11.

Secretion of ET-1 is dependent on de novo protein syn-
thesis, which is constitutive. However, a range of stimuli may 
also increase ET synthesis through both transcriptional  
and posttranscriptional regulation (Table 13.1). Once it is 

Figure 13.5  Molecular  structure  of  the  three  endothelin  isoforms. 
(Adapted from Schiffrin EL: Vascular endothelin in hypertension. Vascul 
Pharmacol 43:19-29, 2005.)
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Table 13.1 Endothelin Gene and 
Protein Expression

Stimulation

Vasoactive peptides Growth factors
  Angiotensin II   Epidermal growth factor
  Bradykinin   Insulin-like growth factor
  Vasopressin   TGF-β
  Endothelin 1 Coagulation
  Epinephrine   Thromboxane A2

  Insulin   Tissue plasminogen activator
  Glucocorticoids Other
  Prolactin   Calcium
Inflammatory mediators   Hypoxia
  Endotoxin   Shear stress
  Interleukin-1   Phorbol esters
  TNF-α   Oxidized low-density lipoproteins
  Interferon-β

Inhibition

ANP Prostacyclin
BNP Protein kinase A activators
Bradykinin Nitric oxide
Heparin ACE inhibitors

ACE, Angiotensin-converting enzyme; ANP, atrial natriuretic 
peptide; BNP, brain natriuretic peptide; TGF-β, transforming 
growth factor-β; TNF-α, tumor necrosis factor-α.
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In the renal medulla, ET is regulated by sodium intake and 
exerts its natriuretic and diuretic effects through the ET-B 
receptor.167-169 In addition to natriuretic and diuretic effects, 
the ET-B receptor may also contribute to acid-base homeo-
stasis by stimulating proximal tubule Na+-H+-exchanger 
isoform 3.170 Although the role of ET-B receptor activation 
in urinary sodium excretion has been appreciated for some 
time, later evidence suggests that renal medullary ET-A 
receptors may also mediate natriuresis.171 This may partly 
explain the edema that can occur as a side effect of ET-A or 
dual ET receptor antagonism.

ROLE OF ENDOTHELIN IN  
ESSENTIAL HYPERTENSION

Given its potent vasoconstrictive properties, it is unsurpris-
ing that ET-1 has been implicated in the pathogenesis of 
hypertension. In preclinical models of hypertension, ET 
antagonism may ameliorate heart failure, vascular injury, 
and renal failure, as well as decreasing stroke.172,173 ET-A 
receptor antagonism has also been shown to normalize 
blood pressure in rats exposed to eucapnic intermittent 
hypoxia, analogous to sleep apnea in humans.174

PreproET-1 mRNA is increased in the endothelium of 
subcutaneous resistance arteries in patients with moderate 
to severe hypertension.175 However, plasma ET-1 levels are 
not universally elevated,172 with an increase more commonly 
in the presence of end-organ damage or in salt-depleted, 
salt-sensitive patients with a blunted renin response.176 A 
major component of this increase in disease is often 
decreased clearance by the kidney. These findings suggest 
that certain patient subgroups may be more responsive to 
ET receptor blockade than others. Females appear to be 
relatively protected from the pressor effects of ET-1 by virtue 
of both increased ET-B expression and a blunted hemody-
namic response to ET-A activation.177

Clinical trials of the antihypertensive effects of ET recep-
tor antagonism have been hampered by difficulties with 
selectivity for the ET-A receptor, study design, dosing regi-
mens, and adverse events.178 Because the ET-B receptor 
exerts diuretic and natriuretic effects, induces vasodilation, 
and clears ET-1, selective ET-A receptor antagonists may be 
expected to demonstrate a more favorable antihypertensive 
profile.178 Mixed ET (ET-A and ET-B) and specific ET-A 
receptor antagonists are distinguished by their in vitro 
binding affinities. Mixed ET (ET-A and ET-B) antagonists 
demonstrate selectivity for ET-A of less than 100-fold, and 
ET-A selective antagonists have an affinity for the ET-A 
receptor of 100-fold or greater. However, it has been sug-
gested that an affinity of 1000-fold or higher may be required 
to induce ET-A receptor–specific effects in vivo.179,180 In an 
early study, treatment of patients with essential hypertension 
with the nonselective ET receptor antagonist bosentan 
decreased blood pressure as effectively as enalapril, without 
reflex neurohumoral activation, over a 4-week period.181 
Similarly, in 115 patients with resistant hypertension on 
three or more agents, the selective ET-A receptor antagonist 
darusentan significantly reduced blood pressure at 10 
weeks.182 In a subsequent study of 379 individuals with resis-
tant hypertension, darusentan treatment for 14 weeks 
reduced blood pressure by approximately 18/10 mm Hg 
with no evidence of dose dependence across a range of 50 

glomerular epithelial cells,152 mesangial cells,153 vasa recta,154 
and tubular epithelial cells.155 The kidney also synthesizes 
ET-2 and ET-3, although at much lower levels than ET-1.156 
As with ET-1, ECE mRNA is also more abundant in the renal 
medulla than in the cortex under normal conditions. 
However, in disease states such as chronic heart failure, 
there is upregulation of ECE mRNA primarily within the 
cortex.157 In human kidneys, ECE1 has been localized to 
endothelial and tubular epithelial cells in the cortex and 
medulla.158

ENDOTHELIN RECEPTORS

ETs bind to two seven-transmembrane domain G protein–
coupled receptors, ET-A and ET-B. Within the vasculature, 
ET-A receptors are found on smooth muscle cells, where 
they mediate vasoconstriction. Although ET-B receptors 
localized on vascular smooth muscle cells can also mediate 
vasoconstriction, they are also expressed on endothelial 
cells, where their activation results in vasodilation through 
the production of nitric oxide and prostacyclin.159 In addi-
tion to their role in mediating vascular tone, ET-B receptors 
also act as clearance receptors for ET-1,160 particularly in the 
lung, where ET-B receptor–binding accounts for approxi-
mately 80% of clearance.161 In the kidney the ET-B receptor 
has predominantly renoprotective effects, including natri-
uresis and vasodilation.

Expression of both ET-A and ET-B receptors in the kidney 
is most prominent within the IMCDs, although binding of 
ET-1 also occurs in smooth muscle cells, endothelial cells, 
renomedullary interstitial cells, thin descending limbs, and 
medullary thick ascending limbs.154 ET-A receptors are local-
ized to several renovascular structures, including vascular 
smooth muscle cells, arcuate arteries, and pericytes of 
descending vasa recta, as well as glomeruli. ET-B receptors, 
although prominently represented within the medullary 
collecting system, have also been demonstrated in proximal 
convoluted tubules, collecting ducts of the inner cortex, 
medullary thick ascending limbs, and podocytes.162

PHYSIOLOGIC ACTIONS OF ENDOTHELIN  
IN THE KIDNEY

The ETs have several effects on normal renal function, 
including regulation of renal blood flow, sodium and water 
balance, and acid-base homeostasis. Although ET-1 has 
hemodynamic effects in almost all vessels, sensitivity varies 
between different vascular beds. The renal vasculature, 
along with the mesenteric vessels, is the most sensitive, with 
vasoconstriction occurring at picomolar concentrations of 
ET-1,163,164 increasing renal vascular resistance and decreas-
ing renal blood flow. However, long-lasting vasoconstriction, 
which is mediated by the ET-A receptor, may be preceded 
by a transient ET-B receptor–mediated vasodilation.165 
Because of the site-specific distribution of ET receptors, 
ET-1 may exert different vasoconstrictive and vasodilatory 
effects in different regions of the kidneys. For example, by 
inducing nitric oxide release from adjacent tubular epithe-
lial cells, ET-1 may actually increase blood flow in the renal 
medulla, where ET-B receptors predominate.166

In addition to effects on renal blood flow, the ET system 
also plays a direct role in renal sodium and water handling. 
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with concomitant inhibition of ET-B receptors potentially 
abrogating any beneficial effects.196

Evidence for an effect of glucose itself on ET synthesis 
and secretion is conflicting. Mesangial cell p38 MAP kinase 
activation in response to ET-1, angiotensin II, and PDGF is 
enhanced in the presence of high glucose levels.197 In con-
trast, mesangial contraction in response to ET-1 is dimin-
ished under high-glucose conditions.198,199 Circulating 
ET-1 concentrations are elevated in animal models of both 
type 1 and type 2 diabetes, although receptor levels are 
usually not affected. In experimental diabetic nephropathy, 
increased expression of ET-1 and its receptors has been 
found in glomeruli and in tubular epithelial cells,190,200 
although increased expression of ET receptors has not been 
a universal finding.201 Diabetes also causes an increase in 
renal ECE1 expression, the effect being synergistic with that 
of radiocontrast media.202

A number of studies have investigated the effect of both 
nonselective and selective ET-A receptor inhibitors in exper-
imental diabetic nephropathy. In streptozotocin-diabetic 
rats, the nonselective ET receptor antagonist bosentan has 
provided conflicting results,203,204 whereas another nonselec-
tive ET receptor inhibitor, PD142893, improved renal func-
tion when administered to streptozotocin-diabetic rats that 
were already proteinuric.190 In Otsuka Long Evans Tokushima 
Fatty (OLETF) rats, a model of type 2 diabetes, selective 
ET-A receptor blockade attenuated albuminuria, without 
affecting blood pressure, whereas ET-B receptor inhibition 
had no effect.205 In a study of streptozotocin-diabetic apoli-
poprotein E–knockout mice, the renoprotective effects of 
the predominant ET-A receptor antagonist avosentan were 
comparable or superior to the ACE inhibitor quinapril.206 
Diabetic ET-B receptor–deficient rats develop severe hyper-
tension and progressive renal failure,207 supporting a protec-
tive role for the ET-B receptor in diabetic nephropathy.

Reactive oxygen species accumulation plays a major role 
in the pathogenesis of diabetic complications and diabetic 
nephropathy in particular,208,209 and several observations 
suggest that the ET system may contribute to oxidative 
stress. In low-renin hypertension, ET-1 increases superoxide 
in carotid arteries,210 and ET-A receptor blockade decreases 
vascular superoxide generation.211,212 Similarly, ET-1 infu-
sion increases urinary 8-isoprostane prostaglandin F2α excre-
tion in rats, indicative of increased generation of reactive 
oxygen species.213 In contrast, however, other preclinical 
studies have suggested a predominantly proinflammatory 
role for ET-1 in diabetic nephropathy. For instance, the 
selective ET-A receptor antagonist ABT-627 prevented the 
development of albuminuria in streptozotocin-diabetic rats 
without an improvement in markers of oxidative stress but 
with a reduction in macrophage infiltration and urinary 
excretion of TGF-β and prostaglandin E2 metabolites.214

Both plasma and urinary ET-1 levels are increased in 
patients with CKD,187,215,216 with plasma ET-1 levels correlat-
ing inversely with estimated GFR. In a study of hypertensive 
patients with CKD, both selective ET-A receptor blockade 
and nonselective ET receptor inhibition lowered blood 
pressure.217 However, whereas ET-A receptor blockade 
increased both renal blood flow and effective filtration frac-
tion and decreased renal vascular resistance, dual blockade 
had no effect.217 These observations suggest that, although 
activation of the ET-B receptor does contribute to systemic 

to 100 mg/day.183 However, in a second study of similar 
design, a large placebo effect meant that darusentan treat-
ment failed to achieve its primary end point of change in 
office blood pressure, and the development of the drug for 
this indication was halted.184 Interestingly, in both of these 
studies ambulatory blood pressure monitoring revealed a 
reduction in systolic blood pressure with active treat-
ment.179,185 However, also in both studies, peripheral edema 
or fluid retention was more common in patients treated 
with darusentan than in those receiving placebo.183,184

ROLE OF ENDOTHELIN IN RENAL INJURY

Increasing evidence indicates that, beyond its effects on 
vascular tone, the ET system is also directly involved in the 
pathogenesis of fibrotic injury in CKD.186 In patients with 
CKD, plasma ET-1 concentrations are elevated, due to both 
increased production and decreased renal clearance,187 and 
urinary levels of ET-1 are also increased, indicative of 
increased renal ET-1 expression.188 However, as seen in the 
studies of hypertension, an unfavorable side-effect profile 
and possibly also dosing issues related to study design have 
impeded the development of ET receptor antagonists for 
the treatment of CKD.

One mechanism for increased renal ET-1 in CKD is a 
direct effect of urinary protein on tubular epithelial ET-1 
expression.189,190 Beyond direct effects of urine protein, a 
number of proinflammatory factors induce ET-1 expres-
sion in the kidney, including hypoxia, angiotensin II,  
thrombin, thromboxane A2, TGF-β, and shear stress (see 
Table 13.1).

Several distinct mechanisms may account for the injuri-
ous effects of ET-1 on the kidney. Locally derived ET-1 has 
direct hemodynamic effects, increasing PGC at high doses 
and causing vasoconstriction of the vasa recta and peritubu-
lar capillaries, with a resultant reduction in tissue oxygen 
tension. ET-1 also acts as a chemoattractant for inflamma-
tory cells, which may express the peptide themselves, stimu-
lating interstitial fibroblast and mesangial cell proliferation 
and mediating the production of a number of factors associ-
ated with collagenous matrix deposition, including TGF-β, 
matrix metalloproteinase 1, and tissue inhibitors of metal-
loproteinases 1 and 2. Finally, ET-1 can induce cytoskeletal 
remodeling in both mesangial cells and podocytes. ET-1 
induces mesangial cell contraction191 and may promote 
transformation from a quiescent to an activated state. In 
podocytes, increased passage of protein across the filtration 
barrier causes cytoskeletal rearrangements and coincident 
upregulation of ET-1, which may act in an autocrine manner 
to further propagate ultrastructural injury in the same 
cells.192-194

ENDOTHELIN SYSTEM IN CHRONIC KIDNEY 
DISEASE AND DIABETIC NEPHROPATHY

ET receptor antagonists have been employed to study the 
role of ETs in renal pathophysiology in a range of experi-
mental models, including the rat remnant kidney, lupus 
nephritis, and diabetes. In the remnant kidney model of 
progressive renal disease, although beneficial effects have 
been reported with nonselective ET receptor antagonists,195 
selective ET-A receptor inhibition appears to be superior, 
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ET receptor antagonist tezosentan attenuated the decrease 
in renal blood flow and increase in plasma creatinine 
level.224

SYSTEMIC LUPUS ERYTHEMATOSUS
Urinary ET-1 excretion is correlated with disease activity in 
patients with systemic lupus erythematosus (SLE),225 and 
serum from patients has been shown to stimulate ET-1 
release from endothelial cells in culture.226 In accordance 
with a pathogenetic role for the ET system in SLE, the ET-A 
receptor antagonist FR139317 attenuated renal injury in a 
murine model of lupus nephritis.227

HEPATORENAL SYNDROME
Plasma ET-1 concentrations are increased in individuals 
with cirrhosis and ascites and in patients with type 2 hepa-
torenal syndrome (diuretic-resistant or refractory ascites 
with slowly progressive renal decline), in which there is 
systemic vasodilation with paradoxical renal vasoconstric-
tion.228 To investigate the therapeutic potential of ET recep-
tor antagonism in this setting, the combined ET-A and ET-B 
receptor blocker tezosentan was administered to six patients 
in an early-phase clinical trial.229 In this study, treatment was 
discontinued early in five patients, one because of systemic 
hypotension and four because of concerns about worsening 
renal function.229 These adverse effects are consistent with 
a dose-dependent decline in renal function in patients with 
acute heart failure treated with tezosentan, and they high-
light the need for caution with the use of ET receptor 
antagonists in certain patient populations.

PREECLAMPSIA
A role for ET-1 in the development of preeclampsia is  
suggested by the observations that infusion of fms-like  
tyrosine kinase 1 and TNF-α into pregnant rats induced 
ET-A–dependent hypertension,230-232 whereas ET-A receptor 
antagonism attenuated placental ischemia-induced hyper-
tension in a rat model.233 Despite the mechanistic role of 
ET-1 in the pathogenesis of preeclampsia, however, ET 
receptor antagonists are very unlikely to be used in this 
condition given their known teratogenicity.230

SAFETY PROFILE OF ENDOTHELIN  
RECEPTOR ANTAGONISTS

The therapeutic development of ET receptor antagonists 
has been impeded by the adverse side-effect profile of cur-
rently available agents. Most notable has been the develop-
ment of fluid retention, peripheral edema, and congestive 
heart failure despite the use of predominant ET-A receptor 
antagonists. The mechanisms that underlie the fluid reten-
tion associated with ET-A receptor antagonism are not fully 
resolved. It has been suggested that the use of comparatively 
high doses of ET-A receptor antagonists may have resulted 
in concurrent ET-B receptor blockade. However, inhibition 
of nephron ET-A receptors may also be implicated.165,234 
Hepatotoxicity may be a class effect or may be restricted to 
particular subclasses of ET receptor antagonist. For instance, 
a rise in hepatic transaminase levels has been observed with 
both bosentan and sitaxsentan, which are both sulfonamide-
based agents, but not with ambrisentan or darusentan, 
which are propionic acid–based.179,182,183,235,236 Finally, as 

vascular tone, its role in mediating renal vasodilation likely 
predominates.

In a study of 22 persons with CKD who did not have dia-
betes, intravenous infusion of the ET-A receptor antagonist 
BQ-123 reduced pulse wave velocity and proteinuria to a 
greater extent than the calcium channel antagonist nifedip-
ine, which comparably lowered blood pressure.218 These 
findings suggest a mechanism of action for the antiprotein-
uric effect observed that is potentially independent from 
blood pressure. In a subsequent study by the same investiga-
tors, 27 subjects with proteinuric CKD were treated with the 
ET-A receptor antagonist sitaxsentan for 6 weeks in a three-
way crossover study design. Sitaxsentan treatment was associ-
ated with a reduction in blood pressure, proteinuria, and 
pulse wave velocity, whereas nifedipine reduced pulse wave 
velocity and blood pressure but had no effect on urine 
protein excretion.219 A fall in GFR with sitaxsentan therapy 
observed in this study is analogous to that seen with RAAS 
blockade.219 Although no clinically significant adverse effects 
were seen, sitaxsentan development has subsequently been 
halted due to hepatotoxicity.

The effect of the ET-A receptor antagonist avosentan was 
examined in a placebo-controlled trial of 286 patients with 
diabetic nephropathy and macroalbuminuria in addition to 
standard treatment with an ACE inhibitor or angiotensin II 
receptor blocker.220 At 12 weeks, avosentan was found to 
decrease urine albumin excretion rate without affecting 
blood pressure. However, a subsequent large phase III study 
examining the effects of avosentan, on top of RAAS block-
ade, in 1392 persons with type 2 diabetes and nephropathy 
was terminated after a median duration of 4 months due to 
adverse events.221 In that study, despite a reduction of greater 
than 40% in albumin to creatinine ratio with avosentan, 
adverse events, predominantly fluid overload and conges-
tive heart failure, occurred more frequently in those receiv-
ing active therapy than in those receiving placebo.221 Given 
the relatively high dose of avosentan used in the study, it 
remains to be determined whether lower doses of avosentan 
would attenuate albuminuria without the increase in fluid 
overload.

ENDOTHELIN SYSTEM AND OTHER  
KIDNEY DISEASES

In addition to diabetic and nondiabetic CKD, the role of 
the ET system has also been investigated in a number of 
other experimental models, including acute renal ischemia, 
cyclosporine-induced nephrotoxicity, and renal allograft 
rejection. Overall, these studies have suggested some degree 
of renoprotection with either selective ET-A or nonselective 
ET receptor inhibitors.

ENDOTOXEMIA
ET-1 may play a role in sepsis-mediated acute kidney injury,222 
although again experimental findings have been conflict-
ing, dependent to some extent on the ET receptor antago-
nist employed. For example, in a rat model of early 
normotensive endotoxemia, neither an ET-A receptor 
antagonist nor combined ET-A and ET-B receptor blockade 
improved GFR,223 whereas ET-B receptor blockade alone 
resulted in a marked reduction in renal blood flow.223 In 
contrast, in a porcine model of endotoxemic shock, the dual 
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ANP and BNP act as endogenous antagonists of the RAAS 
mediating natriuresis, diuresis, vasodilation, and suppres-
sion of sympathetic activity, as well as inhibiting cell growth 
and decreasing secretion of aldosterone and renin.243 The 
role of NPs in cardiovascular and renal disease, particularly 
BNP, has led to their adoption into clinical practice as indi-
cators of disease states and, to some extent, as therapeutic 
agents.

STRUCTURE AND SYNTHESIS OF THE 
NATRIURETIC PEPTIDES

ATRIAL NATRIURETIC PEPTIDE
ANP is a 28–amino acid peptide comprising a 17–amino 
acid ring linked by a disulfide bond between two cysteine 
residues and a COOH-terminal extension that confers its 
biologic activity (Figure 13.6). The gene for ANP, natriuretic 
peptide precursor type A (NPPA), is found on chromosome 
1p36 and encodes the precursor preproANP, which is 
between 149 and 153 amino acids in length according to 
the species of origin. Human preproANP consists of 151 
amino acids and is rapidly processed to the 126–amino acid 
proANP. ANP is identical in mammalian species except for 
a single amino acid substitution at residue 110, which is 
isoleucine in the rat, rabbit, and mouse, and methionine in 
the human, pig, dog, sheep, and cow.

discussed earlier, teratogenicity would preclude the use of 
this class of agents in pregnancy.

NATRIURETIC PEPTIDES

The natriuretic peptides (NPs) are a family of vasoactive 
hormones that play a role in salt and water homeostasis. The 
family consists of at least five structurally related but geneti-
cally distinct peptides, including atrial natriuretic peptide 
(ANP), brain natriuretic peptide (BNP), C-type natriuretic 
peptide (CNP), Dendroaspis natriuretic peptide (DNP), and 
urodilatin. ANP was originally isolated from human and rat 
atrial tissues in 1984.237 Since then, the NP family has been 
expanded to include several other members, all of which 
share a common 17–amino acid ring structure that is stabi-
lized by a cysteine bridge and that contains several invariant 
amino acids.238 BNP239 and CNP240 were both originally iden-
tified in porcine brain, whereas DNP was first isolated from 
the venom of the green mamba snake, Dendroaspis angusti-
ceps.241 Urodilatin is an NH2-terminally extended form 
of ANP that was initially described in human urine.242 NP 
inactivation occurs through at least two distinct pathways, 
binding to a clearance receptor (natriuretic peptide recep-
tor [NPR]–C) and enzymatic degradation. Other peptides 
that may be involved in salt and water balance include gua-
nylin, uroguanylin, and adrenomedullin.

Figure 13.6  Molecular structure of the natriuretic peptides. ANP, Atrial natriuretic peptide; BNP, brain natriuretic peptide; CNP, C-type natri-
uretic peptide; DNP, Dendroaspis natriuretic peptide. (Adapted from Cea LB: Natriuretic peptide family: new aspects. Curr Med Chem Cardiovasc 
Hematol Agents 3:87-98, 2005.)
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BNP expression is increased in heart failure, hypertension, 
and renal failure. Its plasma half-life is approximately 20 
minutes, in contrast to a circulating half-life of ANP of 2 to 
5 minutes and a half-life of the biologically inactive 
NT-proBNP of 120 minutes. This difference is relevant to 
the utility of NP measurement as a biologic marker of car-
diorenal disease. Changes in pulmonary capillary wedge 
pressure may be reflected by plasma BNP concentrations 
every 2 hours and NT-proBNP levels every 12 hours.247,248 
The physiologic actions of BNP are similar to those of ANP, 
including effects on the kidney (natriuresis and diuresis), 
vasculature (hypotension), endocrine systems (inhibition of 
plasma renin and aldosterone secretion), and brain (central 
vasodepressor activity).

C-TYPE NATRIURETIC PEPTIDE
As is the case for ANP and BNP, CNP is derived from a 
prepropeptide that undergoes posttranslational proteolytic 
cleavage. The initial translation product preproCNP is 126 
amino acids in length and is cleaved to produce the 103–
amino acid prohormone. Cleavage of proCNP yields two 
mature peptides made up of 22 and 53 amino acids, referred 
to as CNP and NH2-terminally extended form of CNP, 
respectively. Eleven of the 17 amino acids within the CNP 
ring structure are identical to those in the other NPs, 
although, uniquely, CNP lacks an amino tail at the carboxy-
terminal (see Figure 13.6).

CNP functions in an autocrine/paracrine manner with 
effects on vascular tone and muscle cell growth.249 Accord-
ingly, plasma concentrations of CNP are very low, although 
they are increased in heart failure and renal failure. CNP is 
present in the heart, kidney, and endothelium, and its 
receptor is also expressed in abundance in the hypothala-
mus and pituitary gland, suggesting that the peptide may 
also play a role as a neuromodulator or neurotransmitter. 
Because CNP is present in primarily noncardiac tissues, 
regulation of its expression is distinct from that of ANP and 
BNP and is controlled by a number of vasoactive mediators, 
including insulin, vascular endothelial growth factor, TGF-β, 
TNF-α, and interleukin-1β.249

The principal enzymes responsible for the conversion of 
proANP, proBNP, and proCNP to their active forms are the 
serine proteases, corin and furin.250 Corin converts proANP 
to ANP,251 furin converts proCNP to CNP,252 and both corin 
and furin cleave proBNP.253 Corin is highly expressed in the 
heart and to a lesser extent in the kidney.250 In response 
to pressure overload, corin-deficient mice develop hyper-
tension together with cardiac hypertrophy and dysfunc-
tion.254,255 In the kidney, corin co-localizes with ANP,256 and 
decreased urinary corin excretion has been observed  
in patients with CKD.257 Studies combining observations 
made in organ-specific corin-deficient mice together with 
human correlative experiments have identified a role for 
impaired uterine corin/ANP function in the pathogenesis 
of preeclampsia.258

DENDROASPIS NATRIURETIC PEPTIDE
The physiologic role of DNP has been controversial ever 
since its original identification in the venom of the green 
mamba snake, D. angusticeps, in 1992.241,259 DNP is a 38–
amino acid peptide that shares the 17–amino acid ring 
structure common to all NPs but that has unique N- and 

ANP synthesis occurs primarily within atrial cardiomyo-
cytes, where it is stored as proANP, the main constituent  
of the atrial secretory granules. The major stimulus to  
ANP release is mechanical stretch of the atria secondary  
to increased wall tension. However, ANP synthesis and 
release may also be stimulated by neurohumoral factors 
such as glucocorticoids, ET, vasopressin, and angiotensin II, 
partly through changes in atrial pressure and partly through 
direct cellular effects. Although ANP mRNA levels are 
approximately thirty to fiftyfold higher in the cardiac atria 
than in the ventricles, ventricular expression is dramatically 
increased in the developing heart and in conditions of 
hemodynamic overload such as heart failure and hyperten-
sion. Beyond the heart, the peptide has also been demon-
strated in the kidney, brain, lung, adrenal gland, and liver. 
In the kidney, alternate processing of proANP adds four 
amino acids to the NH2 terminus of the ANP peptide to 
generate a 32–amino acid peptide, proANP 95-126, or 
urodilatin.

ANP is stored, primarily as proANP, in the secretory gran-
ules of the atrial cardiomyocytes and is released by fusion 
of the granules with the cell surface. During this process 
proANP is cleaved to an NH2-terminal 98–amino acid 
peptide (ANP 1-98) and the COOH-terminal 28–amino acid 
biologically active fragment (ANP 99-126). Both fragments 
circulate in the plasma, with further processing of the NH2-
terminal fragment leading to the generation of peptides 
ANP 1-30 (long-acting NP), ANP 31-67 (vessel dilator), and 
ANP 79-98 (kaliuretic peptide), all of whose biologic actions 
may be similar to those of ANP.244

BRAIN NATRIURETIC PEPTIDE
The BNP gene is located approximately only 8 kb upstream 
of the ANP gene on the short arm of chromosome 1 in 
humans, which suggests that the two genes may share in 
common both evolutionary origin and transcriptional regu-
lation. In contrast, CNP is found separately on chromosome 
2. CNP is highly conserved across species, indicating that 
the peptide may represent the evolutionary ancestor of ANP 
and BNP.

BNP, like ANP, is synthesized as a preprohormone, 
between 121 and 134 amino acids in length, according to 
species of origin. Human preproBNP (134 amino acids) is 
cleaved to produce the 108–amino acid precursor proBNP. 
Further processing leads to the production of the 32–amino 
acid, biologically active BNP, which corresponds to the C 
terminus of the precursor, as well as a 76–amino acid 
N-terminal fragment (N-terminal proBNP [NT-proBNP]).245 
Active BNP, NT-proBNP, and proBNP all circulate in the 
plasma. Circulating BNP contains the characteristic 17–
amino acid ring structure closed by a disulfide bond between 
two cysteine residues, along with a 9–amino acid amino-
terminal tail and a 6–amino acid carboxy tail (see Figure 
13.6).246

The term brain natriuretic peptide is somewhat mislead-
ing because the primary sites of synthesis of BNP are the 
cardiac ventricles, with expression also occurring to a lesser 
extent in atrial cardiomyocytes. Like ANP, expression of 
BNP is regulated by changes in intracardiac pressure and 
stretch. However, unlike ANP, which is stored and released 
from secretory granules, BNP is regulated at the gene 
expression level and is synthesized and secreted in bursts. 
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37–amino acid cytoplasmic domain containing a G protein–
activating sequence.273 In NPR-C–knockout mice, blood 
pressure is reduced and the plasma half-life of ANP is 
increased, supporting the role of NPR-C as a clearance 
receptor.274 NPR-C binds all members of the NP family with 
high affinity and is the most abundantly expressed of the 
NPRs, present in the kidney, vascular endothelium, smooth 
muscle cells, and heart, representing approximately 95%  
of the total receptor population. Preferential binding  
of NPR-C to ANP over BNP may explain the relatively 
increased plasma half-life of BNP.248 NPR-C clears NPs from 
the circulation through a process of receptor-mediated 
endocytosis and lysosomal degradation before rapid recy-
cling of the internalized receptor to the cell surface. 
Although the primary function of NPR-C is as a clearance 
receptor, ligand binding may exert biologic effects on the 
cell through G protein–mediated inhibition of cyclic ade-
nosine monophosphate.275

The biologic effects of NPs are largely dependent on the 
distribution of their receptors. NPR-A mRNA is present 
mainly in the kidney, especially in the IMCD cells, although 
the receptor is also notably present within the glomeruli, 
renal vasculature, and proximal tubules. The distribution of 
NPR-B overlaps with that of NPR-A, with the receptor found 
in the kidney, vasculature, and brain. However, consistent 
with the paracrine effects of CNP on vascular tone, mitogen-
esis, and cell migration, NPR-B is expressed in greater abun-
dance than NPR-A within the vascular endothelium and 
smooth muscle, whereas expression levels are relatively 
lower within the kidney.

NEUTRAL ENDOPEPTIDASE

Receptor-mediated endocytosis probably accounts for 
approximately 50% of clearance of the NPs from the cir-
culation; catalytic degradation by the enzyme NEP is respon-
sible for the majority of the rest, and only a minor 
contribution is attributed to direct renal excretion.248 Recep-
tor clearance probably plays an even smaller role in condi-
tions associated with chronically elevated NP levels, because 
of increased receptor occupancy and downregulation of 
NPR-C expression.

NEP is a membrane-bound zinc metalloproteinase, origi-
nally termed enkephalinase because of its ability to degrade 
opioid receptors in the brain. The enzyme has structural 
and catalytic similarity with other metallopeptidases, includ-
ing aminopeptidase, ACE, ECE, and carboxypeptidases A, 
B, and E. ANP, BNP, and CNP are therefore not the only 
substrates for NEP, with enzymatic activity demonstrated 
against a number of other vasoactive peptides, including 
ET-1, angiotensin II, substance P, bradykinin, neurotensin, 
insulin B chain, calcitonin gene–related peptide, and adre-
nomedullin. The primary mechanism of action of NEP is to 
hydrolyze peptide bonds on the NH2 side of hydrophobic 
amino acid residues. In the case of ANP, NEP cleaves the 
Cys105-Phe106 bond to disrupt the ring structure and inacti-
vate the peptide. The Cys-Phe bond of BNP is relatively 
insensitive to enzymatic cleavage.

NEP has a nearly ubiquitous tissue distribution, with 
expression demonstrated in the kidney, liver, heart, brain, 
lungs, gut, and adrenal gland. The metallopeptidase is 
present not only on the surface of endothelial cells, but also 

C-terminal regions (see Figure 13.6).248 Immunoreactivity 
for DNP has been reported in human plasma and atrial 
myocardium, and DNP has also been described in rat260 and 
rabbit261 kidney, rat colon,262 rat aortic vascular smooth 
muscle cells,263 and pig ovarian granulosa cells.264 DNP binds 
to natriuretic peptide receptor A (NPR-A)265 and the clear-
ance receptor NPR-C,266 which may be of particular rele-
vance given the apparent resistance of the peptide to 
enzymatic degradation.267 In dogs, either under normal con-
ditions or in a pacing-induced heart failure model, admin-
istration of synthetic DNP decreased cardiac filling pressures 
and increased GFR, natriuresis, and diuresis, as well as low-
ering blood pressure, suppressing renin release, and increas-
ing plasma and urine cGMP.268,269 Despite these propitious 
findings, several aspects of the biologic role of DNP remain 
contentious. In particular, the gene for the peptide has not 
been identified in mammals, nor has it yet been identified 
in the green mamba. Immunoreactivity experiments can be 
subject to artifact, and there are no reports of the fraction-
ation of DNP from human samples.259 These uncertainties 
have led some authors to question whether DNP is, in fact, 
expressed at all in humans.259

URODILATIN
Urodilatin is a structural homolog of ANP, synthesized in 
kidney distal tubular cells and differentially processed to a 
32–amino acid NH2-terminally extended form of ANP, 
sharing the same 17–amino acid ring structure and COOH-
terminal tail.270 The peptide is not found in the plasma, 
acting in a paracrine manner within the kidney on receptors 
in the glomeruli and IMCDs to promote natriuresis and 
diuresis. Urodilatin is upregulated in diabetic animals271 and 
in the remnant kidney272 and is relatively resistant to enzy-
matic degradation, which may explain its more potent renal 
effects.

NATRIURETIC PEPTIDE RECEPTORS

NPs mediate their biologic effects by binding to three dis-
tinct guanylyl cyclase NPRs. The terminology can be some-
what confusing because NPR-A binds ANP and BNP and 
natriuretic peptide receptor B (NPR-B) binds CNP, whereas 
NPR-C acts as a clearance receptor for all three peptides.

NPR-A and NPR-B are structurally similar but share only 
44% homology in the extracellular ligand-binding segment, 
likely responsible for the difference in ligand specificity. 
Both NPR-A and NPR-B have a molecular weight of approxi-
mately 120 kDa and consist of a ligand-binding extracellular 
domain, a single transmembrane segment, an intracellular 
kinase domain, and an enzymatically active guanylyl cyclase 
domain.238 The kinase homology domain (KHD) of NPR-A 
and NPR-B shares 30% homology with protein kinases but 
has no kinase activity. Ligand binding of NPR-A and NPR-B 
prevents the normal inhibitory action exerted by the KHD 
on the guanylyl cyclase domain, allowing the generation of 
cGMP, which acts as a second messenger responsible for 
most of the biologic effects of the NPs.

NPR-C, in contrast to NPR-A and NPR-B, lacks both  
the KHD and the catalytic guanylyl cyclase domain and 
therefore does not signal through a second messenger 
system. Instead, the receptor contains the extracellular 
ligand-binding segment, a transmembrane domain, and a 
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catecholamines and reducing central sympathetic outflow.245 
By lowering the activation threshold of vagal afferents, ANP 
prevents the vasoconstriction and tachycardia that normally 
follow a reduction in preload, leading to a sustained drop 
in blood pressure. CNP is a more potent vasodilator than 
either ANP or BNP. In fact, CNP relaxes human subcutane-
ous resistance arteries, whereas ANP and BNP have no 
effect.284

NPs have a number of other effects on the cardiovascular 
system distinct from their action on vasomotor tone. For 
example, NPs play a major role in cardiac remodeling. Mice 
genetically deficient for ANP exhibit an increase in cardiac 
mass,279 whereas heart size is diminished in mice transgeni-
cally overexpressing ANP.280 The antimitogenic and anti-
trophic effects of NPs, which appear to be cGMP-mediated, 
have also been demonstrated in a range of cultured cell 
types, including cultured vascular cells, fibroblasts, and myo-
cytes, and in vivo in response to balloon angioplasty. Further 
evidence for the role of ANP in mediating cardiac hypertro-
phy comes from population studies, in which variants in 
either the ANP promoter (associated with reduced circulat-
ing ANP) or in the NPR-A gene have both been associated 
with left ventricular hypertrophy.285,286 BNP has been shown 
to have antifibrotic properties within the heart. In vitro BNP 
antagonizes TGF-β–induced fibrosis in cultured cardiac 
fibroblasts,287 and in vivo targeted genetic disruption of 
BNP in mice is associated with an increase in cardiac fibro-
sis, in the absence of either hypertension or ventricular 
hypertrophy.288

Cardiac CNP is increased in heart failure, where it may 
play a role in ventricular remodeling.289 Comparison of 
plasma CNP levels in samples taken from the aorta and 
renal vein at the time of diagnostic heart catheterization has 
demonstrated that CNP is indeed synthesized and secreted 
by the kidney.290 Moreover, this effect was found to be 
blunted in patients with heart failure, potentially contribut-
ing to renal sodium retention.290

OTHER EFFECTS OF THE NATRIURETIC PEPTIDES
Even though they do not cross the blood-brain barrier,  
NPs exert important CNS effects that may augment their 
peripheral actions. ANP, BNP, and particularly CNP are all 
expressed within the brain. Circulating NPs may also exert 
central effects through actions at sites that are outside the 
blood-brain barrier. The NPR-B receptor is expressed 
throughout the CNS, reflecting the wide distribution of 
CNP, whereas the NPR-A receptor is expressed in areas adja-
cent to the third ventricle, which indicates a role of periph-
erally circulating ANP and BNP, as well as centrally expressed 
peptides. Complementing their natriuretic and diuretic 
effects, NPs inhibit both salt appetite and water drinking. 
ANP also prevents release of vasopressin and possibly adre-
nocorticotropic hormone from the pituitary, whereas sym-
pathetic tone is increased by the actions of the NPs on the 
brainstem.

Clinical and experimental evidence suggests that NPs play 
a role in mediating metabolism. Circulating levels of NPs 
are decreased in obese individuals291 and among patients 
with the metabolic syndrome,292,293 correlating inversely 
with both plasma glucose and fasting insulin levels.294 
In accordance with these epidemiologic observations, infu-
sion of ANP activates hormone-sensitive lipase from fat cells, 

on smooth muscle cells, fibroblasts, and cardiac myocytes,276 
although it is most abundant in the brush border of the 
proximal tubules of the kidneys, where it rapidly degrades 
filtered ANP, preventing the peptide from reaching more 
distal luminal receptors.

ACTIONS OF THE NATRIURETIC PEPTIDES

RENAL EFFECTS OF THE NATRIURETIC PEPTIDES
The natriuretic and diuretic actions of the NPs are conse-
quences of both vasomotor and direct tubular effects. Both 
ANP and BNP cause an increase in glomerular capillary 
hydrostatic pressure and a rise in GFR by inducing afferent 
arteriolar vasodilation and efferent arteriolar vasoconstric-
tion. These contrasting effects of the NPs on the afferent 
and efferent arterioles differ from the actions of classical 
vasodilators such as bradykinin. In addition to direct effects 
on vascular tone, ANP can also increase GFR through cGMP-
mediated mesangial cell relaxation.

Plasma levels of ANP that do not increase GFR can induce 
natriuresis, illustrating the potential for direct tubular 
effects, which may involve either locally produced NPs 
acting in a paracrine manner, such as urodilatin, or circulat-
ing NPs. A number of mechanisms may be responsible for 
the natriuresis, including direct effects on sodium transport 
in tubular epithelial cells and indirect effects through inhi-
bition of renin secretion following increased sodium deliv-
ery to the macula densa. NPs also antagonize vasopressin in 
the cortical collecting ducts. It is likely that similar mecha-
nisms underlie the response to ANP, BNP, and urodilatin. 
In contrast, CNP has little natriuretic or diuretic effect, 
which may indicate a requirement for the presence of the 
carboxy-terminal extension of the peptide for renal effects.

The NPs may have antifibrotic effects within the kidney 
as evidenced by an increase in renal fibrosis in NPR-A–
knockout mice after unilateral ureteral obstruction.277 In 
cultured proximal tubular cells, ANP attenuates high 
glucose–induced activation of TGF-β1, Smad, and collagen 
synthesis, illustrating the potentially antifibrotic properties 
of the peptide in the context of diabetic nephropathy.278

CARDIOVASCULAR EFFECTS
All NPs have vasodilatory and hypotensive properties. Het-
erozygous mutant mice with a disrupted proANP gene 
display evidence of salt-sensitive hypertension,279 whereas 
hypotension is a feature of transgenic mice overexpressing 
ANP.280 In a patient population, a variant in the ANP pro-
moter was associated with both lower levels of plasma ANP 
and increased susceptibility to early development of hyper-
tension.281 However, a caveat to the hypotensive role of ANP 
is the observation that infusion of high concentrations of 
ANP can actually induce a rise in blood pressure, suggesting 
activation of counterregulatory baroreceptors.282

There are two major direct mechanisms by which ANP 
may lower blood pressure. First, it increases vascular per-
meability with a shift of fluid from the intravascular to  
extravascular compartments by capillary hydraulic pressure. 
Second, ANP increases venous capacitance, promoting 
natriuresis and lowering preload.283 In addition, ANP and 
BNP antagonize the vasoconstrictive effects of the RAAS, ET, 
and the sympathetic nervous system243 by decreasing sympa-
thetic peripheral vascular tone, suppressing the release of 
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plasma BNP level lower than 100 pg/mL has a negative 
predictive value for heart failure of 90%.310 In the ProBNP 
Investigation of Dyspnea in the Emergency Department 
(PRIDE) study, an NT-proBNP level lower than 300 pg/mL 
was optimal in ruling out heart failure, with a negative pre-
dictive value of 99%.311 In interpreting plasma levels of BNP 
and NT-proBNP a number of other biologic variables should 
be taken into account. NP levels rise with age and are higher 
in females, the latter effect possibly secondary to estrogen 
regulation, because hormone replacement therapy increases 
BNP levels.312 Conversely, NP levels fall with increasing 
obesity.

ROLE OF BRAIN NATRIURETIC PEPTIDE AND 
N-TERMINAL PRO–BRAIN NATRIURETIC PEPTIDE AS 
BIOMARKERS IN RENAL DISEASE
The interpretation of NP concentrations in patients with 
renal disease merits special consideration. NP levels are 
increased in individuals with impaired renal function. This 
increase is likely to be the result of multiple factors and not 
solely the consequence of increased intravascular volume. 
Other factors that contribute to increased NP levels include 
decreased NP responsiveness, subclinical ventricular dys-
function, hypertension, left ventricular hypertrophy, sub-
clinical ischemia, myocardial fibrosis, and RAAS activation,313 
as well as decreased filtration and reduced clearance by 
NPR-C and NEP.314

Although, based on observational studies, it has been 
widely considered that renal clearance plays a greater role 
in the removal of NT-proBNP from the circulation than 
BNP, one study has challenged this view. By measuring both 
NT-proBNP and BNP in the renal arteries and veins of 165 
subjects undergoing renal arteriography, investigators found 
that both NT-proBNP and BNP are equally dependent on 
renal clearance.315 However, the NT-proBNP/BNP ratio did 
increase with declining GFR, which suggests that the two 
peptides may be differentially cleared at GFRs less than 
30 mL/min/1.73 m2.315

Even though both BNP and NT-proBNP are affected by 
renal impairment, their clinical utility for the prediction of 
heart failure persists in CKD patients, in the context of 
appropriately adjusted reference ranges. For example, in 
the Breathing Not Properly study, BNP cutpoint values were 
approximately threefold higher to diagnose heart failure in 
patients with an estimated GFR below 60 mL/min relative 
to the conventional cutpoint value of 100 pg/mL.316 In a 
cohort of 831 patients with dyspnea and a GFR below 
60 mL/min, both BNP and NT-proBNP were effective pre-
dictors of heart failure, although NT-proBNP was superior 
in predicting mortality.317 In asymptomatic patients with 
CKD, both BNP and NT-proBNP were equivalent and effec-
tive in indicating the presence of left ventricular hypertro-
phy or coronary artery disease.318

In patients with CKD, BNP and NT-proBNP predict pro-
gression of renal decline319,320 and cardiovascular disease 
and mortality. In a population of patients with CKD who are 
not undergoing dialysis, NT-proBNP, but not BNP, was an 
independent predictor of death,321 whereas in 994 black 
patients with hypertensive kidney disease (GFR of 20 to 
65 mL/min/1.73 m2), NT-proBNP predicted cardiovascular 
disease and mortality, particularly among individuals with 
proteinuria.322 In pediatric patients with CKD, both BNP 

indicative of lipolysis.295 In vitro, ANP inhibits preadipocyte 
proliferation,296 the lipolytic properties of the peptide being 
mediated by cGMP phosphorylation.297,298

Knockout mouse studies have revealed that CNP plays 
a predominant role in the regulation of skeletal growth, 
regulating cartilage homeostasis and endochondral bone 
formation.299 In mice genetically deficient in either CNP 
or its receptor NPR-B, there is lack of growth of longitu-
dinal bones and vertebrae and a shortened life span as a 
consequence of respiratory insufficiency secondary to 
abnormal ossification of the skull and vertebrae.300,301 Muta-
tions in the NPR-B gene have also been reported in 
patients with the autosomal recessive skeletal dysplasia, 
Maroteaux type acromesomelic dysplasia, whereas obligate 
carriers of the mutations have heights that are below pre-
dicted levels.301

NATRIURETIC PEPTIDES AS BIOMARKERS  
OF DISEASE

Both ANP and BNP have been studied as clinical biomarkers 
of heart failure and renal failure. The short half-life of ANP 
(2 to 5 minutes) restricts its applicability.302 However, the 
biologically inactive NH2-terminal 98–amino acid peptide 
ANP 1-98 does not bind to NPR-A or NPR-C and so remains 
in the circulation longer than ANP. In heart failure, levels 
of ANP 1-98 closely reflect the degree of renal function.303 
Plasma concentrations of the midregional epitopes of the 
stable prohormones of both ANP and adrenomedullin 
predict the progression of renal decline in patients with 
nondiabetic CKD.304 The prognostic performance of midre-
gional proANP is not superior to that of NT-proBNP or BNP 
in patients undergoing hemodialysis,305 and measurement 
of ANP or one of its prohormone derivatives is currently not 
part of routine clinical care. Signal peptides from both ANP 
and BNP are present in venous blood and rise rapidly fol-
lowing myocardial infarction, which suggests that their 
detection may aid in the diagnosis of cardiac ischemia.306,307 
Commercial assays are widely available for measurement of 
either BNP or the biologically inactive peptide fragment 
NT-proBNP. Correspondingly, since 2000, measurement of 
circulating BNP and NT-proBNP levels has been incorpo-
rated into several clinical practice guidelines for the man-
agement of heart failure. Important differences distinguish 
BNP and NT-proBNP from each other as clinical biomark-
ers. NT-proBNP is not removed from the circulation by 
binding to the clearance receptor NPR-C, and hence its 
circulating half-life of approximately 2 hours is significantly 
longer than that of BNP (approximately 20 minutes). In 
addition, both BNP and NT-proBNP are affected by renal 
impairment,308 with the magnitude of the effect being rela-
tively greater for NT-proBNP.309

BRAIN NATRIURETIC PEPTIDE AND N-TERMINAL 
PRO–BRAIN NATRIURETIC PEPTIDE AS BIOMARKERS 
OF HEART FAILURE
Measurement of circulating levels of either BNP or NT- 
proBNP has been demonstrated to be effective in guiding 
clinical practice in several aspects of the management of 
heart failure, including diagnosis, screening, prognosis, and 
monitoring of therapy.238 The primary role of BNP measure-
ment in the assessment of dyspnea is as a “rule-out” test; a 
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those receiving recombinant ANP experienced a smaller 
rise in serum creatinine level, fewer cardiac events, and 
lower requirement for dialysis, although mortality did not 
differ from those who did not receive ANP.343

RECOMBINANT BRAIN NATRIURETIC PEPTIDE
Nesiritide is recombinant human BNP, manufactured from 
Escherichia coli and identical in structure to native human 
BNP, with a mean terminal half-life in patients with heart 
failure of 18 minutes.344 Intravenous administration of 
nesiritide lowers pulmonary and systemic vascular resis-
tance, decreases right atrial pressure, and increases cardiac 
output (presumably through effects on ventricular after-
load) in a dose-dependent manner.345 In the kidney, nesirit-
ide increases renal blood flow and GFR through both direct 
vasodilatory effects and indirect effects on cardiac output 
and norepinephrine inhibition.346 Diuresis and natriuresis 
may also occur, although these are modest and may not be 
seen at the approved doses. Additional effects of nesiritide 
may also include inhibition of renin secretion in the kidney 
and aldosterone production in the heart and adrenal gland.

In response to meta-analysis data suggesting that nesirit-
ide treatment may be associated with a worsening of renal 
function and an increase in the rate of early death,347,348 the 
Acute Study of Clinical Effectiveness of Nesiritide in Decom-
pensated Heart Failure (ASCEND-HF) trial was initiated.349 
In this study of 7141 patients hospitalized with acute heart 
failure, nesiritide neither increased nor decreased the rate 
of death or rehospitalization, rates of worsening renal func-
tion were unaffected, and there was a small but nonsignifi-
cant improvement in self-reported rates of dyspnea.349 Based 
on these results, the investigators concluded that nesiritide 
cannot be recommended for routine use in the broad popu-
lation of patients with acute heart failure.349

THERAPEUTIC USES OF OTHER NATRIURETIC PEPTIDES
The effects of urodilatin (ularitide) have been assessed in 
both heart failure and acute renal failure. However, the 
diuretic effect of urodilatin appears to be attenuated in 
heart failure patients, reflecting a blunted response as 
observed for ANP and BNP.350,351 Similarly, as with ANP and 
BNP, hypotension appears to be a dose-limiting side effect 
of ularitide therapy.351,352 In the Safety and Efficacy of an 
Intravenous Placebo-Controlled Randomized Infusion of 
Ularitide in a Prospective Double-blind Study in Patients 
with Symptomatic, Decompensated Chronic Heart Failure 
(SIRIUS II) study, a phase II trial of 221 patients hospital-
ized for decompensated heart failure, a single 24-hour infu-
sion of ularitide preserved short-term renal function.353 The 
NP vessel dilator may offer theoretical advantages for the 
treatment of acute decompensated heart failure in compari-
son with current NP-based therapies.354,355 In particular, 
vessel dilator may produce a greater and more sustained 
natriuresis than ANP or BNP, without a blunted response in 
heart failure patients, and may also improve renal function 
in the setting of experimental acute kidney injury.356 An 
alternative therapeutic approach is the development of 
novel chimeric peptides. For example, researchers have syn-
thesized a peptide (CD-NP) that represents fusion of the 
22–amino acid peptide CNP together with the 15–amino 
acid linear C terminus of DNP.357 In vitro, this peptide acti-
vates cGMP and attenuates cardiac fibroblast proliferation. 

and proBNP (but not troponins I and T) were indicative of 
left ventricular hypertrophy or dysfunction.323

BNP and NT-proBNP have been studied extensively in 
dialysis patients both as prognostic indicators and as markers 
of volume status. The low molecular weight of BNP (3.5 kDa) 
and NT-proBNP (8.35 kDa) is such that both may be cleared 
by high-flux dialysis.324,325 Nevertheless, in contrast to ANP, 
which falls sharply after either hemodialysis or peritoneal 
dialysis, levels of BNP and NT-proBNP are less affected.324,326 
The role of NP levels as indicators of volume status in either 
hemodialysis or peritoneal dialysis recipients is confounded 
by the common coexistence of left ventricular abnormali-
ties.308,316,327-330 Both BNP and NT-proBNP levels are predic-
tive of mortality, heart failure, and coronary artery disease 
in the dialysis population.331-336 However, no definite cut-
point values for diagnosing heart failure in patients under-
going dialysis have been defined.316

THERAPEUTIC USES OF NATRIURETIC PEPTIDES

Even though NP levels are increased in heart failure, their 
biologic effects are blunted. Intravenous administration of 
recombinant NPs increases their circulating levels several-
fold, overcoming this resistance. As such, two recombinant 
NPs are currently available as therapeutic agents for the 
treatment of heart failure. Recombinant ANP (carperitide) 
is available in Japan for the treatment of pulmonary edema. 
Recombinant BNP (nesiritide) is licensed in several coun-
tries, including the United States, for the treatment of acute 
decompensated heart failure.

RECOMBINANT ATRIAL NATRIURETIC PEPTIDE
ANP has a short half-life and a high total body clearance. 
Its intravenous administration causes a reduction in blood 
pressure, diuresis, and natriuresis in healthy individuals, 
although this response is reduced in the setting of acute 
heart failure. In a 6-year open-label study of 3777 patients 
with acute heart failure treated with carperitide, 82% were 
reported to improve clinically.337 Early experimental studies 
also suggested a potential benefit of exogenous ANP in 
acute renal failure; however, results in patients have gener-
ally been disappointing. Nevertheless, the peptide may have 
a limited role in selected patient populations. For example, 
low-dose carperitide preserved renal function in patients 
undergoing abdominal aortic aneurysm repair338 and 
reduced the incidence of contrast-induced nephropathy in 
patients after coronary angiography.339 However, a meta-
analysis suggested that recombinant ANP has no effect on 
mortality in patients with acute kidney injury, although a 
trend toward a reduction in the need for renal replacement 
therapy was shown.340 In a separate meta-analysis of studies 
conducted in patients undergoing cardiovascular surgery, 
ANP infusion decreased peak serum creatinine level, inci-
dence of arrhythmia, and need for renal replacement 
therapy, whereas both ANP and BNP decreased the length 
of intensive care unit and hospital stay.341 Among 367 high-
risk individuals undergoing coronary artery bypass graft, 
recombinant ANP decreased the incidence of major adverse 
cardiovascular and cerebrovascular events and the need for 
dialysis, immediately and up to 2 years postoperatively, 
although survival was unaffected.342 Similarly, among 
patients with CKD undergoing coronary artery bypass graft, 
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paradoxical increase in plasma renin activity has also been 
reported).359 In the remnant kidney model, VPIs have con-
sistently been found to be as effective as or better than ACE 
inhibitors,360-362 with similar benefits reported in diabetic 
apolipoprotein E–knockout mice.363

In contrast to the promising findings in preclinical 
models, trials of VPIs in human disease have, on the whole, 
been disappointing. In the Inhibition of Metalloproteinase 
in a Randomized Exercise and Symptoms Study (IMPRESS) 
in heart failure of patients with New York heart Association 
classes II to IV congestive heart failure, there was no differ-
ence between omapatrilat and lisinopril in the primary  
end point of maximum exercise tolerance at 12 weeks.364 
The Omapatrilat Cardiovascular Treatment vs. Enalapril 
(OCTAVE) trial randomly assigned 25,302 hypertensive 
patients to receive omapatrilat or enalapril.365 Omapatrilat 
treatment was associated with a reduction in systolic blood 
pressure that was 3.6 mm Hg greater than that associated 
with enalapril. However, angioedema occurred in 2.17% of 
patients treated with omapatrilat, compared with 0.68% in 
the group treated with enalapril.365 This concerning side 
effect was even more common among black patients.365 In 
the Omapatrilat Versus Enalapril Randomized Trial of 
Utility in Reducing Events (OVERTURE), there was no dif-
ference between enalapril and omapatrilat in the primary 
end point of combined risk for death or hospitalization for 
heart failure requiring intravenous treatment, although a 
post hoc analysis showed a significant 9% reduction in  
cardiovascular death or hospitalization.366 In this trial the 
incidence of angioedema was again increased in the omapa-
trilat group compared to patients treated with enalapril 
(0.8% vs. 0.5%).366 In general, the side effects of VPIs 
are qualitatively similar to those of ACE inhibitors, includ-
ing cough (in approximately 10% of patients), dizziness, 
and postural hypotension.366,367 Flushing appears more 
commonly with VPIs than with ACE inhibitors, which may 
be a consequence of increased circulating adrenomedullin 
concentrations.368

COMBINATION ANGIOTENSIN  
RECEPTOR BLOCKERS AND NEUTRAL 
ENDOPEPTIDASE INHIBITORS

To circumvent the adverse effects experienced with VPIs, a 
novel drug class has been developed that combines the 
action of both an ARB and an NEP inhibitor, termed an 
angiotensin receptor–neprilysin inhibitor (ARNi).369 For 
instance, the compound LCZ696 is a single molecule com-
prised of molecular moieties of the ARB valsartan and the 
NEP inhibitor prodrug AHU377 in a 1 : 1 ratio.370 In a study 
of 1328 patients, LCZ696 conferred greater blood pressure 
lowering than valsartan alone with no cases of angioedema 
reported.371 In a phase II study of 149 individuals with heart 
failure with preserved ejection fraction, LCZ696 lowered 
NT-proBNP to a greater extent than valsartan and was well 
tolerated.372 The efficacy of LCZ696 in comparison to enala-
pril for the treatment of systolic heart failure was assessed 
in the Prospective comparison of ARNI with ACEI to Deter-
mine Impact on Global Mortality and morbidity in Heart 
Failure trial (PARADIGM-HF); the study reported that 
LCZ696 was superior to enalapril in reducing the risks  
for death and for hospitalization for heart failure.373 Other 

In vivo, CD-NP is both natriuretic and diuretic and increases 
GFR with less hypotension than BNP.357,358

NEUTRAL ENDOPEPTIDASE INHIBITION
Notwithstanding concerns regarding the safety, efficacy, and 
cost-effectiveness of recombinant NP therapy, a major limi-
tation is the requirement for systemic administration, which 
is unsuitable for chronic treatment. Alternative methods to 
increase the biologic activity of NPs may offer a more fea-
sible approach for chronic therapy. In particular, inhibition 
of the enzymatic degradation of NPs by NEP has been the 
focus of drug discovery efforts for a number of years. NEP 
is a zinc metallopeptidase with catalytic similarity to ACE 
and with a wide tissue distribution, although abundant at 
the proximal tubule brush border. The enzyme has activity 
against a number of substrates, including the vasodilating 
peptides ANP, BNP, CNP, substance P, bradykinin, and adre-
nomedullin and the vasoconstrictors angiotensin II and 
ET-1. Several pharmacologic NEP inhibitors have been 
investigated (e.g., candoxatril, thiorphan, and phosphor-
amidon). Although these agents do in general increase 
plasma levels of the NPs and, under some experimental 
conditions, induce natriuresis and diuresis with peripheral 
vasodilation, clinical trials in hypertension and heart failure 
have generally been disappointing. Specifically, sustained 
antihypertensive effects have not been demonstrated,  
and some studies have reported a paradoxical rise in blood 
pressure. The biologic actions of the NPs are, however, 
restored in the presence of an inhibited RAAS, and this has 
led to the development of compounds that simultaneously 
inhibit both NEP and ACE, termed vasopeptidase inhibitors 
(VPIs).

VASOPEPTIDASE INHIBITORS
The rational design of metallopeptidase inhibitors (e.g., 
mixanpril [S21402], CGS30440, aladotril, MDL 100173, 
sampatrilat, and omapatrilat) is possible because of the 
similar structural characteristics of the catalytic sites of both 
ACE and NEP.276 These VPIs have theoretical advantages 
over antagonists of either enzyme in isolation, and a number 
of preclinical studies have demonstrated their efficacy in 
experimental models of cardiovascular and renal disease. 
However, phase III clinical studies have not been able to 
demonstrate superiority of vasopeptidase inhibition over 
ACE inhibition, and safety concerns exist over an increase 
in the incidence of angioedema. As a result, development 
and clinical application of these compounds have been 
limited.

Although effective against both ACE and NEP, VPIs differ 
in their relative potencies for each enzyme. For example, 
the most extensively studied VPI, omapatrilat, has broadly 
equivalent potency for NEP (affinity constant [Ki] = 
8.9 nmol) and for ACE (Ki = 6.0 nmol), whereas the VPI 
gemopatrilat has an efficacy almost 100 times greater for 
ACE (Ki = 3.6 nmol) than for NEP (Ki = 305 nmol).359 The 
broad substrate specificities of VPIs can also be expected to 
result in an increase in ET, adrenomedullin, and bradykinin 
and a reduction in the synthesis of angiotensin-(1-7). 
Omapatrilat lowers blood pressure and attenuates heart 
failure in experimental models, associated with dose-
dependent increases in ANP and cGMP excretion, diuresis, 
natriuresis, and decreased plasma renin activity (although a 
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a natural degradation product of bradykinin, generated by 
cleavage of the peptide by kininase I. The KKS may be sub-
divided into a circulatory (plasma) and tissue (including 
renal) KKS, which may be distinguished by their principal 
effector molecules, bradykinin and kallidin, respectively.  
In the kidney the kinins play a significant role in the  
modulation of renal hemodynamics and salt and water 
homeostasis.

COMPONENTS OF THE  
KALLIKREIN-KININ SYSTEM

KININOGEN
Humans possess a single kininogen gene, which is localized 
to chromosome 3q26 and encodes both high-molecular-
weight (HMW) (626 amino acids, 88 to 120 kDa) and low-
molecular-weight (LMW) (409 amino acids, 50 to 68 kDa) 
kininogens via alternate splicing from 11 exons spread over 
a 27-kb span. A second kininogen gene has been identified 
in mice.383 In humans, kininogen deficiency may be rela-
tively asymptomatic,384 though the kininogen-deficient 
Brown Norway Katholiek rat strain shows increased sen-
sitivity to the pressor effects of salt, angiotensin II, and 
mineralocorticoid.385,386

KALLIKREIN
HMW and LMW kininogen are cleaved by the serine prote-
ase kallikrein. The name kallikrein is derived from the Greek 
term kallikreas, meaning “pancreas,” after the work of Frey 
and others, in the 1930s, who extracted a kinin-producing 
enzyme from the pancreas of dogs. Since then, 15 tissue 
kallikreins have been identified, although, in humans,  
only one (KLK1) is involved in local kinin production. The 
human kallikrein genes are clustered on chromosome 19 at 
q13.3-13.4. Plasma kallikrein is found in the circulation and 
is largely concerned with the coagulation cascade and activa-
tion of neutrophils. The tissue kallikreins are acid glycopro-
teins that are variably and extensively glycosylated. Human 
renal kallikrein is synthesized as a zymogen (prekallikrein) 
with a 17–amino acid signal peptide and a 7–amino acid 
activation sequence, which must be cleaved to activate the 
enzyme. In most mammals, including humans, tissue kalli-
krein cleaves kallidin (lysyl-bradykinin) from kininogens, 
whereas plasma kallikrein releases bradykinin.

Although the physiologic effects of kallikrein have been 
attributed to increased kinin generation, the enzyme may 
also have direct effects on the B2R, as well as actions inde-
pendent of the kinin receptors.387,388 For example, local 
injection of kallikrein into the myocardium following coro-
nary artery ligation in kininogen-deficient Brown Norway 
Katholiek rats had a cardioprotective effect that was abol-
ished by the nitric oxide synthase inhibitor Nω-nitro-l-
arginine methylester and the selective B2R inhibitor 
icatibant (Hoe 140).387 As a serine protease, kallikrein may 
also elicit kinin receptor–independent effects on endothe-
lial cell migration and survival through cleavage of growth 
factors and matrix metalloproteinases.389 Transgenic mice 
overexpressing human kallikrein exhibit a sustained reduc-
tion in systemic blood pressure throughout their life span, 
indicating the lack of sufficient compensatory mechanisms 
to reverse the hypotensive effect of kallikrein.390 In humans, 
polymorphisms of the kallikrein gene KLK1 or its promoter 

molecules combining ARB and NEP inhibition are also cur-
rently under development.374,375

OTHER NATRIURETIC PEPTIDES

GUANYLIN AND UROGUANYLIN
The existence of intestinal NPs has been suggested by initial 
observations that sodium excretion is greater after an oral 
salt load than after an intravenous salt load.376,377 These 
intestinal peptides include guanylin and uroguanylin. 
However, a study of 15 healthy volunteers found that sodium 
excretion was similar in response to either oral or intrave-
nous sodium load during either a low- or high-sodium– 
containing diet.378 Moreover, serum concentrations of either 
prouroguanylin or proguanylin were unchanged following 
either oral or intravenous sodium load and showed no cor-
relation with sodium excretion.378 Collectively, these obser-
vations challenge the notion of a gastrointestinal-renal 
natriuretic axis mediated by the guanylin peptide family.378,379 
It thus appears likely that the natriuretic, kaliuretic, and 
diuretic effects of guanylin and uroguanylin, which occur 
without change in GFR or renal blood flow, are mediated 
by local production of the peptides within the kidney.379

ADRENOMEDULLIN
Adrenomedullin is a 52–amino acid peptide originally iso-
lated from human pheochromocytoma cells,380 although 
mainly synthesized by vascular smooth muscle cells, endo-
thelial cells, and macrophages381 and present in the plasma, 
vasculature, lungs, heart, and adipose tissue. The peptide is 
upregulated in patients with cardiovascular disease and has 
positive inotropic and vasodilatory properties. Systemic 
administration of adrenomedullin induces a nitric oxide–
dependent natriuresis and increase in GFR both under 
normal conditions and in patients with congestive heart 
failure, also decreasing plasma aldosterone level without 
affecting renin activity.

KALLIKREIN-KININ SYSTEM

The kallikrein-kinin system (KKS) is a complex network of 
peptide hormones, receptors, and peptidases that is evolu-
tionarily conserved with homologs in nonmammalian 
species.382 Discovery of the KKS is attributed to Abelous and 
Bardier, who reported in 1909 that experimental injection 
of urine resulted in an acute fall in systemic blood pressure. 
Since that time, it has been recognized that the physiologic 
actions of the KKS also include regulation of tissue blood 
flow, transepithelial water and electrolyte transport, cellular 
growth, capillary permeability, and inflammatory responses. 
The main components of the KKS are the enzyme kallikrein, 
its substrate kininogen, effector hormones known as  
kinins (including bradykinin and kallidin [also termed lysyl-
bradykinin]) and their inactivating enzymes, which include 
kininases I and II (ACE) and neutral endopeptidase EC 
24.11 (NEP, neprilysin).

Kinins exert their biologic effects through binding to two 
receptors, the type 1 (B1R) and type 2 (B2R) receptors, with 
B2R being widely expressed and mediating all of the physi-
ologic actions of the kinins under physiologic conditions. 
The B1R is activated predominantly by des-Arg-bradykinin, 
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genetic deficiencies of B2R,400 B1R,401 or both receptors402 
have been generated; the reported phenotypes of the dif-
ferent knockout strains have been varied, which may be a 
result of different genetic backgrounds, or, in the case of 
the single knockouts, differing compensatory effects of the 
remaining receptor. For example, some studies of B2R-
deficient mice report an increase in resting systemic blood 
pressure, an exaggerated pressor response to angiotensin 
II,403 and salt sensitivity,404 whereas others report no differ-
ence in resting blood pressure between mice that are B2R 
or B1R deficient and wild-type animals.401,405 Double B2R-/
B1R-knockout mice were also reported to have resting blood 
pressure identical to that of wild-type mice and were resis-
tant to lipopolysaccharide (LPS)-induced hypotension.402,406 
In contrast, transgenic mice expressing the human B2R had 
a lower resting blood pressure compared to controls.407 
Transgenic mice expressing the rat B1R (as well as their 
native murine B2R) were normotensive but showed an exag-
gerated hypotensive response to LPS and, unexpectedly, a 
hypertensive response to des-Arg bradykinin.408

KALLISTATIN
Kallistatin is an endogenous serpin inhibitor of kallikrein 
that acts by forming a heat-stable complex with the enzyme. 
Surprisingly, administration of human kallistatin to rodents 
induced vasodilation and a decline in systemic blood pres-
sure, which was unaltered by either a nitric oxide synthase 
inhibitor or the B2R antagonist icatibant, suggesting that 
the vasodilatory properties of kallistatin may be mediated 
through a smooth muscle mechanism independent of bra-
dykinin receptor activation.409

KININASES
With the exception of the metabolites des-Arg-bradykinin 
and des-Arg-kallidin, kinin-cleavage products are biologi-
cally inactive. Kinins are cleaved by a number of enzymes, 
including carboxypeptidases, ACE, and NEP. ACE also trun-
cates its own reaction product, bradykinin-(1-7) further to 
form bradykinin-(1-5). NEP, like ACE, cleaves bradykinin at 
the 7-8 position and has a broad substrate specificity includ-
ing, not only the kinins, but also the NPs, substance P, 
angiotensin II, big ET, enkephalins, oxytocin, and gastrin. 
The amino-terminal of bradykinin possesses two proline 
residues and is susceptible to cleavage by the proline-specific 
exopeptidase aminopeptidase P. The resultant peptide,  
bradykinin-(2-9) may be further cleaved by proteases that 
include the endothelial enzyme dipeptidyl aminopeptidase 
IV, which reduces this metabolite to bradykinin-(4-9).

PLASMA AND TISSUE KALLIKREIN-KININ SYSTEM

The two independent KKSs in humans (plasma and tissue) 
can be distinguished by the specific subtypes of kallikreins, 
kininogens, and kinins involved. The circulating plasma 
KKS includes HMW kininogen and plasma prekallikrein, 
both of which are synthesized in the liver and secreted in 
the plasma, where kallikrein is generated by the cell matrix–
associated prekallikrein activator, prolylcarboxypeptidase.410 
Bradykinin is the effector molecule of the plasma KKS. The 
tissue-specific KKS, including that of the kidney, consists of 
locally synthesized or liver-derived kininogen (HMW and 
LMW), tissue kallikrein, and the effector molecules kallidin 

can impair enzymatic activity, potentially affecting both  
kinin-dependent and kinin-independent effects. Among 
normotensive men with a common loss-of-function KLK1 
polymorphism (R53H), an increase in wall shear stress  
and a paradoxical reduction in artery diameter and lumen 
were noted, although flow-mediated and endothelium-
independent vasodilation were unaffected.391

KININS
The kinins are bradykinin and kallidin in humans and  
bradykinin and kallidin-like peptide in rodents.392 Plasma 
aminopeptidase can convert kallidin (10 amino acids,  
Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) to bradykinin  
(9 amino acids, Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) by  
cleavage of the first N-terminal lysine residue. Cleavage  
of the carboxy-terminal arginine residue by kininase I 
(carboxypeptidase-N) and carboxypeptidase-M generates 
their des-Arg derivatives, which are agonists of the B1 recep-
tor.392 Removal of two carboxy-terminal amino acids (Phe 
and Arg) by ACE (kininase II), NEP, or ECE is responsible 
for inactivation of the peptides.392

BRADYKININ RECEPTORS
The bradykinin receptors, B1R and B2R, share 36% homol-
ogy and are both G protein–coupled receptors with seven 
transmembrane domains. The genes for the two receptors 
are in tandem on a compact locus (14q23) separated by only 
12 kb.393 The B2R is the principal receptor mediating the 
actions of both of the kinins, is expressed in abundance by 
vascular endothelial cells, and is present in most tissues, 
including kidney, heart, skeletal muscle, CNS, vas deferens, 
trachea, intestine, uterus, and bladder. In general, B1Rs 
have a similar distribution and action to B2Rs. The B1R, on 
the other hand, is expressed at low levels under normal 
conditions but is upregulated in response to inflammatory 
stimuli (e.g., lipopolysaccharide, endotoxins, and cytokines 
such as IL-1β and TNF-α)394 and in the setting of diabetes395 
and ischemia-reperfusion injury.396 B2R binds both bradyki-
nin and kallidin, whereas bradykinin has almost no effect at 
the B1R. The carboxypeptidase required to generate the 
des-Arg B1R-active kinin fragments is closely associated with 
the B1R on the cell surface.397 This association would enable 
B2R agonists to rapidly activate B1Rs, particularly in response 
to inflammation.397

Ligand binding of both receptor subtypes induces 
activation of phospholipase C, which results in intracel-
lular calcium mobilization through production of inositol 
1,4,5-triphosphate and diacylglycerol via activation of G pro-
teins, including Gaq and Gai. The physiologic effects of bra-
dykinin receptor activation are mediated through generation 
of both endothelial nitric oxide synthase and prostaglan-
dins. B2R activation leads to a rise in intracellular calcium 
concentrations in vascular endothelial cells.392 However, 
bradykinin-induced vasodilation is not abolished by coad-
ministration of nitric oxide synthase and cyclo-oxygenase 
inhibitors, indicating that additional effectors are likely to 
be involved, possibly an endothelium-derived hyperpolar-
izing factor. In addition, through binding to both B1R398 
and B2R,399 bradykinin increases the expression of inducible 
nitric oxide synthase, at least in rodents. It is very difficult 
to induce the inducible nitric oxide synthase gene in human 
tissues, especially the vascular endothelium. Mice that have 
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prostaglandin production, kinins may lower tubuloglomeru-
lar feedback sensitivity.

Expression of kallikrein within the kidney is altered 
during development and is regulated by estrogen and pro-
gesterone, salt intake, thyroid hormone, and glucocorti-
coids.411-414 The enzyme is not normally filtered at the 
glomerulus, in the absence of glomerular injury. Kininogens 
are localized mostly to connecting tubular principal cells in 
close proximity to kallikrein, which can be found in the 
connecting tubules of the same nephron. Once activated, 
renal kallikrein cleaves both HMW and LMW kininogens to 
release kallidin. The majority of the physiologic effects of 
kinins are mediated via activation of constitutively expressed 
B2Rs, with little or no B1R mRNA detectable in normal 
kidney. In rats, administration of LPS, however, induces 
expression of B1R throughout the nephron (except the 
outer medullary collecting ducts), with strong expression in 
the efferent arteriole, medullary limb, and distal tubule.415

The KKS is involved in the regulation of renal hemody-
namics and tubular function with diuretic and natriuretic 
effects playing a pivotal role in the contribution of the renal 
KKS to fluid and electrolyte balance. Kinins have been 
reported to increase renal blood flow and papillary blood 
flow and to mediate the hyperfiltration induced by a high-
protein diet. Kinins also inhibit conductive sodium entry  
in the IMCDs,416 and B2R-deficient mice demonstrate 
increased urinary concentration in response to vasopressin, 
which indicates that, through the B2R, endogenous kinins 
oppose the antidiuretic effect of vasopressin.417 Kinins may 

in humans and kallidin-like peptide in rodents. The half-life 
of kinins is 10 to 30 seconds, but in tissues with high kalli-
krein content, such as the kidney, local and plasma-derived 
LMW kininogen can be continuously cleaved to produce 
kallidin.

Figure 13.7 illustrates the enzymatic cascades of the 
plasma and tissue KKSs.

RENAL KALLIKREIN-KININ SYSTEM

The tissue KKS contributes to the physiologic functions of 
the kidneys with effects on renal vascular resistance, natri-
uresis, diuresis, and other vasoactive mediators, including 
renin and angiotensin, eicosanoids, catecholamines, nitric 
oxide, vasopressin, and ET. In the kidney, large quantities 
of kininogen and kallikrein are synthesized by the tubular 
epithelium and are excreted in the urine. Locally formed 
kinin is also detectable in the urine, renal interstitial fluid, 
and renal venous blood.

In the human kidney, kallikrein is localized to the con-
necting tubules with close anatomic association between the 
kallikrein-expressing tubules and the afferent arterioles of 
the JGA. Some studies suggest that renal kallikrein mRNA 
is also detectable by in situ hybridization at the glomerular 
vascular pole. This anatomic association highlights the phys-
iologic relationship between the KKS and the RAAS and is 
consistent with a paracrine function for the KKS in the regu-
lation of renal blood flow, GFR, and renin release. In this 
regard it has been suggested that, through effects on 

Figure 13.7  Enzymatic cascade of the kallikrein-kinin system. ACE, Angiotensin-converting enzyme; B1R, bradykinin B1 receptor; B2R, bra-
dykinin B2 receptor; NEP, neutral endopeptidase. 
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the observations that infusion of either kallikrein428 or 
bradykinin429 in this model attenuated glomerulosclerosis 
without affecting blood pressure. Studies in two-kidney–one-
clip hypertension have been conflicting. The incidence of 
two-kidney–one-clip hypertension was increased in B2R-
deficient mice, in comparison with wild-type animals.430 In 
contrast, when comparing the response between tissue 
kallikrein–deficient mice and wild-type animals, there was 
no difference with respect to kidney size, renin release, sys-
temic blood pressure increase, and cardiac remodeling.431

Despite the uncertainty about the role of the KKS in 
mediating the pathogenesis of hypertension, a variety of 
genetic mutations of the KKS have been associated with 
hypertension in animal models and in humans.432 Inactivat-
ing mutations in the kallikrein gene have been identified  
in spontaneously hypertensive rats,433 and an association 
between mutations in the regulatory region of the kallikrein 
gene KLK1 and hypertension has also been described in 
African Americans434 and Chinese Han people.435 The loss-
of-function KLK1 R53H mutation is found in 5% to 7% of 
the white population,436 but this one single-nucleotide poly-
morphism (SNP) has not in itself been found to markedly 
alter blood pressure.437 ACE polymorphisms, responsible for 
different plasma levels of the enzyme and, accordingly, 
altered kinin levels, have been identified as independent 
risk factors for progression of various diseases, including 
diabetic nephropathy, but they do not affect blood pressure. 
Finally, a number of SNPs in both the B2R and B1R genes 
have been associated with hypertension438,439 and coronary 
risk in hypertensive individuals.440

DIABETIC NEPHROPATHY
Observations in both experimental animal models and in 
humans indicate a role for altered KKS activity in the patho-
genesis of diabetic nephropathy, although results in experi-
mental studies have been conflicting. The KKS is markedly 
altered in streptozotocin-diabetic rats, with changes corre-
lating with those in renal plasma flow and GFR.441 Renal 
and urinary levels of active kallikrein are increased in 
streptozotocin-diabetic rats with moderate hyperglycemia 
associated with reduced renal vascular resistance, increased 
GFR, and increased renal plasma flow. Treatment of diabetic 
rats with the kallikrein inhibitor aprotinin or with a B2R 
antagonist reduced renal blood flow and GFR.441 In con-
trast, in non–insulin-treated streptozotocin-treated rats with 
severe hyperglycemia and hypofiltration, kallikrein excre-
tion and expression were reduced.441,442 In addition to its 
hemodynamic effects, the KKS may also play a renoprotec-
tive role in diabetic nephropathy through its antiinflamma-
tory and antiproliferative properties.394

Results of receptor antagonist studies initially suggested 
that there was a limited role for the KKS in preserving renal 
structure and function in diabetic nephropathy, in which 
treatment of diabetic rats with icatibant had no effect on 
glomerular structure and albuminuria, nor did it alter the 
attenuating effect of ACE inhibition on either of these 
parameters.443 Contrasting this, however, more contempo-
rary work suggests that the beneficial effects of ACE inhibi-
tors in experimental diabetic nephropathy may be attenuated 
by coadministration of a B2R antagonist.444-446 For instance, 
in Akita diabetic mice lacking the B2R, there was a  
marked increase in mesangial sclerosis and albuminuria,447 

therefore affect sodium reabsorption through direct effects 
on sodium transport along the nephron, vasodilatory effects, 
and changes in the osmotic gradient of the renal medulla. 
In addition to the effects on renal vascular tone and salt and 
water homeostasis, evidence, primarily derived from experi-
ments employing the B2R antagonist icatibant, suggests that 
kinins may also have antihypertrophic and antiproliferative 
properties in mesangial cells, fibroblasts, and renomedul-
lary interstitial cells. The antiproliferative effect of bradyki-
nin in mesangial cells may be mediated through interaction 
of the B2R with the protein-tyrosine phosphatase SH2 
domain–containing phosphatase-2 (SHP-2).418

REGULATION OF TUBULAR TRANSPORT BY  
TISSUE KALLIKREIN
Independent of its ability to generate kinin, tissue kallikrein 
also exerts separate effects on tubular solute transport by 
regulating the activity of the epithelial sodium channel 
(ENaC), the colonic H+-K+-ATPase and the epithelial calcium 
channel TRPV5 (transient receptor potential cation channel 
subfamily V member 5).419 The connecting tubules secrete 
a large amount of tissue kallikrein, which, through its enzy-
matic activity, can alter the function of ion transporters 
expressed on the luminal surface of cells downstream of its 
site of secretion.419 For instance, tissue kallikrein may par-
ticipate in the proteolytic processing of ENaC, increasing  
its activity, whereas tissue kallikrein–deficient mice have 
decreased ENaC activity.420 Despite decreased ENaC activity, 
however, coincident upregulation of ENaC-independent 
electroneutral NaCl absorption ensures that tissue kallikrein 
is not essential for sodium homeostasis.419,421 The cortical 
collecting ducts from tissue kallikrein–deficient mice also 
demonstrate enhanced activity of the colonic H+-K+-ATPase 
in intercalated cells, resulting in net K+ absorption.419,422 
Finally, tissue kallikrein functions to stabilize the TRPV5 
channel at the plasma membrane, promoting Ca2+ reabsorp-
tion, whereas tissue kallikrein–knockout mice exhibit robust 
hypercalciuria.423 Distal tubular defects in potassium424 and 
calcium425 handling have also been reported in humans with 
the loss-of-function R53H polymorphism in the tissue kalli-
krein gene.

KALLIKREIN-KININ SYSTEM IN RENAL DISEASE

HYPERTENSION
Although it has been known for many years that kinin infu-
sion results in an acute drop in systemic blood pressure  
by reducing peripheral resistance, the role of the KKS in 
mediating primary or secondary hypertension has yet to be 
fully established. Decreased activity of kallikrein has been 
reported in the urine of hypertensive patients and hyperten-
sive rats. An inverse relationship between urinary kallikrein 
excretion and blood pressure in humans may be interpreted 
as suggesting a role for the renal KKS in protecting against 
hypertension.426 However, an alternative interpretation may 
be that preexisting or hypertension-induced kidney disease 
may itself lead to a reduction in renal kallikrein excretion. 
In the Dahl salt-sensitive rat model of hypertension, ACE 
inhibitors are superior to angiotensin II receptor blockers in 
attenuating the progression of proteinuria and hypertensive 
nephrosclerosis.427 That this difference may be mediated by 
enhanced kinin activity with ACE inhibition is supported by 
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both genetic ablation of the B2R and pharmacologic block-
ade of the B2R increased tubulointerstitial fibrosis.463 In 
contrast, expression of the B1R was increased after unilat-
eral ureteric obstruction,464 and treatment with a nonpep-
tide B1R antagonist reduced macrophage infiltration and 
fibrosis.464 In the same model, B1R-deficient mice similarly 
showed less upregulation of inflammatory cytokines, 
reduced albumin excretion, and diminished fibrosis com-
pared with wild-type mice.465 In an adriamycin-induced 
mouse model of focal segmental glomerulosclerosis, B1R-
antagonist therapy attenuated and B1R-agonist therapy 
aggravated renal dysfunction.466 Together, these observa-
tions suggest that, although the B2R is renoprotective, 
under some circumstances (and in contrast to the observa-
tions made in Akita diabetic B1R-/B2R-knockout mice) 
compensatory B1R upregulation may contribute to the 
pathogenesis of renal fibrosis. In humans, polymorphisms 
in both the B1R gene467,468 and B2R gene467,469 have been 
associated with the development of ESKD.

LUPUS NEPHRITIS/ANTI–GLOMERULAR BASEMENT 
MEMBRANE DISEASE
Evidence has linked the KKS to the pathogenesis of  
the immune-mediated nephritides SLE, Goodpasture’s  
syndrome (anti–glomerular basement membrane [anti-
GBM] disease), and spontaneous lupus nephritis. Mice 
strains differ in their susceptibility to anti-GBM antibody–
induced nephritis. Comparison of disease-sensitive and 
control strains, by microarray analysis of renal cortical  
tissue, revealed that 360 gene transcripts were differentially 
expressed.470 Of the underexpressed genes, one fifth 
belonged to the kallikrein gene family.470 Furthermore, in 
disease-sensitive mice, B2R antagonism augmented protein-
uria after anti-GBM challenge, whereas bradykinin adminis-
tration attenuated disease.470 In the same study, SNPs in the 
KLK1 and KLK3 promoters were also described in patients 
with SLE and lupus nephritis.470 Extending their work 
further, the same investigators showed that adenoviral deliv-
ery of the KLK1 gene attenuated renal injury in congenic 
mice possessing a lupus-susceptibility interval on chromo-
some 7.471

ANTINEUTROPHIL CYTOPLASMIC ANTIBODY–
ASSOCIATED VASCULITIS
Granulomatosis with polyangiitis (formerly known as 
Wegener’s granulomatosis), antineutrophil cytoplasmic 
antibody–associated vasculitis (AAV) may be associated with 
a necrotizing glomerulonephritis. The major antigenic 
target in granulomatosis with polyangiitis AAV is neutrophil-
derived proteinase 3 (PR3). Incubation of PR3 with HMW 
kininogen resulted in the generation of a novel tridecapep-
tide kinin, termed PR3-kinin.472 PR3-kinin binds to B1R 
directly and can also activate B2R after further processing 
to form bradykinin.472 These observations suggest that, in 
granulomatosis with polyangiitis AAV, PR3 may activate the 
kinin pathway in a kallikrein-independent manner. B1R 
upregulation has been observed in biopsy specimens from 
patients with Henoch-Schönlein purpura nephropathy or 
with AAV.473 Similarly, B1R upregulation was also observed 
in a murine serum-induced glomerulonephritis model, 
whereas treatment with a B1R antagonist attenuated renal 
decline.473

associated with an increase in oxidative stress and mitochon-
drial damage448; however, another study reported that B2R-
knockout mice were relatively protected from the renal 
injury induced by streptozotocin diabetes.449 Upregulation 
of B1R occurs in response to B2R knockout and could plau-
sibly contribute to renal pathologic processes or alterna-
tively confer a renoprotective benefit. In support of a 
renoprotective effect, Akita diabetic mice deficient in both 
B2R and B1R exhibited augmented renal injury in compari-
son to those lacking B2R alone.450

In further support of a renoprotective effect of the KKS in 
diabetic nephropathy, one study showed that induction of 
diabetes by streptozotocin in mice caused a twofold increase 
in mRNA for kininogen, tissue kallikrein, kinins, and kinin 
receptors, with a doubling in albumin excretion in kallikrein-
knockout mice in comparison with wild-type animals.451 In 
another study, gene delivery of human tissue kallikrein with 
an adeno-associated viral vector attenuated renal injury in 
diabetes and decreased urinary albumin excretion.452

Urinary kallikrein excretion in patients with type 1 diabe-
tes demonstrates a similar association with GFR as observed 
in streptozotocin-diabetic rats.453 Active kallikrein excretion 
is increased in hyperfiltering individuals compared to 
patients with type 1 diabetes with a normal GFR and normal 
controls and correlates with both GFR and distal tubular 
sodium reabsorption.453 Results of genetic association 
studies in patients with diabetes have, however, been con-
flicting. Whereas one study reported an association between 
B2R polymorphisms and albuminuria in 49 patients with 
type 1 diabetes and 112 patients with type 2 diabetes,454 
another found no association between either B1R or B2R 
polymorphisms and incipient or overt nephropathy in 285 
patients with type 2 diabetes.455 Plasma levels of HMW kinin-
ogen fragments were observed to be elevated among indi-
viduals with type 1 diabetes and progressive renal decline.456

ISCHEMIC RENAL INJURY
In models of ischemia-reperfusion injury, ACE inhibitors 
appear to be superior to ARBs in protecting against tubular 
necrosis, loss of endothelial function, and excretory dys-
function.457 This superiority may be due to enhanced 
kinin activity with ACE inhibition because the effect is 
negated by B2R antagonists and inhibitors of nitric oxide 
synthase.458,459 Bradykinin suppresses the opening of mito-
chondrial pores,460 and nitric oxide suppresses oxidative 
metabolism; both observations indicate that the KKS may 
exert its protective effects in ischemia-reperfusion injury 
through attenuation of oxidative damage. In mice geneti-
cally deficient in either the B2R alone or both B1R and B2R, 
ischemic damage was enhanced compared to wild-type 
mice, with injury being most severe in mice that lacked both 
receptors.406 In contrast, tissue kallikrein infusion aggra-
vated renal ischemia-reperfusion injury in rats.461 Thus, 
although physiologic kinin levels may be protective in this 
setting, higher levels may be detrimental, possibly through 
pathologic reperfusion.392

CHRONIC KIDNEY DISEASE
In the remnant kidney model of progressive renal disease, 
adenovirus-mediated or adeno-associated virus–mediated 
gene delivery of kallikrein attenuated the decline in renal 
function.462 In the model of unilateral ureteric obstruction, 
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In 1999 Ames and colleagues identified U-II to be the 
ligand for the previously orphan rat receptor GPR14/
SENR.476 The U-II receptor is a seven-transmembrane, G 
protein–coupled receptor encoded on chromosome 17q25.3 
in humans.481 The U-II receptor bears structural similarity 
to both somatostatin receptor subtype 4 and the opioid 
receptors. Ligand binding of the receptor results in G 
protein–mediated activation of PKC, calmodulin, and  
phospholipase C with evidence also linking MAP kinases 
ERK1/2, the Rho kinase pathway, and peroxisome prolif-
erator–activated receptor α in the intracellular signaling 
cascade.482-485

The relationship between U-II and the U-II receptor is 
not exclusive, with the receptor also binding alternative  
U-II fragments such as U-II–(4-11) and U-II–(5-11), as  
well as another peptide termed urotensin-related peptide 
(URP).486,487 URP was originally isolated from rat brain and 
binds with high affinity to the U-II receptor.487 Although this 
eight–amino acid peptide retains the cyclic hexapeptide 
sequence, it is derived from a different precursor to U-II 
and may have different physiologic properties.488

PHYSIOLOGIC ROLE OF UROTENSIN II

U-II is the most potent vasoconstrictor known, being 16 
times more potent than ET-1 in the isolated rat thoracic 
aorta.476 However, its vasoconstrictive properties are not uni-
versal, varying between species and between vascular beds. 
For example, U-II has little or no effect on venous tone, and 
it does not cause constriction of rat abdominal aorta, 
femoral, or renal arteries.489 It also lacks systemic pressor 
activity when administered intravenously to anesthetized 
rats.476,490 In cynomolgus monkeys, bolus intravenous injec-
tion of U-II–induced myocardial depression, circulatory col-
lapse, and death.476 In contrast to the vasoconstrictive 
properties of vascular smooth muscle U-II receptor, endo-
thelial U-II receptor may mediate vasodilation in pulmonary 
and mesenteric vessels.491 The response to U-II may be 
dependent on the caliber of the artery, with a small vessel 

UROTENSIN II

Urotensin II (U-II) is a potent vasoactive cyclic undecapep-
tide originally isolated from the caudal neurosecretory 
organ of teleost fish. The two principal regulatory peptides 
derived from this organ are urotensin I (U-I), which is 
homologous to mammalian corticotropin-releasing factor, 
and U-II, which bears sequence similarity to somatostatin474 
and has notable hemodynamic, gastrointestinal, reproduc-
tive, osmoregulatory, and metabolic functions in fish. 
Homologs of U-II have been identified in many species, 
including humans.

SYNTHESIS, STRUCTURE, AND SECRETION  
OF UROTENSIN II

Human U-II is derived from two prepropeptide alternate 
splice variants of 124 and 139 amino acids, differing only  
in the amino-terminal sequence.475,476 The C terminus is 
cleaved by prohormone convertases to yield the mature 
11–amino acid U-II peptide. U-II contains a cyclic Cys-Phe-
Trp-Lys-Tyr-Cys hexapeptide sequence that is conserved 
across species and is essential for its biologic activity (Figure 
13.8).477 The N-terminal region of the precursor is highly 
variable across species.

Prepro–U-II mRNA has been described in a range of cell 
types, including vascular smooth muscle cells, endothelial 
cells, neuronal cells, and cardiac fibroblasts. Multiple mono-
basic and polybasic amino acid sequences have been identi-
fied as posttranslational cleavage sites of the prohormone. 
However, a specific U-II–converting enzyme has not yet 
been described. With respect to its tissue distribution, 
immunohistochemical staining has identified U-II protein 
in the blood vessels of various organs and also within the 
tubular epithelial cells of the kidney.474,478,479 A significant 
arteriovenous gradient exists across the heart, liver, and 
kidney, indicating that these organs are important sites of 
U-II production.480

Figure 13.8  Molecular structure of human, rat, and goby urotensin II  (U-II). URP, Urotensin-related peptide.  (Adapted from Ashton N: Renal 
and vascular actions of urotensin II, Kidney Int 70:624-629, 2006.)
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described a reduction in U-II levels with CKD. Here, inves-
tigators reported that plasma U-II concentrations were 
highest in healthy individuals, lower in individuals with 
ESKD, and lowest in subjects with non-ESKD CKD, while 
hypothesizing that the discordance with earlier work may 
reflect the different populations studied or the assays 
used.503

INTERVENTIONAL STUDIES OF UROTENSIN II  
IN THE KIDNEY

Both peptide and nonpeptide U-II receptor antagonists 
have been studied. Urantide is a derivative of human U-II.504 
Continuous infusion of urantide into rats induces an 
increase in GFR and natriuresis,494 although it is not clear 
whether the natriuresis is a consequence of altered renal 
vascular tone or due to a direct effect of U-II on the tubular 
epithelium. Although urantide is a potent antagonist of the 
rat U-II receptor,504 it has been found to have agonist prop-
erties in cells expressing the human U-II receptor.505 An 
alternative U-II peptide antagonist, UFP-803, has also been 
shown to have partial agonist properties in human U-II 
receptor–expressing cells,506 complicating the interpreta-
tion of a peptide-based approach to U-II inhibition. Two 
compounds in the nonpeptide group of U-II antagonists 
have been studied: palosuran (ACT-058362) and SB-611812. 
Intravenous administration of palosuran protected against 
renal ischemia in a rat model.507 The same compound was 
also studied in streptozotocin-diabetic rats, in which it was 
found to significantly reduce albuminuria.508 In a study of 
19 individuals with type 2 diabetes and macroalbuminuria, 
palosuran attenuated urine albumin excretion after 2 
weeks.509 However, in a subsequent 4-week study of 54 indi-
viduals with type 2 diabetes, hypertension, and nephropa-
thy, palosuran had no effect on albuminuria, blood pressure, 
GFR, or renal plasma flow,510 effectively halting the develop-
ment of this drug for this indication. SB-611812 decreased 
the carotid intima-to-media ratio in a rat model of balloon 
angioplasty–induced stenosis.511 The same compound atten-
uated myocardial remodeling and was associated with a 
reduced rate of mortality in a rat model of ischemic cardio-
myopathy.512,513 At present, there are no reports of the effect 
of SB-611812 in renal disease.
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response more endothelium mediated and a large vessel 
response more dependent on vascular smooth muscle.474 
These disparities are among many examples of how the role 
of U-II may be influenced by a number of factors, including 
animal model, vascular bed, method of exogenous U-II 
administration, and comorbid conditions.

UROTENSIN II IN THE KIDNEY

The kidney is a major site of U-II production, which is indi-
cated by both the arteriovenous gradient of plasma U-II 
across the kidney and the observation that urinary U-II 
clearance exceeds urinary creatinine clearance.474,480 In fact, 
in humans, urinary concentrations of U-II are approxi-
mately three orders of magnitude higher than plasma con-
centrations.492 U-II is present in a number of kidney cell 
types, including the smooth muscle cells and endothelium 
of arteries, proximal convoluted tubules, and particularly 
the distal tubules and collecting ducts.479 U-II receptor 
mRNA is also present in the kidney, particularly within the 
renal medulla,492-494 suggesting that the peptide may have 
autocrine or paracrine functions at this site. In addition, 
URP mRNA has also been described in both rat and human 
kidney.487,493,494 Studies of the role of U-II in normal renal 
physiology have been conflicting. In one report, continuous 
infusion of U-II into the renal artery of anesthetized rats 
caused a nitric oxide–dependent increase in GFR and 
urinary water and sodium excretion.495 In contrast, another 
study showed that bolus injection of picomolar concentra-
tions of U-II produced a dose-dependent decrease in GFR 
and a reduction in urine flow and sodium excretion.494 Still 
further, a third group of researchers reported that intrave-
nous bolus injection of U-II in nanomolar amounts induced 
only a minor reduction in GFR and had no effect on sodium 
excretion.496 This study also investigated the effect of U-II 
administration in the context of experimental congestive 
heart failure, in which the peptide induced an almost 30% 
increase in GFR.496

OBSERVATIONAL STUDIES OF UROTENSIN II  
IN RENAL DISEASE

Variations in the concentration of U-II in the plasma and 
urine have been found in a number of diseases with, again, 
sometimes conflicting results. Plasma U-II levels may be 
increased in hypertensive individuals compared to normo-
tensive controls and correlate with systolic blood pressure.497 
In one study, U-II concentrations in plasma were increased 
twofold in patients with renal disease not on hemodialysis 
and threefold in patients on hemodialysis.498 In a separate 
study the same investigators observed U-II levels in both 
plasma and urine to be higher in patients with type 2 dia-
betes and renal disease than in such patients with normal 
renal function.499 Higher U-II levels in urine have been 
described in patients with essential hypertension, patients 
with glomerular disease and hypertension, and patients  
with renal tubular disorders, but not in normotensive 
patients with glomerular disease.492 Increased expression of 
both U-II and U-II receptor have also been demonstrated  
in biopsy samples of patients with diabetic nephropathy,500 
with increased U-II also described for glomerulonephritis501 
and in minimal change disease.502 In contrast, a later study 
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CELLULAR ORIGIN OF EICOSANOIDS

Eicosanoids comprise a family of biologically active, oxygen-
ated arachidonic acid (AA) metabolites. Arachidonic acid is 
a polyunsaturated fatty acid possessing 20 carbon atoms and 
four double bonds (C20:4) and is formed from linoleic acid 
(C18:2) by the addition of two carbons to the chain and 
further desaturation. In mammals, linoleic acid is derived 
strictly from dietary sources. Essential fatty acid (EFA) defi-
ciency occurs when dietary fatty acid precursors, including 
linoleic acid, are omitted, thereby depleting the hormone-
responsive pool of AA. EFA deficiency thereby reduces the 
intracellular availability of AA in response to hormonal 
stimulation and abrogates many biologic actions of hormone-
induced eicosanoid release.1

Of an approximate 10 g of linoleic acid ingested/day, 
only about 1 mg/day is eliminated as an end product of AA 
metabolism. Following its formation, AA is esterified into 
cell membrane phospholipids, principally at the 2 position 
of the phosphatidylinositol fraction (i.e. sn-2–esterified AA), 
the major hormone-sensitive pool of AA that is susceptible 
to release by phospholipases.

Multiple stimuli lead to the release of membrane-bound 
AA via activation of cellular phospholipases, principally iso-
forms of phospholipase A2 (PLA2).2 This cleavage step is 
rate-limiting in the production of biologically relevant ara-
chidonate metabolites. In the case of PLA2 activation, mem-
brane receptors activate guanine nucleotide–binding (G) 
proteins, leading to the release of AA directly from mem-
brane phospholipids. Activation of phospholipase C or D, 
on the other hand, releases AA via the sequential action of 
the phospholipase-mediated production of diacylglycerol 
(DAG), with subsequent release of AA from DAG by DAG 
lipase.3 This pathway may also lead to the formation of the 
esterified AA metabolites arachidonoylethanolamide (AEA) 
and 2-arachidonoylglycerol (2-AG), which are endocannabi-
noids. These endocannabinoids can subsequently be con-
verted to free AA by the action of monoacylgycerol lipase.4 
When considering eicosanoid formation, the physiologic 
significance of AA release by these other phospholipases 
remains uncertain because, at least in the setting of inflam-
mation, PLA2 action appears essential for the generation of 
biologically active AA metabolites.5

More than 15 proteins with PLA2 activity are known to 
exist, including secreted (sPLA2) and cytoplasmic PLA2 
(cPLA2) isoforms.6,7 A mitogen-activated cytoplasmic PLA2 
has been found to mediate AA release in a calcium- 
calmodulin–dependent manner. Other hormones and 
growth factors, including epidermal growth factor (EGF) 
and platelet-derived growth factors, activate PLA2 directly 
through tyrosine residue kinase activity, allowing the recruit-
ment of co-activators to the enzyme without an absolute 
requirement for the intermediate action of Ca2+-calmodulin 
or other cellular kinases.

Following de-esterification, AA is rapidly re-esterified into 
membrane lipids or avidly bound by intracellular proteins, 
in which case it becomes unavailable to further metabolism. 
Should it escape re-esterification and protein binding, free 
AA becomes available as a substrate for one of three major 
enzymatic transformations, the common result of which is 
the incorporation of oxygen atoms at various sites of the 

fatty acid backbone, with accompanying changes in its 
molecular structure (e.g., ring formation).8,9 This results in 
the formation of biologically active molecules, referred to 
as eicosanoids. The specific nature of the products generated 
is a function of the initial stimuli for AA release, as well as 
the metabolic enzyme available, which is determined in part 
by the cell type involved.9,10

These products, in turn, mediate or modulate the bio-
logic actions of the agonist in question. AA release may also 
result from nonspecific stimuli, such as cellular trauma, 
including ischemia and hypoxia,11 oxygen free radicals,12 or 
osmotic stress.13 The identity of the specific AA metabolite 
generated in a particular cell system depends on the  
proximate stimulus and availability of the downstream 
AA-metabolizing enzymes present in that cell.

Three major enzymatic pathways of free AA metabolism 
are present in the kidney: cyclo-oxygenases, lipoxygenases, 
and cytochrome P450 (Figure 14.1). The cyclo-oxygenase 
(COX) pathway mediates the formation of prostaglandins 
(PGs) and thromboxanes, the lipoxygenase (LO) pathway 
mediates the formation of mono-, di-, and tri-hydroxyeico-
satetraenoic acids (HETEs), leukotrienes (LTs), and lipox-
ins (LXs), and the cytochrome P450–dependent oxygenation 
of AA mediates the formation of epoxyeicosatrienoic acids 
(EETs), their corresponding diols, HETEs, and monooxy-
genated AA derivatives. Fish oil diets, rich in ω-3 polyunsatu-
rated fatty acids,14 interfere with metabolism via all three 
pathways by competing with AA oxygenation, resulting in 
the formation of biologically inactive end products.15 Inter-
ference with the production of proinflammatory lipids has 
been hypothesized to underlie the beneficial effects of fish 
oil in immunoglobulin A (IgA) nephropathy and other car-
diovascular diseases.16 The following sections deal with the 
current understanding of the chemistry, biosynthesis, renal 
metabolism, mechanisms of release, receptor biology, signal 
transduction pathways, biologic activities, and functional 
significance of each of the metabolites generated by the 
three major routes of AA metabolism in the kidney.

CYCLO-OXYGENASE PATHWAY

MOLECULAR BIOLOGY

The cyclo-oxygenase enzyme system is the major pathway for 
AA metabolism in the kidney (Figure 14.2). Cyclo-oxygenase 
(prostaglandin [PG] synthase G2/H2) is the enzyme respon-
sible for the initial conversion of arachidonic acid to PGG2 
and subsequently to PGH2. COX was first purified from ram 
seminal vesicles and cloned in 1988. The protein is widely 
expressed, and the level of activity is not dynamically regu-
lated. Other studies supported the presence of a COX that 
was dynamically regulated and responsible for increased 
prostanoid production in inflammation. This second induc-
ible COX isoform was identified shortly after the cloning of 
the initial enzyme and designated COX-2, whereas the ini-
tially isolated isoform is now designated COX-1.8,17,18 COX-1 
and COX-2 are encoded by distinct genes located on differ-
ent chromosomes. The human COX-1 gene (PTGS1, PG 
synthase 1) is on chromosome 9, whereas COX-2 is localized 
on chromosome 1. The genes are also subject to dramati-
cally different regulatory signals.
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Figure 14.1  Pathways of enzymatically mediated arachidonic acid metabolism. Arachidonic acid can be converted  into biologically active 
compounds by cyclo-oxygenase- (COX), lipoxygenase- (LOX), or cytochrome P450 (CYP450)–mediated metabolism HETE. Hydroxyeicosatet-
raenoic acid. 
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Figure 14.2  Cyclo-oxygenase metabolism of arachidonic acid. Both COX-1 and COX-2 convert arachidonic acid to PGH2, which is then acted 
on by specific synthases (TXAS, PGDS, PGES, PGFS, PGIS) to produce prostanoids that act at G protein–coupled receptors (TP. DP1, DP2, 
EP1-4. FP, IP) that increase or decrease cAMP or increase intracellular calcium levels. cAMP, Cyclic adenosine monophospate; COX, cyclo-
oxygenase; NSAIDs, nonsteroidal antiinflammatory drugs; PGG2, prostaglandin G2; PGH2, prostaglandin H2. 
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PGG2 is converted to the 15-hydroxy derivative, PGH2. The 
endoperoxides (PGG2 and PGH2) have very short half-lives, 
about 5 minutes, and are biologically active in inducing 
aortic contraction and platelet aggregation.27 However, 
under some circumstances, the formation of these endoper-
oxides may be strictly limited via the self-deactivating prop-
erties of the enzyme.

The expression of recombinant enzymes and determina-
tion of the crystal structure of COX-2 have provided further 
insight into the observed physiologic and pharmacologic 
similarities to, and differences from, COX-1. It is now clear 
that COX-inhibiting NSAIDs work by sterically blocking 
access of AA to the heme-containing, active enzymatic site.28 
Particularly well-conserved are sequences surrounding the 
aspirin-sensitive serine residues, at which acetylation by 
aspirin irreversibly inhibits activity.29 More recent evidence 
showed that COX-1 and COX-2 are capable of forming 
heterodimers and sterically modulating each other’s func-
tion.30 The substrate-binding pocket of COX-2 is larger and 
therefore accepting of bulkier inhibitors and substrates. 
This difference has allowed the development and marketing 
of relatively highly selective COX-2 inhibitors for clinical use 
as analgesics,31 antipyretics,32 and antiinflammatory agents.31 
In addition to its central role in inflammation, aberrantly 
upregulated COX-2 expression has been implicated in the 
pathogenesis of a number of epithelial cell carcinomas33 
and in Alzheimer’s disease and other degenerative neuro-
logic conditions.34

RENAL COX-1 AND COX-2 EXPRESSION

COX-2 EXPRESSION IN THE KIDNEY

There is now definitive evidence for significant COX-2 
expression in the mammalian kidney (Figure 14.3). COX-2 
mRNA and immunoreactive COX-2 are present at low  
but detectable levels in normal adult mammalian kidney, 
where in situ hybridization and immunolocalization have 
demonstrated localized expression of COX-2 mRNA and 
immunoreactive protein in the cells of the macula densa 
and a few cells in the cortical thick ascending limb  
cells immediately adjacent to the macula densa.35,36 COX-2 
expression is also abundant in the lipid-laden medullary 
interstitial cells in the tip of the papilla.35,37 Some investiga-
tors have reported that COX-2 may be expressed in inner 
medullary collecting duct cells or intercalated cells in  
the renal cortex.38 Nevertheless, COX-1 expression is con-
stitutive and clearly the most abundant isoform in the col-
lecting duct, so the potential existence and physiologic 
significance of COX-2 coexpression in this segment remains 
uncertain.

COX-2 EXPRESSION IN THE RENAL CORTEX

It is now well documented that COX-2 is expressed in the 
macula densa and cortical thick ascending limb (CTAL).1,36 
It is expressed in human kidney, especially in kidneys of 
older adults,39,40 and in patients with diabetes mellitus, 
congestive heart failure,41 and Bartter-like syndrome.42

The presence of COX-2 in the unique group of cells 
comprising the macula densa points to a potential role  

REGULATION OF CYCLO-OXYGENASE  
GENE EXPRESSION

At the cellular level, COX-2 expression is highly regulated 
by several processes that alter its transcription rate, message 
export from the nucleus, message stability, and efficiency of 
message translation.19,20 These processes tightly control the 
expression of COX-2 in response to many of the same  
cellular stresses that activate arachidonate release (e.g.,  
cell volume changes, shear stress, hypoxia),11,21 as well as a 
variety of cytokines and growth factors, including tumor 
necrosis factor (TNF), interleukin-1β, EGF, and platelet-
derived growth factor (PDGF). Activation of COX-2 gene 
transcription is mediated via the coordinated activation of 
several transcription factors that bind to and activate con-
sensus sequences in the 5′ flanking region of the COX-2 
gene for nuclear factor-kappaB (NF-κB), and NF–interleu-
kin-6 (IL-6)/CCAAT-enhancer binding proteins (C-EBP), 
and a cyclic adenosine monophosphate (cAMP) response 
element (CRE).22 Induction of COX-2 messenger RNA 
(mRNA) transcription by endotoxin (lipopolysaccharide) 
may also involve CRE sites23 and NF-κB sites.24

REGULATION OF CYCLO-OXYGENASE 
EXPRESSION BY ANTIINFLAMMATORY STEROIDS

A molecular basis linking the antiinflammatory effects  
of COX-inhibiting nonsteroidal antiinflammatory drugs 
(NSAIDs) and antiinflammatory glucocorticoids has long 
been sought. A novel mechanism for the suppression of 
arachidonate metabolism by corticosteroids involving  
translational inhibition of COX formation had been sug-
gested prior to the molecular recognition of COX-2.  
With the cloning of COX-2, it became well established  
that glucocorticoids suppress COX-2 expression and prosta-
glandin synthesis, an effect now viewed as central to the 
antiinflammatory effects of glucocorticoids. Posttranscrip-
tional control of COX-2 expression represents another 
robust mechanism whereby adrenal steroids regulate COX-2 
expression.25 Accumulating evidence has suggested that 
COX-2 is modulated at multiple steps in addition to tran-
scription rate, including stabilization of the mRNA and 
enhanced translation.19,26 Glucocorticoids, including dexa-
methasone, downregulate COX-2 mRNA in part by destabi-
lizing the mRNA.26 The 3′ untranslated region of COX-2 
mRNA contains 22 copies of an AUUUA motif, which are 
important in destabilizing the COX-2 message in response 
to dexamethasone, whereas other 3′ sequences appear 
important for COX-2 mRNA stabilization in response to 
IL-1β.26 Effects of the 3′ untranslated region (UTR), as well 
as other factors regulating the efficiency of COX-2 transla-
tion, have also been suggested.19 The factors determining 
the expression of COX-1 are more obscure.

ENZYMATIC CHEMISTRY

Despite these differences, both PG synthases catalyze a 
similar reaction, resulting in cyclization of carbons 8 to 12 
of the AA backbone, forming cyclic endoperoxide, accom-
panied by the concomitant insertion of two oxygen atoms 
at carbon 15 to form PGG2 (a 15-hydroperoxide). In the 
presence of a reduced glutathione-dependent peroxidase, 
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localized to the macula densa and CTAL and increases in 
response to a low-salt diet.50 These findings point to a molec-
ular pathway whereby enhanced COX-2 expression occur-
ring in circumstances associated with intracellular volume 
depletion could result from decreased luminal Cl− delivery. 
Some studies have also indicated that the carbonic anhy-
drase inhibitor acetazolamide and dopamine may both  
indirectly regulate macula densa COX-2 expression by 
inhibiting proximal reabsorption and thereby increasing 
luminal macula densa Cl− delivery.52,53 In mice deficient in 
the Na+-H+ exchanger subtype 2 (NHE2), the macula densa 
is shrunken, accompanied by increased COX-2 expression 
and juxtaglomerular renin expression, suggesting that 
NHE2 appears to be the major isoform associated with 
macula densa cell volume regulation.54

In the mammalian kidney, the macula densa is involved 
in regulating renin release by sensing alterations in luminal 
chloride via changes in the rate of Na+-K+-2Cl− cotransport 
(Figure 14.5).55 In vivo measurements in isolated perfused 
kidney and isolated perfused juxtaglomerular preparation 
have all indicated that administration of nonspecific  
COX inhibitors prevents the increases in renin release 
mediated by macula densa sensing of decreases in luminal 
NaCl.44 Induction of a high renin state by imposition of a 
salt-deficient diet, angiotensin-converting enzyme (ACE) 
inhibition, diuretic administration, or experimental reno-
vascular hypertension all significantly increase macula 

for COX-2–derived prostanoids in regulating glomerular 
function.43 Studies of the prostanoid-dependent control of 
glomerular filtration rate by the macula densa have sug-
gested effects via vasodilator and vasoconstrictor effects of 
prostanoids contributing to tubuloglomerular feedback 
(TGF).44,45 Some studies have suggested COX-2–derived 
prostanoids are predominantly vasodilators.46,47 By inhibit-
ing production of dilator prostanoids contributing to the 
patency of the adjacent afferent arteriole, COX-2 inhibition 
may contribute to the decline in glomerular filtration rate 
(GFR) observed in patients taking NSAIDs or selective 
COX-2 inhibitors48 (see later).

The volume-depleted state is typified by low NaCl delivery 
to the macula densa, and COX-2 expression in the macula 
densa is also increased in states associated with volume 
depletion (Figure 14.4).35 Of note, COX-2 expression in 
cultured macula densa cells and CTAL cells is also increased 
in vitro by reducing extracellular Cl− concentration. Studies 
in which cortical thick limbs and associated glomeruli were 
removed and perfused from rabbits pretreated with a low- 
salt diet to upregulate macula densa COX-2 demonstrated 
COX-2–dependent release of PGE2 from the macula densa 
in response to decreased chloride perfusate.49 Furthermore 
the induction of COX-2 by a low Cl− level can be blocked 
by a specific p38 mitogen-activated protein (MAP) kinase 
inhibitor.50,51 Finally, in vivo, renal cortical immunoreactive 
pp38 expression (the active form of p38) is predominantly 

Figure 14.3  Localization  of  immunoreactive  cyclo-oxgenases  1  and  2  (COX-1,  COX-2)  and  microsomal  prostaglandin  E  synthase  (PGES) 
along the rat nephron (shaded areas). IR, Immunoreactive. (Courtesy S. Bachmann.)

COX-1 IR, rat COX-2 IR, rat PGES IR, rat
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significantly blunted60,61 but were unaffected in COX-1 
knockout mice.62,63 COX-2-derived PGE2, activating the type 
4 (EP4) receptors on juxtaglomerular cells, has been shown 
to be important for the macula densa regulation of renin 
release.49,64 Macula densa COX-2–derived prostanoids 
appear to be predominantly involved in setting tonic levels 
of juxtaglomerular renin expression rather than necessarily 
mediating acute renin release.65,66 There is evidence that the 
effect of ACE inhibitors and angiotensin receptor blockers 

densa–CTAL COX-2 mRNA and immunoreactive protein.43 
COX-2–selective inhibitors blocked elevations in plasma 
renin activity, renal renin activity, and renal cortical renin 
mRNA in response to loop diuretics, ACE inhibitors, or a 
low-salt diet43,56-58 and, in an isolated perfused juxtaglomeru-
lar preparation, increased renin release in response to low-
ering the perfusate NaCl concentration was blocked by 
COX-2 inhibition.59 In COX-2 knockout mice, increases in 
renin in response to low salt or ACE inhibitors were 

Figure 14.4  COX-2 expression is regulated in renal cortex in rats. Under basal conditions, sparse immunoreactive COX-2 is localized to the 
macula densa and surrounds  the cortical  thick ascending  limb  (CTAL). Following chronic administration of  a  sodium-deficient diet, macula 
densa, CTAL, and COX-2 expression increase markedly. 

Control Low salt

Figure 14.5  Proposed intrarenal roles for vasodilatory prostaglandins to regulate renal function and blood pressure control. Prostaglandins 
released from the macula densa and/or the afferent arteriole can vasodilate the afferent arteriole and modulate renin release from juxtaglomerular 
cells. ACE, Angiotensin-converting enzyme; COX-2, cyclo-oxygenase-2. 
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increased in diabetes. Studies have suggested that succinate 
activation of GPR91 leads to increased macula densa COX-2 
expression.74,75

COX-2 EXPRESSION IN THE RENAL MEDULLA
The renal medulla is a major site of prostaglandin synthesis 
and abundant COX-1 and COX-2 expression (Figure 14.6).76 
COX-1 and COX-2 exhibit differential compartmentaliza-
tion within the medulla, with COX-1 predominating in the 
medullary collecting ducts and COX-2 predominating in 
medullary interstitial cells.43 In the collecting duct, COX-2 
has also been localized to intercalated cells but is absent in 
principal cells.77 COX-2 may also be expressed in endothe-
lial cells of the vasa recta supplying the inner medulla.

In medullary interstitial cells, dynamic regulation of 
COX-2 expression appears to be an important adaptive 
response to physiologic stresses, including water depriva-
tion, increased dietary sodium, and exposure to endotox-
ins.38,76,78,79 In contrast, COX-1 expression is unaffected by 
water deprivation. Although hormonal factors could also 
contribute to COX-2 induction, shifting cultured renal med-
ullary interstitial cells to hypertonic media (using NaCl or 
mannitol) is sufficient to induce COX-2 expression directly. 
Because prostaglandins play an important role in maintain-
ing renal function during volume depletion or water depri-
vation, induction of COX-2 by hypertonicity provides an 
important adaptive response.

As is the case for the macula densa, medullary interstitial 
cell COX-2 expression is transcriptionally regulated in 
response to renal extracellular salt and tonicity. Water depri-
vation and a high-sodium diet both induce COX-2 expres-
sion in medullary interstitial cells by activating the NF-κB 
pathway.76,79 There is also evidence that nitric oxide may 
modulate medullary COX-2 expression through MAP 

(ARBs) to increase macula densa COX-2 expression is medi-
ated by feedback of angiotensin II (Ang II) on the macula 
densa, with Ang II type 1 (AT1) receptor activation inhibit-
ing and AT2 receptor activation stimulating COX-2 expres-
sion.56 In addition, prorenin and/or renin may stimulate 
macula densa COX-2 expression through activation of the 
prorenin receptor.67

COX-2 inhibitors have also been shown to decrease renin 
production in models of renovascular hypertension,68 and 
studies in mice with targeted deletion of the prostacyclin 
receptor have suggested a predominant role for prostacyclin 
in mediating renin production and release in these models.69 
In a model of sepsis, COX-2 expression increased in the 
macula densa and both cortical and medullary TAL. This 
increased COX-2 expression was mediated by Toll-like 
receptor 4 (TLR4) and in TLR4−/− mice, juxtaglomerular 
apparatus renin expression was absent.70

In addition to mediating juxtaglomerular renin expres-
sion, COX-2 metabolites may also modulate tubuloglomeru-
lar feedback (TGF). However, using different methodologies, 
investigators have reported that COX-2 metabolites pre-
dominantly modulate TGF by the production of vasodilatory 
prostanoids47,71 or mediate afferent arteriolar vasoconstric-
tion by activating thromboxane receptors through the  
generation of thromboxane A2 (TXA2) and/or PGH2.72 
Further studies will be required to reconcile these divergent 
results.

There is evidence that macula densa COX-2 expression is 
sensitive not only to alterations in intravascular volume,  
but also to alterations in renal metabolism. Specifically, the 
G protein–coupled receptor, GPR91, has been shown to  
be a receptor for succinate, an intermediate of the citric 
acid cycle.73 GPR91 is expressed in the macula densa, 
and GPR91, and intrarenal production of succinate are 

Figure 14.6  Differential  immunolocalization of COX-1 and COX-2  in  the  renal medulla of  rodents. COX-1  is predominantly  localized  to  the 
collecting duct and is also found in a subset of medullary interstitial cells, whereas COX-2 is predominantly localized to a subset of interstitial 
cells. 

COX-1 COX-2
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expression in collecting duct epithelial cells and in intersti-
tial cells in the inner medulla.85 The factors accounting for 
the tissue-specific expression of COX-1 are uncertain but 
may involve histone acetylation and the presence of two 
tandem Sp1 sites in the upstream region of the gene.86

RENAL COMPLICATIONS  
OF NONSTEROIDAL  
ANTIINFLAMMATORY DRUGS

Na+ RETENTION, EDEMA, AND HYPERTENSION

Use of nonselective NSAIDs may be complicated by the 
development of significant Na+ retention, edema, conges-
tive heart failure and hypertension.87 These complications 
are also apparent in patients using COX-2–selective NSAIDs. 
Studies with celecoxib and rofecoxib have demonstrated 
that like nonselective NSAIDs, these COX-2–selective 
NSAIDs reduce urinary Na+ excretion and are associated 
with modest Na+ retention in otherwise healthy subjects.88,89 
COX-2 inhibition likely promotes salt retention via multiple 
mechanisms (Figure 14.8). A reduced GFR may limit the 
filtered Na+ load and salt excretion.90,91 In addition, PGE2 
directly inhibits Na+ absorption in the thick ascending limb 
(TAL) and collecting duct.92 The relative abundance of 
COX-2 in medullary interstitial cells places this enzyme adja-
cent to both these nephron segments, allowing for COX-2–
derived PGE2 to modulate salt absorption. COX-2 inhibitors 
decrease renal PGE2 production88,93 and thereby may 
enhance renal sodium retention. Finally, reduction in renal 

kinase–dependent pathways.80 The mechanisms underlying 
the upregulation of medullary COX-2 expression in response 
to volume expansion are probably multifactorial. There is 
clear evidence that increased medullary tonicity increases 
medullary COX-2 expression. Different studies have indi-
cated a role for NF-κB,76 EGF receptor (EGFR) transactiva-
tion,81 and mitochondrial-generated ROS.82 Whether these 
represent parallel pathways or are all interrelated is not yet 
clear; however, it should be noted that the described EGFR 
transactivation is mediated by cleavage of the EGFR ligand, 
transforning growth factor-α, by ADAM17 (known as TACE 
[tumor necrosis factor-α–converting enzyme]). This is 
known to be activated by src, which can be activated by reac-
tive oxygen species (ROS). In addition to medullary COX-2, 
cortical COX-2 expression increases in salt-sensitive hyper-
tension, especially in the glomerulus and is inhibited by the 
superoxide dismutase mimetic, tempol, or an ARB.83

COX-1 EXPRESSION IN THE KIDNEY

Although well-defined factors regulating COX-2 and deter-
mining the role of COX-2 expression in the kidney are being 
delineated, the role of renal COX-1 remains more obscure. 
COX-1 is constitutively expressed in platelets in renal  
microvasculature and glomerular parietal epithelial cells 
(Figure 14.7).84 In addition, COX-1 is abundantly expressed 
in the collecting duct, but there is little COX-1 expressed  
in the proximal tubule or TAL.46,85 Although COX-1 expres-
sion levels do not appear to be dynamically regulated and, 
consistent with this observation, the COX-1 promoter does 
not possess a TATA box, vasopressin does increase COX-1 

Figure 14.7  Renal  cortical  COX-1  expression.  Immunoreactive  COX-1  is  predominantly  localized  to  the  afferent  arteriole  (AE),  glomerular 
mesangial cells (G), parietal glomerular epithelial cells (P), and cortical collecting duct (CT). (From Eguchi N, Minami T, Shirafuji N, et al: Lack of 
tactile pain (allodynia) in lipocalin-type prostaglandin D synthase–deficient mice. Proc Natl Acad Sci U S A 96:726-773, 1999.)
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Figure 14.8  Integrated role of PGE2 on regulation of salt and water excretion. PGE2 can  increase medullary blood flow and directly  inhibit 
NaCl reabsorption in the medullary thick ascending limb and water reabsorption in the collecting duct. 
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medullary blood flow by the inhibition of vasodilator pros-
tanoids may significantly reduce renal salt excretion and 
promote the development of edema and hypertension. 
COX-2–selective NSAIDs have been demonstrated to exac-
erbate salt-dependent hypertension.94,95 Similarly, patients 
with preexisting treated hypertension commonly experi-
ence hypertensive exacerbations with COX-2–selective 
NSAIDs.89 Taken together, these data suggest that COX-2–
selective NSAIDs have effects similar to those of nonselective 
NSAIDs with respect to salt excretion.

HYPERKALEMIA

Nonselective NSAIDs cause hyperkalemia due to suppression 
of the renin angiotensin aldosterone axis. Both a decreased 
GFR and inhibition of renal renin release may compromise 
renal K+ excretion. Patients on a salt-restricted diet also have 
decreased urinary potassium excretion when treated with a 
COX-2–selective inhibitor,90,91 and COX-2–selective inhibi-
tors may pose an equal or greater risk as nonselective NSAIDs 
for the development of hyperkalemia.96

PAPILLARY NECROSIS

Acute and subacute forms of papillary necrosis have been 
observed with NSAID use.97-99 Acute NSAID-associated renal 
papillary injury is more likely to occur in the setting of 

volume depletion, suggesting a critical dependence of renal 
function on COX metabolism in this setting.76 Long-term 
use of NSAIDs has been associated with papillary necrosis 
and progressive renal structural and functional deteriora-
tion, much like the syndrome of analgesic nephropathy 
observed with an acetaminophen, aspirin, and caffeine com-
bination.98 Experimental studies have suggested that renal 
medullary interstitial cells are an early target of injury in 
analgesic nephropathy.100 COX-2 has been shown to be an 
important survival factor for cells exposed to a hypertonic 
medium.37,76,101,102 The coincident localized expression of 
COX-2 in these interstitial cells37,76 raises the possibility that, 
like nonselective NSAIDs, long-term use of COX-2–selective 
NSAIDs may contribute to the development of papillary 
necrosis.103

ACUTE KIDNEY INJURY

Acute kidney injury (AKI) is a well-described complication 
of NSAID use.87 This is generally considered to be a result 
of altered intrarenal microcirculation and glomerular filtra-
tion secondary to the inability to produce beneficial endog-
enous prostanoids when the kidney is dependent on them 
for normal function. Like the traditional, nonselective 
NSAIDs, COX-2– selective NSAIDs will also reduce glomeru-
lar filtration in susceptible patients.87 Although generally 
rare, NSAID-associated renal insufficiency occurs in a 
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treated with the specific COX-2 inhibitor SC58236.112 
Because neither COX-1−/− mice nor mice treated with the 
COX-1– selective inhibitor SC58560 exhibited altered renal 
development, a specific role for COX-2 in nephrogenesis 
has been suggested.113-115 A report of renal dysgenesis in the 
infant of a woman exposed to the COX-2–selective inhibitor 
nimesulide suggested that COX-2 also plays a role in renal 
development in humans.110

The intrarenal expression of COX-2 in the developing 
kidney peaks in the mouse at postnatal day 4 and in the rat 
in the second postnatal week.112,116 It has not yet been deter-
mined if a similar pattern of COX-2 is seen in humans. 
Although the most intense staining is observed in a small 
subset of cells in the nascent macula densa and CTAL, 
expression in the papilla has also been observed.112,116 Con-
sidering the similar glomerular developmental defects 
observed in rodents treated with the COX-2 inhibitor and 
in mice with targeted disruption of the COX-2 gene, it 
seems likely that prostanoids or other products resulting 
from COX-2 activity in the CTAL (and macula densa) act in 
a paracrine manner to influence glomerular development. 
The identity of the COX-2–derived prostanoids that promote 
glomerulogenesis remains uncertain. In vitro studies have 
shown that exogenous PGE2 promotes renal metanephric 
development117 and is a critical growth factor for renal epi-
thelia cells. Nevertheless, none of the prostaglandin recep-
tor knockout mice recapitulated the phenotype of the 
COX-2 knockout mice.118

CARDIOVASCULAR EFFECTS  
OF COX-2 INHIBITORS

EFFECTS OF COX-2 INHIBITION ON  
VASCULAR TONE

In addition to their propensity to reduce renal salt excretion 
and decrease medullary blood flow, NSAIDs and selective 
COX-2 inhibitors have been shown to exert direct effects on 
systemic resistance vessels. The acute pressor effect of angio-
tensin infusion in human subjects was significantly increased 
by pretreatment with the nonselective NSAID indomethacin 
at all Ang II doses studied. Administration of selective 
COX-2 inhibitors or COX-2 gene knockout has been shown 
to accentuate the pressor effects of angiotensin II in mice.46 
These studies also demonstrated that Ang II–mediated 
blood pressure increases were markedly reduced by admin-
istration of a selective COX-1 inhibitor or in COX-1 gene 
knockout mice.46 These findings support the conclusion 
that COX-1–derived prostaglandins participate in, and are 
integral to, the pressor activity of Ang II, whereas COX-2–
derived prostaglandins are vasodilators that oppose and 
mitigate the pressor activity of Ang II. Other animal studies 
have more directly shown that NSAIDs and COX-2 inhibi-
tors blunt arteriolar dilation and decrease flow through 
resistance vessels.119

INCREASED CARDIOVASCULAR  
THROMBOTIC EVENTS

COX-2 is known to be induced in vascular endothelial cells 
in response to shear stress,120 and selective COX-2 inhibition 

significant proportion of patients with underlying volume 
depletion, renal insufficiency, congestive heart failure, dia-
betes, and advanced age.87 These risk factors are additive 
and rarely are present in patients included in study cohorts 
used for safety assessment of these drugs. It is therefore 
relevant that celecoxib and rofecoxib caused a slight but 
significant fall in the GFR in salt-depleted but otherwise 
healthy subjects.90,91 Similar to nonselective NSAIDs, AKI 
can occur secondary to the use of COX-2–selective 
NSAIDs.48,104 Preclinical studies have supported the concept 
that inhibition of COX-2–derived prostanoids generated in 
the macula densa contributes to a fall in GFR by reducing 
the diameter of the afferent arteriole. In vivo video micros-
copy studies have documented reduced afferent arteriolar 
diameter following administration of a COX-2 inhibitor.47 
These animal data not only support the concept that COX-2 
plays an important role in regulating the GFR, but also the 
clinical observations that COX-2–selective inhibitors can 
cause renal insufficiency similar to that reported with non-
selective NSAIDs.

INTERSTITIAL NEPHRITIS

The gradual development of renal insufficiency character-
ized by a subacute inflammatory interstitial infiltrate may 
occur after several months of continuous NSAID ingestion. 
Less commonly, the interstitial nephritis and renal failure 
may be fulminant. The infiltrate is typically accompanied by 
eosinophils; however, the clinical picture is typically much 
less dramatic than that of classic drug-induced allergic inter-
stitial nephritis, lacking fever or rash.105 This syndrome has 
also been reported with the COX-2–selective drug cele-
coxib.106,107 Dysregulation of the immune system is thought 
to play an important role in the syndrome, which typically 
abates rapidly following discontinuation of the NSAID or 
COX-2 inhibitor.

NEPHROTIC SYNDROME

Like interstitial nephritis, nephrotic syndrome typically 
occurs in patients chronically ingesting any one of a myriad 
of NSAIDs over a course of months.105,108 The renal pathol-
ogy is usually consistent with minimal change disease, with 
foot process fusion of glomerular podocytes observed on 
electron microscopy (EM), but membranous nephropathy 
has also been reported.109 Typically, the nephrotic syndrome 
occurs together with the interstitial nephritis.105 Nephrotic 
syndrome without interstitial nephritis may occur, as well as 
immune complex glomerulopathy, in a small subset of 
patients receiving NSAIDs. It remains uncertain whether 
this syndrome results from mechanism-based COX inhibi-
tion by these drugs, an idiosyncratic immune drug reaction, 
or a combination of both.

RENAL DYSGENESIS

Reports of renal dysgenesis and oligohydramnios in the 
offspring of women given nonselective NSAIDs during the 
third trimester of pregnancy have implicated prostaglandins 
in the process of normal renal development.110,111 A similar 
syndrome of renal dysgenesis has been reported in mice 
with targeted disruption of the COX-2 gene, as well as mice 

http://www.myuptodate.com


364 SECTION I — NORMAL STRUCTURE AND FUNCTION

of isomerase and reductase enzymes, PGH2 is converted to 
PGE2 and PGF2α, respectively. Thromboxane synthase con-
verts PGH2 into a bicyclic oxetane-oxane ring metabolite, 
TXA2, a prominent reaction product in the platelet and an 
established synthetic pathway in the glomerulus. Prostacy-
clin synthase, a 50-kDa protein located in plasma and 
nuclear membranes and found mostly in vascular endothe-
lial cells, catalyzes the biosynthesis of prostacyclin, PGI2. 
PGD2, the major prostaglandin product in mast cells, is also 
derived directly from PGH2, but its role in the kidney is 
uncertain. The enzymatic machinery and their localization 
in the kidney are discussed in detail later.

SOURCES AND NEPHRONAL DISTRIBUTION OF 
CYCLO-OXYGENASE PRODUCTS

COX activity is present in arterial and arteriolar endothelial 
cells, including glomerular afferent and efferent arteri-
oles.43 The predominant metabolite from these vascular 
endothelial cells is PGI2.130,131 Whole glomeruli generate 
PGE2, PGI2, PGF2α and TXA2.1 The predominant products 
in rat and rabbit glomeruli are PGE2, followed by PGI2 and 
PGF2α and, finally, TXA2.

Analysis of individual cultured glomerular cell subpopula-
tions has also provided insight into the localization of pros-
tanoid synthesis. Cultured mesangial cells are capable of 
generating PGE2, and, in some cases, PGF2α and PGI2 have 

reduces circulating prostacyclin levels in normal human 
subjects.121 Therefore, increasing evidence has indicated 
that COX-2–selective antagonism may carry increased 
thrombogenic risks due to selective inhibition of the 
endothelial-derived, antithrombogenic prostacyclin without 
any inhibition of the prothrombotic, platelet-derived throm-
boxane generated by COX-1.122 Although animal studies 
have provided conflicting results about the role of COX-2 
inhibition on development of atherosclerosis, there have 
been indications that COX-2 inhibition may destabilize ath-
erosclerotic plaques. This has been suggested by studies 
indicating increased COX-2 expression and colocalization 
with microsomal PGE synthase 1 and metalloproteinases-2 
and -9 in carotid plaques from individuals with symptomatic 
disease before endarterectomy.123-129 Because of the con-
cerns about increased cardiovascular risk, two selective 
COX-2 inhibitors, rofecoxib and valdecoxib, were with-
drawn from the market, and remaining coxibs and other 
NSAIDs have been relabeled to highlight the increased risk 
for cardiovascular events.

PROSTANOID SYNTHASES

Once PGH2 is formed in the cell, it can undergo a number 
of possible transformations, yielding biologically active pros-
taglandins and TXA2. As seen in Figure 14.9, in the presence 

Figure 14.9  Prostaglandin synthases. 
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Blood pressure and blood urea nitrogen and creatinine 
levels in the PGI2 synthase knockout mice were significantly 
increased; renal pathologic findings included surface irreg-
ularity, fibrosis, cysts, arterial sclerosis, and hypertrophy of 
vessel walls. Thickening of the thoracic aortic media and 
adventitia were observed in aged PGI2 synthase null mice.140 
Interestingly, this is a phenotype different from that reported 
for the IP receptor knockout mouse.141 These differences 
indicate the presence of additional IP-independent, PGI2-
activated signaling pathways. Regardless, these findings 
demonstrate the importance of PGI2 to the maintenance of 
blood vessels and the kidney.

PROSTAGLANDIN D SYNTHASE
Prostaglandin D2 is derived from PGH2 via the action of spe-
cific enzymes designated PGD synthases (PGDSs). Two major 
enzymes are capable of transforming PGH2 to PGD2, includ-
ing a lipocalin-type PGD synthase and a hematopoietic-type 
PGDS.142,143 Mice lacking the lipocalin D synthase gene 
exhibit altered sleep and pain sensation.144 PGD2 is the major 
prostanoid released from mast cells following challenge with 
immunoglobulin E. The kidney also appears capable of syn-
thesizing PGD2. RNA for the lipocalin-type PGD synthase has 
been reported to be widely expressed along the rat nephron, 
whereas the hematopoietic-type PGD synthase is restricted to 
the collecting duct.145 Urinary excretion of lipocalin D syn-
thase has been proposed as a biomarker predictive of renal 
injury,146 and lipocalin D synthase knockout mice appear to 
be more prone to diabetic nephropathy.147 However, the 
physiologic roles of these enzymes in the kidney remain less 
certain. Once synthesized, PGD2 is available to interact with 
the DP1 or DP2 receptor (see later) or undergo further 
metabolism to a PGF2-like compound.

PROSTAGLANDIN F SYNTHESIS
Prostaglandin F2α is a major urinary COX product. Its syn-
thesis may derive directly from PGH2 via a PGF synthase or 
indirectly by metabolism of PGE2 via a 9-ketoreductase.148 
Another more obscure pathway for PGF formation is by the 
action of a PGD2 ketoreductase, yielding a stereoisomer of 
PGF2, 9a,11β-PGF2 (11-epi-PGF2α).148 This reaction, and con-
version of PGD2 into an apparently biologically active 
metabolite (9a,11β-PGF2α) has been documented in vivo.149 
Interestingly this isomer can also ligate and activate the FP 
receptor.150 The physiologically relevant enzymes responsi-
ble for renal PGF2α formation remain incompletely 
characterized.

PROSTAGLANDIN 9-KETOREDUCTASE
Physiologically relevant transformations of COX products 
occur in the kidney via a reduced nicotinamide adenine 
dinucleotide phosphate (NADPH)–dependent 9-ketoreduc-
tase, which converts PGE2 into PGF2α. This enzymatic activity 
is typically cytosolic148 and may be detected in homogenates 
from the renal cortex, medulla, or papilla. The activity 
appears to be particularly robust in suspensions from the 
TALH. Renal PGE2 9-ketoreductase also exhibits 20α- 
hydroxysteroid reductase activity that could affect steroid 
metabolism.148 This enzyme appears to be a member of the 
aldo-keto reductase family 1C.151

Interestingly, some studies have suggested that activity of 
a 9-ketoreductase may be modulated by salt intake and Ang 

also been detected.132 Other studies have suggested that 
mesangial cells may produce the endoperoxide PGH2 as a 
major COX product.133 Glomerular epithelial cells also 
appear to participate in prostaglandin synthesis, but the 
profile of COX products generated in these cells remains 
controversial. Immunocytochemical studies of rabbit kidney 
have demonstrated intense staining for COX-1, predomi-
nantly in parietal epithelial cells. Glomerular capillary endo-
thelial cell PG generation profiles remain undefined but 
may include prostacyclin.

The predominant synthetic site of prostaglandin synthesis 
along the nephron is the cortical collecting duct (CCD), 
particularly its medullary portion (MCT).134 In the presence 
of exogenous arachidonic acid, PGE2 is the predominant PG 
formed in the collecting duct, with variations among the 
other products being insignificant.1 PGE2 is also the major 
COX metabolite generated in medullary interstitial cells.135 
The role that specific prostanoid synthases may play in the 
generation of these products is outlined below.

THROMBOXANE SYNTHASE
TXA2 is produced from PGH2 by thromboxane synthase 
(TXAS), a microsomal protein of 533 amino acids with a 
predicted molecular weight of approximately 60 kDa. The 
amino acid sequence of the enzyme exhibits homology to 
the cytochrome P450s and is now classified as CYP5A1.136 
The human gene is localized on chromosome 7q and spans 
180 kb. TXAS mRNA is highly expressed in hematopoietic 
cells, including platelets, macrophages, and leukocytes. 
TXAS mRNA is expressed in the thymus, kidney, lung, 
spleen, prostate, and placenta. Immunolocalization of 
TXAS demonstrates high expression in the dendritic cells 
of the interstitium, with lower expression in glomerular 
podocytes of human kidney.137 TXA2 synthase expression is 
regulated by dietary salt intake.138 Furthermore experimen-
tal use of ridogrel, a specific thromboxane synthase inhibi-
tor, reduced blood pressure in spontaneously hypertensive 
rats.139 The clinical use of TXA2 synthase inhibitors is com-
plicated by the fact that its endoperoxide precursors (PGG2, 
PGH2) are also capable of activating its downstream target, 
the TP receptor.27

PROSTACYCLIN SYNTHASE
There are many biologic effects of prostacyclin and include 
nociception and antithrombotic and vasodilator actions, 
which have been targeted therapeutically to treat pulmo-
nary hypertension.

Prostacyclin (PGI2) is derived by the enzymatic conver-
sion of PGH2 via prostacyclin synthase (PGIS). The cloned 
cDNA contains a 1500-bp open reading frame that encodes 
a 500–amino acid protein of approximately 56 kDa. The 
human prostacyclin synthase gene is present as a single copy 
per haploid genome and is localized on chromosome 20q. 
Northern blot analysis shows that prostacyclin synthase 
mRNA is widely expressed in human tissues and is particu-
larly abundant in the ovary, heart, skeletal muscle, lung, and 
prostate. PGI synthase expression exhibits segmental expres-
sion in the kidney, especially in kidney inner medulla 
tubules and interstitial cells.

Recently, PGI2 synthase null mice were generated.140 PGI2 
levels in the plasma, kidneys, and lungs were reduced, docu-
menting the role of this enzyme as an in vivo source of PGI2. 
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dysgenesis observed in COX-2−/−mice,114,161 nor do these 
mice exhibit perinatal death from patent ductus arteriosus 
observed with the prostaglandin EP4 receptor knockout 
mouse.162

Another membrane-associated PGE synthase with a rela-
tive mass of about 33 kDa was purified from heart. The 
recombinant enzyme was activated by several sulfhydryl 
(SH)-reducing reagents, including dithiothreitol, glutathi-
one (GSH), and β-mercaptoethanol. Moreover, the mRNA 
distribution was high in the heart and brain and was also 
expressed in the kidney, but the mRNA was not expressed 
in the seminal vesicles. The intrarenal distribution of this 
enzyme is, at present, uncharacterized.155

Other cytosolic proteins exhibit lower PGE synthase  
activity, including a 23-kDa glutathione S-transferase (GST) 
requiring cytoplasmic PGE synthase163 that is expressed in 
the kidney and lower genitourinary tract.164 Some evidence 
has suggested that this isozyme may constitutively couple to 
COX-1 in inflammatory cells. In addition, several cytosolic 
glutathione S-transferases have the capability to convert 
PGH2 to PGE2; however, their physiologic role in this process 
remains uncertain165

PROSTANOID RECEPTORS

See Figures 14-10 and 14-11.

TP RECEPTORS

The TP receptor was originally purified by chromatography 
using a high-affinity ligand to capture the receptor.166 This 
was the first eicosanoid receptor cloned and is a G protein–
coupled transmembrane receptor capable of activating a 

II type 2 (AT2) receptor activation and may play an impor-
tant role in hypertension.152 Mice deficient in the AT2 recep-
tor exhibit salt-sensitive hypertension, increased PGE2 
production, and reduced production of PGF2α,153 consistent 
with reduced 9-ketoreductase activity. Other studies have 
suggested that dietary potassium intake may also enhance 
the activity of conversion from PGE2 to PGF2α.154 The intra-
renal sites of expression of this enzymatic activity remain to 
be characterized.

PROSTAGLANDIN E SYNTHASES
PGE2 is the other major product of COX-initiated arachi-
donic acid metabolism in the kidney and is synthesized  
at high rates along the nephron, particularly in the col-
lecting duct. Two membrane-associated PGE2 synthases 
have been identified, 33-kDa and 16-kDa membrane- 
associated enzymes.155,156 The initial report describing the 
cloning of a glutathione-dependent microsomal enzyme 
(the 16-kDa form) that specifically converts PGH2 to 
PGE2

156 showed that mRNA for this enzyme is highly 
expressed in reproductive tissues, as well as in the kidney. 
Genetic disruption confirms that microsomal PGE synthase 
1 (mPGES-1)−/− mice exhibit a marked reduction in inflam-
matory responses compared with mPGES-1+/+ mice and 
indicates that mPGES-1 is also critical for the induction of 
inflammatory fever.157,158

Intrarenal expression of mPGES1 has been demonstrated 
and mapped to the collecting duct, with lower expression 
in the medullary interstitial cells and macula densa134,159 (see 
Figure 14.3). Thus, in the kidney, this isoform co-localizes 
with COX-1 and COX-2. In contrast, in inflammatory cells, 
this PGE synthase is co-induced with COX-2 and appears to 
be functionally coupled to it.160 Notably, the kidneys of 
mPGES-1−/− mice are normal and do not exhibit the renal 

Figure 14.10  Tissue distribution of prostanoid receptor mRNA. (Adapted from Tone Y, Inoue H, Hara S, et al: The regional distribution and cel-
lular localization of mRNA encoding rat prostacyclin synthase. Eur J Cell Biol 72:268-277, 1997.)
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oxidative stress.175 Signal transduction studies have shown 
that the TP receptor activates phosphatidylinositol bisphos-
phate (PIP2) hydrolysis–dependent Ca2+ influx.166,176 North-
ern blot analysis of mouse tissues has revealed that the 
highest level of TP mRNA expression is in the thymus, 

calcium-coupled signaling mechanism (Figure 14.12). The 
cloning of other prostanoid receptors was achieved by 
finding cDNAs homologous to this TP receptor cDNA. Two 
alternatively spliced variants of the human thromboxane 
receptor have been described that differ in their C-terminal 
tail distal to Arg.167 Similar patterns of alternative splicing 
have been described for the EP3 and FP receptors.168 Het-
erologous cAMP-mediated signaling of the thromboxane 
receptor may occur via its heterodimerization with the pros-
tacyclin (IP) receptor.169

The endoperoxide PGH2 or its metabolite, TXA2, 
can activate the TP receptor.27 Competition radioligand 
binding studies have demonstrated a rank order of potency 
on the human platelet TP receptor of the ligands I-BOP, 
S145 > SQ29548 > STA2 > U-46619.170,171 Whereas I-BOP, 
STA2, and U-46619 are agonists, SQ29548 and S145 
are high-affinity TP receptor antagonists.172 Studies have 
suggested that the TP receptor may mediate some of the 
biologic effects of the nonenzymatically derived isopros-
tanes,173 including modulation of tubuloglomerular feed-
back.174 This latter finding may have significance in 
pathophysiologic conditions associated with increased 

Figure 14.11  Intrarenal localization of prostanoid receptors. ACE, angiotensin-converting enzyme; CCD, cortical collecting duct; CTAL, cortical 
thick ascending  limb; DCT, distal convoluted tubule; MCD, medullary collecting duct; MTAL, medullary thick ascending  limb; PCT, proximal 
convoluted tubule; PST, proximal straight tubule. 
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medullary binding sites were observed.179 These medullary 
TXA2 binding sites are absent following disruption of the TP 
receptor gene, suggesting that they also represent authentic 
TP receptors.180 Glomerular TP receptors may participate in 
potent vasoconstrictor effects of TXA2 analogs on the glo-
merular microcirculation associated with a reduced GFR.1 
Mesangial TP receptors coupled to phosphatidylinositol 
hydrolysis, protein kinase C activation, and glomerular 
mesangial cell contraction may contribute to these effects.181

An important role for TP receptors in regulating renal 
hemodynamics and systemic blood pressure has also been 
suggested. Administration of a TP receptor antagonist 
reduces blood pressure in spontaneously hypertensive rats 
(SHRs)139 and in angiotensin-dependent hypertension.182 
The TP receptor also appears to modulate renal blood flow 
in Ang II–dependent hypertension183 and in endotoxemia-
induced renal failure.184 Modulation of renal TP receptor 
mRNA expression and function by dietary salt intake has 
also been reported.185 These studies also suggested an 
important role for luminal TP receptors in the distal tubule 

followed by the spleen, lung, and kidney, with lower levels 
of expression in the heart, uterus, and brain.177

Thromboxane is a potent modulator of platelet shape 
change and aggregation, as well as smooth muscle contrac-
tion and proliferation. Moreover, a point mutation (Arg60 to 
Leu) in the first cytoplasmic loop of the TXA2 receptor was 
identified in a dominantly inherited bleeding disorder in 
humans, characterized by a defective platelet response to 
TXA2.178 Targeted gene disruption of the murine TP recep-
tor also resulted in prolonged bleeding times and reduction 
in collagen-stimulated platelet aggregation (Figure 14.13). 
Conversely, overexpression of the TP receptor in vascular 
tissue increases the severity of vascular pathology following 
injury.1 Increased thromboxane synthesis has been linked to 
cardiovascular diseases, including acute myocardial isch-
emia, heart failure, and inflammatory renal diseases.1

In the kidney, TP receptor mRNA has been reported in 
glomeruli and vasculature. Radioligand autoradiography 
using 125I-BOP has suggested a similar distribution of binding 
sites in the mouse renal cortex, but additional renal 

Figure 14.13  Published phenotypes of prostanoid receptor knockout mice. MCD, Medullary collecting duct; TAL, thick ascending limb; UUO, 
unilateral ureteral obstruction. 
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been reported in the collecting duct,201 but the potential 
expression and role of prostacyclin in these segments are 
less well established. Of interest, in situ hybridization also 
demonstrated significant expression of prostacyclin syn-
thase in medullary collecting ducts,202 consistent with a role 
for this metabolite in this region of the kidney. Thus, 
although IP receptors appear to play an important role 
regulating renin release and as a vasodilator in the kidney, 
their role in regulating renal epithelial function remains to 
be firmly established.

DP RECEPTORS

The DP1 receptor has been cloned and, like the IP and 
EP2/4 receptors, the DP receptor predominantly signals by 
increasing cAMP generation. The human DP receptor binds 
PGD2 with a high-affinity binding of 300 pM and a lower 
affinity site of 13.4 nM.203 DP-selective PGD2 analogs include 
the agonist BW 245C.204 DP receptor mRNA is highly 
expressed in leptomeninges, retina, and ileum but was not 
detected in the kidney.205 Northern blot analysis of the 
human DP receptor demonstrated mRNA expression in the 
small intestine and retina,206 whereas in the mouse the DP 
receptor mRNA was detected in the ileum and lung.203 PGD2 
has also been shown to affect the sleep-wake cycle,207 pain 
sensation,144 and body temperature.208 Peripherally, PGD2 
has been shown to mediate vasodilation as well as possibly 
inhibiting platelet aggregation. Consistent with this latter 
finding, the DP receptor knockout displayed reduced 
inflammation in the ovalbumin model of allergic asthma.209 
Development of the antagonist laropiprant was undertaken 
to inhibit the niacin-induced vasodilation flushing 
response.210 Although the kidney appears capable of synthe-
sizing PGD2, its role in the kidney remains poorly defined. 
Intrarenal infusion of PGD2 resulted in a dose-dependent 
increase in renal artery flow, urine output, creatinine clear-
ance, and sodium and potassium excretion.211

A second G protein–coupled receptor capable of binding 
and being activated by PGD2 was cloned as an orphan che-
moattractant receptor from eosinophils and T cells (type 2 
helper T cell subset) and designated the CRTH2 receptor.212 
This receptor, now referred to as the DP2 receptor, bears 
no significant sequence homology to the family of pros-
tanoid receptors discussed earlier, and couples to Gi/Go 
inhibition of intracellular cAMP. It binds agonists with an 
order of potency PGD2 ≫ PGF2α, PGE2 > PGI2, TXA2. DP2 
receptor action is blocked by the antagonist ramatroban, a 
drug used to treat allergic rhinitis and originally described 
as a TP receptor antagonist.213 Deletion of the DP2 receptor 
gene was protective in a mouse UUO model of fibrosis.214 
The recognition of this molecularly unrelated receptor 
allows for the possibility of the existence of a distinct and 
new family of prostanoid-activated membrane receptors.

FP RECEPTORS

The cDNA encoding the PGF2α receptor (FP receptor) was 
cloned from a human kidney cDNA library and encodes a 
protein of 359 amino acid residues. The bovine and murine 
FP receptors, cloned from corpora lutea, similarly encode 
proteins of 362 and 366 amino acid residues, respectively. 
Transfection of HEK293 cells with the human FP receptor 

to enhance glomerular vasoconstriction indirectly via effects 
on the macula densa TGF.186 However, other studies revealed 
no significant difference in TGF between wild-type and TP 
receptor knockout mice.45

A major phenotype of TP receptor disruption in mice and 
humans appears to be reduced platelet aggregation and 
prolonged bleeding time.180 Thromboxane may also modu-
late the glomerular fibrinolytic system by increasing the 
production of an inhibitor of plasminogen activator (PAI-1) 
in mesangial cells.187 Although a specific renal phenotype in 
the TP receptor knockout mouse has not yet been reported, 
important pathogenic roles for TXA2 and glomerular TP 
receptors in mediating renal dysfunction in glomerulone-
phritis, diabetes mellitus, and sepsis seem likely.

In an Ang II–dependent mouse model of hypertension, 
deletion of the TP receptor gene ameliorated hypertension 
and reduced cardiac hypertrophy, but had no effect on 
proteinuria.188 In contrast, although blockade of NO syn-
thase in an l-NAME (NG-nitro-l-arginine methyl ester) 
model of hypertension, in which deletion of the TP receptor 
also ameliorated hypertension and did not decrease GFR, it 
led to an increased worsening of histopathology and signifi-
cant renal hypertrophy. This suggests that the TP receptor 
may play a renal protective role in some settings.189

IP RECEPTORS

The cDNA for the IP receptor encodes a transmembrane 
protein of approximately 41 kDa. The IP receptor is selec-
tively activated by the analog cicaprost.190 Iloprost and car-
baprostacyclin potently activate the IP receptor but also 
activate the EP1 receptor. Most evidence suggests that the 
PGI2 receptor signals via stimulation of cAMP generation; 
however, at 1000-fold higher concentrations, the cloned 
mouse PGI2 receptor also signaled via PIP2.191 It remains 
unclear whether PIP2 hydrolysis plays any significant role in 
the physiologic action of PGI2.

IP receptor mRNA is highly expressed in the mouse 
thymus, heart, and spleen191 and in human kidney, liver, and 
lung.192 In situ hybridization shows IP receptor mRNA pre-
dominantly in neurons of the dorsal root ganglia and vas-
cular tissue, including the aorta, pulmonary artery, and 
renal interlobular and glomerular afferent arterioles.193 The 
expression of IP receptor mRNA in the dorsal root ganglia 
is consistent with a role for prostacyclin in pain sensation. 
Mice with IP receptor gene disruption exhibit a predisposi-
tion to arterial thrombosis, diminished pain perception, 
and inflammatory responses.141

PGI2 has been demonstrated to play an important vasodi-
lator role in the kidney,194 including in the glomerular 
microvasculature,195 as well as regulating renin release.196,197 
The capacity of PGI2 and PGE2 to stimulate cAMP genera-
tion in the glomerular microvasculature is distinct and addi-
tive,198 demonstrating that the effects of these two prostanoids 
are mediated via separate receptors. IP receptor knockout 
mice also exhibit salt-sensitive hypertension.199 Prostacyclin 
is a potent stimulus of renal renin release, and studies using 
IP−/− mice have confirmed an important role for the IP 
receptor in the development of renin-dependent hyperten-
sion of renal artery stenosis.69

Renal epithelial effects of PGI2 in the thick ascending 
limb have also been suggested,200 and IP receptors have 
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blockade may be a novel target for the treatment of 
hypertension.231

MULTIPLE EP RECEPTORS

Four EP receptor subtypes have been identified.232 Although 
these four receptors uniformly bind PGE2 with a higher 
affinity than other endogenous prostanoids, the amino acid 
homology of each is more closely related to other pros-
tanoid receptors that signal through similar mechanisms.171 
Thus, the relaxant/cAMP–coupled EP2 receptor is more 
closely related to other relaxant prostanoid receptors, such 
as the IP and DP receptors, whereas the constrictor/Ca2+–
coupled EP1 receptor is more closely related to the other 
Ca2+–coupled prostanoid receptors (e.g., TP and FP recep-
tors).233 These receptors may also be selectively activated or 
antagonized by different analogs. EP receptor subtypes also 
exhibit differential expression along the nephron, suggest-
ing distinct functional consequences of activating each EP 
receptor subtype in the kidney.234

EP1 RECEPTORS
The human EP1 receptor cDNA encodes a 402–amino acid 
polypeptide that signals via inositol 1,4,5-trisphosphate (IP3) 
generation and increased cell Ca2+ with IP3 generation. 
Studies of EP1 receptors may use one of several relatively 
selective antagonists, including ONO-871, SC19220, and 
SC53122. EP1 receptor mRNA has widespread expression, 
presumably from its vascular expression,235 and is expressed 
in the kidney much more than in the gastric muscularis 
mucosae and more than in the adrenal gland.236 Renal EP1 
mRNA expression determined by in situ hybridization is 
expressed primarily in the collecting duct and increases 
from the cortex to the papillae.236 Activation of the EP1 
receptor increases intracellular calcium and inhibits Na+ 
and water reabsorption in the collecting duct,236 suggesting 
that renal EP1 receptor activation might contribute to the 
natriuretic and diuretic effects of PGE2.

Hemodynamic microvascular effects of EP1 receptors 
have also been reported. The EP1 receptor was originally 
described as a smooth muscle constrictor.237 One report 
suggested that the EP1 receptor may also be present in 
cultured glomerular mesangial cells,238 where it could play 
a role as a vasoconstrictor and stimulus for mesangial cell 
proliferation. Although a constrictor PGE2 effect has been 
reported in the afferent arteriole of rat,239 apparently pro-
duced by EP1 receptor activation,240 there does not appear 
to be very high expression of the EP1 receptor mRNA in 
preglomerular vasculature or other arterial resistance vessels 
in mice or rabbits.241 Other reports have suggested that EP1 
receptor knockout mice exhibit hypotension and hyper-
reninemia, supporting a role for this receptor in maintain-
ing blood pressure.242

EP2 RECEPTORS
Two cAMP-stimulating EP receptors, designated EP2 and 
EP4, have been identified. The EP2 receptor can be phar-
macologically distinguished from the EP4 receptor by its 
sensitivity to butaprost.243 In the literature prior to 1995, the 
cloned EP4 receptor was designated the EP2 receptor, but 
then a butaprost-sensitive EP receptor was cloned244; the 
original receptor was reclassified as the EP4 receptor and 

cDNA conferred preferential 3H-PGF2α binding with a KD of 
4.3 ± 1.0 nM.172,215 Selective activation of the FP receptor may 
be achieved using fluprostenol or latanoprost.172 3H-PGF2α 
binding was displaced by a panel of ligands with a rank 
order potency of PGF2α = fluprostenol > PGD2 > PGE2 > 
U46619 > iloprost.190 When expressed in oocytes, PGF2α 
or fluprostenol induced a Ca2+-dependent Cl− current. 
Increased cell calcium has also been observed in fibroblasts 
expressing an endogenous FP receptor.216 Other studies 
have suggested that FP receptors may also activate protein 
kinase C (PKC)–dependent and Rho-mediated/PKC–
independent signaling pathways.217 An alternatively spliced 
isoform with a shorter C-terminal tail has been identified 
that appears to signal via a similar manner as the originally 
described FP receptor,218 and other studies have suggested 
that these two isoforms may exhibit differential desensitiza-
tion and may also activate a glycogen synthase kinase/β-
catenin–coupled signaling pathway.219

Tissue distribution of FP receptor mRNA shows highest 
expression in ovarian corpus luteum followed by kidney, 
with lower expression in the lung, stomach, and heart.220 
Expression of the FP receptor in corpora lutea is critical for 
normal birth, and homozygous disruption of the mouse FP 
receptor gene results in failure of parturition in females, 
apparently due to failure of the normal preterm decline in 
progesterone levels.221 PGF2α is a potent constrictor of 
smooth muscle in the uterus, bronchi, and blood vessels; 
however, an endothelial FP receptor may also play a dilator 
role.222 The FP receptor is also highly expressed in skin, 
where it may play an important role in carcinogenesis.223 A 
clinically important role for the FP receptor in the eye has 
been demonstrated to increase uveoscleral outflow and 
reduce ocular pressure. The FP–selective agonist latano-
prost has been used clinically as an effective treatment for 
glaucoma.224

The role of FP receptors in regulating renal function is 
only partially defined. FP receptor expression has been 
mapped to the CCD in mouse and rabbit kidney.225 FP recep-
tor activation in the collecting duct inhibits vasopressin-
stimulated water absorption via a pertussis toxin–sensitive 
(presumably Gi) dependent mechanism. Although PGF2α 
increases cell Ca2+ in cortical collecting duct, the FP–selective 
agonists latanoprost and fluprostenol did not increase 
calcium.226 Because PGF2α can also bind to EP1 and EP3 
receptors,190,227,228 these data suggest that the calcium 
increase activated by PGF2α in the collecting duct may be 
mediated via an EP receptor. PGF2α also increases Ca2+ in 
cultured glomerular mesangial cells and podocytes,229,230 
suggesting that an FP receptor may modulate glomerular 
contraction. In contrast to these findings, glomerular FP 
receptors at the molecular level have not been demon-
strated. Other vascular effects of PGF2α have been described, 
including selective modulation of renal production of PGF2α 
by sodium or potassium loading and AT2 receptor 
activation.152

Some studies have uncovered a role for the FP receptor 
in regulating renin expression. Interestingly, FP agonists 
increased renin mRNA expression in the JGA in a dose-
dependent manner but, unlike IP receptor agonists, did not 
increase intracellular cAMP. Deletion of the FP receptor 
resulted in decreased renin levels and decreased systemic 
blood pressure. These data suggest that FP receptor 
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alpha has also been described.259 Differences in agonist-
independent activity have been observed for several of the 
splice variants, suggesting that they may play a role in con-
stitutive regulation of cellular events.260 The physiologic 
roles of these different C-terminal splice variants and sites 
of expression within the kidney remain uncertain.

In situ hybridization has demonstrated that EP3 receptor 
mRNA is abundant in the TAL and collecting duct (CD).261 
This distribution has been confirmed by reverse transcrip-
tase PCR (RT-PCR) testing on microdissected rat and mouse 
collecting ducts and corresponds to the major binding sites 
for radioactive PGE2 in the kidney.262 An important role for 
a Gi-coupled PGE receptor in regulating water and salt 
transport along the nephron has been recognized for many 
years. PGE2 directly inhibits salt and water absorption in 
microperfused TALs and CDs. PGE2 directly inhibits Cl− 
absorption in the mouse or rabbit medullary TAL from 
luminal or basolateral surfaces.263 PGE2 also inhibits 
hormone-stimulated cAMP generation in the TAL. Good 
and George have demonstrated that PGE2 modulates ion 
transport in the rat TAL by a pertussis toxin–sensitive mech-
anism.263 Interestingly, these effects also appear to involve 
PKC activation,264 possibly reflecting activation of a novel 
EP3 receptor signaling pathway, possibly corresponding to 
alternative signaling pathways, as described earlier.258 Taken 
together, these data support a role for the EP3 receptor in 
regulating transport in both the CCD and TAL.

Blockade of endogenous PGE2 synthesis by NSAIDs 
enhances urinary concentration. It is likely that PGE2-
mediated antagonism of vasopressin-stimulated salt absorp-
tion in the TAL and water absorption in the CCD contributes 
to its diuretic effect. In the in vitro microperfused collecting 
duct, PGE2 inhibits vasopressin-stimulated osmotic water 
absorption and vasopressin-stimulated cAMP generation.226 
Furthermore, PGE2 inhibition of water absorption and cAMP 
generation are both blocked by pertussis toxin, suggesting 
effects mediated by the inhibitory G protein, Gi.226 When 
administered in the absence of vasopressin, PGE2 actually 
stimulates water absorption in the CCD from the luminal or 
basolateral side.265 These stimulatory effects of PGE2 on 
transport in the CCD appear to be related to activation of the 
EP4 receptor.265 Despite the presence of this absorption-
enhancing EP receptor, in vivo studies have suggested that in 
the presence of vasopressin, the predominant effects of 
endogenous PGE2 on water transport are diuretic. Based on 
the preceding functional considerations, one would expect 
EP3−/− mice to exhibit inappropriately enhanced urinary 
concentration. Surprisingly, EP3−/− mice exhibited a compa-
rable urinary concentration following desmopressin 
(DDAVP) administration, similar 24-hour water intake, and 
similar maximal and minimal urinary osmolality. The only 
clear difference was that in mice allowed free access to water, 
indomethacin increased urinary osmolality in normal mice 
but not in the knockout animals. These findings raise the 
possibility that some of the renal actions of PGE2 normally 
mediated by the EP3 receptor have been co-opted by other 
receptors (e.g., EP1 or FP receptor) in the EP3 knockout 
mouse. This remains to be formally tested.

The function of EP3 receptor activation in animal physi-
ology has been significantly advanced by the availability of 
mice with targeted disruption of this gene. Mice with tar-
geted deletion of the EP3 receptor exhibit an impaired 

the newer, butaprost-sensitive protein was designated the 
EP2 receptor.245 A pharmacologically defined EP2 receptor 
has now also been cloned for the mouse, rat, rabbit, dog, 
and cow.246 The human EP2 receptor cDNA encodes a 358–
amino acid polypeptide, which signals through increased 
cAMP. The EP2 receptor may also be distinguished from the 
EP4 receptor, the other major relaxant EP receptor, by  
its relative insensitivity to the EP4 agonist PGE1-OH and 
insensitivity to the weak EP4 antagonist AH23848243 and 
high- affinity EP4 antagonists ONO-AE3-208 and L-161982.247 
Recently, two EP2 antagonists have been described, PF- 
04418948 and TG4-155,248,249 which should greatly facilitate 
the characterization of EP2 versus EP4 effects in vivo.

The precise distribution of the EP2 receptor mRNA has 
been partially characterized. This reveals a major mRNA 
species of about 3.1 kb that is most abundant in the uterus, 
lung, and spleen, exhibiting only low levels of expression in 
the kidney.246 Studies using polymerase chain reaction 
(PCR) analysis across a range of tissue have demonstrated 
highest expression in the bone marrow more than in the 
ovary and more than in the lung, consistent with these 
earlier findings.235 EP2 mRNA is expressed at much lower 
levels than EP4 mRNA in most tissues.250 There is scant 
evidence to suggest segmental distribution of the EP2 recep-
tor along the nephron.246 Interestingly, it is expressed in 
cultured renal interstitial cells, supporting the possibility 
that the EP2 receptor is predominantly expressed in this 
portion of the nephron.246 Studies in knockout mice have 
demonstrated a critical role for the EP2 receptor in ovula-
tion and fertilization, and these studies have also suggested 
a potential role for the EP2 receptor in salt-sensitive hyper-
tension.251 This latter finding supports an important role for 
the EP2 receptor in protecting systemic blood pressure, 
perhaps via its vasodilator effect or effects on renal salt 
excretion. Evidence for the latter role has been revealed in 
studies demonstrating that a high-salt diet increases PGE2 
production, and infusion of EP-selective agonists identified 
the EP2 receptor as mediating PGE2-evoked natriuresis. 
Moreover, deletion of the EP2 receptor ablated the natri-
uretic effect of PGE2.252

EP3 RECEPTORS
The EP3 receptor generally acts as a constrictor of smooth 
muscle.253 Nuclease protection and Northern blot analysis 
demonstrate relatively high levels of EP3 receptor expres-
sion in several tissues, including kidney, uterus, adrenal, and 
stomach, with riboprobes hybridizing to major mRNA 
species at approximately 2.4 and approximately 7.0 kb.254 A 
metabolic pattern of expression was found by PCR testing, 
with high levels of expression in the pancreas and white and 
brown fat tissue in addition to expression in the kidney.235 
This receptor is unique in that there are multiple (more 
than eight) alternatively spliced variants differing only in 
their C-terminal cytoplasmic tails.255-257 The EP3 splice vari-
ants bind PGE2, and the EP3 agonists MB28767 and sulpro-
stone with similar affinity. Also, although they exhibit 
common inhibition of cAMP generation via a pertussis 
toxin–sensitive Gi-coupled mechanism, the tails may recruit 
different signaling pathways, including Ca2+-dependent 
signaling171,243 and the small G protein Rho.258 Recently, a 
Ptx-insensitive pathway for the inhibition of cAMP genera-
tion via guanine nucleotide-binding protein G(z) subunit 
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to loop diuretic administration, indicating that macula 
densa–derived PGE2 increased renin primarily through EP4 
activation.279 This corresponds to studies suggesting that 
EP4 receptors are expressed in cultured podocytes and JGA 
cells.229,278 PGE2 may mediate increased podocyte COX-2 
expression through EP4-mediated increased cAMP, which 
activates P38 through a PKA-independent process.280 Finally, 
the EP4 receptor in the renal pelvis may participate in the 
regulation of salt excretion by altering afferent renal nerve 
output.281

REGULATION OF RENAL FUNCTION  
BY EP RECEPTORS
PGE2 exerts myriad effects in the kidney, presumably medi-
ated by EP receptors. PGE2 not only dilates the glomerular 
microcirculation and vasa recta, supplying the renal 
medulla,282 but also modulates salt and water transport in 
the distal tubule (see Figure 14.5).283 The maintenance of 
normal renal function during physiologic stress is particu-
larly dependent on endogenous PG synthesis. In this setting, 
the vasoconstrictor effects of Ang II, catecholamines, and 
vasopressin are more effectively buffered by prostaglandins 
in the kidney than in other vascular beds, preserving normal 
renal blood flow, GFR, and salt excretion. Administration of 
COX-inhibiting NSAIDs in the setting of volume depletion 
interferes with these dilator effects and may result in a cata-
strophic decline in the GFR, resulting in overt renal failure.284

Other evidence points to vasoconstrictor and prohyper-
tensive effects of endogenous PGE2. PGE2 stimulates renin 
release from the JGA,285 leading to a subsequent increase in 
the vasoconstrictor Ang II. In conscious dogs, chronic intra-
renal PGE2 infusion increases renal renin secretion, result-
ing in hypertension.286 Treatment of salt-depleted rats with 
indomethacin not only decreases plasma renin activity, but 
also reduces blood pressure, suggesting that PGs support 
blood pressure during salt depletion via their capacity to 
increase renin.287 Direct vasoconstrictor effects of PGE2 on 
vasculature have also been observed.241 It is conceivable that 
these latter effects might predominate in circumstances in 
which the kidney is exposed to excessively high perfusion 
pressures. Thus, depending on the setting, the primary 
effect of PGE2 may be to increase or decrease vascular tone, 
effects that appear to be mediated by distinct EP receptors.

Renal Cortical Hemodynamics

The expression of the EP4 receptor in the glomerulus sug-
gests that it may play an important role in regulating renal 
hemodynamics. PGs regulate the renal cortical microcircu-
lation and, as noted, both glomerular constrictor and dilator 
effects of prostaglandins have been observed.241,288 In the 
setting of volume depletion, endogenous PGE2 helps main-
tain the GFR by dilating the afferent arteriole.288 Some data 
have suggested roles for EP and IP receptors coupled  
to increased cAMP generation in mediating vasodilator 
effects in the preglomerular circulation.44,278,289 PGE2 exerts 
a dilator effect on the afferent arteriole but not the efferent 
arteriole, consistent with the presence of an EP2 or EP4 
receptor in the preglomerular microcirculation.

Renin Release

Other data have suggested that the EP4 receptor may also 
stimulate renin release. Soon after the introduction of 

febrile response, suggesting that EP3 receptor antagonists 
could be effective antipyretic agents.266 Other studies have 
suggested that the EP3 receptor plays an important vaso-
pressor role in the peripheral circulation of mice.241,267 In 
the intrarenal circulation, PGE2 has variable effects, acting 
as a vasoconstrictor in the larger, proximal portion of the 
intralobular arteries and changing to a vasodilator effect  
in the smaller, distal intralobular arteries and afferent 
arterioles.268

EP4 RECEPTOR
Although the EP4 receptor signals through increased 
cAMP,269 like the EP2 receptor, it has been appreciated to 
signal though a number of other pathways as well.270 These 
include arrestin-mediated signaling, phosphatidylinositol-3-
kinase, signaling β-catenin and Gi coupling. The human 
EP4 receptor cDNA encodes a 488–amino acid polypeptide 
with a predicted molecular mass of about 53 kDa.271 Note 
that care must be taken in reviewing the literature prior to 
1995, when this receptor was generally referred to as the 
EP2 receptor.245 In addition to the human receptor, EP4 
receptors for the mouse, rat, rabbit, and dog have been 
cloned. EP4 receptors can be pharmacologically distin-
guished from EP1 and EP3 receptors by insensitivity to sul-
prostone and from EP2 receptors by insensitivity to butaprost 
and relatively selective activation by PGE1-OH.172 EP4–selec-
tive agonists (ONO-AE1-329, ONO-4819) and antagonists 
(ONO-AE3-208, L-161,982) have been generated and used 
to investigate the role of EP4 in vivo. Activation of the EP4 
receptor was able to ameliorate the phenotype of a mouse 
model of nephrogenic diabetes insipidus.272

EP4 receptor mRNA is highly expressed relative to the 
EP2 receptor and is widely distributed, with a major species 
of approximately 3.8 kb detected by Northern blot analysis 
in the thymus, ileum, lung, spleen, adrenal, and kidney.250,273 
Dominant vasodilator effects of EP4 receptor activation 
have been described in venous and arterial beds.204,253 A 
critical role for the EP4 receptor in regulating the perinatal 
closure of the pulmonary ductus arteriosus has also been 
suggested by studies of mice with targeted disruption of the 
EP4 receptor gene.162,274 On a 129- strain background, EP4−/− 
mice had an almost 100% perinatal mortality due to persis-
tent patent ductus arteriosus.274 Interestingly, when bred on 
a mixed genetic background, only 80% of EP4−/− mice died, 
whereas about 21% underwent closure of the ductus and 
survived.162 Preliminary studies in these survivors have sup-
ported an important role for the EP4 receptor as a systemic 
vasodepressor275; however, their heterogeneous genetic 
background complicates the interpretation of these results, 
because survival may select for modifier genes that not only 
allow ductus closure, but also alter other hemodynamic 
responses.

Other roles for the EP4 receptor in controlling blood 
pressure have been suggested, including the ability to stimu-
late aldosterone release from zona glomerulosa cells.276 
In the kidney, EP4 receptor mRNA expression is primarily 
in the glomerulus, where its precise function is uncharacter-
ized273,277 but might contribute to regulation of the renal 
microcirculation and renin release.278 Studies in mice 
with genetic deletion of selective prostanoid receptors  
have indicated that EP4−/− mice, as well as IP−/− mice to a 
lesser extent, failed to increase renin production in response 
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EFFECTS OF COX-1 AND COX-2 
METABOLITES ON SALT AND  
WATER TRANSPORT

COX-1 and COX-2 metabolites of arachidonate have impor-
tant direct epithelial effects on salt and water transport 
along the nephron.297 Thus, functional effects can be 
observed that are thought to be independent of any hemo-
dynamic changes produced by these compounds. Because 
biologically active arachidonic acid metabolites are rapidly 
metabolized, they act predominantly in an autocrine or 
paracrine fashion and, thus, their locus of action will be 
quite close to their point of generation. Thus, one can 
expect that direct epithelial effects of these compounds will 
result when they are produced by the tubule cells them-
selves or the neighboring interstitial cells, and the tubules 
possess an appropriate receptor for the ligand.

PROXIMAL TUBULE

Neither the proximal convoluted tubule nor the proximal 
straight tubule appears to produce amounts of biologically 
active COX metabolites of arachidonic acid. As will be dis-
cussed in a subsequent section, the dominant arachidonate 
metabolites produced by proximal convoluted and straight 
tubules are metabolites of the cytochrome P450 pathway.298

Early whole-animal studies suggested that PGE2 might 
have an action in the proximal tubule because of its effects 
on urinary phosphate excretion. PGE2 blocked the phos-
phaturic action of calcitonin infusion in thyroparathyroid-
ectomized rats. Nevertheless, studies using in vitro perfused 
proximal tubules failed to show an effect of PGE2 on sodium 
chloride or phosphate transport in the proximal convoluted 
tubule. More recent studies have suggested that PGE2 may 
play a key role in the phosphaturic action of fibroblast 
growth factor-23299 because phosphaturia in hyp mice with 
X-linked hyperphosphaturia is associated with markedly 
increased urine PGE2 excretion, and phosphaturia was nor-
malized by indomethacin.300 Nevertheless, there are very 
little data on the actions of other COX metabolites in proxi-
mal tubules and scant molecular evidence for the expres-
sion of classic G protein–coupled prostaglandin receptors 
in this segment of the nephron.

LOOP OF HENLE

The nephron segments making up the loop of Henle also 
display limited metabolism of exogenous arachidonic acid 
through the COX pathway although, given the realization 
that COX-2 is expressed in this segment, it is of note that 
PGE2 was uniformly greater in the cortical segment than the 
medullary thick ascending limb. The TAL has been shown 
to exhibit high- density PGE2 receptors.301 Studies have also 
demonstrated high expression levels of mRNA for the EP3 
receptor in medullary TAL of both rabbit and rat228 (see 
earlier, “EP3 Receptors”). Subsequent to the demonstration 
that PGE2 inhibits sodium chloride absorption in the medul-
lary TAL of the rabbit perfused in vitro, it was shown that 
PGE2 blocks vasopressin (AVP) but not cAMP-stimulated 
sodium chloride absorption in the medullary TAL of the 
mouse. It is likely that the mechanism involves activation of 

NSAIDs, it was recognized that endogenous PGs play an 
important role in stimulating renin release.44 Treatment of 
salt-depleted rats with indomethacin not only decreases 
plasma renin activity, but also causes blood pressure to  
fall, suggesting that PGs support blood pressure during  
salt depletion via their capacity to increase renin. Pros-
tanoids also play a central role in the pathogenesis of reno-
vascular hypertension, and administration of NSAIDs lowers 
blood pressure in animals and humans with renal artery 
stenosis.290 PGE2 induces renin release in isolated preglo-
merular juxtaglomerular apparatus cells.285 Like the effect 
of β-adrenergic agents, this effect appears to be through a 
cAMP-coupled response, supporting a role for an EP4 or 
EP2 receptor.285 EP4 receptor mRNA has been detected in 
microdissected JGAs,291 supporting the possibility that renal 
EP4 receptor activation contributes to enhanced renin 
release. Finally, regulation of plasma renin activity and intra-
renal renin mRNA does not appear to be different in wild-
type and EP2 knockout mice,292 arguing against a major role 
for the EP2 receptor in regulating renin release. Conversely, 
one report has suggested that EP3 receptor mRNA is local-
ized to the macula densa, suggesting that this cAMP-
inhibiting receptor may also contribute to the control of 
renin release.277

Renal Microcirculation

The EP2 receptor also appears to play an important role in 
regulating afferent arteriolar tone.288 In the setting of sys-
temic hypertension, the normal response of the kidney is to 
increase salt excretion, thereby mitigating the increase in 
blood pressure. This so-called pressure natriuresis plays a 
key role in the ability of the kidney to protect against hyper-
tension.293 Increased blood pressure is accompanied by 
increased renal perfusion pressure and enhanced urinary 
PGE2 excretion.294 Inhibition of PG synthesis markedly 
blunts (although it does not eliminate) pressure natriure-
sis.295 The mechanism whereby PGE2 contributes to pressure 
natriuresis may involve changes in resistance of the renal 
medullary microcirculation.296 PGE2 directly dilates the 
descending vasa recta, and increased medullary blood  
flow may contribute to the increased interstitial pressure 
observed as renal perfusion pressure increases, leading  
to enhanced salt excretion.282 The identity of the dilator 
PGE2 receptor controlling the contractile properties of 
the descending vasa recta remains uncertain, but EP2 or 
EP2 receptors seem likely candidates.204 Results of studies 
demonstrating salt-sensitive hypertension in mice with tar-
geted disruption of the EP2 receptor251 have suggested 
that the EP2 receptor facilitates the ability of the kidney to 
increase sodium excretion, thereby protecting systemic 
blood pressure from a high-salt diet. Given its defined  
role in vascular smooth muscle,251 these effects of the 
EP2 receptor disruption seem more likely to relate to its 
effects on renal vascular tone. In particular, loss of a vasodi-
lator effect in the renal medulla might modify pressure 
natriuresis and could contribute to hypertension in EP2 
knockout mice. Nonetheless, a role for the EP2 or EP4 
receptor in regulating renal medullary blood flow remains 
to be established. In conclusion, direct vasomotor effects of 
EP4 receptors, as well as effects on renin release, may play 
critical roles in regulating systemic blood pressure and renal 
hemodynamics.
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uniformly true (see below). The principal enzyme involved 
in the transformation of PGE2, PGI2, and PGF2α is 
15-hydroxyprostaglandin dehydrogenase (15-PGDH), which 
converts the 15 alcohol group to a ketone.306

15-PGDH is an oxidized nicotinamide adenine dinucl-
eotide–oxidized nicotinamide adenine dinucleotide phos-
phate (NAD+/NADP+)–dependent enzyme that is 30 to 49 
times more active in the kidney of the young rat (3 weeks 
of age) than in the adult. Its Km for PGE2 is 8.4 µmol/L and 
22.6 µmol/L for PGF2α.306 It is mainly localized in cortical 
and juxtamedullary zones,307 with little activity detected in 
papillary slices. At baseline, it is found in the proximal 
tubule, TAL, and CD. However, it was present in the macula 
densa in COX-2 knockout mice and in the presence of high-
salt diet and, in cultured macula densa cells, COX inhibition 
increased expression.308 Disruption of the 15-PGDH gene in 
mice results in persistent patent ductus arteriosus (PDA), 
thought to be a result of failure of circulating PGE2 levels 
to fall in the immediate peripartum period.309 Thus, admin-
istration of COX-inhibiting NSAIDs rescues the knockout 
mice by decreasing PGs and allowing the animals to survive.

Subsequent catalysis of 15-hydroxy products by a δ-13 
reductase leads to the formation of 13,14-dihydro com-
pounds. PGI2 and TXA2 undergo rapid degradation to 
6-keto-PGF1α and TXB2, respectively.306 These stable metabo-
lites are usually measured and their rates of formation taken 
as representative of those of the parent molecules.

ω/ω-1 HYDROXYLATION OF PROSTAGLANDINS

Both PGA2 and PGE2 have been shown to undergo hydrox-
ylation of their terminal or subterminal carbons by a cyto-
chrome P450–dependent mechanism.310 This reaction may 
be mediated by CYP4A family members or a CYP4F enzyme. 
CYP4A311 and CYP4F members have been mapped along the 
nephron.312 Some of these derivatives have been shown to 
exhibit biologic activity.

CYCLOPENTENONE PROSTAGLANDINS

The cyclopentenone prostaglandins include PGA2, a PGE2 
derivative, and PGJ2, a derivative of PGD2. Although it 
remains uncertain whether these compounds are actually 
produced in vivo, this possibility has received increasing 
attention because some cyclopentenone prostanoids have 
been shown to be activating ligands for nuclear transcrip-
tion factors, including peroxisome proliferator–activated 
receptors δ and γ (PPARδ and PPARγ).313-315 The realization 
that the antidiabetic thiazolidinedione drugs act through 
PPARγ to exert their antihyperglycemic and insulin-
sensitizing effects316 has generated intense interest in the 
possibility that the cyclopentenone PGs might serve as the 
endogenous ligands for these receptors. Interestingly, DP2, 
unlike DP1 or other members of the prostaglandin GPCR 
family, binds and is activated by PGD2 metabolites such as 
15-deoxy-Δ12,14-PGJ2, which acts at nanomolar concentra-
tions.317 An alternative biologic activity of these compounds 
has been recognized in their capacity to modify thiol groups 
covalently, forming adducts with cysteine of several intracel-
lular proteins, including thioredoxin 1, vimentin, actin, and 
tubulin.318 Studies regarding the biologic activity of cyclo-
pentenone prostanoids abound and the reader is referred 

Gi and inhibition of adenyl cyclase by PGE2, possibly via the 
EP3 receptors expressed in this segment.

COLLECTING DUCT SYSTEM

In vitro perfusion studies of rabbit cortical collecting tubule 
have demonstrated that PGE2 directly inhibits sodium trans-
port in the collecting duct when applied to the basolateral 
surface of this nephron segment. It is now apparent that 
PGE2 uses multiple signal transduction pathways in the cor-
tical collecting duct, including those that modulate intracel-
lular cAMP levels and Ca2+. PGE2 can stimulate or suppress 
cAMP accumulation. The latter may also involve stimulation 
of phosphodiesterase. Although modulation of cAMP levels 
appears to play an important role in PGE2 effects on water 
transport in the CCD (see following section), it is less clear 
that PGE2 affects sodium transport via modulation of cAMP 
levels.226 PGE2 has been shown to increase cell calcium, pos-
sibly coupled with PKC activation, in in vitro perfused corti-
cal collecting ducts.302 This effect may be mediated by the 
EP1 receptor subtype coupled to phosphatidylinositol 
hydrolysis.236

WATER TRANSPORT

AVP-regulated water transport in the collecting duct is mark-
edly influenced by COX products, especially prostaglandins. 
When COX inhibitors are administered to humans, rat, or 
dog, the antidiuretic action of AVP is markedly augmented. 
Because vasopressin also stimulates endogenous PGE2 pro-
duction by the collecting duct, these results suggest that 
PGE2 participates in a negative feedback loop, whereby 
endogenous PGE2 production dampens the action of AVP.303 
In agreement with this model, the early classic studies of 
Grantham and Orloff directly demonstrated that PGE1 
blunted the water permeability response of the CCD to 
vasopressin. In these early studies, the action of PGE1 
appeared to be at a pre-cAMP step. Interestingly, when 
administered by itself, PGE1 modestly augmented basal 
water permeability. These earlier studies have been con-
firmed with respect to PGE2. PGE2 also stimulates basal 
hydraulic conductivity and suppresses the hydraulic conduc-
tivity response to AVP in the rabbit cortical collecting 
duct.304,305 Inhibition of AVP-stimulated cAMP generation 
and water permeability appears to be mediated by the EP1 
and EP3 receptors, whereas the increase in basal water per-
meability may be mediated by the EP4 receptor.265 These 
data are evidence of consistent functional redundancy 
between the EP1 and EP3 with respect to their effects on 
AVP-stimulated water absorption in the collecting duct.

METABOLISM OF PROSTAGLANDINS

15-KETODEHYDROGENASE

The half-life of prostaglandins is 3 to 5 minutes and that of 
TXA2 is approximately 30 seconds. Elimination of PGE2, 
PGF2α, and PGI2 proceeds through enzymatic and nonenzy-
matic pathways, whereas that of TXA2 is nonenzymatic. The 
end products of all these degradative reactions generally 
possess minimal biologic activity, although this is not 
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the CD, medullary interstitial cells, medullary vasa recta 
endothelia, and papillary surface epithelium.331 PGT appears 
to mediate PGE2 uptake rather than release,332 allowing 
target cells to metabolize this molecule and terminate sig-
naling.333 PGT expression is decreased with low salt and 
increased with high salt in the CD, which may allow regula-
tion of PG excretion by taking up more prostaglandins 
excreted from luminal surface, the site of the PGT, thereby 
allowing more accumulation at the basolateral surface.334

Other members of the organic cation, anion, and  
zwitterion transporter family SLC22 have also been shown 
to transport prostaglandins327 and have been suggested 
to mediate prostaglandin excretion into the urine. Specifi-
cally, OAT1 and OAT3 are localized on the basolateral prox-
imal tubule membrane, where they likely participate in 
urinary excretion of PGE2.335,336 Conversely members of the 
multidrug resistance protein (MRP) have been shown to 
transport PGs in an adenosine triphosphate--dependent 
fashion.337,338 MRP2 (also designated ABBC2) is expressed 
in kidney proximal tubule brush borders and may contrib-
ute to the transport (and urinary excretion) of glutathione-
conjugated prostaglandins.339,340 This transporter has more 
limited tissue expression, restricted to the kidney, liver, and 
small intestine, and could contribute not only to renal PAH 
excretion but also to prostaglandin excretion.341

INVOLVEMENT OF CYCLO-OXYGENASE 
METABOLITES IN RENAL 
PATHOPHYSIOLOGY

EXPERIMENTAL AND HUMAN  
GLOMERULAR INJURY

GLOMERULAR INFLAMMATORY INJURY
COX metabolites have been implicated in functional and 
structural alterations in glomerular and tubulointerstitial 
inflammatory diseases.342 Essential fatty acid deficiency 
totally prevents the structural and functional consequences 
of the administration of nephrotoxic serum (NTS) to rats, 
an experimental model of anti--glomerular basement mem-
brane glomerulonephritis.326 Changes in arteriolar tone 
during the course of this inflammatory lesion are mediated 
principally by locally released COX and LO metabolites of 
AA.326

TXA2 release appears to play an essential role in mediat-
ing the increased renovascular resistance observed during 
the early phase of this disease.1 Subsequently, increasing 
rates of PGE2 generation may account for the progressive 
dilation of renal arterioles and increases in renal blood flow 
at later stages of the disease. Consistent with this hypothesis, 
TXA2 antagonism ameliorated the falls in renal blood flow 
(RBF) and GFR 2 hours post-NTS administration, but not 
after 24 hours. During the latter, heterologous, phase of 
NTS, COX metabolites mediate the renal vasodilation and 
reduction in Kf that characterize this phase.326 The net func-
tional result of COX inhibition during this phase of experi-
mental glomerulonephritis, therefore, would depend on 
the relative importance of renal perfusion versus the pres-
ervation of Kf to the maintenance of the GFR. Evidence has 
also indicated that COX metabolites are mediators of 

to several excellent sources in the literature.319-321 Although 
there is evidence supporting the presence of these com-
pounds in vivo,322 it remains uncertain whether they can 
form enzymatically or are an unstable spontaneous dehydra-
tion product of the E and D ring prostaglandins.323

NONENZYMATIC METABOLISM OF 
ARACHIDONIC ACID

It has long been recognized that oxidant injury can result 
in peroxidation of lipids. In 1990, Morrow and coworkers 
reported that a series of prostaglandin-like compounds 
could be produced by free radical catalyzed peroxidation of 
arachidonic acid that is independent of COX activity.324 
These compounds, termed isoprostanes, have been increas-
ingly used as sensitive markers of oxidant injury in vitro  
and in vivo.325 In addition, at least two of these compounds, 
8-iso-PGF2α (15-F2-isoprostane) and 8-iso-PGE2 (15-E2-
isoprostane) are potent vasoconstrictors when administered 
exogenously. 8-Iso-PGF2α has been shown to constrict the 
renal microvasculature and decrease GFR, an effect that  
is prevented by thromboxane receptor antagonism.326 
However, the role of endogenous isoprostanes as mediators 
of biologic responses remains unclear.

PROSTAGLANDIN TRANSPORT AND  
URINARY EXCRETION

It is notable that most of the prostaglandin synthetic enzymes 
have been localized to the intracellular compartment, yet 
extracellular prostaglandins are potent autocoids and para-
crine factors. Thus, prostanoids must be transported extra-
cellularly to achieve efficient metabolism and termination 
of their signaling. Similarly, enzymes that metabolize PGE2 
to inactive compounds are also intracellular, requiring 
uptake of the PG for its metabolic inactivation. The molecu-
lar basis of these extrusion and uptake processes are now 
being defined.

As a fatty acid, prostaglandins may be classified as an 
organic anion at physiologic pH. Early microperfusion 
studies documented that basolateral PGE2 could be taken 
up into proximal tubule cells and actively secreted into the 
lumen. Furthermore this process could be inhibited by a 
variety of inhibitors of organic anion transport, including 
p-aminohippurate (PAH), probenecid, and indomethacin. 
Studies of basolateral renal membrane vesicles also sup-
ported the notion that this transport process occurs via an 
electroneutral anion exchanger. These studies are of note 
because renal prostaglandins enter the urine in Henle’s 
loop, and late proximal tubule secretion could provide an 
important entry mechanism.1

A molecule that mediates PGE2 uptake in exchange for 
lactate has been cloned and termed prostaglandin transporter 
(PGT).327 PGT is a member of the SLC21/SLCO organic 
anion transporting family, and its cDNA encodes a trans-
membrane protein of 100 amino acids that exhibits broad 
tissue distribution (heart, placenta, brain, lung, liver, skel-
etal muscle, pancreas, kidney, spleen, prostate, ovary, small 
intestine, and colon).328-330 Immunocytochemical studies of 
PGT expression in rat kidneys have suggested expression 
primarily in glomerular endothelial and mesangial cells, 
arteriolar endothelial and muscularis cells, principal cells of 
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express predominantly COX-1, but exposure to C5b-9 sig-
nificantly increases COX-2 expression.1

GLOMERULAR NONINFLAMMATORY INJURY
Studies have suggested that prostanoids may also mediate 
altered renal function and glomerular damage following 
subtotal renal ablation, and glomerular prostaglandin pro-
duction may be altered in such conditions. Glomeruli from 
remnant kidneys, as well as animals fed a high-protein diet, 
have increased prostanoid production.1 These studies have 
suggested an increase in COX enzyme activity per se rather 
than, or in addition to, increased substrate availability, 
because increases in prostanoid production were noted 
when excess exogenous AA was added.

Following subtotal renal ablation, there are selective 
increases in renal cortical and glomerular COX-2 mRNA 
and immunoreactive protein expression, without significant 
alterations in COX-1 expression.352 This increased COX-2 
expression was most prominent in the macula densa and 
surrounding TAL. In addition, COX-2 immunoreactivity was 
also present in podocytes of remnant glomeruli, and 
increased PG production in isolated glomeruli from remnant 
kidneys was inhibited by a COX-2–selective inhibitor but was 
not decreased by a COX-1–selective inhibitor.352 Of interest, 
in the fawn-hooded rat, which develops spontaneous glo-
merulosclerosis, there is increased TAL–macula densa 
COX-2 and neuronal nitric oxide synthase (nNOS) and 
juxtaglomerular cell renin expression preceding develop-
ment of sclerotic lesions.353 Studies have indicated that 
selective overexpression of COX-2 in podocytes in mice 
increases sensitivity to the development of glomerulosclero-
sis, an effect that is mediated by thromboxane receptor 
activation.354-356

When given 24 hours after subtotal renal ablation, a non-
selective NSAID, indomethacin, normalized increases in 
renal blood flow and single-nephron GFR; similar decreases 
in hyperfiltration were noted when indomethacin was given 
acutely to rats 14 days after subtotal nephrectomy although, 
in this latter study, the increased glomerular capillary pres-
sure (PGC) was not altered because afferent and efferent 
arteriolar resistances increased.1 Previous studies also sug-
gested that nonselective COX inhibitors may acutely 
decrease hyperfiltration in diabetes and inhibit proteinuria 
and/or structural injury1; other studies have indicated that 
selective COX-2 inhibitors will decrease the hyperfiltration 
seen in experimental diabetes or increased dietary 
protein.357,358 Of note, NSAIDs have also been reported to 
be effective in reducing proteinuria in patients with refrac-
tory nephrotic syndrome.1 Similarly, selective COX-2 inhibi-
tion decreased proteinuria in patients with diabetic or 
nondiabetic renal disease, without alterations in blood 
pressure.359

The prostanoids involved have not yet been completely 
characterized, although it is presumed that vasodilatory 
prostanoids are involved in mediation of the altered renal 
hemodynamics. Defective autoregulation of renal blood 
flow due to decreased myogenic tone of the afferent arteri-
ole is seen after subtotal ablation or excessive dietary protein 
and is corrected by inhibition of COX activity. In these 
hyperfiltering states, TGF is reset at a higher distal tubular 
flow rate.1 Such a resetting dictates that afferent arteriolar 
vasodilation will be maintained in the presence of increased 

pathologic lesions and the accompanying proteinuria in this 
model.1 COX-2 expression in the kidney increases in experi-
mental anti-GBM (glomerular basement membrane) glo-
merulonephritis343,344 and after systemic administration of 
lipopolysaccharide.345

A beneficial effect of fish oil diets (enriched in eicosa-
pentaneoic acid), with an accompanying reduction in the 
generation of COX products, has been demonstrated on the 
course of genetic murine lupus (in MRL-lpr mice). In sub-
sequent studies, enhanced renal TXA2 and PGE2 generation 
was demonstrated in this model, as well as in NZB mice, 
another genetic model of lupus.1 In addition, studies in 
humans have demonstrated an inverse relation between 
TXA2 biosynthesis and GFR and improvement of renal func-
tion following short-term therapy with a thromboxane 
receptor antagonist in patients with lupus nephritis.1 Other 
studies have indicated that in humans, as well as NZB mice, 
COX-2 expression is upregulated in patients with active 
lupus nephritis, with co-localization to infiltrating mono-
cytes, suggesting that monocytes infiltrating the glomeruli 
contribute to the exaggerated local synthesis of TXA2.346,347 
COX-2 inhibition selectively decreased thromboxane pro-
duction, and chronic treatment of NZB mice with a COX-2 
inhibitor and mycophenolate mofetil significantly pro-
longed survival.347 Taken together, these results, as well as 
others from animal and human studies, support a major 
role for the intrarenal generation of TXA2 in mediating 
renal vasoconstriction during inflammatory and lupus-
associated glomerular injury. In contrast, an EP4–selective 
agonist was shown to reduce glomerular injury in a mouse 
model of anti-GBM disease.348

The demonstration of a functionally significant role for 
COX metabolites in experimental and human inflammatory 
glomerular injury has raised the question of the cellular 
sources of these eicosanoids in the glomerulus. In addition 
to infiltrating inflammatory cells, resident glomerular  
macrophages, glomerular mesangial cells, and glomerular 
epithelial cells represent likely sources for eicosanoid gen-
eration. In the anti-Thy1.1 model of mesangioproliferative 
glomerulonephritis, COX-1 staining was transiently 
increased in diseased glomeruli at day 6 and was localized 
mainly to proliferating mesangial cells. COX-2 expression 
in the macula densa region also transiently increased at day 
6.349,350 Glomerular COX-2 expression in this model has 
been controversial, with one group reporting increased 
podocyte COX-2 expression344 and two other groups report-
ing minimal, if any, glomerular COX-2 expression.349,350 
However, it is of interest that selective COX-2 inhibitors  
have been reported to inhibit glomerular repair in the  
anti-Thy1.1 model.350 In both anti-Thy1.1 and anti-GBM 
models of glomerulonephritis, the nonselective COX  
inhibitor, indomethacin, increased monocyte chemoattrac-
tant protein-1 (MCP-1), suggesting that prostaglandins may 
repress recruitment of monocytes and macrophages in 
experimental glomerulonephritis.351

A variety of cytokines have been reported to stimulate 
PGE2 synthesis and COX-2 expression in cultured mesan-
gial cells. Furthermore, complement components, in par-
ticular C5b-9, which are known to be involved in the 
inflammatory models described above, have been impli-
cated in the stimulation of PGE2 synthesis in glomerular 
epithelial cells. Cultured glomerular epithelial cells (GECs) 
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increases in MMP-2.376 Whether vasodilatory prostaglan-
dins mediate decrease in fibrillar collagen production and 
increase in matrix-degrading activity in glomeruli in vivo has 
not yet been studied; however, there is compelling evidence 
in nonrenal cells that prostanoids may mediate or modulate 
matrix production.377 Cultured lung fibroblasts isolated 
from patients with idiopathic pulmonary fibrosis exhibit a 
decreased ability to express COX-2 and synthesize PGE2.378

ACUTE KIDNEY INJURY

When cardiac output is compromised, as in extracellular 
fluid volume depletion or congestive heart failure, systemic 
blood pressure is preserved by the action of high circulating 
levels of systemic vasoconstrictors (e.g., norepinephrine, 
Ang II, AVP). Amelioration of their effects in the renal vas-
culature serves to blunt the development of otherwise con-
comitant marked depression of renal blood flow. Intrarenal 
generation of vasodilator products of AA, including PGE2 
and PGI2, is a central part of this protective adaptation. 
Increased renal vascular resistance induced by exogenously 
administered Ang II or renal nerve stimulation (increased 
adrenergic tone) is exaggerated during concomitant inhibi-
tion of prostaglandin synthesis. Experiments in animals  
with volume depletion have demonstrated the existence of 
intrarenal AVP-prostaglandin interactions, similar to those 
described earlier for Ang II.1 Studies in patients with conges-
tive heart failure have confirmed that enhanced prostaglan-
din synthesis is crucial in protecting the kidneys from various 
vasoconstrictor influences in this condition.

Renal dysfunction accompanying the acute administra-
tion of endotoxin in rats is characterized by progressive 
reductions in RBF and GFR in the absence of hypotension. 
Renal histology in such animals is normal, but cortical gen-
eration of COX metabolites is markedly elevated. A number 
of reports have provided evidence for a role for TXA2-
induced renal vasoconstriction in this model of renal  
dysfunction.379 In addition, roles for PGs and TXA2 in modu-
lating or mediating renal injury have been suggested in 
ischemia and reperfusion380 and models of toxin-mediated 
acute tubular injury, including those induced by uranyl 
nitrate,381 amphotericin B,382 aminoglycosides,383 and glyc-
erol.384 In experimental acute renal failure, administration 
of vasodilator PGs has been shown to ameliorate injury.385 
Similarly, administration of nonselective or COX-2–selective 
NSAIDs exacerbates experimental ischemia-reperfusion 
injury.386

COX-2 expression decreases in the kidney in response to 
acute ischemic injury.387 There is some controversy about 
the role of COX products in ischemia-reperfusion injury. 
Furthermore, fibrosis resulting from prolonged ischemic 
injury has been shown to be ameliorated by nonspecific 
COX inhibition.388 In contrast, renal injury in response to 
ischemia-reperfusion is worsened by COX-2–selective inhib-
itors or in COX-2−/− mice,386 and administration of vasodila-
tor PGs has been shown to ameliorate injury,385 possibly 
through a PPARδ-dependent mechanism.389

URINARY TRACT OBSTRUCTION

Following the induction of chronic (>24 hours) ureteral 
obstruction, renal PG and TXA2 synthesis is markedly 

distal solute delivery. It has previously been shown that alter-
ations in TGF sensitivity after reduction in renal mass are 
prevented with the nonselective COX inhibitor indometha-
cin.1 An important role has been suggested for nNOS, which 
is localized to the macula densa, in the vasodilatory compo-
nent of TGF.360-362 Of interest, studies by Ichihara and 
colleagues have determined that this nNOS-mediated vaso-
dilation is inhibited by the selective COX-2 inhibitor, NS398, 
suggesting that COX-2–mediated prostanoids may be essen-
tial for arteriolar vasodilation.47,71

Administration of COX-2 selective inhibitors decreased 
proteinuria and inhibited development of glomerular scle-
rosis in rats with reduced functioning renal mass.363,364 In 
addition, COX-2 inhibition decreased mRNA expression of 
transforming growth factor-β1 (TGF-β1) and types III and IV 
collagen in the remnant kidney.363 Similar protection was 
observed with administration of nitroflurbiprofen (NOF), a 
nitric oxide (NO)–releasing NSAID without gastrointestinal 
toxicity.365 Prior studies also demonstrated that thrombox-
ane synthase inhibitors retarded progression of glomerulo-
sclerosis, with decreased proteinuria and glomerulosclerosis 
in rats with remnant kidneys, and in diabetic nephropathy 
in association with increased renal prostacyclin production 
and lower systolic blood pressure.366 Studies in models of 
types 1 and 2 diabetes have indicated that COX-2–selective 
inhibitors retard progression of diabetic nephropathy.367,368 
Schmitz and associates have confirmed increases in TXB2 
excretion in the remnant kidney and correlated decreased 
arachidonic and linoleic acid levels with increased throm-
boxane production, because the thromboxane synthase 
inhibitor U63557A restored fatty acid levels and retarded 
progressive glomerular destruction.369

Enhanced glomerular synthesis and/or urinary excretion 
of PGE2 and TXA2 have been demonstrated in passive 
Heymann nephritis (PHN) and Adriamycin-induced glo-
merulopathies in rats. Both COX-1 and COX-2 expression 
are increased in glomeruli with PHN.370 Thromboxane 
synthase inhibitors and selective COX-2 inhibitors also 
decreased proteinuria in PHN.1

In contrast to the putative deleterious effects of throm-
boxane, the prostacyclin analog cicaprost retarded renal 
damage in uninephrectomized dogs fed a high-sodium and 
high-protein diet, an effect that was not mediated by ame-
lioration of systemic hypertension.371 Similarly, EP2 and EP4 
agonists decreased glomerular and tubulointerstitial fibrosis 
in a model of subtotal renal ablation.359 Other studies have 
also indicated that in models of polycystic kidney disease, 
there is increased COX-2 expression and increased PGE2 
and thromboxane in cyst fluid. Either COX-2 inhibition or 
EP2 receptor inhibition decreased cyst growth and intersti-
tial fibrosis.372,373

Prostanoids have also been shown to alter extracellular 
matrix production by mesangial cells in culture. TXA2 stimu-
lates matrix production by both TGF-β–dependent and 
TGF-β–independent pathways.374 PGE2 has been reported to 
decrease steady-state mRNA levels of alpha 1(I) and alpha 
1(III) procollagens, but not alpha 1(IV) procollagen and 
fibronectin mRNA, and to reduce secretion of all studied 
collagen types into the cell culture supernatants. Of interest, 
this effect did not appear to be mediated by cAMP.375 PGE2 
has also been reported to increase production of matrix 
metalloproteinase-2 (MMP-2) and to mediate Ang II–induced 
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hemodynamics and natriuresis, whereas COX-2 inhibition 
has no effect.400,401

Diminished renal PG synthesis has been implicated in the 
pathogenesis of the severe sodium retention seen in hepa-
torenal syndrome, as well as in the resistance to diuretic 
therapy.402,403 There is reduced renal synthesis of vasodilat-
ing PGE2 when there is activation of endogenous vasocon-
strictors and a maintained or increased renal production of 
TXA2.399,404 Therefore, an imbalance between vasoconstrict-
ing systems and the renal vasodilator PGE2 has been pro-
posed as a contributing factor to the renal failure observed 
in this condition. However, administration of exogenous 
prostanoids to patients with cirrhosis is not effective for 
ameliorating renal function or preventing the deleterious 
effect of NSAIDs.399

DIABETES MELLITUS
In the streptozotocin-induced model of diabetes in rats, 
COX-2 expression is increased in the TAL–macula densa 
region,357,367 as well as in podocytes,405 possibly mediated by 
epigenetic processes.406 COX-2 immunoreactivity has also 
been detected in the macula densa region in human dia-
betic nephropathy.407 Studies have suggested that COX-2–
dependent vasodilator prostanoids play an important role 
in the hyperfiltration seen early in diabetes mellitus,357,408-411 
as well as in response to a high-protein diet.412 The increased 
COX-2 expression appears to be mediated, at least in  
part, by increased ROS production in diabetes, because  
the superoxide dismutase analog, tempol, blocks the 
increased expression.413

Chronic administration of a selective COX-2 inhibitor 
significantly decreases proteinuria and reduces extracellular 
matrix deposition, as indicated by decreases in immunore-
active fibronectin expression and mesangial matrix expan-
sion.367,414 In addition, COX-2 inhibition reduced expression 
of TGF-β, plasminogen activator inhibitor-1(PAI-1) and vas-
cular endothelial growth factor (VEGF) in the kidneys of 
the diabetic hypertensive animals. Increasing intrarenal 
dopamine production also ameliorates diabetic nephropa-
thy progression, at least in part by inhibiting renal cortical 
COX-2 expression.415 The vasoconstrictor TXA2 may play a 
role in the development of albuminuria and basement 
membrane changes with diabetic nephropathy (DN). Also, 
administration of a selective PGE2 EP1 receptor antagonist 
prevented development of experimental diabetic nephropa-
thy,416 whereas EP4 receptor activation may exacerbate 
DN.417

PREGNANCY

Most, but not all, investigators do not report increases in 
vasodilator PG synthesis or suggest an essential role for 
prostanoids in the mediation of the increased GFR and RBF 
of normal pregnancy418; however, diminished synthesis of 
PGI2 has been demonstrated in humans and in animal 
models of pregnancy-induced hypertension,419 which is asso-
ciated with decreased expression of COX-2 and PGI2 syn-
thase in the placental villi.420 In animal models, inhibition 
of TXA2 synthetase has been associated with resolution of 
the hypertension, suggesting a possible pathophysiologic 
role.421 A moderate beneficial effect of reducing TXA2 gen-
eration, while preserving PGI2 synthesis, by low-dose aspirin 

enhanced, particularly in response to stimuli such as  
endotoxins or bradykinins. Enhanced prostanoid synthesis, 
especially thromboxane, likely arises from infiltrating  
mononuclear cells, proliferating fibroblast-like cells, inter-
stitial macrophages, and interstitial medullary cells.342 Selec-
tive COX-2 inhibitors may prevent renal damage in response 
to unilateral ureteral obstruction (UUO).390,391 However, 
PGE2 acting through the EP4 receptor can limit tubuloin-
terstitial fibrosis resulting from UUO.392 Prostaglandins 
derived from medullary COX-2 are mediators of the early 
phase of diuresis seen after relief of ureteral obstruction, 
because COX-2 inhibition prevents the acute (24-hour) 
phase of postobstructive diuresis. However, more persistent, 
chronic, postobstructive diuresis is not prostaglandin- 
dependent but results from downregulation of NKCC2 
(Na+-K+-2Cl− cotransporter type 2) and decreases aquaporin-2 
(AQP2) phosphorylation and translocation to the CCD 
membrane.393

ALLOGRAFT REJECTION AND CYCLOSPORINE 
NEPHROTOXICITY

ALLOGRAFT REJECTION
Acute administration of a TXA2 synthesis inhibitor is associ-
ated with significant improvement in rat renal allograft 
function.394 A number of other experimental and clinical 
studies have also demonstrated increased TXA2 synthesis 
during allograft rejection,395,396 leading some to suggest that 
increased urinary TXA2 excretion may be an early indicator 
of renal and cardiac allograft rejection.

CALCINEURIN INHIBITOR NEPHROTOXICITY
Numerous investigators have demonstrated effects for cyclo-
sporine A (CsA) on renal prostaglandin-TXA2 synthesis and 
provided evidence for a major role for renal and leukocyte 
TXA2 synthesis in mediating acute and chronic CsA neph-
rotoxicity in rats.397 Fish oil–rich diets, TXA2 antagonists, or 
administration of CsA in fish oil as a vehicle have all been 
shown to reduce renal TXA2 synthesis and may therefore 
afford protection against nephrotoxicity. Moreover, CsA has 
been reported to decrease renal COX-2 expression.398

HEPATIC CIRRHOSIS AND  
HEPATORENAL SYNDROME

Patients with cirrhosis of the liver show an increased renal 
synthesis of vasodilating PGs, as indicated by the high 
urinary excretion of PGs and/or their metabolites. Urinary 
excretion of 2,3-dinor 6-keto-PGF1α, an index of systemic 
PGI2 synthesis, is increased in patients with cirrhosis and 
hyperdynamic circulation, thus raising the possibility that 
systemic synthesis of PGI2 may contribute to the arterial 
vasodilatation of these patients. Inhibition of COX activity 
in these patients may cause a profound reduction in RBF 
and GFR, a reduction in sodium excretion, and an impair-
ment of free water clearance.399 The sodium-retaining prop-
erties of NSAIDs are particularly exaggerated in patients 
with cirrhosis of the liver, attesting to the dependence of 
renal salt excretion on vasodilatory PGs. In the kidneys of 
rats with cirrhosis, COX-2 expression increases but COX-1 
expression is unchanged; however, in these animals,  
selective inhibition of COX-1 leads to impaired renal 
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membranes, leading to lipid peroxidation and release of 
arachidonic acid. Prostanoids released during inflammatory 
reactions cause rapid degenerative changes in some cul-
tured cells, and their potential cytotoxic effect has been 
suggested to occur by accelerating intracellular oxidative 
stress. Thromboxane433 and PGE2 acting through the EP1 
receptor434 have been reported to induce NADPH oxidase 
and ROS production. Of interest, PGE2 acting through the 
EP4 receptor inhibits macrophage oxidase activity.435,436 As 
noted, there is also evidence for cross-talk between COX-2 
and ROS, such that ROS may induce COX-2 expression.431 
Interestingly, during aging there is ROS-mediated NF-kB 
expression, which increases COX-2 expression in the 
kidney.437 Furthermore, this appears to induce a vicious 
cycle, since COX-2 then serves as a source of ROS. This 
interaction of COX-derived prostaglandin and ROS produc-
tion has posited to play a role in development of hyperten-
sion.438 The amount of renal ROS resulting from COX 
activity increases with age, such that up to 25% of total 
kidney ROS production in aged rat kidneys is inhibited by 
NSAID administration.

LIPOXYGENASE PATHWAY

The lipoxygenase enzymes metabolize arachidonic acid to 
form LTs, HETEs), and LXs (Figure 14.14). These lipoxy-
genase metabolites are primarily produced by leukocytes, 
mast cells, and macrophages in response to inflammation 
and injury. There are three lipoxygenase enzymes—5-, 12-, 
and 15-lipoxygenase (5-LOX, 12-LOX, and 15-LOX)—
so-named for the carbon of AA where they insert an oxygen. 
The lipoxygenases are products of separate genes and have 
distinct distributions and patterns of regulation. Glomeruli, 
mesangial cells, cortical tubules, and vessels also produce 
the 12-LOX product, 12(S)-HETE, and the 15-LOX product, 

therapy (60 to 100 mg/day) has been demonstrated in 
patients at high risk for pregnancy-induced hypertension 
and preeclampsia.422,423

LITHIUM NEPHROTOXICITY

Lithium chloride is a mainstay of treatment in the psychiat-
ric treatment of bipolar illness. However, it is routinely com-
plicated by polyuria and even frank nephrogenic diabetes 
insipidus. In vitro and in vivo studies have demonstrated 
lithium-induced renal medullary interstitial cell COX-2 
protein expression via inhibition of glycogen synthase 
kinase-3β (GSK-3β). COX-2 inhibition prevented lithium-
induced polyuria and also resulted in the upregulation of 
AQP2 and NKCC2.424,425

ROLE OF REACTIVE OXYGEN SPECIES AS 
MEDIATORS OF COX-2 ACTIONS

In addition to NADPH oxidase, nitric oxide synthase, and 
xanthine oxidase, COX-2 can also be a source of oxygen 
radicals.426 COX-2 enzymatic activity is commonly accompa-
nied by associated oxidative mechanisms (co-oxidation) and 
free radical production.427 The catalytic activity of COX con-
sists of a series of radical reactions that use molecular oxygen 
and generate intermediate ROS.428 Elevated levels of COX-2 
protein are associated with increased ROS production and 
apoptosis in cultured renal cortical cells429 and human 
mesangial cells.430 It has been suggested that COX-2–
mediated lipid peroxidation, rather than prostaglandins, 
can induce DNA damage via adduct formation.431 A COX-2 
specific inhibitor, NS-398, was able to reduce the oxidative 
activity, with prevention of oxidant stress.432

In addition to ROS generated by cyclo-oxygenase per se, 
prostanoids may also activate intracellular pathways that 
generate ROS. Locally generated ROS may damage cell 

Figure 14.14  Pathways of lipoxygenase (LO) metabolism of arachidonic acid. HETE, Hydroxyeicosatetraenoic acid. 
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in platelets or adjoining cells, including glomerular endo-
thelial cells.453,454

12(S)-HETE is a potent vasoconstrictor in the renal 
microcirculation455; however, 15-LOX–derived metabolites 
antagonize proinflammatory actions of leukotrienes, both 
by inhibiting PMN chemotaxis, aggregation, and adherence 
and by counteracting the vasoconstrictive effects of the  
peptidyl leukotrienes.456,457 Administration of 15(S)-HETE 
reduced LTB4 production by glomeruli isolated from rats 
with acute nephrotoxic serum-induced glomerulonephritis; 
it has been proposed that 15-LOX may regulate 5-LOX activ-
ity in chronic glomerular inflammation because it is known 
that in experimental glomerulonephritis, lipoxin A4 (LXA4) 
administration increases renal blood flow and GFR, mainly 
by inducing afferent arteriolar vasodilation, an effect medi-
ated in part by release of vasodilator prostaglandins.1 LXA4 
also antagonizes the effects of LTD4 to decrease GFR, but 
not RBF, even though administration of LXA4 and LXB4 
directly into the renal artery has induced vasoconstriction. 
Glomerular micropuncture studies have revealed that LXA4 
leads to moderate decreases in Kf.456 Lipoxins signal through 
a specific G protein–coupled receptor denoted ALXR. This 
receptor is related at the nucleotide sequence level to che-
mokine and chemotactic peptide receptors, such as N-formyl 
peptide receptor.458 It is also noteworthy that in isolated 
perfused canine renal arteries and veins, LTC4 and LTD4 
were found to be vasodilators, which were partially depen-
dent on an intact endothelium, and were mediated by nitric 
oxide production.459

A potential interaction between COX- and LOX-mediated 
pathways has been reported. Although aspirin inhibits  
prostaglandin formation by COX-1 and COX-2, aspirin-
induced acetylation converts COX-2 to a selective generator 
of 15(R)-HETE. This product can then be released, taken 
up in a transcellular route by PMNs and converted to 
15-epilipoxins, which have similar biologic actions as the 
lipoxins.460

Similar to 15-HETE, 12(S)-HETE also potently vasocon-
stricts glomerular and renal vasculature.453 12(S)-HETE 
increases protein kinase C and depolarizes cultured vascular 
smooth muscle cells. Afferent arteriolar vasoconstriction 
and increases in smooth muscle calcium in response to 
12(S)-HETE were partially inhibited by voltage-gated, L-type 
calcium channel inhibitors.461 12(S)-HETE has also been 
proposed to be an angiogenic factor because in cultured 
endothelial cells, 12-LOX inhibition reduces cell prolifera-
tion and 12-LOX overexpression stimulates cell migration 
and endothelial tube formation.462 12/15-LOX inhibitors 
and elective elimination of the leukocyte 12-LOX enzyme 
also ameliorate the development of diabetic nephropathy 
in mice.463 There is also interaction between 12/15-LOX 
pathways and TGF-β–mediated pathways in the diabetic 
kidney464 12(S)-HETE has also been proposed to be a media-
tor of renal vasoconstriction by Ang II, with inhibition of 
the 12-LOX pathway attenuating Ang II–mediated afferent 
arteriolar vasoconstriction and decreased renal blood 
flow.465 Lipoxygenase inhibition also blunted renal arcuate 
artery vasoconstriction by norepinephrine and KCl.466 
However, 12-LOX products have also been implicated as 
inhibitors of renal renin release.467,468

Although the major significance of LOX products in  
the kidney derives from their release from infiltrating 

15-HETE. Studies have localized 15-LOX mRNA primarily 
to the distal nephron and 12-LOX mRNA to the glomerulus. 
5-LOX mRNA and 5-lipoxygenase-activating protein (FLAP) 
mRNA were expressed in the glomerulus and the vasa 
recta.439 In polymorphonuclear leukocytes (PMNs), macro-
phages, and mast cells, 5-LOX mediates the formation  
of leukotrienes.440 5-LOX, which is regulated by FLAP, cata-
lyzes the conversion of arachidonic acid to 5-HPETE,  
and to leukotriene A4 (LTA4).441 LTA4 is then further metab-
olized to the peptidyl leukotrienes (LTC4 and LTD4) 
by glutathione-S-transferase or to LTB4 by LTA4 hydrolase. 
Although glutathione-S-transferase expression is limited  
to inflammatory cells, LTA4 hydrolase is also expressed in 
glomerular mesangial cells and endothelial cells442; PCR 
analysis has actually demonstrated ubiquitous LTA4 hydro-
lase mRNA expression throughout the rat nephron.439 LTC4 
synthase mRNA could not be found in any nephron 
segment.439

Two cysteinyl leukotriene receptors (CysLTRs) have been 
cloned and identified as members of the G protein–coupled 
superfamily of receptors. They have been localized to vas-
cular smooth muscle and endothelium of the pulmonary 
vasculature.443-445 In the kidney, the cysteinyl leukotriene 
receptor type 1 is expressed in the glomerulus, whereas 
cysteinyl receptor type 2 mRNA has not been detected in 
any nephron segment to date.439

The peptidyl leukotrienes are potent mediators of inflam-
mation and vasoconstrictors of vascular, pulmonary, and 
gastrointestinal smooth muscle. In addition, they increase 
vascular permeability and promote mucus secretion.446 
Because of the central role that peptidyl leukotrienes play 
in the inflammatory trigger of asthma exacerbation, effec-
tive receptor antagonists have been developed and are now 
an important component of treatment of asthma.447

In the kidney, LTD4 administration has been shown to 
decrease renal blood flow and GFR, and peptidyl leukotri-
enes are thought to be mediators of decreased RBF and GFR 
associated with acute glomerular inflammation. Micropunc-
ture studies have revealed that the decreases in GFR are the 
result of afferent and arteriolar vasoconstriction, with more 
pronounced efferent vasoconstriction and a decrease in Kf.1 
In addition both LTC4 and LTD4 increase proliferation of 
cultured mesangial cells.

The LTB4 receptor is also a seven-transmembrane, G 
protein–coupled receptor. On PMNs, receptor activation 
promotes chemotaxis, aggregation, and attachment to 
endothelium. In the kidney, LTB4 mRNA is localized to the 
glomerulus.439 A second, low-affinity LTB4 receptor is also 
expressed,448 which may mediate calcium influx into PMNs, 
thereby leading to activation. LTB4 receptor blockers lessen 
acute renal ischemic-reperfusion injury449 and nephrotoxic 
nephritis in rats,450 and PMN infiltration and structural and 
functional evidence of organ injury by ischemia-reperfusion 
are magnified in transgenic mice overexpressing the LTB4 
receptor.451 In addition to activation of cell surface recep-
tors, LTB4 has also been shown to be a ligand for the nuclear 
receptor PPARα.452

15-LOX leads to the formation of 15(S)-HETE. In addi-
tion, dual oxygenation in activated PMNs and macrophages 
by 5-LOX and 15-LOX leads to the formation of the lipox-
ins. LX synthesis also can occur via transcellular metabolism 
of the leukocyte-generated intermediate, LTA4, by 12-LOX 
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provided strong evidence for the release of these eico-
sanoids during glomerular inflammation. In four animal 
models of glomerular immune injury—anti-GBM nephri-
tis, anti-Thy1.1 antibody–mediated mesangiolysis, passive 
Heymann nephritis, and murine lupus nephritis—acute 
antagonism of LTD4 by receptor binding competition or 
inhibition of LTD4 synthesis led to highly significant 
increases in GFR in nephritic animals.474 The principal 
mechanism underlying the improvement in GFR was rever-
sal of the depressed values of the glomerular ultrafiltration 
coefficient (Kf), which is characteristically compromised in 
immune-injured glomeruli. In other studies in PHN, Katoh 
and colleagues have provided evidence that endogenous 
LTD4 not only mediates reductions in Kf and GFR, but that 
LTD4-evoked increases in intraglomerular pressure under-
lie, to a large extent, the accompanying proteinuria.474 Cys-
teinyl leukotrienes have been implicated in cyclosporine 
nephrotoxicity.475 Of interest, 5-lipoxygenase deficiency 
accelerates renal allograft rejection.476

LTB4 synthesis, measured in the supernates of isolated 
glomeruli, is markedly enhanced early in the course of 
several forms of glomerular immune injury.477 Cellular 
sources of LTB4 in injured glomeruli include PMNs and 
macrophages. All studies concur as to the transient nature 
of LTB4 release. LTB4 production decreases 24 hours 
after onset of the inflammation, which coincides with  
macrophage infiltration, a major source of 15-LOX activ-
ity.478 15-HPETE incubation decreased lipopolysaccharide-
induced tumor necrosis factor (TNF) expression in a human 
monocytic cell line,479 and HVJ (hemagglutinating virus of 
Japan) liposome-mediated glomerular transfection of 
15-LOX in rats decreased markers of injury (blood urea 
nitrogen [BUN,] proteinuria) and accelerated functional 
(GFR, RBF) recovery in experimental glomerulonephri-
tis.480 In addition, MK501, a FLAP antagonist, restored size 
selectivity and decreased glomerular permeability in acute 
glomerulonephritis (GN).481

The suppression of LTB4 synthesis beyond the first 24 
hours of injury is rather surprising, because both PMNs and 
macrophages are capable of effecting the total synthesis of 
LTB4; they contain the two necessary enzymes that convert 
AA to LTB4—5-LOX and LTA4 hydrolase. It has therefore 
been suggested, based on in vitro evidence, that the major 
route for LTB4 synthesis in inflamed glomeruli is through 
transcellular metabolism of leukocyte-generated LTA4 to 
LTB4 by LTA4 hydrolase present in glomerular mesangial, 
endothelial, and epithelial cells. Because the transformation 
of LTA4 to LTB4 is rate-limiting, regulation of the LTB4 syn-
thetic rate might relate to regulation of LTA4 hydrolase gene 
expression or catalytic activity in these parenchymal cells, 
rather than to the number of infiltrating leukocytes. In any 
case, leukocytes represent an indispensable source for LTA4, 
the initial 5-LOX product and the precursor for LTB4, since 
endogenous glomerular cells do not express the 5-LOX 
gene.482 Thus, it was demonstrated that the PMN cell-specific 
activator, N-formyl-Met-Leu-Phe, stimulated LTB4 produc-
tion from isolated perfused kidneys harvested from NTS-
treated rats to a significantly greater degree than from 
control animals treated with nonimmune rabbit serum.483 
The renal production of LTB4 correlated directly with renal 
myeloperoxidase activity, suggesting interdependence of 
LTB4 generation and PMN infiltration.

leukocytes or resident cells of macrophage or monocyte 
origin, there is evidence to suggest that intrinsic renal cells 
are capable of generating LTs and LXs directly or through 
transcellular metabolism of intermediates.469 Human and 
rat glomeruli can generate 12- and 15-HETE, although the 
cells of origin are unclear. LTB4 can be detected in super-
natants of normal rat glomeruli, and its synthesis could be 
markedly diminished by maneuvers that deplete glomeruli 
of resident macrophages, such as irradiation or fatty acid 
deficiency. In addition, 5-, 12-, and 15-HETEs were detected 
from pig glomeruli, and their structural identity confirmed 
by mass spectrometry.1 12-LOX products are increased in 
mesangial cells exposed to hyperglycemia and in diabetic 
nephropathy.470 There also appears to be crosstalk between 
12/15-LOX and COX-2. Both are increased with diabetes 
or high glucose levels and, in cultured cells, 12(S)-HETE 
increases COX-2 whereas PGE2 increases 12/15-LOX. 
Knockdown of 12/15-LOX expression with ShRNA decreases 
COX-2 expression, and 12/15-LOX overexpression increases 
COX-2 expression.427

Glomeruli subjected to immune injury release LTB4,471 
and LTB4 generation was suppressed by resident macro-
phage depletion. Synthesis of peptido-LTs by inflamed 
glomeruli has also been demonstrated,472 but leukocytes 
could not be excluded as its primary source. LXA4 is gener-
ated by immune-injured glomeruli.473 Rat mesangial cells 
generate LXA4 when provided with LTA4 as substrate, 
thereby providing a potential intraglomerular source of LXs 
during inflammatory reactions. In nonglomerular tissue, 
12-HETE production has been reported from rat cortical 
tubules and epithelial cells and 12- and 15-HETE from 
rabbit medulla.1

BIOLOGIC ACTIVITIES OF LIPOXYGENASE 
PRODUCTS IN THE KIDNEY

In early experiments, systemic administration of LTC4 in the 
rat and administration of LTC4 and LTD4 in the isolated 
perfused kidney revealed potent renal vasoconstrictor 
actions of these eicosanoids. Subsequently, micropuncture 
measurements revealed that LTD4 exerts preferential con-
strictor effects on postglomerular arteriolar resistance and 
depresses Kf and GFR. The latter is likely due to receptor-
mediated contraction of glomerular mesangial cells, which 
has been demonstrated for LTC4 and LTD4 in vitro (see 
above). These actions of LTD4 in the kidney are consistent 
with its known smooth muscle contractile properties. LTB4, 
a potent chemotactic and leukocyte-activating agent, is 
devoid of constrictor action in the normal rat kidney. 
Lipoxin A4 dilates afferent arterioles when infused into the 
renal artery, without affecting efferent arteriolar tone. This 
results in elevations in intraglomerular pressure and plasma 
flow rate, thereby augmenting the GFR.1

INVOLVEMENT OF LIPOXYGENASE PRODUCTS 
IN RENAL PATHOPHYSIOLOGY

Increased generation rates of LTC4 and LTD4 have been 
documented in glomeruli from rats with immune com-
plex nephritis and mice with spontaneously developing  
lupus nephritis.440,473 Moreover, results from numerous phys-
iologic studies using specific LTD4 receptor antagonists have 
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CYTOCHROME P450 PATHWAY

Following their elucidation and characterization as endog-
enous metabolites of arachidonic acid, numerous studies 
have investigated the possibility that cytochrome P450 
(CYP450) AA metabolites subserve physiologic and/or 
pathophysiologic roles in the kidney (Figure 14.15). In 
whole-animal physiology, these compounds have been 
implicated in the mediation of release of peptide hormones, 
regulation of vascular tone, and regulation of volume 
homeostasis. On the cellular level, CYP450 AA metabolites 
have been proposed to regulate ion channels and transport-
ers and to act as mitogens.

CYP450 monooxygenases are mixed-function oxidases 
that use molecular oxygen and NADPH as co-factors488,489 
and will add an oxygen molecule to AA in a regiospecific 
and stereospecific geometry. CYP450 monooxygenase path-
ways metabolize AA to generate HETEs and EETs, the latter 
of which can be hydrolyzed to dihydroxyeicosatrienoic acids 
(DHETs).298,488,490 The kidney displays one of the highest 
CYP450 activities of any organ and produces CYP450 AA 
metabolites in significant amounts.461,488,491 HETEs are 
formed primarily via CYP450 hydroxylase enzymes; EETs 
and DHETs are formed primarily via CYP450 epoxygenase 
enzymes.491 The CYP450 4A gene family is the major pathway 
for synthesis of hydroxylase metabolites, especially 20-HETE 
and 19-HETE,298,491 whereas the production of epoxygenase 
metabolites is primarily via the 2C gene family.461,488 A 
member of the 2J family that is an active epoxygenase is also 
expressed in the kidney.492 CYP450 enzymes have been 

The acute and long-term significance of LTB4 generation 
in conditioning the extent of glomerular structural and 
functional deterioration has been highlighted in studies in 
which LTB4 was exogenously administered or in which its 
endogenous synthesis was inhibited. Intrarenal administra-
tion of LTB4 to rats with mild NTS-induced injury was associ-
ated with an increase in PMN infiltration, reduction in renal 
plasma flow rate, and marked exacerbation of the fall in 
GFR, the latter correlating strongly with the number of 
infiltrating PMNs and glomerulus, whereas inhibition of 
5-LOX led to preservation of GFR and abrogation of pro-
teinuria.483 Similarly, both 5-LOX knockout mice and wild-
type mice treated with the 5-LOX inhibitor, zileuton, had 
reduced renal injury in response to ischemia and reperfu-
sion.484 Thus, although devoid of vasoconstrictor actions 
in the normal kidney, increased intrarenal generation of 
LTB4 during early glomerular injury amplifies leukocyte-
dependent reductions in glomerular perfusion and filtra-
tion rates and inflammatory injury, likely due to enhancement 
of PMN recruitment and/or activation.

12(S)-HETE has been reported to increase AT1 receptor 
(AT1R) mRNA and protein expression in cultured rat 
mesangial cells by stabilizing AT1R mRNA and enhancing 
the profibrotic effects of Ang II.485 Urinary 12(S)- and 15(S)-
HETE levels have been shown to correlate positively with 
elevated serum creatinine levels after kidney transplanta-
tion.486 In the JCR:LA-corpulent rat, a model of the meta-
bolic syndrome, fish oil (ω-3 polyunsaturated fatty acid) 
supplement markedly reduced albuminuria and glomerulo-
sclerosis in association with decreases in 5(S)-, 12(S)-, and 
15(S)-HETE.487

Figure 14.15  Pathways of CYP450 metabolism of arachidonic acid. EET, Epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid. 
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intracellular calcium levels. 20-HETE is produced in the 
smooth muscle cells, and its afferent arteriolar vasoconstric-
tive effects are mediated by closure of KCa channels through 
a tyrosine kinase- and extracellular signal–regulated kinase 
(ERK)–dependent mechanism (Figure 14.16).

An interaction between CYP450 AA metabolites and NO 
has also been demonstrated. NO can inhibit the formation 
of 20-HETE in renal vascular smooth muscle cells; a signifi-
cant portion of NO’s vasodilator effects in the preglomeru-
lar vasculature appear to be mediated by the inhibition of 
tonic 20-HETE vasoconstriction, and inhibition of 20-HETE 
formation attenuates the pressor response and decrease in 
renal blood flow seen with NOS inhibition.504,505

EPOXIDES
Unlike CYP450 hydroxylase metabolites, epoxygenase 
metabolites of arachidonic acid increase renal blood flow 
and glomerular filtration rate.298,461,489 11,12-EET and 14,15-
EET vasodilate the preglomerular arterioles independently 
of COX activity, whereas 5,6-EET and 8,9-EET cause COX-
dependent vasodilation or vasoconstriction.506 It is possible 
that these COX-dependent effects are mediated by COX 
conversion of 5,6-EET and 8,9-EET to prostaglandin- or 
thromboxane-like compounds.507 EETs are produced pri-
marily in the endothelial cells and exert their vasoactive 
effects on the adjacent smooth muscle cells. In this regard, 
it has been suggested that EETs, specifically 11,12-EET, may 
serve as an endothelium-derived hyperpolarizing factor 
(EDHF) in the renal microcirculation.461,508 EET-induced 
vasodilation is mediated by activation of KCa channels, 
through cAMP-dependent stimulation of PKC.

CYP450 metabolites may serve as second messengers or 
modulators of the actions of hormonal and paracrine 
agents. Vasopressin increases renal production of CYP450 

localized to vasculature and tubules.298 The 4A family of 
hydroxylases is expressed in preglomerular renal arterioles, 
glomeruli, proximal tubules, TAL, and macula densa.493

The 2C and 2J families of epoxygenases are expressed at 
their highest levels in the proximal tubule and collecting 
duct492,494 When isolated nephron segments expressing 
CYP450 protein have been incubated with AA, production 
of CYP450 AA metabolites can be detected. 20-HETE and 
EETs are both produced in the afferent arterioles,495 glom-
erulus,496 and proximal tubule.497 20-HETE is the predomi-
nant CYP450 AA metabolite produced by the TAL and in 
the pericytes surrounding the vasa recta capillaries,498,499 
whereas EETs are the predominant CYP450 AA metabolites 
produced by the collecting duct.500

Renal production of epoxygenase and hydroxylase metab-
olites has been shown to be regulated by hormones and 
growth factors, including Ang II, endothelin, bradykinin, 
parathyroid hormone (PTH), and epidermal growth 
factor.298,461,489 Alterations in dietary salt intake also modu-
late CYP450 expression and activity.501 Alterations in the 
production of CYP450 metabolites have also been reported 
with uninephrectomy, diabetes mellitus, and hyperten-
sion.298,502 Glycerol-containing epoxygenase metabolites are 
produced endogenously and serve as high-affinity ligands 
for cannabinoid receptors, implicating these compounds as 
endocannabinoids.503

VASCULATURE

20-HYDROXYEICOSATETRAENOIC ACID
In rat and dog renal arteries and afferent arterioles, 20-HETE 
is a potent vasoconstrictor,495 whereas it is a vasodilator in 
rabbit renal arterioles. The vasoconstriction is associated 
with membrane depolarization and a sustained rise in 

Figure 14.16  Proposed interactions of CYP450 arachidonic acid metabolites derived from vascular endothelial cells and smooth muscle cells 
to regulate vascular tone. AT1 and AT2, Angiotensin II type 1 and 2 receptors; cP450, cytochrome P450 system; EET, epoxyeicosatrienoic acid; 
HETE, hydroxyeicosatetraenoic acid. 
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segment, which abuts the afferent arteriole, leads to 
increased AA release, leading to increased production of 
EETs and vasodilatory prostaglandins. These then diffuse to 
the adjacent afferent arteriole and dilate it.519

TUBULES

20-HETE and EETs both inhibit tubular sodium reabsorp-
tion.298,489 Renal cortical interstitial infusion of the nonselec-
tive CYP450 inhibitor 17-octadecynoic acid (17-ODYA) 
increases papillary blood flow, renal interstitial hydrostatic 
pressure, and sodium excretion without affecting total RBF 
or GFR. High dietary salt intake in rats increases expression 
of the renal epoxygenase 2C23 and production and urinary 
excretion of EETs while decreasing 20-HETE production in 
the renal cortex.488,501 14,15-EET has also been shown to 
inhibit renin secretion520; however, clotrimazole, which is a 
relatively selective epoxygenase inhibitor, induced hyperten-
sion in rats fed a high-salt diet, suggesting a role in the regu-
lation of blood pressure.501

PROXIMAL TUBULE
The proximal tubule contains the highest concentration of 
CYP450 in the mammalian kidney and expresses minimal 
COX and LOX activity.488 The 4A CYP450 family of hydroxy-
lases that produce 19- and 20-HETE is highly expressed in 
the mammalian proximal tubule.311 CYP450 enzymes of the 
2C and 2J families that catalyze the formation of EETs are 
also expressed in the proximal tubule.488 Both EETs and 
20-HETE have been shown to be produced in the proximal 
tubule and have been proposed to be modulators of sodium 
reabsorption in the proximal tubule.

Studies in isolated perfused proximal tubule have indicated 
that 20-HETE inhibits sodium transport, whereas 19-HETE 
stimulates sodium transport, suggesting that 19-HETE may 
serve as a competitive antagonist of 20-HETE.497,521 Administra-
tion of EETs inhibits amiloride-sensitive sodium transport in 
primary cultures of proximal tubule cells522 and in LLC-PK1 
cells, a nontransformed immortalized cell line from pig kidney 
with proximal tubule characteristics.523,524

20-HETE has been proposed to be a mediator of hor-
monal inhibition of proximal tubule reabsorption by PTH, 
dopamine, Ang II, and EGF. Although the mechanisms of 
20-HETE’s inhibition have not yet been completely eluci-
dated, there is evidence that it can inhibit Na+-K+-ATPase 
activity by phosphorylation of the Na+-K+-ATPase α-subunit 
through a PKC-dependent pathway.525,526

EETs may also serve as second messengers in the proximal 
tubule for EGF527 and Ang II.528 In the proximal tubule, Ang 
II has been noted to exert a biphasic response on net sodium 
uptake via AT1Rs, with low (10−10 to 10−11) concentrations 
stimulating and high (10−7) concentrations inhibiting net 
uptake.528 Such high concentrations are not normally seen 
in plasma but may exist in the proximal tubule lumen as a 
result of the local production of Ang II by the proximal 
tubule.529 The mechanisms whereby CYP450 AA metabolites 
modulate proximal tubule reabsorption have not been  
completely elucidated, and may involve luminal (Na+-H+ 
exchanger isoform 3 [NHE3]) and basolateral (Na+-K+-
ATPase) transporters.522,525 CYP450 AA metabolites may 
modulate the proximal tubule component of the pressure-
natriuresis response.530

metabolites, and increases in intracellular calcium and pro-
liferation in cultured renal mesangial cells are augmented 
by EET administration.509 CYP450 metabolites also may 
serve to modulate the renal hemodynamic responses of 
endothelin-1 (ET-1), with 20-HETE as a possible mediator 
of the vasoconstrictive effects and EETs counteracting the 
vasoconstriction.461,510 Formation of 20-HETE does not affect 
the ability of ET-1 to increase free intracellular calcium 
transients in renal vascular smooth muscle intracellularly, 
but appears to enhance the sustained elevations that repre-
sent calcium influx through voltage-sensitive channels.

CYP450 metabolites have also been implicated in the 
mediation of renal vascular responses to Ang II. In the pres-
ence of AT1R blockers, Ang II produces an endothelial-
dependent vasodilation in rabbit afferent arterioles that is 
dependent on CYP450 epoxygenase metabolite production 
by AT2Rr activation.511 With intact AT1Rs, Ang II increases 
20-HETE release from isolated preglomerular microvessels 
through an endothelium-independent mechanism.512 Ang 
II’s vasoconstrictive effects are in part the result of 20-HETE-
mediated inhibition of KCa, which enhances sustained 
increases in intracellular calcium concentration by calcium 
influx through voltage-sensitive channels. Inhibition of 
20-HETE production reduces the vasoconstrictor response 
to Ang II by more than 50% in rat renal interlobular arteries 
in which the endothelium has been removed.512

AUTOREGULATION
CYP450 metabolites of AA have been shown to be mediators 
of RBF autoregulatory mechanisms. When prostaglandin 
production was blocked in canine arcuate arteries, AA 
administration enhanced myogenic responsiveness, and 
renal blood flow autoregulation was blocked by CYP450 
inhibitors.298,461 Similarly, in the rat juxtamedullary prepara-
tion, selective blockade of 20-HETE formation significantly 
decreased afferent arteriolar vasoconstrictor responses to 
elevations in perfusion pressure, and inhibition of epoxy-
genase activity enhanced vasoconstriction,513 suggesting that 
20-HETE is involved in afferent arteriolar autoregulatory 
adjustment; however, release of vasodilatory epoxygenase 
metabolites in response to increases in renal perfusion pres-
sure acts to attenuate the vasoconstriction. In vivo studies 
have also implicated 20-HETE as a mediator of the auto-
regulatory response to increased perfusion pressure.514 
Bradykinin-induced efferent arteriolar vasodilation has 
been shown to be mediated in part by direct release of EETs 
from this vascular segment. In addition, bradykinin-induced 
release of 20-HETE from the glomerulus can modulate the 
EET-mediated vasodilation.515

TUBULOGLOMERULAR FEEDBACK
CYP450 metabolites may also be involved in the tubuloglo-
merular feedback response.298 As noted, 20-HETE is pro-
duced by the afferent arteriole and macula densa, and 
studies have suggested the possibility that 20-HETE may 
serve as a vasoconstrictive mediator of TGF released by the 
macula densa or as a second messenger in the afferent 
arteriole in response to mediators released by the macula 
densa, such as adenosine or ATP.516 20-HETE may also 
mediate the regulation of intrarenal distribution of blood 
flow.517,518 In addition, there is evidence for connecting TGF, 
in which increased sodium reabsorption in the connecting 
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the vasculature, 20-HETE promotes vasoconstriction and 
hypertension, whereas EETs are endothelial-derived vasodi-
lators that have antihypertensive properties. Rats fed a high-
salt diet increase expression of the CYP450 epoxygenase 
2C23553 and develop hypertension if treated with a relatively 
selective epoxygenase inhibitor. Because EETs have antihy-
pertensive properties, efforts have been made to develop 
selective inhibitors of soluble epoxide hydrolase (sEH), 
which converts active EETs to their inactive metabolites, 
DHETs, and thereby increases EET levels. Studies in rats 
have indicated that one such sEH inhibitor, 1-cyclohexyl-3-
dodecylurea, lowered blood pressure and reduced glomeru-
lar and tubulointerstitial injury in an Ang II–mediated 
model of hypertension in rats.554 Furthermore, genetic dele-
tion of Cyp2c44, the major kidney epoxygenase, leads to 
development of salt-sensitive hypertension.537

In deoxycorticosterone acetate–salt hypertension, admin-
istration of a CYP450 inhibitor prevented the development 
of hypertension.510,555 Ang II stimulated the formation of 
20-HETE in the renal circulation,556 and 20-HETE synthesis 
inhibition attenuated Ang II–mediated renal vasoconstric-
tion512 and reduced Ang II–mediated hypertension.555

The CYP450 4A2 gene is regulated by salt and overex-
pressed in SHRs,557 and production of 20-HETE and di-
HETE is increased and production of EETs is reduced.311,558 
CYP450 inhibitors or antisense oligonucleotides directed 
against CYP4A1 and CYP4A2 lowered blood pressure in 
SHRs.505,559 Conversely, studies in humans have indicated 
that a variant of the human CYP4A11 with reduced 20-HETE 
synthase activity is associated with hypertension.560

In Dahl salt–sensitive rats (Dahl S), pressure-natriuresis 
in response to salt loading is shifted such that the kidney 
requires a higher perfusion pressure to excrete the same 
amount of sodium as normotensive salt-resistant (Dahl R) 
rats,298,488,489 which is due at least in part to increased TAL 
reabsorption. The production of 20-HETE and expression 
of CYP4A protein are reduced in the outer medulla and 
TAL of Dahl S rats relative to Dahl R rats, which is consistent 
with the observed effect of 20-HETE to inhibit TAL trans-
port. In addition, Dahl S rats do not increase EET produc-
tion in response to salt loading.

Studies have indicated that Ang II acts on AT2Rs on renal 
vascular endothelial cells to release EETs that may then 
counteract AT1-induced renal vasoconstriction and influ-
ence pressure natriuresis.495,561,562 AT2R knockout mice 
develop hypertension, which is associated with blunted pres-
sure natriuresis, reduced renal blood flow and GFR, and 
defects in kidney 20-HETE production.563 There is also evi-
dence that the natriuretic effects of dopamine are mediated 
by EETs and 20-HETE.564,565

There has been recent interest in the role of sEH, which 
is the major enzyme mediating the metabolism of EETs to 
the inactive dHETEs in the regulation of blood pressure. 
Progressively more selective sEH inhibitors are being  
developed and have been shown to be effective in reducing 
blood pressure in a number of experimental models of 
hypertension.
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THICK ASCENDING LIMB OF THE LOOP OF HENLE
20-HETE also serves as a second messenger to regulation 
transport in the TAL. It is produced in this nephron 
segment493 and can inhibit net Na+-K+-2Cl− cotransport by 
direct inhibition of the transporter and by blocking the 
70-pS apical K+ channel.498,531 In addition, 20-HETE has 
been implicated as a mediator of the inhibitory effects of 
Ang II532 and bradykinin533 on TAL transport.

COLLECTING DUCT
In the collecting duct, EETs and/or their diol metabolites 
serve as inhibitors of the hydroosmotic effects of vasopres-
sin, as well as inhibitors of sodium transport in this 
segment.500,534 Patch clamp studies have indicated that the 
eNaC sodium channel activity in the CCD is inhibited by 
11,12-EET.535,536 Recent studies using mice with selective 
deletion of Cyp2c44, the major kidney epoxygenase, have 
confirmed that EETs modulate eNaC activity and that EET 
production is mediated in part by activation of CCD EGF 
receptors.537-539 There is also an intriguing association of 
20-HETE with circadian clock sodium regulation in the 
CCD.540

ROLE IN ACUTE AND CHRONIC KIDNEY DISEASE

In rat mesangial cells, endogenous non-COX metabolites of 
AA modulate the proliferative responses to phorbol esters, 
vasopressin, and EGF, and agonist-induced expression of 
the immediate early response genes c-fos and Egr-1 is inhib-
ited by ketoconazole or nordihydroguaiaretic acid (NDGA), 
but not specific LOX inhibitors.541 EET-mediated increases 
in rat mesangial cell proliferation was the first direct evi-
dence that CYP450 AA metabolites are cellular mitogens.542 
In cultured rabbit proximal tubule cells, CYP450 inhibitors 
blunted EGF-stimulated proliferation in proximal tubule 
cells.527 In LLC-PKcl4 cells, EETs were found to be potent 
mitogens, cytoprotective agents, and second messengers for 
EGF signaling. 14,15-EET– mediated signaling and mitogen-
esis are dependent on EGF receptor transactivation, which 
is mediated by metalloproteinase-dependent release of 
heparin-binding EGF.543 In addition to the EETs, 20-HETE 
has been shown to increase thymidine incorporation in 
primary cultures of rat proximal tubule and LLC-PK1 cells544 
and in vascular smooth muscle cells.545 EETs are also pro-
angiogenic factors.546

There is increasing evidence that activation of EETs or 
administration of EET analogs can protect against AKI.547-549 
Conversely, inhibition of 20-HETE is beneficial in AKI.550 
There have also been recent studies suggesting that the 
EETs may be protective in diabetic nephropathy and in a 
5/6 nephrectomy model.551,552

ROLE IN HYPERTENSION

There is increasing evidence that the renal production of 
CYP450 AA metabolites is altered in a variety of models  
of hypertension, and that blockade of the formation of 
compounds can alter blood pressure in several of these 
models. CYP450 AA metabolites may have both pro- and 
antihypertensive properties. At the level of the renal tubule, 
20-HETE and EETs inhibit sodium transport. However, in 
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Sodium (Na+) and water balance and their distribution 
among the various body compartments are essential for the 
maintenance of fluid homeostasis, particularly intravascular 
volume. Disturbances of either or both of these components 
have serious medical consequences, are relatively frequent, 
and are among the most common conditions encountered 
in hospital clinical practice. In fact, abnormalities of Na+ 
and water balance are responsible for, or associated with, a 
wide spectrum of medical and surgical admissions or com-
plications. The principal disorders of Na+ balance are mani-
fested clinically as hypovolemia or hypervolemia, whereas 
disruption in water balance can be diagnosed only in the 
laboratory as hyponatremia or hypernatremia. Although 
disorders of Na+ and water balance are often interrelated, 
the latter are considered in a separate chapter. In this 
chapter, the physiologic and pathophysiologic features of 
Na+ balance are discussed. Because Na+ is restricted pre-
dominantly to the extracellular compartment, this chapter 
also addresses perturbations of extracellular fluid (ECF) 
volume homeostasis.

PHYSIOLOGY

Approximately 60% of adult body mass is composed of 
solute-containing fluids that can be divided into extracel-
lular and intracellular compartments. Because water flows 

freely across cell membranes in accordance with the prevail-
ing osmotic forces on either side of the membrane, the 
solute/water ratios in the intracellular fluid (ICF) and ECF 
are almost equal. However, the solute compositions of the 
ICF and ECF are quite different, as shown in Figure 15.1. 
The principal ECF cation is sodium; minor cations are 
potassium (K+), calcium, and magnesium. In contrast, potas-
sium is the major ICF cation. The accompanying anions in 
the ECF are chloride, bicarbonate, and plasma proteins 
(mainly albumin), whereas electroneutrality of the ICF is 
maintained by phosphate and the negative charges on 
organic molecules. The difference in cationic composition 
of the two compartments is maintained by a pump leak 
mechanism consisting of sodium-potassium adenosine tri-
phosphatase (Na+-K+-ATPase), which operates in concert 
with sodium and potassium conductance pathways in the 
cell membrane.

The free movement of water across the membrane ensures 
that the ECF and ICF osmolalities are the same. However, 
the intracellular volume is greater because the amount of 
potassium salts inside the cell is larger than that of sodium 
salts outside the cell. The movement of water is determined 
by the “effective osmolality,” or tonicity, of each compart-
ment, so that if tonicity of the ECF rises—for example, as a 
result of excess Na+—water will move from the ICF to ECF 
to restore tonicity. On the other hand, addition of solute-
free water leads to a proportionate decrease in both 
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activation of the sensory and effector mechanisms outlined 
in the following discussions. In practice, any deviation in 
ECF volume in relation to its capacitance is sensed and 
translated, under the influence of neural and hormonal 
factors, into the appropriate change in Na+ excretion, prin-
cipally through the kidneys but also, to a much lesser degree, 
through stool and sweat.

According to the traditional two-compartmental model, 
body sodium balance and partitioning of extracellular fluid 
volume (ECFV) is based solely on exchangeable and osmoti-
cally active Na+. For normal functioning of the afferent 
sensing and efferent effector mechanisms that regulate ECF 
volume, the integrity of the intravascular and extravascular 
subcompartments of the ECF is crucial1 (see Figure 15.1). 
Although the composition and concentration of small, non-
colloid electrolyte solutes in these two subcompartments are 
approximately equal (slight differences are due to the 
Gibbs-Donnan effect), the concentration of colloid osmotic 
particles (mainly albumin and globulin) is higher in the 
intravascular compartment. The balance between transcap-
illary hydraulic and colloid osmotic (oncotic) gradients 
(Starling forces) favors the net transudation of fluid from 
the intravascular to interstitial compartment. However, this 
is countered by movement of lymphatic fluid from the inter-
stitial to intravascular compartment via the thoracic duct. 
The net effect is to restore and maintain the intravascular 
subcompartment at 25% of the total ECF volume (corre-
sponding to 3.5 L of plasma); the remaining 75% is con-
tained in the interstitial space (equivalent to 10.5 L in a 
70-kg man; see Figure 15.2). The constancy of ECF volume 
and the appropriate partitioning of the fluid between intra-
vascular and interstitial subcompartments are crucial for 
maintaining hemodynamic stability. In particular, intravas-
cular volume in relation to overall vascular capacitance is a 

osmolality and tonicity of all body fluid compartments (see 
Chapter 16 for a detailed discussion). The restriction of Na+ 
to the ECF compartment by the pump leak mechanism, in 
combination with maintenance of the osmotic equilibrium 
between ECF and ICF, ensures that ECF volume is deter-
mined mainly by total body Na+ content.

The same mechanisms also govern the partitioning of 
fluid between the two compartments and are crucial for the 
preservation of near constancy of ECF and ICF volume in 
the presence of variations in dietary intake and extrarenal 
losses of Na+ and water. To maintain constancy of the ECF 
and ICF and thereby safeguard hemodynamic stability, cell 
volume, and solute composition, even minute changes in 
these parameters can be detected by a number of sensing 
mechanisms. These sensory signals lead to activation of 
neural and hormonal factors, which, in turn, cause appro-
priate adjustments in urinary Na+ and water excretion and, 
hence, restoration of fluid balance (Figure 15.2). Constancy 
of ECF volume ensures a high degree of circulatory stability, 
whereas constancy of ICF volume protects against signifi-
cant brain cell swelling or shrinkage.

SODIUM BALANCE

Na+ balance is the difference between intake (diet or supple-
mentary fluids) and output (renal, gastrointestinal, perspir-
atory, and respiratory). In healthy humans in steady state, 
dietary intake is closely matched by urinary output of Na+. 
Thus, a person consuming a chronically low-Na+ diet 
(20 mmol/day, or ≈1.2 g/day) excretes, in the steady state, 
a similar quantity of Na+ in the urine (minus extrarenal 
losses). Conversely, on a high-Na+ diet (200 mmol/day, 
or 12 g/day), approximately 200 mmol of Na+ is excreted 
in the urine. Any perturbation of this balance leads to 

Figure 15.1  Traditional two-compartmental scheme for body sodium balance and partitioning of extracellular fluid volume (ECFV), based on 
exchangeable and osmotically active Na+. In the setting of normal osmoregulation, extracellular Na+ content is the primary determinant of ECFV. 
Overall Na+ homeostasis depends on the balance between losses (extrarenal and renal) and intake. Renal Na+ excretion is determined by the 
balance between filtered load and tubule reabsorption. This latter balance is modulated under the influence of effector mechanisms, which, in 
turn, are  responsive  to sensing mechanisms  that monitor  the  relationship between ECFV and capacitance.  In  rats, a high-salt diet  leads  to 
interstitial hypertonic Na+ accumulation in skin, resulting in increased density and hyperplasia of the lymphatic capillary network. 
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lines subjected to osmotic stress, Go and associates have 
demonstrated activation of a transcription factor, tonicity-
responsive enhancer–binding protein (TonEBP). This 
factor is known to activate osmoprotective genes in other 
hypertonic environments, such as the renal medulla.10 
Moreover, analysis of the VEGF-C promoter revealed two 
TonEBP binding sites and, in subsequent experiments, par-
allel upregulation of TonEBP and VEGF-C was observed. 
The effect of TonEBP on VEGF-C was shown to be specific, 
inasmuch as small interfering RNA for TonEBP and dele-
tion of the murine TonEBP gene, but not nonspecific small 
interfering RNA, inhibited the VEGF-C upregulation and 
increased blood pressure. Furthermore, macrophage deple-
tion or inhibition of VEGF-C signaling led to exacerbation 
of high-salt diet–induced hypertension.3 Also, an antibody 
that blocks the lymph-endothelial VEGF-C receptor, VEGFR-
3, selectively inhibited macrophage-driven increases in cuta-
neous lymphatic capillary density, led to skin chloride (Cl−) 
accumulation, and induced salt-sensitive hypertension. Mice 
overexpressing soluble VEGFR3 in epidermal keratinocytes 
exhibited hypoplastic cutaneous lymph capillaries and 
increased Na+, Cl−, and water retention in skin and salt-
sensitive hypertension.11 A high-salt diet also led to elevated 
skin osmolality above plasma levels. In addition, in humans 
with relatively resistant hypertension, elevated levels of 
VEGF-C were found,3 which is consistent with a potential 
role of this growth factor in the redistribution of excess 
volume to the intravascular space and exacerbation of 
hypertension.12

Interestingly, mice skin arterioles isolated from animals 
fed a high-salt diet compared to those on a normal salt diet 
exhibited increased contractile sensitivity to concentrations 
of angiotensin II (Ang II) from 10−10 M upward and to nor-
epinephrine at high doses (10-5 to 10-4 M). This salt sensitiv-
ity was not observed in muscle arterioles. Finally, a unique 
human study involving astronauts on the Mars expedition, 
who received diets with fixed salt intake that varied between 
6 and 12 g daily, each for 35 days, was recently reported 
(reviewed in Reference 14). At each level of salt in the diet, 
the astronauts reached overall equilibrium between intake 
and output, as measured in 24-hour urine collections, within 
the expected 6 days. In parallel, there were the expected 
early changes in body weight, ECF water, and inverse rela-
tionship with the urine aldosterone level. However, changes 
in total body Na+ only occurred after 7 days, and blood pres-
sure reached a new steady state after 3 weeks. Moreover, on 
the 12-g salt diet, blood pressure continued to rise over a 
further 4 weeks, with an initial rise and then subsequent fall 
in body weight and ECF water. During this period, urine 
aldosterone levels did not change, whereas total body Na+ 
decreased back to original levels, despite the maintained 
high salt intake. From these data, it appears that intrinsic 
rhythms with a periodicity of 30 days or more exist for aldo-
sterone and Na+ retention, independent of salt intake. 
Taken together, all these results clearly demonstrate that the 
skin contains a hypertonic interstitial fluid compartment in 
which macrophages exert homeostatic and blood pressure 
regulatory control by local organization of interstitial elec-
trolyte clearance via TonEBP and VEGF-C/VEGFR-3–medi-
ated modification of cutaneous lymphatic capillary 
function.11 This compartment may be associated with 
increased vasoreactivity in precapillary arterioles, the major 

Figure 15.2  Composition  of  body  fluid  compartments.  This  is  a 
schematic  representation  of  electrolyte  composition  of  compart-
ments (upper panel) and body fluid compartments in humans (lower 
panel).  In  the  upper panel,  electrolyte  concentrations  are  in  milli-
moles per liter; intracellular concentrations are typical values obtained 
from muscle.  In  the  lower panel, shaded areas depict  the approxi-
mate size of each compartment as a  function of body weight.  In a 
normally built individual, the total body water content is roughly 60% 
of body weight. Because adipose tissue has a low concentration of 
water,  the  relative  water/total  body  weight  ratio  is  lower  in  obese 
individuals.  Relative  volumes  of  each  compartment  are  shown  as 
fractions;  approximate  absolute  volumes  of  the  compartments  (in 
liters)  in a 70-kg adult are shown in parentheses. ECF, Extracellular 
fluid;  ICF,  intracellular  fluid;  ISF,  interstitial  fluid;  IVF,  intravascular 
fluid; TBW, total body water. (From Verbalis JG: Body water osmolality. 
In Wilkinson B, Jamison R, editors: Textbook of nephrology, London, 
1997, Chapman & Hall, pp 89-94. Reproduced with permission of 
Hodder Arnold.)

Intracellular
water (2/3) Extracellular water (1/3)

Na25 140
K150 4.5

Mg15 1.2
Ca0.01 2.4
Cl2 100

HCO36 25
Phos50 1.2

Interstitial (2/3)  Blood (1/3)

ICF � 2/3 TBW
(28 L)

ECF � 1/3 TBW
(14 L)

IVF � 1/4 ECF
(13.5 L)

ISF � 3/4 ECF
(10.5 L)

TBW � 60%
weight (42 L)

major determinant of left ventricular filling volume and, 
hence, cardiac output and mean arterial pressure.

The traditional two-compartment model of volume regu-
lation, according to which the intravascular and interstitial 
spaces are in equilibrium, has been recently challenged. It 
now appears that Na+ can be bound to and stored on pro-
teoglycans in interstitial sites, where it becomes osmotically 
inactive; accordingly, a novel mechanism of volume regula-
tion has been elucidated.2-9 In rats fed a high-salt diet, this 
uniquely bound Na+ was found to induce a state of subcuta-
neous interstitial hypertonicity and systemic hypertension.4 
Machnik and colleagues have offered compelling experi-
mental evidence that this hypertonicity is sensed by macro-
phages,3 which then produce vascular endothelial growth 
factor C (VEGF-C), an angiogenic protein. In turn, VEGF-C 
stimulates increased numbers and density of lymphatic cap-
illaries. In parallel work, using cultured macrophage cell 
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well correlated (see Table 15-5). For example, in heart 
failure (HF), a primary decrease in cardiac output leads to 
lowered pressure in the perfusion of the baroceptors; that 
is, reduced EABV is sensed. This leads to renal Na+ retention 
and ECF volume expansion. The net result is a state of 
increased plasma and total ECF volume, in association with 
reduced EABV.

The increase in plasma volume is partially appropriate in 
that intraventricular filling pressure rises and, by increasing 
myocardial stretching, leads to improved ventricular con-
tractility, thereby raising cardiac output and restoring sys-
temic blood pressure and baroceptor perfusion. However, 
this response is also maladaptive in that the elevated intra-
arterial pressure promotes fluid movement out of the intra-
vascular space and into the tissues, which leads to peripheral 
and pulmonary edema. In HF, EABV is dependent on 
cardiac output; in other disease settings, however, these two 
parameters may be dissociated. Dissociation occurs in the 
presence of an arteriovenous fistula when cardiac output 
rises in proportion to the blood flow through the fistula. 
However, the flow through the fistula shunts blood away 
from the capillaries perfusing the tissues, and therefore the 
EABV does not rise in conjunction with the rise in cardiac 
output. Similarly, a fall in systemic vascular resistance—
which, together with cardiac output, is a determinant of 

resistance vessel of rat skin, which could increase peripheral 
resistance and contribute independently of the kidney to 
higher blood pressure in salt-sensitive hypertension.13

Figure 15.3 summarizes the novel three-compartment 
model of Na+ balance. The reader is also referred to an 
excellent recent review of this fascinating subject.14

EFFECTIVE ARTERIAL BLOOD VOLUME

To understand the mechanisms regulating ECF volume, it 
is important to appreciate that what is sensed is the effective 
arterial blood volume (EABV). This can be defined as the 
part of the ECF in the arterial blood system that effectively 
perfuses the tissues. More specifically, in physiologic terms, 
what is sensed is the threat to arterial pressure induced by 
the EABV15 that perfuses the arterial baroceptors in the 
carotid sinus and glomerular afferent arterioles. Any change 
in perfusion pressure (or stretch) at these sites evokes 
appropriate compensatory responses. EABV is often, 
although not always, correlated with actual ECF volume and 
is proportional to total body Na+. This means that the regu-
lation of Na+ balance and the maintenance of EABV are 
closely related functions. Na+ loading generally leads to 
EABV expansion, whereas loss leads to depletion. However, 
in several situations, EABV and actual blood volume are not 

Figure 15.3  New model of body electrolyte balance and blood pressure homeostasis. This is based on the finding that interstitial electrolyte 
concentrations are higher than in blood (so-called skin Na+ storage). Interstitial electrolyte balance is not achieved by renal blood purification 
alone, but relies on additional extrarenal regulatory mechanisms within the skin interstitium. Macrophages act as local osmosensors that regulate 
local interstitial electrolyte composition via a tonicity-responsive enhancer–binding protein/vascular endothelial growth factor type C (TonEBP/
VEGF-C)–dependent mechanism, enhancing electrolyte clearance via VEGF-C/VEGFR-3–mediated modulation of the lymph capillary network 
in the skin. eNOS, Endothelial nitric oxide synthase; VEGFR, vascular endothelial growth factor receptor.  (Adapted from Titze J, Dahlmann A, 
Lerchl K, et al: Spooky sodium balance. Kidney Int 85:759-767, 2014.)
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walls, as well as the frictional forces of the circulation or 
shear stress, can lead to alterations in gene expression that 
are mediated by specific recognition sites in the upstream 
promoter elements of responsive genes.18,19 These signals 
induce efferent effector mechanisms that lead to modifica-
tions in renal Na+ excretion, appropriate to the volume 
status.

Sensors of Cardiac Filling

Atrial Sensors. The pioneering experiments of Henry and 
associates20 and Goetz and colleagues21 in conscious dogs 
provided a clear demonstration that increased atrial wall 
tension leads to diuresis and natriuresis. The role of the 
atria in volume regulation in humans has been elucidated 
in experiments involving head-out water immersion (HWI) 
and exposure to head-down tilt or nonhypotensive lower 
body negative pressure (LBNP). During HWI, the increased 
hydrostatic pressure of the water on the lower limbs leads 
to redistribution of the intravascular fluid from the periph-
eral to central circulation. The resulting increase in central 
blood volume causes a rise in cardiac output, which in turn 
produces a brisk increase in Na+ and water excretion in an 
attempt to restore euvolemia.22 In contrast, LBNP results in 
a redistribution of blood to the lower limbs, thereby reduc-
ing central venous and cardiac filling pressures without 
affecting arterial pressure, heart rate, or atrial diameter. The 
resulting retention of Na+ and water occurs without any 
change in renal plasma flow rate (RPF).23

Central hypervolemia may not be the only mechanism of 
HWI-induced Na+ and water diuresis. The external hydro-
static pressure of the water also reduces the hydrostatic 
pressure gradient across the capillary wall in the legs, leading 
to a net transfer of fluid from the interstitial to intravascular 
compartment. The resulting hemodilution causes a fall in 
the colloid osmotic pressure. The hemodilution effect may 
actually predominate, inasmuch as its abolition by place-
ment of a tight inflated cuff (80 mm Hg) during HWI 

blood pressure—leads to reductions in blood pressure and 
EABV.

Another situation in which cardiac output and EABV 
change in opposite directions is advanced cirrhosis with 
ascites. ECF volume expands because of the ascites, and 
plasma volume is increased as a result of fluid accumulation 
in the splanchnic venous circulation, in which the vessels 
are dilated but flow is sluggish. Although cardiac output 
may increase modestly as a result of arteriovenous shunting, 
marked peripheral vasodilation leads to a fall in systemic 
vascular resistance, with reductions in EABV and blood pres-
sure. In the presence of reduced EABV, renal perfusion is 
impaired; under the influence of hormones, such as renin, 
norepinephrine, and antidiuretic hormone (or arginine 
vasopressin [AVP])—released in response to the perceived 
hypovolemia—further Na+ and water retention ensue (see 
later section, “Efferent Limb: Effector Mechanisms for 
Maintaining Effective Arterial Blood Volume”).

To summarize, EABV is an unmeasured index of tissue 
perfusion that usually, but not always, reflects actual arterial 
blood volume. Therefore, EABV can be viewed as a func-
tional parameter of organ perfusion. The diagnostic hall-
mark of reduced EABV is evidence of renal sodium retention, 
manifested as a urinary sodium (UNa) level less than 15 to 
20 mmol/L.

This relationship holds true with the following excep-
tions. If renal Na+ wasting occurs because of diuretic therapy 
or intrinsic tubular disease or injury, then UNa is relatively 
high, despite low EABV. Conversely, the presence of selec-
tive renal or glomerular ischemia (e.g., as a result of bilat-
eral renal artery stenosis or acute glomerular injury) will be 
misinterpreted as indicative of poor renal perfusion and is 
associated with renal Na+ retention (low UNa).

REGULATION OF EFFECTIVE ARTERIAL  
BLOOD VOLUME

Regulation of EABV can be divided into two stages, afferent 
sensing and efferent effector mechanisms. A number of 
mechanisms for sensing low EABV exist, all of them primed 
to stimulate renal Na+ retention.

AFFERENT LIMB: SENSING OF EFFECTIVE ARTERIAL 
BLOOD VOLUME
Volume sensors are strategically situated at critical points in 
the circulation (Table 15.1). Each sensor reflects a specific 
characteristic of overall circulatory function so that atrial 
and ventricular sensors sense cardiac filling, arterial sensors 
respond to cardiac output, and renal, central nervous system 
(CNS), and gastrointestinal (GI) tract sensors monitor  
perfusion of the kidneys, brain, and gut, respectively.  
The common mechanism whereby volume is monitored is 
by physical alterations in the vessel wall, such as stretch  
or tension. How exactly this occurs is still not fully eluci-
dated, but the process of mechanosensing probably is 
dependent on afferent sensory nerve endings in the vessel 
wall and activation of endothelial cells. Signal transduction 
mechanisms in endothelial cells include stretch-activated 
ion channels, cytoskeleton-associated protein kinases, 
integrin-cytoskeletal interactions, cytoskeletal-nuclear inter-
actions, and generation of reactive oxygen species.16,17 In 
addition, mechanical stretch and tension of blood vessel 

Table 15.1 Mechanisms for Sensing 
Regional Changes in Effective 
Arterial Blood Volume

Sensors of Cardiac Filling

Atrial
Neural pathways
Humoral pathways

Ventricular
Pulmonary

Sensors of Cardiac Output

Carotid and aortic baroceptors

Sensors of Organ Perfusion

Renal sensors
CNS sensors
GI tract sensors

Hepatic receptors
Guanylin peptides

CNS, Central nervous system, GI, gastrointestinal.
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of ANP from myocytes into the intercellular space and then 
a Ca2+-independent translocation of the hormone into the 
atrial lumen.41 The afferent mechanism for ANP release is 
activated by intravascular volume expansion and by supine 
posture, HWI, saline administration, exercise, Ang II, tachy-
cardia, and ventricular dysfunction.42,43 Conversely, volume 
depletion induced by Na+ restriction, furosemide adminis-
tration, or LNBP-mediated reduction in central venous pres-
sure causes a fall in plasma ANP concentration.

The signal transduction pathways, whereby atrial stretch 
is translated into ANP release, are yet to be fully elaborated. 
However, a study has shown that mice with a mutation in 
the acid-sensing ion channel 3 gene or in which the channel 
was pharmacologically inhibited have a blunted response in 
blood volume expansion–induced urine flow.19

In contrast to the effects of acute changes in atrial pres-
sure on ANP release, the role of this peptide in the long-
term regulation of plasma volume appears to be modest, at 
best. For example, although incremental oral salt loading 
was associated with correspondingly higher baseline plasma 
ANP levels, only intravenous (not oral) salt loading led to 
increased ANP levels.44 Moreover, in humans subjected to 
intravenous or oral salt loading, no correlation could be 
found between changes in ANP levels and the degree of 
natriuresis.45-47 The contrasting relationships among acute 
and chronic Na+ loading, plasma ANP levels, and natriuresis 
have been elegantly demonstrated in ANP gene knockout 
mice. These mice display a reduced natriuretic response to 
acute ECFV expansion in comparison with their wild-type 
counterparts. However, no differences in cumulative Na+ 
and water excretion were observed between the knockout 
and wild-type mice after a high- or low-Na+ diet for 1 week. 
The only difference between the two types of mice was a 
significant increase in mean arterial pressure. Further 
experiments using disruptions of the genes for ANP or its 
receptor, guanylate cyclase A (GC-A), have shown the impor-
tance of this system in the maintenance of normal blood 
pressure and in modulating cardiac hypertrophy.48

In contrast to ANP, the other members of the NP family 
appear not to be involved in the physiologic regulation of 
Na+ excretion. Thus, results of gene disruption studies 
involving BNP, CNP, or the guanylate cyclase B (GC-B) 
receptor49 indicated that these proteins exert local paracrine-
autocrine cyclic guanosine monophosphate (cGMP)– 
mediated effects on cellular proliferation and differentiation 
in various tissues.36,38,50 In summary, of the various NPs, only 
ANP appears to have a direct role in sensing volume in the 
atria.

Ventricular and Pulmonary Sensors. Volume sensors have 
been found in the ventricles, coronary arteries, main pul-
monary artery and bifurcation,51 and juxtapulmonary capil-
laries in the interstitium of the lungs,52 but not in the 
intrapulmonary circulation.53 These sensors have generally 
been considered as mediating reflex changes in heart rate 
and systemic vascular resistance through modulation of the 
sympathetic nervous system (SNS) and of ANP. This also 
appears to be true for the coronary baroceptor reflex 
described in anesthetized dogs, by which changes in coro-
nary artery pressure lead to alterations in lumbar and renal 
sympathetic discharge and a coronary artery response much 
slower than that of the carotid and aortic baroceptors.54 

abrogates the natriuresis.24,25 Regardless of which effect is 
dominant, a combination of hemodilution and central 
hypervolemia, through atrial stretch, induces neural and 
humoral changes that bring about the subsequent diuresis 
and natriuresis.

Neural Pathways. Two types of neural receptors in the 
atrium have been described, type A and type B. They are 
thought to be branching ends of small medullated fibers 
running in the vagus nerve. Only type B receptor activity is 
increased by atrial filling and stretch; type A receptors  
are not affected.26 The signal is then thought to travel 
along cranial nerves IX and X to the hypothalamic and 
medullary centers, where a series of responses is initiated—
inhibition of AVP release (left atrial signal),27 a selective 
decrease in renal but not lumbar sympathetic nerve dis-
charge,28,29 and decreased tone in peripheral precapillary 
and postcapillary resistance vessels. Conversely, reduction  
in central venous pressure and atrial volume, as illustrated 
by LBNP, stimulates renal nerve activity, as assessed by  
renal norepinephrine spillover and plasma norepinephrine 
concentration.30,31

The effects just described occur in response to acute atrial 
stretch, whereas chronic atrial stretch leads to adaptation 
and downregulation of the neural responses. This phenom-
enon has been described in rhesus monkeys exposed to 
10-degree, head-down tilt. In this model, natriuresis after 
saline infusion occurs at lower central venous and, hence, 
lower cardiac filling pressures.31 Cardiac nerves appear to 
be essential only for the restoration of Na+ balance in states 
of repletion, but not for the renal response to acute volume 
depletion.32 For example, after human cardiac transplanta-
tion, a natural model of cardiac denervation, the expected 
suppression of the renin-angiotensin-aldosterone (RAAS) 
system in response to chronic volume expansion is not 
observed.33

Humoral Pathways. Cardiac denervation does not abolish 
the natriuresis and diuresis during atrial distension. This 
implies that additional factors other than cardiac nerves are 
involved in the response to volume repletion. The discovery 
of a factor in atrial extracts with strong natriuretic and vaso-
dilatory activity led to the isolation and characterization of 
natriuretic peptides of cardiac origin.34,35 The NP family is 
comprised of atrial NP (ANP), brain NP (BNP), C-type NP 
(CNP), Dendroaspis NP (DNP), and urodilatin. Although 
their structures are quite similar, each is encoded by differ-
ent genes and has distinct, albeit overlapping, functions.36-39 
The actions of NPs and their interaction with other hormone 
systems are discussed in detail later (see section, “Efferent 
Limb: Effector Mechanisms for Maintaining Effective Arte-
rial Blood Volume” and Chapters 11 to 14). This section is 
confined to a discussion of the afferent mechanisms of NP 
stimulation.

From studies in animals and humans, it has become abun-
dantly clear that any acute increment in atrial stretch or 
pressure causes a brisk release in ANP. Every 1-mm Hg rise 
in atrial pressure results in an approximate rise in ANP of 
10 to 15 pmol/L. The process involves the cleavage of the 
prohormone, located in preformed stores in atrial granules, 
to the mature 28–amino acid C-terminus peptide in a 
sequence-specific manner by corin, a transmembrane serine 
protease.40 Release of the hormone appears to occur in two 
steps, the first a Ca2+-sensitive K+ channel–dependent release 
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relationship between afferent and efferent renal sympa-
thetic activities and the central arterial baroceptors was 
highlighted by Kopp and colleagues.65 They showed that a 
high-Na+ diet increases afferent RSNA, which then decreases 
efferent RSNA and leads to natriuresis. Using dorsal rhi-
zotomy to induce afferent renal denervation in rats main-
tained on a high-Na+ diet, they demonstrated increased 
mean arterial pressure that was dependent on impaired 
arterial baroreflex suppression of efferent RSNA activity. 
Animals fed a normal-Na+ diet displayed no changes in arte-
rial baroceptor function. Kopp and coworkers concluded 
that arterial baroreflex function contributes to increased 
efferent RSNA, which, in the absence of intact afferent 
RSNA, would eventually lead to Na+ retention and hyperten-
sion. The role of RSNA in Na+ regulation is discussed further 
later in this chapter (see section, “Neural Mechanisms: 
Renal Nerves and Sympathetic Nervous System”).

An additional level of renal sensing depends on the close 
anatomic proximity of the sensor and effector limbs to one 
another: Volume changes may be sensed through altera-
tions in glomerular hemodynamics and renal interstitial 
pressure. These alterations result simultaneously in adjust-
ments in the physical forces governing tubular Na+ handling 
(see section, “Efferent Limb: Effector Mechanisms for Main-
taining Effective Arterial Blood Volume”).

The kidneys, along with other organs, have the ability to 
maintain a constant blood flow and constant glomerular 
filtration rate (GFR) at varying arterial pressures. This phe-
nomenon, termed autoregulation, operates over a wide range 
of renal perfusion pressures (RPPs). Autoregulation of 
renal blood flow (RBF) occurs through three mechanisms—
the myogenic response, tubuloglomerular feedback (TGF), 
and a third mechanism. In the myogenic response, changes 
in RPP are sensed by smooth muscle elements that serve as 
baroreceptors in the afferent glomerular arteriole and 
dynamically respond by adjusting transmural pressure and 
tension across the arteriolar wall.66 An example of this can 
be seen in Ang II–infused rats on a high salt intake. These 
animals show reduced dynamic autoregulation of RBF, an 
effect mediated, at least in part, by superoxide.67 The myo-
genic response is attenuated by endothelial nitric oxide 
synthase (eNOS)–dependent production of nitric oxide.68

The second mechanism, TGF, is operated by the juxtaglo-
merular apparatus, which is comprised of the afferent arte-
riole and, to a lesser extent, the cells of the macula densa 
in the early distal tubule.66,69,70 The juxtaglomerular appara-
tus is also important because of its involvement in the syn-
thesis and release of renin.69 The physiologic release of 
renin from the cells of the juxtaglomerular apparatus is 
controlled by three pathways, all of which are driven by 
EABV status. First, renin release is inversely related to RPP 
and directly related to intrarenal tissue pressure. When RPP 
falls below the autoregulatory range, renin release is further 
enhanced. Second, renin secretion is influenced by solute 
delivery to the macula densa. Increased NaCl delivery  
past the macula densa leads to inhibition of renin release, 
whereas a decrease has the opposite effect. Sensing at  
the macula densa is mediated by NaCl entry through the 
Na+-K+-2Cl− cotransporter (NKCC2),71,72 which leads to alter-
ations in intracellular Ca2+ together with the production 
of prostaglandin E2 (PGE2),73,74 adenosine,75 and, subse-
quently, renin release. Third, changes in renal nerve activity 

However, some evidence, also in dogs, has suggested that 
ventricular and pulmonary sensors may also detect changes 
in blood volume through increased left ventricular pres-
sure, which causes a reflex inhibition of plasma renin activ-
ity (PRA).55,56

Sensors of Cardiac Output

The sensors described so far are situated in low-pressure 
sites, where they sense the fullness of the circulation and are 
probably more important for defending against excessive 
volume expansion and the consequent congestive manifes-
tations of cardiac failure. The arterial (high-pressure) 
sensors, on the other hand, are geared more toward detect-
ing low cardiac output or systemic vascular resistance, which 
manifest as underfilling of the vascular tree (i.e., EABV 
depletion threatening arterial pressure15) and as signaling 
the kidneys to retain Na+. These high-pressure sensors are 
found in the aortic arch, carotid sinus, and renal vessels.

Carotid and Aortic Baroceptors. Histologic and molecular 
analysis of the carotid baroceptor has revealed a large 
content of elastic tissue in the tunica media, which makes the 
vessel wall highly distensible in response to changes in intra-
luminal pressure, thereby facilitating transmission of the 
stimulus intensity to sensory nerve terminals. A change in 
the mean arterial pressure induces depolarization of these 
sensory endings, which results in action potentials. Transient 
receptor potential vanilloid receptors may mediate this 
process.57 Afferent signals from the baroceptors are inte-
grated in the nucleus tractus solitarius (NTS) of the medulla 
oblongata,58 which leads to reflex changes in systemic and 
renal sympathetic nerve activity (RSNA) and, to a lesser 
degree, release of AVP. A role for endocannabinoids has 
been postulated in baroceptor reflex modulation. In this 
regard, a significant increase in the endocannabinoid anan-
damide in the NTS was observed after an increase in blood 
pressure. Also, anandamide microinjections into the NTS 
induced prolonged baroreflex inhibition of RSNA. The can-
nabinoid effect appears to be mediated by activation of 
5-hydroxytryptamine type 1A (5-HT1A) receptors.59 These 
results, along with other studies,60 support the hypothesis 
that endogenous anandamide can modulate the baroreflex 
through cannabinoid CB(1) receptor activation within the 
nucleus tractus solitarius.61 Conversely, hypovolemia-induced 
activation of NTS (A1) adenosine receptors may serve as a 
negative feedback regulator of sympathoinhibitory reflexes 
integrated in the NTS.62 An important additional function of 
the carotid baroceptors is maintenance of adequate cerebral 
perfusion. The aortic baroceptor appears to behave in a way 
similar to the carotid baroceptor. Finally, there is evidence in 
dogs for an interaction between pulmonary arterial and 
carotid sinus baroceptor reflexes.63

Sensors of Organ Perfusion

Renal Sensors. The kidney not only is the major effector 
target responding to signals that indicate the need for 
adjustments in Na+ excretion, but also has a central role in 
the afferent sensing of volume homeostasis by virtue of the 
local sympathetic innervation. However, despite consider-
able knowledge concerning the mechanisms of renal sensing 
of EABV, the molecular identity and exact cellular location 
of the renal sensor or sensors remain elusive.64 The integral 
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circulation, or both.87 In fact, these mechanisms appear to 
be located primarily in the portal system and are probably 
important in the pathogenesis of the hepatorenal syndrome 
(HRS; see later).

Hepatoportal Receptors. The two main neural reflexes, 
termed the hepatorenal and hepatointestinal reflexes, originate 
from receptors in the hepatoportal region. They transduce 
portal plasma Na+ concentration into hepatic afferent nerve 
activity; before a measurable increase in systemic Na+ con-
centration occurs, the hepatointestinal reflex attenuates 
intestinal Na+ absorption via the vagus nerve, and the hepa-
torenal reflex augments Na+ excretion.88-90 These reflexes 
have been observed in rats and rabbits, as well as in humans, 
and have been shown to be impaired in the chronic bile 
duct ligation model of cirrhosis and portal hypertension.91 
In addition, the hepatic artery shows significant autoregula-
tory capacity, dilating when perfusion pressure falls and 
constricting when pressure rises, thereby maintaining 
hepatic arterial blood flow over a wide range of perfusion 
pressures. Moreover, there is extensive crosstalk between the 
portal and systemic circulations. For example, when portal 
blood flow decreases, the hepatic artery dilates; this is indic-
ative of the presence of a sensor in the hepatic artery, which 
responds to changes in the contribution of the portal vein 
to total hepatic blood flow.92 Clues to the mechanism of 
hepatic autoregulation come from models of reduced portal 
venous blood flow and acute hepatic injury, in which 
reduced Na+ excretion was abolished by administration of 
an A1 adenosine receptor (A1AR) antagonist; thus, these 
receptors probably have a role in the hepatorenal reflex.93,94

The observation that intraportal infusion of bumetanide 
or furosemide suppresses the response of hepatic afferent 
nerve activity to intraportal hypertonic saline suggests  
that the NKCC2 may be involved in sensing portal Na+ con-
centration.95 In addition to hepatoportal Na+-sensing che-
moreceptors, the liver also contains mechanoreceptors 
(baroreceptors). Increased intrahepatic hydrostatic pres-
sure has been shown to be associated with enhanced RSNA 
and renal Na+ retention in various experimental models.96,97 
For example, when increased intrahepatic pressure was 
induced by thoracic caval constriction in dogs, raising 
venous pressure led to a positive Na+ balance, which was 
inhibited by liver denervation.96 A clinical model for 
increased intrahepatic pressure is the Budd-Chiari syn-
drome,98 and it is in situations such as this that hepatic 
volume-sensing mechanisms probably play a role in renal 
Na+ retention (see section, “Specific Treatments Based on 
the Pathophysiology of Sodium Retention in Cirrhosis”).

Intestinal Natriuretic Hormones: Guanylin Peptides. As 
described previously, the natriuretic response of the kidneys 
to a Na+ load is more rapid when the load is delivered orally 
than when the same load is administered intravenously.76 
The different responses are observed without accompany-
ing differences in plasma aldosterone.99 This observation 
led to the idea that the gut produces a substance that signals 
the kidneys to excrete excess Na+. The discovery of the gua-
nylin family of cGMP-regulating peptides (intestinal natri-
uretic hormones) has shed light on this phenomenon.100,101 
Of the four currently known guanylin peptides, guanylin 
and uroguanylin have been best studied. They are small  
(15 to 16 amino acids), heat-stable peptides with intramo-
lecular disulfide bridges similar to the bacterial heat-stable 

influence renin release. Renal nerve stimulation increases 
renin release through direct activation of β-adrenergic 
receptors on juxtaglomerular cells. This effect is indepen-
dent of major changes in renal hemodynamics.76,77 Sympa-
thetic stimulation also affects intrarenal baroreceptor input, 
composition of the fluid delivered to the macula densa, and 
renal actions of Ang II so that renal nerves may serve pri-
marily to potentiate other regulatory signals.76-78

The nature of the third mechanism of RBF autoregula-
tion is still unclear, but Seeliger and associates,79 using a 
normotensive Ang II clamp in anesthetized rats, were able 
to abolish the resetting of autoregulation during incremen-
tal shaped RPP changes. Under control conditions, the 
initial TGF response was dilatory after total occlusions but 
constrictive after partial occlusions. The initial third mecha-
nism response was a mirror image of TGF, it was constrictive 
after total occlusions but dilatory after partial occlusions. 
The angiotensin clamp suppressed the TGF and turned the 
initial third mechanism response after total occlusions into 
dilation. Seeliger and coworkers reached the following con-
clusions: (1) pressure-dependent renin angiotensin system 
(RAS) stimulation was a major factor behind hypotensive 
resetting of autoregulation; (2) TGF sensitivity depended 
strongly on pressure-dependent changes in RAS activity;  
(3) the third mechanism was modulated, but not mediated, 
by the RAS; and (4) the third mechanism acted as a coun-
terbalance to TGF.79 They proposed that their findings 
might be related to feedback between the connecting tubule 
and glomerulus.80-82 TGF is discussed later (see section, 
“Integration of Changes in Glomerular Filtration Rate and 
Tubular Reabsorption”).

Central Nervous System Sensors. Certain areas in the CNS 
appear to act as sensors to detect alterations in body salt 
balance. This was suggested originally by results of experi-
ments in rats, in which intracerebral injection of hypertonic 
saline led to reduced renal nerve activity and natriuresis.83,84 
Subsequently, DiBona85 showed that administration of Ang 
II into the cerebral ventricles and changes in dietary Na+ 
modulate baroreflex regulation of RSNA. Similarly, stimula-
tion of neurons located in the paraventricular nucleus and 
in a region extending to the anteroventral third ventricle 
led to ANP release, inducing Ang II blockade and inhibition 
of salt and water intake. Conversely, disruption of these 
neurons, as well as of the median eminence or neural lobe, 
led to decreased ANP release and impaired response to 
volume expansion.86 Overall, despite the substantial evi-
dence for CNS sensing of ECF volume status, the exact 
nature, mode of operation, and relative importance of this 
aspect of sensing remains unclear.

Gastrointestinal Tract Sensors. Under normal physiologic 
conditions, Na+ and water reach the ECF by absorption in 
the GI tract. Therefore, it is not surprising that sensing and 
regulatory mechanisms of ECF volume have been found in 
the GI tract itself. The evidence for this phenomenon comes 
from experiments that showed more rapid natriuresis after 
an oral salt load than after a similar intravenous load. More-
over, infusions of hypertonic saline into the portal vein led 
to greater natriuresis than similar infusions into the femoral 
vein. These findings were consistent with the presence  
of Na+-sensing mechanisms in the splanchnic or portal 
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tract.100,101 However, recent work has cast substantial doubt 
on this GI renal signaling axis for Na regulation.106 The 
importance of this system in the control of renal Na+ excre-
tion in humans awaits further clarification.

A final point is that although multiple receptors are 
clearly involved in the regulation of EABV, their functions 
appear to be considerably redundant. For example, cardiac 
or renal denervation in nonhuman primates and chronic 
aldosterone administration do not significantly affect the 
maintenance of Na+ balance.107,108

EFFERENT LIMB: EFFECTOR MECHANISMS FOR 
MAINTAINING EFFECTIVE ARTERIAL BLOOD VOLUME
The maintenance of Na+ homeostasis is achieved by adjust-
ment of renal Na+ excretion according to the body’s needs. 
Like the mechanisms sensing changes in EABV, there are a 
number of pathways that enable the required adjustments 
in renal Na+ excretion. The adjustments are made by inte-
grated changes in GFR and tubular reabsorption, so that 
changes in one component lead to appropriate changes  
in the other to maintain Na+ homeostasis. In addition, 
tubular reabsorption is regulated by local peritubular and 
luminal factors and by neural and humoral mechanisms 
(Table 15.2).

INTEGRATION OF CHANGES IN GLOMERULAR 
FILTRATION RATE AND TUBULAR REABSORPTION
In humans, normal GFR leads to the delivery of approxi-
mately 24,000 mmol of Na+/day for downstream process-
ing by the tubules. More than 99% of the filtrate is 
reabsorbed; only a tiny amount escapes into the final urine. 
Therefore, it is clear that even minute changes in the rela-
tionship between filtered load and fraction of Na+ absorbed 
can exert a profound cumulative influence on net Na+ 
balance. However, even marked perturbations in GFR are 

enterotoxins that cause traveler’s diarrhea and are found in 
mammals, birds, and fish.100

Both guanylin and uroguanylin are synthesized as prepro-
peptides, primarily in the intestine. The former, produced 
mainly by the ileum through the proximal colon, circulates 
as proguanylin; the latter, which is expressed principally in 
the jejunum, circulates in its active form.101 A physiologically 
important difference between guanylin and uroguanylin lies 
in their sensitivity to proteases. Because of a tyrosine residue 
at the ninth amino acid, guanylin is sensitive to protease 
digestion in the kidneys, which leads to its inactivation, 
whereas uroguanylin can be locally activated by the same 
proteases.100 After an oral salt load, guanylin and uroguany-
lin released in the intestine lead to increased intestinal 
secretion of Cl−, HCO3

−, and water and to inhibition of Na+ 
absorption.

In the kidneys, Na+, K+, and water excretion is increased, 
without any change in RBF or GFR and independently of 
RAAS, AVP, or ANPs.100 The signaling pathway of guanylin 
peptides in the intestine involves binding to and activation 
of the receptor guanylate cyclase C (GC-C), one of the eight 
guanylate cyclases.101 GC-C is a transmembrane protein, 
composed of 1050 to 1053 amino acids, that is present in 
the intestinal brush border. Propagation of the signal occurs 
through the second messenger cGMP, which inhibits Na+/H+ 
exchange and activates protein kinase G II and protein 
kinase A. These in turn activate the cystic fibrosis transmem-
brane conductance regulator (CFTR), leading to Cl− secre-
tion. CFTR then activates the Cl−/HCO3

− exchanger, which 
leads to HCO3

− secretion.
The best evidence for a link between the gut and kidneys 

comes from mice lacking the uroguanylin gene, which 
display an impaired natriuretic response to oral salt loading 
but not to intravenous NaCl infusion.102 However, because 
plasma pro-uroguanylin levels do not rise but urinary uro-
guanylin levels do increase after a high-salt meal, locally 
released peptide by the kidneys could still play a role in 
uroguanylin-associated natriuresis.103,104 In the kidneys, both 
GC-C–dependent and GC-C–independent signaling path-
ways for guanylin peptides exist, inasmuch as knockout of 
GC-C in mice does not affect the high-salt diet–induced 
increase in uroguanylin.100 From experiments on cell lines 
and isolated tubules, it appears that uroguanylin acts on the 
proximal tubule and principal cells of the cortical collecting 
duct.

In proximal cell lines, guanylin peptides increase cGMP 
and decrease cyclic adenosine monophosphate (cAMP), 
which leads to inhibition of Na+/H+ exchange and Na+-K+-
ATPase; such events are consistent with decreased Na+ reab-
sorption in this segment.100 Crosstalk between guanylin 
peptides and ANPs may also occur in the proximal tubule.105 
In the principal cell, uroguanylin activation of a G protein–
coupled receptor results in phospholipase A2–dependent 
inhibition of the renal outer medullary potassium (ROMK) 
channel, which leads to depolarization and a reduced 
driving force for Na+ reabsorption.100 There is also evidence 
that guanylin may cause cell shrinkage in the inner medul-
lary collecting duct (IMCD), which is suggestive of water 
secretion from this segment and a role in water diuresis.100 
Together, these data are highly suggestive of a role at least 
for uroguanylin, as a natriuretic hormone, in adjusting UNa 
excretion to balance the levels of NaCl absorbed via the GI 

Table 15.2 Major Renal Effector Mechanisms 
for Regulating Effective Arterial 
Blood Volume

Glomerular Filtration Rate and Tubular Reabsorption

Tubuloglomerular feedback
Glomerulotubular balance
Peritubular capillary Starling forces
Luminal composition
Physical factors beyond proximal tubule
Medullary hemodynamics (pressure natriuresis)

Neural Mechanisms

Sympathetic nervous system
Renal nerves

Humoral Mechanisms

Renin-angiotensin-aldosterone system
Vasopressin
Prostaglandins
Natriuretic peptides
Endothelium-derived factors

Endothelins
Nitric oxide

Others (see text)
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that adenosine triphosphate (ATP) consumption is required 
for the process.111

In contrast, there is strong evidence that ATP release and 
degradation, rather than consumption, may be the link in 
the chain connecting NaCl changes in the macula densa 
with alteration of glomerular arteriolar tone. According to 
the current working model, after NaCl uptake and transcel-
lular transport, ATP is released from macula densa cells and 
undergoes stepwise hydrolysis and dephosphorylation by 
ecto-ATPases and nucleotidases to adenosine diphosphate, 
adenosine monophosphate, and then adenosine, which, in 
a paracrine manner, causes A1AR–dependent afferent arte-
riolar constriction. Although the evidence for ATP break-
down is as yet incomplete, evidence for the effects of 
adenosine as a mediator of TGF is very strong. For example, 
isolated perfused mouse afferent arterioles exposed to  
adenosine display vigorous vasoconstriction, an effect not 
seen in A1AR–deficient mice.115,116 As shown by overexpres-
sion117 and conditional knockout of the receptor, this 
A1AR effect is primarily on afferent arteriolar smooth muscle 
cells, although A1AR effects on extravascular, perhaps 
mesangial, cells appear to contribute to the TGF response.118 
The response is mediated by inhibitory G protein (Gi)–
dependent activation of phospholipase C, release of Ca2+ 
from intracellular stores, and subsequent entry of Ca2+ 
through L-type Ca2+ channels.115,119 Cellular adenosine 
uptake is likely to be involved in the TGF response because 
targeted deletion of the type 1 equilibrative nucleoside  
transporter (ENT1) led to significant attenuation of the 
response.120 Of particular interest is the fact that the vasodila-
tory adenosine A2 receptor is more abundant than the A1AR 
in the renal vasculature, and continuous exogenous applica-
tion of adenosine to mouse kidneys is indeed vasodilatory.121 
However, the generation of adenosine in the confines of the 
juxtaglomerular interstitium and its exclusive delivery to the 
afferent arteriole, where A1AR expression predominates, 
ensures the appropriate response for TGF.

Other factors, both co-constrictors and modulators, 
appear to be involved in TGF. Ang II has been shown to act 
as an important cofactor in the vasoconstrictive action of 
adenosine. In this regard, deletions of the Ang II receptor 
or angiotensin-converting enzyme (ACE) in mice were 
found to abolish TGF. The effect may result from nonre-
sponsiveness to adenosine in the absence of an intact RAS.11 
By contrast, aldosterone has recently been shown to blunt 
TGF through the activation of mineralocorticoid receptors 
on macula densa cells.122 This effect may be mediated by 
superoxide,123 which in turn may also be upregulated by Ang 
II via the NOX2 and NOX4 isoforms of NADPH (nicotin-
amide adenine dinucleotide phosphate) oxidase.124 The 
high levels of neuronal nitric oxide synthase (nNOS) expres-
sion in macula densa cells are indicative of a role for nitric 
oxide in TGF.125 Nitric oxide is thought to counterbalance 
Ang II–induced efferent arteriolar vasoconstriction and to 
modulate renin secretion by the juxtaglomerular appara-
tus.126,127 Consistent with this concept is the finding that 
chronic absence of functional nNOS in macula densa cells 
is associated with enhanced vasoconstriction in the subnor-
mal flow range, probably as a result of proportional increases 
in preglomerular and postglomerular tone. In addition, 
increased delivery of fluid to the macula densa induces 
nitric oxide release from these cells.126

not necessarily associated with drastic alterations in UNa 
excretion; thus, overall Na+ balance is usually preserved. 
Such preservation results from appropriate adjustments in 
two important protective mechanisms—TGF, in which 
changes in tubular fluid Na+ inversely affect GFR, and glo-
merulotubular balance, whereby changes in tubular flow 
rate resulting from changes in GFR directly affect tubular 
reabsorption.69,70,109

Tubuloglomerular Feedback

A remarkable feature of nephron architecture is that after 
emerging from Bowman’s capsule and descending deep 
into the medulla, each tubule returns to its parent glomeru-
lus. Guyton and associates110 envisioned a functional rela-
tionship between the tubule and glomerulus; this concept 
led to a wealth of experimental evidence supporting the 
existence of TGF111 (see also Chapter 3). TGF operates by 
changes in tubular fluid Na+ at the macula densa (the point 
of contact between the specialized tubular cells of the corti-
cal thick ascending limb of Henle adjacent to the extraglo-
merular mesangium), which elicit adjustments in glomerular 
arteriolar resistance. The system is constructed as a negative 
feedback loop in which an increase in NaCl concentration 
leads to increases in afferent arteriolar resistance and a 
consequent fall in the GFR. This, in turn, leads to an increase 
in proximal reabsorption and a reduction in distal delivery 
of solute. Thus, NaCl delivery to the distal nephron is main-
tained within narrow limits.111

The complexities of TGF and detailed mechanisms of 
changes in epithelial function in response to luminal  
NaCl composition were unraveled initially by elaborate 
micropuncture studies that clearly established the tubular-
glomerular link and, subsequently, by imaging and elec-
trophysiologic techniques in isolated perfused tubule/
glomerulus preparations. However, the signaling mecha-
nisms linking changes in tubular composition with altered 
glomerular arteriolar tone became evident only much later 
through experiments in gene-manipulated mice.111 The 
primary detection mechanism of TGF appears to be uptake 
of salt by means of the NKCC2, located in the apical mem-
brane of macula densa cells. The evidence comes from TGF 
inhibition by inhibitors of the cotransporter, furosemide 
and bumetanide,112 and by deletions in mice of the A or B 
isoform of NKCC2, both of which are expressed in macula 
densa cells.71,111 In fact, complete inactivation of the NKCC2 
gene leads to the severe salt-losing phenotype of antenatal 
Bartter syndrome.113 Similarly, inhibition or deletion of the 
ROMK channel in mice abolishes TGF.111

The next step in the juxtaglomerular cascade is less clear. 
One possibility is direct coupling of NKCC2-dependent 
NaCl uptake to the mediation step. Results of studies in the 
isolated perfused rabbit juxtaglomerular apparatus have 
indicated that depolarization, alkalinization, and various 
ionic compositional changes occur after increased NaCl 
uptake; thus, one or more of these changes could trigger 
the signal.114 A second possibility is that signal propagation 
is the consequence of transcellular NaCl transport and Na+-
K+-ATPase–dependent basolateral extrusion. Experiments 
using double-knockout mice, in which the α1-subunit of 
Na+-K+-ATPase was made sensitive and the α2-subunit resis-
tant to the pump inhibitor, ouabain, clearly indicate an 
important role for Na+-K+-ATPase in supporting TGF and 
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contact with the efferent arteriole—the terminal cortical 
thick ascending limb of Henle, the early distal tubule, and 
the connecting tubule. In particular, perimacular cells and 
oscillatory cells of the early distal tubule may be involved in 
the intracellular Ca2+ signaling required for adenosine-
induced afferent vasoconstriction. On the other hand, the 
effect of the connecting tubule on the afferent arteriolar 
tone appears to be modulatory in that elevations in luminal 
NaCl and cellular Na+ entry via the epithelial sodium 
channel (ENaC)143 lead to afferent arteriolar dilation 
through the release of prostaglandins and epoxyeicosatrie-
noic acids.80,144 Moreover, connecting tubule glomerular 
feedback has been shown to antagonize TGF,145 at least in 
the acute setting.146

Glomerulotubular Balance

Several factors are involved in the phenomenon of glomeru-
lotubular balance (GTB), which describes the ability of 
proximal tubular reabsorption to adapt proportionally to 
the changes in filtered load.

Peritubular Capillary Starling Forces. Researchers have 
studied the natriuretic response to ECFV expansion by 
examining the effects of acute infusions of saline or albumin 
in experimental animals and in humans. Therefore, their 
relevance to the chronic regulation of ECF sodium balance 
is questionable. Nevertheless, the findings from these studies 
led to the notion that alterations in hydraulic and oncotic 
pressures (Starling forces) in the peritubular capillary play 
an important role in the regulation of Na+ and water trans-
port, especially in the proximal nephron. The peritubular 
capillary network is anatomically connected in series with 
the glomerular capillary bed of cortical glomeruli through 
the efferent arteriole; thus, changes in the physical determi-
nants of GFR critically influence Starling forces in the peri-
tubular capillaries.

Of importance is that about 10% of glomeruli, mainly 
those at the corticomedullary junction, are connected in 
series to the vasa recta of the medulla. In the proximal 
tubule—whose peritubular capillaries receive 90% of blood 
flow from glomeruli—the relationship of hydraulic and 
oncotic driving forces to the transcapillary fluid flux is given 
by the Starling equation, as follows:

Rate K P Pabs r c i c i= − − −[( ) ( )]π π

where Rateabs is the absolute rate of reabsorption of proxi-
mal tubule absorbate by the peritubular capillary, Kr is the 
capillary reabsorption coefficient (the product of capillary 
hydraulic conductivity and absorptive surface area), πc and 
Pc are the local capillary colloid osmotic (oncotic) and 
hydraulic pressures, respectively, and πi and Pi are the cor-
responding interstitial pressures. Whereas πi and Pc oppose 
fluid absorption, πc and Pi tend to favor uptake of the reab-
sorbate. By simultaneously determining these driving forces, 
investigators can analyze the net pressure favoring fluid 
absorption or filtration. As a consequence of the anatomic 
relationship of the postglomerular efferent arteriole to the 
peritubular capillary, the hydraulic pressure is significantly 
lower in the peritubular capillary than in the glomerular 
capillary. The function of the efferent arteriole as a resis-
tance vessel contributes to a decrease in hydraulic pressure 
between the glomerulus and peritubular capillary.

Inhibition of the nitric oxide system by nonselective 
blockers of nitric oxide synthase (NOS) results in an exag-
gerated TGF response that leads to even further renal  
vasoconstriction, Na+ and water retention, and arterial 
hypertension.127 Also, TGF responses are absent in mice with 
concurrent deficiencies in nNOS and the A1AR, which 
implies that nNOS deficiency does not overcome deficient 
A1AR signaling. Moreover, nitric oxide modulation of TGF 
can be mediated by ecto 5′-nucleotidase, the enzyme respon-
sible for adenine formation.128 Furthermore, nitric oxide, 
via eNOS, modulates the afferent arteriolar myogenic 
response.68 Finally, aldosterone-induced modulation of TGF 
appears to involve interactions between nitric oxide and 
superoxide.129 Together, these data suggest that A1AR sig-
naling is primary and that nNOS and eNOS, as well as 
superoxide, play modulatory roles in TGF.

Apart from the RAAS, other hormonal systems and sec-
ondary messengers appear to be involved in TGF. For 
example, stimulation of the glucagon-like peptide 1 recep-
tor leads to an increased GFR and reduced proximal tubular 
reabsorption.130 Moreover, high salt intake–induced activa-
tion of AMP-activated protein kinase leads to an enhanced 
TGF response and increased delivery of Na+ to the end of 
the proximal tubule.67 Furthermore, acute saline expansion 
leads to an increased single-nephron glomerular filtration 
rate (SNGFR) and distal nephron flow rate, an effect inde-
pendent of the Ang II receptor.131

The afferent arteriolar A1AR may not be the sole media-
tor of TGF. Activation by adenosine of the adenosine A2 
receptor has been shown to dilate mouse cortical efferent 
receptors. The effect appeared to be mediated by the low-
affinity adenosine A2b receptor121 via increased levels of 
eNOS.132 It is remarkable that this highly specific effect 
occurs despite the presence of A1AR in the efferent arteri-
ole. Apparently, therefore, the relative abundance of the 
various adenosine receptor subtypes in afferent and efferent 
arterioles ultimately allows fine-tuning of TGF by concerted 
changes in glomerular vascular tone.133 On the other hand, 
purine receptors do not seem to affect TGF.134

Connexin 40, which plays a predominant role in the for-
mation of gap junctions in the vasculature, also participates 
in the autoregulation of RBF by the afferent arteriole and, 
therefore, in TGF.135 Connexin-40 knockout mice displayed 
impaired steady-state autoregulation to a sudden step 
increase in RPP. A marked reduction in TGF in connexin 
40 knockout mice was thought to be responsible. Connexin 
40–mediated RBF autoregulation occurred by paracrine  
signaling between tubular and vascular cells to the affer-
ent arteriole,136 independently of nitric oxide.137 Other 
endogenous modulators of TGF include the eicosanoid 
20-hydroxyeicosatetraenoic acid (20-HETE), which modi-
fies the myogenic afferent arteriolar and TGF responses,138 
and the heme oxygenase pathway via carbon monoxide and 
cGAMP generation, which inhibits TGF through inhibition 
of depolarization and Ca2+ entry in macular densa cells.139,140

In addition to hormones of the RAAS, sex hormones also 
appear to regulate TGF. Testosterone in rats leads to upreg-
ulation of TGF by generation of superoxide dismutase,141 
whereas enhanced Ang II receptor activity attenuates Ang 
II–dependent resetting of TGF activity in female rats.142 A 
final point in the complexity of TGF is that there is evidence 
for three sites in addition to the macula densa that are in 
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yielded compelling experimental evidence for the relation-
ship between proximal peritubular Starling forces and prox-
imal fluid reabsorption. As a result of these studies, the role 
of peritubular forces in the setting of increased ECF volume 
can be summarized as follows:

1. Acute saline expansion results in dilution of plasma pro-
teins and reduction in efferent arteriolar oncotic pres-
sure. The SNGFR and peritubular Pc may be increased as 
well, but the decrease in peritubular πc by itself results in 
a decreased net peritubular capillary reabsorptive force 
and decreased Rateabs. GTB is disrupted because Rateabs 
falls, despite the tendency for SNGFR to rise, and this 
development allows the excess Na+ to be excreted and 
plasma volume to be restored.

2. Iso-oncotic plasma infusions tend to raise SNGFR and 
peritubular Pc but lead to relative constancy of efferent 
arteriolar oncotic pressure. Rateabs may therefore decrease 

Also, because the peritubular capillary receives blood 
from the glomerulus, the plasma oncotic pressure is high at 
the outset as a result of prior filtration of protein-free fluid. 
It follows that the greater the GFR in relation to plasma flow 
rate, the higher the protein concentration in the efferent 
arteriolar plasma and the lower the hydraulic pressure in 
the proximal peritubule capillary. As a consequence, proxi-
mal fluid reabsorption is enhanced (Figure 15.4). There-
fore, in contradistinction to the glomerular and peripheral 
capillary, the peritubular capillary is characterized by high 
values of πc − πi that greatly exceed Pc − Pi, which results in 
net reabsorption of fluid.

The ratio of GFR to RBF defines the filtration fraction. 
The relationship of proximal reabsorption to filtration frac-
tion may contribute to Na+-retaining and edema-forming 
states, such as heart failure (see Figure 15.4). A series of in 
vivo micropuncture and microperfusion studies,147-150 as well 
as studies using the isolated perfused tubule model,151 have 

Figure 15.4  The glomerular and peritubular microcirculations. Left, Approximate transcapillary pressure profiles for the glomerular and peri-
tubular capillaries in normal humans. Vessel lengths are given in normalized nondimensional terms, with 0 being the most proximal portion of 
the capillary bed and 1 the most distal portion. Thus, for the glomerulus, 0 corresponds to the afferent arteriolar end of the capillary bed, and 
1 corresponds to the efferent arteriolar end. The transcapillary hydraulic pressure difference (ΔP) is relatively constant with distance along the 
glomerular capillary, and the net driving force for ultrafiltration (ΔP − Δπ) diminishes primarily as a consequence of the increase in the opposing 
colloid osmotic pressure difference (Δπ), the latter resulting from the formation of an essentially protein-free ultrafiltrate. As a result of the drop 
in pressure along the efferent arteriole, the net driving pressure in the peritubular capillaries (ΔP − Δπ, in which Δπ is the change in transcapil-
lary oncotic pressure) becomes negative,  favoring  reabsorption. Right, Hemodynamic alterations  in  the  renal microcirculation  in congestive 
heart failure (CHF). The fall in renal plasma flow (RPF) rate in heart failure is associated with a compensatory increase in ΔP for the glomerular 
capillary, which is conducive to a greater than normal rise in the plasma protein concentration and, hence, in Δπ along the glomerular capillary. 
This increase in Δπ by the distal end of the glomerular capillary also translates to an increase in Δπ in the peritubular capillaries, resulting in an 
increased net driving pressure for enhanced proximal tubule fluid absorption, believed to take place in heart failure. The increased peritubular 
capillary absorptive force in heart failure also probably results from the decline in ΔP, a presumed consequence of the rise in renal vascular 
resistance. (From Humes HD, Gottlieb M, Brenner BM: The kidney in congestive heart failure: contemporary issues in nephrology, vol 1, New York, 
1978, Churchill Livingstone, pp 51-72.)
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of proximal tubular segments with native tubular fluid was 
changed. Moreover, studies in isolated perfused rabbit prox-
imal tubules have indicated that the presence of a transtubu-
lar anion gradient, normally present in the late portion of 
the proximal nephron, is necessary for the flow dependence 
to occur.160 A potential mechanism for the modulation of 
proximal Na+ reabsorption in response to changes in filtered 
load depends on the close coupling of Na+ transport with the 
cotransport of glucose, amino acids, and other organic 
solutes. The increased delivery of organic solutes that accom-
panies increases in GFR, together with the preferential reab-
sorption of Na+ with bicarbonate in the early proximal 
tubule, would lead to increased delivery of both Cl− and 
organic solutes to the late proximal tubule. The resulting 
transtubular anion gradient would then facilitate the 
“passive” reabsorption of the organic solutes and NaCl in this 
segment, but overall net reabsorption would be reduced.

In summary, regardless of the exact mechanism,  
ECFV expansion impairs the integrity of GTB, thus  
allowing increased delivery of salt and fluid to more distal 
parts of the nephron. The major factors acting on the  
proximal nephron during a decrease in ECF and effective 
arterial circulating volume are outlined schematically in 
Figure 15.5.

Physical Factors Beyond the Proximal Tubule. Because the 
final urinary excretion of Na+, in response to volume expan-
sion or depletion, can be dissociated from the amount deliv-
ered out of the superficial proximal nephron, more distal 
or deeper segments of the nephron contribute to the modu-
lation of Na+ and water excretion. Several sites along the 
nephron, such as the loop of Henle, distal nephron, and 
cortical and papillary collecting ducts, were found (by 
micropuncture and microcatheterization techniques) to 
increase or decrease the rate of Na+ reabsorption in response 
to enhanced delivery from early segments of the nephron. 
However, direct evidence that these transport processes are 
mediated by changes in Starling forces per se is lacking. 
Jamison and coworkers161 have provided a detailed review 
of these experiments.

In summary, the intrarenal control of Na+ excretion can 
be generalized as follows. If ECFV is held relatively constant, 
an increase in GFR leads to little or no increase in salt excre-
tion because of a close coupling between the GFR and 
intrarenal physical forces acting at the peritubular capillary 
to control Rateabs. In addition, changes in the filtered load 
of small organic solutes, and perhaps other, as yet unchar-
acterized, glomerulus-borne substances in tubule fluid may 
influence Rateabs. To the extent that changes, if any, in the 
load of Na+ delivered to more distal segments also occur, 
parallel changes in distal reabsorptive rates also occur to 
ensure a high degree of GTB for the kidneys as a whole. 
Conversely, ECFV expansion leads to large increases in Na+ 
excretion, even in the presence of a reduced GFR. Changes 
in Na+ reabsorption in the proximal tubule alone cannot 
account for this natriuresis of volume expansion, and a 
number of mechanisms for suppressing renal Na+ reabsorp-
tion at more distal sites has been proposed.

Medullary Hemodynamics and Interstitial Pressure in the 
Control of Sodium Excretion: Pressure Natriuresis. The 
idea that changes in renal medullary hemodynamics may be 

slightly, resulting in less disruption of GTB and natriure-
sis of lesser magnitude than that observed with saline 
expansion.

3. Hyperoncotic expansion usually increases both SNGFR 
(because of volume expansion) and efferent arteriolar 
oncotic pressure. As a result, Rateabs is enhanced. GTB 
therefore tends to be better preserved than with iso-
oncotic plasma or saline expansion.

4. Changes in πi can directly alter proximal tubular reab-
sorption, independently of the peritubular capillary bed.

The alterations in proximal peritubular Starling forces 
that modulate fluid and electrolyte movements across the 
peritubular basement membrane into the surrounding cap-
illary bed appear to be accompanied by corresponding 
changes in the structure of the peritubular interstitial com-
partment. Ultrastructural data from rats have suggested that 
the peritubular capillary wall is in tight apposition to the 
tubule basement membrane for about 60% of the tubule 
basolateral surface. However, irregularly shaped wide por-
tions of peritubular interstitium also exist over about 40% 
of the tubule basolateral surface; thus, a major portion of 
reabsorbed fluid has to cross a true interstitial space before 
entering the peritubular capillaries. Alterations in the physi-
cal properties of the interstitial compartment could conceiv-
ably modulate passive or active components of net fluid 
transport in the proximal tubule. Starling forces in the peri-
tubular capillary are thought to regulate the rate of volume 
entry from the peritubular interstitium into the capillary. 
Any change in this rate of flux could lead to changes in 
interstitial pressure that secondarily modify proximal tubule 
solute transport. This formulation could explain why experi-
mental maneuvers known to raise Pi (e.g., infusion of renal 
vasodilators, renal venous constriction, renal lymph liga-
tion) were associated with a natriuretic response, whereas 
the opposite effect was seen with renal decapsulation, which 
lowers Pi (see section, “Medullary Hemodynamics and Inter-
stitial Pressure in the Control of Sodium Excretion: Pressure 
Natriuresis”).

Because of the relatively high permeability of the proxi-
mal tubule, changes in interstitial Starling forces are likely 
to be transduced mainly through alterations in passive bidi-
rectional paracellular flux through the tight junctions.152 
The claudin family of adhesion molecules has clearly proved 
that the tight junction is a dynamic, multifunctional complex 
that may be amenable to physiologic regulation by cellular 
second messengers or in pathologic states.153-155 Among the 
24 known mammalian claudin family members, at least 
three—claudin-2, claudin-10, and claudin-11—are located 
in the proximal nephron of the mouse, and others are 
located at more distal nephron sites.154,156 Claudin-2 is selec-
tively expressed in the proximal nephron.157 However, the 
exact role of the claudin family members in the influence 
of Starling forces on fluid reabsorption remains to be 
elucidated.158

Luminal Composition. In addition to peritubular capillary 
and interstitial Starling forces, luminal factors may also play 
a role in the regulation of proximal tubule transport. For 
example, Romano and colleagues159 have shown that GTB 
could be fully expressed, even when the native peritubular 
environment was kept constant while the rate of perfusion 
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first recognized by Hall and associates.167,168 According to 
this view, the kidneys alter Na+ excretion in response to 
changes in arterial blood pressure. For example, an increase 
in RPP results in a concomitant increase in Na+ excretion, 
thereby decreasing circulating blood volume and restoring 
arterial pressure. The coupling between arterial pressure 
and Na+ excretion was found to occur in the setting of pre-
served cortical autoregulation (i.e., in the absence of 
changes in total RBF, GFR, or filtered load of Na+). This has 
led to the suggestion that the pressure natriuresis mecha-
nism is triggered by changes in medullary circula-
tion.162,165,169-171 Laser Doppler flowmetry and servo-null 
measurements of capillary pressure in volume-expanded 
rats have revealed that papillary blood flow is directly related 
to RPP over a wide range of pressures studied.

As mentioned earlier, an increase in medullary plasma 
flow might lead to medullary washout with a consequent 
reduction in the driving force for Na+ reabsorption in the 
ascending loop of Henle, particularly in the deep nephrons. 
In addition, the increase in medullary perfusion may be 
associated with a rise in Pi. In fact, increasing Pi by ECFV 
expansion by infusion of renal vasodilatory agents, long-
term mineralocorticoid escape, or hilar lymph ligation has 
resulted in a significant increase in Na+ excretion.172,173 
Moreover, prevention of the increase in Pi by removal of the 
renal capsule significantly attenuates, but does not com-
pletely block, the natriuretic response to elevations in RPP. 
Thus, as depicted in Figure 15.6, elevation in RPP is associ-
ated with an increase in medullary plasma flow and increased 
vasa recta capillary pressure, which results in an increase in 
medullary Pi. This increase of Pi is thought to be transmitted 
to the renal cortex in the encapsulated kidneys and to 
provide a signal that inhibits Na+ reabsorption along the 

involved in the natriuresis evoked by volume expansion was 
initially proposed in the 1960s by Earley and Friedler and 
colleagues.162,163 According to their theory, ECFV expansion 
results in an increase in RPP that is transmitted as an 
increase in medullary plasma flow; this leads to a subsequent 
loss of medullary hypertonicity, elimination of the medul-
lary osmotic gradient (“medullary washout”) and, thereby, 
decreased water reabsorption in the thin descending loop 
of Henle. The decrease in water reabsorption in the thin 
descending limb lowers the Na+ concentration in the fluid 
entering the ascending loop of Henle, thus decreasing the 
transepithelial driving force for salt transport in this nephron 
segment. At the same time, a similar mechanism was pro-
posed to explain the natriuresis after elevations in systemic 
blood pressure, a phenomenon termed pressure natriuresis.

The concept that alterations in the solute composition of 
the renal medulla and papilla play a key role in the regula-
tion of Na+ transport gained significant support in the 1970s 
and 1980s, when results of micropuncture studies suggested 
that volume expansion, renal vasodilation, and increased 
RPP produced a greater inhibition of salt reabsorption in 
the loops of Henle within juxtamedullary nephrons than in 
those within superficial nephrons. Measurement of medul-
lary plasma flow with laser Doppler flowmetry and videomi-
croscopy in experimental animals has provided strong 
evidence for the redistribution of intrarenal blood flow 
toward the medulla after volume expansion and renal vaso-
dilation. These studies were of particular interest with 
regard to the role of medullary hemodynamics in the 
control of Na+ excretion, especially in the context of pres-
sure natriuresis.164-168

The importance of pressure natriuresis in the long-term 
control of arterial blood pressure and ECFV regulation was 

Figure 15.5  Effects  of  hemodynamic  changes  on  proximal 
tubule  solute  transport.  BP,  Blood  pressure.  (From Seldin DW, 
Preisig PA, Alpern RJ: Regulation of proximal reabsorption by effec-
tive arterial blood volume, Semin Nephrol 11:212-219, 1991.)
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hypothesis that the changes in Pi may be amplified by various 
hemodynamic, hormonal, and paracrine factors.159,162,165,169,173 
Specifically, the phenomenon of pressure natriuresis is 
demonstrable, particularly in states of volume expansion 
and renal vasodilation, and is significantly attenuated in 
states of volume depletion.173 Among a variety of hormonal 
and paracrine systems that have been documented to play 
a role in modulating pressure natriuresis, changes in the 
activity of the RAAS and local production of prostaglandins 
within the kidneys have received considerable attention.173 
Removal of the influence of Ang II by ACE inhibitors or Ang 
II type 1 receptor antagonists potentiates the pressure natri-
uretic response, and inhibitors of cyclooxygenase attenuate 
it.173,178 Moreover, blockade of the Ang II type 2 receptor 
allows the same amount of Na+ to be excreted at lower arte-
rial pressure.179 Of importance, however, is that pharmaco-
logic blockade of these systems only attenuates but does not 
completely eliminate the pressure natriuresis response, 
which indicates that they act as modulators and not as medi-
ators of the phenomenon.

The importance of endothelium-derived factors in the 
regulation of renal circulatory and excretory function has 
been recognized. Studies have suggested that endothelium-
derived nitric oxide and P450 eicosanoids play a role in the 
mechanism of pressure natriuresis.164,169,174,175,180-182 Nitric 
oxide, generated in large amounts in the renal medulla, 
appears to play a critical role in the regulation of medullary 
blood flow and Na+ excretion.170,171 Several studies have 
shown that inhibition of intrarenal nitric oxide production 
can reduce Na+ excretion and markedly suppress the pres-
sure natriuretic response, whereas administration of a nitric 
oxide precursor improves transmission of perfusion pres-
sure into the renal interstitium and normalizes the defect 
in the pressure natriuresis response in Dahl salt-sensitive 
rats.164,177,183,184 Similarly, a positive correlation between 
urinary excretion of nitrites and nitrates (metabolites of 
nitric oxide) and changes in renal arterial pressure or UNa 
excretion were observed both in dogs180,185,186 and in rats.180 
Hydrogen peroxide (H2O2) has also been invoked in the 
mediation of RPP-induced changes in outer medullary 
blood flow and natriuresis. The response appears to be 
localized to the medullary thick ascending limb of Henle, 
in contrast to the nitric oxide effect, which occurs in the 
vasa recta.180 Other factors involved in the regulation of 
medullary blood flow include superoxide and heme oxygen-
ase, both of which are released in the renal medulla in 
response to increased RPP.181,186

The cytochrome P450 eicosanoids, particularly 20-HETE, 
are additional endothelium-derived factors that may partici-
pate in the mechanism of pressure natriuresis.174,175,187 These 
agents play an important role in the regulation of renal Na+ 
transport and of renal and systemic hemodynamics.188 These 
observations support the hypothesis that alterations in the 
production of renal nitric oxide, reactive oxygen species, 
and eicosanoids may be involved in mediation of the 
pressure-induced natriuretic response.

It is tempting to speculate that acute elevations in RPP in 
the autoregulatory range result in increased blood flow 
velocity and shear stress, leading to increased endothelial 
release of nitric oxide and reactive oxygen species. Enhanced 
renal production of these molecules may increase UNa excre-
tion by acting directly on tubular Na+ reabsorption or 

nephron. In that regard, the renal medulla may be viewed 
as a sensor that can detect changes in RPP and initiate the 
pressure natriuresis mechanism.

To explain how changes in systemic blood pressure are 
transmitted to the medulla in the presence of efficient RBF 
and GFR autoregulation, it has been suggested that shunt 
pathways connect preglomerular vessels of juxtamedullary 
nephrons directly to the postglomerular capillaries of the 
vasa recta.162 Alternatively, autoregulation of RBF might lead 
to increased shear stress in the preglomerular vasculature, 
triggering the release of nitric oxide and perhaps cyto-
chrome P450 products of arachidonic acid metabolism (see 
later), thereby driving the cascade of events that inhibit Na+ 
reabsorption.174,175 The mechanisms by which changes in Pi 
and UNa excretion decrease tubular Na+ reabsorption, as 
well as the nephron sites responding to the alterations in Pi, 
have not been fully clarified.172 As noted earlier, it was pos-
tulated that elevations in Pi may increase passive backleak 
or the paracellular pathway hydraulic conductivity, with a 
resultant increase in back flux of Na+ through the paracel-
lular pathways.173 However, the absolute changes in Pi, in the 
range of 3 to 8 mm Hg in response to increments of about 
50 to 90 mm Hg in RPP, are probably not sufficient to 
account for the decrease in tubular Na+ reabsorption, even 
in the proximal tubule, the nephron segment with the 
highest transepithelial hydraulic conductivity.164 Neverthe-
less, considerable evidence from micropuncture studies  
has indicated that pressure natriuresis is associated with 
significant reduction in proximal fluid reabsorption, par-
ticularly in deep nephrons, with enhanced delivery to the 
loop of Henle, inhibition of sodium reabsorption in the thin 
descending limb and reduced blood flow in the vasa recta.176

Pressure-induced changes in tubular reabsorption may 
also occur in more distal parts of the nephron, such as the 
ascending loop of Henle, distal nephron, and collecting 
duct.177 Therefore, elevations in RPP can affect tubular Na+ 
reabsorption by proximal and distal mechanisms. The 
finding that small changes in Pi are associated with signifi-
cant alterations in tubular Na+ reabsorption has led to the 

Figure 15.6  Role of  the  renal medulla  in modulating  tubular  reab-
sorption of sodium in response to changes in renal perfusion pressure 
(RPP). (Adapted from Cowley AW, Jr: Role of the renal medulla in volume 
and arterial pressure regulation, Am J Physiol 273:R1-R15, 1997.)
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nerves in tubular function. The α1-adrenergic receptors and 
most of the α2-adrenergic receptors are localized in the 
basolateral membranes of the proximal tubule.199 In the 
rat, β-adrenoreceptors have been found in the cortical
thick ascending limb of Henle and are subtyped as β1-
adrenoceptors.200 The predominant neurotransmitters in 
renal sympathetic nerves are noradrenaline and, to a lesser 
extent, dopamine and acetylcholine.197 There is abundant 
evidence that changes in the activity of the renal sympa-
thetic nerve play an important role in controlling body fluid 
homeostasis and blood pressure.76,194,195 Renal sympathetic 
nerve activity can influence renal function and Na+ excre-
tion through several mechanisms: (1) changes in renal and 
glomerular hemodynamics; (2) effect on renin release from 
juxtaglomerular cells, with increased formation of Ang II; 
and (3) direct effect on renal tubular fluid and electrolyte 
reabsorption.76 Graded direct electrical stimulation of renal 
nerves produces frequency-dependent changes in RBF and 
GFR, reabsorption of renal tubular Na+ and water, and secre-
tion of renin.76,195 The lowest frequency (0.5 to 1.0 Hz) 
stimulates renin secretion, and frequencies of 1.0 to 2.5 Hz 
increase renal tubule Na+ and water reabsorption. Increas-
ing the frequency of stimulation to 2.5 Hz and higher results 
in decreased RBF and GFR.76,194

The decrease in SNGFR in response to enhanced renal 
nerve activity has been attributed to a combination of 
increases in afferent and efferent glomerular resistance,  
as well as decreases in glomerular capillary hydrostatic  
pressure (ΔP) and glomerular ultrafiltration coefficient 
(Kf).194,195 In Munich-Wistar rats, micropuncture experi-
ments before and after renal nerve stimulation at different 
frequencies revealed that the effector loci for vasomotor 
control by renal nerves were in the afferent and efferent 
arteriole. In addition, although urine flow and Na+ excre-
tion declined with renal nerve stimulation, there was no 
change in absolute proximal fluid reabsorption rate, which 
suggests that reabsorption is increased in the more distal 
segments of the nephron.

Studies of the response of the kidneys to reflex activation 
of renal nerves have also indicated that the SNS has a role 
in regulating renal hemodynamic function and Na+ excre-
tion. In rats receiving diets with different Na+ levels, DiBona 
and Kopp194 measured renal nerve activity in response to 
isotonic saline volume expansion and furosemide-induced 
volume contraction. A low-Na+ diet resulted in a reduction 
in right atrial pressure and an increase in renal nerve activ-
ity. The magnitude of the increase in renal nerve activity was 
approximately 20% for each 1-mm Hg fall in atrial pressure. 
Conversely, the high-Na+ diet resulted in increased right 
atrial pressure and a reduction in renal nerve activity. Other 
studies in conscious animals in which researchers used 
maneuvers such as HWI and left atrial balloon inflation76 
have yielded evidence of the importance of reflex regula-
tion of renal nerve activity.

Collectively, these studies demonstrated the reciprocal 
relationship between ECFV and renal nerve activity, which 
is consistent with the role of central cardiopulmonary mech-
anoreceptors governing renal nerve activity. Moreover, the 
contribution of efferent renal nerve activity is of greater 
significance during conditions of dietary Na+ restriction, 
when the need for renal Na+ conservation is maximal. When 
this linkage between the renal SNS and excretory renal 

through its vasodilatory effect on renal vasculature. ATP is 
another paracrine factor involved in pressure natriuresis. 
ATP is an important regulator of renal salt and water homeo-
stasis. ATP release appears to be mediated by connexin 30 
inasmuch as release in response to increased tubular flow 
or hypotonicity was abolished in connexin 30–deficient 
mice. Moreover, increased arterial pressure, induced by liga-
tion of the distal aorta, led to diuresis and natriuresis in 
normal mice, but the response was attenuated in connexin 
30 knockout mice. These data imply that mechanosensitive 
connexin 30 hemichannels play an integral role in pressure 
natriuresis by releasing ATP into the tubular fluid, thereby 
inhibiting salt and water reabsorption.189 Finally, Magyar 
and colleagues190 have reported that in response to an 
increase in RPP, the apical Na+/H+ exchanger in the 
proximal tubules may be redistributed out of the brush 
border into intracellular compartments. Concomitantly, 
basolateral Na+-K+-ATPase activity decreased significantly. 
The mechanisms of these cellular events have not been fully 
elucidated, but they may be related directly to changes in Pi 
or to changes in the intrarenal paracrine agents described 
previously.

A major assumption of the pressure natriuresis theory is 
that changes in systemic and RPP mediate the natriuretic 
response by the kidneys. As noted in comprehensive reviews, 
acute regulatory changes in renal salt excretion may occur 
without measurable elevation in arterial blood pres-
sure.47,191-193 Of interest is that in many of these studies, the 
natriuresis was accompanied by a decrease in the activity of 
the RAAS, without changes in plasma ANP levels.47,79,192,193 
Thus, whereas increases in arterial blood pressure can drive 
renal Na+ excretion, other so-called pressure-independent 
control mechanisms must also operate to mediate the 
volume natriuresis.47

Neural Mechanisms: Renal Nerves and 
Sympathetic Nervous System

Extensive autonomic innervation of the kidneys makes an 
important contribution to the physiologic regulation of all 
aspects of renal function.76,194 Sympathetic nerves, predomi-
nantly adrenergic, have been observed at all segments of the 
renal vasculature and tubule.195 Adrenergic nerve endings 
reach vascular smooth muscle cells and mesangial cells, cells 
of the juxtaglomerular apparatus, and all segments of the 
tubule—proximal, loop of Henle, and distal. Only the baso-
lateral membrane separates the nerve endings from the 
tubular cells. Initial studies have determined that the great-
est innervation is found in the renal vasculature, mostly at 
the level of the afferent arterioles, followed by the efferent 
arterioles and outer medullary descending vasa recta.196 
However, high-density tubular innervation was found in the 
ascending limb of the loop of Henle, and the lowest density 
was observed in the collecting duct, inner medullary vascu-
lar elements, and papilla.78,197 The magnitude of the tubular 
response to renal nerve activation may thus be proportional 
to the differential density of innervation. In accordance with 
these anatomic observations, stimulation of the renal nerve 
results in vasoconstriction of afferent and efferent arteri-
oles194,197 mediated by the activation of postjunctional 
α1-adrenoreceptors.198

The presence of high-affinity adrenergic receptors in the 
nephron is also indicative of a significant role of the renal 
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Na+-K+-ATPase from its inactive phosphorylated form to its 
active dephosphorylated form.205 The stimulatory effect of 
renal nerves on Na+/H+ exchange is mediated through 
stimulation of the α2-adrenoreceptor.194

In addition to the direct action of Na+ on epithelial cell 
transport and renal hemodynamics, interactions of renal 
nerve input with other effector mechanisms may contribute 
to the regulation of renal handling of Na+. Efferent sympa-
thetic nerve activity influences the rate of renin secretion in 
the kidneys by a variety of mechanisms, either directly or by 
interacting with the macula densa and vascular barorecep-
tor mechanisms for renin secretion.194 The increase in renin 
secretion is mediated primarily by direct stimulation of β1-
adrenergic receptors located on juxtaglomerular granular 
cells.194 Sympathetic activation of renin release is augmented 
during RPP reduction.194 Results of studies in the isolated 
perfused rat kidney have suggested that intrarenal genera-
tion of Ang II has an important prejunctional action on 
renal sympathetic nerve terminals to facilitate norepineph-
rine release during renal nerve stimulation.194 However, 
the physiologic significance of this facilitatory interaction 
on tubular Na+ reabsorption remains controversial. Thus, 
administration of an ACE inhibitor or an angiotensin recep-
tor blocker (ARB) attenuates the antinatriuretic response 
to electrical renal nerve stimulation in anesthetized rats.194 
In contrast, when nonhypotensive hemorrhage was used to 
produce a reflex increase in RSNA in conscious dogs, the 
associated antinatriuresis was unaffected by ACE inhibition 
or Ang II receptor blockade.206

Sympathetic activity is also a stimulus for the production 
and release of renal prostaglandins, coupled in series to  
the adrenergic-mediated renal vasoconstriction.194 Evidence 
indicates that renal vasodilatory prostaglandins attenuate 
the renal hemodynamic vasoconstrictive response to activa-
tion of the renal adrenergic system in vivo and on isolated 
renal arterioles.194 In Munich-Wistar rats, results of micro-
puncture experiments have indicated that the primary 
factor responsible for the reduction in the glomerular Kf 
during renal nerve stimulation may be Ang II rather than 
norepinephrine, and that endogenously produced prosta-
glandins neutralize the vasoconstrictive effects of renal 
nerve stimulation at an intraglomerular locus rather than at 
the arteriolar level.

Another interaction examined is that between the renal 
SNS and AVP. Studies in conscious animals have shown that 
AVP exerts a dose-related effect on the arterial baroreflex. 
Low doses of AVP might have sensitized the central barore-
flex neurons to afferent input, whereas higher doses caused 
direct excitations of these neurons, which resulted in a 
reduction in sympathetic outflow.194 In addition, AVP sup-
presses renal sympathetic outflow, and this response depends 
on the number of afferent inputs from baroreceptors.207 
Conversely, renal nerve stimulation resulted in elevations of 
plasma AVP levels and arterial pressure in conscious, 
baroreceptor-intact Wistar rats.208 Many studies have demon-
strated in normal and pathologic situations that increased 
RSNA can antagonize the natriuretic/diuretic response to 
ANP and that removal of the influence of sympathetic activ-
ity enhances the natriuretic action of the peptide.194 Con-
versely, renal denervation in Wistar rats increased ANP 
receptors and cGMP generation in glomeruli, which resulted 
in an increase in Kf after ANP infusion.209

function is defective, abnormalities in the regulation of ECF 
volume and blood pressure may develop.197,201

Several studies in which the response of denervated 
kidneys to various physiologic maneuvers was examined also 
yielded evidence that renal nerves play a role in regulating 
renal hemodynamic function and Na+ excretion. Early 
studies showed that acute denervation of the kidneys is 
associated with increased urine flow and Na+ excretion.194 
Micropuncture techniques showed that in euvolemic 
animals, elimination of renal innervation does not alter any 
of the determinants of SNGFR, indicating that renal nerves 
contribute little to the vasomotor tone of normal animals 
under baseline physiologic conditions. However, absolute 
proximal reabsorption was significantly reduced in the 
absence of changes in peritubular capillary oncotic pres-
sure, hydraulic pressure, and renal interstitial pressure.194 
The decrease in tubular electrolyte and water reabsorption 
after renal denervation was also observed in the loop of 
Henle and segments of the distal nephron.194

In another micropuncture study in control rats and in rats 
with experimentally induced heart failure or acute volume 
depletion, denervation resulted in diuresis and natriuresis in 
normal rats but failed to alter any of the parameters of renal 
cortical microcirculation.194 In rats with heart failure, in con-
trast, denervation caused both an amelioration of renal vaso-
constriction by decreasing afferent and efferent arteriolar 
resistance and, again, natriuresis. This study indicated that 
in situations in which efferent neural tone is heightened 
above baseline level, renal nerve activity may profoundly 
influence renal circulatory dynamics. However, although the 
basal level of renal nerve activity in normal rats or conscious 
animals is apparently insufficient to influence renal hemody-
namics, it is sufficient to exert a tonic stimulation on renal 
tubular epithelial Na+ reabsorption and renin release.194 
Classic studies, in which guanethidine was given to achieve 
autonomic blockade or in patients with idiopathic auto-
nomic insufficiency, have revealed that intact adrenergic 
innervation is required for the normal renal adaptive 
response to dietary Na+ restriction.202

More direct examination of efferent RSNA in humans has 
been made possible by the measurement of renal norepi-
nephrine spillover to elucidate the kinetics of norepineph-
rine release. Friberg and associates203 have determined that 
in normal subjects, a low-Na+ diet results in a fall in UNa 
excretion and an increase in norepinephrine spillover, with 
no change in cardiac norepinephrine uptake; these findings 
support the concept of a true increase of efferent renal 
nerve activity secondary to Na+ restriction. Similarly, low-
dose infusion of norepinephrine to normal salt-replete vol-
unteers resulted in a physiologic plasma increment of this 
neurotransmitter in association with antinatriuresis.204 This 
reduction in Na+ excretion occurred without any change in 
GFR but was associated with a significant decline in lithium 
(Li+) clearance, an indication of enhanced proximal tubule 
reabsorption.

The cellular mechanisms mediating the tubular actions 
of norepinephrine appear to include stimulation of Na+-K+-
ATPase activity and Na+/H+ exchange in proximal tubular 
epithelial cells.194 It is assumed that α1-adrenoreceptor stim-
ulation, mediated by phospholipase C, causes an increase  
in intracellular Ca2+ that activates the Ca2+ calmodulin-
dependent calcineurin phosphatase. Calcineurin converts 
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tubular fluid, interstitial fluid, and renal medulla than in 
the circulation. The epithelial cells of the proximal nephron 
are an important source for the in situ generation of Ang 
II because these cells show abundant expression of the mes-
senger RNA for angiotensinogen.216 Furthermore, Ang II is 
secreted from tubular epithelial cells into the lumen of the 
proximal nephron.217 This may account for the fact that 
concentrations of Ang II are approximately 1000 times 
higher in the proximal tubular fluid than in the plasma.217,218 
Moreover, the mechanisms regulating intrarenal levels of 
Ang II appear to be dissociated from those controlling the 
systemic concentrations of the peptide.216

The biologic actions of Ang II are mediated through 
activation of at least two receptor subtypes, AT1 and AT2, 
encoded by different genes residing on different chromo-
somes.219,220 Both receptors are G protein–coupled, seven-
transmembrane polypeptides containing approximately 360 
amino acids.210,220 In the adult organism, the AT1 receptor 
mediates most of the biologic activities of Ang II, whereas 
the AT2 receptor appears to have a vasodilatory and anti-
proliferative effect.213,221 AT1 is expressed in the vascular 
poles of glomeruli, juxtaglomerular apparatus, and mesan-
gial cells, whereas the quantitatively lower expression of AT2 
is confined to renal arteries and tubular structures.219 In 
addition to their functional distinction, the two receptor 
types use different downstream pathways. Stimulation of the 
AT1 receptor activates phospholipases A2, C, and D, which 
results in increased cytosolic Ca2+ and inositol triphosphate 
and inhibition of adenylate cyclase. In contrast, activation 
of the AT2 receptor results in increases in nitric oxide and 
bradykinin levels, which lead to elevation in cGMP concen-
trations and to vasodilation.222

In addition to being an important source of several com-
ponents of the RAAS, the kidney acts as a major target organ 
for the principal hormonal mediators of this cascade, Ang 
II and aldosterone. The direct effect of Ang II is mediated 
via AT1 receptors that exert multiple direct intrarenal influ-
ences, including renal vasoconstriction, stimulation of 
tubular epithelial Na+ reabsorption, augmentation of TGF 
sensitivity, modulation of pressure natriuresis, and stimula-
tion of mitogenic pathways.210 Moreover, exogenous infu-
sion of Ang II, which results in relatively low circulating 
levels of Ang II (picomolar range), is highly effective in 
modulating renal hemodynamic and tubular function, in 
comparison with the 10- to 100-fold higher concentrations 
required for its extrarenal effects. Thus, the kidneys appear 
to be uniquely sensitive to the actions of Ang II.

Furthermore, the synergistic interactions that exist 
between the renal vascular and tubular actions of Ang II 
significantly amplify the influence of Ang II on Na+ excre-
tion.216 Of the direct renal actions of Ang II, its effect on 
renal hemodynamics appears to be of critical importance. 
Ang II elicits a dose-dependent decrease in RBF but slightly 
augments GFR as a result of its preferential vasoconstrictive 
effect on the efferent arteriole, and therefore increases the 
filtration fraction. In turn, the increased filtration fraction 
may further modulate peritubular Starling forces, possibly 
by decreasing hydraulic pressure and increasing colloid 
osmotic pressure in the interstitium. These peritubular 
changes eventually lead to enhanced reabsorption of proxi-
mal Na+ and fluid. Of importance, however, is that changes 
in preglomerular resistance have also been described during 

In summary, renal sympathetic nerves can regulate UNa 
and water excretion by changing renal vascular resistance, 
by influencing renin release from the juxtaglomerular gran-
ular cells, and through a direct effect on tubular epithelial 
cells (Figure 15.7). These effects may be modulated through 
interactions with other hormonal systems, including ANP, 
prostaglandins, and AVP.

Humoral Mechanisms

Renin-Angiotensin-Aldosterone System. The RAAS plays a 
central role in the regulation of ECF volume, Na+ homeo-
stasis, and cardiac function.210 The system is activated in situ-
ations that compromise hemodynamic stability, such as 
blood loss, reduced EABV, low Na+ intake, hypotension, and 
increase in sympathetic nerve activity. The RAAS is com-
prised of a coordinated hormonal cascade whose synthesis 
is initiated by the release of renin from the juxtaglomerular 
apparatus in response to reduced renal perfusion or 
decrease in arterial pressure.211 Messenger RNA for renin 
exists in juxtaglomerular cells and in renal tubular cells.212 
Renin acts on its circulating substrate, angiotensinogen, 
which is produced and secreted mainly by the liver, but also 
by the kidneys.210 ACE 1 (ACE1), which cleaves Ang I to Ang 
II, exists in large amounts in the microvasculature of the 
lungs but also on endothelial cells of other vascular beds 
and cell membranes of the brush border of the proximal 
nephron, heart, and brain.210 Ang II is the principal effector 
of the RAAS, although other smaller metabolic products of 
Ang II also have biologic activities.213,214 Nonrenin (cathep-
sin G, plasminogen-activating factor, tonin) and non-ACE 
pathways (chymase, cathepsin G) also exist in these tissues 
and may contribute to tissue Ang II synthesis.210

In addition to its important function as a circulating 
hormone, Ang II produced locally acts as a paracrine agent 
in an organ-specific mode.215 In that regard, the properties 
of Ang II as a growth-promoting agent in the cardiovascular 
system and kidneys have been increasingly appreciated.210,215 
For example, local generation of Ang II in the kidneys 
results in higher intrarenal levels of this peptide in proximal 

Figure 15.7  Sympathetic  nervous  system  (SNS)–mediated  effects 
of decreased effective arterial blood volume (EABV) on the kidneys. 
α1, α2, β1, α1-, α2-, and β1-Adrenergic receptors, respectively. RAAS, 
Renin-angiotensin-aldosterone  system;  RBF,  renal  blood  flow;  −, 
inhibitory effect. 
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effect of Ang II on pressure natriuresis. The decrease in 
distal delivery produced by the action of Ang II on renal 
hemodynamics and proximal fluid reabsorption could 
elicit afferent arteriolar vasodilation by means of the TGF 
mechanism, which, in turn, could antagonize the Ang 
II–mediated increase in proximal reabsorption. This effect, 
however, is minimized because Ang II increases the respon-
siveness of the TGF mechanism, thus maintaining GFR at 
a lower delivery rate to the macula densa.82 The second 
mechanism by which the antinatriuretic effects of Ang II 
may be amplified is blunting of the pressure natriuresis 
mechanism so that higher pressures are needed to induce 
a given amount of Na+ excretion.174,210 This shift to the 
right in the pressure natriuresis curve may be viewed as 
an important Na+-conserving mechanism in situations of 
elevated arterial pressure.

The use of ACE inhibitors and highly specific ARBs has 
provided additional insight into the mechanisms of action 
of Ang II in the kidneys; the findings have suggested that 
most of the known intrarenal actions of Ang II, particularly 
regulation of renal hemodynamics and proximal tubule 
reabsorption of Na+ and HCO3

−, are mediated by the AT1 
receptor.219 However, functional studies have shown that 
some of the actions of Ang II at the renal level are mediated 
by AT2 receptors.219 The AT2 receptor subtype plays a coun-
terregulatory protective role against the AT1 receptor–
mediated antinatriuretic and pressor actions of Ang II. The 
accepted concept that Ang I was converted solely to Ang II 
was revised through the demonstration that Ang I is also a 
substrate for the formation of angiotensin-(1-7).214 More-
over, a recently discovered homolog of ACE, ACE type 2 
(ACE2), is responsible for the formation of angiotensin-(1-7) 
from Ang II and for the conversion of Ang I to angioten-
sin-(1-9), which may be converted to angiotensin-(1-7) by 
ACE.213,214

Angiotensin-(1-7), through its G protein–coupled recep-
tor, Mas, may play a significant role as a regulator of cardio-
vascular and renal function by opposing the effects of Ang 
II; it does this through vasodilation, diuresis, and an antihy-
pertrophic action.213 Thus, the RAAS can currently be envi-
sioned as a dual-function system in which the vasoconstrictor/
proliferative or vasodilator/antiproliferative actions are 
driven primarily by the ACE/ACE2 balance. According to 
this model, an increased ACE/ACE2 activity ratio leads to 
increased generation of Ang II and increased catabolism of 
angiotensin-(1-7), which is conducive to vasoconstriction; 
conversely, a decreased ACE/ACE2 ratio reduces Ang II and 
increases angiotensin-(1-7) levels, facilitating vasodilation. 
The additional effect of angiotensin-(1-7)/Mas to antago-
nize the actions of Ang II directly adds a further level of 
counterregulation.213

The final component of the RAAS, aldosterone, is  
produced via Ang II stimulation of the adrenal cortex and 
also plays an important physiologic role in the maintenance 
of ECFV and Na+ homeostasis.235 The primary sites of aldo-
sterone action are the principal cells of the cortical collect-
ing tubule and convoluted distal tubule, in which the 
hormone promotes the reabsorption of Na+ and the secre-
tion of K+ and protons.235 Aldosterone may also enhance 
electrogenic Na+ transport, but not K+ secretion, in the 
IMCD236 and has recently been shown to act also in the 
proximal tubule.237Aldosterone exerts its effects on ionic 

Ang II infusion or blockade.223 These may be secondary to 
changes in systemic arterial pressure (myogenic reflex) or 
to increased sensitivity of TGF because Ang II does not alter 
preglomerular resistance when RPP is clamped or adjust-
ments in TGF are prevented.223

In addition, Ang II may affect GFR by reducing Kf, thereby 
altering the filtered load of Na+.224 This effect is believed to 
reflect the action of the hormone on mesangial cell contrac-
tility and increasing permeability to macromolecules.223 
Finally, Ang II may also influence Na+ excretion through its 
action on the medullary circulation. Because Ang II recep-
tors are highly abundant in the renal medulla, this peptide 
may contribute significantly to the regulation of medullary 
blood flow.223,225 In fact, use of fiberoptic probes has revealed 
that Ang II usually reduces cortical blood flow and medul-
lary blood flow and decreases Na+ and water excretion.223,225 
As noted earlier, changes in medullary blood flow may affect 
medullary tonicity, which determines the magnitude of 
passive salt reabsorption in the loop of Henle, and may also 
modulate pressure natriuresis through alterations in renal 
interstitial pressure.226

The other well-characterized renal effect of Ang II is a 
direct action on proximal tubular epithelial transport. Infu-
sions of Ang II to achieve systemic concentrations of 10-12 to 
10-11 mol markedly stimulated Na+ and water transport, inde-
pendently of changes in renal or systemic hemodynam-
ics.210,227 Ang II exerts a dose-dependent biphasic effect on 
proximal Na+ reabsorption. Peritubular capillary infusion 
with solutions containing low concentrations of Ang II (10-12 
to 10-10 mol) stimulated the proximal Na+ reabsorption rate, 
whereas perfusion at higher concentrations of Ang II (>10-7 
mol) inhibited the proximal Na+ reabsorption rate. Addi-
tion of the AT1 receptor antagonist losartan or the ACE 
inhibitor enalaprilat directly into the luminal fluid of the 
proximal nephron resulted in a significant decrease in prox-
imal fluid reabsorption, which is indicative of tonic regula-
tion of proximal tubule transport by endogenous Ang II.228

The specific mechanisms by which Ang II influences 
proximal tubule transport include increases in reabsorption 
of Na+ and HCO3

− by stimulation of the apical Na+-H+ anti-
porter, Na+/H+-exchanger isoform 3 (NHE3), basolateral 
Na+-3HCO3

− symporter, and Na+-K+-ATPase.229,230 Thus, Ang 
II can affect NaCl absorption by two mechanisms:

1. Activation of NHE3 can directly increase NaCl 
absorption.

2. Conditions that increase the rate of NaHCO3 absorption 
can stimulate passive NaCl absorption by increasing the 
concentration gradient for passive Cl− diffusion.231

Na+ reabsorption is further promoted by the action of Ang 
II on NHE3 and Na+-K+-ATPase in the medullary thick 
ascending limb of Henle.210

In the early and late portions of the distal tubule, as 
well as the connecting tubule, Ang II regulates Na+ and 
HCO3

− reabsorption by stimulating NHE3 and the 
amiloride-sensitive Na+ channel.232-234 Two additional mech-
anisms may amplify the antinatriuretic effects of Ang II 
that are mediated by the direct actions of the peptide on 
renal hemodynamics and tubular transport. The first con-
cerns the increased sensitivity of the TGF mechanism in 
the presence of Ang II, and the second is related to the 
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Elegant studies on the intracellular signaling pathways 
involved in renal Na+ and K+ transport have shed light on 
this puzzle. The key elements in this transport regulation 
are the Ste20/SPS1-related proline/alanine-rich kinase 
(SPAK), oxidative stress-related kinase (OSR1) the with-no-
lysine kinases (WNKs) and their effectors, the thiazide-
sensitive NaCl cotransporter, and the K+ secretory channel 
ROMK. According to the proposed model, when EABV  
is reduced or dietary salt intake is low, Ang II, mediated by 
the AT1 receptor, leads to phosphorylation of WNK4, 
which stimulates phosphorylation of SPAK and OSR1. In 
turn, SPAK and OSR1 phosphorylate the NaCl cotrans-
porter, inducing Na+ transport and conservation. Simultane-
ous phosphorylation of the full-length isoform of WNK1, 
WNK1-L, causes endocytosis of the ROMK channel, thereby 
enabling K+ conservation, despite high aldosterone levels. 
In contrast, in the presence of hyperkalemia or low dietary 
salt, Ang II levels are low so that WNK4 cannot be activated, 
SPAK, OSR1 and the NaCl cotransporter are not phos-
phorylated, and NaCl cotransporter trafficking to the  
apical membrane is inhibited. At the same time, K+-induced 
kidney-specific WNK1 leads to suppression of WNK1-L, 
which allows ROMK trafficking to the apical membrane and 
maximal K+ secretion.242 For further details, the reader is 
referred to an excellent recent review.243

In terms of blood pressure maintenance, systemic 
vasoconstriction—another major extrarenal action of Ang 
II—may be considered the appropriate response to per-
ceived ECF volume contraction. As mentioned previously, 
higher concentrations of Ang II are needed to elicit this 
response than those that govern the renal antinatriuretic 
actions of Ang II, a situation analogous to the discrepancy 
between antidiuretic and pressor actions of vasopressin. 
Transition from an antinatriuretic to a natriuretic action of 
Ang II at high infusion rates can be attributed almost entirely 
to a concomitant rise in blood pressure.244 There is now clear 
evidence that in addition to the adrenal glomerulosa, aldo-
sterone may also be produced by the heart and vasculature. 
It exerts powerful effects on blood vessels,245 independently 
of actions that can be attributed to the blood pressure rise 
through regulation of salt and water balance. As observed 
with Ang II, aldosterone also possesses significant mitogenic 
and fibrogenic properties. It directly increases the expres-
sion and production of transforming growth factor-β and 
thus is involved in the development of glomerulosclerosis, 
hypertension, and cardiac injury/hypertrophy.210,235,245

In summary, Ang II, the principal effector of the RAAS, 
regulates extracellular volume and renal Na+ excretion 
through intrarenal and extrarenal mechanisms. The intra-
renal hemodynamic and tubular actions of the peptide and 
its main extrarenal actions (systemic vasoconstriction  
and aldosterone release) act in concert to adjust UNa excre-
tion under a variety of circumstances associated with altera-
tions in ECF volume. Many of these mechanisms are 
synergistic and tend to amplify the overall influence of the 
RAAS. However, additional counterregulatory mechanisms, 
induced directly or indirectly by Ang II, provide a buffer 
against the unopposed actions of the primary components 
of the RAAS.

Vasopressin. AVP is a nonapeptide (nine–amino acid) 
hormone, synthesized in the brain, that is secreted from the 

transport by increasing the number of open Na+ and K+ 
channels in the luminal membrane and the activity of Na+-
K+-ATPase in the basolateral membrane.238 The effect of 
aldosterone on Na+ permeability appears to be the primary 
event because blockade of the ENaC with amiloride pre-
vents the initial increase in Na+ permeability and Na+-K+-
ATPase activity.238 This effect on Na+ permeability is mediated 
by changes in intracellular Ca2+ levels, intracellular pH,239 
trafficking via protein kinase D1-phosphatidylinositol 4- 
kinaseIIIβ trans Golgi signaling,240 and methylation of 
channel proteins, thus increasing the mean open probabil-
ity of ENaC.239 However, the long-term effect of aldosterone 
on Na+-K+-ATPase activity involves de novo protein synthesis, 
which is regulated at the transcriptional level by serum- and 
glucocorticoid-induced kinase-1.239

It has become clear that aldosterone specifically regulates 
the α-subunit of ENaC and that changes in expression of a 
variety of genes are important intermediates in this process. 
Using microarray analysis in a mouse IMCD line, Gumz and 
associates241 examined the acute transcriptional effects of 
aldosterone. They found that the most prominent transcript 
was period homolog 1 (Per1), an important component of 
the circadian clock, and that disruption of the Per1 gene 
leads to attenuated expression of messenger RNA encoding 
for the α-subunit of ENaC and increased UNa excretion. 
They also noted that messenger RNA encoded by the 
α-subunit of ENaC was expressed in an apparent circadian 
pattern that was dramatically altered in mice lacking func-
tional Per1 genes. These results imply that the circadian 
clock has a previously unknown role in the control of Na+ 
balance. Perhaps of more importance is that it provides 
molecular insight into how the circadian cycle directly 
affects Na+ homeostasis.

The Na+-retaining effect of aldosterone in the collecting 
tubule induces an increase in the transepithelial potential 
difference, which is conducive to K+ excretion. In terms of 
overall body fluid homeostasis, the actions of aldosterone in 
the defense of ECF result from the net loss of an osmotically 
active particle confined primarily to the intracellular com-
partment (K+) and its replacement with a corresponding 
particle confined primarily to the ECF (Na+). The effect of 
a given circulating level of aldosterone on overall Na+ excre-
tion depends on the volume of filtrate reaching the collect-
ing duct and the composition of luminal and intracellular 
fluids. As noted earlier, this delivery of filtrate is, in turn, 
determined by other effector mechanisms (Ang II, sympa-
thetic nerve activity, and peritubular physical forces) acting 
at more proximal nephron sites.

It is not surprising that Na+ balance can be regulated over 
a wide range of intake, even in subjects without adrenal 
glands and despite fixed low or high supplemental doses of 
mineralocorticoids. Under these circumstances, other effec-
tor mechanisms predominate in controlling urinary Na+ 
excretion, although often in a setting of altered ECF volume 
or K+ concentration. In this regard, how renal Na+ reabsorp-
tion and K+ excretion are coordinately regulated by aldoste-
rone has long been a puzzle. In states of EABV depletion, 
aldosterone release stimulated by Ang II induces maximal 
Na+ reabsorption without significantly affecting plasma K+ 
levels. Conversely, hyperkalemia-induced aldosterone secre-
tion stimulates maximum K+ excretion without major effects 
on renal Na+ handling.
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RBF and GFR as part of the generalized vasoconstriction 
induced by the peptide.248,255

The role of the V1A receptor in the kidneys has been 
further elaborated. In V1A receptor–deficient (V1AR−/−) mice, 
plasma volume and blood pressure were decreased.255 Also, 
urine volume of V1AR−/− mice was greater than that of wild-
type mice, particularly after a water load; however, GFR, UNa 
excretion, AVP-dependent cAMP generation, levels of V2 
receptor, and AQP2 expression in the kidneys were lower, 
which indicates that the diminishment of GFR and the V2 
receptor–AQP2 system led to impaired urinary concentra-
tion in V1AR−/− mice. This result is interesting because classic 
models implicate the V2 receptors in water handling by the 
nephron. Moreover, plasma renin and Ang II levels were 
decreased, as was renin expression in granule cells. In addi-
tion, the expression of renin stimulators such as nNOS and 
cyclo-oxygenase-2 (COX-2) in macula densa cells, where 
V1AR is specifically expressed, was decreased in V1AR−/− mice. 
Aoyagi and colleagues have concluded that AVP regulates 
body fluid homeostasis and GFR through the V1AR in macula 
densa cells by activating the RAAS and subsequently the V2 
receptor–AQP2 system.255 Recent work from the same group 
(Yasuoka and associates256) has confirmed the importance 
of the V1AR for the expression of AQP2 in the collecting 
ducts during control conditions and dehydration.

A third receptor for AVP, V3,257 is found predominantly in 
the anterior pituitary gland and is involved in the regulation 
of adrenocorticotropic hormone (ACTH) release. In  
addition to its renal effects, AVP also regulates extrarenal 
vascular tone through the V1A receptor. Stimulation of 
this receptor by AVP results in a potent arteriolar vasocon-
striction in various vascular beds, with a significant increase 
in systemic vascular resistance.258 However, physiologic 
increases in AVP do not usually cause a significant increase 
in blood pressure because AVP also potentiates the sinoaor-
tic baroreflexes that subsequently reduce heart rate and 
cardiac output.258 Nevertheless, at supraphysiologic concen-
trations of AVP, such as those that occur when EABV is 
severely compromised (e.g., in shock or heart failure), AVP 
plays an important role in supporting arterial pressure and 
maintaining adequate perfusion to vital organs such as the 
brain and myocardium. AVP also has a direct, V1 receptor–
mediated, inotropic effect in the isolated heart.259 In vivo, 
however, AVP has been reported to decrease myocardial 
function260; this effect is attributed to cardioinhibitory 
reflexes or coronary vasoconstriction induced by the 
peptide. Of more importance is that AVP has been shown 
to stimulate cardiomyocyte hypertrophy and protein synthe-
sis in neonatal rat cardiomyocytes and in intact myocardium 
through a V1-dependent mechanism.261 These effects are 
very similar to those obtained with exposure of cardiomyo-
cytes to Ang II or catecholamines, although not necessarily 
through the same cellular mechanisms. By this growth-
promoting property, AVP may contribute to the induction 
of cardiac hypertrophy and remodeling in heart failure.262

Until recently, uncertainty existed regarding the effect of 
AVP on natriuresis; some authors have found a natriuretic 
response with infusions, and others have found Na+ reten-
tion.263,264 These variations may have resulted from differ-
ences between species or from acute changes in volume 
status.265 It is now clear that an increase in Na+ reabsorption 
along the distal nephron (connecting tubule and collecting 

posterior pituitary gland into the circulation in response to 
an increase in plasma osmolality (through osmoreceptor 
stimulation) or a decrease in EABV and blood pressure 
(through baroreceptor stimulation).246 Thus, AVP plays a 
major role in the regulation of water balance and the 
support of blood pressure and EABV. AVP exerts its biologic 
actions through at least three different G protein–coupled 
receptors. Two of these receptors, V1A and V2, are abun-
dantly expressed in the cardiovascular system and the 
kidneys; V1B receptors are expressed on the surfaces of cor-
ticotrophic cells of the anterior pituitary gland, in the pan-
creas, and in the adrenal medulla. V1A and V2 receptors 
mediate the two main biologic actions of the hormone, 
vasoconstriction and increased water reabsorption by the 
kidneys, respectively. (V2 receptor–mediated effects on 
hemostasis are discussed in Chapter 29.) The V1A and V1B 
receptors operate through the phosphoinositide signaling 
pathway, causing release of intracellular Ca2+. The V1A recep-
tor, found in vascular smooth muscle cells, hepatocytes, and 
platelets, mediates vasoconstriction, glycogenolysis, and 
platelet aggregation, respectively. The V2 receptor, found 
mainly in the renal collecting duct epithelial cells, is linked 
to the adenylate cyclase pathway, and cAMP is used as its 
second messenger.

Under physiologic conditions, AVP functions primarily to 
regulate water content in the body by adjusting water reab-
sorption in the collecting duct according to plasma tonicity. 
A change in plasma tonicity by as little as 1% causes a paral-
lel change in AVP release. This change, in turn, alters the 
water permeability of the collecting duct. The antidiuretic 
action of AVP results from complex effects of this hormone 
on principal cells of the collecting duct. First, AVP provokes 
the insertion of aquaporin-2 (AQP2)247 water channels 
into the luminal membrane (short-term response) and 
increases the synthesis of AQP2 messenger RNA and 
protein248; both responses increase water permeability along 
the collecting duct. This is considered in detail in Chapter 
11. In brief, activation of V2 receptors localized to the baso-
lateral membrane of the principal cells increases cytosolic 
cAMP, which stimulates the activity of protein kinase A. The 
latter triggers a series of phosphorylation events that pro-
motes the translocation of AQP2 from intracellular stores 
to the apical membrane,249 which allows the reabsorption of 
water from the lumen to the cells. The water then exits the 
cell to the hypertonic interstitium via aquaporin-3 and 
aquaporin-4, localized at the basolateral membrane.250

The second complex effect of AVP on the collecting duct 
is to increase the permeability of the IMCD to urea through 
activation of the urea transporter UT-A1, which enables the 
accumulation of urea in the interstitium; there, along with 
Na+, it contributes to the hypertonicity of the medullary 
interstitium, which is a prerequisite for maximum urine 
concentration and water reabsorption.251 AVP exerts several 
effects on Na+ handling at different segments of the nephron, 
in which it increases Na+ reabsorption through activation of 
ENaC, mainly in the cortical and outer medullary collecting 
ducts.252

In addition, AVP may influence renal hemodynamics and 
reduce RBF, especially to the inner medulla.253 The latter 
effect is mediated by the V1A receptor and may be modu-
lated by the local release of nitric oxide and prostaglandins. 
At higher concentrations,254 AVP may also decrease total 
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a housekeeping role in many cell types; it is expressed abun-
dantly and is highly immunoreactive in the kidneys, espe-
cially in the collecting duct but also in medullary interstitial, 
mesangial, and arteriolar endothelial cells of most species.269 
In contrast, the expression of COX-2 is inducible and cell 
type–specific, and its renal expression is prominent in med-
ullary interstitial cells, cortical cells of the thick ascending 
limb of Henle, and cells of the macula densa, in which 
expression is regulated in response to varying amounts of 
salt intake.269 Furthermore, the profile of sensitivity to phar-
macologic inhibitors differs between the two isoforms.272 
The principal prostanoid in the kidneys is PGE2; others 
present are PGI2, PGF2, and TXA2.269 PGI2 and PGE2 are the 
main products in the cortex of normal kidneys, and PGE2 
predominates in the medulla.269 The metabolism of arachi-
donic acid by other pathways (e.g., lipoxygenase, epoxygen-
ase) leads to products that are involved in crosstalk with 
cyclo-oxygenase.268 The major sites for prostaglandin pro-
duction (and hence for local actions) are the renal arteries 
and arterioles and glomeruli in the cortex and interstitial 
cells in the medulla, with additional contributions from 
epithelial cells of the cortical and medullary collecting 
tubules.273,274

The two major roles for prostaglandins in volume homeo-
stasis are (1) their effect on RBF and GFR and (2) their 
effect on tubular handling of salt and water. Table 15.3 lists 
target structures, mode of action, and major biologic effects 
of the active renal prostanoids. PGI2 and PGE2 have pre-
dominantly vasodilating and natriuretic activities; they also 
modulate the action of AVP and tend to stimulate renin 
secretion. TXA2 has been shown to cause vasoconstriction, 
although the importance of the physiologic effects of TXA2 
on the kidneys is still controversial. The end results of the 
stimulation of renal prostaglandin secretion in the kidneys 
are vasodilation, increased renal perfusion, natriuresis, and 
facilitation of water excretion.

The role of prostaglandins as vasodilators in the glomeru-
lar microcirculation is now well established. The cellular 
targets for vasoactive hormones in the glomerular microcir-
culation are vascular smooth muscle cells of the afferent and 
efferent arterioles and mesangial cells within the glomeruli. 
Action at these sites governs renal vascular resistance, 

duct), mediated by activation of ENaC by vasopressin, makes 
an important contribution to maintenance of the axial cor-
ticomedullary osmotic gradient necessary for maximal water 
reabsorption. Thus, the renal action of vasopressin includes 
not only a direct decrease in free water excretion to dilute 
plasma, but also Na+ reabsorption and, consequently, 
decreased Na+ excretion via ENaC activated along the distal 
nephron.266 In terms of overall volume homeostasis, regard-
less of the effects of AVP on Na+ excretion, the predominant 
influence of the hormone is indirectly through water accu-
mulation or vasoconstriction. In fact, the vasoconstrictive V1 
receptor effect of AVP overrides the osmotically driven 
effect in the presence of an ECF volume deficit of 20% or 
more (see Chapters 10, 11, and 16). Nevertheless, in this 
regard, potential hypertensive effects of AVP are buffered 
by a concomitant increase in baroreflex-mediated sympa-
thoinhibition or by an increase in PGE2, which results in a 
blunting of vasoconstriction, and by a direct vasodepressor 
action of V2 receptor activation.267

Prostaglandins. Prostaglandins (see also Chapter 14), or 
cyclo-oxygenase–derived prostanoids, possess complex and 
diverse regulatory functions in the kidneys, including hemo-
dynamics, renin secretion, growth response, tubular trans-
port processes, and immune response in health and disease 
(Table 15.3).268,269 Currently, two known principal isoforms 
of cyclo-oxygenase (COX-1 and COX-2) catalyze the synthe-
sis of prostaglandin H2 (PGH2) from arachidonic acid, 
released from membrane phospholipids. PGH2 is then 
metabolized to the five major prostanoids—PGE2, prosta-
glandins I2, D2, and F2α (PGI2, PGD2, and PGF2α), and 
thromboxane A2 (TXA2)—through specific synthases (see 
also Chapter 14).270 An additional splice variant of the 
COX-1 gene, COX-3, has been identified, but its function 
in humans remains unclear.271

Prostanoids are rapidly degraded, so their effect is local-
ized strictly to their site of synthesis, which accounts for the 
predominance of their autocrine and paracrine modes of 
action. Each prostanoid has a specific cell surface G protein–
coupled receptor, distinct for a given location, that deter-
mines the specific function of the prostaglandin in the given 
cell type.269 COX-1 is constitutively expressed and serves in 

Table 15.3 Major Renal Biologic Effects of Prostaglandins and Thromboxane

Agent Target Structure Mode of Action Direct Consequences

PGE2, PGI2 Intrarenal arterioles Vasodilation Increased renal perfusion (more pronounced in 
inner cortical and medullary regions)

PGI2 Glomeruli Vasodilation Increased filtration rate
PGE2, PGI2 Efferent arterioles Vasodilation Increased Na+ excretion through increased 

postglomerular perfusion
PGE2, PGI2, PGF2α Distal tubules Decreased transport Increased Na+ excretion, decreased maximum 

medullary hypertonicity
PGE2, PGI2, PGF2α Distal tubules Inhibition of cAMP synthesis Interference with AVP action
PGE2, PGI2 Juxtaglomerular apparatus cAMP stimulation (?) Increased renin release
TxA2 Intrarenal arterioles Vasoconstriction Decreased renal perfusion

AVP, Arginine vasopressin; cAMP, cyclic adenosine monophosphate; PGE2, prostaglandin E2; PGF2α, prostaglandin F2α; PGI2, prostaglandin 
I2; TxA2, thromboxane A2.
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proposal that changes in prostaglandins have a significant 
effect on renal Na+ excretion.

Results of micropuncture and microcatheterization 
studies in vivo have suggested that prostaglandins affect UNa 
excretion independently of hemodynamic changes.273 Sub-
sequently, direct effects of PGE2 on epithelial transport pro-
cesses were demonstrated and found to vary considerably in 
different nephron segments. In the medullary thick ascend-
ing limb of Henle and collecting tubule, PGE2 caused a 
decrease in the reabsorption of water, Na+, and Cl − that was 
correlated with reduced Na+-K+-ATPase activity. In contrast, 
in the distal convoluted tubule, PGE2 caused increased Na+-
K+-ATPase activity.281 The net effect of locally produced pros-
taglandins on tubular Na+ handling is probably inhibitory 
because complete blockade of prostaglandin synthesis by 
indomethacin in rats receiving a normal or salt-loaded diet 
increased fractional Na+ reabsorption and enhanced the 
activity of the renal medullary Na+-K+-ATPase.282 In addition, 
PGE2 inhibited AVP-stimulated NaCl reabsorption in the 
medullary thick ascending limb of Henle and AVP-stimulated 
water reabsorption in the collecting duct.283,284 Both these 
effects tend to antagonize the overall hydroosmotic response 
to AVP. However, because no such effect is seen in the corti-
cal thick ascending limb of Henle, which is capable of aug-
menting NaCl reabsorption in response to an increased 
delivered load, and because the effects of prostaglandins on 
solute transport in the collecting tubule remain unresolved, 
no conclusions can be reached from these studies about the 
contribution of direct epithelial effects of prostaglandins to 
overall Na+ excretion.283

In whole animal and clinical balance studies, researchers 
have examined the effects of prostaglandin infusion or pros-
taglandin synthesis inhibition on urinary Na+ excretion, or 
have attempted to correlate changes in urinary prostaglan-
din excretion with changes in salt balance; these studies 
have also yielded conflicting and inconclusive results. Nev-
ertheless, as elaborated earlier, prostaglandins have an 
important role in states of Na+ imbalance (real or perceived 
Na+ depletion) in which they are involved to preserve GFR 
by countervailing renal vasoconstrictive influences.

The influence of changes in Na+ intake on renal COX-1 
and COX-2 expression has been studied extensively. The 
expression of COX-2 in the macula densa and thick ascend-
ing limb of Henle is increased by a low-salt diet, inhibition 
of RAAS, and renal hypoperfusion. In contrast, a high-salt 
diet has been reported to decrease COX-2 expression in the 
renal cortex.268,269 None of these changes in Na+ intake affect 
the expression of COX-1 in the cortex. In the medulla, 
whereas a low-salt diet downregulated both COX-1 and 
COX-2, a high-salt diet enhanced the expression of these 
cyclo-oxygenase isoforms.268,269 In vitro studies have shown 
that high osmolarity of the medium of cultured IMCD cells 
induces the expression of COX-2.274 Infusion of nimesulide 
(a selective COX-2 inhibitor) into anesthetized dogs on a 
normal Na+ diet reduced UNa excretion and urine flow rate, 
despite the lack of effect on renal hemodynamics or sys-
temic blood pressure.274

Collectively, the differential regulation of COX-2 in the 
renal cortex and medulla can be integrated into a physio-
logically relevant model in which upregulation of COX-2 in 
the cortical thick ascending limb of Henle and macula 
densa is induced in a volume-contracted or vasoconstrictor 

glomerular function, and downstream microcirculatory 
function in peritubular capillaries and vasa recta. In vivo 
studies have shown that intrarenal infusions of PGE2 and 
PGI2 cause vasodilation and increased RBF.273 In agreement 
with these findings, in vitro experiments with isolated  
renal microvessels have shown that PGE2 and prostaglandin 
E1 (PGE1) attenuate Ang II–induced afferent arteriolar 
vasoconstriction, and PGI2 antagonizes Ang II–induced 
efferent arteriolar vasoconstriction.275 Similarly, PGE2 has 
been shown to counteract Ang II–induced contraction of 
isolated glomeruli and glomerular mesangial cells in  
culture and, conversely, cyclo-oxygenase inhibition aug-
ments these contractile responses.276 An inhibitory counter-
regulatory role of prostaglandins with regard to renal nerve 
stimulation has also been demonstrated from micropunc-
ture studies.277 Furthermore, in volume-contracted states, 
COX-2 expression and PGE2 release in the macula densa 
and cortical thick ascending limb of Henle dramatically 
increase in response to decreased luminal Cl− delivery. 
In addition to its direct vasodilator effect on afferent  
arterioles, PGE2 leads to increased renin release from the 
macula densa.269 The resulting rise in Ang II and conse-
quent efferent arteriolar constriction also ensure mainte-
nance of the GFR.

In the clinical situation, in volume-replete states, the 
renal vasoconstrictive influences of Ang II and norepineph-
rine are mitigated by their simultaneous stimulation of vaso-
dilatory renal prostaglandins, so that RBF and GFR are 
maintained.278 However, in the setting of heightened vaso-
constrictor input from the RAAS, SNS, and AVP, as occurs 
during states of EABV depletion, the vasorelaxant action of 
PGE2 and PGI2 is overwhelmed, with the concomitant risk 
for the development of acute kidney injury.269 Similarly, 
when this prostaglandin-mediated counterregulatory mech-
anism is suppressed by nonselective or COX-2–selective 
inhibitors, the unopposed actions of Ang II and norepi-
nephrine can also lead to a rapid deterioration in renal 
function.279 Moreover, COX-2–derived prostanoids also 
promote natriuresis and stimulate renin secretion.269 There-
fore, during states of volume depletion, low Na+ intake, or 
the use of loop diuretics, COX-2 inhibitors (e.g., celecoxib), 
and the nonselective COX inhibitors diclofenac and 
naproxen, can cause Na+ and K+ retention, edema forma-
tion, heart failure, and hypertension.274

In addition to the role of prostaglandins in modulating 
glomerular vasoreactivity in states of varying salt balance, 
prostaglandins also have direct effects on salt excretion. 
Clearly, the aforementioned vascular effects of prostaglan-
dins can be expected to have secondary effects on tubular 
function through the various physical factors described 
earlier in this chapter. One particular consequence of 
prostaglandin-induced renal vasodilation may be medullary 
interstitial solute washout. Such a change in medullary 
interstitial composition could potentially account for the 
observed increase in UNa excretion with intrarenal infusion 
of PGE2.273 The natriuretic response to PGE2 may also be 
attenuated by preventing an increase in renal interstitial 
hydraulic pressure, even in the presence of a persistent 
increase in RBF.280 In addition, in rats, the natriuresis 
usually accompanying direct expansion of renal interstitial 
volume can be significantly attenuated by inhibition of pros-
taglandin synthesis.280 These findings are consistent with the 
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epithelial cells, collecting ducts, adrenal zona glomerulosa, 
and the CNS.36 At least three different subtypes of NP recep-
tors have been identified—NP-A, NP-B, and NP-C.286 NP-A 
and NP-B, single-transmembrane proteins with molecular 
weights of approximately 120 to 140 kDa, mediate most of 
the biologic effects of NPs. Both are coupled to guanylate 
cyclase in their intracellular portions.286 After binding to 
their receptors, all three NP isoforms markedly increase 
cGMP in target tissues and in plasma. Therefore, analogues 
of cGMP or inhibitors of degradation of this second mes-
senger mimic the vasorelaxant and renal effects of NPs. The 
third class of NP-binding receptors, NP-C (molecular weight, 
60 to 70 kDa), is believed to serve as a clearance receptor 
because it is not coupled to any known second-messenger 
system.290 ANP-C is the most abundant type of NP receptor 
in many key target organs of NPs.290

Two additional routes for the removal of NPs are worth 
noting. The first well-established pathway is the enzymatic 
degradation by neutral endopeptidase (NEP) 24.11, a  
metalloproteinase located mainly in the lungs and the 
kidneys.290 This pathway has undergone extensive research 
in attempts to find specific inhibitors that would lead to 
enhanced NP activity in situations of Na+ retention (see 
section, “Specific Treatments Based on the Pathophysiology 
of Congestive Heart Failure”). The second route is entirely 
novel and involves the negative regulation of ANP by 
microRNA-425 (miRNA-425). In this context, carriers of  
the rs5068 minor G allele of the gene encoding ANP,  
NPPA, have a 15% lower risk of hypertension and ANP levels 
50% higher than those with two copies of the major A allele. 
miRNA-425, expressed in human atria and ventricles, is pre-
dicted to bind the sequence spanning rs5068 in the 3′ 
untranslated region of the A, but not G, allele. Only the A 
allele was silenced by miRNA-425, whereas possession of the 
G allele conferred resistance to miR-425. The results raise 
the possibility that miR-425 antagonists could be used to 
treat disorders of salt overload, such as hypertension and 
heart failure.291

Atrial Natriuretic Peptide. Both in vivo and in vitro studies, 
in humans and experimental animals, have established the 
role of ANP in the regulation of ECFV and blood pressure 
by acting on all organs and tissues involved in the homeo-
stasis of Na+ and blood pressure (Table 15.4).288 Therefore, 
it is not surprising that ANP and NH2-terminal ANP levels 
are increased in certain situations: (1) conditions associated 
with enhanced atrial pressure; (2) systolic or diastolic 
cardiac dysfunction; (3) cardiac hypertrophy/remodeling; 
and (4) severe myocardial infarction.36 In the kidneys, ANP 
exerts hemodynamic/glomerular effects that increase Na+ 
and water delivery to the tubule in combination with inhibi-
tory effects on tubular Na+ and water reabsorption, which 
lead to remarkable diuresis and natriuresis.288

In addition to its powerful diuretic and natriuretic activi-
ties, ANP also relaxes vascular smooth muscle and leads to 
vasodilation by antagonizing the concomitant vasoconstric-
tive influences of Ang II, endothelin, AVP, and α1-adrenergic 
input.288 This vasodilation reduces preload, which results in 
a fall in cardiac output.288 In addition, ANP reduces cardiac 
output by shifting fluid from the intravascular to extravas-
cular compartment, an effect mediated by increased  
capillary hydraulic conductivity for water.292 Studies in 
endothelial-restricted, GC-A knockout mice have found that 

state. In the cortical thick ascending limb of Henle, the 
effect is by direct inhibition of Na+ excretion, whereas in the 
macula densa, COX-2 stimulates renin release, which leads 
to Ang II–mediated Na+ retention. In contrast, medullary 
COX-2 is induced by a high-salt diet, which leads to net Na+ 
excretion.269

Finally, in addition to the hemodynamically mediated and 
potential direct epithelial effects of prostaglandins, these 
agents may mediate the physiologic responses to other hor-
monal agents. The intermediacy of prostaglandins in renin 
release responses has already been cited. As another 
example, some, but not all, of the known physiologic effects 
of bradykinin and other products of the kallikrein-kinin 
system are mediated through bradykinin-stimulated prosta-
glandin production (e.g., inhibition of AVP-stimulated 
osmotic water permeability in the cortical collecting 
tubule).283 In addition, the renal and systemic actions of Ang 
II appear to be differentially regulated by prostaglandin 
production that is catalyzed by COX-1 and COX-2. For 
example, COX-2 deficiency in mice, induced by COX-2 
inhibitors or gene knockout, dramatically augmented the 
systemic pressor effect of Ang II, whereas COX-1 deficiency 
abolished this pressor effect. Similarly, Ang II infusion 
reduced medullary blood flow in COX-2–deficient animals, 
but not in COX-1–deficient animals, which suggests that 
COX-2–dependent vasodilators are synthesized in the renal 
medulla. Moreover, the diuretic and natriuretic effects of 
Ang II were absent in COX-2–deficient animals but remained 
in COX-1–deficient animals. Thus, COX-1 and COX-2 exert 
opposite effects on systemic blood pressure and renal 
function.285

Natriuretic Peptides. The physiologic and pathophysiologic 
roles of the NP family in the regulation of Na+ and water 
balance have been extensively investigated since the discov-
ery of ANP by de Bold and colleagues.34 ANP is an endog-
enous, 28–amino acid peptide secreted mainly by the right 
atrium. In addition to ANP, three other NPs have renal 
effects—BNP, CNP, and DNP.36 Although encoded by differ-
ent genes, these peptides are highly similar in chemical 
structure, gene regulation, and degradation pathways, con-
stituting a hormonal system that exerts various biologic 
actions on the renal, cardiac, and blood vessel tissues.286 
ANP plays an important role in blood pressure and volume 
homeostasis through its ability to induce natriuretic/
diuretic, and vasodilatory responses.287,288 BNP has an amino 
acid sequence similar to that of ANP, with an extended NH2-
terminus. In humans, BNP is produced from pro–brain NP 
(proBNP), which contains 108 amino acids and, in accor-
dance with a proteolytic process, releases a mature, 32–
amino acid molecule and N-terminal fragment into the 
circulation. Although BNP was originally cloned from the 
brain, it is now considered a circulating hormone produced 
mainly in the cardiac ventricles.287,288 CNP, which is pro-
duced mostly by endothelial cells, shares the ring structure 
common to all NP members; however, it lacks the C-terminal 
tail. DNP is released by the kidney and is a more effective 
activator of renal functions than ANP.289

The biologic effects of the natriuretic peptides (NPs)  
are mediated by binding the peptide to specific mem-
brane receptors localized to numerous tissues, including the 
vasculature, renal arteries, glomerular mesangial and 
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regeneration of neighboring endothelia through GC-A. 
BNP-mediated paracrine communication may be critically 
involved in coordinating muscle regeneration or hypertro-
phy and angiogenesis. However, the administration of BNP 
to human subjects induces natriuretic, endocrine, and 
hemodynamic responses similar to those induced by ANP.288

BNP is produced and secreted mainly by the ventricles 
but also, in small amounts, by the atrium.288 Increased 
volume or pressure overload states such as HF and hyperten-
sion enhance the secretion of BNP from the ventricles. 
Despite the comparable elevation in plasma levels of ANP 
and BNP in patients with HF and other chronic volume-
expanded conditions, acute intravenous saline loading or 
infusion of pressor doses of Ang II yields different patterns 
of ANP and BNP secretion.296,297 Whereas plasma levels of 
ANP increase rapidly, the changes in plasma BNP of atrial 
origin are negligible, as expected in view of the minimal 
atrial content of BNP, in contrast to the abundance of 
ANP.288 Moreover, plasma levels of BNP rise with age, from 
26 ± 2 pg/mL in subjects aged 55 to 64 years to 31 ± 2 pg/
mL in those aged 65 to 74 years and to 64 ± 6 pg/mL in 
those 75 years of age or older.298

Studies in animals and humans have demonstrated the 
natriuretic effects of pharmacologic doses of BNP. When 
administered to normal volunteers and hypertensive sub-
jects at low doses, BNP induces a significant increase in UNa 
excretion and, to a lesser extent, in urinary flow. Significant 
natriuresis and diuresis were observed after the infusion of 
ANP or BNP to normal subjects. The combination of ANP 
and BNP did not produce a synergistic renal effect, which 
suggests that these peptides share similar mechanisms of 
action.288 Moreover, like ANP, BNP exerts a hypotensive 
effect in animals and humans. For example, transgenic mice 
that overexpress the BNP gene exhibit significant and life-
long hypotension to the same extent as transgenic mice that 
overexpress the ANP gene.288 Therefore, it is clear that BNP 
induces its biologic actions through mechanisms similar to 
those of ANP.288

This notion is supported by several findings: (1) both 
ANP and BNP act through the same receptors, and both 
induce similar renal, cardiovascular, and endocrine actions 
in association with an increase in cGMP production (see 
Table 15.4); and (2) BNP suppresses ACTH-induced aldo-
sterone generation both in cell culture and when BNP is 
infused in vivo. The latter action may be attributed to BNP 
inhibition of renin secretion, at least in dogs, although 
apparently not in humans.288 Similar to the hemodynamic 
effects of ANP, those of BNP vary according to dose and 
species. When injected as a bolus at high doses, BNP caused 
a profound fall in systolic blood pressure in humans; 
however, when infused at low doses, this peptide fails to 
change blood pressure or heart rate.288 The effects of BNP 
have been used in the clinical setting in the diagnosis and 
treatment of the volume overload state of HF (see section, 
“Specific Treatments Based on the Pathophysiology of Con-
gestive Heart Failure”).

C-Type Natriuretic Peptide. Although CNP is considered a 
neurotransmitter in the CNS, considerable amounts of  
this NP are produced by endothelial cells, where it plays a 
role in the local regulation of vascular tone.290 Smaller 
amounts of CNP are produced in the kidneys, heart ven-
tricles, and intestines.290 In addition, CNP, which could be 

Table 15.4 Physiologic Actions of the Natriuretic 
Peptides

Target Organ Biologic Effects

Kidney Increased GFR
Afferent arteriolar vasodilation
Efferent arteriolar vasoconstriction

Natriuresis
Inhibition of Na+/H+ exchanger (proximal 

tubule)
Inhibition of Na+-Cl− cotransporter (distal 

tubule)
Inhibition of Na+ channels (collecting duct)

Diuresis
Inhibition of AVP-induced AQP2 

incorporation into CD-AM
Cardiac Reduction in preload, leading to reduced 

cardiac output
Inhibition of cardiac remodeling

Hemodynamic Vasorelaxation
Elevation of capillary hydraulic conductivity
Decreased cardiac preload and afterload

Endocrine Suppression of RAAS
Suppression of sympathetic outflow
Suppression of AVP
Suppression of endothelin

Mitogenesis Inhibition of mitogenesis in vascular smooth 
muscle cells

Inhibition of growth factor–mediated 
hypertrophy of cardiac fibroblasts

AQP-2, Aquaporin 2; AVP, arginine vasopressin; CD-AM, 
collecting duct apical membrane; GFR, glomerular filtration 
rate; RAAS, renin-angiotensin-aldosterone system.

ANP, through GC-A, enhances albumin permeability in the 
microcirculation of the skin and skeletal muscle. This effect 
is mediated by caveolae293 and is critically involved in the 
endocrine hypovolemic and hypotensive actions of the 
cardiac hormone in vivo.294

ANP has also been shown to exert antiproliferative, 
growth regulatory properties in cultured glomerular mesan-
gial cells, vascular smooth muscle cells, and endothelial 
cells.295 Within the kidneys, ANP causes afferent vasodila-
tion, efferent vasoconstriction, and mesangial relaxation, 
which lead to increases in glomerular capillary pressure, 
GFR, and filtration fraction.288 In combination with increased 
medullary blood flow, these hemodynamic effects enhance 
diuresis and natriuresis. However, the overall natriuretic 
effect of ANP infusion does not require these changes in 
glomerular function (except in response to larger doses of 
the peptide). At the tubular level, ANP inhibits the stimula-
tory effect of Ang II on the luminal Na+/H+ exchanger of 
the proximal tubule.288 Similarly, ANP, acting through cGMP, 
inhibits the thiazide-sensitive NaCl cotransporter in the 
distal tubule and ENaC in the collecting duct, along with 
inhibition of AVP-induced AQP2 incorporation into the 
apical membrane of these segments of the nephron (see 
Table 15.4).288

Brain Natriuretic Peptide. BNP is produced by activated 
satellite cells in ischemic skeletal muscle or by cardiomyo-
cytes in response to pressure load, thereby regulating the 
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ECE have been identified, ECE-1 and ECE-2. ECE-1 exists 
as four different isoforms.304 ECE-2 is localized mainly to 
vascular smooth muscle cells and is probably an intracellular 
enzyme. In ECE-1 knockout mice, tissue levels of ET-1 are 
reduced by about one third, which suggests that ECE-
independent pathways are involved in the synthesis of this 
peptide.305 In this regard, both chymase306 and carboxypep-
tidase A307 have been shown to be involved in mature endo-
thelin production.

The endothelins bind to two distinct receptors, desig-
nated endothelin types A and B (ET-A and ET-B).303 The 
ET-A receptor shows a higher affinity for ET-1 than for ET-2 
or ET-3. The ET-B receptor shows equal affinity for each of 
the three endothelins. ET-A receptors are found mainly on 
vascular smooth muscle cells, on which their activation leads 
to vasoconstriction through an increase in cytosolic Ca2+. 
ET-B receptors are also found on vascular smooth muscle 
cells, on which they can mediate vasoconstriction, but are 
found predominantly on vascular endothelium, in which 
their activation results in vasodilation through prostacyclin 
and nitric oxide.303 Endothelin is detectable in the plasma 
of human subjects and many experimental animals, and 
therefore may also act as a circulating vasoactive hormone.308

Selective ET-A receptor antagonism is associated with 
vasodilation and a reduction in blood pressure, whereas 
selective ET-B antagonism is accompanied by vasoconstric-
tion and a rise in blood pressure.303 These data suggest 
complementary roles for the endothelin receptor subtypes 
in the maintenance of vascular tone. In addition to its vaso-
constrictive action, endothelin has a variety of effects on the 
kidneys.301,309-312 The kidney (mainly the inner medulla) is 
both a source and an important target organ of endothelin. 
ET-1 is synthesized by the endothelial cells of the renal 
vessels, whereas ET-1 and ET-3 are produced by various cell 
types of the nephron. ET-2 and ET-3 are produced at a rate 
one to two orders of magnitude lower than ET-1, which 
appears to be the principal subtype involved in renal func-
tional regulation.301,309

In relation to volume homeostasis, three major aspects of 
renal function are affected by ET-1 in a paracrine or auto-
crine manner: (1) renal and intrarenal blood flow; (2) glo-
merular hemodynamics; and (3) renal tubular transport of 
salt and water. Both ET-A and ET-B receptors are present in 
the glomerulus, renal vessels, and tubular epithelial cells, 
but most ET-B receptors are found in the medulla.313 The 
renal vasculature, in comparison with other vascular beds, 
appears to be most sensitive to the vasoconstrictor action of 
ET-1. Infusion of ET-1 into the renal artery of anesthetized 
rabbits was found to decrease RBF, GFR, natriuresis, and 
urine volume.314 Micropuncture studies have demonstrated 
that ET-1 increases afferent and efferent arteriolar resis-
tance (afferent more than efferent), which results in a 
reduction in the glomerular plasma flow rate. In addition, 
Kf is reduced because of mesangial cell contraction, result-
ing in a diminished SNGFR.

The profound reduction of RBF and concomitant lesser 
reduction in GFR should result in a rise in filtration fraction, 
but the effect of ET-1 on the filtration fraction appears to 
be variable. Some groups, using low doses in a canine model, 
have reported an increase,315 and others have reported no 
significant effect.316 Infusion of ET-1 for 8 days into con-
scious dogs increased plasma levels of endothelin by twofold 

of endothelial or cardiac origin, has been found in human 
plasma. The physiologic stimuli for CNP production have 
not been identified, although enhanced expression of CNP 
messenger RNA has been reported after volume overload.290 
Intravenous infusion of CNP decreases blood pressure, 
cardiac output, urinary volume, and Na+ excretion. Further-
more, the hypotensive effects of CNP are less pronounced 
compared to those of ANP and BNP, but CNP strongly 
stimulates cGMP production and inhibits vascular smooth 
muscle cell proliferation.299

All three NPs inhibit the RAAS, although CNP does not 
induce significant changes in cardiac output, blood pres-
sure, and plasma volume in sheep.290 This finding supports 
the widely accepted concept that ANP and BNP are the 
major circulating NPs, whereas CNP is a local regulator of 
vascular structure and tone.

D-Type Natriuretic Peptide. DNP infused intravenously 
into rabbits increased urine volume and urinary excretion 
of electrolytes. These renal actions, induced by DNP, were 
more pronounced than those of ANP, possibly because of 
the degradation resistance of DNP against the endogenous 
peptidases in plasma or tissues. DNP, specifically via the 
NP-A receptor, induced the greatest cGMP production in 
glomeruli compared to other renal structures, including 
cortical tubules, outer medullary tubules, and inner medul-
lary tubules. Thus, DNP appears to play a pivotal role, at 
least in sheep, as a renal regulating peptide via specific NP 
receptors with a guanylate cyclase domain.289

Although all forms of NPs exist in the brain, the role and 
significance of their CNS expression in the regulation of salt 
and water balance are not understood. Together, the various 
biologic actions of NPs lead to reduction of EABV, an 
expected response to perceived overfilling of the central 
intrathoracic circulation. Furthermore, all NPs counteract 
the adverse effects of the RAAS, which suggests that the two 
systems are acting in opposite directions in the regulation 
of body fluid and cardiovascular homeostasis.

Endothelium-Derived Factors. The endothelium is a major 
source of active substances that regulate vascular tone in 
healthy states and disease.300 The best known representatives 
are endothelin, nitric oxide, and PGI2. These vasoconstrict-
ing and vasodilating factors regulate the perfusion pressure 
of multiple organ systems that are strongly involved in water 
and Na+ balance, such as the kidneys, heart, and vasculature. 
This section summarizes some concepts regarding actions 
of endothelin and nitric oxide that are relevant to volume 
homeostasis.

Endothelin. The endothelin system consists of three vaso-
active peptides—endothelin 1 (ET-1), endothelin 2 (ET-2), 
and endothelin 3 (ET-3). These peptides are synthesized 
and released mainly by endothelial cells and act in a para-
crine and autocrine manner.301,302 ET-1, the major represen-
tative of the endothelin family, is still the most potent 
vasoconstrictor known303 (and see section, “Urotensin”). All 
endothelins are synthesized by proteolytic cleavage from 
specific prepro-endothelins that are further cleaved to form 
37– to 39–amino acid precursors, called big endothelin. Big 
endothelin is then converted into the biologically active, 
21–amino acid peptide by a highly specific endothelin-
converting enzyme (ECE), a phosphoramidon-sensitive, 
membrane-bound metalloprotease. To date, two isoforms of 
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mesangial) endothelin generation is controlled by throm-
bin, Ang II, and transforming growth factor–β, tubular 
endothelin production seems to depend on entirely differ-
ent mechanisms, of which medullary tonicity may be par-
ticularly important. Volume expansion in humans increases 
urinary endothelin excretion, suggestive of an inhibitory 
action of renal endothelin on water reabsorption, particu-
larly in the collecting duct.311 Also, a high-salt diet, by raising 
medullary tonicity, stimulates ET-1 release, which in turn 
leads to increased eNOS (NOS3) expression and natriure-
sis.310 (The NOS-dependent ET-1 effects are discussed 
further in the “Nitric Oxide” section, below). Therefore, salt 
and water balance appear to regulate renal endothelin pro-
duction and collecting duct fluid reabsorption by altering 
medullary tonicity. The signaling mechanisms for these phe-
nomena, as well other renal actions of ET-1, continue to be 
a subject of intensive research, and the interested reader is 
referred to a recent review that summarizes the current state 
of knowledge.311

Nitric Oxide. Nitric oxide (NO) is a diffusible gaseous 
molecule produced from its precursor L-arginine by the 
enzyme NOS, which exists in three distinct isoforms—nNOS 
(NOS1), inducible NOS (iNOS, or NOS2), and eNOS 
(NOS3).321 NOS is expressed in endothelial cells of the 
renal vasculature (mainly eNOS), tubular epithelial and 
mesangial cells, and macula densa (mainly nNOS). There 
is controversy regarding the renal expression of iNOS in 
normal kidneys, but upregulation of this isoform is clearly 
seen in pathologic conditions such as ischemia-reperfusion 
injury.325

The availability of selective NOS inhibitors and NOS 
knockout mice has facilitated the investigation of the indi-
vidual role of the NOS isoforms in the regulation of renal 
function.325 However, the role of specific nitric oxide iso-
forms in a given cell type is still a work in progress. There-
fore, this discussion refers to the renal effects of nitric oxide 
regardless of its isoform, unless otherwise specified.

The action of nitric oxide is mediated by activation of a 
soluble guanylate cyclase (sGC), thereby increasing intracel-
lular levels of its second messenger, cGMP.326 In the kidneys, 
the physiologic roles of nitric oxide include the regulation 
of glomerular hemodynamics, attenuation of TGF, media-
tion of pressure natriuresis, maintenance of medullary  
perfusion, inhibition of tubular Na+ reabsorption, and mod-
ulation of RSNA.321,327 Renal NOS activity is regulated by 
several humoral factors, such as Ang II (see earlier section, 
“Tubuloglomerular Feedback”) and salt intake.126

The role of nitric oxide in the regulation of renal hemo-
dynamics and excretory function is best illustrated by the 
fact that inhibition of intrarenal nitric oxide production 
results in increased blood pressure and impaired renal func-
tion.325 Infusion of the NOS inhibitor, Ng-monomethyl-l-
arginine (l-NMMA), into one kidney in anesthetized dogs 
resulted in a dose-dependent decrease in urinary cGMP 
levels, decreases in RBF and GFR, Na+ and water retention, 
and a decline in fractional Na+ excretion in the ipsilateral 
kidney in comparison with the contralateral kidney.328 In 
addition, acute nitric oxide blockade amplified the renal 
vasoconstrictive action of Ang II in isolated microperfused 
rabbit afferent arterioles and in conscious rats, which sug-
gests that nitric oxide and Ang II interact in the control of 
renal vasculature.126,325 This concept is supported by the 

to threefold and resulted in increased renal vascular resis-
tance and decreased GFR and RBF.254 Interestingly, the 
effect of endothelin on regional intrarenal blood flow is not 
homogeneous. Using laser Doppler flowmetry, administra-
tion of ET-1 in control rats produced a sustained cortical 
vasoconstriction and a transient medullary vasodilatory 
response.317 These results are in line with the medullary 
predominance of ET-B receptors and the high density of 
ET-A–binding sites in the cortex.318

The effect of endothelin on Na+ and water excretion 
varies and depends on the dose and source of endothelin. 
Systemic infusion of endothelin in high doses results in 
profound antinatriuresis and antidiuresis, apparently sec-
ondary to the decrease in GFR and RBF. However, in low 
doses, or when produced locally in tubular epithelial cells, 
endothelin decreases the reabsorption of salt and water, 
consistent with ET-1 target sites on renal tubules.319 Also, 
administration of the endothelin precursor, big endothelin, 
has been shown to cause natriuresis, which supports the 
notion of a direct inhibitory autocrine action of endothelin 
on tubular salt reabsorption.320

The natriuretic and diuretic actions of big ET-1 can be 
significantly reduced by ET-B–specific blockade given 
acutely and chronically by osmotic minipump.321 Further-
more, ET-B knockout rats have salt-sensitive hypertension 
that is reversed by luminal ENaC blockade with amiloride, 
which suggests that ET-B in the collecting duct in vivo toni-
cally inhibits ENaC activity, the final regulator of Na+ 
balance.322 Similarly, mice with collecting duct–specific 
knockout of the ET-1 gene have impaired Na+ excretion in 
response to Na+ load and develop hypertension with a high 
salt intake.311 These mice also have heightened sensitivity to 
AVP and reduced ability to excrete an acute water load. 
These findings are in line with in vitro observations that 
ET-B mediates the inhibitory effects of ET-1 on Na+ and 
water transport in the collecting duct and thick ascending 
limb of Henle.311 Thus, if vascular and mesangial endothelin 
exerts a greater physiologic effect than tubule-derived endo-
thelin, then RBF is diminished and net fluid retention 
occurs, whereas if the tubule-derived endothelin effect pre-
dominates, salt and water excretion are increased.

The ability of ET-1 to inhibit AVP-stimulated water perme-
ability reversibly was first shown in the isolated perfused 
IMCD.323 ET-1 also reduces AVP-stimulated cAMP accumula-
tion and water permeability in the IMCD,311 and mitigates 
the hydroosmotic effect of AVP in the cortical and outer 
medullary collecting ducts.311 Furthermore, studies of the 
rabbit cortical collecting duct have demonstrated that ET-1 
may inhibit the luminal amiloride-sensitive ENaC by a Ca2+-
dependent effect. Moreover, collecting duct–specific ET-1 
knockout mice were shown to have an impaired ability to 
excrete Na+ and water loads in comparison with their wild-
type counterparts. Taking into account the fact that the 
medulla contains ET-B receptors and the highest endothe-
lin concentrations in the body, and that endothelins also 
inhibit Na+-K+-ATPase in IMCD,311 these effects may contrib-
ute to the diuretic and natriuretic actions of locally pro-
duced ET-1. This may also explain the natriuretic effect of 
ET-1 reported by some investigators, despite the reduction 
in RBF and GFR.324

Endothelin production in the kidneys is regulated  
differently than in the vasculature. Whereas vascular (and 
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strong evidence that the medullary and other effects of nitric 
oxide occur in response to local endothelin production.321 
For example, the inhibition of NOS by l-NAME or the highly 
selective ET-B antagonist A-192621 abolished the diuretic 
and natriuretic effects of big ET-1 in the kidneys of anesthe-
tized rats.336 In addition, ET-1 acutely activated eNOS in the 
isolated medullary thick ascending limb of Henle and nNOS 
in isolated IMCD cells, via ET-B activation. Studies in ET-B 
receptor–deficient rats have shown that this activation of 
nNOS and eNOS is accompanied by an increase in nNOS 
protein but no change in messenger RNA expression.321 
These data suggest that nNOS and eNOS activation occur by 
posttranscriptional pathways. NO also reduces Cl− absorp-
tion in the cortical collecting duct (CCD) through a mecha-
nism that is ENaC dependent.337

Activation of eNOS in the IMCD, where the highest renal 
NOS activity is found,338 is also associated with inhibition of 
Na+ reabsorption in the medullary thick ascending limb 
of Henle through phosphatidylinositol-3-kinase (PI3K)– 
stimulated Akt activity, leading to eNOS phosphorylation at 
Ser1177.339 Thus, ET-1 has a paracrine effect on eNOS 
expression in the IMCD. However, the functional corollary 
of nNOS activation in the IMCD remains to be determined. 
A further action of nitric oxide is the inhibition of AVP-
enhanced Na+ reabsorption and hydroosmotic water perme-
ability of the cortical collecting duct.340 A new mouse model 
of specific collecting duct NOS1 gene deletion should be a 
valuable tool to study the signaling mechanisms involved in 
the nitric oxide effects on AVP-enhanced Na+ reabsorption, 
as well as salt-dependent blood pressure mechanisms in 
general.327 The role of nitric oxide in pressure natriuresis 
and RSNA is discussed in the relevant sections.

Kinins. The kallikrein-kinin system is a complex cascade 
responsible for the generation and release of vasoactive 
kinins. The active peptides bradykinin and kallidin are 
formed from precursors (kininogens) that are cleaved by 
tissue and circulatory kinin-forming enzymes.341 Kinins are 
produced by many cell types and can be detected in urine, 
saliva, sweat, interstitial fluid and, in rare cases, venous 
blood. The levels of bradykinin in the circulation are almost 
undetectable because of rapid metabolism by kininases, par-
ticularly kininase II/ACE1. The renal kallikrein-kinin system 
can produce local concentrations of bradykinin much 
higher than those present in blood. In the kidneys, brady-
kinin is metabolized by NEP.342

Kinins play an important role in hemodynamic and excre-
tory processes through their G protein–coupled receptors, 
BK-B1 and BK-B2. The BK-B2 receptors mediate most of the 
actions of kinins342 and are located mainly in the kidneys, 
although they are also detectable in the heart, lungs,  
brain, uterus, and testes. Activation of BK-B2 receptors 
results in vasodilation, probably through a nitric oxide– or 
arachidonic acid metabolite–dependent mechanism.341 For 
example, bradykinin selectively increases perfusion of the 
medulla, especially of its inner layer, via activation of the NO 
system and of Ca2+-activated K+ channels.343 Bradykinin is 
known for its multiple effects on the cardiovascular system, 
particularly vasodilation and plasma extravasation.344

In addition to the vasculature, the kidney is an important 
target organ of kinins, in which they induce diuresis and 
natriuresis through activation of BK-B2 receptors. These 

finding that l-NMMA–induced vasoconstriction leads to 
decreased RBF and Kf and is prevented by RAAS blockade; 
thus, some of the major effects of nitric oxide are to coun-
terbalance the vasoconstrictive action of Ang II.

Nitric oxide has also been shown to exert a vasodilatory 
action on afferent arterioles and to mediate the renal vaso-
relaxant actions of acetylcholine, but not bradykinin.329 The 
counterbalancing effect of nitric oxide on Ang II–induced 
efferent arteriolar vasoconstriction and its role in regulating 
TGF and in modulating renin secretion by the juxtaglo-
merular apparatus have been discussed earlier (see section, 
“Tubuloglomerular Feedback”).126,127

The involvement of nitric oxide in the regulation of Na+ 
balance is well characterized. In conscious dogs on a normal 
Na+ diet, nitric oxide inhibition induces a significant 
decrease in natriuresis and diuresis without a change in 
arterial pressure. In dogs receiving a high-Na+ diet and treat-
ment with the nitric oxide inhibitor, NG-nitro-l-arginine 
methyl ester (l-NAME), both arterial pressure and cumula-
tive Na+ balance were higher than in dogs receiving a com-
parable diet but no treatment with nitric oxide inhibitors.330 
Exposure of rats to a high salt intake (1% NaCl drinking 
water) for 2 weeks induced increased serum concentration 
and urinary excretion of the nitric oxide metabolites, NO2 
and NO3. Urinary NO2 + NO3 and Na+ excretion were sig-
nificantly correlated. The increase in urinary nitric oxide 
metabolites is attributed to the enhanced expression of all 
three NOS isoforms in the renal medulla by high salt 
intake.127 These findings suggest that nitric oxide has a 
role in promoting diuresis and natriuresis in normal and 
increased salt intake/volume-expanded states.321

The action of l-NAME infused directly into the renal 
medullary interstitium of anesthetized rats to reduce papil-
lary blood flow, in association with decreased Na+ and water 
excretion, indicates that nitric oxide exerts a vasodilatory 
effect on the renal medullary circulation and promotes Na+ 
excretion.170 Consistent with these data are the findings of 
high levels of eNOS in the renal medulla and the inhibitory 
effect of nitric oxide on Na+-K+-ATPase in the collecting 
duct.331 Additional evidence of the involvement of the nitric 
oxide system in Na+ homeostasis has been derived from 
studies in which researchers examined the mechanism of 
salt-sensitive hypertension. According to these studies, activ-
ity of NOS, mainly nNOS, is significantly lower in salt-
sensitive rats than in salt-resistant rats maintained on a 
high-salt diet.332,333 In another study, intravenous l-arginine 
increased nitric oxide production and prevented the devel-
opment of salt-induced hypertension in Dahl salt-sensitive 
rats.334 These findings suggest that nNOS plays an important 
role in Na+ handling and that decreases in nNOS activity 
may in part be involved in the mechanism of salt-sensitive 
hypertension.

The involvement of nitric oxide in the abnormal Na+ han-
dling in hypertension could result from an inadequate direct 
effect on tubular Na+ reabsorption in proximal and distal 
segments. However, attenuated inhibitory actions of nitric 
oxide on renin secretion and TGF may also contribute to salt 
retention and subsequent hypertension. In this context, 
investigators concluded that nitric oxide originating from 
the macula densa blunted the TGF-mediated vasoconstric-
tion during high salt intake in salt-resistant rats, whereas in 
salt-sensitive rats, this response was lost.335 As noted, there is 
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domains. AM receptors constitute the calcitonin receptor–
like receptor and a family of receptor activity–modifying 
proteins.350 Activation of these receptors increases intracel-
lular cAMP, which probably serves as a second messenger 
for the peptide.349 The most impressive biologic effect of AM 
is long-lasting and dose-dependent vasodilation of the vas-
cular system, including the coronary arteries.351 Injection of 
AM into anesthetized rats, cats, or conscious sheep induces 
a potent and long-lasting hypotensive response associated 
with reduction in vascular resistance in the kidneys, brain, 
lungs, hind limbs, and mesentery.349 The hypotensive action 
of AM is accompanied by increases in heart rate and cardiac 
output caused by positive inotropic effects.349 The vasodilat-
ing effect of AM can be blocked by inhibiting NOS, which 
suggests that nitric oxide partly mediates the decrease in 
systemic vascular resistance.352

In addition to its hypotensive action, AM increases RBF 
through preglomerular and postglomerular arteriolar vaso-
dilation.353,354 The AM-induced hyperperfusion is associated 
with dose-dependent diuresis and natriuresis.349,353 These 
effects result from a decrease in tubular Na+ reabsorption, 
despite the AM-induced hyperfiltration354 and may be 
mediated partially by locally released nitric oxide355,356 and 
prostaglandins.357 In addition, NEP inhibition potentiates 
exogenous AM-induced natriuresis without affecting GFR.358 
Like NPs, AM suppresses aldosterone secretion in response 
to Ang II and high potassium levels.349 Furthermore, in 
cultured vascular smooth muscle cells, AM inhibits endothe-
lin production induced by various stimuli.349 AM acts in the 
CNS to inhibit water and salt intake.349 In the hypothalamus, 
AM inhibits the secretion of AVP, an effect that may also 
contribute to its diuretic and natriuretic actions.349

Together, these findings show that AM is a vasoactive 
peptide that may be involved in the physiologic control of 
renal, adrenal, vascular, and cardiac function. Furthermore, 
the existence of AM-like immunoreactivity in the glomeru-
lus and collecting tubule, in association with detectable 
amounts of AM messenger RNA in the kidneys, suggests that 
AM plays a renal paracrine role.359

Two other members of the AM family, AM-2 (intermedin) 
and AM-5, have been identified. AM-2 is about 30% homolo-
gous with AM and has renal and cardiovascular effects 
similar to those of AM-1. AM-5 has cardiovascular effects 
similar to those of AM-1, but no apparent renal effects, in 
normal animals.360,361

Urotensin. Urotensin II is a highly conserved peptide that 
binds to the human orphan G protein–coupled receptor 
GPR14, now termed the urotensin II receptor. The parent 
peptide, prepro–urotensin II, is widely expressed in human 
tissues, including those of the CNS and peripheral nervous 
system, GI tract, vascular system, and kidneys.362 In the 
kidneys, immunoreactive staining for urotensin II was 
detected in the epithelial cells of the tubules, mostly in the 
distal tubule, with moderate staining in endothelial cells  
of the renal capillaries.362 The C-terminus of the prohor-
mone is cleaved to produce urotensin II, an 11–amino acid 
residue peptide. The human form of urotensin II includes 
a cyclic hexapeptide sequence that is fundamental for the 
action of this compound. The metabolic pathway leading to 
the production of urotensin II still remains incompletely 
characterized. Substantial urotensin II arteriovenous  

effects are attributed to an increase in RBF and to inhibition 
of Na+ and water reabsorption via ENaC in the distal 
nephron.345 The latter effect is secondary to the observed 
action of kinins in reducing vascular resistance. Unlike many 
vasodilators, bradykinin increases RBF without significantly 
affecting GFR or Na+ reabsorption at the proximal tubule 
level, but the accompanying marked decrease in water and 
salt reabsorption in the distal nephron contributes signifi-
cantly to increased urine volume and Na+ excretion.

Studies with transgenic animals have enriched the under-
standing of the physiologic role of the kinins and the inter-
action between the kallikrein-kinin system and the RAAS.344 
For example, in the kidneys, Ang II acting through the AT2 
receptor stimulates a vasodilator cascade of bradykinin, 
nitric oxide, and cGMP during conditions of increased Ang 
II, such as Na+ depletion.328 In the absence of the AT2 recep-
tor, pressor and antinatriuretic hypersensitivity to Ang II is 
associated with bradykinin and nitric oxide deficiency.328 
Furthermore, involvement of the renal kinins in pressure 
natriuresis has been documented.172 Bradykinin also medi-
ates the biologic actions of angiotensin-(1-7), as shown in 
rats transgenic for the kallikrein gene, which display signifi-
cantly augmented angiotensin-(1-7)–mediated diuresis and 
natriuresis.346 Because ACE is involved in the degradation 
of kinins, ACE inhibitors not only attenuate the formation 
of Ang II but may also lead to the accumulation of kinins. 
The latter are believed to be responsible in part for the 
beneficial effects of ACE inhibitors in patients with HF, but 
also for their troublesome side effect of cough.347 On the 
basis of the results of these studies, as well as those in which 
BK-B2-specific antagonists were used, the kallikrein-kinin 
system is believed to play a pivotal role in the regulation of 
fluid and electrolyte balance, mainly by acting as a counter-
regulatory modulator of vasoconstrictor and Na+-retaining 
mechanisms.

Adrenomedullin. Human adrenomedullin (AM) is a 52–
amino acid peptide that was discovered in 1993 in extracts 
of human pheochromocytoma cells.348 Adrenomedullin is 
approximately 30% homologous in structure with calcitonin 
gene–related peptide and amylin.348,349 Adrenomedullin is 
produced from a 185–amino acid preprohormone that also 
contains a unique 20–amino acid sequence in the NH2-
terminus, termed proadrenomedullin NH2-terminal 20 peptide. 
This sequence exists in vivo and has biologic activity similar 
to that of AM.

Adrenomedullin messenger RNA is expressed in several 
tissues, including those of the atria, ventricles, vascular 
tissue, lungs, kidneys, pancreas, smooth muscle cells, small 
intestine, and brain. The synthesis and secretion of AM are 
stimulated by chemical factors and physical stress. Among 
these stimulants are cytokines, corticosteroids, thyroid hor-
mones, Ang II, norepinephrine, endothelin, bradykinin, 
and shear stress.349 AM immunoreactivity has been localized 
in high concentrations in pheochromocytoma cells, adrenal 
medulla, atria, pituitary gland and, at lower levels, in cardiac 
ventricles, vascular smooth muscle cells, endothelial cells, 
glomeruli, distal and medullary collecting tubules, and 
digestive, respiratory, reproductive, and endocrine systems.349

Adrenomedullin acts through a 395–amino acid mem-
brane receptor that structurally resembles a G protein–
coupled receptor and contains seven transmembrane 
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ouabain-like compound in human and other mammalian 
plasma was initially reported in the late 1970s. Since 2000, 
interest in such factors—also known as endogenous cardio-
tonic steroids—has expanded considerably. In particular, 
two specific cardiotonic steroids in humans have been char-
acterized extensively, endogenous cardenolide (or ouabain) 
and bufadienolide (marinobufagenin). An alternative 
mechanism whereby cardiotonic steroids can signal through 
the Na+-K+-ATPase has also been described.305 The main site 
of synthesis of these compounds is the adrenal cortex,10 and 
the main consequences of Na+ pump inhibition are attenu-
ation of renal Na+ transport and increased cytosolic Ca2+ in 
vascular smooth muscle cells, which lead to increased vascu-
lar resistance.306 The latter mechanism has been implicated 
in the pathogenesis of hypertension.368 These hormones 
also play a role in the regulation of cell growth, differentia-
tion, apoptosis, and fibrosis, in the modulation of immunity 
and carbohydrate metabolism, and in the control of various 
central nervous functions, including behavior.369,370

Neuropeptide Y. Neuropeptide Y, a 36-residue peptide, is a 
sympathetic cotransmitter stored and released together with 
noradrenaline by adrenergic nerve terminals of the SNS. 
Structurally, neuropeptide Y is highly homologous to two 
other members of the pancreatic polypeptide family, peptide 
YY and pancreatic polypeptide. These two closely related 
peptides are produced and released by the intestinal endo-
crine and pancreatic islet cells, respectively, and act as hor-
mones.371,372 Although neuropeptide Y was originally isolated 
from the brain and is highly expressed in the CNS, the 
peptide exhibits a wide spectrum of biologic activities in the 
cardiovascular system, GI tract, and kidneys through multi-
ple Gi/o protein–coupled receptors—Y1, Y2, Y4, and Y5.372,373

In numerous studies, in vivo and in vitro techniques have 
demonstrated the capacity of neuropeptide Y to reduce RBF 
and increase renal vascular resistance in various species, 
including humans.372 Despite the potent vasoconstrictor 
effect of the peptide on renal vasculature, this effect does 
not appear to be associated with any significant change in 
GFR. Similarly, neuropeptide Y may exert a natriuretic or 
antinatriuretic action, depending on the experimental con-
ditions and the species studied.372 These data suggest that 
neuropeptide Y is unlikely to have a significant role in the 
physiologic regulation of renal hemodynamics and electro-
lyte excretion.

Apelin. Apelin is the endogenous ligand of the angiotensin-
like receptor 1, a G protein–coupled receptor found to be 
involved in various physiologic events, such as water homeo-
stasis, regulation of cardiovascular tone, and cardiac con-
tractility.374 Apelin and its receptor are widely expressed in 
the CNS and in peripheral tissues, especially in endothelial 
cells. Apelin is also expressed in endothelial and vascular 
smooth muscle cells of glomerular arterioles and, to a lesser 
extent, in other parts of the nephron.374

Angiotensin-like receptor 1 activation leads to inhibition 
of cAMP production and activation of the Na+/H+ exchanger 
type 1. Through the former pathway, apelin enhances  
vascular dilation after the induction of eNOS, whereas  
the burst of Na+/H+ exchanger type 1 activity in cardiomyo-
cytes leads to a dose-dependent increase in myocardial con-
tractility.374 With regard to the renal effects of apelin, direct 

gradients (36% to 44%) have been demonstrated in the 
heart, liver, and kidneys, indicative of local urotensin II 
production.363

In vivo in humans, systemic infusion of urotensin II range 
leads to local vasoconstriction in the forearm, no effect, or 
cutaneous vasodilation.364 These dissimilarities are probably 
attributable to many factors, including species variation, site 
and modality of injection, dose, vascular bed, and functional 
conditions of the experimental model.364 Because urotensin 
II has been described as the most potent vasoconstrictor 
(see earlier section, “Endothelin”), it is reasonable to pos-
tulate that the vasoconstrictive action is direct, whereas the 
vasodilatory response may be mediated by other factors, 
such as cyclo-oxygenase products and nitric oxide.

The involvement of the urotensin II system in the regula-
tion of renal function in mammals is still unclear, and the 
data reported to date are as contradictory as those for vas-
cular tone. In normal rats, intravenous boluses in the nano-
molar range caused minor reductions in GFR and no effect 
on Na+ excretion.362 However, in another study in which the 
same model was used, continuous infusion of urotensin II 
at doses in the picomolar range elicited clear increases in 
GFR and nitric oxide–dependent diuresis and natriuresis.362 
In contrast, bolus injections in the picomolar range pro-
duced a dose-dependent decrease in GFR associated with 
reduced urine flow and Na+ excretion.303 Studies in rats with 
an aortocaval fistula (a model of chronic volume overload) 
have shown that urotensin II boluses in the nanomolar 
range exert favorable, nitric oxide–dependent, renal hemo-
dynamic effects.362 Thus, the effect of urotensin II on renal 
function seems dependent on the modality of administra-
tion (bolus vs. continuous infusion) and on the experimen-
tal condition being investigated (normal rats vs. those with 
heart failure).

The variability in renal and vascular responses to uroten-
sin II administration may also depend on the fact that the 
action of this peptide is regulated at the receptor level. The 
binding density of urotensin II is correlated with vasocon-
strictor response in rats, and small changes in receptor 
density may result in pathophysiologic effects. Under normal 
conditions, most urotensin II receptors are already occu-
pied by urotensin II. Changes in unoccupied receptor 
reserve—perhaps in response to alterations in urotensin II 
levels generated in experimental models or observed in 
disease states—might explain, at least in part, the observed 
variability in studies of renal and vascular function.362

Selective urotensin II receptor antagonists have been 
developed, the most potent of which currently is urantide. 
In normal rats, continuous administration of this compound 
increases GFR, as well as urine flow and Na+ excretion.365 
On the basis of experimental results indicating that uroten-
sin II increases epithelial Na+ transport in fish, it appears 
likely that urotensin II exerts a direct tubular effect, inas-
much as its receptor is expressed in the distal tubule.365 In 
light of the contradictory effects of urotensin II on renal 
function, the focus on potential clinical applications of uro-
tensin 2 inhibition has moved away from the kidney to the 
treatment of chronic lung and cardiovascular diseases.362

Digitalis-Like Factors. In the early 1960s, Clarkson, de 
Wardener, and coworkers366,367 hypothesized the existence 
of endogenous digitalis-like factors, and an endogenous, 
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strongly stimulated Cl-dependent HCO3
− secretion and elec-

troneutral NaCl reabsorption in tubules of wild-type but not 
Oxgr1−/− mice. Oxgr1−/− mice also displayed significantly 
increased functional activity of ENaC, without changes in 
plasma aldosterone.378 In contrast, α-KG has been shown to 
inhibit amiloride-sensitive sodium reabsorption in principal 
cells independently of OXGR1 activation. This effect is pos-
sibly related to increased ATP production inducing auto-
crine activation of P2Y2 receptors and, thereby, inhibition 
of ENaC.379 It appears that receptor-dependent and receptor-
independent effects of α-KG converge to compensate for an 
alkalosis-induced decrease in proximal tubular reabsorption 
of NaCl by favoring NaCl reabsorption over Na+/K+ exchange 
along the connecting tubule and cortical collecting duct.378 
Taken together, the data indicate that α-KG acts as a para-
crine mediator involved in the functional coordination of 
proximal and distal parts of the tubule in the adaptive regu-
lation of HCO3

− secretion and NaCl reabsorption in the 
presence of acid-base disturbances.378

Members of the epidermal growth factor (EGF) family 
have been shown to be important for maintaining transepi-
thelial Na+ transport. For example, a high salt diet was 
shown to decrease cortical EGF levels promoting ENaC-
mediated Na+ reabsorption in the collecting duct and the 
development of hypertension. Conversely, EGF infused 
intravenously decreased ENaC activity, prevented the devel-
opment of hypertension, and attenuated glomerular and 
renal tubular damage in the Dahl salt-sensitive rat.380 The 
implications of these observations are eagerly awaited.

The role of obesity in the pathogenesis of hypertension 
and renal dysfunction has led to the exploration of appetite-
related hormones in salt and water retention. In this context, 
the orexigenic hormone, ghrelin, secreted by the stomach, 
has recently been shown to stimulate Na+ absorption through 
cAMP-dependent trafficking of ENaC in the cortical collect-
ing duct. The effect appears to be mediated via ghrelin 
receptors in this nephron segment.381 Although ghrelin 
seems to be a physiologic regulator of ENaC, future studies 
will be needed to clarify its physiologic and pathologic roles 
in sodium homeostasis.382

Another novel development is the growing interest in the 
circadian rhythmicity of many basic physiologic functions. 
These functional rhythms are driven, in part, by the circa-
dian clock, a ubiquitous molecular mechanism allowing 
cells and tissues to anticipate regular environmental events 
and to prepare for them. This mechanism has been shown 
to play a role in the regulation and maintenance of RPF, 
GFR, tubular reabsorption, and secretion of Na+, Cl− and 
K+.383 Studies in clock-deficient mice have identified the 
20-HETE synthesis pathway as one of the clock’s principal 
renal targets to mediate Na+ excretion.384 The researchers 
suggested that the circadian clock affects blood pressure, at 
least in part, by exerting dynamic control over renal sodium 
handling.

Rhythmicity of salt regulation seems to occur not only at 
the circadian level but also on a longer periodic basis 
(so-called infradian rhythms). In a fascinating study on men 
involved in space flight simulations, Rakova and colleagues385 
have shown that even on fixed salt diets (6, 9, or 12 g/ 
day), daily Na+ excretion exhibited aldosterone-dependent, 
weekly (circaseptan) rhythms, resulting in periodic Na+ 
storage. Changes in total-body Na+ (±200 to 400 mmol) 

injection into the hypothalamus of lactating rats inhibited 
AVP release and reduced circulating AVP. Conversely, water 
deprivation led to increased systemic AVP and decreased 
apelin levels.374 These findings suggest that AVP and apelin 
have a reciprocal relationship in controlling water 
diuresis.

Apelin appears to also counterregulate several effects of 
Ang II. For example, intravenous injection of apelin caused 
a nitric oxide–dependent fall in arterial pressure. Moreover, 
apelin receptor knockout mice displayed an enhanced vaso-
pressor response to systemic Ang II.375 In addition, apelin 
modulated the abnormal aortic vascular tone in response to 
Ang II through eNOS phosphorylation in diabetic mice; this 
finding provided further evidence of a role for apelin in 
vascular function.374 Intravenous injection of apelin also 
induced a significant diuresis and caused vasorelaxation of 
Ang II–preconstricted efferent and afferent arterioles. Acti-
vation of endothelial apelin receptors caused release of 
nitric oxide, which inhibited the Ang II–induced rise in 
intracellular Ca2+ levels. Furthermore, apelin had a direct 
receptor-mediated vasoconstrictive effect on vascular 
smooth muscle.375 These results indicate that apelin has 
complex effects on the preglomerular and postglomerular 
microvasculature regulating renal hemodynamics. A direct 
role in tubular function remains to be determined but is 
suggested by collecting duct expression in close proximity 
to the vasopressin V2 receptor.376

Glucagon-Like Peptide-1

The incretin hormone glucagon-like peptide-1 (GLP-1) is 
released from the gut in response to fat or carbohydrate and 
contributes to negative feedback control of blood glucose 
by stimulating insulin secretion, inhibiting glucagon, and 
slowing gastric emptying. GLP-1 receptors (GLP-1Rs) are 
also expressed in the proximal tubule and possibly else-
where in the kidney. The GLP-1 agonist, exenatide, has 
natriuretic effects by reducing proximal tubular reabsorp-
tion of sodium, an effect that may be mediated by Ang II 
inhibition. Exenatide also increased SNGFR by 33% to 50%, 
doubled early distal flow rate, and increased urine flow rate 
sixfold without altering the efficiency of glomerulotubular 
balance, TGF responsiveness, or the tonic influence of TGF. 
This implies that exenatide is a proximal diuretic and a 
renal vasodilator.130,377 Because the natural agonist for the 
GLP-1 receptor is regulated by intake of fat and carbohy-
drate, but not by salt or fluid, the control of salt excretion 
by the GLP-1R system departs from the usual negative-
feedback paradigm for regulating salt balance.377

Novel Factors

A novel intrarenal paracrine mechanism for sodium regula-
tion in mice has been described. Earlier studies showed that 
changes in dietary acid-base load can reverse the direction 
of apical transport of the tricarboxylic acid intermediate, 
α-ketoglutarate (α-KG), in the proximal tubule and loop of 
Henle from reabsorption following an acid load to secretion 
following a base load.378 Recent work on isolated microper-
fused cortical collecting ducts from Oxgr1−/− mice has indi-
cated that the concentration of α-KG is sensed by the α-KG 
receptor, OXGR1, expressed in the type B and non-A, non-B 
intercalated cells of the connecting tubule and cortical col-
lecting duct. Addition of 1 mM α-KG to the tubular lumen 
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allow the loss of large volumes of plasma and interstitial 
fluid and can lead rapidly to profound hypovolemia. Without 
medical intervention, hemoconcentration and hypoalbu-
minemia supervene. As occurs after massive bleeding, the 
fluid loss is isotonic, so plasma Na+ concentration and osmo-
lality remain normal. In contrast, excessive sweating, induced 
by exertion in a hot environment, leads to hypotonic fluid 
loss as a result of the relatively low Na+ concentration in this 
fluid (20 to 50 mmol/L). The resulting hypovolemia may 
therefore be accompanied by hypernatremia and hyperos-
molality, and the type of fluid replacement must be tailored 
accordingly (see Chapter 16).

In addition to oral intake, the GI tract is characterized  
by the entry of approximately 7 L of isotonic fluid, the  
overwhelming majority of which is reabsorbed in the large 
intestine. Hence, in normal conditions, fecal fluid loss is 
minimal. However, in the presence of pathologic condi-
tions, such as vomiting, diarrhea, colostomy, and ileostomy 
secretions, especially those caused by infection, consider-
able or even massive fluid loss may occur. The ionic compo-
sition, osmolality, and pH of secretions vary according to the 
part of the GI tract involved; therefore, the resulting hypo-
volemia is associated with a large spectrum of electrolyte 
and acid-base abnormalities (see Chapters 17 and 18 for 
further discussion).

exhibited monthly or longer period lengths, without paral-
lel changes in body weight and extracellular water. These 
changes were directly related to urinary aldosterone excre-
tion and inversely to urinary cortisol, suggesting rhythmic 
hormonal control. These findings suggest the existence of 
rhythmic Na+ excretory and retention patterns independent 
of blood pressure or body water and irrespective of salt 
intake.385

SODIUM BALANCE DISORDERS

HYPOVOLEMIA

DEFINITION
Hypovolemia is the condition in which the volume of the 
ECF compartment is reduced in relation to its capacitance. 
As noted, the reduction may be absolute or relative. In states 
of absolute hypovolemia, the Na+ balance is truly negative, 
reflecting past or ongoing losses. Hypovolemia is described 
as relative when there is no Na+ deficit but the capacitance 
of the ECF compartment is increased. In this situation, of 
reduced EABV, the ECF intravascular and extravascular 
(interstitial) compartments may vary in the same or oppo-
site directions. ICF volume, reflected by measurements of 
plasma Na+ or osmolality, may or may not be concomitantly 
disturbed; thus, hypovolemia may be classified as normona-
tremic, hyponatremic, or hypernatremic (see Chapter 16).

ETIOLOGY
The causes of hypovolemia are summarized in Table 15.5. 
Absolute and relative hypovolemia, in turn, can have extra-
renal or renal causes. Absolute hypovolemia results from 
massive blood loss or from fluid loss from the skin, GI or 
respiratory system, or kidneys. Relative hypovolemia results 
from states of vasodilation, generalized edema, or third-
space loss. In absolute and relative hypovolemia, the per-
ceived reduction in intravascular volume prompts the 
compensatory hemodynamic changes and renal responses 
described earlier (see section, “Physiology”).

PATHOPHYSIOLOGY
Absolute Hypovolemia

Extrarenal. The most common causes of absolute hypovo-
lemia include persistent diarrhea, vomiting, and massive 
bleeding, either gastrointestinal or as a result of trauma. 
The reduction in ECF volume is isotonic inasmuch as there 
is a proportionate loss of water and plasma. The consequent 
fall in systemic blood pressure leads to compensatory tachy-
cardia and vasoconstriction, and the ensuing altered trans-
capillary Starling hydraulic forces enable a shift of fluid 
from the interstitial to intravascular compartment. In addi-
tion, the neural and hormonal responses to hypovolemia 
(see section, “Physiology”) result in renal Na+ and water 
retention, with the aim of restoring intravascular volume 
and hemodynamic stability.

Similar compensatory mechanisms become activated 
after fluid losses from the skin, GI system, and respiratory 
system. Because of the large surface area of the skin, large 
amounts of fluid can be lost from this tissue, which can be 
caused by burns or excessive perspiration. Severe burns 

Table 15.5 Causes of Absolute and 
Relative Hypovolemia

Absolute

Extrarenal

Gastrointestinal fluid loss
Bleeding
Skin fluid loss
Respiratory fluid loss
Extracorporeal ultrafiltration

Renal

Diuretics
Obstructive uropathy/postobstructive diuresis
Hormone deficiency

Hypoaldosteronism
Adrenal insufficiency

Na+ wasting tubulopathies
Genetic
Acquired tubulointerstitial disease

Relative

Extrarenal

Edematous states
Heart failure
Cirrhosis

Generalized vasodilation
Sepsis
Drugs
Pregnancy

Third-space loss

Renal

Severe nephrotic syndrome
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reabsorption. The principal endocrine causes are mineralo-
corticoid deficiency and resistance states. A controversial 
cause is the systemic disturbance known as cerebral salt 
wasting. In this condition, salt wasting is thought to occur 
in response to an as yet unidentified factor released in the 
setting of acute head injury or intracranial hemorrhage.386,387 
The condition is usually diagnosed because of concomitant 
hyponatremia, and some experts doubt its independent 
existence, regarding cerebral salt wasting as essentially indis-
tinguishable from the syndrome of inappropriate antidi-
uretic hormone.387,388

An underappreciated, but not uncommon, clinical setting 
for renal Na+ loss is after the administration of large volumes 
of intravenous saline to patients over several days after 
surgery or after trauma. In this situation, tubular reabsorp-
tion of Na+ is downregulated. If intravenous fluids are 
stopped before full reabsorptive capacity is restored, volume 
depletion may ensue. The phenomenon can be minimized 
by graded reduction in the infusion rate, which allows Na+ 
reabsorptive pathways to be restored gradually.

In the context of volume depletion, diabetes insipidus 
should be mentioned. However, because this results from a 
deficiency of or tubular resistance to AVP, water loss is the 
main consequence, and the impact on ECF volume is only 
minor. AVP-related disorders are considered in Chapters 10, 
11, and 16.

Relative Hypovolemia

Extrarenal. As outlined previously, the principal causes of 
relative hypovolemia are edematous states, vasodilation, and 
third-space loss (see Table 15.5). Vasodilation may be physi-
ologic, as in normal pregnancy, or induced by drugs (hypo-
tensive agents, such as hydralazine or minoxidil, that cause 
arteriolar vasodilation), or it may occur in sepsis during the 
phase of peripheral vasodilation and consequent low sys-
temic vascular resistance.389

Edematous states in which the EABV and, hence, tissue 
perfusion are reduced include HF, decompensated cirrhosis 
with ascites, and nephrotic syndrome. In severe HF, low 
cardiac output and resulting low systemic blood pressure 
lead to a fall in RPP. As in absolute hypovolemia, the kidneys 
respond by retaining Na+. Because the increased venous 
return cannot raise the cardiac output, a vicious cycle is 
created in which edema is further exacerbated and the 
persistently reduced cardiac output leads to further Na+ 
retention. In decompensated cirrhosis, splanchnic venous 
pooling leads to decreased venous return, a consequent fall 
in cardiac output, and compensatory renal Na+ retention. 
The pathophysiologic features of edematous states are dis-
cussed later in more detail (see section, “Hypervolemia”). 
Third-space loss occurs when fluid is sequestered into com-
partments not normally perfused with fluids, as in states of 
GI obstruction, after trauma, with burns, or in pancreatitis, 
peritonitis, or malignant ascites. The end result is that even 
though total body Na+ is markedly increased, the EABV is 
severely reduced.

Renal. Approximately 10% of patients with the nephrotic 
syndrome—especially children with minimal change disease, 
but also any patient with a serum albumin level lower than 
2 g/dL—manifest the clinical signs of hypovolemia. The low 
plasma oncotic pressure is conducive to movement of fluid 

In contrast to the massive losses that can occur from the 
skin and GI system, fluid loss from the respiratory tract—as 
occurs in febrile states and in patients who receive mechani-
cal ventilation with inadequate humidification—is usually 
modest, and hypovolemia ensues only in the presence of 
accompanying causes. Finally, a special situation in which 
hypovolemia can occur is after excessive ultrafiltration in 
dialysis patients (see Chapter 65).

Renal. As described earlier, when the GFR and plasma Na+ 
concentration are normal, approximately 24,000 mmol of 
Na+ is filtered/day. Even when GFR is markedly impaired, 
the amount of filtered Na+ far exceeds the dietary intake. 
To maintain Na+ balance, all but 1% of the filtered load is 
reabsorbed. However, if the integrity of one or more of the 
tubular reabsorptive mechanisms is impaired, serious Na+ 
deficit and absolute volume depletion can occur. The causes 
of absolute renal Na+ losses include pharmacologic agents 
and renal structural, endocrine, and systemic disorders (see 
Table 15.5). All the diuretics widely used to treat hypervol-
emic states may induce hypovolemia if administered in 
excess or inappropriately. In particular, the powerful loop 
diuretics furosemide, bumetanide, torsemide, and etha-
crynic acid are often given in combination with diuretics 
acting on other tubular segments (e.g., thiazides, aldoste-
rone antagonists, distal ENaC blockers, and carbonic anhy-
drase inhibitors). Patients receiving these combinations 
need to be carefully monitored and fluid balance scrupu-
lously adjusted to prevent hypovolemia. Patients commonly 
at risk are those with HF or underlying hypertension who 
develop intercurrent infections.

In patients with hypertension, the frequent use of diuret-
ics for treatment appreciably increases the risk of volume 
depletion. Osmotic diuretics, endogenous or exogenous, 
may also reduce tubular Na+ reabsorption. Endogenous 
agents include urea, the principle molecule involved in the 
polyuric recovery phase of acute kidney injury and postob-
structive diuresis, and glucose in hyperglycemia. In patients 
with increased intracranial pressure, exogenous agents, 
such as mannitol or glycerol, may be used to induce trans-
location of fluid from the ICF to the ECF compartment and 
decrease brain swelling. The resulting polyuria may be  
associated with electrolyte and acid-base disturbances, the 
nature of which depends on the complex interplay between 
fluid intake and intercompartmental fluid shifts.

Na+ reabsorption may also be disrupted in inherited and 
acquired tubular disorders. Inherited disorders of the proxi-
mal tubules (e.g., Fanconi syndrome) and distal tubules 
(e.g., Bartter and Gitelman syndromes) may lead to salt-
wasting states in association with other electrolyte or acid-
base disturbances. Acquired disorders of Na+ reabsorption 
may be acute, as in nonoliguric acute kidney injury, the 
period immediately after renal transplantation, the polyuric 
recovery phase of acute kidney injury, and postobstructive 
diuresis (see relevant chapters for further details), or they 
may be chronic as a result of tubulointerstitial diseases with 
a propensity for salt wasting. Chronic kidney disease of any 
cause is associated with heightened vulnerability to Na+ 
losses because the ability to match tubular reabsorption with 
the sum of filtered load minus dietary intake is impaired.

In addition to intrinsic tubular disorders, endocrine  
and other systemic disturbances may lead to impaired Na+ 
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fluids (as in proteinuria, hepatic disease, protein-losing 
enteropathy, or catabolic states) or in protein-rich fluid 
(third-space sequestration, burns), significant hypoalbumin-
emia is observed.

Plasma Na+ Concentration. This may be low, normal, or 
high, depending on the solute composition of the fluid lost 
and the replacement solution administered by the patient 
or the treating physician. For example, the hypovolemic 
stimulus for AVP release may lead to preferential water 
retention and hyponatremia, especially if hypotonic replace-
ment fluid is used. In contrast, the fluid content of diarrhea 
may be hypotonic or hypertonic, resulting in hypernatremia 
or hyponatremia, respectively. The plasma Na+ concen-
tration reflects the tonicity of plasma and provides no  
direct information about volume status, which is a clinical 
diagnosis.

Plasma K+ and Acid-Base Parameters. These can also 
change in hypovolemic conditions. After vomiting, and after 
some forms of diarrhea, loss of K+ and Cl− may lead to alka-
losis. More often, the principal anion lost in diarrhea is 
bicarbonate, which leads to hyperchloremic (non–anion 
gap) acidosis. When diuretics or Bartter and Gitelman syn-
dromes (the inherited tubulopathies; see Chapter 45) are 
the cause of hypovolemia, hypokalemic alkalosis is again 
typically seen. On the other hand, UNa loss that occurs in 
adrenal insufficiency or is caused by aldosterone hypore-
sponsiveness is accompanied by a tendency for hyperkale-
mia and metabolic acidosis. Finally, when hypovolemia is 
sufficiently severe to impair tissue perfusion, high anion gap 
acidosis caused by lactic acid accumulation may be observed.

Blood Urea and Creatinine Levels. These frequently rise in 
hypovolemic states, and this elevation reflects impaired 
renal perfusion. If tubular integrity is preserved, then the 
rise in urea level is typically disproportionate to that of cre-
atinine (see Chapter 31). This results mainly because AVP 
enhances reabsorption of urea in the medullary collecting 
duct and as an effect of an increased filtration fraction on 
proximal tubule handling of urea.392 In the presence of 
severe hypovolemia, acute kidney injury may ensue, leading 
to loss of the differential rise in urea level. Proportional rises 
in urea and creatinine are also observed when hypovolemia 
occurs against a background of underlying renal functional 
impairment, as in chronic kidney disease, stages 3 to 5 (see 
Chapter 52).

Urine Biochemical Parameters. These can be extremely 
useful in establishing the diagnosis of hypovolemia caused 
by extrarenal fluid losses if there is no intrinsic renal injury 
and the patient is oliguric. The expected renal response of 
Na+ and water conservation, by enhanced renal tubular 
reabsorption, results in oliguria, urine specific gravity 
exceeding 1.020, Na+ concentration less than 10 mmol/L, 
and osmolality higher than 400 mOsm/kg. When Na+ con-
centration is 20 to 40 mmol/L, the finding of a fractional 

excretion of Na+ 
urine Na plasma creatinine
plasma Na urine creatinine

+

+

×[ ]
×[ ] ××100 of

less than 1% in the presence of a reduced GFR may be 
helpful. In a patient who previously had undergone diuretic 
therapy, especially with loop diuretics, these indices may 

from the ECF compartment to the interstitial space, thereby 
leading to reduced EABV.390,391

CLINICAL MANIFESTATIONS
The clinical manifestations of hypovolemia depend on the 
magnitude and rate of volume loss, solute composition of 
the net fluid loss (i.e., the difference between input and 
output), and vascular and renal responses. The clinical fea-
tures can be considered as being related to the underlying 
pathophysiologic process, hemodynamic consequences, 
and electrolyte and acid-base disturbances that accompany 
the renal response to hypovolemia. A detailed history often 
reveals the cause of volume depletion (bleeding, vomiting, 
diarrhea, polyuria, diaphoresis, medications).

The symptoms and physical signs of hypovolemia appear 
only when intravascular volume is decreased by 5% to 15% 
and are often related to tissue hypoperfusion. Symptoms 
include generalized weakness, muscle cramps, and postural 
lightheadedness. Thirst is prominent if concomitant hyper-
tonicity is present (hypertonic hypovolemia). Physical signs 
are related to the hemodynamic consequences of hypovole-
mia and include tachycardia, hypotension, which may be 
postural, absolute, or relative to the usual blood pressure, 
and low central or jugular venous pressure. Elevation of 
jugular venous pressure, however, does not rule out hypo-
volemia, because of the possible confounding effects of 
underlying heart failure or lung disease. When volume 
depletion exceeds 10% to 20%, circulatory collapse is liable 
to occur, with severe supine hypotension, peripheral cyano-
sis, cold extremities, and impaired consciousness, extending 
even to coma. This is especially possible if fluid loss is rapid 
or occurs against a background of comorbid conditions. 
When the source of volume loss is extrarenal, oliguria also 
occurs. The traditional signs—reduced skin turgor, sunken 
eyes, and dry mucous membranes—are inconstant findings, 
and their absence is not considered useful for ruling out 
hypovolemia.

DIAGNOSIS
The diagnosis of hypovolemia is based essentially on the 
clinical findings. Nevertheless, when the clinical findings 
are equivocal, various laboratory parameters may be helpful 
for confirming the diagnosis or for elucidating other 
changes that may be associated with volume depletion.

Laboratory Findings

Hemoglobin. This may decrease if significant bleeding has 
occurred or is ongoing, but this change, which is caused by 
hemodilution that results from translocation of fluid from 
the interstitial to intravascular compartment, may take up 
to 24 hours. Therefore, stable hemoglobin does not rule out 
significant bleeding. Moreover, the adaptive response of 
hemodilution may moderate the severity of hemodynamic 
compromise and resulting physical signs. In hypovolemic 
situations that do not arise from bleeding, hemoconcentra-
tion is often seen, although this too is not universal, inas-
much as underlying chronic diseases that cause anemia may 
mask the differential loss of plasma.

Hemoconcentration may also be manifested as a rise in 
plasma albumin concentration if albumin-free fluid is lost 
from the skin, GI tract, or kidneys. On the other hand, when 
albumin is lost, either in parallel with other extracellular 
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is necessary for successful management. Patients with life-
threatening circulatory collapse and hypovolemic shock 
require rapid intravenous replacement through the cannula 
with the widest bore possible. This replacement should con-
tinue until blood pressure is corrected and tissue perfusion 
is restored. In the second stage of fluid replacement, the 
rate of administration should be reduced to maintain blood 
pressure and tissue perfusion. In older patients and those 
with underlying cardiac dysfunction, the risk of over rapid 
correction and precipitating pulmonary edema is height-
ened; therefore, slower treatment is preferable, to allow 
gradual filling of the ECF volume rather than causing pul-
monary edema and the threat of mechanical ventilation 
associated with adverse outcomes.398,399

Composition of Replacement Fluids. The composition of 
replacement fluid had been thought to be less critical than 
the rate of infusion. However, recent work has cast serious 
doubt on this and is discussed here. The two main categories 
of replacement solution are crystalloid and colloid solutions. 
Crystalloid solutions are based largely on NaCl of varying 
tonicity or dextrose. Isotonic (0.9%) saline, containing 
154 mmol of Na+/L, is the mainstay of volume replacement 
therapy inasmuch as it is confined to the ECF compartment 
in the absence of deviations in Na+ concentration. One L of 
isotonic saline increases plasma volume by approximately 
300 mL; the rest is distributed to the interstitial compart-
ment. In contrast, 1 L of 5% dextrose in water (D5W), which 
is also isosmotic (277 mOsm/L), is eventually distributed 
throughout all the body fluid compartments so that only 
10% to 15% (100 to 150 mL) remains in the ECF. Therefore, 
D5W should not be used for volume replacement.

Administration of 1 L of 0.45% saline (77 mmol of 
Na+/L) in D5W is equivalent to giving 500 mL of isotonic 
saline and the same volume of solute-free water. The distri-
bution of the solute-free compartment throughout all the 
fluid compartments would result in plasma dilution and 
reduction in the plasma Na+. Therefore, this solution should 
be reserved for the management of hypernatremic hypovo-
lemia. Even in that situation, it must be remembered that 
volume replacement is less efficient than with isotonic saline 
and, early on during the treatment course, may cause plasma 
tonicity to fall too rapidly.

When hypovolemia is accompanied by severe metabolic 
acidosis (pH < 7.10; plasma HCO3

− < 10 mmol/L), bicar-
bonate supplementation may be indicated. (For a discus-
sion of bicarbonate balance, see Chapter 27.) Because this 
anion is manufactured as 8.4% sodium bicarbonate 
(1000 mmol/L) for use in cardiac resuscitation, appropri-
ate dilution is required for the treatment of acidosis associ-
ated with hypovolemia. Nephrologists are frequently called 
on for consultation in these situations, and they should be 
ready to provide detailed protocols for the preparation  
of isotonic NaHCO3. Two convenient methods are sug-
gested. Either 75 mL (75 mmol) of 8.4% NaHCO3 can be 
added to 1 L of 0.45% saline, or 150 mL of concentrated 
bicarbonate can be added to 1 L of D5W. Although the 
latter is hypertonic in the short term, it is unlikely to be 
harmful.

In the presence of accompanying hypokalemia, especially 
if metabolic alkalosis is also present, volume replacement 
solutions must be supplemented with K+. Commercially 

merely reflect the UNa losses. In that case, fractional excre-
tion of urea from less than 30% to 35% may help in the 
diagnosis of hypovolemia, although the specificity of this 
test is rather low.393-395

When hypovolemia occurs in the presence of arterial 
vasodilation, as observed in sepsis, some, but not all, of the 
clinical manifestations of hypovolemia are observed. Thus, 
tachycardia and hypotension are usually present, but the 
extremities are warm, which suggests that perfusion is main-
tained. This finding is misleading because vital organs, par-
ticularly the brain and kidneys, are underperfused as a 
result of the hypotension. The presence of lactic acidosis 
helps establish the correct diagnosis. Reduction in the 
EABV, as manifested by relative hypotension, may be 
observed in generalized edematous states, even though 
there is an overall excess of Na+ and water; however, this 
excess is maldistributed between the extracellular and inter-
stitial spaces.

TREATMENT
Absolute Hypovolemia

General Principles. The goals of treatment of hypovolemia 
are to restore normal hemodynamic status and tissue perfu-
sion. These goals are achieved by reversal of the clinical 
symptoms and signs, described previously. Treatment can be 
divided into three stages: (1) initial replacement of the 
immediate fluid deficit; (2) maintenance of the restored 
ECF volume in the presence of ongoing losses; and (3) treat-
ment of the underlying cause, whenever possible. The main 
strategies to be addressed by the clinician are the route, 
volume, rate of administration, and composition of the 
replacement and maintenance fluids. These are liable to 
change according to the patient’s response.

In general, when hypovolemia is associated with a signifi-
cant hemodynamic disturbance, intravenous rehydration is 
required. (The use of oral electrolyte solutions in the man-
agement of infants and children is discussed in Chapter 75.) 
The volume of fluid and rate of administration should be 
determined on the basis of the urgency of the threat to 
circulatory integrity, adequacy of the clinical response, and 
underlying cardiac function. Older patients are especially 
vulnerable to aggressive fluid challenge, and careful moni-
toring is required, particularly to prevent acute left ventricu-
lar failure and pulmonary edema that result from overzealous 
correction.

Sometimes the clinical signs do not point unequivocally 
to the diagnosis of hypovolemia, even though the history 
is strongly suggestive. Because invasive monitoring of 
central venous and pulmonary venous pressures has not 
been shown to improve outcomes in this situation,396,397 a 
so-called diagnostic fluid challenge can be performed. If 
the patient improves clinically, blood pressure and urine 
output increase, and no overt signs of heart failure appear 
over the succeeding 6 to 12 hours, then the diagnosis is 
substantiated and fluid therapy can be cautiously contin-
ued. Conversely, if overt signs of fluid overload appear,  
the fluid challenge can be stopped and diuretic therapy 
reinstituted.

The initial calculations for replacing the fluid deficit are 
based on hemodynamic status. It is notoriously difficult to 
calculate volume deficits; therefore, good clinical judgment 
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HYPERVOLEMIA

DEFINITION
Hypervolemia is the condition in which the volume of the 
ECF compartment is expanded in relation to its capaci-
tance. In most people, increments in Na+ intake are matched 
by corresponding changes in Na+ excretion as a result of the 
actions of the compensatory mechanisms detailed earlier 
(see section, “Physiology”). In these cases, no clinically 
detectable changes are observed. However, in the approxi-
mately 20% of the population who are salt-sensitive, the 
upward shift in ECF volume induced by high salt intake 
leads to a persistent rise in systemic arterial pressure, albeit 
without other overt signs of fluid retention (see Chapter 47 
for a detailed discussion). In the following sections, the 
discussion is confined to the strict definition of hypervol-
emia, in which Na+ retention is ongoing and inappropriate 
for the prevailing ECF volume, with the appearance of clini-
cal signs of volume overload.

ETIOLOGY
The causes of hypervolemia can be conveniently divided 
into two major categories, primary renal Na+ retention and 
secondary retention resulting from compensatory mecha-
nisms activated as a result of disease in other major organs 
(Table 15.6).

Primary Renal Na+ Retention

This can be further subclassified as caused by intrinsic 
kidney disease or primary mineralocorticoid excess. Of the 
primary renal diseases causing Na+ retention, oliguric renal 
failure limits the ability to excrete Na+ and water, and 
affected patients are at risk for rapidly developing ECF 
volume overload (see Chapter 31). In contrast, in chronic 
kidney disease, renal tubular adaptation to salt intake is 
usually efficient until late stage 4 and stage 5. However, in 
some primary glomerular diseases, especially in the pres-
ence of nephrotic range proteinuria, significant Na+ reten-
tion may occur, even when GFR is close to normal (see 
section, “Pathophysiology,” and Chapters 52 and 54). Primary 
mineralocorticoid excess or enhanced activity, in their early 
phases, lead to transient Na+ retention. However, because of 
the phenomenon of “mineralocorticoid escape,” the domi-
nant clinical expression of these diseases is hypertension. 

available 1-L solutions of isotonic saline supplemented with 
10 or 20 mmol of KCl make this option safe and convenient. 
(For details, see Chapters 18 and 75.) On the other hand, 
other commercially available crystalloid solutions contain-
ing lactate (converted by the liver to bicarbonate) and low 
concentrations of KCl were traditionally regarded as offer-
ing no advantage and less flexibility than isotonic saline. 
This “dogma” was recently challenged by the findings of a 
large prospective observational study performed in the 
intensive care unit setting. In this study, two periods were 
compared; in the control period, all patients received iso-
tonic saline as fluid replacement, whereas during the inter-
vention period, Hartmann solution (lactate-containing), 
Plasma-Lyte 148 (a balanced salt solution), or chloride-poor 
20% albumin solution was administered. The chloride-poor 
solutions were associated with a significantly lower risk of all 
stages of subsequent acute kidney injury, as defined by the 
RIFLE (Risk, Injury, Failure, Loss, End-stage renal disease) 
criteria, even after adjustment for covariates.400 Clearly, 
these provocative results indicate the need for randomized 
control trials comparing chloride-rich with more balanced 
salt solutions for fluid resuscitation.401

Colloid solutions include plasma itself, albumin, and 
high-molecular-weight carbohydrate molecules, such as 
hydroxyethyl starch and dextrans, at concentrations that 
exert colloid osmotic pressures equal to or greater than that 
of plasma. Because the transcapillary barrier is impermeable 
to these large molecules, in theory they expand the intra-
vascular compartment more rapidly and efficiently than 
crystalloid solutions. Colloid solutions may be useful in the 
management of burns and severe trauma when plasma 
protein losses are substantial, and rapid plasma expansion 
with relatively small volumes is efficacious. However, when 
capillary permeability is increased, as in states of multiorgan 
failure or the systemic inflammatory response syndrome, 
colloid administration is ineffective. Moreover, randomized 
controlled studies in which crystalloid solutions were com-
pared with colloid solutions have shown no survival benefit 
and even harm with some colloid solutions, particularly 
hydroxyethyl starch.402-404 Therefore, the much cheaper and 
more readily available crystalloid solutions should remain 
the mainstay of therapy pending further studies.

Relative Hypovolemia

Treatment of relative hypovolemia is more difficult than 
that of absolute hypovolemia because there is no real fluid 
deficit. If the relative hypovolemia is caused by peripheral 
vasodilation, as in a septic patient, it may be necessary to 
administer a crystalloid solution cautiously, such as isotonic 
saline, to maintain ECF volume until the systemic vascular 
resistance and venous capacitance return to normal. The 
excess volume administered can then be excreted by the 
kidneys. When vasodilation is more severe, vasoconstrictor 
agents may be needed to maintain systemic blood pressure. 
In the edematous states of severe HF, advanced cirrhosis 
with portal hypertension, and severe nephrotic syndrome, 
when EABV is low but there is an overall excess of Na+ and 
water, treatment may be extremely problematic. Administra-
tion of crystalloid solution will, in all likelihood, lead to 
worsening interstitial edema without significantly affecting 
the EABV. In these situations, prognosis is determined by 
whether the underlying condition can be reversed.

Table 15.6 Causes of Renal Sodium Retention

Primary

Oliguric acute kidney injury
Chronic kidney disease
Glomerular disease
Severe bilateral renal artery stenosis
Na+-retaining tubulopathies (genetic)
Mineralocorticoid excess

Secondary

Heart failure
Cirrhosis
Idiopathic edema
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flow must be able to increase in response to increased inter-
stitial fluid formation; these mechanisms help minimize 
edema formation.

Several other mechanisms for minimizing edema forma-
tion have been identified. First, precapillary vasoconstric-
tion tends to lower Pc and diminish the filtering surface 
area in a given capillary bed. In fact, in the absence of 
appropriate regulation of microcirculatory myogenic reflex, 
excessive precapillary vasodilation appears to account for 
interstitial edema in the lower extremities that is associated 
with some Ca2+ entry blocker vasodilators.407 Second, 
increased net filtration itself is associated with dissipation of 
Pc, dilution of interstitial fluid protein concentration, and a 
corresponding rise in intracapillary plasma protein concen-
tration. The resulting change in the profile of Starling 
forces in association with increased filtration, therefore 
tends to mitigate further interstitial fluid accumulation.1,408 
Finally, interstitial fluid hydraulic pressure (Pi) is normally 
subatmospheric; however, even small increases in interstitial 
fluid volume tend to augment Pi, again opposing further 
transudation of fluid into the interstitial space.409 The 
appearance of generalized edema therefore implies that 
one or more disturbances in microcirculatory hemodynam-
ics is present in association with expansion of the ECF 
volume—increased venous pressure transmitted to the cap-
illary, unfavorable adjustments in precapillary and postcapil-
lary resistances, and/or inadequacy of lymphatic flow for 
draining the interstitial compartment and replenishing the 
intravascular compartment.

Insofar as the continued net accumulation of interstitial 
fluid without renal Na+ retention might result in prohibitive 
intravascular volume contraction and cessation of intersti-
tial fluid formation, generalized edema is therefore indica-
tive of substantial renal Na+ retention. The volume of 
accumulated interstitial fluid required for clinical detection 
of generalized edema (>2 to 3 L) necessitates that all states 
of generalized edema are associated with expansion of ECF 
volume and, hence, body exchangeable Na+ content. In 
summary, all states of generalized edema reflect past or 
ongoing renal Na+ retention.

Systemic Factors Stimulating Renal  
Sodium Retention

Reduced Effective Arterial Blood Volume. Renal Na+ (and 
water retention) in edematous disorders occurs, despite an 
increase in total blood and ECF volumes. In stark contrast, 
healthy individuals with the same degree of Na+ retention 
readily increase Na+ and water excretion. Moreover, intrin-
sic renal function, in the absence of underlying renal 
disease, is normal in edematous states. This fact is dramati-
cally illustrated by the observation that after heart transplan-
tation in patients with HF410 or liver transplantation in 
patients with hepatic cirrhosis,411 Na+ excretion is restored 
to normal. Similarly, when kidneys from patients with end-
stage liver disease are transplanted into patients with normal 
liver function, Na+ retention no longer occurs.411

The paradox of Na+ retention in the presence of expanded 
total and ECF volume is explained by the concept of EABV 
(or threat to arterial pressure15), described earlier. In brief, 
because 85% of blood circulates in the venous compartment 
and only 15% in the arterial compartment, expansion of the 
venous compartment leads to overall ECF volume excess 

Mineralocorticoid excess as a cause of secondary hyperten-
sion is discussed in Chapters 12 and 47.

Secondary Renal Na+ Retention

This occurs in low- and high-output cardiac failure and in 
systolic and diastolic dysfunction. Hepatic cirrhosis with 
portal hypertension and nephrotic syndrome are also 
accompanied by renal Na+ retention. In this chapter, only 
HF and cirrhosis are considered. Nephrotic syndrome is 
discussed in detail in Chapter 53.

PATHOPHYSIOLOGY
The cause of primary renal Na+ retention is clearly disrup-
tion of normal renal function. In contrast, secondary renal 
Na+ retention occurs because of reduced EABV in the pres-
ence of total ECF volume expansion or in response to 
various factors secreted by the heart or liver that signal the 
kidneys to retain Na+. In all conditions associated with sec-
ondary Na+ retention, the renal effector mechanisms that 
normally operate to conserve Na+ and protect against a Na+ 
deficit are exaggerated, and their actions continue, despite 
subtle or overt expansion of ECF volume. The pathophysi-
ologic process of hypervolemia is comprised of local mecha-
nisms of edema formation and systemic factors stimulating 
renal Na+ retention; systemic factors can be further subclas-
sified as abnormalities of the afferent sensing limb or effer-
ent effector limb.

Local Mechanisms of Edema Formation

Peripheral interstitial fluid accumulation, which is common 
to all conditions that cause ECF volume expansion, results 
from disruption of the normal balance of transcapillary Star-
ling forces. Transcapillary fluid and solute transport can be 
viewed as consisting of two types of flow, convective and dif-
fusive. Bulk water movement occurs via convective transport 
induced by hydraulic and osmotic pressure gradients. Capil-
lary hydraulic pressure (Pc) is under the influence of a 
number of factors, including systemic arterial and venous 
blood pressures, local blood flow, and the resistances 
imposed by the precapillary and postcapillary sphincters. 
Systemic arterial blood pressure, in turn, is determined by 
cardiac output, intravascular volume, and systemic vascular 
resistance; systemic venous pressure is determined by right 
atrial pressure, intravascular volume, and venous capaci-
tance. Na+ balance is a key determinant of these latter hemo-
dynamic parameters. Also, massive accumulation of fluid in 
the peripheral interstitial compartment (anasarca) can itself 
diminish venous compliance and, hence, alter overall car-
diovascular performance.405

The balance of Starling forces prevailing at the arteriolar 
end of the capillary (ΔP > Δπ, in which Δπ is the change in 
transcapillary oncotic pressure) is favorable for the net fil-
tration of fluid into the interstitium. Net outward movement 
of fluid along the length of the capillary is associated with 
an axial decrease in Pc and an increase in πc. Nevertheless, 
the local ΔP continues to exceed the opposing Δπ through-
out the length of the capillary bed in several tissues; thus, 
filtration occurs along its entire length.406 In such capillary 
beds, a substantial volume of filtered fluid must, therefore, 
return to the circulation via lymphatic vessels. In view of the 
importance of lymphatic drainage, the lymphatic vessels 
must be able to expand and proliferate, and the lymphatic 

http://www.myuptodate.com


 CHAPTER 15 — DISORDERS Of SODIum BALANCE 427

nary baroreflexes; the defect in cardiopulmonary barore-
ceptors was functionally more important.277

Several mechanisms have been implicated in the patho-
genesis of the abnormal cardiopulmonary and arterial baro-
reflexes in HF. Zucker and colleagues414 have suggested that 
loss of compliance in the dilated hearts, as well as gross 
changes in the structure of the receptors themselves, were 
the mechanisms underlying the depressed atrial receptor 
discharge in dogs with aortocaval fistula. In dogs with 
pacing-induced HF, the decrease in carotid sinus barorecep-
tor sensitivity was related to augmented Na+-K+-ATPase activ-
ity in the baroreceptor membranes.414 Increased activity of 
Ang II through the AT1 receptor has also been proposed to 
explain depressed baroreflex sensitivity in HF. Specifically, 
intracerebral or systemic administration of AT1 receptor 
antagonists to rats or rabbits with HF significantly improved 
arterial baroreflex control of RSNA or heart rate, respec-
tively.417 Moreover, Ang II injected into the vertebral artery 
of normal rabbits significantly attenuated arterial baroreflex 
function. This effect of Ang II could be blocked by the 
central α1-adrenoreceptor prazosin.418 In addition, ACE 
inhibition augmented arterial and cardiopulmonary barore-
flex control of sympathetic nerve activity in HF patients.414

More recent studies have indicated that Ang II in the 
paraventricular nucleus potentiates—and AT1 receptor anti-
sense messenger RNA normalizes—the enhanced cardiac 
sympathetic afferent reflex in rats with chronic heart 
failure.414 AT1 receptors in the nucleus tractus solitarii are 
thought to mediate the interaction between the baroreflex 
and cardiac sympathetic afferent reflex.419 Consistent with 
this notion, Ang II generation is enhanced and its degrada-
tion reduced in central sympathoregulatory neurons, as 
shown by upregulation of ACE1 and downregulation of 
ACE2.420 AT2 receptors in the rostral ventrolateral medulla 
exhibited an inhibitory effect on sympathetic outflow,  
which was mediated at least partially by an arachidonic acid 
metabolic pathway.421 These studies indicated that a down-
regulation in the AT2 receptor was a contributory factor in 
the sympathetic neural excitation in HF.414

Together, these data provide evidence of the role of high 
endogenous levels of Ang II, acting through the AT1 recep-
tor in concert with downregulation of the AT2 receptor, in 
the impaired baroreflex sensitivity observed in HF, both  
in the afferent limb of the reflex arch and at more central 
sites. The central effect may be mediated through a central 
α1-adrenoreceptor. The blunted cardiopulmonary and arte-
rial baroreceptor sensitivity in HF may also lead to an 
increase in AVP release and renin secretion.414

The disturbances in the sensing mechanisms that initiate 
and maintain renal Na+ retention in HF are summarized in 
Figure 15.7. As indicated, a decrease in cardiac output or a 
diversion of systemic blood flow diminishes the blood flow 
to the critical sites of the arterial circuit with pressure- and 
flow-sensing capabilities. The responses to diminished blood 
flow culminate in renal Na+ retention, mediated by the 
effector mechanisms. An increase in systemic venous pres-
sure promotes the transudation of fluid from the intravas-
cular to interstitial compartment by increasing the peripheral 
transcapillary ΔP. These processes augment the perceived 
loss of volume and flow in the arterial circuit. In addition, 
distortion of the pressure-volume relationships as a result of 
chronic dilation in the cardiac atria attenuates the normal 

that could occur concurrently with arterial underfilling. 
Arterial underfilling could result from low cardiac output, 
peripheral arterial vasodilation, or a combination of the 
two. In turn, low cardiac output could result from true  
ECF volume depletion (see earlier discussion), cardiac 
failure, or decreased πc, with or without increased capillary 
permeability. All these stimuli would cause activation of  
ventricular and arterial sensors. Similarly, conditions such 
as high-output cardiac failure, sepsis, cirrhosis, and normal 
pregnancy lead to peripheral arterial vasodilation and  
activation of arterial baroceptors. Activation of these affer-
ent mechanisms would then induce the neurohumoral 
mechanisms that result in renal Na+ and water retention 
(Figure 15.8).412,413

Although the mechanisms leading to Na+ retention in HF 
and cirrhosis are similar, specific differences between the 
two conditions have been observed, and these findings are 
discussed separately in the following sections.

Renal Sodium Retention in Heart Failure
Abnormalities of Sensing Mechanisms in Heart Failure. Both 

the cardiopulmonary and baroceptor reflexes are blunted 
in HF, so that they cannot exert an adequate tonic inhibitory 
effect on sympathetic outflow.414 The resulting activated 
SNS triggers renal Na+ retention by the mechanisms 
already described. With regard to cardiopulmonary recep-
tor reflexes, several researchers, using a variety of models of 
HF, have shown marked attenuation of atrial receptor firing 
in HF in response to volume expansion.414 In addition, loss 
of nerve ending arborization has been observed directly.414 
Similarly, maneuvers that selectively alter central cardiac 
filling pressures (e.g., head-up tilt, LBNP) have shown that 
HF patients, in contrast to normal subjects, usually do not 
demonstrate significant alterations in limb blood flow, cir-
culating catecholamines, AVP, or renin activity in response 
to postural stimuli.415,416 This diminished reflex responsive-
ness may be most impaired in patients with the greatest 
ventricular dysfunction.

Arterial baroceptor reflex impairment in HF has been 
observed in humans and experimental models of HF. High 
baseline values of muscle sympathetic activity were found in 
patients with HF who failed to respond to activation and 
deactivation of arterial baroreceptors by infusion of phenyl-
ephrine and Na+ nitroprusside, respectively.414 Carotid and 
aortic baroreceptor function were also depressed in experi-
mental models of cardiac failure.414 These changes were 
associated with upward resetting of receptor threshold and 
a reduced range of pressures over which the receptors 
functioned.

Multiple abnormalities have been described in cardiopul-
monary and arterial baroreceptor control of RSNA in HF. 
Thus, rats with coronary ligation displayed an increased 
basal level of efferent RSNA that failed to decrease normally 
during volume expansion.76,277 Similarly, in sinoaortic dener-
vated dogs with pacing-induced HF, the cardiopulmonary 
baroreflex control of efferent RSNA became markedly 
attenuated in response to cardiopulmonary receptor stimu-
lation by volume expansion. Left atrial baroreceptor  
stimulation produced by inflation of small balloons at the 
junction of the left atrial-pulmonary vein produced the 
same effect.417 The abnormal regulation of efferent RSNA 
was caused by impaired function of aortic and cardiopulmo-

http://www.myuptodate.com


428 SECTION II — DISORDERS Of BODY fLuID VOLumE AND COmPOSITION

Figure 15.8  Sensing mechanisms that  initiate and maintain renal sodium and water retention  in various clinical conditions  in which arterial 
underfilling, with resultant neurohumoral activation and renal sodium and water retention, is caused by a decrease in cardiac output (A) and 
by systemic arterial vasodilation (B). In addition to activating the neurohumoral axis, adrenergic stimulation causes renal vasoconstriction and 
enhances  sodium  and  fluid  transport  by  the  proximal  tubule  epithelium.  (From Schrier RW: Decreased effective blood volume in edematous 
disorders: what does this mean? J Am Soc Nephrol 18:2028-2031, 2007.)
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natriuretic response to central venous congestion. This 
attenuation is manifested predominantly as a diminished 
neural suppressive response to atrial stretch, which results 
in increased sympathetic nerve activity and augmented 
release of renin and AVP.

Abnormalities of Effector Mechanisms in Heart Failure. HF 
is also characterized by a series of adaptive changes in  
the efferent limb of the volume control system, many of 
which are similar to those that govern renal function in 
states of true Na+ depletion. These include adjustments in 
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The peritubular control of proximal fluid reabsorption 
in normal and HF states is illustrated schematically in Figure 
15.9. A critical mediator of the enhanced tubular reabsorp-
tion of Na+ is Ang II, which, by increasing efferent arteriolar 
resistance, increases the filtration fraction and augments 
proximal epithelial transporter activities directly, thereby 
amplifying the overall increase in proximal Na+ reabsorp-
tion. This is clearly illustrated by the favorable effects of 
RAAS blockers in heart failure to modulate single-nephron 
filtration fraction and normalize proximal peritubular capil-
lary Starling forces and Na+ reabsorption.425

Distal nephron sites also participate in the enhanced 
tubule Na+ reabsorption in HF. Enhanced reabsorption of 
Na+ has been shown in the loop of Henle, an effect probably 
due to altered renal hemodynamics as in the proximal 
tubule.162 In the distal tubule and collecting duct, elevated 
Ang II and aldosterone levels, respectively, enhance activi-
ties of the NaCl cotransporter and ENaC.426

Neurohumoral Mediators. The primary neurohumoral 
mediators of Na+ and water retention in HF include the 
RAAS, SNS, AVP, and endothelins, which are vasoconstrictor/
antinatriuretic (and antidiuretic) systems. In addition, 
several vasodilator/natriuretic substances, such as nitric 
oxide, prostaglandins, and AM, are also activated. Upregula-
tion of urotensin II and neuropeptide Y also appears to have 
a vasodilator/natriuretic effect, in contrast to the physio-
logic tonic effects of these peptides. In the final analysis, salt 
and water homeostasis is determined by the fine balance 
between these opposing systems; the development of posi-
tive Na+ balance and edema formation in HF represents a 
turning point at which the balance is in favor of the 
vasoconstrictor/antinatriuretic forces (Figure 15.10). The 
dominant activity of Na+-retaining systems in HF is clinically 
important because impaired renal function is a strong pre-
dictor of mortality,427 and reversal of the neurohumoral 
impairment is associated with improved outcomes.428

VASOCONSTRICTOR/ANTINATRIURETIC 
(ANTIDIURETIC) SYSTEMS
Renin-Angiotensin-Aldosterone System

The activity of the RAAS is enhanced in most patients with 
HF in correlation with the severity of cardiac dysfunction429; 
therefore, the activity of this system provides a prognostic 
index for HF patients. It is now abundantly clear that despite 
providing initial benefits in hemodynamic support, contin-
ued activation of the RAAS also contributes to the progres-
sion and worsening of the primary cardiac component of 
the HF syndrome through maladaptive myocardial remodel-
ing.429 RAAS activation induces direct systemic vasoconstric-
tion and activates other neurohormonal systems such as 
AVP, which contribute to maintaining adequate intravascu-
lar volume.429 However, numerous studies in patients and in 
experimental models of HF have established the deleterious 
role of the RAAS in the progression of cardiovascular and 
renal dysfunction.398

The kidneys in particular are highly sensitive to the action 
of vasoconstrictor agents, especially Ang II, and a decrease 
in RPF is one of the most common pathophysiologic altera-
tions in clinical and experimental HF. Micropuncture tech-
niques have demonstrated that rats with chronic stable HF 
display depressed RPF and SNGFR, as well as elevations in 

glomerular hemodynamics and tubular transport, which, in 
turn, are brought about by alterations in the neural, 
humoral, and paracrine systems. However, in contrast to 
true volume depletion, HF is also associated with activation 
of vasodilatory natriuretic agents, which tend to oppose  
the effects of the vasoconstrictor/antinatriuretic systems. 
The final effect on urinary Na+ excretion is determined 
by the balance among these antagonistic effector systems, 
which, in turn, may shift during the evolution of heart 
failure toward a dominance of Na+-retaining systems. The 
abnormal regulation of the efferent limb of the volume 
control system reflects not only the exaggerated activity of 
the antinatriuretic systems but also the failure of vasodilatory/
natriuretic systems that are activated in the course of the 
deterioration in cardiac function.
Alterations in Glomerular Hemodynamics. HF in patients and 
experimental models is characterized by an increase in renal 
vascular resistance and a reduction in GFR, but also by an 
even more marked reduction of RPF, so that the filtration 
fraction is increased.422 As shown in rat models of HF, these 
changes seem to result from diminished Kf and elevated 
afferent and efferent arteriolar resistances, The rise in single-
nephron filtration fraction is probably caused by a dispropor-
tionate increase in efferent arteriolar resistance.423,424

In Figure 15.4, a comparison of the glomerular capillary 
hemodynamic profile in the normal state versus the HF state 
is illustrated on the left graph of each panel. First, ΔP 
declines along the length of the glomerular capillary in 
normal and HF states, but much more so in HF because of 
the increased efferent arteriolar resistance. Second, Δπ 
increases over the length of the glomerular capillary in both 
states as fluid is filtered into Bowman’s space, but again to 
a greater extent in HF because of the increased filtration 
fraction. As outlined below (see section, “Renin-Angiotensin-
Aldosterone System”), the preferential increase in efferent 
arteriolar resistance is mediated principally by Ang II and is 
critical for the preservation of GFR in the presence of 
reduced RPF. Because of the intense efferent arteriolar vaso-
constriction, further compensation is not possible if RPP 
falls as a result of systemic hypotension, causing a sharp 
decline in GFR. This phenomenon is dramatically illus-
trated by HF patients whose Ang II drive is removed by 
RAAS inhibitors, particularly those with preexisting renal 
failure, massive diuretic treatment, and limited cardiac 
reserve.424 In these patients, blood pressure may fall below 
the level necessary to maintain renal perfusion.
Enhanced Tubular Reabsorption of Sodium. Enhanced tubular 
reabsorption of Na+ in HF is secondary to the altered glo-
merular function described above and is a direct result of 
neurohumeral mechanisms. A direct consequence of the 
glomerular hemodynamic alterations, and of augmented 
single-nephron filtration fraction, is an increase in the frac-
tional reabsorption of filtered Na+ at the level of the proxi-
mal tubule. In Figure 15.4, the peritubular capillary 
hemodynamic profile of the normal state is compared with 
that of HF on the right graph of each panel. In HF, in com-
parison with the normal state, the average value of Δπ along 
the peritubular capillary is increased and that of ΔP is 
decreased. These values are favorable for fluid movement 
into the capillary and may also help reduce backleak of fluid 
into the tubule via paracellular pathways, promoting overall 
net reabsorption.
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Figure 15.9  Peritubular control of proximal tubule fluid reabsorption. Fluid reabsorption in the normal state (left) and in patients with heart 
failure (right) is shown. Increased postglomerular arteriolar resistance in heart failure is depicted as narrowing. The thickness and font size of 
the block arrows depict relative magnitude of effect. The  increase  in filtration fraction  (FF)  in heart  failure causes Δπ  to rise. The  increase  in 
renal vascular resistance in heart failure is believed to reduce ΔP. Both the increase in Δπ and the fall in ΔP enhance peritubular capillary uptake 
of proximal reabsorbate and thus increase absolute Na+ reabsorption by the proximal tubule. Numbers and red block arrows depict blood flow 
in preglomerular and postglomerular capillaries; ΔP and Δπ are the transcapillary hydraulic and oncotic pressure differences across the peri-
tubular capillary, respectively; yellow block arrows indicate transtubular transport; purple block arrows represent the effect of peritubular capillary 
Starling  forces on uptake of proximal  reabsorbate.  (Adapted from Humes HD, Gottlieb M, Brenner BM: The kidney in congestive heart failure: 
contemporary issues in nephrology, vol 1, New York, 1978, Churchill Livingstone, pp 51-72.)
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efferent arteriolar resistance and filtration fraction. Direct 
renal administration of an ACE inhibitor normalized renal 
function in rats with experimental HF, but not sham-
operated control rats. Using the aortocaval fistula model of 
HF, Winaver and associates430 have shown that only some 
animals develop Na+ retention, whereas the rest maintain 
Na+ balance. The former subgroup was characterized by a 
marked increase in PRA and aldosterone levels. In contrast, 
levels of these hormones in compensated animals were no 
different from those in sham-operated controls. Treatment 
with the ACE inhibitor enalapril resulted in a dramatic 
natriuretic response in rats with Na+ retention. Similarly, 
most patients with HF maintain normal Na+ balance when 
placed on a low-salt diet, but about 50% develop a positive 
Na+ balance when fed a normal salt diet.431 A feature 
common to both animals and patients with Na+ retention 
was the activation of the RAAS. In dogs with experimental 
high-output HF, the initial period of Na+ retention was asso-
ciated with a profound activation of the RAAS, and the 
return to normal Na+ balance was accompanied by a pro-
gressive fall in PRA.430

The deleterious effects of the RAAS on renal function are 
not surprising in view of the previously mentioned actions 
of Ang II and aldosterone on renal hemodynamics and 
excretory function. Activation of Ang II in response to the 
decreased pumping capacity of the failing myocardium pro-
motes systemic vasoconstriction as well as vasoconstriction 
of efferent and afferent arterioles and mesangial cells.210,432 
In addition, Ang II exerts a negative influence on renal 
cortical circulation in rats with HF and increases tubular Na+ 

reabsorption directly and indirectly by augmenting aldoste-
rone release.433 In combination, these hemodynamic and 
tubular actions lead to avid Na+ and water retention, thus 
promoting circulatory congestion and edema formation.

There is considerable evidence for the existence of a local 
RAAS in the heart and kidney. The presence of the system 
in the kidney likely explains earlier findings of an inconsis-
tent relationship between RAAS and positive Na+ balance, 
as well as the maintained efficacy of RAAS inhibition in 
chronic HF, even when systemic levels of the component 
hormones were not elevated.434 To summarize the plethora 
of data on systemic and local RAAS activation, it appears 
that systemic RAAS activation is most pronounced in acute 
and decompensated HF, whereas local renal RAAS activa-
tion may dominate in chronic stable HF.

In the heart, local RAAS activation has a number of 
effects. In addition to the mechanical stress exerted on the 
myocardium due to systemic Ang II–mediated increased 
afterload, pressure overload activates the production of 
local Ang II as a result of upregulation of angiotensinogen 
and tissue ACE.432 Local Ang II acts through AT1 in a 
paracrine/autocrine manner, leading to cell swelling and 
cardiac hypertrophy, remodeling and fibrosis (mediated  
by transforming growth factor-β), and reduced coronary 
flow, hallmarks of severe HF.434 These observations help 
explain the improved cardiac function, prolonged survival, 
prevention of end-organ damage, and prevention or  
regression of cardiac hypertrophy in humans and animals 
with HF treated with ACE inhibitors and ARBs.211,432 In addi-
tion, ACE inhibitors and ARBs may improve endothelial 
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proximal tubular epithelium that is favorable for active Na+ 
reabsorption.440 The predominant effect of the RAAS in the 
distal nephron is mediated by aldosterone, which acts on 
cortical and medullary portions of the collecting duct  
to enhance Na+ reabsorption, as outlined previously. 
Numerous researchers have reported elevations in plasma 
aldosterone concentration, urinary aldosterone secretion, 
or natriuretic effects of aldosterone antagonists in animal 
models and human subjects with HF, despite further activa-
tion of other antinatriuretic systems; these findings provide 
evidence of the pivotal role of this hormone in the media-
tion of Na+ retention in HF.441

As with Ang II, the relative importance of mineralocorti-
coid action in the Na+ retention of HF varies with the stage 
and severity of disease. Further evidence for the involve-
ment of the RAAS in the development of positive Na+ 
balance comes from studies showing that the renal and 
hemodynamic responses to ANP are impaired in HF and 
that administration of ARB or ACE inhibition restores the 
blunted response to ANP (for further details, see later 
section, “Natriuretic Peptides”).442 Although patients with 
HF have low plasma osmolality, they display increased thirst, 
probably because of the high concentrations of Ang II, 
which stimulates thirst center cells in the hypothalamus.443 
This behavior may contribute to the positive water balance 
and hyponatremia often seen in these patients (see section, 
“Arginine Vasopressin”).

dysfunction, vascular remodeling, and potentiation of the 
vasodilatory effects of the kinins.344

Like Ang II, aldosterone also acts directly on the myocar-
dium, inducing structural remodeling of the interstitial col-
lagen matrix.435 Moreover, cardiac aldosterone production 
is increased in patients with HF, especially when caused by 
systolic dysfunction. Convincing evidence for the local  
production of aldosterone was provided by the finding  
that CYP11B2 messenger RNA (aldosterone synthase) is 
expressed in cultured neonatal rat cardiac myocytes. The 
adverse contribution of aldosterone to the functional and 
structural alterations of the failing heart was elegantly 
proved by the use of eplerenone, a specific aldosterone 
antagonist, which prevented progressive left ventricular sys-
tolic and diastolic dysfunction in association with reduced 
interstitial fibrosis, cardiomyocyte hypertrophy, and left ven-
tricular chamber sphericity in dogs with HF. Similarly, 
eplerenone attenuated the development of ventricular 
remodeling and reactive (but not reparative) fibrosis after 
myocardial infarction in rats.436,437 These findings are in 
agreement with the results of landmark clinical trials (see 
section, “Specific Treatments Based on the Pathophysiology 
of Heart Failure”).438,439

As noted, in addition to its renal and cardiovascular 
hemodynamic effects, the RAAS is involved directly in the 
exaggerated Na+ reabsorption by the tubule in HF. Ang II, 
produced systemically and locally, has a direct effect on the 

Figure 15.10  Efferent  limb  of  extracellular  fluid  volume  control  in  heart  failure.  Volume  homeostasis  in  heart  failure  is  determined  by  the 
balance between natriuretic and antinatriuretic forces. In decompensated heart failure, enhanced activities of the Na+-retaining systems over-
whelm the effects of the vasodilatory/natriuretic systems, which leads to a net reduction in Na+ excretion and an increase in ECF volume. ANP, 
Atrial natriuretic peptide.  (Adapted from Winaver J, Hoffman A, Abassi Z, et al: Does the heart’s hormone, ANP, help in congestive heart failure? 
News Physiol Sci 10:247-253, 1995.)
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with preserved renal function.452 These findings suggest that 
the association between renal function and prognosis in 
patients with HF is linked by neurohormonal activation, 
including that in the CNS.

An additional mechanism by which RSNA may affect 
renal hemodynamics and Na+ excretion in HF is through its 
antagonistic interaction with ANP. On the one hand, ANP 
has sympathoinhibitory effects453,454; on the other, the SNS-
induced salt and water retention in HF may reduce renal 
responsiveness to ANP. For example, the blunted diuretic/
natriuretic response to ANP in rats with HF could be 
restored by prior renal denervation455 or by administration 
of clonidine,456 a centrally acting α2-adrenoreceptor agonist, 
which decreases RSNA in HF. These examples illustrate the 
complexity of interactions between the SNS and other 
humoral factors involved in the pathogenesis of Na+ reten-
tion in HF.

In summary, the SNS plays an important role in the regu-
lation of Na+ excretion and glomerular hemodynamics in 
HF, either by a direct renal action or by a complex interplay 
between the SNS itself and other neurohumeral mecha-
nisms that act on the glomeruli and renal tubules. The 
recent introduction of renal denervation as a potential ther-
apeutic treatment for HF should facilitate the further eluci-
dation of these neurohumoral interactions.

Vasopressin

Numerous studies have demonstrated elevated plasma levels 
of AVP in patients with HF, mostly in those with advanced 
HF and hyponatremia, but also in asymptomatic patients 
with left ventricular dysfunction.457 The high plasma levels 
of AVP in HF are related to nonosmotic factors such as 
attenuated compliance of the left atrium, hypotension, and 
activation of the RAAS458 and are reversed by RAAS inhibi-
tion or α-blockade (prazosin). Therefore, improved cardiac 
function in response to afterload reduction (e.g., pulse  
pressure, stroke volume) was probably responsible for the 
removal of the nonosmotic stimulus to AVP release.

The high circulating levels of AVP in HF adversely affect 
the kidneys and cardiovascular system. In fact, raised levels 
of the C-terminal portion of the AVP prohormone (copeptin) 
at the time of diagnosis of acute decompensated heart 
failure are highly predictive of 1-year mortality.459,460 The 
prognostic power of an increased copeptin level in HF is 
similar to that of BNP levels (see section, “Brain Natriuretic 
Peptide”). The most recognized renal effect of AVP in HF 
is the development of hyponatremia, which usually occurs 
in advanced stages of the disease and most probably results 
from impaired solute-free water excretion in the presence 
of sustained release of AVP, irrespective of plasma osmolal-
ity. In accordance with this notion, studies in animal models 
of HF have demonstrated increased collecting duct expres-
sion of AQP2.461 In addition, administration of specific V2 
receptor antagonists (VRAs) has been consistently associ-
ated with improvement in plasma Na+ levels in animals and 
patients with hyponatremia.462,463 The improvement is asso-
ciated with correction of the impaired urinary dilution in 
response to acute water load,464 increased plasma osmolarity, 
and downregulation of renal AQP2 expression, but no effect 
on RBF, GFR or Na+ excretion.465

The adverse effects of AVP on cardiac function466 occur 
through its V1A receptor on systemic vascular resistance 

Sympathetic Nervous System

As mentioned earlier, patients with HF experience progres-
sive activation of the SNS with declining cardiac func-
tion.414,444 Plasma norepinephrine levels are frequently 
elevated in HF, and a strong consensus exists about the 
adverse influence of sympathetic overactivity on the pro-
gression and outcome of patients with HF.445,446 Thus, 
sympathetic neural activity is significantly correlated with 
intracardiac pressures, cardiac hypertrophy, and left ven-
tricular ejection fraction (LVEF).447 Direct intraneural 
recordings in patients with HF have also shown increased 
neural traffic, which correlated with the increased plasma 
norepinephrine levels.445,446 Activation of the SNS not only 
precedes the appearance of congestive symptoms but also is 
preferentially directed toward the heart and kidneys. Clini-
cal investigations have revealed that patients with mild HF 
have higher plasma norepinephrine levels in the coronary 
sinus than in the renal veins.446 In the early stages of HF, 
increased activity of the SNS ameliorates the hemody-
namic abnormalities—including hypoperfusion, diminished 
plasma volume, and impaired cardiac function—by produc-
ing vasoconstriction and avid Na+ reabsorption.414 However, 
chronic exposure to this system induces several long-term 
adverse myocardial effects, including induction of apoptosis 
and hypertrophy, with an overall reduction in cardiac func-
tion, which reduces contractility. Some of these effects may 
be mediated by activation of the RAAS which, in turn, can 
augment sympathetic activity and create a vicious cycle.414,448

Measurements made with catecholamine spillover tech-
niques have revealed that the basal sympathetic outflow to 
the kidneys is significantly increased in patients with HF.449 
The activation of the SNS and increased efferent RSNA may 
be involved in the alterations in renal function in HF. For 
example, exaggerated RSNA contributes to the increased 
renal vasoconstriction, avid Na+ and water retention, renin 
secretion, and attenuation of the renal actions of ANP.450 
Experimental studies have demonstrated that in rats with 
experimental HF caused by coronary artery ligation, renal 
denervation results in an increase in RPF and SNGFR and a 
decrease in afferent and efferent arteriolar resistance.445 
Similarly, in dogs with low cardiac output induced by vena 
caval constriction, administration of a ganglionic blocker 
resulted in a marked increase in Na+ excretion.445 In rats with 
HF induced by coronary ligation, the decrease in RSNA in 
response to an acute saline load was less than that of control 
rats.277 Bilateral renal denervation restored the natriuretic 
response to volume expansion; this finding implicates 
increased RSNA in the Na+ avidity characteristic of HF.445

Studies in dogs with high-output HF induced by aortoca-
val fistula have demonstrated that total postprandial urinary 
Na+ excretion is approximately twofold higher in dogs with 
renal denervation than in control dogs with intact nerves.445 
In line with these observations, administration of the 
α-adrenoreceptor blocker dibenamine to patients with HF 
caused an increase in fractional Na+ excretion, without a 
change in RPF or GFR. Treatment with ibopamine, an oral 
dopamine analogue, resulted in vasodilation and positive 
inotropic and diuretic effects in patients with HF.451 More-
over, for a given degree of cardiac dysfunction, the concen-
tration of norepinephrine is significantly higher in patients 
with concomitant abnormal renal function than in patients 
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vasoconstriction but significantly prolonged and preserved 
medullary vasodilation.331 These effects could result from 
activation of vasodilatory systems such as prostaglandins and 
nitric oxide. The medullary tissue of rats with decompen-
sated HF contains higher eNOS immunoreactive levels  
than sham-treated controls.331 Taken together, the data are 
consistent with a role for endothelin in the altered renal 
hemodynamics and pathogenesis of cortical vasoconstric-
tion in HF.

VASODILATORY/NATRIURETIC SYSTEMS
Natriuretic Peptides

In decompensated heart failure, renal Na+ and water reten-
tion occurs, despite expansion of the ECF volume, even 
when the NP system is activated. Results of many clinical and 
experimental studies have implicated both ANP and BNP in 
the pathophysiologic process of the deranged cardiorenal 
axis in HF.

Atrial Natriuretic Peptide. Plasma levels of ANP and NH2-
terminal ANP are frequently elevated in patients with HF 
and are correlated positively with the severity of cardiac 
failure, elevated atrial pressure, and parameters of left ven-
tricular dysfunction.288,473 Hence, the concentration of cir-
culating ANP was proposed as a diagnostic tool in the 
determination of cardiac dysfunction and as a prognostic 
marker in the prediction of survival of patients with HF.42 
However, in this context, ANP has since been superseded by 
BNP. There is also recent evidence that midregional (MR) 
proANP may perform similarly to BNP as a biomarker of 
ADHF (see section, “Brain Natriuretic Peptide”).473

The high levels of plasma ANP are attributed to increased 
production rather than to decreased clearance. Although 
volume-induced atrial stretch is the main source for the 
elevated circulating ANP levels in HF, enhanced synthesis 
and release of the hormone by the ventricular tissue in 
response to Ang II and endothelin also contribute to this 
phenomenon.288,473 Despite the high levels of this potent 
natriuretic and diuretic agent, patients and experimental 
animals with HF retain salt and water because renal respon-
siveness to NPs is attenuated.474 However, infusion of ANP 
to patients with HF does lead to hemodynamic improve-
ment and inhibition of activated neurohumoral systems. 
These data are in line with findings in patients and animals 
that ANP is a weak counterregulatory hormone, insufficient 
to overcome the substantial vasoconstriction mediated by 
the SNS, RAAS, and AVP.475 However, despite the blunted 
renal response to ANP in HF, elimination of ANP produc-
tion by atrial appendectomy in dogs with HF aggravated the 
activation of these vasoconstrictive hormones and resulted 
in marked Na+ and water retention.476 These data suggest 
that ANP plays a critical role as a suppressor of Na+-retaining 
systems and as an important adaptive or compensatory 
mechanism aimed at reducing pulmonary vascular resis-
tance and hypervolemia.

Brain Natriuretic Peptide. As noted, BNP is structurally 
similar to ANP but is produced mainly by the ventricles in 
response to stretch and pressure overload.288,473 As with ANP, 
plasma levels of BNP and N-terminal (NT)–proBNP are 
elevated in patients with HF in proportion to the severity of 

(increased cardiac afterload), as well as by V2-receptor–
mediated water retention, which leads to systemic and pul-
monary congestion (increased preload). In addition, AVP, 
through its V1A receptor, acts directly on cardiomyocytes, 
causing a rise in intracellular Ca2+ and activation of mitogen-
activated kinases and protein kinase C. These signaling 
mechanisms appear to mediate the observed cardiac remod-
eling, dilation, and hypertrophy. The remodeling might be 
further exacerbated by these abnormalities in preload and 
afterload.

In summary, the data suggest the following: (1) AVP is 
involved in the pathogenesis of water retention and hypo-
natremia that characterize HF; and (2) AVP receptor antag-
onists result in remarkable diuresis in experimental and 
clinical models of HF. Treatment of HF with VRA will be 
discussed further (see section, “Specific Treatments Based 
on the Pathophysiology of Congestive Heart Failure”).

Endothelin

There is considerable evidence that ET-1 is involved in the 
development and progression of HF. Furthermore, this 
peptide is probably involved in the reduced renal function 
that characterizes HF by inducing renal remodeling, inter-
stitial fibrosis, glomerulosclerosis, hypoperfusion and hypo-
filtration, and positive salt and water balance.467 The 
pathophysiologic role of ET-1 in HF is supported by two 
major lines of evidence: (1) the endothelin system is acti-
vated in HF; and (2) ET-1 receptor antagonists modify this 
pathophysiologic process.468 The first line of evidence is 
based on the demonstration that plasma ET-1 and big ET-1 
concentrations in clinical HF and experimental models of 
HF are elevated and correlate with hemodynamic severity 
and symptoms.469 Also, a negative correlation between 
plasma ET-1 concentration and LVEF has been reported.470 
In addition, the degree of pulmonary hypertension was  
the strongest predictor of plasma ET-1 level in patients  
with HF.470 Moreover, plasma levels of big endothelin 
and ET-1 are especially high in patients with moderate to 
severe HF and are independent markers of mortality and 
morbidity.469

The increase in plasma levels of ET-1 may be the result of 
enhanced synthesis in the lungs, heart, and circulation by 
several stimuli such as Ang II and thrombin or of decreased 
pulmonary clearance.470 In parallel to ET-1 levels, ET-A 
receptors are upregulated, whereas ET-B receptors are 
downregulated in the failing human heart.471

A cause-and-effect relationship between these hemody-
namic abnormalities and ET-1 in HF was demonstrated with 
the development of selective and highly specific endothelin 
receptor antagonists.470 In this regard, acute administration 
of the mixed ET-A/ET-B receptor antagonists, bosentan and 
tezosentan significantly improved renal cortical perfusion, 
reversed the profoundly increased renal vascular resistance, 
and increased RBF and Na+ excretion in rats with severe 
decompensated HF.472 In addition, chronic blockade of 
ET-A by selective or dual ET-A/ET-B receptor antagonists 
attenuated the magnitude of Na+ retention and prevented 
the decline in GFR in experimental HF.467 These data are in 
line with observations that infusion of ET-1 in normal rats 
produced a sustained cortical vasoconstrictor and transient 
medullary vasodilatory response.331 In contrast, rats with 
decompensated HF displayed severely blunted cortical 
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examinations, such as radiography and physical examina-
tion.485 Moreover, NT-proBNP levels perform better than 
the National Health and Nutrition Examination score and 
Framingham clinical parameters (the most established cri-
teria in use for the diagnosis of HF).

BNP levels were proposed to be helpful in reducing 
length of hospital stay and costs, but two recent meta-
analyses have cast serious doubt on this notion.486,487 Circu-
lating BNP and NT-proBNP levels have also been used as a 
guide in determining the therapeutic efficacy of drugs typi-
cally prescribed for HF patients, including ACE inhibitors, 
ARBs, diuretics, digitalis, and β-blockers.485,488-490 Two meta-
analyses have recently confirmed the overall utility of BNP 
levels for monitoring the success of HF treatment.491,492 
Finally, BNP, but not NT-proBNP, levels at 24 and 48 hours 
after admission for acute decompensated HF (ADHF) pre-
dicted both 30-day and 1-year mortality. Predischarge levels 
of both peptides were predictive of 30-day and 1-year mortal-
ity but not of 1-year readmission due to HF.492

Together, these findings suggest that a simple and rapid 
determination of plasma levels of BNP or NT-proBNP in HF 
patients can be used to assess cardiac dysfunction, serve as 
a diagnostic and prognostic marker, and assist in titrating 
relevant therapy. However, it should be emphasized that 
plasma levels of ANP and BNP are affected by several factors, 
including age, salt intake, gender, obesity, hemodynamic 
status, and renal function, and there is considerable overlap 
among different diagnostic groups.480 In this regard, the 
recent finding that MR-proANP added significant incre-
mental diagnostic value in patients with BNP levels in the 
grey zone (between 100 and 500 pg/mL) should enhance 
the ability of biomarkers to distinguish between cardiac and 
noncardiac causes of dyspnea.473 Nevertheless, for the 
present, a combination of conventional parameters such as 
clinical and echocardiographic measures, assessed together 
with plasma levels of BNP and MR-proANP, yield better 
clinical guidelines in HF patients than each tool alone.493

C-Type Natriuretic Peptide. As mentioned earlier (see 
section, “Physiology”), CNP is synthesized mainly by endo-
thelial cells, but small amounts are also produced by cardiac 
tissue.494 In contrast to other NPs, CNP is predominantly a 
vasodilator and has little effect on or may even reduce 
urinary flow and Na+ excretion.494 However, the production 
of CNP by the endothelium in proximity to its receptors in 
vascular smooth muscle cells suggests that this peptide may 
play a role in the control of vascular tone and growth.494

Like those of ANP and BNP, plasma CNP levels are 
increased in HF, and CNP levels are directly correlated with 
NYHA classification with levels of BNP, ET-1, and AM and 
with pulmonary capillary wedge pressure, ejection fraction, 
and left ventricular end-diastolic diameter.494 Higher levels 
of CNP have been found in the coronary sinuses than in the 
adjacent aorta, which is indicative of CNP release from the 
myocardium. The demonstration of a CNP-induced inhibi-
tory effect on cultured cardiac myocyte hypertrophy sug-
gests that overexpression of CNP in the myocardium during 
HF may be involved in counteracting cardiac remodeling.494 
In contrast to the diminished physiologic responses to ANP 
and BNP in animals with HF in comparison with control 
animals, CNP elicited twice as much sGC activity as ANP, 
which was shown to result from dramatic reductions in NP 

myocardial systolic and diastolic dysfunction and New York 
Heart Association (NYHA) classification.288 Plasma levels of 
BNP are elevated only in severe HF, whereas circulating 
concentrations of ANP are high in mild and severe cases.288,477 
The extreme elevation of plasma BNP in severe HF probably 
stems from the increased synthesis of BNP, predominantly 
by the hypertrophied ventricular tissue, although the con-
tribution of the atria is significant.288,477

Although echocardiography remains the gold standard 
for the evaluation of left ventricular dysfunction, numerous 
studies have shown that plasma levels of BNP and NT-proBNP 
are reliable markers and, in fact, are superior to ANP and 
NT-proANP for the diagnosis and prognosis of HF.288 The 
diagnostic capability of NT-proBNP is impressive, with high 
sensitivity, specificity, and negative predictive value in 
patients with an ejection fraction less than 35%. Similar 
high predictive values are found in patients with concomi-
tant left ventricular hypertrophy, either in the absence of or 
after myocardial infarction.288 The added presence of renal 
dysfunction appears to enhance these predictive values,478,479 
and graded increases in mortality throughout each quartile 
of BNP levels have been shown in several clinical trials.480 In 
addition, elevated plasma BNP (or NT-proBNP) levels and 
LVEF lower than 40% are complementary independent pre-
dictors of death, HF, and new myocardial infarction at 3 
years after an initial myocardial infarction. Moreover, risk 
stratification with the combination of LVEF lower than 40% 
and high levels of NT-proBNP is substantially better than 
that provided by either alone.481 However, even though BNP 
levels tend to be lower in patients with preserved LVEF than 
in HF patients with reduced LVEF, the prognosis in patients 
with preserved LVEF is as poor as in those with reduced 
LVEF for a given BNP level.482

In asymptomatic patients with preserved LVEF, elevated 
BNP levels are correlated with diastolic abnormalities on 
Doppler studies. Conversely, a reduction in BNP levels with 
treatment is associated with a reduction in left ventricular 
filling pressures, lower readmission rates, and a better prog-
nosis; thus, monitoring of BNP levels may provide valuable 
information regarding treatment efficacy and expected 
patient outcomes.483

Another diagnostic role for BNP is in the distinction of 
dyspnea caused by HF from that caused by noncardiac enti-
ties. This point was dramatically illustrated by the N-terminal 
Pro-BNP Investigation of Dyspnea in the Emergency Depart-
ment (PRIDE) study, in which the median NT-proBNP level 
in 209 patients who had acute HF was 4054 pg/mL in con-
trast to 131 pg/mL in 390 patients (65%) who did not have 
acute HF. At cut points of more than 450 pg/mL for patients 
younger than 50 years and more than 900 pg/mL for 
patients at least 50 years of age, NT-proBNP levels were 
highly sensitive and specific for the diagnosis of acute HF. 
An NT-proBNP level lower than 300 pg/mL was optimal for 
ruling out acute HF, with a negative predictive value of 99%. 
An increased level of NT-proBNP was the strongest indepen-
dent predictor of a final diagnosis of acute HF. NT-proBNP 
testing alone was superior to clinical judgment alone for 
diagnosing acute HF; NT-proBNP plus clinical judgment 
was superior to NT-proBNP or clinical judgment alone.484 
Thus, the predictive accuracy of circulating BNP for distin-
guishing dyspnea caused by HF from dyspnea with noncar-
diac causes equals and even exceeds the accuracy of classic 
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improvement in contractility, and reduced mortality.501 
With regard to clearance receptors, no convincing evi-
dence to date suggests that upregulation exists in the 
renal tissue of HF animals or patients, although increased 
abundance of clearance receptors for NPs in platelets of 
patients with advanced HF has been reported.502 In 
contrast, several studies have demonstrated enhanced 
expression and activity of NEP in experimental HF.503,504 
Moreover, numerous reports have shown that NEP inhib-
itors improve the vascular and renal response to NPs in 
HF (see section, “Specific Treatments Based on the 
Pathophysiology of Congestive Heart Failure”).

3. Activation of vasoconstrictor/antinatriuretic factors and 
development of renal hyporesponsiveness to ANP. Renal 
resistance to ANP may be present, even in the early pre-
symptomatic stage of the disease, but it progresses pro-
portionately as HF worsens.498 In advanced HF, when RPF 
is markedly impaired, the ability of NPs to antagonize the 
renal effects of Ang II is limited.505 This was clearly dem-
onstrated in an animal model of HF, in which chronic 
blockade by enalapril of the profoundly activated RAAS 
partially, but significantly, improved the natriuretic 
response to endogenous and exogenous ANP.506 The 
favorable effects of ACE inhibition were especially evident 
in decompensated heart failure. These findings are in 
line with the fact that activation of RAAS in HF largely 
contributes to Na+ and water retention by antagonizing 
the renal actions of ANP. The mechanisms underlying 
the attenuated renal effects of ANP in HF are not com-
pletely understood, but they include Ang II–induced 
afferent and efferent vasoconstriction, mesangial cell 
contraction, activation of cGMP phosphodiesterases  
that attenuate the accumulation of the second messenger 
of NPs in target organs, and stimulation of Na+-H+-
exchanger and Na+ channels in the proximal tubule and 
collecting duct.506

Activation of the SNS also can overwhelm the renal effects 
of ANP. As described earlier, overactivity of the SNS leads to 
vasoconstriction of the peripheral circulation and of the 
afferent and efferent arterioles, which causes reduction of 
RPF and GFR. These actions, together with the direct stimu-
latory effects of SNS on Na+ reabsorption in the proximal 
tubule and loop of Henle, contribute to the attenuated 
renal responsiveness to ANP in HF. Moreover, the SNS-
induced renal hypoperfusion/hypofiltration stimulates 
renin secretion, thereby aggravating the positive Na+ and 
water balance. In rat models of HF, the diuretic and natri-
uretic responses to ANP were increased after sympathetic 
inhibition by low-dose clonidine456 or bilateral renal dener-
vation.507 The beneficial effects of renal denervation could 
be attributed to upregulation of NP receptors and cGMP 
production.209

In summary, the development of renal hyporesponsive-
ness to NPs is paralleled closely by overreactivity of the  
RAAS and SNS and represents a critical point in the devel-
opment of positive salt balance and edema formation in 
advanced HF.

Nitric Oxide

After the discovery that nitric oxide is the prototypic 
endothelium-derived relaxing factor, this signaling 

receptor A (NPR-A) activity without any change in NP recep-
tor B (NPR-B) activity.494 These novel findings imply a 
significant role for NPR-B–mediated NP activity in the 
failing heart and may explain the modest effects of nesirit-
ide (BNP) treatment in HF, inasmuch as the latter is 
NPR-A–selective.495

Higher CNP levels in the renal vein than in the adjacent 
aorta have been reported in normal people, and this differ-
ence was blunted in patients with HF.496 The physiologic 
significance of these data currently remains unexplained. 
Overall, the evidence available points to a possible periph-
eral vascular compensatory response to HF by overexpres-
sion of CNP. Alternately, CNP may be involved in mitigating 
the cardiac remodeling characteristic of HF. Elaboration of 
the exact role of CNP in HF is crucial for the design of more 
effective NP analogues than those currently available for the 
management of HF.

Overall Relationship Between Natriuretic and 
Antinatriuretic Factors in Heart Failure

The maintenance of Na+ balance in the initial compensated 
phase of HF has been attributed in part to the elevated levels 
of ANP and BNP.288 This notion is supported by the findings 
that inhibition of NP receptors in experimental HF induces 
Na+ retention.497 In addition, NPs inhibit the Ang II–induced 
systemic vasoconstriction, proximal tubule Na+ reabsorp-
tion, and secretion of aldosterone and endothelin.473 Fur-
thermore, in an experimental model of HF, inhibition of 
the NPs by specific antibodies to their receptors caused 
further impairment in renal function, as indicated by 
increased renal vascular resistance and decreased GFR, RBF, 
urine flow, Na+ excretion, and activation of the RAAS.498

In view of the remarkable activation of the NP system and 
the ability of NPs to counter the effects of the vasoconstrictor/
antinatriuretic neurohormonal systems, why then do salt 
and water retention occur in overt HF? Several mechanisms 
could explain this apparent discrepancy:

1. Appearance of abnormal circulating peptides and inad-
equate secretory reserves in comparison with the degree 
of HF. Using an extremely sensitive mass spectrometry–
based method, altered processing of proBNP1-108 and/
or BNP1-32 has been demonstrated in HF, resulting in 
very low levels of BNP1-32, despite markedly elevated 
levels of immunoreactive (i.e., total) BNP.499 Moreover, 
proBNP1-108 has a lower affinity for the GC-A receptor, 
which would reduce effector function of BNP.500

2. Decreased availability of NPs by downregulation of 
corin501 or upregulation of NEP and clearance recep-
tors.498 Downregulation of corin may explain, at least in 
part, the decreased availability of NPs in HF. Consistent 
with this concept, lower levels of corin in parallel with 
elevated levels of proANP have been observed in the 
plasma of HF patients. On the other hand, circulating 
cGMP levels are elevated in HF patients, implying 
enhanced activity of NPs. In an attempt to reconcile these 
apparently contradictory findings, intracardiac expres-
sion of corin was examined in an experimental model of 
HF caused by dilated cardiomyopathy. Low levels of corin 
in cardiac tissue were demonstrated in this model. More-
over, transfection of the gene encoding for corin into 
these animals led to a reduction in cardiac fibrosis, 
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Prostaglandins

Although the contribution of prostaglandins to renal func-
tion in euvolemic states is minimal, they play an important 
role in maintaining renal function in the setting of impaired 
RBF, as occurs in HF. Renal hypoperfusion, directly or by 
activation of the RAAS, stimulates the release of prostaglan-
dins that exert a vasodilatory effect, predominantly at the 
level of the afferent arteriole, and promote Na+ excretion 
by inhibiting Na+ transport in the thick ascending limb of 
Henle and the medullary collecting duct.516 Evidence of the 
compensatory role of prostaglandins in experimental and 
clinical HF comes from two sources. First, plasma levels of 
PGE2, PGE2 metabolites, and 6-keto-PGF1 were higher in HF 
patients than in normal subjects.517 Moreover, studies 
in experimental and human HF have demonstrated a  
direct linear relationship between PRA and Ang II concen-
trations and levels of circulating and urinary PGE2 and 
PGI2 metabolites.518 This correlation probably reflects both 
Ang II–induced stimulation of prostaglandin synthesis and 
prostaglandin-mediated increased renin release.

A similar counterregulatory role of prostaglandins with 
regard to the other vasoconstrictors (e.g., catecholamines, 
AVP) may also be inferred. An inverse correlation between 
plasma Na+ concentrations and plasma levels of PGE2 
metabolites has also been demonstrated. The second 
approach, which established the protective role of renal and 
vascular prostaglandins in HF, was derived from studies  
of nonsteroidal antiinflammatory drugs (NSAIDs), which 
inhibit the synthesis of prostaglandins. In various experi-
mental models of HF, inhibition of prostaglandin synthesis 
by indomethacin was associated with an elevation in urinary 
excretion of PGE2, significant increase in body weight, pro-
found increase in renal vascular resistance, and resultant 
decrease in RBF, related mainly to afferent arteriolar con-
striction.517,519 Serum creatinine and urea levels rose, and 
urine flow rate declined significantly.519 In accordance with 
these observations, patients with HF and hyponatremia,  
in whom extreme activation of the SNS and RAAS 
occurred, were most susceptible to the adverse glomerular 
hemodynamic consequences of indomethacin treatment.517 
Such patients developed significant decreases in RBF and 
GFR accompanied by reduced urinary Na+ excretion.520 
These effects were prevented by intravenous infusion of 
PGE2. Moreover, pretreatment with indomethacin before 
captopril administration attenuated the captopril-induced 
increase in RBF. Thus, prostaglandins have a significant role 
in the regulation of renal function in patients with HF, and 
ACE inhibitor (ACEI) improvement in renal hemodynamics 
is mediated in part by increased prostaglandin synthesis.

Renal prostaglandins may also play an important role in 
mediating the natriuretic effects of ANP. For example, in 
dogs with experimental HF,521 indomethacin reduced ANP-
induced Na+ excretion and creatinine clearance by 75% 
and 35%, respectively. Collectively, the results of human  
and animal studies have indicated that HF is a so-called 
prostaglandin-dependent state, in which elevated Ang II 
levels and enhanced RSNA stimulate renal synthesis of PGE2 
and PGI2, which would counteract the vasoconstrictor effects 
of these stimuli to maintain GFR and RBF. Therefore, 
administration of NSAIDs to patients or animals with HF 
leaves these vasoconstrictor systems unopposed, leading to 

molecule was implicated in the increased vascular resistance 
and impaired endothelium-dependent vascular responses 
characteristic of HF.508,509 Thus, the response to acetylcho-
line, an endothelium-dependent vasodilator that acts by 
releasing nitric oxide, was found to be markedly attenuated 
in HF, both in patients510 and experimental animals510 as well 
as in isolated resistance arteries from patients with HF.511 
Mechanisms mediating the impaired activity of the nitric 
oxide system in HF include a reduction in shear stress associ-
ated with the decreased cardiac output,512 downregulation 
or uncoupling of eNOS, decreased availability of the nitric 
oxide precursor L-arginine caused by increased activity of 
arginase, increased levels of the endogenous NOS inhibitor 
asymmetric dimethyl arginine (ADMA), inactivation of NO 
by superoxide ion, and alteration of the redox state of sGC 
through oxidative stress, which leads to reduced levels of 
the NO-sensitive form of sGC and subsequent production 
of its second messenger cGMP.509 This oxidative stress may 
be worsened by excessive activity of counterregulatory neu-
rohumoral systems, such as the RAAS, and by the release of 
proinflammatory messengers.509

Altered activity of the NO-sGC-cGMP system also underlies 
the regional vasomotor dysregulation of the renal circulation 
in HF. In line with this idea, rats with HF induced by an aor-
tocaval fistula had attenuated nitric oxide–mediated renal 
vasodilation, which was reversed by pretreatment with an AT1 
receptor antagonist. This suggests that Ang II may be involved 
in mediating the impaired nitric oxide–dependent renal 
vasodilation.513 The resulting imbalance between nitric oxide 
and excessive activation of the RAAS and endothelin systems 
could explain some of the beneficial effects of ACE inhibi-
tors, ARBs, and aldosterone antagonists.514

Support for this imbalance concept came from a model 
of experimental HF in rats, which overexpress eNOS in the 
renal medulla and, to a lesser extent, in the renal cortex.331 
It was speculated that this eNOS might play a role in the 
preservation of intact medullary perfusion and could atten-
uate the severe cortical vasoconstriction. Another explana-
tion for the impaired renal hemodynamics in HF is the 
accumulation of ADMA. In this context, plasma ADMA con-
centrations in patients with normotensive HF were signifi-
cantly higher than in controls and, in a multiple regression 
analysis, ADMA levels were independently predictive of 
reduced effective RBF.515

An additional issue is that the myocardium contains all 
three NOS isoforms, and the locally generated nitric oxide 
is believed to play a modulatory role on cardiac func-
tion.508,509 Thus, alterations in the cardiac nitric oxide system 
in HF might contribute to the pathogenesis of cardiac dys-
function and, thereby indirectly to the impaired renal func-
tion.509 Alterations in the expression of cardiac NOS isoforms 
in HF are complex, and the functional consequences of 
these changes depend on a balance among various factors, 
including disruption of the unique subcellular localization 
of each isoform and nitroso-redox imbalance.508,509

In summary, endothelium-dependent vasodilation is 
attenuated in various vascular beds in HF. This attenuation 
may occur as a result of decreased levels of NO and  
downregulation or inhibition of downstream NO signal 
transduction pathways. These effects may occur directly  
or via counterregulatory vasoconstrictor neurohumoral 
mechanisms.

http://www.myuptodate.com


 CHAPTER 15 — DISORDERS Of SODIum BALANCE 437

AM has favorable effects on salt and water balance, as well 
as on hemodynamic abnormalities characterizing HF. 
Experimental and clinical studies have shown that infusion 
of AM produced beneficial renal effects in HF-related 
volume overload. For example, in sheep with HF caused by 
rapid pacing, brief administration (90 minutes) of AM pro-
duced a threefold increase in Na+ excretion, with mainte-
nance of urine output, and a rise in creatinine clearance in 
comparison with baseline levels in normal sheep.538 Pro-
longed administration (for 4 days) of AM in sheep with HF 
produced a significant and sustained increase in cardiac 
output in association with enhanced urine volume.538

In contrast to the results in experimental HF, acute 
administration of AM to patients with HF increased forearm 
blood flow but to a lesser extent than in normal subjects, 
which suggests that the vascular effects of AM are signifi-
cantly attenuated in HF.538 In addition, AM had no signifi-
cant effect on urine volume and Na+ excretion in patients 
with HF, but did reduce plasma aldosterone levels.538 Also, 
AM infusion led to increased stroke index, dilation of resis-
tance arteries, and urinary Na+ excretion.538 The improve-
ment in cardiac function after AM infusion is not surprising 
in view of its beneficial effects on preload and afterload and 
cardiac contractility.349 Collectively, the vasodilatory and 
natriuretic activities of AM, and its origin from the failing 
heart, suggest that AM acts as a compensatory agent to 
balance the elevation in systemic vascular resistance and 
volume expansion in this disease state.

Because the favorable effects of AM alone are rather 
modest, attempts at combination therapy with other 
vasodilatory/natriuretic substances have been made. In this 
regard, AM in combination with other therapies such as 
BNP, ACEIs, NEP inhibitors, and epinephrine have resulted 
in hemodynamic and renal benefits greater than those 
achieved by each agent administered separately.538,542 A 
small pilot trial543 of combined long-term human ANP and 
AM in patients with acute decompensated HF has demon-
strated significant reductions in mean arterial pressure, pul-
monary arterial pressure, systemic vascular resistance, and 
pulmonary vascular resistance without changing heart rate; 
cardiac output was also increased in comparison with base-
line. In addition, the combination of AM and human ANP 
reduced amounts of aldosterone, BNP, and free radical 
metabolites, as well as increasing urine volume and Na+ 
excretion over baseline values.543

These promising results should pave the way for larger 
controlled trials of AM in combination with other 
vasodilator/natriuretic agents. However, expectation of 
benefits from AM combined with other natriuretics for HF 
therapy should be guarded in view of their known propen-
sity to cause compensatory rises in vasoconstrictor/
antinatriuretic mechanisms, such as the RAAS, SNS, and 
endothelin.

Urotensin

A role for urotensin II and its receptor, GPR14, in the patho-
genesis of HF has been suggested on the basis of the follow-
ing findings. First, some but not all studies revealed that 
plasma levels of urotensin II are elevated in patients with 
HF in correlation with levels of other markers, such as 
NT-proBNP and ET-1.544 Second, strong expression of uro-
tensin II was demonstrated in the myocardium of patients 

hypoperfusion, hypofiltration, and subsequent Na+ and 
water retention.522

Clinical data amply bear out the close relationship 
between the consumption of NSAIDs, both nonselective 
COX inhibitors and selective COX-2 inhibitors, and a sig-
nificant worsening of chronic HF, especially in older patients 
taking diuretics.513,523 In fact, the COX-2 inhibitor, rofecoxib, 
was found to blunt the diuretic effect of furosemide 
directly.524 The deleterious effects of selective COX-2 inhibi-
tors on cardiac and renal function are consistent with the 
relative abundance of COX-2 in renal tissue and, to a lesser 
extent, in the myocardium in HF patients.525,526 Moreover, 
the significant increase in the risk of myocardial infarction 
and death with the COX-2 inhibitor rofecoxib has raised 
serious safety problems in the use of these drugs and led  
to the withdrawal of rofecoxib from the market and a  
black box warning from the U.S. Food and Drug Adminis-
tration (FDA) about celecoxib.523 The adverse cardiovascu-
lar effects are thought to be related to an imbalance between 
platelet COX-1–derived prothrombotic TXA2 and endothe-
lial COX-2–derived antithrombotic PGI2, although maladap-
tive renal effects cannot be ruled out.527 This would explain 
why not only selective COX-2 inhibitors, but also nonselec-
tive COX inhibitors, increase cardiovascular morbidity  
and mortality.527 However, epidemiologic studies carried 
out since the withdrawal of rofecoxib have indicated a 
decrease in the relative risk for hospitalization in HF patients 
receiving NSAIDs, which suggests that physicians are pre-
scribing these drugs more judiciously than in the past.528 In 
addition, there is some evidence that celecoxib is safer than 
rofecoxib or nonselective COX inhibitors in older HF 
patients.529,530 The adverse effects of celecoxib may also be 
dose-dependent.531

In summary, patients with preexisting HF are dependent 
on adequate local prostaglandin levels to maintain RPF, 
GFR, and Na+ excretion. Consequently, they are at high risk 
of volume overload, edema, and deterioration of cardiac 
function after the use of COX-2 or nonselective COX 
inhibitors.

Adrenomedullin

Evidence suggests that AM plays a role in the pathophysiol-
ogy of HF. In comparison with healthy subjects, HF patients 
have plasma levels of the mature form of AM, as well as of 
the glycine-extended form, that are elevated up to fivefold 
in proportion to the severity of cardiac and hemodynamic 
impairment.349,532 High levels of midregional pro-AM are 
also strong predictors of mortality in HF.533-537 In accordance 
with the correlation between plasma AM levels and the 
severity of HF, plasma AM levels are also correlated with 
pulmonary arterial pressure, pulmonary capillary wedge 
pressure, norepinephrine level, ANP level, BNP level, and 
PRA in these patients. Plasma levels of the peptide decreased 
with effective anti-HF treatment, such as carvedilol.538

The origin of the increased amount of circulating AM 
appears to be the failing myocardium itself, including the 
ventricles and, to a lesser extent, the atria.538 Similar find-
ings have been reported for AM-2.539 Not only cardiac but 
also renal AM levels were significantly increased in some but 
not all experimental models of HF, in comparison with 
normal animals.540,541 Although the significance of this renal 
upregulation of AM in HF is unclear, there is evidence that 
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and SNS. In addition, the downregulation of Y1 receptors, 
by reducing vascular constriction, could contribute to reduc-
tions in vascular resistance in the coronary and renal circula-
tions. However, once the stage of decompensated heart 
failure is reached, the likelihood is that RAAS and SNS 
effects dominate, thereby overwhelming any favorable 
effects of neuropeptide Y. This point might explain the 
notable absence of publications on the subject since 2007.

Another recently described neuropeptide with multiple 
cardiovascular actions is catestatin, a chromogranin A–
derived peptide. In a single, relatively small study, elevated 
levels of this peptide were found in HF patients but the area 
under the receiver operating characteristic curve was infe-
rior to that of BNP, and combining the two biomarkers did 
not improve diagnostic accuracy over BNP alone.546

Apelin

The expression of apelin and its receptor in the kidney and 
heart and the involvement of the system in the maintenance 
of water balance suggest a potential role in HF. Circulating 
levels rise in early HF but decline in later stages of the 
disease.374,547 However, this decline correlates poorly with 
severity classification of HF, as indicated by LVEF and  
peak oxygen consumption during exercise. Therefore, it is 
unlikely that apelin could be used as a biomarker of HF 
progression.374,547

The fact that activation of the apelin receptor induces 
aquaresis, vasodilation, and a positive cardiac inotropic 
effect has paved the way for the receptor as a potential 
therapeutic target in HF. Along these lines, acute IV injec-
tion of apelin to rats with HF following induced myocardial 
function led to improved systolic and diastolic function. 
Moreover, more chronic infusion (3 weeks) decreased Ang 
II–induced cardiac fibrosis and remodeling.374 In HF 
patients, acute intravenous apelin led to increased cardiac 
output, reduced BP, and vascular resistance.374 No data are 
yet available on the direct renal effects of apelin in HF, 
although, by reducing AVP levels and improving the renal 
microcirculation, apelin might increase aquaresis. In addi-
tion, the favorable effects on cardiac function are likely to 
increase renal perfusion and hence promote diuresis.374

Peroxisome Proliferator–Activated Receptors

Peroxisome proliferator–activated receptors (PPARs) are 
nutrient-sensing nuclear transcription factors, of which 
PPARγ is of special interest in the context of Na+ and water 
retention because of its ligands, the thiazolidinediones. 
Thiazolidinediones, by virtue of their ability to increase 
insulin sensitivity, are clinically used for the management of 
type 2 diabetes mellitus. In addition, thiazolidinediones 
decrease amounts of circulating free fatty acids and triglyc-
erides, lower blood pressure, reduce levels of inflammatory 
markers, and reduce atherosclerosis in insulin-resistant 
patients and animal models. Moreover, they have been 
shown to be beneficial for cardiac remodeling in models of 
myocardial ischemia.548 However, a troubling side effect of 
thiazolidinediones is fluid retention; therefore, HF is  
one of the major contraindications to the clinical use of 
thiazolidinediones.

The site of PPARγ-induced fluid retention appears, in 
part, to involve the collecting duct, inasmuch as mice with 
collecting duct knockout of PPARγ were able to excrete salt 

with end-stage HF in correlation with the impairment of 
cardiac function.544 This suggests that upregulation of the 
urotensin II/GPR14 system could play a part in the cardiac 
dysfunction associated with HF. The upregulated urotensin 
II/GPR14 system in HF may also have a role in the regula-
tion of renal function in HF. In rat models of HF, urotensin 
II was shown to act primarily as a renal vasodilator, appar-
ently by a nitric oxide–dependent mechanism.362 Moreover, 
human urotensin II increased GFR in rats with HF but did 
not alter urinary Na+ excretion in control or HF rats. 
However, in contrast to the negligible renal vasodilatory 
effect in control rats, the peptide produced a prominent 
and prolonged decrease in renal vascular resistance in asso-
ciation with a significant increase in RPF and GFR in rats 
with HF. On the other hand, infusion of rat urotensin II into 
normal animals led to intense renal vasoconstriction and, 
hence, a fall in GFR and Na+ retention.362 Thus, under con-
ditions of increased baseline renal vascular tone found in 
HF, human urotensin II has the capacity to act as a potent 
vasodilator in the kidneys. In light of the contradictory 
effects of urotensin II in different conditions and across 
species, the clinical application of these data remains to be 
elucidated and is likely to be complicated.

Neuropeptides

In contrast to the enigma surrounding its function in normal 
physiology, there is abundant evidence that neuropeptide Y 
has a significant role in the pathophysiologic process of HF. 
Because neuropeptide Y co-localizes and is released with the 
adrenergic neurotransmitters, it is not surprising that the 
activated peripheral SNS, with high circulating norepineph-
rine levels in HF, is also accompanied by excessive co-release 
of neuropeptide Y.373 Numerous studies have demonstrated 
elevated plasma levels of neuropeptide Y of HF patients, 
regardless of the cause of the disease. This increase was cor-
related with the severity of disease, which suggested that 
neuropeptide Y might serve as an independent prognostic 
factor for severity and outcome of HF.373

Although circulating levels of neuropeptide Y are ele-
vated in patients with HF, local concentrations of neuropep-
tide Y in the myocardium, like those of norepinephrine, 
appear to be lower than normal in association with decreased 
Y1 and increased Y2 receptor expression. Moreover, cardiac 
Y1 receptor expression decreased in proportion to the sever-
ity of cardiac hypertrophy and decompensation.373 Because 
Y1 receptor activation is associated with cardiomyocyte 
hypertrophy and Y2 receptor activation with angiogenesis, 
the data in this model suggest that neuropeptide Y may 
simultaneously attenuate the maladaptive cardiac remodel-
ing observed in HF and stimulate angiogenesis in the  
ischemic heart.373 Similar patterns of receptor expression 
change were observed in the kidneys that were proportional 
to the degree of renal failure and Na+ retention.373 In con-
trast, administration of neuropeptide Y was shown in experi-
mental models of HF to exert diuretic and natriuretic 
properties, probably by increasing the release of ANP and 
inhibiting the RAAS,545 thereby facilitating water and elec-
trolyte clearance and reducing congestion. Therefore, in 
HF, the higher circulating levels, together with the reduced 
tissue levels of neuropeptide Y, could be a counterregulatory 
mechanism to modulate the vasoconstrictive and Na+ reten-
tion, as well as the cardiac remodeling, effects of the RAAS 
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formation causes hypovolemia, which further initiates sec-
ondary renal Na+ and water retention.

In 1988, Schrier and associates555 proposed the peripheral 
arterial vasodilation hypothesis as the basis for relative hypo-
volemia. This concept was promoted in the 1990s as a unify-
ing mechanism to explain renal Na+ and water retention in 
such diverse states of edema formation as cirrhosis and preg-
nancy.553,556,557 At the same time, the importance of NO, as 
well as other vasodilatory mechanisms, in the induction of 
peripheral arterial vasodilation and the generation of the 
so-called hyperdynamic circulation, which mediates salt and 
water retention in cirrhosis, became increasingly evident.558-

561 In the following sections, these complementary theories 
of the disturbance in volume sensing in cirrhosis are briefly 
presented, followed by a description of the efferent limb of 
the volume control system.

Overflow Hypothesis. On the basis of findings in patients 
with cirrhosis, Lieberman and colleagues562 postulated non–
volume-dependent renal Na+ retention as the primary dis-
turbance in Na+ homeostasis in cirrhosis. In turn, this type 
of renal Na+ retention leads to total plasma volume expan-
sion, and the resulting increased hydrostatic pressure in the 
portosplanchnic bed promotes so-called overflow ascites. 
Strong support for the overflow theory came from extensive 
and carefully designed studies in dogs with experimental 
cirrhosis.563 Results of these studies indicated that renal Na+ 
retention and volume expansion could precede ascites for-
mation by 10 days. Na+ retention occurred independently 
of measurable changes in cardiac output, mean arterial 
pressure, splanchnic blood volume, hepatic arterial blood 
flow, GFR, RPF, aldosterone level, and increased RSNA.563 
Also, elimination of ascites with the peritoneojugular 
LeVeen shunt did not prevent Na+ retention during liberal 
salt intake. In additional studies in dogs with cirrhosis 
induced by common bile duct ligation, Na+ retention and 
ascites formation occurred only in dogs with partially or 
fully occluded portocaval fistulas, but not in animals with a 
patent portocaval anastomosis and normal intrahepatic 
pressure. These results suggested that intrahepatic hyper-
tension secondary to hepatic venous outflow obstruction is 
the primary stimulus for renal salt retention.563

In addition to the well-characterized increase in intrahe-
patic vascular resistance and sinusoidal pressure in cirrhosis, 
portal venous blood flow is decreased, and hepatic arterial 
blood flow is increased or normal. Moreover, the lower the 
portal venous flow, the higher the hepatic arterial flow 
(Figure 15.11A). Of note, a similar response in portal venous 
and hepatic arterial flows is observed during hemorrhage-
induced hypotension.92 Therefore, it is abundantly clear 
that the liver is integrally involved in volume sensing. 
However, the exact anatomic interactions among hepatic 
arterioles, presinusoidal portal vein branches, and hepatic 
sinusoids in the normal liver and cirrhotic liver are still 
being unraveled.

Afferent Sensing of Intrahepatic Hypertension. The pathway 
by which intrahepatic hypertension could stimulate renal 
Na+ retention, without the intermediary of underfill-
ing, would probably involve the hepatic volume-sensing 
mechanisms mentioned earlier. These sensing mechanisms 
would respond specifically to elevated hepatic venous pres-
sure with increased hepatic afferent nerve activity. The 
relays for these impulses consist of two autonomic nerve 

loads more easily than wild-type controls. Because PPARγ 
knockout also blocked the effect of thiazolidinediones on 
messenger RNA expression of the γ-subunit of the ENaC, 
the Na+-retaining effect of thiazolidinediones was thought 
to result from PPARγ stimulation of ENaC-mediated renal 
salt reabsorption.549 However, other studies have shown sup-
pression of ENaC by PPARγ stimulation. Alternative mecha-
nisms in the collecting duct include stimulation of non-ENaC 
sodium channel and inhibition of Cl− secretion to the 
tubular lumen. In addition, thiazolidinediones may augment 
Na+ reabsorption in the proximal tubule by stimulating the 
expression and activity of apical NEH3, basolateral Na+-
HCO3

− cotransporter, and Na+-K+-ATPase. These effects are 
mediated by PPARγ-induced nongenomic transactivation of 
the epidermal growth factor receptor and downstream 
extracellular signal-regulated kinases.549 In clinical terms, 
the Na+-retaining effect of thiazolidinediones translates into 
an increased incidence of HF in patients receiving these 
drugs in comparison with controls.550 Because of the Na+-
retaining and fluid-retaining effects, as well as other con-
cerns related to increased cardiovascular events on the one 
hand and favorable effects on the myocardium on the other, 
the exact role of thiazolidinediones in HF remains a hotly 
debated subject.551

In summary, the alterations in the efferent limb of 
volume regulation in HF include enhanced activities  
of vasoconstrictor/Na+-retaining systems and activation of 
counterregulatory vasodilatory/natriuretic systems. The 
magnitude of Na+ excretion by the kidneys and, therefore, 
the disturbance in volume homeostasis in HF are largely 
determined by the balance between these antagonistic 
systems. In the early stages of HF, the balancing effect of the 
vasodilatory/natriuretic systems is of importance in the 
maintenance of circulatory and renal function. However, 
with the progression of HF, this balance shifts toward dys-
function of the vasodilatory/natriuretic systems and marked 
activation of the vasoconstrictor/antinatriuretic systems. 
These disturbances are translated at the renal circulatory 
and tubular level to alterations that result in avid retention 
of salt and water, thereby leading to edema formation.

Renal Sodium Retention in Cirrhosis with Portal Hyperten-
sion. Abnormalities in renal Na+ and water excretion com-
monly occur with cirrhosis, in human as well as in 
experimental animal models.552,553 Avid Na+ and water reten-
tion may lead eventually to ascites, a common complication 
of cirrhosis and a major cause of morbidity and mortality, 
with the occurrence of spontaneous bacterial peritonitis, 
variceal bleeding, and development of the HRS.553,554 As in 
HF, the pathogenesis of renal Na+ and water retention in 
cirrhosis is related not to an intrinsic abnormality of the 
kidneys but to extrarenal mechanisms that regulate renal 
Na+ and water handling.

Abnormalities of Sensing Mechanisms in Cirrhosis. Several 
hypotheses have been proposed to explain the mechanisms 
of Na+ and water retention in cirrhosis, of which the two 
major ones are the overflow and underfilling hypotheses. 
According to the overflow hypothesis, an extrarenal signal, 
possibly from the abnormal liver, induces primary renal Na+ 
and water retention and plasma volume expansion, even 
before the appearance of clinical signs such as ascites. Con-
versely, the classic underfilling theory posits that ascites 
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Figure 15.11  Characteristics of hepatic blood flow. A, Hepatic circulation. I, The normal liver receives two thirds of its blood flow from the 
portal vein (PV) and the remaining third from the hepatic artery (HA). II, Both the portal venules and hepatic arterioles drain into hepatic sinu-
soids, but  the exact  arrangement  that  allows  forward flow of  the mixed  venous and arterial  blood  remains unclear.  III, Cirrhosis  increases 
intrahepatic vascular resistance and sinusoidal pressure. In addition, PV flow is markedly decreased, and HA flow is unchanged or increased. 
B, Hepatic vascular hemodynamics and sodium balance. I, Cirrhosis or restriction of HV flow increases intrahepatic vascular resistance and 
sinusoidal pressure, markedly decreasing PV flow and increasing HA flow. Changes in the physical forces or in the composition of the hepatic 
blood trigger Na+ retention and edema formation. II, Insertion of a side-to-side portocaval shunt decreases sinusoidal pressure and maintains 
mixing of PV and HA blood, irrigating the liver. Under these conditions and despite cirrhosis, there is no Na+ retention. III, Insertion of an end-
to-side portocaval shunt only partially decreases the elevated sinusoidal pressure and prevents mixing of PV and HA blood supplies, inasmuch 
as the PV blood is diverted to the inferior vena cava. Under these conditions and, despite normalization of PV pressure, Na+ retention continues 
unabated. IVC, Inferior vena cava. (Adapted from Oliver JA, Verna EC: Afferent mechanisms of sodium retention in cirrhosis and HRS. Kidney Int 
77:669-680, 2010.)
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plexuses, one surrounding the hepatic artery and the other 
surrounding the portal vein.564 These neural networks 
connect hepatic venous congestion to enhanced renal and 
cardiopulmonary sympathetic activity.

Occlusion of the inferior vena cava at the diaphragm was 
associated with increases in hepatic, portal, and renal venous 
pressures and resulted in markedly increased hepatic affer-
ent nerve traffic and renal and cardiopulmonary sympa-
thetic efferent nerve activity. Section of the anterior hepatic 
nerves eliminated the reflex increase in renal efferent nerve 
activity.564 Similarly, denervation of the liver in dogs with 
vena caval constriction increased urinary Na+ excretion.96 
This effect of hepatic denervation was reproduced by intra-
hepatic administration of an adenosine receptor antagonist, 
8-phenyltheophylline, to cirrhotic rats.563 Subsequently, the 
adenosine effect was shown to be mediated by the A1 recep-
tor, inasmuch as a selective antagonist of the A1 receptor, 
but not of the A2 receptor, inhibited Na+ retention. Of 
importance is that the adenosine-dependent effects were 
abolished by hepatic denervation.93

Apart from the adenosine-mediated hepatorenal reflex, 
other currently undefined humoral pathways could provide 

an anatomic or physiologic basis for the primary effects of 
alterations in intrahepatic hemodynamics on renal func-
tion. Only a rapid rise in sinusoidal pressure triggers the 
hepatorenal reflex and ascites formation (e.g., as in Budd-
Chiari syndrome). However, chronically increased sinusoi-
dal pressure, to levels even higher than those induced 
acutely, is usually not associated with ascites formation.565 
Despite the wealth of information on hepatic volume 
sensing, the molecular identity, cellular location of the 
sensor, and what is sensed remain elusive. Therefore, much 
work remains to unravel the role of overflow in the patho-
genesis of Na+ retention in cirrhosis completely.

Underfilling Hypothesis. In contrast to the overflow concept, 
the classic underfilling theory holds that during the devel-
opment of cirrhosis, transudation of fluid and its accumula-
tion in the peritoneal cavity as ascites result in true 
intravascular hypovolemia. The reduced EABV, in turn, is 
sensed by the various components of the afferent volume 
control system described earlier. Subsequent activation of 
the efferent limb of the volume control system, including 
the RAAS, SNS, and nonosmotic release of AVP, results in 
enhanced renal Na+ and water retention, failure to escape 
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Nevertheless, the diuretic-like effect of bile salts may also 
contribute to the underfilling state in cirrhotic patients.572,573

Hypoalbuminemia could also contribute to the develop-
ment of hypovolemia by diminishing colloid osmotic forces 
in the systemic capillaries and hepatic sinusoids.569 Hypoal-
buminemia was believed to occur as a result of decreased 
synthesis of albumin by the liver and dilution caused by ECF 
volume expansion. The development of hypoalbuminemia 
is a relatively late event in the course of chronic liver disease. 
Similarly, a relative impairment of cardiac function could 
contribute to diminished arterial blood pressure in some 
cirrhotic patients.574 In these patients, tense ascites might 
reduce venous return (preload) to the heart.

Other factors that may also adversely affect cardiac per-
formance include diminished β-adrenergic receptor signal 
transduction, cardiomyocyte cellular plasma membrane dys-
function, and increased activity or levels of cardiodepressant 
substances, such as cytokines, endocannabinoids, and nitric 
oxide. Although the cardiac dysfunction, termed cirrhotic 
cardiomyopathy, usually is clinically mild or silent, overt heart 
failure can be precipitated by stresses such as liver transplan-
tation or transjugular intrahepatic portosystemic shunt 
(TIPS) insertion.574 Finally, volume depletion in cirrhotic 
patients may be aggravated by vomiting, occult variceal 
bleeding, and excessive use of diuretics. Therefore, patients 
with cirrhosis tolerate hemorrhage or fluid loss very poorly 
and are prone to suffer cardiovascular collapse in the setting 
of hemodynamic disturbances.

Table 15.7 summarizes the various causative factors con-
tributing to underfilling of the circulation in patients with 
advanced liver disease. Two major arguments have been 
provided in support of the underfilling theory. First, the 
progression of cirrhosis is characterized by increased  
neurohumoral activity with stimulation of the RAAS, 
increased sympathetic activity, and elevated plasma AVP 
levels. These classic markers of hypovolemia cannot be 
explained by the overflow hypothesis. Second, a salutary 
improvement in volume homeostasis was observed after 
volume replenishment in cirrhotic patients. Thus, volume 
expansion, via reinfusion of ascitic fluid, placement of a 
LeVeen shunt, or HWI suppresses the RAAS, increases GFR, 
and causes natriuresis and negative salt balance in cirrhotic 
patients. Conversely, the main argument against the under-
filling theory was that measured plasma volume in most 

from the Na+-retaining effect of aldosterone, and impaired 
excretion of solute-free water. The ultimate consequence of 
this mechanism is the development of a positive Na+ balance 
and exacerbation of ascites formation.552

Several mechanisms have been proposed to account for 
the development of the hypovolemia. One such mechanism 
arose as a consequence of the disruption in normal Starling 
relationships that govern fluid movement in the hepatic 
sinusoids. These, unlike capillaries elsewhere in the body, 
are highly permeable for plasma proteins. As a result, par-
titioning of ECF between the intravascular (intrasinusoidal) 
and interstitial (space of Disse and lymphatic) compart-
ments of the liver is determined predominantly by the ΔP 
along the length of the hepatic sinusoids. Obstruction of 
hepatic venous outflow promotes enhanced efflux of a 
protein-rich filtrate into the space of Disse and results in 
augmented hepatic lymph formation. Such augmented 
hepatic lymph flow, the main mechanism of ascites forma-
tion, has been observed in human subjects with cirrhosis 
and in experimental models of liver disease.566,567

Vastly increased hepatic lymph formation is accompanied 
by increased flow through the thoracic duct.568 When 
the rate of enhanced hepatic lymph formation exceeds the 
capacity for return to the intravascular compartment via the 
thoracic duct, hepatic lymph accumulates as ascites, and  
the intravascular compartment is further compromised. As 
liver disease progresses, a fibrotic process surrounds the 
Kupffer cells lining the sinusoids, rendering the sinusoids 
less permeable to serum proteins. Under such circumstances, 
termed capillarization of sinusoids, a decrease in oncotic pres-
sure also promotes transudation of ECF within the hepatic 
lymph space, much as it does in other vascular beds.569

Additional consequences of intrahepatic hypertension 
have been postulated to contribute to perceived volume 
contraction. Among these, transmission of elevated intra-
sinusoidal pressures to the portal vein leads to expansion of 
the splanchnic venous system, collateral vein formation,  
and portosystemic shunting. This results in increased  
vascular capacitance and diversion of blood flow from the 
arterial circuit.570 Vasodilation seems to occur not only 
in the splanchnic circulation, but also in the systemic circu-
lation, and has been attributed to refractoriness to the 
pressor effects of vasoconstrictor hormones, such as Ang II 
and catecholamines, although the mechanism remains 
unknown.571 Along with diminished hepatic reticuloendo-
thelial cell function, portosystemic shunting allows various 
products of intestinal metabolism and absorption to bypass 
the liver and escape hepatic elimination. Among these prod-
ucts, endotoxins are thought to contribute to perturbations 
in renal function in cirrhosis, either because of intestinal 
bacterial translocation, stimulating the release of proinflam-
matory cytokines (e.g., tumor necrosis factor-α [TNF-α] 
and interleukin-6), secondary to the hemodynamic conse-
quences of endotoxemia, or through direct renal effects.567

Levels of conjugated bilirubin and bile acids may become 
elevated as a result of intrahepatic cholestasis or extrahe-
patic biliary obstruction. In experimental studies of bile 
duct ligation, it is difficult to distinguish the effects on renal 
function of jaundice itself from the effects of cirrhosis that 
ensue after the bile duct ligation. However, bile acids actu-
ally decrease proximal tubular reabsorption of Na+, a direct 
renal action that would tend to promote natriuresis.572 

Table 15.7 Factors Causing Underfilling of the 
Circulation in Cirrhosis

Peripheral vasodilation and blunted vasoconstrictor response 
to reflex, chemical, and hormonal influences

Arteriovenous shunts, particularly in portal circulation
Increased vascular capacity of portal and systemic circulation
Hypoalbuminemia
Impaired left ventricular function, so-called cirrhotic 

cardiomyopathy
Diminished venous return secondary to advanced tense 

ascites
Occult gastrointestinal bleeding from ulcers, gastritis, or 

varices
Volume losses caused by vomiting and excessive use of 

diuretics
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Nitric Oxide. Considerable evidence has indicated that 
aberrations in the endothelial vasodilator nitric oxide system 
are involved in the pathogenesis of the hyperdynamic circu-
lation and Na+ and water retention in cirrhosis, as well as in 
hepatic encephalopathy, hepatopulmonary syndrome, and 
cirrhotic cardiomyopathy.580 Nitric oxide is produced in 
excess by the vasculature of different animal models of 
portal hypertension, as well as in cirrhotic patients.580 In 
animal models, the increased production of nitric oxide can 
be detected at the onset of Na+ retention and before the 
appearance of ascites, and nitric oxide has been implicated 
in the impaired vascular responsiveness to vasoconstric-
tors.580 Moreover, removal of the vascular endothelial layer 
has been demonstrated to abolish the difference in vascular 
reactivity between cirrhotic and control vessels.578

Inhibition of NOS has beneficial effects in experimental 
models of cirrhosis and in humans with the disease. Thus, 
low-dose l-NAME treatment for 7 days reversed the high 
nitric oxide production to control levels and corrected the 
hyperdynamic circulation in cirrhotic rats with ascites. The 
normalization of nitric oxide production was accompanied 
by a marked increase in urinary Na+ and water excretion, a 
concomitant decrease of ascites, and decreases in PRA and 
aldosterone and vasopressin concentrations.581,582 In patients 
with cirrhosis, the vascular hyporesponsiveness of the 
forearm circulation to norepinephrine could be reversed by 
the NOS inhibitor l-NMMA.583 Inhibition of nitric oxide 
production also corrected the hypotension and hyperdy-
namic circulation, led to improved renal function and Na+ 
excretion, and led to a decrease in plasma norepinephrine 
levels in these patients. However, in patients with established 
ascites, NOS inhibition did not improve renal function.584

The main enzymatic source of the increased systemic  
vascular nitric oxide generation in cirrhosis has been dem-
onstrated to be eNOS in the arterial and splanchnic circula-
tions.580 The upregulation of eNOS appears, at least in part, 
to be caused by increased shear stress as a result of portal 
venous hypertension with increased flow in the splanchnic 
circulation.580 However, in rats with portal vein ligation, 
eNOS upregulation and increased nitric oxide release in the 
superior mesenteric arteries were found to precede the 
development of the hyperdynamic splanchnic circulation.580 
In marked contrast to the increased nitric oxide generation 
in the splanchnic and systemic circulation, there is evidence 
for impaired nitric oxide production and endothelial dys-
function in the intrahepatic microcirculation in cirrhotic 
rats.580 The mechanism of this paradoxic increase in intrahe-
patic vascular resistance is likely to be a dynamic process, 
involving contraction of myofibroblasts and stellate cells and 
mechanical distortion of the vasculature by fibrosis.580 The 
increase in intrahepatic vascular resistance may play a signifi-
cant role in the pathogenesis of intrahepatic thrombosis and 
collagen synthesis in cirrhosis.585

The decrease in nitric oxide production that results from 
endothelial dysfunction may shift the balance in favor of 
vasoconstrictors (e.g., endothelin, leukotrienes, TXA2, Ang 
II), thus causing an increase in intrahepatic vascular resis-
tance.585 In accordance with this concept, upregulation of 
eNOS or nNOS expression in livers of rats with experimen-
tal cirrhosis was associated with a decrease in portal hyper-
tension.586,587 It has been clearly shown that eNOS protein 
is increased in animal models of portal hypertension, and 

patients with compensated cirrhosis was increased, which 
frequently antedated ascites formation.575 In addition, the 
volume repletion–induced natriuresis described above was, 
at best, temporary and occurred only in 30% to 50% of 
affected patients. Some of the variability could be a result 
of inadequate volume replenishment but, nevertheless, 
underfilling cannot be the entire explanation for the renal 
Na+ and water retention seen in cirrhotic patients; however, 
it may be characteristic of specific stages of the disease.

Peripheral Arterial Vasodilation. Irrespective of the initial 
trigger, the hallmark of fluid retention in cirrhosis is periph-
eral arterial vasodilation, in association with renal vasocon-
striction. Initially, vasodilation occurs in the splanchnic 
vascular bed and later in the systemic and pulmonary circu-
lations, leading to relative arterial underfilling553 or, perhaps, 
more accurately, threatened arterial pressure.15 This relative 
underfilling unloads the arterial high-pressure barorecep-
tors and other volume receptors, which, in turn, stimulate 
a compensatory neurohumoral response. This response 
includes activation of the RAAS and SNS, as well as the 
nonosmotic release of AVP.553 Thus, increased hepatic resis-
tance to portal flow causes the gradual development of 
portal hypertension, collateral vein formation, and shunting 
of blood to the systemic circulation.

As portal hypertension develops, local production of 
vasodilators—mainly nitric oxide but also carbon monox-
ide, glucagon, prostacyclin, AM, and endogenous opiates—
increases, leading to splanchnic vasodilation.576 Other 
contributing factors to splanchnic vasodilation include 
intestinal bacterial translocation, proinflammatory cyto-
kines, and mesenteric angiogenesis.567,577 In the early stages 
of cirrhosis, arterial pressure is maintained through increases 
in plasma volume and cardiac output, so-called hyperdy-
namic circulation. However, as the disease progresses, vaso-
dilation in the splanchnic and, presumably, other vascular 
beds is so pronounced that EABV decreases markedly, 
leading to sustained neurohumoral activation, renal, bra-
chial, femoral, and cerebral vasoconstriction, and further 
Na+ and fluid retention.576 This hypothesis could, therefore, 
potentially explain the increased cardiac output and 
enhanced neurohumoral changes over the entire spectrum 
of cirrhosis.574

Therefore, decreases in systemic vascular resistance asso-
ciated with low arterial blood pressure and high cardiac 
output account for the well-known clinical manifestations of 
the hyperdynamic circulation commonly seen in patients 
with cirrhosis, including warm extremities, cutaneous vascu-
lar spiders, wide pulse pressure, and capillary pulsations in 
the nail bed.578 Pulmonary vasodilation, associated with the 
hepatopulmonary syndrome, one of the most severe com-
plications of chronic liver disease, is another example of the 
hyperdynamic circulation caused by increased production 
of nitric oxide (and possibly also carbon monoxide) in the 
lungs.579

The HRS may also develop when the heart is no longer 
able to compensate for the progressive decrease in systemic 
vascular resistance.574 Thus, the hyperdynamic syndrome of 
chronic liver disease should be considered as a progressive 
vasodilatory syndrome that finally leads to multiorgan 
involvement.578 As noted earlier, increased production of 
nitric oxide in the splanchnic vasculature plays a cardinal 
role in initiating this process.
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Conversely, potential contributors to intrahepatic eNOS 
downregulation include interactions with other proteins 
such as caveolin, calmodulin, heat shock protein 90, and 
eNOS trafficking inducer.580 In addition, disorders of gua-
nylate cyclase activity have been described.589 Increased 
levels of the NO inhibitor, ADMA, have been reported, and 
these levels correlate with the severity of portal hypertension 
during hepatic inflammation. Moreover, higher ADMA 
levels have been found in patients with decompensated cir-
rhosis than in those with compensated disease.589 The raised 
ADMA levels have been linked to reduced activity of dimeth-
ylarginine dimethylaminohydrolases (DDAHs) that nor-
mally metabolize ADMA to citrulline. In this regard, targeted 
disruption of the DDAH-1 gene in mice or chemical inhibi-
tion of DDAH-1 in a model of endotoxin shock was associ-
ated with increased plasma and tissue levels of ADMA and 
decreased nitric oxide–dependent vasodilation.590 Similarly, 
patients with alcoholic cirrhosis and superimposed inflam-
matory alcoholic hepatitis had higher plasma and tissue 
levels of ADMA, higher portal venous pressures, and 
decreased DDAH expression.591

The therapeutic potential for increasing DDAH activity 
has been shown in an animal model of traumatic vascular 
injury. Transgenic overexpression of DDAH in this model 
led to reduced plasma ADMA levels, enhanced endothelial 
cell regeneration, and reduced neointima formation.592 
These data raise the possibility of translating the favorable 
effects of DDAH into the management of decompensated 
portal hypertension.589 However, increased DDAH expres-
sion, in parallel with high basal NO levels, has recently been 
shown in isolated mesenteric arteries of two rat models of 
cirrhosis. These data would be consistent with increased 
degradation of ADMA, resulting in increased generation of 
endothelial NO and mesenteric vasodilation, hardly favor-
able for the improvement of portal hypertension.593 In the 
final analysis, the relative importance of the various mecha-
nisms involved in the reduced intrahepatic and increased 
splanchnic and systemic NOS activity in cirrhosis remains to 
be determined.

Endocannabinoids. Endogenous cannabinoids are lipid-
signaling molecules that mimic the activity of Δ9-
tetrahydrocannabinol, the main psychotropic constituent  
of marijuana. They influence neuroprotection, pain and 
motor function, energy balance and food intake, cardiovas-
cular function, immune and inflammatory responses,  
and cell proliferation. N-arachidonoylethanolamide (anan-
damide) and 2-arachidonoylglycerol are the two most  
widely studied endocannabinoids that bind the two specific 
receptors, CB1 and CB2. CB1 is expressed mainly in the 
brain, whereas the CB2 receptor is found mostly in cells of 
the immune system; both receptors are also expressed  
in many peripheral tissues under physiologic and patho-
logic conditions. Anandamide is also able to interact with 
the vanilloid receptor.594 Although both hepatocytes and 
nonparenchymal liver cells are capable of producing endo-
cannabinoids, the physiologic expression of CB1 and CB2 
receptors in the adult liver is very low or even absent.

A compelling series of experimental and clinical studies 
has shown that the hepatic expression of CB1 and CB2 recep-
tors and endocannabinoid production are greatly upregu-
lated in chronic and acute liver damage.594 Of relevance to 
this discussion is that endocannabinoids have been 

that this increase is already detectable in cirrhotic rats 
without ascites.580 However, mice with targeted deletion of 
eNOS alone, or with combined deletions of eNOS and 
iNOS, may still develop a hyperdynamic circulation in asso-
ciation with portal hypertension.582 This suggests that activa-
tion of other vasodilatory agents may participate in the 
pathogenesis of the hyperdynamic circulation in experi-
mental cirrhosis, such as PGI2, endothelium-derived hyper-
polarizing factor, carbon monoxide and AM.580

There are additional lines of evidence for the involve-
ment of isoforms in addition to eNOS in the generation 
of the hyperdynamic circulation and fluid retention in 
experimental cirrhosis. nNOS is preferentially expressed 
in portal endothelial cells, and increased expression of 
nNOS in mesenteric nerves has been thought to compen-
sate partially for the endothelial isoform deficiency in the 
eNOS knockout mouse.580 Moreover, gene delivery tech-
niques for nNOS (as well as eNOS) can increase expres-
sion of these isoforms and reduce intrahepatic venous 
resistance and portal hypertension.580 nNOS also appears 
to promote splanchnic vasodilation, possibly by modulat-
ing the neurogenic release of norepinephrine, although 
this effect is probably modest.580,588 In contrast, the role of 
iNOS remains controversial; some researchers have shown 
increased iNOS in the arteries of animals with experimen-
tal biliary cirrhosis but not in other forms of experimental 
cirrhosis.580 Increased splanchnic iNOS appears to reside 
in resident macrophages of the superior mesenteric artery, 
and administration of a specific inhibitor of iNOS leads 
to peripheral vasoconstriction, supporting a pathologic 
role for iNOS in the development of HRS. iNOS is primar-
ily regulated at the transcription level by many proinflam-
matory factors, principally nuclear factor-kappaB (NF-κB); 
an important stimulus for NF-κB is lipopolysaccharide 
(endotoxin), which could be generated from translocated 
intestinal bacteria. Although nonspecific inhibition of NOS 
may correct the hyperdynamic circulation, preferential 
iNOS inhibition was shown to be generally ineffective.580 
Interestingly, there is also an interaction between eNOS 
and iNOS in the vasculature in cirrhosis. Overexpression 
of eNOS in large arteries results in systemic hypotension 
and increased blood flow. These effects can be abrogated 
by activated iNOS in the small vessels of the splanchnic 
circulation.580 Thus, overall, available data indicate a pre-
dominant role for eNOS deficiency, with possible modula-
tion by both nNOS and iNOS.

In experimental cirrhosis, several cellular mechanisms 
have been implicated in the upregulation of splanchnic 
eNOS activity and in the downregulation of intrahepatic 
eNOS activity. Elevation in shear stress as a result of the 
hyperdynamic circulation and portal hypertension has 
already been mentioned and is generally consistent with  
this well-documented mechanism for upregulating eNOS 
gene transcription. However, additional factors related to 
the hepatic dysfunction could further stimulate this upregu-
lation. For example, eNOS activity is not only regulated 
transcriptionally, but also posttranscriptionally, by tetrahy-
drobiopterin and direct phosphorylation of eNOS protein.580 
Furthermore, in rats with experimental cirrhosis, circulating 
endotoxins may increase the enzymatic production of tetra-
hydrobiopterin, thereby enhancing eNOS activity in the 
mesenteric vascular bed.580
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supplies, inasmuch as the portal venous blood is diverted to 
the inferior vena cava. Under these conditions, and despite 
normalization of portal venous pressure, Na+ retention con-
tinues unabated (see Figure 15.11B).

Available data are most consistent with the view that the 
putative EABV sensor in the hepatic circulation is pathologi-
cally activated in cirrhosis, failing to respond to the expanded 
ECF volume. Therefore, as the disease advances, edema 
worsens.92

Abnormalities of Effector Mechanisms in Cirrhosis. The effer-
ent limb of volume regulation in cirrhosis is similar to that 
in HF, consisting of adjustments in glomerular hemodynam-
ics and tubule transport that are mediated by vasoconstrictor/
antinatriuretic forces (RAAS, SNS, AVP, and endothelin) 
and counterbalanced by vasodilator/natriuretic systems 
(NPs and prostaglandins). Therefore, tilting the balance 
toward Na+ retaining forces leads to renal Na+ and water 
retention, as in HF.576,595

VASOCONSTRICTOR AND ANTINATRIURETIC 
(ANTIDIURETIC) SYSTEMS
Renin-Angiotensin-Aldosterone System

As in other states of secondary Na+ retention, the RAAS 
plays a central role in mediating renal Na+ retention in cir-
rhosis, as demonstrated in patients and animal models. 
Although positive Na+ balance may already be evident in the 
pre-ascitic phase of the disease, PRA and aldosterone levels 
remain within the normal range or may even be depressed 
at this stage.596 With progression of the disease, RAAS activa-
tion increases in parallel. Results of animal models of cir-
rhosis, in general, are consistent with this pattern.597

As noted, these observations were long believed to be 
evidence for the role of the overflow theory in the mecha-
nism of ascites formation. However, Bernardi and associates 
have found elevated aldosterone levels that were inversely 
correlated with renal Na+ excretion in pre-ascitic cirrhotic 
patients, particularly in the upright position.598 This finding 
suggests that posture-induced activation of the RAAS could 
already exist in the pre-ascitic phase. In accordance with this 
notion, renal Na+ retention induced by LBNP was associated 
with a prominent increase in renal renin and Ang II excre-
tion.599 Moreover, treatment with the ARB, losartan, at a 
dosage that did not affect systemic and renal hemodynamics 
or glomerular filtration was associated with a significant 
natriuretic response.600 The losartan-induced natriuresis in 
the presence of normal PRA was attributed to inhibition of 
the local intrarenal RAAS.598,600 It has been demonstrated in 
rats with chronic bile duct ligation that activation of the 
intrarenal RAAS may precede activation of the circulating 
system.601 In addition, losartan has been shown to cause a 
decrease in portal venous pressure in cirrhotic patients with 
portal hypertension.602 The postural-induced activation of 
the RAAS, and the beneficial effects of low-dose losartan 
treatment, in patients with pre-ascitic cirrhosis may be 
explained by compartmentalization of the expanded blood 
volume within the splanchnic venous bed during standing 
and translocation toward the central and arterial circulatory 
beds during recumbence.598

In contrast, in Na+-retaining cirrhotic patients with ascites, 
Ang II inhibition has deleterious effects. For example, 
administration of captopril, even in low doses, to such 

implicated in portal hypertension and the hyperdynamic 
circulatory syndrome. In this regard, anandamide caused a 
dose-dependent increase in intrahepatic vascular resistance 
in the isolated perfused rat liver. This effect was magnified 
in cirrhotic livers and appeared to be mediated by enhanced 
production of COX-derived vasoconstrictive eicosanoids. In 
addition, chronic antagonism of the CB1 receptor reversed 
the upregulation of several vasoconstrictive eicosanoids in 
rat bile duct ligation–induced cirrhosis. With regard to the 
splanchnic vasodilation observed in cirrhosis, administra-
tion of the CB1 receptor antagonist rimonabant to cirrhotic 
rats reversed arterial hypotension and increased vascular 
resistance, with a concomitant decrease in mesenteric  
arterial blood flow and portal venous pressure and preven-
tion of ascites formation. The reduction in splanchnic  
blood flow was enhanced by the vanilloid receptor Capsaz-
epine. These findings indicate that the transient receptor 
potential vanilloid type 1 protein and the CB1 receptor have 
a dual role in the splanchnic vasodilation characteristic of 
cirrhosis.594

In contrast to the effects of CB1 receptor modulation, 
pharmacologic or genetic upregulation of the CB2 receptor 
leads to reduced hepatic fibrosis in experimental cirrhosis. 
Conversely, CB2 knockout mice display more severe hepatic 
fibrosis in carbon tetrachloride (CCl4)–induced cirrhosis 
than wild-type mice.594

A role for endotoxin in the endocannabinoid effects was 
suggested by the demonstration that infusion of monocytes 
isolated from cirrhotic rats but not from control rats induced 
marked hypotension in normal animals.594 Also, the amount 
of anandamide was significantly higher in monocytes iso-
lated from patients or rats with cirrhosis than in those from 
healthy subjects or animals. Because endotoxin represents 
a major stimulus for endocannabinoid generation in mono-
cytes and platelets, it has been hypothesized that these cells 
are stimulated to produce large amounts of endocannabi-
noids by the elevated circulating endotoxin levels frequently 
found in patients with advanced cirrhosis. This production 
could then trigger splanchnic and peripheral vasodilation, 
arterial hypotension, and intrahepatic vasoconstriction 
through activation of the CB1 receptors located in the vas-
cular wall and in perivascular nerves.594 The potentially 
favorable effects of CB1 receptor blockade on Na+ excretion 
and/or of CB2 receptor upregulation on the reduction in 
hepatic fibrosis opens up the possibility of pharmacologic 
modification of human HRS.

In summary, afferent sensing of volume in cirrhosis is 
characterized by increased intrahepatic vascular resistance 
and sinusoidal pressure, decreased portal venous blood 
flow, and increased hepatic arterial flow. Either because of 
changes in intrahepatic physical forces or in the composi-
tion of the mixed intrahepatic blood, abnormal Na+ reten-
tion is initiated, and edema develops (see Figure 15.11A). 
Cirrhosis alone is not sufficient to induce edema, inasmuch 
as a side-to-side portocaval shunt prevents (if inserted before 
induction of cirrhosis) or corrects (if inserted after induc-
tion of cirrhosis) renal Na+ retention. This outcome could 
result from decreases in sinusoidal pressure or maintenance 
of the mixing of portal venous and hepatic arterial blood 
perfusing the liver. In contrast, end-to-side portocaval shunt-
ing only partially decreases elevated sinusoidal pressure and 
prevents mixing of portal venous and arterial hepatic blood 
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possible that the excessive NO-dependent vasodilation  
alone could account for the vascular hyporesponsiveness in 
cirrhosis. This concept is supported by the finding that the 
hyporesponsiveness to pressor agents is not limited to norepi-
nephrine but may also be observed in response to Ang II in 
patients and experimental animals.611,612 Interestingly, NPY, 
which by itself has no vasoconstrictor effect, has been shown 
to potentiate norepinephrine-evoked vasoconstriction in the 
mesenteric vasculature of portal vein ligation–induced cir-
rhosis in rats. Thus, enhanced release of NPY may be a com-
pensatory mechanism to counteract splanchnic vasodilation 
by restoring the vasoconstrictor efficacy of endogenous 
catecholamines.588

Metabolic derangements caused by hepatic dysfunction, 
such as hypoglycemia and hyperinsulinemia, could also elicit 
sympathetic overactivity in cirrhosis.607 Although hyperinsu-
linemia in cirrhotic models has been shown to stimulate Na+ 
retention,613 overt hypoglycemia is seldom observed in 
patients with compensated cirrhosis. Hypoxia may stimulate 
the SNS in patients with cirrhosis, as indicated by a negative 
correlation between circulating norepinephrine levels and 
arterial oxygen tension. Moreover, inhalation of oxygen sig-
nificantly reduced circulating levels of norepinephrine, 
which suggests that a causal relationship exists between 
hypoxia and increased SNS activity in these patients.607

The increase in renal sympathetic tone and plasma nor-
epinephrine levels could contribute to the antinatriuresis of 
cirrhosis by decreasing total RBF, or its intrarenal distribu-
tion, or by acting directly at the tubular epithelial level to 
enhance Na+ reabsorption. Patients with compensated cir-
rhosis may have decreased RBF, even in the early stages and, 
as the disease progresses, RBF tends to decline further, con-
comitantly with the increase in sympathetic activity.607 In this 
regard, activation of the SNS in cirrhotic patients was shown 
to be associated with a rightward and downward shift of the 
RBF-RPP autoregulatory curve in such a way that RBF 
became critically dependent on RPP. Moreover, this phe-
nomenon was found to contribute to the development of 
the HRS. Furthermore, insertion of TIPS to reduce portal 
venous pressure in patients with HRS leads to a fall in 
plasma norepinephrine levels and to an upward shift in the 
RBF-RPP curve.614

The spleen also controls renal microvascular tone through 
reflex activation of the splenic afferent and renal sympa-
thetic nerves. In portal hypertension, the splenorenal 
reflex–mediated reduction in renal vascular conductance 
exacerbates sodium and water retention in the kidneys and 
may eventually contribute to renal dysfunction. There is 
recent evidence suggesting that the increased splenic venous 
outflow pressure, resulting from, but independent of, portal 
hypertension, reflexly activates adrenergic-angiotensinergic 
mesenteric nerves, vasodilator mesenteric nerves, and the 
renin angiotensin system. Finally, the spleen itself may be a 
source of a vasoactive factor.615,616

The centrality of SNS overactivity in cirrhosis has been 
illustrated by the finding that in patients with cirrhosis and 
increased SNS activity, addition of clonidine to diuretic 
treatment induces an earlier diuretic response, with fewer 
diuretic requirements and complications.617,618 In parallel 
with the increase in sympathetic activity, patients with pro-
gressive cirrhosis also showed an increase in the activities of 
the RAAS and AVP.576 The marked neurohumoral activation 

patients resulted in a decrease in GFR and urinary Na+ 
excretion.603 At this stage of the disease, activation of the 
RAAS serves to support arterial pressure and maintain ade-
quate circulation. Therefore, blockade of the RAAS by ACE 
inhibition or an ARB may lead to a profound decrease in 
RPP. This scenario might be important in the pathogenesis 
of the HRS, which is regularly preceded by a state of Na+ 
retention and may be precipitated by a hypovolemic insult. 
Abnormalities of the renal circulation characteristic of this 
syndrome include marked diminution of RPF with renal 
cortical ischemia and increased renal vascular resistance, 
abnormalities consistent with the known actions of Ang II 
on the renal microcirculation. In this regard, several groups 
have correlated activation of the RAAS with worsening 
hepatic hemodynamics and decreased rates of survival in 
patients with cirrhosis.604 For this reason, ACEIs and ARBs 
should be avoided in patients with cirrhosis and ascites.

Evolving knowledge on the so-called alternate ACE2, 
angiotensin-(1-7) Mas receptor pathway has shed new light 
on the role of the RAAS in the pathogenesis of Na+ reten-
tion in cirrhosis. In this regard, in situ perfused cirrhotic rat 
liver elicited a marked endothelium-dependent vasodilatory 
effect of exogenous angiotensin-(1-7) on the vasoconstric-
tive response evoked by Ang II. Moreover, this response was 
completely abolished by the eNOS inhibitor, l-NAME.605,606 
These findings suggest that in the cirrhotic liver, as in other 
vascular beds, angiotensin-(1-7) may cause a vasodilatory 
response, mediated by NO, which antagonizes the increase 
in portal pressure mediated by Ang II and other local vaso-
constrictors.605,606 The data raise the possibility of reducing 
intrahepatic resistance and portal pressure by targeted 
upregulation of the alternate RAAS pathway in the liver.

Sympathetic Nervous System

Activation of the SNS is a common feature in patients with 
cirrhosis and ascites.588 Circulating norepinephrine levels, as 
well as urinary excretion of catecholamines and their metab-
olites, are elevated in patients with cirrhosis and usually are 
correlated with the severity of the disease. Moreover, high 
levels of plasma norepinephrine in patients with decompen-
sated cirrhosis are predictive of increased rate of mortal-
ity.607 The source of the increase in norepinephrine levels is 
enhanced SNS activity, rather than reduced disposal, with 
nerve terminal spillover from the liver, heart, kidneys, 
muscle, and cutaneous innervation.588 Elevated plasma nor-
epinephrine levels were shown to be correlated closely with 
Na+ and water retention in cirrhotic patients.608 In addition, 
increased efferent renal sympathetic tone,609 perhaps as a 
result of defective arterial and cardiopulmonary baroreflex 
control, was observed by direct recordings in experimental 
cirrhosis.610 This scenario could explain why volume expan-
sion fails to suppress the enhanced RSNA in cirrhosis.

Concomitantly with the increase in norepinephrine 
release, cardiovascular responsiveness to reflex autonomic 
stimulation may be impaired in patients with cirrhosis.608 This 
impairment includes impeded vasoconstrictor responses to 
stimuli, such as mental arithmetic, LBNP, and the Valsalva 
maneuver. This interference in the peripheral and central 
autonomic nervous systems in cirrhosis could be explained 
partially by increased occupancy of endogenous catechol-
amine receptors, downregulation of adrenergic receptors, or 
a defect at the level of postreceptor signaling.588,607 It is also 
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after a water load by increased synthesis of PGE2 in the col-
lecting duct.627,628

Endothelin

Plasma levels of immunoreactive endothelin are markedly 
elevated in patients with cirrhosis and ascites, as well as in the 
HRS.629 Compared to normal controls, blood levels of ET-1 
and its precursor, big ET-1, were shown to be increased in the 
systemic circulation and splanchnic and renal venous beds 
of cirrhotic patients.630 Levels correlated positively with 
portal venous pressure and cardiac output and inversely with 
central blood volume.629 The rise in ET-1 levels is accompa-
nied by a reduction in ET-3 levels, and the consequently 
elevated ET-1/ET-3 ratio is associated with a poor outcome 
of portal hypertension.631 In animal models of cirrhosis with 
portal hypertension, ET-A receptor activation in association 
with attenuated ET-B receptor depressive effect on the portal 
vein has recently been reported.632 ET-B receptor blockade 
in cirrhotic animals led to sinusoidal constriction and hepa-
totoxicity,633 whereas the dual ET-A and B receptor blocker, 
tezosentan, had no effect on hepatic blood flow.634

In humans with HRS, although no change in ET levels 
occurred immediately following TIPS insertion, ET-1 and 
big ET-1 levels were significantly reduced in portal and renal 
veins 1 to 2 months after the procedure, with a parallel 
increase in creatinine clearance and urinary Na+ excre-
tion.630 Similar favorable changes have been observed within 
1 week after successful orthotopic liver transplantation.635 
Conversely, temporary occlusion of TIPS by angioplasty 
balloon inflation led to a transient increase in portal venous 
pressure, increased plasma ET-1, marked reduction of RPF 
and increased intrarenal generation of ET-1.636

The importance of the intrarenal endothelin system in 
the pathogenesis of the HRS has been demonstrated in a 
rat model of acute liver failure induced by galactosamine, 
in which renal failure also developed, despite normal renal 
histologic findings.637 Plasma concentrations of ET-1 were 
increased twofold after the onset of liver and renal failure, 
and the ET-A receptor was upregulated significantly in the 
renal cortex. Administration of bosentan, a nonselective 
endothelin receptor antagonist, prevented the development 
of renal failure when given before or 24 hours after the 
onset of liver injury.637

Increased local intrahepatic production of endothelin 
probably also contributes to the development of portal (and 
pulmonary) hypertension in cirrhosis through contraction 
of the stellate cells and a concomitant decrease in sinusoidal 
blood flow.638 Taken together, the data are consistent with 
the hypothesis that the hemodynamic changes occurring in 
patients with cirrhosis and refractory ascites could be related 
to local production of ET-1 by the splanchnic and renal 
vascular beds. Nevertheless, after both TIPS and orthotopic 
liver transplantation, there are improvements in other vaso-
constrictive factors (e.g., RAAS and vasopressin) in addition 
to ET.639 Therefore, the exact contribution of activation of 
the intrarenal endothelin system in the pathogenesis of the 
HRS remains speculative.

Apelin

As mentioned earlier, apelin is the endogenous ligand of 
the angiotensin-like receptor 1, found to be involved in Na+ 
and water homeostasis and in regulation of cardiovascular 

that occurs at relatively advanced stages of cirrhosis proba-
bly represents a shift toward decompensation, characterized 
by a severe decrease in EABV and, perhaps, true volume 
depletion. A correlation also exists between plasma norepi-
nephrine and AVP levels; thus, the increased activity of the 
SNS may stimulate the release of AVP.619,620 In addition, a 
direct relationship exists between plasma norepinephrine 
and activity of the RAAS. Together, evidence suggests that 
the three pressor systems might be activated by the same 
mechanisms and could operate in concert to counteract the 
low arterial blood pressure and decrease in EABV.607,620

Arginine Vasopressin

Patients and experimental animals with advanced hepatic 
cirrhosis frequently exhibit impaired renal water excretion 
as a result of nonosmotic release of AVP and, consequently, 
develop water retention with hyponatremia.412,576,621 For 
example, cirrhotic patients unable to excrete a water load 
normally have high immunoreactive levels of AVP in com-
parison with cirrhotic patients who exhibited a normal 
response.622 Affected patients also have higher plasma renin 
and aldosterone levels and lower urinary Na+ excretion, 
which suggests that the inability to suppress vasopressin is 
secondary to a decrease in EABV.619 In rats with experimen-
tal cirrhosis, plasma levels of AVP were elevated in associa-
tion with overexpression of hypothalamic AVP messenger 
RNA, together with a diminished pituitary AVP content.623 
In addition, the expression of AQP2, the AVP-regulated 
water channel in the collecting duct, is increased in rat 
models of cirrhosis and the AVP receptor antagonist, terlip-
ressin, significantly diminished AQP2 overexpression.624 
Upregulation of AQP2 clearly plays an important role in 
water retention associated with hepatic cirrhosis, as well as 
in other pathologic states.624

As noted earlier in this chapter, AVP supports arterial 
blood pressure through its action on the V1 receptors found 
on vascular smooth muscle cells, whereas the V2 receptor 
is responsible for water transport in the collecting duct.625 
The availability of selective blockers of these receptors  
has provided clear evidence for the dual roles of AVP in 
pathogenesis of cirrhosis.463,625 Thus, the administration of 
a V2 receptor antagonist to cirrhotic patients, as well as to 
rats with experimental cirrhosis, increases urine volume, 
decreases urine osmolality, and corrects hyponatremia.463,625 
Clinical applications of V2 receptor antagonists are discussed 
later (see section, “Specific Treatments Based on the Patho-
physiology of Congestive Heart Failure”).

The V1 receptor is important for the maintenance of arte-
rial pressure and circulatory integrity in cirrhosis and 
ascites.625 After the actions of Ang II were blocked with 
saralasin, a selective V1 receptor antagonist produced a pro-
nounced fall in arterial blood pressure.626 Thus, both V1 and 
V2 receptors are integrally involved in the pathogenesis of 
fluid retention in cirrhosis.

AVP also increases the synthesis of the vasodilatory PGE2 
and PGI2 in several vascular beds, including the kidneys. 
This increase, in turn, may offset the vasoconstrictor action, 
as well as the hydroosmotic effect of AVP. Consistent with 
this concept, urinary PGE2 was found to be markedly 
increased in cirrhotic patients with positive free water clear-
ance, despite an impaired ability to suppress AVP directly.627,628 
These data suggest that urinary diluting capacity is enhanced 
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vicious cycle of mutual interactions between vasoconstrictor/
Na+-retaining and vasodilatory/natriuretic forces. The fact 
that ANP levels do not increase further as patients proceed 
from early to late decompensated stages of cirrhosis would 
be consistent with this explanation.

The basis for this apparent resistance to ANP was shown to 
occur at a stage of cellular signaling beyond cGMP produc-
tion, because ANP receptors in the collecting duct were not 
defective.649 ANP resistance in cirrhosis was ameliorated by 
endopeptidase inhibitors, bradykinin, kininase II inhibitors, 
and mannitol, renal sympathetic denervation, peritoneove-
nous shunting, and orthotopic liver transplantation.650-655 Fur-
thermore, infusion of Ang II mimicked the nonresponder 
state by causing patients in the early stages of cirrhosis, who 
still responded to ANP, to become unresponsive.656 This Ang 
II effect occurred at proximal (decreased distal delivery of 
Na+) and distal nephron sites to abrogate ANP-induced natri-
uresis and was reversible. The importance of distal solute 
delivery was confirmed using mannitol, which also resulted in 
an improved natriuretic response to ANP in responders but 
not nonresponders.650,657

To summarize, ANP resistance is best explained by an 
effect of decreased delivery of Na+ to ANP-responsive distal 
nephron sites (glomerulotubular imbalance caused by 
abnormal systemic hemodynamics and activation of the 
RAAS) combined with an overriding effect of more power-
ful antinatriuretic factors to overcome the natriuretic action 
of ANP at its site of action in the medullary collecting tubule 
(Figure 15.12).649 The latter effect could result from 
decreased delivery as well as permissive paracrine/autocrine 
cofactors, such as PGs and kinins.

Brain Natriuretic Peptide and C-Type Natriuretic Peptide. 
BNP levels have also been found to be elevated in patients 
with cirrhosis and ascites and, like that of ANP, its natriuretic 
effect is also blunted in cirrhotic patients with Na+ retention 
and ascites.658-660 Plasma BNP levels may be correlated with 
cardiac dysfunction660,661 and with severity of disease and 
may be of prognostic value in the progression of cirrho-
sis.659,660,662 Plasma CNP levels in cirrhotic pre-ascitic patients, 
although not elevated in comparison to healthy controls, 
were found to be directly correlated with 24-hour natriuresis 
and urine volume663 and inversely correlated with arterial 
compliance but not with systemic vascular resistance.664 
These data suggested that compensatory downregulation of 
CNP occurs in cirrhosis when vasodilation persists, and that 
regulation of large and small arteries by CNP may differ.

In contrast to the pre-ascitic stage, patients with more 
advanced disease and impaired renal function had lower 
plasma and higher urinary CNP levels than those with intact 
renal function. Moreover, urinary CNP was correlated 
inversely with urinary Na+ excretion. In patients with refrac-
tory ascites or HRS treated with terlipressin infusion or TIPS 
(see later section, “Specific Treatments Based on the Patho-
physiology of Sodium Retention in Cirrhosis”), urinary CNP 
declined and urinary Na+ excretion increased 1 week later.665 
Thus, CNP may have a significant role in renal Na+ handling 
in cirrhosis.

Finally, Dendroaspis NP levels were found to be increased 
in cirrhotic patients with ascites, but not in those without, 
and levels were correlated with disease severity.666 The sig-
nificance of these findings remains unknown.

tone and cardiac contractility through a reciprocal relation-
ship with Ang II and AVP.374 Because of these properties, 
apelin is potentially involved in the pathogenesis of advanced 
liver disease. Evidence for this hypothesis includes raised 
plasma apelin levels in patients and experimental animals 
with cirrhosis,640 as well as enhanced expression of apelin 
and its receptor in proliferated arterial capillaries directly 
connected with sinusoids in human cirrhosis.641,642 Specifi-
cally, apelin receptors appear to localize to stellate cells and 
may mediate the profibrogenic effects of Ang II and ET-1.641 
In addition, an apelin receptor antagonist led to a reduction 
in the raised cardiac index, reversal of the increased total 
peripheral resistance, and improvement in Na+ and water 
excretion in rats with experimental cirrhosis.640 These data 
raise the possibility for a future therapeutic role of apelin 
antagonism in the management of severe HRS as in HF. 
However, in view of the complex effects of apelin on glo-
merular hemodynamics, caution will be needed in the ther-
apeutic application of apelin antagonists.376

VASODILATORS/NATRIURETICS
Apart from their role in the hyperdynamic circulation char-
acteristic of advanced cirrhosis, vasodilators play an impor-
tant part in the pathogenesis of renal Na+ retention. The 
principal vasodilators involved are NPs and PGs.

Natriuretic Peptides

Atrial Natriuretic Peptide. Most of the information relating 
ANP to various stages of cirrhosis and portal hypertension 
was obtained in the 1990s and, in recent years, measure-
ments of BNP and NT-proBNP have largely superseded ANP 
as a biomarker of these conditions. Nevertheless, the role 
of NPs in the pathogenesis of HRS has been largely eluci-
dated through studies on ANP, and these will be summa-
rized here. Plasma levels of ANP are elevated in patients 
with cirrhosis at all stages, despite the reduction in effective 
circulating volume in the late stages of the disease.643,644 In 
the pre-ascitic stage of cirrhosis, the increase in plasma ANP 
may be important for the maintenance of Na+ homeostasis, 
but with progression of the disease, patients develop resis-
tance to the natriuretic action of the peptide.643,644 The high 
levels of ANP mostly reflect increased cardiac release rather 
than impaired clearance of the peptide.645 The stimulus for 
increased cardiac ANP synthesis and release in early cirrho-
sis is likely increased left atrial size caused by overfilling of 
the circulation, secondary to intrahepatic hypertension–
related renal Na+ retention.646

In addition to elevated ANP levels, pre-ascitic patients also 
had significantly elevated left and right pulmonary volumes, 
despite having normal blood pressure and normal renin, 
aldosterone, and norepinephrine levels.647 High Na+ intake 
in these patients resulted in weight gain and a positive Na+ 
balance for 3 weeks, followed by a return to normal Na+ 
balance thereafter. Thus, despite continued high-Na+ intake, 
pre-ascitic patients reach a new steady state of Na+ balance, 
thereby preventing fluid retention and the development of 
ascites. These findings also suggest that ANP plays an impor-
tant role in preventing the transition from the pre-ascitic 
stage to ascites in these patients.648 The factors responsible 
for maintaining relatively high levels of ANP during the later 
stages of cirrhosis, in association with arterial underfilling, 
also have not been determined, but may be related to a futile 
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with the degree of Na+ retention and neurohumoral activa-
tion, so that patients with high plasma renin and norepi-
nephrine levels were particularly sensitive to these adverse 
effects.278,667,670

As in other situations associated with decreased EABV, the 
COX-2 isoform was strongly upregulated in kidneys from 
rats with experimental cirrhosis with ascites. Nevertheless, 
the negative effects of prostaglandin inhibition on renal 
function appear to be solely COX- 2-dependent because 
studies in human and experimental models of cirrhosis with 
ascites have shown that administration of selective COX-2 
antagonists spares renal function, whereas nonselective 
cyclooxygenase inhibition leads to a fall in GFR.667,670 The 
favorable effect of selective COX-2 antagonists on renal 
function may be indirect and related to hepatic upregula-
tion of COX-2. This hypothesis is supported by recent  
data indicating that long-term administration of the selec-
tive COX-2 inhibitor, celecoxib, can ameliorate portal 
hypertension by dual hepatic anti-angiogenic and antifi-
brotic actions.669,671,672 These results can lead to studies to 
establish the safety of selective COX-2 antagonism in patients 
with advanced cirrhosis.

In contrast to nonazotemic patients with cirrhosis and 
ascites, it was suggested more than 25 years ago that patients 
with HRS have reduced renal synthesis of vasodilatory pros-
taglandins.673 This situation would exacerbate renal vaso-
constriction and Na+ and fluid retention and may be an 
important factor in the pathogenesis of HRS.667 However, 

Prostaglandins

As noted, prostaglandins make important contributions to 
the modulation of the hydroosmotic effect of AVP and to 
the protection of RPF and GFR when the activity of endog-
enous vasoconstrictor systems is increased. These properties 
of prostaglandins appear to be critical in patients with 
decompensated cirrhosis who have ascites but not renal 
failure. Such patients excrete greater amounts of vasodila-
tory prostaglandins than healthy subjects, suggesting that 
renal production of prostaglandins is increased.278,667 Simi-
larly, in experimental models of cirrhosis, there is evidence 
for increased synthesis and activity of renal and vascular 
prostaglandins.667,668 Recent studies have indicated that 
PGE2 upregulation in the thick ascending limb of pre-ascitic 
cirrhotic rats is mediated via downregulation of calcium-
sensing receptors (CaSRs). This maneuver resulted in 
increased expression of the NKCC2, increased Na+ reab-
sorption in this segment, and augmented free water reab-
sorption in the collecting duct. The effects were reversed by 
the CaSR agonist poly-L-arginine.669

Conversely, it is not surprising that administration of 
agents that inhibit prostaglandin synthesis results in a clini-
cally important deterioration of renal function in these 
patients. Administration of nonselective COX inhibitors, 
such as indomethacin and ibuprofen, resulted in a signifi-
cant decrease in GFR and RPF in patients with cirrhosis, 
with or without ascites, in contrast to healthy subjects. The 
decrement in renal hemodynamics varied directly  

Figure 15.12  Working formulation for the role of atrial natriuretic peptide (ANP) in the renal sodium retention of cirrhosis. The primary hepatic 
abnormality for renal Na+ retention is blockade of hepatic venous outflow. In early disease, this signals renal Na+ retention with consequent intra-
vascular volume expansion and a compensatory rise in plasma ANP. The rise in ANP is sufficient to counterbalance the primary antinatriuretic 
influences, but the expanded intravascular volume provides the potential for overflow ascites. With progression of disease, intrasinusoidal Starling 
forces are disrupted and volume is lost from the vascular compartment into the peritoneal compartment. This underfilling of the circulation may 
attenuate further increases in ANP levels and promote the activation of antinatriuretic factors. Whether the antinatriuretic factors activated by 
underfilling are the same as or different from those promoting primary renal Na+ retention in early disease remains to be determined. At this later 
stage of disease, increased levels of ANP may not be sufficient to counterbalance antinatriuretic forces. (From Warner LC, Leung WM, Campbell 
P, et al: The role of resistance to atrial natriuretic peptide in the pathogenesis of sodium retention in hepatic cirrhosis. In Brenner BM, Laragh JH [editors]: 
Advances in atrial peptide research, vol 3 of American Society of Hypertension series, New York, 1989, Raven Press, pp 185-204.)
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CLINICAL MANIFESTATIONS OF HYPERVOLEMIA
Apart from the clinical manifestations of the underlying 
disease, the symptoms and signs of hypervolemia per se also 
depend on the amount and relative distribution of the fluid 
between the intravascular (arterial and venous) and intersti-
tial spaces. Arterial volume overload is manifested as hyper-
tension, whereas venous overload is manifested as raised 
jugular venous pressure. Interstitial fluid accumulation 
appears as peripheral edema, effusions in the pleural or peri-
toneal cavity (ascites) or in the alveolar space (pulmonary 
edema), or a combination of these. If cardiac and hepatic 
functions are normal, and transcapillary Starling forces are 
intact, the excess volume is distributed proportionately 
throughout the ECF compartments. In this situation, the ear-
liest sign of hypervolemia is hypertension, followed by periph-
eral edema and raised jugular venous pressure. Peripheral 
edema appears only when the interstitial volume overload 
exceeds 3 L and, because plasma volume itself is approxi-
mately 3 L, the presence of edema indicates substantial hyper-
volemia with prior or ongoing renal Na+ retention.

When cardiac systolic function is impaired, as a result of 
myocardial, valvular, or pericardial disease, pulmonary and 
systemic venous hypertension predominate, and systemic 
blood pressure may be low as a result of disproportionate 
fluid accumulation in the venous rather than the arterial 
circulation. Disruption in transcapillary Starling forces, as 
found in advanced cardiac and hepatic disease, may lead to 
fluid transudation into the pleural and peritoneal spaces, 
manifested as pleural effusions and ascites, respectively.

As already mentioned, the constellation of advanced liver 
cirrhosis or fulminant hepatic failure, ascites, and oliguric 
renal failure in the absence of significant renal histopatho-
logic disease is the HRS. Two subtypes have been defined. 
Type 1 is characterized by a rapid decline in renal function 
(doubling of serum creatinine level to >2.5 mg/dL, or 50% 
reduction in creatinine clearance to <20 mL/min) over a 
2-week period. Typically, an acute precipitating factor can 
be identified. Type 2 develops spontaneously and progres-
sively over months (serum creatinine level > 1.5 mg/dL, or 
creatinine clearance < 40 mL/min). HRS is discussed in 
detail in Chapter 31.

DIAGNOSIS
The diagnosis of hypervolemia is usually evident from the 
clinical history and physical examination. Any combination 
of peripheral edema, raised jugular venous pressure, pulmo-
nary crepitations, and pleural effusions is likely to be diag-
nostic for hypervolemia. In the presence of these findings, 
the systemic blood pressure is crucial for distinguishing 
primary renal Na+ retention from secondary Na+ retention 
caused by reduced EABV. For example, in advanced primary 
renal failure, the blood pressure is high, whereas in  
severe congestive heart failure or advanced hepatic cirrho-
sis, blood pressure is likely to be relatively low. In more 
enigmatic cases, in which dyspnea is the sole complaint and 
clinical findings are minimal, measurement of plasma BNP, 
NTproBNP, or MR-proANP may help distinguish between 
cardiac and pulmonary causes of the dyspnea.675,676

Simple laboratory tests may aid in confirming the clinical 
diagnosis. An elevated cardiac troponin level is consistent 
with, although not diagnostic of, myocardial damage,677 and 

treatment with intravenous PGE2 or its oral analogue, miso-
prostol, did not improve renal function in HRS patients.674

Integrated View of the Pathogenesis of Sodium 
Retention in Cirrhosis

Two general explanations for Na+ retention and ascites 
that complicate cirrhosis have been offered. According to 
the overflow mechanism, a volume-independent stimulus 
is responsible for renal Na+ retention. Possible mediators 
include adrenergic reflexes activated by hepatic sinusoidal 
hypertension and increased systemic concentrations of an 
unidentified antinatriuretic factor as a result of impaired 
liver metabolism. According to the underfilling theory, in 
contrast, EABV depletion is responsible for renal Na+ 
retention. The peripheral arterial vasodilation hypothesis 
is that reduced systemic vascular resistance lowers blood 
pressure and activates arterial baroreceptors, initiating Na+ 
retention. The retained fluid extravasates from the hyper-
tensive splanchnic circulation, preventing arterial reple-
tion, and Na+ retention and ascites formation continue.

It is obvious that neither the underfilling nor overflow 
theory can account exclusively for all the observed derange-
ments in volume regulation in cirrhosis. Rather, elements of 
the two concepts may occur simultaneously or sequentially 
in cirrhotic patients (see Figure 15.12). Thus, there is suf-
ficient evidence that early in cirrhosis, intrahepatic hyper-
tension caused by hepatic venous outflow obstruction signals 
primary renal Na+ retention, with consequent intravascular 
volume expansion. Whether underfilling of the arterial 
circuit is also a consequence of vasodilation at this stage is 
not clear. Because of expansion of the intrathoracic venous 
compartment at this stage, plasma NP levels rise. This 
increase is sufficient to counterbalance the renal Na+ retain-
ing forces, but at the expense of an expanded intravascular 
volume, with the potential for overflow ascites. The propen-
sity for the accumulation of volume in the peritoneal com-
partment and splanchnic bed results from altered 
intrahepatic hemodynamics. With progression of disease, 
intrasinusoidal Starling forces are disrupted, and volume is 
lost from the vascular compartment into the peritoneal 
compartment. These events, coupled with other factors, 
such as portosystemic shunting, hypoalbuminemia, and vas-
cular refractoriness to pressor hormones, lead to underfill-
ing of the arterial circuit without measurably affecting the 
venous compartment.

This arterial underfilling may attenuate further increases 
in NP levels and promote the activation of antinatriuretic 
factors. Whether these factors are the same as, or different 
from, those that promote primary renal Na+ retention in 
early disease remains unclear. At this later stage of disease, 
elevated levels of NP may be insufficient to counterbalance 
antinatriuretic influences. In early cirrhosis, salt retention 
is isotonic, so normonatremia is maintained. However, with 
advancing cirrhosis, defective water excretion supervenes, 
resulting in hyponatremia, which reflects combined ECF 
and ICF space expansion. The impaired water excretion and 
hyponatremia in cirrhotic patients with ascites is a marker 
of the severity of the hemodynamic abnormalities that initi-
ate Na+ retention and eventuate in the HRS. The pathogen-
esis is related primarily to nonosmotic stimuli for vasopressin 
release acting together with additional factors, such as 
impaired distal Na+ delivery.
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between the group restricted to 800 mg sodium/day and 
those with a more liberal sodium intake. Moreover, those 
on the severely sodium-restricted diet were significantly 
thirstier than their less restricted counterparts.679-681 In light 
of these new data, a reasonable goal is to restrict Na+ intake 
to 50 to 80 mmol (approximately 3 to 5 g of salt)/day.682 
Because of the generally poor palatability of salt-restricted 
diets, salt substitutes may be used; however, because these 
preparations usually contain high concentrations of potas-
sium, they must be used with caution by patients with renal 
impairment or those taking potassium-retaining drugs such 
as ACEIs, ARBs, or aldosterone antagonists.

In hospitalized patients, extra attention must be paid to 
amounts and types of intravenous fluids administered. A 
frequent phenomenon encountered by nephrologists who 
have been consulted in internal medicine departments is 
the scenario in which a patient is receiving intravenous 
saline together with high-dose diuretics. The usual rationale 
offered for this combination is that the saline will expand 
the intravascular volume and the diuretic will mobilize  
the excess interstitial volume. This logic has no sound  
physiologic or therapeutic basis, inasmuch as both modali-
ties operate principally on the intravascular space. Further-
more, water restriction is also inappropriate, except in the 
presence of accompanying hyponatremia (plasma Na+ < 
135 mmol/L). In stark contrast to these recommendations, 
studies have shown that intravenous infusion of small 
volumes of hypertonic saline during diuretic dosing and 
liberalizing dietary salt intake while continuing to limit 
water consumption results in improved fluid removal in HF 
patients. Furthermore, less deterioration in renal function, 
shorter hospitalizations, reduced readmission rates, and 
even reductions in mortality were observed.682,683

Diuretics

Diuretics are classified according to their sites of action 
along the nephron and are discussed in detail in Chapter 
51. Bernstein and Ellison have recently presented a compre-
hensive review.684 Diuretics are described briefly here in 
relation to the treatment of hypervolemia.

Proximal Tubule Diuretics. The prototype of a proximal 
tubular diuretic is acetazolamide, a carbonic anhydrase 
inhibitor that inhibits the proximal reabsorption of sodium 
bicarbonate. However, prolonged use may cause hyperchlo-
remic metabolic acidosis. This drug is more typically used 
in the management of chronic glaucoma rather than for 
reducing volume overload. Another proximally acting 
diuretic is metolazone, which, as a member of the thiazide 
class of diuretics, also inhibits the NaCl cotransporter in the 
distal tubule. The proximal action of metolazone may be 
associated with phosphate loss greater than that seen with 
traditional thiazides.685 In general, metolazone is used as an 
adjunct to loop diuretics in resistant heart failure.686 Man-
nitol, which also inhibits proximal tubular reabsorption,687 
can be used in combination with furosemide for the man-
agement of acute decompensated HF.688

Loop Diuretics. This group includes the most powerful 
diuretics, such as furosemide, bumetanide, torsemide, and 
ethacrynic acid. Their mode of action is to inhibit transport 
via the NKCC2 in the apical membrane of the thick 

high levels may be observed in acute decompensated HF.678 
Transaminase levels may be raised in hepatic disease, and 
hypoalbuminemia would be consistent with hepatic cirrho-
sis or nephrotic-range proteinuria caused by glomerular 
disease. The latter, of course, would be confirmed by appro-
priate urine testing.

When blood pressure is low, evidence of prerenal azote-
mia (increased ratio of blood urea nitrogen to creatinine) 
may be found, and in advanced cardiac or hepatic failure 
(the so-called cardiorenal syndrome and HRS respectively), 
intrinsic renal failure—proportionate increases in blood 
urea nitrogen and creatinine—may occur (see Chapter 31 
for detailed discussion). In the urine, low EABV in the pres-
ence of hypervolemia is confirmed by a low Na+ concentra-
tion or low fractional excretion of Na+, indicative of 
secondary renal Na+ retention.

TREATMENT
Therapy for volume overload can be divided broadly into 
management of the volume overload itself and prevention 
or minimization of its occurrence and the associated mor-
bidity and mortality. Clearly, recognition and treatment of 
the underlying disease causing hypervolemia is the critical 
first step. Thus, when EABV is significantly reduced, as in 
cardiac and hepatic failure (as well as in severe nephrotic 
syndrome), hemodynamic parameters should be optimized. 
Otherwise, therapy to induce negative Na+ balance is associ-
ated with an enhanced risk for worsening hemodynamic 
compromise.

Once the EABV is adjusted, three basic strategies can  
be used to induce negative Na+ balance—dietary Na+ 
restriction, diuretics, and extracorporeal ultrafiltration. The 
degree of hypervolemia and the clinical urgency for Na+ 
removal determine which modality should be used. There-
fore, in a patient with life-threatening pulmonary edema, 
immediate intravenous loop diuretics are indicated; if  
high doses of these drugs do not induce significant diuresis, 
then extracorporeal ultrafiltration may be life-saving. At  
the other extreme, a hypertensive patient with mild volume 
overload and preserved renal function may require only 
dietary salt restriction and a thiazide diuretic.

Once the acute stage of hypervolemia has been con-
trolled, therapy must be directed toward the prevention or 
minimization of further acute episodes and improvement in 
overall prognosis. In addition to maintenance diuretic treat-
ment, several strategies, based on the pathophysiologic 
process of Na+ retention, are available clinically or are under 
experimental development.

Sodium Restriction

Until recently, the prevailing belief has been that effective 
management of hypervolemia of any cause must include 
Na+ restriction. Without this intervention, the success 
of diuretic therapy was thought to be limited because  
the relative hypovolemia induced by diuretics leads to com-
pensatory Na+ retention and the potential creation of a 
vicious cycle, consisting of increased diuretic dosage, further 
reduction in EABV, and still more renal Na+ retention. 
However, this view has been recently challenged by a ran-
domized controlled trial in patients admitted to hospital 
with acute decompensated HF. In this study, no difference 
in weight loss or clinical stability was observed at 3 days 
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appears to be no difference between continuous infusion 
and repeated bolus administration of high or low doses of 
furosemide in shortness of breath or volume of diuresis at 
72 hours after admission for acute decompensated HF.661

Whichever method is used to treat diuretic resistant 
hypervolemia, it is important to monitor carefully plasma 
Na+, K+, Mg2+, Ca2+, phosphate, blood urea nitrogen, and 
creatinine levels and correct any deviations appropriately. 
Other less common side effects of diuretics include cutane-
ous allergic reactions, acute interstitial nephritis (see 
Chapter 36), pancreatitis and, rarely, blood dyscrasias.662

Extracorporeal Ultrafiltration

On occasion, extreme resistance to diuretics occurs, often 
accompanied by renal functional impairment. In such cases, 
removal of volume excess may be achieved by ultrafiltration 
through the use of hemofiltration, hemodialysis, peritoneal 
dialysis (see Chapters 65 and 66), or small devices designed 
for isolated ultrafiltration (UF). All these modalities are 
effective for fluid removal in diuretic-resistant HF.663-665 
Chronic ambulatory peritoneal dialysis may also reduce hos-
pitalization rates in patients with resistant HF who are not 
candidates for surgical intervention.666

It is important to emphasize that a recent randomized 
controlled trial comparing intensive diuretic therapy with 
UF for the management of acute decompensated HF with 
worsened renal function (CARRESS-HF) was halted early 
because of evidence of lack of benefit of UF and an excess 
of early and late (60 days) adverse events.689 Moreover, UF 
was inferior to diuretic therapy in terms of the bivariate 
primary endpoint of body weight and rise in serum creati-
nine level at 96 hours after commencement of therapy. 
Therefore, UF should currently be reserved for those 
patients with unequivocal diuretic resistance. The exact 
place of UF in the long-term management of acute decom-
pensated HF remains to be elucidated.690

SPECIFIC TREATMENTS BASED ON THE 
PATHOPHYSIOLOGY OF HEART FAILURE

Because the clinical situation of an HF patient at any given 
time depends on the delicate balance among vasoconstrictor/
antinatriuretic and vasodilator/natriuretic factors, any treat-
ment that can tip the balance in favor of the latter should 
be efficacious. Thus, increasing the activity of the NPs or 
reducing the influence of the antinatriuretic mechanisms 
by pharmacologic means may achieve a shift in the balance 
in favor of Na+ excretion in HF. In the interplay between 
the RAAS and ANP in HF, the approaches used in experi-
mental studies and in clinical practice have included reduc-
ing the activity of the RAAS by means of ACEIs or ARBs, 
increasing the activity of ANP or its second messenger, 
cGMP, or a combination of these.

INHIBITION OF THE RENIN-ANGIOTENSIN-
ALDOSTERONE SYSTEM

The maladaptive actions of locally produced or circulatory 
Ang II have been examined in numerous studies, which 
have shown unequivocally that ACE inhibition and ARBs 
improve renal function, cardiac performance, and life 

ascending limb of the loop of Henle, which is responsible 
for the reabsorption of about 25% of filtered Na+ (see Chap-
ters 16 and 51).684 They are used for the treatment of severe 
hypervolemia and hypertension, especially in stages 4 and 5 
of chronic kidney disease. Because of their powerful action, 
loop diuretics may lead to hypokalemia, intravascular 
volume depletion, and worsening prerenal azotemia, espe-
cially in older patients and in patients with reduced EABV.

Distal Tubule Diuretics. Diuretics in this segment operate 
by blockade of the apical NaCl cotransporter. The group 
consists of hydrochlorothiazide, chlorthalidone, and meto-
lazone (see earlier section, “Proximal Tubule Diuretics”). 
They are typically used as first-line treatment of hyperten-
sion and, particularly metolazone, as adjuncts to loop diuret-
ics in resistant heart failure. Thiazides are also useful for 
reducing hypercalciuria in recurrent nephrolithiasis, in con-
trast to loop diuretics that are hypercalciuric.658 Inhibition 
of Na+ reabsorption by diuretics that work in the proximal 
tubule (except for carbonic anhydrase inhibitors), loop of 
Henle, and distal tubule leads to increased solute delivery 
to the collecting duct. Consequently, rates of potassium and 
proton secretion are accelerated, which may lead to hypo-
kalemia and metabolic alkalosis.659

Collecting Duct Diuretics. Collecting duct (K+-sparing) 
diuretics operate by competing with aldosterone for occupa-
tion of the mineralocorticoid receptor or by direct inhibition 
of the ENaC (amiloride and triamterene).684 As their alterna-
tive name implies, important side effects of this group are 
hyperkalemia and metabolic acidosis, which result from con-
comitant suppression of K+ and proton secretion. Therefore, 
they are widely used in combination with thiazide and loop 
diuretics to minimize hypokalemia. The aldosterone antago-
nists are especially useful in the management of disorders 
characterized by secondary hyperaldosteronism, such as cir-
rhosis with ascites. Moreover, aldosterone antagonists have 
been shown to have cardioprotective and renoprotective 
effects via nonepithelial mineralocorticoid receptor block-
ade (see sections, “Pathophysiology” and “Specific Treat-
ments Based on the Pathophysiology of Congestive Heart 
Failure” in this chapter; also see Chapter 12).

Other Diuretic Agents. Natriuretic peptides are discussed 
later (see section, “Specific Treatments Based on the Patho-
physiology of Congestive Heart Failure”). Patients with cir-
rhosis and ascites, who typically have little Na+ in their urine, 
may have a natriuretic response to HWI as a result of effec-
tive volume depletion (see earlier section, “Underfilling 
Hypothesis”), despite elevated plasma volume and cardiac 
output.660 This modality has not been used outside the 
research setting.

Diuretic Resistance. As noted, when Na+ retention is severe 
and resistant to conventional doses of loop diuretics, com-
binations of diuretics acting at different nephron sites may 
produce effective natriuresis. Another method for overcom-
ing diuretic resistance is the administration of a bolus dose 
of loop diuretic to yield a high plasma level, followed by 
high-dose continuous infusion. Alternately, high doses given 
intermittently may be successful in reversing diuretic resis-
tance. As shown in a recent randomized control trial, there 
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ACEIs or ARBs, substantially reduces the mortality rate and 
degree of morbidity in HF patients. In the Randomized 
Aldactone Evaluation Study (RALES), therapy with spirono-
lactone reduced overall mortality among patients with 
advanced HF by 30% in comparison with placebo.691 
The Eplerenone Post-AMI Heart Failure Efficacy and Sur-
vival Study (EPHESUS) has shown that the addition of 
eplerenone to optimal medical therapy reduces morbidity 
and mortality in patients with acute myocardial infarction 
complicated by left ventricular dysfunction and HF.691 
A third trial in patients with mild HF (NYHA class II)  
and ejection fraction less than 35%, Eplerenone in Mild 
Patients Hospitalization and Survival Study in Heart Failure 
(EMPHASIS-HF), was stopped prematurely because of a 
clearly favorable effect of eplerenone on mortality.693 As a 
result, aldosterone inhibitors are now routinely used in the 
management of HF; the current debate centers on whether 
epleronone, with a better side effect profile, should be pre-
ferred, particularly in patients at high risk of hyperkalemia, 
notably those with renal dysfunction.694

β-BLOCKADE

Insofar as β-blockade is now the standard of care in the 
management of HF, this review would not be complete 
without mention of β-blockers. However, because their 
effect in HF is not directly related to Na+ and water, this 
important therapy is not elaborated further in this chapter. 
The reader is referred to recent meta-analyses for up-to-date 
information.695,696

NITRIC OXIDE DONOR AND REACTIVE OXYGEN 
SPECIES/PEROXYNITRITE SCAVENGERS

Because nitric oxide signaling is disrupted in HF, achieving 
nitric oxide balance by NO donors or selective NOS inhibi-
tors has emerged as an important therapeutic concept in 
addressing and correcting the pathophysiologic process  
of HF.697 In this regard, the beneficial effects of com-
bined isosorbide dinitrate (nitric oxide donor) and hydrala-
zine (reactive oxygen species and peroxynitrite scavenger) 
therapy, particularly in African American patients, remain 
noteworthy.698 However, the question still remains as to the 
efficacy of this combination in other ethnic groups, given 
the success of combined RAAS inhibition and β-blockade.698

An interesting recent development is the observation in 
a rat model of HF that increased expression of nNOS within 
the paraventricular nucleus leads to upregulation of nNOS 
protein, leading to a reduction in sympathetic outflow. This 
study raises the potential for nNOS upregulation by ACE2 
therapy in HF.699

ENDOTHELIN ANTAGONISTS

Initial clinical studies have shown that acute ET nonselective 
antagonism decreases vascular resistance and increases 
cardiac index and cardiac output in HF patients, consistent 
with the role of ET-1 in increasing systemic vascular resis-
tance in HF. However, comprehensive clinical trials have 
demonstrated, at best, no benefits or, at worst, increased 
hepatic dysfunction and mortality rate in HF patients treated 
with ET-A receptor antagonists. These disappointing results 

expectancy of HF patients.691,692 A small decline in GFR is 
occasionally observed as a result of blockade of Ang II–
induced preferential efferent arteriolar constriction, which 
leads to a sharp fall in glomerular capillary pressure, but 
this is usually not clinically significant. Because patients with 
HF cannot overcome the Na+-retaining action of aldoste-
rone and continue to retain Na+ in response to aldosterone, 
blockade of the latter by spironolactone or eplerenone 
induces substantial natriuresis in these patients.691

Overall, the effect of Ang II receptor blockade or ACE 
inhibition on renal function in HF depends on a multiplicity 
of interacting factors. On the one hand, RBF may improve 
as a result of lower efferent arteriolar resistance. Systemic 
vasodilation may be associated with a rise in cardiac output. 
Under such circumstances, reversal of the hemodynamically 
mediated effects of Ang II on Na+ reabsorption would 
promote natriuresis. Moreover, inhibition of the RAAS 
could theoretically facilitate the action of NPs to improve 
GFR and enhance Na+ excretion. On the other hand, the 
aim of Ang II–induced elevation of the single-nephron fil-
tration fraction is to preserve GFR in the presence of dimin-
ished RPF. In patients with precarious renal hemodynamics, 
a fall in systemic arterial pressure below the autoregulatory 
range, combined with removal of the Ang II effect on glo-
merular hemodynamics, may cause severe deterioration of 
renal function. The net result depends on the integrated 
sum of these physiologic effects, which, in turn, depends on 
the severity and stage of heart disease (Table 15.8).

In addition to their action to promote Na+ retention, 
components of the RAAS play a pivotal role in the patho-
genesis of HF by contributing to vascular and cardiac 
remodeling by inducing perivascular and interstitial fibro-
sis.691,692 In accordance with this hypothesis, three landmark 
clinical trials have shown that the addition of small doses  
of aldosterone inhibitors to standard therapy, including 

Table 15.8 Renal Effects of RAAS inhibition in 
Heart Failure

Factors Favoring Improvement in Renal Function

Maintenance of Na+ balance
Reduction in diuretic dosage
Increase in Na+ intake
Mean arterial pressure > 80 mm Hg

Minimal neurohumoral activation
Intact counterregulatory mechanisms

Factors Favoring Deterioration in Renal Function

Evidence of Na+ depletion or poor renal perfusion
Large doses of diuretics
Increased urea/creatinine ratio
Mean arterial pressure < 80 mm Hg

Evidence of maximal neurohumoral activation
AVP-induced hyponatremia

Interruption of counterregulatory mechanisms
Coadministration of prostaglandin inhibitors
Adrenergic dysfunction (e.g., diabetes mellitus)

AVP, Arginine vasopressin; RAAS, renin-angiotensin-aldosterone 
system.
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alone.703 Therefore, the therapeutic role of BNP in HF is 
currently unclear, and different strategies will be required. 
In this context, a recent pilot study has suggested that  
subcutaneous administration of BNP might represent a 
novel, safe, and efficacious therapeutic strategy for HF 
patients.704

Similarly, in light of the excessive levels of NT-proBNP 
found in HF, strategies to convert the prohormone into its 
active form might be efficacious. Other possibilities include 
CNP analogues and, using a more innovative approach, cre-
ating so-called designer chimeric peptides.704 For example, 
CD-NP is a chimeric peptide consisting of CNP and part of 
DNP. In a preliminary study in healthy subjects, this peptide 
was shown to possess cGMP-activating, natriuretic, and 
aldosterone-suppressing properties, without inducing exces-
sive hypotension.704 Further clinical trials can be expected.

NEUTRAL ENDOPEPTIDASE INHIBITORS AND 
VASOPEPTIDASE INHIBITORS

Correcting the imbalance between the RAAS and NP 
systems could also be achieved by inhibiting the enzymatic 
degradation of NPs by NEP. Several specific and differently 
structured NEP inhibitors were developed and tested  
in experimental models and clinical trials. Most studies 
revealed enhanced plasma ANP and BNP levels in associa-
tion with vasodilation, natriuresis, diuresis and, subse-
quently, reduced cardiac preload and afterload.499 Given 
that NEP degrades other peptides (e.g., kinins, AT1), these 
may also be involved in the beneficial effects of NEP  
inhibitors. Candoxatril, the first NEP inhibitor released for 
clinical trials, produced favorable hemodynamic and neuro-
hormonal effects in patients with HF.705 In addition, acute 
NEP inhibition in mild HF resulted in marked increases in 
RPF and Na+ excretion, which exceeded the increase 
observed in control animals or in patients with severe HF.706 
Unfortunately, in later studies of HF, more marked activa-
tion of the RAAS, as well as increased ET-1 levels, were 
observed, thereby attenuating the beneficial renal and 
hemodynamic actions of NEP inhibitors. Moreover, NEP 
inhibitors did not reduce afterload.499 On the basis of these 
findings, a combination of RAAS and NEP inhibition should 
be more effective than each treatment alone. This was con-
firmed in dogs with pacing-induced HF, in which NEP inhi-
bition prevented the ACEI-induced decrease in GFR.707 
These results led to the development of dual NEP and ACE 
inhibitors, known as vasopeptidase inhibitors.499

Of the various vasopeptidase inhibitors, omapatrilat has 
been the most studied. Results from experimental and clini-
cal HF studies have suggested beneficial hemodynamic and 
renal effects mediated by the synergistic ACE and NEP inhi-
bition offered by this drug.499 This was thought to be a 
potential advantage because deteriorating renal function in 
acute and chronic HF is one of the most powerful prognos-
tic indicators in patients with HF.708 However, from the 
results of definitive clinical trials, it became evident that 
neither vasopeptidase inhibitors nor NEP inhibitors as 
add-on therapy to RAAS inhibition were more effective than 
RAAS inhibitors alone in the treatment of HF.499 Further-
more, the combination was associated with a significantly 
increased incidence of severe angioedema. Hence, omapa-
trilat was not approved by the FDA. Possible reasons for the 

may be explained by the observation that ET-A receptor 
antagonism in experimental HF further activates the RAAS 
in association with sustained Na+ retention.472 Moreover, the 
increased local cardiac, pulmonary, and renal production of 
ET-1 in HF, together with the marked vasoconstrictor and 
mitogenic properties of the molecule, suggests that ET-1 
contributes directly and indirectly to the enhanced Na+ 
retention and edema formation by aggravating renal and 
cardiac functions, respectively.472 In addition, nonspecific 
blockade of ET-B receptors could have exacerbated cardiac 
remodeling. Given the antiproliferative effect of ET-B recep-
tor signaling through ET-B1–related pathways and the  
detrimental vasoconstrictor effect of ET-B2 stimulation, 
combined ET-B1 stimulation and ET-B2 blockade has 
recently been proposed471 for control of the remodeling 
associated with postischemic HF. According to this hypoth-
esis, the vasodilator and antiproliferative effects of an ET-B1 
agonist, combined with blockade of the detrimental vaso-
constrictor ET-B2 effect, could potentially improve current 
endothelin modulation therapies. Concomitant ET-A block-
ade would probably also be required to prevent the unde-
sired effects of unopposed ET-1 activity and exploit the 
established therapeutic effects of ET-A antagonists.471 Studies 
in this direction are eagerly awaited.

NATRIURETIC PEPTIDES

As noted previously, circulating levels of NPs are elevated in 
HF in proportion to the severity of the disease. However, the 
renal actions of these peptides are attenuated and even 
blunted in severe HF. Nevertheless, several studies have 
demonstrated that elimination of NP action via the use of 
NPR-A blockers or surgical removal of the atrium disrupts 
renal function and cardiac performance in experimental 
models of HF.480 Conversely, increasing circulating levels of 
NPs by intravenous administration has been shown to 
improve general clinical status,700 reduce pulmonary arterial 
and capillary wedge pressures, right atrial pressure, and 
systemic vascular resistance, with improved cardiac output, 
systemic blood pressure, and diuresis.701 The hemodynamic 
and natriuretic effects of exogenous BNP administration 
were significantly greater than those obtained after similar 
doses of ANP in HF patients. In parallel, plasma levels of 
norepinephrine and aldosterone were suppressed.

In view of its beneficial effects, BNP (nesiritide) was 
approved for the treatment of acute decompensated HF in 
the United States in 2001. However, more recent controlled 
studies have shown that the natriuretic effects of nesiritide 
are minimal in comparison with placebo. Moreover, up to 
one third of patients did not exhibit increased Na+ excretion 
after ANP or BNP infusion.702 A further limitation of nesirit-
ide treatment was dose-related hypotension,701 which 
would be enhanced in combination with other vasodilators, 
such as RAAS inhibitors. Also, nesiritide led to worsening 
renal function in more than 20% of patients, which could 
increase the risk of death as occurs in other situations com-
plicated by renal impairment.702 Finally, in a recently pub-
lished randomized controlled trial comparing nesiritide or 
low-dose dopamine as add-on therapy to intravenous 
furosemide in patients with HF and renal dysfunction, no 
improvement in decongestion or renal function was 
observed with either combination therapy over furosemide 
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are FDA-approved for use in HF) demonstrated normaliza-
tion and maintenance of plasma Na+ levels, decreases in 
body weight and edema, and increases in urine output after 
treatment for up to 60 days. There was subjective improve-
ment in dyspnea in some but not all patients. Similar results 
were reported for tolvaptan in stable class II or III HF.710,711 
In two studies on patients with advanced HF and systolic 
dysfunction who received a single intravenous dose of 
conivaptan or placebo, the active drug modestly reduced 
pulmonary capillary wedge pressure and significantly 
reduced right atrial pressure in comparison with placebo; 
cardiac index, pulmonary arterial pressure, systemic and 
pulmonary vascular resistance, systemic arterial pressure, 
and heart rate were unaffected. Urine output rose and 
osmolarity fell significantly.712,713 However, there was no 
improvement in functional capacity, exercise tolerance, or 
overall quality of life.711

In contrast to the detrimental effects of aggressive therapy 
with loop diuretics on renal function, no significant changes 
in RBF,710 blood urea nitrogen, and creatinine were reported 
after vaptan therapy.462,463 Positive effects were observed, 
regardless of whether LVEF was less or greater than 40%. 
In one trial, tolvaptan, but not fluid restriction, corrected 
hyponatremia.462,463 Two trials examined the effects of 
tolvaptan on survival. In one study, patients treated with 
tolvaptan, and who had an increase in serum Na+ of 
2 mmol/L or more, had half the mortality rate of those with 
no improvement in serum Na+ level 2 months after dis-
charge.714 In contrast, in the other trial, no significant effects 
of the drug, given for 60 days, were seen on survival after 9 
months of follow-up.711

Tolvaptan did not adversely affect cardiac remodeling or 
LVEF after 1 year of treatment in patients receiving optimal, 
evidence-based background therapies for HF (ACEIs, ARBs, 
and β-blockers).715 From these results, it would appear that 
the highly selective V2 receptor blockade of tolvaptan does 
not unmask unopposed V1 receptor–mediated effects under 
the influence of raised AVP levels.

Two trials involving the newer V2 selective lixivaptan have 
been completed. The first (Treatment of Hyponatremia 
Based on Lixivaptan in NYHA Class III/IV Cardiac Patient 
Evaluation [BALANCE]) in decompensated HF was demon-
strated a statistically significant but modest rise in serum 
sodium at day 7 of 2.5 mEq/L versus 1.3 mEq/L in the 
placebo group. However, the trial was terminated early 
owing to an excessive mortality rate in the treatment 
group.716 The second trial showed that lixivaptan, 100 mg 
once daily, when added to standard therapy, reduced body 
weight, improved dyspnea and orthopnea, and was well tol-
erated.717 However, the FDA did not approve its use for these 
indications.718

In view of the impressive diuretic effect of vaptans, there 
is considerable interest in the potential loop diuretic–
sparing effect mentioned previously. To date, this idea has 
been evaluated in one prospective observational and one 
multicenter, randomized, double-blind, placebo-controlled 
study. The observational study of 114 patients with acute 
decompensated HF at high risk for renal functional deterio-
ration showed that tolvaptan use was independently associ-
ated with a 72% reduction in the risk for worsening renal 
function as compared to patients who received furose-
mide.719 In the randomized controlled trial, tolvaptan 

failure of NEP inhibitors include disproportionate increase 
in RAAS and endothelin activity over time, the development 
of tolerance with chronic treatment, and downregulation of 
NP receptors in response to degradation of NEP inhibitors. 
The increased incidence of angioedema with vasopeptidase 
inhibition may result from excessive accumulation of brady-
kinin or inhibition of aminopeptidase P.499

The challenge of preventing angioedema has led to the 
concept of combined ARB-NEP inhibition in which ARBs, 
which do not disrupt bradykinin metabolism, are combined 
with ARBs. Several drugs in this class are at various stages of 
production; the prototype, LCZ696, which provides a 1 : 1 
ratio of a valsartan moiety and a rapidly metabolized prodrug 
form of a NEP inhibitor, was the subject of the recently 
published phase III PARADIGM-HF trial in which LCZ696 
was compared with enalapril in patients who had HF with a 
reduced ejection fraction.709 The trial was stopped early, 
after a median follow-up of 27 months, because of an over-
whelming benefit of LCZ696. The primary outcome, a com-
posite of death from cardiovascular causes or hospitalization 
for heart failure had occurred in 914 patients (21.8%) in 
the LCZ696 group and 1117 patients (26.5%) in the enala-
pril group (hazard ratio in the LCZ696 group, 0.80; P < 
0.001). In addition, LCZ696 led to a significant reduction 
in each of the individual components of the composite 
endpoint as well as a decrease in symptoms and physical 
limitations of heart failure. The LCZ696 group had higher 
proportions of patients with hypotension and nonserious 
angioedema but lower proportions with renal impairment, 
hyperkalemia, and cough than the enalapril group. More-
over, in a separate trial, in patients with HF and preserved 
ejection fraction, therapy with LCZ696 for 36 weeks was 
associated with preservation of eGFR compared with valsar-
tan therapy, although an increase in urine albumen/creati-
nine ratio was observed.709a Clearly, the results of these trials 
have the potential to produce a paradigm shift in the man-
agement of severe HF.

VASOPRESSIN RECEPTOR ANTAGONISTS

The development of AVP receptor antagonists, known col-
lectively as vaptans, has dramatically increased the under-
standing of the contribution of AVP to the alterations in 
renal and cardiac function462,463 and opened the way for 
their therapeutic use in HF. Vaptans are small, orally active, 
nonpeptide molecules that lack agonist effects and display 
high affinity for and specificity to their corresponding 
receptors.462,463 Highly selective and potent antagonists for 
the V1A, V2, and V1B receptor subtypes and mixed V1A/V2 
receptor antagonists are now available.463 V2 receptor–
specific vaptans have been clearly shown to produce hemo-
dynamic improvement with transient decrease in systemic 
vascular resistance, increased cardiac output, and improved 
water diuresis in experimental models of HF and in clinical 
trials.462,463

These clinical trials have amply demonstrated the efficacy 
of vaptans in reversing hyponatremia, hemodynamic distur-
bances, and renal dysfunction in compensated and decom-
pensated HF. In decompensated HF with hyponatremia, 
three randomized controlled trials involving tolvaptan, a V2 
selective receptor antagonist, and one involving conivaptan, 
a non-selective V1A/V2 receptor antagonist (both of which 
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former group includes direct renal vasodilators (e.g., dopa-
mine, fenoldopam, prostaglandins) and antagonists of 
endogenous renal vasoconstrictors (e.g., ACEIs, ARBs, aldo-
sterone antagonists, endothelin antagonists). Systemic vaso-
constrictors are comprised of vasopressin analogues (e.g., 
ornipressin, terlipressin), the somatostatin analogue octreo-
tide, and the α-adrenergic agonists. In addition, the nonos-
motically stimulated rise in plasma AVP levels and resulting 
impaired water excretion and hyponatremia can be poten-
tially reversed by V2 receptor antagonists.

RENAL VASODILATORS AND RENAL 
VASOCONSTRICTOR ANTAGONISTS
Although these agents are theoretically attractive for the 
management of Na+ retention in cirrhosis, none of the studies 
of renal vasodilators have shown improvement in renal per-
fusion or GFR.604 Agents tested included low-dose dopamine, 
the PGE1 analogue misoprostol given orally or intravenously, 
an ET-A antagonist, and RAAS blockade. In general, because 
of adverse effects and lack of benefit, the use of renal vasodi-
lators in HRS has largely been abandoned.576

SYSTEMIC VASOCONSTRICTORS
Systemic vasoconstrictors are the mainstay of pharmacologic 
therapy in HRS by virtue of their predominant action on 
the vasodilated splanchnic circulation without affecting the 
renal circulation. Three groups of vasoconstrictors have 
been studied—vasopressin V1 receptor analogues (e.g., orni-
pressin, terlipressin), somatostatin analogue (octreotide), 
and α-adrenergic agonists.553,576,621

Vasopressin V1 Receptor Analogues

These agents cause marked vasoconstriction through their 
action on the V1 receptors present in the smooth muscle of 
the arterial wall. They are used extensively for the manage-
ment of acute variceal bleeding in patients with cirrhosis 
and portal hypertension. Ornipressin infusion in combina-
tion with volume expansion or low-dose dopamine was asso-
ciated with a remarkable improvement in renal function 
and an increase in RPF, GFR, and Na+ excretion in almost 
half of the treated patients.604 Unfortunately, ornipressin 
had to be abandoned because of significant ischemic adverse 
effects that occurred in almost 30% of treated patients.604

Terlipressin, on the other hand, has favorable effects 
similar to those of ornipressin, without the accompanying 
adverse ischemic reactions. The administration of terlipres-
sin and albumin in type 1 HRS is associated with a significant 
improvement in GFR, increase in arterial pressure, near-
normalization of neurohumoral levels, and reduction of 
serum creatinine level in 34% to 59% of cases.553,576,621 Sur-
vival is also improved over that of historic cases, but it 
remains dismal overall (median survival, 25 to 40 days). In 
nonresponders, who tend to have more severe cirrhosis 
(Child-Pugh score > 13), length of survival is notably 
reduced.553 The rates of response to terlipressin in type 2 
HRS are better than those in type 1, with more than 80% 
survival at 3 months.553,621 Despite HRS relapses in 50% of 
cases, reintroduction of therapy produces a further response. 
However, long-term management of these managements 
with vasoconstrictors is impractical.

From the results of two randomized controlled trials, it is 
now clear that terlipressin alone and the combination of 

monotherapy, compared to furosemide and the combina-
tion of tolvaptan and furosemide in patients with HF and 
systolic dysfunction, reduced body weight without adverse 
changes in serum electrolyte levels. All participants received 
a sodium-restricted diet, ACEIs, and β-blockers.720 These 
encouraging data formed the basis for the recently launched 
Japanese multicenter Clinical Effectiveness of Tolvaptan in 
Patients with Acute Decompensated Heart Failure and 
Renal Failure (AQUAMARINE) Study, in which tolvaptan  
is being compared with standard furosemide therapy in  
HF patients with renal impairment (University Medical 
Information Network [UMIN] clinical trial registry number, 
UMIN000007109).721

The adverse effects of vaptans appear to be relatively few 
and, on the whole, minor. Thirst and dry mouth are not 
unexpected; hypokalemia occurs in fewer than 10% of 
recipients, which favorably compares with loop diuretics. In 
the largest study to date, Efficacy of Vasopressin Antagonism 
in Heart Failure Outcome Study with Tolvaptan (EVEREST), 
involving more than 4000 patients, there was a small but 
significant increase in reported strokes but also a small but 
significant reduction in myocardial infarction rate.457

In summary, AVP receptor antagonists appear to be prom-
ising in the treatment of advanced HF, but many unanswered 
questions remain. These include the potential for long-term 
efficacy, use in volume overload in the setting of preserved 
ejection fraction with a nondilated ventricle, role in possible 
loop diuretic dose sparing, duration of treatment, and dosing 
over the short and long term. Finally, and perhaps most 
important, is the question of whether AVP receptor antago-
nists improve longer term prognosis and reduce the high rate 
of mortality among HF patients who are already receiving 
optimal doses of ACEIs, ARBs, and β-blockers.

SPECIFIC TREATMENTS BASED ON THE 
PATHOPHYSIOLOGY OF SODIUM 
RETENTION IN CIRRHOSIS

The prognosis of type 1 HRS is dismal; the mortality rate is 
as high as 80% in the first 2 weeks, and only 10% of patients 
survive longer than 3 months; therefore, specific aggressive 
therapy in these patients is usually indicated in preparation 
for liver transplantation.553,576,621 Patients with type 2 HRS 
have a better prognosis; the median length of survival is 
approximately 6 months.553,576,621 Aggressive management 
may be considered for these patients, regardless of trans-
plantation candidacy. There are four major therapeutic 
interventions for HRS—pharmacologic therapy, TIPS inser-
tion, renal replacement therapy (RRT), and liver transplan-
tation. The management of precipitating factors is beyond 
the scope of this discussion.

PHARMACOLOGIC TREATMENT

The goals of pharmacologic therapy are to reverse the func-
tional renal failure and prolong survival until suitable can-
didates can undergo liver transplantation. On the basis of 
the pathophysiologic features of renal vasoconstriction 
against a background of systemic and, specifically, splanch-
nic arterial vasodilation, specific treatments consist broadly 
of renal vasodilators and systemic vasoconstrictors. The 
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albumin infusion or midodrine alone had no effect on renal 
function in HRS. However, both agents in combination  
with albumin infusion led to a significant improvement in 
renal function and survival in types 1 and 2 HRS in com-
parison to controls.729-731 However, no effect of this combi-
nation on outcomes of subsequent liver transplantation was 
observed.732A literature review has concluded that the exact 
role of combined octreotide-midodrine therapy in HRS 
management remains to be determined.730

Whether vasopressin analogues or combined therapy with 
octreotide and midodrine are more efficacious in reversing 
HRS remains an open question. Only one small random-
ized, controlled trial553 involving a direct comparison has 
been reported in abstract form. In this study, terlipressin 
plus albumin was significantly more effective than octreo-
tide, midodrine, and albumin, both in terms of improved 
renal function (75% vs. 35%) and complete reversal of HRS 
(54% vs. 11%). On the other hand, 30-day survival was no 
different between the two groups. Finally, norepinephrine 
was compared with terlipressin in the treatment of type 1 
HRS in three randomized controlled trials. Responses to 
both agents were similar in terms of mean arterial pressure 
and renal function. Cumulative survival and adverse event 
rates were not significantly different between the two drugs. 
Norepinephrine is less expensive than terlipressin, but nor-
epinephrine administration requires cardiac monitoring, 
whereas terlipressin does not. Therefore, total costs might 
be similar for the two therapies.553

Two meta-analyses and a Cochrane review of randomized 
controlled trials assessing the effects of vasoconstrictors on 
renal function and outcomes in HRS have been reported. 
In one meta-analysis, any vasoconstrictor with albumin was 
superior to albumin alone or no active treatment, both for 
improvement in renal function and reduced all-cause mor-
tality. A subanalysis of terlipressin trials only showed that 
terlipressin with albumin led to improved renal function 
and resolution of HRS compared with albumin alone.733 In 
the second meta-analysis, terlipressin with albumin was 
better than albumin alone or placebo in terms of improved 
renal function, but not survival.734 In a Cochrane review 
published in 2012,735 the authors concluded that terlipressin 
may reduce mortality and improve renal function in patients 
with type 1 HRS, but were concerned about the strength of 
the evidence to support the intervention for clinical practice 
due to the results of the trial sequential analysis. However, 
the outcome measures assessed were objective, which 
reduced the risk of bias.

VASOPRESSIN V2 RECEPTOR ANTAGONISTS
As noted, hyponatremia, because of the inability to excrete 
a free water load caused by persistent nonosmotic stimula-
tion of AVP, is often seen in advanced cirrhosis with ascites 
and HRS and is a marker of poor prognosis.736 Therefore, 
attaining a water diuresis and reversing hyponatremia 
through the use of V2 receptor antagonists are potentially 
important therapeutic goals. To date, several studies per-
formed in animals and patients with cirrhosis have yielded 
promising results.462,463 Favorable effects on fluid balance 
have been demonstrated for lixivaptan, satavaptan, and 
tolvaptan in comparison with placebo. Two small trials on 
lixivaptan have been published.737 In one, a subgroup analy-
sis of 60 cirrhotic patients, who were included in a general 

terlipressin and albumin are superior to albumin alone in 
improving renal function and reversing HRS type 1.722,723 
However, these relatively small studies were unable to show 
a survival benefit for terlipressin. Attempts to prevent 
relapse of type 2 HRS with midodrine after terlipressin-
induced improvement were also unsuccessful.724 The 
optimum duration of terlipressin therapy is not clear. In 
almost all studies, terlipressin was given until serum creati-
nine levels decreased to less than 1.5 mg/dL or for a 
maximum of 15 days. Whether extending the therapy 
beyond 15 days will add any benefit is unknown. So far, only 
one case series has been reported, in which three patients 
were maintained on terlipressin for 2 months until liver 
transplantation.725 Moreover, the apparent survival advan-
tage of terlipressin, seen in the cohort studies, was unim-
pressive; 80% of patients who did not receive a transplant 
died of their liver disease within 3 months of therapy. A key 
target for predicting prognosis appears to be the response 
in mean arterial pressure at 3 days after combined 
terlipressin-albumin therapy. In a small study, patients whose 
mean arterial pressure rose 10 mm Hg or more from base-
line had less requirement for dialysis and greater incidence 
of liver transplantation than those with smaller responses in 
mean arterial pressure. More importantly, this response was 
associated with better short-term and long-term overall sur-
vival and transplant-free survival.726 The importance of V1 
receptor analogues is underscored by the observation that 
pretransplantation normalization of renal function by this 
therapy in patients with HRS resulted in similar posttrans-
plantation outcomes to those of patients with normal renal 
function who received transplants.727

A somewhat different approach in patients with HRS 
already undergoing living related donor liver transplanta-
tion has recently been reported.728 In this study, 80 recipi-
ents were randomly allocated to receive terlipressin at the 
beginning of surgery at a dose of 3 µg/kg/hr, reduced to 
1.5 µg/kg/hr after reperfusion and continued for 3 postop-
erative days or to a control group. All patients received 
vasoactive agents, as appropriate, and were followed for up 
to 5 days postoperatively. Compared to the control group, 
terlipressin infusion was associated throughout the study 
period with significant increases in mean arterial pressure, 
systemic vascular resistance and renal function, significantly 
decreased heart rate, cardiac output, hepatic and renal arte-
rial resistive indices, portal venous blood flow, and use of 
vasoconstrictor drugs during reperfusion. Further work on 
this novel approach is eagerly awaited.729 To summarize, 
terlipressin and albumin infusion may be appropriate only 
for patients awaiting or already undergoing liver transplan-
tation, and a favorable hemodynamic response is associated 
with a better overall prognosis both before and after liver 
transplantation.

Unfortunately, despite the favorable effects of terlipres-
sin, a major drawback is its unavailability in many countries, 
including the United States and Canada. In these countries, 
the α-agonist, midodrine, is generally used.553

Somatostatin Analogues and α-Adrenergic 
Agonists

Octreotide, which inhibits the release of glucagon and other 
vasodilator peptides, is currently the only available soma-
tostatin analogue. In small cohort studies, octreotide with 
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1. The clinical, biochemical, and neurohumoral parame-
ters, although improved, are not normalized after TIPS 
insertion; thus, other factors in the pathogenetic pathway 
of HRS may remain active.

2. The maximum renal recovery is delayed for up to 2 to 4 
weeks after TIPS insertion, and renal Na+ excretory 
capacity is still subnormal. The cause of this delay and 
the inability to normalize salt excretion are not clear, 
although one possibility is related to the proportion-
ately greater action of TIPS to reduce presinusoidal pres-
sure, as opposed to postsinusoidal and intrasinusoidal 
pressures.

3. Patients with advanced cirrhosis are at risk for worsening 
liver failure, hepatic encephalopathy, or both and are not 
candidates for TIPS insertion.

4. TIPS has the potential for worsening the existing hyper-
dynamic circulation or precipitating acute heart failure 
in at-risk patients; therefore, careful attention to cardiac 
status is mandatory.

5. TIPS is associated with a high incidence of portosys-
temic encephalopathy when used for the treatment of 
refractory ascites. Note that this complication is far less 
frequent when TIPS is used for treating variceal 
hemorrhage.740

Notwithstanding these unsolved issues, there is clearly a 
group of HRS patients for whom TIPS might prolong sur-
vival long enough to enable liver transplantation or, if they 
are not candidates, to remain dialysis-independent. The 
possibility of combination or sequential therapies has also 
been examined in preliminary studies. For example, treat-
ment with octreotide, midodrine, and albumin infusion, 
followed by TIPS insertion, in selected type 1 HRS patients 
with preserved liver function was associated with persistent 
improvements in serum creatinine, RPF, GFR, natriuresis, 
PRA, and aldosterone levels.741 Another group of 11 patients 
with type 2 HRS showed similar improvement after sequen-
tial terlipressin and TIPS insertion. Whether combination 
therapy can preclude the need for liver transplantation or 
significantly improve survival remains to be investigated.

RENAL REPLACEMENT THERAPY

Conventional hemodialysis and continuous RRT have been 
extensively assessed in patients with HRS. The benefits, if 
any, in terms of prolonging survival, are dubious,742 and the 
incidence of morbidity resulting from these therapies is 
high.743 In oliguric patients awaiting liver transplantation 
who do not respond to vasoconstrictors or TIPS and who 
develop diuretic-resistant volume overload, hyperkalemia, 
or intractable metabolic acidosis, RRT may be a reasonable 
option as a bridge to transplantation. In view of the dismal 
prognosis of HRS, especially type 1, decisions for the use of 
RRT in patients who are not transplantation candidates 
should be carefully deliberated on an individual basis.

In contrast to conventional RRT, molecular adsorbent 
recirculating system (MARS) offers the potential advantage 
of removing albumin-bound, water-soluble vasoactive agents, 
toxins, and proinflammatory cytokines. Relevant molecules 
include bile acids, TNF-α, interleukin-6, and nitric oxide, 
which are known to be implicated in the pathogenesis of 
advanced cirrhosis.576 The uniqueness of MARS lies in its 

trial of lixivaptan in dilutional hyponatremia, showed that  
a 200-mg but not a 100-mg dose significantly increased  
the serum Na+ level compared to no change in the 
placebo group. Of patients who received the 200-mg dose, 
50% achieved a normal serum Na+ level (136 mmol/L). 
In the other trial, 33 cirrhotic patients received lixivaptan 
in doses of 50 to 500 mg, with a dose-response effect; 
however, even at the highest dose, the overall response was 
modest (serum Na+ level increased from 125 ± 1 to 132 ± 
1 mmol/L).

Three randomized controlled trials exploring the effects 
of satavaptan, alone or in combination with diuretics, in a 
total of 1200 cirrhotics with uncomplicated or difficult to 
treat ascites have been carried out.463 Satavaptan (5 to 
25 mg) was somewhat more effective than placebo in delay-
ing the onset of ascites and increasing serum Na+ levels, but 
a higher mortality was observed in the group that received 
satavaptan with diuretics, leading to early termination of 
one study. The specific role of satavaptan in the increased 
mortality was uncertain, given that most deaths were due to 
complications of cirrhosis. Tolvaptan compared to placebo 
was used in the SALT-1 and SALT-2 trials and also demon-
strated favorable effects on serum Na+ levels in cirrhotics, 
whereas adverse event rates and mortality were similar in 
both groups. Overall, the effects of vaptans in cirrhotics 
appear to be modest; this phenomenon may be explained 
by avid proximal tubular solute reabsorption leading to 
reduced distal delivery or by V2 receptor–independent path-
ways of water retention.462 Further studies are clearly needed 
to clarify the exact clinical indications for vaptans in the 
treatment of cirrhotics with ascites and hyponatremia.

TRANSJUGULAR INTRAHEPATIC  
PORTOSYSTEMIC SHUNT

The efficacy of TIPS in the reduction of portal venous pres-
sure in patients with cirrhosis and refractory ascites with 
type 1 or 2 HRS has been demonstrated in several small 
cohort studies.553 Significant improvement in renal hemody-
namics, GFR, and vasoconstrictive neurohumoral factors 
were observed in most patients in a study reviewed by Wadei 
and coworkers.604 The rates of survival at 3, 6, 12, and 18 
months were 81%, 71%, 48%, and 35%, respectively, a 
marked improvement in comparison with historical con-
trols.738 Of importance was that among patients who had 
type 1 HRS and treated with TIPS, 10-week survival was 53%, 
a significant improvement over that in historical cases and 
better than that reported after terlipressin and albumin 
infusion.739 Four of seven dialysis-dependent patients were 
able to discontinue this treatment after TIPS insertion. 
Moreover, liver transplantation was performed in two 
patients at 7 months and 2 years, respectively, after TIPS 
insertion, when the medical condition that precluded trans-
plantation had resolved.738

TIPS appears to exert its favorable effects by reducing 
sinusoidal hypertension with suppression of the putative 
hepatorenal reflex (see earlier), improvement of EABV by 
shunting portal venous blood into the systemic circulation, 
or amelioration of cardiac dysfunction.639 Despite the 
encouraging beneficial effects of TIPS on reversal of HRS 
and improvement in patient survival, some unanswered 
questions remain:
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Perhaps surprisingly, duration of dialysis pretransplanta-
tion did not influence renal recovery after transplantation. 
In this regard, the question of combined liver-kidney trans-
plantation becomes critical. Data from the United Network 
for Organ Sharing have shown better rates of 5-year survival 
after liver-kidney transplantation than after liver transplan-
tation alone in patients with pretransplantation serum cre-
atinine levels higher than 2.2 mg/dL, irrespective of dialysis 
requirement. In contrast, single-center results were similar, 
regardless of pretransplantation renal function.749 More 
studies are needed to enable a rational decision to be  
made about who should receive liver-kidney transplants, as 
opposed to liver transplants alone.

The introduction of MELD (Model of End-stage Liver 
Disease) scores for the allocation of livers has increased the 
number of transplantations in patients with impaired renal 
function, but more liver-kidney transplantations are also 
being performed.750 On the other hand, a favorable response 
to vasoactive therapy reduces the MELD score and may lead 
to a paradoxic delay in liver transplantation750 Therefore, 
only pretreatment MELD scores should be used to predict 
potential outcomes of liver transplantation in HRS.553 A 
further paradox is that patients with type 2 HRS have lower 
MELD scores than those with type 1 HRS, resulting in the 
former being ascribed a lower priority for transplantation 
and a longer time on the waiting list for transplantation. 
This delay is associated with higher mortality, despite lower 
MELD scores, especially in the presence of hyponatremia 
and persistent ascites. Therefore, the criteria for donor allo-
cation need to be modified to incorporate these factors into 
the final score for prioritization.553

For a general summary of all aspects of liver transplanta-
tion, the reader is referred to several excellent recent 
reviews.751,752

Complete reference list available at ExpertConsult.com.

KEY REFERENCES
14. Titze J, Dahlmann A, Lerchl K, et al: Spooky sodium balance. 

Kidney Int 85:759–767, 2014.
15. Anand IS: Cardiorenal syndrome: a cardiologist’s perspective of 

pathophysiology. Clin J Am Soc Nephrol 8:1800–1807, 2013.
92. Oliver JA, Verna EC: Afferent mechanisms of sodium retention  

in cirrhosis and hepatorenal syndrome. Kidney Int 77:669–680, 
2010.

181. O’Connor PM, Cowley AW, Jr: Modulation of pressure-natriuresis 
by renal medullary reactive oxygen species and nitric oxide. Curr 
Hypertens Rep 12:86–92, 2010.

243. Welling PA, Chang YP, Delpire E, et al: Multigene kinase network, 
kidney transport, and salt in essential hypertension. Kidney Int 
77:1063–1069, 2010.

266. Stockand JD: Vasopressin regulation of renal sodium excretion. 
Kidney Int 78:849–856, 2010.

277. Johns EJ, Kopp UC, Dibona GF: Neural control of renal function. 
Compr Physiol 1:731–767, 2011.

301. Hyndman KA, Pollock JS: Nitric oxide and the A and B of endo-
thelin of sodium homeostasis. Curr Opin Nephrol Hypertens 22:26–
31, 2013.

384. Nikolaeva S, Pradervand S, Centeno G, et al: The circadian clock 
modulates renal sodium handling. J Am Soc Nephrol 23:1019–1026, 
2012.

385. Rakova N, Juttner K, Dahlmann A, et al: Long-term space flight 
simulation reveals infradian rhythmicity in human Na(+) balance. 
Cell Metab 17:125–131, 2013.

387. Moritz ML: Syndrome of inappropriate antidiuresis and cerebral 
salt wasting syndrome: are they different and does it matter? 
Pediatr Nephrol 27:689–693, 2012.

ability to enable partial recovery of hepatic function and 
provide RRT. Early studies have shown that MARS treatment 
leads to a decrease in renal vascular resistance and improve-
ment in the splenic resistance index, a parameter related to 
portal resistance. The hemodynamic effects were thought to 
be mediated by clearance of vasoactive substances.744 In 
another study, MARS led to significantly reduced bilirubin 
levels, reduced grade of encephalopathy, and decreased 
serum creatinine and increased serum Na+ levels.745 That 
study also demonstrated a survival benefit; the mortality rate 
was reduced from 100% in the control group to 62.5% in 
the MARS-treated patients. At 30 days, 75% of the MARS 
group had survived.745 In a recent uncontrolled study of 32 
patients with type 1 HRS who underwent MARS treatment, 
13 had improved renal function (40%).746 Among these, 9 
(28%) had complete renal recovery. No difference between 
survivors and nonsurvivors was observed in terms of renal 
functional response to MARS. The 28-day survival rate was 
47%. After diagnosis of HRS, 7 patients received a liver 
transplant; of these, 4 had complete or partial recovery after 
transplantation (57%) versus 9 of 25 patients who did not 
undergo liver transplantation (36%) (difference not signifi-
cant).746 Given that all studies to date were small and uncon-
trolled, MARS, like the pharmacologic therapies described 
previously, should at present probably be considered only 
as a bridge to transplantation.

Another novel therapy, known as PROMETHEUS, involves 
fractional plasma separation, which could be combined with 
conventional hemodialysis. However, this has yet to be tested 
in patients with HRS.743

LIVER TRANSPLANTATION

Liver transplantation is the treatment of choice for HRS 
because it offers a cure for the liver disease and renal dys-
function. The outcomes are somewhat worse in transplant 
recipients with HRS than in those without the syndrome 
(3-year survival rates of 60% vs. 70% to 80%), but may be 
improved by the bridging therapies described previously.621 
To date, only small series have been described, and more 
data are needed to confirm the initial favorable reports.

With respect to renal function after transplantation in 
patients with HRS, GFR decreases in the first month as a 
result of the stress of surgery, infections, immunosuppres-
sive therapy, and other factors. Dialysis in the first month is 
required in 35% of patients with HRS, as opposed to only 
5% of patients without HRS. Despite the prompt correction 
of hemodynamic and neurohumoral parameters, GFR 
recovers incompletely to 30 to 40 mL/min at 1 to 2 months, 
and renal functional impairment often persists over the 
long term. Overall, the rate of posttransplantation reversal 
of HRS has been estimated to be no greater than 58%. 
Predictors of renal recovery included younger recipient and 
donor, nonalcoholic liver disease, and low posttransplanta-
tion bilirubin level.747 Combined simultaneous liver and 
kidney transplantation apparently offers no greater benefit 
over liver transplantation alone with respect to posttrans-
plantation kidney function, and dual-organ transplantation 
should be reserved for patients who have end-stage renal 
disease (defined as dialysis dependence for 8 weeks or 
longer pretransplantation) in addition to end-stage hepatic 
disease.576,748
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Disorders of body fluids are among the most commonly 
encountered problems in clinical medicine. This is in large 
part because many different disease states can potentially 
disrupt the finely balanced mechanisms that control the 
intake and output of water and solute. Because body water 
is the primary determinant of the osmolality of the extracel-
lular fluid, disorders of water metabolism can be broadly 
divided into hyperosmolar disorders, in which there is a 
deficiency of body water relative to body solute, and hypo-
osmolar disorders, in which there is an excess of body water 
relative to body solute. Because sodium is the main constitu-
ent of plasma osmolality, these disorders are typically char-
acterized by hypernatremia and hyponatremia, respectively. 
Before discussing specific aspects of these disorders, this 
chapter will first review the regulatory mechanisms underly-
ing water metabolism, which, in concert with sodium metab-
olism, maintains body fluid homeostasis.

BODY FLUIDS: COMPARTMENTALIZATION, 
COMPOSITION, AND TURNOVER

Water constitutes approximately 55% to 65% of body weight, 
varying with age, gender, and amount of body fat, and there-
fore constitutes the largest single constituent of the body. 
Total body water (TBW) is distributed between the intracel-
lular fluid (ICF) and extracellular fluid (ECF) compart-
ments. Estimates of the relative sizes of these two pools 
differ significantly, depending on the tracer used to measure 
the ECF volume, but most studies in animals and humans 
have indicated that 55% to 65% of TBW resides in the ICF 
and 35% to 45% is in the ECF. Approximately 75% of the 
ECF compartment is interstitial fluid and only 25% is intra-
vascular fluid (blood volume).1,2 Figure 16.1 summarizes the 
estimated body fluid spaces of an average weight adult.
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into a compartment with a higher solute concentration until 
a steady state is reached and the osmotic pressures have 
equalized on both sides of the cell membrane.6 An impor-
tant consequence of this thermodynamic law is that the 
volume of distribution of body Na+ and K+ is actually the 
TBW rather than just the ECF or ICF volume, respectively.7 
For example, any increase in ECF sodium concentration 
([Na+]) will cause water to shift from the ICF to ECF until 
the ICF and ECF osmotic pressures are equal, thereby effec-
tively distributing the Na+ across extracellular and intracel-
lular water.

Osmolality is defined as the concentration of all of the 
solutes in a given weight of fluid. The total solute concentra-
tion of a fluid can be determined and expressed in several 
different ways. The most common method is to measure its 
freezing point or vapor pressure because these are colliga-
tive properties of the number of free solute particles in a 
volume of fluid.8 The result is expressed relative to a stan-
dard solution of known concentration using units of osmo-
lality (milliosmoles of solute per kilogram of water, mOsm/
kg H2O), or osmolarity (milliosmoles of solute per liter of 
water, mOsm/L H2O). Plasma osmolality (Posm) can be mea-
sured directly, as described above, or calculated by summing 
the concentrations of the major solutes present in the 
plasma:

P mOsm kg H O plasma Na mEq L
glucose mg dL
BUN m

osm ( ) [ ]( )
( )

(

2 2
18

= ×
+
+

+

gg dL) .2 8

Both methods produce comparable results under most 
conditions (the value obtained using this formula is gener-
ally within 1% to 2% of that obtained by direct osmometry), 
as will simply doubling the plasma [Na+], because sodium 
and its accompanying anions are the predominant solutes 
present in plasma. However, the total osmolality of plasma 
is not always equivalent to the effective osmolality, often 
referred to as the tonicity of the plasma, because the latter 
is a function of the relative solute permeability properties 
of the membranes separating the two compartments. Solutes 
that are impermeable to cell membranes (e.g., Na+, man-
nitol) are restricted to the ECF compartment. They are 
effective solutes because they create osmotic pressure gradi-
ents across cell membranes, leading to the osmotic move-
ment of water from the ICF to ECF compartments. Solutes 
that are permeable to cell membranes (e.g., urea, ethanol, 
methanol) are ineffective solutes because they do not create 
osmotic pressure gradients across cell membranes and 
therefore are not associated with such water shifts.9 Glucose 
is a unique solute because, at normal physiologic plasma 
concentrations, it is taken up by cells via active transport 
mechanisms and therefore acts as an ineffective solute but, 
under conditions of impaired cellular uptake (e.g., insulin 
deficiency), it becomes an effective extracellular solute.10

The importance of this distinction between total and 
effective osmolality is that only the effective solutes in plasma 
are determinants of whether clinically significant hyperos-
molality or hypo-osmolality is present. An example of this is 
uremia; a patient with a blood urea nitrogen (BUN) con-
centration that has increased by 56 mg/dL will have a  
corresponding 20-mOsm/kg H2O elevation in plasma osmo-
lality, but the effective osmolality will remain normal because 
the increased urea is proportionally distributed across the 

The solute composition of the ICF and ECF differs con-
siderably because most cell membranes possess multiple 
transport systems that actively accumulate or expel specific 
solutes. Thus, membrane-bound Na+-K+-ATPase maintains 
Na+ in a primarily extracellular location and K+ in a primar-
ily intracellular location.3 Similar transporters effectively 
result in confining Cl− largely to the ECF, and Mg2+, organic 
acids, and phosphates to the ICF. Glucose, which requires 
an insulin-activated transport system to enter most cells, is 
present in significant amounts only in the ECF because it is 
rapidly converted intracellularly to glycogen or metabolites. 
HCO3

− is present in both compartments but is approxi-
mately three times more concentrated in the ECF. Urea is 
unique among the major naturally occurring solutes in that 
it diffuses freely across most cell membranes4; therefore, it 
is present in similar concentrations in almost all body fluids, 
except in the renal medulla, where it is concentrated by 
urea transporters (see Chapter 10).

Despite very different solute compositions, both the ICF 
and ECF have an equivalent osmotic pressure,5 which is 
a function of the total concentration of all solutes in a  
fluid compartment, because most biologic membranes are 
semipermeable (i.e., freely permeable to water but not to 
aqueous solutes). Thus, water will flow across membranes 

Figure 16.1  Schematic representation of body fluid compartments 
in  humans.  The  shaded areas  depict  the  approximate  size  of  each 
compartment as a function of body weight. The numbers indicate the 
relative sizes of the various fluid compartments and the approximate 
absolute  volumes  of  the  compartments  (in  liters)  in  a  70-kg  adult. 
ECF,  Extracellular  fluid;  ICF,  intracellular  fluid;  ISF,  interstitial  fluid; 
IVF,  intravascular  fluid;  TBW,  total  body  water.  (From Verbalis JG: 
Body water and osmolality. In Wilkinson B, Jamison R, editors: Textbook 
of nephrology, London, 1997, Chapman & Hall, pp 89-94.)

ISF =
3/4 ECF
(10.5 L)

ICF =
2/3 TBW
(28 L)

IVF =
1/4 ECF
(3.5 L)

ECF =
1/3 TBW
(14 L)

TBW =
60% weight
(42 L)
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ingested is determined by influences such as meal-associated 
fluid intake, taste, or psychosocial factors rather than true 
thirst.11

The unregulated component of water excretion occurs via 
insensible water losses from a variety of sources (e.g., cutane-
ous losses from sweating, evaporative losses in exhaled air, 
gastrointestinal losses) as well as the obligate amount of 
water that the kidneys must excrete to eliminate solutes gen-
erated by body metabolism, whereas the regulated compo-
nent of water excretion is comprised of the renal excretion 
of free water in excess of the obligate amount necessary to 
excrete metabolic solutes. Unlike solutes, a relatively large 
proportion of body water is excreted by evaporation from 
skin and lungs. This amount varies markedly, depending on 
several factors, including dress, humidity, temperature, and 
exercise.12 Under the sedentary and temperature-controlled 
indoor conditions typical of modern urban life, daily insen-
sible water loss in healthy adults is minimal, approximately 8 
to 10 mL/kg body weight (BW; ≈0.5 to 0.7 L in a 70-kg adult 
man or woman). However, insensible losses can increase to 
twice this level (20 mL/kg BW) simply under conditions of 
increased activity and temperature and, if environmental 
temperature or activity is even higher, such as in an arid 
environment, the rate of insensible water loss can even 
approximate the maximal rate of free water excretion by the 
kidney.12 Thus, in quantitative terms, insensible loss and the 
factors that influence it can be just as important to body fluid 
homeostasis as regulated urine output.

Another major determinant of unregulated water loss is 
the rate of urine solute excretion, which cannot be reduced 
below a minimal obligatory level required to excrete the 
solute load. The volume of urine required depends not only 
on the solute load, but also on the degree of antidiuresis. 
At a typical basal level of urinary concentration (urine osmo-
lality = 600 mOsm/kg H2O) and a typical solute load of 900 
to 1200 mOsm/day, a 70-kg adult would require a total 
urine volume of 1.5 to 2.0 L (21 to 29 mL/kg BW) to excrete 
the solute load. However, under conditions of maximal 
antidiuresis (urine osmolality = 1200 mOsm/kg H2O), the 
same solute load would require a minimal obligatory urine 
output of only 0.75 to 1.0 L/day and, conversely, a decrease 
in urine concentration to minimal levels (urine osmolality 
= 60 mOsm/kg H2O) would obligate a proportionately 
larger urine volume of 15 to 20 L/day to excrete the same 
solute load.

The above discussion emphasizes that water intake and 
water excretion have very substantial unregulated compo-
nents, and these can vary tremendously as a result of factors 
unrelated to the maintenance of body fluid homeostasis. In 
effect, the regulated components of water metabolism are 
those that act to maintain body fluid homeostasis by com-
pensating for whatever perturbations result from unregu-
lated water losses or gains. Within this framework, the major 
mechanisms responsible for regulating water metabolism 
are pituitary secretion and the renal effects of vasopressin 
and thirst, each of which will be discussed in greater detail 
in the following sections.

VASOPRESSIN SYNTHESIS AND SECRETION

The primary determinant of free water excretion in animals 
and humans is the regulation of urinary water excretion by 

ECF and ICF. In contrast, a patient whose plasma [Na+] has 
increased by 10 mEq/L will also have a 20-mOsm/kg H2O 
elevation of plasma osmolality because the increased cation 
must be balanced by an equivalent increase in plasma 
anions. However, in this case the effective osmolality will also 
be elevated by 20 mOsm/kg H2O because the Na+ and 
accompanying anions will largely remain restricted to the 
ECF due to the relative impermeability of cell membranes 
to Na+ and other ions. Thus, elevations of solutes such as 
urea, unlike elevations of sodium, do not cause cellular 
dehydration and consequently do not activate mechanisms 
that defend body fluid homeostasis by increasing body water 
stores.

Both body water and solutes are in a state of continuous 
exchange with the environment. The magnitude of the 
turnover varies considerably, depending on physical, social, 
and environmental factors, but in healthy adults it averages 
5% to 10% of the total body content each day. For the most 
part, daily intake of water and electrolytes is not determined 
by physiologic requirements but is more a function of 
dietary preferences and cultural influences. Healthy adults 
have an average daily fluid ingestion of approximately 2 to 
3 L, but with considerable individual variation; approxi-
mately one third of this is derived from food or the metabo-
lism of fat and the rest from discretionary ingestion of 
fluids. Similarly, of the 1000 mOsm of solute ingested or 
generated by the metabolism of nutrients each day, nearly 
40% is intrinsic to food, another 35% is added to food as a 
preservative or flavoring, and the rest is mostly urea. In 
contrast to the largely unregulated nature of basal intakes, 
the urinary excretion of water and solute is highly regulated 
to preserve body fluid homeostasis. Thus, under normal 
circumstances, almost all ingested Na+, Cl−, and K+, as well 
as ingested and metabolically generated urea, are excreted 
in the urine under the control of specific regulatory mecha-
nisms. Other ingested solutes, such as divalent minerals, are 
excreted primarily by the gastrointestinal tract. Urinary 
excretion of water is also tightly regulated by the secretion 
and renal effects of arginine vasopressin (AVP; vasopressin, 
antidiuretic hormone), discussed in greater detail in Chap-
ters 10 and 11 and in the following section (“Water 
Metabolism”).

WATER METABOLISM

Water metabolism is responsible for the balance between 
the intake and excretion of water. Each side of this balance 
equation can be considered to consist of a regulated and 
unregulated component, the magnitudes of which can vary 
markedly under different physiologic and pathophysiologic 
conditions. The unregulated component of water intake 
consists of the intrinsic water content of ingested foods, 
consumption of beverages primarily for reasons of palat-
ability or desired secondary effects (e.g., caffeine), or for 
social or habitual reasons (e.g., alcoholic beverages), 
whereas the regulated component of water intake consists 
of fluids consumed in response to a perceived sensation of 
thirst. Studies of middle-aged subjects have shown mean 
fluid intakes of 2.1 L/24 hours, and analyses of the fluids 
consumed have indicated that the vast majority of the fluid 
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circulating levels of AVP in plasma. The renal effects of  
AVP are covered extensively in Chapters 10 and 11. This 
chapter will focus on the regulation of AVP synthesis and 
secretion.

STRUCTURE AND SYNTHESIS
Before AVP was biochemically characterized, early studies 
used the general term antidiuretic hormone (ADH) to describe 
this substance. Now that AVP is known to be the only natu-
rally occurring antidiuretic substance, it is more appropriate 
to refer to it by its correct hormonal designation. AVP is a 
nine–amino acid peptide that is synthesized in the hypo-
thalamus. It is composed of a six–amino acid, ringlike struc-
ture formed by a disulfide bridge, with a three–amino acid 
tail, at the end of which the terminal carboxyl group is 
amidated. Substitution of lysine for arginine in position 8 
yields lysine vasopressin, the antidiuretic hormone found in 
pigs and other members of the suborder Suina. Substitution 
of isoleucine for phenylalanine at position 3 and of leucine 
for arginine at position 8 yields oxytocin (OT), a hormone 
found in all mammals and in many submammalian species.13 
OT has weak antidiuretic activity14 but is a potent constrictor 
of smooth muscle in mammary glands and uterus. As 
implied by their names, arginine and lysine vasopressin also 
cause constriction of blood vessels, which was the property 
that lead to their original discovery in the late nineteenth 
century,15 but this pressor effect occurs only at concentra-
tions many times higher than those required to produce 
antidiuresis. This is probably of little physiologic or patho-
logic importance in humans except under conditions of 
severe hypotension and hypovolemia, where it acts to sup-
plement the vasoconstrictive actions of angiotensin II (Ang 
II) and the sympathetic nervous system.16 The multiple 
actions of AVP are mediated by different G protein–coupled 
receptors, designated V1a, V1b, and V2

17 (see Chapter 11).
AVP and OT are produced by the neurohypophysis, often 

referred to as the posterior pituitary gland, because the 
neural lobe is located centrally and posterior to the adeno-
hypophysis, or anterior pituitary gland, in the sella turcica. 
However, it is important to understand that the posterior 
pituitary gland consists only of the distal axons of the mag-
nocellular neurons that comprise the neurohypophysis. The 
cell bodies of these axons are located in specialized (mag-
nocellular) neural cells located in two discrete areas of the 
hypothalamus, the paired supraoptic nuclei (SON) and 
paraventricular nuclei (PVN; Figure 16.2). In adults, the 
posterior pituitary is connected to the brain by a short stalk 
through the diaphragm sellae. The neurohypophysis is sup-
plied with blood by branches of the superior and inferior 
hypophysial arteries, which arise from the posterior com-
municating and intracavernous portion of the internal 
carotid artery. In the posterior pituitary, the arterioles break 
up into localized capillary networks that drain directly into 
the jugular vein via the sellar, cavernous, and lateral venous 
sinuses. Many of the neurosecretory neurons that terminate 
higher in the infundibulum and median eminence origi-
nate in parvicellular neurons in the PVN; they are function-
ally distinct from the magnocellular neurons that terminate 
in the posterior pituitary because they primarily enhance 
secretion of adrenocorticotropic hormone (ACTH) from 
the anterior pituitary. AVP-containing neurons also project 
from parvicellular neurons of the PVN to other areas of the 

brain, including the limbic system, nucleus tractus solitarius, 
and lateral gray matter of the spinal cord. The full extent 
of the functions of these extrahypophysial projections are 
still under study.

The genes encoding the AVP and OT precursors are 
located in close proximity on chromosome 20, but are 
expressed in mutually exclusive populations of neurohy-
pophyseal neurons.18 The AVP gene consists of approxi-
mately 2000 base pairs and contains three exons separated 
by two intervening sequences (Figure 16.3). Each exon 
encodes one of the three functional domains of the prepro-
hormone, although small parts of the nonconserved 
sequences of neurophysin are located in the first and third 
exons that code for AVP and the C-terminal glycoprotein, 
called copeptin, respectively. The untranslated 5′-flanking 
region, which regulates expression of the gene, shows exten-
sive sequence homology across several species but is mark-
edly different from the otherwise closely related gene  
for OT. This promoter region of the AVP gene in the rat 
contains several putative regulatory elements, including a 
glucocorticoid response element, cyclic adenosine mono-
phosphate (cAMP) response element, and four activating 
protein-2 (AP-2) binding sites.19 Experimental studies have 
suggested that the DNA sequences between the AVP and OT 
genes, the intergenic region, may contain critical sites for 
cell-specific expression of these two hormones.20

The gene for AVP is also expressed in a number of other 
neurons, including but not limited to the parvicellular 
neurons of the PVN and SON. AVP and OT genes are also 
expressed in several peripheral tissues, including the adrenal 
medulla, ovary, testis, thymus, and certain sensory ganglia.21 
However, the AVP mRNA in these tissues appears to be 
shorter (620 bases) than its hypothalamic counterpart (720 
bases), apparently because of tissue-specific differences in 
the length of the polyA tails. More importantly, the levels of 
AVP in peripheral tissues are generally two or three orders 
of magnitude lower than in the neurohypophysis, suggest-
ing that AVP in these tissues likely has paracrine rather than 
endocrine functions. This is consistent with the observation 
that destruction of the neurohypophysis essentially elimi-
nates AVP from the plasma, despite the presence of these 
multiple peripheral sites of AVP synthesis.

Secretion of AVP and its associated neurophysin and 
copeptin peptide fragments occurs by a calcium-dependent 
exocytotic process, similar to that described for other neu-
rosecretory systems. Secretion is triggered by propagation 
of an electrical impulse along the axon that causes depolar-
ization of the cell membrane, an influx of Ca2+, fusion of 
secretory granules with the cell membrane, and extrusion 
of their contents. This view is supported by the observation 
that AVP, neurophysin, and the glycoprotein copeptin are 
released simultaneously by many stimuli.22 However, at the 
physiologic pH of plasma, there is no binding of AVP or OT 
to their respective neurophysins so, after secretion, each 
peptide circulates independently in the bloodstream.23

Stimuli for secretion of AVP or OT also stimulate tran-
scription and increase the mRNA content of both prohor-
mones in the magnocellular neurons. This has been well 
documented in rats, in which dehydration, which stimulates 
secretion of AVP, accelerates transcription and increases the 
levels of AVP (and OT) mRNA,24,25 and hypo-osmolality, 
which inhibits the secretion of AVP, produces a decrease in 
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OSMOTIC REGULATION
AVP secretion is influenced by many different stimuli, but 
since the pioneering studies of ADH secretion by Ernest 
Basil Verney, it has been clear that the most important stim-
ulus under physiologic conditions is the osmotic pressure of 
plasma. With further refinement of radioimmunoassays for 
AVP, the unique sensitivity of this hormone to small changes 
in osmolality, as well as the corresponding sensitivity of the 
kidney to small changes in plasma AVP levels, have become 
apparent. Although the magnocellular neurons themselves 
have been found to have intrinsic osmoreceptive proper-
ties,28 research over the last several decades has clearly 
shown that the most sensitive osmoreceptive cells that can 
sense small changes in plasma osmolality and transduce 
these changes into AVP secretion are located in the anterior 
hypothalamus, likely in or near the circumventricular organ 

the content of AVP mRNA.26 These and other studies have 
indicated that the major control of AVP synthesis most likely 
resides at the level of transcription.27

Antidiuresis occurs via interaction of the circulating 
hormone with AVP V2 receptors in the kidney, which results 
in increased water permeability of the collecting duct 
through the insertion of the aquaporin-2 (AQP2) water 
channel into the apical membranes of collecting tubule 
principal cells (see Chapter 10). The importance of AVP for 
maintaining water balance is underscored by the fact that 
the normal pituitary stores of this hormone are very large, 
allowing more than 1 week’s supply of hormone for maximal 
antidiuresis under conditions of sustained dehydration.27 
Knowledge of the different conditions that stimulate pitu-
itary AVP release in humans is therefore essential for under-
standing water metabolism.

Figure 16.2  Summary of the main anterior hypothalamic pathways that mediate secretion of arginine vasopressin (AVP) and oxytocin (OT). 
The vascular organ of the lamina terminalis (OVLT) is especially sensitive to hyperosmolality. Hyperosmolality also activates other neurons in 
the anterior hypothalamus, such as  those  in  the subfornical organ  (SFO) and median preoptic nucleus  (MnPO), and magnocellular neurons, 
which are intrinsically osmosensitive. Circulating angiotensin II (Ang II) activates neurons of the SFO, an essential site of Ang II action, as well 
as cells throughout the lamina terminalis and MnPO. In response to hyperosmolality or Ang II, projections from the SFO and OVLT to the MnPO 
activate excitatory and inhibitory interneurons that project to the supraoptic nucleus (SON) and paraventricular nucleus (PVN) to modulate direct 
inputs to these areas from the circumventricular organs. Cholecystokinin (CCK) acts primarily on gastric vagal afferents that terminate in the 
nucleus of the solitary tract (NST) but, at higher doses, it can also act at the area postrema (AP). Although neurons are apparently activated 
in  the ventrolateral medulla  (VLM) and NST, most neurohypophyseal secretion appears  to be stimulated by monosynaptic projections  from 
A2-C2 cells, and possibly also noncatecholaminergic somatostatin-inhibin B cells, of the NST. Baroreceptor-mediated stimuli, such as hypovo-
lemia and hypotension, are more complex. The major projection to magnocellular AVP neurons appears to arise from A1 cells of the VLM that 
are  activated by excitatory  interneurons  from  the NST. Other  areas,  such as  the parabrachial  nucleus  (PBN), may contribute multisynaptic 
projections. Cranial nerves  IX and X, which terminate  in  the NST, also contribute  input  to magnocellular AVP neurons.  It  is unclear whether 
baroreceptor-mediated secretion of oxytocin results from projections from VLM neurons or from NST neurons. AC, Anterior commissure; OC, 
optic chiasm; PIT, anterior pituitary.  (From Stricker EM, Verbalis JG: Water intake and body fluids. In Squire LR, Bloom FE, McConnell SK, et al, 
editors: Fundamental neuroscience, San Diego, 2003, Academic Press, pp 1011-1029.)
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from 2 to 5 pg/mL, thereby magnifying the physiologic 
effects of small changes in lower plasma AVP levels. Further-
more, the rapid response of AVP secretion to changes in 
plasma osmolality, coupled with the short half-life of AVP in 
human plasma (10 to 20 minutes), allows the kidneys to 
respond to changes in plasma osmolality on a minute-to-
minute basis. The net result is a finely tuned osmoregulatory 
system that adjusts the rate of free water excretion accu-
rately to the ambient plasma osmolality, primarily via 
changes in pituitary AVP secretion.

The set point of the osmoregulatory system also varies 
from person to person. In healthy adults, the osmotic 
threshold for AVP secretion ranges from 275 to 290 mOsm/

termed the organum vasculosum of the lamina terminalis 
(OVLT; see Figure 16.2).29 Perhaps the strongest evidence 
for location of the primary osmoreceptors in this area of the 
brain are the multiple studies that have demonstrated that 
destruction of this area disrupts osmotically stimulated AVP 
secretion and thirst, without affecting the neurohypophysis 
or its response to nonosmotic stimuli.30,31

Although some debate still exists with regard to the exact 
pattern of osmotically stimulated AVP secretion, most 
studies to date have supported the concept of a discrete 
osmotic threshold for AVP secretion, above which there is a 
linear relationship between plasma osmolality and AVP 
levels (Figure 16.4).32 At plasma osmolalities below a thresh-
old level, AVP secretion is suppressed to low or undetectable 
levels; above this point, AVP secretion increases linearly in 
direct proportion to plasma osmolality. The slope of the 
regression line relating AVP secretion to plasma osmolality 
can vary significantly across individual human subjects, in 
part because of genetic factors,33 but also in relation to other 
factors. In general, each 1-mOsm/kg H2O increase in 
plasma osmolality causes an increase in the plasma AVP 
level, ranging from 0.4 to 1.0 pg/mL. The renal response 
to circulating AVP is similarly linear, with urinary concentra-
tion that is directly proportional to AVP levels from 0.5 to 4 
to 5 pg/mL, after which urinary osmolality is maximal and 
cannot increase further, despite additional increases in AVP 
levels (Figure 16.5). Thus, changes of as little as 1% in 
plasma osmolality are sufficient to cause significant increases 
in plasma AVP levels, with proportional increases in urine 
concentration, and maximal antidiuresis is achieved after 
increases in plasma osmolality of only 5 to 10 mOsm/kg 
H2O (2% to 4%) above the threshold for AVP secretion.

However, even this analysis underestimates the sensitivity 
of this system to regulate free water excretion. Urinary 
osmolality is directly proportional to plasma AVP levels as a 
consequence of the fall in urine flow induced by the AVP, 
but urine volume is inversely related to urine osmolality (see 
Figure 16.5). An increase in plasma AVP concentration from 
0.5 to 2 pg/mL has a much greater relative effect to decrease 
urine flow than a subsequent increase in AVP concentration 

Figure 16.3  The arginine vasopressin (AVP) gene and its protein products. The three exons encode a 145-amino acid prohormone with an 
NH2-terminal signal peptide. The prohormone is packaged into neurosecretory granules of magnocellular neurons. During axonal transport of 
the  granules  from  the  hypothalamus  to  the  posterior  pituitary,  enzymatic  cleavage  of  the  prohormone  generates  the  final  products—AVP, 
neurophysin, and a COOH-terminal glycoprotein. When afferent stimulation depolarizes the AVP-containing neurons,  the three products are 
released into capillaries of the posterior pituitary. (Adapted from Richter D, Schmale H: The structure of the precursor to arginine vasopressin, a 
model preprohormone. Prog Brain Res 60:227-233, 1983.)
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Figure 16.4  Comparative  sensitivity of AVP secretion  in  response 
to increases in plasma osmolality versus decreases in blood volume 
or  blood  pressure  in  human  subjects.  The  arrow  indicates  the  low 
plasma AVP concentrations found at basal plasma osmolality. Note 
that AVP secretion is much more sensitive to small changes in blood 
osmolality  than  to  changes  in  volume  or  pressure.  (Adapted from 
Robertson GL: Posterior pituitary. In Felig P, Baxter J, Frohman LA, 
editors: Endocrinology and metabolism, New York, 1986, McGraw Hill, 
pp 338-386.)
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Figure 16.5  Relationship  of  plasma  osmolality,  plasma  AVP  concentrations,  urine  osmolality,  and  urine  volume  in  humans.  The  osmotic 
threshold for AVP secretion defines the point at which urine concentration begins to increase, but the osmotic threshold for thirst is significantly 
higher and approximates the point at which maximal urine concentration has already been achieved. Note also that because of  the  inverse 
relation between urine osmolality and urine volume, changes in plasma AVP concentrations have much larger effects on urine volume at low 
plasma AVP concentrations than at high plasma AVP concentrations. (Adapted from Robinson AG: Disorders of antidiuretic hormone secretion. 
J Clin Endocrinol Metab 14:55-88, 1985.)
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kg H2O (averaging ≈280 to 285 mOsm/kg H2O). Similar to 
sensitivity, individual differences in the set point of the 
osmoregulatory system are relatively constant over time and 
appear to be genetically determined.33 However, multiple 
factors can alter the sensitivity and/or set point of the osmo-
regulatory system for AVP secretion, in addition to genetic 
influences.33 Foremost among these are acute changes in 
blood pressure, effective blood volume, or both (discussed 
in the following section). Aging has been found to increase 
the sensitivity of the osmoregulatory system in multiple 
studies.34,35 Metabolic factors, such as serum Ca2+ levels 
and various drugs, can alter the slope of the plasma  
AVP-osmolality relationship as well.36 Lesser degrees of shift-
ing of the osmosensitivity and set point for AVP secretion 
have been noted with alterations in gonadal hormones. 
Some studies have found increased osmosensitivity in 
women, particularly during the luteal phase of the men-
strual cycle,37 and in estrogen-treated men,38 but these 
effects were relatively minor, and others have found no 
significant gender differences.33 The set point of the osmo-
regulatory system is reduced more dramatically and 

reproducibly during pregnancy.39 Evidence has suggested 
the possible involvement of the placental hormone relaxin,40 
rather than gonadal steroids or human chorionic gonado-
tropin hormone in pregnancy-associated resetting of the 
osmostat for AVP secretion. Both the changes in volume and 
in osmolality have been reproduced by infusion of relaxin 
into virgin female and normal rats and reversed in pregnant 
rats by immunoneutralization of relaxin.41 Increased nitric 
oxide (NO) production by relaxin has been reported to 
increase vasodilatation, and estrogens also increase NO  
synthesis.42 That multiple factors can influence the set 
point and sensitivity of osmotically regulated AVP secretion 
is not surprising because AVP secretion reflects a balance  
of bimodal inputs—inhibitory and stimulatory43—from mul-
tiple different afferent inputs to the neurohypophysis 
(Figure 16.6).44

Understanding the osmoregulatory mechanism also 
requires addressing the observation that AVP secretion is 
not equally sensitive to all plasma solutes. Sodium and its 
anions, which normally contribute more than 95% of the 
osmotic pressure of plasma, are the most potent solutes in 
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Ang II, and dopamine.47 Studies have supported a potential 
role for all of these and others in the regulation of AVP 
secretion, as has local secretion of AVP into the hypothala-
mus from dendrites of the AVP-secreting neurons.48 
Although it remains unclear which of these are involved in 
the normal physiologic control of AVP secretion, in view of 
the likelihood that the osmoregulatory system is bimodal 
and integrated with multiple different afferent pathways 
(see Figure 16.6), it seems likely that magnocellular AVP 
neurons are influenced by a very complex mixture of neu-
rotransmitter systems, rather than only a few.

Exactly how cells sense volume changes is a critical step 
for all the mechanisms activated to achieve osmoregulation. 
Some of the most exciting new data have come from studies 
of brain osmoreceptors.29 The cellular osmosensing mecha-
nism used by the OVLT cells is an intrinsic depolarizing 
receptor potential. This potential is generated in these cells 
via a molecular transduction complex. Studies have sug-
gested that this likely includes members of the transient 
receptor potential vanilloid (TRPV) family of cation channel 
proteins. These channels are generally activated by cell 
membrane stretch to cause a nonselective conductance of 
cations, with a preference for Ca2+. Multiple studies have 
characterized various members of the TRPV family as cel-
lular mechanoreceptors in different tissues.49 Both in vitro 
and in vivo studies of the TRPV family of cation channel 
proteins has provided evidence supporting the roles of 
TRPV1, TRPV2, and TRPV4 proteins in the transduction of 
osmotic stimuli in mammals that are important for sensing 
cell volume.50 Moreover, genetic variation in the TRPV4 
gene affects TRPV4 function and may influence water 
balance on a population-wide basis.51 The details of exactly 
how and where various members of the TRPV family of 
cation channel proteins participate in osmoregulation in 
different species remains to be ascertained by additional 
studies. However, a strong case can already be made for 
their involvement in the transduction of osmotic stimuli in 
the neural cells in the OVLT and surrounding hypothala-
mus that regulate osmotic homeostasis, which appears to 
have been highly conserved throughout evolution.50

NONOSMOTIC REGULATION
Hemodynamic Stimuli

Not surprisingly, hypovolemia also is a potent stimulus  
for AVP secretion in humans32,52 because an appropriate 
response to volume depletion should include renal water 
conservation. In humans and many animal species, lowering 
blood pressure suddenly by any of several methods increases 
plasma AVP levels by an amount that is proportional to the 
degree of hypotension achieved.32,53 This stimulus-response 
relationship follows an exponential pattern, so that small 
reductions in blood pressure, of the order of 5% to 10%, 
usually have little effect on plasma AVP levels, whereas blood 
pressure decreases of 20% to 30% result in hormone levels 
many times higher than those required to produce maximal 
antidiuresis (see Figure 16.4). The AVP response to acute 
reductions in blood volume appears to be quantitatively and 
qualitatively similar to the response to blood pressure. In 
rats, plasma AVP increases as an exponential function of the 
degree of hypovolemia. Thus, little increase in plasma AVP 
can be detected until blood volume falls by 5% to 8%; 

terms of their capacity to stimulate AVP secretion and thirst, 
although certain sugars such as mannitol and sucrose are 
also equally effective when infused intravenously.9 In con-
trast, increases in plasma osmolality caused by noneffective 
solutes such as urea or glucose result in little or no increase 
in plasma AVP levels in humans or animals.9,45 These differ-
ences in response to various plasma solutes are independent 
of any recognized nonosmotic influence, indicating that 
they are a property of the osmoregulatory mechanism itself. 
According to current concepts, the osmoreceptor neuron is 
stimulated by osmotically induced changes in its water 
content. In this case, the stimulatory potency of any given 
solute would be an inverse function of the rate at which it 
moves from the plasma to the inside of the osmoreceptor 
neuron. Solutes that penetrate slowly, or not at all, create 
an osmotic gradient that causes an efflux of water from the 
osmoreceptor, and the resultant shrinkage of the osmore-
ceptor neuron activates a stretch-inactivated, noncationic 
channel that initiates depolarization and firing of the 
neuron.46 Conversely, solutes that penetrate the cell readily 
create no gradient and thus have no effect on the water 
content and cell volume of the osmoreceptors. This mecha-
nism agrees well with the observed relationship between the 
effect of certain solutes on AVP secretion, such as Na+, man-
nitol, and glucose, and the rate at which they penetrate the 
blood-brain barrier.29

Many neurotransmitters have been implicated in medi-
ating the actions of the osmoreceptors on the neurohy-
pophysis. The supraoptic nucleus is richly innervated by 
multiple pathways, including acetylcholine, catecholamines, 
glutamate, γ-aminobutyric acid (GABA), histamine, opioids, 

Figure 16.6  Schematic model of the regulatory control of the neuro-
hypophysis. The secretory activity of individual magnocellular neurons 
is  determined  by  an  integration  of  the  activities  of  excitatory  and 
inhibitory osmotic and nonosmotic afferent inputs. Superimposed on 
this are the effects of hormones and drugs, which can act at multiple 
levels to modulate the output of the system. OVLT, Organum vascu-
losum  of  the  lamina  terminalis;  PVN,  paraventricular  nucleus;  SFO, 
subfornical  organ;  SON,  supraoptic  nucleus;  VMN,  ventromedial 
nucleus.  (Adapted from Verbalis JG: Osmotic inhibition of neurohy-
pophyseal secretion. Ann N Y Acad Sci 689:227-233, 1983.)
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continues to respond appropriately to small changes in 
plasma osmolality and can still be fully suppressed if the 
osmolality falls below the new (lower) set point. The reten-
tion of the threshold function is a vital aspect of the interac-
tion because it ensures that the capability to regulate the 
osmolality of body fluids is not lost, even in the presence of 
significant hypovolemia or hypotension. Consequently, it is 
reasonable to conclude that the major effect of moderate 
degrees of hypovolemia on AVP secretion and thirst is to 
modulate the gain of the osmoregulatory responses, with 
direct effects on thirst and AVP secretion occurring only 
during more severe degrees of hypovolemia (e.g., >10% to 
20% reduction in blood pressure or volume).

These hemodynamic influences on AVP secretion are 
mediated, at least in part, by neural pathways that originate 
in stretch-sensitive receptors, generally termed baroreceptors, 
in the cardiac atria, aorta, and carotid sinus (see Figure 16.2; 
reviewed in detail in Chapter 15). Afferent nerve fibers from 
these receptors ascend in the vagus and glossopharyngeal 
nerves to the nuclei of the tractus solitarius (NTS) in the 
brainstem.60 A variety of postsynaptic pathways from the 
NTS then project, directly and indirectly via the ventrolat-
eral medulla and lateral parabrachial nucleus, to the PVN 
and SON in the hypothalamus.61 Early studies suggested that 
the input from these pathways was predominantly inhibitory 
under basal conditions because interrupting them acutely 
resulted in large increases in plasma AVP levels as well as  
in arterial blood pressure.62 However, as for most neural 
systems, including the neurohypophysis, innervation is 
complex and consists of excitatory and inhibitory inputs. 
Consequently, different effects have been observed under 
different experimental conditions.

The baroreceptor mechanism also appears to mediate a 
large number of pharmacologic and pathologic effects on 
AVP secretion (Table 16.1). Among them are diuretics, iso-
proterenol, nicotine, prostaglandins, nitroprusside, trimeth-
aphan, histamine, morphine, and bradykinin, all of which 
stimulate AVP, at least in part by lowering blood volume or 
pressure,52 and norepinephrine, which suppresses AVP by 
raising blood pressure.63 In addition, an upright posture, 
sodium depletion, congestive heart failure, cirrhosis, and 
nephrosis likely stimulate AVP secretion by reducing the 
effective circulating blood volume.64,65 Symptomatic ortho-
static hypotension, vasovagal reactions, and other forms of 
syncope stimulate AVP secretion more markedly via greater 
and more acute decreases in blood pressure, with the excep-
tion of orthostatic hypotension associated with loss of affer-
ent baroregulatory function.66 Almost every hormone, drug, 
or condition that affects blood volume or pressure will also 
affect AVP secretion but, in most cases, the degree of change 
of blood pressure or volume is modest and will result in a 
shift of the set point and/or sensitivity of the osmoregula-
tory response, rather than marked stimulation of AVP secre-
tion (see Figure 16.7).

Drinking

Peripheral neural sensors other than baroreceptors also can 
affect AVP secretion. In humans, as well as dogs, drinking 
lowers plasma AVP before there is any appreciable decrease 
in plasma osmolality or serum [Na+]. This is clearly a 
response to the act of drinking itself because it occurs inde-
pendently of the composition of the fluid ingested,67,68 

beyond that point, plasma AVP increases at an exponential 
rate in relation to the degree of hypovolemia and usually 
reaches levels 20 to 30 times normal when blood volume is 
reduced by 20% to 40%.54,55 The volume-AVP relationship 
has not been as thoroughly characterized in other species, 
but it appears to follow a similar pattern to that in humans.56 
Conversely, acute increases in blood volume or pressure 
suppress AVP secretion. This response has been character-
ized less well than that of hypotension or hypovolemia, but 
seems to have a similar quantitative relationship (i.e., rela-
tively large changes, ≈10% to 15%, are required to alter 
hormone secretion appreciably).57

The minimal-to-absent effect of small changes in blood 
volume and pressure on AVP secretion contrasts sharply 
with the extraordinary sensitivity of the osmoregulatory 
system (see Figure 16.4). Recognition of this difference is 
essential for understanding the relative contribution of each 
system to control AVP secretion under physiologic and 
pathologic conditions. Because daily variations of total body 
water rarely exceed 2% to 3%, their effect on AVP secretion 
must be mediated largely, if not exclusively, by the osmo-
regulatory system. Nonetheless, modest changes in blood 
volume and pressure do, in fact, influence AVP secretion 
indirectly, even though they are weak stimuli by themselves. 
This occurs via shifting the sensitivity of AVP secretion to 
osmotic stimuli so that a given increase in osmolality will 
cause a greater secretion of AVP during hypovolemic condi-
tions than during euvolemic states (Figure 16.7).58,59 In the 
presence of a negative hemodynamic stimulus, plasma AVP 

Figure 16.7  The relationship between the osmolality of plasma and 
concentration of AVP in plasma is modulated by blood volume and 
pressure. The line labeled N shows plasma AVP concentration across 
a  range  of  plasma  osmolality  in  an  adult  with  normal  intravascular 
volume  (euvolemic) and normal blood pressure  (normotensive). The 
lines  to  the  left  of  N  show  the  relationship  between  plasma  AVP 
concentration and plasma osmolality in adults whose low intravascu-
lar  volume  (hypovolemia)  or  blood  pressure  (hypotension)  is  10%, 
15%, and 20% below normal. Lines to the right of N indicate volumes 
and blood pressures 10%, 15%, and 20% above normal. Note that 
hemodynamic  influences do not disrupt  the osmoregulation of AVP 
but rather raise or lower the set point, and possibly also the sensitiv-
ity, of AVP secretion in proportion to the magnitude of the change in 
blood  volume  or  pressure.  (Adapted from Robertson GL, Athar S, 
Shelton RL: Osmotic control of vasopressin function. In Andreoli TE, 
Grantham JJ, Rector FC, Jr, editors: Disturbances in body fluid osmolal-
ity, Bethesda, Md, 1977, American Physiological Society, pp 125.)
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Nausea

Among other nonosmotic stimuli to AVP secretion in 
humans, nausea is the most prominent. The sensation of 
nausea, with or without vomiting, is the most potent stimu-
lus to AVP secretion known in humans. Although 20% 
increases in osmolality will typically elevate plasma AVP 
levels to the range of 5 to 20 pg/mL, and 20% decreases in 
blood pressure to 10 to 100 pg/mL, nausea has been 
described to cause AVP elevations in excess of 200 to 400 pg/
mL.70 The pathway mediating this effect has been mapped 
to the chemoreceptor zone in the area postrema of the 
brainstem in animal studies (see Figure 16.2). It can be 
activated by a variety of drugs and conditions, including 
apomorphine, morphine, nicotine, alcohol, and motion 
sickness. Its effect on AVP is instantaneous and extremely 
potent (Figure 16.8), even when the nausea is transient and 
not accompanied by vomiting or changes in blood pressure. 
Pretreatment with fluphenazine, haloperidol, or prometha-
zine in doses sufficient to prevent nausea completely abol-
ishes the AVP response. The inhibitory effect of these 
dopamine antagonists is specific for emetic stimuli because 
they do not alter the AVP response to osmotic and hemody-
namic stimuli. Water loading blunts, but does not abolish, 
the effect of nausea on AVP release, suggesting that osmotic 
and emetic influences interact in a manner similar to that 
for osmotic and hemodynamic pathways. Species differ-
ences also affect emetic stimuli. Whereas dogs and cats 
appear to be even more sensitive than humans to emetic 
stimulation of AVP release, rodents have little or no AVP 
response but release large amounts of OT instead.71

Figure 16.8  Effect of nausea on AVP secretion. Apomorphine (APO) was injected at the point indicated by the vertical arrow. Note that the 
rise in plasma AVP coincided with the occurrence of nausea and was not associated with detectable changes in plasma osmolality or blood 
pressure. PRA, Plasma  renin activity.  (Adapted from Robertson GL: The regulation of vasopressin function in health and disease. Recent Prog 
Horm Res 33:333-385, 1977.)
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Table 16.1 Drugs and Hormones That Affect 
Vasopressin Secretion

Stimulatory Inhibitory

Acetylcholine
Nicotine
Apomorphine
Morphine (high doses)
Epinephrine
Isoproterenol
Histamine
Bradykinin
Prostaglandin
β-Endorphin
Cyclophosphamide IV
Vincristine
Insulin
2-Deoxyglucose
Angiotensin II
Lithium
Corticotropin-releasing factor
Naloxone
Cholecystokinin

Norepinephrine
Fluphenazine
Haloperidol
Promethazine
Oxilorphan
Butorphanol
Opioid agonists
Morphine (low doses)
Ethanol
Carbamazepine
Glucocorticoids
Clonidine
Muscimol
Phencyclidine
Phenytoin

although it may be influenced by the temperature of the 
fluid because the degree of suppression appears to be 
greater in response to colder fluids.69 The pathways respon-
sible for this effect have not been delineated, but likely 
include sensory afferents originating in the oropharynx and 
transmitted centrally via the glossopharyngeal nerve.
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some investigators to demonstrate stimulation of thirst  
by exogenous angiotensin. However, this procedure may 
underestimate the physiologic effects of angiotensin because 
the increased blood pressure caused by exogenously admin-
istered Ang II appears to blunt the thirst induced via activa-
tion of inhibitory baroreceptive pathways.80

Stress

Nonspecific stress caused by factors such as pain, emotion, 
or physical exercise has long been thought to cause  
AVP secretion, but it has never been determined whether 
this effect is mediated by a specific pathway or is secondary 
to the hypotension or nausea that often accompanies  
stress-induced vasovagal reactions. In rats81 and humans,82 a 
variety of noxious stimuli capable of activating the pituitary-
adrenal axis and sympathetic nervous system do not  
stimulate AVP secretion unless they also lower blood pres-
sure or alter blood volume. The marked rise in plasma  
AVP levels elicited by manipulation of the abdominal viscera 
in anesthetized dogs has been attributed to nociceptive 
influences,83 but mediation by emetic pathways cannot 
be excluded in this setting. Endotoxin-induced fever stimu-
lates AVP secretion in rats, and studies have supported  
the possible mediation of this effect by circulating cyto-
kines, such as interleukin-1 (IL-1) and IL-6.84 Clarification 
of the possible role of nociceptive and thermal influences 
on AVP secretion is particularly important in view of the 
frequency with which painful or febrile illnesses are associ-
ated with osmotically inappropriate secretion of antidiurec-
tic hormone.

Hypoxia and Hypercapnia

Acute hypoxia and hypercapnia also stimulate AVP secre-
tion.85,86 In conscious humans, however, the stimulatory 
effect of moderate hypoxia (arterial partial pressure of 
oxygen [PaO2] > 35 mm Hg) is inconsistent and seems to 
occur mainly in subjects who develop nausea or hypoten-
sion. In conscious dogs, more severe hypoxia (PaO2 < 35 mm 
Hg) consistently increases AVP secretion without reducing 
arterial pressure.87 Studies of anesthetized dogs have sug-
gested that the AVP response to acute hypoxia depends on 
the level of hypoxemia achieved. At a PaO2 of 35 mm Hg or 
lower, plasma AVP increases markedly, even though there is 
no change or even an increase in arterial pressure, but  
less severe hypoxia (PaO2 > 40 mm Hg) has no effect on 
AVP levels.88 These results indicate that there is likely a 
hypoxemic threshold for AVP secretion, and suggest  
that severe hypoxemia alone may also stimulate AVP secre-
tion in humans. If so, it may be responsible, at least in part, 
for the osmotically inappropriate AVP elevations noted in 
some patients with acute respiratory failure.89 In conscious 
or anesthetized dogs, acute hypercapnia, independent  
of hypoxia or hypotension, also increases AVP secretion.87,88 
It has not been determined whether this response also  
exhibits threshold characteristics or otherwise depends on 
the degree of hypercapnia, nor is it known whether hyper-
capnia has similar effects on AVP secretion in humans or 
other animals. The mechanisms whereby hypoxia and hyper-
capnia release AVP remain undefined, but they likely involve 
peripheral chemoreceptors and/or baroreceptors because 
cervical vagotomy abolishes the response to hypoxemia  
in dogs.90

The emetic response probably mediates many pharmaco-
logic and pathologic effects on AVP secretion. In addition 
to the drugs and conditions already noted, it may be respon-
sible at least in part for the increase in AVP secretion  
that has been observed with vasovagal reactions, diabetic 
ketoacidosis, acute hypoxia, and motion sickness. Because 
nausea and vomiting are frequent side effects of many other 
drugs and diseases, many additional situations likely occur 
as well. The reason for this profound stimulation is not 
known (although it has been speculated that the AVP 
response assists evacuation of stomach contents via contrac-
tion of gastric smooth muscle, AVP is not necessary for 
vomiting to occur), but it is responsible for the intense 
vasoconstriction that produces the pallor often associated 
with this state.

Hypoglycemia

Acute hypoglycemia is a less potent but reasonably consis-
tent stimulus for AVP secretion.72,73 The receptor and 
pathway that mediate this effect are unknown; however, they 
appear separate from those of other recognized stimuli 
because hypoglycemia stimulates AVP secretion, even in 
patients who have selectively lost the capacity to respond to 
hypernatremia, hypotension, or nausea.73 The factor that 
actually triggers the release of AVP is likely intracellular 
deficiency of glucose or ATP because 2-deoxyglucose is also 
an effective stimulus.74 Generally, more than 20% decreases 
in glucose are required to increase plasma AVP levels  
significantly; the rate of decrease in the glucose level is  
probably the critical stimulus, however, because the rise in 
plasma AVP is not sustained with persistent hypoglycemia.72 
However, glucopenic stimuli are of unlikely importance in 
the physiology or pathology of AVP secretion because there 
are probably few drugs or conditions that lower plasma 
glucose rapidly enough to stimulate release of the hormone, 
and because this effect is transient.

Renin Angiotensin Aldosterone System

The renin angiotensin aldosterone system (RAAS) has also 
been intimately implicated in the control of AVP secretion.75 
Animal studies have indicated dual sites of action. Blood-
borne Ang II stimulates AVP secretion by acting in the brain 
at the circumventricular subfornical organ (SFO),76 a small 
structure located in the dorsal portion of the third cerebral 
ventricle (see Figure 16.2). Because circumventricular 
organs lack a blood-brain barrier, the densely expressed Ang 
II receptor type 1 (AT1R) of the SFO can detect very small 
increases in blood levels of Ang II.77 Neural pathways from 
the SFO to the hypothalamic SON and PVN mediate AVP 
secretion, and also appear to use Ang II as a neurotransmit-
ter.78 This accounts for the observation that the most sensi-
tive site for angiotensin-mediated AVP secretion and thirst 
is intracerebroventricular injection into the cerebrospinal 
fluid. Further evidence in support of Ang II as a neurotrans-
mitter is that intraventricular administration of angiotensin 
receptor antagonists inhibits the AVP response to osmotic 
and hemodynamic stimuli.79 The level of plasma Ang II 
required to stimulate AVP release is quite high, leading 
some to argue that this stimulus is active only under phar-
macologic conditions. This is consistent with observations 
that even pressor doses of Ang II increase plasma AVP only 
about two- to fourfold75 and may account for the failure of 
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clear AVP much more rapidly than humans because their 
cardiac output is higher relative to their body weight and 
surface area.99

Although many tissues have the capacity to inactivate AVP, 
metabolism in vivo appears to occur largely in the liver and 
kidney.99 The enzymatic processes whereby the liver and 
kidney inactivate AVP involve an initial reduction of the 
disulfide bridge, followed by aminopeptidase cleavage of 
the bond between amino acid residues 1 and 2 and cleavage 
of the C-terminal glycinamide residue. Some AVP is excreted 
intact in the urine, but there is disagreement about the 
amount and factors that affect it. For example, in healthy, 
normally hydrated adults, the urinary clearance of AVP 
ranges from 0.1 to 0.6 mL/kg/min under basal conditions 
and has never been found to exceed 2 mL/kg/min, even in 
the presence of solute diuresis.32 The mechanisms involved 
in the excretion of AVP have not been defined with cer-
tainty, but the hormone is probably filtered at the glomeru-
lus and variably reabsorbed at sites along the nephron. The 
latter process may be linked to the reabsorption of Na+ or 
other solutes in the proximal nephron because the urinary 
clearance of AVP has been found to vary by as much as 
20-fold in direct relation to the solute clearance.32 Conse-
quently, measurements of urinary AVP excretion in humans 
do not provide a consistently reliable index of changes in 
plasma AVP and should be interpreted cautiously when glo-
merular filtration or solute clearance are inconstant or 
abnormal.

THIRST

Thirst is the body’s defense mechanism to increase water 
consumption in response to perceived deficits of body 
fluids. It can be most easily defined as a consciously per-
ceived desire for water. True thirst must be distinguished 
from other determinants of fluid intake such as taste, dietary 
preferences, and social customs, as discussed previously. 
Thirst can be stimulated in animals and humans by intracel-
lular dehydration caused by increases in the effective osmo-
lality of the ECF or by intravascular hypovolemia caused by 
losses of ECF.101,102 As would be expected, these are many of 
the same variables that provoke AVP secretion. Of these, 
hypertonicity is clearly the most potent. Similar to AVP 
secretion, substantial evidence to date has supported media-
tion of osmotic thirst by osmoreceptors located in the ante-
rior hypothalamus of the brain,30,31 whereas hypovolemic 
thirst appears to be stimulated via activation of low- and/or 
high-pressure baroreceptors103 and circulating Ang II.104

OSMOTIC THIRST
In healthy adults, an increase in effective plasma osmolality 
of only 2% to 3% above basal levels produces a strong  
desire to drink.105 This response is not dependent on 
changes in ECF or plasma volume because it occurs similarly 
whether plasma osmolality is raised by infusion of hyper-
tonic solutions or by water deprivation. The absolute level 
of plasma osmolality at which a person develops a conscious 
urge to seek and drink water is termed the osmotic thirst 
threshold. It varies appreciably among individuals, likely as a 
result of genetic factors,33 but in healthy adults it averages 
approximately 295 mOsm/kg H2O. Of physiologic signifi-
cance is the fact that this level is above the osmotic threshold 

Drugs

As will be discussed more extensively in the section on clini-
cal disorders, a variety of drugs also stimulate AVP secretion, 
including nicotine (see Table 16.1). Drugs and hormones 
can potentially affect AVP secretion at many different sites. 
As already discussed, many excitatory stimulants such as 
isoproterenol, nicotine, high doses of morphine, and cho-
lecystokinin act, at least in part, by lowering blood pressure 
and/or producing nausea. Others, such as substance P, pros-
taglandin, endorphin, and other opioids, have not been 
studied sufficiently to define their mechanism of action, but 
they may also work by one or both of the same mechanisms. 
Inhibitory stimuli similarly have multiple modes of action. 
Vasopressor drugs such as norepinephrine inhibit AVP 
secretion indirectly by raising arterial pressure. In low doses, 
a variety of opioids of all subtypes, including morphine, 
met-enkephalin and κ-agonists, inhibit AVP secretion in rats 
and humans.91 Endogenous opioid peptides interact with 
the magnocellular neurosecretory system at several levels to 
inhibit basal and stimulated secretion of AVP and oxytocin. 
Opioid inhibition of AVP secretion has been found to occur 
in isolated posterior pituitary tissue, and the action of mor-
phine and of several opioid agonists such as butorphanol 
and oxilorphan likely occurs via activation of κ-opioid recep-
tors located on nerve terminals of the posterior pituitary.92 
The well-known inhibitory effect of ethanol on AVP secre-
tion may be mediated, at least in part, by endogenous 
opiates because it is due to an elevation in the osmotic 
threshold for AVP release93 and can be partially blocked by 
treatment with naloxone.94 Carbamazepine inhibits AVP 
secretion by diminishing the sensitivity of the osmoregula-
tory system; this effect occurs independently of changes in 
blood volume, blood pressure, and/or blood glucose.95 
Other drugs that inhibit AVP secretion include clonidine, 
which appears to act via central and peripheral adrenore-
ceptors,96 muscimol,97 which acts as a GABA antagonist, and 
phencyclidine,98 which probably acts by raising blood pres-
sure. However, despite the importance of these stimuli 
during pathologic conditions, none of them is a significant 
determinant of the physiologic regulation of AVP secretion 
in humans.

DISTRIBUTION AND CLEARANCE
Plasma AVP concentration is determined by the difference 
between the rates of secretion from the posterior pituitary 
gland and removal of the hormone from the vascular com-
partment via metabolism and urinary clearance. In healthy 
adults, intravenously injected AVP distributes rapidly into a 
space equivalent in size to the ECF compartment. This 
initial, or mixing, phase has a half-life of 4 to 8 minutes and 
is virtually complete in 10 to 15 minutes. The rapid mixing 
phase is followed by a second, slower decline that corre-
sponds to the metabolic clearance of AVP. Most studies of 
this phase have yielded mean values of 10 to 20 minutes by 
steady-state and non–steady-state techniques,32 consistent 
with the observed rates of change in urine osmolality after 
water loading and injection of AVP, which also support a 
short half-life.99 In pregnant women, the metabolic clear-
ance rate of AVP increases nearly fourfold,100 which becomes 
significant in the pathophysiology of gestational diabetes 
insipidus (see later discussion). Smaller animals such as rats 
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hypovolemia to stimulate thirst independently of osmotic 
changes occurring with dehydration. This blunted sensitiv-
ity to changes in ECF volume or blood pressure in humans 
probably represents an adaptation that occurred as a  
result of the erect posture of primates, which predisposes 
them to wider fluctuations in blood and atrial filling pres-
sures as a result of orthostatic pooling of blood in the lower 
body. Stimulation of thirst (and AVP secretion) by such 
transient postural changes in blood pressure might lead to 
overdrinking and inappropriate antidiuresis in situations  
in which the ECF volume was actually normal but only  
transiently maldistributed. Consistent with a blunted 
response to baroreceptor activation, studies have also shown 
that systemic infusion of Ang II to pharmacologic levels is  
a much less potent stimulus to thirst in humans than  
in animals,111 in whom it is one of the most potent dipso-
gens known. Nonetheless, this response is not completely 
absent in humans, as demonstrated by rare cases of polydip-
sia in patients with pathologic causes of hyperreninemia.112 
The pathways whereby hypovolemia or hypotension pro-
duces thirst have not been well defined, but probably  
involve the same brainstem baroreceptive pathways that 
mediate hemodynamic effects on AVP secretion,103 as well 
as a likely contribution from circulating levels of Ang II in 
some species.113

INTEGRATION OF VASOPRESSIN  
SECRETION AND THIRST

A synthesis of what is presently known about the regulation 
of AVP secretion and thirst in humans leads to a relatively 
simple but elegant system to maintain water balance. Under 
normal physiologic conditions, the sensitivity of the osmo-
regulatory system for AVP secretion accounts for the main-
tenance of plasma osmolality within narrow limits by 
adjusting renal water excretion to small changes in osmolal-
ity. Stimulated thirst does not represent a major regulatory 
mechanism under these conditions, and unregulated fluid 
ingestion supplies adequate water in excess of true “need,” 
which is then excreted in relation to osmoregulated pitu-
itary AVP secretion. However, when unregulated water 
intake cannot adequately supply body needs in the presence 
of plasma AVP levels sufficient to produce maximal antidi-
uresis, then plasma osmolality rises to levels that stimulate 
thirst (see Figure 16.5), and water intake increases propor-
tional to the elevation of osmolality above this thirst 
threshold.

In such a system, thirst essentially represents a backup 
mechanism that becomes active when pituitary and renal 
mechanisms prove insufficient to maintain plasma osmolal-
ity within a few percent of basal levels. This arrangement 
has the advantage of freeing humans from frequent epi-
sodes of thirst. These would require a diversion of activities 
toward behavior oriented to seeking water when water  
deficiency is sufficiently mild to be compensated for by  
renal water conservation, but would stimulate water inges-
tion once water deficiency reaches potentially harmful 
levels. Stimulation of AVP secretion at plasma osmolalities 
below the threshold for subjective thirst acts to maintain an 
excess of body water sufficient to eliminate the need to 
drink whenever slight elevations in plasma osmolality occur. 
This system of differential effective thresholds for thirst and 

for AVP release and approximates the plasma osmolality at 
which maximal concentration of the urine is normally 
achieved (see Figure 16.5).

The brain pathways that mediate osmotic thirst have not 
been well defined, but it is clear that initiation of drinking 
requires osmoreceptors located in the anteroventral hypo-
thalamus in the same area as the osmoreceptors that control 
osmotic AVP secretion.30,31 Whether the osmoreceptors for 
AVP and thirst are the same cells or simply located in the 
same general area remains unknown.29 However, the prop-
erties of the osmoreceptors are very similar. Ineffective 
plasma solutes such as urea and glucose, which have little 
or no effect on AVP secretion, are equally ineffective at 
stimulating thirst, whereas effective solutes such as NaCl and 
mannitol can stimulate thirst.9,106 The sensitivities of the 
thirst and AVP osmoreceptors cannot be compared pre-
cisely, but they are also probably similar. Thus, in healthy 
adults, the intensity of thirst increases rapidly in direct pro-
portion to serum [Na+] or plasma osmolality and generally 
becomes intolerable at levels only 3% to 5% above the 
threshold level.107 Water consumption also appears to be 
proportional to the intensity of thirst in humans and  
animals and, under conditions of maximal osmotic stimula-
tion, can reach rates as high as 20 to 25 L/day. The dilution 
of body fluids by ingested water complements the retention 
of water that occurs during AVP-induced antidiuresis, and 
both responses occur concurrently when drinking water is 
available.

As with AVP secretion, the osmoregulation of thirst 
appears to be bimodal because a modest decline in plasma 
osmolality induces a sense of satiation and reduces the  
basal rate of spontaneous fluid intake.107,108 This effect 
is sufficient to prevent hypotonic overhydration, even  
when antidiuresis is fixed at maximal levels for prolonged 
periods, suggesting that osmotically inappropriate secretion 
of AVP (syndrome of inappropriate antidiuretic hormone 
secretion [SIADH]) should not result in the development 
of hyponatremia unless the satiety mechanism is impaired 
or fluid intake is inappropriately high for some other reason, 
such as the unregulated components of fluid intake dis-
cussed earlier.108 Also similar to AVP secretion, thirst can be 
influenced by oropharyngeal or upper gastrointestinal 
receptors that respond to the act of drinking itself.68 
In humans, however, the rapid relief provided by this  
mechanism lasts only a matter of minutes and thirst quickly 
recurs until enough water is absorbed to lower plasma osmo-
lality to normal. Therefore, although local oropharyngeal 
sensations may have a significant short-term influence on 
thirst, it is the hypothalamic osmoreceptors that ultimately 
determine the volume of water intake in response to 
dehydration.

HYPOVOLEMIC THIRST
In contrast, the threshold for producing hypovolemic or 
extracellular thirst is significantly higher in animals and 
humans. Studies in several species have shown that sus-
tained decreases in plasma volume or blood pressure of at 
least 4% to 8%, and in some species 10% to 15%, are neces-
sary to stimulate drinking consistently.109,110 In humans, the 
degree of hypovolemia or hypotension required to produce 
thirst has not been precisely defined, but it has been  
difficult to demonstrate any effects of mild-to-moderate 
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AVP secretion nicely complements many studies that have 
demonstrated excess unregulated (or need-free) drinking 
in humans and animals. Only when this mechanism becomes 
inadequate to maintain body fluid homeostasis does  
thirst-induced regulated fluid intake become the predomi-
nant defense mechanism for the prevention of severe 
dehydration.

DISORDERS OF INSUFFICIENT 
VASOPRESSIN OR VASOPRESSIN EFFECT

Disorders of insufficient AVP or AVP effect are associated 
with inadequate urine concentration and increased urine 
output (polyuria). If thirst mechanisms are intact, this is 
accompanied by compensatory increases in fluid intake 
(polydipsia) as a result of stimulated thirst to preserve body 
fluid homeostasis. The net result is polyuria and polydipsia, 
with preservation of normal plasma osmolality and serum 
electrolyte concentrations. However, if thirst is impaired, or 
if fluid intake is insufficient for any reason to compensate 
for the increased urine excretion, then hyperosmolality and 
hypernatremia can result, with the consequent complica-
tions associated with these disorders. The quintessential 
disorder of insufficient AVP is diabetes insipidus (DI), which 
is a clinical syndrome characterized by excretion of abnor-
mally large volumes of urine (diabetes) that is dilute (hypo-
tonic) and devoid of taste from dissolved solutes (e.g., 
insipid), in contrast to the hypertonic, sweet-tasting urine 
characteristic of diabetes mellitus (from the Greek, meaning 
honey).

Several different pathophysiologic mechanisms can cause 
hypotonic polyuria (Table 16.2). Central DI (also called 
hypothalamic, neurogenic, or neurohypophyseal DI) is due 
to inadequate secretion and usually deficient synthesis of 
AVP in the hypothalamic neurohypophyseal system. Lack of 
AVP-stimulated activation of the V2 subtype of AVP receptors 
in the kidney collecting tubules (see Chapters 10 and 11) 
causes excretion of large volumes of dilute urine. In most 
cases, thirst mechanisms are intact, leading to compensatory 
polydipsia. However, in a variant of central DI, osmorecep-
tor dysfunction, thirst is also impaired, leading to hypodip-
sia. DI of pregnancy is a transient disorder due to an 
accelerated metabolism of AVP as a result of increased activ-
ity of the enzyme oxytocinase or vasopressinase in the serum 
of pregnant women, again leading to polyuria and polydip-
sia; accelerated metabolism of AVP during pregnancy may 
also cause a patient with subclinical DI from other causes to 
shift from a relatively asymptomatic state to a symptomatic 
state as a result of the more rapid AVP degradation. Neph-
rogenic DI is due to inappropriate renal responses to AVP. 
This produces excretion of dilute urine, despite normal 
pituitary AVP secretion and secondary polydipsia, similar to 
central DI. The final cause of hypotonic polyuria, primary 
polydipsia, differs significantly from the other causes because 
it is not due to deficient AVP secretion or impaired renal 
responses to AVP, but rather to excessive ingestion of fluids. 
This can result from an abnormality in the thirst mecha-
nism, in which case it is sometimes called dipsogenic DI, or 
from psychiatric disorders, in which case it is generally 
referred to as psychogenic polydipsia.

Table 16.2 Causes of Hypotonic Polyuria

Central (Neurogenic) Diabetes Insipidus

Congenital (congenital malformations, autosomal dominant, 
arginine vasopressin [AVP] neurophysin gene mutations)

Drug- or toxin-induced (ethanol, diphenylhydantoin, snake 
venom)

Granulomatous (histiocytosis, sarcoidosis)
Neoplastic (craniopharyngioma, germinoma, lymphoma, 

leukemia, meningioma, pituitary tumor; metastases)
Infectious (meningitis, tuberculosis, encephalitis)
Inflammatory, autoimmune (lymphocytic 

infundibuloneurohypophysitis)
Trauma (neurosurgery, deceleration injury)
Vascular (cerebral hemorrhage or infarction, brain death)
Idiopathic

Osmoreceptor Dysfunction

Granulomatous (histiocytosis, sarcoidosis)
Neoplastic (craniopharyngioma, pinealoma, meningioma, 

metastases)
Vascular (anterior communicating artery aneurysm or ligation, 

intrahypothalamic hemorrhage)
Other (hydrocephalus, ventricular or suprasellar cyst, trauma, 

degenerative diseases)
Idiopathic

Increased AVP Metabolism

Pregnancy

Nephrogenic Diabetes Insipidus

Congenital (X-linked recessive, AVP V2 receptor gene 
mutations, autosomal recessive or dominant, aquaporin-2 
water channel gene mutations)

Drug-induced (demeclocycline, lithium, cisplatin, 
methoxyflurane)

Hypercalcemia
Hypokalemia
Infiltrating lesions (sarcoidosis, amyloidosis)
Vascular (sickle cell anemia)
Mechanical (polycystic kidney disease, bilateral ureteral 

obstruction)
Solute diuresis (glucose, mannitol, sodium, radiocontrast dyes)
Idiopathic

Primary Polydipsia

Psychogenic (schizophrenia, obsessive-compulsive behaviors)
Dipsogenic (downward resetting of thirst threshold, idiopathic 

or similar lesions, as with central DI)

CENTRAL DIABETES INSIPIDUS

CAUSES

Central diabetes insipidus (CDI) is caused by inadequate 
secretion of AVP from the posterior pituitary in response to 
osmotic stimulation. In most cases, this is due to destruction 
of the neurohypophysis by a variety of acquired or congeni-
tal anatomic lesions that destroy or damage the neurohy-
pophysis by pressure or infiltration (see Table 16.2). The 
severity of the resulting hypotonic diuresis depends on the 
degree of destruction of the neurohypophysis, leading to 
complete or partial deficiency of AVP secretion.
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surgery. As is generally true for all neurons, the likelihood 
of retrograde neuronal degeneration depends on the prox-
imity of the axotomy, in this case section of the pituitary 
stalk, to the cell body of the neuron. This was shown clearly 
in studies of human subjects in whom section of the pitu-
itary stalk at the level of the diaphragm sellae (a low stalk 
section) produced transient but not permanent DI, whereas 
section at the level of the infundibulum (a high stalk section) 
was required to cause permanent DI in most cases.117

Several genetic causes of AVP deficiency have also been 
characterized. Prior to the application of techniques for 
amplification of genomic DNA, the only experimental 
model to study the mechanism of hereditary hypothalamic 
DI was the Brattleboro rat, a strain that was found serendipi-
tously to have CDI.118 In this animal, the disease demon-
strates a classic pattern of autosomal recessive inheritance 
in which DI is expressed only in the homozygotes. The 
hereditary basis of the disease has been found to be a single 
base deletion producing a translational frameshift begin-
ning in the third portion of the neurophysin coding 
sequence. Because the gene lacks a stop codon, there is a 
modified neurophysin, no glycopeptides, and a long polyly-
sine tail.119 Although the mutant prohormone accumulates 
in the endoplasmic reticulum, sufficient AVP is produced 
by the normal allele that the heterozygotes are asymptom-
atic. In contrast, almost all families with genetic CDI in 
humans that have been described to date demonstrate an 
autosomal dominant mode of inheritance.120-122 In these 
cases, DI is expressed, despite the expression of one normal 
allele, which is sufficient to prevent the disease in the het-
erozygous Brattleboro rats. Numerous studies have been 
directed at understanding this apparent anomaly. Two 
potentially important clues about the cause of the DI in 
familial genetic CDI are the following:

1. Severe-to-partial deficiencies of AVP and overt signs  
of DI do not develop in these patients until several 
months to several years after birth and then gradually 
progress over the ensuing decades,120,123 suggesting ade-
quate initial function of the normal allele, with later 
decompensation.

2. A limited number of autopsy studies have suggested that 
some of these cases are associated with gliosis and a 
marked loss of magnocellular AVP neurons in the hypo-
thalamus,124 although other studies have shown normal 
neurons with decreased expression of AVP or no hypo-
thalamic abnormality. In most of these cases, the hyper-
intense signal normally emitted by the neurohypophysis 
in T1-weighted MRI scans (see later discussion) is also 
absent, although some exceptions have been reported.125

Another interesting, but as yet unexplained, observation 
is that some adults in these families have been described in 
whom DI was clinically apparent during childhood but who 
went into remission as adults, without evidence that their 
remissions could be attributed to renal or adrenal insuffi-
ciency or to increased AVP synthesis.126

The autosomal dominant form of familial CDI is caused 
by diverse mutations in the gene that codes for the AVP-
neurophysin precursor (Figure 16.9). All the mutations 
identified to date have been in the coding region of the 
gene and affect only one allele. They are located in all three 

Despite the wide variety of lesions that can potentially 
cause CDI, it is much more common not to have CDI in the 
presence of such lesions than actually to produce the syn-
drome. This apparent inconsistency can be understood by 
considering several common principles of neurohypophy-
seal physiology and pathophysiology that are relevant to all 
these causes.

First, the synthesis of AVP occurs in the hypothalamus 
(see Figure 16.2); the posterior pituitary simply represents 
the site of storage and secretion of the neurosecretory gran-
ules that contain AVP. Consequently, lesions contained 
within the sella turcica that destroy only the posterior pitu-
itary generally do not cause CDI because the cell bodies of 
the magnocellular neurons that synthesize AVP remain 
intact, and the site of release of AVP shifts more superiorly, 
typically into the blood vessels of the median eminence at 
the base of the brain. Perhaps the best examples of this 
phenomenon are large pituitary macroadenomas that com-
pletely destroy the anterior and posterior pituitary. DI is a 
distinctly unusual presentation for such pituitary adenomas 
because destruction of the posterior pituitary by such slowly 
enlarging intrasellar lesions merely destroys the nerve ter-
minals, but not the cell bodies, of the AVP neurons. As this 
occurs, the site of release of AVP shifts more superiorly to 
the pituitary stalk and median eminence. Sometimes this 
can be detected on noncontrast magnetic resonance 
imaging (MRI) scans as a shift of the pituitary bright spot 
more superiorly to the level of the infundibulum or median 
eminence,114 but this process is often too diffuse to be 
detected in this manner. The development of DI from a 
pituitary adenoma is so uncommon, even with macroadeno-
mas that completely obliterate sellar contents sufficiently to 
cause panhypopituitarism, that its presence should lead to 
consideration of alternative diagnoses, such as craniopha-
ryngioma, which often causes damage to the median emi-
nence because of adherence of the capsule to the base of 
the hypothalamus, more rapidly enlarging sellar or suprasel-
lar masses that do not allow sufficient time for shifting the 
site of AVP release more superiorly (e.g., metastatic lesions), 
or granulomatous disease, with more diffuse hypothalamic 
involvement (e.g., sarcoidosis, histiocytosis). With very large 
pituitary adenomas that produce adrenocorticotropic 
hormone (ACTH) deficiency, it is actually more likely that 
patients will present with hypo-osmolality from an SIADH-
like picture as a result of the impaired free water excretion 
that accompanies hypocortisolism, as will be discussed later.

A second general principle is that the capacity of the 
neurohypophysis to synthesize AVP is greatly in excess of the 
body’s daily needs for maintenance of water homeostasis. 
Carefully controlled studies of surgical section of the pitu-
itary stalk in dogs have clearly demonstrated that destruc-
tion of 80% to 90% of the magnocellular neurons in the 
hypothalamus is required to produce polyuria and polydip-
sia in these species.115 Thus, even lesions that cause destruc-
tion of the AVP magnocellular neuron cell bodies must 
result in a large degree of destruction to produce DI. The 
most illustrative example of this is surgical section of the 
pituitary stalk in humans. Necropsy studies of these patients 
have revealed atrophy of the posterior pituitary and loss of 
the magnocellular neurons in the hypothalamus.116 This loss 
of magnocellular cells presumably results from retrograde 
degeneration of neurons whose axons were cut during 
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degradative system (autophagy) is activated. As more and 
more mutant precursor builds up in the endoplasmic reticu-
lum, the normal wild-type protein becomes trapped with the 
mutant protein and degraded by the activated nonspecific 
degradative system. In this case, the amount of AVP that 
matures and is packaged would be markedly reduced.128,129 
This explanation is consistent with those cases in which little 
pathology is found in the magnocellular neurons and also 
with DI in which a small amount of AVP can still be detected.

Wolfram’s syndrome is a rare autosomal recessive disease 
with DI, diabetes mellitus, optic atrophy, and deafness 
(DIDMOAD). The genetic defect is the protein wolframin, 
which is found in the endoplasmic reticulum and is impor-
tant for folding proteins.130 Wolframin is involved in β-cell 
proliferation, intracellular protein processing, and calcium 
homeostasis, producing a wide spectrum of endocrine and 
central nervous system (CNS) disorders; DI is usually a late 
manifestation associated with decreased magnocellular 
neurons in the paraventricular and supraoptic nuclei.131

Idiopathic forms of AVP deficiency represent a large 
pathogenic category in adults and children. A study in  
children has revealed that over half (54%) of all cases of 
CDI were classified as idiopathic.132 These patients do not 
have historic or clinical evidence of any injury or disease 
that can be linked to their DI, and MRI of the pituitary-
hypothalamic area generally reveals no abnormality other 
than the absence of the posterior pituitary bright spot and 
sometimes varying degrees of thickening of the pituitary 
stalk. Several lines of evidence have suggested that many of 
these patients may have had an autoimmune destruction of 

exons and are predicted to alter or delete amino acid resi-
dues in the signal peptide, AVP, and neurophysin moieties 
of the precursor. Only the C-terminus glycopeptide, or 
copeptin moiety, has not been found to be affected. Most 
are missense mutations, but nonsense mutations (prema-
ture stop codons) and deletions also occur. One character-
istic shared by all the mutations is that they are predicted 
to alter or delete one or more amino acids known, or rea-
sonably presumed, to be crucial for processing, folding, and 
oligomerization of the precursor protein in the endoplas-
mic reticulum.120,122 Because of the related functional effects 
of the mutations, the common clinical characteristics of the 
disease, the dominant-negative mode of transmission, and 
the autopsy and hormonal evidence of postnatal neurohy-
pophyseal degeneration, it has been postulated that all the 
mutations act by causing production of an abnormal precur-
sor protein that accumulates and eventually kills the neurons 
because it cannot be correctly processed, folded, and trans-
ported out of the endoplasmic reticulum. Expression studies 
of mutant DNA from several human mutations in cultured 
neuroblastoma cells support this misfolding-neurotoxicity 
hypothesis by demonstrating abnormal trafficking and accu-
mulation of mutant prohormone in the endoplasmic reticu-
lum with low or absent expression in the Golgi apparatus, 
suggesting difficulty with packaging into neurosecretory 
granules.127 However, cell death may not be necessary to 
decrease available AVP. Normally, proteins retained in the 
endoplasmic reticulum are selectively degraded, but if 
excess mutant is produced and the selective normal degra-
dative process is overwhelmed, an alternate, nonselective, 

Figure 16.9  Location and type of mutations in the gene that codes for the AVP-neurophysin precursor in kindreds with the autosomal domi-
nant form of familial central diabetes insipidus (CDI). The location of the mutation in a different kindred is indicated by the arrows. The various 
portions of the precursor protein are designated by AVP, vasopressin, CP, copeptin, NP, neurophysin, and SP, signal peptide. Deletion and 
missense mutations are those expected to remove or replace one or more amino acid residues in the precursor. Those designated stop codons 
are expected to cause premature termination of the precursor. Note that none of the mutations causes a frameshift or affects the part of the 
gene that encodes the copeptin moiety, all  the stop codons are  in the distal part of the neurophysin moiety, and only one of the mutations 
affects the AVP moiety. All these findings are consistent with the concept that the mutant precursor is produced but cannot be folded properly 
because of interference with the binding of AVP to neurophysin, formation of intrachain disulfide bonds, or extreme flexibility or rigidity normally 
required  at  crucial  places  in  the  protein.  (Adapted from Rittig S, Robertson GL, Siggaard C, et al: Identification of 13 new mutations in the 
vasopressin-neurophysin gene in 17 kindreds with familial autosomal dominant neurohypophyseal DI. Am J Hum Genet 58:107-117, 1996; and 
Hansen LK, Rittig S, Robertson GL: Genetic basis of familial neurohypophyseal diabetes insipidus. Trends Endocrinol Metab 8:363-372, 1997.)
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the deficiency of AVP need not be complete for polyuria 
and polydipsia to occur; it is only necessary that the maximal 
plasma AVP concentration achievable at or below the 
osmotic threshold for thirst is inadequate to concentrate the 
urine.142 The degree of neurohypophyseal destruction at 
which such failure occurs varies considerably from person 
to person, largely because of individual differences in the 
set point and sensitivity of the osmoregulatory system.33 In 
general, functional tests of AVP levels in patients with DI of 
variable severity, duration, and cause have indicated that 
AVP secretory capacity must be reduced by at least 75% to 
80% for significant polyuria to occur, which also agrees with 
neuroanatomic studies of cell loss in the supraoptic nuclei 
of dogs with experimental pituitary stalk section115 and of 
patients who had undergone pituitary surgery.116

Because renal mechanisms for sodium conservation are 
unimpaired with impaired or absent AVP secretion, there is 
no accompanying sodium deficiency. Although untreated 
DI can lead to hyperosmolality and volume depletion, until 
the water losses become severe, volume depletion is mini-
mized by osmotic shifts of water from the ICF compartment 
to the more osmotically concentrated ECF compartment. 
This phenomenon is not as evident following increases in 
ECF [Na+] because such osmotic shifts result in a slower 
increase in the serum [Na+] than would otherwise occur. 
However, when non–sodium solutes such as mannitol are 
infused, this effect is more obvious due to the progressive 
dilutional decrease in serum [Na+] caused by translocation 
of intracellular water to the ECF compartment. Because 
patients with DI do not have impaired urine Na+ conserva-
tion, the ECF volume is generally not markedly decreased, 
and regulatory mechanisms for the maintenance of osmotic 
homeostasis are primarily activated—stimulation of thirst 
and AVP secretion (to whatever degree the neurohypophy-
sis is still able to secrete AVP). In cases in which AVP secre-
tion is totally absent (complete DI), patients are dependent 
entirely on water intake for the maintenance of water 
balance. However, in cases in which some residual capacity 
to secrete AVP remains (partial DI), plasma osmolality can 
eventually reach levels that allow moderate degrees of 
urinary concentration (Figure 16.10).

The development of DI following surgical or traumatic 
injury to the neurohypophysis represents a unique situation 
and can follow any of several different, well-defined pat-
terns. In some patients, polyuria develops 1 to 4 days after 
injury and resolves spontaneously. Less often, the DI is per-
manent and continues indefinitely (see previous discussion 
on the relationship between the level of pituitary stalk 
section and development of permanent DI). Most interest-
ingly, a triphasic response can occur as a result of pituitary 
stalk transection (Figure 16.11).117 The initial DI (first 
phase) is due to axon shock and lack of function of the 
damaged neurons. This phase lasts from several hours to 
several days and is followed by an antidiuretic phase (second 
phase) that is due to the uncontrolled release of AVP from 
the disconnected and degenerating posterior pituitary or 
from the remaining severed neurons.143 Overly aggressive 
administration of fluids during this second phase does not 
suppress the AVP secretion and can lead to hyponatremia. 
The antidiuresis can last from 2 to 14 days, after which DI 
recurs following depletion of the AVP from the degenerat-
ing posterior pituitary gland (third phase).144

the neurohypophysis to account for their DI. First, the entity 
of lymphocytic infundibuloneurohypophysitis has been doc-
umented to be present in a subset of patients with idiopathic 
DI.133 Lymphocytic infiltration of the anterior pituitary, lym-
phocytic hypophysitis, has been recognized as a cause of 
anterior pituitary deficiency for many years, but it was not 
until an autopsy called attention to a similar finding in the 
posterior pituitary of a patient with DI that this pathology 
was recognized to occur in the neurohypophysis as well.134 
Since that initial report, a number of similar cases have been 
described, including cases in the postpartum period, which 
is characteristic of lymphocytic hypophysitis.135 With the 
advent of MRI, lymphocytic infundibuloneurohypophysitis 
has been diagnosed based on the appearance of a thickened 
stalk and/or enlargement of the posterior pituitary, mimick-
ing a pituitary tumor. In these cases, the characteristic bright 
spot on MRI T1-weighted images is lost. The enlargement 
of the stalk can mimic a neoplastic process, resulting  
in some of these patients undergoing surgery based on  
the suspicion of a pituitary tumor. Since then, a number  
of patients with a suspicion of infundibuloneurohypophysi-
tis and no other obvious cause of DI have been followed  
and have shown regression of the thickened pituitary stalk 
over time.132,133 Several cases have been reported with the 
coexistence of CDI and adenohypophysitis; these presum-
ably represent cases of combined lymphocytic infundibulo-
neurohypophysitis and hypophysisis.136-138 A second line of 
evidence supporting an autoimmune cause in many cases of 
idiopathic DI is based on the finding of AVP antibodies in 
the serum of as many as one third of patients with idiopathic 
DI and two thirds of those with Langerhans cell histiocytosis 
X, but not in patients with DI caused by tumors.139 A recently 
recognized form of infundibuloneurohypophysitis occurs in 
middle-aged to older men and is associated with immuno-
globulin G4 (IgG4)–related systemic disease.140,141 Various 
organs, especially the pancreas, are infiltrated with IgG4 
plasma cells, and neurohypophysitis is only one manifesta-
tion of a multiorgan disease that may include other endo-
crine glands. This cause should be considered as a cause of 
DI based on age and gender at presentation and evidence 
of other systemic disease. The diagnosis can be established 
by elevated serum IgG4 levels and characteristic histology of 
biopsies. Response to steroids or other immunosuppressive 
drugs is characteristic.

PATHOPHYSIOLOGY
The normal inverse relationship between urine volume and 
urine osmolality (see Figure 16.5) means that initial 
decreases in maximal AVP secretion will not cause an 
increase in urine volume sufficient to be detected clinically 
by polyuria. In general, basal AVP secretion must fall to less 
than 10% to 20% of normal before basal urine osmolality 
decreases to less than 300 mOsm/kg H2O and urine flow 
increases to symptomatic levels (i.e., >50 mL/kg BW/day). 
This resulting loss of body water produces a slight rise in 
plasma osmolality that stimulates thirst and induces a com-
pensatory polydipsia. The resultant increase in water intake 
restores balance with urine output and stabilizes the osmo-
lality of body fluids at a new, slightly higher but still normal 
level. As the AVP deficit increases, this new steady-state level 
of plasma osmolality approximates the osmotic threshold 
for thirst (see Figure 16.5). It is important to recognize that 
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18 months after hypophysectomy has demonstrated reorga-
nization of neurohypophyseal fibers, with neurosecretory 
granules in close proximity to nearby blood vessels, closely 
resembling the histology of a normal posterior pituitary.150

Recognition of the fact that almost all patients with CDI 
retain a limited capacity to secrete some AVP allows an 
understanding of some otherwise perplexing features of the 
disorder. For example, in many patients, restricting water 
intake long enough to raise plasma osmolality by only 1% 
to 2% induces sufficient AVP secretion to concentrate the 
urine (Figure 16.12). As the plasma osmolality increases 
further, some patients with partial DI can even secrete 
enough AVP to achieve near-maximal urine osmolality (see 
Figure 16.10). However, this should not cause confusion 
about the diagnosis of DI because, in these patients, the 
urine osmolality will still be inappropriately low at plasma 
osmolality within a normal range, and they will respond to 
exogenous AVP administration with further increases in 
urine osmolality. These responses to dehydration illustrate 
the relative nature of the AVP deficiency in most cases and 
underscore the importance of the thirst mechanism to 
restrict the use of residual secretory capacity under basal 
conditions of ad lib water intake.

CDI is also associated with changes in the renal response 
to AVP. The most obvious change is a reduction in maximal 
concentrating capacity, which has been attributed to washout 
of the medullary concentration gradient caused by the 
chronic polyuria. The severity of this defect is proportional 
to the magnitude of the polyuria and is independent of its 
cause.142 Because of this, the level of urinary concentration 
achieved at maximally effective levels of plasma AVP is 
reduced in all types of DI. In patients with CDI, this concen-
trating abnormality is offset to some extent by an apparent 
increase in renal sensitivity to low levels of plasma AVP 
(Figure 16.13). The cause of this supersensitivity is unknown, 
but it may reflect upward regulation of AVP V2 receptor 
expression or function secondary to a chronic deficiency of 
the hormone.151

OSMORECEPTOR DYSFUNCTION

CAUSES
There is an extensive literature in animals indicating that 
the primary osmoreceptors controlling AVP secretion and 
thirst are located in the anterior hypothalamus; lesions  
of this region in animals, called the AV3V area, cause hyper-
osmolality through a combination of impaired thirst  
and impaired osmotically stimulated AVP secretion.30,31 
Initial reports in humans described this syndrome as essen-
tial hypernatremia,152 and subsequent studies used the 
term adipsic hypernatremia in recognition of the profound 
thirst deficits found in most of the patients.153 Based on 
the known pathophysiology, all these syndromes can be 
grouped together as disorders of osmoreceptor dysfunc-
tion.154 Although the pathologies responsible for this condi-
tion can be quite varied, all the cases reported to date have 
been due to various degrees of osmoreceptor destruction 
associated with a variety of different brain lesions, as sum-
marized in Table 16.2. Many of these are the same types of 
lesions that can cause CDI but, in contrast to CDI, these 
lesions usually occur more rostrally in the hypothalamus, 
consistent with the anterior hypothalamic location of the 

Transient hyponatremia without preceding or subsequent 
DI has been reported following transsphenoidal surgery for 
pituitary microadenomas,145 which generally occurs 5 to 10 
days postoperatively. The incidence may be as high as 30% 
when these patients are carefully followed, although most 
cases are mild and self-limited.146,147 This is due to inappro-
priate AVP secretion via the same mechanism as in the tri-
phasic response, except that in these cases only the second 
phase occurs (isolated second phase) because the initial 
neural lobe or pituitary stalk damage is not sufficient to 
impair AVP secretion enough to produce clinical manifesta-
tions of DI (see Figure 16.11).148

Once a deficiency of AVP secretion has been present for 
more than a few days or weeks, it rarely improves, even if 
the underlying cause of the neurohypophyseal destruction 
is eliminated. The major exception to this is in patients with 
postoperative DI, for whom spontaneous resolution is  
the rule. Although recovery from DI that persists more  
than several weeks postoperatively is less common, well-
documented cases of long-term recovery have nonetheless 
been reported.144 The reason for amelioration and resolu-
tion is apparent from pathologic and histologic examina-
tion of neurohypophyseal tissue following pituitary stalk 
section.149,150 Neurohypophyseal neurons that have intact 
perikarya are able to regenerate axons and form new nerve 
terminal endings capable of releasing AVP into nearby capil-
laries. In animals, this may be accompanied by a bulbous 
growth at the end of the severed stalk, which represents a 
new, albeit small, neural lobe. In humans, the regeneration 
process appears to proceed more slowly, and formation of 
a new neural lobe has not been noted. Nonetheless, histo-
logic examination of a severed human stalk from a patient 

Figure 16.10  Relationship between plasma AVP levels, urine osmo-
lality, and plasma osmolality  in subjects with normal posterior pitu-
itary function (100%) compared with patients with graded reductions 
in AVP-secreting neurons (to 50%, 25%, and 10% of normal). Note 
that the patient with a 50% secretory capacity can achieve only half 
the plasma AVP level and half the urine osmolality of normal subjects 
at  a  plasma  osmolality  of  293 mOsm/kg  H2O,  but  with  increasing 
plasma osmolality, this patient can nonetheless eventually stimulate 
sufficient AVP secretion to reach a near-maximal urine osmolality. In 
contrast, patients with more severe degrees of AVP-secreting neuron 
deficits are unable to reach maximal urine osmolalities at any level of 
plasma osmolality. (Adapted from Robertson GL: Posterior pituitary. In 
Felig P, Baxter J, Frohman LA, editors: Endocrinology and metabolism, 
New York, 1986, McGraw Hill, pp 338-386.)
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secretion and thirst, regardless of plasma osmolality); and 
(4) selective dysfunction of thirst osmoregulation with intact 
AVP secretion.154 Regardless of the actual pattern, the hall-
mark of this disorder is an abnormal thirst response in 
addition to variable defects in AVP secretion. Thus, such 
patients fail to drink sufficiently as their plasma osmolality 
rises and, as a result, the new set point for plasma osmolality 
rises far above the normal thirst threshold. Unlike patients 
with CDI, whose polydipsia maintains their plasma osmolal-
ity within a normal range, patients with osmoreceptor  
dysfunction typically have osmolality in the range of 300  
to 340 mOsm/kg H2O. This again underscores the critical 
role played by normal thirst mechanisms in maintaining 
body fluid homeostasis; intact renal function alone is insuf-
ficient to maintain plasma osmolality within normal limits 
in such cases.

The rate of development and severity of hyperosmolality 
and hypertonic dehydration in patients with osmoreceptor 
dysfunction are influenced by a number of factors. First is 
the ability to maintain some degree of osmotically stimu-
lated thirst and AVP secretion, which will determine the new 
set point for plasma osmolality. Second are environmental 
influences that affect the rate of water output. When physi-
cal activity is minimal, and the ambient temperature is not 

primary osmoreceptor cells (see Figure 16.2). One lesion 
that is unique to this disorder is an anterior communicating 
cerebral artery aneurysm. Because the small arterioles that 
feed the anterior wall of the third ventricle originate from 
the anterior communicating cerebral artery, an aneurysm in 
this region155 (but more often following surgical repair of 
such an aneurysm that typically involves ligation of the ante-
rior communicating artery156) produces infarction of the 
part of the hypothalamus containing the osmoreceptor 
cells.

PATHOPHYSIOLOGY
The cardinal defect of patients with this disorder is lack of 
the osmoreceptors that regulate thirst. With rare excep-
tions, osmoregulation of AVP is also impaired, although the 
hormonal response to nonosmotic stimuli remains intact 
(Figure 16.14).157,158 Four major patterns of osmoreceptor 
dysfunction have been described as characterized by defects 
in thirst and/or AVP secretory responses: (1) upward reset-
ting of the osmostat for both thirst and AVP secretion 
(normal AVP and thirst responses but at an abnormally high 
plasma osmolality); (2) partial osmoreceptor destruction 
(blunted AVP and thirst responses at all plasma osmolali-
ties); (3) total osmoreceptor destruction (absent AVP 

Figure 16.11  Mechanisms underlying the pathophysiology of the triphasic pattern of diabetes insipidus (DI) and the isolated second phase. 
A, In the triphasic response, the first phase of DI is initiated following a partial or complete pituitary stalk section, which severs the connections 
between the AVP neuronal cell bodies in the hypothalamus and nerve terminals in the posterior pituitary gland, thus preventing stimulated AVP 
secretion (1 degree). This is followed in several days by the second phase of SIADH, which is caused by uncontrolled release of AVP into the 
bloodstream from the degenerating nerve terminals in the posterior pituitary (2 degrees). After all of the AVP stored in the posterior pituitary 
gland has been released, the third phase of DI returns if more than 80% to 90% of the AVP neuronal cell bodies in the hypothalamus have 
undergone retrograde degeneration (3 degrees). B, In the isolated second phase, the pituitary stalk is injured, but not completely cut. Although 
the maximum AVP secretory response will be diminished as a result of the stalk injury, DI will not result if the injury leaves intact at least 10% 
to 20% of the nerve fibers connecting the AVP neuronal cell bodies in the hypothalamus to the nerve terminals in the posterior pituitary gland 
(1 degree). However, this is still followed in several days by the second phase of SIADH, which is caused by uncontrolled release of AVP from 
the degenerating nerve terminals of the posterior pituitary gland that have been injured or severed (2 degrees). Because a smaller portion of 
the posterior pituitary is denervated, the magnitude of AVP released as the pituitary degenerates will be smaller and of shorter duration than 
with a complete triphasic response. After all the AVP stored in the damaged part of the posterior pituitary gland has been released, the second 
phase ceases, but clinical DI will not occur if less than 80% to 90% of the AVP neuronal cell bodies in the hypothalamus undergo retrograde 
degeneration (3 degrees). (From Loh JA, Verbalis JG: Disorders of water and salt metabolism associated with pituitary disease. Endocrinol Metab 
Clin North Am 37:213-234, 2008.)
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elevated, the overall rates of renal and insensible water loss 
are low, and the patient’s diet may be sufficient to maintain 
a relatively normal balance for long periods of time. Any-
thing that increases perspiration, respiration, or urine 
output greatly accelerates the rate of water loss and thereby 
uncovers the patient’s inability to mount an appropriate 
compensatory increase in water intake.12 Under these condi-
tions, severe and even fatal hypernatremia can develop rela-
tively quickly. When the dehydration is only moderate 
(plasma osmolality = 300 to 330 mOsm/kg H2O), the patient 
is usually asymptomatic and signs of volume depletion are 
minimal, but if the dehydration becomes severe, the patient 
can exhibit symptoms and signs of hypovolemia, including 
weakness, postural dizziness, paralysis, confusion, coma, azo-
temia, hypokalemia, hyperglycemia, and secondary hyperal-
dosteronism (see later, “Clinical Manifestations of Diabetes 
Insipidus”). In severe cases, there may also be rhabdomyoly-
sis, with marked serum elevations in muscle enzyme levels 
and occasionally acute renal failure.

However, a third factor also influences the degree of 
hyperosmolality and dehydration present in these patients. 
For all cases of osmoreceptor dysfunction, it is important to 
remember that afferent pathways from the brainstem to the 
hypothalamus remain intact; therefore, these patients will 
usually have normal AVP and renal concentrating responses 
to baroreceptor-mediated stimuli, such as hypovolemia and 
hypotension (see Figure 16.14),158 or to other nonosmotic 
stimuli, such as nausea (see Figure 16.8).153,157 This has 
the effect of preventing severe dehydration because, as 

Figure 16.12  Relationship  between  plasma  AVP  and  concurrent 
plasma  osmolality  in  patients  with  polyuria  of  diverse  causes.  All 
measurements were made at the end of a standard dehydration test. 
Shaded area, Range of normal. In patients with severe ( ) or partial 
( ) central DI, plasma AVP was almost always subnormal relative to 
plasma osmolality.  In contrast, the values from patients with dipso-
genic ( ) or nephrogenic ( ) DI were consistently within or above the 
normal range. (From Robertson GL: Diagnosis of diabetes insipidus. In 
Czernichow AP, Robinson A, editors: Diabetes insipidus in man: frontiers 
of hormone research, Basel, 1985, S Karger, pp 176.)
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dipsogenic DI ( ), the relationship is normal at submaximal levels of 
plasma AVP but usually subnormal when plasma AVP is high. (From 
Robertson GL: Diagnosis of diabetes insipidus. In Czernichow AP, Rob-
inson A, editors: Diabetes insipidus in man: frontiers of hormone 
research, Basel, 1985, S Karger, pp 176.)
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patient with borderline vasopressin function from a specific 
disease (e.g., mild nephrogenic DI or partial CDI). AVP is 
rapidly destroyed, and the neurohypophysis is unable to 
keep up with the increased demand. Labor and parturition 
usually proceed normally, and patients have no trouble with 
lactation. There is the threat of chronic and severe dehydra-
tion when DI is unrecognized, and this may pose a threat 
to a pregnant woman. The relationship of this disorder to 
the transient nephrogenic DI (NDI) of pregnancy is not 
clear.164

PATHOPHYSIOLOGY
The pathophysiology of gestational DI is similar to that of 
CDI. The only exception is that the polyuria is usually not 
corrected by administration of AVP because this is rapidly 
degraded, just as is endogenous AVP, but it can be con-
trolled by treatment with desmopressin, the AVP V2 receptor 
agonist that is more resistant to degradation by oxytocinase 
or vasopressinase.162 It should be remembered that patients 
with partial CDI in whom only low levels of AVP can be 
maintained, or patients with compensated NDI in whom the 
lack of response of the kidney to AVP may not be absolute, 
can be relatively asymptomatic with regard to polyuria. 
However, with accelerated destruction of AVP during preg-
nancy, the underlying DI may become manifest. Conse-
quently, patients presenting with gestational DI should not 
be assumed simply to have excess oxytocinase or vasopres-
sinase; rather, these patients should be evaluated for other 
possible underlying pathologic diagnoses (see Table 16.2).166

NEPHROGENIC DIABETES INSIPIDUS

CAUSES
Resistance to the antidiuretic action of AVP is usually due to 
some defect within the kidney, and is commonly referred to 
as nephrogenic diabetes insipidus (NDI). It was first recog-
nized in 1945 in several patients with the familial, sex-linked 
form of the disorder. Subsequently, additional kindreds with 
the X-linked form of familial NDI were identified. Clinical 
studies of NDI have indicated that symptomatic polyuria is 
present from birth, plasma AVP levels are normal or ele-
vated, resistance to the antidiuretic effect of AVP can be 
partial or almost complete, and the disease affects mostly 
males and is usually, although not always,167 mild or absent 
in carrier females. More than 90% of cases of congenital NDI 
are caused by mutations of the AVP V2 receptor168 (see 
Chapter 45). Most mutations occur in the part of the recep-
tor that is highly conserved among species and/or is con-
served among similar receptors, such as homologies with 
AVP V1A or OT receptors. The effect of some of these muta-
tions on receptor synthesis, processing, trafficking, and func-
tion has been studied by in vitro expression.169,170 These types 
of studies have shown that the various mutations cause 
several different defects in cellular processing and function 
of the receptor but can be classified into four general catego-
ries based on differences in transport to the cell surface and 
AVP binding and/or stimulation of adenylyl cyclase: (1) the 
mutant receptor is not inserted in the membrane; (2) the 
mutant receptor is inserted in the membrane but does not 
bind or respond to AVP; (3) the mutant receptor is inserted 
in the membrane and binds AVP but does not activate adeny-
lyl cyclase; or (4) the mutant protein is inserted into the 

hypovolemia develops, this will stimulate AVP secretion via 
baroreceptive pathways through the brainstem (see Figure 
16.2). Although protective, this effect often causes confu-
sion, because sometimes these patients appear to have  
DI yet at other times they can concentrate their urine  
quite normally. Nonetheless, the presence of refractory 
hyperosmolality with absent or inappropriate thirst should 
alert clinicians to the presence of osmoreceptor dysfunc-
tion, regardless of apparent normal urine concentration 
occasionally.

In a few patients with osmoreceptor dysfunction, forced 
hydration has been found to lead to hyponatremia in asso-
ciation with inappropriate urine concentration.152,153 This 
paradoxic defect resembles that seen in SIADH and has 
been postulated to be caused by two different pathogenic 
mechanisms. One is continuous or fixed secretion of AVP 
because of loss of the capacity for osmotic inhibition and 
stimulation of hormone secretion. These observations, as 
well as electrophysiologic data,43 have strongly suggested 
that the osmoregulatory system is bimodal (i.e., it is  
composed of inhibitory and stimulatory input to the neuro-
hypophysis; see Figure 16.6). The other cause of the diluting 
defect appears to be hypersensitivity to the antidiuretic 
effects of AVP because, in some patients, urine osmolality 
may remain elevated, even when the hormone is 
undetectable.153

Hypodipsia is also a common occurrence in older adults 
in the absence of any overt hypothalamic lesion.159 In such 
cases, it is not clear whether the defect is in the hypotha-
lamic osmoreceptors, in their projections to the cortex, or 
in some other regulatory mechanism. However, in most 
cases, the osmoreceptor is likely not involved because basal 
and stimulated plasma AVP levels have been found to be 
normal, or even hyperresponsive, in relation to plasma 
osmolality in older adults, with the exception of only a few 
studies that showed decreased plasma levels of AVP relative 
to plasma osmolality.160

GESTATIONAL DIABETES INSIPIDUS

CAUSES
A relative deficiency of plasma AVP can also result from an 
increase in the rate of AVP metabolism.100,161 This condition 
has been observed only in pregnancy and therefore it is 
generally termed gestational diabetes insipidus. It is due to the 
action of a circulating enzyme called cysteine aminopepti-
dase (oxytocinase or vasopressinase) that is normally pro-
duced by the placenta to degrade circulating oxytocin and 
prevent premature uterine contractions.162 Because of the 
close structural similarity between AVP and OT, this enzyme 
degrades both peptides.163 There are two types of gestational 
diabetes insipidus.162 In the first type, the activity of cysteine 
aminopeptidase is extremely and abnormally elevated. This 
syndrome has been referred to as vasopressin-resistant dia-
betes insipidus of pregnancy.164 It can occur in association 
with preeclampsia, acute fatty liver, and coagulopathies 
(e.g., HELLP syndrome [hemolysis, elevated liver enzymes, 
and low platelet count]). These patients have decreased 
metabolism of vasopressinase by the liver.165 Usually, in sub-
sequent pregnancies, these women have neither diabetes 
insipidus nor acute fatty liver. In the second type, the accel-
erated metabolic clearance of vasopressin produces DI in a 

http://www.myuptodate.com


 CHAPTER 16 — DISORDERS OF WATER BALANCE 481

function as effectively as water channels. Regardless of the 
type of mutation, the phenotype of NDI from AQP2 muta-
tions is identical to that produced by V2 receptor mutations. 
Some of the defects in cellular routing and water transport 
can be reversed by treatment with chemicals that act like 
chaperones,178 suggesting that misfolding of the mutant 
AQP2 may be responsible for misrouting. Similar salutary 
effects of chaperones have been found to reverse defects in 
cell surface expression and function of selected mutations 
of the AVP V2 receptor.179

NDI can also be caused by a variety of drugs, diseases, and 
metabolic disturbances, including lithium, hypokalemia, 
and hypercalcemia (see Table 16.2). Some of these disor-
ders (e.g., polycystic kidney disease) act to distort the normal 
architecture of the kidney and interfere with the normal 
urine concentration process. However, experimental studies 
in animal models have suggested that many have in common 
a downregulation of AQP2 expression in the renal collect-
ing tubules (Figure 16.15; see also Chapters 10 and 11).180,181 
The polyuria associated with potassium deficiency develops 
in parallel with decreased expression of kidney AQP2, and 
repletion of potassium reestablishes the normal urinary con-
centrating mechanism and normalizes renal expression of 
AQP2.182 Similarly, hypercalcemia has also been found to be 
associated with downregulation of AQP2.183 A low-protein 
diet diminishes the ability to concentrate the urine, primar-
ily by a decreased delivery of urea to the inner medulla, thus 
decreasing the medullary concentration gradient, but rats 
on a low-protein diet also appear to downregulate AQP2, 
which could be an additional component of the decreased 
ability to concentrate the urine.184 Bilateral urinary tract 
obstruction causes an inability to produce a maximum con-
centration of the urine, and rat models have demonstrated 
a downregulation of AQP2, which persists for several days 
after release of the obstruction.185 However, it is not yet clear 
which of these effects on AQP2 expression are primary or 
secondary, and which cellular mechanism(s) are responsi-
ble for the downregulation of AQP2 expression.

membrane and binds AVP but responds subnormally in 
terms of adenylyl cyclase activation. Two studies have shown 
a relationship between the clinical phenotype and genotype 
and/or cellular phenotype.169,171 Approximately 10% of the 
V2 receptor defects causing congenital NDI are thought to 
be de novo. This high incidence of de novo cases, coupled 
with the large number of mutations that have been identi-
fied, hinders the clinical use of genetic identification because 
it is necessary to sequence the entire open reading frame of 
the receptor gene rather than short sequences of DNA. 
Nonetheless, the use of automated gene sequencing tech-
niques in selected families has been shown to identify muta-
tions in patients with clinical disease and in asymptomatic 
carriers.172 Although most female carriers of the X-linked 
V2 receptors defect have no clinical disease, some have 
been reported with symptomatic NDI.167 Carriers can have 
a decreased maximum urine osmolality in response to 
plasma AVP levels, but are generally asymptomatic because 
of the absence of overt polyuria. In one study, a girl  
manifested severe NDI due to a V2 receptor mutation, which 
was likely due to skewed inactivation of the normal X 
chromosome.173

Congenital NDI can also result from mutations of the 
autosomal gene that codes for AQP2, the protein that forms 
the water channels in renal medullary collecting tubules. 
When the proband is a girl, it is likely the defect is a muta-
tion of the AQP2 gene on chromosome 12, region q12-
q13.174 More than 20 different mutations of the AQP2 gene 
have been described175 (see Chapter 45). The patients may 
be heterozygous for two different recessive mutations176 or 
homozygous for the same abnormality from both parents.177 
Because most of these mutations are recessive, the patients 
usually do not present with a family history of DI unless 
consanguinity is present. Functional expression studies of 
these mutations have shown that all of them result in varying 
degrees of reduced water transport because the mutant 
aquaporins are not expressed in normal amounts, are 
retained in various cellular organelles, or simply do not 

Figure 16.15  Kidney  expression  of  the  water  channel  aquaporin-2  in  various  animal  models  of  polyuria  and  water  retention.  Note  that 
kidney aquaporin-2 expression  is uniformly downregulated  relative  to  levels  in controls  in all  animal models of polyuria, but upregulated  in 
animal models of inappropriate antidiuresis. DI+/+, Genetic diabetes insipidus; Hyper-Ca, hypercalcemia; Hypo-K, hypokalemia; Urinary obstr, 
ureteral obstruction.  (From Nielsen S, Kwon TH, Christensen BM, et al: Physiology and pathophysiology of renal aquaporins. J Am Soc Nephrol 
10:647-663, 1999.)
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response to AVP is due to a downregulation of kidney AQP2 
expression. This also explains why it takes time, typically 
several days, to restore normal urinary concentration after 
patients with primary polydipsia and CDI are treated with 
water restriction or antidiuretic therapy.193

PRIMARY POLYDIPSIA

CAUSES
Excessive fluid intake also causes hypotonic polyuria and, 
by definition, polydipsia. Consequently, this disorder must 
be differentiated from the various causes of DI. Further-
more, it is apparent that despite normal pituitary and kidney 
function, patients with this disorder share many character-
istics of both CDI (AVP secretion is suppressed as a result 
of the decreased plasma osmolality) and NDI (kidney AQP2 
expression is decreased as a result of the suppressed plasma 
AVP levels). Many different names have been used to 
describe patients with excessive fluid intake, but the term 
primary polydipsia remains the best descriptor because it does 
not presume any particular cause for the increased fluid 
intake. Primary polydipsia is often due to a severe mental 
illness, such as schizophrenia, mania, or an obsessive-
compulsive disorder,194 in which case it is termed psychogenic 
polydipsia. These patients usually deny true thirst and attri-
bute their polydipsia to bizarre motives, such as a need to 
cleanse their body of poisons. Studies of a series of polydip-
sic patients in a psychiatric hospital have shown an inci-
dence as high as 42% of patients with some form of polydipsia 
and, in most reported cases, there was no obvious explana-
tion for the polydipsia.195

However, primary polydipsia can also be caused by an 
abnormality in the osmoregulatory control of thirst, in 
which case it has been termed dipsogenic diabetes insipidus.196 
These patients have no overt psychiatric illness and invari-
ably attribute their polydipsia to a nearly constant thirst. 
Dipsogenic DI is usually idiopathic but can also be second-
ary to organic structural lesions in the hypothalamus identi-
cal to any of the disorders described as causes of CDI, such 
as neurosarcoidosis of the hypothalamus, tuberculous men-
ingitis, multiple sclerosis, or trauma. Consequently, all poly-
dipsic patients should be evaluated with an MRI scan of the 
brain before concluding that excessive water intake has an 
idiopathic or psychiatric cause. Primary polydipsia can also 
be produced by drugs that cause a dry mouth or by any 
peripheral disorder causing pathologic elevations of renin 
and/or angiotensin levels.112

Finally, primary polydipsia is sometimes caused by physi-
cians, nurses, or the lay press who advise a high fluid intake 
for valid (e.g., recurrent nephrolithiasis) or unsubstantiated 
reasons of health.197 These patients lack overt signs of mental 
illness but also deny thirst and usually attribute their poly-
dipsia to habits acquired from years of adherence to their 
drinking regimen.

PATHOPHYSIOLOGY
The pathophysiology of primary polydipsia is essentially the 
reverse of that in CDI—the excessive intake of water expands 
and slightly dilutes body fluids, suppresses AVP secretion, 
and dilutes the urine. The resultant increase in the rate of 
water excretion balances the increase in intake, and the 
osmolality of body water stabilizes at a new, slightly lower 

The administration of lithium to treat psychiatric disor-
ders is the most common cause of drug-induced NDI and 
illustrates the multiple mechanisms likely involved in pro-
ducing this disorder. As many as 10% to 20% of patients on 
chronic lithium therapy develop some degree of NDI.186 
Lithium is known to interfere with the production of 
cAMP187 and produces a dramatic (95%) reduction in 
kidney AQP2 levels in animals.188 The defect of aquaporins 
is slow to correct in experimental animals and humans and, 
in some cases, it can be permanent189 in association with 
glomerular or tubulointerstitial nephropathy.190 Several 
other drugs that are known to induce renal concentrating 
defects have also been associated with abnormalities of 
AQP2 synthesis.191

PATHOPHYSIOLOGY
Similar to CDI, renal insensitivity to the antidiuretic effect 
of AVP also results in the excretion of an increased volume 
of dilute urine, decrease in body water, and rise in plasma 
osmolality, which by stimulating thirst induces a compensa-
tory increase in water intake. As a consequence, the osmolal-
ity of body fluid stabilizes at a slightly higher level, which 
approximates the osmotic threshold for thirst. As in patients 
with CDI, the magnitude of polyuria and polydipsia varies 
greatly depending on a number of factors, including the 
degree of renal insensitivity to AVP, individual differences 
in the set points and sensitivity of thirst and AVP secretion, 
and total solute load. It is important to note that the renal 
insensitivity to AVP need not be complete for polyuria to 
occur; it is only necessary that the defect is great enough to 
prevent concentration of the urine at plasma AVP levels 
achievable under ordinary conditions of ad lib water intake 
(i.e., at plasma osmolalities near the osmotic threshold for 
thirst). Calculations similar to those used for states of AVP 
deficiency indicate that this requirement is not met until 
the renal sensitivity to AVP is reduced by more than 10-fold. 
Because renal insensitivity to the hormone is often incom-
plete, especially in cases of acquired rather than congenital 
NDI, many patients with NDI are able to concentrate their 
urine to varying degrees when they are deprived of water or 
given large doses of desmopressin.

Information about the renal concentration mechanism 
from studies of AQP2 expression in experimental animals 
(see Chapters 10 and 11) has suggested that a form of NDI 
is likely associated with all types of DI, as well as with primary 
polydipsia. Brattleboro rats have been found to have low 
levels of kidney AQP2 expression compared to Long-Evans 
control rats; AQP2 levels are corrected by treatment with 
AVP or desmopressin, but this process takes 3 to 5 days, 
during which time urine concentration remains subnormal, 
despite pharmacologic concentrations of AVP.192 Similarly, 
physiologic suppression of AVP by chronic overadministra-
tion of water produces a downregulation of AQP2 in the 
renal collecting duct.192 Clinically, it is well known that 
patients with both CDI and primary polydipsia often fail to 
achieve maximally concentrated urine when they are given 
desmopressin during a water deprivation test to differenti-
ate among the various causes of DI. This effect has long 
been attributed to a washout of the medullary concentra-
tion gradient as a result of the high urine flow rates in 
polyuric patients; however, based on the results of animal 
studies, it seems certain that at least part of the decreased 
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simply reflects the fact that urinary concentration can be 
maintained fairly well until the number of AVP-producing 
neurons in the hypothalamus decreases to 10% to 15% of 
normal, after which plasma AVP levels decrease to the range 
at which urine output increases dramatically.

However, patients with DI, particularly those with osmo-
receptor dysfunction syndromes, can also present with 
varying degrees of hyperosmolality and dehydration, 
depending on their overall hydration status. It is therefore 
also important to be aware of the clinical manifestations of 
hyperosmolality. These can be divided into the signs  
and symptoms produced by dehydration, which are largely 
cardiovascular, and those caused by the hyperosmolality 
itself, which are predominantly neurologic and reflect brain 
dehydration as a result of osmotic water shifts out of  
the CNS. Cardiovascular manifestations of hypertonic dehy-
dration include hypotension, azotemia, acute tubular necro-
sis secondary to renal hypoperfusion or rhabdomyolysis, 
and shock.203,204 Neurologic manifestations range from 
nonspecific symptoms, such as irritability and cognitive dys-
function, to more severe manifestations of hypertonic 
encephalopathy, such as disorientation, decreased level of 
consciousness, obtundation, chorea, seizures, coma, focal 
neurologic deficits, subarachnoid hemorrhage, and cere-
bral infarction.203,205 One study also suggested an increased 
incidence of deep venous thrombosis in hyperosmolar 
patients.206

The severity of symptoms can be roughly correlated with 
the degree of hyperosmolality, but individual variability is 
marked and, for any single patient, the level of serum [Na+] 
at which symptoms will appear cannot be accurately pre-
dicted. Similar to hypo-osmolar syndromes, the length of 
time over which hyperosmolality develops can markedly 
affect the clinical symptomatology. The rapid development 
of severe hyperosmolality is frequently associated with 
marked neurologic symptoms, whereas gradual develop-
ment over several days or weeks generally causes milder 
symptoms.203,207 In this case, the brain counteracts osmotic 
shrinkage by increasing the intracellular content of solutes. 
These include electrolytes such as potassium and a variety 
of organic osmolytes, which previously had been termed 
idiogenic osmoles; for the most part, these are the same organic 
osmolytes that are lost from the brain during adaptation to 
hypo-osmolality.208 The net effect of this process is to protect 
the brain against excessive shrinkage during sustained 
hyperosmolality. However, once the brain has adapted by 
increasing its solute content, rapid correction of the hyper-
osmolality can produce brain edema because it takes a finite 
length of time (24 to 48 hours in animal studies) to dissipate 
the accumulated solutes and, until this process has been 
completed, the brain will accumulate excess water as plasma 
osmolality is normalized.209 This effect is usually seen in 
dehydrated pediatric patients who can develop seizures with 
rapid rehydration,210 but has been described only rarely in 
adults, including the most severely hyperosmolar patients 
with nonketotic hyperglycemic hyperosmolar coma.

DIFFERENTIAL DIAGNOSIS OF POLYURIA

Before beginning involved diagnostic testing to differentiate 
among the various forms of DI and primary polydipsia, the 
presence of true hypotonic polyuria should be established 

level that approximates the osmotic threshold for AVP secre-
tion. The magnitude of the polyuria and polydipsia vary 
considerably, depending on the nature or intensity of the 
stimulus to drink. In patients with abnormal thirst, the poly-
dipsia and polyuria are relatively constant from day to day. 
However, in patients with psychogenic polydipsia, water 
intake and urine output tend to fluctuate widely and at 
times can be quite large.

Occasionally, fluid intake rises to such extraordinary 
levels that the excretory capacity of the kidneys is exceeded, 
and dilutional hyponatremia develops.198 There is little 
question that excessive water intake alone can sometimes be 
sufficient to override renal excretory capacity and produce 
severe hyponatremia. Although the water excretion rate of 
normal adult kidneys can generally exceed 20 L/day, 
maximum hourly rates rarely exceed 1000 mL/hr. Because 
many psychiatric patients drink predominantly during the 
day or during intense drinking binges,199 they can tran-
siently achieve symptomatic levels of hyponatremia, with the 
total daily volume of water intake less than 20 L if ingested 
rapidly enough. This likely accounts for many of the patients 
who present with maximally dilute urine, accounting for as 
many as 50% of patients in some studies, and are corrected 
quickly via free water diuresis.200 The prevalence of this 
disorder, based on hospital admissions for acute symptom-
atic hyponatremia, may have been underestimated because 
studies of polydipsic psychiatric patients have shown a 
marked diurnal variation in serum [Na+], from 141 mEq/L 
at 7 am to 130 mEq/L at 4 pm, suggesting that many such 
patients drink excessively during the daytime but then 
correct themselves via water diuresis at night.201 This and 
other considerations have led to defining this disorder as 
the psychosis, intermittent hyponatremia, and polydipsia 
(PIP) syndrome.199

However, many other cases of hyponatremia with psycho-
genic polydipsia have been found to meet the criteria for a 
diagnosis of SIADH, suggesting the presence of nonosmoti-
cally stimulated AVP secretion. As might be expected, in the 
presence of much higher than normal water intake, almost 
any impairment of urinary dilution and water excretion can 
exacerbate the development of a positive water balance and 
thereby produce hypo-osmolality. Acute psychosis itself can 
also cause AVP secretion,202 which often appears to take the 
form of a reset osmostat.194 It is therefore apparent that no 
single mechanism can completely explain the occurrence of 
hyponatremia in polydipsic psychiatric patients, but the 
combination of higher than normal water intake plus 
modest elevations of plasma AVP levels from a variety of 
potential sources appears to account for a significant portion 
of these cases.

CLINICAL MANIFESTATIONS OF  
DIABETES INSIPIDUS

The characteristic clinical symptoms of DI are the polyuria 
and polydipsia that result from the underlying impairment 
of urine-concentrating mechanisms, which have been 
described earlier in the sections on the pathophysiology of 
specific types of DI. Interestingly, patients with DI typically 
describe a craving for cold water, which appears to quench 
their thirst better.69 Patients with CDI also typically describe 
a precipitous onset of their polyuria and polydipsia, which 

http://www.myuptodate.com


484 SECTION II — DISORDERS OF BODY FLUID VOLUME AND COMPOSITION

end of the test, and does not require sensitive assays for the 
notoriously difficult measurement of plasma AVP levels.213,214 
However, maximum urine concentrating capacity is well 
known to be variably reduced in all forms of DI, as well as 
primary polydipsia,142 and as a result the absolute levels of 
urine osmolality achieved during fluid deprivation and after 
AVP administration are reduced to overlapping degrees in 
patients with partial CDI, partial NDI, and primary 
polydipsia.

Measurements of basal plasma osmolality or serum [Na+] 
are of little use because they also overlap considerably 
among these disorders.211 Although association with certain 
diseases, surgical procedures, or family history often helps 
differentiate among these disorders, sometimes the clinical 
setting may not be helpful because certain disorders (e.g., 
sarcoidosis, tuberculous meningitis, other hypothalamic 
pathologies) can cause more than one type of DI (see Table 
16.2). Consequently, a simpler approach that has been pro-
posed is to measure plasma or urine AVP before and during 
a suitable osmotic stimulus, such as fluid restriction or 
hypertonic NaCl infusion, and plot the results as a function 
of the concurrent plasma osmolality or plasma [Na+] (see 
Figures 16-12 and 16-13).215,216 Using a highly sensitive and 
validated research assay for plasma AVP determinations, this 
approach has been shown to provide a definitive diagnosis 
in most cases, provided the final level of plasma osmolality 
or sodium achieved is above the normal range (>295 mOsm/
kg H2O or 145 mmol/L, respectively). The diagnostic effec-
tiveness of this approach derives from the fact that the 
magnitude of the AVP response to osmotic stimulation is 
not appreciably diminished by chronic overhydration194 or 
dehydration. Hence, the relationship of plasma AVP to 
plasma osmolality is usually within or above normal limits 
in NDI and primary polydipsia. In most cases, these two 
disorders can then be distinguished by measuring urine 
osmolality before and after the dehydration test and relating 
these values to the concurrent plasma AVP concentration 
(see Figure 16.12). However, because maximal concentrat-
ing capacity can be severely blunted in patients with primary 
polydipsia, it is often better to analyze the relationship 
under basal nondehydrated conditions when the plasma 
AVP level is not elevated. Because of the solute diuresis that 
often ensues following infusion of hypertonic NaCl, mea-
surements of urine osmolality or AVP excretion are unreli-
able indicators of changes in hormone secretion and are of 
little or no diagnostic value when this procedure is used to 
increase osmolality to more than 295 mOsm/kg H2O. Given 
the proven usefulness of the indirect and direct approaches, 
a combined fluid deprivation test that synthesizes the crucial 
aspects of both tests can easily be performed (Table 16.3). 
In many cases, this will allow interpretation of the plasma 
AVP levels and response to an AVP challenge.

With use of the fluid deprivation test for plasma AVP 
determinations, most cases of polyuria and polydipsia can 
be diagnosed accurately. A useful approach in the remain-
ing indeterminate cases is to conduct a closely monitored 
trial with standard therapeutic doses of desmopressin. If this 
treatment abolishes thirst and polydipsia, as well as polyuria, 
for 48 to 72 hours without producing water intoxication, the 
patient most likely has uncomplicated CDI. On the other 
hand, if the treatment abolishes the polyuria but has no or 
a lesser effect on thirst or polydipsia and results in the 

by measurement of a 24-hour urine for volume and osmolal-
ity. Generally accepted standards are that the 24-hour urine 
volume should exceed 50 mL/kg BW, with an osmolality 
lower than 300 mOsm/kg H2O.211 Simultaneously, there 
should be a determination of whether the polyuria is due 
to an osmotic agent such as glucose or intrinsic renal disease. 
Routine laboratory studies and the clinical setting will 
usually distinguish these disorders; diabetes mellitus and 
other forms of solute diuresis usually can be excluded by 
the history, routine urinalysis for glucose, and/or measure-
ment of the solute excretion rate (urine osmolality × 24-hour 
urine volume [in liters] > 15 mOsm/kg BW/day). There is 
universal agreement that the diagnosis of DI requires stimu-
lating AVP secretion osmotically and then measuring the 
adequacy of the secretion by direct measurement of plasma 
AVP levels or indirect assessment by urine osmolality.

In a patient who is already hyperosmolar, with submaxi-
mally concentrated urine (i.e., urine osmolality < 800 mOsm/
kg H2O), the diagnosis is straightforward and simple; 
primary polydipsia is ruled out by the presence of hyperos-
molality,211 confirming a diagnosis of DI. CDI can then be 
distinguished from NDI by evaluating the response to the 
administration of AVP (5 units SC) or, preferably, of the AVP 
V2 receptor agonist desmopressin (1-deamino-8-d-arginine 
vasopressin [DDAVP], 1 to 2 µg subcutaneously or intrave-
nously). A significant increase in urine osmolality within 1 
to 2 hours after injection indicates insufficient endogenous 
AVP secretion, and therefore CDI, whereas an absent 
response indicates renal resistance to AVP effects, and there-
fore NDI. Although conceptually simple, interpretational 
difficulties can arise because the water diuresis produced by 
AVP deficiency in CDI produces a washout of the renal 
medullary concentrating gradient and downregulation of 
kidney AQP2 water channels (see earlier), so that initial 
increases in urine osmolality in response to administered 
AVP or desmopressin are not as great as would be expected. 
Generally, increases of urine osmolality of more than 50% 
reliably indicate CDI, and responses of less than 10% indi-
cate NDI, but responses between 10% and 50% are indeter-
minate.142 Therefore, plasma AVP levels should be measured 
to aid in this distinction; hyperosmolar patients with NDI 
will have clearly elevated plasma AVP levels, whereas those 
with CDI will have absent (complete) or blunted (partial) 
AVP responses relative to their plasma osmolality (see Figure 
16.11). Because it will not be known beforehand which 
patients will have diagnostic versus indeterminate responses 
to AVP or desmopressin, a plasma AVP level should be deter-
mined prior to AVP or desmopressin administration in 
patients with hyperosmolality and inadequately concen-
trated urine without a solute diuresis.

Patients with DI have intact thirst mechanisms, so they 
usually do not present with hyperosmolality, but rather with 
a normal plasma osmolality and serum [Na+] and symptoms 
of polyuria and polydipsia. In these cases, it is most appro-
priate to perform a fluid deprivation test. The relative merits 
of the indirect fluid deprivation test (Miller-Moses test212) 
versus direct measurement of plasma AVP levels after a 
period of fluid deprivation142 has been debated in literature, 
with substantial pros and cons in support of each of these 
tests. On the one hand, the standard indirect test has a long 
track record of making an appropriate diagnosis in the large 
majority of cases, generally yields interpretable results by the 
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markedly variable AVP response. A more fundamental dis-
advantage with all nonosmotic stimuli is the possibility of 
false-positive or false-negative results because some patients 
exhibit little or no rise in AVP after hypotension or emesis 
yet lack polyuria and have a normal response to osmotic 
stimuli. Conversely, patients with osmoreceptor dysfunction 
exhibit little or no AVP response to hypertonic NaCl but 
have a normal increase in response to induced hypotension 
(see Figure 16.14).158

MRI has also proved to be useful for diagnosing DI. In 
normal subjects, the posterior pituitary produces a charac-
teristic bright signal in the posterior part of the sella turcica 
that is similar on T1-weighted images, usually best seen in 
sagittal views.217 This was originally thought to represent 
fatty tissue, but more recent evidence indicated that the 
bright spot was actually due to the stored hormone in neu-
rosecretory granules.218 An experimental study done in 
rabbits subjected to dehydration for varying periods of time 
showed a linear correlation between pituitary AVP content 
and the signal intensity of the posterior pituitary by MRI.219 
As might be expected from the fact that destruction of more 
than 85% to 90% of the neurohypophysis is necessary to 
produce clinical symptomatology of DI, this signal has been 
found to be almost always absent in patients with CDI in 
multiple studies.220 However, as with any diagnostic test, 
clinical usefulness is dependent on the sensitivity and speci-
ficity of the test. Although earlier studies using small 
numbers of subjects demonstrated the presence of the 
bright spot in all normal subjects, subsequent larger studies 
reported an age-related absence of a pituitary bright spot in 
up to 20% of normal subjects.221 Conversely, some studies 
have reported the presence of a bright spot in patients with 
clinical evidence of DI.222 This may be because some patients 
with partial CDI have not yet progressed to the point of 
depletion of all neurohypophyseal reserves of AVP, or 
because a persistent bright spot in patients with DI might 
be due to the pituitary content of OT rather than AVP. In 
support of this, it is known that oxytocinergic neurons are 
more resistant to destruction by trauma than vasopressiner-
gic neurons in rats223 and humans.22 The presence of a posi-
tive posterior pituitary bright spot has been variably reported 
in other polyuric disorders. In primary polydipsia, the bright 
spot is usually seen,220 consistent with studies in animals in 
which even prolonged lack of secretion of AVP caused by 
hyponatremia did not cause a decreased content of AVP in 
the posterior pituitary.26 In NDI, the bright spot has been 
reported to be absent in some patients but present in 
others.125 Consequently, specificity is lacking in regard to 
using MRI routinely as a diagnostic screening test for DI. 
Nonetheless, the sensitivity is sufficient to allow a high prob-
ability that a patient with a bright spot on MRI does not have 
CDI. Thus, MRI is more useful for ruling out than for ruling 
in a diagnosis of CDI.

Additional useful information can be gained through 
MRI via assessment of the pituitary stalk. Enlargement of 
the stalk beyond 2 to 3 mm is generally considered to be 
pathologic224 and can be caused by multiple disease pro-
cesses.225 Consequently, when MRI scans reveal thickening 
of the stalk, especially with absence of the posterior pituitary 
bright spot, systemic diseases should be searched for dili-
gently, including cerebrospinal fluid (CSF), plasma β-human 
chorionic gonadotropin (β-hCG), and alpha-fetoprotein 

development of hyponatremia, it is more likely that the 
patient has some form of primary polydipsia. If desmopres-
sin has no effect over this time interval, even when given by 
injection, it is almost certain that the patient has some form 
of NDI.

As might be expected, most patients with DI will also 
exhibit a subnormal increase in AVP secretion in response 
to nonosmotic stimuli, such as hypotension, nausea, and 
hypoglycemia.215 For diagnostic purposes, however, these 
nonosmotic tests of neurohypophyseal function do not 
provide any advantage over dehydration or hypertonic NaCl 
infusion because orthostatic, emetic, and glucopenic stimuli 
are difficult to control or quantitate and generally cause a 

Table 16.3 Fluid Deprivation Test for the 
Diagnosis of Diabetes Insipidus

Procedure

1.  Initiation of the deprivation period depends on the severity 
of the DI; in routine cases, the patient should be made 
NPO after dinner, whereas in patients with more severe 
polyuria and polydipsia, this may be too long a period 
without fluids, and the water deprivation should be started 
early on the morning (e.g., 6 AM) of the test.

2.  Obtain plasma and urine osmolality and serum electrolyte 
and plasma AVP levels at the start of the test.

3.  Measure urine volume and osmolality hourly or with each 
voided urine.

4.  Stop the test when body weight decreases by ≥3%, the 
patient develops orthostatic blood pressure changes, the 
urine osmolality reaches a plateau (i.e., <10% change over 
two or three consecutive measurements), or the serum  
Na+ > 145 mmol/L.

5.  Obtain plasma and urine osmolality and serum electrolyte 
and plasma AVP levels at the end of the test, when the 
plasma osmolality is elevated, preferably >300 mOsm/kg 
H2O.

6.  If serum Na+ < 146 mmol/L or plasma osmolality 
<300 mOsm/kg H2O when the test is stopped, then 
consider a short infusion of hypertonic saline (3% NaCl at a 
rate of 0.1 mL/kg/min for 1 to 2 hours) to reach these end 
points.

7.  If hypertonic saline infusion is not required to achieve 
hyperosmolality, administer AVP (5 U) or desmopressin 
(DDAVP; 1 µg) subcutaneously and continue following urine 
osmolality and volume for an additional 2 hours.

Interpretation

1.  An unequivocal urine concentration after AVP or DDAVP 
(>50% increase) indicates central diabetes insipidus (CDI); 
an unequivocal absence of urine concentration (<10%) 
strongly suggests nephrogenic DI (NDI) or primary 
polydipsia (PP).

2.  Differentiating between NDI and PP, as well as cases in 
which the increase in urine osmolality after AVP or DDAVP 
administration is more equivocal (e.g., 10% to 50%), is 
best done using the relation between plasma AVP levels 
and plasma osmolality obtained at the end of the 
dehydration period and/or hypertonic saline infusion and 
the relation between plasma AVP levels and urine 
osmolality determined under basal conditions (see Figures 
16.12 and 16.13).
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organic osmolytes as protection against excessive shrinkage 
during hyperosmolality.208 Because these osmolytes cannot 
be immediately dissipated, further correction to a normal 
plasma osmolality should be spread over the next 24 to 72 
hours to avoid producing cerebral edema during treat-
ment.209 This is especially important in children,227 in whom 
several studies have indicated that limiting correction of 
hypernatremia to a maximal rate of no greater than 
0.5 mmol/L/hr prevents the occurrence of symptomatic 
cerebral edema with seizures.210,228 In addition, the possibil-
ity of associated thyroid or adrenal insufficiency should also 
be kept in mind, because patients with CDI caused by hypo-
thalamic masses can have associated deficiencies of anterior 
pituitary function.

The above formula does not take into account ongoing 
water losses and is, at best, a rough estimate. Frequent 
serum and urine electrolyte determinations should be 
made, and the administration rate of oral water, or IV 5% 
dextrose in water, should be adjusted accordingly. Note, for 
example, that the estimated deficit of a 70-kg patient whose 
serum [Na+] is 160 mEq/L is 5.25 L of water. In such an 
individual, administration of water at a rate greater than 
200 mL/hr would be required simply to correct the estab-
lished deficit over 24 hours. Additional fluid would be 
needed to keep up with ongoing losses until a definitive 
response to treatment has occurred.

THERAPEUTIC AGENTS
The therapeutic agents available for the treatment of DI are 
shown in Table 16.4. Water should be considered a thera-
peutic agent because, when ingested or infused in sufficient 
quantity, there is no abnormality of body fluid volume or 
composition.

As noted previously, in most patients with DI, thirst 
remains intact, and the patients will drink sufficient fluid to 
maintain a relatively normal fluid balance. A patient with 
known DI should therefore be treated to decrease the poly-
uria and polydipsia to acceptable levels that allow him or 
her to maintain a normal lifestyle. Because the major goal 
of therapy is improvement in symptomatology, the thera-
peutic regimen prescribed should be individually tailored 
to each patient to accommodate her or his needs. The safety 
of the prescribed agent and use of a regimen that avoids 
potential detrimental effects of overtreatment are primary 
considerations because of the relatively benign course of DI 
in most cases and the potential adverse consequences of 
hyponatremia. Available treatments are summarized below; 
their use is discussed separately for different types of DI.

Arginine Vasopressin

Arginine vasopressin (Pitressin) is a synthetic form of natu-
rally occurring human AVP. The aqueous solution contains 
20 units/mL. Because of the drug’s relatively short half-life 
(2- to 4-hour duration of antidiuretic effect) and propensity 
to cause acute increases in blood pressure when given as an 
IV bolus, this route of administration should generally be 
avoided. This agent is mainly used for acute situations such 
as postoperative DI. However, repeated dosing is required 
unless a continuous infusion is used, and the frequency of 
dosing or infusion rate must be titrated to achieve the 
desired reduction in urine output (see subsequent discus-
sion of postoperative DI).

measurements for the evaluation of suprasellar germinoma, 
chest imaging and CSF and plasma angiotensin-converting 
enzyme (ACE) levels for the evaluation of sarcoidosis,  
and bone and skin surveys for the evaluation of histiocytosis. 
When a diagnosis is still in doubt, the MRI should  
be repeated every 3 to 6 months. Continued enlargement, 
especially in children over the first 3 years of follow-up, sug-
gests a germinoma and mandates a biopsy, whereas  
a decrease in the size of the stalk over time is more indica-
tive of an inflammatory process, such as lymphocytic 
infundibuloneurohypophysitis.226

TREATMENT OF DIABETES INSIPIDUS

The general goals of treatment of all forms of DI are a cor-
rection of any preexisting water deficits and a reduction in 
the ongoing excessive urinary water losses. The specific 
therapy required (Table 16.4) will vary according to the type 
of DI present and clinical situation. Awake ambulatory 
patients with normal thirst have relatively little body water 
deficit, but benefit greatly by alleviation of the polyuria and 
polydipsia that disrupt their normal daily activities. In con-
trast, comatose patients with acute DI after head trauma are 
unable to drink in response to thirst and, in these patients, 
progressive hyperosmolality can be life-threatening.

The total body water deficit in a hyperosmolar patient can 
be estimated using the following formula:

Total body water deficit premorbid weight Na= × × − +0 6 1 140. ( [ ])

where [Na+] is the serum sodium concentration in mmol/L 
and weight is in kilograms. This formula is dependent on 
three assumptions: (1) total body water is approximately 
60% of the premorbid body weight; (2) no body solute was 
lost as the hyperosmolality developed; and (3) the premor-
bid serum [Na+] was 140 mEq/L.

To reduce the risk of CNS damage from protracted expo-
sure to severe hyperosmolality, in most cases the plasma 
osmolality should be rapidly lowered in the first 24 hours to 
the range of 320 to 330 mOsm/kg H2O, or by approxi-
mately 50%. Plasma osmolality may be most easily estimated 
as twice the serum [Na+] if there is no hyperglycemia, and 
measured osmolality may be substituted if azotemia is not 
present. As discussed earlier, the brain increases intracel-
lular osmolality by increasing the content of a variety of 

Table 16.4 Therapies for the Treatment of 
Diabetes Insipidus

Water
Antidiuretic agents
Arginine vasopressin (Pitressin)
1-Deamino-8-D-arginine vasopressin (desmopressin; DDAVP)
Antidiuresis-enhancing agents

Chlorpropamide
Prostaglandin synthetase inhibitors (indomethacin, 

ibuprofen, tolmetin)
Natriuretic agents

Thiazide diuretics
Amiloride
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Prostaglandin Synthase Inhibitors

Prostaglandins have complex effects in the CNS and kidney, 
many of which are still incompletely understood due to the 
variety of different prostaglandins and their multiplicity of 
cellular effects. In the brain, intracerebroventricular infu-
sion of E prostaglandins stimulates AVP secretion,232 and 
administration of prostaglandin synthase inhibitors attenu-
ates osmotically stimulated AVP secretion.233 However, in the 
kidney, prostaglandin E2 (PGE2) has been reported to 
inhibit AVP-stimulated generation of cAMP in the cortical 
collecting tubule by interacting with inhibitory G protein 
(Gi).234 Thus, the effect of prostaglandin synthase inhibitors 
to sensitize AVP effects in the kidney likely result from 
enhanced cAMP generation on AVP binding to the V2 recep-
tor. The predominant renal effects of these agents is dem-
onstrated by the fact that clinically these agents successfully 
reduce urine volume and free water clearance, even in 
patients with NDI of different causes.235

Natriuretic Agents

Thiazide diuretics have a paradoxic antidiuretic effect in 
patients with CDI.236 However, given that better antidiuretic 
agents are available for the treatment of CDI, its main thera-
peutic use is in NDI. Hydrochlorothiazide at doses of 50 to 
100 mg/day usually reduces urine output by approximately 
50%, and its efficacy can be further enhanced by restricting 
sodium intake. Unlike desmopressin or the other antidiuresis-
enhancing drugs, these agents are equally effective for treat-
ing most forms of NDI (see below).

TREATMENT OF DIFFERENT TYPES OF  
DIABETES INSIPIDUS
Central Diabetes Insipidus

Patients with CDI should generally be treated with intrana-
sal or oral desmopressin. Unless the hypothalamic thirst 
center is also affected by the primary lesion causing super-
imposed osmoreceptor dysfunction, these patients will 
develop thirst when the plasma osmolality increases by only 
2% to 3%.211 Severe hyperosmolality is therefore not a risk 
in the patient who is alert, ambulatory, and able to drink in 
response to perceived thirst. Polyuria and polydipsia are 
thus inconvenient and disruptive, but not life-threatening. 
However, hypo-osmolality is largely asymptomatic and may 
be progressive if water intake continues during a period  
of continuous antidiuresis. Therefore, treatment must be 
designed to minimize polyuria and polydipsia but without 
an undue risk of hyponatremia from overtreatment.

Treatment should be individualized to determine optimal 
dosage and dosing intervals. Although tablets offer greater 
convenience and are generally preferred by patients, it is 
useful to start with the nasal spray initially because of greater 
consistency of absorption and physiologic effect and then 
switch to oral tablets only after the patient is comfortable 
with use of the intranasal preparation to produce antidiure-
sis. Having tried both preparations, the patient can then 
choose which they prefer for long-term usage. Because of 
variability in response among patients, it is desirable to 
determine the duration of action of individual doses in each 
patient.237 A satisfactory schedule can generally be deter-
mined using modest doses, and the maximum dose of 

Desmopressin

Desmopressin (DDAVP) is an agonist of the AVP V2 receptor 
that was developed for therapeutic use because it has a sig-
nificantly longer half-life than AVP (8- to 20-hour duration 
of antidiuretic effect) and is devoid of the latter’s pressor 
activity because of the absence of activation of AVP V1A 
receptors on vascular smooth muscle.229 As a result of these 
advantages, it is the drug of choice for acute and chronic 
administration in patients with CDI.230 Several different 
preparations are available. The intranasal form is provided 
as an aqueous solution containing 100 µg/mL in a bottle 
with a calibrated rhinal tube, which requires specialized 
training to use appropriately, or as a nasal spray delivering 
a metered dose of 10 µg in 0.1 mL. An oral preparation is 
also available in doses of 0.1 or 0.2 mg. Recently, a sublin-
gual preparation, called Minrin Melt, has been introduced 
in doses of 60 to 120 µg.231

Neither the intranasal or oral preparations should be 
used in an acute emergency setting, in which it is essential 
that the patient achieve a therapeutic dose of the drug; in 
this case, the parenteral form should always be used. This is 
supplied as a solution containing 4 µg/mL and may be given 
by the intravenous, intramuscular, or subcutaneous route. 
The parenteral form is approximately 5 to 10 times more 
potent than the intranasal preparation, and the recom-
mended dosage is 1 to 2 µg every 8 to 12 hours. For intra-
nasal and parenteral preparations, increasing the dose 
generally has the effect of prolonging the duration of antidi-
uresis for several hours rather than increasing its magni-
tude; consequently, altering the dose can be useful to reduce 
the required frequency of administration.

Chlorpropamide

Chlorpropamide (Diabinese) is primarily used as an oral 
hypoglycemic agent; this sulfonylurea also potentiates the 
hydro-osmotic effect of AVP in the kidney. Chlorpropamide 
has been reported to reduce polyuria by 25% to 75% in 
patients with CDI. This effect appears to be independent of 
the severity of the disease and is associated with a propor-
tional rise in urine osmolality, correction of dehydration, 
and elimination of the polydipsia, similar to that caused by 
small doses of AVP or desmopressin.211 The major site of 
action of chlorpropamide appears to be at the renal tubule 
to potentiate the hydro-osmotic action of circulating  
AVP, but there is also evidence of a pituitary effect to increase 
the release of AVP; the latter effect may account for the 
observation that chlorpropamide can produce significant 
antidiuresis, even in patients with severe CDI and presumed 
near-total AVP deficiency.211 The usual dose is 250 to 
500 mg/day, with a response noted in 1 or 2 days and a 
maximum antidiuresis in 4 days. It should be remembered 
that this is an off-label use of chlorpropamide; it should not 
be used in pregnant women or in children, it should never 
be used in an acute emergency setting in which achieving 
rapid antidiuresis is necessary, and it should be avoided in 
patients with concurrent hypopituitarism because of the 
increased risk of hypoglycemia. Other sulfonylureas share 
chlorpropamide’s effect but generally are less potent. In 
particular, the newer generation of oral hypoglycemic 
agents, such as glipizide and glyburide, are almost devoid of 
any AVP-potentiating effects.
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damage to the thirst center, fluid balance must be main-
tained by administering fluid intravenously. The urine 
osmolality and serum [Na+] must be checked every several 
hours during the initial therapy and then at least daily until 
stabilization or resolution of the DI. Caution must also be 
exercised regarding the volume of water replacement, 
because excess water administered during the continued 
administration of AVP or desmopressin can create a syn-
drome of inappropriate antidiuresis and potentially severe 
hyponatremia. Studies in experimental animals have indi-
cated that desmopressin-induced hyponatremia markedly 
impairs survival of AVP neurons after pituitary stalk com-
pression,223 suggesting that overhydration with subsequent 
decreased stimulation of the neurohypophysis may also 
increase the likelihood of permanent DI.

Postoperatively, desmopressin may be given parenterally 
in a dose of 1 to 2 µg subcutaneously, intramuscularly, or 
intravenously. The intravenous route is preferable because 
it obviates any concern about absorption, is not associated 
with significant pressor activity, and has the same total dura-
tion of action as the other parenteral routes. A prompt 
reduction in urine output should occur; the duration of the 
antidiuretic effect is generally 6 to 12 hours. Usually, the 
patient is hypernatremic with relatively dilute urine when 
therapy is started. One should monitor the urine osmolality 
and urine volume to be certain that the dose was effective 
and check the serum [Na+] at frequent intervals to ensure 
some improvement of hypernatremia. It is generally  
advisable to allow some return of the polyuria before admin-
istration of subsequent doses of desmopressin because post-
operative DI is often transient, and return of endogenous 
AVP secretion will become apparent by a lack of return of 
the polyuria. Also, in some cases, transient postoperative DI 
is part of a triphasic pattern that has been well described 
following pituitary stalk transection (see previous discussion 
and Figure 16.11). Because of this possibility, allowing  
a return of polyuria before redosing with desmopressin  
will allow earlier detection of a potential second phase of 
inappropriate antidiuresis and decrease the likelihood of 
producing symptomatic hyponatremia by continuing antidi-
uretic therapy and intravenous fluid administration when it 
is not required.

Some clinicians have recommended using a continuous 
intravenous infusion of a dilute solution of AVP to control 
DI postoperatively. Algorithms for continuous AVP infusion 
in postoperative and posttraumatic DI in pediatric patients 
have begun at infusion rates of 0.25 to 1.0 mU/kg/hr and 
titrated the rate using urine specific gravity (goal of 1.010 
to 1.020) and urine volume (goal of 2 to 3 mL/kg/hr) as a 
guide to adequacy of the antidiuresis.244 Although pressor 
effects have not been reported at these infusion rates, and 
the antidiuretic effects are quickly reversible in 2 to 3 hours, 
it should be remembered that use of continuous infusions 
versus intermittent dosing will not allow assessing when  
the patient has recovered from transient DI or entered the 
second phase of a triphasic response. If DI persists, the 
patient should eventually be switched to maintenance 
therapy with intranasal or oral preparations of desmopres-
sin for the treatment of chronic DI.

Acute traumatic DI can occur after injuries to the head, 
usually a motor vehicle accident. DI is more common with 
deceleration injuries that result in a shearing action on the 

desmopressin needed is rarely above 0.2 µg orally or 10 µg 
(one nasal spray) given two or occasionally three times 
daily.238 These doses generally produce plasma desmopres-
sin levels many times more than those required to produce 
maximum antidiuresis but obviate the need for more fre-
quent treatment. Rarely, once-daily dosing suffices. In a few 
patients, the effect of intranasal or oral desmopressin is 
erratic, probably as a result of variable interference with 
absorption from the gastrointestinal tract or nasal mucosa. 
This variability can be reduced and the duration of action 
prolonged by administering the drug on an empty stomach239 
or after thorough cleansing of the nostrils. Resistance 
caused by antibody production has not been reported.

Hyponatremia is a rare complication of desmopressin 
therapy; however, it only occurs if the patient is continually 
antidiuretic while maintaining a fluid intake sufficient to 
become volume expanded and natriuretic.240 Absence of 
thirst in this case is protective but, in addition, most patients 
with CDI on standard therapy are not maximally antidi-
uretic continuously. There are reports of hyponatremia in 
patients with normal AVP function, and presumably normal 
thirst, when they are given desmopressin to treat hemo-
philia and von Willebrand’s disease241 and in children 
treated with desmopressin for primary enuresis.242 In these 
cases, the hyponatremia can develop rapidly and is often 
first noted by the onset of convulsions and coma.243 Severe 
hyponatremia in patients with DI who are being treated with 
desmopressin can be avoided by monitoring serum electro-
lyte levels frequently during the initiation of therapy. 
Patients who show a tendency to develop a low serum [Na+] 
and do not respond to recommended decreases in fluid 
intake should then be instructed to delay a scheduled dose 
of desmopressin once or twice weekly so that polyuria recurs, 
thereby allowing any excess retained fluid to be excreted.212

Acute postsurgical DI occurs relatively frequently follow-
ing surgery that involves the suprasellar hypothalamic area, 
but several confounding factors must be considered. These 
patients often receive stress doses of glucocorticoids, and 
the resulting hyperglycemia with glucosuria may confuse a 
diagnosis of DI. Thus, the blood glucose level must first be 
brought under control to eliminate an osmotic diuresis as 
the cause of the polyuria. In addition, excess fluids admin-
istered intravenously may be retained perioperatively but 
then excreted normally postoperatively. If this large output 
is matched with continued intravenous input, an incorrect 
diagnosis of DI may be made based on the resulting poly-
uria. Therefore, if the serum [Na+] is not elevated concomi-
tantly with the polyuria, the rate of parenterally administered 
fluid should be slowed, with careful monitoring of serum 
[Na+] and urine output to establish the diagnosis. Once a 
diagnosis of DI is confirmed, the only acceptable pharma-
cologic therapy is an antidiuretic agent. However, because 
many neurosurgeons fear water overload and brain edema 
after this type of surgery, the patient is sometimes treated 
only with intravenous fluid replacement for a considerable 
time before the institution of antidiuretic hormone therapy 
(see the potential benefits of this approach below). If the 
patient is awake and able to respond to thirst, he or she can 
be treated with an antidiuretic hormone, and the patient’s 
thirst can then be the guide for water replacement. However, 
if the patient is unable to respond to thirst because of a 
decreased level of consciousness or from hypothalamic 
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because these patients will not be able to excrete the  
fluid and will be susceptible to the development of water 
intoxication and hyponatremia. After delivery, oxytocinase-
vasopressinase levels decrease in plasma within several days 
and, depending on the cause of the DI, the disorder may 
disappear or patients may become asymptomatic with regard 
to fluid intake and urine volume.248

Nephrogenic Diabetes Insipidus

By definition, patients with NDI are resistant to the effects 
of AVP. Some patients with NDI can be treated by eliminat-
ing the drug (e.g., lithium) or disease (e.g., hypercalcemia) 
responsible for the disorder. For many others, however, 
including those with the genetic forms, the only practical 
form of treatment at present is to restrict sodium intake and 
administer a thiazide diuretic alone236 or in combination 
with prostaglandin synthetase inhibitors or amiloride.249-251 
The natriuretic effect of the thiazide class of diuretics is 
conferred by their ability to block sodium absorption in the 
renal cortical diluting site. When combined with dietary 
sodium restriction, these drugs cause modest hypovolemia. 
This stimulates isotonic proximal tubular solute reabsorp-
tion and diminishes solute delivery to the more distal dilut-
ing site, at which experimental studies have indicated that 
thiazides also act to enhance water reabsorption in the inner 
medullary collecting duct independently of AVP.252 Together, 
these effects diminish renal diluting ability and free water 
clearance, also independently of any action of AVP. Thus, 
agents of this class are the mainstay of therapy for NDI. 
Monitoring for hypokalemia is recommended, and potas-
sium supplementation is occasionally required. Any drug of 
the thiazide class may be used with equal potential for 
benefit, and clinicians should use the one that they are most 
familiar with from use in other conditions. Care must be 
exercised when treating patients taking lithium with diuret-
ics because the induced contraction of plasma volume may 
increase lithium concentrations and worsen potential toxic 
effects of the therapy. In the acute setting, diuretics are of 
no use in NDI, and only free water administration can 
reverse hyperosmolality.

Indomethacin, tolmetin, and ibuprofen have been used 
in this setting,249,253,254 although ibuprofen may be less effec-
tive than the others. The combination of thiazides and a 
nonsteroidal antiinflammatory drug (NSAID) will not 
increase urinary osmolality above that of plasma, but the 
lessening of polyuria is nonetheless beneficial to patients. 
In many cases, the combination of thiazides with the 
potassium-sparing diuretic amiloride is preferred to lessen 
the potential side effects associated with long-term use of 
NSAIDs.250,251 Amiloride also has the advantage of decreas-
ing lithium entrance into cells in the distal tubule and, 
because of this, may have a preferable action for the treat-
ment of lithium-induced NDI.255,256

Although desmopressin is generally not effective in NDI, 
a few patients may have receptor mutations that allow partial 
responses to AVP or desmopressin,257 with increases in urine 
osmolality following much higher doses of these agents than 
those typically used to treat CDI (e.g., 6 to 10 µg intrave-
nously). It is generally worth a trial of desmopressin at these 
doses to ascertain whether this is a potential useful therapy 
in selected patients in whom the responsivity of other 
affected family members is not already known. Potential 

pituitary stalk and/or cause hemorrhagic ischemia of the 
hypothalamus and/or posterior pituitary.144 Similar to the 
onset of postsurgical DI, posttraumatic DI is usually recog-
nized by hypotonic polyuria in the presence of increased 
plasma osmolality. The clinical management is similar to 
that of postsurgical DI, as outlined above, except that the 
possibility of anterior pituitary insufficiency must also  
be considered in these cases, and the patient should be 
given stress doses of glucocorticoids (e.g., hydrocortisone, 
50-100 mg intravenously every 8 hours) until anterior pitu-
itary function can be definitively evaluated.

Osmoreceptor Dysfunction

Acutely, patients with hypernatremia due to osmoreceptor 
dysfunction should be treated the same as any hyperosmolar 
patient by replacing the underlying free water deficit as 
described at the beginning of this section. The long-term 
management of osmoreceptor dysfunction syndromes 
requires a thorough search for potentially treatable causes 
(see Table 16.2) in conjunction with the use of measures to 
prevent recurrence of dehydration. Because the hypodipsia 
cannot be cured, and rarely if ever improves spontaneously, 
the mainstay of management is education of the patient and 
family about the importance of continuously regulating his 
or her fluid intake in accordance with the hydration status. 
This is never accomplished easily in such patients, but can 
be done most efficaciously by establishing a daily schedule 
of water intake based on changes in body weight, regardless 
of the patient’s thirst. In effect, a prescription for daily fluid 
intake must be written for these patients because they will 
not drink spontaneously. In addition, if the patient has poly-
uria, desmopressin should also be given, as for any patient 
with DI. The success of this regimen should be monitored 
periodically (weekly at first, later every month, depending 
on the stability of the patient) by measuring serum [Na+]. 
In addition, the target weight (at which hydration status and 
serum [Na+] concentration are normal) may need to be 
recalculated periodically to allow for growth in children or 
changes in body fat in adults.

Gestational Diabetes Insipidus

The polyuria of gestational DI is usually not corrected by the 
administration of AVP itself because this is rapidly degraded 
by high circulating levels of oxytocinase or vasopressinase, 
just as endogenous AVP is degraded by these enzymes. The 
treatment of choice is desmopressin because this synthetic 
AVP V2 receptor agonist is not destroyed by the cysteine ami-
nopeptidase (oxytocinase-vasopressinase) in the plasma of 
pregnant women245 and, to date, appears to be safe for both 
the mother and child.246,247 Desmopressin has only 2% to 5% 
the oxytocic activity of AVP230 and can be used with minimal 
stimulation of the OT receptors in the uterus. Doses should 
be titrated to individual patients because higher doses and 
more frequent dosing intervals are sometimes required as a 
result of the increased degradation of the peptide. However, 
physicians should remember that the naturally occurring 
volume expansion and reset osmostat that occurs in preg-
nancy maintains the serum [Na+] at a lower level during 
pregnancy.39 During delivery, these patients can maintain 
adequate oral intake and continued administration of des-
mopressin. However, physicians should be cautious about 
overadministration of fluid parenterally during delivery 
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the basic relationship of plasma osmolality to plasma or 
serum [Na+]. As reviewed in the introduction to this chapter, 
Na+ and its associated anions account for almost all of the 
osmotic activity of plasma. Therefore, changes in plasma 
[Na+] are usually associated with comparable changes in 
plasma osmolality. The osmolality calculated from the con-
centrations of Na+, urea, and glucose is usually in close 
agreement with that obtained from a measurement of osmo-
lality.265 When the measured osmolality exceeds the calcu-
lated osmolality by more than 10 mOsm/kg H2O, an osmolar 
gap is present.265 This occurs in two circumstances: (1) with 
a decrease in the water content of the serum; and (2) with 
addition of a solute other than urea or glucose to the serum.

A decrease in the water content of serum is usually due 
to its displacement by excessive amounts of protein or lipids, 
which can occur in severe hyperlipidemia or hyperglobulin-
emia. Normally, 92% to 94% plasma volume is water, with 
the remaining 6% to 8% being lipids and protein. Because 
of its ionic nature, Na+ dissolves only in the water phase of 
plasma. Thus, when a greater than normal proportion of 
plasma is accounted for by solids, the concentration of Na+ 
in plasma water remains normal, but the concentration in 
the total volume, as measured by flame photometry, is arti-
factually low. Such a discrepancy can be avoided if [Na+] is 
measured with an ion-selective electrode.266 However, the 
sample needs to remain undiluted (direct potentiometry) 
for accurate measurement of the serum [Na+]. Whereas the 
flame photometer measures the concentration of Na+ in the 
total plasma volume, the ion-selective electrode measures it 
only in the plasma water. Normally, this difference is only 
3 mEq/L but, in the settings under discussion, the differ-
ence can be much greater. Because the large lipid and 
protein molecules contribute only minimally to the total 
osmolality, the measurement of osmolality by freezing point 
depression remains normal in these patients.

Hyponatremia associated with normal osmolality has 
been termed factitious hyponatremia or pseudohyponatremia. 
The most common causes of pseudohyponatremia are 
primary or secondary hyperlipidemic disorders. The serum 
need not appear lipemic because increments in cholesterol 
alone can cause the same discrepancy.266 Plasma protein 
level elevations above 10 g/dL, as seen in multiple myeloma 
or macroglobulinemia, can also cause pseudohyponatre-
mia. The administration of intravenous immune globulin 
was reported to be associated with hyponatremia without 
hypo-osmolality in several patients.267

The second setting in which an osmolar gap occurs is the 
presence in plasma of an exogenous low-molecular-weight 
substance such as ethanol, methanol, ethylene glycol, or 
mannitol.268 Undialyzed patients with chronic renal failure, 
as well as critically ill patients,269 also have an increment in 
the osmolar gap of unknown cause. Whereas all these exog-
enous substances, as well as glucose and urea, elevate mea-
sured osmolality, the effect they have on the serum [Na+] 
and intracellular hydration depends on the solute in ques-
tion. As noted, in the presence of relative insulin deficiency, 
glucose does not penetrate cells readily and remains in the 
ECF. As a consequence, water is drawn osmotically from the 
ICF compartment, causing cell shrinkage, and this translo-
cation of water commensurately decreases the [Na+] in the 
ECF. In this setting, therefore, the serum [Na+] can be low 
while plasma osmolality is high. It is generally estimated that 

therapies involving the administration of chaperones to 
bypass defects in cellular routing of misfolded aquaporin178 
and AVP V2 receptor proteins179 is an exciting, future 
possibility.168

Primary Polydipsia

At present, there is no completely satisfactory treatment for 
primary polydipsia. Fluid restriction would seem to be the 
obvious treatment of choice. However, patients with a reset 
thirst threshold will be resistant to fluid restriction because 
of the resulting thirst from stimulation of brain thirst centers 
at higher plasma osmolalities.258 In some cases, the use of 
alternative methods to ameliorate the sensation of thirst 
(e.g., wetting the mouth with ice chips, using sour candies 
to increase salivary flow) can help reduce fluid intake. Fluid 
intake in patients with psychogenic causes of polydipsia is 
driven by psychiatric factors that have responded variably to 
behavioral modification and pharmacologic therapy. Several 
reports have suggested limited efficacy of the antipsychotic 
drug clozapine as an agent to reduce polydipsia and prevent 
recurrent hyponatremia in at least a subset of these 
patients.259 Administration of any antidiuretic hormone or 
thiazide to decrease polyuria is hazardous because they 
invariably produce water intoxication.211,260 Therefore, if the 
diagnosis of DI is uncertain, any trial of antidiuretic therapy 
should be conducted with close monitoring, preferably in 
the hospital, with frequent evaluation of fluid balance and 
serum electrolyte levels. If a patient with primary polydipsia 
is troubled by nocturia, this may be reduced or eliminated 
by administering a small dose of desmopressin at bedtime; 
because thirst and fluid intake are reduced during sleep, 
this treatment is less likely to cause water intoxication, pro-
vided the dose is titrated to allow resumption of a water 
diuresis as soon as the patient awakens the next morning. 
However, this approach cannot be recommended for 
patients with psychogenic polydipsia because of the unpre-
dictability of their fluid intake.

DISORDERS OF EXCESS VASOPRESSIN OR 
VASOPRESSIN EFFECT

The disorders of the renal concentrating mechanism 
described in the previous section can lead to water deple-
tion, sometimes in association with hyperosmolality and 
hypernatremia. In contrast, disorders of the renal diluting 
mechanism usually present as hyponatremia and hypo-
osmolality. Hyponatremia is among the most common elec-
trolyte disorders encountered in clinical medicine, with an 
incidence of 0.97% and a prevalence of 2.48% in hospital-
ized adult patients when the serum [Na+] less than 130 mEq/L 
is the diagnostic criterion261 and as high as 15% to 30% if the 
serum [Na+] less than 135 mEq/L is used.262 The prevalence 
may be somewhat lower in the hospitalized pediatric popula-
tion but, conversely, the prevalence is higher than originally 
recognized in the geriatric population.262-264

RELATIONSHIP BETWEEN HYPO-OSMOLALITY 
AND HYPONATREMIA

Because plasma osmolality is most often measured to help 
evaluate hyponatremic disorders, it is useful to bear in mind 
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Thus, the transport of NaCl by the Na+-K+-2Cl− cotransporter 
converts the hypertonic tubule fluid delivered from the 
descending limb of the loop of Henle to a distinctly hypo-
tonic fluid (≈100 mOsm/kg H2O). Interference with reab-
sorption of Na+ and Cl− in the ascending limb, as occurs with 
agents that inhibit the Na+-K+-2Cl− cotransporter, such as 
thiazide diuretics, will therefore impair urine dilution.

WATER IMPERMEABILITY OF THE COLLECTING DUCT
The excretion of urine, which is more dilute than the fluid 
that is delivered to the distal convoluted tubule, requires 
continued solute reabsorption and minimal water reabsorp-
tion in the terminal segments of the nephron. Because the 
water permeability of the collecting duct epithelium is pri-
marily dependent on the presence or absence of AVP, this 
hormone plays a pivotal role in determining the fate of the 
fluid delivered to the collecting duct and thus the concen-
tration or dilution of the final urine (see Chapter 10). In 
the absence of AVP, the collecting duct remains essentially 
impermeable to water, even though some water is still reab-
sorbed. The continued reabsorption of solute then results 
in the excretion of a maximally dilute urine (≈50 mOsm/
kg H2O). Because the medullary interstitium is always hyper-
tonic, the absence of circulating AVP, which renders the 
collecting duct impermeable to water, is critical to the 
normal diluting process. This diluting mechanism allows for 
the intake and subsequent excretion of large volumes of 
water without major alterations in the tonicity of body 
water.272 Rarely, this limit can be exceeded, causing water 
intoxication. Much more commonly, however, hyponatre-
mia occurs at lower rates of water intake because of an 
intrarenal defect in urine dilution or persistent secretion of 
AVP in the circulation. Because hypo-osmolality normally 
suppresses AVP secretion,273 the hypo-osmolar state fre-
quently reflects the persistent secretion of AVP in response 
to hemodynamic or other nonosmotic stimuli.273

PATHOGENESIS AND CAUSES  
OF HYPONATREMIA

The plasma or serum [Na+] is determined by the body’s total 
content of sodium, potassium, and water, as shown by the 
following equation:

Serum Na

Total body exchangeable Na
total body exchange

[ ]+

+

= + aable K
Total body water TBW

+

( )

for every 100-mg/dL rise in serum glucose, the osmotic shift 
of water causes serum [Na+] to fall by 1.6 mEq/L. However, 
it was suggested that this may represent an underestimate 
of the decrease caused by hyperglycemia, and a 2.4-mEq/L 
correction factor was recommended.270

Similar “translocational” hyponatremia occurs with man-
nitol or maltose or with the absorption of glycine during 
transurethral prostate resection, as well as in gynecologic 
and orthopedic procedures. A potential toxicity for glycine 
in this setting also requires consideration.271 The recent 
introduction of bipolar retroscopes, which allow for the use 
of NaCl as an irrigant, should result in disappearance of this 
clinical entity. When the plasma solute is readily permeable 
(e.g., urea, ethylene glycol, methanol, ethanol), it enters 
cells and so does not establish an osmotic gradient for water 
movement. There is no cellular dehydration, despite the 
hyperosmolar state, so the serum [Na+] remains unchanged. 
The relationship among plasma osmolality, plasma tonicity, 
and serum [Na+] in the presence of various solutes is sum-
marized in Table 16.5.

VARIABLES THAT INFLUENCE RENAL  
WATER EXCRETION

In considering clinical disorders that result from excessive 
or inappropriate secretion of AVP, it is helpful to remember 
the many other variables that also influence renal water 
excretion. These factors fall into three broad categories.

FLUID DELIVERY FROM THE PROXIMAL TUBULE
In spite of the fact that proximal fluid reabsorption is iso-
osmotic and therefore does not contribute directly to urine 
dilution, the volume of tubular fluid that is delivered to the 
distal nephron largely determines the volume of dilute 
urine that can be excreted. Thus, if glomerular filtration  
is decreased or proximal tubule reabsorption is greatly 
enhanced, the resulting diminution in the amount of fluid 
delivered to the distal tubule itself limits the rate of renal 
water excretion, even if other components of the diluting 
mechanism are intact.

DILUTION OF TUBULAR FLUID
The excretion of urine that is hypotonic to plasma requires 
that some segment of the nephron reabsorb solute in excess 
of water. The water impermeability of the entire ascending 
limb of Henle, as well as the capacity of its thick segment to 
reabsorb NaCl, actively endows this segment of the nephron 
with the characteristics required by the diluting process. 

Table 16.5 Relationship Between Serum Tonicity and Sodium Concentration in the Presence 
of Other Substances

Condition or Substance Serum Osmolality Serum Tonicity Serum [Na+]

Hyperglycemia ↑ ↑ ↓
Mannitol, maltose, glycine ↑ ↑ ↓
Azotemia (high blood urea) ↑ ↔ ↔
Ingestion of ethanol, methanol, ethylene glycol ↑ ↔ ↔
Elevated serum lipid or protein ↔ ↔ ↓

↑, Increased; ↓, decreased; ↔, unchanged.
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and tachycardia. If sufficiently severe, volume depletion is a 
potent stimulus to AVP secretion. When the osmoreceptors 
and volume receptors receive opposing stimuli, the former 
remains active but the set point of the system is lowered (see 
Figure 16.7). Thus, in the presence of hypovolemia, AVP is 
secreted and water is retained, despite hypo-osmolality. 
Whereas the hyponatremia in this setting clearly involves a 
depletion of body solutes, the concomitant AVP-mediated 
retention of water is critical to the pathologic process pro-
ducing hyponatremia.

As depicted in the flow chart in Figure 16.16, measure-
ment of the urine Na+ concentration is helpful in assessing 
whether the fluid losses are renal or extrarenal in origin. A 
urine [Na+] of less than 30 mEq/L reflects a normal renal 
response to volume depletion and indicates an extrarenal 
source of fluid loss. This is usually seen in patients with 
gastrointestinal disease with vomiting or diarrhea. Other 
causes include loss of fluid into third spaces, such as the 
abdominal cavity in pancreatitis or the bowel lumen with 
ileus. Burns and muscle trauma can also be associated with 
large fluid and electrolyte losses. Because many of these 
pathologic states are associated with thirst, an increase in 
orally ingested or parenterally infused free water can lead 
to hyponatremia.

Hypovolemic hyponatremia in patients whose urine [Na+] 
is greater than 30 mEq/L indicates the kidney as the source 
of the fluid losses. Diuretic-induced hyponatremia, a com-
monly observed clinical entity, accounts for a significant 
proportion of symptomatic hyponatremia in hospitalized 
patients. It occurs almost exclusively with thiazide rather 
than loop diuretics, most likely because the latter have no 
effect on urine-diluting ability but the former do. The hypo-
natremia is usually evident within 14 days in most patients, 

This formula has been simplified from the observations 
made by Edelman in the 1950s, which introduced some 
errors in the prediction of changes in serum [Na+] and has 
been subject to reinterpretation by Nguyen and Kurtz.274 
Although this revision of the formula is more accurate, 
there are so many inaccuracies in the measurements of 
sodium, potassium, and water losses, as well as intake, that 
there is no substitute for frequent measurements of serum 
[Na+] in rapidly changing clinical settings.275 As the previous 
relationship depicts, hyponatremia can therefore occur by 
an increase in TBW, a decrease in body solutes (Na+ or K+), 
or any combination of these. In most cases, more than one 
of these mechanisms is operant. Therefore, a classification 
system to separate the various causes of hyponatremia 
should be based on factors other than the level of serum 
[Na+] itself. In approaching the hyponatremic patient, the 
physician’s first task is to ensure that hyponatremia actually 
reflects a hypo-osmolar state and is not a consequence of 
pseudohyponatremia or translocational hyponatremia, as 
discussed earlier. Thereafter, an assessment of ECF volume 
(Figure 16.16) provides the most useful working classifica-
tion of the cause of the hyponatremia, because a low serum 
[Na+] can be associated with a decreased, normal, or high 
total body sodium.276,277

HYPONATREMIA WITH EXTRACELLULAR FLUID 
VOLUME DEPLETION

Patients with hyponatremia who have ECF volume depletion 
have sustained a deficit in total body Na+ that exceeds the 
deficit in TBW. The decrease in ECF volume is manifested 
by physical findings such as flat neck veins, decreased skin 
turgor, dry mucous membranes, orthostatic hypotension, 

Figure 16.16  Diagnostic approach to the hyponatremic patient. (Modified from Halterman R, Berl T: Therapy of dysnatremic disorders. In Brady 
H, Wilcox C, editors: Therapy in nephrology and hypertension, Philadelphia, 1999, WB Saunders, p 256.)

Assessment of Volume Status
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water excretion associated with mineralocorticoid defi-
ciency is mediated by AVP and by AVP-independent  
intrarenal factors, both of which are activated by decre-
ments of ECF volume, rather than by deficiency of the 
hormone per se.

The presence in the urine of an osmotically active non-
reabsorbable or poorly reabsorbable solute causes renal 
excretion of Na+ and culminates in volume depletion. Gly-
cosuria secondary to uncontrolled diabetes mellitus, man-
nitol infusion, or urea diuresis after relief of obstruction is 
a common setting for this disorder. In patients with diabe-
tes, the Na+ wasting caused by the glycosuria can be aggra-
vated by ketonuria because hydroxybutyrate and acetoacetate 
also cause urinary electrolyte losses. In fact, ketonuria can 
contribute to the renal Na+ wasting and hyponatremia seen 
in states of starvation and alcoholic ketoacidosis. Na+ 
and water excretion are also increased when a nonreabsorb-
able anion appears in the urine. This is observed principally 
with the metabolic alkalosis and bicarbonaturia that accom-
pany severe vomiting or nasogastric suction. In these 
patients, the excretion of HCO3 requires concomitant 
excretion of cations, including Na+ and K+, to maintain 
electroneutrality. Whereas the renal losses in such clinical 
settings is often hypotonic, the volume contraction–
stimulated thirst and water intake can result in the develop-
ment of hyponatremia.

Cerebral salt wasting is a rare syndrome described primar-
ily in patients with subarachnoid hemorrhage, but also with 
other types of CNS lesions, which can lead to renal salt 
wasting and volume contraction.288 Although hyponatremia 
is frequently reported in these patients, true cerebral salt 
wasting is probably less common than reported.289 One criti-
cal review found no conclusive evidence for volume contrac-
tion or renal salt wasting in any of these patients,290 as has 
a more recent study of patients with subarachnoid hemor-
rhage.291 The mechanism of this natriuresis is unknown, but 
an increased release of brain natriuretic peptides has been 
suggested.292

HYPONATREMIA WITH EXCESS  
EXTRACELLULAR FLUID VOLUME

In advanced stages, the edematous states listed in Figure 
16.16 are associated with a decrease in serum [Na+]. Patients 
generally have an increase in total body Na+ content, but 
the rise in TBW exceeds that of Na+. With the exception of 
renal failure, these states are characterized by avid Na+ 
retention (urine Na+ concentration often < 10 mEq/L). 
This avid retention may be obscured by the concomitant use 
of diuretics, which are frequently used in treating these 
patients. These agents can further contribute to the abnor-
mal water excretion seen in these states.

CONGESTIVE HEART FAILURE
The common association between congestive heart failure 
and Na+ and water retention is well established. A mecha-
nism mediated by decreased delivery of tubule fluid to the 
distal nephron or increased release of AVP has been pro-
posed. In an experimental model of low cardiac output, 
both AVP and diminished delivery to the diluting segment 
were found to be important in mediating the abnormality 
in water excretion. It thus appears that the decrement in 
effective blood volume and decrease in arterial filling are 

but occasionally can occur for up to 2 years.278 Underweight 
women appear to be particularly prone to this complication, 
and advanced age has been found to be a risk factor in 
some, but not all, studies.278-280 A careful study of diluting 
ability in older adults has revealed that thiazide diuretics 
exaggerate the already slower recovery from hyponatremia 
induced by water ingestion in this population.281

Diuretics can cause hyponatremia by several mecha-
nisms282: (1) volume depletion, which results in impaired 
water excretion by enhanced AVP release and decreased 
tubular fluid delivery to the diluting segment; (2) a direct 
effect on the diluting segment in the ascending limb; and 
(3) K+ depletion causing a decrease in the water permeabil-
ity of the collecting duct and an increase in water intake. K+ 
depletion leads to hyponatremia independently of the Na+ 
depletion that frequently accompanies diuretic use.283 The 
concomitant administration of potassium-sparing diuret-
ics does not prevent the development of hyponatremia. 
Although the diagnosis of diuretic-induced hyponatremia is 
frequently obvious, surreptitious diuretic abuse should 
always be considered in patients in whom other electrolyte 
abnormalities and high urinary Cl− excretion suggest this 
possibility.

Salt-losing nephropathy occurs in some patients with 
advanced renal insufficiency. In most of these patients, the 
Na+-wasting tendency is not one that manifests itself at 
normal rates of sodium intake; however, some patients with 
interstitial nephropathy, medullary cystic disease, polycystic 
kidney disease, or partial urinary obstruction develop suffi-
cient Na+ wasting to exhibit hypovolemic hyponatremia.284 
Patients with proximal renal tubular acidosis exhibit renal 
Na+ and K+ wasting, despite modest renal insufficiency, 
because bicarbonaturia obligates these cation losses.

It has long been recognized that adrenal insufficiency is 
associated with impaired renal water excretion and hypona-
tremia. This diagnosis should be considered in the volume-
contracted hyponatremic patient whose urine [Na+] is not 
low, particularly when the serum [K+], BUN, and creatinine 
levels are elevated. Separate mechanisms for mineralocorti-
coid and glucocorticoid deficiency have been defined.285 
Observations in glucocorticoid-replete adrenalectomized 
experimental animals have provided evidence to support a 
role of mineralocorticoid deficiency in the abnormal water 
excretion. Conscious adrenalectomized dogs given physio-
logic doses of glucocorticoids develop hyponatremia. Saline 
or physiologic doses of mineralocorticoids corrected the 
defect in association with ECF volume repletion and 
improvement in renal hemodynamics. Immunoassayable 
AVP levels were elevated in a similarly treated group of 
mineralocorticoid-deficient dogs, despite hypo-osmolality.286 
The decreased ECF volume thus provides a nonosmotic 
stimulus of AVP release. More direct evidence for the role 
of AVP was provided in studies using an AVP receptor antag-
onist. When glucocorticoid-replete, adrenally insufficient 
rats were given an AVP antagonist, minimal urine osmolality 
was significantly lowered but urine dilution was not fully 
corrected, in contrast to the mineralocorticoid-replete rats, 
thereby supporting a role for an AVP-independent mecha-
nism.287 This is in agreement with studies of adrenalecto-
mized homozygous Brattleboro rats, which also have a 
defect in water excretion that can be partially corrected  
by mineralocorticoids or by normalization of volume. In 
summary, therefore, the mechanism of the defect in  
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expansion of intravascular volume with saline, mannitol, 
ascites fluid, water immersion, or peritoneovenous shunting 
improves water excretion in cirrhosis could be interpreted 
as implicating an intrarenal mechanism in the impaired 
water excretion. This is because these maneuvers increase 
the GFR and improve distal delivery. Such maneuvers could 
also suppress baroreceptor-mediated AVP release and cause 
an osmotic diuresis, which would also improve water excre-
tion.302 Experimental models of deranged liver function, 
including acute portal hypertension by vein constriction, 
bile duct ligation, and chronic cirrhosis produced by admin-
istration of carbon tetrachloride have demonstrated a pre-
dominant role for AVP secretion in the pathogenesis of the 
disorder. In this latter model, an increment in hypothalamic 
AVP mRNA has also been demonstrated.307 A study using an 
AVP antagonist also indicates a central role for AVP in the 
process.308 As was the case in heart failure, increased expres-
sion of AQP2 has also been reported in the cirrhotic rat,309 
but dysregulation of AQP1 and AQP3 is also present in 
carbon tetrachloride (CCl4)–induced cirrhosis.310 In con-
trast, in the common bile duct model of cirrhosis, no 
increase in AQP2 was observed.311

Although patients with cirrhosis who have no edema or 
ascites excrete a water load normally, those with ascites 
usually do not. Several studies have demonstrated elevated 
AVP levels in these patients.303 Patients who had a defect in 
water excretion had higher levels of AVP, plasma renin activ-
ity, plasma aldosterone, and norepinephrine,312 as well as 
lower rates of PGE2 production. Similarly, their serum 
albumin level was lower, as was their urinary excretion of 
Na+, all suggesting a decrease in effective arterial blood 
volume. As is the case in heart failure, sympathetic tone is 
high in cirrhosis.313 In fact, the plasma concentration of 
norepinephrine, a good index of baroreceptor activity in 
humans, appears to correlate well with the levels of AVP and 
excretion of water. These studies, therefore, offer strong 
support for the view that effective arterial blood volume is 
contracted, rather than expanded, in decompensated cir-
rhosis.306 This concept is further strengthened by observa-
tions of subjects during head-out water immersion. This 
maneuver, which translocates fluid to the central blood 
volume, caused a decrease in AVP levels and improved water 
excretion314 but, in this study, peripheral resistance decreased 
further. By combining head-out water immersion with nor-
epinephrine administration in an effort to increase systemic 
pressure and peripheral resistance, water excretion was 
completely normalized.315 Such observations underline the 
critical role of peripheral vasodilation in the pathologic 
process. The observation that inhibition of nitric oxide cor-
rects the arterial hyporesponsiveness to vasodilators and the 
abnormal water excretion in cirrhotic rats provides strong 
evidence of a role for nitric oxide in the vasodilation.316-318

NEPHROTIC SYNDROME
The incidence of hyponatremia in the nephrotic syndrome 
is lower than in congestive heart failure or cirrhosis, most 
likely as a consequence of the higher blood pressure, higher 
GFR, and more modest impairments in Na+ and water excre-
tion than in the other groups of patients.319 Because lipid 
levels are frequently elevated, a direct measurement of 
plasma osmolality should always be done. Diminished excre-
tion of free water was first noted in children with the 

sensed by aortic and carotid sinus baroreceptors that stimu-
late AVP secretion.293

This stimulation must supersede the inhibition of AVP 
release that accompanies acute distention of the left atrium. 
In fact, there is evidence that chronic distention of the  
atria blunts the sensitivity of this baroreceptor, so high-
pressure baroreceptors can act in an uninhibited manner 
to stimulate AVP release. The importance of AVP in the 
abnormal dilution in experimental models of heart failure 
has been underscored by correction of the water excretory 
defect by an AVP antagonist in rats with inferior vena cava 
constriction.294

High plasma AVP levels have been demonstrated in 
patients with congestive heart failure in the presence and 
absence of diuretics.295 Similarly, the hypothalamic mRNA 
message for the AVP preprohormone is elevated in rats with 
chronic cardiac failure.296 Although these studies did not 
exclude a role for intrarenal factors in the pathogenesis of 
the abnormal water retention, they complement the experi-
mental observations that demonstrate a critical role for AVP 
in the pathologic process. It is most likely that nonosmotic 
pathways, whose activation is suggested by the increase in 
sympathetic activity seen in congestive heart failure,297 are 
the mediators of AVP secretion in edema-forming states. 
These neurohumoral factors further contribute to the hypo-
natremia by decreasing the glomerular filtration rate (GFR) 
and enhancing tubular Na+ reabsorption, thereby decreas-
ing fluid delivery to the distal diluting segments of the 
nephron. The degree of neurohumoral activation correlates 
with the clinical severity of left ventricular dysfunction.298 
Hyponatremia is a powerful prognostic factor in these 
patients.299 The role of the AVP-regulated water channel 
(AQP2) has also been examined in heart failure. Two studies 
have described an upregulation of this water channel in rats 
with heart failure.300,301 In the latter study, the nonpeptide 
V2 receptor antagonist OPC31260 reversed the upregula-
tion, suggesting that a receptor-mediated function, most 
likely enhanced cAMP generation, is responsible for the 
process.300 Consistent with these observations, a selective V2 
antagonist decreased AQP2 excretion and increased urine 
flow in patients with heart failure.302

HEPATIC FAILURE
Patients with advanced cirrhosis and ascites frequently 
present with hyponatremia as a consequence of their inabil-
ity to excrete a water load.303 The classic view suggests that 
a decrement in effective arterial blood volume leads to avid 
Na+ and water retention in an attempt to restore volume 
toward normal. In this regard, a number of the pathologic 
derangements in cirrhosis, including splanchnic venous 
pooling, diminished plasma oncotic pressure secondary to 
hypoalbuminemia, and decrease in peripheral resistance, 
could all contribute to a decrease in effective arterial blood 
volume.304 This classic theory was challenged by observa-
tions that suggested primary renal Na+ retention, termed 
the overflow hypothesis.305 A proposal that unifies these views 
has been presented—Na+ retention occurs early in the 
process, but is a consequence of the severe vasodilation-
mediated arterial underfilling.306

As with cardiac failure, the relative roles of intrarenal 
versus extrarenal factors in impaired water excretion has 
been a matter of some controversy. The observation that 
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associated with elevated AVP levels329,330 and corrected by 
physiologic doses of glucocorticoids. Similarly, adrenalecto-
mized dogs receiving replacement of mineralocorticoids still 
have abnormal water excretion. The relative importance of 
intrarenal factors and AVP in defective water excretion has 
been a matter of controversy. Studies using a sensitive radio-
immunoassay for plasma AVP and the Brattleboro rat with 
hypothalamic DI have provided evidence that both factors 
are involved. Support for a role for AVP has been obtained 
in studies of conscious adrenalectomized, mineralocorticoid-
replaced dogs331 and rats332 and with the use of an inhibitor 
of the hydro-osmotic effect of AVP.287 Because the plasma 
AVP level was elevated despite a fall in plasma osmolality, the 
hormone’s release was likely nonosmotically mediated. 
Although ECF volume was normal in both these studies, a 
decrease in systemic pressure and cardiac function331,332 
could have provided the hemodynamic stimulus for AVP 
release. In addition, there may be a direct effect of glucocor-
ticoids that inhibits AVP secretion. In this regard, AVP gene 
expression is increased in glucocorticoid-deficient rats.333 
The presence of a glucocorticoid-responsive element on the 
AVP gene promoter may be responsible for the inhibition of 
AVP gene transcription by glucocorticoids.334 Also, glucocor-
ticoid receptors are present in magnocellular neurons and 
are increased during hypo-osmolality.335

A role for AVP-independent intrarenal factors was  
defined in the antidiuretic-deficient, adrenalectomized 
Brattleboro rat332 and with use of AVP receptor antago-
nists.287 It appears that prolonged glucocorticoid deficiency 
(14 to 17 days) is accompanied by decreases in renal hemo-
dynamics that impair water excretion. A direct effect of 
glucocorticoid deficiency that enhances water permeability 
of the collecting duct has been proposed, but such a concept 
has not been supported by studies of anuran membranes 
suggesting that glucocorticoids enhance rather than inhibit 
water transport. Also, in vitro perfusion studies of the  
collecting duct of adrenalectomized rabbits have shown  
an impaired rather than enhanced AVP response,336 a defect 
that may be related to enhanced cAMP metabolism.337 AQP2 
and AQP3 abundance appears not to be sensitive to 
glucocorticoids.338

In summary, the defect in glucocorticoid deficiency is 
primarily AVP-dependent, but an AVP-independent mecha-
nism becomes evident with more prolonged hormone  
deficiency. It appears likely that alterations in systemic 
hemodynamics account for the nonosmotic release of AVP, 
but a direct effect of glucocorticoid hormone on AVP release 
has not been entirely excluded. The AVP-independent renal 
mechanism is probably caused by alterations in renal hemo-
dynamics and not by a direct increase in collecting duct 
permeability. It should be remembered that secondary 
hypoadrenalism, as occurs in hypopituitarism, can also be 
associated with hyponatremia.339,340

HYPOTHYROIDISM
Patients and experimental animals with hypothyroidism 
often have impaired water excretion and sometimes develop 
hyponatremia.328,341 The dilution defect is reversed by treat-
ment with thyroid hormone. Both decreased delivery of 
filtrate to the diluting segment and persistent secretion of 
AVP, alone or in combination, have been proposed as mech-
anisms responsible for the defect.

nephrotic syndrome, and since then other investigators320 
have noted elevated plasma levels of AVP in these patients. 
In view of the alterations in Starling forces that accompany 
hypoalbuminemia and allow transudation of salt and water 
across capillary membranes to the interstitial space, patients 
with the nephrotic syndrome are thought to have intravas-
cular volume contraction. Increased levels of neurohumoral 
markers of decreased effective arterial blood volume also 
support this underfilling theory.321 The possibility that this 
nonosmotic pathway stimulates AVP release was suggested 
by studies in which head-out water immersion and blood 
volume expansion321 increased water excretion in nephrotic 
subjects. However, these pathogenic events may not be 
applicable to all patients with the disorder. Some patients 
with the nephrotic syndrome have increased plasma volumes 
with suppressed plasma renin activity and aldosterone 
levels.322 The cause of these discrepancies is not immediately 
evident, but this overfill view has been subject to some criti-
cism.323 It is most likely that the underfilling mechanism is 
operant in patients with a normal GFR and with the histo-
logic lesion of minimal change disease, and that hypervol-
emia may be more prevalent in patients with underlying 
glomerular pathology and decreased renal function. In such 
patients, an intrarenal mechanism probably causes Na+ 
retention, as has been described in an experimental model 
of nephrotic syndrome.324 Also, in contrast to the increase 
in AQP2 found in the previously described Na+- and water-
retaining states, the expression of AQP2 was decreased in 
two models of nephrotic syndrome induced with puromycin 
aminonucleoside325 or doxorubicin.326 The animals were not 
hyponatremic and most likely had expanded ECF volumes 
to explain the discrepancy.

RENAL FAILURE
Hyponatremia with edema can occur with acute or chronic 
renal failure. It is clear that in the setting of experimental 
or human renal disease, the ability to excrete free water is 
maintained better than the ability to reabsorb water. None-
theless, the patient’s GFR still determines the maximal rate 
of free water formation. Thus, whenever minimal urine 
osmolality is reduced to 150 to 250 mOsm/kg H2O and 
fractional water excretion approaches 20% to 30% of the 
filtered load, the uremic patient with a GFR of 2 mL/min 
can excrete only 300 mL/day. Intake of more fluid than this 
will result in hyponatremia. Thus, in most cases, a decre-
ment in GFR with an increase in thirst underlies the hypo-
natremia of patients with renal insufficiency.327

HYPONATREMIA WITH NORMAL EXTRACELLULAR 
FLUID VOLUME

Figure 16.16 lists the clinical entities that have to be consid-
ered in patients with hyponatremia whose volume is neither 
contracted nor expanded and who are, at least by clinical 
assessment, euvolemic. These are considered individually 
here.

GLUCOCORTICOID DEFICIENCY
Considerable evidence exists for an important role for glu-
cocorticoids in the abnormal water excretion of adrenal 
insufficiency.328 The water excretory defect of anterior pitu-
itary insufficiency, and particularly ACTH deficiency, is 
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with increased AVP levels in schizophrenic patients with 
hyponatremia.354 Finally, thirst perception is also increased, 
because excessive water intake that exceeds excretory capac-
ity is responsible for most episodes of hyponatremia in these 
patients. However, concurrent nausea caused increased AVP 
levels in some of the subjects.355 Although each of these 
derangements by itself would remain clinically unimport-
ant, it is possible that during exacerbation of the psychosis 
the defects are more pronounced, and that in combination 
they can culminate in hyponatremia.356

Hyponatremia also occurs in beer drinkers (so-called 
beer potomania). Although this has been ascribed to an 
increase in fluid intake in the setting of very low solute 
intake,357 such patients may also have sustained significant 
solute losses.358

POSTOPERATIVE HYPONATREMIA
The incidence of hospital-acquired hyponatremia is high  
in adults206 and children359 and is particularly prevalent in 
the postoperative stage360,361 (incidence ≅ 4%). Most 
affected patients appear clinically euvolemic and have mea-
surable levels of AVP in their circulation.360,362 Although this 
occurs primarily as a consequence of administration of 
hypotonic fluids,363 a decrease in serum [Na+] can occur in 
this high-AVP state, even when isotonic fluids are given.364 
Hyponatremia has also been reported following cardiac 
catheterization in patients receiving hypotonic fluids.365 
Although the presence of hyponatremia is a marker for 
poor outcomes, this is likely a consequence not of the hypo-
natremia per se but of the severe underlying disease associ-
ated with it. There is, however, a subgroup of postoperative 
hyponatremic patients, almost always premenstrual women, 
who develop catastrophic neurologic events, frequently 
accompanied by seizures and hypoxia.366,367

ENDURANCE EXERCISE
There has been increasing recognition that strenuous 
endurance exercise, such as military training368 and mara-
thons and triathlons,369 can cause hyponatremia that is fre-
quently symptomatic. A review of 57 such patients found a 
mean serum [Na+] of 121 mEq/L.370 A prospective study of 
488 runners in the Boston Marathon revealed that 13% of 
the runners had a serum [Na+] lower than 130 mEq/L. A 
multivariate analysis revealed that weight gain related to 
excessive fluid intake was the strongest single predictor of 
the hyponatremia. Longer racing times and a very low body 
mass index (BMI) were also predictors.371 Composition of 
the fluids consumed and use of NSAIDs was not predictive. 
Symptomatic hyponatremia is even more frequent in 
ultraendurance events.372

PHARMACOLOGIC AGENTS
Many drugs have been associated with water retention. 
Some of the more clinically important ones are discussed 
here.

Desmopressin

Because desmopressin is a selective agonist of the AVP  
V2 receptors, it would be expected that patients treated 
with desmopressin are at increased risk of developing  
hyponatremia. The reported incidence of patients treated 
with desmopressin for DI is actually low because they 

Hypothyroidism has been shown to be associated with 
decreases in GFR and renal plasma flow.341 In the AVP-
deficient Brattleboro rat, the decrement in maximal free 
water excretion can be entirely accounted for by the decrease 
in GFR. The osmotic threshold for AVP release appears not 
to be altered in hypothyroidism.342 The normal suppression 
of AVP release with water loading and the normal response 
to hypertonic saline,343 coupled with the failure to observe 
upregulation of hypothalamic AVP gene expression in hypo-
thyroid rats,344 supports an AVP-independent mechanism. 
There is, however, also evidence for a role of AVP in impair-
ing water excretion in hypothyroidism. In experimental 
animals345 and humans with advanced hypothyroidism,341 
elevated AVP levels were measured in the basal state and 
after a water load. Although increased sensitivity to AVP in 
hypothyroidism has been proposed, experimental evidence 
suggests the contrary, because urine osmolality is relatively 
low for the circulating levels of the hormone345 and 
AVP-stimulated cyclase is impaired in the renal medulla of 
hypothyroid rats,346 possibly leading to decreased AQP2 
expression.347 However, the predominant defect is one of 
water excretion with increased AQP2 expression and rever-
sal with a V2 receptor antagonist.348 It appears, therefore, 
that diminished distal fluid delivery and persistent AVP 
release mediate the impaired water excretion in this disor-
der, but the relative contributions of these two factors 
remain undefined and may depend on the severity of the 
endocrine disorder.

PRIMARY POLYDIPSIA
It has long been recognized that patients with psychiatric 
disease demonstrate increased water intake. Although such 
polydipsia is normally not associated with hyponatremia, it 
has been observed that these patients are at increased risk 
of developing hyponatremia when they are acutely psy-
chotic.349 Most of these patients have schizophrenia, but 
some have psychotic depression. The frequency of hypona-
tremia in this population of patients is unknown, but in a 
survey conducted in one large psychiatric hospital, 20 poly-
dipsic patients with a serum [Na+] lower than 124 mEq/L 
were reported,350 and another survey found hyponatremia 
in 8 of 239 patients.351 Elucidation of the mechanism of the 
impaired water excretion has been confounded by antipsy-
chotic drug treatment (see later). The relative contributions 
of the pharmacologic agent and the psychosis are therefore 
difficult to define, because thiazides and carbamazepine are 
also frequently implicated.352 Nonetheless, there have been 
reports of psychotic patients who suffered water intoxica-
tion, even when free of medication.353

The mechanism responsible for the hyponatremia in psy-
chosis appears to be multifactorial. In a comprehensive 
study of water metabolism in eight psychotic hyponatremic 
patients and seven psychotic, normonatremic control sub-
jects, no unifying defect emerged. The investigators found 
a small defect in osmoregulation that caused AVP to be 
secreted at plasma osmolalities somewhat lower than those 
of the control group, but they did not observe a true reset-
ting of the osmostat. Also, the hyponatremic patients had a 
mild urine dilution defect, even in the absence of AVP. 
When AVP was present, the renal response was somewhat 
enhanced, suggesting increased renal sensitivity to the 
hormone. Psychotic exacerbations appear to be associated 
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between antipsychotic drugs and hyponatremia is frequently 
encountered, the pharmacologic agents themselves may  
not be the principal factors responsible for the water 
retention.

Antineoplastic Drugs

Several drugs used in cancer therapy cause antidiuresis. The 
effect of vincristine may be mediated by the drug’s neuro-
toxic effect on the hypothalamic microtubule system, which 
then alters normal osmoreceptor control of AVP release.397 
A retrospective survey has suggested that this may be more 
common in Asians who were given the drug.398 The mecha-
nism of the diluting defect that results from cyclophospha-
mide administration is not fully understood. It may act, at 
least in part, to enhance action, because the drug does not 
increase hormone levels.399 It is known that the antidiuresis 
has its onset 4 to 12 hours after injection of the drug, lasts 
as long as 12 hours, and seems to be temporally related to 
excretion of a metabolite. The importance of anticipating 
potentially severe hyponatremia in cyclophosphamide-
treated patients who are vigorously hydrated to prevent uro-
logic complications cannot be overstated. The synthetic 
analogue of cyclophosphamide, ifosfamide, has also been 
associated with hyponatremia and AVP secretion.400

Narcotics

Since the 1940s, it has been known that the administration 
of opioid agonists, such as morphine, reduces urine flow by 
causing the release of an antidiuretic substance. The possi-
bility that endogenous opioids could serve as potential  
neurotransmitters has been suggested by the finding of 
enkephalins in nerve fibers projecting from the hypothala-
mus to the pars nervosa. However, the reported effects vary; 
they range from stimulation to no change and even to inhi-
bition of AVP secretion. The reasons for these diverse obser-
vations may be that the opiates and their receptors are 
widely distributed in the brain, implying that the site of 
action of the opiate can differ markedly, depending on the 
route of administration. Also, there are multiple opiate pep-
tides and receptor types. It has now been determined that 
agonists of µ-receptors have antidiuretic properties, whereas 
δ-receptors have the opposite effect.

Miscellaneous Agents

Several case reports have suggested an association between 
the use of ACE inhibitors and hyponatremia.401-403 Of inter-
est is that all three reported patients were women in their 
60s. The use of ACE inhibition was also a concomitant risk 
factor for the development of hyponatremia in a survey of 
veterans who received chlorpropamide.376 However, given 
the widespread use of these agents, the true incidence of 
hyponatremia must be vanishingly low. Similarly, an associa-
tion with angiotensin receptor blockers has not been 
reported to date. Rare patients have been reported to 
develop hyponatremia during amiodarone loading.404

SYNDROME OF INAPPROPRIATE ANTIDIURETIC 
HORMONE SECRETION

The syndrome of inappropriate antidiuretic hormone secre-
tion (SIADH) is the most common cause of hyponatremia in 
hospitalized patients.261 As first described by Schwartz and 

generally do not drink excessive amounts of fluid. However, 
patients who receive desmopressin at higher doses for  
indications such as von Willebrand’s disease,373 or older 
patients with decreased renal function who receive desmo-
pressin for nocturnal enuresis,374,375 can develop symptom-
atic hyponatremia.

Chlorpropamide

The incidence of mild hyponatremia in patients taking 
chlorpropamide may be as high as 7%, but severe hyponatre-
mia (<130 mEq/L) occurs in 2% of patients so treated.376 As 
noted earlier, the drug exerts its action primarily by potenti-
ating the renal action of AVP.377 Studies of toad urinary 
bladder have demonstrated that although chlorpropamide 
alone has no effect, it enhances AVP- and theophylline-
stimulated water flow but decreases cAMP-mediated flow. 
The enhanced response may be due to upregulation of the 
AVP V2 receptor.378 Alternatively, studies of chlorpropamide-
treated animals have suggested that the drug enhances 
solute reabsorption in the medullary ascending limb 
(thereby increasing interstitial tonicity and the osmotic drive 
for water reabsorption) rather than a cAMP-mediated altera-
tion in collecting duct water permeability.379

Carbamazepine and Oxcarbazepine

The anticonvulsant drug carbamazepine is well known to 
have antidiuretic properties. The incidence of hyponatre-
mia in carbamazepine-treated patients was believed to be as 
high as 21%, but a survey of patients with mental retardation 
reported a lower incidence of 5%.380 Cases continue to be 
reported.381 The antiepileptic oxcarbazepine, of the same 
class as carbamazepine, has also been reported to cause 
hyponatremia.382 Evidence exists for a mechanism mediated 
by AVP secretion and for renal enhancement of the hor-
mone’s action383 to explain carbamazepine’s antidiuretic 
effect. The drug also appears to decrease the sensitivity of 
the AVP response to osmotic stimulation.384

Psychotropic Drugs

An increasing number of psychotropic drugs have been 
associated with hyponatremia, and they are frequently 
implicated to explain the water intoxication in psychotic 
patients. Among the agents implicated are the phenothi-
azines, the butyrophenone haloperidol, and the tricyclic 
antidepressants.385-387 An increasing number of cases of 
amphetamine (ecstasy)-related hyponatremia have been 
described.388,389 Similarly, the widely used antidepressants 
fluoxetine,390 sertraline,391 and paroxetine392 have been asso-
ciated with hyponatremia. In this latter study, involving 75 
patients, 12% developed hyponatremia (serum [Na+] < 
135 mmol/L). Older adults appear to be particularly sus-
ceptible, with an incidence as high as 22% to 28%.393-396 The 
tendency for these drugs to cause hyponatremia is further 
compounded by their anticholinergic effects. By drying the 
mucous membranes, they can stimulate water intake. The 
role of these drugs in impaired water excretion has not, in 
most cases, been dissociated from the role of the underlying 
disorder for which the drug was given. Furthermore,  
evaluation of the effect of the drugs on AVP secretion  
has frequently revealed a failure to increase levels of  
the hormone, particularly if mean arterial pressure remained 
unaltered. Therefore, although a clinical association 
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entirely for the decrement in serum [Na+].411 In a carefully 
studied model of SIADH in rats, the retained water was 
found to be distributed in the intracellular space and in 
equilibrium with the tonicity of ECF.412 The natriuresis and 
kaliuresis that occur early in the development of this model 
contribute to a decrement of body solutes and, in part, 
account for the observed hyponatremia.413 Studies involving 
analysis of whole-body water and electrolyte content have 
demonstrated that the relative contributions of water reten-
tion and solute losses vary with the duration of induced 
hyponatremia; the former is central to the process but, with 
more prolonged hyponatremia, Na+ depletion becomes pre-
dominant.414 In this regard, it has even been suggested that 
the natriuresis and volume contraction are important com-
ponents of the syndrome that maintains the secretion of 
AVP,415 with atrial natriuretic peptide as a mediator of 
the Na+ loss.416 Therefore, although natriuresis frequently 
accompanies the syndrome, nonosmotically stimulated AVP 
secretion is essential. Finally, patients with the syndrome 
must also have abnormal thirst regulation, whereby the 
osmotic inhibition of water intake is not operant. The mech-
anism of this failure to suppress thirst is not fully under-
stood, but may simply reflect the continued ingestion of 
beverages for reasons other than true thirst.

After the initial retention of water, loss of Na+, and devel-
opment of hyponatremia, continued administration of AVP 
is accompanied by reestablishment of Na+ balance and a 
decline in the hydro-osmotic effect of the hormone. The 
integrity of renal regulation of Na+ balance is manifested by 
the ability to conserve Na+ during Na+ restriction and by the 
normal excretion of a Na+ load. Thus, the mechanisms that 
regulate Na+ excretion are intact. Loss of the hydro-osmotic 
effect of AVP, albeit to varying degrees, has been evident in 
many studies411,413 because urine flow increases and urine 
osmolality decreases, despite continued administration of 
the hormone. This effect has been termed vasopressin 
escape.417 Several studies have demonstrated that hypotonic 
ECF volume expansion, rather than chronic administration 
of AVP per se, is needed for escape to occur because the 
escape phenomenon is seen only when positive water 
balance is achieved.417

The cellular mechanisms responsible for vasopressin 
escape have been the subject of some investigation. Studies 
of broken epithelial cell preparations of the toad urinary 
bladder have revealed downregulation of AVP receptors,418 
as well as vasopressin binding in the inner medulla.419 Post-
cAMP mechanisms are probably also operant. In this regard, 
a decrease in expression of AQP2 has been reported in the 
process of escape from desmopressin-induced antidiuresis, 
without a concomitant change in basolateral AQP3 and 
AQP4.420,421 The decrement in AQP2 was associated with 
decreased V2 responsiveness.420 The distal tubule also has an 
increase in sodium transporters, including the α- and 
γ-subunits of the epithelial sodium channel and the thiazide-
sensitive Na+-Cl− cotransporter.422 In addition to a renal 
mechanism, it appears that chronic hyponatremia causes a 
decrement in hypothalamic mRNA production, a process 
that could ameliorate the syndrome in the clinical setting.27

CLINICAL SETTINGS
It is now apparent that the previously described pathophysi-
ologic sequence occurs in a variety of clinical settings 

associates405 in two patients with bronchogenic carcinoma, 
and later characterized further by Bartter and Schwartz,406 
patients with this syndrome have serum hypo-osmolality 
when excreting urine that is less than maximally dilute 
(>100 mOsm/kg H2O). Thus, a diagnostic criterion for this 
syndrome is the presence of inappropriate urine concentra-
tion. The development of hyponatremia with a dilute urine 
(<100 mOsm/kg H2O) should raise suspicion of a primary 
polydipsic disorder. Although large volumes of fluid need to 
be ingested to overwhelm the normal water excretory ability, 
this volume need not be excessively high if there are con-
comitant decreases in solute intake.407 In SIADH, the urinary 
Na+ is dependent on intake, because Na+ balance is well main-
tained. As such, urinary Na+ concentration is usually high, 
but it may be low in patients with the syndrome who are 
receiving a low-sodium diet. The presence of Na+ in the urine 
is helpful in excluding extrarenal causes of hypovolemic 
hyponatremia, but a low urinary Na+ concentration does not 
exclude SIADH. Before the diagnosis of SIADH is made, 
other causes for a decreased diluting capacity, such as renal, 
pituitary, adrenal, thyroid, cardiac, or hepatic disease, must 
be excluded. In addition, nonosmotic stimuli for AVP release, 
particularly hemodynamic derangements (e.g., caused by 
hypotension, nausea, or drugs), need to be ruled out.

Another clue to the presence of SIADH is the finding of 
hypouricemia. In one study, 16 of 17 patients had levels 
below 4 mg/dL, whereas in 13 patients with hyponatremia 
of other causes the level was higher than 5 mg/dL. Hypou-
ricemia appears to occur as a consequence of increased 
urate clearance.408 Measurement of an elevated level of AVP 
can confirm the clinical diagnosis, but is not necessary. It 
should be noted that most patients with SIADH have AVP 
levels in the normal range (≤10 pg/mL); the presence of 
any measurable AVP is, however, abnormal in the hypo-
osmolar state. Because the presence of hyponatremia is 
itself evidence for abnormal dilution, a formal urine-diluting 
test need not be performed in most cases. The water loading 
test is helpful in determining whether an abnormality 
remains in a patient whose serum [Na+] has been corrected 
by water restriction. Because Brattleboro rats receiving 
AVP,409 and an animal model of SIADH, have displayed 
upregulation of AQP2 expression, the excretion of AQP2 
has been investigated as a marker for the persistent secre-
tion of AVP. The excretion of the water channel remains 
elevated in patients with SIADH but this is not specific to 
this entity because a similar pattern was observed in patients 
with hyponatremia due to hypopituitarism.410

PATHOPHYSIOLOGY
In 1953, Leaf and associates411 described the effects of 
chronic AVP administration on Na+ and water balance. They 
noted that high-volume water intake was required for the 
development of hyponatremia. Concomitant with the water 
retention, an increment in urinary Na+ excretion was noted. 
The relative contributions of the water retention and Na+ 
loss to the development of hyponatremia were subsequently 
investigated. Acute water loading causes transient natriure-
sis but, when water intake is increased more slowly, no sig-
nificant negative Na+ loss can be documented. These studies 
have clearly demonstrated that the hyponatremia is mainly 
a consequence of water retention; however, it must be noted 
that the net increase in water balance fails to account 
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occasionally to precede diagnosis of the tumor by several 
months.433 In view of the potential to treat patients with this 
tumor, it is important that patients with unexplained SIADH 
be fully investigated and evaluated for the presence of this 
malignancy. Head and neck malignancies are the second 
most common tumors associated with SIADH, which occurs 
in approximately 3% of such patients.

The mechanism whereby AVP is produced in other pul-
monary disorders is not known, but the associated abnor-
malities in blood gases could act as mediators of the effect. 
Antidiuretic activity has also been assayed in tuberculous 
lung tissue. The syndrome can also occur in the setting of 
miliary rather than only lung-limited tuberculosis.434 In CNS 
disorders, AVP is most likely released from the neurohy-
pophysis. Studies of monkeys have shown that elevations of 
intracranial pressure cause AVP secretion, which may be the 
mechanism that mediates the syndrome in at least some 
CNS disorders. The magnocellular AVP-secreting cells in 
the hypothalamus are subject to numerous excitatory inputs 
(see Figure 16.6), and therefore it is conceivable that a large 
variety of neurologic disorders can stimulate the secretion 
of AVP.

Although SIADH as typically described is associated with 
inappropriate secretion of AVP, hyponatremia has been 
described in two infants who met all the criteria for a diag-
nosis of SIADH but had undetectable AVP levels. Genetic 
analysis revealed a gain-of-function mutation at the X-linked 
AVP V2 receptor, where in codon 137 a missense mutation 
resulted in the change from arginine to cysteine or leucine. 
The authors termed this nephrogenic syndrome of inappropriate 
antidiuresis (NSIAD).435

Zerbe and colleagues have studied osmoregulation of 
AVP secretion in a large group of patients with SIADH.436 In 

characterized by persistent AVP secretion. Since the original 
report of Schwartz and coworkers,405 the syndrome has been 
described in an increasing number of clinical settings (Table 
16.6). These fall into four general categories423: (1) malig-
nancies; (2) pulmonary disease; (3) CNS disorders; and (4) 
drug effects. In addition, an increasing number of patients 
with acquired immunodeficiency syndrome have been 
reported to have hyponatremia. The frequency may be  
as high as 35% of hospitalized patients with the disease  
and, in as many as two thirds, SIADH may be the underlying 
cause.424 As was noted previously, hyponatremia caused 
by excessive water repletion can occur after moderate  
and severe exercise.369,370,425,426 Finally, it is increasingly 
recognized that an idiopathic form is common in older 
adults.427-430 As many as 25% of older patients admitted to a 
rehabilitation center had a serum [Na+] lower than 
135 mEq/L.428 In a significant proportion of these patients, 
no underlying cause was discovered. This may be related to 
an increase in AQP2 production and excretion in this age 
group.431

A material with antidiuretic properties has been extracted 
from some of the tumors or metastases of patients with 
malignancy-associated SIADH. However, not all patients 
with the syndrome have AVP in their tumors. Of the tumors 
that cause SIADH secretion, bronchogenic carcinoma, and 
particularly small cell lung cancer, is the most common, with 
a reported incidence of 11%.432 It appears that patients with 
bronchogenic carcinoma have higher plasma AVP levels in 
relation to plasma osmolality, even if they do not manifest 
full-blown SIADH; however, in patients with the syndrome, 
the levels of the hormone are higher. The possibility that 
the hormone could serve as a marker of bronchogenic car-
cinoma has been suggested, and SIADH has been reported 

Table 16.6 Disorders Associated with Syndrome of Inappropriate Antidiuretic Hormone Secretion

Carcinomas Pulmonary Disorders Central Nervous System Disorders Other Disorders

Bronchogenic carcinoma
Carcinoma of the duodenum
Carcinoma of the ureter
Carcinoma of the pancreas
Thymoma
Carcinoma of the stomach
Lymphoma
Ewing’s sarcoma
Carcinoma of the bladder
Prostatic carcinoma
Oropharyngeal tumor

Viral pneumonia
Bacterial pneumonia
Pulmonary abscess
Tuberculosis
Aspergillosis
Positive pressure 

breathing
Asthma
Pneumothorax
Mesothelioma
Cystic fibrosis

Encephalitis (viral or bacterial)
Meningitis (viral, bacterial, tuberculous, 

fungal)
Head trauma
Brain abscess
Guillain-Barré syndrome
Subarachnoid hemorrhage or subdural 

hematoma
Cerebellar and cerebral atrophy
Cavernous sinus thrombosis
Neonatal hypoxia
Shy-Drager syndrome
Rocky Mountain spotted fever
Delirium tremens
Cerebrovascular accident (cerebral 

thrombosis or hemorrhage)
Acute psychosis
Peripheral neuropathy
Multiple sclerosis

AIDS
Prolonged exercise
Idiopathic (in older individuals)
Nephrogenic
Acute intermittent porphyria

Adapted from Berl T, Schrier RW: Disorders of water metabolism. In Schrier RW, editor: Renal and electrolyte disorders, ed 6, 
Philadelphia, 2003, Lippincott Williams & Wilkins.
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osmoreceptor. Because their threshold function is retained 
when they receive a water load, this patient and others with 
reset osmostats have been able to dilute their urine maxi-
mally and sustain a urine flow sufficient to prevent a further 
increase in body water. Thus, an abnormality in AVP regula-
tion can exist in spite of the ability to dilute the urine maxi-
mally and excrete a water load at some lower level of plasma 
osmolality.

In the type C response (see Figure 16.17), plasma AVP 
was elevated initially but did not change during the infusion 
of hypertonic saline until plasma osmolality reached the 
normal range. At that point, plasma AVP began to rise 
appropriately, indicating a normally functioning osmore-
ceptor mechanism. This response was found in 8 of 25 
patients with the diagnosis of CNS disease, bronchogenic 
carcinoma, carcinoma of the pharynx, pulmonary tubercu-
losis, or schizophrenia. Its pathogenesis is unknown, but the 
authors speculated that it may be due to a constant, nonsup-
pressible leak of AVP, despite otherwise normal osmoregula-
tory function.436 Unlike type B, the resetting type of defect, 
the type C response results in impaired urine dilution and 
water excretion at all levels of plasma osmolality.

In the type D response (see Figure 16.17), the osmoregu-
lation of AVP appears to be completely normal, despite a 
marked inability to excrete a water load. The plasma AVP is 
appropriately suppressed under hypotonic conditions and 
does not rise until plasma osmolality reaches the normal 
threshold level. When this procedure is reversed by water 
loading, plasma osmolality and plasma AVP again fall nor-
mally, but urine dilution does not occur, and the water load 
is not excreted. This defect was present in 2 of 25 patients 
diagnosed with bronchogenic carcinoma, indicating that in 
these patients, the antidiuretic defect is caused by some 
abnormality other than SIADH. It could be due to increased 
renal tubule sensitivity to AVP or the presence of an antidi-
uretic substance other than AVP. Alternatively, it is possible 
that currently available assays are not sensitive enough to 
detect significant levels of AVP. It is intriguing to speculate 
that some of these subjects have NSIAD, as described previ-
ously,435 but only a small number of adult kindreds with this 
diagnosis have been described.437

It is of interest that patients with bronchogenic carci-
noma, which has generally been believed to be associated 
with ectopic production of AVP, manifested every category 
of osmoregulatory defect, including the reset osmostat. It 
has been suggested that many of these tumors probably 
cause SIADH secretion not by producing the hormone 
ectopically, but by interfering with the normal osmoregula-
tion of AVP secretion from the neurohypophysis through 
direct invasion of the vagus nerve, metastatic implants in the 
hypothalamus, or some other more generalized neuro-
pathic change.

HYPONATREMIA SYMPTOMS, 
MORBIDITY, AND MORTALITY

Symptoms of hyponatremia correlate with the degree  
of decrease in the serum [Na+] and with the chronicity 
of the hyponatremia. Most clinical manifestations of hypo-
natremia usually begin at a serum [Na+] lower than 
130 mEq/L, although mild neurocognitive symptoms can 

the great majority, the plasma AVP concentration was inad-
equately suppressed relative to the hypotonicity present. In 
most patients, the plasma AVP concentration ranged from 
1 to 10 pg/mL, the same range as in normally hydrated 
healthy adults. Inappropriate secretion, therefore, can often 
be demonstrated only by measuring AVP under hypotonic 
conditions. Even with this approach, however, abnormalities 
in plasma AVP were not apparent in almost 10% of patients 
with clinical evidence of SIADH. To define the nature of the 
osmoregulatory defect in these patients better, plasma AVP 
was measured during infusion of hypertonic saline. When 
this method of analysis was applied to 25 patients with 
SIADH, four different types of osmoregulatory defects were 
identified.

As shown in Figure 16.17, infusion of hypertonic saline 
in the type A osmoregulatory defect was associated with 
large and erratic fluctuations in plasma AVP, which bore no 
relation to the rise in plasma osmolality. This pattern was 
found in 6 of 25 patients studied who had acute respiratory 
failure, bronchogenic carcinoma, pulmonary tuberculosis, 
schizophrenia, or rheumatoid arthritis. This pattern indi-
cates that the secretion of AVP had been totally divorced 
from osmoreceptor control or was responding to some peri-
odic nonosmotic stimulus.

A completely different type of osmoregulatory defect is 
exemplified by the type B response (see Figure 16.17). The 
infusion of hypertonic saline resulted in prompt and pro-
gressive rises in plasma osmolality. Regression analyses have 
shown that the precision and sensitivity of this response are 
essentially the same as those in healthy subjects, except that 
the intercept or threshold value at 253 mOsm/kg is well 
below the normal range. This pattern, which reflects the 
resetting of the osmoreceptor, was found in 9 of 25 patients 
who had a diagnosis of bronchogenic carcinoma, cerebro-
vascular disease, tuberculous meningitis, acute respiratory 
disease, or carcinoma of the pharynx. Another patient was 
reported with hyponatremia and acute idiopathic polyneu-
ritis who reacted in an identical manner to the hypertonic 
saline infusion and was determined to have resetting of the 

Figure 16.17  Plasma vasopressin as a function of plasma osmolal-
ity during the infusion of hypertonic saline in four groups of patients 
with clinical syndrome of inappropriate antidiuretic hormone (SIADH). 
Shaded area, Range of normal values. See text for description of each 
group. (From Zerbe R, Stropes L, Robertson G: Vasopressin function in 
the syndrome of inappropriate antidiuresis. Annu Rev Med 31:315, 
1980.)
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this subgroup of symptomatic patients, the mortality was no 
different from that of asymptomatic patients (9% to 10%). 
In contrast, the mortality of patients whose CNS symptoms 
were not caused by hyponatremia was high (64%), suggest-
ing that the mortality of these patients is more often due to 
the associated disease than to the electrolyte disorder itself. 
This is in agreement with Anderson’s study,261 who noted a 
60-fold increase in mortality in hyponatremic patients over 
that of normonatremic control subjects. In the hypona-
tremic patients, death frequently occurred after the plasma 
[Na+] was returned to normal and was generally thought to 
be due to the progression of severe underlying disease; this 
suggests that the hyponatremia is an indicator of severe 
disease and poor prognosis. In fact, a number of studies 
have further indicated that even mild hyponatremia is an 
independent predictor of higher mortality across a wide 
variety of disorders, including patients with acute ST-elevation 
myocardial infarction, heart failure, and liver disease.445,446

The mortality of acute symptomatic hyponatremia has 
been noted to be as high as 55% and as low as 5%.447,448 The 
former reflects the observation of few symptomatic hypona-
tremic patients in a consultative setting; the latter is the 
estimate from a broad-based literature survey. Equally con-
troversial is the mortality rate associated with hyponatremia 
in children. One series found no in-hospital deaths attribut-
able to hyponatremia, but others described an 8.4% mortal-
ity in postoperative children and estimated that more than 
600 U.S. children die annually as a result of hyponatre-
mia.263 The mortality associated with chronic hyponatremia 
has been reported to be between 14% and 27%.449,450

The observed central nervous system symptoms are most 
likely related to the cellular swelling and cerebral edema 
that result from acute lowering of ECF osmolality, which 
leads to movement of water into cells. In fact, such cerebral 
edema occasionally causes herniation, as has been noted in 
postmortem examination of both humans and experimen-
tal animals. The increase in brain water is, however, much 
less marked than would be predicted from the decrease in 
tonicity were the brain to operate as a passive osmometer. 
The volume regulatory responses that protect against cere-
bral edema, and which probably occur throughout the body, 
have been extensively studied and reviewed.450a Studies of 
rats demonstrate a prompt loss of both electrolyte and 
organic osmolytes after the onset of hyponatremia.450b Some 
of the osmolyte losses occur very quickly within 24 hours,450c 

begin at any sodium level that is low (Table 16.7). Although 
gastrointestinal complaints often occur early, most of the 
manifestations of hyponatremia are neurologic, including 
lethargy, confusion, disorientation, obtundation, and sei-
zures, designated as hyponatremic encephalopathy.438 Many 
of the symptoms of hyponatremic encephalopathy are 
caused by cerebral edema, which may, at least in part, be 
mediated by AQP4.439 In its most severe form, the cerebral 
edema can lead to tentorial herniation; in such cases, death 
can occur as a result of brainstem compression with respira-
tory arrest. The cerebral edema can also cause a neurogenic 
pulmonary edema and hypoxemia,440 which can in turn 
increase the severity of brain swelling.441 In a retrospective 
study of 168 hyponatremic patients, most of them acute, 
there was a strong (13-fold) association between the devel-
opment of hypoxemia and the risk of mortality.442 The most 
severe life-threatening clinical features of hyponatremic 
encephalopathy are generally seen in cases of acute hypo-
natremia, defined as shorter than 48 hours in duration. 
These symptoms can occur abruptly, sometimes with little 
warning.438 A number of acutely hyponatremic patients have 
been reported to develop rhabdomyolysis also.415

The development of neurologic symptoms also depends 
on the age, gender, and magnitude and acuteness of the 
process. Older persons and young children with hyponatre-
mia are most likely to develop symptoms. It has also become 
apparent that neurologic complications occur more fre-
quently in menstruating women. In a case-control study, 
Ayus and colleagues noted that despite an approximately 
equal incidence of postoperative hyponatremia in males 
and females, 97% of those with permanent brain damage 
were women, and 75% of them were menstruating.367 
However, this view is not universally held, because others 
have not found increased postoperative hyponatremia in 
this population,443 and Ayus and associates’ retrospective 
study367 did not reveal a gender or age association with 
mortality.442

The degree of clinical impairment is related not to the 
absolute measured level of lowered serum [Na+], but to the 
rate and extent of the decrease in ECF osmolality. In a 
survey of hospitalized hyponatremic patients (serum [Na+] 
< 128 mEq/L), 46% had CNS symptoms and 54% were 
asymptomatic.444 It is notable, however, that the authors 
thought that the hyponatremia was the cause of the symp-
toms in only 31% of the symptomatic patients. In 

Table 16.7 Classification of Hyponatremia According to Severity of Presenting Symptoms

Severity
Serum Sodium 
Level Neurologic Symptoms Typical Duration of Hyponatremia

Severe <125 mmol/L Vomiting, seizures, obtundation, respiratory 
distress, coma

Acute (<24-48 hours)

Moderate <130 mmol/L Nausea, confusion, disorientation, altered mental 
status, unstable gait, falls

Intermediate or chronic (>24-48 hours)

Mild <135 mmol/L Headache, irritability, difficulty concentrating, 
altered mood, depression

Chronic (several days to many weeks 
or months)

(From Verbalis JG: Emergency management of acute and chronic hyponatremia. In Matfin G, editor: Endocrine and metabolic 
emergencies, Washington DC, 2014, Endocrine Press, p 352.)
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cumulation of organic osmolytes, and particularly myoino-
sitol in the azotemic state.450f

In contrast to acute hyponatremia, chronic hyponatremia 
is much less symptomatic. The reason for the profound dif-
ferences between the symptoms of acute and chronic hypo-
natremia is now well understood to be caused by the process 
of brain volume regulation described above.451 Despite this 
powerful adaptation process, chronic hyponatremia is fre-
quently associated with neurologic symptomatology, albeit 
milder and more subtle in nature (see Table 16.7). One 
report found a fairly high incidence of symptoms in 223 
patients with chronic hyponatremia as a result of thiazide 
administration—49% had malaise-lethargy, 47% had dizzy 
spells, 35% had vomiting, 17% had confusion-obtundation, 
17% experienced falls, 6% had headaches, and 0.9% had 
seizures.452 Although dizziness can potentially be attributed 
to a diuretic-induced hypovolemia, symptoms such as confu-
sion, obtundation, and seizures are more consistent with 
hyponatremic symptomatology. Because thiazide-induced 
hyponatremia can be readily corrected by stopping the thia-
zide and/or administering sodium, this represents an ideal 
situation in which to assess improvement in hyponatremia 
symptomatology with normalization of the serum [Na+]; in 
this study, all these symptoms improved with correction of 
the hyponatremia. This represents one of the best examples 
demonstrating reversal of the symptoms associated with 
chronic hyponatremia by correction of the hyponatremia, 
because the patients in this study did not in general have 
severe underlying comorbidities that might complicate 
interpretation of their symptoms, as is often the case in 
patients with SIADH.

Even in patients adjudged to be “asymptomatic” by  
virtue of a normal neurologic examination, accumulating 
evidence suggests that there may be previously unrecog-
nized adverse effects as a result of chronic hyponatremia. In 
one study, 16 patients with hyponatremia secondary to 
SIADH, in the range of 124 to 130 mmol/L demonstrated 
a significant gait instability that normalized after correction 
of the hyponatremia to a normal range.453 The functional 
significance of the gait instability was illustrated in a  
study of 122 Belgian patients with a variety of levels of  
hyponatremia, all judged to be asymptomatic at the time  
of visit to an emergency department (ED). These patients 
were compared with 244 age-, gender-, and disease-matched 
controls also presenting to the ED during the same time 
period. Researchers found that 21% of the hyponatremic 
patients came to the ED because of a recent fall, compared 
to only 5% of the controls; this difference was highly signifi-
cant and remained so after multivariable adjustment.453 
Consequently, this study clearly documented an increased 
incidence of falls in so-called asymptomatic hyponatremic 
patients.

The clinical significance of the gait instability and fall 
data have been indicated by multiple independent studies 
that demonstrated increased rates of bone fractures in 
patients with hyponatremia.454-457 Other studies have shown 
that hyponatremia is associated with increased bone loss in 
experimental animals and a significantly increased odds 
ratio for osteoporosis of the femoral neck in those older 
than 50 years in the Third National Health and Nutrition 
Examination Survey (NHANES III) database.458 Thus, the 
major clinical significance of chronic hyponatremia may lie 

and in experimental animals most of the brain solute loss is 
completed by 48 hours (Figure 16.18).

The rate at which the brain restores the lost electrolytes 
and osmolytes when hyponatremia is corrected is also of 
pathophysiologic importance. Na+ and Cl− recover quickly 
and even overshoot normal brain contents.450d However, the 
reaccumulation of osmolytes is considerably delayed (see 
Figure 16.18). This process is likely to account for the more 
marked cerebral dehydration that accompanies the  
correction in previously adapted animals.450e It has been 
observed that urea may prevent the myelinosis associated 
with this pathology. This may be due to the more rapid reac-

Figure 16.18  Comparison  of  changes  in  brain  electrolyte  (A)  and 
organic osmolyte (B) content during adaptation to hyponatremia and 
after rapid correction of hyponatremia in rats. Electrolytes and organic 
osmolytes are lost quickly after the induction of hyponatremia, begin-
ning on day (d) 0. Brain content of both solutes remains depressed 
during maintenance of hyponatremia  from days 2  through 14. After 
rapid  correction  of  the  hyponatremia  on  day  14,  electrolytes  reac-
cumulate rapidly and overshoot normal brain contents on the first 2 
days  after  correction,  before  returning  to  normal  levels  by  the  fifth 
day  after  correction.  In  contrast,  brain  organic  osmolytes  recover 
much more slowly and do not  return  to normal brain contents until 
the fifth day after correction. The dashed lines indicate ± SEM (stan-
dard error of mean) from the mean values of normonatremic rats on 
day 0; P < 0.01 compared with brain contents of normonatremic rats. 
DBW, Dry brain weight.  (Data from Verbalis JG, Gullans SR: Hypona-
tremia causes large sustained reductions in brain content of multiple 
organic osmolytes in rats. Brain Res 567:274-282, 1991; and Verbalis 
JG, Gullans SR: Rapid correction of hyponatremia produces differential 
effects on brain osmolyte and electrolyte reaccumulation in rats. Brain 
Res 606:19-27, 1993.)
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CURRENT THERAPIES

Conventional management strategies for hyponatremia 
range from saline infusion and fluid restriction to pharma-
cologic measures to adjust fluid balance. Although the 
number of available treatments for hyponatremia is large, 
some are not appropriate for correction of symptomatic 
hyponatremia because they work too slowly or inconsistently 
to be effective in hospitalized patients (e.g., demeclocycline, 
mineralocorticoids). Consideration of treatment options 
should always include an evaluation of the benefits and 
potential toxicities of any therapy and must be individual-
ized for each patient. 464 It should always be remembered 
that sometimes simply stopping treatment with an agent 
associated with hyponatremia is sufficient to correct a low 
serum [Na+].

HYPERTONIC SALINE
Acute hyponatremia presenting with severe neurologic 
symptoms is life-threatening and should be treated promptly 
with hypertonic solutions, typically 3% NaCl ([Na+] = 
513 mmol/L), because this represents the most reliable 
method to raise the serum [Na+] quickly. A continuous infu-
sion of hypertonic NaCl is generally used in inpatient set-
tings. Various formulas have been suggested for calculating 
the initial rate of infusion of hypertonic solutions,460 but 
there has been no consensus regarding optimal infusion 
rates of 3% NaCl. One of the simplest methods to estimate 
an initial 3% NaCl infusion rate uses the following 
relationship464:

Patient s weight kg desired correction rate mEq L hr
infus

’ ( ) ( )×
= iion rate of NaCl mL hr3% ( )

Depending on individual hospital policies, the adminis-
tration of a hypertonic solution may require special consid-
erations (e.g., placement in the intensive care unit [ICU], 
sign-off by a consultant), which each clinician needs to be 
aware of to optimize patient care.

An alternative option for more emergent situations is 
administration of a 100-mL bolus of 3% NaCl, repeated 
once if there is no clinical improvement in 30 minutes. This 
was recommended by a consensus conference organized to 
develop guidelines for prevention and treatment of exercise-
induced hyponatremia, an acute and potentially lethal con-
dition,465 and adopted as a general recommendation by an 
expert panel.466 Injecting this amount of hypertonic saline 
intravenously raises the serum [Na+] by an average of 2 to 
4 mmol/L, which is well below the recommended maximal 
daily rate of change of 10 to 12 mmol/24 hours or 
18 mmol/48 hours.467 Because the brain can only accom-
modate an average increase of approximately 8% in brain 
volume before herniation occurs, quickly increasing the 
serum [Na+] by as little as 2 to 4 mmol/L in acute hypona-
tremia can effectively reduce brain swelling and intracranial 
pressure.468

ISOTONIC SALINE
The treatment of choice for depletional hyponatremia 
(hypovolemic hyponatremia) is isotonic saline ([Na+] = 
154 mmol/L) to restore ECF volume and ensure adequate 
organ perfusion. This initial therapy is appropriate for 

in the increased morbidity and mortality associated with 
falls and fractures in our older population.

HYPONATREMIA TREATMENT

Correction of hyponatremia is associated with markedly 
improved neurologic outcomes in patients with severely 
symptomatic hyponatremia. In a retrospective review of 
patients who presented with severe neurologic symptoms 
and serum [Na+] lower than 125 mmol/L, prompt therapy 
with isotonic or hypertonic saline resulted in a correction 
of about 20 mEq/L over several days and neurologic recov-
ery in almost all cases; in contrast, in patients who were 
treated with fluid restriction alone, there was very little cor-
rection over the study period (<5 mEq/L over 72 hours), 
and the neurologic outcomes were much worse, with most 
of these patients dying or entering a persistent vegetative 
state.459 Consequently, based on this and many similar ret-
rospective analyses, prompt therapy to increase the serum 
[Na+] rapidly represents the standard of care for treatment 
of patients presenting with severe life-threatening symptoms 
of hyponatremia.

Brain herniation, the most dreaded complication of  
hyponatremia, is seen almost exclusively in patients with 
acute hyponatremia (usually <24 hours) or in patients 
with intracranial pathology.460-462 In postoperative patients 
and in patients with self-induced water intoxication asso-
ciated with marathon running, psychosis, or use of ecstasy 
(3,4-methylenedioxy-methamphetamine [MDMA]), non-
specific symptoms such as headache, nausea and vomiting, 
or confusion can rapidly progress to seizures, respiratory 
arrest, and ultimately death or to a permanent vegetative 
state as a complication of severe cerebral edema.463 Hypoxia 
from noncardiogenic pulmonary edema and/or hypoventi-
lation can exacerbate brain swelling caused by the low  
serum [Na+].440,441 Seizures can complicate severe chronic 
hyponatremia and acute hyponatremia. Although usually 
self-limited, hyponatremic seizures may be refractory to 
anticonvulsants.

As discussed earlier, chronic hyponatremia is much less 
symptomatic as a result of the process of brain volume regu-
lation. Because of this adaptation process, chronic hypona-
tremia is arguably a condition that clinicians think they may 
not need to be as concerned about, which has been rein-
forced by common usage of the descriptor asymptomatic hypo-
natremia for many of these patients. However, as discussed 
previously, it is clear that many such patients very often do 
have neurologic symptoms, even if milder and more subtle 
in nature, including headaches, nausea, mood disturbances, 
depression, difficulty concentrating, slowed reaction times, 
unstable gait, increased falls, confusion, and disorienta-
tion.453 Consequently, all patients with hyponatremia who 
manifest any neurologic symptoms that could possibly be 
related to the hyponatremia should be considered candi-
dates for treatment, regardless of the chronicity of the hypo-
natremia or the level of serum [Na+]. An additional reason 
to treat even asymptomatic hyponatremia effectively is to 
prevent a lowering of the serum [Na+] to more symptomatic 
and dangerous levels during treatment of underlying condi-
tions (e.g., increased fluid administration via parenteral 
nutrition, treatment of heart failure with loop diuretics).
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to high AVP levels; if the sum of the urine Na+ and K+ con-
centrations exceeds the serum [Na+], most patients will not 
respond to a fluid restriction because an electrolyte-free 
water clearance will be difficult to achieve.472-474 This and 
other known predictors of failure of fluid restriction are 
summarized in Table 16.8; the presence of any of these 
factors in hospitalized patients with symptomatic hyponatre-
mia make this less than ideal as an initial therapy. In addi-
tion, fluid restriction is not practical for some patients, 
particularly patients in an ICU setting who often require 
administration of significant volumes of fluids as part of 
their therapy. Consequently, such patients are candidates 
for more effective pharmacologic or saline treatment 
strategies.

ARGININE VASOPRESSIN RECEPTOR ANTAGONISTS
Conventional therapies for hyponatremia, although effec-
tive in specific circumstances, are suboptimal for many  
different reasons, including variable efficacy, slow responses, 
intolerable side effects, and serious toxicities. However, 
perhaps the most striking deficiency of most conventional 
therapies is that most of these therapies do not directly 
target the underlying cause of most dilutional hyponatre-
mias—namely, inappropriately elevated plasma AVP levels. 
A newer class of pharmacologic agents, vasopressin receptor 
antagonists, also known as vaptans, which directly block 
AVP-mediated receptor activation, have been approved for 
the treatment of euvolemic hyponatremia (in the United 
States and European Union) and hypervolemic hyponatre-
mia (in the United States).475

Conivaptan has been approved by the U.S. Food and 
Drug Administration (FDA) for euvolemic and hypervol-
emic hyponatremia in hospitalized patients. It is available 
only as an intravenous preparation and is given as a 20-mg 
loading dose over 30 minutes, followed by a continuous 
infusion of 20 or 40 mg/day.476 Generally, the 20-mg con-
tinuous infusion is used for the first 24 hours to gauge the 
initial response. If the correction of serum [Na+] is thought 
to be inadequate (e.g., <5 mmol/L), the infusion rate can 
be increased to 40 mg/day. Therapy is limited to a maximum 
duration of 4 days because of drug interaction effects with 
other agents metabolized by the CYP3A4 hepatic isoenzyme. 
Importantly, for conivaptan and all other vaptans, it is criti-
cal that the serum [Na+] be measured frequently during the 
active phase of correction of the hyponatremia—a minimum 
of every 6 to 8 hours for conivaptan but more frequently in 
patients with risk factors for what is termed the osmotic demy-
elination syndrome (ODS).464 If the correction exceeds 8 to 
12 mmol/L in the first 24 hours, the infusion should be 
stopped and the patient monitored closely. Consideration 
should be given to administering sufficient water, orally or 
as intravenous 5% dextrose in water, to avoid a correction 
of more than 12 mmol/L/day. The maximum correction 
limit should be reduced to 8 mmol/L over the first 24 hours 
in patients with risk factors for ODS466 (Figure 16.19 and 
Table 16.9). The most common side effects of conivaptan 
include headache, thirst, and hypokalemia.477

Tolvaptan, an oral vasopressin receptor antagonist, is also 
FDA-approved for the treatment of euvolemic and hypervol-
emic hyponatremia. In contrast to conivaptan, the availabil-
ity of tolvaptan in tablet form allows short- and long-term 
use.478 Similar to conivaptan, tolvaptan treatment must be 

patients who have clinical signs of hypovolemia or in whom 
a spot urine [Na+] is lower than 20 to 30 mEq/L.466 However, 
this therapy is ineffective for dilutional hyponatremias such 
as SIADH,469 and continued inappropriate administration of 
isotonic saline to a euvolemic patient may worsen the hypo-
natremia470 and/or cause fluid overload. Although isotonic 
saline may improve the serum [Na+] in some patients with 
hypervolemic hyponatremia, their volume status will gener-
ally worsen with this therapy, so unless the hyponatremia is 
profound, isotonic saline should be avoided.

FLUID RESTRICTION
For patients with chronic hyponatremia, fluid restriction has 
been the most popular and most widely accepted treatment. 
When SIADH is present, fluids should generally be limited 
to 500 to 1000 mL/24 hours. Because fluid restriction 
increases the serum [Na+] largely by underreplacing the 
excretion of fluid by the kidneys, some have advocated an 
initial restriction to 500 mL less than the 24-hour urine 
output.471 When instituting a fluid restriction, it is important 
for the nursing staff and patient to understand that this 
includes all fluids that are consumed, not just water (Table 
16.8). Generally, the water content of ingested food is not 
included in the restriction because this is balanced by insen-
sible water losses (e.g., perspiration, exhaled air, feces), but 
caution should be exercised with foods that have a high fluid 
concentration (e.g., fruit, soup). Restricting fluid intake can 
be effective when properly applied and managed in select 
patients, but serum [Na+] is generally increased only slowly 
(1 to 2 mmol/L/day), even with severe fluid restriction.469 In 
addition, this therapy is often poorly tolerated because of an 
associated increase in thirst, leading to poor compliance 
with long-term therapy. However, it is economically favor-
able, and some patients do respond well to this option.

Fluid restriction should not be used with hypovolemic 
patients and is particularly difficult to maintain in hospital-
ized patients with very elevated urine osmolalities secondary 

Table 16.8 General Recommendations for Using 
Fluid Restriction and Predictors of 
Its Increased Likelihood of Failure

General Recommendations

•  Restrict all intake that is consumed by drinking, not just 
water.

•  Aim for a fluid restriction that is 500 mL/day below the 
24-hour urine volume.

•  Do not restrict sodium or protein intake unless indicated.

Predictors of Likely Failure of Fluid Restriction

•  High urine osmolality (>500 mOsm/kg H2O).
•  Sum of the urine Na+ and K+ concentrations exceeds the 

serum Na+ concentration
•  24-hour urine volume < 1500 mL/day.
•  Increase in serum Na+ sodium concentration < 2 mmol/L/

day in 24 hours on fluid restriction ≤ 1 L/day.

From Verbalis JG, Goldsmith SR, Greenberg A, et al: 
Diagnosis, evaluation, and treatment of hyponatremia: expert 
panel recommendations. Am J Med 126(Suppl 1):S1-S42, 
2013.
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60 mg at 24-hour intervals if the serum [Na+] remains lower 
than 135 mmol/L or the increase in serum [Na+] has been 
less than 5 mmol/L in the previous 24 hours. As with conivap-
tan, it is essential that the serum [Na+] be measured fre-
quently during the active phase of correction of the 
hyponatremia at a minimum of every 6 to 8 hours, particu-
larly in patients with risk factors for ODS. Goals and limits 
for the safe correction of hyponatremia and methods to 
compensate for overly rapid corrections are the same as 
described previously for conivaptan (see Figure 16.19). One 
additional factor that helps avoid overly rapid correction 
with tolvaptan is the recommendation that fluid restriction 
not be used during the active phase of correction, thereby 
allowing the patient’s thirst to compensate for an overly vig-
orous aquaresis. Common side effects of tolvaptan include 
dry mouth, thirst, increased urinary frequency, dizziness, 
nausea, and orthostatic hypotension.478,479

Vaptans are not needed for the treatment of hypovolemic 
hyponatremia because simple volume expansion would be 
expected to abolish the nonosmotic stimulus to AVP secre-
tion and lead to a prompt aquaresis. Furthermore, inducing 
increased renal fluid excretion via diuresis or aquaresis  
can cause or worsen hypotension in such patients. This pos-
sibility has resulted in the labeling of these drugs as contra-
indicated for hypovolemic hyponatremia.464 Importantly, 
clinically significant hypotension was not observed in the 
conivaptan or tolvaptan clinical trials in euvolemic and 
hypervolemic hyponatremic patients. Although vaptans are 
not contraindicated with decreased renal function, these 
agents generally will not be effective if the serum creatinine 
level is more than 3.0 mg/dL.

The FDA recently issued a caution about hepatic injury480 
that was noted in patients who received tolvaptan in a 3-year 
clinical trial examining the effect of tolvaptan on autosomal 
dominant polycystic kidney disease, the Tolvaptan Efficacy 
and Safety in Management of Autosomal Dominant Polycys-
tic Kidney Disease and Its Outcomes (TEMPO) study.481 An 
external panel of liver experts found that three cases of 
reversible jaundice and increased transaminase levels in  
this trial were probably or highly likely to be caused by 
tolvaptan. Additionally, 4.4% of autosomal dominant poly-
cystic kidney disease (ADPKD) patients on tolvaptan (42 of 
958) exhibited elevations of alanine aminotransferase (ALT) 
greater than three times that of the upper limit of normal 
(ULN) compared to 1.0% of patients (5 of 484) on placebo. 
These findings indicate that tolvaptan has the potential to 
cause irreversible and potentially fatal liver injury. The doses 
used in the TEMPO study were up to twice the maximum 
dose approved for hyponatremia (tolvaptan, 120 mg/day). 
Also, in clinical trials of tolvaptan at doses approved by the 
FDA for treatment of clinically significant euvolemic or 
hypervolemic hyponatremia, liver damage was not reported, 
including long-term trials longer than 30 days (e.g., SALT-
WATER, EVEREST [Efficacy of Vasopressin Antagonism in 
Heart Failure: Outcome Study with Tolvaptan]).482,483

Based largely on the hepatic injury noted in the TEMPO 
trial, the FDA, on April 30, 2013, recommended that “Samsca 
treatment should be stopped if the patient develops signs  
of liver disease. Treatment duration should be limited to  
30 days or less, and use should be avoided in patients  
with underlying liver disease, including cirrhosis.”480 The 
European Medicines Agency (EMA) has approved the use 

Figure 16.19  Recommended goals (green) and limits (red) for cor-
rection  of  hyponatremia  based  on  the  risk  of  producing  osmotic 
demyelination  syndrome  (ODS).  Also  shown  are  recommendations  
for  re-lowering  of  the  serum  [Na+]  to  goals  for  patients  presenting 
with serum [Na+] < 120 mmol/L who exceed the recommended limits 
of  correction  in  the  first  24  hours.  (From Verbalis JG, Goldsmith 
SR, Greenberg A, et al: Diagnosis, evaluation, and treatment of hypo-
natremia: expert panel recommendations. Am J Med 126(Suppl 1):S1-
S42, 2013.)
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Table 16.9 Factors Increasing Risk of Osmotic 
Demyelination Syndrome*

•  Serum sodium concentration ≤ 105 mmol/L
•  Hypokalemia†

•  Alcoholism†

•  Malnutrition†

•  Advanced liver disease†

*Requiring slower correction of chronic hyponatremia.
†Unlike the rate of increase in serum [Na+], neither the precise 

level of the serum potassium concentration nor the degree of 
alcoholism, malnutrition, or liver disease that alters the brain’s 
tolerance to an acute osmotic stress have been rigorously 
defined.

From Verbalis JG, Goldsmith SR, Greenberg A, et al: 
Diagnosis, evaluation, and treatment of hyponatremia: expert 
panel recommendations. Am J Med 126(Suppl 1):S1-S42, 
2013.

initiated in the hospital so that the rate of correction can be 
monitored carefully. In the United States, patients with a 
serum [Na+] lower than 125 mmol/L are eligible for therapy 
with tolvaptan as primary therapy; if the serum [Na+] is 
125 mmol/L or higher, tolvaptan therapy is only indicated if 
the patient has symptoms that could be attributable to the 
hyponatremia, and the patient is resistant to attempts at fluid 
restriction.479 In the European Union, tolvaptan is approved 
only for the treatment of euvolemic hyponatremia, but any 
symptomatic euvolemic patient is eligible for tolvaptan 
therapy, regardless of the level of hyponatremia or response 
to previous fluid restriction. The starting dose of tolvaptan is 
15 mg on the first day, and the dose can be titrated to 30 and 
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hyponatremia491 to the chronic management of euvolemic 
hyponatremia, has also been reported to be successful in 
select cases.492 However, the efficacy of this approach to 
correct symptomatic hyponatremia promptly and within 
accepted goals limits (see Figure 16.19) is unknown.

TREATMENT GUIDELINES

Although various authors have published recommendations 
on the treatment of hyponatremia,460,462,464,466,493,494 no stan-
dardized treatment algorithms have yet been universally 
accepted. For all treatment recommendations, the initial 
evaluation includes an assessment of the ECF volume  
status of the patient because treatment recommendations 
differ for hypovolemic, euvolemic, and hypervolemic hypo-
natremic patients. Recommendations for hypovolemic  
and hypervolemic patients have been updated recently.466 
Euvolemic patients, mainly including those with SIADH, 
represent a unique challenge because of the multiplicity of 
causes and presentations of patients with SIADH. A synthe-
sis of existing recommendations for the treatment of hypo-
natremia is illustrated in Figure 16.20. This algorithm is 
based primarily on the neurologic symptomatology of hypo-
natremic patients rather than the serum [Na+] or the chro-
nicity of the hyponatremia; the latter is often difficult to 
ascertain.

LEVELS OF SYMPTOMS
A careful neurologic history and assessment should always 
be done to identify potential causes for the patient’s symp-
toms other than hyponatremia, although it will not always 
be possible to exclude an additive contribution from the 
hyponatremia to an underlying neurologic condition. In 
this algorithm, patients are divided into three major groups 
based on their presenting symptoms (see Table 16.7).

Severe Symptoms

Coma, obtundation, seizures, respiratory distress or arrest, 
and unexplained vomiting usually imply a more acute onset 
or worsening of hyponatremia requiring immediate active 
treatment. Therapies that will quickly raise serum [Na+] are 
required to reduce cerebral edema and decrease the risk of 
potentially fatal brain herniation.

Moderate Symptoms

Altered mental status, disorientation, confusion, unex-
plained nausea, gait instability, and falls generally indicate 
some degree of brain volume regulation and absence of 
clinically significant cerebral edema. These symptoms can 
be chronic or acute but allow more time to elaborate a 
deliberate approach to choice of treatment.

Mild or Absent Symptoms

Minimal symptoms, such as difficulty concentrating, irrita-
bility, altered mood, depression, or unexplained headache, 
or a virtual absence of discernible symptoms, indicate that 
the patient may have chronic or slowly evolving hyponatre-
mia. These symptoms necessitate a cautious approach, espe-
cially when patients have underlying comorbidities.

Patients with severe symptoms should be treated with 
hypertonic (3%) NaCl as first-line therapy, followed by fluid 
restriction, with or without vaptan therapy. Because overly 

of tolvaptan for SIADH but not for hyponatremia due to 
heart failure or cirrhosis. Based on the TEMPO trial results, 
the EMO also issued a warning about the possible occur-
rence of hepatic injury in patients treated with tolvaptan, 
but did not recommend any restriction on the duration of 
treatment of SIADH patients with tolvaptan.484

Accordingly, appropriate caution should be exercised  
in patients treated with tolvaptan for hyponatremia for 
extended periods (e.g., >30 days), but this decision should 
be based on the clinical judgment of the treating physician. 
Patients who are refractory to or unable to tolerate or obtain 
other therapies for hyponatremia, and for whom the benefit 
of tolvaptan treatment outweighs the risks, remain candi-
dates for long-term therapy with tolvaptan. In these patients, 
liver function tests should be monitored carefully and seri-
ally (i.e., every 3 months) and the drug discontinued in the 
event of significant changes in liver function test results  
(i.e., twice the ULN of ALT).465 With rare exceptions, tolvap-
tan should not be used in patients with underlying liver 
disease, given the difficulty of attributing causation to any 
observed deterioration of hepatic function. Such an excep-
tion may be hyponatremic patients with end-stage liver 
disease awaiting imminent liver transplantation who are at 
little risk of added hepatic injury and will benefit from cor-
rection of hyponatremia prior to surgery to decrease the risk 
of ODS postoperatively.485

UREA
Urea has been described as an alternative oral treatment for 
SIADH and other hyponatremic disorders. The mode of 
action is to correct hypo-osmolality not only by increasing 
solute-free water excretion but also by decreasing urinary 
sodium excretion. Dosages of 15 to 60 g/day are generally 
effective; the dose can be titrated in increments of 15 g/day 
at weekly intervals as necessary to achieve normalization of 
the serum [Na+]. It is advisable to dissolve the urea in orange 
juice or some other strongly flavored liquid to camouflage 
the bitter taste. Even if completely normal water balance is 
not achieved, it is often possible to allow the patient to 
maintain a less strict regimen of fluid restriction while 
receiving urea. The disadvantages associated with the use of 
urea include poor palatability (although some clinicians 
believe that this has been exaggerated), the development of 
azotemia at higher doses, and the unavailability of a conve-
nient or FDA-approved form of the agent. Evidence has 
suggested that blood urea concentrations may double 
during treatment,486 but it is important to remember that 
this does not represent renal impairment.

Reports from retrospective uncontrolled studies have sug-
gested that the use of urea has been effective in treating 
SIADH in patients with hyponatremia due to subarachnoid 
hemorrhage and in critical care patients,487 and case reports 
have documented success in infants with chronic SIADH488 
and NSIAD.489 More recent evidence from a short study in 
a small cohort of SIADH patients has suggested that urea 
may have a comparable efficacy to vaptans in reversing hypo-
natremia due to chronic SIADH.490

FUROSEMIDE AND NACL
The use of furosemide (20 to 40 mg/day) coupled with  
a high salt intake (200 mEq/day), which represents  
an extension of the treatment of acute symptomatic 
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cause fluid retention with increased edema, and urea can 
lead to ammonia buildup in the gastrointestinal tract if 
hepatic function is impaired. Although moderate neuro-
logic symptoms can indicate that a patient is in an early stage 
of acute hyponatremia, they more often indicate a chroni-
cally hyponatremic state with sufficient brain volume adap-
tation to prevent marked symptomatology from cerebral 
edema. Most patients with moderate hyponatremic symp-
toms have a more chronic form of hyponatremia, so guide-
lines for goals and limits of correction should be followed 
closely (see Figure 16.19), and close monitoring of these 
patients in a hospital setting is warranted until the symptoms 
improve or stabilize.

Patients with no or minimal symptoms should be managed 
initially with fluid restriction, although treatment with phar-
macologic therapy, such as vaptans or urea, may be appro-
priate for a wide range of specific clinical conditions (see 
Figure 16.20). Foremost of these is a failure to improve the 
serum [Na+], despite reasonable attempts at fluid restric-
tion, or the presence of clinical characteristics associated 
with poor responses to fluid restriction (see Table 16.8).

A special case is when spontaneous correction of hypo-
natremia occurs at an undesirably rapid rate because of  
the onset of water diuresis. This can occur following  
cessation of desmopressin therapy in a patient who has 
become hyponatremic, replacement of glucocorticoids  
in a patient with adrenal insufficiency, replacement of 
solutes in a patient with diuretic-induced hyponatremia, or 

rapid correction of serum [Na+] occurs in more than 10% 
of patients treated with hypertonic NaCl,495 such patients are 
at risk for ODS unless carefully monitored. For this reason, 
some authors have proposed simultaneous treatment with 
desmopressin to reduce the rate of correction to only that 
produced by the hypertonic NaCl infusion itself.496,497 
Whether sufficient clinical data eventually prove that this 
approach is effective and safe in larger numbers of patients 
remains to be determined. Only one case of ODS has been 
reported in a patient receiving vaptan monotherapy,498 and 
two abstracts have reported ODS when vaptans were used 
directly following hypertonic saline administration within 
the same 24-hour period.466 Consequently, no active hypo-
natremia therapy should be administered until at least 24 
hours following successful increases in serum [Na+] using 
hypertonic NaCl.

The choice of treatment for patients with moderate symp-
toms will depend on their ECF volume status (see Figure 
16.20). Hypovolemic patients should be treated with solute 
repletion via isotonic NaCl infusion or oral sodium replace-
ment.466 Euvolemic patients, typically with SIADH, will 
benefit from vaptan therapy, limited hypertonic saline 
administration or, in some cases, urea, where available. This 
can be followed by fluid restriction or long-term vaptan 
therapy when the cause of the SIADH is expected to be 
chronic.466 In hypervolemic patients with heart failure, 
vaptans are usually the best choice because fluid restriction 
is rarely successful in this group, saline administration can 

Figure 16.20  Algorithm for treatment of patients with euvolemic hyponatremia based on their presenting symptoms. The arrows between the 
symptom boxes  indicate movement of patients between different symptom levels. ALL, All  types of hypotonic hyponatremia.  (Modified from 
Verbalis JG: Emergency management of acute and chronic hyponatremia. In Matfin G, editor: Endocrine and metabolic emergencies, Washington, 
DC, 2014, Endocrine Press, pp 359.)

SEVERE SYMPTOMS:
coma, obtundation, seizures,
respiratory distress, vomiting

ALL: hypertonic NaCl1, followed by
fluid restriction � vaptan2

MODERATE SYMPTOMS:
altered mental status,

disorientation, confusion, unexplained
nausea, gait instability

Hypovolemic hyponatremia: solute repletion (isotonic
NaCl iv or oral sodium replacement)3

Euvolemic hyponatremia: vaptan, limited hypertonic NaCl,
or urea followed by fluid restriction

Hypervolemic hyponatremia: vaptan, followed by fluid
restriction

NO OR MINIMAL SYMPTOMS:
difficulty concentrating, irritability, altered mood,

depression, unexplained headache

ALL: fluid restriction, but consider
  pharmacologic therapy (vaptan,
  urea) under select circumstances:
• inability to tolerate fluid restriction or predicted
  failure of fluid restriction (see text)4

• very low [Na+] (<125 mmol/L) with increased risk
  of developing symptomatic hyponatremia
• need to correct serum [Na+] to safer
  levels for surgery or procedures, or for ICU/
  hospital discharge
• unstable gait and/or high fracture risk
• prevention of worsened hyponatremia with
  increased fluid administration
• therapeutic trial for symptom improvement 

1. Some authors recommend simultaneous treatment with desmopressin to limit speed of correction.
2. No active therapy should be started within 24 hours of hypertonic saline to decrease the risk of overly rapid

correction of [Na+] and risk of ODS.
3. With isotonic NaCl infusion, serum [Na+] must be followed closely to prevent overly rapid correction and risk of

ODS due to secondary water diuresis.
4. See Table 16.8 for predictors of failure of fluid restriction.
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serum [Na+] treated with fluid restriction or therapy other 
than hypertonic saline, measurement of the serum [Na+] 
daily is generally sufficient because levels will not change 
that quickly in the absence of active therapy or large changes 
in fluid intake or administration.

LONG-TERM TREATMENT OF  
CHRONIC HYPONATREMIA

Some patients will benefit from continued treatment of 
hyponatremia following discharge from the hospital. In 
many cases, this will consist of a continued fluid restriction. 
However, as discussed, long-term compliance with this 
therapy is poor because of the increased thirst that occurs 
with more severe degrees of fluid restriction. Thus, for 
select patients who have responded to tolvaptan in the hos-
pital, consideration should be given to continuing the treat-
ment as an outpatient after discharge. In patients with 
established chronic hyponatremia, tolvaptan has shown to 
be effective for maintaining a normal [Na+] for as long as 3 
years of continued daily therapy.504 However, many patients 
with inpatient hyponatremia have a transient form of 
SIADH, without the need for long-term therapy. In the 
conivaptan open-label study, approximately 70% of patients 
treated as an inpatient for 4 days had normal serum [Na+] 
concentrations 7 and 30 days after cessation of the vaptan 
therapy in the absence of chronic therapy for hyponatremia. 
Selection of which patients with inpatient hyponatremia are 
candidates for long-term therapy should be based on the 
cause of the SIADH. Figure 16.21 shows estimates of the 
relative probability that patients with different causes of 
SIADH will have persistent hyponatremia that may benefit 
from long-term treatment with tolvaptan following hospital 
discharge. Nonetheless, for any individual patient, this 
simply represents an estimate of the likelihood of requiring 
long-term therapy. In all cases, consideration should be 
given to a trial of stopping the drug 2 to 4 weeks after dis-
charge to determine if hyponatremia is still present. A rea-
sonable period of tolvaptan cessation to evaluate the 
presence of continued SIADH is 7 days, because this period 
was found to be sufficient for demonstration of a recurrence 
of hyponatremia in the tolvaptan SALT trials.504,505 Serum 
[Na+] should be monitored every 2 to 3 days following ces-
sation of tolvaptan so that the drug can be resumed as 
quickly as possible in patients with recurrent hyponatremia; 
the longer the patient is hyponatremic, the greater the risk 
of subsequent ODS with overly rapid correction of the low 
serum [Na+].

Findings of hepatotoxicity in a small number of patients 
on high doses of tolvaptan in a clinical trial of polycystic 
kidney disease led to a recent FDA recommendation that 
tolvaptan not be used for longer than 30 days.480 This deci-
sion should be based on a risk/benefit analysis individual-
ized for specific patients; if tolvaptan is used for longer than 
30 days, liver function should be assessed at regular intervals 
(e.g., every 3 months).466

FUTURE OF HYPONATREMIA TREATMENT

Despite the many advances made in understanding the 
manifestations and consequences of hyponatremia, and  
the availability of effective pharmacologic therapies for 

spontaneous resolution of transient SIADH. Brain damage 
from ODS can clearly ensue in this setting if the preceding 
period of hyponatremia has been long enough (usually, ≥48 
hours) to allow brain volume regulation to occur. If the 
correction parameters discussed above have been exceeded, 
and the correction is proceeding more rapidly than planned 
(usually because of continued excretion of hypotonic 
urine), the pathologic events leading to demyelination can 
be reversed by administration of hypotonic fluids, with or 
without desmopressin. The efficacy of this approach has 
been suggested from animal studies499 and case reports 
in humans,462,500 even when patients are overtly symptom-
atic.501 However, relowering the serum [Na+] after an initial, 
overly rapid correction is only strongly recommended for 
patients at high risk of ODS (see Table 16.9); it is considered 
optional for patients with a low-to-moderate risk of ODS and 
unnecessary for patients with acute water intoxication (see 
Figure 16.19).

Although this classification is based on presenting symp-
toms at the time of initial evaluation, it should be remem-
bered that in some cases, patients initially exhibit more 
moderate symptoms because they are in the early stages of 
hyponatremia. In addition, some patients with minimal 
symptoms are prone to develop more symptomatic hypona-
tremia during periods of increased fluid ingestion. In 
support of this, approximately 70% of 31 patients present-
ing to a university hospital with symptomatic hyponatremia 
and a mean serum [Na+] of 119 mmol/L had preexisting 
asymptomatic hyponatremia as the most common risk factor 
identified.502 Consequently, hyponatremia therapy should 
also be considered to prevent progression from a lower to 
higher level of symptomatic hyponatremia, particularly in 
patients with a past history of repeated presentations for 
symptomatic hyponatremia.

MONITORING SERUM SODIUM 
CONCENTRATION IN HYPONATREMIC PATIENTS

The frequency of serum [Na+] monitoring is dependent on 
the severity of the hyponatremia and therapy chosen. In all 
hyponatremic patients, neurologic symptomatology should 
be carefully assessed very early in the diagnostic evaluation 
to assess the symptomatic severity of the hyponatremia and 
determine whether the patient requires more urgent 
therapy. All patients undergoing active treatment with 
hypertonic saline for symptomatic hyponatremia should 
have frequent monitoring of their serum [Na+] and ECF 
volume status (every 2 to 4 hours) to ensure that the serum 
[Na+] does not exceed the limits of safe correction during 
the active phase of correction,464 because overly rapid cor-
rection of serum sodium will increase the risk of ODS.503 
Patients treated with vaptans for mild-to-moderate symp-
toms should have their serum [Na+] monitored every 6 to 8 
hours during the active phase of correction, which will gen-
erally be the first 24 to 48 hours of therapy. Active treatment 
with hypertonic saline or vaptans should be stopped when 
the patient’s symptoms are no longer present, a safe serum 
[Na+] (usually, >120 mmol/L) has been achieved, or the 
rate of correction has reached maximum limits of 12 mmol/L 
within 24 hours or 18 mmol/L within 48 hours,464,467 or 
8 mmol/L over any 24-hour period in patients at high risk 
of ODS (see Table 16.9). In patients with a stable level of 
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different comorbidities, as well as in older, community-
dwelling subjects without known underlying disease.
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The appropriate diagnosis and management of acid-base 
disorders requires accurate interpretation of the specific 
acid-base disorder, as well as consideration of the clinical 
setting in which these disorders occur as indicated by  
the patient’s history and physical examination. Accuracy 
requires simultaneous measurement of plasma electrolyte 
levels and arterial blood gas (ABG) values, as well as an 
appreciation by the clinician of the physiologic adaptations 
and compensatory responses that occur with specific acid-
base disturbances. In most circumstances, these compensa-
tory responses can be predicted through an analysis of the 
prevailing disorder in a stepwise manner. This chapter 
reviews acid-base homeostasis as a consequence of the inte-
gration of physiologic and compensatory responses. The 

approach in this chapter, sometimes referred to as the 
Boston method, uses measurements of arterial pH, CO2 
pressure (PCO2), and [HCO3

−] plus an analysis of the anion 
gap (corrected for a normal plasma albumin level of 4.5 g/
dL), referring to the pathophysiologically established range 
of compensatory responses for simple disorders. This is the 
most widely used and generally accepted approach used 
clinically by nephrologists, and the easiest model to under-
stand.1 Other methods, such as one requiring calculation 
and consideration of “base excess” (the Copenhagen 
method), or a physicochemical method (Stewart method), 
requiring calculation of the “strong ion difference,” the 
“strong ion gap,” and the total concentration of plasma 
weak acids, are not discussed here.
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relationship between these two factors can be written in 
mathematically equivalent forms:

 pH H= − +log [ ]10  (5)

 [ ]( )H Eq L pH+ −= 10  (6)

When [H+] is expressed (for numeric convenience) in 
nanomoles per liter (nmol/L) or nanomolar (nM), then:

 [ ]H pH+ −= 109  (7)

BUFFER SYSTEMS

Acid-base chemistry deals with molecular interactions that 
involve the transfer of H+. A large variety of molecules, both 
inorganic and organic, contain hydrogen atoms that can 
dissociate to yield H+. The relationship between an undis-
sociated acid (HA) and its conjugate, disassociated base (A−) 
may be represented as follows:

 HA H A⇔ ++ −  (8)

In addition to the many inorganic and organic acid-base 
substances encountered in biologic systems, many protein 
molecules (e.g., hemoglobin) contain acidic groups that 
may dissociate, yielding a corresponding conjugate base.

MECHANISMS OF pH BUFFERING

Buffer systems are critical to the physiology and pathophysi-
ology of acid-base homeostasis because they attenuate the 
pH change in a solution or tissue by reversibly combining 
with or releasing H+. Thus the pH change of a solution 
during the addition of acid or base equivalents is smaller in 
the presence of a buffer system than would have occurred 
if no buffer systems were present. The acid or base load can 
be extrinsic, such as during systemic acid or base infusion, or 
intrinsic, resulting from net generation of new acid or base 
equivalents that are added to the extracellular or intracel-
lular compartments.

CHEMICAL EQUILIBRIA OF PHYSICOCHEMICAL 
BUFFER SYSTEMS

As an example of a physicochemical buffer pair, consider a 
neutral weak acid (HA) and its conjugate weak base (A−). 
Examples of such buffer pairs are acetic acid and acetate 
and the carboxyl groups on proteins. Another example of 
a physicochemical buffer pair is a neutral weak base (B) and 
its conjugate weak acid (BH+):

 BH B H+ +⇔ +  (9)

Examples of such buffer pairs are NH3 and NH4
+ and the 

imidazole group in proteins. A rigorous analysis of the kinet-
ics of reversible reactions in solution yields the law of mass 
action, which states that at equilibrium (i.e., when the veloc-
ities of the forward and backward reactions are equal) the 
ratio of the concentration products of opposing reactions is 
a constant:

 K
H A

HA
a′ =

+ −[ ][ ]  (10)

ACID-BASE HOMEOSTASIS

Acid-base homeostasis operates to maintain systemic arterial 
pH within a narrow range. Although clinical laboratories 
consider the normal range to be between 7.35 and 7.45 pH 
units, pH in vivo in an individual is maintained within a 
much narrower range. This degree of tight regulation  
is accomplished through (1) chemical buffering in the 
extracellular fluid (ECF) and the intracellular fluid and  
(2) regulatory responses that are under the control of the 
respiratory and renal systems. Those chemical buffers, res-
piration, and renal processes efficiently dispose of the physi-
ologic daily load of carbonic acid (as volatile CO2) and 
nonvolatile acids, mainly derived from dietary protein 
intake, and defend against the occasional addition of patho-
logic quantities of acid and alkali. Therefore chemical 
buffers within the extracellular and intracellular compart-
ments serve to blunt changes in pH that would occur with 
retention of either acids or bases. In addition, the control 
of PCO2 by the central nervous system and respiratory system 
and the control of the plasma HCO3

− by the kidneys consti-
tute the regulatory processes that act in concert to stabilize 
the arterial pH.

The major buffer system in the body comprises a base (H+ 
acceptor), which is predominantly HCO3

−, and an acid (H+ 
donor), which is predominantly carbonic acid (H2CO3):

 H HCO H CO+ −+ ⇔3 2 3  (1)

Extracellular H+ concentration ([H+]e) throughout the 
body is constant in the steady state. The HCO3

−/H2CO3 ratio 
is proportional to the ratio of all the other extracellular 
buffers such as PO4

3− and plasma proteins:

 [ ]H
HCO
H CO

B
HB

e
+

− −

∝ ∝3

2 3

 (2)

The intracellular H+ concentration ([H+]i), or pHi, is also 
relatively stable. Both cellular ion exchange mechanisms 
and intracellular buffers (hemoglobin, tissue proteins, 
organophosphate complexes, and bone apatite) participate 
in the blunting of changes in both [H+]i and [H+]e. Extracel-
lular and intracellular buffers provide the first line of defense 
against the addition of acid or base to the body (see “Mecha-
nisms of pH Buffering” section later).

The second line of defense is the respiratory system. Pul-
monary participation in acid-base homeostasis relies on the 
excretion of CO2 by the lungs. The reaction is catalyzed by 
the enzyme carbonic anhydrase:

 H HCO H CO H O COCarbonic
anhydrase

+ −+ ↔ ← → +3 2 3 2 2
 (3)

Large amounts of CO2 (10 to 12 mol/day) accumulate as 
metabolic end products of tissue metabolism. This CO2 load 
is transported in the blood to the lungs as hemoglobin-
generated HCO3

− and hemoglobin-bound carbamino 
groups2:

 Metabolism CO LungsBlood
transport→ ← →2  (4)

Conventionally H+ concentration is expressed in two dif-
ferent ways, either directly as [H+] or indirectly as pH. The 
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 pH pK
HCO

PCO CO
= ′ +

−

log
[ ]

( )
10

3

22α
 (20)

When pK′ = 6.1 is used in equation 20, the Henderson 
equation is derived, which may be used in clinical interpre-
tation of acid-base data:

 [ ]( )
( )

[ ]( )
H nmol L

P mm Hg
HCO mmol L

CO+
−= 24 2

3
 (21)

PHYSIOLOGIC ADVANTAGE OF AN OPEN 
BUFFER SYSTEM

The quantitative behavior of an open system buffer pair 
differs considerably from that of a buffer pair confined to a 
closed system. In an open system the buffer pair may be 
envisioned as occurring in two separate but communicating 
compartments (internal and external). The external com-
partment provides an effective infinite reservoir of the 
uncharged buffer pair component, to which the barrier 
between the internal and the external compartments (e.g., 
plasma cell membrane, vascular capillary endothelium) is 
freely permeable.

Physiologically, the most important open system buffer is 
the CO2-HCO3

− system.
Adjustments in alveolar ventilation serve to maintain a 

constant arterial CO2 pressure (Paco2):

 
Acid H Expired gas

H HCO H CO H O CO

( ) ( )+

+ −
↓ ↑↑

+ → → +3 2 3 2 2

 (22)

The CO2-HCO3
− buffer system has an apparent pK′ of 6.1 

and a base/acid ([HCO3]/[H2CO3]) ratio of 20 : 1 at pH 7.4. 
Because buffer efficiency is greatest in the pH range near 
pK′a, it appears at first glance that the CO2-HCO3

− system 
would not function as an effective buffer in the physiologic 
pH range. The potency and efficacy of the CO2-HCO3

− 
buffer system are due largely to the augmentation of buffer 
capacity that accompanies operation in an open system. 
Because CO2 is freely diffusible across biologic barriers and 
cell membranes, its concentration in biologic fluids can be 
modulated rapidly through participation of the respiratory 
system. When acid (H+) is added to an HCO3

−-containing 
fluid, H+ combines with HCO3

− to generate H2CO3, which, 
in the presence of the enzyme carbonic anhydrase, is rapidly 
dehydrated to CO2 (equation 22). The CO2 produced can 
escape rapidly from the fluid and be excreted in the lung, 
which prevents accumulation of CO2 concentrations in bio-
logic fluids.

REGULATION OF BUFFERS

The plasma HCO3
− concentration is protected by both meta-

bolic and renal regulatory mechanisms. In addition, the pH 
of blood can be affected by respiratory adjustments in 
PaCO2. Primary changes in PaCO2 may result in acidosis or 
alkalosis, depending on whether CO2 is elevated above or 
depressed below the normal value: 40 mm Hg. Such disor-
ders are termed respiratory acidosis and respiratory alkalosis, 

 K
H B

BH
b′ =

+ −[ ][ ]  (11)

K′a and K′b are the equilibrium or dissociation constants 
for equations 10 and 11, respectively.

Taking logarithms of both sides of equations 10 and 11 and 
defining pK′a = −log10 (K′a) and pK′b = −log10 (K′b) yields:

 pH pK
A
HA

a= ′ +
−

log
[ ]
[ ]

10  (12)

 pH pK
B
BH

b= ′ +
−

log
[ ]
[ ]

10  (13)

The dissociation constants K′a and K′b provide an estimate 
of the strength of the acid and base, respectively. From equa-
tions 12 and 13, it can be seen that the buffer pairs are half 
dissociated at pH = pK′. In other words, pK′ of a buffer pair 
is defined as the pH at which 50% of the buffer pair exists 
as the weak acid (HA) and 50% as the anion (A−).

CHEMICAL EQUILIBRIA FOR THE CARBON 
DIOXIDE–BICARBONATE SYSTEM

When CO2 is dissolved in water, H2CO3 is formed according 
to the reaction

 CO H O H CO2 2 2 3+ ⇔  (14)

The rate of this reaction, in the absence of the enzyme 
carbonic anhydrase, is slow, with a half-time of approxi-
mately 8 seconds at 37° C. The major portion of CO2 remains 
as dissolved CO2; only approximately 1 part in 1000 forms 
H2CO3, a nonvolatile acid. Because H2CO3 is a weak acid, it 
dissociates to yield H+ and HCO3:

 H CO H HCO2 3 3⇔ ++ −  (15)

The concentration of dissolved CO2 is given by Henry’s 
law:

 [ ]CO Pdis CO CO2 22= α  (16)

where αCO2  is the physical solubility coefficient for CO2, 
which has a value of 0.0301 mmol/L in most body fluids, 
including plasma. Because the concentration of H2CO3 is 
low and proportional to the concentration of dissolved CO2, 
equations 14 and 15 can be combined and treated as a single 
reaction:

 CO H O H HCO2 2 3+ ⇔ ++ −  (17)

The equilibrium constant for this reaction is given by:

 K
H HCO
CO H O

=
+ −[ ][ ]

[ ][ ]
3

2 2

 (18)

Defining K′ = K[H2O] as the apparent equilibrium con-
stant and using equation 17:

 ′ =
+ −

K
H HCO

PCO CO

[ ][ ]3

22α
 (19)

Taking logarithms of both sides of equation 19 and rec-
ognizing that pK′ = log10 (K′) allows the familiar Henderson-
Hasselbalch equation to be derived:
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is of minor importance in terms of overall physiologic  
regulation of acid-base balance. Nevertheless, regulatory 
enzymes, whose activity may be pH sensitive, may catalyze 
metabolic reactions that either generate or consume organic 
acids. Such a process constitutes a negative feedback regula-
tory system. The best example is phosphofructokinase, the 
pivotal enzyme in the glycolytic pathway. Phosphofructoki-
nase is a kinase enzyme that phosphorylates fructose 
6-phosphate in glycolysis. The activity of phosphofructoki-
nase is inhibited by low pH and enhanced by high pH. Thus 
an increase in pHi accelerates glycolysis and generates pyru-
vate and lactate. It follows therefore that the generation of 
lactic acid in patients with lactic acidosis and the generation 
of ketoacids in patients with ketoacidosis are impeded by 
acidemia.

Because, under most circumstances, CO2 excretion and 
CO2 production are matched, the usual steady-state Paco2 
is maintained at 40 mm Hg. Underexcretion of CO2 pro-
duces hypercapnia, and overexcretion produces hypocap-
nia. Production and excretion are again matched, but at a 
new steady-state Pco2. Therefore the Paco2 is regulated pri-
marily by neurorespiratory factors and is not subject to regu-
lation by the rate of metabolic CO2 production. Hypercapnia 
is primarily the result of hypoventilation, not increased CO2 
production. Increases or decreases in Pco2 represent 
derangements of control of neurorespiratory regulation or 
can result from compensatory changes in response to a 
primary alteration in the plasma HCO3

− concentration.

RENAL REGULATION

Although temporary relief from changes in the pH of body 
fluids may be accomplished by chemical buffering or respi-
ratory compensation, the ultimate defense against the addi-
tion of nonvolatile acid or of alkali is the responsibility of 
the kidneys. The addition of a strong acid (HA) to the ECF 
titrates plasma HCO3

−:

 HA NaHCO NaA H O CO+ ⇔ + +3 2 2  (23)

The CO2 is expired by the lungs, and body HCO3
− buffer 

stores are diminished. This process occurs constantly as 
endogenous metabolic acids are generated. In order to 
maintain a normal plasma HCO3

− in the face of constant 
accession of metabolic acids, predominantly as a result of 
dietary protein metabolism, the kidneys must (1) conserve 
the HCO3

− present in glomerular filtrate and (2) regenerate 
the HCO3

− decomposed by reaction with metabolic acids 
(equation 23). The first process (HCO3

− reclamation) is 
accomplished predominantly in the proximal tubule, with 
an additional contribution by the loop of Henle and a 
minor contribution by more distal nephron segments. 
Under most circumstances, the filtered load of HCO3

− is 
absorbed almost completely, especially during an acid load. 
“Acid production” in biologic systems is represented by the 
milliequivalents (mEq) of protons (H+) added to body 
fluids. Humans eating a typical Western diet are confronted 
with a daily acid challenge. The amount of nonvolatile acid 
produced by metabolism is defined as endogenous acid produc-
tion. Net endogenous acid production is therefore depen-
dent on diet. For example, the inorganic acids H2SO4 and 
H3PO4, are derived respectively, from sulfur-containing 

respectively. A primary change in the plasma HCO3
− con-

centration owing to metabolic or renal factors triggers com-
mensurate changes in ventilation. The respiratory response 
to acidemia or alkalemia blunts the change in blood pH that 
would occur otherwise. Such respiratory alterations that 
adjust blood pH toward normal are referred to as secondary 
or compensatory alterations, because they occur in response 
to primary metabolic changes.

Humans are confronted, under most physiologic circum-
stances, with an acid challenge. “Acid production” in bio-
logic systems is represented by the milliequivalents (mEq) 
of protons (H+) added to body fluids. Conversely, proton 
removal is equivalent to equimolar addition of base, OH− 
(generation of HCO3

− from dissolved CO2). Metabolism 
generates a daily load of relatively strong acids (lactate, 
citrate, acetate, and pyruvate), which must be removed by 
other metabolic reactions. The oxidation of these organic 
acids in the Krebs cycle, for example, generates CO2, which 
must be excreted by the lungs. The oxidation of carbon-
containing fuels produces as much as 16,000 to 20,000 mmol 
of CO2 gas daily. Nevertheless, the complete combustion of 
carbon involves the intermediate generation and metabo-
lism of 2000 to 3000 mmol of relatively strong organic acids, 
such as lactic acids, tricarboxylic acids, ketoacids, or other 
acids, depending on the type of fuel consumed. These 
organic acids do not accumulate in the body under most 
circumstances, with concentrations remaining in the low 
millimolar range. If production and consumption rates 
become mismatched, however, these organic acids can accu-
mulate (e.g., lactic acid accumulation with strenuous exer-
tion). Correspondingly, the HCO3

− in the ECF will decline 
as the organic acid concentration increases. During recov-
ery, the organic acids reenter metabolic pathways to CO2 
production, removal of H+, and generation of HCO3

−. Nev-
ertheless, if the organic anions are excreted (e.g., ketonu-
ria), these entities are no longer available for regeneration 
of HCO3

−. Considered in this way, organic anions that can 
be metabolized may be viewed as “potential bicarbonate.” 
The metabolism of some body constituents such as proteins, 
nucleic acids, and small fractions of lipids and certain car-
bohydrates generates specific organic acids that cannot be 
burned to CO2 (e.g., uric, oxalic, glucuronic, hippuric 
acids). In addition, the inorganic acids H2SO4 and H3PO4, 
derived respectively, from sulfur-containing dietary amino 
acids and organophosphates, must be excreted by the 
kidneys or the gastrointestinal tract.

In summary, in the steady state, as a result of the buffering 
power of the HCO3

−/H2CO3 buffer system and its preemi-
nence over other body buffer systems, addition or removal 
of H+ results in equimolar changes in the HCO3

− concentra-
tion according to the relationship outlined in equation 3. 
Moreover, because this buffer system is open to air, the 
concentration of CO2 remains essentially fixed. Therefore 
the evidence for H+ addition or removal can be found in 
reciprocal changes in the numerator of the Henderson-
Hasselbalch equation (equation 20), or the [HCO3

−].

INTEGRATION OF REGULATORY PROCESSES

Three physiologic processes work against changes in the 
HCO3

−/CO2 ratio: (1) metabolic regulation, (2) respiratory 
regulation, and (3) renal regulation. Metabolic regulation 
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acid excretion approximates 50 to 70 mEq/day to match 
net acid production. Daily acid-base balance can be esti-
mated therefore by subtracting net acid excretion plus any 
base absorbed from the gut from the amount of net acid 
produced daily. The daily production of acid is representa-
tive of the amount of H2SO4 and noncombustible organic 
acids generated and is synonymous with the milliequivalents 
of SO4

2− and organic acid anions (A−) excreted in the urine.

SYSTEMIC RESPONSE TO CHANGES IN 
CARBON DIOXIDE TENSION

ACUTE RESPONSE: GENERATION OF 
RESPIRATORY ACIDOSIS OR ALKALOSIS

Intrinsic disturbances in the respiratory system can alter the 
relationship of CO2 production and excretion and give rise 
to abnormal values of PaCO2. Some stimuli evoke a primary 
increase in ventilation, which lowers systemic PaCO2. These 
stimuli include hypoxemia, fever, anxiety, central nervous 
system disease, acute cardiopulmonary processes, septice-
mia, liver failure, pregnancy, and drugs (e.g., salicylates).3 
Conversely, PaCO2 increases if the respiratory system is 
depressed by suppression of the respiratory control center 
or of the respiratory apparatus itself (neuromuscular, paren-
chymal, and airway components).4 In both kinds of acute 
respiratory disorders, CO2 is added to or subtracted from the 
body until the PaCO2 assumes a new steady state so that 
pulmonary CO2 excretion equals CO2 production. The 

amino acids, such as methionine and cysteine. Conversely, 
base addition to the ECF via the gastrointestinal tract is 
derived primarily from dietary fruits and vegetables. If less 
acid is generated or when, in the face of an alkali load, the 
plasma HCO3

− concentration increases above the normal 
value of 25 mEq/L, HCO3

− will be excreted efficiently into 
the urine. Therefore the kidney must efficiently excrete any 
excess in alkali added to the ECF as well as regenerate the 
bicarbonate lost when net endogenous acid production is 
significant. The difference between endogenous acid pro-
duction and the input of alkali absorbed by the gastrointes-
tinal system (i.e., the difference in acid production and base 
generation) is known as net endogenous acid production. 
Because a Western diet is high in protein, net endogenous 
production is positive and consumes bicarbonate; therefore 
the kidney must regenerate the bicarbonate consumed by 
dietary protein intake.

The second process, HCO3
− regeneration, is repre-

sented by the renal output of acid or net acid excretion 
(Figure 17.1):

Net acid excretion NH Titratable acid HCO= + −+ −
4 3  (24)

On balance, each milliequivalent of net acid excreted 
corresponds to 1 mEq of HCO3

− returned to the ECF. This 
process of HCO3

− regeneration is necessary to replace the 
HCO3

− lost by the entry of fixed acids into the ECF or, less 
commonly, the HCO3

− excreted in stool or urine. Because 
a typical Western diet generates fixed acids at 50 to 70 mEq/
day, net acid excretion must be augmented to maintain acid-
base balance, avoiding metabolic acidosis. Therefore net 

Figure 17.1  Synchrony of regulation of ammonium production (from glutamine [GLN] precursors and excretion). Process allows gen-
eration of “new” HCO3

− by the kidney. NH4
+ excretion is regulated in response to changes in systemic acid-base and K+ balance. Contributing 

segments include the proximal convoluted tubule, proximal straight tubule, thin descending limb, thick ascending limb, and medullary collecting 
duct. Upregulated by acidosis and hypokalemia. Inhibited by hyperkalemia. 
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that increased NH4
+ excretion occurs even with a low-salt 

diet or with hypoxemia. However, if hyperkalemia ensues or 
is present initially, the renal adaptation to chronic hyper-
capnia is blunted significantly. Hyperkalemia decreases 
NH4

+ production and excretion even in the face of acide-
mia.6 The effect of an elevated Pco2 to augment tubule 
HCO3

− reabsorption may also be mediated by hemodynamic 
changes, especially by systemic vasodilation, so that a 
decreased effective ECF status is sensed by the kidney. 
Hypercapnia also decreases proximal sodium chloride reab-
sorption and causes chloruresis, which can further compro-
mise ECF.5,6 If the hemodynamic alterations induced by 
hypercapnia are corrected, the direct effect of acute hyper-
capnia to increase net renal HCO3

− transport is abated. Thus 
with time an adaptation occurs in the proximal nephron: 
HCO3

− reabsorption is stimulated after several days of 
hypercapnia.7

In summary, although primary alterations in systemic 
Paco2 cause relatively marked changes in blood pH, renal 
homeostatic mechanisms allow the blood pH to return 
toward normal over a sufficient period. The renal response 
to chronic hypercapnia is manifest primarily by an increase 
in net acid excretion and HCO3

− absorption, which is 
accomplished by augmented H+ secretion in both proximal 
and distal nephron segments.8

SYSTEMIC RESPONSE TO ADDITION OF 
NONVOLATILE ACIDS

In addition to generating large quantities of CO2, the meta-
bolic processes of the body produce a smaller quantity of 
nonvolatile acids. The lungs readily excrete CO2, and this 
process can respond rapidly to changes in production. In 
contrast, the kidneys must excrete nonvolatile acids through 
a much slower adaptive response. The time course of com-
pensation for addition of acid or alkali to the body is  
displayed schematically in Figure 17.2. The hypothetical 
completion of each process is plotted as a function of time 
and progresses in the following sequence: (1) distribution 
and buffering in the ECF, (2) cellular buffering, (3) respira-
tory compensation, and (4) renal acid or base excretion.

SOURCES OF ENDOGENOUS ACIDS

Pathologically, acid loads may be derived from endogenous 
acid production (e.g., generation of ketoacids and lactic 
acids) or loss of base (e.g., diarrhea) or from exogenous 
sources (e.g., ammonium chloride or toxin ingestion). 
Under normal physiologic circumstances, a daily input of 
acid derived from the diet and metabolism confronts the 
body with an acid challenge. The net result of these pro-
cesses amounts to the entry of approximately 1.0 mEq of 
new H+ per kilogram per day into the ECF.2,5

Sulfuric acid is formed when organic sulfur from methio-
nine and cysteine residues of proteins are oxidized to SO4

2−. 
The metabolism of sulfur-containing amino acids is the 
primary source of acid in the usual Western diet, accounting 
for approximately 50%. The quantity of sulfuric acid gener-
ated is equal to the SO4

2− excreted in the urine.
Organic acids are derived from intermediary metabolites 

formed by partial combustion of dietary carbohydrates, fats, 

accumulation or loss of CO2 causes changes in blood pH 
within minutes. The plasma HCO3

− decreases slightly as the 
PaCO2 is reduced in acute respiratory alkalosis and increases 
slightly in acute respiratory acidosis.2-5 The small changes in 
HCO3

− concentration are due to buffering by nonbicarbon-
ate buffers.2-5 The estimated change in blood HCO3

− concen-
tration is approximately equal to 0.1 mEq/L of [HCO3

−] for 
each millimeter of mercury increase in PCO2 and 0.25 mEq/L 
for each millimeter of mercury decrease in PCO2.4 Acute 
alterations in PCO2 in either direction within the physiologic 
range do not change the blood HCO3

− concentration by 
more than a total of approximately 4 to 5 mEq/L from 
normal. Organic acid production, especially of lactic and 
citric acids, increases modestly during acute hypocapnia, 
decreasing the blood HCO3

− concentration and blunting the 
respiratory response to metabolic alkalosis.2-5

CHRONIC RESPONSE

Although the blood pH is relatively poorly defended during 
acute changes in PaCO2, during chronic changes, the kidneys 
are recruited to excrete or retain HCO3

− and return blood 
pH toward normal. The persistence of hypocapnia reduces 
renal bicarbonate absorption to achieve a further decrease 
in the plasma HCO3

− concentration. Hypocapnia decreases 
renal HCO3

− reabsorption3 by inhibiting acidification in 
both the proximal5 and the distal nephrons. The resulting 
decrease in plasma HCO3

− concentration is equal to approx-
imately 0.4 to 0.5 mEq/L for each millimeter of mercury 
decrease in PCO2.5 Thus the arterial pH falls toward, but not 
completely back to, normal.

Several hours to days are required for full expression of 
the renal response to chronic hypocapnia,4,5which includes 
a reduction in the rate of H+ secretion, an increase in urine 
pH, a decrease in NH4

+ and titratable acid excretion, and a 
modest bicarbonaturia. An increase in blood Cl− concentra-
tion occurs simultaneously by means of several mechanisms: 
a shift of Cl− out of red blood cells, ECF volume contraction, 
and enhanced Cl− reabsorption. An overshoot in HCO3

− 
generation and sustained reabsorption may occur on occa-
sion, so that blood pH may become alkaline with severe 
chronic hypercapnia (values of ≤ 70 mm Hg).4,5 One 
example of this phenomenon is the increment in renal 
HCO3

− generation caused by nocturnal CO2 retention in 
patients with obstructive sleep apnea. Both blood Pco2 and 
HCO3

− concentration increase during the night. Later in 
the morning, alkalotic blood gas values are often obtained, 
because Paco2 has declined more rapidly than HCO3

− con-
centration to values characteristic of wakefulness. In chronic 
hypercapnia, the blood HCO3

− concentration increases 
approximately 0.25 to 0.50 mEq/L for each millimeter of 
mercury elevation in Paco2.4,5

The increase in generation of HCO3
− by the kidney during 

chronic hypercapnia takes several days for completion. The 
mechanism of HCO3

− retention involves increased H+ secre-
tion by both proximal and distal nephron segments, regard-
less of sodium bicarbonate or sodium chloride intake, 
mineralocorticoid levels, or K+ depletion.2,4-6

Chronic hypercapnia results in sustained increases in 
renal cortical Pco2, and the increase in renal cortical Pco2 
that occurs with chronic hypercapnia stimulates acidifica-
tion.5 The increased Pco2 enhances distal H+ secretion so 
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In summary, dietary foodstuffs contain many sources of 
acids and bases. These can be estimated by the urinary 
excretion of SO4

2− and organic anions minus the unmea-
sured anions. The usual North American diet represents a 
daily source of acid generation for which the body must 
compensate constantly.

HEPATIC AND RENAL ROLES IN  
ACID-BASE HOMEOSTASIS

The generation of acid by protein catabolism is balanced by 
the generation of new HCO3

− through renal NH4
+ and titrat-

able acid excretion (or, in sum, net acid excretion). Hepatic 
catabolism of proteins, with the exception of sulfur- and 
PO4

3−-containing amino acids, can be considered a neutral 
process. The products of these neutral reactions are HCO3

− 
and NH4

+. Most of the NH4
+ produced by metabolism of 

amino acids reacts with HCO3
− or forms urea and thus has 

no impact on acid-base balance. A portion of this NH4
+ is 

diverted to glutamine synthesis, the amount of which is 
regulated by pH. Acidemia promotes and alkalemia inhibits 
glutamine synthesis. Glutamine enters the circulation and 
reaches the kidney, where it is deaminated to form gluta-
mate. Renal glutamine deamination results in NH4

+ produc-
tion and initiates a metabolic process that generates new 
HCO3

− through α-ketoglutarate. Glutamine deamination in 
the kidney is also highly regulated by systemic pH, so that 
acidemia augments and alkalemia inhibits NH4

+ and HCO3
− 

production. The ultimate control, however, resides in the 
renal excretion of NH4

+, because the NH4
+ must be excreted 

to escape entry into the hepatic urea synthetic pool. Hepatic 
urea synthesis would negate the new HCO3

− realized from 
α-ketoglutarate in the kidney. Hepatic regulation of NH4

+ 
metabolic pathways appears to facilitate glutamine produc-
tion when NH4

+ excretion is stimulated by acidemia or, con-
versely, blunts glutamine production when excretion is 
inhibited by alkalemia.9

and proteins as well as from nucleic acids (uric acid). 
Organic acid generation contributes to net endogenous 
acid production when the conjugate bases are excreted in 
the urine as organic anions. If full oxidation of these acids 
can occur, however, H+ is reclaimed and eliminated as CO2 
and water. The net amount of H+ added to the body from 
this source can be estimated by the amount of organic 
anions excreted in the urine.

Phosphoric acid can be derived from hydrolysis of PO4
3− 

esters in proteins and nucleic acids if it is not neutralized 
by mineral cations (e.g., Na+, K+, and Mg2+). The contribu-
tion of dietary phosphates to acid production is dependent 
on the kind of protein ingested. Some proteins generate 
phosphoric acid, whereas others generate only neutral 
phosphate salts.2,5 Hydrochloric acid is generated by metab-
olism of cationic amino acids (lysine, arginine, and some 
histidine residues) into neutral products. Other potential 
acid or base sources in the diet can be estimated from the 
amount of unidentified cations and anions ingested.

Potential sources of bases are also found in the diet (e.g., 
acetate, lactate, citrate), primarily from fruits and vegeta-
bles, and can be absorbed to neutralize partially the H+ loads 
from the three sources just mentioned. These potential base 
equivalents may be estimated by subtracting the unmea-
sured anions in the stool (Na+ + K+ + Ca2+ + Mg2+ − Cl− = 1.8 
P) from those measured in the diet. The net base absorbed 
by the gastrointestinal tract is derived from the anion gap 
(AG) of the diet minus that of the stool. Acid production is 
partially offset by HCO3

− produced when organic anions 
combine with H+ and are oxidized to CO2 and H2O or when 
dibasic phosphoesters combine with H+ during hydrolysis. 
The gastrointestinal tract may modify the amount of these 
potential bases reabsorbed under particular circumstances 
of acidosis or growth. It has been confirmed in patients 
ingesting an artificial diet that urinary (NH4

+ + titratable 
acid [TA] − HCO3

−) is equal to urinary (SO4
2− + organic A− + 

dietary phosphoester-derived H+).2,5,9

Figure 17.2  Time course of acid-base compensatory mechanisms in response to a metabolic acid or alkaline load. Component pro-
cesses in completion of the distribution and extracellular buffering mechanisms, cellular buffering events, and respiratory and renal regulatory 
processes are presented as a function of time. ECF, Extracellular fluid. 
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Table 17.1 Acid-Base Abnormalities and Appropriate Compensatory Responses for Simple Disorders

Primary Acid-
Base Disorders Primary Defect

Effect 
on pH

Compensatory 
Response

Expected Range of 
Compensation

Limits of 
Compensation

Respiratory 
acidosis

Alveolar 
hypoventilation 
(↑ PCO2)

↓ ↑ Renal HCO3
− 

reabsorption 
(HCO3

− ↑)

Acute
Δ [HCO3

−] = +1 mEq/L for each 
↑ ΔPCO2 of 10 mm Hg

[HCO3
−] = 38 mEq/L

Chronic
Δ [HCO3

−] = +4 mEq/L for each 
↑ ΔPCO2 of 10 mm Hg

[HCO3
−] = 45 mEq/L

Respiratory 
alkalosis

Alveolar 
hyperventilation 
(↓ PCO2)

↑ ↓ Renal HCO3
− 

reabsorption 
(HCO3

− ↓)

Acute
Δ [HCO3

−] = −2 mEq/L for each 
↓ ΔPCO2 of 10 mm Hg

[HCO3
−] = 18 mEq/L

Chronic
Δ [HCO3

−] = −5 mEq/L for each 
↓ ΔPCO2 of 10 mm Hg

[HCO3
−] = 15 mEq/L

Metabolic acidosis Loss of HCO3
− or 

gain of H+ 
(↓ HCO3

−)

↓ Alveolar hyperventilation  
to ↑ pulmonary CO2 
excretion (↓ PCO2)

PCO2 = 1.5[HCO3
−] + 8 ± 2

PCO2 = last 2 digits of pH × 100
PCO2 = 15 + [HCO3

−]

PCO2 = 15 mm Hg

Metabolic alkalosis Gain of HCO3Δ or 
loss of H+ 
(↑ HCO3

−)

↑ Alveolar hypoventilation 
to ↓ pulmonary CO2 
excretion (↑ PCO2)

PCO2 = +0.6 mm Hg for 
Δ [HCO3

−] of 1 mEq/L
PCO2 = 15 + [HCO3

−]

PCO2 = 55 mm Hg

PCO2, Carbon dioxide pressure.
Adapted from Bidani A, Tauzon DM, Heming TA: Regulation of whole body acid-base balance. In DuBose TD, Hamm LL, editors: 

Acid-base and electrolyte disorders: a companion to Brenner and Rector’s the kidney, Philadelphia, 2002, Saunders, pp 1-2.

NEURORESPIRATORY RESPONSE TO ACIDEMIA

A critically important response to an acid load is the neuro-
respiratory control of ventilation. Although the precise 
mechanism for this response is debated,2,4,5,9 the prevailing 
view is that a fall in systemic arterial pH is sensed by the 
chemoreceptors that stimulate ventilation and therefore 
reduce PaCO2. The fall in blood pH that would otherwise 
occur in uncompensated metabolic acidosis is therefore 
blunted. The pH is not restored to normal; however, PaCO2 
declines by an average of 1.25 mm Hg for each 1.0 mEq/L 
drop in HCO3

− concentration. The appropriate PaCO2 in 
steady-state metabolic acidosis can be estimated from the 
prevailing HCO3

− concentration according to the following 
expression10:

 Paco HCO mm Hg2 31 5 8 2= + ±−. [ ] ( )  (25)

It is convenient to remember that the predicted (or com-
pensatory) Paco2 can be approximated by adding to the 
patient’s [HCO3

−] the number 15 (valid in the pH range of 
7.2 to 7.5). Because the Paco2 cannot fall below approxi-
mately 10 to 12 mm Hg, the blood pH is less well defended 
by respiration after very large reductions in the plasma 
HCO3

− concentration (Table 17.1).
Approximately 12 to 24 hours is required to achieve full 

respiratory compensation for metabolic acidosis (see Figure 
17.2).

RENAL EXCRETION

As already discussed, the kidneys eliminate the acid that  
is produced daily by metabolism and diet and have the 
capacity to increase urinary net acid excretion (and hence 

HCO3
− generation) in response to endogenous or exoge-

nous acid loads. Renal excretion of acid is usually matched 
to the net production of metabolic and dietary acids, 
approximately 55 to 70 mEq/day, so little disturbance in 
systemic pH or HCO3

− concentration occurs. The widely 
accepted rate of net acid production has been based tradi-
tionally on data derived from metabolic studies accom-
plished many years ago. Later studies involving measurement 
or estimation of net acid production and net acid excretion 
have been higher and reflect the changes in our culture 
with “supersizing” and higher average dietary protein intake. 
Nevertheless, the key point is that if acid production remains 
high and unabated by net acid excretion, metabolic acidosis 
will ensue.

As an acid load is incurred, the kidneys respond to restore 
balance by increasing NH4

+ excretion (titratable acid 
excretion has limited capacity for regulation). With contin-
ued acid loading, renal net acid excretion increases over  
the course of 3 to 5 days (see Figure 17.2) but does not  
quite achieve the level of acid production. Progressive posi-
tive acid balance ensues, buffered presumably by bone 
carbonate.

Thus the renal response to an acid load requires (1) 
reclamation of the filtered HCO3

− by the proximal tubule 
and (2) augmentation of NH4

+ production and excretion by 
the distal nephron. In this way the kidneys efficiently retain 
all filtered base and attempt to generate enough new base 
to restore the arterial pH toward normal. There is growing 
evidence that, because of relatively higher net endogenous 
acid production due to high dietary protein intake, this 
adaptive process, augmentation of ammonium production 
and excretion, can, in and of itself, be harmful and in the 
face of chronic kidney disease (CKD) may even contribute 
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CO2 subsides, stimulation of respiration is transformed into 
suppression of respiration, and Pco2 increases. This second-
ary hypercapnic response takes several hours and partially 
compensates for the elevated HCO3

− concentration so that 
arterial pH is returned toward (although not completely to) 
normal (see Figure 17.2).

The hypercapnic response to metabolic alkalosis is diffi-
cult to reliably predict. Attempts to substantiate a role for 
K+ deficiency in preventing hypoventilation have not been 
illuminating.9,13,14 Moreover, studies of alkalotic patients 
taking diuretics demonstrate a predictable hypoventilatory 
response and cast doubt on a significant role of K+ defi-
ciency in blunting alkalosis-induced hypoventilation.13 Most 
studies have found that an increase in Pco2 regularly occurs 
in response to alkalosis. The hypoventilatory response can 
lead to borderline or even frank hypoxemia in patients with 
chronic lung disease.13 In general, the increase in Paco2 can 
be predicted to equal 0.75 mm Hg per 1.0 mEq/L increase 
in plasma HCO3

−; or more simply, add the value of 15 to the 
measured plasma [HCO3

−]14 to predict the expected Paco2 
(see Table 17.1).

RENAL EXCRETION

WITH EXTRACELLULAR VOLUME EXPANSION
The addition of sodium bicarbonate to the body results in 
prompt cellular buffering and respiratory compensation. 
However, as with an acid load, the kidneys have the ultimate 
responsibility for the disposal of base and restoration of base 
stores to normal. The renal response is more rapid with 
HCO3

− addition than with acid ingestion (see Figure 17.2). 
The speed and efficiency with which HCO3

− can be excreted 
by the kidneys are such that it is difficult to render a patient 
with normal renal function more than mildly alkalotic on a 
long-term basis, even when as much as 24 mEq/kg/day of 
sodium bicarbonate is ingested for several weeks.13

The type B intercalated cell in the collecting tubule also 
secretes HCO3

− through the activity of the HCO3
−-Cl−-

exchanger pendrin. In the face of an alkaline systemic pH 
this exchanger is responsible for net bicarbonate secretion. 
Accordingly, HCO3

− secretion by the type B intercalated cell 
prevents a more severe alkalosis and participates in the 
HCO3

− excretory response.
The proximal tubule is responsible principally for HCO3

− 
excretion when the blood HCO3

− concentration increases. 
Absolute proximal HCO3

− reabsorption does not increase in 
proportion to HCO3

− load in the rat kidney because of sup-
pression of proximal acidification by alkalemia6 so that 
HCO3

− delivery to the distal nephron increases. The limited 
capacity of the distal nephron to secrete H+ can be over-
whelmed easily, and bicarbonaturia increases progressively. 
NH4

+ and titratable acid excretion decline in response to 
the increasing urine pH.6,14

In summary, when kidney function and ECF volume are 
both normal, an acute base load is excreted entirely, and 
the blood HCO3

− concentration is returned to normal 
within 12 to 24 hours because of depression of fractional 
proximal HCO3

− reabsorption. In addition to suppression 
of reabsorption of the filtered HCO3

− load, direct HCO3
− 

secretion in the cortical collecting tubule (CCT) has been 
proposed as another mechanism for mediating HCO3

− dis-
posal during metabolic alkalosis.14

independently to progression of CKD. Thus recommenda-
tions that the plasma [HCO3

−] be maintained above 
22 mEq/L in patients with CKD may be too conservative. 
Even a normal [HCO3

−] may become subject to alkali treat-
ment in CKD patients in the near future.11,12

In summary, acidosis enhances proximal HCO3
− absorp-

tion, decreasing delivery of HCO3
− out of the proximal 

tubule, and enhances distal acidification. Net acid excretion 
is increased by stimulation of NH4

+ production and 
excretion.

SYSTEMIC RESPONSE TO GAIN  
OF ALKALI

Whereas the major goal of the body in defense of an acid 
challenge is to conserve body buffer stores and to generate 
new base, the response to an alkali load is to eliminate base 
as rapidly as possible. The response is dependent on the 
same three responses outlined for defense of an acid chal-
lenge, namely, cellular buffering and distribution within the 
ECF, respiratory compensation, and renal excretion.

DISTRIBUTION AND CELLULAR BUFFERING

Ninety-five percent of a base load in the form of HCO3
− is 

distributed in the ECF within approximately 25 minutes2,5,9,13 
(see Figure 17.2). Simultaneously, the various processes of 
cellular buffering serve to dissipate this HCO3

− load. Cel-
lular buffering of the HCO3

− load has a half-time of 3.3 
hours. The apparent distribution volume for the adminis-
tered HCO3

− is inversely proportional to the preexisting 
plasma HCO3

− concentration. A lesser fraction of base is 
buffered via cellular processes than occurs when a compa-
rable amount of acid is administered (see Figure 17.2). 
Two-thirds of the administered HCO3

− is retained in the 
ECF; a third is buffered in cells, principally by Na+-H+ 
exchange, and a small amount is buffered by increased 
lactate production and Cl−-HCO3

− exchange.1 Modest hypo-
kalemia occurs as a result of K+ shifts into cells and is approx-
imately equal to 0.4 to 0.5 mEq/L of K+ per 0.1 unit pH 
increase above 7.40.

In summary, the cellular defense against an alkaline load 
is somewhat less effective than the defense against an acid 
load. There is also poorer stabilization of intracellular pH 
in the alkaline than in the acid range.2,13

RESPIRATORY COMPENSATION

The pulmonary response to an acute increase in HCO3
− con-

centration is biphasic. Neutralization of sodium bicarbonate 
by buffers (H+ buffer−) results in CO2 liberation and an 
increase in PCO2:
 

Na HCO H buffer Na buffer H CO H O CO+ − + − + −+ ⇔ + ⇔ +3 2 3 2 2
 

(26)

The increased Pco2 stimulates ventilation acutely to 
return Pco2 toward normal. If the pulmonary system is com-
promised or the ventilation rate is controlled artificially, 
increased CO2 production from infused sodium bicarbon-
ate can lead to hazardous hypercapnia.2,5,13

Approximately an hour after an abrupt increment in the 
HCO3

− concentration, when the increased generation of 
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experimental animals. That extracellular and plasma volume 
depletion decreases GFR is well described. GFR can also be 
decreased by K+ depletion in rats and dogs. The reduction 
in GFR by K+ depletion is assumed to be the result of 
increased production of the vasoconstrictors angiotensin II 
and thromboxane B2.15,17 These results, taken together, 
provide support for the first mechanism: that metabolic 
alkalosis can be maintained by a depression in GFR.14-18

The combination of an elevated and stable plasma HCO3
− 

concentration, negligible urinary HCO3
− excretion, and 

normal or only slightly depressed GFR suggests that renal 
HCO3

− reabsorption is enhanced. An increase in renal acidi-
fication appears to be a major mechanism by which meta-
bolic alkalosis is maintained in models of the chronic 
disorder. Animals with experimental forms of chronic meta-
bolic alkalosis display increased HCO3

− reabsorption in both 
the proximal and the distal tubules. The increase in HCO3

− 
absorption in the proximal tubule is due, at least in part, to 
an increase in the delivered load of HCO3

−. The augmented 
HCO3

− absorption in distal nephron segments appears to be 
due to a primary increase in H+ secretion that is independent 
of the HCO3

− load delivered. Chronic hypokalemia dramati-
cally enhances the abundance and function of the H+-K+-
ATPase in the medullary collecting tubule. Therefore 
upregulation of the H+-K+-ATPase by hypokalemia may be a 
significant factor in the maintenance of chronic metabolic 
alkalosis.15,19,20

The maintenance of a high plasma HCO3
− concentration 

by the kidney can be repaired by repletion of Cl−.21 The 
mechanism by which Cl− repairs metabolic alkalosis could 
include normalization of the low GFR that was induced by 
ECF repletion. In addition, Cl− repletion results in a decrease 
in proximal HCO3

− reabsorption and an increase in HCO3
− 

secretion by the distal nephron.
Repletion of K+ alone (without Cl− repletion) only par-

tially corrects metabolic alkalosis. Indeed, several experi-
mental studies have shown that Cl− repletion can repair 
the alkalosis despite persisting K+ deficiency. Full correction 
of metabolic alkalosis by Cl− but not K+ supplementation 
does not necessarily prove that K+ deficiency has no role 
in maintaining the alkalosis. In fact, in most studies of  
repair of hyperbicarbonatemia by Cl− repletion alone 
(without K+ repletion), normalization of blood pH occurred 
only after significant volume expansion occurred. There is 
complete agreement that, with simultaneous repair of K+ 
and Cl− deficiencies in metabolic alkalosis, correction of the 
alteration in renal HCO3

− reabsorption ensues as a result of 
normalization of GFR, which allows increased HCO3

− deliv-
ery from the proximal tubule and thus excretion of the 
excess HCO3

−.
In summary, the physiologic response by the kidney to a 

base load associated with volume expansion is to excrete the 
base. Base is retained, however, if there is enhanced distal 
HCO3

− reabsorption as a result of K+ and/or Cl− deficiency.

STEPWISE APPROACH TO THE 
DIAGNOSIS OF ACID-BASE DISORDERS

The four cardinal acid-base disorders reviewed thus far, and 
the predicted compensatory responses and their limits, are 
summarized in Table 17.1.

The increased delivery of HCO3
− out of the proximal 

tubule in response to an increased blood HCO3
− concentra-

tion (and, hence, filtered HCO3
− load) in the setting of ECF 

expansion facilitates HCO3
− excretion and the return of 

blood pH toward normal. However, other factors may inde-
pendently enhance distal H+ secretion sufficiently to prevent 
HCO3

− excretion and thus counterbalance the suppressed 
fractional proximal HCO3

− reabsorptive capacity. Under 
these circumstances, the alkalosis is maintained. For example, 
in the setting of primary hyperaldosteronism, despite the 
expanded ECF, a stable mild alkalotic condition persists in 
most experimental models owing to augmented collecting 
duct H+ secretion.14 In such cases, concurrent hypokalemia 
facilitates the generation and maintenance of metabolic 
alkalosis by enhancing NH4

+ production and excretion.6,14 
Moreover, chronic hypokalemia dramatically enhances the 
abundance and functionality of the H+-K+–adenosine tri-
phosphatase (H+-K+-ATPase) in the medullary collecting 
tubule, thus increasing rather than decreasing bicarbonate 
absorption.14-17 Enhanced nonreabsorbable anion delivery, 
as with drug anions such as penicillins, also increases net col-
lecting tubule H+ secretion by increasing the effective luminal 
negative potential difference or by suppressing HCO3

− secre-
tion in the cortical collecting duct (CCD).

WITH EXTRACELLULAR VOLUME CONTRACTION AND 
POTASSIUM ION DEFICIENCY
The renal response to an increase in plasma HCO3

− concen-
tration can be modified significantly in the presence of ECF 
contraction and K+ depletion.17,18 Because the volume of 
distribution of Cl− is approximately equal to the ECF, the 
depletion of the ECF is roughly equivalent to the depletion 
of Cl−. The critical role of effective ECF and K+ stores in 
modifying net HCO3

− reabsorption has been demonstrated 
in numerous experimental models.

Deficiency of both Cl− and K+ is common in metabolic 
alkalosis because of renal and/or gastrointestinal losses that 
occur concurrently with the generation of the alkalosis.16,18 
With Cl− depletion alone, the normal bicarbonaturic 
response to an increase in plasma HCO3

− is prevented, and 
metabolic alkalosis can develop. K+ depletion, even without 
mineralocorticoid administration, can cause metabolic alka-
losis in rats and humans. When Cl− and K+ depletion coexist, 
severe metabolic alkalosis may develop in all species studied.

Two general mechanisms exist by which the bicarbonatu-
ric response to hyperbicarbonatemia can be prevented by 
Cl− and/or K+ depletion: (1) As the plasma HCO3

− concen-
tration increases, there is a reciprocal fall in the glomerular 
filtration rate (GFR). If the fall in GFR were inversely pro-
portional to the rise in the plasma HCO3

− concentration, 
the filtered HCO3

− load would not exceed the normal level. 
In this case, normal rates of proximal and distal HCO3

− 
reabsorption would suffice to prevent bicarbonaturia. (2) 
Cl− deficiency or K+ deficiency increases overall renal 
HCO3

− reabsorption in the setting of a normal GFR and 
high filtered HCO3

− load. In this case, overall renal HCO3
− 

reabsorption and therefore acidification would be increased. 
An increase in renal acidification might occur as a result of 
an increase in H+ secretion by the proximal or the distal 
nephron or by both nephron segments.14-16 The possibility 
that Cl− or K+ depletion might decrease GFR or increase 
proximal HCO3

− reabsorption has been evaluated in 
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ABG values. In the determination of ABG concentrations by 
the clinical laboratory, both pH and PaCO2 are measured, 
but the reported HCO3

− concentration is calculated from 
the Henderson-Hasselbalch equation (equation 20) by the 
blood gas analyzer. The calculated value for HCO3

− or (total 
CO2) reported with the blood gas results should be com-
pared with the measured HCO3

− concentration (total CO2) 
obtained on the electrolyte panel. The two values should 
agree within ±2 mEq/L. If these values do not agree, the 
clinician should suspect that the samples were not obtained 
simultaneously or that a laboratory error is present.

On occasion it may be necessary to compute the third 
value (pH, Pco2, or HCO3

−) when only two are available. 
From the Henderson equation, derived previously in this 
chapter (equation 21), several caveats of clinical signifi-
cance are apparent. First, the normal H+ concentration in 
blood is 40 nmol/L (conveniently remembered as the last 
two digits of the normal blood pH, 7.40), and the corre-
sponding H+ concentration at a pH of 7.00 is 100 nmol/L. 
Second, the H+ concentration increases by approximately 
10 nmol/L for each decrease in the blood pH of 0.10 unit 
(in the range of 7.20 to 7.50). An acidotic patient with a pH 
of 7.30 (a reduction of 0.10 pH unit, or an increase of 
10 nmol/L H+ concentration to 50 nmol/L) and a Pco2 of 
25 mm Hg would have a HCO3

− concentration of 12 mEq/L:

 [ ]
[ ]

HCO
Paco

H
mEq L3

224 24
25
50

12−
+= × = × =  (27)

Although the Henderson equation and H+ concentra-
tion have been suggested as the most physiologic way  
to portray acid-base equilibrium, the logarithmic trans-
formation of the Henderson equation to the familiar 
Henderson-Hasselbalch equation is used more commonly 
(see equation 20). This equation is useful because acidity is 
measured in the clinical laboratory as pH rather than H+ 
concentration.

Implicit in equations 20 and 21 is the concept that the 
final pH, or H+ concentration, is determined by the ratio of 
HCO3

− and Paco2, not by the absolute value of either. Thus 
a normal concentration of HCO3

− does not necessarily mean 
that the pH is normal, nor does a normal Paco2 denote a 
normal pH. Conversely, a normal pH does not imply that 
either HCO3

− or Paco2 is normal.

STEP 3: DEFINE THE LIMITS OF COMPENSATION 
TO DISTINGUISH SIMPLE FROM MIXED ACID-
BASE DISORDERS

After verifying the blood acid-base values by either the  
Henderson equation (equation 21) or the Henderson-
Hasselbalch equation (equation 20), one can define the 
precise acid-base disorder. If the HCO3

− concentration is low 
and the Cl− concentration is high, either chronic respiratory 
alkalosis or hyperchloremic metabolic acidosis is present. 
The ABG determination serves to differentiate the two con-
ditions. Although both have a decreased PaCO2, the pH is 
high with a primary respiratory disorder and low in a meta-
bolic disorder. Chronic respiratory acidosis and metabolic 
alkalosis are both associated with high HCO3

− and low Cl− 
concentration in plasma. Again, a pH measurement distin-
guishes the two conditions. In many clinical situations, 

Suspicion that an acid-base disorder exists is usually based 
on clinical judgment or on the finding of an abnormal 
blood pH, Paco2, or HCO3

− concentration. It is important 
to remember that determination of blood pH, Paco2, and 
HCO3

− concentration is vital in the management of critically 
ill patients, especially because a normal value for transcuta-
neous oxygen saturation does not exclude serious perturba-
tions in blood pH and Paco2. Obviously, acid-base disorders 
require careful analysis of laboratory parameters along with 
the clinical processes occurring in the patient as revealed  
in the history and physical examination. The precise diag-
nosis is determined by proceeding in a stepwise fashion 
(Table 17.2).

STEP 1: MEASURE ARTERIAL BLOOD GAS AND 
ELECTROLYTE VALUES SIMULTANEOUSLY

To avoid errors in diagnosis, ABG values should be mea-
sured simultaneously with the plasma electrolyte levels in all 
patients with component acid-base abnormalities. This is 
necessary because consideration of changes in plasma 
HCO3

−, Na+, K+, and Cl− only does not allow precise diagno-
sis of specific acid-base disturbances. When drawing a speci-
men for ABG analysis, care should be taken to obtain the 
arterial blood sample without excessive heparin.

STEP 2: VERIFY ACID-BASE LABORATORY VALUES

A careful analysis of the blood gas indices (pH, PaCO2) 
should begin with a check to determine whether the  
concomitantly measured plasma HCO3

− (total CO2 concen-
tration from the electrolyte panel) is consistent with the 

Table 17.2 Systematic Method for Diagnosis of 
Simple and Mixed Acid-Base 
Disorders

1.  Measure arterial blood gas and electrolyte concentrations 
simultaneously.

2.  Compare the [HCO3
−] measured on the electrolyte panel 

with the calculated value from the arterial blood gas 
analysis. Agreement of the two values rules out laboratory 
error or error due to time discrepancy between the drawing 
of samples.

3.  Estimate the compensatory response for either PCO2 or 
HCO3

− (see Table 17.1).
4.  Calculate the AG (correct for low albumin level if necessary; 

see text).
5.  Appreciate the four major categories of high AG acidoses:

Ketoacidosis
Lactic acidosis
Renal failure acidosis
Toxin- or poison-induced acidosis

6.  Appreciate the two major causes of non-AG acidoses:
Gastrointestinal loss of HCO3

−

Renal loss of HCO3
−

7.  Look for a mixed disorder by comparing the delta values.
Compare the ΔAG and the ΔHCO3

− (see text).
Compare the Δ[Cl−] and the ΔNa+ (see text).

AG, Anion gap; PCO2, carbon dioxide pressure.
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To appreciate and recognize a mixed acid-base distur-
bance, it is important to understand the physiologic com-
pensatory responses that occur in the simple acid-base 
disorders. Primary respiratory disturbances (denominator 
of equation 20) invoke secondary metabolic responses 
(numerator of equation 20), and primary metabolic distur-
bances evoke a predictable respiratory response (see Table 
17.1). To illustrate, metabolic acidosis as a result of gain of 
endogenous acids (e.g., lactic acid or ketoacidosis) lowers 
the concentration of HCO3—in the ECF and thus extracel-
lular pH. As a result of acidemia, the medullary chemorecep-
tors are stimulated and invoke an increase in ventilation. As 
a result of the hypocapnic response, the ratio of HCO3 to 
Paco2 and the subsequent pH are returned toward, but 
not completely to, normal. The degree of compensation 
expected in a simple form of metabolic acidosis can be 
predicted from the relationship depicted in equation 26. 
Thus a patient with metabolic acidosis and a plasma HCO3

− 
concentration of 12 mEq/L would be expected to have a 
Paco2 between 24 and 28 mm Hg. Values of Paco2 below 24 
or higher than 28 mm Hg define a mixed metabolic-respiratory 
disturbance (metabolic acidosis and respiratory alkalosis or 
metabolic acidosis and respiratory acidosis, respectively). 
Therefore, by definition, mixed acid-base disturbances 
exceed the physiologic limits of compensation.

Similar considerations are examined for each type  
of acid-base disturbance as these disorders are discussed  
in detail separately. It should be emphasized that compen-
sation is a predictable physiologic consequence of the 
primary disturbance and does not represent a secondary 
acidosis or alkalosis (see Figure 17.3 and Table 17.1). As 

however, a mixture of acid-base disorders may exist. Diag-
nosis of these disturbances requires additional information 
and a more complex analysis of data.

A convenient, but not always reliable, approach is an acid-
base map, such as the one displayed in Figure 17.3, which 
defines the 95% confidence limits of simple acid-base disor-
ders.2,5,22 If the arterial acid-base values fall within one of the 
blue shaded areas in Figure 17.3, one may assume that a 
simple acid-base disturbance is present, and a tentative diag-
nostic category can be assigned. Values that fall outside the 
blue shaded areas imply, but do not prove, that a mixed 
disorder exists.

The two broad types of acid-base disorders are metabolic 
and respiratory. Metabolic acidosis and alkalosis are disor-
ders characterized by primary disturbances in the concen-
tration of HCO3

− in plasma (numerator of equation 20), 
whereas respiratory disorders involve primarily alteration of 
Paco2 (denominator of equation 20). The most commonly 
encountered clinical disturbances are simple acid-base  
disorders, that is, one of the four cardinal acid-base 
disturbances—metabolic acidosis, metabolic alkalosis, respi-
ratory acidosis, or respiratory alkalosis—occurring in a pure 
or simple form. More complicated clinical situations, espe-
cially in severely ill patients, may give rise to mixed acid-base 
disturbances.22 The possible combinations of mixed acid-base 
disturbances include: metabolic acidosis and respiratory aci-
dosis or alkalosis, metabolic acidosis and metabolic alkalo-
sis, metabolic alkalosis and respiratory acidosis or alkalosis. 
Triple acid base disturbances usually include: high anion gap 
metabolic acidosis, metabolic alkalosis and respiratory alka-
losis or acidosis. 

Figure 17.3  Acid-base nomogram (map). Blue shaded areas represent the 95% confidence limits of the normal respiratory and metabolic 
compensations for primary acid-base disturbances. Data falling outside the blue shaded areas denote a mixed disorder if a laboratory error is 
not present (see text). 
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Na+ concentration of 130 mEq/L. In this case, both Na+ and 
Cl− concentrations are reduced, but the reduction in Cl− 
concentrations is proportionally greater (15% versus 7%). 
A disproportionate decrease in Cl− concentration suggests 
metabolic alkalosis or respiratory acidosis, and a dispropor-
tionate increase in Cl− concentration suggests metabolic 
acidosis or respiratory alkalosis.

STEP 4: CALCULATE THE ANION GAP

All evaluations of acid-base disorders should include a 
simple calculation of the AG. The AG is calculated from the 
serum electrolyte levels and is defined as follows:

 AG Na Cl HCO mEq L= − + = ±+ − −( )3 10 2  (28)

The AG represents the unmeasured anions normally 
present in plasma and unaccounted for by the serum elec-
trolyte levels exclusive of K+ that are measured on the elec-
trolyte panel. Normal values for AG vary as to laboratory and 
analyte measurement techniques but in general have 
declined with more precise measurement of serum electro-
lyte levels by ion-selective electrodes. The normal value for 
AG ranges from 8 to 12 mEq/L, but the clinician should 
know the normal value for the AG in clinical laboratories 
used in his or her practice. In the author’s hospital the 
normal value for AG has declined from 11 to 8 mEq/L. 
Because of this range of normal values for the AG and for 
convenience, the following computations will use the value 
of 10 mEq/L as the “normal” AG. The unmeasured anions 
that contribute to this value are normally present in serum 
and include anionic proteins (principally albumin and, to 
lesser extent, α- and β-globulins), PO4

3−, SO4
2−, and organic 

anions. As already emphasized, interpretation of the AG 
requires either a normal serum albumin level, or correction 
of the AG to a normal plasma albumin level. In general, 
reduction in the serum albumin level by 1 g/dL from the 
normal value of 4.5 g/dL decreases the AG by 2.5 mEq/L. 
When acid anions, such as acetoacetate and lactate, are pro-
duced endogenously in excess and accumulate in ECF, the 
AG increases above the normal value. This is referred to as a 
high anion gap acidosis.22,23 In addition, for each milliequiva-
lent per liter increase in the corrected AG, there should be 
an equal decrease in the plasma HCO3

− concentration.
An increase in the AG may be due to a decrease in unmea-

sured cations or an increase in unmeasured anions. Com-
bined severe hypocalcemia and hypomagnesemia represent 
a decrease in the contribution of unmeasured cations (Table 
17.3). In addition, the AG may increase secondary to an 
increase in anionic albumin, as a consequence of either an 
increased albumin concentration or alkalemia.22,23 The 
increased AG in severe alkalemia can be explained in part 
by the effect of alkaline pH on the electrical charge of 
albumin.

A decrease in the AG can be generated by an increase in 
unmeasured cations or a decrease in unmeasured anions 
(see Table 17.3). A decrease in the AG can result from (1) 
an increase in unmeasured cations (Ca2+, Mg2+, K+), or (2) 
the addition to the blood of abnormal cations, such as Li+ 
(Li+ intoxication) or cationic immunoglobulins (immuno-
globulin G as in plasma cell dyscrasias). Because albumin is 
the major unmeasured anion, the AG will also decrease if 
the quantity of albumin is low (e.g., nephrotic syndrome, 

emphasized in the following sections, the recognition  
of mixed disturbances demands of the alert physician con-
sideration of additional clinical disorders that may require 
immediate attention or additional therapy.

CLINICAL AND LABORATORY PARAMETERS IN 
ACID-BASE DISORDERS
For correct diagnosis of a simple or mixed acid-base disor-
der, it is imperative that a careful history be obtained. 
Patients with pneumonia, sepsis, or cardiac failure fre-
quently have a respiratory alkalosis, and patients with 
chronic obstructive pulmonary disease or a sedative drug 
overdose often display respiratory acidosis. The patient’s 
drug history assumes importance because patients taking 
loop or thiazide diuretics may have metabolic alkalosis and 
patients receiving acetazolamide frequently have metabolic 
acidosis. Physical findings are often helpful as well. Tetany 
may occur with alkalemia, cyanosis with respiratory acidosis, 
and volume contraction with metabolic alkalosis. For 
example, the plasma HCO3

− concentration rarely falls below 
12 to 15 mEq/L as a result of compensation for respiratory 
alkalosis and rarely exceeds 45 mEq/L as a result of com-
pensation for respiratory acidosis.22

The plasma K+ value is often useful but should be consid-
ered only in conjunction with the HCO3

− concentration and 
blood pH. It is generally appreciated that the serum K+ value 
can be altered by primary acid-base disturbances as a result 
of shifts of K+ either into the extracellular compartment or 
into the intracellular compartment. Metabolic acidosis leads 
to hyperkalemia. It has been reported that for each decrease 
in blood pH of 0.10 pH unit, the K+ concentration should 
increase by 0.6 mEq/L. Thus a patient with a pH of 7.20 
would be expected to have a plasma K+ value of 5.2 mEq/L. 
However, considerable variation in this relationship has 
been reported in several conditions due to endogenous acid 
production, especially diabetic ketoacidosis (DKA) and 
lactic acidosis, which are often associated with K+ depletion. 
The lack of correlation between the degree of acidemia and 
the plasma K+ level is a result of several factors, including 
the nature and cellular permeability of the accompanying 
anion, the magnitude of the osmotic diuresis, the level of 
renal function, the presence or absence of preexisting 
changes in K+ homeostasis, and the degree of catabolism. It 
is important to appreciate that the relationship between 
arterial blood pH and plasma K+ is complex and therefore 
often variable. Nevertheless, the failure of a patient with 
severe acidosis to exhibit hyperkalemia or, conversely, the 
failure of a patient with severe metabolic alkalosis to exhibit 
hypokalemia suggests a significant derangement of body K+ 
homeostasis. The combination of a low plasma K+ level and 
elevated HCO3

− level suggests metabolic alkalosis, whereas 
the combination of an elevated plasma K+ value and low 
HCO3

− value suggests metabolic acidosis.
It is helpful to compare the serum Cl− concentration with 

the Na+ concentration. The serum Na+ concentration 
changes only as a result of changes in hydration. The Cl− 
concentration changes for two reasons: (1) changes in 
hydration and (2) changes in acid-base balance. Thus 
changes in Cl− value not reflected by proportional changes 
in Na+ value suggest the presence of an acid-base disorder. 
For example, consider a patient with a history of vomiting, 
volume depletion, a Cl− concentration of 85 mEq/L, and a 
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blood in excess of the rate of removal, HCO3
− is titrated 

(consumed), and the accompanying anion is retained to 
balance the preexisting cationic (Na+) charge:

 H anion NaHCO H O CO Na anion+ − + −+ ⇔ + +3 2 2  (29)

The preexisting Cl− concentration is unchanged when the 
new acid anion is added to the blood. Therefore the high 
AG acidoses exhibit normochloremia as well as a high gap. 
If the kidney does not excrete the anion, the magnitude of 
the decrement in HCO3

− concentration will match the incre-
ment in the AG. If the retained anion can be metabolized 
to HCO3

− directly or indirectly (e.g., ketones or lactate, after 
successful treatment), normal acid-base balance is restored 
as the AG returns toward the normal value. Alternatively, if 
the anion can be excreted, ECF contraction occurs, which 
leads to renal sodium chloride retention. Cl− replaces the 
excreted anion, effectively bicarbonate is lost, and hyper-
chloremic acidosis emerges as the anion is excreted and the 
AG disappears.

In summary, after the titration of HCO3
−, the ability of the 

kidney to excrete the anion of an administered acid deter-
mines the type of acidosis that develops. If the anion is fil-
tered and is nonreabsorbable (e.g., SO4

2−), ECF contraction, 
Cl− retention, and hyperchloremic acidosis with a normal 
AG develops (non-AG acidosis). Conversely, if the anion is 
poorly filtered (e.g., uremic anions) or is produced endog-
enously, filtered, and reabsorbed (e.g., lactate and other 
organic anions), no change in Cl− concentration occurs. 
The retained anion replaces the HCO3

− lost when titrated 
by acid, which creates a high AG acidosis.

STEP 5 AND 6: RECOGNIZE CONDITIONS 
CAUSING ACID-BASE ABNORMALITIES WITH 
HIGH OR NORMAL ANION GAP

Appreciation that the AG is elevated requires knowledge of 
the four causes of a high AG acidosis: (1) ketoacidosis, (2) 
lactic acidosis, (3) renal failure acidosis, and (4) toxin-
induced metabolic acidosis (Table 17.4). Accordingly, if the 
AG is normal in the face of metabolic acidosis, a hyperchlo-
remic or non-AG acidosis exists. The specific causes of 
hyperchloremic acidosis that must be appreciated are out-
lined in a later section. Table 17.1 displays the directional 
changes in pH, PCO2, and HCO3

− for the four simple acid-
base disorders. With this stepwise approach, in the next 
sections the specific causes of the major types of acid-base 
disorders are reviewed in detail.

STEP 7: COMPARE DELTA VALUES

By definition, a high AG acidosis has two identifying fea-
tures: a low HCO3

− concentration and an elevated AG. This 
means therefore that the elevated AG will remain evident 
even if another disorder coincides to modify the HCO3

− 
concentration independently. Simultaneous metabolic aci-
dosis of the high AG variety plus either metabolic alkalosis 
or chronic respiratory acidosis is an example of such a situ-
ation. The HCO3

− concentration may be normal or even 
high in such a setting. However, the AG will be normal, and 
the Cl− concentration relatively depressed. Consider a 
patient with chronic obstructive pulmonary disease with 
compensated respiratory acidosis (PaCO2 of 65 mm Hg and 

protein malnutrition, capillary leak in patients in intensive 
care units).24 Because with each decline in the serum 
albumin level by 1 g/dL from the normal value of 4.5 g/dL 
the AG will decline by 2.5 mEq/L, when hypoalbuminemia 
exists, it is possible to underestimate the AG and even miss 
an increased AG unless correction for the low albumin level 
and its effect on the AG is taken into account. For example, 
in a patient with an albumin level of 1.5 g/dL and an uncor-
rected AG of 10 mEq/L, the corrected AG is 17.5 mEq/L.

Laboratory errors can create a falsely low AG. Hypervis-
cosity and hyperlipidemia lead to an underestimation of the 
true Na+ concentration, and bromide (Br−) intoxication 
causes an overestimation of the true Cl− concentration.22

In the presence of a normal serum albumin level, eleva-
tion of unmeasured anions is usually due to addition to the 
blood of non–Cl−-containing acids. Thus in most clinical 
circumstances a high AG indicates that a metabolic acidosis 
is present. The anions accompanying such acids include 
inorganic (PO4

3−, SO4
2−), organic (ketoacids, lactate, uremic 

organic anions), exogenous (salicylate or ingested toxins 
with organic acid production), or unidentified anions.22 
When these non–Cl−-containing acids are added to the 

Table 17.3 The Anion Gap

Anion Gap = Na+ − (Cl− + HCO3
−) = 9 ± 3 mEq/L 

(Assumes Normal [Albumin])*

Decreased Anion 
Gap Increased Anion Gap

Increased Cations 
(Not Na+)

Increased Anions  
(Not Cl− or HCO3

−)

↑ Ca2+, Mg2+ ↑ Albumin
↑ Li+ Alkalosis
↑ Immunoglobulin G ↑ Inorganic anions

  Phosphate
  Sulfate
↑ Organic anions
  L-Lactate
  D-Lactate
  Ketones
  Uremic
↑ Exogenously supplied anions
  Toxins

Decreased Anions 
(Not Cl− or HCO3

−)

Hypoalbuminemia*
Acidosis

Laboratory Error

Hyperviscosity
Bromism

  Salicylate
  Paraldehyde
  Ethylene glycol
  Propylene glycol
  Methanol
  Toluene
  Pyroglutamic acid (5-oxoprolene)
↑ Unidentified anions
  Other toxins
  Uremic
  Hyperosmolar, nonketotic states
  Myoglobinuric acute kidney injury

Decreased Cations (Not Na+)

↓ Ca2+, Mg2+

*For each decline in albumin by 1 g/dL from normal (4.5 g/dL), 
the anion gap decreases by 2.5 mEq/L.
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(metabolic acidosis mixed with respiratory acidosis or respi-
ratory alkalosis, respectively).

Even more complex are triple acid-base disturbances. For 
example, patients with metabolic acidosis due to AKA may 
develop metabolic alkalosis due to vomiting and superim-
posed respiratory alkalosis due to the hyperventilation of 
hepatic dysfunction or alcohol withdrawal. Conversely, 
when hyperchloremic acidosis and metabolic alkalosis occur 
concomitantly, the increase in Cl− is out of proportion to 
the change in HCO3

− concentration (ΔCl− > ΔHCO3
−).22

In summary, an AG exceeding that expected for a patient’s 
albumin concentration (i.e., >10 mEq/L), denotes the exis-
tence of either a simple high AG metabolic acidosis or a 
complex acid-base disorder in which an organic acidosis is 
superimposed on another acid-base disorder.

RESPIRATORY DISORDERS

RESPIRATORY ACIDOSIS

Respiratory acidosis occurs as the result of severe pulmonary 
disease, respiratory muscle fatigue, or depression in ventila-
tory control. An increase in PaCO2 owing to reduced alveolar 

HCO3
− concentration of 40 mEq/L) in whom acute bron-

chopneumonia and respiratory decompensation develop.  
If this patient has an HCO3

− concentration of 24 mEq/L, 
Na+ concentration of 145 mEq/L, K+ concentration of 
4.8 mEq/L, and Cl − concentration of 96 mEq/L, it would 
be incorrect to assume that this “normal” HCO3

− concentra-
tion represents improvement in acid-base status toward 
normal. Indeed, the arterial pH would probably be low 
(7.19), as a result of a more serious degree of hypercapnia 
than observed previously (e.g., if the PCO2 increased from 
65 to 80 mm Hg as a result of pneumonia). Even without 
blood gas measurements, prompt recognition that the AG 
was elevated to 25 mEq/L should suggest that a life-
threatening lactic acidosis is superimposed on a preexisting 
chronic respiratory acidosis, which necessitates immediate 
therapy. In this example, the ΔAG is computed as 25 − 10, 
or patient’s computed AG minus the normal value, and is 
equal to 15 mEq/L.

Similarly, a normal arterial HCO3
− concentration, Paco2, 

and pH do not ensure the absence of an acid-base distur-
bance. For example, an alcoholic patient who has been vom-
iting may develop a metabolic alkalosis with a pH of 7.55, 
HCO3

− concentration of 40 mEq/L, Pco2 of 48 mm Hg, Na+ 
concentration of 135 mEq/L, Cl− of 80 mEq/L, and K+ con-
centration of 2.8 mEq/L. If such a patient were then to 
develop a superimposed alcoholic ketoacidosis (AKA) with a 
β-hydroxybutyrate concentration of 15 mmol/L, the arterial 
pH would fall to 7.40, HCO3

− concentration to 25 mEq/L, 
and Pco2 to 40 mm Hg. Although the blood gas values are 
normal, the AG (assuming no change in Na+ or Cl−) is ele-
vated (25 mEq/L), and the ΔAG is 15 mEq/L, which indi-
cates the existence of a mixed metabolic acid-base disorder 
(mixed metabolic alkalosis and metabolic acidosis). The 
combination of metabolic acidosis and metabolic alkalosis is 
not uncommon and is most easily recognized, as in this case, 
when the ΔAG is elevated, but the HCO3

− concentration and 
pH are near normal (ΔAG > ΔHCO3

−, or 15 versus 0 mEq/L).

MIXED ACID-BASE DISORDERS
Mixed acid-base disorders—defined as independently coex-
isting disorders, not merely compensatory responses—are 
often seen in patients in critical care units and can lead to 
dangerous extremes of pH. A patient with DKA (metabolic 
acidosis) may develop an independent respiratory problem, 
leading to respiratory acidosis or alkalosis. Patients with 
underlying pulmonary disease may not respond to meta-
bolic acidosis with an appropriate ventilatory response 
because of insufficient respiratory reserve. Such imposition 
of respiratory acidosis on metabolic acidosis can lead to 
severe acidemia and a poor outcome. When metabolic aci-
dosis and metabolic alkalosis coexist in the same patient, 
the pH may be normal or near normal. When the pH is 
normal, an elevated AG denotes the presence of a metabolic 
acidosis. A discrepancy in the ΔAG (prevailing minus normal 
AG of 10 mEq/L) and the ΔHCO3

− (normal, 25 mEq/L, 
minus prevailing HCO3

−) indicates the presence of a mixed 
high gap acidosis–metabolic alkalosis (see example later). 
A diabetic patient with ketoacidosis may have renal dysfunc-
tion resulting in simultaneous metabolic acidosis. Patients 
who have ingested an overdose of drug combinations such 
as sedatives and salicylates may have mixed disturbances as 
a result of the acid-base response to the individual drugs 

Table 17.4 Clinical Causes of High Anion Gap 
and Normal Anion Gap Acidosis

High Anion Gap Acidosis

Ketoacidosis
Diabetic ketoacidosis (acetoacetate)
Alcoholic ketoacidosis (hydroxybutyrate)
Starvation ketoacidosis

Lactic acidosis
L-Lactic acidosis (types A and B)
D-Lactic acidosis

Toxin-induced acidosis
Ethylene glycol
Methyl alcohol
Salicylate
Propylene glycol
Pyroglutamic acid (5-oxoprolene)

Non–Anion Gap Acidosis

Gastrointestinal loss of HCO3
− (negative urine anion gap)

Diarrhea
External fistula

Renal loss of HCO3
− or failure to excrete NH4

+

Positive urine anion gap = low net acid excretion
Proximal RTA (low serum K+)
Classical distal renal tubular acidosis (low serum K+)
Generalized distal renal tubular defect (high serum K+)
Drugs that cause RTA

Carbonic anhydrase inhibitors (mixed proximal-distal RTA)
Amphotericin B (“gradient” classical distal RTA)

Miscellaneous
NH4Cl ingestion
Sulfur ingestion
Dilutional acidosis

RTA, Renal tubular acidosis.
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critical care unit. Bicarbonate infusion may be indicated 
with mixed metabolic acidosis–respiratory acidosis, but  
the goal of therapy with alkali is to not increase the  
bicarbonate and pH to normal. With low tidal volume ven-
tilation, a reasonable therapeutic target for arterial pH is 
approximately 7.30.25 Moreover, with hypercapnia in the 
range of 60 mm Hg, a larger amount of bicarbonate will be 
necessary to achieve this goal. Bicarbonate administration 
will further increase the Pco2, especially in patients with 
fixed rates of ventilation, and will add to the magnitude of 
the hypercapnia. Use of a continuous bicarbonate infusion 
in this setting may be necessary, but frequent monitoring of 
ABG levels, electrolytes, and the volume status of the patient 
is necessary.

Disease and obstruction of the airways, when severe or 
long-standing, causes respiratory acidosis. Acute hypercap-
nia follows sudden occlusion of the upper airway or the 
more generalized bronchospasm that occurs with severe 
asthma, anaphylaxis, and inhalational burn or toxin injury. 
Chronic hypercapnia and respiratory acidosis occur in  
end-stage obstructive lung disease.4 Restrictive disorders 
involving both the chest wall and the lungs can cause acute 
and chronic hypercapnia. Rapidly progressing restrictive 
processes in the lung can lead to respiratory acidosis, 

ventilation is the primary abnormality leading to acidemia. 
In acute respiratory acidosis, there is an immediate compen-
satory elevation in HCO3

− (due to cellular buffering mecha-
nisms), which increases 1 mEq/L for every 10 mm Hg 
increase in PaCO2. In chronic respiratory acidosis (>24 
hours), renal adaption is achieved and the HCO3

− increases 
by 4 mEq/L for every 10 mm Hg increase in PaCO2. The 
serum bicarbonate concentration usually does not increase 
above 38 mEq/L, however.

The clinical features of respiratory acidosis vary according 
to the severity, duration, underlying disease, and presence 
or absence of accompanying hypoxemia. A rapid increase 
in Paco2 may result in anxiety, dyspnea, confusion, 
psychosis, and hallucinations and may progress to coma. 
Lesser degrees of dysfunction in chronic hypercapnia 
include sleep disturbances, loss of memory, daytime som-
nolence, and personality changes. Coordination may be 
impaired, and motor disturbances such as tremor, myo-
clonic jerks, and asterixis may develop. The sensitivity of the 
cerebral vasculature to the vasodilating effects of CO2 can 
cause headaches and other signs that mimic increased intra-
cranial pressure, such as papilledema, abnormal reflexes, 
and focal muscle weakness.

The causes of respiratory acidosis are displayed in Table 
17.5 (right column). A reduction in ventilatory drive from 
depression of the respiratory center by a variety of drugs, 
injury, or disease can produce respiratory acidosis. Acutely, 
this may occur with general anesthetics, sedatives, narcotics, 
alcohol, and head trauma. Chronic causes of respiratory 
center depression include sedatives, alcohol, intracranial 
tumors, and the syndromes of sleep-disordered breathing, 
including the primary alveolar and obesity-hypoventilation 
syndromes. Neuromuscular disorders involving abnormali-
ties or disease in the motor neurons, neuromuscular  
junction, and skeletal muscle can cause hypoventilation. 
Although a number of diseases should be considered in the 
differential diagnosis, drugs and electrolyte disorders should 
always be ruled out.

Mechanical ventilation may result in respiratory acidosis 
when not properly adjusted and supervised or when com-
plicated by barotrauma or displacement of the endotracheal 
tube. This occurs if carbon dioxide production suddenly 
rises (because of fever, agitation, sepsis, or overfeeding) or 
if alveolar ventilation falls because of worsening pulmonary 
function. High levels of positive end-expiratory pressure in 
the presence of reduced cardiac output may cause hyper-
capnia as a result of large increases in alveolar dead space. 
Permissive hypercapnia may be used because lower tidal 
volumes may reduce the incidence of the barotrauma associ-
ated with high airway pressures and peak airway pressures 
in mechanically ventilated patients with respiratory distress 
syndrome.25 Acute hypercapnia of any cause can lead to 
severe acidemia, neurologic dysfunction, and death. 
However, when CO2 levels are allowed to increase gradually, 
the resulting acidosis is less severe, and the elevation in arte-
rial Pco2 is tolerated more readily. The resulting hypercap-
nia, which is secondary to the attempt to limit airway 
pressures, causes the arterial pH to decline, and the degree 
of acidemia may be evident. The magnitude of the acidemia 
associated with permissive hypercapnia may be augmented 
if superimposed on metabolic acidosis, such as lactic acido-
sis. This combination is not uncommon in the setting of the 

Table 17.5 Respiratory Acid-Base Disorders

Alkalosis Acidosis

Central nervous system 
stimulation
Pain
Anxiety, psychosis
Fever
Cerebrovascular accident
Meningitis, encephalitis
Tumor
Trauma

Hypoxemia or tissue hypoxia
High-altitude acclimatization
Pneumonia, pulmonary 

edema
Aspiration
Severe anemia

Drugs or hormones
Pregnancy (progesterone)
Salicylates
Nikethamide

Stimulation of chest receptors
Hemothorax
Flail chest
Cardiac failure
Pulmonary embolism

Central nervous system 
depression

Drugs (anesthetics, 
morphine, sedatives)

Stroke
Infection
Airway

Obstruction
Asthma
Parenchyma
Emphysema/chronic 

obstructive pulmonary 
disease

Pneumoconiosis
Bronchitis
Adult respiratory distress 

syndrome
Barotrauma

Mechanical ventilation
Hypoventilation
Permissive hypercapnia

Neuromuscular
Poliomyelitis
Kyphoscoliosis
Myasthenia
Muscular dystrophies
Multiple sclerosis

Miscellaneous
Obesity
Hypoventilation

Miscellaneous
Septicemia
Hepatic failure
Mechanical hyperventilation
Heat exposure
Recovery from metabolic 

acidosis
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for plasma [HCO3
−] is 0.2 mEq/L/mm Hg, or the [HCO3

−] 
will decrease approximately 2 mEq/L for each 10 mm Hg.3

Beyond 2 to 6 hours, sustained hypocapnia is further 
compensated by a decrease in renal ammonium and titrat-
able acid excretion and a reduction in filtered HCO3

− reab-
sorption. The full expression of renal adaptation may take 
several days and depends on a normal volume status and 
renal function. The kidneys appear to respond directly to 
the lowered Paco2 rather than to the alkalemia per se. A fall 
of 1 mm Hg in Paco2 causes a drop of 0.4 to 0.5 mEq/L in 
HCO3

− and a 0.3-nmol/L fall (or 0.003-unit rise in pH) in 
hydrogen ion concentration, or the [HCO3

−] will decrease 
4 mEq/L for each 10 mm Hg decrease in Paco2.3 Chronic 
respiratory alkalosis is an exception to the general rule that 
physiologic compensation is never 100% efficient, because 
patients with this acid-base disorder may exhibit a normal 
arterial pH and are therefore fully compensated.

The effects of respiratory alkalosis vary according to its 
duration and severity but, in general, are primarily those of 
the underlying disease. A rapid decline in Paco2 may cause 
dizziness, mental confusion, and seizures, even in the 
absence of hypoxemia, as a consequence of reduced cere-
bral blood flow. The cardiovascular effects of acute hypo-
capnia in the awake human are generally minimal, but in 
the anesthetized or mechanically ventilated patient, cardiac 
output and blood pressure may fall because of the depres-
sant effects of anesthesia and positive-pressure ventilation 
on heart rate, systemic resistance, and venous return. 
Cardiac rhythm disturbances may occur in patients with 
coronary artery disease as a result of changes in oxygen 
unloading by blood from a left shift in the hemoglobin-
oxygen dissociation curve (Bohr effect). Acute respiratory 
alkalosis causes minor intracellular shifts of sodium, potas-
sium, and phosphate and reduces serum free calcium by 
increasing the protein-bound fraction. Hypocapnia-induced 
hypokalemia is usually minor.3

Respiratory alkalosis is among the most common acid-
base disturbances encountered in critically ill patients (often 
as a component of a mixed disorder) and, when severe, 
portends a poor prognosis. Many cardiopulmonary disor-
ders manifest respiratory alkalosis in the early to intermedi-
ate stages. Hyperventilation usually results in hypocapnia. 
The finding of normocapnia and hypoxemia may herald the 
onset of rapid respiratory failure and should prompt an 
assessment to determine whether the patient is becoming 
fatigued. Respiratory alkalosis is a common occurrence 
during mechanical ventilation.

The causes of respiratory alkalosis are summarized in 
Table 17.5 (left column). The hyperventilation syndrome may 
mimic a number of serious conditions and may be disabling. 
Paresthesias, circumoral numbness, chest wall tightness or 
pain, dizziness, inability to take an adequate breath, and, 
rarely, tetany may be themselves sufficiently stressful to per-
petuate a vicious circle. ABG analysis demonstrates an acute 
or chronic respiratory alkalosis, often with hypocapnia in 
the range of 15 to 30 mm Hg and no hypoxemia. Central 
nervous system diseases or injury can produce several pat-
terns of hyperventilation with sustained arterial Paco2 levels 
of 20 to 30 mm Hg. Conditions such as hyperthyroidism, 
high caloric loads, and exercise raise the basal metabolic 
rate, but usually ventilation rises in proportion so that ABG 
levels are unchanged and respiratory alkalosis does not 

because the high cost of breathing causes ventilatory muscle 
fatigue. Intrapulmonary and extrapulmonary restrictive 
defects present as chronic respiratory acidosis in their most 
advanced stages.

The diagnosis of respiratory acidosis requires, by defini-
tion, the measurement of arterial Paco2 and pH. Detailed 
history and physical examination often provide important 
diagnostic clues to the nature and duration of the acidosis. 
When a diagnosis of respiratory acidosis is made, its cause 
should be investigated. Chest radiography is an initial step. 
Pulmonary function studies, including spirometry, diffusing 
capacity for carbon monoxide, lung volumes, and arterial 
Paco2 and oxygen saturation usually provide adequate 
assessment of whether respiratory acidosis is secondary to 
lung disease. Workup for nonpulmonary causes should 
include a detailed drug history, measurement of hematocrit, 
and assessment of upper airway, chest wall, pleura, and neu-
romuscular function.3,4

The treatment of respiratory acidosis depends on its 
severity and rate of onset. Acute respiratory acidosis can be 
life-threatening, and measures to reverse the underlying 
cause should be undertaken simultaneously with restoration 
of adequate alveolar ventilation to relieve severe hypoxemia 
and acidemia. Temporarily, this may necessitate tracheal 
intubation and assisted mechanical ventilation. Oxygen 
level should be carefully titrated in patients with severe 
chronic obstructive pulmonary disease and chronic CO2 
retention who are breathing spontaneously. When oxygen 
is used injudiciously, these patients may experience progres-
sion of the respiratory acidosis when ventilation is driven by 
oxygen pressure (Pao2) and not the normal parameters of 
Paco2 and pH. Aggressive and rapid correction of hypercap-
nia should be avoided, because the falling Paco2 may 
provoke the same complications noted with acute respira-
tory alkalosis (i.e., cardiac arrhythmias, reduced cerebral 
perfusion, and seizures). It is advisable to lower the Paco2 
gradually in chronic respiratory acidosis, with the aim of 
restoring the Paco2 to baseline levels while at the same time 
providing sufficient chloride and potassium to enhance the 
renal excretion of bicarbonate.4

Chronic respiratory acidosis is frequently difficult to 
correct, but general measures aimed at maximizing lung 
function, including cessation of smoking; use of oxygen, 
bronchodilators, corticosteroids, and/or diuretics; and 
physiotherapy can help some patients and can forestall 
further deterioration. The use of respiratory stimulants may 
prove useful in selected cases, particularly if the patient 
appears to have hypercapnia out of proportion to his or her 
level of lung function.

RESPIRATORY ALKALOSIS

Alveolar hyperventilation decreases PaCO2 and increases the 
HCO3

−/PaCO2 ratio, thus increasing pH (alkalemia). Non-
bicarbonate cellular buffers respond by consuming HCO3

−. 
Hypocapnia develops whenever a sufficiently strong ventila-
tory stimulus causes CO2 output in the lungs to exceed its 
metabolic production by tissues. Plasma pH and HCO3

− con-
centration appear to vary proportionately with PaCO2 over a 
range from 40 to 15 mm Hg. The relationship between arte-
rial hydrogen ion concentration and PaCO2 is approximately 
0.7 nmol/L/mm Hg (or 0.01 pH unit/mm Hg) and that 
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should always be considered. Metabolic acidosis with a 
normal AG (hyperchloremic or non-AG acidosis) suggests 
that HCO3

− has been effectively replaced by Cl−. Thus the 
AG does not change.

In contrast, metabolic acidosis with a high AG (see Table 
17.3) indicates addition of an acid other than hydrochloric 
acid or its equivalent to the ECF. If the attendant non–Cl− 
acid anion cannot be readily excreted and is retained after 
HCO3

− titration, the anion replaces titrated HCO3
− without 

disturbing the Cl− concentration (equation 29). Hence the 
acidosis is normochloremic, and the AG increases. The rela-
tionship between the rate of addition to the blood of a 
non–Cl−-containing acid and the rate of excretion of the 
accompanying anion with secondary Cl− retention deter-
mines whether the resultant metabolic acidosis is expressed 
as a high AG or non-AG variety.21,23

NON–ANION GAP (HYPERCHLOREMIC)  
METABOLIC ACIDOSES
The diverse clinical disorders that may result in non-AG 
metabolic acidosis are outlined in Table 17.6. Because a 
reduced plasma HCO3

− concentration and elevated Cl− con-
centration may also occur in chronic respiratory alkalosis, it 
is important to confirm the acidemia by measuring arterial 
pH. Normal AG metabolic acidosis occurs most often as a 
result of loss of HCO3

− from the gastrointestinal tract or as 
a result of a renal acidification defect. The majority of dis-
orders in this category can be attributed to one of two major 
causes: (1) loss of bicarbonate from the gastrointestinal 
tract (diarrhea) or from the kidney (proximal RTA) or (2) 
inappropriately low renal acid excretion (classical distal 
RTA [cDRTA], type 4 RTA, or renal failure). Hypokalemia 
may accompany both gastrointestinal loss of HCO3

− and 
proximal RTA and cDRTA. Therefore the major challenge 
in distinguishing these causes is to be able to define whether 
the response of renal tubular function to the prevailing 
acidosis is appropriate (gastrointestinal origin) or inappro-
priate (renal origin).

Diarrhea results in the loss of large quantities of HCO3
− 

decomposed by reaction with organic acids. Because diar-
rheal stools contain a higher concentration of HCO3

− and 
decomposed HCO3

− than plasma, volume depletion and 
metabolic acidosis develop. Hypokalemia exists because 
large quantities of K+ are lost from stool and because volume 
depletion causes secondary hyperaldosteronism, which 
enhances renal K+ secretion by the collecting duct. Instead 
of an acid urine pH as might be anticipated with chronic 
diarrhea, a pH of 6.0 or more may be found. This occurs 
because chronic metabolic acidosis and hypokalemia 
increase renal NH4

+ synthesis and excretion, which thus 
provides more urinary buffer that accommodates an increase 
in urine pH. Therefore the urine pH, when 6.0 or higher, 
may erroneously suggest a nonrenal cause. Nevertheless, 
metabolic acidosis caused by gastrointestinal losses with a 
high urine pH can be differentiated from RTA. Because 
urinary NH4

+ excretion is typically low in patients with RTA 
and high in patients with diarrhea,26,27 the level of urinary 
NH4

+ excretion (not usually measured by clinical laborato-
ries) in metabolic acidosis can be assessed indirectly6 by 
calculating the urine anion gap (UAG):

 UAG Na K Clu u= + −+ + −[ ] [ ]  (30)

develop. Salicylates, the most common cause of drug-
induced respiratory alkalosis, stimulate the medullary che-
moreceptor directly. The methylxanthine drugs theophylline 
and aminophylline stimulate ventilation and increase  
the ventilatory response to CO2. High progesterone levels 
increase ventilation and decrease the arterial Paco2 by as 
much as 5 to 10 mm Hg. Thus chronic respiratory alkalosis 
is an expected feature of pregnancy. Respiratory alkalosis is 
a prominent feature in liver failure, and its severity corre-
lates well with the degree of hepatic insufficiency and mor-
tality. Respiratory alkalosis is common in patients with 
gram-negative septicemia, and it is often an early finding, 
before fever, hypoxemia, and hypotension develop. It is 
presumed that some bacterial product or toxin acts as a 
respiratory center stimulant, but the precise mechanism 
remains unknown.

The diagnosis of respiratory alkalosis requires measure-
ment of arterial pH and Paco2 (higher and lower than 
normal, respectively). The plasma K+ concentration is often 
reduced and the serum Cl− concentration increased. In the 
acute phase, respiratory alkalosis is not associated with 
increased renal HCO3

− excretion, but within hours, net acid 
excretion is reduced. In general, the HCO3

− concentration 
falls by 2.0 mEq/L for each 10 mm Hg decrease in Paco2. 
Chronic hypocapnia reduces the serum bicarbonate con-
centration by 5.0 mEq/L for each 10 mm Hg decrease in 
Paco2. It is unusual to observe a plasma bicarbonate con-
centration below 12 mEq/L as a result of a pure respiratory 
alkalosis. When a diagnosis of hyperventilation or respira-
tory alkalosis is made, its cause should be investigated. The 
diagnosis of hyperventilation syndrome is made by exclu-
sion. In difficult cases it may be important to rule out other 
conditions such as pulmonary embolism, coronary artery 
disease, and hyperthyroidism.

The treatment of respiratory alkalosis is primarily directed 
toward alleviation of the underlying disorder. Because respi-
ratory alkalosis is rarely life-threatening, direct measures to 
correct it will be unsuccessful if the stimulus remains 
unchecked. If respiratory alkalosis complicates ventilator 
management, changes in dead space, tidal volume, and  
frequency can minimize the hypocapnia. Patients with 
hyperventilation syndrome may benefit from reassurance, 
rebreathing from a paper bag during symptomatic attacks, 
and attention to underlying psychologic stress. Antidepres-
sants and sedatives are not recommended, although in a few 
patients, β-adrenergic blockers may help to ameliorate dis-
tressing peripheral manifestations of the hyperadrenergic 
state.

METABOLIC DISORDERS

METABOLIC ACIDOSIS

Metabolic acidosis occurs as a result of a marked increase 
in endogenous production of acid (such as L-lactic acid and 
ketoacids), loss of HCO3

− or potential HCO3
− salts (diarrhea 

or renal tubular acidosis [RTA]), or progressive accumula-
tion of endogenous acids.

The AG, which should be corrected for the prevailing 
albumin concentration (equation 28),22 serves a useful role 
in the initial differentiation of the metabolic acidoses and 
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of the major cations (Na+ + K+) is less than the concentra-
tion of Cl− in urine. A negative UAG (more than −20 mEq/L) 
implies that sufficient NH4

+ is present in the urine, as might 
occur with an extrarenal origin of the hyperchloremic aci-
dosis. Conversely, urine estimated to contain little or no 
NH4

+ has more Na+ + K+ than Cl− (UAG is positive),7,26,27 
which indicates a renal mechanism for the hyperchloremic 
acidosis, such as in cDRTA (with hypokalemia) or hypoaldo-
steronism with hyperkalemia. Note that this qualitative test 
is useful only in the differential diagnosis of a non-AG meta-
bolic acidosis. If the patient has ketonuria, drug anions 
(penicillins or aspirin), or toluene metabolites in the urine, 
the test is not reliable and should not be used.

The urinary ammonium (UNH4+) may be estimated more 
reliably from the urine osmolal gap, which is the difference 
in measured urine osmolality (Uosm), and the urine osmolal-
ity calculated from the urine [Na+ + K+] and the urine urea 
and glucose (all expressed in mmol/L):

 U U Na K urea glucoseNH osm u u u4
0 5 2+ = − +[ ] + +( )+ +.  (31)

Urinary ammonium concentrations of 75 mEq/L or 
more would be anticipated if renal tubular function is intact 
and the kidney is responding to the prevailing metabolic 
acidosis by increasing ammonium production and excre-
tion. Conversely, values below 25 mEq/L denote inappro-
priately low urinary ammonium concentrations. In addition 
to the UAG, the fractional excretion of Na+ may be helpful 
and would be expected to be low (<1% to 2%) in patients 
with HCO3

− loss from the gastrointestinal tract but usually 
exceeds 2% to 3% in patients with RTA.27,28

Gastrointestinal HCO3
− loss, as well as proximal RTA (type 

2) and cDRTA (type 1), results in ECF contraction and 
stimulation of the renin angiotensin aldosterone system, 
which leads typically to hypokalemia. The serum K+ concen-
tration therefore serves to distinguish the previous disor-
ders, which have a low K+, from either generalized distal 
nephron dysfunction (e.g., type 4 RTA), in which the renin 
angiotensin aldosterone system–distal nephron axis is 
abnormal and hyperkalemia exists, or the acidosis of pro-
gressive CKD, in which normokalemia is common (see 
later).

In addition to gastrointestinal tract HCO3
− loss, external 

loss of pancreatic and biliary secretions, as well as cholestyr-
amine, calcium chloride, and magnesium sulfate ingestion 
can all cause a non-AG acidosis (see Table 17.6), especially 
in patients with renal insufficiency. Coexistent l-lactic aci-
dosis is common in severe diarrheal illnesses but increases 
the AG.

Severe non-AG or hyperchloremic metabolic acidosis 
with hypokalemia may occur in patients with ureteral diver-
sion procedures. Because the ileum and the colon are both 
endowed with Cl−-HCO3

−-exchangers, when the Cl− from the 
urine enters the gut, or pouch, the HCO3

− concentration 
increases as a result of the exchange process.21 Moreover, K+ 
secretion is stimulated, which, together with HCO3

− loss, can 
result in a hyperchloremic hypokalemic metabolic acidosis. 
This defect is particularly common in patients with uretero-
sigmoidostomies and is more common with this type of 
diversion because of the prolonged transit time of urine 
caused by stasis in the colonic segment.

Dilutional acidosis, acidosis caused by exogenous acid 
loads and the posthypocapnic state, can usually be excluded 

Table 17.6 Differential Diagnosis of 
Non–Anion Gap (Hyperchloremic) 
Metabolic Acidosis

Gastrointestinal Bicarbonate Loss

Diarrhea
External pancreatic or small bowel drainage
Uterosigmoidostomy, jejunal loop
Drugs

Calcium chloride (acidifying agent)
Magnesium sulfate (diarrhea)
Cholestyramine (bile acid diarrhea)

Renal Acidosis

Hypokalemia

Proximal RTA (type 2)
Distal (classical) RTA (type 1)
Drug-induced acidosis

Acetazolamide and topiramate (proximal RTA)
Amphotericin B (distal RTA), ifosfamide

Hyperkalemia

Generalized distal nephron dysfunction (type 4 RTA)
Mineralocorticoid deficiency
Mineralocorticoid resistance (PHA I autosomal dominant)
Voltage defects (PHA I, autosomal recessive)
PHA II
↓ Na+ delivery to distal nephron
Tubulointerstitial disease

Drug-induced acidosis
Potassium-sparing diuretics (amiloride, triamterene, 

spironolactone)
Trimethoprim
Pentamidine
Angiotensin-converting enzyme inhibitors, angiotensin II 

receptor blockers
Nonsteroidal antiinflammatory drugs
Cyclosporine, tacrolimus

Normokalemia

Chronic kidney disease (stage 3-4)

Other

Acid loads (ammonium chloride, hyperalimentation)
Loss of potential bicarbonate: ketosis with ketone excretion
Dilution acidosis (rapid saline administration)
Hippurate
Cation exchange resins

PHA, Pseudohypoaldosteronism; RTA, renal tubular acidosis.

where u denotes the urine concentration of these electro-
lytes. The rationale for using the UAG as a surrogate for 
ammonium excretion is that, in chronic metabolic acidosis, 
ammonium excretion should be elevated if renal tubular 
function is intact. Because ammonium is a cation, it should 
balance part of the negative charge of chloride in the previ-
ous expression, assuming there is not a lot of HCO3

− in the 
urine as in an alkaline urine. Therefore the UAG should 
become progressively negative as the rate of ammonium 
excretion increases in response to acidosis or to acid 
loading.21,26 NH4

+ can be assumed to be present if the sum 
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by the history. When isotonic saline is infused rapidly, par-
ticularly in patients with temporary or permanent renal 
functional impairment, the serum HCO3

− declines recipro-
cally in relation to Cl−.21 Addition of acid or acid equivalents 
to blood results in metabolic acidosis. Examples include 
infusion of arginine or lysine hydrochloride during paren-
teral hyperalimentation or ingestion of ammonium chlo-
ride.29 A similar situation may arise from endogenous 
addition of ketoacids during recovery from ketoacidosis 
when the sodium salts of ketones may be excreted by the 
kidneys and lost as potential HCO3

−.30

This sequence may also occur in mild, chronic ketoacido-
sis if GFR is maintained with sodium replenishment and 
renal ketone excretion is high. This may be accentuated by 
a defect in tubule ketone reabsorption.30 The plasma ketone 
concentration is maintained at low levels. Continued titra-
tion of HCO3

− with Cl− retention and excretion of potential 
base (ketones) may result in hyperchloremic acidosis. 
Metabolism of sulfur to sulfuric acid and excretion of SO4

2− 
with Cl− retention represents another example of a hyper-
chloremic acidosis resulting from increased acid loading 
and anion excretion.29

Loss of functioning renal parenchyma in progressive 
kidney disease is known to be associated with metabolic 
acidosis. Typically the acidosis is a non-AG type when the 
GFR is between 20 and 50 mL/min but may convert to the 
typical high AG acidosis of uremia with more advanced 
renal failure, that is, when the GFR is less than 20 mL/
min.31 It is generally assumed that such progression is 
observed more commonly in patients with tubulointerstitial 
forms of renal disease, but non-AG metabolic acidosis can 
also occur with advanced glomerular disease. The principal 
defect in acidification of advanced renal failure is that 
ammoniagenesis is reduced in proportion to the loss of 
functional renal mass. In addition, medullary NH4

+ accumu-
lation and trapping in the outer medullary collecting tubule 
may be impaired.31 Because of adaptive increases in K+ secre-
tion by the collecting duct and colon, the acidosis of chronic 
renal insufficiency is typically normokalemic.31 Non-AG 
metabolic acidosis accompanied by hyperkalemia is almost 
always associated with a generalized dysfunction of the distal 
nephron.27,28 However, K+-sparing diuretics (amiloride, tri-
amterene), as well as pentamidine, cyclosporine, tacrolimus, 
nonsteroidal antiinflammatory drugs (NSAIDs), angiotensin-
converting enzyme (ACE) inhibitors, angiotensin receptor 
blockers (ARBs), β-blockers, and heparin may mimic or 
cause this disorder, resulting in hyperkalemia and a non-AG 
metabolic acidosis.27,28 Because hyperkalemia augments the 
development of acidosis by suppressing urinary net acid 
excretion, discontinuing these agents while reducing the 
serum K+ allows ammonium production and excretion to 
increase, which will help repair the acidosis.

DISORDERS OF IMPAIRED RENAL  
BICARBONATE RECLAMATION: PROXIMAL  
RENAL TUBULAR ACIDOSIS
Physiology

Because the first phase of acidification by the nephron 
involves reabsorption of the filtered HCO3

−, 80% of the fil-
tered HCO3

− is normally returned to the blood by the proxi-
mal convoluted tubule.5 If the capacity of the proximal 

tubule is reduced, less of the filtered HCO3
− is reabsorbed 

in this segment, and more is delivered to the more distal 
segments. This increased HCO3

− delivery overwhelms the 
limited capacity for bicarbonate reabsorption by the distal 
nephron, and bicarbonaturia ensues, net acid excretion 
ceases, and metabolic acidosis follows. Enhanced Cl− reab-
sorption, stimulated by ECF volume contraction, results in 
a hyperchloremic (non-AG) chronic metabolic acidosis. 
With progressive metabolic acidosis and decreased serum 
HCO3

− levels, the filtered HCO3
− load declines progressively. 

As the plasma HCO3
− concentration decreases, the absolute 

amount of HCO3
− entering the distal nephron eventually 

reaches the low level approximating the distal HCO3
− deliv-

ery in normal individuals (at the normal threshold). At this 
point the quantity of HCO3

− entering the distal nephron can 
be reabsorbed completely (Figure 17.4), and the urine pH 
declines. A new steady state in which acid excretion equals 
acid production is then reached. As a consequence, the 
serum HCO3

− concentration usually reaches a nadir of 15 
to 18 mEq/L, so that systemic acidosis is not progressive. 
Therefore in proximal RTA in the steady state the serum 
HCO3

− is usually low and the urine pH acid (<5.5). With 
bicarbonate administration, the amount of bicarbonate in 
the urine increases the fractional excretion of bicarbonate 
(FEHCO3

− ) to 10% to 15%, and the urine pH becomes 
alkaline.27

Pathogenesis—Inherited and Acquired Forms

Proximal RTA can present in one of three ways: one in 
which acidification is the only defective function, one in 
which proximal tubule dysfunction is more generalized with 
multiple transporter abnormalities, and as a part of a mixed 
variety of RTA (type 3). Inheritance patterns for isolated 
proximal RTA include autosomal recessive and autosomal 
dominant. Isolated pure bicarbonate wasting is typical of 
autosomal recessive proximal RTA with accompanying 
ocular abnormalities and has been defined as a number of 
missense mutations of the gene SLC4A4, which encodes for 
the basolateral transporter NBCe1. A rare variant, inherited 
as an autosomal dominant trait, has been described and 
appears to be a mutation of the gene that encodes the apical 
Na+-H+-exchanger, NHE3. This rare disorder has been 
reported to be associated with short stature. Familial disor-
ders associated with proximal RTA include cystinosis, tyro-
sinemia, hereditary fructose intolerance, galactosemia, 
glycogen storage disease type I, Wilson’s disease, and Lowe’s 
syndrome.

In addition, features of both proximal RTA (bicarbonate 
wasting) and distal acidification abnormalities are evident 
in patients with autosomal recessive RTA (mixed proximal 
and distal, or type 3 RTA) that has been attributed to a 
defect in CA2, which encodes for carbonic anhydrase II, an 
intracellular form of the enzyme distributed to the proximal 
tubule, thick ascending limb of Henle’s loop (TAL), distal 
convoluted tubule, CCD, and medullary collecting duct 
(MCD).27 The phenotype includes osteopetrosis and ocular 
abnormalities (Guibaud-Vainsel syndrome).

The majority of cases of proximal RTA fit into the cate-
gory of generalized proximal tubule dysfunction with  
multiple transport abnormalities manifest as glycosuria, 
aminoaciduria, hypercitraturia, and phosphaturia, and 
referred to as Fanconi’s syndrome. Numerous experimental 
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Figure 17.4  Schematic representation of the single-nephron correlates of whole-kidney HCO3 titration curves (top) in normal subjects and in 
patients with proximal renal tubular acidosis (proximal RTA). The impact of these relationships on bicarbonaturia is displayed below the graph 
(bottom). Bicarbonate will not appear in the urine when reabsorption is complete at the plasma HCO3 concentration threshold, and distal H+ 
secretory processes are capable of reabsorbing the HCO3

− delivered out of the proximal nephron. The relationship shows that the fractional 
proximal  HCO3  reabsorptive  capacity  is  reduced  in  patients  with  proximal  RTA  (50%  versus  the  normal  80%),  so  the  new  steady  state  is 
achieved at the expense of systemic metabolic acidosis. GFR, Glomerular filtration rate. 
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studies in animal models demonstrate that the nephropa-
thies induced by maleic acid and cystine involve disruption 
of active transcellular absorption of HCO3

−, amino acids, 
and other solutes. Such a defect could be due to a general-
ized disorder of the Na+-coupled apical membrane 
transporters, a selective disorder of the basolateral Na+-K+-
ATPase, or a specific metabolic disorder that lowers intracel-
lular adenosine triphosphate (ATP) concentration.

Development of Fanconi’s syndrome by intracellular 
PO4

3− depletion has also been proposed in hereditary fruc-
tose intolerance, in which ingestion of fructose leads to 
accumulation of fructose 1-phosphate in the proximal 
tubule. Because these patients lack the enzyme fructose 
1-phosphate aldolase, fructose 1-phosphate cannot be 
further metabolized, and intracellular PO4

3− is sequestered 
in this form. The renal lesion is confined to the proximal 
tubule because this is the only segment in the kidney that 
possesses the enzyme fructokinase. Administration of large 

parenteral loads of fructose to rats leads to high intracel-
lular concentrations of fructose 1-phosphate and low con-
centrations of ATP and guanosine triphosphate, as well as 
of total adenine nucleotides. Prior PO4

3− loading prevents 
reductions in intracellular ATP, PO4

3−, and total adenine 
nucleotides.27,32

Numerous investigators have noted an association 
between vitamin D deficiency and a proximal RTA with 
aminoaciduria and hyperphosphaturia. In these studies, 
correction of the vitamin D deficiency has allowed correc-
tion of the proximal tubule dysfunction.26,28 Similar results 
have been obtained in patients with vitamin D–dependent 
and vitamin D–resistant rickets treated with dihydrotachys-
terol.27 The mechanisms involved in the proximal tubule 
dysfunction are not yet clear.

Another model for isolated proximal tubule acidosis is 
inherited carbonic anhydrase deficiency and is discussed 
earlier. Sly and associates33 reported an inherited syndrome 
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with osteopetrosis, cerebral calcification, and RTA caused by 
an inherited deficiency of carbonic anhydrase II. These 
patients appear to have combined or mixed proximal and 
distal RTA (type 3 RTA) but have no other evidence for 
proximal tubule dysfunction, and carbonic anhydrase IV is 
intact.33 As already discussed, carbonic anhydrase II is 
present in the cytoplasm of renal cells, and thus an acidifica-
tion defect occurring in association with its deficiency is not 
unexpected. A defect of carbonic anhydrase IV (the 
membrane-bound form) has not been reported.

Clinical Spectrum

In general, proximal RTA is more common in children. The 
most common causes of acquired proximal RTA in adults 
are multiple myeloma, in which increased excretion of 
immunoglobulin light chains injures the proximal tubule 
epithelium, and chemotherapeutic drug injury of the proxi-
mal tubule (e.g., ifosfamide, a nitrogen mustard alkylating 
agent used in cancer therapeutics). The light chains that 
cause injury in multiple myeloma may have a biochemical 
characteristic in the variable domain that is resistant to deg-
radation by proteases in lysosomes in proximal tubule cells. 
Accumulation of the variable domain fragments may be 
responsible for the impairment in tubular function. In con-
trast, idiopathic RTA and RTA due to ifosfamide toxicity, 
lead intoxication, and cystinosis are more common in chil-
dren. Carbonic anhydrase inhibitors cause pure bicarbon-
ate wasting but not Fanconi’s syndrome. A comprehensive 
list of the disorders associated with proximal RTA is pre-
sented in Table 17.7.27 Some of the entities on this list are 
no longer seen and are of only historic interest. For example, 
application of sulfanilamide to the skin of patients with 
large-surface-area burns is no longer practiced in most 
centers, but sulfanilamide, a carbonic anhydrase inhibitor, 
is absorbed from burned skin. Topiramate, widely used in 
the prevention of migraine headaches or for treatment of a 
seizure disorder, is a potent carbonic anhydrase inhibitor 
and is an important cause of non-AG metabolic acidosis. As 
many as 15% to 25% of patients on topiramate will manifest 
a stable non-AG metabolic acidosis. Because the enzyme 
carbonic anhydrase II is present in both the proximal and 
distal tubules, topiramate appears to cause a mixed form of 
RTA having features of both proximal and distal RTA (type 
3 RTA). This manifestation subsides when topiramate is 
discontinued. Pharmaceutical manufacturing techniques 
have improved, and outdated tetracycline is no longer asso-
ciated with proximal RTA. Some of the agents and disorders 
on this list—such as ifosfamide, Sjögren’s syndrome, renal 
transplantation, and amyloidosis—also appear as causes of 
distal RTA (see Table 17.7).

Diagnosis

The diagnosis of proximal RTA relies initially on the docu-
mentation of a chronic hyperchloremic metabolic acidosis. 
In the steady state these patients generally show chronic 
metabolic acidosis, an acid urine pH (<5.5), and a low frac-
tional excretion of HCO3

−. With alkali therapy or slow infu-
sion of sodium bicarbonate intravenously, when the plasma 
HCO3

− level increases above the threshold in these patients, 
bicarbonaturia ensues, and the urine becomes alkaline 
(Figure 17.4). When the plasma bicarbonate concentration 
is increased with an intravenous infusion of sodium 

Table 17.7 Disorders with Dysfunction of Renal 
Acidification—Defective HCO3

− 
Reclamation: Proximal Renal Tubular 
Acidosis

Isolated Pure Bicarbonate Wasting (Unassociated with 
Fanconi’s Syndrome)

Primary
Inherited autosomal recessive with ocular abnormalities 

(missense mutations of SLC4A4)
Autosomal dominant with short stature (mutation of 

SLC9A3/NHE3)
Carbonic anhydrase deficiency, inhibition, or alteration

Drugs
Acetazolamide
Topiramate
Sulfanilamide
Mafenide acetate

Carbonic anhydrase II deficiency with osteopetrosis (mixed 
proximal and distal RTA type 3)

Generalized (Associated with Fanconi’s Syndrome)

Primary (without associated systemic disease)
Genetic
Sporadic

Genetically transmitted systemic diseases
Cystinosis
Lowe’s syndrome
Wilson’s syndrome
Tyrosinemia
Galactosemia
Hereditary fructose intolerance (during fructose ingestion)
Metachromatic leukodystrophy
Pyruvate carboxylase deficiency
Methylmalonic acidemia

Dysproteinemic states
Multiple myeloma
Monoclonal gammopathy

Secondary hyperparathyroidism with chronic hypocalcemia
Vitamin D deficiency or resistance
Vitamin D dependency

Drugs or toxins
Ifosfamide
Outdated tetracycline
3-Methylchromone
Streptozotocin
Lead
Mercury
Amphotericin B (historical)

Tubulointerstitial diseases
Sjögren’s syndrome
Medullary cystic disease
Renal transplantation

Other renal and miscellaneous diseases
Nephrotic syndrome
Amyloidosis
Paroxysmal nocturnal hemoglobinuria

bicarbonate at a rate of 0.5 to 1.0 mEq/kg/hr, the urine pH, 
even if initially acid, will increase once the reabsorptive 
threshold for bicarbonate has been exceeded. Thus the 
urine pH may exceed 7.5, and FEHCO3

− will increase to 15% 
to 20%. Therefore it is very difficult to increase serum 
HCO3

− levels to the normal range.
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addition of a K+-sparing diuretic.27 Vitamin D and PO4
3− may 

be supplemented and in some patients even improve the 
acidification defect. Fructose should be restricted in patients 
with fructose intolerance.32

DISORDERS OF IMPAIRED NET ACID EXCRETION 
WITH HYPOKALEMIA: CLASSICAL DISTAL RENAL 
TUBULAR ACIDOSIS
Pathophysiology

The mechanisms involved in the pathogenesis of hypokale-
mic cDRTA (type 1 RTA) have been more clearly elucidated 
by appreciation of the genetic and molecular bases of the 
inherited forms of this disease in the last 2 decades. The 
observation that these patients tend to be hypokalemic 
(rather than hyperkalemic) demonstrates that generalized 
CCT dysfunction or aldosterone deficiency is not causative. 
Most studies suggest that the inherited forms of cDRTA are 
due to defects in the basolateral HCO3

−-Cl−-exchanger 
(SLC4A1) or subunits of the H+-ATPase (ATP6V1B1 and 
ATP6V0A4).

Defects in these transport pathways and an increase in 
apical membrane permeability are displayed in Figure 17.5, 
which depicts acid-base transporters of a type A intercalated 
cell in the medullary collecting duct and the possible abnor-
malities causing cDRTA. Although the classical feature of 
this entity is an inability to acidify the urine maximally (to 
a pH of <5.5) in the face of systemic acidosis, attention to 
urine ammonium excretion rather than urine pH alone is 
necessary to diagnose this disorder.26,27 The pathogenesis of 
the acidification defect in most patients is evident by the 
response of the urine Pco2 to sodium bicarbonate infusion. 
When normal subjects are given large infusions of sodium 
bicarbonate to produce a high HCO3

− excretion, distal 
nephron H+ secretion leads to the generation of a high Pco2 
in the renal medulla and final urine.34,35 The magnitude of 
the urinary Pco2 (often referred to as the urine minus blood 
PCO2 or U − B PCO2) can be used as an index of distal nephron 
H+ secretory capacity.33-36 The U − B Pco2 is generally 

The hyperchloremic metabolic acidosis of the steady state 
is usually seen in association with hypokalemia. If bicarbon-
ate administration has been high in an attempt to repair the 
acidosis, the bicarbonaturia will drive kaliuresis, and the 
hypokalemia may be severe.27 Patients with proximal tubule 
dysfunction exhibit intact distal nephron function (gener-
ate steep urine pH gradients and titrate luminal buffers) 
when the serum HCO3

− concentration and hence distal 
HCO3

− delivery are sufficiently reduced. A low HCO3
− 

threshold exists. Below this plasma HCO3
− concentration, 

distal acidification can compensate for defective proximal 
acidification, although at the expense of systemic metabolic 
acidosis. When the plasma HCO3

− concentration is raised to 
normal values, a large fraction of the filtered HCO3

− is inap-
propriately excreted because the limited reabsorptive capac-
ity of the distal nephron cannot compensate for the reduced 
proximal nephron reabsorption.

Associated Clinical Features

K+ excretion is typically high in patients with proximal RTA, 
especially during NaHCO3 administration.27 Kaliuresis is 
promoted by the increased delivery of a relatively imperme-
able anion, HCO3

−, to the distal nephron in the setting of 
secondary hyperaldosteronism, which is due to mild volume 
depletion. Therefore correction of acidosis in such patients 
leads to an exaggeration of the kaliuresis and K+ 
deficiency.

If the acidification defect is part of a generalized proximal 
tubule dysfunction (Fanconi’s syndrome), such patients will 
have hypophosphatemia, hyperphosphaturia, hypourice-
mia, hyperuricosuria, glycosuria, aminoaciduria, hypercit-
raturia, hypercalciuria, and proteinuria.

Although Ca2+ excretion may be high in patients with 
proximal RTA, nephrocalcinosis and renal calculi are rare. 
This may be related to the high rate of citrate excretion in 
patients with proximal RTA compared with that of most 
patients with acidosis from other causes. Osteomalacia, 
rickets, abnormal gut Ca2+ and phosphorus absorption, and 
abnormal vitamin D metabolism in children are common, 
although not invariantly present. Adults tend to have osteo-
penia without pseudofractures.27

The proximal reabsorption of filtered low-molecular-
weight proteins may also be abnormal in proximal RTA. 
Lysozymuria and increased urinary excretion of immuno-
globulin light chains can occur.27

Treatment

The magnitude of the bicarbonaturia (>10% of the filtered 
load) at a normal HCO3

− concentration requires that 
large amounts of HCO3

− be administered. At least 10 to 
30 mEq/kg/day of HCO3

− or its metabolic equivalent 
(citrate) is required to maintain plasma HCO3

− concentra-
tion at normal levels. Correcting the HCO3

− to near-normal 
values (22 to 24 mEq/L) is desirable in children to reestab-
lish normal growth. Correction to this level is less desirable 
in adults. Large supplements of K+ are often necessary 
because of the kaliuresis induced by high distal HCO3

− deliv-
ery when the plasma HCO3

− concentration is normalized. 
Thiazides have proved useful in diminishing therapeutic 
requirements for HCO3

− supplementation by causing ECF 
contraction to stimulate proximal absorption. However, K+ 
wasting continues to be a problem, often requiring the 

Figure 17.5  Type A intercalated cell of the collecting duct displaying 
five pathophysiologic defects that could result in classical distal renal 
tubular  acidosis:  (1)  defective  H+–adenosine  triphosphatase  (H+-
ATPase),  (2)  defective  H+-K+-ATPase,  (3)  defective  HCO3

−-Cl−-
exchanger, (4) H+ leak pathway, and (5) defective intracellular carbonic 
anhydrase (type II). ATP, Adenosine triphosphate. 
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subnormal in classical hypokalemic distal RTA, with the 
notable exception of amphotericin B–induced distal RTA, 
which remains the most common example of the “gradient” 
defect.35-37

Inherited and Acquired Defects in Type A Intercalated Cell 
Acid-Base Transporters Responsible for Classical Distal 
Renal Tubular Acidosis. Recessive cDRTA with deafness is 
caused by loss-of-function mutations in either of two sub-
units of the H+-ATPase of type A intercalated cells (the B1 
subunit of the V1 cytoplasmic ATPase and the a4 subunit of 
the V0 transmembrane complex). Dominant and recessive 
forms of cDRTA are also caused by loss-of-function muta-
tions in the basolateral membrane AE1 Cl−-HCO3

−-exchanger 
of type A intercalated cells. The dominant SLC4A4 gene 
mutations causing cDRTA are accompanied by mild or 
asymptomatic erythroid changes, whereas the erythroid dys-
crasias accompanying recessive SLC4A4 cDRTA mutations 
can be mild or severe.38,39

Acquired defects of H+-ATPase have been demonstrated 
in renal biopsy specimens of patients with Sjögren’s syn-
drome with evidence of classical hypokalemic distal RTA.27 
These biopsy specimens revealed an absence of H+-ATPase 
protein in the apical membrane of type A intercalated cells. 
Karet and colleagues40 have described two different muta-
tions in the ATP6V1B1 gene encoding the B1 subunit of 
H+-ATPase. One defect is associated with sensorineural deaf-
ness (rdRTA1) and the other with normal hearing (rdRTA2).41 
The former recessive disorder is manifest in the first year of 
life as a failure to thrive; bilateral sensorineural hearing 
deficits; hyperchloremic, hypokalemic metabolic acidosis; 
severe nephrolithiasis; nephrocalcinosis; and osteodystro-
phy. The H+-ATPase is critical for maintaining pH in the 
cochlea and endolymph, and its loss in this disorder explains 
the hearing deficit as well as the renal tubule acidification 
defect. An autosomal recessive form that is much less com-
monly associated with deafness is due to a defect in the 
ATP6V0A4 gene that encodes for the vacuolar H+-ATPase a4 
subunit.42,43 The genetic and molecular basis of distal RTA 
is outlined in Table 17.8.

Alternatively, abnormalities in H+-K+-ATPase could result 
in both hypokalemia and metabolic acidosis. A role for H+-
K+-ATPase involvement in cDRTA was suggested by the 
observation that long-term administration of vanadate in 
rats decreased H+-K+-ATPase activity and was associated with 
metabolic acidosis, hypokalemia, and an inappropriately 
alkaline urine.44 In addition, an unusually high incidence of 
hypokalemic distal RTA (endemic RTA) has been observed 
in northeastern Thailand. To date, no genetic linkages 
between H+-K+-ATPase genes and inherited forms of cDRTA 
have been documented. Nevertheless, such an abnormality 
has been suggested in an infant with severe metabolic aci-
dosis and hypokalemia.27 Patients with impaired collecting 
duct H+ secretion and cDRTA also exhibit uniformly low 
excretory rates of NH4

+ when the degree of systemic acidosis 
is taken into account.6,26,27 Low NH4

+ excretion equates with 
inappropriately low renal regeneration of HCO3

−, which 
indicates that the kidney is responsible for causing or per-
petuating the chronic metabolic acidosis. Low NH4

+ excre-
tion in classical hypokalemic distal RTA occurs because of 
the failure to trap NH4

+ in the medullary collecting duct as 
a result of higher-than-normal tubule fluid pH in this 

Table 17.8 Genetic and Molecular Bases of 
Distal Renal Tubular Acidoses

Classical Distal RTA

Inherited
  Autosomal dominant Defect in AE1 gene encodes for 

missense mutation in the 
HCO3

−-Cl−-exchanger (band 3 
protein)

Transporter may be mistargeted 
to apical membrane

  Autosomal recessive
    With deafness

Mutations in ATP6V1B1 encoding 
B1 subunit of the apical 
H+-ATPase in distal tubule 
(rdRTA1)

    With normal hearing Mutations in ATP6V0A4 (rdRTA2)
  Carbonic anhydrase II Defect in carbonic anhydrase II in 

red blood cells, bone, kidney
Endemic (Northeastern 

Thailand)
Acquired

Possible abnormality in H+-K+-
ATPase

Reduced apical expression of 
H+-ATPase (Sjögren’s 
syndrome)

Generalized Distal Nephron Dysfunction

Pseudohypoaldosteronism 
type I

  Autosomal recessive Loss-of-function mutation of 
ENaC; four known mutations of 
genes encoding three subunits 
of ENaC

  Autosomal dominant Heterozygous mutations of 
mineralocorticoid receptor gene

Pseudohypoaldosteronism 
type II

WNK1 and WNK4 constitutively 
activate NCCT, increasing NaCl 
absorption in distal convoluted 
tubule

ATPase, Adenosine triphosphatase; ENaC, epithelial sodium 
channel; NCCT, Na+-Cl−-cotransporter in the connecting 
tubule; WNK1, WNK4, with no lysine (K) isoforms 1 and 4.

segment and loss of the disequilibrium pH (pH > 6.0).45 The 
high urine pH indicates impaired H+ secretion.

In summary, hypokalemic distal RTA is characterized  
by the inability to acidify the urine below pH 5.5. In  
some patients this is attributable to an enhanced leakage 
pathway caused by an amphotericin B lesion; in rare patients, 
supposedly, this same mechanism occurs without exposure 
to the antibiotic but has never been documented 
unequivocally.46

Clinical Spectrum and Associated Features

The phenotypic hallmark of classical hypokalemic distal 
RTA when fully expressed has been recognized widely as the 
inability to acidify the urine appropriately during spontane-
ous or chemically induced metabolic acidosis; this is a 
disease of type A intercalated cells of the collecting duct. 
The defect in acidification by the collecting duct secondarily 
impairs NH4

+ and titratable acid excretion and results in 
positive acid balance, hyperchloremic metabolic acidosis, 
and volume depletion.27,47-49 Moreover, medullary interstitial 
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disease, which commonly occurs in conjunction with distal 
RTA, may impair NH4

+ excretion by interrupting the medul-
lary countercurrent system for NH4

+.26,27,47,48 The complete 
form of classical distal RTA is manifest by a non-AG acidosis 
without treatment. The clinical spectrum of complete 
cDRTA may include stunted growth, hypercalciuria, hypoci-
traturia, osteopenia, nephrolithiasis, and nephrocalcinosis, 
all a direct consequence of the chronic non-AG metabolic 
acidosis. The dissolution of bone is due to calcium resorp-
tion and mobilization from bone in response to the  
acidosis27 and through activation of the pH-sensitive G 
protein–coupled receptor, OGR1, which resides in bone.50 
Other common electrolyte abnormalities not due to acidosis 
include hypokalemia, hypernatremia and salt wasting, and 
polyuria due to nephrogenic diabetes insipidus. The hypo-
kalemia, previously attributed to volume depletion and acti-
vation of the renin angiotensin aldosterone system, may be 
due to a signaling pathway involving activation and release 
of prostaglandin E2 by β-intercalated cells that directly com-
municate to enhance sodium absorption and potassium 
secretion by activation of the epithelial sodium channel 
(ENaC) in collecting duct principal cells. Because chronic 
metabolic acidosis also decreases the production of 
citrate,6,26,27 the resulting hypocitraturia in combination with 
hypercalciuria creates an environment favorable for urinary 
stone formation and nephrocalcinosis. Nephrocalcinosis 
appears to be a reliable marker for cDRTA, in some cases, 
because nephrocalcinosis does not occur in proximal RTA 
or with generalized dysfunction of the nephron associated 
with hyperkalemia.26,27 Nephrocalcinosis probably aggra-
vates further the reduction in net acid excretion by impair-
ing the transfer of ammonia from the loop of Henle into 
the collecting duct. Pyelonephritis is a common complica-
tion of distal RTA, especially in the presence of nephrocal-
cinosis, and eradication of the causative organism may be 
difficult.27 Distal RTA occurs frequently in patients with 
Sjögren’s syndrome.51

The clinical spectrum of cDRTA is outlined in detail in 
Table 17.9.26,27,49,51

Treatment

Correction of chronic metabolic acidosis can usually be 
achieved readily in patients with cDRTA by administration 
of alkali in an amount sufficient to neutralize the produc-
tion of metabolic acids derived from the diet.27 The goal is 
to correct the plasma HCO3

− concentration to normal 
(25 mEq/L), and the concentration should be monitored 
frequently. In adult patients with distal RTA, the amount of 
bicarbonate administered may be equal to no more than 1 
to 3 mEq/kg/day.52 In growing children, endogenous acid 
production is usually between 2 and 3 mEq/kg/day but may 
on occasion exceed 5 mEq/kg/day. Larger amounts of 
bicarbonate must be administered to fully correct the aci-
dosis and maintain normal growth.26,27 The various forms of 
alkali replacement are outlined in Table 17.10.

In adult patients with distal RTA, correction of acidosis 
with alkali therapy reduces urinary K+ excretion and typi-
cally corrects the hypokalemia and Na+ depletion.27 There-
fore in most adult patients with distal RTA, K+ supplementation 
is usually not necessary once the potassium level has been 
corrected initially. Frank wasting of K+ may occur in a minor-
ity of adult patients and in some children in association with 

Table 17.9 Disorders with Dysfunction of Renal 
Acidification—Selective Defect in Net 
Acid Excretion: Classical Distal 
Renal Tubular Acidosis

Primary

Familial
  Autosomal dominant
    AE1 gene
  Autosomal recessive
    With deafness (rdRTA1 

or ATP6V1B1 gene)
    Without deafness 

(rdRTA2 or ATP6V0A4)
Sporadic

Endemic

Northeastern Thailand

Secondary to Systemic Disorders

Autoimmune Diseases

Hyperglobulinemic purpura Fibrosing alveolitis
Cryoglobulinemia Chronic active hepatitis
Sjögren’s syndrome Primary biliary cirrhosis
Thyroiditis Polyarteritis nodosa
Human immunodeficiency 

syndrome nephropathy

Hypercalciuria and Nephrocalcinosis

Primary hyperparathyroidism Vitamin D intoxication
Hyperthyroidism Idiopathic hypercalciuria
Medullary sponge kidney Wilson’s disease
Fabry’s disease Hereditary fructose 

intoleranceX-linked hypophosphatemia

Drug- and Toxin-Induced Disease

Amphotericin B Toluene
Cyclamate Mercury
Hepatic cirrhosis Vanadate
Ifosfamide Lithium
Foscarnet Classical analgesic 

nephropathy

Tubulointerstitial Diseases

Balkan nephropathy Kidney transplantation
Chronic pyelonephritis Leprosy
Obstructive uropathy Jejunoileal bypass with 

hyperoxaluriaVesicoureteral reflux

Associated with Genetically Transmitted Diseases

Ehlers-Danlos syndrome Hereditary elliptocytosis
Sickle cell anemia Marfan’s syndrome
Medullary cystic disease
Hereditary sensorineural 

deafness

Jejunal bypass with 
hyperoxaluria

Carnitine palmitoyltransferase 
deficiencyOsteopetrosis with carbonic 

anhydrase II deficiency 
(mixed proximal and distal 
RTA type 3)
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secondary hyperaldosteronism despite correction of the aci-
dosis by alkali therapy, so that K+ supplementation is needed. 
If required, potassium can be administered as potassium 
bicarbonate (K-Lyte 25 or 50 mEq), potassium citrate 
(Urocit-K), or potassium citrate combination products 
sodium citrate and potassium citrate (Virtrate-3), and  
Polycitra-K crystals (Cytra-3).26,27 Maintenance of a normal 
serum bicarbonate concentration with alkali therapy also 
raises urinary citrate level, reduces urinary calcium excre-
tion, lowers the frequency of nephrolithiasis, and tends to 
correct bone disease and restore normal growth in chil-
dren.52,53 Therefore every attempt should be made to correct 
and maintain a near-normal serum [HCO3

−] in all patients 
with cDRTA.

Severe hypokalemia with flaccid paralysis, metabolic aci-
dosis, and hypocalcemia may occur in some patients under 
extreme circumstances and require immediate therapy. 
Because the hypokalemia may result in respiratory depres-
sion, increasing systemic pH with alkali therapy may worsen 
the hypokalemia. Therefore immediate intravenous potas-
sium replacement should be achieved before alkali 
administration.

DISORDERS OF IMPAIRED NET ACID  
EXCRETION WITH HYPERKALEMIA:  
GENERALIZED DISTAL NEPHRON DYSFUNCTION 
(TYPE 4 RENAL TUBULAR ACIDOSIS)
The coexistence of hyperkalemia and a non-AG metabolic 
acidosis indicates a generalized dysfunction in the cortical 
and medullary collecting tubules. In the differential diag-
nosis it is important to evaluate the functional status of  
the renin angiotensin aldosterone system and of ECF 
volume. The specific disorders causing hyperkalemic  
hyperchloremic metabolic acidosis are outlined in detail in 
Table 17.11.26,27

The regulation of potassium excretion is primarily the 
result of regulation of potassium secretion, which responds 
to hyperkalemia, aldosterone, sodium delivery, and 

Table 17.10 Forms of Alkali Replacement

Shohl’s solution
  Na+ citrate 500 mg Each 1 mL contains 1 mEq 

sodium and is equivalent to 
1 mEq of bicarbonate

  Citric acid 334 mg/5 mL

NaHCO3 tablets 3.9 mEq/tablet (325 mg)
7.8 mEq/tablet (650 mg)

Baking soda 60 mEq/teaspoon
K-Lyte 25-50 mEq/tablet
Na+ citrate and K+ citrate 

(Virtrate-3 or Cytra-3)
  Na+ citrate 500 mg, and 

K+ citrate 550 mg/5 mL
Each 1 mL contains 1 mEq 

potassium and 1 mEq 
sodium and is equivalent to 
2 mEq bicarbonate

  K+ citrate 550 mg
  Citric acid 334 mg/5 mL
Polycitra-K crystals
  K+ citrate 3300 mg Each packet contains 30 mEq 

potassium and is equivalent 
to 30 mEq bicarbonate

  Citric acid 1002 mg/
packet

Urocit-K tablets
  K+ citrate 5 or 10 mEq/tablet

Table 17.11 Disorders with Dysfunction of 
Renal Acidification—Generalized 
Abnormality of Distal Nephron  
with Hyperkalemia

Mineralocorticoid Deficiency

Primary Mineralocorticoid Deficiency

Combined deficiency of aldosterone, desoxycorticosterone, 
and cortisol
Addison’s disease
Bilateral adrenalectomy
Bilateral adrenal destruction
Hemorrhage or carcinoma

Congenital enzymatic defects
21-Hydroxylase deficiency
3β-Hydroxydehydrogenase deficiency
Desmolase deficiency

Isolated (selective) aldosterone deficiency
Chronic idiopathic hypoaldosteronism
Heparin (low molecular weight or unfractionated) 

administration in critically ill patient
Familial hypoaldosteronism
Corticosterone methyl oxidase deficiency types 1 and 2
Primary zona glomerulosa defect
Transient hypoaldosteronism of infancy
Persistent hypotension and/or hypoxemia

Angiotensin-converting enzyme inhibition
Endogenous
Angiotensin-converting enzyme inhibitors and angiotensin 

receptor blockers

Secondary Mineralocorticoid Deficiency

Hyporeninemic hypoaldosteronism
Diabetic nephropathy
Tubulointerstitial nephropathies
Nephrosclerosis
Nonsteroidal antiinflammatory agents
Acquired immunodeficiency syndrome
Immunoglobulin M monoclonal gammopathy
Obstructive uropathy

Mineralocorticoid Resistance

PHA I—autosomal dominant (human mineralocorticoid 
receptor defect)

Renal Tubular Dysfunction (Voltage Defect)

PHA I—autosomal recessive
PHA II—autosomal dominant
Drugs that interfere with Na+ channel function in the CCT

Amiloride
Triamterene
Trimethoprim
Pentamidine

Drugs that interfere with Na+-K+-ATPase in the CCT
Cyclosporine, tacrolimus

Drugs that inhibit aldosterone effect on the CCT
Spironolactone

Disorders associated with tubulointerstitial nephritis and renal 
insufficiency
Lupus nephritis
Methicillin nephrotoxicity
Obstructive nephropathy
Kidney transplant rejection
Sickle cell disease
Williams’ syndrome with uric acid nephrolithiasis

ATPase, Adenosine triphosphatase; CCT, cortical collecting 
tubule; PHA I, PHA II, pseudohypoaldosteronism types 1 and 2.
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ammonium production may also affect medullary intersti-
tial ammonium concentration and buffer availability.55 
Hyperkalemia has no effect on ammonium transport in the 
superficial proximal tubule but markedly impairs ammo-
nium absorption in the TAL, reducing inner medullary con-
centrations of total ammonia and decreasing secretion of 
NH3 into the inner medullary collecting duct. It is impor-
tant to remember that the luminal membrane of the medul-
lary thick ascending limb is very impermeable to both H2O 
and NH3. The mechanism for impaired absorption of NH4

+ 
in the TAL is competition between K+ and NH4

+ for the 
K+-secretory site on the Na+-K+-2Cl−-cotransporter on the 
apical membrane.56,57 Hyperkalemia may also decrease entry 
of NH4

+ into the medullary collecting duct through compe-
tition of NH4

+ and K+ for the K+-secretory site on the baso-
lateral membrane sodium pump (Figure 17.6).57

In summary, hyperkalemia may have a dramatic impact 
on ammonium production and excretion (Table 17.12). 
Chronic hyperkalemia decreases ammonium production in 

nonreabsorbable anions in the CCD. Therefore a clinical 
estimate of K+ transfer into that segment could be helpful 
to recognize hyperkalemia of renal origin. An abnormally 
low fractional excretion of potassium (FEK+ ) or transtubular 
potassium gradient (TTKG) in the face of hyperkalemia 
defines hyperkalemia of renal origin. When the TTKG is  
low (<5) or the FEK+ is less than 25% in a hyperkalemic 
patient, it reveals that the collecting tubule is not respond-
ing appropriately to the prevailing hyperkalemia and that 
potassium secretion is impaired. In contrast, in hyperkale-
mia of nonrenal origin the kidney should respond by 
increasing K+ secretion, as evidenced by a sharp increase in 
the TTKG. The TTKG calculation assumes that there is no 
significant net addition or absorption of K+ between the 
CCD and the final urine, that CCD tubule fluid osmolality 
is approximately the same as plasma osmolality, that 
“osmoles” are not extracted between the CCD and the final 
urine, and that plasma [K+] approximates peritubule fluid 
[K+]. It is important to note that under certain clinical con-
ditions, some or none of these assumptions may be entirely 
correct. With high urine flow rates, for example, the TTKG 
underestimates K+ secretory capacity in the hyperkalemic 
patient.

Hyperkalemia should also be regarded as an important 
mediator of the renal response to acid-base balance.  
Potassium status can affect distal nephron acidification by 
both direct and indirect mechanisms. First, the level of 
potassium in systemic blood is an important determinant of 
aldosterone elaboration, which is also an important deter-
minant of distal H+ secretion. Chronic potassium deficiency 
was demonstrated in studies in the author’s laboratory to 
stimulate ammonium production, whereas chronic hyperka-
lemia suppressed ammoniagenesis.54,55 These changes in 

Figure 17.6  Cell models of ammonia synthesis and excretion pathways. A, Proximal convoluted tubule. Ammonia is derived from glutamine 
precursors to produce two NH4

+ and two HCO3
− molecules through an enzymatic pathway activated by acidemia and hypokalemia and inhibited 

by alkalemia and hyperkalemia. B, Type A intercalated cell in collecting tubule. Ammonium entry across basolateral membrane through sub-
stitution of NH4

+  for K+ on K+ conductance and secreted across apical membrane via ROMK or RhCG (see  the  text).  In both A and B, NH3 
diffusion coupled with H+ secretion traps NH4

+ in the tubule lumen. NHE3, Na+-H+-exchanger isoform 3; Rhcg, Rh c glycoprotein; ROMK, renal 
outer medullary potassium. 
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Table 17.12 Effects of Hyperkalemia on 
Ammonium Excretion

Decrease in NH4
+ production

Decrease in NH4
+ absorption in thick ascending limb of 

Henle’s loop
Decrease in interstitial NH4

+ concentration
Impaired countercurrent multiplication
Decrease in NH3/NH4

+ secretion into outer and inner medullary 
collecting ducts
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the proximal tubule and whole kidney, inhibits absorption 
of NH4

+ in the medullary thick ascending limb of Henle’s 
loop, reduces medullary interstitial concentrations of NH4

+ 
and NH3, and decreases entry of NH4

+ and NH3 into the 
medullary collecting duct. This same series of events leads, 
in the final analysis, to a marked reduction in urinary 
ammonium excretion. The potential for development of a 
hyperchloremic metabolic acidosis is greatly augmented 
when a reduction in functional renal mass (GFR of <60 mL/
min) coexists with hyperkalemia or when aldosterone defi-
ciency or resistance is present.

Clinical Disorders

Generalized distal nephron dysfunction is manifest as a 
hyperchloremic (non-AG), hyperkalemic metabolic acidosis 
in which urinary ammonium excretion is invariably 
depressed (positive UAG) and renal function is often com-
promised. Although hyperchloremic metabolic acidosis and 
hyperkalemia occur with regularity in advanced renal insuf-
ficiency, patients selected because of severe hyperkalemia 
(>5.5 mEq/L) with, for example, diabetic nephropathy and 
tubulointerstitial disease have hyperkalemia that is dispro-
portionate to the reduction in the GFR. The TTKG and/or 
the FEK+ is usually low in patients with this disorder. In 
such patients, a unique dysfunction of potassium and acid 
secretion by the collecting tubule coexists and can be attrib-
uted to either mineralocorticoid deficiency, resistance to 
mineralocorticoid, or a specific type of renal tubular dys-
function (voltage defects). The clinical spectrum of general-
ized abnormalities in the distal nephron is summarized in 
Table 17.11.

Primary Mineralocorticoid Deficiency

Although a number of factors modulate aldosterone  
elaboration, including angiotensin II, adrenocorticotropic 
hormone, endothelin, dopamine, acetylcholine, epineph-
rine, plasma K+, and Mg2+, angiotensin II and plasma K+ 
remain the principal modulators of production and secre-
tion. Destruction of the adrenal cortex by hemorrhage, 
infection, invasion by tumors, or autoimmune processes 
results in Addison’s disease. This disorder is manifest by 
combined glucocorticoid and mineralocorticoid deficiency 
and is recognized clinically by hypoglycemia, anorexia, 
weakness, hyperpigmentation, and a failure to respond to 
stress. These defects can occur in association with renal salt 
wasting and hyponatremia, hyperkalemia, and metabolic 
acidosis. The most common congenital adrenal defect in 
steroid biosynthesis is 21-hydroxylase deficiency, which is 
associated with salt wasting, hyperkalemia, and metabolic 
acidosis in a fraction of patients. Causes of Addison’s disease 
include tuberculosis, autoimmune adrenal failure, fungal 
infections, adrenal hemorrhage, metastasis, lymphoma, 
acquired immunodeficiency syndrome (AIDS), amyloidosis, 
and drug toxicity (ketoconazole, fluconazole, phenytoin, 
rifampin, and barbiturates). These disorders are associated 
with low plasma aldosterone levels and high levels of plasma 
renin activity.27 The metabolic acidosis of mineralocorticoid 
deficiency results from a decrease in hydrogen ion secretion 
in the collecting duct secondary to decreased H+-ATPase 
number and function. The accompanying hyperkalemia of 
mineralocorticoid deficiency decreases ammonium produc-
tion and excretion.

Hyporeninemic Hypoaldosteronism

In contrast to patients with the primary adrenal disorder, 
patients in this group exhibit low plasma renin activity, are 
usually older (mean age 65 years), and frequently have mild 
to moderate renal insufficiency (70%) and acidosis (50%) 
in association with chronic hyperkalemia in the range of 5.5 
to 6.5 mEq/L (Table 17.13).27 Although the hyperkalemia 
may be asymptomatic, it is important to recognize that both 
the metabolic acidosis and the hyperkalemia are out of 
proportion to the level of reduction in GFR. The most  
frequently associated renal diseases are diabetic nephropa-
thy and tubulointerstitial disease. Additional disorders  
associated with hyporeninemic hypoaldosteronism include 
obstructive uropathy, systemic lupus erythematosus, and 
human immunodeficiency virus (HIV) infection. For 80% 
to 85% of such patients there is a reduction in plasma renin 
activity that does not respond to the usual physiologic 
maneuvers. Because approximately 30% of patients with 
hyporeninemic hypoaldosteronism are hypertensive, the 
finding of a low plasma renin activity in such patients sug-
gests a volume-dependent form of hypertension with physi-
ologic suppression of renin elaboration.

Impaired ammonium excretion is the combined result of 
hyperkalemia, impaired ammoniagenesis, a reduction in 
nephron mass, reduced proton secretion, and impaired 
transport of ammonium by nephron segments in the inner 
medulla.26,27,58 Hyperchloremic metabolic acidosis occurs in 
approximately 50% of patients with hyporeninemic hypoal-
dosteronism. Drugs that may result in similar manifestations 
are reviewed later.

Isolated Hypoaldosteronism  
in Critically Ill Patients

Isolated hypoaldosteronism, which may occur in critically ill 
patients, particularly in the setting of severe sepsis or car-
diogenic shock, is manifest by markedly elevated adrenocor-
ticotropic hormone and cortisol levels in concert with a 
decrease in aldosterone elaboration in response to angio-
tensin II. This may be secondary to selective inhibition of 
aldosterone synthase as a result of hypoxia or in response 
to cytokines such as tumor necrosis factor-α or interleukin-1 
or, alternatively, as a result of high circulating levels of  
atrial natriuretic peptide.26,27,59 Levels of atrial natriuretic 
peptide, a powerful suppressor of aldosterone secretion, 
may be elevated in congestive heart failure (CHF), with 

Table 17.13 Hyporeninemic Hypoaldosteronism: 
Typical Clinical Features

Mean age 65 yr
Asymptomatic hyperkalemia (75%)
  Weakness (25%)
  Arrhythmia (25%)
Hyperchloremic metabolic acidosis (>50%)
Renal insufficiency (70%)
Diabetes mellitus (50%)
Cardiac disorders
  Arrhythmia (25%)
  Hypertension (75%)
  Congestive heart failure (50%)
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of the hyperkalemia. Unlike the autosomal dominant form, 
autosomal recessive PHA I persists throughout life.

A number of additional adult patients have been reported 
with a rare form of autosomal dominant low-renin hyper-
tension that is invariably associated with hyperkalemia, 
hyperchloremic metabolic acidosis, mild volume expansion, 
normal renal function, and low aldosterone levels. This syn-
drome has been designated familial hypertension with hyperka-
lemia but is also known as pseudohypoaldosteronism type II (PHA 
II) or Gordon’s syndrome.67 Wilson and colleagues identified 
two genes causing PHA II.68,69 Both genes encode members 
of the WNK (with no lysine [K]) family of serine-threonine 
kinases. WNK1 and WNK4 localize to the CCT. WNK4  
negatively regulates surface expression of the Na+-Cl−-
cotransporter (NCC) in the connecting tubule.69 Loss of 
regulation of NCC by WNK4 results in a gain in NCC func-
tion, which, through enhanced absorption of Na and Cl, 
causes volume expansion, shunting of voltage, and there-
fore reduced K+ secretion in the CCT.69-71 PHA II may be 
distinguished from selective hypoaldosteronism by the pres-
ence of normal renal function and hypertension, the 
absence of diabetes mellitus and salt wasting, and a kali-
uretic response to mineralocorticoids. The acidosis in  
these patients is mild and can be accounted for by the mag-
nitude of hyperkalemia; the acidosis and renal potassium 
excretion are resistant to mineralocorticoid administration. 
Thiazide diuretics consistently correct the hyperkalemia 

Table 17.14 Isolated Hypoaldosteronism in the 
Critically Ill Patient

Elevated adrenocorticotropic hormone and cortisol levels in 
association with a decrease in aldosterone elaboration

Inhibition of aldosterone synthase
  Heparin (low molecular weight and unfractionated)
  Hypoxia
  Cytokines
Atrial natriuretic peptide
Manifestations of hypoaldosteronism
  Hyperkalemia
  Metabolic acidosis
Potentiated by K+-sparing diuretics, K+ loads, or heparin

atrial arrhythmias, in subclinical cardiac disease, and in 
volume expansion. The tendency to manifest the features 
of hypoaldosteronism, including hyperkalemia and meta-
bolic acidosis, is often potentiated by the administration of 
potassium-sparing diuretics, potassium loads in parenteral 
nutrition solutions, or heparin. Both low-molecular-weight 
and unfractionated heparin suppress aldosterone synthesis 
in the critically ill patient (Table 17.14).

Resistance to Mineralocorticoid  
and Voltage Defects

Autosomal dominant pseudohypoaldosteronism type I 
(PHA I) is an example of a voltage defect in the collecting 
tubule and is due to aldosterone resistance. This disorder, 
which is clinically less severe than the autosomal recessive 
form discussed later, is associated with hyperkalemia (which 
can be attributed to impaired potassium secretion), renal 
salt wasting, elevated levels of renin and aldosterone, and 
hypotension. Physiologic mineralocorticoid replacement 
therapy does not correct the hyperkalemia. The autosomal 
dominant disorder has been shown to be the result of a 
mutation in the intracellular mineralocorticoid receptor in 
the collecting tubule.60 In contrast to the autosomal reces-
sive disorder, this defect is not expressed in organs other 
than the kidney and becomes less severe with advancing age. 
Because the decrease in mineralocorticoid reduces the 
activity of the ENaC, transepithelial potential difference 
declines and K+ secretion is secondarily impaired. Four 
hours after administration of fludrocortisone (0.1 mg 
orally) to patients with autosomal dominant PHA I, the 
TTKG will not increase, which reveals that resistance to min-
eralocorticoid causes the hyperkalemia.

Autosomal recessive PHA I (Figure 17.7) is a prototypical 
voltage defect in the CCT. This disorder is the result of a 
loss-of-function mutation of the gene that encodes one of 
the α-, β-, or γ-subunits of the ENaC.61-65 Children with this 
disorder have severe hyperkalemia and renal salt wasting 
because of impaired sodium absorption in principal cells of 
the CCT. In addition, the hyperchloremic metabolic acido-
sis may be severe and is associated with hypotension and 
marked elevations of plasma renin and aldosterone levels. 
These children also manifest vomiting, hyponatremia, 
failure to thrive, and respiratory distress. The respiratory 
distress is due to involvement of ENaC in the alveolus, which 
prevents Na+ and water absorption in the lungs.64,66 Patients 
with this disease respond to a high salt intake and correction 

Figure 17.7  Examples of “voltage” defects in the cortical collecting 
tubule  (CCT)  causing  abnormal  Na+  transport  (and  K+  secretion) 
across the apical membrane of a principal cell: (1) the sodium channel 
(ENaC)  is blocked or occupied by amiloride, trimethoprim (TMP), or 
pentamidine or is inoperative (autosomal recessive pseudohypoaldo-
steronism type  I  [rPHA  I]), and  (2) basolateral Na+-K+–adenosine  tri-
phosphatase  (Na+-K+-ATPase)  activity  is  inhibited  by  calcineurin 
inhibitors  cyclosporine  (CsA)  and  tacrolimus.  As  a  consequence  of 
impaired  Na+  uptake,  transepithelial  K+  secretion  is  compromised, 
which leads to hyperkalemia. The pathogenesis of metabolic acido-
sis, when present, is the unfavorable voltage (which impairs H+ secre-
tion  by  the  type  A  intercalated  cell,  not  shown)  or  the  inhibition  of 
NH4

+ production and transport as a consequence of hyperkalemia. 
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wasting may be associated with analgesic abuse, sickle cell 
disease, obstructive uropathy, nephrolithiasis, nephrocalci-
nosis, and hyperuricemia.27

Hyperkalemic Distal Renal Tubular Acidosis

A generalized defect in CCD secretory function that results 
in hyperkalemic hyperchloremic metabolic acidosis has 
been designated as hyperkalemic distal RTA because of the 
coexistence of hyperkalemia and an inability to acidify the 
urine (urine pH of >5.5) during spontaneous acidosis or 
following an acid load. The hyperkalemia is the result of 
impaired renal K+ secretion, and the TTKG or FEK+  is invari-
ably lower than expected for nonrenal hyperkalemia (>5). 
Urine ammonium excretion is reduced, but aldosterone 
levels may be low, normal, or even increased.

Hyperkalemic distal RTA can be distinguished from selec-
tive hypoaldosteronism because plasma renin and aldoste-
rone levels are usually high or normal. Typically in selective 
hypoaldosteronism the urine pH is low and the defect in 
urinary acidification can be attributed to the decrease in 
ammonium excretion.

Drug-Induced Renal Tubular Secretory Defects

Impaired Renin or Aldosterone Elaboration. Drugs may 
impair renin or aldosterone elaboration or cause mineralo-
corticoid resistance and produce effects that mimic the 
clinical manifestations of the acidification defect seen in the 
generalized form of distal RTA with hyperkalemia (see Table 
17.15). COX inhibitors (NSAIDs or COX-2 inhibitors) can 
generate hyperkalemia and metabolic acidosis as a result of 
inhibition of renin release.73 β-Adrenergic antagonists cause 
hyperkalemia by altering potassium distribution and by 
interfering with the renin angiotensin aldosterone system. 
Heparin impairs aldosterone synthesis as a result of direct 
toxicity to the zona glomerulosa and inhibition of aldoste-
rone synthase. ACE inhibitors and ARBs interrupt the renin 
angiotensin aldosterone system and result in hypoaldoste-
ronism with hyperkalemia and acidosis, particularly in 
patients with advanced renal insufficiency or in patients with 
a tendency to develop hyporeninemic hypoaldosteronism 
(diabetic nephropathy). The combination of potassium-
sparing diuretics and ACE inhibitors should be avoided in 
patients with diabetes.

Inhibitors of Potassium Secretion in the Collecting Duct. Spi-
ronolactone and eplerenone act as competitive inhibitors of 
aldosterone and inhibit aldosterone biosynthesis. These 
drugs may cause hyperkalemia and metabolic acidosis  
when administered to patients with significant renal insuffi-
ciency, patients with advanced liver disease, or patients with 
unrecognized renal hemodynamic compromise. Similarly, 
amiloride and triamterene may be associated with hyperka-
lemia, but through an entirely different mechanism. Both 
potassium-sparing diuretics occupy and thus block the apical 
Na+-selective channel (ENaC) in the collecting duct princi-
pal cell (see Figure 17.7). Occupation of ENaC inhibits Na+ 
absorption and reduces the negative transepithelial voltage, 
which alters the driving force for K+ secretion.

TMP and pentamidine are related structurally to amiloride 
and triamterene. The protonated forms of both TMP and 
pentamidine have been demonstrated75,76 to inhibit ENaC 
in A6 distal nephron cells. This effect in A6 cells has been 

Table 17.15 Causes of Drug-Induced 
Hyperkalemia

Impaired Renin or Aldosterone Elaboration or Function

Cyclo-oxygenase inhibitors (nonsteroidal antiinflammatory 
agents)

β-Adrenergic antagonists
Spironolactone
Angiotensin-converting enzyme inhibitors and angiotensin 

receptor blockers
Heparin

Inhibition of Renal Potassium Secretion

Potassium-sparing diuretics (amiloride, spironolactone, 
eplerenone, triamterene)

Trimethoprim
Pentamidine
Cyclosporine
Digitalis overdose
Lithium

Altered Potassium Distribution

Insulin antagonists (somatostatin, diazoxide)
β-Adrenergic antagonists
α-Adrenergic agonists
Hypertonic solutions
Digitalis
Succinylcholine
Arginine hydrochloride, lysine hydrochloride

and metabolic acidosis, as well as the hypertension, plasma 
aldosterone level, and plasma renin level.

Secondary Renal Diseases Associated with 
Acquired Voltage Defects

In addition to the inherited voltage defects discussed earlier, 
there are a number of acquired renal disorders caused by 
drugs or tubulointerstitial diseases that are often associated 
with hyperkalemia (Table 17.15).27 Examples of the former 
include amiloride and the structurally related compounds 
trimethoprim (TMP) and pentamidine. This explains the 
occurrence of hyperkalemic hyperchloremic acidosis in 
patients receiving higher doses of these agents. TMP and 
pentamidine occupy the Na+ channel, as does amiloride, 
resulting in a reduction in K+ secretion and thus hyperkale-
mia, which contributes to the acidosis. Additional drugs not 
related to amiloride that are associated with hyperkalemia 
include cyclo-oxygenase-2 (COX-2) inhibitors, the calcineu-
rin inhibitors cyclosporine and tacrolimus, and NSAIDs.72,73 
In these disorders the frequency with which hyperkalemia 
is associated with metabolic acidosis and decreased net acid 
excretion as a result of impaired ammonium production or 
excretion cannot be presumed to be a result of the severity 
of impairment in renal function. Hyperkalemia that is out 
of proportion to the degree of renal insufficiency is typically 
observed in the nephropathies associated with sickle cell 
disease, HIV infection, systemic lupus erythematosus, 
obstructive uropathy, acute and chronic renal allograph 
rejection, hypoaldosteronism, multiple myeloma, and amy-
loidosis.27,74 Tubulointerstitial disease with hyperkalemia 
and hyperchloremic metabolic acidosis with or without salt 
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treatment with a loop diuretic to induce renal potassium 
and salt excretion (Table 17.16). Volume depletion should 
be avoided unless the patient is volume overexpanded or 
hypertensive. Supraphysiologic doses of mineralocorticoids 
are rarely necessary and, if administered, should be given 
cautiously in combination with a loop diuretic to avoid 
volume overexpansion or aggravation of hypertension and 
to increase potassium excretion.27 Infants with autosomal 
recessive or dominant PHA I should receive salt supple-
ments in amounts sufficient to correct the volume deple-
tion, hypotension, and other features of the syndrome and 
to allow normal growth. In contrast, patients with PHA II 
should receive thiazide diuretics along with dietary salt 
restriction.

Although it may be prudent to discontinue drugs that are 
identified as the most likely cause of the hyperkalemia, this 
may not always be feasible in patients with life-threatening 
disorders, for example, during TMP-SMX or pentamidine 
therapy in AIDS patients with P. jirovecii pneumonia. Based 
on the previous analysis of the mechanism by which TMP 
and pentamidine cause hyperkalemia (voltage defect), it 
might also be reasoned that the delivery to the CCD of a 
poorly reabsorbed anion might improve the electrochemi-
cal driving force favoring K+ and H+ secretion. The com-
bined use of acetazolamide along with sufficient sodium 
bicarbonate to deliver HCO3

− to the CCT and thereby 
increase the negative transepithelial voltage could theoreti-
cally increase K+ and H+ secretion. Obviously with such an 
approach, aggravation of metabolic acidosis by excessive 
acetazolamide or insufficient NaHCO3 administration must 
be avoided.

Distinguishing the Types of Renal Tubular Acidosis

The contrasting findings and diagnostic features of the 
three types of RTA discussed in this chapter are summarized 
in Table 17.17.

DISORDERS OF IMPAIRED NET ACID EXCRETION  
AND IMPAIRED BICARBONATE RECLAMATION  
WITH NORMOKALEMIA: ACIDOSIS OF  
PROGRESSIVE RENAL FAILURE
A reduction in functional renal mass by disease has long 
been known to be associated with acidosis.28 The metabolic 

verified in rat late distal tubules perfused in vivo.77 Hyper-
kalemia has been observed in 20% to 50% of HIV-infected 
patients receiving high-dose trimethoprim-sulfamethoxazole 
(TMP-SMX) or TMP-dapsone for the treatment of opportu-
nistic infections and as many as 100% of patients with AIDS-
associated infections (due to Pneumocystis jirovecii) receiving 
pentamidine for longer than 6 days.76 Because both TMP 
and pentamidine decrease the electrochemical driving 
force for both K+ and H+ secretion in the CCT, metabolic 
acidosis may accompany the hyperkalemia even in the 
absence of severe renal failure, adrenal insufficiency, tubu-
lointerstitial disease, or hypoaldosteronism. Whereas it has 
been assumed that such a “voltage” defect could explain the 
decrease in H+ secretion, it is likely that, in addition, hyper-
kalemia plays a significant role in the development of meta-
bolic acidosis by direct inhibition of ammonium production 
and excretion (see Figure 17.6 and Table 17.12).

The calcineurin inhibitors cyclosporine and tacrolimus 
may be associated with hyperkalemia in the transplant recip-
ient as a result of inhibition of the basolateral Na+-K+-ATPase 
and the consequent decrease in [K+]i and the transepithelial 
potential, which together reduce the driving force for K+ 
secretion (see Figure 17.7).73Additional studies indicate that 
calcineurin inhibitors may also inhibit K+ secretion by 
directly interfering with the renal outer medullary potas-
sium (ROMK) channel.78 An additional explanation for the 
association of hyperkalemia, volume expansion, and hyper-
tension, a syndrome that resembles the phenotype of famil-
ial hypertension with hyperkalemia, or PHA II, is enhanced 
activity of NCC in the distal convoluted tubule.79

Treatment

In hyperkalemic hyperchloremic metabolic acidosis, docu-
mentation of the underlying disorder is necessary, and 
therapy should be based on a precise diagnosis if possible. 
Of particular importance is obtaining a thorough drug and 
dietary history. Contributing or precipitating factors should 
be considered, including low urine flow or decreased distal 
Na+ delivery, a rapid decline in GFR (especially in acute 
superimposed on CKD), hyperglycemia or hyperosmolality, 
and unsuspected sources of exogenous K+ intake.25 
The workup should include evaluation of the TTKG or the 
FEK+, an estimate of renal ammonium excretion (UAG, 
osmolar gap, and urine pH), and evaluation of plasma renin 
activity and aldosterone secretion. The latter may be assessed 
under stimulated conditions with dietary salt restriction and 
furosemide-induced volume depletion, and measurement 
of the response of potassium excretion to furosemide and 
fludrocortisone. An increase in the TTKG to a value of more 
than 6 measured 4 hours after a single oral dose of fludro-
cortisone (0.1 mg) suggests that mineralocorticoid defi-
ciency, but not resistance, is causative.

The decision to treat is often based on the severity of the 
hyperkalemia. Reduction in the serum potassium level will 
often improve the metabolic acidosis by increasing ammo-
nium excretion as potassium levels return to the normal 
range. Correction of hyperkalemia with sodium polystyrene 
can correct the metabolic acidosis as the serum potassium 
level declines.26,27 Patients with combined glucocorticoid 
and mineralocorticoid deficiency should receive both 
adrenal steroids in replacement dosages. Additional mea-
sures may include use of laxatives, alkali therapy, or 

Table 17.16 Treatment of Generalized 
Dysfunction of the Nephron  
with Hyperkalemia

Alkali therapy (Shohl’s solution or NaHCO3 tablets)
Loop diuretic (furosemide, bumetanide)
Sodium polystyrene sulfonate (Kayexalate) (without sorbitol) 

(15 g in H2O three times weekly)
Low-potassium diet
Fludrocortisone (0.1-0.3 mg/day)
  Avoid in hypertension, volume expansion, heart failure
  Combine with loop diuretic
Avoid drugs associated with hyperkalemia, herbs, and OTC 

preparations containing potassium (e.g., Noni juice)
In pseudohypoaldosteronism type I, add NaCl tablets

OTC, Over-the-counter.
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Table 17.17 Contrasting Features and Diagnostic Studies in Renal Tubular Acidosis

Finding

Type of Renal Tubular Acidosis

Proximal Classical Distal
Generalized Distal 
Dysfunction

Plasma [K+] Low Low High
Urine pH with acidosis <5.5 >5.5 <5.5 or >5.5
Urine net charge Positive Positive Positive
Fanconi’s lesion Present with acquired PRTA Absent Absent
Fractional bicarbonate excretion >10%-15% during alkali therapy 2%-5% 5%-10%
U − B PCO2 Normal Low* Low
  H+-ATPase defect Low
  HCO3

−/Cl− defect High
  Amphotericin B Normal
Response to therapy Least responsive Responsive Less responsive
Associated features Fanconi’s syndrome Nephrocalcinosis/hyperglobulinemia Renal insufficiency

*See specific defects below.
ATPase, Adenosine triphosphatase; PRTA, proximal renal tubular acidosis; U − B PCO2

, urine minus blood CO2 pressure.

acidosis is initially hyperchloremic (GFR in the range of 20 
to 30 mL/min) but may convert to the high AG variety as 
renal insufficiency progresses and GFR falls below 15 mL/
min.31,80 Unlike patients with distal RTA, patients with 
primary renal disease have a normal ability to lower the 
urine pH during acidosis.31 The net distal H+ secretory 
capacity is qualitatively normal and can be increased by 
buffer availability in the form of PO4

3− or by nonreabsorb-
able anions. Also in contrast to distal RTA, the U − B PCO2 
gradient is normal in patients with reduced GFR, which 
reflects intact distal H+ secretory capacity.

The principal defect in net acid excretion in patients with 
reduced GFR is thus not an inability to secrete H+ in the 
distal nephron, but rather an inability to produce or to 
excrete NH4

+ sufficient to match net endogenous acid pro-
duction. Consequently, the kidneys cannot quantitatively 
excrete all the metabolic acids produced daily, and meta-
bolic acidosis supervenes.31

Studies indicate that higher net endogenous acid produc-
tion due to higher dietary acid intake, as is typical of the 
Western-type diet, is associated with a reduction in serum 
bicarbonate even in the general U.S. population (without 
evidence of CKD). This association is most significant among 
middle-aged and older persons.81 Such findings indicate 
that the adaptive increase in net acid excretion by the 
kidney to defend against metabolic acidosis may have del-
eterious consequences. In this regard, evidence continues 
to indicate that chronic acidosis in patients with CKD is 
deleterious. Nevertheless, it is both less well appreciated and 
less aggressively treated with alkali than indicated by the 
literature. The numerous consequences of chronic positive 
acid balance in CKD include progression of CKD at a faster 
rate,82 dissolution of bone,28 impaired hydroxylation of 
25-hydroxycholecalciferol,28,79 renal osteodystrophy, sarco-
penia from enhanced skeletal muscle protein degradation, 
loss of muscle strength, and insulin resistance.

Interestingly, patients with stage 2 and 3 CKD even 
without overt clinical metabolic acidosis, when given oral 
alkali progress more slowly and exhibit a significant 

reduction in net acid excretion. This latter finding suggests 
that patients progressing with CKD have a higher dietary 
intake of protein and subsequently higher net endogenous 
acid production, which evokes a higher rate of net acid 
excretion, than appropriate for the degree of renal insuffi-
cieny.12,82 Moreover, a study in patients with stage 4 CKD 
found that a diet emphasizing fruits and vegetables had  
as beneficial an effect on slowing progression of CKD  
and compared favorably to NaHCO3 therapy.83 Note that 
neither approach, alkali supplementation or additional 
fruits and vegetables in the diet, requires dietary protein 
restriction.

The clinical guidelines endorsed by the National Kidney 
Foundation Kidney Disease Outcomes Quality Initiative rec-
ommend monitoring of total CO2 in patients with CKD with 
a goal of maintaining the [HCO3

−] above 22 mEq/L.84

In addition, findings indicate that sufficient alkali therapy 
helps to reverse the deleterious effects of chronic acidosis 
on bone and skeletal muscle and also slows progression of 
CKD significantly.12 An amount of alkali slightly in excess (1 
to 2 mEq/kg/day) of dietary metabolic acid production, 
typically restores the [HCO3

−] to this level (>22 mEq/L).28 
Alkali therapy may consist of NaHCO3 tablets or modified 
Shohl’s (citric acid–sodium citrate) solution. Fear of Na+ 
retention in CKD as a result of sodium bicarbonate admin-
istration appears ill founded. Unlike the case with sodium 
chloride therapy, patients with CKD retain administered 
sodium bicarbonate only as long as acidosis is present. 
Further sodium bicarbonate administration exceeds the 
reabsorptive threshold and is excreted without causing an 
increase in weight or in blood pressure unless very large 
amounts are administered.

Also of concern in chronic progressive kidney disease is 
the use of sevelamer hydrochloride, which has been shown 
in patients receiving long-term hemodialysis to result  
in significantly lower [HCO3

−] than do Ca2+-containing 
phosphate binders.85 Although it is associated with a lower 
intake of potential alkali, sevelamer may also provide an acid 
load.86
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A number of potential mechanisms exist for the acidosis 
associated with sevelamer. This agent binds monovalent 
phosphate in exchange for chloride in the gastrointestinal 
tract. For each molecule of monovalent phosphate bound, 
one molecule of HCl is liberated. Upon entry of the polymer 
into the small intestine, exposure to bicarbonate secreted 
by the pancreas would result in the binding of bicarbonate 
by the polymer in exchange for chloride—much like the 
mechanism in chloride diarrhea. Therefore the clinician 
should be alert for changes in the [HCO3

−] when the patient 
is treated with sevelamer.82 Sevelamer carbonate, the con-
temporary formulation of sevelamer in a buffered form, is 
preferred because it compares favorably to sevelamer hydro-
chloride in terms of serum phosphorus control but without 
causing a decline in serum [HCO3

−].
As kidney disease progresses below a GFR of 15 mL/min, 

the non-AG acidosis typically evolves into the usual high AG 
acidosis of end-stage kidney disease.85

HIGH ANION GAP ACIDOSES
The addition to the body of an acid load in which the atten-
dant non-Cl− anion is not excreted rapidly results in the 
development of a high AG acidosis. The normochloremic 
acidosis is maintained as long as the anion that was part of 
the original acid load remains in the blood. AG acidosis is 
caused by the accumulation of organic acids. This may occur 
if the anion does not undergo glomerular filtration (e.g., 
uremic acid anions), if the anion is filtered but is readily 
reabsorbed, or if, because of alteration in metabolic path-
ways (ketoacidosis, L-lactic acidosis), the anion cannot be 
used in the body. Theoretically, with a pure AG acidosis the 
increment in the AG (ΔAG) above the normal value of 
10 mEq/L should equal the decrease in bicarbonate con-
centration (ΔHCO3

−) below the normal value of 25 mEq/L. 
When this relationship is considered, circumstances in 
which the increment in the AG exceeds the decrement in 
bicarbonate (ΔAG > ΔHCO3

−) suggest the coexistence of a 
metabolic alkalosis. Such findings are not unusual when 
uremia or ketoacidosis leads to vomiting, for example.

Identification of the underlying cause of a high AG aci-
dosis is facilitated by consideration of the clinical setting and 
associated laboratory values. The common causes are out-
lined in Table 17.18 and include (1) lactic acidosis (e.g., 
l-lactic acidosis and d-lactic acidosis), (2) ketoacidosis (e.g., 
diabetic, alcoholic, and starvation ketoacidoses), (3) toxin- 
or poison-induced acidosis (e.g., ethylene glycol, methyl 
alcohol, propylene glycol, or pyroglutamic acidosis), and 
(4) uremic acidosis.

Initial screening to differentiate the high AG acidoses 
should focus on (1) a history or other evidence of drug or 
toxin ingestion and ABG measurement to detect coexistent 
respiratory alkalosis (as with salicylates), (2) historical evi-
dence of diabetes mellitus (DKA), (3) evidence of alcohol-
ism or increased levels of β-hydroxybutyrate (AKA), (4) 
observation for clinical signs of uremia and determination 
of the blood urea and creatinine levels (uremic acidosis), 
(5) inspection of the urine for oxalate crystals (ethylene 
glycol), and, finally, (6) recognition of the numerous set-
tings in which lactic acid levels may be increased (hypoten-
sion, cardiac failure, ischemic bowel, intestinal obstruction 
and bacterial overgrowth, leukemia, cancer, and exposure 
to certain drugs).

Table 17.18 Metabolic Acidosis with High 
Anion Gap

Conditions Associated with Type A Lactic Acidosis

Hypovolemic shock
Cholera
Septic shock
Cardiogenic shock

Low-output heart failure
High-output heart failure

Regional hypoperfusion
Severe hypoxia

Severe asthma
Carbon monoxide poisoning
Severe anemia

Conditions Associated with Type B Lactic Acidosis

Liver disease
Diabetes mellitus
Catecholamine excess

Endogenous
Exogenous

Thiamine deficiency
Intracellular inorganic phosphate depletion

Intravenous fructose
Intravenous xylose
Intravenous sorbitol

Alcohols and other ingested compounds metabolized by 
alcohol dehydrogenase
Ethanol
Methanol
Ethylene glycol
Propylene glycol

Mitochondrial toxins
Salicylates
Cyanide
2,4-dinitrophenol
Nonnucleoside reverse transcriptase drugs

Other drugs
Metastatic tumors (large tumors with regional hypoxemia or 

liver metastasis)
Seizure
Inborn errors of metabolism

D-Lactic Acidosis

Short bowel syndrome
Ischemic bowel
Small-bowel obstruction

Ketoacidosis

Diabetic
Alcoholic
Starvation

Other Toxins

Salicylates
Paraldehyde
Pyroglutamic acid

Uremia (Late Renal Failure)
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ratio will increase. Likewise, all the other related redox 
ratios previously listed would be similarly affected; that is, 
both the β-hydroxybutyrate/acetoacetate and the ethanol/
acetaldehyde ratios would increase. In clinical practice these 
considerations are of practical importance. If lactate levels 
are increased as a result of lactic acidosis concurrently with 
ketone overproduction as a result of diabetic acidosis, the 
ketones exist primarily in the form of β-hydroxybutyrate. 
The results of tests for ketones that measure only acetoac-
etate (such as the nitroprusside reaction, e.g., Acetest tablets 
and reagent sticks) therefore may be misleadingly low or 
even negative despite high total ketone concentrations. 
Some hospital laboratories no longer use the nitroprusside 
reaction to estimate total ketones, and measurement of 
β-hydroxybutyrate and acetoacetate are the preferred tests. 
This assumes importance because high levels of alcohol plus 
ketones shift the redox ratio, so that the NADH/NAD+ ratio 
is increased. Again, ketones would then be principally in the 
form of β-hydroxybutyrate. This situation is commonly 
found in AKA, in which the results of qualitative ketone tests 
that are more sensitive to acetoacetate are frequently only 
trace positive or negative, despite markedly increased 
β-hydroxybutyrate levels.

The l-lactate concentration can be increased in two ways 
relative to the pyruvate concentration. First, when pyruvate 
production is increased at a constant intracellular pH and 
redox stage, the lactate concentration increases at a con-
stant lactate/pyruvate ratio of 10. In contrast, in states in 
which the production of lactate exceeds the ability to convert 
to pyruvate, so that the NADH/NAD+ redox ratio is 
increased, an increased l-lactic acid concentration is 
observed, but with a lactate/pyruvate ratio greater than 10. 
This defines an excess lactate state. Therefore the concentra-
tion of lactate must be viewed in terms of cellular determi-
nants (e.g., the intracellular pH and redox state) as well as 
the total body production and removal rates. Normally the 
rates of lactate entry and exit from the blood are in balance, 
so that net lactate accumulation is zero. This dynamic aspect 
of lactate metabolism is termed the Cori cycle:

2 2Lactate H Liver kidney heart
Muscle brain skin red blood

+ ++ , ,
, , ,   cells gut Glucose,← →  (36)

As can be envisioned from this relationship, either net 
overproduction of lactic acid from glucose by some tissues 
or underutilization by others results in net addition of 
l-lactic acid to the blood and lactic acidosis. However, isch-
emia accelerates lactate production and simultaneously 
decreases lactate utilization.

The production of lactic acid has been estimated to be 
approximately 15 to 20 mEq/kg/day in normal humans.28 
This enormous quantity contrasts with total ECF buffer base 
stores of approximately 10 to 15 mEq/kg, and with enhanced 
production lactic acid can accumulate. The rate of lactic 
acid production can be increased by ischemia, seizures, 
extreme exercise, leukemia, and alkalosis.87 The increase in 
production occurs principally through enhanced phospho-
fructokinase activity.

Decreased lactate consumption may also lead to l-lactic 
acidosis. The principal organs for lactate removal during 
rest are the liver and kidneys. Both the liver and the kidneys 
and perhaps muscle have the capacity for increased lactate 
removal under the stress of increased lactate loads.83 Hepatic 
utilization of lactate can be impeded by several factors: poor 

LACTIC ACIDOSIS
Physiology

Lactic acid can exist in two forms: L-lactic acid and D-lactic 
acid. In mammals, only the levorotatory form is a product 
of mammalian metabolism. D-Lactate can accumulate in 
humans as a by-product of metabolism by bacteria, which 
accumulate and overgrow in the gastrointestinal tract with 
jejunal bypass or short bowel syndrome. Thus D-lactic acido-
sis is a rare cause of high AG acidosis. Hospital chemical 
laboratories routinely measure L-lactic acid levels, not 
D-lactic acid levels. Thus most of the remarks that follow 
apply to L-lactic acid metabolism and acidosis except as 
noted. L-Lactic acidosis is one of the most common forms 
of a high AG acidosis.

Although lactate metabolism bears a close relationship to 
that of pyruvate,87 lactic acid is in a metabolic cul-de-sac with 
pyruvate as its only outlet. In most cells the major metabolic 
pathway for pyruvate is oxidation in the mitochondria to 
acetyl coenzyme A (acetyl CoA) by the enzyme pyruvate 
dehydrogenase within the mitochondria. The overall reac-
tion is usually expressed as

 Pyruvate NADH Lactate NAD H− − ++ ↔ + +  (32)

Normally this cytosolic reaction catalyzed by the enzyme 
lactate dehydrogenase is close to equilibrium, so that the law 
of mass action applies and the equation is rearranged as

 [ ] [ ][ ]
[ ]
[ ]

Lactate K Pyruvate H
NADH
NAD

eq
− − +

+=  (33)

The lactate concentration is a function of the equilibrium 
constant (Keq), the pyruvate concentration, the cytosolic pH, 
and the intracellular redox state represented by the concen-
tration ratio of reduced to oxidized nicotinamide adenine 
dinucleotide or [NADH]/[NAD+].87

After rearranging the mass action equation, the ratio of 
lactate concentration to pyruvate concentration may be 
expressed as
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Because Keq and [H+]i are relatively constant, the normal 
lactate/pyruvate concentration ratio (1.0/0.1 mEq/L) is 
proportional to the NADH/NAD+ concentration ratio. 
Therefore the lactate/pyruvate ratio is regulated by the 
oxidation-reduction potential of the cell.

NADH/NAD+ is also involved in many other metabolic 
redox reactions.87 Moreover, the steady-state concentrations 
of all these redox reactants are related to one another. 
Important in considerations of acid-base pathophysiology 
are the redox pairs β-hydroxybutyrate–acetoacetate and 
ethanol-acetaldehyde. The ratio of the reduced to the oxi-
dized forms of these molecules is thus a function of the 
cellular redox potential:

[ ]
[ ]

[ ]
[ ]
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NAD
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(35)

If the lactate concentration is high compared with that of 
pyruvate, NAD+ will be depleted, and the NADH/NAD+ 
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exceptionally large tumors may be associated with severe 
l-lactic acidosis. Seizures, extreme exertion, heat stroke, 
and tumor lysis syndrome may all cause l-lactic acidosis.

Several drugs and toxins predispose to l-lactic acidosis 
(see Table 17.18). Of these, metformin and other bigua-
nides (such as phenformin) are the most widely reported  
to have this effect.87,90,91 The occurrence of phenformin-
induced lactic acidosis prompted the withdrawal of the drug 
from U.S. markets in 1977. Although much less frequent 
than phenformin-induced lactic acidosis, metformin-
induced lactic acidosis is a higher risk in patients with CKD 
(and is contraindicated when the serum creatinine level 
exceeds 1.4 mg/dL) and whenever there is hypoperfusion 
or hypotension, including severe volume depletion, shock, 
CHF, septicemia, acute myocardial infarction, or with 
chronic metabolic acidosis. Metformin should be discontin-
ued several days before contrast dye administration. 
Although rare, metformin-induced lactic acidosis is the 
most frequent cause of lactic acidosis in patients with  
diabetes and is associated with a mortality of up to 50%. 
Fructose causes intracellular ATP depletion and lactate 
accumulation.87 Inborn errors of metabolism may also cause 
lactic acidosis, primarily by blocking gluconeogenesis or by 
inhibiting the oxidation of pyruvate.87 Carbon monoxide 
poisoning produces lactic acidosis frequently by reduction 
of the oxygen-carrying capacity of hemoglobin. Cyanide 
binds cytochrome a and a3 and blocks the flow of electrons 
to oxygen. In patients with HIV infection, nucleoside 
analogs can induce toxic effects on mitochondria by inhibit-
ing DNA polymerase-γ. Hyperlactatemia is common with 
NRTI therapy, especially stavudine and zidovudine, but the 
serum l-lactate level is usually only mildly elevated and 
compensated.87-89,94 Nevertheless, with severe concurrent 
illness, pronounced lactic acidosis may occur in association 
with hepatic steatosis.87,89 This combination carries a high 
mortality. Chronic low-grade hyperlactatemia is also associ-
ated with osteopenia and osteodystrophy, possibly due to the 
effect of chronic acidosis on bone calcium mobilization

Associated Clinical Features

Hyperventilation, abdominal pain, and disturbances in con-
sciousness are frequently present, as are signs of inadequate 
cardiopulmonary function in type A L-lactic acidosis. Leu-
kocytosis, hyperphosphatemia, hyperuricemia, and hyper-
aminoacidemia (especially excess of alanine) are common, 
and hypoglycemia may occur.87 Hyperkalemia may or may 
not accompany acute lactic acidosis.

Treatment of L-Lactic Acidosis

General Supportive Care. The overall mortality of patients 
with L-lactic acidosis is approximately 60% but approaches 
100% in those with coexisting hypotension.87 Therapy for 
this condition has not advanced substantively in the last 2 
decades. The basic principle and only effective form of 
therapy for L-lactic acidosis is first to correct the underlying 
condition initiating the disruption in normal lactate metab-
olism. In type A L-lactic acidosis, cessation of acid produc-
tion by improvement of tissue oxygenation, restoration of 
the circulating fluid volume, improvement or augmentation 
of cardiac function, resection of ischemic tissue, and ame-
lioration of sepsis are necessary in many cases. Septic shock 
requires control of the underlying infection and volume 

perfusion of the liver; defective active transport of lactate 
into cells; and inadequate metabolic conversion of lactate 
into pyruvate because of altered intracellular pH, redox 
state, or enzyme activity. Examples of states causing impaired 
hepatic lactate removal include primary diseases of the liver, 
enzymatic defects, tissue anoxia or ischemia, severe acidosis, 
and altered redox states, as occurs with alcohol intoxication, 
fructose consumption by fructose-intolerant individuals, or 
administration of nucleoside (analog) reverse transcriptase 
inhibitors (NRTIs) such as zidovudine and stavudine in 
patients with HIV infection,87-89 or biguanides such as met-
formin.87,90,91 Deaths have been reported due to refractory 
lactic acidosis secondary to thiamine deficiency in patients 
receiving parenteral nutrition formulations without thia-
mine.92 Thiamine is a cofactor for pyruvate dehydrogenase 
that catalyzes the oxidative decarboxylation of pyruvate to 
acetyl CoA under aerobic conditions. Pyruvate cannot be 
metabolized in this manner in the presence of thiamine 
deficiency, so that excess pyruvate is converted to hydrogen 
ions and lactate.

The quantitative aspects of normal lactate production 
and consumption in the Cori cycle demonstrate how the 
development of lactic acidosis can be the most rapid and 
devastating form of metabolic acidosis.87,93

Diagnosis

Because lactic acid has a pK′a of 3.8, addition of lactic acid 
to the blood leads to a reduction in blood HCO3

− concentra-
tion and an equivalent elevation in lactate concentration, 
which is associated with an increase in the AG. Lactate con-
centrations are mildly increased in various nonpathologic 
states (e.g., exercise), but the magnitude of the elevation is 
generally small. In practical terms, a lactate concentration 
greater than 4 mmol/L (normal is 0.67 to 1.8 mmol/L) is 
generally accepted as evidence that the metabolic acidosis 
is ascribable to net lactic acid accumulation.

Clinical Spectrum

In the classical classification of the L-lactic acidoses (see 
Table 17.18), type A L-lactic acidosis is due to tissue hypo-
perfusion or acute hypoxia, whereas type B L-lactic acidosis 
is associated with common diseases, drugs and toxins, and 
hereditary and miscellaneous disorders.87

Tissue underperfusion and acute underoxygenation at 
the tissue level (tissue hypoxia) are the most common causes 
of type A lactic acidosis. Severe arterial hypoxemia even in 
the absence of decreased perfusion can generate l-lactic 
acidosis. Inadequate cardiac output, of either the low-output 
or the high-output variety, is the usual pathogenetic factor. 
The prognosis is related directly to the increment in plasma 
l-lactate and the severity of the acidemia.87,91,93

Numerous medical conditions (without tissue hypoxia) 
predispose to type B l-lactic acidosis (see Table 17.18). 
Hepatic failure reduces hepatic lactate metabolism, and leu-
kemia increases lactate production. Severe anemia, espe-
cially as a result of iron deficiency or methemoglobinemia, 
may cause lactic acidosis. Among the most common causes 
of l-lactic acidosis is bowel ischemia and infarction in 
patients in the medical intensive care unit. Malignant cells 
produce more lactate than normal cells even under aerobic 
conditions. This phenomenon is magnified if the tumor 
expands rapidly and outstrips the blood supply. Therefore 
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tromethamine) and other preparations of this type are not 
effective.87 Tribonat, a mixture of THAM, acetate, NaHCO3, 
and phosphate, although apparently an effective clinical 
buffer, has produced no survival advantage in limited clini-
cal trials.96 Lactated Ringer’s solution and lactate-containing 
peritoneal dialysis solutions should be avoided.

D-Lactic Acidosis

The manifestations of D-lactic acidosis are typically episodic 
encephalopathy and high AG acidosis in association with 
short bowel syndrome. Features include slurred speech, 
confusion, cognitive impairment, clumsiness, ataxia, hallu-
cinations, and behavioral disturbances. D-Lactic acidosis has 
been described in patients with bowel obstruction, jejunal 
bypass, short bowel, or ischemic bowel disease. These disor-
ders have in common ileus or stasis associated with over-
growth of flora in the gastrointestinal tract, which is 
exacerbated by a high-carbohydrate diet.87 D-Lactic acidosis 
occurs when fermentation by colonic bacteria in the intes-
tine causes D-lactate to accumulate so that it can be absorbed 
into the circulation. D-Lactate is not measured by the typical 
clinical laboratory, which reports the L-isomer. The disorder 
should be suspected in patients with an unexplained AG 
acidosis and some of the typical features noted previously. 
While results of specific testing are awaited, the patient 
should be under orders to receive nothing by mouth. Serum 
D-lactate levels of greater than 3 mmol/L confirm the diag-
nosis. Treatment with a low-carbohydrate diet and antibiot-
ics (neomycin, vancomycin, or metronidazole) is often 
effective.97-100

KETOACIDOSIS
Diabetic Ketoacidosis

DKA is due to increased fatty acid metabolism and the accu-
mulation of ketoacids (acetoacetate and β-hydroxybutyrate) 
as a result of insulin deficiency or resistance, in association 
with elevated glucagon levels. DKA is usually seen in insulin-
dependent diabetes mellitus upon cessation of insulin 
therapy or during an intercurrent illness, such as an infec-
tion, gastroenteritis, pancreatitis, or myocardial infarction, 
which increases insulin requirements temporarily and 
acutely. The accumulation of ketoacids accounts for the 
increment in the AG, which is accompanied, most often,  
by evidence of hyperglycemia (glucose level of >300 mg/
dL). In comparison to patients with AKA, described later, 
patients with DKA have metabolic profiles characterized by 
a higher plasma glucose level and lower β-hydroxybutyrate/
acetoacetate and lactate/pyruvate ratios.30,100,101

Treatment. Most, if not all, patients with DKA require 
correction of the volume depletion that almost invariably 
accompanies the osmotic diuresis of DKA. In general,  
it seems prudent to initiate therapy with intravenous  
isotonic saline at a rate of 1000 mL/hr, especially in the 
severely volume-depleted patient. When the pulse and 
blood pressure have stabilized and the corrected serum  
Na+ concentration is in the range of 130 to 135 mEq/L, 
switch to 0.45% sodium chloride and slow the infusion  
rate. When the blood glucose level falls below 300 mg/dL, 
0.45% sodium chloride with 5% dextrose should be 
administered.30,100

resuscitation in hypovolemic shock. High L-lactate levels 
portend a poor prognosis almost uniformly, and sodium 
bicarbonate administration is of little value in this setting. 
Use of vasoconstricting agents is problematic because they 
may potentiate the hypoperfused state. Dopamine is pre-
ferred to epinephrine if pressure support is required, but 
the vasodilator nitroprusside has been suggested because it 
may enhance cardiac output and hepatic and renal blood 
flow to augment lactate removal.87 Nevertheless, nitroprus-
side therapy may result in cyanide toxicity and has no proven 
efficacy in the treatment of this disorder.

Alkali Therapy. Alkali therapy is generally advocated for 
acute, severe acidemia (pH of <7.1) to improve inotropy 
and lactate utilization. However, in experimental models 
and clinical examples of lactic acidosis, it has been shown 
that NaHCO3 therapy in large amounts can depress cardiac 
performance and exacerbate the acidemia. Paradoxically, 
bicarbonate therapy activates phosphofructokinase, which 
is regulated by intracellular pH, thereby increasing lactate 
production. The use of alkali in states of moderate L-lactic 
acidemia is therefore controversial, and it is generally 
agreed that attempts to normalize the pH or HCO3

− concen-
tration by intravenous NaHCO3 therapy is both potentially 
deleterious and practically impossible. Thus raising the 
plasma HCO3

− to approximately 15 mEq/L (not to the 
normal value) and the pH to only 7.2 to 7.25 is a reasonable 
goal to improve tissue pH. Constant infusion of hypertonic 
bicarbonate has many disadvantages and is discouraged. 
Fluid overload occurs rapidly with NaHCO3 administration 
because of the massive amounts required in some cases. In 
addition, central venoconstriction and decreased cardiac 
output are common. The accumulation of lactic acid may 
be relentless and may necessitate administration of diuret-
ics, ultrafiltration, or dialysis. Hemodialysis can simultane-
ously deliver HCO3

−, remove lactate, remove excess ECF 
volume, and correct electrolyte abnormalities. The use of 
continuous renal replacement therapy as a means of lactate 
removal and simultaneous alkali addition is a promising 
adjunctive treatment in critically ill patients with L-lactic 
acidosis.

If the underlying cause of the l-lactic acidosis can be 
remedied, blood lactate will be reconverted to HCO3

−. 
HCO3

− derived from lactate conversion and any new HCO3
− 

generated by renal mechanisms during acidosis and from 
exogenous alkali therapy are additive and may result in an 
overshoot alkalosis.

Other Agents. Dichloroacetate, an activator of pyruvate 
dehydrogenase, was once advanced as a potentially useful 
therapeutic agent. In experimental L-lactic acidosis, dichlo-
roacetate stimulated lactate consumption in muscle, 
decreased lactate production, and improved survival. In 
nonacidotic patients with diabetes, it successfully lowered 
lactate as well as glucose, lipid, and amino acid levels. 
Despite encouraging results of its short-term clinical use in 
acute lactic acidosis, a prospective multicenter trial failed  
to substantiate any beneficial effect of dichloroacetate 
therapy.95 Administration of methylene blue was once advo-
cated as a means of reversing the altered redox state to 
enhance lactate metabolism. There is no evidence from 
controlled studies to support its use. THAM (0.3 mol/L 
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hormone are increased. The net result of this deranged 
metabolic state is ketosis. The acidosis is primarily due to 
elevated levels of ketones, which exist predominantly in the 
form of β-hydroxybutyrate because of the altered redox state 
induced by the metabolism of alcohol. Compared with 
patients with DKA, patients with AKA have lower plasma 
glucose concentrations and higher β-hydroxybutyrate/
acetoacetate and lactate/pyruvate ratios.30,101 The clinical 
presentation in AKA may be complex and is often underdi-
agnosed. The typical high AG acidosis is often mixed with 
metabolic alkalosis (vomiting), respiratory alkalosis (alco-
holic liver disease), lactic acidosis (hypoperfusion), and/or 
hyperchloremic acidosis (renal excretion of ketoacids). 
Finally, the elevation in the osmolar gap is usually accounted 
for by an increased blood alcohol level, but the differential 
diagnosis should always include ethylene glycol and/or 
methanol intoxication.

Treatment. Therapy includes intravenous glucose and 
saline administration, but insulin should be avoided. K+, 
PO4

3−, Mg2+, and vitamin supplementation (especially thia-
mine) are frequently necessary. Glucose in isotonic saline, 
not saline alone, is the mainstay of therapy. Because of 
superimposed starvation, patients with AKA often develop 
hypophosphatemia within 12 to 18 hours of admission. 
Treatment with glucose-containing intravenous fluids 
increases the risk for severe hypophosphatemia. Levels 
should be checked on admission and at 4, 6, 12, and 18 
hours. Profound hypophosphatemia may provoke aspira-
tion, platelet dysfunction, hemolysis, and rhabdomyolysis. 
Therefore phosphate replacement should be provided 
promptly when indicated. Hypokalemia and hypomagnese-
mia are also common and should not be overlooked.30,101

Starvation Ketoacidosis

Ketoacidosis occurs within the first 24 to 48 hours of fasting, 
is accentuated by exercise and pregnancy, and is rapidly 
reversible by glucose or insulin administration. Starvation-
induced hypoinsulinemia and accentuated hepatic ketone 
production have been implicated pathogenetically.30,101 
Fasting alone can increase ketoacid levels, although not 
usually above 10 mEq/L. High-protein weight-loss diets typi-
cally cause mild ketosis but not ketoacidosis. Patients typi-
cally respond to glucose and saline infusion.

DRUG- AND TOXIN-INDUCED ACIDOSIS
Salicylate

Intoxication with salicylates, although more common in chil-
dren than in adults, may result in the development of a high 
AG metabolic acidosis, but the acid-base abnormality most 
commonly associated with salicylate intoxication in adults is 
respiratory alkalosis due to direct stimulation of the respira-
tory center by salicylates.100 Adult patients with salicylate 
intoxication usually have pure respiratory alkalosis or mixed 
respiratory alkalosis–metabolic acidosis.100 Metabolic acido-
sis occurs because of uncoupling of oxidative phosphoryla-
tion and enhances the transit of salicylates into the central 
nervous system. Only part of the increase in the AG is due to 
the increase in plasma salicylate concentration, because a 
toxic salicylate level of 100 mg/dL would account for an 
increase in the AG of only 7 mEq/L. High ketone 

Low-dose intravenous regular insulin therapy adminis-
tered as a bolus (0.1 U/kg), and then a continuous infusion 
(0.1 U/kg/hr), smoothly corrects the biochemical abnor-
malities and minimizes hypoglycemia and hypokalemia.30,100 
Intramuscular insulin is not effective in patients with volume 
depletion, which often occurs in ketoacidosis.

Total body K+ depletion is usually present, although the 
K+ level on admission may be elevated or normal. A normal 
or reduced K+ value on admission indicates severe K+ deple-
tion and should be approached with caution. Administra-
tion of fluid, insulin, and alkali may cause the K+ level to 
plummet. When urine output has been established, 20 mEq 
of potassium chloride should be administered in each liter 
of fluid as long as the K+ value is less than 4.0 mEq/L. Equal 
caution should be exercised in the presence of hyperkale-
mia, especially if the patient has renal insufficiency, because 
the usual therapy does not always correct hyperkalemia. 
Never administer potassium chloride empirically.

The AG should be followed closely during therapy because 
it is expected to decline as ketones are cleared from the 
plasma and projects an increase in plasma HCO3

− as the 
acidosis is repaired. Therefore it is not necessary to monitor 
blood ketone levels continuously. Young patients with a pure 
AG acidosis (ΔAG = ΔHCO3

−) usually do not require exog-
enous alkali administration because the metabolic acidosis 
should be entirely reversible. Older patients, patients with 
severe high AG acidosis (pH of <7.15), or patients with a 
superimposed hyperchloremic component may receive 
small amounts of sodium bicarbonate by slow intravenous 
infusion (no more than 44 to 88 mEq in 60 minutes). Thirty 
minutes after this infusion is completed, ABG measurement 
should be repeated. Alkali administration can be repeated 
only if the pH remains at 7.20 or less or if the patient exhib-
its a significant hyperchloremic component, but additional 
NaHCO3 is rarely necessary. Hypokalemia and other com-
plications of alkali therapy dramatically increase when 
amounts of sodium bicarbonate exceeding 400 mEq are 
administered. However, the effect of alkali therapy on arte-
rial blood pH needs to be reassessed regularly and the total 
administered kept at a minimum, if alkali therapy is neces-
sary.30,100,101 Routine administration of PO4

3− (usually as 
potassium phosphate) is not advised because of the poten-
tial for hyperphosphatemia and hypocalcemia.30,100 A signifi-
cant proportion of patients with DKA have significant 
hyperphosphatemia before initiation of therapy. In the 
volume-depleted, malnourished patient, however, a normal 
or elevated PO4

3− concentration on admission may be fol-
lowed by a rapid fall in plasma PO4

3− levels within 2 to 6 
hours after initiation of therapy.

Alcoholic Ketoacidosis

Some patients with chronic alcoholism, especially binge 
drinkers, who discontinue solid food intake while continu-
ing alcohol consumption develop the alcoholic form  
of ketoacidosis when alcohol ingestion is curtailed 
abruptly.27,97,98 Usually the onset of vomiting and abdominal 
pain with dehydration leads to cessation of alcohol con-
sumption before the patient comes to the hospital.30,101 The 
metabolic acidosis may be severe but is accompanied by only 
modestly deranged glucose levels, which are usually low but 
may be slightly elevated.27,100 Typically insulin levels are low 
and levels of triglyceride, cortisol, glucagon, and growth 
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unless the load is exceptionally high or if the acetaldehyde 
dehydrogenase step is inhibited by compounds such  
as disulfiram, insecticides, or sulfonylurea hypoglycemia 
agents. In the presence of ethanol such agents result in 
severe toxicity. The association of ethanol with the develop-
ment of AKA and lactic acidosis has been discussed in the 
previous section, but in general, ethanol intoxication does 
not cause a high AG acidosis.

Ethylene Glycol. Ingestion of ethylene glycol, used in anti-
freeze, leads to a high AG metabolic100,103,104 acidosis in addi-
tion to severe central nervous system, cardiopulmonary, and 
renal damage. Disparity between the measured and calcu-
lated blood osmolality (high osmolar gap) is often present, 
especially in the first few hours after ingestion. Typically 
over time, as the ethylene glycol is metabolized, the osmolar 
gap begins to fall and the AG begins to rise so that in 
advanced ethylene glycol intoxication, the AG will be very 
high but the osmolar gap will close. The high AG is attribut-
able to ethylene glycol metabolites, especially oxalic acid, 
glycolic acid, and other incompletely identified organic 
acids.104 L-Lactic acid production also increases as a result 
of a toxic depression in the reaction rates of the citric acid 
cycle and altered intracellular redox state.104 Recognition of 
oxalate crystals in the urine facilitates diagnosis. Fluores-
cence of the urine detected by the Wood lamp (if the 
ingested ethylene glycol contains a fluorescent vehicle) has 
been suggested as a diagnostic indicator but is neither  
specific nor sensitive.103,104 A colleague of the author with 
considerable experience treating ethylene glycol toxicity 
has commented that the Wood lamp almost invariably 
detects the fluorescent vehicle on the shirt or blouse of the 
patient who has ingested the agent. Treatment includes 
prompt institution of osmotic diuresis, thiamine and pyri-
doxine supplementation, administration of 4-methylpyrazole 
(fomepizole),105 or ethyl alcohol administration and dialy-
sis.100,103,105 Do not induce vomiting. Fomepizole is the drug 
of choice and should be given intravenously. Fomepizole is 
a competitive inhibitor of alcohol dehydrogenase. Competi-
tive inhibition of alcohol dehydrogenase with either fomepi-
zole or ethyl alcohol is absolutely necessary in all patients 
to lessen toxicity, because ethanol and fomepizole compete 
for metabolic conversion of ethylene glycol and alter the 
cellular redox state. Fomepizole (initiated as a loading dose 
of 15 mg/kg, followed by 10 mg/kg every 12 hours), offers 
the advantages of a predictable decline in ethylene glycol 
levels without the adverse effect of excessive obtundation, 
as seen with ethyl alcohol infusion. When these measures 
have been accomplished, hemodialysis may be initiated to 
remove the ethylene glycol metabolites. If intravenous 
ethanol is the only inhibitor of alcohol dehydrogenase avail-
able, its infusion should be increased during hemodialysis 
to allow maintenance of the blood alcohol level in the range 
of 100 to 150 mg/dL or more than 22 mmol/L. The indica-
tions for hemodialysis include (1) arterial pH of less than 
7.3, (2) ethylene glycol concentration of more than 
20 mEq/L (3.2 mmol/L), (3) osmolal gap of more than 
10 mOsm/kg, and (4) oxalate crystalluria.103

Methanol. Methanol has wide application in commercially 
available solvents and is used for industrial and automotive 
purposes. Sources include windshield wiper fluid, paint 

concentrations have been reported to be present in as many 
as 40% of adult salicylate-intoxicated patients, sometimes as 
a result of salicylate-induced hypoglycemia.102 L-Lactic acid 
production is also often increased, partly as a direct drug 
effect100 and partly as a result of the decrease in PCO2 induced 
by salicylate. Proteinuria and pulmonary edema may occur.

Treatment. General treatment should always consist of 
initial vigorous gastric lavage with isotonic saline followed by 
administration of activated charcoal via nasogastric tube. 
Treatment of the metabolic acidosis may be necessary, 
because acidosis can enhance the entry of salicylate into the 
central nervous system. Alkali should be given cautiously, and 
frank alkalemia should be avoided. Coexisting respiratory 
alkalosis can make this form of therapy hazardous. The renal 
excretion of salicylate is enhanced by an alkaline diuresis 
accomplished with intravenous administration of NaHCO3. 
Caution is urged if the patient exhibits concomitant respira-
tory alkalosis with frank alkalemia, because NaHCO3 may 
cause severe alkalosis, and hypokalemia may result from alka-
linization of the urine. To minimize the administration of 
NaHCO3, acetazolamide may be administered to the alkale-
mic patient, but this can cause acidosis through enhanced 
bicarbonate excretion and impair salicylate elimination. 
Hemodialysis may be necessary in severe poisoning, espe-
cially if renal failure coexists; it is preferred in cases of severe 
intoxication (>700 mg/L) and is superior to hemofiltration, 
which does not correct the acid-base abnormality.100,102

Toxins

The Osmolar Gap in Toxin-Induced Acidosis. Under most 
physiologic conditions, Na+, urea, and glucose generate the 
osmotic pressure of blood. Serum osmolality is calculated 
according to the following expression:

 Osmolality Na
BUN Glucose mg dL= + ++2
2 8 18

[ ]
.

( )
 (37)

where BUN is the blood urea nitrogen level. The calculated 
osmolality and determined osmolality should agree within 
10 mOsm/kg. When the measured osmolality exceeds the 
calculated osmolality by more than 10 mOsm/kg, one of two 
circumstances prevails. First, the serum Na+ level may be 
spuriously low, as occurs with hyperlipidemia or hyperpro-
teinemia (pseudohyponatremia). Second, osmolytes other 
than sodium salts, glucose, or urea may have accumulated in 
plasma. Examples are infused mannitol, radiocontrast media, 
or other solutes, including the alcohols, ethylene glycol, and 
acetone, which can increase the osmolality in plasma. For 
these examples, the difference between the osmolality calcu-
lated from equation 37 and the measured osmolality is pro-
portional to the concentration of the unmeasured solute. 
Such differences in these clinical circumstances have been 
referred to as the osmolar gap. In the presence of an appropri-
ate clinical history and index of suspicion, the osmolar gap 
becomes a very reliable and helpful screening tool in assess-
ing for toxin-associated high AG acidosis.

Ethanol. Ethanol, after absorption from the gastrointestinal 
tract, is oxidized to acetaldehyde, acetyl CoA, and CO2. A 
blood ethanol level over 500 mg/dL is associated with high 
mortality. Acetaldehyde levels do not increase appreciably 
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increase in the AG. It is conceivable that the heterozygote 
state for glutathione synthetase deficiency could predispose 
to pyroglutamic acidosis, because only a minority of criti-
cally ill patients receiving acetaminophen develop this newly 
appreciated form of metabolic acidosis.106

Propylene Glycol

Propylene glycol is used as a vehicle for intravenous medica-
tions and some cosmetics and is metabolized to lactic acid 
in the liver by alcohol dehydrogenase. A prospective study 
of nine patients receiving high-dose lorazepam infusions90 
showed elevated plasma propylene levels and an elevated 
osmolar gap. Six of nine patients had moderate degrees of 
metabolic acidosis.107,108

Numerous intravenous preparations contain propylene 
glycol as the vehicle (lorazepam, diazepam, pentobarbital, 
phenytoin, nitroglycerin, and TMP-SMX). Propylene glycol 
may accumulate and cause a high AG, high osmolar gap 
acidosis in patients receiving continuous infusion or higher 
dosages of these agents, especially in the presence of CKD, 
chronic liver disease, alcohol abuse, or pregnancy. The aci-
dosis is the result of accumulation of l-lactic acid, d-lactic 
acid, and l-acetaldehyde. The acidosis typically abates with 
cessation of the offending agent, and fomepizole adminis-
tration is necessary only if the acidosis is severe.12

Uremia

Advanced renal insufficiency eventually converts the non-AG 
metabolic acidosis discussed earlier to the typical high  
AG acidosis, or “uremic acidosis.”31 Poor filtration plus 
continued reabsorption of poorly identified uremic organic 
anions contributes to the pathogenesis of this metabolic 
disturbance.

Classical uremic acidosis is characterized by a reduced 
rate of NH4

+ production and excretion because of cumula-
tive and significant loss of renal mass.5,21,31 Usually acidosis 
does not occur until a major portion of the total functional 
nephron population (>75%) has been compromised, 
because of the adaptation by surviving nephrons to increase 
ammoniagenesis. Eventually, however, there is a decrease in 
total renal ammonia excretion as renal mass is reduced to 
a level at which the GFR is 20 mL/min or less. PO4

3− balance 
is maintained as a result of both hyperparathyroidism, which 
decreases proximal PO4

3− absorption, and an increase in 
plasma PO4

3− as GFR declines. Protein restriction and the 
administration of phosphate binders reduce the availability 
of PO4

3−.

Treatment of Acidosis of Chronic Kidney Disease. The 
uremic acidosis of renal failure requires oral alkali replace-
ment to maintain the HCO3

− concentration above 20 to 
22 mEq/L. This can be accomplished with relatively modest 
amounts of alkali (1.0 to 1.5 mEq/kg/day). Shohl’s solution 
or sodium bicarbonate tablets (650-mg tablets) are equally 
effective. It is assumed that alkali replacement serves to 
prevent the harmful effects of prolonged positive H+ balance, 
especially progressive catabolism of muscle and loss of bone. 
Because sodium citrate (Shohl’s solution) has been shown 
to enhance the absorption of aluminum from the gastroin-
testinal tract, it should never be administered to patients 
receiving aluminum-containing antacids because of the risk 
for aluminum intoxication. When hyperkalemia is present, 

remover or thinner, deicing fluid, canned heating sources, 
varnish, and shellac. Ingestion of methanol (wood alcohol) 
causes metabolic acidosis in addition to severe optic nerve and 
central nervous system manifestations resulting from its 
metabolism to formic acid from formaldehyde.100,103 Lactic 
acids and ketoacids as well as other unidentified organic acids 
may contribute to the acidosis. Because of the low molecular 
mass of methanol (32 Da), an osmolar gap is usually present 
early in the course but declines as the AG increases, the latter 
reflecting the metabolism of methanol. Therapy is generally 
similar to that for ethylene glycol intoxication, including 
general supportive measures, fomepizole administration, and 
usually hemodialysis.105 The indications for hemodialysis 
include (1) arterial pH of less than 7.3, (2) methanol concen-
tration of more than 20 mEq/L (6.2 mmol/L), and (3) 
osmolal gap of more than 10 mOsm/kg.103

Isopropyl Alcohol. Rubbing alcohol poisoning is usually the 
result of accidental oral ingestion (adults) or absorption 
through the skin (infants and small children). Although 
isopropyl alcohol is metabolized by the enzyme alcohol 
dehydrogenase, as are methanol and ethanol, isopropyl 
alcohol is not metabolized to a strong acid and does not elevate 
the AG. Isopropyl alcohol is metabolized to acetone, and the 
osmolar gap increases as the result of accumulation of both 
acetone and isopropyl alcohol. Despite a positive nitroprus-
side reaction from acetone, the AG, as well as the blood 
glucose level, are typically normal, and the plasma HCO3

− 
concentration is not depressed. Thus isopropyl alcohol 
intoxication does not typically cause metabolic acidosis. 
Treatment is supportive, with attention to removal of unab-
sorbed alcohol from the gastrointestinal tract and adminis-
tration of intravenous fluids. Although patients with 
significant isopropyl alcohol intoxication (blood levels of 
>100 mg/dL) may develop cardiovascular collapse and 
lactic acidosis, watchful waiting with a conservative approach 
(intravenous fluids, electrolyte replacement, and tracheal 
intubation) is often sufficient. Only severe intoxication 
(>400 mg/dL) is an indication for hemodialysis.100

Paraldehyde. Intoxication with paraldehyde is very rare but 
is of historic interest. It is a central nervous system depres-
sant previously used as a sedative or anticonvulsant. Paral-
dehyde is a cyclic trimer of acetaldehyde. The metabolic 
acidosis is a result of the accumulation of acetic acid, the 
metabolic product of the drug from acetaldehyde, and 
other organic acids. Unmetabolized paraldehyde is exhaled 
through the respiratory system.

Pyroglutamic Acid. Pyroglutamic acid, or 5-oxoproline, is 
an intermediate in the γ-glutamyl cycle for the synthesis 
of glutathione. Acetaminophen ingestion can, in rare  
cases, deplete glutathione, which results in increased forma-
tion of γ-glutamyl cysteine, which is metabolized to pyroglu-
tamic acid.106 Accumulation of this intermediate, first 
appreciated in the rare patients with congenital glutathione 
synthetase deficiency, has been reported in critically ill 
patients taking acetaminophen, usually with sepsis. Such 
patients have severe high AG acidosis and alterations in 
mental status.106 Many were receiving full therapeutic 
dosages of acetaminophen. All had elevated blood levels of 
pyroglutamic acid, which increased in proportion to the 
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[HCO3
−] below the normal value of 25 mEq/L (−HCO3

− = 
25 − Patient’s HCO3

−). A mixed metabolic alkalosis–high AG 
metabolic acidosis is recognized because the delta values are 
not similar. Often, there is no bicarbonate deficit, yet the 
AG is significantly elevated. Thus, in a patient with an AG 
of 20 but a near-normal bicarbonate concentration, mixed 
metabolic alkalosis–metabolic acidosis should be consid-
ered. Common examples include renal failure acidosis 
(uremic) with vomiting or DKA with vomiting.

Respiratory compensation for metabolic alkalosis is less 
predictable than that for metabolic acidosis. In general the 
anticipated Pco2 can be estimated by adding 15 to the 
patient’s serum [HCO3

−] in the range of HCO3
− from 25 to 

40 mEq/L. Further elevation in Pco2 is limited by hypox-
emia and, to some extent, hypokalemia, which accompanies 
metabolic alkalosis with regularity. Nevertheless, if a patient 
has a Pco2 of only 40 mm Hg while the [HCO3

−] is frankly 
elevated (e.g., 35 mEq/L) and the pH is in the alkalemic 
range, then respiratory compensation is inadequate and a 
mixed metabolic alkalosis–respiratory alkalosis exists.

In assessing a patient with metabolic alkalosis, two ques-
tions must be considered: (1) What is the source of alkali 
gain (or acid loss) that generated the alkalosis? (2) What 
renal mechanisms are operating to prevent excretion of 
excess HCO3

−, thereby maintaining, rather than correcting, 
the alkalosis? In the following discussion, the entities respon-
sible for generating alkalosis are discussed individually and 
reference is made to the mechanisms necessary to sustain 
the increase in blood HCO3

− concentration in each case. 
The general mechanisms responsible for the maintenance of 
alkalosis have been discussed in detail earlier in this chapter 
and are a result of the combined effects of a reduction in 
GFR and chloride, ECF volume, and potassium depletion 
(Figure 17.8).

Hypokalemia is an important participant in the mainte-
nance phase of metabolic alkalosis and has selective effects 
on (1) H+ secretion and (2) ammonium excretion. The 
former is a result, in part, of stimulation of the H+-K+-ATPase 
in type A intercalated cells of the collecting duct by hypo-
kalemia. The latter is a direct result of enhanced ammonia-
genesis and ammonium transport (proximal convoluted 
tubule, TAL, medullary collecting duct) in response to 
hypokalemia. Finally, hyperaldosteronism (primary or sec-
ondary) participates in sustaining the alkalosis by increasing 
activity of the H+-ATPase and H+-K+-ATPase in type A 

furosemide (60 to 80 mg/day) should be added. Occasion-
ally a patient may require long-term oral sodium polystyrene 
sulfonate (Kayexalate) therapy (15 to 30 g/day). The pure 
powder preparation is better tolerated long term than the 
commercially available premixed preparation and avoids 
sorbitol (which has been reported to cause bowel necrosis). 
Administration by rectal instillation should be avoided. 
Several newer and novel potassium binding agents for oral 
administration that are in advanced clinical trials and appear 
both more effective and much better tolerated that Kayexa-
late, offer considerable promise for safe and effective 
administration chronically to both reduce [K+] significantly 
and prevent hyperkalemia in susceptible patients. These 
agents include patiromer and ZS-9. Another unique agent, 
RDX713, is not yet in clinical trials.

METABOLIC ALKALOSIS

DIAGNOSIS OF SIMPLE AND MIXED FORMS OF 
METABOLIC ALKALOSIS
Metabolic alkalosis is a primary acid-base disturbance that 
is manifest in the most pure or simple form as alkalemia 
(elevated arterial pH) and an increase in PaCO2 as a result 
of compensatory alveolar hypoventilation. Metabolic alkalo-
sis is one of the more common acid-base disturbances in 
hospitalized patients and is manifest as both a simple and a 
mixed acid-base disorder.13,108 A patient with a high plasma 
HCO3

− concentration and a low plasma Cl− concentration 
has either metabolic alkalosis or chronic respiratory acido-
sis. The arterial pH establishes the diagnosis, because it is 
increased in metabolic alkalosis and is typically decreased 
in respiratory acidosis. Modest increases in the PaCO2 are 
expected in metabolic alkalosis. A combination of the two 
disorders is not unusual, because many patients with chronic 
obstructive lung disease are treated with diuretics, which 
promote ECF contraction, hypokalemia, and metabolic 
alkalosis. Metabolic alkalosis is also frequently observed not 
as a pure or simple acid-base disturbance, but in association 
with other disorders such as respiratory acidosis, respiratory 
alkalosis, and metabolic acidosis (mixed disorders). Mixed meta-
bolic alkalosis–metabolic acidosis can be appreciated only if  
the accompanying metabolic acidosis is a high AG acidosis. The 
mixed disorder can be appreciated by comparison of the 
increment in the AG above the normal value of 10 mEq/L 
(ΔAG = Patient’s AG − 10) with the decrement in the 

Figure 17.8  Pathophysiologic basis and approach to treatment of the maintenance phase of chronic metabolic alkalosis. Paradoxical 
stimulation of bicarbonate absorption (H+ secretion) and NH4

+ production and excretion is the combined result of Cl− deficiency (with reduction 
in GFR), K+ deficiency, and secondary hyperaldosteronism. GFR, Glomerular filtration rate. 
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intercalated cells as well as the ENaC and the Na+-K+-ATPase 
in collecting duct principal cells. The net result of the latter 
process is to stimulate K+ secretion through K+-selective 
channels in this same cell, which thus maintains the 
alkalosis.14

Under normal circumstances, the kidneys display an 
impressive capacity to excrete HCO3

−. For HCO3
− to be 

added to the ECF, HCO3
− must be administered exoge-

nously or retained in some manner. Thus the development of 
metabolic alkalosis represents a failure of the kidneys to eliminate 
HCO3

− at the normal capacity. The kidneys retain, rather than 
excrete, the excess alkali and maintain the alkalosis if one 
of several mechanisms is operative (see Figure 17.8):

1. Cl− deficiency (ECF contraction) exists concurrently with 
K+ deficiency to decrease GFR and/or enhance proximal 
and distal HCO3

− absorption. This combination of disor-
ders evokes secondary hyperreninemic hyperaldosteron-
ism and stimulates H+ secretion in the collecting duct. 
Hypokalemia independently stimulates ammoniagenesis 
and net acid excretion, thereby adding additional or 
“new” bicarbonate to the systemic circulation. Repair of 
the alkalosis may be accomplished by saline and K+ 
administration.

2. Hypermineralocorticoidism and hypokalemia are 
induced by autonomous factors unresponsive to increased 
ECF. The stimulation of distal H+ secretion is then suffi-
cient to reabsorb the increased filtered HCO3

− load and 
to overcome the decreased proximal HCO3

− reabsorp-
tion caused by ECF expansion. Repair of the alkalosis in 
this case rests with removal of the excess autonomous 
mineralocorticoid and potassium repletion; saline admin-
istration is ineffective.

The various causes of metabolic alkalosis are summarized 
in Table 17.19. In attempting to establish the cause of meta-
bolic alkalosis, one must assess the status of the ECF, blood 
pressure, serum K+ concentration, and renin angiotensin 
aldosterone system. For example, the presence of hyperten-
sion and hypokalemia in an alkalotic patient suggests that 
either the patient has some form of primary mineralocorti-
coid excess (see Table 17.19) or the patient is hypertensive 
and is taking diuretics. Low plasma renin activity and normal 
urinary Na+ and Cl− values in a patient not taking diuretics 
would also indicate a primary mineralocorticoid excess syn-
drome. The combination of hypokalemia and alkalosis in a 
normotensive, nonedematous patient can pose a difficult 
diagnostic problem. The possible causes to be considered 
include Bartter’s or Gitelman’s syndrome, Mg2+ deficiency, 
surreptitious vomiting, exogenous alkali, and diuretic inges-
tion. Urine electrolyte determinations and urine screening 
for diuretics are helpful diagnostic tools (Table 17.20). If 
the urine is alkaline, with high values for Na+ and K+ con-
centrations but low values for Cl− concentration, the diag-
nosis is usually either active (continuous) vomiting (overt 
or surreptitious) or alkali ingestion. On the one hand, if the 
urine is relatively acid, with low concentrations of Na+, K+, 
and Cl−, the most likely possibilities are prior (discontinu-
ous) vomiting, a posthypercapnic state, or prior diuretic 
ingestion. If, on the other hand, the urinary Na+, K+, and 
Cl− concentrations are not depressed, one must consider 
Mg2+ deficiency, Bartter’s or Gitelman’s syndrome, or 

Table 17.19 Causes of Metabolic Alkalosis

Exogenous HCO3
− Loads

Acute alkali administration
Milk-alkali syndrome

Effective ECV Contraction, Normotension, K+ Deficiency, 
and Secondary Hyperreninemic Hyperaldosteronism

Gastrointestinal origin
Vomiting
Gastric aspiration
Congenital chloridorrhea
Villous adenoma

Combined administration of sodium polystyrene sulfonate 
(Kayexalate) and aluminum hydroxide

Renal origin
Diuretics (especially thiazides and loop diuretics)
Edematous states
Posthypercapnic state
Hypercalcemia-hypoparathyroidism
Recovery from lactic acidosis or ketoacidosis
Nonreabsorbable anions such as penicillin, carbenicillin
Mg2+ deficiency
K+ depletion
Bartter’s syndrome (loss-of-function mutations in thick 

ascending limb of Henle’s loop)
Gitelman’s syndrome (loss of function of  

Na+-Cl−-cotransporter—DCT)
Carbohydrate refeeding after starvation

ECV Expansion, Hypertension, K+ Deficiency, and 
Hypermineralocorticoidism

Associated with high renin level
Renal artery stenosis
Accelerated hypertension
Renin-secreting tumor
Estrogen therapy

Associated with low renin level
Primary aldosteronism

Adenoma
Hyperplasia
Carcinoma
Glucocorticoid suppressible

Adrenal enzymatic defects
11β-Hydroxylase deficiency
17α-Hydroxylase deficiency

Cushing’s syndrome or disease
Ectopic corticotropin
Adrenal carcinoma
Adrenal adenoma
Primary pituitary

Other
Licorice
Carbenoxolone
Smokeless tobacco
Lydia Pinkham tablets

Gain-of-Function Mutation of ENaC with ECV  
Expansion, Hypertension, K+ Deficiency, and 
Hyporeninemic Hypoaldosteronism

Liddle’s syndrome

DCT, Distal convoluted tubule; ECV, extracellular fluid volume; 
ENaC, epithelial sodium channel.
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EXOGENOUS BICARBONATE LOADS
Long-term administration of alkali to individuals with 
normal renal function results in minimal, if any, alkalosis. 
In patients with chronic renal insufficiency, however, overt 
alkalosis can develop after alkali administration, presumably 
because the capacity to excrete HCO3

− is exceeded or 
because coexistent hemodynamic disturbances have caused 
enhanced fractional HCO3

− reabsorption.

Bicarbonate and Bicarbonate- 
Precursor Administration

The propensity of patients who have ECF contraction or 
renal disease plus alkali loads to develop alkalosis is exempli-
fied by patients who receive oral or intravenous HCO3

−, 
acetate loads in parenteral hyperalimentation solutions, 
sodium citrate loads (via regional anticoagulation, systemic 
anticoagulation during plasmapheresis, transfusions, or 
infant formula), or antacids plus cation exchange resins. 
The use of trisodium citrate solution for regional anticoagu-
lation has been reported to be a cause of metabolic alka-
losis in patients receiving continuous renal replacement 
therapy.109,110 Citrate metabolism consumes a hydrogen ion 
and thereby generates HCO3

− in liver and skeletal muscle. 
Dilute (0.1 normal) HCl is often required for correction in 
this setting.110 The risk for alkalosis is reduced when 

Figure 17.9  Diagnostic algorithm for metabolic alkalosis, based on the spot urine Cl− and K+ concentrations. HTN, Hypertension; JGA,  jux-
taglomerular apparatus. 
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Table 17.20 Diagnosis of Metabolic Alkalosis

Saline-Responsive 
Alkalosis

Saline-Unresponsive 
Alkalosis

Low Urinary [Cl−] 
(<10 mEq/L)

High or Normal Urinary [Cl−] 
(>15-20 mEq/L)

Normotensive Hypertensive
  Vomiting   Primary aldosteronism
  Nasogastric aspiration   Cushing’s syndrome
  Diuretic use (distant)   Renal artery stenosis
  Posthypercapnia   Renal failure plus alkali therapy
  Villous adenoma Normotensive
  Bicarbonate treatment of 

organic acidosis
  Mg2+ deficiency
  Severe K+ deficiency

  K+ deficiency   Bartter’s syndrome
Hypertensive   Gitelman’s syndrome
  Liddle’s syndrome   Diuretic use (recent)

current diuretic ingestion. In most patients, Gitelman’s  
syndrome is characterized by a low urine Ca2+ concentration 
in addition to a low serum Mg2+ level. In contrast, the 
urine calcium level is elevated in Bartter’s syndrome. The 
diagnostic approach to metabolic alkalosis is summarized in 
the flow diagram in Figure 17.9.
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Cl− cannot be reabsorbed. The parallel Na+-H+-exchanger 
remains functional, which allows Na+ to be reabsorbed and 
H+ to be secreted. Subsequently, net H+ and Cl− exit in the 
stool, which causes Na+ and HCO3

− retention in the ECF.13,14 
Alkalosis results and is sustained by concomitant ECF con-
traction with hyperaldosteronism and K+ deficiency. Therapy 
consists of oral supplements of sodium and potassium chlo-
ride. The use of proton pump inhibitors has been advanced 
as a means of reducing chloride secretion by the parietal 
cells and thus reducing the diarrhea.111

Villous Adenoma

Metabolic alkalosis has been described in cases of villous 
adenoma and is ascribed to high adenoma-derived K+ secre-
tory rates. K+ and volume depletion likely cause the alkalo-
sis, because colonic secretion is alkaline.

RENAL ORIGIN
Diuretics

Drugs that induce chloruresis without bicarbonaturia, such 
as thiazides and loop diuretics (furosemide, bumetanide, 
and torsemide), acutely diminish ECF volume without alter-
ing the total body HCO3

− content. The HCO3
− concentra-

tion in the blood and ECF increases. The PCO2 does 
not increase commensurately, and a “contraction” alkalosis 
results.14 The degree of alkalosis is usually small, however, 
because of cellular and non-HCO3

− ECF buffering pro-
cesses.13,14 Long-term administration of diuretics tends to 
generate an alkalosis by increasing distal salt delivery, so that 
both K+ and H+ secretion are stimulated. Diuretics, by block-
ing Cl− reabsorption in the distal tubule or by increasing H+ 
pump activity, may also stimulate distal H+ secretion and 
increase net acid excretion. Maintenance of alkalosis is 
ensured by the persistence of ECF contraction, secondary 
hyperaldosteronism, K+ deficiency, enhanced ammonium 
production, and stimulation of the apical H+- and H+-K+-
ATPases, which persists for as long as diuretic administra-
tion continues. Repair of the alkalosis is achieved by cessation 
of diuretic administration and by providing Cl− to normalize 
the ECF deficit.

Edematous States

In diseases associated with edema formation (CHF, nephrotic 
syndrome, cirrhosis), effective arterial blood volume is 
diminished, although total ECF is increased. Common to 
these diseases is diminished renal plasma flow and GFR with 
limited distal Na+ delivery. Net acid excretion is usually 
normal, and alkalosis does not develop, even with an 
enhanced proximal HCO3

− reabsorptive capacity. However, 
the distal H+ secretory mechanism is primed by hyperaldo-
steronism to excrete excessive net acid if GFR can be 
increased to enhance distal Na+ delivery or if K+ deficiency 
or diuretic administration supervenes.

Posthypercapnia

Prolonged CO2 retention with chronic respiratory acidosis 
enhances renal HCO3

− absorption and the generation of 
new HCO3

− (increased net acid excretion). If the PCO2 
is returned to normal, metabolic alkalosis, caused by the 
persistently elevated HCO3

− concentration, emerges. Alka-
losis develops immediately if the elevated PCO2 is abruptly 

anticoagulant citrate dextrose formula A is used, because 
less bicarbonate is generated than with hypertonic triso-
dium citrate administration.

Milk-Alkali Syndrome

Another cause of metabolic alkalosis is long-standing exces-
sive ingestion of milk and antacids. The incidence of milk-
alkali syndrome is now increasing because of the use of 
calcium supplementation (e.g., calcium carbonate) by 
women for osteoporosis treatment or prevention. Older 
women with poor dietary intake (“tea and toasters”) are 
especially prone. In Asia, betel nut chewing is a cause 
because the erosive nut is often wrapped in calcium hydrox-
ide. Both hypercalcemia and vitamin D excess have been 
suggested to increase renal HCO3

− reabsorption. Patients 
with these disorders are prone to developing nephrocalci-
nosis, renal insufficiency, and metabolic alkalosis.14 Discon-
tinuation of alkali ingestion or administration is usually 
sufficient to repair the alkalosis.

NORMAL BLOOD PRESSURE, EXTRACELLULAR 
VOLUME CONTRACTION, POTASSIUM DEPLETION, 
AND HYPERRENINEMIC HYPERALDOSTERONISM
Gastrointestinal Origin

Vomiting and Gastric Aspiration. Gastrointestinal loss of H+ 
results in retention of HCO3

− in the body fluids. Increased 
H+ loss through gastric secretions can be caused by vomiting 
due to physical or psychiatric reasons, nasogastric tube aspi-
ration, or a gastric fistula (see Table 17.19).14

The fluid and sodium chloride loss in vomitus or in naso-
gastric suction results in ECF contraction with an increase 
in plasma renin activity and aldosterone.14 These factors 
decrease GFR and enhance the capacity of the renal tubule 
to reabsorb HCO3

−.13 During the active phase of vomiting, 
there is continued addition of HCO3

− to plasma in exchange 
for Cl−. The plasma HCO3

− concentration increases to a level 
that exceeds the reabsorptive capacity of the proximal 
tubule. The excess sodium bicarbonate enters the distal 
tubule, where, under the influence of the increased level of 
aldosterone, K+ and H+ secretion is stimulated. Because of 
ECF contraction and hypochloremia, the kidney avidly con-
serves Cl−. Consequently, in this disequilibrium state gener-
ated by active vomiting, the urine contains large quantities 
of Na+, K+, and HCO3

− but has a low concentration of Cl−. 
On cessation of vomiting, the plasma HCO3

− concentration 
falls to the HCO3

− threshold, which is markedly elevated by 
the continued effects of ECF contraction, hypokalemia, and 
hyperaldosteronism. The alkalosis is maintained at a slightly 
lower level than during the phase of active vomiting, and 
the urine is now relatively acidic with low concentrations of 
Na+, HCO3

−, and Cl−.
Correction of the ECF contraction with sodium chloride 

may be sufficient to reverse these events, with restoration of 
normal blood pH even without repair of K+ deficits.13 Good 
clinical practice, however, dictates K+ repletion as well.14

Congenital Chloridorrhea

Congenital chloridorrhea is a rare autosomal recessive dis-
order associated with severe diarrhea, fecal acid loss, and 
HCO3

− retention. The pathogenesis is loss of the normal 
ileal HCO3

−/Cl− anion exchange mechanism so that 
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cyclosporine have also been implicated. Although the cel-
lular mechanism of this association has not been clearly 
elucidated, in vitro studies suggest an effect on the CaSR.

Therefore these defects, when considered collectively, 
lead to ECF contraction, hyperreninemic hyperaldosteron-
ism, and increased delivery of Na+ to the distal nephron and 
thus alkalosis and renal K+ wasting and hypokalemia. Sec-
ondary overproduction of prostaglandins, juxtaglomerular 
apparatus hypertrophy, and vascular pressor unresponsive-
ness then ensue. Most patients have hypercalciuria and 
normal serum magnesium levels, which distinguishes this 
disorder from Gitelman’s syndrome.

Distinction from surreptitious vomiting, diuretic admin-
istration, and laxative abuse is necessary to make the diag-
nosis of Bartter’s syndrome. The finding of a low urinary 
Cl− concentration is helpful in identifying the vomiting 
patient. The urinary Cl− concentration in Bartter’s syn-
drome would be expected to be normal or increased, rather 
than depressed. Bartter-like manifestations have been 
reported in sporadic cases associated with chronic intermit-
tent diuretic and laxative abuse, cystic fibrosis, and congeni-
tal chloride diarrhea.

The treatment of Bartter’s syndrome is generally focused 
on repair of the hypokalemia by inhibition of the renin 
angiotensin aldosterone or prostaglandin-kinin system.  
K+ supplementation, Mg2+ repletion, and administration 
of propranolol, spironolactone, amiloride, prostaglandin 
inhibitors, or ACE inhibitors have been used with limited 
success.

Gitelman’s Syndrome

Patients with Gitelman’s syndrome have a phenotype resem-
bling that of Bartter’s syndrome in that an autosomal reces-
sive chloride-resistant metabolic alkalosis is associated with 
hypokalemia, a normal to low blood pressure, volume deple-
tion with secondary hyperreninemic hyperaldosteronism, 
and juxtaglomerular hyperplasia.113,114 However, hypocalci-
uria and symptomatic hypomagnesemia are consistently 
useful in distinguishing Gitelman’s syndrome from Bartter’s 
syndrome on clinical grounds.114 These unique features 
mimic the effect of long-term thiazide diuretic administra-
tion. A number of missense mutations in the gene SLC12A3, 
which encodes the thiazide-sensitive sodium-chloride 
cotransporter in the distal convoluted tubule, have been 
described and account for the spectrum of clinical features, 
including the classical finding of hypocalciuria.115 It is not 
clear, however, why these patients have pronounced 
hypomagnesemia.

A large study of adults with proven Gitelman’s syndrome 
and SLC12A3 mutations showed that salt craving, nocturia, 
cramps, and fatigue were more common than in sex- and 
age-matched controls.115 Women experienced exacerbation 
of symptoms during menses, and many had complicated 
pregnancies. Salt craving seems to be a near universal 
feature and aggravates renal K+ wasting.

Treatment of Gitelman’s syndrome, as of Bartter’s syn-
drome, consists of potassium supplementation (KCl 40 mEq, 
three or four times daily, or more), but also magnesium 
supplementation in most patients. Amiloride (5 to 10 mg 
twice daily) is more effective than spironolactone. ACE 
inhibitors or ARBs in very low dose have been suggested as 
helpful in selected patients but may cause symptomatic 

returned toward normal by a change in mechanically con-
trolled ventilation. There is a brisk bicarbonaturic response 
proportional to the change in PCO2. The accompanying 
cation is predominantly K+, especially if dietary potassium is 
not limited. Secondary hyperaldosteronism in states of 
chronic hypercapnia may be responsible for this pattern of 
response. Associated ECF contraction does not allow com-
plete repair of the alkalosis by normalization of the PCO2 
alone. Alkalosis persists until Cl− supplementation is pro-
vided. Enhanced proximal acidification as a result of condi-
tioning induced by the previous hypercapnic state may also 
contribute to the maintenance of the posthypercapnic 
alkalosis.5

Bartter’s Syndrome

Both classical Bartter’s syndrome and antenatal Bartter’s 
syndrome are inherited as autosomal recessive disorders and 
involve impaired TAL salt absorption, which results in salt 
wasting, volume depletion, and activation of the renin angio-
tensin aldosterone system.112 These manifestations are the 
result of loss-of-function mutations of one of the genes that 
encode three transporters involved in vectorial NaCl absorp-
tion in the TAL. The most prevalent disorder is the inheri-
tance from both parents of mutations of the gene SLC12A1, 
which encodes the bumetanide-sensitive Na+-2Cl−-K+-
cotransporter on the apical membrane. Other mutations 
have also been described in rare families. For example, a 
mutation has been discovered in the gene KCNJ1, which 
encodes the ATP-sensitive apical K+ conductance channel 
(ROMK) that operates in parallel with the Na+-2Cl−-K+ trans-
porter to recycle K+. Both defects can be associated with clas-
sical Bartter’s syndrome. A third mutation of the CLCNKB 
gene encoding the voltage-gated basolateral chloride 
channel (ClC-Kb) is associated only with classical Bartter’s 
syndrome and is milder and rarely associated with nephrocal-
cinosis. All three defects have the same net effect, loss of Cl− 
transport in the TAL.113 Antenatal Bartter’s syndrome has 
been observed in consanguineous families in association 
with sensorineural deafness. The responsible gene, BSND, 
encodes the associated subunit, barttin, which co-localizes 
with the ClC-Kb channel in both the TAL and K-secreting 
epithelial cells in the inner ear. Barttin appears to be neces-
sary for the function of the voltage-gated chloride channel. 
Expression of ClC-Kb is lost when coexpressed with mutant 
barttins. Thus mutations in BSND represent a fourth category 
of patients with Bartter’s syndrome.112 With the exception of 
the deafness, the electrolyte and acid-base abnormalities are 
identical to the other forms of Bartter’s syndrome.

Two groups of investigators have reported features of 
Bartter’s syndrome in patients with tetany who inherit  
autosomal dominant hypocalcemia as a result of activating 
mutations in the calcium-sensing receptor (CaSR). Gain-of-
function mutations of the gene encoding CaSR on the baso-
lateral surface of the TAL cell inhibit the function of ROMK. 
Thus mutations in CaSR appear to represent a fifth gene 
associated with Bartter’s syndrome.94 Acquired forms of 
Bartter’s syndrome, usually characterized by hypokalemic 
metabolic alkalosis, hypomagnesemia, hypocalcemia, and 
normal kidney function, have been reported in children 
and adults in association with aminoglycoside toxicity 
including gentamicin, amikacin, netilmicin, capreomycin, 
viomycin, colistin, and neomycin. Similarly, cisplatin and 
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deficiency and hypokalemia. Salt intake for sufficient distal 
Na+ delivery is also a prerequisite for the development of 
both the hypokalemia and the alkalosis. Hypertension devel-
ops partly as a result of ECF expansion from salt retention. 
The alkalosis is not progressive and is generally mild. Volume 
expansion tends to antagonize the decrease in GFR and/or 
increase in tubule acidification induced by hypermineralo-
corticoidism and K+ deficiency. Increased mineralocorticoid 
hormone levels may be the result of autonomous primary 
adrenal overproduction of mineralocorticoid or of second-
ary aldosterone release by primary renal overproduction of 
renin. In both cases the normal feedback by ECF on net 
mineralocorticoid production is disrupted, and volume 
retention results in hypertension.

High Renin Levels

States accompanied by inappropriately high renin levels 
may be associated with hyperaldosteronism and alkalosis. 
Renin levels are elevated because of primary elaboration  
of renin or, secondarily, by diminished effective circulat-
ing blood volume. Total ECF may not be diminished.  
Examples of high-renin hypertension include renovascu-
lar, accelerated, and malignant hypertension. Estrogens 
increase renin substrate and hence angiotensin II forma-
tion. Primary tumor overproduction of renin is another rare 
cause of hyperreninemic hyperaldosteronism–induced met-
abolic alkalosis.14

Low Renin Levels

In some disorders, primary adrenal overproduction of min-
eralocorticoid suppresses renin elaboration. Hypertension 
occurs as the result of mineralocorticoid excess with volume 
overexpansion.

Primary Aldosteronism. Tumor involvement (adenoma or, 
rarely, carcinoma) or hyperplasia of the adrenal gland is 
associated with aldosterone overproduction. Mineralocorti-
coid administration or excess production (primary aldoste-
ronism of Cushing’s syndrome and adrenal cortical enzyme 
defects) increases net acid excretion and may result in meta-
bolic alkalosis, which may be worsened by associated K+ 
deficiency. ECF volume expansion from salt retention causes 
hypertension and antagonizes the reduction in GFR and/
or increases tubule acidification induced by aldosterone 
and by K+ deficiency. The kaliuresis persists and causes con-
tinued K+ depletion with polydipsia, inability to concentrate 
the urine, and polyuria. Increased aldosterone levels may be 
the result of autonomous primary adrenal overproduction 
or of secondary aldosterone release due to renal overpro-
duction of renin. In both situations, the normal feedback 
of ECF volume on net aldosterone production is disrupted, 
and hypertension from volume retention can result.

Glucocorticoid-Remediable Hyperaldosteronism. Gluco-
corticoid-remediable hyperaldosteronism is an autosomal 
dominant form of hypertension, the features of which resem-
ble those of primary aldosteronism (hypokalemic metabolic 
alkalosis and volume-dependent hypertension). In this disor-
der, however, glucocorticoid administration corrects the 
hypertension as well as the excessive excretion of 
18-hydroxysteroid in the urine. Dluhy and associates have 
demonstrated that this disorder results from unequal 

hypotension. Discouraging excessive dietary salt intake 
requires dietary counseling and may be a challenging com-
ponent of management.

After Treatment of Lactic Acidosis or Ketoacidosis

When an underlying stimulus for the generation of lactic 
acid or ketoacid is removed rapidly, as occurs with repair of 
circulatory insufficiency or with insulin administration, the 
lactate or ketones can be metabolized to yield an equivalent 
amount of HCO3

−. Thus the initial process of HCO3
− titra-

tion that induced the metabolic acidosis is effectively 
reversed. In the oxidative metabolism of ketones or lactate, 
HCO3

− is not directly produced; rather, H+ is consumed by 
metabolism of the organic anions, with the liberation of an 
equivalent amount of HCO3

−. This process regenerates 
HCO3

− if the organic acids can be metabolized to HCO3
− 

before their renal excretion. Other sources of new HCO3
− 

are additive with the original amount of HCO3
− regenerated 

by organic anion metabolism to create a surfeit of HCO3
−. 

Such sources include (1) new HCO3
− added to the blood by 

the kidneys as a result of enhanced net acid excretion 
during the preexisting acidotic period and (2) alkali therapy 
during the treatment phase of the acidosis. The coexistence 
of acidosis-induced ECF contraction and K+ deficiency acts 
to sustain the alkalosis.13,14

Nonreabsorbable Anions and Magnesium  
Ion Deficiency

Administration of large amounts of nonreabsorbable anions, 
such as penicillin or carbenicillin, can enhance distal acidi-
fication and K+ excretion by increasing the luminal poten-
tial difference attained or possibly by allowing Na+ delivery 
to the CCT without Cl−, which favors H+ secretion without 
Cl−-dependent HCO3

− secretion.14 Mg2+ deficiency also 
results in hypokalemic alkalosis by enhancing distal acidifi-
cation through stimulation of renin and hence aldosterone 
secretion.

Potassium Ion Depletion

Pure K+ depletion causes metabolic alkalosis, although gen-
erally of only modest severity. One reason that the alkalosis 
is usually mild is that K+ depletion also causes positive 
sodium chloride balance with or without mineralocorticoid 
administration. The salt retention, in turn, antagonizes the 
degree of alkalemia. When access to salt as well as to K+ is 
restricted, more severe alkalosis develops. Activation of the 
renal H+-K+-ATPase in the collecting duct by chronic hypo-
kalemia likely plays a role in maintenance of the alkalosis. 
The alkalosis is maintained in part by reduction in GFR 
without a change in tubule HCO3

− transport. The patho-
physiologic basis of the alkalosis has not been well defined 
in humans, but the alkalosis associated with severe K+ deple-
tion is resistant to salt administration. Repair of the K+ defi-
ciency is necessary to correct the alkalosis.

EXTRACELLULAR VOLUME EXPANSION, 
HYPERTENSION, AND 
HYPERMINERALOCORTICOIDISM (see Table 17.17)
As previously discussed, mineralocorticoid administration 
increases net acid excretion and tends to create metabolic 
alkalosis. The degree of alkalosis is augmented by the simul-
taneous increase in K+ excretion, which leads to K+ 
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hypertension responds to thiazides and spironolactone but 
without abnormal steroid products in the urine. Licorice 
and carbenoxolone contain glycyrrhetinic acid, which inhib-
its 11β-hydroxysteroid dehydrogenase. This enzyme is 
responsible for converting cortisol to cortisone, an essential 
step in protecting the mineralocorticoid receptor from cor-
tisol, and protects normal individuals from exhibiting 
apparent mineralocorticoid excess. Without the renal-
specific form of this enzyme, monogenic hypertension 
develops.

SYMPTOMS
Symptoms of metabolic alkalosis include changes in central 
and peripheral nervous system function similar to those in 
hypocalcemia: mental confusion, obtundation, and a predis-
position to seizures, as well as paresthesias, muscular cramp-
ing, and even tetany. Aggravation of arrhythmias and 
hypoxemia in chronic obstructive pulmonary disease is also 
a problem. Related electrolyte abnormalities, including 
hypokalemia and hypophosphatemia, are common, and 
patients may show symptoms of these deficiencies.

TREATMENT
The maintenance of metabolic alkalosis represents a failure 
of the kidney to excrete bicarbonate efficiently because of 
chloride or potassium deficiency or continuous mineralo-
corticoid elaboration, or both. Treatment is primarily 
directed at correcting the underlying stimulus for HCO3

− 
generation and at restoring the ability of the kidney to 
excrete the excess bicarbonate. Assistance is gained in the 
diagnosis and treatment of metabolic alkalosis by paying 
attention to the urinary chloride concentration, systemic 
blood pressure, and the volume status of the patient (par-
ticularly the presence or absence of orthostasis) (see Figure 
17.9). Particularly helpful in the history is the presence or 
absence of vomiting, diuretic use, or alkali therapy. A high 
urine chloride level and hypertension suggest that miner-
alocorticoid excess is present. If primary aldosteronism is 
present, correction of the underlying cause (adenoma, bilat-
eral hyperplasia, Cushing’s syndrome) will reverse the alka-
losis. Patients with bilateral adrenal hyperplasia may respond 
to spironolactone. Normotensive patients with a high urine 
chloride concentration may have Bartter’s or Gitelman’s 
syndrome if diuretic use or vomiting can be excluded. A low 
urine chloride level and relative hypotension suggests a 
chloride-responsive metabolic alkalosis such as vomiting or 
nasogastric suction. [H+] loss by the stomach or kidneys can 
be mitigated by the use of proton pump inhibitors or the 
discontinuation of diuretics. The second aspect of treat-
ment is to remove the factors that sustain HCO3

− reabsorp-
tion, such as ECF volume contraction or K+ deficiency. 
Although K+ deficits should be corrected, NaCl therapy is 
usually sufficient to reverse the alkalosis if ECF volume con-
traction is present, as indicated by a low urine [Cl−].

Patients with CHF or unexplained volume overexpansion 
represent special challenges in the critical care setting. 
Patients with a low urine chloride concentration, usually 
indicative of a “chloride-responsive” form of metabolic alka-
losis, may not tolerate normal saline infusion. Renal HCO3

− 
loss can be accelerated by administration of acetazolamide 
(250 to 500 mg intravenously), a carbonic anhydrase inhibi-
tor, if associated conditions that preclude infusion of saline 

crossing over between two genes located in close proximity 
on chromosome 8.116 This region contains the glucocorti-
coid-responsive promoter region of the gene encoding 
11β-hydroxylase (CYP11B1) where it is joined to the struc-
tural portion of the CYP11B2 gene encoding aldosterone 
synthase.116 The chimeric gene produces excess amounts of 
aldosterone synthase, unresponsive to serum potassium or 
renin levels, but it is suppressed by glucocorticoid administra-
tion. Although a rare cause of primary aldosteronism, the 
syndrome is important to distinguish because treatment 
differs and it can be associated with severe hypertension, 
stroke, and accelerated hypertension during pregnancy.

Cushing’s Disease or Syndrome. Abnormally high gluco-
corticoid production caused by adrenal adenoma or carci-
noma or ectopic corticotropin production causes metabolic 
alkalosis. The alkalosis may be ascribed to coexisting  
mineralocorticoid (deoxycorticosterone and corticoste-
rone) hypersecretion. Glucocorticoids also have the ability 
to enhance net acid secretion and NH4

+ production by occu-
pancy of mineralocorticoid receptors.

Liddle’s Syndrome. Liddle’s syndrome is associated with 
severe hypertension presenting in childhood, accompanied 
by hypokalemic metabolic alkalosis. These features resem-
ble those of primary hyperaldosteronism, but the renin and 
aldosterone levels are suppressed (pseudohyperaldosteron-
ism).117 The defect is constitutive activation of the ENaC at 
the apical membrane of principal cells in the CCD. Liddle 
originally described patients with low renin and low aldoste-
rone levels that did not respond to spironolactone. The 
defect in Liddle’s syndrome is inherited as an autosomal 
dominant form of monogenic hypertension. This disorder 
has been attributed to an inherited abnormality in the gene 
that encodes the β- or the γ-subunit of renal ENaC. Either 
mutation results in deletion of the cytoplasmic tails of the 
β- or γ-subunit. The C termini contain PY amino acid motifs 
that are highly conserved, and essentially all mutations in 
patients with Liddle’s syndrome involve disruption or dele-
tion of this motif. These PY motifs are important in regulat-
ing the number of sodium channels in the luminal 
membrane by binding to the WW domains of the Nedd4 
(neural developmentally downregulated isoform 4)–like 
family of ubiquitin-protein ligases.117 Disruption of the PY 
motif dramatically increases the surface localization of 
ENaC complex, because these channels are not internalized 
or degraded (Nedd4 pathway) but remain activated on the 
cell surface.117 Persistent Na+ absorption eventuates in 
volume expansion, hypertension, hypokalemia, and meta-
bolic alkalosis.117

Miscellaneous Conditions. Ingestion of licorice, carbenoxo-
lone, smokeless tobacco, or nasal spray can cause a typical 
pattern of hypermineralocorticoidism. These substances 
inhibit 11β-hydroxysteroid dehydrogenase (which nor-
mally metabolizes cortisol to an inactive metabolite), so  
that cortisol is allowed to occupy type I renal mineralocor-
ticoid receptors, mimicking aldosterone. Apparent miner-
alocorticoid excess syndrome resembles excessive ingestion 
of licorice: volume expansion, low renin level, low aldoste-
rone level, and a salt-sensitive form of hypertension, which 
may include metabolic alkalosis and hypokalemia. The 
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(e.g., elevated pulmonary capillary wedge pressure, or evi-
dence of CHF) are present.14 Acetazolamide is usually very 
effective in patients with adequate renal function but can 
exacerbate urinary K+ losses. Hypokalemia should be 
expected in alkalotic patients following intravenous acet-
azolamide and should be treated promptly. Dilute hydro-
chloric acid (0.1 Normal HCl) is also effective but must be 
infused slowly in a central line because it may cause severe 
hemolysis and is difficult to titrate. If 0.1 normal HCl is used, 
the goal should not be to restore the pH to normal, but to 
reduce the pH to approximately 7.50. Patients receiving 
continuous renal replacement therapy in the intensive care 
unit typically develop metabolic alkalosis when high-
bicarbonate dialysate is used or when citrate regional anti-
coagulation is employed. Therapy should include reduction 
of alkali loads via dialysis by reducing the bicarbonate con-
centration in the dialysate when possible. If not effective, 
intravenous 0.1 normal HCl may be necessary in this setting.
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The diagnosis and management of potassium disorders are 
central skills in clinical nephrology, relevant not only to 
consultative nephrology but also to dialysis and renal trans-
plantation. An understanding of the underlying physiology 
is critical to the diagnostic and management approach  
to hyperkalemic and hypokalemic patients. This chapter 
reviews those aspects of the physiology of potassium homeo-
stasis judged to be relevant to the understanding of potas-
sium disorders; a more detailed review of renal potassium 
transport is provided in Chapter 6.

The pathophysiology of potassium disorders continues to 
evolve. The expanding list of drugs with a potential to  
affect plasma potassium concentration (K+) has complicated 
clinical management and provided new insights. In addi-
tion, the evolving molecular understanding of rare disor-
ders affecting plasma K+ has uncovered novel pathways of 
regulation1-6; whereas none of these disorders constitutes a 
public health menace,7 they are experiments of nature that 
have provided new windows on critical aspects of potassium 
homeostasis. These advances can be incorporated into an 
increasingly mechanistic, molecular understanding of potas-
sium disorders.

NORMAL POTASSIUM BALANCE

The dietary intake of potassium ranges from less than 35 to 
more than 110 mmol/day in U.S. adults. Despite this wide-
spread variation in intake, homeostatic mechanisms serve to 
maintain plasma K+ precisely between 3.5 and 5.0 mmol/L. 
In a healthy individual at steady state, the entire daily intake 
of potassium is excreted, approximately 90% in the urine 
and 10% in the stool. More than 98% of total body potas-
sium is intracellular, chiefly in muscle (Figure 18.1). Buffer-
ing of extracellular K+ by this large intracellular pool plays 
a crucial role in the regulation of plasma K+.8 Thus, within 
60 minutes of an intravenous load of 0.5 mmol/kg of K+-Cl−, 
only 41% appears in the urine, yet serum K+ rises by no more 
than 0.6 mmol/L9; adding the equivalent 35 mmol exclu-
sively to the extracellular space of a 70-kg man would be 
expected to raise serum K+ by ~2.5 mmol/L.10 Changes in 
cellular distribution also serve to defend plasma K+ during 
K+ depletion. For example, military recruits have been 
shown to maintain a normal serum K+ after 11 days of basic 
training, despite a profound K+ deficit generated by renal 
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knock-in mice have been generated that express α2-subunits 
with engineered resistance to ouabain. These mice are  
strikingly resistant to ouabain-induced hypertension and to 
adrenocorticotropic hormone (ACTH)–dependent hyper-
tension,18 the latter known to involve an increase in circulat-
ing ouabain-like glycosides. This provocative data have given 
more credence to the controversial role of such ouabain-like 
molecules in hypertension and cardiovascular disease. Fur-
thermore, modulation of the K+-dependent binding of cir-
culating ouabain-like compounds to Na+-K+-ATPase may 
underlie at least some of cardiovascular complications of 
hypokalemia19 (see “Consequences of Hypokalemia”).

Skeletal muscle contains as much as 75% of body potas-
sium (see Figure 18.1), and exerts considerable influence 
on extracellular K+. Exercise is thus a well-described cause 
of transient hyperkalemia; interstitial K+ in human muscle 
can reach levels as high as 10 mmol/L after fatiguing exer-
cise.20 Not surprisingly, therefore, changes in skeletal muscle 
Na+-K+-ATPase activity and abundance are major determi-
nants of the capacity for extrarenal K+ homeostasis. Hypo-
kalemia induces a marked decrease in muscle K+ content 
and Na+-K+-ATPase activity,21 an apparently altruistic8 mecha-
nism to regulate plasma K+. This is primarily due to dramatic 
decreases in the protein abundance of the α2-subunit of 
Na+/K+-ATPase.22 In contrast, hyperkalemia due to potas-
sium loading is associated with adaptive increases in muscle 
K+ content and Na+-K+-ATPase activity.23 These interactions 
are reflected in the relationship between physical activity 
and the ability to regulate extracellular K+ during exercise.24 
For example, exercise training is associated with increases 
in muscle Na+-K+-ATPase concentration and activity, with 
reduced interstitial K+ in trained muscles25 and an enhanced 
recovery of plasma K+ after defined amounts of exercise.24

Potassium can also accumulate in cells by coupling to the 
gradient for Na+ entry, entering via the electroneutral Na+-
K+-2Cl− cotransporters NKCC1 and NKCC2. The NKCC2 
protein is found only at the apical membrane of the thick 
ascending limb (TAL) and macula densa cells (Figure 18.2; 
see Figure 18.10), where it functions in transepithelial salt 
transport and tubular regulation of renin release.26 In 
contrast, NKCC1 is widely expressed in multiple tissues,26 
including muscle.27 The cotransport of K+-Cl− by the four 
K+-Cl− cotransporters (KCC1-4) can also function in the 
transfer of K+ across membranes; although the KCCs typi-
cally function as efflux pathways, they can mediate influx 
when extracellular K+ increases.26

The efflux of K+ out of cells is largely accomplished by K+ 
channels, which comprise the largest family of ion channels 
in the human genome. There are three major subclasses of 
mammalian K+ channels: the six-transmembrane domain 
(TMD) family, which encompasses the voltage-sensitive and 
Ca2+-activated K+ channels; the two-pore, four-TMD family; 
and the two-TMD family of inward rectifying K+ (Kir) chan-
nels.28 There is tremendous genomic variety in human K+ 
channels, with at least 26 separate genes encoding principal 
subunits of the voltage-gated Kv channels and 16 genes 
encoding the principal Kir subunits. Further complexity is 
generated by the presence of multiple accessory subunits 
and alternative patterns of messenger RNA (mRNA) splic-
ing. Not surprisingly, an increasing number and variety of 
K+ channels have been implicated in the control of K+ 
homeostasis and the membrane potential of excitable cells, 

and extrarenal loss.11 The rapid exchange of intracellular 
K+ with extracellular K+ plays a crucial role in maintaining 
plasma K+ within such a narrow range; this is accomplished 
by overlapping and synergistic12 regulation of a number of 
renal and extrarenal transport pathways.

POTASSIUM TRANSPORT MECHANISMS

The intracellular accumulation of K+ against its electro-
chemical gradient is an energy-consuming process, medi-
ated by the ubiquitous Na+-K+-ATPase enzyme. The 
Na+-K+-ATPase functions as an electrogenic pump, since the 
stoichiometry of transport is three intracellular Na+ ions to 
two extracellular K+ ions. The enzyme complex is made up 
of a tissue-specific combination of multiple α-, β-, and 
γ-subunits, which are further subject to tissue-specific pat-
terns of regulation.13 The Na+-K+-ATPase proteins share sig-
nificant homology with the corresponding subunits of  
the H+-K+-ATPase enzymes (see “Potassium Transport 
in the Distal Nephron”). Cardiac glycosides—digoxin and 
ouabain—bind to the α-subunits of Na+-K+-ATPase at an 
exposed extracellular hairpin loop that also contains the 
major binding sites for extracellular K+.14 The binding 
of digoxin and K+ to the Na+-K+-ATPase complex is thus 
mutually antagonistic, explaining in part the potentiation 
of digoxin toxicity by hypokalemia.15 Although the four 
α-subunits have equivalent affinity for ouabain, they differ 
significantly in intrinsic K+-ouabain antagonism.16 Ouabain 
binding to isozymes containing the ubiquitous α1-subunit 
is relatively insensitive to K+ concentrations within the 
physiologic range, such that this isozyme is protected  
from digoxin under conditions wherein cardiac α2- and α3-
subunits, the probable therapeutic targets,17 are inhibited.16 
Genetic reduction in cardiac α1-subunit content has a nega-
tive ionotropic effect,17 such that the relative resistance of 
this subunit to digoxin at physiologic plasma K+ has an 
additional cardioprotective effect. Notably, the digoxin-
ouabain binding site of α-subunits is highly conserved, sug-
gesting a potential role in the physiologic response to 
endogenous ouabain and digoxin-like compounds. Novel 

Figure 18.1  Body K+ distribution and cellular K+ flux. ADP, Adenos-
ine  diphosphate;  ATP,  adenosine  triphosphate;  GI,  gastrointestinal; 
Pi,  inorganic  phosphorus;  RBC,  red  blood  cells.  (From Wingo CS, 
Weiner ID: Disorders of potassium balance. In Brenner BM, editor: The 
kidney, vol 1, Philadelphia, 2000, WB Saunders, pp 998-1035.)
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Figure 18.2  Schematic cell models of potassium transport along  the nephron. Cell  types are as specified. Note  the differences  in  luminal 
potential difference along the nephron. TAL, Thick ascending  limb.  (From Giebisch G: Renal potassium transport: mechanisms and regulation. 
Am J Physiol 274:F817-F833, 1998.)
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excretion, emphasizing the crucial role of circulating insulin 
in the regulation of plasma K+.37 Clinically, inhibition of 
insulin secretion by the somatostatin agonist octreotide can 
cause significant hyperkalemia in anephric patients38 and 
patients with normal renal function.39

Insulin stimulates the uptake of K+ by several tissues, most 
prominently liver, skeletal muscle, cardiac muscle, and 
fat.21,40 It does so by activating several K+ transport pathways, 
with particularly well-documented effects on the Na+-K+-
ATPase.41 Insulin activates Na+-H+ exchange and/or Na+-K+-
2Cl− cotransport in several tissues; although the ensuing 
increase in intracellular Na+ was postulated to have a sec-
ondary activating effect on Na+-K+-ATPase,28 it is clear that 
this is not the primary mechanism in most cell types.42 
Insulin induces translocation of the Na+-K+-ATPase α2-
subunit to the plasma membrane of skeletal muscle cells, 
with a lesser effect on the α1-subunit.43 This translocation is 
dependent on the activity of phosphatidylinositol-3-kinase 
(PI3K),43 which itself also binds to a proline-rich motif in 
the N terminus of the α-subunit.44 The activation of PI3K by 
insulin thus induces phosphatase enzymes to dephosphory-
late a specific serine residue adjacent to the PI3K binding 
domain. Trafficking of Na+-K+-ATPase to the cell surface also 
appears to require the phosphorylation of an adjacent tyro-
sine residue, perhaps catalyzed by the tyrosine kinase activity 
of the insulin receptor itself.45 Finally, the serum- and 
glucocorticoid-regulated kinase-1 (SGK1) plays a critical 
role in insulin-stimulated K+ uptake, presumably via the 
known stimulatory effects of this kinase on Na+-K+-ATPase 
activity and/or Na+-K+-2Cl− cotransport.46 The hypokalemic 
effect of insulin plus glucose is blunted in SGK1 knockout 
mice, with a marked reduction in hepatic insulin-stimulated 
K+ uptake.46

SYMPATHETIC NERVOUS SYSTEM
The sympathetic nervous system plays a prominent role in 
regulating the balance between extracellular and intracel-
lular K+. Again, as is the case for insulin, the effect of cate-
cholamines on plasma K+ has been known since the 1930s47; 
however, a complicating issue is the differential effect of 
stimulating α- and β-adrenergic receptors (Table 18.2). 
Uptake of K+ by liver and muscle, with resultant hypokale-
mia, is stimulated via β2-receptors.28 The hypokalemic effect 
of catecholamines appears to be largely independent of 
changes in circulating insulin28 and has been reported 
in nephrectomized animals.48 The cellular mechanisms 
whereby catecholamines induce K+ uptake in muscle include 
an activation of the Na+-K+-ATPase,49 likely via increases 
in cyclic adenosine monophosphate (cAMP).50 However, 
β-adrenergic receptors in skeletal muscle also activate the 
inwardly directed Na+-K+-2Cl− cotransporter NKCC1, which 
may account for as much as one third of the uptake response 
to catecholamines.21,27

In contrast to β-adrenergic stimulation, α-adrenergic ago-
nists impair the ability to buffer increases in K+ induced via 
intravenous loading or by exercise51; the cellular mecha-
nisms whereby this occurs are not known. It is thought that 
β-adrenergic stimulation increases K+ uptake during exer-
cise to avoid hyperkalemia, whereas α-adrenergic mecha-
nisms help blunt the ensuing postexercise nadir.51 The 
clinical consequences of the sympathetic control of extrare-
nal K+ homeostasis are reviewed elsewhere in this chapter.

such as muscle and heart, with important and evolving roles 
in the pathophysiology of potassium disorders.1,29,30

FACTORS AFFECTING INTERNAL DISTRIBUTION 
OF POTASSIUM

A number of hormones and physiologic conditions have 
acute effects on the distribution of K+ between the intracel-
lular and extracellular spaces (Table 18.1). Some of these 
factors are of particular clinical relevance and are therefore 
reviewed here in detail.

INSULIN
The hypokalemic effect of insulin has been known since the 
early twentieth century.31 The impact of insulin on plasma 
K+ and plasma glucose is separable at multiple levels, 
suggesting independent mechanisms.21,32,33 For example, 
despite impaired glucose uptake, peripheral K+ uptake is 
not impaired in humans with type 2 diabetes.33 Notably, the 
hypokalemic effect of insulin is not renal-dependent.34 
Insulin and K+ appear to form a feedback loop of sorts, in 
that increases in plasma K+ have a marked stimulatory effect 
on insulin levels.21,35 Insulin-stimulated K+ uptake, measured 
in rats using a K+ clamp technique, is rapidly reduced by 2 
days of K+ depletion, prior to a modest drop in plasma K+,36 
and in the absence of a change in plasma K+ in rats subject 
to a lesser K+ restriction for 14 days.12 Insulin-mediated K+ 
uptake is thus modulated by the factors that serve to pre-
serve plasma K+ in the setting of K+ deprivation (see also 
“Control of Potassium Secretion: Effect of Potassium 
Intake”). Inhibition of basal insulin secretion in normal 
subjects by somatostatin infusion increases serum K+ by up 
to 0.5 mmol/L in the absence of a change in urinary 

Table 18.1 Factors Affecting Distribution of 
Potassium between Intracellular and 
Extracellular Compartments

Factor Effect

Acute: Effect on Potassium

Insulin Enhanced cell uptake
β-Catecholamines Enhanced cell uptake
α-Catecholamines Impaired cell uptake
Acidosis Impaired cell uptake
Alkalosis Enhanced cell uptake
External potassium balance Loose correlation
Cell damage Impaired cell uptake
Hyperosmolality Enhanced cell efflux

Chronic: Effect on ATP Pump Density

Thyroid Enhanced
Adrenal steroids Enhanced
Exercise (training) Enhanced
Growth Enhanced
Diabetes Impaired
Potassium deficiency Impaired
Chronic renal failure Impaired

From Giebisch G: Renal potassium transport: mechanisms and 
regulation. Am J Physiol 274:F817-F833, 1998.
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bicarbonate infusion usually results in a modest reduction 
in serum K+.53-55,57,63 Respiratory alkalosis reduces plasma 
K+ by a magnitude comparable to that of metabolic 
alkalosis.53-55,64 Finally, acute respiratory acidosis increases 
plasma K+; the absolute increase is smaller than that induced 
by metabolic acidosis secondary to inorganic acids.53-55 
Again, however, some studies have failed to show a change 
in serum K+ following acute respiratory acidosis.54,65

RENAL POTASSIUM EXCRETION

POTASSIUM TRANSPORT IN THE  
DISTAL NEPHRON

The proximal tubule and loop of Henle mediate the bulk 
of potassium reabsorption, such that a considerable fraction 
of filtered potassium is reabsorbed prior to entry into the 
superficial distal tubules.66 Renal potassium excretion is pri-
marily determined by regulated secretion in the distal 
nephron, specifically within the connecting segment (CNT) 
and cortical collecting duct (CCD). The principal cells of 
the CNT and CCD play a dominant role in K+ secretion; the 
relevant transport pathways are shown in Figures 18-2 and 
18-3. Apical Na+ entry via the amiloride-sensitive epithelial 
Na+ channel (ENaC)67 results in the generation of a lumen-
negative potential difference in the CNT and CCD, which 
drives passive K+ exit through apical K+ channels. A critical, 

ACID-BASE STATUS

The association between changes in pH and plasma K+ was 
observed in 1934.52 It has long been thought that acute 
disturbances in acid-base equilibrium result in changes in 
serum K+, such that alkalemia shifts K+ into cells, whereas 
acidemia is associated with K+ release.53,54 It is thought that 
this effective K+-H+ exchange serves to help maintain extra-
cellular pH. Rather limited data exist for the durable 
concept that a change of 0.1 unit in serum pH will result in 
a 0.6-mmol/L change in serum K+ in the opposite direc-
tion.55 However, despite the complexities of changes in K+ 
homeostasis associated with various acid-base disorders, a 
few general observations can be made. The induction of 
metabolic acidosis by the infusion of mineral acids (NH4

+-
Cl− or H+-Cl−) consistently increases serum K+,53-57 whereas 
organic acidosis generally fails to increase serum K+.54,56,58,59 
Notably, another study failed to detect an increase in serum 
K+ in normal human subjects with acute acidosis secondary 
to duodenal NH4

+-Cl− infusion, in which a modest acidosis 
was accompanied by an increase in circulating insulin.60 
However, as noted by Adrogué and Madias,61 the concomi-
tant infusion of 350 mL of 5% dextrose in water (D5W) in 
these fasting subjects may have served to increase circulating 
insulin, thus blunting the potential hyperkalemic response 
to NH4

+-Cl−. Clinically, use of the oral phosphate binder 
sevelamer hydrochloride in patients with end-stage kidney 
disease (ESKD) is associated with acidosis due to effective 
gastrointestinal absorption of H+-Cl−; in hemodialysis 
patients, this acidosis has been associated with an increase 
in serum K+, which is ameliorated by an increase in dialysis 
bicarbonate concentration.62 Of note, hyperkalemia is 
not an expected complication of sevelamer carbonate, 
which has supplanted sevelamer hydrochloride as a phos-
phate binder. Metabolic alkalosis induced by sodium 

Figure 18.3  K+ secretory pathways in principal cells of the connect-
ing segment (CNT) and cortical collecting duct (CCD). The absorption 
of  Na+  via  the  amiloride-sensitive  epithelial  sodium  channel  (ENaC) 
generates  a  lumen-negative  potential  difference,  which  drives  K+ 
excretion  through  the  apical  secretory  K+  channel  ROMK.  Flow-
dependent  K+  secretion  is  mediated  by  an  apical  voltage-gated, 
calcium-sensitive BK channel. Chloride-dependent, electroneutral K+ 
secretion is likely mediated by a K+-Cl− cotransporter. 
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Table 18.2 Sustained Effects of β- and 
α-Adrenergic Agonists and 
Antagonists on Serum Potassium 
Concentration

Catecholamine Specificity
Sustained Effect on 
Serum K+

β1- + β2-Agonist (epinephrine, 
isoproterenol)

Decreased

Pure β1-agonist (ITP) None
Pure β2-agonist (salbutamol, 

soterenol, terbutaline
Decreased

β1- + β2-Antagonist 
(propranolol, sotalol)

Increased; blocks the effect 
of β-agonists

β1-Antagonist (practolol, 
metoprolol, atenolol)

None; does not block effect 
of β-agonists

β2-Antagonist (butoxamine, H 
35/25)

Blocks hypokalemic effect 
of β-agonists

α-Agonist (phenylephrine) Increased
α-Antagonist 

(phenoxybenzamine)
None; blocks effect of 
α-agonists

ITP, Isopropylamino-3-(2-thiazoloxy)-2-propanol.
From Giebisch G: Renal potassium transport: mechanisms and 

regulation. Am J Physiol 274:F817-F833, 1998.
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by the ROMK (renal outer medullary K+) channel protein, 
encoded by the Kcnj1 gene; targeted deletion of this gene 
in mice results in complete loss of SK activity within the 
CCD.78 Increased distal flow has a significant stimulatory 
effect on K+ secretion, due in part to enhanced delivery and 
absorption of Na+ and to increased removal of secreted 
K+.68,69 The apical Ca2+-activated BK channel plays a critical 
role in flow-dependent K+ secretion by the CNT and CCD.77 
BK channels have a heteromeric structure, with α-subunits 
that form the ion channel pore and modulatory β-subunits.77 
The β1-subunits of BK channels are restricted to principal 
cells within the CNT,77,79 whereas β4-subunits are detectable 
at the apical membranes of TAL, DCT, and intercalated 
cells.79 Flow-dependent K+ secretion is reduced in mice with 
targeted deletion of the α1- and β1-subunits,77,80,81 consistent 
with a dominant role for BK channels.

In addition to apical K+ channels, considerable evidence 
implicates apical K+-Cl− cotransport in distal K+ secre-
tion.68,82,83 Pharmacologic studies of perfused tubules are 
consistent with K+-Cl− cotransport mediated by the KCC 
proteins.82 A provocative study has underlined the impor-
tance of ENaC-independent K+ excretion, whether it is 
mediated by apical K+-Cl− cotransport and/or by other 
mechanisms.84 Rats were infused with amiloride via osmotic 
minipumps, generating urinary concentrations considered 
sufficient to inhibit more than 98% of ENaC activity. 
Whereas amiloride almost abolished K+ excretion in rats 
with normal K+ intake, acute and long-term high K+ diets 
led to an increasing fraction of K+ excretion that was inde-
pendent of ENaC activity (~50% after 7 to 9 days on a high-
K+ diet).84

In addition to secretion, the distal nephron is capable  
of considerable reabsorption of K+, particularly during 
restriction of dietary K+.21,66,85,86 This reabsorption is accom-
plished primarily by intercalated cells in the outer medul-
lary collecting duct (OMCD) via the activity of apical 
H+-K+-ATPase pumps (see Figure 18.2). The molecular phys-
iology of H+-K+-ATPase–mediated K+ reabsorption is reviewed 
in Chapter 6.

clinically relevant consequence of this relationship is that K+ 
secretion is dependent on delivery of adequate luminal Na+ 
to the CNT and CCD68,69; K+ secretion by the CCD essentially 
ceases as luminal Na+ drops below 8 mmol/L.70 Selective 
increases in thiazide-sensitive Na+-Cl− cotransport in the 
distal convoluted tubule (DCT), as seen in familial hyperka-
lemia with hypertension (FHHt; see “Hyperkalemia: Heredi-
tary Tubular Defects and Potassium Excretion”), reduce Na+ 
delivery to principal cells in the downstream CNT and CCD, 
leading to hyperkalemia.71 Dietary Na+ intake also influ-
ences K+ excretion, such that excretion is enhanced by 
excess Na+ intake and reduced by Na+ restriction (Figure 
18.4).68,69 Basolateral exchange of Na+ and K+ is mediated by 
the Na+-K+-ATPase, providing the driving force for Na+ entry 
and K+ exit at the apical membrane (see Figures 18-2 and 
18-3).

Under basal conditions of high Na+-Cl− and low K+ intake, 
the bulk of aldosterone-stimulated Na+ and K+ transport 
occurs in the CNT, prior to the entry of tubular fluid into 
the CCD.72 The density of Na+ and K+ channels is thus con-
siderably greater in the CNT than in the CCD73,74; the capac-
ity of the CNT for Na+ reabsorption may be as much as 10 
times greater than that of the CCD.74 The recruitment of 
ENaC subunits in response to dietary Na+ restriction begins 
in the CNT, with progressive recruitment of subunits to the 
apical membrane of the CCD at lower levels of dietary Na+.75 
The activity of secretory K+ channels in the CNT is also 
influenced by changes in dietary K+; again, this is consistent 
with progressive axial recruitment of transport capacity for 
the absorption of Na+ and secretion of K+ along the distal 
nephron.76

Electrophysiologic characterization has documented  
the presence of several subpopulations of apical K+ chan-
nels in the CCD and CNT, most prominently a small- 
conductance (SK), 30-picosiemens (pS) channel73,77 and a 
large-conductance, Ca2+-activated 150-pS (BK) channel73,78 
(see Figure 18.3). The SK channel is thought to mediate K+ 
secretion under baseline conditions, hence its designation 
as the secretory K+ channel. SK channel activity is mediated 

Figure 18.4  A, Relationship between steady-state serum K+ and urinary K+ excretion  in the dog as a function of dietary Na+  intake (mmol/
day). Animals were adrenalectomized and replaced with aldosterone (Aldo); dietary K+ and Na+ content were varied as specified. B, Relationship 
between steady-state serum K+ and urinary K+ excretion as a function of circulating aldosterone. Animals were adrenalectomized and variably 
replaced with aldosterone; dietary K+ content was varied. (A from Young DB, Jackson TE, Tipayamontri U, Scott RC: Effects of sodium intake on 
steady-state potassium excretion. Am J Physiol 246:F772-F778, 1984; B from Young DB: Quantitative analysis of aldosterone’s role in potassium 
regulation. Am J Physiol 255:F811-F822, 1988.)
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C termini of all three ENaC subunits bind to WW domains 
of Nedd4-297; these PPxY domains are deleted, truncated, 
or mutated in patients with Liddle’s syndrome98 (see later, 
“Liddle’s Syndrome”), leading to a gain of function  
in channel activity.99 Nedd4-2 ubiquitinates ENaC subunits, 
thus inducing removal of channel subunits from the  
cell membrane. followed by degradation in lysosomes and 
the proteasome.93 A PPxY domain in SGK-1 also binds to 
Nedd4-2, which is a phosphorylation substrate for the 
kinase; phosphorylation of Nedd4-2 by SGK-1 abrogates the 
inhibitory effect of this ubiquitin ligase on ENaC subunits2 
(Figure 18.5).

The importance of SGK-1 in K+ and Na+ homeostasis is 
illustrated by the phenotype of SGK-1 knockout mice.100,101 
On a normal diet, homozygous SGK-1−/− mice exhibit 
normal blood pressure and a normal plasma K+, with only 
a mild elevation of circulating aldosterone. However, dietary 
Na+-Cl− restriction of these mice results in relative Na+ 
wasting and hypotension, marked weight loss, and a drop  
in the glomerular filtration rate (GFR), despite consider-
able increases in circulating aldosterone.101 In addition, 
dietary K+ loading over 6 days leads to a 1.5-mmol/L increase 
in serum K+, also accompanied by a considerable increase 
in circulating aldosterone (~fivefold greater than that of 
wild-type littermate controls).100 This hyperkalemia occurs 
despite evident increases in apical ROMK expression, com-
pared to the normokalemic littermate controls. The 
amiloride-sensitive, lumen-negative potential difference 
generated by ENaC is reduced in these SGK-1 knockout 
mice,100 resulting in a decreased driving force for distal K+ 
secretion and the observed susceptibility to hyperkalemia.

Another mechanism whereby aldosterone activates ENaC 
involves proteolytic cleavage of the channel proteins by 
serine proteases. A channel-activating protease that increases 
channel activity of ENaC was initially identified in  
Xenopus laevis A6 cells.102 The mammalian ortholog, denoted 
CAP1 (channel-activating protease-1), or prostasin, is an 
aldosterone-induced protein in principal cells.103 Urinary 
excretion of CAP1 is increased in hyperaldosteronism, with 
a reduction after adrenalectomy.103 CAP1 is membrane-
associated via a glycosylphosphatidylinositol (GPI) linkage102; 

CONTROL OF POTASSIUM SECRETION

ALDOSTERONE
Aldosterone is well established as an important regulatory 
factor in K+ excretion, and increases in plasma K+ are an 
important stimulus for aldosterone secretion (see also “Reg-
ulation of Renal Renin and Adrenal Aldosterone”). However, 
an increasingly dominant theme is that aldosterone plays a 
permissive and synergistic role in K+ homeostasis.87-89 This 
is reflected clinically in the frequent absence of hyperkale-
mia or hypokalemia in disorders associated with a deficiency 
or an overabundance of circulating aldosterone, respec-
tively (see “Hyperaldosteronism” and “Hypoaldosteron-
ism”). Regardless, it is clear that aldosterone and downstream 
effectors of this hormone have clinically relevant effects on 
plasma K+ levels and that the ability to excrete K+ is modu-
lated by systemic aldosterone levels (see Figure 18.4).

Aldosterone has no effect on the density of apical SK 
channels in the CCD or CNT; rather, the hormone induces 
a marked increase in the density of apical Na+ channels,90 
thus increasing the driving force for apical K+ excretion. 
The apical, amiloride-sensitive ENaC is comprised of three 
subunits, α-, β-, and γ-, that assemble together to traffic 
synergistically to the cell membrane and mediate Na+ trans-
port. Aldosterone activates ENaC channel complexes by 
multiple mechanisms. First, it induces transcription of the 
α-ENaC subunit,91,92 increasing the availability for co-assembly 
with the more abundant β- and γ-subunits.93 Second, aldo-
sterone and dietary Na+-Cl− restriction stimulate a significant 
redistribution of ENaC subunits in the CNT and early CCD, 
from a largely cytoplasmic location during dietary Na+-Cl− 
excess to a purely apical distribution after aldosterone or 
Na+-Cl− restriction.75,94,95 Third, aldosterone induces the 
expression of a serine-threonine kinase called SGK-1 (serum 
and glucocorticoid-induced kinase-1)96; coexpression of 
SGK-1 with ENaC subunits results in increased expression 
at the plasma membrane.94 SGK-1 modulates membrane 
expression of ENaC by interfering with regulated endocyto-
sis of its channel subunits. Specifically, the kinase interferes 
with interactions between ENaC subunits and the ubiquitin 
ligase Nedd4-2.93 The so-called PPxY domains in the 

Figure 18.5  Coordinated regulation of the epithelial Na+ channel (ENaC) by the aldosterone-induced SGK kinase and ubiquitin ligase Nedd4-2. 
Nedd4-2 binds  via  its WW domains  to ENaC subunits  via  their PPXY domains  (denoted PY here),  ubiquitinating  the channel  subunits  and 
targeting them for removal from the cell membrane and destruction in the proteasome. Aldosterone induces the SGK kinase, which phosphory-
lates  and  inactivates  Nedd4-2,  thus  increasing  surface  expression  of  ENaC  channels.  Mutations  that  cause  Liddle’s  syndrome  affect  the 
interaction between ENaC and Nedd4-2. (From Snyder PM, Olson DR, Thomas BC: Serum and glucocorticoid-regulated kinase modulates Nedd4-
2-mediated inhibition of the epithelial Na+ channel. J Biol Chem 277:5-8, 2002.)
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that this ratio between WNK1-S and WNK1-L functions as a 
molecular switch to regulate distal K+ secretion. The BK 
channel is also regulated by the WNK kinases.120-122

The membrane trafficking of ROMK is also modulated by 
tyrosine phosphorylation of the channel protein, such that 
tyrosine phosphorylation stimulates endocytosis, and tyro-
sine dephosphorylation induces exocytosis.123,124 Intrarenal 
activity of the cytoplasmic tyrosine kinases c-src and c-yes is 
inversely related to dietary K+ intake, with a decrease under 
high K+ conditions and a marked increase after several 
days of K+ restriction.125,126 Several studies have implicated 
the intrarenal generation of superoxide anions in the activa-
tion of cytoplasmic tyrosine kinases by K+ depletion.127-129 
Potential candidates for the upstream hormonal signals 
include angiotensin II (Ang II) and growth factors such as 
insulin-like growth factor-1 (IGF-1).127 In particular, Ang II 
inhibits ROMK activity in K+-restricted rats, but not rats 
on a normal K+ diet.130 This inhibition by Ang II involves 
downstream activation of superoxide production and c-src 
activity, such that the induction of Ang II by a low-K+ diet 
appears to play a major role in reducing distal tubular K+ 
secretion.131

INTEGRATED REGULATION OF DISTAL SODIUM 
ABSORPTION AND POTASSIUM SECRETION

Under certain physiologic conditions associated with 
marked induction of aldosterone, such as dietary sodium 
restriction, Na+ balance can be maintained without signifi-
cant effects on K+ excretion. However, by activating ENaC 
and generating a more lumen-negative potential difference, 
increases in aldosterone should lead to an obligatory kali-
uresis. How is this physiologic consequence avoided? The 
mechanisms that underlie this aldosterone paradox,  
the independent regulation of Na+ and K+ handling by the 
aldosterone-sensitive distal nephron, have been delineated. 
The major factors that allow for integrated but independent 
control of Na+ and K+ transport appear to include electro-
neutral thiazide-sensitive Na+-Cl− transport within the 
CCD,132-134 ENaC-independent K+ excretion within the distal 
nephron,84 and differential regulation of various signaling 
pathways by aldosterone, Ang II, and dietary K+135,136 (see 
also Chapter 6).

Electroneutral Na+-Cl− transport in the CCD and ENaC-
independent K+ secretion may play important roles in 
disconnecting Na+ and K+ transport within the distal 
nephron. Electroneutral, thiazide-sensitive, and amiloride-
resistant Na+-Cl− transport within the CCD132-134 is mediated 
by the combined activity of the Na+-dependent Cl−-HCO3

− 
SLC4A8 Cl−-HCO3

− exchanger and the SLC26A4 Cl−-
HCO3

−exchanger134 (see also Chapter 6). This transport 
mechanism is apparently responsible for as much as 50%  
of Na+-Cl− transport in mineralocorticoid-stimulated rat 
CCD,132,133 allowing for ENaC-independent, electroneutral 
Na+ absorption that will not directly affect K+ secretion. The 
converse effect emerges after dietary K+ loading, which 
increases the fraction of ENaC-independent, amiloride-
resistant K+ excretion to approximately 50%.84

Studies have indicated a key role in K+ homeostasis for 
NCC, the thiazide-sensitive Na+-Cl− cotransporter in the 
DCT. Selective increases in DCT and NCC activity, as seen 
in FHHt, reduce Na+ delivery to principal cells in the 

mammalian principal cells also express two transmembrane 
proteases, denoted CAP2 and CAP3, with homology to 
CAP1.104 These and other proteases (e.g., furin, plasmin) 
activate ENaC by excising extracellular inhibitory domains 
from the α- and γ-subunits, increasing the open probability 
of channels at the plasma membrane.104,105 This proteolytic 
cleavage of ENaC appears to activate the channel by remov-
ing the so-called self-inhibitory effect of external Na+; in the 
case of furin-mediated proteolysis of α-ENaC, this appears to 
involve the removal of an inhibitory domain from within the 
extracellular loop.106,107 Extracellular Na+ appears to interact 
with a specific acidic cleft in the cleaved extracellular loop of 
α-ENaC, causing inhibition of the channel.108 Since SGK-1 
increases channel expression at the cell surface,94 one 
would expect synergistic activation by coexpressed CAP1-3 
and SGK, and this is indeed the case.104 Therefore, aldoste-
rone activates ENaC by at least three separate synergistic 
mechanisms—induction of α-ENaC, induction of SGK-1 and 
repression of Nedd4-2, and induction of channel-activating 
proteases. Clinically, the inhibition of channel-activating 
proteases by the protease inhibitor nafamostat causes hyper-
kalemia due to inhibition of ENaC activity.109,110

EFFECT OF POTASSIUM INTAKE
Changes in K+ intake strongly modulate K+ channel activity 
in the CNT and CCD (secretory capacity), in addition to 
H+-K+-ATPase activity in the OMCD (reabsorptive capacity). 
Increased dietary K+ rapidly increases the activity of SK 
channels in the CCD and CNT,76,111 along with a modest 
increase in Na+ channel (ENaC) activity 90; this is associated 
with an increase in apical expression of the ROMK channel 
protein.112 The increase in ENaC and SK channel density in 
the CCD occurs within hours of intake of a high-K+ diet, with 
a minimal associated increase in circulating aldosterone.111 
BK channels in the CNT and CCD are also activated by 
dietary K+ loading. Trafficking of BK subunits is thus affected 
by dietary K+, with largely intracellular distribution of 
α-subunits in K+-restricted rats and prominent apical expres-
sion in K+-loaded rats.113 Again, aldosterone does not con-
tribute to the regulation of BK channel activity or expression 
in response to a high-K+ diet.114

A complex synergistic mix of signaling pathways regulates 
K+ channel activity in response to changes in dietary K+ (see 
also Chapter 6). In particular, the WNK (with no lysine) 
kinases play a critical role in modulating distal K+ secretion. 
WNK1 and WNK4 were initially identified as the causative 
genes for FHHt (see also “Hyperkalemia: and Potassium 
Excretion”). ROMK expression at the membrane of Xenopus 
oocytes is reduced by coexpression of WNK4; FHHt-
associated mutations increase this effect, suggesting a direc-
tion inhibition of SK channels in FHHt.115 Transcription of 
the WNK1 gene generates several different isoforms; the 
predominant intrarenal WNK1 isoform is generated by a 
distal nephron transcriptional site that bypasses the 
N-terminal exons that encode the kinase domain, yielding 
a kinase-deficient short isoform116 (“WNK1-S”). Full-length 
WNK1 (WNK1-L) inhibits ROMK by inducing endocytosis 
of the channel protein; the shorter, kinase-deficient WNK1-S 
isoform inhibits this effect of WNK1-L.117,118 The ratio of 
WNK1-S to WNK1-L transcripts is reduced by K+ restriction 
(greater endocytosis of ROMK)118,119 and increased by K+ 
loading (reduced endocytosis of ROMK),117,119 suggesting 
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WNK1-L on NCC, leading to inhibition of NCC in condi-
tions with a relative excess of WNK1-S.135

Finally, within principal cells, increases in aldosterone 
induce the SGK1 kinase, which phosphorylates WNK4 and 
attenuates the effect of WNK4 on ROMK141 while activating 
ENaC.93,94,96 However, when dietary K+ intake is reduced, 
c-src tyrosine kinase activity increases under the influence 
of increased Ang II, causing direction inhibition of ROMK 
activity via tyrosine phosphorylation of the channel.123,142,143 
The increase in c-src tyrosine kinase activity also abrogates 
the inhibitory effect of SGK1 on WNK4.136 Again, Ang II 
appears to mediate part of its inhibitory effect on ROMK 
through activation of c-src,131 such that c-src serves as an 
important component of the switch that regulates K+ secre-
tion in response to changes in dietary K+.

To summarize this important physiology, the differential 
effects of K+ intake on Ang II versus aldosterone appear to 
be critical in resolving the aldosterone paradox; so too are 
the differential effects of K+ intake on NCC-dependent Na+-
Cl− transport in the DCT and on secretory K+ channels 
within the downstream CNT and CCD (Figure 18.6). Under 
conditions of low Na+ intake but moderate K+ intake, Ang 
II and aldosterone are both strongly induced, leading to 

downstream CNT and CCD, leading to hyperkalemia.71 The 
DCT also clearly functions as a potassium sensor, directly 
responding to changes in circulating potassium. Reduction 
in potassium intake and/or hypokalemia thus lead to 
reduced basolateral [K+] in the DCT; the subsequent hyper-
polarization is dependent on basolateral KIR4.1-containing 
K+ channels.3 Hyperpolarization leads to chloride exit via 
basolateral CLC-NKB chloride channels and a reduction in 
intracellular chloride; the reduction in intracellular chlo-
ride activates the WNK cascade, resulting in phosphoryla-
tion of NCC and activation of the transporter.3 Ang II also 
activates NCC via WNK-dependent activation of the SPAK 
kinase and phosphorylation of the transporter protein,137,138 
reducing delivery of Na+ to the CNT and limiting K+ secre-
tion. In contrast, Ang II inhibits ROMK activity via several 
mechanisms, including downstream activation of c-src tyro-
sine kinases (see earlier).129-131 Whereas K+ restriction 
induces renin and circulating angiotensin-II (see “Conse-
quences of Hypokalemia”), increases in dietary K+ are sup-
pressive.131,139 A high-K+ diet also inactivates NCC140 due to 
the associated decrease in Ang II in addition to the increase 
in the ratio of WNK1-S to WNK1-L isoforms that occurs with 
increased K+ intake.117-119 WNK1-S antagonizes the effect of 

Figure 18.6  Integrated regulation of Na+-Cl− and K+ transport in the DCT, CNT, and CCD. Activating pathways are shown by green arrowheads 
and the inhibitory pathway is indicated by the red blunt end. Left panel, Pathway in the setting of a low-Na+ diet, wherein angiotensin II (Ang 
II) and SGK-1 signaling lead to phosphorylation of WNK4. This stimulates phosphorylation of SPAK, which in turn phosphorylates and activates 
thiazide-sensitive  Na+-Cl−  cotransport  in  the  DCT  via  NCC.  Stimulation  of  unknown  receptors  is  hypothesized  to  cause  phosphorylation  of 
L-WNK1, which can also stimulate SPAK phosphorylation. L-WNK1 has other functions: (1) it blocks the NCC inhibitory form of WNK4, thus 
activating NCC; (2) it inhibits secretion of K+ via ROMK channels. Right panel, Pathway in the setting of high dietary K+ intake, wherein aldo-
sterone is stimulated and Ang II is low. In the absence of sufficient Ang II, its type 1 receptor (AT1R) cannot activate WNK4. This reduces SPAK 
activation and NCC phosphorylation. Dietary potassium loading also increases the level of the KS-WNK1 isoform to suppress the activity of 
L-WNK1.  In  consequence,  the  inhibitory  effect  of  WNK4  on  NCC  dominates,  blocking  traffic  of  NCC  to  the  apical  membrane  and  thereby 
reducing NCC activity. KS-WNK1 also blocks the effect of L-WNK1 on ROMK endocytosis, causing ROMK to increase at the apical membrane. 
The net effect is that K+ secretion in the DCT and CNT-CCD is maximized, whereas NCC is suppressed. Aldosterone stimulation of the epithelial 
sodium channel (ENaC; not shown) offsets the decreased Na+ reabsorption by NCC, allowing robust potassium secretion without changes in 
sodium balance. The roles of WNK3, SGK1, and c-src cytoplasmic tyrosine kinases are not shown in the interest of clarity; see text for further 
details. NCC, NaCl cotransporter; ROMK, renal outer medullary K channel; SPAK, STE20/SPS1-related proline/alanine-rich kinase; WNK, with 
no K (lysine) kinase. (From Welling PA, Chang YP, Delpire E, Wade JB: Multigene kinase network, kidney transport, and salt in essential hyperten-
sion. Kidney Int 77:1063-1069, 2010.)
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modulation of intracellular cAMP and calcium, rather than 
functioning in the acute regulation of renin release.153 Pros-
taglandins generated by the macula densa also participate 
in the recruitment of CD44+ mesenchymal stromal cells 
during salt restriction, which differentiate into renin-
producing cells.159

Renin released from the kidney ultimately stimulates 
aldosterone release from the adrenal via Ang II. Hyperkale-
mia per se is also an independent and synergistic stimulus 
(Figure 18.7) for aldosterone release from the adrenal 
gland,21,160 although dietary K+ loading is less potent than 
dietary Na+-Cl− restriction in increasing circulating aldoste-
rone.87 The resting membrane potential of adrenal glomer-
ulosa cells is hyperpolarized due to the activity of the leak 
K+ channels TASK-1 and TASK-3; combined deletion of 
genes encoding these channels leads to baseline depolariza-
tion of adrenal glomerulosa cells and an increase in serum 
aldosterone that is resistant to dietary sodium loading.161 
Ang II and K+ both activate Ca2+ entry in glomerulosa cells 
via voltage-sensitive, T-type Ca2+ channels,21,162 primarily 
Cav3.2.163 Elevations in extracellular K+ thus depolarize glo-
merulosa cells and activate these Ca2+ channels, which are 
independently and synergistically activated by Ang II.162 
Calcium-dependent activation of calcium-calmodulin 
(CaM)–dependent protein kinase in turn activates the syn-
thesis and release of aldosterone via induction of aldoste-
rone synthase.164 K+ and Ang II also enhance transcription 
of the Cav3.2 Ca2+ channel by abrogating repression of 
this gene by the neuron-restrictive silencing factor (NRS); 
this ultimately amplifies the induction of aldosterone 
synthase.163

The role of adrenal K+ sensing in aldosterone release has 
been dramatically underlined by the reports of germline 
and somatic mutations in aldosterone-producing adenomas 
of transport proteins that control membrane excitability of 
adrenal zona glomerulosa cells (see also “Hyperaldosteron-
ism”). For example, somatic mutations in the adrenal K+ 
channel KCNJ5 (GIRK4) can be detected in about 40% of 

enhanced Na+-Cl− transport via NCC, increased ENaC activ-
ity, and decreased secretory K+ channel activity. Although 
ENaC is activated, the relative inhibition of ROMK by the 
increased Ang II prevents excessive kaliuresis. Ang II–
dependent activation of c-src kinases has direct inhibitory 
effects on ROMK trafficking and also abrogates the inhibi-
tory effect of SGK1 on WNK4,136 leading to unopposed 
inhibition of ROMK by WNK4. In addition, the aldosterone-
dependent induction of electroneutral Na+-Cl− transport 
within the CCD132-134 increases Na+-Cl− reabsorption but 
blunts the effect on the lumen-negative potential, thus limit-
ing kaliuresis. When dietary K+ increases, circulating aldo-
sterone is moderately induced, but Ang II is suppressed. 
This leads to inhibition of NCC and increased downstream 
delivery of Na+ to principal cells in the CNT and CCD, 
where ENaC activity is increased and ROMK and BK chan-
nels are significantly activated. ENaC-independent K+ secre-
tion is also strongly induced by increased dietary K+ intake,84 
contributing significantly to the ability to excrete K+ in the 
urine.

REGULATION OF RENAL RENIN AND  
ADRENAL ALDOSTERONE

Modulation of the renin angiotensin aldosterone (RAAS) 
axis has profound clinical effects on K+ homeostasis. 
Although multiple tissues are capable of renin secretion, 
renin of renal origin has a dominant physiologic impact. 
Renin secretion by juxtaglomerular cells within the afferent 
arteriole is initiated in response to a signal from the macula 
densa,144 specifically a decrease in luminal chloride145 trans-
ported through the Na+-K+-2Cl− cotransporter (NKCC2) at 
the apical membrane of macula densa cells.26 In addition to 
this macula densa signal, decreased renal perfusion pres-
sure and renal sympathetic tone stimulate renal renin secre-
tion.21,146 The various inhibitors of renin release include Ang 
II, endothelin,147 adenosine,148 atrial natriuretic peptide 
(ANP),149 tumor necrosis factor-α (TNF-α),150 and active 
vitamin D.151 The cyclic guanosine monophosphate (cGMP)–
dependent protein kinase type II (cGKII) tonically inhibits 
renin secretion in that renin secretion in response to several 
stimuli is exaggerated in homozygous cGKII knockout 
mice.152 Activation of cGKII by ANP and/or nitric oxide has 
a marked inhibitory effect on the release of renin from 
juxtaglomerular cells.149 Local factors that stimulate renin 
release from juxtaglomerular cells include prostaglandins,153 
adrenomedullin,154 catecholamines (β1-receptors),155 and 
succinate (GPR91 receptor).156

The relationship between renal renin release, the RAAS, 
and cyclo-oxygenase-2 (COX-2) is particularly complex.153 
COX-2 is heavily expressed in the macula densa,153 with a 
significant recruitment of COX-2(+) cells seen with salt 
restriction or furosemide treatment.21,153 Reduced intracel-
lular chloride in macula densa cells appears to stimulate 
COX-2 expression via p38 MAP kinase,157 whereas both aldo-
sterone and Ang II reduce its expression.153 Prostaglandins 
derived from COX-2 in the macula densa play a dominant 
role in the stimulation of renal renin release by salt restric-
tion, furosemide, renal artery occlusion, or angiotensin-
converting enzyme (ACE) inhibition.21,158 Specifically, 
COX-2–derived prostaglandins appear to play a role in tonic 
expression of renin in juxtaglomerular (JG) cells via 

Figure 18.7  Synergistic  effect  of  increased  extracellular  K+  and 
angiotensin  II  (ANG  II)  in  inducing  aldosterone  release  from  bovine 
adrenal  glomerulosa  cells.  Dose  response  curves  for  ANG  II  were 
performed  at  an  extracellular  K+  of  2 mmol/L  (blue circles)  and 
5 mmol/L  (red circles).  (From Chen XL, Bayliss DA, Fern RJ, Barrett 
PQ: A role for T-type Ca2+ channels in the synergistic control of aldoste-
rone production by ANG II and K+. Am J Physiol 276: F674-F683, 1999.)
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are indicative of ongoing renal potassium wasting. The 
utility of the K+/creatinine ratio was evaluated in a study 
of 43 patients with severe hypokalemia (range, 1.5 to 
2.6 mmol/L) associated with paralysis.178 The urine K+/cre-
atinine ratio reliably distinguished between the 30 patients 
with hypokalemic periodic paralysis and the 13 patients with 
hypokalemia due mostly to renal potassium wasting. The 
K+/creatinine ratio was thus significantly lower in the 
patients with periodic paralysis (11 versus 36 mEq/g creati-
nine; 1.3 versus 4.1 mEq/mmol creatinine). The cutoff 
value was approximately 22 mEq/g creatinine (2.5 mEq/
mmol).

The determination of urinary electrolytes for calculation 
of the TTKG or urine K+/creatinine ratio provides the 
opportunity for the measurement of urinary Na+, which will 
determine whether significant prerenal stimuli are limiting 
distal Na+ delivery and thus K+ excretion (see also Figure 
18.4). Urinary electrolytes also afford the opportunity to 
calculate the urinary anion gap, an indirect index of urinary 
NH4

+ content. and thus the ability to respond to an 
acidemia.179

CONSEQUENCES OF HYPOKALEMIA  
AND HYPERKALEMIA

CONSEQUENCES OF HYPOKALEMIA

EXCITABLE TISSUES: MUSCLE AND HEART
Hypokalemia is a well-described risk factor for ventricular 
and atrial arrhythmias.28,180,181 For example, in patients 
undergoing cardiac surgery, a serum K+ of less than 
3.5 mmol/L is a predictor of serious intraoperative arrhyth-
mia, perioperative arrhythmia, and postoperative atrial 
fibrillation.182 Moderate hypokalemia does not, however, 
appear to increase the risk of serious arrhythmia during 
exercise stress testing.183 Electrocardiographic changes in 
hypokalemia include broad flat T waves, ST depression, and 
QT prolongation; these are most marked when serum K+ is 
less than 2.7 mmol/L.184 Hypokalemia, often accompanied 
by hypomagnesemia, is an important cause of the long QT 
syndrome (LQTS) and torsades de pointes, either alone185 
or in combination with drug toxicity,186 or with LQTS-
associated mutations in cardiac K+ and Na+ channels.187 
Hypokalemia accelerates the clathrin-dependent internal-
ization and degradation of the cardiac hERG (human ether-
à-go-go–related gene) K+ channel protein.30 hERG encodes 
pore-forming subunits of the cardiac rapidly activating 
delayed rectifier K+ channel (IKr); IKr is largely responsible 
for potassium efflux during phases 2 and 3 of the cardiac 
action potential.188 Loss-of-function mutations in hERG 
reduce IKr and cause type II LQTS30; downregulation of 
hERG and IKr by hypokalemia provides an elegant explana-
tion for the association with LQTS and torsades de pointes.

In accordance with the Nernst equation, the resting mem-
brane potential is related to the ratio of the intracellular to 
extracellular potassium concentration. In skeletal muscle, a 
reduction in plasma K+ will increase this ratio and therefore 
hyperpolarize the cell membrane (i.e., make the resting 
potential more electronegative); this impairs the ability of 
the muscle to depolarize and contract, leading to weakness. 
However, in some human cardiac cells, particularly Purkinje 

aldosterone-producing adrenal adenomas165; these muta-
tions endow the channel with a novel Na+ conductance, 
leading to adrenal glomerulosa cell depolarization, Ca2+ 
influx, and aldosterone release.

The adrenal release of aldosterone due to increased K+ is 
dependent on an intact adrenal renin angiotensin system,166 
particularly during Na+ restriction. ACE inhibitors and 
angiotensin-receptor blockers (ARBs) thus completely abro-
gate the effect of high K+ on salt-restricted adrenals.167 
Direct, G protein–dependent activation of the TASK-1 and/
or TASK-3 K+ channels by Ang II receptor type 1A (AT1AR) 
or Ang II receptor type 1B (AT1BR) is thought to underlie 
the effect of Ang II on adrenal aldosterone release,161 with 
abrogation of this effect by ARBs or ACE inhibitors. Other 
clinically relevant activators of adrenal aldosterone release 
include prostaglandins168 and catecholamines169 via increases 
in cAMP.170,171 Finally, ANP exerts a potent negative effect 
on aldosterone release induced by K+ and other stimuli,172 
at least in part by inhibiting early events in aldosterone 
synthesis.173 ANP is therefore capable of inhibiting renal 
renin release and adrenal aldosterone release, functions 
that may be central to the pathophysiology of hyporenin-
emic hypoaldosteronism.

URINARY INDICES OF POTASSIUM EXCRETION

A bedside test to measure distal tubular K+ secretion directly 
in humans would be ideal; however, for obvious reasons, this 
not technically feasible. A widely used surrogate is the trans-
tubular K+ gradient (TTKG), which is defined as follows:

TTKG K osmality K osmalityurine blood blood urine= × ×+ +([ ] ) ([ ] )

The expected values of the TTKG are largely based on 
historical data, and are less than 3 to 4 in the presence of 
hypokalemia and more than 6 to 7 in the presence of hyper-
kalemia; the shifting opinions regarding the physiologically 
appropriate TTKG in hyperkalemia have been reviewed 
multiple times.174 Clearly, water absorption in the CCD and 
medullary collecting duct is an important determinant of 
the absolute K+ concentration in the final urine—hence, the 
use of a ratio of urine/plasma osmolality. Indeed, water 
absorption may in large part determine the TTKG, such that 
it far exceeds the limiting K+ gradient.175 The TTKG may be 
less useful in patients ingesting diets of changing K+ and 
mineralocorticoid intake.176 There is, however, a linear rela-
tionship between plasma aldosterone and the TTKG, sug-
gesting that it provides a rough approximation of the ability 
to respond to aldosterone with a kaliuresis.177 The response 
of the TTKG to mineralocorticoid administration, typically 
fludrocortisone, can thus be used in the diagnostic approach 
to hyperkalemia174 (see also Figures 18-11 and 18-15). In 
hypokalemic patients, a TTKG of less than 2 to 3 separates 
patients with redistributive hypokalemia from those with 
hypokalemia due to renal potassium wasting, who will have 
TTKG values that are more than 4.178

An alternative to the TTKG in hypokalemic patients is 
measurement of the urine K+/creatinine ratio. The urine 
K+/creatinine ratio is usually less than 13 mEq/g creatinine 
(1.5 mEq/mmol creatinine) when hypokalemia is caused by 
poor dietary intake, transcellular potassium shifts, gastroin-
testinal losses, or previous use of diuretics.178 Higher values 
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result in a rapid, reversible decrease in the expression of 
aquaporin-2 in the collecting duct,206 beginning in the CCD 
and extending to the medullary collecting duct within the 
first 24 hours.207 In the TAL, the marked reductions seen 
during K+ restriction in the apical K+ channel ROMK and 
apical Na+-K+-2Cl− cotransporter NKCC2204 reduce Na+-Cl− 
absorption, thus inhibiting countercurrent multiplication 
and the driving force for water absorption by the collecting 
duct.

CARDIOVASCULAR CONSEQUENCES
A large body of experimental and epidemiologic evidence 
has implicated hypokalemia and/or reduced dietary K+ in 
the genesis or worsening of hypertension, heart failure, and 
stroke.208 K+ depletion in young rats induces hypertension,209 
with a salt sensitivity that persists after K+ levels are normal-
ized; presumably this salt sensitivity is due to the significant 
tubulointerstitial injury induced by K+ restriction.202 Short-
term K+ restriction in healthy humans and patients with 
essential hypertension also induces Na+-Cl− retention and 
hypertension,28 and abundant epidemiologic data have 
linked dietary K+ deficiency and/or hypokalemia with 
hypertension.181,208 Correction of hypokalemia is particularly 
important in hypertensive patients treated with diuretics; 
blood pressure in this setting is improved with the establish-
ment of normokalemia,210 and the cardiovascular benefits 
of diuretic agents are blunted by hypokalemia.28,211 Hypoka-
lemia reduces insulin secretion; this mechanism may play 
an important role in thiazide-associated diabetes.212 Finally, 
K+ depletion may play important roles in the pathophysiol-
ogy and progression of heart failure.208

CONSEQUENCES OF HYPERKALEMIA

EXCITABLE TISSUES: MUSCLE AND HEART
Hyperkalemia constitutes a medical emergency, primarily 
due to its effect on the heart. Hyperkalemia depolarizes 
cardiac myocytes, reducing the membrane potential from 
−90 mV to approximately −80 mV. This brings the mem-
brane potential closer to the threshold for generation of an 
action potential; mild and/or rapid-onset hyperkalemia will 
initially increase cardiac excitability, since a lesser depolar-
izing stimulus is required to generate an action potential. 
Mild increases in extracellular K+ also affect the repolariza-
tion phase of the cardiac action potential, via increases in 
IKr; as discussed earlier (see “Consequences of Hypokale-
mia”), IKr is highly sensitive to changes in extracellular K+.30 
This effect on repolarization is thought to underlie the early 
signs of hyperkalemia,213 including ST-T segment depres-
sion, peaked T waves, and Q-T interval shortening.188 Persis-
tent and increasing depolarization inactivates cardiac 
sodium channels, thus reducing the rate of phase 0 of the 
action potential (Vmax); the decrease in Vmax results in a 
reduction in myocardial conduction, with progressive pro-
longation of the P wave, PR interval, and QRS complex.188 
Severe hyperkalemia results in loss of the P wave and a pro-
gressive widening of the QRS complex; fusion with T waves 
causes a sine wave sinoventricular rhythm.

Cardiac arrhythmias associated with hyperkalemia  
include sinus bradycardia, sinus arrest, slow idioventricular 
rhythms, ventricular tachycardia, ventricular fibrillation, 
and asystole.213,214 The differential diagnosis and treatment 

fibers in the conducting system, hypokalemia results in a 
paradoxic depolarization189; this paradoxic depolarization 
plays an important role in the genesis of hypokalemic 
cardiac arrhythmias.189,190 Resting membrane potential in 
excitable cells is largely determined by a large family of 
K2P1 K+ channels, so-named due to the presence of two 
pore-forming (P) loop domains in each subunit. Hypokale-
mia causes K2P1 channels, which are normally selective for 
potassium, to transport sodium into cells suddenly, causing 
the paradoxic depolarization.191 Notably, rodent cardiac 
cells respond to hypokalemia with a Nernst equation–
predicted hyperpolarization and, unlike human cardiomyo-
cytes, do not express the K2P1 channel TWIK-1; genetic 
manipulation indicates that TWIK-1 expression confers this 
paradoxic depolarization behavior on human and mouse 
cardiomyocytes.191

In skeletal muscle, hypokalemia causes hyperpolarization, 
thus impairing the capacity to depolarize and contract. 
Weakness and paralysis is therefore a not infrequent conse-
quence of hypokalemia of diverse causes.192,193 On a histori-
cal note, the realization in 1946 that K+ replacement reversed 
the hypokalemic diaphragmatic paralysis induced by treat-
ment of diabetic ketoacidosis (DKA) was a milestone in 
diabetes care.194 Pathologically, muscle biopsies in hypoka-
lemic myopathy demonstrate phagocytosis of degenerating 
muscle fibers, fiber regeneration, and atrophy of type 2 
fibers.195 Most patients with significant myopathy will have 
elevations in creatine kinase, and hypokalemia of diverse 
causes predisposes to rhabdomyolysis, with acute renal 
failure.

RENAL CONSEQUENCES
Hypokalemia causes a host of structural and functional 
changes in the kidney, which are reviewed in detail else-
where.196 In humans, the renal pathology includes a rela-
tively specific proximal tubular vacuolization,196,197 interstitial 
nephritis,198 and renal cysts.199 Hypokalemic nephropathy 
can cause ESKD, mostly in patients with long-standing hypo-
kalemia due to eating disorders and/or laxative abuse200; 
acute renal failure with proximal tubular vasculopathy has 
also been described.201 In animal models, hypokalemia 
increases susceptibility to acute renal failure induced by 
ischemia, gentamicin, and amphotericin.21 Potassium 
restriction in rats induces cortical AT-II and medullary 
endothelin-1 expression, with an ischemic pattern of renal 
injury.202

The prominent functional changes in renal physiology 
that are induced by hypokalemia include Na+-Cl− retention, 
polyuria,197 phosphaturia,28 hypocitraturia,203 and increased 
ammoniagenesis.196 K+ depletion in rats causes proximal 
tubular hyperabsorption of Na+-Cl− in association with an 
upregulation of Ang II,202 AT1 receptor,28 and α2-adrenergic 
receptor28 in this nephron segment. NHE3, the dominant 
apical Na+ entry site in the proximal tubule, is massively 
(>700%) upregulated in K+-deficient rats,204 which is consis-
tent with the observed hyperabsorption of Na+-Cl− and bicar-
bonate.196 Polyuria in hypokalemia is due to polydipsia205 
and to a vasopressin-resistant defect in urine-concentrating 
ability.196 This renal concentrating defect is multifactorial, 
with evidence for a reduced hydroosmotic response to vaso-
pressin in the collecting duct196 and for decreased Na+-Cl− 
absorption by the TAL.28 K+ restriction has been shown to 
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Hyperkalemia can also rarely present with ascending 
paralysis,21 termed secondary hyperkalemic paralysis to differen-
tiate it from familial hyperkalemic periodic paralysis (HYPP). 
This presentation of hyperkalemia can mimic Guillain-Barré 
syndrome and may include diaphragmatic paralysis and 
respiratory failure.225 Hyperkalemia from a diversity of 
causes can cause paralysis, as reviewed by Evers and col-
leagues.226 The mechanism is not entirely clear; however, 
nerve conduction studies in one case suggested a neuro-
genic mechanism, rather than a direct effect on muscle 
excitability.226

In contrast to secondary hyperkalemic paralysis, HYPP is 
a primary myopathy. Patients with HYPP develop myopathic 
weakness during hyperkalemia induced by increased K+ 
intake or rest after heavy exercise.227 The hyperkalemic 
trigger in HYPP serves to differentiate this syndrome from 
hypokalemic periodic paralysis (HOKP); a further distin-
guishing feature is the presence of myotonia in HYPP.227 
Depolarization of skeletal muscle by hyperkalemia unmasks 
an inactivation defect in a tetrodotoxin-sensitive Na+ channel 
in patients with HYPP, and autosomal dominant mutations 
in the SCN4A gene encoding this channel cause most forms 
of the disease.228 Mild muscle depolarization (5 to 10 mV) 
in HYPP results in a persistent inward Na+ current through 
the mutant channel; the normal, allelic SCN4 channels 
quickly recover from inactivation and can then be reacti-
vated, resulting in myotonia. When muscle depolarization 
is more marked (20 to 30 mV), all the Na+ channels are 
inactivated, rendering the muscle inexcitable and causing 
weakness (Figure 18.8). Related disorders due to mutations 
within the large SCN4A channel protein include HOKP type 
II,229 paramyotonia congenita,228 and K+-aggravated myopa-
thy.228 American quarter horses have a high incidence 
(4.4%) of HYPP due to a mutation in equine SCN4A traced 
to the sire named Impressive (see Figure 18.8).228 Finally, loss-
of-function mutations in the muscle-specific K+ channel 
subunit MinK-related peptide 2 (MiRP2) have also been 
shown to cause HYPP; MiRP2 and the associated Kv3.4 K+ 
channel play a role in setting the resting membrane poten-
tial of skeletal muscle.230

RENAL CONSEQUENCES
Hyperkalemia has a significant effect on the ability to 
excrete an acid urine due to interference with the urinary 
excretion of ammonium (NH4

+). Potassium loading in 
humans results in modest reduction in urinary NH4

+ excre-
tion and an impaired response to acid loading.231 In rats, 
chronic potassium loading leads to hyperkalemia and a 
metabolic acidosis due to a 40% reduction in urinary NH4

+ 
excretion.232 Proximal tubular ammonia generation falls, 
but without a significant effect on proximal tubular secre-
tion of NH4

+.232 The TAL absorbs NH4
+ from the tubular 

lumen, followed by countercurrent multiplication and ulti-
mately excretion from the medullary interstitium233; hyper-
kalemia appears to inhibit renal acid excretion by competing 
with NH4

+ for reabsorption by the TAL.234

The NH4
+ ion has the same ionic radius as K+ and can be 

transported in lieu of K+ by NKCC2,235 the apical Na+-K+-
NH4

+-2Cl− cotransporter of the TAL; NH4
+ exits the TAL via 

the basolateral Na+-H+ exchanger NHE4.236 As is the case for 
other cations, countercurrent multiplication of NH4

+ by the 
TAL greatly increases the concentration of NH4

+-NH3 

of a wide-complex tachycardia in hyperkalemia can be par-
ticularly problematic; moreover, hyperkalemia potentiates 
the blocking effect of lidocaine on the cardiac Na+ channel, 
such that use of this agent may precipitate asystole or ven-
tricular fibrillation in this setting.215 Hyperkalemia can also 
cause a type I Brugada pattern in the electrocardiogram, 
with a pseudo–right bundle branch block (RBBB) and per-
sistent coved ST segment elevation in at least two precordial 
leads. This hyperkalemic Brugada sign occurs in critically  
ill patients with significant hyperkalemia (serum K+ 
> 7 mmol/L) and can be differentiated from genetic 
Brugada syndrome by an absence of P waves, marked QRS 
widening, and an abnormal QRS axis.216

Classically, the electrocardiographic manifestations in 
hyperkalemia progress as shown in Table 18.3. However, 
these changes are notoriously insensitive, such that only 
55% of patients with serum K+ more than 6.8 mmol/L in 
one case series manifested peaked T waves.217 There is large 
interpatient variability in the absolute potassium level, 
leading to electrocardiographic changes and cardiac toxic-
ity of hyperkalemia. Relevant variables include the rapidity 
of the onset of hyperkalemia218,219 and the presence or 
absence of concomitant hypocalcemia, acidemia, and/or 
hyponatremia.220,221 Hemodialysis patients221 and patients 
with chronic renal failure222 in particular may not demon-
strate electrocardiographic changes. Care should also be 
taken to adequately distinguish the symmetrically peaked, 
church steeple T waves induced by hyperkalemia from T 
wave changes of other causes.223 The ratio of precordial T 
wave to R wave amplitude (T/R ratio) may be a more spe-
cific sign of hyperkalemia than T wave tenting.224

Table 18.3 Approximate Relationship between 
Hyperkalemic Electrocardiographic 
Changes and Serum Potassium 
Concentration

Serum K+ 
Concentration (mmol/L)

Electrocardiographic 
Abnormality

5.5-6.5 Tall peaked T waves with narrow 
base, best seen in precordial 
leads

6.5-8.0 Peaked T waves
Prolonged PR interval
Decreased amplitude of P 

waves
Widening of QRS complex

>8.0 Absence of P waves
Intraventricular blocks, fascicular 

blocks, bundle branch blocks, 
QRS axis shift

Progressive widening of the 
QRS complex

Sine wave pattern 
(sinoventricular rhythm), 
ventricular fibrillation, asystole

From Mattu A, Brady WJ, Robinson DA: Electrocardiographic 
manifestations of hyperkalemia. Am J Emerg Med 18:721-
729, 2000.
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significant role for hyperkalemia in generation of the 
acidosis.

HYPOKALEMIA

EPIDEMIOLOGY

Hypokalemia is a relatively common finding in outpatients 
and inpatients, perhaps the most common electrolyte 
abnormality encountered in clinical practice.239 When 
defined as a serum K+ less than 3.6 mmol/L, it is found in 
up to 20% of hospitalized patients240; defined as a serum K+ 
less than 3.4 mmol/L, it occurs in 16.8% of first-time hos-
pital admissions.241 Hypokalemia is usually mild, with K+ 
levels in the 3.0- to 3.5-mmol/L range, but in up to 25% of 
hypokalemic patients it can be moderate to severe 
(<3.0 mmol/L).240,242 The most common causative factors in 
hospitalized patients with hypokalemia are gastrointestinal 
losses of potassium, diuretic therapy, and hypomagnese-
mia.243 It is a particularly prominent problem in patients 
receiving thiazide diuretics for hypertension, with an inci-
dence of up to 48% (average, 15% to 30%).28,244 The 
thiazide-type diuretic metolazone is frequently used in the 
management of heart failure refractory to loop diuretics 
alone, causing moderate (K+ ≤ 3.0 mmol/L) or severe (K+ 
≤ 2.5 mmol/L) hypokalemia in approximately 40% and 
10% of patients, respectively.245 Hypokalemia is also a 
common finding in patients receiving peritoneal dialysis, 
with 10% to 20% requiring potassium supplementation.246 
Hypokalemia per se can increase in-hospital mortality rate 
up to 10-fold,241,242 likely due to the profound effects on 
arrhythmogenesis, blood pressure, and cardiovascular 
morbidity.208,247

SPURIOUS HYPOKALEMIA

Delayed sample analysis is a well-recognized cause of spuri-
ous hypokalemia due to increased cellular uptake; this may 
become clinically relevant if the ambient temperature is 
increased.28,248,249 Very rarely, patients with profound leuko-
cytosis due to acute leukemia present with artifactual hypo-
kalemia caused by time-dependent uptake of K+ by the large 
white cell mass.248 Such patients do not develop clinical 
or electrocardiographic complications of hypokalemia,  
and plasma K+ is normal if measured immediately after 
venipuncture.

REDISTRIBUTION AND HYPOKALEMIA

Manipulation of the factors affecting internal distribution 
of K+ (see “Factors Affecting Internal Distribution of Potas-
sium”) can cause hypokalemia due to redistribution of K+ 
between the extracellular and intracellular compartments. 
Endogenous insulin is rarely a cause of hypokalemia, but 
administered insulin is a frequent cause of iatrogenic hypo-
kalemia240 and may be a factor in what has been termed the 
dead in bed syndrome associated with aggressive glycemic 
control.250 Insulin also may play a significant role in the 
hypokalemia associated with refeeding syndrome.251 Altera-
tions in the activity of the endogenous sympathetic nervous 
system can cause hypokalemia in several settings, including 

available for secretion in the collecting duct. The NH4
+ 

produced by the proximal tubule in response to acidosis is 
thus reabsorbed across the TAL, concentrated by counter-
current multiplication in the medullary interstitium, and 
secreted in the collecting duct. The capacity of the TAL to 
reabsorb NH4

+ is increased during acidosis due to an induc-
tion of NKCC2235 and NHE4 expression.236 Hyperkalemia 
induces acidosis in rats by reducing the NH4

+ between the 
vasa recta (surrogate for interstitial fluid) and collecting 
duct234 due to interference with absorption of NH4

+ by 
the TAL.

Clinically, patients with hyperkalemic acidosis due to 
hyporeninemic hypoaldosteronism demonstrate an increase 
in urinary NH4

+ excretion in response to normalization of 
plasma K+ with cation exchange resins,237,238 indicating a 

Figure 18.8  Hyperkalemic periodic paralysis  (HYPP) due  to muta-
tions  in  the  voltage-gated  Na+  channel  of  skeletal  muscle.  A,  This 
disorder  is particularly common  in  thoroughbred quarter horses; an 
affected horse  is shown during a paralytic attack,  triggered by  rest 
after heavy exercise. B, Mechanistic explanation for muscle paralysis 
in  HYPP.  (From Lehmann-Horn F, Jurkat-Rott K: Voltage-gated ion 
channels and hereditary disease. Physiol Rev 79:1317–1372, 1999; 
A courtesy Dr. Eric Hoffman).
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of positively charged arginine residues in the S4, voltage 
sensor domains of L-type calcium channels and the skeletal 
Na+ channel.229 This generates a so-called gating current 
generated by a cation leak through an aberrant pore; this 
abnormal cation leak may directly lead to K+-dependent 
paradoxic depolarization and hypokalemic weakness.271 
Muscles of a Na+ channel knock-in mutant mouse (Nav1.4-
R669H) also exhibit an anomalous inward current at hyper-
polarized potentials, attributed to this gating pore current.272

Abnormalities in insulin-sensitive transport events may 
also contribute to the hypokalemic weakness in HOKP. 
Reversible attacks of paralysis with hypokalemia in HOKP 
are typically precipitated by rest after exercise and/or meals 
rich in carbohydrate.229 Although the induction of endog-
enous insulin by carbohydrate meals is thought to reduce 
plasma K+, thus triggering weakness, insulin can precipitate 
paralysis in HOKP in the absence of significant hypokale-
mia.273 The generation of action potentials and muscle con-
traction are reduced in types I and II HOKP muscle fibers 
exposed to insulin in vitro269,274; this effect is seen at an 
extracellular K+ of 4.0 mmol/L and is potentiated as K+ 
decreases.274 Type I HOKP muscles have a reduced activity 
of ATP-sensitive, inward-rectifying K+ channels (KATP),275,276 
which likely contributes to hypokalemia due to the resultant 
unopposed activity of muscle Na+-K+-ATPase.277 Insulin 
inhibits the remaining KATP activity in muscle fibers of type 
I HOKP patients274 and hypokalemic rats,278 resulting in a 
depolarizing shift toward the equilibrium potential for the 
Cl− ion (≈50 mV); at this potential, voltage-dependent Na+ 
channels are largely inactivated, resulting in paralysis.

Paralysis is associated with multiple other causes of hypo-
kalemia, acquired and genetic.192,193,279 Renal causes of hypo-
kalemia with paralysis include Fanconi’s syndrome,280 
Gitelman’s syndrome,279 and the various causes of hypoka-
lemic distal renal tubular acidosis.28,281 The activity and regu-
lation of skeletal muscle KATP channels are aberrant in 
animal models of hypokalemia, suggesting a parallel muscle 
physiology to that of genetic HOKP (see earlier). However, 
the pathophysiology of thyrotoxic periodic paralysis (TPP), 
a particularly important cause of hypokalemic paralysis, is 
distinctly different from that of HOKP; for example, despite 
the clinical similarities between the two syndromes, thyrox-
ine has no effect on HOKP.

TPP is classically seen in patients of Asian origin, but also 
occurs at higher frequencies in Hispanic patients282; this 
shared predisposition has been linked to genetic variation 
in Kir2.6, a muscle-specific, thyroid hormone–responsive K+ 
channel.29 Patients typically present with weakness of the 
extremities and limb girdles, with attacks occurring most 
frequently between 1 and 6 am. As in HOKP, paralytic 
attacks in TPP may be precipitated by rest and/or by 
carbohydrate-rich meals. Clinical signs and symptoms of 
hyperthyroidism are not invariably present.282,283 Hypokale-
mia is profound, with K+ ranging between 1.1 and 3.4 mol/L, 
and is frequently accompanied by hypophosphatemia and 
hypomagnesemia282; all three abnormalities presumably 
contribute to the associated weakness. Diagnostically, a 
TTKG of less than 2 to 3 separates patients with TPP from 
those with hypokalemia due to renal potassium wasting, who 
will have TTKG values that are more than 4.178 This distinc-
tion is of considerable therapeutic relevance; patients with 
large potassium deficits require aggressive repletion with 

alcohol withdrawal,252 acute myocardial infarction,208,253 and 
head injury.254,255 Redistributive hypokalemia after severe 
head injury can be truly profound, with reported serum K+ 
of 1.2 mmol/L254 and 1.9 mmol/L255 and marked rebound 
hyperkalemia after repletion.

Due to their ability to activate Na+-K+-ATPase49 and the 
Na+-K+-2Cl− cotransporter NKCC1,21,27 β2-agonists are power-
ful activators of cellular K+ uptake. These agents are chiefly 
encountered in the therapy of asthma, but tocolytics such 
as ritodrine can induce hypokalemia and arrhythmias 
during maternal labor.256 The long-acting β2-agonist clen-
buterol, not approved for medical use in the United States, 
has caused hypokalemia in poisonings, including an out-
break of toxicity from clenbuterol-adulterated heroin in the 
East Coast of the United States.257 Occult sources of sympa-
thomimetics, such as pseudoephedrine and ephedrine in 
cough syrup193 or dieting agents,258 can be an overlooked 
cause of hypokalemia. Finally, downstream activation of 
cAMP by xanthines such as theophylline21,259 and dietary 
caffeine260 may induce hypokalemia and may synergize in 
this respect with β2-agonists.261

Whereas β2-agonists activate K+ uptake via Na+-K+-ATPase, 
one would expect that inhibition of passive K+ efflux would 
also lead to hypokalemia; this is accomplished by barium, a 
potent inhibitor of inward-rectifying K+ channels.262 This 
rare cause of hypokalemia is usually due to ingestion of the 
rodenticide barium carbonate, either unintentionally or 
during a suicide attempt.263 Suicidal ingestion of barium-
containing shaving powder264 and hair remover265 has also 
been described. Barium salts are widely used in industry, 
and poisoning has been described by various mechanisms 
in industrial accidents.21,266 Patients have a particularly 
prominent U wave, likely due to direct inhibition of cardiac 
inward-rectifying K+ channels.262 Muscle paralysis can also 
occur262 due to inhibition of muscle Kir channels. Treat-
ment of barium poisoning with K+ serves to increase plasma 
K+ and displace barium from affected K+ channels263; hemo-
dialysis is also an effective treatment.267 Hypokalemia is also 
common with chloroquine toxicity or overdose,268 although 
the mechanism is not entirely clear.

HYPOKALEMIC PERIODIC PARALYSIS

The periodic paralyses have genetic and acquired causes 
and are further subdivided into hyperkalemic and hypoka-
lemic forms.21,227-229 The genetic and secondary forms of 
hyperkalemic paralysis are discussed earlier (see “Conse-
quences of Hyperkalemia”). Autosomal dominant muta-
tions in the CACNA1S gene encoding the α1-subunit of 
L-type calcium channels are the most common genetic 
cause of hypokalemic periodic paralysis (HOKP type I), 
whereas type II HOKP is due to mutations in the SCN4A 
gene encoding the skeletal Na+ channel.269 In Andersen’s 
syndrome, autosomal dominant mutations in the KCNJ2 
gene encoding the inwardly rectifying K+ channel Kir2.1 
cause periodic paralysis, cardiac arrhythmias, and dysmor-
phic features.270 Paralysis in Andersen’s syndrome can be 
normokalemic, hypokalemic, or hyperkalemic; however,  
the symptomatic trigger is consistent within individual 
kindreds.270

The pathophysiology of HOKP is complex. Structurally, 
about 90% of the HOKP-associated mutations result in loss 
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Increased fecal loss of K+ may play a broader role in hypo-
kalemia associated with diarrhea.300 Recruitment of colonic 
BK channels along intestinal crypts, similar to that seen in 
Ogilvie’s syndrome, has thus been demonstrated as a con-
sistent feature of colonic biopsies in ulcerative colitis.302 
Direct enhancement of intestinal K+ excretion has also been 
demonstrated in a hypokalemic patient with Crohn’s disease 
following treatment with budesonide.303

RENAL POTASSIUM LOSS
Drugs

Diuretics are an especially important cause of hypokalemia 
due to their ability to increase distal flow rate and distal 
delivery of Na+. For a given degree of natriuresis, thiazides 
generally cause more profound degrees of hypokale-
mia21,210,244 than loop diuretics, despite their lower natri-
uretic efficacy. One potential explanation is the differential 
effect of loop diuretics and thiazides on calcium excretion. 
Whereas thiazides and loss-of-function mutations in the Na+-
Cl− cotransporter decrease Ca2+ excretion,304 loop diuretics 
cause a significant calciuresis.305 Increases in luminal Ca2+ in 
the distal nephron serve to reduce the lumen-negative 
driving force for K+ excretion,306 perhaps by direct inhibi-
tion of ENaC in principal cells. A mechanistic explanation 
is provided by the presence of an apical calcium-sensing 
receptor (CaSR) in the collecting duct307; analogous to the 
evident decrease in the apical trafficking of aquaporin-2 
induced by luminal Ca2+, tubular Ca2+ may stimulate endo-
cytosis of ENaC via the CaSR and thus limit generation of 
the lumen-negative potential difference that is so critical for 
distal K+ excretion. Regardless of the underlying mecha-
nism, the increase in distal delivery of Ca2+ induced by loop 
diuretics may serve to blunt kaliuresis; such a mechanism 
would not occur with thiazides, which reduce distal delivery 
of Ca2+, with unopposed activity of ENaC and increased 
kaliuresis.

Some studies have also indicated a key role in K+ homeo-
stasis for NCC, the thiazide-sensitive Na+-Cl− cotransporter 
in the DCT, so it is not surprising that thiazide treatment 
has such potent effects on serum K+. Selective increases in 
DCT and NCC activity, as seen in FHHt, reduce Na+ delivery 
to principal cells in the downstream CNT and CCD, leading 
to hyperkalemia.71 The DCT also clearly functions as a potas-
sium sensor, directly responding to changes in circulating 
potassium.3 A high-K+ diet also inactivates NCC, whereas 
NCC is activated in hypokalemia.140

Other drugs associated with hypokalemia due to kaliure-
sis include toxic levels of acetaminophen, which causes 
dose-dependent hypokalemia.308,309 High doses of penicillin-
related antibiotics are another important cause of hypoka-
lemia, increasing obligatory K+ excretion by acting as 
nonreabsorbable anions in the distal nephron; in addition 
to penicillin, implicated antibiotics include nafcillin, diclox-
acillin, ticarcillin, oxacillin, and carbenecillin.310 Increased 
distal delivery of other anions such as SO4

2− and HCO3
− 

also induces a kaliuresis. The usual explanation is that K+ 
excretion increases so as to balance the negative charge of 
these nonreabsorbable anions. However, increased delivery 
of such anions will also increase the electrochemical gradi-
ent for K+-Cl− exit via apical K+-Cl−cotransport or parallel 
K+-H+ and Cl−-HCO3

− exchange68,82,83 (see also “Potassium 

K+-Cl−, which has a significant risk of rebound hyperkalemia 
in TPP and related disorders.284

The hypokalemia in TPP is most likely due to direct and 
indirect activation of Na+-K+-ATPase, given the evidence for 
increased activity in erythrocytes and platelets in TPP 
patients.28,285 Thyroid hormone clearly induces expression 
of multiple subunits of Na+-K+-ATPase in skeletal muscle.286 
Increases in β-adrenergic responses due to hyperthyroidism 
also play an important role, since high-dose propranolol 
(3 mg/kg) rapidly reverses the hypokalemia, hypophospha-
temia, and paralysis seen in acute attacks.287,288 Of particular 
importance, no rebound hyperkalemia is associated with 
this treatment, whereas aggressive K+ replacement in TPP is 
associated with an incidence of about 25%284; repletion-
associated rebound hyperkalemia in TPP can be fatal.289

Outward-directed, inward-rectifying K+ current, mediated 
by Kir channels (particularly Kir2.6 and Kir2.1), is also 
reduced in skeletal muscles of patients with TPP,276 provid-
ing an additional mechanism for hypokalemia. In patients 
with Kir2.6 mutations, this reduction is at least in part hered-
itary.29 Together with increased Na+-K+-ATPase activity and 
increased circulating insulin, this reduced Kir current may 
trigger a feed-forward cycle of hypokalemia, leading to inac-
tivation of muscle Na+ channels, paradoxic depolarization, 
and paralysis.290

POTASSIUM LOSS

NONRENAL POTASSIUM LOSS
The loss of K+ from skin is typically low, with the exception 
of extremes in physical exertion.11 Direct gastric loss of K+ 
due to vomiting or nasogastric suctioning is also typically 
minimal; however, the ensuing hypochloremic alkalosis 
results in persistent kaliuresis due to secondary hyperaldo-
steronism and bicarbonaturia.291,292 Intestinal loss of K+ due 
to diarrhea is a quantitatively important cause of hypokale-
mia, given the worldwide prevalence of diarrheal disease, 
and may be associated with acute complications, such as 
myopathy and flaccid paralysis.293 The presence of a non–
anion gap metabolic acidosis with a negative urinary anion 
gap179 (consistent with an intact ability to increase NH4

+ 
excretion) should strongly suggest diarrhea as a cause of 
hypokalemia. Polyethylene glycol–based bowel preparation 
regimens for colonoscopy can also lead to hypokalemia in 
older patients.294 Noninfectious gastrointestinal processes 
such as celiac disease,295 ileostomy,296 and chronic laxative 
abuse can present with acute hypokalemic syndromes or 
with chronic complications, such as ESKD.21

Three reports initially identified a novel association 
between colonic pseudo-obstruction (Ogilvie’s syndrome) 
and hypokalemia due to secretory diarrhea with an abnor-
mally high K+ content.297-299 In one patient with concomitant 
ESKD, immunohistochemistry revealed massive upregula-
tion of the apical BK channel throughout the surface crypt 
axes297; colonic BK channels may play a significant role in 
intestinal K+ secretion in a variety of pathologies, including 
ESKD.300 Several hypotheses for the association between 
Ogilvie’s syndrome and enhanced intestinal K+ secretion 
have been postulated, including active stimulation by cate-
cholamines induced by colonic pseudo-obstruction299; BK 
channels appear to mediate adrenaline-induced colonic K+ 
secretion.301
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Patients with FH-I (GRA) are generally hypertensive, typi-
cally presenting at an early age; the severity of hypertension 
is variable, however, such that some affected individuals are 
normotensive.325 Aldosterone levels are modestly elevated 
and regulated solely by ACTH. The diagnosis can be bio-
chemically confirmed by a dexamethasone suppression test, 
with a suppression of aldosterone to less than 4 ng/dL con-
sistent with the diagnosis.328 Patients also have high levels of 
abnormal hybrid 18-hydroxylated steroids, generated by 
transformation of steroids typically formed in the zona fas-
ciculata by aldosterone synthase, an enzyme that is normally 
expressed in the zona glomerulosa.329,330 FH-I has been 
shown to be caused by a chimeric gene duplication between 
the homologous 11β-hydroxylase gene (CYP11B1) and aldo-
sterone synthase gene (CYP11B2), fusing the ACTH-
responsive 11β-hydroxylase promoter to the coding region 
of aldosterone synthase. This chimeric gene is thus unde 
the control of ACTH and is expressed in a glucocorticoid-
repressible fashion.329 Ectopic expression of the hybrid 
CYP11B1-CYP11B1 gene in the zona fasciculata has been 
reported in a single case in which adrenal tissue became 
available for molecular analysis.331 Direct genetic testing for 
the hybrid CYP11B1-CYP11B2 has largely supplanted bio-
chemical screening for FH-I; genetic testing for FH-I should 
be pursued in patients with PA and a family history of PA 
and/or of strokes at a young age, or in younger patients with 
PA (age < 20 years).332

Although the initial patients reported with FH-I were 
hypokalemic, most are normokalemic,330,333 albeit perhaps 
with a propensity to develop hypokalemia while on thiazide 
diuretics.330 Patients with FH-I are able to increase K+ excre-
tion appropriately in response to K+ loading or fludrocorti-
sone, but fail to increase plasma aldosterone in response to 
hyperkalemia.334 This may reflect the ectopic expression of 
the chimeric aldosterone synthase in the adrenal fasciculata, 
which likely lacks the appropriate constellation of ion chan-
nels to respond to increases in extracellular K+ with an 
increase in aldosterone secretion.

Acquired causes of PA include aldosterone-producing 
adenomas (APAs; 35% of cases), primary (or unilateral) 
adrenal hyperplasia (PAH; 2% of cases), idiopathic hyperal-
dosteronism (IHA) due to bilateral adrenal hyperplasia 
(60% of cases), and adrenal carcinoma(<1% of cases).335 A 
rare case involving paraneoplastic overexpression of aldo-
sterone synthase in lymphoma has also been described.336

The molecular characterization of adrenal adenomas 
with whole-genome sequencing and related techniques has 
been remarkably fruitful. In particular, acquired mutations 
in the adrenal K+ channel KCNJ5 can be detected in about 
40% of aldosterone-producing adrenal adenomas.165 As in 
FH-III (see earlier), these somatic mutations endow the 
channel with a novel Na+ conductance, leading to adrenal 
glomerulosa cell depolarization, Ca2+ influx, and aldoste-
rone release. Clinically, patients with adrenal KCNJ5 muta-
tions have a higher preoperative aldosterone level165 and 
higher lateralization index in adrenal vein sampling,337 
without affecting the surgical response to adrenalectomy.165 
Less frequently, somatic mutations in adrenal adenomas can 
be detected in the calcium channel CACNAID338 or in a 
subunit (ATP2B3) of the Ca2+-ATPase pump,339 predicted 
also to lead to increased Ca2+ influx and aldosterone 
release.338 Acquired mutations in the ATP1A α1-subunit of 

Transport in the Distal Nephron”). Drugs are also an impor-
tant cause of Fanconi’s syndrome,311 which is often associ-
ated with significant hypokalemia (see “Renal Tubular 
Acidosis”).

Several tubular toxins result in K+ and magnesium 
wasting. These include gentamicin, which can cause tubular 
toxicity with hypokalemia that can masquerade as Bartter’s 
syndrome.312 Other drugs that can cause mixed magnesium 
and K+ wasting include amphotericin, foscarnet,313 
cisplatin,21,314 and ifosfamide.315 One intriguing cause of 
hypomagnesemia and hypokalemia is cetuximab, a human-
ized monoclonal antibody specific for the receptor for  
epidermal growth factor (EGF)316; paracrine EGF stimu-
lates magnesium transport via the apical TRPM6 cation 
channel in the DCT, with magnesium wasting and hypomag-
nesemia in patients treated with cetuximab.317 Aggressive 
replacement of magnesium is obligatory in the treatment of 
combined hypokalemia and hypomagnesemia, since suc-
cessful K+ replacement depends on treatment of the 
hypomagnesemia.

Hyperaldosteronism

Increases in circulating aldosterone (hyperaldosteronism) 
may be primary or secondary. Increased levels of circulating 
renin in secondary forms of hyperaldosteronism lead to 
increased levels of Ang II, and thus aldosterone, and can be 
associated with hypokalemia; causes include renal artery 
stenosis,318 Page kidney (renal compression by a subcapsular 
mass or hematoma, with hyperreninemia),319 a paraneoplas-
tic process,320 or renin-secreting renal tumors.321 The inci-
dence of hypokalemia in renal artery stenosis is thought to 
be less than 20%.318 An unusual presentation of renal artery 
stenosis and renal ischemia is what has been termed the 
hyponatremic hypertensive syndrome, in which concurrent hypo-
kalemia may be profound.322

Primary hyperaldosteronism may be genetic or acquired. 
Hypertension and hypokalemia, generally attributed  
to increases in circulating 11-deoxycorticosterone,323 are 
seen in patients with congenital adrenal hyperplasia due  
to defects in steroid 11β-hydroxylase323 or steroid 17α-
hydroxylase324; deficient 11β-hydroxylase results in viriliza-
tion and other signs of androgen excess,323 whereas reduced 
sex steroids in 17α-hydroxylase deficiency result in hypogo-
nadism.324 The two major forms of isolated PA are denoted 
familial hyperaldosteronism type I (FH-I, also known as 
glucocorticoid-remediable hyperaldosteronism [GRA])325 
and familial hyperaldosteronism type II (FH-II), in which 
aldosterone production is not repressible by exogenous  
glucocorticoids. Patients with FH-II are clinically indistin-
guishable from sporadic forms of PA due to bilateral  
adrenal hyperplasia; a gene has been localized to chromo-
some 7p22 by linkage analysis, but has yet to be char-
acterized.326 A third form of familial hyperaldosteronism 
(FH-III) was initially described in 2008, with hyporenin-
emia, hyperaldosteronism resistant to dexamethasone,  
and very high levels of 18-oxocortisol and 18-hydroxycorti-
sol.327 FH-III is due to somatic mutations in the adrenal 
K+ channel KCNJ5, which endow the channel with a novel 
Na+ conductance and activate adrenal glomerulosa prolif-
eration and aldosterone release1; somatic mutations in 
KCNJ5 are also found in spontaneous adrenal adenomas 
(see later).
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infusion should decrease to less than 139 pmol/L. The mea-
sured PAC in patients with PA usually does not decrease to 
less than 277 pmol/L; indeterminate values between 139 
and 277 pmol/L can been seen in patients with IHA.335 It 
should be noted, however, that patients with high-probability 
factors (hypokalemia, hypertension, high PAC/PRA ratio, 
abnormalities) may not necessarily require confirmatory 
testing, proceeding instead directly to adrenal venous 
sampling.342

Since surgery can be curative in APA, adequate differen-
tiation of APA from IHA is critical; this requires adrenal 
imaging and adrenal venous sampling (Figure 18.9). Con-
temporary reports and recommendations have thus empha-
sized the continued importance of adrenal vein sampling in 
subtype differentiation.332 Laparoscopic adrenalectomy has 
increasingly been the preferred surgical management for 
APA or PAH.332,335 Mineralocorticoid receptor antagonists 
are indicated for medical therapy of PA, with carefully moni-
tored use of glucocorticoid to suppress ACTH in some 
patients with FH-I.332,335

The true incidence of hypokalemia in patients with 
acquired forms of PA remains difficult to evaluate due to a 
variety of factors. First, historically, patients have only been 

Na+-K+-ATPase are in turn thought to generate chronic 
depolarization, leading also to exaggerated aldosterone 
release.339

Increasing use of the plasma aldosterone concentration 
(PAC)/plasma renin activity (PRA) ratio in hypertension 
clinics has led to reports of a much higher incidence of PA 
than previously appreciated, with incidence rates in hyper-
tension ranging from 0% to 72%340; however, the prevalence 
was 3.2% in a large multicenter study of patients with mild 
to moderate hypertension without hypokalemia.341 Regard-
less, the PAC/PRA ratio is a screening tool, which typically 
must be confirmed by aldosterone suppression testing, 
which measures PAC or aldosterone secretion after loading 
with salt or intravenous saline.332,335 After controlling hyper-
tension and hypokalemia, oral salt loading over 3 days is 
followed by measurement of 24-hour urine aldosterone, 
sodium, and creatinine excretion. The 24-hour sodium 
excretion should exceed 200 mmol/day for adequate sup-
pression, and a urinary aldosterone of more than 33 nmol/
day (12 µm/day) is consistent with PA. Alternatively, in the 
saline infusion test, recumbent patients are infused with 2 L 
of isotonic saline over 4 hours, followed by measurement of 
PAC. In patients without PA, the measured PAC after saline 

Figure 18.9  Diagnostic algorithm for patients with primary hyperaldosteronism. Adrenal adenoma (APA) must be distinguished from gluco-
corticoid remediable hyperaldosteronism (FH-I [GRA]), primary or unilateral adrenal hyperplasia (PAH), and idiopathic hyperaldosteronism (IHA). 
This requires computed tomography (CT), adrenal venous sampling (AVS), and the relevant diagnostic biochemical and hormonal assays (see 
text). (From Young WF Jr: Adrenalectomy for primary aldosteronism. Ann Intern Med 138:157-159, 2003.)
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effect of glucocorticoids results in hypertension, hypokale-
mia, and metabolic alkalosis, with suppressed PRA and aldo-
sterone levels.351 Biochemical diagnosis entails measuring 
the urinary free cortisol to urinary free cortisone ratio on a 
24-hour urine collection. Biochemical studies of mutant 
enzymes usually indicate a complete loss of function; lesser 
enzymatic defects in patients with AME are associated with 
altered ratios of urinary cortisone-cortisol metabolites,354 
lesser impairment in the peripheral conversion of cortisol 
to cortisone,355 and/or older age at presentation.356

Mice with a homozygous targeted deletion of 11βHsd-2 
exhibit hypertension, hypokalemia, and polyuria; the  
polyuria is likely secondary to the hypokalemia (see  
“Consequences of Hypokalemia: Renal Consequences”), 
which reaches 2.4 mmol/mL in 11βHsd-2 null mice.357 As 
expected, PRA and plasma aldosterone levels in the 11βHsd-
2-null mice are profoundly suppressed, with a decreased 
urinary Na+/K+ ratio that is increased by dexamethasone 
(given to suppress endogenous cortisol). These knockout 
mice have significant nephromegaly, due to a massive hyper-
trophy and hyperplasia of distal convoluted tubules. The 
relative effect of genotype on the morphology of cells in the 
DCT, CNT, and CCD was not determined by appropriate 
phenotypic studies358; however, it is known that the DCT and 
CCD are target cells for aldosterone,359,360 and both cell types 
express 11βHSD-2. The induction of ENaC activity by unreg-
ulated glucocorticoid likely causes the Na+ retention and 
marked increase in K+ excretion in 11βHsd-2 null mice; 
distal tubular micropuncture studies in rats treated with a 
systemic inhibitor of 11βHSD-2 are consistent with such a 
mechanism.361 In addition, the cellular gain of function in 
the DCT would be expected to be associated with hypercal-
ciuria, given the phenotype of pseudohypoaldosteronism 
type II and Gitelman’s syndrome (see “Hereditary Tubular 
Causes of Hyperkalemia” and later, “Gitelman’s Syndrome”); 
indeed, patients with AME are reported to exhibit 
nephrocalcinosis.351

Pharmacologic inhibition of 11βHSD-2 is also associated 
with hypokalemia and AME. The most infamous offender is 
licorice, in its multiple guises (e.g., licorice root, tea, candies, 
herbal remedies). The early observations that licorice 
required small amounts of cortisol to exert its kaliuretic 
effect, in the addisonian absence of endogenous gluco-
corticoid,362 presaged the observations that its active 
ingredients (glycyrrhetinic acid or glycyrrhizinic acid and 
carbenoxolone) inhibit 11βHSD-2 and related enzymes.351 
Licorice intake remains considerable in European coun-
tries, particularly Iceland, the Netherlands, and Scandina-
via363; Pontefract cakes, eaten as sweets and as a laxative, are 
a continued source of licorice in the United Kingdom,363 
whereas it is an ingredient in several popular sweeteners and 
preservatives in Malaysia.364 Glycyrrhizinic acid is used in 
Japan to treat hepatitis and has been under evaluation else-
where for the management of hepatitis C; AME has been 
reported with its use for this indication.365 Glycyrrhizinic 
acid is also a component of Chinese herbal remedies, pre-
scribed for disorders such as allergic rhinitis.366 Pharmaco-
logic inhibition of 11βHSD-2 has also been tested in patients 
with ESKD as a novel mechanism to control hyperkalemia 
(see “Treatment of Hyperkalemia”).367 Carbenoxolone is, in 
turn, used in some countries in the management of peptic 
ulcer disease.351

screened for hyperaldosteronism when hypokalemia is 
present, so even case series from clinics with such a referral 
pattern may suffer from a selection bias; other series have 
concentrated on hypertensive patients, also with a selection 
bias. Second, the incidence of hypokalemia is higher in 
adrenal adenomas than in IHA, likely due to higher average 
levels of aldosterone.343 Third, since increased kaliuresis in 
hyperaldosteronism can be induced by dietary Na+-Cl− 
loading or diuretics, dietary factors and/or medications may 
play a role in the incidence of hypokalemia at presentation. 
Regardless, it is clear that hypokalemia is not a universal 
feature of PA; this is perhaps not unexpected, since aldoste-
rone does not appear to affect the hypokalemic response of 
H+-K+-ATPase,344 the major reabsorptive pathway for K+ in 
the distal nephron (see also Chapter 6). A related issue is 
whether PA is underdiagnosed when hypokalemia is used as 
a criterion for further investigation; the utility of the PAC/
PRA ratio in screening for hyperaldosteronism is an active 
issue in hypertension research.340,341

Finally, hypokalemia may also occur with systemic 
increases in glucocorticoids.345,346 In bona fide Cushing’s 
syndrome caused by increases in pituitary ACTH, the inci-
dence of hypokalemia is only 10%,345 whereas it is 57%346 to 
100%345 in patients with ectopic ACTH, despite a similar 
incidence of hypertension. Ectopic ACTH expression is 
associated primarily with neuroendocrine malignancies, 
most commonly bronchial carcinoid tumors, small lung 
cancer, and other neuroendocrine tumors.347 Indirect evi-
dence suggests that the activity of renal 11β-hydroxysteroid 
dehydrogenase-2 (11βHSD-2) is reduced in patients with 
ectopic ACTH compared with Cushing’s syndrome,348 result-
ing in a syndrome of apparent mineralocorticoid excess (see 
later). Whether this reflects a greater degree of saturation 
of the enzyme by circulating cortisol or direct inhibition of 
11βHSD-2 by ACTH is not entirely clear, and there is evi-
dence for both mechanisms346; however, indirect indices of 
11βHSD-2 activity in patients with ectopic ACTH expression 
correlate with hypokalemia and other measures of miner-
alocorticoid activity.349 Similar mechanisms likely underlie 
the severe hypokalemia reported in patients with familial 
glucocorticoid resistance, in which loss-of-function muta-
tions in the glucocorticoid receptor result in marked hyper-
cortisolism without cushingoid features, accompanied by 
very high ACTH levels.350

Syndromes of Apparent Mineralocorticoid Excess

The syndromes of apparent mineralocorticoid excess  
(AME) have a self-explanatory label. In the classic form of 
AME, recessive loss-of-function mutations in the 11β-
hydroxysteroid dehydrogenase-2 gene (11βHSD-2) cause a 
defect in the peripheral conversion of cortisol to the inac-
tive glucocorticoid cortisone; the resulting increase in the 
half-life of cortisol is associated with a marked decrease in 
synthesis, such that plasma levels of cortisol are normal and 
patients are not cushingoid.351 The 11βHSD-2 protein is 
expressed in epithelial cells that are targets for aldosterone; 
in the kidney, these include cells of the DCT, CNT, and 
CCD.352 Since the mineralocorticoid receptor (MR) has 
equivalent affinity for aldosterone and cortisol, generation 
of cortisone by 11βHSD-2 serves to protect mineralocorticoid-
responsive cells from illicit activation by cortisol.353 In 
patients with AME, the unregulated mineralocorticoid 
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phenotype.375 Extensive searches for more common muta-
tions and polymorphisms in ENaC subunits that correlate 
with blood pressure in the general population have essen-
tially been negative. However, there are a handful of genetic 
studies that correlate specific variants in ENaC subunits with 
biochemical evidence of greater in vivo activity of the 
channel—that is, a suppressed PRA and aldosterone and/
or increased ratios of the urinary K+ level to aldosterone or 
to PRA.376,377

Familial Hypokalemic Alkalosis

Bartter’s Syndrome. Bartter’s and Gitelman’s syndromes 
are the two major variants of familial hypokalemic alkalosis; 
Gitelman’s syndrome is a much more common cause of 
hypokalemia than Bartter’s syndrome.378 Whereas a clinical 
subdivision of these syndromes has been used in the past, a 
genetic classification is increasingly in use, due in part to 
phenotypic overlap. Patients with classic Bartter’s syndrome 
(BS) typically suffer from polyuria and polydipsia and mani-
fest a hypokalemic, hypochloremic alkalosis. They may have 
an increase in urinary calcium (Ca2+) excretion, and 20% 
are hypomagnesemic.379 Other features include marked 
elevation of plasma Ang II, plasma aldosterone, and plasma 
renin levels. Patients with antenatal BS present earlier in life 
with a severe systemic disorder characterized by marked 
electrolyte wasting, polyhydramnios, and significant hyper-
calciuria with nephrocalcinosis. Prostaglandin synthesis and 
excretion is significantly increased and may account for 
many of the systemic symptoms. Decreasing prostaglandin 
synthesis by COX inhibition can improve polyuria in patients 
with BS by reducing the amplifying inhibition of urine-
concentrating mechanisms by prostaglandins. Indometha-
cin also increases plasma K+ and decreases plasma renin 
activity, but does not correct the basic tubular defect; it does, 
however, appear to help increase the growth of BS patients.380 
Of interest, COX-2 immunoreactivity is increased in the 
TAL and macula densa of patients with BS,381 and studies 
have indicated a clinical benefit of COX-2 inhibitors.382

Early studies in BS have suggested that these patients have 
a defect in the function of the TAL.383 Many of the clinical 
features are mimicked by the administration of loop diuret-
ics, to which at least a subset of patients with antenatal BS 
do not respond.384 The apical Na+-K+-2Cl− cotransporter 
(NKCC2, SLC12A1) of the mammalian TAL26 (Figure 18.10) 
was thus an early candidate gene. In 1996, disease-associated 
mutations were found in the human NKCC2 gene in four 
kindreds with antenatal BS385; in the genetic classification of 
BS, these patients are considered to have BS type I. Although 
the functional consequences of disease-associated NKCC2 
mutations have not been comprehensively studied, the 
first385 and subsequent reports28 included patients with 
frameshift mutations and premature stop codons that pre-
dicted the absence of a functional NKCC2 protein.

BS is a genetically heterogeneous disease. Given the role 
of apical K+ permeability in the TAL, encoded at least in 
part by ROMK,78,386 this K+ channel was another early candi-
date gene. K+ recycling via the Na+-K+-2Cl− cotransporter and 
apical K+ channels generates a lumen-positive potential dif-
ference in the TAL, which drives the paracellular transport 
of Na+ and other cations387 (see also Figure 18.10). Multiple 
disease-associated mutations in ROMK have been reported 
in patients with BS type II, most of whom exhibited the 

Finally, a mechanistically distinct form of AME has been 
reported due to a gain-of-function mutation in the MR.368 A 
single kindred has been described with autosomal dominant 
inheritance of severe hypertension and hypokalemia; the 
causative mutation involves a serine residue that is con-
served in the MR from multiple species, yet differs in other 
nuclear steroid receptors. This mutation results in constitu-
tive activation of the MR in the absence of ligand and 
induces significant affinity for progesterone.368 The MR is 
thus constitutively “on” in these patients, with a marked 
stimulation by progesterone; of interest, pregnancies in the 
affected female members of the family were all complicated 
by severe hypertension due to marked increases in plasma 
progesterone induced by the gravid state.368

Liddle’s Syndrome

Liddle’s syndrome constitutes an autosomal dominant gain 
in function of ENaC, the amiloride-sensitive Na+ channel of 
the CNT and CCD.369 Patients manifest severe hypertension 
with hypokalemia, unresponsive to spironolactone yet sensi-
tive to triamterene and amiloride. Liddle’s syndrome could 
therefore also be classified as a syndrome of apparent min-
eralocorticoid excess. Both hypertension and hypokalemia 
are variable aspects of the Liddle’s phenotype; consistent 
features include a blunted aldosterone response to ACTH 
and reduced urinary aldosterone excretion.98,370 The differ-
ential diagnosis for Liddle’s syndrome, as a cause of here-
ditary hypertension with hypokalemia and suppressed 
aldosterone, includes AME due to deficient 11βHSD-2; 
however, whereas the Liddle’s syndrome phenotype is resis-
tant to blockade of the MR with spironolactone and sensi-
tive to amiloride, AME patients are sensitive to both drugs. 
Commercial genetic testing for both syndromes is available 
in the United States.

The vast majority of mutations target the C terminus of 
the β- or γ-ENaC subunit. ENaC channels containing Lid-
dle’s syndrome mutations are constitutively overexpressed 
at the cell membrane99,371; unlike wild-type ENaC channels, 
they are not sensitive to inhibition by intracellular Na+,372 an 
important regulator of endogenous channel activity in  
the CCD.373 The mechanism whereby mutations in the 
C terminus of ENaC subunits lead to this channel pheno-
type have been discussed earlier in this chapter (see Figure 
18.5 and “Control of Potassium Secretion: Aldosterone”). In 
addition to effects on interaction with Nedd4-2–dependent 
retrieval from the plasma membrane, Liddle’s syndrome–
associated mutations increase proteolytic cleavage of ENaC 
at the cell membrane374; aldosterone-induced channel-
activating proteases activate ENaC channels at the plasma 
membrane. This important result provides a mechanistic 
explanation for the long-standing observation that Liddle’s 
syndrome–associated mutations in ENaC appear to have a 
dual activating effect on both the open probability of the 
channel (i.e., on channel activity) and on expression at the 
cell membrane.99

Given the overlapping and synergistic mechanisms that 
regulate ENaC activity, it stands to reason that mutations in 
ENaC that give rise to Liddle’s syndrome might do so by a 
variety of means. Indeed, mutation of a residue within the 
extracellular domain of ENaC increases open probability of 
the channel without changing surface expression; the 
patient with this mutation has a typical Liddle’s syndrome 
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activation of the basolateral CaSR in the TAL is known to 
reduce apical K+ channel activity,396 which would induce a 
Bartter-like syndrome (see Figure 18.10). Coexpression of 
NKCC2 with a Bartter’s syndrome gain-of-function mutant in 
the CaSR reveals reduced phosphorylation and reduced 
activity of NKCC2, dependent on the generation of inhibi-
tory arachidonic acid–derived metabolites known to inhibit 
TAL function.397 Genetic activation of the CaSR by these 
mutations is also expected to increase urinary Ca2+ excretion 
by inhibiting generation of the lumen-positive potential dif-
ference that drives paracellular Ca2+ transport in the TAL. In 
addition, the set point of the CaSR response to Ca2+ in the 
parathyroid is shifted to the left, inhibiting parathyroid 
hormone (PTH) secretion by this gland. It is very likely that 
the positional cloning of other BS genes will have a consider-
able impact on the mechanistic understanding of the TAL.

Despite the reasonable correlation between the disease 
gene involved and the associated subtype of familial alkalo-
sis, there is significant phenotypic overlap and phenotypic 
variability in hereditary hypokalemic alkalosis. For example, 
patients with mutations in CLC-NKB usually exhibit classic 
BS, but can present with a more severe antenatal phenotype, 
or even with a phenotype similar to Gitelman’s syndrome.28,398 
With respect to BS due to mutations in NKCC2, a number 
of patients have been described with variant presentations, 
including an absence of hypokalemia.28 Two brothers were 
described with a late onset of mild BS; these patients were 
found to be compound heterozygotes for a mutant form of 
NKCC2 that exhibits partial function, with a loss-of-function 
mutation on the other NKCC2 allele.399

BS type II is particularly relevant to K+ homeostasis, given 
that ROMK is the SK secretory channel of the CNT and CCD 
(see Chapter 6, “K+ Secretion by the Distal Convoluted 
Tubule, Connecting Tubule, and Cortical Collecting Duct”). 
Patients with BS type II typically have slightly higher serum 
K+ than the other genetic forms of BS388,398; patients with 
severe (9.0 mmol/L), transient, neonatal hyperkalemia 
have also been described.400 It is likely that this reflects a 
transient developmental deficit in the other K+ channels 
involved in distal K+ secretion, including the apical maxi-K 
channel responsible for flow-dependent K+ secretion in the 
distal nephron.77,401 Distal K+ secretion in ROMK knockout 
mice is primarily mediated by maxi-K–BK channel activity,402 
such that developmental deficits in this channel would lead 
to hyperkalemia in BS type II. The mammalian TAL has two 
major apical K+ conductances, the 30-pS channel corre-
sponding to ROMK and a 70-pS channel403; both are thought 
to play a role in transepithelial salt transport by the TAL. 
ROMK is evidently a subunit of the 70-pS channel, given the 
absence of this conductance in TAL segments of ROMK 
knockout mice.404 The identity of the other putative subunit 
of this 70-pS channel is not as yet known; one would assume 
that deficiencies in this gene would also be a cause of BS.

Finally, BS must be clinically differentiated from the 
various causes of pseudo–Bartter’s syndrome; these com-
monly include laxative abuse, furosemide abuse, and bulimia 
(see “Clinical Approach to Hypokalemia”). Other reported 
causes include gentamicin nephrotoxicity,312 Sjögren’s syn-
drome,28 and cystic fibrosis (CF).28,405 Fixed loss of Na+-Cl− in 
sweat is likely the dominant predisposing factor for hypoka-
lemic alkalosis in patients with CF; patients with this presen-
tation generally respond promptly to intravenous fluids and 

antenatal phenotype.380,388 Finally, mutations in BS type III 
have been reported in the chloride channel CLC-NKB,389 
which is expressed at the basolateral membrane of at least 
the TAL and DCT.390 Patients with mutations in CLC-NKB 
typically have the classic Bartter’s phenotype, with a relative 
absence of nephrocalcinosis. In a significant fraction of 
patients with BS, the NKCC2, ROMK, and CLC-NKB genes 
are not involved.389 For example, a subset of patients with 
associated sensorineural deafness exhibit linkage to chro-
mosome 1p3128; the gene for this syndrome, denoted 
Barttin, is an obligatory subunit for the CLC-NKB chloride 
channel.391 The occurrence of deafness in these patients 
suggests that Barttin functions in the regulation or function 
of Cl− channels in the inner ear. Notably, the CLC-NKB gene 
is immediately adjacent to that for another epithelial Cl− 
channel, denoted CLC-NKA; digenic inactivation was 
described in two siblings with deafness and BS,392 suggesting 
that CLC-NKA plays an important role in Barttin-dependent 
Cl− transport in the inner ear.

Patients with activating mutations in the CaSR have been 
described with autosomal dominant hypocalcemia and 
hypokalemic alkalosis.393,394 The CaSR is heavily expressed at 
the basolateral membrane of the TAL,395 where it is thought 
to play an important inhibitory role in regulating the trans-
cellular transport of both Na+-Cl− and Ca2+. For example, 

Figure 18.10  Bartter’s  syndrome  and  the  thick  ascending  limb. 
Bartter’s syndrome can result from loss-of-function mutations in the 
Na+-K+-2Cl− cotransporter NKCC2, the K+ channel subunit ROMK, or 
the Cl− channel subunits CLC-NKB and Barttin  (Bartter’s syndrome 
types I to IV, respectively). Gain-of-function mutations in the calcium-
sensing receptor  (CaSR) can also cause a Bartter’s syndrome phe-
notype  (type V);  the CaSR has an  inhibitory effect on salt  transport 
by  the  thick  ascending  limb,  targeting  several  transport  pathways. 
ROMK encodes the low-conductance, 30-pS K+ channel in the apical 
membrane and also appears  to  function as a critical subunit of  the 
higher conductance 70-pS channel. The loss of K+ channel activity in 
Bartter’s syndrome type II  leads to reduced apical K+  recycling and 
reduced Na+-K+-2Cl− cotransport. Decreased apical K+ channels also 
lead to a decrease in the  lumen-positive potential difference, which 
drives paracellular Na+, Ca2+, and Mg2+ transport. 
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in furosemide-treated animals.28 These CNT cells also 
exhibit an increased expression of ENaC at their apical 
membranes versus littermate controls414; this is likely due to 
activation of SGK1-dependent trafficking of ENaC by the 
increase in circulating aldosterone (see “Control of Potas-
sium Secretion: Aldosterone”).

Hypokalemia does not occur in NCC−/− mice on a stan-
dard rodent diet but emerges on a K+-restricted diet; plasma 
K+ of these mice is about 1 mmol/L lower than K+-restricted 
littermate controls.417 Several mechanisms account for the 
hypokalemia seen in GS and NCC−/− mice. The distal deliv-
ery of Na+ and fluid is decreased in NCC−/− mice, at least 
those on a normal diet; however, the increased circulating 
aldosterone and CNT hypertrophy likely compensate, 
leading to increased kaliuresis. As discussed earlier for  
thiazides, decreased luminal Ca2+ in NCC deficiency may 
augment baseline ENaC activity,306 further exacerbating 
the kaliuresis. Of particular interest, NCC-deficient mice 
develop considerable polydipsia and polyuria on a K+-
restricted diet417; this is reminiscent perhaps of the poly-
dipsia that has been implicated in thiazide-associated 
hyponatremia.418

Hypocalciuria in GS is not accompanied by changes in 
plasma calcium, phosphate, vitamin D, or PTH levels,419 
suggesting a direct effect on renal calcium transport. The 
late DCT is morphologically intact in NCC-deficient  
mice, with preserved expression of the epithelial calcium 
channel (ECAC1, or TRPV5) and the basolateral Na+-Ca2+ 
exchanger.414 Furthermore, the hypocalciuric effect of thia-
zides persists in mice deficient in TRPV5,416 arguing against 
the putative effects of this drug on distal Ca2+ absorption. 
Rather, several lines of evidence have argued that the hypo-
calciuria of GS and thiazide treatment is due to increased 
absorption of Na+ by the proximal tubule,414,416 with second-
ary increases in proximal Ca2+ absorption. Regardless, remi-
niscent of the clinical effect of thiazides on bone, there are 
clear differences in bone density between affected and unaf-
fected members of specific Gitelman kindreds. Thus, homo-
zygous patients have much higher bone densities than 
unaffected wild-type family members, whereas heterozy-
gotes have intermediate values for bone density and calcium 
excretion.419 An interesting association has repeatedly been 
described between chondrocalcinosis, the abnormal deposi-
tion of calcium pyrophosphate dihydrate (CPPD) in joint 
cartilage, and GS.420 Patients have also been reported with 
ocular choroidal calcification.421

Finally, as in BS, there have been reports of acquired 
tubular defects that mimic those of GS. These include 
patients with hypokalemic alkalosis, hypomagnesemia, and 
hypocalciuria after chemotherapy with cisplatin.422 Patients 
have also been described with acquired GS due to Sjögren’s 
syndrome and tubulointerstitial nephritis,28,423 with a docu-
mented absence of coding sequence mutations in NCC.423

RENAL TUBULAR ACIDOSIS
Renal tubular acidosis (RTA) and related tubular defects 
can be associated with hypokalemia. Proximal RTA is char-
acterized by a reduction in proximal bicarbonate absorp-
tion, with a reduced plasma bicarbonate concentration. 
Isolated proximal RTA is rare; genetic causes include loss of 
function by mutations in the basolateral Na+-HCO3

− trans-
porter. More commonly, proximal RTA occurs in the context 

electrolyte replacement. However, the cystic fibrosis trans-
membrane conductance regularor (CFTR) protein coasso-
ciates with ROMK in the TAL and confers sensitivity to ATP 
and glibenclamide to apical K+ channels in this nephron 
segment.406 Lu and associates have proposed that this inter-
action serves to modulate the response of ROMK to cAMP 
and vasopressin, such that K+ excretion in CFTR deficiency 
would not be appropriately reduced during water diuresis, 
therefore predisposing these patients to the development of 
hypokalemic alkalosis.406

Gitelman’s Syndrome. A major advance in the understand-
ing of hereditary alkaloses was the realization that a subset 
of patients exhibit marked hypocalciuria, rather than the 
hypercalciuria typically seen in BS; patients in this hypocal-
ciuric subset are universally hypomagnesemic.304 Such 
patients are now clinically classified as suffering from Gitel-
man’s syndrome (GS). Although plasma renin activity may 
be increased, renal prostaglandin excretion is not elevated 
in these hypocalciuric patients,407 another distinguishing 
feature between BS and GS. GS is a milder disorder than 
BS; however, patients do report significant morbidity, mostly 
related to muscular symptoms and fatigue.408 The QT inter-
val is frequently prolonged in GS, suggesting an increased 
risk of cardiac arrhythmia409; however, a more exhaustive 
cardiac evaluation of a large group of patients failed to 
detect significant abnormalities of cardiac structure or 
rhythm.410 However, presyncope and/or ventricular tachy-
cardia has been observed in at least two patients with GS,28,187 
one with concomitant long QT syndrome due to a mutation 
in the cardiac KCNQ1 K+ channel.187

The hypocalciuria detected in GS was an expected conse-
quence of inactivating the thiazide-sensitive Na+-Cl− cotrans-
porter NCC (SLC12A2), and loss-of-function mutations in 
the human gene have been reported.411 Many of these muta-
tions lead to a defect in cellular trafficking when introduced 
into the human NCC protein.412 GS is genetically homoge-
neous, except for the occasional patient with mutations in 
CLC-NKB and an overlapping phenotype.28,187,398 However, 
genetic analysis is not generally available, given the signifi-
cant number of exons in SLC12A2 and the absence of hot 
spot mutations in this disorder. One diagnostic alternative 
is to assess the physiologic response to thiazides; patients 
with GS have a blunted excretion of chloride after the 
administration of hydrochlorothiazide.413

The NCC protein has been localized to the apical mem-
brane of epithelial cells in the DCT and connecting segment. 
A mouse strain with targeted deletion of the Slc12a2 gene 
encoding NCC exhibits hypocalciuria and hypomagnese-
mia, with a mild alkalosis and marked increase in circulating 
aldosterone.414 These knockout mice exhibit marked mor-
phologic defects in the early DCT,414 with a reduction in 
absolute number of DCT cells and changes in ultrastruc-
tural appearance. That GS is a disorder of cellular develop-
ment and/or cellular apoptosis should perhaps not be a 
surprise, given the observation that thiazide treatment pro-
motes marked apoptosis of this nephron segment.415 This 
cellular deficit leads to downregulation of the DCT magne-
sium channel TRPM6,416 resulting in the magnesium wasting 
and hypomagnesemia seen in GS. The downstream CNT 
tubules are hypertrophied in NCC-deficient mice,414 remi-
niscent of the hypertrophic DCT and CNT segments seen 
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reduction in cytoplasmic Mg2+ in principal cells reduces 
inward rectification of ROMK, increasing outward conduc-
tance and increasing K+ secretion; this has been confirmed 
in vivo.434 Finally, it has been suggested that the repletion 
of intracellular K+ is impaired in hypomagnesemia, even 
in normokalemic patients.431 Decreased intracellular Mg2+ 
enhances K+ efflux from the cytoplasm of cardiac and 
perhaps skeletal myocytes, likely due to reduced intracel-
lular blockade of inward rectifying K+ channels (increased 
efflux) and inhibition of Na+-K+-ATPase (decreased influx); 
plasma K+ levels thus remain normal at the expense of intra-
cellular K+.21,431,435 This phenomenon is particularly impor-
tant in patients with cardiac disease who are taking both 
diuretics and digoxin. In such patients, hypokalemia and 
arrhythmias will respond to a correction of the magnesium 
deficiency and potassium supplementation.21,431

CLINICAL APPROACH TO HYPOKALEMIA

The initial priority in the evaluation of hypokalemia is an 
assessment for signs and/or symptoms (e.g., muscle weak-
ness, changes in the electrocardiogram [ECG]) suggestive 
of an impending emergency that requires immediate treat-
ment. The cause of hypokalemia is usually obvious from the 
history, physical examination, and/or basic laboratory tests. 
However, persistent hypokalemia, despite appropriate initial 
intervention, requires a more rigorous workup; in most 
cases, a systematic approach reveals the underlying cause 
(Figure 18.11).

The history should focus on medications (e.g., diuretics, 
laxatives, antibiotics, herbal medications), diet and dietary 
supplements (e.g., licorice), and associated symptoms (e.g., 
diarrhea). During the physical examination, particular 
attention should be paid to blood pressure, volume status, 
and signs suggestive of specific disorders associated with 
hypokalemia (e.g., hyperthyroidism, Cushing’s syndrome). 
Initial laboratory tests should include electrolytes, blood 
urea nitrogen (BUN), creatinine, plasma osmolality, Mg2+, 
Ca2+, complete blood count, and urinary pH, creatinine, 
electrolytes, and osmolality. Plasma and urine osmolality are 
required for calculation of the TTKG174 and urinary K+/
creatinine ratio (see “Urinary Indices of Potassium Excre-
tion”). A TTKG less than 2 to 3 separates patients with 
redistributive hypokalemia from those with hypokalemia 
due to renal potassium wasting, who will have TTKG values 
that are higher than 4.178 Further tests, such as urinary Mg2+ 
and Ca2+ and plasma renin and aldosterone levels, may be 
necessary in specific cases (see Figure 18.11). The timing 
and evolution of hypokalemia are also helpful in differenti-
ating the cause, particularly in hospitalized patients; for 
example, hypokalemia due to transcellular shift usually 
occurs in a matter of hours.436

The most common causes of chronic, diagnosis-resistant 
hypokalemia are GS, surreptitious vomiting, and diuretic 
abuse.437 Alternatively, an associated acidosis would suggest 
the diagnosis of hypokalemic distal or proximal renal 
tubular acidosis. Hypokalemia occurred in 5.5% of patients 
with eating disorders in a U.S. study from the mid-1990s,438 
mostly in those with surreptitious vomiting (bulimia) or 
laxative abuse (the purging subtype of anorexia nervosa292). 
These patients may have a constellation of associated symp-
toms and signs, including dental erosion and depression.439 

of multiple proximal tubular transport defects, encompass-
ing Fanconi’s syndrome (FS).311 The cardinal features of 
FS include hyperaminoaciduria, glycosuria with a normal 
plasma glucose concentration, and phosphate wasting; asso-
ciated defects include the proximal RTA, hypouricemia, 
hypercalciuria, hypokalemia, salt wasting, and increased 
excretion of low-molecular-weight proteins. FS is usually 
drug-associated; important causes include aristolochic  
acid, ifosfamide, and the acyclic nucleoside phosphonates  
(e.g., tenofovir, cidofovir, adefovir).311 Prior to treatment 
with bicarbonate, patients with a proximal RTA will typically 
demonstrate mild hypokalemia, due primarily to baseline 
hyperaldosteronism424; however, prior to treatment, patients 
have been described with profound hypokalemia on pre-
sentation.425 Regardless, treatment with oral sodium 
bicarbonate will markedly increase distal tubular Na+ and 
HCO3

− delivery, causing a marked increase in renal potas-
sium wasting.424 Patients will often require mixed base 
replacement with oral citrate and bicarbonate in addition 
to aggressive K+-Cl− supplementation.

Hypokalemia is also associated with distal RTA, the 
so-called type 1 RTA. Hypokalemic distal RTA is most com-
monly due to a secretory defect, with reduced H+-ATPase 
activity and decreased ability to acidify the urine. For 
example, hereditary defects in subunits of H+-ATPase are 
associated with profound hypokalemia in addition to acido-
sis and hypercalciuria.426 Pathophysiology of the associated 
hypokalemia is multifactorial due to the loss of electrogenic 
H+ secretion (with enhanced K+ secretion to maintain elec-
troneutrality in the distal nephron), loss of H+-K+-ATPase 
activity, and increases in aldosterone.427,428 Sjögren’s syn-
drome is perhaps the most common cause of hypokalemic 
distal RTA in adults; the associated hypokalemia can be truly 
profound, often resulting in marked weakness and respira-
tory arrest.428

MAGNESIUM DEFICIENCY
Magnesium deficiency results in refractory hypokalemia, 
particularly if the plasma Mg2+ level is less than 0.5 mmol/
L240; hypomagnesemic patients are thus refractory to K+ 
replacement in the absence of Mg2+ repletion.429,430 Magne-
sium deficiency is also a common concomitant of hypokale-
mia, in part because associated tubular disorders (e.g., 
aminoglycoside nephrotoxicity) may cause kaliuresis and 
magnesium wasting. Plasma Mg2+ levels must therefore be 
checked on a routine basis in hypokalemia.239,431

Several mechanisms appear to contribute to the effect of 
magnesium depletion on plasma K+. Magnesium depletion 
has inhibitory effects on muscle Na+-K+-ATPase activity,432 
resulting in significant efflux from muscle and a secondary 
kaliuresis. Distal K+ secretion also appears to be enhanced 
due to a reduction in the normal physiologic inward recti-
fication of ROMK secretory K+ channels, with a subsequent 
increase in outward conductance.433 ROMK and other Kir 
channels are inward-rectifying—that is, K+ flows inward 
more readily than outward; even though outward conduc-
tance is usually less than inward conductance, K+ efflux 
predominates in the CNT and CCD since the membrane 
potential is more positive than the equilibrium potential for 
K+. Intracellular Mg2+ plays a key role in inward rectification, 
binding and blocking the pore of the channel from  
the cytoplasmic side.433 The hypomagnesemia-associated 
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GS. Marked variability in urinary electrolyte levels is an 
important clue for diuretic abuse, which can be verified with 
urinary drug screens. Clinically, nephrocalcinosis is very 
common in furosemide abuse due to the increase in urinary 
calcium excretion.441 Differentiation of GS from BS requires 
a 24-hour urine to assess calcium excretion, since hypocal-
ciuria is a distinguishing feature for the former304; patients 
with GS are also invariably hypomagnesemic. BS must be 

Hypokalemic patients with bulimia will have an associated 
metabolic alkalosis, with an obligatory natriuresis accompa-
nying the loss of bicarbonate; urinary Cl− is typically less 
than 10 mmol/L, and this clue can often yield the diagno-
sis.437,440 Urinary electrolytes are, however, generally unre-
markable in unselected, mostly normokalemic patients with 
bulimia.439 Urinary excretion of Na+, K+, and Cl− is high in 
patients who abuse diuretics, albeit not to the levels seen in 

Figure 18.11  The clinical approach to hypokalemia. See text for details. AME, Apparent mineralocorticoid excess; BP, blood pressure; CCD, 
cortical collecting duct; DKA, diabetic ketoacidosis; FHPP, familial hypokalemic periodic paralysis; GI, gastrointestinal; GRA, glucocorticoid-
remediable aldosteronism; HTN, hypertension; PA, primary aldosteronism; RAS, renal artery stenosis; RST, renin-secreting tumor; RTA, renal 
tubular acidosis; TTKG, transtubular potassium gradient. 
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remaining deficit at a slower rate over days to weeks.239,240,446 
In the absence of abnormal K+ redistribution, the total 
deficit correlates with serum K+,240,446,451 such that serum K+ 
drops by approximately 0.27 mmol/L for every 100-mmol 
reduction in total body stores. Loss of 400 to 800 mmol of 
body K+ results in a reduction in serum K+ by approximately 
2.0 mmol/L451; these parameters can be used to estimate 
replacement goals. However, such estimates are just an 
approximation of the amount of K+ replacement required 
to normalize plasma K+, with as much as a 1 in 6 risk of 
overreplacement243; serum K+ should also be closely moni-
tored during replacement, withdrawing or adjusting K+ 
replacement if necessary.

Although the treatment of asymptomatic patients with 
borderline or low-normal serum K+ remains controversial, 
supplementation is recommended for patients with a serum 
K+ lower than 3 mmol/L. In high-risk patients (e.g., those 
with heart failure, cardiac arrhythmias, myocardial infarc-
tion, ischemic heart disease, taking digoxin), serum K+ 
should be maintained at 4.0 mmol/L or higher239 or even 
4.5 mmol/L or higher.247 Patients with severe hepatic disease 
may not be able to tolerate mild to moderate hypokalemia 
due to the associated augmentation in ammoniagenesis, 
and thus serum K+ should be maintained at approximately 
4.0 mmol/L.452,453 In asymptomatic patients with mild to 
moderate hypertension, an attempt should be made to 
maintain serum K+ above 4.0 mmol/L,239 and potassium 
supplementation should be considered when serum K+ falls 
below 3.5 mmol/L.239 Notably, prospective studies have 
shown an inverse relationship between dietary potassium 
intake and fatal and nonfatal stroke, independently of the 
associated antihypertensive effect.239,454,455

Potassium is available in the form of potassium chloride, 
potassium phosphate, potassium bicarbonate or its precur-
sors (potassium citrate, potassium acetate), and potassium 
gluconate.239,240,446 Potassium phosphate is indicated when 
phosphate deficit accompanies K+ depletion (e.g., in dia-
betic ketoacidosis).446 Potassium bicarbonate (or its precur-
sors) should be considered for patients with hypokalemia 
and metabolic acidosis.239,446 Potassium chloride should oth-
erwise be the default salt of choice for most patients for 
several reasons. First, metabolic alkalosis typically accompa-
nies chloride loss from renal (e.g., diuretics) or upper  
gastrointestinal routes (e.g., vomiting) and contributes sig-
nificantly to renal K+ wasting.240 In this setting, replacing 
chloride along with K+ is essential in treating the alkalosis 
and preventing further kaliuresis; because dietary K+ is 
mainly in the form of potassium phosphate or potassium 
citrate, it usually does not suffice. Second, potassium bicar-
bonate may offset the benefits of K+ administration by aggra-
vating concomitant alkalosis. Third, potassium chloride 
raises serum K+ at a faster rate than potassium bicarbonate, 
a factor that is crucial in patients with marked hypokalemia 
and related symptoms. In all likelihood, this faster rise  
in plasma K+ occurs because Cl− is mainly an extracellular 
fluid anion that does not enter cells to the same extent as 
bicarbonate, keeping the K+ in the extracellular fluid 
compartment.456

Parenteral (intravenous) K+ administration should be 
limited to patients unable to use the enteral route or when 
the patient is experiencing associated signs and symptoms. 
However, rapid correction of hypokalemia through oral 

differentiated from pseudo–Bartter’s syndrome due to gen-
tamicin toxicity,312,442 mutations in CFTR, the cystic fibrosis 
gene,405,443 or Sjögren’s syndrome with tubulointerstitial 
nephritis.444 Acquired forms of GS have in turn been 
reported after cisplatin therapy422 and in patients with 
Sjögren’s syndrome.28,423 Finally, although laxative abuse is 
perhaps a less common cause of chronic hypokalemia, an 
accompanying metabolic acidosis with a negative urinary 
anion gap should raise the diagnostic suspicion of this 
cause.179

TREATMENT OF HYPOKALEMIA

The goals of therapy in hypokalemia are to prevent life-
threatening conditions (e.g., diaphragmatic weakness, rhab-
domyolysis, cardiac arrhythmias), replace any K+ deficit, and 
diagnose and correct the underlying cause. The urgency of 
therapy depends on the severity of hypokalemia, associated 
conditions and settings (e.g., a patient with heart failure on 
digoxin or a patient with hepatic encephalopathy), and the 
rate of decline in plasma K+. A rapid drop to less than 
2.5 mmol/L poses a high risk of cardiac arrhythmias and 
calls for urgent replacement.445 Although replacement is 
usually limited to patients with a true deficit, it should be 
considered in patients with hypokalemia due to redistribu-
tion (e.g., HYPP) when serious complications such as muscle 
weakness, rhabdomyolysis, and cardiac arrhythmias are 
present or imminent.446 The risk of arrhythmia from hypo-
kalemia is highest in older patients, patients with evidence 
of organic heart disease, and patients on digoxin or antiar-
rhythmic drugs.239 In these high-risk patients, an increased 
incidence of arrhythmias may occur at even mild to modest 
degrees of hypokalemia. The American Heart Association 
guidelines on the use of hospital telemetry recommend 
monitoring for patients with hypokalemia and a prolonged 
QT interval.447

It is also crucial to diagnose and eliminate the underlying 
cause so as to tailor therapy to the pathophysiology involved. 
For example, the risk of overcorrection or rebound hyper-
kalemia in hypokalemia caused by redistribution is particu-
larly high, with the potential for fatal hyperkalemic 
arrhythmias.240,254,289,446,448 When increased sympathetic tone 
or increased sympathetic response is thought to play a domi-
nant role, the use of nonspecific β-adrenergic blockade with 
propranolol generally avoids this complication and should 
be considered; the relevant causes of hypokalemia include 
thyrotoxic periodic paralysis,287 theophylline overdose,449 
and acute head injury.254

K+ replacement is the mainstay of therapy in hypokale-
mia. However, hypomagnesemic patients can be refractory 
to K+ replacement alone,430 such that concomitant Mg2+ defi-
ciency should always be addressed with oral or parenteral 
repletion. To prevent hyperkalemia due to excessive supple-
mentation, the deficit and rate of correction should be 
estimated as accurately as possible. Renal function, medica-
tions, and comorbid conditions such as diabetes (with a risk 
of both insulinopenia and autonomic neuropathy) should 
also be considered so as to gauge the risk of overcorrection. 
Arbitrary adjustments in the dose of administered K+-Cl− 
replacement based on the estimated GFR can potentially 
reduce the risk of hyperkalemia.450 The goal is to raise the 
plasma K+ rapidly to a safe range and then replace the 
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cardiac surgery patients receiving diuretics in the hospital 
and found no difference between the two groups in respect 
to maintenance of serum K+. However, limitations of this 
study included a small number of subjects, relatively short 
duration, and lack of information on acid-base status, 
making it less than conclusive and not generalizable.466 
Regardless, dietary K+ is mainly in the form of potassium 
phosphate or potassium citrate and is inadequate in most 
patients who have concomitant K+ and Cl− deficiency. Most 
patients will therefore need to combine a high-K+ diet with 
a prescribed dose of K+- Cl−.240 Salt substitutes are an inex-
pensive and potent source of K+-Cl−; 1 g contains 10 to 
13 mmol of K+.467 However, these patients, particularly those 
with an impaired ability to excrete potassium, need to be 
counseled regarding the appropriate amount and potential 
for hyperkalemia.468 Potassium chloride is also available in 
liquid or tablet form (Table 18.5).239 In general, the avail-
able preparations are well absorbed.240 Liquid forms are less 
expensive but are less well tolerated. Slow-release forms  
are more palatable and better tolerated; however, they  
have been associated with gastrointestinal ulceration and 
bleeding, ascribed to local accumulation of high concentra-
tions of K+.240,462 Notably, this risk is rather low, and it is lower 
still with the microencapsulated forms.240 The chance of 

supplementation is possible and may be faster than intrave-
nous K+ supplementation due to limitations in the rapidity 
of intravenous K+ infusion. For example, serum K+ can be 
increased by 1 to 1.4 mmol/L in 60 to 90 minutes following 
the oral intake of 75 mmol of K+457; the ingestion of approxi-
mately 125 to 165 mmol of K+ as a single oral dose can 
increase serum K+ by approximately 2.5 to 3.5 mmol/L in 
60 to 120 minutes.458 The oral route is therefore effective 
and appropriate in patients with asymptomatic severe hypo-
kalemia. If the patient is experiencing life-threatening signs 
and symptoms of hypokalemia, however, the maximum pos-
sible IV infusion of K+ should be administered acutely for 
symptom control, followed by rapid oral supplementation.

The usual intravenous dose is 20 to 40 mmol of K+-Cl− in 
1 L of vehicle solution.446 The vehicle solution should be 
dextrose-free to prevent a transient reduction in the serum 
K+ level of 0.2 to 1.4 mmol/L due to an enhanced endoge-
nous insulin secretion induced by the dextrose.459 Higher 
concentrations of K+-Cl− (up to 400 mmol/L—40 mmol in 
100 mL of normal saline) have been used in life-threatening 
situations.460,461 In these cases, the amount of K+ per intrave-
nous bag should be limited (e.g., 20 mmol in 100 ml of 
saline solution) to prevent inadvertent infusion of a large 
dose.461,462 These solutions are best given through a large 
central vein to avoid painful peripheral vein irritation. 
Femoral veins are preferable since infusion through upper 
body central lines can acutely increase the local intracardiac 
concentration of K+, with life-threatening deleterious effects 
on cardiac conduction.461,462 As a general rule, and to avoid 
venous pain, irritation, and sclerosis, concentrations of more 
than 60 mmol/L should not be given through a peripheral 
vein.446 Although the recommended rate of administration 
is 10 to 20 mmol/hour, rates of 40 to 100 mmol/hour or 
even higher (for a short period) have been used in patients 
with life-threatening conditions.460,462-464 However, a rapid 
increase in serum K+ associated with electrocardiographic 
changes may occur with higher rates of infusion (e.g., 
≥80 mmol/hour).465 Intravenous administration of K+ at a 
rate of more than 10 mmol/hour requires continuous elec-
trocardiographic monitoring.446 In patients receiving such 
high infusion rates, close monitoring of the appropriate 
physiologic consequences of hypokalemia is essential; after 
these effects have abated, the rate of infusion should be 
decreased to the standard dose of 10 to 20 mmol/hour.462

It is important to remember that volume expansion in 
patients with moderate to severe hypokalemia and Cl−-
responsive metabolic alkalosis should be performed  
cautiously and with close follow-up of serum K+ since bicar-
bonaturia associated with volume expansion may aggra-
vate renal K+ wasting and hypokalemia.445 In patients with 
combined severe hypokalemia and hypophosphatemia 
(e.g., diabetic ketoacidosis), intravenous K+ phosphate can 
be used. However, this solution should be infused at a rate 
of less than 50 mmol over 8 hours to prevent the risk of 
hypocalcemia and metastatic calcification.445 A combination 
of potassium phosphate and potassium chloride may be 
necessary to correct hypokalemia effectively in these 
patients.

The easiest and most straightforward method of oral K+ 
supplementation is to increase dietary intake of potassium-
rich foods240 (see Table 18.4). One study compared the 
effectiveness of diet versus medication supplementation in 

Table 18.4 Foods with High Potassium Content

Highest content (>1000 mg [25 mmol]/100 g)
Dried figs
Molasses
Seaweed

Very high content (>500 mg [12.5 mmol]/100 g)
Dried fruits (dates, prunes)
Nuts
Avocados
Bran cereals
Wheat germ
Lima beans

High content (>250 mg [6.2 mmol]/100 g)
Vegetables

Spinach
Tomatoes
Broccoli
Winter squash
Beets
Carrots
Cauliflower
Potatoes

Fruits
Bananas
Cantaloupe
Kiwis
Oranges
Mangos

Meats
Ground beef
Steak
Pork
Veal
Lamb

From Gennari FJ: Hypokalemia. N Engl J Med 339:451-458, 
1998.
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5.4 mmol/L qualified for the diagnosis.474-476 Hyperkalemia 
has been reported in 1.1% to 10% of all hospitalized 
patients,217,474-477 with approximately 1.0% of patients (8% to 
10% of hyperkalemic patients) having significant hyperka-
lemia (≥6.0 mmol/L).474 Hyperkalemia has been associated 
with a higher mortality rate (14.3% to 41%),28,474,475 account-
ing for approximately 1 death per 1000 patients in one case 
series from the mid-1980’s.478 In most hospitalized patients, 
the pathophysiology of hyperkalemia is multifactorial, with 
reduced renal function, medications, older age (≥60 years), 
and hyperglycemia being the most common contributing 
factors.217,474,475

In patients with ESKD, the prevalence of hyperkalemia is 
5% to 10%.479-481 The prevalence increases from 2% to 42% 
as GFR decreases from 60 to 90 mL/min/1.73 m2; the risk 
of hyperkalemia is increased in males with chronic kidney 
disease (CKD) and tripled by treatment with ACE inhibitors 
or ARBs.482 Hyperkalemia accounts for or contributes to 
1.9% to 5% of deaths among patients with ESKD.217,481 
Notably, however, the risk of death from hyperkalemia is 
reduced as CKD progresses, presumably due to as yet 
uncharacterized cardiac adaptation to chronic hyperkale-
mia.483 Hyperkalemia is the reason for emergency hemodi-
alysis in 24% of patients with ESKD on hemodialysis,481 and 
renal failure is the most common cause of hyperkalemia 
diagnosed in the emergency room.479 The prevalence of 
marked hyperkalemia (K+ ≥ 5.8 mmol/L) is approximately 
1% in a general medicine outpatient setting. Alarmingly, the 
management of outpatient hyperkalemia is often subopti-
mal, with approximately 25% of patients lacking any 
follow-up, ECGs performed in only 36% of cases, and fre-
quent delays in repeating measurement of serum K+.484

PSEUDOHYPERKALEMIA

Factitious or pseudohyperkalemia is an artifactual increase 
in serum K+ due to the release of K+ during or after 
venipuncture. There are several potential causes for 
pseudohyperkalemia485:

1. Forearm contraction,486 fist clenching,21 or tourniquet 
use485 may increase K+ efflux from local muscle and thus 
raise the measured serum K+.

2. Thrombocytosis,487 leukocytosis,488 and/or erythrocyto-
sis489 may cause pseudohyperkalemia due to release from 
these cellular elements.

3. Acute anxiety during venipuncture may provoke a  
respiratory alkalosis and hyperkalemia due to 
redistribution.53-55,64

4. Sample contamination with K+-EDTA (ethylenediamine-
tetraacetic acid), used as a sample anticoagulant for some 
laboratory assays, can cause spurious hyperkalemia.490

There are several mechanisms for sample contamina-
tion with K+-EDTA during blood draws or sample han-
dling.490 Gross contamination with K+-EDTA usually results 
in spurious hypocalcemia and hypomagnesemia; lesser  
contamination is less obvious, leading to the practice in 
some laboratories to perform EDTA assays on samples  
with a plasma K+ more than 6 mmol/L with K+-EDTA. 
Finally, mechanical and physical factors may induce pseudo-
hyperkalemia after blood has been drawn. For example, 

overdose and hyperkalemia is higher with slow-release for-
mulations; unlike the immediate-release forms, these tablets 
are less irritating to the stomach and less likely to induce 
vomiting.469 The usual dose is 40 to 100 mmol of K+ (as K+-
Cl−)/day, divided into two or three doses, in patients taking 
diuretics240 (K+-Cl− can be toxic in doses > 2 mmol/kg469). 
This dose is effective in maintaining serum K+ in up to 90% 
of patients; however, in the 10% of patients who remain 
hypokalemic, increasing the oral dose or adding a K+-spar-
ing diuretic is an appropriate choice.240

In addition to potassium supplementation, strategies to 
minimize K+ losses should be considered. These measures 
may include minimizing the dose of non-K+–sparing diuret-
ics, restricting Na+ intake, and using a combination of non-
K+–sparing and K+-sparing medications (e.g., ACE inhibitors, 
ARBs, K+-sparing diuretics, β-blockers).210,239 The use of a 
K+-sparing diuretic is of particular importance in hypokale-
mia resulting from primary hyperaldosteronism and related 
disorders, such as Liddle’s syndrome and AME; K+ supple-
mentation alone may be ineffective in these settings.470-472 In 
patients with hypokalemia due to loss through upper gas-
trointestinal secretion (e.g., continuous nasogastric tube 
suction, continuous or self-induced vomiting), proton pump 
inhibitors are reportedly useful in helping correct the meta-
bolic alkalosis and reduce hypokalemia.473

HYPERKALEMIA

EPIDEMIOLOGY

Hyperkalemia is usually defined as a potassium level of 
5.5 mmol/L or higher although, in some studies, 5.0 to 

Table 18.5 Oral Preparations of Potassium 
Chloride

Supplement Characteristics

Controlled-release 
microencapsulated 
tablets

Disintegrate better in stomach than 
encapsulated microparticles; 
less adherent and less cohesive

Encapsulated, 
controlled-release 
microencapsulated 
particles

Fewer gastrointestinal tract 
erosions than with wax matrix 
tablets

Potassium chloride elixir Inexpensive, tastes bad, poor 
patient adherence; few 
gastrointestinal tract erosions; 
immediate effect

Potassium chloride 
(effervescent tablets) 
for solution

Convenient, but more expensive 
than elixir; immediate effect

Wax matrix extended-
release tablets

Easier to swallow; more 
gastrointestinal tract erosions 
than with microencapsulated 
formulas

From Cohn JN, Kowey PR, Whelton PK, et al: New guidelines 
for potassium replacement in clinical practice: a 
contemporary review by the National Council on Potassium 
in Clinical Practice. Arch Intern Med 160:2429-2436, 2000.

http://www.myuptodate.com


586 SECTION II — DISORDERS OF BODY FLUID VOLUME AND COMPOSITION

resulted in an increase in serum K+ from 4.9 mmol/L to a 
peak of 7.3 mmol/L, within 3 hours.497 Increased intake or 
changes in intake of dietary sources rich in K+ (see Table 
18.4) may also provoke hyperkalemia in susceptible patients. 
Very rarely, marked intake of K+—for example, in sports 
beverages498—may provoke severe hyperkalemia in individu-
als free of predisposing factors. Other occult sources of K+ 
must also be considered, including salt substitutes,467 alter-
native medicines,499 and alternative diets.500 Geophagia with 
ingestion of K+-rich clay28 and cautopyreiophagia501 (inges-
tion of burnt matchsticks) are two forms of pica that have 
been reported to cause hyperkalemia in dialysis patients. 
Sustained-release K+-Cl− tablets can cause hyperkalemia in 
suicidal overdoses.469 Such pills are radiopaque and may 
thus be seen on radiographs; whole-bowel irrigation should 
be used for gastrointestinal decontamination.469 Iatrogenic 
causes include simple overreplacement with K+-Cl−, as can 
occur commonly in hypokalemic patients,243 or administra-
tion of a potassium-containing medication, such as K+-
penicillin,502 to a susceptible patient.

Red cell transfusion is a well-described cause of hyperka-
lemia, typically seen in children or in those receiving massive 
transfusions. Risk factors for transfusion-related hyperkale-
mia include the rate and volume of the transfusion, use of 
a central venous infusion and/or pressure pumping, use of 
irradiated blood, and age of the blood infused.21,503 Whereas 
7-day-old blood has a free K+ concentration of about 
23 mmol/L, this rises to the 50-mmol/L range in 42-day-old 
blood.504 Hyperkalemia is a common occurrence in patients 
with severe trauma, with a period prevalence of 29% in mas-
sively traumatized patients at a U.S. military combat support 
hospital in Iraq.505 Although red cell and/or blood product 
transfusion plays an important role, this and other studies 
have indicated a complex pathophysiology for resuscitative 
hyperkalemia, with low cardiac output, acidosis, hypocalce-
mia, and other factors contributing to the risk of hyperka-
lemia in patients with severe trauma.503,505

Tissue necrosis is an important cause of hyperkalemia. 
Hyperkalemia due to rhabdomyolysis is particularly common 
because of the enormous store of K+ in muscle (see Figure 
18.1). In many cases, volume depletion, medications (statins 
in particular), and metabolic predisposition contribute to 
the genesis of rhabdomyolysis. Hypokalemia is an important 
metabolic predisposing factor in rhabdomyolysis (see  
“Consequences of Hypokalemia”); others include hypo-
phosphatemia, hyper- and hyponatremia, and hyperglyce-
mia. Patients with hypokalemia-associated rhabdomyolysis 
in whom redistribution is the cause of hypokalemia are at 
particular risk of subsequent hyperkalemia, as rhabdomyoly-
sis evolves and renal function worsens.21,265 Finally, massive 
release of K+ and other intracellular contents may occur as 
a result of acute tumor lysis.497

REDISTRIBUTION AND HYPERKALEMIA

Several different mechanisms can induce an efflux of intra-
cellular K+, resulting in hyperkalemia. The infusion of 
hypertonic mannitol or saline, but not hypertonic bicarbon-
ate, generates an increase in serum K+.506 Potential mecha-
nisms include a dilutional acidosis with subsequent shift  
in K+, increased passive exit of K+ due to an increase in 
intracellular K+ activity from intracellular water loss, acute 

pneumatic tube transport has been shown to induce pseu-
dohyperkalemia in one patient with leukemia and massive 
leukocytosis.491 Cooling of blood prior to the separation of 
cells from serum or plasma is also a well-recognized cause 
of artifactual hyperkalemia.492 The converse is the risk of 
increased uptake of K+ by cells at high ambient tempera-
tures, leading to normal values for hyperkalemic patients 
and/or to spurious hypokalemia in patients who are normo-
kalemic.28,249 This issue is particularly important for outpa-
tient primary practice samples that are transported off site 
and analyzed at a central facility28; this leads to so-called 
seasonal pseudohyperkalemia and hypokalemia,28,493 with 
fluctuations of outpatient samples as a function of season 
and ambient temperature.

Finally, there are several hereditary subtypes of pseudo-
hyperkalemia, caused by increases in passive K+ permeability 
of erythrocytes. Abnormal red cell morphology, varying 
degrees of hemolysis, and/or perinatal edema can accom-
pany hereditary pseudohyperkalemia, whereas in many kin-
dreds there are no overt hematologic consequences. Serum 
K+ increases in pseudohyperkalemia patient samples that 
have been left at room temperature due to abnormal K+ 
permeability of erythrocytes. Several subtypes have been 
defined, based on differences in the temperature depen-
dence curve of this red cell leak pathway.28,494 The disorder 
is genetically heterogeneous, with a characterized gene on 
chromosome 17q21 and uncharacterized loci on chromo-
somes 16q23-ter and 2q35-36.28 Of particular interest, 11 
pedigrees of patients with autosomal dominant hemolysis, 
pseudohyperkalemia, and temperature-dependent loss of 
red cell K+ were found to have heterozygous mutations in 
the SLC4A1 gene on chromosome 17q21, which encodes 
the band 3 anion exchanger, AE1.494 The mutations that 
were detected all cluster within exon 17 of the gene,494 
between transmembrane domains 8 and 10 of the AE1 
protein. These mutations reduce anion transport in red 
cells and Xenopus oocytes injected with AE1, with the novel 
acquisition of a nonselective transport pathway for Na+ and 
K+. Pseudohyperkalemia in these patients thus results from 
a genetic event that endows AE1 with the ability to transport 
K+; the fact that single point mutations can convert an anion 
exchanger to a nonselective cation channel serves to under-
line the narrow boundaries that separate exchangers and 
transporters from ion channels.494

More recently, mutations in the red cell Rh-associated 
glycoprotein (RhAG) were linked to the monovalent cation 
leak associated with overhydrated hereditary stomatocyto-
sis.495 These mutations cause an exaggerated cation leak in 
the RhAG, thought to function as an NH3 or NH4

+ trans-
porter RhAG. Exaggerated red cell cation leaks are also 
implicated in stomatocytosis due to mutations in the 
mechanically activated cation channel PIEZO1496; disease-
associated mutations give rise to mechanically activated cur-
rents that inactivate more slowly than wild-type channels.

EXCESS INTAKE OF POTASSIUM AND  
TISSUE NECROSIS

Increased intake of even small amounts of K+ may provoke 
severe hyperkalemia in patients with predisposing factors. 
For example, the oral administration of 32 mmol to a dia-
betic patient with hyporeninemic hypoaldosteronism 
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ingestion of these toads523 or of toad extracts can result 
in fatal hyperkalemia. In particular, certain herbal aphrodi-
siac pills contain appreciable amounts of toad venom and 
have led to several case reports in the United States.21,524 
Patients may have detectable plasma levels using standard 
digoxin assays, since bufadienolide is immunologically 
similar to digoxin. Moreover, treatment with a digoxin-
specific Fab fragment, indicated for treatment of digoxin 
overdoses, may be effective and life-saving in bufadienolide 
toxicity.21,524 Finally, fluoride ions also inhibit Na+-K+-ATPase, 
such that fluoride poisoning is typically associated with 
hyperkalemia.525

Succinylcholine depolarizes muscle cells, resulting in the 
efflux of K+ through acetylcholine receptors (AChRs) and 
a rapid, but usually transient, hyperkalemia. The use of  
this agent is contraindicated in patients who have sus-
tained thermal trauma, neuromuscular injury (upper or 
lower motor neuron), disuse atrophy, mucositis, or pro-
longed immobilization in an intensive care unit (ICU) 
setting; the efflux of K+ induced by succinylcholine is 
enhanced in these patients and can result in significant 
hyperkalemia.526 These disorders share a two- to 100-fold 
upregulation of AChRs at the plasma membrane of muscle 
cells, with loss of the normal clustering at the neuromuscu-
lar junction.526 Depolarization of these upregulated 
AChRs by succinylcholine results in an exaggerated efflux 
of K+ through the receptor-associated cation channels 
that are spread throughout the muscle cell membrane 

hemolysis, and a solvent drag effect as water exits cells.507,508 
Regardless, severe hyperkalemia, typically with an acute 
dilutional hyponatremia, is a well-described complication of 
mannitol for the treatment or prevention of cerebral 
edema.508-510 Diabetics are prone to severe hyperkalemia in 
response to intravenous hypertonic glucose in the absence 
of adequate coadministered insulin due to a similar osmotic 
effect.511,512 Finally, a retrospective report has documented 
considerable increases in serum K+ after IV contrast dye in 
five patients with chronic kidney disease, four on dialysis 
and one with stage 4 CKD513; again, the acute osmolar load 
was the likely cause of the acute hyperkalemia in these 
patients. The implications of this provocative study are not 
entirely clear; however, one would expect the development 
or worsening of hyperkalemia in dialysis patients exposed 
to large volumes of hyperosmolar contrast dye.

Several reports have appeared regarding the risk of 
hyperkalemia with ε-aminocaproic acid (Amicar),514-516 a cat-
ionic amino acid that is structurally similar to lysine and 
arginine. Cationic but not anionic amino acids induce 
efflux of K+ from cells, although the transport pathways 
involved are unknown.21

Muscle plays a dominant role in extrarenal K+ homeosta-
sis, primarily via regulated uptake by Na+-K+-ATPase. 
Although exercise is a well-described cause of acute hyper-
kalemia, this effect is usually transient, and its clinical rele-
vance is difficult to judge. ESKD patients on dialysis do not 
have an exaggerated increase in plasma K+ with maximal 
exercise, perhaps due to greater insulin, catecholamine, 
and aldosterone responses to exercise and/or to their pre-
existing hyperkalemia.517 The results and design of this and 
other studies of exercise-associated hyperkalemia in ESKD 
were criticized by a more recent report, which linked abnor-
mal extrarenal K+ homeostasis to increased fatigue in 
ESKD.518 Nonetheless, exercise-associated hyperkalemia is 
not a major clinical cause of hyperkalemia. Dialysis patients 
are, however, susceptible to modest increases in plasma K+ 
after prolonged fasting due to the relative insulinopenia in 
this setting.519 This may be clinically relevant in preoperative 
ESKD patients, for whom intravenous glucose infusions with 
or without insulin are appropriate preventive measures for 
the development of hyperkalemia.519

Insulin stimulates the uptake of K+ by several tissues, 
primarily via stimulation of Na+-K+-ATPase activity.28,41,43,46 
Reduction in circulating insulin is thus an important factor 
or co-factor in the generation of hyperkalemia in diabetic 
patients. Patients with DKA typically present with serum K+ 
levels that are within normal limits or moderately elevated, 
but with profound, whole-body potassium deficits. However, 
significant hyperkalemia (serum K+ > 6 to 6.5 mmol/L) is 
not uncommon in DKA520,521 due to a variety of potential 
factors, such as insulinopenia, renal dysfunction, and the 
hyperosmolar effect of severe hyperglycemia.520-522 Inhibi-
tion of insulin secretion by the somatostatin agonist octreo-
tide can also cause significant hyperkalemia in anephric 
patients38 and in patients with normal renal function.39

Digoxin inhibits Na+-K+-ATPase and thus impairs the 
uptake of K+ by skeletal muscle (see “Factors Affecting Inter-
nal Distribution of Potassium”), such that a digoxin over-
dose can result in hyperkalemia. The skin and venom gland 
of the cane toad Bufo marinus contains high concentrations 
of bufadienolide, a structurally similar glycoside. The direct 

Figure 18.12  Succinylcholine-induced  efflux  of  potassium  is 
increased in denervated muscle. In innervated muscle, succinylcho-
line (SCh) interacts with the entire plasma membrane, but depolarizes 
only the junctional (α1, β1, δ, and ε [multicolored]) acetylcholine recep-
tors  (AChRs);  this  leads  to  a  modest  transient  hyperkalemia.  With 
denervation, there is a considerable upregulation of muscle AChRs, 
with increased extrajunctional AChRs (α1, β1, δ, and γ [multicolored]) 
and acquisition of homomeric, neuronal-type α7-AChRs. Depolariza-
tion of denervated muscle leads to an exaggerated K+ efflux due to 
the  upregulation  and  redistribution  of  these  AChRs.  In  addition, 
choline generated from metabolism of succinylcholine maintains the 
depolarization mediated via α7-AChRs, thus enhancing and prolong-
ing the K+ efflux after paralysis has subsided. (From Martyn JA, Rich-
tsfeld M: Succinylcholine-induced hyperkalemia in acquired pathologic 
states: etiologic factors and molecular mechanisms. Anesthesiology 
104:158-169, 2006.)
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much later in childhood.536 This bimodal presentation 
pattern does not appear to be influenced by Dax-1 genotype; 
rather, if patients survive the early neonatal period, they will 
then miss being diagnosed until much later in life, present-
ing with delayed puberty (see later) or with an adrenal crisis. 
The steroidogenic factor-1 (SF-1), a functional partner for 
Dax-1, is also required for adrenal development in mice and 
humans. Both genes are involved in gonadal development, 
with Dax-1 deficiency leading to hypogonadotropic hypogo-
nadism536 and SF-1 deficiency causing male to female sex 
reversal in addition to adrenal insufficiency.

Reduced steroidogenesis causes two other important 
forms of primary hypoaldosteronism.535 Congenital lipoid 
adrenal hyperplasia (lipoid CAH) is a severe autosomal 
recessive syndrome characterized by impaired synthesis of 
mineralocorticoids, glucocorticoids, and gonadal steroids.21 
Patients present in early infancy with adrenal crisis, includ-
ing severe hyperkalemia.537 Genotypically male 46,XY 
patients with lipoid CAH have female external genitalia due 
to the developmental absence of testosterone. Lipoid CAH 
is caused by loss-of-function mutations in steroidogenic 
acute regulatory protein, a small mitochondrial protein that 
helps shuttle cholesterol from the outer to inner mitochon-
drial membrane, thus initiating steroidogenesis538; some 
patients may alternatively have mutations in the side-chain 
cleavage P450 enzyme.539 The classic, salt-wasting form of 
CAH due to 21-hydroxylase deficiency is associated with 
marked reductions in cortisol and aldosterone, leading to 
adrenal insufficiency.540 Concomitant overproduction of 
androgenic steroids results in virilization in female patients 
with this form of CAH.

Isolated deficits in aldosterone synthesis with hyperrenin-
emia are caused by loss-of-function mutations in aldoste-
rone synthase, although genetic heterogeneity has been 
reported.541 Patients typically present in childhood with 
volume depletion and hyperkalemia.542 Much like pseudo-
hypoaldosteronism due to loss-of-function mutations in the 
MR (see later), patients tend to become asymptomatic in 
adulthood. Acquired hyperreninemic hypoaldosteronism 
has been described in critical illness,21 type 2 diabetes,543 
amyloidosis due to familial Mediterranean fever,544 and 
after metastasis of carcinoma to the adrenal gland.21 Finally, 
aldosterone synthesis is selectively reduced by heparin, with 
a 7% incidence of hyperkalemia associated with heparin 
therapy.545 Both unfractionated545 and low-molecular-
weight21,546 heparin can cause hyperkalemia. Hyperkalemia 
due to prophylactic subcutaneous unfractionated heparin 
(5000 units twice daily) has also been reported.547 Heparin 
reduces the adrenal aldosterone response to Ang II  
and hyperkalemia, resulting in hyperreninemic hyperaldo-
steronism. Histologic findings in experimental animals 
include a marked diminution in the size of the zona glo-
merulosa and an attenuated hyperplastic response to salt 
depletion.545

Most primary adrenal insufficiency is due to autoimmu-
nity in Addison’s disease or in the context of a polyglandular 
endocrinopathy.535,548 Adrenal insufficiency can be seen fol-
lowing adrenalectomy for primary hyperaldosteronism, with 
14% of patients developing postoperative hyperkalemia and 
5% developing long-term insufficiency requiring fludrocor-
tisone.549 The antiphospholipid syndrome may also cause 
bilateral adrenal hemorrhage and adrenal insufficiency.550 

(Figure 18.12). Concomitant upregulation of the neuronal 
α7-subunit of the AChR (α7-AChR) has also been observed 
in denervated muscle; the α7-AChR is a homomeric penta-
meric channel that depolarizes in response to succinyl-
choline and choline, its metabolite.526 Depolarization of 
α7-AChRs in response to choline is furthermore not subject 
to desensitization and may explain in part the hyperkalemic 
effect that persists in some patients well after the paralytic 
effect of succinylcholine has subsided.526 Perhaps consistent 
with this neuromuscular pathophysiology, patients with 
renal failure do not appear to have an increased risk of 
succinylcholine-associated hyperkalemia.527

A report of three patients has suggested the possibility 
that drugs that share the ability to open KATP channels may 
have an underappreciated propensity to cause hyperkale-
mia in critically ill patients. The drugs implicated included 
cyclosporine, isoflurane, and nicorandil.528 These patients 
exhibited hyperkalemia that resisted usual therapies 
(insulin-dextrose ± hemofiltration), with a temporal hypo-
kalemic response to the KATP inhibitor glibenclamide (gly-
buride). The daring, off-label use of glybenclamide was 
presumably instigated by the senior author’s observation 
that cyclosporine activates KATP channels in vascular smooth 
muscle.529 KATP channels are widely distributed, including in 
skeletal muscle, so that activation of these channels is a 
plausible cause of acute hyperkalemia. Other case reports 
have emerged of nicorandil-associated hyperkalemia.530,531 
However, it still remains to be seen whether this is a common 
or important mechanism for acute hyperkalemia.

Finally, β-blockers cause hyperkalemia in part by inhibit-
ing cellular uptake, but also through hyporeninemic hypoal-
dosteronism induced by the effects of these drugs on  
renal renin release and adrenal aldosterone release (see 
“Regulation of Renal Renin and Adrenal Aldosterone 
Release”). Labetalol, a broadly reactive sympathetic blocker, 
is a particularly common cause of hyperkalemia in suscep-
tible patients.21,532 However, nonspecific and cardiospecific 
β-blockers have been shown to reduce PRA, Ang II, and 
aldosterone,533 such that β-blockade in general will increase 
susceptibility to hyperkalemia.

REDUCED RENAL POTASSIUM EXCRETION

HYPOALDOSTERONISM
Aldosterone promotes kaliuresis by activating apical 
amiloride-sensitive Na+ currents in the CNT and CCD and 
thus increasing the lumen-negative driving force for K+ 
excretion (see Chapter 6, “Aldosterone and K+ Loading”). 
Aldosterone release from the adrenal may be reduced by 
hyporeninemic hypoaldosteronism and its multiple causes, 
medications, or isolated deficiency of ACTH. The isolated 
loss in pituitary secretion of ACTH leads to a deficit in cir-
culating cortisol; variable defects in other pituitary hor-
mones are likely secondary to this reduction in cortisol.534 
Concomitant hyporeninemic hypoaldosteronism is fre-
quent,28 but hyperkalemia is perhaps less common in sec-
ondary hypoaldosteronism than in Addison’s disease.534

Primary hypoaldosteronism may be genetic or acquired.535 
The X-linked disorder adrenal hypoplasia congenita (AHC) 
is caused by loss-of-function mutations in the transcriptional 
repressor Dax-1. Patients with AHC present with primary 
adrenal failure and hyperkalemia shortly after birth or 
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then exerts a negative effect on renal renin release and 
adrenal aldosterone release (see also “Regulation of Renal 
Renin and Adrenal Aldosterone”). There is evidence that 
these patients are volume-expanded, and many will respond 
to Na+-Cl− restriction or furosemide with an increased 
PRA—that is, renin is physiologically rather than pathologi-
cally suppressed.560-562 Patients with hyporeninemic hypoal-
dosteronism due to a diversity of underlying causes have 
elevated ANP levels,21,28,172,561,563 which is also an indicator of 
their underlying volume expansion. Patients who respond 
to furosemide with an increase in PRA exhibit a concomi-
tant decrease in ANP.561 Furthermore, the infusion of exog-
enous ANP can suppress the adrenal aldosterone response 
to hyperkalemia172 and dietary Na+-Cl− depletion.564

ACQUIRED TUBULAR DEFECTS AND  
POTASSIUM EXCRETION
Unlike hyporeninemic hypoaldosteronism, hyperkalemic 
distal renal tubular acidosis is associated with a normal or 
increased aldosterone and/or PRA. Urine pH in these 
patients is higher than 5.5, and they are unable to increase 
acid or K+ excretion in response to furosemide, Na+-SO4

2− or 
fludrocortisone.565-567 Classic causes include SLE,565 sickle 
cell anemia,21,567 and amyloidosis.21

HEREDITARY TUBULAR DEFECTS AND  
POTASSIUM EXCRETION
Hereditary tubular causes of hyperkalemia have overlapping 
clinical features with hypoaldosteronism—hence, the shared 
label pseudohypoaldosteronism (PHA). PHA-I has an autoso-
mal recessive and autosomal dominant form. The autoso-
mal dominant form is due to loss-of-function mutations in 
the mineralocorticoid receptor.568 These patients require 
aggressive salt supplementation during early childhood; 
however, similar to the hypoaldosteronism caused by muta-
tions in aldosterone synthase, they typically become asymp-
tomatic in adulthood.369 Of interest, the lifelong increases 
in circulating aldosterone, Ang II, and renin seen in this 
syndrome do not appear to have untoward cardiovascular 
consequences.568

The recessive form of PHA-I is caused by various combina-
tions of mutations in all three subunits of ENaC, resulting 
in impairment in its channel activity.369 Patients with this 
syndrome present with severe neonatal salt wasting, hypo-
tension, and hyperkalemia; in contrast to the autosomal 
dominant form of PHA-I, the syndrome does not improve 
in adulthood.369 One unexpected result in the physiologic 
characterization of ENaC was that mice with a targeted dele-
tion of the α-ENaC subunit were found to die within 40 
hours of birth due to pulmonary edema.28 Patients with 
recessive PHA-I may have pulmonary symptoms, which can 
occasionally be very severe569; however, it appears that unlike 
in ENaC-deficient mice, the modest residual activity associ-
ated with heteromeric PHA-I channels is generally sufficient 
to mediate pulmonary Na+ and fluid clearance in humans 
with loss-of-function mutations in ENaC.570

Pseudohypoaldosteronism type II (PHA-II) (also known 
as Gordon’s syndrome and, more recently, as FHHt) is in 
every respect the mirror image of Gitelman’s syndrome; the 
clinical phenotype includes hypertension, hyperkalemia, 
hyperchloremic metabolic acidosis, suppressed PRA and 
aldosterone, hypercalciuria, and reduced bone density.571 

Another renal syndrome in which there should be a high 
index of suspicion for adrenal insufficiency is renal amyloi-
dosis.551 Finally, human immunodeficiency virus (HIV) infec-
tion has surpassed tuberculosis as the most important 
infectious cause of adrenal insufficiency. The most common 
cause of adrenalitis in HIV disease is cytomegalovirus (CMV), 
but a long list of infectious, degenerative, and infiltrative 
processes may involve the adrenal glands in these patients.552 
Although the adrenal involvement in HIV is usually subclini-
cal, adrenal insufficiency may be precipitated by stress, drugs 
such as ketoconazole that inhibit steroidogenesis, or acute 
withdrawal of steroid agents such as megestrol.

Current estimates of the risk of hyperkalemia with Addi-
son’s disease are lacking, but the incidence is likely 50% to 
60%.21 The absence of hyperkalemia in such a high percent-
age of hypoadrenal patients underscores the importance of 
aldosterone-independent modulation of K+ excretion by the 
distal nephron. A high-K+ diet and high peritubular K+ 
serves to increase apical Na+ reabsorption and K+ secretion 
in the CNT and CCD (see Chapter 6 “Aldosterone and K+ 
Loading”); in most patients with reductions in circulating 
aldosterone, this homeostatic mechanism would appear to 
be sufficient to regulate plasma K+ to within normal limits.

HYPORENINEMIC HYPOALDOSTERONISM
Hyporeninemic hypoaldosteronism553 is a very common pre-
disposing factor in several large, overlapping subsets of 
hyperkalemic patients—diabetics,554 older patients,21,172,555 
and patients with renal insufficiency.21 Hyporeninemic 
hypoaldosteronism has also been described in systemic 
lupus erythematosus (SLE),21,556 multiple myeloma,28 and 
acute glomerulonephritis.28 Classically, patients should have 
suppressed PRA and aldosterone, which cannot be activated 
by typical modalities such as furosemide or sodium restric-
tion.553 Approximately 50% have an associated acidosis, with 
a reduced renal excretion of NH4

+, a positive urinary anion 
gap, and urine pH lower than 5.5.179,238 Although the genera-
tion of this acidosis is clearly multifactorial,557 strong clini-
cal237,238,558 and experimental234 evidence has suggested that 
hyperkalemia per se is the dominant factor, due to competi-
tive inhibition of NH4

+ transport in the thick ascending limb 
and reduced distal excretion of NH4

+ (see also “Conse-
quences of Hyperkalemia”).559

Several factors account for the reduced PRA in diabetic 
patients with hyporeninemic hypoaldosteronism.554 First, 
many patients have an associated autonomic neuropathy, 
with impaired release of renin during orthostatic chal-
lenges.21 Failure to respond to isoproterenol with an increase 
in PRA, despite an adequate cardiovascular response, sug-
gests a postreceptor defect in the ability of the juxtaglo-
merular apparatus to respond to β-adrenergic stimuli21 (see 
also “Regulation of Renal Renin and Adrenal Aldosterone”). 
Second, the conversion of prorenin to active renin is 
impaired in some diabetics,554 despite adequate release of 
the prorenin in response to furosemide21; this suggests a 
defect in the normal processing of prorenin. Third, as is the 
case with perhaps all patients with hyporeninemic hypoal-
dosteronism (see later), many diabetic patients appear to be 
volume-expanded, with subsequent suppression of PRA.

The most attractive current hypothesis for the suppres-
sion of PRA in hyporeninemic hypoaldosteronism is that 
primary volume expansion increases circulating ANP, which 
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response to hyperkalemia, which is at least partially depen-
dent on prostaglandins acting through prostaglandin EP2 
receptors and cAMP.171

The physiology reviewed earlier in this chapter (see “Reg-
ulation of Renal Renin and Adrenal Aldosterone”) would 
suggest that COX-2 inhibitors are equally likely to cause 
hyperkalemia. Indeed, COX-2 inhibitors can clearly cause 
sodium retention and a decrease in glomerular filtration 
rate,578,579 suggesting NSAID-like effects on renal pathophysi-
ology. COX-2–derived prostaglandins stimulate renal renin 
release,21 and COX-2 inhibitors reduce PRA in dogs28 and 
humans.158 Salt restriction potentiates the hyperkalemia 
seen in dogs treated with COX-2 inhibitors,28 such that 
hypovolemic patients may be particularly prone to hyperka-
lemia in this setting. The COX-2 inhibitor celecoxib and the 
nonselective NSAID ibuprofen have equivalent negative 
effects on K+ excretion after a defined oral load.580 Not sur-
prisingly, clinical reports have noted hyperkalemia and 
acute kidney injury associated with COX-2 inhibitors.21,581,582 
Where the data have been reported, circulating PRA and/
or aldosterone have been reduced in hyperkalemia associ-
ated with COX-2 inhibitors.28,582

CYCLOSPORINE AND TACROLIMUS
Both cyclosporine583 (CsA) and tacrolimus584 cause hyperka-
lemia; the risk of sustained hyperkalemia may be higher in 
renal transplantation patients treated with tacrolimus than 
in those treated with CsA.585 CsA is perhaps the most versa-
tile of all drugs in regard to the variety of mechanisms 
whereby it causes hyperkalemia. It causes hyporeninemic 
hypoaldosteronism586 due in part to its inhibitory effect on 
COX-2 expression in the macula densa.587 CsA inhibits 
apical SK secretory K+ channels in the distal nephron588 in 
addition to basolateral Na+-K+-ATPase.21 Finally, CsA causes 
redistribution of K+ and hyperkalemia, particularly when 
used in combination with β-blockers.589 A provocative pre-
liminary report has linked acute hyperkalemia secondary to 
CsA to indirect activation of KATP channels (also see 
earlier)528; this is particularly intriguing given the reported 
response to KATP inhibition with glibenclamide infusion.

EPITHELIAL SODIUM CHANNEL INHIBITION
Inhibition of apical ENaC activity in the distal nephron by 
amiloride and other K+-sparing diuretics predictably results 
in hyperkalemia. Amiloride is structurally similar to the anti-
biotics trimethoprim (TMP) and pentamidine, which can 
also inhibit ENaC.590-592 Trimethoprim thus inhibits Na+ 
reabsorption and K+ secretion in perfused CCDs.593 Both 
TMP-sulfamethoxazole (SMX; Bactrim) and pentamidine 
were reported to cause hyperkalemia during high-dose 
treatment of Pneumocystis pneumonia in HIV patients,21,592 
who are otherwise predisposed to hyperkalemia. However, 
this side effect is not restricted to high-dose intravenous 
therapy; in a study of hospitalized patients treated with stan-
dard doses of TMP, significant hyperkalemia occurred in 
more than 50%, with severe hyperkalemia (>5.5 mmol/L) 
in 21%.594 Risk factors for hyperkalemia due to normal-dose 
TMP include renal insufficiency,594 hyporeninemic hypoal-
dosteronism,595 and concomitant use of ACE inhibitors and 
ARBs.596 This is not a trivial association, in that TMP-SMX 
administration increases the risk of sudden death in patients 
treated with ACE inhibitors, ARBs, or spironolactone.597,598

FHHt behaves like a gain of function in the thiazide-sensitive 
Na+-Cl− cotransporter NCC, and treatment with thiazides 
typically results in resolution of the entire clinical picture.571 
FHHt is an extreme form of hyporeninemic hypoaldoste-
ronism due to volume expansion; aggressive salt restriction 
decreases ANP levels and increases PRA, with resolution of 
the hypertension, hyperkalemia, and metabolic acidosis.563

FHHt is an autosomal dominant syndrome, with as many 
as four genetic loci.21 In a landmark paper, mutations in two 
related serine-threonine kinases were detected in various 
kindreds with FHHt.572 The catalytic sites of these kinases 
lack specific catalytic lysines conserved in other kinases—
hence the designation WNK (with no lysine, as noted 
earlier). Whereas FHHt mutations in WNK4 affect the 
C terminus of the coding sequence, large intronic deletions 
in the WNK1 gene result in increased expression. Both 
kinases are expressed within the distal nephron in DCT and 
CCD cells; whereas WNK1 localizes to the cytoplasm and 
basolateral membrane, WNK4 protein is found at the apical 
tight junctions.572 WNK-dependent phosphorylation and 
activation of the downstream SPAK (STE20/SPS1-related 
proline/alanine-rich kinase) and OSR1 (oxidative stress-
responsive kinase 1) kinases lead to phosphorylation of a 
cluster of N-terminal threonines in NCC, resulting in an 
activation of Na+-Cl− cotransport135 (see also Figure 18.6). 
However, coexpression of WNK4 with NCC reveals an addi-
tional inhibitory influence of the kinase on NCC, effects 
that are blocked by FHHt-associated point mutations in the 
kinase.573 In particular, the inhibitory effects of WNK4 
appear to dominate in mouse models with overexpression 
of wild-type versus FHHt mutant WNK4.71 Competing diver-
gent mechanisms can be reconciled by the likelihood that 
the physiologic context determines whether WNK4 will have 
an activating or inhibitory effect on NCC.135,573 For example, 
the activation of NCC by the Ang II receptor appears to 
require the downstream activation of SPAK by WNK4.137

A key insight from the mechanistic study of FHHt is that 
activation of NCC in the DCT in this syndrome serves to 
reduce Na+ delivery to principal cells in the downstream 
CNT and CCD, leading to hyperkalemia.71 This and other 
effects of the WNK pathways on distal K+ secretion are dis-
cussed earlier in this chapter (see “Control of Potassium 
Secretion: Effect of Potassium Intake”).

MEDICATION-RELATED HYPERKALEMIA

CYCLO-OXYGENASE INHIBITORS
Hyperkalemia is a well-recognized complication of nonste-
roidal antiinflammatory drugs (NSAIDs) that inhibit cyclo-
oxygenases. NSAIDs cause hyperkalemia by a variety of 
mechanisms, as would be predicted from the relevant physi-
ology. By decreasing the GFR and increasing sodium reten-
tion, they decrease distal delivery of Na+ and reduce distal 
flow rate. Moreover, the flow-activated apical maxi-K channel 
in the CNT and CCD is activated by prostaglandins574; 
hence, NSAIDs will reduce its activity and the flow-dependent 
component of K+ excretion.77,401 NSAIDs are also a classic 
cause of hyporeninemic hypoaldosteronism.575,576 The 
administration of indomethacin to normal volunteers  
was found to attenuate furosemide-induced increases in 
PRA.158,577 Finally, NSAIDs would not cause hyperkalemia 
with such regularity if they did not also blunt the adrenal 
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spironolactone in subjects with CKD is also associated with 
a reduction in extrarenal potassium disposition, given that 
reduced K+ excretion alone does not explain the substantial 
increase in serum K+ after a defined oral potassium load.601 
Similarly, the addition of spironolactone to losartan in the 
treatment of diabetic nephropathy causes a significant 
increase in serum K+ without significant change in urinary 
K+ excretion.602 ACE inhibitors and ARBs have the addi-
tional potential to cause acute renal failure and acute hyper-
kalemia in patients with an angiotensin-dependent GFR; the 
renin inhibitor aliskiren has also been reported to cause 
acute renal failure with acute hyperkalemia, albeit in con-
junction with spironolactone.603

RAAS inhibitors are an increasingly important cause of 
hyperkalemia, given the increasing indications to combine 
spironolactone or aliskiren with ACE inhibitors and/or 
ARBs in renal and cardiac disease,604,605 in addition to the 
emergence of MR antagonists with perhaps a greater poten-
tial for hyperkalemia.606 Hyperkalemia can evidently occur 
within 1 week of starting angiotensin receptor blockade.607 
Heart failure, diabetes, and CKD increase the risk of hyper-
kalemia from these agents.599,608,609 The prevalence of hyper-
kalemia associated with the combined use of MR antagonists 
and ACE inhibitors and ARBs appears to be much higher 
in clinical practice (≈10%)610 than what has been reported 
in large clinical trials,599 in part due to the use of higher 
than recommended doses.21 Notably, Pitt and colleagues 
studied the correlation between the rate of spironolactone 
prescription for Canadian patients with heart failure on 
ACE inhibitors following the publication of the Random-
ized Aldactone Evaluation Study (RALES),611 with hyperka-
lemia and associated morbidity.612 This provocative study 
found an abrupt increase in the rate of prescription for 
spironolactone after release of RALES, with a temporal cor-
relation to increases in the rate of admissions with hyperka-
lemia612; the association remained statistically significant for 
admissions when hyperkalemia was the primary diagnosis.613 
However, a study from the United Kingdom found a similar 
increase in spironolactone use after the publication of 
RALES, but without an increase in hyperkalemia or 

Whereas TMP and pentamidine directly inhibit ENaC, a 
novel, indirect mechanism for ENaC inhibition-associated 
hyperkalemia has been reported.21,109 Aldosterone induces 
expression of the membrane-associated proteases CAP1 to 
CAP3 (see “Control of Potassium Secretion: Aldosterone”). 
Nafamostat, a protease inhibitor widely used in Japan  
for pancreatitis and other indications, is known to cause 
hyperkalemia109; indirect evidence has suggested that the 
mechanism involves inhibition of amiloride-sensitive Na+ 
channels in the CCD.21 Treatment of rats with nafamostat 
was also shown to reduce the urinary excretion of CAP1 
prostasin, in contrast to the reported effect of aldosterone.103 
Thus inhibition of the protease activity of CAP1 by 
nafamostat appears to abrogate its activating effect on ENaC 
(Figure 18.13), and may reduce expression of the protein 
in the CCD.110

ANGIOTENSIN-CONVERTING ENZYME  
INHIBITORS AND MINERALOCORTICOID  
AND ANGIOTENSIN ANTAGONISTS
Hyperkalemia is a predictable and common effect of ACE 
inhibition, direct renin inhibition, and antagonism of  
the mineralocorticoid and angiotensin receptors599 (Figure 
18.14). The oral contraceptive agent Yasmin 28 and related 
products contain the progestin drospirenone, which inhib-
its the MR600 and can potentially cause hyperkalemia in 
susceptible patients. As with many other causes of hyperka-
lemia, that induced by pharmacologic targeting of the RAAS 
axis depends on concomitant inhibition of adrenal aldoste-
rone release by hyperkalemia; the adrenal release of aldo-
sterone due to increased K+ is clearly dependent on an 
intact adrenal renal-angiotensin system, such that this 
response is abrogated by systemic ACE inhibitors and 
ARBs166 (see “Regulation of Renal Renin and Adrenal Aldo-
sterone Release”). Dual treatment with lisinopril and 

Figure 18.13  Pharmacologic inhibition of the epithelial Na+ channel 
(ENaC). Whereas amiloride and related compounds directly inhibit the 
channel,  the  protease  inhibitor  nafamostat  inhibits  membrane-
associated proteases such as CAP1 (channel-activating protease 1), 
thus  indirectly  inhibiting  the  channel.  Spironolactone  and  related 
drugs  inhibit  the  mineralocorticoid  receptor  (MLR),  thus  reducing 
transcription of the α-subunit of ENaC, ENaC-activating kinase SGK, 
and several other target genes (see text for details). 
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Figure 18.14  Medications that target the renin-angiotensin-aldoste-
rone  axis  are  common  causes  of  hyperkalemia,  as  are  drugs  that 
inhibit  epithelial  Na+  channels  (ENaCs)  in  the  renal  tubule  (CNT  or 
CCD). 

Renin NSAIDs, COX-2 inhibitors, aliskiren, β-blockers

ACE inhibitorsACE

ARBs

Spironolactone, canrenone,
eplerenone, drospirenone

Amiloride, triamterene,
trimethroprim, pentamidine, 
nafamostat

Angiotensin-I

Angiotensin-II

Aldosterone

Renal tubule

http://www.myuptodate.com


592 SECTION II — DISORDERS OF BODY FLUID VOLUME AND COMPOSITION

CLINICAL APPROACH TO HYPERKALEMIA

The first priority in the management of hyperkalemia is to 
assess the need for emergency treatment (electrocardio-
graphic changes; K+ ≥ 6.5 mmol/L). This should be fol-
lowed by a comprehensive workup to determine the cause 
(Figure 18.15). The history and physical examination should 
focus on medications (e.g., ACE inhibitors, NSAIDs, TMP-
SMX), diet and dietary supplements (e.g., salt substitute), 
risk factors for kidney failure, reduction in urine output, 
blood pressure, and volume status. Initial laboratory tests 
should include electrolytes, BUN, creatinine, plasma osmo-
lality, Mg2+, and Ca2+, and complete blood count and urinary 
pH, osmolality, creatinine, and electrolytes. Plasma and 
urine osmolality are required for calculation of the transtu-
bular K+ gradient (see “Urinary Indices of Potassium Excre-
tion”). Plasma renin activity, plasma aldosterone, and the 
response in TTKG to fludrocortisone may be necessary to 
determine the specific cause of an inappropriately low 
TTKG in hyperkalemia.

TREATMENT OF HYPERKALEMIA

Indications for the hospitalization of patients with hyperka-
lemia are poorly defined, in part because there is no uni-
versally accepted definition for mild, moderate, or severe 
hyperkalemia. The clinical sequelae of hyperkalemia, which 
are primarily cardiac and neuromuscular, depend on many 
other variables (e.g., plasma calcium level, acid-base  
status, and rate of change in plasma K+), in addition to 
the absolute value of the serum K+; these issues are likely 
to influence management decisions.218-221,477,616 Severe hyper-
kalemia (serum K+ ≥8.0 mmol/L), electrocardiographic 
changes other than peaked T waves, acute deterioration of 
renal function, and presence of additional medical prob-
lems have been suggested as appropriate criteria for hospi-
talization.477 However, hyperkalemia in patients with any 
electrocardiographic manifestation should be considered a 
true medical emergency and treated urgently214,476,617,618; 
adequate management and serial monitoring of serum K+ 
will generally require admission. Given the limitations  
of electrocardiographic changes as a predictor of cardiac 
toxicity (see “Consequences of Hyperkalemia”), patients 
with severe hyperkalemia (K+ ≥ 6.5 to 7.0 mmol/L) in the 
absence of electrocardiographic changes should be aggres-
sively managed.188,214,476,618-620

Urgent management of hyperkalemia constitutes a 
12-lead ECG, admission to the hospital, continuous electro-
cardiographic monitoring, and immediate treatment. The 
treatment of hyperkalemia is generally divided into three 
categories: (1) antagonism of the cardiac effects of hyper-
kalemia; (2) rapid reduction in K+ by redistribution into 
cells; and (3) removal of K+ from the body. The necessary 
measures to treat the underlying conditions causing hyper-
kalemia should be undertaken to minimize factors that are 
contributing to hyperkalemia and to prevent future epi-
sodes.214 Dietary restriction (usually, 60 mEq/day) with 
emphasis on K+ content of total parenteral nutrition (TPN) 
solutions and enteral feeding products (typically, 25 to 
50 mmol/L) and adjustment of medications and intrave-
nous fluids are necessary; hidden sources of K+, such as 
intravenous antibiotics,502 should not be overlooked.

hyperkalemia-associated admissions to hospital.614 It should 
also be emphasized that the development of hyperkalemia, 
or the presence of predisposing factors for hyperkalemia, 
does not appear to mitigate the mortality benefits of eplere-
none in heart failure.609

Given the mounting evidence supporting the combined 
use of ACE inhibitors, ARBs, and/or MR antagonists, it is 
prudent to adhere to measures systematically that will mini-
mize the chance of associated hyperkalemia, therefore 
allowing patients to benefit from the cardiovascular and 
renal effects of these agents. The patients at risk for the 
development of hyperkalemia in response to drugs that 
target the RAAS axis, singly or in combination therapy, are 
those for whom the ability of kidneys to excrete the potas-
sium load is markedly diminished due to one or more of 
the following factors: (1) decreased delivery of sodium to 
the cortical collecting duct (e.g., as in congestive heart 
failure, volume depletion); (2) decreased circulating  
aldosterone (e.g., hyporeninemic hypoaldosteronism,  
drugs such as heparin or ketoconazole); (3) inhibition  
of amiloride-sensitive Na+ channels in the CNT and 
CCD by coadministration of TMP-SMX, pentamidine, or 
amiloride; (4) chronic tubulointerstitial disease, with associ-
ated dysfunction of the distal nephron; and (5) increased 
potassium intake (e.g., salt substitutes, diet). Overall, 
patients with diabetes, heart failure, and/or CKD are  
at particular risk for hyperkalemia from RAAS inhibi-
tion.599,608,609 In these susceptible patients, the following 
approach is recommended to prevent or minimize the 
occurrence of hyperkalemia in response to medications that 
interfere with the RAAS28,615:

1. Estimate the GFR using the Modification of Diet in 
Renal Disease (MDRD) equation, Cockcroft-Gault equa-
tion, and/or 24-hour creatinine clearance.

2. Inquire about diet and dietary supplements (e.g., salt 
substitutes, licorice) and prescribe a low- potassium diet.

3. Inquire about medications, particularly those that can 
interfere with renal K+ excretion (e.g., NSAIDs, COX-2 
inhibitors, K+-sparing diuretics) and, if appropriate, dis-
continue these agents.

4. Continue or initiate loop or thiazide-like diuretics.
5. Correct acidosis with sodium bicarbonate.
6. Initiate treatment with a low dose of only one of the 

agents—ACE inhibitor, ARB, or MR antagonists.
7. Check serum K+ 3 to 5 days after initiation of the therapy 

and each dose increment, at most within 1 week,607 fol-
lowed by another measurement 1 week later.

8. If the serum K+ is more than 5.6, ACE inhibitors, ARBs, 
and/or MR blockers should be stopped and the patient 
treated for hyperkalemia.

9. If serum K+ is increased but lower than 5.6 mmol/L, 
reduce the dose and reassess the possible contributing 
factors. If the patient is on a combination of ACE inhibi-
tors, ARBs, and/or MR blockers, all but one should be 
stopped and the K+ rechecked.

10. A combination of an MR blocker and an ACE inhibitor 
or ARB should not be prescribed to patients with stage 
4 or 5 CKD (estimated GFR < 30 mL/min).

11. The dosage of spironolactone in combination  
with ACE inhibitors or ARBs should be no more than 
25 mg/day.
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potentials, myocyte excitability is reduced.188,622 Administra-
tion of calcium also alters the relationship between Vmax and 
the resting membrane potential, maintaining a more normal 
Vmax at less negative resting membrane potentials and thus 
restoring myocardial conduction.188

Calcium is available as calcium chloride or calcium glu-
conate (10-mL ampules of 10% solutions) for intravenous 
infusion. Each milliliter of 10% calcium gluconate or 
calcium chloride has 8.9 mg (0.22 mmol) and 27.2 mg 
(0.68 mmol) of elemental calcium, respectively.623 Calcium 

ANTAGONISM OF CARDIAC EFFECTS
Intravenous calcium is the first-line drug in the emergency 
management of hyperkalemia, even in patients with normal 
calcium levels. The mutually antagonistic effects of calcium 
and K+ on the myocardium and protective role of Ca2+ in 
hyperkalemia have long been known.621 Calcium raises the 
action potential threshold to a less negative value, without 
changing the resting membrane potential; by restoring the 
usual 15-mV difference between resting and threshold 

Figure 18.15  Clinical approach to hyperkalemia. See text for details. ACE-I, Angiotensin-converting enzyme inhibitor; ECG, electrocardiogram; 
GN, glomerulonephritis; ARB, angiotensin II receptor blocker; CCD, cortical collecting duct; ECV, effective circulatory volume; GFR, glomerular 
filtration rate; HIV, human immunodeficiency virus; LMW heparin, low-molecular-weight heparin; NSAIDs, nonsteroidal antiinflammatory drugs; 
PHA, pseudohypoaldosteronism; SLE, systemic lupus erythematosus; TTKG, transtubular potassium gradient. 
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The recommended dose is 10 units of regular insulin admin-
istered intravenously followed immediately by 50 mL of 
50% dextrose (25 g of glucose).617,627,631,632 The effect of 
insulin on the K+ level begins in 10 to 20 minutes, peaks at 
30 to 60 minutes, and lasts for 4 to 6 hours.481,619,627,633 In 
almost all patients, the serum K+ drops by 0.5 to 1.2 mmol/L 
after this treatment.628,629,632,633 The dose can be repeated as 
necessary.

Despite glucose administration, hypoglycemia may occur 
in up to 75% of patients treated with the bolus regimen 
described earlier, typically 1 hour after the infusion.627 The 
likelihood of hypoglycemia is greater when the dose of 
glucose given is less than 30 g.479 To prevent this, infusion 
of 10% dextrose at 50 to 75 mL/hour and close monitoring 
of blood glucose levels is recommended.617,631 Administra-
tion of glucose without insulin is not recommended, since 
the endogenous insulin release may be variable.519 Glucose 
in the absence of insulin may in fact increase plasma K+ by 
increasing plasma osmolality.511,512,631 In hyperglycemic 
patients with glucose levels of 200 to 250 mg/dL or higher, 
insulin should be administered without glucose and with 
close monitoring of plasma glucose.622 Combined treatment 
with β2-agonists, in addition to their synergism with insulin 
in lowering plasma K+, may reduce the level of hypoglyce-
mia.627 Of note, the combined regimen may increase the 
heart rate by 15.1 ± 6.0 beats per minute (beats/min).627

β2-Adrenergic Agonists

β2-agonists are an important but underused group of agents 
for the acute management of hyperkalemia. They exert 
their effect by activating Na+-K+-ATPase and the NKCC1 
Na+-K+-2Cl− cotransporter, shifting K+ into hepatocytes and 
skeletal myocytes (see also “Factors Affecting Internal Dis-
tribution of Potassium”). Albuterol (Salbutamol), a selective 
β2-agonist, is the most widely studied and used. It is available 
in oral, inhaled, and intravenous forms; the intravenous and 
inhaled or nebulized forms are effective.634

The recommended dose for intravenous administration, 
which is not available in the United States, is 0.5 mg of 
albuterol in 100 mL of 5% dextrose, given over 10 to 15 
minutes.622,634,635 Its K+-lowering effect starts in a few minutes, 
is maximal at about 30 to 40 minutes,634,635 and lasts for 2 to 
6 hours.479 It reduces serum K+ levels by approximately 0.9 
to 1.4 mmol/L.479

The recommended dose for inhaled albuterol is 10 to 
20 mg of nebulized albuterol in 4 mL of normal saline, 
inhaled over 10 minutes627 (nebulized levalbuterol is as 
effective as albuterol636). Its kaliopenic effect starts at about 
30 minutes, reaches its peak at about 90 minutes,627,634 and 
lasts for 2 to 6 hours.479,634 Inhaled albuterol reduces serum 
K+ levels by approximately 0.5 to 1.0 mmol/L479; albuterol 
administered by a metered-dose inhaler with a spacer has 
reduced serum K+ by approximately 0.4 mmol/L.637 Alb-
uterol (in inhaled or parenteral form) and insulin with 
glucose have an additive effect on reducing serum K+ levels 
by approximately 1.2 to 1.5 mmol/L in total.479,627,633 
However, a subset of patients with ESKD (≈20% to 40%) are 
not responsive to the K+-lowering effect of albuterol (ΔK 
≤ 0.4 mmol/L); albuterol (or some other β2-agonist) should 
not be used as a single agent in the treatment of hyperkale-
mia.481,519 In an attempt to reduce pharmacokinetic variabil-
ity, one study tested the effects of weight-based dosing on 

gluconate624 is less irritating to the veins and can be used 
through a peripheral intravenous line; calcium chloride can 
cause tissue necrosis if it extravasates and requires a central 
line. A study of patients undergoing cardiac surgery with 
extracorporeal perfusion (with concomitant high gluconate 
infusion) has suggested that the increase in the ionized 
calcium level is significantly lower with calcium gluconate.625 
This finding was attributed to a requirement for hepatic 
metabolism in the release of ionized calcium from calcium 
gluconate, such that less ionized calcium would be bioavail-
able in cases of liver failure or diminished hepatic perfu-
sion.625 However, further studies in vitro in animals, in 
humans with normal hepatic function, and during the anhe-
patic stage of liver transplantation have shown equal and 
rapid dissociation of ionized calcium from equal doses of 
calcium chloride and calcium gluconate, indicating that 
release of ionized calcium from calcium gluconate is inde-
pendent of hepatic metabolism.28

The recommended dose is 10 mL of 10% calcium gluco-
nate (3 to 4 mL of calcium chloride), infused intravenously 
over 2 to 3 minutes and under continuous electrocardio-
graphic monitoring. The effect of the infusion starts in 1 to 
3 minutes and lasts 30 to 60 minutes.481,620 The dose should 
be repeated if there is no change in electrocardiographic 
findings or if they recur after initial improvement.481,620 
However, calcium should be used with extreme caution in 
patients taking digitalis because hypercalcemia potentiates 
the toxic effects of digitalis on the myocardium.624 In this 
case, 10 mL of 10% calcium gluconate should be added to 
100 mL of D5W and infused over 20 to 30 minutes to avoid 
hypercalcemia and allow for an even distribution of calcium 
in the extracellular compartment.479,619,622 To prevent the 
precipitation of calcium carbonate, calcium should not be 
administered in solutions containing bicarbonate.

REDISTRIBUTION OF POTASSIUM INTO CELLS
Sodium bicarbonate, β2-agonists, and insulin with glucose 
are all used in the treatment of hyperkalemia to induce a 
redistribution of K+. Of these, insulin with glucose is the 
most constant and reliable, whereas bicarbonate is the most 
controversial. However, they are all temporary measures and 
should not be substituted for the definitive therapy of hyper-
kalemia, which is removal of K+ from the body.

Insulin and Glucose

Insulin has the ability to lower plasma K+ level by shifting K+ 
into cells, particularly into skeletal myocytes and hepato-
cytes (see “Factors Affecting Internal Distribution of  
Potassium”). This effect is reliable, reproducible, dose-
dependent,481 and effective, even in patients with chronic 
kidney disease and ESKD626-628 and those in the anhepatic 
stage of liver transplantation.629 The effect of insulin on 
plasma K+ levels is independent of age, adrenergic activity,630 
and its hypoglycemic effect, which may be impaired in 
patients with CKD and/or ESKD.28

Insulin can be administered with glucose as a constant 
infusion or as a bolus injection.627,628 The recommended 
dose for insulin with glucose infusion is 10 units of regular 
insulin in 500 mL of 10% dextrose, given over 60 minutes 
(there is no further drop in plasma K+ after 90 minutes of 
insulin infusion622,630). However, a bolus injection is easier 
to administer, particularly under emergency conditions.214 
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relevance in acidemic patients with renal failure.481,619 
When bicarbonate administration is used for hyperkale-
mia, we recommend isotonic infusion of sodium bicar-
bonate; although hypertonic sodium bicarbonate does  
not increase serum K+, it has been reported to cause 
hypernatremia.506,628

REMOVAL OF POTASSIUM
Diuretics

Diuretics have a relatively modest effect on urinary K+ excre-
tion in patients with CKD,645 particularly in an acute 
setting.620 However, these medications are useful in correct-
ing hyperkalemia in patients with the syndrome of hypo-
reninemic hypoaldosteronism646 and selective renal K+ 
secretory problems (e.g., after transplantation or adminis-
tration of TMP).647,648 In patients with impaired renal func-
tion, use of the following agents is recommended: (1) oral 
diuretics with the highest bioavailability (e.g., torsemide) 
and the least renal metabolism (e.g., torsemide, bumetanide) 
to minimize the chance of accumulation and toxicity;  
(2) intravenous agents (short-term treatment) with the  
least hepatic metabolism (e.g., furosemide rather than 
bumetanide); (3) combinations of loop and thiazide-like 
diuretics for better efficacy (although this may decrease the 
GFR due to activation of tubuloglomerular feedback649); 
and (4) maximal effective ceiling dose.645,649

Mineralocorticoids

Limited data are available on the role of mineralocorticoids 
in the management of acute hyperkalemia.28,650 However, 
these agents have been used for treating chronic hyperka-
lemia in patients with hypoaldosteronism, with or without 

serum K+ levels, using 7 µg/kg of subcutaneous terbutaline 
(a β2-agonist) in a group of ESKD patients.638 The results 
showed a significant decline in serum K+ levels in almost all 
patients (mean, 1.31 ± 0.5 mmol/L; range, 0.5 to 
2.3 mmol/L) in 30 to 90 minutes; of note, the heart rate 
increased by an average of 25.8 ± 10.5 beats/min (range, 
6.5 to 48 beats/min).638

Treatment with albuterol may result in an increase in 
plasma glucose (≈2 to 3 mmol/L) and heart rate. The 
increase in heart rate is more pronounced with the intrave-
nous form (≈20 beats/min) than with inhaled form (≈6 to 
10 beats/min).519,634 There is no significant increase in sys-
tolic or diastolic blood pressure with nebulized or intrave-
nous administration of albuterol.634 However, it is prudent 
to use these agents with caution in patients with ischemic 
heart disease.479

Sodium Bicarbonate

Bicarbonate prevailed as a preferred treatment modality of 
hyperkalemia for decades. For example, in a survey of 
nephrology-training program directors in 1989, it was 
ranked as the second-line treatment, after Ca2+.639 Its use to 
treat acute hyperkalemia was mainly based on small, older, 
uncontrolled clinical studies with a very limited number of 
patients,55,63,640 in whom bicarbonate was typically adminis-
tered as a long infusion over many hours (contrary to intra-
venous push, which later became the routine).641 One of 
these studies, which is frequently quoted, concluded that 
the K+-lowering effect of bicarbonate is independent of 
changes in pH.63 However, confounding variables included 
the duration of infusion, use of glucose-containing solu-
tions, and infrequent monitoring of serum K+.63,642

The role of bicarbonate in the acute treatment of hyper-
kalemia has been challenged.628,641,643 Blumberg and associ-
ates compared different K+-lowering modalities (Figure 
18.16) and showed that bicarbonate infusion (isotonic or 
hypertonic) for up to 60 minutes had no effect on serum K+ 
in their cohort of ESKD patients on hemodialysis628; there 
is, however, an effect of isotonic bicarbonate at 4 to 6 
hours.641 These observations were later confirmed by others, 
who failed to show any acute (60 to 120 minutes) K+-lower-
ing effects for bicarbonate.641-643 A few studies have shown 
that metabolic acidosis may attenuate the physiologic 
responses to insulin and β2-agonists.481,643 The combined 
effect of bicarbonate and insulin with glucose has been 
studied, with conflicting results.643 In addition, bicarbonate 
and albuterol coadministration failed to show any addi-
tional benefit over albuterol alone.643

In summary, bicarbonate administration, especially as  
a single agent, has no role in the current treatment of  
acute hyperkalemia. Prolonged infusion of isotonic bicar-
bonate in ESKD patients does, however, reduce serum K+ 
at 5 to 6 hours, by up to 0.7 mmol/L; approximately half  
of this effect is due to volume expansion.641 Regardless of 
the mechanism, bicarbonate infusion may thus have a 
limited role in the subacute control of hyperkalemia—for 
example, in the nondialytic management of patients with 
severe hyperkalemia.644 The acute effect of bicarbonate infu-
sion on serum K+ in severely acidemic patients is not clear; 
however, it may be of some benefit in this setting.214,617 Of 
note, the infusion of sodium bicarbonate may reduce serum 
ionized calcium levels and cause volume overload, issues of 

Figure 18.16  Changes  in  serum K+  during  intravenous  infusion of 
bicarbonate, epinephrine, or insulin in glucose and during hemodialy-
sis.  (From Blumberg A, Weidmann P, Shaw S, Gnadinger M: Effect of 
various therapeutic approaches on plasma potassium and major regu-
lating factors in terminal renal failure. Am J Med 85:507-512, 1988.)
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with oral administration of SPS in water.659 To prevent con-
stipation and facilitate the passage of the resin through the 
gastrointestinal tract, Flinn and associates added sorbitol to 
the resin,664 despite an absence of prior constipation or 
impaction in a prior study.660 It has since become routine to 
administer SPS with sorbitol, with approximately 5 million 
annual doses administered in the United States alone.665 
Notably, although we utilize SPS herein to denote sodium 
polystyrene sulfonate, SPS is actually a brand name for 
sodium polystyrene sulfonate in sorbitol, illustrating the fre-
quency in which these agents are administered together.618

The effect of ingested SPS on serum K+ is slow; it may take 
from 4 to 24 hours to see a significant effect on serum 
K+.619,620,659 The oral dose is usually 15 to 30 g, which can be 
repeated every 4 to 6 hours. Each gram of resin binds 0.5 
to 1.2 mEq of K+ in exchange for 2 to 3 mEq of Na+.620,659,666,667 
The discrepancy is caused in part by the binding of small 
amounts of other cations.659 The hypokalemic effect may be 
due in part to the coadministered laxative. One study of 
healthy subjects compared the rate of fecal excretion of K+ 
by different laxatives, with or without SPS, and found that 
the combination of phenolphthalein and docusate with 
resin produced greater fecal excretion of K+ (49 mmol in 
12 hours) than phenolphthalein or docusate alone (37 mmol 
in 12 hours) or other laxative-resin combinations.666

Earlier studies with SPS, mostly before the era of chronic 
hemodialysis, used multiple doses of the exchange resin 
orally or rectally as an enema and were associated with 
declines in serum K+ of 1 and 0.8 mmol/L in 24 hours, 
respectively.659 However, with the advent of routine hemodi-
alysis, it has become common to order only a single dose of 
resin-cathartic in the management of acute hyperkalemia. 
One study addressed the efficacy of this practice, evaluating 
the effect of four single-dose, resin-cathartic regimens on 
serum K+ levels of six patients with CKD on maintenance 
hemodialysis; none of the regimens used reduced the serum 
K+ below the initial baseline.667 Notably, the subjects in this 
study were normokalemic. Nevertheless, if SPS is judged to 
be appropriate for the management of hyperkalemia (see 
later), repeated doses are usually required for an adequate 
effect.

SPS can be administered rectally as a retention enema in 
patients unable to take or tolerate the oral form. The recom-
mended dose is 30 to 50 g of resin as an emulsion in 100 mL 
of an aqueous vehicle (e.g., 20% dextrose in water) every 6 
hours. It should be administered warm (body temperature) 
after a cleansing enema with body temperature tap water 
through a rubber tube placed at about 20 cm from the 
rectum, with the tip well into the sigmoid colon. The emul-
sion should be introduced by gravity, flushed with an addi-
tional 50 to 100 mL of non–sodium-containing fluid, 
retained for at least 30 to 60 minutes and followed by a 
cleansing enema (250 to 1000 mL of body temperature tap 
water).668 SPS in sorbitol should not be used for enemas, 
given the risk of colonic necrosis.620,669

An increasing concern with SPS in sorbitol has been intes-
tinal necrosis due to the administration of this preparation; 
this is frequently a fatal complication.665,669-672 Studies in 
experimental animals have suggested that sorbitol is 
required for the intestinal injury669; however, SPS crystals 
can often be detected in human pathologic specimens, 
adherent to the injured mucosa.671,672 Several cases of colonic 

hyporeninism, those with SLE,651 kidney transplant patients 
on cyclosporine,652 and ESKD patients on hemodialysis with 
interdialytic hyperkalemia.653,654 The recommended dose is 
0.1 to 0.3 mg/day of fludrocortisone, a synthetic glucocor-
ticoid with potent mineralocorticoid activity and moderate 
glucocorticoid activity (0.3 mg of fludrocortisone = 1 mg of 
prednisone with regard to glucocorticoid activity).28,652-654 In 
patients with ESKD on hemodialysis, this regimen reduces 
serum K+ by 0.5 to 0.7 mmol/L and has not been associated 
with significant changes in blood pressure or weight (as a 
surrogate for fluid retention).653 However, other studies of 
0.1 mg/day of fludrocortisone in patients on chronic hemo-
dialysis found statistically significant but clinically inconse-
quential effects on serum K+.655,656 The long-term safety of 
fludrocortisone for treatment of ESKD has not been estab-
lished and, given the minimal effect on serum K+, I do not 
recommend its use for the management of interdialytic 
hyperkalemia.

Pharmacologic inhibition of 11βHSD-2 with glycyrrhet-
inic acid (GA) has also been tested as a mechanism to 
control hyperkalemia in ESKD.367 As in other aldosterone-
sensitive epithelia, the 11βHSD-2 enzyme protects colonic 
epithelial cells from illicit activation of the MR by cortisol. 
Hypothesizing that GA would activate extrarenal potassium 
secretion by the colon and other tissues, Farese and cowork-
ers tested the effect of the drug in a double-blind, placebo-
controlled trial in 10 ESKD patients.367 Treatment with GA 
significantly increased the serum ratio of cortisol/cortisone, 
consistent with successful inhibition of 11βHSD-2. This 
effect was associated with a significant reduction in mean 
serum K+, with 70% of predialysis values in the normal range 
(3.5 to 4.7 mmol/L) in the GA phase of the trial versus 24% 
in the placebo phase. Plasma renin activity and aldosterone 
levels also dropped, perhaps due to the lower median 
plasma K+ level. Glycyrrhetinic acid is thus a promising 
agent for long-term management of plasma K+ in ESKD; 
clearly, however, more extensive clinical testing is required 
before widespread utilization.

CATION EXCHANGE RESINS
Ion exchange resins are cross-linked polymers containing 
acidic or basic structural units that can exchange anions or 
cations on contact with a solution. They are capable of 
binding to a variety of monovalent and divalent cations. 
Cation exchange resins are classified based on the cation 
(e.g., hydrogen, ammonium, sodium, potassium, calcium) 
that is cycled during synthesis of the resin to saturate sul-
fonic or carboxylic groups. In 1950, Elkinton and colleagues 
successfully used a carboxylic resin in the ammonium cycle 
in three patients with hyperkalemia.657 However, hydrogen- 
or ammonium-cycled resins were associated with metabolic 
acidosis658 and mouth ulcers,659 making the sodium-cycled 
resins preferable.660 Calcium-cycled resins may have other 
potential benefits, including a phosphate-lowering effect; 
however, this requires large, potentially toxic doses of 
resin661; moreover, these resins have been associated with 
hypercalcemia.662 The dominant resin clinically available in 
the United States is sodium polystyrene sulfonate (SPS).

SPS exchanges Na+ for K+ in the gastrointestinal tract, 
mainly in the colon,617,659,663 and has been shown to increase 
the fecal excretion of K+.659 Occasional constipation that is 
easily controlled with enema or cathartics has been reported 
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preparation; clinicians will have to weigh the relative risk of 
using this preparation in the management of acute hyperka-
lemia.665 Regardless, SPS with sorbitol should not be used in 
patients at higher risk for intestinal necrosis, including post-
operative patients, patients with a history of bowel obstruc-
tion, patients with slow intestinal transit, patients with 
ischemic bowel disease, and renal transplant recipients.

Finally, oral SPS with sorbitol can also injure the upper 
gastrointestinal tract, although the clinical significance of 
these findings is not known.676 Other potential complica-
tions include reduction of serum calcium,677 volume over-
load,658 interference with lithium absorption,678 and 
iatrogenic hypokalemia.668

NOVEL INTESTINAL POTASSIUM BINDERS
Recent reports have detailed the effect of two novel potas-
sium binders, patiromer and ZS-9, on patients with hyper-
kalemia. Given the clinical need and serious limitations of 
SPS, there is considerable interest in these drugs, which 
hopefully will be clinically available within the next few 
years.

Patiromer is a nonabsorbed polymer, provided as a 
powder for suspension, that binds K+ in exchange for Ca2+. 
In a study of 237 patients with CKD and hyperkalemia, the 
mean change in serum K+ after treatment with patiromer 
was 1.01 ± 0.03 mmol/L.679 Approximately 75% of patients 
achieved the target serum K+ of 3.8 to 5.0 mEq/L. The 107 
patients whose baseline serum potassium was 5.5 mEq/L or 
higher and who achieved the target serum K+ during the 
initial 4-week treatment period were randomly assigned to 
patiromer or placebo for another 8 weeks. Serum K+ 
remained the same in patients continuing patiromer and 
increased by 0.7 mEq/L in those assigned placebo. The 
incidence of hyperkalemia (≥5.5 mEq/L) was significantly 
higher in the placebo group (60% vs. 15%). Serious adverse 
events were rare. However, a serum magnesium level  
lower than 1.4 mg/dL occurred in eight patients (3%) 
during the initial phase, and nine patients were initiated on 
magnesium replacement, suggesting that impaired intesti-
nal absorption of magnesium may be a limitation in long-
term use.

Sodium zirconium cyclosilicate (ZS-9) is an inorganic, 
nonabsorbable crystalline compound that exchanges 
sodium and hydrogen ions for K+ and NH4

+ in the intestine. 
The binding of K+ to ZS-9 has some similarity to the selectiv-
ity filter of K+ channels, with more than 25-fold selectivity 
for K+ over Ca2+ and Mg2+.680 The efficacy of ZS-9 in hyper-
kalemic outpatients was evaluated in two nearly identical 
phase III randomized placebo-controlled trials.

In the Hyperkalemia Randomized Intervention Multi-
dose ZS-9 Maintenance (HARMONIZE) study, 258 adult 
patients with persistent hyperkalemia entered a 48-hour, 
open-label run-in during which they received 10 g of ZS-9 
three times daily.681 Of the 258 patients who entered the 
open-label run-in, 237 (92%) achieved a normal serum  
K+ (3.5 to 5.0 mEq/L) at 48 hours and were then randomly 
assigned to placebo or 5, 10, or 15 g of ZS-9 once daily  
for 4 weeks. During randomized therapy, the mean serum 
K+ was significantly lower with ZS-9 (4.8, 4.5, and 4.4 mEq/L 
with 5-, 10-, and 15-g dosing, respectively) as compared with 
placebo (5.1 mEq/L). Similarly, the proportion of normo-
kalemic patients at the end of the study was significantly 

necrosis following oral SPS alone, without sorbitol, have also 
been reported,673,674 directly implicating SPS in the intestinal 
injury. The risk of intestinal necrosis appears to be greatest 
when SPS is given with sorbitol within the first week after 
surgery. For example, out of 117 patients who received SPS 
with sorbitol within 1 week of surgery, two patients devel-
oped intestinal necrosis.670 Notably, however, in a case series 
of SPS in sorbitol-associated intestinal necrosis, only 2 of 11 
confirmed cases occurred in the postoperative setting.671 
Although most cases of intestinal necrosis occurred in 
patients receiving SPS in 70% sorbitol, this has also been 
reported in patients receiving SPS in 33% sorbitol.665

In response to these findings, the U.S. Food and Drug 
Administration (FDA) removed recommendations for con-
comitant or postdosing use of sorbitol from the labeling of 
SPS in 2005.665 However, the FDA allowed continuous mar-
keting of the most frequently used ready-made SPS in sor-
bitol suspension, given that it contained only 33% sorbitol. 
Since that time, more cases of intestinal necrosis have been 
reported, some reportedly associated with SPS in 33% sor-
bitol.665 As a result, in September 2009, the FDA changed 
safety labeling for SPS powder, stating that concomitant 
administration of sorbitol is no longer recommended.665

Given these serious concerns, clinicians must carefully 
consider whether emergency treatment with SPS is actually 
necessary for the treatment of hyperkalemia.618,665,675 There 
are minimal data on the efficacy of SPS within the first 24 
hours of administration for hyperkalemia665; at best, the 
effect occurs within 4 to 6 hours of administration.619,620,659 
This temporal limitation should be taken into consideration 
when deciding whether to administer SPS in acute hyperka-
lemia. In patients with intact renal function, alternative 
measures such as hydration to increase distal tubular deliv-
ery of Na+ and distal tubular flow rate, and/or diuretics are 
often sufficient for potassium removal. In patients with 
advanced renal failure, the use of SPS is reasonable as a 
temporizing maneuver while awaiting hemodialysis, but if 
hemodialysis is available within 1 to 4 hours, I question the 
need for SPS, given the delayed hypokalemic response and 
risk of potentially fatal intestinal necrosis. Furthermore, if a 
patient has an existing vascular access for hemodialysis, the 
risk of intestinal necrosis outweighs that of the dialysis 
procedure.

If SPS is administered, the preparation should ideally not 
contain sorbitol; SPS without sorbitol is typically available as 
a powder, which must be reconstituted with water. If a laxa-
tive other than sorbitol is coadministered, it should not 
contain potassium or other cations, such as magnesium or 
calcium, which can compete with potassium for binding to 
the resin. In patients with renal insufficiency, the laxative 
should not contain phosphorus. Reasonable laxatives for 
this purpose include lactulose and some preparations of 
polyethylene glycol 3350. However, data demonstrating the 
efficacy and safety of these laxatives with SPS are not avail-
able.618 We should also note that administering SPS without 
sorbitol might not eliminate the risk of intestinal necrosis, 
given the role for the SPS resin itself in this complication.671-674 
Notably, SPS without sorbitol is rarely available in the United 
States; many pharmacies and hospitals only stock SPS pre-
mixed with sorbitol.665 Although there are indications that 
SPS preparations with 33% sorbitol have a lesser risk, cases 
of intestinal necrosis have also been described with this 

http://www.myuptodate.com


598 SECTION II — DISORDERS OF BODY FLUID VOLUME AND COMPOSITION

was thought to have no significant effect on K+ removal.685,693 
One study evaluated this issue in detail, examining the effect 
of dialysate bicarbonate concentration on both serum K+ 
and K+ removal. Dialysates with bicarbonate concentration 
of 39 mmol/L (high), 35 mmol/L (standard), and 
27 mmol/L (low) were used. The use of a high concentra-
tion of bicarbonate was associated with a more rapid decline 
in serum K+; this was statistically significant for high versus 
both standard- and low-bicarbonate dialysates, at 60 and 240 
minutes. However, the total amount of K+ removed was 
higher with the low-bicarbonate dialysate (116.4 ± 
21.6 mmol/dialysis) in comparison to standard- (73.2 ± 
12.8 mmol/dialysis) and high- (80.9 ± 15.4 mmol/dialysis) 
bicarbonate dialysates, all statistically not significant.694 
Therefore, whereas high-bicarbonate dialysis may acutely 
have a more rapid effect on serum K+, this advantage is 
potentially mitigated by a lesser total removal of the ion over 
the course of a typical treatment session.

One of the major determinants of total K+ removal is the 
K+ gradient between the plasma and dialysate. Dialysates 
with a lower K+ concentration are more effective at reducing 
plasma K+.688,692 Many nephrologists use the “rule of 7s” to 
set the dialysate K+ concentration; the plasma K+ plus the 
dialysate K+ should equal approximately 7. However, this 
then entails dialysis with 0 or 1.0 mEq/L K+ dialysate (0 K 
or 1 K bath) in patients with serum K+ that exceeds 6 to 
7 mmol/L. However, a rapid decline in plasma K+ due to 
0 K or 1 K dialysates can be deleterious via several mecha-
nisms. First, an acute decrease in plasma K+ can be associ-
ated with rebound hypertension (i.e., a significant increase 
in blood pressure 1 hour after dialysis),686 which is attributed 
in part to the peripheral vasoconstriction that is a direct 
result of the change in plasma K+.686 Second, a low plasma 
K+ can alter the rate of tissue metabolism, the so-called 
Solandt effect,695 and decrease tissue oxygen consumption, 
promoting arteriolar constriction.686 This vasoconstriction, 
in turn, may reduce the efficiency of dialysis28; a randomized 
prospective study did not, however, confirm this finding.688 
The difference may have been due to the glucose content 
of the dialysate (200 mg/dL in the former and 0 mg/dL in 
the latter study); differences in circulating insulin may have 
had additional unrelated effects on muscle blood flow.696 
Finally, dialysates with a very low K+ concentration may 
increase the risk of significant arrhythmia.692,697

Several studies have found an increased incidence of sig-
nificant arrhythmia with hemodialysis, occurring during 
and immediately after treatment697-699; an incidence of up to 
76% has been reported.700 However, many investigators do 
not consider the hemodialysis procedure to be significantly 
arrhythmogenic.701-703 Some have suggested that a relation-
ship exists between decreases in K+, dialysate K+, and inci-
dence of significant arrhythmias.697 Despite the controversy, 
it seems prudent to recommend that dialysates with a very 
low K+ (0 or 1 mmol/L) be used cautiously, particularly in 
high-risk patients. This definition includes patients receiv-
ing digitalis, those with a history of arrhythmia, coronary 
artery disease, left ventricular hypertrophy, or high systolic 
blood pressure, and those of advanced age. Continuous 
cardiac monitoring for all patients dialyzed against a 0- or 
1-mmol/L K+ bath is strongly recommended.481

Given the risk of inducing arrhythmias with very low 
potassium dialysates, an alternative approach has been 

higher with ZS-9 (71% to 85% vs. 48% with placebo). Serious 
adverse events were uncommon and were not significantly 
increased with ZS-9. However, edema was more common 
with the 10- and 15-g doses compared with placebo, as was 
hypokalemia.

In the second ZS-9 trial,682 753 adult patients with a 
serum K+ of 5.0 to 6.5 mmol/L were randomly assigned to 
receive 1.25, 2.5, 5, or 10 g of ZS-9 three times daily for 48 
hours. A normal serum K+ (3.5 to 4.9 mEq/L) at 48 hours 
was attained by 543 patients (72%), and they were then 
reassigned to receive placebo or 1.25, 2.5, 5, or 10 g of ZS-9 
once daily for 2 weeks. The serum potassium at 2 weeks was 
significantly lower in patients receiving 5- and 10-g doses of 
ZS-9 as compared with placebo (by ≈0.3 and 0.5 mEq/L, 
respectively), but not with 1.25- and 2.5-g doses. Adverse 
events were similar with placebo and ZS-9.

In these trials, the steepest decline in serum potassium 
with ZS-9 occurred during the first 4 hours of therapy.681,682 
This suggests an acute effect on intestinal potassium secre-
tion, rather than simply a reduction in intestinal potassium 
absorption.

DIALYSIS
All modes of acute renal replacement therapies are effective 
in removing K+. Continuous hemodiafiltration has been 
increasingly used in the management of critically ill and 
hemodynamically unstable patients.683 Peritoneal dialysis, 
although not very effective in an acute setting, has been 
used effectively in cardiac arrest complicating acute hyper-
kalemia.684 Peritoneal dialysis is capable of removing signifi-
cant amounts of K+ (5 mmol/hour or 240 mmol in 48 
hours) using 2-L exchanges, with each exchange taking 
almost 1 hour.622 However, hemodialysis is the preferred 
mode when rapid correction of a hyperkalemic episode is 
desired.685

An average 3- to 5-hour hemodialysis session removes 
approximately 40 to 120 mmol of K+.28,685-692 Approximately 
15% of the total K+ removal results from ultrafiltration, with 
the remaining clearance from dialysis.689,693 Of the total K+ 
removed, about 40% is from extracellular space, and the 
remainder is from intracellular compartments.687,689,690 In 
most patients, the greatest decline in serum K+ (1.2 to 
1.5 mmol/L) and the largest amount of K+ removed occur 
during the first hour; the serum K+ usually reaches its nadir 
at about 3 hours. Despite a relatively constant serum K+, 
removal of K+ continues until the end of the hemodialysis 
session, although at a significantly lower rate.28,688,689

The amount of K+ removed depends primarily on the type 
and surface area of the dialyzer used, blood flow rate, dialy-
sate flow rate, dialysis duration, and serum/dialysate K+ gra-
dient. However, about 40% of the difference in removal 
cannot be explained by these factors and may instead be 
related to the relative distribution of K+ between intracel-
lular and extracellular spaces.687 Glucose-free dialysates are 
more efficient in removing K+.687,690 This effect may be 
caused by alterations in endogenous insulin levels, with con-
comitant intracellular shift of K+; the insulin level is 50% 
lower when glucose-free dialysates are used.687 Furthermore, 
these findings imply that K+ removal may be greater if hemo-
dialysis is performed with the patient in a fasting state.693 
Treatment with β2-agonists also reduces the total K+ removal 
by approximately 40%.685 The change in pH during dialysis 
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proposed for the treatment of significant hyperkalemia.481,704 
In this regimen, dialysis is initiated with a 3- to 4-mEq/L 
potassium bath, which will immediately lower the plasma 
potassium concentration in a slower and perhaps safer 
manner.697 The potassium concentration in the dialysate 
may then be lowered stepwise with each subsequent hour. 
A more sophisticated approach uses potassium profiling to 
maintain a constant potassium gradient during dialysis.704-706 
Potassium profiling results in a more sustained, even removal 
of potassium705 than dialysis against a fixed potassium bath 
(2.5 mEq/L), with less effect on ventricular ectopy.704-706

For the management of severe hyperkalemia (serum K+ 
≥ 7.0 mEq/L) we favor the use of stepped reduction or 
potassium profiling of dialysate potassium concentrations. 
We rarely encounter the need to use 1 K or 0 K dialysate 
baths, which we also avoid at the beginning of dialysis ses-
sions for acute hyperkalemia. We recommend restricting 
the upfront use of these low-potassium baths to patients with 
life-threatening hyperkalemic arrhythmias and/or life-
threatening conduction abnormalities.

A rebound increase in plasma K+ can occur after hemo-
dialysis. This can be especially marked in cases of massive 
release from devitalized tissues (e.g., tumor lysis, rhabdomy-
olysis), requiring frequent monitoring of serum K+ and 
further hemodialysis. However, a rebound increase may  
also occur in ESKD patients during regular maintenance 
hemodialysis, despite technically adequate treatment,689 
particularly in those patients with a high predialysis K+. 
Factors attenuating K+ removal and thus increasing the 
risk and magnitude of postdialysis rebound include  
pretreatment with β2-agonists, pretreatment with insulin 
and glucose, eating early during the dialysis treatment,  
a high predialysis plasma K+, and higher dialysate Na+ 
concentrations.685,689,691,693
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DISORDERS OF CALCIUM HOMEOSTASIS

The extracellular fluid (ECF) calcium concentration in the 
human body is tightly regulated by a complex process. 
Three organs—skeleton, kidney, and intestine—are involved 
in this process through their direct or indirect interaction 
with parathyroid hormone (PTH), parathyroid hormone–
related peptide (PTHrP), vitamin D, and calcitonin. Phos-
phatonins such as fibroblast growth factor 23 (FGF-23), 
although they participate in phosphate and vitamin D 
homeostasis, do not directly modify extracellular calcium.

This homeostatic system is modulated by dietary and envi-
ronmental factors, including vitamins, hormones, medica-
tions, and mobility. Disorders of extracellular calcium 
homeostasis may be regarded as perturbations of this 
homeostatic system, either at the level of the genes control-
ling this system (e.g., as in familial hypocalciuric hypercal-
cemia, pseudohypoparathyroidism, or vitamin D–dependent 
rickets) or perturbations of this system induced by nonge-
netic means (e.g., as in lithium toxicity or postsurgical 
hypoparathyroidism).

Calcium fluxes between the ECF and one of the organs 
(skeleton, kidney, and intestine) or their combination,  
as well as abnormal binding of the calcium to serum  
protein, can cause hypercalcemia. PTH directly protects 
against hypocalcemia by augmenting calcium mobilization 
from bone, increasing renal tubular reabsorption of calcium, 
and enhancing intestinal absorption of calcium. PTH indi-
rectly protects against hypocalcemia through its effect on 

vitamin D metabolism. States with excess PTH may cause 
hypercalcemia, whereas PTH deficiency is associated with 
hypocalcemia. Similarly, PTHrP promotes bone resorption, 
enhances renal reabsorption of calcium, and decreases 
renal tubular reabsorption of phosphate. Excess of this 
hormone is responsible for the hypercalcemia of malig-
nancy. Vitamin D and its metabolites increase intestinal 
absorption of calcium and cause bone resorption; therefore, 
excess vitamin D would induce hypercalcemia. Calcitonin 
inhibits bone resorption, but its physiologic role in the pro-
tection against hypercalcemia in humans is not proven.

WHOLE-BODY CALCIUM HOMEOSTASIS

An adult human body contains approximately 1000 to 
1300 g of calcium, with 99.3% in bone and teeth as hydroxy-
apatite crystal, 0.6% in soft tissues, and 0.1% in ECF, includ-
ing 0.03% in plasma.1 Maintenance of normal calcium 
balance and serum calcium levels depends on the integrated 
regulation of calcium absorption and secretion by the intes-
tinal tract, excretion of calcium by the kidney, and calcium 
release from and deposition into bone. In young adults, 
calcium balance is neutral. Approximately 1000 mg of 
calcium is ingested per day, 200 mg absorbed by gut, mainly 
duodenum and 800 mg excreted via the gut. Out of 10 g  
of calcium filtered by the kidney daily, only approximately 
200 mg is excreted in the urine. At the same time, 0.5 g  
of calcium is released from bone, and the same amount  
is deposited with new bone formation. PTH, by stimulating 
bone resorption and distal tubular calcium reabsorption in 
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In SI units:

Adjusted total calcium mmol L
total calcium mmol L al

( )
( ) . [= + −0 02 40 bbumin g L( )]

This formula was endorsed in 1977 by an editorial in the 
British Medical Journal7; the correction factor of 0.02 (in SI 
units) was chosen arbitrarily for simplicity from the range 
available in the literature at that time (0.018 to 0.025). This 
adjustment can also correct for errors in measurement of 
total calcium related to hemoconcentration of a blood 
sample because of the prolonged use of a tourniquet or 
because of hemodilution when blood is drawn in a supine 
position in hospitalized patients.3 Other formulas have been 
developed, particularly for chronic kidney disease (CKD) 
patients, that have a slightly better (although not statistically 
significant) discriminatory ability to make the diagnosis of 
hypocalcemia or hypercalcemia, as established from mea-
surement of free calcium.8,9 Also, a fall in pH of 0.1 unit will 
cause approximately a 0.1 mEq/L rise in the concentration 
of ionized calcium, because hydrogen ion displaces calcium 
from albumin, whereas alkalosis decreases free calcium by 
enhancing the binding of calcium to albumin.4 There is no 
correction for this effect of pH in the above formula, which 
also limits its accuracy.

Calcium binding to globulin is small (1.0 g of globulin 
binds 0.2 to 0.3 mg of calcium), and it is unusual to see a 
change in the total concentration of serum calcium as a 
result of alterations in the levels of globulin in blood. 
However, in cases in which the globulin concentration in 
serum is extremely high (>8.0 g/dL), such as in multiple 
myeloma, a mild to moderate hypercalcemia may be seen 
because of an elevation of the globulin-bound calcium. In 
addition, immunoglobulin G (IgG) myeloma proteins may 
have increased calcium-binding properties, and an elevation 
in the total level of serum calcium could occur, even with a 
moderate increase in serum levels of globulins. In these 
cases, the ionized calcium in serum is normal; therefore, 
this type of hypercalcemia would not require treatment.

Unfortunately, calcium status will be incorrectly predicted 
by this formula in 20% to 30% of subjects,10 and the agree-
ment between corrected and free calcium is only fair.11 
Thus, free calcium should be assessed, particularly in criti-
cally ill patients with acid-base disturbances, in patients 
exposed to large amounts of citrated blood, and in those 
with severe blood protein disorders. Patients with CKD and 
those treated with dialysis may also benefit from free calcium 
measurements in an evaluation of their mineral bone 
metabolism status.12 It is important to recognize that free 
calcium results in blood are affected by factors related to 
the handling of specimens, including duration of cellular 
metabolism, loss of CO2, and use of anticoagulants.2

HYPERCALCEMIA

Hypercalcemia is relatively common and frequently over-
looked, with an annual incidence estimated to be about 
0.1% to 0.2% and a prevalence of 0.17% to 2.92% in a  
hospital population and 1.07% to 3.9% in a normal 
population.13

Hypercalcemia results from an alteration in the net fluxes 
of calcium to and from four compartments—bone, gut, 

the kidney, and activating renal hydroxylation of 25(OH)D3 
to 1,25(OH)D3, increases serum calcium levels. Depression 
in serum levels of calcium, by itself, stimulates, through the 
calcium-sensing receptor (CaSR) in the parathyroid gland, 
the secretion of preformed PTH from the parathyroid gland 
within seconds. Subsequently, PTH biosynthesis by the para-
thyroid gland increases over 24 to 48 hours and is followed 
by parathyroid gland hypertrophy and hyperplasia. Vitamin 
D metabolites, serum phosphorus, and FGF-23 levels also 
regulate PTH levels in blood.

The values for total serum calcium concentration in 
adults vary among clinical laboratories, depending on the 
methods of measurement, with the normal range being 
between 8.6 and 10.3 mg/dL (2.15 to 2.57 mmol/L).2,3 
Variation in serum calcium levels occur, depending on age 
and gender, with a general trend for lower serum calcium 
level with aging.4

Calcium in blood exists in three distinct fractions—
protein-bound calcium (40%), free (ionized) calcium 
(48%), and calcium to complexed various anions, such as 
phosphate, lactate, citrate, and bicarbonate (12%).5 The 
latter two forms, complexed calcium and free calcium ion, 
together comprise the fraction of plasma calcium that can 
be filtered. Plasma albumin is responsible for 90% and 
globulins for 10% of protein-bound calcium. Free calcium 
is the physiologically active component of extracellular 
calcium with regard to cardiac myocyte contractility, neuro-
muscular activity, bone mineralization, and other calcium-
dependent processes. It is measured in most hospitals using 
ion-selective electrodes; values in adults range from 4.65 to 
5.28 mg/dL (1.16 to 1.32 mmol/L).4,6 Total calcium reflects 
the levels of free calcium if plasma levels of protein, pH, and 
anions are normal.

The relationship between calcium ion and the concentra-
tion of protein in the serum is represented by a simple mass 
action expression:

([ ] [ ]) [ ]Ionized Ca protein calcium proteinate K2+ × =

where [protein] equals the concentration of serum pro-
teins, primarily albumin. Because K is a constant, the 
numerator and denominator must change proportionately 
in any physiologic or pathologic state. A change in the con-
centration of total serum calcium will occur after a change 
in the concentration of serum proteins or alterations in 
their binding properties and after a primary change in the 
concentration of calcium ion. A fall in the serum albumin 
level reduces the protein and calcium proteinate levels pro-
portionately, resulting in a fall in the total serum calcium 
level, with the free calcium ion concentration remaining 
normal. If plasma levels of albumin are low, an adjustment 
of the measured serum levels of calcium should be made 
(commonly but erroneously referred to as a “correction”). 
For the routine clinical interpretation of serum calcium 
needed for appropriate care of patients, a simple formula 
for adjustment of total serum calcium concentration for 
changes in plasma albumin concentration is used by 
clinicians.

In conventional units:

Adjusted total calcium mg dL
total calcium mg dL albumi

( )
( ) . (= + −0 8 4 nn g dL[ ])
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factor-kappaB (RANK) ligand (RANKL). RANKL binds to 
RANK on osteoclasts. RANK activation on osteoclasts 
through the RANK/RANKL interaction causes recruitment, 
proliferation, and activation of osteoclasts for bone resorp-
tion. Increase in bone resorption rate without increase in 
bone formation rate will cause hypercalcemia.

Myeloma cells may induce multiple osteoclastogenic 
factors such as RANKL in nonosteoblastic stromal cells or 
decrease production of osteoprotegerin, a decoy receptor 
for RANKL. Excess circulating 1,25-dihydroxyvitamin D 
(1,25[OH]2D) from various causes also activates osteoclastic 
bone resorption indirectly through osteoblasts. Increased 
intestinal calcium absorption may lead to the development 
of hypercalcemia, as in vitamin D overdose or milk-alkali 
syndrome. In general, the kidney does not contribute to 
hypercalcemia; rather, it defends against the development 
of hypercalcemia. Typically, hypercalciuria precedes hyper-
calcemia. Extracellular calcium itself appears to have a cal-
ciuric effect on the renal tubule by its direct action on the 
CaSR of the thick ascending limb (TAL). Thus, in most 
hypercalcemic states, renal calcium handling is subject to 
competing influences; excess PTH or PTHrP acts on the 
PTH/PTHrP receptor to promote renal calcium reabsorp-
tion, and excess calcium acts on the calcium receptor to 
promote calcium excretion.14

In rare cases, the kidney can actively contribute to the 
development of hypercalcemia. As opposed to primary  
HPT and humoral hypercalcemia of malignancy, in which 
increases in renal calcium excretion are observed, renal 
calcium excretion is not elevated in familial hypocalciuric 
hypercalcemia because of a defective renal response to 
calcium itself. The hypercalcemia associated with thiazide 
use is also mediated by the kidney: in both thiazide use and 
its genetic counterpart, Gitelman’s syndrome, renal calcium 
excretion is decreased.

SIGNS AND SYMPTOMS
Hypercalcemia adversely affects the function of almost all 
organ systems, but in particular the kidney, central nervous 
system, and cardiovascular system. The clinical manifesta-
tions of hypercalcemia relate more to the degree of hyper-
calcemia and rate of increase than the underlying cause. 
Hypercalcemia may be classified based on the level of total 
serum calcium15:

Mild: [Ca] = 10.4 to 11.9 mg/dL
Moderate: [Ca] = 12.0 to 13.9 mg/dL
Severe (hypercalcemic crisis): [Ca] = 14.0 to 16 mg/dL
(Much higher levels are occasionally observed.)

Signs and symptoms and complications of hypercalcemia 
are summarized in Table 19.2.

As many as 10% of patients with elevated levels of serum 
calcium are detected by a routine screening test of blood 
chemistry and are considered to have so-called asymptom-
atic hypercalcemia. However, even very mild hypercalcemia 
may be of clinical significance inasmuch as some studies 
have suggested an increased cardiovascular risk from mild 
but prolonged calcium level elevations.16

In symptomatic patients, the spectrum of the clinical pre-
sentation is varied and could be nonspecific. Mild hypercal-
cemia may present with malaise, weakness, minor joint pain, 

kidney, and serum binding proteins (Table 19.1). Usually, 
the hypercalcemia is caused by net calcium movement from 
the skeleton into ECF through increased osteoclastic bone 
resorption, as in hyperparathyroidism (HPT) or excess 
PTHrP production in malignancy. PTH acts via the PTH 
receptor 1 on the osteoblasts. PTH receptor 1 is encoded 
by the PTH1R gene. It activates cyclic adenosine monophos-
phate (cAMP) signalling in osteoblasts and upregulates 
their expression of receptor activator for nuclear 

Table 19.1  Causes of Hypercalcemia

Malignancy-associated hypercalcemia
Humoral hypercalcemia of malignancy (HHM) with secretion 

of PTH-related protein by the tumor
Local osteolytic hypercalcemia (LOH)
Tumor (lymphoma, germinoma) generation of 1,25(OH)2D
Ectopic PTH secretion from tumor

Primary hyperparathyroidism
Adenoma, hyperplasia, carcinoma
Multiple endocrine neoplasia types 1 and 2a

Familial hypocalciuric hypercalcemia
Neonatal severe hyperparathyroidism
Other endocrine disorders

Hyperthyroidism
Acromegaly
Pheochromocytoma
Acute adrenal insufficiency

Granulomatous disorders
Sarcoidosis
Tuberculosis
Berylliosis
Disseminated coccidioidomycosis or candidiasis
Histoplasmosis
Leprosy
Granulomatous lipoid pneumonia
Silicone-induced granuloma
Eosinophilic granuloma
Farmer’s lung

Vitamin overdoses
Vitamin D
Vitamin A

Immobilization
Renal failure

Diuretic phase of acute renal failure, especially resulting 
from rhabdomyolysis

Chronic renal failure
After renal transplantation

Medications
Milk-alkali syndrome
Thiazide diuretics
Lithium
Foscarnet
Growth hormone
Recombinant human PTH (1-34; teriparatide)
Theophylline and aminophylline toxicity
Estrogen and selective estrogen receptor modulators 

(SERMs)
Vasoactive intestinal polypeptide
Hyperalimentation regimens

Idiopathic hypercalcemia of infancy
Increased serum protein level

Hemoconcentration
Hyperglobulinemia due to multiple myeloma
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reduced QT interval as a result of an increased rate of 
cardiac repolarization. In patients with severe hypercalce-
mia (>16 mg/dL), there is a widening of the T waves, result-
ing in an increase in the QT interval. Bradycardia and 
first-degree heart block may be present in the ECGs of 
patients with acute and severe hypercalcemia. The EEG 
displays slowing and other nonspecific changes.

DIAGNOSIS
A careful history, physical examination, and routine labora-
tory tests will, in most patients, lead to the correct diagnosis 
in hypercalcemia. A flow diagram for the evaluation of 
hypercalcemia is shown in Figure 19.1. Primary HPT (PHPT) 
and malignancy-associated hypercalcemia together are 
responsible for 90% of cases of hypercalcemia, with malig-
nancy being the most common cause in hospitalized patients 
and PHPT being the most common cause in the outpatient 
clinic.15,18-20

It is generally easy to differentiate these two entities. 
Hypercalcemia is only rarely an early finding in occult 
malignancy. PTH levels are essential in the diagnosis of 
hypercalcemia. There are two types of assay for PTH, 
depending on which epitopes of 1-84 PTH are recognized 
by the antibodies in the assay. Second-generation assays, the 
immunoradiometric assay (IRMA) and immunochemilumi-
nometric assay (IMCA), use antibodies against 7-34 and 
39-84 epitopes of 1-84 PTH. Despite their being called intact 
PTH assays, implying that they measure only the biologically 
active PTH, they also detect large carboxy-terminal frag-
ments of PTH, such as PTH (7-84). Thus, they may overes-
timate the amount of bioactive hormone in serum, especially 
in CKD patients. The third-generation, whole or biointact 
PTH assays, use antibodies against 1-5 and C-terminal epi-
topes and detect biologically active intact PTH. The normal 
levels of PTH measured by various assays range from 8 to 
80 ng/L (1 to 9 pmol/L).2,21 Intraoperative PTH measure-
ments are frequently used to assess the adequacy of parathy-
roidectomy. There is no cross reactivity between PTH and 
PTHrP assays. In PHPT, levels of PTH can be frankly ele-
vated but can also be in the middle or upper range of 
normal, particularly in young individuals (Figure 19.2).

The differential diagnosis of patients with hypercalcemia 
and elevated PTH level includes HPT due to thiazide diuret-
ics or lithium, familial hypocalciuric hypercalcemia (FHH), 
and the tertiary HPT associated with renal failure and 
kidney transplantation. Patients with FHH have a positive 
family history, onset of hypercalcemia at a young age, very 
low urinary calcium excretion, and specific gene abnormali-
ties. In malignancy-associated hypercalcemia and in hyper-
calcemia of most other causes, PTH levels are low. The 
diagnosis of humoral hypercalcemia of malignancy (HHM) 
frequently can be made on clinical grounds. In addition, 
PTHrP can now be assayed by commercial clinical laborato-
ries to support HHM or when the cause of hypercalcemia is 
obscure.

Approximately 10% of cases of hypercalcemia are due to 
other causes. Of particular importance in the evaluation of 
a hypercalcemic patient are the family history (because of 
familial syndromes, including multiple endocrine neoplasia 
type 1 [MEN1], MEN2, and familial hypocalciuric hypercal-
cemia), medication history (because of the several 
medication-induced forms of hypercalcemia), and presence 

Table 19.2  Clinical Features of Hypercalcemia

General

Malaise, tiredness, weakness

Neuropsychiatric

Impaired concentration, loss of memory, headache, 
drowsiness, lethargy, disorientation, confusion, irritability, 
depression, paranoia, hallucinations, ataxia, speech defects, 
visual disturbances, deafness (calcification of eardrum), 
pruritus, mental retardation (infants), stupor, coma

Neuromuscular

Muscle weakness, hyporeflexia or absent reflexes, hypotonia, 
myalgia, arthralgia, bone pain, joint effusion, 
chondrocalcinosis, dwarfism (infants)

Gastrointestinal

Loss of appetite, dry mouth, thirst, polydipsia, nausea, 
vomiting, constipation, abdominal pain, weight loss, acute 
pancreatitis (calcifying), peptic ulcer, acute gastric dilation

Renal

Polyuria, nocturia, nephrocalcinosis, nephrolithiasis, interstitial 
nephritis, acute and chronic renal failure

Cardiovascular

Arrhythmia, bradycardia, first-degree heart block, short Q-T 
interval, bundle branch block, arrest (rare), hypertension, 
vascular calcification

Metastatic Calcification

Band keratopathy, red eye syndrome, conjunctival calcification 
nephrocalcinosis, vascular calcification, pruritus

and other vague symptoms. In patients with severe hypercal-
cemia, the major symptoms are more likely to be nausea, 
vomiting, constipation, polyuria, and mental disturbances, 
ranging from headache and lethargy to coma. Recent loss 
of memory could be prominent and be a presenting 
symptom.

Hypercalciuria induced by hypercalcemia causes nephro-
genic diabetes insipidus, with polyuria and polydipsia 
leading to ECF volume depletion, decreased glomerular 
filtration rate (GFR), and further increases in the serum 
calcium level. The effect of hypercalcemia on urinary con-
centration is mediated through CaSR activation, which 
decreases vasopressin-dependent aquaporin-2 (AQP2) water 
channels trafficking in the inner medullary collecting duct.17 
Nephrolithiasis and nephrocalcinosis are common compli-
cations of hypercalcemia, seen in 15% to 20% of cases of 
primary HPT.

LABORATORY FINDINGS
Laboratory findings in patients with hypercalcemia include 
abnormalities related to the underlying disease causing  
the hypercalcemia, which are beyond the scope of this 
chapter. Alterations in the electrocardiogram (ECG) and 
electroencephalogram (EEG) occur in hypercalcemic 
patients, independent of the cause of the hypercalcemia. 
The ECG shows a shortened ST segment and therefore a 
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hypophosphatemia (see Table 19.1). It is the underlying 
cause of approximately 50% of hypercalcemic cases in the 
general population. The estimated prevalence of PHPT is 
about 1%, but may be as high as 2% in postmenopausal 
women.22,23 The annual incidence is approximately 0.03% 
to 0.04%.22-24 A single enlarged parathyroid gland (adenoma) 
is the cause of PHPT in 80% to 85% of cases. These adeno-
mas are benign clonal neoplasms of parathyroid chief cells, 
which lose their normal sensitivity to calcium. In about 15% 
to 20% of patients with PHPT, all four parathyroid glands 
are hyperplastic. This occurs in sporadic PHPT or in 

of other disease (e.g., granulomatous or malignant disease). 
Plasma 1,25(OH)2D levels should be measured when granu-
lomatous disorders or 1,25(OH)2D lymphoma syndrome is 
considered. High 25(OH)2D levels may suggest vitamin D 
intoxication as a cause of hypercalcemia.

CAUSES
Primary Hyperparathyroidism

PHPT is caused by excessive and incompletely regulated 
secretion of PTH, with consequent hypercalcemia and 

Figure  19.1 Algorithm for evaluation of hypercalcemia. FECa, Fractional excretion of calcium; FHH, familial hypocalciuric hypercalcemia; 
HHM, humoral hypercalcemia of malignancy; HPT, hyperparathyroidism; iPTH, intact parathyroid hormone; LOH, localized osteolytic hypercal-
cemia; NSHPT, neonatal severe hyperparathyroidism; PTHrP, parathyroid hormone–related peptide. 

Hypercalcemia

Serum total Ca > 10.3 mg/dL (2.55 mmol/L)
and ionized Ca > 5.3 mg/dL (1.32 mmol/L)

Check for symptoms and signs (see Table 19.2)
Check for potential causes (see Table 19.1)

Measure iPTH level

Elevated or high normal

Urinary Ca excretion

Low
Urine Ca < 100 mg/24 h

FECa < 0.01

FHH
NSHPT

High
Urine Ca > 200 mg/24 h

FECa > 0.01

Primary HPT
Tertiary HPT

Lithium therapy

Low High

HHM

Measure 25(OH)D and 1,25(OH)2D levels

High 25(OH)D
High 1,25(OH)2D

Vit. D overdose

Low 25(OH)D
High 1,25(OH)2D

Granulomatous
disease

Calcitriol overdose

Low 25(OH)D
Low 1,25(OH)2D

LOH
Milk-alkali syndrome

Immobilization
Vitamin A

Thyrotoxicosis
Pheochromocytoma

Drugs

PTHrP level

Low (< 15 pg/mL)
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hypercalcemia is usually discovered during routine labora-
tory examination. Another 20% to 25% of patients have a 
chronic course manifested by mild or intermittent hypercal-
cemia, recurrent renal stones, and complications of neph-
rolithiasis; in these patients, the parathyroid tumor is small 
(<1.0 g) and slow-growing. In 5% to 10% of patients, there 
is severe and symptomatic hypercalcemia and overt osteitis 
fibrosa cystica; in these patients, the parathyroid tumor is 
usually large (>5.0 g). Patients with parathyroid carcinoma 
typically have severe hypercalcemia, with classic renal and 
bone involvement.26

The diagnosis of PHPT is now usually suggested by the 
incidental finding of hypercalcemia rather than by any of 
the sequelae of PTH excess, such as skeletal and renal com-
plications or symptomatic hypercalcemia.18 Hypercalcemia 
may be mild and intermittent. Hypercalciuria was noted in 
40% of PHPT, nephrolithiasis in 19%, and classic bone 
disease and osteitis fibrosa cystica only in 2% of studies 
performed between 1984 and 2000 in the United States.16 
However, even in individuals with mild PHPT, there is also 
progressive bone loss as measured by bone mineral densi-
tometry over 15 years of observation.31

The diagnosis of PHPT is established by laboratory tests 
showing hypercalcemia, inappropriately normal or elevated 
blood levels of PTH, hypercalciuria, hypophosphatemia, 
phosphaturia, and increased urinary excretion of cAMP. 
Hyperchloremic acidosis may be present, and the ratio of 
serum chloride to phosphorus is elevated. The serum levels 
of alkaline phosphatase and of uric acid may be also ele-
vated. The serum concentration of magnesium is usually 
normal but may be low or high.

Some controversy surrounds the potential relationship 
between primary HPT and increased mortality.15 A number 
of studies have shown that primary HPT may be associated 
with hypertension, dyslipidemia, diabetes, increased thick-
ness of the carotid artery,3 and increased mortality, primarily 
from cardiovascular disease.20,32 The morbidity from primary 
HPT can also be substantial, especially in symptomatic 
patients with severe hypercalcemia and a late diagnosis.

The classic bone lesion in primary HPT, osteitis fibrosa 
cystica, is now rarely seen. Diffuse osteopenia is more 
common.20,32 Even in asymptomatic patients, increased rates 
of bone turnover are always present.20,32

Surgery is still standard therapy for PHPT.18,32,33 It is gener-
ally agreed that parathyroidectomy is indicated in all patients 
with biochemically confirmed PHPT who have specific 
symptoms or signs of disease, such as a history of life-
threatening hypercalcemia, renal insufficiency, and/or 
kidney stones. In 2008, a Third International Workshop on 
Hyperparathyroidism updated 2002 National Institutes of 
Health guidelines for the management of asymptomatic 
HPT.33 Surgery is advised for asymptomatic disease in 
patients with serum calcium levels greater than 1 mg/dL 
above normal, reduced bone mass (T-score < −2.5 at any 
site), GFR less than 60 mL/min, or age younger 50 years. 
Hypercalciuria (>400 mg calcium/24 hours) is no longer 
regarded as an indication for parathyroid surgery because 
hypercalciuria in PHPT has not been established as a risk 
factor for stone formation. Patients older than 50 years with 
no obvious symptoms should receive close follow-up, includ-
ing measurements of bone density every 1 to 2 years and 
serum creatinine and calcium levels annually. All monitored 

conjunction with MEN1 or MEN2.19 In diffuse hyperplasia, 
the set point for calcium is not changed in any given para-
thyroid cell, but the increased number of cells causes excess 
PTH production and hypercalcemia. Parathyroid carcinoma 
is seen in no more than 0.5% to 1% of patients with PHPT.25

PHPT occurs at all ages but is most common in older 
individuals; peak incidence is in the sixth decade of life. 
After age 50 years, women are about three times more fre-
quently affected than men. Sporadic PHPT is the most 
common. External neck irradiation during childhood is rec-
ognized as a risk factor for PHPT. The genetic alterations 
underlying parathyroid adenomas are being partially eluci-
dated.26 Rearrangements and overexpression of the PRAD-1/
cyclin D1 oncogene have been observed in about 20% of 
parathyroid adenomas.27,28 The MEN1 tumor suppressor 
gene is inactivated in about 15% of adenomas.29,30 Other 
chromosomal regions may also harbor parathyroid tumor 
suppressor genes.

PHPT typically presents in one of three ways. In 60% to  
80% of cases, there are minimal or no symptoms, and mild 

Figure  19.2 Relationship  between  total  serum  calcium 
and  intact  PTH  concentrations. Values for patients with known 
primary hyperparathyroidism, secondary hyperparathyroidism, 
humoral hypercalcemia of malignancy or other PTH-independent 
cause of hypercalcemia, and hypoparathyroidism are plotted. The 
rectangle represents the normal reference range for the assays. 
(Reproduced with permission from O’Neill S, Gordon C, Guo R, et al: 
Multivariate analysis of clinical, demographic, and laboratory data for 
classification of patients with disorders of calcium homeostasis. Am J 
Clin Pathol 135:100-107, 2011.)
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of malignancies are associated with HHM, including squa-
mous cell cancer (e.g., head and neck, esophagus, cervix, 
lung) and renal cell, breast, and ovarian carcinomas. Lym-
phomas associated with human T-lymphotropic virus type 1 
(HTLV-1) infection may cause PTHrP-mediated HHM, and 
other non-Hodgkin lymphomas may also be associated  
with PTHrP-mediated hypercalcemia.44,45 PTHrP is a large 
protein encoded by a gene on chromosome 12; it is similar 
to PTH only at the NH2 terminus, where the initial eight 
amino acids are identical.45 PTHrP is widely expressed in a 
variety of tissues, including keratinocytes, mammary gland, 
placenta, cartilage, nervous system, vascular smooth muscle, 
and various endocrine sites.46 Injection of PTHrP produces 
hypercalcemia in rats47 and essentially reproduces the entire 
clinical syndrome of HHM, but other circulating factors 
such as cytokines may also be important. Normal circulating 
levels of PTHrP are negligible; these are probably unimport-
ant in normal calcium homeostasis. However, mice with a 
targeted disruption in the PTHrP gene have shown a lethal 
defect in bone development,48-50 thus demonstrating its 
importance in normal development.

Circulating PTHrP interacts with the PTH/PTHrP recep-
tor in bone and the renal tubule. It activates bone resorp-
tion and suppresses osteoblastic bone formation, thus 
causing flux of calcium (up to 700 to 1000 mg/day) from 
bone into ECF. The reason for this uncoupling of bone 
formation from bone resorption remains unclear.45 One 
possible explanation is a difference in the affinity of PTH 
versus that of PTHrP for the PTH receptor on osteoblasts.49 
PTHrP mimics the anticalciuric effect of PTH on the kidney, 
which exacerbates hypercalcemia. Other effects of PTHrP 
include phosphaturia, hypophosphatemia, and increased 
cAMP excretion by the kidney.

HHM is associated with a reduction in 1,25(OH)2D levels 
(in contrast to PHPT), which may limit intestinal calcium 
absorption. Patients are hypercalcemic and hypophospha-
temic and demonstrate increased osteoclastic bone resorp-
tion, increased urinary cAMP, and hypercalciuria.

LOH accounts for 20% of patients with malignancy-
associated hypercalcemia. LOH-producing tumors include 
breast and prostate cancers and hematologic neoplasms 
(e.g., multiple myeloma, lymphoma, leukemia). LOH is 
caused by locally produced osteoclast-activating cytokines, 
which include PTHrP, interleukin-1 (IL-1), IL-6, and IL-8. 
PTHrP increases RANKL expression on osteoblast and 
RANK-mediated osteoclast bone resorption. The resorbing 
bone releases transforming growth factor-β (TGF-β), which 
in turn stimulates PTHrP expression on tumor cells.50,51 The 
bone metastases can be classified as osteolytic, osteoblastic, 
or mixed. Osteolytic lesions are caused by osteoclast activa-
tion by malignant cells and appear as areas of increased 
radiolucency on radiographs. LOH leads to predictable 
pathophysiologic events, which include hypercalcemia, sup-
pression of circulating PTH and 1,25(OH)2D, hyperphos-
phatemia, and hypercalciuria. Bone metastases may produce 
severe pain and pathologic fractures.

Hypercalcemia in breast cancer is associated with the 
presence of extensive osteolytic metastases and HHM.50,51 
Extensive osteolytic bone destruction is seen in multiple 
myeloma.52 Although bone lesions develop in all patients 
with myeloma, hypercalcemia occurs only in 15% to 20% of 
patients in later stages of disease and with impaired kidney 

patients should be repleted with vitamin D to achieve a 
25-hydroxyvitamin D (25[OH])D level above 20 ng/dL and 
should maintain calcium intake the same as individuals 
without PHPT.

Preoperative localization of the parathyroid glands has 
generally been considered unnecessary in uncomplicated 
patients undergoing surgery for the first time with bilateral 
neck exploration. However, imaging studies are recom-
mended to be used in complicated cases and if minimally 
invasive surgery is planned.34 Sestamibi scanning is the most 
popular and sensitive technique to localize PTH glands, 
with accuracy rates up to 94%, followed by ultrasound of the 
neck.32,35 If a single adenoma is visualized, minimally inva-
sive parathyroidectomy may be an option, with a cure rate 
of 95% to 98%: this procedure requires the surgeon to 
visualize only one gland as long as resection results in a 
substantial intraoperative decline in PTH level. Otherwise, 
all four parathyroid glands should be surgically identified. 
Recurrence of HPT is rare after identification and removal 
of one enlarged gland.36 If the initial exploration fails, and 
hypercalcemia persists or recurs, more extensive preopera-
tive parathyroid localization should be performed.18,32,35 
Complications are greater with re-exploration of the neck 
than after the initial operation.

Although parathyroidectomy remains the definitive treat-
ment of PHPT, patients refusing surgery, those with contra-
indications for surgery, or those who do not meet current 
operative guidelines can be treated pharmacologically. 
There are four classes of medications that can be useful—
calcimimetics, bisphosphonates, estrogens, and selective 
estrogen receptor modulators.32,37 There are insufficient 
long-term data to recommend any of these medications as 
alternatives to surgery. The CaSR agonist, cinacalcet, is 
approved in some European countries for PHPT and in the 
United States for severe hypercalcemia in adult patients with 
PHPT who are unable to undergo parathyroidectomy. Cina-
calcet therapy in PHPT patients reduced plasma PTH levels, 
normalized serum calcium levels in the short and long 
terms, and preserved bone mineral density (BMD).37-40 
Bisphosphonates and hormone replacement therapy 
decreased bone turnover and increased BMD in PHPT 
patients without change in serum calcium levels.37

Parathyroid carcinoma probably accounts for less than 
1% of PHPT cases.25 The diagnosis of parathyroid carci-
noma may be difficult to make in the absence of metastases 
because the histologic appearance may be similar to that of 
atypical adenomas.41 In general, parathyroid carcinomas are 
typically large (3 cm), irregular, hard tumors with a low 
degree of aggressive growth, and survival is common if the 
entire gland can be removed.25,42 Cinacalcet is approved for 
patients with inoperable parathyroid cancer to control 
hypercalcemia.

Malignancy

Hypercalcemia occurs in approximately 10% to 25% of 
patients with some cancer, especially during the last 4 to 6 
weeks of their life. It can be classified into four categories—
HHM, local osteolytic hypercalcemia (LOH), 1,25 (OH)2 
vitamin D−induced hypercalcemia, and ectopic secretion of 
authentic PTH.43,44

HHM from secretion of PTHrP by a malignant tumor 
accounts for approximately 80% of cases. Numerous types 
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mutations appear to render the receptor largely inactive.69-71 
CaSR mutation analysis has an occasional role in the diagno-
sis of FHH in cases in which biochemical test results remain 
inconclusive, and the distinction of FHH from mild primary 
HPT is unclear. It is critically important to make an accurate 
diagnosis because the hypercalcemia in FHH is benign and 
does not respond to subtotal parathyroidectomy.

Hypercalcemia in FHH has a generally benign course and 
is resistant to medications, except it is successfully treated 
with cinacalcet in some patients.72 Potential benefit of calci-
mimetic agents in FHH has been supported by in vitro 
studies with human CaSR mutants, which have shown that 
the calcimimetic agent R-568 enhances the potency of extra-
cellular calcium toward the mutants.73

Patients who inherit two copies of CaSR alleles bearing 
inactivating mutations develop neonatal severe HPT 
(NSHPT). NSHPT is an extremely rare disorder that is often 
reported in the offspring of consanguineous FHH parents; 
it is characterized by severe hyperparathyroid hyperplasia, 
PTH elevation, severe hyperparathyroid bone disease, and 
elevated extracellular calcium levels.58,63,74,75 In a few affected 
infants, only one defective allele has been found, but it is 
unclear whether this finding is due to the presence of an 
undetected defect in the other CaSR allele. Treatment is 
total parathyroidectomy, followed by vitamin D and calcium 
supplementation. This disease is usually lethal without surgi-
cal intervention.

Multiple Endocrine Neoplasia. MEN1 is a rare, autosomal 
dominant disorder with an estimated prevalence of two to 
three cases/100,000, characterized by endocrine tumors in 
at least two of three main tissues—parathyroid gland, pitu-
itary gland, and enteropancreatic tissue. It is the most 
common form of familial PHPT. PHPT is present in 87% to 
97% of patients, whereas pancreatic and pituitary tumors 
are more likely to be absent.18,76 The responsible gene, 
MEN1,77 encodes a nuclear protein, menin, of 610 amino 
acids, which functions in cell division, genome stability, and 
transcription regulation.78

MEN2A is a syndrome of heritable predisposition to med-
ullary thyroid carcinoma, pheochromocytoma, and PHPT. 
Mutations in the RET proto-oncogene, which encodes a 
tyrosine kinase receptor, are responsible for MEN2A.79 The 
biochemical diagnosis and indications for surgery for 
patients with PHPT in association with MEN1 or MEN2A 
are similar to those for sporadic PHPT.80

Hyperparathyroidism–Jaw Tumor Syndrome. Hyperpara-
thyroidism–jaw tumor (HPT-JT) syndrome is a rare  
autosomal dominant disorder characterized by severe 
hypercalcemia, parathyroid adenoma, and fibro-osseous 
tumors of mandible or maxilla.81 Renal manifestations 
include cysts, hamartomas, and Wilms’ tumors. Mutations 
in the HRPT2 (hyperparathyroidism 2) gene, and elimina-
tion of its product, parafibromin, which has tumor suppres-
sor activity, are responsible for HPT-JT.82 If biochemical 
changes consistent with PHPT are present, parathyroidec-
tomy is indicated.

Nonparathyroid Endocrinopathies

Hypercalcemia may occur in patients with other endocrine 
diseases. Mild hypercalcemia is present in up to 20% of the 

function. The degree of hypercalcemia and bone destruc-
tion is not well correlated.53 Treatment with bisphospho-
nates appears to protect against the development of skeletal 
complications (including hypercalcemia) in patients with 
myeloma and lytic bone lesions.54

Hypercalcemia caused by 1,25 (OH)2 vitamin D produc-
tion by malignant lymphomas has been reported.55,56 All 
types of lymphoma can cause this syndrome. The malignant 
cells or adjacent cells overexpress the enzyme 1α-hydroxylase, 
which converts 25(OH)D to 1,25(OH)2D. Hypercalcemia is 
mainly secondary to increased intestinal calcium, although 
decreased renal clearance and bone resorption may also 
develop. In addition, increased osteoclastic activity mediated 
through activation of the RANKL pathway by 1,25(OH)2D 
augment hypercalcemia. Ectopic production of authentic 
PTH by a nonparathyroid tumor may occur, but is very rare.57

Familial Primary Hyperparathyroidism Syndromes

Familial primary HPT syndromes are defined by a combina-
tion of hypercalcemia and elevated or nonsuppressed serum 
PTH levels.

Familial Hypocalciuric Hypercalcemia and Neonatal Severe 
Hyperparathyroidism. FHH (benign) is a rare disease (esti-
mated prevalence, 1/78,000), with autosomal dominant 
inheritance, high penetrance for hypercalcemia, and rela-
tive hypocalciuria.58-60 FHH was first described in 1966 by 
Jackson and Boonstra and in 1972 by Foley and col-
leagues.61,62 The hypercalcemia is typically mild to moderate 
(10.5 to 12 mg/dL), and affected patients do not exhibit 
the typical complications associated with elevated serum 
calcium concentrations. Both total and ionized calcium con-
centrations are elevated, but the PTH level is generally  
inappropriately normal, although mild elevations in approx-
imately 15% to 20% of cases have been reported. Urinary 
calcium excretion is not elevated, as would be expected in 
hypercalcemia of other causes. The fractional excretion of 
calcium is usually less than 1%.59 The serum magnesium 
level is commonly mildly elevated, and the serum phosphate 
level is decreased. Bone mineral density is normal, as are 
vitamin D levels. The finding of a right-shifted set point for 
Ca2+-regulated PTH release in FHH has indicated the role 
of CaSR in FHH.63

Most families have FHH type 1, which is caused by auto-
somal dominant loss-of-function mutations in the CaSR 
gene located on chromosome 3q, which encodes for the 
CaSR. FHH types 2 and 3 are much rarer and are caused  
by heterozygous mutations in the GNA11 (guanidine 
nucleotide-binding protein alpha-11) gene or the AP2S1 
(adaptor-related protein complex 2, sigma 1 subunit) gene, 
respectively.64,65 Both genes localize on chromosome 19q13, 
and their mutations render the CaSR less sensitive to extra-
cellular calcium.

The fact that relative hypocalciuria persists even after 
parathyroidectomy in FHH patients confirms the role of 
CaSR in regulating renal calcium handling.66 More than 257 
mutations have been described for the CaSR, most of which 
are inactivating and missense and found throughout the 
large predicted structure of the CaSR protein.63,67,68 Expres-
sion studies of mutant CaSRs have shown great variability in 
their effect on calcium responsiveness. In some cases, CaSR 
mutations only slightly shift the set point for calcium; other 
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idiopathic infantile hypercalcemia, a defect in degradation 
of 1,25(OH)2D to 24,25(OH)2D caused by a CYP24A1 
loss-of-function mutation is responsible for extremely high 
levels of 1,25(OH)2D and hypercalcemia. Vitamin D ana-
logues, including 1,25(OH)2D used in the treatment of HPT 
and metabolic bone disease in CKD patients, can also cause 
hypercalcemia.99

Medications

Hypercalcemia and HPT is a long-recognized, well-described 
consequence of lithium therapy.100-103 The prevalence of 
lithium-associated hypercalcemia is estimated to be 4% to 
6%.101,104 Lithium probably interferes with signal transduc-
tion elicited by the CaSR, which increases the set point  
for extracellular calcium to inhibit PTH secretion.103-105 
This leads to parathyroid hyperplasia or adenoma.106 The 
spectrum of lithium-induced calcium disorders is wide  
and includes patients with overt HPT and mild or severe 
hypercalcemia, with or without elevated PTH levels. Hypo-
calciuria is common, although hypercalciuria was reported 
in a few case series. Hypercalcemia can be reversible after  
a few weeks of discontinuing lithium in most patients with 
short lithium treatment (<5 years). The CaSR agonist 
cinacalcet was also used with good results in those patients 
when cessation of lithium therapy was not an option.107 
Symptomatic patients with HPT should be treated with 
parathyroidectomy.102,103

Vitamin A intake in doses exceeding the recommended 
daily allowance over prolonged periods, especially in older 
adults and patients with impaired kidney function, may 
cause hypercalcemia, with increased alkaline phosphatase 
levels, presumably from increased osteoclast-mediated bone 
resorption.108-110 The hypercalcemia is accompanied by high 
retinol plasma levels, and discontinuation of vitamin A 
caused normalization of plasma calcium levels. Vitamin A 
analogues, used in the management of dermatologic and 
hematologic malignant diseases, have also been reported to 
cause hypercalcemia.111,112

Estrogens and selective estrogen receptor modifiers (e.g., 
tamoxifen) used in the management of breast cancer may 
cause hypercalcemia early during treatment, even in the 
presence of bone metastasis.113

Thiazide diuretic–associated hypercalcemia was noted in 
approximately 0.4% to 1.9% of treated subjects, with an 
annual incidence rate of 7.7/100,000 in the population of 
Olmsted County, Minnesota.114,115 A reduction in urinary 
calcium excretion, volume contraction, and metabolic  
alkalosis are the major reasons for thiazide-induced hyper-
calcemia. Also, thiazides may increase intestinal calcium 
absorption and reveal primary HPT.115-117 Hypercalcemia is 
usually mild, asymptomatic, and nonprogressive. Subjects 
with unsuppressed PTH levels, despite hypercalcemia or 
with severe and continued hypercalcemia, may have primary 
HPT.

Many other medications occasionally cause hypercalce-
mia, including theophylline, foscarnet, growth hormone, 
parenteral nutrition, manganese in toxic doses, and 
8-chloro-cAMP.

Milk-Alkali Syndrome

Milk-alkali syndrome was originally described in patients 
with duodenal ulcers receiving therapy with sodium 

patients with hyperthyroidism, but severe hypercalcemia is 
uncommon.83,84 Thyroid hormones (thyroxine, triiodothy-
ronine) increase bone resorption and lead to hypercalcemia 
and/or hypercalciuria when bone resorption exceeds bone 
formation significantly.85 Because of a possible increased 
association between hyperthyroidism and parathyroid 
adenoma, the latter must be ruled out in patients with thy-
rotoxicosis and hypercalcemia. Furthermore, the hypercal-
cemia in a patient with thyrotoxicosis should be attributed 
to this disease only if it resolves after achieving an euthyroid 
state.

Pheochromocytoma may be associated with hypercalce-
mia86; it is usually caused by coincident PHPT and MEN2A. 
In some patients, hypercalcemia disappears after removal of 
the adrenal tumor, and some of these tumors produce 
PTHrP.87 Acute adrenal insufficiency is a rare cause of hyper-
calcemia.88 Because these patients may be dehydrated and 
have hemoconcentration, a rise in the serum albumin con-
centration and increased binding of calcium to serum 
albumin secondary to hyponatremia may contribute to the 
increase in serum calcium levels. In addition, isolated adre-
nocorticotropic hormone (ACTH) deficiency can result in 
hypercalcemia.89

Growth hormone administration90 and acromegaly91 have 
both been associated with hypercalcemia. Acromegaly is 
often (15% to 20% of cases) accompanied by mild hyper-
calcemia, which results from enhanced intestinal calcium 
absorption and augmented bone resorption.92,93 In acrome-
galic patients with hypercalcemia, the serum levels of PTH 
are normal but may be inappropriately high for the levels 
of serum calcium.

Vitamin D–Mediated Hypercalcemia

Vitamin D is naturally generated in skin under exposure to 
ultraviolet B (UVB) light or is acquired from the diet and 
medical supplements. Excess of vitamin D or its metabolites 
can cause hypercalcemia and hypercalciuria. The mecha-
nism of hypercalcemia is a combination of increased intes-
tinal calcium absorption and bone resorption induced  
by vitamin D and decreased renal calcium clearance result-
ing from dehydration. The effect of toxic amounts of vitamin 
D is due to an increase in plasma total 25(OH)D, well in 
excess of 80 ng/mL, which exceeds the binding capacity  
of vitamin D–binding protein (DBP) for 25(OH)D. The 
resulting increase in free circulating 25(OH)D may activate 
the vitamin D nuclear receptor (VDR). Vitamin D metabo-
lites may also displace 1α,25(OH)2D from DBP, increasing 
free 1α,25(OH)2D levels and thus increasing signal 
transduction.94

Hypercalcemia has been reported in accidental overdoses 
of vitamin D from fortified cow’s milk,95,96 consumption by 
children of a fish oil with manufacturing error that caused 
an excess of vitamin D, and over-the-counter supplements.97 
Serum 25(OH)D levels were elevated, 1,25(OH)2D levels 
were normal, and PTH levels were depressed or normal in 
these settings. However, vitamin D well in excess of the toler-
able upper intake of 2000 IU/day is required for this form 
of hypercalcemia to develop.98 Polymorphism in genes that 
regulate vitamin D metabolism may predispose certain indi-
viduals to develop toxicity, even with exposure to small 
vitamin D doses.96 The diagnosis is made by the history and 
detection of elevated 25(OH)D levels. In the syndrome of 
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bicarbonate and large amounts of milk. These patients have 
hypercalcemia, hyperphosphatemia, hypocalciuria, and 
renal insufficiency, together with kidney and other soft 
tissue calcifications.118 During the last 20 years, calcium 
supplements in the form of calcium carbonate for the pre-
vention and treatment of osteoporosis have become the 
main cause of this syndrome.119,120 In the most recent litera-
ture, the name calcium-alkali syndrome was proposed.121 In 
some studies, milk-alkali syndrome was the third most 
common cause of hypercalcemia in non–end-stage kidney 
disease (ESKD) hospitalized patients.122 The pathogenesis 
of milk-alkali syndrome can be divided into two phases, the 
generation of hypercalcemia by intake of calcium and the 
maintenance phase. Usually, oral intake of more than 4 g of 
elemental calcium/day has been reported, but even 2 g of 
calcium/day, especially if taken together with vitamin D, 
may induce this syndrome. Hypercalcemia activates the 
renal CaSR, causing natriuresis and water diuresis, with 
volume depletion and a decrease in the GFR. Increased 
tubular reabsorption of calcium as a result of metabolic 
alkalosis and volume depletion contribute to the mainte-
nance of hypercalcemia.120 The diagnosis is made largely by 
the history and may not be obvious because of atypical 
dietary sources of calcium and alkali. Hypercalcemia can be 
corrected, but renal damage may be permanent.

Immobilization

Immobilization, especially in high bone turnover states (e.g., 
in young people, hyperparathyroidism, breast cancer with 
bone involvement, Paget’s disease), suppresses osteoblastic 
bone formation and increases osteoclastic bone resorption, 
leading to uncoupling of these two processes, with subse-
quent release of calcium from the bone and hypercalce-
mia.123,124 Typically, it takes from 10 days to a few weeks for the 
development of immobilization hypercalcemia. Increased 
sclerostin production by osteocytes during mechanical 
unloading and disuse of the bone is implicated in the patho-
genesis of hypercalcemia.125 Sclerostin is a glycoprotein that 
inhibits Wnt/β catenin signaling in the osteoblast and 
decreases bone formation.126 It is of interest that antiscleros-
tin antibodies are being studied for the treatment of osteopo-
rosis. Bisphosphonates may help decrease hypercalcemia 
and osteopenia in the setting of immobilization-induced 
hypercalcemia.127 There are case reports showing that deno-
sumab also can correct hypercalcemia of immobilization. 
Mobilization remains the ultimate cure for this condition.

Granulomatous Disease

A variety of granulomatous diseases are associated with 
hypercalcemia. The most common is sarcoidosis (preva-
lence of hypercalcemia and hypercalciuria of 10% and 20%, 
respectively), but tuberculosis, berylliosis, histoplasmosis, 
coccidioidomycosis, pneumocystosis, leprosy, histiocytosis 
X, eosinophilic granulomatosis, and inflammatory bowel 
disease may present with hypercalcemia.89,128-130 Hypercalce-
mia is more common in chronic and disseminated granulo-
matous diseases. Sun exposure, or even small doses of 
vitamin D supplementation, may precipitate or worsen this 
syndrome. The hypercalcemia, which has been best studied 
in sarcoidosis, is caused by inappropriate extrarenal produc-
tion of 1,25(OH)2D by activated macrophages with increased 
1α-hydroxylase activity.131,132 Elevated circulating 1,25(OH)2D 

levels have been described in most granulomatous diseases 
during hypercalcemia, except in coccidioidomycosis. The 
1,25(OH)2D in turn leads to intestinal hyperabsorption of 
calcium, hypercalciuria, and hypercalcemia. Osteopontin, 
highly expressed by histiocytes in granulomas, may contrib-
ute to hypercalcemia via osteoclast activation and bone 
resorption. Bone mineral content tends to be reduced in 
these patients. Hypercalciuria may precede hypercalcemia 
and may be an early indicator of this complication.

Standard treatment consists of administration of gluco-
corticoids, which decreases the abnormal 1,25(OH)2D pro-
duction.133 Chloroquine and ketoconazole, which also 
decrease 1,25(OH)2D production by competitive inhibition 
of CYP450-dependent 1α-hydroxylase, have also been shown 
to be efficacious.134,135

Liver Disease

Hypercalcemia has been reported in patients with end-stage 
liver disease with hyperbilirubinemia awaiting liver trans-
plantation in the absence of HPT or hypervitaminosis D.136

Acute and Chronic Kidney Disease

Hypercalcemia may be observed in patients with certain 
forms of acute and chronic kidney disease and in kidney 
transplant recipients. These conditions are discussed in 
detail in Chapter 55.

MANAGEMENT OF HYPERCALCEMIA
The optimal therapy for hypercalcemia must be tailored to 
the degree of hypercalcemia, clinical condition, and under-
lying cause (Table 19.3).15 Theoretically, a decrease in serum 
calcium levels can be achieved by enhancing its urinary 
excretion, augmenting net movement of calcium into bone, 
inhibiting bone resorption, reducing intestinal absorption 
of calcium, and/or removing calcium from the ECF by 
other means. Patients with mild hypercalcemia (<12 mg/
dL) do not require immediate treatment. They should dis-
continue any medications implicated in causing hypercalce-
mia, avoid volume depletion and physical inactivity, and 
maintain adequate hydration. Moderate hypercalcemia (12 
to 14 mg/dL), especially if acute and symptomatic, requires 
more aggressive therapy. Patients with severe hypercalcemia 
(>14 mg/dL), even without symptoms, should be treated 
intensively.

Volume Repletion and Loop Diuretics

Correction of the ECF volume is the first and most impor-
tant step in the treatment of severe hypercalcemia from any 
causes. It can be achieved with a normal isotonic saline infu-
sion at 200 to 500 mL/hour, adjusted to obtain a urine 
output of 150 to 200 ml/hour and with appropriate hemo-
dynamic monitoring.15,137,138 Volume repletion can lower the 
calcium concentration by approximately 1 to 3 mg/dL by 
increasing GFR and decreasing sodium and calcium reab-
sorption in the proximal and distal tubules.

Once volume expansion is achieved, loop diuretics can 
be given concurrently with saline to increase the calciuresis 
by blocking the Na-K-2Cl cotransporter in the TAL.137 
Usually, furosemide is given at a dose of 40 to 80 mg every 
6 hours and this, together with saline therapy, may decrease 
the serum calcium concentration by 2 to 4 mg/dL. Urinary 
losses of fluid, potassium, and magnesium should be 
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Table 19.3  Pharmacologic Therapy for Hypercalcemia*

Intervention Dose Adverse Effect

Hydration or Calciuresis

Intravenous saline 200-500 mL/hr, depending on patient’s 
cardiovascular and renal status

Congestive heart failure

Furosemide 20-40 mg IV (after rehydration has been achieved) Dehydration, hypokalemia, hypomagnesemia

First-Line Medications

IV bisphosphonates†

 Pamidronate 60-90 mg IV over 2 hr in 50-200 mL saline solution 
or 5% dextrose in water§

Renal failure, transient flulike syndrome with aches, 
chills, and fever

 Zoledronate 4 mg IV over 15 min in 50 mL of saline solution or 
5% dextrose in water

Renal failure, transient flulike syndrome with aches, 
chills, and fever

Second-Line Medications

Glucocorticoids‡ Example: prednisone, 60 mg orally daily, for 10 
days

Potential interference with chemotherapy; hypokalemia, 
hyperglycemia, hypertension, Cushing’s syndrome, 
immunosuppression

Mithramycin Single dose of 25 µg/kg of body weight over 
4-6 hr in saline

Thrombocytopenia, platelet aggregation defect, anemia, 
leukopenia, hepatitis, renal failure∥

Calcitonin 4-8 IU/kg subcutaneously or intramuscularly every 
12 hr

Flushing, nausea, escape phenomenon

Gallium nitrate 100-200 mg/m2 of body surface area IV given 
continuously over 24 hr for 5 days

Renal failure

Denosumab¶ 120 mg on days 1, 8, 15, and 29 and every 4 wk Hypocalcemia, hypophosphatemia, osteonecrosis of the 
jaw, atypical femoral fractures

*Many recommendations in this table are based on historical precedent and common practice rather than on randomized clinical trials. There 
are data from randomized trials comparing bisphosphonates to the other agents listed and to one another.

†Pamidronate and zoledronate are approved by the FDA. Ibandronate and clodronate are available in continental Europe, United Kingdom, 
and elsewhere. Bisphosphonates should be used with caution, if at all, when the serum creatinine level exceeds 2.5 to 3.0 mg/dL (221.0 
to 265.2 µmol/L).

‡Pamidronate is generally used at a dose of 90 mg, but the 60-mg dose may be used to treat patients of small stature or those with renal 
impairment or mild hypercalcemia.

§These drugs have a slow onset of action, as compared with bisphosphonates; approximately 4 to 10 days are required for a response.
∥These effects have been reported in association with higher dose regimens used to treat testicular cancer (50 µg/kg body weight/day over 

a period of 5 days) and in patients receiving multiple doses of 25 µg/kg; they are not expected to occur with a single dose of 25 µg/kg 
unless preexisting liver, kidney, or hematologic disease is present.

¶Approved by the FDA for the prevention of skeletal-related events in patients with bone metastasis from solid tumor; used in an open label 
fashion as a rescue therapy if bisphosphonates are not effective.

Modified with permission from Stewart AF: Clinical practice. Hypercalcemia associated with cancer. N Engl J Med 352:373-379, 2005.

evaluated at intervals of 2 to 4 hours and quantitatively 
replaced to prevent dehydration, hypokalemia, and hypo-
magnesemia. Usually, 20 to 40 mEq of KCl and 15 to 30 mg 
of magnesium ion/L of saline infusate are adequate to 
replenish the urinary losses of these electrolytes. Care must 
be taken to monitor the patient’s volume status closely 
during the administration of large amounts of saline and 
diuretic, particularly in hospitalized patients with cardiac or 
pulmonary disease. It must be noted that the use of loop 
diuretics for hypercalcemia is not supported by any random-
ized controlled studies and has been criticized for this 
reason.138 However, in our opinion, loop diuretics still 
remain an important tool in the management of hypercal-
cemia, especially for patients at risk of volume overload.

Inhibition of Bone Resorption

The increase in bone resorption, as the most common 
pathology leading to hypercalcemia, must be addressed  
concurrently with volume expansion and hydration. 

Bisphosphonates are currently the agents of choice in the 
treatment of mild to severe hypercalcemia, especially that 
associated with cancer and vitamin D toxicity.96 They are 
pyrophosphate analogues with a high affinity for hydroxy-
apatite and inhibit osteoclast function in areas of high bone 
turnover.15 The U.S. Food and Drug Administration (FDA) 
has approved two bisphosphonates for the treatment of 
hypercalcemia, zoledronate (4 mg intravenous [IV] over 15 
minutes or longer) and pamidronate (60 to 90 mg IV over 
2 to 24 hours). The clinical response takes 48 to 96 hours 
and is sustained for up to 3 weeks. Doses can be repeated 
no sooner than every 7 days. Both agents are effective in 
lowering calcium levels. Zoledronate was slightly more effi-
cacious than pamidronate in a randomized clinical trial.139 
In Europe, other bisphosphonates, such as clodronate and 
ibandronate, have also been approved.

Fever is observed in about 20% of patients taking bisphos-
phonates; rare side effects include acute renal failure, col-
lapsing glomerulopathy, and osteonecrosis of the jaw. 
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Estimation of the ionized calcium concentration based on 
the total serum calcium corrected for albumin is encum-
bered with errors, as discussed in the introduction. Thus, 
ionized calcium should be directly measured before a major 
workup for the causes of hypocalcemia is undertaken.

Hypocalcemia is highly prevalent in hospitalized patients 
(10% to 18%) and is particularly common in the intensive 
care unit (70% to 80%).149,150

SIGNS AND SYMPTOMS
Acute hypocalcemia can result in severe clinical symptoms 
that need rapid correction, whereas chronic hypocalcemia 
may be an asymptomatic laboratory finding. The clinical 
features of hypocalcemia are summarized in Table 19.4. 
Their presentation reflects the absolute calcium concentra-
tion and the rapidity of its fall. The threshold for overt 
symptoms depends also on serum pH and the severity of any 
concurrent hypomagnesemia, hyponatremia, or hypokale-
mia. The classic symptoms of hypocalcemia include neuro-
muscular excitability in the form of numbness, circumoral 
tingling, feeling of pins and needles in the feet and hands, 
muscle cramps, carpopedal spasms, laryngeal stridor, and 
frank tetany. Tapping over the facial nerve anterior to the 
ear can induce facial muscle spasm (Chvostek’s sign). 
However, Chvostek’s sign may occur in 10% of normal 
people, and it was negative in 29% of patients with mild 
hypocalcemia. Trousseau’s sign of main d’accoucheur, elicited 
by inflation of a sphygmomanometer cuff placed on the 
upper arm to 10 mm Hg above systolic blood pressure for 
3 minutes, has greater than 90% sensitivity and specificity.151 
Patients with hypocalcemia may experience emotional dis-
turbances, irritability, impairment of memory, confusion, 
delusion, hallucination, paranoia, and depression. Epileptic 

Ibandronate seems to have minimal to no renal toxicity. The 
dose of bisphosphonates should be adjusted in patients with 
preexisting kidney disease.140 The renal component of 
hypercalcemia, which includes increased distal tubular 
calcium reabsorption driven by PTH-PTHrP, does not 
respond to bisphosphonates.

Calcitonin is also an effective inhibitor of osteoclast bone 
resorption. It has a rapid onset (within 12 hours), its effect 
is transient, and it has minimal toxicity.141-145 Calcitonin is 
usually given as 4 to 8 U/kg subcutaneously every 6 to 12 
hours.141,142 Its role is mainly in the initial treatment of severe 
hypercalcemia while waiting for the more sustained effect 
of bisphosphonates.

Gallium nitrate inhibits bone resorption by increasing the 
solubility of hydroxyapatite crystals. The usual dose is 
200 mg/m2 IV over 24 hours, with adequate hydration for 
5 consecutive days; the hypocalcemic effect is not generally 
observed until the end of this period. Gallium nitrate is 
effective, but can be nephrotoxic.143,144

Denosumab, a fully humanized monoclonal antibody that 
binds to RANKL and inhibits osteoclasts. Denosumab inhib-
its the maturation of preosteoclasts to osteoclasts by binding 
to and inhibiting RANKL. In 2010, denosumab was approved 
by the FDA for use in postmenopausal women at risk for 
osteoporosis.145 It was also approved for the prevention of 
skeleton-related events in patients with bone metastasis 
from a solid tumor. It has also been used for the treatment 
of hypercalcemia of malignancy not corrected by bisphos-
phonates in an open label study.145,146

Plicamycin (Mithramycin), 25 µg/kg IV, every 5 to 7 days, 
may be used in patients with severe renal failure.  
Other therapies for hypercalcemia, such as chelation  
with ethylenediaminetetraacetic acid (EDTA) and IV phos-
phate, have adverse side effect profiles and are no longer 
recommended.

Glucocorticoids are useful therapy for hypercalcemia in 
a specific subset of causes. They are most effective in hema-
tologic malignancies (e.g., multiple myeloma, Hodgkin’s 
disease) and disorders of vitamin D metabolism (e.g., granu-
lomatous disease, vitamin D toxicity).128,133

In severely hypercalcemic patients who are comatose with 
changes in the ECG, in severe renal failure, or who cannot 
receive aggressive hydration, hemodialysis with a low- or 
no-calcium dialysate is an effective treatment.147 Continuous 
renal replacement therapy can also be used to treat severe 
hypercalcemia.148 The effect of dialysis is transitory and 
needs to be followed by other measures.

As discussed above, cinacalcet, an allosteric activator of 
CaSR, is approved for patients with inoperable parathyroid 
cancer to control hypercalcemia. The off-label use of cina-
calcet has been reported in patients with PHPT who have 
mild disease, failed parathyroid surgery, or contraindica-
tions to surgery.32,37,39,40 Other hypercalcemic disorders, such 
as FHH72 and lithium-induced HPT, have also been treated 
with cinacalcet.104,107

HYPOCALCEMIA

Hypocalcemia is usually defined as a total serum calcium 
concentration, corrected for protein, of less than 8.4 mg/dL 
and/or an ionized calcium level less 1.16 mmol/L, although 
these values may vary slightly, depending on the laboratory. 

Table 19.4  Clinical Features of Hypocalcemia

Neuromuscular Irritability

General fatigability and muscle weakness
Paresthesias, numbness
Circumoral and peripheral extremity tingling
Muscle twitching and cramping
Tetany, carpopedal spasms
Chvostek’s sign, Trousseau’s sign
Laryngeal and bronchial spasms

Altered Central Nervous System Function

Emotional disturbances—irritability, depression
Altered mental status, coma
Tonic-clonic seizures
Papilledema, pseudotumor cerebri
Cerebral calcifications

Cardiovascular

Lengthening of the QTc interval
Dysrhythmias
Hypotension
Congestive heart failure

Dermatologic and Ocular

Dry skin, coarse hair, brittle nails
Cataracts

http://www.myuptodate.com


 CHAPTER 19 — DISORDERS OF CALCIUM, MAgNESIUM, AND PHOSPHATE BALANCE 613

seizures, often Jacksonian, may occur but are usually not 
associated with aura, loss of consciousness, and inconti-
nence. Patients with chronic hypocalcemia, including those 
with idiopathic and postsurgical hypoparathyroidism and 
those with pseudohypoparathyroidism, may have papill-
edema, elevated cerebrospinal fluid pressure, and neuro-
logic signs simulating those of a cerebral tumor.

Bilateral cataracts affecting the anterior and posterior 
subcapsular areas of the cortical portions of the lens may 
develop after 1 year of hypocalcemia. The cataracts do not 
resolve after correction of the hypocalcemia. In patients 
with idiopathic hypoparathyroidism, the skin could be dry 
and scaly, eczema and psoriasis may worsen, and candidiasis 
can occur. The eyelashes and eyebrows may be scanty, and 
axillary and pubic hair may be absent. Because some forms 
of this disease have an autoimmune cause, manifestations 
of other autoimmune diseases, such as adrenal, thyroid, and 
gonadal insufficiency, diabetes mellitus, pernicious anemia, 
vitiligo, and alopecia areata may be present and should be 
sought.

Long-lasting hypocalcemia in children and adults can 
cause congestive heart failure caused by cardiomyopathy, 
which is reversible with correction of the calcium.152-154 Pro-
longation of the QTc interval on the ECG is a well-known 
effect of hypocalcemia on heart conduction.

Hypoparathyroidism in children often causes teeth  
abnormalities, such as defective enamel and root forma-
tion, dental hypoplasia, or failure of adult teeth to erupt. 
Severe skeletal mineralization may occur in the fetus of 
untreated pregnant women with hypoparathyroidism and 
hypocalcemia.

LABORATORY FINDINGS
It is important to establish the diagnosis of hypocalcemia, 
based not only on the measurement of total calcium with 
proper adjustment to albumin and pH levels, but with evi-
dence that ionized calcium is low. The alterations in serum 
PTH and serum and urinary electrolyte levels in various 
hypocalcemic states depend on the mechanisms responsible 
for the hypocalcemia (see Figure 19.2), and knowledge of 
these changes aids in the differential diagnosis of these 
disorders.

X-ray examination of the skull or computed axial tomog-
raphy scanning of the brain may reveal intracranial calcifica-
tions, especially of the basal ganglia.155 These have been 
noted in up to 20% of hypocalcemic patients with idiopathic 
hypoparathyroidism but are less common in postsurgical 
hypoparathyroidism unless the disease is long-standing. 
Such calcifications are also encountered in patients with 
pseudohypoparathyroidism. Bone disease may be observed, 
but its findings differ in the various causes of hypocalcemia 
(see later).

DIAGNOSIS
The most common causes of hypocalcemia in the non-
acute setting are hypoparathyroidism, hypomagnesemia, 
renal failure, and vitamin D deficiencies (Table 19.5).  
These entities should be considered early in the diagnosis 
of hypocalcemic individuals. It is conceptually and clini-
cally useful to subclassify hypocalcemic individuals  
into those with elevated PTH levels and those with subnor-
mal or inappropriately normal PTH concentrations, as in  

Table 19.5  Causes of Hypocalcemia

Inherited and genetic syndromes with hypoparathyroidism
PTH gene mutations, isolated congenital 

hypoparathyroidism
Autosomal dominant hypoparathyroidism with activating 

mutation of the CaSR (OMIM #146200)
DiGeorge syndrome (OMIM #188400)
Other forms of familial hypoparathyroidism

Inherited and genetic syndromes with resistance to PTH action
Pseudohypoparathyroidism, types 1a, 1b, and 2
Hypomagnesemic syndromes

Acquired hypoparathyroidism, inadequate PTH production
Damage or destruction of the parathyroid glands

Postsurgical
Autoimmune—isolated or with multiple endocrine 

dysfunction
Acquired antibodies against CaSR
Polyglandular failure syndrome type I (OMIM #240300 

and #607358)
Irradiation
Metastatic and infiltrative diseases
Deposition of heavy metals—iron overload, copper 

overload
Reversible impairment of PTH secretion

Severe hypomagnesemia
Hypermagnesemia

Inadequate vitamin D production
Vitamin D deficiency—nutritional, lack of sunlight exposure
Malabsorption
End-stage liver disease and cirrhosis
Chronic kidney disease

Vitamin D resistance
Pseudovitamin D deficiency rickets (vitamin D–dependent 

rickets type 1)
Vitamin D–resistant rickets (vitamin D–dependent rickets 

type 2)
Miscellaneous causes

Hyperphosphatemia
Phosphate retention caused by acute or chronic renal failure
Excess phosphate absorption caused by enemas, oral 

supplements
Massive phosphate release caused by tumor lysis or crush 

injury
Drugs

Foscarnet
Bisphosphonate therapy (especially in patients with vitamin 

D deficiency)
Denosumab

Rapid transfusion of large volumes of citrate-containing blood
Acute critical illness (multiple contributing causes)
Hungry bone syndrome, recalcification tetany

Postthyroidectomy for Graves’ disease
Postparathyroidectomy

Osteoblastic metastases
Acute pancreatitis
Rhabdomyolysis
Substances interfering with the laboratory assay for total 

calcium
Gadolinium salts in contrast agents given during MRI, MRA

CaSR, Calcium-sensing receptor; OMIM, Online Mendelian 
Inheritance in Man; MRI, magnetic resonance imaging; MRA, 
magnetic resonance angiography; PTH, parathyroid hormone.
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production, but elevated in pseudohypoparathyroidism 
(PHP) due to a secondary or adaptive increase in PTH 
secretion. The fractional calcium excretion is elevated in HP 
and low in PHP. Insufficient 1,25(OH)2D is generated for 
efficient intestinal calcium absorption because of decreased 
activity of 1α-hydroxylase in the proximal tubules. Skeletal 
response in both categories is appropriate to the levels of 
circulating PTH, with low bone turnover in HP and exces-
sive bone remodeling in PHP.156,157 Hypoparathyroidism is a 
rare disorder. One study from Japan found the prevalence 
to be 7.2/million people.158

Genetic Causes of Hypoparathyroidism. At least four differ-
ent mutations affecting the PTH gene(s) involved in para-
thyroid development have been identified as a cause of 
familial isolated HP (Table 19.6). All these conditions 
present during the neonatal period with severe hypocalce-
mia without any other organ involvement and respond well 
to therapy with vitamin D analogues.

Heterozygous gain-of-function mutations in the CaSR can 
activate CaSR or cause CaSR to be hyperresponsive to extra-
cellular calcium.159 The phenotype seen is essentially the 
opposite of FHH and has been termed autosomal dominant 

Figure 19.3 Algorithm for evaluation of hypocalcemia. 

HYPOCALCEMIA
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rickets

primary hypoparathyroidism (Figure 19.3). A thorough 
medical history and physical examination are diagnosti-
cally important because hypocalcemia can be caused 
by postsurgical, pharmacologic, inherited, developmental, 
and nutritional problems, in addition to being part of 
complex syndromes.

CAUSES
The causes of hypocalcemia are summarized in Table 19.5. 
They can be broadly classified into one of three categories—
PTH-related (hypoparathyroidism and pseudohypoparathy-
roidism), vitamin D–related (low production, vitamin D 
resistance), and miscellaneous causes.

Parathyroid Hormone–Related Disorders: 
Hypoparathyroidism and 
Pseudohypoparathyroidism

This group of disorders presents with hypocalcemia and 
hyperphosphatemia caused by failure of the parathyroid 
gland to secrete adequate amounts of biologically active 
PTH or resistance to PTH action at the tissue level. Both 
can be inherited or acquired. The levels of PTH are low or 
absent in hypoparathyroidism (HP) due to lack of PTH 
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but may be caused by a defect in the intracellular response 
to cAMP or some other component of the PTH signaling 
pathway. It does not appear to follow a clear familial pattern.

Hypomagnesemic Syndromes

Impaired PTH secretion and inadequate PTH response to 
hypocalcemia are typically observed in hypomagnesemic 
patients. This is corrected by magnesium replacement. Con-
genital defects leading to hypomagnesemia and hypocalce-
mia are discussed later (see “Magnesium Disorders”) and in 
Chapters 43 and 75.

Acquired Hypoparathyroidism and Inadequate 
Parathyroid Hormone Production

Postsurgical Causes. The most common cause of acquired 
hypoparathyroidism in adults is surgical removal of or 
damage to the parathyroid glands. Transient hypocalcemia 
after thyroid surgery was observed in 2% to 23% of cases, 
whereas permanent hypocalcemia occurred in approxi-
mately 1% to 2%.163,174-176 Hypocalcemia was more likely to 
occur after total thyroidectomy for cancer, Graves’ disease, 
radical neck dissection for other cancers, and repeated 
operations for parathyroid adenoma removal. Hypoparathy-
roidism may result from inadvertent removal of the parathy-
roids, damage from bleeding, or devascularization. Removal 
of a single hyperfunctioning parathyroid adenoma can 
result in transient hypocalcemia because of hypercalcemia-
induced suppression of PTH secretion from the normal 
glands. Surgical experience and use of appropriate surgical 
technique may reduce the frequency of hypothyroidism.176

The so-called hungry bone or recalcification syndrome 
represents an important cause of prolonged hypocalcemia 
after parathyroidectomy or thyroidectomy for any form of 
HPT or hyperthyroidism, respectively.177 Postoperative with-
drawal of PTH decreases osteoclastic bone resorption 
without affecting osteoblastic activity and leads to increased 
bone uptake of calcium, phosphate, and magnesium. Risk 
factors for the development of the so-called hungry bone 
syndrome include large parathyroid adenomas, age older 
than 60 years, and high preoperative levels of serum PTH, 
calcium, and alkaline phosphatase. There are reports that 
bisphosphonate therapy for Paget’s disease and cinacalcet 
use for secondary HPT can also cause hungry bone 
syndrome.178,179

Acquired HP from nonsurgical causes is rare, with the 
exception of autoimmune disorders and magnesium defi-
ciency. Although metal overload diseases (e.g., hemochro-
matosis, Wilson’s disease),180,181 granulomatous diseases, 
miliary tuberculosis, amyloidosis, or neoplastic infiltrate are 
often mentioned as causes of hypoparathyroidism, these 
entities are rare. Alcohol consumption has been reported 
to cause transient hypocalcemia.182

Magnesium Disorders. Both magnesium excess and defi-
ciency can produce generally mild hypocalcemia and revers-
ible HP. Acute infusion of magnesium or hypermagnesemia 
inhibits PTH secretion.183 Magnesium is an extracellular 
CaSR agonist, although less potent than calcium. Hypermag-
nesemia, when severe enough, as observed in patients with 
chronic renal failure or who have received acute high doses 
of IV magnesium sulfate (used in obstetrics), can activate 
the CaSR and inhibit PTH secretion.184

hypoparathyroidism or familiar hypocalcemia with hypercalciuria. 
Patients present with mild hypocalcemia, hypomagnesemia 
and hypercalciuria, with low or inappropriately normal PTH 
levels. The set point for PTH secretion is shifted to the left. 
Treatment with calcium supplements and vitamin D is war-
ranted only for patients with severe symptomatic hypocalce-
mia. The goal should be to increase the calcium level to 
render the patient asymptomatic, not necessarily to a  
normocalcemic level. Renal calcium excretion requires 
monitoring because these patients may develop frank hyper-
calciuria and nephrocalcinosis.160,161 Thiazide diuretics or 
injectable PTH can be used to decrease calciuria at any 
given level of serum calcium.162,163

A number of rare congenital syndromes with multiple 
developmental abnormalities can also be associated  
with familial hypoparathyroidism, including DiGeorge syn-
drome, hypoparathyroid, deafness, and renal anomalies 
(HDR), autoimmune polyendocrinopathy—candidiasis—
ectodermal dystrophy (APECED), and mitochondrial disor-
ders (see Table 19.6).

Genetic Syndromes with Resistance to Parathyroid Hormone 
Action. Individuals with PHP are hypocalcemic and hyper-
phosphatemic but have elevated PTH levels. This condition, 
reported in 1942 by Albright, was the first described example 
of a hormone resistance disease.164 The patients exhibited a 
pattern of features of Albright’s hereditary osteodystrophy 
(AHO) that included short stature, round face, mental 
retardation, brachydactyly, and the lack of a phosphaturic 
response to parathyroid extract. PHP is now recognized as 
a heterogeneous group of related disorders.165,166 It may be 
inherited or sporadic.

PHP is subdivided into two types dependent on the renal 
tubular response to infused exogenous PTH. PHP type 1 
(PHP-1) refers to complete resistance to the effects of  
PTH, as demonstrated by the failure of patients to increase 
serum calcium, urinary cAMP, and phosphate levels  
in response to PTH infusion.167,168 PHP-1 is subdivided 
into PHP type 1a (PHP-1a), with AHO, and PHP type1b 
(PHP-1b), without AHO. The presence of AHO without 
hypocalcemia and endocrine dysfunction is termed pseudo-
pseudohypoparathyroidism (PPHP).

PHP-1a and PPHP result from loss-of-function mutations 
of the GNAS1 gene, which encodes the stimulatory G 
protein α-subunit (Gαs) that couples the type 1 PTH/PTHrP 
receptor (PTH1R) to the adenylyl cyclase pathway.169 
Patients with the GNAS1 gene mutation also have resistance 
to thyroid-stimulating hormone (TSH), gonadotropins, glu-
cagons, calcitonin, and gonadotropin-releasing hormone 
(GnRH) because the same Gαs pathway is used by these 
hormones. Promoter-specific genomic imprinting of GNAS1 
has been established and provides the probable explanation 
for the complex phenotypic expression of the dominantly 
inherited genetic defect. Maternal transmission of the muta-
tion causes PHP-1a; paternal transmission leads to PPHP.170

PHP-1b appears to be caused by mutations that affect the 
regulatory elements of GNAS1, mainly in the proximal 
tubules.171,172 Patients with PHP-1c exhibit the features of 
PHP-1, but without defective Gαs activity.

PHP-2 is a heterogeneous group of disorders character-
ized by a reduced phosphaturic response to PTH but a 
normal increase in urinary cAMP.173 The cause is unclear 
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mineralization of growing bone) and osteomalacia in adults 
(a disorder of mineralization of formed bone). The combi-
nation of calcium deficiency and vitamin D deficiency  
accelerates skeletal abnormalities and the development  
of hypocalcemia. The diagnosis of vitamin D deficiency is 
confirmed by measurement of serum 25(OH)D levels. 
Hypocalcemia is usually observed only in severe vitamin D 
deficiency—25(OH)D levels less than 10 ng/mL—and 
when skeletal stores of calcium are depleted; otherwise, the 
compensatory rise of PTH would be able to mobilize calcium 
from bone.190,191,199,200 The 24-hour urinary calcium excre-
tion is low to very low. Hypophosphatemia and increased 
alkaline phosphatase and normal FGF-23 levels are typically 
seen with vitamin D deficiency.190

Vitamin D Resistance. The observation that some forms of 
rickets cannot be cured by regular doses of vitamin D led to 
the discovery of rare inherited abnormalities in vitamin D 
metabolism or the vitamin D receptor. Vitamin D–dependent 
rickets type 1 (VDDR-1; Online Mendelian Inheritance in 
Man [OMIM database] #264700) is characterized by autoso-
mal recessive, childhood-onset rickets, hypocalcemia, second-
ary HPT, and aminoaciduria. The biochemical abnormality is 
defective 1α-hydroxylation of 25(OH)D, caused by mutations 
in the gene for the 25(OH)D–1α-hydroxylase.201 Therapy 
with calcitriol or 1α(OH)D (alfacalcidol) restores serum 
1,25(OH)2D and must be continued for life.

VDDR-2 (also called hereditary vitamin D–resistant 
rickets) is an autosomal recessive disorder (OMIM #277440). 
Affected patients have extreme elevations in 1,25(OH)2D 
levels in addition to alopecia and the abnormalities seen in 
VDDR-1.202 Biochemically, the disorder results from end-
organ resistance to 1,25(OH)2D. A number of different 
mutations have been found in the vitamin D receptor gene 
of affected individuals.203 High-dose calcium intake and 
calcium infusion may be the only way to treat hypocalcemia 
and rickets in these children.

Miscellaneous Causes

Medications. Medication-induced hypocalcemia is a rela-
tively common cause of hypocalcemia, particularly in hospi-
talized patients.204,205 Some of the gadolinium-based contrast 
agents (e.g., gadodiamide, gadoversetamide) used in mag-
netic resonance imaging (MRI) studies cause pseudohypo-
calcemia by interference with colorimetric assays for calcium. 
Calcium readings can be as low as 6 mg/dL, but with no 
symptoms or signs of hypocalcemia.204,205 Propofol and IV 
contrast agents may also complex calcium.

Drug-induced hypomagnesemia (e.g., cisplatin, amino-
glycoside, amphotericin, diuretics) and hypermagnesemia 
(e.g., magnesium sulfate infusion, magnesium-containing 
antacids) can cause hypocalcemia. Inhibitors of bone 
resorption (e.g., bisphosphonates, denosumab, calcimimet-
ics, mithramycin, calcitonin) may depress serum calcium to 
subnormal levels.204 Proton pump inhibitors and histamine-2 
antagonists may reduce calcium absorption, provoke hypo-
calcemia, and/or inhibit bone resorption.206 Regional 
citrate anticoagulation for continuous renal replacement 
therapy (CRRT) and for plasmapheresis can chelate calcium 
and cause hypocalcemia.207,208 Transfusions of citrated blood 
rarely cause significant hypocalcemia, but it may occur in 
the course of massive transfusion.209

Hypomagnesemic patients typically have low or inappro-
priately normal PTH levels for the degree of hypocalcemia 
observed.185 Moderate hypomagnesemia (serum magne-
sium levels = 0.8 to 1 mg/dL) primarily causes PTH resis-
tance at the level of target organ,186 whereas severe 
hypomagnesemia, in addition, decreases PTH secretion.187 
The effect of chronic severe hypomagnesemia is not from 
an extracellular effect on CaSR but from intracellular mag-
nesium depletion, which leads to Gαs activation, enhanced 
CaSR signaling and, hence, blunted PTH secretion.187 The 
appropriate therapy is magnesium repletion; in the absence 
of adequate magnesium repletion, the hypocalcemia is resis-
tant to PTH and vitamin D therapy.

Autoimmune Disease. Autoimmune HP can present as an 
isolated finding or as part of the polyendocrinopathy type 
1 syndrome (APS1). APS1 can be sporadic or familial (also 
referred to as APECED; see Table 19.6).188 Autoantibodies 
against parathyroid tissue have been reported in a signifi-
cant percentage of cases of hypoparathyroidism, but the 
causative role of these antibodies is unclear. The CaSR has 
been identified as a possible autoantigen in some cases of 
autoimmune HP (isolated or polyglandular).189

Vitamin D–Related Disorders

Low Vitamin D Production. Inherited and acquired disor-
ders of vitamin D and its metabolites can be associated with 
hypocalcemia.190 Vitamin D is a fat-soluble vitamin that 
is produced in the skin under UVB radiation from 
7-dehydrocholesterol or absorbed in the gastrointestinal 
tract from external sources. Vitamin D is present naturally 
in a few foods, is artificially added to others, and is available 
as a food supplement or drug.191

Despite routine dietary supplementation in milk and 
other foods, vitamin D deficiency is common in certain 
populations,190,191 such as breast-feeding infants, older 
adults, people with dark skin and limited sun exposure, 
people with fat malabsorption,191 and patients after gastric 
bypass surgery.192 A study of hospitalized patients found a 
high prevalence of vitamin D deficiency, even in younger 
patients without risk factors who were consuming the rec-
ommended daily allowance of vitamin D3.193 Fat malabsorp-
tion syndromes, common in liver diseases, sprue, and 
Whipple’s and Crohn’s diseases may result in malabsorption 
of vitamin D.194,195 Liver diseases may impair the hydroxyl-
ation of vitamin D to 25(OH)D (calcidiol), and drugs such 
as phenytoin and barbiturates stimulate the conversion of 
25(OH)D to inactive metabolites.196 Therapy of hepatic 
osteodystrophy with vitamin D and calcium is not fully 
effective.197

Deficiency of 1α-hydroxylase, as observed in advanced 
CKD, leads to deficiency of 1,25(OH)2D (calcitriol), the 
most important biologic form for maintaining calcium and 
phosphorus homeostasis. Vitamin D deficiency with hypo-
calcemia is commonly seen in patients with renal insuffi-
ciency (see Chapter 55). Patients with nephrotic syndrome 
may also have decreased 25(OH)D levels as a result of 
urinary loss, leading to hypocalcemia and secondary HPT.198

The serum level of 25(OH)D is the best indicator  
of vitamin D status. Levels of 1,25(OH)2D do not decrease 
until vitamin D deficiency is severe. Prolonged vitamin  
D deficiency causes rickets in children (a disorder of  

http://www.myuptodate.com


618 SECTION II — DISORDERS OF BODY FLUID VOLUME AND COMPOSITION

infusion at a rate of 0.3 to 1.0 mg elemental Ca/kg/hr.186 
The dose can be adjusted to maintain the serum calcium 
level at the lower end of normal values.

Moderate asymptomatic hypocalcemia (ionized Ca2+ > 
0.8 mmol/L) can be treated by repeated doses of 1 to 2 g 
calcium gluconate IV every 4 hours, without continuous 
infusion. Ionized Ca should be measured every 4 to 6 hours 
initially.

The infusion solution should not contain phosphates or 
bicarbonates. IV infusion may be needed until the patient 
is stabilized and oral calcium and calcitriol therapy begin to 
take effect. Correction of hypomagnesemia and hyperphos-
phatemia should also be undertaken, when present. Dialysis 
may be appropriate if hyperphosphatemia is also present.

Treatment of chronic hypocalcemia depends on the 
underlying cause. For example, underlying hypomagnese-
mia or vitamin D deficiency should be corrected. The prin-
cipal therapy for primary parathyroid dysfunction or PTH 
resistance is dietary calcium supplementation and vitamin 
D therapy. Oral calcium supplementation, beginning with 
500 to 1000 mg of elemental calcium daily and increasing 
up to a maximum of 2000 mg daily, is a good strategy. Cor-
rection of serum calcium to the low-normal range is gener-
ally advised; correction to normal levels may lead to frank 
hypercalciuria. Several preparations of vitamin D are avail-
able for the treatment of hypocalcemia. The role of vitamin 
D therapy in CKDs is discussed separately.

Replacement therapy using synthetic human parathyroid 
hormone, PTH (1-34) (teriparatide in a dosage of 20 mcg 
SQ once daily) has been FDA-approved for treatment of 
osteoporosis. Teriparatide has also been used as hormone 
replacement in patients with hypoparathyroidism in a dose 
of 20 µg subcutaneously, twice daily.216 More recently, PTH 
(1-84) (100 µg every other day) was studied in 30 hypopara-
thyroid patients for 24 months.217 Improvement or normal-
ization of the serum calcium level was observed with both 
hormonal preparations.

DISORDERS OF MAGNESIUM 
HOMEOSTASIS

HYPOMAGNESEMIA AND  
MAGNESIUM DEFICIENCY

The terms hypomagnesemia and magnesium deficiency tend to 
be used interchangeably. However, extracellular fluid mag-
nesium accounts for only 1% of total body magnesium, so 
serum magnesium concentrations have been found to cor-
relate poorly with overall magnesium status. In patients with 
magnesium deficiency, serum magnesium concentrations 
may be normal or may seriously underestimate the severity 
of the magnesium deficit.218 Approximately 50% to 60% of 
magnesium is in the skeleton and most of the remaining 
40% to 50% is intracellular. No satisfactory clinical test to 
assay body magnesium stores is available.219

The magnesium tolerance test has been proposed to be 
the best test of overall magnesium status.219 It is based 
on the observation that magnesium-deficient patients tend 
to retain a greater proportion of a parenterally adminis-
tered magnesium load and excrete less in the urine than 
normal individuals.220 Clinical studies have indicated that 

Foscarnet (trisodium phosphonoformate), an antiviral 
medication used to treat herpes viruses, is a structural mimic 
of the pyrophosphate anion. Foscarnet can cause hypocal-
cemia through the chelation of extracellular calcium ions, 
so normal total calcium measurements may not reflect 
ionized hypocalcemia.210 Magnesium losses by the kidney 
may exaggerate hypocalcemia. Patients treated with foscar-
net should undergo total calcium and ionized calcium mea-
surements. As noted, anticonvulsants, particularly phenytoin 
and phenobarbital, can induce the hepatic CYP3A4 enzyme, 
which shortens vitamin D half-life and causes vitamin D 
deficiency.205 Fluoride overdose is an exceedingly rare cause 
of hypocalcemia. Oral sodium phosphate–induced hyper-
phosphatemia may cause hypocalcemia, particularly in 
patients with renal failure.204,211 Other drugs associated with 
hypocalcemia include antiinfectious (e.g., pentamidine, 
ketoconazole) and chemotherapeutic agents (e.g., asparagi-
nase, cisplatin, doxorubicin).

Critical Illness. In complicated, critically ill patients, total 
calcium measurements may be poor indicators of the 
ionized calcium concentration because many factors that 
could interfere with or alter calcium and protein binding 
may be present (e.g., albumin infusion, citrate, IV fluids, 
acid-base disturbances, dialysis therapy, propofol infusion). 
Thus, it is particularly important to measure ionized calcium 
in this setting. Hypocalcemia is frequently noted in gram-
negative sepsis and toxic shock syndrome.150,212 This entity 
is multifactorial; the primary cause is unclear, but a direct 
effect of interleukin-1 on parathyroid function may be partly 
responsible.213

Other Causes. Hypocalcemia is common in acute pancre-
atitis and is a poor prognostic indicator. It is probably due 
to calcium chelation by free fatty acids generated by the 
action of pancreatic lipase, although some animal studies 
have challenged this hypothesis.214 Massive tumor lysis, par-
ticularly from rapidly growing hematologic malignancies, 
may cause hyperphosphatemia, hyperuricemia, and hypo-
calcemia.215 The early phase of rhabdomyolysis may include 
severe hyperphosphatemia and associated hypocalcemia, in 
contrast to the recovery phase, when hypercalcemia is 
common. In hemodialysis patients, hypocalcemia is common 
and may result, at least in part, from reduced renal phos-
phate clearance and consequent hyperphosphatemia and 
reduced 1,25(OH)2D production (see Chapter 55).

MANAGEMENT OF HYPOCALCEMIA
The optimal management of hypocalcemia has not been 
examined in clinical trials, but accepted practices exist. The 
treatment depends on speed of onset and the severity of 
clinical and laboratory features. Oral calcium supplementa-
tion may be sufficient treatment for mild hypocalcemia. 
Patients with acute, severe symptomatic hypocalcemia  
(Ca level < 7 to 7.5 mg/dL; ionized Ca2+ < 0.8 mmol/L), 
such as after parathyroidectomy, with evidence of neuro-
muscular effects or tetany, should be treated promptly with 
IV calcium. The preferred calcium salt is calcium gluconate 
(10 mL of 10% calcium gluconate contains 93 mg of ele-
mental calcium). Initially, 1 to 2 g (93 to 186 mg of elemen-
tal Ca) of IV calcium gluconate in 50 mL of 5% dextrose is 
given over a period of 10 to 20 minutes, followed by slow 
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proportion that is fairly constant among the general popula-
tion.219 However, in critically ill patients, there is a poor cor-
relation between total and ionized serum magnesium levels.223

CAUSES
Magnesium deficiency may be caused by decreased intake 
or intestinal absorption, increased losses via the gastrointes-
tinal tract, kidneys, or skin, or, rarely, sequestration in the 
bone compartment (Figure 19.4). It is often helpful to dis-
tinguish between renal magnesium wasting and extrarenal 
causes of magnesium deficiency by assessing urinary magne-
sium excretion. In the setting of magnesium deficiency, a 
urine magnesium excretion rate greater than 24 mg/day  
is abnormal and usually suggestive of renal magnesium 
wasting.224 If a 24-hour urine collection is unavailable, the 
fractional excretion of magnesium (FEMg) can be calcu-
lated from a random urine specimen as follows:

F Mg
urine Mg concentration plasma Cr

plasma total Mg concen
E = ×

×( .0 7 ttration
urine Cr concentration

)
×

where Cr is creatinine. Note that a correction factor of 0.7 
is applied to the plasma total magnesium concentration to 
estimate the free magnesium concentration. In general, a 

the results of a magnesium tolerance test correlate well with 
magnesium status, as assessed by skeletal muscle magnesium 
content and exchangeable magnesium pools. However, the 
test is invalid in patients who have impaired renal function 
or a renal magnesium-wasting syndrome or in patients 
taking diuretics or other medications that induce renal mag-
nesium wasting. Thus, and also because of the time and 
effort required to perform the magnesium tolerance test, it 
is used primarily as a research tool.

The serum magnesium concentration, although an insen-
sitive measure of magnesium deficit, remains the only prac-
tical test of magnesium status in widespread use. Surveys of 
serum magnesium levels in hospitalized patients have indi-
cated a high incidence of hypomagnesemia (presumably an 
underestimate of the true incidence of magnesium defi-
ciency), ranging from 11% in general inpatients221 to 60% 
in patients admitted to intensive care units (ICUs).222,223 
Furthermore, in ICU patients, hypomagnesemia was associ-
ated with increased mortality when compared with normo-
magnesemic patients.222

The functionally important value is believed to be the 
ionized Mg2+ concentration, which is less than total serum 
magnesium due to protein binding. Measurements with ion-
selective electrodes have found ionized Mg2+ concentrations 
that are approximately 70% of the total serum magnesium, a 

Figure 19.4 Causes of magnesium deficiency. 

Magnesium deficiency

Increased lossesDecreased intake/absorption
• Alcoholism*
• Malabsorption*
• Parenteral nutrition
• Proton pump inhibitors
• Familial hypomagnesemia with
  secondary hypocalemia

Redistribution
• Hungry bone syndrome

Intestine
• Diarrhea*

Increased flow
• Polyuria*
• Diabetes mellitus*

Proximal tubule
• Volume expansion

Thick ascending limb
• Loop diuretics*
• Hypercalcemia
• Bartter's syndrome
• Familial hypercalciuric
  hypomagnesemia
  with nephrocalcinosis
• Autosomal dominant
  hypoparathyroidism

Distal convoluted tubule
• Thiazide diuretics*
• EGF receptor antagonists*
• Gitelman's syndrome
• Familial hypomagnesemia
  with secondary 
  hypocalcemia
• Isolated familial
  hypomagnesemia

Miscellaneous 
nephrotoxins
• Cisplatin*
• Amphotericin*
• Calcineurin inhibitors*
• Aminoglycosides
• Pentamidine
• Foscarnet

Decreased tubule
reabsorption

Kidney Skin
• Excessive sweating
• Burns

*Common causes. 
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transport channel can also lead to intestinal magnesium 
malabsorption, along with renal magnesium wasting, causing 
hypomagnesemia with secondary hypocalcemia.236

Diarrhea and Gastrointestinal Fistula. The magnesium con-
centration of diarrheal fluid is high and ranges from 1 to 
16 mg/dL,230 so magnesium deficiency may occur in patients 
with chronic diarrhea of any cause, even in the absence of 
concomitant malabsorption,218 and in patients who abuse 
laxatives. By contrast, secretions from the upper gastrointes-
tinal tract are low in magnesium content, and significant 
magnesium deficiency is, therefore, rarely observed in 
patients with an intestinal, biliary, or pancreatic fistula, ileos-
tomy, or prolonged gastric drainage (except as a conse-
quence of malnutrition).230

Cutaneous Losses. Hypomagnesemia may be observed 
after prolonged intense exertion. For example, serum mag-
nesium concentrations fall 20% on average after a mara-
thon run.237 About 25% of the decrease in the serum 
magnesium level can be accounted for by losses in sweat, 
which can contain up to 0.5 mg/dL of magnesium; the 
remainder is most likely due to transient redistribution into 
the intracellular space. Magnesium supplements may be 
indicated in a number of sports, especially if the athlete  
is on a suboptimal magnesium diet.238 Hypomagnesemia 
occurs in 40% of patients with severe burn injuries during 
the early period of recovery. The major cause is loss of mag-
nesium in the cutaneous exudate, which can exceed 1 g/
day.239

Redistribution to Bone Compartment. Hypomagnesemia 
may occasionally accompany the profound hypocalcemia of 
hungry bone syndrome observed in some patients with HPT 
and severe bone disease immediately after parathyroidec-
tomy.240 In such cases, there is high bone turnover, and 
sudden removal of excess PTH is believed to result in virtual 
cessation of bone resorption, with a continued high rate of 
bone formation and consequent sequestration of calcium 
and magnesium into bone mineral.

Diabetes Mellitus. Hypomagnesemia is common in patients 
with diabetes mellitus, and has been reported to occur in 
13.5% to 47.7% of nonhospitalized patients with type 2 
diabetes.241 The cause is thought to be multifactorial; con-
tributing factors include decreased oral intake of magnesium-
rich foods, poor intestinal absorption due to diabetic 
autonomic neuropathy, and increased renal excretion. The 
latter could, in turn, be caused by glomerular hyperfiltra-
tion, osmotic diuresis, or decreased thick ascending limb 
and distal tubule magnesium reabsorption caused by func-
tional insulin deficiency.242,243 In addition, some studies have 
suggested that magnesium deficiency might itself impair 
glucose tolerance, thus partly explaining the association. 
Conversely, genetic variants in the magnesium transport 
channels, TRPM6 and TRPM7, may increase the risk of type 
2 diabetes mellitus in women on a diet with less than 
250 mg/day of magnesium.244

Renal Magnesium Wasting

The diagnosis of renal magnesium wasting is made by dem-
onstrating an inappropriately high rate of renal magnesium 

FEMg of more than 3% to 4% in an individual with normal 
GFR is indicative of inappropriate urinary magnesium 
loss.185 If renal magnesium wasting has been excluded, the 
losses must be extrarenal in origin, and the underlying 
cause can usually be identified from the case history.

Extrarenal Causes

Nutritional Deficiency. Development of magnesium defi-
ciency due to dietary deficiency in normal individuals is 
unusual because almost all foods contain significant amounts 
of magnesium, and renal adaptation to conserve magne-
sium is very efficient. Thus, magnesium deficiency of  
nutritional origin is observed primarily in two clinical 
settings—alcoholism and parenteral feeding.

In chronic alcoholics, the intake of ethanol substitutes for 
the intake of important nutrients.225 Approximately 20% to 
25% of alcoholics are frankly hypomagnesemic, and most 
can be shown to be magnesium-deficient with the magne-
sium tolerance test.220 Alcohol also impairs renal magne-
sium reabsorption.226

Patients receiving parenteral nutrition may also develop 
hypomagnesemia.227 In general, these patients are sicker 
than the average inpatient and are more likely to have other 
conditions associated with a magnesium deficit and ongoing 
magnesium losses. Hypomagnesemia may also be a conse-
quence of the refeeding syndrome.228 In this condition, 
overzealous parenteral feeding of severely malnourished 
patients causes hyperinsulinemia, as well as rapid cellular 
uptake of glucose and water, together with phosphorus, 
potassium, and magnesium.

Intestinal Malabsorption. Generalized malabsorption syn-
dromes caused by conditions such as celiac disease, Whip-
ple’s disease, and inflammatory bowel disease are frequently 
associated with intestinal magnesium wasting and magne-
sium deficiency.229 In fat malabsorption with concomitant 
steatorrhea, free fatty acids in the intestinal lumen may 
combine with magnesium to form nonabsorbable soaps, a 
process termed saponification, thus contributing to impaired 
magnesium absorption. The severity of hypomagnesemia in 
patients with malabsorption syndrome correlates with the 
fecal fat excretion rate and, in rare patients, reduction of 
dietary fat intake alone, which reduces steatorrhea, can 
correct the hypomagnesemia. Previous intestinal resection, 
particularly of the distal part of the small intestine, is also 
an important cause of magnesium malabsorption.230 Magne-
sium deficiency was a common complication of bariatric 
surgery by jejunoileal bypass,231 but fortunately does not 
occur with the modern technique of gastric bypass.232

Proton pump inhibitors (PPIs) have been reported to 
cause hypomagnesemia due to intestinal magnesium malab-
sorption.233 Among patients admitted to an ICU, concurrent 
use of PPIs with diuretics was associated with a significant 
increase of hypomagnesemia (odds ratio [OR], 1.54) and a 
0.03-mg/dL lower serum magnesium concentration com-
pared to patients taking diuretics alone, whereas patients 
taking PPI alone did not have an increased risk of hypomag-
nesemia.234 Interestingly, in a recent case-control study of 
hospitalized patients, hypomagnesemia at the time of hos-
pital admission was not associated with out-of-hospital use 
of PPI.235 However, most of these patients were not taking 
diuretics. A rare mutation of the TRPM6 magnesium 
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thick ascending limb of Henle. In HPT, the situation is more 
complicated because the hypercalcemia-induced tendency 
to Mg wasting is counteracted by the action of PTH to stimu-
late magnesium reabsorption; thus, renal magnesium han-
dling is usually normal and magnesium deficiency is rare.259

Tubule Nephrotoxins. Cisplatin, a widely used chemothera-
peutic agent for solid tumors, frequently causes renal mag-
nesium wasting. Hypomagnesemia is almost universal at a 
monthly dose of 50 mg/m2.260 The occurrence of Mg wasting 
does not appear to correlate with the incidence of cisplatin-
induced acute renal failure.261 Renal magnesuria continues 
after cessation of the drug for a mean of 4 to 5 months, but 
can persist for years.261 Although the nephrotoxic effects 
of cisplatin are manifested histologically as acute tubular 
necrosis confined to the S3 segment of the proximal tubule, 
the magnesuria does not correlate temporally with the clini-
cal development of acute renal failure secondary to acute 
tubular necrosis. Furthermore, patients who become hypo-
magnesemic are also subject to the development of hypo-
calciuria, thus suggesting that the reabsorption defect may 
actually be in the DCT. Mouse studies have also suggested 
that cisplatin may reduce expression of transport proteins 
in the DCT.262 Cisplatin may also impair intestinal magne-
sium absorption.263 Carboplatin, an analogue of cisplatin, is 
considerably less nephrotoxic and only rarely causes acute 
renal failure or hypomagnesemia.264

Amphotericin B is a well-recognized tubule nephrotoxin 
that can cause renal potassium wasting, distal renal tubular 
acidosis, and acute renal failure, with tubule necrosis and 
calcium deposition noted in the DCT and TAL on renal 
biopsy.265 Amphotericin B causes renal magnesium wasting 
and hypomagnesemia related to the cumulative dose admin-
istered, but these effects may be observed after as little as  
a 200-mg total dose.266 Interestingly, the amphotericin-
induced magnesuria is accompanied by the reciprocal 
development of hypocalciuria so, as with cisplatin, the 
serum calcium concentration is usually preserved, again 
suggesting that the functional tubule defect resides in the 
DCT.

Aminoglycosides cause a syndrome of renal magnesium 
and potassium wasting with hypomagnesemia, hypokalemia, 
hypocalcemia, and tetany. Hypomagnesemia may occur 
despite levels in the appropriate therapeutic range.267 Most 
patients reported that they had delayed onset of hypomag-
nesemia occurring after at least 2 weeks of therapy, and 
received total doses in excess of 8 g, thus suggesting that it 
is the cumulative dose of aminoglycoside that is the key 
predictor of toxicity. In addition, no correlation was found 
between the occurrence of aminoglycoside-induced acute 
tubular necrosis and hypomagnesemia. Magnesium wasting 
persists after cessation of the aminoglycoside, often for 
several months. All aminoglycosides in clinical use have 
been implicated, including gentamicin, tobramycin, and 
amikacin, as well as neomycin when administered topically 
for extensive burn injuries. This form of symptomatic 
aminoglycoside-induced renal magnesium wasting is now 
relatively uncommon because of heightened general  
awareness of its toxicity. However, asymptomatic hypomag-
nesemia can be observed in one third of those treated  
with a single course of an aminoglycoside at standard doses 
(3 to 5 mg/kg/day, for a mean of 10 days). In these cases, 

excretion in the face of hypomagnesemia, as described 
above. The causes are summarized in Figure 19.4.

Polyuria. Increased urine output from any cause is often 
accompanied by increased renal losses of magnesium. Renal 
magnesium wasting occurs with osmotic diuresis—for 
example, in hyperglycemic crises in diabetics.245,246 Hyper-
magnesuria also occurs during the polyuric phase of recov-
ery from acute renal failure in a native kidney, during 
recovery from ischemic injury in a transplanted kidney, and 
in postobstructive diuresis. In such cases, it is likely that 
residual tubule reabsorptive defects persisting from the 
primary renal injury play as important a role as polyuria 
itself in inducing renal magnesium wasting.247

Extracellular Fluid Volume Expansion. In the proximal 
tubule, magnesium reabsorption is passive and driven by the 
reabsorption of sodium and water in this segment. Extracel-
lular volume expansion, which decreases proximal sodium 
and water reabsorption, also increases urinary magnesium 
excretion. Thus, chronic therapy with magnesium-free par-
enteral fluids, crystalloid or hyperalimentation,248 can cause 
renal magnesium wasting, as can hyperaldosteronism.249

Diuretics. Loop diuretics inhibit the apical membrane Na-
K-2Cl cotransporter of the TAL and abolish the transepithe-
lial potential difference, thereby inhibiting paracellular 
magnesium reabsorption. Hypomagnesemia is, therefore,  
a frequent finding in patients receiving chronic loop  
diuretic therapy.250 Chronic treatment with thiazide diuret-
ics, which inhibit the NaCl cotransporter (NCC), also causes 
renal magnesium wasting. Thiazide diuretics or knockout of 
NCC in mice causes down-regulation of expression of the 
apical magnesium entry channel in the distal convoluted 
tubule, TRPM6, which may explain the mechanism of the 
magnesuria.251

Epidermal Growth Factor Receptor Blockers. Hypomagne-
semia is common in patients receiving cetuximab252 and 
panitumumab,253 which are monoclonal blocking antibod-
ies of the epidermal growth factor (EGF) receptor that are 
used in the treatment of metastatic colorectal cancer. The 
incidence of hypomagnesemia increases with increasing 
duration of therapy, reaching almost 50% in patients treated 
for longer than 6 months.254 The median time to onset of 
hypomagnesemia after beginning treatment is 99 days, and 
it generally reverses 1 to 3 months after discontinuing 
therapy.255 FEMg is inappropriately elevated, suggesting a 
defect in renal magnesium reabsorption.256 Studies have 
suggested that the EGF receptor is located basolaterally in 
the distal convoluted tubule (DCT).256 Autocrine or para-
crine activation of the receptor stimulates redistribution of 
TRPM6 to the apical membrane via a Rac1-dependent sig-
naling pathway257 and presumably increases transepithelial 
magnesium reabsorption. Thus, EGF receptor blockade 
likely causes renal magnesium wasting by antagonizing this 
pathway.

Hypercalcemia. Elevated serum ionized Ca2+ levels—for 
example, in patients with malignant bone metastases—
directly induce renal magnesium wasting and hypomagne-
semia,258 probably by stimulating the basolateral CaSR in the 
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patients are paradoxically mildly hypermagnesemic. Activat-
ing mutations in CaSR cause the opposite syndrome, auto-
somal dominant hypoparathyroidism. As might be expected, 
most such patients are mildly hypomagnesemic, presumably 
because of TAL magnesium wasting.160

CLINICAL MANIFESTATIONS
Hypomagnesemia may cause symptoms and signs of disor-
dered cardiac, neuromuscular, and central nervous system 
function. It is also associated with an imbalance of other 
electrolytes, such as potassium and calcium. Many of the 
cardiac and neurologic manifestations attributed to magne-
sium deficiency may be explained by the frequent coexis-
tence of hypokalemia and hypocalcemia in the same patient. 
Patients with mild hypomagnesemia or who are magnesium-
deficient with normal serum magnesium levels may be com-
pletely asymptomatic.277 Thus, the clinical importance of 
mild-to-moderate magnesium depletion remains controver-
sial, although it has been associated with a number of dis-
orders, such as hypertension and osteoporosis (see below).

Cardiovascular System

Magnesium has protean and complex effects on myocardial 
ion fluxes. Because magnesium is an obligate cofactor in  
all reactions that require ATP, it is essential for the activity  
of Na+-K+-ATPase.278 During magnesium deficiency, Na+-K+-
ATPase function is impaired. The intracellular potassium 
concentration falls, which may potentially result in a relatively 
depolarized resting membrane potential and predispose to 
ectopic excitation and tachyarrhythmias.279 Furthermore, the 
magnitude of the outward potassium gradient is decreased, 
thereby reducing the driving force for the potassium efflux 
needed to terminate the cardiac action potential and. as a 
result, repolarization is delayed. Changes in the ECG may be 
observed with isolated hypomagnesemia and usually reflect 
abnormal cardiac repolarization, including bifid T waves and 
other nonspecific abnormalities in T wave morphology, U 
waves, prolongation of the QT or QU interval and, rarely, 
electrical alternation of the T or U wave.280

Numerous anecdotal reports have indicated that hypo-
magnesemia alone can predispose to cardiac tachyarrhyth-
mias, particularly of ventricular origin, including torsades 
de pointes, monomorphic ventricular tachycardia, and ven-
tricular fibrillation, which may be resistant to standard 
therapy and respond only to magnesium repletion.280 Many 
of the reported patients also had a prolonged QT interval, 
an abnormality known to predispose to torsades de pointes, 
and may also increase the period of vulnerability to the 
R-on-T phenomenon. In the setting of exaggerated cardiac 
excitability, hypomagnesemia may be the trigger for other 
types of ventricular tachyarrhythmias.280 In addition, hypo-
magnesemia facilitates the development of digoxin cardio-
toxicity.281 Because cardiac glycosides and magnesium 
depletion inhibit Na+-K+-ATPase, their additive effects on 
intracellular potassium depletion may account for their 
enhanced toxicity in combination.

It is clear that patients with underlying cardiac disease 
who have severe hypomagnesemia, particularly in combina-
tion with hypokalemia, may develop arrhythmias. The issue 
of whether mild isolated hypomagnesemia and magnesium 
depletion in individuals without overt heart disease carries 
the same risk has been controversial.282 In one small 

the hypomagnesemia occurs on average 3 to 4 days after the 
start of therapy and readily reverses after cessation of 
therapy.268

IV pentamidine causes hypomagnesemia as a result of 
renal magnesium wasting in most patients, typically in asso-
ciation with hypocalcemia.269 The average onset of symp-
tomatic hypomagnesemia occurs after 9 days of therapy, and 
the defect persists for at least 1 to 2 months after discontinu-
ation of pentamidine. Hypomagnesemia is also observed in 
two thirds of AIDS patients with cytomegalovirus retinitis 
treated intravenously with the pyrophosphate analogue  
foscarnet.270 As with aminoglycosides and pentamidine, 
foscarnet-induced hypomagnesemia is often associated with 
significant hypocalcemia.

The calcineurin inhibitors cyclosporine and tacrolimus 
cause renal magnesium wasting and hypomagnesemia in 
patients after organ transplantation.271 The mechanism is 
thought to be downregulation of the distal tubule magne-
sium channel, TRPM6.272

Tubulointerstitial Nephropathies. Renal Mg wasting has 
occasionally been reported in patients with acute or chronic 
tubulointerstitial nephritis not caused by nephrotoxic 
drugs—for example, in chronic pyelonephritis and acute 
renal allograft rejection. Other manifestations of tubule dys-
function, such as salt wasting, hypokalemia, renal tubular 
acidosis, and Fanconi’s syndrome, may also be present and 
provide clues to the diagnosis.247

Inherited Renal Magnesium-Wasting Disorders
Primary Magnesium-Wasting Disorders. Primary magne-

sium-wasting disorders are rare. Patients can be broadly 
classified into distinct clinical syndromes depending on 
whether the hypomagnesemia is isolated, occurs together 
with hypocalcemia, or is associated with hypercalciuria and 
nephrocalcinosis.273 The pathogenesis and clinical features 
of these syndromes, which generally present in childhood, 
are discussed in detail in Chapter 75.

Bartter’s and Gitelman’s Syndromes. (See also Chapter 
44.) Bartter’s syndrome is an autosomal recessive disorder 
characterized by Na wasting, hypokalemic metabolic alkalo-
sis, and hypercalciuria, and it usually occurs in infancy or 
early childhood.274 All Bartter’s syndrome patients are by 
definition hypercalciuric and, in addition, one third have 
hypomagnesemia with inappropriate magnesuria, consis-
tent with loss of the TAL transepithelial potential difference 
that drives paracellular divalent cation reabsorption. Thus, 
the physiology of Bartter’s syndrome is essentially identical 
to that of chronic loop diuretic therapy. Gitelman’s syn-
drome is a variant of Bartter’s syndrome distinguished pri-
marily by hypocalciuria.275 Patients with Gitelman’s syndrome 
are identified later in life, usually after the age of 6 years, 
and have milder symptoms. The genetic defect in these 
families is caused by inactivating mutations in the DCT elec-
troneutral thiazide-sensitive NCC, and therefore resembles 
chronic thiazide diuretic therapy. Renal magnesium wasting 
and hypomagnesemia are universally found in patients with 
Gitelman’s syndrome.

Calcium-Sensing Disorders. In FHH, the hypercalcemia is 
due to inactivating mutations in CaSR (discussed earlier). 
As a consequence of the inactivated CaSR, the normal mag-
nesuric response to hypercalcemia is impaired,276 so these 
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address early intervention in higher risk patients.301 Over 
a 3-year period, 6213 participants were studied. The magne-
sium-treated group mortality at 30 days was not significantly 
different from that of those given placebo. The overall evi-
dence from clinical trials does not support the routine appli-
cation of adjunctive magnesium therapy in patients with 
AMI at this time.

Neuromuscular System

Symptoms and signs of neuromuscular irritability, including 
tremor, muscle twitching, Trousseau’s and Chvostek’s signs, 
and frank tetany, may develop in patients with isolated  
hypomagnesemia302 and in patients with concomitant hypo-
calcemia. Hypomagnesemia is also frequently manifested as 
seizures, which may be generalized and tonic-clonic in 
nature or multifocal motor seizures, and they are sometimes 
triggered by loud noises.302 Interestingly, noise-induced sei-
zures and sudden death are also characteristic of mice made 
hypomagnesemic by dietary magnesium deprivation. The 
effects of magnesium deficiency on brain neuronal excit-
ability are thought to be mediated by N-methyl-D-aspartate 
(NMDA)–type glutamate receptors.303 Glutamate is the prin-
cipal excitatory neurotransmitter in the brain; it acts as an 
agonist at NMDA receptors and opens a cation conductance 
channel that depolarizes the postsynaptic membrane. Extra-
cellular magnesium normally blocks NMDA receptors, so 
hypomagnesemia may release the inhibition of glutamate-
activated depolarization of the postsynaptic membrane and 
thereby trigger epileptiform electrical activity.304 Vertical 
nystagmus is a rare but diagnostically useful neurologic sign 
of severe hypomagnesemia.305 In the absence of a structural 
lesion of the cerebellar or vestibular pathways, the only 
recognized metabolic causes are Wernicke’s encephalopa-
thy and severe magnesium deficiency.305

Skeletal System

Dietary magnesium depletion in animals has been shown to 
lead to a decrease in skeletal growth and increased skeletal 
fragility.306 A decrease in osteoblastic bone formation and 
an increase in osteoclastic bone resorption are implicated 
as the cause of decreased bone mass. In humans, epidemio-
logic studies have suggested a correlation between bone 
mass and dietary magnesium intake.307 Few studies have 
been conducted assessing magnesium status in patients with 
osteoporosis. Low serum and red blood cell (RBC) magne-
sium concentrations, as well as high retention of parenter-
ally administered magnesium, have suggested a deficit. Low 
skeletal magnesium content has been observed in some, but 
not all, studies. The effect of supplements on bone mass has 
generally led to an increase in bone mineral density, 
although study design limits useful information. Larger 
long-term, placebo-controlled, double-blind investigations 
are required.

There are several potential mechanisms that may account 
for a decrease in bone mass in magnesium deficiency. Mag-
nesium is mitogenic for bone cell growth, which may directly 
result in a decrease in bone formation. It also affects crystal 
formation; a lack results in a larger, more perfect crystal, 
which may affect bone strength. Magnesium deficiency may 
result in a fall in serum PTH and 1,25 (OH)2 vitamin D 
levels (see earlier). Because both hormones are trophic for 
bone, impaired secretion or skeletal resistance may result in 

prospective study, low dietary magnesium appeared to 
increase the risk for supraventricular and ventricular ectopy, 
despite the absence of frank hypomagnesemia, hypokale-
mia, and hypocalcemia.283 In the Framingham Offspring 
Study, lower levels of serum magnesium were associated with 
a higher prevalence of ventricular premature complexes.284 
A low serum magnesium level is also associated with the 
development of atrial fibrillation.285 In the Framingham Off-
spring Study, individuals in the lowest quartile of serum 
magnesium were, after up to 20 years of follow-up, approxi-
mately 50% more likely to develop atrial fibrillation com-
pared with those in the upper quartiles.

Several large population-based studies have shown a 
strong association between low serum magnesium levels and 
increased cardiovascular and all-cause mortality.286-288 Higher 
magnesium intake is associated with reduced risk of coro-
nary heart disease and cardiac death,289-292 stroke,289,293 and 
coronary calcification.294

An inverse relationship between dietary magnesium 
intake and blood pressure has also been observed.295-298 
Hypomagnesemia and/or reduction of intracellular magne-
sium have also been inversely correlated with blood pres-
sure. This may be especially important in diabetes mellitus.299 
Patients with essential hypertension were found to have 
reduced free magnesium concentrations in red blood cells. 
The magnesium levels were inversely related to systolic and 
diastolic blood pressures. Intervention studies with magne-
sium therapy in hypertension have led to conflicting results. 
Several have shown a positive blood pressure–lowering 
effect of supplements, but others have not. Other dietary 
factors may also play a role. In the DASH study, a diet rich 
in fruits and vegetables, which increased magnesium intake 
from 176 to 423 mg/day (along with an increase in potas-
sium), significantly lowered blood pressure.300 The mecha-
nism whereby magnesium deficit may affect blood pressure 
is not clear, but magnesium does regulate vascular tone and 
reactivity and attenuates agonist-induced vasoconstriction. 
Magnesium depletion may involve decreased production of 
prostacyclin, increased production of thromboxane A2, and 
enhanced vasoconstrictive effects of angiotensin II and nor-
epinephrine. Importantly, in none of these studies has mag-
nesium therapy been rigorously studied, whether as a 
therapy for blood pressure reduction or prophylaxis against 
cardiovascular disease, arrhythmias, or stroke.

The only setting in which the role of magnesium defi-
ciency and clinical utility of adjunctive magnesium therapy 
has been studied extensively is in acute myocardial infarc-
tion (AMI). Magnesium deficiency may be a risk factor 
because it has been shown to play a role in systemic and 
coronary vascular tone, in cardiac dysrhythmias (see earlier), 
and in the inhibition of steps in the coagulation process and 
platelet aggregation. Although several small controlled 
trials have suggested that adjunctive magnesium therapy 
reduces mortality from AMI by 50%, three major trials have 
defined our understanding of magnesium therapy in AMI.301 
The LIMIT-2 study was the first study involving large numbers 
of participants. Magnesium treatment showed an approxi-
mately 25% lower mortality rate. In the Fourth International 
Study of Infarct, unlike LIMIT-2, the mortality rate in the 
magnesium-treated group was not significantly different 
from that in the control group. The most recently published 
Magnesium in Coronaries (MAGIC) trial was designed to 
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severe hypocalcemia or hypokalemia, and patients with  
isolated asymptomatic hypomagnesemia, if it is severe 
(<1.4 mg/dL).

Intravenous Replacement

In the inpatient setting, the IV route of administration of 
magnesium is favored because it is highly effective, inexpen-
sive, and usually well tolerated. The standard preparation is 
MgSO4 • 7H2O. The initial rate of repletion depends on the 
urgency of the clinical situation. In a patient who is actively 
seizing or who has a cardiac arrhythmia, 8 to 16 mEq (1 to 
2 g) may be administered IV over a 2- to 4-minute period; 
otherwise, a slower rate of repletion is safer. Because the 
added extracellular magnesium equilibrates slowly with the 
intracellular compartment, and because renal excretion of 
extracellular magnesium exhibits a threshold effect, approx-
imately 50% of parenterally administered magnesium is 
excreted into urine.319 A slower rate and prolonged course 
of repletion would be expected to decrease these urinary 
losses and therefore be much more efficient and effective 
at repleting body magnesium stores. The magnitude of the 
magnesium deficit is difficult to gauge clinically and cannot 
be readily deduced from the serum magnesium concentra-
tion. In general, however, the average deficit can be assumed 
to be 1 to 2 mEq/kg body weight.319 A simple regimen for 
nonemergency magnesium repletion is to administer 
64 mEq (8 g) of MgSO4 over the first 24 hours and then 
32 mEq (4 g) daily for the next 2 to 6 days. It is important 
to remember that serum magnesium levels rise early, 
whereas intracellular stores take longer to replete, so mag-
nesium repletion should continue for at least 1 to 2 days 
after the serum magnesium level normalizes. In patients 
with renal magnesium wasting, additional magnesium may 
be needed to replace ongoing losses. In patients with a 
reduced GFR, the rate of repletion should be reduced by 
25% to 50%,319 the patient should be carefully monitored 
for signs of hypermagnesemia, and the serum magnesium 
level should be checked frequently.

The main adverse effects of magnesium repletion are due 
to hypermagnesemia as a consequence of an excessive rate 
or amount of magnesium administered. These effects 
include facial flushing, loss of deep tendon reflexes, hypo-
tension, and atrioventricular block. Monitoring the tendon 
reflexes is a useful bedside test to detect magnesium over-
dose. In addition, IV administration of large amounts of 
MgSO4 results in an acute decrease in the serum ionized 
Ca2+ level,320 which is related to increased urinary calcium 
excretion and complexing of calcium by sulfate. Thus, in an 
asymptomatic patient who is already hypocalcemic, admin-
istration of MgSO4 may further lower the ionized Ca2+ level 
and thereby precipitate tetany.321

Oral Replacement

Oral magnesium administration is used initially for reple-
tion of mild cases of hypomagnesemia or for continued 
replacement of ongoing losses in the outpatient setting  
after an initial course of IV repletion. A number of oral 
magnesium salts are available that vary in their content of 
elemental magnesium and their oral bioavailability, and 
little is known about their relative efficacy. Importantly,  
all of them cause diarrhea, which limits the dose that can 
be used. Magnesium hydroxide and magnesium oxide are 

osteoporosis. A low serum 1,25 (OH)2 vitamin D level may 
also result in decreased intestinal calcium absorption. An 
observed increased release of inflammatory cytokines in 
bone may result in activation of osteoclasts and increased 
bone resorption in rodent.306,308

Electrolyte Homeostasis

Patients with hypomagnesemia are frequently also hypoka-
lemic. Many of the conditions associated with hypomagne-
semia that have been outlined earlier can cause simultaneous 
magnesium and potassium loss. However, hypomagnesemia 
by itself can induce hypokalemia in humans and experimen-
tal animals, and such patients are often refractory to potas-
sium repletion until their magnesium deficit is corrected.309 
The cause of the hypokalemia appears to be increased secre-
tion in the distal nephron.310 The mechanism has been 
attributed to cytosolic magnesium depletion, which would 
release intracellular block of the apical secretory potassium 
channel, ROMK.311

Hypocalcemia is present in approximately 50% of patients 
with hypomagnesemia.277 The major cause is impairment 
of PTH secretion by magnesium deficiency, which is 
reversed within 24 hours by magnesium repletion.186 In 
addition, hypomagnesemic patients also have low circulat-
ing 1,25(OH)2D levels and end-organ resistance to PTH and 
vitamin D.186

Other Disorders

Magnesium depletion has also been associated with several 
other disorders, such as insulin resistance and the metabolic 
syndrome in type 2 diabetes mellitus.299,312 Magnesium defi-
ciency has been associated with migraine headache, and 
magnesium therapy has been reported to be effective in the 
treatment of migraine.313 Because magnesium deficiency 
results in smooth muscle spasm, it has also been implicated 
in asthma, and magnesium therapy has been effective in 
asthma in some studies.314,315 Finally, a high dietary magne-
sium intake has been associated with a reduced risk of colon 
cancer.316,317

TREATMENT
Magnesium deficiency can sometimes be prevented. Indi-
viduals whose dietary intake has been reduced or who are 
being maintained by parenteral nutrition should receive 
magnesium supplementation. The recommended daily 
allowance of magnesium for adults is 420 mg (35 mEq) for 
men and 320 mg (27 mEq) for women.318 Thus, in the 
absence of dietary magnesium intake, an appropriate sup-
plement would therefore be one 140-mg tablet of magne-
sium oxide four to five times daily or the equivalent dose of 
an alternative oral magnesium-containing salt. Because the 
oral bioavailability of magnesium is approximately 33% in 
patients with normal intestinal function, the equivalent par-
enteral maintenance requirement of magnesium would be 
10 mEq daily.

Once symptomatic magnesium deficiency develops, 
patients should clearly be repleted with magnesium. 
However, the importance of treating asymptomatic magne-
sium deficiency remains controversial. Given the clinical 
manifestations outlined earlier, it seems prudent to replete 
all magnesium-deficient patients with a significant underly-
ing cardiac or seizure disorder, patients with concurrent 
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excretory capacity. It has been reported with excessive oral 
ingestion of magnesium-containing antacids326 and cathar-
tics,327 with the use of rectal magnesium sulfate enemas,328 
and is common with large parenteral doses of magnesium, 
such as those given for preeclampsia. Toxicity from enterally 
administered magnesium salts is particularly common in 
patients with inflammatory disease, obstruction,326 or perfo-
ration of the gastrointestinal tract, presumably because mag-
nesium absorption is enhanced.

Miscellaneous

Modest elevations in serum magnesium levels have occa-
sionally been described in patients receiving lithium therapy, 
as well as in postoperative patients and in those with bone 
metastases, milk-alkali syndrome, FHH,276 hypothyroidism, 
pituitary dwarfism, and Addison’s disease. In most cases, the 
mechanism is unknown.

CLINICAL MANIFESTATIONS
Magnesium toxicity is a serious and potentially fatal condi-
tion. Progressive hypermagnesemia is usually associated 
with a predictable sequence of symptoms and signs.329 Initial 
manifestations, observed once the serum magnesium level 
exceeds 4 to 6 mg/dL, are hypotension, nausea, vomiting, 
facial flushing, urinary retention, and ileus. If untreated, it 
may progress to flaccid skeletal muscular paralysis and hypo-
reflexia, bradycardia and bradyarrhythmias, respiratory 
depression, coma, and cardiac arrest. An abnormally low (or 
even negative) serum anion gap may be a clue to hypermag-
nesemia,325 but it is not consistently observed and probably 
depends on the nature of the anion that accompanies the 
excess body magnesium.

Cardiovascular System

Hypotension is one of the earliest manifestations of hyper-
magnesemia,330 is often accompanied by cutaneous flush-
ing, and is thought to be due to vasodilation of vascular 
smooth muscle and inhibition of norepinephrine release by 
sympathetic postganglionic nerves. Electrocardiographic 
changes are common but nonspecific.330 Sinus or junctional 
bradycardia may develop, as well as varying degrees of sino-
atrial, atrioventricular, and His bundle conduction block. 
Cardiac arrest as a result of asystole is often the terminal 
event.

Nervous System

High levels of extracellular magnesium inhibit acetylcholine 
release from the neuromuscular end plate,331 leading to the 
development of flaccid skeletal muscle paralysis and hypo-
reflexia when the serum magnesium level exceeds 8 to 
12 mg/dL. Respiratory depression is a serious complication 
of advanced magnesium toxicity.330 Smooth muscle paralysis 
also occurs and is manifested as urinary retention, intestinal 
ileus, and pupillary dilation. Signs of central nervous system 
depression, including lethargy, drowsiness, and eventually 
coma, are well described in severe hypermagnesemia, but 
may also be entirely absent.

Treatment

Mild cases of magnesium toxicity in individuals with good 
renal function may require no treatment other than cessa-
tion of magnesium supplements because renal magnesium 

alkalinizing salts with the potential to cause systemic alkalo-
sis, whereas the sulfate and gluconate salts, which present 
nonreabsorbable anions to the collecting duct, may poten-
tially exacerbate renal potassium wasting.

A typical daily dose in a patient with normal renal func-
tion and severe hypomagnesemia is 10 to 40 mmol of ele-
mental magnesium in divided doses. Half of this may be 
sufficient in mild hypomagnesemia, whereas in patients with 
intestinal magnesium malabsorption, the dose may need to 
be increased twofold to fourfold. Sustained-release prepara-
tions, such as magnesium chloride (Mag-Delay, Slow-Mag) 
and magnesium l-lactate sustained release (Mag-Tab SR) 
have the advantage that they are slowly absorbed and thereby 
minimize renal excretion of the administered magnesium. 
By allowing the use of lower doses, these preparations mini-
mize diarrhea.

Potassium-Sparing Diuretics

In patients with inappropriate renal magnesium wasting, 
potassium-sparing diuretics that block the distal tubule epi-
thelial sodium channel, such as amiloride and triamterene, 
may reduce renal magnesium losses.322 These drugs may be 
particularly useful in patients who are refractory to oral 
repletion or require such high doses of oral magnesium that 
diarrhea develops. In rats, amiloride and triamterene have 
been demonstrated to reduce renal magnesium clearance 
at baseline and after induction of magnesium diuresis by 
furosemide, but the mechanism is unknown. One possibility 
is that these drugs, by reducing luminal sodium uptake and 
inhibiting the development of a negative luminal transepi-
thelial potential difference, may favor passive reabsorption 
of magnesium in the late distal tubule or collecting duct.323

HYPERMAGNESEMIA

CAUSES
In states of body magnesium excess, the kidney has a very 
large capacity for magnesium excretion. Once the apparent 
renal threshold is exceeded, most of the excess filtered 
magnesium is excreted unchanged into the final urine; the 
serum magnesium concentration is then determined by the 
GFR. Thus, hypermagnesemia generally occurs only in two 
clinical settings, compromised renal function and excessive 
magnesium intake.

Renal Insufficiency

In chronic renal failure, the remaining nephrons adapt to 
the decreased filtered load of magnesium by markedly 
increasing their fractional excretion of magnesium.324 As a 
consequence, serum magnesium levels are usually well 
maintained until the creatinine clearance falls below about 
20 mL/min.324 Even in advanced renal insufficiency, signifi-
cant hypermagnesemia is rare unless the patient has received 
exogenous magnesium in the form of antacids, cathartics, 
or enemas. Increasing age is an important risk factor for 
hypermagnesemia in individuals with apparently normal 
renal function; it presumably reflects the decline in GFR 
that normally accompanies old age.325

Excessive Magnesium Intake

Hypermagnesemia can occur in individuals with a normal 
GFR when the rate of magnesium intake exceeds the renal 
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by the intestine through active transport and paracellular 
diffusion. The active transport of intestinal phosphate is 
primarily through type IIb sodium-phosphate cotransport-
ers (NaPi-IIb) and, to a lesser extent, type III transporters 
(Pit1 and Pit2).335 Systemic 1,25(OH)2D levels and dietary 
phosphorus are important physiologic regulators of intesti-
nal phosphate absorption, with high 1,25(OH)2D and low 
dietary phosphate levels promoting the intestinal uptake of 
phosphate. However, the discovery of several novel phos-
phatonins, combined with other studies suggesting the exis-
tence of a poorly defined intestine-kidney signalling axis,336 
implies that this process may be more complex than origi-
nally appreciated. In addition to its absorption from the 
small intestine, approximately 150 to 200 mg of phosphorus 
is secreted daily by the colon.1

As discussed in detail in Chapter 7, the kidney is the 
major organ regulating phosphate homeostasis. The net 
renal excretion of Pi under steady-state conditions is the 
same as Pi absorbed by the gastrointestinal tract. Up to 80% 
of renal reabsorption of phosphate occurs in the proximal 
tubule by means of the NaPi cotransporter family of pro-
teins, type IIa (NaPi-IIa) and type IIc (NaPi-IIc) in the 
luminal brush border membrane.337 The rest of the urinary 
phosphate is reabsorbed in the distal tubules or excreted in 
the urine. PTH increases Pi excretion by decreasing the 
abundance of NaPi-IIa and NaPi-IIc in the brush border 
membrane. FGF-23 possesses similar actions to those of PTH 
to limit phosphate reabsorption in the proximal tubule; 
however, unlike PTH, FGF-23 blocks renal 1,25(OH)2D pro-
duction by suppressing 1α-hydroxylase activity and stimulat-
ing 24-hydroxylation. A low serum phosphate level stimulates 
renal NaPi cotransporters and hence phosphate reabsorp-
tion.337 Urinary phosphate excretion can be quantified 
directly from a 24-hour urine collection or can be estimated 
by calculating the fractional excretion of filtered phosphate 
(FEPi) or the renal tubular maximum reabsorption of phos-
phate (TmP) to GFR ratio338 (in mg/dL):

TmP GFR serum Pi urine Pi serum Cr urine CrCr = − ×( [ ])

The latter method is preferred because the TmP/GFR 
ratio is independent of kidney function. The normal range 
for TmP/GFR is 2.6 to 4.4 mg/dL339; lower values indicate 
a decreased maximum renal phosphate reabsorption thresh-
old and hence excessive urinary phosphate loss. Of note, 
similar to plasma phosphate levels, TmP/GFR appears to 
steadily decline with age but, again, slightly increases in 
women around the time of menopause.334

HYPERPHOSPHATEMIA

Hyperphosphatemia is generally defined as a serum phos-
phate level elevated above 5 mg/dL. For children, the 
upper range of normal is 6 mg/dL. In infants, phosphorus 
levels as high as 7.4 mg/dL are considered normal.333 The 
serum phosphorus level usually exhibits diurnal variation, 
with the lowest levels typically being observed in the later 
morning and peak levels occurring in the first morning 
hours.340

The clinical causes of hyperphosphatemia341 can be 
broadly classified into one of four groups—reduced renal 
excretion of phosphate, exogenous phosphate load, acute 

clearance is usually quite rapid. The normal half-life of 
serum magnesium is approximately 28 hours. In the event 
of serious toxicity, particularly cardiac toxicity, temporary 
antagonism of the effect of magnesium may be achieved by 
the administration of IV calcium (1 g of calcium chloride 
infused into a central vein over a period of 2 to 5 minutes, 
or calcium gluconate infused through a peripheral vein, 
repeated after 5 minutes if necessary).329 Renal excretion of 
magnesium can be enhanced by saline diuresis and by the 
administration of furosemide, which inhibits tubular reab-
sorption of magnesium in the medullary TAL.

In patients with renal failure, the only way to clear the 
excess magnesium may be by dialysis or hemofiltration. The 
typical dialysate for hemodialysis contains 0.6 to 1.2 mg/dL 
of magnesium, but magnesium-free dialysate can also be 
used and is generally well tolerated, except for muscle 
cramps.332 Hemodialysis is extremely effective at removing 
excess magnesium and can achieve clearances of up to 
100 mL/min.332 As a rough rule of thumb, the expected 
change in the serum magnesium level after a 3- to 4-hour 
dialysis session with a high-efficiency membrane is approxi-
mately one third to one half the difference between the 
dialysate Mg2+ concentration and predialysis serum ultrafil-
terable magnesium (estimated at 70% of total serum mag-
nesium).332 Note that when hemodialysis is performed using 
a bath with the same total concentration of magnesium as 
in serum, the net transfer of magnesium into the patient 
occurs because the ultrafilterable (and therefore free) mag-
nesium concentration in serum is less than the total concen-
tration; thus, the gradient of free Mg2+ is directed from the 
dialysate to blood.

DISORDERS OF PHOSPHATE 
HOMEOSTASIS

Body phosphate metabolism is regulated through plasma 
inorganic phosphorus (Pi) concentration. Of the total body 
phosphorus content (500 to 800 g), 85% is in the skeleton, 
14% in soft tissues, and the rest is distributed between other 
tissues and ECF. Of the Pi contained in bone, roughly 
200 mg is recycled daily.1 Two thirds of the phosphorus in 
blood exists as organic phosphates (mainly phospholipids) 
and one third as Pi. Inorganic phosphorus in blood, for 
practical purposes, involves two orthophosphates, H2PO4

− 
and HPO4

2−. At a plasma pH of 7.4, there are four divalent 
HPO4

2− ions for every one monovalent H2PO4
− ion, so the 

composite valence is 1.8 (i.e., 1 mmol Pi = 1.8 mEq). Thus, 
Pi in plasma circulates as phosphates, but is measured in the 
laboratory as phosphorus (normal values, 2.5 to 4.5 mg/
dL). There are great variations in the normal range of 
plasma Pi levels with age, from up to 7.4 mg/dL in infants 
and up to 5.8 mg/dL in children between 1 and 2 years of 
age.4,333 Even in adults, there is a gradual decline in plasma 
Pi with age, although postmenopausal women, in general, 
tend to have slightly higher plasma Pi levels compared to 
their male counterparts.334 Between 85% and 90% of plasma 
phosphorus is filterable by the kidneys (50% as ionized Pi 
and 40% complexed with cations), and the remainder is 
bound to plasma proteins.

The average daily phosphorus intake varies from 800 to 
1500 mg, mostly as Pi. Approximately 60% of this is absorbed 
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bone resorption and urine calcium losses. Hypoparathyroid-
ism and pseudohypoparathyroidism have been discussed 
extensively (see earlier).

Acromegaly. Some patients with acromegaly demonstrate 
hyperphosphatemia. Parathyroid function is usually normal 
or slightly increased in acromegaly.91 The hyperphosphate-
mia observed appears to result from increased proximal 
tubule phosphate reabsorption. Growth hormone and 
insulin-like growth factor-1 directly stimulate proximal tubule 
phosphorus reabsorption and increase the TmP/GFR.342

Familial Tumoral Calcinosis. Familial tumoral calcinosis 
(FTC; OMIM #211900) is a rare autosomal recessive disor-
der characterized by hyperphosphatemia and the progres-
sive deposition of calcium phosphate crystals in periarticular 
and soft tissues. The hyperphosphatemia in this disease 
results from increased proximal tubular reabsorption of 
phosphate, usually due to loss-of-function mutations in the 
UDP-N-acetyl-α-D-galactosamine gene (GALNT3),343 which 
encodes a glycosyltransferase that is thought to prevent the 
degradation of intact FGF-23.344,345 Additional gene muta-
tions have been linked to tumoral calcinosis, including deac-
tivating mutations in the FGF-23 gene346,347 and in the 
KLOTHO gene, which encodes a co-factor necessary for 
FGF-23 binding to its receptor.348 FTC has been described 
mainly in families of African and Mediterranean descent.

The unifying pathogenic mechanism in FTC is abrogation 
of the phosphaturic effect of FGF-23. As such, missense muta-
tions in FGF-23 inhibit its secretion, mutations in GALNT3 
cause aberrant glycosylation and premature degradation of 
FGF-23,344 and mutations in KLOTHO lead to end-organ resis-
tance to FGF-23. Similar to humans, mice lacking FGF-23 or 
KLOTHO expression exhibit severe hyperphosphatemia asso-
ciated with extensive soft tissue calcification.349 Thus, FTC may 
be the phenotypic opposite of X-linked and autosomal domi-
nant hypophosphatemic rickets (see later discussion).

PTH, alkaline phosphatase, and calcium levels in FTC are 
commonly within the normal range. On the other hand, 
serum 1,25(OH)2D levels are often increased.350 Together, a 
normal serum calcium concentration and increased serum 
phosphorus level lead to an elevated calcium-phosphate 
product and the slow tissue deposition of calcium phosphate 
crystals. Decreasing the intestinal absorption of phosphate, 
either by decreasing dietary phosphorus intake or adding 
phosphate binders such as sevelamer, is standard therapy for 
FTC. Additional studies have indicated that the chronic use 
of acetazolamide may increase urinary phosphate wasting 
and reduce calcium-phosphate deposits in these patients.351

Bisphosphonates. Bisphosphonates generally cause mild 
hyperphosphatemia by altering systemic phosphate distribu-
tion and decreasing urinary phosphate excretion.352,353 The 
levels of PTH and response with urinary excretion of cAMP 
to exogenous PTH are normal in patients receiving 
bisphosphonates.

Exogenous Phosphate Load

Severe hyperphosphatemia has been recognized for at  
least a half-century as a complication of sodium phosphate 
taken orally as a cathartic agent or a sodium phosphate 
monobasic/dibasic rectal enema (Fleet enema).341 Acute 

extracellular shift of phosphorus, or pseudohyperphospha-
temia (Table 19.7).

CAUSES
Decreased Renal Phosphate Excretion

Reduced Glomerular Filtration Rate. Both acute kidney 
injury (AKI) and CKD can lead to hyperphosphatemia. In 
the early stages of kidney injury, elevations in PTH and 
FGF-23 levels increase the urinary fractional excretion of 
phosphate to compensate for the declining GFR, thus main-
taining plasma Pi levels in the normal range. With further 
decrements in GFR (as in severe AKI or CKD, stage 4 or 5), 
the reduced functional nephron mass is insufficient to 
maintain maximal Pi excretion, resulting in hyperphospha-
temia. A detailed discussion of hyperphosphatemia caused 
by decreased renal function is not provided here; this topic 
is extensively reviewed in Chapter 55 in the context of 
chronic kidney disease-mineral bone disorder.

Hypoparathyroidism and Pseudohypoparathyroidism. Defi-
cient secretion of PTH (hypoparathyroidism) or renal resis-
tance to PTH (pseudohypoparathyroidism) decrease the 
renal excretion of phosphate, leading to hyperphosphate-
mia. In these entities, circulating phosphorus generally 
reaches a higher than normal steady-state level (6 to 7 mg/
dL) and is accompanied by hypocalcemia due to decreased 

Table 19.7  Causes of Hyperphosphatemia

Decreased Renal Excretion of Phosphorus

CKD stages 3 to 5
Acute kidney injury
Hypoparathyroidism, pseudohypoparathyroidism
Acromegaly
Tumoral calcinosis

FGF-23 inactivating gene mutation
GALNT3 mutation with aberrant FGF-23 glycosylation
KLOTHO inactivating mutation with FGF-23 resistance
Bisphosphonates

Exogenous Phosphorus Administration

Ingestion of phosphate, phosphate-containing enemas
Intravenous phosphate delivery

Redistribution of Phosphorus (Intracellular to  
Extracellular Shift)

Respiratory acidosis, metabolic acidosis
Tumor lysis syndrome
Rhabdomyolysis
Hemolytic anemia
Catabolic state

Pseudohyperphosphatemia

Hyperglobulinemia
Hyperlipidemia
Hyperbilirubinemia
Medications:

Liposomal amphotericin B
Rec tissue plasm activator
Heparin

Hemolysis of blood specimen
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associated with increased catabolism and tissue destruction, 
such as rhabdomyolysis, fulminant hepatitis, hemolytic 
anemia, severe hyperthermia, and tumor lysis syndrome, 
often result in hyperphosphatemia. The severity of the 
hyperphosphatemia may be exacerbated by the develop-
ment of AKI.

Tumor lysis syndrome is a constellation of metabolic 
abnormalities such as hyperuricemia, hyperkalemia, and 
hyperphosphatemia that is caused by rapid and massive 
breakdown of tumor cells.363,364 Clinical consequences may 
include AKI, pulmonary edema, cardiac arrhythmia, and 
seizures. The syndrome typically occurs from 3 days before 
to 7 days after the initiation of chemotherapy. Hyperphos-
phatemia is an extremely common clinical finding following 
treatment for Burkitt’s lymphoma, especially in patients 
with preexisting kidney disease; it is also seen in other forms 
of lymphoma, lymphoblastic and myelogenous leukemias, 
and in patients with solid cancers characterized by a high 
tumor burden. Malignant lymphoid cells may contain up to 
four times more intracellular phosphorus compared to 
mature lymphoid cells, which explains the high prevalence 
of hyperphosphatemia following chemotherapy in patients 
with lymphoid malignancies. The lactate dehydrogenase 
level before the initiation of therapy appears to correlate 
with the development of hyperphosphatemia and azotemia 
in these patients.365 Phosphate nephropathy with tubular 
calcifications has been reported in tumor lysis syndrome 
cases exhibiting extremely high serum Pi levels.363

To prevent tumor lysis syndrome, intensive volume expan-
sion is generally recommended before chemotherapy to 
induce a high urine output (120 to 150 mL/hour) and phos-
phate and uric acid excretion.366 The usefulness of urine 
alkalinization (pH > 7.0) with bicarbonate infusion and/or 
acetazolamide is unclear, and its practice is controversial. 
Alkalinization may increase uric acid solubility in the tubules 
but requires caution; nephrocalcinosis can occur with aggres-
sive alkalinization of the urine because calcium phosphate 
crystals usually precipitate in alkaline urine. Phosphate 
binders can be used to decrease the intestinal absorption of 
phosphate in patients who maintain their oral intake during 
chemotherapy, but the utility of these drugs is limited in this 
setting. In severe cases of tumor lysis syndrome, hemodialysis 
may be necessary to control severe hyperphosphatemia and 
associated metabolic derangements, with CRRT being most 
efficacious for maintaining phosphate homeostasis.

Pseudohyperphosphatemia

Spurious measurements of high plasma phosphorus levels 
may occur under certain conditions as a result of interfer-
ence with the analytic method used. This problem is most 
common in the case of paraproteinemia (as occurs in mul-
tiple myeloma or Waldenström’s macroglobulinemia).367 
This phenomenon can also be observed in patients being 
treated with liposomal amphotericin B,368 recombinant 
tissue plasminogen activator,369 or heparin therapy.370 Spuri-
ous phosphate readings can also occur in hemolyzed speci-
mens or in samples from patients with severe hyperlipidemia 
or hyperbilirubinemia.

CLINICAL MANIFESTATIONS AND TREATMENT
Most of the acute clinical manifestations of hyperphospha-
temia stem from hypocalcemia, discussed earlier in this 

renal failure, hypocalcemia, severe electrolyte disturbances, 
and death have been described in response to high-dose 
sodium phosphate administration. Despite these reports, 
sodium phosphate preparations remain widely used for 
bowel preparation prior to colonoscopy. Although the risk 
for hyperphosphatemia is most pronounced in patients with 
underlying CKD, even healthy individuals can experience a 
substantial rise in serum Pi levels (up to 9.6 mg/dL in one 
prospective study) following sodium phosphate therapy.354 
Over the last 10 years, numerous case reports and case series 
have described an association between use of oral sodium 
phosphate for bowel cleansing and phosphate nephropathy. 
The typical presentation of phosphate nephropathy involves 
an acute deterioration in kidney function days to weeks fol-
lowing a colonoscopy. Kidney biopsy shows acute and 
chronic tubular injury, with calcium phosphate deposits 
(tubular calcifications).355,356 Most patients will not recover 
kidney function fully, and some progress to end-stage 
disease. Overall, such adverse renal effects are uncommon 
in patients treated with sodium phosphate, but for those 
select few who are affected, consequences may be serious. 
The risk factors for developing phosphate nephropathy are 
advanced age, female gender, impaired kidney function, 
volume contraction, ulceration of bowel mucosa, bowel 
obstruction or ileus, hypertension, and use of angiotensin-
converting enzyme inhibitors (ACEIs), angiotensin receptor 
blockers (ARBs), and nonsteroidal antiinflammatory drugs 
(NSAIDs).355,357 Alternative methods of bowel preparation 
should be considered for patients with these risk factors.

Less commonly, hyperphosphatemia can be observed in 
the ICU setting when an excessive amount of IV phosphate 
is given for hyperalimentation, particularly in patients with 
renal failure. Similarly, the administration of high-dose fos-
phenytoin for seizure treatment in the setting of kidney 
dysfunction has been associated with hyperphosphatemia 
because phosphate is one of the major metabolites of this 
drug.358 Finally, vitamin D intoxication can result in hyper-
phosphatemia, largely because of the simultaneous suppres-
sion of PTH production and stimulation of intestinal 
absorption of phosphate.

Intracellular to Extracellular Shift of Phosphorus

Respiratory Acidosis and Metabolic Acidosis. Respiratory 
acidosis can lead to hyperphosphatemia, renal resistance to 
the effect of PTH, and hypocalcemia.359 The effect is 
more pronounced in acute respiratory acidosis than in the 
chronic form. Respiratory acidosis does not appear to sig-
nificantly alter the renal handling of phosphorus. Rather, 
efflux of phosphate from cells into the extracellular space 
is probably responsible for the hyperphosphatemia of respi-
ratory acidosis.360

Lactic acidosis and, to lesser extent, diabetic ketoacidosis 
also cause hyperphosphatemia.361,362 Metabolic acidosis in 
general reduces glycolysis and Pi utilization. In lactic acido-
sis, this effect is intensified by tissue hypoxia and intracel-
lular Pi release. Patients with uncontrolled diabetes mellitus 
are intracellularly phosphate-depleted, despite hyperphos-
phatemia, an abnormality that becomes unmasked once 
insulin therapy is initiated.

Tumor Lysis and Rhabdomyolysis. Because phosphate is 
predominantly stored intracellularly, clinical conditions 
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hypophosphatemia alone, but hypophosphatemia can pre-
dispose to red cell lysis in the presence of other risk factors. 
Phagocytosis and chemotaxis of polymorphonuclear cells 
are diminished because impaired ATP production decreases 
the phagocytic capability of these cells.382

Severe hypophosphatemia can result in numerous neuro-
muscular and skeletal abnormalities, including proximal 
myopathy, bone pain,374,383 and rhabdomyolysis.384 Because 
cell breakdown may lead to the release of intracellular phos-
phate, normophosphatemia or hyperphosphatemia in this 
setting may mask the existence of true phosphate depletion. 
Overt heart failure and respiratory failure as a result of 
decreased muscle performance may also be observed.385,386 
Correction of the Pi level leads to improvement of myocar-
dial and pulmonary function.387,388 Neurologic manifesta-
tions of severe hypophosphatemia include paresthesias, 
tremor, and encephalopathy; these also improve with phos-
phate replacement.374 Chronic phosphate depletion alters 
bone metabolism, leading to increased bone resorption and 
severe mineralization defects that impair bone structure 
and strength (e.g., osteomalacia, rickets).

Chronic hypophosphatemia can also lead to proximal 
and distal renal tubule defects resulting in water diuresis, 
glucosuria, bicarbonaturia, hypercalciuria, and hypermag-
nesuria.389 The hypercalciuria is not solely the result of 
altered renal calcium handling but also reflects increased 
calcium release from bone, consequent to phosphate  
mobilization, and increased intestinal calcium absorption  
in response to the accompanying elevation in plasma 
1,25(OH)2D levels.390 Metabolic consequences of hypophos-
phatemia include insulin resistance, diminished gluconeo-
genesis, hypoparathyroidism, and metabolic acidosis with 
reduced H+ excretion and ammonia generation. Hypophos-
phatemia is also a potent stimulator of 1α-hydroxylation to 
convert 25(OH)D to 1,25(OH)2D.

DIAGNOSIS
The cause of hypophosphatemia can often be delineated 
from the clinical history or physical examination alone. 
Shifts of phosphorus from the extracellular to intracellular 
space usually occur in the setting of an acute illness or  
treatment (e.g., respiratory alkalosis, treatment of diabetic 
ketoacidosis); thus, hypophosphatemia in hospitalized 
patients typically results from shifts of phosphorus into the 
intracellular compartment as opposed to renal losses of 
phosphorus.391

In situations in which the underlying diagnosis is not 
immediately apparent, it can be clinically useful to deter-
mine the rate of urine phosphate excretion by quantifica-
tion in a 24-hour urine collection or by calculation of the 
FEPi or TmP/GFR. A 24-hour urine phosphate greater than 
100 mg, FEPi greater than 5%, or TmP/GFR less than 
2.5 mg/100 mL indicates inappropriate urinary phosphate 
wasting.339 A high urine phosphate level in the presence of 
hypophosphatemia results from an acquired defect (e.g., 
primary HPT) or genetic defect (e.g., X-linked hypophos-
phatemic rickets) in phosphate reabsorption by the proxi-
mal tubule.

CAUSES
Hypophosphatemia may be due to increased renal phos-
phate excretion, decreased intestinal absorption, shift of 

chapter. Chronic hyperphosphatemia of CKD and its meta-
bolic consequences are discussed in Chapter 55. Little is 
known about the effects of chronic hyperphosphatemia in 
the absence of CKD because this is very rarely observed.

Treatment of chronic hyperphosphatemia is generally 
accomplished through dietary phosphate restriction, oral 
phosphate binders, and renal replacement therapy. Acute 
hyperphosphatemia in association with hypocalcemia 
requires rapid attention. Discontinuation of supplemental 
phosphates and initiation of hydration are indicated for 
patients with acute exogenous Pi overload and intact renal 
function. Volume expansion can significantly increase 
urinary phosphate excretion, but plasma calcium levels must 
be followed closely because further hypocalcemia may occur 
due to hemodilution. Acetazolamide administration may 
also increase urinary phosphate excretion.371-373 Severe hyper-
phosphatemia in patients with reduced renal function or 
AKI, particularly in those with tumor lysis syndrome, may 
require renal replacement therapy. In patients with respira-
tory or metabolic acidosis, treatment of the underlying acido-
sis corrects the phosphate derangement. Similarly, in diabetic 
ketoacidosis, treatment with insulin and correction of meta-
bolic acidosis rapidly reverses the hyperphosphatemia.

HYPOPHOSPHATEMIA

Hypophosphatemia is a decrease in the concentration of Pi 
in plasma, and phosphate depletion is a decrease in the total 
body content of phosphorus. Hypophosphatemia can occur 
in the presence of a low, normal, or high total body phos-
phorus content. Similarly, total body phosphate depletion 
may exist with low, normal, or high plasma Pi levels. The 
incidence of hypophosphatemia is from 0.2% to 2.2% in 
hospitalized population but may be present in up to 30% of 
chronic alcoholics, 28% to 34% of ICU patients, and 65% 
to 80% of patients with sepsis.374,375 There is an association 
between hypophosphatemia and in-hospital mortality 
among hospitalized patients376 and all-cause mortality in the 
dialysis population.377 It is unclear if hypophosphatemia is a 
direct contributor to these outcomes.

CLINICAL MANIFESTATIONS
Moderate hypophosphatemia (plasma Pi from 1.0 to 
2.5 mg/dL) usually occurs without significant phosphate 
depletion and without specific signs or symptoms. In severe 
hypophosphatemia (plasma Pi below 1.0 mg/dL), phos-
phate depletion is typically present and can have significant 
clinical consequences.

The clinical manifestations of hypophosphatemia and 
phosphate depletion generally result from a decrease in 
intracellular ATP levels. In addition, erythrocytes experi-
ence a decrease in 2,3-diphosphoglycerate levels, which 
increases hemoglobin-oxygen affinity and prevents efficient 
oxygen delivery to tissues.378 Hypophosphatemia causes 
a rise in intracellular cytosolic calcium in cells such as  
leukocytes, pancreatic islets, and synaptosomes isolated 
from phosphate-depleted animals. These elevated cytosolic 
calcium levels were associated with decreased ATP levels and 
impaired cell response to stimuli.379

Hematologic consequences include a predisposition to 
hemolysis, thought to result from increased red cell  
rigidity.380,381 Spontaneous hemolysis is rarely observed with 
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bone, or a disorder of renal phosphate handling in the 
proximal tubule. The recent discovery of several inherited 
disorders of renal wasting has contributed to the elucidation 
of the underlying mechanisms (Figure 19.5).

Hyperparathyroidism. Both primary and secondary HPT 
may lead to hyperphosphaturia and hypophosphatemia. 
Primary HPT is discussed earlier in this chapter. The degree 
of hypophosphatemia observed is usually mild to moderate 
in severity; increased urinary phosphate excretion is bal-
anced by mobilization of Pi from the bone and enhanced 
intestinal absorption of Pi. Secondary HPT resulting from 
vitamin D deficiency causes hypophosphatemia, not only 
through the promotion of urinary phosphate wasting by 
PTH, but also through decreased intestinal absorption of 
phosphate from low vitamin D levels. The secondary HPT 
observed in patients with CKD is typically associated with 
hyperphosphatemia because of a decreased ability of the 
kidney to excrete phosphorus.

Increased Production or Activity of Phosphatonins. There 
are several rare syndromes of renal phosphate wasting asso-
ciated with rickets or osteomalacia that result from increased 
production or activity of FGF-23 or other phosphatonins 
(see Figure 19.4).392

X-Linked Hypophosphatemia. X-linked hypophosphatemia 
(XLH; OMIM #307800) is a rare X-linked dominant disor-
der characterized by hypophosphatemia, rickets and osteo-
malacia, growth retardation, decreased intestinal calcium 
and phosphate absorption, and decreased renal phosphate 
reabsorption. Serum 1,25(OH)D levels are inappropriately 
normal or low, and calcium and PTH levels are normal in 
patients with XLH. The prevalence of the disease is 1 : 20,000, 
penetrance is high, and both females and males are 
affected.393

The gene responsible for this disorder, a phosphate-
regulating gene with homology to endopeptidases on the X 
chromosome (PHEX), was identified by positional cloning.394 
Binding of PHEX to another bone-derived protein, dentin 
matrix protein 1 (DMP1), appears critical for the suppres-
sion of osteocyte production of FGF-23 in bone.395 Inactivat-
ing mutations in—PHEX or DMP1 result in higher circulating 
levels of FGF-23 and resultant phosphate wasting.394,396,397 
Abnormal synthesis of 1,25(OH)2D in XLH can be explained 
by increased levels of FGF-23, which suppress renal 
1α-hydroxylase activity.398

Treatment of XLH patients with oral phosphate and cal-
citriol improves their growth rate; however, these therapies 
do not reduce renal phosphate excretion. As a result, the 
major goal of therapy in these patients has been to allow 
normal growth and reduce bone pain.399 More recently, an 
FGF23-neutralizing antibody has been developed as a poten-
tial treatment for XLH patients and initial evidence from a 
phase I study suggests this therapy can effectively reduce 
renal phosphate excretion.399a Thus, FGF23-neutralizing 
antibodies hold considerable promise as a future treatment 
for XLH patients.

Autosomal Dominant Hypophosphatemic Rickets. Autosomal 
dominant hypophosphatemic rickets (ADHR, OMIM 
#193100) is an extremely rare disorder of phosphate 
wasting, with a clinical phenotype similar to that of  
XLH. Some individuals initially present in childhood with 

phosphate from extracellular to intracellular fluid, or a 
combination of these mechanisms (Table 19.8).

Increased Renal Phosphate Excretion

Hypophosphatemia caused by increased urinary phosphate 
excretion is generally the result of excess PTH, increased 
production or activity of FGF-23 from normal or dysplastic 

Table 19.8  Causes of Hypophosphatemia

Increased Urinary Phosphate Excretion

Increased production or activity of FGF-23
Inherited disorders

X-linked hypophosphatemia (PHEX mutations)
Autosomal dominant hypophosphatemic rickets (FGF-23 

mutations)
Autosomal recessive hypophosphatemic rickets (DMP1 

and ENPP1 mutations)
Acquired disorder

Tumor-induced osteomalacia
Disorders of proximal tubule Pi reabsorption

Hereditary hypophosphatemic rickets with hypercalciuria 
(SLC34A3 mutations)

Autosomal recessive renal phosphate wasting (SLC34A1 
mutations)

NHERF1 mutations
KLOTHO mutations
Fanconi’s syndrome
Primary and secondary hyperparathyroidism
Post–renal transplantation
Medications—acetazolamide, calcitonin, glucocorticoids, 

diuretics, bicarbonate, acetaminophen, iron (IV), 
antineoplastics, antiretrovirals, aminoglycosides, 
anticonvulsants

Acute tubular necrosis recovery, post–urinary obstruction
Miscellaneous—post-hepatectomy, colorectal surgery, 

volume expansion, osmotic diuresis

Decreased Intestinal Absorption of Phosphate

Malnutrition with low phosphate intake, anorexia, starvation
Malabsorption of phosphate—chronic diarrhea, gastrointestinal 

tract diseases
Intake of phosphate-binding agents
Vitamin D deficiency or vitamin D resistance

Nutritional deficiency—low dietary intake, low sun exposure
Malabsorption
Chronic kidney disease
Chronic liver disease
Vitamin D synthesis and vitamin D receptor defects

Altered Phosphorus Distribution, Intracellular Shift

Acute respiratory alkalosis
Refeeding of malnourished patients, alcoholics
Hungry bone syndrome (postparathyroidectomy)

Hypophosphatemia Resulting from Multiple Mechanisms

Alcoholism
Diabetic ketoacidosis, insulin therapy
Miscellaneous

Tumor consumption of phosphate—leukemia blast crisis, 
lymphoma

Sepsis
Heat stroke and hyperthermia
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course. Hypophosphatemia with normal serum calcium and 
PTH levels, renal Pi wasting, low calcitriol levels, and 
decreased bone mineralization are the hallmarks of TIO.408 
It is caused by mesenchymal tumors that express and secrete 
FGF-23.409 In addition to FGF-23, other phosphaturic factors 
are often secreted by these tumors, including matrix extra-
cellular phosphoglycoprotein (MEPE), frizzled-related 
protein 4 (FRP-4), and FGF-7.410

The definitive treatment of TIO is complete resection of 
the inciting tumor; however, these mesenchymal tumors are 
often small and difficult to localize. Medical treatment with 
phosphate supplementation and calcitriol is frequently nec-
essary to improve bone healing in patients for whom tumor 
localization or resection is unsuccessful. Cinacalcet has also 
been used to induce hypoparathyroidism and decrease 
phosphate wasting, with good response,411 although hypo-
calcemia is always a concern when using this therapy in 
patients with normal renal function.

Disorders of Proximal Tubule Inorganic  
Phosphorus Reabsorption

Hereditary Hypophosphatemic Rickets with Hypercalci-
uria. Hereditary hypophosphatemic rickets with hypercalci-
uria (HHRH; OMIM #241530) is a rare autosomal recessive 
syndrome characterized by rickets, short stature, renal phos-
phate wasting, and hypercalciuria. HHRH is caused by  
mutations in SLC34A3, the gene encoding the renal sodium-
phosphate cotransporter NaPi-2c.412 Patients have an appro-
priate elevation in 1,25(OH)2D, which results in hypercalciuria. 
They are treated with phosphorus supplementation.

A similar autosomal recessive disorder has been 
described in two patients with loss-of-function mutations in 

hypophosphatemia associated with lower extremity deformi-
ties, whereas others present in adolescence or adulthood 
with bone pain, weakness, and phosphate wasting. In some 
individuals with early-onset disease, the phosphate wasting 
returns to normal after puberty.

The ADHR locus was mapped to chromosome 12p13.3 
and identified as FGF-23.400 Missense mutations of FGF-23 
appear to interfere with its proteolytic cleavage by furin or 
other subtilisin-like proprotein convertases,401-403 causing 
prolonged or enhanced FGF-23 action on the kidney. Treat-
ment is with phosphate replacement and calcitriol, similar 
to that for patients with XLH.

Autosomal Recessive Hypophosphatemic Rickets. Reports 
describing families with autosomal recessive forms of hypo-
phosphatemic rickets have also emerged. As mentioned 
previously, inactivating mutations in the gene encoding 
DMP1 lead to a hypophosphatemic syndrome in humans.404 
Similarly, a more recently described mutation in ectonucleo-
tide pyrophosphatase/phosphodiesterase 1 (ENPP1), a 
protein responsible for the conversion of extracellular ATP 
into inorganic pyrophosphate,405 has also been demon-
strated to result in a phosphate-wasting syndrome in 
humans.406 Interestingly, the deletion of ENPP1 in mice not 
only leads to increased FGF-23 production by bone and 
associated urinary phosphate wasting, but also defective 
bone mineralization and soft tissue calcification.407 To date, 
no studies have elucidated how ENPP1 or pyrophosphate 
may regulate FGF-23 production.

Tumor-Induced Osteomalacia. Tumor-induced osteomala-
cia (TIO), or oncogenic osteomalacia, is an acquired para-
neoplastic syndrome of renal phosphate wasting. Usually 
this syndrome presents in older adults, with a protracted 

Figure 19.5 Summary of  the  inherited disorders of urinary phosphate wasting. Inherited diseases characterized by phosphaturia and 
hypophosphatemia can occur from a defect in endocrine pathways involved in the systemic regulation of phosphate homeostasis or from a 
direct mutation in local regulators of renal phosphate transport. ADHR, Autosomal dominant hypophosphatemic rickets; ARHR, autosomal 
recessive hypophosphatemic rickets; DMP1, dentin matrix protein 1; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; FGF23, 
fibroblast growth factor 23; Na/Pi-IIa, type IIa sodium-phosphate cotransporter; Na/Pi-IIc, type IIc sodium-phosphate cotransporter; NHERF1, 
sodium-hydrogen exchanger regulatory factor; 1 PHEX, phosphate-regulating gene with homology to endopeptidases on the X chromosome; 
XLH, X-linked hypophosphatemic rickets. 
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Drug-Induced Hypophosphatemia. There is an extensive 
and growing list of medications that can cause hypophos-
phatemia and phosphate urinary losses as part of Fanconi’s 
syndrome, as discussed above, or by affecting only NaPi 
transporters in the kidney. Diuretics, including acetazol-
amide, loop diuretics, and some thiazides with carbonic 
anhydrase activity, such as metolazone, can increase phos-
phaturia. The volume contraction that accompanies the use 
of diuretics usually stimulates proximal tubular NaPi reab-
sorption and prevents the development of severe hypophos-
phatemia. Conversely, volume expansion with saline can 
cause phosphaturia and hypophosphatemia.428 Corticoste-
roids decrease intestinal phosphorus absorption and 
increase renal phosphorus excretion and thus may cause 
mild-to-moderate hypophosphatemia.429 Hypophosphate-
mia has been reported in patients treated for malignancies 
with many of the novel tyrosine kinase inhibitors, including 
imatinib (50%),430 sorafenib (13%),431 and nilotinib.432 The 
mechanism is thought to be due to inhibition of calcium 
and Pi resorption from bone, together with secondary HPT, 
leading to phosphaturia,433 or may be caused by develop-
ment of a partial Fanconi’s syndrome.434 Administration of 
parenteral iron formulations containing carbohydrate moi-
eties has been associated with hypophosphatemia, phos-
phate wasting, and inhibition of 1α-hydroxylation of vitamin 
D,435,436 which was found to be mediated by an increase in 
circulating levels of intact FGF-23.437 Hypophosphatemia 
has also been reported in acetaminophen toxicity; the 
mechanism for this association is likely multifactorial, but 
appears at least partially to result from urinary phosphate 
wasting.438 Finally, the administration of large doses of estro-
gens in patients with metastatic prostate carcinoma can also 
produce hypophosphatemia.439

Miscellaneous Causes. Significant urinary losses of phos-
phate may lead to hypophosphatemia during recovery from 
acute tubular necrosis and from obstructive uropathy. Post-
operative hypophosphatemia has been reported after liver 
resection, colorectal surgery, aortic bypass, and cardiotho-
racic surgery.440-442 Posthepatectomy hypophosphatemia 
appears to be due to a transient increase in renal fractional 
excretion of phosphate rather than to increased metabolic 
demand by the regenerative liver.443

Decreased Intestinal Absorption

Malnutrition. Malnutrition from low phosphate intake is not 
a common cause of hypophosphatemia. Increased renal 
reabsorption of phosphorus can compensate for all but the 
most severe decreases in oral phosphate intake. However, if 
phosphate deprivation is prolonged and severe (<100 mg/
day), or if it coexists with diarrhea, the continued colonic 
secretion of phosphate can lead to hypophosphatemia. 
Hypophosphatemia seen in children with protein malnutri-
tion and kwashiorkor correlates with increased mortality.444

Malabsorption. More common is hypophosphatemia result-
ing from malabsorption. Most phosphorus absorption 
occurs in the duodenum and jejunum, and intestinal disor-
ders affecting the small intestine may lead to hypophospha-
temia.445 Phosphate-binding cations such as aluminum, 
calcium, magnesium, and iron form complexes with phos-
phorus in the gastrointestinal tract, resulting in decreased 

the SLC34A1 gene, which encodes the NaPi-IIa sodium 
phosphate cotransporter. However, unlike HHRH, these 
patients also had Fanconi’s syndrome (see later).413

More recently, gene mutations in the sodium-hydrogen 
exchanger regulatory factor 1 (NHERF1) have been 
described in patients with hypophosphatemia and nephroli-
thiasis from renal phosphate wasting.414 NHERF1 is a protein 
that plays an essential role in delivery of sodium phosphate 
cotransporters to the apical membrane in the proximal 
tubule.415 Similarly, a de novo translocation mutation in the 
KLOTHO gene has also been linked to a syndrome character-
ized by elevated plasma α-klotho levels, hypophosphatemia, 
and HPT.416 The membrane-bound form of klotho is 
expressed locally in the kidney in the proximal and distal 
tubules, and prior studies have suggested that klotho has an 
independent role in renal phosphate transport.417 However, 
the exact mechanisms responsible for the clinical phenotype 
in this patient exhibiting a translocation mutation of the 
KLOTHO gene remain undetermined.

Fanconi’s Syndrome. Fanconi’s syndrome is a disorder 
characterized by generalized proximal tubule dysfunction 
leading to defects in the reabsorption of glucose, phos-
phate, calcium, amino acids, bicarbonate, uric acid, and 
other organic compounds.418 This syndrome can be genetic 
or acquired. Inherited causes of Fanconi’s syndrome include 
cystinosis, tyrosinemia, and Wilson’s disease. Acquired 
causes include monoclonal gammopathies, amyloidosis, col-
lagen vascular diseases, kidney transplant rejection, and 
many drugs or toxins, such as heavy metals, antineoplastic 
agents, antiretroviral agents, aminoglycosides, and anticon-
vulsants.419,420 Over time, severe hypophosphatemia in Fan-
coni’s syndrome can lead to defective bone mineralization, 
with increased fracture risk. Of interest, a recessive loss  
of function mutation in the SLC34A1 gene encoding the 
NaPi-IIa proximal tubule transporter was shown to cause 
Fanconi’s syndrome, including phosphaturia and hypophos-
phatemia and other perturbations in proximal tubule trans-
port, perhaps arising from the accumulation of the misfolded 
gene product and consequent endoplasmic reticulum–
associated stress response.421

Kidney Transplantation. Hypophosphatemia is observed in 
up to 90% of patients after kidney transplantation.422,423 It is 
typically mild to moderate, and mostly occurs during the 
first weeks after surgery but may persist for months to 
years.422 These patients have phosphaturia and decreased 
TmP/GFR, with a well-preserved GFR. The causes of post-
transplantation hypophosphatemia include persistent (ter-
tiary) HPT,422 excess of FGF-23 in the posttransplantation 
period,424 25(OH)D and 1,25(OH)2D deficiency, and immu-
nosuppressive medication.425 Pretransplantation levels of 
PTH and FGF-23 predict the severity of hypophosphatemia, 
and both hormones may act synergistically to increase phos-
phaturia in this setting.426 Cinacalcet has been shown to 
correct urinary phosphate wasting and normalize plasma Pi 
in posttransplantation patients by decreasing PTH levels 
without an impact on high levels of FGF-23.427 The major 
consequence of posttransplantation hypophosphatemia is 
progressive bone loss and osteomalacia. Management of 
posttransplantation hypophosphatemia concentrates on 
replacement of phosphate, correction of vitamin D defi-
ciency, and treatment of HPT.
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alcoholic patients with poor intake, vitamin D deficiency, 
and heavy use of phosphate-binding antacids.452 Alcohol-
induced proximal tubule dysfunction also contributes to 
phosphate depletion.226 Alcoholics frequently develop acute 
respiratory alkalosis due to alcohol withdrawal, sepsis, or 
cirrhosis. Phosphorus deficiency is often not manifested as 
hypophosphatemia at the initial evaluation for medical care. 
Typically, refeeding or administration of IV glucose (or 
both) in this patient population stimulates shifts of phos-
phorus into cells and thereby uncovers severe hypophospha-
temia. Hypophosphatemic alcoholics are at high risk for the 
development of rhabdomyolysis.384

Diabetic Ketoacidosis. In uncontrolled diabetes, phosphate 
is released from cells and ultimately appears in the urine 
because of concomitant glycosuria, ketonuria, acidosis, and 
osmotic diuresis. which all increase urinary phosphate 
excretion.453 Although serum phosphate levels may be 
normal, total phosphate stores are usually low. During treat-
ment of diabetic ketoacidosis, the development of hypo-
phosphatemia is extremely common.454 Administration of 
insulin stimulates the cellular uptake of phosphorus, and 
thus the serum phosphate level can fall dramatically with 
treatment.362 However, routine administration of phosphate 
in this setting, before the development of hypophosphate-
mia, is discouraged because it may lead to significant hypo-
calcemia.455 Phosphate depletion can itself be a cause of 
insulin resistance, and a decrease in insulin requirements 
has been observed after phosphate replacement therapy.456,457

Miscellaneous Disorders. Moderate, and at times severe, 
hypophosphatemia may be observed in acute leukemia in 
the leukemic phase of lymphomas458 and during hematopoi-
etic reconstitution after stem cell transplantation.459 Rapid 
cell growth, with consequent phosphorus utilization, is very 
likely responsible for the decrease in extracellular phospho-
rus. Hypophosphatemia has been observed in a woman with 
toxic shock syndrome460 and is commonly observed in 
sepsis,461 but the complicated clinical picture in septic 
patients makes it difficult to delineate a specific mechanism. 
Rapid volume expansion diminishes proximal tubule 
sodium phosphate reabsorption and may lead to transient 
hypophosphatemia.428 Hypophosphatemia is seen in patients 
with heat stroke, as well as hyperthermia, mainly due to 
increased renal phosphorus excretion.

TREATMENT
The first step in the management of hypophosphatemia is 
to establish the cause of the low Pi, followed by a determina-
tion of whether Pi replacement is necessary. There is little 
evidence that mild hypophosphatemia (Pi = 2.0 to 2.5 mg/
dL) has significant clinical consequences in humans or that 
aggressive Pi replacement is needed. This is particularly true 
when Pi shift is the major cause of the hypophosphatemia.

Patients with symptomatic hypophosphatemia and phos-
phate depletion do require replacement therapy. Those 
with severe hypophosphatemia, with a plasma Pi level less 
than 1 mg/dL, even in the absence of phosphate depletion, 
will need IV phosphate therapy. Because the serum level of 
phosphorus may not be an accurate reflection of total body 
stores, it is essentially impossible to predict the amount of 
phosphorus necessary to correct phosphorus deficiency and 

phosphate absorption. Hypophosphatemia can develop 
quickly, even in patients given a relatively moderate but 
sustained dosage of phosphate binders. When combined 
with poor nutritional intake or extensive dialysis, this therapy 
may result in so-called overshoot hypophosphatemia. Pro-
longed use of phosphate-binding antacids can lead to clini-
cally significant osteomalacia.446

Vitamin D–Mediated Disorders. Vitamin D is critical for 
normal control of phosphorus. Deficiency of vitamin D leads 
to decreased intestinal absorption of phosphorus and to hypo-
calcemia, HPT, and a consequent PTH-mediated increase in 
renal phosphorus excretion. Syndromes of vitamin D defi-
ciency or resistance characterized by hypophosphatemia, 
hypocalcemia, and bone disease are discussed in an earlier 
section of this chapter that discusses hypocalcemia.

Redistribution of Phosphate. Redistribution of phosphate 
from the extracellular space into cells is a common cause of 
hypophosphatemia in hospitalized patients. This shift of 
phosphate occurs by various mechanisms, including ele-
vated levels of insulin, glucose, and catecholamines, respira-
tory alkalosis, increased cell proliferation (leukemia blast 
crisis, lymphoma), and rapid bone mineralization (hungry 
bone syndrome).

Respiratory Alkalosis. The fall in carbon dioxide during 
acute respiratory alkalosis causes carbon dioxide diffusion 
from the intracellular space, increases intracellular pH, and 
stimulates glycolysis. The consequent increase in the forma-
tion of phosphorylated carbohydrates leads to a decrease in 
extracellular phosphorus levels.447 When the alkalosis is pro-
longed and severe, phosphorus levels can drop below 1 mg/
dL.448 Mild hypophosphatemia may occur during the increased 
ventilation after treatment of asthma attack449 and in patients 
with panic disorders with intermittent hypocapnia. Hypo-
phosphatemia is common in mechanically ventilated patients, 
particularly if they are also receiving glucose infusions. The 
urinary phosphate excretion can drop to undetectable levels, 
indicating maximal urinary Pi reabsorption.

Refeeding Syndrome. In chronically malnourished 
individuals, rapid refeeding can result in significant hypo-
phosphatemia. The incidence of refeeding-related hypo-
phosphatemia is high in hospitalized patients receiving 
parenteral nutrition, as high as one in three in one series.450,451 
Risk factors for refeeding syndrome include eating disorders, 
chronic alcoholism, kwashiorkor, cancer, and diabetes mel-
litus.450 Refeeding after even very short periods of starvation 
can lead to hypophosphatemia.451 The mechanism is related 
to an insulin-induced increase in cellular phosphate uptake 
and utilization. The maintenance of serum Pi in the normal 
range is essential in the management of refeeding syndrome. 
Adequate phosphate (20-30 mmol of Pi/L) in the parenteral 
nutrition formulation generally prevents this complication. 
Even higher amounts may be required for patients with dia-
betes or chronic alcoholism.

Hypophosphatemia Resulting  
from Multiple Mechanisms

Alcoholism. Hypophosphatemia and phosphate depletion 
are particularly common and often a severe problem in 
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hypophosphatemia.462 In chronically malnourished patients 
(e.g., anorectics, alcoholics), significant phosphorus reple-
tion will be necessary, whereas in patients who are hypo-
phosphatemic from other causes (e.g., antacid ingestion, 
acetazolamide use), correction of the underlying problem 
may be sufficient.

Phosphate can be administered orally or parenterally. In 
mild or moderate hypophosphatemia, oral repletion with 
low-fat milk (containing 0.9 mg Pi/mL) is well tolerated and 
effective. Alternatively, oral tablets containing 250 mg 
(8 mmol) of phosphorus from a combination of sodium-
phosphate and potassium-phosphate salts can be prescribed. 
A typical patient with moderate to severe hypophosphate-
mia would probably need 1000 to 2000 mg (32 to 64 mmol) 
of phosphorus/day to have body stores repleted within 7 to 
10 days. Side effects include diarrhea, hyperkalemia, and 
volume overload.

IV phosphorus repletion is generally reserved for indi-
viduals with severe hypophosphatemia (Pi < 1 mg/dL). 
Various regimens are used in clinical practice, all based on 
uncontrolled observational studies. Some are more conser-
vative in the amount of phosphate delivered to avoid side 
effects, which may include renal failure, hypocalcemic 
tetany, and hyperphosphatemia. One standard regimen is 
to administer 2.5 mg/kg body mass of elemental phospho-
rus (0.08 mmol/kg of phosphate over a 6-hour period for 
severe asymptomatic hypophosphatemia; 5 mg/kg body 
mass of elemental phosphorus [0.16 mmol/kg of phos-
phate] over a 6-hour period for severe symptomatic  
hypophosphatemia).463 Others have used a more intensive 
regimen of 10 mg/kg body mass (0.32 mmol/kg of phos-
phate) administered over 12 hours.464 However, even with 
these higher doses, only 58% of treated patients achieved 
serum Pi levels above 2 mg/dL. A graded dosing scheme for 
IV phosphate replacement (0.16 mmol/kg over 4 to 6 
hours, 0.32 mmol/kg over 4 to 6 hours, and 0.64 mmol/kg 
over 6 to 8 hours for serum Pi levels of 2.3 to 3.0, 1.6 to 2.2, 
and <1.5 mg/dL, respectively) was used effectively in ICU 
patients without renal dysfunction and hypercalcemia.465 
Other intensive phosphate replacement regimens have 
been reported and found to be effective and safe in the ICU 
for select patients with severe hypophosphatemia.376
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Epidemiology is defined by the Oxford English Dictionary as “the 
study of the incidence and distribution of diseases.” This 
chapter focuses on the epidemiology of end-stage kidney 
disease (ESKD), chronic kidney disease (CKD), and acute 
kidney injury (AKI), the three most important clinical prob-
lems in nephrology, measured either by number of patients 
affected or by rates of associated morbidity and mortality. 
Some initial definitions are useful. The incidence rate of a 
disease is typically defined as number of new cases per 
person-year from longitudinal studies that enrolled patients 
without disease at baseline. The prevalence rate of a disease is 
typically defined as number of persons with disease per 
population at any one point in time in cross-sectional 
studies. Disease prevalence thus depends not only on disease 
incidence but also how long the condition persists. Both 
incidence rates and prevalence rates are typically normal-
ized to some underlying population (e.g., the total U.S. 
population). Hence, if the underlying population size were 
to increase, as the U.S. population has, absolute incidence 
(and prevalence) count could increase over time even if the 
incidence (or prevalence) rate were unchanged.

This chapter also touches upon risk factors for kidney 
disease, which are discussed in greater detail in Chapters 21 
and 22.

EPIDEMIOLOGY OF END-STAGE  
KIDNEY DISEASE

In the study of kidney disease epidemiology, the traditional 
focus has been on end-stage kidney disease (ESKD), usually 

defined operationally as kidney failure being treated with 
long-term dialysis or kidney transplantation. ESKD is the 
most serious and dramatic manifestation of kidney disease 
and naturally was the focus of much clinical attention in the 
early decades of nephrology, the 1950s and 1960s. During 
this time, with pioneering work in renal transplantation and 
dialysis, nephrology became recognized as a separate disci-
pline. Several decades’ worth of very strong data exist with 
regard to the epidemiology of ESKD, in large part because 
of the existence of ESKD registries such as the Michigan 
Kidney Registry1 and United States Renal Data System 
(USRDS).2 USRDS provides powerful epidemiology data 
because it has nationally comprehensive patient-level data 
and tracks outcomes after the diagnosis of ESKD.

INCIDENCE

The USRDS Annual Data Report for 2013 showed for the first 
time that not only had the incidence rate of ESKD fallen 
(by 3.8% to 357 cases per million people in 2011, the most 
recent year for which data were available), the incident 
count also fell from 117,390 (in 2010) to 115,643 (in 2011) 
(Figure 20.1).2 This was the first time since 1980 that USRDS 
ever documented a fall in the absolute number of new 
(incident) ESKD cases in the United States.

This secular trend is quite different from that observed 
in the 1980s and 1990s, when the incidence rate of ESKD 
rose rapidly (Figure 20.2). It is, however, a continuation of 
the trend reported by USRDS that the incidence rate of 
ESKD has more or less reached a plateau in the past decade 
(see Figure 20.2).2
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of CKD resulting from more aggressive control of blood 
pressure with drugs such as those that block the renin angio-
tensin aldosterone system (RAAS). For example, when the 
landmark United Kingdom Prospective Diabetes Study 
(UKPDS) trial was conducted in the 1980s, it was thought 
acceptable to allow patients with type 2 diabetes in the 
control arm to have blood pressures as high as 200 mm Hg 
systolic/105 mm Hg diastolic (this value was lowered to 
180/105 mm Hg in 1992).6 The first large, randomized con-
trolled trial to demonstrate the renoprotective effect of 
RAAS blockade was not published until 1993.7 In addition, 
improved glycemic control among patients with diabetes 
mellitus may have an important role. The impact of such 
treatment is illustrated by a Finnish study that tracked 
outcome among young patients with type 1 diabetes over 
several decades. In that study, patients with type 1 diabetes 
diagnosed from 1980 through 1999 had less than half the 
risk for development of ESKD of those diagnosed from 1965 
through 1969.8 Similar results have been reported in the 
United States for patients with type 2 diabetes, with one 
paper reporting a 28% drop in rates of ESKD between 1990 
and 2010.9

There remains considerable variation in the incidence of 
ESKD across patient subgroups. In the United States, the 
incidence of ESKD among African Americans is strikingly 
higher than the incidence among whites (by more than 
threefold after adjustments for gender and age) (Table 
20.1). Incidence rates are also higher among those of Asian 
descent and Hispanic ethnicity (see Table 20.1). Men (com-
pared with women) and older (compared with younger) 
people have higher rates of ESKD (see Table 20.1).

The most common listed etiology of ESKD in the United 
States is diabetes (156.8 per million population; 44%), fol-
lowed by hypertension (100.6 per million population; 28%).

However, these are “primary diagnoses” for ESKD assigned 
by the treating physician at the start of dialysis, when the 
original etiology of disease may be difficult to discern. For 

Similar encouraging observations have been reported 
from other countries. For example, the 2014 Canadian 
Organ Replacement Register (CORR) Report,3 the 2013 UK Renal 
Registry’s Annual Report,4 and the 2013 Australia and New 
Zealand Dialysis and Transplant Registry (ANZDATA) Report5 all 
show stable or declining incidence of ESKD in their respec-
tive countries (Figure 20.3).

The reasons for these encouraging trends are not entirely 
clear but may involve successes in retarding the progression 

Figure 20.1  Incident counts of end-stage kidney disease in the 
United States by initial renal replacement therapy modality by 
calendar year. Hemodialysis is by far the most common. (From U.S. 
Renal Data System: USRDS 2013 annual data report: atlas of chronic 
kidney disease and end-stage renal disease in the United States, vol 2, 
2013, Bethesda, MD, National Institutes of Health, National Institute of 
Diabetes and Digestive and Kidney Diseases, p 174, figure 1.1.)
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Figure 20.3  Trends over time of age-specific incidence rates of end-stage kidney disease (ESKD) by calendar year in Canada (A), Australia 
(B), and New Zealand (C). D, Overall incidence rates of ESKD in the United Kingdom. In the most recent 5 to 10 years, rates have been stable 
or declining. RPMP, rate per million population. (A from the 2014 Canadian Organ Replacement Register annual report, p14, figure 1, available at 
https://secure.cihi.ca/free_products/2014_CORR_Annual_Report_EN.pdf; B and C from the 36th (2013) Annual Australia and New Zealand Dialysis 
and Transplant Registry report, p2-2, figures 2.2 & 2.3, available at http://www.anzdata.org.au/anzdata/AnzdataReport/36thReport/2013c02_
newpatients_v1.7.pdf; D from the UK Renal Registry sixteenth annual report (2013), p11, figure 1.1, available at https://www.renalreg.org/wp-content/
uploads/2014/09/01-Chap-01.pdf.)
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PREVALENCE

According to the 2013 USRDS Annual Report, the annual 
prevalence of ESKD in the United States was 1901 per 
million population (adjusted for age, gender, and race).2 As 
alluded to previously, the prevalence of disease depends not 
only on the number of new cases but also on the survival  
of existing patients. Better survival of patients on both  
dialysis and transplant will therefore increase the prevalence 
of disease (and “burden of ESKD”) but actually reflects 
improvement in care. Indeed, the adjusted mortality rates 
for patients undergoing dialysis and transplantation have 
improved over the past three decades (Figure 20.4).

Another reflection of the difference between incidence 
and prevalence is that although only 3% of patients with 
incident ESKD are treated by kidney transplantation as the 
initial modality, 30% of patients with prevalent (existing) 
ESKD are maintained with kidney transplants. This is  
due not only to the fact that numerous patients undergo-
ing dialysis subsequently undergo kidney transplantation 
but also because patients with kidney transplants survive 
longer. Similarly, the black-white disparity in ESKD is even 
more pronounced when ESKD prevalence is used as the 
metric rather than ESKD incidence, because on average, 
black patients survive longer with ESKD than their white 
counterparts.2,17

Mortality rates among patients with ESKD, especially 
those undergoing dialysis, remain alarmingly high—in 
excess of 20% per year (see Figure 20.4). This high mortality 
rate is paralleled by high rates of hospitalization and health 
care utilization.2 Several studies have shown that death 
rates are particularly high in the first weeks to months 
immediately after patients start hemodialysis,18-20 and there 
is concern that this problem is underestimated by some 
national registry data because patients die prior to being 
registered.21

Many epidemiology studies have sought to account for 
the high mortality rates among patients undergoing dialysis. 
The burden of medical conditions already present at the 
start of dialysis appears to be a key problem. This possibility 
is consistent with the observation that interventions to 
manipulate dialysis-related parameters, such as dose of dial-
ysis22,23 and use of more recombinant erythropoietin,24 have 
not succeeded in reducing mortality.

Notably, many papers have reported that numerous risk 
factors for mortality in the general population, such as 
higher blood pressure, higher cholesterol level, and higher 
body mass index, appear to be paradoxically associated  
with lower risk of mortality among patients receiving  
maintenance hemodialysis.25 The reasons for these reverse 
“J-shaped” or “U-shaped” associations are not entirely clear. 
Part of the explanation may be confounding factors such as 
malnutrition and inflammation.26 Another factor may be 
the unique physiology of patients undergoing hemodialysis, 
such as hemodynamics related to interdialytic fluid accumu-
lation, because several studies have shown that higher blood 
pressure measured outside the dialysis unit (in contrast to 
measured just before a hemodialysis session27-29) was associ-
ated with a linear increase in the risk of adverse outcomes.30-32

Results of interventional studies are mixed, with some33 
but not other studies showing benefits of treating conven-
tional “Framingham” cardiovascular disease risk factors after 

Table 20.1 Adjusted Incidence Rates of 
End-Stage Kidney Disease  
(ESKD) in Different Subgroups  
in the United States*

Subgroup
Adjusted Incidence 
(per million population)

By Race

White 279.8
Asian 398.5
Native American 452.5
Black/African American 939.8

By Ethnicity

Non-Hispanic 342.7
Hispanic 517.5

By Age (yr)

0-19 15.6
20-44 126.5
45-64 571.1
65-74 1306.8
75+ 1706.9

By Gender

Female 281.3
Male 451.2

*Overall incidence (adjusted for age, gender, and race) is  
357.0 per million population. Rates by race or ethnicity are 
adjusted for age and gender; rates by age are adjusted for 
gender and race; rates by gender are adjusted for age and 
race.

Modified from U.S. Renal Data System: USRDS 2013 annual 
data report: atlas of chronic kidney disease and end-stage 
renal disease in the United States, vol 2, 2013, Bethesda, 
MD, National Institutes of Health, National Institute of 
Diabetes and Digestive and Kidney Diseases.

example, it has been documented that numerous cases of 
ESKD ascribed to hypertension have preceding clinical fea-
tures highly suggestive of other renal parenchymal diseases 
(e.g., nephrotic range proteinuria).10,11 Also, genetic studies 
have demonstrated that variants in the gene encoding apo-
lipoprotein L1 (APOL1) appear to account for much of the 
higher incidence of “hypertensive nephrosclerosis” observed 
among African Americans.12-15 These novel advances will 
undoubtedly force a rethinking of how we currently assign 
etiologies for ESKD—specifically the question, “Should we 
accept hypertension as being the cause of ESKD in a large 
number of cases?”

Furthermore, the convention of ascribing only one 
primary cause to any ESKD case may be inherently limited. 
For example, prospective studies have shown that patients 
with diabetes mellitus appear to be at several-fold higher risk 
for ESKD ascribed to nondiabetic causes.16 This convention 
also cannot reflect the contribution of multiple disease pro-
cesses to the final ESKD outcome (e.g., nonrecovery of renal 
function after acute tubular necrosis in a patient with under-
lying diabetic nephropathy).
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transplant confers mortality benefit38 in addition to improved 
quality of life in comparison with maintenance dialysis.39 
Currently, 1-year survival with a functioning allograft is 92% 
for recipients of deceased donor kidneys and 97% for recipi-
ents of living donor kidneys.2

In 2011, the number of kidney transplantations per-
formed in the United States was 17,671.2 Figure 20.5 shows 
the trend over time according to donor type. Shortage of 
transplant organs, however, remains a major problem that 

onset of ESKD, such as lipid lowering.34,35 And there is some 
evidence (but not strong) in favor of blood pressure lower-
ing in the dialysis population.36,37

KIDNEY TRANSPLANTATION

Although no randomized controlled clinical trials have 
been performed, the best evidence from observational  
data indicate that, all else being equal, receipt of a kidney 

Figure 20.4  Adjusted all-cause mortality rates of patients with Adjusted all-cause mortality rates of patients with end-stage kidney 
disease (ESKD) over time, by different modalities of renal replacement therapy. From 1980 to 2010, the first-year mortality rate among 
all incident patients with ESKD has fallen 30.5%, from 321.8 to 254.4 per 1000 patient years. All mortality rates are adjusted for age, gender, 
race, and primary diagnosis. (From U.S. Renal Data System: USRDS 2013 annual data report: atlas of chronic kidney disease and end-stage renal 
disease in the United States, vol 2, 2013, Bethesda, MD, National Institutes of Health, National Institute of Diabetes and Digestive and Kidney Dis-
eases, p 265, figure 5.1.)
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Finally, the economic models of delivery of dialysis also 
vary. In the United States currently, about two thirds of 
patients with ESKD are dialyzed at facilities owned by large 
dialysis companies. In other countries (such as Germany), 
the system is much more decentralized.

Beyond registry data, international observational studies 
such as the Dialysis Outcomes and Practice Patterns Study 
(DOPPS) have documented noticeable practice variations. 
For example, in the late 1990s, arteriovenous fistula was 
used as the dialysis access in 80% of European but only 24% 
of U.S. prevalent patients. For patients who were new to 
hemodialysis, the rates of fistula use were 66% in Europe 
and 15% in the United States.42 This and other differences 
may explain the much higher mortality among U.S. patients 
than patients elsewhere in the world.43 For further interna-
tional comparisons, see Chapters 77-82.

EPIDEMIOLOGY OF CHRONIC  
KIDNEY DISEASE

The past dozen years have seen an explosion of research 
into CKD. This field was codified in large part following the 
publication in 2002 of the National Kidney Foundation 
(NKF) Kidney Disease Outcomes Quality Initiative (KDOQI) 
definition and classification of chronic kidney disease.44 
Prior to this, there had been no consensus definition of 
CKD, a lack that made defining disease incidence and preva-
lence difficult. The NKF CKD definition and classification 
have been very influential, widely disseminated, and widely 
adopted (Table 20.2). Although a newer classification of 
CKD—building on the KDOQI definition but with addi-
tional emphasis on the role of albuminuria—has since been 

has resulted in longer waiting times. The pressure to increase 
number of organs has led to numerous contentious discus-
sions regarding proposed schemes to pay donors and use of 
living donors who have medical conditions that were previ-
ously considered contraindications to donation, such as 
hypertension.

INTERNATIONAL COMPARISONS

Incidence and prevalence rates of ESKD vary considerably 
across different regions and countries. In 2011, Jalisco 
(Mexico), the United States, and Taiwan (2010 figure) 
reported the highest rates of incident ESKD at 527, 362,  
and 361 per million population, respectively (Figure 20.6).2 
Interpreting incidence rates of ESKD across countries 
however, is complicated by lack of uniform data collec-
tion methods. Furthermore, because only treated ESKD 
cases are counted, differences in access to renal replace-
ment therapy due to economics, public policy, or local prac-
tice patterns greatly influence incidence and prevalence 
rates.40,41

Despite these limitations, it is clear that there is consider-
able variation in the practice of renal replacement therapy 
around the world. For example, in Hong Kong, the great 
majority of patients undergoing dialysis are treated with 
peritoneal dialysis (74% of prevalent patients [those con-
tinuing dialysis] vs. 33% in New Zealand, 20% in Iceland, 
and 7% in the United States). Home hemodialysis use also 
varies greatly (18% in New Zealand, 9% in Australia, and 
1% in the United States). In terms of transplantation, the 
reported rates in 2010 were 57 per million person-years in 
the United States, 37 in Israel, 29 in Argentina, and 8 in 
Romania.2

Figure 20.5  Number of transplantations in the United States 
(limited to patients with end-stage kidney disease aged 20 years 
and older). Shown are total number and breakdown by donor type. 
(From U.S. Renal Data System: USRDS 2013 annual data report: 
atlas of chronic kidney disease and end-stage renal disease in the  
United States, vol 2, 2013, Bethesda, MD, National Institutes of Health, 
National Institute of Diabetes and Digestive and Kidney Diseases, p 285, 
figure 7.1.)
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Table 20.2 Classification and Staging of Chronic 
Kidney Disease (CKD) by the 
National Kidney Foundation*

Stage Description
GFR  
(mL/min/1.73 m2)

1 Kidney damage with normal 
or ↑ GFR

≥90

2 Kidney damage with mild ↓ 
GFR

60-89

3 Moderate ↓ GFR 30-59
4 Severe ↓ GFR 15-29
5 Kidney failure <15 or dialysis

*This widely adopted classification required evidence of kidney 
damage (such as increased proteinuria) above a glomerular 
filtration rate (GFR) level of 60 mL/min/1.73 m2 for the 
diagnosis of CKD but not below this threshold. Chronic kidney 
disease is defined as either kidney damage or GFR < 60 mL/
min/1.73 m2 for ≥ 3 months. Kidney damage is defined as 
pathologic abnormalities or markers of damage, including 
abnormalities in blood or urine test results, or imaging studies.

From K/DOQI clinical practice guidelines for chronic kidney 
disease: evaluation, classification, and stratification. Am J 
Kidney Dis 39(Suppl 1):S1-S266, 2002.
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Figure 20.6  Reported incidence of end-stage kidney disease (ESKD) in different countries in 2011. Incidence rates of reported ESKD in 
2011 were greatest  in Jalisco  (Mexico), at 527 per million population,  followed by the United States  (362), Taiwan (2010 figure: 361), Japan 
(295), and Singapore (279). Rates of less than 100 per million were reported by Scotland, Colombia, Finland, Russia, and Bangladesh.  (From 
U.S. Renal Data System: USRDS 2013 annual data report: atlas of chronic kidney disease and end-stage renal disease in the United States, vol 2, 
2013, Bethesda, MD, National Institutes of Health, National Institute of Diabetes and Digestive and Kidney Diseases, p 338, figure 12.3.)
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put forth by the NKF program Kidney Disease/Improving 
Global Outcomes (KDIGO), in 201145 it has not yet influ-
enced studies of the population epidemiology of CKD.

Since the publication of the NKF CKD guidelines, the 
most common method used to estimate renal function is 
the simplified 4-variable Modification of Diet in Renal 
Disease (MDRD) equation.46 An important advance in the 
field has been improved standardization in serum creati-
nine calibration among different laboratories, specifically 
the adoption of assays traceable to an isotope-dilution mass 
spectrometry method.47 This development is important for 
epidemiology studies because even relatively small calibra-
tion differences in serum creatinine assays can translate into 
rather large differences for estimated disease prevalence. A 
newer equation has been proposed and is increasingly being 
adopted. The Chronic Kidney Disease Epidemiology Col-
laboration (CKD-EPI) equation has the same data input 
elements (serum creatinine, age, sex, and race) but is 
derived from a more broad-based set of studies and in 
general results in lower estimates of CKD prevalence in the 
general population than the MDRD equation.48 There are 
now also equations based on alternate filtration markers 
such as cystatin C, which can be used alone or in combina-
tion with serum creatinine49 (see Chapter 26).

PREVALENCE

Most of the population epidemiology of CKD has focused 
on the prevalence of CKD. Probably the best longitu-
dinal data source for determining the prevalence of CKD 
over time in the population of an entire country has  
been the National Health and Nutrition Examination  
Survey (NHANES) in the United States. Sponsored by the 
U.S. Centers for Disease Control and Prevention (CDC), 
NHANES is a series of surveys encompassing interviews and 
physical examinations on a nationally representative sample 
of participants. The second NHANES (NHANES II) was 
conducted from 1976 through 1980, and the third NHANES 
(NHANES III) from 1988 through 1994; the latest NHANES 
was launched in 1999 as a continuous survey.

Table 20.3 summarizes findings of a number of studies 
published over the last decade that have examined temporal 
trends in CKD prevalence in the United States on the basis 
of NHANES.50 Most of the studies have shown an increase 
in the crude prevalence of CKD over time (unadjusted for 
important secular trends such as aging of the population 
over time). As Table 20.3 illustrates, differences in choice 
and calibration of filtration marker and choice of estimating 
equation result in different estimates of CKD prevalence as 
well as differences in rates of change of disease burden over 
time. Regardless of the exact figure, it is clear that the 
number of individuals with CKD is two orders of magnitude 
larger than the absolute number of incident ESKD cases, 
underscoring the public health burden of the disease and 
how ESKD can truly be considered only the “tip of the 
iceberg.”

INCIDENCE

Less is known about incidence of CKD because there are 
few truly representative longitudinal cohorts available to 
track and quantify the development of new cases of CKD.

One paper based on the Atherosclerosis Risk in Commu-
nities (ARIC) Study reported an incidence rate of 10,380 
per million person-years when incident CKD was defined as 
MDRD equation–estimated GFR (eGFR) less than 60 mL/
min/1.73 m2.51 This reported incidence is similar to that 
based on another analysis of data from ARIC as well as the 
Cardiovascular Health Study (CHS): 13,000 per million 
person-years.52 A separate analysis using the Framingham 
Offspring Study—a cohort of younger persons compared 
with ARIC and CHS cohorts and using a slightly different 
definition for CKD—found an incidence rate of 5102 per 
million person-years.53 Naturally the reported rate was 
higher if the presence of new-onset albuminuria was also 
counted as a new CKD case.54

A common limitation of these studies is that only one 
observed low GFR is used to define new cases of CKD. (The 
KDOQI definition requires two low GFR readings taken at 
least 3 months apart.) This is also a problem with the preva-
lence data. Because some patients may only have a transient 
drop in GFR, prevalence and incidence estimates would be 
lower if case definition required documentation of chroni-
cally low GFR levels.

OUTCOME BY STAGES

Although there is great interest in knowing outcomes (such 
as incidence of dialysis vs. death) by CKD stage, it is clear 
that within the same stage of CKD, different subgroups have 
rather different outcomes.

In one study of patients enrolled in an integrated health 
care organization in the United States, rates of renal replace-
ment therapy over a 5-year observation period were 1.3% 
and 19.9%; for those with stages 3 and 4 CKD, the corre-
sponding rates of death were 24.3% and 45.7%.55 This and 
other studies of CKD patients receiving usual medical care56 
show that in general, risk of death is much greater than risk 
of ESKD. The same must be true for the population as a 
whole, given the small number of incident ESKD cases com-
pared with the much larger number of prevalent CKD cases 
(about two orders of magnitude difference).

However, this ratio between death and ESKD varies greatly 
with age. In a large study of U.S. male veterans with CKD 
stages 3 to 5 followed for a mean of 3.2 years, rates of both 
death and ESKD were inversely related to eGFR at baseline 
among patients of all ages. However, in those with compa-
rable levels of eGFR, older patients had higher rates of 
death and lower rates of ESKD than younger patients. Con-
sequently, the level of eGFR below which the risk of ESKD 
exceeded the risk of death varied by age, ranging from 
45 mL/min/1.73 m2 for patients 18 to 44 years old to 
15 mL/min/1.73 m2 for patients 65 to 84 years old. Among 
those 85 years or older, the risk of death always exceeded 
the risk of ESKD (Figure 20.7).57

Furthermore, it should be noted that among patients 
enrolled in randomized clinical trials of interventions to 
retard renal disease progression—such as the MDRD study,58 
the Reduction of Endpoints in NIDDM with the Angioten-
sin II Antagonist Losartan (RENAAL) study,59 and the 
Irbesartan in Diabetic Nephropathy Trial (IDNT)60—risk of 
ESKD was higher than risk of death. The reason is that trial 
enrollees are not representative of the general population 
with CKD.
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INTERNATIONAL COMPARISONS

The NHANES-based studies from the United States dis-
cussed previously are the most reliable and sophisticated 
analyses regarding the longitudinal estimates of CKD preva-
lence in the general population. Direct international com-
parison is problematic owing to lack of uniformity in 
calibration of serum creatinine or lack of a representative 
community-based sample—two critical elements needed to 
obtain reliable estimates of disease prevalence in the 

Figure 20.7  Relative risk of death versus end-stage kidney 
disease (ESKD) by age and estimated glomerular filtration rate 
(eGFR) threshold among U.S. male veterans. Among patients who 
were  younger  than  45  years,  the  incidence  of  treated  ESKD  was 
greater than that of death at all estimated GFR (eGFR) levels < 45 mL/
min/1.73 m2. Conversely, among those aged 65 to 84, only at eGFR 
levels < 15 mL/min/1.73 m2 did risk for ESKD exceed risk for death. 
Among those aged 85 to 100, risk for death exceeded risk for ESKD 
even at eGFR levels < 15 mL/min/1.73 m2. (From O’Hare AM, Choi AI, 
Bertenthal D, et al: Age affects outcomes in chronic kidney disease. J 
Am Soc Nephrol 18:2758-2765, 2007.)
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population. As summarized in the previous edition of this 
chapter, prevalence of GFR values 60 mL/min/1.73 m2 or 
lower has been reported to vary from less than 2% (20,000 
per million persons) to more than 40% (400,000 per million 
persons) in different studies from different countries.61

One study using data from the population-based Health 
Survey of Nord-Trondelag County (HUNT II) in Norway did 
show that the prevalence of CKD was similar in the United 
States and Norway (Table 20.4).62 This study explicitly ana-
lyzed data using the same methods as NHANES and involved 
calibration of creatinine measurements.

RELATIONSHIP BETWEEN CKD EPIDEMIOLOGY 
AND ESKD EPIDEMIOLOGY

The HUNT II study is also interesting because it highlighted 
another notable epidemiologic feature. Although the preva-
lence of CKD is similar, the incidence of ESKD in Norway 
is much lower than that in the United States (see Table 
20.4).62

Similar dissociations between CKD epidemiology and 
ESKD epidemiology have been noted in the United States 
For example, an analysis which juxtaposed CKD prevalence 
with ESKD incidence using data from NHANES and U.S. 
Renal Data System found that although African Americans 
in the United States have a much higher incidence of ESKD 
than white persons, African Americans do not appear to 
have a higher prevalence of CKD.63 The lack of higher 
prevalence of stage 3 and 4 CKD in African Americans than 
in white persons has also been observed in other population-
based studies.64,65 Presumably the much higher incidence 
rate of ESKD among African Americans is due to more rapid 
progression from CKD to ESKD.15,63

EPIDEMIOLOGY OF ACUTE  
KIDNEY INJURY

The systematic study of population epidemiology of AKI is 
a relatively new development.

Table 20.4 Estimated Prevalence of Chronic Kidney Disease (CKD) Stages 1 through 4 in Norway versus the 
United States*

CKD Stage

Prevalence  
in Norway, 1995 

to 1997† Prevalence in United States, 1988 to 1994†

White (n = 65,181) White (n = 6635) Black (n = 4163) Overall (n = 15,625)

1 2.7 (0.3) 2.8 (0.3) 5.8 (0.3) 3.3 (0.3)
2 3.2 (0.4) 3.2 (0.3) 2.5 (0.3) 3.0 (0.3)
3 4.2 (0.1) 4.8 (0.3) 3.1 (0.2) 4.3 (0.3)
4 0.16 (0.01) 0.21 (0.03) 0.25 (0.08) 0.20 (0.03)
Total 10.2 (0.5) 11.0 (0.6) 11.6 (0.5) 11.0 (0.5)

*Total CKD prevalence in Norway was 10.2%, which closely approximates reported U.S. CKD prevalence. Thus, lower progression to 
end-stage kidney disease (ESKD) rather than a smaller pool of individuals at risk appears to explain the much lower incidence of ESKD in 
Norway than in the United States.

†Prevalence expressed as % of population; standard error in parentheses.
From Hallan SI, Coresh J, Astor BC, et al: International comparison of the relationship of chronic kidney disease prevalence and ESRD 

risk. J Am Soc Nephrol 17:2275-2284, 2006.
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One limiting factor in the past has been the lack of a 
consensus definition for acute kidney injury (or acute renal 
failure). Because different studies used different acute 
increases in serum creatinine to define cases, it is difficult 
to compare disease incidence among different clinical set-
tings, patient populations, and calendar years because it is 
not known how much of the observed variation is due to 
differences in definition versus differences in frequency of 
true underlying disease. This may be less of a problem when 
the outcome is dialysis-requiring acute kidney injury. But in 
those cases, an additional layer of complexity is that the 
threshold for initiating acute dialysis may vary by place  
and time.

The proposed consensus definitions of acute renal failure 
or acute kidney injury in the last 10 years have improved the 
situation. In 2004, the Acute Dialysis Quality Initiative 
(ADQI) Group proposed the RIFLE classification schema 
for acute renal failure.66 Three years later, the Acute Kidney 
Injury Network (AKIN) put forth its own system, which 
included replacing “acute renal failure” with “acute kidney 
injury” and defining “abrupt” changes in renal function as 
being within 48 hours.67 Most recently, in 2012, the Kidney 
Disease Improving Global Outcomes (KDIGO) Acute 
Kidney Injury Work Group proposed a third definition with 
slightly differing time intervals and definition of “baseline 
renal function.”68 Table 20.5 compares and contrasts the 
three definitions. It should be emphasized that many pub-
lished studies of AKI have not used the exact definitions of 
baseline or time interval outlined here.

All three definitions also allow for changes in urine 
output to identify and stage severity of AKI. However, reli-
able information on urine output is often not available in 
large epidemiology datasets, so this information has rarely 
been used to define incidence of AKI in a population.

A second limiting factor in the past has been that most 
studies have been based on hospitalized patients or on the 
subgroup of hospitalized patients in the intensive care unit 
(ICU).69-73 The denominator in these studies is often hospi-
talization or ICU admission, which is suboptimal because 
rates of hospitalization (or ICU admission) per population 
are not defined and also vary in different countries and 
across time. For example, one much cited study found, 
among medical and surgical patients from Tufts–New 
England Medical Center in Boston from 1978 to 1979, that 
the incidence of AKI was 4.9% per hospitalization.69 Apply-
ing the identical criteria to patients admitted to Rush 
Presbyterian–St Luke’s Medical Center in Chicago in 1996, 
the same investigative team found the incidence of AKI to 
be 7.2% per hospitalization.70 However, it not possible to 
determine how much of this change is accounted for by 
variation in threshold for hospital admission and how much 
by true underlying changes in the incidence of AKI. This 
bias is minimized by studies that have used the underlying 
population as the denominator.

INCIDENCE

A population-based study from the Grampian region of 
Scotland reported that during the first 6 months of 2003, 
the incidence of AKI using the RIFLE classification was 2147 
per million person-years74 (among which 336 per million 
person-years was considered acute-on-chronic renal failure). 

Overall, 8.5% of the cases required dialysis (183 per million 
person-years). Sepsis was a precipitating factor in 47% of 
patients.

One study based on a large integrated health care  
delivery system in Northern California (Kaiser Permanente) 
estimated that the community-based incidence of non–
dialysis-requiring AKI increased from 3227 to 5224 per 
million person-years from 1996 to 2003.75 This is one of the 
few studies that have quantified temporal changes in AKI 
incidence on the basis of the documented abrupt changes 
in serum creatinine levels (albeit using an older definition 
of acute renal failure69). This study also documented that 
a parallel increase in incidence of dialysis-requiring AKI 
over the same period (from 195 to 295 per million 
person-years).

A number of other studies have reported that the inci-
dence rate of AKI has increased considerably over the last 
decade,76 including a 2013 study concluding that the inci-
dence of dialysis-requiring AKI had risen by 10% per year 
in the United States from 2000 to 2009, with higher inci-
dences seen in the elderly, in men, and in African Ameri-
cans.77 Other studies are outlined in Table 20.6.78 Comparing 
findings among studies is not straightforward. In addition 
to heterogeneity in disease subtype, population, and calen-
dar year period, studies also differ by the unit of disease 
frequency, which has been expressed as cases per infant 
delivery,7,8 per surgical procedure,4,5 and per hospitaliza-
tion.3,6 A large fraction of the U.S. literature turns out to be 
based on the same data source—the Nationwide Inpatient 
Sample. All but two studies relied on administrative billing 
codes to identify cases.75,79 These codes, however, have been 
shown to be specific but quite insensitive.80 More problem-
atically, there is almost certainly “code creep,” whereby 
patients are more likely to be diagnosed with milder degrees 
of AKI as awareness of this condition increases over time.78,80 
The reported increases in incidence of AKI thus must be 
interpreted with caution.

Changes in the performance characteristics of diagnostic 
codes may be less of a problem when the outcome is dialysis-
requiring AKI, because under-ascertainment is less likely 
(dialysis here refers both to acute intermittent hemodialysis 
and continuous renal replacement therapy).76,80 Figure 20.8 
summarizes a number of studies from North America, 
Western Europe, and Australia.77,81-90 An additional factor in 
the complexity of interpretation is that the threshold for 
initiating acute renal replacement therapy may vary by place 
and time. There is no strong evidence, however, that the 
rising incidence of AKI requiring dialysis is more liberal 
application of acute renal replacement therapy.76

The exact reasons for the increasing incidence of AKI are 
unclear. It may be due to an increase in the incidence of 
sepsis,72,91 a dominant risk factor for AKI.92 In addition, 
there may also have been more widespread use of nephro-
toxic drugs or high-risk procedures, although few studies 
have rigorously quantified this situation.76

PREVALENCE

Given the relatively short duration of AKI, defining preva-
lence of disease is likely not a very meaningful parameter, 
and there are no reliable data on the population prevalence 
of AKI.

http://www.myuptodate.com


  CHAPTER 20 — EPIDEmIOlOgy Of KIDnEy DISEASE  649

Table 20.5 Three Proposed Consensus Definitions for Acute Renal Failure/Acute Kidney Injury

Criteria RIFLE AKIN KDIGO

Date of Release 2004 2007 2012

Baseline Not specifically defined. If 
not available, serum 
creatinine should be 
back-calculated using an 
eGFR of 75 mL/
min/1.73 m2 and the 
MDRD equation

48-h window Not specifically defined. If not available, 
lowest serum creatinine during 
hospitalization should be used, or SCr 
should be calculated using MDRD 
equation, assuming baseline eGFR 
75 mL/min/1.73 m2 when there is no 
evidence of CKD

Time Interval Diagnosis and staging: 
within 1-7 days and 
sustained more than 24 h

Diagnosis within 48 h
Staging: 1 week

Diagnosis: 50% increase in SCr within 7 
days OR

0.3 mg/dL (26.5 µmol/L) within 48 h

Stages and 
Criteria

RISK:
Creatinine:
SCr increased to 1.5-1.9 

times baseline OR
GFR

Urine Output:
<0.5 mL/kg/h for 6-12 h

STAGE 1:
Creatinine:
SCr increased to 1.5-1.9 times baseline 

OR
≥0.3 mg/dL (≥26.5 µmol/L) increase

Urine Output:
Same as for RIFLE “Risk” category

STAGE 1:
Creatinine:
SCr increased to 1.5-1.9 times baseline 

(over 7 days) OR
by ≥0.3 mg/dL (≥26.5 µmol/L) increase 

(48 h)
Urine Output:
Same as for RIFLE “Risk” category

INJURY:
Creatinine:
2.0-2.9 times baseline OR
GFR decreased >50%
3.0 times baseline, GFR 

decreased >75% OR
SCr ≥4.0 mg/dL (354 µmol/L) 

with an acute rise of 
≥0.5 mg/dL (44 µmol/L)

Urine Output:
<0.5 mL/kg/h for ≥12 h 
0.3 mL/kg/h for ≥12 h OR
anuria for ≥12 h

STAGE 2:
Creatinine:
Same as for RIFLE “Injury” category 

minus eGFR criteria

Urine Output:
Same as for RIFLE “Injury” category

STAGE 2:
Creatinine:
Same as for RIFLE “Injury” category 

minus eGFR criteria

Urine Output:
Same as for RIFLE “Injury” category

STAGE 3:
Creatinine:
Same as for RIFLE “Failure” category OR
patient receiving RRT; eGFR criteria 

removed

Urine Output:
Same as for RIFLE “Failure” category

STAGE 3:
Creatinine:
SCr increased to 3.0 times baseline OR
by ≥4.0 mg/dL (354 µmol/L) OR
initiation of RRT OR
for patients <18 years, decrease in eGFR 

to <35 mL/min/1.73 m2

Urine Output:
Same as for RIFLE “Failure” category

Loss
Persistent ARF = complete 

loss of kidney function 
(need for dialysis >4 
weeks)

Loss
Notable differences:
(1)  Addition of 0.3 mg/dl absolute 

change in SCr to increase diagnostic 
sensitivity

(2)  eGFR criteria removed
(3)  48-h time window to ensure acuity 

(also allows for inpatient baseline 
values)

(4)  Exclusion of Loss/ESKD categories 
as diagnostic criteria

Loss
Notable differences:
(1)  Time frame differences for absolute 

versus relative changes in serum 
creatinine

(2)  0.5 mg/dl increase for those with SCr 
≥4.0 mg/dl (354 µmol/l) no longer 
required if minimum AKI threshold met

(3)  Inclusion of eGFR criteria for children

ESKD
End-stage kidney disease (> 

3 months)

AKI, Acute kidney injury, AKIN, Acute Kidney injury Network; ARF, acute renal failure, eGFR, estimated glomerular filtration rate; ESKD, 
end-stage kidney disease; ESRD, end-stage renal disease; GFR, glomerular filtration rate; KDIGO, Kidney Disease: Improving Global 
Outcomes; MDRD, Modification of Diet in Renal Disease; RIFLE, Risk, Injury, Failure, Loss, and End-stage Kidney Disease; RRT, renal 
replacement therapy; SCr, serum creatinine.
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relationship has only lately been quantified rigorously. It 
turns out that even patients with only stage “3a” CKD (eGFR 
45-59 mL/min/1.73 m2) are at nearly twice the risk for AKI 
compared with patients with eGFR 60 mL/min/1.73 m2 or 
greater.93 And at every GFR value, patients with diabetes had 
higher risk than those without it (Figure 20.9).93 Further-
more, it appears that even low-grade proteinuria (in the 
microalbuminuria range or below)94 is a risk factor for 
AKI.95

Second, data have now shown that episodes of severe  
AKI accelerate development or progression of CKD.96 
For example, one study demonstrated that among patients  
with dialysis-requiring AKI who had baseline Stage 3b or 
worse CKD (preadmission eGFR 15-44 mL/min/1.73 m2) 
approximately half of the survivors went on to have ESKD 
because they did not recover sufficient renal function to 
stop dialysis.97 For patients with baseline preadmission GFR 
values of 45 mL/min/1.73 m2 or higher, dialysis-requiring 
AKI was independently associated with a 28-fold increase in 
the risk for development of stage 4 or 5 CKD in the subse-
quent months to years.98 A number of epidemiology studies 
have also shown that even milder degrees of AKI are associ-
ated with more rapid subsequent loss of renal function.99-102 
Although there are plausible animal models demonstrating 
pathophysiologic pathways for this association,103 some of it 
is likely due to confounding by shared risk factors for AKI 
and CKD, such as diabetes mellitus.104 Analysis of a 2014 
randomized trial showed that reduction of mild to moderate 
AKI after cardiac surgery failed to reduce loss of kidney 
function at 1 year.105

CONCLUSION

Much progress has been made in the past decade and a half 
with regard to defining the epidemiology of kidney disease. 
Although the field was traditionally dominated by ESKD 

Figure 20.8  Population incidence rate of dialysis-requiring acute kidney injury over time and in different regions around the world. 
*For studies that estimated a single  incidence rate for a multiyear period, only a single point  is shown (at the midpoint of the study period). 
(Data are from references 74, 75, 77, and 81-90, as indicated in list.)
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Figure 20.9  Baseline severity of chronic kidney disease (CKD) 
and risk of dialysis-requiring acute kidney injury (AKI).  Among 
both patients with and patients without diabetes, there was a strong 
association between level of pre-admission estimated glomerular fil-
tration rate (eGFR) and risk of AKI, which was evident at an eGFR as 
high as 60 mL/min/1.73 m2. Each model was adjusted for age, sex, 
race/ethnicity, diagnosed hypertension, and documented proteinuria. 
(From Hsu CY, Ordonez JD, Chertow GM, et al: The risk of acute renal 
failure in patients with chronic kidney disease. Kidney Int 74:101-107, 
2008.)
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LINKING ACUTE, CHRONIC, AND END-
STAGE KIDNEY DISEASE

A number of studies have defined linkages among the epi-
demiologic patterns of AKI, CKD, and ESKD.

First, although it has been well known that CKD is a 
strong (probably the strongest) risk factor for AKI, this 
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epidemiology, a large amount of attention is now being paid 
to the prevalence and distribution of CKD, and ongoing 
investigations into the population epidemiology of AKI will 
fill important gaps in our knowledge.
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Chronic kidney disease (CKD) prevalence in the United 
States has increased over the past decade, with 10% of the 
population having CKD stages 1 to 4 in 1994 compared to 
13.1% in 2004, a trend only partly accounted for by the 
increased prevalence of diabetes and obesity.1 In addition, 
this increased prevalence of CKD has translated into a 
32.4% increase in years of life lost between 1990 and 2010 
on a U.S. population basis.2 Worldwide, the incidence of 
CKD has risen as well. A recent sampling of Chinese indi-
viduals found that 1.7% had an estimated glomerular filtra-
tion rate (eGFR) lower than 60 mL/min/1.73 m2 and 9.4% 
had albuminuria, translating into an estimated 119.5 million 
individuals with CKD in that country alone.3 Worldwide inci-
dence and prevalence estimates are presented in Figure 
21.1 and reflect generally higher rates of CKD in industrial-
ized nations.4 Patterns in the prevalence, incidence, and 
progression of chronic kidney disease vary by certain demo-
graphic characteristics, including sex, race and ethnicity, 
and socioeconomic status. This chapter will summarize what 
is known of these patterns, highlight consistent findings 
across sociodemographic groups, speculate on the genesis 
of variations across demographic groups, and highlight 
questions that still remain pertaining to kidney outcomes 
among these populations.

SEX AND CHRONIC KIDNEY DISEASE

Differences between men and women in the incidence  
and prevalence of various kidney diseases and rate of kidney 
disease progression may be influenced by sex differences in 

glomerular mass, responses to hormones, cytokines, apop-
tosis, vasoactive, and other soluble circulating factors, and 
differences in the responses to aging and reductions in 
nephron mass. Women have been reported, on average, to 
have approximately 10% to 15% fewer glomeruli than men, 
but this is thought to be a function primarily of birth weight 
and body surface area (BSA) rather than sex.5-8 Glomerular 
volume tends to be similar in men and women.5,7 The glo-
merular filtration rate (GFR) is also similar in men and 
women when corrected for BSA and muscle mass.9-14 
However, some have reported a somewhat lower BSA-
adjusted GFR in women.15 Thus, although some subtle dif-
ferences in renal mass and structure have been reported in 
men compared to women, these are probably of little or no 
clinical significance and are more likely related to factors 
other than sex.

Experimental animal models and human studies have 
described sex differences and sex hormone influences in 
the synthesis and plasma levels of, and biologic responses 
to, a variety of circulating factors involved in the regulation 
of normal renal function. These same factors may also be 
involved in responses to renal injury and susceptibility to 
kidney disease. Some of these include angiotensinogen, 
angiotensin II, prorenin, renin, angiotensin-converting 
enzyme (ACE), and angiotensin receptor expression. Sex 
differences have also been reported in nitric oxide and 
prostaglandin synthesis and responsiveness, lipid oxidation 
and oxidative stress, mesangial cell collagen synthesis and 
degradation, responses to transforming growth factor-β 
(TGF-β) and tumor necrosis factor-α (TNF-α), as well as 
in apoptotic and profibrotic signaling pathways.16-18 High 
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men compared to women,26 whereas the estimated preva-
lence of moderate (i.e., stages 3 and 4) CKD is higher 
among women (8.0% in women vs. 5.4% in men).12 A recent 
Canadian study demonstrated similar rates of CKD  
by sex, however.27 A large international meta-analysis 
of more than 2 million individuals with CKD revealed  
that men with CKD had higher absolute risks of death  
and cardiovascular disease than women, whereas women 
had a steeper relationship of these outcomes with levels  
of eGFR.28

adiponectin levels have also been reported to predict CKD 
progression in men, but not in women.19 Estradiol has been 
identified as having various effects on mesangial cells.20-23 
Neither androgens nor estrogens directly influence GFR or 
renal blood flow in humans.24,25 The extent to which any of 
these factors are specifically and causally related to sex dif-
ferences in kidney function or kidney disease incidence and 
progression is still uncertain.

The incidence rate of end-stage kidney disease (ESKD)  
in the United States is approximately 60% higher among 

Figure 21.1  Incidence and prevalence of kidney  failure  treated by dialysis or  transplantation  (end-stage kidney disease)  in 2008. Data are 
only  for countries  for which relevant  information was available. All  rates are unadjusted. Average survival with treated kidney failure  in each 
country can be computed from the ratio of prevalence to incidence. *Data from Bangladesh, Brazil, Czech Republic, Japan, Luxembourg, and 
Taiwan are dialysis-only. †Data for France are from 13 regions in 2005, 15 in 2006, 18 in 2007, and 20 in 2008. ‡Latest data for Hungary are 
from 2007. §Data for Argentina from before 2008 are dialysis only. ¶UK—England, Wales, and Northern Ireland. (Reprinted with permission from 
Levery AS, Coresh J: Chronic kidney disease. Lancet 379:165-180, 2012.)
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FACTORS RELATED TO SEX DIFFERENCES

GLOMERULAR DISEASE INCIDENCE  
AND PREVALENCE
Research assessments of glomerular disease incidence and 
prevalence in adults are made difficult because of uncer-
tainty about the population base from which these figures 
are derived, variations in study participants’ ages, and 
varying indications for kidney biopsy. The overall incidence 
of primary glomerular diseases among residents of Olmsted 
County, Minnesota, a primarily white population, has been 
estimated based on kidney biopsy records to be 7.9/100,000 
person-years in men and 5.4/100,000 person-years in 
women.29 A study from France reported a prevalence of 
primary glomerular disease of 8.2/1000 men and 5.1/1000 
women during a 27-year period ending in 2002.30 Men tend 
to predominate in many series of adult patients with focal 
segmental glomerulosclerosis (FSGS) and immunoglobulin 
A (IgA) nephropathy, with a more variable sex mix for 
adults with minimal change disease and membranous 
nephropathy.31-37

PROGRESSION OF CHRONIC KIDNEY DISEASE
There is a paucity of data examining the effects of sex on 
CKD progression at the population level. A study by Eriksen 
and Ingebretsen examined a total of 3047 patients from a 
municipality in Norway and found that the rate of CKD 
progression was significantly slower among women.38 This 
study, which also reported a lower aggregate rate of kidney 
disease progression than is commonly seen in other indus-
trialized nations, also revealed that women had better renal 
and patient survival. A study that modeled CKD incidence 
based on prevalence data also found lower rates of progres-
sion to ESKD among U.S. women.39

Several more recent meta-analyses have also considered 
sex influences on kidney disease progression from a variety 
of underlying causes. Jafar and associates performed a 
patient-level meta-analysis using a pooled database for 
patients with nondiabetic kidney disease from 11 prospec-
tive randomized controlled trials of ACE inhibitors for 
slowing progression.40 Using doubling of serum creatinine 
levels or onset of ESKD as a composite primary end point, 
they concluded that the risk of kidney disease progression 
was not different in men and women in an unadjusted 
analysis, but that the risk was actually higher in women than 
men after adjustment for baseline variables, including urine 
protein excretion and treatment assignment (relative risk 
[RR], 1.30 to 1.36, depending on the model). They noted 
that most of the women in these trials were of postmeno-
pausal age, limiting their applicability to younger premeno-
pausal women.

Several additional studies considering sex influences on 
kidney disease progression have also been published. Two 
large population-based studies reported a more favorable 
prognosis for women compared to men with CKD in Norway 
and Sweden.38,41 The Modification of Diet in Renal Disease 
(MDRD) study, which enrolled patients with autosomal 
dominant polycystic kidney disease (ADPKD), glomerulone-
phritis, or other nondiabetic kidney diseases, reported the 
rate of kidney disease progression to be slower in women 
compared to men, particularly among younger premeno-
pausal women.42 This difference was markedly diminished 

and no longer statistically significant after adjustment for 
level of proteinuria and blood pressure. A more recent 
report of the MDRD study participants’ long-term outcomes 
also found similar kidney failure event rates for men and 
women.43

PROGRESSION OF PRIMARY GLOMERULAR DISEASE
The prognosis—that is, the rate of progression of the under-
lying kidney disease—is generally considered to be worse in 
men than in women with membranous nephropathy, IgA 
nephropathy, FSGS, and lupus nephritis.31,32,38,41,44-49 However, 
studies using multivariable analysis to evaluate the effect of 
sex on kidney disease progression have produced variable 
findings.44,45,50-54 Although none have found female gender 
to be associated with more rapid kidney disease progression, 
the often cited association of male gender with more  
rapid disease progression has been inconsistent. Much of 
this literature was analyzed in a recent meta-analysis by 
Neugarten and coworkers.44 This meta-analysis considered 
eight studies, including over 2000 patients with nondiabetic 
“chronic kidney disease” for which no specific cause was 
identified, and concluded that kidney disease progression 
was statistically significantly associated with male gender 
(Figure 21.2).44,45,50-52,55-57 Among five studies excluded from 
this analysis because of incomplete reporting of effect 
size,53,58-61 two found that kidney disease progression was 
more rapid in men, whereas three found no sex difference. 
Although not assessed in this meta-analysis, other studies 
have reported that the more favorable rate of progression 
in women is limited to the premenopausal period.42,45

An association between male gender and progression of 
IgA nephropathy was demonstrated in the meta-analysis by 
Neugarten and colleagues, with 25 studies and over 3000 
patients (Figure 21.3).44,62-83 Of these 25 studies, 21 found 
more rapid progression in men. In all but a few of the 
studies in this meta-analysis, however, the association was 
not statistically significant. In addition, several studies  
suggested that men had better outcomes. Of 13 studies  
that were excluded from this meta-analysis because of  
the inability to calculate effect size, 12 found no sex 
differences.84-95 Combined, these data suggest that any asso-
ciation between sex and IgA nephropathy progression is 
likely to be weak.

Among 21 studies of almost 1900 patients with membra-
nous nephropathy considered in the Neugarten and associ-
ates’ meta-analysis,44,96-115 male gender was significantly 
associated with disease progression (Figure 21.4). However, 
five excluded studies (because of inability to calculate effect 
sizes) reported no sex association with progression.116-120 
Other older, pooled analyses have also reported an associa-
tion of male gender with poorer renal outcomes for mem-
branous nephropathy.121,122

Cattran and coworkers analyzed outcomes from over 
1300 patients enrolled in the Toronto Glomerulonephritis 
Registry with membranous nephropathy, FSGS, and IgA 
nephropathy.48 After adjusting for blood pressure and pro-
teinuria, disease progression and renal survival rates were 
not different between men and women, except among those 
with levels of proteinuria more than 7 g/day in which men 
had more rapid loss of GFR than women. Disease progres-
sion has also been found to be similar for men and women 
with IgA nephropathy in most other studies.62,63,83,89,91,92,95,123
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LUPUS NEPHRITIS PROGRESSION
Recent studies of sex influences on lupus nephritis out-
comes in adults have reported discrepant findings124-129 but 
were limited by small numbers of patients, variable outcome 
measures, and varying assessment of other covariates such 
as histopathologic disease class, proteinuria, blood pressure, 
and immunosuppressive treatment.

AUTOSOMAL DOMINANT POLYCYSTIC KIDNEY 
DISEASE PROGRESSION
In the meta-analysis by Neugarten and colleagues men-
tioned above,44 of 12 studies with over 3000 patients with 
ADPKD,130-141 there was an apparent small protective effect 
of male gender on disease progression (Figure 21.5). 
However, this conclusion was largely the result of inclusion 
of a single Italian study that reported a highly statistically 
significant favorable association with male gender and 
disease progression.140 Excluding this study resulted in the 
finding of a statistically significant association of male 
gender and more rapid progression, an effect seen in 10 of 
12 studies (although all four excluded studies found no sex 

Figure 21.2  Effect  size  and  95%  confidence  interval  (CI)  for  indi-
vidual studies of the effect of sex on the progression of chronic kidney 
disease of mixed causes. Top, Overall mean effect size and 95% CI. 
A  positive  value  indicates  that  male  gender  is  associated  with  an 
adverse renal outcome. (Reprinted with permission from Neugarten J, 
Acharya A, Silbiger SR: Effect of gender on the progression of nondia-
betic renal disease: a meta-analysis. J Am Soc Nephrol 11:319-329, 
2000.)
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Figure 21.3  Effect  size  and  95%  confidence  interval  (CI)  for  indi-
vidual studies of the effect of sex on the progression of IgA nephropa-
thy.  Top,  Overall  mean  effect  size  and  95%  CI.  A  positive  value 
indicates  that  male  gender  is  associated  with  an  adverse  renal 
outcome.  (Reprinted with permission from Neugarten J, Acharya A, 
Silbiger SR: Effect of gender on the progression of nondiabetic renal 
disease: a meta-analysis. J Am Soc Nephrol 11:319-329, 2000.)
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association with disease progression).142-145 More recent 
studies published since this meta-analysis have suggested 
that male gender is likely a risk factor for progression of 
CKD and ESKD in patients with ADPKD.146-150 Among two 
recent reports of magnetic resonance imaging of kidney 
and cyst growth, only one found male gender to be associ-
ated with more rapid growth.151,152

It is worth noting that the association between ADPKD 
genotype and progression of kidney disease appears to inter-
act with sex. Sex does not appear to influence renal out-
comes significantly in the more common variant of ADPKD 
caused by mutation in the polycystin 1 gene.150,153,154 In con-
trast, women with ADPKD caused by mutations in the poly-
cystin 2 gene tend to have more favorable renal outcomes 
compared to men.154,155 The biologic basis for this difference 
is not presently known.

DIABETIC NEPHROPATHY PROGRESSION
Influences of sex hormones on diabetes and diabetic 
nephropathy have been reviewed in detail.156 There are rela-
tively few data on the association of sex with rate of 
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macroalbuminuria or no albuminuria.175 The percentage of 
men and women with diabetic nephropathy starting dialysis 
is similar, although recent data from the U.S. Renal Data 
System (USRDS) have indicated that the incidence of ESKD 
is slightly higher among white men with T2DM compared 
to white women.26 Studies have also suggested a greater 
incidence and prevalence of microalbuminuria and macro-
albuminuria in white men compared to white women, with 
the opposite sex predilection among blacks.156,176-179 Some 
studies have reported similar rates of disease progression 
and risk for development of renal end points, including 
ESKD across sexes.156,176-185

ORAL CONTRACEPTIVES, HORMONE 
REPLACEMENT THERAPY, AND KIDNEY DISEASE

Few studies have examined the influence of oral contracep-
tives and hormone replacement therapy (HRT) on kidney 
function in women, with and without recognized kidney 
disease. Oral contraceptives have been associated with a 
higher prevalence of microalbuminuria in women with 

progression of diabetic nephropathy, and the studies that 
have been performed reported inconsistent findings.157-168 
Girls with type 1 diabetes are more likely to develop mod-
erately increased albuminuria during puberty than boys, 
and there tends to be a more rapid loss of GFR following 
puberty in women compared to men.158,164,167 Among adults 
with childhood-onset type 1 diabetes mellitus (T1DM), 
several studies have suggested that males have a greater 
likelihood of developing albuminuria and, among those 
with diabetic nephropathy, the rate of decline in GFR is 
faster.157,160,168-173 One study found that compared to men, 
women with T1DM are more likely to develop diabetic 
nephropathy while under good metabolic control, a sex 
effect that was attenuated in the setting of poor metabolic 
control.165 Other studies have not found an independent 
adverse influence of male gender on rate of progression of 
diabetic kidney disease.157,158,164,165,167,174

A large U.S. study of 10,290 patients with type 2 diabetes 
mellitus (T2DM) has shown that male gender is associated 
with a greater risk of progression than female gender in 
those with microalbuminuria but not in those who had 

Figure 21.4  Effect  size  and  95%  confidence  interval  (CI)  for  indi-
vidual studies of the effect of sex on the progression of membranous 
nephropathy. Top, Overall mean effect size and 95% CI. A positive 
value indicates that male gender is associated with an adverse renal 
outcome.  (Reprinted with permission from Neugarten J, Acharya A, 
Silbiger SR: Effect of gender on the progression of nondiabetic renal 
disease: a meta-analysis. J Am Soc Nephrol 11:319-329, 2000.)
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RACE, ETHNICITY, AND CHRONIC  
KIDNEY DISEASE

DEFINING RACE AND ETHNICITY

Population genetics studies have refuted the existence of 
biologic races in human populations; nevertheless, the term 
is still used widely in medicine in relation to continental 
population ancestry.194,195 The use of race classifications in 
medicine and epidemiology has been the subject of much 
debate, mainly because of the many ways this information 
can be captured and interpreted. Nonetheless, classifying 
race and ethnicity in biomedical research facilitates several 
important activities, including the characterization of health 
statistics, risk of adverse health outcomes, and examination 
of delivery of health care services across subpopulations. 
Also, these classifications can be used as a proxy for unmea-
sured biologic and social factors.196

The utility of describing race and ethnicity and relating 
it to outcomes of interest lies in the ability to capture infor-
mation about differences in genetics and biology, behavior, 
exposure to environmental factors, and social and physical 
environments. However, the imperfect nature of the rela-
tionship between race and these factors highlights the 
importance of supplementing race and ethnicity data, when 
possible, with those on individual-level factors that are often 
meant to be represented by race. To reflect factors related 
to social, cultural, and physical environments and exposures 
most accurately, individual race and ethnicity is often self-
designated. This approach to classification was first adopted 
by the U.S. Census Bureau in 1960, followed by the oppor-
tunity to self-designate Hispanic ethnicity in 1970 and finally, 
in 2000, the ability to designate more than one race cate-
gory.197,198 The increasing percentage of the U.S. population 
that can trace its roots to multiracial or multiethnic sources 
has motivated researchers and demographers to collect and 
analyze self-designated racial and ethnic data so as to reflect 
this racial and ethnic admixture. However, limited knowl-
edge of ancestry, and the large and increasing frequency of 
migration, creates additional challenges for valid race clas-
sification. Despite these limitations, when race is used as an 
explanatory factor to represent genetic and biologic deter-
minants of disease, self-designated race may be informative 
as long as there is enough additional information on impor-
tant socioeconomic, behavioral, and physical environment 
factors. Finally, it has been suggested that ethnic groups  
that share a unique history, language, customs, ancestry, 
geography, religion, and/or specific genetic markers  
should replace traditional race classifications in biomedical 
research.199-201 However, these approaches may limit the use-
fulness of race as an explanatory factor in research and may 
not be suitable across all types of investigations.

FACTORS RELATED TO RACE AND ETHNICITY

INCIDENCE OF CHRONIC KIDNEY DISEASE
An emphasis on defining and investigating CKD prior to 
dependence on dialysis has only emerged in more recent 
years. National guidelines were first established in 2002 to 
define and stage prevalent CKD.202 To date, no such guid-
ance has been provided to define and capture information 

diabetic nephropathy in some186,187 but not other studies.188 
One study found a greater risk associated with higher estro-
gen strength and longer term use (>5 years).187 Oral contra-
ceptives have also been associated with a higher risk of 
microalbuminuria and decline of GFR in premenopausal 
women without CKD.189

In a small, short-term prospective study, administration  
of a combination of estradiol and norgestrel for 3.5 months 
to 16 postmenopausal women with diabetes mellitus  
and hypertension was associated with a statistically signifi-
cant reduction in mean level of proteinuria from 452 to 
370 mg/day and increase in creatinine clearance from 
100.8 to 106.2 mL/min.190 In a community-based case-
control study, postmenopausal HRT was associated with a 
twofold higher odds ratio (OR) for microalbuminuria after 
adjustment for several clinical variables.187 The OR for 
microalbuminuria was similar among women receiving HRT 
with and without progestins. The association between  
HRT use and microalbuminuria was limited to women using 
HRT for longer than 5 years. In contrast, in another study, 
postmenopausal HRT was associated with a lower mean 
urine albumin-to-creatinine ratio and a lower prevalence of 
microalbuminuria at a baseline examination and after 5 
years of follow-up.191

More recently, Ahmed and colleagues studied almost 
6000 postmenopausal women for over 2 years to examine 
the effect of HRT on the eGFR using the abbreviated MDRD 
equation.192 After adjustment for age, diabetes, other comor-
bidities, and baseline eGFR, it was found that HRT use is 
associated with a more rapid decline in eGFR and a 19% 
greater risk for eGFR to fall by 4 mL/min/1.73 m2/yr or 
more. The higher rate of eGFR decline and risk of rapid 
GFR loss were limited to users of estrogen-only HRT; use of 
combined or progestin-only HRT was not associated with a 
decline in eGFR. There was also a linear relationship 
between cumulative dose of estrogen and decline in mean 
eGFR. In contrast, a smaller study of 443 patients with 10 
years of follow-up demonstrated no association between 
postmenopausal estrogen use and decline in GFR.193 Thus, 
although women are considered to be at less risk for devel-
opment and progression of many types of kidney disease, 
the influences of menopausal status and hormonal replace-
ment have not been thoroughly investigated. The findings 
of Ahmed and associates192 need to be further explored with 
consideration of factors not evaluated in that study, such as 
blood pressure, level of proteinuria, and obesity, before 
concluding with any certainty that oral estrogen-based HRT 
accelerates the progression of CKD.

SUMMARY

Patterns of the incidence of kidney disease across sexes are 
generally consistent, with higher rates occurring in men 
compared to women. Similarly, men are reported to have 
greater rates of progression of nondiabetic CKD for some 
specific types of kidney disease, especially compared to pre-
menopausal women. More investigation into rates of pro-
gression of IgA nephropathy, lupus nephritis, and ADPKD 
across sexes and of overall progression rates in postmeno-
pausal women is warranted. Additional study of the effects 
of HRT in women on the incidence and progression of 
kidney disease is also needed.
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USRDS Annual Data Report cited the incidence of CKD, 
based on diagnostic codes, among the general Medicare 
population (mean age, 75.5 years) at 5.6% in African Ameri-
cans compared to 3.8% in whites in 2007.26 A 1999 publica-
tion that included ARIC participants reported a CKD 
incidence of 28.4/1000 person-years among black partici-
pants with diabetes compared to 9.6/1000 person-years 
among whites with diabetes, and an age-, sex-, and baseline 
serum creatinine level–adjusted odds ratio of early kidney 
function decline among blacks compared to whites of 3.2 
(95% CI, 1.9 to 5.3).212 After further adjustment for poten-
tially modifiable risk factors related to socioeconomic status 
and health behaviors, including education, household 
income, health insurance, fasting glucose level, mean sys-
tolic blood pressure, smoking history, and physical activity 
level, the odds ratio (95% CI) decreased to 1.4 (0.7 to 2.7), 
an 82% reduction in excess risk.212 Although this and 
other studies have attributed a substantial proportion of the 
excess risk for kidney disease in black Americans to these 
nonracial factors, a difference in risk across race still remains 
in adjusted analyses. A more recent study, which modeled 
CKD incidence based on published prevalence data, has 
suggested that 59.1% of U.S. individuals would suffer from 
CKD stage 3A or worse in their lifetime, with blacks of both 
sexes experiencing higher rates of CKD stages 4 or 5 and 
ESKD.39

PREVALENCE OF CHRONIC KIDNEY DISEASE
Estimates of CKD prevalence are much more frequently 
reported than estimates of incidence because of the ability 
to do so with a single assessment of renal function. These 
estimates are associated with certain limitations (see Chapter 
20). Racial disparities in CKD were examined at entry into 
the Reasons for Geographic and Racial Differences in Stroke 
(REGARDS) study, a population-based cohort study of 
adults older than 45 years. An eGFR of less than 60 mL/
min/1.73 m2 (i.e., CKD stages 3 to 5) was found in 43.3% 
overall and was more prevalent among whites compared  
to blacks (49.9% vs. 33.7%, respectively; Table 21-1).214 
However, although blacks were less likely than whites to have 

on the incidence of CKD nationally or in the research 
setting. To address the lack of national data on the burden, 
awareness, risk factors, and health consequences of CKD, 
the National Chronic Kidney Disease Surveillance System 
has been under development after a pilot and feasibility 
phase as part of the CKD Initiative of the Centers for Disease 
Control and Prevention.203 This system uses passive surveil-
lance strategies that incorporate a broad network of data 
sources and aims to disseminate information through fact 
sheets, reports, and a website. To date, the only U.S. CKD 
data on incidence available in the surveillance system come 
from the Department of Veterans Affairs, documenting an 
incidence of CKD stages 3 to 5 of 46.55 (95% confidence 
interval [CI], 46.35 to 46.75)/1000 person-years.204

In research, large longitudinal studies are necessary to 
provide reliable estimates of the incidence of disease. Inter-
national guidelines have suggested that incidence be defined 
by a combination of eGFR, proteinuria, and cause of kidney 
disease (e.g., allowing for individuals with polycystic kidney 
disease but normal GFR and no proteinuria to be included 
in CKD incidence data).205 Other published definitions 
include data on serum creatinine, International Classifica-
tion of Diseases (ICD) codes, and/or death records, but do 
so in varied ways.206-212 Variations in the definition of inci-
dent CKD can modify the relationship between race and 
CKD occurrence. For example, incident CKD among par-
ticipants aged 45 to 64 years at baseline in the Atheroscle-
rosis Risk in Communities (ARIC) study occurred at a 
higher rate among blacks than whites using a definition of 
CKD based on a rise in serum creatinine levels (8.0 vs. 
3.2/1000 person-years, respectively) and ICD codes (2.0 vs. 
1.0/1000 person-years), but at a lower rate when CKD was 
defined as a low eGFR (8.9 vs. 10.8/1000 person-years).213 A 
composite definition requiring a low eGFR and at least  
a 25% drop in eGFR resulted in similar incidence rates  
for blacks and whites (6.9 vs. 6.6/1000 person-years, 
respectively).

Despite the lack of consistency in defining incident CKD, 
several estimates of CKD incidence rates across different 
racial and ethnic groups have been reported. The 2009 

Table 21.1 Racial Differences in Renal Function*

eGFR (mL/min/1.73 m2)

N (%)

OR (95% CI) aOR† (95% CI)Black (n = 8139) White (n = 11,620)

>60 5394 (66.3) 5817 (50.1) Reference Reference
50-59 1541 (18.9) 3611 (31.1) 0.46 (0.43-0.49) 0.42 (0.40-0.46)
40-49 693 (8.5) 1506 (13.0) 0.50 (0.45-0.55) 0.37 (0.33-0.41)
30-39 287 (3.5) 521 (4.5) 0.59 (0.51-0.67) 0.38 (0.32-0.45)
20-29 116 (1.4) 131 (1.1) 0.95 (0.74-1.22) 0.48 (0.36-0.64)
10-19 60 (0.7) 25 (0.2) 2.56 (1.62-4.13) 1.73 (1.02-2.94)
<10 48 (0.6) 9 (0.08) 5.75 (2.82-11.7) 4.19 (1.90-9.24)

*By level of MDRD eGFR and odds of a low GFR in blacks compared with whites. A total of 2029 participants were excluded from analyses 
because of missing values for MDRD components.

†aOR controlling for age, sex, hypertension, diabetes, previous stroke or myocardial infarction, region, and smoking status.
aOR, Adjusted odds ratio; eGFR, estimated GFR; OR, odds ratio; MDRD, Modification of Diet in Renal Disease study.
Reprinted with permission from McClellan W, Warnock DG, McClure L, et al: Racial differences in the prevalence of chronic kidney 

disease among participants in the Reasons for Geographic and Racial Differences in Stroke (REGARDS) Cohort Study. J Am Soc 
Nephrol 17:1710-1715, 2006.
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tions further highlight the heterogeneity of physiology 
within currently used race and ethnicity categorizations.

PROGRESSION OF CHRONIC KIDNEY DISEASE
Rates of progression of CKD to ESKD are higher among 
African American, Hispanic, and American Indian adults 
compared to white U.S. adults, as described in Chapter 
20.26,219,220 For example, Hispanic ethnicity was associated 
with a significantly increased risk (hazard ratio [HR] 1.33; 
95% CI, 1.17 to 1.52) for ESKD among individuals with CKD 
compared to non-Hispanic whites in large study of Kaiser 
Permanente of Northern California health plan enrollees.221 
Among African Americans, the rate of decline of GFR is 
greater (i.e., 1.4 to 1.5 mL/min/yr greater decline in blacks 
compared to whites), and the risk of developing ESKD was 
twofold higher (RR [95% CI], 2.0 [1.1 to 3.6]) compared 
with whites.222,223 This finding was reinforced by a longitudi-
nal study of Medicare recipients aged 65 years or older 
followed for up to 10 years.224 After adjustment for age and 
sex, black patients with diabetes were 2.4 to 2.7 times and 
other races and ethnicities were 1.6 to 1.7 times more likely 
to develop ESKD compared to whites. Similar elevations in 
risk were noted among black and other racial and ethnic 
minorities with hypertension. Finally, among patients with 
neither diabetes nor hypertension, black patients were still 
3.5 times more likely, and those with “other” designated 
race, were twice as likely to develop ESKD than whites.

POTENTIAL MECHANISMS OF RACIAL AND 
ETHNIC DISPARITIES

Racial disparities in kidney disease may partially be explained 
by a higher prevalence and lower levels of control of hyper-
tension among African American adults (Figure 21.6).225-230 
The onset of hypertension appears to occur earlier and with 
more severity in African Americans, leading to greater end-
organ damage.229 Additional potential causes of kidney 
disease disparities between whites and blacks may be differ-
ences in the prevalence and control of diabetes,226,231 preva-
lence and severity of obesity,232,233 physiologic differences in 
cytokine production,234,235 renal hemodynamics,236,237 and 

Figure 21.6  Overall  hypertension  control  rates  in 
1999 to 2000 by age and race and ethnicity in men 
and women. Error bars  indicate 95% CIs. Data are 
weighted  to  the  U.S.  population.  For  comparisons 
between racial and ethnic groups (with non-Hispanic 
whites as  the  referent), P values are as  follows  (by 
age):  for Mexican Americans, men, 40 to 59 years, 
P < 0.001; men, at least 60 years, P = 0.003; women, 
40 to 59 years, P = 0.002; women, at least 60 years, 
P  =  0.04;  for  non-Hispanic  blacks,  men,  40  to  59 
years,  P =  0.02;  men,  at  least  60  years,  P =  0.51; 
women, 40 to 59 years, P = 0.003; women, at least 
60 years, P = 0.98.  (Reprinted with permission from 
Hajjar I, Kotchen TA: Trends in prevalence, awareness, 
treatment, and control of hypertension in the United 
States, 1988-2000. JAMA 290:199-206, 2003.)

0

10

20

30

40

50

60

70

C
on

tr
ol

 r
at

e,
 %

Men

Age, y

40–59 ≥60

Women

Age, y

40–59 ≥60

Non-Hispanic White

Non-Hispanic Black

Mexican American

an eGFR between 30 and 60 mL/min/1.73 m2, the reverse 
was true in the eGFR range of less than 30 mL/min/1.73 m2. 
Using data from the National Health and Nutrition Exami-
nation Surveys (NHANES) from 1988 to 1994 and 1999 to 
2004, and the MDRD GFR estimating equation, the preva-
lence of CKD increased from 10.5% to 13.8% among non-
Hispanic whites, from 10.2% to 11.7% among non-Hispanic 
blacks, and from 6.3% to 8.0% among Mexican Americans 
over this time period.215 Emphasizing the impact of the tool 
used to assess kidney function, the 1999 to 2004 estimates 
of the prevalence of CKD stages 1 to 4 among non-Hispanic 
whites and blacks in the United States were no longer sig-
nificantly different when made using the more accurate 
Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation to estimate GFR.12 However, a racial differ-
ence persists in the prevalence of CKD stages 3 to 4; estimates 
shifted from 9.6% and 5.2% using the MDRD GFR estimat-
ing equation to 7.8% and 5.4% using the CKD-EPI equation 
among whites and blacks, respectively. Another analysis of 
NHANES 1988 to 1994 data revealed a higher likelihood, 
even after multivariable adjustment, of U.S. blacks and 
Mexican Americans with and without diabetes to have albu-
minuria compared to U.S. whites with or without diabetes 
(odds ratio [OR], 1.8 to 2.8).216 Finally, in a study of adult 
Navajo Indians, 3% to 6% of nondiabetics and 10% to 11% 
of diabetics had an elevated serum creatinine level consis-
tent with a creatinine clearance of 65 mL/min or higher for 
men and 53 mL/min or higher for women.217

Hispanic ethnicity is often aggregated into one group, 
despite a wide variety of national origins and races repre-
sented by this classification. Rodriguez and coworkers218 
examined data from the Hispanic Health and Nutrition 
Examination Survey (HHANES) on differences in serum 
creatinine levels and estimated creatinine clearances across 
Hispanic subgroups, including Mexican Americans, main-
land Puerto Ricans, and Cuban Americans. Cuban Ameri-
cans had the highest mean serum creatinine levels, and both 
Puerto Ricans (OR 1.7; 95% CI, 1.2 to 2.6) and Cuban 
Americans (OR 4.6; 95% CI, 2.5 to 8.3) were more likely 
than Mexican Americans to have estimated creatinine clear-
ances lower than 60 mL/min/1.73 m2.218 These observa-
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electrolyte regulation,238 genetic factors, and differences in 
socioeconomic status, access to health care, behavioral 
factors, and physical environments. One such explanation 
was provided in a publication in which Hung and colleagues 
reported a higher risk for CKD progression among partici-
pants of the African American Study of Kidney Disease and 
Hypertension (AASK) with certain C-reactive protein poly-
morphisms.239 Similar disparities exist between Hispanic 
adults compared to whites that may be partially explained 
by a higher prevalence, earlier onset, and increased severity 
of diabetes in this ethnic minority population,240-243 lower 
rates of awareness, treatment, and control of hyperten-
sion,228 and higher prevalence of obesity,244,245 among other 
biologic, social, behavioral, and communication factors.

Several studies have also identified factors related to 
access to health care as being strongly predictive of the 
development of ESKD.212,246 One ecologic study comparing 
regions in California defined by zip codes reported a higher 
incidence of ESKD caused by diabetes in areas with a higher 
proportion of hospitalizations of those with no insurance or 
with Medicaid, and a lower incidence in areas with more 
hospitalizations for those with managed care insurance 
plans.247 Surprisingly, the unadjusted incidence rates were 
lower in zip codes with known shortages of health profes-
sionals compared to zip codes with ample health profes-
sional populations (adjusted rates were not presented). 
Also, incidences of ESKD were higher in areas with more 
hospitalizations for hyperglycemic complications, suggest-
ing a role for ineffective or poor access to treatment in the 
development of ESRD caused by diabetes. Similarly, a report 
cited more abnormal laboratory values at the onset of ESKD 
treatment in those without medical insurance.247

The persistence of variations in risk of CKD progression 
by race after adjustment for many of these factors has moti-
vated investigation of previously unexplained genetic varia-
tion using new investigative tools. Two independent groups 
performed genome-wide analyses for ESKD risk loci within 
incident African American ESKD patients. Both used admix-
ture linkage dysequilibrium analysis, which is based on the 
premise that when two genetically diverse populations mix, 
the admixed population receives chromosomal regions from 
either ancestry that can be identified by genotyping markers 
with different allelic frequencies between the ancestral pop-
ulations. The groups screened the genome of African Ameri-
cans with ESKD to identify ESKD susceptibility loci, regions 
of the genome where individuals with ESKD have more or 
less African ancestry than their nondiseased counterparts. 
The results from the Family Investigation of Nephropathy 
and Diabetes Research Group identified an association 
between excess African ancestry and nondiabetic ESKD on 
chromosome 22q12, but not with diabetic ESKD.248 In con-
trast, the presence of an allele of European origin at this 
locus was found to be protective, with a relative risk of 0.5 
compared with an allele of African origin. In this study, most 
of the excess ESKD risk in those of African ancestry was cor-
related with a number of common single-nucleotide poly-
morphisms (SNPs) in the gene encoding nonmuscle myosin 
heavy chain type II isoform A (MYH9). Similarly, Kopp and 
associates found this same gene to be associated with biopsy-
proven, idiopathic FSGS and human immunodeficiency 
virus type 1 (HIV-1)–associated FSGS in African Ameri-
cans.249 In this study, the OR associated with the recessive E-1 

haplotype for MYH9 SNPs in African Americans was 4.7 
(95% CI, 3.1 to 7.0) in idiopathic FSGS and 5.9 (95% CI, 2.9 
to 12.9) in HIV-associated FSGS. However, subsequent 
studies have suggested that certain polymorphisms of an 
adjacent gene, APOL1, are responsible for different rates of 
renal progression across races. This gene, which codes for 
apolipoprotein L-1 (apo L-1), is in linkage disequilibrium 
with MYH9, which likely accounts for the findings of prior 
studies. In 2010, Genovese and coworkers and Tzur and col-
leagues demonstrated two sequence variants in apo L-1 that 
were strongly associated with the development of FSGS and 
hypertensive nephrosclerosis in African Americans.250,251 
These variants were also considered to have risen in allele 
frequency under positive evolutionary selection and were 
shown to have an increased ability to lyse the human patho-
gen Trypanosoma brucei rhodesiense, suggesting that positive-
selection pressure may account for the increased prevalence 
of these isoforms among African Americans.252

In a study of 2955 participants in the Chronic Renal Insuf-
ficiency Cohort, black individuals homozygous for a high-risk 
apo L-1 allele had an increased risk of doubling of creatinine 
level or progression to ESKD compared to nonhomozygous 
blacks or whites. Among diabetics, the HR for adverse renal 
outcomes was 3.1 (2.1 to 4.5) times higher among high-risk 
blacks compared to whites. Among nondiabetics, the risk was 
2.5 (1.8 to 3.4) times higher.253 Similarly, among AASK par-
ticipants, those with a high-risk, apo L-1 genotype had a rate 
of doubling of creatinine level or ESKD 1.9 times higher than 
in those without a high-risk genotype.253

The ARIC study of 3067 African Americans without CKD 
at baseline revealed a significantly elevated risk of develop-
ing incident CKD (HR 1.5; 95% CI, 1.0 to 2.2) and progress-
ing to ESKD (HR 2.2; 95% CI, 1.0 to 4.8) among those 
homozygous for the apo L-1 risk alleles compared to hetero-
zygotes and those with the wild-type alleles.254 The mecha-
nisms through which APOL1 mutations accelerate kidney 
disease progression remain unclear, but are an area of very 
active research.255,256

SUMMARY

There is little variation in reports of the patterns of inci-
dence, prevalence, and progression of kidney disease across 
race and ethnicity. In general, despite a lower prevalence of 
CKD among African Americans and Hispanics compared to 
whites, the incidence of CKD is higher in African Americans 
and rates of progression are faster in African Americans, 
Hispanics, and American Indians compared to non-Hispanic 
whites.

SOCIOECONOMIC FACTORS AND 
CHRONIC KIDNEY DISEASE

SOCIOECONOMIC EXPOSURES

Earlier in this chapter, we discussed racial disparities in the 
incidence and progression of CKD. Racial differences in 
kidney disease risk are partially mediated by factors related 
to socioeconomic status and social deprivation (see also 
Chapter 84). This portion of the excess risk is potentially 
modifiable and, therefore, of particular interest for 
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nomic factors. Krop and associates observed that blacks with 
diabetes mellitus were three times more likely than whites 
with diabetes mellitus to develop CKD in unadjusted analy-
ses.212 Subsequent adjustment for additional covariates 
revealed that 6% of the excess risk for development of CKD 
in black adults compared to white adults with diabetes was 
explained by income and education level. Suboptimal 
health behaviors and poor control for glucose level and 
blood pressure accounted for a substantial proportion of 
the remaining risk. Given the strong relationship among 
socioeconomic status, health behaviors, and glycemic and 
hypertensive control,226,259,260 the overall effect of socioeco-
nomic factors on the incidence of CKD is understated in the 
aforementioned 6% excess risk.

A similar constellation of risk factors has been described 
in conjunction with renal involvement in systemic lupus 
erythematosus (SLE). A higher incidence of lupus nephritis 
has been noted among minority populations. One report, 
which included participants with recently diagnosed SLE 
from the Lupus in Minorities: Nature vs. Nurture (LUMINA) 
study, noted the development of lupus nephritis among 
44.6% of Texas Hispanics, 11.3% of Puerto Rican Hispanics, 
45.8% of African Americans, and 18.3% of whites.261 When 
examined further, a composite socioeconomic status factor, 
including information on education, insurance, and poverty 
status, accounted for 14.5% of the variance because of eth-
nicity after adjustment; socioeconomic status and genetic 

targeting prevention strategies. Socioeconomic status has 
been described as a distal risk factor for kidney disease that 
acts through several proximal factors, including poverty and 
low income, lack of nutrition, low educational levels, expo-
sure to heavy metals, substance abuse, and limited access to 
health care.246 These factors can be examined at the indi-
vidual and neighborhood level at any given point in time. 
As a result, several analyses have accounted for both indi-
vidual- and area-level socioeconomic status.210,257 A frame-
work for considering the numerous social and cultural 
determinants of disparities in CKD is shown in Figure 21.7. 
In addition, as in many disease processes that develop over 
protracted periods of time, past and present exposures are 
responsible for increases in risk. For this reason, life course 
(i.e., the cumulative effect of social environments over the 
course of a lifetime) and parental socioeconomic factors 
have also been investigated as contributors to the incidence 
and progression of kidney disease.258 Full evaluation of these 
individual- and area-level factors in biomedical research 
studies is key to explaining the observed racial and ethnic 
disparities in kidney disease.

RELATIONSHIP TO SOCIOECONOMIC FACTORS

INCIDENCE OF CHRONIC KIDNEY DISEASE
Very few studies have examined risk factors for the inci-
dence of CKD and fewer yet have investigated socioeco-

Figure 21.7  A framework for integrating key 
sociocultural  determinants  of  CKD.  CVD, 
Cardiovascular disease; DM, diabetes melli-
tus;  HTN,  hypertension.  (Reprinted with per-
mission from Norris K, Nissenson AR: Race, 
gender, and socioeconomic disparities in CKD 
in the United States. J Am Soc Nephrol 
19:1261-1270, 2008.)
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later in life.269 A systematic review and meta-analysis of 
observational studies evaluating the relationship between 
birth weight and CKD, assessed at age older than 12 months, 
included 32 studies.270 Combined weighted estimates of 
effect provided an OR for CKD associated with low birth 
weight of 1.7 (95% CI, 1.4 to 2.1). These results were con-
sistent across multiple definitions of CKD, including albu-
minuria, ESKD, and low eGFR. (For further discussion, see 
Chapter 23.)

Finally, numerous environmental exposures that affect 
kidney health occur disproportionately among certain  
populations, including those of low socioeconomic status. 
Exposure to cadmium and lead, even at low levels, is associ-
ated with a significantly increased prevalence of kidney 
disease.271-279 Data on the renal effects of drinking water or 
residential environmental exposure to uranium are scarce, 
and very few studies have found a significant association 
between this type of exposure to uranium and renal out-
comes, including kidney stones, chronic nephritis, and 
microalbuminuria.280-282 Overcrowding in housing poses 
more risk for streptococcal infections, which may lead to 
poststreptococcal glomerulonephritis. Reductions in renal 
functional reserve, chronic kidney disease, and develop-
ment of ESKD have been reported in patients who have 
recovered from poststreptococcal glomerulonephritis.283-285

The effect of income on CKD prevalence may vary by 
country. An analysis of individuals who participated in 
NHANES (1999 to 2002) demonstrated that low income was 
strongly associated with CKD prevalence. Applying the same 
analysis to a Dutch cohort, low income was only weakly 
associated with CKD prevalence.286 This may be a result of 
the fact that access to health care is more income-dependent 
in the United States than in the Netherlands. A study of an 
English cohort revealed significant associations between low 
income and CKD prevalence, but these disappeared after 
adjustment for lifestyle and clinical factors.287

The impact of income on CKD prevalence may differ by 
sex and race in U.S. studies, but evidence is sparse. In  
the Jackson Heart Study, an all–African American cohort, 
high socioeconomic status was statistically significantly pro-
tective against CKD among men (OR 0.5; 95% CI, 0.2 to 
1.0), but of only borderline significance among women (OR 
0.6; 95% CI, 0.4 to 1.0).288 A study of 2375 community-living 
adults in Baltimore, Maryland, has demonstrated that low 
socioeconomic status is associated with CKD in blacks (OR 
1.9; 95% CI, 1.5 to 2.4), but not in whites (OR 1.0; 95% CI, 
0.6 to 1.6).289

PROGRESSION OF CHRONIC KIDNEY DISEASE
The association between race and ethnicity and the progres-
sion of CKD was discussed earlier in this chapter. As noted, 
socioeconomic factors highly correlated with race and  
ethnicity account for a proportion of this excess risk. In 
particular, Tarver-Carr and colleagues reported a 2.7-fold 
increased risk of ESKD among African Americans compared 
with whites.222 Of the excess risk of developing ESLD 
among African Americans, 12% was explained by sociode-
mographic factors, including education, poverty status, and 
marital status. A large longitudinal study of over 170,000 
members of Kaiser Permanente of Northern California 
reported a significant risk of developing ESKD among 
members who never attended college (HR 1.6; 95% CI, 1.2 

admixture together accounted for an additional 12.2% of 
the variance. Of note, an additional 36.8% of the variance 
in this model could be attributed to genetic admixture, 
underscoring the importance of genetic factors over socio-
economic factors in explaining the racial disparities in renal 
involvement in SLE.

A population-based case-control study in Sweden has pro-
vided additional evidence of the risk of incident CKD with 
low socioeconomic status. ORs of incident CKD associated 
with families of solely unskilled workers were 2.1 (95% CI, 
1.1 to 4.0) and 1.6 (95% CI, 1.0 to 2.6) among women and 
men, respectively, compared to families with at least one 
professional worker.262 In addition, Swedish adults with 9 
years or less of education were 30% more likely (OR, 1.3; 
95% CI, 1.0 to 1.7) to develop CKD than adults with a 
college education.

Finally, in parts of the United Kingdom, an approximate 
50% increase in the incidence of CKD was reported among 
those in the highest quintile of social deprivation (i.e., living 
in an electoral ward with a high proportion of households 
without a car, unemployed, overcrowded, and not owner-
occupied) compared to the lowest quintile.263 A more recent 
analysis of the ARIC study demonstrated an increased inci-
dence of CKD among blacks compared to whites (14.7 vs. 
12.0 cases/1000 person years). Demographic, socioeco-
nomic, lifestyle, clinical factors, and access to health care 
accounted for 74% of this increased risk.264

PREVALENCE OF CHRONIC KIDNEY DISEASE
The relationship of measures of socioeconomic status and 
social deprivation with the prevalence of CKD has been 
better characterized than with the incidence of CKD. Using 
data from the ARIC study, Shoham and coworkers found 
that being a member of the working class across some or all 
of their life course was associated with an increased OR of 
CKD among whites and blacks (OR [95% CI], 1.4 [0.9 to 
2.0] and 1.9 [1.3 to 2.9], respectively).265 Martins and col-
leagues have cited a significant association (OR 1.2; 95% CI, 
1.1 to 1.3) between living at less than 200% of the federal 
poverty level and microalbuminuria using data from 
NHANES III after multivariable adjustment.266 Another 
analysis of data from NHANES III has confirmed these find-
ings; it also revealed a higher prevalence of CKD in those 
with less than 12 years of education among non-Hispanic 
whites and blacks and with an income equivalence level (i.e., 
total household income divided by the square root of the 
number of people dependent on that income) less than 
$12,000 compared to $28,000 or more among non-Hispanic 
whites only.267 An even stronger relationship was observed 
between unemployment and prevalent CKD, but only 
among non-Hispanic blacks and Mexican Americans. Inter-
estingly, these same associations could not be detected using 
similar surveys of adults in Australia and Thailand.267

Some effects of socioeconomic status on CKD are medi-
ated through more proximal factors, such as nutritional 
status, health behaviors, and environmental exposures. 
Nutritional deprivation or physiologic insults in utero cause 
intrauterine growth restriction (IUGR). Building on the 
developmental origins of health and disease hypothesis pro-
posed by Barker,268 Brenner and Chertow hypothesized that 
IUGR causes a decrease in nephron number, leading to a 
susceptibility to hypertension and reduced kidney function 

http://www.myuptodate.com


666 SECTION III — EPIDEMIOLOGY AND RISK FACTORS IN KIDNEY DISEASE

CONCLUSION

Although there are several studies and data sets reporting 
the incidence of CKD in the United States, more consistency 
in the definition of incident CKD is needed to facilitate the 
assessment of differences and disparities across sociodemo-
graphic groups. Also, there is no single way to capture infor-
mation on the progression of CKD, which poses a challenge 
to researchers and clinicians trying to review and interpret 
findings across studies systematically. Examination of the 
pattern of kidney disease across sexes has not yielded a 
consistent relationship. With the exception of the preva-
lence of CKD, which appears to be higher among women, 
men are reported to have a higher incidence of glomerular 
disease and greater progression of nondiabetic CKD, espe-
cially compared to premenopausal women.

Results are less consistent across sexes, however, regard-
ing the progression of IgA nephropathy and with progres-
sion overall in postmenopausal women. More studies are 
needed to elucidate any sex differences in the progression 
of lupus nephritis. Similarly, the reported relationships 
between sex and ADPKD progression, and sex and the 
development of microalbuminuria and macroalbuminuria 
and progression of diabetic nephropathy, are not consistent 
and may be modified by age and race.

Reported patterns of kidney disease across race and 
ethnic groups have been more consistent than those 
reported across sex. A lower prevalence of CKD has been 
observed among African Americans and Hispanics com-
pared to whites. As GFR levels decline, however, African 
Americans seem to have a higher prevalence of CKD and 
albuminuria compared to non-Hispanic whites, consistent 
with the long-observed pattern of higher rates of ESKD 
among African Americans. The incidence of CKD is higher 
in African Americans, and rates of progression are faster in 
African Americans, Hispanics, and Native Americans com-
pared to non-Hispanic whites. A substantial proportion of 
the excess incidence and progression of CKD among African 
Americans and other racial and ethnic groups compared to 
whites is associated with socioeconomic determinants, but 
an increasing body of literature supports a significant role 
for specific apo L-1 genotypes as a causative factor for 
African Americans in particular.253 Evidence of the impact 
of income, education, and environmental factors on kidney 
outcomes is consistent; however, the association between 
access to care and these same outcomes is less clearly docu-
mented. There is some suggestion of interactions between 
socioeconomic status and race with kidney outcomes, but 
these need further study.
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environmental factors, appear to explain a large proportion 
of the excess incidence and progression of CKD among 
African American and other racial and ethnic groups com-
pared to whites. Additional studies are needed to clarify the 
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THE NEED TO DEFINE RISK IN CHRONIC 
KIDNEY DISEASE

The proposal in 2002 of a simple definition for chronic 
kidney disease (CKD)1 and its subsequent worldwide adop-
tion, coupled with the development of the four-variable 
Modification of Diet in Renal Disease (MDRD) formula that 
facilitated automated estimation of glomerular filtration 
rate (GFR) from a measurement of serum creatinine, has 
brought about an increase in awareness of CKD. Population-
based studies from around the world have reported a preva-
lence of 8% to 16%,2,3 values substantially higher than 
anticipated. The large number of people known to be 
affected by CKD has major implications for the provision of 

health care—in particular, nephrology services. In the past 
decade, nephrology has moved from a position where it 
provided highly specialized services to a relatively small 
number of patients, with specific and relatively rare kidney 
disease or advanced CKD, to one where it must concern 
itself with the care of less advanced CKD in a substantial 
proportion of the general population. Furthermore, early-
stage CKD is largely asymptomatic, and detection therefore 
requires a screening process. Studies have indicated that 
screening whole populations is not cost effective,4 and a 
means of identifying high-risk subgroups for targeted 
screening is therefore required. Successful screening pro-
grams are likely to identify large numbers of patients with 
previously undiagnosed CKD but, in most countries, 
nephrology services are unable to provide long-term care to 
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requirements to be fulfilled to identify a causal relationship 
between a putative risk factor (exposure) and a disease 
(outcome; Table 22.1). In complex diseases such as CKD 
that result from the combined effects of multiple factors, it 
is likely that many risk factors will not fulfill all the criteria. 
Nevertheless, they do provide a useful framework for assess-
ing the strength of a proposed causal relationship between 
risk factor and disease.

EPIDEMIOLOGIC METHODS FOR IDENTIFYING 
RISK FACTORS

Studies to investigate associations between putative risk 
factors and a disease may be classified as observational or 
experimental. Observational studies include cross-sectional, 
case-control, and cohort studies, whereas the randomized 
controlled trial is the main experimental study.

CROSS-SECTIONAL STUDIES
In this study type, associations between putative risk factors 
and a disease are investigated in a study population at a 
single time point. Cross-sectional studies therefore have the 
advantage of being relatively quick and simple to perform 
but, because they are limited to a single point in time, they 
are unable to fulfill the Bradford Hill criterion for temporal-
ity. Thus, associations may be identified but inference 
regarding causality cannot be made. Nevertheless, these 
studies are useful as an initial search for putative risk factors 
and hypothesis generation.

all CKD patients, and the associated costs would be prohibi-
tive. A solution to this problem was suggested by studies 
showing that there is substantial heterogeneity among 
patients who meet the diagnostic criteria for CKD, with most 
being at relatively low risk of ever progressing to end-stage 
kidney disease (ESKD). The Kidney Disease Outcomes and 
Quality Initiative (K/DOQI) classification system for CKD 
was widely adopted and proved valuable, particularly for 
identifying the prevalence of different stages of CKD in 
epidemiologic studies.5 It was noted, however, that the 
classification provided little information on the future risk 
of decline in renal function.6 The Kidney Disease Improving 
Global Outcomes (KDIGO) classification system therefore 
modified the K/DOQI system so that categories defined  
by GFR and albuminuria do correlate with risk,7 but this 
does not provide accurate, individual risk prediction. Previ-
ous studies identified a wide range of rates of decline in  
GFR among patients with CKD, and up to 15% may  
even show an increase over time.8 There is thus a need to 
develop methods for risk stratification within CKD to iden-
tify the relatively small subgroup of patients who are at  
risk of progression to ESKD and who may benefit from 
specialist intervention to slow or halt disease progression. 
Such risk stratification would be equally important for iden-
tifying individuals who are at low risk for progression who 
could be reassured and spared unnecessary referral to a 
nephrologist.

Another important aspect of CKD is its association with a 
substantially increased risk of future cardiovascular events 
(CVEs) that in most patients with mild CKD substantially 
exceeds the risk of ESKD.9 Whereas CKD is associated with 
a high prevalence of many traditional risk factors for cardio-
vascular disease, such as hypertension and dyslipidemia, risk 
prediction tools such as the Framingham risk score substan-
tially underestimate cardiovascular risk in patients with 
CKD.10 It has been proposed that this observation is due to 
the role of several nontraditional cardiovascular risk factors 
that are specific to CKD.

From the above discussion, it is clear that there is a need 
to identify and understand factors associated with an 
increased risk of developing CKD and, once diagnosed, 
factors associated with an increased risk of progression to 
ESKD and CVE. In this chapter, we will review current 
knowledge of these risk factors and the methods being 
applied to predict risk in CKD patients. Risk factors for 
cardiovascular disease in patients with CKD, many of which 
overlap with risk factors for CKD progression, are discussed 
in Chapter 56.

DEFINITION OF A RISK FACTOR

A risk factor is a variable that has a causal association with 
a disease or disease process such that the presence of the 
variable in an individual or population is associated with an 
increased risk of the disease being present or developing in 
the future. Thus, risk factors may be useful for identifying 
subjects at increased risk for a disease or particular outcome 
due to a disease process. In the course of epidemiologic 
research, many variables may show associations with a 
disease of interest but these may be chance associations, 
noncausal associations, or causal associations (true risk 
factors). The Bradford Hill criteria provide minimum 

Table 22.1  Bradford-Hill Criteria of Causality

Parameter Explanation

Strength of 
association

The stronger the association, the more 
likely the relationship is causal.

Consistency A causal association is consistent when 
replicated in different populations and 
studies.

Specificity A single putative cause produces a 
single effect.

Temporality Exposure precedes outcome (i.e., risk 
factor predates disease).

Biological gradient Increasing exposure to risk factor 
increases risk of disease, and 
reduction in exposure reduces risk.

Plausibility The observed association is consistent 
with biologic mechanisms of disease 
processes.

Coherence The observed association is compatible 
with existing theory and knowledge in 
a given field.

Experimental 
evidence

The factor under investigation is 
amenable to modification by an 
appropriate experimental approach.

Analogy An established cause and effect 
relationship exists for a similar 
exposure or disease.

Modified from Hill AB: The environment and disease: 
association or causation? Proc R Soc Med 58:295-300, 
1965.
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factors. This is because a particular intervention may modify 
more than one risk factor, and it is therefore not possible 
to attribute a change in the outcome to the change in a 
single risk factor. Perhaps the best example of this in CKD 
is treatment with an angiotensin-converting enzyme (ACE) 
inhibitor that modifies blood pressure and proteinuria. It is 
therefore not possible to attribute the subsequent slowing 
of GFR decline to lowering of blood pressure or to reduc-
tion of proteinuria alone.

Data from RCTs may also be used to perform subgroup 
or post hoc analyses. Subgroup analyses may be prespecified 
in the trial design (preferable) or be performed post hoc. 
Although subgroup and post hoc analyses may be useful for 
exploratory analyses and hypothesis generation, they are 
prone to several weaknesses. First, they may be underpow-
ered and therefore prone to type 2 errors (incorrect failure 
to reject the null hypothesis). Second, if too many hypoth-
eses are tested, they may be prone to type 1 errors (incorrect 
rejection of a true null hypothesis).

RISK FACTORS AND MECHANISMS  
OF CHRONIC KIDNEY  
DISEASE PROGRESSION

It has been appreciated for several decades that once GFR 
has decreased to below a critical level, CKD tends to prog-
ress relentlessly toward ESKD. This observation suggests that 
loss of a critical number of nephrons provokes a vicious 
cycle of further nephron loss. Detailed studies have eluci-
dated a number of interrelated mechanisms that together 
contribute to CKD progression, including glomerular 
hemodynamic responses to nephron loss (raised glomerular 
capillary hydraulic pressure and single-nephron GFR 
[SNGFR]), proteinuria, and proinflammatory responses. A 
generally good prognosis after unilateral nephrectomy12 
attests to the fact that a single pathogenic factor may be 
insufficient to initiate progressive CKD, but the multihit 
hypothesis proposes that multiple factors interact to over-
come renal reserve and provoke progressive nephron loss.13 
To meet the Bradford Hill criteria of plausibility and coher-
ence, a putative risk factor should therefore somehow affect 
known mechanisms of CKD progression (see Chapter 52  
for further details). Figure 22.1 shows how risk factors may 
interact with pathophysiologic mechanisms to initiate or 
accelerate CKD progression. Based on our understanding 
of the mechanisms underlying the pathogenesis of CKD and 
its progression, risk factors may be divided into susceptibility 
factors, initiation factors, and progression factors (Table 
22.2). Nevertheless, distinguishing among these categories 
may in some cases be difficult because some factors (e.g., 
diabetes mellitus) may act in all three ways and, in some 
studies, it may be impossible to separate susceptibility factors 
from progression factors due to inadequate characterization 
of participants at study entry.

SUSCEPTIBILITY FACTORS

These are risk factors associated with an increased risk of an 
individual developing CKD after exposure to a factor that 
has potential to cause renal damage. An example is a 
reduced nephron number after uninephrectomy, which is 

CASE-CONTROL STUDIES
These studies also examine subjects at a single point in time 
but, in this design, cases with a particular disease are identi-
fied according to specific criteria and are compared to con-
trols similar to the cases with respect to age, gender, and 
other variables but who do not have the disease. Cases and 
controls are then compared with respect to the prevalence 
of a particular exposure or putative risk factor. One weak-
ness of case-control studies is that they often rely on recol-
lection of past exposure to the putative risk factor. A further 
challenge is to achieve adequate matching of cases and 
controls with respect to variables other than the putative risk 
factor(s).

COHORT STUDIES
Cohort studies are prospective studies in which a population 
of subjects with and without exposure to a putative risk factor 
(or variable exposure to a putative risk factor) are followed 
into the future, and the rate of disease occurrence is com-
pared between the two groups. Advantages are that the tem-
porality criterion for causality may be fulfilled and a direct 
measure of the incidence of disease obtained. Nevertheless, 
one weakness of cohort studies is the potential for confound-
ing. This may occur when a variable is associated with both 
the putative risk factor (exposure) and the disease (outcome). 
Thus, the presence of a confounder may alter (strengthen, 
weaken, or mask) the association between exposure and 
outcome. Multivariable regression analysis may be used to 
adjust or control for potential confounding but may not 
completely eliminate the effects of confounding, and incom-
plete adjustment may result in residual confounding.

Another technique to assist in differentiating causality 
from association is mendelian randomization. This approach 
tests whether genetically determined variation in a particu-
lar biomarker (which is not affected by nongenetic con-
founding) is associated with outcomes in a similar manner 
to that observed in other observational studies. If the bio-
marker is directly involved in the pathogenesis of a disease, 
then inherited variation that changes the plasma concentra-
tion of the biomarker should be associated with the outcome 
in the manner predicted by the plasma concentration.11

RANDOMIZED CONTROLLED TRIALS
In this study design, a randomized controlled trial (RCT), 
subjects in a population are randomly assigned to one of 
two or more treatments or interventions. After a fixed 
period of follow-up, the randomized groups are compared 
with respect to the rate of a predefined outcome. To reduce 
the potential for bias, subjects and/or investigators are 
often blinded to the treatment. In a single-blinded study, 
only subjects are unaware of what treatment they receive, 
whereas in a double-blinded study, subjects and investigators 
are blinded, usually by the use of a matching placebo. Ran-
domization, if successful, will produce close matching of the 
groups with respect to a wide range of known and unknown 
variables at baseline to reduce the possibility of confound-
ing. Furthermore, the RCT is the only study design capable 
of fulfilling the causality criterion for experimental evi-
dence. Nevertheless, although the RCT constitutes the gold 
standard for investigating the effect of a therapeutic inter-
vention, it is not as definitive for evaluating putative risk 
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Figure 22.1 Schematic representation showing the interaction of risk factors for chronic kidney disease (CKD) progression with pathophysi-
ologic mechanisms that contribute to a vicious cycle of progressive nephron loss. Ang II, Angiotensin II; FSGS, focal segmental glomeruloscle-
rosis; PGC, glomerular capillary hydraulic pressure; SNGFR, single-nephron glomerular filtration rate; TIF, tubulointerstitial fibrosis. (Adapted 
from Taal MW, Brenner BM: Predicting initiation and progression of chronic kidney disease: developing renal risk scores. Kidney Int 70:1694-1705, 
2006.)
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Table 22.2  Risk Factors for Chronic Kidney Disease (CKD)

Risk Factor Susceptibility Initiating Progression

Older age +
Gender +
Ethnicity + +
Family history of CKD +
Metabolic syndrome +
Hemodynamic factors
 Low nephron number + +
 Diabetes mellitus + + +
 Hypertension + +
 Obesity + +
 High protein intake + +
 Pregnancy + +
Primary renal disease +
Genetic renal disease +
Urologic disorders +
Acute kidney injury + +
Cardiovascular disease + +
Albuminuria +
Hypoalbuminemia +
Anemia + +
Dyslipidemia + +
Hyperuricemia + +
↑ ADMA +
Hyperphosphatemia +
Low serum bicarbonate +
Smoking + +
Nephrotoxins + +

ADMA, Asymmetric dimethylarginine.
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illustrated by the observation from one longitudinal study 
that for patients 65 years and older, the risk of ESKD 
exceeded the risk of death only when the GFR was 15 mL/
min/1.73 m2 or less (Figure 22.2).23 On the other hand, 
another study found that in patients with CKD stage 4 or 5, 
renal function in those 65 years or older was associated with 
a slower decline than in those younger than 45 years.24

A large individual-level meta-analysis that included data 
from 2,051,244 participants in 46 cohort studies has pro-
vided robust data regarding the effect of age on the risks 
associated with CKD. In general population and high car-
diovascular risk cohorts, the increase in relative risk of mor-
tality associated with lower GFR declined with increasing 
age but the increase in absolute risk of death was higher in 
older age groups. Similar trends were observed for the mor-
tality risks associated with albuminuria. On the other hand, 
the relative increase in risk of mortality did not decrease 
with increasing age in data from CKD cohorts. Furthermore, 
there was no attenuation of the risk of ESKD with increasing 
age in any of the cohort categories.25 Thus, older age is a 
susceptibility factor for CKD, and the associated increase in 
risk of death and ESKD is observed at all ages. These obser-
vations suggest that targeted screening for CKD in older 
subjects would be a cost-effective strategy, but further studies 
are required to investigate the extent to which the risks 
associated with CKD in older adults may be attenuated by 
intervention. For further discussion of CKD in older age 
groups, see Chapters 24 and 85.

GENDER

In experimental studies, male rodents were more suscepti-
ble to age-related glomerulosclerosis than females, an obser-
vation that was independent of glomerular hemodynamics 
or hypertrophy and was attributable to a specific androgen 
effect.26 Data regarding the effect of gender on the risk of 
CKD and progression in humans are, however, somewhat 

associated with an increased risk of developing diabetic 
nephropathy if the individual develops diabetes.14 Studies to 
identify susceptibility factors should recruit subjects free of 
CKD at baseline who have been exposed to an initiating 
factor and followed over a prolonged period to allow ascer-
tainment of outcomes. This could be achieved through a 
cohort study or subgroup analysis of an RCT.

INITIATION FACTORS

Initiation factors directly cause or initiate kidney damage in 
a susceptible individual. Examples include exposure to 
nephrotoxic drugs, urinary tract obstruction, or primary 
glomerulopathies that may provoke CKD in some (but not 
all) exposed individuals. Studies investigating initiation 
factors should aim to recruit subjects without CKD at entry 
or known susceptibility factors, with variable exposure to a 
putative initiating factor. A cohort study design is best suited 
to investigate outcomes in subjects exposed versus not 
exposed to the factor of interest, or an RCT design could 
be used to assess the potential nephrotoxicity of a new drug.

PROGRESSION FACTORS

These are factors that contribute to the progression of 
kidney damage once CKD has developed. An example is 
hypertension, which exacerbates raised intraglomerular 
hydraulic pressure and therefore accelerates glomerular 
damage. Studies investigating progression factors should 
recruit subjects with relatively early-stage CKD in a cohort 
study design. RCTs may also be used to study progression 
factors if the intervention being investigated modifies a 
putative progression factor. Outcomes may therefore be 
compared between the group in whom the risk factor was 
modified versus a control group. Unfortunately, however, 
many interventions alter several risk factors, and it may 
therefore not be possible to attribute an improved outcome 
to changes in a single risk factor.

DEMOGRAPHIC VARIABLES

AGE

The prevalence of CKD increases with age and is reported 
to be as high as 56% in those 75 years of age or older.15 
Longitudinal studies of subjects without kidney disease have 
observed a decline in GFR with increasing age in some 
subjects, implying that nephron loss may be regarded as part 
of normal aging.16 On the other hand, aging is associated 
with an increase in several other risk factors for CKD, includ-
ing hypertension, obesity, and cardiovascular disease, which 
may contribute to the rise in CKD prevalence. Several 
population-based studies have found a higher incidence of 
proteinuria and CKD17-19 as well as ESKD with increasing 
age.20 Similarly, the incidence of a decline in renal function 
over 5 years was greater among older patients with hyperten-
sion.21 One study reported that advanced age is a negative 
predictor of ESKD among patients with CKD, although 
older age was associated with a greater rate of decline in 
GFR.22 This apparent contradiction is most likely explained 
by the competing risks of death and ESKD in older patients, 

Figure  22.2 Baseline estimated glomerular filtration rate (eGFR) 
threshold. Below this the risk for end-stage kidney disease (ESKD) 
exceeded the risk for death in each age group among 209,622 U.S. 
veterans with chronic kidney disease stages 3 to 5 followed for a 
mean of 3.2 years. (From O’Hare AM, Choi AI, Bertenthal D, et al: Age 
affects outcomes in chronic kidney disease. J Am Soc Nephrol 18:2758-
2765, 2007.)
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American ethnicity acts as a progression factor but not as a 
susceptibility factor. A 2012 report from the USRDS showed 
a substantially higher incidence of ESKD in African Ameri-
cans (3.3 times higher than whites), Hispanics (1.5 times 
higher than non-Hispanics), and Native Americans (1.5 
times higher than whites).36 Similarly, the prevalence of 
ESKD in 2012 was higher among minority groups: African 
Americans, 5671 pmp; Native Americans, 2600 pmp; His-
panics, 2932 pmp; Asians, 2272 pmp; and whites, 1432 pmp.36 
CKD and ESKD have also been reported to be more preva-
lent in other ethnic groups, including Asians,37 Hispanics38 
Native Americans,39 Mexican Americans,40 and Aboriginal 
Australians.41

A large meta-analysis that included data from 940,366 
participants in 25 general population cohort studies inves-
tigated the impact of ethnicity on the risks associated with 
CKD in blacks, whites, and Asians. The absolute risk of all-
cause or cardiovascular mortality (after adjustment for age) 
and ESKD was higher in black versus white versus Asian 
participants. However, the relative risk of all-cause or cardio-
vascular mortality and ESKD increased to a similar degree 
with lower GFR or greater albuminuria in all the ethnic 
groups.42 Thus, the risk between lower GFR or greater albu-
minuria and mortality or ESKD was not modified by ethnic-
ity. The mechanisms underlying the associations between 
ethnicity and CKD remain to be elucidated, but possible 
explanations include genetic factors (see below, “Hereditary 
Factors”), increased prevalence of diabetes mellitus, lower 
nephron endowment, increased susceptibility to salt-
sensitive hypertension, and environmental, lifestyle, and 
socioeconomic differences. Ethnicity and CKD are discussed 
further in Chapters 20, 21, and 52.

HEREDITARY FACTORS

Hereditary renal diseases resulting from a single gene 
defect, such as autosomal dominant polycystic kidney 
disease, Alport’s disease, Fabry’s disease, and congenital 
nephrotic syndrome, account for a relatively small yet clini-
cally important proportion of all patients with CKD. Never-
theless, evidence is rapidly accumulating that genetic factors 
account for familial clustering of many other forms of CKD 
with multifactorial causes. Among 25,883 incident ESKD 
patients, 22.8% reported a family history of ESKD,43 and 
screening of the relatives of patients with ESKD revealed 
evidence of CKD in 49.3%.44 In another case-control study, 
including 689 patients with ESKD and 361 controls, having 
one first-degree relative with CKD increased the risk of 
ESKD by 1.3 (95% CI, 0.7 to 2.6) and having two such rela-
tives increased it by 10.4 (95% CI, 2.7 to 40.2) after control-
ling for multiple known risk factors, including diabetes and 
hypertension.45 Similarly, a case-control study of 103 U.S. 
white patients with ESKD reported a 3.5-fold increase in risk 
of ESKD (95% CI, 1.5 to 8.4) with the presence of a first-, 
second-, or third-degree relative with ESKD.46

A genetic explanation for the high incidence of ESKD 
observed in African Americans was provided by ground-
breaking research that identified strong associations 
between ESKD and two coding variants in the APOL1 gene. 
These gene variants confer resistance to infection with Try-
panosoma brucei rhodesiense, which causes sleeping sickness. 

contradictory. Many reports have indicated that male gender 
is associated with worse renal outcomes. Studies have 
reported a higher incidence of proteinuria and CKD among 
men in the general population and an increased risk of 
ESKD or death associated with CKD,17,20,27 a higher risk of 
decline in renal function in male hypertensive patients,21 a 
lower risk of ESKD in female patients with CKD stage 3,22 
and a shorter time to renal replacement therapy (RRT) in 
male patients with CKD stage 4 or 5.24 In addition, most 
national registries, including the U.S. Renal Data Service 
(USRDS), have reported a substantially higher incidence of 
ESKD in males (413 per million population [pmp] in 2003) 
versus females (280 pmp).28 Previous meta-analyses have, 
however, yielded conflicting results, with one reporting a 
higher rate of decline in GFR in men29 and another report-
ing a higher risk of doubling of the serum creatinine level 
or ESKD in women after adjustment for baseline variables, 
including blood pressure and urinary protein excretion.30

The largest meta-analysis to date included data from 
studies of 2,051,158 participants investigating the impact of 
gender on CKD-related outcomes. Whereas the risk of all-
cause and cardiovascular mortality was higher in men than 
women, the relative risk of mortality increased with lower 
GFR and higher albuminuria in both, and the slope  
of increase in risk was steeper in women than men. Impor-
tantly, the relative risk of ESKD increased with lower  
GFR and higher albuminuria in both sexes and there was 
no evidence of a difference in the increase in risk between 
men and women (Figure 22.3).31 One limitation of many 
of the studies quoted is that menopausal status of the  
women was not documented. Nevertheless, it is clear  
from the most robust data published that CKD is associated 
with at least the same relative increase in risk of death and 
ESKD in women as in men. The reasons for the higher 
absolute incidence of renal replacement therapy in men 
versus women require further investigation. For further dis-
cussion of the impact of gender on CKD, see Chapters 20, 
21, and 52.

ETHNICITY

African Americans are overrepresented in the U.S. dialysis 
population, suggesting that ethnicity is a strong risk factor 
for the progression of CKD to ESKD. Population-based 
studies have found a higher incidence of ESKD among 
African Americans that was attributable only in part to socio-
economic and other known risk factors.5,20,32,33 Similarly, the 
risk of early renal function decline (increase in serum cre-
atinine ≥ 0.4 mg/dL) was approximately threefold higher 
(odds ratio [OR], 3.15; 95% confidence interval [CI], 1.86 
to 5.33) among black versus white diabetic adults, but 82% 
of this excess risk was attributable to socioeconomic and 
other known risk factors.34 The risk of renal function decline 
over 5 years among hypertensive patients was greater in 
African Americans,21 and African ancestry was indepen-
dently associated with a greater rate of GFR decline in the 
MDRD study.8 Interestingly, data from the Reasons for Geo-
graphic and Racial Differences in Stroke (REGARDS) 
Cohort Study have shown a lower prevalence of estimated 
GFR (50 to 59 mL/min/1.73 m2) among African American 
versus white subjects but a higher prevalence of estimated 
GFR (10 to 19 mL/min/1.73 m2),35 suggesting that African 

http://www.myuptodate.com


 CHAPTER 22 — RISK FACTORS AND CHRONIC KIDNEY DISEASE 675

in African Americans, with no or one risk variant, and 
highest in African Americans, with two risk variants.48 It is 
estimated that APOL1 variants account for 40% of disease 
burden due to CKD in African Americans.

Despite the strong association between inheritance of  
two APOL1 risk variants and ESKD, only a minority of 
people with this genotype actually develop kidney disease, 
suggesting that the action of a second factor is required to 
cause disease in genetically susceptible individuals. HIV is 
one example of such a second hit, but it has been proposed 

This observation explains how selection likely resulted in a 
high prevalence of these variants in the population. Subse-
quent studies have identified associations between APOL1 
risk variants and several renal pathologies, including focal 
segmental glomerulosclerosis (FSGS), HIV-associated 
nephropathy (HIVAN), sickle cell kidney disease, and severe 
lupus nephritis.47 Moreover, cohort studies have reported 
associations between APOL1 risk variants and risk of pro-
gression to ESKD. Risk of progression was the lowest in 
European Americans (with no risk variants), intermediate 

Figure 22.3 A, B, Hazard ratios of end-stage kidney disease according to estimated glomerular filtration rate. C, D, Urinary albumin/creatinine 
ratio in men versus women in chronic kidney disease cohorts. A, C, Gender-specific hazard ratios, including a main effect for male gender at 
the reference point. B, D, Hazard ratios in each gender, thus visually removing the baseline difference between men and women. Hazard ratios 
were adjusted for age, gender, race, smoking status, systolic blood pressure, history of cardiovascular disease, diabetes, serum total cholesterol 
concentration, body mass index, and estimated glomerular filtration rate splines or albuminuria. (Adapted from Nitsch D, Grams M, Sang Y, et al: 
Associations of estimated glomerular filtration rate and albuminuria with mortality and renal failure by sex: a meta-analysis. BMJ 346:f324, 2013.)
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to influence nephron endowment, including those that 
affect the fetomaternal environment as well as genetic 
factors.58 A substantial body of evidence supports the hypoth-
esis that low nephron endowment predisposes individuals 
to CKD by provoking an increase in SNGFR and, therefore, 
a reduction in renal reserve. The ascertainment of nephron 
number in living human subjects is currently not possible, 
but autopsy studies have shown an association between 
reduced nephron number and hypertension,59 as well as 
glomerulosclerosis.60 In human autopsy studies, low birth 
weight is directly associated with reduced nephron 
number,61,62 and birth weight may therefore serve as a 
marker of nephron endowment. Low birth weight is also a 
risk factor for later life hypertension and diabetes mellitus, 
both of which further increase the risk of CKD.63 One meta-
analysis of 32 studies, which included data from over 2 
million subjects, reported a significantly increased risk of 
albuminuria (OR, 1.81; 95% CI, 1.19 to 2.77) and ESKD 
(OR, 1.58; 95% CI, 1.33 to 1.88) associated with low birth 
weight.64 Thus low birth weight, acting as a marker of 
reduced nephron endowment, may be regarded as a sus-
ceptibility and progression risk factor for CKD. Factors 
affecting nephron endowment and the consequences of 
reduced nephron endowment are discussed in more detail 
in Chapter 23.

ACQUIRED NEPHRON DEFICIT
In experimental models of acquired nephron deficit, severe 
nephron loss (5/6 nephrectomy) alone initiates a cycle of 
progressive injury in the remaining glomeruli, mediated 
primarily through glomerular hypertension and hyperfiltra-
tion.55 In 14 patients subjected to similarly large reductions 
in nephron number following partial resection of a single 
kidney, 2 developed ESKD and 9 developed proteinuria, the 
extent of which was inversely correlated with the amount of 
renal tissue remaining.65 Lesser degrees of acquired nephron 
loss, such as removal of one of two previously normal kidneys 
(uninephrectomy), may not be sufficient to cause CKD in 
most subjects.12,66,67 However, nephrectomy for renal cell 
carcinoma is associated with an increased risk of developing 
CKD that is greater after radical nephrectomy than partial 
nephrectomy, suggesting that in the presence of subclinical 
kidney damage, acquired nephron loss may provoke CKD, 
and that the risk is proportional to the number of nephrons 
removed.68

Nephron loss may also predispose individuals to CKD if 
they are also exposed to other risk factors. This is perhaps 
best illustrated by the observation that uninephrectomy 
exacerbates renal injury in experimental diabetic nephropa-
thy69 and, in diabetics, uninephrectomy increases the risk of 
developing diabetic nephropathy.14

The interaction between nephron loss and other risk 
factors is further illustrated by the observation that in a 
study of 488 people who had surgery for renal cell carci-
noma, radical nephrectomy (compared to partial nephrec-
tomy), diabetes, and increased age were each independently 
associated with an increased risk of developing CKD at least 
6 months after surgery. In those who had a partial nephrec-
tomy but no additional risk factors, only 7% developed 
CKD, but this increased to 24%, 30%, and 42% in those 60 
years of age or older, those with hypertension, and diabetics, 
respectively.70

that other viruses and other gene variants may also be 
important.47

Other studies have suggested that genetic factors also 
increase susceptibility to early manifestations of CKD. In a 
study of 169 families with one type 2 diabetic proband, the 
diabetic siblings of probands with microalbuminuria had a 
significantly increased risk of also having microalbuminuria, 
after adjustment for confounding risk factors (OR, 3.94; 
95% CI, 1.93 to 9.01) than the diabetic siblings of probands 
without microalbuminuria.49 Furthermore, the nondiabetic 
siblings of diabetic probands with microalbuminuria had a 
significantly higher urinary albumin excretion rate (within 
the normal range) than the nondiabetic siblings of normo-
albuminuric diabetic probands.

Genomewide association studies (GWAS) have identified 
multiple novel loci that are significantly associated with 
serum creatinine levels or CKD.50-52 Furthermore, a recent 
GWAS meta-analysis conducted in 63,558 participants of 
European descent identified significant associations between 
GFR decline over time and three gene loci—UMOD (previ-
ously associated with CKD and ESKD), GALNTL5/GALNT11, 
and CDH23. It was estimated that the heritability of GFR 
decline in this population was 38%.53 Further studies have 
investigated the role of epigenetic factors (heritable changes 
in the pattern of gene expression not attributable to changes 
in the primary nucleotide sequence) that may affect the risk 
of CKD progression. One study compared the genomewide 
DNA methylation profile in 20 people from the Chronic 
Renal Insufficiency Cohort (CRIC) study with the most 
rapid decline in GFR and 20 with the most stable GFR. 
Results identified differences in the methylation of several 
genes associated with epithelial to mesenchymal transition 
and inflammation that may be involved in the mechanisms 
of CKD progression.54

From this discussion, it is clear that genetic factors may 
act as susceptibility factors in some subjects, initiating factors 
in those with CKD due to a single gene defect, or progres-
sion factors in others. The rapid growth in knowledge of 
genetic aspects of CKD will likely result in genetic risk 
factors becoming increasingly important in risk prediction 
for patients with CKD. For a more detailed discussion of 
genetic aspects of kidney disease, see Chapters 43 to 46.

HEMODYNAMIC FACTORS

Experimental studies have shown that glomerular hemody-
namic responses (e.g., glomerular capillary hypertension 
and hyperfiltration) to nephron loss55 and chronic hyper-
glycemia56 are critical factors in establishing the vicious cycle 
of nephron loss characteristic of CKD. In addition, any 
factor that further increases glomerular hypertension and/
or hyperfiltration may be expected to exacerbate glomeru-
lar damage and accelerate the progression of CKD (see 
Figure 22.1).

DECREASED NEPHRON NUMBER

NEPHRON ENDOWMENT
Autopsy studies have revealed that the number of nephrons 
per kidney varies widely in humans, from 210,332 to 
2,702,079 in one series.57 Multiple factors have been shown 
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CKD Prognosis Consortium have confirmed that the associa-
tion between reduced GFR and increased risk of ESKD per-
sists independently of gender,31 age,25 ethnicity,42 diabetes,73 
and hypertension.74 Additionally, analysis of data from 
1,530,648 participants has shown that change in GFR over 
time is strongly predictive of future risk of ESKD (and mor-
tality), suggesting that a GFR decline of 30% may be useful 
as a surrogate marker of CKD progression in clinical trials.75 
Thus, in different contexts, acquired nephron deficit may 
be regarded as a susceptibility factor (e.g., after donor 
nephrectomy in a healthy kidney donor), initiation factor 
(when severe nephron loss provokes glomerulosclerosis in 
remaining previously normal glomeruli), or progression 
factor (when nephron loss accelerates pre-existing damage 
in remaining glomeruli).

The importance of GFR as a risk factor has emphasized 
the need for more accurate methods to estimate it. Adop-
tion of the MDRD equation improved detection of CKD and 
made possible much of the epidemiologic research on CKD, 
but it was recognized from the outset that the MDRD equa-
tion was imperfect and, in particular, tended to underesti-
mate true GFR at values above 60 mL/min/1.73 m2. This is 
important because this is the threshold below which CKD 
may be diagnosed without other evidence of kidney damage. 

In most forms of human CKD, initial nephron loss due 
to primary renal disease, multisystem disorders that involve 
the kidney or exposure to nephrotoxins is focal, but hemo-
dynamic adaptations in the remaining glomeruli are thought 
to contribute to nephron loss by provoking further glomeru-
losclerosis (see Chapter 52). Several epidemiologic studies 
have supported this hypothesis by showing that patients with 
a reduced GFR are at increased risk of a further decline in 
renal function. Two large meta-analyses of cohort studies 
identified baseline GFR as a strong predictor of ESKD. 
Among 845,125 participants from the general population, 
the estimated GFR (eGFR) was independently associated 
with an increased risk of developing ESKD when it fell below 
75 mL/min/1.73 m2. For groups of patients with average 
eGFRs of 60, 45, and 15 mL/min/1.73 m2, the hazard ratios 
for developing ESKD were 4, 29, and 454, respectively, when 
compared to a reference group with an eGFR of 95 mL/
min/1.73 m2. Similar findings were reported in a further 
173,892 participants selected for being at increased risk of 
developing CKD (Figure 22.4).71 Among 21,688 patients 
selected for having CKD, a lower eGFR was an independent 
risk factor for ESKD, such that a fall of 15 mL/min/1.73 m2 
below a threshold of 45 mL/min/1.73 m2 was associated 
with a pooled hazard ratio of 6.24.72 Further analyses by the 

Figure 22.4 Pooled hazard ratios (95% CI) for end-stage kidney disease (ESKD) according to spline estimated glomerular filtration rate (eGFR) 
(upper panels) and albumin/creatinine ratio (lower panels), adjusted for each other and for age, gender, and cardiovascular risk factors (con-
tinuous analyses). Reference categories are eGFR of 95 mL/min/1.73 m2 and albumin/creatinine ratio of 5 mg/g or dipstick-negative or trace. 
Left panels, Results for general population cohorts. Right panels, High-risk cohorts. Dots represent statistical significance, triangles represent 
nonsignificance, and shaded areas are 95% confidence interval. ACR, Albumin/creatinine ratio; GP, general population; HR, high risk. (From 
Gansevoort RT, Matsushita K, van der Velde M, et al; Chronic Kidney Disease Prognosis Consortium: lower estimated GFR and higher albuminuria 
are associated with adverse kidney outcomes in both general and high-risk populations. A collaborative meta-analysis of general and high-risk popu-
lation cohorts. Kidney Int 79:1341-1352, 2011.)
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28.1; 95% CI, 21.1 to 37.6) and more than double the risk 
of death (adjusted HR, 2.3; 95% CI, 1.8 to 3.0) versus 
555,660 adult patients hospitalized during the same period 
but without AKI.80

Analysis of data from a cohort of 233,803 Medicare ben-
eficiaries 67 years or older who were hospitalized in 2000 
reported a substantially increased risk of developing ESKD 
in those who developed AKI on a background of CKD (HR, 
41.2; 95% CI, 34.6 to 49.1) or without previous CKD (HR, 
13.0; 95% CI, 10.6 to 16.0) versus those who did not develop 
AKI. The importance of AKI as a risk factor for CKD initia-
tion was further illustrated by the observation that among 
patients who had AKI without preexisting CKD (N = 4730), 
72.1% developed CKD within 2 years of the AKI episode. 
Furthermore, 25.2% of those who developed ESKD had  
a history of AKI.81 In a similar study, a cohort of 113,272 
patients hospitalized with a primary diagnosis of acute 
tubular necrosis (ATN), AKI, pneumonia, or myocardial 
infarction (control group) was studied. Overall, 11.4% pro-
gressed to CKD stage 4 during follow-up, including 20.0% 
of those with ATN, 13.2% of those with AKI, 24.7% of those 
with preexisting CKD, and 3.3% of the control patients. 
After controlling for other variables, having a diagnosis of 
AKI, ATN, or CKD increased the risk of developing CKD 
stage 4 by 303%, 564%, and 550%, respectively, versus con-
trols. After controlling for covariates, AKI and CKD were 
associated with an increased risk of death of 12% and 20%, 
respectively, versus controls.82

The multiplicative effect of AKI on CKD progression is 
further illustrated by a study of 39,805 patients with an eGFR 
less than 45 mL/min/1.73 m2 prior to hospitalization. 
Those who survived an episode of dialysis-requiring AKI had 
a very high risk of developing ESKD within 30 days of hos-
pital discharge (i.e., nonrecovery of AKI) that was related 
to the preadmission eGFR. For an eGFR of 30 to 44 mL/
min/1.73 m2, the incidence of ESKD was 42% and, for an 
eGFR of 15 to 29 mL/min/1.73 m2, it was as high as 63%, 
whereas the incidence of ESKD was only 1.5% in those who 
did not have dialysis-requiring AKI. In patients who survived 
longer than 30 days after hospital discharge without ESKD, 
the incidence of ESKD and death at 6 months was 12.7% 
and 19.7%, respectively, versus 1.7% and 7.4% in the com-
parator group with CKD but no AKI. After adjustment for 
multiple risk factors, AKI was associated with a 30% increase 
in long-term risk for death or ESKD (adjusted HR, 1.30; 
95% CI, 1.04 to 1.64).83

Consistent with the findings of individual studies, a meta-
analysis of 13 cohort studies reported a significantly 
increased risk of developing CKD and ESKD in patients who 
had survived an episode of AKI versus participants without 
AKI (pooled adjusted HR for CKD, 8.8; 95% CI, 3.1 to 25.5; 
pooled HR for ESKD, 3.1; 95% CI, 1.9 to 5.0).84 Taken 
together, these data show that AKI should be regarded as 
an important risk factor for CKD initiation and progression. 
The mechanisms responsible for these observations require 
further elucidation but have been proposed to include 
nephron loss, loss of peritubular capillaries, cell cycle arrest, 
cell senescence, pericyte and myofibroblast activation, fibro-
genic cytokine production, and interstitial fibrosis.85,86 The 
incidence of AKI has increased, and it is likely to become 
an increasingly important risk factor for CKD among older 
patients.

Several other equations have been developed to estimate 
GFR from serum creatinine concentration, culminating in 
a recommendation by KDIGO that the MDRD equation 
should be replaced by the Chronic Kidney Disease Epide-
miology Collaboration (CKD-EPI) equation, which is more 
accurate than the MDRD equation and results in less bias, 
particularly at GFR values above 60 mL/min/1.73 m2. 
Further analysis by the CKD Prognosis Consortium  
found that the eGFR determined by the CKD-EPI equation 
results in a lower prevalence of CKD stages 3 to 5 (8.7% vs. 
6.3%) and affords better risk prediction than the MDRD 
equation. Among those classified as having an eGFR of 59 
to 45 mL/min/1.73 m2 by the MDRD equation, 34.7% were 
reclassified by the CKD-EPI as having an eGFR of 89 to 
60 mL/min/1.73 m2, and those reclassified had a lower 
incidence of adverse outcomes versus those not reclassified 
(e.g., incidence of all-cause mortality 9.9 vs. 34.5/1000 
person-years).76

The limitations of creatinine as a marker of GFR due to 
nonrenal factors that affect serum creatinine concentration, 
including muscle mass and diet, have prompted a search for 
alternatives. Cystatin C, a peptide produced by all nucleated 
cells and therefore not affected by muscle mass, has emerged 
as the most promising alternative. The production of refer-
ence material to standardize cystatin C assays has greatly 
improved the potential for clinical application, and equa-
tions have been developed to estimate the GFR from the 
serum cystatin C concentration or from creatinine and cys-
tatin C levels together. The combined equation and CKD-EPI 
(creatinine) equation have similar bias, but the combined 
equation yields better precision and accuracy.77 Further 
work by the CKD Prognosis Consortium has reported that 
when cystatin C is used to estimate GFR, reclassification to 
a higher GFR category (higher than that assigned by eGFR 
creatinine) is associated with a lower risk of all-cause mortal-
ity, cardiovascular mortality, and ESKD.78 It should be noted, 
however, that in this analysis, CKD was defined by a single 
eGFR value. It therefore remains to be established whether 
the use of cystatin C will improve risk prediction in those 
with CKD defined by two eGFR values determined at least 
90 days apart, as required by the KDIGO definition.

ACUTE KIDNEY INJURY
Despite previous perceptions that patients who recover 
from acute kidney injury (AKI) regain normal renal func-
tion and have a good prognosis, several cohort studies have 
reported that recovery from AKI is associated with a substan-
tially increased risk of CKD and death. Among 3769 adults 
who required dialysis for AKI and survived dialysis free for 
at least 30 days, the incidence rate for chronic dialysis was 
2.63/100 versus 0.91/100-person years in 13,598 matched 
controls (adjusted hazard ratio [HR], 3.23; 95% CI, 2.70 to 
3.86).79 The relative risk was particularly high for those with 
no previous diagnosis of CKD (adjusted HR, 15.54; 95% CI, 
9.65 to 25.03). There was no difference in survival between 
the groups. In another study of similar design, outcomes 
were investigated in 343 patients with a preadmission eGFR 
more than 45 mL/min/1.73 m2 who required dialysis for 
AKI but survived for at least 30 days after discharge without 
dialysis. After controlling for potential confounders, AKI 
that required dialysis was associated with a 28-fold increase 
in the risk of developing CKD stage 4 or 5 (adjusted HR, 
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In a third study, additional blood pressure reduction with 
a calcium channel blocker in patients with nondiabetic CKD 
on ACE inhibitor (ACEI) treatment failed to produce addi-
tional renoprotection, but the degree of additional blood 
pressure reduction was modest (4.1/2.8 mm Hg) and may 
have been insufficient to improve outcomes in patients 
already receiving optimal ACEI therapy.95 A recent RCT has 
reported significant benefit associated with a lower blood 
pressure target in young people with autosomal dominant 
polycystic kidney disease (age < 50 years) and GFR higher 
than 60 mL/min/1.73 m2. Participants randomized to a low 
blood pressure target (110/75 to 95/60 mm Hg) evidenced 
a slower rate of increase in kidney volume and a greater 
decrease in albuminuria and left ventricular mass index 
than those randomized to usual blood pressure control 
(120/70 to 130/80 mm Hg).96 Interestingly blood pressure 
was not an independent predictor of ESKD in diabetic 
patients in the RENAAL study97 or in predominantly non-
diabetic subjects in the Chronic Renal Insufficiency in Bir-
mingham (CRIB) study.98 This is likely due to the fact that 
blood pressure was well controlled in all subjects (in the 
RENAAL study) and illustrates how risk factors may vary in 
importance, depending on the population studied.

Taken together, there is convincing evidence that ele-
vated blood pressure is an important risk factor for progres-
sion of CKD, although unequivocal evidence from RCTs  
is lacking, and some uncertainty remains regarding  
optimal treatment targets. It is hoped that the ongoing 
Systolic Blood Pressure Intervention Trial (SPRINT; 
NCT01206062 at www.clinicaltrials.gov), which randomized 
more than 9000 subjects, including about one third with 
nondiabetic CKD, to systolic blood pressure targets of less 
than 120 or 140 mm Hg, will yield new data to guide future 
recommendations.99

OBESITY AND METABOLIC SYNDROME

In experimental models, obesity is associated with hyperten-
sion, proteinuria, and progressive renal disease. Micropunc-
ture studies have confirmed that obesity is another cause of 
glomerular hyperfiltration and glomerular hypertension 
that can be predicted to exacerbate the progression of 
CKD.100,101 Furthermore, several other factors associated 
with obesity and the metabolic syndrome may contribute to 
renal damage, including hormones and proinflammatory 
molecules produced by adipocytes,102 increased mineralo-
corticoid levels and/or mineralocorticoid receptor activa-
tion by cortisol,103 and reduced adiponectin levels.104 In 
humans, severe obesity is associated with increased renal 
plasma flow, glomerular hyperfiltration, and albuminuria, 
abnormalities that are reversed by weight loss.105 Obesity, as 
defined by increased body mass index (BMI), has been 
associated with increased risk of developing CKD in several 
large population-based studies.18,106,107 Furthermore, one 
study has found a progressive increase in relative risk of 
developing ESKD associated with increasing BMI (RR, 3.57; 
95% CI, 3.05 to 4.18 for BMI of 30.0 to 34.9 kg/m2 vs. BMI 
of 18.5 to 24.9 kg/m2) among 320,252 subjects confirmed 
to have no evidence of CKD at initial screening.108

There is evidence that obesity may directly cause a  
specific form of glomerulopathy characterized by protein-
uria and histologic features of focal and segmental 

BLOOD PRESSURE

Hypertension is an almost universal consequence of reduced 
renal function but is also an important factor in the progres-
sion of CKD. In the hypothesis of CKD progression pre-
sented in Figure 22.1, it is clear that elevated systemic blood 
pressure transmitted to the glomerulus would contribute to 
glomerular hypertension and thus accelerate glomerular 
damage. Hypertension has been shown to be predictive of 
ESKD risk in several large population-based studies.17,18,27,87 
Furthermore, a close association between the magnitude of 
increased risk and level of blood pressure has been reported 
in several studies, so that even elevations in blood pressure 
below the threshold for the diagnosis of hypertension were 
associated with increased risk of ESKD.17,27,88

Among patients with CKD in the MDRD study, higher 
baseline mean arterial pressure (MAP) independently pre-
dicted a greater rate of GFR decline.8 These observations 
have led to the suggestion that blood pressure be viewed  
as a continuous rather than dichotomous risk factor for 
CKD, with less emphasis on traditional definitions of hyper-
tension and normotension.89 Despite these close associa-
tions, the causality criterion for a risk factor requires 
evidence from an RCT. Three large RCTs have sought to 
investigate the effect on CKD progression of intensive versus 
standard blood pressure lowering. Whereas the primary 
analysis of data from the MDRD study found no significant 
difference between the rate of decline in GFR between 
patients randomized to intensive blood pressure control 
(target MAP < 92 mm Hg, equivalent to <125/75 mm Hg) 
versus standard blood pressure control (target MAP < 
107 mm Hg, equivalent to 140/90 mm Hg), a secondary 
analysis did show benefit associated with the low blood pres-
sure target in patients with higher levels of baseline protein-
uria.90 Further secondary analysis showed that the lower 
achieved blood pressure was also associated with a slower 
GFR decline, an effect that was more marked in patients 
with higher baseline proteinuria.91 Furthermore, long-term 
follow-up (mean, 6.6 years) of patients from the MDRD 
study reported a significant reduction in the risk of ESKD 
(adjusted HR, 0.68; 95% CI, 0.57 to 0.82) or a combined 
end point of ESKD or death (adjusted HR 0.77; 95% CI, 
0.65 to 0.91) in patients randomized to low blood pressure 
targets, even though treatment and blood pressure data 
were not available beyond the 2.2 years of the original trial.92

In the African American Study of Kidney Disease and 
Hypertension (AASK), no significant difference in the rate 
of GFR decline was observed between subjects randomized 
to MAP goals of ≤92 mm Hg or lower versus 102 to 
107 mm Hg. It should be noted, however, that patients in 
AASK generally had low levels of baseline proteinuria (mean 
urine protein, 0.38 to 0.63 g/day).93 Furthermore, pro-
longed follow-up of the AASK cohort after completion of 
the randomized trial found no significant differences in the 
primary outcome for the whole cohort; however, it did show 
a significantly reduced risk of creatinine doubling, ESKD, 
or death in subjects with a baseline urine protein/creatinine 
ratio more than 0.22 g/g who were initially randomized to  
intensive blood pressure control.94 Thus, the MDRD and 
AASK study results suggest a significant interaction between 
blood pressure and proteinuria as risk factors for CKD 
progression.
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HIGH DIETARY PROTEIN INTAKE

Protein feeding provokes an increase in GFR in rodents125 
and humans.126 Consistent with the hypothesis that the glo-
merular hemodynamic changes associated with hyperfiltra-
tion accelerate glomerular injury, experimental studies have 
reported that a high-protein diet accelerates renal disease 
progression, whereas dietary protein restriction127,128 results 
in normalization of glomerular capillary hydraulic pressure 
as well as SNGFR and marked attenuation of glomerular 
damage.55 Observational studies in humans have reported 
an increased risk of microalbuminuria associated with 
higher dietary protein intake in subjects with diabetes and 
hypertension (OR, 3.3; 95% CI, 1.4 to 7.8) but not in healthy 
subjects or those with isolated diabetes or hypertension,129 
again illustrating the interaction between risk factors for 
CKD. In another study, high intake of protein, particularly 
nondairy animal protein, was associated with a greater rate 
of GFR decline among women with an eGFR of 80 to 55 mL/
min/1.73 m2 but not in those with an eGFR of more than 
80 mL/min/1.73 m2.130 Randomized trials investigating the 
effects of high protein are lacking, but several studies have 
sought to examine the potential renoprotective effects of 
dietary protein restriction. In the MDRD study, primary 
analysis revealed no significant difference in the mean rate 
of GFR decline in subjects randomized to low- or very low-
protein diets,90 but secondary analysis of outcomes accord-
ing to achieved dietary protein intake indicated that a 
reduction in protein intake of 0.2 g/kg/day correlated with 
a 1.15-mL/min/year reduction in the rate of GFR decline, 
equivalent to a 29% reduction in the mean rate of GFR 
decline.131 On the other hand, long-term follow-up of par-
ticipants in study 2 of the MDRD trial found no renoprotec-
tive benefit among those randomized to very low-protein 
diet in the original study, but did report a higher risk  
of death in this group (HR, 1.92; 95% CI 1.15 to 3.20).132 
Nevertheless, three meta-analyses of smaller studies have all 
reported a significant renoprotective benefit associated with 
dietary protein restriction.133-135 The role of dietary protein 
restriction in the management of CKD is discussed further 
in Chapters 52 and 61.

PREGNANCY AND PREECLAMPSIA

Physiologic adaptations during pregnancy provoke  
glomerular hyperfiltration that usually does not cause renal 
damage. In the context of preexisting CKD, however, the 
glomerular hyperfiltration of pregnancy can be predicted 
to exacerbate proteinuria and glomerular injury. Several 
studies have shown an increased risk of CKD progression 
during pregnancy, particularly when the pregestational 
serum creatinine is 1.4 mg/dL or higher (≥124 µmol/L). 
In one study of 82 pregnancies in 67 women with primary 
renal disease and serum creatinine level of 1.4 mg/dL  
or more, blood pressure, serum creatinine, and proteinuria 
increased during pregnancy. In 70 pregnancies with  
postpartum data available, persistent loss of maternal  
renal function at 6 months was reported in 31%, and by  
12 months 8 women had progressed to ESKD. Adverse 
obstetric outcomes included preterm delivery in 59%  
and low birth weight in 37%, although fetal survival  
was 93%.136

glomerulosclerosis,109,110 but it is likely that it also acts as a 
risk factor in the development of several other forms of 
renal disease. One study has identified childhood obesity  
as a risk factor for CKD in adulthood. Among 4340 partici-
pants born in one week in 1946, pubertal-onset obesity and 
obesity throughout childhood were associated with  
an increased risk of CKD (defined by eGFR < 60 mL/
min/1.73 m2 or albuminuria) at age 60 to 64 years.111 Inter-
est has also focused on the role of the metabolic syndrome 
(insulin resistance), as defined by the presence of abdomi-
nal obesity, dyslipidemia, hypertension, and fasting hyper-
glycemia, in the development of CKD. An analysis of data 
from the Third National Health and Nutrition Examination 
Survey (NHANES III) data found a significantly increased 
risk of CKD and microalbuminuria in subjects with the met-
abolic syndrome as well as a progressive increase in risk 
associated with the number of components of the metabolic 
syndrome present.112 Furthermore, a large longitudinal 
study of 10,096 patients without diabetes or CKD at baseline 
identified metabolic syndrome as an independent risk factor 
for the development of CKD over 9 years (adjusted OR, 
1.43; 95% CI, 1.18 to 1.73). Again, there was a progressive 
increase in risk associated with the number of traits of the 
metabolic syndrome present (OR, 1.13; 95% CI, 0.89 to 1.45 
for one trait vs. OR, 2.45; 95% CI, 1.32 to 4.54 for five 
traits).113 In another study, patient hip/waist ratio, a marker 
of insulin resistance, was independently associated with 
impaired renal function, even in lean individuals (BMI < 
25 kg/m2), among a population-based cohort of 7676 
subjects.114

The effect of obesity on the progression of established 
CKD is less well documented. Increased BMI has been iden-
tified as a risk factor for CKD progression among subjects 
with immunoglobulin A (IgA) nephropathy,115 renal mass 
reduction surgery or renal agenesis,116 and renal trans-
plants.117 On the other hand, BMI was unrelated to the risk 
of ESKD among a cohort of patients with CKD stage 4 or 
5.24 It is widely recognized that weight loss is difficult to 
achieve in obese individuals, but surgical intervention in the 
form of gastric banding or bypass appears to offer the most 
effective long-term outcomes. Two large cohort studies have 
shown significant survival benefit in subjects who underwent 
bariatric surgery,118,119 but unfortunately renal end points 
were not reported in these studies. Beneficial renoprotec-
tive effects of weight loss have been reported in a meta-
analysis of observational studies that found an association 
between weight loss and reduction in proteinuria indepen-
dent of blood pressure,120 as well as smaller studies that 
reported improvement or stabilization of renal function121 
or reduction in proteinuria122 following bariatric surgery in 
subjects with CKD.

The best method for assessing obesity in CKD remains to 
be determined. A further systematic review analyzed the 
effects of weight loss achieved by bariatric surgery, medica-
tion, or diet in 31 studies and found that in most studies, 
weight loss was associated with reductions in proteinuria. In 
people with glomerular hyperfiltration, the GFR tended to 
decrease with weight loss, and in those with a reduced GFR, 
it tended to increase.123 BMI is the most widely applied 
method but does not take body composition into account. 
One study has reported a high sensitivity but relatively low 
specificity of BMI to detect obesity in subjects with CKD.124
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seven of these studies reported a 31% prevalence of micro-
albuminuria at a weighted mean of 7.1 years after pre-
eclampsia versus 7% in a control group with uncomplicated 
pregnancies.145 Further research is required to identify 
which mechanisms are most relevant but, even without 
further information, preeclampsia should be regarded as a 
risk factor for the development and progression of CKD.

MULTISYSTEM DISORDERS

DIABETES MELLITUS

Diabetic nephropathy has rapidly become the single most 
common cause of ESKD worldwide. Diabetes was associated 
with a substantially increased risk of ESKD or death associ-
ated with CKD in one population-based study of 23,534 
subjects (HR, 7.5; 95% CI, 4.8 to 11.7),27 as well as an 
increased risk of moderate CKD (estimated creatinine clear-
ance < 50 mL/min) in another study of 1428 subjects with 
an estimated creatinine clearance of more than 70 mL/min 
at baseline.146 Evidence that glycemic control is a key risk 
factor for the development of diabetic nephropathy has 
been shown in randomized trials that found a reduced risk 
of developing nephropathy in subjects with type 1147 and 
type 2148 diabetes randomized to tight glycemic control. The 
pathogenesis of diabetic nephropathy is complex and 
involves multiple mechanisms, including glomerular hemo-
dynamic factors,56,149 advanced glycation end product forma-
tion, generation of reactive oxygen species, and upregulation 
of profibrotic growth factors and cytokines.150,151 In at least 
one study, diabetic nephropathy was associated with more 
rapid progression to ESKD than other causes of CKD.24,152,153 
Thus, diabetes may be regarded as a susceptibility, initiation, 
and progression risk factor for CKD. For further discussion 
of the pathogenesis of diabetic nephropathy, see Chapter 
39.

PRIMARY RENAL DISEASE

Whereas substantial variation in the rate of GFR decline has 
been observed among subjects with a common cause of 
CKD, there is also evidence that some forms of CKD may 
provoke more rapid progression than others. In the MDRD 
study8 and the Chronic Renal Insufficiency Standards Imple-
mentation Study (CRISIS),152 a diagnosis of adult polycystic 
kidney disease was an independent predictor of a greater 
rate of GFR decline. In several cohort studies, diabetic 
nephropathy was associated with shorter time to ESKD24 or 
a more rapid GFR decline than other diagnoses.152,153

CARDIOVASCULAR DISEASE

Multiple studies have reported that CKD is associated with 
a substantial increase in the risk of cardiovascular disease 
(CVD),154 and it is therefore not surprising that CVD is also 
associated with an increased risk of CKD. Among hospital-
ized Medicare beneficiaries, the prevalence of CKD stage 3 
or worse was 60.4% for those with heart failure and 51.7% 
for those with myocardial infarction. The presence of CKD 

In a more recent series of 49 women with CKD stage 3 to 
5 before pregnancy, the mean GFR declined during preg-
nancy (from 35 ± 12.2 to 30 ± 13.8 mL/min/1.73 m2), but 
there was no change in the mean postpartum rate of GFR 
decline. Nevertheless, a pregestational GFR less than 40 mL/
min/1.73 m2, combined with proteinuria of more than 1 g/
day, was associated with a more rapid postpartum GFR 
decline and a shorter time to ESKD or halving of GFR and 
low birth weight.137 Although earlier reports suggested good 
outcomes, one recent study has reported adverse effects 
associated even with early-stage CKD. In 91 pregnancies with 
predominantly CKD stages 1 and 2, modest increases in 
hypertension, serum creatinine, and proteinuria were 
observed.138 An increase in adverse obstetric outcomes, 
including preterm delivery, lower birth weight, and admis-
sion to a neonatal intensive care unit versus low-risk preg-
nancy controls was also reported; this remained true, even 
when only those with CKD stage 1 were considered, although 
there were no perinatal deaths. On the other hand, preg-
nancy was not associated with a more rapid decline in the 
GFR over 5 years in a cohort of 245 women of childbearing 
age with IgA nephropathy and serum creatinine level of 
1.2 mg/dL or lower (in the majority).139

Complications of pregnancy and, in particular, hyperten-
sion and preeclampsia, may also cause renal damage. In one 
large population-based study, renal outcomes were assessed 
in 570,433 women who had had at least one singleton preg-
nancy. Only 477 women developed ESKD at a mean of 17 ± 
9 years after the first pregnancy (overall rate, 3.7/100,000/
women/year), but preeclampsia was associated with a sig-
nificant increase in the risk of ESKD, ranging from a relative 
risk of 4.7 for preeclampsia in a single pregnancy (95% CI, 
3.6 to 6.1) to a relative risk of 15.5 for preeclampsia in two 
or three pregnancies (95% CI, 7.8 to 30.8). The risk was 
further increased if the pregnancy resulted in a low-birth 
weight or preterm infant. Causes of ESKD were glomerulo-
nephritis in 35%, hereditary or congenital disease in 21%, 
diabetic nephropathy in 14%, and interstitial nephritis in 
12%.140 Similarly, in women with diabetes prior to preg-
nancy, preeclampsia and preterm birth were associated with 
significantly increased risks of ESKD and death, illustrating 
how different risk factors for CKD may interact to increase 
risk.141

A large cohort study reported an increased risk of mul-
tiple adverse health outcomes after hypertension during 
pregnancy, including cardiovascular disease, diabetes  
mellitus, and CKD (HR, 1.91; 95% CI, 1.18 to 3.09).142 Simi-
larly, a very large case-control study found that hyperten-
sion during pregnancy was associated with a substantially 
increased risk of subsequent CKD (HR, 9.38; 95% CI, 7.09 
to 12.4) or ESKD (HR, 12.4; 95% CI, 8.53 to 18.0).143 In both 
these studies, the risks of CKD were substantially higher if 
preeclampsia developed during the pregnancy. Possible 
explanations for these observations include the presence  
of pathogenic factors common to CKD and preeclampsia, 
including obesity, hypertension, insulin resistance, and 
endothelial dysfunction, exacerbation by preeclampsia of 
preexisting subclinical CKD, and effects of preeclampsia on 
the kidney that increase the risk of CKD later in life.144 That 
preeclampsia may provoke renal damage has been sug-
gested by several studies showing an increased incidence of 
microalbuminuria after preeclampsia. A meta-analysis of 
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Nord-Trøndelag Health (HUNT 2) study, which included 
65,589 adults, micro- and macroalbuminuria were indepen-
dent predictors of ESKD after 10.3 years (HR, 13.0 and 47.2, 
respectively) and combining reduced eGFR with albumin-
uria substantially improved the prediction of ESKD.164 In the 
Prevention of Renal and Vascular End-stage Disease 
(PREVEND) study, albuminuria was an independent predic-
tor of a decline in eGFR to less than 60 mL/min/1.73 m2.165,166

Among patients selected for having CKD from a wide 
variety of causes, baseline proteinuria has consistently pre-
dicted renal outcomes.167-169 In three large prospective 
studies that included patients with nondiabetic CKD (MDRD 
study, Ramipril Efficacy In Nephropathy [REIN] study, and 
AASK), higher baseline proteinuria was strongly associated 
with a more rapid decline in GFR.8,91,170,171 Similarly, among 
patients with diabetic nephropathy, the baseline urinary 
albumin/creatinine ratio was a strong independent predic-
tor of ESKD in the RENAAL study and Irbesartan in Dia-
betic Nephropathy Trial (IDNT).97,172 The findings of these 
individual studies have been confirmed by two large meta-
analyses. In one analysis, which included nine general popu-
lation cohorts (N = 845,125) and eight cohorts with increased 
risk of developing CKD (N = 173,892), urine albumin/
creatinine ratios of more than 30, 300, and 1000 mg/g were 
independently associated with progressive increases in the 
risk of ESKD, progressive CKD, and AKI, respectively (see 
Figure 22.4).71 Among 21,688 patients known to have CKD 
from 13 studies, an eightfold higher urine albumin/
creatinine or protein/creatinine ratio was associated with 
increased all-cause mortality (pooled HR, 1.40) and risk of 
ESKD (pooled HR, 3.04).72 Further meta-analyses by the 
CKD Prognosis Consortium have shown that the magnitude 
of proteinuria remains a risk factor for ESKD independent 
of gender,31 ethnicity,42 age,25 diabetes,73 or hypertension.74

Secondary analyses of prospective RCTs have found that 
the extent of residual proteinuria that persists, despite 
optimal treatment with an ACEI or angiotensin receptor 
blocker (ARB), also predicts renal prognosis. In the REIN 
study, percentage reduction in proteinuria over the first 3 
months and the absolute level of proteinuria at 3 months 
were strong independent predictors of the subsequent rate 
of decline in GFR.173 In the IDNT, a greater reduction in 
proteinuria at 12 months was associated with a greater 
reduction in the risk of ESKD (HR, 0.44; 95% CI, 0.40 to 
0.49 for each halving of baseline proteinuria).172 In the 
AASK study, a change in proteinuria from baseline to 6 
months predicted subsequent progression.171 Similarly, a 
meta-analysis of data from 1860 patients with nondiabetic 
CKD showed that during antihypertensive treatment, the 
current level of proteinuria was a powerful predictor of the 
combined end point of doubling of the baseline serum 
creatinine level or onset of ESKD (relative risk [RR], 5.56; 
95% CI, 3.87 to 7.98 for each 1.0-g/day increase in protein-
uria).30 Furthermore, a meta-analysis of 21 randomized trials 
of drug treatment in CKD, which included 78,342 partici-
pants, found that for each 30% initial reduction in albumin-
uria on treatment, the risk of ESKD decreased by 23.7% 
(95% CI, 11.4% to 34.2%) independent of the class of drug 
used for treatment.174 These data support the proposal that 
proteinuria, like blood pressure, should be regarded as a 
continuous risk factor for CKD progression.89 Proteinuria 
thus appears to be a powerful predictor of renal risk in the 

in addition to heart disease was associated with a signifi-
cantly increased risk of death and progression to ESKD.155 
These observations may in part be explained by the fact that 
CVD and CKD share many risk factors, including obesity, 
metabolic syndrome, hypertension, diabetes mellitus, dys-
lipidemia, and smoking. In addition, CVD may exert effects 
on the kidneys that promote the initiation and progression 
of CKD, including decreased renal perfusion in heart failure 
and atherosclerosis of the renal arteries. For example, renal 
atherosclerosis was detected in 39% of patients (≥70% ste-
nosis in 7.3%) undergoing elective coronary angiography.156 
Furthermore, arterial stiffness may result in greater trans-
mission of an elevated systemic blood pressure to glomeru-
lar capillaries and exacerbate glomerular hypertension. In 
one study, pulse wave velocity (PWV) and augmentation 
index (AI), markers of arterial stiffness, were identified as 
independent risk factors for progression to ESKD among 
subjects with CKD stage 4 or 5157; in another study, AI was 
an independent determinant of rate of creatinine clearance 
decline among subjects with CKD stage 3.158 On the other 
hand, neither PWV nor AI were predictors of the rate of 
GFR decline in a cohort of subjects with CKD stages 2 to 
4.159 In two relatively small cohort studies of those with CKD, 
a diagnosis of CVD was associated with an increased risk of 
progression to ESKD160,161 but, in the CRIC study, a history 
of any CVD at baseline was not associated with an increased 
risk of the primary end point of ESKD or 50% GFR reduc-
tion among 3939 participants. Conversely, in the same study, 
a history of heart failure was independently associated with 
a 29% higher risk of the primary outcome.162 For further 
discussion of cardiovascular disease in patients with CKD, 
see Chapter 56.

BIOMARKERS

URINARY PROTEIN EXCRETION

Abnormal excretion of protein in the urine indicates dys-
function of the glomerular filtration barrier and is therefore 
a marker of glomerulopathy and an index of disease severity. 
Experimental evidence has suggested that proteinuria may 
also contribute to progressive renal damage in CKD (see 
Chapter 53). A large body of evidence attests to a strong 
association between proteinuria and the risk of CKD pro-
gression, as well as cardiovascular and all-cause mortality. 
Mass screening of a general population of 107,192 partici-
pants by dipstick urinalysis identified proteinuria as the 
most powerful predictor of ESKD risk over 10 years (OR, 
14.9; 95% CI, 10.9 to 20.2).17 Similarly, among 12,866 
middle-aged men enrolled in the multiple risk factor inter-
vention trial (MRFIT), proteinuria detected by dipstick test 
was associated with a significantly increased risk of develop-
ing ESKD over 25 years (HR for 1+ proteinuria, 3.1; 95% 
CI, 1.8 to 3.8; HR for ≥2+ proteinuria, 15.7; 95% CI, 10.3 to 
23.9). Furthermore, detection of 2+ proteinuria or more 
increased the hazard ratio for ESKD associated with an 
eGFR less than 60 mL/min/1.73 m2 from 2.4 without pro-
teinuria (95% CI, 1.5 to 3.8) to 41 with proteinuria (95% 
CI 15.2 to 71.1).163

Similar associations have been reported for measure-
ments of urinary albumin in the general population. In the 
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ANEMIA

Chronic anemia due to inherited hemoglobinopathy is asso-
ciated with increased renal plasma flow, glomerular hyper-
filtration, and subsequent development of proteinuria, 
hypertension, and ESKD.184,185 Anemia is a common compli-
cation of CKD from any cause, and several studies have 
shown that it is also an independent predictor of CKD pro-
gression. In the RENAAL study, baseline hemoglobin was a 
significant independent predictor of ESKD among diabetic 
patients—each 1-g/dL decrease in hemoglobin was associ-
ated with an 11% increase in the risk of ESKD.186 Baseline 
hemoglobin was also one of four variables included in the 
renal risk score developed from the RENAAL data.97 Simi-
larly, a higher hemoglobin level was independently associ-
ated with lower risk of progression to ESKD (halving of GFR 
or need for dialysis) or death among 131 patients with all 
forms of CKD (HR, 0.778; 95% CI, 0.639 to 0.948 for each 
1-g/dL increase).169 Furthermore, time-averaged hemoglo-
bin of less than 12 g/dL was associated with a significantly 
increased risk of ESKD among 853 male veterans with CKD 
stages 3 to 5 (HR, 0.74; 95% CI, 0.65 to 0.84 for each 1-g/
dL increase in hemoglobin).187

Two other cohort studies have identified lower hemoglo-
bin as an independent risk factor for a more rapid decline in 
GFR in patients with CKD stage 4188 and ESKD in patients 
with CKD stage 3 or 4.189 Consistent with the hypothesis that 
anemia contributes directly to CKD progression, two small 
randomized studies have reported a renoprotective benefit 
associated with erythropoietin therapy. Among patients with 
serum creatinine of 2 to 4 mg/dL and hematocrit less than 
30%, erythropoietin treatment was associated with signifi-
cantly improved renal survival.190 In nondiabetic patients 
with serum creatinine of 2 to 6 mg/dL, early treatment 
(started when hemoglobin < 11.6 g/dL) with erythropoietin 
alpha was associated with a 60% reduction in the risk of 
doubling the serum creatinine level, ESKD, or death versus 
delayed treatment (started when hemoglobin < 9.0 g/dL).191

On the other hand, two other studies that had left ven-
tricular mass as their primary end point192,193 and the Trial 
to Reduce Cardiovascular Events with Aranesp Therapy 
(TREAT)194 found no effect of a high versus low hemoglobin 
target on the rate of decline in the GFR. Several studies 
have, however, reported adverse outcomes associated with 
normalization of hemoglobin in patients with CKD. In the 
Cardiovascular Risk Reduction by Early Anemia Treatment 
with Epoetin Beta (CREATE) study, randomization to a 
higher hemoglobin target (13 to 15 mg/dL) was associated 
with a shorter time to initiation of dialysis than a lower 
target (10.5 to 11.5 mg/dL).195 In TREAT, randomization to 
a higher hemoglobin target was associated with an increased 
risk of stroke194 and, in the Correction of Hemoglobin and 
Outcomes in Renal Insufficiency (CHOIR) study, a higher 
hemoglobin target was associated with an increased inci-
dence of the combined end point of all-cause mortality, 
myocardial infarction, or hospitalization for congestive 
cardiac failure.196

DYSLIPIDEMIA

Lipid abnormalities are common in patients with CKD, and 
several studies have identified dyslipidemia as a susceptibility 

general population, in patients with CKD prior to treat-
ment, and in CKD patients on treatment. Recognition of 
the importance of proteinuria as a risk factor in CKD 
prompted the addition of an albuminuria category (A1 to 
A3) to the CKD classification proposed by KDIGO.7

These important observations raise the question of  
how best to measure proteinuria. As discussed, all measure-
ments of proteinuria have been reported to predict renal 
outcomes, including dipstick urinalysis, urine albumin/
creatinine ratio or protein/creatinine ratio (ACR and PCR) 
and 24-hour urinary albumin or protein excretion. A sec-
ondary analysis of data from the RENAAL trial found that 
urine ACR measured on the first morning void was better 
than 24-hour urinary protein or albumin concentration as 
a predictor of time to doubling of the serum creatinine level 
or ESKD among patients with diabetes and CKD.175 On the 
other hand, retrospective analysis of data from 5586 patients 
with CKD reported similar HRs associated with urinary ACR 
and PCR for the outcomes of all-cause mortality, start of 
renal replacement therapy, or doubling of serum creati-
nine.176 Further analysis of these data identified a cohort of 
patients with a normal urine ACR but elevated urine PCR 
in whom the risk of ESKD or death was intermediate between 
the groups with both urine ACR and PCR abnormal or 
normal.177 Analysis of data from the CRIC study also reported 
that urine ACR and PCR had similar associations with com-
plications of CKD.178 Together, these data imply that any 
measure of proteinuria is better than no measurement. If 
the goal is to detect and monitor low levels of albuminuria 
(category A1 and A2), the urine ACR measured on the first 
morning void is best. For patients with CKD, urine ACR or 
PCR may be used, and there is some evidence that there 
may be added information gained by requesting both.179

SERUM ALBUMIN

Serum albumin levels are widely regarded as a marker of 
nutritional status but may also be reduced due to proteinuria 
or inflammation. Several studies have identified lower serum 
albumin levels as a risk factor for CKD progression. In the 
MDRD study, higher baseline serum albumin was associated 
with slower subsequent rate of GFR decline but, in a multi-
variable analysis, this was displaced by a similar correlation 
with baseline serum transferrin levels, another marker of 
protein nutrition.8 Three studies have found associations 
between serum albumin and renal outcomes in patients with 
type 2 diabetes and CKD. Among 182 patients with a mean 
serum creatinine of 1.5 mg/dL at baseline, hypoalbumin-
emia was an independent risk factor for ESKD.180 In a long-
term follow-up of 343 patients, lower baseline serum albumin 
was an independent predictor of CKD progression181 and, in 
the RENAAL study, lower serum albumin was an indepen-
dent predictor of ESKD.97 Similar observations have been 
reported in other forms of CKD. In a large cohort of patients 
with IgA nephropathy (N = 2269), lower serum total protein 
(composed largely of albumin) was an independent risk 
factor for ESKD.182 In a cohort of 3449 patients with CKD 
referred to a nephrology service, lower serum albumin was 
an independent risk factor for ESKD.183 In these studies, the 
predictive value of serum albumin was independent of and 
additional to that of proteinuria, indicating that it was not 
merely acting as a marker of albuminuria.
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but was not associated with a reduction in the primary 
outcome of ESKD or secondary outcome of ESKD or creati-
nine doubling.213 Similarly, a meta-analysis of 38 studies, 
which included 37,274 participants with CKD, found that 
statin therapy was associated with a reduction in mortality 
and cardiovascular events but no clear effect on CKD pro-
gression.214 Together, evidence that dyslipidemia is a risk 
factor for CKD progression remains mixed, with the most 
recent studies indicating no association. Mechanisms 
whereby dyslipidemia may contribute to CKD progression 
are discussed in Chapter 52.

SERUM URIC ACID

Hyperuricemia is a common consequence of chronic renal 
failure and may also contribute to CKD progression. Several 
cohort studies have investigated uric acid as a risk factor in 
CKD and were summarized in a recent review.215 Most but 
not all population-based studies have identified hyperurice-
mia as an independent risk factor for the development of 
incident CKD. Similarly, most cohort studies that included 
people with CKD have identified a higher serum uric acid 
level as a risk factor for CKD progression. Possible mecha-
nisms whereby hyperuricemia may contribute to CKD pro-
gression are exacerbation of glomerular hypertension,216,217 
endothelial dysfunction,218,219 and proinflammatory effects.220 
On the other hand, it is possible that an elevated uric acid 
concentration is acting as a marker of reduced kidney func-
tion or oxidative stress—uric acid is produced by xanthine 
oxidase, which also generates reactive oxygen species.

To date, only small studies investigating the effect of uric 
acid–lowering therapy on CKD progression have been pub-
lished. A meta-analysis of eight trials found no difference in 
the eGFR among participants treated with allopurinol versus 
those with no treatment or placebo in five trials, whereas 
three trials that reported only serum creatinine reported 
benefit in favor of allopurinol. In five trials that measured 
proteinuria, no benefit was observed.221 Together, published 
evidence suggests that an elevated serum uric acid level may 
act as a susceptibility and progression risk factor in CKD, 
but large randomized trials are still required to determine 
whether treatment of hyperuricemia is beneficial for slowing 
CKD progression.

SERUM BICARBONATE

Studies in animal models have shown that acidosis may 
promote the progression of CKD through several mecha-
nisms, including activation of the alternative complement 
pathway by elevated cortical ammonia levels,222 increased 
production of endothelin and aldosterone,223 and calcium 
deposition.224 At least five studies have investigated serum 
bicarbonate as a risk factor in human CKD. In all except  
the MDRD study,225 lower serum bicarbonate levels, even 
within the normal range, were independently associated 
with an increased risk of CKD progression.183,226-228 Two small 
randomized trials have reported slowing of CKD progres-
sion with bicarbonate supplementation,229,230 and another 
trial found that correction of acidosis with oral sodium 
bicarbonate or a diet rich in fruits and vegetables was associ-
ated with a lower rate of GFR decline.231 Bicarbonate supple-
mentation is already recommended for patients with levels 

and progression factor for CKD. In population-based studies, 
several lipid profile abnormalities have been associated with 
an increased risk of developing CKD, including an elevated 
low-density lipoprotein (LDL) to high-density lipoprotein 
(HDL) cholesterol ratio,197 higher triglyceride and lower 
HDL cholesterol levels,198 lower HDL cholesterol levels18 and 
elevated total cholesterol, low HDL cholesterol, and elevated 
total to HDL cholesterol.199 Several observational studies 
have reported dyslipidemia as a risk factor for CKD progres-
sion. In the MDRD study, lower HDL cholesterol levels inde-
pendently predicted a more rapid decline in GFR8; in a 
smaller study of patients with CKD, total cholesterol, LDL 
cholesterol, and apolipoprotein B levels were all associated 
with a more rapid decline in the GFR.200 Among 223 patients 
with IgA nephropathy, hypertriglyceridemia was indepen-
dently predictive of CKD progression.201 Hypercholesterol-
emia was reported to predict loss of renal function in patients 
with type 1 or 2 diabetes202,203 and, among nondiabetic 
patients, CKD advanced more rapidly in those with hyper-
cholesterolemia and hypertriglyceridemia.204

RCTs of lipid lowering have produced mixed results with 
respect to renal outcomes. Subgroup analysis of a prospec-
tive randomized trial of pravastatin treatment in patients 
with previous myocardial infarction found that pravastatin 
slowed the rate of decline in patients with an eGFR less than 
40 mL/min/1.73 m2, an effect that was also more pro-
nounced in those with proteinuria.205 Similarly, in the Heart 
Protection Study, patients with previous cardiovascular 
disease or diabetes randomized to simvastatin treatment 
had a smaller increase in serum creatinine than those who 
received placebo.206 In a placebo-controlled, open-label 
study, atorvastatin treatment in patients with CKD, protein-
uria, and hypercholesterolemia was associated with preser-
vation of creatinine clearance, whereas it declined in those 
receiving placebo.207 On the other hand, lipid lowering with 
fibrates was not associated with renoprotection in two 
studies,197,208 although one study did show a reduced inci-
dence of microalbuminuria in patients with type 2 diabetes 
receiving fenofibrate.209

One meta-analysis of 13 small controlled trials found that 
lipid-lowering therapy was associated with a significantly 
slower rate of GFR decline (0.156 mL/min/month; 95% CI, 
0.026 to 0.285; P = 0.008) among patients with CKD.210 On 
the other hand, several other studies found no association 
between dyslipidemia and risk of CKD progression. Analysis 
of data from a relatively small subgroup of studies with renal 
end points recorded in a meta-analysis found that statin 
therapy was associated with a reduction in proteinuria but 
with no improvement in creatinine clearance in participants 
with CKD.211 Furthermore, analysis of data from 3939 par-
ticipants in the CRIC study found no association between 
total or LDL cholesterol and the risk of ESKD or 50% reduc-
tion in eGFR. Indeed, among participants with proteinuria 
of less than 0.2 g/day, higher LDL and total cholesterol 
were associated with a lower risk of reaching this end 
point.212 The Study of Heart and Renal Protection (SHARP) 
is the largest RCT to investigate the cardiovascular and reno-
protective effects of lipid lowering in CKD. Patients with 
CKD or undergoing dialysis were randomized to treatment 
with simvastatin and ezetimibe or placebo. In 6245 partici-
pants with CKD not requiring dialysis, treatment resulted in 
an average reduction in LDL cholesterol of 0.96 mmol/L 
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OTHER BIOMARKERS

A number of other biomarkers are currently being investi-
gated as risk factors in CKD. Although many have been 
reported to be associated with adverse outcomes, the chal-
lenge is to identify biomarkers that add to the predictive 
power of established risk factors. For a comprehensive dis-
cussion of novel biomarkers, see Chapter 30.

NEPHROTOXINS

SMOKING

Population-based studies have identified cigarette smoking 
as an independent risk factor for various manifestations of 
CKD, including proteinuria,247 elevated serum creatinine 
levels,248 decreased eGFR,18,249 and development of ESKD or 
death associated with CKD (HR, 2.6; 95% CI, 1.8 to 3.7).27 
In the latter study, 31% of the attributable risk of CKD was 
associated with smoking. In a longitudinal study of 10,118 
middle-aged Japanese workers, smoking was associated with 
an increased risk of developing glomerular hyperfiltration 
(eGFR ≥ 117 mL/min/1.73 m2; OR, 1.32 vs. nonsmokers) 
as well as proteinuria (OR, 1.51 vs. nonsmokers).250 Two 
other similar longitudinal studies from Japan have con-
firmed that smoking is associated with an increased risk of 
developing proteinuria but with a higher mean eGFR than 
in nonsmokers.251,252 In one study, smoking was associated 
with a reduced risk of developing CKD stage 3.252 Smoking 
has been shown to increase the risk of progression of CKD 
due to diabetes,253,254 hypertensive nephropathy,255 glomeru-
lonephritis,256 lupus nephritis,257 IgA nephropathy,258 and 
adult polycystic kidney disease.258 Randomized trials of the 
effect of smoking cessation on CKD progression are lacking 
but, in one observational study, smoking cessation was asso-
ciated with less progression to macroalbuminuria and a 
slower rate of GFR decline than continued smoking in 
patients with diabetes.259 Similarly, in the CRIC study, non-
smoking was associated with a reduced risk of CKD progres-
sion (HR, 0.68; 95% CI, 0.55 to 0.84), atherosclerotic 
cardiovascular events (HR, 0.55; 95% CI, 0.40 to 0.75) and 
mortality (HR, 0.45; 95% CI, 0.34 to 0.60).260 Possible mech-
anisms whereby cigarette smoking may contribute to renal 
damage include sympathetic nervous system activation, glo-
merular capillary hypertension, endothelial cell injury, and 
direct tubulotoxocity.261

ALCOHOL

The role of alcohol consumption as a potential risk factor 
for CKD remains unclear. One case-control study found a 
significant association between ESKD and consumption of 
more than two alcoholic drinks daily,262 whereas another 
similar study found no association (with the exception of 
moonshine).263 Some population-based studies have found 
that alcohol consumption is not related to CKD risk,264-266 
but one study found a significant association of heavy 
alcohol intake (more than four drinks daily) and preva-
lent CKD, as well as the risk of developing CKD in partici-
pants with a normal GFR.249 Furthermore, heavy alcohol 
intake substantially increased the risk of CKD progression 

below 22 mEq/L, but several studies are underway to inves-
tigate further whether it is beneficial in the setting of less 
severe acidosis.232

PLASMA ASYMMETRIC DIMETHYLARGININE

Asymmetric dimethylarginine (ADMA) is formed by the 
breakdown of arginine methylated proteins and acts as an 
endogenous inhibitor of nitric oxide synthase to reduce 
nitric oxide production. The increased ADMA levels 
observed with a reduced GFR have been proposed as one 
mechanism for the endothelial dysfunction associated with 
CKD. Elevated ADMA levels are associated with CVD and 
cardiovascular mortality in patients with CKD.233 In animal 
models, administration of ADMA was associated with the 
development of hypertension, increased deposition of col-
lagen I and III and fibronectin in glomeruli and blood 
vessels, and rarefaction of peritubular capillaries.234 Con-
versely, the overexpression of dimethylarginine dimethyl-
aminohydrolase (DDAH), the enzyme responsible for 
degradation of ADMA, was associated with reduced ADMA 
levels and amelioration of renal injury in rats after 5/6 
nephrectomy, implying that ADMA may also promote CKD 
progression.235

Several relatively small studies have identified increased 
ADMA levels as a risk factor for CKD progression. Among 
131 patients with CKD, a higher plasma ADMA level was an 
independent risk factor for ESKD or death (HR, 1.20; 95% 
CI, 1.07 to 1.35 for each 0.1-µmol/L increase).169 In 227 
relatively young patients with mild-to-moderate nondiabetic 
CKD, higher ADMA levels predicted progression to the 
combined end point of creatinine doubling or ESKD (HR, 
1.47; 95% CI, 1.12 to 1.93 for each 0.1-µmol/L increase).236 
Finally, retrospective analysis of data from 109 patients with 
IgA nephropathy showed associations between ADMA levels 
and glomerular and tubulointerstitial injury. Furthermore, 
the plasma ADMA level was an independent determinant of 
annual GFR reduction rate.237

SERUM PHOSPHATE

When rats were fed a high-phosphate diet after uninephrec-
tomy, renal calcium and phosphate deposition, as well as 
tubulointerstitial injury, were observed within 5 weeks.238 
Furthermore, in animals and humans with CKD, dietary 
phosphate restriction or treatment with oral phosphate 
binders was associated with reductions in proteinuria and 
glomerulosclerosis and attenuation of CKD progression.239-242 
Together, these data suggest that phosphate loading and/
or hyperphosphatemia exacerbate renal injury in CKD.  
In addition, higher levels of the phosphatonin fibroblast 
growth factor 23 (FGF23) have been identified as an inde-
pendent predictor of CKD progression.243,244 Three cohort 
studies of patients with CKD have identified higher serum 
phosphate levels as an independent risk factor for progres-
sion.98,183,188 On the other hand, the largest study to date, 
which included 10,672 participants with CKD, found no 
independent association between higher serum phosphate 
and risk of progression.245 It should be noted, however, that 
the number of ESKD events was low, and the study therefore 
had limited power to detect a moderate association between 
serum phosphate levels and CKD progression.246
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analgesics containing aspirin and phenacetin; this was prev-
alent in Australia and Switzerland until the sale of these 
products was restricted277 (see Chapter 82). Cohort studies 
of participants without CKD at baseline have, however, not 
reported strong associations between analgesic use and the 
development of CKD. Among 1697 women in the Nurses 
Health Study, consumption of more than 3000 g of acet-
aminophen was associated with an increased risk of a  
GFR decline of more than 30 mL/min/1.73 m2 over 11 
years (HR, 2.04; 95% CI, 1.28 to 3.24), but greater use of 
aspirin or nonsteroidal antiinflammatory drugs (NSAIDs) 
was not associated with increased risk.278 Among 4494 male 
physicians, there was no association between occasional-to-
moderate use of aspirin, acetaminophen, and NSAIDs and 
GFR decline over 14 years.279 Similarly, in NHANES, there 
were no significant associations between habitual use of 
aspirin, acetaminophen, or ibuprofen and a prevalently low 
GFR or albuminuria.280

On the other hand, analgesic use may exacerbate the 
progression of established CKD. In one large study of 19,163 
patients with newly diagnosed CKD, use of aspirin, acet-
aminophen, or NSAIDs was associated with an increased risk 
of progression to ESKD in a dose-dependent manner. 
Among cyclo-oxygenase 2 (COX-2) inhibitors, use of rofe-
coxib but not celecoxib was associated with increased risk 
of ESKD.281 In a cohort study of 4101 people with rheuma-
toid arthritis, chronic use of NSAIDs was not associated with 
a more rapid GFR decline in the entire study population, 
but NSAID use was independently associated with more 
rapid GFR decline in a small minority of patients with CKD 
stage 4 or 5 (N = 17).282 A meta-analysis of three studies that 
included data from 54,663 participants with CKD stages 3 
to 5 found no association between regular NSAID use and 
accelerated GFR decline (defined as ≥15 mL/min over 2 
years) but did report an association with high-dose NSAID 
use (defined as 90th percentile or above in one study and 
not defined in the other) in two studies.283 The use of single-
compound acetaminophen or aspirin was reported not to 
accelerate progression among patients with CKD stage 4  
or 5,284 but a systematic review of the safety of paracetamol 
treatment reported an increased risk of renal adverse events 
in three of four observational studies—in addition to an 
increased risk of all-cause mortality and cardiovascular and 
gastrointestinal adverse events in other studies.285 As the 
authors noted, these results must be interpreted with some 
caution due to the possibility of “confounding by indica-
tion” resulting from associations between the indication for 
prescribing analgesia and adverse outcomes.

HEAVY METALS

LEAD
Overt lead toxicity results in the well-recognized entity of 
lead nephropathy, characterized by chronic interstitial 
nephritis and an association with gout. In addition, epide-
miologic studies have reported that mild elevations in blood 
lead levels are associated with moderate reductions in GFR 
and/or hypertension in the general population.286,287 Fur-
thermore, a prospective study has identified elevations in 
blood lead levels and body lead burden (BLB) within the 
normal range as important risk factors for progression in 
patients with CKD.288 Similarly, BLB was a risk factor for 
progression among 108 patients with low-normal BLB values 

associated with smoking, such that participants who smoked 
and drank heavily had an almost fivefold increased risk of 
developing CKD.249

Conversely, several large cohort studies have reported an 
inverse relationship between alcohol consumption and the 
risk of developing CKD267,268 or ESKD.269 Another study 
found that moderate-to-heavy alcohol consumption was 
associated with an increased risk of developing albuminuria 
but decreased risk of eGFR less than 60 mL/min/1.73 m2.270 
The most rigorous study published to date investigated the 
incidence of CKD defined by an eGFR determined using 
the combined cystatin C and creatinine equation or albu-
minuria more than 30 mg/day based on two consecutive 
24-hour urine collections. The risk of developing CKD over 
a mean of 10.2 years decreased progressively with increasing 
alcohol consumption: HR of 0.85 (95% CI, 0.69 to 1.04) for 
occasional alcohol consumption (<10 g/week), HR of 0.82 
(95% CI, 0.69 to 0.98) for light alcohol consumption (10 to 
69.9 g/week), HR of 0.71 (95% CI, 0.58 to 0.88) for moder-
ate alcohol consumption (70 to 210 g/week), and HR of 
0.60 (95% CI, 0.42 to 0.86) for heavier alcohol consumption 
(>210 g/week).271

RECREATIONAL DRUGS

The role of recreational drugs as a risk factor for CKD has not 
been widely studied, but one case-control study reported a 
positive association between heroin, cocaine, or psychedelic 
drug use and ESKD.272 Following reports of a specific renal 
lesion characterized by proteinuria and FSGS, termed heroin 
nephropathy, other investigators reported a wide range of 
renal lesions in patients with a history of heroin abuse. It is 
unclear whether the observed renal lesions resulted from 
direct effects of heroin or were attributable to impurities in 
the drug or associated blood-borne virus infections and 
endocarditis. An association with renal amyloidosis, possibly 
due to chronic skin infections, has also been reported.273 
Interestingly, heroin abuse was not associated with an 
increased risk of mild CKD in 647 hypertensive patients who 
showed an association between illicit drug abuse and CKD.274 
Cocaine exerts several adverse effects that may induce renal 
injury, including rhabdomyolysis, vasoconstriction, activa-
tion of the renin angiotensin aldosterone system, oxidative 
stress, and increased collagen synthesis.273 Furthermore, 
chronic administration of cocaine to rats resulted in multiple 
renal lesions, including glomerular atrophy and sclerosis, 
tubule cell necrosis, and areas of interstitial necrosis.275 
Among 647 patients attending a hypertension clinic, a history 
of any illicit drug use was independently associated with a 
relative risk of 2.3 (95% CI, 1.0 to 5.1) for mild CKD, whereas 
cocaine and psychedelic drug use were associated with rela-
tive risks of 3.0 (95% CI, 1.1 to 8.0) and 3.9 (95% CI, 1.1  
to 14.4), respectively.274 On the other hand, analysis of 
population-based data from NHANES, 2005 to 2008, found 
no association between a self-reported history of illicit drug 
use and CKD (defined by eGFR < 60 mL/min/1.73 m2 or 
albuminuria) but did report an association between cocaine 
use and blood pressure of 130/85 mm Hg or higher.276

ANALGESICS

Analgesic nephropathy has been well described as a cause 
of CKD and ESKD resulting from abuse of combination 
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could be combined to develop a renal risk score to predict 
the development and future risk of progression of CKD in 
a manner analogous to the Framingham risk score for pre-
dicting cardiovascular risk in the general population.298 The 
revised classification system for CKD proposed by KDIGO 
has in part addressed this need by incorporating the evi-
dence that a reduced GFR and albuminuria are powerful 
risk factors to incorporate into a system in which CKD cat-
egories correspond to risk categories.7

In addition, considerable progress has been made in 
developing renal risk scores to facilitate more accurate risk 
prediction. These may conveniently be divided into two 
groups—those that apply to the general population (i.e., 
without CKD as baseline) and those that predict the risk of 
progression in patients already diagnosed with CKD. In 
addition, one study has developed a risk score to predict the 
development of CKD after an episode of AKI.

GENERAL POPULATION RENAL RISK SCORES

Risk scores have been proposed to assess the risk of develop-
ing CKD in the general population and, in some cases, its 
subsequent progression. These are summarized in Table 
22.3 and have been assessed in a recent systematic review.299 
In the first study, data from 8530 adults included in NHANES 
were used to identify risk factors for prevalent CKD (defined 
as eGFR < 60 mL/min/1.73 m2). The authors proposed a 
risk score that included age, female gender, hypertension, 
anemia, diabetes, peripheral vascular disease, history of 
CVD, congestive heart failure; and proteinuria. The area 
under the receiver operator curve (AUC) was high at 0.88, 
and a score of 4 or higher resulted in a sensitivity of  
92% and specificity of 68%. The positive predictive value 
was low at 18%, but the negative predictive value was  
99%. External validation using data from the Atherosclero-
sis Risk in Communities (ARIC) study gave an AUC value of 
0.71.300 This was a cross-sectional study, and the risk score 
therefore did not predict the risk of future CKD. Rather, it 
identified individuals at increased risk of having current 
undiagnosed CKD. As such, it would be useful for guiding 
efforts to screen populations for CKD, but gives no informa-
tion about the future risk of CKD progression. The applica-
bility of the score to general populations is somewhat 
weakened by the inclusion of two variables that require 
prior laboratory testing—namely, anemia and proteinuria. 
Furthermore, the presence of significant proteinuria is suf-
ficient to diagnose CKD in the absence of any reduction  
in GFR.

Another risk score was developed to predict the risk of 
incident CKD using combined data from 14,155 partici-
pants in the ARIC study and Cardiovascular Health Study 
(CHS; ≥45 years) with baseline eGFR more than 60 mL/
min/1.73 m2. After identifying 10 predictors of incident 
CKD (defined as eGFR < 60 mL/min/1.73 m2 during 
follow-up for up to 9 years), they proposed a simplified 
model based on eight variables: age, anemia, female gender, 
hypertension, diabetes mellitus, peripheral vascular disease, 
and history of congestive heart failure or CVD. This gave an 
AUC value of 0.69, and a score of 3 or higher resulted in a 
sensitivity of 69% and specificity of 58% but the positive 
predictive value was low, only 17%.301 A similar study used 
data from 2490 participants in the Framingham Heart Study 
to produce a risk score for incident CKD, defined as eGFR 

and no history of lead exposure.289 Furthermore, random-
ization to chelation therapy was associated with a modest 
improvement in GFR over 24 months versus a small decline 
in those randomized to control (+6.6 ± 10.7 versus −4.6 ± 
4.3 mL/min/1.73 m2; P < 0.001).289

On the other hand, a case-control study of patients with 
incident advanced CKD in Sweden found no association 
between incident CKD or rate of GFR decline and occupa-
tional exposure to lead.290 In one NHANES study, the use 
of cystatin C, a multivariable equation, and/or a combined 
creatinine–cystatin C equation to estimate GFR identified 
greater reductions in GFR associated with doubling of blood 
lead levels than creatinine-based estimates of GFR using the 
MDRD or CKD-EPI equation.291

CADMIUM
Chronic exposure to cadmium is also associated with a  
distinctive nephropathy characterized by proximal tubule 
damage and low-molecular-weight proteinuria.292 Further-
more, low-level cadmium exposure resulting from envi-
ronmental contamination was associated with tubular 
proteinuria293; and analysis of data from 14,778 participants 
in NHANES showed an independent increased risk of albu-
minuria, reduced GFR, or both between the highest and 
lowest quartiles of blood cadmium levels.294 Comparison of 
the lowest and highest quartiles for blood cadmium and 
lead levels showed an even greater increased risk of albu-
minuria, reduced GFR, or both.294 In another NHANES 
study, blood and urine cadmium levels were positively cor-
related with the urine albumin/creatinine ratio and nega-
tively associated with GFR. Higher blood and urine cadmium 
levels were independently associated with albuminuria, and 
higher blood cadmium levels were associated with albumin-
uria and a reduced GFR.292 Occupational or low-level envi-
ronmental exposure to cadmium was associated with an 
increased risk of ESKD in a population-based study from 
Sweden.295

Some studies have investigated associations between CKD 
and exposure to several heavy metals. In a case-control study 
from Sweden, higher erythrocyte lead levels were indepen-
dently associated with an increased risk of ESKD, but higher 
mercury levels were associated with a lower risk. Higher 
cadmium levels were associated with an increased risk of 
ESKD, but this did not persist after adjustment for the other 
two metals, smoking, BMI, diabetes, and hypertension.296 In 
a population-based study in Korea, higher lead and cadmium 
but not mercury levels were associated with an increased risk 
of CKD in a univariate analysis, but these associations did 
not persist after multivariable analysis. Nevertheless, sub-
group analyses have found that higher cadmium levels are 
independently associated with a higher risk of CKD in 
people with hypertension or diabetes.297

RENAL RISK SCORES

The focus on investigating risk factors that predict the devel-
opment and/or progression of CKD in diverse populations 
has led to the observation that a relatively small group of 
risk factors appears to be common to different forms  
of CKD. This supports the notion of a common pathway of 
mechanisms that underlie the progression of CKD. It has 
also led to the proposal that these common risk factors 
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Kingdom to develop a risk score. Two outcomes were studied 
over a period of up to 7 years—moderate-to-severe CKD 
(defined as kidney transplantation, dialysis, diagnosis of 
nephropathy, proteinuria, or eGFR < 45 mL/min/1.73 m2) 
and ESKD (defined as kidney transplantation, dialysis, or 
eGFR < 15 mL/min/1.73 m2); separate risk scores were 
developed for men and women. The final model for  
moderate-to-severe CKD included age, ethnicity, social 
deprivation, smoking, BMI, systolic blood pressure, diabe-
tes, rheumatoid arthritis, CVD, treated hypertension, con-
gestive cardiac failure, peripheral vascular disease, use of 
NSAIDs, and family history of kidney disease. In women, it 
also included systemic lupus erythematosus (SLE) and 
history of kidney stones. The model for ESKD was similar 
but did not include NSAID use. Internal and external valida-
tion was performed, giving AUC values of 0.818 to 0.878.304

One important limitation of this study is that it was obser-
vational and therefore likely to be subject to significant bias. 
Furthermore, only 56% of participants had a serum creati-
nine level recorded at inclusion, and it is therefore probable 
that several had undiagnosed CKD. The composite outcome 
of moderate-to-severe CKD was comprised of several dispa-
rate variables and is therefore not clinically useful, but the 

less than 60 mL/min/1.73 m2. The final model included 
age, diabetes, hypertension, baseline eGFR, and albumin-
uria and gave an AUC value of 0.813. External validation 
was performed with data from the ARIC study (AUC = 0.79 
and 0.75 in whites and blacks, respectively).302 One further 
study developed a risk score for incident CKD (eGFR < 
60 mL/min/1.73 m2) in 5168 Chinese participants. Age, 
BMI, diastolic blood pressure, type 2 diabetes, previous 
stroke, serum uric acid, postprandial blood glucose, and 
hemoglobin A1c levels and proteinuria more than 100 mg/
dL were included in two risk scores (one using clinical vari-
ables only and a second with all variables) that gave an AUC 
value of 0.77. The study was limited by relatively short 
follow-up (median, 2.2 years) and a low AUC value of 0.67 
for external validation data.303

These scores are useful to identify individuals at higher 
risk of developing CKD for monitoring or intervention to 
reduce risk, but do not distinguish the minority who are at 
risk of progressing to ESKD from the majority, who are at 
low risk. In an attempt to identify only high- risk individuals, 
another group used data from patients (775,091 women and 
799,658 men aged 35 to 74 years, without a recorded diag-
nosis of CKD) in 368 primary care practices in the United 

Table 22.3  Renal Risk Scores for the General Population

Parameter

Study

SCORED300 SCORED2301 Chinese303 Framingham302 QKIDNEY304 PREVEND165

Population NHANES CHS + ARIC General population FHS QResearch eGFR > 45
Outcome eGFR < 60 

prevalent)
eGFR < 60 

(incident)
eGFR < 60 

(incident)
eGFR < 60 

(incident)
CKD, ESKD Rapid ↓ GFR

Factor Age Age Age Age Age Age
Female Female

Ethnicity
Deprivation
Family history
Smoking

BMI
HT HT HT HT HT
DM DM Type 2 DM DM DM
PVD PVD PVD
CVD CVD Stroke CVD
CCF CCF CCF

RA
Anemia Anemia

DBP SBP SBP
BMI

eGFR eGFR
Proteinuria Proteinuria Albuminuria Albuminuria

CRP
Uric acid
HbA1c

Glucose
NSAIDs

AUC 0.88 0.69 0.77 0.81 0.88 0.84
Validation ARIC CHS + ARIC General population ARIC THIN Internal

AUC, Area under the concentration-time curve; ARIC, Atherosclerosis Risk in Communities; CCF, congestive cardiac failure; CHS, 
Cardiovascular Health Study; CRP, C-reactive protein; CVD, cardiovascular disease; DBP, diastolic blood pressure; DM, diabetes mellitus; 
eGFR, estimated glomerular filtration rate; FHS, Framingham Heart Study; HbA1c, hemoglobin A1c; HT, hypertension; NHANES, National 
Health and Nutrition Examination Survey; NSAIDs, nonsteroidal antiinflammatory drugs; PVD, peripheral vascular disease; RA, rheumatoid 
arthritis; SBP, systolic blood pressure; THIN, the Health Improvement Network.
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RISK SCORES FOR PATIENTS WITH DIAGNOSED 
CHRONIC KIDNEY DISEASE

Several risk scores have been developed for patients with 
diagnosed CKD in a variety of study populations and are 
summarized in Table 22.4 and in recent systematic 
reviews.299,305 Analysis of data from 1513 patients with dia-
betic nephropathy included in the RENAAL study identified 
urine albumin/creatinine ratio, serum albumin, serum cre-
atinine, and hemoglobin as independent risk factors for 
ESKD. A risk score was derived from the coefficients of these 
variables in the Cox proportional hazards model, which 
successfully separated the participants into quartiles of 
ESKD risk (Figure 22.5), with a marked difference in risk 
between the first and last quartiles (6.7 versus 257.2/1000 
patient-years).97

Among 1860 patients with nondiabetic CKD from a com-
bined database of 11 clinical trials, Cox proportional hazards 
analysis identified age, serum creatinine, proteinuria, and 
systolic blood pressure as independent risk factors for the 
combined end point of time to ESKD or creatinine dou-
bling. Using similar methodology as the previous study, a 
risk model based on these variables was developed to stratify 
patients into quartiles of risk. The annual incidence of the 
combined end point was 0.4% versus 28.7% in the lowest 
versus highest quartile for patients in the control group and 
0.2% versus 19.7% in those randomized to ACEI treat-
ment.306 Analysis of data from 2269 patients with IgA 
nephropathy identified systolic blood pressure, proteinuria 

ESKD outcome is relevant because it identified only the 
minority at increased risk of severe progression. This study 
also illustrates the utility of a risk score that could be pro-
grammed into primary care computer systems to alert family 
practitioners to patients who are at risk of progression to 
ESKD.

Another study used data from 6809 participants in the 
PREVEND study to develop a risk score with the primary 
outcome of progressive CKD over 6.4 years, defined as the 
20% of participants with the most rapid decline in GFR and 
eGFR less than 60 mL/min/1.73 m2. The final risk score 
included baseline eGFR, age, albuminuria, systolic blood 
pressure, C-reactive protein, and known hypertension. The 
AUC value was 0.84, and internal validation was performed 
using a bootstrapping procedure.165 Despite this, the risk 
score has a relatively low sensitivity and positive predictive 
value. The proposed threshold score of 27 or higher identi-
fied 2.1% of the population as high risk, but with a sensitivity 
of only 15.7% and a positive predictive value of 28.1%. The 
specificity and negative predictive value were high at 98.4% 
and 96.7%, respectively. Thus, a low score is useful to iden-
tify low-risk individuals but a high score does not identify 
most high-risk individuals. Selecting a lower threshold 
would improve sensitivity with some reduction in specificity 
and could be used to identify a group at intermediate risk 
for closer monitoring. Limitations of this study are that it 
was performed in a white population and was not validated 
externally. External validation in other populations is there-
fore required before it can be considered for clinical use.

Table 22.4  Renal Risk Scores for Patients with Chronic Kidney Disease (CKD)

Parameter

Study

RENAAL97 AIPRD306 IGAN182 KPC189 CRIB98 SHC183

Disease 
studied

DN CKD IgAN CKD, stage 
3 or 4

CKD, stages 
3 to 5

CKD, stages 
3 to 5

Variables Age Age Age Age
Male Male Female Male

Creatinine Creatinine 1/creatinine eGFR Creatinine eGFR
UACR UPE Proteinuria NA UACR UACR

SBP SBP HT
DM

Alb TP Alb
Hb Anemia

Calcium
Phos Phos

Bicarb
Histol
Hematuria

Outcome ESKD ESKD or doubling of serum 
creatinine level

ESKD RRT ESKD ESKD

AUC 0.939 0.89 0.873 0.917
Validation No No No No Yes Yes

AIPRD, ACE Inhibition in Progressive Renal Disease study; Alb, serum albumin; AUC, area under the concentration-time curve; Bicarb, serum 
bicarbonate; CRIB, Chronic Renal Impairment in Birmingham study; DM, diabetes mellitus; DN, diabetic nephropathy; Hb, hemoglobin; 
Histol, histologic grade; HT, hypertension; IgAN, IgA nephropathy; KPC, Kaiser Permanente Cohort; Phos, serum phosphate; Proteinuria, 
urine dipstick proteinuria; RENAAL, Reduction of Endpoints in NIDDM with the Angiotensin II Antagonist Losartan study; RRT, renal 
replacement therapy; SBP, systolic blood pressure; SHC, Sunnybrook Hospital cohort; TP, serum total protein; UACR, urine albumin/
creatinine ratio; UPE, 24-hour urinary protein excretion.
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There was close agreement between predicted and observed 
risk in the validation cohort (Figure 22.6). Simpler three-
variable (age, gender, eGFR) and four-variable models (age, 
gender, eGFR, and albuminuria) also performed well 
(C statistic [equivalent to AUC] of 0.89 and 0.91, respec-
tively, in the development cohort), but the eight-variable 
equation performed better in the validation cohort with 
respect to discrimination (C statistic, 0.79 and 0.83, respec-
tively, for the three- and four-variable equations), calibra-
tion, and reclassification. The authors facilitated clinical 
application of this risk score by producing an electronic risk 
calculator and smartphone app (available for no charge at 
www.qxmd.com/calculate-online/nephrology/kidney-
failure-risk-equation) that reports an estimated risk of ESKD 
at 2 and 5 years. Further external validation of this risk equa-
tion has been reported by independent investigators from 
the MASTERPLAN (Multifactorial Approach and Superior 
Treatment Efficacy in Renal Patients with the Aid of Nurse 
practitioners) study, a cohort of 595 people from the Neth-
erlands with CKD stages 3 to 5. The model again performed 
well with the eight-variable equation, giving an AUC value 
of 0.89.307 A further advantage of the Tangri risk score is that 
it includes variables that are all available to a biochemistry 
laboratory, making it possible for laboratories to automate 
reporting of a risk score with each eGFR. Nevertheless, it 
should be noted that this risk score has been validated only 
in white populations treated by secondary care. Further 
validation work is therefore required in different ethnic 
groups and in those with milder forms of CKD treated by 
primary care.

One group of investigators has developed a risk score to 
predict the risk of progressive GFR decline, defined as more 
than 7.5 mL/min/1.73 m2, in primary care. The study 
included 803 people with CKD or at high risk of developing 

(assessed with urine dipstick test), serum total protein, 1/
serum creatinine, and histologic grade at initial biopsy as 
predictors of time to ESKD. Age, gender, and severity of 
hematuria were added to these variables to develop a scoring 
system for estimating 4- and 7-year cumulative incidence of 
ESKD. There was close agreement between estimated and 
observed risks (AUC value = 0.939).182

In a retrospective study, data from 9782 patients with  
CKD stages 3 to 4 were analyzed with regard to a primary 
outcome of onset of RRT (dialysis or transplantation). Six 
independent risk factors were identified—age, male gender, 
eGFR, hypertension, diabetes, and anemia—and were incor-
porated into a risk score that stratified participants into 
quintiles of risk. The risk of progression to RRT was 19% in 
the highest risk quintile versus 0.2% in the lowest. The AUC 
value was 0.89, and observed risk differed from predicted 
by less than 1%.189 One limitation of this study, apart from 
its retrospective design, was the lack of data regarding 
proteinuria.

Among 382 patients with CKD stages 3 to 5 from the CRIB 
study, independent risk factors for progression to ESKD 
during a mean of 4.1 years’ follow-up were female gender, 
serum creatinine, serum phosphate, and urine albumin/
creatinine ratio. A risk score was derived from these vari-
ables (AUC value = 0.873) and externally validated in a 
similar cohort of patients with CKD stages 3 to 5 (East Kent 
cohort), giving an AUC value of 0.91, even though the urine 
albumin/creatinine ratio was not available in the validation 
cohort.98

Finally, a risk score for predicting ESKD was developed 
by Tangri and colleagues using data from a cohort of 3449 
Canadian patients with CKD stages 3 to 5 (Sunnybrook 
Hospital cohort).183 It included age, male gender, eGFR, 
albuminuria, serum calcium, serum phosphate, serum 
bicarbonate, and serum albumin (AUC value = 0.917). 
External validation was performed with data from a separate 
cohort of 4942 patients with CKD stages 3 to 5 (British 
Columbia CKD Registry), giving an AUC value of 0.841. 

Figure  22.6 Renal risk score predicted versus observed risk of 
developing end-stage kidney disease at 3 years in a validation cohort 
of patients with chronic kidney disease stages 3 to 5. (From Tangri N, 
Stevens LA, Griffith J, et al: A predictive model for progression of chronic 
kidney disease to kidney failure. JAMA 305:1553-1559, 2011.)
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Figure 22.5 Kaplan-Meier curve for the end-stage kidney disease 
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FUTURE CONSIDERATIONS

Considerable progress has been made since 2000 in identify-
ing risk factors that predict the progression of CKD in 
diverse cohorts from the general population and nephrol-
ogy clinics. There is some variation among studies, likely 
due to differences in the populations and variables studied. 
Remarkably, a relatively small group of risk factors appears 
common to many studies, and much progress has been 
made in developing risk scores based on these variables to 
predict CKD progression. Further evaluation of proposed 
risk scores is required to determine their applicability to 
unselected populations.

It seems likely that separate risk scores will be required 
for patients without CKD to predict the future risk of devel-
oping CKD and those already diagnosed with CKD, although 
some variables included would be common to both. It would 
be an advantage if a risk score applicable to the general 
population did not depend on laboratory variables, whereas 
for the CKD population, a score based entirely on labora-
tory variables would facilitate automated reporting of a risk 
score.

Future studies will likely focus on the use of novel bio-
markers and genetic factors as risk factors (see Chapter 30) 
and variables in risk scores, although measurement of such 
markers is likely to be associated with greater cost than the 
simple risk factors used to date. Further studies are also 
required to develop risk scores to predict cardiovascular risk 
in patients with CKD that take into account the close associa-
tion between CKD and CVD.
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referred to a nephrologist.

An attempt has also been made to develop a risk score to 
predict the risk of ESKD within 1 year in older patients with 
advanced CKD to guide decisions related to preparation for 
RRT. The development cohort included 1866 people 65 
years or older with CKD stage 4 (eGFR, 29 to 15 mL/
min/1.73 m2) who were treated by a Veterans Administra-
tion (VA) health center. The final model included eGFR, 
age, history of CHF, average systolic blood pressure, serum 
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and eGFR and between eGFR and CHF. The model achieved 
excellent discrimination (C statistic = 0.85) that persisted in 
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RISK SCORES FOR PREDICTING CHRONIC 
KIDNEY DISEASE AFTER ACUTE KIDNEY INJURY

A growing appreciation of the risk of CKD and progression 
to ESKD following an episode of AKI has prompted efforts 
to develop a risk score for identifying those at highest risk. 
Three risk prediction models were developed in one study 
population of 5351 predominantly male veterans with a 
primary admission diagnosis of AKI to predict the risk of 
progression to CKD stage 4. Risk factors that entered the 
models included increased age, low serum albumin, diabe-
tes, lower baseline eGFR, higher mean serum creatinine 
levels during hospitalization, and severity of AKI as assessed 
by the RIFLE score (risk, injury, failure, loss, and end-stage 
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ethnicity, and time at risk. The AUC value was 0.77 to 0.82 
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and yielded good prediction accuracy (AUC value = 0.81 to 
0.82). Sensitivity at the optimal cutpoint was 0.66 to 0.71, 
and specificity was 0.61 to 0.70).310 Further validation in 
other populations that include a more representative pro-
portion of women is required before these risk models can 
be applied. A validated risk score for patients recovering 
from AKI may prove very important for identifying high-risk 
patients for closer follow-up and interventions to reduce the 
risk of progressive CKD, although further trials are required 
to evaluate the impact of renoprotective interventions in 
this setting.
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Genetic factors are important determinants of the develop-
ment and function of major organ systems as well as of 
susceptibility to disease. Rare genetic and congenital abnor-
malities leading to abnormal kidney development are associ-
ated with the occurrence of subsequent renal dysfunction, 
often manifest very early in life.1,2 Most renal disease in the 
general population, however, is not ascribable to genetic 
mutations, with the most common etiologic associations 
with end-stage kidney disease (ESKD) worldwide being the 
polygenic disorders diabetes and hypertension. Hyperten-
sion and renal disease prevalences vary among populations 
from different ethnic backgrounds, with very high rates 
being observed in Aboriginal Australians, Native Americans, 
and people of African descent.3-5 It is well established that 

lifestyle factors pose significant risk for the development 
and persistence of hypertension and diabetes in the general 
population, with obesity becoming an increasing concern, 
especially in the developing world.6 Of note there is evi-
dence linking mutations in the apolipoprotein-1 (APOL1) 
gene in people of African descent with increased predisposi-
tion to the development of human immunodeficiency virus 
(HIV)–associated nephropathy and focal and segmental 
glomerulosclerosis (FSGS) in African Americans. Searches 
for specific gene polymorphisms or mutations have not 
implicated global culprit genes, however, but instead point 
to a likely complex interplay between polygenic predisposi-
tion and environmental factors in the development of 
hypertension, diabetes, and renal disease.6-11 Furthermore, 
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evidence highlighting the far-reaching effects of the intra-
uterine environment and early postnatal growth on organ 
development, organ function, and subsequent susceptibility 
to adult disease is quite compelling.12-14 These data suggest 
that stresses experienced during early development (for 
which low birth weight or prematurity may be a surrogate 
marker), “program” long-term organ function and may be 
the first in a succession of “hits” that ultimately manifest in 
overt disease. This chapter outlines the effects of fetal and 
early-life programming on renal development (particularly 
nephrogenesis), nephron endowment, and the risks of 
hypertension and kidney disease in later life. Major congeni-
tal renal anomalies are discussed elsewhere in this book. In 
addition, it must be borne in mind that low birth weight and 
prematurity also predict later-life diabetes, cardiovascular 
disease, and metabolic syndrome, so renal function may be 
additionally impacted through developmental program-
ming of these organ systems and, in turn, affect outcomes 
of these diseases, the discussion of which is beyond the 
scope of the current chapter.14-18

DEVELOPMENTAL PROGRAMMING

The process through which an environmental insult experi-
enced early in life can predispose to adult disease is known as 
developmental programming, which refers to the observation 
that an environmental stimulus experienced during a critical 
period of development in utero or early after birth can 
induce long-term structural and functional effects in the 
organism.13,19 This phenomenon, nowadays often termed 
developmental origins of health and disease or DOHaD, can have 
far-reaching implications in that the effects can be perpetu-
ated across generations.20,21 The association between adverse 
intrauterine events and subsequent cardiovascular disease 
has long been recognized.13,19,22,23 In early studies, adults of 
low birth weight were found to have higher cardiovascular 
morbidity and mortality than those of normal birth weight.24 
Subsequently, evidence from diverse populations has con-
firmed these findings and expanded them to include other 
conditions, such as hypertension, impaired glucose toler-
ance, type 2 diabetes, obesity, preeclampsia, and chronic 
kidney disease (CKD).19,25-31 Of these, the associations 
between low birth weight and prematurity and subsequent 
hypertension have been the most studied.32-35 Attention had 
largely focused on prematurity and low birth weight as 
markers for developmental programming of hypertension 
and renal disease, but high birth weight, often the result of a 
diabetic pregnancy or maternal obesity, is also emerging as a 
risk factor.36-38 Currently birth weight and prematurity are the 
best available surrogates for an adverse intrauterine environ-
ment, but some intrauterine stresses may not manifest as 
such and therefore may not be recognized. Ongoing work is 
required to develop more sensitive measures of developmen-
tal stress. Table 23.1 outlines the definitions of birth weight 
and gestational age categories that are referred to through-
out this chapter. Globally, the respective incidences of low 
birth weight and prematurity are around 15% and 9.6%.12,39 
The global incidence of high birth weight, which ranges from 
5% to 20%, is rising.38 A significant number of infants born 
yearly therefore likely undergo developmental program-
ming and are at risk for chronic disease later in life.

Table 23.1  Definitions of Birth Weight and 
Prematurity Categories

Category Definition

Birth Weight Categories

Normal birth weight >2500 g and <4000 g (usually)
Large for gestational age >2 standard deviations above the 

mean birth weight for 
gestational age

Low birth weight <2500 g
Very low birth weight <1500 g
Appropriate for 

gestational age
Within ±2 standard deviations of 

the mean birth weight for 
gestational age

Small for gestational age >2 standard deviations below the 
mean birth weight for 
gestational age

Intrauterine growth 
restriction

Evidence of fetal malnutrition and 
growth restriction at any time 
during gestation

Gestational Categories

Extremely preterm <28 weeks of gestation
Very preterm <32 and >28 weeks of gestation
Moderately preterm <34 and >32 weeks of gestation
Late preterm <37 and >34 weeks of gestation
Full term >37 weeks of gestation

From Abitbol CL, Rodriguez MM: The long-term renal and 
cardiovascular consequences of prematurity. Nat Rev 
Nephrol 8:265-274, 2012.

DEVELOPMENTAL PROGRAMMING  
IN THE KIDNEY

The kidney is the organ central to the development of 
hypertension. The relationship between renal sodium han-
dling, intravascular volume homeostasis, and hypertension 
is well accepted.40,41 That factors intrinsic to the kidney itself 
affect blood pressure has been demonstrated clinically in 
kidney transplantation, in which the blood pressure in the 
recipient after transplantation has been shown to be related 
to the blood pressure or hypertension risk factors of the 
donor; that is, hypertension “follows” the kidney.42 In 1988 
Brenner and colleagues proposed that a congenital (pro-
grammed) reduction in nephron number may be a factor 
explaining why some individuals are susceptible to hyper-
tension and renal injury whereas others may seem relatively 
resistant under similar circumstances (e.g., sodium excess 
or diabetes mellitus).43 Reductions in nephron number and 
whole kidney glomerular surface area would result in lower 
sodium excretory capacity, enhancing susceptibility to 
hypertension, and a reduced renal reserve, limiting com-
pensation for renal injury. This hypothesis was attractive in 
that an association between a reduced nephron number 
and low birth weight, for example, could explain differences 
in hypertension and renal disease prevalence observed in 
populations of different ethnicity, among whom those who 
tend to have lower birth weights often have a greater preva-
lence of hypertension and renal disease.44-47
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bilateral renal hypoplasia, and oligomeganephronia.2,56 
Analogously, therefore, people born with nephron numbers 
at or below the median level may be more susceptible to 
superimposed postnatal factors that act as subsequent “hits”; 
thus, a significant proportion of the population may be at 
risk for the development of hypertension and renal disease,12 
given that some 30% of the world’s adult population is 
hypertensive.6

The counter-argument to the nephron number hypoth-
esis is that in experimental animals and in humans, removal 
of one kidney (presumed reduction in nephron number by 
50%) under varying circumstances may be associated with 
higher blood pressures or low-grade proteinuria but does 
not always lead to hypertension and renal disease.50,57,58 It is 
of interest, however, that uninephrectomy on postnatal day 
1 in rats or fetal uninephrectomy in sheep—that is, loss  
of nephrons at a time when nephrogenesis is not yet 
completed—does lead to adult hypertension prior to any 
evidence of renal injury.59-61 These data support the hypoth-
esis that intrauterine or congenital reduction in nephron 
number may be associated with compensatory mechanisms 
or a reduced compensatory capacity that are different from 
those associated with later nephron loss, resulting in 
increased risk of hypertension. Consistent with this notion, 
kidneys from rats that underwent unilateral nephrectomy at 
3 days of age showed a similar total glomerular number but 
a significantly smaller number of mature glomeruli in the 
remaining kidney than kidneys from those that underwent 
nephrectomy at 120 days of age.62 Furthermore, after uni-
lateral nephrectomy in the neonatal period, the mean glo-
merular volume in the remaining kidney of rats increased 
by 59% in comparison with 20% in adult rats, likely indicat-
ing a greater burden of compensatory hypertrophy and 
hyperfiltration in response to neonatal nephrectomy.

In potential contrast, however, a study of 97 subjects  
aged 2.5 to 25 years who had radiologically normal single 
kidneys, found that renal function declined faster over time 
in those with acquired single kidneys (surgical removal  
of other kidney) than in those with congenital single 
kidneys, although blood pressures and proteinuria were not 

PLAUSIBILITY OF THE NEPHRON  
NUMBER HYPOTHESIS

An obstacle to investigation of the nephron number hypoth-
esis has been the difficulty of accurately counting or estimat-
ing the total number of nephrons in a kidney.48 Review 
of early studies shows that humans were believed to have  
an average of approximately one million nephrons per 
kidney.49 Such studies, however, were performed using tech-
niques such as acid maceration or traditional model-based 
stereologic approaches, which are prone to bias because  
of required assumptions, extrapolations, and operator 
sensitivity.48-50 Over the past 20 years, the “unbiased” dissec-
tor (counting method)/fractionator (sampling method) 
has emerged as the “gold standard” for counting glomeruli, 
and it generates accurate and precise estimates.48-50 Impor-
tantly, all reported glomerular counting techniques have 
been performed on autopsy samples. To date, no validated 
technique permits determination of nephron number in 
vivo, although a magnetic resonance imaging (MRI) tech-
nique using cationic ferritin shows promise.51,52

In one study using the dissector/fractionator combina-
tion method in 37 normal Danish adults, the average glo-
merular (nephron) number was reported to be 617,000 per 
kidney (range 331,000-1,424,000).49 A positive correlation 
was noted between glomerular number and kidney weight, 
which has subsequently been used as a surrogate marker for 
nephron number. In general, numbers of viable glomeruli 
are reduced in kidneys from older subjects, owing to  
age-related glomerulosclerosis and obsolescence.49,53 Later 
studies among patients of varying ethnicities have reported 
an up to 13-fold variation in total nephron number, with 
values ranging from 210,332 to 2,702,079 per kidney (Table 
23.2).54 This large variability in total nephron number in 
subjects without kidney disease may influence susceptibility 
to hypertension and kidney disease.49,54,55

In support of the nephron number hypothesis, it is known 
that progressive proteinuria, glomerulosclerosis, and renal 
dysfunction develop with time in persons born with severe 
nephron deficits, for example, unilateral renal agenesis, 

Table 23.2  Variability of Nephron Number in Humans

Reference Population Sample Size Mean Range Fold

Nyengaard et al9 Danish 37 617,000 331,000-1,424,000 4.3
Merlet-Benichou et al368* French 28 1,107,000 655,000-1,554,000 2.4
Keller et al55 German 20 1,074,414 531,140-1,959,914 3.7

Hypertensive 10 702,379 531,140-954,893 1.8
Normotensive 10 1,429,200 884,458-1,959,914 2.2

Douglas-Denton et al369 African Americans 105 884,938 210,332-2,026,541 9.6
White Americans 84 843,106 227,327-1,660,232 7.3

Hoy et al370 non-Aboriginal Australians 24 861,541 380,517-1,493,665 3.9
Aboriginal Australians 19 713,209 364,161-1,129,223 3.1

McNamara et al371,372† Senegalese 47 992,353 536,171-1,764,421 3.3
Hoy et al373 African and white Americans, Australian 

Aborigines and non-Aborigines non-Aboriginal 
Australians, and Senegalese

420 901,902 210,232-2,702,079 12.8

*Used acid maceration technique. All other studies used unbiased stereology.
†Values for 47 participants were combined from two publications.
From Puelles VG, Hoy WE, Hughson MD, et al: Glomerular number and size variability and risk for kidney disease. Curr Opin Nephrol 

Hypertens 20:7-15, 2011.
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function.75 Among 111 adult males from four ethnic groups, 
mean glomerular volume and variability were highest among 
African Americans and Aboriginal Australians, likely associ-
ated with susceptibility to hypertension and renal disease.80 
In populations at high risk for kidney failure, therefore, 
large glomeruli are a common finding at early stages of 
renal disease and may reflect programmed reductions in 
nephron number in these populations, in which access to 
prenatal and subsequent health care is often suboptimal.81-83 
An increase in glomerular volume, however, is not always 
associated with lower glomerular number, and individual 
glomerular volume varies considerably within kidneys.73 
Nevertheless, overall, glomerulomegaly and greater intra-
subject variability in glomerular volume have been found to 
be associated with older age, fewer nephrons, lower birth 
weight, hypertension, obesity, and severity of cardiovascular 
disease.80

EVIDENCE FOR PROGRAMMING IN THE KIDNEY

DEVELOPMENTAL PROGRAMMING OF  
NEPHRON ENDOWMENT
Experimental Evidence for Programming of 
Nephron Endowment

Developmental programming of nephron number has been 
the most rigorously studied link to later-life hypertension 
and kidney disease so far. Numerous animal models have 
demonstrated the association of low birth weight (induced 
by gestational exposure to low-protein or low-calorie diets, 
uterine ischemia, dexamethasone, or vitamin A depriva-
tion) with subsequent hypertension.84-91 The link between 
adult hypertension and low birth weight in these animal 
models appears to be mediated, at least in part, by an associ-
ated congenital nephron deficit.84,88,89 Corresponding blood 
pressures and nephron numbers associated with various 
programming models are outlined in Table 23.4. As shown, 
the association between birth weight, nephron numbers, 
and blood pressures varies among models, underscoring the 
complexity of developmental programming and the need 
for better markers than birth weight.

Vehaskari and colleagues demonstrated an almost 30% 
reduction in glomerular number in offspring of pregnant 
rats fed a low-protein diet in comparison with those fed  
a normal-protein diet during pregnancy.89 As shown in 

different.63 However, these findings may be confounded by 
indication for nephrectomy, because approximately 25% of 
the nephrectomies were performed for obstruction, which 
may affect contralateral kidney development, as discussed 
later.64,65 In addition, unilateral in utero nephrectomy in 
sheep was associated with significant hypertrophy and a 45% 
increase in nephron number in the remaining kidney; 
therefore, a congenital solitary kidney may have a higher-
than-normal nephron endowment and therefore may be 
relatively protected in comparison with an acquired single 
kidney.66,67 Timing of nephron loss is likely a crucial factor 
in determining the compensatory capacity of remaining 
nephrons.

NEPHRON NUMBER AND GLOMERULAR VOLUME
Human glomeruli have been reported to increase in size up 
to sevenfold from infancy to adulthood.68,69 Glomerular size 
also increases in adulthood in people without overt renal 
disease, and the increase is associated with rising age, 
increasing body size, and lower birth weight.70 Mean glo-
merular volume has also been consistently noted to vary 
inversely with total glomerular number although the cor-
relation appears stronger among whites and Aboriginal  
Australians than in people of African origin.55,71-73 This rela-
tionship suggests that larger glomeruli may reflect compen-
satory hyperfiltration and hypertrophy in subjects with fewer 
nephrons and may therefore be a surrogate marker for 
reduced nephron number.53,72 In fact, Hoy and coworkers 
found that, although mean glomerular volume was increased 
in subjects with reduced nephron number, total glomerular 
tuft volume (a surrogate for total filtration surface area) was 
no different among groups with different nephron numbers 
(Table 23.3).71 This observation suggests that total filtration 
surface area may initially be maintained in the setting of 
reduced nephron number but at the expense of glomerular 
hypertension and hypertrophy, which are maladaptive and 
predict poor outcomes.74-76 Consistent with this possibility, 
glomerulomegaly is common in renal biopsy specimens 
from Aboriginal Australians, a population with high rates of 
low birth weight and renal disease, and has also been associ-
ated with faster rate of decline of glomerular filtration rate 
(GFR) in Pima Indians.77-79 Furthermore, in a study of donor 
kidneys, maximal planar area of glomeruli was found to be 
higher in kidneys from African Americans than in those 
from whites and to be a predictor of poorer transplant 

Table 23.3  Glomerular Characteristics by Birth Weight in Humans

Mean Birth Weight (Range) N
Mean Number of 
Glomeruli (Range)*

Mean Glomerular Tuft 
Volume (µm3x106)

Total Glomerular Tuft 
Volume (cm3)

2.65 kg
(1.81-3.12)

29 770,860
(658,757-882,963)

9.2 6.7

3.27 kg
(3.18-3.38)

28 965,729
(885,714-1,075,744)

7.2 6.8

3.93 kg
(3.41-4.94)

30 1,005,356
(900,094-1,110,599)

6.9 6.6

*Adjusted for age, gender, race, body surface area.
From Hoy WE, Hughson MD, Bertram JF, et al: Nephron number, hypertension, renal disease, and renal failure. J Am Soc Nephrol 

16:2557-2564, 2005.
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Table 23.4  Associations of Nephron Number and Renal Size with Blood Pressure and Renal Function

Experimental Evidence

Experimental Model Animal
Glomerular  
Number (%)

Birth 
Weight Blood Pressure Renal Function

Reduction in Nephron Number

Maternal calorie restriction148,374,375 Rat ↓ 20-40 ↓ ↑ ↓ GFR
Proteinuria

Uterine artery ligation93,227,276 Rat ↓ 20-30 ↓ ↑ Impaired proteinuria
Low-protein diet during 

gestation89,376-378
Rat ↓ 25

↓ 17
↓ 16

↓/↔ ↑ ↓ GFR
Proteinuria
↓ longevity

Postnatal nutrient restriction379 Rat ↓ 27 Normal ↑ NA
Iron deficiency242 Rat ↓ 22 ↓ ↑ NA
Vitamin A deficiency245 Rat ↓ 20 ↔ NA NA
Zinc deficiency244 Rat ↓ 25 NA ↑ ↓ GFR

Proteinuria
Ethanol247 Sheep ↓ 11 ↔ NA NA
Hypoxia380 Rat ↓ 26-52 ↓ NA NA
Cigarette smoke381 Mouse NA ↓ NA ↓ kidney mass
Ureteral obstruction—neonatal65 Rat ↓ 50 NA ↑ ↓ GFR

↓ renal growth after relief 
of obstruction

Prematurity94 Mouse ↓ 17-24 ↓ ↑ ↓ GFR
↑ albuminuria

Glucocorticoids84,88,254,382 Rat ↓ 20 ↓/↔ ↑ Glomerulosclerosis
Sheep ↓ 38 ↔ ↑ ↑ collagen deposition

Maternal diabetes124,261 Rat ↓ 10-35 ↔ ↑ Salt sensitivity
Gentamicin280,282 Rat ↓ 10-20 ↓ NA NA
β-lactams284 Rat ↓ 5-10 ↔ NA Tubular dilatation

Interstitial inflammation
Cyclosporine150,383 Rabbit ↓ 25-33 ↓/↔ ↑ ↓ GFR

↑ RVR
Proteinuria

Dahl salt-sensitive43 Rat ↓ 15 ↑ with Na intake Accelerated FSGS
Munich-Wistar-Fromter43,384 Rat ↓ 40 ↑ with age ↑ Single-nephron GFR

FSGS
Milan hypertensive43 Rat ↓ 17 ↑ NA
PVG/c43 Rat ↑ 122 Resistant Resistant to FSGS
PAX2 mutations230,270,274 Mouse

Human
↓ 22 NA Renal coloboma 

syndrome in humans
Small kidneys

GDNF heterozygote 277,385 Mouse ↓ 30 ↔ ↑ Normal GFR
Enlarged glomeruli

c-Ret null mutant222 Mouse ↓ NA NA Severe renal dysplasia
hIGFBP-1 overexpression267 Mouse ↓18-25 ↓ NA Glomerulo-sclerosis
Bcl-2 deficiency271 Mouse ↓ NA NA ↑ blood urea nitrogen and 

creatinine
p53 transgenic275 Mouse ↓ 50 NA NA Glomerular hypertrophy

Renal failure
COX2 null mutant386 Mouse NA ↔ ↔ ↓ GFR

Augmentation of Nephron Number

Vitamin A supplementation (with 
low-protein diet)297

Rat Normalized NA NA NA

Amino acid (glycine, urea, or 
alanine) supplementation to 
maternal low-protein diet387

Rat Normalized NA Normalized with 
glycine only

NA

Restoration of post-natal nutrition 
post-intrauterine growth 
restriction93

Rat Normalized ↓ Normalized NA

Iron supplementation to iron-
deficient mothers243

Rat Partial rescue NA NA NA

Continued on following page
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Table 23.4  Associations of Nephron Number and Renal Size with Blood Pressure and Renal Function (Continued)

Experimental Evidence

Experimental Model Animal
Glomerular  
Number (%)

Birth 
Weight Blood Pressure Renal Function

Ouabain administration (with 
low-protein diet)293

Mouse Prevented ↓ NA NA NA

Maternal uninephrectomy prior to 
gestation298

Rat ↑ NA NA NA

Post-natal overfeeding, normal 
birthweight114

Rat ↑ 20 ↔ ↑ Glomerulosclerosis

Human Evidence

Clinical Circumstance Population
Glomerular Number/
Kidney Volume (%)*

Birth 
Weight Blood Pressure Renal Function

Low birth weight72,102 Human 0-1 yr ↓ 13-35 ↓ NA NA
Prematurity100 Human ↓ correlated with 

gestational age
↓ NA NA

Females vs. males Human ↓ 12 NA Variable Variable
Hypertensive vs. normotensive
Caucasians55,99

Human 35-59 yr ↓ 19-50 NA ↑ No ↑
Glomerulo-sclerosis

Hypertensive vs. normotensive 
African Americans99

Human 35-59 yr NS ↓ NA ↑ No ↑
Glomerulosclerosis

Aboriginal Australians vs. 
Caucasian Australians50

Human 0-85 yr ↓ 23% ↓ NA

Senegalese Africans372,388 Human 5-70 yr NA NA NA ↑ variability of glomerular 
size

↓ glomerular numbers
Maternal vitamin A deficiency389 Indian vs. 

Canadian 
newborns

↓ newborn renal 
volume

NA NA NA

Genetic polymorphisms:
RET(1476A) polymorphism105 Newborns ↓ 10* NA NA NA
PAX2 AAA haplotype230 Newborns ↓ 10* NA NA NA
Combined RET(1476A) 

polymorphism and PAX2 AAA 
haplotype105

Newborns ↓ 23* NA NA NA

I/D ACE polymorphism390 Newborns ↓ 8 NA NA NA
BMPR1Ars7922846 polymorphism231 Newborns ↓ 13* NA NA NA
OSR1rs12329305(T) polymorphism234 Newborns ↓ 12* NA NA NA
Combined OSR1 and RET 

polymorphisms234
Newborns ↓ 22* NA NA NA

Combined OSR1 and PAX2 
polymorphisms234

Newborns ↓ 27* NA NA NA

ALDH1A2rs7169289(G) polymorphism232 Newborns ↑ 22* NA NA NA

FSGS, Focal segmental glomerulosclerosis; GFR, glomerular filtration rate; NA, not assessed; NS, nonsignificant; RVR, renal vascular 
resistance; ↑, increase/increased; ↓, decrease/decreased; ↔, no change/unchanged.

*Kidney volume.
Adapted from references 12, 43, 50, 222, and 225.

Figure 23.1, tail-cuff systolic blood pressures in the low-
protein offspring were 20 to 25 mm Hg higher by 8 weeks 
of age.89 Similarly, prenatal administration of dexametha-
sone was associated with low birth weight and fewer glom-
eruli in the offspring.84 In these nephron-deficient rats, GFR 
was reduced, albuminuria was increased, and urinary sodium 
excretion was lower than in those with a greater nephron 
complement.84 Uteroplacental insufficiency, induced by 
maternal uterine artery ligation late in gestation, has also 
been found to result in low nephron number and was associ-
ated with increased profibrotic renal gene expression with 
age, although hypertension developed only in males.92,93 

Conversely, adequate postnatal nutrition, achieved by cross-
fostering of the offspring of mothers with uteroplacental 
insufficiency onto normal lactating females at birth, restored 
nephron number and prevented subsequent hypertension 
in the males.93 In a later study of the impact of prematurity, 
mice delivered 1 to 2 days early (normal mouse gestation 21 
days) had reduced nephron numbers, lower GFR, and 
higher blood pressures than mice born at term, as well as 
albuminuria.94 Interestingly, nephron numbers were lower 
in mice delivered 2 days early than in those delivered 1 day 
early, suggesting the degree of prematurity is important in 
determining final nephron endowment, even though 
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(an estimate of glomerular number based on the number 
of layers of glomeruli in the cortex) were lower in prema-
ture than in full-term infants and correlated with gestational 
age. Furthermore, evidence of active glomerulogenesis, 
indicated by the presence of S-shaped bodies immediately 
under the renal capsule, was seen in premature infants who 
died before 40 days but was absent in those who died after 
40 days of life, suggesting that nephrogenesis may continue 
for up to 40 days after premature birth. These investigators 
also stratified their cases by presence or absence of renal 
failure.100 Among infants surviving longer than 40 days, 
those with renal failure (serum creatinine > 2.0 mg/dL) 
had significantly fewer glomeruli than those without renal 
failure. This cross-sectional observation may suggest that 
renal failure inhibited glomerulogenesis or, conversely, that 
the presence of fewer glomeruli lowered the threshold for 
development of renal failure in these infants. Those prema-
ture infants surviving longer than 40 days without renal 
failure exhibited glomerulomegaly, which may reflect, at 
least in the short term, a compensatory renoprotective 
response.

Faa and colleagues also reported evidence of active glo-
merulogenesis in kidneys of premature infants and two term 
infants who died at birth, but not in a child who died at age 
3 months, suggesting that glomerular maturation may con-
tinue for a short period even after term birth.97 In contrast, 
Hinchliffe and associates studied nephron number in pre-
mature and full-term stillbirths and in infants who died at 1 
year of age and who were born either with appropriate 
weight for gestational age or small for gestational age.101,102 
At both time points, growth-restricted infants had fewer 
nephrons than controls. In addition, the number of neph-
rons in growth-restricted infants dying at 1 year of age had 
not increased in comparison with that in the growth-
restricted stillbirths, demonstrating a lack of postnatal 
nephrogenesis (Figure 23.2A). Manalich and coworkers 
examined the kidneys of neonates dying within 2 weeks of 
birth in relation to their birth weights (Figure 23.2B).75 A 
significant direct correlation was found between glomerular 
number and birth weight, and a strong inverse correlation 
between glomerular volume and glomerular number, inde-
pendent of sex and race. These studies all support the 
hypothesis that an adverse intrauterine environment, which 
may manifest as low birth weight or prematurity, is associ-
ated with a congenital reduction in nephron endowment 
and an early, compensatory increase in glomerular volume.

In a population of 140 adults aged 18 to 65 years who 
died of various causes, a significant correlation was also 
observed between birth weight and glomerular number.99 
Glomerular volume was inversely correlated with glomeru-
lar number. Total glomerular number did not differ statisti-
cally among African American and white subjects, although 
the distribution among African Americans appeared 
bimodal. The range of nephron number was greatest among 
African Americans. Significantly, however, none of the sub-
jects in this study had been of low birth weight; therefore, 
no conclusion can be drawn as to whether an association 
between low birth weight and nephron number existed in 
either population group.99 It may be argued that because 
low birth weight is more prevalent among African Ameri-
cans, this cohort was more representative of the general 
white population than the general black population, having 

Figure  23.1 Fetal  programming  of  hypertension  in  low-birth-
weight (LBW) rats. (Adapted from Vehaskari VM, Aviles DH, Manning 
J: Prenatal programming of adult hypertension in the rat. Kidney Int 
59:238-245, 2001.)
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nephrogenesis continues after birth in the normal mouse. 
Not surprisingly, in animal studies, timing of the gestational 
insult has been found to be crucial in renal programming, 
with the greatest impact on nephron number occurring 
during periods of most active nephrogenesis.95

Programming of Nephron Number in Humans

As noted previously, total nephron number varies widely in 
the normal human population (see Table 23.2).54,96 A sig-
nificant proportion of the interindividual variability in 
nephron number appears to be already present perinatally, 
demonstrating a strong developmental effect.97,98 Overall, 
the data support a direct relationship between nephron 
number and birth weight and an inverse relationship 
between nephron number and glomerular volume.69,72,99 
Hughson and colleagues reported a linear relationship 
between glomerular number and birth weight and calcu-
lated a regression coefficient predicting an increase of 
257,426 glomeruli per kilogram increase in birth weight, 
although the generalizability of the regression coefficient to 
populations in which the distribution of nephron number 
appears bimodal, such as among African Americans, may 
not be valid.69 It has also been calculated that in the normal 
population without renal disease, approximately 4500 glom-
eruli are lost per kidney per year after age 18.71 Glomerular 
numbers tend to be lower in females than in males. A kidney 
starting with a lower nephron number, therefore, would 
conceivably reach a critical reduction of nephron mass, 
either with age or in response to a renal insult, earlier than 
a kidney with a greater nephron complement, predisposing 
to hypertension and/or renal dysfunction.

Nephrogenesis in humans begins during the 9th week of 
gestation and continues until the 34th to 36th week.71 
Nephron number at birth therefore largely depends on the 
intrauterine environment and gestational age. It is generally 
believed that no new nephrons are formed in humans after 
term birth. To investigate whether glomerulogenesis does 
continue postnatally in premature infants, Rodriguez and 
colleagues studied kidneys at autopsy from 56 extremely 
premature infants and compared them with kidneys of 10 
full-term infants as controls.100 The radial glomerular counts 
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Figure 23.3 Relationship between nephron number and mass of the 
right kidney in white infants who died within the first 3 months of life. 
(From Zhang Z, Quinlan J, Hoy WE, et al: A common RET variant is 
associated with reduced newborn kidney size and function. J Am Soc 
Nephrol 19:2027-2034, 2008.)
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Figure 23.2 A, Effect of intrauterine growth retardation on nephron number in humans. Top, Nephron number in relation to gestational age. 
Bottom, Lack of postnatal catch-up in nephron number. B, Birth weight (top) and glomerular volume (bottom) plotted against glomerular 
number in neonates. (A from Hinchliffe SA, Lynch MR, Sargent PH, et al: The effect of intrauterine growth retardation on the development of renal 
nephrons. Br J Obstet Gynaecol 99:296-301, 1992; B from Manalich R, Reyes L, Herrera M, et al: Relationship between weight at birth and the 
number and size of renal glomeruli in humans: a histomorphometric study. Kidney Int 58:770-773, 2000.)
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included only subjects of normal birth weight.103 In a Euro-
pean study comparing 26 subjects with non–insulin-depen-
dent diabetes compared with 19 age-matched nondiabetic 
controls, no difference in glomerular number was found, 
but again, all subjects had birth weights above 3000 g, and, 
therefore, the impact of low birth weight on nephron 
number could not be assessed.104

Kidney Size as a Correlate for Nephron Number. Analysis 
of the relationship between kidney weight and nephron 
number in infants less than 3 months of age (a time at which 
compensatory hypertrophy has likely not yet occurred) 
revealed a direct relationship (Figure 23.3).105 Regression 
analysis predicted an increase of 23,459 nephrons per gram 
of kidney weight.105 Renal mass is therefore proportional to 
nephron number, and renal volume is proportional to renal 
mass; for that reason, renal volume has been analyzed as a 
surrogate for nephron endowment in infants in vivo.49 Ultra-
sonographic evaluation of fetal renal function in utero 
revealed a reduction in hourly urine volume, higher preva-
lence of oligohydramnios, reduced renal perfusion, and 
reduced renal volume in growth-restricted fetuses.106-108 
These findings may represent reduced fetal perfusion in 
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been reported in several animal models to be associated 
with low birth weight and reduced nephron number.33,115-119 
Some investigators have reported the presence of salt-
sensitive hypertension in rats in which low birth weight was 
induced by maternal uterine artery ligation, whereas others 
report no salt sensitivity in rats in which low birth weight 
was induced by maternal protein restriction, although 
timing of dietary intervention and age at study appear to 
play a role.116,120,121 Elevations in blood pressure in response 
to high-salt diet have been more consistently observed in 
aging than in young rats, suggesting either an early adaptive 
mechanism that may decline with age or worsening salt 
sensitivity as nephron number declines with age.122 In young 
rats, however, despite no change in blood pressure, an 
increase in plasma volume was observed, consistent with 
sodium retention.123 Similar salt sensitivity was observed in 
adult rat offspring exposed to maternal gestational diabetes, 
a model also associated with reduced nephron number.124

The effect of nephron “dose” and filtration surface area 
on salt sensitivity was examined in glial cell line–derived 
neurotrophic factor (GDNF) heterozygous mice that have 
either one kidney and a 65% reduction in total nephron 
number (HET1K) or two kidneys and a 25% reduction in 
total nephron number (HET2K).125 Given the accompany-
ing glomerular hypertrophy, total glomerular surface area 
was normal in HET2K but remained reduced in HET1K 
mice. At baseline the mice did not have elevated blood  
pressures, but both groups became hypertensive in response 
to high-sodium feeding. A gradient of increasing blood  
pressure was observed from wild-type to HET2K to HET1K, 
suggesting dependence on nephron number and filtration 
surface area, given that no change in expression of tubular 
sodium transporters was observed.125 In the converse experi-
ment transforming growth factor-β2 heterozygous (Tgfβ2+/−) 
mice, which have 30% higher nephron number, were  
relatively protected against development of high blood  
pressure on a chronic high salt diet compared with wild- 
type mice.126 Surprisingly, however, the Tgf β2+/− mice did 
develop increased blood pressures in response to an acute 
sodium load, suggesting that the benefit conferred by the 
higher nephron number requires time for adaptation to 
occur. Early change in sodium diet in itself has been found 
to have a long-term impact on programming of hyperten-
sion in low-birth-weight (LBW) rats. Two studies have found 
that short-term feeding of a low-salt diet from weaning  
to 6 weeks of age abrogated, whereas high-salt feeding 

situations of uterine compromise, however, and do not nec-
essarily reflect altered renal development. Similarly, among 
premature infants, another study found that kidney volume 
at a corrected age of 38 weeks was significantly lower than 
that in term infants and was associated with a significantly 
lower GFR estimated from serum cystatin C.109

Analysis of kidney size and postnatal growth measured by 
ultrasonography in 178 children born premature or small 
for gestational age in comparison with 717 mature children 
with appropriate weight for gestational age at 0, 3, and 18 
months found that weight for gestational age was positively 
associated with kidney volume at all three time points.110 
Slight catch-up in kidney growth was observed in growth-
restricted infants but not in premature infants. Among term 
neonates, renal parenchymal thickness, proposed as a more 
accurate screening tool than renal volume estimation,  
was significantly reduced in those with low compared to 
normal birth weights.111 In Australian Aboriginal children, 
low birth weight was also found to be associated with lower 
renal volumes on ultrasonography.112 Comparison of renal 
volume between children aged 9 to 12 years who were born 
premature, either small or at appropriate weight for gesta-
tional age and controls found that kidneys were smallest in 
those who had been preterm and small for gestational age, 
but when findings were adjusted for body surface area 
(BSA), there were no significant differences between the 
groups.113 A smaller kidney size, therefore, may be a surro-
gate marker for reduced nephron endowment, but impor-
tantly, growth in kidney size on ultrasonography cannot 
distinguish between normal growth with age and renal 
hypertrophy.

EVIDENCE OF ADDITIONAL PROGRAMMING  
EFFECTS IN THE KIDNEY
Taken together, the findings in animals and humans lend 
credence to the hypothesis that a congenital deficit in 
nephron number can be programmed during development 
and is likely to be an independent factor determining sus-
ceptibility to essential hypertension and subsequent renal 
injury. Low nephron number alone, however, does not 
account for all observed programmed hypertension (see 
Table 23.4). In one study, supplementation of a low-protein 
diet during gestation with glycine, urea, or alanine resulted 
in a normalization of nephron number in rat offspring, but 
blood pressure normalized only in those supplemented with 
glycine.32 Likewise, augmentation of nephron number by 
postnatal hypernutrition in another study resulted in a 20% 
increase in nephron number but also in development of 
obesity, hypertension, and glomerulosclerosis with age.114 
These findings suggest that additional factors contribute to 
the developmental programming of hypertension. Later evi-
dence has shown alterations in renal tubular sodium han-
dling and vascular function in developmentally programmed 
kidneys that likely also contribute to later-life blood pressure 
and renal function changes as listed in Table 23.5.95

Altered Sodium Handling by the Kidney

The pressure-natriuresis curve is shifted to the right in most 
forms of hypertension. A reduction in filtration surface area 
associated with a reduction in nephron number is one plau-
sible hypothesis to explain the associated higher blood pres-
sures. Consistent with this association, salt sensitivity has 

Table 23.5  Developmentally Programmed 
Changes Observed in the Kidney

• Nephron number
• Glomerular volume
• Accelerated maturation of glomeruli
• Tubular sodium transporter expression and/or activity
• Altered renal vascular reactivity
• Alterations in renin angiotensin aldosterone system
• Alterations in sympathetic nervous system activity
• Accelerated senescence, especially after catch-up growth
• Predisposition to inflammation and fibrosis
• Kidney size
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exacerbated, hypertension at 10 and 51 weeks despite 
re-institution of normal-salt diet at 6 weeks.115,127 The role of 
sodium intake on long-term renal programming requires 
further study.

Salt sensitivity therefore does appear to be developmen-
tally programmed. From the GDNF mouse data, filtration 
surface area may be crucial in determining salt sensitivity 
but, as discussed previously, is often not reduced initially in 
the setting of low nephron number. Expression and activity 
of renal tubule sodium transporters has therefore been 
investigated. Expression of the Na-K-2Cl (NKCC2) and 
Na-Cl (NCC) cotransporters was significantly higher in pre-
hypertensive offspring of rats fed a protein-restricted diet 
during gestation than in controls, although expression of 
the sodium-hydrogen exchanger isoform 3 (NHE3) and epi-
thelial sodium channel (ENaC) was not changed (Figure 
23.4A).128 Higher activity of NKCC2 was shown by increases 

Figure  23.4 A, Apical renal sodium transporter expression, 
quantified by immunoblotting, in 4-week-old rat offspring of 
mothers fed a low-protein diet. BSC, Bumetanide-sensitive 
cotransporter (NKCC2); ENac, epithelial sodium channel; 
NHE3, Na+-H+ exchanger isoform 3; TSC, thiazide-sensitive 
cotransporter (NCC). B, Increased rate of medullary thick 
ascending limb (mTAL) chloride transport (JCl) in in vitro per-
fused mTAL from 6-week-old rat offspring of mothers fed a 
prenatal low-protein diet or given prenatal dexamethasone 
(dex). C, Net increase in urine sodium excretion after adminis-
tration of ENaC inhibitor benzamil in adult rat offspring of 
mothers fed a low-protein (6%) or normal (20%) diet during 
gestation. Data are expressed as means ± standard error. 
(A from Vehaskari VM, Woods LL: Prenatal programming of 
hypertension: lessons from experimental models. J Am Soc 
Nephrol 16:2545-2556, 2005; B from Dagan A, Habib S, Gat-
tineni J, et al: Prenatal programming of rat thick ascending limb 
chloride transport by low-protein diet and dexamethasone. Am J 
Physiol Regul Integr Comp Physiol 297:R93-R99, 2009; C from 
Cheng CJ, Lozano G, Baum M: Prenatal programming of rat 
cortical collecting tubule sodium transport. Am J Physiol Renal 
Physiol 302:F674-F678, 2012.)
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in chloride transport and lumen-positive transepithelial 
potential difference in the medullary thick ascending  
limb in offspring of protein-restricted or dexamethasone-
treated mothers (Figure 23.4B).129 Furthermore, after devel-
opment of hypertension, furosemide administration 
reduced the blood pressure, supporting increased NKCC2 
activity as a mediator of hypertension in the protein restric-
tion model.129 Expression of the glucocorticoid receptor 
and the glucocorticoid-responsive α1- and β1-subunits of 
Na-+K+-adenosine triphosphatase (ATPase) were increased 
in offspring of pregnant rats fed a low-protein diet.130 In rats 
who were suckled by mothers given low-protein feedings 
during lactation, expression of Na+-K+-ATPase was increased 
by 40%, but its activity was increased by 300%, demonstrat-
ing that expression levels may not fully reflect activity 
levels.131 Prenatal dexamethasone administration was associ-
ated with increased expression of proximal tubular NHE3 
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Underscoring the relevance of the RAAS in developmen-
tal programming of blood pressure, Ajala and colleagues 
found that ACE activity was significantly higher in children 
of low birth weight than in those with normal birth weight 
and that there was a greater frequency of the ACE gene DD 
genotype among LBW children with the highest blood pres-
sures.145 The latter finding suggests that the programming 
effect of blood pressure may be modulated in part by ACE 
gene polymorphisms.

The Sympathetic Nervous System and Renal 
Vascular Reactivity

Within the kidney, the sympathetic nervous system modu-
lates activity of the RAAS, sodium transport and vascular 
function, and thereby contributes to blood pressure through 
regulation of vascular tone and volume status.67 Develop-
ment of the renal sympathetic nervous system, and how it 
may be programmed during nephrogenesis and modulated 
by the RAAS, is expertly reviewed by Kett and Denton.67 
Renal denervation has been shown to abrogate develop-
ment of adult hypertension as well as alter sodium trans-
porter expression in the prenatal dexamethasone and 
uterine ischemia programming models, and the age-
associated hypertension that develops in growth-restricted 
female rats.132,146,147 Consistent with the findings in whole 
animals, an increase in baseline renal vascular resistance 
within the kidney has been described in different program-
ming models.148-150 For example, Sanders and colleagues 
reported that renal arterial responses to β-adrenergic stimu-
lation and sensitivity to adenylyl cyclase were increased in 
21-day-old growth-restricted offspring subjected to placental 
insufficiency.151 Although the renal expression of β2-
adrenoreceptor mRNA was increased in these pups, there 
was also evidence of adaptations to the signal transduction 
pathway that contributed to the β-adrenergic hyperrespon-
siveness.151 Intriguingly, these findings were much more 
marked in the right than in the left kidney, an observation 
that remains unexplained but that is not without precedent: 
Asymmetry of renal blood flow was found in 51% of a cohort 
of hypertensive patients without renovascular disease.152 In 
the Sanders study, growth-restricted rats had reduced glo-
merular numbers, exhibited glomerular hyperfiltration and 
hyperperfusion, and had significantly increased proteinuria 
in comparison with the controls, suggesting alteration in 
glomerular pressures that likely were mediated by renal 
vasoreactivity. Interestingly, in a cohort of white and black 
U.S. subjects, the effect of birth weight on subsequent blood 
pressures was significantly modified by β-adrenergic recep-
tor genotype, further underscoring a relationship among 
birth weight, sympathetic activity, and blood pressure.153

PROGRAMMING OF RENAL FUNCTION 
AND DISEASE

In contrast to premature infants or those of low birth weight, 
in whom nephron numbers have been shown to be reduced, 
there are no data on nephron numbers in adults who were 
known to be of low birth weight. The association between 
nephron number and birth weight and prematurity, however, 
is a consistent finding in infants, so it seems reasonable to 
extrapolate that nephron numbers would remain reduced in 

as well as of the more distal NKCC2 and NCC, but there was 
no change in ENaC expression.132 Interestingly, renal dener-
vation reduced systolic blood pressure and sodium trans-
porter expression in this model, suggesting indirect 
regulation of these genes via sympathetic nerve activity.132 In 
another study, baseline expression of β– and γ-ENaC, but 
not α-ENaC, as well as of Na+-K+-ATPase was significantly 
higher in rats subjected to maternal diabetes than in  
controls.124 Despite several studies showing no change in 
ENaC expression in programmed animals, an enhanced 
natriuretic response to the ENaC inhibitor benzamil dem-
onstrated increased ENaC activity in offspring of mothers 
fed a low-protein diet (Figure 23.4C).133 Taken together, 
despite differences among models, the data suggest 
increased sodium transport in all segments of the renal 
tubule. Whether a reduced nephron number may contrib-
ute indirectly to increased sodium transport through 
increased single-nephron GFR (SNGFR), necessitating glo-
merulotubular balance or sodium transporter activity is 
independently programmed has not yet been elucidated.

Renin Angiotensin Aldosterone System

All components of the renin angiotensin aldosterone system 
(RAAS) are expressed in the developing kidney.134 Altera-
tions in the RAAS have been studied in various program-
ming models, but a consistent pattern of upregulation or 
downregulation of RAAS components has not been found. 
For example, expression of angiotensinogen and renin mes-
senger RNA (mRNA) was decreased in neonatal kidneys of 
rats subjected to uterine ischemia but increased in the 
kidneys of mouse offspring of diabetic mothers.135,136 Such 
differences likely also reflect species differences, differences 
in timing of intervention, timing of study, and so on, as 
summarized in Table 23.6.67 The importance of angiotensin 
II (Ang II) in nephrogenesis was demonstrated by the 
administration of the Ang II subtype 1 receptor (AT1R) 
blocker losartan to normal rats during the first 12 days of 
life (while nephrogenesis is proceeding), which resulted in 
a reduction in final nephron number and subsequent devel-
opment of hypertension.137 Ang II can stimulate the expres-
sion of Pax-2 (an anti-apoptotic factor) through AT2R.138 
AT2R expression, therefore, is likely to affect nephrogenesis 
and kidney development, but its role in programming is  
still unclear. Administration of an angiotensin-converting 
enzyme inhibitor (ACEI), captopril, or losartan to LBW rats 
from 2 to 4 weeks of age, abrogated the development of 
adult hypertension in these animals.19,93,135,139 Similarly, 
administration of Ang II or an ACEI to adult rats subjected 
to a low-protein diet in utero resulted in a more exaggerated 
hypertensive or hypotensive response, respectively, than in 
control rats.19,140-142 Differential regulation of the RAAS by 
sex hormones during development is thought to contribute 
to the observation that the effects of developmental pro-
gramming are often less severe in young females.143,144 
Overall, programmed suppression of the intrarenal RAAS 
during nephrogenesis is likely to contribute to the reduc-
tion in nephron number under adverse circumstances,  
and postnatal upregulation of the AT1R, possibly mediated 
by an increase in glucocorticoid activity or sensitivity, may 
contribute to the subsequent development of hypertension 
and glomerular hyperfiltration, as reviewed in detail 
elsewhere.67,143
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Table 23.6  Programming Effects on the Renin Angiotensin Aldosterone System

Model Species
Timing of 
Insult

Age and Sex 
of Offspring 
at Study

mRNA or Protein 
Expression

Physiologic 
Response Reference(s)

Glucocorticoids Sheep Early gestation 40 mo ♀ ↔ Plasma renin, Ang II 
or aogen

↑ Basal MAP, 
females only

394

Rat 6-7 mo ♂♀ ↔ Renal aogen ↑ Basal TBP, 
females only

395

↑ PRA, plasma aogen 
in females only

Rat Mid- to late 
gestation

6 mo ↑ Renal ACE and renin 
in males and females

ND 396

Rat Mid- to late 
gestation

4 and 8 wk ♂ ↔ PRA, plasma Ang II, 
and renal Ang II 
levels

↑ Basal TBP at 8 
but not 4 wk of 
age

397

↑ Urine Ang II at 4 and 
8 wk

Maternal nutrient 
restriction or 
low-protein diet

Sheep Early to 
mid-
gestation

9 mo ↑ Renal cortical ACE 
protein

↑ Basal MAP 398

↔ AT1R in the renal 
cortex and medulla

↔ Renal cortical but ↑ 
renal medulla AT2R

Rat Mid- to late 
gestation

4-12 wk ♂♀ ↑ PRA ↑ Basal TBP from 
8 wk of age

399

Rat Throughout 
gestation

1-5 days and 
22 wk ♂

↓ Renal renin mRNA 
and Ang II levels at 1 
to 5 days of age

↑ Basal MAP at 
22 wk of age

400, 401

↔ No change GFR 
or RBF

Rat Throughout 
gestation

16 wk ♂ ↓ Renal AT1R and AT2R 
protein

↑ Basal TBP, ↓ 
sodium excretion, 
↔ GFR

402

Rat Throughout 
gestation

4 wk ♂ ↑ Renal AT1R protein ↑ Basal MAP 
(anesthetized)

403, 404

↓ Renal AT2R protein ↑ Basal renal 
vascular 
resistance

↑ Ang II receptor 
binding

↔ No change GFR 
or RBF

↔ Renal renin and Ang 
II tissue levels

Rat Mid- to late 
gestation

1-11 mo ♂♀ ↑ Basal TBP at 8 wk 
of age

405-408

 1-2 mo ↓PRA Salt-sensitive TBP
↓ Renal AT1R protein 

and mRNA
TBP normalized by 

ACE inhibition and 
low-salt diet

↓ Renal AT2R protein, ↑ 
AT2R mRNA

Urinary protein/
creatinine ratio 
increased in 
males only

6 to 11 mo ↑ PRA
↔ Plasma or renal Ang 

I and Ang II
↑ AT1R protein and 

mRNA
↑ AT2R protein, ↔ AT2R 

mRNA
Placental 

insufficiency
Rat Late gestation 0-16 wk ♂ 409, 410

 Newborn ↓ renal renin and aogen ↑ Basal MAP that 
was abolished by 
ACEi treatment
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Table 23.6  Programming Effects on the Renin Angiotensin Aldosterone System (Continued)

Model Species
Timing of 
Insult

Age and Sex 
of Offspring 
at Study

mRNA or Protein 
Expression

Physiologic 
Response Reference(s)

 16 wk ↑ Renal renin and 
aogen mRNA, ↑ ACE 
activity

↑ Pressor response 
to ANG II in 
presence of ACEi

↔ Renal AT1R and Ang 
II, ↔ PRA and 
plasma ACE

↓ GFR

Maternal renal 
hypertension

Rabbit Throughout 
gestation

10-45 wk ♂♀ ↓ PRA 5 and 10 wk ↑ Basal MAP at 30 
and 45 wk

411-413

↔ PRA 30 and 45 wk

ACE, Angiotensin-converting enzyme; ACEi, ACE inhibition; aogen, angiotensinogen; Ang, angiotensin; AT1/2R, angiotensin receptor type 1/2; 
GFR, glomerular filtration rate; MAP, mean arterial pressure; mRNA, messenger RNA; ND, not done; PRA, plasma renin activity; RBF, renal 
blood flow; TBP, tail artery pressure; ↑, increase in; ↓, decrease in; ↔, unchanged.

From Kett MM, Denton KM: Renal programming: cause for concern? Am J Physiol Regul Integr Comp Physiol 300:R791-R803, 2011.

adults of low birth weight.69 The determination of nephron 
number in vivo is not yet reliable enough; therefore, the 
most utilized in vivo surrogate markers at present are birth 
weight and prematurity. Importantly, however, in some 
animal models, low nephron numbers have been observed 
also in the setting of normal birth weight (see Table 23.4); 
therefore, among humans, if birth weight is the only surro-
gate marker used, the impact of renal programming on any 
outcome is likely to be underestimated.154 Other clinical sur-
rogates for an adverse intrauterine environment and low 
nephron numbers are outlined in Table 23.7.

EXPERIMENTAL EVIDENCE

Glomerulomegaly is consistently observed in the setting of 
low nephron number (see Figure 23.2B). In rats in which 
low birth weight was induced by maternal protein restric-
tion, GFR was reduced by 10%, although nephron number 
was reduced by 25%, implying some degree of compensa-
tory hyperfunction per nephron.33 Although the hyperfunc-
tion may be a compensatory mechanism to restore filtration 
surface area, it is conceivable that renal reserve in these 
kidneys is reduced.71 If so, these kidneys may be expected 
to be less able to compensate further in the setting of addi-
tional renal insults and to begin to manifest signs of renal 
dysfunction (i.e., proteinuria, elevations in serum creati-
nine, and hypertension). To investigate this hypothesis, dia-
betes was induced by streptozotocin injection in subgroups 
of LBW (induced by maternal protein restriction) and 
normal-birth-weight (NBW) rats.155 LBW rats had reduced 
nephron numbers and higher blood pressures compared  
to NBW rats. Among those rendered diabetic, there was a 
greater proportional increase in renal size and glomerular 
hypertrophy in the LBW rats than in NBW controls after 1 
week (Figure 23.5).155 This study demonstrates that the 
renal response to injury in the setting of a reduced nephron 
number may be exaggerated and could lead to accelerated 
loss of renal function.

Subsequently, the same researchers reported outcomes in 
LBW and NBW diabetic rats at 40 weeks.156 Histologically, 

the podocyte density was reduced and the average area 
covered by each podocyte was greater in the LBW diabetic 
rats than in the NBW controls. These findings correlated 
with urine albumin excretion rate, which was higher in LBW 
diabetic rats, although the difference did not reach statisti-
cal significance. In support of the role of altered podocyte 
physiology in renal disease progression, similar findings 
were observed in the Munich Wistar Frömter rat, a strain 
that has congenitally reduced nephron numbers and dem-
onstrates spontaneous renal disease.157 Whether these podo-
cyte changes are secondary to an increase in glomerular 
pressure in the setting of reduced nephron numbers or 
constitute a primary programmed structural change leading 
to glomerular injury is not yet known. The role of podocyte 
depletion, either absolute (loss of podocytes) or relative 
(podocyte density), in disease progression deserves more 
research focus, and currently nothing is known about the 
possible effects of developmental programming on podo-
cyte endowment.

Of interest, in contrast, in low-birth-weight rats exposed 
to prenatal dexamethasone and subsequently fed a high-
protein diet, GFR was similar to that in NBW controls.158 
Nephron numbers were reduced by 13% in only male LBW 
rats. This study may suggest that there is a threshold reduc-
tion in nephron number above which compensation is 
adequate or that the high-protein diet induced supranormal 
GFRs in both groups, masking subtle differences in baseline 

Table 23.7  Clinical Surrogates for Programmed 
Low Nephron Number in Humans

• Low birth weight72,100,102

• Prematurity100,102

• Low kidney mass49,105

• Reduced kidney volume110,112

• Glomerulomegaly69,72,102

• Female sex391

• ? Ethnicity—Aboriginal Australian391
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BIRTH WEIGHT, PREMATURITY, AND  
BLOOD PRESSURE
Two meta-analyses and systematic reviews have shown con-
sistent associations of lower birth weight and prematurity 
with higher blood pressures in later life.34,35 Meta-analysis of 
27 studies investigating the relationship between birth 
weight and blood pressure found that systolic blood pres-
sures were 2.28 mm Hg (95% confidence interval [CI], 1.24 
to 3.33 mm Hg) higher in subjects with birth weights lower 
than 2.5 kg than in subjects with birth weights higher than 
2.5 kg (Figure 23.6A).35 Many studies do not discriminate 
between low birth weight occurring as a result of growth 
restriction (a marker of intrauterine stress) at any gesta-
tional age and that occurring as a result of prematurity with 
an appropriate (low) weight for that gestational age. There-
fore, the relative effect of growth restriction and prematu-
rity on subsequent blood pressures is not always easy to 
dissect.160 To investigate this question, a study of 232 50-year-
old subjects all born at term, one group with and one group 
without growth restriction, reported an odds ratio (OR) of 
1.9 (95% CI, 1.1 to 3.3) for hypertension among those who 
had experienced growth restriction in comparison with 
those who had normal birth weights.161 Growth restriction 
before birth per se therefore is associated with subsequent 
higher blood pressure.

A systematic review of 10 studies comparing premature 
subjects with those born at term found that in premature 
subjects, having a mean gestational age of 30.2 weeks and a 
mean birth weight of 1280 g, systolic blood pressures in later 
life were 2.5 mm Hg higher (95% CI, 1.7 to 3.3 mm Hg) 
than in those born at term (Figure 23.6B).34 Prematurity 
therefore is also independently associated with higher blood 
pressure, which in some studies meets the definition of 
hypertension by 1 to 2 years of age.162-164 Whether the risk of 
higher blood pressure is greater among premature subjects 

GFR. Another study that measured GFR in LBW rats, 
induced by placental insufficiency, also failed to demon-
strate lower GFRs in LBW rats, but they were significantly 
hypertensive compared with NBW controls.91 Conceivably, 
in this study, the higher intra-glomerular pressure due to 
elevated blood pressure and reduced nephron mass in LBW 
rats may have led to a compensatory increase in SNGFR and, 
thus, normalization of whole-kidney GFR.

The definitive pathophysiologic impact of a reduction in 
nephron number on the development of renal dysfunction 
is difficult to elucidate from the existing literature, which 
comprises studies using very varied experimental condi-
tions. Overall, however, it is possible that, although whole-
kidney GFR may not change, SNGFR is likely to be increased 
in the setting of a reduced nephron number and exacer-
bated in the presence of renal injury. Interestingly, SNGFR 
was found to be significantly higher in the Munich Wistar 
Frömter rat, which has reduced nephron numbers and is 
known to demonstrate spontaneous progressive glomerular 
injury, than in the control Wistar rat strain.157 Renal dysfunc-
tion may also result from a programmed predisposition to 
inflammation and scarring that may be independent of glo-
merular pressures. In a glomerulonephritis model, injection 
of anti–Thy-1 antibody in LBW rats resulted in significant 
upregulation of inflammatory markers and development of 
sclerotic lesions by day 14, but with no difference in blood 
pressure or proteinuria, in comparison with NBW 
controls.159

HUMAN EVIDENCE

Most human data rely on the surrogates birth weight, pre-
maturity, renal size, and so on to reflect the risk of renal 
programming. Although there is no direct proven relation-
ship with nephron number, the consistency of the data is 
strongly suggestive of a programming effect.

Figure 23.5 A, Scatter plot of mean glomerular number and birth weight in low protein diet rats (solid symbols) and normal protein diet rats 
(open symbols). Control groups (triangles); diabetes groups (circles); diabetes+insulin group (squares). (From Jones SE, Bilous RW, Flyvbjerg A, 
et al: Intra-uterine environment influences glomerular number and the acute renal adaptation to experimental diabetes. Diabetologia 44:721-728, 
2001.)
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upward crossing of weight percentiles), highlighting the 
importance of early postnatal nutrition in developmental 
programming.177-181

Associations between blood pressure and other markers 
of potential developmental stresses have also been reported. 
A meta-analysis of 31 studies found that blood pressures 
were higher in children who had high birth weights but 
interestingly tended to be lower in high-birth-weight adults, 
suggesting that age may modify this risk differently from 
how it does in LBW subjects.37,182 Additionally, a systematic 
review and meta-analysis investigating the impact of a dia-
betic pregnancy on blood pressure found an overall associa-
tion with higher blood pressure in offspring aged 2 to 20 
years after exposure to diabetes during gestation, but this 
effect was seen only in males.183 The researchers did not 
discuss the potential impact of birth weight in this study, 
however, and whether these effects may have been modified 
by high birth weight in offspring is not reported. Another 
potential risk factor for higher offspring blood pressure is 
maternal gestational hypertension or preeclampsia.184,185 
Whether this effect is mediated by the often accompanying 
fetal growth restriction or prematurity, or whether it is asso-
ciated with circulating anti-angiogenic factors or other 
humoral changes in preeclampsia, requires further investi-
gation.11 Having been born small for gestational age is in 
turn a risk factor for subsequent development of preeclamp-
sia, emphasizing the far-reaching effects of developmental 
programming.31

Gender differences in programming effects on blood 
pressure have been inconsistently reported. In some studies 

who were born small for gestational age (growth restricted) 
than in those born appropriate for gestational age is not yet 
clear, however, with some studies suggesting an additional 
effect of growth restriction and others not.165-168

Ultimately, the importance of dissecting the risk from low 
birth weight and that from prematurity may lie in the future 
potential for prevention. Given that effect estimates for risk 
of higher blood pressures were similar in the meta-analyses 
and systematic reviews cited previously, however, at present 
both conditions must be deemed important risk factors for 
subsequent high blood pressure.

Importantly, blood pressures of LBW and NBW subjects, 
although different, may be still within the normal range in 
childhood, but differences become amplified with age, such 
that adults who had been of low birth weight often experi-
ence overt hypertension that increases with age.169 Although 
the majority of studies have been conducted in white popu-
lations, generally consistent data are accumulating in other 
populations.170 An association of higher blood pressure with 
lower birth weight in African American children has been 
reported in some studies, but not all, suggesting that addi-
tional factors may contribute to the greater severity of blood 
pressure in those of African origin.170-175 An important effect 
modifier of the association with low birth weight or prema-
turity and blood pressure, noted in diverse populations, is 
current body mass index, which may override an effect of 
birth weight, especially in children at different stages of 
growth.170,176 Furthermore, in most populations, blood pres-
sures are highest in those born premature or of low birth 
weight who “catch up” fastest in postnatal weight (i.e. rapid 
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B, Meta-analysis of differences in systolic blood pressure (SBP) between subjects born preterm or very preterm and those 
born at term. Pooled SBP differences are indicated by the open diamonds and dashed vertical lines; solid vertical lines represent the null 
hypothesis. Top, Studies that adjusted for attained size; middle, Studies of only very preterm or very low-birth-weight subjects; bottom, 
higher-quality studies. (A from Mu M, Wang SF, Sheng J, et al: Birth weight and subsequent blood pressure: a meta-analysis. Arch Cardiovasc Dis 
105:99-113, 2012; B from de Jong F, Monuteaux MC, van Elburg RM, et al: Systematic review and meta-analysis of preterm birth and later systolic 
blood pressure. Hypertension 59:226-234, 2012. See original papers for full references.)

Figure 23.6, cont’d 
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programming effects appear more pronounced in males, 
and in others the differential effects of gender are modified 
by age of study, ethnicity, and body mass index.170 In a meta-
regression of 20 Nordic cohorts including 183,026 males 
and 14,928 women, a linear inverse association between 
birth weight and systolic blood pressure was present across 
all birth weights in males, which strengthened with age, 
whereas the relationship was U-shaped in women, with 
increasing risk also observed with birth weights above 
4 kg.186 Potential mechanisms whereby developmental pro-
gramming may be expressed differently in males and females 
are discussed later in this chapter and are reviewed in detail 
elsewhere.143,144

The relative importance of genetics and environmental 
factors in programming of blood pressure has been studied 
in twins.187-189 In a large Swedish cohort of 16,265 twins, the 
overall adjusted OR for hypertension was 1.42 (95% CI, 1.25 
to 1.62) for each 500-g decrease in birth weight. Consis-
tently, within like-sexed twin pairs, the ORs were 1.43 (95% 
CI, 1.07 to 1.69) and 1.74 (95% CI, 1.13 to 2.70) for dizy-
gotic and monozygotic pairs, respectively, suggesting that 
environmental factors that contributed to differences in 
birth weight had a greater impact than genetics in this 
cohort, a suggestion consistent with a developmental pro-
gramming effect.187

Nephron Number and Blood Pressure

In support of the potential association of nephron number 
and hypertension, a study of whites aged 35 to 59 years who 
died in accidents found that in 10 subjects with a history of 
essential hypertension the number of glomeruli per kidney 
was significantly lower, and glomerular volume significantly 
higher, than in 10 normotensive matched controls (Figure 
23.7).55 Birth weights were not reported in this study, but the 
investigators concluded that a reduced nephron number is 
associated with susceptibility to essential hypertension. Simi-
larly, among a subset of 63 subjects in whom mean arterial 
pressures and birth weights were available, Hughson and 
coworkers reported a significant correlation between birth 
weight and glomerular number, mean arterial pressure and 
glomerular number as well as mean arterial pressure and 
birth weight among the white but not African American 
subjects.99 Among African Americans having nephron 
numbers below the mean, however, twice as many were 
hypertensive as normotensive, suggesting a possible contri-
bution of lower nephron number in this group as well.99 The 
relationship of low birth weight and nephron number was 
similar in a study of black and white Cuban neonates72; there-
fore, it is expected that a similar relationship between low 
birth weight and low nephron number exists in the black 
population. Glomerular volumes were found to be higher 
among the hypertensive African American subjects than in 
the hypertensive whites.99 The consistent finding of larger 
glomeruli among African Americans suggests either a greater 
prevalence of low nephron number in this population as a 
result of higher prevalence of low birth weight or indepen-
dent or additional programming of glomerular size. This 
topic warrants further research attention, especially in light 
of the discovery of the APOL1 gene association with kidney 
disease among African Americans.7,11

Consistent with an association between nephron number 
and blood pressure in humans, salt sensitivity has been 

found to correlate inversely with birth weight and inversely 
with kidney size in adults and children (Figure 23.8).118,119 
In both studies salt-induced changes were independent of 
GFR, excluding confounding by renal function. Among 
1512 subjects aged 62 years, investigators found an inverse 
association between birth weight and blood pressure among 
those with birth weights less than 3050 g, with a progressive 
2.48–mm Hg (95% CI, 0.4 to 4.52 mm Hg) increase in 
blood pressure for every 1-g rise in daily salt intake up to 
10 g a day.190 Interestingly, above this threshold birth weight 
there was no association between blood pressure and salt 
intake, potentially suggesting protection against salt-
sensitivity with higher birth weights.

BIRTH WEIGHT, PREMATURITY, KIDNEY SIZE,  
AND RENAL FUNCTION
As with blood pressure, programmed changes in renal func-
tion that occur, at least in the early stages, may not be 
outside normal limits. With time or exposure to additional 
insults, however, these changes may manifest as kidney 
disease.

Glomerular Filtration Rate

The GFR, in the absence of compensatory hyperfiltration, 
should reflect the filtration surface area and, therefore, 
nephron number. Compensatory hyperfiltration is thought 

Figure 23.7 Nephron number (A) and glomerular volume (B) in white 
subjects with primary hypertension in comparison with those in con-
trols. (From Keller G, Zimmer G, Mall G, et al: Nephron number in 
patients with primary hypertension. N Engl J Med 348:101-108, 2003.)
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low-dose dopamine infusion or an oral amino acid load, was 
studied in 20-year-old subjects who had been premature and 
either small or appropriate for gestational age, and com-
pared with that in controls, who had been born at full term 
and normal birth weight.165 After renal stimulation, the rela-
tive increase in GFR tended to be lower in small-for-
gestational-age than in appropriate-for-gestational-age and 
control subjects, and ERPF was lower in both groups of 
premature subjects, although the differences did not reach 
statistical significance, likely because of small numbers. 
Reduced renal functional reserve was also observed among 
young adults with type 1 diabetic mothers, who had been 
exposed to diabetes during gestation, but not those with 
diabetic fathers, again suggesting a programming rather 
than genetic effect.64 A reduced renal reserve capacity in 
these subjects may be consistent with a programmed reduc-
tion in nephron number.

Proteinuria

One of the earliest signs of hyperfiltration, which would be 
expected in the setting of reduced nephron number and 
filtration surface area, is microalbuminuria, which may 
progress to overt proteinuria with ongoing renal injury and 
worsening hyperfiltration. Consistent with this hypothesis, 
in Aboriginal Australians who had low birth weights, the 
odds ratio for macroalbuminuria was 2.8 (95% CI, 1.26 to 
6.31) in comparison with those who had normal birth 
weights and increased with age.202 Importantly, proteinuria 
was also associated with a higher rate of cardiovascular and 
renal deaths, underscoring its clinical relevance.78 Subse-
quently, a meta-analysis including eight additional studies 
reported an OR of 1.81 (95% CI, 1.19 to 2.77) for albumin-
uria with low birth weight (see Figure 23.9.)30 As with blood 
pressure, whether prematurity modifies the association of 
birth weight with proteinuria is not always easy to dissect, 
although studies of premature children and adolescents 
show consistent findings. Among children aged 4 years who 
had been premature, albuminuria was higher in both boys 
and girls who had reached normal height (presumably 
caught up in growth), and among 19-year-olds who had 
been very preterm, albuminuria was higher among those 
who had been growth restricted, again showing the inter-
play between prematurity, growth restriction, and catch-up 
growth and later risk of disease.198,203

Analysis of 724 subjects aged 48 to 53 years who had been 
subjected to malnutrition in midgestation during the Dutch 
famine of 1944 revealed a higher prevalence of microalbu-
minuria (12%) than those subjected to malnutrition during 
early gestation (9%) or late gestation (7%), or who had not 
been exposed to the famine (4%-8%).204 Size at birth was 
not associated with the observed increase in microalbumin-
uria, however, suggesting that renal development may have 
been irreversibly affected in midgestation, although later 
gestation whole-body growth was able to catch up with res-
toration of more normal nutrition. This observation empha-
sizes the need for surrogate markers in addition to birth 
weight, in order to identify individuals at risk for renal 
programming.

A U-shaped association between birth weight and protein-
uria was described among Pima Indians, showing that the 
risk increased for birth weights less than 2.5 kg and more 
than 4.5 kg.5 The strongest predictor of proteinuria among 

not to occur in the immediate neonatal period, so measure-
ment of neonatal GFR may be a good proxy for nephron 
endowment. Consistent with this idea, amikacin clearance 
on day 1 of life, measured as a correlate for neonatal GFR, 
was found to be significantly lower in LBW and premature 
neonates than in term controls.191 Similarly, in a cohort of 
very premature children aged 7.6 years, GFR measured by 
inulin clearance, although still within the normal range, was 
significantly lower among those who had been growth 
restricted perinatally than in those who had not.192 Impor-
tantly, the GFR was lower among children who had been 
growth restricted before (in utero) or in the first weeks after 
birth (in intensive care), pointing to the role of postnatal 
nutrition in renal programming. Several studies in children 
found similar associations of decreased GFR in LBW or 
premature children; however, studies using creatinine-based 
formulas may underestimate the impact of birth weight on 
GFR, suggesting a need to validate measures of renal func-
tion in LBW and premature subjects, whose body composi-
tion may remain different over time.191,193-199 Overall a 
meta-analysis found an OR of 1.79 (95% CI, 1.31 to 2.45) 
for a reduced GFR with low birth weight (Figure 23.9).30 
Linear regression analysis in a cohort of 2192 British adults 
aged 60 to 64 years revealed that for each 1-kg decrease in 
birth weight, GFR estimated using cystatin C was reduced 
by 2.25 mL/min/1.73 m2 (95% CI, 0.69 to 3.58 mL/
min/1.73 m2).200 Taken together, these findings are consis-
tent with the hypothesis that low birth weight and prematu-
rity are risk factors for a reduced GFR. The relative 
contributions of genetics and the fetal environment on pro-
gramming of renal function were investigated in 653 twins.201 
Creatinine clearance was significantly lower in LBW than in 
NBW twins. Furthermore, intrapair birth weight differences 
were positively correlated with GFR in both monozygotic 
and dizygotic twin pairs, suggesting that fetoplacental factors 
have a greater impact than genetic factors on adult renal 
function.

To approach an understanding of the mechanism of 
reduced GFR in LBW and premature individuals, renal 
functional reserve, determined by measuring GFR and 
effective renal plasma flow (ERPF) before and after 

Figure 23.8 Correlation between birth weight and salt sensitivity in 
27 normotensive adults. (From de Boer MP, Ijzerman RP, de Jongh RT, 
et al: Birth weight relates to salt sensitivity of blood pressure in healthy 
adults. Hypertension 51:928-932, 2008.)
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Figure 23.9 Odds ratios and 95% confidence intervals (CIs) for risk of chronic kidney disease associated with low versus normal birth 
weight. The statistical size of the study was defined in terms of the inverse of the variance of the regression coefficient, indicated by grey 
squares. Dashed vertical line, the inverse variance-weighted regression through the overall point estimate. *Individual study estimates not 
adjusted for confounders or estimate are adjusted/controlled for age and/or sex only. **Estimates adjusted for additional factors. Outcome is 
aproteinuria; bdiabetic nephropathy (albuminuria or end-stage renal disease); cCKD stages 2 to 5: estimated glomerular filtration rate (eGFR) of 
60 to 90 mL/min/1.73 m2 with proteinuria ± hematuria or eGFR less than 60 mL/min/1.73 m2 or on dialysis therapy; deGFR less than 10th 
percentile for sex; and ealbuminuria or eGFR less than 60 mL/min/1.73 m2. Exposure measured as §exposure to famine midgestation (versus 
not exposed) and †ponderal index in the lower 3rd percentile (versus highest 3rd). (From White SL, Perkovic V, Cass AM, et al: Is low birth weight 
an antecedent of CKD in later life? A systematic review of observational studies. Am J Kidney Dis 54:248-261, 2009.)
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high-birth-weight subjects in this study was exposure to ges-
tational diabetes, raising the question whether gestational 
diabetes exposure, rather than birth weight per se, was  
the predominant programming risk factor.5 In a Canadian 
study, urine albumin-to-creatinine ratios were lower in 
infants of diabetic mothers than in those of nondiabetic 
mothers at 1 year of age, but were higher at 3 years, although 
independent of birth weight.205 The researchers interpret 
these findings to reflect abnormal renal programming in 
offspring of diabetic mothers, but the effects of gestational 
diabetes and high birth weight on renal programming 
require much more study.

Acute Kidney Injury

Prematurity is emerging as an important risk factor for acute 
kidney injury (AKI) in neonates, estimated to occur in 

between 12.5% and 71% depending on the population 
studied.206 In turn, AKI in very LBW infants is an indepen-
dent predictor of mortality and subsequent CKD.160 Neo-
nates in intensive care are particularly susceptible to renal 
dysfunction, not only because of potentially programmed 
risk and reduced nephron number, but also because of 
frequent exposure to nephrotoxins, which may injure the 
kidney directly and interfere with healing or nephrogene-
sis.207 A retrospective analysis of preoperative renal volume 
in neonates undergoing congenital heart surgery found 
higher peak postoperative creatinine values, and therefore 
potentially increased risk of AKI, in infants with a preopera-
tive renal volume of 17 cm3 or less.208 Neonatologists are 
working to raise awareness of the renal risk, but at present 
there is no accepted definition of renal failure in this popu-
lation. Cutoff values according to gestational age have been 
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most of these observations suggest that low birth weight is 
a risk factor for renal disease. Consistently, a meta-analysis 
of 18 studies reported an OR for CKD of 1.73 (95% CI, 1.44 
to 2.08) with low birth weight (see Figure 23.9).30 Similarly, 
in a retrospective analysis of a cohort of more than 2 million 
white children, the relative risk for development of ESKD 
was 1.7 in those with birth weights lower than the 10th per-
centile (Figure 23.11).29 In a dialysis-based study, low birth 
weight was also associated with increased risk of ESKD, but 
the OR for diabetic ESKD was also increased among those 
with birth weights higher than 4000 g (OR 2.4; 95% CI, 1.3 
to 4.2) (Figure 23.12).45 The relevance of high birth weight 
was also highlighted by the finding of a U-shaped associa-
tion of renal disease with birth weight in two large 
population-based studies, although effects differed between 
males and females in both studies, again reflecting potential 
effect modification by gender under conditions as yet not 
fully elucidated.28,29

It is likely too simplistic to assume that altered kidney 
development associated with low birth weight, prematurity, 
or other developmental stresses of themselves are enough 
to cause renal disease, but exposure to additional “hits”—
nephrotoxin exposure, AKI, glomerulonephritis—or super-
imposed developmental programming of conditions that 
are themselves risk factors for kidney disease—diabetes, car-
diovascular disease, metabolic syndrome, obesity—all likely 
exacerbate risk of renal disease.14,17,160,221 Overall, combined 
meta-analysis of 31 studies, involving more than 2 million 
subjects, concluded that individuals of low birth weight have 
a 70% increased risk for development of CKD, including 
albuminuria, reduced GFR, and renal failure in later life 
(see Figure 23.9).30 Clinical associations of developmental 
programming in the kidney are outlined in Table 23.8.

proposed.195 High creatinine values were associated with 
lower gestational age and lower birth weight Z-score. The 
risk and significant adverse consequences of AKI associated 
with prematurity therefore highlight the need for long-term 
follow-up of premature babies.206 To our knowledge, such 
studies have not been conducted in term neonates or adults 
with low birth weight; therefore, an association with AKI is 
unknown. AKI may emerge as an area of divergent risk 
between prematurity and term low birth weight, because 
nephrogenesis can continue for several weeks after birth in 
premature infants, and their kidneys may be especially vul-
nerable during this period.

Chronic Kidney Disease and End-Stage  
Kidney Disease

A case series of six patients, aged 15 to 52 years, who had 
been born prematurely with low birth weight described find-
ings consistent with secondary focal and segmental glomer-
ulosclerosis, associated with glomerulomegaly in all biopsy 
specimens (Figure 23.10).209 The investigators suggest a sus-
ceptibility to hyperfiltration and glomerulosclerosis associ-
ated with prematurity and low birth weight. Consistent with 
this suggestion, a variety of generally small studies have 
reported a greater severity of renal disease and more rapid 
progression of diverse renal diseases, including immuno-
globulin A (IgA) nephropathy, membranous nephropathy, 
minimal change disease, chronic pyelonephritis, Alport’s 
syndrome, and polycystic kidney disease, among children 
and adults who were of low birth weight.210-218 A handful 
of studies have examined the relationship between birth 
weight and diabetic nephropathy and found an increased 
susceptibility among subjects who had been growth 
restricted, although not invariably.5,213,219,220 Taken together, 

Figure 23.10 Renal biopsy findings associated with low birth weight and prematurity. A, Normal-sized control glomerulus (hematoxylin 
& eosin stain). B through E, Representative glomeruli from four patients who had been premature and of very low birth weight, demonstrating 
glomerulomegaly and segmental occlusion of glomerular capillaries by matrix accumulation and hyalinosis (PAS stain). F, Ultrastructural exami-
nation of glomerular capillary demonstrating podocyte foot process effacement (electron micrograph). (From Hodgin JB, Rasoulpour M, Markowitz 
GS, et al: Very low birth weight is a risk factor for secondary focal segmental glomerulosclerosis. Clin J Am Soc Nephrol 4:71-76, 2009.)
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weight and prematurity in humans may therefore also affect 
nephrogenesis.71 In humans, nephrogenesis begins in week 
9 of gestation and continues until about 36 weeks. Approxi-
mately two thirds of the nephrons develop during the last 
trimester, making this the time of greatest susceptibility to 
adverse effects, although earlier insults can also affect 
nephrogenesis.101,228 In rodents, nephrogenesis continues 
for up to 10 days after birth but is most active in mid- to late 
gestation, when studies show the most impact from manipu-
lation of environmental factors.228

In general terms, three processes are considered to play 
critical roles in determining nephron endowment at the 
conclusion of nephrogenesis: branching of the ureteric 
tree, condensation of metanephric mesenchymal cells at the 
ureteric branch tips, and conversion of these mesenchymal 
condensates into nephron epithelium.223-226 It has been esti-
mated that a 2% decrease in ureteric tree branching effi-
ciency would result in a 50% reduction in final nephron 
complement after 20 generations of branching.229 The spe-
cific molecular mechanisms whereby nephron numbers may 
be affected and/or their function altered, however, are not 
yet completely understood. Perturbations to the fetomater-
nal environment that result in reduced nephron endow-
ment are summarized in Table 23.9 and discussed later.

GENETIC VARIANTS ASSOCIATED WITH KIDNEY 
SIZE AND NEPHRON NUMBER IN HUMANS

Rare genetic and congenital abnormalities of the kidney 
and urinary tract (CAKUT) contribute to about 40% of all 
childhood ESKD (NAPRTCS Report 2011).229a The common 
pathology linking these malformations involves a distur-
bance of the normal interaction between the ureteric bud 
and the pool of renal progenitor cells. Of the more than 25 
mutant genes associated with monogenic forms of CAKUT, 
most encode transcription factors (e.g., PAX2, GATA3) and 
growth factor receptors (e.g., RET) expressed in ureteric 
bud/tree cells during branching morphogenesis or in inter-
mediate mesoderm (e.g., SIX2, EYA1, ROBO), where they 
set the fate of renal progenitor cells and regulate interac-
tions with the ureteric bud.

Completely dysfunctional alleles for crucial developmen-
tal genes are rare, because they produce malformations with 

PROPOSED MECHANISMS FOR 
DEVELOPMENTAL PROGRAMMING  
IN THE KIDNEY

Kidney development is a complex process involving tightly 
controlled expression of many genes and constant remodel-
ing.92,222-226 The molecular regulation of kidney development 
is exhaustively reviewed elsewhere.223-226 Many experimental 
models, as outlined in Table 23.4, have been shown to result 
in a reduced nephron number. In many of the experimental 
models of programming, reduced nephron number has 
been shown to be associated with low birth weight and sub-
sequent hypertension and renal injury. Interestingly, in 
normal rat litters, those pups with naturally occurring  
low birth weight (i.e., birth weights < −2 SD from the 
mean) were found to have a 13% reduction in nephron 
number, which was associated with glomerulomegaly and 
proteinuria.227 Low birth weight in rodents, therefore, may 
be associated with a low nephron number even in nonex-
perimental conditions. Maternal factors that affect birth 

Figure 23.11 Cumulative risk of end-stage kidney disease (ESKD) by age and birth weight (shown as percentiles). (From Vikse BE, Irgens LM, 
Leivestad T, et al: Low birth weight increases risk for end-stage renal disease. J Am Soc Nephrol 19:151-157, 2008.)
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Figure 23.12 Birth weight (kg) and risk of end-stage kidney disease 
due to diabetes mellitus (DM), hypertension (HT), or other causes. 
(From Lackland DT, Bendall HE, Osmond C, et al: Low birth weights 
contribute to high rates of early-onset chronic renal failure in the South-
eastern United States. Arch Intern Med 160:1472-1476, 2000.)
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suggesting that the modest renal hypoplasia seen with some-
what dysfunctional PAX2 and RET polymorphisms repre-
sents a reduction in congenital nephron number.105 
Newborn kidney size was reduced by 13% among Polish 
babies with a common variant of the BMPR1A gene, which 
encodes a bone morphogenetic protein receptor on ure-
teric bud cells.231 Conversely, 22% of Canadian newborns 
inherit a variant of the ALHD1A2 gene [rs7169289(G)] asso-
ciated with increased production of all-trans retinoic acid 
metabolism in fetal tissues; this retinoid is known to enhance 
RET expression in the ureteric bud, and newborns with the 
G allele were shown to have a 22% greater kidney size than 
those with the wild-type allele.232

Although final nephron number is clearly affected by 
genes regulating the extent of ureteric branching, animal 
studies also indicate that the size of the renal progenitor cell 
pool may also be rate limiting. One of the earliest transcrip-
tion factors marking the nephron progenitor cells of inter-
mediate mesoderm is OSR1; Osr1 knockout mice lack 
nephrogenic mesenchyme and are anephric at birth.233 A 
variant of the human OSR1 gene that interferes with mRNA 
splicing was identified in about 6% of normal whites.234 
This OSR1rs12329305(T) variant was associated with a 12% 
reduction in newborn kidney size. Taken together, these 

a major disadvantage. However, there is some evidence that 
mild mutations of these same genes exert subtler effects on 
renal mesenchyme/ureteric bud interactions and may be 
fairly common in the normal population (see Table 23.4). 
For example, heterozygous null alleles of the PAX2 gene 
cause the rare autosomal dominant renal coloboma syn-
drome, characterized by decreased ureteric branching 
during fetal life, sharply reduced nephron number at birth, 
and progressive renal failure in childhood. PAX2 is highly 
expressed in the ureteric bud, where it suppresses apoptosis 
and optimizes the extent of branching. Interestingly, an 
intronic PAX2 polymorphism, which reduces PAX transcript 
levels from the mutant allele by only 50%, is found in 18.5% 
of Canadians and is associated with a subtle (10%) reduc-
tion in newborn kidney size. 230 Ureteric bud branching is 
also highly dependent on GDNF signaling from the meta-
nephric mesenchyme to the ureteric bud, via the RET tyro-
sine kinase receptor on ureteric bud cells. Although no 
common hypomorphic variants of the human GDNF gene 
have been shown to affect kidney size, a polymorphic variant 
of the GDNF receptor, RET(1476A), was associated with a 
10% reduction in kidney volume at birth compared to the 
wild-type (RET 1476G) allele.105 In this study, newborn kidney 
volume was shown to be proportional to nephron number, 

Table 23.8  Clinical Associations of Renal Programming

Low Birth 
Weight Prematurity

High Birth 
Weight

Gestational 
Diabetes 
Exposure

Rapid Catch- 
Up Growth/
Overweight

Low  
Nephron 
Number

Smaller 
Kidney Size/
Weight

Increased 
Glomerular 
Volume

Increased 
blood 
pressure

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Salt sensitivity ✓ a a ✓

Reduced 
glomerular 
filtration 
rate

✓ ✓ a ✓ a ✓

Reduced renal 
functional 
reserve

✓ ✓

Proteinuria ✓ ✓ ✓ ✓ a ✓

Acute kidney 
injury 
(neonates)

✓ ✓ ✓

Chronic 
kidney 
disease

✓ ✓ ✓ ✓ a ✓ ✓

End-stage 
kidney 
disease

✓ ✓

Transplant 
outcomes

✓ ✓

Death ✓

Increased 
glomerular 
volume

✓ ✓ a ✓ ✓

Smaller  
kidney size/
weight

✓ ✓ ✓

✓, From human studies; a, evidence only from animal studies.
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Table 23.9  Proposed Mechanisms of Developmental Programming in the Kidney

Experimental Model Possible Mechanism of Nephron Number Reduction Reference(s)

Maternal low-protein diet ↑ apoptosis in metanephros and postnatal kidney
Altered gene expression in developing kidney
Altered gene methylation
↓ placental 11-βHSD2 expression → increased fetal exposure to 

glucocorticoids

236, 237, 240, 327

Maternal vitamin A restriction ↓ branching of ureteric bud
? maintenance of spatial orientation of vascular development
↓ c-Ret expression

245

Maternal iron restriction ? reduced oxygen delivery
? altered glucocorticoid responsiveness
? altered micronutrient availability
↑ inflammation
? tissue hypoxia

242, 243

Maternal Zn deficiency ↑ apoptosis
↓ antioxidant activity

244

Gestational glucocorticoid exposure ↑ fetal glucocorticoid exposure
? enhanced tissue maturation
↑ glucocorticoid receptor expression
↑ 1α– and 1β–ATPase expression
↓ renal and adrenal 11-βHSD2 expression

130, 254, 258, 392

Uterine artery ligation/embolization ↑ pro-apoptotic gene expression in developing kidney: caspase-3, Bax, 
p53

↓ anti-apoptotic gene expression: PAX2, bcl-2
Altered gene methylation
Altered renin angiotensin gene expression

135, 276

Maternal diabetes/hyperglycemia ↓ IGF-II/mannose-6-phosphate receptor expression
Altered IGF-II activity/bioavailability
Activation of NF-κB
Altered ureteric branching morphogenesis

130, 252, 255, 256

Gestational drug exposure: 150, 282, 284, 286
Gentamicin
β-Lactams
Cyclosporine
Ethanol
COX-2 inhibitors

↓ branching morphogenesis
↑ mesenchymal apoptosis
Arrest of nephron formation
? via reduced vitamin A levels
Affects prostaglandins

Maternal hypoxia ? affects expression of retinoid receptors
? increased expression of glucocorticoid receptors
? increased expression of angiopoietin-2
Accelerated aging

380

Ureteral obstruction—postnatal ↓ cell proliferation
↑ apoptosis of tubular cells
Delayed maturation of interstitial fibroblasts → interstitial fibrosis
? alteration of post-induction processes

65

Prematurity Abnormal maturation of glomeruli
? factors associated with shift from intrauterine to extrauterine 

environment
? loss of progenitor cell populations

94, 393

11β–HSD2, 11β-hydroxysteroid dehydrogenase type 2; ATPase, adenosine triphosphatase; COX-2, cyclo-oxygenase-2; IGF, insulin-like 
growth factor; NF-κB, nuclear factor kappaB; ↑, increased; ↓, decreased; →, leads to.

observations suggest that final nephron endowment may 
represent a complex polygenic trait determined by the addi-
tive effects of multiple genes regulating either the extent of 
ureteric branching or the renal progenitor cell pool during 
fetal life. As reviewed by Walker and Bertram, full or partial 
deletion of more than 25 genes has been shown to result in 
kidney hypoplasia, and deletion of several of these genes 
results in low nephron endowment.226 Not all have been 
studied in humans, so the impact of genetic variation on 

nephron endowment alone and in the context of develop-
mental stresses and the risk of later-life hypertension and 
renal disease requires further study.

MATERNAL NUTRIENT RESTRICTION

In humans, maternal malnutrition, as measured by hemo-
globin, triceps skinfold thickness, or lower weight gain 
during later pregnancy, have all been found to be associated 
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reduction in nephron number in the setting of vitamin A 
deficiency is likely mediated at least in part by modulation 
of genes regulating branching morphogenesis.245 In vivo, a 
vitamin A–deficient diet sufficient to reduce circulating 
vitamin A levels by 50% in pregnant rats resulted in a 25% 
reduction in nephron endowment in the offspring, whereas 
supplementation of vitamin A increased nephron endow-
ment.245 In contrast, supplemental retinoic acid was exam-
ined in another study as a means to stimulate nephrogenesis 
in postnatal preterm baboons, but no effect was observed, 
suggesting a more proximal period in which vitamin A may 
be most critical.246

It is interesting to note that smoking and alcohol intake 
may be associated with reduced levels of circulating vitamin 
A, and both, in pregnancy, are associated with low birth 
weight. In sheep, repeated ethanol exposure during the 
second half of pregnancy resulted in an 11% reduction in 
nephron number.247 There has been a single abstract sug-
gesting the effect of maternal alcohol ingestion on kidney 
development in children, but whether the effects are medi-
ated by associated vitamin A deficiency or other mecha-
nisms is not known.71 Subtle differences in vitamin A level 
during pregnancy, therefore, may be a significant factor 
contributing to the wide distribution of nephron number 
in the general population.71

With recognition of the importance of nutrition during 
pregnancy and after birth, maternal and neonatal replace-
ment of micronutrients has been implemented as a public 
health policy in several countries.248 From a global review, 
the incidence of low birth weight was reduced by 19% with 
iron and folate supplementation and by 11% to 13% with 
multi-micronutrient supplements, and balanced energy 
supplementation increased birth weights by a mean of 73 g 
and reduced the risk of being small for gestational age by 
34%.248,249 Vitamin A supplementation did not affect birth 
weight but did improve child mortality.248,250 Interestingly, 
children of mothers who received folate or a preparation 
containing folate + iron + zinc during pregnancy in addition 

with higher offspring blood pressures, suggesting a pro-
gramming effect.235 Experimental alterations in rat mater-
nal dietary composition at different stages of gestation have 
been shown to program kidney gene expression early in the 
course of gestation, which later affects nephron number 
(Table 23.9).236 Fetal nutrient supply is also affected by alter-
ations in placental blood flow. Maternal protein and calorie 
restriction during all or the later stages of pregnancy have 
been the most widely studied models of low birth weight and 
reduced nephron number. Not all low-protein diets have the 
same programming effects, however. It has been proposed 
that relative deficiencies of specific amino acids—methionine 
or glycine, for example—may have a greater impact on 
organ development than total protein restriction per se, 
potentially through epigenetic modulation of gene expres-
sion.32,237 Use of the model of uterine ischemia in the rat 
showed that restoration of good fetal nutrition postnatally, 
during ongoing nephrogenesis, resulted in restoration of 
nephron number, further emphasizing the critical impor-
tance of nutrition during renal development.93 Greater fetal 
exposure to glucocorticoids has been proposed as a mecha-
nism whereby low-protein diet reduces nephron number, 
which is discussed later.238 Other potential mechanisms 
include: reduced renal angiogenesis, associated with 
reduced expression of vascular endothelial growth factor 
(VEGF), observed in offspring of mothers exposed to 50% 
calorie restriction during gestation239; global downregula-
tion of gene expression in fetal kidneys of microswine 
exposed to low-protein diet in late gestation/early lacta-
tion240; and altered epigenetic DNA methylation, which may 
affect gene expression, which has been described in the 
livers of offspring of protein-restricted mothers.241 Taken 
together, findings of these studies suggest that many of the 
processes that occur during kidney development are likely 
affected by maternal diet.

In terms of micronutrients, maternal iron restriction during 
pregnancy has also been found to lead to reductions in birth 
weight and nephron number and to the development of 
hypertension in rat offspring.242 In another study, offspring 
of iron-deficient dams had reduced radial glomerular counts 
and increased tubulointerstitial fibrosis, which were reversed 
with iron supplementation during gestation.243 Conceivably, 
fetal anemia may result in reduced tissue oxygen delivery, 
altered fetal kidney glucocorticoid sensitivity, or altered 
availability of other micronutrients that may affect nephro-
genesis.242 Similarly, pre- or post-weaning zinc deficiency was 
also found to be associated with decreased nephron number, 
reduced GFR, and higher blood pressures in rats, effects 
that were potentially mediated by reduction in the antioxi-
dant, anti-apoptotic effects of zinc.244

Maternal vitamin A restriction has also been associated with 
a reduction in nephron number in offspring.87,245 Severe 
vitamin A deficiency during pregnancy is associated with 
congenital malformations and renal defects in offspring. 
Vitamin A and all-trans retinoic acid have been shown to 
stimulate nephrogenesis through modulation of ureteric 
branching capacity in ureteric epithelial cell culture, and 
participate in maintenance of spatial organization of blood 
vessel development in cultured renal cortical explants.245 
Analysis of 21-day-old fetal rats (just before birth) revealed 
a direct correlation between plasma retinol concentration 
and nephron number, as shown in Figure 23.13.245 The 

Figure 23.13 Nephron number and plasma retinol concentration in 
term rat fetuses. (From Merlet-Benichou C: Influence of fetal environ-
ment on kidney development. Int J Dev Biol 43:453-456, 1999.)
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activity of tubular NHE3.258 These changes may contribute 
to hypertension.

In humans there has been concern about perinatal expo-
sure to corticosteroids; however, follow-up of subjects whose 
mothers participated in a randomized placebo-controlled 
study of antenatal betamethasone did not find any differ-
ence in blood pressure or other cardiovascular risk factors 
at age 30 years between exposed and unexposed individu-
als.259 Similarly, no effect on blood pressure or renal func-
tion was noted within the first 2 years of life among 
premature infants who had received antenatal steroids in 
comparison with those who had not.164,260 The short-term 
use of perinatal corticosteroid administration therefore 
does not appear to have major long-term consequences in 
humans, although the effects of long-term use (e.g., through-
out pregnancy) has not been studied.

FETAL EXPOSURE TO HYPERGLYCEMIA AND  
THE ROLE OF INSULIN-LIKE GROWTH FACTORS 
AND THEIR RECEPTORS

As discussed previously, in some populations high birth 
weight is associated with an increased susceptibility to pro-
teinuria and renal disease (see Figure 23.12).5,36,45 High 
birth weight is a complication of gestational hyperglycemia 
and diabetes and may therefore also be a surrogate marker 
of abnormal intrauterine programming. In offspring of rats 
rendered hyperglycemic during pregnancy either by induc-
tion of diabetes mellitus with streptozotocin or by infusion 
of glucose from gestational days 12 to 16, nephron numbers 
were reduced by 10% to 35%, correlating with the degree 
of maternal hyperglycemia (Figure 23.14).261 Furthermore, 
culture of metanephroi in varying glucose concentrations 
demonstrated that tight glucose control is necessary for 
optimal metanephric growth and differentiation. In mice, 
offspring of diabetic mothers had fewer nephrons, a finding 
associated with increased evidence of apoptosis in tubules 
and podocytes, potentially mediated via increased renal 
angiotensinogen and renin mRNA expression and nuclear 

to vitamin A supplementation in the early postpartum 
period in Nepal showed no change in blood pressure but 
had less microalbuminuria, suggesting a potential program-
ming effect of these micronutrients.251 Very high doses of 
vitamin A, however have been shown to be teratogenic and 
to reduce nephrogenesis; therefore, vitamin A supplemen-
tation as a strategy to “rescue nephron number should 
target normalization of vitamin A levels and avoid excess.252 
Folate is not known to impact renal development, but it 
does affect gene methylation, and folate deficiencies may 
program epigenetic effects.241 Diastolic blood pressures 
appeared marginally lower (0.78 mm Hg; 95% CI, 0.16 to 
1.28) in 4.5-year-old children whose mothers had received 
early prenatal food supplements at the usual time in Ban-
gladesh, but were marginally higher (0.87 mm Hg; 95% CI, 
0.18 to 1.56) among those whose mothers had received a 
multimicronutrient supplement during pregnancy.253 GFRs 
were 4.98 mL/min/1.73 m2 higher in children whose 
mothers had received higher-dose iron supplementation, 
however.253 Potential confounding factors or effect modifi-
ers in these cohorts include baseline vitamin A supplemen-
tation, which may have an overriding renal programming 
effect in all subjects, as well as frequent persistent malnutri-
tion and stunting. Long-term follow-up of children of 
mothers who receive supplements during pregnancy is 
sparse and, thus far, does not consistently suggest a positive 
effect on renal programming. The effects should become 
clearer as cohorts of children age and more data emerge.248,253

FETAL EXPOSURE TO GLUCOCORTICOIDS

Under normal circumstances, the fetus is protected from 
exposure to excess maternal corticosteroids by the placental 
enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-
HSD2), which metabolizes corticosterone to the inert 
11-dehydrocorticosterone.19 Prenatal administration of 
dexamethasone, a steroid not metabolized by 11β-HSD2, 
leads to fetal growth restriction, a 20% to 60% reduction in 
nephron number, glomerulomegaly, and subsequent hyper-
tension in rats and sheep.84,88,158,254 Similar effects have been 
seen with lower levels of placental 11β-HSD2 in rats and 
humans with mutations in the 11β-HSD2 gene, in whom 
birth weights are low and hypertension develops prema-
turely.255,256 Maternal low-protein diet during gestation has 
been shown to result in decreased placental expression of 
11β-HSD2, therefore likely increasing exposure of the fetus 
to maternal corticosteroids.32,130 Treatment of pregnant rats 
fed a low-protein diet with an inhibitor of steroid synthesis 
ameliorates the programming of hypertension and increases 
nephron numbers in the offspring.19,32,257 Although reversal 
of effects was not complete, these data strongly implicate 
glucocorticoids as modulators of nephrogenesis in the 
setting of maternal low-protein diet.257 Excessive fetal steroid 
exposure may then drive inappropriate gene expression 
and affect growth and nephrogenesis, potentially through 
more rapid maturation of tissues.32 Furthermore, expression 
of steroid-responsive receptors, including the corticosteroid-
responsive renal Na+-K+-ATPase α1- and β1-subunits, was 
found to be significantly greater in offspring of rats fed a 
low-protein diet during gestation.130 In another study, pre-
natal dexamethasone was associated with increased proxi-
mal tubule sodium transport, in part related to higher 

Figure  23.14 Effects of maternal hyperglycemia (HG) on nephron 
number in rat offspring. (From Amri K, Freund N, Vilar J, et al: Adverse 
effects of hyperglycemia on kidney development in rats: in vivo and in 
vitro studies. Diabetes 48:2240-2245, 1999.)
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whose mothers receive low-protein diets and those whose 
mothers receive normal-protein diets, but by day 15, there 
are significantly fewer cells per metanephros in the low-
protein group. In contrast, a significant increase in the 
number of apoptotic cells was observed in the low-protein 
group at day 13 but not at day 15, suggesting that increased 
apoptosis on day 13 likely contributed to the reduced  
cell numbers on day 15.236 On postnatal day 1 in kidneys 
from offspring of mothers exposed to 50% calorie restric-
tion, apoptosis was most evident in the nephrogenic zone 
and co-localized to the mesenchyme and peritubular aggre-
gates, suggesting a role in modulation of nephrogenesis.269 
In 8-week-old hypertensive LBW rat offspring of mothers 
subjected to a low-protein diet, the kidneys were histologi-
cally normal but also showed evidence of increased apopto-
sis, without an increase in proliferation, in comparison  
with NBW controls.89 The increase in apoptotic activity 
observed in the kidney in these studies suggests possible 
successive waves of apoptosis at different stages of nephro-
genesis in programmed rats that may impact nephron 
endowment.

Several studies have suggested that altered regulation of 
apoptosis in the developing kidney may be due to down-
regulation of anti-apoptotic factors (e.g., Pax-2, Bcl-2) and/
or upregulation of pro-apoptotic factors (e.g., Bax, p53, Fas 
receptor, caspases 3 and 9) in response to environmental or 
other stimuli.269-273 Humans with haploinsufficiency of PAX2 
have renal coloboma syndrome, and those with certain 
PAX2 polymorphisms have smaller neonatal kidney size, as 
discussed above.230,270,274 PAX2 is an anti-apoptotic transcrip-
tional regulator that is highly expressed in the branching 
ureteric tree as well as in foci of induced nephrogenic mes-
enchyme during kidney development.270 Porteous and 
colleagues reported that heterozygous mice with Pax2 
mutations were very small at birth and had significant reduc-
tions in nephron number. In addition, there was a signifi-
cant increase in apoptotic cell death in the developing 
kidneys. Subsequently, the same group demonstrated that 
loss of Pax2 anti-apoptotic activity reduced ureteric branch-
ing and increased ureteric apoptosis.274 Similarly, loss of the 
anti-apoptotic factor Bcl-2 and gain of function of the pro-
apoptotic factor p53 are both associated with a significant 
reduction in nephron number, which is also associated with 
increased apoptosis in metanephric blastemas, in Bcl-2 
knockout mice and p53 transgenic mice.271,275

Mutant mouse models, although providing evidence that 
an increase in apoptosis results in reduced nephron 
numbers, do not address the impact of environmental 
factors on renal development. Pham and associates exam-
ined gene expression in the kidneys of offspring of rats 
subjected to uterine artery ligation during gestation.276 
These researchers found a 25% reduction in glomerular 
number associated with evidence of increases in both apop-
tosis and pro-apoptotic caspase-3 activity in the kidney at 
birth. Furthermore, they found evidence of increased 
mRNA expression of the pro-apoptotic genes Bax and p53 
and decreased expression of the anti-apoptotic gene Bcl-2. 
They also found evidence of hypomethylation of the p53 
gene, which in addition to a decrease in Bcl-2 expression 
would lead to an increase in p53 activity, suggesting pro-
gramming of a pro-apoptotic milieu as a potential modula-
tor of nephron endowment.

factor-kappaB (NF-κB) activation.136 Other researchers 
suggest altered branching morphogenesis, increased asym-
metric dimethylarginine,11 and reduced nitric oxide levels 
as potential mediators of reduced nephron numbers in off-
spring of diabetic mothers.262,263 These offspring demon-
strated higher blood pressures and renal hypertrophy and 
had greater tubulointerstitial injury than controls, and these 
changes were abrogated by normalization of asymmetric 
dimethylarginine (ADMA) levels through maternal supple-
mentation with L-citrulline.263 Multiple pathways are there-
fore likely implicated in hyperglycemia-induced renal 
programming. In terms of effects on renal function, studies 
of adult rat offspring of diabetic mothers revealed glomeru-
lar hypertrophy, reductions in GFR and renal plasma flow, 
hypertension, and decreased endothelium-mediated vasodi-
lation, suggesting that programming of hypertension in off-
spring of diabetic mothers may be multifactorial.264,265

Human offspring of diabetic pregnancies have a higher 
incidence of congenital malformations, resulting from 
defects in early organogenesis.266 Furthermore, it is known 
that expression and bioavailability of the insulin-like growth 
factors (IGFs) are altered in diabetic pregnancies and that 
IGFs and their binding proteins are important regulators of 
fetal development.266 The impact of maternal diabetes on 
metanephric expression of IGFs and their receptors was 
studied in rats in which diabetes was induced by streptozoto-
cin in comparison with gestational age–matched normal 
controls.266 There was no significant difference in IGF-1 or 
IGF-II or insulin receptor expression at any stage, but in 
offspring of diabetic mothers, there was a significantly 
increased expression of the IGF-II/mannose-6-phosphate 
receptor. This receptor tightly regulates the action of IGF-II, 
and an increase in expression would lead to reduced IGF-II 
bioavailability.266 IGF-II is a critical player in renal develop-
ment. The same investigators examined the role of IGF 
binding protein-1 (IGFBP-1) on nephrogenesis in geneti-
cally modified mice.267 Offspring of females overexpressing 
human IGFBP-1 were growth restricted and had an 18% to 
25% reduction in nephron number, depending on whether 
human IGFBP-1 was overexpressed in the mother only, the 
fetus only, or both. When metanephroi from these mice 
were cultured in the presence of IGF-I or IGF-II, only IGF- 
II increased nephron numbers by 25% to 40% in a 
concentration-dependent manner.267 Interestingly, in a 
cohort of preterm infants, diastolic blood pressure at age 4 
years was found to correlate positively with IGFBP-1 levels 
measured at postnatal weeks 32.6 through 34.6, suggesting 
a programming effect of this pathway in humans.268

APOPTOSIS

To evaluate at which stage of development a low-protein diet 
affects nephrogenesis, Welham and colleagues studied 
embryonic rat metanephroi at different time points.236 At 
embryonic day 13, the metanephros has just formed, the 
ureteric bud has branched once, branch tips were sur-
rounded by condensed mesenchyme that later transforms 
into tubule epithelium, and the ureteric stalk is surrounded 
by loose stromal mesenchyme.236 By day 15, multiple branch-
ing cycles have occurred and primitive nephrons begin to 
be form.236 At embryonic day 13, there is no difference 
in the number of cells in metanephroi between embryos 
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nephrogenesis was affected even at therapeutic doses of 
penicillins in the rat, a finding that warrants further research 
on these antibiotics, which are frequently used in human 
pregnancy. The mechanism whereby the β-lactams reduce 
nephron endowment is likely through an increase in apop-
tosis in the induced mesenchyme.87

The immunosuppressive medication cyclosporine is a 
known nephrotoxin in humans that crosses the placenta. 
Women treated with this medication may have successful 
pregnancies, although their infants tend to have birth 
weights in the low range, and its effect on the fetal kidney 
is not well described.285 Cyclosporine administration in 
varying doses and at different stages of gestation was com-
pared in pregnant rabbits and rabbits receiving either 
vehicle or no drug.285 Cyclosporine administration in the 
later, but not the earlier, period of gestation resulted in 
smaller litters and growth-restricted pups. All pups exposed 
to cyclosporine in utero had a 25% to 33% reduction in 
nephron number compared with controls. The reduction 
in nephron number was accompanied by glomerulomegaly 
and was independent of birth weight. At 1 month of age, 
the kidneys of the exposed pups also demonstrated foci of 
glomerulosclerosis. Subsequent functional evaluation of the 
kidneys of rabbits exposed to cyclosporine in utero demon-
strated a reduction in GFR at 18 and 35 weeks of age and 
an increase in proteinuria at 11, 18, and 35 weeks of age.150 
Spontaneous hypertension developed by 11 weeks of age in 
rabbits exposed to cyclosporine in utero and worsened with 
time.150 In the presence of cyclosporine, nephron formation 
was found to be arrested, potentially owing to inhibition of 
conversion of metanephric mesenchyme to epithelium.87

Nonsteroidal antiinflammatory drugs are sometimes used in 
premature neonates. Administration of a cyclo-oxygenase-2 
(COX-2) inhibitor but not a cyclo-oxygenase-1 inhibitor 
postnatally in rats and mice resulted in reduced cortical 
volume, impairment of nephrogenesis, and smaller glomer-
ular diameter.286 Administration of indomethacin or ibupro-
fen postnatally did not affect nephron number in rats.283 In 
the preterm baboon kidney, early postnatal administration 
of five doses of ibuprofen (consistent with recommended 
dosing in premature infants with patent ductus arteriosus) 
was associated with a reduction in width of the nephrogenic 
zone, suggesting premature termination of nephrogene-
sis.287 The impact of these medications on human nephro-
genesis is not known.

OBSTRUCTION OF THE DEVELOPING KIDNEY

Congenital urinary tract obstruction and vesicoureteric 
reflux may be associated with poor long-term renal out-
comes in humans, and perinatal obstruction may lead to 
reduced nephron numbers.288 To explore this issue, normal 
rats underwent unilateral ureteral obstruction or sham 
operation either on postnatal day 1 with relief on day 5, or 
on postnatal day 14 with relief on day 19.65 Renal growth 
after 3 months was reduced by 50% in the day 14 group and 
by 30% in the day 5 group, although nephron number was 
reduced by 50% in both groups. Similar intervention in 
adult rats did not affect nephron number. This study dem-
onstrated that urinary obstruction in a normal developing 
kidney can impact nephrogenesis. Importantly, temporary 
neonatal obstruction was also associated with histologic 

GLIAL CELL LINE–DERIVED NEUROTROPHIC 
FACTOR AND C-RET RECEPTOR FUNCTION

GDNF signaling through its receptor-tyrosine kinase Ret is 
a key ligand-receptor interaction driving ureteric budding 
and branching. C-Ret is expressed on the tips of the ureteric 
bud branches, and knockout of this receptor in mice leads 
to severe renal dysplasia and reduction in nephron 
number.222 Homozygous GDNF null mutant mice have com-
plete renal agenesis and die shortly after birth.277 Heterozy-
gous GDNF mice, as described previously, have reduced 
nephron numbers, demonstrate glomerulomegaly, and are 
susceptible to hypertension.125 Polymorphisms in RET but 
not GDNF are associated with newborn renal size in 
humans.105,278 As described previously, maternal dietary 
vitamin A has a significant impact on nephrogenesis (see 
Figure 23.13). In cultured metanephroi, the expression of 
c-Ret has been found to be regulated by retinoic acid sup-
plementation in a dose-dependent manner.245 GDNF expres-
sion was not affected by vitamin A fluctuations. Modulation 
of c-Ret expression is therefore likely to be a significant 
pathway through which vitamin A availability regulates 
nephrogenesis and nephron endowment.

FETAL DRUG EXPOSURE

Among 397 pregnant women in one study, antibiotic use was 
associated with a 138-g lower offspring birth weight in com-
parison with no antibiotic use.279 Furthermore, analysis of 
methylation levels of imprinted genes showed antibiotic use 
to be associated with methylation at five differentially medi-
ated regions, although methylation at only one region was 
associated with birth weight.279 Although the study was small 
and the data on antibiotic use were self-reported, these find-
ings suggest a programming effect of antenatal antibiotic 
use. Several medications commonly used during pregnancy 
or early postnatally have been studied for their effects on 
nephrogenesis. The aminoglycoside antibiotic gentamicin, 
administered to pregnant rats, results in a permanent 
nephron deficit in offspring.280 A significant reduction in 
nephron number has been observed in metanephric 
explants cultured in the presence of gentamicin.281 In cul-
tured metanephroi in one study, within 8 hours of adminis-
tration, gentamicin was localized to the growing tips of 
ureteric buds and the surrounding blastema, and within 24 
hours, gentamicin exposure was associated with a significant 
reduction in the number of branch points.282 In contrast, 
however, another study did not find a reduction in nephron 
number in rat pups administered gentamicin intraperitone-
ally from birth to 14 days of age.283 Taken together, these 
studies suggest an early window of action for gentamicin 
that may be relevant for premature infants.

The β-lactams have also been shown to result in impaired 
nephrogenesis.284 Administration of ampicillin to pregnant 
rats led to an 11% average reduction in nephron endow-
ment in offspring as well as evidence of focal cystic tubule 
dilation and interstitial inflammation. Administration of cef-
triaxone in vivo did not result in a nephron deficit, but there 
was histologic evidence of renal interstitial inflammation. 
The penicillins were also found to inhibit nephrogenesis in 
cultured metanephroi in a dose-dependent fashion, an 
effect that was less evident with ceftriaxone. Importantly, 
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of hypertension, possibly differentially altering the balance 
between vasoconstriction and vasodilation and sodium han-
dling.143,290 Furthermore, growth-restricted male rats exhibit 
higher levels of markers of renal oxidative stress than con-
trols, findings that are absent in similarly programmed 
females, and antioxidant treatment normalized blood pres-
sure in the male rats.144,291 Multiple other suggested mecha-
nisms underlying these gender differences have been 
expertly reviewed by Ojeda and colleagues and as summa-
rized in Figure 23.15.144,290

POTENTIAL FOR RESCUE OF NEPHRON NUMBER

Given the evidence for developmental programming of 
hypertension and kidney disease, and the associations with 
birth weight, prematurity, other intrauterine exposures and 
the impact of nutrition in early childhood, it is possible that 
interventions could be designed to modulate developmen-
tally programmed changes in the kidney and reduce long-
term disease risk. Optimization of maternal health and 
nutrition prior to and during pregnancy to attenuate any 
risk factors for low birth weight and prematurity is the  
most obvious intervention, as it has been estimated that 
intrauterine factors determine around 60% of the variation 
in birth weight.292 In addition, minimization of nephrotoxin 

scarring and loss of function of the contralateral kidney in 
1-year-old rats, suggesting consequent programming in the 
contralateral kidney as well.289

IMPACT OF SEX

In some experimental models and human studies, although 
not all, programming effects on blood pressure and kidney 
function appear different in males and females, especially 
at young ages. In female rats with similar programmed 
reductions in nephron numbers, blood pressures are often 
not as high as in males, or they increase much later.89,290 Sex 
hormones have been implicated as contributing to these 
differences. Growth-restricted males (induced by uterine 
artery ligation) have higher testosterone levels than con-
trols, and hypertension can be abrogated by castration.290 
Such changes are not observed in male offspring of protein-
restricted mothers, however, pointing to the intricacies of 
the programming models. In female rats growth restricted 
by placental insufficiency, hypertension develops only late 
but onset can be accelerated by ovariectomy.290 These data 
suggest that in the uterine ischemia programming model, 
testosterone exacerbates and estrogen protects against 
hypertension. Sex differences in relative expression of com-
ponents of the RAAS appear to participate in programming 

Figure 23.15 Potential differing mechanisms affecting developmental programming of blood pressure in males (A) and females (B). ACE, 
Angiotensin-converting enzyme; Ang, angiotensin; RAS, renin angiotensin (aldosterone) system. (From Ojeda NB, Intapad S, Alexander BT: Sex 
differences in the developmental programming of hypertension. Acta Physiol (Oxf) 210:307-316, 2014; reviews mechanisms detail.)
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study as a potential pathway to augment final nephron 
number.300 They evaluated glomerular number from post-
natal day 7 to day 28 in normal mice. Maximal nephron 
number was seen at day 7, with a subsequent regression and 
plateau at day 18. Such a time course would need to be 
studied in growth-restricted animals before any potential 
intervention to inhibit this regression could be tested.

CATCH-UP GROWTH

Postnatal nutrition is important for infant growth, especially 
in the setting of prematurity or growth restriction, and can 
affect nephron number and long-term renal function, as 
discussed previously.160,192 In one study already described, 
cross-fostering of growth-restricted newborn rats (induced 
by placental insufficiency) on normal mothers permitted 
restoration of normal nephron number and prevented sub-
sequent hypertension, demonstrating the potential “rescue” 
effect of adequate postnatal nutrition.93 Postnatal overfeed-
ing of LBW rats, induced by reduction of litter size to three 
pups, however, did not augment low nephron numbers, and 
with aging, rats became obese and hypertensive and dem-
onstrated renal injury.301 In this model, even though the 
mother is switched to a normal-protein diet at time of deliv-
ery, the pups may remain somewhat protein deficient 
despite consuming larger quantities of milk—unlike with 
cross-fostering, which provides normal milk immediately—a 
difference that may explain why nephron number remained 
low and underscores the importance of diet composition. 
In contrast, overfeeding of NBW rats led to higher-than-
normal nephron numbers, despite which high blood pres-
sure and renal injury developed over time.114 These animal 
data suggest that restoration of normal dietary components 
after growth restriction may permit some reversal of pro-
grammed changes but that overfeeding is harmful.

In diverse populations worldwide, rapid “catch-up” growth 
(defined as upward crossing of weight centiles) or an 
increase in body mass index, even in children of normal 
birth weight, is associated with higher blood pressures and 
increased cardiovascular risk.302-304 On the other hand, 
catch-up growth has been advocated in poorer countries to 
improve child survival from infectious diseases and reduce 
stunting and malnutrition.305 The timing of catch-up growth 
in early infancy and childhood, which tends to occur rapidly 
in LBW children when adequate nutrition is available, 
appears to be a crucial factor in determining this long-term 
risk.304-307 The importance of birth weight and catch-up 
growth was examined in a cohort of 22-year-old subjects, in 
whom systolic blood pressure was observed to increase by 
1.3 mm Hg (95% CI, 0.3 to 2.3 mm Hg) for each standard 
deviation decrease in birth weight, and to increase by 
1.6 mm Hg (95% CI, 0.6 to 2.7 mm Hg) for each standard 
deviation increase in weight gain between the ages of 1 and 
10 years.308 Such observations have been reproduced in 
several populations, together with evidence of increased 
arterial stiffness and greater prevalence of cardiovascular 
risk factors in early childhood after rapid growth, with chil-
dren who had been of low birth weight but became over-
weight being at highest risk.181,302,306 Low birth weight 
independently predicted both proteinuria and obesity in a 
rural Canadian cohort, demonstrating likely simultaneous 
programming of multiple risk factors for kidney disease.309 

exposure and attention to neonatal nutrition in premature 
infants are important to permit optimal nephrogenesis after 
birth. Specific interventions that may augment nephron 
number per se have been investigated, some clinically fea-
sible and others still in research stages (see Table 23.4). 
Interventions to modulate other aspects of developmental 
programming in the kidney have not yet been reported, but 
it could be assumed that the effects may be similar to those 
affecting nephrogenesis.

Prevention is likely more realistic than rescue of low 
nephron number. Ouabain is a highly specific ligand for 
Na+-K+-ATPase, the activity of which is known to be reduced 
in erythrocytes of LBW young men.293,294 Na+-K+-ATPase is a 
ubiquitously expressed plasma membrane protein that reg-
ulates the release of calcium waves and thereby is an impor-
tant regulator of early development.293 In vitro, addition of 
ouabain to the medium of metanephroi in culture was 
found to abrogate the effect of serum starvation on ureteric 
branching.293 Similarly, in vivo, ouabain administration 
throughout pregnancy prevented the reduction in nephron 
number in rats subjected to maternal low-protein diet.293 
Whether ouabain can rescue nephron number if given late 
in pregnancy was not addressed in this study. Supplementa-
tion of glycine, urea, or alanine to a maternal low-protein 
diet prevented development of low nephron numbers in rat 
offspring, but only glycine supplementation prevented sub-
sequent hypertension.32 Intriguingly, water restriction of rat 
mothers during gestation resulted in augmentation of 
normal nephron number but also induced hypertension in 
the offspring. The researchers implicated vasopressin as a 
mediator of this programming effect.295

Vitamin A deficiency is common among women in poorer 
nations, and in animals is associated with reduced nephron 
number, as discussed previously.245,296 In rats exposed to 
maternal low-protein diet, nephron numbers were restored 
to normal by one dose of retinoic acid given to the pregnant 
dams during early nephrogenesis.297 In preterm baboons, 
however, postnatal administration of retinoic acid did not 
rescue nephron number, suggesting that vitamin A is likely 
necessary earlier in gestation.246 These baboons also received 
postnatal antibiotics, which may have confounded the effect 
of the vitamin A.

Postnatal nutrition is an important modulator of kidney 
development, especially in premature infants. Restoration 
of normal protein intake by cross-fostering growth-restricted 
pups onto normal mothers after birth rescued nephron 
number and prevented hypertension, compared to those 
fed by protein-deficient mothers.93

A maternal single kidney may affect fetal kidney develop-
ment. In offspring of rats that had undergone nephrectomy 
prior to pregnancy, nephron numbers were increased at 
birth, although not at 6 weeks.298,299 A circulating renotro-
phic factor in the mother may therefore accelerate nephro-
genesis but does not appear to affect final nephron number. 
How these observations would apply in humans is difficult 
to extrapolate, because outcomes may differ according to 
the mother’s age, whether she has a congenital or acquired 
single kidney, and whether the kidney is a transplant, with 
the attendant required medications that in turn may affect 
nephrogenesis.

Modulation of regression of nephron number, although still 
hypothetical, has been suggested by the researchers of one 
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been observed in diseased human kidneys.319 In animals, 
rapid weight gain in growth-restricted animals has been 
found to be associated with evidence of accelerated senes-
cence in the kidney and cardiovascular system and with 
premature death, consistent with accelerated aging.317,320,321 
Senescence markers are not more highly expressed at  
birth in growth-restricted than in NBW animals, but they  
do increase more rapidly as the growth-restricted animals 
age.320 Hyperfiltration in a small kidney, exacerbated by 
high metabolic demand from increasing body size, likely 
contributes to ongoing injury and progressive senes-
cence.319,320 Senescence markers have not been studied in 
LBW human kidneys, but leukocyte telomere length was 
found to be significantly shorter among 5-year-old Bangla-
deshi children who had been of low birth weight than in 
those of normal birth weight, lending support to this 
hypothesis.322,323 Oxidative stress is a driver of senescence, 
and in small-for-gestational-age children, markers of oxida-
tive stress were higher in those who experienced catch-up 
growth than in controls, suggesting oxidative stress as a pos-
sible initiator of accelerated senescence.324 A programmed 
link between low nephron number, catch-up growth, and 
accelerated senescence as a potential mediator of hyperten-
sion and renal disease in humans has yet to be proven.325,326

TRANSGENERATIONAL EFFECTS OF PROGRAMMING
In a population-based cohort of women, the odds of 
pregnancy-associated gestational diabetes or gestational 
hypertension (including preeclampsia and eclampsia) 
among those who had been born premature were signifi-
cantly increased and were higher with lower gestational  
age at birth.163 Gestational hypertension and preeclampsia 
are risk factors for low birth weight and prematurity, and 
gestational diabetes is a risk factor for high birth weight; 
therefore, the offspring of pregnancies affected by these 
conditions were likely at risk for programmed hypertension 
and renal dysfunction, including gestational hypertension. 
The cycle could therefore continue.

Risk factors for childhood overweight and obesity also 
include high birth weight and exposure to gestational dia-
betes.310 Obesity, in turn, is a risk factor for renal disease.311 
Finding the balance at which postnatal nutrition is opti-
mized to improve short-term survival and reduce long-term 
risk of chronic disease requires further study. In general, 
avoidance of overweight through diet and exercise are likely 
safe principles.312,313

IMPACT OF EARLY GROWTH ON KIDNEY FUNCTION
Grijalva-Eternod and colleagues developed a model to test 
whether “mismatch” between a small kidney and a (rela-
tively) larger body, as would occur with catch-up growth and 
overweight in a person who had been born small, is associ-
ated with hypertension.314 Birth weight was presumed to 
reflect the homeostatic metabolic capacity of the kidney and 
childhood body composition to reflect the metabolic load. 
When the model was applied to a birth cohort of children, 
a high metabolic load, relative to innate metabolic capacity, 
was found to be associated with higher blood pressures 
(Figure 23.16). Consistent with this hypothesis, proteinuric 
renal disease progressed faster in children who had been 
born prematurely and became obese than in those who were 
not obese.315 In this study, all obese children, whether born 
at term or prematurely, were found to have glomerulomeg-
aly, although kidney size remained small in all those born 
prematurely, even among the obese. Similarly, excessive 
weight gain was a predictor of worse renal function at age 
7.5 years in a cohort of very LBW premature infants who 
had experienced acute kidney injury as neonates.316

Accelerated senescence has been proposed as a potential 
mechanism whereby catch-up growth may increase the risk 
of cardiovascular and renal disease.317 Senescence is a state 
of cellular growth arrest that naturally occurs with age but 
may be accelerated in the presence of stress, an acceleration 
mediated by upregulation of the cell cycle inhibitors (p53, 
p21, and p16INK4a) and progressive shortening of telo-
meres.318 Increased expression of senescence markers has 

Figure 23.16 Diagram illustrating the concepts of metabolic capacity and metabolic load in relation to blood pressure. A high load and low 
capacity are each predicted to increase blood pressure. (From Grijalva-Eternod CS, Lawlor DA, Wells JC: Testing a capacity-load model for 
hypertension: disentangling early and late growth effects on childhood blood pressure in a prospective birth cohort. PLoS One 8:e56078, 2013.)
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worldwide, better understanding of renal risk in these popu-
lations is urgently needed.325,326

IMPLICATIONS OF NEPHRON ENDOWMENT  
FOR THE RECIPIENT

Prescription of donor kidneys is largely based on immu-
nologic matching. In animal experiments of renal trans-
plantation, however, the impact of transplanted nephron 
mass, independent of immunologic factors, on the subse-
quent development of chronic allograft nephropathy has 
been demonstrated.339-343 Despite such evidence, prescrip-
tion of kidneys on the basis of the physiologic capacity of 
the donor organ to meet the metabolic needs of the recipi-
ent has not generally been considered.344 More and more 
data are accumulating, however, that suggest a significant 
impact of transplanted renal mass on long-term post-
transplantation outcomes.

Demographic and anthropomorphic factors associated 
with late renal allograft loss include donor age, sex, and 
race, as well as recipient BSA.345-347 In general, kidneys 
from older, female, and African American donors fare 
worse.49,76,348,349 Indirectly, these observations suggest that the 
intrinsic nephron endowment of the transplanted kidney is 
likely to play a role in the development of chronic allograft 
nephropathy. Because nephron numbers are not yet mea-
surable in vivo, several investigators have compared recipi-
ent and donor BSAs as surrogates for metabolic demand 
and kidney size; others have used kidney weights or renal 
volumetric measurements made by ultrasonography as sur-
rogates for nephron mass.350-354 Importantly, although kidney 
mass and kidney volume may be proportional to nephron 
number and measures of body size tend to be proportional 
to kidney size, these relationships do vary in strength of 
association, so these data should be interpreted cautiously. 
In general, however, the preponderance of evidence does 
support the hypothesis that small kidneys perform less well 
when transplanted into larger recipients.350-354

A retrospective analysis of 32,083 patients who received a 
first cadaver kidney found that large recipients of kidneys 
from small donors had a 43% higher risk of late allograft 
failure than medium-sized recipients receiving kidneys from 
medium-sized donors.353 Outcomes were best in small recipi-
ents receiving kidneys from large donors. Subsequently, 
among 69,737 deceased donor kidney transplantations, a 
severe recipient/donor size mismatch (>1.38) was associ-
ated with higher 10-year graft loss in comparison with closer 
matches, and the risk was doubled in the case of extended-
criteria donors with severe mismatches (22% and 10%, 
respectively).355 Similar findings were seen among recipients 
of older (>60 years) compared with younger kidneys.356 
These data suggest that donor and recipient size should be 
considered in organ allocation decisions, especially if the 
donor kidney is known to be “suboptimal.” Smaller studies 
have not consistently found similar results, however, poten-
tially reflecting lack of statistical power.352,353

Kidney size, however, may not always be directly propor-
tional to BSA; therefore, ratios of donor BSA to recipient 
BSA may not be an ideal method of estimating mismatch 
between nephron mass and recipient. Kidney weight may be 
a better surrogate for nephron mass.49,357 Using this param-
eter, Kim and associates analyzed the ratio of donor kidney 

In rats, maternal protein restriction results in persistence 
of transgenerational programming into the F2 genera-
tion.327 These effects have been proposed to be mediated 
largely by changes in DNA methylation, determined by 
amino acid availability and resulting in epigenetic changes 
in gene expression.19 Whether these epigenetic changes can 
be transmitted through the germline and persist in the 
offspring, or whether a mother who had been subjected to 
adverse intrauterine events may experience changes in 
renal function and blood pressure during pregnancy that 
may in turn, de novo, impact the development of her off-
spring is still a point of debate.328-330 The latter hypothesis 
seems more likely.

IMPACT OF NEPHRON ENDOWMENT  
IN TRANSPLANTATION

Nephron endowment in transplantation is relevant for both 
the donor and the recipient. Removal of a kidney in a 
healthy donor implies loss of 50% of original nephron 
endowment, and gain of a kidney in a recipient may provide 
more or less than half of the recipient’s original nephron 
endowment, depending on relative sizes of donor and recip-
ient, periprocedural nephron loss, and other factors. Con-
sideration of nephron endowment prior to transplantation 
could affect long-term renal health in both donors and 
recipients.

IMPLICATIONS OF NEPHRON ENDOWMENT  
FOR THE DONOR

Living donation after appropriate donor screening is  
generally presumed to be safe, although there are donor 
groups, including the young and obese, the older donor, 
and some ethnic groups, who may be at increased risk  
of long-term renal dysfunction but are not well represented 
in the current literature.331 In predominantly white cohorts, 
hypertension and proteinuria do increase over time in  
living donors, but renal function remains generally well 
preserved over the first decades.58,332 In a cross-sectional 
retrospective study of donors followed for up to 40 years, 
however, donor GFRs were found to decline after 15 to 17 
years after donation; therefore, duration of follow-up is 
important to fully understand potential associations with 
risk.333 Furthermore, Aboriginal Australian donors were 
found to have a significantly higher risk of hypertension, 
renal dysfunction, and ESKD at a median of 16 years after 
donation than whites.334 Similarly, hypertension and pro-
teinuria were found to be much more prevalent among 
Aboriginal than among white Canadian donors at 20 years 
of follow-up, and African Americans as well as Hispanics 
were reported to have more hypertension and CKD after 
donation than white Americans.335-337 These data are trou-
bling because the donors were screened prior to donation, 
so donor nephrectomy can be implicated in the disease 
process. Importantly, African Americans and Aboriginal 
Australian populations have lower birth weights than their 
white counterparts, and Aboriginal Canadians have higher 
birth weights; therefore, developmental programming of 
the kidney may be a risk factor contributing to poorer out-
comes after donation.338 Given the growing need for donors 
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determined by computed tomography angiographic volum-
etry (performed pretransplantation in living donors) to 
recipient BSA, found that GFRs during the first year after 
transplantation correlated with transplanted renal volume, 
and GFRs were lower among those with a donor/recipient 
BSA ratio of 1 or less.361 A small kidney transplanted into a 
large recipient may not have an adequate capacity to meet 
the metabolic needs of the recipient without imposing glo-
merular hyperfiltration, which ultimately leads to nephron 
loss and eventual allograft failure.362,363

Transplanted nephron mass may be a function of congeni-
tal endowment and attrition of nephrons with age but is also 
affected by peritransplantation renal injury (i.e., donor 
hypotension, prolonged cold or warm ischemia, nephro-
toxic immunosuppressive drugs). All of these factors must be 
closely considered, in addition to immunologic matching, in 
the selection of appropriate recipients in whom the allograft 
is likely to function for the longest time and therefore 
provide best possible improvement in quality of life.

CONCLUSION

The association between an adverse fetal environment and 
subsequent hypertension as well as kidney disease in later 
life is now quite compelling and appears to be mediated, at 
least in part, by impaired nephrogenesis and suboptimal 
nephron endowment (Figure 23.18). Concomitant glomer-
ular hypertrophy and altered expression of sodium trans-
porters in the programmed kidney also contribute to the 
vicious circle of glomerular hypertension, glomerular injury, 
and sclerosis leading to worsening hypertension and 
ongoing renal injury. In addition, multiple other factors, 
such as increased oxidative stress, renal inflammation, accel-
erated senescence, and catch-up body growth, are all likely 
contributors to ongoing nephron loss and eventual renal 
disease.364-367 The number of nephrons in humans without 
kidney disease varies widely, suggesting that a significant 
proportion of the general population, especially in areas 
where high or low birth weights are prevalent, may be at 
increased risk for development of later-life hypertension 
and renal dysfunction. Measurement of nephron number 
in vivo remains an obstacle, with the best surrogate markers 
thus far being low birth weight, high birth weight, prematu-
rity, and, in the absence of other known renal diseases, 
reduced kidney volume on ultrasonography, especially in 
children, and glomerular enlargement on kidney biopsy. A 
kidney with a reduced complement of nephrons would have 
less renal reserve to adapt to dietary excesses or to compen-
sate for renal injury. The molecular mechanisms through 
which fetal programming exerts its effects on nephrogenesis 
are varied and likely complementary and intertwined. 
Although in some animal studies nephron number and 
blood pressure can be “rescued” by good postnatal nutrition 
or vitamin A supplementation, applicability of these find-
ings to humans requires further study. The fact that even 
seemingly minor influences, such as composition of mater-
nal diet during fetal life, can have major consequences on 
renal development in the offspring underscores the critical 
importance of optimization of perinatal care and early 
nutrition, which could have a major impact on population 
health in the future.

weight to recipient body weight (DKW/RBW) in 259 live-
donor transplants.358 These investigators found that a higher 
DKW/RBW—greater than 4.5 g/kg—was significantly asso-
ciated with improved allograft function at 3 years in com-
parison with a ratio of less than 3.0 g/kg. A similar study 
involving 964 recipients of cadaveric kidneys, in whom pro-
teinuria severity and Cockroft-Gault creatinine clearances 
were also calculated, found that 10% of the subjects were 
“strongly” mismatched, having a DKW/RBW ratio of less 
than 2 g/kg.349 The DKW/RBW ratio was lowest when male 
recipients received kidneys from female donors. The risk of 
having proteinuria higher than 0.5 g/24 hr was significantly 
greater, and developed earlier, in those with DKW/RBW 
ratios less than 2 g/kg than in those with higher ratios. 
Proteinuria was present in 50% of those with DKW/RBW 
ratios less than 2 g/kg, 33% of those with DKW/RBW ratios 
of 2 to 4 g/kg, and 23% in those with DKW/RBW ratios of 
4 g/kg or greater. At 5-year follow-up, however, there was 
no difference in graft survival among the three DKW/RBW 
groups, but the investigators conceded that longer follow-up 
was needed.349 Subsequent analysis of the same cohort 5 
years later showed that GFR declined more rapidly after 7 
years in the low than in the high DKW/RBW group, suggest-
ing that the smaller kidneys were likely hyperfiltering  
early on, initiating the cycle of progressive nephron loss 
(Figure 23.17).359

In an attempt to more accurately reflect transplanted 
nephron mass, another group used renal ultrasonography 
to measure cadaveric transplant kidney (Tx) cross-sectional 
area in relation to recipient body weight (W) to calculate  
a “nephron dose index,” Tx/W.360 The group found 
that during the first 5 years after transplantation, serum 
creatinine was significantly lower in patients with a high 
Tx/W than in those with lower values, with a ratio of  
better graft survival. A similar analysis, using renal volume  

Figure  23.17 Correlation between kidney weight/recipient weight 
(KwRw) ratio and long-term graft survival in renal transplantation. 
Graft survival declines faster with a KwRw < 2.3 g/kg (P = 0.016). 
(From Giral M, Foucher Y, Karam G, et al: Kidney and recipient weight 
incompatibility reduces long-term graft survival. J Am Soc Nephrol 
21:1022-1029, 2010.)
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Though the kidneys undergo change in structure and func-
tion with age, they are remarkable in maintaining the inter-
nal milieu unless renal reserve is challenged. Older kidneys 
adapt less well and recover more slowly after acute ischemic 
injury, infections, exposure to toxins, or immunologic pro-
cesses, or in the presence of other organ dysfunction. For 
example, transplanted kidneys from older healthy donors 
are more prone to allograft dysfunction than younger donor 
kidneys.1-5 In addition, subtle changes in function with age 
are associated with greater cardiovascular mortality in older 
adults.6 With growing numbers of aging adults and increased 
longevity,7 a greater number of elderly are more likely to 
experience chronic kidney disease8 and progress to end-
stage kidney disease (ESKD). Renal failure is present or 
develops in an estimated 30% of older hospitalized adults.9 
Therefore a careful study of the changes in kidney structure, 
function, and its ability to adapt to the short- and long-term 
physiologic changes with age becomes relevant to avoid 
unwanted outcomes in aging individuals.

STRUCTURAL CHANGES IN THE  
AGING KIDNEY

GROSS

Renal mass, size, weight, and volume decrease with normal 
aging. Kidney weight is found to decrease by as much as 

15% to 20% with age, to 180 to 200 g (both kidneys) in 
those 90 years of age in comparison to 245 to 290 g in young 
adults, according to both radiologic and postmortem find-
ings. These changes appear to be age appropriate in con-
junction with a concurrent loss in body surface area.10-14

MICROSCOPIC

A gross decrease in kidney size and weight is accompanied 
by microscopic findings of glomerulosclerosis and tubuloin-
terstitial fibrosis. A greater number of sclerotic glomeruli 
are present in donor kidney biopsy specimens from patients 
older than 55 years.15 Intervening insults and comorbid con-
ditions hasten the gradual and progressive senescence of 
the renal vasculature, glomeruli, tubules, and interstitium. 
Hypertension worsens sclerotic changes in the renal arter-
ies. An increase in fibrointimal and medial sclerosis is 
present in cortical arteries of humans at age 70.16 Interlobu-
lar and arcuate arteries of older donor kidneys demonstrate 
greater arteriolosclerosis than younger healthy donor 
kidneys. By age 70, ischemic changes, including lobulation 
of the glomerular tuft, increased mesangial volume, and 
capillary collapse and obliteration, are present in the corti-
cal nephrons. Little cellular response is evident, with hyaline 
deposition in the residual glomeruli (Figure 24.1).17,18 Peri-
tubular capillary density is decreased, offering a reason  
for the lower concentrations of pro-angiogenic vascular 
endothelial growth factors and increased expression of 
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Figure 24.1  Histologic features of renal senescence. A, Arteriohyalinosis. B, Fibrous intimal thickening. C, Glomerulosclerosis. D, Tubular 
atrophy. E, Lipofuscin pigment. F, Interstitial fibrosis. (Courtesy Dr. Marjan Afrouzian, Edmonton, Alberta, Canada.)

A B C

D E F

anti-angiogenic thrombospondin in aging rats.19 Basement 
membrane thickening and wrinkling in both glomeruli and 
tubules along with changes in the renal vasculature lead to 
progressive reduction and simplification of vascular chan-
nels, shunting blood from afferent to efferent arterioles  
of the juxtamedullary glomeruli.20,21 Intact arteriolar vasa 
rectae continue to deliver adequate blood flow to the renal 
medulla.

As glomeruli sclerose, tubular atrophy follows, with a 
decrease in size and number. Tubules atrophy to form distal 
diverticula that may lead to early renal cysts frequently seen 
in older kidneys.22 Debris and bacterial accumulation in 
these structures may account for the increased incidence of 
infection in aging individuals.

Animal studies indicate that tubulointerstitial fibrosis may 
precede the development of focal glomerulosclerosis and 
tubular atrophy.23,24 Morphometry in aging mice suggests 
greater tubulointerstitial fibrosis in males than females.25 
Aging rodents with accelerated apoptosis demonstrate inter-
stitial inflammation with fibroblast activation. Immunostain-
ing showing adhesive proteins osteopontin and intracellular 
adhesion molecule-1 (ICAM-1) as well as deposition of col-
lagen IV are associated with focal tubular proliferation, myo-
fibroblast activation, and macrophage infiltration in aged 
rat kidneys. The trigger for inflammation leading to focal 
glomerulosclerosis and tubular atrophy may be altered 
endothelial nitric oxide synthase (eNOS) expression in the 
presence of peritubular atrophy.26 Increased collagen-1 
protein accumulation with age correlates with the extent of 
interstitial fibrosis,27,28 highlighting perhaps the importance 
of collagen-1 in age-associated interstitial fibrosis. Further 
molecular probing of aged kidneys reveals increased levels 
of the cell cycle inhibitor p16INK4a with age, glomerulo-
sclerosis, and interstitial fibrosis.29 Because glomerulosclero-
sis can result from podocyte damage and loss, various 
mechanisms—adrenergic activation, increased free cyto-
solic calcium, low nitric oxide bioavailability, elevated 

endothelin-1 levels, and increases in oxidative stress and 
telomere shortening—are pathogenic processes that lead to 
podocyte dysfunction with subsequent age-related glomeru-
losclerosis.30 Critical telomere shortening, a marker of 
replicative senescence, is evident in aging renal cortical 
tissue. Telomere DNA repeats shorten with each cell rep-
lication, acting as a mitotic clock. However stress may also 
induce premature structural changes and lead to early 
senescence.31,32

BIOLOGIC MEDIATORS AND POTENTIAL 
MODULATORS OF AGE-RELATED RENAL FIBROSIS

The finding that nearly a third of healthy elderly have little 
functional decline in renal clearance with age while two 
thirds show a gradual decline of renal function33,34 prompts 
the need to understand the factors mediating and modulat-
ing fibrosis (Figure 24.2). Kidneys of aging animals have 
demonstrated changes in both level and function of various 
mediators of fibrosis, such as angiotensin II (Ang II),  
transforming growth factor-β (TGF-β), nitric oxide (NO), 
advanced glycosylation end products (AGEs), oxidative 
stress, inflammation, and lipids. Similarly, factors and pro-
cesses have been identified that oppose fibrosis, such as 
Klotho, vitamin D and its receptor, the farnesoid X receptor 
(FXR), and autophagy. These may be potential and feasible 
targets for modulating progressive sclerosis in aging.

ANGIOTENSIN II
Effects of Ang II on filtration, growth modulation,  
oxidative stress, apoptosis, and extracellular matrix accu-
mulation influence the rate of glomerulosclerosis and 
tubulointerstitial fibrosis in kidney aging.35-39 Intraglomeru-
lar hypertension with efferent vasoconstriction in aging 
glomeruli increases sclerosis.40 Angiotensin-converting 
enzyme (ACE) inhibition in aged rats decreases intrarenal 
vascular resistance and intracapillary protein leak41 as well 
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TRANSFORMING GROWTH FACTOR-β
TGF-β, an active modulator of tissue repair, is associated 
with age-related renal scarring. Gradual renal fibrosis  
with age likely results from normal and/or pathologic 
wound healing with tissue repair after injury. Persistent  
or repeated renal injury or insult may hasten tissue fibrosis. 
Various factors can stimulate TGF-β, including Ang II, 
abnormal glucose metabolism, platelet-derived growth 
factors (PDGFs), hypoxia, oxidative stress, mesangial stretch, 
and high AGE levels. TGF-β promotes gene transcription 
with matrix protein production and accumulation of colla-
gens III, IV, and I, fibronectin, tenascin, osteonectin, osteo-
pontin, thrombospondin, and matrix glycosaminoglycans,66,67 
with subsequent glomerulosclerosis and tubulointerstitial 
fibrosis.68-71 Haplotype association mapping of genetic loci 
of chromosome 6 in aged mice reveals increased expression 
of Far2 in those mice that have increased mesangial matrix 
expansion. Overexpression of Far2 in mice mesangial cells 
leads to upregulation of PDGF and TGF-β.72 The renal inter-
stitium in aged rats has increased TGF-β mRNA.24,73 Signal-
ing by TGF-β and the protein SMAD3 adds to microRNA 21 
(miR-21) production. Renal fibrosis secondary to injury 
depends on miR-21. MicroRNA-21 content is noted to be 
increased in the renal cortex of older mice than in that of 
both young and middle-aged mice, suggesting that age-
specific regulation of matrix protein synthesis involves 
matrix protein–specific transcription and posttranscription 
mechanisms (Figure 24.3).67 Angiotensin II inhibition 
downregulates TGF-β, resulting in decreased interstitial 
fibrosis.73 Although increased TGF-β expression may con-
tribute in part to age-related sclerosis, direct evidence to 
implicate TGF-β needs further investigation. Decorin anti-
sense oligonucleotides inhibit TGF-β expression and func-
tion and may provide better understanding of the role 
TGF-β plays in age-related sclerosis. The peptide hormone 
relaxin, produced by the prostate and the pregnant ovary, 
has antifibrotic properties. Use of relaxin in relaxin-deficient 
12-month male knockout mice improved established inter-
stitial fibrosis, glomerulosclerosis, and cortical thickening, 
with a decrease in collagen content via direct action on 
TGF-β–stimulated fibroblasts to decrease collagen I and 

as postprandial hyperfiltration.42 An overall decrease in glo-
merulosclerosis is also observed in aged mice treated with 
ACE inhibitors (ACEIs) in comparison with untreated age- 
and sex-matched mice.43-47 Although measured renin and 
angiotensin levels seem not to decrease with age, intrarenal 
downregulation of renin messenger RNA (mRNA) and ACE 
levels occur in aged rats.

Profibrotic effects of Ang II—inducing TGF-β to promote 
collagen IV, promoting influx of monocytes/macro-
phages, stimulating mRNA and protein expression of  
the chemokine RANTES (regulated on activation, normal 
T cell expressed and secreted) in endothelial cells, and also 
inducing transcription of the pro-inflammatory chemokine 
monocyte chemoattractant protein-1 (MCP-1) via NO inhi-
bition—are significantly reduced with ACEI treatment.48-51 
Use of enalapril in aged rats showed marked reduction  
in tubulointerstitial fibrosis and smooth muscle actin in 
comparison with rats either treated with nifedipine or 
untreated, independent of blood pressure control.51 Matrix 
accumulation via Ang II’s effect on plasminogen activator 
inhibitor-1 (PAI-1) was also decreased with angiotensin 
antagonists,41,52,53 as were vascular sclerosis and collagen 
content.54 Ang II antagonists were found to prevent increases 
in age-related mitochondrial oxidants and dysfunction in 
aged rats.55 Furthermore, mouse Klotho gene transfer to 
Sprague-Dawley rats ameliorated Ang II–mediated renal 
damage.56

Renal protective effects of ACEI and angiotensin receptor 
blockers (ARBs) in aging kidneys are mediated by many 
complementary mechanisms, including prevention of age-
related increases in oxidative stress and glycation end prod-
ucts, and decreases in eNOS and Klotho.57-63 Furthermore, 
disruption of type 1 angiotensin II receptor (AT1R) in mice 
increases longevity and prevents cardiovascular and renal 
pathology mediated in part via increased oxidative stress 
and increased mitochondrial upregulation of survival genes 
nicotinamide phosphoribosyltransferase (Nampt) and 
Sirtuin 3 (Sirt3) in the kidney.64 Angiotensin II, via its diverse 
AT1A receptor signaling pathways in the kidney and cardio-
vascular system,65 appears to play a crucial role in kidney 
aging, although data specific to humans have yet to be 
generated.

Figure 24.2  Factors that increase and decrease age-related 
renal glomerulosclerosis and tubulointerstitial fibrosis. AMPK, 
Adenosine  monophosphate–activated  protein  kinase;  FXR, 
farnesoid X receptor; mTOR, mammalian target of rapamycin; 
TGF-β, transforming growth factor-β. 
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angiotensin II activity are factors thought to decrease eNOS 
with age, so that use of angiotensin inhibitors and or dietary 
protein restriction seem to increase and normalize urinary 
NO excretion.81-89 Lower eNOS levels in males than in 
females are also thought to be the reason behind the sexual 
dimorphism seen in the aging kidney.90 Lower glomerular 
arginine transport is noted in male than in female rodents.91 
Changes in estrogen and androgen activity may in part 
mediate the sex-dependent effects.

With aging, there is a noted decrease in eNOS phosphory-
lation and activity in endothelial cells from human umbilical 
veins.92 The eNOS phosphorylation induced at serine 1177 
by Akt (protein kinase B) is critical in regulation of eNOS 
activity.89 Age-related decreases in eNOS activity are reversed 
by inhibition of (1) oxidative stress with use of α-lipoic 
acid,93 (2) the generation of ceramide levels,94 or (3) argi-
nase.95 Studies examining endothelial cells from brachial 
arteries and peripheral veins from subjects with vascular 
endothelial dysfunction suggest that increased endothelin-1 
activity and not decreased eNOS activity is more to blame 
for endothelial dysfunction with age.96,97

ADVANCED GLYCOSYLATION END PRODUCTS
Cross-links between proteins, lipids, and nucleic acids 
(AGEs) accumulate over time with age to produce vascular 
and tissue damage.98,99 Hyperglycemia accelerates the rate 
of end product accumulation and tissue damage.100 Glycated 
proteins decrease vascular elasticity, induce endothelial cell 
permeability, and increase monocyte chemotactic activity via 
AGE–receptor ligand binding, which stimulates activation 
of macrophages and secretion of cytokines and growth 
factors. Disturbance of NO-induced vascular endothelial 
vasodilation, thought to be secondary to chemical inactiva-
tion of endothelium-relaxing factor, occurs with endothelial 
and basement membrane AGE deposition.101-104 Diabetic 
patients display perturbations of the vascular endothelium 
similar to those in persons with age-related vasculopathy. 
Older animal kidneys demonstrate increased AGE and AGE 
receptor (RAGE) levels.98 Accumulation of AGEs in the 
kidney increases mesangial matrix, basement membrane 
thickening, and vascular permeability and induces PDGF 
and TGF-β, leading to glomerulosclerosis and tubulointer-
stitial fibrosis.101 Gradual age-related GFR loss—in addition 
to an increase in oxidative stress that modifies glycated  
proteins, as well as accumulation of Nε-(carboxymethyl)
lysine—contributes to increased AGE and RAGE in aged 
kidneys. Furthermore, abnormal glucose metabolism with 
age-related insulin resistance adds to protein glycation. Life-
long consumption of AGE-enriched foods as well as smoking 
also increase AGE load and tissue accumulation.105,106

The mesangial AGE receptor 1 (AGER1) has been shown 
to counter the proinflammatory mesangial cell response to 
AGE accumulation. Supersaturation and possible receptor 
downregulation under increased AGE burden may prevent 
AGER1 control.107 Studies in embryonic kidney cells indi-
cate that AGER1 counteracts AGE-induced cellular oxidant 
stress via prevention of p66shc-dependent FKHRL1  
phosphorylation, thus inactivating FKHRL1 and MnSOD 
suppression.108 P66shc knockout mice are protected against 
oxidative stress and oxidant-dependent injury, highlighting 
the importance of this pathway.109 AGER1 provides protec-
tion also against AGE-induced generation of ROS via 

III.74,75 Relaxin, via its primary receptor, RXFP1, and NO 
pathway, inhibits Smad2 phosphorylation. Smad2 inhibition 
prevents TGF-β signaling, which is responsible for myofibro-
blast differentiation as well as collagen and fibronectin pro-
duction, thereby regulating matrix synthesis.76 Studies in 
relaxin knockout mice indicate that relaxin and castration 
may decrease the renal fibrosis seen with age.77

NITRIC OXIDE
Although nitric oxide is found to moderate fibrosis, low NO 
levels in the aging renal vasculature is thought to mediate 
renal fibrosis with age. Vascular reactivity is an immediate 
response to nitric oxide, but its paracrine effects—to 
decrease fibrosis by inhibiting the nuclear factor κ light 
chain enhancer of activated B cells (NF-κB) family of tran-
scription factors—can be important for the aging kidney. 
NF-κB promotes monocyte/macrophage influx in the pres-
ence of reactive oxygen species (ROS), with progression  
to injury and inflammation.78,79 Aging vessels have lower 
levels of NO.80,81 Oxidation stress also induces nicotinamide 
adenine dinucleotide phosphate oxidase (NADPH oxidase)–
mediated NO scavenging and NO depletion in aged 
kidneys.82 Peritubular capillaries of aged rats express less 
eNOS,26 a change that can lead to chronic tubulointerstitial 
ischemia and fibrosis. Treatment with dietary L-arginine 
supplementation in older rats improves renal plasma flow 
(RPF) and glomerular filtration (GFR) and decreases pro-
teinuria and glomerulosclerosis.83 L-arginine supplementa-
tion also reduces kidney collagen and Nε-(carboxymethyl)
lysine accumulation.84 Hypoxia, oxidative stress, increased 
dietary protein intake, insulin resistance, as well as increased 

Figure 24.3  Suggested  pathway  of  microRNA’s  effect  on  matrix 
protein and expansion in aged mice, including the products of genes 
Sprouty, Smad3, and ZEB2. Col, Collagen; miR, micro-RNA; mRNA, 
messenger RNA;TGF-β, transforming growth factor-β. (From Wolf G: 
Link between angiotensin II and TGF-beta in the kidney. Miner Electrolyte 
Metab. 24:174-180, 1998.)
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phy.114 Furthermore, AGE-associated changes in vascular 
permeability and abnormal vasodilatory responses to ace-
tylcholine and nitroglycerin reversed with aminoguanidine 
treatment.115 Mononuclear cell activity was also prevented 
in aminoguanidine-treated animals. Similarly, 60% calorie 
restriction (CR) of the ad libitum diet of control rats 
decreased AGE burden with lowering of other glycated pro-
teins, including Nε-(carboxymethyl)lysine and pentosidine, 
and increases life span.116,117 Even a 30% calorie restriction 
in comparison with control diet produced a decrease in 
AGE accumulation in the renal glomeruli and abdominal 
aorta.118 Therefore measures that can decrease AGE burden 

NADPH.110 Mice eating low-AGE diet over time have lower 
RAGE and higher AGER1 levels (Figure 24.4) and demon-
strate less glomerulosclerosis and proteinuria (Figure 
24.5).111 Interestingly, AGER1 is suppressed in human sub-
jects with chronic kidney disease. However, dietary decrease 
in AGE restores AGER1 levels.112

Results of aminoguanidine treatment and calorie restric-
tion in aged animals suggest some possible treatment 
options for AGE-mediated aging and sclerosis. Prolonged 
aminoguanidine treatment of aged rats and rabbits caused 
decreases in proteinuria and glomerulosclerosis113 in addi-
tion to age-related arterial stiffening and cardiac hypertro-

Figure 24.4  Effect of a low-glycotoxin diet on levels of the advanced glycosylation end-product receptors AGER1 and RAGE. Levels 
of the proteins AGER1 (A) and RAGE (B) were assessed in spleen tissues from mice consuming either a diet with normal high levels of advanced 
glycation end products (AGEs) (RegAGE) or a low-AGE diet (LowAGE) (n = 6 per group) at 4 and 24 months. AGER1 expression (C) in kidney and 
liver and RAGE expression (D) in kidney and liver of the same mouse groups were also assessed at 24 months by Western blotting and den-
sitometric analysis. Data are shown as mean ± standard error for three independent experiments. *Statistically significant difference compared 
with 4-month RegAGE at the P < 0.01 level. §Statistically significant difference compared with 24-month RegAGE at the P < 0.01 level. (From Cai 
W, et al: Reduced oxidant stress and extended lifespan in mice exposed to a low glycotoxin diet: association with increased AGER1 expression, 
Am J Pathol 170[6]:1893-1902, 2007.)
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Calorie restriction also reduces age-related oxidative 
stress, suppressing activation of mitogen-activated protein 
kinase cellular signaling pathways. Calorie restriction also 
decreases mitochondrial lipid peroxidation and membrane 
damage with concomitant decrease in apoptosis.130,131 Thus 
dietary discrimination may be important in preventing age-
associated renal sclerosis. Mitochondrial generation of ROS 
may also be contributing to age-associated diseases.132,133 In 
several genetic mouse models of longevity, including Ames 
and Snell dwarf mice, p66sch knockout mice, and mice 
heterozygous for insulin-like growth factor receptor, longer 
life span correlates with increased resistance to oxidative 
stress.134-138 Under-expression and over-expression of genes 
encoding for antioxidant enzymes show that superoxide 
dismutase 1 (copper-zinc superoxide dismutase or SOD1) 
knockout mice had decreased life span and greater oxida-
tive stress. However transgenic SOD1 mice did not have a 
longer life span.139 Effects of superoxide dismutase deletion 
or over-expression in age-related renal disease continue to 
be of interest, given the possible therapeutic targets.

CALORIE RESTRICTION: SIRTUINS, ADENOSINE 
MONOPHOSPHATE–ACTIVATED PROTEIN KINASE, 
MAMMALIAN TARGET OF RAPAMYCIN, AND 
RIBOSOMAL PROTEIN S6 KINASE 1A
Reducing calorie intake by 25% to 45% while maintaining 
intake of all essential nutrients increases longevity in many 

in aging individuals may be important in slowing age-related 
renal disease.

OXIDATIVE STRESS
Free radical generation and/or antioxidant enzyme defi-
ciency leads to lipid peroxidation and oxidative stress, 
inducing tissue injury that can be seen with aging.119-122 High 
levels of oxidized amino acids in the urine of older rats 
signify higher levels of oxidized skeletal muscle proteins.123 
Both thiobarbituric acid–reactive substances and levels of 
ROS are higher in aged kidneys and are associated with lipid 
peroxidative damage.124 Isoprostanes, AGE, and RAGE as 
well as heme oxygenase, other markers of oxidative stress, 
and lipid peroxidation are also increased in aged rats.125 
Klotho gene expression in the distal inner medullary collect-
ing duct (IMCD3) is reduced with oxidative stress in mouse 
cells,126 implying other possible reasons for renal aging. Use 
of a diet enriched in the antioxidant vitamin E in aged rats 
lowers markers of oxidative stress, decreases glomeruloscle-
rosis, and improves RPF and GFR.125 ACEI use increases 
antioxidant enzyme activity and blocks TGF-β induction by 
ROS.127,128 Antioxidant taurine also blocks ROS in cultured 
mesangial cells.129 Tempol, a superoxide scavenger, restored 
the ability of ARBs to suppress oxygen consumption medi-
ated via NO in renal cortical tissue.82 These findings suggest 
angiotensin antagonists and antioxidants as possible thera-
peutic options to decrease age-related renal scarring.

Figure 24.5  Effect of a low-glycotoxin diet on glomeruli and renal function in mice. Morphology of renal cortex (A) with consumption of 
a diet containing normal high  levels of advanced glycosylation end products  (AGEs)  (RegAGE), and  (B)  after consumption of a  low-AGE diet 
(LowAGE) (n = 6 per group). (Periodic acid–Schiff stain, original magnification ×200.) C, Fractional mesangial volume (*P < 0.05) in RegAGE versus 
LowAGE mice. D, Transforming growth factor-β (TGF-β) levels (*P < 0.05). E, Collagen type IV (Coll IV) messenger RNA (mRNA) levels (*P < 0.05). 
F, Albumin-to-creatinine ratio  (*P < 0.05). Data are shown as mean ± standard error of  triplicate values.  (From Cai W, et al: Reduced oxidant 
stress and extended lifespan in mice exposed to a low glycotoxin diet: association with increased AGER1 expression. Am J Pathol 170:1893-1902, 
2007.)
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(farnesoid X receptor),188 a bile acid activated nuclear 
hormone receptor that plays an important role in inhibiting 
fatty acid synthesis mediated by sterol regulatory element 
binding protein-1 (SREBP-1) and also inflammation, oxida-
tive stress, and fibrosis. Although the effects of LXR on renal 
disease and aging remain to be determined, LXR activation 
prevents progression of diabetic kidney disease.186 Activa-
tion of FXR using both natural and synthetic bile acid 
analogs modulates lipid metabolism, preventing develop-
ment and progression of proteinuria in mouse models of 
type 2 diabetes mellitus, diet-induced obesity, and insulin 
resistance.189-191 Whether FXR agonists would have similar 
effects on aged rodent and human kidneys needs to be 
determined.

Studies also suggest potential important roles for mTOR 
and S6K1 in regulating mammalian life span. Treatment 
with rapamycin, an mTOR inhibitor, of older male and 
female mice extended their life span.192 In fact, long-lived 
Ames dwarf mice have reduced mTOR signaling.193,194 Mech-
anistic studies in yeast indicate that deletion or inhibition 
of TOR upregulates mitochondrial gene expression and 
prevents cellular accumulation of ROS.195 Deletion of S6K1, 
a component of the nutrient-responsive mTOR signaling 
pathway, results in longer life span and reductions in resis-
tance to insulin and to diverse age-related pathologies.196 
Intriguingly, S6K1-induced gene expression patterns are 
similar to those seen with calorie restriction and activation 
of AMPK.

LIPID METABOLISM
Various studies have found altered expression of a number 
of transcriptional factors and nuclear hormone receptors 
regulating lipid metabolism in both chronic kidney disease 
(CKD)197-199 and aging.157, Expression of both SREBP-1 and 
SREBP-2 is increased in the liver and adipose tissue of 
animal models of CKD.197-200 As master regulators of fatty 
acid, triglyceride, and cholesterol synthesis, these transcrip-
tion factors are associated with increased serum lipid levels 
and insulin resistance.197-199 In addition, decreased peroxi-
some proliferator–activated receptor-α (PPARα) results in 
impaired fatty acid oxidation.200 These changes mimic those 
seen in kidneys of animals with nephritic syndrome and with 
aging.158,201-205

Activity and expression of FXR are also decreased in livers 
of aging mice.206 FXR plays an important role in regulation 
of bile acid, fatty acid, cholesterol, and glucose metabolism 
in the liver and kidney.189,207 Decreased FXR activity may 
mediate increased SREBP-1 activity and decreased PPARα 
expression and activity in aging. Calorie restriction can 
prevent age-related changes in metabolic function, and 
studies indicate that it also prevents age-related increases in 
SREBP-1 expression and decreases in PPARα.140,208-210

The expression of SIRT1 is increased with calorie restric-
tion. Sirtuin analogs seem to replicate several beneficial 
effects of such restriction, including adipogenesis, insulin 
sensitivity and signaling, and lipid metabolism.173,175,211,212 
Likewise, SIRT1 transgenic mice show phenotypes resem-
bling the phenotype found in mice given calorie-restricted 
diets.172,203

Experimental data in animals213,214 and observational data 
in humans suggest that dyslipidemia adds to the burden of 
disease progression in those with kidney disease.129,215-221 Low 

rodent strains as well as in fruit flies, worms, and yeasts.140-145 
In addition, disease related to older age, including insulin 
resistance, atherosclerosis, oxidative damage, and immune 
dysfunction, are also decreased in calorie-restricted rhesus 
monkeys.146-153 Furthermore, mortality is decreased in these 
monkeys as the incidence of diabetes, cancer, cardiovascular 
disease, and brain atrophy lessens.154 A similar benefit is 
seen in human health, although the effect of longevity is yet 
to be reported.155,156 Rats and mice have also shown a 
decrease in age-related proteinuria and glomerulosclerosis 
with calorie restriction.157,158

The potential mechanisms and proposed benefits of 
calorie restriction are numerous, including reduced body 
fat content, decreased metabolic rate, attenuation of oxida-
tive stress and inflammation, modulation of mitochondrial 
function, and increases in sirtuin activity, and adenosine 
monophosphate (AMP)–activated protein kinase (AMPK) 
signaling, and decreases in mTOR (mammalian target of 
rapamycin) and S6K1 (ribosomal protein S6 kinase 1) 
signaling.159-161 Sir2 (silent information regulator 2), first 
identified in yeast, mediates nicotinamide adenine dinucle-
otide (NAD)–dependent histone deacetylase enzyme activ-
ity. At least seven mammalian homologs have been identified, 
sirtuins SIRT1 through SIRT7. Present in different subcel-
lular compartments, these enzymes cause histone deacety-
lation, thereby controlling activity of various proteins and 
genes regulating cell survival, differentiation, and metabo-
lism, DNA repair, inflammation, and longevity.162-164 Calorie 
restriction seems to increase SIRT1 activity in most tissues, 
including kidneys.165-170 Further support is seen in SIRT1 
knockout mouse, which show resistance to effects of calorie 
restriction171; in contrast, SIRT1 transgenic mice show a 
phenotype similar to that of mice given a calorie-restricted 
diet.172-174 Mice treated with resveratrol, a synthetic activator 
of SIRT1, behave similarly to calorie-restricted mice, includ-
ing being protected against age-related renal disease.175-179 
Calorie restriction also increases SIRT1-induced FOXO3 
(forkhead Box3) deacetylation, resulting in increases in 
Bnip3 (BCL2/adenovirus E1B 19 kDa protein–interacting 
protein3) and mitochondrial autophagy as well as preven-
tion of age-dependent decreases in kidney function.180 Sir-
tuins thus have diverse physiologic functions extending 
beyond their important role in the process of aging.

A complex regulation of metabolic pathways in response 
to calorie restriction integrates the effects of the restriction 
on insulin release, AMPK, SIRT1, and FOXO activation as 
well as mTOR inhibition.181-183 Exercise and fasting have 
similar metabolic effects, regulating AMPK, SIRT1, peroxi-
some proliferator–activated receptor γ coactivator 1α (PGC-
1α), and FOXO activity. Because aging is associated with 
decreased SIRT1 activity secondary to decreased systemic 
NAD+ synthesis184 as well as reduced AMPK activity and mito-
chondrial biogenesis,185 these findings are very important. 
Thus activation of SIRT1 and AMPK activity holds promise 
for the prevention of age-related metabolic defects and 
disease.186

In addition, SIRT1 deacetylates and positively regulates 
the oxysterol-activated nuclear receptor LXR (liver X recep-
tor),187 which plays an important role in mediating reverse 
cholesterol efflux and inhibiting inflammation, adding 
further complexity to metabolic regulation. SIRT1 also 
deacetylates the bile acid–activated nuclear receptor FXR 
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potential role for alterations in xenobiotic metabolism 
mediated by FXR in association with longevity in these 
mice.232 A possible role for bile acids as endocrine regulators 
of aging has also been found in Caenorhabditis elegans, in 
which bile acid–like steroids influence life span via the 
DAF-12 nuclear receptor.233 Although the age-related renal 
pathology in long-lived dwarf mutant mice has not been well 
studied, research involving diet-induced obesity in diabetic 
mice treated with FXR agonists indicates that these agents 
decrease proteinuria and glomerulosclerosis by modulating 
renal lipid metabolism, oxidative stress, inflammation, and 
fibrosis.189,190 Whether FXR can also modulate age-related 
renal disease remains to be determined.

KLOTHO
The Klotho gene can be identified as an “aging gene” that 
has multiple effects regulating the aging process, mineral 
metabolism, and other endocrine functions.234,235 Mice with 
defects in Klotho gene expression exhibit multiple aging-like 
phenotypes and die prematurely, whereas transgenic mice 
that overexpress the Klotho gene live longer than wild-type 
mice.236,237 The mechanisms of the anti-aging effects of 
Klotho are still being determined, but potential mecha-
nisms include effects on antioxidative stress as well as modu-
lation of insulin and IGF-1 signaling processes.234,235 Klotho 
is strongly expressed in the kidney and plays an important 
role in the regulation of fibroblast growth factor 23 signal-
ing, phosphate transport activity, TRPV5 (transient receptor 
potential cation channel subfamily V member 5) activity, 
and ROMK1 (regulation of Kir 1.1 potassium channel) activ-
ity.234,235 Specific deletion of Klotho in the mouse kidney 
resulted in a phenotype similar to that observed in Klotho 
knockout mice, suggesting that the kidney may be a primary 
organ for Klotho’s effects.238,239 Studies suggest that Klotho 
protein may endogenously block Wnt/β-catenin signaling, 
which promotes fibrogenesis. Secreted Klotho suppressed 
myofibroblast activation, reduced matrix expression, and 
ameliorated renal fibrosis. Klotho inhibited expression of 
its target genes in tubular epithelial cells in addition to 
blocking Wnt-triggered activation and nuclear translocation 
of β-catenin. TGF-β1 suppresses Klotho expression, with con-
comitant β-catenin activation; however, Klotho overexpres-
sion abrogates the fibrogenic effects of TGF-β1. Further, in 
vivo expression of secreted Klotho in both Adriamycin and 
ureteral obstruction mouse models of CKD inhibited the 
activation of renal β-catenin and expression of its target 
genes. Thus because Klotho is an antagonist of endogenous 
Wnt/β-catenin activity, its loss may contribute to kidney 
injury by removing the repression of pathogenic Wnt/β-
catenin signaling.240

Other studies also indicate that renal actions of Ang II 
are mediated via modulation of renal Klotho expression.56 In 
addition, the effects of the PPARγ agonists,241 including their 
beneficial effects in age-related renal disease,242 are medi-
ated by regulation of intrarenal Klotho expression.

AUTOPHAGY
Phagolysosomal degradation of cytosolic debris, including 
organelles and proteins, known as autophagy, is noted to 
decrease with age. Accumulation of cellular waste leads to 
progressive cellular aging as seen from altered mitochon-
drial morphology and accumulation of age-related proteins 

high-density lipoprotein (HDL) cholesterol levels in aging 
adults appear to be associated with a greater decline in 
GFR.222,223 This finding suggests that lipid lowering may be 
beneficial in those with CKD. Post hoc subgroup analysis  
of several prospective trials showed that subjects given 
3-hydroxy-3 methylglutaryl-coenzyme A reductase (HMG-
CoA) inhibitors (statins) had slower decrease in renal func-
tion and proteinuria than subjects not given statins. Pooled 
data from 3402 patients with CKD stage 3 from three large 
randomized double-blind trials comparing pravastatin 
40 mg/day with placebo showed a 34% reduction in the 
slope of estimated GFR (eGFR), based on the Modification 
of Diet in Renal Disease (MDRD) study equation, with an 
absolute reduction of 0.22 mL/min/1.73 m2 per year (95% 
confidence interval [CI] 0.07 to 0.37) in patients using statins 
in comparison with those given placebo.224 Meta-analysis of 
other randomized trials also noted a slower decline, by 
1.2 mL/min/1.73 m2 per year, and lower protein excretion 
in statin-treated subjects in comparison with subjects given 
placebo.225,226 Post hoc analysis in the Stroke Prevention by 
Aggressive Reduction in Cholesterol Levels (SPARCL) trial, 
which involved 4719 patients with 5-year follow-up, showed 
that of the 1600 patients who had eGFR levels lower than 
60 mL/min and mean age of 68 years, those who were ran-
domly assigned to receive 80 mg daily of atorvastatin had an 
increase in eGFR of 3.46 ± 0.33 mL/min, compared with 1.42 
± 0.34 mL/min in the placebo group, independent of base-
line function.227 A decrease in protein excretion has not been 
seen in all trials with statins. Favorable effects of statins on 
protein excretion were noted on meta-analysis when protein 
excretion was greater than 30 mg/day.228 However, statins 
might also exert their beneficial effects by suppressing 
inflammation and improving endothelial function and  
vessel stiffness.229 In the substudy of the Lescol Intervention 
Prevention Study, creatinine clearance as calculated with  
the Cockcroft-Gault equation remained stable for both 
fluvastatin-treated and placebo groups regardless of baseline 
renal function.230 Comparison of serum creatinine levels at 
baseline and end of treatment for pooled data of 10,000 
patients using rosuvastatin (5-40 mg) in comparison with 
those using other statins and those receiving placebo for 
mean of 8 weeks showed no change in serum creatinine in 
either statin-treated or the placebo group. However, for 
those patients who continued to take rosuvastatin over 96 
weeks, MDRD-estimated GFR either remained unchanged or 
increased but did not decrease from baseline.231 Post hoc 
analysis and meta-analysis randomized studies using statins 
on primary cardiovascular outcomes suggest either stability 
of GFR or possible improvement in renal function and/or 
proteinuria with treatment, but there are no primary preven-
tion trials examining the effect of statins on the outcome of 
renal function in the elderly. Therefore, with no clear-cut 
evidence of the effectiveness of statins for primary renopro-
tection, use of these agents for renoprotection alone in the 
elderly remains premature.

BILE ACID METABOLISM AND THE FARNESOID  
X RECEPTOR
Studies in a long-lived dwarf mutant mouse, the little mouse 
(Ghrhrlit/lit), which does not secrete growth hormone (GH) 
and therefore has very low circulating levels of GH and 
insulin-like growth factor-1 (IGF-1), have identified a 
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medullary blood flow remains preserved. A fractional 
decrease in the cardiac output to the kidneys in addition to 
structural changes in the vessels and vascular responsiveness 
are also thought to decrease renal blood flow.248,249 Use of 
potent vasodilators, such as intraarterial acetylcholine,250 
intravenous pyrogen, and atrial natriuretic peptide (ANP), 
results in a blunted vasodilatory response in older individu-
als in comparison with the response in younger individu-
als.251 Similarly, although increases in GFR and RPF are seen 
with amino acid infusion and low-dose dopamine in healthy 
older subjects, the degree of vasodilation is less than in 
younger subjects.252,253 Higher levels of the eNOS inhibitor 
asymmetric dimethyl arginine (ADMA) are found with 
rising age, which has an inverse association with effective 
renal plasma flow rate (ERPF) in healthy and hypertensive 
elderly.254 Whether tubular cell senescence and the inability 
to degrade ADMA lead to higher levels of ADMA with aging 
is not clear. One study reported that an overexpression of 
dimethylaminohydrolase, the enzyme that hydrolyzes ADMA 
to dimethylamine and citrulline, in five of six nephrecto-
mized rats ameliorated sclerotic glomerular changes.255 Cell 
senescence thus may contribute to the vascular changes in 
response seen with age.

An imbalance in the vasodilatory and vasoconstrictive 
mediators can also alter intrarenal signaling and affect renal 
vasculature and RPF. NO production in isolated conduit 
arteries decreases with age,256-258 and levels of NOS and 
l-arginine are low.258,259 However, gene expression for sub-
strate synthesis remains unaffected.260 Prostacyclin (prosta-
glandin I2 [PGI2]) is decreased in aging human vascular 

such as SQSTM1 in kidneys of aging rats and mice.243,244 
Renal tubular epithelial cells and podocytes process a high 
filtrate burden and therefore have an abundance of cellular 
cytoplasmic organelles, including mitochondria and endo-
plasmic reticulum, that are reprocessed via autophagy  
to maintain cellular integrity and conserve nutrient and 
energy. How this process prevents aging in podocytes and 
proximal tubular cells is becoming evident.243,245 Gene dele-
tion of Atg5 gene in podocytes results in damaged mitochon-
drial debris and ubiquinated proteins in podocytes, leading 
to age-dependent albuminuria and glomerulosclerosis.244,245 
Similarly Atg5 gene deletion in proximal renal tubular cells 
leads to accumulation of damaged mitochondria, ubiqui-
nated proteins, and SQSTM1, thereby increasing proximal 
tubule cell apoptosis.244,246 Calorie restriction physiologically 
induces autophagy via SIRT1-mediated deacetylation of 
FOXO3/FOXO3A and continues to be investigated as a 
possible mechanism in the intervention to decrease renal 
aging244 (Figure 24.6).

FUNCTIONAL CHANGES IN THE  
AGING KIDNEY

RENAL PLASMA FLOW

Effective renal plasma flow decreases by 10% per decade in 
healthy aging adults, the rate of decline being greater in 
men than in women (Figure 24.7).247 Cortical blood flow 
decreases in parallel with observed histologic changes but 

Figure 24.6  Autophagy in kidney aging. In both podocytes and proximal tubular cells, autophagy maintains cellular and organelles homeo-
stasis under both basal and stress conditions. Normal aging process or a deletion of Atg5 gene alters autophagy in podocytes and proximal 
tubular cells, leading to kidney aging. Calorie restriction prevents the progression of kidney aging in part through SIRT1-dependent autophagy. 
(From Huber TB, et al: Emerging role of autophagy in kidney function, diseases and aging. Autophagy 8:1009-1031, 2012; G 2012 Landes 
Bioscience.)
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older men have a slightly faster rate of decline in renal func-
tion than healthy older women,247 although the difference 
is relatively small.273 However, when the rate is scaled to body 
surface area, women appear to show a slightly greater 
decline in GFR (Figure 24.8).274 Elderly African American 
or Japanese individuals seem to have a higher rate of decline 
in renal function than white individuals.12,275 A longitudinal 
5-year evaluation of baseline factors in healthy elderly sub-
jects noted that higher eGFR at baseline, higher systolic 
blood pressures, higher low-density lipoprotein (LDL) cho-
lesterol and lower transferrin levels were associated with a 
greater decline in eGFR.34 The presence of hypertension, 
impaired glucose tolerance, diabetes, systemic and/or renal 
atherosclerosis, and lipid abnormalities are associated with 
higher rate of GFR loss in the elderly.276-278 Higher pulse 
pressure, often seen in aging individuals and indicating 
increased arterial stiffness, correlates inversely with GFR. 
Older participants in a cardiovascular study who had evi-
dence of systemic microvascular disease on retinal examina-
tion had a greater decrease in GFR over time.272

In micropuncture studies, Ang II increases both preglo-
merular and efferent arteriolar resistances, decreases renal 
and glomerular plasma flow, and increases glomerular 
hydraulic pressure and filtration fraction in both young and 
old rats. However, Ang II infusion lowers single-nephron 
GFR and whole kidney GFR in older rats by decreasing 
single nephron ultrafiltration coefficient (SNKf), parame-
ters that remain unchanged in younger rats.279 Ang II 
decreases SNKf likely by causing mesangial cell contraction 
and smaller filtration surface. These parameters can be esti-
mated in recipients of transplanted kidneys from older and 
younger donors. In one study, the nonsclerotic glomeruli in 
transplants from deceased older donors actually had larger 
filtration surface and higher SNKf than those from young 
donors. Overall GFR was 32% lower, a difference that was 
attributable to a reduction in allograft ultrafiltration coef-
ficient, which in turn was explained by a significantly lower 
number of functioning glomeruli than in organs from 
younger donors.15 In healthy volunteers who had not 
received transplants, similar results were found, except that 

cells and older rat kidneys in comparison with vasoconstric-
tive thromboxane.261,262 Excretion of vasodilatory natriuretic 
hormones is also lower in older subjects. Forearm vasodila-
tion in response to PGI2 infusion was also lower in older 
than younger healthy individuals, a difference that appeared 
to be due to reduced contribution of endothelium-derived 
NO.263 Older and younger subjects have similar vasoconstric-
tive responses to intraarterial angiotensin infusion. Inhibi-
tion of angiotensin II–mediated vasoconstriction with ACEIs 
leads to less vasodilation in older individuals264 than in 
younger subjects.265 ACE inhibition also led to renal vasodi-
lation in aged rats with an increase in RPF.266 Glycine 
infusion in older rats, however, causes a decreased vaso-
dilation response.267 Competitive NO inhibition leads to 
increased vasoconstriction, increased vascular resistance, 
and decreased RPF in older than in younger rats.268 Maximal 
vasodilation was applied with dopamine and amino acid in 
young (27-37 years), middle-aged (44-74 years), and elderly 
(81-96 years) subjects; the increase in NO levels and RPF 
seen in young and middle-aged subjects did not occur in 
elderly subjects, who also had a reduction in renal func-
tional reserve that paralleled the number of sclerotic glom-
eruli found in elderly kidney biopsy specimens.269 These 
findings suggest that in order to preserve renal plasma flow, 
the aged renal vasculature may be in a state of renal vasodila-
tion to compensate for underlying glomerular sclerotic 
damage. Renal function is thereby maintained despite a 
decrease in renal functional reserve.269

GLOMERULAR FILTRATION RATE

A progressive decline in GFR is seen with aging, though the 
rate of change can vary depending on whether inulin, 
iothalamate, urea or creatinine clearance measurements are 
used.270 Annual decline in creatinine clearance averages 
0.8 mL/min/1.73 m2, whereas iohexol clearance decreases 
by 1.0 mL/min/1.73 m2 per year.271,272 Various factors, 
including race, gender, genetic variation, and underlying 
renal and cardiovascular risks, affect the rate of decline for 
a given individual. Some writers have suggested that healthy 

Figure 24.7  Relationship between age and relative effective renal plasma flow (ERPF, in milliliters per minute per 1.73 m2 body surface area 
[BSA]) in males (A) and females (B). (From Berg UB: Differences in decline in GFR with age between males and females: reference data on clear-
ances of inulin and PAH in potential kidney donors. Nephrol Dial Transplant 21:2577-2582, 2006.)
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serum creatinine and age only) MDRD2, the 2009 CKD-EPI 
(creatinine) equation, and the 2012 CKD-EPI (creatinine[cr]–
cystatin [cys]) equation for approximating GFR with GFR 
values measured by radionuclide studies in the elderly indi-
cates that the CKD-EPI equations may be more accurate 
than the MDRD equations.288-290 Validation studies seem to 
confirm that CKD-EPI (cr) is comparable in estimating GFR 
in both the young and the elderly.291 In the healthy elderly 
patient, use of other factors, including the presence of albu-
minuria and other comorbid conditions, may be more 
helpful in determining the presence or absence of CKD 
than an estimation of GFR alone.292

SODIUM CONSERVATION

Tubular efficiency in reabsorbing filtered sodium decreases 
with age. Healthy subjects more than 60 years old take 
nearly twice as long to decrease urine sodium as those 30 
years and younger (31 hours vs. 17.6 hours, respectively) 
after the initiation of sodium restriction.293 This difference 
may be secondary to decreased distal tubular sodium reab-
sorption.294 Age-related interstitial scarring, fewer nephrons, 
and increased medullary blood flow leading to a greater 
solute burden per nephron may contribute to decreased 
tubular sodium reabsorption in the elderly. However, one 
study found that use of indomethacin to reduce medullary 
flow in older individuals did not decrease distal tubular 
sodium clearance, suggesting that increased medullary 
blood flow may not contribute to decreased sodium conser-
vation in the elderly.295

Changes in both levels and response of hormones regulat-
ing sodium conservation with age also influence sodium 
conservation. Plasma renin and aldosterone levels are lower 
in the healthy elderly. A 30% to 50% decrease in basal renin 
activity is found, although renin substrate levels remain 
normal. Maneuvers that increase renin activity, such as 
upright position, sodium restriction to 10 mEq/day, furose-
mide administration, and air jet stress, further amplify age-
related differences in renin activity.296 Plasma renin levels 

SNKf was reduced in older individuals.270 Despite a linear 
decrease in RPF with age, the filtration fraction appears to 
be increased. This may be explained by a higher filtration 
fraction in juxtamedullary nephrons than cortical nephrons 
in light of relatively preserved medullary flow and decreased 
cortical RPF (Figure 24.9).269,270,280,281 In summary, the age-
related reduction in GFR may be explained by decreases in 
functioning nephrons, in RPF, and in SNKf at baseline, as 
well as a response to Ang II. This reduction is only partially 
ameliorated by the increase in filtration fraction and by an 
increase in SNKf that occurs in remnant glomeruli exclu-
sively in a transplanted kidney.

Although a gradual decrease in GFR is noted with age, a 
parallel increase in serum creatinine may not be evident 
because muscle mass also decreases with age, frequently 
leading to an overestimation of GFR. GFR estimation can 
therefore be tricky in the older patient. Steady-state 24-hour 
urine creatinine clearances depend on collected volume 
and diet. Appropriate collection times are cumbersome for 
the older individual. Clearance studies using a radionuclide 
such as technetium Tc 99m–labeled diethylenetriamine-
pentaacetic acid, iothalamate, or iohexol are more accu-
rate;282 the expense, radioactivity exposure, and/or test 
variability limit their use for routine GFR measurements. 
Formulas commonly used to calculate GFR either overesti-
mate or underestimate actual GFR in older individuals. The 
MDRD study and Chronic Kidney Disease–Epidemiology 
Collaboration (CKD-EPI) equations may provide closer  
estimations of GFR than the Cockroft-Gault equation.283,284 
Other endogenous markers of GFR, such as cystatin C, a 
cysteine proteinase inhibitor continuously produced by  
all nucleated cells that is freely filtered, internalized, and 
catabolized by proximal renal tubular cells, has been found 
to be comparable to the MDRD equation in estimating GFR 
in the elderly; however, body mass index may contribute to 
the discrepancies between cystatin-based and MDRD equa-
tion estimates of GFR.285-287 Comparison of the first MDRD 
equation (incoporating BUN, serum albumin, age, creati-
nie) MDRD1 and second MDRD equation (incorporating 

Figure 24.8  Relations between glomerular filtration rate and age in all subjects. A, In men; B, in women. Glomerular filtration rate (GFR) 
scaled  to  body  surface  area  (BSA);  broken  and  continuous lines  are  the  least  squares  regressions  fitted  to  data  from  age  30  to  40  years, 
respectively. The regression equations are from age 40 years. Note the more rapid age-dependent decline in GFR in women.  (Adapted from 
Esposito C, et al: Renal function and functional reserve in healthy elderly individuals. J Nephrol 20:617-625, 2007.)
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epithelium. ANP is rapidly degraded; however, selective 
blockade of degradative enzymes or clearance can prolong 
serum ANP half-life.303 Serum ANP levels are three to five 
times higher in healthy older adults than in younger adults. 
ANP levels rise in response to greater salt load and head-out 
water immersion in older subjects to a greater extent than 
in younger ones,304-306 although decreased salt intake results 
in similar ANP levels in the old and young. ANP secretion 

both before and after hemorrhage were lower in 15-month-
old rats than in 3-month-old rats, reflecting age-related dif-
ferences in plasma renin even prior to the stress event.297 
Renin mRNA abundance is downregulated and juxtamedul-
lary single-nephron renin activity decreased in older rats.298 
With sodium deprivation and a drop in mean arterial pres-
sure, older rats demonstrate a blunted plasma renin activity 
with delayed decrease in urinary sodium excretion. Plasma 
renin substrate measurements in healthy older adults 
suggest decreased conversion of inactive to active renin.299

Plasma aldosterone changes with age parallel the change 
in plasma renin activity with a 30% to 50% decrease in older 
adults. An intrinsic adrenal defect appears less likely because 
both aldosterone and cortisol responses to adrenocortico-
tropic hormone remain appropriate with age, suggesting a 
renin-angiotensin deficiency.300 The sluggish response to 
dietary sodium restriction seen in the elderly can be repro-
duced by ACE inhibition and blockade of the renin  
angiotensin aldosterone system (RAAS).301 With aldoste-
rone infusion, tubular sensitivity to appropriate sodium 
reabsorption appears preserved in the elderly, further sup-
porting an abnormal RAAS response to delayed sodium 
reabsorption in the elderly.

SODIUM EXCRETION

Older individuals have a blunted natriuretic response to 
sodium or volume loading. Sodium excretion after a 2-liter 
saline load is slower and occurs relatively more during the 
night in subjects older than 40 years than gender-, size-, and 
race-matched younger control subjects (Figure 24.10).275,302 
Nocturia is more prevalent and evident in older individuals. 
The natriuretic response to saline loading normally 
decreases after uninephrectomy for kidney donation, and 
this decrease is greater in older kidney donors than in 
younger donors (Figure 24.11).301

The tubule response to ANP, an important controller of 
sodium excretion, is decreased with aging. ANP induces 
hyperfiltration, inhibits luminal membrane sodium chan-
nels and reabsorption, and suppresses renin release via spe-
cific cell surface receptors on renal vasculature and tubular 

Figure 24.9  Relationship between age and filtration fraction (FF,  in percentage)  in males (A) and females (B).  (From Berg UB: Differences in 
decline in GFR with age between males and females: reference data on clearances of inulin and PAH in potential kidney donors. Nephrol Dial Trans-
plant 2:2577-2582, 2006.)
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urinary concentration. A study found urinary osmolality to 
be lower in aged than in young rats and to persist after a 
5-day water restriction, although plasma AVP levels increased 
equivalently in young and old rats.315 Both volume and 
osmotic stimulation of AVP remain intact with age, with 
actually enhanced osmoreceptor sensitivity for AVP in the 
elderly.316-318 A concentration defect remains after AVP infu-
sion, suggesting an impaired AVP response.319 One study 
found that AVP receptor type 2 (V2R) mRNA expression 
decreased similarly in 8-week-old and 7-month-old rats at 
baseline and with dehydration. Although aquaporin-2 
(AQP2) mRNA increased, the increase was smaller in older 
rats.320 In another study, no difference in V2R mRNA was 
seen between older and younger female nondehydrated 
WAG/Rij rats.321 Some investigators have noted lower V2R 
mRNA expression and decreased AQP2 protein levels in 
older than in younger hybrid F344/BN rats under baseline 
conditions.315 Previous studies in renal medullary cells from 
6-month-old and 30-month-old mice found little difference 
in maximum AVP receptor binding, suggesting a post-
receptor defect.322 Higher AVP levels are required to increase 
cyclic adenosine monophosphate (cAMP), because older 
animals have decreased cAMP levels.323,324

Postreceptor guanine nucleotide–binding protein (Gs 
protein) levels are also lower in older kidneys.325 Stimulation 
of G protein with cholera toxin and of adenylate cyclase with 
forskolin at the level of the catalytic unit and G protein 
interaction evoked a significantly reduced response in 
hydraulic conductivity of older rabbit collecting tubules, 
suggesting that the age-associated decrease in the cortical 
collecting tubule response to AVP may occur at the level of 
the Gs catalytic subunit of adenylate cyclase.326 In the previ-
ously mentioned study in female WAG/Rij rats, however, 
expression of both AQP2 and AQP3 was markedly lower in 
older than in younger rats. AQP2 was noted to also redis-
tribute into the intracellular compartment in the inner 
medulla and not in the renal cortex in the presence of  
low papillary osmolality and unchanged papillary cAMP in 
the older rats, suggesting that AQP2 and AQP3 expression 
may be independent of vasopressin-mediated cAMP accu-
mulation.321 These data suggest that although vasopressin 
response appears to be preserved with age, the extent of this 
response may be affected by mechanistic factors, leading to 
actual aquaporin insertion and urinary concentration.

It has been proposed that older individuals have medul-
lary “washout” on the basis of the observation that solute 
and osmolar clearances are increased and urine osmolality 
decreased after 12 hours of water deprivation.271 Evaluation 
of proximal and distal nephron clearance of sodium in 
comparison with free water clearance after water load fol-
lowed by 0.45% saline load resulted in 29% lower distal 
tubular sodium reabsorption in older healthy versus younger 
healthy subjects, suggesting impaired distal sodium trans-
port in the older subjects. Very old (31 months) rats have 
decreased Na-K-2CL cotransporter type 2 (NKCC2).327 
However, renal cortical to medullary non-urea solute con-
centration and solute-free water clearance as a measure of 
loop salt transport (CH2O/GFR) in aged rats were not sig-
nificantly different from those in younger rats at compara-
ble rates of distal solute delivery; medullary washout is 
therefore less likely to be a contributing factor to the 
decrease in urinary concentrating ability with age.328

remains intact with aging, higher basal levels resulting from 
decreased metabolic clearance.307,308 An age-related decrease 
in GFR does not appear to contribute, because patients with 
CKD and low GFR do not have high ANP levels.309

Decreased metabolic clearance of ANP in aged subjects 
also suggests the possibility of lower proximal brush border 
endopeptidase levels that break down ANP.310 This possibil-
ity is supported by the observation that endopeptidase 
inhibitors restored vagal reflex bradycardia in old rats to 
levels similar to those seen in young rats.311

Some writers have proposed that higher ANP levels are a 
homeostatic response to reduced ANP renal sensitivity with 
age. In support of this idea, urinary sodium excretion 
reaches a plateau after a 2 ng/kg/min ANP infusion in 
older adults,312,313 whereas younger subjects continue to 
have increased urinary sodium excretion with incremental 
increases in ANP.312 Although cGMP and ANP levels are 
similar at baseline, low-dose ANP increases urinary excre-
tion of cyclic guanosine monophosphate (cGMP) but not 
sodium in older subjects.307,314 This finding suggests that 
the problem is downstream of cGMP. ANP can suppress  
the RAAS and inhibit sodium reabsorption. Simultaneous 
measurements of plasma renin activity and plasma  
aldosterone concentration during ANP infusion imply that 
the natriuretic effects of ANP are different from those of 
RAAS suppression. Age seems to affect each ANP action 
differently.307,312,313

URINARY CONCENTRATION

Older individuals are frequently unable to achieve maximal 
urinary concentrating capacity.271,315 A combination of pro-
cesses leads to impairment of water reabsorption with aging. 
The presence of an intact osmoreceptor and volume recep-
tor sensitivity to arginine vasopressin (AVP) release, in addi-
tion to an intact collecting tubule response to AVP under 
maximal medullary tonicity, is necessary for appropriate 

Figure 24.11  Influence of age at donation on change in natriuretic 
response to acute saline load in kidney donors after uninephrectomy. 
Red circles  indicate  normotensive.  (Adapted from Mimran A, et al: 
Aging and sodium homeostasis. Kidney Int Suppl 37:S107-S113, 1992.)
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Although the degree of acidosis observed in the elderly 
in these older studies is subtle, complications of chronic 
acidosis including bone demineralization and muscle 
wasting can be seen in the elderly. Higher protein intake 
results in endogenous acid production. In a population 
study in Pakistan, net endogenous acid production was 
reported to be higher in the elderly compared to younger 
cohorts owing to intake of protein rich foods.337 Increased 
dietary acid load would be expected to result in lower serum 
bicarbonate levels, which would be more evident in those 
over 40 years of age.338 This may not, however, be generaliz-
able to populations elsewhere. Additionally, changes in net 
acid excretion can be seen in patients with small decreases 
in estimated GFR without overt changes in acid base 
parameters.339

Muscle breakdown mediated by activation of the adenos-
ine triphosphate (ATP)–dependent ubiquitin and protea-
some pathway is induced by acidosis.340 Net acid excretion 
correlates positively with changes in parathyroid hormone 
(PTH) and urinary calcium excretion.341 Acidemia regulates 
calcium and alkali mobilization from bone and inhibits 
renal calcium reabsorption. Higher protein intake in 
Western diets, in conjunction with age-related impairment 
in acid excretion, negatively affects calcium balance and 
predisposes to osteoporosis, increased incidence of muscle 
wasting, and fractures despite normal bicarbonate levels.342 

Decreased urinary concentration with age may also be 
affected by reduced expression of urea transporters UT-A1 
and UT-B1 in the renal medulla; one study found a decrease 
in papillary osmolality in senescent female WAG/Rij rats 
whether they received food restriction or ad libitum 
feeding.329 Other investigators report that papillary urea 
accumulation as well as urine osmolality and flow rates 
improved with upregulation of urea transporters when 
1-desamino-8-d-rginine vasopressin (desmopressin; DDAVP) 
was given.330,331

URINARY DILUTION

Renal diluting capacity in the elderly may be affected by an 
underlying decrease in GFR with age as well as a decrease 
in distal sodium resorption.294 Maximum urinary dilution 
depends on appropriate solute extraction, adequate AVP 
suppression, and distal delivery of the filtered load. In one 
study, water loading of 20 mL/kg in healthy older adults 
resulted in excretion of only 41% of the water load over 2 
hours, compared with excretion of 100% of the water load 
in young water-repleted individuals and 70% excretion of 
the water load in young water-depleted individuals; the 
lower excretion is partly attributable to an age-related 
decline in glomerular filtration.332 In another study, peak 
free water clearance after overnight fast and oral water 
loading of 20 mL/kg was 6 ± 0.6 mL/min in healthy elderly 
volunteers, compared with 10.1 ± 0.8 mL/min in young 
volunteers.317 However, total free water clearance over time 
was comparable in both older and younger groups in the 
two studies.317,332 Minimum urinary osmolality for subjects 
older than 70 years is 92 mOsm/kg H2O, compared with 
52 mOsm/kg H2O in subjects younger than 40 years.

ACID-BASE BALANCE

Acid-base homeostasis with usual daily acid or alkali intake 
remains well maintained in the elderly. Only during acid 
loading is the impaired ability to excrete an acid load 
evident. Although age-related decreases in renal mass and 
GFR contribute, endogenous acid production from acid 
diets can lower serum bicarbonate levels in older individu-
als. Healthy elderly demonstrated a lower net acid excretion 
capacity when compared in cross-sectional observational 
analysis with that of younger healthy adults.333 In the same 
group of elderly subjects, net acid excretion correlated posi-
tively with calcium and magnesium excretion. In older, 
cross-sectional studies, plasma bicarbonate and blood pH 
appear to decrease with age, concomitant with decreases in 
GFR (Figure 24.12).334 There is a reciprocal increase in 
plasma chloride, as seen with renal tubular acidosis or early 
renal disease.335

Ammonium excretion is found to decrease with age. 
Whereas ammonium excretion increased similarly with  
glutamine intake in both young and old in one study,  
ammonium loading resulted in lower ammonium excretion 
and inability to achieve minimal urine pH despite correc-
tion for GFR in older patients,336 suggesting a possible 
intrinsic tubular defect. Sodium-hydrogen exchanger activ-
ity, however, increased similarly in both older and younger 
rats, with phosphate transport also decreasing to the same 
extent in both groups.336a

Figure 24.12  Relation  between  blood  pH  [(H+)b]  and  age  (A)  and 
between plasma bicarbonate concentration [(HCO3

–)p] and age (B) in 
normal adult humans (n = 64). Each data point represents the mean 
steady-state  value  in  a  subject  eating  a  constant  diet.  Regression 
equation: (H+)b = 0.045 × age + 37.2 (HCO3

–)p = –0.038 × age + 26.0. 
(From Frassetto LA, et al: Effect of age on blood acid-base composition 
in adult humans: role of age-related renal functional decline. Am J 
Physiol 271:F1114-F1122, 1996.)
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appropriate, as are the filtered load of calcium and proxi-
mal tubular calcium reabsorption per nephron, in both old 
and young rats.352,353 An age-related decrease in distal tubular 
epithelial calcium channel protein TRPV5 abundance is 
noted that corresponds to a decrease in TRPV5 mRNA and 
slight increases in 2-hour urine calcium excretion in older 
mice.354 It is possible that age-related deficiency in 
β-glucuronidase klotho is contributing to inadequate Na+-
K+-ATPase sensing of low extracellular calcium.354-357 Healthy 
older males are found to have a higher calcium set point 
for PTH release as well as a greater number of parathyroid 
cells, not attributable to either lower ionized calcium or 
1,25-hydroxyvitamin D levels.358 How the G protein–coupled 
calcium sensing receptor plays a role in this changed set 
point is yet to be clarified.359 However, fractional calcium 
excretion in the healthy older individuals with GFR values 
similar to those with stage 3 chronic kidney disease (CKD3) 
suggests greater calcium loss in those with CKD3.360

Intestinal calcium reabsorption, however, is decreased 
with aging, in association with decreases in 1-α-hydroxylase 
activity and 1,25-dihydroxycholecalciferol (1,25[OH]2D3) 
levels and increased basal PTH levels. Levels of vitamin 

In one study, 24-hour net acid excretion in healthy elderly 
subjects also correlated with magnesuria irrespective of 
magnesium intake and when adjusted for potassium 
intake.330 In another, elderly men and women with increased 
potassium excretion, a marker of greater potassium intake 
due to consumption of potassium-rich alkaline fruits and 
vegetables, did not exhibit the mild metabolic acidosis 
noted with protein-rich diets, and this finding was associated 
with higher percentage of lean body mass.343 Bicarbonate 
supplementation in elderly patients with chronic kidney 
failure was reported to correct metabolic acidosis, improve 
serum albumin and prealbumin levels, and decrease whole-
body protein degradation as evaluated by a decrease in 
normalized protein catabolic rate.344 Postmenopausal 
women were found to have improved nitrogen and calcium 
balance with potassium bicarbonate supplementation,345 
which also was reported to have favorable effects on bone 
resorption and calcium excretion in older men and 
women.346 In a randomized double-blind placebo-controlled 
study of healthy elderly men and women, potassium citrate 
supplementation at both 60 and 90 mmol/day neutralized 
net acid excretion, with the further benefit of decreased 
24-hour urinary calcium level even though calcium absorp-
tion was not affected.347

POTASSIUM BALANCE

Total-body potassium decreases with age as muscle mass 
declines, and this decrease is more evident in women. Lower 
plasma levels of renin and aldosterone could explain this 
decrease, with presence of relative hypoaldosteronism in 
the elderly.348 Potassium infusion results in decreased aldos-
terone response in older individuals (Figure 24.13).349 
There is a relative decrease in fractional potassium excre-
tion in relation to GFR in healthy older individuals.350 Aged 
rats given high-potassium diet demonstrate lower efficiency 
in potassium excretion.351 KCl infusion results in higher 
plasma potassium levels and inability to shift potassium into 
cells. After bilateral nephrectomy, sodium pump (Na+/K+-
ATPase) activity is 38% lower in older than in younger rats 
with high-potassium feedings.351 Age, however, does not 
appear to affect insulin-mediated potassium uptake in 
humans.352 Exercise-induced increases in potassium levels in 
the elderly suggests an impaired β-adrenergic–induced 
increase in adenylate cyclase system resulting in decreased 
activity of the Na+/K+-ATPase pump in the skeletal muscle.256 
Older individuals are more prone to development of hypo-
reninemic hypoaldosteronism (type 4 renal tubular acido-
sis) with abnormalities in both RAAS and renal acidification. 
Thus, medications that further impair long-term potas-
sium adaptation, including RAAS inhibitors (ACEI, ARBs, 
heparin, calcineurin inhibitors, spironolactone, eplere-
none), β-blockers, nonsteroidal antiinflammatory agents 
(NSAIDs), and sodium channel blockers (trimethoprim, 
pentamidine, amiloride, triamterene) can lead to signifi-
cant hyperkalemia in the elderly and require close 
monitoring.

CALCIUM BALANCE

Both renal calcium excretion and reabsorption in response 
to decreased or increased calcium intake are reported to be 

Figure 24.13  Serum  potassium  and  aldosterone  levels  before, 
during, and after  infusion of potassium chloride  (0.05 mEq/kg body 
weight over 45 minutes) in six healthy young and six healthy elderly 
men.  Changes  in  serum  potassium  levels  were  similar,  but  elderly 
subjects have a lower aldosterone response (P < 0.005) by analysis 
of variance.  (From Mulkerrin E, et al: Aldosterone responses to hyper-
kalemia in healthy elderly humans. J Am Soc Nephrol 6:1459-1462, 
1995.)
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of inappropriate antidiuretic hormone.376 This predisposi-
tion to hyponatremia can be further exacerbated by medica-
tions that can affect AVP action or release (see Chapter 16). 
In addition, thiazide-type diuretics with distal tubular effects 
on solute reabsorption further impair urinary dilution in 
the elderly and can be implicated in nearly 20% to 30% of 
cases of hyponatremia.377 Aging-associated decreases in 
prostaglandin synthesis also inhibit water diuresis and 
increase susceptibility to hyponatremia with thiazide use.377 
Acute or significant hyponatremia can manifest subtly as 
apathy, disorientation, lethargy, muscle cramps, anorexia, or 
nausea, which can progress to more devastating signs such 
as agitation, depressed deep tendon reflexes, pseudobulbar 
palsy, and seizures resulting from osmotic water shifts from 
the extracellular to the intracellular space. Thus early rec-
ognition with prompt appropriate therapy is indicated to 
avoid severe neurologic sequelae, including central pontine 
myelinolysis.

HYPERNATREMIA
Both a concentrating defect and a decreased thirst response 
with aging378 predispose older individuals to dehydration 
and hypernatremia. Certainly the inability to access free 
water because of altered level of consciousness or immobil-
ity in the elderly can lead to a marked rise in serum sodium 
and osmolality, with associated mortality reported as high as 
46% to 70%, particularly with sodium levels higher than 
160 mEq/L.379 Medications that cloud sensorium and 
inhibit thirst, such as tranquilizers and sedatives, or that 
decrease AVP action in the renal tubules, such as lithium 
and demeclocycline, should be used with caution in older 
adults. In addition, osmotic diuretics, high-protein or high-
glucose parenteral feedings, and bowel cathartics need  
to be used carefully in older adults to avoid dehydration. 
The presence of systemic illness, infection, fever, or neuro-
logic impairment may add to impaired AVP secretion and 
increase the underlying predisposition for hypernatremia. 
Symptomatic severe cellular dehydration can be associated 
with obtundation, stupor, coma, seizures, and death. Thus, 
particular care in use of medications and medication review 
are necessary in the older debilitated patient to avoid 
hypernatremia.

ACUTE KIDNEY INJURY

Susceptibility to both ischemic and nephrotoxic acute 
kidney injury (AKI), as well as time for recovery from injury, 
increases with age.380,381 Acute kidney injury is 3.5 times 
more prevalent in those older than 70 years and is associ-
ated with greater morbidity and mortality in older hospital-
ized patients.9,382,383 An estimated 28% of those older than 
65 years are unlikely to recover kidney function after AKI.384

Renal artery occlusion in older rats produced a larger 
increase in renal vascular resistance and a greater fall in 
glomerular filtration, and it took these rats longer to recover 
from ischemic injury than younger rats. Renal cortical slices 
from aged rats that were exposed to anoxia were less able 
to take up paraaminohippurate and tetraethylammonium 
than renal cortical slices from younger rats.380 Reduced anti-
oxidant potential and increased oxidative stress predisposed 
older rats to more severe reperfusion injury.385 Expression 
of candidate genes, including claudin-7 (Cldn7), kidney 

D–dependent calcium-binding proteins also diminish with 
age in association with the change in intestinal calcium 
absorption.351,361 Although renal vitamin D production is 
lower with PTH stimulation, final concentrations of vitamin 
D are similar in both old and young. Urinary cAMP and 
fractional phosphorus levels also increase with PTH infu-
sion as expected in both young and old, suggesting an intact 
renal response to PTH with aging.362

PHOSPHATE BALANCE

Intrinsic renal tubular capacity for phosphate reabsorption 
decreases with age.358,363 Older kidneys adapt less well to 
phosphate restriction.364,365 Intestinal phosphate absorption 
is also lower in the elderly. The lower maximal inorganic 
phosphate (Pi) transport capacity (TmPi) observed in older 
parathyroidectomized rats infused with graded levels of Pi 
suggests a significantly lower TmPi with age. Although TmPi 
decreased further with PTH infusion in these rats, the mag-
nitude of the response was less with age.363

Primary cultures of renal tubular cells from young and 
aged rats show a similar age-related impaired response in 
phosphate transport as seen in vivo studies.366 Decreases in 
maximum sodium-dependent phosphate transport velocity 
(Na/Pi cotransport) and the ability to adapt to low-
phosphate culture media are found in cultured cells from 
older rats, accompanied by a decrease in type IIa Na/Pi 
cotransporter cortical mRNA levels and apical brush border 
membrane protein abundance.365,367

Increase in membrane cholesterol content may further 
act to decrease Na/Pi cotransport with aging.368 In vitro 
cholesterol enrichment of isolated brush border mem-
branes from young adult rats reproduces the age-related 
impairment in maximum velocity of Na/Pi cotransport 
activity.368 Direct changes in opossum kidney cell cholesterol 
content seem to affect Na/Pi cotransport activity by chang-
ing expression of the apical membrane type II Na/Pi 
cotransport protein.369 Thus, changes in membrane choles-
terol content with age may contribute to changes in phos-
phate transport.

The effect of age-related changes in 1,25(OH)2D3 metab-
olism on intestinal phosphate transport should be consid-
ered, given that vitamin D replacement improves renal and 
intestinal phosphate transport in vitamin D–deficient 
animals.370-372 Interestingly, changes in phosphate transport 
resulting from vitamin D administration parallel significant 
changes in brush border membrane lipid composition and 
fluidity.373 Thus, age-related effects of 1,25(OH)2D3 may pos-
sibly be mediated by lipid-modulating properties that 
improve renal and intestinal transport of phosphate (and 
calcium).

RENAL DISEASE IN THE AGING KIDNEY

DISORDERS OF OSMOREGULATION

HYPONATREMIA
Hyponatremia can be a common finding in geriatric adults, 
given their enhanced osmotic AVP release and impaired 
ability to dilute urine.374,375 Many older ambulatory patients 
are also found to have an idiopathic form of the syndrome 

http://www.myuptodate.com


  CHAPTER 24 — AGING AND KIDNEY DISEASE  743

Multifactorial and iatrogenic insults, whether prerenal, 
intrinsic, or postrenal, that lead to AKI are poorly tolerated 
as age increases and renal reserve decreases. The common 
presence of comorbid diabetes, hypertension, heart failure, 
liver disease, or malignancies in older individuals adds to 
the poor tolerability of an acute renal insult. Generalized 
atherosclerosis in older patients predisposes to renal isch-
emic events and spontaneous or procedure-related choles-
terol renal atheroemboli. In addition, acute vasculitis and 
rapidly progressive glomerulonephritis can be devastating 
in older individuals.

Approximately half of the AKI events in the elderly result 
from prerenal processes. Vomiting, diarrhea, bleeding, and 
use of excessive diuretics are common causes of dehydration 
and volume depletion in this population. Impaired thirst, 
decreased urinary concentration ability, and diminished 
sodium conservation capacity predispose to these processes. 
Blunted autoregulation, decreased RPF, and reduced renal 
reserve in the older kidney allow volume changes to be less 
well tolerated. Renal hypoperfusion from decreased cardiac 
output, sepsis, and use of medications that interfere with 
renal autoregulatory mechanisms, such as angiotensin 
antagonists (ACEIs, ARBs) and prostaglandin inhibitors 
(NSAIDs), can cause and exacerbate prerenal processes, 
leading to AKI in older adults. NSAID use increases the risk 
of AKI in those 65 years and older by 58%.395 Because 
tubular defects in older individuals may lead to a higher 
urine sodium excretion despite underlying hypoperfusion, 

injury molecule-1 (Kim-1), and matrix metalloproteinase 
(MMP-7), was increased during ischemic injury in slices of 
kidney from older rats in comparison with younger rats; 
interestingly, gene expression was attenuated in calorie-
restricted older rats.386 Hemoglobin infusion to induce 
heme protein nephrotoxic injury to older rats resulted in 
significantly greater increase in blood urea nitrogen and 
creatinine as well as histologic evidence of acute tubular 
necrosis with tubular cast formation in older (16 months) 
mice but not in younger (6 months) mice. Older mice failed 
to increase protective heme oxygenase 2 (HO-2) mRNA but 
did increase the nephrotoxic cytokine interleukin-6 (IL-6) 
30-fold, compared with a 10-fold increase in younger rats.387

Transcriptomic analysis of murine kidney tissue in experi-
mental AKI suggested that tumor necrosis factor–like weak 
inducer of apoptosis (TWEAK) activation of its receptor, 
fibroblast growth factor–inducible 14 (Fn14), via secretion 
of chemokine CXCL16 decreased both mRNA and protein 
expression of the anti-aging hormone Klotho.388 Klotho 
reduction persisted after recovery from nephrotoxic injury 
and may add to the progression of CKD,388 which is more 
common in the elderly after AKI. In addition, critical  
telomere shortening with increased cell cycle inhibitor  
p21 and greater numbers of apoptotic cells in relation to 
significantly reduced tubular, glomerular, and interstitial 
cell proliferative capacity were noted in older telomerase-
deficient mice in comparison with younger mice.389 Evalua-
tion of renal progenitor cells with bromodeoxyuridine 
before and after ischemia reperfusion noted decreases in 
progenitor cells with age, with no significant difference in 
the ratio of label retaining cell division after injury among 
rats tested of different ages. Higher numbers of renal pro-
genitor cells were noted in cells co-cultured with human 
umbilical vein endothelial cells (HUVECs) than in cells 
cultured without HUVECs, suggesting that tubular regen-
eration with age may be affected by access to surrounding 
peritubular capillary network.390 Proximal tubular cells also 
failed to induce autophagy during ischemic stress, and this 
feature seemed to correlate with the development of age-
related AKI.391 Data also show more decreased autophagy in 
older than in younger mice after ischemic and nephrotoxic 
injury.392

Thus, decreased regenerative capacity in relation to 
injury appears to add to prolonged recovery from AKI  
with age.

Data from older humans reflect similar findings. 
Euvolemic older men consuming a constant sodium diet 
have higher renal vascular resistance with a blunted response 
to orthostatic change. Also, unlike younger adults, older 
adults are unable to improve medullary oxygenation with 
water diuresis (Figure 24.14).362 In patients without kidney 
dysfunction who underwent cardiopulmonary bypass,  
postoperative excretion of kidney-specific proteins (N-
acetyl-β-glucosaminidase, α1-microglobulin, π-glutathione-S-
transferase, α-glutathione-S-transferase) and fractional 
sodium excretion were higher in the older patients than in 
the younger patients.393 Similarly, increasing donor age sig-
nificantly correlated with higher expression of the enzyme 
poly (ADP-ribose) polymerase 1 (PARP-1) in kidney biopsy 
specimens from aged donors, suggesting a greater suscepti-
bility to cold ischemia and ischemia reperfusion in older 
kidneys.394

Figure 24.14  Comparison of changes in R2* (1/sec) in response 
to water load in nine young and nine elderly subjects. R2* reflects 
the  apparent  spin-spin  relaxation  of  deoxygenated  hemoglobin  by 
magnetic  resonance  and  is  equal  to  the  slope  or  equivalent  to  the 
concentration of deoxyhemoglobin or blood oxygen pressure (PO2) or 
tissue PO2. Because blood PO2  is  thought to be  in rapid equilibrium 
with tissue PO2, changes in blood oxygen level–dependent magnetic 
resonance imaging signal intensity, or R2*, should reflect changes in 
the PO2 of  the  tissue. Blue bars  indicate medulla;  red bars  indicate 
cortex. Bar heights represent mean values with standard error  indi-
cated.  NS,  Not  significant.  *Statistically  significant  at  the  P  <  0.01 
level.  (From Prasad PV, Epstein FH: Changes in renal medullary pO2 
during water diuresis as evaluated by blood oxygenation level–dependent 
magnetic resonance imaging: effects of aging and cyclooxygenase inhi-
bition, Kidney Int 55:294-298, 1999.)
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infusion should be individualized through clinical evalua-
tion of volume status and other underlying comorbidities 
for each elderly patient.

Atheroembolic AKI is of greater risk in elderly patients 
who have generalized atherosclerosis, particularly with 
intraarterial cannulation and the use of anticoagulation.404,405 
In one study, approximately 7.1% of renal biopsy specimens 
obtained for acute kidney failure in patients older than 60 
years were found to have atheroemboli.406 Subtle increases 
in blood urea nitrogen and creatinine with or without com-
plaints of dysuria, hesitancy, or dribbling should prompt an 
evaluation for underlying urinary tract obstruction. Careful 
investigation for urogenital tumors, pelvic prolapse, and 
papillary sloughing, as well as medication review for anti-
cholinergic drugs, sedatives and hypnotics, narcotic and 
opioid analgesics, antipsychotics, and histamine-1 receptor 
antagonists, should be considered, with prompt urologic 
intervention as necessary.

AKI also increases the risk of ESKD in the elderly. In a 
cohort of nearly 234,000 Medicare beneficiaries 67 years 
and older discharged from the hospital, the incidence of 
AKI was 3.1%, and ESKD developed in 5.3 per 1000.407 
Therefore early recognition of a greater susceptibility of 
elderly patients to AKI is crucial, with the aim of preventing 
the disease by avoiding nephrotoxic medications and inter-
ventions that increase the risk. Early nephrology referral 
and management are prudent if these exposures cannot be 
avoided.

Although aging individuals have both greater risks for 
AKI and prolonged recovery from it, therapeutic interven-
tion should not be based on age alone, because factors  
other than age can contribute to overall survival in the 
elderly.408-410 Response to dialysis therapy for AKI in the 
elderly is frequently good, providing relief of uremic symp-
toms and complications such as volume overload, bleeding, 
disorientation, catabolic state, and electrolyte disturbances. 
Therefore, as in any patient, it is important to consider the 
overall assessment of the elderly patient in the decision 
about renal replacement therapy (RRT), including illness 
severity, comorbidities, and projected cognitive and/or 
physical recovery in addition to patient and family wishes.

HYPERTENSION

Hypertension leading to kidney disease is a common 
problem in the elderly in most developed nations. NHANES 
data from 1999 to 2004 indicate the presence of hyperten-
sion in 67% of U.S. adults 60 years and older.411 Overall 
there is a progressive increase in the incidence of coronary 
disease, stroke, and cardiovascular mortality as blood pres-
sure rises above 115 mm Hg systolic/75 mm Hg diastolic, 
with some notable differences in risk based on age and 
underlying comorbid conditions. Between the ages of 40 
and 69 years, a 20–mm Hg systolic blood pressure (SBP) 
change is associated with a twofold difference in the death 
rates from ischemic heart disease and other vascular causes, 
with an even greater difference noted in the stroke death 
rate.412 As age increases, SBP and pulse pressure become 
better predictors of cardiovascular disease (CVD).413 Elastic 
senescence, altered extracellular matrix cross-linking, and 
calcium deposition lead to fibrotic changes with medial 
elastocalcinosis and stiffness in the larger elastic aging  

the usual renal indices used to differentiate prerenal from 
intrinsic causes—urine sodium excretion, fractional sodium 
excretion, and urine osmolality—need careful interpreta-
tion in the elderly.396 Although prerenal processes are often 
reversible with careful volume management, discontinua-
tion of the exacerbating factor, or improvement in cardiac 
output, the evolution from prerenal azotemia to acute 
tubular necrosis (ATN) occurs more commonly in older 
(23%) than younger (15%) patients.397

Intrinsic AKI results in acute structural insults that 
prolong recovery of renal clearance in the elderly. ATN 
from ischemic and nephrotoxic tubular injury affects 
approximately 50% of hospitalized older patients with 
intrinsic AKI.398 Lower levels of the NO substrate, l-arginine, 
in the elderly are associated with decreased NO synthesis in 
aging vasculature258,399 and higher ADMA levels,400,401 impair-
ing vasodilation and predisposing older kidneys to ischemia. 
Data from aged rats support these findings. Feeding 
l-arginine to older rats prior to renal artery occlusion 
improved GFR, RFP, and renal vascular resistance (RVR), 
whereas administration of the NO inhibitor l-NAME (NG-
nitro-l-arginine methyl ester) abolished these effects.401a 
With an increase in eNOS mRNA and protein, NO avail-
ability was improved when RhoA protein activation was par-
tially inhibited by statins.401b This increases NO availability 
therefore renal vasoconstriction and significantly attenuates 
ischemic lesions in older animals with ischemic acute renal 
failure, suggesting the vulnerability of aging kidneys to AKI.

Hypotension, either before or after surgery, sepsis, and 
nephrotoxins are poorly tolerated by aging kidneys and are 
major culprits in hospital-acquired AKI in the elderly. A 
prospective evaluation of all patients admitted to one hos-
pital over a 12-month period, of whom 4176 were older than 
60 years, noted that the incidence of treatment-related 
in-hospital AKI in the elderly was 1.4%. Nephrotoxins con-
tributed to AKI in 66% of the elderly patients, sepsis and 
hypotension in 45.7%, contrast-induced nephropathy in 
16.9%, and postoperative renal failure in 25.4%, with various 
combinations of these factors leading to AKI. Sepsis, oligu-
ria, and hypotension were independent predictors of poor 
outcome in this older population.402

Both decreased clearance and tubular changes in older 
kidneys predispose to the toxic effects of antibiotics, chemo-
therapeutics, and diagnostic agents such as those using 
iodinated contrast. Therefore careful estimation of renal 
clearance is crucial in the elderly prior to antibiotic and 
chemotherapy dosing with continued close monitoring and 
drug dose adjustment as necessary. Drug-induced interstitial 
nephritis is more common in the elderly, particularly with 
commonly used drugs such as penicillins and proton pump 
inhibitors.403 Careful assessment of renal clearance should 
be considered before infusion of contrast agents in the 
elderly. Use of concurrent medications such as NSAIDs, 
ACEIs, and ARBs as well as metformin for underlying 
comorbidities in the elderly should be carefully evaluated 
and appropriately discontinued before an intravenous injec-
tion of a contrast agent. Whenever possible, diuretic agents 
should also be discontinued several days prior to contrast 
agent injection in the elderly to prevent an added prerenal 
process. Furthermore, intravenous saline infusion should be 
considered to avoid prerenal process in the elderly before 
and after contrast infusion. Dose and duration of saline 
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intention-to-treat Hypertension in the Very Elderly Trial 
(HYVET) supports a target blood pressure of 150/80 mm Hg 
in patients 80 years or older, reporting a 21% reduction in 
all-cause mortality and a marked reduction in other cardio-
vascular morbidity, such as stroke and heart failure.423 The 
Eighth Joint National Committee (JNC8) guidelines, based 
on a review of a number of randomized trials—including 
HYVET, the Systolic Hypertension in Europe Trial (Sys-
Euro), the Japanese trial to assess optimal systolic blood 
pressure in elderly hypertensive patients (JATOS), the Val-
sartan in Elderly Isolated Systolic Hypertension (VALISH) 
Study, and the usual versus tight control of systolic blood 
pressure in non-diabetic patients with hypertension trial 
(CARDIO-SIS)—recommend blood pressure goals of less 
than 150/90 mm Hg for people older than 60 years.425-431

Lifestyle modification with appropriate dietary salt restric-
tion, exercise, and weight loss when necessary remains the 
primary treatment, with medications added as required and 
tailored to each patient. Various medications have been 
used and are tolerated in the elderly, including chlorthali-
done, hydrochlorothiazide, ACEIs, ARBs, and calcium 
channel blockers.432-435 These drugs should be initiated at 
lower dosages and titrated carefully, with awareness of the 
greater risk of postural and postprandial hypertension in 
the elderly given the exaggerated response in those with 
ISH.436 In a random sample of individuals 75 years or older, 
SBP was found to drop by more than 50% with the rise from 
a supine to a standing position. The total prevalence of 
orthostatic hypotension was 34% in this cohort,437 which 
emphasizes the need to monitor and initiate antihyperten-
sive therapy carefully in the elderly. Furthermore, given  
that many elderly persons are taking a variety of medica-
tions, it is important to be wary of drug-drug interactions, 
which may either potentiate antihypertensive therapy, as do 
the α1-blockers frequently used to treat benign prostatic 

vasculature, which decrease vascular capacitance and propa-
gation of the pulse wave velocity, clinically evident as widened 
pulse pressure.414 Impaired endothelial function and relax-
ation from low NO production with age are also noted to 
increase vascular stiffness.415 With greater arterial stiffness 
in aging as diastolic blood pressure (DBP) decreases and 
pulse pressure increases, studies suggest that evaluating a 
combination of parameters such as SBP + DBP or pulse 
pressure + mean arterial pressure may be more useful in 
predicting mortality outcomes.416 Isolated systolic hyperten-
sion (ISH), with SBP more than 160 mm Hg and DBP less 
than 90 mm Hg, is evident in nearly 75% of U.S. hyperten-
sive elderly patients.417 Although hypertension indepen-
dently increases the risk of ESKD, elevated SBP appears to 
be associated with greater risk of ESKD.418 ISH is a strong 
independent risk factor for a decline in kidney function in 
older individuals (Figure 24.15).419

Measurement of blood pressure in the elderly should 
follow standard guidelines in the American Heart Associa-
tion recommendations,420 although standing blood pressure 
should also be measured periodically in the elderly, given 
the increased risk for postural hypotension. A thorough 
examination to assess underlying causes and end-organ 
involvement, including laboratory evaluation of renal func-
tion (serum creatinine level or eGFR), is important in those 
elderly diagnosed with hypertension.421 Although treatment 
of elevated blood pressure in the elderly, including those 
older than 80 years, is clearly beneficial,422-424 the goal of SBP 
less than 140 mm Hg that was developed for the general 
population needs to be adjusted for those with ISH and for 
patients 80 years and older. Blood pressure therapy that 
decreases DBP to 60 mm Hg or less in the elderly with  
ISH can impair tissue perfusion, increase cardiovascular 
risk, and reduce survival. Thus SBP goals should not be 
reached at the expense of excessive DBP reduction. The 

Figure 24.15  Adjusted relative risk of a decline in kidney function according to quartiles of blood pressure (BP) component in 2181 participants 
in the Systolic Hypertension in the Elderly Program (SHEP). CI, confidence interval; DBP, diastolic blood pressure; MAP, mean arterial pressure; 
PP, pulse pressure; SBP, systolic blood pressure. (From Young JH, et al: Blood pressure and decline in kidney function: findings from the Systolic 
Hypertension in the Elderly Program (SHEP). J Am Soc Nephrol 13:2776-2782, 2002.)
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Nephritic presentations with acute or rapidly progressive 
renal failure can be devastating in the elderly. Several small 
case series suggest that pauci-immune glomerulonephritis 
(GN) is more common in older adults more than 60 years 
of age.454,456,459,460 Greater age is associated with increased 
risk of death from therapy as well as from all causes in older 
patients with pauci-immune GN.461 Of the pauci-immune 
GN biopsy specimens evaluated at a large referral center, 
79% of cases were noted in those older than 60 years.462 
Although fewer cases of anti–glomerular basement mem-
brane GN and immune complex crescentic GN were noted 
in these reports, diagnostic workup for these processes must 
be included. Similarly, although the incidence of postinfec-
tious or poststreptococcal diffuse proliferative GN has 
decreased in most developed nations, the disease is becom-
ing more evident in the elderly in underdeveloped regions 
and in those elderly living in poor socioeconomic or debili-
tating conditions.463,464 Therefore a careful history should be 
taken to identify possible exposure, and a history and/or 
physical examination findings suggesting the possibility of 
infection should prompt early diagnosis and supportive 
treatment in the elderly.

Paraproteinemia, particularly multiple myeloma, can also 
manifest as AKI in the elderly with or without overt hyper-
calcemia.465 Thus quantification of urine protein, serum 
free monoclonal light-chain analysis immunoelectrophore-
sis, and immunofixation can be important early on, particu-
larly if the cause of AKI remains unclear. A test result positive 
for monoclonal proteins should also be followed by further 
evaluation for the presence of amyloidosis or light-chain 
deposition disease. In addition, minimal change disease can 
manifest as AKI in the elderly with significant proteinuria 
and hypertension. Renal biopsy findings frequently suggest 
acute tubular injury in the presence of minimal change 
disease, but the cause remains speculative.466,467

Primary glomerular diseases appear to be more prevalent 
in the elderly than secondary diseases, although diabetic 
glomerulopathy may be underrepresented because biopsies 
often are not performed in cases of presumed diabetic renal 
disease.458 Relative frequencies of various glomerular dis-
eases are different in older and younger patients. Membra-
nous nephropathy is the most common histologic finding in 
numerous case series,453,464,468,469 with 36% of 317 renal biopsy 
specimens from patients older than 60 years showing 
nephrotic syndrome.469a Anti-PLA2R antibodies may be 
detected by ELISA in 75% of patients with idiopathic mem-
branous nephropathy with higher levels associated with 
both greater chance of partial or complete remission as well 
as greater risk for decreased renal function on follow-up.470

Minimal change disease (11%) and amyloidosis (10.7%) 
also were noted and were more frequent than other diag-
noses in this large series.453 In the very elderly (≥80 years), 
focal sclerosis from hypertension and hypertensive nephro-
sclerosis seemed to be more prevalent, followed by immu-
noglobulin A and membranous nephropathy.460

Nephrotic syndrome can coexist with or precede malig-
nancy in up to 30% of elderly diagnosed with malignancy. 
An immune response to tumor antigens is considered  
the possible pathologic cause. Solid tumors of the lung, 
breast, colon or rectum, kidney, and stomach have been 
commonly reported in association with membranous lesions 
in renal biopsy specimens, with resolution of the nephrosis 

hypertrophy, or inhibit antihypertensive therapy, as do the 
NSAIDs frequently used to manage antiinflammatory pro-
cesses in the elderly.438

RENOVASCULAR DISEASE

Renovascular disease is an important cause of resistant 
hypertension and progressive renal insufficiency, often man-
ifesting in the elderly as part of a generalized atherosclerotic 
process rather than an isolated syndrome. USRDS data 
report incidence and prevalence rates of 1.3% and 0.7% 
respectively of ESKD in those diagnosed with atheroscle-
rotic renovascular disease (ARVD).439 The prevalence of 
renovascular disease has been estimated to be 6.8% in 
unselected community-dwelling African American and 
white men and women older than 65 years.440 Angiographi-
cally determined stenosis of 75% or greater in the renal 
arteries is more likely to progress to occlusion.441 Unex-
plained progressive azotemia, worsening or new-onset 
hypertension, and/or development of AKI with antihyper-
tensive therapy should raise suspicion of renovascular 
disease in an elderly patient. These signs may be more 
evident when ACEIs and ARBs are used. Patients also may 
experience recurrent episodes of acute (flash) pulmonary 
edema or otherwise unexplained heart failure.441,442 Patients 
with ARVD are at increased risk of death from CVD443; there-
fore, aggressive control of atherosclerotic risk factors is rec-
ommended. Screening and diagnostic tests should be 
performed in patients with moderate to high probability of 
ARVD (see Chapter 48 for complete discussion).444

Treatment options for hemodynamically significant 
lesions, including medical therapy with antihypertensive 
drugs, revascularization with angioplasty with or without 
stenting, and surgery, should be individualized for each 
patient with consideration of the benefits and risks of each 
procedure. A randomized trial comparing endovascular 
revascularization plus medical therapy with medical therapy 
alone in 806 older patients with ARVD found no clinical 
benefit for revascularization when the end points of renal 
function, blood pressure, time to renal and cardiovascular 
events, and mortality were assessed over 34 months of 
follow-up. Serious complications associated with revascular-
ization occurred in 23 patients, including two deaths and 
three amputations of toes or limbs.445 A later study compar-
ing stenting and medical therapy for atherosclerotic renal 
artery stenosis similarly determined that renal artery stent-
ing did not confer a significant benefit with respect to the 
prevention of clinical events when added to comprehensive, 
multifactorial medical therapy in people with atheroscle-
rotic renal artery stenosis and hypertension or CKD.446,447

Revascularization also carries the risk of atheroemboli, 
although the reported incidence is low. There is no evi-
dence that revascularization improves any outcomes in 
asymptomatic patients.448

GLOMERULAR DISEASE

Renal biopsy findings in the elderly suggest that acute and 
chronic glomerular disease is common in this patient 
population.449-457 As in younger patients, AKI and/or 
nephrotic syndrome often is the reason for renal biopsy in 
the elderly.455,456,458
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and renovascular and obstructive nephropathy. In addition, 
prolonged use of analgesics, frequently seen in the elderly, 
may be associated with papillary necrosis and progression 
to CKD.492,493 Similarly, decompensated medical illness can 
result from gradual CKD progression even though frank 
uremic symptoms are absent. Older individuals may experi-
ence episodes of volume overload and symptoms of heart 
failure, gastrointestinal bleeding, hypertension, or gradual 
confusion that indicate progression of renal loss. Interest-
ingly, the most common cause of death in elderly patients 
with CKD is CVD rather than the progression of kidney 
disease to kidney failure,488,494 whereas in patients younger 
than 65, renal replacement is more common.495

Therefore, cardiovascular risk management remains 
important in elderly patients with CKD. Estimates of renal 
function from serum creatinine levels alone may be inade-
quate in the elderly, given the changes in muscle mass with 
age. Although the accuracy of available formulas for estimat-
ing GFR in the elderly continues to be investigated,496-499 the 
MDRD and CKD-EPI equations may be useful.283 Validation 
studies suggest comparable accuracy for the CKD-EPI (cr) 
equation in both young and elderly patients.291

RENAL REPLACEMENT THERAPY

A significant number of elderly diagnosed with ESKD initi-
ate RRT.500,501 The number of octogenarians and nonagenar-
ians starting dialysis has nearly doubled, rising from 7054 
persons in 1996 to 13,577 persons in 2003, with the 2013 
report of initiation of dialysis in a centenerian.502,503 In a 
retrospective analysis of patient survival among those older 
than 75 years who had stage 5 CKD, the 1- and 2-year survival 
rates were 84% and 76%, respectively, in the group receiving 
dialysis compared with 68% and 47%, respectively, in the 
group treated conservatively. This survival advantage was 
lost in patients with multiple comorbid conditions, particu-
larly in those with ischemic heart disease.504 In-center hemo-
dialysis is the modality of choice for 96% of those older than 
75 years.505 Approximately 19% of the elderly undergo peri-
toneal dialysis.505 Although no clear modality advantage 
exists in the elderly,506-508 some studies suggest a higher mor-
tality in elderly patients receiving peritoneal dialysis, par-
ticularly in those with diabetes.509,510 For either modality, 
overall survival for the elderly is shorter than that for 
younger patients, as would be expected.505,511 Thus, the 
choice between hemodialysis and peritoneal dialysis should 
remain individualized in the elderly, with consideration 
given to medical and psychosocial factors.

For maintenance hemodialysis, an arteriovenous fistula 
(AVF) is the preferred access, particularly in the elderly, 
because it is associated with a lower incidence of infectious 
complications.512 Concern for fistula maturation is not 
unique to older patients, and thus age should not be a limit-
ing factor in AVF creation given the equivalent procedural 
and fistula survival rates in younger and older patients.512 
Factors limiting fistula creation such as significant vascular 
disease and cardiovascular instability may be more prevalent 
in the elderly. Retrospective analysis or United States Renal 
Data System (USRDS) data adjusted for vascular disease, 
diabetes, nutritional status, gender, and race suggest little 
difference in mortality benefit between AVF and arteriove-
nous graft (AVG) placement.513 The prevalence of central 

after tumor treatment.471,472 The presence of anti–phospho-
lipase A2 receptor (PLA2R) antibodies may be helpful in 
differentiating idiopathic from secondary malignancy–
associated membranous nephropathy.473 Minimal change 
lesions in renal biopsy specimens have also been noted in 
conjunction with Hodgkin’s and non-Hodgkin’s lymphoma 
in the elderly.474,475 Given this association, a thorough history 
taking, physical examination, and basic screening to rule 
out a secondary malignant cause should be considered in 
elderly patients with new-onset nephrosis.

Retrospective studies and meta-analysis of randomized 
trials as well as pooled analysis of randomized prospective 
and case series suggest that use of steroids alone for the 
treatment of membranous lesions has little impact on the 
rate of renal functional decline in the elderly, although the 
incidence of CKD is noted to be greater in the elderly,476-479 
likely owing to decreased functional reserve. Although treat-
ment with steroids and cytotoxic agents may lead to partial 
or complete remission, individual risk/benefit assessment is 
important given the high risk of infection in the elderly. 
Case series of minimal change lesions in the elderly suggest 
that such lesions may respond to steroid use alone; however, 
the response to both steroids and cytotoxic agents is less 
than for younger patients. Older patients with minimal 
change disease seem to experience relapse less frequently 
and have more stable remissions after cyclophosphamide 
treatment.480,481

Evaluation for primary and secondary amyloidosis should 
be included in the elderly patient presenting with nephrotic 
syndrome; Congo red staining of renal or other tissue signi-
fies the presence of amyloid fibrils, confirming the diagno-
sis. In a small number of elderly patients, generalized global 
sclerosis can also manifest as nephrotic proteinuria caused 
by undiagnosed processes that lead to renal scarring, with 
hypertension hastening this process.

Based on limited data, recommendations for treatment 
of glomerular diseases are to select and tailor therapy for 
the elderly using the same criteria as for younger individu-
als. Treatment with medications requires cautious dosing 
and careful follow-up because drug metabolism and renal 
excretion are altered in the elderly, raising the risk of drug 
toxicity.482

CHRONIC KIDNEY DISEASE

CKD increases in prevalence with age and heralds a poor 
outcome.483-485 Recognized as a global public health problem, 
CKD with eGFR less than 60 mL/min/1.73 m2 is present in 
approximately 38% of U.S. adults 70 years and older.486 CKD 
in the elderly is associated with a greater risk of kidney 
failure and CVD, including ischemic stroke and death.485,487,488 
A high risk for all-cause and CVD mortality has been 
described in community-dwelling elderly individuals with 
CKD, particularly those with an eGFR of less than 45 mL/
min/1.73 m2 and in men.6 Frailty is also more prevalent 
among older patients with CKD than among those with 
normal renal function,489 and cognitive impairment 
increases in older CKD patients independently of other 
confounding factors,490,491 although the full extent of the 
burden of CKD in the elderly is yet to be known.

AKI can hasten the progression of CKD secondary to 
medical disease such as diabetes, hypertension, chronic GN, 
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skewed toward younger recipients.524 The 2013 Scientific 
Registry of Transplant Recipients reports that approximately 
40% of all candidates waiting for transplant are between 50 
and 64 years old and 18% are 65 years or older. In 2011, 
60% of kidney transplant recipients were older than 50 
years, of whom 18% were older than 65 years.525 The propor-
tion of older patients receiving kidney transplants in rela-
tion to the number of older patients wait-listed to receive 
transplants are similar to the proportion of younger recipi-
ents of kidney transplants compared with younger wait-
listed patients.526 Although younger transplant recipients 
experience a higher number of healthy life-years, older 
patients undergoing transplantation have a significant sur-
vival advantage over those remaining on dialysis.527-529 The 
overall risk of death is 41% lower for older kidney transplant 
recipients than for wait-listed candidates, with survival 
advantage also noted for recipients of extended criteria 
donor (ECD) kidneys.530

In one study, patients 60 years and older who did not 
undergo transplantation had an overall 2.54 times higher 
adjusted risk of death than patients of the same age who did 
receive transplants, regardless of the type of graft; when data 
were stratified by donor graft type, risk of death was 3.78 
times higher for patients receiving non-ECD donor grafts 
and 2.31 times higher for those receiving ECD grafts.531 
Allograft type affects recipient survival in recipients 65 years 
and older, with 2009 registry data suggesting better survival 
rates for living donor grafts than for both deceased non-ECD 
grafts and deceased ECD donor grafts (Table 24.1) at 3 
months, 1 year, and 5 years. Allograft survival is similarly 
excellent after 3 months, 1 year, and 5 years for recipients 
65 years and older, with living donor allografts faring best, 
followed by deceased non-ECD grafts and deceased ECD 
grafts (see Table 24.1).532

Increasing the kidney transplant donor pool for a growing 
number of wait-listed candidates forces consideration of 
graft procurement from older donors. Delayed graft func-
tion and some decrease in allograft survival, as well as in 
patient survival, can be associated with increasing donor 
age.533,534 Graft survival at 3 and 5 years for living donor 
grafts from donors 55 years of age and older was noted to 
be 85% and 76%, respectively, compared with 89% and 
82%, respectively, for grafts from living donors younger 
than 55 years, and 82% and 73%, respectively, for grafts 
from deceased donors younger than 55 years.535

As the upper age limit for kidney transplant recipients 
has shifted over time, twice as many patients 65 years and 

venous catheter use for maintenance hemodialysis is 
reported to be as high as 24% in Europe and 28% in North 
America.514 Although AVF remains an optimal choice for 
hemodialysis access in the elderly, AVG and central venous 
catheters continue to be prevalent access options in the 
elderly. Similarly, peritoneal dialysis may be an option for 
elderly patients who experience hemodynamic instability 
during hemodialysis.515,516 There is little difference between 
older and younger patients in the likelihood of technique 
failure, number of peritonitis episodes, and types of infec-
tions, and fewer peritoneal catheter replacements are actu-
ally required in older patients.516,517

RRT in the elderly patient heralds important problems 
requiring careful medical management. Clearance levels of 
numerous concurrent medications required for comorbid 
conditions in the elderly change with ESKD and dialysis. 
Elderly patients undergoing dialysis may be more prone to 
hypoglycemia because of prolonged insulin clearance, poor 
intake, and decreased sympathetic response due to other 
medications. Therefore, close monitoring of medications 
and careful attention to detect subtle changes in the clinical 
condition of the elderly patient undergoing dialysis are 
essential.518 Despite limited survival of some patients, many 
elderly patients have a high quality of life while undergoing 
dialysis, and they should not be denied treatment on the 
basis of chronologic age alone.519-521 On the other hand, 
among 3702 nursing home residents in the United States 
for whom dialysis treatment was started between June 1998 
and October 2000, initiation of dialysis was associated with 
a substantial and sustained decline in functional status.522 
Prospective data from the Australian and New Zealand Dial-
ysis and Transplant Registry show that patients 75 years or 
older at dialysis initiation with median follow-up between 2 
and 3 years have a 1.24 hazard ratio for death for every 
5-year increase in age. The presence of low body mass index 
(<18.5), the number of comorbidities, and late referral 
added further to higher mortality in this population.523 
Dialysis should not be used only to prolong the dying 
process. Symptom relief and maintenance of independence 
should be considered the main goals of treatment.

RENAL TRANSPLANTATION

Age alone does not necessarily preclude candidacy for renal 
transplantation for those medically eligible. As the subset of 
older patients with ESKD grows, there is a shift toward older 
renal transplant candidates while kidney allocation remains 

Table 24.1 Adjusted Patient and Allograft Survival Rates for Transplant Recipients 65 Years of Age and Older

3 Months 1 Year 5 Years

Patient 
Survival (%)

Allograft 
Survival (%)

Patient 
Survival (%)

Allograft 
Survival (%)

Patient 
Survival (%)

Allograft 
Survival (%)

Living donor 99.2 98 96.9 95.4 79.2 73.9
Deceased non–extended criteria donor 97.5 95.2 93.3 89.4 69.6 61.6
Deceased extended criteria donor 95.5 90.3 90.1 83.2 61.3 52.5

Data from U.S. Organ Procurement and Transplantation Network and the Scientific Registry of Transplant Recipients: 2009 annual 
report. Available at http://optn.transplant.hrsa.gov/ar2009/survival rates.htm. Accessed April 2011.
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older are receiving kidney transplants now than in the year 
2000. Nearly half the patients age 60 or older die waiting 
for deceased donor transplants. In a study comparing retro-
spective cohorts of patients 65 years or older with those 
between 50 and 64 years and those younger than 50 years 
over 15 years, cohorts older than 50 years were found to 
have a higher risk of death over time. Time to death was 
significantly shorter for those 65 years or older who had 
coronary artery disease or congestive heart failure.536

Although risk of acute rejection can be lower in  
older recipients, the impact of acute rejection on overall 
long-term allograft function may be more significant.537 
Nevertheless, transplant graft loss in older recipients  
occurs primarily from patient death secondary to infection 
and CVD.538-540 Thus a careful, thorough preoperative evalu-
ation in the prospective elderly transplant recipient is 
necessary.541,542

The use of immunosuppressive agents in elderly patients 
can be challenging because of the increased incidence of 
associated comorbid conditions and altered pharmacokinet-
ics in this age group.537,538,543 Data from which to evaluate 
induction regimens and the optimal combination of medi-
cations for maintenance immunosuppression among the 
elderly remain limited at this time. In conclusion, with 
careful screening and the absence of contraindications to 
transplant candidacy, recipient performance status as well 
as discussions regarding life expectancy with and without 
transplantation may be more useful than age alone in the 
consideration of renal transplantation in the elderly patient.

URINARY TRACT INFECTION

Urinary tract infection (UTI), whether symptomatic or 
asymptomatic, is relatively common and a frequent reason 
for hospital admission in the elderly as various comor-
bid conditions, anatomic abnormalities, and weakened  
host defense mechanisms become evident.544 Age-related 
mechanical and hormonal changes in the urinary tract 
often lead to urinary tract obstruction or urine stasis. Coex-
isting illnesses in the elderly, including cerebrovascular acci-
dents, dementia, impaired mobility, and incontinence of 
bladder and bowel, often are associated with poor hygiene. 
Bladder dystonia, changes in the pelvic musculature, pros-
tatic enlargement, and urethral stricture can contribute to 
obstructive uropathy. Decreased prostatic secretions in 
older men may predispose to infections of the lower urinary 
tract. Prostatic microcalculi can harbor bacteria and become 
a nidus for infection in an elderly man. Decreased vaginal 
estrogen levels in postmenopausal women may lead to 
increased vaginal pH by causing relative depletion of lacto-
bacilli and may raise the risk for bacterial colonization and 
infection.545 Data are conflicting, however, on the role of 
systemic and topical estrogen therapy to decrease the inci-
dence of UTI.

Classic signs and symptoms of UTI are urinary frequency, 
urinary urgency, dysuria, nocturia, and suprapubic discom-
fort as well as occasional hematuria with cystitis. Pyelone-
phritis usually manifests as costovertebral angle tenderness, 
fever, and variable lower urinary tract symptoms. However, 
a wide spectrum of nonspecific clinical symptoms is inter-
preted inappropriately as UTI in the elderly, leading to a 
tendency to both overdiagnosis and overtreatment.546 Even 

typical symptoms require cautious interpretation, because 
they are common in elderly people without infection.547 A 
retrospective case series from one hospital suggests that in 
approximately 40% of cases, UTI is incorrectly diagnosed in 
hospitalized older people.544 There has also been a tendency 
to manage all clinical deterioration in long-term care facility 
residents who have positive urine culture results as UTIs, 
which again contributes to excess antimicrobial use, height-
ens the problem of antimicrobial resistance, and exposes 
older patients to unnecessary antibiotic side effects.548 On 
the other hand, cognitively impaired older patients may not 
recall or report symptoms and do not have classic genitouri-
nary symptoms, making the diagnosis more problematic. A 
prospective cohort study of women and men in nursing 
homes addressed the question of clinical presentation of 
UTI in residents of long-term care facilities. Dysuria, change 
in the character of the urine, and altered mental status were 
the only clinical features significantly associated with bacte-
riuria plus pyuria. Of these features, dysuria most effectively 
discriminated between those with and those without bacte-
riuria plus pyuria.549

Atypical clinical manifestations can make diagnosis, pre-
vention, and treatment of UTI in the older patient challeng-
ing. The incidence of asymptomatic bacteriuria increases 
with rising age. Although community-dwelling older women 
experience symptomatic UTI more often than older men, 
gender differences are less pronounced in older age groups 
than in younger age groups.550 Estimated prevalence of 
asymptomatic bacteriuria in women older than 80 years 
living in the community is 20%, whereas 5% to 10% of simi-
larly aged men are bacteriuric without symptoms. Nearly 
25% to 50% of institutionalized elderly women and 15% to 
40% of institutionalized elderly men, however, are found to 
have asymptomatic bacteruria.550 Because asymptomatic 
bacteriuria does not necessarily predict poor outcome or 
treatment effect on morbidity or mortality in the elderly,551 
routine screening for and treatment of asymptomatic bacte-
riuria, whether or not accompanied by pyuria, is not recom-
mended for either community-dwelling or institutionalized 
elderly individuals.547,551-554 Use of indwelling urinary cathe-
ters, although common in the elderly, raises concerns about 
bacterial colonization and biofilm formation on both exter-
nal and internal catheter surfaces and is associated with a 
5% per day rate of asymptomatic bacteriuria (see also 
Chapter 37). Asymptomatic catheter-associated bacteriuria 
does not require antimicrobials. UTI most commonly mani-
fests as fever without localized genitourinary signs and symp-
toms in these patients and requires treatment.

For elderly patients without indwelling catheters, the 
minimum criterion for initiating antibiotic therapy accord-
ing to consensus guidelines is acute dysuria alone or fever 
in the presence of at least one of the following: new or 
worsening urgency, frequency, suprapubic pain, gross hema-
turia, costovertebral angle tenderness, and urinary inconti-
nence.555 For treatment of symptomatic infection, selection 
of an antimicrobial should be delayed, wherever possible, 
until culture results are available. For symptomatic infection 
in the patient with an indwelling catheter, the catheter 
should be removed and replaced with a new catheter before 
initiation of antimicrobial treatment.556

Escherichia coli remains the most common cause of symp-
tomatic UTI in older men and women.557 Nevertheless, a 
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wide spectrum of organisms has been isolated from indi-
viduals with long-term indwelling catheters, including yeast 
species.556 A urine culture should be performed before ini-
tiation of antimicrobial therapy in older individuals with 
suspected UTI. In relatively healthy women living in the 
community, however, a short course of empiric antimicro-
bial therapy can be effective if the patient shows typical 
symptoms. A 3-day course of antibiotic therapy for uncom-
plicated symptomatic UTI in older women seems to offer 
efficacy similar to that of the more standard 7-day therapy, 
with significantly fewer adverse events.558 Duration of therapy 
in men is usually 7 days for cystitis. Treatment is continued 
for 10 to 14 days for pyelonephritis in both men and women.

Chronic bacterial prostatitis is characterized by positive 
results on cultures of expressed prostatic fluid and is usually 
associated with recurrent UTIs. The initial treatment for 
chronic bacterial prostatitis is the use of a prostate-
penetrating antimicrobial agent (e.g., a fluoroquinolone or 
trimethoprim-sulfamethoxazole) that is effective against the 
pathogen identified by prostatic localization cultures. The 
usual course of therapy is 4 weeks.559

Long-term (6- to 12-month) low-dose prophylactic anti-
microbial therapy can be used for prevention of recurrent 
uncomplicated UTI in older women in the community who 
are experiencing two or more UTI episodes in a 6-month 
period. A first-line regimen is nitrofurantoin 50 or 100 mg 
or trimethoprim-sulfamethoxazole, one half a regular-
strength tablet daily or every other day at bedtime.550 The 
optimal duration of UTI therapy for residents of long-term 
care facilities is not known. In general, the diagnosis of UTI 
in frail elderly people should be made only after a careful 
clinical evaluation and thorough review of laboratory data.

RENAL CYSTS

Simple renal cysts occur commonly in aging kidneys.560,561 
One study reported prevalence of 11.5% in individuals aged 
50 to 70 years and 22.1% in those aged 70 years and older,562 
whereas another found rates as high as 36.1% in the eighth 
decade of life, with a relative frequency of 2 : 1 in men com-
pared with women.563

Simple cysts are benign and asymptomatic and usually are 
incidental findings in patients undergoing abdominal 
imaging for other causes. They may be solitary, or multiple 
and bilateral and generally have little clinical significance.563 
Rarely, however, they may be associated with pain, infection, 
rupture, hematuria, and hypertension.564-567 Cysts that have 
smooth clear walls and are fluid filled without internal 
echoes on ultrasonography usually require no further 
workup.568-570 However, a cyst that is filled with debris and/
or internal echoes, is thick walled, or occurs in association 
with a possible renal mass is considered complicated and 
needs careful follow-up and investigation with further 
imaging,569,571,572 cyst puncture, angiography, or surgical 
exploration as indicated.
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Readers of this chapter are assumed already to be compe-
tent medical historians and to be very familiar with the 
essentials of the general physical examination. Further-
more, many of the topics that are briefly reviewed in this 
chapter are addressed in much greater detail in other parts 
of this textbook. Consequently, the focus here is on certain 
features of the history, physical examination, and laboratory 
testing that might be of specific utility to nephrologists and 
nephrology trainees. The chapter is divided into nine broad 
areas of kidney disorder and addresses those features of 
greatest importance to the early diagnostic and therapeutic 
phases of the patient’s workup.

HEMATURIA

Hematuria is the excretion of an abnormal number of red 
blood cells (RBCs) into the urine. Normal individuals 
excrete about 1 million RBCs per day in their urine. Extrap-
olated to the microscopic examination of the sediment of a 
spun urine specimen, this equates to about 1 to 3 RBCs  
per high-power field (HPF). Therefore, excretion of more 
than 3 RBC/HPF is abnormal and may warrant further 
evaluation. The excretion of more than 3 RBC/HPF, but 
not enough RBCs to make the urine visibly red, defines 
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suggests infection, stones, or malignancy. Colicky pain sug-
gests ureteral obstruction from a stone, blood clot, or 
sloughed renal papilla. This is especially the case if the pain 
radiates to the testicle or labia.

A family history of renal dysfunction or renal stones 
should be sought. When a patient with hematuria has family 
members with renal failure, diagnoses such as polycystic 
kidney disease or Alport’s disease should be considered. 
Familial hearing loss, especially in male relatives, suggests 
Alport’s disease. A very common cause of otherwise unex-
plained asymptomatic familial hematuria is thin basement 
membrane disease.8 Sickle cell trait or anemia are very 
common causes of hematuria in African Americans.9

Hematuria sometimes occurs after vigorous exercise or 
participation in contact or noncontact sports.10 Mechanisms 
include direct recurrent trauma to the bladder or kidneys 
and pathologic renal hemodynamic effects. However, the 
fact that hematuria occurs after completing a long bicycle 
ride or running a marathon does not exclude the possibility 
of other potentially serious pathologic conditions, and  
generally a complete evaluation is necessary. Exercise-
related hemoglobinuria, such as march hemoglobinuria, 
and postexercise myoglobinuria result in excretion of globin 
pigments and positive results on dipstick testing without 
RBCs in the urine.

Travel history may be very important as, for example, 
when hematuria develops in patients who have traveled to 
areas where Schistosoma haematobium infection or tuberculo-
sis is endemic. Although otherwise unexplained bleeding 
into the urine can occur in patients with hereditary or 
acquired coagulation disorders or in patients who require 
therapeutic anticoagulation, these conditions and drugs 
should not preclude consideration of other underlying 
causes. Bleeding disorders and anticoagulants will cause any 
pathologic GU structures such as malignancies to bleed 
more readily. This is especially common in older patients.11 
A history of cigarette smoking (or second-hand smoke expo-
sure) increases the risk of bladder cancer twofold to four-
fold.12 Occupational exposure to aniline dyes and aromatic 
amines and amides, treatment with some chemotherapeutic 
agents (e.g., cyclophosphamide, mitotane), and radiation to 
the pelvis increase the risk for uroepithelial cancers. In the 
past, long-term use of analgesics did increase the risk of 
bladder cancer, but this was probably due to the presence 
of phenacetin, which has now been removed from these 
medications. Indeed, the use of aspirin and other nonste-
roidal antiinflammatory drugs (NSAIDs) has been shown to 
reduce the likelihood of bladder cancer in some epidemio-
logic studies.13 Over the past decade, it has become appar-
ent that ingestion or occupational exposure to Chinese 
herbals containing aristolochic acid markedly increases the 
risk of urothelial carcinoma.14,15

A recent history of pharyngitis followed by hematuria 
raises the possibility of glomerulonephritis with synpharyn-
gitic bleeding. Chronic glomerulonephritis, usually immu-
noglobulin A (IgA) nephropathy, is often exacerbated by an 
upper respiratory tract infection and may result in gross 
hematuria. This is distinct from poststreptococcal glomeru-
lonephritis, which occurs 2 to 6 weeks following the 
infection.

With gross hematuria, it is useful to determine if the 
bleeding is more pronounced at the very beginning or at 

microscopic hematuria. Asymptomatic microscopic hematu-
ria is very common; it may be detected in up to 13% of 
adults.1 Although it is most often of no consequence, hema-
turia can be a sign of serious disease and should never be 
ignored. Gross hematuria occurs when the quantity of urine 
blood is large enough to color the specimen red or brown. 
Although microscopic and gross hematuria are generally 
caused by the same conditions, there are marked differ-
ences in the relative frequencies with which various patho-
logic conditions generate these two presentations. Therefore, 
the diagnostic approaches to these two conditions are dif-
ferent. Although routine screening of healthy individuals 
for the presence of hematuria is currently not recom-
mended by the U.S. Preventive Services Task Force, more 
recent studies have suggested that screening urinalysis may 
be a strong indicator of subsequent renal disease.2,3 In addi-
tion, asymptomatic microscopic hematuria is still often 
detected when a urinalysis is performed during the evalua-
tion of a patient for nonurinary complaints. Furthermore, 
when a urinalysis reveals hematuria, the person’s age, 
gender, population ancestry, medical history, and physical 
findings must be considered to determine if further evalu-
ation is indicated.4

A diagnosis of asymptomatic hematuria requires micro-
scopic examination showing more than 3 RBC/HPF in at 
least two of three freshly voided, midstream, clean-catch (in 
women not during menstruation) urine specimens.5,6

If microscopic hematuria spontaneously resolves, evalua-
tion decisions are strongly influenced by the clinician’s 
index of suspicion. Microscopic hematuria associated with 
symptoms such as urinary frequency or pain is more worri-
some and mandates further evaluation. Gross hematuria, 
especially if clots are passed, usually indicates a urologic 
source of bleeding. Even a single episode of gross hematuria 
mandates further evaluation. The most common cause of 
gross hematuria in young women (<40 years) is urinary tract 
infection (UTI). Malignancy must be strongly considered 
and ruled out by appropriate studies in older patients.4,7 
Brown, cola–colored, or smoky urine with RBCs present on 
microscopy is very suggestive of a glomerular source of 
bleeding.

HISTORY AND REVIEW OF SYSTEMS

Three major factors influencing the workup are the patient’s 
age, gender, and ancestry. The common causes of hematuria 
in children and young adults are much different than those 
in older individuals. Hematuria in adults older than 40 years 
(some propose an age cutoff of >50 years) must be consid-
ered a sign of malignancy (of the bladder, upper urinary 
tract, or kidney) until proven otherwise.4 Although malig-
nancy is much less frequent in young patients with hematu-
ria, a Wilms’ tumor should be considered. Bladder cancer 
is much more common in men and in whites. Hypercalci-
uria, and less commonly hyperuricosuria, are frequently the 
cause of hematuria in children but a less common cause in 
adults. Hematuria due to UTI is much more common in 
women, whereas older men may bleed from the prostate. In 
women, cyclic gross hematuria concurrent with the menses 
raises the strong possibility of genitourinary (GU) tract 
endometriosis. The combination of hematuria with fever, 
dysuria, or flank pain, or a prior history of these symptoms, 
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the termination of voiding. Although formal three-glass 
urine collections are now rarely performed, a history of 
initiation hematuria suggests a urethral source, whereas ter-
mination hematuria is suggestive of bladder neck or pros-
tatic urethral pathology. Blood clots in the urine usually 
denote structural urologic pathology.

PHYSICAL EXAMINATION

Evaluation of blood pressure and volume status is especially 
important when glomerulonephritis is a consideration. If 
palpation of the abdomen reveals a mass, a renal tumor or 
hydronephrosis may exist. A palpable bladder after voiding 
indicates obstruction or retention. Atrial fibrillation raises 
the possibility of renal embolic infarction, especially if the 
patient has flank pain. Costovertebral angle tenderness is 
also suggestive of pyelonephritis, nephrolithiasis, or uretero-
pelvic junction obstruction. A bruit over the kidney suggests 
a vascular cause. A careful genital and rectal examination is 
necessary to help rule out disorders such as prostatitis, pros-
tate cancer, epididymitis, and meatal stenosis.

LABORATORY TESTS

A diagnosis of gross hematuria is suggested by red or brown 
urine. It requires only about 1 mL of blood to make urine 
turn red. However, many substances other than RBCs can 
produce red or brown urine. They include chemicals, medi-
cations, and food metabolites. A chemical test for hemoglo-
bin is very helpful in distinguishing among these possibilities. 
The most commonly used method of testing the urine for 
blood is the urine test strip or dipstick, which uses the 
peroxidase-like activity of hemoglobin to generate a color 
change in a chromogen (dark green to blue). These test 
strips do not react with most nonhemoglobin pigments that 
can color the urine.

In addition to detecting the hemoglobin in RBCs, the 
reaction also yields a positive result with any free hemoglo-
bin and/or myoglobin in the urine. A false-positive hemo-
globin test can be produced by hypochlorite solutions, 
which are sometimes used to clean urine collection contain-
ers, and by some urine bacteria that produce peroxidases.16 
Therefore, any positive dipstick test for hemoglobin must 
be followed by a microscopic examination of the urine to 
confirm the presence of RBCs.17 Some of the causes of red 
or brown urine are shown in Table 25.1. It is also important 
to separate hematuria caused by glomerular abnormalities 
from bleeding due to other pathologic kidney conditions 
(e.g., tumors, cysts) or pathologic processes distal to the 
glomerulus (e.g., interstitial disease, stones, tumors, other 
processes affecting the renal pelvis, ureters, bladder, urethra, 
or prostate. When blood originates from glomeruli, the 
RBCs pass through the length of the renal tubules, where 
they are subjected to marked changes in osmolality, ionic 
strength, pH, and other forces. Compression of the RBCs, 
together with urine proteins, creates RBC casts (Fig. 25.1), 
and the identification of these casts on microscopic exami-
nation provides excellent evidence for glomerular bleeding. 
Although quite specific, RBC casts often are not seen, even 
when definite glomerular bleeding exists. A more common 
helpful sign of glomerular bleeding is the identification of 
dysmorphic RBCs of varying shape and sizes with blebs, 

Figure 25.1  Red blood cell cast and acanthocytes consistent with 
glomerular bleeding (diffusion interference contrast optics). (Courtesy 
Dr. Rajiv Agarwal, Nephrology Division, Indiana University School of 
Medicine, Indianapolis.)

Table 25.1 Causes of Red or Brown Urine

Endogenous 
Substances Foods Drugs

Red blood cells
Hemoglobin
Myoglobin
Bilirubin
Porphyrins
Melanin

Artificial food coloring
Beets
Blackberries
Blueberries
Fava beans
Paprika
Rhubarb

Adriamycin
Chloroquine
Deferoxamine
Levodopa
Methyldopa
Metronidazole
Nitrofurantoin
Phenazopyridine 

(Pyridium)
Phenolphthalein
Phenytoin
Prochlorperazine
Quinine
Rifampin
Sulfonamides

budding and, especially, the vesicle-shaped protrusions that 
characterize acanthocytes (i.e., so-called Mickey Mouse ears; 
see Fig. 25.1). Dysmorphic RBCs are an excellent indicator 
of glomerular bleeding when most of the urine RBCs are 
affected.18 Acanthocytes are quite specific when they repre-
sent more than 5% of the urinary RBCs; this is a very good 
sign of glomerular bleeding. These distinct RBC anatomic 
alterations are most readily seen with phase-contrast micros-
copy. Another indication that bleeding is more likely of 
glomerular origin is coexistent significant proteinuria 
(>0.5 g/day or >0.5 g protein/g of creatinine). The pres-
ence of pyuria together with hematuria suggests inflamma-
tion or infection and warrants a urine culture.

Table 25.2 highlights the features that can be used to  
differentiate glomerular and nonglomerular, or urologic, 
hematuria. Urine cytologic analysis is indicated when other-
wise unexplained hematuria is documented. It has good 
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Table 25.2 Differentiation of Glomerular from Urologic Bleeding

Feature Glomerular Hematuria Urothelial Hematuria

Urine color Dark red, brown, cola-colored, smoky Bright red
Clots − +
Proteinuria + −
Red blood cell morphology Dysmorphic (especially acanthocytes) Isomorphic
Hypertension + −
Edema + −
Urinary voiding symptoms − +
Back pain, flank pain + +
Renal function Reduced Normal
Family history + +
Trauma − +
Upper respiratory tract infection + −
Fever, rash + −

specificity and a sensitivity of about 80% for bladder cancer 
but a much lower sensitivity for upper tract malignancy.19

IMAGING

When hematuria is not believed to be of glomerular origin, 
computed tomography (CT) with and without intravenous 
(IV) contrast is currently the preferred initial imaging 
modality to evaluate microscopic and gross hematuria  
and has largely replaced intravenous pyelography (IVP). CT 
urography has excellent sensitivity for stones, identifies 
most kidney tumors, and reveals other non–GU tract 
abdominal pathologic processes. The major disadvantage of 
a CT scan is the need for IV radiocontrast and the signifi-
cant quantity of radiation exposure.20 If CT cannot be done, 
renal ultrasonography is the next best initial imaging test. 
If the explanation for hematuria is not evident on the initial 
study, the next diagnostic imaging test to perform is cystos-
copy. Direct visualization of the bladder requires cystoscopy. 
Abnormal areas or lesions can be biopsied. Performing cys-
toscopy at the time of bleeding may localize the bleeding 
site. If no abnormality is noted and there is any suspicion 
of upper tract disease, retrograde pyelography may be 
performed.

One diagnostic approach is illustrated in Figure 25.2. A 
major decision branch is based on the patient’s age and 
other risk factors for bladder cancer. There is controversy 
about the specific age to be used for diagnostic stratifica-
tion. Some experts believe it should be 40 years, and others 
argue for 50 years. Figure 25.3 shows the frequency of renal, 
uroepithelial, and bladder cancers stratified by gender and 
age in 1930 patients evaluated for hematuria.3

NEPHRITIC SYNDROME

Classic nephritic syndrome is characterized by glomerular 
hematuria and an active urine sediment, manifested by dys-
morphic RBCs (especially acanthocytes) and RBC casts and 
often white blood cells (WBCs) and WBC casts. In general, 
these are the result of an inflammatory process in the  
glomerulus. Usually, the glomerular filtration rate (GFR) is 
reduced, and variable degrees of hypertension, oliguria, and 

edema occur. Proteinuria is common but often of relatively 
low magnitude. In many cases, the degree of proteinuria is 
limited by the accompanying reduction in GFR. However, 
high-grade proteinuria and even full-blown nephrotic syn-
drome can coexist with nephritic syndrome in some patients. 
The hematuria can be sporadic, intermittent, or persistent. 
It can be microscopic or gross. Isolated glomerular hematu-
ria without inflammation (e.g., that which occurs with thin 
basement membrane disease) is generally not considered to 
be the result of a nephritic process. The character of the 
glomerular hematuria does not always predict the underly-
ing cause of the disorder, nor does it predict the long-term 
renal outcome of the process. Nephritic syndrome can 
occur as an isolated renal process or as a feature of a systemic 
disease or a hereditary disorder.

Glomerular hematuria due to nephritic syndrome must 
be distinguished from bleeding caused by other kidney, 
interstitial, or lower GU tract pathology, including stones, 
benign or malignant mass lesions, and infections. The fea-
tures that help differentiate these classes of hematuria have 
been discussed earlier (see “Hematuria”) and are listed in 
Table 25.2. When nephritic hematuria is identified, addi-
tional renal evaluation is required.

HISTORY AND REVIEW OF SYSTEMS

The patient’s history often helps distinguish glomerular 
hematuria from urothelial hematuria. Glomerular hematu-
ria, when visible, is often described as dark brown, tea- or 
cola-colored, or smoky as opposed to the overtly red color 
often seen with urologic pathology. Clots are almost never 
formed with glomerular hematuria. The patient may also 
note that the urine has become foamy as a result of the 
excretion of albumin, which has a soaplike action and 
reduces the surface tension of urine. Urinary voiding symp-
toms are distinctly uncommon. Back, flank, or abdominal 
pain does not distinguish glomerular hematuria from uro-
thelial hematuria. There may be a history of an antecedent 
upper respiratory tract or skin infection in patients with 
poststreptococcal glomerulonephritis (e.g., postpharyngitic 
hematuria).21 A recent episode of staphylococcal infection 
particularly in older diabetic patients raises the issue of IgA-
dominant postinfectious glomerulonephritis.22-24
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reabsorption in the distal nephron, especially the cortical 
collecting tubule.25 The renin-angiotensin-aldosterone 
system in most patients with nephritic syndrome is function-
ing normally.26 Malignant hypertension with vital organ 
injury occurs in some patients. A careful retinal examina-
tion may yield a specific diagnosis. High-frequency sensori-
neural hearing loss strongly suggests Alport’s disease.  
Typical skin findings can be seen in systemic lupus erythe-
matosus, vasculitis, Fabry’s disease, and Henoch-Schönlein 
purpura. Joint findings may suggest a rheumatologic-
collagen vascular disease or vasculitis. Examination of  
the suprapubic area, back, and the flanks is generally 
unrevealing.

LABORATORY TESTS

URINE STUDIES
The hallmark of nephritic syndrome is glomerular hematu-
ria. Hematuria is most easily recognized by a positive result 

In other patients with an underlying form of chronic 
glomerulonephritis, such as IgA nephropathy, gross hema-
turia may occur simultaneously with, or immediately after, 
an episode of pharyngitis (synpharyngitic hematuria). 
There may be a family history of glomerular disease. A 
history of hypertension, fluid retention, and/or edema for-
mation suggests glomerular hematuria, particularly if renal 
function is reduced. Fever, skin rash, and joint symptoms 
raise the possibility of a systemic disease causing glomerular 
hematuria. Hearing loss and visual symptoms related to lens 
abnormalities can be seen with Alport’s disease. Hemoptysis 
raises the possibility of vasculitis or anti–glomerular base-
ment membrane (anti-GBM) disease.

PHYSICAL EXAMINATION

Hypertension is very frequent with glomerular hematuria. 
Most often this is caused by renal salt retention and volume 
expansion. The salt retention is caused by enhanced 

Figure 25.2  Diagnostic scheme for evaluation of microscopic hematuria. *Workup should be repeated if the patient develops new symptoms 
of gross hematuria. 
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Measurements of complement levels can be very helpful 
in patients with nephritic syndrome.28 It is generally best to 
begin with a measure of total hemolytic complement (CH50) 
and then proceed to measurement of C3 (a component of 
both the classic and alternative complement pathways) and 
C4 (a component of the classic pathway only). Table 25.3 
separates the various forms of acute nephritic glomerulone-
phritis into those with normal and those with reduced com-
plement levels. A low C3 with normal C4 levels suggests 
poststreptococcal glomerulonephritis or membranoprolif-
erative glomerulonephritis, whereas low C3 and C4 levels 
are more consistent with postinfectious glomerulonephritis, 
systemic lupus erythematosus, hepatitis C–associated mem-
branoproliferative glomerulonephritis (type I), or mixed 
cryoglobulinemia. Complement levels are extremely vari-
able in poststaphylococcal IgA glomerulonephritis. Other 
serologic studies, mainly to measure various autoantibodies, 
are ordered when specific underlying systemic diseases are 
considered the possible cause. The antinuclear antibody 
(ANA) and anti-DNA, anti-Smith, and anti-Rho antibodies 
help confirm the diagnosis of systemic lupus erythematosus 
and other collagen vascular diseases. The perinuclear anti-
neutrophil cytoplasmic antibody (P-ANCA) and cytoplasmic 
antineutrophil cytoplasmic antibody (C-ANCA) tests help 
establish a diagnosis of vasculitis. Anti-GBM antibodies are 
seen in patients with Goodpasture’s syndrome. A number  
of infectious diseases can produce an acute nephritic  

on a urine dipstick test for blood (see earlier, “Hematuria,” 
for further discussion). Proteinuria is a frequent accompani-
ment to hematuria in patients with nephritic syndrome but 
is usually absent in patients with urothelial hematuria. The 
proteinuria can range from low-grade (<500 to 1000 mg/
day) to overt nephrotic levels (>3000 mg/day). Protein 
excretion can be quantitated with 24-hour urine collection. 
Alternatively, a spot urine protein/creatinine ratio can be 
determined, which gives a reasonable estimate of the mag-
nitude of proteinuria.27 Microscopic examination of the 
urine in the nephritic state reveals a variable number of free 
RBCs. Often, a small pellet of RBCs can be noted at the 
bottom of a test tube of centrifuged urine. RBC casts are the 
definitive finding in the nephritic syndrome but very often 
cannot be seen. A more commonly identified characteristic 
of glomerular bleeding is dysmorphic urine RBCs with 
blebs, budding, and vesicle-shaped protrusions10 (see Fig. 
25.1). Examination of the urine sediment with phase-
contrast microscopy can be especially helpful. Kidney 
inflammation also generates pyuria and WBC casts. Hyaline 
casts can be seen, especially with marked proteinuria.

BLOOD STUDIES
Routine laboratory studies should include a complete blood 
count (CBC), electrolyte levels, determination of blood 
urea nitrogen (BUN) and creatinine concentrations, and 
liver panel. Sedimentation rate and C-reactive protein level 
are often elevated, regardless of the cause of nephritic syn-
drome. A determination of the GFR is required. Usually, this 
is accomplished with a quantitative urine collection for the 
measurement of creatinine clearance. Iothalamate clear-
ance, if available, provides the most accurate measurement. 
Various formulas have been developed to estimate the GFR 
based on a single and presumably stable serum creatinine 
measurement and are reviewed in Chapter 26. The most 
accurate formula currently in use is that developed by the 
Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI). However, all methods that rely on a single serum 
creatinine measurement will give erroneous results when 
renal function is rapidly changing, and the serum creatinine 
concentration is not relatively stable.

Figure 25.3  Prospective analysis of the risk of malignancy in 1930 
patients undergoing workup for hematuria. (Adapted from Khadra MH, 
Pickard RS, Charlton M, et al: A prospective analysis of 1,930 patients 
with hematuria to evaluate current diagnostic practice, J Urol 163:524-
527, 2000.)
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Table 25.3 Complement Levels in Acute 
Nephritic Syndromes

Low Serum Complement Levels

Systemic Diseases (Low C3 and C4)

Systemic lupus erythematosus
Cryoglobulinemia (hepatitis C)
Bacterial endocarditis
Shunt nephritis

Renal Localized Diseases

Acute poststreptococcal glomerulonephritis (low C3, normal 
C4)

Membranoproliferative glomerulonephritis
  Type I (low C3 and C4)
  Type II (dense deposit disease) (low C3, normal C4)

Normal Serum Complement Levels

Systemic Diseases

Polyarteritis nodosa
Antineutrophil cytoplasmic antibody–positive granulomatosis 

with polyangiitis (Wegener’s granulomatosis)
Hypersensitivity vasculitis
Henoch-Schönlein purpura
Goodpasture’s syndrome

Renal Localized Diseases

Immunoglobulin A nephropathy
Rapidly progressive glomerulonephritis
Anti–glomerular basement membrane disease isolated to 

kidney
Pauci-immune glomerulonephritis (kidney-localized)
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may need to be obtained very rapidly for potential preserva-
tion of renal function.

NEPHROTIC SYNDROME

Nephrotic syndrome has historically been considered to 
include five principal clinical or biochemical findings:

1. High-grade, albumin-dominant proteinuria (generally 
>3000 mg/day or spot urine protein/creatinine ratio of 
>3000 mg of protein/gm of creatinine)

2. Hypoalbuminemia
3. Edema
4. Hyperlipidemia
5. Lipiduria

However, milder and earlier forms of many clinical disor-
ders that can generate the full nephrotic syndrome may 
produce lower degrees of albuminuria in the range from 30 
to 3000 mg/day, with or without the other features. Also, 
the full spectrum of nephrotic syndrome may not develop 
in some patients, despite high-grade albuminuria. The prin-
cipal underlying abnormality responsible for all the clinical 
features of nephrotic syndrome is increased permeability of 
the glomerular capillaries. Nephrotic syndrome may occur 
as an idiopathic and isolated condition, may be an inherited 
disorder, or may be a complication of an underlying sys-
temic disease or allergic or immunologic disorder. It is 
always imperative to identify any underlying cause, when 
one exists (Table 25.5). This is accomplished by recognizing 
clues from the history and physical examination, reviewing 
a routine set of laboratory studies, and performing more 
specific tests suggested by the initial findings.

syndrome. It is also important to consider viral hepatitis, 
both B and C, as well as human immunodeficiency virus 
(HIV) infection and syphilis. Other infectious diseases that 
must always be considered are infectious endocarditis or 
another persistent bacterial infection, such as an abscess or 
infected vascular access. Blood cultures must be ordered  
for all patients with otherwise unexplained fever, heart 
murmurs, or leukocytosis. The commonly ordered labora-
tory studies for patients with nephritic syndrome are shown 
in Table 25.4.

IMAGING

Renal size is a very important parameter to define in patients 
with nephritic syndrome and is most easily accomplished 
with renal ultrasonography. Although normal-sized kidneys 
do not definitively predict reversibility (even irreversible 
end-stage kidneys can be of normal size as a result of swell-
ing or infiltration in patients with diabetes mellitus or amy-
loidosis), small kidneys do indicate that irreversible fibrosis 
and atrophy are probably present. The assessment of renal 
size is therefore especially important for determining renal 
prognosis and making decisions regarding renal biopsy. If 
the kidneys are small (<9 cm in a normal-sized adult), the 
likelihood of reversible disease decreases markedly, and the 
difficulty and risk of the biopsy procedure increase.

KIDNEY BIOPSY

Patients with glomerular hematuria who have normal blood 
pressure, normal renal function, and minimal proteinuria 
rarely require a renal biopsy unless the clinical presentation 
suggests an underlying systemic illness causing secondary 
glomerular disease. Kidney biopsy may be helpful when 
glomerular hematuria is associated with abnormal renal 
function and is especially valuable when it is important to 
establish the specific diagnosis to guide therapy.29 When 
renal function is decreasing rapidly (rapidly progressive glo-
merulonephritis), and a nephritic picture exists, the biopsy 

Table 25.4 Blood Studies for Acute 
Nephritic Syndrome

Routine

Complete blood count
Electrolyte levels
Blood urea nitrogen and creatinine concentrations
Liver function studies
Complement levels (total hemolytic complement [CH50], 

C3, C4)

As Clinical Findings Suggest

Anti-DNA antibody test
Antineutrophil cytoplasmic antibody (ANCA) titer
Anti–glomerular basement membrane antibody test
Antistreptolysin O titer or streptozyme test
Cryoglobulin titer
Hepatitis B and C antibody assay and viral load determination
Human immunodeficiency virus test
Blood cultures

Table 25.5 Causes of Secondary 
Nephrotic Syndrome

Systemic Diseases

Diabetes mellitus
Systemic lupus erythematosus
Amyloidosis
Carcinoma
Lymphoma and myeloma
Preeclampsia
Drugs
Gold
Antibiotics
Nonsteroidal antiinflammatory drugs
Penicillamine
Heroin
Infections
Human immunodeficiency virus infection
Hepatitis B and C
Malaria
Syphilis

Congenital or Inherited Disorders

Alport’s syndrome
Congenital nephrotic syndrome
Nail-patella syndrome
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Consequently, the net hydrostatic pressure gradient from 
the intravascular compartment to the interstitial space may 
not significantly increase. Edema formation under these 
conditions may be the consequence of a primary form of 
renal salt and water retention. This pathogenic sequence for 
edema formation is called the overfill mechanism.

Undoubtedly, each of these mechanisms plays a role in 
various phases and forms of nephrotic syndrome. The mech-
anism that predominates is probably related to the specific 
renal lesion causing the nephrotic syndrome.34,35 Also, these 
mechanisms may evolve from one form to the other. (For a 
more detailed discussion of the mechanisms contributing to 
edema formation in nephrotic syndrome, see Chapter 53). 
Regardless of which mechanism occurs initially, either will 
likely progress to a steady-state condition in which the effec-
tive arterial volume status that initiated the disorder is diffi-
cult or impossible to discern. Whether the initiating event is 
underfill of the effective arterial space, leading to renal salt 
and water retention, or overfill of this compartment, causing 
excess salt and water to enter the interstitial spaces, the 
development of clinically apparent edema in an adult 
requires the net retention of about 4 to 5 kg of fluid, which 
is equivalent to 4 to 5 L of normal saline. Nephrotic edema 
is a form of pitting edema. When the thumb is pushed 
against a bony structure such as the tibia or sacrum, the 
resulting pit remains visible for a short period of time. Pitting 
edema is graded on a scale of 1 to 4 (from very slight to more 
apparent to deep pitting that persists for >2 minutes). 
Nephrotic edema is diffuse and, to some degree, probably 
affects almost all tissues, but it is not equally distributed.

The interstitial pressure in various locations has a major 
impact on edema formation. Thus, the low ambient inter-
stitial pressure often results in prominent periorbital edema. 
Gravitational forces also cause nephrotic edema to accumu-
late in dependent body parts. Edema is generally worse in 
the lower legs and feet at the end of the day and becomes 
more prominent in the face after nocturnal recumbency. 
Bedridden patients accumulate edema fluid in their back 
and sacral areas. The diurnal variation of edema formation 
becomes less prominent when the degree of edema worsens. 
Edema that is massive and generalized is termed anasarca. 
Dropsy is a historical term for generalized edema. Nephrotic 
edema is usually symmetric (after adjustment for gravita-
tional dependency), and unilateral edema should raise the 
possibility of local anatomic abnormalities, such as venous 
thromboses, varicosities, or lymphatic obstruction. However, 
asymmetric nephrotic edema can result from an anatomic 
condition that generates greater local or asymmetric edema. 
Severe edema can cause skin breakdown, blisters, weeping, 
and superinfection. Chronic (months to years) severe 
edema of any cause, including nephrotic syndrome, can 
produce fibrosis of the skin and subcutaneous tissues. The 
resulting brawny edema is usually pigmented, is very firm, 
and often will not pit.

Physical clues to other disorders that produce generalized 
edema should be sought during physical examination. The 
neck veins must be carefully evaluated to determine whether 
right-sided cardiac pressures are increased due to cardiac, 
pulmonary, or pericardial abnormalities. Elevated jugular 
venous pressures, pericardial knock, Kussmaul’s sign 
(absence of inspiratory decline in jugular pressure), and 
prominent x and y descents suggest pericardial disease. 

HISTORY AND REVIEW OF SYSTEMS

The patient’s history often helps elucidate the cause of 
nephrotic syndrome. The most common underlying sys-
temic disease causing nephrotic syndrome is diabetes mel-
litus. Nephrotic syndrome can develop with all subtypes of 
this disorder. Other nondiabetic glomerulopathies can also 
occur in patients with diabetes. Usually, an atypical history 
and physical and laboratory findings suggest that another 
cause for nephrotic syndrome may exist.30,31

The history may point to other disorders that can  
generate nephrotic syndrome. These include systemic lupus 
erythematosus and the various forms of systemic amyloidosis 
(primary, secondary or reactive, and familial-hereditary). 
Infectious causes of nephrotic syndrome include viral hepa-
titis, HIV infection, parvovirus, Mycoplasma infection, and 
syphilis, as well as parasitic diseases such as malaria, schisto-
somiasis, filariasis, and toxoplasmosis. Many drugs can cause 
the syndrome, so it is extremely important to obtain a com-
plete list of medications, including prescribed and over-the-
counter (OTC) medications, herbal or natural products, and 
illicit drugs. Drugs and drug classes that have been linked to 
nephrotic syndrome include NSAIDs, penicillamine, antibi-
otics and, much more rarely, angiotensin-converting enzyme 
inhibitors (ACEIs), tamoxifen, and lithium. Paraneoplastic 
nephrotic syndrome can be the presenting complaint of a 
variety of solid malignancies, lymphomas, and leukemias or 
can develop during treatment, sometimes as a complication 
of the treatment medications. Recently, the use of drugs that 
target the vascular endothelial growth factor (VEGF) or its 
receptor (VEGFR) has markedly increased. These drugs 
often produce proteinuria and hypertension. Less com-
monly, they generate nephrotic syndrome.32,33 Rarely, the 
nephrotic syndrome may be a prominent feature in patients 
with Alport’s syndrome and nail-patella syndrome. Some 
patients can date the onset of major proteinuria because they 
have noted when their urine became foamy. This phenome-
non, which is most readily observed by men, occurs because 
albumin has a soaplike effect that reduces the surface tension 
of urine. This can be a very useful sign in patients with recur-
ring episodes of nephrotic syndrome.

PHYSICAL EXAMINATION

Edema is a major characteristic of nephrotic syndrome. The 
development of hypoalbuminemia reduces the oncotic pres-
sure within the capillaries, which favors the net transloca-
tion of fluid into the interstitial spaces. To the extent that 
this occurs, intravascular volume and blood pressure fall, 
which triggers the sympathetic nervous system, activates  
the renin angiotensin aldosterone axis, elevates vasopressin 
levels, and modulates many other control systems that act 
together to promote net renal salt and water retention. This 
pathogenic sequence has been termed the underfill mecha-
nism of salt and water retention in nephrotic syndrome. 
However, edema formation in many, perhaps most, nephrotic 
patients cannot be fully explained by underfill mechanisms. 
Although reduced intravascular oncotic pressures certainly 
exist in nephrotic patients, the net hydrostatic gradient  
for water movement across capillary beds is also influenced 
by the interstitial oncotic pressure, and this generally falls 
in parallel with reductions in plasma oncotic pressure. 
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• 1+: 30-100 mg/dL
• 2+: 100-300 mg/dL
• 3+: 300-1000 mg/dL
• 4+: >1000 mg/dL

Extremely alkaline urine (i.e., urine infected with urease-
generating bacteria) can overwhelm the dipstick buffers, 
change its local pH, and thereby produce a false-positive 
dipstick protein test result. More recently, albumin-specific 
urine dipstick tests have been marketed specifically to detect 
low-grade albuminuria (i.e., microalbuminuria). Some  
also simultaneously measure creatinine concentrations 
(semiquantitatively) so that the urine albumin/creatinine  
ratio can be estimated. Albumin-specific dipstick tests are 
generally not used to diagnose or follow patients with overt 
albuminuria (macroalbuminuria) or nephrotic syndrome. 
Another method for urine protein determination is its reac-
tion with sulfosalicylic acid, which precipitates most urine 
proteins. The resulting turbidity is proportional to the 
protein concentration. The sulfosalicylic acid turbidity test 
detects albumin, globulins, and Bence Jones proteins. 
Although it was a very useful test, environmental safety con-
cerns have led to the removal of sulfosalicylic acid from most 
physicians’ offices.

If a high urine protein concentration is documented, a 
quantitative measurement of protein excretion will be 
required. This is usually achieved with a 24-hour urine col-
lection. Alternatively, the protein/creatinine concentration 
ratio (protein/creatinine) in a morning specimen may be 
used.26,38 If the creatinine excretion rate is assumed to be 
about 1 g/day, then the ratio of g protein to 1 g of creatinine 
will approximate the 24-hour protein excretion. Approxi-
mate corrections can be made on the basis of the patient’s 
gender and body habitus. A timed quantitative urine collec-
tion has the advantage of permitting a simultaneous mea-
surement of creatinine clearance.

Urine dipstick protein tests, sulfosalicylic acid turbidity, 
24-hour protein excretion, and protein/creatinine ratio are 
all measures of protein concentration or excretion. None 
of these tests will characterize the specific urine proteins 
(except that the urine dipstick tests are more sensitive to 
albumin, and the albumin dipsticks are specific to that 
protein). Agarose gel protein electrophoresis of the urine 
separates the urine protein classes (albumin, α1-globulin, 
α2-globulin, β-globulin, γ-globulin), and permits identifica-
tion of monoclonal immunoglobulins and light chains. 
Electrophoresis results also allow stratification of nephrotic 
patients into those with selective proteinuria (mainly 
albumin) and those with nonselective proteinuria (high-
grade albuminuria and globulinuria). This differentiation 
may have prognostic implications. Characterization of intact 
immunoglobulins, heavy chains, and light chains is accom-
plished with immunoelectrophoresis or immunofixation. 
Hyaline casts are common in patients with nephrotic syn-
drome and are composed mainly of precipitated Tamm-
Horsfall protein, with a small fraction of some abnormally 
filtered and excreted serum proteins.39,40 Cellular casts can 
be indicative of renal infection and/or interstitial inflamma-
tion (WBC casts) or glomerular inflammation, prolifera-
tion, and/or necrosis (RBC casts; see Fig. 25.1). Such 
disorders may be idiopathic and isolated to the kidney or 
may be related to a systemic inflammatory disease process, 

Pulsus paradoxus (an exaggerated fall in systemic blood 
pressure ≥ 10 mm Hg with inspiration) suggests pericardial 
or pulmonary disease. Although prominent ascites often 
indicates liver disease, and pulmonary congestion and 
pleural effusions suggest cardiac or pulmonary pathology, 
fluid may accumulate in each of these locations in patients 
with severe nephrotic syndrome in the absence of cardiac 
or hepatic abnormalities.

Many skin findings other than edema are also associated 
with nephrotic syndrome. Some may suggest certain under-
lying primary diseases. Xanthelasma palpebrarum 
(periorbital-eyelid xanthomas) is often associated with 
hypercholesterolemia and may become very prominent in 
nephrotic patients. Much rarer are eruptive xanthomas, 
usually associated with extreme hypertriglyceridemia, which 
may also occur with nephrotic syndrome. A number of rela-
tively specific skin, nail, and scalp abnormalities are associ-
ated with various rheumatologic conditions that may cause 
the nephrotic syndrome. These include a malar facial rash, 
scarring alopecia, mat telangiectasia, nail bed telangiectasia 
and nail fold capillary loops and vascular infarcts, and ery-
thema nodosum. Sarcoidosis, which occasionally causes 
nephrotic syndrome, is associated with erythema nodosum 
and skin papules. Jaundice, angiomata, telangiectasia, and 
palmar erythema raise the likelihood of hepatic disorders. 
The vasculitides produce a number of skin manifestations, 
including leukocytoclastic rashes and skin infarctions. 
Several distinct nail findings occur in nephrotic patients. 
Transverse white lines, or leukonychia (sometimes called 
Muehrcke’s lines), can develop during periods of marked 
hypoalbuminemia. Chronic hypoalbuminemia may also 
cause more diffuse white nails (Terry’s or half-and-half 
nails) or yellow nails.36 None of these nail findings is spe-
cific, however, and they can also have other causes, such as 
another debilitating disease or after chemotherapy.

Nail-patella syndrome—characterized by dystrophic nails, 
hypoplastic patellae, and iliac horns—may present with 
nephrotic syndrome. The eyes, in addition to being swollen, 
may be inflamed or show evidence of scleritis with systemic 
vasculitic disease. The heart and liver must be carefully 
examined. The extremities must be carefully evaluated for 
evidence of arthritis and for deep vein thrombi, which occur 
with increased frequency in these patients.37

LABORATORY TESTS (see also Chapter 26)
URINE STUDIES
Proteinuria is readily detected using a semiquantitative 
urine dipstick test. The protein-detecting pad is impreg-
nated with a protein-sensitive pH indicator dye and a strong 
pH buffer, which keeps the pH of the wetted pad constant 
and independent of the urine pH. These pH indicators 
change color when moistened with urine containing dis-
solved proteins, a phenomenon called the protein error of 
pH indicators. Dipstick protein tests are most sensitive to 
albumin and react much less with urine globulins and 
immunoglobulin light chains (Bence Jones protein).

Dipstick results have the following approximate correla-
tions with protein concentration:

• Negative: <15 mg/dL
• Trace: 15-30 mg/dL
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other, more specific studies for autoimmune disorders. 
Although determination of the sedimentation rate is some-
times helpful, it is usually elevated in all patients with 
nephrotic syndrome, regardless of cause.43 If a paraprotein-
emia disorder (including primary amyloidosis) is suspected, 
a serum immunoelectrophoresis or immunofixation study 
should be performed (in addition to qualitative and quan-
titative urine protein studies). When clinical and historical 
features are suggestive, cryoglobulin and antistreptolysin O 
titers should be obtained. Assessment of the GFR is manda-
tory and is usually accomplished with a timed urine collec-
tion for calculation of the creatinine clearance. Although 
the GFR calculated from the serum creatinine concentra-
tion with one of several estimation equations can be helpful, 
collection of a timed urine specimen for quantitative mea-
surement of protein and creatinine excretion is indicated 
for all nephrotic patients who are considered to be compli-
ant and who can understand the instructions for accurate 
collection of such a specimen. If an iothalamate clearance 
measurement of GFR is available, this may be very helpful 
and remains the gold standard for determining the GFR.

IMAGING

A chest x-ray study may be required to assess cardiac size 
and evaluate for pericardial disease or pleural effusions 
although, if readily accessible, an echocardiographic exami-
nation and bedside chest ultrasonography may provide the 
information, without ionizing irradiation. A renal sonogram 
with Doppler study is required to determine the renal 
anatomy and status of the collection system and renal vas-
culature. Special attention is directed to the possibility of 
renal vein thrombosis. The finding of a single kidney, asym-
metric kidney size, or bilaterally small kidneys will direct the 
subsequent evaluation. Large kidneys are suggestive of dia-
betes mellitus, amyloidosis, HIV, or renal vein thrombosis. 
Patients should have routine age-indicated screening studies 
for malignancy, such as mammography and colonoscopy. 
However, extensive studies to rule out occult malignancy are 
not indicated.

KIDNEY BIOPSY

Kidney biopsy is not always indicated in patients with 
nephrotic syndrome. If the cause seems apparent from the 
history and laboratory studies, treatment can be initiated 
without histologic confirmation. For example, biopsy is 
rarely required in a patient with long-standing diabetes mel-
litus who develops nephrotic syndrome after the expected 
time period. However, if atypical features exist, such as a 
very active urine sediment with RBC casts, a very short  
time course (diabetic nephrotic syndrome usually evolves 
over 15 to 20 years), paraproteinemia or paraproteinuria, 
hypocomplementemia, and/or the absence of retinopathy 
and other end-organ involvement, a biopsy may be indi-
cated to rule out other causes of the nephrotic syndrome. 
In young children with a classic clinical and biochemical 
presentation, the diagnosis of minimal change disease  
can usually be assumed and therapy initiated without histo-
logic confirmation. This particular diagnosis is much less 
frequent in adults, so empirical therapy is less commonly 
initiated in these patients. Nonetheless, empirical therapy 

such as systemic lupus erythematosus. Lipiduria is a charac-
teristic feature of nephrotic syndrome. Visible lipids in the 
urine sediment can be seen in excreted tubule cells (oval 
fat bodies), within fatty casts, and/or as free-floating lipid 
globules. Most urine lipid is esterified cholesterol, and this 
component is birefringent. It can best be seen by examining 
the urine with a polarizing microscope, which demonstrates 
the deposit’s characteristic bright cross like appearance41 
(Fig. 25.4). Some of the urine fat originates from filtered 
high-density lipoprotein, which is small enough to be fil-
tered by leaky glomeruli and is then partially reabsorbed by 
renal tubule epithelial cells. These fat-laden cells subse-
quently degenerate and slough into the urine.42

BLOOD STUDIES
Initial studies should include a routine chemical profile 
(electrolytes, glucose, BUN, creatinine, total protein, 
albumin, calcium, phosphate, liver enzymes), lipid panel 
(total cholesterol, triglycerides, high-density lipoprotein 
cholesterol, low-density lipoprotein cholesterol), and CBC. 
The sodium concentration may be artifactually reduced 
(pseudohyponatremia) as a result of a displacement error 
caused by hyperlipidemia. This error occurs when the 
sodium concentration is measured by flame photometry or 
indirect potentiometry but not by analyzers using direct 
potentiometry. The calcium concentration must be cor-
rected for the low albumin concentration, and direct mea-
surement of the ionized calcium concentration may be 
helpful.

Additional testing is then directed by the patient’s clinical 
presentation and findings and the suspicions of the physi-
cian. Testing for syphilis, HIV infection, and viral hepatitis 
(hepatitis B and C) is generally done. If a collagen vascular 
disease is suspected, testing for ANA, anti–double-stranded 
DNA antibody, and complement levels is indicated, as are 

Figure 25.4  Lipiduria.  Shown  are  birefringent  cholesterol  crystals 
seen with polarizing light microscopy. 
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pyelonephritis, with accompanying high fever, flank pain, 
and dysuria.

PHYSICAL EXAMINATION

The physical examination can be very informative when 
bladder obstruction exists. The enlarged bladder may  
be detected with palpation and percussion. In rare cases,  
a flank mass may be palpable from a hydronephrotic  
kidney. Prostatic enlargement and other prostate pathology, 
such as malignancy or infection, can be detected via  
rectal examination. In an older woman, a careful pelvic 
examination should be performed to identify severe uterine 
prolapse, which has been reported to cause severe 
hydroureteronephrosis.44,45

The physical examination is usually of limited value, 
however, for detecting obstruction of the ureters or pelvis 
of the kidney. Hypertension is occasionally caused by urinary 
tract obstruction. Several mechanisms have been proposed 
for this development. In acute unilateral obstruction, there 
can be activation of the renin angiotensin aldosterone 
system, with increased renin secretion by the obstructed 
kidney.46,47 The plasma renin activity is typically normal with 
bilateral or chronic unilateral obstruction. The hyperten-
sion that may occur in this setting has been attributed to 
renal failure with extracellular fluid (ECF) volume expan-
sion.48 In these cases, the diuresis that follows the relief of 
the obstruction often, but not always, eliminates the hyper-
tension. Fever may be present if infection complicates the 
obstruction.

LABORATORY TESTS

The initial laboratory evaluation may provide clues to the 
presence of obstructive uropathy. The urinalysis may reveal 
a few RBCs and WBCs. There may be evidence of impaired 
renal function in patients with complete or severe partial 
bilateral obstruction or in those with obstruction of a soli-
tary kidney. The plasma creatinine concentration is usually 
normal in patients with unilateral obstruction due to the 
presence of the normal contralateral kidney. However, uni-
lateral renal obstruction can, very rarely, lead to anuria  
and AKI. This has been attributed to vascular or ureteral 
spasm.49 Renal tubular acidosis with hyperkalemia has 
been well described with obstructive uropathy.50 Multiple 
defects in renin, aldosterone, and distal tubule function 
have been described. In some patients, the renin and  
aldosterone levels are reduced, and the electrolyte abnor-
malities resolve in response to exogenous mineralocorti-
coids. In other patients, distal tubule injury diminishes 
sodium reabsorption and potassium secretion. The hyper-
chloremic acidosis is caused by hyperkalemia-induced sup-
pression of ammoniagenesis and by directly impaired proton 
secretion. Consequently, obstructive uropathy is a common 
cause of hyperkalemia and type 4 renal tubular acidosis.50,51 
Often, the maximal urine concentrating capacity is also 
reduced.51

Acute obstruction causes an initial increase in renal blood 
flow, but this is soon followed by a reduction, which is attrib-
uted to vasoconstriction.51 This can sometimes increase 
the BUN/creatinine ratio, similar to that seen in prerenal 
azotemia.

may be appropriate when there are contraindications to 
performing a biopsy, or the patient is very reluctant to 
undergo an invasive procedure, and the clinical features are 
consistent with minimal change nephropathy. In most adults 
with nephrotic syndrome, however, a biopsy is indicated to 
define the disease, improve prognostication, and direct 
therapeutic intervention.

OBSTRUCTIVE UROPATHY

Obstructive uropathy (see also Chapter 38) refers to struc-
tural or functional interference with normal urine flow. It 
can develop anywhere from the renal pelvis to the urethra. 
The resultant increase in pressure within the urinary tract 
proximal to the obstruction leads to a number of structural 
and physiologic changes. The anatomic outcome of an 
obstructive process often includes dilation of the renal 
calyces and renal pelvis, termed hydronephrosis, and, if the 
obstruction is distal to the ureteropelvic junction, it is 
termed hydroureter. Obstructive uropathy is a common cause 
of acute or subacute renal failure. Early recognition of 
obstruction guides therapy, which is different than that used 
to treat other forms of acute kidney injury (AKI), and 
improves prognosis. Untreated obstructive uropathy can 
result in a progressive and irreversible loss of renal function 
and eventually end-stage kidney disease (ESKD). However, 
early recognition and treatment can allow a potentially full 
renal recovery. Obstructive uropathy may be categorized as 
acute (hours to days), subacute (days to weeks), and chronic 
(months to years). Obstruction may be unilateral or bilat-
eral, partial or complete. The clinician should establish the 
severity and chronicity of the condition so that appropriate 
therapy can be instituted. This is accomplished by means of 
careful history taking and physical examination, appropri-
ate laboratory tests, and selected imaging studies.

HISTORY AND REVIEW OF SYSTEMS

Patients with acute obstructive uropathy may report an 
abrupt onset of severe flank pain (if the obstruction is at the 
level of the ureter or above) or suprapubic pain and fullness 
(if there is lower level obstruction). The pain is often colicky 
when the intraluminal process is due to nephrolithiasis or 
papillary necrosis. The pain may be accompanied by urinary 
frequency and urgency if there is partial urinary tract 
obstruction. Occasionally, nausea and even vomiting may 
occur when severe pain is present. A history of complete 
anuria should always alert the physician to the possibility of 
obstruction, especially in the appropriate clinical setting—
for example, in an older man with a history of prostate 
cancer or prostatic hypertrophy. Gross hematuria may occur 
when obstructive uropathy is caused by nephrolithiasis, pap-
illary necrosis, or neoplasms of the urinary tract. Rarely, 
patients may report the passage of renal calculi or small 
pieces of tissue with the sudden cessation of pain after such 
an event. The history with subacute or chronic obstruction 
is often negative or vague, but symptoms can include supra-
pubic fullness, frequency, polyuria, and/or nocturia. Patients 
may also complain of difficulty with initiating or stopping 
micturition if bladder outlet obstruction is present. Occa-
sionally, urinary tract obstruction leads to infection, such as 
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for patients who are not acutely ill and are not taking anti-
hypertensive medications. A patient with a consistently ele-
vated blood pressure and no comorbid conditions is 
obviously treated differently than an individual with a similar 
degree of hypertension but with coexistent diabetes mellitus 
or other cardiovascular or renal disease. Chronic systemic 
hypertension is also associated with the development of 
cardiovascular disease, congestive heart failure, stroke, and 
chronic kidney disease (CKD). Appropriate treatment of 
the hypertension clearly reduces the risk of development of 
these complications, and it is therefore imperative to care-
fully evaluate and classify hypertensive patients so that 
appropriate therapy can be rendered.

HISTORY AND REVIEW OF SYSTEMS

The evaluation of patients with hypertension should include 
an assessment of target organ function and/or damage Con-
comitant risk factors, and comorbid conditions. Search for 
secondary forms of hypertension, especially reversible con-
ditions.57 Obviously, a complete and detailed medical history 
is the first step in the evaluation. Particular attention should 
be paid to the presence of other cardiovascular risk factors, 
such as age, African American ethnicity, underlying CKD, 
dyslipidemia, history of smoking, obesity, microalbumin-
uria, left ventricular hypertrophy, family history of a myo-
cardial infarction before age 50, and coincident arterial 
disease. The clinician should determine the duration and 
degree of hypertension and assess for any symptoms of 
severe hypertension, such as blurry vision, visual loss, head-
ache, encephalopathy, and nausea. A thorough dietary 
history is also essential and should include an estimate of 
sodium, potassium, calcium, and fat intake.

Other important factors to identify include tobacco use, 
alcohol consumption, all prescribed and OTC medications, 
illicit drug use, efficacy of previous antihypertensive drug 
therapy and any adverse effects, and the presence or absence 
of sexual dysfunction. It is remarkable that patients and 
many physicians remain unaware of the potential hyperten-
sive effects of many OTC medications, particularly NSAIDs. 
A family history of hypertension is also very important for 
the diagnosis of familial monogenetic forms of hyperten-
sion and essential hypertension. Nephrologists are often 
asked to evaluate and treat hypertensive patients who are 
referred for a second opinion, particularly those with poor 
blood pressure control. It is particularly important to iden-
tify any potentially reversible cause of secondary hyperten-
sion in these patients (Table 25.7). In this regard, symptoms 

IMAGING

Renal ultrasonography is the test of choice to diagnose 
obstructive uropathy. This modality avoids IV radiocontrast 
exposure and ionizing irradiation. It has an extremely high 
sensitivity (>95%) and very good specificity (75%) for the 
diagnosis of hydronephrosis.52,53 In early obstruction (first 1 
to 3 days), however, the collecting system can be relatively 
noncompliant, and therefore overt hydronephrosis may  
not occur. Furthermore, when there is extrinsic compres-
sion of the ureter, obstructive uropathy can develop without 
overt dilation of the ureter or the renal pelvis. This usually 
occurs in older men with malignancy involving the retro-
peritoneum or prostate or when retroperitoneal fibrosis 
exists.54 Furthermore, hydronephrosis or hydroureter 
should not be equated with obstruction. Nonobstructive 
hydronephrosis can occur as a result of neuromuscular 
abnormalities of the bladder and/or ureters (megacystis-
megaureter syndrome) and in other conditions, such as 
vesicoureteral reflux and pregnancy.55 Examination of the 
resistive index of the renal vasculature (vasoconstriction 
occurring with obstruction) and the response of the resistive 
index to a diuretic challenge can be a helpful differentia-
tor.55 As Ellenbogen and colleagues have stated, “It should 
be clear that the degree of hydronephrosis does not always 
correspond with the degree of obstruction.”53 When ultra-
sonographic results are inconclusive, or the suspicion  
of obstruction is very high despite a nondiagnostic sono-
gram, CT scanning should be performed. The combination 
of renal ultrasonography and CT of the kidneys will estab-
lish the diagnosis of obstructive uropathy in the overwhelm-
ing majority of cases.52,55 CT scans have generally replaced 
IVP. In some cases, a retrograde study or percutaneous 
nephrostomy is necessary. These two procedures are much 
more invasive but do not require IV contrast material,  
have a very high diagnostic yield, and often treat the  
obstruction. Whenever a high degree of clinical suspicion 
of bladder obstruction exists, bladder catheterization, as 
both a diagnostic and therapeutic procedure, should be 
performed.

HYPERTENSION (see also Chapter 47)

Systemic hypertension is one of the most common disorders 
seen in clinical practice. In the United States, it affects about 
20% of white adults, 40% of African American adults, and 
more than 80% of those older than 80 years. In addition, it 
is extremely common in patients with almost any type of 
renal disease. The nephrologist must be an expert in the 
diagnosis and treatment of this disease and should have a 
rigorous and systematic approach for the diagnosis and 
treatment of hypertension.

Over time, the definition and classification of adult hyper-
tension has been a moving target. The most recent diagnos-
tic classification and therapeutic guidelines were published 
in the Eighth Report of the Joint National Committee on Preven-
tion, Detection, Evaluation, and Treatment of High Blood Pres-
sure.56 Table 25.6 shows how this report classifies blood 
pressure, but these guidelines should always be viewed  
in the context of the individual patient’s history and  
clinical circumstances. Also, these blood pressure levels are 

Table 25.6 Classification of Blood Pressure 
in Adults

Hypertension 
Classification

Systolic 
Pressure 
(mm Hg)

Diastolic 
Pressure 
(mm Hg)

Normal <120 and <80
Prehypertension 120-139 or 80-89
Stage 1 hypertension 140-159 or 90-99
Stage 2 hypertension ≥160 or ≥100
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of arm circumference.60 Two or more readings should be 
taken 2 to 5 minutes apart and averaged. When orthostatic 
hypotension is a consideration, blood pressure should be 
measured in the supine and standing positions. When a 
coarctation is considered, blood pressure should be mea-
sured in each arm and leg. Use of incorrect cuff size in 
obese individuals causes an overestimation of blood pres-
sure. Because of environmental toxicity concerns, mercury 
manometers have been replaced by regularly calibrated 
aneroid or electronic devices. Overestimation of systolic 
blood pressure is common in older patients who have calci-
fied and stiff arteries that cannot be compressed. This condi-
tion, termed pseudohypertension, is suspected when the radial 
artery remains palpable after the cuff has been inflated 
above systolic blood pressure.

An important aspect of the physical examination is the 
patient’s general appearance. Consider the possibility of 
sleep apnea if the body habitus and/or neck circumference 
are large. A careful funduscopic evaluation is essential. The 
presence and severity of hypertensive retinopathy provides 
important evidence of the duration and severity of the 
hypertension. Special note should be made of hemorrhage, 
arteriolar narrowing, papilledema, and/or cotton-wool 
spots. The cardiovascular and pulmonary examination may 
reveal carotid and/or peripheral vascular disease, left ven-
tricular hypertrophy (e.g., hyperdynamic precordium and 
the presence of a fourth heart sound), or congestive heart 
failure (e.g., jugular venous distension, rales, third heart 
sound, and/or peripheral edema). Coarctation of the aorta 
is suggested by differences in the intensity of the radial 
pulses or a radial-femoral arterial pulsation difference or 
temporal delay. The abdominal and flank examination may 
reveal abdominal bruits suggesting renal artery stenosis. 
The neurologic examination in severely hypertensive 
patients may reveal findings consistent with encephalopa-
thy. The neck examination may suggest otherwise occult 
thyroid disease. The presence of hyperpigmentation and 
striae raises the possibility of Cushing’s syndrome. Neurofi-
broma and café au lait spots suggest the possibility of neu-
rofibromatosis (and pheochromocytoma or renal vascular 
disease).

LABORATORY TESTS

The extent of the laboratory evaluation depends on the 
clinical circumstances of the individual patient. The initial 
evaluation of a person with stage 1 hypertension includes 
measurement of a CBC, serum electrolyte, BUN, creatinine, 
calcium, and glucose levels, lipid profile, and urinalysis. If 
warranted by the clinical history and physical examination 
findings, additional testing, such as thyroid studies, urine 
albumin/creatinine ratio, and quantitation of GFR with a 
creatinine or iothalamate clearance. When a pheochromo-
cytoma is suspected, catecholamine and fractionated meta-
nephrine levels in urine and/or blood should be measured. 
A plasma aldosterone/plasma renin activity ratio is a reason-
able screening test for the detection of primary hyperaldo-
steronism if this condition is clinically suspected. This  
test probably should be performed if patients have unpro-
voked hypokalemia, develop severe diuretic-induced hypo-
kalemia, or develop hypokalemia after having taken a stable 
dose of diuretics over a long period. It is also a reasonable 

characteristic of certain underlying causes of hypertension 
should be sought, such as paroxysmal hypertension,  
sweating, palpitations, and severe headache for pheochro-
mocytomas; sweating, palpitations, and weight loss for thy-
rotoxicosis; and weight gain, edema, and polyuria for 
Cushing’s syndrome. A common form of secondary hyper-
tension is that caused by atherosclerotic renal artery steno-
sis. These patients may relate a history of recent worsening 
of their blood pressure control, despite adherence to the 
antihypertensive medication regimen. Also, they frequently 
have a history of generalized vascular disease. Primary 
hyperaldosteronism is now recognized as a common condi-
tion, especially in patients with difficult-to-control or severe 
hypertension. The prevalence among hypertensive patients 
may be as high as 10%. Spontaneous or diuretic-related 
hypokalemia suggests this diagnosis, but hyperaldosteron-
ism can present with normal electrolyte levels.

A worldwide obesity epidemic has been the subject of 
numerous studies. Sleep-disordered breathing in general, 
and obstructive sleep apnea in particular, are associated  
with obesity, and its incidence is accordingly on the rise.  
The association of sleep-disordered breathing and develop-
ment of hypertension have been validated in prospective 
studies and is an important modifiable hypertension risk 
factor.58 When sleep apnea is suspected, the patient may 
complain of snoring, daytime sleepiness, or morning head-
aches. Of note, obstructive sleep apnea and associated 
hypertension is becoming more common among young 
adults.59

PHYSICAL EXAMINATION

The physical examination begins with a careful blood pres-
sure measurement. Patients should not smoke or ingest 
caffeine for at least 30 minutes prior to the examination. 
They should be comfortably seated in a chair with back 
support, with the arm resting at heart level. An appropri-
ately sized cuff must be used. Its width should be at least 
40% of arm circumference and its length at least 80%  

Table 25.7 Causes of Secondary Hypertension

Renal parenchymal disease
Renovascular hypertension
Fibromuscular dysplasia
Atherosclerotic renal artery disease
Renal vasculitis
Renal infarction
Primary hyperaldosteronism
Renin-secreting tumor
Pheochromocytoma
Cushing’s syndrome
Liddle’s syndrome
Apparent mineralocorticoid excess
Geller’s syndrome
Aortic coarctation
Thyroid disease
Drugs (e.g., corticosteroids, cocaine, amphetamines, oral 

contraceptives)
Sleep apnea
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HISTORY AND REVIEW OF SYSTEMS

Kidney stones are strongly suspected when patients present 
with classic signs and symptoms, such as gross hematuria 
associated with waves of flank and/or lower abdominal pain 
(colic), which may radiate into the genital region. However, 
symptoms are sometimes vague. Hematuria is usually but 
not always present, and its absence does not exclude a diag-
nosis of nephrolithiasis.63 Poorly localized abdominal pain, 
nausea, vomiting, and urinary frequency may occur. Often, 
patients are entirely asymptomatic, and the stones are noted 
incidentally when an imaging study is done for a different 
reason. When painful symptoms do develop, they generally 
indicate that an asymptomatic stone has passed from the 
renal pelvis into the ureter, where it has caused obstruction, 
inflammation, and/or bleeding.

These symptoms often occur first during the night or in 
the early morning, beginning abruptly with rapidly worsen-
ing pain. The paroxysms of pain probably reflect hyperperi-
stalsis of the renal calyces, pelvis, and ureter. The site of pain 
and its referral pattern are clues to the stone’s location. 
Upper ureteral obstruction usually produces flank pain and 
tenderness and anterior abdominal radiation of pain. Lower 
ureteral obstruction produces lower abdominal pain, which 
frequently radiates into the testicle or labia. Very often, 
stones lodge near the ureterovesical junction, where they 
irritate the bladder, producing urinary frequency, urinary 
urgency, suprapubic tenderness, and dysuria. If the stone 
enters the bladder and then obstructs its outlet, suprapubic 
pain and anuria may develop.

Potential kidney stone risk factors should be identified. 
The patient should be questioned about unusual dietary 
habits. Large amounts of oxalate-rich foods such as spinach, 
rhubarb, beets, or black tea can predispose to calcium 
oxalate stones. Excessive intake of animal protein, which 
reduces urine citrate excretion, predisposes to calcium 
stones. High salt ingestion increases urine calcium excre-
tion. Sardines, anchovies, and organ meat are rich sources 
of purines and thereby increase urine uric acid excretion. 
The medication history may reveal other important clues to 
stone pathogenesis. Some medications increase the risk of 
stones by reducing urine citrate excretion; carbonic anhy-
drase inhibitors such as acetazolamide and topiramate are 
important examples. Dietary supplements, vitamins, and 
minerals such as calcium salts and vitamin D can produce 
hypercalciuria.64 Other medications may precipitate to form 
stones, such as triamterene, some sulfonamides, ceftriax-
one, and the protease inhibitor indinavir.65

A number of underlying medical conditions can  
predispose patients to the development of kidney stones. 
These include most chronic disorders associated with  
hypercalciuria, such as hyperparathyroidism and sarcoid-
osis. Hypercalcemia-hypercalciuria of malignancy usually 
does not result in kidney stones, most likely as a result of  
its acute presentation and relatively short course. Any 
medical or surgical condition associated with significant ste-
atorrhea (e.g., short gut disorders, cystic fibrosis, bile salt 
depletion from ileal disease, gastrointestinal bypass) may 
generate stones as a result of hyperoxaluria (from intestinal 
hyperabsorption) and reduced urine volume. Chronic diar-
rhea without steatorrhea often causes chronic metabolic 
acidosis and persistent aciduria. This is a risk factor for the 

consideration if unexpected metabolic alkalosis, severe or 
resistant hypertension, or an incidentally discovered adrenal 
mass (incidentaloma) in a patient with hypertension is 
found. When obstructive sleep apnea is suspected, home 
sleep testing or formal 12-channel, in-laboratory polysom-
nography can confirm this diagnosis.61

IMAGING

A baseline chest x-ray is indicated for all hypertensive 
patients to rule out some rare secondary causes (e.g., coarc-
tation, as evidenced by rib notching) and for assessment of 
left ventricular size. However, other more advanced imaging 
modalities are required when the history, physical examina-
tion, and laboratory results suggest secondary hypertension 
due to anatomic abnormalities or to document pathologic 
end-organ changes caused by the hypertension. Renal 
sonography is an excellent noninvasive test for assessing 
renal size, identifying cysts, and detecting hydronephrosis. 
It is obviously indicated whenever enlarged kidneys or a 
mass can be palpated. When there is clinical suspicion of 
renovascular hypertension, several diagnostic options are 
available to help establish the diagnosis, including spiral CT 
angiography, magnetic resonance angiography (MRA), and 
duplex Doppler ultrasonography.

The best screening test is a function of the specific fea-
tures of each patient and skill of the imaging center that is 
used. Renal artery Doppler studies are very operator-
dependent and difficult to perform in large patients. CT 
angiography of the renal arteries is an excellent diagnostic 
tool but carries the risk of radiocontrast-related kidney 
injury in susceptible patients, as well as considerable radia-
tion exposure. Gadolinium-enhanced MRA can also yield 
excellent results but is contraindicated if kidney function is 
reduced because of the risk of nephrogenic systemic fibro-
sis. Also, this modality cannot be used when patients are 
claustrophobic or have metal implants. Captopril renal per-
fusion scans, once popular, are no longer recommended as 
a screening test because of their relatively low predictive 
value. Catheter angiography should be the first study per-
formed if clinical suspicion of renal artery stenosis is very 
high. If angiography is clearly indicated then screening tests 
are not appropriate.

OTHER STUDIES

Electrocardiography is useful for accessing left ventricular 
hypertrophy, cardiac arrhythmias, and to provide a baseline 
for future comparison. Cardiac echocardiography provides 
excellent noninvasive assessment and serial monitoring and 
documentation.

NEPHROLITHIASIS (see also Chapter 40)

Kidney stones are an increasingly prevalent medical 
problem. Over 5% of the U.S. population is affected, and 
the lifetime risk of developing a stone is 10% to 15%.62 
Patients who develop a first stone are very likely to have a 
second one (50% within 5 years and 80% within 20 years).62 
Therefore, every nephrologist is likely to encounter patients 
with this problem.
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infection, it should always raise suspicion, and a urine culture 
should be performed. The urine pH may provide a helpful 
clue. A very high pH of freshly voided urine (>7.5) almost 
always indicates the existence of a UTI. Chronic UTIs may 
lead to the development of struvite stones, also called triple 
phosphate, urease-related, or infection stones. When infect-
ing bacteria produce the enzyme urease, the urea in urine is 
split into two molecules of NH3 and one of CO2. The CO2 
escapes from the urine, whereas each NH3 molecule binds a 
proton and thereby elevates the urine pH above levels that 
exist under physiologic conditions. Abundant ammonium in 
an alkaline urine tends to precipitate with magnesium and 
phosphate to form struvite (MgNH4PO4). Note that struvite 
is really a double-phosphate crystal. The term triple phosphate 
derives from the fact that carbonate-apatite (Ca10[PO4]6 · 
CO3) commonly coprecipitates with struvite, which results in 
three cations—calcium, magnesium, and ammonium—
precipitating with the phosphate anion. Struvite stones often 
grow to large staghorn shapes. Urease-producing bacteria 
include Ureaplasma urealyticum, most Proteus species, and 
many Staphylococcus, Klebsiella, and Pseudomonas species. Esch-
erichia coli does not generate urease. A urine pH that is not 
appropriately acidic (<5.5) in a patient with hyperchloremic 
acidosis suggests distal renal tubular acidosis, a disorder 
often associated with calcium phosphate stones. Conversely, 
persistently acidic urine is associated with uric acid stones 
(because uric acid becomes increasingly insoluble as the pH 
falls below 6.5). When bacteriuria is identified, a urine 
sample must be sent for culture. If overt signs of infection 
exist, hospital admission for additional evaluation and treat-
ment is generally required.

Identification of crystals in the urine sediment can be 
helpful and sometimes diagnostic. Recognition of benzene 
ring–shaped cysteine crystals is almost diagnostic of cystin-
uria. The so-called coffin lid crystals of struvite are also very 
characteristic and indicate that an infection-related stone is 
likely. Although uric acid and calcium oxalate crystals com-
monly occur and are relatively nonspecific, when a kidney 
stone exists these crystals may be very helpful etiologic 
clues.68 Also, a 24-hour urine collection for quantitation of 
nephrolithiasis-relevant solutes can be helpful. Several com-
mercial laboratories offer a metabolic stone risk profile. 
These studies may identify abnormally high (e.g., calcium, 
oxalate, urate) and/or low (e.g., citrate) solute concentra-
tions and excretion rates. The saturation-supersaturation 
state of the urine for various stone-forming crystals is also 
routinely calculated. In general, at least two 24-hour samples 
should be collected because of significant daily variation in 
excretion rates. Urine metabolic stone risk testing should 
be done whenever recurrent stones develop or when a first 
stone is documented in a patient with a higher than usual 
risk for recurrence (e.g., those with a family history of stones 
or patients with gastrointestinal disorders). Some experts 
believe that 24-hour urine studies should be performed 
after the first kidney stone in all patients, but this approach 
may not be practical.

IMAGING

The imaging procedure of choice is a noncontrast helical 
CT scan with relatively thin (3 to 5-mm) cuts.20 This study 
has replaced IVP as the preferred imaging procedure for 

development of uric acid stones. Strong epidemiologic asso-
ciations with calcium and uric acid kidney stones have been 
demonstrated for obesity, weight gain, diabetes mellitus, and 
the metabolic syndrome.66 The impact of occupations associ-
ated with reduced fluid intake and/or excessive sweating 
should be considered because low urine volume is a major 
risk factor for stone formation. A history of recurrent urinary 
tract infections raises concern for infection (struvite) stones. 
The age at which the first kidney stone developed is also a 
clue to the diagnosis of causative factors. Kidney stones asso-
ciated with inherited disorders such as cystinuria and con-
genital hyperoxaluria often present at a young age. Ethnicity 
has a major impact on risk. Over a 6-year period (1988 to 
1994) in the United States, whites had the highest risk of 
kidney stones (5.9%), African Americans the lowest risk 
(1.7%), and Mexican Americans an intermediate risk 
(2.6%).62 The family history also may be helpful; first-degree 
relatives of patients with stones very often also have had 
stones.67

PHYSICAL EXAMINATION

Fever is a sign of possible infection, which must be rapidly 
addressed. It is of critical importance to recognize a bacte-
rial infection proximal to an obstructing stone. This is a 
medical and urologic emergency requiring urgent drainage 
of the renal pelvis (surgically or via percutaneous interven-
tion) and appropriate antibiotic therapy. Fever and/or leu-
kocytosis do not usually occur with uncomplicated kidney 
stones and are therefore red flags for infection. The skin 
may be pale, cool, and often clammy. Costovertebral angle 
tenderness is often present. Hypoactive bowel sounds and 
ileus may develop in patients with nephrolithiasis but 
abdominal tenderness is unusual. If rebound tenderness 
exists, a cause other than an uncomplicated kidney stone 
should be sought. Bruits over the abdominal aorta and/or 
iliac vessels may be indicative of a leaking aortic abdominal 
aneurysm, which can mimic the symptoms of renal colic. In 
men, a rectal examination may reveal prostatitis and, in 
women, a pelvic examination may suggest ovarian pathology 
or an ectopic pregnancy.

LABORATORY TESTS

The WBC count may be slightly increased with an uncom-
plicated stone, but leukocytosis greater than 15,000 cells/
mm3 and a left shift suggests an infection. The BUN and 
creatinine levels may increase if renal function is reduced, 
severe obstruction exists, or the patient is volume-depleted. 
An electrolyte panel may provide clues that distal renal 
tubular acidosis exists (hyperchloremic acidosis and hypo-
kalemia). The serum calcium, phosphate, and uric acid 
levels can indicate the existence of a hypercalcemic-
hypercalciuric condition, renal phosphate wasting, or 
hyperuricosuric condition. In women of childbearing age, 
a pregnancy test must be performed prior to radiation 
exposure.

URINE STUDIES
Hematuria with isomorphic RBCs is very common, but not 
universal.60 RBC casts should not be seen. Proteinuria should 
be absent or of low grade. Although pyuria may occur without 
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reasonable chance of passing without urologic intervention, 
glucocorticoids, calcium channel blockers (usually nifedip-
ine), and/or α1-adrenergic antagonists (usually tamsulosin, 
which is used to treat benign prostatic hyperplasia) may be 
used to relax ureteral muscles and thereby assist stone 
passage. Although aggressive volume expansion with or 
without diuretics is often used, and would seem to be an 
appropriate treatment, several trials have not found evi-
dence that such an intervention is effective.75 Patients 
should always attempt to retrieve the passed stone for analy-
sis. This can be accomplished by urinating through a filter 
or fine screen—an aquarium net is a good option. If none 
is available, the patient can urinate through a fine gauze 
pad or simply void into a glass jar so that the calculus will 
be visible.

ACUTE KIDNEY INJURY  
(see also Chapter 31)

AKI is a clinical syndrome broadly defined as an abrupt 
decline in renal function occurring over a period of hours 
to days, resulting in the retention of nitrogenous and other 

kidney stones. Although a plain radiograph of the abdomen 
KUB (kidneys, ureters, and bladder) is very inexpensive  
and may be diagnostic, it has generally also been replaced 
by CT as the initial screening test.20,69 The CT scan can 
detect radiopaque calculi as small as 1 mm in diameter. 
Calcium stones are radiopaque, cysteine stones are slightly 
radiopaque, and pure uric acid stones are radiolucent.  
Struvite stones have variable radiopacity, depending on  
the calcium content. Stones comprised of indinavir or  
triamterene are radiolucent. The CT scan will also reveal 
renal anatomy, presence of hydronephrosis, other abdomi-
nal and pelvic pathology, and other potential causes of  
the patient’s symptoms. Although a renal-abdominal sono-
gram will demonstrate renal anatomy and detect hydrone-
phrosis and most stones in the renal pelvis, it will miss most 
ureteral stones. Therefore, sonography is generally used to 
follow the progress of known stone disease, but not as an 
initial study. However, sonography is indicated as the initial 
procedure in pregnant women or whenever radiation expo-
sure must be minimized. Magnetic resonance imaging 
(MRI) is generally not very helpful for the diagnosis of 
kidney stones.

DIFFERENTIAL DIAGNOSIS

Many conditions can mimic nephrolithiasis. Any form of 
renal bleeding associated with blood clots can cause ureteral 
obstruction and produce symptoms identical to those of a 
kidney stone. Other clinical mimics of kidney stones are an 
abdominal aortic aneurysm, pyelonephritis, renal cancer, 
renal tuberculosis, papillary necrosis, renal infarction, and 
renal vein thrombosis. Papillary necrosis, which is more 
likely in patients with diabetes or sickle cell disease, can 
cause true renal colic when sloughed papillae obstruct the 
ureter. Ectopic pregnancy, appendicitis, and bowel obstruc-
tion must be considered. Some patients seeking analgesic 
drugs complain of kidney stone symptoms. Table 25.8 pre-
sents the differential diagnosis of urolithiasis-like pain.

INITIAL TREATMENT

Patients with renal colic can often be managed conserva-
tively as outpatients with analgesics and fluids. However, 
admission and urgent urologic consultation is required if 
the patient is septic, has an infection proximal to an obstruc-
tion, or has obstruction of a solitary kidney (including a 
renal transplant). Bilateral kidney obstruction, high-grade 
obstruction with a large (>7 mm) stone, acute kidney injury, 
urine extravasation, or unrelenting pain despite analgesics 
also requires urologic consultation. The most important 
determinant of the likelihood that a stone will pass is its size. 
Most kidney stones smaller than 4 mm in diameter will pass 
spontaneously. As stone size increases the chance of its 
passing falls progressively. Passage of the stone is very 
unlikely at a diameter of 10 mm or more. Consequently, 
conservative outpatient therapy becomes less likely to be 
successful as the stone size increases beyond 4 to 5 mm.70,71

Narcotics and/or NSAIDs are used for analgesia. If the 
patient is to be managed as an outpatient, NSAIDs are the 
preferred agents. If nausea and vomiting are prominent, a 
parenteral NSAID such as ketorolac can be used. For severe 
pain, IV morphine is generally given.72-74 If the stone has a 

Table 25.8 Differential Diagnosis of Urolithiasis-
Like Pain

Category Disorders

Renal Pyelonephritis
Blood clot
Renal infarction
Tumor (kidney or pelvis)
Papillary necrosis

Ureteral Tumor
Blood clot
Stricture

Bladder Tumor
Blood clot
Urinary retention

Intraabdominal Peritonitis
Appendicitis
Biliary disease
Bowel obstruction
Vascular disorder
Aortic aneurysm
Mesenteric insufficiency

Retroperitoneal Lymphadenopathy
Fibrosis
Tumor

Gynecologic Ectopic or tubal pregnancy
Ovarian torsion, cyst rupture
Pelvic inflammatory disease
Cervical cancer
Endometriosis
Ovarian vein syndrome

Neuromuscular Muscle pain
Rib fracture
Radiculitis

Infectious Herpes zoster
Pleuritis, pneumonia
Fungal bezoar
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The causes of AKI can be broadly divided into three cat-
egories (Table 25.11):

1. Prerenal azotemia (a disorder characterized by renal 
hypoperfusion, in which renal parenchymal tissue integ-
rity is preserved)

2. Intrinsic renal failure, with parenchymal tissue injury
3. Postrenal failure (dysfunction caused by acute obstruc-

tion of the urinary tract)

Categorization of AKI requires the clinician to integrate the 
findings and results from a careful history, physical examina-
tion, and appropriate laboratory and imaging studies.

metabolic waste products and usually ECF volume expan-
sion. Very often, electrolyte and acid-base disorders also 
develop (e.g., hyperkalemia, hyponatremia, metabolic aci-
dosis). AKI develops as a result of various pathophysiologic 
disturbances that may lead to varying degrees of damage to 
one or more anatomic divisions of the nephron, with sub-
sequent adverse functional consequences. Although the 
initial clinical manifestation of AKI is often oliguria, urine 
volume can remain normal or even increase, and patients 
can remain completely asymptomatic. The diagnosis is often 
established as a result of routine biochemical screening that 
reveals a recent increase in serum creatinine and/or BUN 
concentrations.

There is no universally accepted operational definition of 
AKI, and more than 30 different diagnostic criteria have 
been used in various clinical studies.76 Commonly used defi-
nitions include an absolute increase in serum creatinine 
concentration of 0.5 to 1.0 mg/dL and/or relative increases 
of 25% to 100% over a period of 1 to several days. Although 
not optimal, these approaches have nonetheless been 
proven to be useful in identifying patients with AKI in clini-
cal practice. Two new classification and diagnostic systems 
have been introduced—the RIFLE (risk, injury, failure, loss, 
end-stage) criteria and AKIN (Acute Kidney Injury Network) 
criteria52,76,77 (Tables 25.9 and 25.10). These systems have 
been successfully adopted by investigators worldwide. All 
agree that it would be very helpful to compare different 
clinical studies by using the same definition for AKI.

The incidence of AKI varies greatly, depending on the 
patient population studied and the specific criteria used to 
identify the disorder. Among ambulatory patients, the inci-
dence of AKI is very low, but AKI develops in up to 7% of 
hospitalized patients, and about 30% of those admitted to 
intensive care units.78,79

A population study conducted in the United Kingdom in 
2003 reported the incidence of AKI as 1811 per million 
population.79 Outcomes associated with AKI have changed 
little over the last 60 years. The in-hospital mortality rate of 
critically ill patients with AKI exceeds 50%. Older age, 
female gender, respiratory failure, liver failure, sepsis, and 
impaired consciousness all correlate with higher in-hospital 
mortality rates.80

Table 25.9 RIFLE Criteria for Acute Kidney 
Injury (AKI)

Class GFR Urine Output

Risk Creatinine increase × 1.5 
or GFR decrease > 25%

<0.5 mL/kg/hr for 
>6 hr

Injury Creatinine increase × 2 or 
GFR decrease > 50%

<0.5 mL/kg/hr for 
>12 hr

Failure Creatinine increase × 3 or 
GFR decrease > 75%

or
Creatinine ≥ 4 mg% (acute 

increase ≥ 0.5 mg%)

<0.3 mL/kg/hr for 
>24 hr

or
Anuria > 12 hr

Loss Persistent AKI = complete loss of renal 
function >4 wk

End stage End-stage renal disease > 3 mo

GFR, Glomerular filtration rate.

Table 25.10 Acute Kidney Injury Network 
(AKIN) Criteria

Stage Creatinine Criteria
Urine Output 
Criteria

1 Increase in serum creatinine  
≥ 3 mg/dL (≥26.4 µmol/L) or 
increase ≥ 150%-200% (1.5-2 
fold) above baseline

<0.5 mL/kg/hr for 
>6 hr

2 Increase in serum creatinine  
> 200%-300% (>twofold or 
threefold) above baseline

<0.5 mL/kg/hr for 
>12 hr

3 Increase in serum creatinine  
> 300% (>threefold) above 
baseline or serum creatinine ≥ 
4 mg/dL (≥354 µmol/L) with 
an acute rise ≥ 0.5mg/dL 
(≥44 µmol/L)

<0.3 mL/kg/hr 
×24 hr

or
Anuria ×12 hr

Table 25.11 Causes of Acute Kidney Injury

Prerenal

Gastrointestinal or other severe hemorrhage
Burns
Pancreatitis
Capillary leak
Diarrhea, vomiting, nasogastric suction, fistula fluid loss
Excessive sweating
Diuretics, nonsteroidal antiinflammatory drugs
Congestive heart failure
Cirrhosis

Intrinsic

Ischemia (e.g., postoperative acute tubular necrosis)
Nephrotoxins (e.g., radiocontrast agents, aminoglycosides)
Sepsis
Acute interstitial nephritis
Acute glomerulonephritis
Acute vascular syndrome (e.g., bilateral renal artery 

thromboembolism or dissection)
Atheroembolic disease

Postrenal

Bilateral upper tract obstruction (e.g., nephrolithiasis, papillary 
necrosis) or obstruction of solitary functioning kidney

Lower tract obstruction (e.g., prostatic hypertrophy, urethral 
stricture, bladder mass or stone, obstructed urinary catheter)
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been shown to be helpful signs in adults.82 The neck veins 
are usually flat when volume contraction exists. Renal perfu-
sion may be reduced as a result of heart failure or hepatic 
cirrhosis. Signs of the former condition include distended 
neck veins, pulmonary rales, an S3 gallop, and pitting 
peripheral edema. Stigmata of chronic liver disease, includ-
ing jaundice, hepatosplenomegaly, ascites, gynecomastia, 
nail clubbing, palmar erythema, vascular spiders, and tes-
ticular atrophy should be sought. The presence of true ECF 
volume depletion or reduced effective arterial volume raises 
the very strong possibility of a prerenal (and potentially 
readily reversible) cause of the AKI.

The physical examination may suggest a systemic disease 
associated with an intrinsic AKI, such as vasculitis, endocar-
ditis, thrombotic thrombocytopenic purpura, and hemolytic 
uremic syndrome. An important cause of AKI in the hospi-
talized or recently hospitalized patient is atheroembolic 
disease. This often overlooked condition generally occurs 
following an invasive procedure that requires intraarterial 
catheterization (e.g., cardiac catheterization, angiography) 
or cardiac or vascular surgeries. Skin findings include livedo 
reticularis, ulcers, purpura, petechiae, painful erythematous 
nodules, cyanosis, and gangrene. A retinal examination may 
reveal arterial atheroemboli (Hollenhorst plaques). Flank 
tenderness or an enlarged palpable bladder indicates a pos-
sible postrenal cause for AKI. A digital examination of the 
prostate should be performed in all men with AKI, and a 
bimanual pelvic examination to detect pelvic masses should 
be considered in women. If lower tract obstruction is a 
serious consideration, a diagnostic postvoiding bladder scan 
or catheterization should be done. The normal postvoiding 
residual urine volume is less than 50 mL. If urine is col-
lected, a sample should be saved for potential additional 
studies.

LABORATORY TESTS

Initial testing in AKI must include urinalysis and an estimate 
of the GFR. Prerenal AKI associated with ECF volume con-
traction usually causes marked urine concentration. This 
increases the urine specific gravity and may generate posi-
tive dipstick protein results. Microscopy often reveals hyaline 
casts, but in general there should be few cells and no cel-
lular casts. Quantitative protein excretion is relatively low 
(<1000 mg/day). However, a bland urinalysis is also consis-
tent with an obstructive or postrenal cause for AKI unless a 
complicating infection has produced pyuria and bacteri-
uria, or stone disease has generated hematuria. AKI due to 
intrinsic damage such as tubular necrosis will typically gen-
erate a so-called dirty urinalysis, with many epithelial cells 
and muddy brown granular and epithelial cell casts. The 
urine is generally isosthenuric (specific gravity of about 
1.010). Rhabdomyolysis causes myoglobinuria, and pig-
mented granular casts are seen. Acute glomerulonephritis 
produces proteinuria, hematuria, and RBC casts. Acute 
interstitial nephritis causes pyuria and white cell casts. If AKI 
is caused by an allergic reaction, urine eosinophils may be 
seen, but this is not a specific finding.83 A recent retrospec-
tive study has found that identification of urine eosinophils, 
using the relatively specific Hansel stain, is a poor marker 
for acute interstitial nephritis, and some have suggested that 
this diagnostic test be eliminated.84,85

HISTORY AND REVIEW OF SYSTEMS

The initial goal of history taking is to seek information to 
help establish whether the patient actually has AKI. In this 
regard, a careful review of clinical, pharmacy, nursing, labo-
ratory and radiologic records is necessary. A relatively recent 
serum creatinine determination is invaluable but not always 
available. In some cases, the clinician must make a presump-
tive diagnosis of AKI pending further data collection and 
investigation. A diagnosis of AKI can usually be more readily 
established when it occurs during a hospitalization because 
serial laboratory values are frequently available, and urine 
outputs may also be available. Complete anuria is unusual 
with AKI and raises the possibility of obstructive uropathy. 
Some of the features that assist in the differentiation of AKI 
into various categories are shown in Table 25.11.

One risk factor that most strongly predicts the develop-
ment of AKI is the presence of CKD.81 Often, such patients 
develop superimposed AKI because of a variety of renal 
insults. A history of salt and fluid losses, as may occur with 
diarrhea or vomiting, or ECF loss into a third space in 
response to extensive burns, pancreatitis, or leaky capillaries 
suggests a prerenal cause. A medication review may disclose 
ingestion of NSAIDs, ACEIs, or angiotensin receptor block-
ers, which can generate a renal hypoperfusion state and AKI, 
especially when combined with diuretics. It is also essential 
to identify any other potential nephrotoxic agents such as 
phosphate loads given as cathartics. A history of heart failure 
or liver disease increases the likelihood that AKI is the result 
of reduced effective arterial volume.

Often, the cause of AKI is multifactorial (e.g., a patient 
with a gastrointestinal hemorrhage may undergo a radio-
logic study with IV contrast). Although a history of decreased 
urine output or anuria is important, many patients with AKI 
have normal urine output.

A history of voiding symptoms such as urinary frequency, 
hesitancy, or incontinence suggests the possibility of obstruc-
tive uropathy. Patients with renal artery emboli and some 
with renal vein thrombosis may present with flank pain and 
a history of hematuria. It is also important to elicit any 
history of a recent interventional radiologic procedure, 
which raises the possibility of AKI caused by intravenous 
(IV) or intraarterial contrast infusion or atheroembolic 
disease. A history of fever, skin rash, arthralgias, sinusitis, 
and/or hemoptysis raises the possibility of glomerulone-
phritis related to infection, collagen vascular disease, or 
vasculitis.

PHYSICAL EXAMINATION

An extremely important aspect of the physical examination 
in every patient with AKI is an assessment of ECF and effec-
tive arterial volume status. Overt hypotension is the stron-
gest indicator of potential renal underperfusion. Less severe 
volume depletion is suggested by an orthostatic pulse 
increase of more than 30 beats/min (measured 1 minute 
after standing). Orthostatic hypotension, defined as a drop 
in systolic blood pressure of more than 20 mm Hg after 
standing, is less helpful because it occurs in 10% of normal 
subjects.82 Dry axillae and dry mucous membranes with a 
furrowed tongue are useful signs of volume depletion. 
However, poor skin turgor and slow capillary refill have not 
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Although the traditional diagnosis of AKI requires a mea-
surable increase in the plasma creatinine level, it is clear 
that this is an insensitive and delayed biomarker. Renal 
injury may have been present for hours to days before a 
noticeable rise in plasma creatinine concentration is 
detected. An ideal biomarker would be a substance that can 
be easily obtained and readily and rapidly measured, with a 
high sensitivity and specificity for AKI and able to predict 
clinical outcomes. A number of urinary biomarkers of 
tubular injury have been recognized over the past decade 
(see also Chapter 30), although they are far from ideal.86-88 
These substances are normal constituents of renal tubular 
cells that are upregulated and released into the urine in 
response to renal injury. Early measurement of these bio-
markers might allow the detection of renal injury within 
hours of the insult. Kidney injury molecule-1 (KIM-1), one 
of the first urinary biomarkers, was characterized over a 
decade ago.89 Renal biopsies in patients with ischemic AKI 
have shown that KIM-1 expression in proximal tubular cells 
is markedly upregulated, and urinary KIM-1 levels have 
been used to identify AKI in children and adults after heart 
surgery.90

Neutrophil gelatinase-associated lipocalin (NGAL) is a 
protein expressed primarily in immune cells, but also by 
renal tubular cells. Its production markedly increases in 
response to ischemic renal injury. Urinary NGAL levels 
rapidly rise in response to renal ischemia and return to 
baseline following the resolution of the renal injury. 
Increased urinary NGAL levels have been noted within 6 
hours of injury in children and adults following heart 
surgery and radiocontrast exposure.90 Although these 
urinary biomarkers are very promising, they have relatively 
low (70% to 75%) sensitivity and specificity and have not 
yet been adopted by most nephrologists or intensivists.91 For 
a detailed discussion of biomarkers for the assessment of 
kidney disease, see Chapter 30.

IMAGING

Imaging of the urinary tract by ultrasonography is an 
extremely helpful and important test in the setting of AKI. 
It will generally diagnose obstruction. However, it is not 
100% sensitive nor specific; ultrasonography can have a 
false-negative result immediately following obstruction or in 
patients with ureteric encasement. Renal ultrasonography 
also provides an excellent measurement of kidney size, 
which helps distinguish chronic renal failure (in which the 
kidneys are often small and echogenic) from AKI (in which 
renal size is expected to be normal). If contrast nephropa-
thy is suspected, a radiograph of the abdomen (KUB) may 
reveal a persistent nephrogram because of retained IV con-
trast material. Doppler ultrasonography can also be used to 
assess renal arterial and venous patency when vascular 
obstruction is suspected. Although CT, MRI, and angiogra-
phy can be used when ultrasonography results are insuffi-
cient, the use of these modalities in this setting is limited 
because renal injury restricts the use of contrast agents.

KIDNEY BIOPSY

A kidney biopsy is generally not necessary in the setting of 
AKI. However, kidney biopsy can be useful when vasculitis, 

Estimation of the GFR gives an approximate measure of 
the number of functioning nephrons. In the setting of AKI, 
the GFR is, by definition, not in a steady state. This makes 
GFR estimates, especially those based on the plasma creati-
nine level, unreliable. However, a rising creatinine concen-
tration indicates that the renal injury is stable or worsening, 
whereas a falling creatinine concentration is generally indic-
ative of improvement. A daily increase in the creatinine 
concentration of more than 1 mg/dL is usually associated 
with a GFR of less than 10 mL/min. A timed urine collec-
tion for determination of creatinine clearance can be very 
helpful, but even this measurement can overestimate the 
GFR as a result of tubular secretion of creatinine. When 
available, the renal clearance of radioisotopes such as iothal-
amate will provide the most accurate measurement of GFR.

In general, serum electrolyte, BUN, calcium, phosphorus, 
and uric acid levels should be measured. Potentially life-
threatening hyperkalemia and severe metabolic acidosis 
must be identified and treated. Table 25.12 lists a number 
of urine and plasma chemical measurements and various 
calculations that can help differentiate prerenal AKI from 
intrinsic renal injury. Although a measurement of the urine 
sodium concentration can be helpful in distinguishing these 
disorders, the fractional excretion of sodium and/or urea 
are better indicators. It is important to note that several 
disorders that generate AKI may be associated with urine 
studies suggesting prerenal AKI. They include AKI caused 
by contrast nephropathy, rhabdomyolysis, acute myeloma 
kidney, and acute urate nephropathy.

Table 25.12 Tests to Differentiate Prerenal from 
Intrinsic Kidney Damage

Parameter
Prerenal Acute 
Kidney Injury

Intrinsic Kidney 
Damage (e.g., ATN)

Urine Na (mEq/L) <20 >40
Urine osmolality 

(mOsm/kg H2O)
>500 <350

Serum BUN/
creatinine (Cr) 
ratio

>20 10-15*

Fractional excretion 
of Na

[ ]
[ ]
U P
P U

Na Cr

Na Cr

×
×

× 100

<1† >2

Fractional excretion 
of urea

[ ]
[ ]
U P
P U

Urea Cr

Urea Cr

×
×

× 100

<30† >50

*A BUN/Cr ratio of <10 may occur with rhabdomyolysis because 
the Cr concentration increases sharply as a result of increased 
release from necrotic muscle. A low BUN/Cr ratio can also 
develop in malnourished individuals because of a very low 
BUN level.

†The fractional excretion of Na and fractional excretion of urea 
are often also very low with contrast nephropathy, 
rhabdomyolysis, acute myeloma kidney, and acute urate 
nephropathy.

ATN, Acute tubular necrosis; BUN, blood urea nitrogen;  
P, plasma; U, urinary.
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Kidney Disease Improving Global Outcomes (KDIGO) 
group has proposed a modification of the KDOQI classifica-
tion that divides stage 3 into stages 3A and 3B and also takes 
account of the magnitude of albuminuria (Table 25.14).94 
Recent studies have suggested that the lifetime risk of devel-
oping stage 3 CKD is in excess of 50% and the ultimate risk 
of ESKD is 4%. The risk is higher in men, African Ameri-
cans, and patients older than 70 years.95 The most recent 
information from the U.S. Renal Data System at the end of 
2011 found that the incidence of ESKD in the United States 
had fallen, for the first time in over a decade, to approxi-
mately 357 per million. In late 2011, the prevalence had 
risen to 1901 per million population (this number includes 
dialysis patients and those with a functioning renal 
transplant).96

These findings suggest that better implementation of 
CKD management may be having a favorable impact on 
slowing the progression of kidney disease. However, preva-
lence data are also affected by the improved longevity of 
patients with CKD, including better kidney transplantation 
outcomes.

A number of risk factors for the development of CKD 
have been identified (Table 25.15). These include diabetes, 
hypertension, male gender, African-American or Hispanic 
race, increased age, and prior AKI.93

Mortality in patients with CKD is high and, in patients 
with stage 3 CKD, the risk of death (usually from cardiovas-
cular disease) is at least 10 times higher than the risk of 
progression to ESKD. Patients with ESKD have a mortality 
rate of about 50% after 3 years and 65% to 75% at 5 years. 
At least 60% of these deaths are also related to cardiovascu-
lar disease.

CKD has manifestations and complications affecting 
almost every organ system, including the central and 
peripheral nervous, neuropsychiatric, endocrine, hemato-
logic, cardiovascular, gastrointestinal, peripheral vascular, 
and skeletal systems. Consequently, the diagnosis and treat-
ment of CKD require a broad multifaceted approach. The 
most common renal diseases that progress to ESKD (in 
order of incidence and prevalence) are diabetic nephropa-
thy, hypertensive nephrosclerosis, polycystic kidney disease, 

glomerulonephritis, or allergic interstitial nephritis is con-
sidered a possible cause of the AKI.92 Accordingly, a kidney 
biopsy is often performed when a noninvasive evaluation 
has not been able to establish a definite cause for the AKI, 
especially if an acute nephritic syndrome or nephrotic-
range proteinuria is present.

CHRONIC KIDNEY DISEASE

CKD, regardless of the specific cause, is defined as an irre-
versible and usually progressive decline in renal function 
and is generally measured by a reduction in GFR. As GFR 
falls from 90 to approximately 30 mL/min, retention in the 
plasma of substances that are handled primarily by glomeru-
lar filtration develops. The plasma concentrations of urea 
nitrogen and creatinine, two such substances that are rou-
tinely measured, increase. As the GFR falls from 30 to 
15 mL/min, additional alterations in plasma composition 
develop, and other pathophysiologic disturbances, includ-
ing anemia, altered calcium and phosphate metabolism, 
and nutritional changes, occur. Although overt symptoms 
may be absent, careful evaluation generally reveals a wide 
spectrum of abnormalities in these patients. Then, generally 
when the GFR falls below 10 mL/min, overt uremic signs 
and symptoms develop and, if the decline is irreversible, the 
patient will have reached ESKD. Uremic syndrome is the 
result of severely reduced excretory function, with retention 
of metabolic products, fluid and acid-base derangements, 
hormonal abnormalities, and other consequences of the 
loss of renal function.

In 2002, the National Kidney Foundation proposed a new 
classification system for CKD based on the severity of GFR 
reduction and made recommendations for appropriate 
actions to be taken at each disease stage.93 This system, 
known as the Kidney Disease Outcomes Quality Initiative 
(KDOQI) classification, is presented in Table 25.13.93 Also 
shown in Table 25.13 are the number of U.S. adults at each 
stage of CKD. Most individuals with CKD have stage 1 or 2 
disease. Patients with stage 3 CKD, numbering almost 8 
million, comprise the most rapidly expanding group. The 

Table 25.13 National Kidney Foundation Kidney Disease Outcomes Quality Initiative (KDOQI) Classification 
System, Disease Prevalence, and Action Plan

Stage Description GFR (mL/min/1.73 m2)
Prevalence 
(in millions)* Action

— At increased risk ≥90 (with CKD risk factors) Reduction of CKD risk factors
1 Kidney damage with normal or ↑ 

GFR
≥90 3.6 Treatment of comorbid conditions and 

reduction of cardiovascular disease risks
2 Kidney damage with mild ↓ GFR 60-89 6.5 Estimation of progression rate
3 Moderate ↓ GFR 30-59 15.5 Evaluation and treatment of complications
4 Severe ↓ GFR 15-29 0.7 Preparation for kidney replacement therapy
5 Kidney failure (end-stage kidney 

disease)
<15 (or dialysis) 0.6 Kidney replacement therapy (if uremic)

*Prevalence data from National Kidney Foundation,93 U.S. Renal Data System,96 and Coresh J, Selvin E, Stevens LA, et al: Prevalence of 
chronic kidney disease in the United States. JAMA 298:2038-2047, 2007.

CKD, Chronic kidney disease; GFR, glomerular filtration rate.
Data are for adults aged ≥20 years.
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Table 25.14 Kidney Disease Improving Global Outcome (KDIGO) Classification of Chronic Kidney 
Disease (CKD)

Persistent Albuminuria Categories 
Description and Range

A1 A2 A3

Normal to mildly 
increased

Moderately 
increased

Severely increased

<30 mg/g
<3 mg/mmol

30–300 mg/g
3–30 mg/mmol

>300 mg/g
>30 mg/mmol

GFR Categories 
(mL/min/1.73 m2) 
Description and Range

G1 Normal or high ≥90

G2 Mildly decreased 60–89

G3a Mildly to moderately decreased 45–59

G3b
Moderately to severely 

decreased
30–44

G4 Severely decreased 15–29

G5 Kidney failure <15

Gradations of dark to light shades correspond to increasing risk and progression of CKD.
GFR, Glomerular filtration rate.
Reproduced with permission from Kidney Int Suppl 3:5-14, 2013.

Table 25.15 Prevalence of Individuals at Increased Risk for Chronic Kidney Disease

Risk Factor Estimated Percentage Estimated Total No.

Diabetes mellitus Diagnosed: 5.1% of adults ≥ 20 yr 10.2 million
Undiagnosed: 2.7% of adults age ≥20 5.4 million

Hypertension 14.0% of adults ≥ 18 yr 43.1 million
Systemic lupus erythematosus ~0.05% definite or suspected ~239,000
Functioning kidney graft ~0.03% 88,311*
African American 12.3% 34.7 million
Hispanic or Latino (of any race) 12.5% 35.3 million
American Indian and Alaska Native 0.9% 2.5 million
Age 60-70 yr 7.3% 20.3 million
Age ≥ 70 yr 9.2% 25.5 million
Acute kidney failure ~0.14% ~363,000 non–federal hospital stays in 1997
Daily NSAID use ~5.2% with rheumatoid arthritis or osteoarthritis 

(assumed daily use)
~13 million assumed daily use

~30% annual use ~75 million annual use

*As of December 31, 1998.
NSAID, Nonsteroidal antiinflammatory drug.

and chronic glomerulonephritis. The focus of the history, 
physical examination, and laboratory studies in these 
patients is to establish the specific diagnosis, determine the 
severity of kidney dysfunction, identify any reversible compo-
nent, identify and quantitate any comorbid conditions and 
complications, assess the risk for continued loss of kidney 
function, and assess the risk for cardiovascular disease.

HISTORY AND REVIEW OF SYSTEMS

Patients are often referred to a nephrologist for evaluation 
of CKD when the BUN and creatinine concentrations are 
noted to be elevated on routine laboratory testing. The 
patient may have no knowledge of any kidney disorder or 
abnormal kidney function. Other patients may have had an 
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pain may be caused by osteodystrophy. Spontaneous frac-
tures can occur. All medications should be carefully reviewed 
and documented. The review should include current and 
prior medications, OTC, and nonprescription medications. 
Medications should be reviewed for potential nephrotoxic 
effects and for appropriate dosing for renal function.98 Cal-
cineurin inhibitors (e.g., cyclosporine, tacrolimus), lithium, 
pamidronate, chemotherapy agents (e.g., cisplatin, gem-
citabine, mitomycin C), and various analgesics are some 
drugs that can damage the kidneys.99 Sodium phosphate–
based bowel preparations administered prior to colonos-
copy or GI surgical procedures have been found to cause 
irreversible renal disease.100 Therefore, medication toxicity 
is a critically important consideration whenever otherwise 
unexplained CKD occurs.

Ophthalmic complications, largely related to diabetes 
and hypertension, are common in CKD. Lens abnormalities 
may occur in patients with Alport’s disease. When diabetes 
exists, its duration, specific medications, adequacy of 
control, hemoglobin A1C levels, and results of microalbu-
minuria studies should be ascertained. In general, the onset 
of type 2 diabetes is difficult to determine because this 
disease may be clinically silent for years. Hypertensive neph-
rosclerosis is the second leading cause of CKD resulting in 
ESKD, and hypertension is also a very common complica-
tion of almost all forms of CKD. Differentiating primary 
hypertension that has caused CKD from a kidney disease 
complicated by hypertension is frequently very difficult. The 
duration of hypertension may also be difficult to establish. 
A history of high or low blood pressure extremes, as well as 
response to and adherence to antihypertensive medication 
regimens, should be documented.

A history of gross or microscopic hematuria, proteinuria, 
or foamy urine suggests the possibility of glomerulonephri-
tis, the third most common cause of CKD progressing to 
ESKD. Back or flank pain may be presenting or prominent 
complaints. Fever, skin rash, inflammation of the eyes or 
sinuses, and joint pains raise the possibility of secondary 
forms of glomerulonephritis. Occasionally, a family history 
of glomerulonephritis can be elicited. Although polycystic 
kidney disease is often diagnosed from the family history, it 
is occasionally first recognized after an abdominal imaging 
procedure reveals the diagnosis. These patients frequently 
develop shoulder, back, flank, and/or pelvic pain. Abdomi-
nal fullness, bloating, and episodes of hematuria are often 
described. Sometimes, the patient feels the enlarged kidneys. 
The multiple extrarenal manifestations of polycystic kidney 
disease include cerebral aneurysms, which are the most life-
threatening extrarenal complication. Because these aneu-
rysms occur more commonly within families, a history of 
cerebral aneurysms, stroke, or sudden death at a young age 
among relatives should be sought. Colonic diverticula and 
abdominal wall or inguinal hernias are also common in 
these patients.

PHYSICAL EXAMINATION

Assessment of vital signs should include supine and upright 
pulse and blood pressure measurements. One primary focus 
of the physical examination in patients with CKD is the 
assessment of ECF and effective intraarterial volume status, 
but this is not always straightforward. Physical findings that 

extensive prior renal evaluation. In some, the kidney disease 
is an isolated abnormality; in others, an underlying disease 
known to be associated with kidney involvement such as 
diabetes, systemic lupus erythematosus, hepatitis B or C, 
scleroderma, or vasculitis may exist. The duration of the 
kidney disease and rate of progression must be established 
whenever possible. The patient might know about a specific 
diagnosis, severity or stage of the kidney disease, and its 
pace. Any prior laboratory data, biopsy reports, imaging 
results, and urologic interventions should be reviewed. Any 
previous discussions regarding treatment or renal replace-
ment therapy should be reviewed, and the patient’s adher-
ence to prior medical recommendations should be 
determined.

A detailed family history of kidney disease can be 
extremely informative. Monogenic familial kidney diseases 
include polycystic kidney disease, Alport’s disease, medul-
lary cystic disease, certain forms of membranoproliferative 
glomerulonephritis, and Fabry’s disease. Polygenic familial 
disorders include diabetes mellitus, hypertension, obesity, 
hyperlipidemia, and premature vascular disease.

The patient’s general health, ability to perform activities of 
daily living, energy level, appetite, and recent weight changes 
should be assessed. Mental acuity, memory, mood, and 
change in sleep pattern must be evaluated. Sometimes, family 
members can provide a more accurate assessment of these 
parameters than the patient. Many symptoms do not become 
apparent until very late in the disease course. Patients with 
CKD may exhibit an amazing adaptive ability. Urinary voiding 
symptomatology should be identified, including voiding 
symptoms such as polyuria, nocturia, hesitancy, frequency, 
and any history of urinary tract infections, back, flank, 
abdominal, or pelvic pain, renal calculi, or urologic manipu-
lation. A prior history of GU malignancy, including cancer  
of the bladder, prostate, kidney, or cervix should be obtained. 
A cardiovascular, peripheral vascular, and cerebrovascular 
disease history should be elicited. Coronary artery disease is 
the most important vascular complication in patients with 
CKD.97 Any history of myocardial infarction and/or conges-
tive heart failure should be documented and left ventricular 
function assessed. A history of coronary artery interventions, 
significant arrhythmias, or insertion of a pacemaker or defi-
brillator should be identified.

It is imperative that any history of resting or exertional 
chest pain and/or shortness of breath be recognized. 
Peripheral vascular disease is also very common in patients 
with CKD. A history of claudication, peripheral ulcers,  
revascularization, gangrenous extremities, or extremity 
amputation must be documented. Symptoms secondary to 
autonomic and sensorimotor neuropathy should be identi-
fied. Nutritional status, appetite, and weight changes should 
be determined. The interpretation of weight change is com-
plicated, however, because loss of body mass may be masked 
by fluid accumulation. Food may taste bad and a foul breath 
may develop. Anorexia, nausea, and vomiting are symptoms 
of uremia. Occasionally, diarrhea develops. In the diabetic 
patient with ESKD, it may be difficult to distinguish between 
uremic symptoms and those of diabetic neuropathy and 
enteropathy.

Musculoskeletal complaints occur frequently with CKD. 
Muscle cramps are often related to diuretic use. Muscle 
wasting and loss of muscle strength occur. Bone and joint 
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Excretion of more than 3000 mg/day of protein (primarily 
albumin) is most consistent with a glomerular process. 
Quantitative measurement of protein and creatinine excre-
tion may be very helpful in selected patients.

Blood studies should include a CBC, BUN and creatinine 
concentrations, electrolyte panel, calcium and phosphate 
levels, liver function studies, and a lipid panel. Sedimenta-
tion rate and C-reactive protein level provide information 
about the patient’s inflammatory state. Based on the results 
of these tests and the patient’s underlying conditions, the 
iron storage status, vitamin B12 and folate levels, and hemo-
globin A1C levels are often measured. When diseases such as 
systemic lupus erythematosus or other collagen vascular dis-
eases, HIV infection, hepatitis B or C, or multiple myeloma 
are suspected, appropriate serologic and protein studies are 
done. Evaluation of complement levels may be helpful with 
certain types of glomerulonephritis. An assessment of  
the GFR is an essential component of the evaluation of the 
patient with CKD. The GFR can be estimated from the 
serum creatinine concentration using one of several stan-
dard formulas. However, these formulas are inaccurate in 
patients with extremes in age and size. Patients with a rela-
tively high GFR (normal serum creatinine concentration) 
may have a relatively low estimated GFR, although the more 
recently published Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) formula has improved accuracy 
and performs better in people with normal GFR.101 In addi-
tion, these estimating equations are only useful when the 
serum creatinine concentration is relatively stable. In 
general, a timed urine collection to measure creatinine 
clearance is the standard method for documenting renal 
glomerular function. A timed urine collection for urea 
nitrogen can be obtained to judge nutritional status by esti-
mating a protein catabolic rate. Fractional urea (and 
sodium) clearance can be calculated to assess if a renal 
hypoperfusion state exists in addition to underlying CKD. 
A radioisotope clearance study (usually iothalamate) is the 
most accurate, gold standard method for determining GFR. 
The serum cystatin C level has been proposed as a better 
marker of renal function, but this test is not routinely done 
in most facilities. Although it may have some advantage rela-
tive to creatinine concentration, this remains unproven.

Important goals of laboratory investigations in patients 
with CKD are to assess the risks of progression to ESKD and 
the cardiovascular risk to guide management. The KDIGO 
classification system combines the estimated GFR (eGFR) 
and albuminuria results to improve stratification as shown 
in Table 25.14.

IMAGING

Renal ultrasonography should be done for all patients being 
evaluated for CKD. The sonogram provides a kidney size 
assessment, supplies information on cortical width and 
echogenicity, and demonstrates the presence or absence of 
scars and hydronephrosis, as well as renal stones or masses. 
Renal Doppler ultrasound imaging is used to assess renovas-
cular flow. If there is any suspicion of coexistent heart 
disease, echocardiography can be done to assess cardiac 
size, left ventricular function, regional wall motion abnor-
malities, pulmonary pressures, valvular function, and peri-
cardial fluid.

indicate volume depletion were also discussed earlier (see 
“Acute Kidney Disease: Physical Examination”).

Although overt hypotension is the strongest indicator of 
possible renal underperfusion, an orthostatic pulse increase 
of more than 30 beats/min (measured 1 minute after stand-
ing) is indicative of less severe volume depletion.82 Ortho-
static hypotension, defined as a drop in systolic blood 
pressure of more than 20 mm Hg after standing, is less 
helpful because it is seen in 10% of normal subjects. Auto-
nomic neuropathy also complicates the assessment of ortho-
static hypotension. Dry axillae and dry mucous membranes 
with a furrowed tongue are useful signs of volume deple-
tion. However, poor skin turgor and slow capillary refill have 
not been shown to be helpful signs in adults.82 The neck 
veins are usually flat in the volume-contracted patient. If 
volume depletion is possible, a trial of ECF expansion with 
crystalloid solutions is indicated to determine if there is a 
reversible component of kidney dysfunction.

At the other extreme, hypertension, peripheral edema, 
pleural effusions, and pulmonary rales may indicate volume 
overload and require treatment with diuretics or ultrafiltra-
tion. However, edema and effusions may also be the result 
of nephrotic syndrome. Heart failure and cirrhosis also gen-
erate total body salt and water expansion, with effective 
intraarterial volume contraction. Advanced CKD produces 
a sallow appearance. Generalized muscle wasting may be 
observed. Current body weight should be noted and com-
pared with prior known weights. A thorough evaluation of 
the cardiovascular system is mandatory. A retinal examina-
tion may reveal hypertensive or diabetic retinopathy. The 
carotid pulse should be evaluated and the presence of bruits 
identified. The cardiac examination may reveal left ven-
tricular hypertrophy or decompensation. Flank or abdomi-
nal bruits may suggest renovascular disease. Palpation of the 
abdomen may reveal an enlarged bladder or large kidneys. 
Costovertebral tenderness indicates possible inflammatory 
or infectious kidney disease. Motor and/or sensory neu-
ropathy can occur with CKD, as well as diabetes. Muscle 
wasting is common. Neuromuscular irritability with tremor 
and myoclonic jerks can be seen when CKD is advanced or 
is complicated by hypocalcemia or hypomagnesemia. Skin 
changes common in CKD include pallor related to anemia, 
hyperpigmentation, and scratch marks and excoriations 
produced as a result of pruritus. Uremic frost, representing 
residue from evaporated urea-rich sweat, occurs in severe 
untreated ESKD. Skin necrosis caused by calcific arteriopa-
thy and calciphylaxis is a dreaded complication.

LABORATORY TESTS

The urinalysis can provide important clues to the diagnosis. 
Hematuria with high-grade proteinuria suggests a glomeru-
lar process, whereas low-grade proteinuria is consistent with 
nephrosclerosis, an interstitial disease, or polycystic disease. 
When the urine sediment reveals RBCs, their appearance as 
acanthocytes (see Fig. 25.1) or RBC casts supports a glo-
merular origin. The urine protein/creatinine ratio provides 
an estimate of protein excretion. With the assumption that 
urine creatinine excretion is about 1 g/day, this ratio, 
expressed as grams of protein per gram of creatinine, rep-
resents the daily protein excretion in grams per day. Adjust-
ments can be made for very small or very large patients. 
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screening outweigh its potential negative impact in any 
other adult patient group.104

It is important to identify underlying risk factors for the 
development of the current UTI, as well as previous epi-
sodes of UTIs. Most young and middle-aged women have 
no apparent anatomic abnormality that might predispose 
them to UTIs. Recurrent UTIs in this group should prompt 
a discussion regarding the timing of the UTI with respect 
to sexual activity. The use of diaphragms and spermicides, 
as well as delayed postcoital micturition, has been associated 
with UTIs. Vaginitis is an important risk factor for UTIs in 
women, so a history of associated symptoms should be elic-
ited. There is little evidence that tampon use or the method 
(direction of wiping) of cleansing after defecation have a 
significant impact on the risk of developing UTIs. The fre-
quency of UTIs increases during pregnancy and is probably 
related to a combination of physiologic and anatomic 
changes, frequent glucosuria, and hormonal effects.

UTIs in men raise concern for an anatomic abnormality. 
The most common abnormalities that predispose men to 
UTIs are prostatic enlargement and prostatitis. Sexual 
history regarding homosexual activity, and specifically anal 
intercourse, which increases UTI risk in men, is also impor-
tant. Other anatomic abnormalities that predispose patients 
to UTIs include bladder pathology (e.g., neurogenic 
bladder, especially in the setting of spinal cord injury, 
bladder cancer with disruption of the urothelium, bladder 
diverticula), enterovesical fistula, polycystic kidney disease, 
prostate cancer, urinary drainage devices and procedures 
(e.g., indwelling transurethral or suprapubic bladder cath-
eters, percutaneous nephrostomy, ureteral stent, ileal 
conduit), renal calculi with or without urinary obstruction, 
vesicoureteral reflux, and urinary obstruction at any level. 
Certain medical conditions also increase the risk for devel-
oping UTIs and complications of these infections. These 
include pregnancy, diabetes, renal transplantation, and 
long-term immunosuppression.

PHYSICAL EXAMINATION

Physical examination findings in the setting of UTI are 
often nonspecific.105,106 Fever may indicate a more serious or 
complicated UTI, as does hypotension and tachycardia. The 
patient with a severe systemic infection of urinary origin may 
have a toxic appearance and altered mentation. Careful 
attention should be given to the back, flank, abdomen, and 
pelvic areas to detect localized tenderness or a palpable 
mass. The patient should be inspected for urinary drainage 
devices. In men a rectal examination for assessment of the 
prostate is important.

LABORATORY TESTS

The urinalysis results often confirm the presence of an 
active UTI.105-107 Gross visual inspection of the urine may 
reveal turbidity or blood, and the urine often has a foul 
smell. On the urine dipstick test, the pH can be markedly 
alkaline (supraphysiologic level; i.e., >7.5) when the 
urine is infected with urea-splitting bacteria (see earlier, 
“Nephrolithiasis: Laboratory Tests”). The dipstick result is 
often positive for occult blood. The nitrite test result is posi-
tive when the urine is infected with Enterobacteriaceae. 

URINARY TRACT INFECTION  
(see also Chapter 37)

UTIs are one of the most frequent infectious illnesses occur-
ring in humans and are probably the most common bacte-
rial infection.102 UTIs account for almost 9 million outpatient 
visits yearly in the United States. Although urinary tract 
infections usually affect women, hospitalizations from UTIs 
with complications occur more often in men.103 A UTI can 
occur at all ages, from the very young to the very old, but 
most often affects women in the reproductive age group. 
UTI presents in a number of ways, from asymptomatic bac-
teriuria to bothersome local symptoms of pelvic pain and 
dysuria to severe local symptoms of back or flank pain and 
fever to overwhelming infection with septic shock and mul-
tiorgan failure. It is useful to separate UTIs on an anatomic 
basis. Pyelonephritis represents an upper UTI of the kidney 
itself. Lower UTIs may be separated into those of the bladder 
(cystitis), prostate, and urethra.

HISTORY AND REVIEW OF SYSTEMS

The most common complaint of a patient with an acute UTI 
is urinary frequency and dysuria. Other voiding symptoms 
such as difficulty voiding, polyuria, halting voiding symp-
toms, or frequent small voids also occur. Sometimes, a 
change in the appearance of the urine is the presenting 
complaint. The patient may complain of grossly purulent, 
foul-smelling, and/or blood-tinged or frankly bloody urine. 
Passage of a stone or tissue debris may be reported. Patients 
with UTIs (other than asymptomatic bacteriuria) also often 
present with some localizing symptom. Back, flank, abdomi-
nal, and/or pelvic pain may be the presenting complaint. 
Fever, with or without chills, suggests a more serious illness. 
A past history of similar symptoms associated with a docu-
mented UTI can often be elicited.

The frequency of prior UTIs should be established. The 
patient’s report of specific antibiotics used for treatment of 
previous UTIs is helpful. Some patients can describe prior 
infecting organisms as demonstrated on urine culture. In 
addition to localizing symptoms of pain, with or without 
fever, some patients have constitutional symptoms of fatigue, 
malaise, and weight loss. Gastrointestinal symptoms of 
nausea and vomiting, constipation, or diarrhea may be 
present. With severe UTIs, symptoms of hypotension with 
orthostatic dizziness may occur.

Asymptomatic bacteriuria can be the initial presenta-
tion. It must be distinguished from urinary contamination 
at the time of urine culture. It is often identified in 
patients with a history of UTIs and is sometimes noted 
when urine cultures are performed during follow-up of 
previously treated symptomatic UTIs. Usually, it is detected 
in patients at high risk for UTIs for whom surveillance 
urine cultures are performed. High-risk groups include 
pregnant women, sexually active young women, older 
adults, particularly in a nursing home setting, patients with 
indwelling urinary catheters or other drainage devices, 
patients with diabetes, and patients with spinal cord injury. 
Current recommendations are that only pregnant women 
should be screened (and treated) for asymptomatic 
bacteriuria.104-106 There is no evidence that the benefits of 

http://www.myuptodate.com


778 SECTIOn IV — EVALUATIOn OF THE PATIEnT wITH KIDnEy DISEASE

obstruction or obstruction in a solitary functional kidney 
can present with AKI. A chronic reduction in the GFR can 
occur with vesicoureteral reflux, chronic pyelonephritis, or 
chronic urinary obstruction. If estimates of kidney function 
are persistently reduced, formal GFR measurements should 
be obtained with a timed urine collection to assess creati-
nine clearance or an isotopic measurement of GFR.

A number of acid-base and potassium abnormalities may 
occur in patients with UTIs. If the UTI causes nausea and 
vomiting, metabolic alkalosis and hypokalemia ensue. 
Hyperkalemia can be caused by a reduced GFR or may be 
a component of type 4 renal tubular acidosis because of 
chronic renal interstitial disease or urinary obstruction. 
Metabolic acidosis can be caused by lactic acidosis associ-
ated with sepsis, renal tubular acidosis, or low GFR.

IMAGING

Kidney and GU tract imaging are usually done to diagnose 
vesicoureteral reflux, renal calculi, and other lesions that 
obstruct urine flow or otherwise cause stasis. In general, 
imaging studies are not required in adult women with an 
uncomplicated UTI that responds rapidly to antibiotic treat-
ment. Imaging is generally recommended for all men with 
their first UTI. Imaging should also be done when patients 
have a complicated UTI, bacteremia has developed, the UTI 
has failed to respond to appropriate antibiotic therapy, and 
urinary obstruction or stones are suspected. Women with 
unexplained recurrent UTIs and all patients with pyelone-
phritis serious enough to warrant hospitalization should 
undergo imaging. Also, if hematuria persists following reso-
lution of a UTI, imaging is indicated. Renal ultrasonography 
has replaced IV urography as the standard renal imaging 
procedure in patients with UTIs. Renal size, cortical width 
and echogenicity, obstruction, and presence of stones can 
be readily determined with ultrasonography. Bladder and 
prostate anatomy can be assessed. CT imaging with contrast 
infusion permits further assessment of renal and ureteral 
anatomy and pathology. Pyelonephritis in an obstructed 
kidney requires emergent intervention for drainage, and 
detection of a perinephric abscess usually also calls for surgi-
cal intervention. Some patients require cystoscopy, retro-
grade pyelography, and/or voiding cystography to detect 
vesicoureteral reflux.
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These gram-negative bacilli have an enzyme that reduces 
urinary nitrate to nitrite. A false-negative nitrite test result 
can be the result of very dilute urine (e.g., the patient is 
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An appreciation of the components of laboratory assess-
ment of kidney disease is essential to the practicing clini-
cian. This chapter describes three key aspects of laboratory 
assessment: the glomerular filtration rate, urinalysis, and 
proteinuria. Issues related to measurement tools, precision, 
bias, and interpretation are addressed for each of these 
variables, so that the reader may better appreciate the role 
of the laboratory in the diagnosis, follow-up, and manage-
ment of kidney disease. Understanding the physiology of 
kidney function is essential to the interpretation of labora-
tory measurements and is highlighted within each section.

Glomerular filtration rate (GFR) is the single best measure 
of kidney function. Large studies consistently demonstrate 
the relationship of GFR to outcomes in general and renal 
populations, and the Kidney Disease Improving Global Out-
comes (KDIGO) classification system uses GFR as one of the 
key dimensions in the diagnosis of chronic kidney disease 
(CKD). Abnormalities of urinalysis results may indicate 
acute or chronic conditions and isolated kidney or systemic 
diseases, and can be used to monitor both kidney and sys-
temic diseases. Proteinuria is similarly an important marker 
of kidney disease and can also be seen in acute or chronic 
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The kidney filters approximately 180 L of plasma per day, 
which is equivalent to 125 mL/min. Kidney function is pro-
portional to kidney size, which in turn is proportional to 
body surface area. Normal GFR is more than 90 mL/
min/1.73 m2. In young adults GFR is approximately 120 to 
130 mL/min/1.73 m2. There is a gradual decline in GFR 
with age, but the effect of age is variable, in that some 
elderly patients have no change in renal function (see 
Chapter 85).

Protein intake and hyperglycemia can raise GFR by 
increasing renal plasma flow; the mechanism by which this 
occurs is unclear but may be activation of the intrarenal 
renin-angiotensin system.

MEASUREMENT OF GFR

Because GFR is defined as the volume of ultrafiltrate filtered 
from the glomerular capillaries into Bowman’s capsule per 
unit time, GFR can be measured provided that the concen-
tration of a substance that is freely filtered and neither 
reabsorbed nor secreted in the plasma and the urine is 
known. GFR is equivalent to the “clearance rate” of this 
substance or filtration marker, which can be calculated as 
follows:

GFR
Urine concentration urine volume

Plasma concentration t
= ×

× iime

GFR can be measured by direct measurement of the clear-
ance of a filtration marker or can be estimated with use of 
an equation based on a filtration marker. Filtration markers 
may be endogenous (e.g., creatinine, cystatin C) or exoge-
nous (e.g., inulin, iohexol).

GFR can be expressed as normalized to body surface area 
as a result of physiologic matching of GFR to kidney size 
and in turn to body surface area (mL/min/1.73 m2) or as 
an absolute value (mL/min). An absolute value of GFR is 
useful in the setting of drug dosing, which is discussed 
further later.

The most appropriate method for measurement of GFR 
depends on the purpose for which kidney function is being 
monitored. Direct measurement of GFR is time-consuming 
and may require medical supervision or the patient’s pres-
ence at the hospital, so it is not usually performed as part 
of everyday practice. An exact value of the GFR is not 
required for most clinical settings. Understanding the trend 
within an individual patient’s renal function is often what is 
needed. As a result, plasma urea and creatinine and esti-
mated GFR calculations based on creatinine are most often 
used. Alternatively, accuracy in the measurement of GFR is 
important for drug dosing of medications with narrow ther-
apeutic windows (e.g., chemotherapy drugs) and is vital for 
appropriate selection and approval of live donors for kidney 
transplantation.

FILTRATION MARKERS

The ideal filtration marker probably does not exist. Such a 
marker would have the following characteristics:

• Distributed freely and instantaneously throughout the 
extracellular space

kidney conditions. In patients with CKD, the presence of 
proteinuria is proposed as a second dimension for the clas-
sification of severity in the KDIGO classification system, 
because it affects prognosis.

The laboratory assessment of kidney disease can be used 
to diagnose, prognosticate, and measure progression of 
disease or response to therapy. CKD is increasingly recog-
nized as an important public health problem, so accurate 
and appropriate use of laboratory testing is important. This 
chapter facilitates understanding and interpretation of key 
tests used in the assessment of kidney disease, both acute 
and chronic.

GLOMERULAR FILTRATION RATE

Glomerular filtration rate describes one of the key roles of the 
kidney: to filter plasma so as to excrete waste products and 
produce urine (an ultrafiltrate of plasma). In clinical prac-
tice, estimates of GFR are obtained using equations, and 
direct measurement is reserved for specific circumstances. 
This section reviews normal physiology, use of various filtra-
tion markers, the development and use of equations, and 
special circumstances in which GFR interpretation needs to 
be contextualized.

NORMAL PHYSIOLOGY

Separation of an ultrafiltrate of plasma across the barrier 
comprising the capillary wall, glomerular basement mem-
brane, and epithelial cell of Bowman’s space (or capsule) is 
the first step in the production of urine and multiple func-
tions of the kidney. The amount of fluid filtered in to the 
Bowman’s space per unit of time is the glomerular filtration 
rate. Fluid movement is governed by Starling’s forces and 
so the glomerular filtrate that is produced is dependent on 
the following determinants:

• Porosity of the membrane (p)
• Surface area of the membrane (K)
• Hydraulic pressure and oncotic pressure on the capillary 

side (PGC and πGC)
• Hydraulic pressure and oncotic pressure in Bowman’s 

space (PBS and πBS)

GFR can be calculated using the following equation

GFR p P P KGC BS GC BS= × − − −[( ) ( )]π π

Factors that tend to alter the magnitude of each of these 
determinants are as follows:

p Generally less important than other factors
K ↑ by relaxation of mesangial cells

↓ in glomerulonephritis and glomerulosclerosis
PGC ↑ by afferent arteriole dilatation and efferent arteriole 

constriction
PBS ↑ by raised intratubular pressure due to obstruction
πGC ↑ by raised systemic oncotic pressure or decreased 

renal plasma flow
πBS Minimal impact

For further discussion of factors that determine glomerular 
ultrafiltration, please see Chapter 3.
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Secretion of creatinine from the renal tubule is affected 
by:

Drugs: e.g., trimethoprim, cimetidine, pyrimethamine, 
dapsone.

Decreased renal function: Each tubule excretes a higher pro-
portion of creatinine as renal function declines. This 
secretory process is saturated when the serum creatinine 
level exceeds 1.5 to 2 mg/dL (132-176 µmol/L).

Extrarenal degradation of creatinine in the gut also rises 
as renal function declines. This extrarenal clearance may be 
as much as two thirds of total daily creatinine excretion.

Sources of Error in Measurement of Creatinine. Clinicians 
may be unaware of the intricacies and complexities of cre-
atinine measurement and how they may be relevant to day-
to-day practice.

Laboratory methods to measure serum creatinine include:

• Alkaline picrate (Jaffe method)
• Enzymatic methods
• Isotope dilution mass spectrometry (IDMS)
• High-performance liquid chromatography (HPLC)

There is wide variation in measured creatinine concentra-
tion, depending on the laboratory method and the instru-
ments used. In 2003, the College of American Pathologists 
conducted a survey of 5624 participating laboratories  
that showed a bias from the reference value of between 
−0.06 to 0.31 mg/dL or −7% to 34%.1 This bias was thought 
to be predominantly due to differences in instrument cali-
bration among manufacturers. As a result a creatinine stan-
dard reference material was prepared by the National 
Institute of Standards and Technology, which is currently 
being used by almost all major manufacturers for calibra-
tion. The method of analysis (Jaffe or enzymatic) should 
also have minimal bias in comparison to IDMS reference 
methodology.

Measurement of creatinine obviously affects measured 
creatinine clearance and calculation of estimated creatinine 
clearance or GFR, and therefore it has been recommended 
as part of the KDIGO initiative guidelines that all creatinine 
results be traceable to reference materials and methods 
listed on the Joint Committee for Traceability in Laboratory 
Medicine database.

The Jaffe method measures creatinine by complexing 
creatinine with alkaline picrate, followed by measurement 
with a colorimetric technique. This colorimetric assay may 
falsely measure normal plasma constituents such as glucose 
and plasma proteins as creatinine. As a result, the measured 
creatinine result may be falsely high. The Jaffe method may 
also report falsely low creatinine levels if there are very high 
serum bilirubin levels. Modified Jaffe methods attempt to 
take this into account by removing these interfering chro-
mogens before analysis. This inference is sometimes cor-
rected for by some manufacturers by deducting an estimated 
value based on average bias from measured results. Cur-
rently, the techniques used in most laboratories are modi-
fied alkaline picrate and enzymatic methods, but it is 
recommended that the enzymatic method be adopted 
because this is more specific.

• Not bound to plasma proteins
• Freely filtered at the glomerulus
• Not secreted or reabsorbed at the tubules
• Eliminated wholly by the kidney
• Resistant to degradation
• Easy and inexpensive to measure

An understanding of the limitations of each filtration 
marker is important to be able to interpret results. Given 
that kidney disease is often asymptomatic and dependent 
on the accuracy of laboratory tests, it is imperative that the 
clinician know the advantages and disadvantages of each 
specific test before making clinical decisions.

ENDOGENOUS FILTRATION MARKERS
Urea

Urea is not an accurate filtration marker because it is subject 
to a number of influences in addition to glomerular filtra-
tion. The liver produces urea in the urea cycle as a waste 
product of the digestion of protein. Therefore, increased 
plasma levels may be due to factors independent of renal 
function, such as increased production in high protein 
intake, gastrointestinal bleeding due to absorption of amino 
acids in the gastrointestinal tract, and high catabolic states 
such as those associated with glucocorticoid therapy.

Low urea levels are seen in decreased protein intake and 
chronic liver disease due to reduced synthesis of urea.

Urea is readily reabsorbed in the proximal tubule, par-
ticularly at low urinary flow rates. As a filtration marker, urea 
has limited use because, although it is freely filtered, signifi-
cant reabsorption means that the amount that is excreted 
is not what was filtered. High levels of urea may indicate not 
poor renal function but, rather, hypovolemia or renal 
hypoperfusion.

Creatinine

Creatinine is a product of muscle metabolism. Phosphocre-
atine is a source for replenishment of phosphate when 
adenosine triphosphate (ATP) is used by muscle cells. Cre-
atine and phosphocreatine are nonenzymatically converted 
at an almost steady rate (approximately 2% of total creatine 
per day) to creatinine. Creatinine is not bound to plasma 
proteins, being freely filtered by the kidney, but it is unfor-
tunately secreted by the tubules, making it an imperfect 
filtration marker. Despite its many limitations, however, its 
measurement is still the test most widely used by physicians 
to gauge renal function.

Serum creatinine level does not measure GFR but varies 
inversely with GFR and so is an indirect marker of GFR. The 
serum creatinine level can be used in estimation equations 
for GFR, and urinary creatinine clearance can be used to 
approximate GFR.

Factors affecting creatinine levels unrelated to renal func-
tion include muscle mass and/or injury and consumption 
of meat or creatine. Factors affecting muscle mass, such as 
age, sex, race, and physical activity, can in turn affect creati-
nine levels, with women, for example, having lower creati-
nine levels than men but obviously not more renal failure. 
Rhabdomyolysis has also been suggested to cause a greater 
rise in serum creatinine than other causes of acute kidney 
injury, because of the release of preformed creatine and 
phosphocreatine that is converted into creatinine.
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CrCl
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If this result is adjusted for a small person (height = 160 cm, 
weight = 50 kg) with a body surface area of 1.5 m, then the 
creatinine clearance would be:

CrCl
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mL/min
m

× = × =1 73 100 1 73
1 5

115
1 73 2

. .
. .

For a larger person with a body surface area of 2.0 (height 
= 180 cm, weight = 80 kg), the adjusted CrCl would be 
86.5 mL/min/1.73 m2.

Although the clearance of an ideal substance would be 
equivalent to GFR, creatinine clearance tends to exceed 
true GFR by approximately 10% to 20% because of the 
secretion of creatinine by the tubules. This error was previ-
ously compensated for by errors in the Jaffe assay that would 
overestimate serum creatinine value. Now that creatinine 
measurement has been standardized CrCl will consistently 
overestimate true GFR.

The main problem with creatinine clearance is its reli-
ance on timed urine collection, which is often inaccurate. 
Furthermore, tubular secretion of creatinine increases with 
decreased renal function, thus masking a true drop in GFR.

Cystatin C

Cystatin C is a low-molecular-weight (LMW) (13-kD) basic 
protein that is produced at a constant rate by all nucleated 
cells. It is freely filtered by the kidney and is not secreted; 
proximal tubule cells reabsorb and catabolize the filtered 
cystatin C so that little is normally excreted in the urine. 
Therefore, although plasma cystatin C levels are used in 
estimating GFR, cystatin C measurement cannot be used as 
a conventional urinary excretory marker for GFR. Rather, 
urinary cystatin C has been regarded as one of several avail-
able markers of kidney injury and may be found in the urine 
during glomerular injury with heavy proteinuria.

Plasma cystatin C levels are highest in the first days of  
life and stabilize after age 1 year, with levels approximating 
those of adults. Polymorphic variants in the CST3 gene 
encoding cystatin C appear to affect production, and inter-
individual variations in cystatin C values account for 25% of 
its biologic variability, in comparison with 93% for creati-
nine. Within-person variation of cystatin C values is 6.8%.2

Cystatin C levels were reported to be independent of sex, 
muscle mass, and age after 12 months of age, but there is a 
growing body of evidence that this may not be the case. 
Cystatin C levels may be affected by factors independent of 
renal function, such as corticosteroids, thyroid dysfunction, 
obesity, diabetes, smoking, and high C-reactive protein 
(CRP) value. This is problematic as, for example, cystatin C 
may not be useful in renal transplant patients because they 
have subclinical inflammation and commonly use long-term 
corticosteroids.

A meta-analysis published in 2002 showed that serum 
cystatin C measured with an immunonephelometric assay is 
more accurate than serum creatinine as a marker of GFR.3,4 
However, as noted previously, the cystatin C value, like the 

Although serum creatinine value is widely used as a 
marker of renal function, it is insensitive to even significant 
declines in GFR at the upper limit of normal due to the 
nonlinear relationship between creatinine and GFR (Figure 
26.1). This is due to compensatory hyperfiltration of remain-
ing functioning nephrons, secretion of creatinine, and 
extrarenal elimination of creatinine as the GFR declines. It 
is consequently a poor screening tool for early kidney 
disease. Within-person variability of creatinine is also signifi-
cant, at 8%; therefore, significant change in serum creati-
nine is generally defined as at least 10%, which at early 
stages of kidney disease may represent a significant decline 
in GFR.

Serum creatinine results should be interpreted in the 
clinical context. Creatinine of the same value may corre-
spond to a vastly different GFR in patients of different body 
composition. Volume status should be taken into account 
because dilution of creatinine leads to an apparently low 
result.

Creatinine Clearance. Creatinine clearance (CrCl) is mea-
sured by collecting the patient’s urine for 24 hours and 
measuring the total amount of excreted creatinine and the 
volume of urine. With the equation discussed earlier to 
calculate clearance of a filtration marker, CrCl is calculated 
as follows:

CrCl
Urine concentration urine volume

Plasma concentration
= ×

× ttime

For example, for a patient with a serum creatinine value 
of 100 µmol/L, a urine creatinine value of 10,000 µmol/L, 
and a urine volume of 1.44 L, creatinine clearance would 
be calculated as follows:

Figure 26.1 Relationship between plasma creatinine and glomerular 
filtration rate (GFR). (From Botev R, Mallie JP, Couchoud C, et al: 
Estimating glomerular filtration rate: Cockcroft-Gault and Modification of 
Diet in Renal Disease Formulas compared to renal inulin clearance. Clin 
J Am Soc 4:899-906, 2009.)
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Table 26.1 Most Commonly Used Equations for Estimating Glomerular Filtration Rate

Equation Name Equation Derivation Population

Cockcroft-Gault (1976) [140 − age] × wt (kg)/creatinine (µmol/L) × 0.81
Female: × 0.85
(140 − age) × lean body weight (kg)/Cr [mg/dL] × 72

249 male veterans
Median GFR 34

MDRD equation (1999) 175 × SCr−1.154 × age−0.203 × 0.742 (if female) × 1.212 (if black) 1628 patients enrolled in the MDRD 
Study (mean age, 50.6 yr)

Mean GFR 39.8 mL/min/1.73 m2

MDRD equation without 
ethnicity factor*

175 × SCr1.154 × age−0.203 × 0.742 (if female)

CKD-EPI equation (2009) 141 × min(SCr/κ, 1)α × max(SCr/κ, 1)−1.209 × 0.993age × 1.018 
(if female) × 1.159 (if black)

where:
κ is 0.7 for females and 0.9 for males
α is −0.329 for females and −0.411 for males
min indicates the minimum of SCr/κ or 1
max indicates the maximum of SCr/κ or 1

8254 participants from 6 research 
studies and 4 clinical 
populations (mean age, 47 yr)

Mean GFR 68 mL/min/1.73 m2

CKD-EPI cystatin C (2012) 133 × min(SCysC/0.8, 1)−0.499 × max(SCysC/0.8, 1)−1.328 × 
0.996Age × 0.932 [if female]

where:
min indicates the minimum of SCysC/0.8 or 1
max indicates the maximum of SCysC/0.8 or 1

5352 participants from 13 studies 
(mean age, 47 yr)

Mean GFR 68 mL/min/1.73 m2

CKD-EPI creatinine–cystatin C 
(2012)

135 × min(SCr/κ, 1)α × max(SCr/κ, 1)−0.601 × min(SCysC/
0.8, 1)−0.375 × max(SCysC/0.8, 1)−0.711 × 0.995Age × 0.969 
[if female] × 1.08 [if black]

where:
α is −0.248 for females and −0.207 for males
κ is 0.7 for females and 0.9 for males
min(SCr/κ,1) indicates the minimum of SCr/k or 1 and
max(SCr/κ,1) indicates the maximum of SCr/k or 1
min(SCysC/0.8,1) indicates the minimum of SCysC/0.8 or 1 and
max(SCysC/0.8,1) indicates the maximum of SCysC/0.8 or 1

*African-American coefficient of the MDRD study equation.
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; Cr, creatinine; GFR, glomerular filtration rate; IDMS, isotope-dilution mass 

spectrometry; IFCC, International Federation for Clinical Chemists; MDRD, Modification of Diet in Renal Disease; SCr, serum creatinine; 
SCysC, serum cystatin C; wt, weight.

Adapted from Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group: KDIGO 2012 clinical practice guideline for the 
evaluation and management of chronic kidney disease. Kidney Int Suppl 3:1-150, 2013, Table 12 and 16.

creatinine value, may be affected by a number of factors 
other than the GFR.

Laboratory techniques to measure cystatin C include 
latex immunoassays such as automated particle-en-
hanced turbidimetric immunoassay (PETIA) and nephelo-
metric immunoassay (PENIA). Other techniques are 
radioimmunoassay, fluorescent techniques, and enzymatic 
immunoassays.

At the writing of this chapter, the measurement of serum 
cystatin C is not internationally standardized. A reference 
material was produced in 2010, and manufacturers are in 
the process of recalibrating their assays against this 
standard.

The adoption of serum cystatin C in place of serum cre-
atinine at present is made difficult predominantly by the 
expense of the assay, variation in production, and absence 
of universal assay standardization. Furthermore estimated 
GFR equations using cystatin C only have not been shown 
to be superior to estimated GFR equations using creatinine, 
and with the default reporting of estimated GFR (eGFR) 
along with creatinine results—thereby improving the 

interpretation of serum creatinine values—there may be no 
immediate advantage to replacing this well-known filtration 
marker with cystatin C.

Novel Endogenous Filtration Markers

Several alternative novel endogenous substances are under 
investigation as potential markers that could be used aside 
from urea, creatinine and cystatin C. They are: Beta trace 
protein, β2-microglobulin, and symmetrical dimethylargi-
nine. These filtration markers will undoubtedly also have 
determinants unrelated to GFR.

Equations for Estimating GFR

Because direct measurement of GFR is not practical in clini-
cal practice, estimation equations have been developed to 
aid clinicians in interpretation of serum creatinine, given 
the limitations previously cited.

A multitude of equations (Table 26.1) derived for the 
estimation of GFR are available. They all attempt to trans-
form a laboratory measurement of a filtration marker into 
a value approximating the GFR, usually with the addition of 
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Figure 26.2 Difference between measured and estimated glomerular filtration rate (GFR) using the Modification of Diet in Renal Disease 
(MDRD) and Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) estimation equations. Shown are smoothed regression lines and 
hashed 95% confidence interval (CI) lines. Although both the MDRD and CKD-EPI equations tend to underestimate the GFR, the CKD-EPI 
equation does so to a lesser degree, particularly at higher GFR. Therefore, the CKD-EPI equation has less bias. (From Levey AS, Stevens LA, 
Schmid CH, et al: A new equation to estimate glomerular filtration rate. Ann Intern Med 150:604-612, 2009.)
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other factors, such as age, sex, weight, and height, in part 
because the main filtration marker that is used is creatinine, 
which is known to be affected by these factors.

The main use of eGFR equations is in the detection, 
monitoring, and prognostication of CKD, which is largely 
asymptomatic. These equations have been derived from 
populations with stable CKD and are therefore not useful 
in the acute setting. Translating creatinine values especially 
at the upper limit of normal (which as previously discussed 
do not reflect significant declines in GFR) into an estimated 
GFR has heightened the awareness of CKD. Estimation 
equations also appear to be reasonably accurate for follow-
ing changes in GFR over time.5,6

Bias, Precision, and Accuracy. The performance of estima-
tion equations is assessed by measurements of bias, preci-
sion, and accuracy.

• Bias results from the systematic under- or over-estimation 
of the GFR in a population due to an error within the equa-
tion itself. It is calculated as the mean or median difference 
between the measured and estimated GFR values.

• Precision refers to the reliability and reproducibility of 
repeated measurements with one another. In the case of 
eGFR, it is the range of differences between estimated 
and measured GFR values.

• Accuracy combines bias and precision and is the most 
useful assessment of an estimation equation. It is mea-
sured as the percentage of GFR estimations within a par-
ticular percentage range from their respective GFR 
measurements.

The problem of bias with eGFR equations can potentially 
be overcome with derivation of the equation from larger 
sample sizes and use of filtration markers such as cystatin C, 
which are less subject to interference by other factors. 

Accuracy, however, is difficult to achieve in a heterogeneous 
population. Even the latest Chronic Kidney Disease Epide-
miology Collaboration (CKD-EPI) equation using creati-
nine, which is being adopted widely, has accuracy such that 
80.6% of estimated GFR values are within 30% of measured 
GFR (Figure 26.2). This means that one in five values of 
eGFR in the general population is incorrect. Again, in day-
to-day clinical practice, accuracy may not be necessary, and 
establishing an eGFR trend within an individual patient with 
CKD is probably more important.

Modification of Diet in Renal Disease and Chronic Kidney 
Disease Epidemiology Collaboration Equations. Although 
a number of GFR estimation equations have been devel-
oped, two equations are most widely used in clinical 
practice.

The Modification of Diet in Renal Disease (MDRD) study 
equation was initially derived in 1999 from a population of 
1628 subjects who had participated in the MDRD study, 
using creatinine measured by a modified Jaffe method.7 A 
new MDRD equation was expressed in 2004 for IDMS-
traceable creatinine values. The MDRD equation was  
compared against a gold standard, urinary clearance of 
iothalamate. The performance of the MDRD equation was 
evaluated in a number of populations because it was initially 
derived from a primarily Caucasian American population. 
A number of coefficients have been derived to compensate 
for differences in body mass and diet in populations of dif-
ferent ethnicity with varying degrees of performance.

The MDRD equation has been widely adopted in the 
United States, Europe, and Australia, where eGFR is rou-
tinely reported with serum creatinine results. It is gradually 
being replaced by the CKD-EPI equation.

The limitations of the MDRD equation are mainly its 
tendency to underestimate the GFR and its relatively low 
accuracy at higher GFR values.
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CrCl mL/min
age lean body weight kg

Cr mg/dL
( )

( ) ( )= − ×
( ) ×

140
72

EXOGENOUS FILTRATION MARKERS
Inulin

Inulin remains the gold standard filtration marker but its 
use is impractical for routine clinical purposes. Inulin is a 
polymer of fructose found in tubers such as the Jerusalem 
artichoke and chicory. It distributes in extracellular fluid, 
does not bind to plasma proteins, is freely filtered at the 
glomerulus, and is neither reabsorbed nor secreted by the 
renal tubules.

Inulin is intravenously infused at a constant rate while 
blood and urine are sampled frequently over several hours, 
ideally following insertion of a bladder catheter. The patient 
takes an oral water load and must continue consuming 
water throughout the test to ensure a high urine output.

Clearance Methods for Other Exogenous  
Filtration Markers

Owing to the difficulty and expense of using inulin, new 
reference standard filtration markers have been introduced 
as alternatives and have been widely used since the 1990s. 
Urinary iothalamate and iohexol clearance has now been 
adopted as the reference standard for measurement of GFR. 
Clearance of these filtration markers can be measured in 
the urine or in blood or with nuclear imaging in the case 
of radiolabeled markers to avoid problems with urine 
collection.12

GFR is calculated from plasma clearance after a bolus 
intravenous injection of an exogenous filtration marker, 
with clearance being calculated from the amount of the 
marker administered divided by the area under the curve 
of plasma concentration over time. The decline in serum 
levels is due initially to the disappearance of the marker 
from the plasma into its volume of distribution (fast com-
ponent) and then subsequently to renal excretion (slow 
component). It is best estimated using a two-compartment 
model that requires blood sampling early (usually two or 
three time points until 60 minutes) and late (one to three 
time points from 120 minutes onward). GFR can also be 
measured by counting a radioactive exogenous filtration 
marker over the kidneys and bladder areas; however, this 
technique is thought to be generally less accurate.

These methods are not perfect and are subject to impreci-
sion, albeit at a much lower level than that of equations that 
estimate GFR. Urinary clearance of inulin may vary by up 
to 4.9 to 9 mL/min over 2 days, a variation that may repre-
sent normal variation in healthy individuals.

Radiolabeled Markers

Radiolabeled iothalamate, EDTA (ethylenediaminetetraace-
tic acid), and DTPA (diethylenetriaminepentaacetic acid) 
are all used as filtration markers.

Iothalamate may be labelled with iodide I 125 (125I) or 
used unlabeled. EDTA is commonly used in Europe, whereas 
DTPA is widely used in the United States. EDTA is usually 
labeled with chromium Cr 51 (51Cr), but EDTA may be 
reabsorbed by the tubules, leading to underestimation of 
GFR. DTPA is labeled with technetium Tc 9m (99mTc), and 
the major limitation of its use is the potential for an 

The CKD-EPI equation was derived in 2009 in 8254 sub-
jects (a further 3896 subjects pooled from 16 studies were 
used for validation), with urinary clearance of iothalamate 
again used as the gold standard.8 It has less bias and greater 
accuracy than the MDRD equation, especially at higher 
GFR. A meta-analysis involving 1.1 million adults showed 
that the CKD-EPI equation reclassified a significant number 
of patients (24.4%) into a higher GFR range9; 34.7% of 
patients who were classified as having stage 3A CKD (eGFR 
45-59 mL/min/1.73m2) with the MDRD equation did not 
have GFRs less than 60 mL/min/1.73m2 with the CKD-EPI 
equation and were therefore no longer regarded as having 
CKD according to the newest definition. The precision of 
the CKD-EPI and MDRD equations is still suboptimal, 
however, because eGFR and measured GFR values varied by 
at least 16.6 and 18.3 mL/min/1.73 m2 (the interquartile 
range of differences for patients across the range of GFR), 
respectively.

CKD-EPI equations have also been derived for cystatin C 
and a combination of cystatin C and creatinine. Cystatin C 
measurement in the derivation of these equations was  
traceable to the standard reference material for cystatin C, 
although cystatin C measurement is not uniformly standard-
ized, as noted previously. GFR estimation using cystatin C 
and creatinine has been shown to be more accurate  
than either marker alone, but eGFR using cystatin C is not 
superior to eGFR using creatinine.10 Widespread applica-
tion of these equations is limited mainly by the availability 
of cystatin C assay. The KDIGO guideline recommends that  
eGFR derived from serum creatinine should be used  
for most patients but that the detection of a reduced eGFR 
in the range 45 to 59 mL/min/1.73m2 derived from 
creatinine should be confirmed with an eGFR derived from 
cystatin C

Risk Stratification of CKD with eGFR. Estimated GFR equa-
tions transform the creatinine or cystatin C measurement 
into a value that approximates the measured GFR. This 
value can also be used to classify the patient as having a stage 
of CKD. Decreasing ranges of GFR in patients with CKD 
have been associated with increasing risk for metabolic com-
plications of CKD, end-stage kidney disease (ESKD), cardio-
vascular disease, and death. The many eGFR equations have 
performed variably in their ability to predict certain out-
comes in different populations. This difference in ability to 
risk-stratify is due to the different degrees of importance 
placed on factors such as age and sex, which also affect 
prognosis, in these equations. The importance of accuracy 
in measuring GFR versus stratification of risk as a result of 
decreased GFR is a matter of ongoing debate and beyond 
the scope of this text. For further discussion of risk factors 
in CKD please see Chapter 22.

Cockcroft-Gault Equation. The Cockcroft-Gault (CG) equa-
tion estimates creatinine clearance rather than the GFR. 
This equation was developed in 1976 from a cohort of 249 
men, and the creatinine assay method that was used to 
derive this equation was not standardized.11 The CG equa-
tion also has not been re-expressed since the adoption of 
new assay methods. For these reasons, the CG equation 
systematically overestimates GFR and should not be used, 
although it is currently still often used to guide drug dosing. 
The equation is:
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eGFR
k L
SCr

= ×

where k depends on the age of the child, L is length or 
height, and SCr is serum creatinine. Like the CG equation, 
the Schwarz equation has now been shown to systematically 
overestimate GFR. The reasons are the assay technique and 
measurement factors specific to children. As previously 
mentioned, the Jaffe method can be interfered with by 
plasma proteins, and the correction factor that is deducted 
to account for this interference is estimated by taking  
an average bias from measured results. In children, who 
have lower levels of plasma proteins, this correction  
factor may be too high, resulting in an erroneously low 
creatinine value. Because of the low muscle mass of chil-
dren, the influence of a measurement error is also propor-
tionately larger than an error of the same magnitude in an 
adult sample.

The simple bedside Schwartz equation—eGFR = 0.413 × 
(height [cm]/serum creatinine [mg/dL])—was developed 
using standardized creatinine methods in 2009.14 This equa-
tion provides good approximation of the more complicated 
Schwartz eGFR formula, using creatinine, urea, and cystatin 
C as well as height. Cystatin C has been suggested to be more 
accurate than creatinine as an indirect marker of renal func-
tion in children.15

A limitation is that the equation was derived from a 
cohort of 600 children with CKD who had abnormal growth. 
Therefore, this GFR estimation equation may not be accu-
rate for children who have less impairment of renal function 
and normal skeletal growth (see Table 26.2).

unpredictable dissociation of 99mTc from DTPA and binding 
to plasma proteins, resulting in underestimation of GFR.

Unlabeled Radiocontrast Agents

Because of concerns about exposure to radiation, storage 
and disposal of radionuclide marker techniques have been 
developed to measure low levels of iodine in urine and 
plasma. Iothalamate and iohexol levels have been measured 
using HPLC, but the main disadvantage of this approach is 
the complexity of the HPLC assay. X-ray fluorescence of 
samples may also be used to measure iodine levels but 
requires a higher dose of contrast agent.

Iohexol is a non-ionic, low osmolar contrast agent. It is 
not reabsorbed, metabolized, or secreted by the kidney  
and is excreted completely nonmetabolized in the urine. It 
has low toxicity and is usually used in doses 10 to 50 times 
higher in radiologic procedures than those used for GFR 
determination.

Urinary clearances of iothalamate and iohexol closely 
correlate with urinary inulin clearance, and there is a high 
correlation among the methods.

SPECIFIC CIRCUMSTANCES OR POPULATIONS

CHILDREN
Adult GFR equations such as the MDRD have been shown 
to be inappropriate in children 9 and under (see also 
Chapter 74). Multiple equations (Table 26.2) have been 
derived for estimation of GFR in children, but the most 
popular is the Schwarz equation, which was devised in 1976 
to measure GFR in children13:

Table 26.2 Equations Using Serum Biomarkers for Estimating GFR in Children and Adolescents

Equation Name Equation

Derivation Population

No. Children Age (yr)
GFR Range or 
Median (mL/min)

Creatinine Based

Schwartz, 1976 0.55 × Ht/Scr 77 1-21 3-220
Counahan, 1976 0.43 × Ht/Scr 103 0.2-14 4-200
Leger, 2002 (0.641 × Wt)/Scr + (0.00131 × Ht2)/Scr 97 1-21 97
Schwartz, 2009 0.413 × Ht/Scr 349 1-17 41

40.7 × (HT/Scr)0.640 × (30/BUN)0.202

Cystatin C Based

Filler, 2003 91.62 × (cysC)−1.123 85 1-18 103
Grubb, 2005 84.69 × (cysC)−1.680 × 1.384 if < 14 yrs 85 3-17 108
Zappitelli, 2006 75.94 × (cysC)−1.17 × 1.2 if Tx 103 1-18 74

Creatinine and Cystatin C Based

Bouvet, 2006 63.2 × (Scr/1.086)−0.35 × (cysC/1.2)−0.56 × (Wt/45)0.30 × (years/14)0.40 100 1-23 92
Zappitelli, 2006 43.82 × e0.003 × Ht × (cysC)−0.635 × (Scr)−0.547 103 1-18 74
Schwartz, 2009 39.1 × (HT/Scr)0.516 × (1.8/cysC)0.294 × (30/BUN)0.169 × (1.099) if male 

× (HT/1.4)0.188
349 1-17 41

BUN, blood urea nitrogen; cysC, cystatin C; GFR, glomerular filtration rate; Ht/HT, height; Scr, serum creatinine; Tx, transplant: Wt, weight.
Adapted from Schwartz GJ, Work DF: Measurement and estimation of GFR in children and adolescents. Clin J Am Soc Nephrol 

4:1832-1843, 2009, Table 3.
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exercised in patients in whom the creatinine value may be 
inaccurate. This caution is particularly relevant in sick or 
hospitalized patients, in whom low body weight or changes 
in body weight are present, in the elderly, and in amputees. 
The CG equation tends to give a lower estimate of renal 
function,22 leading to a dose reduction.23 The lower estimate 
results from the greater effect of age and weight on the CG 
equation. In the elderly, the MDRD and CKD-EPI equations 
have been shown to overestimate the GFR in some studies 
but to be reliable in others.24,25 The use of the CG equation 
leads to drug dosing errors that are due to “under-dosing,” 
thus minimizing exposure to toxicity. The elderly are more 
likely to experience side effects and to be subject to the 
dangers of polypharmacy, so using the CG equation in these 
patients may be more appropriate.22

Ultimately the importance of drug dosage adjustment 
depends on the purpose of the medication as well as  
the therapeutic range and toxicity of the drug. In cases in 
which a medication has a narrow therapeutic window,  
such as chemotherapy, all estimation equations may have an 
unacceptable degree of error, and accurate measurement of 
GFR using an exogenous filtration marker should be 
performed.

The CG equation should not be completely abandoned 
in favor of the MDRD equation, especially because recom-
mendations for drug dosages of existing medications were 
based on the CG equation. The CKD-EPI equation has not 
yet been considered in this context.

URINALYSIS

Urinalysis may be used in the assessment of acute or chronic 
kidney disease, the workup for kidney stones, or the evalu-
ation of systemic conditions with potential renal involve-
ment, such as systemic lupus erythematosus. There are three 
ways to obtain a urine specimen: spontaneous voiding, ure-
teral catheterization, and percutaneous bladder puncture. 
Technique is important in collecting a sample to avoid con-
tamination. For spontaneously voided urine, a midstream 
sample should be collected after cleaning of the external 
genitalia. If a patient has an indwelling catheter, a fresh 
specimen should be submitted for analysis; samples that 
have been stagnant in the catheter tubing or bag may have 
undergone degradation. Suprapubic needle aspiration of 
the bladder is used when urine cannot easily be obtained by 
other means, most commonly in infants. Whatever the col-
lection method, it is recommended that a sample be ana-
lyzed within 2 to 4 hours of the time of collection to prevent 
cell lysis and precipitation of solutes.26 There are numerous 
techniques for examining urine; this section focuses on 
methods commonly used for assessment of chemical content 
and microscopy.

COLOR (Table 26.3)
The color of urine is determined by chemical content, con-
centration, and pH. Urine may be almost colorless if the 
output is high and the concentration is low. Abnormal color 
changes can be due to drugs, foods, and pathologic condi-
tions. Cloudy urine is most commonly due to leukocytes  
and bacteria. The most common cause of red urine is 

PREGNANCY
It is well known that there is a physiologic increase in GFR 
and a drop in serum creatinine in pregnancy. Serum creati-
nine decreases because of a real increase in GFR but also 
because of physiologic hemodilution.

Estimation equations are inappropriate for measuring 
GFR in pregnant women because they were not derived 
from this population. Most pregnant women have GFRs 
higher than 60 mL/min, which is above the range at which 
the MDRD or CKD-EPI equations are known to be accurate 
in any case. Twenty-four–hour urine collection for creati-
nine clearance therefore remains the best method in 
pregnancy.16

ACUTE KIDNEY INJURY
Measurement of GFR in patients with acute kidney injury 
(AKI) is difficult as it is constantly changing, and measure-
ments and estimates that depend on a steady state are not 
readily applicable. Serum creatinine is the most commonly 
used marker of GFR in this setting, but creatinine is slow to 
rise in response to a decrease in GFR and is subject to the 
influence of dilution by fluid given as part of treatment for 
AKI.17,18 As previously mentioned, creatinine is also insensitive 
to substantial decreases in GFR. Estimation equations for GFR 
in patients with AKI are inaccurate because these equations 
have been derived from stable patients, in whom the creati-
nine is at a steady state, and are not applicable to the diverse 
AKI patient population. A kinetic estimation GFR equation 
has been developed but has not yet been validated.19

Accurate measurement of GFR in this population can be 
achieved by calculation of the elimination kinetics after a 
single bolus injection of a filtration marker. Alternatively, 
brief-duration measurements of GFR, such as short-duration 
urinary creatinine clearance, can be performed, assuming 
that a patient’s creatinine does not increase rapidly over the 
period of 2 to 8 hours.20 These tests are not widely per-
formed and are probably impractical in many centers. This 
situation has led to extensive research into a biomarker that 
is more sensitive in demonstrating early stages of AKI so as 
to lead to more timely intervention.

DRUG DOSING
The CG equation, despite its limitations, is still used regu-
larly in many jurisdictions, for drug dose adjustment in 
patients with renal impairment. Historically this equation 
has been used to enroll subjects in renal impairment catego-
ries for pharmacokinetic studies. The U.S. Food and Drug 
Administration (FDA) has now suggested using the MDRD 
equation or the CG equation for this purpose in new drug 
development.

A large simulation study comparing drug dosages admin-
istered to patients through the use of the MDRD and CG 
equations showed that the concordance figures of the two 
equations’ kidney function estimates with measured GFR 
were similar.21 Because the majority of FDA-approved drug 
dosing labels use the CG equation, which expresses creati-
nine clearance in mL/min, the eGFR value must be con-
verted to units of mL/min by multiplying by the individual’s 
body surface area and dividing by 1.73 m2.

The stimulation study concluded that either equation  
can be used for drug dosing but that caution should be 
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with a scale from 1.000 to 1.060. This method is simple but 
outdated owing to the need for a larger volume of urine 
than with other methods and the potential for inaccuracy 
in reading the device. Today, specific gravity is commonly 
measured by refractometry or dry chemistry methods. 
Refractometry measures specific gravity using the refractive 
index of a solution, which is a function of the weight of 
solute per unit volume. It requires only a drop of urine.

Dry chemistry techniques are used in reagent strips. An 
indirect method is used to determine specific gravity, relying 
on the fact that there is generally a linear relationship 
between urine’s ionic strength and its specific gravity. The 
reagent strip contains a polyionic polymer that has binding 
sites that are saturated with hydrogen ions, and an indicator 
substance. The release of hydrogen ions when they are com-
petitively replaced with urinary cations causes a change in the 
pH-sensitive indicator dye. Specific gravity values measured 
by dipstick tend to be falsely high if the urine pH is less than 
6 and falsely low if the pH is higher than 7. The effects of 
non-ionized molecules such as glucose and urea on osmolal-
ity are not reflected by changes in the dipstick specific gravity. 
Dry chemistry measurements of specific gravity therefore 
tend to correlate poorly with refractometry and osmolality.26

Osmolality, the gold standard for relative density, is 
defined as the number of osmoles of solute per kilogram of 
solvent. It is measured directly with an osmometer. It 
depends on the number of particles in solution and is not 
influenced by their size or temperature. High-glucose solu-
tions significantly increase osmolality (10 g/L glucose = 
55.5 mOsmol/L).26 Urine specific gravity is generally pro-
portional to the osmolality and rises by approximately 0.001 
for every 35- to 40-mOsmol/kg increase in urine osmolal-
ity.28 A urine osmolality of 280 mOsmol/kg (which is isos-
motic to normal plasma) is usually associated with a urine 
specific gravity of 1.008 or 1.009. Specific gravity is affected 
by protein, mannitol, dextrans, and radiographic contrast 
media. In these settings, specific gravity can be increased 
disproportionately to the osmolality, falsely suggesting 
highly concentrated urine. There are no causes of a falsely 
low urine specific gravity value, and thus, a specific gravity 
of 1.003 or less measured by refractometry always indicates 
a maximally dilute urine (≤100 mOsmol/kg).

URINE pH

Urine pH is usually measured with a reagent test strip. Most 
commonly, the double indicators methyl red and bromthy-
mol blue are used in the reagent strips to give a broad range 
of colors at different pH values. The normal range for urine 
pH is 4.5 to 7.8. Significant deviations from true pH occur 
with values less than 5.5 or greater than 7.5 with reagent 
strip methods.21,25 Urine pH can be useful in diagnosing 
systemic acid-base disorders when used in conjunction with 
other investigations, although in isolation it provides little 
useful diagnostic information. A very alkaline urine (pH > 
7.0) is suggestive of infection with a urea-splitting organism, 
such as Proteus mirabilis. Prolonged storage can lead to over-
growth of urea-splitting bacteria and the laboratory mea-
surement of a high urine pH. Diuretic therapy, vomiting, 
gastric suction, and alkali therapy can also cause a high 
urine pH. Acidic urine (pH < 5.0) is seen most commonly 
in metabolic acidosis. A urine pH greater than 5 in the 

hemoglobin. Red urine in the absence of red blood cells in 
the sediment usually indicates either free hemoglobin or 
myoglobin. In the latter case, the patient’s serum is not 
pink. Red urine with red sediment indicates hemoglobin. 
In contrast, red urine with clear sediment is most often the 
result of myoglobin but may also be seen in some porphyr-
ias, or with the use of some medications or the ingestion of 
beets in some individuals.27

ODOR

Infection, the most common cause of abnormal urine odor, 
is caused by the production of ammonia by bacteria. Ketones 
may cause a fruity or sweet odor. Some rare pathologic 
conditions may confer a specific odor to the urine. Exam-
ples are maple syrup urine disease (maple syrup odor), 
phenylketonuria (mousy odor), isovaleric acidemia (sweaty 
feet odor), and hypermethioninemia (fishy odor).26

RELATIVE DENSITY

The concentration, or relative density, of urine can be 
assessed by either specific gravity or osmolality. Specific gravity 
is defined as the weight of a solution relative to that of an 
equal volume of water. It is determined by the number and 
size of particles in the urine. Specific gravity is traditionally 
measured by a urinometer, which is a weighted float marked 

Table 26.3 Main Causes of Abnormal Color 
Changes in Urine

Cause Color

Pathologic 
conditions

Gross hematuria, 
hemoglobinuria, 
myoglobinuria

Pink, red, brown, 
black

Jaundice Yellow to brown
Chyluria White milky urine
Massive uric acid 

crystalluria
Pink

Porphyrinuria, 
alkaptonuria

Red to black; 
increases after 
urine left to stand

Medications Rifampin Yellow-orange to red
Propofol White
Phenytoin, 

phenazopyridine
Red

Chloroquine, 
nitrofurantoin

Brown

Triamterene, blue 
dyes of enteral 
feeds

Green

Metronidazole, 
methyldopa, 
imipenem-cilastatin

Darkening after urine 
left to stand

Foods Beetroot Red
Senna  

rhubarb
Yellow to brown  

red

From Fogazzi GB, Verdesca S, Garigali G: Urinalysis: core 
curriculum 2008. Am J Kidney Dis 51:1052-1067, 2008; 
and Davsion, A: Urinalysis, ed 3, Oxford, 2005, Oxford 
University Press.
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metabolites may interfere with the color reaction, causing 
false-negative results. Oxidizing agents and hydrochloric 
acid may cause false-positive results.29 Enzymatic methods 
such as a hexokinase give more precise quantification of 
urinary glucose levels.26

KETONES

Ketones (acetoacetate and acetone) are generally detected 
with the nitroprusside reaction.29 Ascorbic acid and phenazo-
pyridine can give false-positive reactions. β-Hydroxybutyrate 
(often 80% of total serum ketones in ketosis) is not normally 
detected by the nitroprusside reaction. Ketones may appear 
in the urine, but not in serum, with prolonged fasting or 
starvation. Ketones may also be measured in the urine in 
alcoholic or diabetic ketoacidosis.

HEMOGLOBIN AND MYOGLOBIN

Reagent strips use the peroxidase-like activity of the heme 
moiety of hemoglobin to catalyze the reaction between a 
peroxide and a chromogen, giving a colored product. This 
test is very sensitive for the presence of heme in the urine. 
False-negative results are uncommon but may be caused by 
ascorbic acid, a strong reducing agent. False-positive results 
may occur because of oxidizing contaminants, povidone-
iodine, semen, or a high concentration of bacteria with 
pseudoperoxidase activity (such as Enterobacteriaceae, 
staphylococci, and Streptococcus spp).26 Normally, haptoglo-
bin binds circulating heme-containing substances, such as 
hemoglobin and myoglobin. When these substances are 
produced in large quantities, as occurs in hemolysis or rhab-
domyolysis, the capacity for binding is overwhelmed and 
they appear in the urine. A positive dipstick test result  
for hemoglobin in the absence of red blood cells in the 
urine sediment therefore suggests either hemolysis or 
rhabdomyolysis.

PROTEINURIA (see also Chapter 53)

Proteinuria is an important sign of kidney disease, impart-
ing powerful diagnostic and prognostic information. It is a 
cornerstone of the workup for CKD, AKI, hematuria, and 
preeclampsia. It is often the earliest marker of glomerular 
diseases, occurring before a reduction in GFR. Proteinuria 
is associated with hypertension, obesity, and vascular disease. 
It can be used to predict risks of CKD progression, cardio-
vascular disease, and all-cause mortality in general popula-
tion30 cohorts and patients with diabetes31 and CKD.32 
Proteinuria-lowering therapies may be renoprotective,33 and 
monitoring proteinuria is a key aspect of assessing treatment 
response in a variety of kidney diseases, including diabetes34 
and nondiabetic glomerulopathies.35 Additionally, filtered 
protein probably contributes to the pathogenesis of renal 
injury and disease progression rather than just being a 
marker of it.36 Although measurement of urinary protein 
has long been recommended in clinical practice guidelines, 
recommendations regarding this practice vary substan-
tially.37 This section reviews the normal physiology of pro-
teinuria as well as strengths, limitations, and applications of 
the different measurement techniques.

setting of metabolic acidosis may indicate one of the forms 
of renal tubular acidosis, though there are forms of renal 
acidosis in which the urine pH is low despite a defect in the 
total kidney ability to excrete acid and generate bicarbonate 
(see also Chapters 17 and 27).27

BILIRUBIN AND UROBILINOGEN

Only conjugated bilirubin is passed into the urine. Thus, 
the result of a reagent test for bilirubin is typically positive 
in patients with obstructive or hepatocellular jaundice, 
whereas it is usually negative in patients with jaundice due 
to hemolysis. In patients with hemolysis, the urine urobilino-
gen result is often positive. Reagent test strips are very sensi-
tive to bilirubin, detecting as little as 0.05 mg/dL. However, 
the measurement of bilirubin in the urine is not very sensi-
tive for detecting liver disease. Prolonged storage and expo-
sure to light can lead to false-negative results.27 False-positive 
test results for urine bilirubin can occur if the urine is con-
taminated with stool.

LEUKOCYTE ESTERASE AND NITRITES

The esterase method relies on the fact that esterases are 
released from lysed urine granulocytes. These esterases lib-
erate 3-hydroxy-5-phenylpyrrole after substrate hydrolysis. 
The pyrrole reacts with a diazonium salt, yielding a pink to 
purple color. The result is usually interpreted as negative, 
trace, small, moderate, or large. Factors that may increase 
leukocyte lysis include allowing urine to stand for long 
periods, low pH, and low relative density. In these settings, 
there may be a positive dipstick result for leukocyte esterase 
with no leukocytes seen on microscopy. High levels of 
glucose, albumin, ascorbic acid, tetracycline, cephalexin, or 
cephalothin or large amounts of oxalic acid may inhibit the 
reaction and cause false-negative results.29

Urinary nitrites indicate the presence of nitrate-reduc-
ing bacteria. In the reagent strip test, nitrite reacts with  
a p-arsanilic acid to form a diazonium compound; 
further reaction with 1,2,3,4-tetrahydrobenzo(h)quinolin-
3-ol results in a pink color end point. Results are usually 
interpreted as positive or negative. High specific gravity and 
ascorbic acid may interfere with the test. False-negative 
results are common and may be due to prolonged sample 
storage or low dietary intake. It may take up to 4 hours to 
convert nitrate to nitrite, so inadequate bladder retention 
time can also give false-negative results.29

GLUCOSE

Glycosuria due to hyperglycemia may occur at blood glucose 
levels greater than 10 mmol/L (180 mg/dL) in subjects 
with normal renal function. Less commonly, glycosuria  
indicates failure of proximal renal tubular reabsorption  
in tubular disorders such as Fanconi’s syndrome. Most 
reagent strips use an oxidase-peroxidase method to measure 
glucose. Glucose is first oxidized to form glucuronic acid 
and hydrogen peroxide. Hydrogen peroxide then reacts via 
a peroxidase with a reduced chromogen to form a colored 
product.26 This test is sensitive to glucose concentrations 
between 0.5 and 20 g/L.26 Large quantities of ketones, 
ascorbate, and phenazopyridine hydrochloride (Pyridium) 
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apoproteins, enzymes, and peptide hormones are normally 
excreted in only very small amounts in the urine.27

A small amount of protein that normally appears in the 
urine is the result of normal tubular secretion. Tamm-
Horsfall protein is an HMW glycoprotein (23 × 106 Da) that 
is formed on the epithelial surfaces of the thick ascending 
limb of the loop of Henle and early distal convoluted tubule. 
Immunoglobulin A (IgA) and urokinase are also secreted 
by the renal tubule and appear in the urine in small 
amounts.27

TYPES OF PROTEINURIA

The types of proteinuria are as follows:

Glomerular: Increased filtration of macromolecules across 
the glomerular filtration barrier may occur from a loss of 
charge and size selectivity. Unlike the other types listed 
here, glomerular proteinuria often results in urinary 
protein loss of more than 1 g per day.

Tubular: Tubular damage or dysfunction may inhibit the 
normal resorptive capacity of the proximal tubule, result-
ing in higher amounts of mostly LMW proteins in the 
urine. A degree of tubular proteinuria often occurs with 
glomerular proteinuria. Classic causes of tubular protein-
uria in isolation are Fanconi’s syndrome and Dent’s 
disease.

Overflow: Normal or abnormal plasma proteins produced in 
increased amounts may be filtered at the glomerulus and 
may overwhelm the resorptive capacity of the proximal 
tubule. This occurs particularly with small or positively 
charged proteins and is of clinical importance principally 
in plasma cell dyscrasias (e.g., myeloma). It may also 
occur with myoglobin in rhabdomyolysis and with hemo-
globin in severe intravascular hemolysis.

Postrenal: Small amounts of protein, usually non-albumin 
IgG or IgA, may be excreted in the urinary tract in the 
setting of infection or stones. Leukocytes are also com-
monly present in the urine sediment.

NORMAL LEVELS OF PROTEINURIA

As previously described, two main groups of proteins are 
present in the urine: plasma proteins, predominately 
albumin, that crosses the filtration barrier, and nonplasma 
proteins, predominantly Tamm-Horsfall protein, that origi-
nates in renal tubules or the urinary tract. In normal physi-
ologic conditions, about half of the excreted protein is 
Tamm-Horsfall protein, and less than 30 mg of albumin is 
excreted per day.37 At normal levels of protein loss, albumin 
accounts for approximately 20% of total protein. As protein 
loss increases, albumin becomes the most significant single 
protein present.52

CATEGORIZATION OF PROTEINURIA

The persistent excretion of abnormal levels of urinary 
albumin, equivalent to between 30 and 300 mg/day, is below 
the level that can be detected by a standard urine protein 
dipstick and has historically been termed microalbuminuria. 
Albumin excretion of more than 300 mg/day, or macroalbu-
minuria, is overt proteinuria and can be detected by a 

NORMAL PHYSIOLOGY

In humans, on the basis of a GFR of 100 mL/min, 180 L of 
primary urine is produced per day from plasma that con-
tains about 10 kg of protein. However, only about 0.01% or 
1 gram of protein passes through the glomerular filtration 
barrier into the filtrate.38 The glomerular filtration barrier 
acts as a size-, shape-, and charge-dependent permselective 
molecular sieve the unique properties of which are still 
incompletely understood. It restricts the passage of macro-
molecules, such as albumin and globulin, and enables the 
excretion of an almost protein-free ultrafiltrate containing 
water and small solvents.39

The glomerular filtration barrier acts to minimize diffu-
sion of large molecules (with a Stokes-Einstein radius greater 
than 1.5 nm)40 that would otherwise occur down a concen-
tration gradient from the plasma to the filtrate (see also 
Chapter 3). It is composed of three major layers—endothelial 
cells, the glomerular basement membrane, and podocytes, 
which cover the basement membrane on the side of the 
urinary space. Podocytes are highly specialized epithelial 
cells with long, interdigitated foot processes that wrap 
around the glomerular capillaries, forming 40 nm–wide 
gaps, known as filtration slits, between adjacent processes 
(see also Chapter 4).41 The slit diaphragm is a cell-to-cell 
contact that inserts laterally into the podocyte cell mem-
brane, bridging the filtration slit. The podocyte plays a 
central role in integrating the components of the glomeru-
lar filtration barrier by interacting with the glomerular base-
ment membrane and signaling at the slit diaphragm.42 To 
date, at least 26 podocyte-specific gene defects, such as those 
encoding for the podocyte proteins nephrin and podocin, 
have been identified in hereditary causes of nephrotic 
syndrome.43-45 In response to signals from the podocytes and 
mesangium, the endothelial cells acquire a highly fenes-
trated phenotype, with small pores covering about 20% of 
their surfaces.41 This phenotype facilitates high-flux trans-
port of fluid and small solutes. Normally, large quantities of 
high-molecular-weight (HMW) plasma proteins traverse the 
glomerular capillaries, mesangium, or both without enter-
ing the urinary space. Damage to any one of the three layers 
of the glomerular filtration barrier allows proteins through, 
resulting in abnormal, “glomerular” proteinuria.

Albumin, the dominant HMW protein in plasma, is a 
negatively charged, approximately 67-kDa protein.39 Size 
selectivity restricts the passage of albumin through the glo-
merular filtration barrier. Charge selectivity, in which the 
negatively charged proteoglycans and heparan sulfates in 
the glomerular basement membrane repel albumin mole-
cules, is a theory seeking to explain the low glomerular 
sieving coefficient of albumin in relation to other molecules 
of its size.46 However, experimental data have called the role 
of basement membrane charge in permselectivity into 
question.47-49 Some albumin filtration across the capillary 
wall does occur, after which it is resorbed by the proximal 
tubule cells.50,51

Low-molecular-weight proteins (<20,000 Da) pass readily 
across the capillary wall. Because the plasma concentration 
of these proteins is much lower than that of albumin  
and globulins, however, the filtered load is small. More-
over, LMW proteins are normally reabsorbed by the  
proximal tubule. Thus, proteins such as α2-microglobulin, 
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or albumin. Methods such as reagent strips, random mea-
surement of protein or albumin concentrations, and 
albumin- or protein-to-creatinine ratios (ACRs or PCRs) aim 
to estimate a 24-hour protein measure. A positive result 
from a semiquantitative test, such as a urinary dipstick test, 
should prompt further evaluation with a quantitative test. 
Both preanalytical factors and factors intrinsic to the analy-
sis itself can be sources of error in protein measurement. In 
the assessment of the quality of a test, both accuracy and 
precision need to be taken into account. Although a test 
may give reproducible results, it may not accurately measure 
all clinically significant types of proteinuria. The heteroge-
neous types of protein and the different molecular forms of 
proteins (such as albumin) that may be present in urine 
make for a challenge to both accuracy and precision of 
measurement. Using a consistent form of measurement with 
a consistent assay to monitor proteinuria, and using multi-
ple measurements to confirm findings, is therefore 
advisable.

standard urine dipstick. Nephrotic-range proteinuria is protein 
excretion of more than 3.5 g/24 hours and is usually indica-
tive of glomerular pathology. The 2012 KDIGO guidelines 
discourage the use of the term ‘microalbuminuria,’ instead 
suggesting that the term albuminuria be used and the level 
subsequently quantified (Table 26.4).35 This recommenda-
tion has been sanctioned by the Association of Laboratory 
Physicians and Clinical Chemists in different jurisdictions. 
The presence of proteinuria or albuminuria strongly pre-
dicts outcomes of CKD progression as well as of cardiovascu-
lar and all-cause mortality in the population with CKD. The 
risk rises continuously as albuminuria increases.53 The 2012 
KDIGO guidelines suggest the addition of an albuminuria 
category for risk stratification of patients with CKD.

SOURCES OF ERROR IN MEASUREMENT  
(Tables 26.5 and 26.6)
Twenty-four–hour urine collection for protein measure-
ment is considered the gold standard for measuring protein 

Table 26.4 Kidney Disease: Improving Global Outcomes (KDIGO) Guideline: Categories of Proteinuria*

Normal to Mildly Increased 
(KDIGO A1)

Moderately Increased 
(KDIGO A2)

Severely Increased 
(KDIGO A3)

AER (mg/24 hours) <30 30-300 >300
PER (mg/24 hours) <150 150-500 >500
ACR:
 mg/mmol <3 3-30 >30
 mg/g <30 30-300 >300
PCR:
 Mg/mmol <15 15-50 >50
 Mg/g <150 150-500 >500
Protein reagent strip Negative to trace Trace to + + or greater

*Relationships between AER and ACR and between PER and PCR are based on the assumption that average creatinine excretion rate is 
1.0g/d or 10 mmol/day (conversions are rounded for pragmatic reasons).

ACR, albumin-to-creatinine ratio; AER, albumin excretion rate; PCR, protein-to-creatinine ratio; PER, protein excretion rate.
From Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group: KDIGO 2012 clinical practice guideline for the evaluation 

and management of chronic kidney disease. Kidney Int Suppl 3:1-150, 2013.

Table 26.5 Patient Factors That May Increase 
Urinary Protein or Albumin

Posture (postural proteinuria)
Urinary tract infection
Hematuria
High dietary protein intake
High-intensity exercise
Congestive cardiac failure
Menstruation or vaginal discharge
Drugs (e.g., nonsteroidal antiinflammatory drugs)

Adapted from Johnson DW, Jones GR, Mathew TH, et al: 
Chronic kidney disease and measurement of albuminuria or 
proteinuria: a position statement. Med J Aust 197:224-225, 
2012; and Miller WG, Bruns DE, Hortin GL, et al: [Current 
issues in measurement and reporting of urinary albumin 
excretion]. Ann Biol Clin (Paris) 68:9-25, 2010.

Table 26.6 Factors Influencing Accuracy of 
Proteinuria Measurement

Preanalysis Phase Analysis Phase

Collection type
 timed or random
 timing of random measurement

Total protein or albumin 
measurement

Degradation of protein or albumin 
during storage

 adsorption to plastic
 Storage temperature

Assay type

Adapted from Miller WG, Bruns DE, Hortin GL, et al: [Current 
issues in measurement and reporting of urinary albumin 
excretion]. Ann Biol Clin (Paris) 68:9-25, 2010; and Martin H: 
Laboratory measurement of urine albumin and urine total 
protein in screening for proteinuria in chronic kidney disease. 
Clin Biochem Rev 32:97-102, 2011.
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ADVANTAGES OF URINARY ALBUMIN OVER 
TOTAL PROTEIN MEASUREMENTS

Either albumin or total protein can be measured in urine. 
Many current guidelines recommend the measurement of 
urine albumin on the basis of a need to detect lower levels 
of protein than were previously thought to be clinically 
significant. Multiple studies have shown that the presence 
of small amounts of albumin in the urine—between 30 and 
300 mg per day—have prognostic significance; increasing 
amounts of albuminuria are associated with continuous 
increases in risk of all-cause and cardiovascular mortality, 
AKI, and ESKD in the general population,54 with decline in 
eGFR,55,56 and with adverse outcomes in CKD.57 Measures of 
total protein are imprecise at low levels of protein and are 
insensitive at detecting clinically important changes in albu-
minuria.37 Relatively large increases in urinary albumin 
excretion can occur without causing a measurable increase 
in urinary total protein.58 Urine albumin measurements are 
more specific and more sensitive for changes in glomerular 
permeability than are measures of urinary total protein.35,37,58-

60 Additionally, because a single protein is being measured, 
standardization of albumin measurement is simpler than 
standardization of total protein measurements.61

ISSUES WITH MEASURING ALBUMIN RATHER 
THAN TOTAL PROTEIN

EVIDENCE FOR CKD PROGRESSION RISK  
AND INTERVENTIONS
Much evidence on the natural history and progression of 
CKD has centered on measurement of 24-hour total protein.61 
In general, studies on diabetic patients have used measure-
ments of urinary albumin, but studies of interventions and 
outcomes for glomerular diseases, for preeclampsia, and in 
children have used proteinuria measurements. One diffi-
culty with the implementation of albumin as a replacement 
for total protein is the lack of a constant numerical relation-
ship between the two that would enable clinicians to translate 
the existing evidence base from one to the other.37

MISSED TUBULAR PROTEINURIA
Relying on measurement of urinary albumin risks missing 
“tubular” and “overflow” proteinuria, in which non-albumin 
proteins predominate. However, total protein assays are gen-
erally more sensitive to albumin than to LMW proteins, and 
many have poor sensitivity for detecting tubular protein-
uria.62 Although “tubular” disorders are characterized by a 
relative increase in the proportion of LMW protein to 
albumin, albumin generally still constitutes a significant 
portion of total protein, probably because of failure of 
tubular resorption of protein.63 In the AusDiab study, 
random urine samples from more than 10,000 people in the 
Australian adult population were tested, using cutoff values 
of 3.45 mg/mmol for ACR and 22.6 mg/mmol for PCR. Of 
patients who screened positive for albuminuria, 68% had 
negative results for proteinuria. Albuminuria performed 
well as a screening test for proteinuria: Sensitivity was 91.7%, 
specificity 95.3%, and negative predictive value 99.8%. 
However, among those with proteinuria, 8% excreted 
albumin within the normal range. The investigators postu-
lated that these individuals may have had light-chain 

proteinuria or interstitial nephropathies.52 In a study of 23 
patients with Dent’s disease, a rare but classic tubular disor-
der, only 2 patients had no significant urinary albumin loss 
in addition to losses of LMW proteins. In these 2 patients, 
the levels of LMW proteinuria were low enough that they 
would probably also have been missed by a total protein 
measurement approach.64

Overall, the significance of this issue in both the CKD and 
general populations is difficult to estimate with the current 
available data. If tubular proteinuria is suspected, it is best 
assessed with immunoassays directed at a specific tubular 
proteins, such as α1-microglobulin or monoclonal heavy or 
light chains.35,37 One study that attempted to identify the 
proteins composing tubular proteinuria in elderly people 
with mild proteinuria was unable to consistently identify 
proteins using electrophoresis, and the researchers sug-
gested that the elevated urinary protein measurements were 
due to artifact.65

DIAGNOSTIC UTILITY OF PROTEIN TYPE

Simultaneous measurement of different types of urinary 
protein may be a useful tool in differentiating between glo-
merular and tubulointerstitial diseases. Several studies using 
gel electrophoretic techniques to separate proteins on the 
basis of molecular size have shown that larger proteins such 
as albumin predominate in glomerular disease and that the 
ratio of LMW proteins is increased in tubulointerstitial dis-
orders.66 Higher albumin-to–total protein ratios, obtained 
from simultaneous measurement of ACR and PCR, have 
been shown to be significantly associated with glomerular 
rather than nonglomerular pathology on renal biopsy in 
patients with kidney disease.67

METHODS TO MEASURE URINARY TOTAL 
PROTEIN (Table 26.7)
Total protein in urine has been measured by chemical, tur-
bidimetric, and dye-binding (colorimetric) methods. These 
methods are prone to interference by inorganic ions and 
nonprotein substances in the urine.37 Falsely high results 
may occur as result of interference by aminoglycoside anti-
biotics68 plasma expanders,69 and other substances. There is 
large sample-to-sample variation in the type and composi-
tion of proteins present, making accurate measurement dif-
ficult. Turbidimetric methods, which are commonly used, 
are imprecise, with a coefficient of variation as high as 
20%.70 Currently there is no reference measurement proce-
dure or standardized reference material for urinary protein. 
Each of the different methods in use has differing sensitivity 
and specificity for the diverse range of proteins found in 
urine, potentially leading to divergent results. The range of 
methods and calibrants in use means that between-laboratory 
variation is unavoidable. Most laboratories currently use tur-
bidimetric or colorimetric measures, which tend to react 
more strongly with albumin than with globulin and other 
nonalbumin proteins.71

METHODS TO MEASURE URINARY ALBUMIN

Urinary albumin can be measured in a number of ways. 
Antibody binding methods are most commonly used, and 

http://www.myuptodate.com


794 SECTION IV — EVALUATION OF THE PATIENT WITH KIDNEy DISEASE

in urinary albumin were detected by four immunoassays and 
HPLC. However, the higher values seen in HPLC techniques 
may represent the detection of non-albumin macromole-
cules.76 Conformational change in albumin molecules may 
be induced by changes in urinary pH, urea, glucose, and 
ascorbate concentrations. Bilirubin usually occupies a small 
proportion of albumin molecules, but in severe hyperbiliru-
binemia it may bind to more than 50% of albumin.61

DIFFERENT LABORATORY METHODS TO MEASURE 
ALBUMIN IN THE URINE
The laboratory methods for measuring urinary albumin are 
as follows:

Immunoturbidimetric technique: Albumin in a sample of urine 
reacts with a specific antibody. The turbidity is measured 
with a spectrophotometer, and the absorbency is propor-
tional to the albumin concentration.77

Double-antibody radioimmunoassay: Albumin in a urine sample 
competes with a known amount of radiolabeled albumin 
for fixed binding sites of anti-albumin antibodies. Free 
albumin can be separated from bound albumin by immu-
noabsorption of the (albumin-bound) antibody. Albumin 
concentration in the resulting sample of albumin-bound 
antibody is inversely proportional to its radioactivity, 
which is measured against a standard curve.78 This is a 
sensitive assay but its use is limited by its expense and the 
need that is be performed in a laboratory that can manage 
radioactive substances.72

Nephelometry: Albumin in the urine sample reacts with a 
specific anti-albumin antibody, forming light-scattering 

immunoturbidimetry is the most commonly used of the 
antibody binding methods in diagnostic laboratories.37,71 
Because a single protein is being measured, performance of 
albumin assays tend to be superior to total protein assays, at 
least at low concentrations of protein.71 However, the urine 
of healthy individuals contains a range of albumin mole-
cules. Albumin may be immunoreactive, nonimmunoreac-
tive, fragmented, or biochemically modified.72 The 
proportions of these different types of albumin molecules 
in normal urine are variable and subject to debate.

Albumin fragments may be generated during proteolysis 
of albumin in renal tubules or plasma and may account for 
a significant proportion of total urinary albumin. A study in 
subjects with type 1 diabetes found that 99% of albumin was 
excreted as fragments less than 10 kDa. Another study 
showed that albumin fragments constituted up to 30% of 
total urinary protein in patients with nephrotic syndrome.73 
Intact albumin has at least five antigenic sites.74 Routine 
clinical methods use both polyclonal and monoclonal anti-
bodies, which have different sensitivities for the detection 
of altered forms of albumin.61 Nonimmunoreactive forms of 
albumin also exist; these are either fragments that do not 
contain the binding sites for the antibody in use in a par-
ticular assay or intact albumin in which the epitopes have 
undergone conformational change.75

HPLC detects both immunoreactive and nonimmunore-
active albumin. Higher values for urinary albumin are gen-
erally seen in HPLC than in immunologic detection 
methods. This observation led to a hypothesis that there are 
clinically significant amounts of nonimmunoreactive 
albumin in urine. In a study exploring this issue, differences 

Table 26.7 Methods of Proteinuria Measurement

Method Description
Detection 
Limit (mg/L) Protein Types

Causes of Falsely 
Increased Results

Causes of Falsely 
Decreased 
Results

Chemical:
 Biuret

Copper reagent, 
measures peptide 
bonds

50 — — Tubular/LMW 
proteins

 Kjeldahl Precipitated nitrogen
Turbidimetric 

(sulfosalicylic acid, 
trichloracetic acid)

Addition of 
precipitant 
denatures protein; 
suspension’s 
turbidity is read in 
a densitometer

50-100 Many, including 
γ-globulin light 
chains and albumin

More sensitive to 
albumin than to 
globulins and 
nonalbumin proteins

Tolmetin sodium 
(Tolectin), 
tolbutamide, 
antibiotics 
(penicillin, 
nafcillin, oxacillin), 
radiocontrast 
agents

Tubular/LMW 
proteins

Dye-binding  
(e.g., Coomassie 
Brilliant Blue, 
pyrogallol red)

Indicator changes 
color in presence 
of protein

50-100 More sensitive to 
albumin than to 
globulins and 
nonalbumin proteins 
(pyrogallol red 
improves this 
shortcoming)

Pyrogallol red: 
aminoglycoside, 
gelatin solutions 
such as plasma 
expanders

Tubular/LMW 
proteins

LMW, low-molecular-weight.
Adapted from Cameron JS: The patient with proteinuria and or hematuria. In Davison A, editor: Oxford textbook of clinical nephrology, 

ed 3, Oxford, 2005, Oxford University Press, pp 389-411.
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creatinine can be measured to judge the adequacy of the 
24-hour collection. If creatinine excretion is similar to  
that in previous 24-hour samples, the collection is likely to 
be reasonably accurate. If no other collections are available 
for comparison, the adequacy of collection can be judged 
from the expected normal range of creatinine excretion. 
For hospitalized men aged 20 to 50 years, this range was 
found to be 18.5 to 25.0 mg per kg of body weight per day, 
and for women of the same age, 16.5 to 22.4 mg/kg/day. 
These values declined with age, so that for men aged 50  
to 70 years, creatinine excretion was 15.7 to 20.2 mg/kg/
day, and for women, 11.8 to 16.1 mg/kg/day.27 Factors 
influencing the daily creatinine excretion include determi-
nants of muscle mass, such as gender, race, age, and body 
surface area.60

TRANSLATING PCR AND ACR VALUES INTO 
TOTAL DAILY PROTEIN MEASUREMENTS

ACR and PCR are obtained by dividing the urine protein 
concentrations by the urine creatinine concentration and 
expressing the result as mg/mmol or mg/g. Both enzymatic 
and Jaffe assays are used for the measurement of creatinine 
in urine.35 The ratio-based tests aim to correct for the effects 
of urine concentration on protein measurements. Overall, 
these tests have shown greater accuracy and less intraindi-
vidual variability than concentrations measured in random 
samples61,83,84 and are more acceptable to patients than 
24-hour protein measurements. Intra-individual variability 
is further reduced by using a first void rather than a daytime 
collection specimen to measure ACR. However, there 
remains substantial day-to-day variability in both PCR and 
ACR.61 A positive result should be followed with a second 
measurement, ideally in an early morning sample, to 
confirm the result.35,60

Clinicians commonly use these tests as estimations of the 
24-hour protein in mg by multiplying the PCR in mg/mmol 
or ACR in mg/mmol by 10 (given an average daily creati-
nine excretion of 10 mmol) or using the value as given if 
measured in mg/g. (Although the PCR or ACR in mg/g 
should be multiplied by 8.8 to get an exact measurement in 
mg/mmol, these are estimates of 24-hour levels only.) 
Despite the reasonable performance of the ratio-based tests 
to estimate 24-hour protein measurements, their ability to 
predict the true 24-hour protein for an individual is limited 
by two major factors. The first is variability in the total daily 
creatinine excretion, in and between individuals, which 
affects the ratio. The second is the fluctuations in protein 
excretion that occur throughout the day. An understanding 
of the factors that may make an ACR or PCR value inaccu-
rate is important for clinicians using these tests.

CORRELATION BETWEEN RATIOS AND 24-HOUR 
URINE PROTEIN

Summary tables of studies comparing ACR and PCR with 
timed collections for urinary albumin and protein can be 
found in the 2002 KDIGO-CKD 2012 guideline. There is a 
relatively high degree of correlation between 24-hour urine 
protein excretion and PCRs in random, single-voided urine 
samples in healthy controls85 and in patients with a variety 
of kidney diseases.86-89 The correlation has been shown in 

antigen-antibody complexes that can be measured with a 
laser nephelometer. The amount of albumin is directly 
proportional to scatter in the signal.79

Competitive enzyme-linked immunosorbent assay (ELISA).80

Size-exclusion HPLC (SE-HPLC): Chromatographic tech-
niques are used to measure both immunoreactive and 
nonimmunoreactive albumin. Proteins of different sizes 
are separated as they pass at different speeds through a 
column containing size-selective gel.81 SE-HPLC is more 
sensitive for the detection of albumin than the immune-
based methods, but its specificity is limited by an inability 
to discriminate between albumin and other proteins of 
the same size, such as globulins.72

Although the correlation among results obtained using 
most of these quantitative assays is very good,59 a good cor-
relation indicates only precision, a strong linear relation-
ship, but not accuracy in quantifying all clinically significant 
proteins present. Results obtained by radioimmunoassay, 
immunoturbidimetry, nephelometry, and HPLC may vary 
significantly.72 Therefore, ideally, the same assay should be 
used when albuminuria results are compared over time for 
a given patient. The choice of assay used to measure albu-
minuria is largely determined by issues of accuracy, cost, and 
convenience. Currently, there is no standardized procedure 
for measuring urine albumin and reporting results in stan-
dardized units; however, considering the recommendations 
for using ACRs as the standard measure for urinary protein, 
a number of professional bodies have moved toward estab-
lishing standard laboratory collection, measuring, and 
reporting procedures.61 Standardization for measurement 
of albumin requires a reference material and reference 
measurement procedure. Using purified albumin as the ref-
erence material would not reflect the various molecular 
forms that may be present in the urine but may be the most 
practical approach to standardization. Most routine methods 
for urinary albumin measurement are currently calibrated 
against dilutions of CRM 470, a higher-order serum protein 
reference material with an albumin concentration of 
39.7g/L.61,71 Other issues that would need to be addressed 
to standardize the measurement of urinary albumin include 
clarification of the molecular forms of albumin in freshly 
voided urine, the degree of degradation that occurs during 
storage and freezing, and the appropriate upper limits of 
normal in different age, sex, and gender groups.61

TIMED VERSUS RANDOM COLLECTION FOR 
PROTEINURIA ASSESSMENT

Random “spot” specimens for urinary protein, expressed as 
a concentration, are often inaccurate for estimation of 
24-hour levels because of the impact of patient hydration 
status on urine concentration. There is also variation in 
protein excretion, which can occur throughout the day 
(especially resulting from exercise and posture) and from 
day to day.82 Methods to improve the accuracy of spot urine 
testing include corrections for urine creatinine and specific 
gravity.83

Protein or albumin measurement in 24-hour urine collec-
tion is generally considered the gold standard for measuring 
protein excretion. However, it can also be inaccurate,  
primarily through inaccurate urine collection. Urine 
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Upright posture can cause an increase in urine protein 
excretion in otherwise healthy young adults.106 Postural pro-
teinuria is usually diagnosed by detecting proteinuria in a 
random sample taken while that subject has been upright 
that is absent in a first morning void specimen. It usually 
does not exceed 1 g in 24 hours. Kidney histologic examina-
tion in patients with postural proteinuria generally yields 
normal or nonspecific findings,106,107 and patients with pos-
tural proteinuria have been shown to have an excellent 
long-term prognosis.108 An increased urine protein excre-
tion found on a random sample in a young person should 
prompt a testing of an early morning specimen to exclude 
postural proteinuria.61

Diurnal variation in protein excretion occurs in healthy 
individuals and patients with CKD. Overnight urinary 
protein excretion is lower, and the amount less variable, 
than in the daytime.109,110 Thus, timing of urine collection is 
likely to influence the sensitivity and specificity of screening 
tests for urine protein or albumin excretion. Samples taken 
at first void are most likely to accurately quantify 24-hour 
protein or albumin excretion,111,112 and first void specimens 
are therefore regarded as preferable by a number of 
guidelines.34,35,60

URINARY ACR VERSUS PCR

Because the relationship between albumin excretion and 
total protein excretion is nonlinear,113 an ACR cannot be 
derived from a PCR, and vice versa. The ACR, rather than 
PCR, has been recommended by a number of guidelines 
because of an improved ability to standardize urinary 
albumin versus total protein measurement and the fact that 
albumin is the predominant protein lost in the urine.35,60 
These advantages have already been outlined. ACR has not 
been shown to be superior to PCR in determining prognosis 
or detecting CKD in nondiabetic subjects.60 A retrospective 
cohort study comparing urine PCR, ACR, and 24-hour 
protein at a single center showed that the three were equal 
in predictive utility for doubling of serum creatinine, com-
mencement of renal replacement therapy, and all-cause 
mortality.113

REAGENT STRIP TESTING

Multireagent dipstick urinalysis has been used widely as an 
initial screening tool for the evaluation of proteinuria 
because of its low cost, availability, and ability to provide 
rapid point-of-care information to clinicians. Most dipstick 
reagents are semiquantitative, containing a pH-sensitive 
colorimetric indicator that changes color when negatively 
charged proteins bind to it. Dipstick testing for protein has 
limited sensitivity for non-albumin and positively charged 
proteins26,114-116 and therefore often has false-negative results 
in the presence of predominantly LMW (tubular or over-
flow) proteinuria.72 Albumin-specific dipsticks may also be 
used.

The dipstick tests protein or albumin concentration, 
rather than an excretion rate, so it is strongly affected by 
changes in urine concentration. Very dilute urine may  
give false-negative results, and concentrated urine may give 
false-positive results. Measuring specific gravity concurrently 
with urinary protein on a dipstick can thus help with 

studies in patients with glomerulonephritis90 and with type 
1 diabetes mellitus (DM),91 and in renal transplant recipi-
ents.92,93 In some studies, the correlation between PCR and 
24-hour protein measurements was less robust when pro-
teinuria was in the nephrotic range and above.88,91

The ACR has been shown to correlate well with 24-hour 
urinary albumin measurements in a number of studies in 
people with diabetes.94 However, a large study evaluating the 
correlation between ACR and 24-hour albumin excretion in 
1186 subjects with type 1 DM enrolled in the Diabetes 
Control and Complications Trial and its follow-up study 
Epidemiology of Diabetes Interventions and Complications 
(DCCT/EDIC) showed that ACR systematically underesti-
mated albumin excretion, particularly in men.95 Another 
study in the diabetic population showed that ACR increased 
relative to 24-hour albumin excretion with increasing age.96 
These studies highlight the fact that variability in creatinine 
excretion in certain groups alters the ratio. Individuals with 
lower muscle mass, such as females and elderly patients, 
would be expected to have higher ACRs than those with 
higher muscle mass for the same level of urinary albumin 
excretion.

VARIABILITY IN CREATININE EXCRETION

Under normal circumstances, a steady rate of creatinine 
excretion occurs throughout the day.97 The accuracy of the 
ratio-based tests depends on a constant excretion rate. This 
drawback limits their usefulness in the setting of rapidly 
changing renal function such as AKI, in which creatinine 
excretion is reduced, increasing the ratio for the same 
amount of protein excretion.

Creatinine excretion rises with increasing muscle mass, 
so ACR and PCR are reduced for a given level of protein 
excretion in groups with higher muscle mass, such as men, 
younger people, and certain population ancestry groups.98,99 
The fact that the average urinary creatinine excretion is 
40% to 50% higher in men than in women95,96 has led some 
guidelines to recommend gender-specific cutoff values for 
ACRs, with lower thresholds for men than women. Com-
monly used ACR thresholds for diabetic nephropathy are 
25 mg/g (2.5 mg/mmol) for males and 35 mg/g (3.5 mg/
mmol) for females.60 However, the 2012 KDIGO guidelines 
recommend an ACR threshold of 3.0 mg/mmol for both 
sexes, reflecting that the ACR is an estimation with a variety 
of other variables, such as age and population ancestry, that 
are not corrected for.35

FLUCTUATIONS IN PROTEIN EXCRETION

Factors that may cause transient increases in urinary protein 
excretion include exercise, urinary tract infections, and 
upright posture. High-intensity exercise may cause transient 
proteinuria lasting for 24 to 48 hours in healthy subjects.100,101 
Patients with CKD or diabetes have been shown to have 
higher levels of urinary protein or albumin excretion after 
exercise than control subjects.102-104 Some guidelines have 
recommended screening for urinary tract infection if pro-
teinuria is detected. However, a review of available studies 
suggested that asymptomatic urinary tract infection was 
unlikely to cause proteinuria and that screening may be 
unnecessary.105
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previously mentioned AusDiab study showed that positive 
predictive values varied greatly across low- and high-risk sub-
groups. The dipstick test showed a good ability to rule out 
proteinuria, with a reagent strip result of less than trace 
having a negative predictive value of 97.6% for ACR values 
of 30 mg/g or higher and a negative predictive value of 
100% for ACR values of 300 mg/g or higher.135 The investi-
gators concluded that urine reagent strip testing is a reason-
able “rule-out” test for proteinuria. However, an analysis by 
Samal and Linder argues that the rate of false-positive results, 
which was as high as 53% using an ACR cut-off of 30 mg/g 
or higher, makes urinary reagent strip testing unacceptable 
in the general population owing to the cost, anxiety, and 
workload generated by false-positive results.132 Because of 
the high rate of false-positive results, a positive reagent strip 
test result mandates confirmation with a quantitive test. This 
is a factor that significantly limits the cost-effectiveness of 
reagent strip testing for population screening.130,132

Screening of schoolchildren with urinary reagent strips 
in Japan, Taiwan, and Korea, can detect asymptomatic renal 
disease at an early stage.136-138 However, there are no data to 
show that this policy results in improved outcomes or has 
benefits from a health economics perspective. Several 
studies have used models to assess the benefits of general 
population screening with urinary reagent strips, followed 
by ACEI or ARB use in the proteinuric population. One 
such study, assessing the utility of general practitioner–led 
general population screening for proteinuria in Australia in 
2002, concluded that there was insufficient evidence to 
support this practice.130 A study that assessed this practice in 
a nondiabetic, nonhypertensive U.S. population using cost 
per quality-adjusted life-year concluded that it was cost-
effective only if selectively directed toward high-risk groups 
(aged more than 60 years or with hypertension) or con-
ducted at long intervals (10 years).131

High-Risk Populations

In contrast to general population screening, there are 
several studies showing the cost effectiveness of high-risk 
population screening for proteinuria with urinary dipstick 
testing131,139,140 and subsequent antiproteinuric therapy. A 
model based on screening of a hypertensive, diabetic U.S. 
population cohort with Micral-II semiquantitative reagent 
strips for albumin and initiating irbesartan treatment in 
patients who had microalbuminuria (estimated 24-hour 
urinary albumin excretion >20 µg/min) or higher levels of 
urinary albumin showed a 44% reduced incidence in the 
cumulative incidence of ESKD and was likely to be cost 
effective.139 Screening high-risk populations, such as patients 
with diabetes, hypertension, or known vascular disease,  
for microalbuminuria is recommended in most guide-
lines,35,141,142 although the frequency at which testing should 
occur is either not specified or inconsistent. Guidelines  
generally advise the use of laboratory rather than reagent 
strip testing in the high-risk population.143 Studies using 
newer devices such as the CLINITEK system have shown 
good negative predictive values, making it an effective  
rule-out test.144-146 The CLINITEK system has shown 
good performance in diabetic, general population,127 
and CKD cohorts.147 However, the usefulness and cost-
effectiveness of these newer devices is yet to be confirmed 
by large studies.

interpretation of a urine dipstick result.117 A very high urine 
pH (>7.0) can give false-positive results, as can contamina-
tion of the urine with blood. Operator-dependent differ-
ences may also occur with manual reading of dipsticks, 
decreasing reproducibility.111,115 The use of automated 
reader devices improves inter-operator variability.

ALBUMIN-SPECIFIC DIPSTICKS
In addition to dipsticks that are designed to measure total 
protein, albumin-specific dipsticks are in use. Many of these 
use dye-binding methods.118-120 Antibody-based detection 
methods are also in use.121 Several studies have examined 
the sensitivity and specificity of the newer reagent strips that 
measure very low concentrations of urine albumin. Most of 
these investigations studied patients with diabetes, and most 
examined the Micral-Test119,122-125 (Boehringer Mannheim, 
Mannheim, Germany) the Micro-Bumintest119,126 (Ames 
Division, Miles Laboratories, Elkhart, Indiana) or both. In 
general, these albumin reagent strip tests are more sensitive 
than standard dipstick tests, but they also have a relatively 
high rate of false-positive results.

NEW DEVICES FOR POINT-OF-CARE  
PROTEIN TESTING
New systems with a creatinine test pad can report albumin-
to-creatinine ratios in the range previously classified as 
“microalbuminuric” (corresponding to < 300 mg/g) or 
total protein-to-creatinine ratios. They overcome some of 
the error inherent in measuring urinary protein concentra-
tions rather than protein excretion rates. The CLINITEK 
system (CLINITEK microalbumin, Siemens Medical Solu-
tions Diagnostics, Mishawaka, Indiana) uses a reagent strip 
with two pads, using a dye-binding method for albumin 
measurement and a creatinine assay based on the peroxidase-
like activity of a copper creatinine complex. The reagent 
strips are used in combination with an analyzer to give a 
semiquantitative assessment of ACR.127,128

ROLE OF POINT-OF-CARE AND REAGENT  
STRIP TESTING
The role of urinary reagent strip testing, using either protein 
or albumin-specific dipsticks, in the general and high-risk 
population is the subject of debate. Most guidelines do not 
recommend the use of the urine dipstick as an initial screen-
ing test for proteinuria.37 However, reagent strip testing may 
be of particular use in settings where laboratory access is 
limited. Newer point-of-care devices that can measure low 
levels of albuminuria and provide ACRs may have a role to 
play in population screening, but this role has not yet been 
defined by large studies.35

General Population

Observational studies have shown that reagent strip–proven 
proteinuria is associated with progression to ESKD and mor-
tality in the general population.30,32 However, general popu-
lation screening could lead to unnecessary investigations, 
possible harm, and excess costs.129-132 As with all diagnostic 
tests, the positive and negative predictive values of the 
urinary reagent strips and point-of-care devices depend on 
the setting in which they are used as well as their sensitivity 
and specificity.133,134 A study comparing urinary ACRs with 
protein dipsticks (Bayer Multistix) using data from the 
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pH and dilute urine lead to more degradation of formed 
elements.

A guideline provided by the European Confederation of 
Laboratory Medicine suggests standardization of prepara-
tion of the urine sediment for microscopy.161 A sample of 5 
to 12 mL of urine should be centrifuged at 400 g or 
2000 rpm for 5 minutes, a defined volume of supernatant 
removed by suction rather than arbitrary decanting, and the 
pellet resuspended by gentle agitation. A drop of urine 
should be placed on a slide under a coverslip, and it should 
be examined ideally with phase-contrast microscopy rather 
than usual brightfield microscopy, at low power (× 160) then 
at high power (×400). Staining or polarized light may also 
be useful to identify certain substances.

CELLS OF THE URINARY SEDIMENT

ERYTHROCYTES
Hematuria is defined as three or more erythrocytes per high-
power field. Transient hematuria is common and may be 
due to strenuous exercise. Persistent hematuria on three 
repeated urine samples warrants investigation. Studies show 
great variation in the prevalence of microscopic hematuria 
from as low as 0.18% to as high as 16.1%.162 A study of more 
than a million Israeli military recruits showed an incidence 
of persistent hematuria of 0.3%.163 This finding was associ-
ated with an increased risk of subsequent ESKD (hazard 
ratio = 19.5) although the absolute risk of ESKD was low, at 
34.0 per 100,000 person-years.

Even when the urine appears red the sediment should be 
examined to determine whether red blood cells are present 
because a red appearance may be due to other causes, such 
as hemoglobinuria and myoglobinuria. Macroscopic hema-
turia is much more likely to be due to malignancy. Isomor-
phic red blood cells, which look similar to the erythrocytes 
found in the bloodstream, are thought to be nonglomerular 
in origin. Dysmorphic red blood cells (Figure 26.3) are 
erythrocytes from the glomerular capillary, and their irregu-
lar appearance is a consequence of damage due to pH and 
osmolality changes as the cells travel through the tubule. 
Glomerular hematuria is defined by some institutions in 
terms of percentage of dysmorphic red blood cells, but the 
threshold at which this value is believed to be significant is 
not standardized. Glomerular hematuria is variously defined 
as more than 10% to 80% dysmorphic red blood cells or 
more than 2% to 5% acanthocytes, which are a subtype of 
dysmorphic red blood cells with protruding blebs.

Automated methods of examining for glomerular or non-
glomerular hematuria have been developed in an attempt 
to overcome the problems with reliability and reproducibil-
ity of urine microscopy. These methods function by measur-
ing the mean corpuscular volume (MCV) of the red cells. 
An MCV smaller or larger than the normal range (50-80 
femtoliters [fL]) is recorded as dysmorphic. The role of 
urinary red blood cell MCV in diagnosis was reviewed in a 
meta-analysis,164 which concluded that the diagnostic value 
of this test is limited and that the urinary MCV test was not 
reliable in cases of low-grade hematuria because of interfer-
ing debris.

Causes of hematuria are listed in Table 26.8. Although 
anticoagulation often unmasks another underlying etiology 
for hematuria, over-anticoagulation itself may cause 

PROTEINURIA MEASUREMENT  
IN SPECIFIC POPULATIONS

PREGNANT PATIENTS
Proteinuria is generally defined as 300 mg/24 hours for the 
diagnosis of preeclampsia. The roughly equivalent PCR of 
300 mg/g (30 mg/mmol) showed reasonable performance 
in estimating 24-hour protein excretion and as a rule-out 
test in two systematic reviews of studies in this setting, 
although there was no data on PCR for predicting out-
comes. Currently, there is insufficient evidence to substitute 
urine albumin measurement for total protein in pregnant 
women with hypertension or suspected preeclampsia.148,149

CHILDREN
Normal levels of protein excretion in children are less than 
10 mg/m2/d, or less than 4 mg/m2/hr.150 Nephrotic-range 
proteinuria is defined as 1000 mg/m2/d, or 40 mg/m2/hr, 
or higher. PCR has been shown to have reasonable accuracy 
in reflecting 24-hour levels of protein excretion in a small 
study of 15 children.151 PCR has been shown to predict an 
increased rate of GFR decline in children.152-154 There is 
currently insufficient evidence linking elevated ACRs with 
adverse outcomes to recommend the use of ACR in a pedi-
atric population.155

KIDNEY TRANSPLANT RECIPIENTS
Proteinuria predicts allograft loss, cardiovascular risk,  
and death in kidney transplant recipients.156 One study 
showed that 24-hour urinary albumin measurement was 
superior to total protein measurement in predicting graft 
loss157; another using ACR and PCR showed equivalent 
performances.158

URINE MICROSCOPY

Examination of the urine by microscopy has been per-
formed systematically at least since the 19th century159 and 
remains a vital investigation that is often considered a com-
ponent of the physical examination of a patient in whom 
kidney disease is suspected.

PREPARATION AND METHOD

Elements in urine degrade rapidly and so urine microscopy 
is best performed on a fresh urine sample within 2 hours of 
collection. Urine preservation is not a routinely applied 
technique but has been performed successfully by some 
institutions. Traditionally, ethanol is used to preserve uro-
epithelial cells for cytology but this does not prevent lysis of 
red and white blood cells.160 Formaldehyde-based solutions 
have been used to preserve urine sediment for up to 3 
months, and commercial preservatives such as buffered 
boric acid are also available.

The first urine of the morning specimen has been recom-
mended in the past for urine microscopy because it is  
acidic and concentrated, but a midstream specimen of the 
second urine of the morning is favored owing to the lysis of 
urine particles after prolonged standing of urine in the 
bladder overnight. Specimens should preferably not be 
refrigerated because of precipitation of crystals. High urine 
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Figure 26.3 Erythrocytes in urine. A, Isomorphic erythrocytes, some with a “crenated” appearance (arrows). B, Different types of dysmorphic 
erythrocytes. C, Acanthocytes (arrows). D, Proximal renal tubule cells. (From Fogazzi GB, Verdesca S, Garigali G: Urinalysis: core curriculum 2008. 
Am J Kidney Dis 51:1052-1067, 2008.)
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glomerular bleeding, as in the case of the relatively newly 
recognized condition, warfarin-induced nephropathy, in 
which obstruction of tubules by red blood cell casts may 
cause AKI.165

URINE CYTOLOGY
Cytology is usually performed and is recommended as part 
of the investigation for nonglomerular hematuria. Although 
it is the realm of urologists, nephrologists may frequently 
encounter patients with nonglomerular hematuria as part 
of the investigative process for asymptomatic microscopic 
hematuria. A number of studies have suggested that the 
value of routine urine cytology as part of the workup for 
nonglomerular hematuria is limited if other investigations 
such as imaging and flexible cystoscopy are performed. For 

example, in a study of 2778 patients166 who presented to a 
hospital hematuria clinic in the United Kingdom, 974 
patients had “non-visible” or microscopic hematuria. Of the 
patients with microscopic hematuria, 4.6% had a urothelial 
malignancy, which in 93% of these patients was a bladder 
tumor. Urothelial cancer cytology demonstrated only 45.5% 
sensitivity and 89.5% specificity. Only 2 patients with abnor-
mal urine cytology as the only positive finding, had urothe-
lial malignancy on further investigation.

LEUKOCYTES
The most common leukocytes found in the urine, neutro-
phils are usually an indication of infection or contamina-
tion. Eosinophils are detectable with Wright’s stain or 
Hansel’s stain. Hansel’s stain has improved sensitivity, 
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OTHER ELEMENTS

LIPIDS
Lipids appear as spherical, translucent drops of varying size. 
They may also be within the cytoplasm of cells as “oval fat 
bodies.” Under polarized light, lipid droplets look like 
Maltese crosses. Lipiduria is usually associated with heavy 
proteinuria but may also be present in Fabry’s disease.

CASTS (Figure 26.4)
Casts are cylindrical bodies of renal origin that form from 
the aggregation of fibrils of Tamm-Horsfall glycoprotein 
(uromodulin), which is secreted by cells of the thick ascend-
ing limb of the loop of Henle. Trapping of various particles 
within the cast matrix, as well as degenerative processes, 
result in casts with different appearances and clinical  
significance (Table 26.9). Hyaline casts are nonspecific  
and may be present normally. Granular casts are nonspecific 
and contain protein aggregates or degenerated cellular  
elements. Waxy casts are also nonspecific and result  
from degeneration of other casts. Broad casts are wider waxy 
casts that are seen in chronic renal failure in which there is 
dilation of the tubule. Renal tubule epithelial cell casts  
are formed from the aggregation of desquamated cells  
of the tubule lining. Because the epithelial cells still appear 
intact, this finding is usually the result of an acute disease 
process such as acute tubular necrosis. Red blood cell casts 
are always pathologic and indicate significant glomerular 
bleeding, which is often due to rapidly progressive 
glomerulonephritis.

CRYSTALS
A large variety of crystals can be seen in the urine that may 
be of diagnostic value (Table 26.10). However, uric acid, 
calcium oxalate, and calcium phosphate crystals are 
common and may have little clinical significance because 
they may precipitate as a result of transient supersaturation 
of urine due to dehydration or cooling of the sample. Of 
course, depending on the clinical setting, uric acid crystals 
may be highly significant because they are present in acute 
uric acid nephropathy as part of tumor lysis syndrome, and 

especially because a urine pH of less than 7 inhibits Wright’s 
stain. Although eosinophiluria was initially associated with 
drug-induced hypersensitivity, the list of diseases that may 
be associated with eosinophiluria is diverse and includes 
renal cholesterol embolism, rapidly progressive glomerulo-
nephritis, and prostatitis.

The diagnostic value of the presence of other leuko-
cytes, such as lymphocytes and macrophages, is currently 
limited, although lymphocytes have been indicative of trans-
plant rejection, and macrophages may be found in 
glomerulonephritis.

OTHER CELLS
Squamous cells, the largest cells of the urinary sediment, 
derive from the urethra or external genitalia. Renal tubule 
epithelial cells may be present in tubular injury.

Urothelial cells may be seen in urologic diseases such as 
malignancy.

Table 26.8 Causes of Hematuria*

Glomerular Hematuria
Glomerular Lesions

Thin basement membrane nephropathy
Mesangial immunoglobulin A (IgA) glomerulonephritis
Focal and segmental hyalinosis and sclerosis (focal 

glomerulosclerosis)
Lupus glomerulonephritis
Crescentic glomerulonephritis, including Wegener’s 

granulomatosis, microscopic polyangiitis, and 
Goodpasture’s syndrome

Membranous glomerulonephritis
Mesangiocapillary glomerulonephritis
Dense deposit disease
Poststreptococcal glomerulonephritis

Nonglomerular Disease

Autosomal dominant polycystic kidney disease
Exercise hematuria
Bleeding diathesis
Drugs, including anticoagulants

Nonglomerular Hematuria

Urinary tract infection
Urinary tract calculi
Hypercalciuria and hyperuricosuria
Autosomal dominant polycystic kidney disease
Benign prostatic hypertrophy
Transitional cell carcinoma
Renal cell carcinoma
Prostatic carcinoma
Exercise hematuria
Trauma
Bleeding diathesis and anticoagulants
Drugs
Renal papillary necrosis
Sickle cell disease

*Unknown whether glomerular or nonglomerular hematuria after 
percutaneous coronary artery angioplasty.

From Kincaid Smith P, Fairley K: The investigation of 
haematuria. Semin Nephrol 25:127-135, 2005.

Table 26.9 Common Casts

Cast Main Clinical Association(s)

Hyaline Normal and in renal disease
Granular Renal disease of any cause
Waxy Renal disease of any cause
Fatty Heavy proteinuria
Red blood cell Proliferative glomerulonephritis, 

glomerular bleeding
White blood cell Acute interstitial nephritis, acute 

pyelonephritis
Tubular epithelial cell Acute tubular necrosis (“muddy 

brown” casts), acute interstitial 
nephritis, proliferative 
glomerulonephritis

From Fogazzi GB, Verdesca S, Garigali G: Urinalysis: core 
curriculum 2008. Am J Kidney Dis 51:1052-1067, 2008.
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Figure 26.4 Urinary casts. A, A finely granular cast. B, Waxy cast with the typical “melted wax” appearance. C, A red blood cell cast. D, A 
renal tubule epithelial cell cast. (From Stevens LA, Nolin TD, Richardson MM, et al: Comparison of drug dosing recommendations based on mea-
sured GFR and kidney function estimating equations. Am J Kidney Dis 54:33-42, 2009.)
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Table 26.10 Common Crystals and Their Appearance

Crystal Appearance

Uric acid Usually lozenges but varying shape, yellow-tinged
Calcium oxalate Monohydrate: ovoid or dumbbell-shaped, biconcave discs

Dihydrate: bipyramidal
Calcium phosphate Prisms, starlike particles or needles of various sizes
Triple phosphate (struvite) Coffin lids
Cholesterol Transparent thin plates
Cystine Hexagonal plates with irregular sides

From Fogazzi GB, Verdesca S, Garigali G: Urinalysis: core curriculum 2008. Am J Kidney Dis 51:1052-1067, 2008.
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calcium oxalate crystals may indicate ethylene glycol poison-
ing or hyperoxaluria.

A growing list of drugs, beginning with acyclovir and 
indinavir, may cause crystals in the urine that commonly 
have unusual shapes.

MICROORGANISMS
Bacteria are commonly seen because of contamination or 
infection. Fungi such as Candida, protozoa such as Tricho-
monas, and parasites such as Schistosoma may also be seen.

LIMITATIONS

Urine microscopy depends on expertise and has poor 
interobserver reliability. In a study involving ten nephrolo-
gists, agreement for various elements in urine microscopy 
ranged from 31.4% to 79.1% and interobserver agreement 
was not associated with seniority.167 Despite this limitation, 
urinary microscopy is still a vital component of the labora-
tory assessment of renal disease because its findings may 
crucially influence management of a patient. For example, 
identification of dysmorphic red blood cells and red blood 
cell casts in a patient with AKI may prompt empirical treat-
ment with immunosuppressive therapy well in advance of 
results of serology or renal biopsy.

Complete reference list available at ExpertConsult.com.
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An analysis of laboratory data from samples of blood and 
urine is essential to make accurate diagnoses and to design 
optimal therapy for patients with disturbances of water, 
sodium (Na+), potassium (K+), and acid-base homeostasis.1 
Our clinical approach and interpretation of these tests rely 
heavily on an understanding of concepts in renal physiol-
ogy. Hence each section begins with a discussion of physi-
ologic concepts that help focus on the important factor(s) 
in the regulation of the homeostasis of the substances in 
question. This discussion is followed by a discussion of the 
clinical tools that utilize the laboratory data to help deter-
mine the underlying pathophysiology of the disturbance. 
This information is then used to construct our approach to 
patients with each of these disorders. At the end of each 
section, Consults are presented succinctly to illustrate how 
this approach is used at the bedside.

We emphasize that there are no normal values for the 
urinary excretion of water and electrolytes, because subjects 
in steady state excrete all ions that are consumed and not 
lost by nonrenal routes. Hence data should be interpreted 
in the context of the prevailing stimulus and the “expected” 
renal response.

WATER AND SODIUM

In this section, we illustrate how we use information about 
the volume and composition of the urine in the differential 

diagnosis and treatment of disorders causing polyuria, those 
causing decreased effective arterial blood volume (EABV), 
and those causing hyponatremia.

POLYURIA

There are two definitions of polyuria.
Conventional Definition: Polyuria is defined as a urine 

volume that is more than 2.5 L/day. This is an arbitrary 
definition based on comparing the 24-hour urine volume 
with usual values observed in individuals who consume a 
typical Western diet.

Physiology-Based Definition: Polyuria is defined as a urine 
flow rate that is higher than what is expected in a specific 
setting. Polyuria is present if the urine volume is higher than 
what is expected for the rate of excretion of effective osmoles 
in the presence of actions of vasopressin even if the urine 
volume does not exceed 2.5 L/day. In contrast, if the con-
centration of Na+ in plasma (PNa) is less than 136 mmol/L, 
the release of vasopressin should be inhibited and the urine 
flow rate should be as high as 10 to 15 mL/min in an adult 
subject (which extrapolates to 14 to 21 L/day). A lower 
urine volume in this setting, even if higher than 2.5 L/day, 
represents oliguria rather than polyuria.

CLASSIFICATION
There are two categories of polyuria, a water diuresis and 
an osmotic diuresis.
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convoluted tubule (DCT), the connecting segment, the  
cortical collecting duct (CCD), and the medullary collecting 
duct (MCD) (together, these nephron segments constitute 
the final or third functional unit). AQP2 channels  
permit water to be reabsorbed in the presence of an osmotic 
driving force. Notwithstanding, even in the absence of vaso-
pressin, there seems to be a small degree of water permea-
bility in the inner MCD, called basal or residual water 
permeability.

DRIVING FORCE
Water is drawn from a compartment with a lower effective 
osmolality to one with a higher effective osmolality. The 
magnitude of this force is enormous, in that a difference of 
1 mOsm/kg H2O generates a pressure of about 19.3 mm Hg. 
The osmolality of fluid that reaches the late DCT is close to 
100 mOsm/L. Hence, the effective osmotic pressure differ-
ence is about 200 mOsm/L; interstitial effective osmolality 
is ≈ 300 mOsm/L, because it is equal to the effective plasma 
osmolality (Posm), which is double the concentration of 
sodium (Na+) in plasma water (PNa), which is ≈ 150 mmol/L). 
Hence the osmotic driving force is almost 4000 mm Hg 
(19.3 mm Hg × 200 mOsm/L). Because AQP2 channels are 
present in the luminal membranes of cells of the late corti-
cal distal nephron (CDN) when vasopressin acts, two thirds 
of the water delivered to the late CDN is reabsorbed here. 
It follows that in patients with a severe degree of chronic 
hyponatremia and thereby a lower effective cortical intersti-
tial osmolality, more water is delivered to and reabsorbed in 
the MCD. Hence in this setting, there is washout of the 
medullary interstitial fluid compartment, and hence the 
urine effective osmolality falls.

CONCEPT 2
The maximum volume of urine during a water diuresis is 
equal to the volume of distal delivery of filtrate minus the 
small volume of filtrate reabsorbed in the inner MCD via its 
residual water permeability (RWP).3

DISTAL DELIVERY OF FILTRATE
The volume of distal delivery of filtrate is the volume of 
glomerular filtration minus the volume of filtrate that is 
reabsorbed in the nephron segments prior to the late CDN. 
Findings now suggest that AQP1 channels are not present 
in the luminal membranes of the DtLs in the superficial 
nephrons (i.e., 85% of all the nephrons).2 Therefore, the 
entire loop of Henle of the majority of these nephrons is 
impermeable to water. Hence, the volume of distal delivery 
of filtrate should be equal to the volume of glomerular filtra-
tion minus the volume that is reabsorbed by PCT (including 
its pars recta segment).

It was thought that about 66% of the glomerular filtration 
rate (GFR) is reabsorbed along the entire PCT. This idea 
was based on the measured ratio of inulin concentrations 
in fluid from the PCT (TF) in comparison with that in 
plasma (P)—(TF/P)inulin—in micropuncture studies in 
rats. Because inulin is freely filtered at the glomerulus and 
is not reabsorbed or secreted in the tubules, a (TF/P)inulin 
value of around 3 suggests that approximately 66% of the 
filtrate was reabsorbed in the PCT. However, these micro-
puncture measurements underestimate the volume of fluid 
reabsorbed in the PCT, because measurements were made 

WATER DIURESIS

CONCEPT 1

To move water across a membrane, there must be a channel 
that allows water to cross that membrane (an aquaporin 
[AQP]) and a driving force for the movement of water  
(a difference in the concentrations of effective osmoles  
or a difference in the hydrostatic pressures across that 
membrane).

WATER CHANNELS
There are two critically important aquaporin water channels 
in the luminal membranes of cells in the kidney, AQP1 and 
AQP2. With regard to water excretion, we divide the 
nephron into three functional units on the basis of the pres-
ence of AQP1 or AQP2. AQP1 channels are nonregulated 
water channels that are present in the proximal convoluted 
tubule (PCT) cells (the first functional nephron unit) 
(Figure 27.1). AQP1 channels are also present in the 
descending thin limbs of the loop of Henle (DtLs) of the 
juxtamedullary nephrons, which constitute about 15% of 
the total nephrons (the second functional nephron unit). 
Of note, AQP1 channels are not present in the DtLs of the 
superficial nephrons, making the entire loop of Henle of 
the superficial nephrons (i.e., 85% of all the nephrons) 
relatively impermeable to water.2

Vasopressin causes the insertion of AQP2 channels into 
the luminal membrane of principal cells in the late distal 

Figure 27.1  Functional units of the nephron based on presence 
of aquaporins AQP1 and AQP2. The stylized structure represents a 
nephron; AQP1 is represented as a small pink oval, and AQP2 as blue 
ovals. The solid line represents the descending thin limb of the loop 
of Henle (DtL). With regard to water excretion, we divide the nephron 
into  three  functional units on the basis of  the presence of AQP1 or 
AQP2.  AQP1  is  always  present  in  the  proximal  convoluted  tubule 
(PCT)  cells—the  first  functional  nephron  unit  (1),  shown  within  the 
rectangle). AQP1 is also present in DtLs of the juxtamedullary neph-
rons, which constitute about 15% of the total nephrons—the second 
functional nephron unit (2), shown as a blue rectangle. AQP1 is not 
present in the DtLs of the superficial nephrons, making the entire loop 
of Henle of  the  superficial  nephrons  (i.e.,  85% of  all  the nephrons) 
impermeable to water. Vasopressin causes the insertion of AQP2 into 
the luminal membrane of principal cells in the late distal convoluted 
tubule  (DCT),  the  connecting  segment,  the  cortical  collecting  duct 
(CCD),  and  the  medullary  collecting  duct  (MCD);  together,  these 
nephron  segments  constitute  the  final  or  third  functional  unit  (3), 
shown within  the  large oval). Notwithstanding, even  in  the absence 
of vasopressin, there seems to be a small degree of water permeabil-
ity  in  the  inner  MCD  (called  basal  or  residual  water  permeability). 
(Reproduced with the permission of the author and the publisher from 
Halperin ML: The ACID truth and BASIC facts—with a sweet touch, an 
enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.)
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The desalination process occurs in the cortical and med-
ullary thick ascending limbs (TALs) of the loop of Henle 
and the early DCT (the middle functional nephron unit).

Regulation of the reabsorption of Na+ and Cl− in the 
medullary TAL (mTAL) seems to occur via dilution of the 
concentration of an inhibitor of this process in the medul-
lary interstitial compartment (possibly ionized calcium, 
Figure 27.2), by water reabsorption from the water-
permeable nephron segments in the renal medulla (i.e., the 
MCD and the DtLs of the juxtamedullary nephrons).4

TOOLS FOR ASSESSING WATER DIURESIS
Urine Flow Rate

The maximum volume of urine during water diuresis is 
equal to the volume of distal delivery of filtrate minus the 
small volume of filtrate reabsorbed in the inner MCD via 
RWP. Hence, the peak urine flow rate is about 10 to 15 mL/
min (about 14 to 22 L/day). If the urine volume is consider-
ably less than 10 L/day, one should look for a reason for 
decreased distal delivery of filtrate. Notwithstanding, the 
distal delivery of filtrate will ultimately fall, and this high 
urine flow rate is not likely to be sustained.

The urine flow rate declines when desmopressin (dDAVP) 
is given to a patient with central diabetes insipidus (DI). The 
urine flow rate, however, will be higher than that observed 
in response to dDAVP in a normal subject who consumes a 
typical Western diet. The reason is that the medullary inter-
stitial osmolality is likely to be lower owing to a prior medul-
lary washout during the water diuresis.

at the last portion of the PCT at the surface of the renal 
cortex and hence did not take into account that additional 
volume may have been reabsorbed in the deeper part of the 
PCT, including its pars recta portion.

If the majority of nephrons in the entire loop of Henle 
lack AQP1 and thereby should mainly be impermeable to 
water, the volume of filtrate that enters their loops of  
Henle can be deduced through the use of the minimum 
value for the (TF/P)inulin obtained using the micropunc-
ture technique from the early DCT, which has been done 
in rats. Because this value is around 6, a reasonable estimate 
of the proportion of filtrate that is reabsorbed in the rat 
PCTs is close to five sixths (83%). This value is close to the 
estimate of fractional reabsorption in PCTs obtained with 
measurement of lithium clearance (which is thought to be 
a marker for fractional reabsorption in PCT) in human 
subjects.

When these findings are extrapolated to humans with 
GFR values of 180 L/day, only about 30 L of filtrate per day 
(180 ÷ 6) would be delivered to the DCT if all nephrons 
were superficial. This number needs to be adjusted down-
ward because juxtamedullary nephrons have AQP1 along 
their DtLs. If these nephrons are 15% of the total and 
receive 27 L of glomerular filtrate per day (15% of 180 L/
day), and if five sixths of the glomerular filtrate of these 
nephrons is reabsorbed along their PCTs, 4.5 L/ day reach 
their DtLs. Because the interstitial osmolality rises threefold 
(from 300 to 900 mOsmol/kg H2O) in the outer medulla, 
two thirds, or 3 L of the 4.5 L/day, are reabsorbed in the 
DtLs of these nephrons. Therefore, the volume of filtrate 
delivered to DCTs is likely to be 27 L/day (30 L/day exit 
the PCTs minus 3 L/day that are reabsorbed in DtLs of the 
juxtamedullary nephrons).

RESIDUAL WATER PERMEABILITY
There are two pathways for transport of water in the inner 
MCD, a vasopressin-responsive system via AQP2 and a 
vasopressin-independent system called residual water per-
meability. Two factors may affect the volume of water reab-
sorbed by RWP. The driving force is the enormous difference 
in osmotic pressure between the luminal and interstitial 
fluid compartments in the inner MCD during a water diure-
sis, which should drive the reabsorption of water via RWP. 
The second factor is contraction of the renal pelvis. Each 
time the renal pelvis contracts, some of the fluid in the renal 
pelvis travels in a retrograde direction up toward the inner 
MCD; some of that fluid may be reabsorbed via RWP after 
it enters the inner MCD for a second (or a third) time, 
especially if there is some turbulence, which aids diffusion 
and prolongs contact time.

As calculated previously, 27 L/day are delivered to the 
distal nephron in a normal subject, and the urine flow rate 
during maximum water diuresis is around 10 to 15 mL/min 
(≈14 to 22 L/day). If this maximum water diuresis could be 
maintained for 24 hours, somewhat more than 5 L of water 
would be reabsorbed per day in the inner MCD by RWP 
during water diuresis.

CONCEPT 3
Another component of the physiology of water diuresis is 
“desalination” of luminal fluid in nephron segments that 
can reabsorb Na+ but lack water channel.

Figure 27.2  Regulation of the concentrating process in the renal 
medulla by the concentration of ionized calcium in the medullary 
interstitial compartment. To reabsorb Na+ and Cl− in the medullary 
thick ascending limb (mTAL) of the  loop of Henle, K+ must enter  its 
lumen via renal outer medullary K+ (ROMK) channels to be a substrate 
for the Na-K-2Cl cotransporter. This creates a lumen-positive voltage 
that drives the passive reabsorption of Na+ and Ca2+ via the paracel-
lular pathway  (tight  junction protein: claudins 16 and 19). Once  the 
activity of Ca2+ rises sufficiently in the medullary interstitial compart-
ment, a signal is generated to inhibit flux of K+ through luminal ROMK 
and, hence, further reabsorption of Na+ and Cl− in this nephron unit. 
When water is reabsorbed from the medullary collecting duct (MCD), 
the concentration of ionized Ca2+ in the medullary interstitial compart-
ment falls. This drop removes the inhibition on the flux of K+ through 
luminal ROMK, leading to reabsorption of more Na+ and Ca2+ until the 
activity of Ca2+ rises sufficiently in the medullary interstitial compart-
ment to reestablish the cycle of  inhibitory control.  (Reproduced with 
the permission of the author and the publisher from Halperin ML: The 
ACID truth and BASIC facts—with a sweet touch, an enLYTEnment, 6th 
ed, Toronto, 2015, RossMark Medical Publishers.)
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Osmole Excretion Rate

The osmole excretion rate is equal to the product of the 
urine osmolality (Uosm) and the urine flow rate (see Equa-
tion 1). In subjects eating a typical Western diet, the rate of 
excretion of osmoles is 600 to 900 mOsm/day, with electro-
lytes and urea each accounting for close to half of the urine 
osmoles. During a water diuresis, a change in the rate of 
excretion of osmoles does not directly affect the urine 
volume, because AQP2 should not be present in the luminal 
membrane of principal cells in the final functional unit of 
the nephron. Nevertheless, the rate of excretion of osmoles 
must be calculated in the patient with a water diuresis 
because if high, it will lead to polyuria due to an osmotic 
diuresis, once there is a renal response to the administration 
of dDAVP.

 Osmole excretion rate U Urine flow rateosm= ×  (1)

Urine Osmolality

The Uosm is equal to the number of excreted osmoles divided 
by the urine volume. Therefore during a water diuresis, a 
change in the Uosm could reflect a change in the osmole 
excretion rate and/or in the volume of filtrate delivered to 
the distal nephron (which largely determines the urine 
volume in this setting). For example, if the rate of excretion 
of osmoles is 800 mOsm/day, the Uosm is 50 mOsm/L if the 
24-hour urine volume is 16 L, and 100 mOsm/L if the 
24-hour urine volume is 8 L. A note of caution is needed—a 
rise in the Uosm following the administration of dDAVP may 
reflect a fall in the distal delivery of filtrate due to a fall in 
blood pressure and the GFR rather than a renal response 
to dDAVP with the insertion of AQP2 in the luminal mem-
brane of principal cells.

Electrolyte-Free Water Balance

Calculation of the electrolyte-free water balance is based on 
how much water is needed to make all of the Na+ + K+ into 
a solution with a tonicity equal to the normal plasma tonicity 
(i.e., 150 mmol in 1 L of water). To perform this calcula-
tion, one must know the volume of and the concentrations 
of Na+ + K+ in the input and in the urine.

For example, a patient received 3 L of 0.9% saline (Na+ 
concentration = 150 mmol/L) and excreted 3 L of urine 
with a concentration of (Na+ + K+) of 50 mmol /L. There is 
no electrolyte-free water in the input. With regard to the 
output, this patient excreted 1 L of isotonic salt solution and 
2 L of electrolyte-free water. Hence, the patient has a nega-
tive electrolyte-free water balance of 2 L and the PNa will rise. 
Another patient received 3 L of 0.9% saline but excreted 
3 L of urine, each of which has a concentration of (Na+ + 
K+) of 200 mmol/L. As in the first example, there is no 
electrolyte-free water in the input. With regard to the 
output, because this patient would have needed to excrete 
4 L (and not 3 L) of urine to make this total of 600 mmol 
of Na+ + K+ into an isotonic solution, the patient has a posi-
tive electrolyte-free water balance of 1 L and hence the PNa 
will fall (i.e., a deficit of Na+ + K+ of 150 mmol resulted in 
making 1 L of body water into 1 L of electrolyte-free water). 
As shown in Table 27.1, although the balances for Na+ + K+ 
and for water are very different in three examples used, 
calculation of electrolyte-free water balance provided the 

Table 27.1 Comparison of a Tonicity 
Balance and an Electrolyte-Free 
Water Balance in a Patient with 
Hypernatremia

Na+ + K+ 
(mmol)

Water 
(L)

Electrolyte-Free 
Water (L)

Infusion of 3 L of isotonic saline:
  Input 450 3 0
  Output 150 3 2
  Balance +300 0 −2
Infusion of 4 L of isotonic saline:
  Input 600 4 0
  Output 150 3 2
  Balance +450 +1 −2
No intravenous fluid infusion:
  Input 0 0 0
  Output 150 3 2
  Balance −150 −3 −2

Three settings are described, in which the PNa rises from 140 to 
150 mmol/L. The only difference is the volume of isotonic 
saline infused in each setting. Note that although the balances 
for Na+ + K+ and for water are very different in these three 
examples, calculation of electrolyte-free water shows a 
negative balance of 2 L of electrolyte-free water in all of them. 
The goals for therapy—to correct the hypernatremia and to 
return the volume and the composition of the extracellular and 
intracellular fluid compartments to their normal values—are 
clear only after a tonicity balance is calculated.

same answer, a negative balance of 2 L of electrolyte-free 
water. Therefore, although calculation of electrolyte-free 
water balance correctly predicts the change in PNa, it does 
not reveal whether its basis is a change in water balance or, 
in fact, a change in Na+ + K+ balance. Hence, this calculation 
is not helpful to design the therapy needed to return the 
volume and composition of the extracellular fluid (ECF) 
and intracellular fluid (ICF) compartments to their normal 
values.

Tonicity Balance

To decide what the basis is for a change in the PNa and to 
define the proper therapy to return the volume and com-
position of the ECF and ICF compartments to their normal 
values, separate balances for water and Na+ + K+ must be 
calculated.5 To perform a tonicity balance, one must 
examine the input and output volumes and the quantity of 
Na+ and K+ infused and excreted over the period when the 
PNa changed (Figure 27.3). In practical terms, a tonicity 
balance can be performed only in a hospital setting, where 
inputs and outputs are accurately recorded. In a febrile 
patient, balance calculations will not be as accurate because 
sweat losses are not measured. Nevertheless, restricting the 
analysis of the output to the urine data would be sufficient 
in an acute setting.

Even if measurements of the concentrations of Na+ and 
K+ in the urine are not available, if the PNa at the beginning 
and the end of a certain period, the volume of the urine, 
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and the volume and amount of Na+ + K+ in the fluid infused 
during that period are known, the clinician can use these 
data to calculate the quantity of Na+ + K+ in the urine so as 
to determine why the PNa changed.

CLINICAL APPROACH TO THE PATIENT WITH A 
WATER DIURESIS
The steps to take to determine the diagnosis in a patient 
with a water diuresis are outlined in Flow Charts 27.1  
and 27.2.

Step 1: What Is the Uosm?

A value of the Uosm that is less than 250 mOsm/kg H2O sug-
gests that the basis of polyuria is a water diuresis. A large 
water diuresis is the expected physiologic response to a 
water intake that is large enough to cause the arterial PNa to 
fall below 136 mmol/L. In this case, the diagnosis is primary 
polydipsia. Once the PNa has returned to the normal range, 
the urine flow rate should decrease and the Uosm should rise 
appropriately, although one must keep in mind that the 
prior water diuresis may have caused a lower medullary 
interstitial osmolality due to medullary washout. In contrast, 
diabetes insipidus is present if a water diuresis persists when 
the PNa is higher than 140 mmol/L.

Calculate the osmole excretion rate (Equation 1)—the 
usual value is close to 0.6 mOsm/min (600-900 mOsm/day) 
in subjects consuming a typical Western diet. If the osmole 
excretion rate is more than double this rate, an osmotic 
diuresis will ensue once the patient has a renal response to 
the administration of vasopressin or its dDAVP analog. This 
response may lead to significant changes in the PNa and 
hence brain cell volume, depending on the concentrations 
of Na+ and K+ in the urine and the tonicity of administered 
fluids.

Step 2: Examine the Renal Response to 
Vasopressin or dDAVP (see flow Chart 27.2)

Diabetes insipidus could be due to a lesion in the 
hypothalamic–posterior pituitary axis, which controls the 
production and/or release of vasopressin (central DI),  

Figure 27.3  Tonicity balance to determine the basis for a rise in 
the PNa. Performing a tonicity balance requires the input and output 
volumes and the quantity of Na+ and K+ infused and excreted in the 
urine.  The  values  in  this  figure  are  from  the  patient  discussed  in 
Consult 2. The patient had an acute rise in PNa from 140 mmol/L to 
150 mmol/L. The  tonicity balance  illustrated here  indicates  that  the 
basis for the rise in her PNa was due to a positive balance of 300 mmol 
of Na+, and not a negative balance of water. Therefore,  the goal of 
therapy  is  to  induce  a  negative  balance  of  300 mmol  of  Na+  while 
maintaining  water  balance.  (Reproduced with the permission of the 
author and the publisher from Halperin ML: The ACID truth and BASIC 
facts—with a sweet touch, an enLYTEnment, 6th ed, Toronto, Ross-
Mark Medical Publishers, 2015. )

Na 150 mmol450 mmol

3L3L H2O

Flow Chart 27.1  Reproduced with the permission of the author and 
the publisher from Halperin ML: The ACID truth and BASIC facts—with 
a sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark 
Medical Publishers.
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Flow Chart 27.2  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.
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the presence of a circulating vasopressinase that breaks 
down vasopressin, or a renal lesion that prevents the binding 
of vasopressin to its V2 receptor (V2R) and/or causes the 
insertion of AQP2 in the luminal membrane of principal 
cells in the final functional unit of the nephron (nephro-
genic DI) (see Figure 27.1).

If the water diuresis is curtailed by the administration of 
dDAVP, the diagnosis is central DI or the release of an 
enzyme that hydrolyzes vasopressin in plasma (a vasopres-
sinase). If there is a reason to suspect the latter, one should 
examine the response to the administration of vasopressin 
after the effect of dDAVP has worn off and the patient is 
having a water diuresis again. In contrast to the response to 
the administration of dDAVP, a patient in whom a vasopres-
sinase has been released will not show response to the 
administration of a small dose of vasopressin.

Step 3: Establish the Basis for Central  
Diabetes Insipidus

The central water control system (Figure 27.4) should be 
examined for a lesion that has caused the defect in vasopres-
sin biosynthesis or release. An important part of this workup 
is to determine in a patient with hypernatremia whether 
thirst is present; its absence suggests that the defect involves 
the hypothalamic osmostat (tonicity stat is a better term 
because it refers only to effective osmoles; i.e., it ignores the 
osmotic contribution of urea, because cell membranes of 
most organs have transporters for urea and thus they are 
permeable to urea).

Step 4: Establish the Basis for Nephrogenic 
Diabetes Insipidus

If dDAVP fails to cause an appropriate decrease in the urine 
flow rate (depending on the rate of excretion of effective 
osmoles) and the appropriate rise in the effective Uosm 

Figure 27.4  Water control system. Left, The sensor is the osmostat or tonicity stat (top circle), which detects a change in PNa via an effect 
on the volume of its cells. The tonicity stat is linked to the thirst center (left circle) and to the vasopressin release center (right circle). Nonos-
motic stimuli (e.g., certain drugs, nausea, pain, anxiety) also influence the release of vasopressin. Vasopressin release is also stimulated when 
there  is a  large decrease  in  the effective arterial blood volume (EABV); a  lower PNa  is needed to suppress the release of vasopressin  in  this 
setting. When vasopressin acts, the urine flow rate is directly proportional to the number of effective osmoles in the inner medullary collecting 
duct and indirectly proportional to the effective osmolality in the inner medullary interstitial compartment. The clinical disorders associated with 
polyuria due to a water diuresis (i.e., diabetes insipidus [DI]) and the sites of these lesions are listed on the right. (Reproduced with the permis-
sion of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a sweet touch, an enLYTEnment, 6th ed, Toronto, 
2015, RossMark Medical Publishers.)
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(depending on the value of medullary interstitial effective 
osmolality, which is usually lower from a prior water diure-
sis), the diagnosis is the AQP2 deficiency type of nephro-
genic DI. Hereditary nephrogenic DI could be due to  
an X-linked recessive, V2R mutation (more common), or 
autosomal recessive or dominant AQP2 mutations. In the 
noninherited disorders, the most common cause of neph-
rogenic DI in an adult is the ingestion of lithium.

CONSULT 1: WHAT IS “PARTIAL” ABOUT PARTIAL 
CENTRAL DIABETES INSIPIDUS?
A 32-year-old healthy man had a recent basal skull fracture. 
Since his head injury, his urine output had been consistently 
about 4 L/day and his Uosm around 200 mOsm/kg H2O in 
multiple 24-hour urine collections. In blood samples drawn 
early in the morning, his PNa was around 143 mmol/L, and 
vasopressin was not detectable in his plasma. During the 
daytime, his Uosm was consistently around 90 mOsm/kg H2O 
and his PNa 137 mmol/L. When he was given dDAVP, his 
urine flow rate decreased to 0.5 mL/min and the Uosm rose 
to 900 mOsm/kg H2O. He noted that if he stopped drink-
ing water after supper, his sleep was not interrupted by a 
need to void. In fact, his Uosm was around 425 mOsm/kg 
H2O in several overnight urine samples. Of interest, his 
urine flow rate fell to 0.5 mL/min and his Uosm rose to 
900 mOsm/kg H2O after an infusion of hypertonic saline.

Questions

• Is this a water diuresis?
• What are the best options for therapy in this patient?

Discussion of Questions

Is This a Water Diuresis? Because the patient’s Uosm was 
200 mOsm/kg H2O and the urine volume was 4 L/day, this 
was a water diuresis with the usual total osmole excretion 
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understand the pathophysiology and, importantly, the 
options for treatment of his partial central DI.

What Are the Best Options for Therapy? The major point 
here is that a higher PNa could stimulate the release of vaso-
pressin. The patient selected oral NaCl tablets to raise his 
PNa to control his daytime polyuria. Moreover, this therapy 
avoided the risk of acute hyponatremia, which might occur 
if he were given dDAVP and drank an excessive quantity of 
water by habit. In contrast, he selected water deprivation to 
raise his PNa overnight, which seemed to permit him to have 
undisturbed sleep.

CONSULT 2: IN A PATIENT WITH CENTRAL DIABETES 
INSIPIDUS, WHY DID POLYURIA PERSIST AFTER THE 
ADMINISTRATION OF dDAVP?
A 16-year-old male (weight 50 kg, total body water 30 L) 
underwent craniopharyngioma resection in the morning. 
Over the next 5 hours his urine output was 3 L (urine flow 
rate 10 mL/min). The PNa rose from 140 to 150 mmol/L. 
During this time, he received 3 L of isotonic saline. The Uosm 
was 120 mOsm/kg H2O and the urine Na+ + K+ concentra-
tion was 50 mmol/L. To confirm the diagnosis of central 
DI, he was given dDAVP, and the urine flow rate fell to 
6 mL/min, the Uosm rose to 375 mOsm/kg H2O, and the 
urine Na+ + K+ concentration rose to 175 mmol/L.

Additional Questions

• Does the drop in the patient’s urine flow rate to 6 mL/
min represent a partial response to dDAVP?

• Why did the PNa rise from 140 to 150 mmol/L during the 
large water diuresis?

Discussion of Additional Questions

Does the Drop in the Patient’s Urine Flow Rate to 6 mL/
min Represent a Partial Response to dDAVP? When dDAVP 
acts, the urine flow rate is directly proportional to the 
osmole excretion rate and inversely proportional to the 
medullary interstitial osmolality. The expected urine flow 
rate in response to dDAVP in a subject who consumes a 
typical Western diet (≈900 osmoles/day, of which half is 
electrolyte osmoles and the other half is urea osmoles) and 
has a medullary interstitial osmolality of 900 mOsm/kg H2O 
(half of which is electrolyte osmoles and the other half is 
urea osmoles) is about 0.7 mL/min. The osmole excretion 
rate in this patient before the administration of dDAVP was 
1.2 mOsm/min—Uosm (120 mOsm/kg H2O) × urine flow 
rate (10 mL/min). This value was double the usual osmole 
excretion rate (0.6 mOsm/min) in subjects consuming a 
typical Western diet. Another point merits emphasis with 
regard to the nature of excreted osmoles. Prior to the 
administration of dDAVP, five sixths of the osmoles in the 
urine were Na+ + K+ salts—2(UNa + UK) = 100 mmol/L; 
Uosm = 120 mOsm/kg H2O. Because electrolytes are effective 
osmoles in the urine but urea is not usually an effective 
osmole in the urine when vasopressin acts, most of osmoles 
in the patient’s urine were effective osmoles, which obligate 
the excretion of water after dDAVP acts.

It is also important to recognize that because of a prior 
water diuresis, there would be a degree of washout of the 
renal medulla. Hence the maximum Uosm in response to the 
administration of dDAVP would be significantly lower than 

rate for a subject consuming a typical Western diet 
(800 mOsm/day) (see Flow Chart 27.1). The patient had 
an adequate renal response to dDAVP because his Uosm rose 
to 900 mOsm/kg H2O. Hence he had central DI. Because 
his urine volume was only 4 L/day and not 10 to 15 L/day, 
the diagnosis was “partial” central DI.

Central Diabetes Insipidus: Although the diagnosis of central 
DI was straightforward, there were two facts that have not 
yet been interpreted. First, because he complained of thirst, 
the patient’s “tonicity stat” and thirst center, as well as the 
fibers connecting them, appeared to be functionally intact 
(see Figure 27.4). Similarly, because the Uosm was greater 
than the Posm in the first-voided morning urine (Uosm was 
425 mOsm/kg H2O) when the PNa was 143 mmol/L, the 
vasopressin release center seemed to function but only 
when there was a ”relatively strong stimulus” for the release 
of this hormone (PNa of 143 mmol/L). In keeping with this 
hypothesis is the fact that the urine flow rate fell to 0.5 mL/
min and the Uosm rose to 900 mOsm/kg H2O after an infu-
sion of hypertonic saline. Therefore a possible site for the 
lesion is destruction of some but not of all of the fibers 
linking the tonicity stat to the vasopressin release center 
(Figure 27.5). Such a lesion might explain why polyuria was 
not present overnight if the patient stopped water intake 
several hours prior to going to sleep. This example provides 
insights into the pathophysiology of partial central DI.6

Primary Polydipsia: The patient’s PNa was high enough 
early in the morning (143 mmol/L) to stimulate the release 
of vasopressin. In contrast, during the daytime, his PNa 
was 137 mmol/L and his Uosm was consistently around 
90 mOsm/kg H2O, which suggest that primary polydipsia 
was present while he was awake. Its basis probably was  
a “learned behavior” to avoid the uncomfortable feeling  
of thirst. This interpretation provides a rationale to 

Figure 27.5  Lesion causing “partial” central diabetes insipidus. 
The top circle represents the osmostat or tonicity stat, which is the 
sensor, the  left circle the thirst center, and the right circle the vaso-
pressin release center. The X symbol represents a hypothetical lesion 
that causes severing of some but not all of the fibers connecting the 
tonicity stat to the vasopressin release center.  (Reproduced with the 
permission of the author and the publisher from Halperin ML: The ACID 
truth and BASIC facts—with a sweet touch, an enLYTEnment, 6th ed, 
Toronto, 2015, RossMark Medical Publishers.)
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Urea, however, may be an effective urine osmole in some 
circumstances. When the rate of excretion of urea rises by 
a large amount, urea might not be absorbed fast enough to 
achieve equal concentrations in the lumen of the inner 
MCD and in the interstitium in the inner medulla. Hence, 
urea may become an effective osmole in the inner MCD and 
thereby obligate the excretion of water. Urea may be also 
an effective urine osmole if the rate of excretion of electro-
lytes is low.

CONCEPT 5
The medullary interstitial osmolality falls during an osmotic 
diuresis because of medullary washout.

During an osmotic diuresis, a larger number of liters of 
fluid is delivered to and reabsorbed in the MCD. Hence, 
medullary washout occurs and medullary interstitial osmo-
lality falls. The “expected” medullary interstitial osmolality 
is about 600 mOsm/kg H2O at somewhat high osmole 
excretion rates, and values closer to the Posm are observed 
at much higher osmole excretion rates.

TOOLS FOR EVALUATION OF OSMOTIC DIURESIS
Uosm

The Uosm should be higher than the Posm.

Osmole Excretion Rate

In an adult during an osmotic diuresis, the rate of excretion 
of osmoles should be much greater than 1000 mOsm/day 
(more than 0.7 mOsm/min).

Nature of the Urine Osmoles

The nature of the urine osmoles should be determined by 
measuring the rate of excretion of the individual osmoles 
in the urine. One can deduce which solute is likely to be 
responsible for the osmotic diuresis by measuring their con-
centrations in plasma (e.g., glucose, urea). A large amount 
of mannitol is rarely given; hence it is unlikely to be the sole 
cause of a large and sustained osmotic diuresis. A saline-
induced osmotic diuresis may occur if there was a large 
infusion of saline or in a patient who has cerebral or renal 
salt wasting. For diagnosis of a state of salt wasting, there 
must be an appreciable excretion of Na+ at a time when the 
EABV is definitely contracted.

Sources of the Urine Osmoles

In a patient with a glucose- or a urea-induced osmotic diure-
sis, it is important to decide whether these osmoles were 
derived from an exogenous source or from catabolism of 
endogenous proteins.

Sources of Urea

Urea Appearance Rate. The rate of appearance of urea can 
be determined from the amount of urea that is retained in 
the body plus the amount that is excreted in the urine over 
a given period. The former can be calculated from the rise 
in the concentration of urea in plasma (Purea) and assuming 
a volume of distribution of urea equal to total body water 
(≈60% of body weight in the absence of obesity).

One can use the following calculation to determine 
whether the source of urea was the breakdown of exogenous 
or endogenous proteins, if the intake of proteins is known. 

that observed in normal subjects. That fact may explain why 
this patient’s Uosm rose to only 375 mOsm/kg H2O following 
the administration of dDAVP.

On the basis of the preceding findings and discussion, the 
drop in the patient’s urine flow rate to only about 6 mL/
min represented not a partial response to dDAVP but, 
rather, the expected response because of the high rate of 
excretion of effective osmoles (osmotic diuresis) and the 
low medullary interstitial osmolality (urinary concentrating 
defect due to medullary washout).

Why Did the PNa Rise from 140 to 150 mmol/L During the 
Large Water Diuresis? Although the tendency here is to 
assume that this patient’s hypernatremia was due to a water 
deficit because he had a large water diuresis, the basis of the 
rise in his PNa can be revealed with calculation of tonicity 
balance.

Calculate the tonicity balance:
Water Balance: The patient received 3 L of isotonic saline, 

and hence had an input of 3 L of water. He excreted 3 L of 
urine, so there is a nil balance of water.

Na+ + K+ Balance: The patient received 450 mmol (3 L × 
150 mmol Na+/L) and excreted only 150 mmol (3 L urine 
× 50 mmol Na+/L). Hence he had a positive balance of 
300 mmol of Na+. When one divides this surplus of Na+ by 
the total body water (30 L), the rise in PNa is 10 mmol/L, a 
value equal to the actual rise in PNa. Therefore the basis for 
the rise in PNa was a positive balance of Na+ rather than a 
deficit of water. The proper treatment to restore body tonic-
ity and the volume and composition of the ECF and ICF 
compartments in this patient was to induce a negative 
balance of 300 mmol of Na+ + K+.

OSMOTIC DIURESIS

CONCEPT 4
The volume of the urine during an osmotic diuresis is 
directly proportional to the rate of excretion of effective 
osmoles and indirectly proportional to the medullary inter-
stitial effective osmolality.

When vasopressin acts, AQP2 channels are present in the 
luminal membrane of the late distal nephron, so the Uosm 
should be equal to the medullary interstitial osmolality. Not 
all osmoles, however, are equal in their ability to increase 
the urine volume. Only osmoles that do not achieve equal 
concentrations in the lumen of the MCD and in the medul-
lary interstitial compartment are effective osmoles; they 
determine what the urine flow rate will be.

Because cells in the inner MCD have urea transporters in 
their luminal membranes when vasopressin acts, urea is 
usually an “ineffective” osmole (the concentration of urea 
is equal on the two sides of that membrane) so it does not 
cause water to be excreted. The net result of excreting some 
extra urea is a higher Uosm but not a higher urine flow rate. 
Therefore, it is more correct to say that the urine flow rate 
is directly proportional to the number of non-urea or effec-
tive urine osmoles and inversely proportional to their con-
centration in the medullary interstitial compartment 
(Equation 2).

Urine flow rate effective urine osmoles effective Uosm= #
 (2)
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Step 2: Define the Nature of the Excreted Osmoles

One can make a reasonable assessment of the likelihood 
that a solute will cause polyuria if its concentration in plasma 
is measured, the GFR is estimated, and the renal handling 
of that solute is known. One should also determine whether 
enough mannitol was administered to cause the observed 
degree of polyuria. Osmotic diuresis could be due to a saline 
diuresis if Na+ and Cl− are excreted at high rates and repre-
sent the majority of the urine osmoles.

Step 3: Identify the Source of the Osmoles  
in the Urine

In a patient with a glucose- or urea-induced osmotic diure-
sis, it is important to decide whether these osmoles were 
derived from an endogenous source or from catabolism of 
exogenous proteins. The clinician should be aware of 
hidden glucose in the lumen of the gastrointestinal tract, 
because it may soon be absorbed and contribute to the 
osmotic diuresis.

In a patient with a saline-induced osmotic diuresis, one 
must determine why so much NaCl is being excreted. Some 
potential causes are prior excessive saline administration (a 
common situation in a hospital setting), administration of 
a loop diuretic in a patient with significant edema, cerebral 
salt wasting, and renal salt wasting.

CONSULT 3: AN UNUSUALLY LARGE OSMOTIC 
DIURESIS IN A PATIENT WITH DIABETES MELLITUS
A 50-kg, 14-year-old female had a long history of type 1 
diabetes mellitus, which was poorly controlled because she 
did not take insulin regularly. In the past 48 hours, she was 
thirsty, drank large volumes of fruit juice, and noted that 
her urine volume was very high. On physical examination, 
her EABV was not appreciably contracted. The urine flow 
rate was 10 mL/min over this 100-min period. Other labora-
tory data included: pH = 7.33, plasma bicarbonate (HCO3

−) 
concentration (PHCO3) = 24 mmol/L, plasma anion gap 
(PAG) = 16 mEq/L, plasma K+ concentration (PK) = 
4.8 mmol/L, plasma creatinine concentration (PCr) = was 
close to her usual values of 1.0 mg/dL (88 μmol/L), blood 
urea nitrogen (BUN) = 22 mg/dL (Purea 8 mmol/L), and 
hematocrit = 0.50. Of note, there was no decrease in her 
plasma glucose concentration (PGlu) over that period, 
despite the excretion of a large amount of glucose in urine; 
the following results were also reported:

Close to 16% of the weight of protein is nitrogen. Therefore 
if 100 g of protein were oxidized, 16 g of nitrogen would be 
formed. The molecular weight of nitrogen is 14, so about 
1140 mmol of nitrogen would be produced. Because each 
mmol of urea contains two atoms of nitrogen, about 
570 mmol of urea would be produced from the oxidation 
of 100 g of protein. In terms of lean body mass: Water is the 
main constituent in the body (80% of weight): each kg has 
800 g of water and 180 g of protein. Therefore, breakdown 
of 1 kg of lean mass will produce about 1026 mmol of urea.

Sources of Glucose. The production of glucose from 
endogenous sources is relatively small. In more detail, only 
60% of the weight of protein can be converted to glucose. 
Hence, to produce enough glucose from protein to induce 
1 L of osmotic diuresis (≈300 mmol of glucose), one would 
need the catabolism of 90 g of protein (equivalent to the 
catabolism of 1 lb of lean body mass). Therefore, if there is 
a large glucose-induced osmotic diuresis, the glucose must 
be from an exogenous source (e.g., the ingestion of fruit 
juice or sugar-containing soft drinks).

CLINICAL APPROACH TO THE PATIENT WITH AN 
OSMOTIC DIURESIS
The steps in the clinical approach to the patient with 
osmotic diuresis are illustrated in Flow Charts 27.1 and 27.3.

Step 1: Calculate the Osmole Excretion Rate

If the Uosm is greater than the Posm and the osmole excretion 
rate exceeds 1000 mOsm/day (or 0.7 mOsm/min), an 
osmotic diuresis is likely to be present. The caveat here, 
however, is that the Uosm from a spot urine sample may not 
be representative of the value of the Uosm throughout the 
24-hour period if there are intermittent periods of water 
diuresis.

Flow Chart 27.3  Reproduced with the permission of the author and 
the publisher from Halperin ML: The ACID truth and BASIC facts—with 
a sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark 
Medical Publishers.

Polyuria:
Osmotic diuresis

Yes No

• Glucose
• Urea
• Mannitol
• Osmoles from lavage fluid

• Electrolyte-induced
osmotic diuresis

Is the PGlucose or the PUrea high
or did the patient receive large
amount of organic osmoles?

Is the EABV low?

Yes No

• Cerebral salt wasting
• Renal salt wasting

• Excessive infusion
of NaCl

Admission After 100 min

Plasma Urine Plasma Urine

Glucose, mg/
dL (mmol/L)

1260 (70) 5400 (300) 1260 (70) 5400 (300)

Na+, mmol/L 125 50 123 50
Osmolality, 

mOsm/L
320 450 316 450

Questions

• What is the basis of the polyuria?
• What dangers do you anticipate for this patient?
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The effective osmoles in the ECF compartment are Na+ 
and its attendant anions (Cl− plus HCO3

−); their content in 
the ECF compartment determines its volume.

CONCEPT 7
The hydrostatic pressure and the oncotic pressure across 
the capillary membrane are the major forces that deter-
mine the distribution of the ECF compartment between its 
intravascular and interstitial spaces.

The major driving force for outward movement of an 
ultrafiltrate across the capillary membrane is the hydrostatic 
pressure difference. The hydrostatic pressure at the venous 
end of the capillary is higher under conditions that lead to 
venous hypertension (e.g., venous obstruction, congestive 
heart failure).

The major driving force for inward fluid movement from 
the interstitial space to the intravascular space is the col-
loidal osmotic pressure difference. This is largely due to the 
higher concentration of albumin in the intravascular space 
(40 g/L) in comparison with the interstitial space (10 g/L). 
Fluid accumulates in the interstitial space in patients with 
hypoalbuminemia (e.g., patients with nephrotic syndrome). 
Thus the ECF volume (ECFV) in these patients may be 
increased but their EABV may be decreased.

CONCEPT 8
The signal for the regulation of the ECF volume is related 
to the pressure rather than to the volume in the large blood 
vessels.

Control mechanisms are set to defend the EABV rather 
than the ECF volume. The expected renal response to 
decreased EABV is the excretion of very little Na+ and Cl− in 
the urine.

TOOLS FOR EVALUATION OF DECREASED EABV
Quantitative Assessment of the Extracellular  
Fluid Volume

The physical examination, the plasma concentrations of K+, 
HCO3

−, creatinine, urea, and urate, as well as the fractional 
excretions of urea and urate are useful at times to suggest 
that the EABV is contracted. Nevertheless, they do not 
provide a quantitative estimate of the ECFV. A quantitative 
assessment of the ECFV can be obtained using the hemato-
crit (Table 27.2) or the total plasma proteins (if their values 
were normal to begin with).9

Sample Calculation. In a normal adult at sea level, the usual 
hematocrit is 0.40 and the blood volume is about 5 L (2 L 
of red blood cells [RBCs] and 3 L of plasma; Equation 4). 
Therefore, when the hematocrit is 0.50, and because there 
are still 2 L of RBCs, the current blood volume is 4 L, and 
the plasma volume is 2 L (Equation 5). Hence the plasma 
volume is reduced by 1 L from its normal value of 3 L. If 
one ignores changes in Starling forces for simplicity, the 
ECFV should have declined to approximately two thirds of 
its normal volume.

 
Hematocrit L RBCs L Blood volume

L RBCs L plasma
( . )

( )
0 40 2 5

2 3
=

+  (4)

 Hematocrit L RBCs L Blood volume( . )0 50 2 4=  (5)

Discussion of Questions

What Is the Basis of the Polyuria?
Uosm: The Uosm of 450 mOsm/kg H2O indicates that this 

polyuria was due to an osmotic diuresis. The Uosm was 
lower than the expected value during an osmotic diuresis, 
probably reflecting the very high osmole excretion rate, 
which caused a larger fall in the patient’s medullary inter-
stitial osmolality owing to a large volume of water reab-
sorption in her MCD.

Osmole Excretion Rate: The product of her Uosm (450 mOsm/L) 
and urine flow rate (10 mL/min) yielded an osmole 
excretion rate of 4.5 mOsm/min, a value that is seven-
fold higher than the usual value in an adult (≈0.6 mOsm/
min).

Nature of the Urine Osmoles: Because the patient’s GFR was not 
low and her PGlu was extremely high (1260 mg/dL, 
70 mmol/L), the filtered load of glucose was markedly 
higher than the maximum tubular capacity for its reab-
sorption; hence this was a glucose-induced osmotic diure-
sis (confirmed by the finding of a urine glucose 
concentration [UGlu] of about 300 mmol/L).

Sources of the Urine Osmoles: Of special emphasis, this patient’s 
PGlu did not decline despite such a high rate of excretion 
of glucose. In quantitative terms, the total content of 
glucose in her ECF compartment was 126 g—(1260 mg/
dL × 10 to convert to mg/L) × 10 L ECFV ÷ 1000. During 
this 100-minute period, she excreted 54 g of glucose—
(5400 mg/dL × 10 to convert to mg/L) × 1 L ÷1000. 
Therefore, although she excreted close to half of the 
content of glucose in her entire ECF compartment, there 
was no change in her PGlu. Accordingly, to maintain this 
degree of hyperglycemia, she needed a large input of 
glucose in a short time. The only likely source of such a 
large amount of glucose was glucose that was retained in 
her stomach. As a reference, 1 L of apple juice contains 
about 135 g of glucose. Although the usual effect of 
hyperglycemia is to slow gastric emptying, it did not occur 
in this patient, because a rapid rate of exit of fluid from 
the stomach and absorption in the intestine are needed 
for this degree of osmotic diuresis to occur.7

What Dangers Do You Anticipate in this Patient?
Cerebral Edema: Brain cell swelling might occur if there 

were a significant fall in her effective Posm (Equation 3).8 
This could occur if glucose and water entered the body 
and glucose was metabolized (rather than be excreted  
in the urine), causing a gain of electrolyte-free water  
in the body. This risk would be even greater if she had 
changed her intake to water rather than sugar-containing 
beverages.

 Effective P P P all values in mmol Losm Na Glu= +2 ( )  (3)

DECREASED EFFECTIVE ARTERIAL  
BLOOD VOLUME

CONCEPT 6
Water crosses cell membranes rapidly through AQP chan-
nels to achieve osmotic equilibrium. Hence, the numbers of 
effective osmoles in the ECF and ICF compartments deter-
mine their respective volumes.
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(e.g., sweat or the intestinal tract) or that there was a prior 
renal loss of Na+ and Cl− (e.g., remote use of diuretics). In 
the absence of a low EABV, a low rate of excretion of Na+ 
and Cl− may reflect a low intake of NaCl.

A High Rate of Excretion of Sodium But Little Excretion of 
Chloride. In a patient with a low EABV, there is an anion 
other than Cl− being excreted with Na+. If the anion is 
HCO3

− (the urine pH is alkaline), suspect recent vomiting. 
The anion could also be one that was ingested or adminis-
tered (e.g., penicillin) in which case, the urine pH would 
be close to 6.

A High Rate of Excretion of Chloride But Little Excretion 
of Sodium. In a patient with a low EABV, a cation other 
than Na+ is being excreted with Cl−. Most often the cation 
is NH4

+, and the setting is diarrhea or laxative abuse. The 
cation could also be K+ in a patient with chronic hypokale-
mia who is given KCl.

The Excretions of Sodium and Chloride Are Not Low. In a 
patient who has a low EABV, a high rate of excretion of both 
Na+ and Cl− suggests the absence of a stimulator of the reab-
sorption of Na+ and Cl− (e.g., aldosterone deficiency), the 
presence of an inhibitor of the reabsorption of NaCl (e.g., a 
diuretic), or an intrinsic renal lesion that has effects similar 
to those of a diuretic (e.g., Bartter’s syndrome or Gitelman’s 
syndrome). The pattern of excretion of electrolytes through-
out the day can also be very important. For example, the use 
of diuretics is suspected if UNa and UCl in a spot urine sample 
are both very low at times, but high at others.

Fractional Excretion of Sodium or Chloride

Calculation of the fraction excretion of Na+ (FENa) or Cl− 
(FECl) expresses the amount of Na+ or Cl− that is excreted 
in the urine as a percentage of the amount that is filtered. 
For example, adults consuming a typical Western diet, 
excrete about 150 mmol/day of each of Na+ and Cl−, because 
a normal GFR is about 180 L/day, and the kidney filters 
about 27,000 mmol of Na+ and about 20,000 mmol of Cl− 
per day (PNa or PCl × GFR); hence FENa is about 0.5%, and 
FECl about 0.75%. (The formula to use for this calculation 
is shown in Equation 6.

 FE U P U PNa Na Na Cr Cr= ×100 ( ) ( )  (6)

The three practical points one should bear in mind when 
using the FENa or FECl are (1) the excretions of Na+ and 
Cl− are directly related to the dietary intake of NaCl. Hence 
a low FENa or FECl may represent a low intake of NaCl rather 
than a low EABV; (2) the numeric values for FENa and FECl 
will be twice as high in a euvolemic subject who consumes 
150 mmol of NaCl daily whose GFR is reduced by 50% as in 
another subject who consumes the same amount of NaCl 
and has a normal GFR. Hence FENa and FECl numeric values 
must be interpreted in the context of the GFR at the time 
the measurements are made; and (3) as is the case with the 
use of UNa or UCl, the FENa may be high in a patient with a 
low EABV when there is an unusually large excretion of 
another anion (e.g., HCO3

−) in the urine, and the FECl 
may be high in a patient with a low EABV when there is an 
unusually large excretion of another cation (e.g., NH4

+) in 
the urine.

Basis for the Low EABV

The expected response to a low EABV is to excrete as little 
Na+ and Cl− as possible. Because timed and complete urine 
collections to calculate rates of excretion of Na+ and Cl− are 
usually not obtained, clinicians use the urinary concentra-
tions of Na+ (UNa) and Cl− (UCl) in a spot urine sample 
(Table 27.3) to assess the renal response to the presence of 
a low EABV. These, however, are concentration terms, which 
do not necessarily indicate low rates of excretion if the urine 
flow rate is high. To avoid this type of error, the UNa and UCl 
should be related to the concentration of creatinine in the 
urine (UCr), because the rate of excretion of creatinine is 
relatively constant throughout the day and its total excre-
tion can be predicted according to the estimate of muscle 
mass. Notwithstanding, there are some caveats about the use 
of urine Na+ and Cl− excretion rates to assess EABV (see 
later).10

A Low Rate of Excretion of Sodium and Chloride. A low 
rate of excretion of Na+ and Cl− in a patient with a decreased 
EABV suggests either a loss of NaCl via nonrenal routes 

Table 27.2 Use of the Hematocrit to Estimate 
the Extracellular Fluid Volume (ECFV)

Hematocrit % Change ECFV

0.40 0
0.50 −33
0.60 −60

The assumptions made when using this calculation are that the 
patient does not have anemia or erythrocytosis, that the red 
blood cell (RBC) volume is 2 L, and that the plasma volume is 
3 L (blood volume 5 L). The formula is: Hematocrit = RBC 
volume/(RBC volume + plasma volume). Values between those 
listed can be deduced by iteration.

Table 27.3 Urine Electrolyte Values in a Patient 
with a Contracted Effective Arterial 
Blood Volume

Condition Urine Na+ Urine Cl−

Vomiting:
  Recent High Low
  Remote Low Low
Diuretics:
  Recent High High
  Remote Low Low
Diarrhea or laxative abuse Low High
Bartter’s syndrome or Gitelman’s 

syndrome
High High

Values of the urine electrolyte concentration must be adjusted 
when polyuria is present. Urine Cl− is high in patients with 
diarrhea or laxative abuse if they have a high rate of excretion 
of NH4

+. High = urine concentration more than 15 mmol/L; 
low = urine concentration less than 15 mmol/L.
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Calculations of FENa and FECl are commonly used in 
patients with acute kidney injury in the differential diagno-
sis of prerenal azotemia versus acute tubular necrosis (in the 
absence of diuretics).11 The advantage of using fraction 
excretion in this setting over the urinary Na+ and Cl− con-
centrations is that the use of FENa and FECl adjusts these 
concentration terms for water reabsorption in the nephron.

Determine the Nephron Site Where There Is a 
Defect in Reabsorption of Sodium

If another compound or an ion that should have been reab-
sorbed in a given nephron segment is being excreted, one 
has presumptive evidence for a reabsorptive defect in that 
nephron segment. For example, if the defect is in the PCT, 
one might find glucosuria in the absence of hyperglycemia 
(e.g., Fanconi’s syndrome).

The presence of hypokalemia may suggest a defect in the 
TAL of the loop of Henle or in the DCT with enhanced rate 
of K+ secretion in the cortical distal nephron due to increased 
delivery of Na+ and the presence of aldosterone due to 
decreased EABV. The presence of hypocalciuria would 
suggest that the site of the lesion is in the DCT (e.g., Gitel-
man’s syndrome). The presence of hyperkalemia suggests a 
lesion in the CDN (e.g., Addison’s disease, use of potassium-
sparing diuretics such as spironolactone).

CONSULT 4: ASSESSMENT OF THE EABV
A 25-year-old woman was assessed by her family physician 
because of feeling weak. Although she admitted to being 
concerned about her body image, she reported no vomiting 
or intake of diuretics. Her blood pressure was 90 mm Hg 
systolic/60 mm Hg diastolic, her pulse rate was 110 beats/
min, and her jugular venous pressure was low. Measure-
ments in a venous blood sample showed PHCO3 = 24 mmol/L, 
PAG = 17 mEq/L, PK = 2.9 mmol/L, hematocrit = 0.50, and 
plasma albumin concentration PAlb = 5.0 g/dL (50 g/L). 
The urine electrolyte values were UNa < 5 mmol/L, UCl = 
42 mmol/L, urinary K+ concentration (UK) = 10 mmol/L, 
and UCr = 7 mmol/L.

Questions

• How severe is this patient’s ECFV contraction?
• What is the cause of her low EABV?

Discussion of Questions

How Severe Is this Patient’s EABV Contraction? The ele-
vated value for the hematocrit (0.50) provides quantitative 
information about her ECF volume (see Table 27.2); her 
ECF volume was reduced by 33%. If she had anemia, the 
degree of her ECFV contraction would be even greater.

What Is the Cause of Her Low EABV? The low UNa implies 
that her EABV was low. The high UCl (42 mmol/L), which 
exceeded the sum of her UNa + UK, indicates that there was 
another cation in that urine, most likely NH4

+.
Interpretation: Calculating the content of HCO3

− in this 
patient’s ECF compartment revealed that she had a deficit 
of NaHCO3. Loss of NaCl plus NaHCO3 via the gastrointes-
tinal (GI) tract was suspected as the cause of contracted 
EABV. The patient later admitted to the frequent use of a 
laxative. Hypokalemia could be explained by the loss of K+ 
via the GI tract because her low UK and UCr values suggest 

that the loss of K+ was extrarenal (see section on potassium). 
Hypokalemia is associated with acidosis in PCT cells, which 
stimulates ammoniagenesis. The increased rate of excretion 
of the cation NH4

+ obligates the excretion of Cl− despite the 
presence of a low EABV.

HYPONATREMIA

Hyponatremia is defined as a PNa less than 135 mmol/L.

CONCEPT 9
Because water moves across cell membranes to achieve 
osmotic equilibrium, acute hyponatremia is associated with 
swelling of brain cells. Brain cells adapt by exporting effec-
tive osmoles, mainly K+ (and an anion from their ICF) and 
a number of organic solutes (e.g., taurine, myoinositol).

If hyponatremia is present for more than 48 hours,  
these adaptive changes have proceeded sufficiently to  
shrink brain cells back close to their normal volume. In this 
setting, a rapid increase in the PNa shrinks cerebral vascular 
endothelial cells, leading to opening of the blood-brain 
barrier, allowing lymphocytes, complement, and cytokines 
to enter the brain, damage oligodendrocytes, and cause 
demyelination. Microglial activation also plays a role in this 
process.

From a clinical perspective, hyponatremia should be 
divided into the following three categories: acute, chronic, 
and chronic with an acute component; this classification has 
important implications for the design of therapy:

1. When hyponatremia is acute (i.e., <48 hours): The major 
risk is an increase in intracranial pressure, which may 
lead to brain herniation. Urgent therapy with hypertonic 
saline is needed to draw water out of the cranium.

2. When hyponatremia is chronic (i.e., >48 hours) and there 
is no acute element: The major risk related to hypona-
tremia is the development of osmotic demyelination 
from too rapid a rise in the PNa.

3. When an acute element of hyponatremia is present in a 
patient with chronic hyponatremia: The PNa must be 
raised quickly to lower intracranial pressure, but this rise 
should not exceed the maximum upper limit for the rise 
in PNa over a 24-hour period to avoid causing osmotic 
demyelination.

CONCEPT 10
Chronic hyponatremia is usually due to a defect in the renal 
excretion of water. There are two causes for diminished 
renal excretion of water: low distal delivery of filtrate and 
the actions of vasopressin.

Hyponatremia is not a specific disease; rather it is a diag-
nostic category with many different causes. The traditional 
approach to the pathophysiology of hyponatremia centers 
on a reduced electrolyte-free water excretion due to actions 
of vasopressin. In some clinical settings, release of vasopres-
sin is thought to be due to a diminished EABV. Notwith-
standing, at least in some patients the decrease in EABV 
does not seem to be large enough to cause the release of 
vasopressin. We suggest that hyponatremia may develop in 
some patients in the absence of vasopressin’s actions. Two 
factors are important in this context: the volume of filtrate 
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clues to detect the presence of a low distal delivery of fil-
trate. At times, however, EABV expansion with infusion of 
saline may be required to rule out low distal delivery of fil-
trate as the cause of hyponatremia. Absence of water diure-
sis confirms the diagnosis of SIADH.

Concentrations of Sodium and Chloride in Urine. Assess-
ment of UNa and UCl are helpful to detect the presence of a 
low EABV, and they may also provide clues about its cause. 
This was discussed in detail earlier.

Concentrations of Urea and Urate in Plasma. Patients with 
a low EABV tend to have a high Purea and plasma urate con-
centration (Purate) because reabsorption of urea and urate is 
increased in the PCT.13 The converse is also true in patients 
with chronic hyponatremia due to SIADH, because this sub-
group has some EABV expansion. Because the reabsorption 
of urea is influenced by the EABV but that of creatinine is 
not, the rise in the Purea is more pronounced than the rise 
in PCr in patients with low EABV. Therefore, the ratio of urea 
to creatinine in plasma is likely to be high in patients with 
hyponatremia as a result of a deficit of Na+ that causes a low 
distal delivery of filtrate. This, however, may not be the case 
if protein intake is low.

Other Tests. A low or a high PK, a rise in the PCr, and a low 
or a high PHCO3 may suggest that the EABV is low.

CONSULT 5: HYPONATREMIA WITH BROWN SPOTS
A 22-year-old woman had myasthenia gravis. In the previous 
6 months, she noted a marked decline in her energy, and 
her weight was down from 50 kg to 47 kg. She often felt 
faint when standing up quickly. She reported no large 
recent intake of water. On physical examination, her blood 
pressure was 80/50 mm Hg, pulse rate was 126 beats/min, 
jugular venous pressure was below the level of the sternal 
angle, and there was no peripheral edema. Brown pig-
mented spots were evident in her buccal mucosa. The elec-
trocardiogram (ECG) findings were unremarkable. The 
biochemistry data are as follows:

that is delivered to the distal nephron and the volume of 
water that is reabsorbed in the inner MCD through its RWP.3

The volume of distal delivery of filtrate is reduced if the 
GFR is decreased or the fractional reabsorption of NaCl in 
the PCT is increased.

The fractional reabsorption of NaCl in the PCT is 
increased in response to a decreased EABV. Decreased 
EABV can be due to a total body deficit of NaCl (e.g., 
diuretic use in a patient who consumes little salt, NaCl loss 
in diarrhea fluid or in sweat) or to a disorder that causes a 
low cardiac output. Because there is an obligatory minimal 
loss of Na+ in each liter of urine during a large water diure-
sis, a deficit of Na+ can be created during the polyuria 
induced by a large intake of water in a subject who con-
sumes little NaCl (e.g., a patient with beer potomania).

The driving force for water reabsorption via RWP is the 
osmotic pressure gradient generated by the difference in 
osmolality between the luminal fluid in the inner MCD and 
that in the medullary interstitium. As discussed previously, 
we estimate that somewhat more than 5 L of water is reab-
sorbed per day in the inner MCD by RWP during water 
diuresis.

In some patients, hyponatremia is caused by reduced 
electrolyte-free water excretion due to actions of vasopres-
sin, but the release of vasopressin is not caused by a decreased 
EABV. This category is called the syndrome of the inappropriate 
secretion of antidiuretic hormone (SIADH). SIADH, however, is 
a diagnosis of exclusion; it cannot be made if the patient 
has a condition that may lead to a low distal delivery of 
filtrate.

LABORATORY TESTS IN PATIENT WITH 
HYPONATREMIA
Measurement of Plasma Sodium Concentration

Pseudohyponatremia is present when the PNa measured by 
the laboratory is lower than the actual ratio of Na+ to plasma 
water in the patient. In fact, it is always present when PNa is 
measured in a diluted plasma sample, because close to 7% 
of the plasma volume is a nonaqueous volume (lipids  
or proteins). Hence, although the actual PNa is about 
150 mmol/L, the measured laboratory value of PNa using 
flame photometry is 140 mmol/L. A large nonaqueous 
volume in plasma (e.g., hypertriglyceridemia or hyperpro-
teinemia) can lead to underestimation of the value of PNa 
with this method. With the use of an ion-selective electrode, 
the activity of Na+ in the aqueous plasma volume is mea-
sured; nevertheless, because of the use of automatic aspira-
tors and dilutors to prepare the plasma samples, the PNa in 
plasma with a large nonaqueous volume may still be incor-
rectly reported as low. This error in measurement of PNa is 
detected by the finding of a normal Posm value (in the 
absence of high concentration of other osmoles, e.g., urea, 
glucose, alcohol).12

Tools to Detect a Low Effective Arterial  
Blood Volume

A difficulty with the diagnosis of the syndrome of inappro-
priate secretion of antidiuretic hormone (SIADH) is that 
patients may have a mild to modest degree of EABV contrac-
tion that cannot always be detected by the physical examina-
tion. The following laboratory tests may provide helpful 

Plasma Urine

Na+, mmol/L 112 130
K+, mmol/L 5.5 24
Urea BUN: 28 mg/dL 

(10 mmol/L)
Urea concentration: 

130 mmol/L
Creatinine 1.7 mg/dL (150 

μmol/L)
6.0 mmol/L

Osmolality, mOsm/kg 
H2O

240 325

Questions

• What is the most likely basis for the very low EABV?
• Are emergency situations present on admission?
• What dangers should be anticipated during therapy, and 

how can they be avoided?
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or heart rate and her jugular venous pressure was about 
1 cm below the level of the sternal angle. Her PNa was 
112 mmol/L with a Uosm of 325 mOsm/kg H2O. Other labo-
ratory results are as follows:

Discussion of Questions

What Is the Most Likely Basis for the Very Low EABV? In 
this case, the very contracted EABV (manifested by the low 
blood pressure and tachycardia), the low PNa, the high PK of 
5.5 mmol/L, and the renal salt wasting strongly suggested 
that the most likely diagnosis was adrenal insufficiency. It 
was likely due to autoimmune adrenalitis because the 
patient also had myasthenia gravis. The basis for the renal 
salt wasting is a lack of aldosterone. The low EABV was also 
caused in part by a lower degree of contraction of venous 
capacitance vessels because of glucocorticoid deficiency.

Are Emergency Situations Present on Admission? Two 
potential emergencies dominate the initial management: a 
very contracted EABV and the lack of cortisol. To deal with 
the former requires an infusion of a solution that is isotonic 
to the patient to reexpand her EABV without changing the 
PNa. We would infuse this saline solution quickly at the outset 
and then at a slower rate once the hemodynamic state 
improved. The second potential emergency is not life 
threatening at the moment, and it can be dealt with by 
administering cortisol. There is one other possible emer-
gency to consider: brain swelling due to the presence of an 
acute element to her hyponatremia. Such an acute element 
did not seem to be present because the patient did not have 
significant symptoms that could be related to an increased 
intracranial pressure and she also did not report a recent 
large water intake.

What Dangers Should Be Anticipated During Therapy, and 
How Can They Be Avoided? Reexpansion of the patient’s 
EABV could lead to an increased excretion of water due to 
an increased distal delivery of filtrate and, possibly, suppres-
sion of the release of vasopressin. In addition, the adminis-
tration of cortisol would improve her hemodynamic state 
and inhibit the release of corticotrophin-releasing factor 
and, hence, of vasopressin. The net result of this therapy 
would be to cause water diuresis and thereby a dangerous 
rise in the PNa. Because the patient had a small muscle mass 
(and therefore a small total body water volume), the excre-
tion of a relatively small volume of electrolyte-free water 
could lead to too rapid a rise in PNa. In addition, because of 
her poor nutritional state, which becomes even more 
evident if one interprets her weight loss in conjunction with 
a large gain of water in her cells (her loss of muscle mass 
was larger than revealed by her weight loss), she was at high 
risk for osmotic demyelination if her PNa were to rise rapidly. 
The rise in her PNa should not exceed a maximum of 
4 mmol/L per 24 hours. Accordingly, we would administer 
dDAVP early on in therapy to prevent water diuresis.

CONSULT 6: HYPONATREMIA IN A PATIENT ON 
THIAZIDE DIURETIC THERAPY
A 71-year-old woman was prescribed a thiazide diuretic for 
treatment of hypertension. She had ischemic renal disease 
with an estimated GFR of 28 mL/min (40 L/day). She con-
sumed a low-salt, low-protein diet and drank several large 
cups of tea a day to remain hydrated. A month later, she 
presented to her family doctor feeling unwell. Her blood 
pressure was 130/80 mm Hg, her heart rate was 80 beats/
min, there were no postural changes in her blood pressure 

Plasma Urine

Na+, mmol/L 112 22
K+, mmol/L 3.6 10
HCO3

−, mmol/L 28 0
Urea, mmol/L 8 241
Creatinine, μmol/L (mg/dL) 145 (1.3) 6.1 (0.7)

Questions

• What is the most likely basis for the chronic hyponatremia 
in this patient?

• What dangers should be anticipated during therapy, and 
how can they be avoided?

Discussion of the Questions

What is the Most Likely Basis for the Chronic Hyponatremia 
in this Patient? Although the patient was taking a thiazide 
diuretic, the degree of decrease in her EABV did not seem 
to be large enough to cause the release of vasopressin. The 
patient had a low baseline GFR of 40 L/day. The use of 
diuretics and the low-salt diet led to a deficit of Na+ and a 
mild reduction in EABV. Even a relatively small decrease in 
EABV leads to sympathetic activation, and β-adrenergic 
stimulation activates the rein angiotensin aldosterone 
system (RAAS), both of which increase the reabsorption of 
sodium and water in the PCT. If the patient were to reabsorb 
90% of her glomerular filtrate (which may be even lower 
because of the mild reduction in her EABV) in the PCT 
instead of 83% (as discussed previously, this is the percent-
age of the filtrate that is usually reabsorbed in the PCT in 
the absence of low EABV), less than 4 L/day of filtrate 
would be delivered distally; this is the maximum volume of 
urine she could excrete. This volume exceeds the usual daily 
intake of water, but hyponatremia might still develop in 
such a patient because there is water reabsorption by RWP 
along the inner MCD even in the absence of vasopressin 
action.

Because of the low rate of excretion of osmoles, and 
because the volume of filtrate delivered to the inner MCD 
in the absence of vasopressin is larger than during anti-
diuresis, the osmolality of fluid in the lumen of the inner 
MCD will be low. If the osmole excretion rate in this patient 
is 300 mOsm/day, and if 4 L are delivered to the inner 
MCD, the osmolality of the luminal fluid in the inner MCD 
would be 75 mOsm/L. Even if the medullary interstitial 
osmolality is substantially lower than normal, for instance, 
375 mOsm/L, there is still an enormous osmotic driving 
force for water reabsorption along the inner MCD, because 
a difference of 1 mOsm/kg H2O generates a pressure of 
about 19.3 mm Hg.

What Dangers Should Be Anticipated During Therapy, 
and How Can They Be Avoided? Understanding this patho-
physiology has clinical implications for the management  
of the patient with hyponatremia. Initially, this patient’s 
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Na+-K+-ATPase pump units in the cell membrane through 
recruitment of new units. A long-term increase in Na+-K+-
ATPase pump activity requires the synthesis of new pump 
units, as occurs with exercise training, excess thyroid hor-
mones, or high dietary K+ intake.

Insulin causes a shift of K+ into cells as it promotes the 
translocation of Na+-K+-ATPase units from an intracellular 
pool to the cell membrane. Insulin causes phosphorylation 
of FXYD1 (phospholamen) via atypical protein kinase C, 
which increase the Vmax of Na+-K+-ATPase. Insulin also acti-
vates the Na+-H+ exchanger isoform 1 (NHE1) and hence 
increases the electroneutral entry of Na+ into cells. β2-
adrenergic agonists induce phosphorylation of the FXYD1 
via cyclic adenosine monophosphate mediated activation of 
protein kinase A. Another activator of NHE1 is a rise in 
intracellular H+ concentration. Monocarboxylic acids (e.g., 
l-lactic acid, ketoacids) enter cells on the monocarboxylic 
acid cotransporter (MCT). The release of H+ near NHE1 
may cause its activation, which leads to an increase in the 
electroneutral entry of Na+ into cells and, in the presence 
of insulin, a shift of K+ into cells (Figure 27.6).14

A shift of K+ out of cells may occur in patients with meta-
bolic acidosis due to acids that are not transported on MCT 
(e.g., metabolic acidosis due to loss of NaHCO3 [gain of 
HCl] in a patient with diarrhea or the ingestion of citric 
acid, a tricarboxylic acid).

RENAL K+ EXCRETION.
Control of K+ secretion occurs primarily in the late CDN, 
namely the late DCT, the connecting segment, and the 
CCD. Two factors influence the rate of excretion of K+, 
the net secretion of K+ by principal cells in the CDN and 
the flow rate in the terminal CCD.

hyponatremia was thought to be caused by stimulation of 
vasopressin release due to decreased EABV owing to her 
intake of a thiazide diuretic; hence she was given isotonic 
saline to reexpand her EABV. Even a relatively small volume 
of saline (especially, if it were given as a bolus) might be 
sufficient to reduce the fractional reabsorption of filtrate in 
the PCT and increase its distal delivery. If the fractional 
reabsorption in PCT were decreased to 83% of the GFR of 
40 L/day, distal delivery of filtrate would increase to about 
7 L/day. This exceeds the capacity for water reabsorption 
by RWP (estimated to be ≈5 L/day), so water diuresis would 
ensue. Because of the patient’s small muscle mass, even a 
modest water diuresis might be large enough to cause a 
rapid rise in PNa and increase the risk of osmotic demyelin-
ation syndrome, especially if she were malnourished or 
potassium depleted.

POTASSIUM

Hypokalemia and hyperkalemia are common electrolyte 
disorders in clinical practice that may be associated with 
life-threatening cardiac arrhythmias. The analysis of the 
urine composition provides essential information to estab-
lish the underlying pathophysiology and to plan therapy.

Regulation of K+ homeostasis has two main aspects:

1. Control of the transcellular distribution of K+, which is 
vital for survival because it limits acute changes in the PK.

2. The regulation of K+ excretion by the kidney, which 
maintains whole-body K+ balance; this is, however, a 
much slower process.

CONCEPT 11
Three factors regulate the movement of K+ across cell mem-
branes: the concentration difference for K+, the electrical 
voltage across cell membranes, and the presence of open K+ 
channels in cell membranes.

TRANSCELLULAR DISTRIBUTION OF POTASSIUM

Approximately 98% of K+ in the body is in cells, retained 
there by the cell interior negative voltage owing primarily 
to negatively charged nucleic acids (i.e., RNA). In resting 
cells, K+ ions are relatively free to cross the membrane via 
some K+ channels as the concentration difference for K+ 
favors its movement out of cells. The diffusion and electrical 
forces eventually come into balance, and the equilibrium 
potential for K+ (EK) is achieved. Because cell membranes 
have much higher permeability to K+ than to Na+, the resting 
membrane potential (RMP) of cells is close to EK.

The normal RMP of active cells relies on the activity of 
Na+–K+–adenosine triphosphatase (Na+-K+-ATPase), an elec-
trogenic pump that creates intracellular negative potential 
by exporting three Na+ ions while importing only two K+ 
ions. There are three ways to acutely increase ion pumping 
by the Na+-K+-ATPase: (1) a rise in the concentration of its 
limiting substrate—intracellular Na+; (2) an increase in the 
affinity (lower Km [concentration for half-maximal activa-
tion]) for Na+ and K+ or an increase in the Vmax (maximal 
pump turnover rate) of the Na+-K+-ATPase units in cell 
membranes; and (3) an increase in the number of active 

Figure 27.6  Possible mechanism for how monocarboxylic acids 
cause a shift of K+ into cells. The circle  represents a cell. Na+-H+ 
exchanger isoform 1 (NHE1) in cell membranes is activated by insulin 
and by a high concentration of H+ in the cell interior, because H+ binds 
to the modifier site of NHE1. The concentration of H+ near NHE1 could 
rise  when  monocarboxylic  acids  (lactic  acid  in  this  example)  enter 
cells  on  the monocarboxylic  acid  cotransporter  (MCT)  and  their H+ 
ions  are  released close  to NHE1.  In  the presence of  insulin, which 
activates the Na+-K+-ATPase and NHE1 in cell membranes, electro-
neutral entry of Na+ into cells is increased. The subsequent transport 
of Na+ out of cells via the electrogenic Na+-K+-ATPase increases the 
cell  interior negative voltage and causes the retention of K+  in cells. 
(Reproduced with the permission of the author and the publisher from 
Halperin ML: The ACID truth and BASIC facts—with a sweet touch, an 
enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.)
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through pendrin, and hence NDCBE, and thereby decrease 
the electroneutral NaCl reabsorption, in turn increasing the 
electrogenic reabsorption of Na+ and the secretion of K+.

ROMK channels are the most important K+ channels for 
the secretion of K+ in the CDN. Large-K+ conductance—BK 
or maxi-K+—channels seem to play an important role in 
flow-dependent K+ secretion, but their role in physiologic 
regulation of renal excretion of K+ and its disorders is not 
clear.18

A complex network of “with-no-lysine kinases” (WNKs), 
WNK4 and WNK1, via effects on the thiazide-sensitive NaCl 
cotransporter (NCC) in the DCT and ROMK in the CDN, 
may function as a switch to change the aldosterone response 
of the kidney to either conserve Na+ or excrete K+.19 
Increased activity of NCC diminishes the delivery of NaCl 
to the CDN and hence the rate of electrogenic reabsorption 
of Na+ and the ability to generate large negative luminal 
voltage. WNKs also affect K+ secretion via induction of 
endocytosis/exocytosis of ROMK channels.20

CONCEPT 12
When vasopressin acts, the flow rate in the terminal CCD is 
determined by the number of effective osmoles present in 
luminal fluid.

When vasopressin acts, the late CDN is permeable to 
water owing to the insertion of AQP2 channels in the 
luminal membranes of principal cells. The osmolality of 
fluid in the terminal CCD becomes equal to the Posm and 
hence is relatively fixed. Therefore the number of osmoles 
present in the luminal fluid in the terminal CCD determines 
its flow rate. These osmoles are largely urea, Na+, Cl−, and 
K+ with an accompanying anion. Owing to the process of 
intrarenal urea recycling, the largest fraction of the osmoles 
delivered to the terminal CCD is urea osmoles. In subjects 
eating a typical Western diet, the amount of urea that recy-
cles would be approximately 600 mmol/day. This process of 
urea recycling adds an extra 2 L to the flow rate in the ter-
minal CCD (600 mOsm divided by a luminal fluid osmolality 
that is equal to plasma osmolality, i.e., ≈300 mOsm/L).

In a quantitative analysis, Kamel and Halperin illustrated 
that even in patients with a large defect in the ability to 
generate a lumen-negative voltage in the CDN, a significant 
degree of hyperkalemia is not likely to develop with a usual 
K+ intake, unless there is decreased flow rate in the terminal 
CCD. Restricting protein intake may decrease the amount 
of urea that recycles and hence the rate of flow in the ter-
minal CCD.21

CONCEPT 13
There is no normal rate of K+ excretion in the urine because 
normal subjects in steady state excrete all the K+ they eat 
and absorb from the GI tract.

To assess the renal response in a patient with a disorder 
in K+ homeostasis, we use the expected rate of excretion of 
K+ in patients in whom hypokalemia was present because of 
nonrenal causes and in subjects with normal renal function 
who were given a large K+ load. In patients who become K+ 
depleted with low dietary K+ intake, the excretion of K+ falls 
to 10 to 15 mmol/day. On the other hand, in subjects who 
consume a large quantity of K+ (in excess of 200 mmol/day) 
on a long-term basis, the rate of excretion of K+ matches 
their intake, with only a minor rise in PK.

K+ Secretion in the Cortical Distal Nephron

The process for secretion of K+ by principal cells in the CDN 
has two elements.15 First, a lumen-negative transepithelial 
voltage must be generated by electrogenic reabsorption of 
Na+ (i.e., reabsorption of Na+ via the amiloride-sensitive 
sodium channel [ENaC] without its accompanying anion, 
which is largely Cl−). Second, open renal outer medullary 
K+ (ROMK) channels must be present in the luminal mem-
branes of principal cells. Aldosterone actions lead to an 
increase in the number of open ENaC units in the luminal 
membranes of principal cells in the CDN. Aldosterone 
binds to its receptor in the cytoplasm of principal cells, and 
the hormone-receptor complex then enters the nucleus, 
leading to the synthesis of new proteins including the serum 
and glucocorticoid regulated kinase-1 (SGK-1). SGK-1 
increases the number of open ENaCs in the apical mem-
brane of principal cells via phosphorylation and inactivation 
of the ubiquitin ligase, neural developmentally downregu-
lated isoform 4-2 (Nedd 4-2).

It was thought that the paracellular pathway plays  
an important role in the reabsorption of Cl− in the CDN, 
but the large peritubular/luminal concentration differ-
ence for Cl− and the relatively small luminal/peritubular 
electrical driving force make this mechanism an unlikely 
one. An electroneutral, thiazide-sensitive, and amiloride-
resistant NaCl transport process has been identified in the 
β-intercalated cells of the CCD in mice. This seems to be 
mediated by the parallel activity of the Na+-independent 
Cl−/HCO3

−exchanger (pendrin) and the Na+-dependent 
Cl−/HCO3

− exchanger (NDCBE), resulting in electroneu-
tral NaCl reabsorption (Figure 27.7).16

An increase in luminal fluid concentration of HCO3
− 

and/or an alkaline luminal fluid pH seem to increase the 
amount of K+ secreted in the late CDN.17 It was suggested 
that this effect might be due to a decrease in the paracel-
lular permeability of Cl−. A different mechanism for the 
effect of luminal HCO3

− may be that because the HCO3
− gra-

dient is needed to increase flux through pendrin, an 
increase in luminal HCO3

− concentration may inhibit flux 

Figure 27.7  Electroneutral reabsorption of Na+ in the cortical 
distal nephron (CDN).  The pink circle  represents pendrin,  and  the 
red circle  the  Na+-dependent  Cl−/HCO3

−  exchanger  (NDCBE).  The 
exchange of 2 Cl−  for 2 HCO3

−,  via  two cycles  (2X) of pendrin with 
the subsequent uptake of 2 HCO3

− and 1 Na+ in exchange for 1 Cl− via 
one cycle of NDCBE, results in net electroneutral transport of 1 Na+ 
and 1 Cl− across the luminal membrane of each β-intercalated cell in 
the CDN. (Reproduced with the permission of the author and the pub-
lisher from Halperin ML: The ACID truth and BASIC facts—with a sweet 
touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical 
Publishers.)

1 Cl�

2 Cl�

1 Cl�

1 Na�

2 HCO3

2 X

�-intercalated cell

1 Na�

�

http://www.myuptodate.com


820  SECTIOn IV — EVAlUATIOn Of THE PATIEnT WITH KIDnEy DISEASE

The Transtubular Potassium Concentration 
Gradient (TTKG)

The transtubular potassium concentration gradient (TTKG) 
was developed to provide a semiquantitative reflection of 
the driving force for K+ secretion in the late CDN. The goal 
in this calculation was to adjust UK for the amount of water 
that was reabsorbed in downstream nephron segments (i.e., 
the MCD) to estimate the concentration of K+ in the luminal 
fluid in the terminal CCD, or [KCCD]. To calculate the [KCCD], 
we suggested dividing the UK by the ratio of Uosm to the Posm 
(i.e., Uosm/Posm), because the Posm should be equal to the 
osmolality in the luminal fluid in the terminal CCD when 
AQP2 channels are present in the luminal membranes of 
principal cells in the CCD.

The assumption made with use of the Uosm/Posm ratio to 
adjust for the amount of water that is reabsorbed in the 
MCD is that the majority of the osmoles delivered to the 
MCD were not reabsorbed in this nephron segment. 
Although the amount of electrolytes reabsorbed in the MCD 
should not pose a problem, this is not true for urea because 
of intrarenal urea recycling. We estimated that in subjects 
eating a typical Western diet, close to 600 mmol of urea is 
reabsorbed downstream from the CCD per day (Figure 
27.8). It follows that the calculated KCCD obtained from  
UK ÷ (Uosm/Posm) is likely to be appreciably higher than the 
actual value in vivo.21 Therefore we no longer use the TTKG 
in the clinical assessment of patients with dyskalemia. Rather 

TOOLS FOR EVALUATION OF A PATIENT WITH  
A DYSKALEMIA
Assess the Rate of Excretion of Potassium in the Urine

A 24-hour urine collection is not necessary to assess the daily 
rate of excretion of K+. Taking advantage of the fact that 
creatinine is excreted at a near-constant rate throughout the 
day, we use the ratio of the concentration of K+ in the urine 
(UK) to the concentration of creatinine in the urine (UCr) 
(i.e., the UK/UCr). This approach has the following advan-
tages: The data are available quickly and more relevant 
information is gathered because one knows the stimulus, 
the PK, that influences the rate of excretion of K+ at that 
time. The limitation is the diurnal variation in K+ excretion, 
but it does not negate the advantages. The expected UK/UCr 
in patients with hypokalemia due to an intracellular shift of 
K+ and in those with chronic hypokalemia due to extrarenal 
loss of K+ is less than 15 (mmol K+ per gram creatinine when 
creatinine measured in grams; mmol/g) or less than 1.5 
(mmol K+ per mmol creatinine when creatinine is measured 
in moles; mmol/mmol). The expected ratio in a patient 
with hyperkalemia and a normal renal response is greater 
than 200 (mmol/g) (or more than 20 [mmol/mmol]). 
Patients with chronic hyperkalemia, however, must have a 
defect in renal excretion of K+ and so are expected to have 
a low UK/UCr. A 24-hour urine collection may be needed in 
such patients to assess the contribution of the dietary K+ 
intake to the degree of hyperkalemia.
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Figure 27.8  Intrarenal recycling of urea increases flow in the cortical distal nephron (CDN). Vasopressin phosphorylates and causes the 
insertion of urea transporters  (UTs) UT-A3  in the  luminal membranes of cells  in  the  inner medullary collecting duct  (MCD) and UT-A1  in the 
basolateral membranes of cells in the inner MCD. The bulk of the urea that is reabsorbed in the inner MCD leaves the inner medulla via ascend-
ing vasa recta, because it has UT-A2. Most of these urea molecules enter the luminal fluid of the descending thin limbs of the loop of Henle 
(DtLs)  in  superficial nephrons, which have  their bends deep  in  the outer medulla, because  they possess UT-A2. The estimated  increase  in 
delivery of urea  to  the CDN of about 600 mmol/day  results  in a  rise  in  flow  rate  in  the  terminal  cortical  collecting duct  (CCD) by 2 L. This 
calculation does not  take  into account  the relatively small amount of urea that exits  the medulla via  the ascending vasa recta.  (Reproduced 
with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a sweet touch, an enLYTEnment, 6th 
ed, Toronto, 2015, RossMark Medical Publishers.)
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may lead to a rapid rise in PNa
22 because K+ ions enter and 

Na+ ions leave muscle cells. This movement of Na+ ions into 
the ECF compartment may also expand the EABV, leading 
to an increase in distal delivery of filtrate and resulting in 
water diuresis.

Step 2. Determine Whether the Basis for 
Hypokalemia Is an Acute Shift of Potassium  
into Cells

The basis for hypokalemia is likely to be an acute shift of K+ 
into cells if the duration of illness is known to be short, if 
there is a minimum rate of excretion of K+ (<15 mmol K+/g 
creatinine (or <1.5 mmol K+/mmol creatinine), and there 
is no significant degree of metabolic acidosis or metabolic 
alkalosis (Flow Chart 27.4).23

Having established that there is an acute shift of K+ into 
cells, the next step is to determine whether an adrenergic 
surge may have caused this shift. In these settings, tachycar-
dia, a wide pulse pressure, and systolic hypertension are 
often present. It is very important to recognize patients with 
these features because the administration of nonspecific 
β-blockers can lead to a very rapid recovery without admin-
istration of a large amount of KCl and hence avoid the risk 
of development of rebound hyperkalemia when the stimu-
lus for shift of K+ ions abates.24

Step 3. Examine the Acid-Basis Status in the 
Patient with Chronic Hypokalemia

If the patient has chronic hypokalemia, the first step is to 
examine the acid-base status in plasma.

Subgroup with Metabolic Acidosis. The group of patients 
with metabolic acidosis can be divided into two categories 
according to the rate of excretion of NH4

+ in the urine (Flow 
Chart 27.5). The rate of excretion of NH4

+ can be estimated 
with use of the urine osmolal gap (see discussion of meta-
bolic acidosis).

Subgroup with Metabolic Alkalosis. The first step in the 
patient with metabolic alkalosis is to determine whether the 
site of loss of K+ is renal or extrarenal on the basis of 
the assessment of the rate of renal excretion of K+ using the 
UK/UCr (Flow Chart 27.6). Patients with a low value for this 
ratio (i.e., <15 mmol/g or 1.5 mmol/mmol) have condi-
tions with loss of K+ via nonrenal routes such as in sweat 
(e.g., patients with cystic fibrosis) and via the GI tract (e.g., 
patients with diarrhea associated with decreased activity of 
the colonic luminal anion exchanger [Cl−/HCO3

−], a condi-
tion called downregulated in adenoma [DRA]). On the 
other hand, patients in whom the UK/UCr that is higher than 
these values have a condition associated with a renal loss of 
K+. The steps to take to determine the underlying patho-
physiology in this latter group of patients are outlined in 
Flow Chart 27.7.

In essence, we are trying to determine the cause of a 
higher rate of electrogenic reabsorption of Na+ in the CDN. 
The primary reason is an increased number of open ENaC 
units in the luminal membranes of principal cells in the late 
CDN. This increase could be due to two groups of disorders. 
The first group involves secondary increase in ENaC activity 
due to the release of aldosterone in response to a low EABV. 
Hence, patients with these disorders are not likely to have 

we rely on the UK/UCr to provide the information needed 
to assess the renal response in these patients.

Establish the Basis for the Abnormal Rate of Excretion of 
Potassium. In a patient with hypokalemia, a higher than 
expected rate of excretion of K+ implies that the lumen-
negative voltage is abnormally more negative and that open 
ROMK channels are present in the luminal membranes of 
principal cells in the CDN. The greater lumen-negative 
voltage is due to more electrogenic versus electroneutral 
Na+ reabsorption in the CDN. The converse is true in a 
patient with hyperkalemia where there is a lower than 
expected rate of excretion of K+.

The clinical indices that help in the differential diagnosis 
of the pathophysiology of the abnormal rate of electrogenic 
reabsorption of Na+ in CDN are an assessment of the EABV 
and the presence or absence of hypertension. The measure-
ment of plasma renin mass (Prenin mass) and the level of aldo-
sterone in plasma (PAld) are helpful in in this differential 
diagnosis (Table 27.4).

CLINICAL APPROACH TO THE PATIENT WITH 
HYPOKALEMIA
Table 27.5 lists causes of hypokalemia.

Step 1. Deal with Medical Emergencies That May 
Be Present on Presentation and Anticipate and 
Prevent Risks That May Arise During Therapy

The major emergencies related to hypokalemia are cardiac 
arrhythmias and respiratory muscle weakness leading to 
respiratory failure. Patients with chronic hyponatremia and 
hypokalemia are at a high risk for development of osmotic 
demyelination with a rapid rise in PNa. Administration of KCl 

Table 27.4 Use of Plasma Renin and Plasma 
Aldosterone Values to Assess the 
Basis of Hypokalemia or 
Hyperkalemia

Renin Aldosterone

Lesions That Cause Hypokalemia

Adrenal gland:
  Primary hyperaldosteronism Low High
  Glucocorticoid-remediable 

hyperaldosteronism
Low High

Kidney:
  Renal artery stenosis High High
  Malignant hypertension High High
  Renin-secreting tumor High High
  Liddle’s syndrome Low Low
  Disorders involving 

11β-hydroxysteroid 
dehydrogenase (HSDH)

Low Low

Lesions That Cause Hyperkalemia

Adrenal gland:
  Addison’s disease High Low
Kidney:
  Pseudohypoaldosteronism type 1 High High
  Hyporeninemic hypoaldosteronism Low Low

http://www.myuptodate.com


822  SECTIOn IV — EVAlUATIOn Of THE PATIEnT WITH KIDnEy DISEASE

Table 27.5 Causes of Hypokalemia*

Shift of K+ into cells
  Associated with an adrenergic surge β2-adrenergic surge due to stress conditions (e.g., head trauma, subarachnoid 

hemorrhage, myocardial infarction), drugs (e.g., amphetamines, theophylline, albuterol, 
clenbutrol), large dose of caffeine, pheochromocytoma

High insulin levels causing hypoglycemia
Thyrotoxic periodic paralysis

  Not associated with an adrenergic 
surge

Familial periodic paralysis
Sporadic periodic paralysis
K+ channel blockers (e.g., barium sulfide)
Anabolic state (e.g., recovery from diabetic ketoacidosis)

Increased K+ loss associated with 
hyperchloremic metabolic acidosis

Gastrointestinal loss of NaHCO3 (e.g., diarrhea, laxative abuse, fistula, ileus, ureteral 
diversion)

Overproduction of an acid with high rate of excretion of its anion in the urine (e.g., hippuric 
acid in glue sniffers)

Reduced reabsorption of NaHCO3 in the proximal convoluted tubule (e.g., patients with 
proximal renal tubular acidosis treated with large amounts of NaHCO3, long-term use of 
acetazolamide)

Distal renal tubular acidosis:
Low distal H+ secretion subtype (e.g., Sjögren’s syndrome)
High distal secretion of HCO3

− (e.g., Southeast Asian ovalocytosis with second mutation 
involving the Cl−/HCO3

− anion exchanger
Increased K+ loss associated with 

metabolic alkalosis
  Extrarenal loss of K+ Skin (e.g., patients with cystic fibrosis)

Colonic loss of K+ (patients with diarrhea due to diminished activity of the Cl−/HCO3
− 

exchanger; down regulated in adenoma [DRA])
  Renal loss of K+ Increased amiloride-sensitive sodium channel (ENaC) activity due to release of aldosterone 

in response to low effective arterial blood volume:
Vomiting, diuretic use or abuse
Bartter’s syndrome, Gitelman’s syndrome
Pseudo-Bartter’s syndrome due to ligand binding to calcium-sensing receptor ) in the 

thick ascending limb of the loop of Henle (e.g., Ca2+ in a patient with hypercalcemia), 
drugs (e.g., gentamicin, cisplatin), cationic proteins (e.g., cationic monoclonal 
immunoglobulins in a patient with multiple myeloma)

Primary increased ENaC activity:
Primary hyperreninemic hyperaldosteronism (e.g., renal artery stenosis, malignant 

hypertension, renin-secreting tumor)
Primary hyperaldosteronism (e.g., adrenal adenoma, bilateral adrenal hyperplasia, 

glucocorticoid-remediable aldosteronism)
Disorders in which cortisol acts as a mineralocorticoid (e.g., apparent mineralocorticoid 

excess syndrome, inhibition of 11β-hydroxysteroid dehydrogenase by glycyrrhizic 
acid, adrenocorticotropic hormone–producing tumor)

Constitutively active ENaC (e.g., Liddle’s syndrome)

*A decreased intake of K+ is rarely a sole cause of chronic hypokalemia unless the intake of K+ is very low and the duration of this low intake 
of K+ is prolonged. Nevertheless, a low intake of K+ can lead to a more severe degree of the hypokalemia if there is an ongoing K+ loss.

high blood pressure. The most common causes are pro-
tracted vomiting and the use of diuretic agents. The diuretic 
effect may also be due to an inherited disorder affecting 
NaCl reabsorption in the medullary TAL (i.e., Bartter’s syn-
drome) or in the DCT (i.e., Gitelman’s syndrome). Ligands 
that occupy the calcium-sensing receptor in the medullary 
TAL (e.g., ionized calcium in a patient with hypercalcemia), 
drugs (e.g., gentamicin, cisplatin), and possibly cationic 
proteins (e.g., cationic monoclonal immunoglobulins in a 
patient with multiple myeloma) may result in a clinical 
picture that mimics Bartter’s syndrome. The use of urine 
electrolyte values in the differential diagnosis of hypokale-
mia in a patient with a contracted EABV is summarized in 
Table 27.3.

The second group of disorders involves a condition that  
is associated with a primary increase in ENaC activity  
(e.g., primary hyperreninemic hyperaldosteronism, primary 
hyperaldosteronism, disorders in which cortisol acts as a 
mineralocorticoid in CDN, constitutively active ENaC in the 
luminal membrane of principal cells in CDN). Patients with 
these disorders are expected to have hypertension and not 
to have low EABV.

In some patients a decreased rate of electroneutral Na+ 
reabsorption may contribute to the increased rate of elec-
trogenic Na+ reabsorption and enhanced kaliuresis. This 
may be the case when Na+ is delivered to the CDN with little 
Cl− (e.g., delivery of Na+ with HCO3

− in a patient with recent 
vomiting or with an anion of a drug such as penicillin).
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Magnesium (Mg2+) deficiency is frequently associated 
with hypokalemia. This relationship is likely due to the 
underlying disorders that cause losses of both Mg2+ and K+ 
(e.g., diarrhea, diuretic therapy, Gitelman’s syndrome). K+ 
secretion in the CDN is mediated by ROMK, a process that 
is inhibited by intracellular Mg2+. A decrease in intracellular 
Mg2+, caused by Mg2+ deficiency, releases the Mg2+-mediated 
inhibition of ROMK. Mg2+ deficiency alone, however, does 
not necessarily cause hypokalemia, because an increase in 
the rate of electrogenic reabsorption of Na+ is required to 
enhance the rate of secretion of K+.

Flow Chart 27.6  Reproduced with the permission of the author and 
the publisher from Halperin ML: The ACID truth and BASIC facts—with 
a sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark 
Medical Publishers.

• Renal loss of K�

(see Flow Chart 27.7)

Chronic hypokalemia and
metabolic alkalosis

�1.5 �1.5

What is the UK/UCreatinine?

Route of K� loss:
• Renal: Remote use of diuretics
• GI: Diarrhea with decreased
  DRA activity
• Skin: Cystic fibrosis

Flow Chart 27.4  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.

HYPOKALEMIA

No/Yes Yes/No

• Chronic hypokalemia
due to a deficit of K�

• Acute hypokalemia due
to a shift of K� into cells

Are there clinical signs of an adrenergic surge?

Yes No

• β2-adrenergic response due to:
• Stress (e.g., head trauma, subarachnoid

hemorrhage, myocardial infarction)
• Drugs (e.g., theophylline, amphetamine,

ephedrine, albuterol, clenbuterol, 
large dose of caffeine)

• Severe degree of hypoglycemia due to very 
high insulin levels (e.g., an insulinoma)

• Thyrotoxic periodic paralysis (TPP)

• Rapid anabolism (e.g., recovery from DKA)
• Familial periodic paralysis
• Sporadic periodic paralysis
• K� channel blockers (e.g., barium sulfide)

Is the UK/UCreatinine <1.5?

Flow Chart 27.5  Reproduced with the permission of the author and 
the publisher from Halperin ML: The ACID truth and BASIC facts—with 
a sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark 
Medical Publishers.

• Diarrhea, laxative abuse
• Acetazolamide (chronic use)
• Overproduction of acids and

high excretion of their anions
with NH4  ,  Na�, and K�

(e.g., glue sniffer and some
patients with DKA)

Chronic hypokalemia and
metabolic acidosis

�40 �100

What is the rate of excretion of
NH4  (mmol/day)?�

�

• Distal RTA
   - Low H� secretion
   - High HCO3   secretion
• Proximal RTA treated with
   large dose of NaHCO3

�

CONSULT 7: HYPOKALEMIA AND A LOW RATE OF 
POTASSIUM EXCRETION
A 28-year-old Asian woman presented with sudden onset of 
generalized muscle weakness and inability to ambulate 
upon awakening this morning. She had lost 7 kg of body 
weight in the last 2 months but did not report nausea, vomit-
ing, diarrhea, or the use of diuretics, laxatives, exogenous 
thyroid hormone, herbal medications, or illicit drugs. The 
attack was not preceded by strenuous exercise or the con-
sumption of a carbohydrate-rich meal. She had no family 
history of hypokalemia, paralysis, or hyperthyroidism. On 
physical examination, she was alert and oriented; blood 
pressure was 150/70 mm Hg, heart rate was 116 beats/min, 
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Flow Chart 27.7  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.

Hypokalemia, metabolic alkalosis,
and high renal excretion of K�

Low/Low High/High

What is the EABV?
What is the blood pressure?

Low

What is the [Cl–]
in the urine?

What is the plasma renin mass?
What is the plasma aldosterone level?

Intermittently
high

Persistently
high

• Vomiting
• Remote

diuretics

• Bartter’s syndrome
• Gitelman’s syndrome
• Ligands that bind to

CaSR (e.g., Ca2+ in
patients with
hypercalcemia,
those taking gentamicin,
or cationic proteins) 

• Diuretics

Low/Low High/HighLow/High

• Adrenal problem
(e.g., adenoma,
bilateral hyperplasia,
GRA)

• Liddle’s syndrome
• Cortisol acts like

aldosterone (e.g., 
AME, glycerrhyizic
acid intake, ACTH-
producing tumor)

• Renal artery stenosis
• Malignant hypertension
• Renin-producing tumor

and respiratory rate was 18 breaths/min. The thyroid gland 
was not obviously enlarged, and there was no exophthalmos. 
Symmetric flaccid paralysis with areflexia was present in all 
four limbs. The remainder of the physical findings was unre-
markable. The pH and Pco2 shown in the following table of 
laboratory findings were from arterial blood sample, whereas 
all other blood data were from the venous blood sample. 
The ECG showed sinus tachycardia and prominent U waves.

What Is the Basis of the Hypokalemia? A UK/UCr ratio less 
than 1 (mmol/mmol) and the absence of a metabolic acid-
base disorder on presentation suggest that the basis of 
severe hypokalemia in this patient was an acute shift of K+ 
into cells.

Possible Reasons for Potassium Shift into Cells: The presence 
of tachycardia, systolic hypertension, and wide pulse pres-
sure suggest that an adrenergic surge was the cause of the 
acute shift of K+ into cells. On further laboratory testing she 
was found to have hyperthyroidism, so the diagnosis was 
thyrotoxic periodic paralysis (TPP). Patients with TPP often 
have subtle signs and symptoms of thyrotoxicosis. In contrast 
to standard teaching, most patients with TTP do not have 
clear precipitating factors such as strenuous exercise or the 
consumption of a carbohydrate-rich meal. Increased Na+-K+-
ATPase activity has traditionally been implicated in the 
pathogenesis of TPP. Later studies have shown, however, that 
susceptibility to TPP can be conferred by loss-of-function 
mutations in the skeletal muscle–specific inward-rectifying 
K+ (Kir) channel, Kir2.1, and loci on 17q24.3 involved in 
KCNJ2 gene expression. The dual hits of increased intracel-
lular K+ influx via activated Na+-K+-ATPase and decreased K+ 
efflux due to defective Kir channels lead to hypokalemia 
with decreased muscle excitability in patients with TPP.

What are the Options for Therapy? The patient received 
intravenous KCl at a rate of 10 mmol/hour in a normal 
saline solution. In a patient with severe hypokalemia, one 
should not use a dextrose-containing solution, because the 
release of insulin may induce a further shift of K+ into cells 
and aggravate the severity of hypokalemia. Although she 
received only 80 mmol of KCl, rebound hyperkalemia (PK 
5.7 mmol/L) developed; the PK returned to normal 6 hours 
later. Data suggest that hypokalemia in patients with TPP 
can be rapidly corrected without the risk of rebound 

Blood Urine

K+, mmol/L 1.8 12
Creatinine 0.7 mg/dL 1.9 g/L
Na+, mmol/L 140 179
Cl−, mmol/L 108 184
pH 7.41 —
PCO2, mm Hg 36 —
HCO3

−, mmol/L 23 —
Glucose, mg/dL 112 0

Questions

• Is there a medical emergency?
• What is the basis of the hypokalemia?
• What are the options for therapy?

Discussion of Questions

Is there a Medical Emergency? Because the ECG did not 
show significant changes that could be due to hypokalemia 
and because respiratory muscle weakness causing hypoven-
tilation was not present as assessed from the arterial Pco2, 
there were no serious emergencies related to hypokalemia 
at this time.
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tomography (CT) of the chest showed no lung mass. 
Although the patient denied consuming licorice or chewing 
tobacco, it turned out that he used an herbal preparation 
containing large amounts of glycyrrhizic acid (the active 
ingredient in licorice) to sweeten his tea. The patient was 
treated initially with intravenous KCl; the weakness improved 
when the PK reached 2.5 mmol/L. Oral KCl supplementa-
tion was continued. Two weeks later, PK and blood pressure 
values had returned to normal levels, and his body weight 
had decreased from 78 kg to 74 kg.

CLINICAL APPROACH TO THE PATIENT  
WITH HYPERKALEMIA
A list of causes of hyperkalemia is provided in Table 27.6.

Step 1. Address Emergencies

Hyperkalemia constitutes a medical emergency, primarily 
because of its effect on the heart, which may lead to cardiac 
conduction abnormalities, arrhythmias, and, ultimately, 
asystole.

Step 2. Determine Whether the Cause of the 
Hyperkalemia Is an Acute Shift of Potassium Out 
of Cells in Vivo or Pseudohyperkalemia

Flow Chart 27.8 illustrates the procedure for determining 
the cause of the hyperkalemia.

Is the time short and/or has the intake of K+ been low? 
If the answer is yes, the following three options should be 
considered:

There Is Destruction of Cells in the Body. Cell destruction 
could be due to, for example, crush injury, rhabdomyolysis, 
or tumor lysis syndrome.

There Is a Shift of K+ Out of Cells in the Body. Shift of K+ 
out of cells in the body may occur in conditions in which 
there is a less negative voltage in cells. Such conditions 
include tissue hypoxia affecting the Na+-K+-ATPase (those 
causing hypoxic lactic acidosis), lack of a stimulus for Na+-
K+-ATPase (e.g., lack of insulin in patients with diabetic 
ketoacidosis [DKA], β2-adrenergic blockade), and condi-
tions in which there is an α-adrenergic surge (e.g., marked 
decrease in EABV causing inhibition of the release of insulin 
or directly causing a shift of K+ out of cells). A shift of K+ 
may also occur in conditions with metabolic acidosis due  
to non-monocarboxylic acids, that is, acids that cannot be 
transported on the MCT (e.g., metabolic acidosis due to a 
gain of HCl acid from loss of NaHCO3 in a patient with 
diarrhea, ingestion of citric acid). Digoxin inhibits the Na+-
K+-ATPase, so digoxin overdose can result in hyperkalemia. 
Acute hyperkalemia may occur during exhaustive exercise 
or in patients with status epilepticus. Severe hyperkalemia 
has been described as a complication of the administration 
of mannitol for the treatment or prevention of cerebral 
edema, because a rise in effective osmolality in the intersti-
tial fluid causes the movement of water out of cells via AQP 
channels in cell membranes, which raises the concentration 
of K+ in the ICF and provides a chemical driving force for 
the movement of K+ out of cells. Succinylcholine depolarizes 
muscle cells, resulting in the efflux of K+ through acetylcho-
line receptors in conditions that may lead to upregulation 
of acetylcholine receptors (e.g., burns, neuromuscular 

hyperkalemia by the administration of a nonselective 
β-blocker and only a small dose of KCl.

CONSULT 8: HYPOKALEMIA AND A HIGH RATE OF 
EXCRETION OF POTASSIUM
Progressive muscle weakness developed over the last 6 hours 
in a 76-year-old Asian man that became so severe that he 
was unable to move. He had no other neurologic symptoms. 
He reported no nausea, vomiting, or diarrhea, or the use of 
diuretics or laxatives. Hypokalemia (PK 3.3 mmol/L) and 
hypertension had been noted 1 year ago but had not been 
investigated further. On this admission, his blood pressure 
was 160/96 mm Hg and his heart rate was 70 beats/min. 
Neurologic examination revealed symmetric flaccid paraly-
sis with areflexia but no other findings. The laboratory data 
prior to therapy are shown in the following table. The pH 
and Pco2 values are from an arterial blood sample. Subse-
quent measurements indicated that the Prenin mass and PAld 
were low. The plasma cortisol value was in the normal range.

Blood Urine

K+, mmol/L 1.8 26
Na+, mmol/L 147 132
Cl−, mmol/L 90 138
Creatinine 0.8 mg/dL 0.6 g/L
pH 7.55
PCO2, mm Hg 40 —
HCO3

−, mmol/L 45 0
Osmolality, mOsm/L 302 482

Question

• What is the cause of hypokalemia in this patient?

Discussion of the Question

What Is the Cause of Hypokalemia in this Patient? In the 
presence of hypokalemia, the UK/UCr was 5 (mmol/mmol), 
and metabolic alkalosis was also present. Hence the hypo-
kalemia was largely due to a disorder that caused excessive 
loss of K+ in the urine. Notwithstanding, that acute presenta-
tion with extreme weakness was likely due to an acute shift 
of K+ into cells in conjunction with a chronic disorder that 
caused loss of K+. This component of an acute shift of K+ 
into cells was attributed to vigorous exercise and a large 
carbohydrate intake during breakfast prior to the onset of 
symptoms.

On clinical assessment, the patient’s EABV volume was 
thought not to be contracted and he had hypertension. 
Therefore, the increased electrogenic reabsorption of Na+ 
in the CDN was due to a primary increase in ENaC activity. 
The differential diagnosis is guided by measurements of the 
Prenin mass and PAld (see Table 27.4). Because both PAld and 
Prenin mass were suppressed, the differential diagnosis was 
between disorders in which cortisol acts as mineralocorti-
coid and those with constitutively active ENaCs in the 
luminal membranes of principal cells in the CDN. Inherited 
disorders in which ENaC is constitutively active (Liddle’s 
syndrome) seemed unlikely, considering the patient’s  
age. Plasma cortisol values were not elevated. Computed 
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Table 27.6 Causes of Hyperkalemia

High intake of K+ Only if combined with low excretion of K+

Shift of K+ out of cells Tissue breakdown (e.g., crush trauma, rhabdomyolysis, tumor lysis), exhaustive exercise:
Na+-K+-ATPase problem
Tissue hypoxia
Lack of a stimulus (e.g., inhibition of insulin release by α-adrenergic surge, use of nonselective 

β-blockers [small effect if only factor])
Inhibition of Na+-K+-ATPase (e.g., by drugs such as digoxin)

Hyperosmolality (e.g., administration of mannitol)
Metabolic acidosis due to acids that cannot be transported on the monocarboxylic acid cotransporter 

(e.g., HCl, citric acid)
Increased K+ efflux from cells (due to cell depolarizers such as succinylcholine, fluoride intoxication)
Hyperkalemic periodic paralysis

Diminished K+ loss in the 
urine

Advanced chronic renal failure
Drugs that interfere with renal K+ excretion:

Drugs that cause acute renal failure or interstitial nephritis
Drugs that interfere with the renin angiotensin aldosterone axis (e.g., nonsteroidal anti-inflammatory 

drugs, direct renin blockers, angiotensin-converting enzyme inhibitors, and angiotensin receptor 
blockers)

Drugs that inhibit aldosterone synthesis (e.g., heparin)
Aldosterone receptor blockers (e.g., spironolactone)
Drugs that block amiloride-sensitive sodium channels (ENaCs) in the cortical distal nephron (CDN) 

(e.g., amiloride, trimethoprim)
Drugs that interfere with activation of ENaC via proteolytic cleavage (e.g. nafamostat mesylate)

Diminished electrogenic reabsorption of Na+ in the CDN:
Very low delivery of Na+ to the CDN
In some patients with hyporeninemic hypoaldosteronism due to destruction of or biosynthetic 

defect in the juxtaglomerular apparatus
Low levels of aldosterone (e.g., Addison’s disease)
Genetic disorders involving the aldosterone receptor or ENaC (type I pseudohypoaldosteronism)

Increased electroneutral reabsorption of Na+:
Increased reabsorption of Na+ and Cl− in the distal convoluted tubule (e.g., familial hypertension 

with hyperkalemia [WNK4 or WNK1 mutation], drugs [e.g., calcineurin inhibitors], in some 
patients with diabetic nephropathy and hyporeninemic hypoaldosteronism)

Enhanced electroneutral reabsorption of Na+ and Cl− in the CDN due to increased parallel activity 
of pendrin and the sodium-driven Cl−/HCO3

− (e.g., in some patients with diabetic nephropathy 
and hyporeninemic hypoaldosteronism)

HYPERKALEMIA

Yes No

Is the time period short and/or
is the intake of K� low?

Is there a reason to suspect
a shift of K� out of cells?

• Proceed to Flow Chart 27-9

Yes No

• Tissue trauma or crush injury
• Na�/K�-ATPase problem
   - Hypoxia
   - Lack of a stimulator
     (e.g., insulin lack, �2-blockers)
- Presence of an inhibitor
     (e.g., digoxin toxicity)
• Hyperosmolality
• �-adrenergic release
• Depolarizing agents

(e.g., succinylcholine)
• Metabolic acidosis due to

non-monocarboxylic acids

• Pseudohyperkalemia
   - Fist clenching, especially in
     a cachexic patient
   - Blood cell lysis in test tube (e.g., hemolysis
     thrombocytosis with megakaryocytes,
     leukocytosis with fragile WBCs)
   - Leak of K� across RBC membranes
     in vitro

Flow Chart 27.8  Reproduced with the permission of 
the author and the publisher from Halperin ML: The ACID 
truth and BASIC facts—with a sweet touch, an enLY-
TEnment, 6th ed, Toronto, 2015, RossMark Medical 
Publishers.
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injury [upper or lower motor neuron], disuse atrophy, or 
prolonged immobilization). Fluoride can open the Ca2+-
sensitive K+ channels, and fluoride intoxication can lead to 
fatal hyperkalemia. A positive family history for acute hyper-
kalemia suggests that there may be a molecular basis for this 
disorder (e.g., hyperkalemic periodic paralysis).

Pseudohyperkalemia May Be Present. The presence of 
ECG changes related to hyperkalemia rules out pseudohy-
perkalemia as the sole cause of the hyperkalemia. Pseudo-
hyperkalemia is caused by the release of K+ during or after 
venipuncture. Excessive fist clenching during blood sam-
pling may increase K+ release from local muscle and thus 
raise the measured PK. Pseudohyperkalemia can be present 
in cachectic patients, in whom the normal T-tubule archi-
tecture in skeletal muscle may be disturbed. Thrombocyto-
sis (especially megakaryocytosis), leukocytosis (especially 
due to fragile leukemia cells), and erythrocytosis may cause 
pseudohyperkalemia through the release of K+ from cells. 
Cooling of blood prior to the separation of cells from plasma 
is a recognized cause of pseudohyperkalemia. There are 
several hereditary subtypes of pseudohyperkalemia, caused 
by increase in passive K+ permeability of erythrocytes. The 
PK increases in blood samples from patients with these sub-
types that have been left at room temperature.

Step 3. What Is the Rate of Potassium Excretion?

In a patient with chronic hyperkalemia, pseudohyperkale-
mia should be ruled out first. In normal subjects, a K+ load 
can augment the rate of excretion of K+ to more than 
200 mmol/day with only a minor increase in PK. Patients 
with chronic hyperkalemia often have a defect in renal K+ 
excretion. In a steady state, they excrete what they eat 
(minus the amount of K+ lost in stool), but at the expense 
of maintaining hyperkalemia. Therefore, the value of assess-
ing the rate of K+ excretion is to determine the contribution 
of K+ intake to the degree of hyperkalemia. A 24-hour urine 
collection is necessary for this purpose, rather than deter-
mination of UK/UCr in a spot urine sample, because of the 
diurnal variation in K+ excretion.

Step 4. What Is the Basis for the Defect in Renal 
Potassium Excretion?

Does the Patient Have Advanced Chronic Renal Failure? 
The first subgroup consists of patients who have very low 
delivery of Na+ to the CDN resulting from a marked decrease 
in EABV.

Is the Patient Taking Drugs That Interfere with the Renal 
Excretion of Potassium? A list of drugs that may interfere 
with the renal excretion of K+ is provided in Table 27.6.

Does the Patient Have a Disorder That Leads to Diminished 
Reabsorption of Sodium via ENACs in the Cortical Distal 
Nephron? The second subgroup consists of patients who 
have lesions that lead to a diminished number of open 
ENaC units in the luminal membranes of principal cells in 
the CDN. This includes patients who have hypoaldosteron-
ism (e.g., adrenal insufficiency) and those with molecular 
defects that involve the aldosterone receptor or ENaC. 
Patients in this subgroup have a low EABV and higher than 
expected rates of excretion of Na+ and Cl− in a setting of 

low EABV and a high Prenin mass. The PAld is helpful to deter-
mine the reason for this diminished Na+ reabsorption via 
ENaC in the CDN.

A subset of patients with hypoaldosteronism has low  
Prenin mass (hyporeninemic hypoaldosteronism) and a low 
EABV. Their lesions may be destruction of or a biosynthetic 
defect in the juxtaglomerular apparatus, leading to a low 
Prenin mass and thereby a low PAld. Patients with such disorders 
are expected to have a significant rise in UK/UCr with the 
administration of exogenous mineralocorticoids.

Does the Patient Have a Disorder That Increases Electro-
neutral Sodium Reabsorption in the Distal Convoluted 
Tubule? In the subgroup of patients with disorders that 
increase electroneutral Na+ reabsorption in the DCT, the 
site of the lesion is the early DCT, where there is enhanced 
electroneutral reabsorption of Na+ and Cl− via NCC medi-
ated by an increase in the NCC-activating form of WNK4 or 
an increase in the long form of WNK1 (L-WNK1). Suppres-
sion of release of aldosterone by an expanded EABV leads 
to a diminished number of open ENaC units in the luminal 
membranes of principal cells in CDN. These kinases also 
cause endocytosis of ROMKs from the luminal membranes 
of principal cells in CDN. Such patients tend to have 
expanded EABV, hypertension, and suppressed Prenin mass and 
PAld (hyporeninemic hypoaldosteronism). Patients with this 
pathophysiology are expected to show a good response to 
the administration of thiazide diuretics, in terms of lowering 
of blood pressure and correction of hyperkalemia.

The clinical picture in patients with the syndrome of 
familial hyperkalemia with hypertension (also known as 
pseudohypoaldosteronism type II or Gordon’s syndrome) 
resembles that of a gain-of-function in the thiazide-sensitive 
NCC. Major deletions in the gene encoding for WNK1 and 
missense mutations in the gene encoding for WNK4 have 
been reported in these patients.25 A set of clinical findings 
similar to those in patients with familial hyperkalemia with 
hypertension may occur in other patients, most commonly 
those with diabetic nephropathy.20 Support for the hypoth-
esis that suppression of renin release in these patients is the 
result of EABV expansion are the findings that circulating 
atrial natriuretic peptide blood values are elevated in these 
patients, and many show response to either NaCl restriction 
or furosemide therapy with an increased Prenin mass. Another 
example of this pathophysiology is the hyperkalemia in 
patients treated with calcineurin inhibitors.26

Does the Patient Have a Disorder that Increases Electroneu-
tral Reabsorption of Sodium in the Cortical Collecting 
Duct? The pathophysiology in patients with disorders that 
increase electroneutral Na+ reabsorption in the CCD may 
consist of increased parallel transport activity of pendrin 
and Na+-dependent Cl−/HCO3

− exchanger (NDBC). This 
may be the pathophysiology for what used to be thought of 
as “chloride shunt disorder.”27 These patients will also have 
an expanded EABV and suppressed Prenin mass and PAld (hypo-
reninemic hypoaldosteronism). The disorders in these 
patients may be more responsive, in terms of increasing K+ 
excretion, to the induction of bicarbonaturia by the admin-
istration of the carbonic anhydrase inhibitor acetazolamide 
than to the administration of thiazide diuretics. This possi-
bility, however, needs to be examined in a clinical study.
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cause of hyperkalemia. The cause of this exit of K+ from cells 
could be cell necrosis or the α-adrenergic effect of adrena-
line released in response to the low EABV to suppress the 
release of insulin or to directly cause a shift of K+ out of cells. 
Nevertheless, he also had a large defect in renal K+ excre-
tion. Because EABV was low and UNa and UCl were inappro-
priately high in the presence of a contracted EABV, the low 
UK/UCr was due to diminished reabsorption of Na+ in the 
CDN (Flow Chart 27.9). The presumptive diagnosis was 
adrenal insufficiency due to an infection in a patient with 
HIV. The plasma cortisol value, however, was appropriately 
high, and moreover, he did not show a response to exoge-
nous mineralocorticoids with an increase in UK/UCr. It was 
thought that diminished Na+ reabsorption in the CDN was 
due to inhibition of ENaCs by the trimethoprim that was 
used to treat the PJP. Both the Prenin mass and PAld (which 
became available later) were high, as expected in this setting 
(see Table 27.4).

Interpretation: Renal salt wasting due to blockade of ENaCs 
by trimethoprim led to the development of a contracted 
EABV. As a result, there was a shift of K+ out of cells probably 
because of inhibition of insulin release by binding of cate-
cholamines to pancreatic islet cells α-adrenergic receptors. 
Because of the low EABV and the low intake of proteins, 
there was a low rate of flow in the CCD. This, in addition to 
diminishing the rate of K+ excretion, caused the concentra-
tion of trimethoprim to be higher in the lumen of the CCD 
(same amount of trimethoprim in a smaller volume); hence 
trimethoprim became a more effective blocker of ENaCs.

What Are the Implications of the Pathophysiology of Hyper-
kalemia for the Choice of Treatment in this Patient? The 
basis of hyperkalemia is a shift of K+ from cells, so it would 
be an error to induce a large loss of K+ when there is likely 
no total body K+ surplus. The appropriate treatment would 
be to expand the EABV with an infusion of saline to sup-
press the release of catecholamines, removing the inhibi-
tion of the release of insulin by their binding to pancreatic 
islet cells α-adrenergic receptors, which could result in a 
shift of K+ into cells.

The question arose as to whether trimethoprim should 
be discontinued. Because the drug was needed to treat the 
PJP, a means to remove its renal ENaC-blocking effect was 
sought. The concentration of trimethoprim would fall in 
the lumen of the CDN if flow in CDN were to rise through 
an increase in the number of osmoles delivered to this 
nephron segment. To achieve this aim, one could increase 
the delivery of urea to the CDN by increasing the intake of 
protein or one could inhibit the reabsorption of Na+ and 
Cl− in the TAL of the loop of Henle using a loop diuretic 
plus the infusion of enough NaCl to reexpand the EABV. 
Because it is the cationic form of trimethoprim that blocks 
ENaC, inducing bicarbonaturia could also be considered to 
lower the concentration of H+ in the luminal fluid in the 
CDN and thereby the concentration of the cationic form of 
the drug.

CONSULT 9: CHRONIC HYPERKALEMIA IN A PATIENT 
WITH TYPE 2 DIABETES MELLITUS
A 50-year-old man was referred for investigation of hyperka-
lemia; his PK ranged from 5.5 to 6 mmol/L in a number of 
measurements that were done over the last several weeks. He 

Step 5. Is a Low Flow Rate in the  
Terminal Cortical Collecting Duct Contributing  
to Hyperkalemia?

Because of the process of intrarenal urea recycling, a large 
fraction of the osmoles delivered to the terminal CCD is 
urea osmoles. A low protein intake may decrease the amount 
of urea that recycles and hence the rate of flow in the ter-
minal CCD. The usual rate of excretion of urea in subjects 
consuming typical Western diet is about 400 mmol/day. If 
the rate of excretion of urea is appreciably lower than that, 
a low flow rate in the terminal CCD may be a contributing 
factor in hyperkalemia.

CONSULT 8: HYPERKALEMIA IN A PATIENT  
TAKING TRIMETHOPRIM
Pneumocystis jiroveci pneumonia (PJP) developed in a 35-year-
old cachectic male with the human immune deficiency virus 
(HIV) infection. On admission, he was febrile, there were no 
physical findings indicating contraction of EABV volume, 
and all plasma electrolyte values were in normal ranges. He 
was treated with co-trimoxazole (sulfamethoxazole and tri-
methoprim). Three days later, he was noted to have low 
blood pressure, his EABV was low, and his PK rose to 
6.8 mmol/L. An ECG shows tall, peaked, narrow-based T 
waves. The urine volume was 0.8 L/day, and the Uosm value 
was 350 mOsm/kg H2O; other laboratory findings were as 
follows:

Blood Urine

K+, mmol/L 6.8 14
Na+, mmol/L 130 60
Cl−, mmol/L 105 43
Creatinine 0.9 mg/dL 0.8 g/L
pH 7.30 —
PCO2, mm Hg 30 —
HCO3

−, mmol/L 15 0
Urea BUN: 14 mg/dL Urea concentration: 

280 mmol/L

Questions

• Why is hyperkalemia present?
• What are the implications of the pathophysiology of 

hyperkalemia for the choice of treatment in this patient?

Discussion of the Questions

Why Is Hyperkalemia Present? The steps to follow are pro-
vided in Flow Chart 27.8. Although an element of pseudo-
hyperkalemia could have been present in this cachectic 
patient, the ECG changes indicated that he had true 
hyperkalemia.

Is the Time Short and/or Has the Intake of Potassium Been Low? 
The UK was 14 mmol/L and his rate of excretion of K+ was 
extremely low in the presence of hyperkalemia (UK/UCr 17.5 
[mmol/g]), so one might conclude that the major basis for 
the hyperkalemia is the low rate of K+ excretion. This severe 
degree of hyperkalemia developed over a relatively short 
time, however, and while the patient was consuming very 
little K+. Therefore, a shift of K+ from cells rather than a 
large positive external balance for K+ is likely the major 
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Discussion of the Question

What Is the Cause of Hyperkalemia in this Patient? The first 
step Is to rule out pseudohyperkalemia. The presence of 
hyperchloremic metabolic acidosis (HCMA) would suggest 
true hyperkalemia. Hyperkalemia is associated with an alka-
line PCT cell pH, which leads to inhibition of ammoniagen-
esis. K+ ions compete with NH4

+ for transport on the 
Na+-K+-2Cl−- cotransporter in the TAL of the loop of Henle, 
which leads to decreased medullary interstitial availability of 
NH3. Both effects result in a low rate of excretion of NH4

+.
The patient did not have advanced renal dysfunction and 

was not currently taking drugs that may interfere with renal 
excretion of K+. The Prenin mass was decreased and PAld was 
suppressed if one considers the presence of hyperkalemia. 
He was then thought to have hyporeninemic hypoaldoste-
ronism, commonly labeled as type IV renal tubular acidosis 
(RTA). This disorder is traditionally thought to be the result 
of destruction of, or a biosynthetic defect in, the juxtaglo-
merular apparatus (JGA) leading to low Prenin mass and thereby 
to low PAld. If type IV RTA were present, one would expect 
the patient to have renal salt wasting with decreased EABV 
and the absence of hypertension—although such features 
are not found in many patients with this disorder. Another 
hypothesis is that suppression of renin release in patients 
with this disorder is the result of EABV expansion because 

was on an angiotensin-converting enzyme (ACE) inhibitor 
for treatment of hypertension, but hyperkalemia persisted 
after this medication was discontinued. He was currently on 
amlodipine 10 mg once a day. He was noted to have microal-
buminuria, but no other history of macrovascular or micro-
vascular disease related to diabetes mellitus. On physical 
examination, his blood pressure was 160/90 mm Hg, his 
jugular venous pressure was about 2 cm above the level of the 
sternal angle, and he had pitting edema of the ankles bilater-
ally. Results of laboratory investigations were as follows:

Flow Chart 27.9  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.

CHRONIC HYPERKALEMIA

Yes No

• See Flow Chart 27-8

• See Table 27-6

Does the patient have pseudohyperkalemia?

Yes No

• Advanced renal
failure

Is the eGFR very low?

Yes No

Is the patient taking drugs that
interfere with the excretion of K�?

Yes No

Is the EABV low?

• Decreased electrogenic Na� reabsorption
   – Very low delivery of Na� to CDN
   – Addison’s disease
   – Some patients with hyporeninemic
      hypoaldosteronism
   – Genetic defects in aldosterone
      receptor or ENaC
   – Decreased ENaC conductance by
      inhibiting its proteolytic cleavage

• Increased electroneutral Na� reabsorption
   – In the DCT
       – Familial hypertension with hyperkalemia
       – Some patients with hyporeninemic
          hypoaldosteronism (e.g., some
          patients with diabetic nephropathy)
   – In the CCD?
       – Increased activity of pendrin/NDCBE

PNa, mmol/L 140
PK, mmol/L 5.7
PCl, mmol/L 108
Prenin mass, ng/L 4.50 (range 9.30-43.4)
PAld, pmol/L 321 (range 111-860)
PHCO3, mmol/L 19
PAlb, g/L (mg/dL) 40 (4.0)
PCr, μmol/L (mg/dL) 100 (1.2)

Question

• What is the cause of hyperkalemia in this patient?
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the PHCO3 is higher than normal and what changes have 
occurred in the composition of the ECF and ICF compart-
ments. Balance data are not available in most patients. Nev-
ertheless, with a quantitative assessment of the ECFV, 
tentative conclusions about the contribution of deficits of 
each of the different Cl−-containing compounds to the 
development of metabolic alkalosis can be deduced (Flow 
Chart 27.10).

CONCEPT 16
There is no tubular maximum for renal HCO3

− reabsorption.
Contrary to the widely held view, there is no renal tubular 

maximum for the reabsorption of NaHCO3.30,31 Filtered 
HCO3

− ions are reabsorbed and retained in the ECF com-
partment unless their reabsorption in the PCT is inhibited. 
Angiotensin II (Ang II) and the usual pH in PCT cells are 
the two major physiologic stimuli for NaHCO3 reabsorption 
in the PCT. Both of these stimuli must be removed for fil-
tered NaHCO3 to be excreted. Ingesting a large amount of 
NaHCO3 will not cause chronic metabolic alkalosis because 
it results in expansion of the EABV, which lowers Ang II, 
and raises the pH in cells of the PCT. On the other hand, 
NaHCO3 may be retained when there is a large decrease in 
its filtered load owing to a marked reduction in the GFR.

A deficit of NaCl or HCl may cause a higher PHCO3 and 
may also lead to a secondary deficit of K+ and hypokalemia. 
A deficit of K+ may be associated with an acidified PCT cell 
pH, which can then both initiate and sustain a high PHCO3 
as a result of renal new HCO3

− generation (higher excretion 
of NH4

+) and enhanced reabsorption of HCO3
− and organic 

anions (potential HCO3
−) in the PCT (see Flow Chart 

27.10).

circulating values of atrial natriuretic peptide blood are 
elevated, and many cases respond to either NaCl restriction 
or furosemide with an increased Prenin mass. The basis of the 
disorder remains to be established. It is possible that the 
reabsorption of Na+ and Cl− may be augmented in the DCT 
as in patients with familial hyperkalemia with hypertension. 
Interesting in regard to patients with type 2 diabetes melli-
tus, who may have hyperinsulinemia and the metabolic syn-
drome, is the finding that long-term insulin infusion in rats 
is associated with the retention of NaCl owing to its enhanced 
reabsorption in different nephron segments, including the 
DCT, and with less WNK4 expression in the renal cortex.20 
Studies in hyperinsulinemic db/db mice suggested that the 
phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway 
activates the WNK1-NCC phosphorylation cascade, possibly 
leading to active NCCs in the luminal membranes of DCT 
cells.28

Differentiation between these two groups of patients with 
hyporeninemic hypoaldosteronism has implications for 
therapy, those with JGA defect or destruction, and those 
with excessive Na+ and Cl− reabsorption in the DCT. The use 
of exogenous mineralocorticoids (9α-fludrocortisone) is of 
benefit for the first group, as it results in both a kaliuresis 
and reexpansion of the EABV owing to retention of Na+. 
Diuretic therapy would pose a threat to these patients 
because it would cause a more severe degree of EABV con-
traction. In contrast, mineralocorticoids may aggravate the 
hypertension in patients with excessive reabsorption of Na+ 
and Cl− in the DCT. In this group, the administration of 
thiazide diuretics to inhibit NCCs should lead to both kali-
uresis and lowering of the blood pressure.

METABOLIC ALKALOSIS

Metabolic alkalosis is an electrolyte disorder that is accom-
panied by an elevated PHCO3 and a high plasma pH. Most 
patients with metabolic alkalosis have a deficit of NaCl, KCl, 
and/or HCl, any of which may lead to a higher PHCO3.

CONCEPT 14
The concentration of HCO3

− is the ratio of the content of 
HCO3

− in the ECF compartment (numerator) and the ECFV 
(denominator), as shown in Equation 7.

[ ]HCO in plasma Quantity HCO in ECF ECFV3 3
− −=  (7)

A rise in the concentration of HCO3
− might be due to an 

increase in its numerator (positive balance of HCO3
−) and/

or a decrease in its denominator (diminished ECFV) (Figure 
27.9; Equation 7). A quantitative assessment of the ECFV is 
critical to estimate the quantity of HCO3

− in the ECF com-
partment and thereby to determine the basis of the meta-
bolic alkalosis.

CONCEPT 15
Electroneutrality must be present in every body compart-
ment and in the urine.

Terms such as “Cl−-depletion alkalosis” do not take into 
account the need for electroneutrality. Hence, in our 
opinion, a deficit must be defined as to whether it is a deficit 
of HCl, KCl, and/or NaCl.29 Knowing the balances for Na+, 
K+, and Cl− would make it possible for one to decide why 

Figure 27.9  Basis for a high concentration of HCO3
− in the extra-

cellular fluid (ECF) compartment. The rectangle represents the ECF 
compartment. The concentration of HCO3

− is the ratio of the content 
of HCO3

−  in the ECF compartment (numerator) and the ECF volume 
(ECFV)  (denominator). The major causes for a rise  in the content of 
HCO3

−  in the ECF compartment are a deficit of HCl and a deficit of 
KCl  (upper portion  of  the  figure).  The  major  cause  for  a  fall  in  the 
ECFV  is a deficit of NaCl. An  intake of NaHCO3  is not sufficient on 
its own to cause a sustained increase in the content of HCO3

− in the 
ECF  compartment,  unless  there  also  is  a  marked  reduction  in  the 
glomerular filtration rate (GFR) or there is another lesion that leads to 
a stimulus for the reabsorption of NaHCO3 in the proximal convoluted 
tubule. Double red lines on the left portion of the figure indicate the 
reduced renal output of NaHCO3. GI, Gastrointestional. (Reproduced 
with the permission of the author and the publisher from Halperin ML: 
The ACID truth and BASIC facts—with a sweet touch, an enLYTEnment, 
6th ed, Toronto, 2015, RossMark Medical Publishers.)
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Measurements of UCl in multiple spot urine samples are 
helpful to separate patients with Bartter’s or Gitelman’s syn-
drome (persistent high UCl) from those with diuretic abuse 
(UCl is high only while the diuretic is acting).

CONSULT 10: METABOLIC ALKALOSIS WITHOUT 
VOMITING OR USE OF DIURETICS
After a forced 6-hour intense training exercise in the desert 
in the heat of the day, an elite corps soldier was the only 
one in his squad who collapsed. He perspired profusely 
during the training exercise and drank a large volume of 
water and glucose-containing fluids. He did not vomit and 
reported he did not take any medications. Physical examina-
tion revealed a markedly contracted EABV. Initial laboratory 
data are shown in the table. The pH and Pco2 values are 
from an arterial blood sample, whereas all other data are 
from a venous blood sample.

TOOLS FOR ASSESSMENT OF METABOLIC ALKALOSIS
Quantitative Estimate of the Extracellular  
Fluid Volume

It is critical to have a quantitative estimate of the ECFV to 
determine its content of HCO3

− and thereby why the PHCO3 
rose. As discussed earlier in this chapter, we use the hema-
tocrit for this purpose provided that anemia or polycythe-
mia is not present (see Table 27.2).

Balance Data for Sodium, Potassium, and Chloride

Balance data for Na+, K+, and Cl− are essential to describe 
deficits in electroneutral terms, but they are rarely available 
in clinical medicine. Nevertheless, they can be deduced if 
one has a quantitative estimate of the ECFV and measure-
ments of the PNa, PCl, and PHCO3. One cannot know the bal-
ances for K+ from these calculations, but its rough magnitude 
can be deduced by comparing the differences in the content 
of Na+ versus that of Cl− and HCO3

− in the ECF compart-
ment (see Consult 10).

CLINICAL APPROACH TO THE PATIENT WITH 
METABOLIC AKALOSIS
A list of causes of metabolic alkalosis is provided in Table 
27.7. Our clinical approach to a patient with metabolic alka-
losis is outlined in Flow Chart 27.11. The first step is to rule 
out the common causes of metabolic alkalosis, namely vom-
iting and the use of diuretics. Some patients may deny vom-
iting or the use of diuretics; measuring urine electrolyte 
levels is particularly helpful for suspicion of one of these 
diagnoses (see Table 27.3).

The most important test is to examine the UCl. A very low 
UCl is expected when there is a deficit of HCl and/or NaCl. 
The UNa may be high if there is a recent episode of vomiting 
(see Table 27.3). If the UCl is not low, assessment of EABV 
and blood pressure helps identify patients with disorders of 
primary high ENaC activity in the late CDN (see Table 27.5) 
(the EABV is not low, hypertension is present) from patients 
with recent use of diuretics and those with Bartter’s or Gitel-
man’s syndrome (EABV is low, hypertension is absent). 

Flow Chart 27.10  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.
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NaCl HCl
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Why did the PHCO3 rise?Why did the PHCO3 rise?

ECFV
contraction

KCI
deficit

Gain of
HCO3

�

• Route of loss
   – Urine
   – Diarrhea
   – Sweat

��

• Renal effects are
   – High NH4   excretion
   – Low excretion of OA   and/or HCO3

�

�• Cl� loss & HCO3   gain
   – Vomiting
   – Nasogastric suction
   – Low GI DRA activity

PNa, mmol/L 125
PK, mmol/L 2.7
PCl, mmol/L 70
Hematocrit 0.50
pH 7.50
PHCO3, mmol/L 38
PCO2, mm Hg 47

Questions

• What are the major threats to the patient and how should 
they dictate therapy?

• What is the basis for metabolic alkalosis?
• What is the therapy for metabolic alkalosis in this patient?

Discussion of Questions

What Are the Major Threats to the Patient and How 
Should They Dictate Therapy?
Acute Hyponatremia: The danger is brain herniation due to 

increased intracranial pressure from swelling of brain 
cells.
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140 mmol/L to 125 mmol/L, each of the remaining 10 L 
of ECVF volume had a loss of 15 mmol of Na+. Hence, 
the total Na+ loss was 850 mmol. In total body balance 
terms, he had a loss of 850 mmol of Na+ and 1 L of water 
(a loss of 5 L of water from the ECF and again of 4 L of 
water in the ICF). Therefore, the primary basis of his 
hyponatremia was Na+ loss.

Hemodynamic Instability: An infusion of isotonic saline was 
started in the field, and the patient was hemodynamically 
stable on arrival at the emergency department.

After it was recognized that his PNa was 125 mmol/L, 
intravenous therapy was changed from isotonic saline to 3% 
hypertonic saline. The goal of therapy was to raise the PNa 
by 5 mmol/L rapidly. Because the hyponatremia was acute, 
there was little if any risk of osmotic demyelination from 
rapidly raising the PNa to 130 mmol/L.

Hypokalemia: The hypokalemia did not represent an emer-
gency, as he did not have a cardiac arrhythmia or respiratory 
muscle weakness. As discussed later, the basis of the hypo-
kalemia seemed to be largely an acute shift of K+ into the 
ICF. An intravenous infusion of isotonic saline supple-
mented with 40 mmol/L of KCl was started. The PK was 
followed closely.

What Is the Basis for Metabolic Alkalosis? To distinguish 
between HCl, KCl, and NaCl deficits, a quantitative analysis 
of the degree of contraction of the ECFV is needed. As 
mentioned previously, with a hematocrit of 0.50, this 
patient’s ECFV was decreased by a third, from its normal 
value of 15 L to about 10 L, so he had lost 5 L of ECFV.

Balance Data for Sodium, Potassium, and Chloride
Deficit of HCl: There was no history of vomiting so an HCL 

deficit is a very unlikely basis for the metabolic alkalosis.
Deficit of NaCl: The decrease in his ECF volume was about 

5 L. One can now calculate how much this degree of 
ECFV contraction would raise the PHCO3 (divide the 
normal content of HCO3

− in the ECF compartment (15 L 
× 25 mmol/L, or 375 mmol) by the new ECFV (10 L) and 
the result is 37.5 mmol/L. This value is remarkably close 
to the measured PHCO3, 38 mmol/L, suggesting that a 
major reason for the rise in the PHCO3 is the fall in his 
ECFV.

Balance for Sodium: Multiplying the PNa (140 mmol/L) before 
the training exercise by the normal ECFV (15 L) yields 
an Na+ content of about 2100 mmol. After the training 
exercise, the PNa was 125 mmol/L and the ECFV was 10 L, 
so the ECF Na+ content was 1250 mmol. Accordingly, the 
deficit of Na+ in the ECF compartment was about 
850 mmol.

Balance for Chloride: Multiplying the PCl before the training 
exercise (103 mmol/L) by the normal ECFV (15 L) yields 
a Cl− content of about 1545 mmol. After the training 
exercise, the PCl was 70 mmol/L and the ECF volume was 
10 L, so ECF Cl− content was 700 mmol. Accordingly, the 
deficit of Cl− was about 840 mmol, a value close to the 
deficit of Na+.

Balance for Potassium: There was little difference between the 
deficits of Na+ and Cl−, so there was no appreciable deficit 
of KCl to account for a drop in PK to 2.7 mmol/L. Espe-
cially in this muscular elite soldier, the loss of K+ would 

Basis of Hyponatremia: Because he weighed 80 kg and had 
a muscular build, the patient’s initial total body  
water (TBW) was about 50 L (ECFV was 15 L, ICF  
volume 35 L). Because the patient had hyponatremia, his 
ICF volume was expanded because of a water gain. The 
percentage expansion of ICF volume is close to the per-
centage fall in PNa, around 11%. Hence, he had a water 
gain in the ICF, of about 4 L. With a hematocrit of 0.50, 
the ECFV volume decreased by one third, from its normal 
value of about 15 L to about 10 L; accordingly, he lost 5 L 
of ECFV. This represents the loss of 5 L of water and 
700 mmol of Na+. In addition, as the PNa decreased from 

Table 27.7 Causes of Metabolic Alkalosis

Causes 
associated 
with a 
contracted 
effective 
arterial 
blood 
volume 
(EABV)

Low urine chloride concentration:
Loss of gastric secretions (e.g., vomiting, 

nasogastric suction)
Remote use of diuretics
Delivery of Na+ to the cortical distal 

nephron with anions that cannot be 
absorbed plus a reason for Na+ avidity

Posthypercapnic states
Loss of NaCl via lower gastrointestinal 

tract (e.g., congenital disorder with  
Na+ and Cl− loss in diarrhea, acquired 
forms of diminished activity of the Cl−/
HCO3

− exchanger; down regulated in 
adenoma [DRA])

High urine chloride concentration:
Current diuretic use
Ligand binding to calcium-sensing 

receptor in the thick ascending limb of 
the loop of Henle (e.g., Ca2+ in patients 
with hypercalcemia, drugs [e.g., 
gentamicin, cisplatin], cationic proteins 
[e.g., cationic monoclonal 
immunoglobulins in a patient with 
multiple myeloma])

Inborn error affecting transporters of Na+ 
and/or Cl− in the nephron (e.g., Bartter’s 
syndrome, Gitelman’s syndrome)

Causes 
associated 
with an 
expanded 
EABV and 
hypertension

Disorders with enhanced mineralocorticoid 
activity that may cause hypokalemia

Primary hyperaldosteronism (e.g., adrenal 
adenoma, bilateral adrenal hyperplasia, 
glucocorticoid-remediable aldosteronism)

Primary hyperreninemic hyperaldosteronism 
(e.g., renal artery stenosis, malignant 
hypertension, renin-producing tumor)

Disorders with cortisol acting as a 
mineralocorticoid (e.g., apparent 
mineralocorticoid excess syndrome  
[AME], inhibition of 11β-hydroxysteroid 
dehydrogenase by glycyrrhizic acid, 
adrenocorticotropic hormone–producing 
tumor)

Disorders with constitutively active 
amiloride-sensitive sodium channels in  
the cortical collecting duct (e.g., Liddle’s 
syndrome)

Large reduction in glomerular filtration rate 
plus a source of NaHCO3
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Flow Chart 27.11  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.

METABOLIC ALKALOSIS

Yes No

• Vomiting
• Nasogastric suction
• Diuretics

• Vomiting
• Remote diuretics

• Diuretics

• States with high activity
of ENaC (see Table 27-7)

Is there a history of vomiting or diuretics?

No Yes

Is the UCl very low?

Yes No

Does the patient
have hypertension?

Yes No

Is the UCl
persistently high?

• Bartter’s syndrome
• Gitelman’s syndrome
• Ligand occuping Ca2�

   – sensing receptor (e.g.,
Ca2�in a patient with
hypercalemia,
gentamicin, or
cationic proteins)

have to have been very large to account for this degree 
of hypokalemia. Accordingly, the major mechanism for 
the hypokalemia is likely to be a shift of K+ into cells (due 
to a β-adrenergic surge and possibly the alkalemia).

Routes for NaCl Loss: The next issue is to examine possible 
routes for a large loss of NaCl in such a short time. 
Because diarrhea and polyuria were not present, the only 
route for a large NaCl loss was via sweat. To have a high 
electrolyte concentration in sweat and a large sweat 
volume, the likely underlying lesion would be cystic fibro-
sis. The diagnosis of cystic fibrosis was confirmed later by 
molecular studies.

What Is the Therapy for Metabolic Alkalosis in this 
Patient? Because the basis for the metabolic alkalosis was 
largely an acute deficit of NaCl, the patient required a posi-
tive balance of about 850 mmol of NaCl to replace the 
deficit. He was initially given hypertonic saline to deal with 
the danger of acute hyponatremia. If all of this deficit were 
replaced with 3% hypertonic saline (which would also give 
him about 1.5 L of H2O), the PNa would rise to about 
140 mmol/L, assuming that a water diuresis does not occur 
following expansion of the EABV. He likely had nonosmotic 
stimuli (e.g., pain, anxiety) for the release of vasopressin, 
and hence may not have had a water diuresis with expansion 
of his EABV. On the other hand, he might still have had a 

large volume of water in the GI tract that could have been 
absorbed later and cause the PNa to drop. Hence PNa needed 
to be followed closely, and the tonicity of administered fluid 
modified accordingly. After the administration of only 
40 mmol of KCl, the patient’s PK rose to 3.8 mmol/L, adding 
support to our speculation that the major cause of the hypo-
kalemia was an acute shift of K+ into cells.

METABOLIC ACIDOSIS

Metabolic acidosis is a process that causes a drop in the 
PHCO3 and a rise in the concentration of H+ in plasma. Meta-
bolic acidosis represents a diagnostic category with many 
different causes (Table 27.8). The risks for the patient 
depend on the underlying disorder that caused the meta-
bolic acidosis, the ill effects of the binding of H+ to intracel-
lular proteins in vital organs (e.g., the brain and the heart), 
and possible dangers associated with the anions that accom-
panied the H+ load (e.g., chelation of ionized calcium by 
citrate in a patient with metabolic acidosis due to ingestion 
of citric acid)32 (Table 27.9).

CONCEPT 17
The PHCO3 is the ratio of the content of HCO3

− in the ECF 
compartment to the ECFV.
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Table 27.8 Causes of Metabolic Acidosis

Acid Gain

  With retention of  
anions in plasma

L-Lactic acidosis:
Due predominantly to overproduction of L-lactic acid

Hypoxic lactic acidosis:
Inadequate delivery of O2 (cardiogenic shock, shunting of blood past organs (e.g., sepsis), or 

excessive demand for oxygen (e.g., seizures)
Increased production of L-lactic acid in absence of hypoxia
Overproduction of reduced nicotinamide adenine dinucleotide (NADH) and accumulation of pyruvate in 

the liver (e.g., metabolism of ethanol plus thiamine deficiency)
Decreased pyruvate dehydrogenase activity (e.g., thiamine deficiency, inborn errors of metabolism)
Compromised mitochondrial electron transport system (e.g., riboflavin deficiency, inborn errors 

affecting the electron transport system)
Excessive degree of uncoupling of oxidative phosphorylation (e.g., phenformin, accumulation of 

metformin in patients with acute renal failure)
Due predominantly to reduced removal of L-lactate:

Liver failure (e.g., severe acute viral hepatitis, shock liver)
Due to a combination of reduced removal and overproduction of L-lactic acid:

Antiretroviral drugs (inhibition of mitochondrial electron transport plus hepatic steatosis)
Metastatic tumors (especially large tumors with hypoxic areas plus liver involvement)

Ketoacidosis (diabetic ketoacidosis, alcoholic ketoacidosis, hypoglycemic ketoacidosis including starvation, 
ketoacidosis due to a large supply of short-chain fatty acids [e.g., acetic acid from fermentation of poorly 
absorbed carbohydrate in the colon plus a cause for inhibition of fatty acids synthesis in the liver owing 
to diminished activity of acetyl-coenzyme A carboxylase])

Renal insufficiency (metabolism of dietary sulfur-containing amino acids and decreased renal excretion of 
NH4

+)
Metabolism of toxic alcohols (e.g., formic acid from metabolism of methanol, glycolic acid, and oxalic acid 

from metabolism of ethylene glycol)
D-Lactic acidosis (and presence of other organic acids produced by metabolism of carbohydrates by 

colonic bacteria)
Pyroglutamic acidosis

  With a high rate of 
excretion of anions in 
urine

Glue-sniffing (hippuric acid overproduction)
Diabetic ketoacidosis with excessive ketonuria

NaHCO3 Loss

  Direct loss of  
NaHCO3

Via the gastrointestinal tract (e.g., diarrhea, ileus, fistula)
Via the urine (e.g., patients in the early phase of a disease causing proximal renal tubular acidosis)

  Indirect loss of  
NaHCO3

Low glomerular filtration rate
Renal tubular acidosis:

Low availability of NH3 owing to a defect in ammoniagenesis in cells of the proximal collecting tubule 
(PCT) (urine pH ≈ 5) (e.g., hyperkalemia, alkaline pH in PCT cells)

Defect in net distal H+ secretion (urine pH often ≈ 7):
H+-ATPase defect or alkaline α-intercalated cells (e.g., autoimmune diseases and 

hypergammaglobulinemic states such as Sjögren’s disease and systemic lupus erythematosus)
H+ backleak (e.g., amphotericin B)
HCO3

− secretion in the collecting ducts (e.g., some patients with Southeast Asian ovalocytosis with a 
second mutation in the gene encoding for anion exchanger 1, which causes it to be mistargeted to 
the luminal membrane of α-intercalated cells)

Problem with both distal H+ secretion and NH3 availability (urine pH ≈ 6):
Diseases involving the renal medullary interstitial compartment (a long list including infections, drugs, 

infiltrations, precipitations, inflammatory disorders, and sickle cell anemia)

It is important to distinguish between acidemia and acido-
sis. Acidemia simply describes the concentration of H+ in 
plasma. Acidemia may not be present in a patient who has 
metabolic acidosis if there is, for example, a large decrease in 
the ECFV, which may sufficiently raise the PHCO3 even though 
there is a decreased content of HCO3

− in the ECF compart-
ment (e.g., in the patient with severe diarrhea33 and in some 
patients with DKA). For a diagnosis of metabolic acidosis to 

be made in this setting, a quantitative estimate of the ECFV is 
needed to assess its content of HCO3

−.

CONCEPT 18
H+ ions must be removed by the bicarbonate buffer system 
(BBS) to avoid their binding to intracellular proteins.

Binding of H+ to proteins could change their charge, 
shape, and possibly their functions. To minimize binding of 
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 H HCO H CO H O CO+ −+ ↔ ↔ +3 2 3 2 2  (8)

Acidemia stimulates the respiratory center, leading to a 
fall in arterial Pco2. While the arterial Pco2 sets the lower 
limit on the Pco2 in capillaries, it does not guarantee that 
the capillary Pco2 in skeletal muscles will be low enough to 
ensure effective buffering of H+ by the BBS. Because the 
free-flowing brachial venous Pco2 reflects the Pco2 in capil-
lary blood of skeletal muscles in its drainage pool, it should 
provide a means of assessing the effectiveness of the BBS in 
patients with metabolic acidosis. The capillary Pco2 in skel-
etal muscles will be higher if the rate of blood flow to 
muscles is low, for example, as a result of decreased EABV. 
If muscle oxygen consumption in this setting remains 
unchanged, more oxygen will be extracted from, and more 
CO2 will be added to, each liter of blood. The higher Pco2 
in muscle capillaries will diminish the effectiveness of the 
BBS to remove extra H+. Hence, acidemia may become 
more pronounced, with the risk that more H+ will be titrated 
by intracellular proteins in vital organs (Figure 27.10).35 
At usual rates of blood flow and metabolic work at rest,  
the brachial venous Pco2 is about 6 mm Hg greater than 
arterial Pco2. If the blood flow rate to muscles is low, their 
venous Pco2 will be more than 6 mm Hg greater than the 
arterial Pco2. Enough saline should be administered to 
increase this blood flow rate to muscle to achieve a brachial 
venous Pco2 that is close to 6 mm Hg more than the arterial 
Pco2.

CLINICAL APPROACH: INTIAL STEPS

The initial steps in the clinical approach to a patient with 
metabolic acidosis are summarized in Flow Chart 27.12.

1. Identify threats for that patient, anticipate and prevent 
dangers that may arise during therapy (see Table 27.9).

2. Determine whether H+ ions were buffered appropriately 
by the BBS.

METABOLIC ACIDOSIS DUE TO ADDED ACIDS

CONCEPT 19
When addition of acids is the cause of metabolic acidosis, 
one can detect the addition of H+ by the appearance of new 
anions. These new anions may remain in the body or be 
excreted (e.g., in the urine or diarrhea fluid).

TOOLS FOR ASSESSING METABOLIC ACIDOSIS DUE 
TO ADDED ACIDS
Tools for assessment of metabolic acidosis due to added 
acids are shown in Table 27.10.

Detect New Anions in Plasma

The accumulation of new anions in plasma can be detected 
from a calculation of the PAG.36,37 The major cation in plasma 
is Na+, and the major anions are Cl− and HCO3

−. In quantita-
tive terms (and ignoring K+), the difference between PNa and 
(PCl + PHCO3) is usually 12 ± 2 mEq/L. Nevertheless, because 
of different laboratory methods, the mean value of a normal 
PAG varies greatly among clinical laboratories, and the range 
of normal values is wide. This difference reflects the other 
negative charges in plasma, which are due primarily to the 

H+ to proteins, H+ removal should be carried out by the BBS, 
the bulk of which is in the ICF compartment and the inter-
stitial spaces of skeletal muscles.34

TOOLS FOR ASSESSMENT OF METABOLIC ACIDOSIS
The tools for assessing metabolic acidosis are listed in  
Table 27.10.

Quantitative Assessment of the Extracellular  
Fluid Volume

To assess the ECF, we use the hematocrit or the concentra-
tion of total proteins in plasma. The assumption is that the 
patient did not have a preexisting anemia, polycythemia, or 
a low total plasma protein concentration.

Tools to Assess the Removal of Hydrogen by the 
Bicarbonate Buffer System

As shown in Equation 8, the BBS is driven by “pull” (i.e., by 
a lower Pco2). Effective buffering of H+ by the BBS requires 
a low Pco2 primarily in the interstitial space and ICF of 
skeletal muscles.

Table 27.9 Threats to Life Associated with the 
Cause of Metabolic Acidosis

On Admission

Hemodynamic instability:
Marked decrease in myocardial contractility (e.g., 

cardiogenic shock)
Very low intravascular volume (e.g., NaCl loss, 

hemorrhage)
Decreased peripheral vascular resistance (e.g., sepsis)

Cardiac arrhythmia:
Most frequently seen in patients with hyperkalemia or 

hypokalemia
Failure of ventilation (e.g., respiratory muscle weakness due 

to hypokalemia)
Presence of toxins (e.g., methanol, ethylene glycol)
Presence of reactive oxygen species (e.g., pyroglutamic 

acidosis)
Nutritional deficiency (especially B vitamins)

During Therapy

Development of cerebral edema during therapy of diabetic 
ketoacidosis in children:
Overly rapid infusion of isotonic saline
Failure to prevent a fall in the effective plasma osmolality 

during the first 15 hours of therapy (the period in 
which most cases of cerebral edema occur)

Pulmonary edema (e.g., in patients with severe diarrhea if 
the extracellular fluid volume is expanded, but NaHCO3 
[or Na+ with an anion that can be metabolized to produce 
HCO3

− such as L-lactate] is not given)
Too rapid a rise in PNa in patients with chronic hyponatremia
Acute shift of K+ into cells (e.g., administration of glucose to 

patients with hypokalemia, administration of insulin to 
patients with diabetic ketoacidosis and hypokalemia, 
administration of NaHCO3 to patients with hypokalemia)

Wernicke’s encephalopathy due to failure to give thiamin 
(vitamin B1) to a chronic alcoholic with alcoholic 
ketoacidosis
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Table 27.10 Laboratory Tests for Diagnosis of Metabolic Acidosis

Question Parameter(s) Assessed Tool(s) to Use

Is the content of HCO3
− low in the extracellular 

fluid (ECF)?
ECF volume Hematocrit or total plasma proteins

Is metabolic acidosis due to overproduction of 
acids?

Appearance of new anions in the body or the 
urine

Plasma anion gap
Urine anion gap

Is metabolic acidosis due to ingestion of 
alcohol?

Presence of alcohols as unmeasured osmoles Plasma osmolal gap

Is buffering of H+ by bicarbonate buffer system 
in skeletal muscle?

Buffering of H+ by HCO3
− in interstitial fluid 

and intracellular fluid compartment of 
muscle

Brachial venous PCO2

Is the renal response to chronic acidemia 
adequate?

Examine the rate of excretion of NH4
+ Urine osmolal gap

If NH4
+ excretion is high, which anion is 

excreted with NH4
+?

Gastrointestinal loss of NaHCO3 Urine Cl−

Acid added, but the anion is excreted in the 
urine

Urine anion gap

What is the basis for a low excretion of NH4
+? Low distal H+ secretion Urine pH > 7.0

Low NH3 availability Urine pH ≈ 5.0
Both defects Urine pH ≈ 6.0

Where is the defect in H+ secretion? Distal H+ secretion PCO2 in alkaline urine
Proximal H+ secretion Fractional excretion of HCO3, urine 

citrate concentration

Figure 27.10  Buffering of H+ in the brain in a patient with a contracted effective arterial blood volume (EABV). Top, Buffering of H+ in 
a patient with a normal EABV and thereby a low muscle venous PCO2. The vast majority of H+ removal occurs by the bicarbonate buffer system 
(BBS) in the interstitial space and in cells of skeletal muscles. Bottom, Buffering of a H+ load in a patient with a contracted EABV and thereby 
high venous and capillary PCO2 values. A high muscle venous PCO2 prevents H+ removal by its BBS. As a result, the degree of acidemia may 
become more pronounced, and more H+ may bind to proteins (PTN·H+) in the extracellular and intracellular fluids in other organs, including the 
brain. Notwithstanding, owing to autoregulation of cerebral blood flow, it  is likely that the PCO2 in brain capillary blood will change minimally 
unless there is severe contraction of the EABV and failure of autoregulation of cerebral blood flow. Considering the limited content of HCO3

− in 
the brain, however, and  that  the brain  receives a  relatively  larger proportion of  the cardiac output,  there  is a  risk  that more H+ will bind  to 
proteins within the brain cells, further compromising their functions. (Reproduced with the permission of the author and the publisher from Halperin 
ML: The ACID truth and BASIC facts—with a sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.)

–

PTN • H+ PTN • H+

Skeletal muscle BBS buffers most of the H+ No H+ bind to proteins in brain cells

High blood
flow rate = low
venous PCO2

CO2

CO2

HCO3
–

[H+]

[H+]

CO2

CO2

HCO3

PTN • H+

Skeletal muscle BBS buffers fewer H+ More H+ bind to proteins in brain cells

Low blood
flow rate = high

venous PCO2 CO2 ↔ HCO3
–

↑CO2
PTN • H+

CO2

CO2

HCO3
–

LOW ECFV

NORMAL ECFV

negative valence on albumin. Therefore, when using this 
calculation to detect the presence of new anions in plasma, 
one must adjust the baseline value of the PAG for the PAlb. As 
a rough estimate, the baseline value for the PAG falls (or 
rises) by 2.5 mEq/L for every 10-g/L or 1-g/dL fall (or rise) 

in the PAlb.38 Even with this adjustment, it seems that net 
negative valence on albumin is increased if there is an 
appreciable decrease in the EABV.39

Stewart recommended another approach to detect new 
anions in plasma, the strong ion difference (SID).40 This 
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PHCO3, because some ketoacid anions will be lost in urine 
when their filtered load is increased with the rise in GFR.

Another pitfall in the use of the delta AG/delta HCO3
− is 

the failure to correct for the net negative valence attribut-
able to PAlb. When calculating the PAG, one must adjust the 
base value for changes in the charge on the most abundant 
unmeasured anion, PAlb. We emphasize that adjustments 
should be made for a fall or an increase in PAlb.

Detect New Anions in the Urine

New anions can be detected with the calculation of the 
urine anion gap (UAG) (Equation 9). The concentration of 
NH4

+ in the urine (UNH4) is estimated from the urine osmolal 
gap (UOG), as discussed in the next section. The nature of 
these new anions may sometimes be deduced by comparing 
their filtered load with their excretion rate. For example, 
when there is a very large quantity of the new anion in the 
urine in comparison with the rise in the PAG, one should 
suspect that this anion is secreted in the PCT (e.g., hippu-
rate anion from the metabolism of toluene) or freely fil-
tered and poorly reabsorbed by the PCT (e.g., reabsorption 
of ketoacid anions may be inhibited by salicylate anions). 
On the other hand, a very low excretion of new anions sug-
gests that they were avidly reabsorbed in the PCT (e.g. 
l-lactate anions).

 U U U U UAG Na K NH Cl= + + −( )4  (9)

Detect Toxic Alcohols

Alcohols in plasma can be detected by calculating the 
plasma osmolal gap (POG) (Equation 10); a large increase 
in POG signifies the presence of alcohols. They occur because 
they are uncharged and have a low molecular weight, and 
because large quantities have been ingested.

 
P Measured P P P P

all in mmol L terms
OG osm Na Glu urea= − + +

( )
( ),2

 (10)

approach is rather complex and offers only a minor advan-
tage over the PAG in that it includes a correction for the net 
negative charge on PAlb.41

Use of the Delta Gap. The relationship between the rise in 
PAG and the fall in PHCO3, or the delta gap (delta AG/delta 
HCO3

−), is used to detect the presence of coexisting meta-
bolic alkalosis (the rise in PAG is larger than the fall in PHCO3) 
and/or the presence of both an “acid over production” type 
and a “NaHCO3 loss” type of metabolic acidosis (the rise in 
PAG is smaller than the fall in PHCO3).

There are several pitfalls in using this relationship that 
must be recognized. One is failure to adjust for changes in 
the ECFV.42 Consider, for example, a patient with DKA who 
has a PHCO3 of 10 mmol/L, and the “expected” 1 : 1 relation-
ship between the rise in PAG and the fall in the PHCO3. The 
patient had a normal ECFV of 10 L before DKA developed, 
but as a result of the glucose-induced osmotic diuresis and 
natriuresis, the current ECFV is only 8 L. Although the fall 
in the PHCO3 and the rise in the concentration of ketoacid 
anions are equal, the deficit of HCO3

− and the amount of 
ketoacids added to the ECF compartment are not. The sum 
of the content of HCO3

− and ketoacid anions in the ECF 
compartment prior to the development of DKA is 250 mmol 
(25 + 0 mmol/L × 10 L). Their sum in ECFV after the DKA 
developed, however, is only 200 mmol (10 + 15 mmol/L × 
8 L). The deficit of HCO3

− in this example is 150 mmol, but 
the quantity of new anions in the ECF is only 120 mmol. 
The reason is that another component of the loss of HCO3

− 
occurred when ketoacids were added, and some of the keto-
acid anions were excreted in the urine with Na+ and/or K+, 
an indirect form of NaHCO3 loss that would not be reflected 
in an increase in the PAG. Hence the rise in the PAG did not 
reveal the actual quantity of ketoacids that were added and 
the fall in PHCO3 did not reflect the actual magnitude of the 
deficit of HCO3

−. When the ECFV is expanded with saline, 
the degree of deficit of HCO3

− will become evident. In addi-
tion, the fall in the PAG will not be matched by a rise in the 

Flow Chart 27.12  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.
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alcohol on a regular basis. He admitted to drinking approxi-
mately 1 L of vodka the day before hospital admission but 
denied ingesting any other substances. During the 24 hours 
before admission he had not eaten at all. In the 5 hours 
before his admission, he had had several bouts of vomiting 
and did not drink any alcohol. His dietary intake had been 
generally very poor over the last several months, because he 
had diminished appetite.

On physical examination, he was fully conscious and ori-
ented. His respiration rate was rapid (40 breaths/min). His 
pulse rate was also rapid (150 beats/min), and his blood 
pressure was 120/58 mm Hg. Neurologic findings were 
unremarkable.

The patient’s urine tested strongly positive for ketones. 
His initial laboratory results on admission to the emergency 

CLINICAL APPROACH TO THE PATIENT WITH 
METABOLIC ACIDOSIS DUE TO ADDED ACIDS

The steps in the clinical approach to the patient with meta-
bolic acidosis due to added acids are shown in Flow Chart 
27.13. If metabolic acidosis develops over a short period, the 
likely causes are overproduction of l-lactic acid (e.g., shock, 
ingestion of alcohol in a patient with thiamine deficiency) 
or ingestion of acids (e.g., metabolic acidosis due to inges-
tion of citric acid).

CONSULT 11
A 52-year-old man presented to the emergency department 
with abdominal pain, visual disturbances, and shortness of 
breath.43 He had a history of drinking excessive amounts of 

Flow Chart 27.13  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.
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department are shown in the following table. The pH and 
Pco2 are from an arterial blood sample, whereas all other 
data are from a venous blood sample.

PNa, mmol/L 132
PK, mmol/L 5.4
PCl, mmol/L 85
PHCO3, mmol/L 3.3
PAG mEq/L 44
Posm, mOsm/L 325
Hematocrit 0.46
pH 6.78
PCO2, mm Hg 23
Glucose, mmol/L 3.0
Albumin, g/L 36
POG, mOsm/L 42

Questions

• What dangers may be present on admission or may arise 
during therapy?

• What is the cause of the severe degree of L-lactic acidosis 
in this patient?

Discussion of the Questions

What Dangers May Be Present on Admission or May Arise 
During Therapy?
Severe Acidemia: The patient had a severe degree of acidemia 

with a large increase in the PAG, indicating overproduc-
tion of acids. Although he was hemodynamically stable, a 
quantitatively small additional H+ load would produce a 
proportionately larger fall in the PHCO3 and plasma pH. 
For instance, a halving of the PHCO3 would cause the arte-
rial pH to drop by 0.30 unit if the arterial PCO2 has not 
changed. By the same token, doubling of the PHCO3 would 
raise the plasma pH by 0.30 unit. A large dose of NaHCO3 
would be needed to achieve this, because the adminis-
tered NaHCO3 might lead to back-titration of some of the 
large H+ load that is bound to the patient’s intracellular 
proteins, and in addition he might have ongoing produc-
tion of acids.

Toxic Alcohol Ingestion: Because the patient had a severe 
degree of metabolic acidemia with a large plasma osmolal 
gap, ingestion of methanol or ethylene glycol was sus-
pected. Aldehydes produced from the metabolism of 
these alcohols by the enzyme alcohol dehydrogenase in 
the liver are the major cause of toxicity because they 
rapidly bind to tissue proteins. Although the patient 
ingested a large amount of ethanol, which could have 
caused the large plasma osmolal gap, and his urine was 
strongly positive for ketones, such a severe degree of 
acidemia is not usual in patients with alcoholic ketoaci-
dosis. Because of the strong clinical suspicion of toxic 
alcohol ingestion, the patient was started on fomepizole 
(an inhibitor of alcohol dehydrogenase) during the wait 
for results of the measurements of the level of these toxic 
alcohols in his blood.

Thiamine Deficiency: Malnourished patients who present 
with alcoholic ketoacidosis are at risk for development of 
encephalopathy due to thiamine deficiency. When avail-
able, ketoacids are the preferred brain fuel because they 

are derived from storage fat, and hence, proteins from 
lean body mass are spared as a source of glucose for the 
brain during prolonged starvation. After successful treat-
ment of alcoholic ketoacidosis, ketoacids are no longer 
an important brain fuel, so the brain must regenerate 
most of its ATP from oxidation of glucose. Thiamine 
(vitamin B1) is a key co-factor for pyruvate dehydrogenase 
(PDH). The activity of PDH will be diminished by the lack 
of thiamine, so the rate of regeneration of ATP in brain 
cells will not be sufficient for their biologic work. Proba-
bly of greater significance is the likelihood of an increased 
demand for ATP regeneration in this setting (e.g., due to 
delirium tremens or the use of salicylates that may uncou-
ple oxidative phosphorylation in the brain). Therefore 
anaerobic glycolysis will be stimulated in the brain to 
make ATP. As a result, there will be a sudden rise in the 
production of H+ and L-lactate anions in areas of the 
brain where the metabolic rate is the most rapid and/or 
areas that had the lowest reserve of thiamine. Thiamine 
must be administered early in therapy in such patients.

More Information: The patient’s plasma lactate was 23 mmol/L; 
results of blood assays for methanol and ethylene glycol 
were negative.

What is the Cause of the Severe Degree of L-Lactic Acidosis 
in this Patient? A rise in the concentration of l-lactate and 
H+ can be caused by an increased rate of production and/
or a decreased rate of removal of l-lactic acid. The rapid 
development and the severity of l-lactic acidosis in this 
patient suggest that the l-lactic acidosis is largely due to 
overproduction of l-lactic acid.

The degree of l-lactic acidosis in patients presenting with 
alcohol intoxication is usually mild (≈5 mmol/L) because it 
reflects the increased NADH/NAD+ ratio owing to the 
ongoing production of NADH through ethanol metabo-
lism, which is largely restricted to metabolic events in the 
liver (Equation 11). Other organs in the body are capable 
of oxidizing the l-lactate, because they lack the enzyme 
alcohol dehydrogenase and hence do not have a high 
NADH/NAD+ ratio in this setting.

Pyruvate NADH H -lactate- NADL− + ++ + ↔ + ( )11

A severe degree of lactic acidosis may develop rapidly if 
there is a large intake of alcohol in a patient who is thiamine 
deficient. The site of l-lactic acid production is likely to be 
the liver, which has accumulation of pyruvate (owing to 
diminished activity of PDH) and a high NADH/NAD+ ratio 
(due to metabolism of ethanol).

Nevertheless, for a severe degree of l-lactic acidosis to 
develop, there must be high flux in glycolysis, which results 
from the hydrolysis of ATP to adenosine diphosphate (ADP) 
and inorganic phosphate to perform work (H+ are pro-
duced in this process) at a rate that exceeds the rate of 
regeneration of ATP from ADP in oxidative phosphoryla-
tion. Perhaps, the conversion of NADH to NAD+ in the 
cytosol limits its availability for mitochondrial oxidative 
phosphorylation and the regeneration of ATP. Hence the 
concentration of ADP will rise and anaerobic glycolysis will 
be stimulated in the liver to make ATP.

Riboflavin deficiency may be also present in this mal-
nourished patient with chronic alcoholism. The active 
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Assess the Rate of Excretion of NH4
+ in the Urine

Urine Osmolal Gap. If a direct assay for urine NH4
+ is not 

available, calculation of the UOG provides the best indirect 
estimate of the UNH4 (Equation 12), because it detects all 
NH4

+ salts in the urine (Figure 27.11).46,47 We no longer use 
the urine net charge (or UAG) for this purpose.

 

U Measured U calculated U

Calculated U U U
OG osm osm

osm Na K

= −
= +2( )++ +

+

U U
all in mmol L

Concentration of NH in the urine

urea Glu

( )

4 == UOG 2

 (12)

We use the UNH4/UCr ratio in a spot urine sample to assess 
the rate of excretion of NH4

+. The rationale is that the rate 
of excretion of creatinine is relatively constant over the 
24-hour period. In a patient with chronic metabolic acidosis, 
the expected renal response is a UNH4/UCr ratio higher than 
150 mmol NH4

+ per g creatinine (more than 15 if creatinine 
is measured in mmol).

Determine Why the Rate of Excretion of  
NH4

+ Is Low

Urine pH. The urine pH is not a reliable indicator for the 
rate of excretion of NH4

+.48 For example, at a urine pH of 
6.0, the UNH4 can be 20 or 200 mmol/L (Figure 27.12). On 
the other hand, the basis for the low rate of excretion of 
NH4

+ may be deduced from the urine pH. A urine pH 
around 5 suggests that the primary basis for a low rate of 
excretion of NH4

+ is decreased availability of NH3 in the 
medullary interstitial compartment due to a defect in 
ammoniagenesis. A urine pH higher than 7.0 suggests that 
NH4

+ excretion is low because there is a defect in net H+ 

metabolites formed from vitamin B2 (riboflavin), flavin 
mononucleotide (FMN), and flavin adenine dinucleotide 
(FAD) are components of the mitochondrial electron trans-
port system, which is the principal pathway in mitochondria 
to regenerate ATP.

HYPERCHLOREMIC METABOLIC ACIDOSIS

In hyperchloremic metabolic acidosis, almost no new anions 
are present in plasma. There are two major groups of causes 
for this type of metabolic acidosis, direct loss of NaHCO3 
and indirect loss of NaHCO3. The direct loss of NaHCO3 
may occur via the GI tract, for instance, in patients with 
diarrhea, or through the urine in patients at the start of a 
disease process that causes proximal renal tubular acidosis 
(pRTA). The indirect loss of NaHCO3 may be due to a low 
rate of excretion of NH4

+ that is insufficient to match the 
daily rate of production of sulfuric acid from the metabo-
lism of sulfur-containing amino acids (e.g., in patients with 
chronic renal failure or distal renal tubular acidosis [dRTA]). 
Indirect loss of NaHCO3 may also be due to an overproduc-
tion of an acid (e.g., hippuric acid formed during the 
metabolism of toluene) with the excretion of its conjugate 
base (hippurate anions) in the urine at a rate that exceeds 
the rate of excretion of NH4

+.

CONCEPT 20
The expected renal response to chronic metabolic acidosis 
is a high rate of excretion of NH4

+.
In a patient with chronic metabolic acidosis, the expected 

rate of excretion of NH4
+ should be more than 200 mmol/

day.44 There is a lag period of a few days before very high 
rates of excretion of NH4

+ can be achieved.

CONCEPT 21
A low rate of excretion of NH4

+ could be due to a decreased 
medullary interstitial availability of NH3 or a decreased net 
H+ secretion in the distal nephron.45

A low rate of ammoniagenesis has several possible  
causes. One is alkaline PCT cells due to hyperkalemia or  
a genetic and/or acquired disorder that compromises  
proximal H+ secretion. The other involves a reduction 
in GFR, which produces a low filtered load of Na+; in this 
situation, less work can be performed in PCT cells so the 
availability of ADP is decreased. Another cause of a low  
rate of excretion of NH4

+ is a low net secretion of H+ in 
the distal nephron; this could be due to an H+-ATPase 
defect (e.g., autoimmune and hypergammaglobulinemic 
disorders, including Sjögren’s syndrome), backleak of H+ 
(e.g., due to drugs such as amphotericin B), or a disorder 
associated with the distal secretion of HCO3

− (e.g., in 
certain patients with Southeast Asian ovalocytosis [SAO]). 
Patients with medullary interstitial disease (e.g., sickle  
cell disease) may have a low rate of excretion of NH4

+ 
because of diminished accumulation of NH4

+ in the medul-
lary interstitium and a decreased rate of H+ secretion in 
the MCD.

TOOLS FOR ASSESSING HYPERCHLOREMIC 
METABOLIC ACIDOSIS
Table 27.10 summarizes the steps for assessment of hyper-
chloremic metabolic acidosis.

Figure 27.11  Indirect assessment of the concentration of NH4
+ 

in the urine using the urine osmolal gap. The essence of the test 
is that a high concentration of NH4

+ (shown in the shaded region on 
the  right)  is  detected  in  the  urine  from  its  contribution  to  the  urine 
osmolality. The urine osmolal gap is the difference between the mea-
sured urine osmolality and  the urine osmolality calculated  from  the 
concentrations  of  the  principal  usual  urine  osmoles,  urea,  double  
the  concentrations  of  Na+  +  K+  (to  account  for  the  concentrations 
of  the  usual  monovalent  anions  in  the  urine)  and  glucose  in  a  
patient with hyperglycemia. The concentration of NH4

+ in the urine = 
UOG/2. A−, Anion.  (Reproduced with the permission of the author and 
the publisher from Halperin ML: The ACID truth and BASIC facts—with 
a sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark 
Medical Publishers.)
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Rate of Citrate Excretion. The rate of excretion of 
citrate is a marker of pH in cells of the PCT.53 The rate 
of excretion of citrate in children and adults consuming 
their usual diet is around 400 mg/day (≈2.1 mmol/day). 
Although the rate of excretion of citrate is very low  
during most forms of metabolic acidosis, a notable excep-
tion is in patients with disorders causing an alkaline  
PCT cell.

CLINICAL APPROACH TO THE PATIENT WITH 
HYPERCHLOREMIC METABOLIC ACIDOSIS

The steps in the clinical approach to the patient with  
hyperchloremic metabolic acidosis on the basis of the  
laboratory data detailed previously are shown in Flow  
Chart 27.14.

CONSULT 12
A 28-year-old man had been sniffing glue on a long-term, 
but intermittent basis. Over the past 3 days, he became 
profoundly weak and had a very unsteady gait. On physical 
examination, his blood pressure was 100/60 mm Hg and 
his pulse rate was 110 beats/min when he was lying flat. 
When he sat up, his blood pressure fell to 80/50 mm Hg 
and his pulse rate rose to 130 beats/min. Arterial blood pH 
was 7.20 and arterial Pco2 was 25 mm Hg. Venous blood and 
urine laboratory values were as follows:

secretion in the distal nephron. On the other hand, a urine 
pH around 6 would suggest a medullary interstitial disease 
that diminishes both accumulation of NH4

+ in the medullary 
interstitium and H+ secretion in the MCD.49

Assess Distal Hydrogen Secretion. H+ secretion in the distal 
nephron can be evaluated with use of the Pco2 in alkaline 
urine (UPCO2) during bicarbonate loading (Figure 27.13).50 
A UPCO2 that is about 70 mm Hg in a second-voided alkaline 
urine implies that H+ secretion in the distal nephron is likely 
to be normal, whereas much lower UPCO2 values suggest that 
distal H+ secretion is impaired. In patients with low net distal 
H+ secretion, the UPCO2 can be high if there is a lesion 
causing a backleak of H+ from the lumen of the collecting 
ducts (e.g., from use of amphotericin B)51 or distal secretion 
of HCO3

− (as in some patients with SAO who also have a 
second mutation in HCO3

−/Cl− anion exchangers that leads 
to mistargeting of the exchangers to the luminal mem-
branes of the α-intercalated cells).52

Assess Proximal Cell pH
Fractional Excretion of HCO3

−. In patients with metabolic 
acidosis associated with a low capacity to reabsorb filtered 
HCO3

− (e.g., with disorders involving defects in H+ secretion 
in the PCT [pRTA]), some clinicians would measure the 
fractional excretion of HCO3

− after infusing NaHCO3 to 
confirm this diagnosis. This evaluation is rarely needed, in 
our opinion. Often the results are far from clear (e.g., in a 
patient with an abnormal ECFV or PK) and, in addition, the 
test can impose a danger (e.g., in a patient with a low PK). 
These disorders are signified clinically by failure to correct 
metabolic acidosis after administration of large amounts of 
NaHCO3.

Figure 27.12  Urine pH is not a reliable indicator for the rate of 
excretion of NH4

+. Left, During acute metabolic acidosis,  the NH4
+ 

is only modestly higher and the urine pH is low. This is because distal 
H+ secretion  is enhanced, and there  is a time lag before the rate of 
renal  production  of  NH4

+  is  augmented.  Right,  In  contrast,  during 
chronic metabolic acidosis, the rate of renal production of NH4

+ is so 
high that the availability of NH3 in the medullary interstitial compart-
ment provides more NH3 in the lumen of the medullary collecting duct 
(MCD)  than  H+  secretion  in  this  nephron  segment.  Note  the  much 
higher NH4

+ excretion rate at a urine pH of 6. Note also the different 
scales on the y-axes.  (Reproduced with the permission of the author 
and the publisher from Halperin ML: The ACID truth and BASIC facts—
with a sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark 
Medical Publishers.)
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Figure 27.13  Use of the PCO2 in alkaline urine to assess the 
distal secretion of H+. The cylinder represents the medullary collect-
ing  duct  (MCD)  and  the  rectangle  on  its  right  side  represents  an 
β-intercalated  cell,  which  contains  a  hydrogen–adenosine  triphos-
phatase (H+-ATPase pump. There are two requirements for using the 
urine PCO2 in alkaline urine to reflect the capacity to secrete H+ (gray 
box). First,  the patient  is given an oral  load of NaHCO3  to  increase 
both the filtered load of HCO3

− and its delivery to the distal nephron. 
Second, because the luminal membranes of the MCD lack carbonic 
anhydrase  (CA),  the carbonic acid  formed  is delivered  to  the  lower 
urinary  tract,  where  it  decomposes  to  CO2  and  H2O  and  thereby 
elevates  the  urine  PCO2.  A  high  PCO2  in  alkaline  urine  (usually  to 
≈70 mm Hg) suggests  that  there  is no major defect  in H+ secretory 
capacity in this nephron segment. (Reproduced with the permission of 
the author and the publisher from Halperin ML: The ACID truth and 
BASIC facts—with a sweet touch, an enLYTEnment, 6th ed, Toronto, 
2015, RossMark Medical Publishers.)

No luminal CA,
so delayed CO2

formation

MCD

H+ ATPase

H+

Urine PCO2

HCO3

H2CO3

–

http://www.myuptodate.com


842  SECTIOn IV — EVAlUATIOn Of THE PATIEnT WITH KIDnEy DISEASE

Flow Chart 27.14  Reproduced with the permission of the author and the publisher from Halperin ML: The ACID truth and BASIC facts—with a 
sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical Publishers.

HCMA & Low UNH4

What is the urine pH?

What is the PCO2
in alkaline urine?

• Low NH3 diseases
– Low NH4   production due

to an alkaline PCT cell
pH (e.g., hyperkalemia)

– Low medullary NH3
transfer

�

• Distal HCO3   secretion (SAO)
• Backleak of H� (amphotericin B)

�

• Low NH3 & Low net H�

– Medullary interstitial
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Is citrate
excretion low?

Yes No

• Low distal H� 
secretion
– Low H�-

ATPase

• CAII deficiency 
in proximal and
distal tubules

Questions

• What dangers are present on admission?
• What dangers should be anticipated during therapy?
• What is the basis for the metabolic acidosis?

Discussion of the Questions

What Dangers Were Present on Admission?
Marked Degree of Contraction of the EABV
Severe Degree of Hypokalemia: The dangers of a severe 

degree of hypokalemia are cardiac arrhythmias and respi-
ratory muscle weakness. However, this patient’s ECG dem-
onstrated only prominent U waves. Analysis of arterial 
blood gases showed only a mild degree of respiratory 
acidosis. Therefore, although he had a severe degree of 
hypokalemia that would require aggressive K+ therapy, he 

Venous Blood Urine

pH 7.0 6.0
PCO2, mm Hg 60 —
HCO3

−, mmol/L 12 —
Na+, mmol/L 120 50
K+, mmol/L 2.3 30
Cl−, mmol/L 90 5
Creatinine 1.7 mg/dL (150 

μmol/L)
3.0 mmol/L

Glucose, mmol/L 3.5 (63 mg/dL) 0
Urea BUN: 14 mg/dL 

(5.0 mmol/L)
Urea concentration: 

150 mmol/L
Albumin, g/L  

(mg/dL)
60 (6) —

Osmolality,  
mOsm/kg H2O

260 400

did not have an emergency related to hypokalemia on 
admission.

Hyponatremia: Hyponatremia was likely chronic, because 
there were no symptoms that would strongly suggest an 
appreciable acute component to the hyponatremia or a 
history of a large recent water intake.

Binding of H+ to Proteins in Cells: Because the brachial venous 
PCO2 (60 mm Hg) was considerably higher than the arte-
rial PCO2 (25 mm Hg), buffering of H+ by the BBS in 
muscle was compromised and there was a risk of binding 
of more H+ to proteins in cells of vital organs (e.g., the 
heart and the brain) (see Figure 27.10).

What Dangers Should Be Anticipated During Therapy?
A More Severe Degree of Hypokalemia: Reexpansion of the EABV 

with the administration of saline can lead to the release 
of catecholamines, removing the inhibition of the release 
of insulin by their binding to pancreatic islet cells α-
adrenergic receptors, which could result in a shift of K+ 
into cells. A shift of K+ into cells with worsening hypoka-
lemia may also occur if NaHCO3 is administered to correct 
the metabolic acidosis.

Rapid Rise in PNa: PNa may rise rapidly if water diuresis occurs 
with reexpansion of the EABV. As K+ is administered, 
there will be a shift of K+ into muscle cells in exchange 
for Na+, which will also lead to a rise in PNa. Patients who 
are malnourished and/or hypokalemic are at high risk of 
osmotic demyelination with a rapid rise in PNa. It is our 
opinion that the maximum rise in PNa in high-risk patients 
should not exceed 4 mmol/L in the first 24 hours.

Further Fall in PHCO3: Expansion of the EABV with rapid 
administration of saline may also lead to a further fall  
in PHCO3. First, there is a dilution effect. Second, with 
improved blood flow to muscles and the fall in capillary 
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the patient had an acid gain type of metabolic acidosis with 
a high rate of excretion of its anion in the urine. Because 
the PAG was not elevated, very few of the new anions could 
enter the urine by filtration at the glomerulus. Therefore, 
clinicians deduced that these new anions were more likely 
to have entered the urine via secretion in the PCT, such as 
p-aminohippurate anions. The major chemical in glue is 
toluene; it is converted to benzoic acid by cytochrome P450, 
and benzoic acid is in turn conjugated to the amino acid 
glycine to form hippuric acid in the liver.54 After hippuric 
acid is formed, the PCT actively secretes these hippurate 
anions, so their concentration is very low in plasma and very 
high in the urine. In fact, the rate of excretion of hippurate 
anions exceeds the rate of excretion of NH4

+ in the urine 
because a limited amount of NH4

+ can be made in the PCT. 
The remaining hippurate anions are excreted along with 
Na+, resulting in the indirect loss of NaHCO3 and contrac-
tion of the EABV. The low EABV, via the renin angiotensin 
aldosterone system, leads to high levels of aldosterone in 
plasma, causing electrogenic reabsorption of Na+ in the 
CDN and thereby a high concentration of K+ in the luminal 
fluid in the terminal CCD. In this patient, the high rate of 
excretion of hippurate and its accompanying cations caused 
a high flow rate in the late CDN and thereby a high rate of 
excretion of K+ (Figure 27.14).

CONSULT 13: DETERMINE THE CAUSE OF 
HYPERCHLOREMIC METABOLIC ACIDOSIS
A 23-year-old woman with Southeast Asian ovalocytosis was 
referred for assessment of hypokalemia. Her physical exami-
nation was unremarkable. The laboratory results in plasma 

PCO2, there will be titration of HCO3
− by H+ bound to 

intracellular proteins. The need to give NaHCO3, however, 
must be balanced by the danger of creating more severe 
hypokalemia. We would not administer NaHCO3 unless 
there is hemodynamic instability that is not responsive to 
the usual maneuvers to restore blood pressure, and with 
a central line in place to give KCl if cardiac arrhythmia 
develops.

Plan for Initial Therapy: On arrival to the emergency depart-
ment, the patient was given 1 L of intravenous isotonic 
saline. To correct hypokalemia and prevent a rapid rise 
in PNa, the intravenous solution was changed to a saline 
solution with 40 mEq of KCl, which was designed to have 
a tonicity similar to that in the plasma of the patient. To 
prevent water diuresis, dDAVP was administered at initia-
tion of therapy, and water restriction was imposed. Hemo-
dynamic status, PK, PNa, arterial pH, arterial PCO2, brachial 
venous PCO2, and PHCO3 were monitored closely.

What Is the Basis for the Metabolic Acidosis? Because the 
PAG was not increased despite the high value for the PAlb, the 
metabolic acidosis was judged not to be due to a gain of 
acids. In fact, the initial diagnosis was dRTA to explain the 
metabolic acidemia, urine pH of 6.0, and hypokalemia. Cal-
culation of the UOG (90 mOsm/kg H2O), however, revealed 
a high urinary concentration of NH4

+ (45 mmol/L). Fur-
thermore, the rate of excretion of NH4

+, as assessed by the 
UNH4/UCr, was about 15 (mmol/mmol). Therefore, the basis 
for the patient’s findings was not solely dRTA.

The anion that was excreted with NH4
+ was not Cl−, so 

diarrhea was not the cause of the metabolic acidosis. Hence 

Figure 27.14  Metabolic acidosis due to the metabolism of toluene. The metabolism of toluene occurs in the liver, where benzoic acid is 
produced via cytochrome P450, alcohol, and aldehyde dehydrogenases. Conjugating benzoic acid with glycine produces hippuric acid. The 
H+ are titrated by HCO3

− for the most part. The hippurate anions are filtered and also secreted in the proximal convoluted tubule (PCT). There-
fore,  instead of accumulating  in blood and  increasing the plasma anion gap,  the anions are excreted  in  the urine. The hippurate anions are 
excreted  in  the urine with NH4

+  if  the kidneys can produce enough of  this cation, and when  the capacity  to excrete NH4
+  is exceeded,  the 

remaining  hippurate  anions  are  excreted  with  Na+  and  K+.  The  excretion  of  hippurate  anions  with  Na+  and/or  K+  (but  not  NH4
+)  leads  to 

the development of HCMA, contraction of the extracellular fluid volume, and hypokalemia.  (Reproduced with the permission of the author and 
the publisher from Halperin ML: The ACID truth and BASIC facts—with a sweet touch, an enLYTEnment, 6th ed, Toronto, 2015, RossMark Medical 
Publishers.)
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Questions

• What is the basis for the hyperchloremic metabolic 
acidosis?

• What is the cause of the low rate of excretion of NH4
+?

Discussion of the Questions

What Is the Basis for the Hyperchloremic Metabolic Acido-
sis? The patient had a low UNH4 because the measured Uosm 
(450 mOsm/kg H2O) was very similar to the calculated 
Uosm, 440 mOsm/kg H2O—that is, 2 (UNa [75 mmol/L] + 
UK [35 mmol/L]) + Uurea (220 mOsm/kg H2O) + UGlu (0). 
In addition, the rate of excretion of NH4

+ was low because 
the UNH4/UCr was very low. Because the GFR was not very 
low, the diagnosis was RTA.

What Is the Cause of the Low Rate of Excretion of NH4
+?

Urine pH: Because the urine pH is 6.8, the basis for the low 
rate of NH4

+ excretion is a low net secretion of H+ in the 
distal nephron (see Flow Charts 27.14).

Assessment of Distal H+ Secretion: After hypokalemia was cor-
rected, H+ secretion in the distal nephron could be evalu-
ated using UPCO2 during bicarbonate loading. The UPCO2 
in alkaline urine was 70 mm Hg (see Flow Charts 27.14). 
Because the UPCO2 was unexpectedly high and a backleak 
of H+ type of defect was unlikely, the patient’s mutant 
Cl−/HCO3

− anion exchangers might have been targeted 
abnormally to the luminal membranes of α-intercalated 
cells. The UPCO2 would be high due to distal secretion 
of HCO3

− by alkaline intercalated cells. The secretion of 
HCO3

− caused the luminal pH to increase, liberating H+ 
from H2PO4

−, which raised the PCO2 in alkaline urine to 
or above 70 mm Hg.

Complete reference list available at ExpertConsult.com.

KEY REFERENCES
1. Halperin ML, Kamel KS, Goldstein MB: Fluid, Electrolyte and acid-

base physiology; a problem-based approach, Philadelphia, 2010, W.B. 
Saunders.

2. Zhai XY, Fenton RA, Andreasen A, et al: Aquaporin-1 is not 
expressed in descending thin limbs of short-loop nephrons. J Am 
Soc Nephrol 18:2937–2944, 2007.

3. Kamel KS, Halperin ML: The importance of distal delivery of fil-
trate and residual water permeability in the pathophysiology of 
hyponatremia. Nephrol Dial Transplant 27:872–875, 2012.

4. Halperin ML, Kamel KS, Oh MS: Mechanisms to concentrate the 
urine: an opinion. Curr Opin Nephrol Hypert 17:416–422, 2008.

5. Carlotti AP, Bohn D, Mallie JP, et al: Tonicity balance, and not 
electrolyte-free water calculations, more accurately guides therapy 
for acute changes in natremia. Intensive Care Med 27:921–924, 2001.

6. Kamel KS, Bichet DG, Halperin ML: Studies to clarify the patho-
physiology of partial central diabetes insipidus. Am J Nephrol 
37:1290–1293, 2001.

7. Carlotti ACP, St George-Hyslop C, Guerguerian AM, et al: Occult 
risk factor for the development of cerebral edema in children with 
diabetic ketoacidosis: possible role for stomach emptying. Ped Dia-
betes 10:522–533, 2009.

8. Hoorn EJ, Carlotti AP, Costa LA, et al: Preventing a drop in effec-
tive plasma osmolality to minimize the likelihood of cerebral 
edema during treatment of children with diabetic ketoacidosis.  
J Pediatr 150:467–473, 2007.

9. Napolova O, Urbach S, Davids MR, et al: Assessing the degree of 
extracellular fluid volume contraction in a patient with a severe 
degree of hyperglycaemia. Nephrol Dial Transplant 18:2674–2677, 
2003.

10. Kamel KS, Magner PO, Ethier JH, et al: Urine electrolytes in the 
assessment of extracellular fluid volume contraction. Am J Nephrol 
9:344–347, 1989.

11. Miller TR, Anderson RJ, Linas SL, et al: Urinary diagnostic indices 
in acute renal failure: a prospective study. Ann Intern Med 89:47–50, 
1978.

12. Weisberg LS: Pseudohyponatremia: a reappraisal. Am J Med 86:315–
318, 1989.

13. Decaux G, Schlesser M, Coffernils M, et al: Uric acid, anion gap 
and urea concentration in the diagnostic approach to hyponatre-
mia. Clin Nephrol 42:102–108, 1994.

14. Cheema-Dhadli S, Chong CK, Kamel KS, et al: An acute infusion 
of lactic acid lowers the concentration of potassium in arterial 
plasma by inducing a shift of potassium into cells of the liver in fed 
rats. Nephron Physiol 120:p7–p15, 2012.

15. Wang WH, Giebisch G: Regulation of potassium (K) handling in 
the renal collecting duct. Pflügers Arch 458:157–168, 2009.

16. Leviel F, Hubner CA, Houillier P, et al: The Na+-dependent 
chloride-bicarbonate exchanger SLC4A8 mediates an electroneu-
tral Na+ reabsorption process in the renal cortical collecting ducts 
of mice. J Clin Invest 120:1627–1635, 2010.

17. Carlisle E, Donnelly S, Ethier J, et al: Modulation of the secretion 
of potassium by accompanying anions in humans. Kidney Int 
39:1206–1212, 1991.

18. Sansom SC, Welling PA: Two channels for one job. Kidney Int 
72:529–530, 2007.

19. Welling PA, Chang YP, Delpire E, et al: Multigene kinase network, 
kidney transport, and salt in essential hypertension. Kidney Int 
77:1063–1069, 2010.

20. Kamel KS, Schreiber M, Halperin ML: Integration of the response 
to a dietary potassium load: a Paleolithic perspective. Nephrol Dial 
Transplant 29:982–989, 2014.

21. Kamel KS, Halperin ML: Intrarenal urea recycling leads to a higher 
rate of renal excretion of potassium: an hypothesis with clinical 
implications. Curr Opin Nephrol Hypertens 20:547–554, 2011.

22. Berl T, Rastegar A: A patient with severe hyponatremia and hypo-
kalemia: osmotic demyelination following potassium repletion. Am 
J Kidney Dis 55:742–748, 2010.

23. Lin SH, Lin YF, Halperin ML: Hypokalaemia and paralysis. QJM 
94:133–139, 2001.

24. Lin SH, Lin YF: Propranolol rapidly reverses paralysis, hypokalemia 
and hypophosphatemia in thyrotoxic periodic paralysis. Am J Kidney 
Dis 37:620–624, 2001.

25. Wilson FH, Disse-Nicodeme S, Choate KA, et al: Human hyperten-
sion caused by mutations in WNK kinases. Science 293:1107–1112, 
2001.

26. Hoorn EJ, Walsh SB, McCormick JA, et al: The calcineurin inhibi-
tor tacrolimus activates the renal sodium chloride cotransporter to 
cause hypertension. Nat Med 17:1304–1309, 2011.

27. Schambelan M, Sebastian A, Rector FC, Jr: Mineralocorticoid-
resistant renal hyperkalemia without salt wasting (type II pseudo-
hypoaldosteronism): role of increased renal chloride reabsorption. 
Kidney Int 19:716–727, 1981.

and a spot urine sample are summarized in the following 
table. The pH and Pco2 are from an arterial blood sample, 
whereas all other blood data are from a venous blood 
sample. The urine urea concentration was 220 mmol/L  
and the urine was glucose-free.

Plasma Urine

pH 7.35 6.8
HCO3

−, mmol/L 15 10
Na+, mmol/L 140 75
Anion gap, mEq/L 12 5
Osmolality, mOsm/L 290 450
PCO2, mm Hg 30 —
K+, mmol/L 3.1 35
Cl−, mmol/L 113 95
Creatinine, mg/dL 0.7 60
Citrate, mg/dL — Low

http://www.ExpertConsult.com
http://www.myuptodate.com


  CHAPTER 27 — InTERPRETATIOn Of ElECTROlyTE AnD ACID-BASE PARAMETERS In BlOOD AnD URInE  845

41. Rastegar A: Clinical utility of Stewart’s method in diagnosis and 
management of acid-base disorders. Clin J Am Soc Nephrol 4:1267–
1274, 2009.

42. Kamel KS, Halperin ML: Acid-base problems in diabetic ketoacido-
sis. NEJM 372:546–554, 2015.

43. Shull PD, Rapoport J: Life-threatening reversible acidosis caused 
by alcohol abuse. Nat Rev Nephrol 6:555–559, 2010.

44. Simpson DP: Control of hydrogen ion homeostasis and renal aci-
dosis. Medicine 50:503–541, 1971.

45. Weiner ID, Verlander JW: Renal ammonia metabolism and trans-
port. Compr Physiol 3:201–220, 2013.

46. Dyck R, Asthana S, Kalra J, et al: A modification of the urine 
osmolal gap: an improved method for estimating urine ammo-
nium. Am J Nephrol 10:359–362, 1990.

47. Kamel KS, Halperin ML: An improved approach to the patient with 
metabolic acidosis: a need for four amendments. J Nephrol 65:S76–
S85, 2006.

48. Richardson RMA, Halperin ML: The urine pH: a potentially mis-
leading diagnostic test in patients with hyperchloremic metabolic 
acidosis. Am J Kidney Dis 10:140–143, 1987.

49. Kamel KS, Briceno LF, Santos MI, et al: A new classification for 
renal defects in net acid excretion. Am J Kidney Dis 29:136–146, 
1997.

50. Halperin ML, Goldstein MB, Haig A, et al: Studies on the patho-
genesis of type I (distal) renal tubular acidosis as revealed by the 
urinary PCO2 tensions. J Clin Invest 53:669–677, 1974.

51. Roscoe JM, Goldstein MB, Halperin ML, et al: Effect of amphoteri-
cin B on urine acidification in rats: implications for the pathogen-
esis of distal renal tubular acidosis. J Lab Clin Med 89:463–470, 1977.

52. Kaitwatcharachai C, Vasuvattakul S, Yenchitsomanus P, et al: Distal 
renal tubular acidosis in a patient with Southeast Asian ovalocytosis: 
possible interpretations of a high urine PCO2. Am J Kidney Dis 
33:1147–1152, 1999.

53. Simpson DP: Citrate excretion: a window on renal metabolism. Am 
J Physiol 244:F223–F234, 1983.

54. Carlisle EJF, Donnelly SM, Vasuvattakul S, et al: Glue-sniffing and 
distal renal tubular acidosis: sticking to the facts. J Am Soc Nephrol 
1:1019–1027, 1991.

28. Nishida H, Sohara E, Nomura N, et al: Phosphatidylinositol 
3-kinase/Akt signaling pathway activates the WNK-OSR1/SPAK-
NCC phosphorylation cascade in hyperinsulinemic db/db mice. 
Hypertension 60:981–990, 2012.

29. Halperin ML, Scheich A: Should we continue to recommend that 
a deficit of KCl be treated with NaCl? A fresh look at chloride-
depletion metabolic alkalosis. Nephron 67:263–269, 1994.

30. Scheich A, Donnelly S, Cheema-Dhadli S, et al: Does saline 
“correct” the abnormal mass balance in metabolic alkalosis associ-
ated with chloride depletion in the rat? Clin Invest Med 17:448–460, 
1994.

31. Rubin SI, Sonnenberg B, Zettle R, et al: Metabolic alkalosis mim-
icking the acute sequestration of HCl in rats: bucking the alkaline 
tide. Clin Invest Med 17:515–521, 1994.

32. DeMars C, Hollister K, Tomassoni A, et al: Citric acidosis: a life-
threatening cause of metabolic acidosis. Ann Emerg Med 38:588–
591, 2001.

33. Zalunardo N, Lemaire M, Davids MR, et al: Acidosis in a patient 
with cholera: a need to redefine concepts. QJM 97:681–696, 
2004.

34. Gowrishankar M, Kamel KS, Halperin ML: Buffering of a H+ load: 
a “brain-protein-centered” view. J Amer Soc Nephrol 18:2278–2280, 
2007.

35. Halperin ML, Kamel KS: Some observations on the clinical 
approach to metabolic acidosis. J Am Soc Nephrol 21:894–897, 
2010.

36. Kraut JA, Madias NE: Serum anion gap: its uses and limitations in 
clinical medicine. Clin J Am Soc Nephrol 2:162–174, 2007.

37. Emmett M: Anion-gap interpretation: the old and the new. Nat Clin 
Pract Nephrol 2:4–5, 2006.

38. Feldman M, Soni N, Dickson B: Influence of hypoalbuminemia  
or hyperalbuminemia on the serum anion gap. J Lab Clin Med 
146:317–320, 2005.

39. Kamel KS, Cheema-Dhadli S, Halperin FA, et al: Anion gap: may 
the anions restricted to the intravascular space undergo modifica-
tion in their valence? Nephron 73:382–389, 1996.

40. Stewart PA: Modern quantitative acid-base chemistry. Can J Physiol 
Pharmacol 61:1444–1461, 1983.

http://www.myuptodate.com


  CHAPTER 27 — InTERPRETATIOn Of ElECTROlyTE AnD ACID-BASE PARAMETERS In BlOOD AnD URInE  845.e1

REFERENCES
1. Halperin ML, Kamel KS, Goldstein MB: Fluid, Electrolyte and acid-

base physiology; a problem-based approach, Philadelphia, 2010, W.B. 
Saunders.

2. Zhai XY, Fenton RA, Andreasen A, et al: Aquaporin-1 is not 
expressed in descending thin limbs of short-loop nephrons. J Am 
Soc Nephrol 18:2937–2944, 2007.

3. Kamel KS, Halperin ML: The importance of distal delivery of fil-
trate and residual water permeability in the pathophysiology of 
hyponatremia. Nephrol Dial Transplant 27:872–875, 2012.

4. Halperin ML, Kamel KS, Oh MS: Mechanisms to concentrate the 
urine: an opinion. Curr Opin Nephrol Hypert 17:416–422, 2008.

5. Carlotti AP, Bohn D, Mallie JP, et al: Tonicity balance, and not 
electrolyte-free water calculations, more accurately guides therapy 
for acute changes in natremia. Intensive Care Med 27:921–924, 
2001.

6. Kamel KS, Bichet DG, Halperin ML: Studies to clarify the patho-
physiology of partial central diabetes insipidus. Am J Nephrol 
37:1290–1293, 2001.

7. Carlotti ACP, St George-Hyslop C, Guerguerian AM, et al: Occult 
risk factor for the development of cerebral edema in children with 
diabetic ketoacidosis: possible role for stomach emptying. Ped Dia-
betes 10:522–533, 2009.

8. Hoorn EJ, Carlotti AP, Costa LA, et al: Preventing a drop in effec-
tive plasma osmolality to minimize the likelihood of cerebral 
edema during treatment of children with diabetic ketoacidosis.  
J Pediatr 150:467–473, 2007.

9. Napolova O, Urbach S, Davids MR, et al: Assessing the degree of 
extracellular fluid volume contraction in a patient with a severe 
degree of hyperglycaemia. Nephrol Dial Transplant 18:2674–2677, 
2003.

10. Kamel KS, Magner PO, Ethier JH, et al: Urine electrolytes in the 
assessment of extracellular fluid volume contraction. Am J Nephrol 
9:344–347, 1989.

11. Miller TR, Anderson RJ, Linas SL, et al: Urinary diagnostic indices 
in acute renal failure: a prospective study. Ann Intern Med 89:47–50, 
1978.

12. Weisberg LS: Pseudohyponatremia: a reappraisal. Am J Med 86:315–
318, 1989.

13. Decaux G, Schlesser M, Coffernils M, et al: Uric acid, anion gap 
and urea concentration in the diagnostic approach to hyponatre-
mia. Clin Nephrol 42:102–108, 1994.

14. Cheema-Dhadli S, Chong CK, Kamel KS, et al: An acute infusion 
of lactic acid lowers the concentration of potassium in arterial 
plasma by inducing a shift of potassium into cells of the liver in fed 
rats. Nephron Physiol 120:p7–p15, 2012.

15. Wang WH, Giebisch G: Regulation of potassium (K) handling in 
the renal collecting duct. Pflügers Arch 458:157–168, 2009.

16. Leviel F, Hubner CA, Houillier P, et al: The Na+-dependent 
chloride-bicarbonate exchanger SLC4A8 mediates an electroneu-
tral Na+ reabsorption process in the renal cortical collecting ducts 
of mice. J Clin Invest 120:1627–1635, 2010.

17. Carlisle E, Donnelly S, Ethier J, et al: Modulation of the secretion 
of potassium by accompanying anions in humans. Kidney Int 
39:1206–1212, 1991.

18. Sansom SC, Welling PA: Two channels for one job. Kidney Int 
72:529–530, 2007.

19. Welling PA, Chang YP, Delpire E, et al: Multigene kinase network, 
kidney transport, and salt in essential hypertension. Kidney Int 
77:1063–1069, 2010.

20. Kamel KS, Schreiber M, Halperin ML: Integration of the response 
to a dietary potassium load: a Paleolithic perspective. Nephrol Dial 
Transplant 29:982–989, 2014.

21. Kamel KS, Halperin ML: Intrarenal urea recycling leads to a higher 
rate of renal excretion of potassium: an hypothesis with clinical 
implications. Curr Opin Nephrol Hypertens 20:547–554, 2011.

22. Berl T, Rastegar A: A patient with severe hyponatremia and hypo-
kalemia: osmotic demyelination following potassium repletion. Am 
J Kidney Dis 55:742–748, 2010.

23. Lin SH, Lin YF, Halperin ML: Hypokalaemia and paralysis. QJM 
94:133–139, 2001.

24. Lin SH, Lin YF: Propranolol rapidly reverses paralysis, hypokalemia 
and hypophosphatemia in thyrotoxic periodic paralysis. Am J Kidney 
Dis 37:620–624, 2001.

25. Wilson FH, Disse-Nicodeme S, Choate KA, et al: Human hyperten-
sion caused by mutations in WNK kinases. Science 293:1107–1112, 
2001.

26. Hoorn EJ, Walsh SB, McCormick JA, et al: The calcineurin inhibi-
tor tacrolimus activates the renal sodium chloride cotransporter to 
cause hypertension. Nat Med 17:1304–1309, 2011.

27. Schambelan M, Sebastian A, Rector FC, Jr: Mineralocorticoid-
resistant renal hyperkalemia without salt wasting (type II pseudo-
hypoaldosteronism): role of increased renal chloride reabsorption. 
Kidney Int 19:716–727, 1981.

28. Nishida H, Sohara E, Nomura N, et al: Phosphatidylinositol 
3-kinase/Akt signaling pathway activates the WNK-OSR1/SPAK-
NCC phosphorylation cascade in hyperinsulinemic db/db mice. 
Hypertension 60:981–990, 2012.

29. Halperin ML, Scheich A: Should we continue to recommend that 
a deficit of KCl be treated with NaCl? A fresh look at chloride-
depletion metabolic alkalosis. Nephron 67:263–269, 1994.

30. Scheich A, Donnelly S, Cheema-Dhadli S, et al: Does saline 
“correct” the abnormal mass balance in metabolic alkalosis associ-
ated with chloride depletion in the rat? Clin Invest Med 17:448–460, 
1994.

31. Rubin SI, Sonnenberg B, Zettle R, et al: Metabolic alkalosis mim-
icking the acute sequestration of HCl in rats: bucking the alkaline 
tide. Clin Invest Med 17:515–521, 1994.

32. DeMars C, Hollister K, Tomassoni A, et al: Citric acidosis: a life-
threatening cause of metabolic acidosis. Ann Emerg Med 38:588–
591, 2001.

33. Zalunardo N, Lemaire M, Davids MR, et al: Acidosis in a patient 
with cholera: A need to redefine concepts. QJM 97:681–696, 
2004.

34. Gowrishankar M, Kamel KS, Halperin ML: Buffering of a H+ load; 
A “brain-protein-centered” view. J Amer Soc Nephrol 18:2278–2280, 
2007.

35. Halperin ML, Kamel KS: Some observations on the clinical 
approach to metabolic acidosis. J Am Soc Nephrol 21:894–897, 2010.

36. Kraut JA, Madias NE: Serum anion gap: its uses and limitations in 
clinical medicine. Clin J Am Soc Nephrol 2:162–174, 2007.

37. Emmett M: Anion-gap interpretation: the old and the new. Nat Clin 
Pract Nephrol 2:4–5, 2006.

38. Feldman M, Soni N, Dickson B: Influence of hypoalbuminemia or 
hyperalbuminemia on the serum anion gap. J Lab Clin Med 
146:317–320, 2005.

39. Kamel KS, Cheema-Dhadli S, Halperin FA, et al: Anion gap: may 
the anions restricted to the intravascular space undergo modifica-
tion in their valence? Nephron 73:382–389, 1996.

40. Stewart PA: Modern quantitative acid-base chemistry. Can J Physiol 
Pharmacol 61:1444–1461, 1983.

41. Rastegar A: Clinical utility of Stewart’s method in diagnosis and 
management of acid-base disorders. Clin J Am Soc Nephrol 4:1267–
1274, 2009.

42. Kamel KS, Halperin ML: Acid-base problems in diabetic ketoacido-
sis. NEJM 372:546–554, 2015.

43. Shull PD, Rapoport J: Life-threatening reversible acidosis caused 
by alcohol abuse. Nat Rev Nephrol 6:555–559, 2010.

44. Simpson DP: Control of hydrogen ion homeostasis and renal aci-
dosis. Medicine 50:503–541, 1971.

45. Weiner ID, Verlander JW: Renal ammonia metabolism and trans-
port. Compr Physiol 3:201–220, 2013.

46. Dyck R, Asthana S, Kalra J, et al: A modification of the urine 
osmolal gap: an improved method for estimating urine ammo-
nium. Am J Nephrol 10:359–362, 1990.

47. Kamel KS, Halperin ML: An improved approach to the patient with 
metabolic acidosis: a need for four amendments. J Nephrol 65:S76–
S85, 2006.

48. Richardson RMA, Halperin ML: The urine pH: a potentially mis-
leading diagnostic test in patients with hyperchloremic metabolic 
acidosis. Am J Kidney Dis 10:140–143, 1987.

49. Kamel KS, Briceno LF, Santos MI, et al: A new classification for 
renal defects in net acid excretion. Am J Kidney Dis 29:136–146, 
1997.

50. Halperin ML, Goldstein MB, Haig A, et al: Studies on the patho-
genesis of type I (distal) renal tubular acidosis as revealed by the 
urinary PCO2 tensions. J Clin Invest 53:669–677, 1974.

51. Roscoe JM, Goldstein MB, Halperin ML, et al: Effect of ampho-
tericin B on urine acidification in rats: implications for the  

http://www.myuptodate.com


845.e2  SECTIOn IV — EVAlUATIOn Of THE PATIEnT WITH KIDnEy DISEASE

pathogenesis of distal renal tubular acidosis. J Lab Clin Med 89:463–
470, 1977.

52. Kaitwatcharachai C, Vasuvattakul S, Yenchitsomanus P, et al: distal 
renal tubular acidosis in a patient with Southeast Asian ovalocytosis: 
possible interpretations of a high urine PCO2. Am J Kidney Dis 
33:1147–1152, 1999.

53. Simpson DP: Citrate excretion: a window on renal metabolism. Am 
J Physiol 244:F223–F234, 1983.

54. Carlisle EJF, Donnelly SM, Vasuvattakul S, et al: Glue-sniffing and 
distal renal tubular acidosis: sticking to the facts. J Am Soc Nephrol 
1:1019–1027, 1991.

http://www.myuptodate.com


846

Diagnostic Kidney Imaging
Vinay A. Duddalwar | Hossein Jadvar | Suzanne L. Palmer |  
William D. Boswell, Jr.

28 

CHAPTER OUTLINE

IMAGING TECHNIQUES, 846
Plain Radiograph of the Abdomen, 846
Intravenous Urography, 846
Iodinated Contrast Media, 847
Ultrasonography, 848
Computed Tomography, 851
Magnetic Resonance Imaging, 856
Nuclear Medicine, 864
IMAGING IN CLINICAL  
NEPHROLOGY, 865
Normal Renal Function, 865
Kidney Injury: Acute and Chronic, 866
Unilateral Obstruction, 871

Renal Calcifications and Renal Stone 
Disease, 871
Renal Infection, 878
Renal Mass: Cysts to Renal Cell 
Carcinoma, 883
Renal Cancer: Positron Emission Tomography 
and Positron Emission Tomography–Computed 
Tomography, 899
Renal Vascular Disease, 903
Nuclear Imaging and Renovascular 
Disease, 907
Renal Vein Thrombosis, 908
Assessment for Renal Transplantation, 909
Assessment of Transplanted Kidneys, 910

Medical imaging has made major strides over the past 
century since the discovery of x-rays by Wilhelm Roentgen. 
Imaging tools now include sophisticated systems that can 
noninvasively interrogate structure, function, and metabo-
lism in health and disease states of all organ systems, includ-
ing the urinary system. X-ray studies primarily provide 
anatomic information and include plain radiography, intra-
venous urography (IVU), antegrade and retrograde pyelog-
raphy, and computed tomography (CT). Ultrasonography 
(US), which does not have ionizing radiation, involves the 
use of high-frequency sound waves. The development of 
additional techniques in US such as Doppler US, elastogra-
phy, and contrast-enhanced US has led to an expansion of 
the role of US in the evaluation of the kidney. Magnetic 
resonance imaging (MRI) uses the phenomenon of nuclear 
magnetic resonance and yields primarily anatomic informa-
tion but also can provide some functional information. 
Nuclear medicine studies, including planar and single-
photon computed tomography (SPECT) techniques, con-
tribute primarily functional information; positron emission 
tomography (PET) and integrated PET-CT and PET-MRI in 
conjunction with a number of current and novel radiotrac-
ers provide means for quantitative assessment of a variety of 
physiologic parameters. In addition, there have been signifi-
cant changes in image processing and visualization technol-
ogy that have led to an increase in the imaging applications 
for the kidney. Understanding the diagnostic utility and 

limitation of each imaging modality facilitates the proper 
evaluation of patients in various specific clinical settings.

IMAGING TECHNIQUES

PLAIN RADIOGRAPH OF THE ABDOMEN

Historically, plain radiography of the abdomen was used as 
the starting point in the evaluation of the kidneys, as well 
as the rest of the abdomen. Relative to more advanced tech-
nology, radiography of the kidneys, ureters, and bladder 
(KUB) (Figure 28.1) yields little significant information  
on its own and if used at all, should be the starting point 
for further evaluation of the kidneys, such as the scout film 
for IVU.

INTRAVENOUS UROGRAPHY

In the past, IVU (also known as intravenous pyelography) was 
used as the primary means of evaluating the kidneys and 
urinary tract1,2; however, CT has supplanted IVU for routine 
imaging. IVU may be appropriate if CT is not readily  
available3 or when a specific clinical question needs to be 
answered. A scout film (KUB) is performed before any  
contrast material is injected intravenously. Subsequently, 
iodinated contrast material is injected intravenously as a 
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throughout. The excretion of the contrast medium by the 
kidneys should be symmetric. The anatomic depiction of the 
calyces, infundibula, and pelvis is best displayed by 5 to 10 
minutes after injection (Figure 28.3). Imaging of the ureters is 
usually accomplished 10 to 15 minutes after injection (Figure 
28.4). The total number of images needed for the complete 
study depends on the clinical question to be answered.2-4

IODINATED CONTRAST MEDIA

Over the years, many different intravascular contrast  
media have been employed.7 These agents are divided into 

bolus for the study. Timed sequential images of the kidneys 
and the remainder of the genitourinary system are then 
obtained.4,5 The first image obtained in IVU is taken within 
30 to 60 seconds after the injection of the contrast medium 
is completed. The nephrogram, or image of the kidneys, 
reflects the iodine concentration within the tubular system of 
the kidneys (Figure 28.2).6 This nephrogram may be used to 
evaluate the size, shape, and contour of the kidneys. The 
overall appearance and density of the kidneys should be  
symmetric. The outlines of the kidneys are usually well 
depicted against the darker appearance of perirenal fat. 
Normal kidneys are typically homogeneous in appearance 

Figure 28.1  Plain radiograph of the abdomen: kidneys, ureters, 
and bladder. The kidneys lie posteriorly in the retroperitoneum in the 
upper  abdomen.  They  are  surrounded  by  fat.  The  ribs  overlie  
the kidney, and bowel gas is visible in the right upper quadrant. The 
psoas muscles are also well viewed because retroperitoneal fat abuts 
them. 

Figure 28.2  Intravenous urography: nephrogram.  This  image  is 
obtained within 60 seconds after  injection of contrast material. The 
kidneys are visible with smooth borders and the overlying bowel gas. 

Figure 28.3  Intravenous urography: nephrotomogram.  This 
image is obtained 5 to 7 minutes after the injection of contrast mate-
rial. The overall outline of kidney is well depicted; the calyces, renal 
pelvis, and proximal ureter are opacified with the excreted contrast 
material. 

Figure 28.4  Intravenous urography: excretory phase. This image 
is obtained 10 minutes after the injection of the contrast material. The 
kidneys  are  well  visualized;  contrast  material  outlines  the  calyces, 
pelvis, ureters, and bladder. 
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antihistamine (as in option 1) can also be added to this 
regimen (see “Contrast Media–Induced Nephropathy” 
section).

ULTRASONOGRAPHY

US is the most frequently used diagnostic examination for 
the evaluation of the kidneys and urinary tract.18 It is non-
invasive, uses no ionizing radiation, and requires minimal 
patient preparation. It is the first-line examination in azo-
temic patients for assessing renal size and the presence or 
absence of hydronephrosis and obstruction. It is used to 
assess the vasculature of native and transplanted kidneys. US 
is also used to evaluate renal structure and to characterize 
renal masses. It is the primary modality of imaging for evalu-
ation of a transplanted kidney. It is also the most commonly 
used modality for imaging guidance for a kidney biopsy.

Diagnostic US is an outgrowth of sound navigation and 
ranging (sonar) technology, used first during World War II 
for the detection of objects under water. In medical US, 
high-frequency sound waves are used to evaluate various 
organs. In the abdomen and, more particularly, the kidneys, 
2.5- to 4.0-mHz sound waves are generally employed.

The US unit consists of a transducer, which sends and 
receives the sound waves; a microprocessor or computer, 
which obtains and processes the returning signal; and an 
image display system or monitor, which displays the pro-
cessed images. The piezoelectric transducer converts electri-
cal energy into high-frequency sound waves that are 
transmitted through the patient’s body. It converts the 
returning reflected sound waves back into electrical energy 
that can be processed by a computer. Sound travels as a 
waveform through the tissues being imaged. The speed of 
the sound wave depends on the tissue through which it is 
traveling.

Different tissues and the interface between these tissues 
have different acoustic impedance. As the sound wave 
travels through different tissues, part of the wave is reflected 
back to the transducer. The depth of the tissue interface is 
measured by the time the sound wave takes to return to the 
transducer. A gray-scale image is produced by the measured 
reflected sound, in which the intensity of the pixels (picture 
elements) is proportional to the intensities of the reflected 
sound (Figure 28.5). When the acoustic interfaces are quite 
large, strong echoes result. These are known as specular reflec-
tors and are visible from the renal capsule and bladder wall. 
Nonspecular reflectors generate echoes of lower amplitude 
and are visible in the renal parenchyma. Strong reflection 
of sound by bone and air results in little or no information 
from the tissues beneath; this appearance is known as shad-
owing. Lack of acoustic impedance as observed in fluid-filled 
structures, such as the urinary bladder and renal cysts, 
allows the sound waves to penetrate further, which results 
in a relative increase in intensity distal to the structures; this 
is known as increased through-transmission. All of these fea-
tures are used to help characterize various lesions. Real-time 
US, which provides sequential images at a rapid frame rate, 
allows the demonstration of motion of organs and pulsation 
of vessels.

Doppler US, based on the Doppler frequency shift of the 
sound wave caused by moving objects, can be used to assess 
venous and arterial blood flow.19,20 The movement of blood 

categories based on their osmolality relative to plasma: high 
osmolar contrast media (HOCM), low osmolar contrast media 
(LOCM), or isotonic contrast media (IOCM). HOCM was used 
successfully from the 1960s through the 1990s for most 
intravascular applications. Since the introduction of LOCM 
in the mid-1980s and IOCM in the 1990s, there has been a 
gradual shift to these agents. Since the mid-2000s, virtually 
all studies involving intravascular injection of contrast mate-
rial have been performed with LOCM or IOCM.

All the HOCM agents are ionic, water-soluble salt solu-
tions, and all are hyperosmolar in relation to plasma. Virtu-
ally all of the contrast material injected is filtered by the 
glomerulus; in patients with normal renal function, there is 
no tubular reabsorption of excreted material.7

Most LOCM agents are non-ionic compounds that do not 
dissociate in solution.8 LOCM are less hyperosmolar (com-
pared to HOCM) in relation to plasma. These agents, like 
HOCM, are filtered by the glomerulus but have a higher 
concentration within the tubular system because less water 
is reabsorbed. The osmotic effect of LOCM is less than 
HOCM in the tubular system; therefore within the urine 
there is a higher concentration, which generally improves 
the quality of imaging studies.9 IOCM agents are isotonic in 
relation to plasma. They, like HOCM and LOCM, are fil-
tered by the glomerulus with no tubular reabsorption or 
excretion.

Contrast material has a plasma half-life of 1 to 2 hours in 
patients with normal renal function. Virtually all contrast 
material is excreted by the kidneys within 24 hours. In 
patients with renal failure, contrast media may be excreted 
via other routes, including the biliary system or gastrointes-
tinal tract. All iodinated contrast agents are dialyzable.

Reactions to the injection of any of the contrast agents 
may occur; however, these reactions are not “allergic” 
responses in the sense of an antigen-antibody reaction.10 
Although the majority of these reactions are mild or minor, 
severe reactions and deaths do occur. With ionic HOCM 
agents the reaction rate in the general population is 5% to 
6%.11 The rates of reactions to LOCM and IOCM agents are 
much lower, in the range of 1% to 2%.12-14 Most reactions 
are mild, consisting of flushing, nausea, and vomiting, and 
treatment is not required. Mild dermal reactions, primarily 
urticaria, do occur and may or may not necessitate treat-
ment. Moderate and severe reactions, which occur with con-
siderably less frequency, include bronchospasm, laryngeal 
edema, seizures, arrhythmias, syncope, shock, and cardiac 
arrest. All moderate and severe reactions necessitate 
treatment.

Because the reaction that occurs in patients after injec-
tion of contrast material is not antigen-antibody mediated, 
pretesting plays no role.15 Neither the rate of injection nor 
the dose of contrast material has been clearly established as 
a determinant in the occurrence of contrast material–
related reactions.12,16 The only regimen that has proven to 
reduce the incidence of contrast-induced reactions is the 
modified Greenberger protocol17:

Two frequently used regimens are as follows: (1) 
Prednisone—50 mg orally at 13 hours, 7 hours, and 1 hour 
before contrast injection, plus diphenhydramine 50 mg 
intravenously, intramuscularly, or orally 1 hour before con-
trast medium.16 (2) Methylprednisolone—32 mg orally 12 
hours and 2 hours before contrast media injection. An 
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Figure 28.6  Normal kidney with normal waveform (A). Normal kidney with calculated resistive index (B). 

A B

Figure 28.5  Renal ultrasonography: normal kidney.  The  central 
echogenic structure represents the vascular elements, calyces, and 
renal  sinus  fat.  The  peripheral  cortex  is  noted  to  be  smooth  and 
regular. Renal pyramids may be depicted as hypoechoic structures 
between the central echo complex and the cortex. 

Elastography is another technique by which the mechani-
cal properties of a target tissue are assessed. It is a measure 
of the stiffness in a tissue, and its role in the evaluation of 
chronic parenchymal disease is being evaluated. The change 
in the elasticity of a particular tissue is assessed by changes 
in the propagation velocity of ultrasound waves.22

There has been an increase in the use of intravenous 
contrast agents with dynamic US for the evaluation of the 
kidneys and renal masses.23 The advantage of these agents 
is that they are excreted by pulmonary ventilation, and 
therefore they can be used in patients with very poor renal 
function. The contrast agents are microbubbles of a high-
molecular-weight gas such as perfluorocarbons that are sta-
bilized by a thin capsule of lipid or protein. They are of the 
same size as blood cells and therefore are not filtered out 
in the lungs or the kidneys. These remain in the vascular 
system (acting as blood pool agents) and can provide 
another method of providing information on organ perfu-
sion and vascularity. This has expanded the role of US and 
has given an additional option in the imaging of patients 
with compromised renal function. The development of 
these contrast agents enables the display of microvascula-
ture and dynamic enhancement patterns.

Imaging after injection of these contrast agents is per-
formed using contrast-specific ultrasonographic modes. 
These are based on the cancellation of linear ultrasound 
signals from tissue and using a nonlinear response  
from microbubbles. The techniques for contrast-enhanced 
US (CEUS) evaluation use a low mechanical index 
technique

Uses for CEUS in the kidney include the following:  
(1) Characterization of focal renal lesions. This includes 
characterization of complex renal cysts accurately into dif-
ferent Bosniak groups. CEUS also enables an increase in 
diagnostic confidence in the evaluation of focal renal 
masses. It also permits differentiation of variant normal 
anatomy, including conditions such as a hypertrophied 
column of Bertin.24 (2) Evaluation of transplanted kidney. 
CEUS can help identify vascular complications such as  
arterial and venous thrombosis and ischemia. It can also 

cells in blood vessels is used to generate Doppler informa-
tion, and this is used to derive diagnostic information. In a 
technique called pulsed wave Doppler US, quantification of 
this flow and assessment of the waveforms can be used in 
evaluating various organ systems (Figure 28.6A). With 
Doppler color-flow US, the image is encoded with colors 
assigned to the pixels representing the direction and volume 
of flow within vessels (Figure 28.7). In power Doppler US 
the amplitude of the signal, without any directional infor-
mation, is used to produce a color map of the intrarenal 
vasculature and flow within the kidneys (Figure 28.8).

Resistive index is a measure of the resistance to blood flow 
caused by the microvascular bed distally. This serves as a 
nonspecific indicator of disease in both native and trans-
planted kidneys. In general, a normal resistive index is 0.70 
or less (see Figure 28.6B). An increased resistive index is a 
nonspecific indicator of disease and a sign of increased 
peripheral vascular resistance.19-21
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renal cortex lies peripherally, and the separation from the 
medulla is usually demarcated by an echogenic focus attrib-
utable to the arcuate arteries along the corticomedullary 
junction. Columns of Bertin have the same echogenicity as 
the renal cortex and separate the renal pyramids. On occa-
sion, a large column of Bertin may simulate a mass. Even 
when a column of Bertin is large or prominent, its echo-
genicity is the same as the remainder of the cortex, and the 
vascular pattern observed on power Doppler images is also 
the same.

Renal size is accurately measured by US. Normal kidneys 
range from 8.5 to 13 cm, depending on the age, sex, and 
body habitus of the patient. The contours of the kidneys 
should be smooth; occasionally some slight nodularity is 
present as a result of developmental fetal lobulation. The 
renal arteries and veins may be visible extending from  
the renal hilum to the aorta and inferior vena cava (IVC). 
The veins lie anterior to the arteries. The renal arterial 
branching pattern within the kidneys may be visible on 
Doppler color-flow US (see Figure 28.7).28 The resistive 
indices of the main, intralobar, and arcuate vessels may be 
calculated (see Figure 28.6). With power Doppler US, the 
intrarenal vasculature may be assessed; it demonstrates an 
overall increased pattern in the cortex in relation to the 
medulla, which corresponds to the normal arterial flow to 
the kidney (see Figure 28.8).29,30 The renal calyces and col-
lecting systems are not typically visible with US unless disten-
sion caused by diuresis or obstruction is present. When 
visible, the collecting systems are anechoic structures in the 
renal sinus fat, connecting together at the renal pelvis. The 
urinary bladder is visible in the pelvis as a fluid-filled 
anechoic structure. The entrance of the ureters into the 
bladder at the trigone may be visualized on Doppler color-
flow US as ureteral jets (Figure 28.9).

When a kidney is not identified in its normal location, the 
remainder of the abdomen and pelvis should be assessed. 
Ectopic kidneys may lie lower in the abdomen or within  
the pelvis and may also be located on the opposite side; the 
kidneys may even be fused (e.g., horseshoe kidneys). 

Figure 28.7  Doppler color-flow ultrasonography: normal kidney. 
The  red  echogenic  areas  represent  arterial  flow  (flow  toward  the 
transducer),  and blue echogenic  areas  represent  venous  flow  (flow 
away from the transducer). 

Figure 28.8  Power Doppler ultrasonography: normal kidney. The 
color image represents a summation of all flow—arterial and venous—
within the kidney. 

identify and characterize postintervention complications.25 
3. Follow-up of renal trauma.26

US is very useful in directing kidney biopsy. The use of 
US has decreased both the procedure time and rates of 
morbidity and mortality. US guidance is also used for other 
interventional procedures such as percutaneous nephros-
tomy and renal mass ablations.

ULTRASONOGRAPHY: NORMAL ANATOMY
US images of the kidneys are generally obtained in the 
longitudinal, transverse, and parasagittal planes.27 The 
appearance of the perinephric fat varies from slightly less 
echogenic to highly echogenic in comparison with the renal 
cortex. The renal capsule is visible as an echogenic line sur-
rounding the kidney. The centrally located renal sinus and 
hilum, containing renal sinus fat, vessels, and the collecting 
system, are usually echogenic because of the presence of fat 
(see Figure 28.5). The amount of renal sinus fat generally 
increases with age. Tubular structures corresponding to 
vessels and the collecting system may be visible in the renal 
hilum. Doppler color-flow US may be used to differentiate 
the vessels from the collecting system.

The normal renal cortex is less echogenic than the liver 
and spleen. The renal medullary pyramids are hypoechoic, 
and their triangular shape points to the renal hilum. The 

Figure 28.9  Ureteral jet.  Color-flow  image  of  urine  entering  the 
bladder. 
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was obtained, the patient moved, and the next slice obtained. 
This initial generation of body CT scanner led to a scan of 
the abdomen that took up to 2 to 4 minutes or more to 
complete. In 1990, helical/spiral technology was introduced 
in which the x-ray tube and detector system continuously 
rotated around the patient, and the patient moved continu-
ously through the gantry. Scan time through the abdomen 
was significantly reduced. After helical/spiral CT, a two-
detector system was introduced that produced two slices for 
every 360-degree rotation of the x-ray tube and detector 
system. Today, multidetector CT (MDCT) systems with 640 
detectors are in use, primarily for advanced applications, 
such as computed tomographic angiography (CTA) for the 
coronary arteries. Most commonly today, MDCT systems 
varying from 64 to 320 detectors are used in abdominal and 
pelvic scanning. With MDCT each 360-degree rotation 
results in the number of slices equal to the number of detec-
tors (i.e., a 64-detector system produces 64 slices in one 
360-degree rotation). These technologic advances have led 
to dramatic increase in the speed of scans (4 to 10 seconds), 
routine use of thin slices or collimation (1 to 2 mm thick), 
and marked improvement in spatial resolution (ability to 
display small objects clearly).32

As a result of the faster scanning times, the use of enhance-
ment by intravenous contrast material has improved and 
become more widely used.33 For example, the kidneys can 
be scanned in the arterial, venous, nephrographic, and 
delayed phases, which allows for a more complete assess-
ment. Current, state-of-the-art MDCT acquires data as a 
volumetric study, and the slice thickness has been reduced 
to the point that sagittal, coronal, oblique, and off-axis 
images may be displayed with no loss of resolution. The data 
acquisition may also be displayed as a three-dimensional 
volumetric display with the regions of interest highlighted.32 
The kidneys are well suited for assessment with MDCT.33-37

Technical developments include dual-energy and spectral-
energy scanners that offer the ability to image an organ at 
different energy strengths.38 Tissues behave differently 
at different energies, and this fact is used in techniques  
such as characterization of calculi and obtaining virtual 
unenhanced images and iodine maps in different organs 
(Figure 28.10).

COMPUTED TOMOGRAPHY TECHNIQUE,  
INCLUDING UROGRAPHY
Most clinical questions require the use of intravenous con-
trast; tailored CT urography (CTU) is a way to provide a 
comprehensive examination of the genitourinary tract. 
CTU may be used to assess the kidney as a whole (ana-
tomic), the vascular tree (function and perfusion), and the 
excretory (urothelial) patterns.39 Noncontrast scans enable 
assessment of renal calculi, high-density cysts, and contour 
abnormalities.40 Early-phase scans (12 to 15 seconds) enable 
arterial assessment, for example, the evaluation for renal 
artery stenosis (RAS). Scanning at 25 to 30 seconds yields a 
combined arterial-venous–phase image with clear cortico-
medullary differentiation, recommended for renal mass 
evaluation. At 90 to 100 seconds, true nephrographic-phase 
imaging of the kidneys is obtained.33 Delayed imaging, typi-
cally at 3 to 7 minutes and up to 10 minutes, enables the 
evaluation of the urothelium (calyces, renal pelvis, ureters, 
and bladder) in the excretory phase.41 Axial images, 

Horseshoe kidneys tend to lie lower in the retroperitoneum, 
and their axes may be different from those of normal 
kidneys.

COMPUTED TOMOGRAPHY

CT has become an essential imaging tool for diagnosis in 
all areas of the body. In the genitourinary tract, it has sup-
planted IVU, especially for the evaluation of flank pain, 
hematuria, renal masses, and trauma. Even in areas in which 
US is the first-line imaging modality, CT offers a comple-
mentary and sometimes superior means of imaging. CT is 
now the first examination to be performed in patients with 
renal colic, renal stone disease, renal trauma, renal infec-
tion and abscess, renal mass, hematuria, and urothelial 
abnormalities.

Computed tomography has been heralded as the greatest 
improvement in diagnostic radiology since Roentgen discov-
ered x-rays in 1895. Sir Godfrey Hounsfield developed the 
first CT scanner in 1970.31 The first clinical applications 
in 1971 were in the head. The first body CT scanner  
was installed in Georgetown University Medical Center in 
1974. The field has grown rapidly since that time with new 
technical innovations, image processing, and visualization 
methods. For his outstanding work in the field and for 
demonstrating the unique and remarkable clinical capabili-
ties of CT, Sir Godfrey Hounsfield was awarded the Nobel 
Prize in Physiology or Medicine in 1979.

CT is the computer reconstruction of a radiographically 
generated image that typically depicts a slice through the 
area being studied in the body. The x-ray tube produces a 
highly collimated fan beam and is mounted opposite an 
array of electronic detectors. This system rotates in tandem 
around the patient. The detector system collects hundreds 
of thousands of samples representing the attenuation of the 
x-ray along the line formed from the x-ray source to the 
detector as the rotation occurs. This data set is transferred 
to a computer, where the image is reconstructed. The CT 
image is made up of pixels (picture elements), each corre-
sponding to a CT density number (Hounsfield unit) that 
represents the amount of x-rays absorbed by the patient at 
a particular point in the cross-sectional image. These pixels 
represent a two-dimensional display of a three-dimensional 
object or volume element (voxel). The third dimension is 
the slice thickness or depth. Thus the Hounsfield unit (HU) 
is the average attenuation of x-rays of all the tissues within 
a specific voxel, which is then used to create the individual 
image. The images are then displayed on a computer 
monitor for reviewing and analysis.

The HU of water is 0. Tissues that attenuate more x-rays 
than water have positive HU, and those with less x-ray attenu-
ation than water have negative HU. Different shades of gray 
on a scale of white to black are assigned to HU (the highest 
number is depicted as white, the lowest as black). The image 
of each slice is thus created on a display monitor, and this 
image may be manipulated to accentuate the regions being 
imaged. The advantage of this digital image set is that by 
using various tools such as window levels and widths and dif-
ferent summation and reconstruction techniques, images 
can be optimized to evaluate a particular organ or region.

The initial CT scanners were relatively slow because the 
technology required a point-and-shoot process. One slice 
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space. Fat will generally outline the kidneys with the liver 
anterior-superior on the right, the spleen superior on the 
left, and the spine, aorta, and IVC central to each kidney. 
The abdominal contents lie anteriorly. The renal arteries 
are easily seen on both arterial and venous phases, generally 
located posterior to the venous structures. The adrenal 
glands are found in a location superior to the upper poles 
of the kidneys. In venous phase imaging, it is easy to distin-
guish the renal cortex from the medulla. Cortical thickness 
and medullary appearance may be readily assessed. The 
nephrographic phase should demonstrate the symmetric 

multiplanar reconstructions, maximum-intensity projection 
images, and three-dimensional volumetric displays comple-
ment each other in CTU. CTU is superior to IVU.42-45 Not 
all the phases are required for all clinical situations; there-
fore the examination should be tailored to a specific clinical 
question. Urothelial lesions can often be evaluated by com-
bining the nephrographic and delayed phases into a single 
phase by using a split–contrast bolus technique. This involves 
giving the iodinated contrast intravenously in two separate 
boluses, but scanning only once.

Another technical innovation is the development of spec-
tral CT or multienergy CT.38 This involves the ability to scan 
a particular tissue with two or more different energies. 
Knowing how a target tissue attenuates at different energies 
can provide further details of the tissue composition. For 
example, spectral CT can help in differentiating types of 
renal calculi and characterizing renal masses. It also pro-
vides the ability to generate virtual unenhanced data sets, as 
well as increasing detection rates of iodine-containing 
tissues.

Work on reducing radiation exposure is also being aggres-
sively pursued. Because of the development of new recon-
struction algorithms such as iterative reconstruction and 
model-based reconstruction, there has been a significant 
(50% to 70%) reduction in the resultant radiation dose 
without any change in the quality of the study. Further 
advances in technology will result in incremental reductions 
of dose.

COMPUTED TOMOGRAPHY: NORMAL ANATOMY
The retroperitoneal anatomy is easily viewed with CT 
(Figures 28.11 to 28.16). The kidneys lie in the retroperito-
neum, surrounded by Gerota’s fascia in the perinephric 

Figure 28.10  Dual-energy computed tomography (CT) for stone characterization in two different patients. A, Postprocessed color-coded 
axial CT  image  in a 54-year-old patient obtained after dual-energy CT scanning demonstrates a  left  renal calculus coded blue,  indicating a 
non–uric acid stone. B, Postprocessed color-coded coronal CT image in a 66-year-old patient obtained after dual-energy CT scanning dem-
onstrates right distal ureteric calculus color-coded red, indicating a uric acid stone. Technique: An initial routine stone protocol multidetector 
CT scan is performed for detection and localization of the calculi along the renal pelvicalyceal system. Subsequently a focused dual-source 
CT scan is performed in the region of the stone. Dual-energy CT is performed on the dual-source CT scanner (Somatom Definition) with the 
following technique: 80 kV/350-380 mAs and 140 kV/80-98 mAs, 14 × 1.2 mm/64 × 0.6 mm. The postprocessing is performed using a three-
material decomposition algorithm on the dual-energy software on the scanner console (Syngo.via). (Image courtesy Avinash Kambadakone, MD, 
Massachusetts General Hospital, Boston, Mass.)

A B

Figure 28.11  Noncontrast computed tomographic scan through 
the midportion of normal kidneys. The kidneys lie in the retroperi-
toneum with the lumbar spine and psoas muscles more centrally. The 
liver is anterolateral to the right kidney, and the spleen anterolateral 
to the left kidney. 
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injury (AKI) occurring within 48 hours of exposure to intra-
vascular radiographic contrast material that is not attribut-
able to other causes. However, there is no universally 
accepted quantitative definition of CIN. The most com-
monly used definition is a 25% increase in serum creatinine 
from baseline value or an absolute increase of at least 
0.5 mg/dL that appears within 48 hours after contrast 
administration and is maintained for 2 to 5 days.47 Impor-
tantly, these definitions do not follow the Acute Kidney 
Injury Network (AKIN)48 or Kidney Disease: Improving 
Global Outcomes (KDIGO)49 definitions of AKI. We there-
fore propose using AKIN/KDIGO criteria for a definition 
of AKI related to intravascular CIN:

1. Absolute increase in serum creatinine level of 0.3 mg/dL 
or more or

2. A percentage increase in serum creatinine level of 50% 
or higher (1.5-fold above baseline) or

3. Urine output reduced to 0.5 mL/kg/hr or less for at least 
6 hours

The concept that contrast agents pose serious risks has 
become a dogma with far-reaching consequences. Yet this 
belief stems from clinical studies with significant limitations. 
Inclusion of highly selected patient populations (e.g., those 
undergoing angiography), poor study design (i.e., uncon-
trolled case studies), and use of inconsistent definitions of 
CIN call into question to what extent the risk for CIN is 
applicable to the vast majority of people undergoing diag-
nostic radiology studies.

Of the approximately 13 published studies that included 
a control group, just 1 found possible evidence of CIN. 
Although these studies are a significant improvement over 
noncontrolled studies, bias in control group selection within 
the studies may also have introduced error. Articles by Dav-
enport and colleagues and McDonald and associates used 
propensity matching to correct for potential bias introduced 
by assigning patients to either group on the basis of factors 
other than those whose effects the experiment is designed 
to test.50,51 Davenport and colleagues found that patients 
with creatinine levels less than 1.5 mg/dL before CT scan 
were not at risk for nephropathy. As creatinine levels 
increased, the risk for nephropathy after CT scan increased 
for both groups (contrast group and noncontrast group), 

enhancement for each of the kidneys.33 At 7 to 10 minutes 
in the excretory phase, the calyces should be well depicted 
with sharp fornices, a cupped central section, and a narrow, 
smooth infundibulum leading to the renal pelvis.41 Coronal 
images in slab maximum-intensity projection three-
dimensional volumetric reformations also may display the 
anatomic details.44 The excretory phase images delineate 
the ureters from the renal pelvis to the bladder. A curved 
reformatted series of images or three-dimensional display is 
needed to display the ureters in their entirety. Proper tailor-
ing of the examination to the diagnostic problem provides 
guidance for the correct imaging acquisition.34,36,45

CONTRAST MEDIA–INDUCED  
NEPHROPATHY: BACKGROUND
Shortly after the invention of the first modern ionic contrast 
agent, the potential for nephrotoxicity of contrast agents 
was proposed.46 Contrast media–induced nephropathy 
(CIN) is most often qualitatively defined as acute kidney 

Figure 28.12  Computed tomographic scan: normal corticomedullary phase. Axial slice (A) and coronal image (B) demonstrate the dense 
enhancement of the cortex in relation to the medulla containing the renal pyramids. 

A B

Figure 28.13  Renal computed tomographic angiogram: normal 
findings. The aorta and the exiting renal arteries on the right and left 
are  visible.  The  kidneys  are  visible  peripherally  with  the  branching 
renal arteries. 
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Figure 28.14  Computed tomographic scan: normal nephrographic phase. The axial image (A) and the coronal image (B) demonstrate the 
homogeneous appearance of the kidneys, with the cortex and medulla no longer differentially enhanced. These images are typically obtained 
80 to 120 seconds after the injection of contrast material. 

A B

Figure 28.15  Computed tomographic scan: normal excretory 
phase. The calyces and  renal pelvis are now easily noted because 
they  are  opacified  by  the  excreted  contrast  material.  This  scan  is 
obtained 5 to 10 minutes after the injection of contrast material. 

but contrast medium administration remained an indepen-
dent risk factor. Contrary to this, McDonald and associates 
concluded that intravenous contrast medium was not associ-
ated with increased risk for nephrotoxicity and that it may 
not pose any long-term threat to renal function, even in 
those with preexisting chronic kidney disease (CKD).

The contradicting results between these similarly designed 
studies calls into question whether a causal relationship 
between intravenous contrast administration and AKI truly 
exists. Other studies have reported similar results and 
further challenge this conceptual status quo.52-56 It is impor-
tant to note that both the Davenport and colleagues and 
McDonald and associates studies agree that true CIN in 
patients with mild renal failure is much less common than 
previously believed. Furthermore, the most common course 
of nephropathy after contrast medium administration is a 
transient asymptomatic increase in serum creatinine level of 
doubtful long-term clinical significance. No convincing data 
exist to support increased morbidity or mortality in patients 
who do not require dialysis for the treatment of contrast 
nephropathy. In many cases the risk for diagnostic error 

caused by withholding intravenous contrast may be greater 
than the risk for CIN.

Because current data cannot definitely refute the exis-
tence of CIN, many professional society guidelines advise a 
conservative approach. The American College of Radiolo-
gy’s Manual on Contrast Media states that available data are 
insufficient to permit a specific recommended threshold 
level but suggests that contrast medium is safe at creatinine 
levels below 2.0 mg/dL.100 The guidelines on contrast media 
of the European Society of Urogenital Radiology identify an 
estimated glomerular filtration rate (eGFR) of 45 mL/
min/1.7 m2 as a threshold below which contrast medium 
poses a risk.57,58 The Canadian Association of Radiologists 
suggests that nephropathy risk begins to appear at an eGFR 
of 45 mL/min/1.7 m2 and increases when the eGFR reaches 
30 mL/min/1.7 m2.59

The following section provides our recommended guide-
lines for administration of intravenous contrast in adults, 
including references to current literature and society guide-
lines. Each patient referral should be considered on an 
individual basis within the context of this background infor-
mation, and strict adherence to these guidelines in all cases 
is discouraged. Physician judgment is paramount.

CONTRAST ADMINISTRATION IN PATIENTS WITH 
ELEVATED CREATININE LEVEL
The decision to proceed with contrast administration in 
patients with an eGFR below 45 mL/min/1.7 m2 should 
always be a matter of clinical judgment. If contrast admin-
istration is considered essential, the following options 
should be considered. (These are suggested protocols that 
are used at the University of Southern California Keck 
School of Medicine.)

HYDRATION: This is one of the most important methods 
for decreasing the incidence of CIN. Broad consensus 
exists that volume expansion reduces the risk for CIN. 
Adequate volume expansion improves renal blood flow, 
induces diuresis with dilution of contrast material within 
the tubules, reduces the activation of the renin angioten-
sin aldosterone system, suppresses the secretion of antidi-
uretic hormone, and minimizes reductions in the renal 
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or superior protection to isotonic saline.64-67 However, 
these results have been subsequently challenged, and the 
2013 American College of Radiology (ACR) guidelines do 
not consider this finding definitive. The most widely used 
sodium bicarbonate regimen is 3 mL/kg/hr for 1 hour 
before contrast medium followed by 1 mL/kg/hr for 6 
hours after, limited to patients who do not have conges-
tive heart failure (CHF). Studies have recommended that 
optimal hydration with intravenous normal saline is 1 to 
1.5 mL/kg/hr for at least 6 hours before and after con-
trast medium administration in patients who do not have 
CHF. Although these protocols are impractical in the 
outpatient setting, they should be implemented for inpa-
tients after discussion with the referring clinician, with 
particular attention to volume load and cardiac function. 
A proposed intravenous volume expansion protocol 
(using either isotonic saline or sodium bicarbonate) is 
3 mL/kg/hr for 1 hour or 1 mL/kg/hr for 6 hours 
before the procedure followed by 1 mL/kg/hr for 6 
hours after the procedure. Additional studies are required 
to assess whether a single bolus of sodium bicarbonate 
administered just before contrast medium administration 
is effective, as Tamura and coworkers suggested, because 
this protocol would be extremely useful in daily prac-
tice.68 Due to the logistical complications of performing 
hydration protocols in an outpatient setting, the follow-
ing regimen is suggested for outpatients with an eGFR of 
less than 45 mL/min/1.7 m2. Oral hydration should be 
strongly encouraged in all such patients. If the patient 
can tolerate a hydration bolus, a total intravenous bolus 
of 500 to 1000 mL of isotonic saline should be adminis-
tered before and after the examination. This should be 
adjusted according to cardiac status. Blood urea nitrogen 

production of endogenous vasodilators such as nitric 
oxide and prostacyclin. However, the optimal hydration 
protocol is unclear. For example, intravenous hydration 
has not been proven superior to oral hydration. The 
hydration protocol is not as important as the fact that 
some form of hydration is administered.

ORAL VERSUS INTRAVENOUS HYDRATION: Studies 
directly comparing intravenous with oral hydration are 
sparse because most of the hydration studies are with 
intravenous hydration and include forms of therapy for 
prevention of CIN. One study, Preparation for Angiogra-
phy in Renal Dysfunction (PREPARED), showed no sig-
nificant difference between outpatient oral hydration  
and inpatient intravenous hydration.60 However, another 
study by Trivedi and coworkers favored intravenous hydra-
tion over oral hydration.61 This study was limited by 
lack of an objective measurement of oral volume intake 
in the unrestricted oral hydration group. A study compar-
ing oral fluids (1100 mL) versus intravenous fluids 
showed no difference in the incidence of CIN in patients 
with mild CKD.62 KDIGO 2012 recommends volume 
expansion with intravenous fluids because there are  
currently not many studies showing oral volume expan-
sion is as effective as intravenous volume expansion.63 
Because intravenous administration allows us to confirm 
the volume of hydration, we propose using intravenous 
hydration.

SODIUM BICARBONATE VERSUS SALINE: The use of 
sodium bicarbonate instead of sodium chloride has been 
advocated. It is suggested that the resulting urine alkalini-
zation reduces the generation of free radicals and may 
also increase urine flow. Several clinical trials and meta-
analyses suggest that sodium bicarbonate provides equal 

Figure 28.16  Computed tomographic urogram: normal findings.  The  maximum-intensity  projection  (MIP)  image  (A)  and  the  volume-
rendered image (B) demonstrate the calyces, renal pelvis, ureters, and bladder. The MIP image is a slab, 15-mm thick, in the coronal plane. 
The volume-rendered  image was taken as the extraneous tissues adjacent  to  the kidneys were removed, and  it highlights  the genitourinary 
tract. 
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Clinical MRI is based on the interaction of hydrogen ions 
(protons) and radiofrequency waves in the presence of a 
strong magnetic field.72-74 The strong magnetic field, called 
the external magnetic field, is generated by a large-bore, high–
field strength magnet. Most magnets in clinical use are 
superconducting magnets. The magnet strength is mea-
sured in teslas (T) and can range from 0.2 to 3 T for clinical 
imaging and up to 15 T for animal research. Renal imaging 
is performed best on high-field magnets (1.5 to 3 T) that 
allow for higher spatial resolution and faster imaging.

Images of the patient are obtained through a multistep 
process of energy transfer and signal transmission. When a 
patient is placed in the magnet, the mobile protons associ-
ated with fat and water molecules align longitudinal to the 
external magnetic field. No signal is obtained unless a reso-
nant radiofrequency pulse is applied to the patient. The 
radiofrequency pulse causes the mobile protons within the 
patient to move from a lower, stable energy state to a higher, 
unstable energy state (excitation). When the radiofrequency 
pulse is removed, the protons return to the lower-energy 
steady state while emitting frequency transmissions or 
signals (relaxation). In radiologic terms, an external radiofre-
quency pulse “excites” the protons, causing them to “flip” 
to a higher energy state. When the radiofrequency pulse is 
removed, the protons “relax” with emission of a “radio 
signal.” The signals produced during proton relaxation are 
separated from one another with applied magnetic field 
gradients. The emitted signals are captured by a receiving 
coil and reconstructed into images through a complex com-
puterized algorithm: the Fourier transform.72-74

Different tissues have different relaxation rates that lead 
to different levels of signal production or signal intensity. 
The signal intensity of each tissue is determined by three 
characteristics:

1. Proton density of the tissue. The greater the number of 
mobile protons, the greater the signal produced by the 
tissue. For example, a volume of urine has more mobile 
protons than does the same volume of renal tissue; there-
fore urine produces more signal than do the kidneys. 
Stones have far fewer mobile protons per unit volume 
and therefore produce little signal.

2. T1 relaxation time. The T1 time is how quickly a proton 
returns to the preexcitation energy state. The shortest T1 
times (rapid relaxation) produce the strongest signal.

3. T2 relaxation time. The T2 time is how quickly the proton 
signal decays as a result of non-uniformity of the mag-
netic field. A non-uniform field accelerates signal decay 
and leads to signal loss.72-74

In MRI, multiple pulse sequences are obtained. A pulse 
sequence is a set of defined radiofrequency pulses  
and timing parameters used to obtain image data. These 
sequences include, but are not limited to, spin echo,  
gradient echo, inversion recovery, and steady-state free pre-
cession. The data are obtained in volumes (voxels), recon-
structed as two-dimensional pixels, and displayed in relation 
to variations in tissue signal intensity (tissue contrast). Tissue 
contrast, like signal intensity, is determined by proton 
density and relaxation times. T1 weighting is related to the 
rate of T1 relaxation and the time allowed for relaxation, 
also known as the pulse repetition time (TR). T2 weighting is 

(BUN) determination may be useful as a reflection of 
hydration but should not be relied on solely in evaluating 
renal dysfunction. A BUN/creatinine (Cr) ratio above  
20 suggests a prerenal state, which could be due to  
volume depletion or CHF, for example. In outpatients 
with BUN/Cr ratio above 20 and no evidence of CHF, at 
least 500 mL isotonic saline as an intravenous bolus 
should be administered before the examination, regard-
less of the eGFR.

USE LOW OSMOLAR CONTRAST MEDIA: Iopamidol 
(Isovue) and iohexol (Omnipaque) are LOCM. Most 
centers no longer use intravascular HOCM because of the 
greater incidence of various adverse effects associated 
with their use.

Studies have failed, however, to show a clear advantage 
of the intravenous isoosmolar agent, iodixanol, over  
intravenous LOCM with regard to CIN.

DECREASE TOTAL AMOUNT OF CONTRAST ADMINIS-
TERED: It should be noted that robust data supporting 
a dose-toxicity relationship for intravenous iodinated con-
trast media administration are lacking.

DISCONTINUE NEPHROTOXIC DRUGS, IF POSSIBLE
INCREASE THE AMOUNT OF TIME BETWEEN CON-

TRAST-ENHANCED STUDIES: It takes approximately 24 
hours for the entire administered dose of contrast media 
to be excreted by the kidneys (if the GFR is normal), so 
it has long been recommended to avoid intervals of  
less than 24 hours between studies except in urgent  
situations. For example, it has been recommended  
that patients should not receive more than 300 mL of 
contrast media within 24 hours unless the benefits  
clearly outweigh the risks. Little solid data support this 
recommendation. A 2009 paper from Massachusetts 
General Hospital, although criticized by some authorities 
for methodologic issues, supports checking a repeat  
creatinine level before performing a second contrast 
media–enhanced CT (CE-CT) examination within 24 
hours of a prior CE-CT scan.69 The 2013 ACR guidelines, 
however, find there is insufficient evidence to justify this 
recommendation.100

N-ACETYLCYSTEINE (Mucomyst): Multiple randomized 
controlled trials and meta-analyses have shown conflict-
ing results regarding the utility of acetylcysteine to prevent 
CIN. It is controversial whether it is truly nephroprotec-
tive or simply lowers the serum creatinine level without 
preventing renal damage. Given the heterogeneity of 
data, it is difficult to support the administration of acet-
ylcysteine as a proven and effective means by which to 
prevent CIN.70,71

MAGNETIC RESONANCE IMAGING

Like CT, MRI is a computer-based, multiplanar imaging 
modality. Instead of ionizing radiation, however, electro-
magnetic radiation is used in MRI. MRI is an alternative to 
CE-CT, especially in patients with allergy to iodinated con-
trast material and in patients for whom reduction of radia-
tion exposure is desired, such as pregnant women and 
children. MRI routinely allows detailed tissue characteriza-
tion of the kidney and surrounding structures. The proper-
ties of physics underlying MRI are complex and are 
addressed only briefly.
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28.18). The pharmacokinetics and enhancement patterns 
of intravenous gadolinium chelate (Gd-C) agents used in 
renal imaging are similar to those of iodinated contrast 
agents used for IVU and CT examinations. Unlike iodinated 
contrast agents, the dose response to Gd-C is nonlinear; the 
signal intensity increases at low concentrations and then 
decreases at higher concentrations. Hence the collecting 
systems, ureters, and bladder first brighten and then darken 
on T1-weighted sequences as the gadolinium concentration 
within the urine increases.

Gd-C agents have been approved for parenteral use since 
the 1980s and are generally well tolerated with a good safety 
profile. Although most Gd-C agents are clinically inter-
changeable, they can be differentiated on the basis of 
molecular stability, viscosity, and osmolality. Gd-C agents can 
be divided into three categories based on molecular con-
figuration: non-ionic linear, ionic linear, and macrocyclic 
(Figure 28.19). Macrocyclic agents have the greatest kinetic 
stability. Adverse reactions occur in approximately 0.07% to 
2.4% of cases.78 Minor reactions include coldness, warmth, 
or pain at the injection site; nausea; vomiting; headache; 
paresthesias; dizziness; and itching. Rash, hives, or urticaria 
occurs in 0.004% to 0.07% of cases; and severe, life-
threatening reactions occur in approximately 0.001% to 
0.01%. Risk factors for adverse reactions include a history 
of prior reaction to Gd-C and/or iodinated contrast agents, 
where rates are at an eight-fold higher risk; and asthma, as 
well as other allergies, where rates are reported as high as 
3.7%.52 If a patient has had a prior adverse reaction to Gd-C, 
premedication with antihistamines and corticosteroids is 
recommended (same as the premedication regimen dis-
cussed for iodinated contrast media). Because adverse  
reactions may occur more frequently with ionic Gd-C agents, 
the use of a non-ionic agent should be considered, if 
available.

Gd-C agents are considered to have no nephrotoxicity at 
the approved doses used for clinical MRI.79-82 Because there 
have been some case reports of nephrotoxicity with high 

related to the rate of T2 relaxation and the time at  
which the “radio signal” is sampled by the receiver coil, also 
known as the echo time (TE). TR and TE are programmable 
parameters that can be altered to accentuate T1 and T2 
weighting with contrast media.72-74 For the general observer, 
T1-weighted sequences have short TR and TE and show 
simple fluid as black. T2-weighted sequences have long TR 
and TE and show simple fluid as white (Figure 28.17).

Many programmable parameters other than TR and TE 
are used to optimize imaging. These include, but are not 
limited to, choice of pulse sequence, coil types and gradients, 
slice orientation and thickness, field of view and matrix, 
gating to reduce motion, and use of intravenous contrast 
material. Although many pulse sequences are used in clinical 
MRI, ultrafast sequences are preferred for renal imaging. 
These fast sequences can be obtained in less than 30 seconds 
while the patients hold their breath. The benefits of rapid 
acquisition include improvement in image quality, as a result 
of reduction of motion artifact; reduction of total scan time; 
and the ability to perform dynamic imaging.75

MRI is not indicated for patients who have certain 
implanted medical devices, such as most pacemakers, fer-
romagnetic aneurysm clips, and ferromagnetic stapedial 
implants. Not all implants or devices cause problems, but 
knowledge of the type of device is crucial for determining 
whether the patient can safely enter the magnet.76 Regularly 
updated information regarding patient safety and the com-
patibility of a medical device in the MRI environment may 
be found at Shellock’s MRIsafety.com.77

GADOLINIUM CHELATE CONTRAST MEDIA AND 
NEPHROGENIC SYSTEMIC FIBROSIS
Intravenous contrast material is used routinely in renal 
imaging because it improves lesion detection and diagnostic 
accuracy. Gadolinium is a paramagnetic substance that 
shortens the T1 and T2 relaxation times, resulting in 
increased signal intensity on T1-weighted images and 
decreased signal intensity on T2-weighted sequences (Figure 

Figure 28.17  Normal signal characteristics of simple fluids on magnetic resonance imaging.  Urine  appears  dark  on  T1-weighted 
sequences (A) and bright on T2-weighted sequences (B). 
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thought to carry significant risk in patients with moderate 
to severe renal disease.87-92 Gd-C agents have been associated 
with nephrogenic systemic fibrosis (NSF), a rare, multior-
gan, fibrosing condition for which there is no known effec-
tive treatment.93 Patients with NSF typically present with 
symmetric, dark red patches or papules on the skin, swelling 
of extremities, and thickening of skin that sometimes is 
described as “woody” and like an “orange peel.” The skin 
thickening can inhibit motion of joints, leading to contrac-
tures and immobility. Burning, itching, or severe pain in 
involved areas or “deep bone pain” in hips and ribs has been 
described, as has rapid, new-onset fluctuating hypertension. 
Other structures affected include the lungs, esophagus, 

doses of intravenous Gd-C in populations at high risk (mod-
erate to severe kidney injury), the use of Gd-C in conven-
tional angiography is not recommended.83,84 Gd-C may 
interfere with serum calcium and magnesium measure-
ments, especially in patients with renal insufficiency.85 Gd-C 
does not cause an actual reduction in serum calcium level; 
Gd-C interferes with standard colorimetric methods of mea-
suring serum calcium. As with iodinated contrast material, 
hemodialysis filters Gd-C effectively, and dialysis is therefore 
recommended immediately after use of contrast material in 
patients already on hemodialysis.86

Although Gd-C agents were once considered the safest 
intravenous contrast agents in clinical imaging, they are now 

Figure 28.18  Paramagnetic effects of gadolinium on urine. A, Coronal T1-weighted  image  from a magnetic  resonance urogram  (MRU) 
demonstrates enhancement of the urine in the collection system. B, Coronal T2-weighted image from an MRU demonstrates low signal intensity 
of urine in the collecting system secondary to effects of gadolinium. C, Axial T1-weighted, delayed image after contrast medium enhancement 
demonstrates  layering of contrast material. The denser, more concentrated gadolinium  is dark  (arrow). The  less concentrated gadolinium  is 
brighter and layers above (arrowhead). 
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Figure 28.19  Gadolinium molecular configurations. 
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this should be documented in the record, and if the 
patient is on hemodialysis, the CE-MRI should be sched-
uled immediately before dialysis. Although Gd-C agents 
are effectively removed with hemodialysis, no published 
report has proved that early dialysis prevents the develop-
ment of NSF.96 Specific agents are contraindicated in 
patients with an eGFR of less than 30 mL/min/1.73 m2, 
including non-ionic linear (gadodiamide, gadoverset-
amide) and gadopentetate dimeglumine, so other Gd-C 
agents should be used.

4. All contrast material should be avoided in patients with 
AKI; Gd-C should be administered only if absolutely 
necessary.

Suspected cases of NSF should be confirmed by skin 
biopsy and reported to the International Center for Neph-
rogenic Systemic Fibrosis Research (ICNSFR) to help 
further the understanding of NSF and its association with 
Gd-C. For further reading on the different FDA-approved 
Gd-C agents, including their properties, how these proper-
ties may affect safety profiles, and a complete discussion on 
the relationship of NSF and Gd-C agents, please refer to 
“Update on Nephrogenic Systemic Fibrosis”101 and the “ACR 
Guidance Document for Safe MR Practices.”95

DIAGNOSTIC MAGNETIC RESONANCE  
IMAGING TECHNIQUE
Routine MRI evaluation of the kidneys includes axial and 
coronal T1-weighted and T2-weighted sequences. Dynamic 
contrast media–enhanced T1-weighted sequences with fat 
suppression are also routinely obtained. Due to excellent 
tissue differentiation provided by MRI, the renal cortex and 
medullary pyramids are easily differentiated on sequences 
that are not enhanced by contrast media. On T1-weighted 
sequences the renal cortex has higher signal intensity than 
do the medullary pyramids. On T2-weighted sequences the 
renal cortex has lower signal intensity than do the medullary 
pyramids (Figure 28.20). With kidney injury, this corticome-
dullary differentiation disappears (Figure 28.21).100,101 
Urine, like water, normally appears black on T1-weighted 
sequences and white on T2-weighted sequences (see Figure 
28.17).

CE-MRI allows for dynamic evaluation of the kidneys and 
surrounding structures. Serial acquisitions are obtained 
after bolus injection of Gd-C (0.1 to 0.2 mmol per kilogram 
of body weight) at 2 mL/sec.102,103 The injection should be 
administered by means of an automatic, MRI-compatible 
power injector to ensure accuracy of the timed bolus, includ-
ing volume and rate of injection.103,104 The corticomedullary-
arterial phase (approximately 20 seconds after injection) is 
best for evaluating the arterial structures and corticomedul-
lary differentiation. In the nephrographic phase (70 to 90 
seconds after injection), tumor detection is maximized, and 
the renal veins and surrounding structures are best demon-
strated (Figure 28.22). Imaging can be performed in any 
plane, but the coronal plane is used most frequently for 
dynamic imaging because it allows imaging of the kidneys, 
ureters, vessels, and surrounding structures in the fewest 
number of images. The characteristics of parenchymal 
enhancement are similar to those observed on CE-CT.

The blood vessels can be variable in signal intensity on 
routine MRI that is not enhanced by contrast media, ranging 

skeletal muscles, and heart. These structures may become 
scarred, which leads to restriction of function; and although 
NSF is not by itself a cause of death, the resulting restriction 
of function may contribute to death.94 Symptoms may 
develop over a period of days to months; however, in 
approximately 5% of patients, the course may be rapidly 
progressive.94 Diagnosis is confirmed by full-thickness skin 
biopsy, which reveals thickened collagen bundles, mucin 
deposition, and proliferation of fibroblasts and elastic fibers 
without signs of inflammation. NSF tends to affect middle-
aged patients without predilection for gender or ethnicity. 
Although no treatment is known to be consistently success-
ful, improving renal function appears to slow or stop the 
progression of NSF.94

NSF was first described in 1997, and the description was 
first published in 2000.95 It was not until January 2006 that 
a possible causal relationship between Gd-C and NSF was 
presented in the literature by Grobner.89 The U.S. Food and 
Drug Administration (FDA), European Medicines Agency 
(EMA), and the ACR began publishing warnings and rec-
ommendations in 2006 with an almost immediate drop in 
the number of new cases of NSF; no new cases occurring 
after 2008 have been reported. To date, almost 100 million 
patients have been exposed to Gd-C agents; however less 
than 600 cases of NSF have been reported in the literature. 
The patients at highest risk are those with severely impaired 
renal function, both acute and chronic, for whom the risk 
for developing NSF is 1% to 7%. The duration and underly-
ing cause of the kidney disease is irrelevant. No cases of NSF 
have been documented in patients with normal renal func-
tion. The FDA, EMA, and ACR continue to update recom-
mendations for the use of all classes of Gd-C agents in 
high-risk patients as new information and products become 
available.57,94-96,100

All patients should be screened for renal disease before 
the use of a Gd-C agent, and those who may be high risk 
should have an eGFR calculated. Patients who may be at 
high risk include those over 60 years of age and those with 
a history of renal disease, diabetes treated with prescribed 
medications, and/or hypertension. The eGFR should be 
obtained within 6 weeks of the anticipated Gd-C study in 
otherwise stable patients; however, for those with severe liver 
disease, acute kidney disease, or those who are hospitalized, 
an eGFR should be calculated nearly simultaneously with 
the anticipated Gd-C study. The most current 2013 recom-
mendations for the use of Gd-C are as follows:

1. The use of Gd-C is not contraindicated in patients  
when the eGFR is greater than 40 mL/min/1.73 m2.

2. The use of Gd-C is not contraindicated when the eGFR 
is between 30 and 40 mL/min/1.73 m2; however, this is 
a “gray zone” because the eGFR may fluctuate to lower 
levels depending on the health of the patient. Physician 
discretion should be used to determine the risk of Gd-C 
use in this patient population. High Gd-C doses and 
repeated exposure should be avoided in these patients.

3. The use of Gd-C should be avoided when the eGFR is less 
than 30 mL/min/1.73 m2. This is not an absolute con-
traindication; however, the use of Gd-C should be at the 
discretion and judgment of the ordering physician. If 
possible, alternative imaging should be considered. If 
contrast media–enhanced MRI (CE-MRI) is necessary, 
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from white to black. This is due to many factors, including, 
but not limited to, flow-related parameters, location and 
orientation of the imaged vessel, and choice of pulse 
sequence. By taking advantage of some of these factors, 
diagnostic angiography and venography may be performed 
without the use of intravenous contrast; these sequences are 
sometimes called “bright-blood” sequences. Although con-
trast media–enhanced magnetic resonance angiography 
(CE-MRA) remains the preferred method of vascular 
imaging, high-quality MRA that is not enhanced by contrast 
media has regained popularity because of the advancement 
in MR hardware and imaging sequences, as well as the risk 
of NSF in patients with poor renal function. MRA that is not 
enhanced by contrast media is particularly attractive for 
evaluating the renal arteries in patients with severe renal 
dysfunction or those with a relative contraindication for 
CE-CMA. The most robust sequences are based on inversion 
recovery, balanced steady-state free precession tech-
niques.105,106 Older, less robust techniques include time-of-
flight MRA, which is based on flow-related enhancement, 
and phase-contrast MRA, which is based on velocity and 
direction of flow. Phase-contrast MRA can be used in con-
junction with CE-MRA to detect turbulent flow and high 
velocities associated with stenoses. Unlike MRA that is not 

Figure 28.20  Normal appearance of corticomedullary differ-
entiation on magnetic resonance imaging. Coronal (A) and axial 
(B) T2-weighted  images demonstrate decreased signal  intensity 
of  the  renal  cortex  in  relation  to  the  medullary  pyramids.  Axial 
T1-weighted image (C) demonstrates increased signal intensity of 
the renal cortex in relation to the medullary pyramids. 
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Figure 28.21  Coronal T2-weighted image demonstrates loss of cor-
ticomedullary differentiation in patient with elevated creatinine level. 
Also, the renal sizes are asymmetric. 
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Figure 28.22  Magnetic  resonance  appearance  of  a  normal 
kidney after bolus injection of gadolinium contrast material at 20 
seconds (A), 50 seconds (B), and 80 seconds (C) after the start 
of the injection. 

A

C

B

enhanced by contrast media, CE-MRA minimizes flow-
related enhancement and motion. The success of CE-MRA 
depends on the T1-shortening properties of gadolinium, 
which allow for faster imaging, increased coverage, and 
improved resolution.72,107 Accurate timing of the bolus injec-
tion is critical in CE-MRA. The time at which the bolus 
arrives at the renal arteries may be determined with a bolus 
injection of 1 mL of Gd-C, followed by a saline flush. A 
three-dimensional T1-weighted gradient-echo MRI pulse 
sequence is then obtained in the coronal plane during the 
injection of approximately 15 to 20 mL of Gd-C at 2 mL/
sec, timed to capture the arterial phase.102,103 Sequential 
three-dimensional sequences are obtained to capture the 
venous phase (magnetic resonance venography). The data 
sets can be postprocessed into multiple formats, improving 
ease and accuracy of interpretation (Figure 28.23).108-110

Magnetic resonance urography (MRU) consists of proto-
cols tailored to the evaluation of the renal collecting system 
and the disease found there. MRU can be performed with 
heavily T2-weighted sequences, in which urine provides  
the intrinsic contrast, or with contrast media–enhanced 
T1-weighted sequences, which mimic conventional IVU  
and CTU. Heavily T2-weighted sequences are most useful 
in patients with dilated collecting systems, in whom all water-
filled structures are bright (Figure 28.24), and in patients 
with impaired renal excretion, in whom contrast media–
enhanced urography is most limited. Unfortunately, without 
adequate distension of the collecting system, T2-weighted 
evaluation is limited. Although a good morphologic exami-
nation, T2-weighted urography is ultimately limited by a 
lack of functional information. For example, T2-weighted 
urography cannot reliably differentiate between an 
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Figure 28.23  Magnetic resonance angiogram reconstructed with three-dimensional software. A, Visualization of a small accessory right 
renal artery (arrow) is excellent. B, The accessory artery is depicted in a way to make more accurate luminal measurements. 

Figure 28.24  Bilateral hydronephrosis secondary to bladder tumor. A and B, Heavily T2-weighted magnetic resonance urograms (MRUs) 
demonstrate bilateral hydronephrosis and hydroureter caused by bladder mass (arrow). C, Contrast medium–enhanced MRU in the nephro-
graphic phase demonstrates asymmetric enhancement of the kidneys. D, MRU in the excretory phase demonstrates asymmetric excretion of 
gadolinium. There is no excretion on the right as demonstrated by unenhanced (dark) urine within the collecting system. 

A B
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anatomic anomalies, including duplications, ureteropelvic 
obstruction, anomalous crossing vessels, and uretero-
celes114,115 (Figure 28.26). Obstructive disease is well evalu-
ated regardless of whether the cause is intrinsic or extrinsic 
to the collecting system.

FUNCTIONAL MAGNETIC RESONANCE IMAGING OF 
THE KIDNEY
MRI is suited for measurement of various aspects of  
renal function, given the role of the kidney in fluid regula-
tion. Techniques for the evaluation of renal function  
include dynamic contrast media–enhanced MR renography, 
diffusion-weighted imaging (DWI), and blood oxygen  
level–dependent (BOLD) MRI. Dynamic contrast media–
enhanced MR renography is a contrast media–enhanced 
sequence in which dynamic images are obtained during the 
7 to 10 minutes after administration of intravenous contrast 
material; tissue signal intensities are converted to tissue gad-
olinium concentrations, and these values are plotted against 
time. Current clinical applications include the evaluation of 
the renal artery stenosis, both with and without the use of 
angiotensin-converting enzyme (ACE) inhibitors, functional 
urinary obstruction, and the evaluation of early postopera-
tive renal transplant dysfunction, to distinguish acute rejec-
tion from acute tubular necrosis. What prevents widespread 
clinical use, however, is the lack of consensus on optimal 
imaging technique and methods of data analysis.116

DWI is based on the brownian motion of water mole-
cules in tissue and is a noncontrast MRI technique that is  
used for both structural and functional imaging. Initial 
experience with DWI has yielded reproducible informa-
tion on renal function, with the possibility of determining 
the degree of dysfunction.117 No large studies have been 

obstructed system and an ectatic collecting system (Figure 
28.25).111 Contrast media–enhanced T1-weighted urogra-
phy in the excretory phase is superior to T2-weighted  
urography because both structure and function can be 
evaluated.111-113

T2-weighted and contrast media–enhanced T1-weighted 
sequences are complementary and are frequently obtained 
together as part of a complete MRU examination. In patients 
with nondilated systems, both techniques require hydration 
and furosemide for adequate distension of the renal collect-
ing system.111,114 Typical MRU starts with a coronal, heavily 
T2-weighted sequence in which simple fluid (urine, cere-
brospinal fluid, ascites) is bright and all other tissues are 
dark (see Figure 28.24). This rapid breath-hold sequence 
takes less than 5 seconds to obtain and is presented as a 
urogram-like image. The T2-weighted sequence is used  
as an initial survey of fluid within the collecting  
system. Low-dose furosemide (0.1 mg per kilogram of body 
weight; maximum dose, 10 mg) is administered intrave-
nously, 30 to 60 seconds before the intravenous administra-
tion of Gd-C (0.1 mmol/kg).112,113 Furosemide is given to 
increase urine volume and dilute the Gd-C within the col-
lecting system.112,114 Coronal, three-dimensional, contrast 
media–enhanced T1-weighted sequences are obtained  
with the same technique as in renal CE-MRA, in the 
corticomedullary-arterial phase, nephrographic phase, and 
excretory phase (see Figure 28.24).113 Additional sequences 
may be obtained in any plane to better evaluate suspected 
pathologic conditions.

By combining renal MRI and MRU, the clinician can 
obtain a comprehensive morphologic and functional evalu-
ation of the urinary tract. MRU helps accurately evaluate 
the upper urinary tract and is useful in the evaluation of 

Figure 28.25  A and B, Coronal T2-weighted images demonstrate right renal atrophy and dilation of the right collecting system in a patient 
who had undergone bladder resection and ilioconduit reconstruction (arrow). On these static images, it is difficult to differentiate between an 
obstructed system and a nonobstructed system. The patient had pelvocaliectasis without obstruction, demonstrated on the contrast medium–
enhanced portion of the examination. 
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Figure 28.26  Duplicated collecting system. 
A and B, Contrast material–enhanced magnetic 
resonance urograms demonstrate a duplicated 
collecting  system  on  the  right  with  delayed 
excretion of the upper pole moiety. C, Obstruc-
tion of the upper pole moiety is confirmed on 
intravenous urogram. 

performed, and further research is required before the  
usefulness of DWI is confirmed. Animal research is  
being performed with the hope of using noninvasive DWI 
as a tool for monitoring early renal graft rejection after 
transplantation.118

BOLD MRI is a noninvasive technique to estimate intra-
renal oxygenation.116 Various researchers use this technique 
to explore renal artery stenosis, renal transplant dysfunc-
tion, and diabetic nephropathy. Sadowski and colleagues121 
demonstrated the feasibility of using BOLD MRI to evaluate 
the oxygen status of renal transplants and to detect the pres-
ence of acute rejection. They concluded that BOLD MRI 
may differentiate acute rejection from normal function and 
acute tubular necrosis, but further research is required.

NUCLEAR MEDICINE

Scintigraphy offers imaging-based diagnostic information 
on renal structure and function.120 Many single-photon 

radiotracers have long been in routine clinical use in  
renal scintigraphy; they are tailored to provide physiologic 
information complementing the primarily anatomic and 
structural-based imaging modalities, such as US, CT, and 
MRI. With the rapid expansion of PET and hybrid structural-
functional imaging systems such as PET-CT, additional 
unprecedented opportunities have developed for quantita-
tive imaging evaluation of renal diseases in clinical medicine 
and in research.121 Scintigraphy, including PET, makes a 
unique contribution to the imaging evaluation of renal 
structure and function. The common radiopharmaceuticals 
used in renal scintigraphy are described first.

RADIOPHARMACEUTICALS
Technetium 99m–Labeled 
Diethylenetriaminepentaacetic Acid

Technetium 99m–labeled diethylenetriaminepentaacetic 
acid (99mTc-DTPA) is the common agent for assessing GFR. 
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position is replaced by the fluorine 18 positron emitter. FDG 
accumulates in cells in proportion to glucose metabolism. 
Cell membrane glucose transporters facilitate the transport 
of glucose and FDG across the cell membrane. Both glucose 
and FDG are phosphorylated in the 6′ position by the hexo-
kinase. The conversion of glucose-6-phosphate or FDG-6-
phosphate back to glucose or FDG, respectively, is effected 
by the enzyme phosphatase. In most tissues, including 
cancer cells, there is little phosphatase activity. FDG-6-phos-
phate cannot undergo further conversions and is therefore 
trapped in the cell.

FDG is excreted in the urine. The typical FDG dose  
is 0.144 mCi/kg (minimum, 1 mCi; maximum, 20 mCi). 
The urinary bladder wall receives the highest radiation  
dose from FDG.123,124 The radiation dose depends on the 
excretion rate, the varying size of the bladder, the bladder 
volume at the time of FDG administration, and an activity 
curve of estimated bladder time. For a typical 15-mCi  
dose of FDG and voiding at 1 hour after tracer injection, 
the average estimated radiation dose absorbed by the  
adult bladder wall is 3.3 rad (0.22 rad/mCi).125 The doses 
absorbed by other organs are between 0.75 and 1.28 rad 
(0.050 to 0.085 rad/mCi); the average dose absorbed is 1.0 
rad.126 Renal failure may alter the FDG biodistribution, 
which may necessitate reduction of dose or image acquisi-
tion time after tracer administration, or both.127 Specifically, 
in patients with suspected renal failure (blood serum creati-
nine level in excess of 1.1 mg/dL), the FDG accumulation 
in the brain may decrease, whereas the blood pool activity 
is increased.128

IMAGING IN CLINICAL NEPHROLOGY

NORMAL RENAL FUNCTION

GFR and effective RPF may be assessed by means of dynamic 
quantitative nuclear imaging techniques. The GFR quanti-
fies the amount of filtrate formed per minute (normal, 
125 mL/min in adults). Only 20% of RPF is filtered through 
the semipermeable membrane of the glomerulus. The fil-
trate is protein free and almost completely reabsorbed in 
the tubules. Filtration is maintained over a range of arterial 
pressures with autoregulation. The ideal agent for the deter-
mination of GFR is inulin, which is only filtered but is 
neither secreted nor reabsorbed.123,129

In these studies 99mTc-DTPA is often used to demonstrate 
renal perfusion and assess glomerular filtration, although 
5% to 10% of injected 99mTc-DTPA is protein bound and 5% 
remains in the kidneys after 4 hours. A typical imaging pro-
tocol includes posterior 5-second flow images for 1 minute, 
followed by 1-minute-per-frame images for 20 minutes. The 
GFR may be obtained through the Gates method, in which 
images of renal uptake are obtained during the second and 
third minutes after 99mTc-DTPA administration. Regions of 
interest are drawn over the kidneys, and background activity 
correction is applied. A standard dose is counted by the 
gamma camera for normalization. Depth photon attenua-
tion is corrected according to a formula relating body 
weight and height. A split GFR can be obtained for each 
kidney, which is not possible with the creatinine clearance 
method.123,129

The ideal agent for measuring GFR would be cleared only 
by glomerular filtration and would not be secreted or reab-
sorbed. 99mTc-DTPA satisfies the first requirement but has 
variable degrees of protein binding, which deviates its kinet-
ics from the ideal agent such as inulin. For a 20-mCi (740-
MBq) dose, the radiation exposures of the kidneys and the 
urinary bladder are 1.8 and 2.3 rad, respectively.122

Iodine 131–Labeled Ortho-iodohippurate

The mechanisms underlying renal clearance of iodine 131–
labeled ortho-iodohippurate (131I-ortho-iodohippurate) are 
GFR (approximately 20%) and tubular secretion (approxi-
mately 80%). 131I-ortho-iodohippurate is an acceptable alter-
native to p-aminohippuric acid (PAH) for determining renal 
plasma flow (RPF), although the amount cleared is 15% 
lower than that of PAH. PAH is not entirely cleared by the 
kidneys; approximately 10% of arterial PAH remains in the 
renal venous blood. Therefore 131I-ortho-iodohippurate 
helps measure effective RPF. The efficiency of tubular extrac-
tion of 131I-ortho-iodohippurate is 90%, and there is no 
hepatobiliary excretion. Ortho-iodohippurate may also be 
labeled with iodine 123, which not only provides urinary 
kinetics equivalent to those provided by iodine 131 but also 
enables improved image quality because the administered 
dose is typically larger, in view of its more favorable profile 
of radiation exposure. For a 300-µCi (11.1-MBq) dose of 
131I-ortho-iodohippurate, the radiation exposures of the 
kidneys and the urinary bladder are 0.02 and 1.4 rad, respec-
tively. A few drops of nonradioactive iodine (e.g., saturated 
solution of potassium iodide) administered orally help mini-
mize the thyroid uptake of free iodine 131.122

Technetium 99m–Labeled Mercaptoacetyltriglycine

Technetium 99m–labeled mercaptoacetyltriglycine (99mTc-
MAG3) has properties similar to those of 131I-ortho-iodohip-
purate but has significant advantages of better image quality 
and less radiation exposure. The tubular extraction fraction 
of 99mTc-MAG3 is lower than that of 131I-ortho-iodohippu-
rate, at approximately 60% to 70%. Also, hepatobiliary 
excretion is approximately 3%, which increases with renal 
insufficiency. Despite these features, however, 99mTc-MAG3 
is commonly used in scintigraphic evaluation of renal func-
tion. For a 10-mCi (370-MBq) dose, the radiation exposures 
of the kidneys and the urinary bladder are 0.15 and 4.4 rad, 
respectively.122

Technetium 99m–Labeled Dimercaptosuccinic Acid

Technetium 99m–labeled dimercaptosuccinic acid (99mTc-
DMSA) localizes to the renal cortex at high concentration 
and has a slow urinary excretion rate. Approximately 50% 
of the injected dose accumulates in the renal cortex in 1 
hour. The tracer is bound to the renal proximal tubular 
cells. In view of the high retention of 99mTc-DMSA in the 
renal cortex, it has become useful for imaging of the renal 
parenchyma. For a 6-mCi (222-MBq) dose, the radiation 
exposures of the kidneys and the urinary bladder are 3.78 
and 0.42 rad, respectively.122

Fluorine 18 2-Fluoro-2-deoxy-D-glucose

Fluorine 18 2-fluoro-2-deoxy-D-glucose (FDG) is the most 
common positron-labeled radiotracer in PET. FDG is a mod-
ified form of glucose in which the hydroxyl group in the 2′ 
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at approximately 2 to 3 minutes (versus 3 to 5 minutes with 
DTPA) in normal adults, and by 30 minutes, more than 70% 
of the tracer is cleared and present in the urinary bladder 
(Figure 28.27).123,129,134

Renal cortical structure can be imaged with 99mTc-DMSA; 
the appearance of these images is correlated strongly with 
differential GFR and differential renal blood flow. Imaging 
is started 90 to 120 minutes after administration of the 
tracer and can be obtained up to 4 hours later. Planar 
images are obtained in the anterior, posterior, left anterior 
oblique/right anterior oblique, and right posterior oblique/
left posterior oblique projections. SPECT is also often per-
formed. In a scan with normal results, renal cortical uptake 
is evenly distributed. Normal variations include dromedary 
hump (splenic impression on the left kidney), fetal lobula-
tion, horseshoe kidney, crossed fused ectopy, and hypertro-
phied column of Bertin. The renal images also allow 
accurate assessment of the relative renal size, position, and 
axis.123,129

KIDNEY INJURY: ACUTE AND CHRONIC

When a patient presents with previously undiagnosed renal 
failure, the question is whether the kidney disease is acute 
or chronic. US is the most helpful initial imaging study for 

The effective RPF (normal, 585 mL/min in adults) can 
be obtained with 131I-ortho-iodohippurate and 99mTc-MAG3 
imaging.130 However, 131I-ortho-iodohippurate has been 
largely replaced by 99Tc-MAG3 because MAG3 has better 
imaging characteristics and dosimetry (when radiolabeled 
with 99mTc). Currently 99Tc-MAG3 is the renal imaging agent 
of choice primarily because of the combined renal clear-
ance of 99Tc-MAG3 by both filtration and tubular extraction, 
which enables clinicians to obtain relatively high-quality 
images even in patients with impaired renal function. The 
imaging protocol includes posterior 1-second images for 60 
seconds (flow study), followed by 1-minute images for 5 
minutes and then 5-minute images for 30 minutes. The rela-
tive tubular function may be obtained by drawing renal 
regions of interest, corrected for background activity.131,132 
A renogram is constructed to depict the renal tracer uptake 
over time. The first portion of the renogram has a sharp 
upward slope occurring approximately 6 seconds after peak 
aortic activity (phase I); the upward slope represents perfu-
sion. This is followed by extension to the peak value, which 
represents both renal perfusion and early renal clearance 
(phase II), which can be dependent on body position.133 
The next phase (phase III) is depicted by a downward slope, 
which represents excretion. Normal perfusion of the kidneys 
is symmetric (50% ± 5%). The peak of the renogram occurs 

Figure 28.27  A and B, Normal-appearing renogram with technetium 99m–labeled mercaptoacetyltriglycine. 
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evaluating the patient with an elevated creatinine level of 
unknown duration. US can help separate chronic, end-stage 
kidney disease (ESKD) from potentially reversible AKI or 
CKD by defining renal size, echogenicity, and presence or 
absence of hydronephrosis and cystic disease. This is easily 
achieved using gray-scale US.135 A thin rim of decreased 
echogenicity may surround the kidneys in patients experi-
encing kidney injury, also known as renal sweat.136 Small, 
echogenic kidneys indicate preexisting CKD; however, acute 
reversible components must still be searched for. Acute, 
reversible components that can be diagnosed on imaging 
are few but include hydronephrosis and hypertension 
caused by renal artery stenosis. If no acute process is found 
on US, no further imaging workup is necessary (according 
to the ACR appropriateness criteria for elevated Cr of 
unknown duration).139 Normal renal size, with or without 
increased echogenicity, typically requires more extensive 
evaluation for acute causes because gray-scale US may not 
be accurate in the minimally dilated obstructive situation.

Many causes of AKI are encountered in the hospital 
setting. Prerenal and renal causes include hypotension or 
dehydration resulting in hypoperfusion of the kidneys and 
nephrotoxic drugs138 and account for more than 90% of all 
cases. Typically prerenal and renal causes are diagnosed 
clinically, not with imaging. Although postrenal causes for 
AKI are less common, when they are identified and treated, 
the AKI is often rapidly reversible.

US is more than 95% accurate in detecting hydronephro-
sis (i.e., dilation of the collecting systems and renal 
pelvis)139,140; however, the cause of the hydronephrosis may 
not be seen. If US cannot determine the cause of obstruc-
tion, CT or MRI that is not enhanced by contrast media is 
the appropriate next imaging study.137 The typical US find-
ings of hydronephrosis are a dilated, anechoic, fluid-filled 
renal pelvis and calyces. Hydronephrosis is generally graded 
according to the extent of calyceal dilation and the degree 
of cortical thinning.126,139,141 In mild (grade I) hydronephro-
sis the pelvicalyceal system is filled with fluid, which causes 
slight separation of the central renal sinus fat (Figure 28.28). 
The calyces are not distorted, and the thickness of the renal 

Figure 28.28  Mild (grade I) hydronephrosis: ultrasonography. 
The  central  echo  complex  is  separated  by  the  mildly  distended 
calyces and renal pelvis. Notice the connection between the calyces 
and  the  renal pelvis. The  thickness of  the cortex  is preserved, and 
the renal border remains smooth. 

LONG RK

Figure 28.29  Moderate (grade II) hydronephrosis: ultrasonography. Longitudinal image (A) and transverse image (B). The dilated calyces 
are rounded and filled with urine. The renal pelvis is dilated as well. Again, note the connection between the calyces and the renal pelvis. The 
cortex remains relatively normal in thickness, and the renal border is smooth. 
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cortex appears normal. In moderate (grade II) hydrone-
phrosis the pelvicalyceal system appears more distended 
with greater separation of the central echo complex.  
The contour of the calyces is rounded, but the cortical thick-
ness is unaltered (Figure 28.29). With moderate-to-severe 
(grade III) hydronephrosis the calyces are more distended, 
and cortical thinning is recognized. In severe (grade IV) 
hydronephrosis the calyceal system is markedly dilated 
(Figure 28.30). The calyces appear as large, ballooned, 
fluid-filled structures with a dilated renal pelvis of variable 
size. Cortical loss is evident, with the dilated calyces 
approaching or reaching the renal capsule. In general, the 
length and overall size of a hydronephrotic kidney is 
increased. Long-standing obstruction may, however, result 
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Figure 28.30  Severe (grade IV) hydronephrosis: ultrasonogra-
phy.  Longitudinal  image  of  the  right  kidney  demonstrates  a  large 
fluid-filled sac; no normal elements of the kidney remain visible. The 
cortex  is  almost  gone,  but  the  outer  border  of  the  kidney  remains 
smooth. 

in renal parenchymal atrophy, and the kidney may be some-
what small, with marked cortical thinning. The degree of 
hydronephrosis is not always correlated with the amount of 
obstruction.

Although hydronephrosis is usually easily diagnosed with 
US, it must not be confused with renal cystic disease. In 
hydronephrosis the dilated calyces have a visibly direct com-
munication with the renal pelvis, which is also dilated.27 In 
cystic disease the round fluid-filled cysts have walls, and no 
direct communication is evident between each calyx and the 
renal pelvis. Cases of peripelvic cysts are frequently misdiag-
nosed as a dilated renal pelvis. Renal artery aneurysm may 
also be confused with a dilated renal pelvis but can be diag-
nosed correctly with added Doppler color-flow US.

The presence of hydronephrosis on US does not always 
indicate obstruction.142,143 Grade I hydronephrosis and pos-
sibly more severe grades may be observed in patients in 
whom no obstructive cause is found. Nonobstructive causes 
of hydronephrosis include increased urine production and 

Figure 28.31  End-stage kidney disease: ultrasonography.  A  and  B,  The  kidneys  are  highly  echogenic  in  relation  to  the  adjacent  liver. 
No normal  renal structures are visible, but  the kidneys  remain smooth  in overall contour. Note  the  two small hypoechoic  renal cysts  in  the 
surface in A. 
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flow, acute and chronic infection, vesicoureteral reflux,  
papillary necrosis, congenital megacalyces, overdistended 
bladder, and postobstructive dilation.144 In patients with 
repeated episodes of intermittent or partial obstruction, the 
calyces become quite distensible or compliant, which causes 
the appearance of hydronephrosis to vary, depending on 
the state of hydration and urine production. Patients with 
vesicoureteral reflux also demonstrate distensible pelvicaly-
ceal systems. Doppler color-flow US has been suggested as 
an additive means of differentiating obstructive from non-
obstructive hydronephrosis.145,146 The measurement of resis-
tive indices has been investigated as a means of diagnosing 
acute renal obstruction, as well; the acutely obstructed 
kidney has an elevated resistive index, and the nonob-
structed kidney has a normal resistive index of less than 
0.70.147,148 The results have been variable, and thus no con-
sistent recommendation is available.148,149

US is also used in patients with CKD. Cortical echogenicity 
may be increased in both acute and chronic renal parenchy-
mal disease (Figure 28.31).150 The pattern should be bilat-
eral in CKD, and the degree of cortical echogenicity is 
correlated with the severity of the interstitial fibrosis, global 
sclerosis, focal tubular atrophy, and number of hyaline casts 
per glomerulus.21 Similar correlation is observed with 
decreasing renal size. These findings, however, are nonspe-
cific, and kidney biopsy may be required for diagnosis. The 
normal corticomedullary differentiation is lost with increas-
ing cortical echogenicity.151 Cortical echogenicity may also 
be increased in some patients with AKI, as in glomerulone-
phritis and lupus nephritis. Sequential studies over time 
may be used to assess the progression of disease by monitor-
ing the renal size and cortical echogenicity.

The key to the diagnosis of renal parenchymal disease is 
renal core biopsy and resulting histopathologic study.150 US 
facilitates the performance of kidney biopsy by demonstrat-
ing the kidney and the proper location for biopsy. US may 
also be used to evaluate for complications associated with 
kidney biopsy, such as perirenal hematoma and arteriove-
nous fistula.

When US evaluation demonstrates hydronephrosis, but 
not the cause, it is usually followed by CT. Noncontrast CT 
will demonstrate the dilated pelvicalyceal systems in the 
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kidney. The parenchymal thickness can be visualized in rela-
tion to the dilated collecting systems; the urine-filled calyces 
and pelvis are less dense than the surrounding parenchyma. 
The course of the dilated ureters may be followed distally 
to establish the site of obstruction. The cause of obstruction 
is frequently visible and may include pelvic tumors, distal 
ureteral stones, and retroperitoneal adenopathy or mass. 
For patients in whom chronic long-standing obstruction is 
the cause of kidney injury, CT generally demonstrates large, 
fluid-containing kidneys with little or no cortex remaining. 
If obstruction is not the cause, other potential causes such 
as cirrhosis and ascites with accompanying hepatic failure 
may be evident.

In CKD without obstruction, CT typically demonstrates 
small, contracted kidneys, which may also show evidence of 
adulthood-acquired polycystic disease if the patient is on 
dialysis (Figure 28.32). In general, the overall size and thick-
ness of the renal parenchyma appear to decrease with age.152 
Other causes for CKD may be demonstrated on imaging, 
including autosomal dominant polycystic kidney disease 
(Figure 28.33); the kidneys are enlarged and contain innu-
merable cysts. Frequently some of the cyst walls may contain 
thin rims of calcification. The density of the internal con-
tents of the cysts may also vary as a result of hemorrhage or 
proteinaceous debris. For patients undergoing regular dialy-
sis, iodinated contrast may be given if necessary for CT scans 
because the material is dialyzable.

Like CT, MRI is accurate in demonstrating renal struc-
ture, as well as prerenal and postrenal causes of kidney 
injury. MRI is sensitive for the detection of renal parenchy-
mal disease, but the renal parenchymal causes of injury have 
nonspecific features, and biopsy is generally required 
(Figures 28.34 and 28.35).153 Noncontrast MRI routinely 
allows for detailed tissue characterization of the kidney and 
surrounding structures. Both iodinated contrast and Gd-C 
should be avoided in patients with AKI and CKD stage 4 and 
5. Newer MRI sequences, such as diffusion-weighted and 

Figure 28.32  Adulthood-acquired polycystic kidney disease: computed tomographic scan, axial image without contrast material (A) and axial 
image after administration of contrast material (B). The kidneys are small bilaterally with multiple 1-cm cysts primarily in the cortex. 
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Figure 28.33  Autosomal dominant polycystic kidney disease: 
computed tomographic (CT) scan without contrast material. This 
CT image demonstrates the markedly enlarged kidney bilaterally with 
multiple low-density cysts throughout both kidneys. The little remain-
ing renal parenchyma is noted by the sparse, higher density material 
squeezed by the cysts. 

bright blood techniques, provide a way to increase the  
conspicuity of neoplastic and vascular causes of renal  
failure without the use of intravenous contrast agents 
(Figure 28.36).96,154

In kidney injury, glomerular and tubular dysfunctions are 
reflected by abnormal findings on renal scintigraphy and 
renography. Renal uptake of 99mTc-MAG3 is prolonged, with 
tubular tracer stasis and little or no excretion. In patients 
with AKI, if 99mTc-MAG3 has more renal activity than hepatic 
activity 1 to 3 minutes after injection, recovery is likely, 
whereas when renal uptake is less than the hepatic uptake, 
dialysis may be needed.155 In CKD, renal perfusion, cortical 
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Figure 28.34  Renal transplant with acute tubular necro-
sis.  Coronal  T2-weighted  image  (A),  axial  T1-weighted 
image  (B),  and  gadolinium-enhanced  T1-weighted  image 
(C) show reversal of the normal corticomedullary differentia-
tion in a patient with biopsy-proven acute tubular necrosis. 
Arrows point to the transplanted kidney. 
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Figure 28.35  Renal transplant with chronic injury caused 
by immunoglobulin A nephropathy.  Axial  T2-weighted  image 
(A),  axial  T1-weighted  image  (B),  and  gadolinium-enhanced 
T1-weighted image (C) demonstrate accentuation of the corticome-
dullary differentiation. Arrows point to the transplanted kidney. 
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downward slope after furosemide administration may be 
indicative of partial obstruction. An apparent poor response 
to furosemide may also occur in patients with severe pelvic 
dilation (reservoir effect). Other pitfalls include poor injec-
tion technique of either the diuretic or the radiotracer, 
impaired renal function, and dehydration, in which delayed  
tracer transit and excretion may not be overcome by the 
effect of a diuretic. Kidneys in neonates (<1 month of age) 
may be too immature to respond to furosemide, and neo-
nates are thus not suitable candidates for diuretic renal 
scintigraphy.123,157

Various protocols in relation to the timing of furosemide 
administration have also been reported. In the F0 method, 
furosemide is injected simultaneously with 99mTc-MAG3 
administration. A 17-year clinical experience at one institu-
tion proved that this protocol is useful for patients of all 
ages and for all indications.158 Taghavi and associates com-
pared diuresis renographic protocols with injection of furo-
semide 15 minutes before (F−15) and 20 minutes after 
(F+20) administration of 99mTc-MAG3.161 In this comparative 
study of 21 patients with dilation of the pelvicalyceal system, 
the F−15 protocol produced fewer equivocal results than did 
the F+20 method and therefore was considered the prefer-
able protocol. Further experience is needed to determine 
the most optimal timing interval between furosemide and 
99mTc-MAG3 injections in diuresis renography.

RENAL CALCIFICATIONS AND RENAL  
STONE DISEASE

Calcifications may occur in many regions of the kidney.160 
Nephrolithiasis or renal calculi are the most common and 
occur in the pelvicalyceal system. Nephrocalcinosis refers to 
diffuse or punctate renal parenchymal calcification occur-
ring in either the medulla or cortex, usually bilaterally. 
Some patients with nephrocalcinosis may also develop 
nephrolithiasis. Calcifications also occur in vascular struc-
tures, particularly in patients with diabetes and advanced 
atherosclerotic disease. Rimlike calcifications may occur in 
simple renal cysts and polycystic disease. Patients with renal 
carcinomas may exhibit variable calcifications as well. All 

tracer extraction, and tracer excretion are diminished. 
However, this imaging pattern is nonspecific and must be 
interpreted in the clinical context.123

UNILATERAL OBSTRUCTION

Although US is frequently the first imaging method used to 
detect obstruction, it may not establish the cause. If US 
cannot determine the cause of obstruction, CT is the next 
imaging modality of choice due to rapid speed of acquisi-
tion and accuracy.137 IVU and antegrade or retrograde 
pyelography may be used if CT is not available.139 With IVU 
the site of obstruction may be visible, but the cause may be 
only inferred; this is also true with antegrade and retrograde 
pyelography.

CE-CT and, more specifically, CTU are most useful in 
assessing the patient with unilateral obstruction.37 Small dif-
ferences in the enhancement pattern of the kidneys are well 
demonstrated with CE-CT (Figure 28.37). Differences in the 
excretion patterns by the kidneys are also sensitively depicted 
on CE-CT.36,37 The urine-filled or contrast material–filled 
ureters point to the obstruction with demonstration of both 
intraureteral and extraureteral causes of the obstruction 
(Figure 28.38). MRI demonstrates similar findings and may 
be used when CE-CT is contraindicated.

Nuclear medicine assessment by means of diuretic renog-
raphy may also be used to evaluate for obstructive uropathy. 
Scintigraphy with 99mTc-MAG3 is often employed. Furose-
mide (Lasix) is administered intravenously (1 mg/kg; 
higher dose in cases of renal insufficiency) when the renal 
pelvis and ureter are maximally distended.156 Regions of 
interest are drawn around each renal pelvis, with the back-
ground regions as crescent shapes lateral to each kidney. 
After furosemide administration, in cases of dilation without 
obstruction, the collecting system empties rapidly, with a 
subsequent steep decline in the renogram curve. Obstruc-
tion can be ruled out if the clearance half-time of the renal 
pelvic emptying is less than 10 minutes. A curve that reaches 
a plateau or continues to rise after administration of furo-
semide is indicative of obstruction, with a clearance half-
time of more than 20 minutes (Figure 28.39). A slow 

Figure 28.36  Diffusion-weighted imaging (DWI). A, Axial T2-weighted  image demonstrates a heterogeneous renal mass with high signal 
intensity  (arrowhead) and a structure of  intermediate signal  intensity adjacent  to  the  inferior vena cava  that  is suspect  for vascular  invasion 
(arrow). B, Axial DWI demonstrates the renal mass (arrowhead) and increased signal intensity within the renal vein, which confirms renal vein 
invasion (arrow). 
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calcifications are nonspecific and punctate in appearance 
and are usually medullary in location.

In 70% to 75% of cases of renal tubular acidosis, there is 
evidence of nephrocalcinosis. The calcifications tend to be 
uniform and distributed throughout the renal pyramids 
bilaterally. With medullary sponge kidney and renal tubular 
ectasia, small calculi form in the distal collecting tubules, 
probably because of stasis. The appearance varies from 
involvement of only a single calyx to involvement of both 
kidneys throughout. The calcifications are small, round, 
and within the peak of the pyramid adjacent to the calyx. 
Medullary sponge kidney is also associated with nephroli-
thiasis, because the small calculi in the distal collecting 
tubules may pass into the collecting systems and ureters, 
resulting in renal colic.161

The calcifications that occur in renal tuberculosis are 
typically medullary in location and may mimic other forms 
of nephrocalcinosis.162 Calcification occurs in the pyramids 
as part of the healing process. With overwhelming involve-
ment of the kidney, the entire kidney may be destroyed; this 

types of calcification are best demonstrated on noncontrast 
CT (see Figure 28.42).

Cortical calcification is most often associated with cortical 
necrosis from any cause.160 The calcifications are dystrophic 
and tend to resemble tram tracks and to be circumferential. 
Other entities in which cortical calcification are found 
include hyperoxaluria, Alport’s syndrome, and, in rare 
cases, chronic glomerulonephritis. The stippled calcifica-
tions of hyperoxaluria may be found in both the cortex and 
the medulla, as well as in other organs, such as the heart. 
In Alport’s syndrome, only cortical calcifications are found.

Calcifications in the medulla are much more common 
than cortical calcifications.160 The most common cause of 
medullary nephrocalcinosis is primary hyperparathyroid-
ism. The distribution appears to be within the renal pyramid 
and may be either focal or diffuse and either unilateral  
or bilateral. Nephrocalcinosis occurs in other diseases in 
which hypercalcemia or hypercalciuria occur, such as hyper-
thyroidism, sarcoidosis, hypervitaminosis D, immobiliza-
tion, multiple myeloma, and metastatic neoplasms. These 

C
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Figure 28.37  Unilateral hydronephrosis: contrast material–
enhanced computed tomographic scan. Axial (A) and coronal 
(B)  nephrographic  phase  images  of  an  obstructed  left  kidney. 
The right kidney is in the nephrographic phase, whereas the left 
(obstructed) kidney is still  in the corticomedullary phase; this  is 
apparent with differential enhancement.  In  the excretory phase 
image (C), the right kidney has contrast material within the col-
lecting system and the renal pelvis. The left kidney has no con-
trast  material  in  the  pelvicalyceal  system  and  contains  only 
nonopacified urine. The patient had lymphoma with retroperito-
neal lymph nodes, which caused the obstruction more distally. 
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Figure 28.38  Unilateral obstruction: contrast material–enhanced 
computed tomographic scan. The coronal image demonstrates the 
difference in enhancement between the two kidneys, with the mod-
erately dilated renal pelvis and calyces on the right. The large hetero-
geneous pelvis mass is the source of the obstruction: recurrent rectal 
carcinoma. 

results in diffuse, heavy calcification throughout the  
entire kidney, which becomes small and scarred. Medullary 
calcifications are also visible in patients with renal papil-
lary necrosis. With necrosis of the papilla, the material  
is sloughed into the calyces. Retained tissue fragments  
may calcify and have the appearance of medullary 
nephrocalcinosis.

Nephrolithiasis is a common clinical entity. The lifetime 
risk for developing renal calculi is 12%, with males being 
two to three times more at risk than females.163 Most urinary 
tract stones are composed of calcium salts of either oxalate 
or phosphate or a combination of the two.164-167 This com-
position accounts for the dense appearance on imaging. 
Stasis contributes to the formation of stones in the urinary 
tract. Renal colic or flank pain is the most common present-
ing symptom. Most patients also have hematuria, although 
it may be absent if a ureter is completely obstructed by the 
stone. The pain that occurs with a passing renal stone is 
probably caused by the distension of the tubular system and 
renal capsule of the kidney and by the peristalsis associated 
with ureteral contractions as the stone moves distally.

Most urinary calculi that are 4 mm or smaller pass with 
conservative treatment.168 The larger the stone, the more 
likely other measures will be necessary to treat the stone and 
associated obstruction.

Plain radiograph of the abdomen yields little significant 
information on its own and should not be used to diagnose 
stone disease.169 The KUB is useful for following stone 
disease only when a stone is densely calcified and large 
enough to be visible (Figure 28.40). For years, IVU has been 
the method of choice for the assessment of patients with 
renal colic170,171; however it has been supplanted by CT that 

is not enhanced by contrast media, which is a more rapid 
examination and more accurate than IVU.169 IVU remains 
the best examination if CT is not available. However, IVU 
can be time consuming, requiring delayed images up to 24 
hours after injection, in some, to visualize the contrast-filled, 
dilated collecting systems, pelvis, and ureter. Also, if an 
obstructing stone is not visualized, alternate diagnoses are 
difficult to confirm.

Ultrasonographic assessment has also been used in the 
evaluation of renal colic.172 This is a quick and usually easily 
performed examination. Unilateral hydronephrosis may be 
observed, although the examination results may be normal 
early in the passage of a renal stone. Renal stones may be 
visualized within the kidney as hyperechoic foci with  
distal acoustic shadowing or reverberation artifacts (Figure 
28.41).172 Ureteral stones are rarely seen because of overly-
ing bowel gas. Distal ureteral stones near the ureterovesical 
junction may be visualized through the urine-filled bladder 
transabdominally. US may demonstrate an absent ureteral 
jet in the bladder on the side in which a stone is being 
passed. Doppler US and assessment of the peripheral vascu-
lature resistance may occasionally be helpful in pointing  
to the affected kidney, but the study results have been 
variable.147

Noncontrast CT scanning of the abdomen and pelvis has 
emerged as the standard evaluation in patients with renal 
colic.173-177 The sensitivities for CT are 96% to 100%; the 
specificities are 95% to 100%; and the accuracy rates are 
96% to 98%; for this reason, nonenhanced CT has sup-
planted plain radiography, IVU, and US.174,178-180 In compari-
sons of nonenhanced CT and IVU, CT is much more useful, 
with 94% to 100% sensitivity and 92% to 100% specificity; 
IVU has 64% to 97% sensitivity and 92% to 94% specific-
ity.174 Also, when noncontrast CT was used as the reference 
standard in comparison with US, 24% sensitivity and 90% 
specificity were found for US.181,182 An alternative diagnosis 
is made in patients with “renal colic” in 9% to 29% of cases 
in which noncontrast CT is used for evaluation.183

Nonenhanced CT is performed from the top of the 
kidneys to below the pubic symphysis. No preparation is 
needed. Intravenous contrast material is rarely needed. The 
studies are performed with 3-mm collimation or less, and 
the slices are reconstructed to be contiguous or slightly 
overlapping.184-186 Virtually all renal stones are denser than 
the adjacent soft tissues (Figure 28.42)187; exceptions are 
renal stones associated with indinavir (a protease inhibitor 
used in the management of acquired immunodeficiency 
syndrome (AIDS) and very small uric acid stones (<1 to 
2 mm in diameter).188,189 As expected, calcium oxalate and 
calcium phosphate stones are the most dense.165,166 Matrix 
stones, which are rare, may also be relatively low in density, 
but they usually contain calcium impurities that make them 
visible.164,167

For detecting stones, low-dose scanning has been shown 
to be as effective as CT with standard techniques.190,191 The 
radiation dose is usually 20% to 25% of the standard dose. 
The development of iterative reconstruction techniques has 
also reduced radiation doses. Dual-energy imaging with CT 
has demonstrated the ability to distinguish different types 
of stones 192,193 (see Figure 28.10).

Calculi may be visible in all parts of the collecting system 
and the urinary tract. Small punctate calcifications (≈1 mm) 
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Figure 28.39  Abnormal findings on renogram with technetium 99m–labeled mercaptoacetyltriglycine, demonstrating obstructive urinary kinet-
ics with a poor response to furosemide. A, Static and timed images. B, Individual curves for each kidney. 
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Figure 28.40  Renal stone: plain radiograph of the kidneys, ureters, 
and bladder. A large laminated stone is visible in the renal pelvis of the 
right kidney. The outline of the normal left kidney can be seen with no 
calcifications overlying it. The right kidney outline cannot be seen. 

are occasionally observed just at the tip of the renal pyramid. 
These may represent the calcification noted in Randall 
plaques.194 Obstruction occurs most commonly at the ure-
teropelvic junction; at the pelvic brim, where the ureters 
cross over the iliac vessels; and at the ureterovesical junc-
tion. The diagnosis is made on the noncontrast CT scan by 
demonstrating the calcified stone within the urine-filled 
ureters (Figure 28.43).184 Secondary signs may be present to 
assist in the diagnosis.178 Hydronephrosis and hydroureter 
to the point of the stone may be visible. Asymmetric peri-
nephric and periureteral stranding may also be related to 
forniceal rupture and urine leak (Figure 28.44).195 The 
involved kidney may be less dense than the normal kidney 
because of increased interstitial fluid and edema.196,197 The 
affected kidney may also be larger than the normal kidney. 
At the point of obstruction the stone may be visible within 
the ureter, with soft tissue thickening of the ureteral wall at 
that level. This thickening is probably caused by edema and 
inflammation associated with the passage of the stone.

Noncontrast CT has the additional advantage of assessing 
the overall stone burden of the patient, not just the passing 
stone. Also, the size may be accurately measured, which 
enables clinicians to make treatment decisions.169,198,199 
Distal ureteral stones are occasionally confused with phlebo-
liths, which are common in the pelvis (see Figure 28.44). 
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Figure 28.41  Renal stone: ultrasonography. Longitudinal image (A) and Doppler color-flow image (B) demonstrate an echogenic focus at 
the corticomedullary junction. Not all stones show shadowing, but in this case, reverberation artifact is visible on the Doppler color-flow image, 
which helps establish the diagnosis. 
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Figure 28.42  Renal stones: noncontrast computed tomographic scan. Axial  image  (A) and coronal  image  (B) demonstrate 4-  to 5-mm 
stones in the upper and lower poles of the left kidney. There are no signs of obstruction. 
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Figure 28.43  Ureteral stone: noncontrast computed tomographic scan. A, A 5-  to 6-mm stone  is noted  in  the midportion of  the  right 
ureter. B, Axial  image of the midportion of the kidneys reveals the urine-filled right renal pelvis and a right kidney that  is slightly  less dense 
than the left. These are signs of obstruction. 
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Images reconstructed in the coronal plane along the  
course of the ureters down to the level of the stone may be 
helpful.200 Also, close inspection of phleboliths frequently 
reveals a small, soft tissue tag leading to the calcification: 
the “comet tail” sign.201 Enhancement with contrast material 
is occasionally necessary in confusing or difficult cases. Also, 
CE-CT may be used in complicated cases in which the 
patient is febrile and pyelonephritis or pyohydronephrosis 
is suspected.177

In the evaluation of acute stone disease, MRI or MRU is 
not the examination of first choice, but it is a suitable alter-
native for selected patients, especially those in whom reduc-
tion of radiation exposure is desired (pediatric and pregnant 
patients).202 Stones are difficult to identify in nondilated 
systems, even in retrospect. When stones are observed on 
MRI, they are visible as black foci on both T1- and T2-weighted 
sequences. Stones become more conspicuous in a dilated 
collecting system (Figure 28.45); however, a nonenhanced 
filling defect is a nonspecific finding. Blood, air, or debris 
may have the same appearance. If stones or other calcifica-
tions are a concern, noncontrast CT is the examination of 
choice for improved conspicuity (Figure 28.46).

When the use of iodinated contrast material is contrain-
dicated, or when reduction of radiation exposure is desired, 
MRU can be used to determine the cause and location of 
an obstructing process (Figure 28.47). MRU is highly accu-
rate in demonstrating obstruction, regardless of whether 
the process is acute or chronic.202 Acute obstruction may be 
associated with perinephric fluid, which is well demon-
strated on T2-weighted sequences.202,203 However, perineph-
ric fluid is a nonspecific finding and can be found in 
association with other renal disease. MRI is useful in evaluat-
ing the patient who has recently undergone surgery for 
renal stone disease. MRI has been reported as being more 
accurate than CT in differentiating perirenal and intrarenal 

Figure 28.44  Ureteral stone: noncontrast computed tomographic scan.  Axial  images  of  the  kidneys  show  perinephric  and  peripelvic 
stranding and fluid on  the  right  (A)  caused by  forniceal  rupture and  leakage of urine as a  result of  the distal obstructing stone at  the  right 
ureterovesical junction (B). Note the phlebolith on the right posterior to the bladder and lateral to the seminal vesicle; phleboliths are commonly 
confused with distal ureteral stones. 
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Figure 28.45  Renal stones. Calcification  (arrowhead) well  viewed 
on computed tomography (A) is difficult to demonstrate on magnetic 
resonance imaging (B) (arrow), even in retrospect. C, A stone (arrow-
head) is more conspicuous when it is located within a mildly dilated 
collection system. 

A

B C

http://www.myuptodate.com


 CHAPTER 28 — DIAgNOSTIC KIDNEy IMAgINg 877

Figure 28.46  Staghorn calculus. Magnetic resonance imaging (MRI) (A) and computed tomography (CT) (B) demonstrate large pelvic calculus 
with associated left renal atrophy. Even large stones may be difficult to recognize on MRI. Calcifications are more conspicuous on CT. 
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Figure 28.47  Magnetic  resonance  urographic  reconstructions 
demonstrating  a  nonoccluding  distal  ureteral  stone  (arrow).  A  to 
C, Three-dimensional postrenal processing techniques are used to 
mimic intravenous urography. D, Postcontrast axial imaging dem-
onstrates a stone within the lumen of the distal ureters. 
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hematomas (Figures 28.48 to 28.50).204 CE-MRI can also 
demonstrate damage to the collecting system and areas of 
ischemia without the risk for nephrotoxicity.

RENAL INFECTION

Acute pyelonephritis is typically a diagnosis made clini-
cally.205 Most cases of acute pyelonephritis occur by the 
ascending route from the bladder and are caused by gram-
negative bacteria.206 Vesicoureteral reflux may contribute, 
although the ascent of the bacteria up the ureter also occurs 
in its absence. This is due to the presence of the adhesin P 
fimbriae and powerful endotoxins that appear to inhibit 
ureteral peristalsis creating a functional obstruction.207 The 
bacteria are transported to the renal pelvis, where intrarenal 
reflux occurs and the bacteria traverse the calyceal system 
to the ducts and tubules within the renal pyramid. Enzyme 
release results in destruction of tubular cells with subse-
quent bacterial invasion of the interstitium. As the infection 
progresses, it spreads throughout the pyramid and to the 
adjacent parenchyma. The inflammatory response leads to 
focal or more diffuse swelling of the kidney. Without ade-
quate treatment, necrosis of the involved regions and 

Figure 28.48  Subcapsular hematoma after lithotripsy.  Coronal 
T2-weighted sequence (A) demonstrates high–signal intensity blood 
contained  by  left  renal  capsule  (arrowheads).  Axial  T1-weighted 
image  (B)  and  gadolinium-enhanced  T1-weighted  image  (C)  show 
mass  effect  on  left  kidney  (arrowheads)  caused  by  a  subcapsular 
hematoma.  The  signal  intensity  is  consistent  with  the  presence  of 
intracellular methemoglobin. 
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microabscess formation occur. These microabscesses may 
coalesce into larger macroabscesses, which tend to be sur-
rounded by a rim of granulation tissue.208 Perinephric 
abscess results from the rupture of an intrarenal abscess 
through the renal capsule or the leak from an infected and 
obstructed kidney (pyonephrosis). The overall distribution 
in the kidney is usually patchy or lobar, but sometimes it is 
diffuse.206 Subsequent scarring of the kidney after treatment 
reflects the magnitude of the infection and tissue destruc-
tion that occurred.

Pyelonephritis may also occur by hematogenous spread 
of bacteria to the cortex of the kidney and eventual involve-
ment of the medulla. The pattern of involvement is usually 
round, peripheral, and frequently multiple. Blood-borne 
infection is less common than ascending infection and is 
usually observed in intravenous drug abusers, immunocom-
promised patients, or patients with a source of infection 
outside the kidney, such as heart valves or teeth.

Imaging is rarely used or needed in uncomplicated pyelo-
nephritis, and most patients respond to therapy within 72 
hours. Imaging should be reserved for patients who are not 
responding to conventional antibiotic treatment, patients 
with an unclear diagnosis, patients with coexisting stone 
disease and possible obstruction, patients with diabetes and 
poor antibiotic response, and patients who are immuno-
compromised. Imaging is used to assess complications of 
acute pyelonephritis, including renal and perinephric 
abscess, emphysematous pyelonephritis, and xanthogranu-
lomatous pyelonephritis.209-211 All of these entities are imaged 
best with cross-sectional imaging techniques, specifically CT.

US results are normal in the majority of patients with 
acute pyelonephritis. When the examination results are 
abnormal, the findings are often nonspecific. US is per-
formed to look for a cause for acute pyelonephritis, such as 
obstruction or renal calculi, and to search for complica-
tions. Altered parenchymal echogenicity is the most fre-
quent finding with loss of the normal corticomedullary 
differentiation. The echogenicity is usually decreased or 
heterogeneous in the affected area (Figure 28.51). There 
may be focal or generalized swelling of the kidney. Power 
Doppler imaging may improve sensitivity in demonstrating 
focal hypoperfusion, but this is nonspecific. Tissue har-
monic US imaging may be more sensitive in demonstrating 
focal or segmental, patchy, hypoechoic areas extending 
from the medulla to the renal capsule.212

CE-CT is the most sensitive and specific imaging study in 
the patient with acute pyelonephritis.213,214 The nephro-
graphic phase of CT is best for imaging in patients with 
acute pyelonephritis (Figure 28.52). Wedge-shaped areas of 
decreased density extending from the renal pyramid to the 
cortex are most characteristic.213 The nephrogram may be 
streaky or striated in either a focal or global manner (Figure 
28.53).215 There may be focal or diffuse swelling of the 
kidney.216 The areas of involvement may appear almost mass-
like (see Figure 28.52). The changes in the nephrogram are 
related to decreased concentration of contrast media in  
the tubules with focal ischemia. Tubular destruction and 
obstruction with debris are also present. There is usually a 
sharp demarcation between diseased tissue and the normal 
parenchyma, which continues to enhance normally in the 
nephrographic phase. Soft tissue stranding and thickening 
of Gerota’s fascia are caused by the adjacent inflammatory 
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Figure 28.49  Posttraumatic subcapsular hematoma.  Sagittal  T2-weighted  image  (A)  and  postcontrast  T1-weighted  image  (B)  show  a 
subcapsular hematoma (arrowheads) in which signal intensity is consistent with the presence of extracellular methemoglobin. This hematoma 
is older than the one shown in Figure 28.48. 
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Figure 28.50  Hematoma status after surgical removal of staghorn calculus.  T2-weighted  axial  image  (A),  T1-weighted  axial  image 
(B), and postcontrast T1-weighted axial  image  (C) show an  intrarenal hematoma (arrows) at  the site of  incision plane. This extends  into the 
renal pelvis. No urine extravasation was demonstrated. 
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Figure 28.51  Acute pyelonephritis: renal ultrasonography.  The 
hypoechoic region in the upper pole represents an area affected by 
acute pyelonephritis. The surrounding parenchyma is somewhat dis-
torted, with loss of the normal corticomedullary junction. 

Figure 28.52  Acute pyelonephritis: contrast material–enhanced computed tomographic scan, axial (A) and coronal (B) images. The left kidney 
shows multiple areas of involvement. The hypodense region in the midportion of the kidney appears almost masslike (A and B). A nephrogram 
is striated in the region of involvement in the upper pole (B). 
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process (see Figure 28.53).208 The walls of the renal pelvis 
and proximal ureter may be thickened. The calyces and 
renal pelvis may be effaced. Mild dilation is also occasionally 
noted. With hematogenous-related pyelonephritis, the early 
findings tend to be multiple, round cortical regions of 
hypodensity that become more confluent and involve the 
medulla with time.216 These findings may persist for weeks 
despite successful treatment with antibiotics.

MRI is comparable with CE-CT for the evaluation of 
pyelonephritis.217 The enhancement characteristics of acute 
pyelonephritis on MRI are similar to those on CT. On non-
contrast sequences, the affected area has increased T2 signal 
intensity and decreased T1 signal intensity in relation to the 
normal renal parenchyma.

Other modalities do not have a significant role in evaluat-
ing acute pyelonephritis, unless CT is unavailable. IVU find-
ings may appear normal in up to 75% of cases208,213; IVU has 
been shown to be noncontributory to clinical care in 90% 
of patients with pyelonephritis.206,214 Radiolabeled leukocyte 
scans (e.g., indium 111–labeled white blood cells) and 

gallium 67 citrate scans can identify acute pyelonephritis. 
However, these methods have the drawbacks of extended 
imaging time (more than 24 hours) and higher radiation 
exposure. Cortical imaging with 99mTc-DMSA has been 
shown to be highly sensitive for detecting acute pyelone-
phritis in the appropriate clinical setting.218,219 In acute 
pyelonephritis, segmental regions of decreased tracer 
uptake are demonstrated in oval, round, or wedge patterns. 
There may also be diffuse generalized decrease in renal 
uptake, which, in association with a normal or slightly 
enlarged kidney, is suggestive of an acute infectious process. 
The pathophysiologic basis for decline in 99mTc-DMSA corti-
cal uptake in infection is related to diminished delivery of 
the tracer to the infected area and to direct infectious injury 
to the tubular cells, which compromises their function and 
tracer uptake. A wedge-shaped cortical defect with regional 
decrease in renal size is compatible with postinfectious scar-
ring. Renal infarcts may also have similar appearance.123,129 
Attention to 99mTc-DMSA image processing and quality is 
paramount to achieving high interreader agreement.220,221 
There may also be a role for FDG PET-CT in the imaging 
evaluation of renal infection.222

Renal abscess results from severe pyelonephritis and 
occurs two to three times more frequently in patients with 
diabetes.210 Abscesses are more common with hematoge-
nous infection than with ascending infection.205 CE-CT char-
acteristics of renal abscess include a reasonably well-defined 
mass with a low-density central region and a thick, irregular 
wall or pseudocapsule (Figure 28.54).213 Enhancement adja-
cent to the abscess is variable, depending on the amount of 
inflammation. Mature abscesses may demonstrate a more 
sharply demarcated border with peripheral rim enhance-
ment. Gas may be visible within the abscess. MRI is compa-
rable with CE-CT for the evaluation of renal abscess.217 The 
central region of the abscess can have a variable appearance, 
but generally it is of decreased T1 and increased T2 signal 
intensity. The wall enhancement characteristics are also 
similar to those on CE-CT (Figure 28.55).

Renal parenchymal infections can extend into the peri-
nephric space with resulting abscess formation.216 CT and 
MRI best reveal the involvement of the perinephric and 
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Figure 28.53  Acute pyelonephritis: contrast material–enhanced 
computed tomographic (CT) scan. The heterogeneous CT nephro-
gram  shows  the  diffuse  involvement  of  the  right  kidney.  Stranding 
and some fluid are visible in the perinephritic space with thickening 
of Gerota’s fascia. 

Figure 28.54  Renal abscess: contrast material–enhanced computed tomographic scan. A,  Axial  image  demonstrates  the  hypodense 
abscess  in  the  right kidney with extension  into  the perinephritic space and  the  right flank. B, Axial  image with  the patient  in  the decubitus 
position reveals the method of diagnosis: needle aspiration. A drainage catheter was subsequently placed for treatment. 
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paranephric spaces within the retroperitoneum. In general, 
inflammatory changes and heterogeneous fluid-density or 
signal intensity collections may be identified. Associated gas 
is best identified on CT.

Emphysematous pyelonephritis is a severe necrotizing 
infection of the renal parenchyma, usually caused by gram-
negative bacteria (Escherichia coli, Klebsiella pneumoniae, 
Proteus mirabilis).209 Of patients with emphysematous pyelo-
nephritis, 90% have uncontrolled diabetes.210 Emphysema-
tous pyelonephritis is characterized by severe acute 
pyelonephritis, urosepsis, and hypotension. The gas found 
in the renal parenchyma is believed to form as a result of 
the high levels of glucose in the tissue by fermentation with 
the production of CO2. The gas may also be observed in the 
pelvicalyceal system or perinephric space (or both). If the 
gas is extensive enough, it may be visible on plain radio-
graphs or KUB images. The gas is usually mottled, bubbly, 
or streaky in appearance and may be observed in the areas 

over the kidneys. US may suggest the diagnosis of emphyse-
matous pyelonephritis by demonstrating gas within the 
kidney.223 With gas present, there is acoustic shadowing in 
the involved region. CT is the most specific and sensitive 
modality for the identification of renal gas.224 The gas dis-
sects through the parenchyma in a linear focal or global 
manner, radiating along the pyramid to the cortex. It may 
extend into the perinephric space. There is generally exten-
sive parenchymal destruction with streaks or mottled collec-
tions of gas within the kidney (Figure 28.56). Little or no 
fluid is seen. Emphysematous pyelitis represents gas within 
the pelvicalyceal system without parenchymal gas.225 The 
distinction is important because emphysematous pyelitis 
carries a less grave prognosis.

Xanthogranulomatous pyelonephritis is an end-stage 
condition resulting from chronic obstruction with long-
standing infection, usually with Proteus species or E. coli.211 
The renal parenchyma is destroyed and replaced by vast 
amounts of lipid-laden macrophages. The kidney is usually 
barely functional or nonfunctional. The destruction is typi-
cally global, but it may involve only a portion of the kidney. 
A staghorn calculus may be seen on KUB. On US the kidney 
appears enlarged with loss of identifiable landmarks. A large 
calculus or staghorn calculus usually fills the renal pelvis, 
with debris filling adjacent hypoechoic regions (Figure 
28.57). CT defines the extent and adjacent organ involve-
ment best. The findings on CT include an enlarged but 
generally reniform mass filling the perinephric space.211,226 
Calcification is found in 75% of cases, excretion is absent 
or markedly decreased in 85% of cases, and the involved 
region appears as a mass in more than 85% of cases.211 The 
process is focal in fewer than 15% of cases. There is frequent 
perinephric extension. Fistulas may occur in adjacent struc-
tures, with adenopathy noted in the retroperitoneum. MRI 
may show many similar findings when compared with CT, 
although calcifications are less conspicuous (Figure 28.58).

Malacoplakia is a rare inflammatory condition that most 
commonly involves the bladder but may also involve the 
ureter and kidney. Typically the kidney is affected by obstruc-
tion from the lower urinary tract. When the kidney is directly 
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Figure 28.55  Renal abscess. A mass  in the upper pole of  the  left kidney demonstrates  intermediate to  low signal  intensity  (arrow) on the 
sagittal T2-weighted image (A) and heterogeneous but predominantly peripheral enhancement (arrow) on the sagittal postcontrast T1-weighted 
image (B). On biopsy, this mass was found to be Aspergillus infection. 
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Figure 28.56  Emphysematous pyelonephritis: contrast material–enhanced computed tomographic scan. A noncontrast image (A) and 
a contrast material–enhanced image (B) demonstrate gas in the renal parenchyma with extension into the perinephritic space. The nephrogram 
is striated throughout. Global involvement of the kidney is frequent. 

A B

involved, it is a multifocal process that may appear similar 
to xanthogranulomatous pyelonephritis on imaging.

Renal tuberculosis occurs by hematogenous spread. The 
genitourinary tract is the second most common site of 
involvement. Evidence of previous pulmonary tuberculosis 
is found in fewer than 50% of patients with genitourinary 
tuberculosis. Only 5% may have active tuberculosis. Renal 
involvement is bilateral; the findings are determined by  
the extent of the infection, the stage of the infection, and 
the host’s response. Calcified granuloma may be found 
within the cortex or medulla; papillary necrosis may be 
visible (Figure 28.59); and hydrocalyx with infundibular 
strictures may develop (Figure 28.60). The kidney may 
become focally or globally scarred as the disease progresses. 
There may be areas of nonfunction with dystrophic calcifica-
tions. In the end stage, the kidney may be small and scarred 

with bizarre calcifications; this condition is the so-called 
autonephrectomy.162,227

Chronic pyelonephritis is usually associated with vesico-
ureteral reflux that occurs in childhood.227 One or both 
kidneys may be involved. An affected kidney has focal scars 
that are associated with calyceal dilation. The scarring is 
often separated by normal regions of the kidney and normal-
appearing calyces. When involvement is global, the kidney 
may be small. IVU demonstrates dilated or ballooned calyces 
that extend to the cortical surface, which is thinned. The 
outline of the affected kidney is distorted. With US the 
kidneys have irregular outlines with regions of cortical loss. 
Underlying dilated calyces may be visible. The regions of 
scarring may be echogenic in comparison with the adjacent 
normal kidney. CT and MRI demonstrate the abnormal 
architecture of the affected kidney.216,217 Nephrographic 
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Figure 28.58  Xanthogranulomatous pyelonephritis with staghorn calculus. A, Axial T2-weighted image demonstrates a stone of low signal 
intensity within the right renal pelvis (arrow) that is associated with increased renal size and replacement of the medullary pyramids and calyces 
with material of high signal intensity. B, Axial postcontrast T1-weighted image demonstrates asymmetric enhancement and hydronephrosis. 
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Figure 28.57  Xanthogranulomatous pyelonephritis: contrast 
material–enhanced computed tomographic scan. A large staghorn 
calculus fills the renal pelvis and collecting systems in the left kidney. 
Much  of  the  remainder  of  the  kidney  is  replaced  by  hypodense 
material—the xanthogranulomatous infection—within the calyces and 
parenchyma; some minimal enhancement of the cortex remains. 

phase images reveal the regions of cortical loss; the involved 
dilated calyces extend to the capsular surface. Dilation of 
the calyces is variable. Chronic pyelonephritis may be uni-
lateral or bilateral. Excretory phase images best delineate 
the extent of involvement, especially in the coronal format.

In the patient with AIDS, urinary tract infections are quite 
common.228,229 The infections are frequently hematogenous 
with unusual organisms such as Pneumocystis jiroveci, cyto-
megalovirus, and Mycobacterium avium-intracellulare. The 
infections may also be seen in other abdominal organs—
liver, spleen, and adrenals.230,231 In patients with AIDS, renal 
involvement may be detected in US demonstrating increased 
cortical echogenicity and loss of the corticomedullary dif-
ferentiation (Figure 28.61).231 Renal size is also increased, 
and it is a bilateral process.

RENAL MASS: CYSTS TO RENAL  
CELL CARCINOMA

Most renal masses are simple cysts, frequently found  
incidentally on US, CT, and MRI. They rarely occur in 

individuals younger than 25 years, but are found in more 
than 50% of patients older than 50 years. Typically, renal 
cysts are asymptomatic and cortical in location; they may be 
single or multiple. Their cause is unknown, although tubular 
obstruction has been postulated to be a necessary element.

Renal masses produce variable findings on imaging 
studies, depending on their location. For years IVU was the 
imaging modality of choice for detection of renal masses; 
however, the findings on IVU are frequently nonspecific, 
and further imaging is necessary to characterize most abnor-
malities found (Figure 28.62). Studies have shown that IVU 
has low sensitivity for detection of renal masses, especially 
those smaller than 3 cm in diameter.232 With CT as the gold 
standard, IVU detected 10% of masses smaller than 1 cm in 
diameter, 21% of masses 1 to 2 cm in diameter, 52% of 
masses 2 to 3 cm in diameter, and 85% of masses larger than 
3 cm in diameter.232 US fared better than IVU but detected 
only 26% of masses smaller than 1 cm, 60% of those 1 to 
2 cm, 82% of those 2 to 3 cm, and 85% of those larger than 
3 cm.232

The findings on IVU are nonspecific, and US, CT, and 
MRI are used to characterize the renal mass, differentiating 
solid from cystic.

US is an excellent means of diagnosing a simple renal  
cyst if all imaging criteria are met.27 The lesion in the 
kidney must be round or oval and anechoic (Figure 28.63); 
it must be well circumscribed with a smooth wall; and  
there must be enhanced through-transmission with a  
sharp interface between the wall and adjacent renal paren-
chyma. Thin septa may be visible within the cyst, but no 
nodules should be visible (Figure 28.64). If all these criteria 
are met, the diagnosis of cyst is established. If there is any 
deviation from these criteria, further imaging with CT or 
MRI is necessary.

CE-CT is the method of choice for characterizing and 
differentiating renal masses.233-235 A simple renal cyst appears 
as a well-circumscribed, round, water-density lesion with no 
measurable wall (Figure 28.65). The contents should not 
enhance after the injection of contrast media. The contents 
may vary slightly from water density, but no more than 10 
to 15 HU. The interface with the adjacent parenchyma is 
sharp. The margins are smooth with no perceptible nodules. 
Thin rimlike calcification may be visible. “High-density” 
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Figure 28.59  Renal tuberculosis. A and B, T2-weighted images demonstrate asymmetric cortical thinning and focal areas of increased signal 
intensity in the distribution of the medullary pyramids. C, Postcontrast T1-weighted image shows absence of enhancement, which is consistent 
with  the presence of granulomas with caseous necrosis. D, T2-weighted  image after  treatment shows distorted, dilated calyces containing 
debris. Right-sided hydronephrosis is present as a result of a distal ureteral stricture. 

A
B

C D

Figure 28.60  Renal tuberculosis: contrast material–enhanced computed tomographic scan. Axial (A) and coronal (B) images show the 
destruction of the right kidney as a result of renal tuberculosis. Parenchymal calcifications are present with dilated calyces as a result of the 
attenuation and truncation of the renal pelvis and ureter. 

A B

cysts may be encountered with density ranging from 50 to 
80 HU; these are cysts containing hemorrhagic or protein-
aceous debris. Like simple cysts, they should demonstrate 
no wall nodularity and have no significant enhancement 
after injection of contrast material. High-density cysts are 
common in polycystic or multicystic kidneys. Cysts are well 
demonstrated on MRI because of excellent soft tissue con-
trast. On MRI, simple cysts are well-circumscribed, thin-
walled structures containing fluid that appears dark on 
T1-weighted sequences and bright on T2-weighted sequences 
(Figure 28.66). Complex cysts contain proteinaceous or 

hemorrhagic fluid and may have septations and calcifica-
tion. The T1 signal intensity of the fluid is higher than 
expected for simple fluid, ranging from isointense to  
hyperintense. T2 signal intensity is lower than expected for 
simple fluid and may be black, depending on the blood 
content. Cysts do not enhance. In comparison with CE-CT, 
CE-MRI has been found to have higher contrast material 
resolution, which allows for better visualization of septa.236,237 
MRI also better characterizes blood products and is more 
sensitive to subtle enhancement, especially when subtrac-
tion techniques are used. This makes MRI superior to CT 
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Figure 28.61  Acquired immunodeficiency syndrome–related 
nephropathy: ultrasonography.  Longitudinal  image  of  the  right 
kidney.  The  size  of  the  kidney  is  normal  to  slightly  increased.  The 
corticomedullary  distinction  is  lost  with  diffuse  increased  cortical 
echogenicity. 

LONG LIV/RK

Figure 28.62  Renal mass: nephrotomogram. A slightly hypodense 
mass  projects  off  the  lateral  border  of  the  left  kidney.  Subsequent 
imaging proved this to be a renal cyst. 

Figure 28.63  Renal cyst: ultrasonography. A large, anechoic renal 
mass projects off the lateral border of the right kidney. The features 
of the cyst include a well-circumscribed lesion with a sharp back wall 
and increased through-transmission. There are no internal echoes or 
nodularity, and the wall is smooth. There is a clear interface with the 
kidney. 

TRANS R KIDNEY
LOWER

Figure 28.64  Gray-scale  ultrasonographic  longitudinal  image 
reveals  a  cyst  (white arrowheads)  that  is  completely  anechoic,  and 
there are no septations  in  it.  The appearance of posterior  acoustic 
enhancement (black arrowheads) further confirms that the lesion is a 
cyst.  The  small,  more  superficial  lesion  (small white arrow)  has  a 
single thin septation, thus representing a Bosniak category II cyst. 

LONG LK

in differentiating a complex cyst from a cystic neoplasm236-238 
(Figures 28.67 and 28.68).

Polycystic renal disease is classified as infantile, adult, or 
acquired. The infantile form is inherited as an autosomal 
recessive disorder.239 It has a variable manifestation: severe 
kidney injury is found in the neonatal period, and CHF and 
hepatic failure manifest in older children. Organomegaly is 
common, with bilateral symmetric renal enlargement. IVU 
yields poor visualization of the kidneys because of renal 
impairment, and the nephrogram is prolonged and mottled 
with a striated or streaky appearance. US reveals enlarged, 
diffusely hyperechoic kidneys as a result of dilated, ectatic 
collecting tubules.240 There is loss of the corticomedullary 
differentiation as well. Because the diagnosis is made 

clinically with the associated US findings, CT and MRI are 
rarely used in this condition.

Autosomal dominant polycystic kidney disease (ADPKD) 
is the adult form.241 There is no role for KUB or IVU in the 
evaluation for ADPKD. US reveals bilateral enlargement of 
the kidneys, which are markedly lobulated and contain mul-
tiple anechoic areas of varying size throughout.242

CT and MRI in ADPKD depict enlarged, lobulated kidneys 
with cysts of varying size throughout (Figure 28.69). One 
kidney may be more involved than the other. The cysts may 
have calcifications with the wall. It is not uncommon to 
encounter cysts with varying density or signal intensity as a 
result of episodes of hemorrhage that occur within the cysts 
(Figure 28.70). A fluid level may be visible as a result of the 
presence of debris or hemorrhage within some of the cysts. 
In the excretory phase, there is marked distortion of the 
calyces. The extent of renal involvement by ADPKD is better 
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Figure 28.65  Renal cyst: computed tomographic (CT) scan. Noncontrast (A) and postcontrast (B) axial  images. The cyst is well circum-
scribed with no enhancement. It displays water density with CT numbers of 0 to 5. There is a sharp interface with the kidney and no perceptible 
wall. No nodules are visible, and the cyst is uniform throughout. 
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Figure 28.66  Simple cysts follow simple fluid signal inten-
sity.  A,  On  T2-weighted  images,  cysts  appear  bright.  B,  On 
T1-weighted images, cysts appear dark. C, No enhancement  is 
visible on gadolinium-enhanced T1-weighted images. 
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Figure 28.67  Complex cyst confirmed by computed tomography with image subtraction. A, T2-weighted axial image shows a bright left 
upper pole structure. B, T1-weighted axial image shows the same structure as intermediate in signal intensity. The cyst has internal debris that 
is visible on both sequences. Because the postcontrast T1-weighted coronal image (C) shows higher signal intensity than expected for a cyst 
(arrow), postcontrast subtraction images (D) are needed to confirm absence of enhancement (arrow). 
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C D

Figure 28.68  Complex hemorrhagic cyst. A, T1-weighted axial images show a complex right renal structure, bright on both sequences and 
with  internal septations (arrow). B, Gadolinium on T1-weighted  images produced no enhancement  (arrow). This structure was diagnosed on 
fine-needle aspiration as a hemorrhagic cyst. 

A B
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Figure 28.69  Autosomal dominant polycystic kidney disease: 
computed tomographic scan. Noncontrast  (A),  nephrographic 
phase (B), and excretory phase (C) axial images. The kidneys are 
equally  enlarged,  and  the  multiple  various-sized  cysts  involve 
both kidneys. The calyces are splayed apart and appear distorted 
in  the excretory phase  image  (C). Note  the multiple small cysts 
also present in the involved liver. 

appreciated on CT and MRI than on US. Cysts may be found 
in the liver, spleen, and pancreas as well.

Adult-acquired polycystic kidney disease occurs in patients 
with kidney injury who are undergoing continuous perito-
neal dialysis or hemodialysis.243 The longer the patient has 
undergone dialysis, the more likely the patient is to develop 
adult-acquired polycystic kidney disease.244,245 The cysts are 
generally quite small (0.5 to 2 cm in most patients). Calcifica-
tion may occur in the wall. Plain radiographs and IVU play 
no role in evaluation because renal function is impaired. US 
reveals small, shrunken kidneys with anechoic or hypoechoic 
regions that represent the cysts. The findings are usually 
bilateral. CT or MRI shows the small bilateral kidneys with 
cysts of size that varies, but usually in the range of 1 to 2 cm 
(Figure 28.71; see Figure 28.32).246,247 These cysts must be 
closely evaluated for solid components because carcinomas 
and adenomas occur with increased frequency in these 
patients. Solid lesions smaller than 3 cm in diameter may 

represent either adenomas or renal cell carcinomas, whereas 
most lesions larger than 3 cm are renal cell carcinomas.248,249 
Screening for adult-acquired polycystic kidney disease is 
usually done with US every 6 months; CT or MRI is reserved 
for patients with questionable or solid lesions.250

Medullary sponge kidney, or renal tubular ectasia, is a 
nonhereditary developmental disorder with ectasia and 
cystic dilation of the distal collecting tubules. The cystic 
spaces predispose to stasis, which leads to stone formation 
and potential infection. Involvement is usually bilateral, 
although not always symmetric, with as few as one calyx 
involved. The kidneys are typically normal sized with an 
appearance of medullary nephrocalcinosis when small 
stones are present.161 IVU reveals linear or round collections 
of contrast material extending from the calyceal border, 
forming parallel brushlike striations. With more severe 
involvement, the cystic dilations may appear grapelike or 
beadlike. CT is an excellent method for demonstrating the 
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Figure 28.70  Autosomal dominant polycystic kidney disease. Axial (A) and coronal (C) T2-weighted images show bilateral renal cortical 
atrophy  and  multiple  cysts,  most  of  which  are  bright.  Axial  T1-weighted  image  (B)  shows  multiple  bright  and  dark  structures  that  are  not 
enhanced after gadolinium injection; this appearance was confirmed with subtraction image (D) and is therefore consistent with cysts. 

A B
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Figure 28.71  End-stage kidney disease.  T2-weighted  coronal 
image  shows  diffuse  atrophy  and  multiple  cysts  in  a  patient  on 
chronic dialysis. 

calculi, although the striations or cystic dilation may be dif-
ficult to visualize even with thin-section excretory phase 
imaging.

Multicystic dysplastic kidney is an uncommon, congenital, 
nonhereditary condition. It is usually unilateral and affects 
the entire kidney. In rare cases only a portion of the kidney 

is involved. US reveals multiple anechoic cystic structures of 
varying size replacing the kidney, with no normal paren-
chyma. Calcification in the wall of the cystic spaces may be 
visible. CT demonstrates multiple fluid-filled structures 
filling the renal fossa. Septa and some rimlike calcifications 
may be visible. The density of the fluid is usually the same 
as or slightly higher than water. The kidney does not enhance 
after the injection of intravenous contrast material, and the 
renal artery on the affected side is not visible. It may be dif-
ficult to differentiate this condition from severe hydrone-
phrosis if no cyst walls or septa are visible.

Small cortical cysts may occur in some hereditary syn-
dromes (e.g., tuberous sclerosis) and in acquired conditions 
(e.g., lithium nephropathy; Figure 28.72). These cysts are 
typically multiple and very small (millimeters). They are 
viewed best with MRI but may also be viewed on CT if the 
cysts are slightly larger.251 Cortical cysts may be larger in 
hereditary disorders, such as von Hippel–Lindau disease 
(Figure 28.73).252 Pyelogenic cysts or calyceal diverticula are 
small cystic structures that connect with a portion of the 
pelvicalyceal system. On contrast material–enhanced studies 
a calyceal diverticulum appears as a small round or oval 
collection of contrast material connected to the fornix of 
the calyx. As stasis occurs within the diverticulum, renal 
stone formation may occur.
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Figure 28.72  Lithium toxicity. Coronal T2-weighted image demon-
strates innumerable small renal cortical cysts, characteristic of lithium 
toxicity. 

Figure 28.73  Bilateral clear cell carcinoma in von Hippel–Lindau syndrome. Bilateral heterogeneous renal masses and left renal cyst are 
visible on T2-weighted image (A) and T1-weighted image (B). C, The larger right renal mass demonstrates heterogeneous enhancement, and 
two  smaller  left  renal  masses  demonstrate  more  homogeneous  enhancement.  D,  Maximum-intensity  projection  depicts  the  multiple  renal 
masses in angiographic format. 

A B

C D

Cystic renal masses present a diagnostic problem in that 
not all are benign.253 In 1986 Bosniak developed a classifica-
tion system based on CT imaging characteristics to help 
guide the clinical management of cystic renal masses.254-256 
Category I lesions are simple, benign cysts (see Figure 
28.65). Category II cysts are benign with thin septa, fine 
rimlike calcification, or they are uniform high-density cysts 
less than 3 cm in diameter that do not enhance (Figure 
28.74). Category IIF represents more indeterminate cate-
gory II lesions that necessitate follow-up, usually at 6 to 12 

months, to prove benignity (Figure 28.75).257 These cystic 
lesions may have multiple septa, or an area of thick or 
nodular calcification, or they may be high-density cysts 
larger than 3 cm in diameter. Category III cystic lesions  
have thickened, irregular walls, which demonstrate some 
enhancement. Dense irregular calcification may also be 
visible. In these cases, clinical history may be helpful in 
determining whether they are renal abscesses or infected 
cysts. Although some of these lesions are benign, surgery 
may be necessary for diagnosis and treatment.258 Biopsy has 
been advocated by some authorities259-262 (see Figure 28.54). 
Category IV cystic masses are clearly malignant and demon-
strate distinct enhanced soft tissue masses or nodules within 
the cyst (Figure 28.76).263 Nephrectomy is required for these 
lesions, although if they are not larger than 5 to 6 cm and 
are in proper locations, a nephron-sparing procedure may 
be performed.

CE-CT is the imaging modality of choice for the charac-
terization of all solid masses, suspected solid masses, or 
masses that do not meet US criteria for a true renal 
cyst.254,264,265 MRI has sensitivities and specificities similar to 
those of CT but is generally reserved for cases in which the 
patient has a contraindication to iodinated contrast medium 
or in which radiation dose must be limited. MRI may be 
helpful in cases of renal masses for which CT yielded inde-
terminate findings; in cases with venous involvement; and 
in distinguishing vessels from retroperitoneal lymph nodes. 
CEUS is now an additional technique that can be used 
especially in patients with compromised renal function 
(Figure 28.77).
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Figure 28.75  Bosniak category IIF renal cyst: computed tomo-
graphic (CT) scan, axial nephrographic phase image.  A  cystic 
lesion in the right kidney also demonstrates large clumps of calcifica-
tion on the outer wall and on internal septa. There was no change in 
the  CT  numbers  between  the  noncontrast  scan  and  the  enhanced 
images. This cyst necessitates follow-up. Note the Bosniak category 
I cysts in the left kidney. 

Figure 28.76  Bosniak category IV renal cyst: computed tomo-
graphic scan, coronal nephrographic phase image. A cystic mass 
is  visible  in  the  left  kidney  with  an  internal  solid  component  in  the 
lower pole. In the lower pole of the right kidney, there is a solid mass 
with central necrosis, which represents a renal cell carcinoma. Note 
the Bosniak category I cysts in the upper pole of the right kidney. A 
renal calculus is also present in the midportion of the left kidney. The 
left  lower  pole  cystic  lesion  proved  to  be  a  renal  cell  carcinoma, 
papillary type. 

Figure 28.74  Hyperdense renal cyst: computed tomographic 
scan, axial noncontrast image. A single well-circumscribed hyper-
dense mass is visible in the right kidney. This represents a Bosniak 
category  II  renal  cyst.  It  is  sharply  defined  and  less  than  3 cm  in 
diameter,  and  it  will  demonstrate  no  enhancement  on  the  contrast 
material–enhanced scan. 

characteristic radiologic features to distinguish it from other 
solid tumors. Typically, renal adenomas are corticomedul-
lary in location, appear solid on US, and demonstrate 
uniform enhancement on CE-CT.

Renal hamartomas, known as angiomyolipomas (AMLs), 
are benign renal tumors composed of different tissues, includ-
ing fat, muscle, vascular elements, and even cartilage. It is the 
fat component that makes AML distinguishable radiologically 
(Figure 28.78).268,269 On US the mass is solid and hyperechoic 
due to the presence of fat.270,271 On CT the diagnosis of AML 
can be made with ease, because most AML have a large 
amount of fat. In uncommon cases, only a minimal amount of 
fat is present, and it must be searched for diligently.272-275 MRI 
with fat-suppressed and opposed-phase chemical shift 
sequences can be used to make an accurate diagnosis.276 
Signal intensity of fat is high on both T1- and T2-weighted 
sequences. Macroscopic fat in AML has decreased signal 
intensity with fat-suppression sequences. Opposed-phase 
chemical shift sequences cause an “India ink” outline of the 
tumor at its interface with normal renal parenchyma. The 
enhancement pattern of AML may be variable, depending on 
the composition of the lesion. Fat should be searched for in 
all solid lesions in the kidney; if present, the diagnosis of AML 
is virtually ensured.277-279 Most AMLs measuring 4 cm in diam-
eter or smaller are monitored; surgery is reserved for larger 
ones, especially with hemorrhage.280,281 Multiple, bilateral 
AMLs may be found in patients with tuberous sclerosis.

Oncocytoma is an uncommon benign tumor originat-
ing in the epithelium of the proximal collecting tubule. 
Radiologically, its features include a solid mass with homo-
geneous enhancement; a central stellate scar that may be 
visible on US, CE-CT, or MRI; and a spoked-wheel pattern 
on angiography.282-284 These findings are nonspecific, 

Renal neoplasms may arise from either the renal paren-
chyma or the urothelium of the pelvicalyceal system. With 
the increased use of cross-sectional imaging techniques, 
more small neoplasms are discovered incidentally.266,267 
Renal adenoma is the most common benign neoplasm; it 
almost always is less than 2 to 3 cm in size and has no 
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Figure 28.77  A Bosniak category IV cyst in a 58-year-old 
woman.  A,  Gray-scale  ultrasonogram  reveals  a  complex  cyst 
with a solid nodular component (arrow). B, Power Doppler image 
reveals flow within the nodular component of the lesion (arrow), 
confirming its vascularized nature. C, Composite image including 
a contrast material–enhanced image on the left and a gray-scale 
image  on  the  right.  The  nodule  (arrow)  reveals  dense  arterial 
phase enhancement with heterogeneous washout. The findings 
were  consistent  with  a  neoplastic  cyst.  The  lesion  was  subse-
quently  resected  and  was  found  to  be  a  clear  cell  carcinoma, 
Fuhrman grade 2. 

however, and histologic confirmation is needed.285,286 Onco-
cytic renal cell carcinomas also occur, and surgery is gener-
ally needed for the correct diagnosis.

Renal cell carcinoma is the third most common tumor of 
the genitourinary tract after carcinoma of the prostate and 
bladder. CE-CT is the modality of choice for imaging renal 
cell carcinoma because it has proved to be effective in detec-
tion, diagnosis, characterization, and staging, with accuracy 
exceeding 90%.287,288 On noncontrast CT, renal cell carci-
noma appears as an ill-defined area in the kidney with HU 
close to that of the renal parenchyma (Figure 28.79). After 
the injection of intravenous contrast material, most renal 
cell carcinomas show enhancement. The best phase for 
depiction of the mass is the nephrographic phase (see 
Figure 28.79).289-291 The corticomedullary phase is most 
helpful for showing the relationship of the tumor to the 
vascular structures because there is maximal enhancement 
of the arteries and veins (Figure 28.80).292,293 The excretory 
phase is most helpful for showing the relationship of the 
tumor to the pelvicalyceal system and in preoperative plan-
ning for nephron-sparing partial nephrectomy (see Figure 
28.79).294,295 Clear cell renal cell carcinoma tends to have 
greater and more heterogenous enhancement than the pap-
illary types (see Figures 28.79 and 28.80).296,297 Chromo-
phobe tumors typically have a homogeneous enhancement 
pattern (see Figure 28.79).296 Chromophobe and papillary 
types more often contain calcification than does the clear 
cell type, and they demonstrate only mild enhancement of 
25 to 30 HU.298

The appearance of renal cell carcinoma on MRI can vary 
with the histologic type. For example, the clear cell type 
tends to be larger and is associated more frequently with 
hemorrhage and necrosis (Figures 28.81 and 28.82) than  
is the papillary type (Figure 28.83) and chromophobe renal 
cell carcinoma. The feasibility of differentiating histologic 
types of renal cell carcinoma by means of advanced MRI 
techniques such as diffusion weighting is being evaluated, 
but further research is required.299 Renal cell carcinoma is 
most commonly heterogeneously hyperintense on T2- 
weighted sequences and hypointense to isointense on 
T1-weighted sequences (Figure 28.84). Renal cell carci-
noma enhances less than normal renal cortex tissue. The 
heterogeneity increases with increasing size as a result of 
variable amounts of necrosis and intraluminal lipid. The 
intraluminal lipid may make areas of the mass drop in signal 
intensity on opposed-phase T1-weighted sequences.

The staging of renal cell carcinoma is important in pre-
dicting survival rates and planning the proper surgical 
approach to the mass. Both the World Health Organization 
and the Robson classifications are used in the staging of 
renal cell carcinoma.287 In the Robson classification of renal 
cell carcinoma, a stage I tumor is confined to the renal 
parenchyma by the renal capsule (see Figure 28.79). In 
stage II renal cell carcinoma, the tumor extends through 
the renal capsule into the perinephric fat but is still within 
Gerota’s fascia (see Figure 28.80). Stage III lesions are sub-
divided: IIIA tumors extend into the renal vein or IVC 

Text continued on p. 898
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Figure 28.78  Angiomyolipoma:  computed  tomographic  scan,  noncontrast  (A),  corticomedullary  phase  (B),  nephrographic  phase  (C),  and 
excretory phase (D) axial images. The fat-containing mass is visible projecting anteriorly from the left kidney. The internal structure in this very 
vascular benign tumor demonstrates enhancement. 
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Figure 28.79  Renal cell carcinoma: computed tomographic scan. Noncontrast (A), nephrographic phase (B), and excretory phase (C) axial 
images combined with a coronal nephrographic phase image (D). On the noncontrast scan (A), the right renal mass appears slightly hyperdense 
in relation to the rest of the kidney. Contrast material–enhanced scans (B, C, and D) show the enhanced structure surrounded by the normal 
renal parenchyma. This proved to be a renal cell carcinoma, chromophobe type. 
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Figure 28.80  Renal cell carcinoma: computed tomographic scan. Contrast material–enhanced axial image in the corticomedullary phase. 
Note the heterogeneously enhanced mass in the anterior aspect of the left kidney. This is a stage II renal cell carcinoma, inasmuch as it has 
extended through the renal capsule into Gerota’s fascia. This proved to be a renal cell carcinoma, clear cell type. 
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Figure 28.81  Clear cell renal cell carcinoma, stage IIIA. A, Axial T2-weighted image shows a 7.5-cm right renal mass with areas of high 
signal intensity, consistent with necrosis and cystic degeneration. B, Axial T1-weighted image shows a heterogeneous, isointense mass with 
increased perinephric fat stranding. Axial (C) and coronal (D) gadolinium-enhanced images confirm central areas of necrosis. No venous inva-
sion is visible. Focal microinvasion of the perinephric fat was found at surgery. 
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Figure 28.82  Metastatic clear cell  renal cell carcinoma, stage  IV. T2-weighted  (A) and gadolinium-enhanced T1-weighted  (B) axial  images 
show a large, heterogeneous mass with invasion of the adjacent liver and peritoneal metastases (arrowheads). C and D, Coronal gadolinium-
enhanced T1-weighted images show the large mass extending inferiorly and medially, with invasion of the inferior vena cava to the level of the 
hepatic veins (arrowheads). 
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Figure 28.83  Papillary renal cell carcinoma, stage I. Sagittal T1-weighted images before (A) and after (B) the administration of gadolinium 
show a subtle mass (arrow) in the anterior cortex and multiple nonenhanced cysts. No perinephric invasion was found at surgery. 
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Figure 28.84  Renal cell carcinoma with pseudocapsule, 
stage I.  A,  T2-weighted  image  shows  a  heterogeneous, 
bright  mass  on  the  left  with  a  well-defined  pseudocapsule.  
B,  T1-weighted  image  confirms  a  well-defined  dark  mass 
involving the left renal cortex. C to E, Axial gadolinium-enhanced 
T1-weighted  images  in  the  arterial,  venous,  and  excretory 
phases demonstrate heterogeneous enhancement and no evi-
dence of  renal vein  involvement. No perinephric  invasion was 
found at surgery. 
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Figure 28.85  Renal cell carcinoma, stage IIIA: 
computed tomographic scan.  Coronal  contrast 
medium–enhanced  image  (A)  shows  a  stage  IIIA 
mass  in  the  right  kidney  and  a  tumor  thrombus 
extending  into  the  right  renal  vein.  In  a  different 
patient, axial (B) and coronal (C) contrast medium–
enhanced images also show a right renal mass with 
a  tumor  thrombus, but  the  thrombus has extended 
into the inferior vena cava. Both these tumors proved 
to be of the clear cell type. 

(Figure 28.85); IIIB tumors involve regional retroperitoneal 
lymph nodes; and IIIC tumors involve the veins and nodes 
(see Figure 28.85). In stage IVA renal cell carcinoma, the 
tumor extends outside Gerota’s fascia with involvement of 
adjacent organs or muscles other than the ipsilateral adrenal 
gland. Stage IVB renal cell carcinoma represents tumor with 
distant metastases, the most common sites being the lungs, 
mediastinum, liver, and bone.

MRI has been found to be highly accurate in staging renal 
cell carcinoma; however, as with CT, the areas of greatest 
challenge remain the evaluation for local invasion of the 
perinephric fat and direct invasion of adjacent organs, espe-
cially with large tumors.300 The presence of an intact pseu-
docapsule aids in ruling out local invasion. A pseudocapsule 
is a hypointense rim around the tumor, viewed best on 
T2-weighted images (see Figure 28.84A) and most fre-
quently observed in association with small or slow-growing 
tumors. When the tumor extends beyond the confines of 
the kidney, the pseudocapsule is made of fibrous tissue; 
otherwise it is made up of compressed normal renal tissue.301 
If the pseudocapsule is intact, the perinephric fat is unlikely 
to have been invaded.301

Detecting and assessing vascular thrombosis in patients 
with renal cell carcinoma is highly accurate and reliable  
with MRI.300,302 Coronal imaging in the venous and delayed 
phases demonstrates the presence or absence of venous 
invasion; determines the extent of venous invasion, if 

present; and differentiates enhancing intravascular tumor 
from nonenhanced bland thrombus (Figure 28.86). Accu-
rate determination of renal vein, IVC, and right atrial 
involvement is important for deciding the surgical 
approach.303

Although renal cell carcinoma is the most common 
primary malignancy in the kidney, transitional cell carci-
noma also occurs within the kidneys.304 Most transitional cell 
carcinomas involve the urothelium and project into the 
lumen of the renal pelvis or ureter. As a result, IVU images 
show a filling defect within the renal pelvis or ureter that 
can be confused with a renal stone, blood clot, or debris 
(Figure 28.87). Transitional cell carcinoma of the bladder 
is much more common than that of the kidney or ureter.305 
The neoplasm may extend into the renal parenchyma and, 
on imaging, appears as a mass within the kidney. The 
imaging findings are similar to those of renal cell carci-
noma, except the lesions tend not to enhance as much on 
postcontrast imaging. Renal vein involvement is rare. CTU 
and MRU show similar findings: transitional cell carcinoma 
in the upper collecting system can be either a focal or 
irregular mass within the collecting system (Figure 28.88) 
or an ill-defined mass infiltrating the renal parenchyma. 
When small, they may be difficult to identify on both CT 
and MRI. Evaluation of the entire collecting system is 
required because synchronous lesions may be present. Both 
CTU and MRU are valuable for complete evaluation of the 
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Figure 28.86  Poorly differentiated renal cell carcinoma, 
stage IV. Coronal (A) and axial (B) T2-weighted images show a 
heterogeneous  mass  in  the  lower  pole  of  the  left  kidney  with 
infiltration  of  the  perinephric  fat  and  extensive  retroperitoneal 
lymphadenopathy. T1-weighted image (C) shows the masses to 
be  intermediate  in  signal  intensity.  Gadolinium  enhancement  of 
axial T1-weighted images (D and E) make the local invasion and 
adenopathy more conspicuous and show that the left renal vein 
is encased, not invaded (arrows). 

Metastatic disease may also involve the kidney. Metastases 
are most commonly hematogenous and usually result in 
multiple foci of involvement, although single lesions do 
occur (Figure 28.90). They are observed most frequently 
with CE-CT, inasmuch as CT is used in the regular follow-up 
of most patients with cancer. Hypodense round masses, 
usually in the periphery, are the typical finding. When 
present as a single lesion, a metastasis cannot be differenti-
ated from a primary renal neoplasm without biopsy.

RENAL CANCER: POSITRON EMISSION 
TOMOGRAPHY AND POSITRON EMISSION 
TOMOGRAPHY–COMPUTED TOMOGRAPHY

Preliminary studies of PET imaging of renal cell carcinoma 
have revealed a promising role in the evaluation of indeter-
minate renal masses; preoperative staging and assessment 
of tumor burden; detection of osseous and nonosseous 

collecting system; however, retrograde pyelography with 
ureteroscopy and biopsy will make the diagnosis.

Lymphoma may involve the kidney as part of multiorgan 
involvement or, in rare cases, as a primary neoplasm.306 
Lymphoma may be solitary or multifocal, within one or  
both kidneys. Perirenal extension may be visible as well. An 
infiltrative picture with lymphomatous replacement of  
the kidney may also be observed. This form is usually accom-
panied by adjacent retroperitoneal adenopathy. CE-CT is 
the imaging method of choice in these patients. MRI  
findings are similar to those on CE-CT. Lymphoma typically 
appears hypointense on T1-weighted sequences and  
heterogeneous to slightly hypointense on T2-weighted 
sequences. Enhancement is minimal on postcontrast 
sequences307 (Figure 28.89). Vessels are usually encased, not 
invaded, and necrosis is usually not observed. Treated lym-
phoma may vary in signal intensity, as a result of the effects 
of therapy.307
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Figure 28.87  Transitional cell carcinoma: intravenous urogram. 
The irregular filling defect in the left renal pelvis represents a transi-
tional cell carcinoma. Note that there is no significant obstruction of 
the left kidney, and the calyces appear normal. 

metastases (including vascular invasion); restaging after 
therapy; treatment evaluation; and the determination of 
effect of imaging findings on clinical management.308-320 
However, other PET studies have demonstrated less encour-
aging results and no advantage over standard imaging 
methods.321-323

A relatively high false-negative rate (23%) has been 
reported with FDG-PET in the preoperative staging of renal 
cell carcinoma in comparison with histologic analysis of 
surgical specimens. In one study, PET exhibited 60% sensi-
tivity (versus 91.7% for CT) and 100% specificity (versus 
100% for CT) for primary renal cell carcinoma tumors. For 
retroperitoneal lymph node metastases or renal bed recur-
rence, PET had 75.0% sensitivity (versus 92.6% for CT) and 
100% specificity (versus 98.1% for CT). For metastases to 
the lung parenchyma, PET had 75% sensitivity (versus 
91.1% for chest CT) and 97.1% specificity (versus 73.1% for 
chest CT). For bone metastases, PET had 77.3% sensitivity 
and 100% specificity (in comparison with 93.8% and 87.2% 
for combined CT and bone scan).324 For restaging renal cell 
carcinoma, 87% sensitivity and 100% specificity have been 
reported.325 A comparative investigation of bone scan and 
FDG-PET for detecting osseous metastases in renal cell car-
cinoma revealed that PET had 100% sensitivity (versus 
77.5% for bone scan) and 100% specificity (versus 59.6% 
for bone scan).313 Another report revealed a negative pre-
dictive value of 33% and a positive predictive value of 94% 
for restaging renal cell carcinoma.309 Other studies have 
revealed high accuracy in characterizing indeterminate 
renal masses, with a mean tumor-to-kidney uptake ratio of 
3.0 for malignancy.308

These mixed observations are probably related to the 
heterogeneous expression of glucose transporter 1 in renal 
cell carcinoma, which may not be correlated with the tumor 

grade or extent.326,327 Negative study findings may not rule 
out disease, whereas a positive result is highly suspect for 
malignancy.328 If the tumor binds FDG avidly, then PET can 
be a reasonable imaging modality for follow-up after treat-
ment and for surveillance (Figure 28.91). In fact, it has been 
shown that FDG-PET can alter clinical management in up 
to 40% of patients with suspected locally recurrent and 
metastatic renal cancer.311 A meta-analysis of 14 published 
studies on the diagnostic utility of FDG-PET(FDG PET-CT) 
in renal cell carcinoma reported a pooled sensitivity of 62% 
and a pooled specificity of 88% for renal lesions.329

Because FDG is excreted in the urine, the intense urine 
activity may confound lesion detection in and near the renal 
bed. Intravenous administration of furosemide has been 
proposed to improve urine clearance from the renal collect-
ing system, although the exact benefit of such intervention 
in improving lesion detection remains undefined.

Many investigators since have reported on the unique 
diagnostic synergism of the combined PET-CT imaging 
systems.330 Studies have demonstrated that FDG PET-CT has 
a sensitivity of 46.6% and specificity of 66.6% for primary 
renal cell carcinoma in the imaging evaluation of indeter-
minate renal masses.331 In a study by Park and colleagues in 
South Korea, 63 patients with renal cell carcinoma under-
went both FDG PET-CT and conventional imaging evalua-
tion during follow-up after surgical treatment.334 FDG 
PET-CT demonstrated 89.5% sensitivity, 83.3% specificity, a 
positive predictive value of 77.3%, and a negative predictive 
value of 92.6% in detecting recurrent and metastatic disease; 
these values were not significantly different from the diag-
nostic performance of conventional imaging studies. Park 
and colleagues concluded that FDG PET-CT can replace 
multiple conventional imaging studies without the need for 
contrast agents. The role of PET-CT in renal cancer imaging 
and its effect on both short- and long-term clinical manage-
ment and decision making also must be investigated.

Studies have demonstrated that PET-CT might be poten-
tially useful in treatment response evaluation and prognos-
tication. One Japanese group of investigators reported on 
the use of FDG PET-CT in early assessment of therapy 
response to tyrosine kinase inhibitors in 35 patients with 
advanced renal cell carcinoma.333 These authors found that 
improved progression-free survival and overall survival were 
both associated with favorable response to therapy (defined 
as decline in tumor maximum standardized uptake value by 
20% or more from pretreatment scan to the scan obtained 
1 month after completion of therapy). Similar findings have 
been reported by other investigators.334-338 One study 
reported that although FDG PET-CT may be helpful in 
assessing treatment response to chemotherapy, it may not 
be useful in monitoring response to immunotherapy, such 
as with interferon alfa monotherapy or in combination with 
interleukin-2 and 5-fluorouracil.339 Moreover, other studies 
have shown that the higher the FDG uptake in the renal 
cancer lesions, the higher the mortality.340,341

Other tracers used in PET (e.g., carbon 11–labeled acetate 
[11C-acetate], 18F labeled fluoromisonidazole [18F-FMISO], 
18F–labeled sodium fluoride) have been investigated in the 
imaging evaluation of patients with renal cell carcinoma, but 
further studies are needed to establish the exact role of these 
and other non-FDG tracers in this clinical setting.342-345 For 
example, one study revealed high accumulation of 11C-acetate 

http://www.myuptodate.com


 CHAPTER 28 — DIAgNOSTIC KIDNEy IMAgINg 901

Figure 28.88  Transitional cell carcinoma. Coronal (A) and axial (B) T2-weighted images show intermediate signal intensity and an infiltrating 
mass  (arrow) within  the atrophic  lower pole moiety of a duplicated  left kidney. Coronal  (C) and axial  (D) gadolinium-enhanced T1-weighted 
images  show  enhancing  material  within  dilated  calyces  and  pelvis  of  the  lower  pole  moiety  (arrow).  The  cortical  atrophy  is  well 
demonstrated. 
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in 70% of renal cell carcinomas.346 However, an earlier similar 
study had demonstrated that in most kidney tumors, accumu-
lation of 11C-acetate was not higher than in normal renal 
parenchyma.347 Aside from renal cell carcinoma, 11C-acetate 
has also been demonstrated to be useful in the imaging-based 
assessment of renal oxygen consumption and tubular sodium 
reabsorption.348 Another investigation using a dual-tracer 
(11C-acetate and FDG) method showed that AMLs are highly 
avid for 11C-acetate but not at all for FDG. The uptake of 
11C-acetate in renal cell cancer was lower than that in AML. 
In fact this study suggested that 11C-acetate may be useful in 
differentiating “fat-poor angiomyolipoma” from renal cell 
cancer with a sensitivity of 93.8% and specificity of 98%.349 
11C-acetate has also been found to be potentially useful in 
early prediction of response to the tyrosine kinase inhibitor, 
sunitinib, in patients with metastatic renal cell carcinoma.350

Murakami and associates used the hypoxia imaging probe 
18F-FMISO in preclinical models of renal cell carcinoma to 
show that 18F-FMISO hypoxia imaging can confirm “tumor 
starvation” as the mechanistic explanation for tumor 
response to anti-angiogenic therapy.353 A pilot clinical study 

with 18F-FMISO also showed that patients with hypoxic meta-
static tumors have shorter progression-free survival than 
those with nonhypoxic tumors.352

Other tracers that have been investigated include  
iodine 124 (124I)– and zirconium 89–labeled anti–carbonic 
anhydrase IX monoclonal antibody that is avid to clear cell 
renal cell carcinoma.353 An early trial of the 124I-labeled 
compound for detection of clear cell renal cell carcinoma 
(with histopathology as reference standard) showed an 
average sensitivity and specificity of 86.2% and 85.9%, 
respectively, for PET-CT, which were statistically higher than 
sensitivity and specificity of 75.5% and 46.8%, respectively, 
for CE-CT.354

Schuster and coworkers reported on their initial experi-
ence with anti-1-amino-3-18F-fluorocyclobutane-1-carboxylic 
acid, which is a nonmetabolized synthetic l-leucine analog 
with low urinary excretion, in the imaging evaluation of 
renal cell carcinoma.357 Their preliminary results in six 
patients showed that the uptake of this amino acid–based 
radiotracer may be elevated in renal papillary cell carci-
noma but not in clear cell carcinoma.
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Figure 28.89  Lymphoma.  A,  Coronal  T2-weighted  image 
shows  a  large,  infiltrating  left  renal  mass  extending  into  the 
perirenal  fat.  B,  Coronal  gadolinium-enhanced  T1-weighted 
image better differentiates the mass (arrowhead) from the renal 
cortex.  C,  Axial  gadolinium-enhanced  T1-weighted  image 
shows encasement of the left renal vein (arrows). 

Figure 28.90  Metastases to the kidney: computed tomographic scan. Axial (A) and coronal (B) contrast material–enhanced images in the 
nephrographic phase. Multiple heterogeneous but hypodense lesions are visible in the kidneys bilaterally; the largest is in the left upper pole. 
These appeared in a 2-month period in a patient with metastatic lung carcinoma. Note the metastases also present in the liver. 
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Figure 28.91  Renal cell carcinoma. Computed tomography shows a large necrotic 
renal mass (A) with several bilateral pulmonary nodules (B). The positron emission 
tomographic  scan  (C)  shows  hypermetabolism  at  the  periphery  of  the  large  renal 
mass and within  the pulmonary nodules. The  interior hypometabolism of  the renal 
mass is compatible with central tumor necrosis. 
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Other uses of PET in the imaging evaluation of renal 
perfusion, function, and metabolism have also been inves-
tigated.356 In addition, there is some effort to evaluate the 
role of radiolabeled antibodies as therapeutic agents in the 
treatment of renal cell carcinoma.357

RENAL VASCULAR DISEASE

Diagnostic imaging for hypertension depends on the clini-
cal index of suspicion for renovascular hypertension, which 
is found in less than 5% of the hypertensive population, but 
the percentage is higher in those with severe hypertension 
and ESKD.358 The most common cause of renovascular 
hypertension is renal artery stenosis (RAS), with approxi-
mately 90% of cases due to atherosclerosis and approxi-
mately 10% due to fibromuscular dysplasia. The diagnosis 
of RAS at the time of screening has been problematic, 
because the preintervention definition of significant RAS 
has varied. Significant RAS is best defined as a fall in blood 

pressure after intervention. According to the ACR, in patients 
with normal renal function in whom RAS is suspected, MRA 
or CTA is usually appropriate. Doppler US or ACE-inhibitor 
scintigraphy is appropriate if MRA is not desired or contra-
indicated, and conventional angiography is reserved for 
confirmation of RAS and definitive therapy. IVU has no role 
in the evaluation for RAS.359

Doppler US is a noninvasive screening test that can be 
used independent of the patient’s renal function. In expe-
rienced hands, US has been reported to have high sensitivity 
and specificity; however, sensitivities have been reported as 
low as 0%. US screening can be technically challenging and 
therefore should be performed only in centers where US 
screening has been proven to be reliable and where there 
are dedicated technologists and physicians. In such centers 
75% to 80% of scans are technically adequate.

Doppler US has been used with variable success to assess 
the main renal arteries for RAS and the intrarenal vascula-
ture for secondary effects.360,361 The success of Doppler US 
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material is contraindicated. Renal insufficiency is not 
uncommon in the population clinically at high risk for RAS. 
For this reason, MRA has been widely accepted as a reliable 
and accurate examination in the evaluation of RAS in this 
population.109,374-376 CE-MRA is being used more selectively, 
given the risk for NSF in patients with CKD stage 4 and 5. 
Noncontrast MRA techniques are being used more fre-
quently to reduce the amount of Gd-C needed. Like CTA, 
MRA is noninvasive and provides excellent visualization of 
the aortoiliac and renal arteries.374

CE-MRA is more than 95% sensitive in demonstrating the 
main renal arteries and has a high negative predictive value. 
A normal CE-MRA finding almost completely rules out a 
stenosis in the visualized vessels.377 CE-MRA is a reliable 
examination but has been limited by incomplete visualiza-
tion of segmental and small accessory vessels.378 Whereas 

is highly operator dependent, and results may be inade-
quate or incomplete because of overlying bowel gas, body 
habitus, or aortic pulsatility.360 A stable Doppler signal may 
be difficult to reproduce in some patients with renovascular 
hypertension. A complete examination has been possible in 
50% to 90% of affected patients. Variant anatomy may also 
be a challenge; accessory renal arteries, which occur in 15% 
to 20% of affected patients, may not be imaged.362

The criteria used for evaluation of the main renal artery 
include an increase in the peak systolic velocity to more than 
180 cm/sec, a renal/aortic ratio of peak systolic velocity  
of more than 3.0, and turbulent flow beyond the region of 
the stenosis.363 Visualization of the main renal artery with 
no detectable Doppler signal is suggestive of renal artery 
occlusion. Intrarenal vascular assessment with Doppler US 
has depicted the shape and character of the waveform. A 
dampened appearance of the waveform, with a slowed sys-
tolic upstroke and delay to peak velocity (tardus-parvus), has 
been shown in varying degrees in RAS.364 Using resistive 
indices, a difference between the kidneys of more than 5% 
has also been suggestive of RAS. Sensitivity and specificity 
for the techniques have generally been in the range of 50% 
to 70%. CEUS has been suggested as a means of improving 
the accuracy of Doppler US.365,366

CTA performed with MDCT has sensitivity and specificity 
at or near 100% (Figure 28.92).367-369 CTA is an effective 
alternative to Doppler US and MRA. When compared  
to MRA, CTA has higher spatial resolution and shorter 
examination times. CTA evaluates calcified and noncalcified 
atherosclerotic plaques and may be used to assess stent 
grafts (Figure 28.93).370,371 A normal result should rule out 
RAS372 (Figures 28.94 and 28.95). The main renal artery, 
as well as its segmental branches, can be viewed and evalu-
ated. Accessory renal arteries as small as 1 mm in diameter 
can be seen.373 CTA and MRA are of equivalent quality in 
the detection of hemodynamically significant RAS.374 Both 
CTA and MRA can demonstrate renal cortical volume and 
thickness as well as secondary signs of RAS, including post-
stenotic dilation, renal atrophy, and decreased cortical 
enhancement.

Because CTA is sensitive, accurate, fast, and reproducible, 
MRA is reserved for patients for whom iodinated contrast 

Figure 28.92  Renal artery stenosis: computed tomographic 
angiogram, axial image with vessel analysis. The origin of the left 
renal artery  is markedly narrowed by calcified and noncalcified ath-
erosclerotic plaque. The vessel analysis demonstrates the renal artery 
in  cross  section  for  accurate calculation of  the degree of  stenosis, 
which in this case was greater than 70%. 

Figure 28.93  Renal artery stent: computed tomographic scan. Axial (A) and coronal (B) images of a contrast material–enhanced scan in 
the corticomedullary phase. The metallic stent is visible at the origin of the right renal artery. It had been placed for treatment of renal artery 
stenosis that was caused by atherosclerosis. Good flow through the stent is observed as contrast material fills the lumen. 
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Figure 28.94  Renal artery stenosis: computed tomographic angiography (CTA).  Image processing was applied to the case depicted in 
Figure 28.92. Axial  (A)  and coronal  (B)  slab maximum-intensity projection  images demonstrate  the atherosclerotic stenosis of  the proximal 
renal artery. Note  the accessory  renal artery arising adjacent  to  the  left main  renal artery. Volume  rendering of  the CTA produced a  three-
dimensional display (C), which may be rotated for best viewing and analysis. 

A B C

Figure 28.95  Renal artery stenosis: abdominal computed tomographic angiography (CTA) with image processing.  A,  Coronal  slab 
maximum-intensity projection demonstrates the smooth narrowing of the proximal right renal artery in a patient with Takayasu’s arteritis. Note 
the markedly abnormal aorta with occlusion distal to the origin of the renal artery. B, Volume rendering of the CTA with vessel analysis reveals 
the 80% stenosis of the right renal artery. The left renal artery had been occluded previously, and the kidney was supplied by collateral vessels. 
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visualization of all accessory vessels is desired, Bude and 
colleagues found isolated hemodynamically significant ste-
nosis of an accessory artery in only 1 (1.5%) of their 68 
patients.381 Bude and colleagues concluded that this limita-
tion does not substantially reduce the rate of detection of 
renovascular hypertension by MRI. With the use of three-
dimensional reconstruction, studies have demonstrated no 
significant difference between CE-MRA and CTA in the 
detection of hemodynamically significant RAS.374 Volume 
rendering and multiplanar reformatting improve accuracy 
in depicting RAS.108 Volume rendering increases the positive 
predictive value of CE-MRA by reducing the overestimation 
of stenosis yielded by earlier reconstruction techniques 

(Figure 28.96).109,377 Volume rendering has better correla-
tion with digital subtraction angiography and improves 
delineation of the renal arteries.109

The usefulness of MRA is restricted in part by limitations 
in spatial resolution and by motion artifacts.380,381 Advance-
ments in magnetic resonance gradient strengths and newer 
MRA techniques have improved image resolution and 
reduced motion artifacts, while reducing imaging times.381 
Higher magnetic field strength (3 T) can result in higher 
spatial and temporal resolution when compared to imaging 
at 1.5 T. This higher resolution was found to improve the 
evaluation of smaller structures.382,383 As MRI hardware and 
software improve, so will noncontrast MRA. Noncontrast 
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Figure 28.96  Renal artery stenosis. Advancements in postprocessing allow for more accurate evaluation of stenosis with magnetic resonance 
angiography. A, Maximum-intensity projection displays a high-grade stenosis near the origin of the renal artery with areas of apparent narrow-
ing  in the midportion of  the renal artery  (arrowheads), mimicking fibromuscular dysplasia. B, Volume rendering shows the proximal stenosis 
(arrowhead), but the midportion of the artery is more normal in appearance. C, A view of the artery in two dimensions allowed measurement 
of the proximal stenosis and demonstrated a normal midportion of the artery. This stenosis was confirmed with angiography. 
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MRA may be performed independent of renal function,  
and small studies have shown good results for the diagnosis 
of RAS.

Phase-contrast MRA can be used to calculate blood flow 
through the renal artery.384 Phase-contrast flow curves can 
be generated, and the severity of the hemodynamic abnor-
malities can be graded as normal, low-grade, moderate, and 
high-grade stenosis. This is similar to the Doppler US 
method. Grading can be used to evaluate the hemodynamic 
significance of a detected stenosis.385 The significance of a 
stenosis on parenchymal function, however, is not currently 
evaluated by conventional MRA. Renal MRI perfusion 
studies are being performed to grade the effect of RAS on 
parenchymal perfusion; initial results show that MRI perfu-
sion measurements with high spatial and temporal resolu-
tion reflect renal function as measured with serum creatinine 
level.386 Volumetric analysis of functional renal cortical 
tissue may also yield clinically useful information in patients 
with RAS.387 Further research is required before this will be 
known, however.

MRA is currently of limited value in the evaluation of 
restenosis in patients with renal artery stents. Although stent 
technology is rapidly changing, metal artifact still obscures 
the stent lumen to varying degrees as a result of susceptibil-
ity artifacts (Figure 28.97). Phase-contrast MRA may be used 

Figure 28.97  Magnetic  resonance  angiography  in  a  patient  with 
bilateral  renal  artery  stents  (arrowheads).  The  metal  in  the  stent 
causes artifact that obscures the vessel  lumen. Contrast material  is 
visible beyond the stent, which indicates that no complete occlusion 
is present. 

http://www.myuptodate.com


 CHAPTER 28 — DIAgNOSTIC KIDNEy IMAgINg 907

Figure 28.98  A and B, Magnetic resonance angiography with volume reconstruction demonstrates a subtle irregularity in the midportion of 
the right renal artery (arrow). Fibromuscular dysplasia was confirmed with conventional angiography. 
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Figure 28.99  Renal infarcts caused by embolic disease. 
A, Coronal gadolinium-enhanced T1-weighted image shows wedge-
shaped  cortical  areas  without  enhancement  (arrowheads).  B,  Axial 
gadolinium-enhanced  T1-weighted  image  shows  an  irregular  filling 
defect in the aorta (large arrowhead), which is consistent with throm-
bus, and three focal defects in the spleen (small arrowheads), which 
are consistent with splenic infarcts. 

A

B

to measure velocities proximal and distal to the stent, but 
this is an indirect approach to evaluating for stenosis. Work 
is being done to develop a metallic renal artery stent that 
will allow for lumen visualization on MRI; however, this is 
not currently available clinically.388

Fibromuscular dysplasia has a characteristic appearance 
of focal narrowing and dilation (“string of beads”; Figure 
28.98). Because fibromuscular dysplasia frequently involves 
the middle to distal portions of the renal artery and segmen-
tal branches, resolution limits MRA evaluation. For this 
reason, MRA is not as reliable for diagnosis of fibromuscular 
dysplasia as it is for atherosclerotic RAS. Renal infarctions 
are well demonstrated on MRA as wedge-shaped areas of 
decreased parenchymal enhancement. These areas are most 
conspicuous in the nephrographic phase. Evaluation of the 
arterial and venous structures may demonstrate the origin 
of the emboli or thrombosis (Figure 28.99).

NUCLEAR IMAGING AND  
RENOVASCULAR DISEASE

ACE inhibition prevents conversion of angiotensin I to 
angiotensin II. In RAS, angiotensin II constricts the efferent 
arterioles as a compensatory mechanism to maintain GFR 
despite diminished afferent renal blood flow. Therefore 
ACE inhibition in RAS reduces GFR by interfering with the 
compensatory mechanism. Captopril-enhanced renography 
has been successful in evaluating patients with RAS.

Before the study the patient should be well hydrated, and 
ACE inhibitors should be discontinued (captopril for 2 days; 
enalapril or lisinopril for 4 to 5 days) because diagnostic 
sensitivity may otherwise be reduced. Diuretics should also 
be discontinued before the study, preferably for 1 week. 
Dehydration resulting from diuretics may potentiate the 
effect of captopril and contribute to hypotension. Captopril 
(25 to 50 mg) crushed and dissolved in 250 mL water is 

http://www.myuptodate.com


908 SECTION IV — EVALUATION OF THE PATIENT WITH KIDNEy DISEASE

administered orally, followed by blood pressure monitoring 
every 15 minutes for 1 hour. Alternatively, enalaprilat (40 
µg/kg with total dose not exceeding 2.5 mg) is adminis-
tered intravenously over 3 to 5 minutes. A baseline scan can 
be performed before captopril-enhanced renography (1-day 
protocol) or the next day, only if captopril-enhanced study 
findings are abnormal (2-day protocol).

The affected kidney in renovascular hypertension often 
has a renogram curve with reduced initial slope, a delayed 
time to peak activity, prolonged cortical retention, and a 
slow downward slope after the peak (Figure 28.100). These 
findings are caused by the slowing of renal tracer transit as 
a result of increased retention of solute and water in 
response to ACE inhibition. Reduced urine flow causes 
delayed and decreased washout of tracer into the collecting 
system in 99mTc-MAG3 and 131I-ortho-iodohippurate studies. 
99mTc-DTPA demonstrates reduced uptake on the affected 
side.389

Consensus reports regarding methods and interpretation 
of ACE-enhanced renograms elaborate on a scoring system 
of renographic curves.390-392 It has been recommended that 
high (>90%), intermediate (10% to 90%), and low (<10%) 
probability categories be applied to captopril-enhanced 
renography on the basis of the change of renographic curve 
score between baseline values and those after captopril-
enhanced renograms. Among quantitative measurements, 
relative renal function, the time to peak activity, and the 
ratio of 20-minute renal activity to peak activity (20/peak) 
are used more commonly than other parameters. For 99mTc-
MAG3 renal scintigraphy, a 10% change in relative renal 
function, peak activity increase of 2 minutes or more, and 
a parenchymal increase by 0.15 in 20/peak after captopril-
enhanced study represent a high probability of renovascular 
hypertension.393

Figure 28.100  Technetium 99m–labeled mercaptoacetyltriglycine  renograms before  (A) and after  (B) angiotensin-converting enzyme  (ACE) 
inhibition with  captopril. Note  the  relatively  normal  renograms  (A)  and  the  reduced  initial  slope, delayed  time  to peak activity,  and plateau 
compatible with captopril-induced cortical tracer retention (B). These findings suggest a high probability of hemodynamically significant bilateral 
renal artery stenosis that is more severe on the left side (connected circles) than the right side (connected squares). Bilateral renal artery ste-
nosis was later confirmed with angiography. (Adapted from Saremi F, Jadvar H, Siegel M: Pharmacologic interventions in nuclear radiology: indica-
tions, imaging protocols, and clinical results. Radiographics 22:447-490, 2002.)
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Captopril-enhanced renography has 80% to 95% sensitiv-
ity and 50% specificity for detecting impaired GFR; the 
detection of stenosis by captopril-enhanced renography may 
be more complicated.389 With bilateral renovascular steno-
sis, it is more the exception than the rule for findings to be 
symmetric on captopril-enhanced renography. Studies in 
canine models with bilateral RAS demonstrated that capto-
pril produced striking changes in the time-activity curve of 
each kidney, which are even more pronounced in the more 
severely stenotic kidney.389 In practice, captopril-enhanced 
renography has largely been replaced by CTA or MRA for 
the investigation of renovascular disease.

RENAL VEIN THROMBOSIS

Renal vein thrombosis is usually clinically unsuspected. It is 
found in patients with a hypercoagulable state, underlying 
renal disease, or both.389 The classic manifestation of acute 
renal vein thrombosis with gross hematuria, flank pain, and 
decreasing renal function is uncommon.394 It may present 
clinically as nephrotic syndrome.394 Other causes include 
collagen vascular diseases, diabetic nephropathy, trauma, 
and tumor thrombus. It can be diagnosed by Doppler US, 
CT, and MRI.

IVU yields nonspecific findings in renal vein thrombosis 
and is no longer used for diagnosis. It may yield normal 
findings in more than 25% of cases. On gray-scale and 
Doppler US, the involved kidney appears enlarged and 
swollen with relative hypoechogenicity in comparison with 
the normal kidney.395 The finding of a filling defect in the 
renal vein is both sensitive and specific for diagnosis and is 
the only convincing sign of renal vein thrombosis. The lack 
of flow on Doppler US, however, is a nonspecific finding 
and may be observed because of technical limitations of the 
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Figure 28.101  Normal renal transplant: ultrasonography. Coronal image (A) of a recently transplanted kidney in the right lower quadrant. 
The central echo complex, medullary pyramids, and cortex are well depicted. The duplex Doppler image (B) demonstrates normal flow to the 
transplanted kidney with a normal resistive index of 0.56. 
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study. Other findings include an absence or reversal of the 
diastolic waveform on Doppler US, but this may also be seen 
in other conditions.

CE-CT is needed to properly assess the patient with sus-
pected renal vein thrombosis. If renal function is impaired, 
MRI can be used. Findings on CT include an enlarged renal 
vein with a low signal-attenuating filling defect that repre-
sents the clot within the renal vein.396 Parenchymal enhance-
ment may be abnormal, with prolonged corticomedullary 
differentiation and a delayed or persistent nephrogram. 
The kidney appears enlarged, with edema in the renal sinus 
leading to a striated nephrogram and attenuation of the 
pelvicalyceal system, and in extreme cases the pelvicalyceal 
system is completely compressed. Stranding and thickening 
of Gerota’s fascia may be observed. Within chronic renal 
vein thrombosis, the renal vein may be narrowed because 
of clot retraction, and pericapsular collateral veins may be 
noted. Affected patients have an increased risk for pulmo-
nary emboli as well. With renal tumors and, in rare cases, 
adrenal tumors, thrombus may develop in the renal vein 
with extension to the IVC. Imaging appearances suggesting 
tumor thrombus rather than bland thrombus include arte-
rial enhancement in the thrombus, significant expansion of 
the vein, and continuity of the thrombus with a mass.

The appearance of renal vein thrombosis on noncontrast 
MRI is variable. If the thrombosis is acute, the renal vein 
appears distended, no normal flow void is visible, and the 
affected kidney appears enlarged. Renal infarction may also 
be present. If the thrombosis is chronic, the renal vein is 
small and difficult to see. A nonenhanced filling defect in 
the vein is visible on contrast-enhanced magnetic resonance 
venography, which is consistent with thrombus.

ASSESSMENT FOR RENAL TRANSPLANTATION

The treatment of choice for patients with ESKD is renal 
transplantation. Although there have been significant 
improvements in continuous peritoneal dialysis and hemo-
dialysis, patient survival is longer and overall quality of life 
is better after renal transplantation. Radiologic evaluation 
is performed on the potential renal transplant donor and 
in the postoperative assessment of the transplant recipient. 
Although IVU and angiography were used in the past, US, 

CT, MRI, and renal scintigraphy are the current methods 
used in evaluation of these patients (Figure 28.101).397-399

A comprehensive radiologic assessment of the living renal 
transplant donor is crucial.400 The anatomic information 
that is necessary is vascular, parenchymal, and pelvicalyceal. 
The renal artery must be visualized for number, length, 
location, and branching pattern. The parenchyma must be 
evaluated for scars, overall volume, renal masses, and calculi. 
The venous anatomy must be viewed, and the number of 
veins, anatomic variants, and significant systemic tributaries 
noted. The pelvicalyceal system must be scrutinized for 
anomalies such as duplication and papillary necrosis. The 
detailed anatomy and mapping techniques now possible 
have led to the increased use of laparoscopic techniques for 
donor kidney harvesting.401-404

With the development of MDCT, the complete evaluation 
of the living renal transplant donor is possible.401,405,406 Non-
contrast CT is performed with a low dose of radiation just 
to search for renal stones, locate the kidneys, and identify 
renal masses (see Figure 28.11). Arterial phase scanning is 
generally performed at 15 to 25 seconds to demonstrate the 
main renal artery, branching pattern of the artery, and 
abnormalities such as atherosclerotic plaques or fibromus-
cular dysplasia (see Figure 28.13); 25% to 40% of donors 
have accessory renal arteries, and 10% have early branching 
patterns in the main renal artery.402,404 For transplantation 
the main renal artery should be free of branching for the 
first 15 to 20 mm. Because of the rapid transit of contrast 
material through the kidney, most renal veins are also well 
viewed in this phase (see Figure 28.12). Venous variants 
occur in 15% to 28% of donors, with multiple renal veins 
being most common, especially on the right. On the left 
side, 8% to 15% have a circumaortic renal vein, and 1% to 
3% have a retroaortic vein.404,407 It is also important to visual-
ize venous tributaries, including the gonadal, left adrenal, 
and lumbar veins. These are best viewed on the nephro-
graphic phase.402,403 Imaging in this phase is performed 80 
to 120 seconds after injection of contrast material and is 
used to evaluate the cortex and medulla for scars and masses 
(see Figure 28.14). Excretory phase imaging is performed 
with CT, CT digital radiography, or plain radiography to 
note anomalies or abnormalities in the pelvicalyceal system 
(see Figure 28.15). CT has a demonstrated accuracy of 91% 
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to 97% for arterial phase imaging, 93% to 100% for the 
venous phase, and 99% for the pelvicalyceal system.406,408,409 
Similar results have been noted for MRI; the biggest discrep-
ancy is found in imaging accessory renal arteries.410,411 Most 
centers today use CT in the evaluation of living renal trans-
plant donors.

MRI, MRA, and MRU can be combined into one exami-
nation for the evaluation of the renal transplant donor.412 
MRI and CT are comparable for the evaluation of renal 
vasculature, structure, and function. To avoid radiation 
exposure and nephrotoxicity, MRI may be preferred over 
CT for preoperative evaluation.

In healthy renal donors it is possible to quantify func-
tional renal volume with MRA by determining only the corti-
cal volume. The hypothesis supported by Van den Dool and 
associates was that glomerular filtration is an important 
component of renal function, and because the majority of 
glomeruli are in the cortex, renal function should be well 
correlated with cortical volume.414

ASSESSMENT OF TRANSPLANTED KIDNEYS

After surgically successful renal transplantation, radiologic 
evaluation is frequently necessary. Conventional US, 
Doppler US, CT, MRI, and renal scintigraphy are used in 
various settings. US assumes the primary role for assessing 
patients with changes in serum creatinine level, urine 
output, pain, or hematuria.414 It is also used to direct kidney 
biopsy. Doppler US is used to evaluate renal perfusion, the 
patency of the renal artery and vein, and the integrity of the 
vascular anastomoses.415 CT, MRI, and renal scintigraphy are 
adjunctive studies.

Conventional gray-scale US is essential in assessing for 
transplant obstruction and fluid collections around the 
transplanted kidney.399 Conventional US yields nonspecific 
findings in acute tubular necrosis and acute rejection, 
including obliteration of the corticomedullary junction, 
prominent swollen pyramids, and loss of the renal sinus 
echoes.398,400 All these findings are indicative of edema of 
the transplanted kidney, which leads to increased peripheral 
vascular resistance, decreased diastolic perfusion, and eleva-
tion of the resistive index (>0.80) (Figure 28.102).402 Chronic 
rejection may lead to diffusely increased echogenicity 
throughout the kidney.

Doppler US adds valuable information pertaining to the 
integrity of the vascular elements. Despite early enthusiasm 
with the ability of Doppler US to differentiate acute  
transplant rejection from acute tubular necrosis, it is now 
known that the findings are nonspecific and cannot obviate 
the need for kidney biopsy in these cases.416 Both acute 
tubular necrosis and acute rejection can cause an increase 
in peripheral vascular resistance.417,418 A significant number 
of patients with acute rejection have a normal resistive  
index (<0.80). It is now known that vascular rejection is no 
more likely to cause increases in peripheral vascular resis-
tance than is cellular rejection.416 Neither the timing nor 
clinical symptoms of the renal dysfunction can be used to 
differentiate acute rejection from acute tubular necrosis.416 
Doppler US is most helpful in detecting acute arterial 
thrombosis when signal in the artery is absent or renal vein 
thrombosis when the waveform is plateau-like and diastolic 
flow is retrograde. An abnormal Doppler waveform in the 

Figure 28.102  Renal transplant with acute tubular necrosis: 
ultrasonography. Duplex Doppler image of the transplanted kidney 
shows normal size and normal appearance with a high resistive index 
of 0.80  in the  interlobar artery. The patient recovered with return of 
normal renal function in 5 days. 
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allograft indicates compromise of the transplanted kidney.419 
Sequential examinations may be used to show improvement 
or deterioration in the condition affecting the kidney and 
to note the progress of treatment.

MRI and CE-CT are useful in patients in whom the trans-
planted kidney is obscured by overlying bowel gas or in 
patients with large body habitus in whom US may be limited 
by the depth of the transplanted kidney. If any doubt exists 
after a thorough US evaluation, MRI or CT may be per-
formed to clarify or confirm the US findings.

Fluid collections around a transplanted kidney are very 
common, occurring in up to 50% of cases.414 These fluid 
collections may represent urinoma, hematoma, lymphocele, 
abscess, or seroma. The effects of the collection depend on 
the size and location. Urinomas and hematomas are found 
early, usually immediately after surgery. Lymphoceles gener-
ally are not found until 3 to 6 weeks after surgery. Abscesses 
are usually associated with transplant infection.

On US evaluation, extrarenal or subcapsular hematomas 
usually have a complex echogenic appearance, which 
becomes less echogenic with time (Figure 28.103).414 On CT 
they appear as high signal-attenuating fluid collections 
early. Such collections are usually too complex to be success-
fully drained percutaneously. Urine leaks and the associated 
urinoma are also found in the immediate postoperative 
period (Figure 28.104).414 On US these appear as anechoic 
fluid collection with no septations. They may rapidly increase 
in size. Drainage may be performed under guidance by 
either US or CT.420 Antegrade pyelography via a percutane-
ous nephrostomy is needed to detect the site of leak, usually 
the ureteral anastomoses. Stent placement for treatment is 
necessary.

Lymphoceles are recognized weeks to years after trans-
plantation and occur in up to 20% of cases.414 They form 
from the leakage of lymph fluid from the interrupted lym-
phatic vessels at surgery. Lymphoceles appear on US as 
anechoic fluid collections with septations. The size and 
effect on the kidney determine the need for treatment. 
Because lymphoceles are frequently located medial and 
inferior to the kidney, they are a common cause of 
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Figure 28.103  Renal transplant with hematoma: ultrasonogra-
phy.  Longitudinal  image  of  the  upper  aspect  of  the  transplanted 
kidney reveals two hypoechoic collections adjacent to the kidney. The 
heterogeneous  hypoechoic  nature  of  the  collections  suggests  that 
they are hematomas, as opposed to urinomas or lymphoceles, which 
in general are anechoic. 

LONG SUP

Figure 28.104  Renal transplant with urinoma: ultrasonography. 
Transverse image through the lower aspect of the transplanted kidney 
reveals  a  normal  appearance  with  a  large  anechoic  fluid  collection 
adjacent to the kidney. This fluid was aspirated under US guidance, 
and  the  findings  led  to  the  diagnosis  of  urinoma.  The  patient  was 
treated with catheter placement and drainage, also performed with 
US guidance. 

RLQ TX KIDNEY

TRANS LOWER

obstruction to the kidney. US or CT guidance for drainage 
may be used. In a minority of cases, sclerotherapy may be 
needed to treat the lymphocele.420

Abscess near the transplanted kidney usually develops in 
association with renal infection or the infection of other 
fluid collections in the immunocompromised patient. On 
US examination, abscess appears as a complex fluid collec-
tion, possibly containing gas.414 Fluid aspiration is usually 
necessary for the accurate characterization of fluid within a 
collection. Because blood products have characteristic 
signal intensities on T1- and T2-weighted sequences, MRI 
can provide specific diagnostic information that may help 
avoid an unnecessary interventional procedure in cases of 
hematoma.

Renal obstruction or hydronephrosis may be observed  
in the transplanted kidney with renal dysfunction and is 

reversible. US is the best means for assessment.415 In the 
immediate posttransplantation period, mild caliectasis is 
common as a result of edema at the ureteral anastomosis 
site. Obstruction may also be caused by fluid collections 
around the transplanted kidney that may be visible also with 
US. Blood clots within the pelvicalyceal system may also lead 
to hydronephrosis. Later strictures may occur, primarily at 
the ureteral anastomosis site. Renal stones may also cause 
hydronephrosis during their passage to the bladder. A func-
tional obstruction may be visible with an overdistended 
bladder. With bladder emptying, US demonstrates a resolu-
tion of the hydronephrosis.

Hypertension with or without renal dysfunction may be 
observed in many transplant recipients.414 Vascular and non-
vascular causes must be differentiated. Doppler US is the 
first step of evaluation. RAS may be found in up to 23% of 
patients.421 The stenosis may occur before the anastomosis 
in the iliac artery, at the anastomosis site, or more distally. 
In more than half the cases, the stenosis is at the anasto-
motic site, and it is more common in end-to-end anastomo-
sis. CT or MRA is used to determine the site and the degree 
of stenosis (Figure 28.105). Angioplasty is successful in man-
aging most cases.421

Arteriovenous fistulas may occur in transplant recipients 
after kidney biopsy. Most close spontaneously within 4 to 6 
weeks. Gray-scale images demonstrate only a simple- or 
complex-appearing cystic structure, whereas Doppler color-
flow and duplex Doppler imaging demonstrate high-velocity 
and turbulent flow localized to a single segmental or inter-
lobar artery and the adjacent vein. Arterialized flow is noted 
in the draining vein. If the structure is large and growing, 
embolization may become necessary.

Neoplasm occurs in transplant recipients with increased 
frequency, up to 100 times more frequently than in the 
general population.414 Neoplasms develop as a result of 
prolonged immunosuppression. The risk for renal cell  
carcinoma in the transplanted kidney may be increased. 
Posttransplantation lymphoproliferative disorder may  
also occur in renal transplant recipients.422 Although the 
transplanted kidney may be involved, the most frequent 
sites are the brain, liver, lungs, and gastrointestinal tract. 
The appearance is similar to that of conventional lympho-
mas with mass lesions in the organs, with or without associ-
ated adenopathy.

The MRI findings of renal transplant rejection are non-
specific (Figure 28.106; see Figures 28.34 and 28.35). Sad-
owski and colleagues demonstrated the feasibility of using 
BOLD MRI to evaluate the renal transplant oxygen status 
and presence of acute rejection.121 The authors conclude 
that MRI may differentiate acute rejection from normal 
function and acute tubular necrosis, but further research is 
required. Animal research is being performed with the 
hope of using noninvasive diffusion MRI techniques as a 
tool for monitoring early renal graft rejection after 
transplantation.118

Nuclear medicine procedures are also employed in the 
renal transplant recipient and play a role in the assessment 
of the complications associated with transplantation. These 
include vascular compromise (arterial or venous thrombo-
sis), lymphocele formation, urine extravasation, acute 
tubular necrosis, drug toxicity, and organ rejection. Scintig-
raphy provides important imaging information about these 
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Figure 28.105  Renal transplant magnetic resonance angiogram, showing normal arterial (A) and normal venous (B) anastomoses (arrows). 
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Figure 28.106  Renal transplant with normal 
function. A, Axial T2-weighted image. B, Coronal 
T2-weighted image. C, Axial T1-weighted image. 

potential complications, which can then guide corrective 
intervention.423

An early complication may be hyperacute rejection, which 
is often apparent immediately after transplantation and is 
caused by preformed cytotoxic antibodies. Other early 

complications include sudden decline in urine output and 
acute urinary obstruction. Scintigraphy with 99mTc-DTPA or 
99mTc-MAG3 demonstrates absence of perfusion and func-
tion with complete thrombosis in the renal artery or renal 
vein. A sensitive but nonspecific sign of acute rejection is 
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Figure 28.107  Abnormal technetium 99m–labeled mercaptoacetyltriglycine renogram. The pattern involving the right pelvic renal trans-
plant from a living related donor is compatible with acute tubular necrosis. 
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the finding of more than a 20% decline in the ratio of renal 
activity to the aortic activity.424

Renal scintigraphy performed a few days after the trans-
plantation often reveals intact perfusion but delayed and 
decreased excretion of the tracer and some cortical reten-
tion of the tracer. These findings are typically caused by 
acute tubular necrosis and are more common with cadaveric 
grafts than with grafts from living related donors (Figure 
28.107). If both perfusion and function continue to decline, 
then the possibility of rejection should be considered. 
However, acute tubular necrosis, obstruction, drug (cyclo-
sporine) toxicity, and rejection can produce relatively 
similar scintigraphic appearances. The differential diagno-
sis should be considered in the clinical context and with 
regard to the interval since transplantation, although two or 
more of these conditions may coexist. In one report a nona-
scending second phase of 99mTc-MAG3 renogram curve was 
predictive of graft dysfunction. However, patients with acute 
tubular necrosis were not significantly more likely to have a 
nonascending curve than were those with acute rejection. 
An ascending curve was nonspecific and could be observed 
in both normally and poorly functioning grafts.425

Urine extravasation may be noted on the renal scans as 
collections of excreted radiotracer outside of the trans-
planted kidney and the urinary bladder. Because of small 
urine leaks and impaired renal transplant function, it may 
be difficult to identify a leak on scintigraphy. However, a 
cold-appearing defect that becomes warmer in appearance 
with time on the sequential images usually represents a 
urinoma or a urinary leak. If the activity declines with 
voiding, then the finding probably represents a urinoma. A 
chronic photopenic defect may represent a hematoma or a 
lymphocele (or both).426 For assessing potential obstructive 
disease, scintigraphy with a diuretic may be considered, as 
previously discussed. Results of an animal-based study also 
suggested that FDG-PET may have a role in early detection 

of graft rejection by demonstrating significantly elevated 
graft tracer uptake induced by inflammatory infiltrates.46
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The kidney biopsy has become a fundamental component 
in the management of renal disease. Before its routine use, 
only autopsy material was available to investigate the patho-
physiology of kidney disease, limiting antemortem diagno-
sis. However, its development and refinement since the late 
1950s has been fundamental for the diagnosis and defini-
tion of clinical syndromes and the discovery of new patho-
logic entities.1 Through the critical analysis of kidney 
biopsies taken at different disease time points, key patho-
physiologic features of kidney disease have been discovered, 
which have in turn helped to establish new paradigms in 
nephrology and have led to considerable alterations in 
patient management. This is true for biopsies of both native 
kidneys and renal transplants.2 In addition, much is still 
being learned regarding disease pathogenesis through the 
study of kidney biopsy material, which not only remains a 
gold standard for disease diagnosis, but has allowed the 
development of novel biopsy markers, which have revolu-
tionized our concepts of pathologic mechanisms.

The first percutaneous kidney biopsies were performed 
over 50 years ago using a liver biopsy needle and intrave-
nous pyelograms for screening, with the patient either 
sitting or supine. Their success in obtaining renal tissue and 
in aiding management confirmed the benefit of the proce-
dure.1 Many innovations, including using real-time ultraso-
nography, which allows visualization of the needle entering 
the kidney, spring-loaded needles or needle holders,  
and careful preoperative evaluation of the patient,3 
have improved the rate of obtaining renal tissue while  
minimizing the risks of the procedure.4 Consequently, 
this has placed percutaneous kidney biopsy at the very 
center of modern clinical nephrology. The range of diagno-
ses for a group of 2219 native kidney biopsies performed at 
the authors’ institution over a 5-year period is shown in 
Figure 29.1.

SAFETY AND COMPLICATIONS  
OF BIOPSIES

Although generally considered safe, there is morbidity and 
a small, but measurable, mortality associated with the pro-
cedure, and it is therefore imperative to subject to these 
risks only those patients in whom there will be a potential 
benefit. Indications for kidney biopsy may vary from center 
to center, but accepted indications are listed in Table 29.1. 
The significant complications related to the procedure are 
hemorrhage, development of arteriovenous fistulas, and to 
a lesser extent sepsis.5-7 Bleeding with macroscopic hematu-
ria and the development of perinephric hematomas may be 
minor and self-resolving or major and require intervention 
in the form of blood transfusions, embolization, or rarely 
surgery. There is a risk for formation of arteriovenous fistu-
las, which may be asymptomatic and spontaneously resolve 
or lead to a significant vascular steal syndrome, compromis-
ing the rest of the kidney through ischemia. Finally, there 
is the risk for sepsis following the procedure, through the 
introduction of a septic focus or its dissemination. Overall, 
the risks for complication vary from center to center and 
between practitioners but can be estimated to be between 
3.5% and 13%, with the majority being minor complications 
(approximately 3% to 9%).5-7 Mortality from the procedure 
is generally as a result of undiagnosed bleeding with signifi-
cant hematoma formation and was reported in up to 0.2% 
of cases from some of the larger biopsy series,6,7 although 
other studies suggest that it represents an extremely rare 
adverse event.4 Some degree of bleeding is common, with 
approximately half of patients showing a drop in hemoglo-
bin level after biopsy and a third developing some hema-
toma, but bleeding is significant and requires intervention 
in only a minority (up to 7%).4,7,8 Complications appear to 
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2 mg/dL more than doubled the risk for bleeding.7,10 
Overall, however, no effective means has been established 
to identify those individuals at risk for developing clinically 
significant complications. In one small series, the results of 
ultrasonography performed within an hour after biopsy had 
a 95% negative predictive value for predicting clinically  
significant hemorrhagic complications,8 meaning that the 
absence of a hematoma on the postbiopsy scan was very 
suggestive of an uncomplicated clinical course. Debate con-
tinues regarding the routine use of DDAVP to counteract 
uremic bleeding tendencies. In part this is because its use 
was previously reserved for only those patients with pro-
longed bleeding times, and numerous studies have since 
demonstrated that complication rates are no different if 
bleeding time estimation is omitted from the preoperative 
assessment,11,12 because it does not predict clinical complica-
tions.9 However, later data from a randomized double-blind 
trial suggested a significant benefit in preventing bleeding 
complications with few adverse events.13 In this trial 162 
low-risk adult patients undergoing biopsy were enrolled  
and randomized to subcutaneous DDAVP (0.3 µg/kg) or 
placebo. The patients were normotensive and had preserved 
renal function with serum creatinine levels of less than 
1.5 mg/dL (estimated glomerular filtration rate > 60 mL/
min). The patients given desmopressin demonstrated a sig-
nificant reduction in postbiopsy bleeding from 30.5% to 

Figure 29.1  Diagnoses in specimens from biopsies performed on 2219 native kidneys at Hammersmith Hospital over a 5-year period. DDD, 
Dense  deposit  disease;  FSGS,  focal  segmental  glomerulosclerosis;  GBM,  glomerular  basement  membrane;  GN,  glomerulonephritis;  HSP, 
Henoch-Schönlein purpura; Ig, immunoglobulin; IgA, immunoglobulin A; MPGN, membranoproliferative glomerulonephritis. 

lgA nephropathy
and HSP, 320

Oxalosis, 5Sickle cell glomerulopathy, 4
MPGN type I C3GN, 4

Chronic pyelopnephritis/reflux, 3
End-stage kidney, 3

MPGN type II (DDD), 2

Atheroembolization, 1

Alport’s syndrome, 6

Anti-GBM GN, 6 Calcineurin toxicity, 6

Cast nephropathy, 6

Postinfectious GN, 16
No pathologic abnormality, 14
Mesangioproliferative GN (not IgA), 14
Other C3GN, 11
Fibrillary GN, 11
Cryoglobulinemic GN, 8
Monocloncal lg deposition disease, 7

Arterionephrosclerosis, 27
Amyloidosis, 25

Lupus nephritis, 273

FSGS, 224

Membranous GN, 197

Diabetic glomerulosclerosis, 189

Chronic tubulointerstitial
nephritis, 181

Acute tubulointerstitial
nephritis, 171

Minimal change
disease, 108

Acute tubular injury, 97

Pauci-immune GN, 79

Thin basement membrane lesions, 76

Thrombotic microangiopathy, 65
Acute pyelopnephritis, 33
MPGN type I Immune complex, 27

 

Table 29.1 Indications for Kidney Biopsy

•  Significant proteinuria (>1 g/day or protein to creatinine ratio 
> 100 mg/mmol or > 1 g/g)

•  Microscopic hematuria with any degree of proteinuria
•  Unexplained renal impairment (native or transplanted kidney)
•  Renal manifestations of systemic disease

be more common in biopsies of native than transplanted 
kidneys and in patients with more advanced renal impair-
ment, prolonged bleeding times, or lower hemoglobin 
levels (11 ± 2 vs. 12 ± 2 g/dL).6,7 One prospective study 
identified the only risk factors for bleeding complications 
as female gender, younger age (35 ± 14.5 years vs. 40.3 ± 
15.4 years), and a prolonged partial thromboplastin time.9 
Interestingly, needle size, number of passes, blood pressure, 
and renal impairment were not different between those with 
bleeding complications and those without. However, in  
this study all patients with prolonged bleeding times 
received desmopressin (DDAVP) to correct the abnormality, 
and 75% of patients had serum creatinine values of less  
than 132 µmol. Conversely, others using retrospective uni-
variate analysis have reported blood pressure greater than 
160/100 mm Hg or a serum creatinine level of more than 
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operator’s experience, and the supportive facilities avail-
able. Ideally, all efforts should be made to deal with the rela-
tive contraindications; however, in the context of acute 
kidney injury this may not always be possible. The critical 
preoperative steps are to ensure that blood pressure is con-
trolled, that the patient does not have a bleeding diathesis 
or a urinary tract infection, and that the kidneys are suitably 
imaged, with no evidence of obstruction, widespread cystic 
disease, or malignancy (although percutaneous biopsy is 
increasingly used to diagnose the nature of renal masses). 
As a result, preoperative assessment should allow those 
patients unsuitable for percutaneous biopsy to be referred 
for an alternative approach (Figure 29.2). In these patients 
there are other means of obtaining renal tissue, which 
include open biopsies,14 laparoscopic biopsies, or transjugu-
lar biopsies.15 Each is associated with certain complications 
and has particular merits depending on the clinical scenario 
(Table 29.4). Overall, these are generally required for only 
a minority of potential biopsy patients.

The safe duration of observation following kidney biopsy 
has been investigated in a number of studies. Findings 
suggest that early discharge (after only 4 hours of observa-
tion) will result in a number of missed complications, with 
many more occurring between 8 and 24 hours after the 
procedure. Even after 8 hours, 23% to 33% of complications 
will be missed. However, an overnight stay will allow an extra 
20% of complications to be identified before discharge, with 
between 85% and 95% of complication being identified at 
12 hours and 89% to 98% following 24-hour observation.7,16 
Some units practice a policy of day biopsies with a minimum 
6-hour bed rest period, which is extended only if there is 
evidence of bleeding. Vigilant observation of blood pres-
sure, pulse rate, and evidence of hematuria is required in 
all cases.

13.7% (relative risk [RR], 0.45), a significant reduction in 
hematoma size in those who did hemorrhage, and a reduc-
tion in duration of hospital stay. However, the drop in hemo-
globin level after biopsy was minimal, and there were no 
major complications, leading some to question the benefit 
of reduction in clinically unimportant hematomas, which 
can be frequently found following biopsy if looked for. No 
thrombotic, hyponatremic, or cardiovascular events were 
recorded. Whether these data, in patients with preserved 
renal function, could be translated to those higher-risk 
patients with greater renal impairment is unclear and is a 
question worthy of a randomized trial.

Guidelines on obtaining informed consent from patients 
and providing appropriate risk estimates have been pro-
duced by certain national renal groups, and one such 
example is provided in Table 29.2. These estimates may err 
on the conservative side and should be adapted to local 
practice if adequate complication data are available. In addi-
tion to patients’ developing procedure-related complica-
tions, there is the chance that an inadequate core is obtained 
for diagnosis, containing too few glomeruli or insufficient 
cortical material, and this is reported in 1% to 5% of cases. 
The size requirements for accurate diagnosis are discussed 
later.

There are certain absolute contraindications that pre-
clude percutaneous biopsy, whereas there are a number of 
relative contraindications (Table 29.3) that may be circum-
vented depending on the importance of the biopsy, the 

Table 29.2 Risks of Kidney Biopsy*

Complication Risk

Macroscopic hematuria 1 : 10
Bleeding that requires a blood transfusion Less than 1 : 50
Bleeding that may require urgent x-ray 

examination or even an operation to 
stop the bleeding

Less than 1 : 1500

Severe bleeding necessitating 
nephrectomy

Less than 1 : 3000

Deaths Extremely rare

*According to UK Renal Association. Available at: http://
www.renal.org/information-resources/procedures-for-patients.

Table 29.3 Contraindications to Kidney Biopsy

Absolute Contraindication
Relative 
Contraindication

Uncontrolled hypertension
Bleeding diathesis
Widespread cystic disease
Hydronephrosis
Uncooperative patient

Single kidney
Antiplatelet/clotting 

agents
Anatomic abnormalities
Small kidneys
Active urinary/skin sepsis
Obesity

Table 29.4 Alternative Methods for Obtaining 
Real Tissue and Their Risks and 
Benefits Compared to a 
Percutaneous Approach

Method Advantage Disadvantage

Transjugular 
approach

Can be of use in 
those with a 
bleeding diathesis 
and in patients 
receiving artificial 
ventilation, or if 
combined liver 
and kidney 
biopsy is required

Carries risk for 
capsular perforation

Inadequate material 
retrieved in up to 
24%

Open 
approach

Provides high yield 
of adequate 
tissue

Hemostasis is more 
secure

Requires general/
spinal anesthesia; 
recovery period is 
longer

Laparoscopic 
approach

Provides high yield 
of adequate 
tissue

Hemostasis is more 
secure

Requires general/
spinal anaesthesia; 
recovery period is 
longer

http://www.renal.org/information-resources/procedures-for-patients
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Figure 29.2  Flowchart to guide preparation for kidney biopsy. CT, Computed tomography. 

Treat infection

Transfuse to
achieve

hemoglobin
�10g/dL

Proceed to
percutaneous biopsy 

Indication for kidney
biopsy (see Table 29.1)

Clotting normal
Platelet count normal

Ultrasound excludes
obstruction or significant
anatomical abnormality

yes

yes

Urinary tract infection
excluded by negative

midstream urine collection

yes

no Relieve
obstruction

no

no

no

Haemoglobin �11g/dL no

yes

yes

Blood pressure �150/90 

yes

Relieve
 obstruction

Anatomy
normal?

no

Consider 
CT-guided or 

open biopsy to 
avoid abnormal 

anatomy if 
biopsy still 
warranted

Consider open 
or transjugular 

biopsy if 
abnormality not 

reversed by  
transfusion of 
fresh frozen 
plasma or 
platelets

yes

PERFORMING THE BIOPSY

Following informed consent, the patient is positioned prone 
for biopsy of a native kidney or supine for biopsy of a renal 
transplant. A posterolateral approach is taken for biopsy of 
a native kidney. The procedure is performed under sterile 
conditions with disposable sterile ultrasonographic probe 
covers, allowing real-time visualization of the kidneys. The 
procedure is generally performed with the patient under 
light sedation and with local anesthesia. The lower pole of 
the left kidney is commonly the biopsy site, but the kidney 

that is best visualized and most accessible is preferable. After 
skin preparation, a small incision is made to accommodate 
the biopsy needle, which is advanced until it reaches the 
renal capsule. The patient is asked to hold his or her breath 
while the needle biopsy mechanism is deployed. Most opera-
tors now prefer spring-loaded Tru-cut needles or Biopty 
guns. Needle size varies from 14 gauge to 18 gauge, with 
many using 16 gauge as a compromise between obtaining a 
suitable core and increasing the risk for bleeding. Two cores 
are taken, which should be divided for different assessments 
as outlined later. In high-risk patients the needle tract  
may be plugged following the procedure with appropriate 
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perform immunohistochemical examination on paraffin 
sections. However, if there is a suspicion of crescentic glo-
merulonephritis due to anti–glomerular basement mem-
brane (anti-GBM) disease, immunofluorescent testing is 
more reliable for detecting the linear capillary wall staining. 
It may be possible to omit EM and perform it if necessary 
on material reprocessed from the paraffin block, but if this 
is done, it is not possible to obtain accurate measurements 
of glomerular capillary membrane thickness.21

LIGHT MICROSCOPY

The most commonly used fixative for light microscopy is 
buffered 10% aqueous formaldehyde solution. This is actu-
ally a 10% solution of the 37% commercially available  
concentrated solution of formaldehyde, giving a final con-
centration of approximately 4%. This fixative is generally 
available in all histology laboratories, provides adequate 
fixation for light microscopy, and also allows the tissue to 
be used for immunohistochemical assay and EM.

Some more specialized fixatives such as Bouin’s or Zenk-
er’s fixative provide better preservation of certain morpho-
logic details, but in general the problems with handling 
these fixatives and the difficulties of subsequently using the 
material for immunohistochemical assay or EM, outweigh 
the advantages. For example, Bouin’s contains picric acid, 
which is explosive when dry. However, the authors do com-
monly use Bouin’s fixative for examination of mouse 
kidneys, in which the improvement in glomerular morphol-
ogy is significant. Methacarn, a modified Carnoy’s fixative, 
also provides good fixation for light microscopy and EM and 
may allow the immunohistochemical detection of antigens 
that are not detected in formalin-fixed tissue. Details of the 
preparation of various fixatives can be found in the appen-
dix of Churg and associates.17

The standard method of processing tissue for light 
microscopy is by dehydration in graded alcohols, transfer to 
a clearing agent such as xylene, and embedding in paraffin 
wax. This is usually performed in an automated instrument 
but can be done by hand. Rapid processing schedules allow 
for same-day processing, and it is possible to obtain stained 
slides within 3 to 4 hours of receipt of the specimen in the 
laboratory.

It is important to have thin uniform sections for light 
microscopy. These should be cut as thin as possible—no 
more than 3 µm. It is often stated that kidney biopsy sec-
tions should be cut at 2 µm, but this may lead to problems 
in cutting with damage to the tissue. Because many patho-
logic lesions may be focal within glomeruli, interstitium, or 
vessels, it is essential that the biopsy be examined at multiple 
levels, and each laboratory will have its preferred way to 
achieve that. In general, serial sections should be cut with 
at least two placed on each slide. Multiple slides can then 
be stained with each stain, with some intervening unstained 
sections kept either for potential immunohistochemical 
examination or for other special stains as necessary.

STAINING FOR LIGHT MICROSCOPY

Most renal pathologists employ a number of stains for light 
microscopy. The commonly used stains are hematoxylin and 

material such as Gelfoam. In these cases the biopsy is done 
through a coaxial introducer needle, and after biopsy the 
tract is plugged during removal of the coaxial introducer 
needle.

Careful postprocedure observations of vital signs are per-
formed to detect early signs of bleeding, and all urine is 
tested by dipstick for blood.

BIOPSY SPECIMEN HANDLING

Detailed descriptions of methods of handling biopsies can 
be found in a number of publications including references.17-19

A full assessment of the kidney biopsy specimen requires 
examination by light microscopy, immunohistochemical 
methods, and electron microscopy (EM), with the use of 
other tests in some circumstances. Therefore it is necessary 
for the biopsy specimen to be divided to provide material 
for each of these methods of examination. During this 
process it is extremely important that the biopsy not be 
damaged by handling or by drying, and that the tissue be 
fixed using an appropriate fixative as quickly as possible, 
ideally within minutes. This is best achieved by dividing the 
biopsy specimen at the bedside. Examination of the biopsy 
specimen with a dissecting microscope allows cortex, con-
taining glomeruli, to be distinguished from medulla and 
thus facilitates assessment of the adequacy of the cores and 
division of the biopsy specimen so that glomeruli are present 
in the samples for each modality of examination. If a dis-
secting microscope is not available, then a standard light 
microscope can be used with the biopsy specimen placed in 
a drop of normal saline on a microscope slide. If it is not 
possible to examine the biopsy specimen in this way, then a 
standard approach to obtain material for EM is to take small 
fragments (approximately 1 mm in length) from each end 
of each core. In that way if there is cortex in the core, glom-
eruli should be sampled. The remainder of the cores can 
then be divided for light microscopy and for immunofluo-
rescence. The part of the biopsy specimen for light micros-
copy is then placed in appropriate fixative and that for 
immunofluorescence is either snap frozen or transported to 
the laboratory in suitable transport medium such as that 
described by Michel and colleagues20; tissue placed in this 
medium can remain for several days at room temperature 
without loss of antigens. During division of the biopsy speci-
men it is important not to introduce artifacts due to crush-
ing or stretching. Forceps should not be used to pick up the 
specimen; this can be done using either a needle or a small 
wooden stick such as a toothpick. The biopsy specimen 
should be cut using a fresh scalpel.

If the biopsy specimen has to be taken to the histology 
laboratory for division, this should be done as quickly as 
possible with the biopsy specimen wrapped in saline-
moistened gauze or in tissue culture medium. Artifacts may 
be produced if the biopsy specimen is placed on dry gauze 
or gauze moistened with water, or if it is placed in ice-cold 
saline.

If the amount of material obtained at biopsy is limited, 
then it may be necessary to adapt the way in which it is 
divided, and the decision as to how this is done must depend 
on the clinical question. In most cases it is possible to omit 
frozen material for immunofluorescence and instead 

http://www.myuptodate.com


920 SECTION IV — EVALUATION OF THE PATIENT WITH KIDNEY DISEASE

TERMINOLOGY FOR DESCRIPTION OF 
GLOMERULAR DISEASE

The involvement of glomeruli by a pathologic process can 
be defined either by the percentage of glomeruli involved 
by a lesion or by whether the lesion involves all or only part 
of any individual glomerulus. A lesion that involves all or 
nearly all glomeruli is described as diffuse, whereas one that 
involves some but not all glomeruli is described as focal. In 
the definitions given in the World Health Organization atlas 
of glomerular diseases, it was suggested that the cutoff for 
focal versus diffuse should be 80% of glomerular involve-
ment. However, in later classifications of lupus glomerulo-
nephritis and immunoglobulin A (IgA) nephropathy,22,23 
the cutoff is defined as 50%. If a lesion involves only part of 
a glomerulus (i.e., with some capillary lumens remaining 
uninvolved), it is called segmental, whereas if it involves the 
whole glomerulus, it is called global. In the classifications of 
lupus glomerulonephritis and IgA nephropathy,22,23 the 
cutoff is set at 50% glomerular tuft involvement, except for 
segmental sclerosis in IgA nephropathy, in which any area 
of sclerosis that leaves some of the glomerulus unaffected is 
defined as segmental.

There are a number of other terms, such as sclerosis and 
hyalinosis, that have specific definitions in the glomerulus, 
and these are listed in Table 29.7.

eosin (H&E), periodic acid–Schiff (PAS), silver methena-
mine, and a trichrome stain. The H&E stain is a good 
general histologic stain for studying the overall architecture 
of the kidney. It is good for studying the morphology of 
tubular cells and the morphology of interstitial infiltrates. 
With experience the different staining characteristics of 
hyaline, fibrin, and amyloid, all of which are eosinophilic, 
can usually be distinguished. However, the H&E stain does 
not distinguish staining of glomerular matrix and basement 
membrane from cell cytoplasm and therefore is less useful 
for the assessment of glomerular architecture. In the PAS 
reaction the mesangial matrix and basement membrane are 
stained purple, and this allows a good assessment of the 
amount of matrix and the thickness of the GBM. PAS also 
stains the tubular basement membranes and hyaline depos-
its. The silver methenamine stain is the best stain for study-
ing the detailed morphology of the GBM and for highlighting 
the membrane spikes seen in membranous glomerulone-
phritis and the double contours seen in membranoprolif-
erative glomerulonephritis. Its only drawback is that a 
satisfactory result is more technically demanding than the 
other stains. A trichrome stain, such as Masson’s trichrome, 
will stain the glomerular mesangial matrix and basement 
membrane and may also help in highlighting fibrin and 
immune complex deposits. Other stains are a matter of 
personal preference. The authors always use an elastin stain 
to demonstrate the elastic laminae of vessels, and this is 
counterstained with picrosirius red to stain fibrillar collagen 
in the interstitium. Amyloid is most specifically detected in 
a Congo red stain, and the authors feel it is prudent to 
perform this in all native kidney biopsy specimens. This is 
the exception to the requirement for thin sections; because 
the Congo red stain is relatively insensitive, a section cut at 
10 µm should be used. Details of staining methods are given 
in the appendix of Churg and coworkers.17 Other stains that 
may be employed when necessary include the von Kossa 
stain, which demonstrates calcium deposition, and the Perls 
Prussian blue stain for iron.

EXAMINATION OF THE BIOPSY SPECIMEN BY 
LIGHT MICROSCOPY

It is important to approach the examination of the biopsy 
systematically. Sections should first be assessed at low power 
to determine what parts of the kidney (or other structures 
in some cases) they contain, including whether there is 
cortex and/or medulla. A low-power view will also allow an 
assessment of the amount of chronic nephron damage, as 
demonstrated by tubular atrophy and interstitial fibrosis, 
and the presence of interstitial inflammatory infiltrates. It 
will also allow an assessment of interstitial expansion, most 
commonly due to either edema or fibrosis, but occasionally 
due to infiltration by, for example, amyloid. Examination 
should then proceed by studying the glomeruli, tubules, 
interstitium, and vessels, including arteries, arterioles, and 
veins, in more detail. Features that should be looked for in 
glomeruli and tubules are detailed in Tables 29.5 and 29.6. 
Arterioles should be examined for the presence of hyalino-
sis, thrombosis, and necrosis. Arteries should be assessed for 
intimal thickening and whether it is accompanied by redu-
plication of the internal elastic lamina, thrombosis, necrosis, 
inflammation, and cholesterol emboli.

Table 29.5 Features to Be Assessed by Light 
Microscopy in Glomeruli

•  Size
•  Cellularity: If increased, then are the extra cells mesangial, 

in capillary lumens (endocapillary), or in Bowman’s space? 
(Normal mesangial areas contain two or three cells.)

•  Capillary wall thickness (use PAS or silver stain): If 
thickened, are there double contours or spikes on the silver-
stain section?

•  Is the mesangium expanded? If so, are there nodules?
•  Is there deposition of abnormal material (e.g., amyloid)?
•  Is there segmental sclerosis?
•  Is there thrombosis?
•  Is there necrosis?

PAS, Periodic acid–Schiff.

Table 29.6 Features to Be Assessed by Light 
Microscopy in Tubules

•  Percentage atrophy
•  Signs of acute damage (e.g., dilatation, epithelial flattening, 

granular casts, mitoses)
•  Tubulitis
•  Casts: Granular casts suggest acute tubular injury; 

eosinophilic fractured casts suggest myeloma; neutrophil 
casts suggest acute pyelonephritis

•  Crystals (e.g., oxalate)
•  Viral inclusions (e.g., BK virus)
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fibrinogen to this routine panel. In transplanted kidney 
biopsy specimens staining for C4d is invaluable in assessing 
the activation of the classical pathway of complement by 
antibody and hence in the diagnosis of antibody-mediated 
rejection. There are a number of other antigens whose 
detection may be useful in particular circumstances. These 
include the following:

1. Microorganisms, including BK virus, cytomegalovirus, 
and Epstein-Barr virus.

2. Amyloid proteins. Antibodies are available to AA amyloid 
and many of the rarer inherited forms of amyloid.

3. α-Chains of type IV collagen. In suspected hereditary 
nephropathy of the Alport type, it may be helpful to stain 
for the α3 and α5 chains of type IV collagen.

4. IgG subclasses in cases of suspected monoclonal immu-
noglobulin deposition.

5. Myoglobin in suspected myoglobinuria.
6. Lymphocyte surface antigens, particularly in cases of sus-

pected lymphoid neoplasia.
7. Type III collagen in collagenofibrotic glomerulopathy.
8. Fibronectin in fibronectin glomerulopathy

Immunohistochemical testing is performed either on 
cryostat sections of a piece of snap frozen tissue or on paraf-
fin sections. Antigen detection on frozen sections is usually 
performed using an antibody labeled with a fluorochrome, 
and this is then viewed using a fluorescence microscope—
commonly referred to as immunofluorescence or IF. The 
use of fluorescent-labeled antibodies on frozen sections is 
technically straightforward and very sensitive because the 
antigens have not been altered by fixation. There are some 
drawbacks. First, it requires a separate piece of tissue to have 
been obtained at the time of biopsy. Second, the morphol-
ogy of frozen sections is never as good as that of paraffin 
sections, and so it may be more difficult to define the site 
of the antigen within the glomerulus. In addition, immuno-
fluorescent sections will fade over time but if appropriately 
mounted and refrigerated in the dark will retain staining 
for weeks to months

If paraffin sections are used, then some form of antigen 
retrieval is essential for most antigens, because they become 
“masked” during fixation and processing. For the detection 
of immunoglobulins and complement the antigen retrieval 
that works best is some form of protease digestion. The 
length of time required for protease digestion is critically 
dependent on a number of factors such as the length of 
time the biopsy specimen has been in fixative and the par-
ticular processing schedule used; some of these may be 
difficult to control. This variability of the antigen retrieval 
process is the major drawback of immunohistochemical 
testing on paraffin sections and means that results are highly 
dependent on the skills of the technician performing the 
staining. After the antigen retrieval step, antigens are gener-
ally detected using a primary antibody followed by a detec-
tion system that leads to the deposition of a colored reaction 
product that is visible by light microscopy. Commonly this 
product is developed by a reaction that utilizes the enzyme 
horseradish peroxidase, and hence this method is often 
referred to as immunoperoxidase staining. However, it is 
also possible to use fluorescent antibody staining on paraf-
fin sections after antigen retrieval.24

Table 29.7 Definitions of Terms Used in 
Describing Glomerular Lesions

Term Definition

Sclerosis Lesion resulting from an increase in 
mesangial matrix and/or collapse 
and condensation of the 
basement membranes—the 
sclerotic material stains with 
eosin, PAS, and silver stains

Hyalinosis Lesion containing an acellular 
structureless material consisting 
of glycoproteins and sometimes 
lipids—stains intensely with eosin 
and PAS but not with silver stains

Fibrosis Lesion consisting of collagen fibers, 
which may be differentiated from 
sclerosis by not staining with PAS 
reagent or silver stains

Necrosis Lesion characterized by 
fragmentation of nuclei and/or 
disruption of the basement 
membrane, often associated with 
the presence of fibrin-rich 
material

Extracapillary 
proliferation or 
cellular crescent

Extracapillary cell proliferation of 
more than two cell layers with 
>50% of the lesion occupied by 
cells

Extracapillary 
fibrocellular 
proliferation or 
fibrocellular crescent

Extracapillary lesion comprising 
cells and extracellular matrix, with 
<50% cells and <90% matrix

Extracapillary fibrosis 
or fibrous crescent

>10% of the circumference of 
Bowman’s capsule covered by a 
lesion composed of >90% matrix

PAS, Periodic acid–Schiff.

IMMUNOHISTOCHEMICAL ASSAY

The understanding of renal pathology was transformed in 
the 1960s by the use of immunofluorescence microscopy. 
This allowed the detection and localization of immuno-
globulins and complement components in glomeruli and 
the identification of new entities such as IgA nephropathy. 
It is mandatory to perform immunohistochemical testing 
for a full assessment of glomerular pathology in biopsy spec-
imens of native kidneys. The use of immunohistochemical 
analysis in transplant biopsy specimens is discussed further 
later. There are a number of diagnoses that cannot be made 
on kidney biopsy without immunohistochemical testing, 
including IgA nephropathy, C1q nephropathy, anti-GBM 
disease, and light-chain deposition disease.

In native kidney biopsy specimens a minimum panel of 
immunohistochemical stains would include antibodies for 
IgA, IgG, IgM, C3c, and κ- and λ-light chains. Light-chain 
immunohistochemical assay is very important if diagnoses 
such as light-chain deposition disease or monoclonal immu-
noglobulin deposition disease are not to be missed. Many 
pathologists would also add antibodies for C1q, C4c, and 
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the very thin sections required for the electron microscope. 
A permanent record of the electron microscopic appear-
ances is kept either as photographs or, increasingly, as digital 
images. As with light microscopy, examination of the biopsy 
specimen by EM should be systematic, with assessment of 
the glomerular capillary basement membrane and its thick-
ness; the endothelium and whether there is thickening or 
loss of fenestrations; the capillary lumen and particularly 
whether there is narrowing by cells or other material; and 
the podocytes, looking particularly at the preservation of 
the foot processes and whether the cell bodies show any 
vacuolation or microvillous change. The presence of any 
electron-dense deposits—most commonly due to immune 
complex deposition—should be noted, together with their 
distribution—mesangial, subendothelial, or subepithelial. 
Electron microscopy may also demonstrate a number of 
other structures, such as fibrils in amyloidosis or fibrillary 
glomerulonephritis, tubules in immunotactoid glomeru-
lopathy, or the characteristic inclusion bodies of various 
storage diseases.

Although EM is most useful in the assessment of glomeru-
lar morphology, it may also be very helpful in demonstrating 
ultrastructural changes in other parts of the kidney. For 
example, it may help in demonstrating tubular basement 
membrane immune complexes, in elucidating the nature of 
tubular epithelial cell inclusions, and in examining the mor-
phology of mitochondria in tubular epithelial cells, which 
may show abnormalities in inherited conditions or as a 
result of drugs.

Several studies have assessed the utility of EM in the 
assessment of native kidney biopsy specimens. Most studies 
suggest that EM provides useful information in approxi-
mately half of all native kidney biopsy specimens and is 
essential for diagnosis in approximately 20%.26 Because it is 
impossible to know which these are at the time of biopsy, it 
is prudent to always have material available for EM even if, 
in some cases, it is not processed further after light micros-
copy and immunohistochemical analysis. Table 29.8 shows 
some conditions for which EM is essential for the diagnosis 
and others for which it is helpful. Also listed are some condi-
tions in which the diagnosis may be reached without EM, 
but even in these cases it is important to remember that EM 
may allow a more detailed description of the morphology 
of these conditions or also reveal a totally unrelated patho-
logic condition.

Morphometric analysis of EM is mainly of importance for 
research. However, it is important to be able to measure the 
thickness of the GBM to quantitate the thinning that may 
be seen in thin basement membrane lesion or the thicken-
ing commonly seen in diabetic glomerulosclerosis. Accurate 
unbiased measurement of the GBM thickness requires 
complex morphometric techniques to avoid the bias intro-
duced by tangential sectioning of capillary loops. However, 
in practice it is satisfactory to use direct measurement of 
GBM thickness (distance from endothelial to podocyte 
plasma membrane) and determination of the arithmetic 
mean of such measurements. Das and colleagues found that 
if 16 measurements from each of two glomeruli were made 
using this direct method, the results were reproducible.27 
Ideally, each laboratory should define a normal range using 
this method.

The major advantage of immunohistochemical testing on 
paraffin sections is that it is not necessary to take a separate 
piece of tissue for frozen section. In addition, it is possible 
to specifically localize antigens and compare these sections 
with adjacent sections examined by light microscopy. 
However, it is technically demanding, and also it is signifi-
cantly less sensitive for some antigens. Direct comparison of 
the two methods showed that detection of IgG, IgA, and C3c 
by immunoperoxidase on protease-digested deparaffinized 
sections of formaldehyde-fixed tissue is, with few exceptions, 
equal to IF on frozen sections.25 The authors’ experience is 
that it is extremely difficult to get satisfactory staining for 
light chains using peroxidase techniques on paraffin sec-
tions (although fluorescence on paraffin sections may be 
more successful) and that detection of the linear capillary 
wall staining of anti-GBM antibodies is more difficult in 
paraffin sections. It may also be more difficult to detect very 
early deposits of membranous glomerulonephritis in paraf-
fin as compared with frozen tissue.

In the authors’ experience most renal pathologists find 
immunofluorescent testing on frozen sections the most sat-
isfactory way to detect immunoglobulins and complement, 
but, regardless of preference, there will always be cases in 
which no material is available for frozen section, or the 
material is inadequate, and so laboratories should also be 
competent to carry out immunohistochemical analysis on 
paraffin sections.

In reporting immunohistochemical staining for immu-
noglobulins and complement, it is important to describe  
the site of staining in the glomerulus (e.g., mesangial or 
capillary wall), its nature (whether linear, finely or coarsely 
granular), and its intensity. For estimation of intensity  
most pathologists rely on a semiquantitative subjective 
scale from 0 to 3+, but formal quantitation by image 
analysis may be useful for research. In addition to the 
glomerulus, staining should also be assessed in the tubules, 
particular the tubular basement membrane, interstitium, 
and vessels.

ELECTRON MICROSCOPY

Electron microscopy is invaluable for assessing structural 
changes in the glomerulus and for identifying immune com-
plexes, which are seen as areas of electron density. Although 
the importance of EM has become much reduced in other 
areas of surgical pathology, because of the development of 
immunohistochemical testing, it remains an invaluable 
technique for the examination of glomeruli in biopsy speci-
mens from native kidneys and, increasingly, for the deter-
mination of causes of dysfunction in transplanted kidneys. 
The part of the kidney biopsy specimen on which EM is to 
be performed is usually placed in separate fixative, although 
entirely satisfactory results can be obtained using material 
fixed in formalin. Most laboratories prefer either ice-cold 
glutaraldehyde or paraformaldehyde. The material is then 
exposed to osmium tetroxide and processed into resin 
blocks. To select the areas to be studied, “semithin” 0.5-µm 
sections are first screened by light microscopy to select areas 
of interest that can then be examined further with the elec-
tron microscope. An ultramicrotome is then used to obtain 
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techniques and do not have a clear place in routine diag-
nostic practice, although in the future microarray data may 
provide additional diagnostic information.30 For example, 
results from a group in Edmonton have suggested that tran-
script analysis of transplanted kidney biopsy specimens 
could have a role in diagnosis of acute antibody-mediated 
rejection.31,32

BIOPSY SPECIMENS FROM 
TRANSPLANTED KIDNEYS

The handling of transplant biopsy specimens differs in some 
respects from that of native kidney specimens. For biopsies 
taken to assess the cause of kidney dysfunction in the first 
few months after transplantation, it may not be necessary to 
carry out immunohistochemical testing with a full panel of 
antibodies to immunoglobulins and complement, or to 
perform EM, unless there is a clinical suspicion of glomeru-
lar disease. However, immunohistochemical assay for C4d 
may be helpful to assess antibody binding and complement 
activation on peritubular capillary endothelium. In later 
biopsy specimens EM is very useful in the diagnosis of 
chronic allograft glomerulopathy and its differentiation 
from recurrence of de novo glomerulonephritis. It is also 
helpful in identifying chronic rejection involving peritubu-
lar capillaries, which is associated with multilayering of the 
peritubular capillary basement membranes.33 The recom-
mendations from the Banff Conference on Allograft Pathol-
ogy in 2013 are that ultrastructural studies should be 
performed in all biopsy specimens from patients who are 
sensitized, have documented donor-specific antibodies at 
any time after transplantation, and/or who have had a prior 
biopsy showing C4d staining, glomerulitis and/or peritubu-
lar capillaritis.34 It is also advised that EM be considered in 
all specimens from biopsies performed more than 6 months 
after transplantation and from “for-cause” biopsies done 
more than 3 months after transplantation to determine if 
early changes of transplant glomerulopathy are present, 
prompting testing for donor-specific antibodies.

SIZE OF THE BIOPSY SPECIMEN

The kidney biopsy specimen is only a small sample of the 
renal parenchyma, and this always needs to be kept in mind 
when making inferences about the state of the whole kidney 
from changes seen in the biopsy specimen. Some diseases 
may affect the kidney only focally and therefore may be 
missed on biopsy (e.g., reflux nephropathy or arterial cho-
lesterol emboli). Others may be segmental at the level of 
the glomerulus (e.g., focal segmental glomerulosclerosis or 
pauci-immune necrotizing glomerulonephritis), and there-
fore the chance of detecting them will depend on how many 
glomeruli are present in the biopsy specimen and how many 
sections are examined. Sampling is also a problem when 
extrapolating from the amount of disease seen in the biopsy 
specimen to the amount that affects the kidney. For example, 
if 20% of the glomeruli in a biopsy specimen have crescents, 
the examiner tends to assume that this is the percentage of 
the glomeruli in the kidney that have crescents. However, 

OTHER STUDIES PERFORMED ON THE 
KIDNEY BIOPSY SPECIMEN

In addition to examination by light microscopy, immunohis-
tochemical testing, and EM, it may also be appropriate to 
consider other methods for studying the tissue. In cases of 
suspected infection, part of the biopsy specimen may be sent 
for culture or for polymerase chain reaction analysis for 
infective organisms. In biopsy specimens with lymphoid 
infiltrates, immunoglobulin gene rearrangement studies 
may allow the confirmation of clonality. The chemical com-
position of material in the biopsy specimen, for example 
crystalline material, may be determined by energy-dispersive 
x-ray spectroscopy.

There has been considerable interest in the possibilities 
of extracting messenger RNA from biopsy specimens, to 
study differences in gene expression in different pathologic 
conditions,28 and in studying the range of proteins in 
the biopsy—the proteome.29 These techniques have been 
applied to whole biopsy specimens or to parts of the biopsy 
specimen, for example glomeruli isolated either by simple 
dissection under a dissecting microscope or by laser capture 
microdissection. At present these remain promising research 

Table 29.8 Examples of the Use of Electron 
Microscopy in Diagnosis of  
Kidney Biopsies

EM Essential for Diagnosis

Thin membrane lesion
Fibrillary glomerulopathy
Immunotactoid glomerulopathy
Alport’s syndrome
Fabry disease
LCAT deficiency
Nail patella syndrome

EM Very Helpful for Diagnosis

Dense deposit disease
Minimal change disease
Early diabetic glomerulopathy
Early membranous GN (particularly if only paraffin sections are 

available for immunohistochemical analysis)
Membranoproliferative GN
Postinfectious GN
HIV-associated nephropathy
Lipoprotein glomerulopathy
Collagenofibrotic glomerulopathy

Diagnosis May Be Made without EM

IgA nephropathy
Acute tubulointerstitial nephritis
Myeloma cast nephropathy
Pauci-immune crescentic GN
Amyloid disorder (although amyloid fibrils may be detected by 

EM when it has been missed on light microscopy)

EM, Electron microscopy; GN, glomerulonephritis; HIV, human 
immunodeficiency virus; IgA, immunoglobulin A; LCAT, 
lecithin-cholesterol acetyltransferase.
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clinical information and therefore requires a thorough 
understanding of renal disease and the therapeutic implica-
tions of the biopsy diagnosis. Close communication between 
the clinician and pathologist is essential, and it is generally 
very helpful for the biopsy specimen to be viewed and dis-
cussed at a clinicopathologic conference so that full discus-
sion of the implications of the biopsy specimen appearances 
for patient management can take place.

CONCLUSIONS

Percutaneous kidney biopsy is generally safe if care is taken 
to select and prepare the patients beforehand. It has become 
a cornerstone of nephrologic practice, and its handling and 
interpretation should be made by those experienced in 
renal pathology. The interpretation of the biopsy findings 
should be carried out with adequate clinical information for 
integrated clinicopathologic conclusions to be drawn.
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confidence limits that can be placed on the true involve-
ment of glomeruli are usually very wide. An elegant math-
ematical description of the problems of glomerular sampling 
has been published by Corwin and associates.35 This shows, 
for example, that to confidently exclude a segmental glo-
merular disease that is affecting approximately 5% of the 
glomeruli, a biopsy with 20 glomeruli is needed. The situa-
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BIOPSY REPORT
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Kidney disease is a global health problem. Acute kidney 
injury (AKI) and chronic kidney disease (CKD) are increas-
ing in incidence.1 In the U.S., it is clear that the incidence 
of AKI, regardless of its severity, has been steadily rising at 
a rate that is disturbingly high, and it is increasingly recog-
nized that AKI predisposes to the progression of CKD 
toward end-stage kidney disease (ESKD), which ultimately 
requires dialysis or kidney transplantation.2-4 According to 
the World Health Organization, approximately 850,000 

patients develop ESKD every year.5-7 Across the globe, treat-
ment of ESKD poses a major challenge for health care 
systems and the global economy. The burden of kidney 
disease is most significant in developing countries and is 
adversely influenced by inadequate socioeconomic and 
health care infrastructures.5,8,9 Importantly, kidney disease 
progression may be curtailed if the disease is diagnosed 
early. Hence, detection and management of kidney diseases, 
whether acute or chronic, in the early, reversible, and 
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Table 30.1  Biomarker Definitions

Biomarker A characteristic that is objectively 
measured and evaluated as an 
indicator of normal biologic process, 
pathogenic processes, or 
pharmacologic responses to 
therapeutic intervention.

Prognostic 
biomarker

A baseline patient or disease 
characteristic that categorizes patients 
by degree of risk for disease 
occurrence or progression, informing 
about the natural history of the 
disorder in the absence of a 
therapeutic intervention.

Predictive 
biomarker

A baseline characteristic that categorizes 
patients by their likelihood of response 
to a particular treatment, predicting 
either a favorable or unfavorable 
response.

Pharmacodynamic 
biomarker

A dynamic assessment that shows that a 
biologic response has occurred in a 
patient who has received a therapeutic 
intervention. Pharmacodynamic 
biomarkers may be treatment-specific 
or broadly informative of disease 
response, with the specific clinical 
setting determining how the biomarker 
is used and interpreted.

Clinical endpoint A characteristic or variable that reflects 
how a patient fares or functions or 
how long a patient survives.

Surrogate 
endpoint 
biomarker (type 
2 biomarker)

A marker that is intended to substitute 
for clinical endpoint. A surrogate 
endpoint is expected to predict clinical 
benefit, harm, lack of benefit, or lack 
of harm on the basis of epidemiologic, 
therapeutic, pathophysiologic, or other 
scientific evidence.

potentially treatable stages are of paramount importance. 
Biomarkers that will help diagnose kidney injury, predict 
progression of kidney disease, and provide information 
regarding the effectiveness of therapeutic intervention will 
be important adjuncts to our standard management 
strategies.

Many novel high-throughput technologies in the fields of 
genomics, proteomics, and metabolomics have now made it 
easier to interrogate hundreds or even thousands of poten-
tial biomarkers at once, without prior knowledge of the 
underlying biology or pathophysiology of the system being 
studied.10-13 As a result, there is a renewed interest in discov-
ering novel biomarkers for use in drug development and 
patient care. Despite notable achievements, however, only a 
few biomarkers—blood urea nitrogen (BUN) level, serum 
creatinine concentration, urinalysis results, albuminuria, 
and proteinuria—are routinely used to diagnose and 
monitor kidney injury. These commonly used “gold stan-
dard” biomarkers of kidney function are not optimal to 
detect injury or dysfunction early enough to allow prompt 
therapeutic intervention. Although additional candidate 
biomarkers have been reported, none has been adequately 
validated to justify its use in making patient care decisions, 
but a few look quite promising.

BIOMARKER DEFINITION

In 2001, the U.S. Food and Drug Administration (FDA) 
standardized the definition of a biomarker as “a character-
istic that is objectively measured and evaluated as an indica-
tor of normal biologic processes, pathogenic processes, or 
pharmacologic responses to therapeutic intervention.”14 
The National Institutes of Health further classified biomark-
ers on the basis of their utility (see Table 30.1).14 Biomarkers 
can potentially serve a wide range of functions in drug 
development, clinical trials, and therapeutic management 
strategies. There are many different classes of biomarkers: 
prognostic, predictive, pharmacodynamic, and surrogate. 
Of note, these categories are not mutually exclusive. Defini-
tions of the different types of biomarkers can be found in 
Table 30.1. Examples of biomarkers are proteins, lipids, 
genomic or proteomic patterns, imaging determinations, 
electrical signals, and cells present in urine. Some biomark-
ers also serve as surrogate endpoints. A surrogate endpoint 
is a biomarker intended to substitute for a clinical endpoint. 
Furthermore, a surrogate endpoint biomarker is expected 
to predict clinical benefit (harm or lack of benefit) on the 
basis of epidemiologic, therapeutic, pathophysiologic, or 
other scientific evidence.15 An ideal biomarker is easily mea-
surable, reproducible, sensitive, cost effective, easily inter-
pretable, and present in readily available specimens (blood 
and urine).

PROCESS OF BIOMARKER DISCOVERY, 
ASSAY VALIDATION, AND 
QUALIFICATION IN A CLINICAL CONTEXT

Primary challenges to the development of biomarkers  
for kidney injury and toxicity are discovery of candidate 
markers, design of an assay, validation of the assay, and 

qualification of the biomarker for use in specific clinical 
contexts. The process of biomarker identification and devel-
opment is arduous and involves several phases.16,17 For the 
purpose of simplicity, this process can be divided into the 
following five phases (adapted and modified from Pepe and 
colleagues16).

PHASE 1: DISCOVERY OF POTENTIAL 
BIOMARKERS THROUGH UNBIASED  
OR HYPOTHESIS-GENERATING  
EXPLORATORY STUDIES

The primary goal of phase 1 is to identify potential leads 
using various technologies and to confirm and prioritize the 
identified leads. The search for biomarkers often begins 
with preclinical studies that compare either tissue or bio-
logic fluids in diseased animals (e.g., animals with kidney 
injury) with those in healthy animals to identify genes or 
proteins that appear to be upregulated or downregulated in 
diseased tissue relative to control tissue. When biologic 
samples, such as blood and urine, are readily available from 
humans, it is possible to forgo the animal model stage. 
Innovative discovery technologies include microarray-based 
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analysis. This latter process is particularly challenging in 
kidney disease, given uncertainties in the sensitivity and 
specificity of the gold standard used.21

PHASE 4: PERFORMANCE OF PROSPECTIVE 
SCREENING STUDIES

The primary aim of phase 4 studies is to determine the 
operating characteristics of the biomarker in a relevant 
population by measuring detection rate and false referral 
rate. In contrast to phase 1, 2, and 3 studies, which are based 
primarily on stored specimens, studies in phase 4 involve 
screening subjects prospectively and demonstrating that 
clinical care is changed as a result of the information pro-
vided by the biomarker analysis.

BIOMARKER QUALIFICATION PROCESS
The application for FDA qualification of novel biomarkers 
requires the intended use of the biomarker in nonclinical 
and clinical contexts and collection of evidence supporting 
qualification. This can be a joint and collaborative effort 
among regulatory agencies, pharmaceutical companies, and 
academic scientists.

Steps involved in the biomarker qualification pilot 
process, as described by Dr. Federico Goodsaid when he was 
at the FDA, are as follows22: (1) submission to an FDA inter-
disciplinary pharmacogenomic review group of a request to 
qualify the biomarker for a specific use; (2) recruitment of 
a biomarker qualification review team (containing both 
nonclinical and clinical members); (3) assessment of the 
biomarker context and available data in a voluntary data 
submission; (4) evaluation of the qualification study strat-
egy; (5) review of the qualification study results; and (6) 
acceptance or rejection of the biomarker for the suggested 
use.

Data are shared between the FDA and pharmaceutical 
industry or academic laboratories through voluntary explor-
atory data submissions (VXDSs).22 Submission of explor-
atory biomarker data through VXDSs allows interaction 
between reviewers at the FDA and researchers in industry 
or academia regarding study designs, sample collection and 
storage protocols, technology platforms, and data analysis. 
This pilot process for biomarker qualification allowed the 
Predictive Safety Testing Consortium to apply to both U.S. 
and European drug authorities simultaneously for qualifica-
tion of new nephrotoxic biomarkers (kidney injury 
molecule-1, albumin, total protein, cystatin C, clusterin, 
trefoil factor 3, and α2-microglobulin) as predictors of drug-
mediated nephrotoxicity.22-24 The FDA and the correspond-
ing European authority (European Medicines Agency, or 
EMA) reviewed the application separately and made deci-
sions as to whether each would allow the new biomarkers to 
be “fit for purpose” in preclinical research.23,24 Some of 
these markers were proposed to be qualified as biomarkers 
for clinical drug–induced nephrotoxicity once further sup-
portive human data are submitted.

It is notable that the process described here is specific for 
the FDA and the United States and that the biomarker vali-
dation and approval process varies significantly around  
the world. As of June 2014, the FDA had not approved a 
new biomarker for the diagnosis or clinical management  
of acute or chronic renal dysfunction; however, several 

gene expression profiling that provides information regard-
ing expression of genes, microRNA-based expression, and 
proteomic as well as metabolomic profiling of biologic 
fluids based on mass spectrophotometry and other tech-
nologies. The candidate marker approach, especially when 
informed by the pathophysiology of the disease for which 
the biomarker is being evaluated, should not be ignored.

Once a promising biomarker is discovered, the validation 
process begins. An assay has to be developed and validated. 
The validation process is laborious and expensive, requiring 
access to patient samples with complete clinical annotation 
and long-term follow-up, as described in the discussion of 
phase 2. In addition, each biomarker must be qualified for 
specific application. This statement is especially true in the 
case of kidney diseases, for which one biomarker alone may 
not satisfy the requirements of an ideal biomarker. This situ-
ation is described in the subsequent section on phase 4. 
Incorporation of several of these novel biomarkers into a 
biomarker panel may enable simultaneous assessment of 
site-specific kidney injury or several mechanisms contribut-
ing to clinical syndromes.

PHASE 2: DEVELOPMENT AND VALIDATION OF 
AN ASSAY FOR THE MEASUREMENT OR 
IDENTIFICATION OF THE BIOMARKER IN 
CLINICAL SAMPLES

The primary goal of phase 2 is to develop and validate a 
clinically useful assay for a biomarker that has the ability to 
distinguish a person with kidney disease/injury from persons 
with healthy kidneys in a high-throughput fashion. This 
phase involves development of an assay, optimization of 
assay performance, and evaluation of the reproducibility of 
the assay results within and among laboratories. Defining 
reference ranges of biomarker values is a crucial step before 
the biomarker can be used clinically.18,19 It is important to 
characterize how the levels of these markers vary with 
patient age, sex, and race or ethnicity, and how biomarker 
values are related to known risk factors.20

PHASE 3: DEMONSTRATION OF THE 
BIOMARKER’S POTENTIAL CLINICAL UTILITY IN 
RETROSPECTIVE STUDIES

In phase 3 of biomarker development, the primary objec-
tives are to (1) evaluate the biomarker potential in samples 
obtained from a completed clinical study, (2) test the diag-
nostic potential of the biomarker for early detection, and 
(3) determine the sensitivity and specificity of the biomarker 
using defined threshold values of the biomarker for utility 
in prospective studies. For instance, if the levels of bio-
marker differ significantly between subjects with acute or 
chronic kidney injury and control subjects only at the time 
of clinical diagnosis, then the biomarker shows little promise 
for population screening or early detection. In contrast, if 
levels differ significantly at hours, days, or years before clini-
cal symptoms appear, then the biomarker’s potential for 
early detection is increased. This phase also involves com-
paring the biomarker with several other novel biomarkers 
or existing “gold standard” biomarkers and defining the 
biomarkers’ performance characteristics (i.e., sensitivity, 
specificity) using receiver operating characteristic curve 
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ordinate, and the value of (1-specificity) is plotted on the 
abscissa. Each point on the curve represents the true-positive 
rate and false-positive rate associated with a particular test 
value. The diagonal, represented by the equation true-positive 
rate (sensitivity) = false-positive rate (1-specificity), corresponds 
to the set of points for which there is no selectivity in pre-
dicting disease. The area under this line of “unity” is 0.5, 
which indicates no advantage relative to the flip of a coin. 
The performance of a biomarker can be quantified by cal-
culating the area under the ROC curve (AUC). The AUC is 
the probability that a randomly sampled case has a larger 
biomarker value (or risk score) than the value for a ran-
domly sampled control. Although this definition makes  
the AUC easily interpretable, the interpretation is not  
always clinically meaningful, because patients with the 
disease (cases) and controls do not present to clinicians in 
random pairs. Thus, although an ideal biomarker could 
supply an AUC of 1.0 (a clinical rarity), in actuality the AUC 
lacks true direct clinical relevance.27 Despite these flaws, the 
AUC is widely reported and familiar to clinicians. The short-
comings of AUC extend into the assessment of the incre-
mental change in AUC (Δ AUC) when a new marker is 
added to a group of previously established predictors. The 
clinical impact of a Δ AUC of 0.02 is often unclear, and the 
statistics and P values behind such calculations remain 
problematic.28,29

Other important parameters related to biomarker perfor-
mance, primarily with respect to the testing of larger or 
specific populations, are positive and negative predictive 
values. The positive predictive value is the proportion of 
persons who test positive for a disease and truly have the 
disease, whereas negative predictive value represents the 
proportion of persons who test negative and do not have 
the disease. There is considerable interest in developing 
algorithms that use a composite of values of several biomark-
ers that are measured in parallel for the purpose of increas-
ing diagnostic potential or predicting disease course and 
patient outcomes.

More recently the Net Reclassification Index (NRI) and 
the Integrated Discrimination Improvement Index (IDI) 
have been used to evaluate the ability of new biomarkers. 
They have gained popularity, in part, because of the afore-
mentioned difficulty in interpreting the true clinical 
meaning of significant but small changes in AUC (e.g., a 
0.04 increase). Additionally, new biomarkers often must 
have exceptional discriminatory powers to increase the AUC 
once it has reached a certain level.30 Briefly, reclassification 
involves the use of predefined risk categories and then recal-
culates risk using the previously established predictors as 
well as the new biomarkers. The Reclassification Rate is 
simply the proportion of the population whose risk category 
changes with the new biomarker; a low reclassification rate 
means that treatment decisions will rarely be altered by the 
new biomarker. The categorical NRI expands on the reclas-
sification rate and uses predefined risk strata but considers 
an improvement in reclassification as any increase in model-
based predicted probabilities of an event (e.g., AKI) after 
the addition of the biomarker to a pre-existing clinical 
model as well as a decrease in the probabilities for the non-
events (e.g., no AKI). By definition, the categorical NRI 
does not depend on the underlying performance of the 
clinical model and is very sensitive to the number and 

biomarkers have been approved for clinical use in several 
other countries throughout Europe and Asia.

PHASE 5: CONTINUED ASSESSMENT OF THE 
VALIDITY OF THE BIOMARKER IN ROUTINE 
CLINICAL PRACTICE

Phase 5 addresses whether measurement of the biomarker 
alters physician decision making and/or reduces mortality 
or morbidity associated with the given disease in the 
population.

ANALYSIS OF BIOMARKER 
PERFORMANCE

The widely accepted measure of biomarker sensitivity and 
specificity is the receiver operating characteristic (ROC) 
curve.25 ROC curves display the proportion of subjects both 
with and without disease correctly identified at various 
cutoff points. An ROC curve is a graphic display of trade-offs 
between the true-positive rate (sensitivity) and the false-
positive rate (1-specificity, where specificity is expressed as 
a value from 0 to 1) when the biomarker is a continuous 
variable (Figure 30.1).26,27 Sensitivity is plotted along the 

Figure  30.1 Receiver operator characteristic (ROC) curves. AUC, 
area under the curve. 
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to correlate with the histologic findings in kidney biopsy 
specimens; (5) easily and reliably measured in a noninvasive 
or minimally invasive manner; (6) stable in its matrix; (7) 
rapidly and reliably measurable at the bedside; and (8) 
inexpensive to measure.

In CKD (unlike AKI), the timing and nature of the insult 
are very hard to estimate, making the search for early bio-
markers for CKD very difficult. An ideal biomarker for CKD 
shares many of the requirements described earlier for AKI 
biomarkers, including providing insight into (1) the loca-
tion of the injury (e.g., glomerular, interstitial, tubular), (2) 
the disease mechanism, (3) the progressive course of the 
disease, and (4) the risk of complications from comorbid 
conditions such as cardiovascular disease and diabetes.

ACUTE KIDNEY INJURY MARKERS

In the cardiac sciences, the discovery of biomarkers, such as 
troponins that reflect early cardiomyocyte damage rather 
than decreased cardiac function, has enabled the develop-
ment and implementation of novel therapeutic strategies to 
reduce coronary insufficiency and associated morbidity and 
mortality.33,34 By contrast, the delay in diagnosis that is associ-
ated with the use of kidney biomarkers, such as serum  
creatinine concentration, has impaired the ability of 
nephrologists to conduct interventional studies in which the 
intervention can be implemented early in the course of  
the disease process.35 Although the last decade has seen a 
revolution in terms of diagnostic criteria for AKI with  
the RIFLE (Risk, Injury, Failure, Loss, End-Stage Kidney 
Disease) classification36 and the Acute Kidney Injury Network 
(AKIN) definition of AKI37 being harmonized into the 
Kidney Disease: Improving Global Outcomes (KDIGO) clas-
sification38 (Table 30.3), these criteria remain limited by 
their reliance on the serum creatinine concentration on 
some level. This limitation stems from creatinine’s role as a 

thresholds set for the individual risk categories. A worsening 
in the reclassification is defined by a decrease in the prob-
abilities for events and an increase in the probabilities for 
non-events. Pencina and colleagues have previously stated 
that medium effect sizes have an NRI between 0.4 and 0.6 
and that large effect sizes have an NRI greater than 0.6.31 It 
is worth noting that NRI values may fall between 0.0 and 2.0 
with the ideal NRI being 2.0, consisting of 1.0 (100%) 
increased reclassification of events and 1.0 (100%) reclas-
sification of non-events.

The use of a category-free NRI has been on the rise; this 
version of the NRI accounts for any upward or downward 
movement in predicted risk, regardless of risk strata thresh-
olds. The Integrated Discrimination Improvement (IDI) is 
defined as the difference in discrimination slopes between 
the unadjusted and biomarker-adjusted clinic models, with 
large effect sizes having an IDI of 0.10 or greater and 
medium effect sizes having an IDI between 0.05 and 0.10.31 
The NRI and IDI have gained rapid acceptance in the renal 
and nonrenal biomarker literature and are potentially more 
sensitive metrics than AUC; however, we must use caution 
with the clinical utility because these metrics have not been 
widely accepted by all statisticians.32

CHARACTERISTICS OF AN IDEAL 
BIOMARKER FOR KIDNEY DISEASE

Characteristics of an ideal biomarker for kidney disease are 
described in Table 30.2. For AKI, the biomarker should be 
(1) organ specific and should allow differentiation among 
intrarenal, prerenal, and postrenal causes of AKI as well as 
acute glomerular injury; (2) able to detect AKI early in the 
course and to predict the course of AKI and, potentially, the 
future implications of AKI; (3) able to identify the cause of 
AKI; (4) site specific and able to inform pathologic changes 
in various segments of renal tubules during AKI as well as 

Table 30.2  Characteristics of an Ideal Kidney Biomarker

Functional Properties Physiochemical Properties

• Shows rapid and reliable increase in response to kidney diseases
• Is highly sensitive and specific for acute and/or chronic kidney disease
• Shows good correlation with degree of renal injury
• Provides risk stratification and prognostic information (severity of 

kidney disease, need for dialysis, length of hospital stay, and mortality)
• Is site-specific to detect early injury (proximal, distal, interstitium, or 

vasculature) and identify pathologic changes in specific segments of 
renal tubules

• Is applicable across different races and age groups
• Allows recognition of the cause of kidney injury or disease (e.g., 

ischemia, toxins, sepsis, cardiovascular disease, diabetic nephropathy, 
lupus, or combinations)

• Is organ-specific and allows differentiation among intrarenal, prerenal, 
and extrarenal causes of kidney injury

• Noninvasively identifies the duration of kidney failure (acute kidney 
injury, chronic kidney injury)

• Is useful to monitor the response to therapeutic interventions
• Provides information on the risk of complications from comorbid 

conditions (especially in chronic kidney disease)

• Is stable over time across different temperature and pH 
conditions, with clinically relevant storage conditions

• Is rapidly and easily measurable
• Is not subject to interference by drugs or endogenous 

substances

http://www.myuptodate.com


 CHAPTER 30 — BIoMARKERS IN ACUTE AND CHRoNIC KIDNEy DISEASES 931

into this issue by demonstrating that the ideal method for 
quantitating biomarkers of urinary AKI depends on the 
outcome of interest; absolute biomarker concentrations 
best diagnosed AKI at the time of intensive care unit (ICU) 
admission, whereas normalization to urinary creatinine 
improved the prediction of incipient AKI.41 A potential 
explanation of the failings of normalization is that it often 
amplifies the signal. For example, when the glomerular fil-
tration rate (GFR) is reduced in immediate response to a 
tubular injury, the amount of biomarker produced increases, 
and urinary creatinine level decreases. The normalized 
value therefore increases by a greater amount in the short 
term than can be explained by the increase in the absolute 
level of biomarker production.

Because AKI and CKD share functional and structural 
aspects, there are overlapping as well as distinct classes of 
functional and structural biomarkers. Among the functional 
markers, the GFR is often used as the gold standard. 
Although the true GFR, as determined by agents that are 
freely filtered and undergo minimal handling by the tubule 
(iothalamate, iohexol, inulin), represents a sensitive 
measure for determining changes in kidney function, tests 
using these agents are invasive and laborious to perform. 
Moreover, because of the renal reserve, changes in GFR may 
not indicate structural injury until significant injury has 
occurred. On the other hand, structural markers of tubular 
injury are expressed by tubular cells, and subtle changes in 
epithelial cells lead to release of these markers into the 
urine. It is becoming increasingly clear that many of these 
biomarkers serve as signals for both acute and chronic 
kidney disease and also may be used to monitor progression 
from AKI to CKD. A challenge is to define at what level of 
release of these markers the injury is clinically significant in 

functional biomarker; it can rise in cases of prerenal azote-
mia when there is no tubular injury and can be unchanged 
under conditions of significant tubular injury, particularly 
when patients have good underlying kidney function and 
significant kidney reserve. Nonetheless, these criteria have 
advanced our understanding of the epidemiology of AKI, 
and these standardized consensus definitions have allowed 
for comparisons and aggregation of data from a larger 
number of papers.39 Biomarkers of AKI can serve several 
purposes and are no longer thought of as a replacement for 
serum creatinine. Table 30.4 summarizes several of the 
potential uses of AKI biomarkers. Figure 30.2 summarizes 
the kidney-specific locations of the AKI biomarkers dis-
cussed in this section.

Urine and serum biomarkers each have advantages and 
disadvantages. Serum biomarkers are often not stable and 
are difficult to measure because of interference with several 
serum proteins. By contrast, urinary biomarkers are rela-
tively stable and easy to assess; however, their concentrations 
are greatly influenced by the hydration/volume status of the 
patient and other conditions that affect urinary volume. To 
overcome this challenge, urinary biomarker concentrations 
have often been normalized to urinary creatinine concen-
trations to eliminate the influence of urinary volume, on 
the assumption that urinary creatinine excretion rate is con-
stant over time and that biomarker production or excretion 
has a linear relationship with urinary creatinine excretion 
rate. Waikar and colleagues have challenged this assump-
tion, however, especially in AKI settings, in which urine 
creatinine excretion rate is not constant and changes over 
time, greatly influencing the normalized value of a putative 
urinary biomarker after normalization.40 They suggested 
that the most accurate method to quantify biomarkers is the 
timed collection of urine samples to estimate the renal 
excretion rate40; however, this approach is not practical for 
routine clinical care. Ralib and colleagues further delved 

Table 30.3  Kidney Disease: Improving Global 
Outcomes (KDIGO) Staging of AKI

Stage Serum Creatinine Criteria*
Urine Output 
Criteria

1 1.5-1.9 times baseline
Or
≥0.3 mg/dL (26.5 µmol/L) 

increase

<0.5 mL/kg/hr for 
6-12 hr

2 2.0-2.9 times baseline <0.5 mL/kg/hr for 
≥12 hr

3 ≥3.0 times baseline
Or
Increase in serum creatinine to 
≥4.0 mg/dL (≥353.6 µmol/L)

Or
Initiation of renal replacement 

therapy
Or
In patients <18 years, decrease 

in estimated glomerular 
filtration rate (eGFR) to 
<35 mL/min/m2

<0.3 mL/kg/hr for 
≥24 hr or anuria 
for 12 hr

Table 30.4  Potential Utilization for Biomarkers 
of AKI and CKD

AKI •  Early detection of AKI
• Differential diagnosis of AKI (e.g., distinguishing 

between volume-mediated AKI [prerenal] and 
intrinsic tubular injury [ATN])

• Predicting outcomes of AKI at the time of clinical 
diagnosis (need for RRT, development of 
post-AKI CKD, short- and long-term mortality)

• Predicting recovery from AKI
• Ascertaining the nephron-specific location and 

etiology of renal injury
• Monitoring the effects of an intervention

CKD • Early detection and diagnosis of CKD
• Predicting the progression of CKD (rapid vs. slow 

progression)
• Predicting outcomes of CKD at the time of 

clinical diagnosis (development of ESKD, 
short- and long-term mortality)

• Predicting cardiovascular disease/outcomes 
among patients with CKD

• Monitoring the effects of an intervention

AKI, Acute kidney injury; ATN, acute tubular necrosis; CKD, 
chronic kidney disease; ESKD, end-stage kidney disease; 
RRT, renal replacement therapy.
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In AKI, the GFR is only indirectly linked to kidney injury, 
and changes in the GFR reflect a late consequence in a 
sequence of events associated with a primary insult to the 
kidney. Furthermore, because of renal reserve, a large 
amount of functioning renal tissue can be lost without sig-
nificant changes in the GFR.45,46 The functional effects of 
renal reserve on the GFR can be demonstrated in kidney 
donors, who often have only modest changes in serum cre-
atinine levels and the GFR after donating one kidney, even 
though half of the renal mass is lost.47

Ideally, a serum GFR marker should be freely filtered with 
no reabsorption or secretion in the kidney and should main-
tain a constant plasma level when kidney function is stable. 
GFR can be determined using exogenous and endogenous 
markers of filtration. Evaluation of the GFR using the exog-
enous marker inulin, iothalamate, or iohexol provides reli-
able results and represents the gold standard; however, the 
process is time consuming and expensive and can be per-
formed only in specialized settings.44 Once the GFR level 
falls below 60 mL/min/1.73 m2, renal functional impair-
ment can be estimated adequately from the serum creati-
nine level, various equations being used to calculate the 
eGFR.48-50 Although traditionally, these equations have been 
less accurate for patients with higher GFRs, newer formulas 
have been constructed utilizing more patients with normal 
and near normal GFRs.50

either the acute or chronic setting. Failure to identify the 
separate impacts of CKD and AKI on these biomarker values 
will lead to inappropriate clinical decision and/or poor 
results in clinical studies.42,43

GLOMERULAR INJURY MARKERS

SERUM GLOMERULAR FILTRATION MARKERS

During the course of injury, kidney function may be impaired 
with reduction in the GFR and accumulation of several 
nitrogenous compounds in the blood. Serum creatinine 
and BUN concentrations are routinely used as markers of 
kidney injury, but it is important to recognize these param-
eters as markers of kidney dysfunction rather than as direct 
markers of injury.

As discussed elsewhere in this text, the estimated GFR 
(eGFR), using creatinine as a biomarker, is most reliable for 
CKD under steady-state conditions. In the acute setting, its 
use is more problematic for reasons that have already been 
discussed. In healthy persons, the GFR is in the range of 90 
to 130 mL/min/1.73 m2. By definition, patients with stage 
4 or 5 CKD have GFRs that are below 30 mL/min/1.73 m2.44 
Complications of CKD are more pronounced at lower GFRs, 
and mild to moderate CKD may progress to ESKD.

Figure 30.2 Biomarkers in relation to their site of injury in the nephron. GST, glutathione S-transferase; IGFBP7, insulin-like growth factor–
binding protein-7; IL-18, interleukin-18; KIM-1, kidney injury molecule-1; L-FABP, liver-type fatty acid–binding protein; NAG, N-acetyl-β-D-
glucosaminidase; NGAL, neutrophil gelatinase–associated lipocalin; TGF-β1, transforming growth factor-β1; TIMP-2, tissue inhibitor 
metalloproteinase-2. (Adapted from Koyner JL, Parikh CR: Clinical utility of biomarkers of AKI in cardiac surgery and critical illness. Clin J Am Soc 
Nephrol 8:1034-1042, 2013.)
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comorbid conditions). Serum creatinine concentration can 
significantly decrease in advanced kidney disease without 
relation to its renal clearance.60 The sensitivity of serum 
creatinine levels in determining kidney function can be 
improved by serial measurements of timed creatinine clear-
ance (usually, but not always, 24-hour collections). However, 
many individuals find this collection cumbersome, and 
errors (e.g., skipped voids) typically lead to underestimation 
of function.

Serum creatinine is stable during long-term storage, after 
repeated thawing and refreezing,61 and for up to 24 hours 
in clotted whole blood at room temperature.62 The Jaffé 
reaction–based assay (alkaline picrate assay) is routinely 
used in clinical laboratories to assess creatinine levels. 
However, Jaffé methods overestimate serum creatinine con-
centration by approximately 25% because of the interfer-
ence of noncreatinine chromogens, particularly proteins. 
Interference from glucose63,64 and acetoacetate65 are par-
ticularly important because diabetic patients are particularly 
prone to development of CKD. As a result, eGFRs are higher 
when Jaffé methods are used than when other approaches 
are employed. Expert professional bodies have recom-
mended that all methods of creatinine measurement should 
become traceable to a reference method based on isotope 
dilution mass spectrometry.66 Several modifications of the 
Jaffé method have been made to improve the specificity by 
decreasing the influence of interfering substances.67,68 Enzy-
matic methods of measuring creatinine are widely adopted 
by clinical laboratories as an alternative to alkaline picrate 
assays. Although various substances do interfere with enzy-
matic assays, the assays are reported to be subject to less 
interference than Jaffé methods.69-71 The high-performance 
liquid chromatography (HPLC)–based assay has evolved as 
a potential alternative approach for the measurement of 
serum creatinine level.72,73 Several studies have demon-
strated that HPLC methods have greater analytical specific-
ity than conventional methods.74-76 This approach clearly has 
severe limitations with respect to throughput, however.

Finally, over the last decade, there has been a dedicated 
national effort (within the United States) to standardize 
serum creatinine assays by establishing calibration traceabil-
ity to an isotope dilution mass spectrometry (IDMS) refer-
ence standard. Prior to standardization, there was a large 
variability in serum creatinine results among clinical labora-
tories, with roughly 10% to 20% bias being reported in the 
literature.77 This process, which started in 2005, has led to 
standardization of assays, which has led to less variation in 
estimating renal function and more accurate eGFR mea-
surements when used in conjunction with the IDMS-
traceable MDRD (Modification of Diet in Renal Disease) 
study equation.78,79

BLOOD UREA NITROGEN
Blood urea is a low-molecular-weight waste product derived 
from dietary protein catabolism and tissue protein turnover, 
and its levels are inversely correlated with decline in the 
GFR.80 Urea is filtered freely, and a variable amount (approx-
imately 30% to 70%) is reabsorbed predominantly in the 
proximal tubule, with recycling between tubule and inter-
stitium in the kidney medulla. The normal range of urea 
nitrogen in blood or serum is 5 to 20 mg/dL (1.8 to 
7.2 mmol urea per liter).80 The wide reference range reflects 

CREATININE (see also Chapter 26)
Determination of the eGFR using endogenous creatinine is 
cost effective but can be problematic. Creatinine is a break-
down product of creatine and phosphocreatine, which are 
involved in the energy metabolism of skeletal muscle. Cre-
atinine is freely filtered by the glomerulus but is also to a 
lesser extent (10% to 30%) secreted by the proximal tubule. 
Under normal conditions, the daily synthesis of creatinine 
of approximately 20 mg per kg of body weight reflects 
muscle mass and varies little.51

Accumulated data from various studies indicate that  
the creatinine concentration is not an ideal marker for 
diagnosing AKI for a variety of reasons, including the 
following:52-54

1. Creatinine production and its release into the circulation 
vary greatly with age, gender, muscle mass, certain disease 
states, and, to a lesser extent, diet. For example, in rhab-
domyolysis, serum creatinine concentrations may rise 
more rapidly, owing to the release of preformed creati-
nine from the damaged muscle. Also, body creatinine 
production, as measured by 24-hour urinary excretion, 
decreases with older age, falling from a mean of 23.8 mg 
per kg of body weight in men aged 20 to 29 years to 
9.8 mg per kg of body weight in men aged 90 to 99 years, 
largely because of the reduction in muscle mass.55

2. Serum creatinine concentrations are not specific for 
renal tubular injury. For example, intravascular volume 
depletion/“prerenal” factors (severe dehydration, blood 
volume loss, altered vasomotor tone, or age-related 
decrease in renal blood flow) and postrenal factors 
(obstruction or extravasation of urine into the peritoneal 
cavity) may falsely elevate serum concentrations in the 
absence of parenchymal damage. Thus, a decrease in the 
eGFR inferred from an increase in serum creatinine level 
may not distinguish among prerenal, intrinsic renal, and 
postrenal causes of impaired kidney function; this may 
not be the case for some biomarkers of renal tubular 
injury.56 Even in cases in which serum creatinine is ele-
vated as a consequence of direct renal injury, it cannot 
be used to determine the location of the injury (glomeru-
lar vs. tubular, or proximal tubular vs. distal tubular).

3. Static measurement of serum creatinine level does not 
reflect the real-time changes in the GFR resulting from 
acute changes in kidney function because creatinine 
accumulates over time. Given the large amounts of func-
tional kidney reserve in healthy persons and the variable 
amounts of kidney reserve in patients with mild to mod-
erate disease, creatinine is not a sensitive marker.57

4. Drug-induced reduction in tubular secretion of creati-
nine might result in underestimation of kidney function. 
Medications such as cimetidine and trimethoprim inhibit 
creatinine secretion and increase the serum creatinine 
concentration without affecting the true GFR.58,59

5. The creatinine assay is subject to interference by intake of 
certain drugs or by certain pathophysiologic states, includ-
ing hyperbilirubinemia and diabetic ketoacidosis.58

Similarly, the use of serum creatinine levels in CKD is  
also limited by several patient-dependent and patient-
independent variables (including age, race, sex, and 
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(NHANES III) study demonstrated that cystatin C values 
were elevated in more than 50% of those older than 80 
years.88

Despite these minor limitations, cystatin C remains an 
excellent biomarker of CKD and performs on par with, if 
not better than, serum creatinine in some instances.  
Equations for estimating GFR and CKD classification are 
discussed elsewhere in this text (see Chapter 26). In a pro-
spective cohort study of 26,643 Americans enrolled in the 
Reasons for Geographic and Racial Differences in Stroke 
(REGARDS) study, Peralta and colleagues demonstrated 
that cystatin C–based eGFR improves CKD classification/
definition as well as risk stratification (for development of 
ESKD and death) relative to creatinine-based eGFR.89 This 
correlation with mortality was not novel because cystatin C 
demonstrated a stronger risk relationship with mortality 
than creatinine concentration or eGFR in older adults with 
cardiovascular disease.90 In the Cardiovascular Health Study 
cohort of 4637 community-dwelling elderly, higher serum 
cystatin C concentrations were associated with a significantly 
elevated risk of death from cardiovascular causes (hazard 
ratio [HR], 2.27 [95% CI, 1.73 to 2.97]), myocardial infarc-
tion (HR, 1.48 [95% CI, 1.08 to 2.02]), and stroke (HR, 1.47 
[95% CI, 1.09 to 1.96]) after multivariate adjustment. In the 
same study, higher serum creatinine values were not inde-
pendently associated with any of these three outcomes.91 
Furthermore, a study in the general population suggests 
that cystatin C level has a stronger association with cardio-
vascular disease outcomes than creatinine concentration or 
estimated GFR, especially among the elderly.91-93 Thus, 
serum cystatin C levels may be a better marker of kidney 
function than serum creatinine concentration, especially in 
older adults.

In addition to older adults, cystatin C has proved superior 
to serum creatinine in patients infected with human immu-
nodeficiency virus (HIV). Choi and colleagues demon-
strated that cystatin C–based eGFRs outperformed serum 
creatinine levels in the ability to predict 5-year all-cause 
mortality in a cohort of 922 HIV-infected individuals.94 
These findings are mirrored by those from a later study of 
908 HIV-infected women, which demonstrated that CKD 
risk factors are associated with an overestimate of GFR  
by serum creatinine relative to cystatin C and that cystatin 
C significantly improves mortality risk prediction when 
added to a clinical model that already includes serum 
creatinine.95

This concept of using cystatin C in concert with, rather 
than in place of, serum creatinine has been gaining momen-
tum. Using cross-sectional analyses and data from 5352 par-
ticipants from 13 previously published studies, Inker and 
colleagues developed estimation equations using cystatin C 
alone and cystatin C and creatinine combined. They then 
went on to validate these equations in a cohort of 1119 
participants from five different studies. They demonstrated 
that combined equations outperformed the creatinine-
alone equations and in some instances led to an NRI of 
0.194 (P < 0.001).96 Although this study was performed 
predominantly in Caucasians, thus limiting its broad appli-
cability, it demonstrates the potential of cystatin C (and 
other biomarkers) to be used to augment the diagnostic 
scope of serum creatinine rather than to replace it.96 Given 
the mounting clinical evidence and the emergence of 

the influence on BUN of nonrenal factors, including dietary 
protein intake, endogenous protein catabolism, fluid intake, 
and hepatic urea synthesis.80,81 BUN concentrations also 
increase with excessive tissue catabolism, especially in cases 
of fever, severe burns, trauma, high corticosteroid dosage, 
tetracyclines, chronic liver disease, and sepsis.80 In addition, 
any factor that increases the tubular reabsorption of urea, 
including decreased effective arterial volume (i.e., impaired 
renal perfusion) and/or obstruction of urinary drainage, 
increases the BUN concentration.80,82,83 Because of these 
limitations, BUN is a not sensitive and specific marker for 
acute or chronic kidney disease. However, for patients with 
advanced CKD (e.g., CKD 4-5), some authorities have sug-
gested averaging urea clearance and creatinine clearance to 
serve as a more accurate estimate of the true GFR. This 
approach is suggested in part because at these lower levels 
of renal function, creatinine clearance overestimates the 
(secretion) GFR and urea clearance underestimates the 
GFR.84 BUN is measured by spectrophotometry. Because of 
these undesirable limitations of creatinine and BUN as 
markers, there has been a great deal of interest in the iden-
tification of improved biomarkers for kidney injury.

CYSTATIN C
For the last 10 to 15 years, there has been a tremendous 
amount of research investigating serum cystatin C as a 
marker of GFR, and urinary cystatin C excretion has been 
proposed as a tubular injury marker. In 1961, Butler and 
Flynn studied the urine proteins of 223 individuals by starch 
gel electrophoresis and found a new urine protein fraction 
in the post–gamma globulin fraction.85 They named this 
protein fraction cystatin C. Cystatin C is a low-molecular-
weight protein produced at a constant rate by all nucleated 
cells and eliminated exclusively by glomerular filtration. It 
is small (13 kDa) and has a positive charge at physiologic 
pH. It is neither secreted nor reabsorbed by renal tubules 
but undergoes almost complete catabolism by proximal 
tubular cells, and thus, little, if any, appears in the urine 
under normal circumstances. Any impairment of reabsorp-
tion in proximal tubules can lead to marked increases in 
urinary levels of cystatin C in humans and animals. There 
have been a number of studies on the diagnostic potential 
of both serum and urinary cystatin C levels in acute and 
chronic kidney disease in humans.

Chronic Kidney Disease

Because of the short half-life (approximately 2 hours) and 
other properties described earlier, some researchers believe 
that serum cystatin C levels reflect the GFR better than 
creatinine concentration. Initially, it was thought that the 
serum levels of cystatin C would be unaffected by gender, 
age, population ancestry, and muscle mass, but over the last 
several years, multiple studies have demonstrated that these 
factors are in fact associated with altered levels of the bio-
marker.86,87 Notably, cystatin C levels have been shown to be 
associated with factors similar to those associated with cre-
atinine, namely that these levels may be elevated in males, 
taller and heavier patients, and those with higher lean body 
mass.86-88 However, unlike serum creatinine, which is usually 
lower in older adults given their decreased muscle mass, a 
study investigating a subset of more than 7500 subjects from 
the third National Health and Nutrition Examination Survey 
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Zappitelli and colleagues demonstrated that serum cystatin 
C measured within the first 6 postoperative hours was associ-
ated with both stage 1 and stage 2 pediatric AKI. Addition-
ally, postoperative serum cystatin C values were associated 
with adverse patient outcomes, including duration of 
mechanical ventilation and length of ICU stay. However, 
unlike in the adult population, preoperative values were not 
associated with postoperative AKI.109

β-TRACE PROTEIN
β-Trace protein (BTP), also referred to as prostaglandin D 
synthase, has emerged as another promising biomarker for 
GFR. BTP is a small protein with a molecular weight of 23 
to 29 kDa, depending on the size of the glycosyl moiety. BTP 
belongs to the lipocalin protein family, whose members are 
primarily involved in the binding and transport of small 
hydrophobic ligands. It is primarily produced in the cere-
bral fluid, where its concentrations are more than 40-fold 
higher than in the serum. BTP is primarily eliminated by 
glomerular filtration, and its concentrations in urine range 
from 600 to 1200 µg/L.110

The first observation of elevated BTP values in association 
with impaired kidney function was reported by Hoffman 
and associates in 1997.111 Since then, several research studies 
have been conducted to evaluate the sensitivity and specific-
ity of BTP as a marker of GFR and to compare it with serum 
creatinine in patients with CKD112 and in kidney transplant 
recipients. In two separate cohort studies, one adult and one 
pediatric, serum cystatin C was shown to outperform BTP 
for the detection of decreased renal function (as measured 
by inulin clearance), and both markers were shown to out-
perform serum creatinine alone.113,114

Another study, by Donadio and colleagues, evaluated the 
relationship between serum concentration of BTP and GFR 
in comparison with cystatin C levels. Serum concentrations 
of BTP progressively increased with reduced GFR, and 
strong direct correlations were found between GFR and 
serum concentrations of BTP (r = 0.918) and cystatin C (r 
= 0.937). Importantly, no statistically significant difference 
was found between BTP and cystatin C as indicators of mod-
erately impaired kidney function.115

In a later study, Foster and colleagues investigated the 
association of BTP, serum cystatin C, and creatinine-based 
eGFR with all-cause mortality in a subset of patients from 
the NHANES cohort. They analyzed data from 6445 adults 
(enrolled from 1988 to 1994) with follow-up through 
December 2006. All three markers were associated with 
increased mortality after adjustments were made for demo-
graphics. When the mortality risk of the fifth (highest) quin-
tile was compared with that of the third (middle) quintile, 
however, only the associations with BTP (HR, 2.14; 95% CI, 
1.56 to 2.94) and serum cystatin C (HR, 1.94; 95% CI, 1.43 
to 2.62) remained statistically significant (creatinine-based 
eGFR: HR, 1.31; 95% CI, 0.84 to 2.04) (all HR comparing 
the 5th quintile to the middle quintile).116 These effects 
remained significant for both cardiovascular disease– and 
coronary heart disease–associated mortality. Similarly, in 
data from the Atherosclerosis Risk in Communities (ARIC) 
study, BTP was shown to outperform creatinine-based eGFR 
(using the CKD-EPI [Chronic Kidney Disease Epidemiology 
Collaboration] equation) in the prediction of mortality and 
the development of kidney failure.117

automated, relativity inexpensive assays, it is increasingly 
apparent that this biomarker should become a routine part 
of the nephrologist laboratory assessment of CKD and 
points to an increased role for cystatin C in the management 
of patients with CKD.97

Acute Kidney Injury

Given its success as a marker of glomerular filtration, several 
groups have investigated serum cystatin C as a potential 
biomarker of AKI. In a single-center mixed ICU population 
of 85 subjects (44 of whom had RIFLE-classified AKI), 
Herget-Rosenthal and colleagues demonstrated that serum 
cystatin C had excellent diagnostic value, predicting AKI 24 
and 48 hours prior to serum creatinine (AUCs of 0.97 and 
0.82, respectively).98 These data were followed up by a study 
of 442 patients from two separate ICUs demonstrating that 
plasma cystatin C increased earlier than serum creatinine 
and was able to significantly predict several adverse patient 
outcomes, including sustained AKI, death, and dialysis.99 
Similarly, in a study of 202 diverse ICU patients, in 49 of 
whom development of AKI was based on urine output and/
or serum creatinine RIFLE Failure criteria, serum cystatin 
C levels showed excellent predictive value for AKI. However, 
the serum cystatin C concentration did not rise earlier than 
the serum creatinine concentration.100

Outside the ICU, cystatin C levels were shown to be 
capable of detecting a decrease in the GFR after contrast 
agent administration earlier than the serum creatinine 
value in adult patients who underwent coronary angiogra-
phy.101 In a prospective study of 87 patients who underwent 
elective catheterization, contrast medium–induced nephrop-
athy occurred in 18 patients, and ROC analysis showed a 
higher AUC for cystatin C level than for serum creatinine 
concentration (0.933 vs. 0.832; P = 0.012). When a cutoff 
value of more than 1.2 mg/L was used, cystatin C level 
before catheterization exhibited 94.7% sensitivity and  
84.8% specificity for predicting contrast medium–induced 
nephropathy.102

Serum cystatin C has been studied as a biomarker for 
both early AKI (rising earlier than serum creatinine) and 
AKI severity, with several smaller studies providing mixed 
results.103-106 The larger multicenter Translational Research 
Investigating Biomarker Endpoints in AKI (TRIBE-AKI) 
study investigated several aspects of serum cystatin C follow-
ing both adult and pediatric cardiac surgery. In 1147 adults, 
Shlipak and colleagues demonstrated that preoperative 
serum cystatin C values outperformed serum creatinine and 
creatinine-based eGFRs in its ability to forecast postopera-
tive AKI. After adjustment for clinical variables known to 
contribute to AKI, serum cystatin C had a C-statistic (a 
measure akin to the AUC of a ROC) of 0.70 and an NRI of 
0.21 in comparison with serum creatinine (P < 0.001).107 
However, when this same group investigated sensitivity and 
rapidity of AKI detection (defined as 25%, 50%, and 100% 
increases from preoperative values) by postoperative 
changes in serum cystatin C, they did not find a clear advan-
tage over changes in serum creatinine. In fact, they con-
cluded that serum cystatin C was less sensitive for AKI 
detection; however, serum cystatin C did appear to identify 
a subset of patients with adverse outcomes.108 This failure of 
postoperative serum cystatin C in adults contrasts starkly 
with the results in 288 children undergoing cardiac surgery. 
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as well as cell debris, and the latter may not necessarily 
reflect disease status. An improved and standardized labora-
tory method is urgently needed to facilitate measurement 
of urinary podocyte number. Alternative methods that indi-
rectly assess the number of podocytes in urine include 
detection of messenger RNA (mRNA) and protein levels of 
podocyte-specific proteins by polymerase chain reaction 
(PCR) and enzyme-linked immunosorbent assay (ELISA), 
respectively.

PODOCALYXIN
Podocalyxin is the most commonly used marker protein for 
detecting podocytes in urine.139 A highly O-glycosylated and 
sialylated type I transmembrane protein of approximately 
140 kDa, podocalyxin is expressed in podocytes, hematopoi-
etic progenitor cells, vascular endothelial cells, and a subset 
of neurons.139 Podocalyxin participates in a number of cel-
lular functions through its association with the actin cyto-
skeleton, ezrin, and Na+-H+-exchanger regulatory factors 1 
and 2 (NHERF-1 and NHERF-2) proteins. Urinary podoca-
lyxin has been reported as a marker of activity in a number 
of diseases, including IgA nephropathy, Henoch-Schönlein 
purpura, diabetic nephropathy, lupus nephritis, poststrepto-
coccal glomerulonephritis, focal segmental glomeruloscle-
rosis, and preeclampsia.140-147 Podocalyxin has been reported 
to be the most reproducible marker for podocyte injury in 
the urine. Measurements of podocalyxin protein in the 
urine by ELISA also correlated with histologic changes and 
disease activity in children with IgA nephropathy, Henoch-
Schönlein purpura, lupus nephritis, membranoproliferative 
glomerulonephritis, and poststreptococcal glomerulone-
phritis.140,148,149 Several studies have also shown that the 
number of podocalyxin-positive cells in the urine falls after 
various therapeutic interventions in patients with focal 
segmental glomerulosclerosis, lupus nephritis, Henoch-
Schönlein purpura, IgA nephropathy, poststreptococcal  
glomerulonephritis, and diabetic nephropathy.136,140,148,149 
Unfortunately, because podocalyxin is expressed on a 
number of cell types, the presence of podocalyxin in the 
urine is not always reflective of urinary podocytes.

NEPHRIN
Nephrin, a transmembrane protein of the immunoglobulin 
superfamily, is a component of the filtration slit diaphragm 
between neighboring podocytes.150,151 Immunohistochemi-
cal analysis and in situ hybridization have shown that 
nephrin is primarily expressed in glomerular podocytes.152 
On the basis of these observations, it has been proposed that 
nephrin is a key component of the glomerular filtration 
barrier, which plays a pivotal role in preventing protein 
leakage. Various experimental models of diabetes and 
hypertension show alterations in nephrin mRNA or protein 
levels in glomeruli. In experimental models of diabetes, 
glomerular nephrin mRNA expression was reduced, but 
treatment with an angiotensin-converting enzyme (ACE) 
inhibitor or angiotensin II antagonist was able to abrogate 
this reduced expression.153,154 Langham and associates 
examined renal biopsy specimens from 14 patients with type 
2 diabetes and nephropathy who had been randomly 
assigned to receive treatment with either the ACE inhibitor 
perindopril (4 mg/day) or placebo for the preceding 2 
years.155 They reported that glomeruli from placebo-treated 
patients with diabetic nephropathy showed a significant 

Concentrations of BTP are not affected by commonly 
used immunosuppressive medications such as prednisone, 
mycophenolate mofetil, and cyclosporine.118 This feature is 
especially useful in the evaluation of kidney function in 
kidney transplant recipients, in whom cystatin C concentra-
tions may be falsely elevated as a result of steroid treat-
ment.119 Unlike with serum creatinine values, age and race 
were not associated with BTP concentrations. Several new 
GFR estimation equations based on BTP have been devel-
oped for use in kidney transplant recipients.118,119 However, 
these equations require external validation in larger and 
more diverse patient groups. In contrast to creatinine, one 
limitation of using BTP is lack of widespread availability and 
standardization of the assay.

URINARY GLOMERULAR CELL INJURY MARKERS

Defects in podocyte structure have been reported in many 
glomerular diseases, which have been classified as “podocy-
topathies.”120,121 Injured podocytes have been reported in 
immunologic and nonimmunologic forms of human glo-
merular disease, including hemodynamic injury, protein 
overload states, injury from environmental toxins, minimal 
change disease, focal segmental glomerulosclerosis, mem-
branous glomerulopathy, diabetic nephropathy, and lupus 
nephritis.122-127 Podocytes may be injured in many forms of 
human and experimental primary glomerular disease and 
in secondary forms of focal segmental glomerulosclerosis, 
including that caused by hypertension, diabetes, and tubu-
lointerstitial disease.128-130 Before detachment from the glo-
merular basement membrane, podocytes undergo structural 
changes, including effacement of foot processes and micro-
villous transformation.120,121,131,132

PODOCYTE COUNT
After undergoing the aforementioned structural changes, 
podocytes detach from glomerular basement membrane 
and are excreted into the urine. Urinary levels of viable 
podocytes have been extensively studied in several renal 
diseases.133-136 Numerous studies have reported that the 
number of podocytes shed is significantly higher in patients 
with active glomerular disease than in healthy controls and 
in patients with inactive disease. Importantly, podocyte 
number in urine correlates with disease activity (assessed by 
renal biopsy) and has been shown to decline with treatment. 
For example, Nakamura and colleagues found podocytes in 
the urine of patients with type 2 diabetes with microalbu-
minuria and macroalbuminuria, but not in the urine of 
patients with diabetes without albuminuria, suggesting that 
urinary podocytes may represent the active phase of diabetic 
nephropathy.137 Numerous studies have linked podocytope-
nia and disease severity in immunoglobulin A (IgA) 
nephropathy133,134 and diabetic nephropathy.135,136 Addition-
ally, in a study of 42 preterm neonates receiving indometha-
cin, the number of podocytes excreted in the urine was 
higher when compared to controls not receiving a known 
nephrotoxin, potentially linking podocytes and nephrotoxin-
induced kidney injury.138 Thus, urinary levels of podocytes 
may reflect real-time changes in disease activity.

The methods used to count urinary podocytes, however, 
are limited by several factors: (1) cytologists are needed to 
perform the counting, (2) the process is very time consum-
ing, and (3) urine sediments contain whole viable podocytes 
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Several later studies have looked at the potential of using 
urine microscopy in combination with other biomarkers for 
tubular injury with varying degrees of success.171-173 In the 
near future, urine microscopy, a current mainstay in the 
clinical diagnosis of AKI, could be used in concert with 
markers of glomerular function and validated biomarkers 
of tubular injury to diagnose AKI.

α1-MICROGLOBULIN

α-Microglobulin is a low-molecular-weight glycoprotein of 
approximately 27 to 30 kDa and a member of the lipocalin 
superfamily. It is primarily synthesized by the liver and is 
available both in free form and as a complex with IgA.176 
α1-Microglobulin has been detected in human serum, urine, 
and cerebrospinal fluid. Urine and serum values have been 
found to be elevated in patients with renal tubular diseases. 
α1-Microglobulin is freely filtered at the glomerulus and 
completely reabsorbed and catabolized by the normal proxi-
mal tubule. Megalin mediates the uptake of this protein  
in the proximal tubule. Therefore, an increase in the  
urinary concentration of α1-microglobulin indicates proxi-
mal tubular injury or dysfunction. The urinary levels of α1-
microglobulin are influenced by age. The normal range in 
populations younger than 50 years is less than 13 mg per g 
of creatinine and in those 50 years or older is less than 
20 mg per g of creatinine.176 In comparison with β2-
microglobulin, α1-microglobulin is more stable over a range 
of pH levels in the urine,177 making it a more acceptable 
urinary biomarker.

ACUTE KIDNEY INJURY
α1-Microglobulin quantitation in the urine has been 
reported as a sensitive biomarker for proximal tubule  
dysfunction in both adults and children.176,178 In a small 
cohort, 73 patients, of whom 26 required renal replacement 
therapy (RRT), Herget-Rosenthal and colleagues compared 
levels of α1-microglobulin, β2-microglobulin, cystatin C, 

reduction in nephrin expression compared with those from 
control subjects. This finding is in line with experimental 
models demonstrating that urinary nephrin excretion is 
increased in the setting of active podocyte/glomerular 
injury and that excretion is attenuated in the presence of 
RAAS (renin angiotensin aldosterone system) blockers.156 In 
both placebo- and perindopril-treated patients, a close 
inverse correlation was observed between the magnitude of 
nephrin gene expression and the degree of proteinuria.155 
In accordance with these observations, nephrin has been 
reported in urine (nephrinuria) in several experimental 
and human proteinuric diseases, including hypertension, 
diabetes, and pre-eclampsia.147,157-160 Because nephrin is 
known to be expressed in pancreatic β-cells, there was spec-
ulation that β-cells may release nephrin into the serum, 
which is ultimately excreted in the urine. However, Patari 
and colleagues demonstrated that nephrin was absent in the 
sera of nephrinuric patients.161 Thus, urinary nephrin is 
most likely produced by the kidneys.

URINARY TUBULAR INJURY MARKERS

Microscopic examination of the urine has been used for 
many years to gain insight into the severity of glomerular 
and tubular injury. Other components of the urine have 
been used to quantitate tubular cell injury in a more specific 
and sensitive fashion. These markers have been demon-
strated to be extremely valuable in detecting kidney injury 
in the setting of AKI. Moreover, some of these biomarkers, 
such as interleukin-18 (IL-18), kidney injury molecule-1 
(KIM-1), neutrophil gelatinase–associated lipocalin 
(NGAL), and liver-type fatty acid–binding protein (L-FABP), 
have been shown to be potentially useful in a variety of 
contexts in both acute and chronic kidney injury. Here, the 
utility of urine microscopy is described briefly and some of 
the emerging biomarkers of tubular injury are discussed.

URINE MICROSCOPY

Urine microscopy with sediment examination is a time-
honored test that is routinely used to assist in the diagnosis 
of kidney injury.162-164 The urine from patients with tubular 
injury typically contains proximal tubular epithelial cells, 
proximal tubule epithelial cell casts, granular casts, and 
mixed cellular casts. Patients with predominantly prerenal 
azotemia occasionally have hyaline or fine granular casts in 
their urine.165-167 Several studies have shown that the increase 
in urinary cast excretion correlates well with AKI.166,168,169 
Marcussen and associates demonstrated that patients with 
tubular injury had a high number of granular casts than 
those with prerenal azotemia.168

There has now been a resurgence in urinalysis sediment 
scoring systems for the diagnosis of AKI.167,170 Several of 
these systems have shown excellent specificity for AKI and 
correlate well with severity of AKI.170-172 However, their wide-
spread acceptance has been hampered by the relatively 
modest sensitivity of urine microscopy for detecting 
AKI.167,170,173,174 Urine microscopy remains a user-dependent 
tool that displays a tremendous amount of interphysician 
variability, a feature that likely contributes to its suboptimal 
sensitivity for AKI.175 Three of the most widely reported 
urine microscopy scoring systems are reviewed in Table 30.5.

Table 30.5  Review of Urine Microscopy 
Scoring Systems

Study Scoring System

Chawla et al 
2008170

Grade 1: No casts or RTEs
Grade 2: At least 1 cast or RTE but <10% 

of LPF
Grade 3: Many casts or RTEs (between 

10% and 90% of LPF)
Grade 4: Sheet of muddy brown casts and 

RTEs in >90% of LPF
Perazella et al 

2010171
0 points: No casts or RTEs seen
1 point each: 1-5 casts per LPF or 1-5 

RTEs per HPF
2 points each: ≥6 casts per LPF or ≥6 RTEs 

per HPF
Bagshaw et al 

2011173
0 points: No casts or RTEs seen
1 point each: 1cast or 1 RTE per HPF
2 points each: 2-4 casts or RTEs per HPF
3 points each: ≥5 casts or ≥5 RTEs per HPF

LPF, Low-power field; HPF, high-power field; RTE, renal tubule 
epithelial (cell).
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urine collections, the concentration of β2-microglobulin in 
healthy individuals is typically 160 µg/L or less or 300 µg 
per g of creatinine or less. Unlike serum levels of urea, those 
of β2-microglobulin are not influenced by food intake, 
making this polypeptide an attractive marker for malnour-
ished patients with low serum urea levels. In patients with 
CKD, increases in serum β2-microglobulin levels reflect the 
decrease in glomerular function. In patients with ESKD, 
serum levels of β2-microglobulin are usually in the range of 
20 to 50 mg/L. β2-Microglobulin accumulation is linked to 
toxicity because the molecule precipitates and forms fibril-
lary structures and amyloid deposits, particularly in bone 
and periarticular tissue, leading to the development of 
carpal tunnel syndrome and erosive arthritis.190,191 Eleva-
tions of β2-microglobulin have been reported in several 
AKI and CKD clinical settings, including in cadmium  
toxicity192 and following cardiac surgery,193,194 liver transplan-
tation,195 and renal transplantation.196 In idiopathic mem-
branous nephropathy, β2-microglobulin level was identified 
as a superior independent predictor of the development of 
renal insufficiency.197 Other studies have reported that β2-
microglobulin performs as well as, if not better than, serum 
creatinine for the detection of acute kidney injury in criti-
cally ill children198 or after cardiac surgery in adults.194

Serum concentrations of β2-microglobulin should be 
interpreted cautiously because they are altered significantly 
in various diseases, including rheumatoid disorders and 
several types of cancers.199,200 Initially, it was believed that the 
increase in β2-microglobulin levels in CKD is solely due to 
declines in kidney function, but later studies have shown 
that other factors, including increased synthesis of β2-
microglobulin, may contribute in patients with ESKD.201 
Another significant drawback associated with the use of 
urinary β2-microglobulin as a marker of kidney injury is its 
instability in urine at room temperature, particularly when 
the pH is less than 5.5; for this reason, the urine should  
be alkalinized and frozen at −80° C immediately after 
collection.191,202

GLUTATHIONE S-TRANSFERASE

Primarily two subtypes of the enzyme glutathione 
S-transferase (GST) are found in the kidney. α-GST is found 
mainly in the proximal tubular cells, whereas π-GST is found 
predominantly in the distal tubular epithelial cells. Eleva-
tion of urinary α-GST has been reported in several animal 
models treated with nephrotoxic drugs or after ischemic 
renal injury.203,204 However, in a prospective study of patients 
with sepsis admitted to the ICU, α-GST levels were no dif-
ferent in patients in whom AKI developed and in patients 
without AKI. π-GST levels were higher in all patients with 
sepsis than in healthy volunteers but π-GST levels were not 
predictive of AKI as defined by the AKIN criteria.205 In one 
prospective study, the value of tubular enzyme levels in pre-
dicting AKI was assessed in 26 critically ill adult patients 
admitted to the ICU. AKI developed in 4 patients, and  
ROC analysis showed that γ-glutamyl transpeptidase, π-GST, 
α-GST, alkaline phosphatase, and NAG had excellent dis-
criminating power for AKI (AUCs = 0.950, 0.929, 0.893, 
0.863, and 0.845, respectively).206 Both α-GST and π-GST 
have demonstrated limited ability to detect AKI following 
adult cardiac surgery.42,207 However, in a small single-center 

retinol-binding protein, α-glutathione S-transferase (α-
GST), lactate dehydrogenase, and N-acetyl-β-D-
glucosaminidase (NAG) early in the course of AKI. They 
found that urinary cystatin C and α1-microglobulin had the 
highest ability to predict the need for RRT.179 In this study, 
urinary α1-microglobulin had an AUC of 0.86 for prediction 
of the need for RRT. This is similar to the results reported 
by Zheng and associates, who measured α1-microglobulin 
levels in 58 children undergoing cardiac surgery and found 
that levels were higher in those in whom AKI developed 
(AKIN criteria). Four hours after cardiopulmonary bypass, 
α1-microglobulin provided an AUC of 0.84 (95% CI, 0.72 to 
0.95) with a value of 290 mg/g, providing a sensitivity of 
90% and a specificity of 79%.180 However, follow-up studies 
have reported mixed results, with Martensson and col-
leagues finding no difference in α1-microglobulin levels 
between those with and those without AKI in the setting of 
sepsis and septic shock in a small, prospective, single-center 
study of 45 subjects.181

α1-Microglobulin levels at the time of arrival at the emer-
gency department (ED) have also demonstrated the ability 
to correlate with the development of AKI, with an AUC of 
0.88 and a cutoff value of 35mg/g providing reasonable 
sensitivity (80%) and specificity (81%). However, α1-
microglobulin level did not remain an independent predic-
tor of AKI in the multivariate model (odds ratio [OR] 1.85; 
95% CI, 0.80 to 4.31).182 In addition, α1-microglobulin has 
been reported as a useful marker for proximal tubular 
damage and recovery in early infancy and has been shown 
to correlate with tubular atrophy and interstitial fibrosis on 
renal transplant biopsy 1 year after transplantation.183,184

CHRONIC KIDNEY DISEASE
There have been fewer studies investigating α1-
microglobulinin in the setting of CKD, and limited studies 
demonstrate that this condition may correlate with disease 
activity and proximal tubule damage in the setting of dia-
betic nephropathy as well as idiopathic membranous 
nephropathy.185,186 Limitations associated with the use of 
α1-microglobulin level include the variation in serum levels 
with age, gender,187 and clinical conditions, including liver 
diseases,176 ulcerative colitis,188 HIV infection, and mood 
disorders,176 as well as the lack of international standardiza-
tion. Urinary α1-microglobulin is measured by an immuno-
nephelometric assay.

β2-MICROGLOBULIN

β2-Microglobulin is a low-molecular-weight polypeptide with 
a molecular weight of 11.8 kDa. It is present on the cell 
surfaces of all nucleated cells and in most biologic fluids, 
including serum, urine, and synovial fluid. β2-Microglobulin 
is normally excreted by glomerular filtration, reabsorbed 
almost completely (approximately 99%), and catabolized by 
the normal proximal tubule in humans.189,190 Megalin medi-
ates the uptake of this protein in the proximal tubule.190 In 
healthy individuals, approximately 150 to 200 mg of β2-
microglobulin is synthesized daily with a normal serum  
concentration of 1.5 to 3 mg/L. Any pathologic state that 
affects kidney function results in an increase in β2-
microglobulin levels in the urine because of the impeded 
uptake of β2-microglobulin by renal tubular cells. For spot 
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and macrophages. Animal studies indicate that IL-18 is a 
mediator of acute tubular injury, including both neutrophil 
and monocyte infiltration of the renal parenchyma.215,216 
Studies have shown that caspase-1 knockout mice experi-
enced the same degree of ischemic AKI as wild-type mice 
injected with an IL-18–neutralizing antiserum, demonstrat-
ing that IL-18 is an important mediator of ischemic AKI.216 
Others have shown that IL-18 plays a major role in macro-
phage activation, with mice engrafted with IL-18–deficient 
bone marrow experiencing less AKI than those with IL-18–
replete marrow.217 Similarly, in IL-18 knockout mice with 
AKI, tumor necrosis factor-α, inducible nitric oxide syn-
thase, macrophage inflammatory protein-2, and monocyte 
chemoattractant protein-1 mRNA expression are all 
decreased, speaking to the deleterious impact of IL-18 in 
AKI. In the human kidney, IL-18 is induced and cleaved 
mainly in the proximal tubules and released into the  
urine. IL-18 has been shown to participate in a variety of 
renal disease processes, including ischemia-reperfusion 
injury, allograft rejection, infection, autoimmune condi-
tions, and malignancy. IL-18 is easily and reliably measured 
in urine by commercially available ELISA and microbead-
based assays.

ACUTE KIDNEY INJURY

Several studies have demonstrated the usefulness of IL-18 
as a biomarker for detection of AKI. Originally, Parikh and 
associates studied a group of 72 patients and reported 
urinary IL-18 levels significantly higher in patients diag-
nosed with acute tubular necrosis (ATN) than in patients 
with prerenal azotemia or urinary infection and in healthy 
control subjects with normal renal function.218 Since then, 
several large multicenter studies have gone on to investigate 
the ability of IL-18 to detect AKI in a variety of clinical 
settings.

The TRIBE-AKI Consortium measured IL-18 in 1219 
adults who underwent cardiac surgery. Identification of 
those at high risk for postoperative AKI required the pres-
ence of one of the following: (1) emergency surgery, (2) 
preoperative serum creatinine higher than 2 mg/dL, (3) 
left ventricular ejection fraction < 35%, (4) New York Heart 
Association stage III or IV heart failure—left ventricular 
function, (5) age more than 70 years, (6) preexisting diabe-
tes mellitus, (7) and concomitant coronary artery bypass 
grafting (CABG) and valve surgery or (8) repeat cardiac 
surgery. Those with preoperative AKI, kidney transplants, 
ESKD, or a preoperative serum creatinine higher than 
4.5 mg/dL were excluded. After dividing the cohort into 
quintiles according to IL-8 level, compared to the lowest 
quintile, the highest quintile of IL-18 was associated with a 
6.8-fold higher risk of AKI, defined as a postoperative dou-
bling of serum creatinine or requirement for acute dialy-
sis.219 The first postoperative concentration of IL-18 (0-6 
hours) provided an AUC of 0.74, which increased to 0.76 
after IL-18 values were combined with a clinical model of 
factors known to impact AKI risk. The TRIBE-AKI pediatric 
cohort (311 children) reported results in line with the 
TRIBE adult study, in which the highest quintile of IL-8 
values was associated with 9.4-fold increased risk of AKI 
(doubling of serum creatinine or dialysis) in comparison 
with the lowest quintile. The effect was slightly attenuated 

study of 123 subjects, π-GST did demonstrate the ability to 
detect which patients with AKIN stage 1 AKI would go on 
to progress to stage 3 or need RRT (AUC = 0.86; P = 0.002); 
however, to date, these data have not been validated in a 
larger cohort.42

In kidney transplant recipients, increased levels of α-GST 
were associated with cyclosporine A toxicity, whereas π-GST 
elevation was associated with acute allograft rejection.208 In 
a cross-sectional study of patients with diabetes, the relation-
ships between urine albumin/creatinine ratio and urinary 
levels of collagen IV, α-GST, and π-GST were assessed. Levels 
of all three markers were directly (albeit weakly) correlated 
with urine albumin/creatinine ratio, but a progressive 
increase in the proportion of patients with abnormal bio-
marker levels in those with normal urine albumin levels, 
microalbuminuria, and macroalbuminuria was observed 
only for collagen IV and π-GST.209

HEPCIDIN-25

Hepcidin-25, a 2.8-kDa hormonal regulator of iron metabo-
lism, is produced in the liver, heart, and kidney. Hepcidin 
binds and induces the internalization and degradation of 
the transmembrane iron exporter ferroportin.210 Hepcidin 
acts to downregulate iron uptake and reduce extracellular 
iron availability from stored iron.211 Given its link to iron 
metabolism and the fact that free iron is known to be 
released in the setting of the ischemia reperfusion injury 
and oxidative stress that occurs with cardiopulmonary 
bypass, urinary hepcidin-25 has been investigated as a 
marker of kidney injury following cardiac surgery. Ho and 
colleagues identified urinary hepcidin-25 in a nested case-
control study of 44 adults who underwent cardiac surgery. 
Using surface-enhanced laser desorption/ionization time-
of-flight mass spectrometry (SELDI-TOF-MS) on urine 
samples from 22 individuals in whom at least RIFLE Risk 
category AKI developed and 22 individuals whose creatinine 
did not increase more than 10% from baseline during the 
postoperative period (no AKI), these researchers found that 
hepcidin-25 was dramatically upregulated in the urine of 
patients with no AKI.212 Taking this a step further, the same 
group quantified the concentration of hepcidin in the urine 
(normalized to urine creatinine) and demonstrated that 
concentrations were higher in those who did not go on to 
have postoperative AKI (P < 0.0005). In a multivariate analy-
sis, hepcidin-25 was significantly associated with the avoid-
ance of AKI with urinary concentrations on postoperative 
day 1, providing an AUC of 0.80.213 The data from this small 
study have been corroborated by those from another 
modest-sized cohort of 100 adults undergoing cardiopulmo-
nary bypass. Haase-Fielitz and associates demonstrated that 
6 hours after cardiopulmonary bypass, urinary hepcidin-25 
levels were lower in the nine subjects in whom RIFLE-based 
AKI developed than in those with no AKI (AUC = 0.80; P = 
0.004).214 These results warrant further preliminary investi-
gations in other AKI settings as well as prompt validation in 
a larger cohort of cardiac surgery patients.

INTERLEUKIN-18

IL-18 is an 18-kDa proinflammatory cytokine that is acti-
vated by caspase-1 and is produced by renal tubular cells 
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In a single-center study of 339 mixed surgical and medical 
ICU patients, Doi and colleagues demonstrated that IL-18 
values were significantly elevated in those with both estab-
lished and newly diagnosed AKI at the time of ICU arrival. 
Although biomarker concentrations and AUCs were higher 
in those with established AKI (AUC = 0.78) than in those 
with newly diagnosed AKI (AUC = 0.59), concentrations and 
AUCs in both of these subgroups were significantly different 
from those in the “no AKI” cohort. In this same study, IL-18 
levels were significantly higher in nonsurvivors.226 These 
results were fairly similar to those reported by Nikolas and 
colleagues, who measured urinary biomarkers in 1635 ED 
patients at the time of admission and compared the values 
with adjudicated AKI outcomes in which prerenal AKI was 
defined as RIFLE Risk category that returned to baseline 
within 72 hours and was in the clinical setting, suggesting 
decreased transient effective circulating volume. These 
researchers demonstrated that IL-18 values for patients with 
more severe intrinsic AKI were significantly higher than 
those for patients with prerenal AKI. However, there was no 
difference in values between those with prerenal AKI and 
those with no AKI.227

When measured at kidney transplantation, IL-18 level 
accurately predicted delayed graft function (AUC = 0.90) 
and predicted the rate of decline in serum creatinine con-
centration.228 In patients with diabetic kidney disease and 
proteinuria, IL-18 levels in renal tubular cells are higher 
than in patients with nondiabetic proteinuric disease.229 To 
understand the utility of IL-18 and urinary NGAL in predict-
ing graft recovery after kidney transplantation, Hall and 
colleagues conducted a prospective, multicenter, observa-
tional cohort study of recipients of deceased-donor kidney 
transplants.230 They collected serial urine samples from 91 
patients for 3 days after transplantation. After adjustment for 
recipient and donor age, cold ischemia time, urine output, 
and serum creatinine concentration, NGAL and IL-18 con-
centrations accurately predicted the need for dialysis in 
transplant recipients. Furthermore, NGAL and IL-18 con-
centrations predicted graft recovery up to 3 months later.230 
In further follow-up of this cohort, urine IL-18 concentra-
tions collected at the time of surgery were correlated with 
graft outcomes 1 year after transplantation. Upper median 
values of IL-18 on the first postoperative day had an adjusted 
OR of 5.5 (95% CI, 1.4 to 21.5) and poor graft function, 
defined as a GFR < 30 mL/min or return to RRT.231

In a study by Ling and associates involving patients who 
underwent coronary angiography, urinary IL-18 and NGAL 
concentrations were significantly increased at 24 hours after 
the procedure in those in whom contrast medium–induced 
nephropathy developed but not in the control group. ROC 
curve analysis demonstrated that both IL-18 and NGAL 
showed better performance in early diagnosis of contrast 
nephropathy than serum creatinine (P < 0.05). Importantly, 
elevated urinary IL-18 concentrations 24 hours after con-
trast administration were also found to be an independent 
predictive marker for later major cardiac events (relative 
risk [RR] = 2.1).232

CHRONIC KIDNEY DISEASE
There is promising data about IL-18 in the setting of CKD. 
In the Women’s Interagency HIV study, urine IL-18 levels 
were independently associated with a more rapid loss of 
renal function after multivariate adjustment.233 In this 

after adjustments were made for clinical factors known to 
impact AKI (adjusted OR, 28.8; 95% CI, 6.9 (1.7 to 28.8).220

In a secondary analysis of the adult cohort, Koyner and 
associates demonstrated that IL-18 value at the time of AKI 
can identify those with early AKI (AKIN stage 1) who will 
progress to more severe stages of AKI (AKIN stage 2 or 3). 
Of the 380 adults in whom at least stage 1 AKI developed, 
45 went on to have stage 2 or 3 disease. In the entire cohort, 
those whose IL-8 values were in the fifth quintile were at 
increased risk for development of progressive AKI (OR, 
3.63; 95% CI, 1.64 to 8.03) and this effect was only slightly 
attenuated after adjusting for the clinical model (OR, 3.00; 
95% CI, 1.25 to 7.25).221

Finally, when investigated in a separate secondary analysis 
of this cohort, IL-18 concentrations collected in the immedi-
ate postoperative period were associated with long-term 
mortality following cardiac surgery. This later investigation 
provided a median follow-up of 3.0 years (interquartile 
range [IQR], 2.2 to 3.6), during which 139 of the 1199 
subjects died (50 deaths per 1000 person-years). After 
adjustments were made for clinical factors known to affect 
mortality, in patients without AKI (n = 792), those whose 
IL-18 values were in the third tertile were at increased risk 
of long-term mortality in comparison with those whose 
values were in the first tertile (adjusted HR, 1.23; 95% CI, 
1.02 to 1.48). This effect was magnified in those subjects 
with perioperative AKI (n = 407), in whom those with values 
in the third tertile had an adjusted hazard ratio of 3.16 (95% 
CI, 1.53 to 6.53) in comparison with the reference cohort. 
Thus IL-18 provides additional prognostic information 
about long-term postoperative mortality in patients with and 
without AKI.222

When investigated in the setting of critical illness and ICU 
admission, IL-18 has not demonstrated the same robust 
results. In a study of 451 critically ill subjects, in 86 of whom 
AKI developed within the first 48 hours, Siew and colleagues 
demonstrated that urine IL-18 did not reliably predict AKI. 
Although IL-18 levels at the time of ICU admission were 
higher in those who went on to have AKI, the AUC was 0.62 
(95% CI, 0.54 to 0.69) and only marginally improved to 0.67 
after the exclusion of those with prior known CKD (eGFR 
> 75 mL/min). Despite the inability to reliably detect AKI, 
urine IL-18 levels did correlate with other adverse patient 
outcomes, including the need for RRT and 28-day mortal-
ity.223 This poor performance in the setting of critical illness 
has been corroborated by other studies, including a post 
hoc analysis of data from the EARLYARF trial. In this pro-
spective observational study in two large general ICUs (n = 
529), IL-18 provided an AUC of only 0.62 for the diagnosis 
of AKIN stage 1 AKI but once again performed much better 
at forecasting the need for RRT or death (within 7 days). 
Unlike other biomarker studies, this IL-18 study did not 
demonstrate improved predictive powers with the cohort 
stratified according to pre-admission CKD stage.224 In a 
separate post hoc analysis of the same EARLYARF cohort, 
urinary IL-18 concentrations were shown to be significantly 
higher in patients with prerenal azotemia (defined as  
AKI that recovered within 48 hours of ICU admission  
and was associated with a fractional excretion of sodium  
< 1%; n = 61) than in those with no AKI (n = 285). 
There was a trend toward higher values in those with  
AKI (n = 114, non-prerenal) than in those with prerenal AKI 
(P = 0.053).225
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was associated with a risk of AKI (defined as postoperative 
doubling of serum creatinine concentration or need for 
acute dialysis) 6.2-fold greater than that for the lowest KIM-1 
values. This risk remained significant (4.8-fold) after adjust-
ment of data for the clinical model used (age, race, sex, 
cardiopulmonary bypass time, non-elective surgery, preop-
erative GFR, diabetes, hypertension, and study center). The 
effect was completely attenuated after urinary IL-18 and 
plasma and urine NGAL were included in the model.250 As 
for the long-term mortality in the TRIBE cohort, the third 
tertile of perioperative KIM-1 concentrations was found to 
be associated with increased mortality. In patients without 
AKI (n = 792), the third tertile had an adjusted HR of 1.83 
(95% CI, 1.44 to 2.33), whereas in the 407 subjects with AKI, 
the adjusted HR was slightly higher, at 2.01(95% CI, 1.31 to 
3.1).222 In the pediatric cohort, those with KIM-1 values in 
the fifth quintile were at increased risk of AKI in the unad-
justed analysis; however, this effect failed to remain signifi-
cant after a pediatric adjustment model was applied.250

The data on KIM-1 in the setting of critical illness–related 
AKI have been just as mixed as the perioperative results, 
with KIM-1 providing an AUC of 0.66 (95% CI, 0.61 to 0.72) 
for the diagnosis of AKI in samples from the EARLYARF 
study. The results were less impressive with regard to the 
prediction of dialysis (AUC = 0.62) or death (AUC = 0.56) 
within the first week following ICU admission.224 In the 
cohort of 529 mixed ICU patients, KIM-1 outperformed 
other biomarkers in its ability to detect AKI at the time of 
ICU admission in those with a preadmission GFR < 60 mL/
min (AUC, 0.7; 95% CI, 0.58 to 0.82). In a separate post hoc 
analysis of this cohort, KIM-1 levels demonstrated a signifi-
cant stepwise increase in the comparison of those with no 
AKI (median serum creatinine 170 µg/mmol [IQR, 69 to 
445]), those with prerenal AKI (median serum creatinine 
291 µg/mmol [IQR, 121 to 549]), and those with intrinsic 
AKI (lasting more than 48 hours) (serum creatinine 376 µg/
mmol [IQR, 169 to 943]).225 In addition, KIM-1 demon-
strated the ability to forecast the development of intrinsic 
AKI at the time of ED arrival with an AUC of 0.71 (95% CI, 
0.65 to 0.76; P < 0.001). KIM-1 values again increased in a 
stepwise fashion, values being lowest in those with no AKI 
or CKD and rising in other subjects in the following order: 
stable CKD, prerenal AKI, and intrinsic AKI. Additionally, 
KIM-1 values were able to forecast inpatient mortality and 
the need for RRT.227

The usefulness of KIM-1 has been demonstrated not only 
as a urinary marker but also as a tool for evaluating kidney 
injury in kidney biopsy specimens by immunohistochemical 
methods. For example, Van Timmeren and associates found 
that the level of KIM-1 protein expression in proximal 
tubular cells correlated with tubulointerstitial fibrosis and 
inflammation in kidney tissue specimens from 102 patients 
who underwent kidney biopsy for a variety of kidney dis-
eases.252 In a subset of patients whose urine was collected 
near the time of biopsy, urinary KIM-1 levels correlated with 
tissue KIM-1 expression in 100% of biopsy samples from 
patients with deterioration in kidney function and histo-
logic changes indicative of tubular damage. In biopsy speci-
mens from transplanted kidneys, greater KIM-1 staining was 
detected in 100% of patients with deterioration of kidney 
function and pathologic changes indicating tubular injury, 
in 92% of patients with acute cellular rejection, and in 28% 
of patients with normal biopsy findings.253 In contrast, Hall 

cohort study of 908 HIV-infected women, urine IL-18 was 
the only biomarker (KIM-1 and albumin to creatinine ratio 
[ACR] were also measured) that was associated with worsen-
ing renal function over time, as measured by eGFR–cystatin 
C. Urine IL-18 predicted an increased RR of renal function 
decline between 1.4 and 2.16, depending on the model 
used. In a follow-up study, the same group measured urine 
IL-18 in 908 HIV-infected and 289 noninfected women in 
the Women’s Inter-agency HIV study.234 This cross-sectional 
cohort study demonstrated that after multivariate adjusted 
linear regression analysis, IL-18 concentrations were signifi-
cantly higher in subjects with HIV (38%; P < 0.0001). 
Additionally, these researchers found that urine IL-18 con-
centrations were significantly associated with higher HIV 
RNA levels and lower CD4 cell counts, hepatitis C infection, 
and high-density lipoprotein (HDL) cholesterol levels, thus 
pointing to a more extensive role for IL-18 in the setting of 
HIV-related kidney care.234 These promising HIV results are 
in contrast to those of the Consortium for Radiologic 
Imaging for the Study of Polycystic Kidney Disease (CRISP), 
which measured IL-18 in 107 patients with autosomal domi-
nant polycystic kidney disease and found that although 
there was an increased mean IL-18 over the 3-year follow-up 
period, there was no association between tertiles of IL-18 
values and change in total kidney volume or eGFR.235

KIDNEY INJURY MOLECULE-1

Kidney injury molecule-1 (KIM-1 in humans, Kim-1 in 
rodents), which is also referred as T cell immunoglobulin and 
mucin domains–containing protein-1 (TIM-1) and hepatitis A 
virus cellular receptor-1 (HAVCR-1), is a type I transmembrane 
glycoprotein with an ectodomain containing a six-cysteine 
immunoglobulin-like domain, two N-glycosylation sites, and 
a mucin domain. In an effort to identify molecules involved 
in kidney injury, Bonventre’s group originally discovered 
Kim-1 using representational difference analysis (a PCR-
based technique) in rat models of acute ischemic kidney 
injury.236,237 Importantly, KIM-1 was shown to be significantly 
expressed in kidneys, specifically in proximal tubular cells 
of humans after ischemic injury, whereas it was virtually 
absent or present at low levels in healthy kidneys. KIM-1 has 
evolved as a marker of proximal tubular injury, the hallmark 
of virtually all proteinuric, toxic, and ischemic renal dis-
eases. KIM-1 has been shown to be a highly sensitive and 
specific marker of kidney injury in several rodent models, 
including models of injury due to ischemia,236,238 cisplatin, 
folic acid, gentamicin, mercury, chromium,239,240 cadmium,241 
contrast agents,242 cyclosporine,243 ochratoxin A, aristolo-
chic acid, D-serine, and protein overload.244

In 2002, the Bonventre group published the first clinical 
study linking urinary levels of KIM-1 with AKI, demonstrat-
ing that tissue expression of KIM-1 is correlated with the 
severity of acute tubular necrosis and corresponding  
levels of KIM-1 ectodomain in the urine of patients with 
clinically significant AKI.238 Since then, numerous other 
studies have been published on the ability of KIM-1 to detect 
AKI in a variety of settings, including cardiac surgery, critical 
illness, and general hospitalized AKI, which has been 
mixed.42,224,225,245-251

Later, KIM-1 was investigated in several multicenter  
larger trials. In the TRIBE-AKI adult and pediatric cardiac 
surgery cohorts, the fifth quintile of urinary KIM-1 values 
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book, FABP1 was first isolated in the liver as a binding 
protein for oleic acid and bilirubin. FABP1 binds selectively 
to free fatty acids and transports them to mitochondria or 
peroxisomes, where free fatty acids are β-oxidized and par-
ticipate in intracellular fatty acid homeostasis. There are 
several different types of FABP, which are ubiquitously 
expressed in a variety of tissues. At this time, nine different 
FABPs have been reported: liver (L), intestinal (I), muscle 
and heart (H), epidermal (E), ileal (I1), myelin (M), adi-
pocyte (A), brain (B), and testis (T). L-FABP is expressed 
in proximal tubules of the human kidney and localized in 
the cytoplasm. Increased cytosolic L-FABP in proximal 
tubular epithelial cells may derive not only from endoge-
nous expression but also from circulating L-FABP that might 
be filtered at the glomeruli and reabsorbed by tubular cells.

Susantitaphong and associates published a meta-analysis 
reporting the performance of L-FABP from 15 prospective 
cohorts and two case-control studies.263 Although the 
researchers were able to meta-analyze only 7 of the cohort 
studies, they demonstrated that L-FABP levels were 74.5% 
sensitive (95% CI, 60.4% to 84.8%) and 77.6% specific 
(95% CI, 61.5% to 88.2%) for the diagnosis of AKI. Addi-
tionally, they demonstrated that the results were more 
promising for the predication of in-hospital mortality. They 
concluded that on the basis of the low quality of many of 
the studies and the varied clinical settings, L-FABP may be 
a promising biomarker for the early detection of AKI.263 In 
this discussion we highlight some of the larger and later 
clinical investigations of L-FABP.

Portilla and colleagues demonstrated that L-FABP pre-
dicts the development of AKI within 4 hours of surgery  
in children undergoing cardiac surgery.264 Others have 
attempted to validate this finding in the setting of cardiac 
surgery, with mixed success.249,265,266 The TRIBE-AKI Consor-
tium published the results of the largest study investigating 
L-FABP in the setting of adult cardiac surgery, demonstrat-
ing that after adjustments were made for a clinical model 
that consisted of factors known to affect the development 
of AKI, L-FABP did not correlate with the development of 
AKI in their pediatric (n = 311) or adult (n = 1219) cohorts. 
The consortium demonstrated that although L-FABP levels 
were statistically higher in those adults with AKI than in 
those without AKI, the L-FABP concentration (ng/mL) 
measured up to 6 hours postoperatively provided an AUC 
of 0.61, and the performance was only marginally better 
with the 6- to 12-hour measurement. Similarly, in the pedi-
atric cohort, although the fifth quintile of L-FABP concen-
trations at the earliest postoperative timepoint (0-6 hours) 
significantly associated with the development of AKI (OR, 
2.9; 95% CI, 1.2 to 7.1), this effect disappeared after adjust-
ment for the clinical model (OR, 1.8; 95% CI, 0.7 to 4.6).250

Siew and colleagues reported the performance of L-FABP 
in 380 critically ill subjects from medical, surgical, trauma, 
and cardiac ICUs, in 130 of whom AKI was defined as AKIN 
stage 1. L-FABP levels were higher in those with AKI (P = 
0.003) and were able to discriminate incident AKI with an 
AUC of 0.59 (95% CI, 0.52 to 0.65). Although L-FABP was 
able to predict the composite endpoint of death or RRT, 
using multivariate regression L-FABP significantly predicted 
the need for acute RRT (HR, 2.36; 95% CI, 1.30 to 4.25).267 
These findings mirror those of Doi and associates, who 
published a prospective single-center observational cohort 

and associates demonstrated that urinary KIM-1 levels did 
not correlate with peritransplantation or 1-year graft func-
tion.231,248 Similarly, Schroppel and colleagues investigated 
KIM-1 RNA expression in perioperative samples collected 
from both living- and deceased-donor kidneys and found no 
significant correlation between KIM-1 staining and the 
occurrence of delayed graft function.254

CHRONIC KIDNEY DISEASE
KIM-1 also shows promise as a useful biomarker in CKD. In 
addition to its serving as a marker of proximal tubule dys-
function, animal data demonstrate that KIM-1 is upregu-
lated in the later phases of AKI as well and plays an important 
role in renal repair; thus, it may be a major player in the 
pathophysiology of CKD/repair.255 This ability to serve as a 
marker of CKD was evident in a nested case-control study 
involving 686 participants from the Multi-Ethnic Study of 
Atherosclerosis (MESA). Cases were defined as involving 
patients with a baseline eGFR higher than 60 mL/min in 
whom CKD stage 3 subsequently developed and/or who had 
a rapid drop in kidney function over the 5-year study period. 
Each doubling of KIM-1 level (pg/mL) was associated with 
a 1.15 (95% CI, 1.02 to 1.29) increased odds of development 
of CKD stage 3 or a rapid decline in GFR. Similarly, at study 
entry, patients in the highest decile for KIM-1 value had a 
twofold higher risk of this same end point than those in the 
other 90%. This ability of KIM-1 value to predict the devel-
opment and progression of CKD was independent of the 
presence of albuminuria.256 These results contrast with 
those of Bhavsar and associates, who measured KIM-1 in a 
similar case-control substudy of the ARIC study. New-onset 
CKD stage 3 developed in 143 of the 286 subjects, but KIM-1 
did not display the ability to forecast or identify those at risk 
for CKD development or progression.257

Despite these mixed results in community studies of CKD, 
KIM-1 has been investigated and has shown promise in a 
variety of other clinical settings, including in children with 
chronic renal tubular damage from vesicoureteral reflux,258 
HIV, and in adults with nephropathy233 or diabetic nephrop-
athy.259,260 In patients with IgA nephropathy, urinary KIM-1 
levels were significantly higher than in healthy controls. 
Furthermore, the levels of urinary KIM-1 correlated posi-
tively with serum creatinine concentration and proteinuria 
and correlated inversely with creatinine clearance. Similarly, 
tubular KIM-1 expression as determined by immunohisto-
chemical analysis correlated closely with urinary levels (r = 
0.553; P = 0.032).261 Sundaram and associates evaluated the 
potential of KIM-1, L-FABP, NAG, NGAL, and transforming 
growth factor-β1 (TGF-β1), together with conventional renal 
biomarkers (urine albumin level, serum creatinine concen-
tration, and serum cystatin C–estimated GFR) to detect 
nephropathy early in patients with sickle cell anemia. Only 
KIM-1 and NAG showed correlations with albuminuria, 
which were strong; other markers did not show any associa-
tion with albuminuria.262

LIVER-TYPE FATTY ACID–BINDING PROTEIN

Urinary fatty acid–binding protein 1 (FABP1) has been pro-
posed to be a useful biomarker for early detection of AKI 
and monitoring of CKD. Also known as L-type or liver-type 
fatty acid–binding protein (L-FABP), which will be used in this 
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have now revealed diverse roles of netrin-1 beyond axonal 
guidance, including development of various organs, angio-
genesis, adhesion, tissue morphogenesis, inflammation, and 
tumorigenic processes.277,278 Netrin-1 is expressed in several 
tissue types, including brain, lung, heart, liver, intestine, and 
kidney.279

A study by Wang and colleagues showed a rapid induction 
of netrin-1 in tubular epithelial cells in response to ischemia-
reperfusion injury of the kidney in animal models.280 In this 
study, netrin-1 was excreted in the urine as early as 1 hour 
after a kidney insult, increased more than fortyfold by 3 
hours, and reached its peak levels (approximately fiftyfold) 
before the elevation of blood creatinine and BUN concen-
trations.281 Importantly, this rapid increase in netrin-1 
expression appeared to be regulated at the translational 
level because netrin-1 gene transcription was actually 
decreased after ischemia-reperfusion injury.281 The research-
ers also tested the sensitivity and specificity of netrin-1 in 
animal models of toxin-induced kidney injury, using cispla-
tin, folic acid, and endotoxin (lipopolysaccharide). These 
kidney insults resulted in increases in the excretion of 
netrin-1 in urine, supporting a potential role as an early 
biomarker for hypoxic and toxic renal injuries. In a later 
study, through the exogenous administration of netrin-1 
following a murine model of ischemia-reperfusion AKI, the 
same group demonstrated that netrin-1 regulates the inflam-
matory response in the setting of AKI via the inhibition  
of cyclo-oxygensase-2 (COX-2)–mediated prostaglandin E2 
production. They demonstrated that netrin-1 regulates 
COX-2 expression through the regulation of nuclear factor-
kappaB (NF-κB) activation.282

Although most of the investigations of netrin have focused 
on cellular and animal models, netrin-1 has been increas-
ingly investigated in humans.283 Ramesh and colleagues 
also demonstrated significantly higher urine levels of 
netrin-1 in patients with established AKI due to various 
causes (n = 16) than in healthy volunteers. In a later study, 
the same group of scientists evaluated the potential of 
netrin-1 to predict AKI in patients undergoing cardiopul-
monary bypass.284 They included serial urine samples that 
were collected from 26 patients in whom AKI developed and 
36 patients in whom it did not after cardiopulmonary bypass. 
By ROC analysis, the investigators demonstrated that 
netrin-1 could predict AKI at 2 hours, 6 hours, and 12 hours, 
with an AUC of 0.74 (95% CI, 0.86 to 0.89). The levels of 
urinary netrin-1 6 hours after cardiopulmonary bypass cor-
related with the severity of AKI, as well as the length of 
hospital stay, and remained a powerful independent predic-
tor of AKI.284

Netrin-1 seems to be a promising early biomarker for AKI, 
but additional studies need to be conducted in larger 
cohorts with AKI due to various causes to further evaluate 
its potential.

NEUTROPHIL GELATINASE– 
ASSOCIATED LIPOCALIN

Neutrophil gelatinase–associated lipocalin (also known as 
lipocalin 2 or lcn2) is one of the biomarkers of AKI that has 
been studied extensively. NGAL has many of the character-
istics required for a good biomarker for AKI in comparison 
with serum creatinine measurement or urine output.285 It is 

study examining the performance of L-FABP in 339 mixed 
ICU patients. In their study, L-FABP outperformed NGAL, 
IL-18, NAG, and other biomarkers in the detection of AKI, 
defined by RIFLE Risk category. Furthermore L-FABP pre-
dicted 14-day mortality with an AUC of 0.90.226 This study, 
which followed a smaller study (n = 145) by this same group 
of investigators, has paved the way for L-FABP to be vali-
dated for clinical use in Japan.268

In a cross-sectional study of general hospitalized patients 
that included 92 participants with AKI and 68 control subjects 
(26 healthy volunteers and 42 hospitalized: 29 patients about 
to undergo coronary catheterization and 13 patients in the 
ICU with no AKI), Ferguson colleagues demonstrated that 
urinary levels of L-FABP were significantly higher in subjects 
with AKI than in hospitalized control patients without AKI, 
with an AUC of 0.93 (95% CI, 0.88 to 0.97); sensitivity was 83% 
and specificity was 90% at a cutoff value of 47.1 ng per mg of 
creatinine.269 Nickolas and associates examined L-FABP at the 
time of ED arrival and found that it had only fair discrimina-
tory power with regard to AKI. In their cohort of 1635 subjects, 
L-FABP provided an AUC of 0.70 (95% CI, 0.65 to 0.76); 
however, there was a clear and significant stepwise increase in 
L-FABP concentrations across the spectrum of AKI (normal < 
CKD < prerenal < intrinsic AKI).227

Because L-FABP is also expressed by the liver, liver injury 
can be a potential contributor to increased urinary levels of 
L-FABP during AKI. However, previous studies in patients 
with CKD, AKI, and sepsis have shown that serum L-FABP 
levels do not have an influence on urinary levels and that 
urinary L-FABP levels are not significantly higher in patients 
with liver disease than in healthy subjects.264,270,271

Urinary L-FABP levels have been investigated as an early 
diagnostic and predictive marker for contrast medium–
induced nephropathy.272,273 In a study of adult patients with 
normal serum creatinine concentrations who underwent 
percutaneous coronary intervention, serum NGAL level 
rose at 2 and 4 hours, whereas urinary NGAL and urinary 
L-FABP increased significantly after 4 hours and remained 
elevated up to 48 hours, after cardiac catheterization.274 
Nakamura and associates demonstrated that baseline 
urinary L-FABP levels were significantly higher in patients 
whom contrast medium–induced nephropathy developed 
after coronary angiography; however, the investigators did 
not evaluate the diagnostic performance of urinary L-FABP 
in predicting AKI.273

CHRONIC KIDNEY DISEASE
To date, there have been limited investigations of the role 
of L-FABP in the setting of CKD. Small studies investigating 
the excretion of L-FABP in the setting of diabetic nephropa-
thy have been mixed, with some reporting a link between 
decreased urinary concentrations of L-FABP in the setting 
of renin angiotensin aldosterone system blockade and pre-
served GFR and others finding no correlation.275,276 Further 
investigation is needed to elucidate the role of L-FABP in 
the setting of CKD.

NETRIN-1

Netrin-1 is a 50- to 75-kDa, laminin-like protein, initially 
recognized as a chemotropic factor, that plays an essential 
role in guiding neurons and axons to their targets. Studies 
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severity of AKI, these researchers showed that pyuria and 
urinary white blood cells were associated with increased 
urinary NGAL levels. Urine NGAL has been studied less 
extensively in the pediatric ED but has demonstrated similar 
potential in a smaller study (n = 252) with a lower AKI inci-
dence rate (n = 18, 7.1%).247

Urine NGAL has also been studied in the setting of criti-
cal illness by Siew and colleagues, who showed that urine 
NGAL was able to predict AKI within the first 24 (AUC = 
0.71) and 48 (AUC = 0.64) hours of ICU admission. In this 
single-center prospective study of 451 critically ill adults, 
urine NGAL was independently associated with the develop-
ment of AKI even after adjustment for factors known to be 
correlated with the development of AKI (including severity 
of illness and sepsis).299 NGAL performed similarly when 
measured in a post hoc analysis of the EARLYARF trial. Data 
from this prospective observational study performed in two 
general (mixed) ICUs in New Zealand demonstrated that 
urine NGAL could modestly predict the development of 
AKI (AKIN stage 1) (AUC = 0.66) but was also able to fore-
cast the need for RRT (AUC = 0.79) and death (AUC = 0.66) 
within the first 7 ICU days (P < 0.001 for all three). Addition-
ally, urine NGAL performed better in predicting AKI on 
ICU arrival in those with higher baseline eGFRs (AUC = 0.70 
for those with eGFRs of 90-120 mL/min vs. AUC 0.64 for 
those with eGFRs < 60 mL/min).224 This improved ability to 
detect the future development of AKI in patients with higher 
eGFRs has been demonstrated by others in the setting of 
cardiac surgery.42,43 In a separate post hoc analysis of the 
EARLYARF study, urine NGAL values again demonstrated a 
significant increase across the spectrum of AKI; values were 
lowest in subjects without AKI, and values for subjects with 
transient AKI that lasted less than 48 hours were in between 
levels in subjects with no AKI and subjects with AKI that 
lasted longer than 48 hours.225 In the discovery phase of the 
multicenter prospective observational Sapphire trial with 
522 participants, urine NGAL provided an AUC of 0.66 
(95% CI, 0.60 to 0.71) for the development of RIFLE injury 
or failure within the first 36 hours of study enrollment; the 
AUC increased to 0.71 (05% CI, 0.66 to 0.76) for the devel-
opment of RIFLE Injury or Failure disease within the first 
12 hours.300

In the setting of cardiac surgery, urine NGAL has pro-
vided similar mixed results. In the TRIBE-AKI adult cohort, 
the highest quintile of urine NGAL values obtained 0 to 6 
hours after surgery was associated with an increased risk of 
AKI (defined as doubling of serum creatinine or need for 
RRT); however, this effect was no longer significant after 
adjustment for factors known to contribute to AKI risk.219 In 
addition to providing an AUC of 0.67 for the detection of 
AKI in this cohort of 1219 adults, urine NGAL levels were 
significantly associated with the composite endpoint of inpa-
tient mortality or receipt of RRT, as well as length of ICU 
stay and length of hospitalization. Urine NGAL did not 
display the ability to detect AKI progression in the 380 
adults in whom at least AKIN stage 1 developed. Although 
those subjects with urine NGAL values in the fifth quintile 
at the time of serum creatinine increase were at increased 
risk for more progressive AKI (e.g., going from AKIN stage 
1 to AKIN stage 3), this effect was no longer significant in 
the adjusted analysis.221 These results contrasted with those 
in the pediatric cohort (n = 311), in which patients with 

a 25-kDa protein with 178 amino acids belonging to the 
lipocalin superfamily. Lipocalins are extracellular proteins 
with diverse functions involving transport of hydrophilic 
substances through membranes, thereby maintaining cell 
homeostasis.286 NGAL is a glycoprotein bound to matrix 
metalloproteinase-9 in human neutrophils. It is expressed 
in various tissues in the body, such as salivary glands, pros-
tate, uterus, trachea, lung, stomach, and kidney,287 and its 
expression is markedly induced in injured epithelial cells, 
including those in the kidney, colon, liver, and lung.

Transcriptome profiling studies in rodent models identi-
fied NGAL as one of the most upregulated genes in the 
kidney very early after tubular injury.288,289 Mishra and associ-
ates demonstrated that NGAL values were significantly ele-
vated within 2 hours after injury in mouse models of renal 
ischemia-reperfusion.290 In addition, urinary NGAL was 
detectable after one day of cisplatin administration, suggest-
ing its sensitivity in other models of tubular injury.290

ACUTE KIDNEY INJURY
Many clinical studies followed these important observations 
in animals. Mishra and associates first demonstrated the 
value of NGAL as a clinical marker in a prospective study of 
71 children undergoing cardiopulmonary bypass. In this 
study, both serum and urinary NGAL levels were upregu-
lated within 2 hours in patients in whom AKI developed.  
A cutoff NGAL value of 50 µg/L was 100% sensitive and 
98% specific in predicting AKI.291 Following this seminal 
study, several other groups investigated NGAL in the setting 
of cardiac surgery, with several demonstrating that both 
urine and serum NGAL values were able to predict AKI 
earlier than serum creatinine as well as to correlate with  
AKI severity.42,43,103,104,219-221,249,251,292-297 However, no study was 
able to replicate the near-perfect results reported by Mishra 
and associates.291 Given the wealth of studies that have 
reported on NGAL over the last decade, we have chosen  
to highlight the larger and multicenter trials that have 
studied NGAL.

URINE NGAL
In the setting of the ED, urine NGAL was originally shown 
to perform quite well with the first study by Nickolas and 
associates in 635 patients, demonstrating that a cutoff of 
130 µg per g of creatinine carried a sensitivity of 90% and 
specificity of 99.5% for AKI, defined as RIFLE Risk category. 
In this single-center prospective study, urine NGAL also 
predicted the future need for nephrology consultation, 
admission to the ICU, as well as need for RRT.60 In a follow-up 
multicenter study of 1635 subjects, urine NGAL provided 
an AUC of 0.81 (95% CI, 0.76 to 0.86) for the prediction of 
AKI (RIFLE Risk category) and provided an NRI of 26.1% 
while demonstrating the ability to improve the classification 
of both AKI events and non-events. Additionally, urine 
NGAL values were significantly different and increased in a 
stepwise fashion in the following order: patients with no 
AKI, patients with CKD, patients with prerenal AKI, patients 
with intrinsic AKI.298

Lieske and colleagues measured urine NGAL in 363 ED 
patients and determined that NGAL provided an AUC of 
0.70 for the detection of AKIN AKI while providing only 
modest sensitivity (65%) and specificity (65%).172 In addi-
tion to demonstrating that NGAL levels increased with 
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because it is derived in part from neutrophils. De Gues and 
colleagues published a prospective observational cohort 
study of 663 patients admitted to the ICU in whom plasma 
NGAL was measured four times during the first 24 hours. 
These investigators demonstrated that plasma NGAL levels 
were significantly higher in patients with sepsis than in those 
without sepsis and that when the cohort was stratified 
according the presence of sepsis (n = 80, 12% of the cohort), 
plasma NGAL was able to detect AKI remarkably well in 
both cohorts (AUC of 0.76 in those with sepsis vs. 0.78 in 
those without sepsis).307 These data corroborate the work of 
Noiri’s group, which demonstrated in a prospective obser-
vational study of 139 critically ill patients that plasma NGAL 
levels are highest in those with sepsis associated with AKI, 
lower in those with non-sepsis AKI, and even lower in those 
with no AKI.308 Future investigations of plasma NGAL will 
need to take this association with sepsis into account as we 
begin to construct normal ranges as well as clinically vali-
dated cutoffs to utilize NGAL in interventional trials to treat 
patients with the early stages of AKI.309,310

Although its ability to detect AKI in the setting of critical 
illness requires further investigation, plasma NGAL has 
been shown to predict recovery from AKI in preliminary 
studies. In 181 patients with community-acquired pneumo-
nia and at least RIFLE Failure AKI, plasma NGAL measures 
on the first day that met Failure criteria were able to predict 
the failure of recovery of renal function. Individuals with 
high plasma NGAL levels were less likely to recover, with an 
AUC of 0.74. However, this performance was not signifi-
cantly different from that of a clinical model consisting of 
age, serum creatinine, and severity of illness scores.311 This 
potential ability to detect nonrecovery of AKI is yet another 
aspect of NGAL and other biomarkers that requires further 
investigation.

Plasma NGAL has also been extensively studied in the 
setting of cardiac surgery. In the TRIBE-AKI adult cohort (n 
= 1219), plasma NGAL levels were significantly higher in 
those in whom AKI developed (defined as doubling of 
serum creatinine or need for RRT) in the early postopera-
tive period. Those in the fifth quintile of plasma NGAL 
values up to 6 hours after surgery (>293 ng/mL) were at a 
7.8-fold higher risk for development of AKI than those in 
the first NGAL quintile (<105 pg/mL). This effect was 
attenuated after adjustment for factors known to associate 
with AKI but remained significant (OR, 5.0; 95% CI, 1.6 to 
15.3), although it was no longer significant after adjustment 
for serum creatinine.219 Additionally, plasma NGAL was sig-
nificantly associated with increased length of ICU and hos-
pital stays as well as with a composite of in-hospital death or 
dialysis. In this same adult cohort, plasma NGAL, measured 
at the time of a clinical AKI/serum creatinine increase, 
demonstrated a remarkable ability to detect those individu-
als with progressive AKI (e.g., going from AKIN stage 1 to 
stage 2 or 3) (n = 380). After adjustment for the clinical 
model, patients in the fifth quintile of plasma NGAL values 
(>322 ng/mL) were nearly eight times more likely to have 
progressive AKI (OR, 7.72; 95% CI, 2.65 to 22.49) than 
those in the first two quintiles. Plasma NGAL displayed the 
ability to improve the reclassification of both those with and 
those without progressive AKI (events and non-events),  
providing a category-free NRI of 0.69 (P < 0.0001).221 
The results in the TRIBE-AKI pediatric cohort were less 

urine NGAL values in the fifth quintile remained at signifi-
cantly increased risk for development of AKI (doubling of 
serum creatinine or need for RRT) even after adjustment 
for the clinical model (OR, 4.1; 95% CI, 1.0 to 16.3). Addi-
tionally, urine NGAL levels correlated with the length of 
mechanical ventilation, ICU stay, and hospitalization.220

In a separate secondary analysis that examined the long-
term mortality of the adult TRIBE cohort, those subjects 
with urine NGAL values were in the third tertile (n = 407) 
were at increased risk of death during the median 3.0-year 
follow-up. The adjusted HR for this group (compared with 
those in the first tertile) was 2.52 (95% CI, 1.86 to 3.42). A 
similar effect was not seen in patients with values in the third 
tertile who did not have AKI (n = 792, (HR, 0.90; 95% CI, 
0.50 to 1.63).222

Urine NGAL has been investigated in several other 
smaller studies in more niche cohorts and has demonstrated 
some promise in detecting AKI in critically ill neonates,301 
hepatic impairment or death in individuals with cirrhosis/
hepatorenal syndrome,302,303 and both delayed graft func-
tion248,304 and 1-year graft survival231 in kidney transplant 
recipients. However, these trials and others require valida-
tion in larger and multicenter investigations.

PLASMA NGAL
Plasma NGAL has been examined in many of the same 
studies with urine NGAL, including in the settings of the 
ED, the ICU, and following cardiac surgery. DiSomma and 
colleagues demonstrated that the plasma NGAL from a 
specimen drawn at the time of ED arrival provided an AUC 
value of 0.80 for the future development of AKI. In this 
multicenter prospective cohort study, the AUC improved to 
0.90 when ED physician clinical judgment was added to 
plasma NGAL level. This combination of physician clinical 
judgment and NGAL outperformed both physician judg-
ment alone and serum creatinine alone, leading to a signifi-
cant NRI of 32.4%.305

In the setting of critical illness, plasma NGAL was mea-
sured as part of a post hoc analysis of the multicenter EAR-
LYARF study (n = 528), in which it provided an AUC of 0.74 
(95% CI, 0.69 to 0.79) for the development of AKIN stage 
1 AKI (n = 147) during subsequent ICU stay. This study 
defined functional AKI according to the AKIN criteria but 
also defined structural AKI in terms of urine NGAL concen-
trations. Plasma NGAL performed even better (AUC = 0.79) 
at predicting urine NGAL–defined structural AKI (n = 213). 
In addition to strong associations with creatinine and urine 
NGAL–based definitions of AKI, plasma NGAL was associ-
ated with the need for RRT (n = 19) but not with inpatient 
mortality (n = 53).306 In the Sapphire trial, which also exam-
ined the performance of plasma NGAL in the setting of 
ICU-associated AKI, NGAL provided an AUC of 0.64 (95% 
CI, 0.58-0.70) for the detection of RIFLE Injury or Failure 
disease within the first 12 hours of study enrollment; this 
significant ability to forecast more severe forms of AKI did 
not dramatically change when the ability to detect the same 
level of AKI over the first 36 hours was assessed (AUC = 0.64; 
95% CI, 0.58 to 0.71).300

It has been postulated that NGAL’s performance in the 
setting of critical illness is likely attenuated in part because 
of the preponderance of sepsis-related AKI in the ICU and 
that NGAL levels are inherently higher in those with sepsis 
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and colleagues reported strong immunostaining for NGAL 
in cardiomyocytes within the failing myocardium in experi-
mental and clinical heart failure.318 Furthermore, any 
impairment in GFR resulting from AKI would be expected 
to decrease renal clearance of NGAL, with subsequent accu-
mulation in the systemic circulation. However, the contribu-
tion of these mechanisms to the rise in plasma NGAL 
concentration after AKI has yet to be investigated. NGAL 
levels are also influenced by various medical conditions, 
such as CKD, hypertension, anemia, systemic infections, 
hypoxia, inflammatory conditions, and cancers, making it 
relatively less specific for kidney injury.319 Additionally, there 
is some evidence to suggest that NGAL concentrations 
degrade over time, with concentrations decreasing by nearly 
50% within the first 6 months of storage at −80° C. These 
degradation issues also affect other biomarkers (including 
NAG and KIM-1), and their effects on clinical results remain 
unclear because this is an area of continued investigation.320 
Nevertheless, NGAL represents a very promising candidate 
as a biomarker for early diagnosis of AKI and potential 
prediction of outcome.

CHRONIC KIDNEY DISEASE
In addition to extensive investigation in the setting of AKI, 
NGAL has been increasingly investigated in the setting of 
CKD. Some of this work was inspired by animal data dem-
onstrating that NGAL, like KIM-1, was highly upregulated 
by the persistent inflammation and late immune response 
following AKI and potentially contributes to the develop-
ment of post-AKI CKD.255 Moving this concept into humans, 
Nickolas and associates reported on the correlation of 
NGAL with histologic changes in native kidney biopsy speci-
mens from subjects with CKD. The group demonstrated that 
NGAL levels were inversely correlated with eGFR while 
being directly correlated with both interstitial fibrosis and 
tubular atrophy.298

In a case-control substudy of the ARIC cohort (n = 286), 
urine NGAL did not initially correlate with baseline eGFR. 
However, the fourth quartile of urine NGAL was at a more 
than twofold higher risk for development of incident stage 
3 CKD during the follow-up period. It should be noted, 
however, that this effect was attenuated after adjustments 
were made for urine creatinine and urine albumin.257 These 
adjusted model data corroborate the findings from the 
MESA cohort, which was unable to find an association 
between urine NGAL levels and the development of inci-
dent CKD stage 3. In a 1 : 1 nested case-control study, NGAL 
levels were not associated with the development of CKD 
stage 3 or a decrease in eGFR of more than 3 mL/min per 
year, over a 5-year follow-up period.256 Finally, in an analysis 
from the Chronic Renal Insufficiency Cohort (CRIC), Liu 
and colleagues demonstrated that there was a strong associa-
tion between baseline urine NGAL and the risk of CKD 
progression (defined as a 50% reduction of MDRD-
calculated eGFR or development of ESKD) over the mean 
follow-up of 3.2 years. However, although this effect was 
significant in an unadjusted analysis, urine NGAL offered 
no improved prediction after adjustment for baseline age, 
race, eGFR, proteinuria, diabetes, and other factors known 
to impact CKD progression (C-statistic of 0.847 for both). 
Thus, in this cohort of 3386 individuals with CKD, urine 

promising, with plasma NGAL not displaying the ability to 
predict severe AKI (defined as doubling of serum creatinine 
or need for RRT) in the early postoperative period. However, 
the fifth quintile of NGAL (>259 ng/ml) measured within 
the first 6 postoperative hours was significantly associated 
with the development of RIFLE Risk AKI with an adjusted 
OR of 2.3 (95% CI, 1.0 to 5.5),220 although falling well short 
of the near-perfect performance published in the original 
Mishra paper.312

In addition to large trials, smaller trials have also investi-
gated NGAL in a variety of AKI settings, so much so that Haase 
and colleagues conducted a pooled prospective study (n = 
2322; 1452 having had after cardiac surgery and 870 with criti-
cal illness) that designated subjects as NGAL+ or NGAL− and 
as creatinine+ or creatinine− (creatinine+ was defined as RIFLE 
Risk AKI). After analyzing NGAL data from ten separate pro-
spective observational studies, the group demonstrated that 
individuals who were NGAL+ but creatinine− needed acute 
dialysis more than 16 times more often than those who were 
NGAL− creatinine− (OR, 16.4; 95% CI, 3.6 to 76.9; P < 0.001). 
The study also demonstrated incremental increases in ICU 
stay, hospital stay, and mortality among the four study groups 
in the following order: NGAL− creatinine−, NGAL+ creati-
nine−, NGAL− creatinine+, NGAL+ creatinine+.39

The function of NGAL as a diagnostic marker of contrast 
medium–induced nephropathy has also been evaluated. In 
a prospective study of 91 children undergoing coronary 
angiography, both urine and plasma NGAL levels were 
found to be significantly increased within 2 hours of con-
trast medium administration in the group in which contrast 
medium–induced nephropathy developed but not in the 
control group. By comparison, AKI detection using increases 
in serum creatinine concentration was possible only later, 6 
to 24 hours after contrast agent administration. When a 
cutoff value of 100 ng/mL was used, both urine and serum 
NGAL levels at 2 hours predicted contrast medium–induced 
nephropathy, with AUCs of 0.91 and 0.92, respectively.313 In 
several studies of adults undergoing procedures requiring 
contrast agents, early rises in both urine (4-hour) and 
plasma (2-hour) NGAL levels were documented, compared 
with a much later increase in plasma cystatin C levels, pro-
viding support for the use of NGAL as an early biomarker 
for contrast medium–induced nephropathy.232,314 A meta-
analysis found an overall AUC of 0.89 for prediction of AKI 
when NGAL was measured within 6 hours after contrast 
agent administration and AKI was defined as a 25% or 
greater increase in serum creatinine concentration.315

The origin of plasma and urinary NGAL rises after AKI 
requires further clarification. Gene expression and trans-
genic animal studies have demonstrated an upregulation of 
NGAL in the distal nephron segments, specifically in the 
thick ascending limb of Henle and the collecting ducts; 
however, most of the injury in AKI occurs in the proximal 
tubules.316,317 On the other hand, the source of plasma 
NGAL in AKI is not well defined. For instance, in animal 
studies, direct ipsilateral renal vein sampling after unilateral 
ischemia indicates that NGAL synthesized in the kidney 
does not enter the circulation.317 The increase in plasma 
NGAL observed in AKI may derive from the fact that NGAL 
is an acute phase reactant and may be released from neu-
trophils, macrophages, and other immune cells. Yndestad 

http://www.myuptodate.com


 CHAPTER 30 — BIoMARKERS IN ACUTE AND CHRoNIC KIDNEy DISEASES 947

subsequent hospital admission. However, this effect was 
attenuated in a multivariate analysis that included other 
novel and traditional biomarkers of AKI (creatinine, BUN, 
NGAL, etc.).182

In the setting of CKD, one study of patients with type 1 
diabetes and nephropathy by Vaidya and colleagues showed 
that lower levels of urinary KIM-1 and NAG were associated 
with the regression of microalbuminuria.260 Similarly, in a 
nested-case-control study from the Diabetes Control and 
Compliance Trial, baseline NAG concentrations were shown 
to predict microalbuminuria and macroalbuminuria.331 To 
date, there are little or no data on the role of NAG in CKD 
progression.

There are some limitations in the use of NAG as a marker 
of kidney injury. Inhibition of NAG enzyme activity has been 
reported in the presence of metal ions and at higher urea 
concentrations in the urine. Moreover, increased urinary 
levels of NAG have been reported in several nonrenal dis-
eases, including rheumatoid arthritis and hyperthyroidism, 
as well as in conditions with increased lysosomal activity 
without cellular damage.332,333 Because of concerns about its 
specificity, the clinical utility of NAG as a biomarker has 
been limited.

PROTEINURIA

In a healthy person, urinary protein excretion is less than 
150 mg/day and consists mainly of filtered plasma proteins 
(60%) and tubular Tamm-Horsfall proteins (40%).334,335 
Proteinuria can result from at least three different patho-
physiologic mechanisms, glomerular (increased permeabil-
ity of glomerular filtration barrier to protein due to 
glomerulopathy, raised glomerular capillary hydrostatic 
pressure, or altered glomerular filtration coefficient), over-
flow (due to increased production of low-molecular-weight 
plasma proteins, e.g., immunoglobulin light chains in 
myeloma), and tubular processes (decreased tubular absorp-
tion of filtered proteins or increased production of tubular 
proteins by damaged tubules). Proteinuria mechanisms and 
consequences are discussed in Chapter 53.

Proteinuria is diagnosed when total urinary protein is 
greater than 300 mg/24 hour. Methods for detecting and 
monitoring proteinuria are discussed in Chapter 26.

Several publications highlight the diagnostic power of 
total protein for AKI in various drug-induced nephrotoxici-
ties, including cisplatin and nonsteroidal antiinflammatory 
drugs.336,337 Low eGFR is a known risk factor for AKI, but the 
utility of proteinuria in combination with the eGFR to 
predict the risk of this disease is now being investigated.338 
In a large cohort of nearly 1 million adult Canadians, James 
and colleagues demonstrated an independent association 
among eGFR, proteinuria, and incidence of AKI.339 This 
group reported that patients with normal eGFR levels 
(≥60 mL/min per 1.73 m2) and mild proteinuria (urine 
dipstick trace to 1+) have 2.5 times more risk of admission 
to hospital with AKI than do patients with no proteinuria. 
The risk was increased to 4.4-fold when patients with heavy 
proteinuria (urine dipstick ≥2+) were included. Adjusted 
rates of admission with AKI and kidney injury requiring 
dialysis remained high in patients with heavy dipstick pro-
teinuria independent of the eGFR.18 These findings confirm 

NGAL was no better at predicting CKD outcomes than more 
traditional markers.321

These findings from ARIC, MESA, and CRIC contrast 
directly with those in a prospective observational cohort 
study of 158 white patients with baseline CKD stage 3 or 4, 
which demonstrated that urine NGAL (adjusted for urine 
creatinine) was associated with CKD progression. Forty 
patients reached the primary endpoint of all-cause mortality 
or need for RRT during the 2-year follow-up. The baseline 
urine NGAL was associated with this composite primary 
endpoint, with every increase in urine NGAL of 5 µg/mmol 
being associated with a 27% increase in risk of death or 
RRT.322 These findings are similar to those of Bolignano and 
colleagues, who performed a prospective observational 
study of 96 subjects with CKD with a median follow-up of 
18.5 months. They demonstrated that both urine and serum 
NGAL values were associated with a composite endpoint of 
either doubling of baseline serum creatinine or develop-
ment of ESKD.323 Conversely, in a 4-year follow-up study of 
78 patients with type 1 diabetes conducted to evaluate the 
potential of urinary NGAL level to predict progression to 
diabetic nephropathy, NGAL levels were not associated with 
decline in GFR or development of ESKD and death after 
adjustment for known progression promoters.324

N-ACETYL-β-D-GLUCOSAMINIDASE

NAG is a lysosomal brush border enzyme that resides in the 
microvilli of tubular epithelial cells. Damage to these cells 
results in shedding of this enzyme into the urine. NAG has 
a high molecular weight, 130 kDa, and hence plasma NAG 
is not filtered by the glomeruli. Its excretion into urine cor-
relates with tubular lysosomal activity. Increased urinary 
concentrations of NAG have been found in patients with 
AKI, chronic glomerular disease, diabetic nephropathy, 
exposure to nephrotoxic drugs, delayed renal allograft func-
tion, environmental exposure, contrast medium–induced 
nephropathy, and sepsis, and following cardiopulmonary 
bypass.206,246,325-330 In a prospective study involving 201 hospi-
talized patients with AKI, patients with higher concentra-
tions of urinary NAG and KIM-1 were more likely to die or 
require dialysis. The results of this study suggest the utility 
of NAG in combination with KIM-1 in predicting adverse 
clinical outcomes in patients with AKI.246 In another study, 
urinary NAG concentrations were significantly higher in 
patients with contrast medium–induced nephropathy than 
in patients without such nephropathy within 24 hours of the 
administration of a contrast agent.329

Similarly, in a two-center Japanese study of 77 patients 
undergoing cardiac surgery, NAG values were elevated in 
those in whom postoperative AKI developed.265 In this study, 
biomarker performance significantly improved when NAG 
was combined with L-FABP (an AUC improvement from 
0.75 to 0.81). This same group published a single-center 
study investigating the performance of NAG in predicting 
the development of AKI (RIFLE) in a mixed, medical-
surgical ICU. NAG did not perform as well in this cohort of 
339 subjects, providing an AUC of 0.62 for the development 
of RIFLE Risk disease.226 In a cohort of 635 ED patients, an 
NAG value over 1.0 units/g provided an AUC of 0.71 (95% 
CI, 0.62 to 0.81) for the development of AKI during the 
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The adult ACR data support use of an additional biomarker  
to aid in cardiac surgery AKI prediction models and supple-
ment other data that point to the use of proteinuria/
albuminuria as a biomarker of AKI both preoperatively and 
postoperatively.352,353

In the postoperative setting, the TRIBE-AKI cohort 
showed that urine albumin concentrations (mg/L) and dip-
stick proteinuria values obtained within 6 hours of adult 
cardiac surgery correlated with the future development of 
AKI. Compared with the lowest quintile, the highest quintile 
of albuminuria and highest group of dipstick proteinuria 
were associated with the greatest risk of AKI (adjusted RR, 
2.97; 95% CI, 1.20 to 6.91, and adjusted RR, 2.46; 95% CI, 
1.16 to 4.97, respectively). However, only postoperative 
urine albumin concentration (mg/L) was associated with 
improved risk stratification when added to the clinical 
model (AUC increased from 0.75 to 0.81; P = 0.006). Despite 
its known utility in other settings, a higher early postopera-
tive urine ACR (mg/g) was not statistically associated with 
AKI risk. The poor performance of urine ACR in the context 
of adult cardiac surgery may be explained by variations in 
the urine creatinine excretion within and between individu-
als, which could be especially prominent when renal func-
tion is not in a steady state. Urinary albumin (mg/L) in the 
early postoperative period was highly predictive of long-
term mortality in the TRIBE-AKI adult cohort. Specifically, 
of patients with perioperative AKI (n = 407), those in the 
second tertile of albuminuria values were at increased risk 
of death in the 3.0-year follow-up period (adjusted HR, 2.28; 
95% CI, 1.06 to 4.88). Although this effect was further mag-
nified in the third tertile of those with AKI (adjusted HR, 
2.85; 95% CI, 1.36 to 5.99); there was no increased mortality 
across any of the tertiles of urine albumin concentration in 
the 792 subjects without perioperative AKI.222

In the TRIBE-AKI pediatric cohort, perioperative values 
of urine ACR (mg/g), and not albuminuria (mg/L), were 
found to be predictive of AKI. In children younger than 2 
years, an absolute first postoperative urine ACR of 908 mg/g 
or higher (103 mg/mmol, highest tertile) predicted the 
development of AKIN stage 2 or 3 AKI with an adjusted RR 
of 3.4 (95% CI, 1.2 to 9.4) in comparison with the first 
tertile. In children 2 years or older, a postoperative urine 
ACR value of 169 mg/g or higher (19.1 mg/mmol, highest 
tertile), regardless of preoperative values, predicted stage 1 
AKI after adjustments for clinical factors, such as age, race, 
sex, and preoperative eGFR, and type of cardiac surgery 
(adjusted RR, 2.1; 95% CI, 1.1 to 4.1).351 Although urine 
albumin concentration and urine ACR remain established 
and readily available laboratory tests, the diversity of results 
in investigations of the development of postoperative AKI 
indicate that further studies are needed before either may 
be used in clinical practice.

URINARY CYSTATIN C

Urinary cystatin C tracks the function of proximal tubular 
cells. In healthy individuals, the urinary levels of cystatin C 
are almost undetectable and any damage to proximal tubular 
cells can impede the reabsorption and enhance the urinary 
excretion of cystatin C. Several clinical studies sought to 
understand the potential of urinary cystatin C levels for pre-
diction of kidney injury and its prognosis. Herget-Rosenthal 

previous reports suggesting that eGFR and proteinuria are 
potent risk factors for subsequent AKI.340,341

ALBUMINURIA

Albuminuria is recognized as one the most important risk 
factors for progression of chronic kidney diseases. Albumin 
is a major serum protein slightly larger than the pores of 
the glomerular filtration membrane, so albuminuria is best 
known as a biomarker of glomerular dysfunction; the 
appearance of albumin in large amounts in urine represents 
compromised integrity of the glomerular basement mem-
brane.342 In smaller amounts, however, the presence of 
albumin in the urine may reflect tubular injury. Albumin-
uria is classified in the KDIGO classification system as stage 
A1 (urine AE [albumin excretion] < 30 mg/day or urine 
ACR [urine albumin to creatinine ratio] < 30 mg per g 
creatinine), stage A2 (previously termed microalbuminuria; 
urine AE 30-300 mg/day or uACR = 30-300 mg per g creati-
nine), and stage A3 (previously termed macroalbuminuria 
urine AE > 300 mg/day or urine ACR > 300 mg per g cre-
atinine). In a number of clinical studies, albuminuria has 
been shown to be a sensitive biomarker of drug-induced 
tubular injury.343,344 It is routinely used as a marker of kidney 
damage for making a CKD diagnosis at eGFRs above 60 mL/
min/1.73 m2.335

Guidelines of the National Kidney Foundation (NKF) 
and of the American Heart Association (AHA), respectively, 
include microalbuminuria and an increase in the urinary 
total protein excretion as risk factors for renal and cardio-
vascular diseases. Both NKF and AHA guidelines suggest 
measurement of urine ACR in an untimed spot urine 
sample. Ideally, urine ACR should be assessed in at least 
three different samples to decrease the intraindividual varia-
tion.345 Albuminuria is a continuous risk factor for ESKD 
and cardiovascular mortality with no lower limit, even after 
adjustment for eGFR and other established risk factors.346-348 
Urine albumin value has been in use as a biomarker for 
monitoring CKD progression and to monitor potential ther-
apeutic efficacy, although the FDA does not accept albumin-
uria as a surrogate marker.

Using microalbuminuria as a marker, Levin and col-
leagues demonstrated that N-acetylcysteine may attenuate 
contrast medium–induced glomerular and tubular injury.349 
In the last several years, there has been more investigation 
of urine albumin excretion as a biomarker for AKI. The 
TRIBE-AKI Consortium measured preoperative albumin-
uria in 1159 adult patients, organizing the cohort into clini-
cal risk categories on the basis of the preoperative urine 
ACR: 10 mg/g or less (≤1.1 mg/mmol), 11 to 29 mg/g (1.2 
to 3.3 mg/mmol), 30 to 299 mg/g (3.4 to 33.8 mg/mmol), 
and 300 mg/g or greater (≥33.9 mg/mmol). The incidence 
of AKI, defined as AKIN stage 1, increased across the ACR 
categories, with patients whose urine ACR was greater than 
300 mg/g having a relative risk of 2.36 (95% CI, 1.85 to 
2.82) in comparison with to the group whose urine ACR was 
less than 10 mg/g. This association was slightly attenuated 
after adjustments for variables known to affect proteinuria 
and AKI (RR, 2.21; 95% CI, 1.66 to 2.73).350 These adult 
data contrast with pediatric TRIBE-AKI data (n = 294), 
which demonstrated no association between preoperative 
urine ACR and the development of postoperative AKI.351 
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those receiving glucocorticoid therapy, and those with eleva-
tions of inflammatory markers such as white blood cell 
count and C-reactive protein level, and the impact of these 
factors on urinary cystatin C in the setting of AKI has not 
been fully investigated.362,363 Furthermore, several different 
commercial assays are available to measure cystatin C. 
Advantages are that the commercially available immu-
nonephelometric assay provides rapid, automated measure-
ment of cystatin C, and results are available in minutes.364 
In addition, preanalytic factors, such as routine clinical 
storage conditions, freezing and thawing cycles, and inter-
fering substances such as bilirubin and triglycerides, do not 
affect cystatin C measurement.364,365

TIMP-2 AND IGFBP-7

Tissue inhibitor metalloproteinase-2 (TIMP-2) and urine 
insulin-like growth factor-binding protein-7 (IGFBP-7) have 
been shown to serve as biomarkers of AKI in the setting of 
critical illness. They were originally discovered as part of a 
three-center discovery cohort of 522 subjects. These patients 
had AKI stemming from sepsis, shock, major surgery, and 
trauma. More than 300 potential markers were evaluated, 
with TIMP-2 and IGFBP-7 being the two that best predicted 
the development of KDIGO stage 2 or 3 AKI. This finding 
was then validated in a prospective international multi-
center observational study of 728 subjects.300 In this valida-
tion study, TIMP-2 and IGFBP-7 remained the top two 
performing biomarkers for the prediction of RIFLE Injury 
or Failure stage within the first 12 to 36 hours of study 
enrollment, providing AUCs of 0.77 and 0.75, respectively. 
When these two biomarker values were multiplied together, 
they demonstrated an improved ability to detect this same 
endpoint (AUC = 0.80). However, we are cautious about the 
interpretation of these data because the study did not supply 
information about the combination of TIMP-2 and IGFBP-7 
with other biomarkers of AKI (e.g., NGAL, KIM-1, L-FABP, 
IL-18).300 This is the first and only publication to demon-
strate that either of these markers plays a role in diagnosing 
AKI and will require validation in follow-up studies. These 
biomarkers are unique in that they play a role in cell cycle 
arrest. Both IGFBP-7 (through p523 and p21) and TIMP-2 
(through p27) block the effect of cyclin-dependent protein 
kinase complexes, resulting in short periods of G1 cell cycle 
arrest.366-368 A commercial assay for these biomarkers is cur-
rently available in Europe, but the TIMP-2 and IGFBP-7 test 
has not been approved for clinical use in the United States.

CHRONIC KIDNEY DISEASE BIOMARKERS

Currently, eGFR and proteinuria are used as markers of 
CKD progression because of the widespread availability of 
the tests and the ease of performing them. All forms of CKD 
are associated with tubulointerstitial injury. As described 
previously, markers of tubular injury, including KIM-1, 
IL-18, NGAL, and L-FABP, have been shown to predict out-
comes in CKD associated with a variety of causes. In addi-
tion, systemic elevations of molecules that have impaired 
kidney clearance or increased production in CKD (e.g., 
asymmetric dimethylarginine, fibroblast growth factor-23) 
as well as chemokines (e.g., monocyte chemoattractant 

and associates analyzed data for 85 patients in the ICU who 
were at high risk for development of AKI and used the RIFLE 
classification to define AKI. The investigators reported that 
serum cystatin C level signaled AKI 1 to 2 days before changes 
in serum creatinine level, with AUC values of 0.82 and 0.97 
on day 2 and day 1, respectively, as well as demonstrating that 
urine cystatin C served as a marker of AKI severity, correlat-
ing with future need for RRT.354,355 Urinary cystatin C concen-
trations, normalized to urinary creatinine, of more than 
11.3 mg/mmol were significantly associated with protein-
uria. Attempts to validate urine cystatin C as a marker of 
ICU-associated AKI have provided mixed results. Siew and 
colleagues measured urine cystatin C in 380 ICU patients 
(mixed-surgical, medical, trauma, and cardiac) and demon-
strated that there was no difference in concentrations 
between those with and those without AKI (P = 0.87).267 
More encouraging data from the EARLYARF trial showed 
that in a cohort of 529 subjects, urinary cystatin C may have 
the limited ability to detect AKI (AUC = 0.67 upon ICU 
arrival) with no significant difference in its ability to detect 
AKI in patients with GFRs above and below 60 mL/min.224 
Additionally, in a separate post hoc analysis of the same 
study, urinary cystatin C values exhibited a stepwise and sig-
nificant (P < 0.001) increase in the following order: patients 
with no AKI, patients with prerenal AKI, patients with intrin-
sic AKI (which was defined as AKIN stage 1 > 48 hours).

In contrast to these mixed ICU-associated AKI data, 
several small studies investigating urinary cystatin C in  
the setting of cardiac surgery have demonstrated 
promise.42,104,295,356 However, these results were not validated 
in the TRIBE-AKI study. In unadjusted analyses of the adult 
cohort, several quintiles of urine cystatin C were signifi-
cantly associated with the development of either mild (AKIN 
stage 1) or severe (doubling of creatinine or need for RRT) 
AKI at both the 0- to 6-hour and 6- to 12-hour postoperative 
time points. However, the small associations were completely 
attenuated after adjustments for the clinical model. Simi-
larly, in the TRIBE pediatric cohort, no quintile remained 
significantly associated with AKI (mild or severe) in the 
adjusted analyses.357 Urinary cystatin C demonstrated similar 
results when measured in a cohort of 1635 ED patients, 
supplying an AUC of 0.65 (95% CI, 0.58 to 0.72) for the 
future development of AKI. However, utilizing a multivari-
ate analysis that included traditional (creatinine) and more 
modern (urine NGAL, KIM-1, IL-18, and LFABP) biomark-
ers, urinary cystatin C was not a significant contributor to 
the prediction of the composite outcome of inpatient RRT 
or death.227 Finally, when investigated in a prospective mul-
ticenter observation cohort study of deceased-donor kidney 
transplants, urinary cystatin C values from the first postop-
erative day were modestly correlated with 3-month allograft 
function, whereas the AUC for predicting delayed graft 
function at the 6-hour postoperative timepoint was 0.69.358

A number of studies have reported increased urinary cys-
tatin C levels in patients with proteinuria, suggesting the 
possibility of tubular damage as a consequence of protein 
overload.359-361 Currently, cystatin C level has several disad-
vantages as a biomarker, including lack of international 
standardization and expense of the assay. Although serum 
cystatin C level has been demonstrated as a reliable bio-
marker of eGFR, one must remember that cystatin C synthe-
sis is increased in smokers, patients with hyperthyroidism, 
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FGF-23 has emerged as a candidate biomarker to detect 
CKD and abnormalities of bone-mineral metabolism in the 
absence of changes in serum phosphate and PTH.

FGF-23 is principally expressed in the ventrolateral tha-
lamic nucleus in mice and is also known to be secreted in 
minimal amounts in liver, heart, thymus, and lymph node. 
Maintenance of phosphate homeostasis is carried out by the 
sodium-dependent phosphate cotransporters NaPi-IIa and 
NaPi-IIc at the brush border membrane of proximal tubular 
cells in kidney, and FGF-23 has been shown to regulate the 
activity of these transporters.395,396

FGF-23 is increased in CKD and is a prognostic indicator 
for cardiovascular disease in patients with CKD.397 In an 
analysis of 3860 participants in the CRIC, FGF-23 levels in 
the highest quartiles (compared with the lowest) were inde-
pendently associated with a graded risk of congestive heart 
failure (HR, 2.98; 95% CI, 1.97 to 4.52) and atherosclerotic 
events (HR, 1.76; 95% CI, 1.20 to 2.59) even after adjust-
ment for eGFR, proteinuria, and other traditional cardio-
vascular risk factors.398 Other studies have shown that 
elevated plasma FGF-23 concentrations are associated with 
cardiovascular events in patients not requiring dialysis as 
well as with mortality in patients receiving hemodialysis, 
with levels in those with ESKD reaching nearly 1000-fold 
above normal.399 Interestingly, FGF-23 levels have also been 
shown to rapidly decline in individuals with prompt allograft 
function after renal transplantation.400,401 It has been 
reported that serum FGF-23 concentrations may be a useful 
marker for predicting future development of refractory 
hyperparathyroidism and the response to vitamin D therapy 
in patients receiving dialysis.402 Similarly, FGF-23 may be 
useful in the evaluation of calcium, phosphate, and vitamin 
D disorders in early-stage CKD in pediatric as well as adult 
patients.403,404 Lowering FGF-23 levels (e.g., with oral phos-
phate binders) may reduce cardiovascular morbidity in 
patients with CKD,405 although more studies are needed. For 
further discussion of FGF-23, see Chapter 55.

URINARY MONOCYTE  
CHEMOATTRACTANT PROTEIN-1

Monocyte chemoattractant protein-1 (MCP-1) is a chemo-
tactic protein secreted by a variety of cells that attracts blood 
monocytes and tissue macrophages through interaction 
with the cell surface receptor CCR2 (chemokine C-C motif 
receptor 2).406,407 Induction of MCP-1 at the transcript 
or protein level has been demonstrated in a variety of 
human cell types, including fibroblasts, endothelial cells, 
peripheral blood mononuclear cells, and epithelial cells,  
on proinflammatory stimuli.407-411 Kidney cells also produce 
MCP-1 in response to proinflammatory cytokines, including 
tumor necrosis factor-α and IL-1β.412 Expression of 
MCP-1 is induced in kidney diseases with significant  
inflammation, such as diabetic nephropathy and other 
glomerulonephropathies.413-415 In particular, podocytes and 
tubular cells produce MCP-1 in response to high levels of 
glucose and advanced glycosylation end products.416 Fur-
thermore, urine values of MCP-1 are significantly increased 
in patients with diabetic nephropathy and correlate signifi-
cantly with albuminuria and NAG levels in human as well as 
experimental diabetic nephropathy.417-420 In a prospective 
observational study of patients with diabetic nephropathy, 

protein-1) and fibrotic markers (connective tissue growth 
factor, TGF-β1, and collagen IV) are discussed here.

PLASMA ASYMMETRIC DIMETHYLARGININE

Nitric oxide is synthesized by oxidation of the terminal gua-
nidine nitrogen of L-arginine by nitric oxide synthase 
(NOS). This process can be reversibly inhibited by guanidine-
substituted analogs of L-arginine, such as in asymmetric 
dimethylarginine (ADMA).369,370 Three types of methylated 
arginines have been described in vivo: ADMA, NG-
monomethyl-L-arginine, and symmetric dimethylarginine, 
an inert isomer of ADMA. Of these, ADMA is the major type 
of endogenously generated methylated arginine that dis-
plays inhibitor activity of NOS. However, administration of 
ADMA to endothelial NOS knockout mice also induces vas-
cular lesions, suggesting that ADMA may have actions inde-
pendent of nitric oxide and NOS in vivo.371 Vallance and 
associates first reported that plasma values of ADMA are 
elevated in patients with renal failure372 and hypothesized 
that impaired renal clearance of ADMA may account for the 
rise. This assumption has been challenged by follow-up 
studies in animal models demonstrating that only a small 
portion of circulating ADMA is excreted in the urine.373 
Moreover, elevated plasma ADMA levels are also reported 
in patients with incipient renal disease but normal renal 
function.374

Elevated plasma levels of ADMA have been reported in 
patients with a variety of cardiovascular risk factors, such as 
hypertension, diabetes, and hyperlipidemia.375–377 Among 
these groups, plasma ADMA levels are particularly high in 
patients with CKD, patients with ESKD undergoing hemo-
dialysis or peritoneal dialysis, and kidney transplant recipi-
ents.372,378,379 Plasma levels of ADMA are strongly associated 
with carotid intima-media thickness, left ventricular hyper-
trophy, cardiovascular complications, and mortality in 
patients with ESKD.380-382 Plasma ADMA levels have been 
shown to prospectively correlate, in an inverse manner, with 
CKD progression in patients with and without diabetes-
related CKD.383,384 Similarly ADMA levels may also be associ-
ated with the presence of proteinuria/albuminuria.385 Large 
longitudinal studies are needed to demonstrate the ability 
of ADMA to identify CKD and predict its progression in 
cohorts with CKD from multiple causes.

FIBROBLAST GROWTH FACTOR-23

Fibroblast growth factor-23 (FGF-23) is a 32-kDa protein 
consisting of 251 amino acids coded by a gene, which is 
located on chromosome 12 in the human genome. FGF-23 
serves as an endocrine hormone that is secreted by osteo-
blasts and osteoclasts and that binds an FGF receptor and 
its co-receptor Klotho and stimulates phosphaturia.386-388 In 
addition to promoting phosphaturia, FGF-23 decreases 
levels of 1,25 dihydroxy-vitamin D and of parathyroid 
hormone.389,390 Several cross-sectional studies have demon-
strated that FGF-23 values are elevated in both adult and 
pediatric patients with CKD.391-393 In a prospective observa-
tional study of 3879 subjects in the CRIC, FGF-23 levels were 
shown to be increased in individuals with CKD stages 2 
through 4, with FGF-23 elevation occurring in the absence 
of abnormalities in serum phosphate and PTH.394 As such, 
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diabetic nephropathy.434 CTGF has been found to be ele-
vated in the glomeruli at early and late stages of diabetic 
nephropathy.436 Riser and associates first reported that 
CTGF is elevated in the urine of diabetic rats and in diabetic 
patients.437 Subsequently, several groups reported higher 
urinary levels of CTGF in diabetic patients than in healthy 
individuals,438,439 indicating its potential as a marker for dia-
betic nephropathy. In patients with diabetes, plasma CTGF 
levels were shown to be higher in those with macroalbumin-
uria than in those with a normal urine albumin level. CTGF 
was an independent predictor of ESKD and correlated with 
the rate of decline in GFR.440 In another study, both blood 
and urine levels of intact CTGF and the N-terminal frag-
ment were measured in 1050 patients with type 1 diabetes 
from the Diabetes Control and Complications Trial/
Epidemiology of Diabetes Interventions and Complication 
(DCCT/EDIC).441 Patients with macroalbuminuria had 
higher plasma levels of CTGF N-terminal fragment than 
diabetic patients with or without microalbuminuria. Intact 
CTGF levels were associated with the duration of diabetes 
as well as common carotid artery intima-media thickness. 
Additionally, in regression analyses, log plasma CTGF 
N-terminal fragments concentrations were independently 
associated with the intima thickness of the common and 
internal carotid artery. Plasma CTGF levels, therefore, serve 
as a risk marker for diabetic renal and vascular disease.

TRANSFORMING GROWTH FACTOR-β1

Transforming growth factor-β is essential for the develop-
ment and differentiation of various tissues.442 Three iso-
forms of TGF-β have been identified in mammalian species: 
TGF-β1, TGF-β2, and TGF-β3. TGF-β1 is the predominant 
isoform in humans.443 It is mainly secreted as high-molecular-
weight inactive complex and undergoes a cleavage process 
for its activation.444 Several studies have demonstrated the 
association of urine levels of TGF-β1 with the progression of 
CKD. Elevated urinary TGF-β1 levels were found in patients 
with glomerulonephritis and diabetic nephropathy as well 
as in renal allograft recipients.444-447 In addition, some of the 
profibrotic molecules induced by TGF-β1, including TGF-β–
inducible gene H3 (βig-H3) and plasminogen activator 
inhibitor-1 (PAI-1), were also detected at high levels in the 
urine.448,449 Because TGF-β1 is mostly secreted as an inactive 
complex that requires chemical modification for its activa-
tion, βig-H3 and PAI-1 can be used as surrogate markers for 
TGF-β1 activity. Urine levels of both βig-H3 and PAI-1 have 
been shown to correlate with renal injury and fibrosis in 
patients with diabetic nephropathy.448,449 However, in a study 
of 3939 participants from the CRIC study, TGF-β levels were 
not shown to be significantly associated with CKD progres-
sion or the presence of macroalbuminuria.450 In a much 
smaller case-control study of TGF-β in the setting of pediat-
ric obstructive nephropathy (posterior urethral valves), 
however, TGF-β levels were shown to be inversely correlated 
with GFR.451

COLLAGEN IV

Collagen IV is a component of the extracellular matrix, and 
excess deposition of collagen IV is present in renal fibrosis. 
Furthermore, elevation of urinary collagen IV has been 

urine values of connective tissue growth factor (CTGF) were 
elevated in patients with microalbuminuria and macroalbu-
minuria, but urinary MCP-1 was elevated only in those with 
macroalbuminuria.421 Urinary CTGF levels correlated with 
progression to macroalbuminuria, whereas urinary MCP-1 
levels (but not CTGF levels) correlated with the subsequent 
rate of eGFR decline (at a median follow-up of 6 years).The 
investigators concluded that increased urinary CTGF con-
centration is associated with early progression of diabetic 
nephropathy, whereas MCP-1 level is associated with later-
stage disease.421

The independent association of urine MCP-1 with the risk 
of CKD progression has been confirmed by others.422,423 
Elevations of urinary MCP-1 were reported in patients with 
lupus nephritis, and the presence of MCP-1 in urine reflected 
its intrarenal expression.424,425 Serum concentrations of 
MCP-1 were also shown to be elevated in patients with dia-
betic nephropathy and lupus nephritis, but the serum levels 
did not correlate with disease progression.424-426 Moreover, 
the lack of correlation between urinary and serum MCP-1 
levels suggests that urinary MCP-1 is the result of local pro-
duction of MCP-1 by the kidney rather than simply filtration 
of serum MCP-1. Vianna and colleagues demonstrated that 
plasma and urinary concentrations of MCP-1 were elevated 
in pediatric CKD (from either glomerular disease or con-
genital anomalies) but were not correlated with each other. 
MCP-1 levels were significantly higher in patients with CKD 
than in those without CKD and there were differences in 
MCP-1 concentration depending on the cause of the CKD.415

Munshi and associates demonstrated that urinary concen-
trations of both MCP-1 transcripts and protein were elevated 
in patients with AKI as well as in experimental models of 
AKI; however, these data have yet to be replicated in other 
AKI cohorts.427

URINARY RENAL FIBROSIS MARKERS

Excessive production of extracellular matrix (collagen IV) 
and profibrotic growth factors contributes to renal fibrosis, 
and CTGF as well as TGF-β1 are growth factors implicated 
in the progression of renal fibrosis.

CONNECTIVE TISSUE GROWTH FACTOR

Connective tissue growth factor (also known as CCN2), a 
member of the CCN family of matricellular proteins, was 
first discovered by Bradham and colleagues in 1991 as a 
secreted protein in the conditioned media of human umbil-
ical vascular endothelial cells.428 CTGF has been implicated 
in a variety of cellular functions, including proliferation, cell 
adhesion, angiogenesis, and wound healing.380,429,430 Accu-
mulated evidence on CTFG in the last few years indicates 
that it is both a marker and a mediator of tissue fibrosis.431 
CTGF is an immediate-early gene potently induced by TGF-β 
that has also been shown to promote fibrosis primarily 
through TGF-β.432 CTGF is overexpressed in several fibrotic 
diseases, such as scleroderma and lung and hepatic 
fibrosis.433-435

In the kidney, CTGF expression has been shown to be 
upregulated in various forms of renal disease, including IgA 
nephropathy, focal and segmental glomerulosclerosis, and 
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COMBINATIONS OF MULTIPLE 
BIOMARKERS

In the classic biomarker paradigm, one biomarker detects 
one disease. However, acute and chronic kidney diseases are 
complex with multiple underlying causes. A single bio-
marker may not be optimal to make an early diagnosis and 
predict the longer-term outcome of the disease process. 
Different biomarkers provide different sets of information. 
As discussed in this chapter, some biomarkers excel at 

reported in patients with IgA nephropathy as well as in those 
with diabetic nephropathy and has been correlated with 
declining renal function.452,453 In a prospective observational 
cohort study of 231 normoalbuminuric and microalbumin-
uric patients with type 1 diabetes, collagen IV was signifi-
cantly associated with decline in eGFR over time in both 
univariate and multivariate analyses, with collagen IV values 
being elevated in patients with lower GFRs.454

Tables 30.6 and 30.7 summarize the ability of biomarkers 
to detect clinical endpoints related to AKI and CKD in a 
variety of clinical settings.

Table 30.6  Biomarker Performance in Detecting AKI from Multicenter Studies at a Variety of 
Clinical Timepoints

Peri-operative AKI Critically Ill Emergency Room 

Preop 
AKI Risk

Early 
Post-op 
AKI

AKI 
Progression

Long-Term 
Mortality

Early 
Diagnosis 
of AKI

Type of AKI 
(Transient  
vs. Intrinsic)

Need for 
RRT

Early 
Diagnosis 
of AKI

Type of AKI 
(Transient 
vs. Intrinsic)

Urine NGAL N/A + − + + + + + +
Blood NGAL − + + ? − ? − ? ?
Blood CysC + + − ? + + + ? ?
Urine CysC N/A − − − + + + + +
Urine IL-18 N/A + + + + + + + +
Urine KIM-1 N/A + − + + − − + +
Urine L-FABP N/A − − + ? ? − + +
TIMP-2/IGFBP-7 N/A ? ? ? + ? + ? ?
Urine protein/

albumin
+ + + + ? ? ? ? ?

Adapted and expanded from Koyner JL, Parikh CR: Clinical utility of biomarkers of AKI in cardiac surgery and critical illness. Clin J Am 
Soc Nephrol 8:1034-1042, 2013.

+, Data published displays the ability to detect this aspect of AKI; −, data published does not display the ability to detect this aspect of AKI; 
?, no large multicenter data published on this biomarker/aspect of AKI; N/A, not applicable, because biomarkers of tubular injury have no 
role in preoperative risk screening.

AKI, Acute kidney injury; CysC, cystatin C; IGFBP7, insulin-like growth factor–binding protein-7; IL-18, interleukin-18; KIM-1, kidney injury 
molecule-1; L-FABP, liver-type fatty acid–binding protein; NGAL, neutrophil gelatinase–associated lipocalin; postop, postoperative; preop, 
preoperative; RRT, renal replacement therapy; TIMP-2, tissue inhibitor metalloproteinase-2.

Table 30.7  Biomarker Performance in Detecting CKD from Multicenter Studies

Diagnosis of CKD
Progression of CKD 
to ESKD

Cardiovascular/
Mortality Risk 
Assessment in CKD

Progression of 
HIV-Associated 
CKD

Urine NGAL ? − ? ?
Blood NGAL ? − ? ?
Blood CysC + + + +
Urine IL-18 − ? ? +
Urine KIM-1 ? ? ? −
β-Trace protein − ? + ?
Urine protein/albumin + + + +
FGF-23 − + + ?

+, Data published displays the ability to detect this aspect of CKD; −, data published does not display the ability to detect this aspect of 
CKD; ?, no large multicenter data published on this biomarker/aspect of CKD.

CKD, chronic kidney disease; CysC, Cystatin C; ESKD, end-stage kidney disease; FGF-23, fibroblastic growth factor-23; HIV, human 
immunodeficiency virus; IL-18, interleukin-18; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase–associated lipocalin.
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FDA CRITICAL PATH INITIATIVE: A NEED 
FOR BETTER BIOMARKERS

The Critical Path Initiative was launched in March 2004 by 
the FDA as a strategy for modernizing the sciences through 
which FDA-regulated products are developed, evaluated, 
manufactured, and used. The 2006 report of the Critical 
Path Initiative outlined specific key areas of Critical Path 
focus identified by FDA experts and the public. Comment-
ing on a major initiative of the FDA that focuses on biomark-
ers, Janet Woodcock, MD, deputy commissioner for 
operations and head of the FDA’s Critical Path Initiative, 
stated: “Most researchers agree that a new generation of 
predictive biomarkers would dramatically improve the effi-
ciency of product development, help identify safety prob-
lems before a product is on the market (and even before it 
is tested in humans), and facilitate the development of new 
types of clinical trials that will produce better data faster.”455 
The Critical Path Initiative is the FDA’s attempt to stimulate 
and facilitate a national effort to modernize the scientific 
process through which a potential human drug, biologic 
product, or medical device progresses from the discovery or 
“proof of concept” stage into a medical product.456 The FDA 
has provided guidelines stating that a biomarker can be 
considered “valid” only if (1) it is measured in an analytical 
test system with well-established performance characteris-
tics, and (2) there is an established scientific framework or 
body of evidence that elucidates the physiologic, pharmaco-
logic, toxicologic, or clinical significance of the test result.

The initial project hosted by Critical Path Institute, the 
Predictive Safety Testing Consortium (PSTC), brought 
together 16 pharmaceutical and biotechnology companies, 
one nonprofit patient organization, and advisors from aca-
demic institutions, the FDA, and the EMA to exchange data 
and methodologies with the goal of qualifying organ safety 
biomarkers for regulatory decision making in preclinical, 
translational, and clinical contexts.23,24 Seven urinary pro-
teins (KIM-1, albumin, total protein, β2-microglobulin, cys-
tatin C, clusterin, and trefoil factor 3) were evaluated for 
their utility to outperform current tests, including serum 
creatinine concentration and BUN concentration, in the 
detection of drug-induced kidney injury. The Predictive 
Safety Testing Consortium submitted the data to the FDA, 
EMA, and Japanese Pharmaceutical and Medical Devices 
Agency for evaluation.24 In 2010, the FDA and EMA reached 
the formal conclusion that these biomarkers are considered 
qualified for use in regulatory decision making for drug 
safety to detect acute drug-induced kidney injury in preclini-
cal studies and, on a case-by-case basis, in early clinical 
studies in combination with standard biomarkers.23,24,457,458

THE KIDNEY HEALTH INITIATIVE

In response to the epidemic of CKD and AKI and the limited 
number of randomized controlled trials, in 2013 the FDA, 
the American Society of Nephrology, and their industry 
partners announced the founding of the Kidney Health 
Initiative (KHI). This public-private partnership was 
designed to foster collaborations to optimize the evaluation 
of drugs, devices, biologics, and food products in the greater 

detecting AKI in different clinical settings (cardiac surgery 
vs. ICU vs. ED vs. other) whereas others detect different 
aspects of AKI (early diagnosis vs. AKI severity vs. prerenal 
disease). This same phenomenon is true of CKD biomarkers 
with some being more likely to detect CKD in the setting of 
diabetes or in obstruction or in other forms of glomerulo-
nephritis. Thus, it is important to consider the clinical utility 
of a panel of biomarkers for acute and chronic kidney 
diseases.

It is becoming increasingly clear, in part on the basis of 
the evidence discussed here, that multiple biomarkers are 
already a viable option in the care of patients with CKD. 
Serum creatinine can be used in conjunction with cystatin 
C for the detection/diagnosis of CKD. Proteinuria/
albuminuria can be used in combination with these two 
markers of glomerular function to further diagnose and 
risk-stratify individuals. Recall that in the setting of normal 
serum creatinine and serum cystatin C, the presence of 
albuminuria constitutes a diagnosis of CKD.

Utilization of multiple biomarkers in the setting of AKI 
has been an area of increased investigation, with several 
studies attempting to combine two or more biomarkers to 
improve their predictive capabilities.249,250,265,300,308 Some 
studies have simply used the product of two biomarkers and 
then assessed the AUC, and others have used logistic regres-
sion models to assess the AUC for two or more biomarkers. 
There has not been a consensus about the statistical methods 
for combining biomarkers, and this remains an area of con-
tinued investigation. Later studies have acknowledged the 
aforementioned premise that individual biomarkers have 
their own specific kinetics and that combining biomarkers 
from different timepoints may improve their predictive 
capabilities.250 However, the clinical implications and feasi-
bility of collecting biomarker samples at several distinct 
timepoints following cardiac surgery or ICU admission 
remain untested. As more and more biomarker data are 
amassed, we anticipate advances in novel methods for assess-
ing biomarker combinations. Table 30.8 summarizes a 
variety of rationales and approaches to combining bio-
marker results in the hope of achieving improved predic-
tion of patient outcomes.

Table 30.8  Strategies for Biomarker 
Combination

Combine for 
different functions

Combine a marker of filtration with 
one of tubular injury

Combine a marker of proximal tubular 
injury with a marker of distal tubular 
injury

Combine for kinetics Combine biomarkers with different 
time courses to improve duration of 
diagnosis

Combine for 
improved 
accuracy

Use of two or more biomarkers in 
statistical equations

Strategic 
combinations

Combine a diagnostic biomarker with 
a prognostic biomarker

Combine an extremely sensitive 
marker with an extremely specific 
marker
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kidney community. This initiative is intended to facilitate 
the delivery of these products to the U.S. market in a safe 
and expeditious manner.459 Despite the growing evidence of 
their ability to predict AKI, CKD progression, and other 
adverse patient outcomes, no new biomarkers have been 
approved in the United States for clinical use, so it remains 
to be seen how this new initiative will affect the biomarkers 
field.

FUTURE OF BIOMARKERS

Advances in molecular analysis and proteomics have resulted 
in the identification of a wide range of potential serum and 
urine biomarkers for assessing renal function and injury as 
well as predicting the development of kidney disease. Not 
only are many of these biomarkers sensitive, but some are 
site specific. A number of them have been reported to be 
predictive of an adverse outcome. For some, however, a great 
deal of additional work is still needed to bring these bio-
markers successfully to clinical practice for kidney diseases.

Because kidney disease is complex with multiple causes 
and often manifests in the setting of systemic diseases, a 
single biomarker may be insufficient for early diagnosis, 
insight into pathophysiology, and prediction of clinical 
course and outcome. Different biomarkers will be useful in 
different contexts. In some circumstances, a single bio-
marker may suffice, but in others, benefit will come from 
the use of multiple biomarkers in plasma, urine, or both to 
provide early evidence of risk and injury and to distinguish 
among various types of kidney diseases. Many of these bio-
markers can be grouped according to their association with 
a particular type of injury (e.g., podocyte or tubular injury) 
or mechanism of damage (e.g., oxidative stress, inflamma-
tion, fibrosis). Understanding the relationships among 
these different biomarker categories may help us to better 
understand disease processes.

These biomarkers are not only useful for assessing kidney 
injury in humans in early stages and predicting progression 
of disease but also crucial for translating novel therapeutic 
compounds from preclinical animal models to first human 
trials. In the past, the use of newly emerged biomarkers in 
preclinical and clinical studies and drug development has 
been hindered by lack of regulatory acceptance. It is hoped 
that in the future, biomarker measurements obtained using 
biomarker test panels will be used not only to diagnose 
kidney injury and predict outcome but also as surrogate 
endpoints in clinical trials, an approach that might speed 
up clinical evaluation of desperately needed therapies for 
kidney diseases.

ACKNOWLEDGEMENT
Dr. Koyner was supported by NIH grant K23DK081616. Dr. 
Parikh was supported by NIH grant RO1HL085757 to fund 
the TRIBE-AKI Consortium to study novel biomarkers of 
acute kidney injury in cardiac surgery. Dr. Parikh is also a 
member of the NIH-sponsored ASsess, Serial Evaluation, 
and Subsequent Sequelae in Acute Kidney Injury (ASSESS-
AKI) Consortium (U01DK082185).

We wish to acknowledge and thank Drs. Joseph V. Bon-
ventre and Venkata Sabbisetti, who wrote prior versions of 
this chapter.

http://www.ExpertConsult.com
http://www.myuptodate.com


 CHAPTER 30 — BIoMARKERS IN ACUTE AND CHRoNIC KIDNEy DISEASES 955

238. Han WK, et al: Kidney Injury Molecule-1 (KIM-1): a novel bio-
marker for human renal proximal tubule injury. Kidney Int 
62(12081583):237–244, 2002.

250. Parikh CR, et al: Performance of kidney injury molecule-1 and 
liver fatty acid-binding protein and combined biomarkers of AKI 
after cardiac surgery. Clin J Am Soc Nephrol 8(7):1079–1088, 
2013.

251. Han WK, et al: Urinary biomarkers in the early detection of acute 
kidney injury after cardiac surgery. Clin J Am Soc Nephrol 4(5):873–
882, 2009.

255. Ko GJ, et al: Transcriptional analysis of kidneys during repair from 
AKI reveals possible roles for NGAL and KIM-1 as biomarkers of 
AKI-to-CKD transition. Am J Physiol Renal Physiol 298(6):F1472–
F1483, 2010.

263. Susantitaphong P, et al: Performance of urinary liver-type fatty 
acid-binding protein in acute kidney injury: a meta-analysis. Am J 
Kidney Dis 61(3):430–439, 2013.

281. Reeves WB, Kwon O, Ramesh G: Netrin-1 and kidney injury. II. 
Netrin-1 is an early biomarker of acute kidney injury. Am J Physiol 
Renal Physiol 294(18234954):731–738, 2008.

291. Mishra J, et al: Neutrophil gelatinase-associated lipocalin (NGAL) 
as a biomarker for acute renal injury after cardiac surgery. Lancet 
365(15811456):1231–1238, 2005.

300. Kashani K, et al: Discovery and validation of cell cycle arrest bio-
markers in human acute kidney injury. Crit Care 17(1):R25, 
2013.

305. Di Somma S, et al: Additive value of blood neutrophil gelatinase-
associated lipocalin to clinical judgement in acute kidney injury 
diagnosis and mortality prediction in patients hospitalized from 
the emergency department. Crit Care 17(1):R29, 2013.

321. Liu KD, et al: Urine neutrophil gelatinase-associated lipocalin 
levels do not improve risk prediction of progressive chronic 
kidney disease. Kidney Int 83(5):909–914, 2013.

339. James M, Hemmelgarn B, Wiebe N: Glomerular filtration rate, 
proteinuria, and the incidence and consequences of acute kidney 
injury: a cohort study. Lancet 376(9758):2096–2103, 2010.

340. Hsu CY, Ordonez JD, Chertow GM: The risk of acute renal failure 
in patients with chronic kidney disease. Kidney Int 74(1):101–107, 
2008.

394. Isakova T, et al: Fibroblast growth factor 23 and risks of mortality 
and end-stage renal disease in patients with chronic kidney 
disease. JAMA 305(21673295):2432–2439, 2011.

398. Scialla JJ, et al: Fibroblast growth factor-23 and cardiovascular 
events in CKD. J Am Soc Nephrol 25(2):349–360, 2014.

460. Koyner JL, Parikh CR: Clinical utility of biomarkers of AKI in 
cardiac surgery and critical illness. Clin J Am Soc Nephrol 8(6):1034–
1042, 2013.

150. Ruotsalainen V, et al: Nephrin is specifically located at the slit 
diaphragm of glomerular podocytes. Proc Natl Acad Sci U S A 
96(10393930):7962–7967, 1999.

165. Perazella MA, et al: Urine microscopy is associated with severity 
and worsening of acute kidney injury in hospitalized patients. Clin 
J Am Soc Nephrol 5(20089493):402–408, 2010.

182. Nickolas TL, et al: Sensitivity and specificity of a single emergency 
department measurement of urinary neutrophil gelatinase-
associated lipocalin for diagnosing acute kidney injury. Ann Intern 
Med 148(11):810–819, 2008.

216. Melnikov VY, et al: Impaired IL-18 processing protects caspase-1-
deficient mice from ischemic acute renal failure. J Clin Invest 
107(11342578):1145–1152, 2001.

218. Parikh CR, et al: Urinary interleukin-18 is a marker of human 
acute tubular necrosis. Am J Kidney Dis 43(14981598):405–414, 
2004.

219. Parikh CR, et al: Postoperative biomarkers predict acute kidney 
injury and poor outcomes after adult cardiac surgery. J Am Soc 
Nephrol 22(9):1748–1757, 2011.

220. Parikh CR, et al: Postoperative biomarkers predict acute kidney 
injury and poor outcomes after pediatric cardiac surgery. J Am Soc 
Nephrol 22(9):1737–1747, 2011.

221. Koyner JL, et al: Biomarkers predict progression of acute kidney 
injury after cardiac surgery. J Am Soc Nephrol 23(5):905–914, 2012.

222. Coca SG, et al: Urinary biomarkers of acute kidney injury and 
mortality 3-years after cardiac surgery. J Am Soc Nephrol 25(5):1063–
1071, 2013.

223. Siew ED, et al: Elevated urinary IL-18 levels at the time of ICU 
admission predict adverse clinical outcomes. Clin J Am Soc Nephrol 
5(8):1497–1505, 2010.

224. Endre ZH, et al: Improved performance of urinary biomarkers of 
acute kidney injury in the critically ill by stratification for injury 
duration and baseline renal function. Kidney Int 79(10):1119–
1130, 2011.

225. Nejat M, et al: Some biomarkers of acute kidney injury are 
increased in pre-renal acute injury. Kidney Int 81(12):1254–1262, 
2012.

226. Doi K, et al: Evaluation of new acute kidney injury biomarkers in 
a mixed intensive care unit. Crit Care Med 39(11):2464–2469, 2011.

227. Nickolas TL, et al: Diagnostic and prognostic stratification in the 
emergency department using urinary biomarkers of nephron 
damage: a multicenter prospective cohort study. J Am Coll Cardiol 
59(3):246–255, 2012.

230. Hall IE, et al: IL-18 and urinary NGAL predict dialysis and  
graft recovery after kidney transplantation. J Am Soc Nephrol 
21(19762491):189–197, 2010.

231. Hall IE, et al: Association between peritransplant kidney injury 
biomarkers and 1-year allograft outcomes. Clin J Am Soc Nephrol 
7(8):1224–1233, 2012.

http://www.myuptodate.com


 CHAPTER 30 — BIoMARKERS IN ACUTE AND CHRoNIC KIDNEy DISEASES 955.e1

REFERENCES
1. Uchino S, et al: Acute renal failure in critically ill patients: a mul-

tinational, multicenter study. JAMA 294(16106006):813–818, 
2005.

2. Collins AJ, et al: Excerpts from the US Renal Data System 2009 
annual data report. Am J Kidney Dis 55(1 Suppl 1):S1–S420, A6–7, 
2010.

3. Hsu RK, et al: Temporal changes in incidence of dialysis-requiring 
AKI. J Am Soc Nephrol 24(1):37–42, 2013.

4. Chawla LS, et al: The severity of acute kidney injury predicts 
progression to chronic kidney disease. Kidney Int 79(12):1361–
1369, 2011.

5. Nugent RA, et al: The burden of chronic kidney disease on devel-
oping nations: a 21st century challenge in global health. Nephron 
Clin Pract 118(21212690):269–277, 2011.

6. Sanoff S, Okusa MD: Impact of acute kidney injury on  
chronic kidney disease and its progression. Contrib Nephrol 
171(21625114):213–217, 2011.

7. Schieppati A, Remuzzi G: Chronic renal diseases as a public health 
problem: epidemiology, social, and economic implications. Kidney 
Int Suppl 98:S7–S10, 2005.

8. Blagg CR: Chronic kidney disease is but one of the many  
global threats to health. Hemodial Int 14(20968115):345, 2010.

9. Saran R, et al: Surveillance of chronic kidney disease around the 
world: tracking and reining in a global problem. Adv Chronic 
Kidney Dis 17(20439096):271–281, 2010.

10. Zurbig P, et al: Urine proteomics in kidney and urogenital dis-
eases: moving towards clinical applications. Proteomics Clin Appl 
5(21591267):256–268, 2011.

11. Shao C, Wang Y, Gao Y: Applications of urinary proteomics in 
biomarker discovery. Sci China Live Sci 54(5):409–417, 2001.

12. Boudonck KJ, et al: Metabolomics for early detection of drug-
induced kidney injury: review of the current status. Bioanalysis 
1(21083109):1645–1663, 2009.

13. Prunotto M, et al: Urinary proteomics and drug discovery in 
chronic kidney disease: a new perspective. J Proteome Res 
10(20718506):126–132, 2011.

14. Biomarkers Definitions Working Group: Biomarkers and surro-
gate endpoints: preferred definitions and conceptual frame-
work. Clin Pharmacol Ther 69(3):89–95, 2001.

15. Biomarkers Definitions Working Group: Biomarkers and surro-
gate endpoints: preferred definitions and conceptual frame-
work. Clin Pharmacol Ther 69(3):89–95, 2001.

16. Pepe MS, Etzioni R, Feng Z, et al: Phases of biomarker develop-
ment for early detection of cancer. J Natl Cancer Inst 93(14):1054–
1061, 2001.

17. Srivastava S, Gopal-Srivastava R: Biomakers in cancer screening: a 
public health perspective. J Nutr (8 Suppl):2471S–2475S, 2002.

18. Solberg HE: International Federation of Clinical Chemistry. Sci-
entific committee, clinical section. Expert Panel on theory of 
reference values and International Committee for Standardiza-
tion in Haematology Standing Committee on Reference Values: 
Approved recommendation (1986) on the theory of reference 
values. Part 1. The concept of reference values. Clin Chim Acta 
165:111–118, 1987.

19. Solberg HE, PetitClerc C: Approved recommendation (1988) on 
the theory of reference values. Part 3. Preparation of individuals 
and collection of specimens for the production of reference 
values. Clin Chim Acta 177(3233768):S3–S11, 1988.

20. LaBaer J: So, you want to look for biomarkers (introduction to 
the special biomarkers issue). J Proteome Res 4(4):1053–1059, 2005.

21. Waikar SS, et al: Imperfect gold standards for kidney injury  
biomarker evaluation. J Am Soc Nephrol 23(22021710):13–21, 
2012.

22. Goodsaid F, Frueh F: Biomarker qualification pilot process at the 
US Food and Drug Administration. AAPS J 9(1):E105–E108, 2007.

23. Sistare F, Dieterle F, Troth S: Towards consensus practices to 
qualify safety biomarkers for use in early drug development. Nat 
Biotechnol 28(5):446–454, 2010.

24. Dieterle F, et al: Renal biomarker qualification submission: a 
dialog between the FDA-EMEA and Predictive Safety Testing Con-
sortium. Nat Biotechnol 28(20458315):455–462, 2010.

25. Zweig MH: ROC plots display test accuracy, but are still limited by 
the study design. Clin Chem 39(7684958):1345–1346, 1993.

26. Søreide K: Receiver-operating characteristic curve analysis in diag-
nostic, prognostic and predictive biomarker research. J Clin Pathol 
62:1–5, 2009.

27. Bharti B, Bharti S: Receiver-operating characteristic curve analysis 
in diagnostic, prognostic and predictive biomarker research: 
trade-off between sensitivity and specificity with change of test 
cut-offs. J Clin Pathol 62(19861569):1051, 2009.

28. Pepe MS, et al: Testing for improvement in prediction model 
performance. Stat Med 32(9):1467–1482, 2013.

29. Demler OV, Pencina MJ, D’Agostino RB, Sr: Misuse of DeLong 
test to compare AUCs for nested models. Stat Med 31(23):2577–
2587, 2012.

30. Pencina MJ, D’Agostino RB, Sr, Demler OV: Novel metrics for 
evaluating improvement in discrimination: net reclassification 
and integrated discrimination improvement for normal variables 
and nested models. Stat Med 30;31(2):101–113, 2011.

31. Pencina MJ, D’Agostino RB, Sr, Steyerberg EW: Extensions of net 
reclassification improvement calculations to measure usefulness 
of new biomarkers. Stat Med 30(1):11–21, 2011.

32. Pepe M, et al: The Net Reclassification Index (NRI): a misleading 
measure of prediction improvement with miscalibrated or overfit models 
(March 2013). Working Paper 392. UW Biostatistics Working 
Paper Series(online). Available at: http://biostats.bepress.com/
uwbiostat/paper392. Accessed June 2, 2013.

33. deFilippi CR, et al: Association of serial measures of cardiac tro-
ponin T using a sensitive assay with incident heart failure and 
cardiovascular mortality in older adults. JAMA 304(21078811):2494–
2502, 2010.

34. Gomes S, et al: New diagnostic criteria for acute myocardial 
infarction and in-hospital mortality. Rev Port Cardiol 24(15861905):
231–237, 2005.

35. Allgren R, et al: Anaritide in acute tubular necrosis: Auriculin 
Anaritide Acute Renal Failure Study Group. N Engl J Med 336:828–
834, 1997.

36. Bellomo R, et al: Acute renal failure—definition, outcome mea-
sures, animal models, fluid therapy and information technology 
needs: the Second International Consensus Conference of the 
Acute Dialysis Quality Initiative (ADQI) Group. Crit Care 8(4):
R204–R212, 2004.

37. Mehta RL, et al: Acute Kidney Injury Network: report of an initia-
tive to improve outcomes in acute kidney injury. Crit Care 
11(2):R31, 2007.

38. Kidney Disease: Improving Global Outcomes (KDIGO):  
Acute Kidney Injury Work Group: KDIGO clinical practice guide-
line for acute kidney injury. Kidney Int (Suppl 2):1–138, 
2012.

39. Haase M, et al: The outcome of neutrophil gelatinase-associated 
lipocalin-positive subclinical acute kidney injury: a multicenter 
pooled analysis of prospective studies. J Am Coll Cardiol 
57(17):1752–1761, 2011.

40. Waikar SS, Sabbisetti VS, Bonventre JV: Normalization of urinary 
biomarkers to creatinine during changes in glomerular filtration 
rate. Kidney Int 78(20555318):486–494, 2010.

41. Ralib A, et al: Test characteristics of urinary biomarkers depend 
on quantitation method in acute kidney injury. J Am Soc Nephrol 
23(2):322–333, 2011.

42. Koyner JL, et al: Urinary biomarkers in the clinical prognosis and 
early detection of acute kidney injury. Clin J Am Soc Nephrol 
5(12):2154–2165, 2010.

43. McIlroy DR, Wagener G, Lee HT: Neutrophil gelatinase-associated 
lipocalin and acute kidney injury after cardiac surgery: the effect 
of baseline renal function on diagnostic performance. Clin J Am 
Soc Nephrol 5(2):211–219, 2010.

44. Coresh J, Byrd-Holt D, Astor BC: Chronic kidney disease aware-
ness, prevalence, and trends among U.S. adults 1999 to 2000. J 
Am Soc Nephrol 16(1):180–188, 2005.

45. Bosch JP: Renal reserve: a functional view of glomerular filtration 
rate. Semin Nephrol 15(5):381–385, 1995.

46. Herrera J, Rodriguez-Iturbe B: Stimulation of tubular secretion of 
creatinine in health and in conditions associated with reduced 
nephron mass. Evidence for a tubular functional reserve. Nephrol 
Dial Transplant 13(9550637):623–629, 1998.

47. Fehrman-Ekholm I, et al: No evidence of accelerated loss of 
kidney function in living kidney donors: results from a cross-
sectional follow-up. Transplantation 72(11502974):444–449, 2001.

http://biostats.bepress.com/uwbiostat/paper392
http://biostats.bepress.com/uwbiostat/paper392
http://www.myuptodate.com


955.e2 SECTIoN IV — EVALUATIoN oF THE PATIENT WITH KIDNEy DISEASE

48. Cockcroft DW, Gault MH: Prediction of creatinine clearance from 
serum creatinine. Nephron 16(1):31–41, 1976.

49. Levey AS, et al: A more accurate method to estimate glomerular 
filtration rate from serum creatinine: a new prediction equation. 
Modification of Diet in Renal Disease Study Group. Ann Intern 
Med 130(6):461–470, 1999.

50. Levey AS, et al: A new equation to estimate glomerular filtration 
rate. Ann Intern Med 150(9):604–612, 2009.

51. Baum N, Dichoso CC, Carlton CE: Blood urea nitrogen and 
serum creatinine. Physiology and interpretations. Urology 
5(1093306):583–588, 1975.

52. Schrier RW, et al: Acute renal failure: definitions, diagnosis, 
pathogenesis, and therapy. J Clin Invest 114(15232604):5–14, 
2004.

53. Endre ZH, Pickering JW: New markers of acute kidney injury: 
giant leaps and baby steps. Clin Biochem Rev 32(21611087):121–
124, 2011.

54. Soni SS, et al: Early diagnosis of acute kidney injury: the  
promise of novel biomarkers. Blood Purif 28(19590184):165–174, 
2009.

55. Kampmann J, et al: Rapid evaluation of creatinine clearance. Acta 
Med Scand 196(4456984):517–520, 1974.

56. Singer E, et al: Urinary neutrophil gelatinase-associated lipocalin 
distinguishes pre-renal from intrinsic renal failure and predicts 
outcomes. Kidney Int 80(4):405–414, 2011.

57. Wu I, Parikh CR: Screening for kidney diseases: older measures 
versus novel biomarkers. Clin J Am Soc Nephrol 3(18922990):1895–
1901, 2008.

58. Ducharme MP, Smythe M, Strohs G: Drug-induced alterations in 
serum creatinine concentrations. Ann Pharmacother 27(8347916):
622–633, 1993.

59. Rocci ML, Vlasses PH, Ferguson RK: Creatinine serum concentra-
tions and H2-receptor antagonists. Clin Nephrol 22(6150778):214–
215, 1984.

60. Nickolas TL, Barasch J, Devarajan P: Biomarkers in acute and 
chronic kidney disease. Curr Opin Nephrol Hypertens 17(18277143):
127–132, 2008.

61. DiMagno EP, et al: Effect of long-term freezer storage, thawing, 
and refreezing on selected constituents of serum. Mayo Clin Proc 
64(2593713):1226–1234, 1989.

62. Zhang DJ, et al: Effect of serum-clot contact time on clinical 
chemistry laboratory results. Clin Chem 44(9625060):1325–1333, 
1998.

63. Da Rin G, et al: Correction of glucose concentration interference 
on Jaffe kinetic creatinine assay in peritoneal dialysis. Am J Nephrol 
15(8546169):480–487, 1995.

64. Lo SC, Tsai KS: Glucose interference in Jaffe creatinine method: 
effect of calcium from peritoneal dialysate. Clin Chem 
40(7988027):2326–2327, 1994.

65. Koumantakis G, Wyndham L: Fluorescein interference with 
urinary creatinine and protein measurements. Clin Chem 
37(1914190):1799, 1991.

66. Myers GL, et al: Recommendations for improving serum creati-
nine measurement: a report from the Laboratory Working Group 
of the National Kidney Disease Education Program. Clin Chem 
52(16332993):5–18, 2006.

67. Fabiny DL, Ertingshausen G: Automated reaction-rate method for 
determination of serum creatinine with the CentrifiChem. Clin 
Chem 17(5562281):696–700, 1971.

68. Swain RR, Briggs SL: Positive interference with the Jaffe reaction 
by cephalosporin antibiotics. Clin Chem 23(872385):1340–1342, 
1977.

69. Bagnoud MA, Reymond JP: Interference of metamizol (dipyrone) 
on the determination of creatinine with the Kodak dry chemistry 
slide: comparison with the enzymatic method from Boehringer. 
Eur J Clin Chem Clin Biochem 31(8305619):753–757, 1993.

70. Ali AC, Mihas CC, Campbell JA: Interferences of o-raffinose cross-
linked hemoglobin in three methods for serum creatinine. Clin 
Chem 43(9299969):1738–1743, 1997.

71. Hummel KM, et al: Pseudohypercreatininemia due to positive 
interference in enzymatic creatinine measurements caused by 
monoclonal IgM in patients with Waldenstrom’s macroglobulin-
emia. Nephron 86(11014992):188–189, 2000.

72. Lim CK, et al: Towards a definitive assay of creatinine in serum 
and in urine: separation by high-performance liquid chromatog-
raphy. J Chromatogr 145(621246):41–49, 1978.

73. Brown ND, et al: Determination of “true” serum creatinine by 
high-performance liquid chromatography combined with a 
continuous-flow microanalyzer. Clin Chem 23(872374):1281–1283, 
1977.

74. Peng GW, Gadalla MA, Chiou WL: Rapid and micro high-pressure 
liquid chromatographic determination of chloramphenicol in 
plasma. J Pharm Sci 67(660499):1036–1038, 1978.

75. Ambrose RT, Ketchum DF, Smith JW: Creatinine determined  
by “high-performance” liquid chromatography. Clin Chem 
29(6821927):256–259, 1983.

76. Maruyama Y, et al: Simple method for the determination of 
choline and acetylcholine by prolysis gas chromatography. J Chro-
matogr 164(541403):121–127, 1979.

77. Miller WG, et al: Creatinine measurement: state of the art in 
accuracy and interlaboratory harmonization. Arch Pathol Lab Med 
129(3):297–304, 2005.

78. Levey AS, et al: Using standardized serum creatinine values in the 
Modification of Diet in Renal Disease Study equation for estimat-
ing glomerular filtration rate. Ann Intern Med 145(4):247–254, 
2006.

79. Stevens LA, et al: Impact of creatinine calibration on perfor-
mance of GFR estimating equations in a pooled individual patient 
database. Am J Kidney Dis 50(1):21–35, 2007.

80. Dossetor JB: Creatininemia versus uremia. The relative signifi-
cance of blood urea nitrogen and serum creatinine concentra-
tions in azotemia. Ann Intern Med 65(6):1287–1299, 1966.

81. Winkler AW, Parra J: The measurement of glomerular filtration. 
The creatinine, sucrose and urea clearances in subjects with renal 
disease. J Clin Invest 16(16694533):869–877, 1937.

82. Baldus WP, et al: The kidney in cirrhosis. II. Disorders of renal 
function. Ann Intern Med 60(14128218):366–377, 1964.

83. Marshall S: Urea-creatinine ratio in obstructive uropathy and 
renal hypertension. JAMA 190(14201585):719–720, 1964.

84. Dombros N, et al: European best practice guidelines for perito-
neal dialysis. 2. The initiation of dialysis. Nephrol Dial Transplant 
20(Suppl 9):ix3–ix7, 2005.

85. Butler EA, Flynn FV: The occurrence of post-gamma protein in 
urine: a new protein abnormality. J Clin Pathol 14(13689427):172–
178, 1961.

86. Knight EL, et al: Factors influencing serum cystatin C levels other 
than renal function and the impact on renal function measure-
ment. Kidney Int 65(4):1416–1421, 2004.

87. Groesbeck D, et al: Age, gender, and race effects on cystatin C 
levels in US adolescents. Clin J Am Soc Nephrol 3(6):1777–1785, 
2008.

88. Kottgen A, et al: Serum cystatin C in the United States: the Third 
National Health and Nutrition Examination Survey (NHANES 
III). Am J Kidney Dis 51(3):385–394, 2008.

89. Peralta CA, et al: Detection of chronic kidney disease with creati-
nine, cystatin C, and urine albumin-to-creatinine ratio and asso-
ciation with progression to end-stage renal disease and mortality. 
JAMA 305(21482744):1545–1552, 2011.

90. Koenig W, et al: Plasma concentrations of cystatin C in patients 
with coronary heart disease and risk for secondary cardiovascular 
events: more than simply a marker of glomerular filtration rate. 
Clin Chem 51(15563478):321–327, 2005.

91. Shlipak MG, et al: Cystatin C and the risk of death and cardiovas-
cular events among elderly persons. N Engl J Med 352(15901858):
2049–2060, 2005.

92. Shlipak MG, Wassel Fyr CL, Chertow GM, et al: Cystatin C and 
mortality risk in the elderly: the health, aging, and body composi-
tion study. J Am Soc Nephrol 17(1):254–261, 2006.

93. Sarnak MJ, et al: Cystatin C concentration as a risk factor for heart 
failure in older adults. Ann Intern Med 142(15809461):497–505, 
2005.

94. Choi A, et al: Cystatin C, albuminuria, and 5-year all-cause mortal-
ity in HIV-infected persons. Am J Kidney Dis 56(5):872–882, 
2010.

95. Driver TH, et al: Comparisons of creatinine and cystatin C for 
detection of kidney disease and prediction of all-cause mortality 
in HIV-infected women. AIDS 27(14):2291–2299, 2013.

96. Inker LA, et al: Estimating glomerular filtration rate from serum 
creatinine and cystatin C. N Engl J Med 367(1):20–29, 2012.

97. Shlipak MG, Mattes MD, Peralta CA: Update on cystatin C: incor-
poration into clinical practice. Am J Kidney Dis 62(3):595–603, 
2013.

http://www.myuptodate.com


 CHAPTER 30 — BIoMARKERS IN ACUTE AND CHRoNIC KIDNEy DISEASES 955.e3

98. Herget-Rosenthal S, et al: Early detection of acute renal failure by 
serum cystatin C. Kidney Int 66(3):1115–1122, 2004.

99. Nejat M, et al: Rapid detection of acute kidney injury by plasma 
cystatin C in the intensive care unit. Nephrol Dial Transplant 
25(10):3283–3289, 2010.

100. Ahlstrom A, et al: Evolution and predictive power of serum cys-
tatin C in acute renal failure. Clin Nephrol 62(15571178):344–350, 
2004.

101. Rickli H, et al: Time course of serial cystatin C levels in compari-
son with serum creatinine after application of radiocontrast 
media. Clin Nephrol 61(14989628):98–102, 2004.

102. Kato K, et al: Valuable markers for contrast-induced nephropathy 
in patients undergoing cardiac catheterization. Circ J 
72(18724030):1499–1505, 2008.

103. Haase-Fielitz A, et al: Novel and conventional serum biomarkers 
predicting acute kidney injury in adult cardiac surgery—a pro-
spective cohort study. Crit Care Med 37(2):553–560, 2009.

104. Koyner JL, et al: Urinary cystatin C as an early biomarker of acute 
kidney injury following adult cardiothoracic surgery. Kidney Int 
74(8):1059–1069, 2008.

105. Ristikankare A, et al: Lack of renoprotective effect of i.v. 
N-acetylcysteine in patients with chronic renal failure undergoing 
cardiac surgery. Br J Anaesth 97(5):611–616, 2006.

106. Wald R, et al: Plasma cystatin C and acute kidney injury after 
cardiopulmonary bypass. Clin J Am Soc Nephrol 5(8):1373–1379, 
2010.

107. Shlipak MG, et al: Presurgical serum cystatin C and risk of acute 
kidney injury after cardiac surgery. Am J Kidney Dis 58(3):366–373, 
2011.

108. Spahillari A, et al: Serum cystatin C- versus creatinine-based defi-
nitions of acute kidney injury following cardiac surgery: a prospec-
tive cohort study. Am J Kidney Dis 60(6):922–929, 2012.

109. Zappitelli M, et al: Early postoperative serum cystatin C predicts 
severe acute kidney injury following pediatric cardiac surgery. 
Kidney Int 80(6):655–662, 2011.

110. Melegos DN, et al: Immunofluorometric assay of prostaglandin D 
synthase in human tissue extracts and fluids. Clin Chem 
42(8969637):1984–1991, 1996.

111. Hoffmann A, Nimtz M, Conradt HS: Molecular characterization 
of beta-trace protein in human serum and urine: diagnostic 
marker for renal diseases. Glycobiology 7(4):499–506, 1997.

112. Priem F, et al: Beta-trace protein in serum: a new marker of glo-
merular filtration rate in the creatinine-blind range. Clin Chem 
45(10102918):567–568, 1999.

113. Filler G, et al: Cystatin C as a marker of GFR—history, indications, 
and future research. Clin Biochem 38(1):1–8, 2005.

114. Woitas RP, et al: Low-molecular weight proteins as markers for 
glomerular filtration rate. Clin Chem 47(11719489):2179–2180, 
2001.

115. Donadio C, et al: Serum levels of beta-trace protein and glomeru-
lar filtration rate—preliminary results. J Pharm Biomed Anal 
32(12900000):1099–1104, 2003.

116. Foster MC, et al: Novel filtration markers as predictors of all-cause 
and cardiovascular mortality in US adults. Am J Kidney Dis 
62(1):42–51, 2013.

117. Astor BC, et al: Novel markers of kidney function as predictors of 
ESRD, cardiovascular disease, and mortality in the general popu-
lation. Am J Kidney Dis 59(5):653–662, 2012.

118. Poge U, et al: Beta-trace protein-based equations for calculation 
of GFR in renal transplant recipients. Am J Transplant 
8(18294157):608–615, 2008.

119. White CA, et al: Estimating GFR using serum beta trace protein: 
accuracy and validation in kidney transplant and pediatric popula-
tions. Kidney Int 76(19625992):784–791, 2009.

120. Barisoni L, Mundel P: Podocyte biology and the emerging under-
standing of podocyte diseases. Am J Nephrol 23(12915777):353–
360, 2003.

121. Camici M: Urinary detection of podocyte injury. Biomed Pharmaco-
ther 61(17532599):245–249, 2007.

122. Schwartz MM, et al: Focal segmental glomerulosclerosis: prognos-
tic implications of the cellular lesion. J Am Soc Nephrol 
10(10477141):1900–1907, 1999.

123. Couser WG, Abrass CK: Pathogenesis of membranous nephropa-
thy. Annu Rev Med 39(2967047):517–530, 1988.

124. Eddy AA: Interstitial nephritis induced by protein-overload pro-
teinuria. Am J Pathol 135(2801886):719–733, 1989.

125. Deen WM, et al: Heteroporous model of glomerular size selectiv-
ity: application to normal and nephrotic humans. Am J Physiol 
249(4037090):374–389, 1985.

126. Whiteside C, et al: Glomerular epithelial detachment, not reduced 
charge density, correlates with proteinuria in adriamycin and 
puromycin nephrosis. Lab Invest 61(2601299):650–660, 1989.

127. Ross MJ, Klotman PE: Recent progress in HIV-associated nephrop-
athy. J Am Soc Nephrol 13(12444220):2997–3004, 2002.

128. Schwartz MM, Bidani AK, Lewis EJ: Glomerular epithelial cell 
function and pathology following extreme ablation of renal mass. 
Am J Pathol 126(3826297):315–324, 1987.

129. Lemley KV, et al: Podocytopenia and disease severity in IgA 
nephropathy. Kidney Int 61(11918755):1475–1485, 2002.

130. Steffes MW, et al: Glomerular cell number in normal subjects and 
in type 1 diabetic patients. Kidney Int 59(11380812):2104–2113, 
2001.

131. Somlo S, Mundel P: Getting a foothold in nephrotic syndrome. 
Nat Genet 24(10742089):333–335, 2000.

132. Smoyer WE, Mundel P: Regulation of podocyte structure during 
the development of nephrotic syndrome. J Mol Med (Berl) 
76(9535550):172–183, 1998.

133. Choi SY, et al: Morphometric analysis of podocyte foot process 
effacement in IgA nephropathy and its association with protein-
uria. Ultrastruct Pathol 34(20594038):195–198, 2010.

134. Xu L, et al: Podocyte number predicts progression of proteinuria 
in IgA nephropathy. Mod Pathol 23(20495534):1241–1250, 2010.

135. Rask-Madsen C, King GL: Diabetes: podocytes lose their footing. 
Nature 468(7320):42–44, 2010.

136. Busch M, et al: Advanced glycation end-products and the kidney. 
Eur J Clin Invest 40(20649640):742–755, 2010.

137. Nakamura T, et al: Urinary excretion of podocytes in patients with 
diabetic nephropathy. Nephrol Dial Transplant 15(10978394):1379–
1383, 2000.

138. Kent AL, et al: Increased urinary podocytes following indometha-
cin suggests drug-induced glomerular injury. Pediatr Nephrol 
27(7):1111–1117, 2012.

139. Kerjaschki D, Sharkey DJ, Farquhar MG: Identification and char-
acterization of podocalyxin—the major sialoprotein of the renal 
glomerular epithelial cell. J Cell Biol 98(6371025):1591–1596, 
1984.

140. Hara M, Yanagihara T, Kihara I: Cumulative excretion of urinary 
podocytes reflects disease progression in IgA nephropathy and 
Schonlein-Henoch purpura nephritis. Clin J Am Soc Nephrol 
2(17699418):231–238, 2007.

141. Garovic VD, Wagner SJ, Turner ST: Urinary podocyte excretion 
as a marker for preeclampsia. Am J Obstet Gynecol 196(4):320.e1–
320.e7, 2007.

142. Hara M, Yangihara T, Kihara I: Apical celol membranes are shed 
into urine from injured podocytes: a novel phenomenon of podo-
cyte injury. J Am Soc Nephrol 16(2):408–416, 2005.

143. Zheng M, Lv LL, Ni J: Urinary prodocyte-associated mRNA  
profile in various stages of diabetic nephropathy. PLoS ONE 
6(5):e20431, 2011.

144. Koop K, Eikmans M, Baelde H: Expression of podocyte-associated 
molecules in acquired human kidney diseases. J Am Soc Nephrol 
14(8):2063–2071, 2003.

145. Asao R, et al: Relationships between levels of urinary podocalyxin, 
number of urinary podocytes, and histologic injury in adult 
patients with IgA nephropathy. Clin J Am Soc Nephrol 7(9):1385–
1393, 2012.

146. Jiang WL, et al: Evaluation of renal clinicopathological changes 
in IgA nephropathy by urinary podocytes excretion and podoca-
lyxin expression. Ren Fail 34(7):821–826, 2012.

147. Wang Y, et al: Increased urinary excretion of nephrin, podoca-
lyxin, and βig-h3 in women with preeclampsia. Am J Physiol Renal 
Physiol 302(9):F1084–F1089, 2012.

148. Achenbach J, et al: Parietal epithelia cells in the urine as a marker 
of disease activity in glomerular diseases. Nephrol Dial Transplant 
23(18458033):3138–3145, 2008.

149. Kanno K, et al: Urinary sediment podocalyxin in children with 
glomerular diseases. Nephron Clin Pract 95(14646369):91–99, 2003.

150. Ruotsalainen V, et al: Nephrin is specifically located at the slit 
diaphragm of glomerular podocytes. Proc Natl Acad Sci U S A 
96(10393930):7962–7967, 1999.

151. Kuusniemi A-M, et al: Tissue expression of nephrin in human and 
pig. Pediatr Res 55(14764915):774–781, 2004.

http://www.myuptodate.com


955.e4 SECTIoN IV — EVALUATIoN oF THE PATIENT WITH KIDNEy DISEASE

152. Kestila M, et al: Positionally cloned gene for a novel glomerular 
protein—nephrin—is mutated in congenital nephrotic syndrome. 
Mol Cell 1(9660941):575–582, 1998.

153. Davis BJ, et al: Disparate effects of angiotensin II antagonists and 
calcium channel blockers on albuminuria in experimental diabe-
tes and hypertension: potential role of nephrin. J Hypertens 
21(1):209–216, 2003.

154. Kelly DJ, et al: Expression of the slit-diaphragm protein, nephrin, 
in experimental diabetic nephropathy: differing effects of anti-
proteinuric therapies. Nephrol Dial Transplant 17(7):1327–1332, 
2002.

155. Langham RG, et al: Proteinuria and the expression of the podo-
cyte slit diaphragm protein, nephrin, in diabetic nephropathy: 
effects of angiotensin converting enzyme inhibition. Diabetologia 
45(12436341):1572–1576, 2002.

156. Fukuda A, et al: Angiotensin II-dependent persistent podocyte 
loss from destabilized glomeruli causes progression of end stage 
kidney disease. Kidney Int 81(1):40–55, 2012.

157. Bonnet F, et al: Irbesartan normalises the deficiency in glomeru-
lar nephrin expression in a model of diabetes and hypertension. 
Diabetologia 44(11508272):874–877, 2001.

158. Forbes JM, et al: Modulation of nephrin in the diabetic kidney: 
association with systemic hypertension and increasing albumin-
uria. J Hypertens 20(12011660):985–992, 2002.

159. Wang S-X, et al: Patterns of nephrin and a new proteinuria-
associated protein expression in human renal diseases. Kidney Int 
61(11786094):141–147, 2002.

160. Huh W, et al: Expression of nephrin in acquired human  
glomerular disease. Nephrol Dial Transplant 17(11865096):478–
484, 2002.

161. Patari A, et al: Nephrinuria in diabetic nephropathy of type 1 
diabetes. Diabetes 52(14633858):2969–2974, 2003.

162. Miller TR, et al: Urinary diagnostic indices in acute renal failure: 
a prospective study. Ann Intern Med 89(666184):47–50, 1978.

163. Espinel CH, Gregory AW: Differential diagnosis of acute renal 
failure. Clin Nephrol 13(7363517):73–77, 1980.

164. Bock HA: Pathophysiology of acute renal failure in septic  
shock: from prerenal to renal failure. Kidney Int Suppl 64:S15–S18, 
1998.

165. Perazella MA, et al: Urine microscopy is associated with severity 
and worsening of acute kidney injury in hospitalized patients. Clin 
J Am Soc Nephrol 5(20089493):402–408, 2010.

166. Esson ML, Schrier RW: Diagnosis and treatment of acute tubular 
necrosis. Ann Intern Med 137(12416948):744–752, 2002.

167. Perazella MA, et al: Diagnostic value of urine microscopy for dif-
ferential diagnosis of acute kidney injury in hospitalized patients. 
Clin J Am Soc Nephrol 3(6):1615–1619, 2008.

168. Marcussen N, et al: Cytodiagnostic urinalysis is very useful in the 
differential diagnosis of acute renal failure and can predict the 
severity. Ren Fail 17(8771245):721–729, 1995.

169. Rabb H: Evaluation of urinary markers in acute renal failure. Curr 
Opin Nephrol Hypertens 7(9864665):681–685, 1998.

170. Chawla LS, et al: Urinary sediment cast scoring index for acute 
kidney injury: a pilot study. Nephron Clin Pract 110(3):c145–c150, 
2008.

171. Perazella MA, et al: Urine microscopy is associated with severity 
and worsening of acute kidney injury in hospitalized patients. Clin 
J Am Soc Nephrol 5(3):402–408, 2010.

172. Schinstock CA, et al: Urinalysis is more specific and urinary neu-
trophil gelatinase-associated lipocalin is more sensitive for early 
detection of acute kidney injury. Nephrol Dial Transplant 
28(5):1175–1185, 2013.

173. Bagshaw SM, et al: A prospective evaluation of urine microscopy 
in septic and non-septic acute kidney injury. Nephrol Dial Trans-
plant 27(2):582–588, 2012. Epub June 9, 2011.

174. Hall IE, et al: Risk of poor outcomes with novel and traditional 
biomarkers at clinical AKI diagnosis. Clin J Am Soc Nephrol 
6(12):2740–2749, 2011.

175. Wald R, et al: Interobserver reliability of urine sediment interpre-
tation. Clin J Am Soc Nephrol 4(3):567–571, 2009.

176. Penders J, Delanghe JR: Alpha 1-microglobulin: clinical labora-
tory aspects and applications. Clin Chim Acta 346(15256311):107–
118, 2004.

177. Itoh Y, Kawai T: Human alpha 1-microglobulin: its measurement 
and clinical significance. J Clin Lab Anal 4(1700091):376–384, 
1990.

178. Guder WG, Hofmann W: Clinical role of urinary low molecular 
weight proteins: their diagnostic and prognostic implications. 
Scand J Clin Lab Invest Suppl 241:95–98, 2008.

179. Herget-Rosenthal S, et al: Prognostic value of tubular proteinuria 
and enzymuria in nonoliguric acute tubular necrosis. Clin Chem 
50(14709451):552–558, 2004.

180. Zheng J, et al: Comparison of urinary biomarkers for early detec-
tion of acute kidney injury after cardiopulmonary bypass surgery 
in infants and young children. Pediatr Cardiol 34(4):880–886, 
2013.

181. Martensson J, et al: Neutrophil gelatinase-associated lipocalin in 
adult septic patients with and without acute kidney injury. Intensive 
Care Med 36(8):1333–1340, 2010.

182. Nickolas TL, et al: Sensitivity and specificity of a single emergency 
department measurement of urinary neutrophil gelatinase-
associated lipocalin for diagnosing acute kidney injury. Ann Intern 
Med 148(11):810–819, 2008.

183. Tsukahara H, et al: Urinary alpha 1-microglobulin as an index  
of proximal tubular function in early infancy. Pediatr Nephrol 
7(7682832):199–201, 1993.

184. Amer H, et al: Urine high and low molecular weight proteins 
one-year post-kidney transplant: relationship to histology and 
graft survival. Am J Transplant 13(3):676–684, 2013.

185. Petrica L, et al: Pioglitazone delays proximal tubule dysfunction 
and improves cerebral vessel endothelial dysfunction in normoal-
buminuric people with type 2 diabetes mellitus. Diabetes Res Clin 
Pract 94(1):22–32, 2011.

186. van den Brand JA, Hofstra JM, Wetzels JF: Prognostic value of risk 
score and urinary markers in idiopathic membranous nephropa-
thy. Clin J Am Soc Nephrol 7(8):1242–1248, 2012.

187. Takagi K, et al: Human alpha 1-microglobulin levels in various 
body fluids. J Clin Pathol 33(6159369):786–791, 1980.

188. Derici U, et al: Does the urinary excretion of alpha1-microglobulin 
and albumin predict clinical disease activity in ulcerative colitis? 
Adv Ther 25(19002407):1342–1352, 2008.

189. Tolkoff-Rubin NE, Rubin RH, Bonventre JV: Noninvasive renal 
diagnostic studies. Clin Lab Med 8(2901937):507–526, 1988.

190. Miyata T, et al: Accumulation of carbonyls accelerates the  
formation of pentosidine, an advanced glycation end product: 
carbonyl stress in uremia. J Am Soc Nephrol 9(9848790):2349–2356, 
1998.

191. Davey PG, Gosling P: beta 2-Microglobulin instability in pathologi-
cal urine. Clin Chem 28(6176371):1330–1333, 1982.

192. Kobayashi E, et al: Serial changes in urinary cadmium concentra-
tions and degree of renal tubular injury after soil replacement in 
cadmium-polluted rice paddies. Toxicol Lett 176(18065169):124–
130, 2008.

193. Yavuz S, Ayabakan N, Dilek K: Renal dose dopamine in open heart 
surgery. Does it protect renal tubular function? Cardiovasc Surg 
(Torino) 43(1):25–30, 2002.

194. Ling LG, et al: [Risk factors for acute kidney injury following 5100 
cardiac surgeries with extracorporeal circulation]. Zhong Nan Da 
Xue Xue Bao Yi Xue Ban 34(9):861–866, 2009.

195. Hei ZQ, et al: Prognostic values of serum cystatin C and beta2 
microglobulin, urinary beta2 microglobulin and N-acetyl-beta-D-
glucosaminidase in early acute renal failure after liver transplanta-
tion. Chin Med J (Engl) 121(14):1251–1256, 2008.

196. Christopher K, et al: Analysis of the major histocompatibility 
complex in graft rejection revisited by gene expression profiles. 
Transplantation 78(15385796):788–798, 2004.

197. Hofstra JM, et al: Beta-2-microglobulin is superior to N-acetyl-
beta-glucosaminidase in predicting prognosis in idiopathic  
membranous nephropathy. Nephrol Dial Transplant 23(18308774):
2546–2551, 2008.

198. Herrero-Moriin JD, Malaga S, Fernandez N: Cystatin C and 
beta2-microglobulin: markers of glomerular filtration in critically 
ill children. Crit Care 11(3):R59, 2007.

199. Onishi S, et al: Urinary beta2-microglobulin as a sensitive  
marker for haemophagocytic syndrome associated with collagen 
vascular diseases. Rheumatology (Oxford) 47(18784123):1730–1732, 
2008.

200. Josson S, et al: β2-microglobulin induces epithelial to mesenchy-
mal transition and confers cancer lethality and bone metastasis in 
human cancer cells. Cancer Res 71(21427356):2600–2610, 2011.

201. Mumtaz A, et al: Beta-2 microglobulin levels in hemodialysis 
patients. Saudi J Kidney Dis Transpl 21(20587875):701–706, 2010.

http://www.myuptodate.com


 CHAPTER 30 — BIoMARKERS IN ACUTE AND CHRoNIC KIDNEy DISEASES 955.e5

202. Schardijn GH, Statius van Eps LW: Beta 2-microglobulin: its sig-
nificance in the evaluation of renal function. Kidney Int 
32(3323598):635–641, 1987.

203. Hoffmann D, et al: Evaluation of a urinary kidney biomarker 
panel in rat models of acute and subchronic nephrotoxicity. Toxi-
cology 277(20816719):49–58, 2010.

204. Gautier J-C, et al: Evaluation of novel biomarkers of nephrotoxic-
ity in two strains of rat treated with Cisplatin. Toxicol Pathol 
38(20716785):943–956, 2010.

205. Walshe CM, et al: Urinary glutathione S-transferase as an early 
marker for renal dysfunction in patients admitted to intensive 
care with sepsis. Crit Care Resusc 11(19737123):204–209, 2009.

206. Westhuyzen J, et al: Measurement of tubular enzymuria facilitates 
early detection of acute renal impairment in the intensive care 
unit. Nephrol Dial Transplant 18(12584277):543–551, 2003.

207. Susantitaphong P, et al: Urinary alpha- and pi-glutathione 
s-transferases for early detection of acute kidney injury following 
cardiopulmonary bypass. Biomarkers 18(4):331–337, 2013.

208. Sundberg AG, et al: Urinary pi-class glutathione transferase as an 
indicator of tubular damage in the human kidney. Nephron 
67(7936021):308–316, 1994.

209. Cawood TJ, et al: Urinary collagen IV and πGST: potential bio-
markers for detecting localized kidney injury in diabetes—a pilot 
study. Am J Nephrol 32(20664197):219–225, 2010.

210. Nemeth E, et al: Hepcidin regulates cellular iron efflux by binding 
to ferroportin and inducing its internalization. Science 
306(5704):2090–2093, 2004.

211. Nemeth E, Ganz T: The role of hepcidin in iron metabolism. Acta 
Haematol 122(2–3):78–86, 2009.

212. Ho J, et al: Mass spectrometry-based proteomic analysis of urine 
in acute kidney injury following cardiopulmonary bypass: a nested 
case-control study. Am J Kidney Dis 53(4):584–595, 2009.

213. Ho J, et al: Urinary hepcidin-25 and risk of acute kidney injury 
following cardiopulmonary bypass. Clin J Am Soc Nephrol 
6(10):2340–2346, 2011.

214. Haase-Fielitz A, et al: Urine hepcidin has additive value in ruling 
out cardiopulmonary bypass-associated acute kidney injury: an 
observational cohort study. Crit Care 15(4):R186, 2011.

215. Edelstein CL, et al: Proximal tubules from caspase-1-deficient 
mice are protected against hypoxia-induced membrane injury. 
Nephrol Dial Transplant 22(17255124):1052–1061, 2007.

216. Melnikov VY, et al: Impaired IL-18 processing protects caspase-1-
deficient mice from ischemic acute renal failure. J Clin Invest 
107(9):1145–1152, 2001.

217. Wu H, et al: IL-18 contributes to renal damage after ischemia-
reperfusion. J Am Soc Nephrol 19(12):2331–2341, 2008.

218. Parikh CR, et al: Urinary interleukin-18 is a marker of human 
acute tubular necrosis. Am J Kidney Dis 43(14981598):405–414, 
2004.

219. Parikh CR, et al: Postoperative biomarkers predict acute kidney 
injury and poor outcomes after adult cardiac surgery. J Am Soc 
Nephrol 22(9):1748–1757, 2011.

220. Parikh CR, et al: Postoperative biomarkers predict acute kidney 
injury and poor outcomes after pediatric cardiac surgery. J Am Soc 
Nephrol 22(9):1737–1747, 2011.

221. Koyner JL, et al: Biomarkers predict progression of acute kidney 
injury after cardiac surgery. J Am Soc Nephrol 23(5):905–914, 2012.

222. Coca SG, et al: Urinary biomarkers of acute kidney injury and 
mortality 3-years after cardiac surgery. J Am Soc Nephrol 25(5):1063–
1071, 2013.

223. Siew ED, et al: Elevated urinary IL-18 levels at the time of ICU 
admission predict adverse clinical outcomes. Clin J Am Soc Nephrol 
5(8):1497–1505, 2010.

224. Endre ZH, et al: Improved performance of urinary biomarkers of 
acute kidney injury in the critically ill by stratification for injury 
duration and baseline renal function. Kidney Int 79(10):1119–
1130, 2011.

225. Nejat M, et al: Some biomarkers of acute kidney injury are 
increased in pre-renal acute injury. Kidney Int 81(12):1254–1262, 
2012.

226. Doi K, et al: Evaluation of new acute kidney injury biomarkers in 
a mixed intensive care unit. Crit Care Med 39(11):2464–2469, 2011.

227. Nickolas TL, et al: Diagnostic and prognostic stratification in the 
emergency department using urinary biomarkers of nephron 
damage: a multicenter prospective cohort study. J Am Coll Cardiol 
59(3):246–255, 2012.

228. Parikh CR, et al: Urine NGAL and IL-18 are predictive biomarkers 
for delayed graft function following kidney transplantation. Am J 
Transplant 6(16827865):1639–1645, 2006.

229. Miyauchi K, Takiyama Y, Honjyo J: Upregulated IL-18 expression 
in type 2 diabetic subjects with nephropathy: TGF-beta1 enhanced 
IL-18 expression in human renal proximal tubular epithelial cells. 
Diabetes Res Clin Pract 83(2):190–199, 2009.

230. Hall IE, et al: IL-18 and urinary NGAL predict dialysis and graft 
recovery after kidney transplantation. J Am Soc Nephrol 
21(19762491):189–197, 2010.

231. Hall IE, et al: Association between peritransplant kidney injury 
biomarkers and 1-year allograft outcomes. Clin J Am Soc Nephrol 
7(8):1224–1233, 2012.

232. Ling W, et al: Urinary IL-18 and NGAL as early predictive bio-
markers in contrast-induced nephropathy after coronary angiog-
raphy. Nephron Clin Pract 108(18287807):176–181, 2008.

233. Shlipak MG, et al: Urinary markers of kidney injury and kidney 
function decline in HIV-infected women. J Acquir Immune Defic 
Syndr 61(5):565–573, 2012.

234. Jotwani V, et al: Does HIV infection promote early kidney injury 
in women? Antivir Ther 19(1):79–87, 2013.

235. Parikh CR, et al: Evaluation of urine biomarkers of kidney injury 
in polycystic kidney disease. Kidney Int 81(8):784–790, 2012.

236. Ichimura T, et al: Kidney injury molecule-1 (KIM-1), a putative 
epithelial cell adhesion molecule containing a novel immuno-
globulin domain, is up-regulated in renal cells after injury. J Biol 
Chem 273(9461608):4135–4142, 1998.

237. Hubank M, Schatz DG: Identifying differences in mRNA expres-
sion by representational difference analysis of cDNA. Nucl Acid Res 
22(25):5640–5648, 1994.

238. Han WK, et al: Kidney Injury Molecule-1 (KIM-1): a novel bio-
marker for human renal proximal tubule injury. Kidney Int 
62(12081583):237–244, 2002.

239. Vaidya VS, et al: Urinary kidney injury molecule-1: a sensitive 
quantitative biomarker for early detection of kidney tubular 
injury. Am J Physiol Renal Physiol 290(16174863):517–529, 2006.

240. Zhou Y, et al: Comparison of kidney injury molecule-1 and other 
nephrotoxicity biomarkers in urine and kidney following acute 
exposure to gentamicin, mercury, and chromium. Toxicol Sci 
101(17934191):159–170, 2008.

241. Prozialeck WC, et al: Kidney injury molecule-1 is an early bio-
marker of cadmium nephrotoxicity. Kidney Int 72(17687258):985–
993, 2007.

242. Jost G, et al: Retention of iodine and expression of biomarkers 
for renal damage in the kidney after application of iodinated 
contrast media in rats. Invest Radiol 44(19104440):114–123, 
2009.

243. Perez-Rojas J, et al: Mineralocorticoid receptor blockade confers 
renoprotection in preexisting chronic cyclosporine nephrotoxic-
ity. Am J Physiol Renal Physiol 292(16835406):131–139, 2007.

244. van Timmeren MM, et al: Tubular kidney injury molecule-1  
in protein-overload nephropathy. Am J Physiol Renal Physiol 291
(16467126):456–464, 2006.

245. Liangos O, et al: Exploration of disease mechanism in acute 
kidney injury using a multiplex bead array assay: a nested case-
control pilot study. Biomarkers 15(20482449):436–445, 2010.

246. Liangos O, et al: Urinary N-acetyl-beta-(D)-glucosaminidase activ-
ity and kidney injury molecule-1 level are associated with adverse 
outcomes in acute renal failure. J Am Soc Nephrol 18(17267747):904–
912, 2007.

247. Du Y, et al: Urinary biomarkers to detect acute kidney injury in 
the pediatric emergency center. Pediatr Nephrol 26(2):267–274, 
2011.

248. Hall IE, et al: IL-18 and urinary NGAL predict dialysis and graft 
recovery after kidney transplantation. J Am Soc Nephrol 17:17, 
2009.

249. Krawczeski CD, et al: Temporal relationship and predictive value 
of urinary acute kidney injury biomarkers after pediatric cardio-
pulmonary bypass. J Am Coll Cardiol 58(22):2301–2309, 2011.

250. Parikh CR, et al: Performance of kidney injury molecule-1 and 
liver fatty acid-binding protein and combined biomarkers of  
AKI after cardiac surgery. Clin J Am Soc Nephrol 8(7):1079–1088, 
2013.

251. Han WK, et al: Urinary biomarkers in the early detection of acute 
kidney injury after cardiac surgery. Clin J Am Soc Nephrol 4(5):873–
882, 2009.

http://www.myuptodate.com


955.e6 SECTIoN IV — EVALUATIoN oF THE PATIENT WITH KIDNEy DISEASE

252. van Timmeren MM, van den Hueval MC, Bailly V: Tubular kidney 
injury molecule-1 (KIM-1)in human renal disease. J Pathol 
212(2):209–217, 2007.

253. Zhang PL, et al: Kidney injury molecule-1 expression in transplant 
biopsies is a sensitive measure of cell injury. Kidney Int 
73(18160964):608–614, 2008.

254. Schroppel B, et al: Tubular expression of KIM-1 does not predict 
delayed function after transplantation. J Am Soc Nephrol 21(3):536–
542, 2010.

255. Ko GJ, et al: Transcriptional analysis of kidneys during repair from 
AKI reveals possible roles for NGAL and KIM-1 as biomarkers of 
AKI-to-CKD transition. Am J Physiol Renal Physiol 298(6):F1472–
F1483, 2010.

256. Peralta CA, et al: Associations of urinary levels of kidney injury 
molecule 1 (KIM-1) and neutrophil gelatinase-associated lipo-
calin (NGAL) with kidney function decline in the Multi-Ethnic 
Study of Atherosclerosis (MESA). Am J Kidney Dis 60(6):904–911, 
2012.

257. Bhavsar NA, et al: Neutrophil gelatinase-associated lipocalin 
(NGAL) and kidney injury molecule 1 (KIM-1) as predictors of 
incident CKD stage 3: the Atherosclerosis Risk in Communities 
(ARIC) Study. Am J Kidney Dis 60(2):233–240, 2012.

258. Toker A, et al: Is urinary kidney injury molecule-1 a noninvasive 
marker for renal scarring in children with vesicoureteral reflux? 
Urology 81(1):168–172, 2013.

259. Conway BR, et al: Measuring urinary tubular biomarkers in type 
2 diabetes does not add prognostic value beyond established risk 
factors. Kidney Int 82(7):812–818, 2012.

260. Vaidya VS, et al: Regression of microalbuminuria in type 1  
diabetes is associated with lower levels of urinary tubular  
injury biomarkers, kidney injury molecule-1, and N-acetyl-β-D-
glucosaminidase. Kidney Int 79(20980978):464–470, 2011.

261. Xu P-C, et al: Urinary kidney injury molecule-1 in patients with 
IgA nephropathy is closely associated with disease severity. Nephrol 
Dial Transplant 26(21402675):3229–3236, 2011.

262. Sundaram N, et al: Biomarkers for early detection of sickle 
nephropathy. Am J Hematol 86(21630304):559–566, 2011.

263. Susantitaphong P, et al: Performance of urinary liver-type fatty 
acid-binding protein in acute kidney injury: a meta-analysis. Am J 
Kidney Dis 61(3):430–439, 2013.

264. Portilla D, et al: Liver fatty acid-binding protein as a biomarker of 
acute kidney injury after cardiac surgery. Kidney Int 
73(18094680):465–472, 2008.

265. Katagiri D, et al: Combination of two urinary biomarkers predicts 
acute kidney injury after adult cardiac surgery. Ann Thorac Surg 
93(2):577–583, 2012.

266. Liu S, et al: Urinary L-FABP and its combination with urinary 
NGAL in early diagnosis of acute kidney injury after cardiac 
surgery in adult patients. Biomarkers 18(1):95–101, 2013.

267. Siew ED, et al: Distinct injury markers for the early detection  
and prognosis of incident acute kidney injury in critically ill  
adults with preserved kidney function. Kidney Int 84(4):786–794, 
2013.

268. Doi K, et al: Urinary L-type fatty acid-binding protein as a new 
biomarker of sepsis complicated with acute kidney injury. Crit Care 
Med 38(10):2037–2042, 2010.

269. Ferguson MA, et al: Urinary liver-type fatty acid-binding protein 
predicts adverse outcomes in acute kidney injury. Kidney Int 
77(19940842):708–714, 2010.

270. Nakamura T, Sugaya T, Koide H: Urinary liver-type fatty acid-
binding protein in septic shock: effect of polymyxin B-immobilized 
fiber hemoperfusion. Shock 31(18838948):454–459, 2009.

271. Kamijo A, et al: Urinary liver-type fatty acid binding protein as a 
useful biomarker in chronic kidney disease. Mol Cell Biochem 
284(16532260):175–182, 2006.

272. Bachorzewska-Gajewska H, Poniatowski B, Dobrzycki S: NGAL 
(neutrophil gelatinase-associated lipocalin) and L-FABP after  
percutaneous coronary interventions due to unstable angina in 
patients with normal serum creatinine. Adv Med Sci 54(19875355):
221–224, 2009.

273. Nakamura T, et al: Urinary excretion of liver-type fatty acid-
binding protein in contrast medium-induced nephropathy. Am J 
Kidney Dis 47(16490622):439–444, 2006.

274. Bachorzewska-Gajewska H, Poniatowski B, Dobrzycki S: NGAL 
(neutrophil gelatinase-associated lipocalin) and L-FABP after per-
cutaneous coronary interventions due to unstable angina in 

patients with normal serum creatinine. Adv Med Sci 54(2):221–
224, 2009.

275. Chou KM, et al: Clinical value of NGAL, L-FABP and albuminuria 
in predicting GFR decline in type 2 diabetes mellitus patients. 
PLoS ONE 8(1):e54863, 2013.

276. Miller ER, 3rd, et al: The effects of n-3 long-chain polyunsaturated 
fatty acid supplementation on biomarkers of kidney injury in 
adults with diabetes: results of the GO-FISH trial. Diabetes Care 
36(6):1462–1469, 2013.

277. Masuda T, Sakuma C, Yaginuma H: Role for netrin-1 in sensory 
axonal guidance in higher vertebrates. Fukushima J Med Sci 
55(19999164):1–6, 2009.

278. Rajasekharan S, Kennedy TE: The netrin protein family. Genome 
Biol 10(19785719):239, 2009.

279. Ly NP, et al: Netrin-1 inhibits leukocyte migration in vitro and in 
vivo. Proc Natl Acad Sci U S A 102(16203981):14729–14734, 2005.

280. Wang W, Reeves WB, Ramesh G: Netrin-1 and kidney injury. I. 
Netrin-1 protects against ischemia-reperfusion injury of the 
kidney. Am J Physiol Renal Physiol 294(18216145):739–747, 2008.

281. Reeves WB, Kwon O, Ramesh G: Netrin-1 and kidney injury. II. 
Netrin-1 is an early biomarker of acute kidney injury. Am J Physiol 
Renal Physiol 294(18234954):731–738, 2008.

282. Ranganathan PV, et al: Netrin-1 regulates the inflammatory 
response of neutrophils and macrophages, and suppresses isch-
emic acute kidney injury by inhibiting COX-2-mediated PGE2 
production. Kidney Int 83(6):1087–1098, 2013.

283. Ramesh G, Kwon O, Ahn K: Netrin-1: a novel universal biomarker 
of human kidney injury. Transplant Proc 42(20620466):1519–1522, 
2010.

284. Ramesh G, et al: Urinary netrin-1 is an early predictive biomarker 
of acute kidney injury after cardiac surgery. Clin J Am Soc Nephrol 
5(20007677):395–401, 2010.

285. Haase M, Haase-Fielitz A, Bellomo R: Neutrophil gelatinase-
associated lipocalin as a marker of acute renal disease. Curr Opin 
Crit Care 18(1):11–18, 2011.

286. Flower DR: The lipocalin protein family: structure and function. 
Biochem J 318(8761444 Pt 1):1–14, 1996.

287. Soni SS, et al: NGAL: a biomarker of acute kidney injury and 
other systemic conditions. Int Urol Nephrol 42(19582588):141–150, 
2010.

288. Supavekin S, et al: Differential gene expression following early 
renal ischemia/reperfusion. Kidney Int 63(12675847):1714–1724, 
2003.

289. Yuen PS, et al: Ischemic and nephrotoxic acute renal failure are 
distinguished by their broad transcriptomic responses. Physiol 
Genomics 25(16507785):375–386, 2006.

290. Mishra J, et al: Identification of neutrophil gelatinase-associated 
lipocalin as a novel early urinary biomarker for ischemic renal 
injury. J Am Soc Nephrol 14(14514731):2534–2543, 2003.

291. Mishra J, et al: Neutrophil gelatinase-associated lipocalin (NGAL) 
as a biomarker for acute renal injury after cardiac surgery. Lancet 
365(15811456):1231–1238, 2005.

292. Haase M, et al: Novel biomarkers early predict the severity of 
acute kidney injury after cardiac surgery in adults. Ann Thorac Surg 
88(1):124–130, 2009.

293. Heise D, et al: Comparison of urinary neutrophil glucosaminidase-
associated lipocalin, cystatin C, and alpha1-microglobulin for 
early detection of acute renal injury after cardiac surgery. Eur J 
Cardiothorac Surg 39(1):38–43, 2010.

294. Krawczeski CD, et al: Neutrophil gelatinase-associated lipocalin 
concentrations predict development of acute kidney injury in 
neonates and children after cardiopulmonary bypass. J Pediatr 
158(6):1009–1015 e1, 2011.

295. Liangos O, et al: Comparative analysis of urinary biomarkers for 
early detection of acute kidney injury following cardiopulmonary 
bypass. Biomarkers 14(6):423–431, 2009.

296. Mitsnefes MM, et al: Serum neutrophil gelatinase-associated lipo-
calin as a marker of renal function in children with chronic kidney 
disease. Pediatr Nephrol 22(1):101–108, 2007.

297. Wagener G, et al: Association between increases in urinary  
neutrophil gelatinase-associated lipocalin and acute renal dys-
function after adult cardiac surgery. Anesthesiology 105(3):485–491, 
2006.

298. Nickolas TL, et al: NGAL (Lcn2) monomer is associated with 
tubulointerstitial damage in chronic kidney disease. Kidney Int 
82(6):718–722, 2012.

http://www.myuptodate.com


 CHAPTER 30 — BIoMARKERS IN ACUTE AND CHRoNIC KIDNEy DISEASES 955.e7

299. Siew ED, et al: Urine neutrophil gelatinase-associated lipocalin 
moderately predicts acute kidney injury in critically ill adults. J Am 
Soc Nephrol 20(8):1823–1832, 2009.

300. Kashani K, et al: Discovery and validation of cell cycle arrest bio-
markers in human acute kidney injury. Crit Care 17(1):R25, 2013.

301. Hoffman SB, et al: A novel urinary biomarker profile to identify 
acute kidney injury (AKI) in critically ill neonates: a pilot study. 
Pediatr Nephrol 28(11):2179–2188, 2013.

302. Gungor G, et al: Neutrophil gelatinase-associated lipocalin in pre-
diction of mortality in patients with hepatorenal syndrome: a 
prospective observational study. Liver Int 34(1):49–57, 2013.

303. Fagundes C, et al: Urinary neutrophil gelatinase-associated lipo-
calin as biomarker in the differential diagnosis of impairment of 
kidney function in cirrhosis. J Hepatol 57(2):267–273, 2012.

304. Choi HM, et al: Urine neutrophil gelatinase-associated lipocalin 
predicts graft outcome up to 1 year after kidney transplantation. 
Transplant Proc 45(1):122–128, 2013.

305. Di Somma S, et al: Additive value of blood neutrophil gelatinase-
associated lipocalin to clinical judgement in acute kidney injury 
diagnosis and mortality prediction in patients hospitalized from 
the emergency department. Crit Care 17(1):R29, 2013.

306. Pickering JW, Endre ZH: The clinical utility of plasma neutrophil 
gelatinase-associated lipocalin in acute kidney injury. Blood Purif 
35(4):295–302, 2013.

307. de Geus HR, et al: Plasma NGAL similarly predicts acute kidney 
injury in sepsis and nonsepsis. Biomark Med 7(3):415–421, 2013.

308. Katagiri D, et al: New biomarker panel of plasma neutrophil 
gelatinase-associated lipocalin and endotoxin activity assay for 
detecting sepsis in acute kidney injury. J Crit Care 28(5):564–570, 
2013.

309. Cullen MR, Murray PT, Fitzgibbon MC: Establishment of a refer-
ence interval for urinary neutrophil gelatinase-associated lipo-
calin. Ann Clin Biochem 49(Pt 2):190–193, 2012.

310. Faubel S, et al: Ongoing clinical trials in AKI. Clin J Am Soc Nephrol 
7(5):861–873, 2012.

311. Srisawat N, et al: Plasma neutrophil gelatinase-associated lipocalin 
predicts recovery from acute kidney injury following community-
acquired pneumonia. Kidney Int 80(5):545–552, 2011.

312. Mishra J, et al: Neutrophil gelatinase-associated lipocalin (NGAL) 
as a biomarker for acute renal injury after cardiac surgery. The 
Lancet 365(9466):1231–1238, 2005.

313. Hirsch R, et al: NGAL is an early predictive biomarker of contrast-
induced nephropathy in children. Pediatr Nephrol 22(17874137):
2089–2095, 2007.

314. Bachorzewska-Gajewska H, et al: Neutrophil-gelatinase-associated 
lipocalin and renal function after percutaneous coronary inter-
ventions. Am J Nephrol 26(16772710):287–292, 2006.

315. Haase M, et al: Accuracy of neutrophil gelatinase-associated lipo-
calin (NGAL) in diagnosis and prognosis in acute kidney injury: 
a systematic review and meta-analysis. Am J Kidney Dis 
54(19850388):1012–1024, 2009.

316. Boldt J, et al: Influence of volume therapy with a modern hydroxy-
ethylstarch preparation on kidney function in cardiac surgery 
patients with compromised renal function: a comparison with 
human albumin. Crit Care Med 35(17893629):2740–2746, 2007.

317. Schmidt-Ott KM, et al: Dual action of neutrophil gelatinase-
associated lipocalin. J Am Soc Nephrol 18(17229907):407–413, 
2007.

318. Yndestad A, et al: Increased systemic and myocardial expression 
of neutrophil gelatinase-associated lipocalin in clinical and exper-
imental heart failure. Eur Heart J 30(19329498):1229–1236, 2009.

319. Devarajan P: Neutrophil gelatinase-associated lipocalin: a 
troponin-like biomarker for human acute kidney injury. Nephrology 
(Carlton) 15(4):419–428, 2010.

320. Nauta FL, et al: Effect of frozen storage on urinary concentration 
of kidney damage markers. Am J Kidney Dis 59(4):586–589, 2012.

321. Liu KD, et al: Urine neutrophil gelatinase-associated lipocalin 
levels do not improve risk prediction of progressive chronic 
kidney disease. Kidney Int 83(5):909–914, 2013.

322. Smith ER, et al: Urinary neutrophil gelatinase-associated lipocalin 
may aid prediction of renal decline in patients with non-
proteinuric Stages 3 and 4 chronic kidney disease (CKD). Nephrol 
Dial Transplant 28(6):1569–1579, 2013.

323. Bolignano D, et al: Neutrophil gelatinase-associated lipocalin 
(NGAL) and progression of chronic kidney disease. Clin J Am Soc 
Nephrol 4(2):337–344, 2009.

324. Nielsen SE, et al: Urinary neutrophil gelatinase-associated lipo-
calin and progression of diabetic nephropathy in type 1 diabetic 
patients in a four-year follow-up study. Nephron Clin Pract 
118(21160226):130–135, 2011.

325. Price RG: Measurement of N-acetyl-beta-glucosaminidase and its 
isoenzymes in urine methods and clinical applications. Eur J Clin 
Chem Clin Biochem 30(1493161):693–705, 1992.

326. Ida S, et al: Mild to severe lithium-induced nephropathy models 
and urine N-acetyl-beta-D-glucosaminidase in rats. Methods Find 
Exp Clin Pharmacol 23(11838319):445–448, 2001.

327. Wellwood JM, et al: Urinary N-acetyl- beta-D-glucosaminidase 
activities in patients with renal disease. Br Med J 3(1156788):408–
411, 1975.

328. Nauta FL, et al: Albuminuria, proteinuria, and novel urine bio-
markers as predictors of long-term allograft outcomes in kidney 
transplant recipients. Am J Kidney Dis 57(21458900):733–743, 
2011.

329. Ren L, et al: Assessment of urinary N-acetyl-β-glucosaminidase as 
an early marker of contrast-induced nephropathy. J Int Med Res 
39(21672370):647–653, 2011.

330. Abdel-Hady E, et al: The efficacy and toxicity of two dosing-
regimens of amikacin in neonates with sepsis. J Clin Pharm Ther 
36(21198719):45–52, 2011.

331. Kern EF, et al: Early urinary markers of diabetic kidney disease: a 
nested case-control study from the Diabetes Control and Compli-
cations Trial (DCCT). Am J Kidney Dis 55(5):824–834, 2010.

332. Bondiou MT, et al: Inhibition of A and B N-acetyl-beta-D-glucos-
aminidase urinary isoenzymes by urea. Clin Chim Acta 
149(4028434):67–73, 1985.

333. Wiley RA, Choo HY, Traiger GJ: The effect of nephrotoxic furans 
on urinary N-acetylglucosaminidase levels in mice. Toxicol Lett 
14(7157422):93–96, 1982.

334. Venkat KK: Proteinuria and microalbuminuria in adults: signifi-
cance, evaluation and treatment. South Med J 97(10):969–979, 
2004.

335. National Kidney Foundation: K/DOQI clinical practice guide-
lines for chronic kidney disease: evaluation, classification and 
stratification. Am J Kidney Dis 39:S1–S266, 2002.

336. Perazella MA, Moeckel G: Nephrotoxicity from chemotherapeutic 
agents: clinical manifestations, pathobiology and prevention/
therapy. Semin Nephrol 30(6):570–581, 2010.

337. Guo X, Nzerue C: How to prevent, recognize, and treat  
drug-induced nephrotoxicity. Cleve Clin J Med 69(4):289–290, 
2002.

338. Hsu RK, Hsu CY: Proteinuria and reduced glomerular filtration 
rate as risk factors for acute kidney injury. Curr Opin Nephrol Hyper-
tens 20(3):211–217, 2011.

339. James M, Hemmelgarn B, Wiebe N: Glomerular filtration rate, 
proteinuria, and the incidence and consequences of acute  
kidney injury: a cohort study. Lancet 376(9758):2096–2103, 
2010.

340. Hsu C-P, Ordonez J, Chertow GM: The risk of acute renal failure 
in patients with chronic kidney disease. Kidney Int 74(1):101–107, 
2008.

341. Hallan Si, Ritz E, Lydersen S: Combining GFR and albuminuria 
to classify CKD improves prediction of ESRD. J Am Soc Nephrol 
20(5):1069–1077, 2009.

342. Gekle M: Renal albumin handling: a look at the dark side of the 
filter. Kidney Int 71(6):479–481, 2007.

343. Pfaller W, Thorwartl U, Nevinny-Stickel M: Clinical value of fruc-
tose 1,6 bisphosphatase in monitoring renal proximal tubular 
injury. Kidney Int Suppl 47:S68–S75, 1996.

344. Metz-Kurschel U, Kurschel E, Niederle N: Investigations on the 
acute and chronic nephrotoxicity of the new platinum analogue 
carboplatin. J Cancer Res Clin Oncol 116(2):203–206, 1990.

345. De Jong PE, Curhan GC: Screening, monitoring, and treatment 
of albuminuria: Public health perspectives. J Am Soc Nephrol 
17(8):2120–2126, 2006.

346. Verhave J, Gansevoort R, Hillege HL: An elevated urinary albumin 
excretion predicts de novo development of renal function impair-
ment in the general population. Kidney Int Suppl (92):S18–S21, 
2004.

347. Hillege HL, Janssen W, Bak AA: Microalbuminuria is common, 
also in a nondiabetic, nonhypertensive population, and an inde-
pendent indicator of cardiovascular risk factors and cardiovascu-
lar morbidity. J Intern Med 249(6):519–526, 2001.

http://www.myuptodate.com


955.e8 SECTIoN IV — EVALUATIoN oF THE PATIENT WITH KIDNEy DISEASE

348. Astor BC, Hallan SI, Miller ER, 3rd: Glomerular filtration rate, 
albuminuria, and risk of cardiovascular and all-cause mortality in 
the US population. Am J Epidemol 167(10):1226–1234, 2008.

349. Levin A, Pate GE, Shalansky S, et al: N-acetylcysteine reduces 
urinary albumin excretion following contrast administration: evi-
dence of biological effect. Nephrol Dial Transplant 22(9):2520–
2524, 2007.

350. Coca SG, et al: Preoperative proteinuria predicts acute kidney 
injury in patients undergoing cardiac surgery. J Thorac Cardiovasc 
Surg 143(2):495–502, 2012.

351. Zappitelli M, et al: The association of albumin/creatinine ratio 
with postoperative AKI in children undergoing cardiac surgery. 
Clin J Am Soc Nephrol 7(11):1761–1769, 2012.

352. Huang TM, et al: Preoperative proteinuria predicts adverse renal 
outcomes after coronary artery bypass grafting. J Am Soc Nephrol 
22(1):156–163, 2010.

353. Portilla D, et al: Liver fatty acid-binding protein as a biomarker of 
acute kidney injury after cardiac surgery. Kidney Int 73(4):465–
472, 2008.

354. Herget-Rosenthal S, et al: Early detection of acute renal failure by 
serum cystatin C. Kidney Int 66(15327406):1115–1122, 2004.

355. Herget-Rosenthal S, et al: Prognostic value of tubular proteinuria 
and enzymuria in nonoliguric acute tubular necrosis. Clin Chem 
50:522–558, 2004.

356. Che M, et al: Clinical usefulness of novel biomarkers for the detec-
tion of acute kidney injury following elective cardiac surgery. 
Nephron Clin Pract 115(1):c66–c72, 2010.

357. Koyner JL, et al: Urinary cystatin C and acute kidney injury after 
cardiac surgery. Am J Kidney Dis 61(5):730–738, 2013.

358. Hall IE, et al: Urine cystatin C as a biomarker of proximal tubular 
function immediately after kidney transplantation. Am J Nephrol 
33(5):407–413, 2011.

359. Nauta FL, Boertien WE, Bakker SJ: Glomerular and tubular 
damage markers are elevated in patients with diabetes. Diabetes 
Care 34(4):975–981, 2011.

360. Jeon YK, Kim MR, Huh JE: Cystatin C as an early biomarker of 
mephropathy in patients with type 2 diabetes. J Korean Med Sci 
26(2):258–263, 2011.

361. Herget-Rosenthal S, van Wijk JA, Bröcker-Preuss M: Increased 
urinary cystatin C reflects structural and functional renal tubular 
impairment independent of glomerular filtration rate. Clin 
Biochem 40(13-14):946–951, 2007.

362. Stevens LA, et al: Factors other than glomerular filtration rate 
affect serum cystatin C levels. Kidney Int 75(19119287):652–660, 
2009.

363. Ichihara K, Saito K, Itoh Y: Sources of variation and reference 
intervals for serum cystatin C in a healthy Japanese adult popula-
tion. Clin Chem Lab Med 45(17635076):1232–1236, 2007.

364. Finney H, et al: Initial evaluation of cystatin C measurement by 
particle-enhanced immunonephelometry on the Behring neph-
elometer systems (BNA, BN II). Clin Chem 43(9191555):1016–
1022, 1997.

365. Newman DJ: Cystatin C. Ann Clin Biochem 39(11928770):89–104, 
2002.

366. Price PM, Safirstein RL, Megyesi J: The cell cycle and acute kidney 
injury. Kidney Int 76(6):604–613, 2009.

367. Boonstra J, Post JA: Molecular events associated with reactive 
oxygen species and cell cycle progression in mammalian cells. 
Gene 337:1–13, 2004.

368. Seo DW, et al: Shp-1 mediates the antiproliferative activity of 
tissue inhibitor of metalloproteinase-2 in human microvascular 
endothelial cells. J Biol Chem 281(6):3711–3721, 2006.

369. Ueda S, et al: Asymmetric dimethylarginine may be a missing link 
between cardiovascular disease and chronic kidney disease. 
Nephrology (Carlton) 12(17995585):582–590, 2007.

370. Ueda S, Yamagishi S, Okuda S: New pathways to renal damage: 
role of ADMA in retarding renal disease progression. J Nephrol 
23(20349427):377–386, 2010.

371. Suda O, et al: Asymmetric dimethylarginine produces vascular 
lesions in endothelial nitric oxide synthase-deficient mice: involve-
ment of renin-angiotensin system and oxidative stress. Arterioscler 
Thromb Vasc Biol 24(15217805):1682–1688, 2004.

372. Vallance P, et al: Accumulation of an endogenous inhibitor of 
nitric oxide synthesis in chronic renal failure. Lancet 339(1347093):
572–575, 1992.

373. McDermott JR: Studies on the catabolism of Ng-methylarginine, 
Ng, Ng-dimethylarginine and Ng, Ng-dimethylarginine in the 
rabbit. Biochem J 154(1):179–184, 1976.

374. Kielstein JT, et al: Marked increase of asymmetric dimethylargi-
nine in patients with incipient primary chronic renal disease. J Am 
Soc Nephrol 13(11752034):170–176, 2002.

375. Miyazaki H, et al: Endogenous nitric oxide synthase inhibitor: a 
novel marker of atherosclerosis. Circulation 99(10069780):1141–
1146, 1999.

376. Tarnow L, et al: Elevated plasma asymmetric dimethylarginine  
as a marker of cardiovascular morbidity in early diabetic nephrop-
athy in type 1 diabetes. Diabetes Care 27(14988299):765–769, 
2004.

377. Boger RH, et al: Asymmetric dimethylarginine (ADMA): a novel 
risk factor for endothelial dysfunction: its role in hypercholester-
olemia. Circulation 98(9799202):1842–1847, 1998.

378. Lu TM, et al: Asymmetric dimethylarginine and clinical outcomes 
in chronic kidney disease. Clin J Am Soc Nephrol 6(21642363):1566–
1572, 2011.

379. Caglar K, et al: ADMA, proteinuria, and insulin resistance in non-
diabetic stage I chronic kidney disease. Kidney Int 70(16820789):781–
787, 2006.

380. Schober JM, et al: Identification of integrin alpha(M)beta(2) as 
an adhesion receptor on peripheral blood monocytes for Cyr61 
(CCN1) and connective tissue growth factor (CCN2): immediate-
early gene products expressed in atherosclerotic lesions. Blood 
99(12036876):4457–4465, 2002.

381. Zoccali C, Mallamaci F, Maas R: Left ventricular hypertrophy, 
cardiac remodeling and asymmetric dimethylarginine (ADMA) in 
hemodialysis patients. Kidney Int 62(1):339–345, 2002.

382. Cross JM, et al: Dialysis improves endothelial function in humans. 
Nephrol Dial Transplant 16(11522865):1823–1829, 2001.

383. Fliser D, et al: Asymmetric dimethylarginine and progression of 
chronic kidney disease: the mild to moderate kidney disease study. 
J Am Soc Nephrol 16(8):2456–2461, 2005.

384. Ravani P, et al: Asymmetrical dimethylarginine predicts progres-
sion to dialysis and death in patients with chronic kidney disease: 
a competing risks modeling approach. J Am Soc Nephrol 16(8):2449–
2455, 2005.

385. Tsioufis C, et al: ADMA, C-reactive protein, and albuminuria in 
untreated essential hypertension: a cross-sectional study. Am J 
Kidney Dis 55(6):1050–1059, 2010.

386. Riminucci M, et al: FGF-23 in fibrous dysplasia of bone and its 
relationship to renal phosphate wasting. J Clin Invest 112(5):683–
692, 2003.

387. Urakawa I, et al: Klotho converts canonical FGF receptor  
into a specific receptor for FGF23. Nature 444(7120):770–774, 
2006.

388. Shimada T, et al: FGF-23 transgenic mice demonstrate hypophos-
phatemic rickets with reduced expression of sodium phosphate 
cotransporter type IIa. Biochem Biophys Res Commun 314(2):409–
414, 2004.

389. Shimada T, et al: FGF-23 is a potent regulator of vitamin D metab-
olism and phosphate homeostasis. J Bone Miner Res 19(3):429–435, 
2004.

390. Ben-Dov IZ, et al: The parathyroid is a target organ for FGF23 in 
rats. J Clin Invest 117(12):4003–4008, 2007.

391. Shigematsu T, et al: Possible involvement of circulating fibroblast 
growth factor 23 in the development of secondary hyperparathy-
roidism associated with renal insufficiency. Am J Kidney Dis 
44(2):250–256, 2004.

392. Gutierrez O, et al: Fibroblast growth factor-23 mitigates hyper-
phosphatemia but accentuates calcitriol deficiency in chronic 
kidney disease. J Am Soc Nephrol 16(7):2205–2215, 2005.

393. van Husen M, et al: Fibroblast growth factor 23 and bone metabo-
lism in children with chronic kidney disease. Kidney Int 78(2):200–
206, 2010.

394. Isakova T, et al: Fibroblast growth factor 23 is elevated before 
parathyroid hormone and phosphate in chronic kidney disease. 
Kidney Int 79(12):1370–1378, 2011.

395. Amatschek S, Haller M, Oberbauer R: Renal phosphate handling 
in human—what can we learn from hereditary hypophosphatae-
mias? Eur J Clin Invest 40(20412291):552–560, 2010.

396. Fukumoto S: [Disorders of phosphate metabolism]. Rinsho Byori 
58(20408440):225–231, 2010.

http://www.myuptodate.com


 CHAPTER 30 — BIoMARKERS IN ACUTE AND CHRoNIC KIDNEy DISEASES 955.e9

397. Seiler S, et al: FGF-23 and future cardiovascular events in patients 
with chronic kidney disease before initiation of dialysis treatment. 
Nephrol Dial Transplant 25(12):3983–3989, 2010.

398. Scialla JJ, et al: Fibroblast growth factor-23 and cardiovascular 
events in CKD. J Am Soc Nephrol 25(2):349–360, 2014.

399. Isakova T, et al: Fibroblast growth factor 23 in patients undergo-
ing peritoneal dialysis. Clin J Am Soc Nephrol 6(11):2688–2695, 
2011.

400. Bhan I, et al: Post-transplant hypophosphatemia: tertiary “hyper-
phosphatoninism”. Kidney Int 70(8):1486–1494, 2006.

401. Economidou D, et al: FGF-23 levels before and after renal trans-
plantation. J Transplant 2009:379082, 2009.

402. Fukagawa M, Kazama JJ: FGF23: its role in renal bone disease. 
Pediatr Nephrol 21(16932898):1802–1806, 2006.

403. Fitzpatrick RE, Ruiz-Esparza J, Goldman MP: The depth of 
thermal necrosis using the CO2 laser: a comparison of the super-
pulsed mode and conventional mode. J Dermatol Surg Oncol 
17(2040747):340–344, 1991.

404. Isakova T, et al: Fibroblast growth factor 23 and risks of mortality 
and end-stage renal disease in patients with chronic kidney 
disease. JAMA 305(21673295):2432–2439, 2011.

405. Seiler S, et al: FGF-23 and future cardiovascular events in patients 
with chronic kidney disease before initiation of dialysis treatment. 
Nephrol Dial Transplant 25(20525642):3983–3989, 2010.

406. Boring L, et al: Impaired monocyte migration and reduced type 
1 (Th1) cytokine responses in C-C chemokine receptor 2 knock-
out mice. J Clin Invest 100(9366570):2552–2561, 1997.

407. Leonard EJ, Yoshimura T: Human monocyte chemoattractant 
protein-1 (MCP-1). Immunol Today 11(2186747):97–101, 1990.

408. Yoshimura T, Leonard EJ: Secretion by human fibroblasts of 
monocyte chemoattractant protein-1, the product of gene JE. J 
Immunol 144(2313097):2377–2383, 1990.

409. Yoshimura T, et al: Purification and amino acid analysis of two 
human monocyte chemoattractants produced by phytohemagglu-
tinin-stimulated human blood mononuclear leukocytes. J Immunol 
142(2921521):1956–1962, 1989.

410. Cushing SD, et al: Minimally modified low density lipoprotein 
induces monocyte chemotactic protein 1 in human endothelial 
cells and smooth muscle cells. Proc Natl Acad Sci U S A 87(1695010):
5134–5138, 1990.

411. Elner SG, et al: Monocyte chemotactic protein gene expression 
by cytokine-treated human retinal pigment epithelial cells. Lab 
Invest 64(2046333):819–825, 1991.

412. Rovin BH, Yoshiumura T, Tan L: Cytokine-induced production of 
monocyte chemoattractant protein-1 by cultured human mesan-
gial cells. J Immunol 148(1532001):2148–2153, 1992.

413. Wada T, et al: Up-regulation of monocyte chemoattractant 
protein-1 in tubulointerstitial lesions of human diabetic nephrop-
athy. Kidney Int 58(11012884):1492–1499, 2000.

414. Amann B, Tinzmann R, Angelkort B: ACE inhibitors improve 
diabetic nephropathy through suppression of renal MCP-1. Diabe-
tes Care 26(12882873):2421–2425, 2003.

415. Vianna HR, et al: Cytokines in chronic kidney disease: potential 
link of MCP-1 and dyslipidemia in glomerular diseases. Pediatr 
Nephrol 28(3):463–469, 2013.

416. Han S-Y, et al: Effect of retinoic acid in experimental  
diabetic nephropathy. Immunol Cell Biol 82(15550114):568–576, 
2004.

417. Banba N, et al: Possible relationship of monocyte chemoattrac-
tant protein-1 with diabetic nephropathy. Kidney Int 58(10916091):
684–690, 2000.

418. Chow FY, et al: Monocyte chemoattractant protein-1 promotes the 
development of diabetic renal injury in streptozotocin-treated 
mice. Kidney Int 69(16374426):73–80, 2006.

419. Morii T, et al: Association of monocyte chemoattractant protein-1 
with renal tubular damage in diabetic nephropathy. J Diabetes 
Complications 17(12505750):11–15, 2003.

420. Takebayashi K, et al: Aldosterone blockade attenuates urinary 
monocyte chemoattractant protein-1 and oxidative stress in 
patients with type 2 diabetes complicated by diabetic nephropa-
thy. J Clin Endocrinol Metab 91(16569732):2214–2217, 2006.

421. Tam FWK, et al: Urinary monocyte chemoattractant protein-1 
(MCP-1) and connective tissue growth factor (CCN2) as prognos-
tic markers for progression of diabetic nephropathy. Cytokine 
47(19409809):37–42, 2009.

422. Titan SM, et al: Urinary MCP-1 and RBP: independent predictors 
of renal outcome in macroalbuminuric diabetic nephropathy. J 
Diabetes Complications 26(6):546–553, 2012.

423. Murea M, et al: Relationships between serum MCP-1 and subclini-
cal kidney disease: African American-Diabetes Heart Study. BMC 
Nephrol 13:148, 2012.

424. Wada T, et al: Monitoring urinary levels of monocyte chemotactic 
and activating factor reflects disease activity of lupus nephritis. 
Kidney Int 49(8648917):761–767, 1996.

425. Noris M, et al: Monocyte chemoattractant protein-1 is excreted in 
excessive amounts in the urine of patients with lupus nephritis. 
Lab Invest 73(8558841):804–809, 1995.

426. Kiyici S, et al: Serum monocyte chemoattractant protein-1 and 
monocyte adhesion molecules in type 1 diabetic patients with 
nephropathy. Arch Med Res 37(17045117):998–1003, 2006.

427. Munshi R, et al: MCP-1 gene activation marks acute kidney injury. 
J Am Soc Nephrol 22(21071523):165–175, 2011.

428. Bradham DM, et al: Connective tissue growth factor: a cysteine-
rich mitogen secreted by human vascular endothelial cells is 
related to the SRC-induced immediate early gene product CEF-10. 
J Cell Biol 114(1654338):1285–1294, 1991.

429. Leask A, Abraham DJ: The role of connective tissue growth factor, 
a multifunctional matricellular protein, in fibroblast biology. 
Biochem Cell Biol 81(14663501):355–363, 2003.

430. Chien W, et al: Expression of connective tissue growth factor 
(CTGF/CCN2) in breast cancer cells is associated with increased 
migration and angiogenesis. Int J Oncol 38(21455569):1741–1747, 
2011.

431. Phanish MK, Winn SK, ME D: Connective tissue growth factor-
(CTGF, CCN2)—a marker, mediator and therapeutic target for 
renal fibrosis. Nephron Exp Nephrol 114(3):e83–e92, 2010.

432. Grotendorst GR: Connective tissue growth factor: a mediator of 
TGS-beta action on fibroblasts. Cytokine Growth Factor Rev 8(3):171–
179, 1997.

433. Gupta S, et al: Connective tissue growth factor: potential role in 
glomerulosclerosis and tubulointerstitial fibrosis. Kidney Int 
58(11012874):1389–1399, 2000.

434. Ito Y, et al: Expression of connective tissue growth factor in 
human renal fibrosis. Kidney Int 53(9551391):853–861, 1998.

435. Paradis V, et al: Expression of connective tissue growth factor  
in experimental rat and human liver fibrosis. Hepatology 
30(10498649):968–976, 1999.

436. Robinson HC, et al: The effect of D-xylose, beta-D-xylosides and 
beta-D-galactosides on chondroitin sulphate biosynthesis in 
embryonic chicken cartilage. Biochem J 148(1156397):25–34, 1975.

437. Riser BL, et al: Urinary CCN2 (CTGF) as a possible predictor  
of diabetic nephropathy: preliminary report. Kidney Int 
64(12846740):451–458, 2003.

438. Gilbert RE, et al: Urinary connective tissue growth factor excre-
tion in patients with type 1 diabetes and nephropathy. Diabetes Care 
26(12941731):2632–2636, 2003.

439. Nguyen TQ, et al: Urinary connective tissue growth factor excre-
tion correlates with clinical markers of renal disease in a large 
population of type 1 diabetic patients with diabetic nephropathy. 
Diabetes Care 29(16373901):83–88, 2006.

440. Nguyen TQ, et al: Plasma connective tissue growth factor is an 
independent predictor of end-stage renal disease and mortality in 
type 1 diabetic nephropathy. Diabetes Care 31(18344285):1177–
1182, 2008.

441. Jaffa AA, et al: Connective tissue growth factor and susceptibility 
to renal and vascular disease risk in type 1 diabetes. J Clin Endo-
crinol Metab 93(18319310):1893–1900, 2008.

442. Border WA, Noble NA: Transforming growth factor beta in tissue 
fibrosis. N Engl J Med 331(7935686):1286–1292, 1994.

443. DA L: Transforming growth factor-β in tissue fibrosis. Kidney Int 
Suppl 49:5, 1995.

444. Tsakas S, Goumenos DS: Accurate measurement and clinical sig-
nificance of urinary transforming growth factor-beta1. Am J 
Nephrol 26(16679757):186–193, 2006.

445. Goumenos DS, et al: Transforming growth factor-beta(1) in the 
kidney and urine of patients with glomerular disease and protein-
uria. Nephrol Dial Transplant 17(12454225):2145–2152, 2002.

446. Haramaki R, et al: Steroid therapy and urinary transforming 
growth factor-beta1 in IgA nephropathy. Am J Kidney Dis 
38(11728950):1191–1198, 2001.

http://www.myuptodate.com


955.e10 SECTIoN IV — EVALUATIoN oF THE PATIENT WITH KIDNEy DISEASE

447. Honkanen E, et al: Urinary transforming growth factor-beta 1  
in membranous glomerulonephritis. Nephrol Dial Transplant 
12(9430852):2562–2568, 1997.

448. Cha DR, et al: Urinary concentration of transforming growth 
factor-beta-inducible gene-h3 (beta ig-h3) in patients with Type 2 
diabetes mellitus. Diabet Med 22(15606685):14–20, 2005.

449. Grandaliano G, et al: Protease-activated receptor 1 and plasmino-
gen activator inhibitor 1 expression in chronic allograft nephrop-
athy: the role of coagulation and fibrinolysis in renal graft fibrosis. 
Transplantation 72(11685117):1437–1443, 2001.

450. Gupta J, et al: Association between albuminuria, kidney function, 
and inflammatory biomarker profile in CKD in CRIC. Clin J Am 
Soc Nephrol 7(12):1938–1946, 2012.

451. Trnka P, et al: Urinary biomarkers in obstructive nephropathy. 
Clin J Am Soc Nephrol 7(10):1567–1575, 2012.

452. Io H, et al: Relationship between levels of urinary type IV collagen 
and renal injuries in patients with IgA nephropathy. J Clin Lab 
Anal 18(14730552):14–18, 2004.

453. Cohen MP, Lautenslager GT, Shearman CW: Increased urinary 
type IV collagen marks the development of glomerular pathology 
in diabetic d/db mice. Metabolism 50(12):1435–1440, 2001.

454. Morita M, et al: Association of urinary type IV collagen with GFR 
decline in young patients with type 1 diabetes. Am J Kidney Dis 
58(6):915–920, 2011.

455. U.S. Food and Drug Administration: FDA unveils critical path 
opportunities list outlining blueprint to modernizing product 
development by 2010: biomarker development and clinical trial 
design greatest areas for impact. In FDA News Release, Silver Spring, 
MD, 2006, FDA.

456. U.S. Food and Drug Administration: Challenge and opportunity on 
the critical path to new medical products, Silver Spring, MD, 2004, 
FDA.

457. U.S. Food and Drug Administration: FDA: European Medicines 
Agency to consider additional test results when assessing new drug 
safety: collaborative effort by FDA and EMEA expected to yield 
additional safety data. In FDA News Release, Silver Spring, MD, 
2008, FDA.

458. Bonventre JV, et al: Next-generation biomarkers for detecting 
kidney toxicity. Nat Biotechnol 28(20458311):436–440, 2010.

459. Archdeacon P, et al: Fostering innovation, advancing patient 
safety: The Kidney Health Initiative. Clin J Am Soc Nephrol 
8(9):1609–1617, 2013.

http://www.myuptodate.com


958

Acute Kidney Injury
Asif A. Sharfuddin | Steven D. Weisbord | Paul M. Palevsky |  
Bruce A. Molitoris

31 

CHAPTER OUTLINE

DEFINITION OF ACUTE KIDNEY INJURY, 958
INCIDENCE OF ACUTE KIDNEY INJURY, 962
CAUSES OF ACUTE KIDNEY INJURY, 963
Prerenal Acute Kidney Injury, 963
Intrinsic Acute Kidney Injury, 964
Postrenal Acute Kidney Injury, 968
PATHOPHYSIOLOGY OF ACUTE KIDNEY 
INJURY, 968
Experimental Models, 968
Acute Tubular Necrosis, 969
EVALUATION OF ACUTE KIDNEY 
INJURY, 983
Clinical Assessment, Urinary Findings, and 
Blood and Radiographic Evaluation, 983
Clinical Assessment of the Patient, 983
Urine Assessment, 986
Laboratory Evaluation, 988
Novel Biomarkers of Kidney Injury, 988
Radiologic Evaluation, 989
Kidney Biopsy, 990
DIFFERENTIAL DIAGNOSIS OF ACUTE KIDNEY 
INJURY IN SPECIFIC CLINICAL SETTINGS, 990
Acute Kidney Injury in the Setting of 
Cancer, 990
Acute Kidney Injury in Pregnancy, 990
Acute Kidney Injury Following Cardiac 
Surgery, 992
Acute Kidney Injury after Solid Organ or 
Bone Marrow Transplantation, 992
Acute Kidney Injury Associated with 
Pulmonary Disease, 993

Acute Kidney Injury Associated with Liver 
Disease, 993
Acute Kidney Injury and the Nephrotic 
Syndrome, 994
COMPLICATIONS OF ACUTE KIDNEY 
INJURY, 994
Complications of Potassium Homeostasis, 995
Complications of Acid-Base 
Homeostasis, 995
Complications of Mineral and Uric Acid 
Homeostasis, 996
Volume Overload and Cardiac 
Complications, 996
Hematologic Complications, 996
Nutritional and Gastrointestinal 
Complications, 996
Infectious Complications, 996
Other Sequelae of Acute Kidney Injury, 996
Complications during Recovery from Acute 
Kidney Injury, 996
PREVENTION AND MANAGEMENT OF 
ACUTE KIDNEY INJURY, 997
Prerenal Acute Kidney Injury, 997
Intrinsic Acute Kidney Injury, 999
Postrenal Acute Kidney Injury, 1002
Nondialytic Supportive Management of Acute 
Kidney Injury, 1003
Renal Replacement Therapy in Acute Kidney 
Injury, 1004
OUTCOMES OF ACUTE KIDNEY 
INJURY, 1008

DEFINITION OF ACUTE KIDNEY INJURY

Acute kidney injury (AKI) is a heterogeneous syndrome 
defined by rapid (hours to days) decline in the glomerular 
filtration rate (GFR) resulting in the retention of meta-
bolic waste products, including urea and creatinine, and 
dysregulation of fluid, electrolyte, and acid-base homeosta-
sis.1 Although often considered a discrete syndrome, AKI 

represents a broad constellation of pathophysiologic pro-
cesses of varied severity and cause. These include decreases 
in GFR as the result of hemodynamic perturbations that 
disrupt normal renal perfusion without causing parenchy-
mal injury; partial or complete obstruction to urinary flow; 
and a spectrum of processes with characteristic patterns of 
glomerular, interstitial, tubular, or vascular parenchymal 
injury. AKI precipitating events are quite often multifacto-
rial and occur in a heterogeneous patient population 
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(genetics, age, kidney functional status, accompanying 
comorbid conditions). Added to this heterogeneity are the 
multiple pathophysiologic processes such as necrosis, apop-
tosis, mesenchymal transformation, cellular infiltration, 
coagulation, complement activation, and the multitude of 
cell types and processes within the innate and adaptive 
immune response.

The term AKI has largely supplanted the older term acute 
renal failure (ARF). This change reflects recognition of 
serious shortcomings of the older terminology. The term 
acute renal failure suggested a dichotomous relationship 
between normal kidney function and overt organ failure; in 
contrast, the term acute kidney injury captures the growing 
body of data associating small-to-modest acute and transient 
decrements in kidney function with serious, adverse out-
comes. While the newer terminology does emphasize the 
graded aspect of acute kidney disease, it should be recog-
nized that this terminology is also imperfect. The term 
“injury” can be construed to imply the presence of paren-
chymal organ damage, which may be absent in a variety of 
settings associated with an acute decline in kidney function, 
such as early obstructive disease and prerenal azotemia asso-
ciated with volume depletion. Although the term acute 
kidney dysfunction might better characterize the entire 
spectrum of the syndrome, acute kidney injury is the term 
that has been adopted by consensus and is now increasingly 
utilized in the medical literature.2,3 In this chapter the term 
AKI will be used to describe the entire spectrum of  
the syndrome, while ARF will be restricted to situations of 
organ failure requiring renal replacement therapy (RRT). 
Although in clinical practice the term acute tubular necrosis 
(ATN) is often used synonymously with AKI, these terms 
should not be used interchangeably. While ATN is the most 
common form of intrinsic AKI, particularly in critically ill 
patients, it represents only one of multiple forms of AKI. In 
addition, there may be a lack of concordance between the 
clinical syndrome and the classic histopathologic findings 
of ATN.4,5

Decreased urine output is a cardinal (though not univer-
sal) manifestation of AKI, and patients are often classified 
based on urine flow rates as nonoliguric (urine output > 
400 mL/day), oliguric (urine output < 400 mL/day), or 
anuric (urine output < 100 mL/day).6 Transient oliguria 
may occur in the absence of significant decrements in 
kidney function, as increased tubular salt and water reab-
sorption is a normal physiologic response to volume deple-
tion. In contradistinction, persistent oliguria despite the 
presence of adequate intravascular volume is virtually always 
a manifestation of AKI, with lower levels of urine output 
typically associated with more severe initial renal injury. The 
categorization of AKI based on urine volume has clinical 
implications for the development of volume overload, sever-
ity of electrolyte disturbances, and overall prognosis. 
Although oliguric AKI is associated with higher mortality 
risk than nonoliguric AKI, therapeutic interventions to 
augment urine output (see later) have not been shown to 
improve patient outcomes.7

Acute kidney injury can develop de novo in the setting of 
intact kidney function or can be superimposed on underly-
ing chronic kidney disease (acute-on-chronic kidney injury). 
In fact, the presence of underlying impaired kidney func-
tion has been shown to be one of the most important risk 

Table 31.1  Causes of Prerenal Acute 
Kidney Injury

Intravascular Volume Depletion

Hemorrhage—trauma, surgery, post partum, gastrointestinal
Gastrointestinal losses—diarrhea, vomiting, nasogastric tube 

loss
Renal losses—diuretics, osmotic diuresis, diabetes insipidus
Skin and mucous membrane losses—burns, hyperthermia
Nephrotic syndrome
Cirrhosis
Capillary leak

Reduced Cardiac Output

Cardiogenic shock
Pericardial diseases—restrictive/constrictive/tamponade
Congestive heart failure
Valvular diseases
Pulmonary diseases—pulmonary hypertension; pulmonary 

embolism
Sepsis

Systemic Vasodilation

Sepsis
Cirrhosis
Anaphylaxis
Drugs

Renal Vasoconstriction

Early sepsis
Hepatorenal syndrome
Acute hypercalcemia
Drugs—norepinephrine, vasopressin, nonsteroidals, 

angiotension-converting enzyme, calcineurin inhibitors
Iodinated contrast media

Increased Intraabdominal Pressure

Abdominal compartment syndrome

factors for the development of AKI.8,9 Multiple mechanisms 
may contribute to this increased susceptibility, including 
diminished renal functional reserve, impaired salt and water 
conservation predisposing to intravascular volume contrac-
tion, decreased activity of detoxification mechanisms 
increasing susceptibility to cytotoxic injury, impaired clear-
ance of potential nephrotoxins increasing the risk for and/
or duration of exposure, and associated macrovascular and 
microvascular disease increasing the risk for ischemic injury.

The causes of AKI are usually divided into three broad 
pathophysiologic categories:

1. Prerenal AKI—diseases characterized by effective hypo-
perfusion of the kidneys in which there is no parenchy-
mal damage to the kidney (Table 31.1)

2. Intrinsic AKI—diseases involving the renal parenchyma 
(Table 31.2)

3. Postrenal (obstructive) AKI—diseases associated with 
acute obstruction of the urinary tract (Table 31.3)

While these categories are useful for didactic purposes 
and help inform the initial clinical assessment of patients 
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Table 31.2  Major Causes of Intrinsic Acute 
Kidney Injury

Tubular Injury

Ischemia due to 
hypoperfusion

Hypovolemia, sepsis, hemorrhage, 
cirrhosis, CHF (see Table 31.1)

Endogenous toxins Myoglobin, hemoglobin, 
paraproteinemia, uric acid  
(see Table 31.5)

Exogenous toxins Antibiotics, chemotherapy agents, 
radiocontrast media, phosphate 
preparations (see Table 31.5)

Tubulointerstitial Injury

Acute allergic interstitial 
nephritis

Infections
Infiltration
Allograft rejection

Nonsteroidal antiinflammatory 
drugs, antibiotics

Viral, bacterial, and fungal 
infections

Lymphoma, leukemia, sarcoid

Glomerular Injury

Inflammation Anti-GBM disease, ANCA disease, 
infection, cryoglobulinemia, 
membranoproliferative 
glomerulonephritis, IgA 
nephropathy, SLE, Henoch-
Schönlein purpura, polyarteritis 
nodosa

Hematologic disorders Hemolytic uremic syndrome, 
thrombotic thrombocytopenic 
purpura, drugs

Renal Microvasculature

Malignant hypertension, toxemia of 
pregnancy, hypercalcemia, 
radiocontrast media, 
scleroderma, drugs

Large Vessels

Arteries Thrombosis, vasculitis, dissection, 
thromboembolism, 
atheroembolism, trauma

Veins Thrombosis, compression, trauma

ANCA, Antineutrophil cytoplasmic antibody; CHF, congestive 
heart failure; GBM, glomerular basement membrane; IgA, 
immunoglobulin A; SLE, systemic lupus erythematosus.

Table 31.3  Causes of Postrenal Acute 
Kidney Injury

Upper Urinary Tract Extrinsic Causes

Retroperitoneal space—lymph nodes, tumors
Pelvic or intraabdominal tumors—cervix, uterus, ovary, 

prostate
Fibrosis—radiation, drugs, inflammatory
Ureteral ligation or surgical trauma
Granulomatous diseases
Hematoma

Lower Urinary Tract Causes

Prostate—benign prostatic hypertrophy, carcinoma, infection
Bladder—neck obstruction, calculi, carcinoma, infection 

(schistosomiasis)
Functional—neurogenic bladder secondary to spinal cord 

injury, diabetes, multiple sclerosis, stroke, pharmacologic 
side effects of drugs (anticholinergics, antidepressants)

Urethral—posterior urethral valves, strictures, trauma, 
infections, tuberculosis, tumors

Upper Urinary Tract Intrinsic Causes

Nephrolithiasis
Strictures
Edema
Debris, blood clots, sloughed papillae, fungal ball
Malignancy

presenting with AKI, there is often a degree of overlap 
between these categories. For example, renal hypoperfu-
sion may cause a spectrum of renal injury ranging from 
prerenal azotemia to overt ATN depending on its severity 
and duration. As a result, precise categorization of the cause 
of AKI in these three groups may not always be possible, and 
there are often transitions between etiologic categories.

A prior absence of a uniform operational definition of 
AKI impeded epidemiologic studies and hampered clinical 
evaluations of preventive and therapeutic interventions. 
Older literature was characterized by a plethora of defini-
tions utilizing varying absolute and/or relative changes in 
the serum creatinine concentration with or without associ-
ated decrements in urine output, which made it difficult to 

compare findings across studies. In 2002 the Acute Dialysis 
Quality Initiative (ADQI) proposed the first consensus defi-
nition of AKI. The ADQI work group proposed a classifica-
tion scheme with three strata based on the magnitude of 
increase in serum creatinine concentration and/or dura-
tion of oliguria (Table 31.4).

Conceptually, the first strata would provide the greatest 
sensitivity for diagnosing AKI, while the higher strata would 
provide increasing specificity of diagnosis. These three 
strata were combined with two outcome stages defined by 
the need for and duration of RRT resulting in the five-tiered 
RIFLE classification (Risk for renal dysfunction, Injury to 
the kidney, Failure of kidney function, and the two outcome 
stages, Loss of kidney function and End-stage kidney 
disease).10 Subsequently, the Acute Kidney Injury Network 
(AKIN) modified the RIFLE classification by adding an 
absolute increase in serum creatinine concentration of 
0.3 mg/dL or more to the 50% relative increase in the 
serum creatinine concentration to the definition of AKI and 
specifying that these increments develop over no more than 
48 hours (see Table 31.4).2 This definition has been further 
modified in the Kidney Disease: Improving Global Out-
comes (KDIGO) Clinical Practice Guideline for Acute 
Kidney Injury, which clarifies that while the 0.3-mg/dL 
increment in serum creatinine concentration needs to 
occur over 48 hours, from a known baseline value, the 50% 
increase may occur over a longer 7-day interval.3

The KDIGO Clinical Practice Guideline for Acute Kidney 
Injury recognized a gap in the nosology of acute and chronic 
kidney disease.3 Based on the definitions provided earlier, 
AKI has an onset of less than 7 days while chronic kidney 
disease (CKD) is defined by the presence of impaired kidney 
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Table 31.4  RIFLE, Acute Kidney Injury Network, and Kidney Disease: Improving Global Outcomes Definitions 
and Staging of Acute Kidney Injury

Definitions

RIFLE AKIN KDIGO

Serum creatinine level An increase of >50% 
developing over <7 days

An increase of ≥0.3 mg/dL or of 
>50% developing over <48 hr

An increase of ≥0.3 mg/dL developing 
over <48 hr; or an increase of >50% 
developing over <7 days

Urine output* <0.5 mL/kg/hr for >6 hr <0.5 mL/kg/hr for >6 hr <0.5 mL/kg/hr for >6 hr

Staging Criteria

RIFLE
Increase in Serum 
Creatinine Level AKIN

Increase in 
Serum 
Creatinine Level KDIGO

Increase in 
Serum 
Creatinine Level Urine Output*

Risk ≥50% Stage 1 ≥0.3 mg/dL; or 
≥50%

Stage 1 ≥0.3 mg/dL; or 
≥50%

<0.5 mL/kg/hr for >6 hr

Injury ≥100% Stage 2 ≥100% Stage 2 ≥100% <0.5 mL/kg/hr for >12 hr
Failure ≥200% Stage 3 ≥200% Stage 3 ≥200% <0.5 mL/kg/hr for >24 hr 

or anuria for >12 hr
Loss Need for renal 

replacement therapy for 
>4 wk

End-stage Need for renal 
replacement therapy for 
>3 mo

*The urine output criteria for both definition and staging of acute kidney injury are the same for the RIFLE, AKIN, and KDIGO criteria.
AKIN, Acute Kidney Injury Network; KDIGO, Kidney Disease: Improving Global Outcomes; RIFLE, Risk, Injury, Failure, Loss and End-stage 

kidney disease.

function or structural kidney damage with implications for 
health present for more than 3 months.11 Recognizing that 
some patients develop kidney disease with a more subacute 
onset than that of AKI but of less than 3 months’ duration, 
the KDIGO Acute Kidney Injury Workgroup proposed the 
concept of acute kidney disease, defined as AKI or a reduc-
tion in GFR to less than 60 mL/min/1.73 m2, a decrease in 
GFR by 35% or more, an increase in serum creatinine con-
centration by more than 50%, or the presence of structural 
kidney damage of less than 3 months’ duration.

Several limitations to these criteria for diagnosis and 
staging of AKI have been recognized.12,13 First, while valida-
tion studies have demonstrated that AKI stage correlates 
with increasing mortality risk, it is not clear that this is the 
appropriate metric for assessing their validity. Second, there 
is poor correlation between AKI stage and GFR. Since the 
magnitude of change in serum creatinine concentration is 
time dependent, a patient may demonstrate progression 
over time from less severe (RIFLE-R or AKIN or KDIGO 
stage 1) to more severe AKI stage (RIFLE-F or AKIN or 
KDIGO stage 3) despite an improving GFR. Third, the  
definition of AKI by serum creatinine criteria relies on  
a referent baseline serum creatinine level, which is  
often unavailable. Furthermore, variations in specifications 
for this referent value (e.g., admission serum creatinine 
concentration versus most recent outpatient serum creati-
nine concentration before admission versus other defini-
tions) can alter the classification of patients.14 Fourth, both 
RIFLE and AKIN employ relative changes in serum creati-
nine concentration to stage AKI. Analyses of creatinine 

kinetics demonstrate that the time required to attain a fixed 
percentage change in serum creatinine concentration in 
the setting of severe AKI is dependent upon the baseline 
level of kidney function, while the initial rate of change in 
serum creatinine concentration is relatively independent of 
kidney function.12 Thus, early in the course of AKI, absolute 
changes in serum creatinine concentration may be detected 
more readily than relative changes. Fifth, concordance 
between the serum creatinine and urine output criterion is 
poor, even with regard to mortality risk.15 Transient changes 
in urine output may reflect variation in volume status or the 
administration of medications and do not necessarily cor-
relate with other parameters of kidney function. Finally, it 
must be remembered that these classification systems are 
independent of the various causes of AKI (i.e., prerenal, 
intrinsic, obstructive). Despite these shortcomings, the use 
of standardized classification schemes has enhanced and 
will enhance further the interpretation of epidemiologic 
studies and design of clinical trials.

Conceptually, AKI comprises a spectrum of structural and 
functional kidney disease in which there may be an evolu-
tion from injury to organ dysfunction and finally overt 
organ failure (Figure 31.1). Reliance solely on changes in 
serum creatinine concentration and/or urine output to 
diagnose AKI has resulted in the inability to identify the 
incipient stages of intrinsic kidney damage, which may be 
the most opportune time for pharmacologic intervention.16 
In order to facilitate the early diagnosis of intrinsic injury, 
multiple biomarkers of tubular injury have been evaluated.17-22 
Biomarkers for AKI include N-acetyl-β-d-glucosaminidase, 
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creatinine concentration of 0.5 mg/dL for patients with a 
baseline serum creatinine concentration of 1.9 mg/dL or 
less, of 1.0 mg/dL for patients with a baseline serum creati-
nine concentration of 2.0 to 4.9 mg/dL, and 1.5 mg/dL for 
patients with a baseline serum creatinine concentration 
greater than 5 mg/dL, developed in 7.2% of 4622 consecu-
tive patients.25 The overall incidence of AKI is approximately 
21.6% for all hospitalized adults worldwide,29 with known 
associations for accelerating CKD to end-stage kidney 
disease (ESKD).30-32 This rate was higher than the 4.9% rate 
the investigators had observed in a similar study in 1979.33 
The most frequent cause of AKI was decreased renal perfu-
sion, observed in 39% of episodes, followed by medication-
associated AKI (16%), radiocontrast media–induced AKI 
(11%), postoperative AKI (9%), and sepsis-associated AKI 
(6.5%). Overall mortality was 19.4%, with higher mortality 
rates associated with larger maximal increments in serum 
creatinine concentration.

Although definition is less of an issue with regard to rates 
of AKI requiring RRT, reported rates vary considerably 
because of differences in characteristics of patient popula-
tions and variability in criteria for the initiation of RRT. In 
a multinational, multicenter observational study of 29,269 
critically ill patients, 5.7% developed severe AKI and 4.3% 
received RRT.34

Many epidemiologic studies of AKI have relied on data 
from large administrative databases. Such data need to be 
interpreted with caution, however, as administrative coding 
for AKI is incomplete and may only capture 20% to 30% of 
all episodes of AKI.35,36 Ascertainment of AKI requiring RRT 
using administrative data is substantially more complete. In 
an analysis of data from the National Hospital Discharge 
Survey in the United States, the Centers for Disease Control 
and Prevention observed an increase in hospital discharges 
with a diagnosis of AKI from 18 per 100,000 population in 
1980 to 365 per 100,000 in 2005.37 Similar trends have been 

kidney injury molecule-1 (KIM-1), neutrophil gelatinase–
associated lipocalin (NGAL), interleukin (IL)-18, liver-type 
fatty acid–binding protein (L-FABP), tissue inhibitor of 
metalloproteinase 2 (TIMP-2) and insulin-like growth 
factor–binding protein-7 (IGFBP-7), among others.17-22 In 
addition, serum cystatin C level has been proposed as more 
sensitive (and in some settings more specific) than serum 
creatinine concentration for detecting changes in GFR, and 
urinary cystatin C level has been proposed as a marker of 
tubular injury.17,23,24 While none of these biomarkers has yet 
been adequately validated for routine clinical use, they have 
the potential to provide an earlier diagnosis of intrinsic AKI 
than serum creatinine concentration, to differentiate 
volume-responsive (prerenal) AKI from intrinsic disease, to 
diminish confounding related to creatinine generation, and 
to provide prognostic information regarding the clinical 
course of an episode of AKI. One or more of these biomark-
ers may provide a means by which patients could be identi-
fied at the incipient stage of AKI in order to guide the 
implementation of specific therapy to ameliorate kidney 
damage or promote recovery of kidney function.

INCIDENCE OF ACUTE KIDNEY INJURY

Estimates of the incidence of AKI are highly dependent  
on the case definition used, with rates among hospital-
ized patients ranging from as high as 44% when defined 
based on a change in serum creatinine concentration of at 
least 0.3 mg/dL to as low as 1% using an increase in serum 
creatinine of at least 2.0 mg/dL.25-28 Approximately 3% to 
7% of hospitalized patients and 25% to 30% of intensive 
care unit (ICU) patients develop AKI, with 5% to 6% of the 
ICU population requiring RRT after developing AKI.25-28 In 
a single-center analysis conducted in 1996 at an urban ter-
tiary care hospital, AKI, defined as an increase in serum 

Figure 31.1 Modified conceptual model of acute kidney injury. The availability of specific biomarkers permits recognition of kidney damage 
separately from changes in kidney function. Kidney damage and changes in function may precede each other or occur concurrently. The time 
sequence of events depends on the nature and duration of the insult and the underlying state of health of the kidney. The timing of diagnosis 
will depend on the frequency with which specific biomarkers of kidney damage and function are assessed. GFR, Glomerular filtration rate. 
(From Murray PT, et al: Potential use of biomarkers in acute kidney injury: report and summary of recommendations from the 10th Acute Dialysis 
Quality Initiative consensus conference. Kidney Int 85:513-521, 2014.)
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ischemic ATN are part of a continual spectrum of manifesta-
tions of renal hypoperfusion.

Prerenal azotemia has also been divided into volume 
responsive and volume nonresponsive. The former is easy 
to comprehend, while the latter is less straightforward. In 
volume nonresponsive forms, additional intravenous volume 
is of no help in restoring kidney perfusion and function. 
Disease processes such as congestive heart failure, liver 
failure, and sepsis may not respond to intravenous fluids as 
markedly reduced cardiac output or total vascular resis-
tance, respectively, prevent improved kidney function (see 
Table 31.1).

True or effective hypovolemia causes a decrease in mean 
arterial pressure that activates baroreceptors and initiates a 
cascade of neural and humoral responses, leading to activa-
tion of the sympathetic nervous system and increasing pro-
duction of catecholamines, especially norepinephrine. 
There is increased release of antidiuretic hormone medi-
ated primarily by hypovolemia, resulting in vasoconstriction, 
water retention, and urea back diffusion into the papillary 
interstitium. In response to volume depletion or states of 
decreased EABV, there is increased intrarenal angiotensin 
II (Ang II) activity via activation of the renin angiotensin 
aldosterone system (RAAS). Ang II is a very potent vasocon-
strictor, which preferentially increases efferent arteriolar 
resistance, preserving GFR in the setting of decreased renal 
perfusion through maintenance of glomerular hydrostatic 
pressure. In addition, Ang II increases proximal tubular 
sodium absorption through a combination of alterations in 
hydrostatic forces in the peritubular capillaries and through 
direct activation of sodium-hydrogen exchangers. During 
severe volume depletion, Ang II activity is even greater, 
leading to afferent arteriolar constriction that reduces renal 
plasma flow, GFR, and the filtration fraction and markedly 
augments proximal tubular sodium reabsorption in an 
effort to restore plasma volume.42 Ang II has also been 
shown to have direct effects on transport in the proximal 
tubule through receptors located in the proximal tubule. It 
has also been postulated that the proximal tubule can locally 
produce Ang II. Hence, under conditions of volume deple-
tion, the Ang II stimulates a larger fraction of the transport, 
whereas volume expansion will blunt this response.43-47

Renal sympathetic nerve activity is significantly increased 
in prerenal azotemia. Studies have shown that in the setting 
of hypovolemia, adrenergic activity independently constricts 
the afferent arteriole, as well as changing the efferent arte-
riolar resistance through Ang II. α-Adrenergic activity pri-
marily influences kidney vascular resistance, whereas renal 
nerve activity is linked to renin release through β-adrenergic 
receptors on renin-containing cells. In contrast, α2-
adrenergic agonists primarily decrease the glomerular ultra-
filtration coefficient via Ang II. Although vasodilation might 
be expected as a result of acute removal of adrenergic activ-
ity, a transient increase in Ang II is actually seen, maintain-
ing GFR and renal blood flow. Even after subacute renal 
denervation, renal vascular sensitivity increased to Ang II as 
a result of major upregulation of Ang II receptors. Hence 
complex effects on renin-angiotensin activity occur within 
the kidney secondary to increased renal adrenergic activity 
during prerenal azotemia.48

All of these systems work together and stimulate vasocon-
striction in musculocutaneous and splanchnic circulations, 

observed in analyses of the U.S. National (Nationwide) 
Inpatient Sample (NIS) and a 5% sample of U.S. hospital-
ized Medicare beneficiaries. In an analysis that combined 
administrative and clinical data from a single integrated 
health care delivery system, the incidence of AKI that did 
not require the use of RRT increased from 322.7 to 522.4 
cases per 100,000 person-years from 1996 to 2003.38 Over 
the same period, AKI requiring RRT increased from 19.5 to 
29.5 cases per 100,000 person-years.38 AKI was more common 
among men and in older adults. In a more recent analysis 
using data from the NIS, a nationally representative admin-
istrative database of hospitalizations, the incidence of AKI 
requiring dialysis increased from 222 cases per million 
person-years in 2000 to 533 cases per million person-years 
in 2009 with the largest rise in incidence occurring in 
patients 65 to 74 years of age and 75 years of age or older.39 
While a portion of these temporal trends may be attribut-
able to earlier initiation of dialysis and more frequent utili-
zation of RRT in older patients, these changes are unlikely 
to account for the majority of the increase in incidence of 
severe AKI.

Preexisting kidney disease is one of the major risk factors 
for the development of AKI requiring dialysis.40 Higher 
levels of risk are associated with more severe baseline CKD. 
Compared to patients with baseline estimated GFR (eGFR) 
above 60 mL/min/1.73 m2, patients with eGFR values of 
45 to 59 mL/min/1.73 m2 have a nearly twofold increased 
risk for developing dialysis-requiring AKI. This risk increases 
to more than 40-fold among patients with baseline eGFR 
values of less than 15 mL/min/1.73 m2.40 Underlying 
diabetes mellitus, hypertension, and the presence of pro-
teinuria are also associated with increased risk for hospital-
acquired AKI.

CAUSES OF ACUTE KIDNEY INJURY

Although in the clinical setting AKI is often multifactorial, 
the cause should most often be evaluated based on the three 
major pathophysiologic categories, namely, prerenal, intrin-
sic, and postrenal (obstructive).

PRERENAL ACUTE KIDNEY INJURY

Prerenal azotemia is the most common cause of AKI, 
accounting for approximately 40% to 55% of all cases.25,27,41 
It results from kidney hypoperfusion due to reductions in 
actual or effective arterial blood volume (EABV; the volume 
of blood effectively perfusing the body organs). Common 
conditions causing true hypovolemia include hemorrhage 
(traumatic, gastrointestinal, surgical), gastroinrestinal (GI) 
losses (vomiting, diarrhea, nasogastric suction), renal  
losses (overdiuresis, diabetes insipidus), and third spacing 
(pancreatitis, hypoalbuminemia). In addition, cardiogenic 
shock, septic shock, cirrhosis, hypoalbuminemia, and ana-
phylaxis all are pathophysiologic conditions that decrease 
EABV, independent of total body volume status, resulting in 
reduced renal blood flow. Prerenal azotemia reverses rapidly 
if renal perfusion is restored because by definition the integ-
rity of the renal parenchyma has remained intact. However, 
severe and prolonged hypoperfusion may result in tissue 
ischemia leading to ATN. Therefore prerenal azotemia and 
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patients who present with AKI after instrumentation with 
angiography, arteriography, or aortic surgery or after blunt 
trauma or acceleration-deceleration injury.58 Cholesterol-
laden atheroembolic plaques in the aorta or other larger 
arteries may become disrupted, and fragments may become 
trapped in smaller renal arteries, leading to hypoperfusion 
and an intense inflammatory reaction, akin to a vasculitis. 
Other organs may also be affected leading to gastrointesti-
nal ischemia, peripheral gangrene, livedo reticularis, and 
acute pancreatitis. Patients frequently develop fevers and 
exhibit eosinophilia, elevated erythrocyte sedimentation 
rate, and hypocomplementemia, which sometimes help in 
differentiating this condition from other simultaneous 
insults (e.g., radiocontrast media administration).

Renal artery thrombosis is usually a posttraumatic or post-
surgical complication, especially in the transplant setting, 
but can also occur in other hypercoagulable states such as 
antiphospholipid antibody syndrome.59-61 Diseases affecting 
the small vessels generally termed vasculitides include  
polyarteritis nodosa, necrotizing granulomatous vasculitis, 
hemolytic uremic syndrome, thrombotic thrombocytopenic 
purpura, and malignant hypertension; they usually tend to 
occlude the vessels by fibrin deposition along with platelets. 
Endothelial cell damage leads to an inflammatory response 
in the renal microvasculature (and in other organs), leading 
to reduced microvascular blood flow and tissue ischemia, 
giving rise to superimposed ATN. One should keep in mind 
the intricate relationship between these inflammatory vas-
culitides and subsequent ischemic injury, as even though the 
origin of these disease processes is located at a site distant 
from the tubules, the final result is quite often ATN if not 
treated early. Hence virtually any disease that compromises 
blood flow within the renal microvasculature can induce 
AKI (see Table 31.2).

DISEASES OF THE TUBULOINTERSTITIUM
Ischemic and septic ATN are the most common causes of 
intrinsic AKI. These are discussed extensively in later sec-
tions of the chapter on ATN. Other disorders of the tubu-
lointerstitium causing AKI, such as acute allergic interstitial 
nephritis, drug-induced tubular toxicity, and endogenous 
toxins, are presented in the sections that follow.

Interstitial Disease

Acute interstitial nephritis (AIN) results from an idiosyn-
cratic allergic response to different pharmacologic agents, 
most commonly to antibiotics (e.g., methicillin and other 
penicillins, cephalosporins, sulfonamides, and quinolones) 
or NSAIDs (e.g., ibuprofen).62 Other conditions such as 
leukemia, lymphoma, sarcoidosis, bacterial infections (e.g., 
Escherichia coli), and viral infections (e.g., cytomegalovirus) 
can also cause AIN leading to AKI. Systemic allergic signs 
such as fever, rash, and eosinophilia are often present in 
antibiotic-associated AIN but not usually present in NSAID-
related AIN, where lymphocytes tend to predominate.63 The 
presence of inflammatory infiltrates within the interstitium 
is the key hallmark of AIN. These inflammatory infiltrates 
are often patchy and present most commonly in the deep 
cortex and outer medulla. Interstitial edema is typically seen 
with the infiltrates, and sometimes patchy tubular necrosis 
may be present in close proximity to areas with extensive 
inflammatory infiltrates.62 The majority of cases of AIN are 

inhibit salt loss through sweat, and stimulate thirst, thereby 
causing retention of salt and water to maintain blood pres-
sure and preserve cardiac output and cerebral perfusion. 
Concomitantly, there are various compensatory mecha-
nisms to preserve glomerular perfusion.49 Autoregulation is 
achieved by stretch receptors in afferent arterioles that 
cause vasodilation in response to reduced perfusion pres-
sure. Under physiologic conditions autoregulation works 
until a mean systemic arterial blood pressure of 75 to 
80 mm Hg. Below this level, the glomerular ultrafiltration 
pressure and GFR decline abruptly. Renal production of 
prostaglandins, kallikrein, and kinins, as well as nitric oxide 
(NO), is increased, contributing to the vasodilation.50,51 
Nonsteroidal antiinflammatory drugs (NSAIDs), by inhibit-
ing prostaglandin production, worsen kidney perfusion in 
patients with hypoperfusion. Selective efferent arteriolar 
constriction, a result of Ang II, helps preserve the intraglo-
merular pressure and hence GFR. Angiotensin-converting 
enzyme (ACE) inhibitors inhibit synthesis of Ang II and so 
disturb this delicate balance in patients with severe reduc-
tions in EABV such as severe congestive heart failure or 
bilateral renal artery stenosis and thus can worsen prerenal 
azotemia. On the other hand, very high levels of Ang II, as 
seen in circulatory shock, cause constriction of both afferent 
and efferent arterioles, negating its protective effect.

Although these compensatory mechanisms minimize the 
progression toward AKI, they too are overcome in states of 
severe hypoperfusion. Renovascular disease, hypertensive 
nephrosclerosis, diabetic nephropathy, and older age pre-
dispose patients to prerenal azotemia52 at lesser degrees of 
hypotension.52 Prerenal azotemia also predisposes patients 
to radiocontrast media–induced AKI, and events such as 
anesthesia and surgery that are known to result in further 
decreases in renal blood flow. Therefore it is imperative to 
diagnose prerenal azotemia promptly and initiate effective 
treatment because it is a potentially reversible condition 
that can lead to ischemic ATN and/or nephrotoxic AKI if 
therapy is delayed or the severity of the condition increases. 
In patients with advanced liver disease and portal hyperten-
sion, the hepatorenal syndrome (HRS) represents an 
extreme form of prerenal disease, characterized by periph-
eral and splanchnic vasodilation with intense intrarenal 
vasoconstriction unresponsive to volume resuscitation.53-55 
AKI can also result from abdominal compartment syndrome 
(ACS), characterized by marked elevation in intraabdomi-
nal pressure resulting in a clinical presentation with features 
similar to those of prerenal AKI.56,57

INTRINSIC ACUTE KIDNEY INJURY

DISEASES OF LARGE VESSELS AND 
MICROVASCULATURE
Total occlusion of the renal artery or vein is an uncommon 
event but can be seen in certain scenarios such as trauma, 
instrumentation, thromboemboli, thrombosis, and dissec-
tion of an aortic aneurysm. Stenosis of the renal artery is a 
slow, chronic process with or without evidence of declining 
GFR and rarely presents as an acute event. Renal vein 
thrombosis has classically and frequently been associated 
with hypercoagulable states such as nephrotic syndrome, 
particularly when associated with membranous nephropa-
thy. An atheroembolic source should be considered in 
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Table 31.5  Major Causes of Endogenous and 
Exogenous Toxins Causing Acute 
Tubular Injury

Endogenous Toxins Exogenous Toxins

Myoglobulinuria Antibiotics

Muscle breakdown—trauma, 
compression, electric shock, 
hypothermia, hyperthermia, 
seizures, exercise, burns

Metabolic—hypokalemia, 
hypophosphatemia,

Infections—tetanus, influenza
Toxins—isopropyl alcohol, 

ethanol, ethylene glycol, 
toluene, snake and insect 
bites, cocaine, heroin

Drugs—HMG-CoA reductase 
inhibitors (statins), 
amphetamines, fibrates

Inherited disease—deficiency of 
myophosphorylase, 
phosphofructokinase, 
carnitine palmitoyltransferase

Autoimmune—polymyositis, 
dermatomyositis

Aminoglycosides
Amphotericin B
Antiviral agents—acyclovir, 

cidofovir, indinavir, 
foscarnet, tenofovir

Pentamidine
Vancomycin

Chemotherapy

Cisplatin
Ifosfamide
Plicamycin
5-Fluorouracil
Cytarabine
6-Thioguanine
Methotrexate

Calcineurin Inhibitors

Cyclosporine
Tacrolimus

Hemoglobinuria
Organic Solvents

Mechanical—prosthetic valves, 
microangiopathic hemolytic 
anemia, extracorporeal 
circulation

Drugs—hydralazine, methyldopa
Chemicals—benzene, arsine, 

fava beans, glycerol, phenol
Immunologic—transfusion 

reaction
Genetic—G6PD deficiency, PNH

Toluene
Ethylene glycol

Poisons

Snake venom
Paraquat

Miscellaneous

Radiocontrast media
Intravenous immune 

globulin
Nonsteroidal 

antiinflammatory drugs
Oral phosphate bowel 

preparations

Intratubular Obstruction from 
Crystalluria or Paraproteins

Tumor lysis syndrome
HGPT deficiency
Multiple Myeloma
Oxalate (ethylene glycol)

G6PD, Glucose-6-phosphate dehydrogenase; HGPRT, 
hypoxanthine-guanine phosphoribosyltransferase; HMG-CoA, 
3-hydroxy-3-methylglutaryl–coenzyme A; PNH, paroxysmal 
nocturnal hemoglobinuria.

probably induced by extrarenal antigens being produced by 
drugs or infectious agents that may be able to induce AIN 
by (1) binding to kidney structures, (2) modifying immuno-
genetics of native renal proteins, (3) mimicking renal anti-
gens, or (4) precipitating as immune complexes and hence 
serving as the site of antibody- or cellular-mediated injury.64 
This reaction is triggered by many events, including activa-
tion of complements and release of inflammatory cytokines 
by T cells and phagocytes. Acute allograft rejection in the 
transplant recipient is by far the most common immuno-
logic cause of AIN.

Tubular Disease—Exogenous Nephrotoxins

Nephrotoxic ATN is the second most common cause of 
intrinsic AKI. We shall briefly review the common drug 
nephrotoxicities in the context of AKI (Table 31.5). The 
kidneys are vulnerable to toxicity due to the high blood flow, 
and they are the major elimination/metabolizing route of 
many of these elements. Furthermore, concentration of 
drugs within the tubular lumen and the interstitium leads 
to a more intense level of exposure.

Radiocontrast Media–Induced Nephropathy. Iodinated 
radiocontrast medium–induced nephropathy (CIN) is a 
common complication of radiologic or angiographic proce-
dures. The incidence varies from 3% to 7% in patients 
without any risk factors but can be as high as 50% in patients 
with moderate to advanced CKD. Other risk factors include 
diabetes mellitus, intravascular volume depletion, use of 
high-osmolality contrast media, advanced age, proteinuria, 
and anemia.65,66 Unlike many other forms of intrinsic tubular 
injury, radiocontrast media–induced AKI is usually associ-
ated with urinary sodium retention and a fractional excre-
tion of sodium (FENa) of less than 1%. AKI resulting from 
iodinated contrast media is typically nonoliguric and rarely 
requires dialysis. However, requirement for renal support, 
prolonged hospitalization, and increased mortality are asso-
ciated with this condition.

The pathophysiology of CIN likely consists of combined 
hypoxic and toxic renal tubular damage associated with 
renal endothelial dysfunction and altered microcircula-
tion.67,68 The administration of radiocontrast media medi-
ates vasoconstriction and markedly affects renal parenchymal 
oxygenation, especially in the outer medulla, as documented 
in various studies where the cortical PO2 declined from 40 
to 25 mm Hg, while the medullary PO2 fell from 26 to 
30 mm Hg to 9 to 15 mm Hg.68-70 Radiocontrast media 
injection leads to an abrupt but transient increase in renal 
plasma flow, GFR, and urinary output.71 This effect is due 
to the hyperosmolar radiocontrast medium enhancing 
solute delivery to the distal nephron and leads to increased 
oxygen consumption by enhanced tubular sodium reab-
sorption. Using video microscopy, it has also been docu-
mented that radiocontrast media markedly reduce inner 
medullary papillary blood flow, even to the extent of near 
cessation of red blood cell (RBC) movement in papillary 
vessels, associated with RBC aggregation within the papillary 
vasa recta.72 However, it should be noted that there may be 
different patterns of response possibly related to the type, 
volume, and route of radiocontrast media administration. 
Numerous neurohumoral mediators may contribute to the 
changes in renal microcirculation caused by radiocontrast 

media injection. Intrarenal NO synthase activity, NO con-
centration, plasma endothelin, adenosine, prostaglandins, 
and vasopressin are all thought to play a role in altering the 
cortical and medullary microcirculation after radiocontrast 
media injection. Mechanical factors may also play a role  
as radiocontrast media increase blood viscosity and may 
affect the flow in the complex low-pressure medullary 
microcirculation.70 An increased plasma viscosity after 
radiocontrast media administration can interfere with blood 
flow, particularly under the hypertonic conditions of the 
(inner) renal medulla, where the plasma viscosity is already 
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to the Golgi apparatus and, through retrograde movement, 
to the endoplasmic reticulum (ER). From the ER, gentami-
cin moves into the cytosol in a size- and charge-dependent 
manner.81 Once in the cytosol, either from the ER81 or via 
lysosomal rupture, aminoglycosides distribute to various 
intracellular organelles and mediate organelle-specific tox-
icity such as mitochondrial dysfunction.81,82 Also, delivery to 
the ER via retrograde transport from the Golgi apparatus 
allows for binding of aminoglycosides to the 16S rRNA 
subunit,83 resulting in a reduction of protein synthesis. The 
number of cationic groups on the molecules determines  
the facility with which these drugs are transported across the 
cell membrane and are an important determinant of toxic-
ity.84,85 Neomycin is associated with the most nephrotoxicity; 
gentamicin, tobramycin, and amikacin are intermediate, 
and streptomycin is the least nephrotoxic. Risk factors for 
aminoglycoside nephrotoxicity include the use of high or 
repeated doses or prolonged therapy, CKD, volume deple-
tion, diabetes, advanced age, and the coexistence of renal 
ischemia or other nephrotoxins86-88 (Figure 31.2).

Cisplatin Nephrotoxicity. Cisplatin (cis-platinum), a plati-
num-based compound widely used for chemotherapy, is 
commonly associated with nephrotoxicity. The pathophysi-
ologic mechanism of cisplatin-induced tubular damage is 
complex and involves a number of interconnected factors, 
such as accumulation of cisplatin mediated by membrane 
transportation, conversion into nephrotoxins, DNA damage, 
mitochondrial dysfunction, oxidative stress, inflammatory 
response, activation of signal transducers and intracellular 
messengers, and activation of apoptotic pathways. The  
S3 segment of the proximal tubule in the corticomedullary 
region is the most common site of cisplatin nephrotoxicity 
in rats. More distal sites may be affected in humans,  
but glomeruli remain unaffected. Cisplatin causes a decrease 
in kidney function in a dose-dependant fashion and is 
usually reversible after cessation of the drug89 (Table 31.6; 
see Table 31.5)

Acute Phosphate Nephropathy. AKI has been described as 
a complication following the administration of oral sodium 
phosphate solution as a bowel cathartic in preparation for 
colonoscopy and bowel surgery.90-92 While the mechanism 
linking oral sodium phosphate administration with AKI 
remains incompletely understood, the pathogenesis likely 
relates to a transient and significant rise in serum phosphate 
concentration that occurs simultaneously with intravascular 
volume depletion.

When the urine is oversaturated and buffering factors 
such as pH, citrate, and pyrophosphate are overwhelmed, 
renal phosphorus excretion becomes compromised. This 
may lead to intratubular precipitation of calcium phosphate 
salts that obstruct the tubular lumen and cause direct 
tubular damage. ROS generated by binding of calcium 
phosphate crystals further promote tubular damage. Risk 
factors for acute phosphate nephropathy include preexist-
ing volume depletion, the use of ACE inhibitors and angio-
tensin receptor blockers (ARBs), NSAIDs, CKD, older age, 
female sex, and higher dose of oral sodium phosphate.91,92 
Patients who develop acute phosphate nephropathy typi-
cally present with elevated serum creatinine concentrations 
days to months following the administration of oral sodium 

increased as a result of hemoconcentration. Indeed, there 
are several animal studies that have shown a correlation 
between experimental CIN and viscosity of the radiopaque 
compound.73,74

Evidence also suggests direct tubular toxicity from radio-
contrast media. Early studies on isolated renal tubules in 
vitro have shown direct toxic effects of radiocontrast media 
on proximal tubular cells (PTCs).75 Radiocontrast media 
(diatrizoate, iopamidol) induced a decline in tubule K+, 
adenosine triphosphate (ATP), and total adenine nucleo-
tide contents. At the same time, there was a decrease in the 
respiratory rate of the tubules and an increase in Ca2+ 
content. These changes were more pronounced with the 
very high-osmolality ionic compound diatrizoate than  
with the lower osmolality nonionic iopamidol. Importantly, 
the cytotoxic effects were aggravated by hypoxia, indicating 
interactions between direct cellular mechanisms and 
vasoconstriction-mediated hypoxia.76 Andersen and cowork-
ers have demonstrated the concentration-dependent  
radiocontrast media–mediated release of tubular marker 
enzymes, ultrastructural changes, and cell death in both 
Madin-Darby canine kidney (MDCK) and LLC-PK1 cells.77 
Radiocontrast media–induced critical medullary hypoxia 
may lead to the formation of reactive oxygen species (ROS) 
with subsequent membrane and DNA damage. A vicious 
cycle of hypoxia, free radical formation, and further hypoxic 
injury may be activated after radiocontrast media exposure. 
Clinically, CIN presents with an acute decline in GFR within 
24 to 48 hours of administration, with a peak serum creati-
nine concentration usually occurring in 3 to 5 days and 
return to baseline within 1 week, although patients with 
moderate to advanced CKD may take somewhat longer to 
return to baseline serum creatinine concentration. Existing 
CKD, diabetic nephropathy, advanced age, congestive heart 
failure, volume depletion, and coincident use of NSAIDs 
increase the risk for CIN. Although numerous agents have 
been shown to be protective in the experimental setting, 
only volume expansion with isotonic crystalloid is of proven 
clinical benefit with possible benefits associated with use of 
bicarbonate-containing fluids and administration of N- 
acetylcysteine (NAC). The renoprotective effects of NAC 
may be related to enhanced NO-dependent vasodilation 
and medullary oxygenation in addition to scavenging of free 
radicals.67

Aminoglycoside Nephrotoxicity. The nephrotoxicity of 
aminoglycosides has best been characterized for gentami-
cin, a polar drug, excreted by glomerular filtration. It is 
thought that cationic amino groups (NH3

+) on the drug 
bind to anionic phospholipid residues on the brush border 
of proximal tubular cells and are then internalized by endo-
cytosis. Although the precise subcellular mechanisms of the 
toxicity of aminoglycosides have not been fully elucidated, 
binding at the apical surface of proximal tubular cells is 
known to involve megalin.78,79 A three-dimensional model 
has recently described the complex between megalin and 
gentamicin. Gentamicin binds to megalin with low affinity 
and exploits the common ligand-binding motif previously 
described utilizing the indole side chain of amino acids Trp-
1126 and the negatively charged residues of Asp-1129, Asp-
1131, and Asp-1133.80 Once endocytosed, aminoglycosides 
inhibit endosomal fusion. They are also directly trafficked 
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Figure  31.2 Retrograde  trafficking  of  gentamicin  along  the  endocytic  pathway  in  LLC-PK  cells. Internalization occurs via receptor-
mediated endocytosis with approximately 90% of the internalized material accumulating within lysosomes. However approximately 10% is 
shuttled to the Golgi complex and is transported past the endoplasmic reticulum (ER)-Golgi intermediate compartment (ERGIC) to the ER. 
From there, translocation to the cytosol occurs. Once in the cytosol, association with various organelles such as the mitochondrial membranes 
and nuclei can initiate an additional cascade of events leading to renal proximal tubular injury. TGN, Trans-Golgi network. (From Sandoval RM, 
Molitoris BA: Gentamicin traffics retrograde through the secretory pathway and is released in the cytosol via the endoplasmic reticulum. Am J Physiol 
Renal Physiol 286:F617-F624, 2004.)
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solution and can experience progression to chronic and 
end-stage kidney disease.

Tubular Disease—Endogenous Nephrotoxins

Myoglobin and hemoglobin are the endogenous toxins 
most commonly associated with ATN. Myoglobin, a 17.8-kDa 
heme protein released during muscle injury, is freely fil-
tered and causes red-brown urine with a dipstick result posi-
tive for heme, in the absence of RBCs in the urine. 
Intravascular hemolysis results in circulating free hemoglo-
bin, which when excessive is filtered, resulting in hemoglo-
binuria, hemoglobin-cast formation, and heme uptake by 
proximal tubular cells. The renal injury is due to a combina-
tion of factors, including volume depletion, renal vasocon-
striction, direct heme protein–mediated cytotoxicity, and 
intraluminal cast formation. The heme center of myoglobin 
may directly induce lipid peroxidation and liberation of free 
iron. Iron is an intermediate accelerator in the generation 
of free radicals. Evidence suggests there is increased forma-
tion of H2O2 in rat kidney models of myohemoglobinuria.93 
The subsequent hydroxyl (OH−) radical plays a vital role in 
oxidative stress–induced AKI through mechanisms dis-
cussed in detail later in the chapter. Various iron chelators 
such as deferoxamine and other scavengers of ROS such as 
glutathione have been shown to provide protection against 
myohemoglobinuric AKI.94 Similarly, endothelin antago-
nists have also been shown to prevent hypofiltration and 
proteinuria in rats that underwent glycerol-induced rhabdo-
myolysis.95 In addition, NO supplementation may be benefi-
cial by preventing the heme-induced renal vasoconstriction, 
as heme proteins scavenge NO.96,97 Finally, precipitation of 
myoglobin with Tamm-Horsfall protein and shed proximal 
tubular cells leads to cast formation and tubular obstruc-
tion, which is enhanced in acidic urine.98 In human studies, 
volume expansion and perhaps alkalization of urine to limit 

cast formation are the preventive measures generally 
employed as none of the experimental agents used in 
animal studies has been convincingly beneficial. This 
emphasizes the multifactorial nature of these conditions. It 
is unlikely a single agent will be beneficial in this setting.99

Other endogenous nephrotoxins include uric acid and 
immunoglobulin light chains. Excessive immunoglobulin 
light chains, produced in diseases such as multiple myeloma, 
are filtered, absorbed, and then catabolized in proximal 
tubular cells. The concentration of light chains leaving the 
proximal portion of the nephron depends on both the con-
centration of light chains in the glomerular filtrate and the 
capacity of the proximal tubule to reabsorb and catabolize 
them. Certain light chains can be directly toxic to the proxi-
mal tubules themselves.100 Light chain–induced cytokine 
release has been associated with nuclear translocation of 
nuclear factor κ light-chain enhancer of activated B cells 
(NF-κB), suggesting that light-chain endocytosis leads to 
production of inflammatory cytokines through activation of 
NF-κB.101 Once the capacity for proximal tubule uptake is 
overwhelmed, a light-chain load is presented to the distal 
tubule, where, upon reaching a critical concentration, the 
light chains aggregate and coprecipitate with Tamm-Horsfall 
protein and form characteristic light-chain casts.102 Recent 
studies have also shown that light chains, in the amount 
seen in plasma cell dyscrasia patients, are capable of catalyz-
ing the formation of hydrogen peroxide in cultured HK-2 
cells. Hydrogen peroxide stimulates the production of 
monocyte chemoattractant protein-1 (MCP-1), a key chemo-
kine involved in monocytes/macrophage recruitment to 
proximal tubular cells.103 Any process reducing GFR, such 
as volume depletion, hypercalcemia, or NSAIDs, will  
accelerate and aggravate light-chain cast formation. It has 
been proposed that acutely reducing the presented light-
chain load by plasmapheresis or dialysis using high-cutoff 
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ureteric obstruction requires that the blockage occur either 
bilaterally at any level of the ureters or unilaterally in a 
patient with a solitary functioning kidney or CKD. Ureteric 
obstruction can be either intraluminal or external. Bilateral 
ureteric calculi, blood clots, and sloughed renal papillae can 
obstruct the lumen, while external compression from tumor 
or hemorrhage can block the ureters as well. Fibrosis of the 
ureters intrinsically or from the retroperitoneum can narrow 
the lumen to the point of complete luminal obstruction. 
The most common cause for postrenal azotemia is structural 
or functional obstruction of the bladder neck. Prostatic con-
ditions, therapy with anticholinergic agents, and a neuro-
genic bladder can all cause postrenal AKI. Relief of the 
obstruction usually causes prompt return of GFR if the dura-
tion of obstruction has not been excessive. The rate and 
magnitude of functional recovery is dependent on the 
extent and duration of the obstruction.106

AKI resulting from obstruction usually accounts for fewer 
than 5% of cases, although in certain settings (e.g., trans-
plant), it can be as high as 6% to 10%. Clinically patients 
can present with pain and oliguria, though these are neither 
specific nor sensitive. Because of the availability of retro-
peritoneal imagining using either ultrasonography or  
computed tomography, the diagnosis is usually straightfor-
ward, although on occasions, a volume-depleted patient or 
a patient with severe reduction in GFR may not show hydro-
nephrosis on radiologic assessment. Since GFR is typically 
not affected early in the course of obstructive AKI, volume 
repletion can increase the sensitivity of diagnosis by increas-
ing GFR and urine production into the ureter, leading to 
dilation of the ureter proximal to the obstruction, enhanc-
ing ultrasonographic visualization. Early diagnosis and 
prompt relief of obstruction remain key goals in preventing 
long-term parenchymal damage as the shorter the period of 
obstruction, the better the chances for recovery and favor-
able long-term outcomes. The pathophysiology and treat-
ment of obstructive uropathy are discussed extensively in 
Chapter 38 (see Table 31.3).

PATHOPHYSIOLOGY OF ACUTE  
KIDNEY INJURY

EXPERIMENTAL MODELS

There are a variety of animal and cell culture models of  
AKI designed to better understand the pathophysiology of 
acute kidney injury and to investigate novel therapeutic 
agents. However, there remains a need to develop in vivo 
experimental models of AKI that more closely resemble 
clinical AKI for the development of effective therapies.4,107 
Some of the important principles in studying the patho-
physiology of AKI in various models include outcome mea-
sures at multiple time points and the ability to control 
physiologic functions known to affect kidney function (e.g., 
temperature, blood pressure, anesthesia, fluid status). Limi-
tations in most experimental models include the lack of 
comorbid conditions (e.g., aged animals, impaired kidney 
function, multiorgan failure, preexisting vascular changes, 
or multiple renal insults) that often coexist in human AKI. 
We will briefly describe the pros and cons of using presently 
characterized experimental models (Table 31.7).

membranes might be beneficial in limiting cast formation 
and reducing the extent of the AKI in certain select patients, 
allowing for initiation of chemotherapy to decrease bone-
marrow dependent light-chain formation.104,105

Tumor cell necrosis following chemotherapy can  
release large amounts of intracellular contents such as uric 
acid, phosphate, and xanthine into the circulation, poten-
tially leading to AKI. Acute uric acid nephropathy with intra-
tubular crystallization leading to obstruction and interstitial 
nephritis is not seen as commonly as it was in the past, 
mainly due to prophylactic use of allopurinol or rasburicase 
before chemotherapy to acutely lower the serum uric acid 
levels. Several other well-known therapeutic agents such as 
amphotericin B, vancomycin, acyclovir, indinavir, cidofovir, 
foscarnet, pentamidine, and ifosfamide can all directly 
cause acute tubular injury and associated AKI.

POSTRENAL ACUTE KIDNEY INJURY

Postrenal azotemia occurs from obstruction of either the 
ureters or of the bladder outlet or urethra. AKI from 

Table 31.6  Classification of Various Common 
Drugs Based on Pathophysiologic 
Categories of Acute Kidney Disease

1.  Vasoconstriction/Impaired Microvasculature 
Hemodynamics (Prerenal)

NSAIDs, ACE inhibitors, angiotensin receptor blockers, 
norepinephrine, tacrolimus, cyclosporine, diuretics, cocaine, 
mitomycin C, estrogen, quinine, interleukin-2, COX-2 
inhibitors

2.  Tubular Cell Toxicity

Antibiotics—aminoglycosides, amphotericin B, vancomycin, 
rifampicin, foscarnet, pentamidine, cephaloridine, 
cephalothin

Radiocontrast media, NSAIDs, acetaminophen, cyclosporine, 
cisplatin, mannitol, heavy metals, IVIG, ifosfamide, tenofovir

3.  Acute Interstitial Nephritis

Antibiotics—penicillins, cephalosporins, sulfonamides, 
quinolones, rifampicin, vancomycin

NSAIDs (aspirin, fenoprofen, naproxen, piroxicam, 
phenylbutazone), thiazide diuretics, phenytoin, furosemide, 
allopurinol, cimetidine, omeprazole

4.  Tubular Lumen Obstruction

Sulfonamides, acyclovir, cidofovir, methotrexate, triamterene, 
methoxyflurane, protease inhibitors, ethylene glycol, 
indinavir, oral sodium phosphate bowel preparations

5.  Thrombotic Microangiopathy

Clopidogrel, cocaine, ticlopidine, cyclosporine, tacrolimus, 
mitomycin C, oral contraceptives, gemcitabine, bevacizumab

6.  Osmotic Nephrosis

IVIG, mannitol, dextrans, hydroxyethyl starch

ACE, Angiotensin-converting enzyme; COX-2, cyclo-
oxygenase-2; IVIG, intravenous immune globulin; NSAID, 
nonsteroidal antiinflammatory drug.
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experimental animals is consistent with human AKI. The 
dissociation between animal and human AKI perhaps may 
be best reflected by data from the urology literature that 
reveal that clamping of the renal pedicle for 30 to 60 minutes 
is not associated with AKI or CKD in patients undergoing 
partial nephrectomy.114 However, tissue samples were taken 
at the time of the clamp, and previous studies have shown 
worsening of injury after clamp removal in rodents.

Toxic models of kidney failure employ various known 
toxins, such as radiocontrast media, gentamicin, cisplatin, 
glycerol, and pigments, including myoglobin and hemoglo-
bin. Septic models to study AKI include cecal ligation and 
puncture (CLP), endotoxin infusion, and bacterial infusion 
into the peritoneal cavity. The endotoxin model, which is 
simple, inexpensive, and suitable for studying new pharma-
cologic agents, has certain drawbacks as well. There is  
variability among sources of lipopolysaccharide (LPS) endo-
toxin, the rates and methods of administration vary, and it 
is usually of short duration due to the high mortality associ-
ated with the doses required to induce AKI. It also tends to 
be a vasoconstrictive model and does not recapitulate the 
early hemodynamics or inflammation of human sepsis.115 
Wichterman and colleagues were the first to describe a 
sepsis model in the early 1980s utilizing the CLP laboratory 
model.116 In the CLP model there is considerable similarity 
to sepsis in humans with acute lung injury, metabolic 
derangement, and systemic vasodilation, accompanied ini-
tially by increased cardiac output. However, there is some 
variability depending on the mode and size of cecal perfora-
tion. Doi and coworkers have developed a new sepsis model 
keeping under consideration the following facts: (1) animals 
should receive the same supportive therapy that is standard 
for ICU patients (i.e., fluid resuscitation and antibiotics); 
and (2) age, chronic comorbid conditions, and genetic het-
erogeneity vary.117 Complex animal models of human sepsis 
that introduce these disease-modifying factors are likely 
more relevant and may be more pharmacologically relevant 
than simple animal models.117

This description is intended to remind the reader of the 
potential pitfalls in each model when evaluating experimen-
tal studies or therapeutic interventions using these models. 
The lack of ability to demonstrate effectiveness of an agent 
in humans shown to be efficacious in animal models does 
not necessarily reflect a flaw with the model or the agent in 
question. Most often, the agent is administered late in the 
course of the human disease; patient heterogeneity and the 
difficulty in stratifying patients by severity of injury makes it 
even more difficult to establish efficacy.118 It is also impor-
tant to remember that experimental models of hypoxic 
acute kidney damage differ both conceptually and morpho-
logically in the distribution of tubular cell injury. Tubular 
segment types differ in their capacity to undergo anaerobic 
metabolism and to mount hypoxia-adaptive responses medi-
ated by hypoxia-inducible factors (HIFs), and in cell type-
specific molecules shed into the urine, which may serve as 
early biomarkers for kidney damage.119

ACUTE TUBULAR NECROSIS

EPITHELIAL CELL INJURY
While all segments of the nephron may undergo injury 
during an ischemic insult, the major and most commonly 

The warm ischemia-reperfusion renal pedicle clamp 
model is one of the most widely used experimental models 
in rats and mice because of its simplicity and reproducibility. 
However, the inflammatory response differs greatly between 
mice and rats. Furthermore, tubular injury and repair and 
medullary congestion are difficult to compare to human 
ischemic ATN. In human AKI, “pure” ischemia alone is seen 
in the minority of cases and there is usually not complete 
cessation of blood flow to the kidneys. The parenteral deliv-
ery of prophylactic therapeutic agents is impossible in  
complete occlusion models. Since oxygen and metabolic 
substrates are unable to reach the kidney, generation of 
ROS and peroxynitrite species, considered to be important 
mediators of injury, might have a different or delayed role 
as compared to low oxygen states in hypoperfusion models. 
Total blood flow cessation also prevents the degradative 
products of the ischemic kidney from being washed out. 
Other factors playing a role in the pathophysiology of AKI, 
such as inflammatory mediators released from ischemic gut, 
endothelium, and vascular smooth muscle cells, need to be 
taken into consideration in any experimental model. Bowel 
proteins released into the circulation can act as inflamma-
tory mediators and increase the susceptibility to AKI.108 The 
S3 segment of the proximal tubule is almost completely 
necrosed in clamp models, a finding seen rarely in human 
AKI. In contrast to animal models, human AKI histologic 
biopsy data are lacking at early time points from the onset 
of insult.4

The cold ischemia–warm reperfusion model resembles 
the human transplant scenario but is inadequately studied 
and difficult experimentally. In the isolated perfused kidney 
model, the kidney is perfused ex vivo using perfusates with 
and without erythrocytes, and the model employs either 
ischemic (stopping perfusate) or hypoxic (reduced oxygen 
tension of erythrocytes) to induce functional impairment. 
The morphologic patterns are different in erythrocyte-free 
and erythrocyte-rich perfusates. The latter system is more 
comparable with what is observed histologically in animal 
models. Additionally, limitations include exclusion of various 
inflammatory mediators, neuroendocrine hemodynamic 
regulation, and systemic cytokine and growth factor interac-
tions known to be present and play a pathophysiologic role 
in animal models and likely in human ischemia.

Cardiac arrest is a common scenario leading to human 
AKI. Recently Burne-Taney and colleagues described a 
whole-body ischemia-reperfusion injury model induced by 
10 minutes of cardiac arrest, followed by cardiac compres-
sion resuscitation, ventilation, epinephrine, and fluids that 
lead to a significant rise in serum creatinine level and renal 
tubular injury at 24 hours.109 One of the unique advantages 
of this model is the crosstalk between vital organs such as 
the brain, heart, lung, and the renal hemodynamics.110 A 
hypoperfusion model of AKI using partial aortic clamping, 
first described by Zager,111 may be more representative of 
human AKI, reflecting a state of reduced blood flow to the 
kidney with systolic blood pressure of approximately 
20 mm Hg, resulting in reproducible AKI.111,112 This was also 
recently adapted and refined in a study by Sharfuddin and 
associates where a novel compound, soluble thrombomodu-
lin, was used to minimize ischemic injury in a partial aortic 
clamp AKI model.113 It is less likely that AKI induced by 
clamping of the renal pedicle for 30 to 45 minutes in 
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Figure 31.3 Overview of pathogenesis in acute kidney injury. The major pathways of impairment of glomerular filtration rate in ischemic 
acute tubular necrosis as a result of vascular and tubular injury (see text for details). (From Sharfuddin A, Molitoris B: Epithelial cell injury. In 
Vincent JL, Hall JB, editors: Encyclopedia of intensive care medicine, New York, 2012, Springer.)
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injured epithelial cell involved in AKI related to ischemia, 
sepsis, and/or nephrotoxins is the PTC. Of the three seg-
ments (S1 to S3), the S3 segment of the proximal tubule in 
the outer stripe of the medulla is the cell most susceptible 
to ischemic injury for several reasons.120 First, it has limited 
capacity to undergo anaerobic glycolysis. Second, due to its 
unique primarily venous capillary regional blood flow, there 
is marked hypoperfusion and congestion in this medullary 
region after injury that persists even though cortical blood 
flow may have returned to near-normal levels after ischemic 
injury. Endothelial cell injury and dysfunction are primarily 
responsible for this phenomenon, often referred to as the 
“extension phase” of AKI.121 The other major epithelial cells 
of the nephron involved are those of the medullary thick 
ascending limb located more distally. The S1 and S2 seg-
ments are most commonly involved in toxic nephropathy 
due to their high rates of endocytosis, leading to increased 
cellular uptake of the toxin. PTCs and thick ascending limb 
of Henle (TAL) cells have been shown to be involved as 
sensors, effectors, and injury recipients of AKI stimuli.

PTC injury and dysfunction during ischemia or sepsis 
lead to a profound drop in GFR through afferent arteriolar 
vasoconstriction, mediated by tubular glomerular feedback 
and proximal tubular obstruction. This, along with tubular 
backleak, leads to a fall in effective GFR122,123 (Figure 31.3).

Morphologic Changes

On histologic examination the classical hallmark of ATN is 
the loss of the apical brush border of the PTCs. Microvilli 
disruption and detachment from the apical cell surface 
forming membrane-bound blebs occurs early with release 
into the tubular lumen. Patchy detachment and subsequent 
loss of tubular cells exposing areas of denuded tubular base-
ment and focal areas of proximal tubular dilation along with 
the presence of distal tubular casts are also major pathologic 
findings in ATN.124 The sloughed tubular cells, brush border 

vesicle remnants, and cellular debris in combination with 
Tamm-Horsfall glycoprotein form the classical “muddy-
brown granular” casts.125 These distal casts have the poten-
tial to obstruct the tubular lumen. Frank necrosis itself is 
inconspicuous and restricted to the highly susceptible outer 
medullary regions. Alternatively, features of apoptosis are 
more commonly seen in both proximal and distal tubular 
cells. Glomerular epithelial cell injury in ischemic, septic, 
or nephrotoxic injury is not classically seen, although some 
studies have shown thickening and coarsening of foot pro-
cesses, and recently Wagner and associates have shown 
podocyte-specific molecular and cellular changes.126 The 
future morphologic course of the tubular cell alterations 
varies according to the type and extent of injury as discussed 
in the next section (Figure 31.4).

Cytoskeletal and Intracellular Structural Changes

Epithelial cellular structure and function are mediated in 
part by the actin cytoskeleton, which plays an integral role 
in surface membrane structure and function, cell polarity, 
endocytosis, signal transduction, cell motility, movement of 
organelles, exocytosis, cell division, cell migration, barrier 
function of the junctional complexes, cell-matrix adhesion, 
and, last but not least, signal transduction.127 Based on its 
role in the multitude of processes, any disruption of the 
actin cytoskeleton results in changes and/or disruption of 
the functions mentioned earlier. This is especially important 
for PTCs, where amplification of the apical membrane by 
microvilli is essential for normal cell function.

Actin microfilaments are formed by self-assembly of glob-
ular or G-actin into filamentous F-actin. In PTCs the actin 
cytoskeleton forms a terminal web layer just below the apical 
plasma membrane, and a core of F-actin filaments extends 
from the terminal web into the tips of the microvilli to main-
tain the architectural integrity of the brush border. Ischemic 
insult results in cellular ATP depletion, which in turn leads 
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depolymerizing factor (ADF) or cofilin.129 This protein 
family is normally maintained in the inactive phosphory-
lated form where it cannot bind to actin. Ischemia results  
in ATP depletion, which has been shown to cause rho  
GTPase inactivation.130 This can lead to activation and 
relocalization of ADF/cofilin to the apical membranes, 
where it can mediate different effects, including depolymer-
ization, severing, capping, and nucleation of F-actin. This 
destroys the actin filament core structure of microvilli and 
results in surface membrane instability and blebbing131,132 
(Figure 31.5).

Concomitantly, the concentration of F-actin in the cell 
increases with the formation of large cytosolic aggregates in 
the perinuclear region and near the junctional complexes 
of the basolateral membranes. Other proteins involved in 
the depolymerization process are tropomyosin and ezrin. 
Specifically, it has been shown that during ischemia ezrin, 
an actin-binding phosphorylated protein, becomes dephos-
phorylated, and the attachment between the microvillar 
F-actin core and the plasma membrane is lost. Similarly, 
tropomyosins physiologically bind to and stabilize the F-actin 
microfilament core in the terminal web by preventing access 
to ADF. After ischemia, there is dissociation of tropomyosins 
from the microfilament core, resulting in access of the 
microfilaments in the terminal web to the binding, severing, 
and depolymerizing actions of ADF/cofilin.133,134

Another important consequence of disruption of the 
actin cytoskeleton is the loss of tight junctions and adherens 
junctions. These junctional complexes actively participate 
in numerous functions, including paracellular transport, 
cell polarity, and cellular shape. The tight junctions, also 
known as zonula occludens (ZO), are composed of a 
growing number of proteins such as occludin, claudin, 
ZO-1, and protein kinase C with numerous barrier func-
tions, such as adhesion, permeability, and transport. The 
actin present in the terminal web is linked to ZO, and hence 
any disruption of the terminal web results in disruption of 

Figure  31.4 Morphology  of  acute  tubular  necrosis  in  human 
biopsy specimen. The biopsy specimen, obtained within 24 hours 
from a patient with exercise-induced rhabdomyolysis, revealed sig-
nificant proximal tubular cell damage with intraluminal accumulation 
of apical membrane fragments and detached cell (*), thinning of 
proximal tubular cells to maintain monolayer tubule integrity (arrow-
head), and dividing cells and accumulation of white cells within the 
microvascular space in the peritubular area (arrow). The patient 
required renal replacement therapy but did regain complete renal 
function eventually. (From Molitoris BA: Actin cytoskeleton in ischemic 
acute renal failure. Kidney Int 66:871-883, 2004.)

*

Figure 31.5 Overview of sublethally injured tubular cells. Sodium-potassium adenosine triphosphatase (Na+-K+-ATPase) pumps are nor-
mally located at the basolateral membrane. In sublethal ischemia the pumps redistribute to the apical membrane of the proximal tubule. Upon 
reperfusion, the pumps reverse back to their basolateral location. (From Sharfuddin A, Molitoris B: Epithelial cell injury. In Vincent JL, Hall JB, 
editors: Encyclopedia of intensive care medicine, New York, 2012, Springer.).
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to a rapid disruption of the apical actin and disruption and 
redistribution of the cytoskeleton F-actin core, resulting  
in formation of membrane-bound extracellular vesicles  
or blebs.128 These can be either exfoliated into the tubular 
lumen or internalized with the capability of being recy-
cled. The core mechanism of disruption is the depolymer-
ization mediated by actin-binding protein known as actin 
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This results in transport of cellular Na back into the tubular 
lumen, one of the major mechanisms of the high FENa seen 
in patients with ATN,138 and the inefficient use of cellular 
ATP, as it uncouples ATP use and effective Na transport.

An expanding role for the PTC as a sensor of both self 
and nonself danger-associated molecular patterns (DAMPs) 
and pathogen-associated molecular patterns (PAMPs) rec-
ognition signals utilizing pattern recognition receptors 
(PRRs) such as Toll-like receptor 4 (TLR4) has been delin-
eated.139 Proximal tubule TLR4 has been shown to upregu-
late and migrate to the apical domain in response to LPS in 
S1 PTCs, which are the earliest segments of epithelial cell 
postglomerular filtration.140 Interestingly, the S1 cell inter-
nalizes and processes LPS via TLR4 receptors, which is 
inducible with preexposure to LPS but is protected from 
injury by upregulated defense mechanisms, including heme 
oxygenase-1 (HO-1) and sirtuin 1 (SIRT1), two cytoprotec-
tive proteins. However, S2 to S3 PTC cells undergo oxidative 
injury with minimal uptake of LPS, implying communica-
tion, crosstalk, and co-regulation between the segments fol-
lowing LPS exposure.141 This injury is dependent on CD14, 
likely due to peroxisomal disruption, perhaps mediated by 
tumor necrosis factor-α (TNF-α), and the PTC injury was 
found to be independent of systemic cytokines.

Another important role for epithelial TLR4 in mediating 
ischemic injury was shown early on by Wu and colleagues 
using chimeric mice for TLR4 and MyD88.142 A role for 
epithelial TLR2 during ischemic injury was also shown143 by 
using TLR2 knockout mice. Cytokine and chemokine pro-
duction was reduced and white blood cell (WBC) infiltra-
tion was minimized in chimeric mice with use of antisense 
therapy, and this effect was more consistent in proximal 
tubule effects via TLR2.

The PTCs release cytokines and chemokines in response 
to cell injury, and these agents have direct effects on  
endothelial function. Investigators directly studied these 
responses by using fluorescent cytopathologic E. coli, micro-
injected into early proximal tubule segments, by recording 
cellular and physiologic responses using two-photon 
microscopy.144-146 Attachment to the apical membrane, but 
without penetration into or through the PTC monolayer 
barrier, resulted in rapid and selective termination of blood 
flow to the adjacent area and thus vascular isolation of the 
infected area with localized hypoxia, WBC migration, and 
necrosis. The same E. coli strain, missing only one virulence 
factor, required a far longer time to initiate this protective 
process. Tissue concentrations of cytokines, elevated in the 
affected area compared to none in the injected areas, 
revealed marked increases.146 Finally, prevention of this 
microvascular response resulted in widespread organ dis-
semination of the injected E. coli and death of the rat within 
24 hours, something not seen with the intact system.146 Thus 
a line of communication among PTC and endothelial cells 
leads to localization of the infecting agent and prevention 
of systemic spread.

In recent years there has been considerable progress  
in understanding PTC repair following severe injury. 
Increasing durations of ischemia result in more severe cell 
injury and longer recovery periods. Pioneering work 
revealed PTC recovered rapidly and completely following 
mild ischemia. As the duration increased, the loss of PTC 
into the lumen, necrosis, and apoptosis increased, 

the tight junctions. Early ischemic injury results in “opening” 
of these tight junctions, leading to increased paracellular 
permeability causing further backleak of the glomerular 
filtrate into the interstitium.127 Only recently has it been 
shown that in the glomerulus ischemia also induces rapid 
loss of interaction between slit diaphragm junctional pro-
teins NEPH1 and ZO-1,126 leading to podocyte damage, 
effacement, and proteinuria. The molecular mechanisms 
underlying these changes have been studied as well and 
show that ATP depletion that resulted in actin polymeriza-
tion is followed by a reduction in cellular adhesion ability. 
Pretreatment with jasplakinolide, an actin stabilizer, pre-
vented ATP depletion–induced actin polymerization and 
reduction of cell adhesion, indicating that the cytoskeleton 
reorganization decreased the cellular adhesion ability. Fur-
thermore, the ATP depletion markedly increased the levels 
of p38 mitogen-activated protein (MAP) kinase and heat 
shock protein 27 (hsp27) phosphorylation with enhanced 
translocation of phosphorylated hsp27 from cytoskeleton to 
cytoplasm. The inhibition of p38 MAP kinase by specific 
inhibitor SB203580 blocked the ATP depletion to induce 
hsp27 phosphorylation and actin polymerization. These 
findings suggest that ischemia remodels F-actin leading to 
desquamation of proximal tubular epithelial cells through 
p38 MAP kinase–hsp27 signaling.135

During ischemia, epithelial cells also lose their attach-
ment to the underlying extracellular matrix due to disrup-
tion of integrins. Integrins are transmembrane proteins 
normally responsible for the anchoring of epithelial cells to 
the substrate matrix via the actin cytoskeleton. It has been 
shown that ATP depletion results in relocalization of 
β-integrins from the basal membrane to the apical mem-
brane, with subsequent detachment of the viable cells from 
the tubular basement membrane. The exfoliated cells can 
then exhibit abnormal adhesions within the tubular lumen 
among themselves, forming cellular casts within the tubular 
lumen as mentioned earlier. Extracellular signal–regulated 
kinases 1 and 2 (ERK1/2) have been shown to be activated 
at 24 hours after reperfusion in an in vivo model of ischemia 
as well as in in vitro models of rat proximal cells. ERK1/2 
affect cytoskeletal organization and focal complex assembly 
during reperfusion, since a specific upstream ERK inhibitor, 
U0126, improved actin and tubulin cytoskeleton structure, 
reduced cell contraction, and prevented paxillin redistribu-
tion. This suggests that ERK1/2 signaling plays an essential 
role in ischemia-reperfusion–induced injury, mediating 
proximal cell adhesive alterations.136

Actin cytoskeleton alterations and dysfunction during 
ischemia result in changes in cell polarity and function. 
Normally, sodium-potassium adenosine triphosphatase 
(Na+-K+-ATPase) pumps reside in the basolateral membrane 
of the tubular epithelial cell, but under conditions of isch-
emia, they redistribute to the apical membrane as early as 
within 10 minutes.137 This occurs due to the disruption of 
the pumps’ attachment to the membrane via the spectrin/
actin cytoskeleton. Postulated mediated mechanisms include 
hyperphosphorylation of the protein ankyrin, with conse-
quent loss of the binding protein spectrin, and cleavage of 
spectrin by activation of proteases such as calpain. This 
redistribution of the Na+-K+-ATPase pump results in bidirec-
tional transport of sodium and water across the epithelial 
cell apical membrane as well as the basolateral membrane. 
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pathways. The caspase family of proteases has now been 
identified to be an important initiator as well as an effector 
of apoptosis.156,157 Both the intrinsic (mitochondrial) and 
extrinsic (death receptor) apoptotic pathways are activated 
in human AKI. Specifically, activation of procaspase-9 pri-
marily depends on intrinsic mitochondrial pathways regu-
lated by the Bcl-2 family of proteins, while that of procaspase-8 
results from extrinsic signaling via cell surface death recep-
tors such as Fas and their ligand FADD (Fas-associated 
protein with death domain). There also exists considerable 
crosstalk between the intrinsic and extrinsic pathways. The 
other group of caspases, 3, 6, and 7, are effector caspases, 
which are more abundant and catalytically robust, cleaving 
many cellular proteins, resulting in the classical apoptotic 
phenotype. Caspase activation in epithelial cells occurs due 
to ischemic and other cytotoxic insults, whereas inhibition 
of caspase activity has been shown to be protective against 
such injury in cultured and in vivo renal epithelial tubular 
AKI158,159 (Figures 31.6 and 31.7).

Several pathways, including the intrinsic (Bcl-2 family, 
cytochrome c, caspase-9), extrinsic (Fas, FADD, caspase-8), 
and regulatory (p53 and NF-κB), appear to be activated 
during ischemic renal tubular cell injury. It has also been 
shown that the balance between cell survival and death 
depends on the relative concentrations of the proapoptotic 
(Bax, Bcl-2–associated death promoter [Bad], and Bid) and 
antiapoptotic (Bcl-2 and Bcl-xL) members of the Bcl-2 
family of proteins. Overexpression of proapoptotic or rela-
tive deficiency of antiapoptotic proteins may lead to forma-
tion of mitochondrial pores. Conversely, the inhibition  
of such pore formation may occur with the opposite 
imbalance.160-162

Other important proteins that have been shown to play a 
significant role in the apoptotic pathways include NF-κB and 
p53.163,164 The central proapoptotic transcription factor p53 
can be activated by hypoxia, via HIF-1α, as well as by other 
noxious stimuli such as certain drugs (e.g., cisplatin). The 
kinase-mediated pathways such as ERKs and c-Jun N-terminal 
kinases (JNKs) are responsible for mediating cellular 
responses involved in apoptosis, survival, and repair through 
their interaction with other signals from growth factors such 
as hepatocyte growth factor, insulin-like growth factor-I, epi-
dermal growth factor, and vascular endothelial growth 
factor (VEGF).165,166 These independent mechanisms can 
inhibit proapoptotic proteins such as Bad and activate the 
antiapoptotic transcription of CREB (cyclic adenosine 
monophosphate response element-binding) factors. More 
recent data indicate that there is rapid delivery of small 
interfering RNA (siRNA) to proximal tubular cells in AKI, 
and targeting siRNA to minimize p53 production leads to a 
dose-dependent attenuation of apoptotic signaling and 
kidney function, suggesting potential therapeutic benefit 
for ischemic and nephrotoxic kidney injury.167 In vivo 
microRNA-24 (miR-24) also regulates HO-1 and H2A 
histone family, member X. Overall, these results indicate 
miR-24 promotes renal ischemic injury by stimulating apop-
tosis in endothelial and tubular epithelial cells.168

Overall, the therapeutic implications of apoptosis in pre-
venting epithelial cell injury are significant, considering that 
various targets are available for blockade or modulation. It 
is also possible that the “window” to prevent lethal injury 
and prevent cells from progressing to necrosis is in the early 

indicating that AKI recovery likely required new cells. With 
innovative approaches the possibility of extratubular stem 
or progenitor cell populations migrating into the tubule was 
minimized or eliminated using chimera and genetic fate–
tracing strategies.147,148 In a follow-up study149 use of lineage 
and clonal behavior of fully differentiated PTC after injury 
using a CreERT2 cassette knocked into the Na-dependent 
PO4 transporter locus showed that both regeneration and 
proliferation occurred and clonal growth was more pro-
nounced with increased severity of injury. The authors also 
documented expression of putative epithelial stem cell 
markers on injured PTC. These data provide further evi-
dence that terminally differentiated epithelia are able to 
proliferate, and there was no evidence for an intratubular 
stem cell population. These data indicate minimizing PTC 
injury, by either reducing initial injury or reducing injury 
subsequent to microvascular dysfunction during the exten-
sion phase, will minimize cellular death and cell detach-
ment and loss and allow for a higher percentage of cells 
repairing by regeneration and not proliferation.

Tamm-Horsfall protein (also known as uromodulin) is a 
heavily glycosylated protein that is uniquely produced in the 
kidney by TALs.150,151 Interestingly, uromodulin appears to be 
an essential effector produced during kidney injury to modu-
late innate immunity and inflammation.139,150,152,153 Uromod-
ulin knockout mice subjected to ischemia-reperfusion injury 
(IRI) showed increased S3 injury and necrosis compared to 
wild-type controls.152,154 This was associated with increased 
neutrophil infiltration in the outer medulla and increased 
expression of TLR4 and CXCL2 by S3 segments.152,154 Neu-
tralization of CXCL2 was protective, suggesting that a TLR4-
CXCL2 proinflammatory pathway may be important in  
the pathophysiology and supports uromodulin-dependent 
TAL-S3 crosstalk. Indeed, after IRI a shift of trafficking of 
uromodulin was demonstrated toward the interstitium and 
basolateral aspects of S3 segments,153 where a putative recep-
tor for uromodulin is expressed.152 This translocation of 
uromodulin was not the result of altered polarity of TAL. 
Furthermore, a significant increase in uromodulin level was 
shown in the kidney at the onset of recovery, which was con-
comitant with suppression of tubular-derived cytokines and 
chemokines such as MCP-1, supporting the concept that the 
protective crosstalk mediated by uromodulin may be impor-
tant in modulating recovery from AKI.153

Apoptosis and Necrosis

The fate of the epithelial cell after an injury ultimately 
depends on the extent of the injury. Cells undergoing sub-
lethal or less severe injury have the capacity for functional 
and structural recovery if the insult is interrupted. Cells that 
suffer a more severe (or lethal) injury undergo apoptosis or 
necrosis, leading to cell death. Apoptosis is an energy-
dependent, “programmed” cell death after injury that 
results in condensation of nuclear and cytoplasmic material, 
forming apoptotic bodies. These apoptotic bodies, which 
are plasma-membrane bound, are rapidly phagocytosed by 
macrophages and neighboring viable epithelial cells. In 
necrosis, there is cellular and organelle swelling, with loss 
of plasma membrane integrity, and release of cytoplasmic 
and nuclear material into the lumen or interstitium.155

Apoptotic mechanisms are complex with various inter-
playing and counteracting factors affecting a number of 
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Figure 31.6 The cell injury or intrinsic pathway leads to translocation of Bax and other proapoptotic proteins from cytosol to the mitochondria, 
forming pores, causing the release of cytochrome c. Apoptosis-activating factor is activated by cytochrome c, which binds to and activates 
procaspase-9. Caspase-3 is activated by activated caspase-9, which along with other downstream caspases induces proteolysis of various 
cytosolic and nuclear proteins. The death receptor or extrinsic pathway functions primarily by binding of death ligands such as Fas or tumor 
necrosis factor-α (TNF-α) to their cell-surface receptor, resulting in the activation of procaspase-8 to its active form. This occurs through 
mediation with adaptor proteins such as FADD (Fas-associated protein with death domain) and TRADD (TNF receptor 1–associated death 
domain). Active caspase-8 activates caspase-3 and cleaves proapoptotic protein Bid to its truncated form tBid, which acts via Bax to induce 
cytochrome c from the mitochondria. Hence the extrinsic pathway also amplifies the events induced by the intrinsic pathway. ATP, Adenosine 
triphosphate; NO, nitric oxide; ROS, reactive oxygen species. (Adapted from Levine JS, Lieberthal W: Terminal pathways to cell death. In Molitoris 
BA, Finn WF, editors: Acute renal failure: a companion to Brenner & Rector’s the kidney, Philadelphia, 2001, Saunders, p 43; and Sharfuddin A, 
Molitoris B: Epithelial cell injury. In Vincent JL, Hall JB, editors: Encyclopedia of intensive care medicine, New York, 2012, Springer.)
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initiating apoptotic phases. Epithelial cell necrosis, on the 
other hand, is a “passive” non–energy dependent process 
that develops secondary to severe ATP depletion from toxic 
or ischemic insult. It is not dependent on caspase activation 
but rather results from a rise in intracellular calcium and 
the activation of membrane phospholipases.169,170 Hence 
morphologically, necrotic cells do not exhibit the nuclear 
fragmentation or chromatin condensation seen in apopto-
sis, and they do not form apoptotic bodies. Functionally, 
severe ATP depletion results first in mitochondrial injury 
with subsequent arrest of oxidative phosphorylation, causing 
further depletion of energy stores, and robust formation of 
ROS that in turn mediate further cellular injury.

Numerous studies have shown that ATP depletion leads 
to a rise in intracellular calcium through impairment of 
calcium ATPases, while inhibition of the Na+-K+-ATPase 
activity potentiates calcium entry into the cell via the sodium-
calcium exchanger. Increased cytosolic calcium causes 
further mitochondrial injury and cytoskeletal alterations.171 
This chain of events results in downstream activation of 
proteases such as calpain and phospholipases. Phospholi-
pases such as phospholipase A2 cause direct hydrolytic 
damage to membranes and also release toxic free fatty acids. 
They also cause release of eicosanoids that have vasoactive 
and hemokinetic activities, resulting in an intense surround-
ing inflammatory response. Calpain mediates plasma mem-
brane permeability, as well as hydrolysis of the cytoskeleton 
proteins.172,173 Finally, there is release of lysosomal enzymes 

and proteases that degrade histones, resulting in accessibil-
ity of the endonucleases to the entire segment, classically 
seen as the “smear” pattern on gel electrophoresis, in con-
trast to the typical “ladder” pattern seen in apoptosis.174

Parenchymal Inflammation

Recent attention has turned to understanding the role of 
the immune response to AKI from both sepsis and ischemia. 
Virtually all WBC types have been implicated in this response, 
and either deletion or enhancement of each cell’s response 
has been shown to result in an improved short-term 
outcome.175 In particular, the roles of polymorphonuclear 
cells,176-178 monocytes/macrophages,179-182 natural killer 
T,183,184 natural killer,185 regulatory T (Treg),186-188 and B 
cells189,190 have been shown. The time course of involvement 
varies by the cell type142,183 with polymorphonuclear cells 
leading the way followed by monocytes/macrophages in 
both rapidity of response and numbers of cells. Most invad-
ing cells are detrimental, but some are beneficial, such as 
Treg cells.186-188 Macrophages play a special role as type I 
macrophages arrive early and mediate cellular injury, but 
type II macrophages are essential for normal repair later in 
the process.180,181,191 Numerous reviews cover the involve-
ment of infiltrating cells in AKI, and therapeutic attempts 
are being undertaken to control this invasion and limit the 
damage done.192 Early inflammation is classically character-
ized by margination of leukocytes to the activated vascular 
endothelium, via interactions between selectins and ligands 
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Blocking C5a or its receptor has shown some promise in 
improving survival with sepsis.196 Whether released from 
the endothelium or the epithelial cell, numerous cytokines 
exert a concerted biochemical effort to augment the inflam-
matory response seen as a result of ischemic or septic 
injury.197 Furthermore it has been shown that in culture, 
mouse tubular cells when stimulated with LPS cells in 
culture upregulate TLR2, TLR3, and TLR4 and secrete 
CC-chemokines such as CC motif chemokine ligand 2 
(CCL2)/MCP-1 and CCL5/RANTES. These data suggest 
that tubular TLR expression might be involved in mediating 
interstitial leukocyte infiltration and tubular injury during 
bacterial sepsis.198

TLR2 and TLR4 are constitutively expressed on renal 
epithelium, and their expression is enhanced following 
renal IRI. El-Achkar and coworkers have shown that in a 
CLP rat model of sepsis, TLR4 expression increases mark-
edly in all tubules (proximal and distal), glomeruli, and the 
renal vasculature.140 Furthermore these authors demon-
strated that in sepsis there is a TLR4-dependent increase in 
the expression of proinflammatory mediator cyclo-
oxygenase-2 (COX-2), which was mostly restricted to corti-
cal and medullary TALs, which characteristically express 
and secrete Tamm-Horsfall protein.199 Tamm-Horsfall 
protein may stabilize the outer medulla in the face of injury 
by decreasing inflammation, possibly through an effect on 
TLR4.154 Genetic deletion of either TLR2 or TLR4 protects 
from renal IRI,142,200 thus indicating the prominent role TLR 
plays in AKI.

Macrophages produce proinflammatory cytokines that 
can stimulate the activity of other leukocytes. Day and associ-
ates have shown that depletion of kidney and spleen  
macrophages using liposomal clodronate before renal  
IRI prevented AKI, and adoptive transfer of macrophages 
reconstituted AKI.179 There may also be a regulatory role for 
macrophages. Bone marrow–derived macrophages that 
overexpress the antiinflammatory interleukin IL-10 when 
adoptively transferred increase their intracellular iron pool, 
which in turn augments the expression of lipocalin-2 and its 
receptors. Infusion of these macrophages into rats after 
1 hour of reperfusion resulted in localization of the cells to 
injured kidney tissue, caused increases in regenerative 
markers, and resulted in a notable reduction in levels of 
both blood urea nitrogen (BUN) and creatinine. Further-
more, IL-10 therapy decreased the local inflammatory 
profile and upregulated the expression of pro-regenerative 
lipocalin-2 and its receptors. Interleukin-10–mediated pro-
tection and subsequent renal repair were dependent on the 
presence of iron and lipocalin-2.201

Dendritic cells, a resident population of bone marrow–
derived cells and macrophages, form a network between the 
basement membranes of tubular epithelia and peritubular 
endothelial cells.202,203 While dendritic cells and macro-
phages are often considered as distinct cell types with char-
acteristic functions, recent data have shown considerable 
overlap in cell surface markers and function between den-
dritic cells and macrophages.204 Located in the interstitial 
space, dendritic cells have access to endogenous and exog-
enous DAMPs and PAMPs released by epithelial cells, invad-
ing organisms, and infiltrating cells and thus are key 
initiators, potentiators, and effectors of the innate immune 
system. Dendritic cells have enormous plasticity and can be 

that allows firm adhesion, followed by transmigration. A 
number of potent mediators are generated by the injured 
proximal epithelial tubular cell, including proinflammatory 
cytokines such as TNF-α, IL-6, IL-1β, MCP-1, IL-8, transform-
ing growth factor-β (TGF-β), and RANTES (regulated on 
activation, normal T expressed, and secreted).193 TLR2 has 
been shown to be an important mediator of endothelial 
ischemic injury, while TLR4 has been shown to play a similar 
role in animal models of both ischemic and septic injury,194 
especially in PTC.142

Neutrophils are the earliest to accumulate in ischemic 
injury in animal models but are rarely seen in human ATN. 
Blockade of neutrophil function or neutrophil depletion 
has been shown to provide only partial protection against 
injury. Hence other leukocytes also play an important role. 
These include macrophages, B lymphocytes, and T lympho-
cytes.195 Selective deletion, knockout mice models, and spe-
cific blockade animal experiments have shown that all of 
these cells do mediate tubular injury at various phases and 
that these are synergistic interactions between different cel-
lular types.195 It is also known that during ischemic injury, 
complement receptor 5a (CR5a) expression is markedly 
upregulated on proximal tubule epithelial cells as well  
as interstitial macrophages. C5a is a powerful chemoattrac-
tant that recruits these inflammatory cells. Complement 
cascades are activated during sepsis, and C5a, a potent com-
plement component with procoagulant properties, has 
been found to be elevated in rodent models of sepsis.  

Figure 31.7 Live  two-photon  imaging of a Sprague-Dawley rat 
kidney  24  hours  after  cecal  ligation  and  puncture. Nuclei are 
labeled blue with Hoechst stain. Green represents 500-kDa fluores-
cein isothiocyanate (FITC) dextran, which labels the vasculature. Red 
represents 3-kDa Texas Red dextran, which is filtered and labels the 
tubular lumens. Note apoptotic nuclei, which show intense Hoechst 
staining along with condensation and fragmentation (arrows). Many 
of these apoptotic nuclei are shed into the lumens of tubules with 
compromised urine flow. Also noted is the rouleaux formation and 
congestion in peritubular capillary with lack of blood flow (*). (Courtesy 
Pierre Dagher, MD, Division of Nephrology, Indiana University School of 
Medicine.)
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While the myofibroblast is the cell type responsible for 
depositing collagen, investigators have been searching for 
its precursors. Other than interstitial fibroblasts that are 
known to transition, pericytes and dendritic, endothelial, 
and epithelial cells have been identified as potential con-
tributors.217 Fate-tracing studies by Humphreys and associ-
ates showed that while epithelial cells can obtain 
mesenchymal markers, they do not penetrate the basement 
membrane to enter into the interstitial space and differenti-
ate into myofibroblasts.218 Using lineage analysis it was the 
platelet-derived growth factor receptor (PDGFR)-β–positive 
pericytes that differentiated into myofibroblasts in a unilat-
eral ureteral obstruction (UUO) model. Thus dissociation 
of pericytes from their endothelial partners seems to be an 
early step initiated by alterations in communication between 
these two cell types or interstitial signals generated by many 
potential cell types.219

Several studies now place the pericyte at the crossroads 
of microvascular dropout and therefore chronic hypoxia 
and CKD progression after AKI. Using an unbiased approach 
to identify upregulated and downregulated pericyte genes 
in injury, Schrimpf and colleagues found increased activa-
tion and expression of ADAMTS1 (a disintegrin-like and 
metalloprotease with thrombospondin type 1 repeats 1) and 
downregulation of its inhibitor metalloproteinase 3 (TIMP-
3).220 TIMP-3-stabilized pericytes maintained collagen capil-
lary tube networks, while ADAMTS1-treated pericytes led  
to enhanced destabilization. TIMP-3 has many functions, 
including regulating VEGF signaling, pericyte migration, 
and matrix metalloproteinase 2 (MMP-2) and MMP-9 activ-
ity.221 Furthermore, TGF-β1 has recently been shown to acti-
vate the pericyte-myofibroblast transition, thus adding to 
the stimuli for pericyte involvement in fibrosis.222 Injured 
epithelial cells reduce production of VEGF, a trophic factor 
for endothelial maintenance, and increase production of 
both TGF-β and PDGFR, which enhance pericyte dediffer-
entiation into myofibroblasts. Finally, PDGFR blockade on 
pericytes or vascular endothelial growth factor receptor 2 
(VEGFR-2) on endothelial cells led to a reduction in fibrosis 
and stabilization of the microvasculature in the UUO 
model.223 Thus numerous factors favor microvascular mal-
adaption after injury, including TGF-β production and lack 
of VEGF production by epithelial cells, reductions in PDGF 
production by endothelial cells, and increased ADAMTS1 
expression with reduced TIMP-3 production by pericytes. 
These events also suggest several therapeutic targets that 
could limit microvascular dropout and loss of kidney func-
tion secondary to the fibrotic process. One cautionary note: 
much of the data generated with regard to pericytes comes 
from the UUO model and not typical AKI models. The 
UUO model is extremely fibrogenic, and so one has to be 
careful about interpretation of the data as they relate to AKI.

Intracellular Mechanisms—Role of Reactive 
Oxygen Species, Heme Oxygenase, and  
Heat Shock Proteins

ROS such as OH−, peroxynitrite (ONOO−), and hypochlo-
rous acid (HOCl) are generated in epithelial cells during 
ischemic injury by catalytic conversion. These ROS can 
damage cells in a variety of ways (e.g., peroxidation of lipids 
in plasma and intracellular membranes). They can also 
destabilize the cytoskeletal proteins and integrins required 

either antiinflammatory or proinflammatory.205,206 In isch-
emic AKI they lead to recruitment of inflammatory cells but 
also participate in recovery via IL-10 production.207 They are 
known to be the earliest producers of IL-6, TNF-α, MCP-1, 
and RANTES.208 They can also be involved in producing 
tolerance by inducing T cell anergy or depletion or induc-
tion of Treg cells.209 Deletion of dendritic cells using a human 
diphtheria toxin approach reduced IRI, and deletion of 
sphingosine 1-phosphate receptor 3 (S1P3R) or inhibition 
of S1P2R resulted in protection from IRI.210-212 Finally, den-
dritic cells migrate away from the kidney via the lymphatic 
system to present antigen and regulate lymphocytic 
responses. Thus dendritic cells serve at the crossroads of 
communication between the epithelium and endothelium 
regulating both innate and adaptive immunity, self-tolerance, 
and tissue injury and repair.

Treg cells have also been recently shown to play a role in 
ischemic AKI. Liu and colleagues have shown that in a 
murine model of ischemic acute kidney injury there was a 
significant trafficking of Treg cells into the kidneys after 3 
and 10 days. Postischemic kidneys had increased numbers 
of TCR-β+CD4+ and TCR-β+CD8+ T cells with enhanced pro-
inflammatory cytokine production. They also noted that Treg 
depletion starting 1 day after ischemic injury using anti-
CD25 antibodies increased renal tubular damage, reduced 
tubular proliferation at both time points, enhanced infiltrat-
ing T lymphocyte cytokine production at 3 days and TNF-α 
generation by TCR-β+CD4+ T cells at 10 days. In separate 
mice studies, infusion of CD4+CD25+ Treg cells 1 day after 
initial injury reduced interferon (IFN)-γ production by 
TCR-β+CD4+ T cells at 3 days, improved repair, and reduced 
cytokine generation at 10 days. These studies demonstrate 
that Treg cells infiltrate ischemic-reperfused kidneys during 
the healing process promoting repair, likely through modu-
lation of proinflammatory cytokine production of other T 
cell subsets.213 The role of Treg cells has been further extended 
by Kinsey and coworkers, who have shown that partial deple-
tion of Treg cells with an anti-CD25 monoclonal antibody 
potentiated kidney damage induced by IRI and that reduc-
ing the number of Treg cells resulted in more neutrophils, 
macrophages, and innate cytokine transcription in the 
kidney after IRI.188 Furthermore FoxP3 (forkhead box P3)+ 
Treg cell–deficient mice accumulated a greater number of 
inflammatory leukocytes after renal IRI than mice contain-
ing Treg cells and that co-transfer of isolated Treg cells and 
Scurfy lymph node cells significantly attenuated IRI-induced 
renal injury and leukocyte accumulation.188 Finally, it has 
been shown that the anticoagulant function of activated 
protein C is responsible for suppressing LPS-induced stimu-
lation of the proinflammatory mediators ACE-1, IL-6, and 
IL-18, perhaps accounting for its ability to modulate renal 
hemodynamics and protect against septic AKI.214

Heat shock protein 70 (hsp70) has been shown to have 
renoprotective effects that are partially mediated by Treg cells 
as well.215 The mechanisms elucidated by studying adop-
tively transferred Treg cells have shown that IL-10 produc-
tion, adenosine production through CD73, expression of 
the adenosine 2A receptor, and programmed cell death 1 
on the cell surface are required by Treg cells to protect recipi-
ent mice from IRI.216 Taken together, these studies suggest 
that intrinsic Treg cells traffic to the injured kidney to 
promote repair from ischemic injury.
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strategies also protect against ischemic AKI. Fibroblasts 
from organs of transgenic pigs expressing HO-1 are resistant 
to proapoptotic stressors and exhibit a blunted proinflam-
matory response to LPS or TNF-α.

Pretreatment with hemin augments glomerular HO-1 
expression and renal expression of thrombomodulin and 
endothelial cell protein C receptor (EPCR), while reducing 
renal dysfunction, glomerular thrombotic microangiopathy, 
and the procoagulant state; hemin also increases plasma 
levels of activated protein C in this model, suggesting its 
important role in the endothelial-epithelial axis of AKI. 
Perhaps more importantly, HO-1 might also contribute to 
the repair and regeneration of tubular cells.96,231 Following 
an acute insult, HO-1 is rapidly induced, but its expression 
subsides before renal recovery fully occurs; such abatement 
in HO-1 expression may allow the continued expression of 
proinflammatory and fibrogenic genes. In this regard, HO-1 
deficiency promotes epithelial-mesenchymal transition, a 
process that may underlie the transition of AKI to CKD.235 
Hence upregulation or overexpression of HO-1 may be an 
attractive protective strategy and therapeutic target against 
cellular injury.

Repair, Regeneration, and Role of Stem Cells

The renal tubular epithelial cells have the remarkable 
potential to regenerate functionally and structurally after 
ischemic or toxic insults. Once the insulting factors have 
been removed (e.g., reperfusion, cessation of toxic drugs, 
treatment of sepsis), minimally injured cells repair them-
selves without going through a “dedifferentiated” stage. 
More severely injured cells can, however, undergo this stage, 
which morphologically appears as flattened cells with an 
ill-defined brush border. Essentially there is proliferation of 
the viable cells that spread across the denuded basement 
membrane, after which they regain their differential char-
acter back into a normal tubular epithelial cell.

Functionally, there is reassembly of the cytoskeleton struc-
ture once ATP repletion occurs. It has been shown that the 
apical microvilli can be restored in as early as 24 hours after 
ATP depletion following mild injury. Similarly, Na+-K+-
ATPase is lost from the apical location and relocates to the 
basolateral membranes within 24 hours. Lastly, although 
lipid polarity is eventually reestablished, it can lag behind 
reestablishment of protein polarity and is completed by 
approximately 10 days after injury.236,237

Growth factors and signals from injured cells are crucial 
at this stage to promote the timely and appropriate regen-
erative capacity of the viable cells. In animal models, admin-
istration of exogenous growth factors has been shown to 
accelerate renal recovery from injury. These include epider-
mal growth factor, insulin-like growth factor-I, α-melanocyte 
stimulating hormone, erythropoietin, hepatocyte growth 
factor, and bone-morphogenic protein-7 (BMP-7).238-242 
These effects have not yet been validated in human clinical 
trials of ATN.243,244 They all likely increase GFR through 
direct hemodynamic effects and may therefore hasten 
tubular epithelial cell recovery.

There has been a major interest in studying the roles of 
progenitor/stem cells and mesenchymal stem cells in 
tubular epithelial cell injury. Investigators have now shown 
that different types of stem cells may reside in the renal 
architecture. In the human kidney, CD133+ progenitor/

to maintain cell-cell adhesion, as well as extracellular matrix. 
These ROS can also have vasoconstrictive effects by their 
capacity to scavenge NO.224 Much of the previous discussion 
has been on proteins or mechanisms that promote injury. 
However, there are protective mechanisms that allow cells 
to have a defense against numerous stresses. The complex 
hsp system is induced to exceptionally high levels during 
stress conditions. The hsps are believed to facilitate the 
restoration of normal function by assisting in the refolding 
of denatured proteins, along with aiding the appropriate 
folding of newly synthesized proteins. They also help in 
degradation of irreparable proteins and toxins to limit their 
accumulation. Thus their role has been studied, and it was 
found that overexpression before injury has protective 
effects.225-227 The proteins hsp90, hsp72, and hsp25 in par-
ticular have been extensively studied (e.g., overexpression 
of hsp25 has been shown to be protective against actin-
cytoskeleton disruption).228 After in vivo renal ischemia, 
hsp90 has been shown to be rapidly induced in cytosolic 
proximal tubular epithelial cells, particularly in late stages, 
leading to the conclusion that hsp90 may be crucial for 
disposition of damaged proteins and the assembly of newly 
formed peptides. Intrarenal transfection with hsp90 has 
been shown to be protective against IRI with restoration of 
endothelial nitric oxide synthase (eNOS)–hsp90 coupling, 
eNOS activating phosphorylation, and rho kinase levels, 
suggesting their implication in regulating the NO/eNOS 
pathway and the intrarenal vascular tone.229 In nephrotoxic 
models, hsp72 has been shown to limit apoptosis through 
increased Bcl-2/Bax ratio, implicating the role of hsp72 in 
cell death as well.228

The enzyme HO-1 has also emerged as a prominent con-
stituent in epithelial cell injury. Numerous observations 
have shown that the biologic actions of HO-1 include anti-
inflammatory, vasodilatory, cytoprotective, antiapoptotic, 
and cellular proliferative effects in the setting of AKI. Its 
gene is arguably one of the most readily inducible genes, 
responding to numerous stressors, including, but not 
limited to, hypoxia, hyperthermia, oxidative stress, and 
exposure to LPS. Consequently, induction of HO-1 has been 
described in various forms of AKI, including ischemic,  
endotoxin, and nephrotoxic models. Following ischemia-
reperfusion, aged mice, compared with young mice, exhibit 
worse renal injury and less renal induction of HO-1, espe-
cially in the medulla. A number of studies indicate a protec-
tive effect of induction of HO-1 in AKI.230,231 Prior induction 
of HO-1 by hemoglobin can reduce endotoxemia-induced 
renal dysfunction and mortality. Inhibition of HO-1 activity  
in the intact, disease-free kidney reduces medullary blood 
flow without exerting any effect on cortical blood flow. Over-
expression of HO-1 by hemin results in a significant reduc-
tion in cisplatin-induced cytotoxicity.232 TNF-α–induced 
apoptosis in endothelial cells is also attenuated by induction 
of HO-1. These findings have been supported by studies in 
which HO-1–deficient mice, in the glycerol-induced AKI 
model, exhibited marked exacerbation of renal insuffi-
ciency and mortality.233 The protective mechanisms of HO-1 
have been extensively studied by Inguaggiato and cowork-
ers, who showed overexpression of HO-1 in cultured renal 
epithelial cells induces upregulation of the cell cycle inhibi-
tory protein p21 and confers resistance to apoptosis.234 Mac-
rophages in which HO-1 is upregulated by adenoviral 
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in ischemic AKI, there is an imbalance of eNOS and iNOS. 
Thus it is also proposed that due to a relative decrease in 
eNOS, secondary to endothelial dysfunction and damage, 
there is a loss of antithrombogenic properties of the endo-
thelium, leading to increased susceptibility to microvascular 
thrombosis.256

Administration of l-arginine, the NO-donor molsido-
mine, or the eNOS co-factor tetrahydrobiopterin can pre-
serve medullary perfusion and attenuate AKI induced by 
IRI; conversely the administration of Nω-nitro-l-arginine 
methyl ester, an NO blocker, has been reported to aggravate 
the course of AKI following IRI injury. Although clearly 
important, these pharmacologic studies continue to assess 
the contribution of eNOS impairment in the overall course 
of reduced renal function following IRI.257,258

Cytoskeleton

The cytoskeletal structure of endothelial cells includes actin 
filament bundles that form a supportive ring around the 
periphery, along with the adhesion complexes that provide 
the integrity of the endothelial layer. The assembly and 
disassembly of actin filaments is regulated by a large  
family of actin-binding proteins, including ADF/cofilin. 
With ischemic injury the normal architecture of the actin 
cytoskeleton is markedly changed along with endothelial 
cell swelling, impaired cell-cell and cell-substrate adhesion, 
and loss of tight junction barrier functions. ATP depletion 
of cultured endothelial cells has been shown to induce 
dephosphorylation/activation of ADF/cofilin in a direct 
and concentration-dependant fashion. This activity results 
in depolymerized and severed actin filaments, seen as 
F-actin aggregates at the basolateral aspects of the cell.259

Recent studies also show a role of the sphingosine-1 phos-
phate receptor (S1PR) in maintaining structural integrity 
after AKI. Okusa and coworkers have shown that S1PRs in 
the proximal tubule are necessary for stress-induced cell 
survival, and S1P1R agonists are renoprotective via direct 
effects on tubular cells.260

Permeability

The endothelial barrier serves to separate the inner space 
of the blood vessel from the surrounding tissue and to 
control the exchange of cells and fluids between the two. It 
is defined by a combination of transcellular and paracellular 
pathways, the latter being a major contributor to the 
inflammation-induced barrier dysfunction.

Sutton and associates have studied the role of endothelial 
cells in acute kidney injury by a series of experiments utiliz-
ing florescent dextrans and two-photon intravital imaging. 
The increased microvascular permeability observed in AKI 
is likely a combination of numerous factors such as loss of 
endothelial monolayer, breakdown of perivascular matrix, 
alterations of endothelial cell contacts, and upregulated 
leukocyte-endothelial interactions. These investigators have 
shown that 24 hours after ischemic injury there was loss of 
localization in vascular endothelial cadherin immunostain-
ing, suggesting severe alterations in the integrity of the 
adherens junctions of the renal microvasculature.261 In vivo 
two-photon imaging demonstrated a loss of capillary barrier 
function within 2 hours of reperfusion as evidenced by leaki-
ness of high-molecular-weight dextrans (>300,000 Da) into 
the interstitial space.

stem cells with regenerative potential have been identi-
fied.245 These cells were able to differentiate in vitro toward 
renal epithelium and endothelium. When injected into 
mice with glycerol-induced AKI, they enhanced recovery 
from tubular damage, possibly by integrating into the proxi-
mal and distal tubules.246 Mesenchymal stem cells are also 
present in the kidney and may have been derived from the 
embryonic tissue or bone marrow. Bone marrow cells are 
known to migrate to the kidney and participate in normal 
tubular epithelial cell turnover and repair after acute kidney 
injury.247 Evidence of the kidney engraftment capacity of 
cells derived from male bone marrow is based on the pres-
ence of cells positive for the Y chromosome with epithelial 
cell markers in the tubules from kidneys of female recipient 
mice.248,249 Although the evidence is not yet conclusive, there 
is evidence that stem cells as well as bone marrow–derived 
mesenchymal stem cells may contribute to structural and 
functional renal repair. Although the protective mecha-
nisms have not yet been completely elucidated, they have 
been postulated to be less by direct differentiation into 
renal epithelial cells and more by paracrine effects such as 
supplying growth factors that stimulate the regeneration of 
tubular and resident stem cells. The “renotropism” exhib-
ited by these cells may inform therapeutic options in the 
future once their roles are more fully defined.250

Further details of the role of stem cells in the kidney  
can be found in a separate chapter in this book (see  
Chapter 86).

Endothelial Dysfunction

Endothelial cells control vascular tone, regulation of blood 
flow to local tissue beds, modulation of coagulation and 
inflammation, and lastly permeability. Both ischemia and 
sepsis have profound effects on the endothelium. The renal 
vasculature and endothelium are particularly sensitive to 
these insults. When such an insult occurs, the endothelial 
bed becomes ineffective in performing its function, and the 
ensuing vascular dysregulation leads to continued ischemic 
conditions and further injury following the initial insult, 
which has been termed the extension phase of acute kidney 
injury.121 Histopathologically this is seen as vascular conges-
tion, edema formation, diminished microvascular blood 
flow, and margination and adherence of inflammatory cells 
to endothelial cells.

Vascular Tone

Conger and associates were among the first to demonstrate 
that postischemic rat kidneys manifest vasoconstriction in 
response to decreased renal perfusion pressure and hence 
cannot autoregulate blood flow even when total renal blood 
flow had returned to baseline values up to 1 week after 
injury.251,252 Goligorsky and colleagues have extensively 
studied this increased constrictor response and found  
that it could be blocked by Ca2+ antagonists. They also dem-
onstrated that the phenomenon of loss of normal eNOS 
function was due to a loss of vasodilator responses to acetyl-
choline and bradykinin. Selective inhibition, depletion, or 
deletion of inducible NOS (iNOS) has clearly shown reno-
protective effects during ischemia.253,254 Although still 
unclear, NO production from the endothelium (eNOS) may 
be impaired at the level of enzyme activity or modified by 
ROS to impair normal vasodilatory activity.255 Hence overall, 
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Coagulation

The endothelial cell plays a central role in coagulation via 
its interaction with protein C through the EPCR and throm-
bomodulin. The protein C pathway helps to maintain 
normal homeostasis and limits inflammatory responses. 
Protein C is activated by thrombin-mediated cleavage, and 
the rate of this reaction is further augmented 1000-fold 
when thrombin binds to the endothelial cell surface recep-
tor protein thrombomodulin. The activation rate of protein 
C is further increased by approximately 10-fold when EPCR 
binds protein C and presents it to the thrombin-
thrombomodulin complex. Activated protein C essentially 
then has antithrombotic actions and profibrinolytic proper-
ties and participates in numerous antiinflammatory and 
cytoprotective pathways to restore normal homeostasis.265 
Based on these properties, the endothelial cell plays an 
absolutely essential and critical role in maintaining a normal 

Critical constituents of the perivascular matrix, including 
collagen IV, are known to be substrates of MMP-2 and 
MMP-9, which are collectively known as gelatinases. Break-
down of barrier function may also be due to MMP-2 or 
MMP-9 activation, and this upregulation is temporally cor-
related with an increase in microvascular permeability.121,262 
MMP-9 gene deletion stabilizes microvascular density follow-
ing ischemic AKI in part by preserving tissue VEGF levels.263 
In addition, minocycline, a broad-based MMP inhibitor  
and the gelatinase-specific inhibitor ABT-518 both amelio-
rated the increase in microvascular permeability in this 
model. Taken together, many findings indicate that the  
loss of endothelial cells following ischemic injury is not a 
major contributor to altered microvascular permeability, 
although renal microvascular endothelial cells are vulnera-
ble to the initiation of apoptotic mechanisms following isch-
emic injury that can ultimately impact microvascular 
density264(Figure 31.8).

Figure 31.8 Key events in endothelial cell activation and injury. Ischemia causes upregulation and expression of genes coding for various 
cell surface proteins such as E-(endothelial) and P-(platelet) selectin, vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion 
molecule-1 (ICAM-1), and reduced thrombomodulin (TM). Activated leukocytes adhere to endothelial cells through these adhesion molecules. 
Endothelial injury increases the production of endothelin-1 and decreases endothelial nitric oxide synthase (eNOS), which serve to induce 
vasoconstriction and platelet aggregation. The combination of leukocyte adhesion and activation, platelet aggregation, and endothelial injury 
serves as the platform for vascular congestion of the medullary microvasculature. There are permeability defects between endothelial cells as 
a result of tight and adherens junctional alterations. (From Sharfuddin A, Molitoris B: Epithelial cell injury. In Vincent JL, Hall JB, editors: Encyclo-
pedia of intensive care medicine, New York, 2012, Springer.)
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the phenomenon of erythrocyte trapping with rouleaux for-
mation, prolonging the reduction in renal blood flow and 
exacerbating tubular injury.272

DNA microarray analysis of ischemic kidneys from TLR4-
sufficient and TLR4-deficient mice showed that pentraxin  
3 (PTX3), an endothelial induced protein, was upregulated 
only on the former, while transgenic knockout of PTX3 
ameliorated AKI. PTX3 was shown to be expressed predomi-
nantly on peritubular endothelia of the outer medulla  
of the kidney in control mice and increased PTX3  
protein in the kidney and the plasma. Stimulation studies 
performed in primary renal endothelial cells suggest that 
endothelial PTX3 was induced by pathways involving  
TLR4 and ROS and demonstrated that these effects  
could be inhibited by conditional endothelial knockout of 
myeloid differentiation. Compared to wild-type mice, PTX3 
knockout mice had decreased endothelial expression of cell 
adhesion molecules at 4 hours of reperfusion, possibly con-
tributing to a decreased early maladaptive inflammation in 
the kidneys of knockout mice, whereas later at 24 hours of 
reperfusion, PTX3 knockout increased expression of endo-
thelial adhesion molecules when regulatory and reparative 
leukocytes enter the kidney. Thus endothelial PTX3 plays a 
pivotal role in the pathogenesis of ischemic acute kidney 
injury.273

The role of glomerular endothelial injury is unclear  
in AKI. Recent work in a mouse model of LPS-induced 
sepsis showed decreased abundance of endothelial  
surface layer heparan sulfate proteoglycans and sialic acid, 
leading to albuminuria, likely reflecting altered glomerular 
filtration permselectivity and decreased expression of  
VEGF. LPS treatment also decreased the GFR, caused  
ultrastructural alterations in the glomerular endothelium, 
and lowered the density of glomerular endothelial cell 
fenestrae. These LPS-induced effects were diminished in 
TNF receptor 1 (TNFR1) knockout mice, suggesting the 
role of TNF-α activation of TNFR1, and intravenous admin-
istration of TNF also led to decreased GFR and led to loss 
of glomerular endothelial cell fenestrae, increased fenestrae 
diameter, and damage to the glomerular endothelial surface 
layer. Thus glomerular endothelial injury, mediated by 
TNF-α and decreased VEGF levels, extends the develop-
ment and progression of AKI and albuminuria in the LPS 
model of sepsis in the mouse.274

Long-Term Effects of Endothelial Cell Injury

There is also evidence showing that acute injury to endothe-
lial cells may have long-term chronic implications, as shown 
in a series of publications by Basile and coworkers, where 
the investigators have shown significant reduction in blood 
vessel density following ischemic injury, leading to the phe-
nomenon of vascular dropout.275 Vascular dropout was veri-
fied by Horbelt and associates, who found a drop in the 
vascular density by almost 45% at 4 weeks after an ischemic 
insult.264 These findings suggest that unlike the renal epi-
thelial tubular cells, the renal vascular system lacks compa-
rable regenerative potential. It is not clear yet whether 
apoptosis and/or necrosis play a major role in endothelial 
cell dropout. Ischemia has been shown to inhibit the angio-
genic protein VEGF while inducing ADAMTS1, thought to 
be a VEGF inhibitor.276 It was then postulated that the lack 
of vascular repair could be due to lack of VEGF, as shown 

and healthy vasculature and endothelial bed. In AKI, ulti-
mately microvascular function is compromised, resulting in 
disseminated intravascular coagulation and microvascular 
thrombosis, decreased tissue perfusion, and hypoxemia 
leading to organ dysfunction/failure. It has been shown that 
both pretreatment and postinjury treatment with soluble 
thrombomodulin attenuates renal injury with minimization 
of vascular permeability defects with improvement in capil-
lary renal blood flow.113

The leukocyte and the endothelial cell are dynamically 
involved in the process of adherence of leukocytes to  
the vascular endothelium. Leukocyte activation and its 
release of cytokines require signals through chemokines 
circulating in the bloodstream or through direct contact 
with the endothelium. Rolling leukocytes can be activated 
by chemoattractants such as complement C5a and platelet-
activating factor. Once activated, leukocyte integrins bind to 
endothelial ligands to promote firm adhesion. β2-integrin 
(CD18) seems to be the most important ligand for neutro-
phil adherence. These interactions with the endothelium 
are mediated through endothelial adhesion molecules that 
are upregulated during ischemic conditions.266

The initial phase starts with slow neutrophil migration 
mediated by tethering interactions between selectins and 
their endothelial cell ligands. Singbartl and colleagues have 
found that platelet P-selectin and not endothelial P-selectin 
was the main determinant in neutrophil-mediated ischemic 
renal injury.266 There is also significant protection from both 
ischemic injury and mortality by blockade of the shared 
ligand to all three selectins (E-, P-, and L-selectin), which 
seems to be dependent on the presence of a key fucosyl 
sugar on the selectin ligand.267,268 In a CLP model of septic 
azotemia, mice gene-deficient for E-selectin or P-selectin or 
both were completely protected. Furthermore, selectin-
deficient mice demonstrated similar intraperitoneal leuko-
cyte recruitment but altered cytokine levels when compared 
to wild-type mice.269 Therefore it is possible that selectins 
exert their effects through modulation of systemic cytokine 
profiles rather than through engagement in leukocyte-
endothelial cell interactions.270

Inflammation

Altered endothelial cell function also mediates inflamma-
tion, a hallmark of ischemic injury that has been the subject 
of numerous recent studies. Ischemia induces the increased 
expression of a number of leukocyte adhesion molecules 
such as P-selectin, E-selectin, and intercellular adhesion 
molecule (ICAM) and B7-1. Consequently, it has also been 
shown that strategies to pharmacologically block or geneti-
cally ablate the expression of these molecules are protective 
against ischemic or septic AKI.177 Investigators have also 
shown that T cells also play a major role in vascular perme-
ability during ischemic injury. Gene microarray analysis 
showed the production of TNF-α and IFN-γ protein was 
increased in CD3 and CD4 T cells from the blood and 
kidney after ischemia. Furthermore, it has also been dem-
onstrated that in CD3, CD4, and CD8 T cell–deficient mice, 
there is a significantly attenuated rise in renal vascular per-
meability after ischemic injury. Hence T cells directly con-
tribute to the increased vascular permeability, potentially 
through T cell cytokine production.213,271 Another feature 
noted during inflammation and endothelial cell injury is 

http://www.myuptodate.com


982 SECTION V — DISORDERS OF KIDNEy STRUCTURE AND FUNCTION

generated by neighboring cells or cells recruited from the 
circulation.279 Microvesicles derived from EPCs have also 
been shown to protect the kidney from ischemic acute 
injury by delivering their RNA content, the microRNA 
(miRNA) cargo of which contributes to reprogramming 
hypoxic resident renal cells to a regenerative program.280

In summary, the endothelial cell is now recognized as a 
major contributor to the initiation and extension of AKI, 
and targeting the mechanisms to block these dysfunctional 
intracellular processes may be of therapeutic value (see 
Figure 31.8).

Effects of Acute Kidney Injury on Distant Organs

There is accumulating evidence that in many cases AKI is a 
systemic condition that can potentially cause alterations in 
other organs of the body, clinically evidenced by the fact 
that patients experience an increase in mortality after AKI, 
much of which is due to extrarenal complications. Kelly and 
associates have demonstrated the effects of renal ischemia 
on cardiac tissues.110 Induction of IL-1, TNF-α, and ICAM-1 
mRNA was seen in cardiac tissues as early as 6 hours after 
renal ischemic injury and remained elevated up to 48 hours 
after renal ischemic injury. There was also a significant 
increase in myeloperoxidase activity in the heart and liver, 
apart from the kidneys. The increase in cardiac myeloper-
oxidase activity could be prevented by administration of 
anti–ICAM-1 antibody at the time of renal ischemia. At 48 
hours, cardiac function evaluation by echocardiography 
also revealed increases in left ventricular end systolic and 
diastolic diameter and decreased fractional shortening. As 
little as 15 minutes of ischemia also resulted in significantly 
more apoptosis in cardiac tissue.110 In transgenic sickle 
mice, bilateral renal IRI results in marked cardiac vascular 
congestion and increased serum amyloid P component (the 
murine equivalent of C-reactive protein). Kramer and col-
leagues have shown that renal ischemic injury leads to an 
increase in pulmonary vascular permeability defects that  
are mediated through macrophages.281 Furthermore, they 
showed that in a rat model of bilateral renal ischemic injury 
or nephrectomy, there was downregulation of lung epithe-
lial Na channel, Na+-K+-ATPase, and aquaporin-5 expres-
sion, but not in unilateral ischemic models, suggesting the 
role of uremic toxins in modulating these effects in the 
lung.282 Lui and colleagues have also shown effects of AKI 
on functional changes in the brain. Mice with AKI had 
increased neuronal pyknosis and microgliosis in the brain, 
with increased levels of the proinflammatory chemokines 
keratinocyte-derived chemoattractant and granulocyte 
colony-stimulating factor in the cerebral cortex and hippo-
campus and increased expression of glial fibrillary acidic 
protein in astrocytes in the cortex and corpus callosum. In 
addition, extravasation of Evans blue dye into the brain sug-
gested that the blood-brain barrier was disrupted in mice 
with AKI.283

Many of the same processes involved in kidney-lung, 
kidney-heart, and kidney-brain interactions have been 
observed in the liver: increased neutrophil infiltration, vas-
cular congestion, and vascular permeability after AKI. Fol-
lowing experimental AKI, levels of hepatic TNF-α, IL-6, 
IL-17A, ICM-1, keratinocyte-derived chemoattractant, IL-10, 
and MCP-1 are increased. The presence of AKI before a 
“second-hit” ischemic hepatic injury further exacerbates 

by experiments where administration of VEGF-121 pre-
served the microvascular density.276 Reduction of the micro-
vasculature density increases hypoxia-mediated fibrosis and 
alters usual hemodynamics, which may lead to hyperten-
sion. Thus loss of microvasculature density and its conse-
quential effects may play a critical role in the progression 
of CKD following initial recovery from ischemia-reperfusion–
induced AKI.275

Furthermore, renal oxidative stress has been shown to 
persist with resultant increased Ang II sensitivity in rats fol-
lowing recovery from ischemia-reperfusion–induced AKI 
after 5 weeks. Post-AKI rats showed significantly enhanced 
renal vasoconstrictor responses to Ang II, and treatment of 
AKI rats with apocynin normalized these responses. The 
renal messenger RNA (mRNA) expression for common 
reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase subunits was not altered in kidneys fol-
lowing recovery from AKI; however, mRNA screening using 
polymerase chain reaction arrays suggested that post-AKI 
rats had decreased renal glutathione peroxidase 3 mRNA 
and an increased expression of other prooxidant genes such 
as lactoperoxidase, myeloperoxidase, and dual oxidase-1. 
Following infusion with Ang II, renal fibrosis was enhanced 
in post-AKI rats. The profibrotic response was significantly 
attenuated in rats treated with apocynin. These data suggest 
that there is sustained renal oxidant stress following recov-
ery from AKI that alters the hemodynamic and fibrotic 
responses to Ang II and may contribute to the transition to 
CKD following AKI.277 This also highlights the importance 
of managing recovering AKI very carefully to avoid further 
insults that may enhance ROS or sensitivity to Ang II.

Targets of Therapy—Role of Endothelial  
Progenitor Cells

Due to the numerous mechanisms in initiating and continu-
ing existing injury, there are several targets available to 
reduce the effect of endothelial cell injury and potentially 
minimize actual endothelial cell damage itself. The concept 
of restoration of vascular supply to damaged or ischemic 
organs for accelerating their regeneration is well estab-
lished. One therapeutic strategy based on this concept is the 
delivery of angiogenic factors. The current view is that endo-
thelial progenitor cells (EPCs) are a heterogeneous group, 
which by latest count originates from hematopoietic stem 
cells or their angioblastic subpopulation and mesenchymal 
stem cells. In the bone marrow these cells are characterized 
by the combination of surface markers such as CD34, 
VEGFR-2 (Flk-1), and an early marker CD133; moreover, in 
the blood they may express markers of hematopoietic stem 
cells, c-kit and Sca-1. Upon further differentiation, these 
cells lose CD133 and acquire vascular endothelial cadherin 
and von Willebrand factor.278

There is a growing body of evidence that EPCs may 
improve vascular regeneration in different ischemic organs. 
Recent data also suggest that EPCs are mobilized after acute 
ischemic injury and are recruited in the ischemic kidney, 
where they can ameliorate AKI through paracrine effects 
and repair of the injured renal microvasculature.279 Trans-
planting intact endothelial cells in injured ischemic vascu-
lature has also shown promise in reduction of ischemic 
injury. Although the underlying mechanisms are not fully 
understood, replacement of damaged cells will mainly be 
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Analysis of serum creatinine concentration over time is 
invaluable for differentiating acute from chronic kidney 
disease and identifying the timing of events that precipi-
tated the acute decline in kidney function. The presence of 
an acute process is easily confirmed if review of laboratory 
records reveals a sudden rise in BUN and serum creatinine 
concentrations from previously stable baseline values. Spuri-
ous causes of elevated BUN and serum creatinine levels 
must be excluded before a diagnosis of AKI is made. When 
prior BUN and serum creatinine measurements are not 
available, key findings that suggest that a chronic process is 
present include physical manifestations of hyperparathy-
roidism (resorption of distal phalangeal tufts or lateral 
aspect of clavicles), band keratopathy, “half-and-half” nails, 
and small echogenic kidneys on radiographic imaging. 
Enlarged kidneys do not necessarily rule out a chronic 
process as diabetic nephropathy, human immunodeficiency 
virus–associated nephropathy, amyloidosis, and polycystic 
kidney disease are characterized by increased kidney size 
even with moderate to advanced CKD. Anemia is a less 
useful differentiating feature as it is often present in both 
AKI and CKD. Once the presence of AKI has been con-
firmed, attention should focus on patient, urine, laboratory, 
and radiographic assessments to help differentiate among 
prerenal, intrinsic, and postrenal processes to permit iden-
tification of the cause of AKI and to guide treatment.

CLINICAL ASSESSMENT OF THE PATIENT

Prerenal AKI should be suspected in clinical settings associ-
ated with intravascular volume depletion, including hemor-
rhage, excessive gastrointestinal (e.g., vomiting or diarrhea), 
urinary, or insensible fluid losses and severe burns, or with 
reduced EABV due to congestive heart failure, liver disease, 
or nephrotic syndrome (Table 31.8). The risk for intravas-
cular volume depletion is increased in comatose, sedated, 
or obtunded patients and in patients with restricted access 
to salt and water. Clinical clues to a prerenal cause of AKI 
on history include patient report of excessive thirst, ortho-
static light-headedness or dizziness, significant diarrhea 
and/or vomiting, diuretic use, and recent use of medica-
tions that alter intrarenal hemodynamics, including NSAIDs, 
and inhibitors of the RAAS, including direct renin inhibi-
tors, ACE inhibitors, and ARBs. Findings suggestive of 
volume depletion on physical examination may include 
orthostatic hypotension (postural fall in diastolic blood 
pressure greater than 10 mm Hg) and tachycardia (postural 
increase in heart rate greater than 10 beats/min), reduced 
jugular venous pressure, diminished skin turgor, dry mucous 
membranes, and the absence of axillary sweat. However, 
overt signs and symptoms of hypovolemia do not usually 
manifest until extracellular fluid volume has fallen by more 
than 10% to 20%. In addition, in patients with heart failure 
or liver disease, renal hypoperfusion may be present despite 
total body volume overload. Findings on physical examina-
tion of peripheral edema, pulmonary vascular congestion, 
pleural effusion, cardiomegaly, gallop rhythms, elevated 
jugular venous pressure, or hepatic congestion may point to 
a state of reduced cardiac output and decreased effective 
intravascular volume. The presence of acute or chronic liver 
disease is suggested by evidence of icterus, ascites, spleno-
megaly, palmar erythema, telangiectasia, and caput medusae. 

liver injury as well, suggesting an ongoing crosstalk between 
kidney and liver.

Conversely, other organs also regulate ischemic renal 
injury. Imai and coworkers have demonstrated the role of 
lung injury in inducing renal damage. They found that in 
rabbits, injurious lung ventilatory strategies (high tidal 
volume and low peak end-expiratory pressure) alone were 
sufficient to induce renal epithelial cell apoptosis. This 
finding was further substantiated by the fact that plasma 
obtained from rabbits that underwent the injurious ventila-
tion strategy induced greater apoptosis in cultured LLC-RK1 
cells in vitro, suggesting that circulating soluble factors asso-
ciated with the injurious mechanical ventilation might be 
involved in this process.284

An example of extrarenal organs regulating ischemic AKI 
is evidenced by the effect of brain death on kidney  
transplants. Traumatic brain injury elicits a cytokine and 
inflammatory response. These cytokines result in renal 
inflammation in kidney transplants from brain-dead donors, 
distinct from living or cardiac-death donors.285 Pretransplan-
tation biopsies of brain-dead donor kidneys contain notably 
more infiltrating T lymphocytes and macrophages. Reperfu-
sion of kidneys from brain-dead donors is associated with 
the instantaneous release of inflammatory cytokines, such 
as granulocyte colony-stimulating factor, IL-6, IL-9, IL-16, 
and MCP-1. In contrast, kidneys from living and cardiac-
death donors show a more modest cytokine response with 
release of IL-6 and small amounts of MCP-1.286 Since AKI is 
associated with high mortality and morbidity, these studies 
indicate that multiorgan crosstalk that occurs in the setting 
of AKI is likely to be a major contributor to nonrenal organ 
dysfunction that may mediate clinically observable events 
such as cardiac, pulmonary, and central nervous system 
events.

Last is the issue of unilateral AKI affecting contralateral 
kidney function. In a model where the ischemia-reperfusion–
injured kidney was removed after 5 weeks to isolate effects 
on the untouched kidney, challenge with elevated dietary 
sodium levels manifested a significant increase in blood 
pressure relative to sham-operated controls. Similarly,  
contralateral kidneys had impaired pressure natriuresis  
and hemodynamic responses, but reductions in vascular 
density were observed in the contralateral kidney. However, 
contralateral kidneys contained interstitial cells, some of 
which were identified as activated (low CD62L/CD4+) T 
lymphocytes. Taken together, these data suggest that the 
salt-sensitive features of AKI on hypertension and CKD can 
be segregated such that effects on hemodynamics and 
hypertension may develop independent of direct renal 
damage.287

EVALUATION OF ACUTE KIDNEY INJURY

CLINICAL ASSESSMENT, URINARY FINDINGS, 
AND BLOOD AND RADIOGRAPHIC EVALUATION

The assessment of the patient with AKI requires a meticu-
lous history and physical examination; comprehensive 
review of medical records; evaluation of urinary findings, 
including the urinary sediment; review of laboratory tests; 
renal imaging; and, when appropriate, kidney biopsy.288 
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Table 31.8  Useful Clinical Features, Urinary Findings, and Confirmatory Tests in the Differential Diagnosis of 
Acute Kidney Injury

Cause of Acute 
Kidney Injury Some Suggestive Clinical Features

Typical Urinalysis 
Results Some Confirmatory Tests

Prerenal azotemia Evidence of true volume depletion 
(thirst, postural or absolute 
hypotension and tachycardia, low 
jugular venous pressure, dry mucous 
membranes and axillae, weight loss, 
fluid output greater than input) or 
decreased effective circulatory 
volume (e.g., heart failure, liver 
failure), treatment with NSAID, 
diuretic, or ACE inhibitor/ARB

Hyaline casts
FENa < 1%
UNa < 10 mmol/L
SG > 1.018

Occasionally requires invasive 
hemodynamic monitoring; rapid 
resolution of AKI with restoration of 
renal perfusion

Diseases Involving Large Renal Vessels

Renal artery 
thrombosis

History of atrial fibrillation or recent 
myocardial infarction, nausea, 
vomiting, flank or abdominal pain

Mild proteinuria
Occasionally RBCs

Elevated LDH level with normal 
transaminase levels, renal arteriogram, 
MAG3 renal scan, MRA*

Atheroembolism Usually age > 50 yr, recent manipulation 
of aorta, retinal plaques, 
subcutaneous nodules, palpable 
purpura, livedo reticularis

Often normal
Eosinophiluria
Rarely casts

Eosinophilia, hypocomplementemia, skin 
biopsy, renal biopsy

Renal vein 
thrombosis

Evidence of nephrotic syndrome or 
pulmonary embolism, flank pain

Proteinuria, hematuria Inferior venacavogram, Doppler flow 
studies, MRV*

Diseases of Small Renal Vessels and Glomeruli

Glomerulonephritis 
or vasculitis

Compatible clinical history (e.g., recent 
infection), sinusitis, lung hemorrhage, 
rash or skin ulcers, arthralgias, 
hypertension, edema

RBC or granular casts, 
RBCs, white blood cells, 
proteinuria

Low complement levels; positive  
antineutrophil cytoplasmic antibodies, 
anti–glomerular basement membrane 
antibodies, anti–streptolysin O 
antibodies, anti-DNase, cryoglobulins; 
renal biopsy

HUS/TTP Compatible clinical history (e.g., recent 
gastrointestinal infection, 
cyclosporine, anovulants), pallor, 
ecchymoses, neurologic findings

May be normal, RBCs, 
mild proteinuria, rarely 
RBC or granular casts

Anemia, thrombocytopenia, schistocytes 
on peripheral blood smear, low 
haptoglobin level, increased LDH, 
renal biopsy

Malignant 
hypertension

Severe hypertension with headaches, 
cardiac failure, retinopathy, neurologic 
dysfunction, papilledema

May be normal, RBCs, 
mild proteinuria, rarely 
RBC casts

LVH by echocardiography or ECG, 
resolution of AKI with BP control

Ischemic or Nephrotoxic Acute Tubular Necrosis

Ischemia Recent hemorrhage, hypotension, 
surgery often in combination with 
vasoactive medication (e.g., ACE 
inhibitor, NSAID)

Muddy-brown granular or 
tubular epithelial cell 
casts

FENa > 1%,
UNa > 20 mmol/L
SG ≈ 1.010

Clinical assessment and urinalysis 
usually inform diagnosis

Exogenous toxin Recent contrast medium–enhanced 
procedure; nephrotoxic medications; 
certain chemotherapeutic agents 
often with coexistent volume 
depletion, sepsis, or chronic kidney 
disease

Muddy-brown granular or 
tubular epithelial cell 
casts

FENa > 1%,
UNa > 20 mmol/L
SG ≈ 1.010

Clinical assessment and urinalysis 
usually inform diagnosis

Endogenous toxin History suggestive of rhabdomyolysis 
(coma, seizures, drug abuse, trauma)

Urine supernatant tests 
positive for heme in 
absence of RBCs

Hyperkalemia, hyperphosphatemia, 
hypocalcemia, increased CK, 
myoglobin

History suggestive of hemolysis (recent 
blood transfusion)

Urine supernatant pink and 
tests positive for heme 
in absence of RBCs

Hyperkalemia, hyperphosphatemia, 
hypocalcemia, hyperuricemia, and 
free circulating hemoglobin

History suggestive of tumor lysis (recent 
chemotherapy), myeloma (bone pain), 
or ethylene glycol ingestion

Urate crystals, dipstick-
negative proteinuria, 
oxalate crystals, 
respectively

Hyperuricemia, hyperkalemia, 
hyperphosphatemia (for tumor lysis); 
circulating or urinary monoclonal 
protein (for myeloma); toxicology 
screen, acidosis, osmolal gap (for 
ethylene glycol)
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Table 31.8  Useful Clinical Features, Urinary Findings, and Confirmatory Tests in the Differential Diagnosis of 
Acute Kidney Injury (Continued)

Cause of Acute 
Kidney Injury Some Suggestive Clinical Features

Typical Urinalysis 
Results Some Confirmatory Tests

Diseases of the Tubulointerstitium

Allergic interstitial 
nephritis

Recent ingestion of drug and fever, 
rash, loin pain, or arthralgias

White blood cell casts, 
white blood cells 
(frequently 
eosinophiluria), RBCs, 
rarely RBC casts, 
proteinuria (occasionally 
nephritic)

Systemic eosinophilia, renal biopsy

Acute bilateral 
pyelonephritis

Fever, flank pain and tenderness, toxic 
state

Leukocytes, occasionally 
white blood cell casts, 
RBCs, bacteria

Urine and blood cultures

Postrenal AKI Abdominal and flank pain, palpable 
bladder

Frequently normal, 
hematuria if stones, 
prostatic hypertrophy

Plain abdominal radiography, renal 
ultrasonography, postvoid residual 
bladder volume, computed 
tomography, retrograde or antegrade 
pyelography

*Contrast-enhanced MRA and MRV should be used with extreme caution in patients with AKI.
ACE, Angiotensin-converting enzyme; AKI, acute kidney injury; ARB, angiotensin receptor blocker; BP, blood pressure; CK, creatine kinase; 

DNase, deoxyribonuclease; ECG, electrocardiography; FENa, fractional excretion of sodium; HUS, hemolytic uremic syndrome; LDH, lactate 
dehydrogenase; LVH, left ventricular hypertrophy; MAG3, mercaptoacetyltriglycine; MRA, magnetic resonance angiography; MRV, 
magnetic resonance venography; NSAID, nonsteroidal antiinflammatory drug; RBC, red blood cell; SG, specific gravity; TTP, thrombotic 
thrombocytopenic purpura; UNa, urinary sodium concentration.

In select critically ill patients, invasive hemodynamic moni-
toring using central venous or pulmonary artery catheters 
or ultrasonography of the heart and central veins may assist 
in assessing intravascular volume status. Definitive diagnosis 
of prerenal AKI is usually based on prompt resolution of 
AKI after restoration of renal perfusion. In patients with 
underlying systolic heart failure, restoration of renal perfu-
sion may be difficult and may require the use of inotropic 
support.

There is a high likelihood of ischemic ATN if AKI follows 
a period of severe renal hypoperfusion and the impairment 
in kidney function persists or worsens despite restoration  
of renal perfusion. It should be noted, however, that  
significant hypotension is evident in fewer than 50% of 
patients with postsurgical ATN.289 Although septic shock is 
a common cause of ATN, ATN may also develop in sepsis in 
the absence of overt hypotension.289,290 The diagnosis of 
nephrotoxic ATN requires a comprehensive review of all 
clinical, pharmacy, nursing, radiographic, and procedural 
notes for evidence of administration of nephrotoxic agents. 
Pigment-induced ATN may be suspected if the clinical 
assessment reveals risk factors for rhabdomyolysis (e.g., sei-
zures, excessive exercise, alcohol or drug abuse, treatment 
with statins, prolonged immobilization, limb ischemia, 
crush injury) or hemolysis, as well as selected signs and 
symptoms of the former (e.g., muscle tenderness, weakness, 
evidence of trauma or prolonged immobilization).291-294

While most AKI is prerenal or ischemic, nephrotoxic, or 
septic ATN, patients should be carefully evaluated for other 
intrinsic renal parenchymal processes as their management 
and prognosis may differ substantially. Flank pain may be a 
prominent symptom of acute renal artery or renal vein 

occlusion, acute pyelonephritis, and rarely necrotizing 
glomerulonephritis.295-297 Interstitial edema leading to dis-
tension of the renal capsule and flank pain may be seen in 
up to one-third of patients with AIN.298 Dermatologic exami-
nation is also important as a maculopapular rash may 
accompany allergic interstitial nephritis; subcutaneous 
nodules, livedo reticularis, digital ischemia, and palpable 
purpura may suggest atheroembolism or vasculitis; a malar 
butterfly rash may be associated with systemic lupus erythe-
matosus; and impetigo or needle tracks from intravenous 
drug use may underlie infection-associated glomerulone-
phritis. Ophthalmologic examination is useful to assess for 
signs of atheroembolism; hypertensive or diabetic retinopa-
thy; the keratitis, uveitis, and iritis of autoimmune vasculiti-
des; icterus; and the rare but nevertheless pathognomonic 
band keratopathy of hypercalcemia and flecked retina of 
hyperoxalemia. Uveitis may also be an indicator of coexis-
tent allergic interstitial nephritis, sarcoidosis, and the TINU 
(tubulointerstitial nephritis and uveitis) syndrome.299 Exam-
ination of the ears, nose, and throat may reveal conductive 
deafness and mucosal inflammation or ulceration sugges-
tive of necrotizing granulomatous vasculitis or the neural 
deafness caused by aminoglycoside toxicity. Respiratory 
failure, particularly if associated with hemoptysis, suggests 
the presence of pulmonary renal syndrome, and the stig-
mata of severe chronic liver disease suggest the possibility 
of HRS. Cardiovascular assessment may reveal marked eleva-
tion in systemic blood pressure, suggesting malignant hyper-
tension or scleroderma, or demonstrate a new arrhythmia 
or murmur, suggesting a potential source of thromboemboli 
or subacute bacterial endocarditis (acute glomerulonephri-
tis), respectively. Chest or abdominal pain and reduced 
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accompanies prerenal AKI, although impaired urinary  
concentration may be present in patients with underlying 
CKD or as a result of diuretic therapy. Acute glomerulone-
phritis may also present with concentrated urine. Isosthenu-
ria (a urine specific gravity of 1.010, similar to that of plasma) 
is characteristic of ATN. Hematuria on dipstick may result 
from urologic trauma from catheterization, urologic disease, 
interstitial nephritis, acute glomerulonephritis, atheroem-
bolic disease, renal infarction, or pigment (hemoglobinuric 
or myoglobinuric) nephropathy. The latter are suggested 
when the dipstick test for blood is positive but there are no 
RBCs seen on microscopic examination of the urinary 
sediment.

Examination of the urinary sediment of a centrifuged 
urine specimen complements the dipstick analysis and is 
highly valuable for distinguishing among the various forms 
of AKI. The sediment should be inspected for the presence 
of cells, casts, and crystals (Table 31.9). In prerenal AKI, the 
urine sediment is typically bland (i.e., devoid of cells or 
casts) but may contain transparent hyaline casts. Hyaline 
casts are formed in concentrated urine from normal urinary 
constituents, principally Tamm-Horsfall protein secreted by 
epithelial cells of the loop of Henle. Postrenal AKI may also 
present with a bland urine sediment, although hematuria is 
common in patients with intraluminal obstruction (e.g., 
stones, sloughed papilla, blood clot) or prostatic disease. 
Renal tubular epithelial cells, epithelial cell casts, and pig-
mented “muddy-brown” granular casts are characteristic of 
ischemic or nephrotoxic ATN. They may be found in asso-
ciation with microscopic hematuria and mild “tubular” pro-
teinuria (<1 g/day). Casts may be absent in approximately 
20% to 30% of patients with ischemic or nephrotoxic ATN 
and are not a requisite for diagnosis301,304; however, semi-
quantitative scoring systems have been developed to assess 
the presence of epithelial cells and casts in patients with AKI 
to assist in the diagnosis of ATN and correlate with the clini-
cal course.302,305,306 RBC casts are almost always indicative of 
acute glomerular disease but may be observed, albeit rarely, 
in AIN. Dysmorphic RBCs, best seen using phase-contrast 
microscopy, are a more common urinary finding in patients 
with glomerular injury but are a less specific finding than 
RBC casts. Urine sediment abnormalities vary in diseases 
involving preglomerular blood vessels, such as HUS, TTP, 
atheroembolic disease, and vasculitis involving medium-
sized or large vessels, and range from benign to overtly 
nephritic. White blood cell casts and nonpigmented granu-
lar casts suggest interstitial nephritis, while broad granular 
casts are characteristic of CKD and probably reflect intersti-
tial fibrosis and dilation of tubules. Eosinophiluria (between 
1% and 50% of urine leukocytes) is a common finding 
(90%) in drug-induced allergic interstitial nephritis.307,308 
However, eosinophiluria has poor sensitivity and specificity 
for the diagnosis of AIN, with eosinophiluria of 1% to 
greater than 5% occurring in a variety of other diseases, 
including atheroembolization, ischemic and nephrotoxic 
AKI, proliferative glomerulonephritis, pyelonephritis, cysti-
tis, and prostatitis. In a series of 566 patients who had 
urinary eosinophil testing and renal histology from kidney 
biopsy, eosinophiluria only had 31% sensitivity and 68% 
specificity for the diagnosis of interstitial nephritis.309 Uric 
acid crystals (pleomorphic) may be seen in the urine in 
prerenal AKI but should raise the possibility of acute urate 

pulses in the lower limbs should suggest aortic dissection or, 
rarely, Takayasu arteritis. Abdominal pain and nausea are 
frequent clinical correlates of atheroembolic disease, com-
monly in patients who have recently undergone angio-
graphic evaluation, particularly in the presence of widespread 
atheromatous disease. The presence of a tensely distended 
abdomen may indicate the presence of ACS and should 
prompt transduction of bladder pressure.57 Pallor and 
recent bruising are important clues to the thrombotic 
microangiopathies, and the combination of bleeding and 
fever should raise the possibility of AKI resulting from viral 
hemorrhagic fevers. A recent jejunoileal bypass may be a 
vital clue to oxalosis, a rare but reversible cause of AKI fol-
lowing bariatric surgery.300 Hyperreflexia and asterixis often 
portend the development of uremic encephalopathy or 
may, in the presence of focal neurologic signs, suggest a 
diagnosis of thrombotic microangiopathy (i.e., hemolytic 
uremic syndrome [HUS] or thrombotic thrombocytopenic 
purpura [TTP], see Chapter 35).

Postrenal AKI may be asymptomatic if obstruction to the 
drainage of urine develops gradually. While anuria will be 
seen in complete obstruction, urine volume may be normal 
or even increased in the setting of partial obstruction. A 
pattern of fluctuating urine output may also be seen in some 
patients with partial obstruction. Suprapubic or flank pain 
may be the presenting complaint if there is acute distension 
of the bladder or renal collecting system and capsule, 
respectively. Colicky flank pain radiating to the groin sug-
gests acute ureteral obstruction, most commonly from renal 
stone disease. Prostatic disease should be suspected in older 
men with a history of nocturia, urinary frequency, urgency, 
or hesitancy and an enlarged prostate on rectal examina-
tion. Urinary retention may be exacerbated acutely in such 
patients by medications with anticholinergic properties, 
such as antihistamine agents and antidepressants. Rectal or 
pelvic examination may reveal obstructing tumors in female 
patients. Neurogenic bladder is a likely diagnosis in patients 
with spinal cord injury or autonomic insufficiency and 
should be suspected in patients with long-standing diabetes 
mellitus. Bladder distension may be evident on abdominal 
percussion and palpation in patients with bladder neck or 
urethral obstruction. Definitive diagnosis of postrenal AKI 
usually relies on examination of the postvoid bladder 
volume and radiographic evaluation of the upper urinary 
tract and is confirmed by improvement in kidney function 
following relief of the obstruction.

URINE ASSESSMENT

Urine volume is a relatively unhelpful parameter in differ-
entiating the various forms and causes of AKI. Anuria can 
be seen with complete urinary tract obstruction but can also 
be seen with severe prerenal or intrinsic renal disease (e.g., 
renal artery occlusion, severe proliferative glomerulone-
phritis or vasculitis, bilateral cortical necrosis). Wide fluc-
tuation in urine output may be suggestive of intermittent 
obstruction. Patients with partial urinary tract obstruction 
may present with polyuria caused by secondary impairment 
of urinary concentrating mechanisms.

Assessment of the urine is essential in patients with AKI 
and is an inexpensive and useful diagnostic tool.301-303 
Measured urine specific gravity above 1.015 to 1.020 often 
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He molysis and rhabdomyolysis may often be differentiated by 
inspection of plasma, which is characteristically pink in he-
molysis, but clear in rhabdomyolysis.

Analysis of urine biochemical parameters may be helpful 
in differentiating between prerenal and intrinsic ischemic 
or nephrotoxic AKI. Sodium is usually avidly reabsorbed 
from the glomerular filtrate in patients with prerenal AKI 
as a consequence of renal adrenergic activation, stimulation 
of the RAAS, suppression of atrial natriuretic peptide (ANP) 
secretion, and local changes in peritubular hemodynamics. 
In contrast, Na+ reabsorption is impaired in ATN as a result 
of injury to the renal tubular epithelium. Renal sodium 
handling can be assessed based on the urinary sodium con-
centration (UNa) with values of less than 10 mmol/L com-
monly seen in prerenal disease compared to greater than 
20 mmol/L in ATN (Table 31.10). Normalizing sodium 
excretion to creatinine provides a more sensitive index. The 
FENa is the ratio between urinary sodium excretion (UNa × 
V, where UNa is the urinary sodium concentration and V is 
the urine volume) and the filtered load of sodium (calcu-
lated as PNa × CrCl, where PNa is the plasma sodium concen-
tration and CrCl is the creatinine clearance, which can be 
calculated as [(UCr × V)/PCr], where V is the urine volume 
and UCr and PCr are the urine and plasma creatinine con-
centrations, respectively). Since urine volume is in both the 
numerator and denominator of this ratio, the FENa can be 
calculated as [(UNa ÷ PNa)/(UCr ÷ PCr)] × 100 using an 
untimed (spot) urine sample and simultaneous serum cre-
atinine determination. The FENa is usually less than 1% 
(frequently <0.5%) in the setting of prerenal azotemia, 
whereas it is typically greater than 2% in patients with isch-
emic or nephrotoxic AKI. The utility of the FENa is limited 
in a variety of clinical settings. Values greater than 1% are 
not uncommon in the setting of prerenal AKI in patients 
receiving diuretics, those with metabolic alkalosis and bicar-
bonaturia (in whom Na+ is excreted with HCO3

− to maintain 
electroneutrality), in the presence of adrenal insufficiency, 
and in the setting of underlying CKD.315-317 Conversely, a 
FENa of less than 1% may be observed in the setting of ATN, 
particularly in the settings of radiocontrast media adminis-
tration and rhabdomyolysis, although it has been reported 
in approximately 15% of patients with ATN from a variety 
of other causes, including ischemia, burns, and sepsis.315,318,319 
It has been postulated that this reflects a milder degree of 
intrinsic renal injury in which epithelial cell damage is prob-
ably localized to the corticomedullary junction and outer 
medulla with relative preservation of function in other Na+-
transporting segments and may represent a transition state 
between prerenal azotemia and ATN. It should be recog-
nized that a FENa of less than 1% is not abnormal and 
reflects normal sodium homeostasis in patients on a moder-
ate- to low-sodium diet. The FENa is also often less than 1% 
in AKI caused by urinary tract obstruction, glomerulone-
phritis, and diseases of the renal vasculature; other param-
eters must be employed to distinguish these conditions from 
prerenal AKI.

A variety of other indices have also been proposed to dif-
ferentiate between causes of AKI. The renal failure index, 
calculated as UNa/(UCr ÷ PCr), provides comparable informa-
tion to the FENa because clinical variations in serum Na+ 
concentration are relatively small. The fractional excretion 
of urea (FEurea) has been proposed as an alternative to the 

Table 31.9  Urine Sediment in the Differential 
Diagnosis of Acute Kidney Injury

Normal or Few Red Blood Cells or White Blood Cells

Prerenal azotemia
Arterial thrombosis or embolism
Preglomerular vasculitis
HUS/TTP
Scleroderma crisis
Postrenal AKI

Granular Casts

Acute tubular necrosis
Glomerulonephritis or vasculitis
Interstitial nephritis

Red Blood Cell Casts

Glomerulonephritis or vasculitis
Malignant hypertension
Rarely interstitial nephritis

White Blood Cell Casts

Acute interstitial nephritis or exudative glomerulonephritis
Severe pyelonephritis
Marked leukemic or lymphomatous infiltration

Eosinophiluria (>5%)

Allergic interstitial nephritis (antibiotics ≫ NSAIDs)
Atheroembolism

Crystalluria

Acute urate nephropathy
Calcium oxalate (ethylene glycol intoxication)
Acyclovir
Indinavir
Sulfonamides
Methotrexate

HUS, Hemolytic uremic syndrome; NSAID, nonsteroidal 
antiinflammatory drug; TTP, thrombotic thrombocytopenic 
purpura.

nephropathy if seen in abundance. Oxalate crystalluria 
(either needle- or dumbbell-shaped monohydrate crystals 
or envelope-shaped dihydrate crystals) may suggest a diag-
nosis of ethylene glycol toxicity.310

Increased urinary protein excretion, characteristically less 
than 1 g/day, is a common finding in ischemic or nephrotoxic 
ATN and reflects failure of both injured proximal tubular 
cells to reabsorb normally filtered protein and excretion of 
cellular debris (tubular proteinuria). Proteinuria greater 
than 1 g/day suggests injury to the glomerular ultrafiltration 
barrier (glomerular proteinuria) or excretion of light 
chains.100,311 The latter are not detected by conventional dip-
sticks (which detect albumin) and must be sought by other 
means (e.g., sulfosalicylic acid test). Heavy proteinuria is also 
a frequent finding (80%) in patients with allergic interstitial 
nephritis triggered by NSAIDs. In addition to acute interstitial 
inflammation, these patients have a glomerular lesion that  
is almost identical to minimal change disease.312 A similar 
syndrome has been reported in patients receiving other 
agents such as ampicillin, rifampin, and interferon alfa.313,314 
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physiology. In addition, aggressive volume resuscitation may 
rapidly expand the volume of distribution of urea and cre-
atinine and may also obscure the acute rise in serum creati-
nine level. Sepsis and other forms of critical illness have also 
been associated with decreased creatinine generation.323,324 
The serum creatinine concentration typically begins to rise 
within 24 to 48 hours when ATN results from an ischemic 
insult. Although the clinical course can be highly variable, 
the serum creatinine concentration will generally peak 
within 7 to 10 days, and, depending on the severity of the 
insult and underlying comorbid illnesses, the AKI will 
resolve to varying degrees over the ensuing 1 to 2 weeks. 
Following iodinated contrast exposure, the peak in serum 
creatinine concentration generally occurs within 5 to 7 days. 
The time course of nephrotoxic ATN caused by aminogly-
coside antibiotics or cisplatin is more variable, often with 
delayed onset of AKI (7 to 10 days).

Additional clues to the diagnosis can be obtained from 
biochemical and hematologic tests. The presence of marked 
hyperkalemia, hyperuricemia, and hyperphosphatemia 
point to cell lysis, which in the setting of elevated creatine 
kinase levels and hypocalcemia strongly suggests rhabdomy-
olysis.325,326 Biochemical signs of cell lysis with very high 
levels of uric acid, normal or mildly elevated creatine kinase 
levels, and a urine uric acid/creatinine ratio greater than 
1.0 are suggestive of acute urate nephropathy and tumor 
lysis syndrome.327,328 Severe hypercalcemia can precipitate 
AKI, commonly in the form of prerenal AKI from concomi-
tant hypovolemia and renal vasoconstriction. AKI associated 
with widening of both the serum anion (Na+ − [HCO3

− + 
Cl−]) and osmolal (measured serum osmolality minus calcu-
lated osmolality) gaps suggests a diagnosis of ethylene glycol 
toxicity and should prompt a search for urine oxalate crys-
tals. Severe anemia in the absence of hemorrhage may 
reflect the presence of hemolysis, multiple myeloma, or 
thrombotic microangiopathy (e.g., HUS, TTP, toxemia, dis-
seminated intravascular coagulation, accelerated hyperten-
sion, systemic lupus erythematosus, scleroderma, radiation 
injury). Other laboratory findings suggestive of thrombotic 
microangiopathy include thrombocytopenia, dysmorphic 
RBCs on peripheral blood smear, a low circulating hapto-
globin level, and elevated circulating levels of lactate dehy-
drogenase. Systemic eosinophilia suggests allergic interstitial 
nephritis but may also be a prominent feature in other 
diseases such as atheroembolic disease and polyarteritis 
nodosa, particularly eosinophilic granulomatosis with poly-
angiitis (formerly designated Churg-Strauss vasculitis). 
Depressed complement levels and high titers of anti–
glomerular basement membrane antibodies, antineutrophil 
cytoplasmic antibodies, antinuclear antibodies, circulating 
immune complexes, or cryoglobulins are useful diagnostic 
tools in patients with suspected glomerulonephritis or vas-
culitis (see Table 31.8).

NOVEL BIOMARKERS OF KIDNEY INJURY

A number of novel biomarkers of kidney injury have been 
evaluated for potential roles in the early identification, dif-
ferential diagnosis, and prognosis of AKI, including serum 
cystatin C, NGAL, KIM-1, IL-18, L-FABP, TIMP-2, and IGFBP-
7, among others.17-24 While none of these biomarkers has 
been adequately validated for routine clinical use, they have 

FENa, with particular utility in patients on diuretic therapy. 
Values of FEurea calculated as ([Uurea ÷ Purea]/[UCr ÷ PCr] × 
100) of less than 35% are suggestive of a prerenal state.320-322 
Similarly, indices of urinary concentrating ability such as 
urine specific gravity, urine osmolality, urine/plasma creati-
nine or urea ratios, and serum urea nitrogen/creatinine 
ratio are of limited value in differentiating between prerenal 
and intrinsic AKI. This is particularly true for older patients, 
in whom urinary concentrating mechanisms are frequently 
impaired while mechanisms for Na+ reabsorption are typi-
cally preserved.

LABORATORY EVALUATION

The pattern and timing of change of BUN and serum cre-
atinine levels often provide clues to the cause of AKI. 
Enhanced tubular reabsorption of filtered urea in parallel 
with sodium and water reabsorption in prerenal states com-
monly leads to a disproportionate elevation in BUN level 
relative to serum creatinine level (ratio > 20 : 1). Conversely, 
with intrinsic AKI the increase in BUN level usually parallels 
the rise in serum creatinine level, maintaining a ratio of 
approximately 10 : 1 (see Table 31.10). However, severe mal-
nutrition and low dietary protein intake blunt the rise in 
BUN and creatinine levels, while gastrointestinal bleeding, 
steroid therapy, and hypercatabolic states may lead to 
increases in the BUN level that do not reflect prerenal 

Table 31.10  Urine Indices Used in the 
Differential Diagnosis of Prerenal 
Acute Kidney Injury and Acute 
Tubular Necrosis

Diagnostic Index
Prerenal Acute 
Kidney Injury

Acute Tubular 
Necrosis

Fractional excretion of 
sodium (%)

<1* >2*

UNa (mmol/L) <20 >40
Urine creatinine/

plasma creatinine 
ratio

>40 <20

Urine urea nitrogen/
plasma urea nitrogen 
ratio

>8 <3

Urine specific gravity >1.018 ≈1.010
Urine osmolality 

(mOsm/kg H2O)
>500 ≈300

Plasma BUN/creatinine 
ratio

>20 <10-15

Renal failure index, 
UNa/(UCr/PCr)

<1 >1

Urine sediment Hyaline casts Muddy-brown 
granular 
casts

*Fractional excretion of sodium (FENa) may be >1% in prerenal 
acute kidney injury associated with diuretic use and/or in the 
setting of bicarbonaturia or chronic kidney disease; FENa often 
<1% in acute tubular necrosis caused by radiocontrast media 
or rhabdomyolysis.

BUN, Blood urea nitrogen; PCr, plasma creatinine concentration; 
UCr, urine creatinine concentration; UNa, urinary sodium 
concentration.
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TISSUE INHIBITOR OF METALLOPROTEINASE 2 AND 
INSULIN-LIKE GROWTH FACTOR–BINDING PROTEIN-7
TIMP-2 and IGFBP-7 are expressed in epithelial cells and 
act in an autocrine and paracrine manner to arrest cell  
cycle in AKI.363-365 In three discovery cohorts comprising 
522 patients, these two biomarkers were identified as having 
the highest discriminant ability among 340 candidate  
biomarkers of AKI.22 In a subsequent validation study of 
728 patients, this pair of biomarkers had an AUC of 0.80, 
which was significantly better than the performance of 
other candidate biomarkers, including NGAL, KIM-1, IL-18, 
and L-FABP.22

RADIOLOGIC EVALUATION

Imaging of the abdomen is a highly useful adjunct to labora-
tory testing to determine the cause of AKI. In cases of sus-
pected obstructive uropathy, postvoid residual volumes of 
greater than 100 to 150 mL suggest a diagnosis of bladder 
outlet obstruction. While plain films rarely provide defini-
tive evidence of postrenal AKI, they may identify the pres-
ence of calcium-containing stones that can cause obstructive 
disease. Renal ultrasonography is the screening test of 
choice to assess cortical thickness, differences in cortical 
and medullary density, the integrity of the collecting system, 
and kidney size. Although pelvicalyceal dilation is usual in 
cases of urinary tract obstruction (98% sensitivity), dilation 
may not be observed in the volume-depleted patient during 
the initial 1 to 3 days after obstruction, when the collecting 
system is relatively noncompliant, or in patients with obstruc-
tion caused by ureteric encasement or infiltration (e.g., ret-
roperitoneal fibrosis, neoplasia).366 Alternatively, computed 
tomography may be used to visualize the kidneys and  
collecting system, although radiocontrast media administra-
tion should ideally be avoided in patients with AKI. Visual-
ization of the collecting system may be suboptimal in the 
absence of contrast media enhancement; however, unen-
hanced computed tomographic scans are useful for the 
identification of obstructing ureteral stones.367,368 Ultraso-
nography and computed tomography have essentially 
replaced the use of intravenous pyelography, which now has 
little or no role in the evaluation of AKI. Cystoscopic retro-
grade or percutaneous antegrade pyelography are useful 
tests for the precise localization of the site of obstruction 
and can be combined with placement of ureteral stents or 
percutaneous nephrostomy tubes to allow therapeutic 
decompression of the urinary tract. Radionuclide scans  
have been proposed as useful for assessing renal blood  
flow, glomerular filtration, tubule function, and infiltration 
by inflammatory cells in AKI; however, these tests lack speci-
ficity and yield conflicting or poor results in controlled 
studies.369,370 Magnetic resonance angiography (MRA) of 
the kidneys is extremely useful for detecting renal  
artery stenosis and has been used in the evaluation of  
acute renovascular crises.371 However, given the association 
of gadolinium-based contrast media administration with  
the development of nephrogenic systemic fibrosis, contrast 
media–enhanced MRA is contraindicated in the majority  
of patients with AKI.372,373 Doppler ultrasonography and 
spiral computed tomography are also useful in patients  
with suspected vascular obstruction; however, contrast 

the potential to provide an earlier diagnosis of intrinsic AKI, 
to differentiate volume-responsive (prerenal) AKI from 
intrinsic disease, and to provide prognostic information 
regarding the clinical course of an episode of AKI.

CYSTATIN C
Cystatin C is a 13-kDa protein that is filtered by the glom-
erulus and completely reabsorbed and degraded by the 
proximal tubule. Cystatin C has been validated as an alterna-
tive marker of glomerular filtration.329,330 As the result of 
its shorter serum half-life, serum cystatin C concentrations 
change more rapidly than serum creatinine concentrations 
in response to changes in kidney function, allowing  
changes in serum cystatin C concentration to be detected 
sooner than changes in serum creatinine concentration  
following the onset of AKI.331 Under normal circumstances, 
urinary cystatin C is virtually undetectable; however,  
following tubular injury, tubular reabsorption of filtered 
cystatin is diminished and urinary cystatin C can be detected, 
raising the possibility of its use as an early marker of tubular 
injury.332

NEUTROPHIL GELATINASE–ASSOCIATED LIPOCALIN
NGAL is a 25-kDa protein whose expression by renal tubular 
epithelial cells is markedly upregulated following ischemic 
or nephrotoxic kidney injury.333,334 NGAL is believed to 
enhance the trafficking of iron-siderophore complexes, 
enhancing the delivery of iron, upregulating HO-1, reduc-
ing apoptosis, and increasing the normal proliferation of 
renal tubule epithelial cells.335 Urine and plasma NGAL 
have been evaluated in numerous clinical settings as an early 
biomarker of tubular injury.336-346 Initial studies in children 
undergoing cardiac surgery demonstrated extremely high 
sensitivity and specificity for identification of AKI, with an 
area under the concentration-time curve (AUC) of greater 
than 0.99; however, these early results have not been repro-
duced across other clinical settings.

KIDNEY INJURY MOLECULE-1
KIM-1 is a transmembrane protein whose expression is 
markedly upregulated in the proximal tubule following 
tubular injury.347-350 The extracellular component of the 
KIM-1 protein is shed into the urine following tubular 
injury, permitting its potential use as a marker of tubular 
damage; however, the time course of peak KIM-1 expression 
in the urine is later than seen with NGAL.343,351-353

INTERLEUKIN-18
IL-18 is a proinflammatory cytokine whose expression is 
increased in the kidney following ischemic and nephrotoxic 
injury.354 Urinary IL-18 levels have been shown to rise within 
6 hours following tubular injury following cardiac surgery 
and in critically ill patients.345,346,355,356

LIVER-TYPE FATTY ACID–BINDING PROTEIN
Despite its name, L-FABP is expressed in the proximal 
tubule.357,358 Elevated L-FABP levels may be detected in 
the urine within 6 hours of ischemic or nephrotoxic  
injury, permitting its potential use as a marker of tubular 
injury.353,359-361 In a meta-analysis of published studies, the 
sensitivity and specificity of urinary L-FABP for diagnosis of 
AKI were each approximately 75%.362
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The tumor lysis syndrome, which is associated with hyper-
uricemia, hyperphosphatemia, and hypocalcemia, is a well 
recognized cause of AKI in patients with cancers.387,388 
Tumor lysis syndrome occurs most commonly following the 
initiation of chemotherapy for patients with poorly differen-
tiated, rapidly growing lymphoproliferative malignancies 
(e.g., Burkitt’s lymphoma or acute lymphoblastic or promy-
elocytic leukemia), yet it can occur spontaneously and in 
the setting of certain solid tumors that are highly sensitive 
to radiation and/or chemotherapy (e.g., testicular carci-
noma). The Cairo-Bishop criteria, which include both labo-
ratory and clinical criteria, have been utilized to provide a 
standard definition for the diagnosis of tumor lysis syn-
drome (Table 31.12).388 AKI associated with the tumor lysis 
syndrome is triggered by direct tubular injury and  
luminal obstruction by uric acid and calcium phosphate 
crystals. Prophylactic therapy with aggressive volume admin-
istration and either xanthine oxidase inhibitors to inhibit 
uric acid synthesis or recombinant uricase to convert  
uric acid to allantoin has markedly reduced the incidence 
of this form of AKI.389-392 Less common causes of AKI 
include tumor-associated glomerulonephritis and throm-
botic microangiopathy induced by medications or irradia-
tion. Chemotherapy-associated thrombotic microangiopathy 
is a well-recognized complication of several agents, includ-
ing mitomycin C and gemcitabine.393-395

AKI is a common complication of multiple myeloma.311,396 
Causes of AKI in this setting include intravascular volume 
depletion, myeloma cast nephropathy, sepsis, hypercalce-
mia, ATN induced by drugs or tumor lysis during therapy, 
cryoglobulinemia, hyperviscosity syndrome, and plasma cell 
infiltration. Multiple myeloma may also result in impaired 
kidney function as the result of amyloidosis or light-chain 
deposition disease; however, these most commonly present 
with proteinuria and a more subacute decline in kidney 
function. Myeloma cast nephropathy results from the 
binding of filtered immunoglobulin Bence Jones proteins 
to Tamm-Horsfall glycoprotein forming casts that obstruct 
the tubular lumen. Higher excretion rates of free light 
chains, volume depletion, and hypercalcemia are associated 
with higher risks for development of myeloma cast nephrop-
athy. Prompt treatment to lower free light-chain burden may 
result in recovery of kidney function. Studies of the effec-
tiveness of plasmapheresis in the treatment of myeloma cast 
nephropathy have yielded conflicting results.397-400 The use 
of dialysis membranes that are permeable to light chains 
and other proteins with molecular weights lower than 
albumin (high-cutoff membranes) has also been proposed 
as a potential therapeutic strategy; however, data from rigor-
ously conducted trials evaluating the efficacy of this strategy 
are not available.105,401

ACUTE KIDNEY INJURY IN PREGNANCY

In the industrialized world the incidence of dialysis-requiring 
AKI in the setting of pregnancy is approximately 1 in 20,000 
births.402,403 The marked decline in this complication over the 
past 50 years is a result of improved prenatal care and 
advancements in obstetrics practice. In early pregnancy, ATN 
induced by nephrotoxic abortifacients remains a relatively 
common cause of AKI in developing countries but is rare  
in the developed world. Ischemic ATN, severe toxemia of 

media angiography remains the gold standard for definitive 
diagnosis.

KIDNEY BIOPSY

Kidney biopsy in AKI is usually reserved for patients in 
whom prerenal and postrenal AKI have been excluded and 
the cause of intrinsic AKI is unclear.374 Kidney biopsy is 
particularly useful when clinical assessment, urinalysis, and 
laboratory investigation suggest diagnoses other than isch-
emic or nephrotoxic injury that may respond to specific 
therapy. Examples include anti–glomerular basement mem-
brane disease and other forms of necrotizing glomerulone-
phritis, vasculitis, HUS and TTP, allergic interstitial nephritis, 
and myeloma cast nephropathy.

DIFFERENTIAL DIAGNOSIS OF  
ACUTE KIDNEY INJURY IN SPECIFIC 
CLINICAL SETTINGS

The differential diagnosis of AKI in several common clinical 
settings warrants special mention (Table 31.11).

ACUTE KIDNEY INJURY IN THE SETTING  
OF CANCER

There are several potential causes of AKI in the patient with 
cancer. Prerenal AKI is common in the setting of underlying 
malignancy and may be related to tumor- or chemotherapy-
induced vomiting or diarrhea, reduced oral intake second-
ary to anorexia, the use of NSAIDs for pain management, 
and malignancy-associated hypercalcemia.375,376 Intrinsic 
AKI can be triggered by a variety of chemotherapeutic 
agents. Cisplatin is the classical chemotherapeutic medica-
tion associated with AKI.377,378 The principal site of renal 
damage with cisplatin is the proximal tubule. The nephro-
toxicity of cisplatin is dose dependent, yet AKI can result 
from a single exposure. Electrolyte disturbances, including 
hypomagnesemia and hypokalemia, are common following 
cisplatin administration. Other platinum-containing che-
motherapy agents, such as carboplatin and oxaliplatin are 
less nephrotoxic than cisplatin but are not risk-free, particu-
larly when high cumulative doses are administered. Ifos-
famide, which has been used to treat germ cell tumors, 
sarcomas, other solid tumors, and occasionally lymphoma, 
is also associated with AKI in a dose-dependent fashion.379-381 
Methotrexate nephrotoxicity occurs following intravenous 
administration of high doses (>1 g/m2), primarily as the 
result of precipitation of the drug and metabolites within 
the tubular lumen.382-384 Risk factors for methotrexate neph-
rotoxicity include volume depletion and the presence of 
acidic urine. Direct tubular toxicity may also contribute to 
the development of AKI.

Renal parenchymal invasion by solid and hematologic 
cancers is reported in 5% to 10% of autopsy studies but is 
an uncommon cause of AKI.385,386 Infiltration of leukemic 
cells into the renal parenchyma can precipitate AKI and 
typically presents with hematuria, proteinuria, and enlarged 
kidneys on ultrasonographic imaging. Prompt diagnosis is 
important as the AKI may respond to chemotherapeutic 
intervention.
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Table 31.11  Major Causes of Acute Kidney Injury in Specific Clinical Settings

AKI in the Cancer Patient

Prerenal azotemia
Hypovolemia (e.g., poor intake, vomiting, diarrhea)

Intrinsic AKI
Exogenous nephrotoxins: chemotherapy, antibiotics, contrast 

media
Endogenous toxins: hyperuricemia, hypercalcemia, tumor lysis, 

paraproteins
Other: radiation, HUS/TTP, glomerulonephritis, amyloid, 

malignant infiltration
Postrenal AKI

Ureteric or bladder neck obstruction

AKI after Cardiac Surgery

Prerenal azotemia
Hypovolemia (surgical losses, diuretics), cardiac failure, 

vasodilators
Intrinsic AKI

Ischemic ATN (even in absence of hypotension)
Atheroembolic disease after aortic manipulation/intraaortic 

balloon pump
Preoperative or perioperative administration of contrast medium
Allergic interstitial nephritis induced by perioperative antibiotics

Postrenal AKI
Obstructed urinary catheter, exacerbation of voiding 

dysfunction

AKI in Pregnancy

Prerenal azotemia
Acute fatty liver of pregnancy with fulminant hepatic failure

Intrinsic AKI
Preeclampsia or eclampsia
Postpartum HUS/TTP
HELLP syndrome
Ischemia: postpartum hemorrhage, abruptio placentae, 

amniotic fluid embolus
Direct toxicity of illegal abortifacients

Postrenal AKI
Obstruction with pyelonephritis

AKI after Solid Organ or Bone Marrow Transplantation

Prerenal azotemia
Intravascular volume depletion (e.g., diuretic therapy)
Vasoactive drugs (e.g., calcineurin inhibitors, amphotericin B)
Hepatorenal syndrome, venoocclusive disease of liver (BMT)

Intrinsic AKI
Postoperative ischemic ATN (even in absence of hypotension)
Sepsis
Exogenous nephrotoxins: aminoglycosides, amphotericin B, 

radiocontrast media
HUS/TTP (e.g., cyclosporine or myeloablative radiotherapy 

related)
Allergic tubulointerstitial nephritis

Postrenal AKI
Obstructed urinary catheter

AKI and Pulmonary Disease (Pulmonary Renal Syndrome)

Prerenal azotemia
Diminished cardiac output complicating pulmonary embolism, 

severe pulmonary hypertension, or positive-pressure 
mechanical ventilation

Intrinsic AKI
Vasculitis

Goodpasture’s syndrome, ANCA-associated vasculitis, SLE, 
eosinophilic granulomatosis with polyangiitis, polyarteritis 
nodosa, cryoglobulinemia, right-sided endocarditis, 
lymphomatoid granulomatosis, sarcoidosis, scleroderma

Toxins
Ingestion of paraquat or diquat

Infections
Legionnaires’ disease, Mycoplasma infection, tuberculosis, 

disseminated viral or fungal infection
AKI from any cause with hypervolemia and pulmonary edema
Lung cancer with hypercalcemia, tumor lysis, or 

glomerulonephritis

AKI and Liver Disease

Prerenal azotemia
Reduced true (GI hemorrhage, GI losses from lactulose, 

diuretics, large-volume paracentesis) circulatory volume or 
effective (hypoalbuminemia, splanchnic vasodilation)

Hepatorenal syndrome type 1 or 2
Tense ascites with abdominal compartment syndrome

Intrinsic AKI
Ischemic (severe hypoperfusion—see earlier) or direct 

nephrotoxicity and hepatotoxicity of drugs or toxins (e.g., 
carbon tetrachloride, acetaminophen, tetracyclines, 
methoxyflurane)

Tubulointerstitial nephritis plus hepatitis caused by drugs (e.g., 
sulfonamides, rifampin, phenytoin, allopurinol, phenindione), 
infections (leptospirosis, brucellosis, Epstein-Barr virus 
infection, cytomegalovirus infection), malignant infiltration 
(leukemia, lymphoma), or sarcoidosis

Glomerulonephritis or vasculitis (e.g., polyarteritis nodosa, 
ANCA-associated glomerulonephritis, cryoglobulinemia, SLE, 
postinfectious hepatitis or liver abscess

AKI and Nephrotic Syndrome

Prerenal azotemia
Intravascular volume depletion (diuretic therapy, 

hypoalbuminemia)
Intrinsic AKI

Manifestation of primary glomerular disease
Collapsing glomerulopathy (e.g., HIV, pamidronate)
Associated ATN (older hypertensive males)
Associated interstitial nephritis (NSAIDs, rifampin, interferon 

alfa)
Other—amyloid or light-chain deposition disease, renal vein 

thrombosis, severe interstitial edema

AKI, Acute kidney injury; ANCA, antineutrophil cytoplasmic antibody; ATN, acute tubular necrosis; BMT, bone marrow transplantation; GI, 
gastrointestinal; HELLP, hemolysis, elevated liver enzymes, low platelets; HIV, human immunodeficiency virus; HUS, hemolytic uremic 
syndrome; NSAID, nonsteroidal antiinflammatory drug; SLE, systemic lupus erythematosus; TTP, thrombotic thrombocytopenic purpura.
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flank pain), findings on urinalysis (bacteria, leukocytes), 
and laboratory test results (leukocytosis, elevated serum cre-
atinine level).404,407,410,411 The diagnosis of postrenal AKI in 
the pregnant patient is particularly challenging due to the 
physiologic dilation of the collecting system that normally 
occurs in the second and third trimesters. As a result, deter-
mining the presence of abnormal findings on renal ultraso-
nography is more difficult.

ACUTE KIDNEY INJURY FOLLOWING  
CARDIAC SURGERY

An acute deterioration in renal function is a common com-
plication following cardiac surgery with an incidence of 7.7% 
to 42% depending on the criteria used to define AKI.412-416 
AKI requiring dialytic support occurs in up to 5% of patients 
following cardiac surgery.412-416 AKI in the perioperative 
period is most commonly attributed to prerenal azotemia 
associated with decreased cardiac function or to ATN. Risk 
factors for cardiac surgery–associated AKI can be broadly 
categorized into presurgical patient-related factors, surgical 
factors, and postoperative events. The principal patient-
related risk factors include underlying CKD, advanced  
age, left ventricular dysfunction, previous myocardial revas-
cularization, diabetes mellitus, and peripheral vascular 
disease.415-418 Operative factors include the need for emer-
gent surgery, prolonged time on cardiopulmonary bypass, 
insertion of intraaortic balloon pump, the performance of 
concomitant valvular surgery, and redo coronary artery 
bypass graft (CABG). Several studies have compared the 
incidence of AKI following on-pump versus off-pump CABG, 
with some data suggesting that off-pump CABG is associated 
with a lower incidence of AKI.419-423 Postoperative factors 
associated with an increased risk for AKI include reduced 
cardiac output, bleeding, vasodilatory shock, and the over-
zealous use of diuretics and afterload-reducing agents.

Additional potential causes of AKI following CABG  
include the administration of iodinated contrast media in 
the preoperative, perioperative and/or postoperative period, 
antibiotic-associated AIN, and atheroembolic disease.58 
Whereas prerenal azotemia and ATN typically occur within 
days of the surgical procedure, atheroembolic AKI may take 
longer to develop and can be distinguished by the character-
istic clinical features of livedo reticularis, cyanosis, and gan-
grenous digital lesions, as well as the findings of eosinophilia, 
eosinophiluria, and hypocomplementemia.

ACUTE KIDNEY INJURY AFTER SOLID ORGAN OR 
BONE MARROW TRANSPLANTATION

Nonrenal solid organ transplant recipients have a particu-
larly high risk for AKI from cardiopulmonary and hepatic 
failure, sepsis, and the nephrotoxic effects of antimicrobial 
and immunosuppressive agents. In a large retrospective 
multicenter study, 25% of all nonrenal solid organ trans-
plant recipients developed AKI, with 8% requiring RRT.424 
The development of AKI requiring dialysis was associated 
with a 9- to 12-fold increase in mortality. AKI developed  
in 35% of heart transplant recipients and 15% of lung  
transplant recipients. As many as 30% of liver transplant 
recipients develop AKI, many of whom had CKD before 
transplantation.425,426 There are conflicting data as to 

pregnancy, and postpartum HUS and TTP are the most 
common causes of AKI in late term pregnancy.402,404,405 Isch-
emic ATN is usually precipitated by placental abruption or 
postpartum hemorrhage, and less commonly by amniotic 
fluid embolism or sepsis. Glomerular filtration is usually 
normal in mild or moderate preeclampsia; however, AKI may 
complicate severe preeclampsia.405,406 In this setting, AKI is 
typically transient and found in association with intrarenal 
vasospasm, marked hypertension, and neurologic abnormal-
ities. A variant of preeclampsia, the HELLP syndrome 
(Hemolysis, Elevated Liver enzymes, Low Platelets), is charac-
terized by a benign initial course that can rapidly deteriorate 
with the development of thrombotic microangiopathy with 
hemolysis, coagulation abnormalities, derangement in 
hepatic function, and AKI.406-408 Immediate delivery of the 
fetus is indicated in this setting. Thrombotic microangiopa-
thy can also develop in the postpartum setting and typically 
occurs in patients who have had a normal pregnancy.409 Post-
partum thrombotic microangiopathy is characterized by 
thrombocytopenia, microangiopathic anemia, and normal 
prothrombin and partial thromboplastin times and fre-
quently results in long-term impairment of renal function.

Acute fatty liver of pregnancy occurs in approximately 1 
in 7000 pregnancies and is associated with AKI, likely as a 
result of intrarenal vasoconstriction, as occurs in HRS. 
Although the exact origin of acute fatty liver of pregnancy 
is unknown, the incidence is increased in women who carry 
a fetus with a defect in fatty acid oxidation and who are 
themselves carriers of a genetic mutation that compromises 
intramitochondrial fatty acid oxidation.408 Acute bilateral 
pyelonephritis may also precipitate AKI in pregnancy and 
should be obvious from the patient’s presentation (fever, 

Table 31.12  Cairo-Bishop Definition of Tumor 
Lysis Syndrome

Diagnosis of Laboratory Tumor Lysis Syndrome

Requires at least two of the following criteria achieved in the 
same 24-hr interval from 3 days before to 7 days after 
chemotherapy initiation:

• Uric acid level: ≥ 8.0 mg/dL or ≥ 25% increase from 
baseline

• Potassium level: ≥ 6.0 mmol/L or ≥ 25% increase from 
baseline

• Phosphorus level: ≥ 4.6 mg/dL (≥6.5 mg/dL in children) or 
≥ 25% increase from baseline

• Calcium level: ≤ 7.0 mg/dL or ≥ 25% decrease from 
baseline

Diagnosis of Clinical Tumor Lysis Syndrome

Laboratory tumor lysis syndrome plus at least one of the 
following:

• Serum creatinine level ≥ 1.5 times the age-adjusted upper 
limit of normal

• Cardiac arrhythmia/sudden death
• Seizure

Adapted from Cairo MS, Bishop M: Tumour lysis syndrome: 
new therapeutic strategies and classification. Br J Haematol 
127:3-11, 2004.
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serum complement concentrations can be helpful in dif-
ferentiating among the various causes of pulmonary renal 
syndrome, although the urgent need for definitive diagnosis 
and treatment may mandate lung or kidney biopsy. Several 
toxic ingestions and infections may also precipitate simulta-
neous pulmonary and kidney injury that mimics vasculitis-
associated pulmonary renal syndrome. Furthermore, AKI of 
any cause may be complicated by secondary hypervolemia 
and pulmonary edema. Severe lung disease and ventilator 
support with increased intrathoracic pressure may compro-
mise cardiac output and induce prerenal AKI.

ACUTE KIDNEY INJURY ASSOCIATED WITH  
LIVER DISEASE

The differential diagnosis of AKI in patients with liver 
disease is broad. Common causes of AKI in this setting 
include intravascular volume depletion, gastrointestinal 
bleeding, sepsis, and nephrotoxins. Most cases of AKI in 
advanced liver disease are due to prerenal azotemia, ATN, 
or HRS, and differentiating these conditions can be clini-
cally challenging.53,55,448 Although a UNa of less than 
20 mmol/L and FENa of less than 1% are typical of prerenal 
AKI and HRS, high-dose diuretics, which are commonly 
prescribed in patients with advanced liver disease, may  
lead to higher sodium excretion rates. Differentiating  
ATN from other forms of AKI is further confounded by  
he fact that bile-stained casts, which can be seen in prerenal 
AKI and HRS, have a similar appearance to the classical 
“muddy-brown” granular casts of ATN.449 Kidney disease 
in patients with liver disease may also result from acute 
glomerular disease, including immunoglobulin A nephrop-
athy, hepatitis B virus–associated membranous nephropa-
thy, and hepatitis C virus–associated membranoproliferative 
glomerulonephritis with cryoglobulinemia. Acetaminophen 
toxicity may cause nephrotoxic ATN in addition to being 
one of the most common causes of acute hepatotoxicity.

The term hepatorenal syndrome (HRS) is typically 
reserved for a clinical syndrome marked by irreversible AKI 
that develops in patients with advanced cirrhosis, although 
it has been described in the setting of fulminant viral and 
alcoholic hepatitis. HRS almost certainly represents the ter-
minal stage of a state of hypoperfusion that begins early in 
the course of chronic liver disease. The precise pathophysi-
ologic mechanisms underlying the hemodynamic altera-
tions in HRS are incompletely understood. In the early 
stages of HRS, increased vascular capacitance as the result 
of splanchnic and systemic vasodilation is thought to trigger 
activation of the RAAS and sympathetic nervous system.55 
Renal perfusion is preserved in this stage by the local release 
of renal vasodilatory factors; however, these compensatory 
mechanisms are eventually overwhelmed, and progressive 
renal hypoperfusion ensues. An inadequate increase in 
cardiac output relative to the fall in vascular resistance is 
thought to also contribute to the development of HRS.

Clinically, the presentation of HRS closely resembles that 
of prerenal AKI. However, unlike prerenal AKI, HRS does 
not improve with aggressive expansion of the intravascular 
space. Criteria for the diagnosis of HRS (Table 31.13) 
include an increase in serum creatinine concentration 
above 1.5 mg/dL in the setting of cirrhosis with ascites; 
failure of kidney function to improve after at least 2 days 

whether impaired kidney function before transplantation 
predicts outcomes in patients undergoing orthotopic liver 
transplantation; however, patients with impaired kidney 
function preoperatively have longer hospital and ICU stays 
and are more likely to need dialysis compared to patients 
with intact preoperative kidney function.427-429

AKI is a well-recognized complication of hematopoietic 
cell transplantation (HCT).375,430,431 The three types of HCT 
are myeloablative autologous, myeloablative allogeneic, and 
nonmyeloablative allogeneic, and the incidence, severity, 
and outcomes of AKI following these forms of HCT vary con-
siderably.430,432,433 In a study of 272 patients who underwent 
myeloablative HCT (predominantly allogeneic), 53% devel-
oped AKI and 24% required dialysis.434 Of patients with 
dialysis-requiring AKI, the mortality rate was 84%. A recent 
study found an incidence of severe AKI in this patient popula-
tion of 73%.435 AKI following nonmyeloablative allogeneic 
HCT is less common.435,436 A study of 253 patients demon-
strated an incidence of AKI within 3 months of HCT of 
40.4%, with just 4.4% of patients requiring dialysis.436 The 
incidence of AKI following myeloablative autologous HCT is 
considerably lower.437,438 A study of 173 patients following 
autologous HCT reported an incidence of AKI of 21%, with 
5% of patients requiring dialysis.438 The absence of graft-
versus-host disease and more rapid engraftment likely 
account for the lower incidence of AKI in this setting.  
Causes of HCT-associated AKI include hypovolemia, sepsis, 
tumor lysis syndrome, direct tubular toxicity from cytoreduc-
tive therapy, thrombotic microangiopathy, graft-versus- 
host disease, antibiotics, immunosuppressive agents, and 
hepatic venoocclusive disease (VOD). VOD results from 
acute radiochemotherapy-induced endothelial cell injury of 
hepatic venules.434,439-441 This condition occurs most com-
monly in conditioning regimens that include total body 
irradiation and cyclophosphamide and/or busulphan and in 
the setting of myeloablative allogeneic HCT. The syndrome 
is characterized clinically by profound jaundice and avid salt 
retention with edema and ascites within the first month after 
engraftment and subsequently the development of AKI. Oli-
guric AKI is common in moderate VOD and certain in severe 
cases. The mortality rate for patients with severe VOD 
approaches 100%. BK virus is a human polyomavirus that is 
a common opportunistic infection in both solid organ trans-
plant and HCT patients.442 Detectable BK viruria may be seen 
in as many as 50% of patients undergoing HCT.443 Reactiva-
tion of latent BK virus infection in immunosuppressed 
patients is associated with both hemorrhagic cystitis and with 
renal involvement with tubular atrophy and fibrosis with an 
inflammatory lymphocytic infiltrate with intranuclear BK 
virus inclusion bodies.444 The diagnosis is suggested by rising 
viral titers in blood and/or urine, and the mainstay of treat-
ment is minimization of immunosuppression.

ACUTE KIDNEY INJURY ASSOCIATED WITH 
PULMONARY DISEASE

The coexistence of AKI and pulmonary disease (pulmonary 
renal syndrome) classically suggests the presence of  
Goodpasture’s syndrome, antineutrophil cytoplasmic anti-
body (ANCA)-associated vasculitis, or other vasculitides.445-447 
The detection of anti–glomerular basement membrane 
antibodies, antineutrophil cytoplasmic antibodies, or low 
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Definitive treatment of HRS is dependent upon recovery of 
hepatic function or successful liver transplantation. However, 
the use of vasoconstrictive agents combined with volume 
expansion with colloid has shown promise for improving 
kidney function.456,457 It is postulated that by reversing the 
splanchnic and peripheral vasodilation, more normal renal 
perfusion can be restored. Vasoconstrictive regimens that 
have been utilized include norepinephrine, combination 
therapy with midodrine and octreotide, and the vasopressin 
agonist terlipressin.458-461 Although vasoconstrictive therapy is 
associated with improvement in kidney function, and patients 
who respond have an improved prognosis, the use of vasocon-
strictive therapy has not been shown to improve overall prog-
nosis in patients with AKI, suggesting that survival remains 
limited by the underlying severity of liver disease.

ACUTE KIDNEY INJURY AND THE  
NEPHROTIC SYNDROME

AKI in the context of the nephrotic syndrome presents a 
unique array of potential diagnoses. Epithelial injury, if 
severe, can trigger both nephrotic-range proteinuria and 
acute or subacute kidney injury.462,463 The epithelial injury 
typically occurs as a manifestation of primary glomerular 
diseases such as collapsing glomerulopathy or crescentic 
membranous nephropathy. Less dramatic visceral epithelial 
cell injury, in combination with proximal tubular injury (e.g., 
pan–epithelial cell injury induced by NSAIDs or possible 
undiagnosed viral illness) or interstitial nephritis (e.g., rifam-
picin induced) can also present as AKI complicating the 
nephrotic syndrome.464-466 Massive excretion of light-chain 
proteins in patients with multiple myeloma may also present 
in this fashion.467,468 ATN in association with nephrotic syn-
drome is seen in a subpopulation of older patients with 
minimal change disease, and in other patients with nephrosis 
and severe hypoalbuminemia, particularly if they have been 
overzealously diuresed. In general, patients with AKI compli-
cating nephritic syndrome have higher blood pressure and 
urinary protein excretion than patients without AKI.462 The 
higher incidence of arteriosclerosis in biopsy samples from 
these patients may point to preexisting hypertensive nephro-
sclerosis as a risk factor for the development of this complica-
tion. Renal vein thrombosis must always be considered in the 
differential diagnosis of the nephrotic syndrome and AKI, 
particularly in the pediatric population and in adults with 
membranous nephropathy in association with high-grade 
proteinuria and hypoalbuminemia.

COMPLICATIONS OF ACUTE  
KIDNEY INJURY

The acute loss of kidney function in AKI results in mul-
tiple derangements in fluid, electrolyte, and acid-base 
homeostasis and in hematologic, gastroenterologic, and 
immunologic function (Table 31.14).

COMPLICATIONS OF POTASSIUM HOMEOSTASIS

Hyperkalemia is a common and potentially life-threat-
ening complication of AKI.469,470 Serum K+ typically rises 
by 0.5 mmol/L/day in oligoanuric patients and reflects 

Table 31.13  Diagnostic Criteria for 
Hepatorenal Syndrome

Diagnostic Criteria for Hepatorenal Syndrome

• Cirrhosis with ascites
• Serum creatinine level > 1.5 mg/dL
• No improvement of serum creatinine level (decrease to a 

level of ≤ 1.5 mg/dL) after at least 2 days of diuretic 
withdrawal and volume expansion with albumin (1 g/kg 
body weight per day to a maximum of 100 g/day)

• Absence of shock
• Absence of parenchymal kidney disease as indicated by:

• Proteinuria > 500 mg/day
• Microhematuria (>50 red blood cells per high-power field) 

and/or
• Abnormal renal ultrasonography findings

Type 1 Hepatorenal Syndrome

Rapid progressive AKI with doubling of the serum creatinine 
level to >2.5 mg/dL in < 2 wk

Type 2 Hepatorenal Syndrome

Moderate renal dysfunction (serum creatinine level of 1.5 to 
2.5 mg/dL) with a steady or slowly progressive course

AKI, Acute kidney injury.

with diuretic withdrawal and volume expansion with 
albumin; and the absence of shock, concurrent or recent 
treatment with nephrotoxic drugs, or parenchymal kidney 
disease (defined by proteinuria > 500 mg/day, hematuria 
[>50 RBCs per high-power field], and/or abnormal renal 
ultrasonography findings).450

Two subtypes of HRS have been described. Type 1 HRS is 
characterized by a rapid onset of AKI defined by at least a 
doubling of the serum creatinine concentration to a level of 
at least 2.5 mg/dL or a reduction in GFR of 50% or more to 
a level of less than 20 mL/min over a 2-week period.451,452 
Type 1 HRS typically develops in hospitalized patients and 
may be precipitated by variceal bleeding, overly rapid diure-
sis, the performance of paracentesis, or, most commonly, the 
development of spontaneous bacterial peritonitis. Other 
postulated triggers include infections, minor surgery, or the 
use of NSAIDs or other drugs. However, caution must be 
exerted in these cases to exclude reversible causes of AKI. 
Type 1 HRS is generally characterized by a fulminant course 
with oliguria, encephalopathy, marked hyperbilirubinemia, 
and death within 1 month of clinical presentation. However, 
advances in the management of HRS discussed later suggest 
that there may be a trend toward better survival in those 
patients who respond to therapy.453,454 Type 2 HRS is typified 
by a more gradual decline in renal function that develops in 
the setting of diuretic-resistant ascites and avid sodium reten-
tion. The prognosis of type 2 HRS is considerably better than 
that of type 1 HRS, with a reported median survival of 6 
months and a 1-year survival as high as 30%.54,455 The develop-
ment of a sudden deterioration in kidney function after a 
prolonged stable period may occur in patients with type 2 
HRS, leading to outcomes similar to those of patients with 
type 1 HRS.
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loop plus thiazide diuretics, or loss of gastric acid by vomit-
ing or nasogastric aspiration.

COMPLICATIONS OF MINERAL AND URIC  
ACID HOMEOSTASIS

Mild to moderate hyperphosphatemia (5 to 10 mg/dL) is a 
common consequence of AKI, and hyperphosphatemia  
may be severe (10 to 20 mg/dL) in highly catabolic patients 
or when AKI is associated with rapid cell death as in  
rhabdomyolysis, severe burns, hemolysis, tumor lysis, or 
exogenous administration.479-482 Factors that potentially 
contribute to hypocalcemia include skeletal resistance  
to the actions of parathyroid hormone, reduced levels of 
1,25-dihydroxyvitamin D, Ca2+ sequestration in injured 
tissues such as muscle in the setting of rhabdomyolysis, and 
metastatic deposition of calcium phosphate salts in the 
setting of severe hyperphosphatemia.483-485 Hypocalcemia 
is usually asymptomatic, possibly because of the counterbal-
ancing effects of acidosis on neuromuscular excitability. 
However, symptomatic hypocalcemia can occur in patients 
with rhabdomyolysis or acute pancreatitis or after treatment 
of acidosis with HCO3

−.483 Clinical manifestations of hypo-
calcemia include perioral paresthesias, muscle cramps,  
seizures, hallucinations, and confusion, as well as prolonga-
tion of the QT interval and nonspecific T-wave changes on 
electrocardiogram. The Chvostek (contraction of facial 
muscles on tapping of the jaw over the facial nerve) and 
Trousseau (carpopedal spasm after occlusion of arterial 
blood supply to the arm for 3 minutes with a blood pressure 
cuff) signs are useful indicators of latent tetany in high-risk 
patients.

Mild asymptomatic hypermagnesemia is common in oligu-
ric AKI and reflects impaired excretion of ingested magne-
sium (dietary magnesium, magnesium-containing laxatives, 
or antacids).486,487 More significant hypermagnesemia is 
usually the result of overzealous parenteral magnesium 
administration, as in the management of AKI associated with 
preeclampsia. Hypomagnesemia occasionally complicates 
nonoliguric ATN associated with cisplatin or amphotericin B 
and, as with hypokalemia, likely reflects injury to the TAL, a 
principal site for Mg2+ reabsorption.476,488,489 Hypomagnese-
mia is usually asymptomatic but may occasionally manifest as 
neuromuscular instability, cramps, seizures, cardiac arrhyth-
mias, or resistant hypokalemia or hypocalcemia.486,490

impaired excretion of K+ derived from a patient’s diet, 
the administration of K+-containing solutions, and drugs 
administered as potassium salts, as well as the release of K+ 
from the injured tubular epithelium. Hyperkalemia may be 
compounded by coexistent metabolic acidosis and/or 
hyperglycemia or other hyperosmolar states that promote 
K+ efflux from cells. Hyperkalemia present at the time of 
diagnosis of AKI or the rapid development of severe hyper-
kalemia suggests massive tissue destruction such as rhabdo-
myolysis, hemolysis, or tumor lysis.291,325,471 Hyperuricemia 
and hyperphosphatemia may accompany hyperkalemia in 
these settings. Mild hyperkalemia (<6.0 mmol/L) is usually 
asymptomatic. Higher levels are frequently associated with 
electrocardiographic abnormalities, including peaked T 
waves, prolongation of the PR interval, flattening of P waves, 
widening of the QRS complex, and intraventricular conduc-
tion defects.472-474 These electrocardiographic findings may 
precede the onset of life-threatening cardiac arrhythmias 
such as bradycardia, heart block, ventricular tachycardia, 
ventricular fibrillation, and asystole. In addition, hyperkale-
mia may induce neuromuscular abnormalities such as par-
esthesias, hyporeflexia, weakness, ascending flaccid paralysis, 
and respiratory failure.

Hypokalemia is unusual in AKI but may complicate nono-
liguric ATN caused by aminoglycosides, cisplatin, or ampho-
tericin B, presumably because of impaired K+ reabsorption 
resulting from epithelial cell injury in the TAL.475,476

COMPLICATIONS OF ACID-BASE HOMEOSTASIS

Normal metabolism of dietary protein yields between 50 
and 100 mmol/day of fixed nonvolatile acids (principally 
sulfuric and phosphoric acid) that are normally excreted  
by the kidneys to maintain acid-base homeostasis. Predict-
ably, AKI is commonly complicated by metabolic acidosis, 
typically with a widening of the serum anion gap due to 
retention of phosphates, sulfates, and organic anions.477 
Acidosis may be severe (daily fall in plasma HCO3

− > 
2 mmol/L) when the generation of H+ is increased by addi-
tional mechanisms (e.g., diabetic or fasting ketoacidosis; 
lactic acidosis complicating generalized tissue hypoperfu-
sion, liver disease, or sepsis; metabolism of ethylene 
glycol).53,310,478 In contrast, metabolic alkalosis is an infre-
quent finding but may complicate overzealous correction  
of acidosis with HCO3

−, overzealous use of combination 

Table 31.14  Common Complications of Acute Kidney Injury

Metabolic Cardiovascular Gastrointestinal Neurologic Hematologic Infectious Other

Hyperkalemia Pulmonary 
edema

Arrhythmias
Pericarditis
Pericardial 

effusion
Hypertension
Myocardial 

infarction

Nausea Neuromuscular 
irritability

Asterixis
Seizures
Mental status 

changes

Anemia Pneumonia Hiccups
Elevated 

parathyroid 
hormone level

Metabolic acidosis
Hyponatremia
Hypocalcemia
Hyperphosphatemia
Pulmonary embolism
Hypermagnesemia
Hyperuricemia

Vomiting
Malnutrition
Hemorrhage

Bleeding Septicemia
Urinary tract 

infection
Low total 

triiodothyronine 
and thyroxine 
levels

Normal thyroxine 
level
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rhabdomyolysis, trauma); nutrient losses in drainage fluids 
or dialysate; and increased breakdown and reduced synthe-
sis of muscle protein and increased hepatic gluconeogene-
sis, probably through the actions of toxins, hormones (e.g., 
glucagon, parathyroid hormone), or other substances (e.g., 
proteases) that accumulate in AKI.507-511 Nutrition may also 
be compromised by the high incidence of acute gastrointes-
tinal hemorrhage, which complicates up to 15% of cases of 
AKI. Mild gastrointestinal bleeding is common (10% to 
30%) and is usually due to stress ulceration of gastric or 
small intestinal mucosa.512,513

INFECTIOUS COMPLICATIONS

Infection is the most common and serious complication of 
AKI, occurring in 50% to 90% of cases and accounting for 
up to 75% of deaths.25,469,514-516 It is unclear whether this high 
incidence of infection is due to a defect in host immune 
responses or repeated breaches of mucocutaneous barriers 
(e.g., intravenous cannulae, mechanical ventilation, bladder 
catheterization) resulting from therapeutic interventions.

OTHER SEQUELAE OF ACUTE KIDNEY INJURY

Protracted periods of severe AKI or short intervals of cata-
bolic, anuric AKI often lead to the development of the 
uremic syndrome. Clinical manifestations of the uremic  
syndrome, in addition to those already listed, include  
pericarditis, pericardial effusion, and cardiac tamponade; 
gastrointestinal complications such as anorexia, nausea, 
vomiting, and ileus; and neuropsychiatric disturbances, 
including lethargy, confusion, stupor, coma, agitation, psy-
chosis, asterixis, myoclonus, hyperreflexia, restless leg syn-
drome, focal neurologic deficit, and/or seizures (see Table 
31.14). The uremic toxin responsible for this syndrome has 
yet to be defined. Candidate molecules include urea, other 
products of nitrogen metabolism such as guanidine com-
pounds, products of bacterial metabolism such as aromatic 
amines and indoles, and other compounds that are inap-
propriately retained in the circulation in AKI or are under-
produced, such as NO.517

COMPLICATIONS DURING RECOVERY FROM 
ACUTE KIDNEY INJURY

A vigorous diuresis may complicate the recovery phase of 
AKI and precipitate intravascular volume depletion and a 
delay in recovery of renal function. This diuretic response 
probably reflects the combined effects of an osmotic diure-
sis induced by retained urea and other waste products, 
excretion of retained salt and water accumulated during 
AKI, and delayed recovery of tubular reabsorptive function 
relative to glomerular filtration leading to salt wasting.518-521 
Hypernatremia may also complicate this recovery phase if 
free water losses are not replenished or are inappropriately 
replaced by relatively hypertonic saline solutions. Hypoka-
lemia, hypomagnesemia, hypophosphatemia, and hypocal-
cemia are rarer metabolic complications during recovery 
from AKI. Mild transient hypercalcemia is relatively fre-
quent during recovery and appears to be a consequence of 
delayed resolution of secondary hyperparathyroidism. In 
addition, hypercalcemia may complicate recovery from 

Uric acid is cleared from blood by glomerular filtration 
and secretion by proximal tubular cells, and mild to moder-
ate asymptomatic hyperuricemia (12 to 15 mg/dL) is typical 
in established AKI. Higher levels suggest increased produc-
tion of uric acid and may point to a diagnosis of acute urate 
nephropathy.491-493 The urinary uric acid/creatinine ratio on 
a random specimen has been proposed as a means to dis-
tinguish between hyperuricemia caused by overproduction 
and impaired excretion. In a small series of patients, this 
ratio was less than 1 in five patients with acute uric acid 
nephropathy and was less than 1 in 27 patients with AKI due 
to other causes.494 In a subsequent case series, elevations in 
the uric acid/creatinine ratio to values of greater than 1 
were described in other causes of AKI, most notably patients 
with infections who were markedly hypercatabolic.495

VOLUME OVERLOAD AND CARDIAC 
COMPLICATIONS

Extracellular volume overload is an almost inevitable conse-
quence of diminished salt and water excretion in AKI and 
may present clinically as mild hypertension, increased 
jugular venous pressure, pulmonary vascular congestion, 
pleural effusion, ascites, peripheral edema, increased body 
weight, and life-threatening pulmonary edema. Hypervol-
emia may be particularly troublesome in patients receiving 
multiple intravenous medications, high volumes of enteral 
or parenteral nutrition, and/or excessive volumes of main-
tenance intravenous fluids. Moderate or severe hyperten-
sion is unusual in ATN and should suggest other diagnoses 
such as hypertensive nephrosclerosis, glomerulonephritis, 
renal artery stenosis, and other diseases of the renal vascu-
lature.404,496-498 Excessive water ingestion or administration of 
hypotonic saline or dextrose solutions can trigger hypona-
tremia, which, if severe, may cause cerebral edema, seizures, 
and other neurologic abnormalities.499 Cardiac complica-
tions include arrhythmias and myocardial infarction. 
Although these events may reflect primary cardiac disease, 
abnormalities in myocardial contractility and excitability 
may be triggered or compounded by hypervolemia, acidosis, 
hyperkalemia, and other metabolic sequelae of AKI.500

HEMATOLOGIC COMPLICATIONS

Anemia develops rapidly in AKI and is usually mild and mul-
tifactorial in origin. Contributing factors include inhibition 
of erythropoiesis, hemolysis, bleeding, hemodilution, and 
reduced RBC survival time.501-503 Prolongation of the bleed-
ing time is also common, resulting from mild thrombocyto-
penia, platelet dysfunction, and clotting factor abnormalities 
(e.g., factor VIII dysfunction).

NUTRITIONAL AND GASTROINTESTINAL 
COMPLICATIONS

Malnutrition remains one of the most frustrating and trou-
blesome complications of AKI. The majority of patients  
have net protein breakdown, which may exceed 200 g/day 
in catabolic subjects.504-506 Malnutrition is usually multifac-
torial in origin and may reflect inability to eat, loss of  
appetite, and/or inadequate nutritional support; the cata-
bolic nature of the underlying medical disorder (e.g., sepsis, 
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however, hydroxyethyl starch preparations have been associ-
ated with an increased risk for AKI. In a multicenter ran-
domized controlled trial comparing fluid resuscitation with 
hydroxyethyl starch to a 3% gelatin solution in 129 patients 
with sepsis, hydroxyethyl starch was associated with a more 
than twofold increased risk for AKI.526 A subsequent meta-
analysis confirmed the increased risk for AKI associated  
with hydroxyethyl starch across 34 studies that included 
2604 individuals.527 In a subsequent randomized controlled 
trial that included 7000 critically ill patients who were 
assigned to receive either 6% hydroxyethyl starch or iso-
tonic saline, there was an approximately 20% increased  
risk for AKI treated with RRT associated with use of hydroxy-
ethyl starch.530 Based on these data demonstrating no benefit 
and potential increased risk for AKI along with the higher 
costs associated with colloid use, the routine use of colloids 
in volume resuscitation in hypovolemia and sepsis is not 
advisable. In particular, hydroxyethyl starch solutions should 
be used only sparingly, with regular monitoring of renal 
function, and the risk for hyperoncotic renal failure mini-
mized by the concomitant use of appropriate crystalloid 
solutions.3,526,527,529,530

Experimental data have suggested that volume resusci-
tation with isotonic sodium chloride solutions, which 
contain supraphysiologic concentrations of chloride, may 
exacerbate renal vasoconstriction and diminish GFR as  
compared to isotonic crystalloid solutions with lower chlo-
ride content.534-536 In healthy subjects, magnetic resonance 
imaging demonstrated that infusion of isotonic saline was 
associated with reduced renal blood flow velocity and renal 
cortical tissue perfusion as compared to administration of a 
reduced-chloride isotonic crystalloid solution.537 In a subse-
quent open-label, sequential period study conducted in a 
single ICU, replacing use of high-chloride intravenous solu-
tions with fluids with lower chloride content was associated 
with a reduction in the incidence of KDIGO stage 3 AKI 
from 14% to 8.4% and in the use of RRT from 10% to 
6.3%.538 These results need to be confirmed in prospective 
randomized controlled trials but are strongly suggestive  
that saline-based resuscitation protocols may need to be 
reassessed.

Following initial volume resuscitation, replacement of 
ongoing urine and gastrointestinal fluid losses should gen-
erally be with hypotonic crystalloid solutions (e.g., 0.45% 
saline); even though urinary and gastrointestinal losses may 
vary greatly in composition, they are usually hypotonic to 
plasma. Their volume and electrolyte content, as well as 
patients’ serum electrolytes and acid-base status, should be 
closely monitored to guide adjustments in the composition 
of the replacement fluids. Although the potassium content 
in gastric juices tends to be low, concomitant urinary potas-
sium losses may be quite high as the result of metabolic 
alkalosis.

HEART FAILURE
The management of prerenal AKI in the setting of heart 
failure is dependent upon the clinical setting and cause of 
the heart failure. In patients with congestive heart failure in 
whom AKI has developed in the setting of excessive diuresis, 
withholding of diuretics and cautious volume replacement 
may be sufficient to restore kidney function. In acute 
decompensated heart failure (ADHF), AKI may develop 

rhabdomyolysis because of mobilization of sequestered Ca2+ 
from injured muscle.522

PREVENTION AND MANAGEMENT OF 
ACUTE KIDNEY INJURY

Specific treatment is not available for the majority of forms 
of AKI.3 As a result, management focuses on interventions 
to prevent the development of AKI when possible and on 
providing supportive therapy to ameliorate derangements 
of fluid and electrolyte homeostasis and prevent uremic 
complications. In advanced AKI, RRT is often required. The 
ultimate goals of management are to prevent death, facili-
tate recovery of kidney function, and minimize the risk for 
subsequent development of CKD.

PRERENAL ACUTE KIDNEY INJURY

Prerenal AKI is defined as hemodynamically mediated 
kidney dysfunction that is rapidly reversible following nor-
malization of renal perfusion.48 In patients in whom prere-
nal AKI develops as the result of intravascular volume 
depletion, treatment consists of restoration of normal circu-
lating blood volume. The optimal composition of adminis-
tered fluids in these patients with hypovolemic prerenal AKI 
depends on the source of fluid loss and associated electro-
lyte and acid-base disturbances. The initial management 
usually consists of volume resuscitation with an isotonic elec-
trolyte solution such as 0.9% saline. RBC transfusion should 
be used for hemorrhagic hypovolemia when there is ongoing 
bleeding, particularly if the patient is hemodynamically 
unstable, or if the blood hemoglobin concentration is dan-
gerously low. The relative merits of colloid and crystalloid 
resuscitation fluids in the management of nonhemorrhagic 
renal, extrarenal, and third-space fluid losses have been 
controversial with advocates for the use of colloids positing 
that they are more effective at restoring circulating blood 
volume due to greater retention in the intravascular com-
partment. However, recent randomized controlled trials 
and meta-analyses comparing crystalloid with colloid 
replacement for resuscitation in critically ill patients have 
not confirmed this theoretical benefit and have demon-
strated an increased need for RRT and other adverse out-
comes associated with colloid formulations containing 
hydroxyethyl starch.523-530 In a meta-analysis of 55 trials 
involving 3504 patients randomly assigned to treatment with 
albumin or crystalloid, there was no evidence of either 
improved outcomes or decreased mortality or other compli-
cations associated with albumin administration.531 These 
results were subsequently confirmed in a multicenter ran-
domized controlled trial of fluid resuscitation in nearly 7000 
hypovolemic medical and surgical ICU patients in which 
28-day survival, development of single or multiple organ 
failure, and duration of hospitalization were similar in both 
groups.532 Although specific data on the development of 
AKI were not described, need for RRT was similar with 
saline versus albumin resuscitation. However, in a post  
hoc analysis of patients with traumatic brain injury,  
albumin resuscitation was associated with increased mortal-
ity risk.533 The use of synthetic colloid solutions has been 
proposed as an alternative to albumin administration; 
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cardiac output in response to the fall in peripheral vascular 
resistance may be central to the development of the HRS.552

Differentiation between volume-responsive prerenal AKI 
and HRS is based on the clinical response to volume loading. 
The optimal fluid for volume expansion in this setting has 
been controversial. Recent expert opinion has advocated 
the use of hyperoncotic (20% or 25%) albumin at a dose of 
1 g/kg/day450,553; however there is an absence of rigorous 
data supporting this regimen as compared to volume expan-
sion with isotonic crystalloid solutions. There are more data 
regarding the use of albumin infusion to prevent AKI in 
patients undergoing large-volume (>5 L) paracentesis54,554,555 
and in the treatment of spontaneous bacterial peritonitis.556 
In a randomized controlled trial, infusion of 10 g of albumin 
per liter of drained ascites was associated with less activation 
of the RAAS and a significantly lower rate of worsening of 
kidney function than in patients who did not receive albumin 
infusion.554 In a subsequent study, albumin infusion was 
superior to administration of either dextran or gelatin solu-
tions in preventing AKI following large-volume paracente-
sis.555 Current recommendations are to infuse 6 to 8 g of 
albumin per liter of ascites drained when paracentesis 
volume exceeds 5 L. In a randomized controlled trial com-
paring antibiotics alone to antibiotics plus albumin, infu-
sion of 1.5 g/kg of albumin at initiation of treatment and 
an additional 1 g/kg on the third day of treatment was 
associated with reduced rates of both AKI and mortality,556 
although the benefit appears to be restricted to patients in 
whom the serum creatinine level is greater than 1 mg/dL, 
the BUN level is above 30 mg/dL, or the total bilirubin level 
is greater than 4 mg/dL.557

Definitive therapy of HRS requires restoration of hepatic 
function, usually achieved through liver transplantation.53,553 
The role of peritoneovenous shunting (e.g., LeVeen and 
Denver shunts) in HRS has been inadequately studied. In a 
subset of 33 patients with HRS included in a randomized 
trial comparing peritoneovenous shunts to medical therapy, 
shunting was not associated with improved survival.558 These 
data need to be interpreted with caution due to the small 
sample size and because data on improvement in kidney 
function were not reported. In addition, as a result of poor 
long-term patency rates and high rates of complications, 
particularly encephalopathy, the use of the peritoneovenous 
shunt has largely been supplanted by the transjugular intra-
hepatic portosystemic shunt (TIPS). TIPS has been demon-
strated to provide better control of ascites than sequential 
paracentesis559-562 and, in one series, lower rates of HRS,560 
albeit with a higher risk for encephalopathy.563 In a 
small case series, TIPS has been reported to be effective as 
primary therapy for HRS,564 but it has not been evaluated 
in a randomized trial.553 Pharmacologic therapy with vaso-
constrictors, when combined with albumin infusion, has 
been associated with improvement in kidney function in 
patients with HRS.553,565 Agents that have shown benefit 
include norepinephrine,566 the combination of octreotide 
and midodrine,567-570 and the type 1 vasopressin receptor 
agonist terlipressin,456,457,571 although only terlipressin has 
been evaluated in randomized controlled trials. In meta-
analyses of published trials, terlipressin treatment was asso-
ciated with a 3.5- to 4-fold increased odds of reversal of 
HRS.572,573 Treatment of HRS with terlipressin was also asso-
ciated with a modest short-term reduction in mortality; 

despite worsening volume overload; intensification of 
diuretic therapy is often required for treatment of pulmo-
nary vascular congestion. Although diuretic therapy may 
exacerbate prerenal AKI, it can also result in improvement 
in kidney function via several postulated mechanisms: (1) 
decreasing ventricular distension resulting in a shift from 
the descending limb to the ascending limb of the Starling 
curve and improvement in myocardial contractility, (2) 
decreasing venous congestion,535,539-542 and (3) diminishing 
intraabdominal pressure.543 Additional therapies for ADHF 
in the setting of AKI include inotropic support, vasodilators 
for afterload reduction, and mechanical support, including 
intraaortic balloon pumps and ventricular assist devices. 
The use of invasive hemodynamic monitoring in ADHF has 
been controversial; although it is often used to guide phar-
macologic management, clinical data have not demon-
strated improved renal outcomes when management is 
guided by pulmonary artery catheters.544 The role of isolated 
ultrafiltration in ADHF is also controversial. Although  
negative fluid balance can be achieved more readily using 
extracorporeal ultrafiltration as compared to conventional 
diuretic therapy, studies have not demonstrated differences 
in kidney function or survival.545-547 In the Ultrafiltration 
versus Intravenous Diuretics for Patients Hospitalized for 
Acute Decompensated Heart Failure (UNLOAD) trial, 
hypervolemic patients with heart failure who were random-
ized to isolated ultrafiltration had more rapid fluid loss and 
decreased rehospitalizations within 90 days as compared to 
patients randomized to diuretic therapy, with no differences 
in kidney function.546 In contrast, in the subsequent Cardio-
renal Rescue Study in Acute Decompensated Heart Failure 
(CARRESS-HF) trial, ultrafiltration was inferior to diuretic 
therapy with respect to the bivariate end point of change in 
the serum creatinine level and body weight 96 hours after 
enrollment (P = 0.003), owing primarily to worsening of 
kidney function in the ultrafiltration group.547 Based on 
these data, extracorporeal ultrafiltration cannot be recom-
mended for primary management of patients with decom-
pensated heart failure.

LIVER FAILURE AND HEPATORENAL SYNDROME
Although volume-responsive prerenal azotemia is common 
in patients with advanced liver disease, differentiation from 
HRS and intrinsic AKI may be difficult.53,54,548-550 While 
patients with liver failure typically have total-body sodium 
overload, with peripheral edema and ascites, true hypovole-
mia or reduced effective systemic arterial blood volume is 
often an important contributory factor to the development 
of AKI. The underlying pathophysiology of salt and water 
retention in cirrhosis involves multiple pathways. Portal 
hypertension leads directly to ascites formation, while 
splanchnic and peripheral vasodilation result in a state of 
relative arterial underfilling, activating neurohumoral  
vasoconstrictors that produce intrarenal vasoconstriction, 
salt and water retention, and decreased GFR.551 Volume-
responsive AKI may develop in the setting of excessive diure-
sis, increased gastrointestinal losses (often as the result of 
therapy for hepatic encephalopathy), rapid drainage of 
ascites, or spontaneous bacterial peritonitis. Worsening 
hepatic function is often associated with diuretic resistance 
and progressive or precipitous worsening of kidney func-
tion. It has been postulated that an inadequate increase in 
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multicenter randomized controlled trial that compared 
EGDT to protocol-based standard therapy and usual care.585 
Although the benefits of EGDT were not confirmed, the 
results of these trials suggest that early recognition of sepsis, 
prompt initiation of antibiotic therapy and rapid volume 
resuscitation, and hemodynamic stabilization improve out-
comes and are likely to minimize the risk for AKI.586 The 
role of maintenance of normoglycemia in critically ill 
patients in minimizing the risk for AKI has also been con-
troversial. Two single-center randomized controlled trials 
that utilized intensive insulin management to maintain 
blood glucose levels of 80 to 110 mg/dL as compared to 
conventional management maintaining the glucose concen-
tration between 180 and 220 mg/dL each resulted in 
decreased rates of AKI, defined either on the basis of change 
in serum creatinine level or the need for RRT.587-589 However, 
the benefits of tight glycemic control were not confirmed 
in the Normoglycemia in Intensive Care Evaluation—
Survival Using Glucose Algorithm Regulation (NICE-
SUGAR) trial, a 6104 patient multicenter trial that compared 
intensive therapy to achieve a target glucose level of approx-
imately 80 to 110 mg/dL to more conventional therapy 
designed to maintain the blood glucose below 180 mg/
dL.590 In the NICE-SUGAR trial, intensive glycemic control 
was associated with an increased risk for hypoglycemia, an 
increased mortality risk (27.5% vs. 24.9%, P = 0.02), and no 
reduction in the need for RRT.

In surgical patients, avoidance of hypotension has been 
associated with a decreased risk for AKI. In a retrospective 
analysis of over 33,000 patients who underwent noncardiac 
surgery, episodes of intraoperative hypotension with a mean 
arterial blood pressure less than 55 mm Hg were associated 
with a marked increase in the probability of AKI.591 The 
adjusted odds of AKI with intraoperative hypotension 
increased with duration of hypotension, from an odds ratio 
of 1.2 with less than 10 minutes of hypotension, to 1.3 with 
10 to 20 minutes of hypotension, and 1.5 with more than 
20 minutes of hypotension.

Intravascular volume depletion has been identified as a 
risk factor for ATN resulting from iodinated contrast mate-
rial, rhabdomyolysis, hemolysis, cisplatin, amphotericin B, 
multiple myeloma, aminoglycosides, and other nephrotox-
ins; crystal-associated AKI related to acyclovir and acute 
urate nephropathy; and AKI stemming from hypercalce-
mia.100,311,388,397,471,493,582,592-594 Restoration of intravascular 
volume status prevents the development of experimental 
and human ATN in many of these clinical settings.

Avoidance of potentially nephrotoxic medications or 
insults in high-risk patients and settings is also important to 
reduce the risk for ATN. Specifically, among patients with 
advanced cardiac and/or liver disease, in whom renal perfu-
sion may be diminished, use of selective or nonselective 
NSAIDs that inhibit the production of vasodilatory prosta-
glandins may exacerbate intrarenal vasoconstriction and 
precipitate AKI.595-599 Diuretics, NSAIDs (including selective 
COX-2 inhibitors), ACE inhibitors, ARBs, and other inhibi-
tors of the RAAS should be used with caution in patients 
with suspected absolute or effective intravascular volume 
depletion or in patients with renovascular disease as these 
agents may convert reversible prerenal AKI to intrinsic isch-
emic ATN. The combined use of agents that block the 
RAAS, diuretics, and NSAIDs has been identified as a risk 

however, longer-term outcomes are primarily a function of 
the underlying liver disease rather than treatment for 
HRS.573 In addition, terlipressin was associated with mark-
edly increased risk for adverse cardiovascular events. At 
present, terlipressin is not approved for use in the United 
States.

ABDOMINAL COMPARTMENT SYNDROME
AKI can result from elevations in intraabdominal pressure, 
resulting in a clinical presentation with features similar to 
those of prerenal AKI. ACS is defined by an intraabdominal 
pressure of 20 mm Hg or higher associated with dysfunc-
tion of one or more organ systems.56 However, intraabdomi-
nal pressures lower than 20 mm Hg may be associated with 
ACS, while values higher than this threshold do not univer-
sally lead to the ACS.574-577 ACS typically develops in critically 
ill patients, most commonly in the setting of trauma with 
abdominal hemorrhage, abdominal surgery, massive fluid 
resuscitation, liver transplantation, and gastrointestinal con-
ditions, including peritonitis and pancreatitis. Mechanisms 
underlying the development of AKI in ACS are believed to 
involve renal vein compression and constriction of the renal 
artery from sympathetic system and RAAS activation and 
reduced cardiac output.578-580 Oliguria, which can lead to 
anuria, often develops; as is true for other forms of AKI 
associated with impaired renal perfusion, UNa is commonly 
reduced.

The diagnosis of ACS should be suspected in patients with 
acute abdominal distension, rapidly accumulating ascites, or 
abdominal trauma and can be made by simple transduction 
of bladder pressure.56,57,574 Treatment is prompt abdominal 
decompression; if ascites is present, this may be achieved by 
performing large-volume paracentesis; however, surgical 
laparotomy is often required for definitive therapy.

INTRINSIC ACUTE KIDNEY INJURY

GENERAL PRINCIPLES
Strategies to prevent intrinsic AKI vary based on the specific 
cause of kidney injury. Optimization of cardiovascular func-
tion and restoration of intravascular volume status are key 
interventions to minimize the risk that prerenal AKI evolves 
into ischemic ATN. There is compelling evidence that 
aggressive intravascular volume expansion dramatically 
reduces the incidence of ATN after major surgery or trauma, 
burns, and cholera.294,523,581,582 AKI due to sepsis is common 
and is associated with mortality rates as high as 80%.34,516,583 
The role of early goal-directed therapy (EGDT) utilizing 
resuscitation to defined hemodynamic targets (mean arte-
rial pressure > 65 mm Hg, central venous pressure 10 to 
12 mm Hg, urine output > 0.5 mL/kg/hr, central venous 
oxygen saturation >70%) using a combination of crystalloid 
solutions, RBC transfusion, and vasopressors guided by inva-
sive hemodynamic monitoring in improving overall out-
comes and decreasing the risk for AKI has been controversial. 
In a seminal single-center randomized controlled trial, 
EGDT resulted in a significant reduction in overall organ 
dysfunction and mortality in patients presenting with severe 
sepsis or septic shock, although specific data on the inci-
dence of AKI were not reported.584 However, these benefits 
were not confirmed in the Protocolized Care for Early 
Septic Shock (ProCESS) trial, a subsequent three-arm 
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NAC have yielded conflicting findings.627-636 Although ini-
tially utilized at a dose of 600 mg twice daily,627 subsequent 
studies suggested greater efficacy with higher doses of up to 
1200 mg twice daily.634,635 In the largest trial evaluating the 
effectiveness of NAC, 2308 patients were randomized to 
receive 1200 mg of NAC or placebo twice daily beginning 
before the procedure and continuing for three doses after 
the procedure.636 No differences were observed in the inci-
dence of contrast medium–induced AKI at 48 to 96 hours 
after contrast administration or in the incidence of death or 
need for dialysis within 30 days; however, the overall study 
population had relatively well preserved kidney function, 
with a median serum creatinine level of 1.1 mg/dL, and 
fewer than 16% of patients had a baseline serum creatinine 
level greater than 1.5 mg/dL. There is an absence of consen-
sus among clinical practice guidelines as to whether NAC is 
beneficial3,623,624 with some guidelines concluding that, while 
its efficacy is uncertain, it is safe and inexpensive in its oral 
form. If NAC is administered, it should not be used in lieu of 
appropriate intravenous volume administration.3

Trials of other pharmacologic interventions, including 
furosemide, dopamine, fenoldopam, calcium channel block-
ers, and mannitol have failed to demonstrate significant 
benefit and in some cases have been associated with an 
increased risk for CIAKI.637-643 Studies on the benefit of natri-
uretic peptides, aminophylline, theophylline, statins, and 
ascorbic acid have also yielded conflicting results.644-653 Given 
the absence of convincing data on the efficacy of these inter-
ventions and potential safety concerns with the use of natri-
uretic peptides, aminophylline, and theophylline in patients 
with cardiovascular disease, their routine use is not recom-
mended.652 Although data with other statins have not shown 
a clear benefit, clinical trials have demonstrated a reduction 
in risk for contrast-induced AKI in patients treated with rosu-
vastatin as compared to controls.654,655 RRTs for the preven-
tion of CIAKI have been largely ineffective, and in some 
instances the use of “prophylactic” hemodialysis has been 
associated with harm.656-658 The interpretation of studies of 
hemofiltration for prevention of CIAKI are confounded by 
their consideration of change in serum creatinine level as an 
end point, since hemofiltration lowers serum creatinine con-
centrations.659,660 Given the risks associated with intravenous 
line placement and the procedures themselves, along with 
lack of definitive benefit, use of dialysis or hemofiltration to 
prevent CIAKI is not currently recommended.3,661

Over the past 25 years there has been considerable prog-
ress in developing less nephrotoxic contrast media.662 The 
use of lower-osmolal contrast media in place of the older 
and more nephrotoxic high-osmolal media resulted in a 
decreased incidence of CIAKI.663,664 Data regarding the 
added benefit associated with the isoosmolal radiocontrast 
medium iodixanol have been less consistent665-671 and may 
reflect heterogeneity in the risk for CIAKI associated with 
specific lower-osmolal media.672

PREVENTION OF OTHER FORMS OF INTRINSIC 
ACUTE KIDNEY INJURY
Allopurinol (10 mg/kg/day in three divided doses, maximum 
800 mg per day) is useful for limiting uric acid generation in 
patients at high risk for acute urate nephropathy; however, 
AKI can develop despite the use of allopurinol, probably 
through the toxic actions of hypoxanthine crystals on tubule 

factor for AKI, particularly among patients with heart failure, 
liver failure, or other causes of reduced baseline renal 
perfusion.600,601

Careful monitoring of circulating drug levels appears to 
reduce the incidence of AKI associated with aminoglycoside 
antibiotics and calcineurin inhibitors.602-604 The observation 
that the antimicrobial efficacy of aminoglycosides persists in 
tissues even after the drug has been cleared from the circu-
lation (postantibiotic killing) has led to the use of once-daily 
dosing with these agents. Dosing regimens that provide 
higher peak drug levels but less frequent administration 
appear to provide comparable antimicrobial activity and less 
nephrotoxicity than older conventional dosing regi-
mens.88,604-606 Nephrotoxicity of drugs may also be reduced 
through changes in formulation. For example, the use of 
lipid-encapsulated formulations of amphotericin B may 
decrease the risk for amphotericin-induced AKI.607

PREVENTION OF CONTRAST MEDIUM–INDUCED 
ACUTE KIDNEY INJURY
The preventive role of intravascular volume resuscitation 
has been best demonstrated in the setting of AKI due to 
iodinated contrast medium administration. Administration 
of intravenous fluids to high-risk patients before and follow-
ing exposure to intravascular iodinated contrast medium 
diminishes the risk for contrast medium–induced AKI 
(CIAKI), although the optimal regimen for fluid adminis-
tration is unknown.3,608,609 In a small clinical trial that was 
stopped early due to safety concerns, periprocedural intra-
venous isotonic saline was associated with a markedly lower 
rate of AKI after contrast medium exposure than oral fluid 
administration.608 In a larger randomized trial, isotonic 
saline significantly reduced the incidence of CIAKI follow-
ing coronary angiography compared with half-normal 
saline, with a particular benefit noted in patients with dia-
betes and those receiving large volumes of contrast.609 Later 
clinical trials have compared the effects of isotonic sodium 
bicarbonate compared to isotonic saline for prevention of 
contrast medium–induced AKI.610-619 These studies have 
generally been underpowered and have yielded conflicting 
results, although certain meta-analyses have concluded that 
there is an overall benefit associated with bicarbonate 
administration with regard to AKI defined by small changes 
in serum creatinine level. There has been no demonstrable 
benefit with bicarbonate with regard to the need for 
dialysis.620-622 Clinical practice guidelines therefore recom-
mend administration of intravenous isotonic sodium chlo-
ride or sodium bicarbonate to high-risk patients receiving 
iodinated contrast material.3,623,624 For hospitalized patients, 
administration of isotonic fluids at a rate of 1 mL/kg/hr for 
6 to 12 hours before and 6 to 12 hours following the proce-
dure is recommended; for outpatients, an alternative 
regimen of 3 mL/kg/hr for 1 hour before the procedure 
followed by 6 mL/kg administered over 4 to 6 hours follow-
ing the procedure may be more feasible.

NAC is an antioxidant with vasodilatory properties that 
has been investigated in numerous clinical trials for the pre-
vention of contrast medium–induced AKI. The rationale for 
the use of NAC for the prevention of CIAKI relates to its 
capacity to scavenge ROS, reduce the depletion of glutathi-
one, and stimulate the production of vasodilatory mediators 
including NO.625,626 Clinical trials of oral and intravenous 
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with AKI.696 Moreover, dopamine, even at low doses, is 
potentially toxic in critically ill patients and can induce 
tachyarrhythmias, myocardial ischemia, and extravasation 
necrosis.696 Thus the routine administration of low-dose 
dopamine to ameliorate or reverse the course of AKI is not 
justified based on the balance of experimental and clinical 
evidence.697,698

Fenoldopam

Fenoldopam is a selective postsynaptic dopamine agonist 
that acts on D1 receptors and mediates more potent renal 
vasodilation and natriuresis than dopamine.699 However, 
fenoldopam is a potent antihypertensive agent and causes 
hypotension by decreasing peripheral vascular resistance. 
Several small studies suggested that fenoldopam could 
reduce the incidence of AKI in high-risk clinical situa-
tions700,701; however, a subsequent larger randomized trial 
comparing fenoldopam to standard hydration in patients 
undergoing invasive angiographic procedures found no 
benefit in regard to decreasing the incidence of contrast 
medium–induced AKI.640 In another large randomized con-
trolled trial, fenoldopam administration failed to reduce 
mortality or the need for RRT in ICU patients with early 
ATN.702 Therefore there is currently no clinical role for 
fenoldopam in the prevention or treatment of AKI.

Natriuretic Peptides

ANP is a 28–amino acid polypeptide synthesized in cardiac 
atrial muscle.703,704 ANP augments GFR by triggering afferent 
arteriolar vasodilation and constriction of the efferent arte-
riole.705,706 In addition, ANP inhibits sodium transport and 
lowers oxygen requirements in several nephron seg-
ments.707,708 Synthetic analogs of ANP showed promise in the 
management of ATN in the laboratory setting; however, 
these benefits in animal models of AKI have failed to trans-
late into clinical benefit in humans. A large multicenter, 
prospective, randomized placebo-controlled trial of anarit-
ide, a synthetic analog of ANP, in patients with ATN failed to 
show clinically significant improvement in dialysis-free sur-
vival or overall mortality,709 although there was an improve-
ment in dialysis-free survival in oliguric patients. This benefit 
in oliguric patients was not confirmed in a subsequent pro-
spective study.710 It has been suggested that the absence of 
benefit may be related to both the relatively late initiation of 
therapy and to the effect of ANP on systemic blood pressure. 
In a subsequent pilot study, low-dose recombinant ANP 
administration in high-risk cardiac surgery patients was asso-
ciated with a reduction in the requirement for postoperative 
RRT.711 Until these results are confirmed in a larger, multi-
center trial, the use of ANP in this setting cannot be recom-
mended. Trials of ANP for the prevention of contrast 
medium–induced AKI have generated mixed results.649,650 
Ularitide (urodilantin) is a natriuretic pro-ANP fragment 
produced within the kidney. In a small randomized trial, 
ularitide did not reduce the need for dialysis in patients with 
AKI.712 A recent meta-analysis of ANP for the treatment of 
AKI concluded that the paucity of high-quality studies pre-
cluded a determination of the effects of this therapy.713

Loop Diuretics

High-dose intravenous diuretics are commonly prescribed 
to increase urine output in patients with oliguric AKI. 

function.388,471,491,493,673,674 In the setting of high rates of uric 
acid generation such as tumor lysis syndrome, the use of 
recombinant urate oxidase (rasburicase, 0.05 to 0.2 mg/kg) 
may be more effective. Rasburicase catalyzes the degradation 
of uric acid to allantoin and has been shown to be effective 
both as prophylaxis and treatment for acute uric acid–
mediated tumor lysis syndrome and to prevent the devel-
opment of AKI due to tumor lysis syndrome–associated 
hyperuricemia.392,471,674-677 In oligoanuric patients, prophy-
lactic hemodialysis may be used to acutely lower uric acid 
levels.

Amifostine, an organic thiophosphate, has been demon-
strated to ameliorate cisplatin nephrotoxicity in patients 
with solid organ or hematologic malignancies.678-681 NAC 
limits acetaminophen-induced renal injury if given within 
24 hours of ingestion, and dimercaprol, a chelating agent, 
may prevent heavy-metal nephrotoxicity.682,683 Ethanol inhib-
its ethylene glycol metabolism to oxalic acid and other toxic 
metabolites, but its use has been largely replaced by fomepi-
zole, an inhibitor of alcohol dehydrogenase that decreases 
production of ethylene glycol metabolites and prevents the 
development of AKI.684-687

PHARMACOLOGIC THERAPY FOR ACUTE  
TUBULAR NECROSIS
During the past 2 decades there has been extensive investi-
gation into the pathogenesis of AKI using experimental 
animal models and cultured cells. These studies have 
resulted in substantial advances in our understanding of the 
pathophysiology of ATN in humans and led to the discovery 
of an array of potentially novel targets for the treatment of 
this common and serious disease. However, multiple inter-
ventions shown to ameliorate AKI in animals have failed to 
be effective in humans with ATN. There are many possible 
reasons for the lack of success in translating therapeutic 
successes for AKI from animal models to clinical practice. A 
principal obstacle relates to the difficulty in identifying the 
incipient stage of ATN before elevations in the serum cre-
atinine concentration or clinical evidence of decreased 
urine output. Over the past decade, as previously reviewed, 
several novel serum and urinary biomarkers have been 
investigated for their ability to identify AKI in its earliest 
stages and differentiate ATN from volume-responsive AKI.17 
Work in this area may facilitate the identification of those 
patients most likely to respond to treatments that have been 
found to be effective in animal models.

Dopamine

Historically, low-dose dopamine (“renal-dose” dopamine; 
<2 mg/kg/min) was widely advocated for the management 
of oliguric AKI.688-690 In experimental studies of animals and 
healthy human volunteers, low-dose dopamine increases 
renal blood flow and to a lesser extent GFR. However, low-
dose dopamine has not been demonstrated to prevent or 
alter the course of ischemic or nephrotoxic ATN in prospec-
tive clinical trials.691-695 This absence of clinical benefit may 
relate to differences in the hemodynamic response to low-
dose dopamine in patients with renal disease as compared 
to healthy individuals. In contrast to the reduction in renal 
resistive index associated with low-dose dopamine in criti-
cally ill patients without kidney disease, dopamine infusion 
is associated with an increase in renal resistance in patients 
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Clearance of circulating light chains with concomitant che-
motherapy to decrease the rate of production had been 
postulated to reverse renal injury in patients with circulating 
light chains, heavy Bence Jones proteinuria, and AKI. A 
subsequent randomized controlled trial compared plasma 
exchange and standard chemotherapy with chemotherapy 
alone. Although the study did not demonstrate improve-
ment with plasma exchange with regard to a composite 
outcome of death, dialysis dependence, or GFR less than 
30 mL/min at 6 months, the study was inadequately powered 
to definitively exclude a clinical benefit, and there was a 
trend toward improved outcomes with plasmapheresis.398-400 
It has been suggested that the use of dialysis membranes 
that are permeable to light chains and other proteins with 
molecular weights lower than albumin (high-cutoff mem-
branes) may be an effective therapeutic strategy in patients 
with acute kidney injury due to light-chain cast nephropa-
thy. However, until additional data are available on the 
benefit of high-cutoff membranes, their use should be con-
sidered experimental.105

Acute Interstitial Nephritis

AIN is a relatively common cause of AKI and in the majority 
of cases is due to an allergic response to a medication.734 
The initial therapeutic step in AIN is discontinuation of the 
offending medication or treatment of the probable inciting 
factor if AIN is not drug induced. Data on the efficacy of 
corticosteroids derive from small observational studies that 
have yielded highly discordant results. While some studies 
suggest that early use of corticosteroids (i.e., before signifi-
cant renal damage and within 7 to 14 days of discontinua-
tion of the offending medication)735 may be beneficial, 
other studies demonstrate no clear evidence of efficacy.298 
There have been no large, prospective randomized clinical 
trials investigating the role of corticosteroids in the treat-
ment of AIN. As corticosteroids are associated with a series 
of potentially serious side effects, their use should be con-
sidered on a case-by-case basis. If corticosteroid therapy is 
being considered and no patient-related contraindications 
exist, one potential regimen used in a recent study involves 
the intravenous administration of methylprednisolone (250 
to 500 mg/day) for 3 to 4 days followed by oral prednisone 
at a dose of 1 mg/kg/day tapered over 8 to 12 weeks.735 
However, there are no data supporting the superiority of 
this specific approach over others. Mycophenolate mofetil 
has also been investigated as a therapeutic agent for AIN. 
In a study of eight patients with AIN, six experienced 
improvement in renal function with mycophenolate mofetil 
therapy, while two had stabilization in renal function.736 
While this small case series suggests a possible role for myco-
phenolate mofetil in the treatment of AIN, additional data 
are needed to confirm its efficacy for this indication.

POSTRENAL ACUTE KIDNEY INJURY

The principle underlying the management of postrenal AKI 
is the prompt relief of urinary tract obstruction. This topic is 
reviewed extensively in Chapter 38. Urethral or bladder neck 
obstruction may be relieved with the placement of a transure-
thral or suprapubic bladder catheter. Similarly, ureteric 
obstruction may be acutely relieved by placement of percuta-
neous nephrostomy tubes or by cystoscopically placed ure-
teral stents. Following the initial relief of obstruction, most 

Although this strategy assists in volume management and 
minimizes the risk for progressive volume overload, there is 
no evidence that diuretic therapy alters the natural history 
of AKI or improves mortality or dialysis-free survival. In a 
retrospective analysis, diuretic therapy was associated with 
an increased risk for death and nonrecovery of renal func-
tion.714 These risks were restricted, however, to patients who 
did not respond to diuretic administration with increased 
urine volume; in patients responsive to diuretics, outcomes 
were similar to untreated patients. In a prospective random-
ized trial, high-dose intravenous furosemide augmented 
urine output but did not alter the outcome of established 
AKI.715 In a posthoc analysis of data from the Fluid and 
Catheter Treatment Trial, a positive fluid balance after AKI 
in patients with acute lung injury was strongly associated 
with increased mortality while diuretic therapy was associ-
ated with improved 60-day patient survival.716 Given the risks 
of loop diuretics in AKI, including irreversible ototoxicity 
and exacerbation of prerenal AKI, these agents should be 
used solely to facilitate the management of extracellular 
volume overload (see later).717

Mannitol

The osmotic diuretic mannitol, which also has renal vasodi-
latory and oxygen free radical scavenging properties, has 
been investigated as a preventive treatment for AKI.718,719 No 
adequate data exist to support the routine administration 
of mannitol to oliguric patients. Moreover, when adminis-
tered to severely oliguric or anuric patients, mannitol may 
trigger expansion of intravascular volume and pulmonary 
edema, as well as severe hyponatremia due to an osmotic 
shift of water from the intracellular to the intravascular 
space.719-723

MANAGEMENT OF OTHER CAUSES OF INTRINSIC 
ACUTE KIDNEY INJURY
Acute Vasculitis and Acute Glomerular Disease

The management of acute vasculitis involving the kidney 
and acute glomerular disease is covered in detail in Chap-
ters 32 to 34. AKI caused by acute glomerulonephritis or 
vasculitis may respond to corticosteroids, alkylating agents, 
rituximab, and plasmapheresis depending on the primary 
cause of the disease. Plasma exchange is useful in the treat-
ment of sporadic TTP and possibly sporadic HUS in 
adults.724,725 The role of plasmapheresis in the drug-induced 
thrombotic microangiopathies is less certain, and removal 
of the offending agent is the most important initial thera-
peutic maneuver.375,726,727 Postdiarrheal HUS in children is 
usually managed conservatively as evidence suggests that 
early antibiotic therapy may actually promote the develop-
ment of HUS.728 Treatment with eculizumab, a humanized 
monoclonal antibody that prevents cleavage of complement 
component C5 into C5a and C5b, inhibiting terminal com-
plement activation, may be considered in patients with non-
diarrheal (complement-mediated) HUS unresponsive to 
plasma exchange.729 Hypertension and AKI associated with 
scleroderma may be exquisitely sensitive to treatment with 
ACE inhibitors.730-732

Acute Kidney Injury in Multiple Myeloma

Early studies suggested that plasmapheresis may be of 
benefit in AKI due to myeloma cast nephropathy.104,397,733 
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patients experience a physiologic diuresis that resolves after 
several days as the result of excretion of volume and solutes 
retained during the period of renal obstruction; however, 
approximately 5% of patients may have a more prolonged 
diuretic phase because of delayed recovery of tubule func-
tion relative to GFR, resulting in a salt-wasting syndrome, 
which may require intravenous fluid replacement to main-
tain blood pressure.520,521,737 Following initial relief of obstruc-
tion, urologic evaluation is required for definitive evaluation 
and management of the underlying cause of obstruction.

NONDIALYTIC SUPPORTIVE MANAGEMENT OF 
ACUTE KIDNEY INJURY

Metabolic complications such as intravascular volume over-
load, hyperkalemia, hyperphosphatemia, and metabolic aci-
dosis are common in oliguric AKI, and preventive measures 
should be implemented beginning with initial diagnosis 
(Table 31.15). Adequate nutrition should be provided to 
meet caloric requirements and minimize catabolism. In 
addition, all medications that are normally excreted by the 
kidney need to be adjusted based on the severity of renal 
impairment.

INTRAVASCULAR VOLUME
After correction of intravascular volume deficits, salt and 
water intake should be adjusted to match ongoing losses 
(urinary, gastrointestinal, drainage sites, insensible losses). 
Extracellular volume overload can usually be managed by 
restriction of salt and water intake and by judicious use of 
diuretics. High doses of loop diuretics (e.g., the equivalent 
of 200 mg of furosemide administered as an intravenous 
bolus infusion or 20 mg/hr as a continuous infusion) or 
combination therapy with both thiazide and loop diuretics 
may be required. If an adequate diuresis cannot be attained, 
further use of diuretics should be discontinued to minimize 
the risk for complications such as ototoxicity. Fluid admin-
istration should be closely monitored to avoid progressive 
volume overload. Although there is a strong association 
between progressive fluid overload and mortality risk in 
patients with AKI,738-740 a causal relationship has not been 
definitively established, and volume overload may be a sur-
rogate for hemodynamic instability and capillary leak. Fluid 
conservative management has, however, been demonstrated 
to result in improved outcomes in critically ill patients with 
lung failure.741 Ultrafiltration or dialysis may be required for 
volume management when conservative measures fail.

HYPONATREMIA
Hyponatremia associated with a fall in effective serum osmo-
lality can usually be corrected by restriction of water intake. 
Conversely, hypernatremia is treated by administration of 
water, hypotonic saline solutions, or hypotonic dextrose-
containing solutions (the latter are effectively hypotonic 
because dextrose is rapidly metabolized).

HYPERKALEMIA
Mild hyperkalemia (<5.5 mmol/L) should be managed 
initially by restriction of dietary potassium intake and the 
discontinuation of potassium supplements and potassium-
sparing diuretics. More severe degrees of hyperkalemia  
(5.5 to 6.5 mmol/L) can usually be controlled with the 
aforementioned steps coupled with the administration of 

Table 31.15  Supportive Management of Acute 
Kidney Injury

Management Issue Treatment

Intravascular volume 
overload

Restriction of salt (<1-2 g/day) and 
water (<1 L/day) intake

Diuretic therapy (if nonoliguric)
Ultrafiltration

Hyponatremia Restriction of oral and intravenous 
free water

Hyperkalemia Calcium gluconate (10 mL of 10% 
solution over 5 min) if ECG 
changes present

Glucose (50 mL of 50%) + insulin 
(10-15 U regular) IV

Albuterol (10-20 mg by nebulizer or 
MDI)

Renal replacement therapy
Loop diuretics (if nonoliguric)
K+ binding resin
Discontinue K+ supplements or 

K+-sparing diuretics
Restriction of dietary potassium

Metabolic acidosis Restriction of dietary protein
Sodium bicarbonate (if HCO3

− 
<15 mmol/L)

Renal replacement therapy
Hyperphosphatemia Restriction of dietary phosphate 

intake
Phosphate-binding agents 

(aluminum hydroxide, calcium 
carbonate, calcium acetate, 
sevelamer carbonate, lanthanum 
carbonate)

Hypocalcemia Oral or intravenous replacement (if 
symptomatic or sodium 
bicarbonate to be administered)

Hypermagnesemia Discontinue magnesium-containing 
antacids

Nutrition Caloric intake: 20-30 kcal/day
Protein intake:

Non–dialysis requiring: 0.8-1.0 g/
kg/day

Dialysis-requiring: 1.0-1.5 g/kg/
day

Continuous renal replacement 
therapy: up to 1.7 g/kg/day

Enteral route of nutrition preferred
Drug dosage Adjust all doses for GFR and renal 

replacement modality

ECG, Electrocardiography; GFR, glomerular filtration rate; IV, 
intravenously; MDI, metered-dose inhaler.

sodium polystyrene sulfonate, a potassium-binding resin,  
to enhance gastrointestinal potassium losses. While this 
resin has been widely used for decades, concerns have  
been raised regarding its safety, particularly when adminis-
tered in 70% sorbitol, due to reports of bowel necrosis.742,743 
Loop diuretics can also increase potassium excretion in 
diuretic-responsive patients. Emergency measures need  
to be employed in patients with more severe hyperkalemia 
and in patients with electrocardiographic manifestations  
of hyperkalemia. In patients with severe hyperkalemia  
with concomitant electrocardiographic manifestations, the 
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NUTRITION
Patients with AKI are clinically heterogeneous, and individu-
alized nutritional management is required, especially in 
critically ill patients undergoing RRT, in whom protein cata-
bolic rates can exceed 1.5 g/kg of body weight per 
day.3,505,506,508,509,750,751 The objective of nutritional manage-
ment in AKI is to provide sufficient calories to preserve lean 
body mass, avoid starvation ketoacidosis, and promote 
healing and tissue repair while minimizing production of 
nitrogenous waste. If the duration of renal insufficiency is 
likely to be short and the patient is not extremely catabolic 
and does not require RRT, then dietary protein should be 
approximately 0.8 to 1.0 g/kg of body weight per day.3 
Protein intake should not be restricted in patients in whom 
AKI is likely to be prolonged, who are hypercatabolic, or 
who are receiving RRT. Protein intake in these patients 
should generally be 1.0 to 1.5 g/kg of body weight per 
day.505,506,750,751 There is no evidence of improved outcomes 
with protein intake greater than 1.7 g/kg of body weight 
per day, even in extremely hypercatabolic patients.3 Total 
caloric intake should generally be 20 to 30 kcal/kg of body 
weight per day and should not exceed 35 kcal/kg of body 
weight per day.3,505,506,750,751 Management of nutrition is easier 
in nonoliguric patients and after institution of dialysis. Vig-
orous parenteral hyperalimentation has been claimed to 
improve prognosis in AKI; however, a consistent benefit has 
yet to be demonstrated. The enteral route of nutrition is 
preferred because it avoids the morbidity associated with 
parenteral nutrition while providing support to intestinal 
function.508 Water-soluble vitamins and trace elements 
should be supplemented in patients receiving RRT.750,751

Severe anemia is generally managed with blood transfu-
sion. Transfusion is usually not required for patients with a 
hemoglobin level above 7 g/dL.752 The role of erythropoiesis-
stimulating agents in AKI has not been well studied.753 
Patients with AKI or other acute illness are relatively resistant 
to the effect of these agents. In randomized controlled trials 
in critically ill patients, recombinant human erythropoietin 
decreased transfusion requirement but had no effect on 
other outcomes.754,755 Uremic bleeding usually responds to 
desmopressin, correction of anemia, estrogens, or dialysis.

Doses of drugs that are excreted by the kidney must be 
adjusted for renal impairment and the use of RRT.756-759 
Whenever possible, pharmacokinetic monitoring should be 
employed to ensure appropriate drug dosing, especially for 
agents with narrow therapeutic windows (see Chapter 64). 
In addition to careful monitoring for toxicity of agents that 
are normally excreted by the kidney, careful attention must 
be paid to dosing of antibiotics and other drugs removed by 
RRT to ensure that therapeutic drug levels are achieved, 
particularly in patients receiving augmented intensity  
of RRT.

RENAL REPLACEMENT THERAPY IN ACUTE 
KIDNEY INJURY

Renal replacement therapy (RRT) is the generic term for 
the multiple modalities of dialysis and hemofiltration 
employed in the management of kidney failure. Although 
kidney transplantation is also a form of RRT for end-stage 
kidney disease, transplantation does not play a role in the 

intravenous administration of calcium will antagonize the 
cardiac and neuromuscular effects of hyperkalemia and is a 
valuable emergency temporizing measure, allowing time for 
the additional measures described later to be implemented. 
Intravenous calcium must be used with caution, however,  
if there is concomitant severe hyperphosphatemia or  
evidence of digitalis toxicity. Intravenous insulin (10 to  
15 U of regular insulin) promotes potassium entry into cells 
and lowers extracellular potassium concentration within  
15 to 30 minutes, with an effect that lasts for several 
hours.744,745 Concomitant administration of intravenous 
dextrose (25 to 50 g over 30 to 60 minutes) is required to 
prevent hypoglycemia in patients who do not have hypergly-
cemia. β-Adrenergic agonists, such as inhaled albuterol (10 
to 20 mg by nebulizer), also promote rapid potassium 
uptake into the intracellular compartment.744 Although 
sodium bicarbonate also stimulates potassium uptake into 
the intracellular compartment, this effect is not sufficiently 
rapid to be clinically useful for the emergent management 
of hyperkalemia.745 Emergent dialysis is indicated if hyper-
kalemia is resistant to these measures.

METABOLIC ACIDOSIS
The treatment of metabolic acidosis is dependent upon the 
clinical setting and cause. As a general rule, metabolic aci-
dosis does not require treatment unless the serum HCO3

− 
concentration falls below 15 mmol/L or the pH is lower 
than 7.15 to 7.20. In patients with AKI in whom metabolic 
acidosis is due to the underlying renal failure, more severe 
acidosis can be corrected by either oral or intravenous bicar-
bonate administration. Initial rates of replacement should 
be based on estimates of HCO3

− deficit and adjusted there-
after according to serum levels. In patients with underlying 
lactic acidosis, the role of bicarbonate therapy is controver-
sial, and the primary focus of therapy should be on correc-
tion of the underlying cause.746-749 Patients treated with 
intravenous bicarbonate need to be monitored for compli-
cations of therapy, including metabolic alkalosis, hypocalce-
mia, hypokalemia, hypernatremia, and volume overload.

CALCIUM, PHOSPHATE, MAGNESIUM,  
AND URIC ACID
Hypocalcemia does not usually require treatment unless it 
is severe, as may occur in patients with rhabdomyolysis or 
pancreatitis or after administration of bicarbonate. Hyper-
phosphatemia can usually be controlled by restricting 
dietary phosphate intake and the use of oral phosphate 
binders (e.g., aluminum hydroxide, calcium salts, sevelamer 
carbonate, or lanthanum carbonate). Caution must be 
employed when using aluminum-containing phosphate 
binders as prolonged use may result in aluminum intoxica-
tion, which can produce acute neurologic symptoms and 
bone disease; however short-term use is rarely associated 
with this complication. Hypermagnesemia can be prevented 
through avoidance of magnesium-containing medications, 
such as antacids, and limiting magnesium content of paren-
teral nutrition. Hyperuricemia is usually mild in AKI 
(<15 mg/dL) and does not require specific intervention. 
Severe hyperuricemia secondary to cell lysis may be managed 
by blocking xanthine oxidase with allopurinol or by enhanc-
ing degradation with recombinant uricase as previously 
described.
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including patients who either recovered kidney function or 
died without receiving RRT. There has been a paucity of 
prospective clinical trials evaluating timing of initiation of 
RRT in AKI. In a small randomized controlled trial of criti-
cally ill patients randomized to early high-volume hemofil-
tration, early low-volume hemofiltration, or late low-volume 
hemofiltration, there was no benefit associated with earlier 
initiation of treatment.778 In a subsequent trial comparing 
earlier to later initiation of dialysis in patients with 
community-acquired AKI, mortality was lower in patients 
initiated on dialysis later than in the group of patients 
started earlier with no difference in recovery of kidney func-
tion between groups.779 This latter trial needs to be inter-
preted with caution, however, as almost half of the patients 
admitted with community-acquired AKI were excluded due 
to urgent need for dialysis.

Although volume overload unresponsive to diuretic 
therapy is a widely accepted indication for initiation of RRT, 
wide variations in the degree of volume overload at initia-
tion of therapy exist.739,780,781 Observational studies have 
demonstrated a strong association between the degree of 
volume overload and mortality risk, leading to the sugges-
tion that RRT should be initiated early, before the develop-
ment of progressive volume overload.738,782 It should be 
recognized, however, that the association between volume 
overload and mortality risk does not establish a causal rela-
tionship; disease processes that contribute to the develop-
ment of volume overload may independently contribute to 
mortality risk in these patients. Prospective studies will 
therefore be required to demonstrate that preemptive RRT, 
before the development of more severe degrees of volume 
overload, decreases morbidity and mortality.

Given the current level of evidence, the KDIGO Clinical 
Practice Guideline for Acute Kidney Injury does not make 
strong recommendations for the timing of initiation of RRT.3 
The guideline suggests that RRT be “… initiated emergently 
when life-threatening changes in fluid, electrolyte, and acid-
base balance exist”3 and further suggests that “…the broader 
clinical context, the presence of conditions that can be 
modified by RRT, and trends of laboratory tests—rather than 
single BUN and creatinine thresholds alone—[be consid-
ered] when making the decision to start RRT.”3

Renal replacement therapy should be continued until 
renal function recovers or because continued provision of 
renal support is no longer consistent with the overall goals 
of care for the patient.3 Recovery of kidney function is 
usually heralded by increased urine volume; although no 
specific threshold of urine output correlates with sufficient 
recovery of kidney function, it is unlikely that a urine output 
of less than 1 L/day is sufficient to sustain dialysis indepen-
dence. Although diuretics may increase daily urine volume, 
there is no evidence that diuretic therapy promotes recovery 
of kidney function.783 Improved solute clearance is mani-
fested by spontaneous fall in BUN and creatinine concentra-
tion or a persistent downward trend in predialysis values. 
The role of creatinine clearance measurement to assess 
recovery of kidney function is uncertain, with a paucity of 
data to define specific thresholds for recovery of kidney 
function. In the Acute Renal Failure Trial Network study, 
RRT was continued if measured creatinine clearance on a 
6-hour timed urine collection was less than 12 mL/min; 
RRT was stopped if the clearance was greater than 20 mL/

management of AKI. RRT facilitates the management of 
patients with AKI, allowing correction of acid-base and elec-
trolyte disturbances, amelioration of volume overload, and 
removal of uremic waste products. Although RRT can fore-
stall or reverse the life-threatening complications of uremia 
associated with severe and prolonged AKI, it does not hasten 
and can potentially delay the recovery of kidney function in 
patients with AKI760 and can be associated with potentially 
life-threatening complications.761 Despite more than 60 
years of research and clinical experience,762,763 numerous 
questions regarding the optimal application of RRT in AKI 
remain.3,764-767

INDICATIONS FOR RENAL REPLACEMENT THERAPY
In clinical practice there are wide variations in the initiation 
of RRT for patients with AKI.768 Widely accepted indications 
for initiation of RRT include volume overload unresponsive 
to diuretic therapy, severe metabolic acidosis or hyperkale-
mia despite appropriate medical therapy, and overt uremic 
manifestations, including encephalopathy, pericarditis, or 
uremic bleeding diathesis (Table 31.16). However even 
these specific indications are subject to substantial clinical 
interpretation. In many patients, RRT is initiated in the 
absence of these specific indications in response to a clinical 
course marked by progressive azotemia or sustained oligu-
ria. A precise correlation does not exist between the BUN 
level and the onset of uremic symptoms, although the 
longer the duration and the greater the severity of azotemia, 
the more likely that overt symptoms will develop. Observa-
tional series and small clinical trials dating from the 1950s 
through the 1980s suggested that initiating RRT when the 
BUN concentration approached 90 to 100 mg/dL was asso-
ciated with improved survival as compared with more 
delayed initiation of therapy.769-773 Later observational 
studies have suggested that initiation of RRT at even less 
severe degrees of azotemia may further improve survival.774-777 
These studies need to be interpreted with caution, however, 
as the outcomes associated with earlier initiation of RRT 
may reflect differences related to the reasons for initiation 
of therapy (e.g., volume overload or hyperkalemia versus 
progressive azotemia) rather than a benefit due to the 
earlier therapy per se. In addition, these observational series 
included only patients in whom RRT was actually initiated 
rather than the broader population of patients with AKI, 

Table 31.16  Indications for Renal Replacement 
Therapy

Absolute indications Volume overload unresponsive to 
diuretic therapy

Persistent hyperkalemia despite 
medical therapy

Severe metabolic acidosis
Overt uremic symptoms

Encephalopathy
Pericarditis
Uremic bleeding diathesis

Relative indications Progressive azotemia without uremic 
manifestations

Persistent oliguria
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strategy for the management of RRT. When patients were 
hemodynamically stable, they received IHD, and when 
hemodynamically unstable they received CRRT or SLED, 
regardless of treatment arm. Patients randomized to the less 
intensive treatment strategy received IHD on a thrice-weekly 
(alternate-day except Sunday) schedule while patients ran-
domized to the intensive arm received six-times-per-week 
(daily except Sunday) IHD. Sixty-day all-cause mortality was 
53.6% in the intensive treatment arm as compared to 51.5% 
in the less intensive arm (P = 0.47).784 The mean delivered 
Kt/V was 1.3 per treatment after the first IHD session. 
Although the study was not designed to evaluate outcomes 
by individual modality of RRT, there were no differences in 
mortality between groups when evaluated based on percent-
age of time treated using IHD.789 Based on these results, it 
does not appear that there is further benefit to routinely 
increasing the frequency of IHD treatments beyond three 
times per week so long as the delivered Kt/V is at least 1.2 
per treatment. More frequent treatments may be necessary 
if the target dose per treatment cannot be achieved, in 
hypercatabolic patients, in patients with severe hyperkale-
mia or metabolic acidosis, and for issues related to volume 
management. The KDIGO Clinical Practice Guideline for 
Acute Kidney Injury recommends delivering a Kt/V of  
3.9 per week when using IHD in AKI, calculating the  
weekly Kt/V as the arithmetic sum of the delivered dose per 
treatment.3 It should be recognized, however, that this 
approach for calculating an equivalent weekly Kt/V is not 
consistent with urea kinetic principles and that rigorous 
data for the appropriate dose of therapy when treatments 
are delivered more frequently than three times per week are 
not available.13

The selection of IHD dialyzer membrane may also impact 
clinical outcomes. Exposure to cellulosic membranes results 
in greater leukocyte and complement activation and delayed 
recovery of kidney function in experimental models of AKI 
as compared to exposure to more biocompatible synthetic 
membranes.790,791 Clinical trials comparing dialysis mem-
branes have yielded conflicting results. Although some 
studies demonstrated delayed recovery of kidney function 
with cellulosic membranes,792-794 other studies observed no 
benefit with synthetic membranes.795-799 When these data 
have been aggregated in systematic reviews, a benefit of the 
synthetic membranes is not convincingly demonstrated.800,801 
While the effect of membrane type on humoral and cellular 
activation may still influence recovery of kidney function in 
AKI, the clinical importance of this issue has diminished as 
the cost differential between synthetic and cellulosic mem-
branes has narrowed and the use of unsubstituted cellulosic 
membranes has decreased.

The major complications associated with acute dialysis are 
related to the need to access the vasculature, the need for 
anticoagulation to maintain patency of the extracorporeal 
circuit, and intradialytic hypotension primarily resulting 
from shifts in solute and volume.784,787,802 Many of these 
issues, particularly the need for vascular access and antico-
agulation, are similar for IHD, CRRT, and SLED.

Vascular access is usually obtained through insertion of  
a double-lumen catheter into a large-caliber central (inter-
nal jugular or subclavian) or femoral vein.803 The major 
complications associated with vascular access include vascu-
lar and organ trauma during insertion; bleeding; catheter 

min; and the decision was left to the discretion of the clini-
cian if the creatinine clearance was between 12 and 20 mL/
min.784,785

MODALITIES OF RENAL REPLACEMENT THERAPY
Multiple modalities of RRT are available for the manage-
ment of patients with AKI, including conventional intermit-
tent hemodialysis (IHD), peritoneal dialysis, multiple forms 
of continuous RRT (CRRT), and prolonged intermittent 
renal replacement therapy (PIRRT) such as sustained low-
efficiency dialysis (SLED; also known as extended daily 
dialysis). Detailed descriptions of the technical aspects of 
these modalities are provided in Chapters 65 (hemodialy-
sis), 66 (peritoneal dialysis), and 67 (CRRT and PIRRT). 
Objective data to guide the selection of modality for indi-
vidual patients are limited, and the choice of modality is 
often guided by the resources of the health care institution 
and the technical expertise of the physician and nursing 
staff. The KDIGO Clinical Practice Guideline for Acute 
Kidney Injury suggests that for the majority of patients the 
available modalities of RRT are complementary, with the 
caveats that CRRT and PIRRT be used in hemodynamically 
unstable patients and that CRRT be used for patients with 
acute brain injury or other causes of increased intracranial 
pressure of generalized brain edema.3

Intermittent Hemodialysis

Acute IHD has been the mainstay of RRT in AKI for more 
than 5 decades. Patients typically undergo dialysis treat-
ments for 3 to 5 hours on a thrice-weekly, alternate-day, or 
daily schedule depending on catabolic demands, electrolyte 
disturbances, and volume status. Just as with the timing of 
initiation of dialysis, the most appropriate dosing strategy 
for IHD in patients with AKI has been the subject of consid-
erable investigation. The dose of IHD may be adjusted by 
altering the intensity of each individual dialysis session, 
usually quantified as the product of urea clearance (K) and 
treatment time (t) divided by body urea volume (V) (Kt/V), 
or by changing the frequency of the dialysis sessions. In an 
observational study, Paganini and colleagues demonstrated 
a survival benefit in patients with intermediate severity of 
illness scores when the delivered Kt/V was more than 1.0 
per treatment as compared to a delivered Kt/V of less than 
1.0 per treatment.786 However, there have been no prospec-
tive clinical trials evaluating the relationship between the 
delivered Kt/V when dialysis is provided on a constant treat-
ment schedule and outcomes. Schiffl and colleagues 
reported on a prospective trial of 160 patients with AKI 
assigned in an alternating fashion to alternate-day or daily 
IHD.787 The more frequent treatment schedule was associ-
ated with a reduction in mortality at 14 days after the last 
dialysis session from 46% in the alternate-day dialysis arm 
to 28% in the daily treatment arm (P = 0.01). Duration of 
renal failure declined from 16 ± 6 days to 9 ± 2 days 
(P = 0.001). This study has been criticized, however, because 
the delivered dose of therapy per session was low in both 
treatment arms (Kt/V < 0.95), resulting in a high rate of 
symptoms in the alternate-day dialysis arm that may have 
been due to overtly inadequate dialysis.788 The impact of 
frequency of IHD was also evaluated in the Acute Renal 
Failure Trial Network study.784 In the study, 1124 critically ill 
patients were randomized to an intensive or less intensive 
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dialyzers are used. Reducing blood flow may, however, result 
in reduction of the delivered dose of dialysis.

Continuous Renal Replacement Therapy

The CRRTs represent a spectrum of treatment modalities. 
In their initial description, the continuous therapies were 
provided using arteriovenous extracorporeal circuits.828-832 
While this approach provided technical simplicity, blood 
flow was dependent upon the gradient between mean arte-
rial and central venous pressure, and there was an increased 
risk for complications from prolonged arterial cannula-
tion.833 As a result, the continuous arteriovenous therapies 
have largely been supplanted by pump-driven, venovenous 
CRRT.834-837 The modalities of venovenous CRRT vary pre-
dominantly based on their mechanism of solute removal: in 
continuous venovenous hemofiltration (CVVH), solute 
transport occurs by convection; in continuous venovenous 
hemodialysis (CVVHD), by diffusion; and in continuous 
venovenous hemodiafiltration (CVVHDF), by a combina-
tion of the two.837-839 Although, at the same level of urea 
clearance, convective therapies provide enhanced clearance 
of higher-molecular-weight solutes than diffusive therapies, 
no clear clinical benefit has been demonstrated for CVVH 
or CVVHDF as compared to CVVHD.

The clearance of urea and other small solutes during 
CRRT is generally proportional to the total effluent flow 
rate (the sum of ultrafiltrate and dialysate flow rates),832,837,838 
and dose of therapy is usually expressed as the effluent 
volume indexed to body weight. This approach to estimat-
ing solute clearance is based on the assumption of near-
complete solute equilibration between blood and effluent 
and may overestimate the actual solute clearance.840,841 
Several single-center randomized controlled trials demon-
strated an improvement in survival when doses of CVVH 
were increased from 20 to 25 mL/kg/hr to doses in excess 
of 35 to 45 mL/kg/hr842,843; however, other small studies did 
not find a similar benefit.778,844 Two large multicenter ran-
domized controlled trials also did not find a survival benefit 
associated with more intensive CRRT.784,845 As described pre-
viously, in the Acute Renal Failure Trial Network study, 1124 
patients were randomized to two intensities of RRT.784 In 
both treatment arms, patients received IHD when hemody-
namically stable and CVVHDF or SLED when hemodynami-
cally unstable. In the less intensive arm, CVVHDF was 
provided at an effluent flow rate of 20 mL/kg/hr, and in 
the more intensive arm at 35 mL/kg/hr. Sixty-day all-cause 
mortality was 51.5% in the less intensive arm and 53.6% in 
the more intensive arm (P = 0.47).784 In the Randomized 
Evaluation of Normal versus Augmented Level (RENAL) 
Replacement Therapy Study, 1508 patients were random-
ized to CVVHDF at either 25 mL/kg/hr or 40 mL/kg/hr.845 
Ninety-day all-cause mortality was 44.7% in both treatment 
arms (P = 0.99).845 Based on these data, the KDIGO Clinical 
Practice Guideline for Acute Kidney Injury recommends 
delivering an effluent volume during CRRT of 20 to 25 mL/
kg/hr, recognizing that a slightly higher dose may need to 
be prescribed to achieve the target delivered dose to com-
pensate for interruptions in treatment.3

Given the greater hemodynamic tolerance of CRRT as 
compared to IHD, particularly in patients with underlying 
hemodynamic instability, it has been postulated that CRRT 
would be associated with improved clinical outcomes. Five 

malfunction and thrombosis; and infection.803 Although 
femoral catheters are generally associated with an increased 
risk for infection as compared to catheters in the subclavian 
or internal jugular veins, an increased risk for infection was 
observed only when femoral vein catheters were used in 
patients with a high body mass index in a randomized con-
trolled trial involving patients undergoing acute RRT.804 The 
use of tunneled dialysis catheters has been proposed as a 
means of decreasing the risk for infection in patients under-
going acute dialysis805,806; however, this strategy has not been 
rigorously evaluated in prospective clinical trials.

Anticoagulation is used to help maintain patency of the 
extracorporeal dialysis circuit in IHD, CRRT, and SLED.807,808 
The most commonly used anticoagulant for dialysis is 
unfractionated heparin; with multiple protocols used to 
attain sufficient anticoagulation of the dialysis circuit while 
minimizing systemic effects.807,808 Regional heparinization, 
in which heparin is infused proximal to the dialyzer and 
protamine, to reverse its effect, is infused into the return 
line,809 can be used but has generally been supplanted 
by low-dose heparin protocols.810 Low-molecular-weight 
heparin may be used as an alternative to unfractionated 
heparin; however, the benefits of this approach are unclear 
as low-molecular-weight heparin is not associated with 
enhanced efficacy, drug half-life is variably prolonged in 
renal failure, and monitoring of the anticoagulant effect is 
more difficult.807 In patients with heparin-induced thrombo-
cytopenia, heparin administration is contraindicated.  
Alternative anticoagulation strategies include regional 
citrate807,811-813; the serine protease inhibitor nafamostat814; 
the direct thrombin inhibitors hirudin, lepirudin, and 
argatroban815-819; and, rarely, the prostanoids epoprostenol 
and iloprost.807,808 In many patients, particularly those with 
underlying coagulopathy or thrombocytopenia, and in 
patients with active hemorrhage or recent postoperative 
status, acute RRT can be provided in the absence of 
anticoagulation.784,820,821

Intradialytic hypotension is common in patients undergo-
ing acute IHD.760,784,789,802,822 Episodes of hypotension may 
impair solute clearance and the efficiency of dialysis and can 
further compromise renal perfusion and delay recovery of 
kidney function.760,823-825 Intradialytic hypotension is typically 
triggered by intercompartmental fluid shifts or excessive 
fluid removal, leading to decreased intravascular volume, 
and may be exacerbated by altered vascular responsiveness 
related to the underlying acute process.802,826 Hypotension 
may be particularly problematic in critically ill patients in 
whom sepsis, cardiac dysfunction, hypoalbuminemia, mal-
nutrition, or large third-space losses may accompany the 
development of AKI. Prevention of intradialytic hypoten-
sion requires careful assessment of intravascular volume, 
prescription of realistic ultrafiltration targets, extension of 
treatment time so as to minimize the ultrafiltration rate, 
increasing the dialysate sodium concentration, and decreas-
ing the dialysate temperature.822,826,827 Although there is a 
tendency to reduce the extracorporeal blood flow in patients 
prone to hypotension, there is little evidence that this pro-
vides any benefit; although reducing blood flow decreased 
the volume of the extracorporeal circuit in the past when 
parallel plate and coil dialyzers were used, there is little 
change in the volume of the extracorporeal circuit in 
response to changes in blood flow when hollow fiber 
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Peritoneal Dialysis

The use of peritoneal dialysis in the management of AKI has 
diminished as the use of continuous and hybrid therapies 
have increased.866-868 Peritoneal dialysis has the advantage of 
requiring minimal technology, thus facilitating its use in 
remote or resource-constrained areas.869 As a result, it is still 
used in the treatment of AKI in regions where access to IHD 
or CRRT is not possible. Access for acute peritoneal dialysis 
can be obtained either by percutaneous placement of an 
uncuffed temporary peritoneal catheter or through surgical 
placement of a tunneled cuffed catheter. Peritoneal dialysis 
has the advantage of avoiding the need for vascular access 
or anticoagulation. Solute clearance and control of meta-
bolic parameters may be inferior to those achieved with 
other modalities of RRT.870 Although systemic hypotension 
is less of an issue than with other modalities of RRT, ultra-
filtration cannot be as tightly controlled. Other limitations 
include the relative contraindication in patients with acute 
abdominal processes or recent abdominal surgery, the risk 
for visceral organ injury during catheter placement, the  
risk for peritoneal dialysis–associated peritonitis, and an 
increased tendency toward hyperglycemia due to the high 
glucose concentrations in peritoneal dialysate, which is asso-
ciated with adverse outcomes in acute illness. Several trials 
have compared outcomes using peritoneal dialysis to those 
of other modalities of RRT in AKI.870-873 In a study of 70 
patients with infection-associated AKI in Vietnam, 58 of 
whom had severe falciparum malaria, peritoneal dialysis was 
associated with less adequate metabolic control and higher 
mortality than continuous hemofiltration.870 In contrast, in 
a study of 120 patients in Brazil who were randomized  
to high-volume peritoneal dialysis or daily hemodialysis, 
indices of metabolic control, recovery of kidney function, 
and survival were similar with both modalities of therapy.871 
In a meta-analysis that included eight observational studies 
and four clinical trials, Chionh and colleagues observed 
similar survival rates with peritoneal dialysis as compared to 
extracorporeal RRT in patients with AKI.874

OUTCOMES OF ACUTE KIDNEY INJURY

The crude short-term mortality rate among patients with 
intrinsic AKI approximates 50% and has changed little over 
the past 3 decades.25,26,28,34,469,515,516,787,875-883 This lack of 
improvement in survival despite significant advances in sup-
portive care may reflect a decrease in the proportion of 
patients with isolated AKI, and a corresponding increase in 
the number of patients with AKI complicating the multiple-
organ dysfunction syndrome.28,34,884,885 The risk for death 
differs considerably depending on the cause of AKI and 
clinical setting, with mortality estimates of approximately 
15% in obstetric patients with AKI, 30% in toxin-related 
AKI, and 60% to 90% in patients with sepsis.25,26,404,884,886,887 
In two large randomized controlled trials of severe AKI, the 
overall 60-day mortality rate was 52.6% in the Acute Renal 
Failure Trial Network study, conducted in the United 
States,784 and the 90-day mortality rate was 44.7% in the 
Randomized Evaluation of Normal versus Augmented Level 
(RENAL) Replacement Therapy Study, conducted in Aus-
tralia and New Zealand.845

randomized controlled trials comparing outcomes with 
CRRT and IHD have been published. In a multicenter ran-
domized controlled trial of 166 patients with AKI, Mehta 
and colleagues observed ICU and hospital mortality rates of 
59.5% and 65.5%, respectively, in patients randomized to 
CRRT as compared to 41.5% and 47.6%, respectively, in 
patients randomized to IHD (P < 0.02).846 As the result of 
an imbalance in randomization, patients in the CRRT arm 
had greater severity of illness as measured by the Acute 
Physiology and Chronic Health Evaluation III (APACHE 
III) score and a higher rate of liver failure. Adjusting for the 
imbalanced randomization in a post hoc analysis, the inves-
tigators found no difference in mortality attributable to 
modality of RRT. In a single-center randomized trial involv-
ing 80 patients, Augustine and coworkers reported more 
effective fluid removal and greater hemodynamic stability 
associated with CVVHD as compared to IHD but observed 
no difference in survival.847 Similarly, in another single-
center randomized controlled trial from Switzerland, Ueh-
linger and colleagues observed no difference in survival in 
70 patients randomized to CVVHDF as compared to 55 
patients assigned to IHD.848 In the Hemodiafe study, a mul-
ticenter randomized controlled trial conducted in 21 ICUs 
in France, Vinsonneau and associates reported 60-day sur-
vival rates of 31.5% in 184 patients randomized to IHD as 
compared to 32.6% in 175 patients randomized to CVVHDF 
(P = 0.98).822 Similarly, Lins and colleagues observed hospi-
tal morality rates of 62.5% in 144 patients randomized to 
IHD and 58.1% in 172 patients randomized to CRRT (P = 
0.43).849 Multiple meta-analyses have concluded that there 
is no association between survival and either of these modal-
ities of RRT.850-852 Although several studies have suggested 
that CRRT is associated with improved rates of recovery of 
kidney function in surviving patients as compared to 
IHD,846,853-856 all of these studies are notable for higher mor-
tality rates in the CRRT group. When analyzed across studies 
in which there were no differences in mortality, rates of 
recovery of kidney function do not appear to be impacted 
by modality of RRT.760,850,852,857

Prolonged Intermittent Renal  
Replacement Therapy

PIRRT represents therapies in which conventional hemodi-
alysis equipment is modified to provide extended-duration 
dialysis using lower blood flow rates and dialysate flow 
rates.858,859 Various terms have been developed to describe 
these therapies, including SLED,860,861 extended daily dialy-
sis,862 and sustained low-efficiency daily diafiltration.863 By 
extending the duration of the dialysis treatment while pro-
viding slower ultrafiltration and solute clearance, these 
therapies are associated with enhanced hemodynamic toler-
ability as compared to IHD. The degree of metabolic control 
attained with these treatments is comparable to that observed 
with CRRT.864 In an observational study performed in three 
ICUs in New Zealand, Australia, and Italy that changed from 
using CRRT to PIRRT, there was no change in outcomes 
following the change in modality of RRT.859 Similarly, in a 
single-center prospective randomized controlled trial that 
included 232 patients, 90-day survival rates were similar in 
the PIIRT and CRRT groups (PIRRT, 50.4%; CRRT, 44.4%; 
P = 0.43), although overall resource utilization was lower 
with PIRRT.865
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CI, 2.70 to 3.86). Lo and colleagues examined the associa-
tion of AKI that required transient dialysis with long-term 
mortality.900 Among 562,799 hospitalized patients who had 
a baseline eGFR of 45 mL/min/1.73 m2 or higher, 703 sus-
tained dialysis-requiring AKI, of whom 295 (42%) died, 65 
(9%) remained chronically dialysis dependent, and 343 
(49%) recovered sufficient kidney function to be able to 
discontinue dialysis by the time of hospital discharge. In 
multivariable analyses, AKI requiring transient dialysis was 
associated with a twofold increased risk for death over 6 
years of follow-up.900 In the same study, AKI requiring tran-
sient dialysis was associated with a 28-fold increased risk for 
developing progressive CKD, defined as a decline in kidney 
function to an eGFR of 30 mL/min/1.73 m2 or less.900 In a 
study of over 87,000 patients, Newsome and colleagues dem-
onstrated that increases in serum creatinine concentration 
of 0.3 to 0.5 mg/dL following acute myocardial infarction 
were independently associated with an increased risk for 
ESKD (HR, 2.36; P < 0.05) and long-term mortality (HR, 
1.26; P <.05).901

As part of an epidemiologic study of 11,249 patients in 
Alberta, Canada, James and coworkers demonstrated that 
mild AKI following coronary angiography, defined as an 
increase in serum creatinine concentration of 50% to 99% 
or 0.3 mg/dL or more was associated with a nearly fivefold 
increased risk for experiencing a sustained reduction in 
kidney function at 90 days (adjusted odds ratio [OR], 4.74; 
95% CI, 3.92 to 5.74).902 Patients who developed more 
severe AKI, defined by an increase in serum creatinine con-
centration of 100% or more had a greater than 17-fold 
increased risk for persistent renal injury at 90 days following 
angiography (adjusted OR, 17.3; 95% CI, 12.0 to 24.9), sup-
porting a graded relationship between the severity of AKI 
and risk for sustained renal damage at 90 days. AKI was also 
associated with an increased risk for accelerated decline in 
kidney function, defined as a loss of eGFR of more than 
4 mL/min/1.73 m2 per year over 2 to 3 years of follow-up 
(OR, 2.9; 95% CI, 2.2 to 3.7), as well as a markedly increased 
risk for ESKD over this same period of follow-up (OR, 13.8; 
95% CI, 7.4 to 25.9).902 Even patients with baseline normal 
kidney function who have apparent complete recovery of 
kidney function appear to be at increased risk. In an analysis 
of over 30,000 hospital discharges, Bucaloiu and colleagues 
observed increased risks for subsequent CKD and long-term 
mortality in patients with normal baseline kidney function 
who sustained an episode of AKI and had recovery of kidney 
function to a serum creatinine concentration within 0.1 mg/
dL of baseline.903 In this study, long-term mortality risk was 
markedly attenuated after adjusting for development of 
CKD, suggesting that the mortality risk was mediated, at 
least in part, by the development of CKD. In addition, a 
recent analysis of longitudinal data from patients from 
Taiwan who recovered kidney function after an episode of 
dialysis-requiring AKI as compared to matched controls sug-
gests that patients surviving an episode of AKI are at 
increased risk for cardiovascular disease, with an observed 
hazard of coronary events of 1.7 (95% CI, 1.4 to 2.0) after 
adjusting for development of CKD and ESKD.904 Thus the 
development of AKI appears to accelerate the progression 
of CKD and the development of ESKD and places patients 
at increased risk for cardiovascular disease and longer-term 
mortality.

Factors that have been found to predict poor outcomes 
in AKI include male sex, advanced age, oliguria (<400 mL/
day), a rise in the serum creatinine value of greater than 
3 mg/dL, and coexistent sepsis or nonrenal organ failure, 
factors that reflect more severe renal injury and overall 
severity of illness. However, even mild decrements in renal 
function that do not necessitate dialytic support are recog-
nized as being associated with poor patient outcomes. Lass-
nigg and associates demonstrated that increases in serum 
creatinine concentration of less than 0.6 mg/dL following 
cardiothoracic surgery were independently associated with 
a nearly twofold increase in 30-day mortality (hazard ratio 
[HR], 1.92; 95% confidence interval [CI], 1.34 to 2.77).888 
Furthermore, several studies of contrast medium–induced 
AKI have demonstrated that small increments in serum cre-
atinine concentration, even if transient, are associated with 
increased short- and long-term mortality.889-892 Whether such 
transient increases in serum creatinine concentration 
directly mediate adverse long-term outcomes or represent a 
biochemical marker of patients at higher risk for such out-
comes remains unclear.893

While the development of AKI is associated with remark-
ably high short-term mortality rates, surviving an episode of 
AKI is also associated with an increased risk for serious 
longer-term morbidity and mortality. Although older data 
suggested that complete recovery of kidney function was 
common in patients surviving an episode of AKI with only 
5% of patients having no recovery of kidney function and 
an additional 5% manifesting progressive deterioration in 
kidney function after an initial recovery phase, more recent 
data have challenged this teaching. Rates of recovery of 
kidney function in recent clinical trials of RRT in AKI have 
been highly variable, with less than 10% of surviving patients 
remaining dialysis dependent in the RENAL study845 as com-
pared to approximately 25% of surviving patients in the 
Acute Renal Failure Trial Network study784 and approxi-
mately 40% in the Hannover Dialysis Outcome study.894 The 
reason for this wide variation in recovery of kidney function 
across studies is not known.

In patients who recover kidney function, approximately 
half have subclinical functional defects in glomerular filtra-
tion, tubular solute transport, H+ secretion, and urinary 
concentrating mechanisms or have tubulointerstitial scar-
ring on kidney biopsy.895-898 Epidemiologic studies have dem-
onstrated that patients who survive an episode of AKI are at 
increased risk for progressive CKD and development of 
ESKD and have an increased long-term mortality risk. Using 
data from a 5% representative sample of older Medicare 
beneficiaries, Ishani and coworkers observed that AKI in the 
absence of underlying CKD was independently associated 
with a markedly increased risk for the development of ESKD 
at 2 years of follow-up (HR, 13.0; 95% CI, 10.6 to 16).32 AKI 
that developed in the setting of preexistent CKD was associ-
ated with an even higher risk for ESKD (HR, 41.2; 95% CI, 
34.6 to 49.1). Wald and associates conducted a population-
based cohort study comparing long-term outcomes of 3769 
patients who developed AKI that required temporary dialy-
sis with 13,598 matched controls who were hospitalized but 
did not develop AKI.899 At a median of 3 years of follow-up, 
the risk for ESKD was more than threefold higher among 
patients who required acute transient dialysis compared to 
severity-of-illness matched controls (adjusted HR, 3.23; 95% 
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AKI also extends the length of hospitalization and is associ-
ated with substantial health resource utilization.469,853,905-907 
The U.S. cost of treating AKI was estimated in 1999 to be 
$50,000 per quality-adjusted life-year, a level that is important 
to consider regarding the cost-benefit analysis of potential 
interventions for this condition.908 In a more recent analysis 
of long-term outcomes of 153 ICU survivors who had  
recovered from AKI, quality-adjusted survival was poor as 
compared to an age- and gender-matched community popu-
lation.909 Quality-adjusted survival in this cohort was poor (15 
quality-adjusted years per 100 patient-years in the first year 
following discharge); however, despite the low health-related 
quality of life, the subject’s self-perceived health satisfaction 
was not significantly different from that of the general popu-
lation.909 Similar poor health-related quality of life was also 
observed in follow-up of 415 subjects who participated in the 
Acute Renal Failure Trial Network study and survived at least 
60 days, with 27% of respondents’ health states correspond-
ing to levels considered by the general population to be 
equivalent to or worse than death.910

The design of many of the clinical studies that have exam-
ined the efficacy of therapeutic interventions on hard out-
comes of AKI has been problematic. Measurement of the 
benefit of interventions for the treatment of AKI has been 
confounded by the difficulty in accurately defining the 
onset and resolution of this condition. Furthermore, many 
human studies of AKI suffer from a lack of well-defined end 
points.10 For example, although the need for dialysis has 
been used as an end point in many trials of AKI, uniform 
criteria for the initiation and discontinuation of dialysis 
have often not been established before the study, and among 
studies that do define specific criteria for dialysis, such cri-
teria may differ across trials and study populations.911-913 
Finally, the necessary duration of follow-up to fully capture 
the sequelae of AKI remains uncertain.914-916 The assessment 
of outcomes clearly needs to extend beyond ICU and hos-
pital discharge, as accumulating data associate AKI with 
longer-term morbidity and mortality.32,900,914
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The underlying cause of many glomerular diseases remains 
an enigma; however, each edition of this chapter presents 
important discoveries that have been made since its previ-
ous editions that substantially increase our understanding 
of the causes and pathogenesis of a number of glomeru-
lar diseases—for example, idiopathic (primary) membra-
nous nephropathy (MN), focal segmental glomerulosclerosis 
(FSGS), IgA nephropathy, antineutrophil cytoplasmic  
autoantibody (ANCA) glomerulonephritis, dense deposit 
disease, and C3 glomerulonephritis. Infectious agents, auto-
immunity, legal and illegal drugs, inherited disorders, and 
environmental agents have been implicated as causes of 
certain glomerular diseases. Until the precise causes and 
pathogenesis of glomerular disorders are unraveled, we con-
tinue in the tradition of Richard Bright—studying the rela-
tionship of clinical, pathologic, and laboratory signs and 
symptoms of disease, and basing our diagnostic categoriza-
tion on these features rather than on causes.

Glomerular diseases may be categorized into those that 
primarily involve the kidney (primary glomerular diseases) 
and those in which kidney involvement is part of a systemic 
disorder (secondary glomerular diseases). This chapter 
focuses on primary glomerular diseases. Some forms of glo-
merular disease occur not only as a renal-limited (primary) 

disease in some patients but also as a component of systemic 
disease in other patients, for example, anti–glomerular 
basement membrane (anti-GBM) glomerulonephritis with 
and without pulmonary disease, and ANCA glomerulone-
phritis with and without systemic vasculitis and granuloma-
tosis. Chapter 33 concentrates on secondary glomerular 
diseases and Chapter 34 focuses on therapy for glomerular 
disease. The separation of glomerular disease into primary 
versus secondary is somewhat problematic because, in some 
instances, what are considered primary glomerular diseases 
are similar, if not identical, to secondary glomerular dis-
eases. For example, immunoglobulin A (IgA) nephropathy, 
pauci-immune necrotizing and crescentic glomerulonephri-
tis, anti-GBM glomerulonephritis, MN, and membranopro-
liferative glomerulonephritis (MPGN) can occur as primary 
kidney diseases or as components of systemic diseases such 
as IgA vasculitis, pauci-immune small vessel vasculitis, Good-
pasture’s syndrome, systemic lupus erythematosus (SLE), 
and cryoglobulinemic vasculitis, respectively. Of note, since 
the last edition there has been a successful shift, as in many 
settings, to phase out the nosologic use of eponyms and to 
substitute non-eponymous terms that more accurately 
reflect pathophysiologic specificity in the nomenclature of 
vasculitides. This nomenclature of vasculitides was formally 
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that restrict filtration of plasma proteins of more than 
150 kDa. There is also a shape restriction of molecules that 
allows elongated molecules to cross the glomerular capillary 
wall more readily than molecules of the same molecular 
weight, and there is a charge-selective nature of the barrier 
that is largely a consequence of glycosaminoglycans arranged 
along the capillary wall. Loss of charge selectivity may be a 
defect in patients with MCD, whereas a loss of size selectivity 
may be the cause of proteinuria in, for instance, patients 
with MN.3

A number of factors have proven to be important in the 
disruption of the glomerular capillary wall as a consequence 
of tissue-degrading enzymes, complement components that 
assemble or deposit in it, and oxygen radicals that target 
both the GBM and the slit diaphragm. Heparanase and 
hyaluronidase alterations in the aminoglycan content of the 
glomerular capillary wall may play a role in increased 
protein excretion.5,6 Genetic studies have provided exciting 
clues to the specific components of the glomerular capillary 
wall, including mutations in the podocyte or proteins in the 
slit diaphragm, that result in proteinuria (reviewed by Tryg-
gvason and colleagues7 and more recently by Garg and 
Rabelink.8)

Another major mechanism resulting in proteinuria is 
impaired reabsorption of plasma proteins by proximal 

revised in 2012 at the second international Chapel Hill 
Consensus Conference, and the following vasculitides with 
new names are relevant to this edition: IgA vasculitis (for-
merly designated Henoch-Schönlein purpura), granuloma-
tosis with polyangiitis (GPA, formerly designated Wegener’s 
granulomatosis), and eosinophilic granulomatosis with 
polyangiitis (EGPA, formerly designated Churg-Strauss syn-
drome).1 This chapter focuses on the diagnosis and man-
agement of glomerular diseases that do not appear to be a 
component of a systemic disease.

When a patient presents with glomerular disease, the 
clinician not only must evaluate the clinical signs and symp-
toms but also must be vigilant for evidence of a systemic 
process or disease that could be causing the kidney disease. 
Clinical evaluation includes assessment of proteinuria, 
hematuria, the presence or absence of renal insufficiency, 
and the presence or absence of hypertension. Some glo-
merular diseases cause isolated proteinuria or isolated 
hematuria with no other signs or symptoms of disease. More 
severe glomerular disease often results in the nephrotic 
syndrome or nephritic (glomerulonephritic) syndrome. 
Glomerular disease may have an indolent course or begin 
abruptly, leading to acute or rapidly progressive glomerulo-
nephritis. Although some glomerular disorders consistently 
cause a specific syndrome (e.g., minimal change disease 
[MCD] results in the nephrotic syndrome), most disorders 
are capable of causing features of both nephrosis and 
nephritis (Table 32.1). This sharing and variability of  
clinical manifestations among different glomerular diseases 
may not allow an accurate diagnosis based on clinical fea-
tures alone. Therefore, kidney biopsy has an important role 
in the evaluation of many patients and remains the gold 
standard for definitive diagnosis of many glomerular 
diseases.

This chapter describes the clinical syndromes caused by 
glomerular diseases, including isolated proteinuria, isolated 
hematuria, and specific forms of primary glomerular disease 
that cause the nephrotic or nephritic syndrome, and reviews 
their distinctive pathologic features.

GENERAL DESCRIPTION OF  
GLOMERULAR SYNDROMES

ISOLATED PROTEINURIA

Proteinuria can be caused by systemic overproduction of 
proteins that cross glomerular capillary walls (e.g., multiple 
myeloma with Bence Jones proteinuria), tubular dysfunc-
tion (e.g., Fanconi’s syndrome), or glomerular dysfunction. 
It is important to identify patients in whom proteinuria is a 
manifestation of substantial glomerular disease as opposed 
to patients who have benign functional, transient, postural 
(orthostatic), or intermittent proteinuria.

Plasma proteins larger than 70 kDa cross the basement 
membrane in a manner normally restricted by both size-
selective and charge-selective barriers.2,3 The functional 
characteristics of the glomerular capillary filter have been 
extensively studied by the evaluation of the fractional clear-
ance of molecules of different size and charge.4 The size-
selective barrier is most likely a consequence of functional 
pores within the glomerular basement membrane (GBM) 

Table 32.1  Manifestations of Nephrotic and 
Nephritic Features by Glomerular 
Diseases

Nephrotic 
Features

Nephritic 
Features

Minimal change disease ++++ –
Membranous nephropathy ++++ +
Focal segmental 

glomerulosclerosis
+++ ++

Fibrillary glomerulonephritis +++ ++
Mesangioproliferative 

glomerulopathy*
++ ++

Membranoproliferative 
glomerulonephritis†

++ +++

Proliferative glomerulonephritis* ++ +++
Acute diffuse proliferative 

glomerulonephritis‡
+ ++++

Crescentic glomerulonephritis§ + ++++

*Mesangioproliferative and proliferative glomerulonephritis (focal 
or diffuse) are structural manifestations of a number of 
glomerulonephritides, including IgA nephropathy and lupus 
nephritis.

†Both mesangiocapillary (type I) and dense deposit disease 
(type II).

‡Often a structural manifestation of acute poststreptococcal 
glomerulonephritis.

§Can be immune complex mediated, anti–glomerular basement 
membrane antibody mediated, or associated with 
antineutrophil cytoplasmic autoantibodies.

Modified with permission from Jennette JC, Mandal AK: The 
nephrotic syndrome. In Mandal AK, Jennette JC, editors: 
Diagnosis and management of renal disease and 
hypertension, Durham NC, 1994, Carolina Academic Press, 
pp 235-272.
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In addition, the observation that surgical correction of a 
kink in an allograft renal vein resulted in the disappearance 
of orthostatic proteinuria gives credence to venous entrap-
ment as a cause for orthostatic proteinuria.15

There are several approaches to the diagnosis of ortho-
static proteinuria. These include comparison of protein 
excretion in two 12-hour urine collections, one during 
recumbency and one during ambulation. Another approach 
is to compare protein level in a split collection of 16 hours 
during ambulation and 8 hours of overnight collection. It 
is important that patients be recumbent for at least 2 hours 
before their ambulatory collection is completed to avoid the 
possibility of contamination of the recumbent collection by 
urine formed during ambulation. The diagnosis of ortho-
static proteinuria requires that protein excretion during 
recumbency be less than 50 mg during those 8 hours. Few 
convincing data exist on the usefulness of comparing urinary 
protein to creatinine ratio measurements during recum-
bency versus ambulation as a diagnostic test for orthostatic 
proteinuria.

Twenty-year follow-up of orthostatic proteinuria suggests 
a benign long-term course.13 Orthostatic proteinuria resolves 
in most patients. It is present in 50% of patients after 10 
years and only 17% of patients after 20 years.13 In the 
absence of a kidney biopsy, an underlying glomerulopathy 
cannot be completely excluded, and an orthostatic compo-
nent of proteinuria may be found in early glomerular 
disease. Thus, it is important to reassess patients after an 
interval of about 1 year to be certain that the degree or 
pattern of proteinuria has not changed.

Fixed proteinuria is present whether the patient is upright 
or recumbent. The proteinuria disappears in some patients, 
whereas others will have a more ominous glomerular lesion 
that portends an adverse long-term outcome. The prognosis 
depends on the persistence and severity of the proteinuria. 
If proteinuria disappears, it is less likely that the patient will 
develop hypertension or reduced glomerular filtration rate 
(GFR). These patients must be evaluated periodically for as 
long as proteinuria persists.

RECURRENT OR PERSISTENT HEMATURIA

Hematuria is the presence of an excessive number of red 
blood cells in the urine and is categorized as either micro-
scopic (visible only with the aid of a microscope) or macro-
scopic (urine that is tea-colored or cola-colored, pink, or 
even red). Hematuria can result from injury to the kidney 
or to another site in the urinary tract.

Healthy individuals may excrete as many as 105 red cells 
in the urine in a 12-hour period. An acceptable definition 
of hematuria is more than two red cells per high-power field 
in centrifuged urine.17 The approach to processing urine 
varies from laboratory to laboratory; therefore, the number 
of red cells per high-power field that is an accurate indicator 
of hematuria may vary slightly among different laboratories. 
The urine dipstick test detects one or two red cells per high-
power field and is a very sensitive test. A negative result on 
dipstick examination virtually excludes hematuria.18

Hematuria is present in about 5% to 6% of the general 
population19 and 4% of schoolchildren. In the majority of 
children, follow-up urinalyses are normal.20 In most people, 
hematuria emanates from the lower urinary tract, especially 

tubular epithelial cells. A number of low-molecular-weight 
proteins, including albumin and β1-, β2-, and α1- microglobu-
lins, are filtered by the glomerulus and absorbed by tubular 
epithelial cells. When tubular epithelial cells are damaged, 
these proteins are excreted. Russo and colleagues have 
studied the critical importance of tubular absorption of 
proteins.9 Glomerular capillary sieving coefficient for 
albumin was examined in normal and nephrotic rats by two-
photon (laser) intravital microscopy. The glomerular capil-
lary sieving coefficient for albumin was 3.4 × 102 rather than 
6.2 × 104 as found by earlier micropuncture studies in rats.

Several important observations emanate from this study. 
First, there is a large amount of albumin filtered across the 
glomerular capillary bed daily in the normal rat. Second, 
investigators found no evidence for a charge-based restric-
tion to the passage of albumin through the glomerular filter. 
Third, in normal and nephrotic animals, the vast majority 
of the filtered albumin was “reclaimed” from the filtrate by 
a high-capacity transcytotic pathway in the proximal tubule, 
which returns intact (unaltered) albumin to the peritubular 
capillary circulation. These are important concepts, because 
most nephrologists view albuminuria as resulting solely 
from enhanced glomerular permeability (recently reviewed 
by Vallon10).

The term isolated proteinuria is used in several conditions, 
including mild transient proteinuria of less than 1 g protein 
per day that typically accompanies physiologically stressful 
conditions such as fever in hospitalized patients, exercise, 
and congestive heart failure.11 In other patients, transient 
proteinuria is a consequence of the overflow of proteins of 
low molecular weight due to overproduction of light chains, 
heavy chains, or other fragments of immunoglobulins. Addi-
tional examples of proteinuria caused by increased circulat-
ing proteins are β2-microglobinuria, myoglobinuria, and 
hemoglobinuria.

The term orthostatic proteinuria is defined by the absence 
of proteinuria while the patient is in a recumbent posture 
and its appearance during upright posture, especially during 
ambulation or exercise.12 The total amount of protein excre-
tion in a 24-hour period is generally less than 1 g but may 
be as much as 2 g. Orthostatic proteinuria is more common 
in adolescents and is uncommon in individuals older than 
30 years.12,13 Some 2% to 5% of adolescents have orthostatic 
proteinuria. Among patients with orthostatic proteinuria 
who underwent kidney biopsy, 47% were found to have 
normal glomeruli by light microscopy, 45% to have minimal 
to moderate glomerular abnormalities of nonspecific 
nature, and the remainder to have evidence of a primary 
glomerular disease.14

Why is proteinuria increased during upright posture in 
individuals with normal glomeruli by light microscopy? 
Although the answer to this question is not fully known, 
there are several likely possibilities. Orthostatic proteinuria 
may occur as a consequence of alterations in glomerular 
hemodynamics. It is possible that even in histologically 
“normal” glomeruli in which there are no specific lesions, 
subtle glomerular abnormalities exist, including abnormal 
basement membranes or focal changes of the mesangium.15 
Alternatively, orthostatic proteinuria has been demonstrated 
with anatomic entrapment and subsequent obstruction of 
the left renal vein between the aorta and superior mesen-
teric artery (commonly referred to as “renal nutcracker”).16 
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in the urine enhances the possibility that hematuria is of 
glomerular origin. Although brown or cola-colored urine is 
most commonly associated with glomerular hematuria, its 
absence does not exclude glomerular disease. Interestingly, 
clots do not occur in the urine with glomerular bleeding.

The differential pathologic diagnosis of glomerular 
hematuria without proteinuria, renal insufficiency, or red 
blood cell casts includes IgA nephropathy, thin basement 
membrane nephropathy, hereditary nephritis, and histo-
logically normal glomeruli.28 In a study in Europe,29 80 nor-
motensive adults underwent kidney biopsy for evaluation of 
recurrent macroscopic hematuria or persistent microscopic 
hematuria. Approximately 30% of these patients had IgA 
nephropathy, 20% had thin basement membrane nephrop-
athy, and 30% had no discernible lesion. Hematuria disap-
peared in 13 of the latter patients. The remaining patients 
had mesangioproliferative glomerulonephritis, interstitial 
nephritis, or focal glomerulosclerosis. In contrast, 216 
Chinese adults with isolated hematuria who underwent a 
kidney biopsy were much more likely to have IgA nephropa-
thy than any other lesion.30

Table 32.2 provides data from an analysis of native kidney 
biopsy specimens from patients with hematuria performed 
by the University of North Carolina Nephropathology Labo-
ratory. Patients with SLE were excluded from the study. The 
patients selected for the study had a serum creatinine level 
of less than 1.5 mg/dL or more than 3 mg/dL. Patients with 
a serum creatinine level of less than 1.5 mg/dL were further 
divided into those with proteinuria less than 1 g protein per 
day and those with proteinuria of 1 to 3 g protein per day. 
The data showed that patients with a relatively normal 
serum creatinine level, hematuria, and proteinuria of less 
than 1 g protein per day were most likely to have thin base-
ment membrane nephropathy, IgA nephropathy, or no 
identifiable renal lesion. When hematuria is accompanied 
by 1 to 3 g protein per day of proteinuria but no significant 
renal insufficiency, IgA nephropathy was the most likely 
cause. Patients with hematuria and a serum creatinine of 
more than 3 mg/dL most often had aggressive glomerulo-
nephritis with crescents.

in conditions affecting the urethra, bladder, and prostate. 
Less than 10% of cases of hematuria are caused by glomeru-
lar bleeding.17 Persistent hematuria, especially in older indi-
viduals, should raise the possibility of malignancy. The 
incidence of malignancy, especially of the bladder, ranges 
from 5% in individuals with persistent microscopic hematu-
ria to over 20% in individuals with gross hematuria.21 Other 
causes of nonglomerular hematuria include neoplasms, 
trauma, metabolic defects such as hypercalciuria, vascular 
diseases including renal infarctions and renal vein throm-
bosis, cystic diseases of the kidney including polycystic 
kidney disease, medullary cystic disease and medullary 
sponge kidney, and interstitial kidney disease such as papil-
lary necrosis, hydronephrosis, and drug-induced interstitial 
nephritis. In children with asymptomatic hematuria, hyper-
calciuria is the cause in 15% of cases, and 10% to 15% have 
IgA nephropathy. In up to 80% of children and 15% to 20% 
of adults with hematuria, no cause can be identified.22

Transient hematuria has been found in a number of set-
tings. Transient hematuria is present in 13% of postmeno-
pausal women.23 Episodic hematuria in a cyclical pattern 
during a menstrual cycle is most likely a consequence of the 
invasion of the urinary tract by endometrial implants.24 In 
1000 males between the ages of 18 and 33, hematuria was 
present at least once in 39% and on two or more occasions 
in 16%. In patients with isolated asymptomatic hematuria 
without proteinuria or renal insufficiency, the hematuria 
resolves in 20% of cases; however, some of these patients will 
develop hypertension and proteinuria.25 In older individu-
als, transient hematuria should raise a concern of malig-
nancy.17,26,27 In some individuals, transient hematuria may be 
a consequence of exercise.

Glomerular hematuria, in contrast to hematuria caused 
by injury elsewhere in the urinary tract, is characterized by 
misshapen red cells that have been distorted by osmotic and 
chemical stress as red blood cells pass through the nephron. 
Hematuria with dysmorphic cells, especially cells that have 
membrane blebs producing the picture of acanthocyturia, 
is strong evidence for glomerular bleeding.21 The finding of 
protein (especially >2 g/day), hemoglobin, or red cell casts 

Table 32.2  Frequency of Kidney Disease in Patients with Hematuria Undergoing Renal Biopsy (in Percent)*

Biopsy Findings

Hematuria, Urinary 
Protein <1 g/day, 
Creatinine <1.5 mg/dL

Hematuria, Urinary 
Protein 1-3 g/day, 
Creatinine <1.5 mg/dL

Hematuria, Creatinine 
>3 mg/dL

No abnormality 30 2 0
Thin basement nephropathy 26 4 0
Immunoglobulin A nephropathy 28 24 8
Glomerulonephritis without crescents† 9 26 23
Glomerulonephritis with crescents† 2 24 44
Other kidney disease‡ 5 20 25
Total 100 (n = 43) 100 (n = 123) 100 (n = 255)

*Based on an analysis of kidney biopsy specimens evaluated at the University of North Carolina Nephropathology Laboratory. Specimens 
from patients with systemic lupus erythematosus were excluded from the analysis.

†Proliferative or necrotizing glomerulonephritis other than immunoglobulin A nephropathy or lupus nephritis.
‡Includes causes of nephrotic syndrome such as membranous nephropathy and focal segmental glomerulosclerosis.
Data from Caldas MLR, Jennette JC, Falk RJ, et al: Immunoelectron microscopic documentation of the translocation of proteins reactive 

with ANCA to neutrophil cell surfaces during neutrophil activation. Third International Workshop on ANCA, 1990 [abstract].
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Despite these overall tendencies, it is not possible to 
definitively determine the cause of asymptomatic hematuria 
without kidney biopsy, and even kidney biopsy specimen 
evaluation fails to reveal a cause in a minority of patients. 
Certain rules generally apply to the clinical prediction of 
the most likely cause. Gross hematuria is most commonly 
found in IgA nephropathy or hereditary nephritis. Patients 
with thin basement membrane nephropathy typically do not 
have substantial proteinuria.

The potential benefits of kidney biopsy in patients with 
isolated hematuria include reduction of patient and physi-
cian uncertainty by confirming a specific diagnosis. None-
theless, the role of kidney biopsy in the evaluation of 
asymptomatic hematuria in patients without proteinuria, 
hypertension, or kidney insufficiency remains unclear. In 
biopsy series involving patients in whom asymptomatic 
hematuria is accompanied by low-grade proteinuria, specific 
glomerular diseases including IgA nephropathy and mem-
branoproliferative glomerular disease may be discovered 
when there is no proteinuria, and IgA nephropathy and  
thin basement membrane disease or nondiagnostic minor 
changes remain the most common findings.31,32 Confirma-
tion of a glomerular cause eliminates the need for repeated 
urologic studies, and a more accurate long-term prognosis 
can be made (e.g., thin basement membrane nephropathy 
is less likely to progress than is IgA nephropathy). However, 
isolated glomerular hematuria without proteinuria or renal 
insufficiency may not warrant a kidney biopsy, because the 
findings often will not affect management. In one study of 
patients with isolated hematuria, the biopsy results altered 
patient management in only 1 of 36 patients.33

GLOMERULAR DISEASES THAT CAUSE 
NEPHROTIC SYNDROME

NEPHROTIC SYNDROME

Nephrotic syndrome results from proteinuria of more than 
3.5 g protein per day and is characterized by edema, hyper-
lipidemia, hypoproteinemia, and other metabolic disorders 
(described in detail later). Nephrotic syndrome not only 
may be caused by primary (idiopathic) glomerular diseases 
but also may be secondary to a large number of identifiable 
disease states (Table 32.3). Despite the differences in these 
causes, the loss of substantial amounts of protein in the 
urine results in a shared set of abnormalities that comprise 
nephrotic syndrome (Tables 32.4, 32.5, and 32.6). We are 
likely to witness an explosion of new insights into primary 
glomerular diseases responsible for nephrotic syndrome 
with the recent establishment of the Nephrotic Syndrome 
Study Network (NEPTUNE) and Cure Glomerulonephrop-
athy (CureGN), both funded by the National Institutes of 
Health (NIH). NEPTUNE is a North American multicenter 
collaborative translational research consortium geared 
toward longitudinal clinical monitoring and blood, urine, 
and kidney tissue sample collection from 450 adults and 
children with MCD, FSGS, and MN.34 CureGN (https://
curegn.org/) is a longitudinal multicenter cohort study that 
will study 2400 children and adults with MCD, FSGS, MN, 
and IgA nephropathy. Both NEPTUNE and CureGN provide 
the infrastructure for multiple ancillary studies that will 

advance our understanding and management of glomerular 
diseases.

MINIMAL CHANGE DISEASE

EPIDEMIOLOGY
Minimal change disease (MCD), was first described in 1913 
by Munk, who called it lipoid nephrosis because of the pres-
ence of lipid in the tubular epithelial cells and urine.35 MCD 
is most common in children, accounting for 70% to 90% of 
nephrotic syndrome in children younger than age 10 and 
50% in older children. MCD also causes 10% to 15% of 
primary nephrotic syndrome in adults (Figure 32.1).

The incidence of MCD has geographic variations. MCD 
is more common in Asia than in North America or Europe.36 
This may be a consequence of differences in kidney biopsy 
practices or of differences in environmental or genetic 
influences. The disease may also affect older adult patients 
in whom there is a higher propensity for the clinical syn-
drome of MCD and Acute Kidney Injury (AKI) (discussed 
later). There appears to be a male preponderance of this 
process in some research series, especially in children, in 
whom the male/female ratio is 2 : 1 to 3 : 137; however, data 
from the authors’ institution do not support this finding.

PATHOLOGY
The effacement of podocyte foot processes is accompanied 
by increased density of the cytoskeleton, including actin fila-
ments, in clumps near the basement membrane surface of 
the podocytes. However, the extent of effacement appears 
to correlate more with the duration of active nephrotic 
syndrome than with the magnitude of proteinuria.38

Light Microscopy

In MCD, no glomerular lesions are seen by light microscopy 
(Figure 32.2), or only a minimal focal segmental mesangial 

Figure 32.1 Graph depicting frequencies of different forms of glo-
merular disease identified in kidney biopsy specimens from patients 
with proteinuria of more than 3 g of protein per day evaluated at  
the University of North Carolina Nephropathology Laboratory. Some 
diseases that cause proteinuria are underrepresented because they 
are not always evaluated by kidney biopsy. For example, in many 
patients steroid-responsive proteinuria is given a presumptive diag-
nosis of minimal change disease and patients do not undergo biopsy, 
and most patients with diabetes and proteinuria are presumed to 
have diabetic glomerulosclerosis and do not undergo biopsy. GN, 
Glomerulonephritis. 
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Table 32.3  Classification of the Disease States Associated with the Development of Nephrotic Syndrome

Idiopathic Nephrotic Syndrome due to Primary Glomerular 
Disease

Nephrotic Syndrome Associated with Specific Causal Events or 
in Which Glomerular Disease Arises as a Complication of Other 
Diseases

1. Medications and other chemicals
 Organic, inorganic, elemental mercury*
 Organic gold
 Penicillamine, bucillamine
 Street heroin
 Probenecid
 Captopril
 Nonsteroidal antiinflammatory drugs
 Lithium
 Interferon-α
 Chlorpropamide
 Rifampin
 Pamidronate
 Paramethadione (Paradione), trimethadione (Tridione)
 Mephenytoin (Mesantoin)
 Tolbutamide†

 Phenindione†

 Warfarin
 Clonidine†

 Perchlorate†

 Bismuth†

 Trichloroethylene†

 Silver†

 Insect repellent†

 Contrast media
 Anabolic steroids

2. Allergens, venoms, immunizing agents
 Bee sting
 Pollens
 Poison ivy and poison oak
 Antitoxins (serum sickness)
 Snake venom
 Diphtheria, pertussis, tetanus toxoid
 Vaccines

3. Infections
 Bacterial: poststreptococcal glomerulonephritis, infective 

endocarditis, shunt nephritis, leprosy, syphilis (congenital and 
secondary), Mycoplasma infection, tuberculosis,† chronic 
bacterial pyelonephritis with vesicoureteral reflux

 Viral: hepatitis B, hepatitis C, cytomegalovirus infection, 
infectious mononucleosis (Epstein-Barr virus infection), herpes 
zoster, vaccinia, infection with human immunodeficiency virus-1

 Protozoal: malaria (especially quartan malaria), toxoplasmosis
 Helminthic: schistosomiasis, trypanosomiasis, filariasis

4. Neoplasms
 Solid tumors (carcinoma and sarcoma): tumors of the lung, 

colon, stomach, breast, cervix, kidney, thyroid, ovary, prostate, 
adrenal, oropharynx, carotid body†; melanoma, 
pheochromocytoma, Wilms’ tumor, mesothelioma, oncocytoma

 Leukemia and lymphoma: Hodgkin’s disease, chronic 
lymphocytic leukemia, multiple myeloma (amyloidosis), 
Waldenström’s macroglobulinemia, lymphoma

 Graft-versus-host disease after bone marrow transplantation
5. Multisystem disease‡

 Systemic lupus erythematosus
 Mixed connective tissue disease
 Dermatomyositis
 Rheumatoid arthritis
 Goodpasture’s syndrome

 IgA vasculitis (see also immunoglobulin A nephropathy, 
Berger’s disease)

 Systemic vasculitis (including GPA)
 Takayasu’s arteritis
 Mixed cryoglobulinemia
 Light- and heavy-chain disease (Randall type)
 Partial lipodystrophy
 Sjögren’s syndrome
 Toxic epidermolysis
 Dermatitis herpetiformis
 Sarcoidosis
 Ulcerative colitis
 Amyloidosis (primary and secondary)

6. Hereditary-familial and metabolic disease‡

 Diabetes mellitus
 Hypothyroidism (myxedema)
 Graves’ disease
 Amyloidosis (familial Mediterranean fever and other hereditary 

forms, Muckle-Wells syndrome)
 Alport’s syndrome
 Fabry’s disease
 Nail-patella syndrome
 Lipoprotein glomerulopathy
 Sickle cell disease
 α1-Antitrypsin deficiency
 Asphyxiating thoracic dystrophy (Jeune’s syndrome)
 Von Gierke’s disease
 Podocyte/slit diaphragm mutation
 Nephrin mutation
 FAT2 mutation
 Podocin mutation
 CD2AP mutation
 Denys-Drash syndrome (WT1 mutation)
 ACTN4 mutation
 Charcot-Marie-Tooth syndrome
 Congenital nephrotic syndrome (Finnish type)
 Cystinosis (adult)
 Galloway-Mowat syndrome
 Hurler’s syndrome
 Familial dysautonomia

7. Miscellaneous
 Pregnancy associated (preeclampsia, recurrent, transient)
 Chronic renal allograft failure
 Accelerated or malignant nephrosclerosis
 Unilateral renal arterial hypertension
 Intestinal lymphangiectasia
 Chronic jejunoileitis†

 Spherocytosis†

 Renal artery stenosis
 Congenital heart disease† (cyanotic)
 Severe congestive heart failure†

 Constrictive pericarditis†

 Tricuspid insufficiency†

 Massive obesity
 Vesicoureteric reflux nephropathy
 Papillary necrosis
 Gardner-Diamond syndrome
 Castleman’s disease
 Kartagener’s syndrome
 Buckley’s syndrome
 Kimura’s disease
 Silica exposure

*Italics denote diseases and other agents that are the more commonly encountered causes of nephrotic syndrome.
†Based on single case reports or small series in which cause-and-effect relationship cannot be established. Other factors (e.g., use of 

mercurial diuretics in heart failure) may have been true inciting event.
‡See Chapter 33 for detailed discussion of the secondary forms of nephrotic syndrome.
ACTN4, α-Actinin-4; CD2AP, CD2-associated protein; FAT2, FAT tumor suppressor homolog 2 (Drosophila); GPA, granulomatosis with 

polyangiitis; WT1, Wilms’ tumor 1.
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Table 32.4  Alterations of Plasma Protein in 
Nephrotic Syndrome

Immunoglobulins (Ig)

Decreased IgG
Normal or increased IgA, IgM, or IgE
Increased α2- and β-globulins
Decreased α1-globulin

Metal-Binding Proteins

Loss of metal-binding proteins
Iron
Copper
Zinc

Loss of erythropoietin
Depletion of transferrin
Transcortin deficiency

Complement

Decreased factor B
Decreased C3
Decreased C1q, C2, C8, Ci
Increased C3, C4bp
Normal C1s, C4, and C1 inhibitor

Coagulation Components

Decreased factors XI, XII, kallikrein inhibitor
Decreased factors IX, XII
Decreased α2-antiplasmin, α1-antitrypsin
Plasminogen activator, endothelial prostacyclin-stimulating 

factor
Decreased antithrombin III
Elevated β-thromboglobulin
Procoagulant

Data from references 465, 1344-1358.

Table 32.5  Coagulation Factors in 
Nephrotic Syndrome

Increased blood viscosity
Hemoconcentration
Increased plasma fibrinogen
Increased intravascular fibrin formation
Increased α2-macroglobulins
Increased tissue-type plasminogen activator
Increased factors II, V, VII, VIII, X, XIII
Decreased factors IX, XI, XII
Decreased α-antitrypsin
Decreased fibrinolytic activity
Decreased plasma plasminogen
Decreased antithrombin III
Decreased protein S
Thrombocytosis
Increased platelet aggregability

Data from references 468, 1357, and 1359-1373.

Table 32.6  Diseases That Cause Nephrotic Syndrome*

Glomerular Lesion N
Male/Female
Ratio

White/Black
Ratio

Minimal change disease 522 1.1 : 1.0 1.9 : 1.0
Focal segmental glomerulosclerosis (FSGS) (typical) 1103 1.4 : 1.0 1.0 : 1.0
Collapsing glomerulopathy FSGS 135 1.2 : 1.0 1.0 : 7.8
Glomerular tip lesion FSGS 94 1.0 : 1.0 4.7 : 1.0
Membranous nephropathy 1120 1.4 : 1.0 1.9 : 1.0
C1q nephropathy 114 1.0 : 1.0 1.0 : 4.8
Fibrillary glomerulonephritis 76 1.0 : 1.2 14.3 : 1.0

*Data from 9605 native kidney biopsies from the University of North Carolina Nephropathology Laboratory. This laboratory evaluates kidney 
biopsies from a base population of approximately 10 million throughout the southeastern United States and centered in North Carolina. 
The expected white/black ratio in this renal biopsy population is approximately 2 : 1.

Figure 32.2 Unremarkable light microscopy appearance of a biopsy 
specimen from a patient with minimal change disease. Glomerular 
basement membranes are thin, and there is no glomerular hypercellu-
larity or mesangial matrix expansion. (Jones’ methenamine silver 
stain, ×300.) 
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MCD. Even when no sclerotic glomerular lesions are seen 
by light microscopy, well-defined irregular focal segmental 
staining for C3 and IgM should raise the possibility of FSGS 
because sclerotic lesions can be enriched for C3 and IgM. 
Glomerular and tubular epithelial cell cytoplasmic droplets 
and tubular casts may stain positively for immunoglobulins 
and other plasma proteins when there is substantial 
proteinuria.

Electron Microscopy

The pathologic sine qua non of MCD is effacement of podo-
cyte foot processes observed by electron microscopy (Figures 
32.3 and 32.4). However, this is not a specific feature, 
because it occurs in the glomeruli of patients with severe 
proteinuria due to any cause. During active nephrosis, the 
effacement often is very extensive, with only a few scattered 
intact foot processes. As the patient enters remission, the 
extent of foot process effacement diminishes. The efface-
ment usually is accompanied by microvillous transforma-
tion, which is the development of numerous villous 
projections from the podocyte surface into the urinary 
space. These intracytoplasmic densities should not be con-
fused with subepithelial immune complex dense deposits as 
a result of resorption of increased lipids and proteins in the 
urine. Glomerular and proximal tubular epithelial cells 
have increased clear and dense cytoplasmic droplets.

All of these ultrastructural glomerular changes occur in 
other glomerular disease when there is nephrotic-range pro-
teinuria. Therefore, MCD is a diagnosis by exclusion that is 
made only when there is no evidence by light, immunofluo-
rescence, and electron microscopy for any other glomerular 
disease.

PATHOGENESIS
Although the pathogenesis of MCD remains unclear,  
this disorder is most likely a consequence of abnormal  
regulation of a T cell subset44-48 and pathologic elaboration 
of a circulating permeability factor. A role for the T cell is 

prominence is noted.39 This mesangial prominence should 
have no more than three or four cells embedded in the 
matrix of a segment, and the matrix should not be expanded 
to the extent that capillary lumens are compromised. Capil-
lary walls should be thin and capillary lumens patent.

The most consistent tubular lesion is increased protein 
and lipid resorption droplets in tubular epithelial cells. 
These droplets stain with periodic acid–Schiff stain. Con-
spicuous resorbed lipid in epithelial cells prompted the 
designation lipoid nephrosis for this disease prior to the rec-
ognition of the ultrastructural glomerular lesion. Interstitial 
edema is rare, even in patients with severe nephrotic syn-
drome and anasarca. Focal proximal tubular epithelial flat-
tening (simplification), which is histologically identical to 
that seen with ischemic AKI, occurs in patients who have the 
syndrome of MCD with AKI.40

Focal areas of interstitial fibrosis and tubular atrophy in 
a specimen that otherwise looks like MCD, especially in a 
young person, should raise the possibility of FSGS that was 
not sampled in the biopsy specimen. Examination of addi-
tional levels of section may reveal a sclerotic glomerulus.

Immunofluorescence Microscopy

Glomeruli usually show no staining with antisera specific for 
IgG, IgA, IgM, C3, C4, or C1q. The most frequent positive 
finding is low-level mesangial staining for IgM, sometimes 
accompanied by low-level staining for C3. If the IgM staining 
is not accompanied by mesangial electron-dense deposits by 
electron microscopy, it is consistent with a diagnosis of 
MCD. Patients whose specimens show mesangial IgM stain-
ing by immunofluorescence microscopy (in the absence of 
dense deposits by electron microscopy) do not have a worse 
prognosis than patients whose specimens are without IgM 
staining.41,42 The presence of mesangial dense deposits iden-
tified by electron microscopy worsens the prognosis and 
thus justifies altering the diagnosis, for example to IgM 
mesangial nephropathy.43 Anything more than trace stain-
ing for IgG or IgA casts substantial doubt on a diagnosis of 

Figure 32.3 Diagrams depicting the ultrastructural features of a normal glomerular capillary loop (A) and a capillary loop with features of 
minimal change disease (B). The latter has effacement of podocyte foot processes (arrow) and microvillous projections of podocyte cytoplasm. 
(Courtesy J. Charles Jennette.)
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remission.68 Many additional genes (at least 15 of the more 
than 20,000 examined) were upregulated during relapse, 
which demonstrates the complexity of events occurring in 
MCD. Included among these was the IgE-dependent 
histamine-releasing factor gene,69 and the well-known asso-
ciation of MCD with atopic allergic states could be the 
reason for this finding.

This factor may have specificity for podocytes that results 
in loss of the charge-selective barrier of the GBM. The loss 
of charge selectivity has been assessed by dextran studies.70,71 
In these studies, there is less evidence for a defect in the 
size-selective barrier and more of an alteration of the base-
ment membrane electrostatic charge. The glomerular nega-
tive charge is reduced in relapse.72

Genetic aspects of MCD are under intense investigation. 
Familial clustering of MCD has not generally been observed.73 
Heterozygous amino acid changes in nephrin and podocin 
are seen in about one third of patients with typical MCD, 
but no amino acid changes were observed for NEPH1 and 
CD2AP in a study involving 104 adults who presented with 
childhood-onset MCD.73 Thus, the genotype in MCD may 
be quite variable.

Polymorphisms in the genes encoding interleukins 4 and 
13 (IL-4 and IL-13), activating transcription factor 6, and 
macrophage migration inhibitory factor have been described 
in MCD.74-76 IL-13 polymorphisms may relate to phenotype, 
because they have been associated with relapsing forms of 
MCD. IL-13 has also been suggested as a potential perme-
ability factor in MCD. The implication of IL-13 in the patho-
genesis of MCD is further suggested by the rat model of Lai 
and colleagues,77 in which IL-13–transfected Wistar rats 
(n = 41) showed significant albuminuria, hypoalbuminemia, 
and hypercholesterolemia compared with control rats (n = 
17). No significant histologic changes were seen in glom-
eruli of IL-13–transfected rats; however, electron micros-
copy revealed up to 80% effacement of podocyte foot 
process.

supported by the effectiveness of corticosteroids and alkylat-
ing drugs in the induction of remission of MCD as well as by 
an association of MCD with Hodgkin’s disease,49,50 and remis-
sions are associated with depression of cell-mediated immu-
nity during viral infections such as measles. Specific evidence 
stems from the finding that a glomerular permeability factor 
is produced by human T cell hybridomas obtained from a 
patient with MCD. When this factor was injected into rodents, 
proteinuria occurred with partial fusion of glomerular epi-
thelial cell foot processes.51 Although there are no recog-
nized abnormalities in T or B cell populations in patients 
with relapsing or quiescent MCD,52-55 lymphocytes have 
depressed reactivity when challenged with mitogens.56-64 T 
cells apparently produce a product, most likely a lympho-
kine, which increases glomerular permeability to protein. 
When the glomerular permeability factor is removed from 
the kidney, it functions normally. This is supported by the 
intriguing observation that transplantation of a kidney from 
a patient with refractory MCD resulted in rapid disappear-
ance of proteinuria.65

A likely target of the pathogenic process is the podocyte, 
possibly a constituent of the slit pore membrane. Attention 
has focused on the role of plasma hemopexin in MCD.66,67 
Hemopexin is present in normal plasma, but an active 
isoform of the protein has been suggested to cause increased 
glomerular permeability due to enhanced protease activ-
ity.66 Patients with MCD in relapse demonstrate altered iso-
forms of plasma hemopexin with increased protease activity 
compared with patients with MCD in remission, patients 
with other forms of nephrotic syndrome, and normal sub-
jects.67 It is not understood how and why the plasma hemo-
pexin is altered in MCD or how the enhanced protease 
activity results in alterations in glomerular permeability.

Differential gene expression techniques have also sug-
gested an alteration in tumor necrosis factor–related 
apoptosis-inducing ligand (TRAIL) in peripheral blood 
mononuclear cells in MCD during relapse compared with 

Figure 32.4 Electron micrograph of a glomerular capillary wall from a patient with minimal change disease showing extensive podocyte foot 
process effacement (arrows) and microvillous transformation. (×5000.) 
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Of 42 patients with idiopathic nephrotic syndrome, 16 had 
positive results on skin tests for food allergy. For 13 of 42, a 
minimally antigenic diet was prescribed that resulted in a 
significant reduction in proteinuria.88 Thus, it is important 
to ask patients about potential allergens, especially those 
found in food.

A syndrome of MCD accompanied by a reversible AKI 
occurs at higher incidence in adults than in children.80,89,90 
This syndrome of adult MCD with AKI was studied in 21 
patients who, on presentation, had a serum creatinine level 
of more than 177 µmol/L and who were compared with 50 
adult patients with MCD who had a serum creatinine of less 
than 133 µmol/L. Patients who had AKI were older (59 
years vs. 40 years), had a higher systolic blood pressure 
(158 mm Hg vs. 138 mm Hg), and had more proteinuria 
(13.5 vs. 7.9 g of protein per 24 hours). Importantly, kidney 
biopsy specimens showed evidence of focal tubular epithe-
lial simplification compatible with ischemic AKI. Of the 18 
patients with renal failure for whom follow-up data were 
available, all showed recovery of kidney function, but only 
after prolonged periods of dialytic renal replacement 
therapy.40

The complications of nephrotic syndrome in MCD have 
been well described. The development of AKI during the 
course of MCD, mostly in adults older than age 40, has  
been well recognized, but the underlying mechanisms are 
debated. Explanations for this phenomenon include marked 
decrease in glomerular permeability due to extensive foot 
process effacement, tubular obstruction from proteinaceous 
casts, and intrarenal hemodynamic changes. Increased 
endothelin-1 expression in the kidneys of patients with 
MCD and AKI could indicate a hemodynamic change that 
underlies the pathogenesis of renal failure in these circum-
stances,91 but the true cause of AKI in MCD remains uncer-
tain and is probably multifactorial.

A recent observation is that podocyte-specific angiopoi-
etin-like 4 (ANGPTL4) overproduction in transgenic rats 
results in ANGPTL4 binding to GBM with subsequent loss 
of GBM charge, diffuse foot process effacement, and 
nephrotic-range proteinuria. Furthermore, ANGPTL4 
expression has been observed in serum, glomeruli, and 
urine of patients with MCD,78,79 and further understanding 
of this pathway may prove to be fruitful.

CLINICAL FEATURES AND NATURAL HISTORY
The cardinal clinical feature of MCD in children is the rela-
tively abrupt onset of proteinuria and development of 
nephrotic syndrome with heavy proteinuria, hypoalbumin-
emia, and hyperlipidemia.39 The edematous picture is typi-
cally what prompts the parents of these children to seek 
medical attention. Hematuria is distinctly unusual, and in 
children, hypertension is uncommon. The clinical features 
of MCD in adults tend to be somewhat different. In a group 
of 89 adults older than age 60, hypertension, sometimes 
severe, as well as renal insufficiency, were more common.80 
Because individuals older than age 60 account for almost 
one quarter of adult patients with MCD, this presentation 
must be considered.

MCD has been associated with several other conditions, 
including viral infections, use of certain pharmaceutical 
agents, malignancy, and allergy (Table 32.7). In some 
patients, there is a history of a drug reaction before the 
onset of MCD. The use of nonsteroidal antiinflammatory 
drugs, and in particular fenoprofen, has been associated 
with and may cause MCD.81 In this setting, most patients 
have not only proteinuria but also pyuria and renal insuf-
ficiency as a consequence of the simultaneous development 
of acute tubulointerstitial nephritis. This same process has 
also been described with other compounds, including inter-
feron,82 penicillins, and rifampin. In most of these patients, 
discontinuation of the offending drug leads to resolution of 
the proteinuria, but it may take weeks to months for com-
plete amelioration of pyuria and renal insufficiency.

MCD has been associated with lymphoid malignancy, 
usually Hodgkin’s disease or thymoma. In a retrospective 
study of adult patients,83 MCD was associated with classic 
Hodgkin’s lymphoma of the nodular sclerosis type. MCD 
appeared before the diagnosis of lymphoma in 40% of 
patients.

MCD has also been associated with a variety of underlying 
exposures such as nonsteroidal antiinflammatory drugs  
as mentioned earlier,84 and with syndromes such as SLE85,86; 
it has also occurred after allogeneic stem cell trans-
plantation for leukemia87 and after hematopoietic cell 
transplantation.

There is an association of glomerular disease with simul-
taneous graft-versus-host disease. Nephrotic syndrome gen-
erally follows graft-versus-host disease within 5 months in 
approximately 60% of patients with either MCD or MN. 
Compared with MN, MCD occurred earlier after hemato-
poietic cell transplantation, was diagnosed soon after medi-
cation change, and exhibited a better prognosis because 
90% of patients attained complete remission (vs. 27% of 
patients with MN).

MCD is also associated with food allergy. This is an impor-
tant association because in some patients, removal of the 
allergen has resulted in the resolution of the proteinuria. 

Table 32.7  Common Associations with Minimal 
Change Disease

Infections

• Viral
• Parasitic

Pharmaceutical Agents

• Nonsteroidal 
antiinflammatory drugs

• Gold
• Lithium
• Interferon
• Ampicillin
• Rifampin
• Trimethadione
• Tiopronin

Tumors

• Hodgkin’s disease
• Lymphoma/leukemia
• Solid tumors

Allergies

• Food
• Dust
• Bee stings
• Pollen
• Poison ivy and poison oak
• Dermatitis herpetiformis

Disease and Other 
Associations

• Systemic lupus 
erythematosus

• Following allogeneic stem 
cell transplantation for 
leukemia

• Following hematopoietic 
cell transplantation

Data from references 82, 99, 127-129, and 1374-1381.
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It should be noted that the serum albumin and serum lipid 
levels might not return to normal for prolonged periods of 
time following resolution of proteinuria.101

Treatment is generally continued for at least 6 weeks  
after complete remission of proteinuria. During those 6 
weeks, the dose should be changed to alternate-day  
administration of prednisone or to a stepwise reduction in 
the daily dose of prednisone. If the dose is changed to 
alternate-day dosing when remission has occurred, the 
dosage may be decreased in children from 60 mg/m2/day 
to 40 mg/m2/day.48,102-106

In adult patients with MCD, a response to corticosteroid 
treatment may take up to 15 weeks.80 In a study of 89 adult 
patients given prednisolone, remission occurred in 60% 
after 8 weeks, in 76% after 16 weeks, and 81% over the 
course of the study. Of the 58 treated patients who showed 
a response, 24% never experienced relapse, 56% experi-
enced relapse on a single occasion or infrequently, and only 
21% had frequent relapses. Of these 89 patients, only 4 
remained nephrotic, and 2 of these presented with AKI. 
Cyclophosphamide therapy was administered to 36 of the 
89 patients, and in 66% of these patients the disease was in 
remission at 5 years.

In a large retrospective analysis of 95 patients with primary 
adult-onset MCD, AKI complicated the nephrotic syndrome 
in 20% of patients.107 The cohort was largely middle-aged 
with a substantial prevalence of hypertension (45%) and 
microscopic hematuria (30%). Ninety-two percent of 
patients were initially treated with oral corticosteroids, two 
thirds were on a daily regimen, and one third were on an 
alternate-day regimen. The initial steroid dose was approxi-
mately 1 mg/kg on the daily regimen and approximately 
2 mg/kg on the alternate-day regimen, so that cumulative 
doses were similar in the two groups. There were no signifi-
cant differences in demographic features between the two 
groups, but patients treated with the alternate-day steroid 
regimen tended to have a lower serum albumin level at 
presentation than those treated with the daily regimen (1.91 
± 0.14 g/dL vs. 2.31 ± 0.1 g/dL, respectively; P = 0.055). No 
significant differences were seen between the daily and 
alternate-day treatment groups in the percentage of patients 
experiencing complete or partial remission (remissions in 
76.8% and 73.9% of patients, respectively) or in the time to 
remission. It is interesting to note that the rate of relapse of 
nephrotic syndrome was quite elevated at 73% of those who 
showed an initial response. Of the patients who were treated 
with at least one additional course of corticosteroids, 92% 
achieved a remission (complete remission in 84.4%). This 
nonrandomized, uncontrolled study suggests that alternate-
day and daily steroid regimens are of equivalent efficacy and 
safety in the treatment of MCD.

One of the most controversial issues with respect to treat-
ment is the regimen for tapering the prednisone after the 
initial response. Sudden withdrawal of corticosteroids, or a 
rapid taper of prednisone immediately following complete 
remission, may prompt a relapse. Whether this is a conse-
quence of adrenal insufficiency or depression of the 
hypothalamic-pituitary-adrenal axis has been a matter of 
debate.106,108,109 At least in children, the likelihood of relapse 
is decreased with prolonged administration of corticoste-
roids over a 10- to 12-week period.104,110,111 Once remission 
has been obtained, an alternate-day schedule should begin 

Another complication of MCD with nephrotic syndrome 
is the development of reduced bone mineral density, pos-
sibly due to the effects of glucocorticoids and/or vitamin D 
deficiency.92 Statins may have a beneficial effect on bone 
mineral density, but the most recent study in 2005 reported 
no beneficial effect of fluvastatin on bone mineral density 
of children with MCD, although it did have some effect in 
lowering proteinuria.93

LABORATORY FINDINGS
The ubiquitous laboratory feature of MCD is severe protein-
uria.39 Microscopic hematuria is seen in less than 15% of 
patients, with only rare episodes of macroscopic hematuria. 
The rapidity of the development of proteinuria in some 
patients is associated with evidence of volume contraction 
with increased hematocrit and hemoglobin level. The eryth-
rocyte sedimentation rate is increased as a consequence of 
the hyperfibrinogenemia as well as hypoalbuminemia. The 
serum albumin concentration is usually depressed, whereas 
the total cholesterol, low-density lipoprotein (LDL), and 
triglyceride levels are increased. Total serum protein con-
centration is usually reduced to between 4.5 and 5.5 g/dL 
with a serum albumin concentration of generally less than 
2 g/dL and, in more severe cases, less than 1 g/dL. Pseudo-
hyponatremia has been observed in the setting of marked 
hyperlipidemia. Serum calcium may be low, largely due to 
hypoproteinemia.

Several abnormalities that promote thrombosis are fre-
quent in patients with severe nephrosis, including increased 
plasma viscosity, increased red cell aggregation, low plas-
minogen levels, and low levels of antithrombin III.94 Kidney 
function is usually normal, although the serum creatinine 
level may be slightly increased at the time of presentation. 
A minority of patients (usually older adults) have substantial 
AKI as discussed earlier.

The loss of albumin into the urine is largely a function of 
a loss of charge-selective permselectivity.70,71,95,96 Conse-
quently, the fractional excretion of albumin is proportion-
ately greater than the fractional excretion of IgG. IgG levels 
may be profoundly decreased, however—a condition that 
occurs most notably during episodes of relapse. This low 
level of immunoglobulin may result in susceptibility to infec-
tions. IgM levels may be elevated after a remission.97 Mean 
serum IgA levels may be substantially higher in patients with 
MCD than in those with other kidney disease98 and are also 
elevated in association with relapse in children.99 Among 
adult patients with MCD, over half have elevated levels of 
serum IgE and two thirds of patients have evidence of some 
allergic symptoms.100 Elevation of IgE suggests a relationship 
between MCD and allergy. Complement levels are typically 
normal in patients with MCD.

TREATMENT
The general approach to treatment of patients with MCD 
has been to institute corticosteroid therapy. For children, 
the dose of prednisone is 60 mg/m2/day. For adults, the 
dose of prednisone is 1 mg/kg of body weight, not to exceed 
80 mg/day. In children, this form of therapy results in a 
complete remission with disappearance of proteinuria in 
over 90% of patients within 4 to 6 weeks of therapy. A 
response to prednisone therapy has occurred if the patient 
has had no proteinuria by dipstick analysis for at least 3 days. 
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patients. Side effects such as a rise in serum creatinine, 
hypertrichosis, and gingival hyperplasia are quite common. 
Relapses are very common after cessation of cyclosporine 
treatment. The best method of monitoring cyclosporine 
levels is not agreed upon. Measurement of trough blood 
levels with twice-daily dosing, measurement of cyclosporine 
levels 1 to 2 hours after a once-daily dose (C1-C2), and 
abbreviated under-the-curve monitoring of cyclosporine 
have all been recommended.118-120 Cyclosporine may be an 
acceptable alternative to cyclophosphamide therapy for 
relapsing or steroid-dependent MCD.

STEROID-RESISTANT MINIMAL CHANGE DISEASE
Approximately 5% of children with MCD appear to be 
steroid resistant. In those patients who never underwent 
kidney biopsy, resistance to corticosteroid therapy is an indi-
cation for kidney biopsy. Often, evaluation of the kidney 
biopsy specimen will demonstrate FSGS or other forms of 
glomerular injury other than MCD.121

If the diagnosis remains MCD after kidney biopsy  
specimen evaluation, there may be several reasons for 
steroid resistance. Some patients, especially those for whom 
corticosteroid therapy is overly toxic, may skip doses or  
not fully adhere to the therapy regimen. For other patients, 
especially some adults, alternate-day therapy may not 
provide sufficient amounts of corticosteroid to induce  
clinical remission. In very edematous patients, oral cortico-
steroid therapy may not be well absorbed, and intravenous 
administration of a dose of methylprednisolone may  
provide a more reliable route. Available data suggest that 
pulse methylprednisolone may induce remission in some 
corticosteroid-resistant children. In one study, five of eight 
corticosteroid-resistant children had a remission with pulse 
methylprednisolone,122 although this experience is not 
universal.123

Patients with MCD may have an unrecognized lesion of 
focal and segmental glomerulosclerosis that requires longer 
courses of steroid therapy (usually >4 months) to achieve a 
lasting remission. A regimen of calcineurin inhibitor (cyclo-
sporine or tacrolimus) followed by mycophenolate mofetil 
(MMF) and monthly intravenous pulse cyclophosphamide 
therapy was demonstrated in an uncontrolled study to result 
in a high frequency of complete remission.124 There are 
anecdotal reports of the use of combinations of sirolimus 
and tacrolimus to treat steroid-resistant MCD,125 but the 
overall safety and efficacy of this regimen is unknown. In a 
small nonrandomized trial, use of cyclosporine with steroids 
was associated with better outcomes in steroid-resistant 
MCD.126

Cyclosporine can be administered at a dose of approxi-
mately 5 mg/kg. Up to 90% of patients may experience 
either a partial or complete remission with cyclospo-
rine.99,104,127-129 Unfortunately, only rarely do patients 
experience long-term remission once cyclosporine is dis-
continued.105 Two trials examined the use of cyclosporine 
in steroid-resistant nephrosis. A study conducted by the 
French Society of Pediatric Nephrology combined cyclospo-
rine with prednisone. Prednisone was given at a dose of 
30 mg/m2/day for the first month and then changed to 
alternate-day dosing for 5 months. Cyclosporine was admin-
istered at a dosage of 150 to 200 mg/m2/day.130 In this 
study, 48% of patients with MCD experienced complete 

within at least 4 weeks of the response to decrease steroid-
induced side effects.

In children who have not undergone biopsy prior to treat-
ment, a kidney biopsy is usually appropriate if there is failure 
to respond to a 4- to 6-week course of prednisone, particu-
larly if changes have occurred in the clinical course during 
this period of time suggestive of another glomerular disease. 
Many pediatricians advocate a biopsy at the onset of the 
disease if there are clinical features suggesting a diagnosis 
other than MCD (e.g., hypertension, red blood cell casts in 
the urine, or hypocomplementemia), or if the nephrotic 
syndrome begins in the first year of life or after 6 years  
of age.

After the clinical response to initial treatment, as few as 
25% experience a long-term remission,90 25% to 30% have 
infrequent relapses (no more than one a year), and the 
remainder experience frequent relapses, steroid depen-
dence, or steroid resistance (Table 32.8). Nephrotic patients 
who are steroid dependent or experience frequent relapses 
require additional forms of therapy. The treatment is aimed 
at minimizing the complications of corticosteroid therapy. 
In general, induction of a remission with prednisone therapy 
followed by the institution of cyclophosphamide treatment 
results in higher urine flow rates and reduced risk of hemor-
rhagic cystitis. When cyclophosphamide is given in dosages 
of 2 mg/kg for 8 to 12 weeks, 75% of patients remain free 
of proteinuria for at least 2 years.80,112-114 The response to 
cyclophosphamide may be predicted from the response to 
corticosteroids. Patients who have experienced an immedi-
ate relapse after the cessation of corticosteroid therapy have 
a greater chance of experiencing relapse immediately after 
the cessation of cyclophosphamide treatment. Those who 
have had longer remissions after corticosteroid therapy 
have a decreased risk of relapse after cyclophosphamide 
therapy.115 In one study, in patients who were steroid depen-
dent, the response to cyclophosphamide was improved by 
increasing the duration of therapy to up to 12 weeks.112 In 
at least one other investigation, however, a 12-week course 
of cyclophosphamide was not proven efficacious.116

Cyclosporine is emerging as a reasonable alternative to 
cyclophosphamide.117,118 Based on uncontrolled observa-
tions, complete remissions are common (over 80%), and 
cyclosporine resistance is seen in only about 10% to 15% of 

Table 32.8  Patterns of Response of 
Minimal Change Disease to 
Corticosteroid Treatment

Primary responder, no relapse
Primary responder with only one relapse in the first 6 months 

after an initial response
Initial steroid response with two or more relapses within 6 

months (frequent relapse)
Initial steroid-induced remission with relapses during tapering 

of corticosteroid, or within 2 weeks after their withdrawal 
(steroid dependent)

Steroid-induced remission, but no response to a subsequent 
relapse

No response to treatment (steroid resistant)

Data from references 104, 105, 121, and 1382.
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An emerging treatment option in adults for steroid-
resistant and relapsing MCD reported in numerous case 
reports and series to date is the B lymphocyte–depleting 
agent, rituximab. Most recently, the Rituximab in Nephrotic 
Syndrome of Steroid-Dependent or Frequently Relapsing 
MCD or FSGS (NEMO) Study Group conducted a multi-
center trial in Italy in 10 children and 20 adults with recur-
rent MCD, mesangial proliferative glomerulonephritis, or 
FSGS, who were treated with one or two doses of ritux-
imab.135 Interestingly, all patients were in remission at the 
1-year mark, 18 were treatment free, and 15 never relapsed. 
There was also a significant decrease in the number of 
relapses and median prednisone dose across all disease 
groups over 1 year of follow-up, and rituximab was well  
tolerated. Although rituximab appears to be effective in 
some individuals, greater mechanistic understanding is 
needed.136-138 Larger, prospective, randomized trials are 
needed to accurately assess the utility of rituximab in MCD.

FOCAL SEGMENTAL GLOMERULOSCLEROSIS

FSGS is not a single disease but rather a diagnostic term for 
a clinical-pathologic syndrome that has multiple causes and 
pathogenic mechanisms, as well as somewhat limited thera-
peutic options.139-142 The ubiquitous clinical feature of the 
syndrome is proteinuria, which may be nephrotic or non-
nephrotic. The ubiquitous pathologic feature is focal segmen-
tal glomerular consolidation or scarring, which may have 
several distinctive patterns (Figure 32.5). These patterns can 

remission, some within the first month of therapy. A minority 
of those who showed a response became steroid sensitive 
when they later experienced relapse. In a study by Ponticelli 
and colleagues,131 13 of 45 patients had MCD and were 
treated with cyclosporine. In those patients with MCD, partial 
or complete remission occurred within 2 months of initiation 
of therapy. Unfortunately, in spite of the early positive results 
of this study, relapses occurred in all patients after cyclospo-
rine was stopped.

In a summary of nine studies,132 only 20% of children had 
complete remission with cyclosporine, and many, if not 
most, relapsed with cessation of therapy. Moreover, although 
cyclosporine and cyclophosphamide appear to have a similar 
degree of efficacy with respect to controlling nephrotic syn-
drome, one study found that cyclophosphamide-treated 
patients experience a more stable long-term remission.133 In 
this study, the likelihood of a long-term remission was 63% 
in patients treated with cyclophosphamide but only 25% in 
those treated with cyclosporine.

To counteract the usual relapse of nephrosis when cyclo-
sporine has been used for 6 months, an alternative approach 
to cyclosporine treatment relies on a long-term course of 
this drug, using gradually lower doses to maintain the 
patient in remission. In one study,134 patients who had been 
in complete remission for longer than 1 year while taking 
cyclosporine remained in remission if the cyclosporine was 
gradually tapered and then stopped. Serial biopsy speci-
mens from patients treated for as long as 20 months showed 
no overt sign of nephrotoxicity.

Figure 32.5 Light micrographs and diagrams depicting patterns of focal segmental glomerulosclerosis. One pattern has a predilection for 
sclerosis in the perihilar regions of the glomeruli (A and D). The glomerular tip lesion variant has segmental consolidation confined to the 
segment adjacent to the origin of the proximal tubule (B and E). The collapsing glomerulopathy variant has segmental collapse of capillaries 
with hypertrophy and hyperplasia of overlying podocytes (C and F). (Jones’ methenamine silver stain, ×100.) 

BA C

ED F

http://www.myuptodate.com


 CHAPTER 32 — PRIMARy GloMERulAR DISEASE 1025

enlargement. FSGS that is associated with human immuno-
deficiency virus (HIV) infection has a collapsing pattern.143,144

EPIDEMIOLOGY
Over the past two decades, the incidence of FSGS has 
increased, whether expressed as an absolute number of 
patients or as a proportion of the total incident population 
of patients with end-stage kidney disease (ESKD).145 This 
trend appears to hold true even when one accounts for a 
possible increase in the rate of diagnosis resulting from an 
increase in the frequency of kidney biopsies. Although this 
trend was previously reported to be most significant among 
African Americans, it has now been confirmed among 
whites as well. A review of kidney biopsy findings performed 
between 1974 and 2003 in Olmsted County, Minnesota, in 
which 90% of the population are whites of northern Euro-
pean ancestry, FSGS was found to account for 17% of glo-
merulonephritides, second only to IgA nephropathy (22%), 
and was more frequent than MN (10%).145 Over that period 
of time, the incidence of FSGS increased by 13-fold (P < 
0.001), compared with a 2-fold increase in the incidence of 
all glomerular diseases (P < 0.001), and 2.5- to 3-fold increase 
in MN and IgA nephropathy, respectively.

PATHOLOGY
Light Microscopy

FSGS is characterized by focal and segmental glomerular 
sclerosis or consolidation.139,140,146 The sclerosis may begin as 
segmental consolidation caused by insudation of plasma 
proteins causing hyalinosis, by accumulation of foam cells, 
by swelling of epithelial cells, and by collapse of capillaries 
resulting in obliteration of capillary lumens. These events 
are accompanied by increased extracellular matrix material 
that accounts for the sclerosis component of the lesion.

FSGS is, by definition, a focal process when it begins. The 
limited number of glomeruli in a kidney biopsy specimen 
may not include any of the segmentally sclerotic glomeruli 
that are present in the kidney. In this instance, focal tubu-
lointerstitial injury or glomerular enlargement, which often 
accompanies FSGS, can be used as a surrogate marker. For 
example, FSGS should be considered in kidney biopsy speci-
mens of patients with nephrotic syndrome when there is 
relatively well-circumscribed focal tubular atrophy and 
interstitial fibrosis with slight chronic inflammation, even 
when there are no light microscopic glomerular lesions, no 
immune deposits, and no ultrastructural changes other 
than foot process effacement. Segmental sclerosis that is 
adequate for diagnosis may be present only in the tissue 
examined by immunofluorescence or electron microscopy.

Focal segmental glomerular scarring is nonspecific. Many 
injurious processes can cause focal glomerular scarring and 
must be ruled out before making a diagnosis of FSGS. For 
example, hereditary nephritis causes progressive glomeru-
lar scarring that can mimic FSGS, as revealed by identifica-
tion of ultrastructural changes that are characteristic of 
hereditary nephritis. Focal segmental glomerular sclerosis, 
caused by IgA nephropathy, lupus nephritis, or ANCA-
associated glomerulonephritis, for example, can result in 
focal segmental glomerular scarring that is histologically 
indistinguishable from that caused by FSGS. Findings by 
immunofluorescence and electron microscopy, and by 

be classified as collapsing FSGS, tip lesion FSGS, cellular 
FSGS, perihilar FSGS, and FSGS not otherwise specified 
(NOS).139,140 The collapsing variant of FSGS is a clinically 
aggressive variant that is much more common in African 
Americans than in white populations and is characterized 
pathologically by segmental collapse of capillaries accompa-
nied by hypertrophy and hyperplasia of epithelial cells, and 
accumulation of prominent protein resorption droplets in 
podocytes. The glomerular tip lesion variant of FSGS, which 
typically presents with marked nephrosis but often has a 
good outcome, is characterized by consolidation and scle-
rosis in the glomerular segment that is adjacent to the origin 
of the proximal tubule.140 The term cellular FSGS is used 
when numerous cells, especially foam cells, are within con-
solidated segments. However, this term has been used in a 
number of ways in the literature, especially before the pub-
lication of the Columbia classification system. For example, 
this term has been used to describe the collapsing variant 
and the tip lesion variant of FSGS. Care must be taken when 
reading the literature to determine if this term is being used 
as defined by the Columbia classification system.139 The peri-
hilar variant of FSGS is characterized pathologically by scle-
rosis at the hilum of the glomerulus that typically contains 
foci of hyalinosis.139

As shown in Table 32.9, FSGS may appear to be a primary 
kidney disease, or it may be associated with, and possibly 
caused by, a variety of other conditions. When FSGS is sec-
ondary to obesity or reduced numbers of nephrons, it often 
has a perihilar pattern and is accompanied by glomerular 

Table 32.9  Classification of Focal Segmental 
Glomerulosclerosis (FSGS)

Primary (Idiopathic) FSGS

FSGS not otherwise specified (NOS)
Glomerular tip lesion variant of FSGS
Collapsing variant of FSGS
Perihilar variant of FSGS
Cellular variant of FSGS

Secondary FSGS

With HIV disease
With IV drug abuse
With other drugs (e.g., pamidronate, interferon, anabolic 

steroids)
With identified genetic abnormalities (e.g., mutations in 

podocin, α-actinin-4, TRPC6)
With glomerulomegaly

Morbid obesity
Sickle cell disease
Cyanotic congenital heart disease
Hypoxic pulmonary disease

With reduced nephron numbers
Unilateral renal agenesis
Oligomeganephronia
Reflux-interstitial nephritis
After focal cortical necrosis
After nephrectomy

TRPC6, Transient receptor potential cation channel, subfamily C, 
member 6.
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proximal tubule, which also have irregular enlargement and 
vacuolation. The tip lesion may project into the lumen of 
the proximal tubule. Some lesions are less cellular with a 
predominance of matrix and collagenous adhesions to Bow-
man’s capsule at the origin of the proximal tubule.

The cellular variant of FSGS as defined by the Columbia 
classification system has lesions that resemble the cellular 
lesion for the tip variant, but they are distributed more 
widely in the glomerular tuft and not confined to the tip.139 
Perihilar FSGS is characterized by the perihilar predilection 
of lesions and the presence of hyalinosis. The FSGS NOS 
category is a nonspecific category with lesions that do not 
have the distinctive features of any of the other four 
variants.

As is discussed later, different pathologic variants of FSGS 
have distinctive demographic characteristics, clinical pre-
sentations, and outcomes.

Immunofluorescence Microscopy

In all of the histologic variants, nonsclerotic glomeruli and 
segments usually show no staining for immunoglobulins or 
complement. As in patients with MCD, as well as individuals 
with no kidney dysfunction, a minority of patients with FSGS 
has low-level mesangial staining for IgM in nonsclerotic 
glomeruli. Low-level mesangial C3 staining is less frequent, 
and low-level IgG and IgA staining is uncommon. The pres-
ence of substantial staining of nonsclerotic glomeruli for 
immunoglobulins, especially if immune complex–type 
electron-dense deposits are present, points toward the scle-
rotic phase of a focal immune complex glomerulonephritis 
rather than FSGS.

Sclerotic segments typically show irregular staining for 
C3, C1q, and IgM (Figure 32.6). Other plasma constituents 
are less frequently identified in the sclerotic areas. Epithelial 
resorption droplets stain for plasma proteins.

Electron Microscopy

The ultrastructural features of FSGS are nonspecific. Elec-
tron microscopy plays an important role in the diagnosis of 

serology, can reveal a glomerulonephritic basis for focal 
glomerular scarring.

Based on the character and glomerular distribution of 
lesions, five major structural variants of FSGS can be recog-
nized that correlate, at least in part, with outcome (progno-
sis) and that may have different causes and different 
pathogenic mechanisms.139,140 As mentioned earlier, these 
five pathologic variants are collapsing FSGS, tip lesion FSGS, 
cellular FSGS, perihilar FSGS, and FSGS NOS.139,140

The characteristic feature of the collapsing variant of 
FSGS is focal segmental or global collapse of glomerular 
capillaries with obliteration of capillary lumens. Podocytes 
overlying collapsed segments are usually enlarged and 
contain conspicuous resorption droplets. Hyperplasia of 
podocytes raises the possibility of crescentic glomerulone-
phritis. The convention among most renal pathologists is 
not to refer to the epithelial hyperplasia of collapsing glo-
merulopathy as crescent formation, although the term pseu-
docrescent has been used by some. The degree of adhesion 
formation relative to the extent of glomerular sclerosis is 
much less in collapsing glomerulopathy than in typical 
FSGS. This may result in contracted (collapsed) tuft base-
ment membranes and sclerotic matrix separated from Bow-
man’s capsule by hypertrophied and hyperplastic epithelial 
cells. The collapsing glomerulopathy variant of FSGS is the 
major pathologic expression of HIV nephropathy39,144,147,148 
and also occurs with intravenous drug abuse and as an idio-
pathic process.149,150 In kidney transplants, this phenotype of 
FSGS occurs as both recurrent and de novo disease.151,152

Relative to the extent of glomerular sclerosis, tubuloint-
erstitial injury is more severe in collapsing glomerulopathy 
than in typical FSGS. Tubular epithelial cells have larger 
resorption droplets, extensive proteinaceous casts, and 
marked focal dilation of lumens (microcystic change). 
There is also more extensive interstitial infiltration by mono-
nuclear leukocytes. Immunofluorescence microscopy find-
ings are similar to those observed in typical FSGS except for 
the usual finding of larger protein resorption droplets in 
glomerular podocytes and tubular epithelial cells. Electron 
microscopy reveals the same structural changes as seen by 
light microscopy. In a specimen with the collapsing glo-
merulopathy variant of FSGS, an important ultrastructural 
assessment is for the presence or absence of endothelial 
tubuloreticular inclusions. Endothelial tubuloreticular 
inclusions are identified in more than 90% of patients with 
HIV infection and collapsing glomerulopathy but in less 
than 10% of patients with idiopathic collapsing glomeru-
lopathy. Other settings in which endothelial tubuloreticular 
inclusions are numerous are in patients with SLE and in 
patients treated with interferon-α.

The glomerular tip lesion variant of FSGS was first 
described by Howie and colleagues and is characterized by 
consolidation of the glomerular segment that is adjacent to 
the origin of the proximal tubule and thus opposite the 
hilum (Figure 32.5B and E).153-157 The initial consolidation 
usually has obliteration of capillary lumens by foam cells, 
swollen endothelial cells, and an increase in collagenous 
matrix material (sclerosis). Podocytes adjacent to the con-
solidated segment are enlarged and contain clear vacuoles 
and hyaline droplets. These altered podocytes often are 
contiguous to, if not attached to, adjacent parietal epithelial 
cells and tubular epithelial cells at the origin of the 

Figure  32.6 Immunofluorescence micrograph showing irregular 
segmental staining for C3 corresponding to a site of segmental scle-
rosis in a patient with focal segmental glomerulosclerosis. (Fluores-
cein isothiocyanate anti-C3 stain, ×3000.) 
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podocytes and the development of proteinuria. Mutations 
in several genes have been identified and linked to  
familial and sporadic cases of FSGS. These include, but are 
not limited to, genes coding for podocin (NPHS2),158 
nephrin (NPHS1),159 α-actinin-4 (ACTN4),160,161 transient 
receptor potential cation channel, subfamily C, member 6 
(TRPC6),162-164 and phospholipase Cε1 (PLCE1).165 In addi-
tion to mutations in genes encoding podocyte-specific pro-
teins, mutations in other genes are associated with syndromes 
of which FSGS is often a part.166 These include the COQ2 
gene,167 Wilms’ tumor gene (WT1), and gene for LIM 
homeobox transcription factor 1β (LMX1B), which is a tran-
scription factor required for the expression of CD2AP and 
NPHS2, associated with nail-patella syndrome. The genes 
implicated in the pathogenesis of FSGS are summarized in 
Table 32.10 and were recently reviewed by Rood and 
colleagues.167

Whereas these genetic mutations were primarily  
identified based on cases of familial forms of FSGS, their 
implication in sporadic FSGS in children and adults and 
their impact on treatment and outcome and recurrence 
after transplantation have been the focus of numerous 
investigations.

Mutations in NPHS2, the gene encoding podocin, are the 
most frequent genetic cause of steroid-resistant nephrotic 
syndrome and were initially described in early-onset disease 
(see recent review of all known mutations by Bouchireb and 
colleagues168). In a study of a large cohort of 430 patients 
from 404 different families with steroid-resistant nephrotic 
syndrome, recessive podocin mutations were present in 
18.1%.169 The R138Q mutation (a single nucleotide substitu-
tion of G to A at position 413 in the third exon of podocin 
gene) was found in 57% of families with two disease-causing 
mutations on each of the parental gene copies. Seventy 
percent of podocin mutations were nonsense, frameshift, or 
homozygous R138Q. Patients with these mutations mani-
fested symptoms at a significantly earlier age (mean onset 

FSGS by helping to identify other causes for glomerular 
scarring that can be mistaken for FSGS by light microscopy 
alone.

Foot process effacement in FSGS affects sclerotic and 
nonsclerotic glomeruli and usually is more focal than in 
MCD. Foot process effacement is less extensive in some 
forms of secondary FSGS than in idiopathic FSGS. Occasion-
ally, glomerular capillaries have segmental denudation of 
foot processes. Podocytes adjacent to collapsed segments in 
collapsing FSGS are cuboidal and appear dedifferentiated. 
Nonsclerotic glomeruli and segments should have no 
immune complex–type electron-dense deposits. One must 
be careful not to confuse electron-dense “insudated” lesions 
with immune complex deposits. These lesions correspond 
to the hyalinosis seen by light microscopy and result from 
accumulation of plasma proteins within sclerotic areas. 
When electron-dense material is present in sclerotic but not 
in nonsclerotic glomerular segments, it should not be con-
sidered as evidence for immune complex–mediated glo-
merular disease. Conversely, well-defined mesangial or 
capillary wall electron-dense deposits in nonsclerotic seg-
ments indicate immune complex–mediated glomerulone-
phritis with secondary scarring, which should be 
confirmed and further characterized by immunofluores-
cence microscopy.

PATHOGENESIS
The past 20 years have witnessed an explosion of interest in 
the role of the podocyte in FSGS, in part due to concomitant 
rapidly advancing genomic technology that has revealed 
genetic abnormalities. Podocytes are highly differentiated 
postmitotic cells whose function requires a complex cellular 
architecture. Tremendous interest has centered on the 
genetics of familial FSGS, and podocyte defects have taken 
center stage (reviewed by D’Agati and colleagues142 and 
Garg and colleagues8). This has led to the identification of 
several proteins important to the normal function of 

Table 32.10  Gene Mutations with Causal Links to Focal Segmental Glomerulosclerosis

Gene Protein Mode of Inheritance

NPHS1 Nephrin Autosomal recessive
NPHS2 Podocin Autosomal recessive
CD2AP CD2-associated protein Autosomal dominant
TRPC6 Transient receptor potential cation channel, subfamily C, member 6 Autosomal dominant
PTPRO Protein tyrosine phosphatase receptor type O (GLEPP1) Autosomal recessive
LAMB2 Laminin-β2 Autosomal recessive
ITGB4 β4-Integrin Autosomal recessive
CD151 Tetraspanin CD151 Autosomal recessive
ACTN4 α-Actinin-4 Autosomal dominant
PLCE1 Phospholipase Cε1 Autosomal recessive
MYH9 Nonmuscle myosin heavy-chain A (NMMHC-A) Autosomal dominant, de novo mutation
INF2 Inverted formin 2 Autosomal dominant
MYO1E Myosin 1E Autosomal recessive
WT1 Wilms’ tumor suppressor protein Autosomal dominant, de novo mutation
SMARCAL1 Smarca-like protein Autosomal recessive
mtDNA-A3243G tRNAleu Maternal
COQ2 Coenzyme Q2 4-hydroxybenzoate polyprenyltransferase Autosomal recessive
COQ6 Coenzyme Q10 biosynthesis monooxygenase 6 Autosomal recessive
SCARB2 Lysosomal integral membrane protein (LIMP) type II Autosomal recessive
APOL1 Apolipoprotein L-I Autosomal recessive
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nine sporadic cases.174 Kidney biopsy at presentation revealed 
mesangioproliferative lesions in one patient, MCD in  
six patients, and FSGS in three patients. This study broadens 
the spectrum of kidney disease related to nephrin mutations 
and raises the possibility that mutations in NPHS1 may 
contribute to sporadic nephrotic syndrome in combination 
with mutations in other genes associated with this 
syndrome.174,175

Mutations in ACTN4, the gene encoding the actin-binding 
protein α-actinin-4, are a cause of familial FSGS with an 
autosomal dominant pattern of inheritance and may  
be associated with a distinctive ultrastructural feature of  
podocyte injury consisting of cytoplasmic electron-dense 
aggregates that may aid in identifying patients with  
ACTN4 mutations.176 Interestingly, recent mechanistic inves-
tigations revealed that ACTN4 protein mutants lack the 
ability to activate protective nuclear hormone receptors in 
podocytes.177

African Americans have a disproportionate risk for several 
forms of kidney disease, including a 4-fold increased risk for 
FSGS and an 18- to 50-fold increased risk for HIV-associated 
FSGS. The basis for that susceptibility is thought to be mul-
tifactorial, with a suspected genetic component. Two land-
mark studies, both of which used genomewide mapping by 
admixture linkage disequilibrium, identified a chromosome 
22 region that was associated with kidney disease in subjects 
of African ancestry.178,179 Initial efforts focused on MYH9, 
which encodes a nonmuscle myosin heavy-chain type IIA 
expressed in kidney podocytes and possibly mesangial cells, 
where it binds to actin to perform intracellular motor func-
tions. Mutations in this gene were already known to cause a 
group of hereditary syndromes collectively known as the 
giant platelet syndromes, some of which also involve glo-
merular disease.180 However, more recent studies have 
shown that the associations observed with MYH9 were actu-
ally the result of linkage disequilibrium with variants in the 
adjacent gene APOL1 (encoding the protein apolipoprotein 
L-I), which are most likely causally related to disease risk 
and which define a spectrum of APOL1 nephropathies.181 
Two groups identified sequence variants in the APOL1 gene 
that likely explain the genetic association of kidney disease 
in patients of African ancestry.182,183 Reexamination of the 
interval surrounding MYH9 led to these newer findings. 
Genovese and colleagues182 and Tzur and colleagues183 used 
data from the 1000 Genomes Project—which conducts the 
sequencing of genomic DNA derived from subjects around 
the globe, especially the Yoruba tribe of Western Africa—
and identified sequence variants in the APOL1 gene that 
were associated with kidney disease. A key clue to sorting 
this out was the observed discrepancy between absence of 
APOL1 risk variants in the face of higher than expected 
allele frequencies of MYH9 risk haplotypes in Ethiopian 
populations lacking a higher prevalence of these nephropa-
thies.184 The APOL1 risk variants were found to be more 
strongly associated with ESKD than the previously reported 
MYH9 variants.

In African Americans, Genovese and colleagues found 
that FSGS and hypertension-attributed ESKD were associ-
ated with two independent sequence variants in the APOL1 
gene on chromosome 22 (FSGS [odds ratio (OR), 10.5; 95% 
confidence interval (CI), 6.0 to 18.4]; hypertension-
attributed ESKD [OR, 7.3; 95% CI, 5.6 to 9.5]). The two 

<1.75 years) than any other patient group, with or without 
podocin mutations (mean onset >4.17 years). The sequence 
variant R229Q was found in 9% of families in the heterozy-
gous mutation and 0.5% as a homozygous mutation.

The significance of the R229Q sequence variant as a cause 
of nephrotic syndrome was addressed in a study of 546 
patients (from 455 families) with familial or sporadic FSGS, 
only 24% of whom developed nephrotic syndrome after age 
18.170 The R229Q allele frequency was significantly higher 
among European and South American patients than among 
control individuals (0.089 for European patients vs. 0.026 
for controls, P = 0.00001; and 0.17 for South American 
patients vs. 0.007 for controls, P = 0.000002). Compared 
with individuals without a p.R229Q allele, those with a 
p.R229Q allele had a significantly higher likelihood of 
having a single pathogenic NPHS2 mutation, which strongly 
suggests a pathogenic role of p.R229Q in the compound 
heterozygous state with a NPHS2 mutation. Patients carrying 
p.R229Q and one NPHS2 mutation developed nephrotic 
syndrome significantly later than those carrying two patho-
genic mutations (median 19.0 vs. 1.1 years; P < 0.01). The 
frequency of NPHS2 mutations in adults with treatment-
resistant nephrotic syndrome was 11% in sporadic cases and 
25% in familial cases. This study suggests that compound 
heterozygosity for p.R229Q is associated with adult-onset, 
steroid-resistant nephrotic syndrome. Furthermore, genetic 
analysis of NPHS2 may identify individuals who are steroid-
resistant prior to treatment initiation as well as those who 
are more likely to progress to ESKD and/or have low post-
transplant recurrence risk.171

The role of NPHS2 polymorphisms in sporadic cases of 
late-onset idiopathic or HIV-associated FSGS was studied in 
377 biopsy-confirmed FSGS cases and 919 controls without 
known kidney disease.172 No homozygotes or compound 
heterozygotes were observed for any of five missense muta-
tions identified on gene sequencing. R138Q carriers were 
five times more frequent among FSGS cases than controls 
(P = 0.06), but heterozygosity for the other four missense 
mutations (including R229Q) was equally distributed among 
FSGS cases and controls. Genetic variation or mutation of 
NPHS2 may therefore play a role in late-onset sporadic 
FSGS. However, given the very low frequency of R138Q (4 
to 8 per 1000) and the lack of involvement of other muta-
tions, the attributable risk of NPHS2 for adult sporadic or 
HIV-associated FSGS is extremely small. The presence of the 
nonsynonymous variants of NPHS2 (p.R229Q and p.A242V) 
did not significantly alter the risk of albuminuria in the 
Nurses’ Health Study participants.173

In summary, NPHS2 gene mutations are associated with 
familial and childhood-onset steroid-resistant nephrotic syn-
drome but may not contribute significantly to adult-onset 
sporadic FSGS. Heterozygosity for R138Q is associated with 
a fivefold increased risk of FSGS in adults. When combined 
with other pathogenic mutations of NPHS2, the R229Q 
variant appears to be associated with disease onset at  
older age.

Classically, mutations in NPHS1, which encodes nephrin, 
are associated with congenital nephrotic syndrome of the 
Finnish type presenting within the first 3 months of life. A 
study of 160 patients from 142 unrelated families who pre-
sented with nephrotic syndrome at least 3 months after birth 
identified NPHS1 mutations in one familial case and in 
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podocytes become dysregulated and proliferate.193 However, 
the concept that the podocyte is a proliferating cell in col-
lapsing FSGS has been challenged. In a mouse model of 
focal sclerosis, parietal epithelial and not podocytes were 
involved in the proliferative event.194 This challenge is also 
supported from the findings of a study of two patients with 
HIV- and pamidronate-associated collapsing FSGS.195

The effacement of foot processes may be a consequence 
of the overproduction of oxygen radicals and accumulation 
of lipid peroxidase.196 In theory, podocyte loss could result 
in focal areas of GBM denudation with diminished barrier 
function. Podocyte dropout may be a major factor in the 
development of glomerulosclerosis in general, and specifi-
cally in the development of collapsing FSGS.197-200

Some of the same pathogenic events that result in seg-
mental scarring secondary to focal glomerular injury caused 
by a proliferative or necrotizing glomerulonephritis are 
probably operative in producing the sclerosis of FSGS. In 
this regard, the overproduction of transforming growth 
factor-β1 (TGF-β1) in glomeruli due to acute inflammatory 
lesions may cause glomerular sclerosis.201 In experimental 
models of glomerular inflammation, the administration of 
antibodies to TGF-β or other inhibitors of TGF-β resulted 
in a decrease in matrix accumulation and a reduction in the 
severity of glomerular scarring.202 Several mechanisms are 
associated with the fibrosis of kidney disease. Extracellular 
matrix, and proteoglycans such as decorin and biglycan, 
may have a pathogenic role in fibrosing diseases through 
regulation of TGF-β1.203

FSGS also results from the loss of nephrons, which causes 
compensatory intraglomerular hypertension and enlarge-
ment in the remaining glomeruli. The compensatory capil-
lary hypertension results in podocyte and endothelial cell 
injury, as well as mesangial alterations that lead to progres-
sive focal and segmental sclerosis.204-210 This process, at least 
in experimental animals, is made worse by increased dietary 
protein intake and is ameliorated by both protein restriction 
and antihypertensive therapy.

A permeability factor has been described in some patients 
with FSGS. In a seminal study, 33 patients with FSGS that 
recurred after transplantation had a higher mean value for 
permeability to albumin value than did normal subjects.211 
After plasmapheresis, the level of permeability factor in  
six patients was reduced, and proteinuria significantly 
decreased. The nature of the FSGS permeability factor con-
tinues to elude research efforts at identifying it. It is hypoth-
esized to consist of low-molecular-weight anionic proteins 
or proteins that alter phosphorylation of glomerular pro-
teins.212 There is also a report of high affinity of the FSGS 
permeability factor to galactose, which appears to inhibit its 
activity in vitro.213 Treatment with oral galactose is anecdot-
ally reported to afford remission of nephrotic syndrome214 
and is the subject of a pilot study that has just been com-
pleted but not yet published (www.clinicaltrials.gov, 
NCT01113385). Another proposed permeability factor is 
circulating serum soluble urokinase receptor (suPAR), 
which has been reported to be elevated in two thirds of 
patients with primary FSGS as compared to patients with 
other glomerular diseases.215 Furthermore, suPAR was 
shown in the same study in mice to activate podocyte  
β3-integrin resulting in foot process effacement, protein-
uria, and histopathologic changes akin to human FSGS. 

APOL1 variants were common in African chromosomes but 
absent from European chromosomes, and both reside 
within haplotypes that harbor signatures of positive selec-
tion. The APOL1 gene product, apolipoprotein L-1, has 
been studied for its role in trypanosomal lysis, autophagic 
cell death, and lipid metabolism, as well as for its vascular 
effects.

Apolipoprotein L-1 is a serum factor that lyses trypano-
somes. Of interest, it was hypothesized that APOL1 variants 
protect patients against Trypanosoma brucei, the parasite that 
causes sleeping sickness in thousands of people in Africa. 
Conversely, and with great irony, these same sequences are 
associated with kidney disease. In vitro assays revealed that 
only the kidney disease–associated apolipoprotein L-1 vari-
ants lysed Trypanosoma brucei rhodesiense, a particularly aggres-
sive newer subspecies. Carrying two copies of the haplotype 
posed significantly more risk of kidney disease than carrying 
one copy. In some respects, therefore, kidney disease–
associated APOL1 variants and protection from tsetse flies 
mirrors sickle cell anemia and protection from malaria.

Risk variants in MYH9 and APOL1 are in strong linkage 
dysequilibrium, and genetic risk that was previously attrib-
uted to MYH9 may reside in APOL1. More study is required 
to test whether more complex models of risk are operative. 
Nonetheless, this genetic association on chromosome 22 
explains, at least in part, racial disparities in nondiabetic 
ESKD and HIV-associated kidney disease because of the 
high prevalence of these haplotypes in individuals of African 
ancestry.185

In addition to being the site of genetic anomalies, the 
podocyte may be the target of injury through several mecha-
nisms.186 These mechanisms include infections (e.g., HIV 
infection), exposure to certain drugs (e.g., pamidronate or 
interferon), metabolic disorders (e.g., diabetes), and depo-
sition of abnormal protein (e.g., amyloid). Podocyte injury 
can lead to proteinuria through abnormalities of the slit 
diaphragm (e.g., due to genetic mutations); podocyte loss; 
loss of negative charges from loss of podocyte proteins 
(decreased podocalyxin or glomerular epithelial protein), 
decreased production of these proteins (decreased heparin 
sulfates), or destruction of the GBM (e.g., proteases); mal-
formation of GBM; or podocyte-related endothelial cell dys-
function (e.g., decrease in vascular endothelial growth 
factor).186 In addition, the response of the podocyte to 
injury may be expressed differently, depending on the 
nature of the insult, and result in different clinical syn-
dromes. Thus, it has been proposed that various clinical and 
histologic variants of nephrotic syndromes depend on 
whether the podocyte injury results in apoptosis, podocyte 
loss, or podocyte dedifferentiation and reentry into the cell 
cycle and proliferation.187 Indeed, this concept led to pro-
posals to change the classification of nephrotic syndromes 
based on the understanding of the pathogenetic mecha-
nisms of disease in addition to a description of histologic 
variants.188

In collapsing forms of FSGS, podocytes undergo changes 
in which mature podocyte markers disappear, which  
suggests a dysregulated podocyte phenotype in these 
diseases.189-191 In fact, podocyte proliferation is seen in some 
examples of FSGS, which may be a consequence of the 
decrease in cyclin-dependent kinase inhibitors P27 and 
P57.192 This has led to the concept that in collapsing FSGS, 
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anabolic steroids may lead to reduced levels of protein in 
the urine.

CLINICAL FEATURES AND NATURAL HISTORY
Proteinuria is the hallmark feature of all forms of primary 
FSGS. The degree of proteinuria varies from nonnephrotic 
(1 to 2 g of protein per day) to over 10 g of protein per day, 
associated with all of the morbid features of nephrotic syn-
drome. Hematuria occurs in over half of FSGS patients, and 
approximately one third of patients present with some 
degree of renal insufficiency. Gross hematuria is more com-
monly seen in FSGS than in MCD.247 Hypertension is a 
presenting feature in one third of patients. There are dif-
ferences in the presentation of FSGS in adults and 
children.248-251 More children than adults tend to have pro-
teinuria, whereas hypertension is more common in adults.

Differences in clinical manifestations correlate with dif-
ferent pathologic phenotypes of FSGS.252 Patients with peri-
hilar FSGS accompanied by glomerular enlargement more 
commonly have nonnephrotic-range proteinuria than 
patients without glomerular hypertrophy. In addition, there 
are differences in the clinical presentation of the collapsing 
variant of FSGS and the glomerular tip lesion variant of 
FSGS.

Patients with collapsing FSGS have a substantially higher 
level of urine protein, a lower serum albumin level, and a 
higher serum creatinine level than patients with perihilar 
FSGS.149,150,253 The development of proteinuria, edema, or 
hypoalbuminemia may occur rapidly over the course of days 
to weeks, in contrast to the more indolent development of 
proteinuria in most patients with typical FSGS. Moreover, 
patients with collapsing FSGS more frequently have extrare-
nal manifestations of disease a few weeks prior to onset of 
the nephrosis, such as episodes of diarrhea, upper respira-
tory tract infections, or lower respiratory tract–like symp-
toms that are usually ascribed to viral or other infectious 
processes. However, the systemic symptoms of fever, malaise, 
and anorexia occur in less than 20% of patients at the time 
of onset of nephrosis. Pamidronate, a bisphosphonate  
that prevents bone disease in patients with myeloma and 
metastatic tumors, has been reported to be associated with 
collapsing FSGS.194,244 After discontinuation of the drug, 
kidney function stabilized in all patients except those with 
collapsing FSGS. Treatment with interferon has also been 
reported to be associated with the development of collaps-
ing FSGS.245

The clinical presentation of glomerular tip lesion differs 
from that of both perihilar FSGS and collapsing FSGS.214 
Patients with glomerular tip lesion tend to be older white 
males, in contrast to the younger black male prevalence in 
collapsing FSGS. The proteinuria in these patients usually 
is severe and the onset is abrupt, with sudden development 
of edema and hypoalbuminemia. The rapidity of onset of 
the disease process is similar to the clinical presentation  
of MCD.155,254,255 Patients with glomerular tip lesion may 
develop reversible AKI especially at the time of initial pre-
sentation when proteinuria, edema, and hypoalbuminemia 
are at their peak. This also is similar to the presentation of 
MCD but rarely occurs with other variants of FSGS.

Several studies have addressed the clinical applicability 
and implications of distinguishing the variants of FSGS. An 
analysis of data for 197 patients followed within the 

Subsequently, serum suPAR levels were shown to be elevated 
in two cohorts of children and adults with FSGS and not 
disease controls216; however, more recent studies have 
reported an inverse correlation between estimated GFR 
(eGFR) and suPAR, and it is apparent that more studies are 
needed to clarify the role of suPAR.217–224

Regarding the role of a circulating permeability factor in 
the pathogenesis of the disease, it should be noted that in 
a minority of patients with steroid-resistant FSGS in native 
kidneys, plasmapheresis may diminish proteinuria and sta-
bilize kidney function. In most patients, however, there is 
no improvement in proteinuria despite loss of the perme-
ability factor following plasmapheresis.225

Glomerular enlargement accompanied by the develop-
ment of FSGS occurs in the setting of hypoxemia, for 
example, in patients with sickle cell anemia, congenital  
pulmonary disease, or cyanotic congenital heart disease. 
Obesity predisposes to FSGS.226,227 Weight loss and the 
administration of an angiotensin-converting enzyme (ACE) 
inhibitor decreased protein excretion by 80% to 85%.228,229 
Patients with sleep apnea may have proteinuria that is more 
functional in nature but with little or no evidence of glo-
merular scarring or epithelial injury observed in biopsy 
specimens.230,231 The association between sleep apnea and 
proteinuria was examined in an analysis of 148 patients 
referred for polysomnography who were not diabetic and 
had not been treated previously for obstructive sleep 
apnea.232 In this patient population, clinically significant 
proteinuria was uncommon; it was found to be associated 
with older age, hypertension, coronary artery disease, and 
arousal index by univariate analysis but only with age and 
hypertension by multiple regression analysis. Body mass 
index and apnea-hypopnea index were not associated with 
urine protein to creatinine ratio. The authors concluded 
that nephrotic-range proteinuria should not be ascribed to 
sleep apnea and deserves a more thorough nephrologic 
evaluation.

A number of infections cause FSGS. HIV-associated FSGS 
is pathologically identical to idiopathic collapsing FSGS, 
except that endothelial tubuloreticular inclusions are 
present in the former but not the latter. This close associa-
tion of HIV infection with collapsing FSGS, as well as experi-
mental evidence of focal glomerular sclerosis in mice 
transgenic for HIV-1 genes,147,233-239 raise the possibility that 
the HIV virus can be a causal agent of FSGS in infected 
patients. Whether other viral diseases, including parvovirus 
B19 infection, cause the idiopathic collapsing variant of 
FSGS remains to be elucidated.240,241 Parvovirus B19 has 
been found with greater frequency in patients with idio-
pathic and collapsing FSGS than in patients with other diag-
noses.240 The polyomavirus SV40 may also play a role.242

FSGS is associated with a number of malignant conditions 
that have been linked to lymphoproliferative disease. In one 
study,243 an association of FSGS was found with monoclonal 
gammopathies of undetermined significance (MGUS) and 
multiple myeloma. When the lymphoproliferative disease 
was treated, the renal lesion improved.

Finally, FSGS has been linked to exposure to a number 
of medications, including pamidronate194,244 and inter-
feron,245 and with the use of anabolic steroids.246 Like pami-
dronate and interferon therapy, the latter may also be 
associated with collapsing FSGS. Discontinuation of the 
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One of the most useful prognostic indicators for patients 
with FSGS is whether remission of nephrotic syndrome is 
achieved.249 Patients who experience remission of nephrosis 
have a substantially greater renal survival rate than those 
who do not.249,259,260,264,265 According to Korbet and col-
leagues,250,251 less than 15% of patients who achieve com-
plete or partial remission progress to ESKD within 5 years 
of follow-up. Up to 50% of patients who do not experience 
remission progress to end-stage disease within 6 years of 
follow-up.

As in other forms of glomerular injury, entry serum  
creatinine level correlates with long-term renal sur-
vival.259,261,266,267 Patients with a serum creatinine level of 
higher than 1.3 mg/dL have poorer renal survival than those 
with lower serum creatinine concentrations, irrespective  
of the level of urine protein (10-year renal survival of 27% 
vs. 100%).251 Multivariate analysis indicates that entry serum 
creatinine level may be more important than urine protein 
level as a predictor of progression to ESKD.259,260,262,263,266,267

LABORATORY FINDINGS
Hypoproteinemia is common in patients with FSGS, with 
total serum protein reduced to varying extents. The serum 
albumin concentration may fall to below 2 g/dL, especially 
in patients with collapsing and glomerular tip variants of 
FSGS. As in other forms of nephrotic syndrome, levels of 
immunoglobulins are typically depressed and levels of lipids 
are increased, especially serum cholesterol level. Serum 
levels of complement components are generally in the 
normal range in FSGS. Circulating immune complexes have 
been detected in patients with FSGS,268,269 although their 
pathogenic significance has not been determined. Serologic 
testing for HIV infection should be obtained for patients 
with FSGS, especially those with the collapsing pattern.

TREATMENT
Angiotensin Inhibitors

ACE inhibitors and angiotensin II receptor blockers (ARBs) 
have been evaluated in the treatment of FSGS. ACE inhibi-
tors have been shown to decrease levels of urine protein and 
the rate of progression to ESKD in diabetic and nondiabetic 
kidney disease.270-273 These results have been observed in the 
presence of diabetes as well as in cases of nondiabetic kidney 
disease. A systematic review of studies revealed that ACE 
inhibitors significantly reduce urine protein levels in chil-
dren with steroid-resistant nephrotic syndrome.274 In a ran-
domized controlled trial involving normotensive children 
with steroid-resistant nephrotic syndrome, the addition of 
fosinopril to prednisone resulted in a greater reduction in 
urine protein levels than prednisone alone.275

In patients with glomerulomegaly and nonnephrotic-
range proteinuria, an ACE inhibitor or ARB sufficiently 
decreases proteinuria and potentially decreases hyperlipid-
emia, edema, and other manifestations of persistent loss of 
protein in the urine with excellent long-term prognosis. 
Regardless of what other forms of antiinflammatory or 
immunosuppressive therapy are employed, the beneficial 
effects of these agents indicates that they should be added, 
despite the well-known side effects of hyperkalemia and 
reduction in GFR, especially in patients with serum creati-
nine levels of over 3 mg/dL.

Glomerular Disease Collaborative Network between 1982 
and 2001 found the FSGS NOS variant in 42% of cases, the 
perihilar variant in 26%, the tip lesion in 17%, the collaps-
ing lesion in 11%, and the cellular variant in 3% of 
patients.140 African Americans accounted for 91% of patients 
with collapsing FSGS but only 15% of patients with the tip 
lesion variant. Both collapsing and tip variants were associ-
ated with significantly greater amounts of urine protein 
(10.0 ± 5.3 g protein per day and 9.7 ± 7.0 g protein per 
day, respectively) than perihilar or NOS variants of FSGS 
(4.4 ± 3.3 g protein per day and 5.5 ± 4.6 g protein per day, 
respectively; P < 0.001). In this retrospective, uncontrolled 
analysis, patients with the tip lesion variant of FSGS were 
significantly more likely to attain a complete remission even 
after adjustment for corticosteroid exposure (P < 0.001). 
Collapsing FSGS had the worst 1-year (74%) and 3-year 
renal survival rates of all other variants, regardless of differ-
ences in the histologic severity of injury, which suggests the 
possibility that the nature of the injury was inherently 
different.

Similarly, an analysis of data for 225 patients studied at 
Columbia University252 confirmed the predilection of the tip 
lesion variant of FSGS for whites (86.2%), although the 
predominance of African Americans among patients with 
collapsing FSGS was less pronounced (53.6%). In this large 
cohort, 10% of patients had the cellular variant, of whom 
32% were African American. The mean urine protein level 
(9.5 ± 1.2 g of protein per day) in these patients was com-
parable to that in patients with the collapsing or tip variant 
(8.8 ± 1.3 g of protein per day and 7.8 ± 0.6 g of protein 
per day, respectively). Patients with cellular FSGS showed 
intermediate rates of remission (44.5%) and ESKD (27.8%) 
compared to patients with collapsing FSGS (remission rate, 
13.2%; ESKD rate, 65.3%) and tip FSGS (remission rate, 
75.8%; ESKD rate, 5.7%).

A retrospective analysis of data for a cohort of 93 adult 
patients in the Netherlands confirms the improved renal 
survival of patients with the tip variant compared with 
patients with the other variants (5-year survival of 78% for 
tip vs. 63% for FSGS NOS and 55% for perihilar FSGS; P = 
0.02).256

A major prospective FSGS study evaluated the clinical 
impact of these histopathologic variants among participants 
with steroid-resistant primary FSGS in the FSGS Clinical 
Trial.257,258 As in prior retrospective studies, the tip variant 
and collapsing variant had the strongest association with 
whites (86%) and blacks (63%; P = 0.003), respectively. This 
study also confirmed poor renal survival in participants with 
the collapsing variant and better renal survival in partici-
pants with the tip variant, although the sample size was small 
for these groups.

The degree of proteinuria is a predictor of long-term 
clinical outcome. Nonnephrotic-range proteinuria corre-
lates with a more favorable renal survival of over 80% after 
10 years of follow-up.259,260 In contrast, patients who have 
proteinuria of more than 10 g of protein per day have very 
poor long-term renal survival, with the majority of patients 
reaching ESKD within 3 years.261,262 Patients with FSGS and 
protein excretion that measures between nonnephrotic 
range and massive proteinuria have variable long-term renal 
outcomes. In general, these patients have a relatively poor 
outcome, with half reaching ESKD by 10 years.250,251,263
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The practice of using higher dosages of corticosteroids to 
induce remission has resulted in the use of alternative thera-
peutic approaches.

Administration of very high doses of corticosteroids in 
children, and continuation of daily prednisone therapy for 
up to 6 to 9 months in adults, is not without enormous 
short- and long-term side effects. In studies in which long-
term, high-dose corticosteroids are administered, few analy-
ses have been undertaken to evaluate the development of 
osteoporosis, short- and long-term risk of infection, cata-
racts, diabetes, or other long-term sequelae. Thus, the avail-
able data do not allow for careful understanding of risk/
benefit ratios. Until the use of high-dose methylpredniso-
lone has been studied in controlled clinical trials, this poten-
tially useful yet dangerous approach must be viewed with 
caution.

Attempts at alternate-day steroid therapy have not been 
successful except in older adult populations. The Toronto 
group282 demonstrated that a 40% remission rate could be 
achieved in patients older than age 60 by administering up 
to 100 mg of prednisone on alternate days for 3 to 5 months. 
This therapy was well tolerated in this population, with no 
obvious side effects during the study period. Alternate-day 
prednisone most likely works in this population because of 
an increased susceptibility to the immunosuppressive effects 
of corticosteroids and altered glucocorticoid kinetics in 
older adults.

The benefit of corticosteroid therapy may differ among 
whites and African Americans. In a retrospective analysis283 
of renal survival in predominantly African American indi-
viduals with FSGS, renal survival was found to be higher 
when the initial serum creatinine level was lower and blood 
pressure was well controlled, but treatment with steroids 
had no effect on renal survival.

Cyclophosphamide

Several studies have failed to document the effectiveness of 
cytotoxic drugs in the treatment of FSGS.264,284 In one review, 
only 23% of 247 children with FSGS showed a response to 
steroid therapy, and 70 patients were treated with cytotoxic 
drugs. Of these, 30% showed a response. In the final analy-
sis, the disease was in remission in less than 20% of the 247 
children. The use of cytotoxic drugs has been evaluated in 
only one series of adults.264 Although their use correlated 
with longer remissions and fewer relapses, no other study 
has corroborated these results.

The International Study of Kidney Diseases in Children 
carefully examined the role of cyclophosphamide in the 
treatment of children with FSGS.285 Daily oral cyclophospha-
mide (2.5 mg/kg) was administered in addition to predni-
sone (40 mg/m2 every other day) for 12 months, and results 
were compared with those for prednisone alone. The addi-
tion of cyclophosphamide had no effect on the change in 
proteinuria or the likelihood of achieving complete resolu-
tion of proteinuria.285 Similarly, in a nonrandomized 
comparative study involving children with FSGS or steroid-
resistant or frequently relapsing nephrotic syndrome, the 
addition of oral cyclophosphamide to prednisone for 3 
months had no statistically significant effect on the rate of 
complete or partial remission or progression to ESKD.286 In 
summary, the limited currently available data do not support 
the use of cyclophosphamide in patients with FSGS.

Before immunomodulatory or immunosuppressive 
therapy is initiated in a patient with FSGS, a careful evalua-
tion should be undertaken to exclude the possibility of an 
underlying cause as described in the section on pathogen-
esis. Patients with secondary FSGS are unlikely to benefit 
from immunosuppressive therapy and may be at particularly 
high risk of complications. In addition, an assessment of the 
risk and benefit of immunosuppressive therapy should be 
undertaken for each patient. Patients with subnephrotic-
range proteinuria have a generally good prognosis, and the 
initial therapy should be focused on blood pressure control, 
preferentially using maximal tolerated dosages of renin 
angiotensin aldosterone system (RAAS) blockers. Glucocor-
ticoids or immunosuppressive therapy should be targeted to 
patients with idiopathic FSGS and nephrotic syndrome.

Glucocorticoids

No randomized placebo-controlled trial has been conducted 
to formally assess the role of glucocorticoids in the treat-
ment of FSGS. The available data are based on case series 
using different treatment protocols; different definitions of 
remission, response, relapse, and resistance; and different 
lengths of therapy.249,259,264,276 One review of studies sug-
gested that only 15% of patients with FSGS responded to 
treatment, in sharp contrast to those with MCD.277 More 
optimistic reports have been obtained by groups in Toronto 
and Chicago249,250 which suggest that 30% to 40% of adult 
patients may attain some form of remission with corticoste-
roid treatment. A compilation of these studies by Korbet 
and colleagues251 suggests that of 177 patients who received 
a variety of different forms of therapy, 45% experienced 
complete remission, 10% experienced partial remission, 
and 45% showed no response.249,259,264,276,278

In children, the initial treatment of FSGS is similar to that 
of MCD because treatment is typically initiated without his-
tologic confirmation of the disease process. Thus, the Inter-
national Study of Kidney Diseases in Children recommended 
using an initial course of prednisone of 60 mg/m2/day up 
to 80 mg/m2/day, for 4 weeks. This is followed with 40 mg/
m2/day, up to 60 mg/m2/day, administered in divided doses 
for 3 consecutive days out of 7, for 4 weeks, and then tapered 
off for 4 more weeks. As in adult patients with MCD, a 
longer course of therapy at higher doses of prednisone may 
be necessary to induce remission. Thus, in those series and 
retrospective analyses that showed an increased remission 
rate,131,249,259,264,276,279,280 prednisone treatment was continued 
for 16 weeks to achieve remission. In adult patients, median 
time for complete remission was 3 to 4 months.134

A portion of patients showing a positive response to cor-
ticosteroid treatment will experience relapse. Guidelines for 
re-treatment of relapsing patients are similar to those for 
treatment of patients with relapsing MCD. In patients whose 
remission prior to relapse was prolonged (more than 6 
months), a repeat course of corticosteroid therapy may 
again induce a remission. In steroid-dependent patients 
who develop frequent relapses, repeated rounds of high-
dose corticosteroid therapy result in unacceptable cumula-
tive toxicity. Thus, alternative strategies, such as the addition 
of cyclosporine, may be useful. In patients with the glomeru-
lar tip lesion variant of FSGS, a trial of corticosteroids is 
appropriate because many patients experience a decline in 
protein excretion.154,255,281
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How long should patients be treated with cyclosporine? 
In a study by Meyrier and colleagues,134 when patients 
remained in remission for over 12 months, cyclosporine was 
slowly tapered and eventually removed without subsequent 
relapse.134 Unfortunately, long-term treatment with cyclo-
sporine was associated with increases in tubular atrophy and 
interstitial fibrosis, the degree of which was positively cor-
related with the initial serum creatinine level, the number 
of segmental scars on initial biopsy specimens, and a cyclo-
sporine dose of more than 5.5 mg/kg/day. Thus, there is a 
clear trade-off with the use of cyclosporine over the long 
term given the risk of development of interstitial fibrosis 
and tubular atrophy.

Mycophenolate Mofetil

Data regarding the use of MMF in the treatment of FSGS 
has been largely anecdotal, with one small case series report-
ing transient improvement in proteinuria in 8 of 18 patients; 
however, two clinical trials have occurred within the past 
decade.

A randomized controlled trial compared the efficacy of an 
MMF-based regimen to treatment with corticosteroids with 
or without cyclophosphamide in adult patients with idio-
pathic MN (n = 21) or FSGS (n = 33).289 MMF was given at a 
dosage of 2 g/day for 6 months along with prednisolone at 
0.5 mg/kg/day for 2 to 3 months. Patients with FSGS in the 
comparison group received prednisolone 1 mg/kg/day for 
3 to 6 months. There was no difference between the two 
groups with respect to the proportion of complete or partial 
remissions (70% vs. 69%) or the time to remission of pro-
teinuria at any point. Remission was achieved faster in the 
MMF-treated FSGS patients than in the corticosteroid-only 
group (5.6 months vs. 10.2 months, respectively), and cumu-
lative steroid dose was lower (1.9 ± 0.3 g vs. 7.3 ± 0.9 g, 
respectively). Although limited to a small number of patients 
and relatively short follow-up, this first controlled study sug-
gests that the addition of MMF is steroid sparing and achieves 
rates of remission comparable to those for corticosteroids 
alone in patients with FSGS. The randomized controlled 
FSGS Clinical Trial, discussed in the cyclosporine section, 
showed no significant difference in outcomes when compar-
ing cyclosporine to oral pulse dexamethasone and MMF.257

Other Therapies

The use of sirolimus in the management of FSGS is poorly 
supported. Several reports have emerged of new-onset pro-
teinuria in kidney transplant recipients who were switched 
from calcineurin inhibitor–based therapy to sirolimus.290-294

In a study of 78 solid organ transplant recipients treated 
with sirolimus, 18 patients (23.1%) developed proteinuria 
in an average of 11.2 ± 2.1 months after starting sirolimus 
therapy.295 Kidney biopsy specimens obtained after the onset 
of proteinuria revealed various degrees of mesangial prolif-
eration and mesangial expansion commonly seen in patients 
who previously had a diagnosis of chronic allograft nephrop-
athy but showed FSGS in only two patients (14.3%). There 
was no correlation between proteinuria levels and sirolimus 
dose or trough blood levels. In the six patients in whom 
sirolimus was withdrawn, a complete reversal of proteinuria 
and edema was observed. This study certainly raises signifi-
cant concern about the induction of proteinuria by siroli-
mus in transplant recipients.

Cyclosporine

FSGS that is resistant to prednisone may be induced into 
remission by cyclosporine. The effectiveness of cyclosporine 
in inducing remission of proteinuria in patients with FSGS 
has been demonstrated in two randomized controlled trials. 
In the study by Ponticelli and colleagues, 45 patients  
with steroid-resistant nephrotic syndrome were randomly 
assigned to receive supportive therapy or cyclosporine 
(5 mg/kg/day for adults, 6 mg/kg/day for children) for 6 
months, with the drug then tapered off by 25% every 2 
months.131 Remission occurred in 13 of 22 patients receiving 
cyclosporine, compared with 3 of 19 patients in the control 
group (P < 0.001). Unfortunately, relapses occurred in 69% 
of patients after withdrawal of cyclosporine.

In the North America Nephrotic Syndrome Study Group 
trial, 49 patients were randomly assigned to treatment with 
low-dose prednisone alone or in combination with oral cyclo-
sporine for 26 weeks.287 At the end of 26 weeks of therapy, 
partial or complete remission of proteinuria occurred in 
70% of patients in the cyclosporine-treated group compared 
to only 4% in the control group (P < 0.001); however, relapses 
occurred by 52 weeks in 40% of those experiencing remis-
sion. Treatment with cyclosporine was also associated with a 
70% reduction in the risk that GFR would decline by 50%.287

A randomized controlled trial compared the efficacy of 
cyclosporine to intravenous cyclophosphamide in the initial 
treatment of 22 children with steroid-resistant nephrotic 
syndrome related to MCD, FSGS, or mesangial hypercellu-
larity.288 All patients were also receiving alternate-day pred-
nisone therapy. Treatment with cyclosporine afforded a 
statistically significant higher rate of partial remission of 
proteinuria at both 12 weeks (60% of cyclosporine-treated 
patients vs. 17% in the cyclophosphamide group; P < 0.05). 
By study’s end, 12 of the 14 patients who showed no response 
to cyclophosphamide were patients with FSGS. Of note,  
all six patients who were heterozygous for the NPHS2 
R229Q variant or the R6QH mutation were assigned to the 
cyclophosphamide group, and only one of those showed a 
response to treatment. These results support the use of 
cyclosporine over cyclophosphamide in children with 
steroid-resistant nephrotic syndrome.

Results were recently reported from the FSGS Clinical 
Trial, the largest multicenter, randomized controlled trial of 
its kind, comparing a 12-month course of cyclosporine to a 
combination of oral pulse dexamethasone and MMF in 138 
randomized children and young adults with biopsy-proven, 
steroid-resistant primary FSGS.257 The trial was designed to 
determine whether treatment with MMF plus pulse steroids 
was superior to treatment with cyclosporine in inducing 
remission of proteinuria over 12 months. Partial or com-
plete remission by the 12-month mark was achieved in only 
22 MMF-treated patients and 33 cyclosporine-treated 
patients, and the odds ratio for achieving remission or 
better with MMF compared to cyclosporine was not signifi-
cant (OR, 0.59; 95% CI, 0.30 to 1.18). Furthermore, remis-
sion by 26 weeks after treatment cessation was not 
significantly different between the two groups. The investi-
gators concluded that the lack of signal difference may have 
been due to insufficient sample size and that the low rates 
of remission in the trial amplify the profound need for 
better and more targeted therapies.
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significant benefit, which warrants further investigation with 
larger randomized clinical trials.135 It has also been shown 
in the setting of recurrent FSGS that rituximab can bind to 
podocyte-derived sphingomyelin phosphodiesterase acid–
like 3b (SMPDL-3b) to preserve its expression as a regulator 
of acid sphingomyelinase activity to prevent disruption of 
the actin cytoskeleton and apoptosis.310 It is becoming clear 
that the use of rituximab for the treatment of FSGS requires 
further evaluation in the setting of a randomized controlled 
trial.

Another potential future approach targets renal fibrosis, 
which represents a common final pathway of FSGS and other 
chronic kidney diseases.311 The orally available antifibrotic 
agent pirfenidone was evaluated in an open-label pilot study 
to determine its effect on the rate of decline in GFR in 18 
patients with FSGS selected for having a monthly rate of 
decline in eGFR of more than 0.35 mL/min/1.73 m2.312 The 
monthly change in GFR improved from a median of 
−0.61 mL/min/1.73 m2 during the baseline period to 
−0.45 mL/min/1.73 m2 with pirfenidone therapy, which 
represented a median of 25% improvement in the rate of 
decline (P < 0.01). Pirfenidone had no effect on blood pres-
sure or proteinuria and was associated with frequent dyspep-
sia, sedation, and photosensitive dermatitis. These results 
provide a strong rationale for a larger placebo-controlled 
trial in patients with progressive chronic kidney disease.

Other forms of treatment have been used. Plasmapheresis 
and protein absorption strategies to remove circulating 
factors responsible for FSGS have led to remission of recur-
rent FSGS but do not appear to be beneficial in treating the 
primary disease.225,313

In summary, patients with primary FSGS remain frustrat-
ing patients to treat. Enthusiasm for the use of high-dose, 
prolonged corticosteroid therapy in adults and children has 
prompted the use of this therapy in many FSGS patients. 
Only a prospective randomized trial that carefully evaluates 
this approach will determine its effectiveness. The first step 
in therapy should be geared toward excellent blood pres-
sure control using RAAS blockers. In those patients who 
have nephrotic-range proteinuria, careful supportive care 
and consideration of a trial of oral corticosteroids in adult 
patients may be an acceptable approach after patients are 
carefully informed about the risks and potential benefits of 
12 to 16 weeks of daily corticosteroid therapy. Alternatively 
a trial of cyclosporine may be warranted for patients who 
have contraindications to corticosteroid therapy or in whom 
corticosteroid therapy fails to produce improvement.

C1q NEPHROPATHY

C1q nephropathy is a relatively rare cause of proteinuria 
and nephrotic syndrome that can mimic MCD or FSGS clini-
cally and histologically, although the clinical and pathologic 
presentations are quite variable.314,315 In a single-center ret-
rospective analysis of kidney biopsy specimens from chil-
dren and adolescents, C1q nephropathy was found in 6.6% 
of native kidney biopsy specimens.316 In the largest case 
series at the University of Ljubljana, Slovenia, which included 
both children and adults, C1q nephropathy was identified 
in 1.9% of native kidney biopsy specimens.317 There appears 
to be a slight male predominance (56% to 68%).317,318 
Depending on the case series, there may be an association 

The data pertaining to the use of sirolimus in the manage-
ment of FSGS in native kidneys is rather conflicting. In a 
prospective open-label trial of sirolimus in 21 patients with 
steroid-resistant FSGS, at 6 months 4 patients (19%) had 
achieved a complete remission, 8 (38%) had experienced a 
partial remission, and 1 patient had experienced a rapid 
decline in kidney function.296 Sirolimus therapy was associ-
ated with a substantial number of adverse events, including 
hyperlipidemia and anemia in 43% of patients. In patients 
who showed no response to sirolimus, the mean serum cre-
atinine level increased from 1.66 mg/dL at baseline to 
2.2 mg/dL at 6 months and 3.24 mg/dL at 12 months (sig-
nificantly different from baseline at the P = 0.028 level). In 
patients who showed a response to sirolimus, the mean 
serum creatinine level increased from 1.76 mg/dL at base-
line to 1.91 mg/dL at 12 months.

In contrast, a phase II open-label clinical trial of sirolimus 
had to be interrupted for safety reasons after five out of six 
patients enrolled experienced a sharp decrease in GFR, and 
none achieved a complete remission.297 Three patients had 
a more than twofold increase in proteinuria during siroli-
mus therapy. Similar deleterious effects were reported in a 
cohort of 11 patients with a variety of glomerular diseases.298 
Although inconclusive, the bulk of the data currently avail-
able suggest that sirolimus has a deleterious effect in FSGS 
and should be avoided.

Future approaches to the treatment of FSGS may come 
from the treatment of recurrent FSGS following transplanta-
tion. A recent study reported the use of CTLA-4-Ig (abata-
cept), an inhibitor of the T cell costimulatory molecule B7-1 
(CD80), in four patients with recurrent FSGS and one with 
primary FSGS given that podocytes also express B7-1 in 
some individuals with proteinuric kidney disease, including 
FSGS.299 Surprisingly, nephrotic-range proteinuria resolved 
in all patients; however, much larger, more controlled 
studies are needed to validate this encouraging result.

Intriguing cases of recurrent FSGS after transplantation 
have been published in which the proteinuria resolved after 
treatment with rituximab.300 Interestingly, in one case301 the 
diagnosis of posttransplant lymphoproliferative disease was 
established 5 months after the transplantation, even though 
recurrent nephrotic syndrome occurred within 2 weeks 
postoperatively. In addition, there are a few reports of  
recurrent FSGS after transplantation which responded to 
rituximab (after plasmapheresis or immunoadsorption) 
that are not related to posttransplant lymphoproliferative 
disease.302-305 These patients may represent a specific cate-
gory, and the lessons learned from their treatment may not 
necessarily apply to the general population of patients with 
FSGS. Anecdotal reports are emerging of treatment of 
primary and recurrent FSGS with rituximab, usually in com-
bination with other immunomodulating therapies, but 
results show a mixed response to this treatment306,307 with 
several reports of failures.308 In the largest case series, five 
of eight adult patients with resistant FSGS failed to show a 
response to a course of rituximab, and two patients suffered 
a rapid deterioration of kidney function.309 Only two patients 
had a clear and sustained improvement of kidney function 
and proteinuria. More recently, as discussed in the section 
on MCD, a small prospective trial in Italy of rituximab in  
10 children and 20 adults with relapsing FSGS, MCD,  
and mesangial proliferative glomerulonephritis showed 
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adults. In patients older than age 60, MN is associated with 
a malignancy in 20% to 30% of patients.

MN is the cause of nephrotic syndrome in approximately 
25% of adults with the syndrome.323,332-340 A study of patients 
who had urinary excretion of more than 1 g of protein per 
24 hours, conducted by the Medical Research Council in 
the United Kingdom from 1978 to 1990, determined that 
20% had MN. The peak incidence of MN is in the fourth to 
fifth decade of life.323,341-345 A pooled analysis of studies of 
patients with idiopathic MN found a 2 : 1 predominance of 
males (1190 males and 598 females).346 The adult/child 
ratio was 26 : 1 (1734 adults and 67 children); however, this 
low proportion of children among MN patients was biased 
by the exclusion of children from some of the studies 
included in the analysis. MN affects all population groups.

Although most patients with MN present with nephrotic 
syndrome, 10% to 20% of patients have proteinuria that 
remains at less than 2 g of protein per day.347 It is thus likely 
that the frequency of MN in the general population is 
underestimated, because asymptomatic individuals with sub-
clinical proteinuria often do not come to diagnosis or 
undergo kidney biopsy.

There are geographic variations in the clinical manifesta-
tions of MN. In studies in Australia and Japan, lower per-
centages of patients have nephrotic syndrome at entry than 
in Europe or North America. The geographic differences 
may be related to differences in the prevalence of underly-
ing causes of secondary MN, such as hepatitis B, malaria, 
and other infections.327,329

The association of MN with underlying malignancy is well 
recognized. In a large cohort study of 240 patients in 
France,348 the incidence of cancer was significantly higher 
in patients with MN than in the general population (stan-
dardized incidence ratio, 9.8 [5.5 to 16.2] for men and 12.3 
[4.5 to 26.9] for women). In almost half the patients, the 
tumor was asymptomatic and was detected only because of 
diagnostic procedures prompted by the diagnosis of MN. 
The most common malignancies were cancers of the lung 
and prostate. The frequency of malignancy increased with 
age. In a separate cohort study in Norway,349 the incidence 
of cancer in 161 patients with MN was significantly higher 
compared with the age- and sex-adjusted general Norwegian 
population, corresponding to a standardized incidence 
ratio of 2.25 (95% CI, 1.44 to 3.35). The median time from 
diagnosis of MN to diagnosis of cancer was 60 months. 
Patients with MN who developed cancer were older (65 vs. 
52 years; P < 0.001).349

Risk factors for malignancy in patients with MN include 
older age and a history of smoking, although the clinical 
presentation does not differ between patients with cancer-
associated MN and those with primary MN.348 In patients 
with cancer-associated MN, clinical remission of the cancer 
is associated with a reduction of proteinuria.348 These studies 
highlight the importance of thorough cancer screening 
among older patients with MN, not only at the time of first 
diagnosis but also during subsequent long-term follow-up.

PATHOLOGY
Electron Microscopy

The pathologic sine qua non of MN is the presence of sub-
epithelial immune complex deposits or their structural 

with African American or Hispanic ethnicity.318 Patients of 
all ages with C1q nephropathy have been described.

The diagnosis is based on the presence of mesangial 
immune complex deposits that show conspicuous staining 
for C1q in a patient with no clinical or laboratory evidence 
of SLE. The C1q staining usually is accompanied by staining 
for IgG, IgM, and C3. Electron microscopy demonstrates 
well-defined mesangial immune complex–type dense  
deposits. Light microscopic findings vary from no lesion 
(mimicking MCD), to focal glomerular hypercellularity, to 
proliferative glomerulonephritis with mesangial hypercellu-
larity, to focal segmental sclerosing lesions that may be indis-
tinguishable histologically from those of FSGS. Anecdotal 
case reports have described C1q nephropathy associated 
with a collapsing FSGS lesion.319,320 The findings by immu-
nofluorescence microscopy and electron microscopy, 
however, readily differentiate C1q nephropathy from MCD 
and FSGS. The findings by immunofluorescence and elec-
tron microcopy suggest an immune complex pathogenesis, 
but the details of the pathogenic mechanism and the causes 
are unknown.

Patients with C1q nephropathy generally have protein-
uria, which may or may not be associated with nephrotic 
syndrome. Hematuria is present in at least 50% of patients 
and is more common among patients with a mesangial pro-
liferative lesion found through use of light microscopy.317 
Likewise, hypertension affects a minority of patients with no 
discernible lesions on light microscopy (similar to MCD) 
but is much more prevalent among patients with mesangial 
proliferation (55%).317 Interestingly, many patients are rela-
tively asymptomatic, and proteinuria may first be detected 
at the time of a physical examination in connection with 
sports participation or induction into the armed forces. 
These patients, by definition, have no clinical or serologic 
evidence of SLE, despite the presence of C1q in the kidney 
biopsy specimen. C1q nephropathy may show spontaneous 
improvement.321

The renal outcome of patients with C1q nephropathy 
appears generally favorable,316 especially in patients whose 
biopsy specimens show minimal change–like histologic fea-
tures.317,322 Studies suggest, however, that they may experi-
ence more frequent relapses and require additional 
immunosuppressants more often than patients with “pure” 
MCD.316,317,322 Patients whose biopsy specimens show FSGS-
like or mesangial proliferative lesions based on histologic 
analysis may show a less favorable response to immunosup-
pressive therapy although the data are rather limited.

MEMBRANOUS NEPHROPATHY

EPIDEMIOLOGY
Membranous glomerulopathy, also known as membranous 
nephropathy (MN), is one of the most common causes of 
nephrotic syndrome in adults.323–326 MN occurs as a primary 
form of glomerular disease usually caused by antibodies 
specific for M-type phospholipase A2 receptor (PLA2R) or 
secondary to multiple nonrenal diseases, including autoim-
mune diseases (e.g., SLE, autoimmune thyroiditis), infec-
tion (e.g., hepatitis B, hepatitis C, malaria), drugs (e.g., 
penicillamine, gold), and malignancies (e.g., colon or lung 
cancer). Secondary MN, especially that caused by hepatitis 
B327-331 and lupus, is more frequent in children than in 
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they appear as spikes extending between the deposits 
(Figures 32.7 and 32.8). In stage III, the new basement 
membrane material surrounds the deposits, and thus in 
cross section there is basement membrane material between 
the deposits and the epithelial cytoplasm. At this point the 
deposits are in essence intramembranous rather than sub-
epithelial; however, the ultrastructural appearance allows 
the inference that they once were subepithelial and thus 
indicative of MN. Stage IV is characterized by loss of the 
electron density of the deposits, which often results in irreg-
ular electron-lucent zones within an irregularly thickened 
basement membrane. Although not described by Churg 
and Ehrenreich, some nephropathologists recognize stage 
V, which is characterized by a repaired outer basement 
membrane zone with the only residual basement membrane 
disturbance in the inner aspect of the basement membrane. 

consequences.350 Electron microscopy provides the most 
definitive diagnosis of MN, although a relatively confident 
diagnosis can be made based on typical light microscopic 
and immunofluorescence microscopic findings.

Figure 32.7 depicts the four ultrastructural stages of MN 
as described by Churg and Ehrenreich.341 The earliest ultra-
structural manifestation, stage I, is characterized by the pres-
ence of scattered or more regularly distributed small 
immune complex–type electron-dense deposits in the sub-
epithelial zone between the basement membrane and the 
podocyte. Podocyte process effacement and microvillous 
transformation occur in all stages of MN when there is sub-
stantial proteinuria. Stage II is characterized by projections 
of basement membrane material around the subepithelial 
deposits. In three dimensions, these projections surround 
the sides of the deposits, but when observed in cross section, 

Figure 32.7 Diagram depicting the four ultrastructural stages of membranous nephropathy. Stage I has subepithelial dense deposits (arrow) 
without adjacent basement membrane reaction. Stage II has projections of basement membrane adjacent to deposits. Stage III has deposits 
surrounded by basement membrane. Stage IV has thickened basement membrane with irregular lucent zones. (Courtesy J. Charles Jennette, 
University of North Carolina at Chapel Hill, Chapel Hill, NC.)
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Stage II

Stage III

Stage IV
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At the time of kidney biopsy, most patients in the United 
States have stage I or II disease (Table 32.11).

Mesangial dense deposits are rare in primary MN but are 
more frequent in secondary MN (see Table 32.11). This 
suggests, but does not prove, that primary MN is caused by 
subepithelial in situ immune complex formation with anti-
bodies from the circulation complexing with antigens 
derived from the podocyte. Immune complexes formed 
only at this site could not go against the direction of filtra-
tion to reach the mesangium. Secondary forms of MN 
usually are caused by immune complexes that contain anti-
gens that are in the circulation, such as antigens derived 
from infections (e.g., hepatitis B), tumor antigens (e.g., 
colon cancer), or autoantigens (e.g., thyroglobulin). With 
both the antigens and antibodies in the systemic circulation, 
it is likely that some immune complexes would form that 
would localize not only in the subepithelial zone but also in 
the mesangium or subendothelial zone. This is demon-
strated in the secondary form of MN that occurs in patients 
with SLE. In over 90% of lupus MN specimens, mesangial 
dense deposits are identified by electron microscopy.351 
Therefore, the presence of mesangial dense deposits should 
raise the index of suspicion for secondary rather than 
primary MN.

Immunofluorescence Microscopy

The characteristic immunofluorescence microscopy finding 
in MN is diffuse global granular capillary wall staining for 
immunoglobulin and complement (Figure 32.9).350 IgG is 
the most frequent and usually the most intensely staining 
immunoglobulin, although less pronounced staining for 
IgA and IgM is common (see Table 32.11). IgG4 is the most 
prominent IgG subclass in the capillary wall deposits of 
primary MN.352,353 C3 staining is present over 95% of the 
time but typically is relatively low intensity. C1q staining is 
uncommon and of low intensity in primary MN but is 

Figure 32.8 Electron micrograph showing features of stage II membranous nephropathy with numerous subepithelial dense deposits (arrows) 
and adjacent projections of basement membrane material. (×100.) 

Table 32.11  Pathologic Features of Nonlupus 
Membranous Nephropathy*,†

Feature Present (%)

Immunofluorescence Microscopy

Immunoglobulin G 99 (3.5+)
Immunoglobulin M 95 (1.2+)
Immunoglobulin A 84 (1.1+)
C3 97 (1.6+)
C1q 34 (1.1+)
κ-light chain 98 (3.1+)
λ-light chain 98 (2.8+)

Electron Microscopy

Subepithelial electron-dense deposits 99
Mesangial electron-dense deposits 16
Subendothelial electron-dense deposits 7
Endothelial tubuloreticular inclusions 3
Stage I 38
Stage II 32
Stage III 6
Stage IV 5
Stage V 1
Mixed stage 20

*Based on an analysis of 350 consecutive kidney biopsy 
specimens from patients with nonlupus membranous 
nephropathy evaluated at the University of North Carolina 
Nephropathology Laboratory.

†Values in parentheses indicate mean intensity of positive staining 
on a scale of 0 to 4+.
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changes that occur with MPGN and chronic thrombotic 
microangiopathy.

Overt mesangial hypercellularity is uncommon in primary 
MN, although it is more frequent in secondary MN.351 Cres-
cent formation is rare unless there is concurrent anti-GBM 
disease or ANCA disease.356-362

With disease progression, chronic sclerosing glomerular 
and tubulointerstitial lesions develop. Glomeruli become 
segmentally and globally sclerotic and develop adhesions to 
Bowman’s capsule. Worsening tubular atrophy, interstitial 
fibrosis, and interstitial infiltration by mononuclear leuko-
cytes parallels progressive loss of kidney function.355

PATHOGENESIS
MN is caused by immune complex localization in the sub-
epithelial zone of glomerular capillaries. The nephritogenic 
antigens can be endogenous to the glomerulus itself (e.g., 
podocyte autoantigens) or can be exogenous (e.g., hepatitis 
B antigens). In the latter case, the antigen may be deposited 
in the subepithelial zone as part of preformed, circulating, 
immune complexes, or could be produced in or planted in 
the subepithelial zone as free antigen to which antibodies 
bind to form immune complexes in situ. In rat Heymann’s 
nephritis, an animal model that closely resembles human 
primary MN, there is convincing evidence that the subepi-
thelial immune deposits form in situ as a result of the 
binding of antibodies to glycoproteins produced by podo-
cytes followed by accumulation of masses of the immune 
complexes in the subepithelial zone.363-365

The long-standing search for antigens targeted in a sub-
stantial proportion of patients with MN has recently wit-
nessed significant breakthroughs. The podocyte neutral 
endopeptidase was identified as the endogenous target of 
autoantibodies in a neonate with nephrotic syndrome. This 
antibody crossed the placenta and was induced in the mother, 

frequent and of high intensity in lupus MN.351 Although 
terminal complement components (i.e., components of the 
membrane attack complex) are not usually evaluated in 
routine diagnostic preparations, there is very intense stain-
ing of the capillary walls for these components. In the rare 
patients who have concurrent anti-GBM glomerulonephritis 
and MN, linear staining for IgG can be discerned just below 
the granular staining.354

Tubular basement membrane staining for immunoglobu-
lins or complement is rare in primary MN, but it is common 
in secondary MN, especially lupus MN.351

Light Microscopy

The characteristic histologic abnormality by light micros-
copy is diffuse global capillary wall thickening in the absence 
of significant glomerular hypercellularity.355 The light micro-
scopic features of MN, however, vary with the stage of the 
disease and with the degree of secondary chronic sclerosing 
glomerular and tubulointerstitial injury. Mild stage I lesions 
may not be discernible by light microscopy, especially when 
only a hematoxylin and eosin stain is used. Stage II, III, and 
IV lesions usually have readily discernible thickening of the 
capillary walls.

Masson trichrome stains may demonstrate the subepithe-
lial immune complex deposits as tiny fuchsinophilic (red) 
grains along the outer aspect of the GBM. However, this is 
not a sensitive, specific, or technically reliable method  
for detecting glomerular immune complex deposits. Special 
stains that accentuate basement membrane material,  
such as the Jones’ methenamine silver stain, may reveal the 
basement membrane changes that are induced by the sub-
epithelial immune deposits. Spikes along the outer aspect 
of the GBM usually are seen in stage II lesions (Figure 
32.10). Stage III and IV lesions have irregularly thickened 
and trabeculated basement membranes, which resemble 

Figure 32.9 Immunofluorescence micrograph showing global gran-
ular capillary wall staining for immunoglobulin G (IgG) in a glomerulus 
with membranous nephropathy. (Fluorescein isothiocyanate anti-IgG 
stain, ×300.) 

Figure  32.10 Light micrograph of a glomerulus with features of 
stage II membranous nephropathy demonstrating spikes along the 
outer aspects of the glomerular basement membrane (see Figure 
32.2). These correspond to the projections of basement membrane 
material between the immune deposits. (Jones’ methenamine silver 
stain, ×300.) 
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nephritis.365,376 In this model, immune complex formation 
in the subepithelial zone initiates activation of the comple-
ment pathway leading to the formation of the C5b-C9 mem-
brane attack complex. This results in complement-mediated 
injury to the epithelial cells.377-379 The proposed sequence of 
events includes complement activation and sublytic comple-
ment C5b-9 attack on podocytes resulting in upregulated 
expression of genes for the production of oxidants, prote-
ases, prostanoids, growth factors, connective tissue growth 
factor, TGF, and TGF receptors leading to overproduction 
of extracellular matrix.367,368,380 C5b-9 also causes alterations 
of the cytoskeleton that lead to abnormal distribution of  
slit diaphragm proteins and detachment of viable podo-
cytes. These events result in disruption of the functional 
integrity of the GBM and the protein filtration barrier of 
podocytes.

The characteristic findings of a predominance of IgG4 
with less IgG3 and no IgG1 in subepithelial deposits,352,353 
and the paucity of C1q and C4 in these deposits,381 argues 
against a predominant role for the classical or lectin path-
ways of complement activation in MN, and rather points to 
a role of the alternative pathway.382 The fact that the alterna-
tive pathway is spontaneously active in turn points to the 
likely importance of the complement-regulatory proteins. 
Podocytes primarily rely on membrane complement recep-
tor 1 (CR1; Crry in rodents) and decay-accelerating factor, 
and have the capability to make their own factor H. The 
importance of complement-mediated injury (at least in 
passive Heymann’s nephritis) comes from evidence that 
nephritogenic serum contains antibodies to membrane 
complement-regulatory proteins (Crry).383,384 In a model of 
active Heymann’s nephritis, immunization with fraction 1A 
(Fx1A) lacking Crry leads to the formation of anti-Fx1A 
antibodies and subepithelial immune complex deposits but 
does not lead to complement activation or the development 
of proteinuria.385 Conversely, the overexpression of Crry or 
treatment with exogenous Crry has a salutory effect on 
immune complex–mediated glomerulonephritis.386,387 Sub-
sequent injury to the epithelial cell membrane and to the 
GBM is hypothesized to be mediated, at least in part, by the 
production of reactive oxygen species and lipid peroxida-
tion of cell membrane proteins and of type IV collagen.388

Proteinuria may also be mediated by mechanisms inde-
pendent of the formation of the C5b-9 membrane attack 
complex as is suggested by the generation of proteinuria in 
passive Heymann’s nephritis in PVG rats that are deficient 
in complement factor 6 (PVG/C6 rats). These rats are inca-
pable of generating the membrane attack complex. In this 
study, PVG/C6 and normal PVG rats developed similar 
levels of proteinuria after injection of Fx1a antisera. Isolated 
glomeruli showed similar deposition of rat Ig and C3 stain-
ing in both groups of rats, but C9 deposition was not 
detected in the glomeruli of C6-deficient rats, which indi-
cates that the C5b-9 membrane attack complex had not 
formed.389 Furthermore, the alteration in the glomerular 
extracellular matrix seen in MN may be caused, at least in 
part, by a decrease in fibrinolytic activity, due to the stabiliza-
tion of active plasminogen activator inhibitor I in conjunc-
tion with vitronectin in the subepithelial deposits.390

Complement activation also results in tubular epithelial 
cell injury and mediates progressive interstitial disease in 
MN.391-393 Proteinuria itself may lead to tubulointerstitial 

who lacked the neutral endopeptidase epitope because of a 
mutational deletion. Sensitization to the nascent antigen was 
induced during a previous pregnancy.366-368 Although this 
target antigen does not account for a significant proportion 
of MN cases, these findings provide direct support for the 
paradigm of in situ immune complex formation in the patho-
genesis of human primary MN, and constitute an example of 
alloimmunization leading to the generation of immune 
complex–mediated glomerulopathy.368,369

The team of Beck and Salant identified M-type PLA2R as 
a target antigen common to about 70% of patients with 
primary MN.370 In contrast, none of the sera from normal 
controls, patients with MN secondary to SLE or hepatitis B, 
patients with proteinuric conditions other than MN, or 
other autoimmune disorders (n = 7) reacted with this 
antigen. Anti-PLA2R autoantibodies in serum samples from 
patients with primary MN were predominantly of the IgG4 
subclass, which is the predominant immunoglobulin sub-
class seen in glomerular deposits of patients with this disease. 
PLA2R expression in podocytes was confirmed by immuno-
fluorescence microscopy and in cultured immortalized 
human podocytes, indicating that this target antigen is 
intrinsic to glomeruli rather than deposited from sera of 
patients with primary MN. Analysis of serial samples from 
patients with MN also suggests a decline or disappearance 
of anti-PLA2R antibodies with remission of proteinuria. 
These findings have since been confirmed in additional 
patients with primary MN by multiple independent groups 
throughout the world.371-373

Interestingly, given that only roughly 70% of patients with 
primary MN harbor autoantibodies to PLA2R, another 
group identified antibodies to circulating cationic bovine 
serum albumin in 11 patients with MN, including 4 chil-
dren, out of 50 MN patients and 172 controls tested.374 
Bovine serum albumin was also found to be present in glo-
merular immune deposits in all four of the children tested.

In separate studies, the team led by Prunotto detected 
specific anti–aldose reductase (AR) and anti–manganese 
superoxide dismutase (SOD2) IgG4 in sera of patients with 
MN.375 Anti-AR IgG4 and anti-SOD2 IgG4 were also eluted 
from microdissected glomeruli of patients with MN but not 
from biopsy specimens of patients with lupus nephritis or 
MPGN. Anti-AR and anti-SOD2 co-localized with IgG4 and 
C5b-9 in electron-dense immune deposits. Interestingly, 
these antigens were detected in glomeruli of patients with 
MN but not in those with MCD or in those with normal 
kidneys. AR was minimally detected in biopsy specimens 
from patients with IgA nephropathy and type 2 diabetes 
mellitus, whereas SOD2 was not detected in these patients. 
The mechanism and trigger for the “neoexpression” of 
these antigens in podocytes are unknown but may be a 
result of an initial injury mediated by pathogenic antibody 
deposition such as anti-PLA2R, possibly driven by oxidative 
stress. These important breakthroughs in identifying target 
antigens in human MN open the door to understanding the 
role of these autoantibodies and antibodies in the patho-
genesis of primary MN.

Whereas the nature of the immune complex deposits in 
MN requires further study, the mechanisms leading to the 
proteinuric and nephrotic state are better understood. The 
current understanding of these mechanisms is largely based 
on data emerging from studies of passive Heymann’s 
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and hypovolemia in the setting of massive nephrosis. The 
incidence of renal vein thrombosis in MN varies from 4% 
to 52%. The diagnosis of renal vein thrombosis may be clini-
cally apparent based on the sudden development of macro-
scopic hematuria, flank pain, and reduction in kidney 
function, but a more insidious development is also common. 
Although ultrasonography with Doppler studies may dem-
onstrate the renal thrombus,415 venography with contrast 
remains the gold standard. Spiral computerized tomogra-
phy416 and magnetic resonance imaging with contrast have 
also been used.

Drug-induced kidney injury is another reason for the 
sudden deterioration in kidney function in a patient with 
MN. The use of nonsteroidal antiinflammatory drugs, 
diuretics, and antimicrobials has been linked to the occur-
rence of acute interstitial nephritis or acute tubular 
necrosis.

An estimate of renal survival in patients with MN can be 
obtained from a pooled analysis of outcomes in clinical 
studies.346 In this analysis of 1189 pooled patients,323,335,344,417-429 
the probability of renal survival was 86% at 5 years, 65% at 
10 years, and 59% at 15 years. Although 35% of patients may 
progress to ESKD by 10 years, 25% may experience a com-
plete spontaneous remission of proteinuria within 5 years.430 
In a study in Italy of 100 untreated patients with MN who 
were followed for 10 years, 30% had progressive renal 
impairment after 8 years of follow-up. On the other hand, 
of the 62% who presented with nephrotic-range protein-
uria, 50% underwent spontaneous remission in 5 years.424

In a retrospective study of 328 patients with MN who were 
not treated with immunosuppressive agents, spontaneous 
remission of proteinuria occurred in 32% of patients: partial 
remission (proteinuria ≤ 3.5 g/day) occurred in a mean of 
14.7 ± 11.4 months, and the mean time to complete remis-
sion was 38.0 ± 25.2 months.431 Importantly, severe protein-
uria at onset of disease does not preclude the possibility  
of spontaneous remission, because it occurred in 26% of 
patients with baseline proteinuria of 8 to 12 g of protein per 
day and 21% of patients with baseline proteinuria of more 
than 12 g of protein per day. Multivariate analysis revealed 
that the best predictor of spontaneous remission was a 
decrease in proteinuria of more than 50% in the first year of 
follow-up (HR, 12.6; 95% CI, 5.2 to 30.5; P < 0.0001). Other 
predictors were the baseline serum creatinine level, baseline 
proteinuria, and the use of angiotensin II inhibitors.431

Persistent proteinuria is more predictive of renal insuffi-
ciency than proteinuria at a single time point. Thus, persis-
tent proteinuria of 8 g or more of protein per day for at 
least 6 months was associated with a 66% probability of 
progressive chronic kidney disease (CKD). Patients with at 
least 6 g of protein per day for 9 months or longer had a 
55% probability of developing CKD. Persistent proteinuria 
of 4 g or more of protein per day for longer than 18 months 
was associated with an even greater risk of CKD.432 Patients 
with overtly declining kidney function are at higher risk for 
progressive kidney deterioration.430

In addition to decreased glomerular filtration rate  
(GFR) and proteinuria, other factors may be associated  
with an increased risk of progressive CKD. Male sex, 
advanced age (older than age 50), poorly controlled  
hypertension, and reduced GFR at presentation have been 
reported as risk factors for progressive decline in kidney  

damage through activation of the alternative complement 
pathway. Strong staining for properdin, a soluble comple-
ment regulator also known as complement factor P, on the 
luminal surface of the tubules was observed in kidney biopsy 
specimens from patients with primary MN but not from 
healthy kidney donors.394 After spontaneous hydrolysis of 
C3, properdin binds to C3b and enhances complement  
activation by stabilizing C3 convertase. Target-bound pro-
perdin may serve as a focal point for amplification of C3 
activation. Properdin was shown in vitro to bind proximal 
tubular epithelial cells. Exposure of proximal tubular epi-
thelial cells with normal human serum as a source of com-
plement, but not to properdin-depleted serum, resulted in 
complement activation with deposition of C3 and genera-
tion of C5b-9. This led to the hypothesis that in proteinuric 
kidney disease, filtered properdin may bind to proximal 
tubular epithelial cells and act as a focal point for alternative 
pathway activation.

The human leukocyte antigen (HLA) class II antigen 
DR3 has been linked with MN,395-397 and its presence is asso-
ciated with a relative risk of 12.395 In a Japanese population, 
there is an increased frequency of HLA-DR2398,399 and HLA-
DQW1400 in patients with MN. It is possible that a haplotype 
containing HLA-DR3 and specific HLA class I antigens may 
be common in these patients as well.395 For instance, 
HLA-B18 and HLA-DR3 haplotypes may confer an even 
greater risk of the development of MN.401 Also associated 
with an increased susceptibility to MN are polymorphisms 
of the tumor necrosis factor-α (TNF-α) gene.402,403 C4-null 
alleles are also more frequently found in patients with MN, 
especially in white populations.404 A recent genomewide 
association study of Caucasian patients with primary MN 
from the United Kingdom (n = 335), France (n = 75), and 
the Netherlands (n = 146) identified two significant genomic 
loci, namely, chromosome 2q24 containing the gene encod-
ing the culprit autoantigen PLA2R and chromosome 6p21 
containing the gene encoding HLA-DQA1.405 Despite the 
relative risk associated with some of these genetic markers, 
there are relatively few examples of familial MN.406-411

Recent studies have also suggested a possible role for 
APOL1 risk alleles in increasing risk or accelerating progres-
sion of PLA2R-associated MN in association with collapsing 
nephropathy.412

CLINICAL FEATURES AND NATURAL HISTORY
Patients with MN usually have nephrotic syndrome with 
hypoalbuminemia, hyperlipidemia, peripheral edema, and 
lipiduria. This presentation occurs in 70% to 80% of 
patients.343,413 The onset of nephrotic syndrome is usually 
not associated with any prodromal disease process or ante-
cedent infections. Hypertension may be present at the 
outset of disease in 13% to 55% of patients.345 Most patients 
present with normal or slightly decreased kidney function 
at presentation.

If progressive renal insufficiency develops, it is usually 
relatively indolent. An abrupt change to more acute renal 
insufficiency should prompt investigation of a superim-
posed condition, such as a crescentic glomerulonephritis.414 
One third of these patients have anti-GBM antibodies, and 
some have ANCAs.

Other causes of sudden deterioration of kidney func-
tion include acute bilateral renal vein thrombosis, 
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IgG. Serum lipoprotein levels are characteristically elevated, 
as they are in other forms of nephrotic syndrome. Elevated 
levels of low-density and very low-density lipoproteins  
are common in MN. In one study, elevated levels of 
lipoprotein(a) normalized in patients whose disease was in 
remission.457

Levels of complement components C3 and C4 are typi-
cally normal in patients with MN. The complex of terminal 
complement components known as C5b-9 is found in the 
urine of some patients with active MN. There is increased 
excretion of this complex in patients with active immune 
complex formation. The excretion may decrease during 
disease inactivity.377-379,458-463

To exclude common causes of secondary MN, one should 
order serologic tests for nephritogenic infections such as 
hepatitis B, hepatitis C, and syphilis, as well as tests for 
immunologic disorders such as lupus, mixed connective 
tissue disease, and cryoglobulinemia. MN has been associ-
ated with graft-versus-host disease following allogeneic stem 
cell transplant, and this should be considered as well.464

Although hypercoagulability appears to be present in 
patients with nephrosis in general, this tendency may be 
enhanced in patients with MN.465-467 The exact mechanisms 
leading to thrombophilia in this group of patients are poorly 
understood. Patients with MN have hyperfibrinogenemia 
with increased levels of circulating procoagulants and 
decreased levels of anticoagulant factors such as antithrom-
bin III.468 The thrombotic tendency may be increased by the 
erythrocytosis that occurs in some patients, as well as by the 
effect of lipoprotein(a) to retard thrombolysis. Other pos-
sible contributors to the thrombophilic state include volume 
depletion, diuretic and/or steroid use, venous stasis, immo-
bilization, and immune complex activation of the clotting 
cascade and anti–α-enolase antibodies.469-471 Renal vein 
thrombosis is reported more frequently in patients with MN 
than in those with nephrotic syndrome due to other 
causes.467,472-475 The prevalence of renal vein thrombosis in 
patients with MN ranges from approximately 5% to 63%, 
depending on what mode of diagnosis is used and whether 
or not systematic screening is performed. The prevalence 
of all forms of deep vein thrombosis in patients with MN 
ranges from 9% to 44%. The combined burden of deep vein 
and renal vein thrombosis has been estimated to be as high 
as 45%.471 Renal vein thrombosis is often silent, with pulmo-
nary embolism being the first presenting sign. The risk of 
venous thromboembolic events appears to be higher when 
the serum albumin concentration is less than 2.5 g/dL, and 
such events occur in as many as 40% of these patients.471,476

It is the concern for the morbidity and, at times, mortality 
associated with pulmonary embolism that has led to the use 
of prophylactic anticoagulation for patients with severe 
nephrotic syndrome and MN. A decision analysis suggested 
that the risk of life-threatening complications of pulmonary 
embolism outweighed the risks associated with anticoagu-
lant therapy.477 However, this analysis may be based on an 
overestimate of the true incidence of thromboses among 
patients with MN. No direct controlled data are available to 
support or refute such a contention. More recently, using 
data from an inception cohort of 898 patients with primary 
MN as well as literature review–based risk estimates of hem-
orrhage, a clinical tool to estimate the likelihood of benefit 
of anticoagulation, based primarily on bleeding risk and 

function.342,424,428,430,432-436 In addition to the clinical prognos-
tic features, the presence of advanced MN on kidney biopsy 
specimens (stage III or IV), tubular atrophy, and interstitial 
fibrosis can also be associated with increased risk. In fact, 
chronic interstitial fibrosis and tubular atrophy have been 
shown to be independent predictors of progressive renal 
failure in primary MN.423,437-439 The presence of crescents on 
kidney biopsy specimens may also portend a poor long-term 
prognosis. The stage of glomerular lesions detected by elec-
tron microscopy has also been suggested as a risk factor for 
poor prognosis in some440-442 but not all studies.332,428,437,443 
Similarly, FSGS superimposed on MN may have a worse long-
term renal prognosis than MN without sclerosis.444,445 
However, the importance of these demographic and histo-
logic risk factors was not substantiated in a retrospective 
analysis of a large cohort of patients from the University of 
Toronto that examined the rate of progression (slope).446 Of 
the histologic variables, only a greater degree of complement 
deposition appeared to be associated with a more rapid 
decline in GFR.447

In a prospective study, a urinary excretion of β2-
microglobulin level of more than 0.5 µg/min and a urinary 
IgG level of more than 250 mg/24 hr, assessed in a timed 
urine sample, were found to predict progressive loss of GFR 
in a prospective cohort of 57 patients with primary MN and 
normal kidney function.448 In a multivariate analysis, urine 
β2-microglobulin excretion was the strongest independent 
predictor of the development of renal insufficiency, with a 
sensitivity and specificity of 88% and 91%, respectively. 
Unfortunately, the measurement of urine β2-microglobulin 
is cumbersome because it is unstable in urine and requires 
alkalinization of the urine prior to collection. More recently, 
there have been several studies from different groups dem-
onstrating an association between high anti-PLA2R autoan-
tibodies and worse long-term outcomes in that there appears 
to be growing evidence for an inverse correlation between 
the level of the autoantibodies and disease.372,373,449,450

In summary, one of the strongest indicators of progressive 
disease appears to be persistence of moderate proteinuria.435 
Impaired kidney function, severe proteinuria at presenta-
tion, the presence of substantial interstitial infiltrates on 
biopsy specimen, superimposed crescentic glomerulone-
phritis, and segmental sclerosis also portend a poorer 
outcome.

LABORATORY FINDINGS
Proteinuria is the hallmark of MN. Well over 80% of MN 
patients excrete more than 3 g of protein per 24 hours. In 
some patients, the amount of urinary protein may exceed 
20 g/day. A Medical Research Council study reported that 
30% of patients with MN excreted more than 10 g of protein 
per day at the time of presentation.347 Microscopic hematu-
ria is present in 30% to 50% of patients at the time of pre-
sentation.343,451,452 Macroscopic hematuria, on the other 
hand, is distinctly uncommon and occurs in less than 4% of 
adult patients,453,454 although it may be common in chil-
dren.455 Most patients have either normal or only slightly 
decreased kidney function. In fact, impaired kidney func-
tion is found in less than 10% of patients at the time of 
presentation.451,456

In patients with severe nephrosis, hypoalbuminemia is 
common, as is the loss of other serum proteins, including 
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nine months after study entry, patients showed no improve-
ment in kidney function, and the urine protein excretion 
and albumin level improved only transiently.

A third prospective randomized study of corticosteroid 
reported by Cattran and colleagues420 included patients with 
relatively low levels of urine protein (≤0.3 g of protein per 
day). In this study, alternate-day prednisone (45 mg/m2 of 
body surface area) afforded no benefit with regard to either 
proteinuria or renal function.

In a meta-analysis346 of the U.S. Collaborative Study334 and 
the studies by Cameron and colleagues,419 Cattran and col-
leagues,420 and Kobayashi and colleagues421 comparing glu-
cocorticoid to supportive therapy, corticosteroid therapy 
was associated with a trend toward achievement of complete 
remission at 24 to 36 months, but this result did not reach 
statistical significance. A pooled analysis of randomized 
trials and prospective studies again demonstrated a lack of 
benefit of corticosteroid therapy in inducing a remission of 
nephrotic syndrome or preserving kidney function.

An alternative to oral glucocorticoid therapy has been 
treatment with pulse methylprednisolone, largely in patients 
with deteriorating kidney function. Treatment of patients 
with renal insufficiency using pulse methylprednisolone at 
1 g/day for 5 days followed by oral prednisone was associ-
ated with an improvement in kidney function for 6 months 
and a reduction in proteinuria.483 The long-term outcomes 
for over half of these patients were discouraging: one third 
experienced renal failure and 13% developed myocardial 
infarction with kidney dysfunction. A similar study484 
combined pulse methylprednisolone with azathioprine or 
cyclophosphamide. Although there may have been some 
improvement in proteinuria and kidney function in a minor-
ity of patients, substantial side effects were experienced by 
almost the entire study population. The evidence to date 
does not support the use of oral corticosteroids alone for 
the treatment of primary MN.

Cyclophosphamide or Chlorambucil

Cytotoxic drugs, including cyclophosphamide and chloram-
bucil, have been used for the treatment of primary MN in 
conjunction with intravenous and/or oral corticosteroids. 
In a number of studies, Ponticelli and colleagues demon-
strated that chlorambucil has a beneficial effect in the treat-
ment of MN.423,441,443,485 In these studies, patients with primary 
MN were treated initially with intravenous pulse methyl-
prednisolone at 1 g/day for the first 3 days of each month, 
with daily oral glucocorticoid therapy (methylprednisolone 
at 0.4 mg/kg/day or prednisone 0.5 mg/kg/day), given on 
an alternating monthly schedule with chlorambucil at a 
dose of 0.2 mg/kg/day. In patients randomly assigned to 
the treatment group, nephrotic syndrome lasted for a sig-
nificantly shorter duration, and a complete or partial remis-
sion of proteinuria occurred in 83% of MN patients 
compared with 38% of control patients.485 The slope of the 
mean reciprocal plasma creatinine level remained stable in 
the treatment group but declined in the untreated patients 
beginning at 12 months. At the 10-year follow-up, the prob-
ability of having a functioning kidney was 92% in the treated 
patients and 60% in the control patients. In only 10%  
of patients was therapy discontinued because of side  
effects. Compared to treatment with glucocorticoids alone, 
treatment with a combination of chlorambucil and 

serum albumin concentration, was proposed as a way  
to begin to personalize prophylactic anticoagulation 
(www.gntools.com).478 A retrospective analysis of a treat-
ment regimen to prevent venous thromboembolism in 143 
patients with nephrotic syndrome (low-molecular-weight 
heparin or low-dose heparin for patients with serum albumin 
less than 2.0 g/dL and aspirin 75 mg daily for patients with 
serum albumin 2.0 to 3.0 g/dL) appeared to be effective 
with very few complications.479 Unfortunately, there is no 
direct controlled support for the routine use of prophylactic 
anticoagulation in patients with primary MN; however, the 
case could be made for the judicious use of warfarin in 
patients with severe nephrotic syndrome who have a pro-
foundly decreased serum albumin level (probably <2 mg/
dL) if no contraindications are present. Randomized, con-
trolled trials are warranted.

TREATMENT
Corticosteroids

Despite numerous studies, the optimal treatment of MN 
remains incompletely defined. The difficulty in treating MN 
is a consequence of the chronic nature of the disease, the 
tendency for spontaneous remission and relapse, the vari-
ability of clinical severity, and the only partial efficacy of 
existing treatment protocols. The role of corticosteroids 
and alkylating agents in the treatment of this disease has 
been debated for decades. Common therapeutic approaches 
for new-onset disease include (1) conservative therapy  
with RAAS blockade, (2) corticosteroid therapy (usually 
prednisone or methylprednisolone), and (3) administra-
tion of alkylating agents, such as chlorambucil or cyclophos-
phamide, with or without concurrent corticosteroid 
treatment.

Numerous studies using corticosteroid treatment have dem-
onstrated different outcomes.323,334,335,344,417-424,427-430,443,480,481 In 
a pooled analysis of these studies, corticosteroid therapy was 
found to have no beneficial effect on renal survival.346 Three 
large prospective randomized trials examined the efficacy 
of oral corticosteroid therapy in adult patients with MN with 
different results.419,420,482 Findings of the U.S. Collaborative 
Study334 suggested that 8 weeks of treatment with 100 to 
150 mg of prednisone given on alternate days resulted in a 
transient decrease in urinary protein excretion to less than 
2 g of protein compared to placebo. Prednisone was discon-
tinued after 3 months unless proteinuria recurred after 
either a partial or complete remission. Relapses were treated 
by reinstitution of high-dose prednisone for 1 month fol-
lowed by a taper. The results of this study suggested that 
patients treated with prednisone were less likely to experi-
ence a doubling of their entry serum creatinine level and 
were more likely to experience a transient decrease in pro-
teinuria to less than 2 g of protein per day, and that even a 
partial remission of proteinuria was associated with well-
preserved, long-term kidney function. This seminal study 
was criticized because the control group fared substantially 
worse than untreated patients in several other studies.

A British Medical Research Council study419 utilized a 
similar regimen except that prednisolone was discontinued 
after 8 weeks without tapering and without treatment of the 
relapse of proteinuria. Patients with lower creatinine clear-
ance (≤30 mL/min) were included in the study. Three to 
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1.13 to 1.89; P = 0.004) but led to more adverse events (4 
randomized controlled trials, 303 participants; risk ratio, 
4.20; 95% CI, 1.15 to 15.32; P = 0.03).492

Calcineurin Inhibitors

Despite the most recent trial showing superiority of pred-
nisolone in combination with chlorambucil over cyclospo-
rine,489 there has been interest in the use of cyclosporine, 
which has resulted in improvement in proteinuria and sta-
bility of kidney function in many patients.493-495 In a random-
ized, controlled trial comparing 26 weeks of treatment with 
cyclosporine plus low-dose prednisone to treatment with 
placebo plus prednisone, 75% of the cyclosporine group 
but only 22% of the control group (P < 0.001) experienced 
a partial or complete remission of proteinuria by 26 weeks.496 
Relapse occurred in about 40% of patients achieving remis-
sion in both treatment groups. The fraction of patients 
achieving sustained remission remained significantly differ-
ent between the groups until the end of the study (cyclo-
sporine treatment 39%, placebo 13%, P = 0.007). Kidney 
function was unchanged and equal in the two groups over 
the test medication period.496 This study was criticized 
for the rapid discontinuation of cyclosporine over 4 weeks 
at the end of the 26-week treatment period.

In a prospective study, treatment with cyclosporine alone 
(2 to 3 mg/kg/day) was compared to treatment with a com-
bination of cyclosporine and oral prednisolone in 51 
patients.497 Prednisolone was started at 0.6 mg/kg/day, then 
gradually tapered to 10 to 15 mg/day at 6 months and con-
tinued to 12 months. Patients who experienced complete or 
partial remission then received long-term treatment with 
lower doses of cyclosporine (1 to 1.5 mg/kg/day) plus pred-
nisolone (0.1 mg/kg/day) or cyclosporine alone. This study 
did not have a randomized design because patients with 
contraindications to corticosteroid use were assigned to the 
cyclosporine-only group. During the follow-up phase of the 
study, relapses were more common in patients treated with 
cyclosporine alone than in patients receiving cyclosporine 
plus oral prednisolone (47% vs. 15%, respectively; P < 0.05). 
However, the results suggest that the risk of relapse may be 
determined by the levels of cyclosporine, because patients in 
both groups who experienced relapse had lower cyclospo-
rine trough levels than those who did not experience relapse 
(72 ± 48 ng/mL vs. 194 ± 80 ng/mL, respectively; P < 0.03).

A prospective randomized controlled trial was under-
taken to evaluate monotherapy with tacrolimus versus sup-
portive therapy alone in 48 patients with MN who had 
preserved kidney function and had persistent nephrotic syn-
drome for longer than 9 months despite treatment with an 
ACE inhibitor or ARB.498 Treatment with tacrolimus con-
sisted of 0.05 mg/kg/day divided into two daily doses and 
adjusted to achieve a whole-blood 12-hour trough level 
between 3 and 5 ng/mL if a remission was not obtained 
after the first 2 months of treatment. The target trough level 
was increased to between 5 and 8 ng/mL if a remission was 
not obtained after the first 2 months of treatment. Tacroli-
mus was continued for a total of 12 months followed by a 
6-month taper. The probability of remission in the treat-
ment group was 58%, 82%, and 94% after 6, 12, and 18 
months but was only 10%, 24%, and 35%, respectively, in 
the control group. The decrease in proteinuria was signifi-
cantly greater in the treatment group. Notably, six patients 

methylprednisolone was associated with an earlier remission 
of nephrotic syndrome and a greater stability of complete 
or partial remission of proteinuria.443 Interestingly, the 
overall decline in kidney function was no different in the 
two treatment groups. Unfortunately, although a difference 
in favor of the chlorambucil-treated patients persisted for 
the first 3 years of follow-up, it was no longer statistically 
significantly different by 4 years (62% without nephrotic 
syndrome in the group receiving combination therapy vs. 
42% in the steroid-only group, P = 0.102). In a study com-
paring cyclophosphamide with chlorambucil, cyclophos-
phamide was found to be at least as effective as chlorambucil 
when used in a similar dosing protocol and appeared to 
have somewhat fewer side effects.486

A prospective, open-label, randomized study in India487 
involving 93 patients followed for a median of 11 years 
(range, 10.5 to 12 years) compared supportive therapy 
(dietary sodium restriction, diuretics, and antihypertensive 
agents) with a 6-month course of alternate months of steroid 
and cyclophosphamide treatment similar to the Ponticelli 
protocol.485,488 Unfortunately, angiotensin II blockade was 
withheld in all patients for at least 1 year. Study end points 
were doubling of serum creatinine, development of ESKD, 
or patient death. Of the 47 patients who received the immu-
nosuppressive protocol, 34 experienced remission com-
pared with 16 of 46 in the control group (P < 0.0001). The 
10-year dialysis-free survival was 89% in the immunosuppres-
sion group and 65% in the supportive treatment group  
(P = 0.016), and the likelihood of survival without death, 
dialysis, or doubling of serum creatinine level was 79% and 
44% (P = 0.0006), respectively. A significant divergence 
between the two groups in terms of proteinuria became 
apparent within the first year, and the eGFR was significantly 
lower in the control group than in the cyclophosphamide-
treated group from 4 years onward. This study confirms, in 
a different patient population, the short- and long-term ben-
efits associated with treatment with cyclophosphamide and 
corticosteroids according to the Ponticelli protocol.485,488

A more recent randomized controlled trial of 108 patients 
with biopsy-documented primary MN in the United Kingdom 
compared prednisolone in combination with chlorambucil 
to either cyclosporine or supportive therapy alone. The 
primary end point was a further 20% decline in excretory 
kidney function from baseline readings, which was signifi-
cantly lower in the prednisolone and chlorambucil group 
(HR, 0.44; 95% CI, 0.24 to 0.78; P = 0.0042); however, this 
group also had a higher frequency of serious adverse events.489

Despite these reported benefits, there has been lack of 
corroboration in other trials regarding the salutary effects 
of alkylating agents combined with prednisone or other 
agents422,426,429,490; however, two meta-analyses suggested that 
the use of cytotoxic agents improved the chance of a com-
plete remission of proteinuria by fourfold to fivefold but 
had no long-term protective effect on renal survival.346,491 
Furthermore, a recent meta-analysis of 36 clinical trials 
investigating the effects of immunosuppression on adults 
with idiopathic MN concluded that corticosteroids com-
bined with alkylating agents significantly reduced all-cause 
mortality or ESKD (8 randomized controlled trials, 448 par-
ticipants; risk ratio 0.44; 95% CI, 0.26 to 0.75; P = 0.002) 
and increased partial or complete remission (7 randomized 
controlled trials, 422 participants; risk ratio 1.46; 95% CI, 
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disease defined as failure to achieve sustained remission of 
proteinuria off immunosuppressive therapy with at least two 
treatment regimens.503 Five patients with primary MN out of 
15 patients were treated; 2 patients achieved partial remis-
sion and 3 patients achieved immunologic remission. The 
mechanism responsible for the beneficial effect of ACTH is 
unknown. Recent evidence points to the expression of the 
melanocortin 1 receptor on podocytes, which suggests a 
possible direct effect of ACTH on these cells.504

Mycophenolate Mofetil

Interest has arisen in the use of MMF for the management 
of MN in a few small studies yielding disparate results. In an 
open-label study in the Netherlands, 32 patients with 
primary MN treated with MMF were compared with a his-
torical matched control group treated with oral cyclophos-
phamide for 12 months.505 Both groups received intermittent 
methylprednisolone and alternate-day prednisone. Although 
on average the degree of proteinuria decreased similarly in 
the MMF-treated group and in the cyclophosphamide-
treated group, and although the cumulative incidence of 
remission of proteinuria at 12 months was comparable in 
the two groups, the percentage of patients who showed no 
response to therapy was statistically significantly higher in 
the MMF-treated group, as was the proportion of patients 
who experienced a relapse.

In a 1-year randomized controlled trial of 36 patients, 
treatment with MMF (target dose of 2 g/day) for 12 months 
was compared to conservative care alone.506 The change in 
mean urine protein/creatinine ratio from baseline to month 
12 was measured; the ratio decreased by 1834 mg/g in the 
control group and increased by 213 mg/g in the MMF 
group (P = 0.3). Complete or partial remission at month 12 
was observed in 37% of patients in the MMF group and 41% 
in the control group.

In a separate prospective, randomized, controlled, open-
label study involving 20 patients in Hong Kong and Shang-
hai,507 treatment with MMF and prednisolone given for 6 
months was compared with treatment that followed a modi-
fied Ponticelli regimen.486 Over a total follow-up of 15 
months, proteinuria decreased to a similar extent in both 
treatment groups; therefore, resultant overall remission 
rates were not statistically different (63.6% and 66.7% in the 
MMF and control groups, respectively, P = 1.000). However, 
there was more leukopenia in the chlorambucil group. Data 
from this pilot study indicate that more than 60% of patients 
with MN and nephrotic syndrome respond to combined 
MMF and prednisolone treatment, and suggest potential 
benefits of MMF as being steroid-sparing and having less 
adverse effects compared with other commonly used cyto-
toxic agents. These results are in marked distinction to 
those of the previously described study comparing MMF 
with conservative therapy.506 These two studies differ in the 
makeup of the patient populations (whites vs. Asians) and 
by the concomitant use of prednisolone in the Hong Kong/
Shanghai study. Overall, the results of studies of MMF have 
been disappointing, with the notable exception of those 
involving Chinese patients.

Rituximab

Given the high likelihood of antibody-mediated injury in 
patients with MN, there has been an explosion of interest 

in the control group and only one in the treatment group 
reached the secondary end point of a 50% increase in serum 
creatinine level. Unfortunately, as in the previously pub-
lished study of cyclosporine, almost half of the patients  
who had achieved remission experienced a recurrence of 
nephrotic syndrome by the eighteenth month after tacroli-
mus withdrawal.

An interesting pilot study from Spain499 looked at combi-
nation therapy with corticosteroids, MMF, and tacrolimus in 
patients with persistent nephrotic syndrome after 6 months 
of treatment with full-dose RAAS blockers, and a creatinine 
clearance of more than 60 mL/min/1.73 m2. The initial 
dose of prednisone was 0.5 mg/kg/day for the first month, 
and the drug was then tapered to 7.5 mg/day at month 6. 
The starting dose of tacrolimus was 0.05 mg/kg/day to 
achieve target whole-blood trough levels of 7 to 9 ng/mL. 
If the level of protein excretion was less than 1 g of protein 
per day at the end of 3 months of this therapy, the tacroli-
mus dosage was reduced to maintain blood levels between 
5 and 7 ng/mL and continued for a period of 9 more 
months. If, however, the level of proteinuria was greater 
than 1 g of protein per day, the dose of tacrolimus was 
reduced and MMF was added at a dose of 0.5 g twice daily 
and adjusted to achieve target whole-blood trough levels of 
2 to 4 mg/L. Triple therapy was then maintained for 9 addi-
tional months, after which immunosuppressants were 
tapered off over 3 months in all patients. Of the 21 adult 
patients enrolled, 11 had proteinuria of less than 1 g of 
protein per day at the end of 3 months and then received 
maintenance dosages of prednisolone plus tacrolimus. MMF 
was added after the third month in nine patients and was 
associated with complete or partial remission in five. Unfor-
tunately, the relapse rate was very high in all groups of 
patients, whether treated with double or triple therapy. 
Clearly, additional controlled trials are required to deter-
mine the optimal duration of treatment and the benefit of 
adding MMF in patients who show only partial response to 
treatment with calcineurin inhibitors alone.

Adrenocorticotropic Hormone

The use of synthetic adrenocorticotropic hormone (ACTH) 
has been assessed in patients with nephrotic syndrome, 
including those with MN.500 In one randomized control 
trial,501 32 patients were treated with either corticosteroids 
and chlorambucil or cyclophosphamide administered 
according to the Ponticelli protocol, or with ACTH (tetra-
cosactide) administered intramuscularly twice weekly for a 
year. Eighty-seven percent of patients in the ACTH arm 
experienced complete or partial remission with a dramatic 
reduction in proteinuria and mean serum cholesterol, and 
remission at almost 3 years.501 Few patients developed symp-
toms and signs of excess glucocorticoids.

Given the lack of availability of the synthetic, long-acting 
ACTH analog formulation in the United States, a retrospec-
tive case series examined the role of a natural ACTH gel 
formulation for nephrotic syndrome.502 Eleven patients with 
primary MN out of 21 patients with nephrotic syndrome 
were treated with ACTH gel, and 9 of 11 (82%) MN patients 
achieved complete (3 of 11, 27%) or partial (6 of 11, 55%) 
remission. A subsequent prospective, open-label study evalu-
ated the efficacy of ACTH gel (80 units subcutaneously twice 
weekly for 6 months) in patients with resistant glomerular 
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known adverse consequences of long-term treatment with 
oral glucocorticoids, alkylating agents, and calcineurin 
inhibitors, should prompt a careful analysis of the risk/
benefit ratio in the treatment of any given patient. All 
patients should receive excellent supportive care, including 
the use of RAAS blockers270,520-523 and lipid-lowering agents. 
Most patients should be observed for the development of 
adverse prognostic factors or the occurrence of spontane-
ous remissions. Adult patients with good prognostic features 
should be managed conservatively without the use of immu-
nomodulatory or suppressive agents.

Patients at moderate risk (persistent proteinuria between 
4 and 6 g of protein per day despite RAAS blockade and 
normal kidney function) or at high risk of progression (per-
sistent proteinuria of more than 8 g of protein per day with 
or without renal insufficiency) should be considered for 
immunosuppressive therapy with either a combination of 
glucocorticoids and cyclophosphamide (or chlorambucil) 
in alternating monthly pulses (Ponticelli protocol). This 
decision must be individualized to each patient with consid-
eration of the patient’s comorbidities and assessment of the 
risk associated with each kind of therapy. The data currently 
available do not suggest that MMF alone is effective. Whether 
ACTH and/or rituximab are viable effective alternatives 
awaits further confirmation.

Individuals who have advanced chronic renal failure are 
best managed by supportive care while awaiting dialysis and 
kidney transplantation. Acute renal insufficiency in this 
population should prompt evaluation for interstitial nephri-
tis, crescentic nephritis, and renal vein thrombosis.

MEMBRANOPROLIFERATIVE 
GLOMERULONEPHRITIS AND C3 
GLOMERULOPATHY

Primary MPGN is a collection of morphologically similar but 
pathogenetically distinct disorders that have been tradition-
ally classified into three subtypes, MPGN types I, II (dense 
deposit disease), and III. The primary basis for this classifica-
tion was pathologic, namely, the appearance of the capillary 
wall by light microscopy and electron microscopy and  
the location of electron-dense deposits. Overall, MPGN is 
identified in approximately 10% of kidney biopsy 
specimens.524,525

Since the last edition of this text, advances in the under-
standing of the different pathogenetic mechanisms underly-
ing the MPGN subtypes have resulted in a new classification 
system (Figure 32.11).503,526-528 This new classification groups 
MPGN into two categories that can be separated by immu-
nofluorescence microscopy: (1) immune complex–mediated 
(immunoglobulin-mediated) MPGN caused by deposition 
of immune complexes and classical pathway comple-
ment activation and (2) complement-mediated (non–
immunoglobulin-mediated) MPGN caused by dysregulated 
activation of the alternative complement pathway. This 
modified classification system also includes a new category 
of diseases, termed C3 glomerulopathy, that includes dense 
deposit disease (formerly designated type II MPGN) and C3 
glomerulonephritis, which comprises C3 glomerulopathy 
that does not have an MPGN pattern. Because most type I 
MPGN epidemiologic, clinical, and treatment outcome  
data were published using the old classification system, the 

in the use of rituximab, a humanized anti-CD20 monoclonal 
antibody. In an initial report of eight patients, treatment 
with rituximab (4 weekly doses of 375 mg/m2 body surface 
area) was associated with prompt and sustained reduction 
in proteinuria.508,509 There have been additional positive 
open-label studies,510-514 but the effects of rituximab on long-
term renal outcome are unproven. The available uncon-
trolled data suggest that rituximab, dosed either as 375 mg/
m2 once weekly for 4 weeks or at 1 g on days 1 and 15, 
achieves a 15% to 20% rate of complete remission and a 
40% to 45% rate of partial remission.515

A cohort study reported on the effect of rituximab in 13 
patients with MN deemed to be calcineurin inhibitor depen-
dent (defined as the occurrence of at least four calcineurin 
inhibitor-responsive relapses of nephrotic proteinuria while 
the patient was being weaned off these drugs).516 After ritux-
imab therapy (375 mg/m2 weekly for 4 weeks, with each 
dose preceded by 125 mg of methylprednisolone), protein-
uria decreased significantly, and calcineurin inhibitors and 
other immunosuppressant drugs could be withdrawn in all 
patients.

Although the aggregate of these uncontrolled case series 
suggests a beneficial effect of rituximab in the management 
of MN, whether, when, and how (and how long) to use ritux-
imab in treating MN remains to be determined. A large, 
pharmaceutical company–funded, randomizedcontrolled 
study comparing rituximab to calcineurin inhibitor therapy 
across 19 medical centers in the United States is now under 
way (www.clinicaltrials.gov, NCT01180036); however, results 
may be met with skepticism given prior unfavorable results 
seen with calcineurin inhibitors as compared to corticoste-
roids in combination with chlorambucil.489

Other Therapies

Other forms of therapy have been tried in primary MN with 
varying results. These include the use of azathioprine,480,481 
which demonstrated no positive effect either alone or in 
combination with prednisone. The use of pooled intrave-
nous immunoglobulin has been evaluated only in a small 
case series517 and a retrospective study.518

Based on the greater appreciation of the role of comple-
ment activation and especially that of complement-regulatory 
proteins in the pathogenesis of MN, a great deal of interest 
exists in targeting this pathway for therapy. Several com-
pounds are under development. To date, human trials have 
been conducted only for eculizumab, a monoclonal anti-
body directed against the fifth component of complement 
(C5). In a randomized trial of patients with de novo MN, 
treatment with eculizumab was not associated with a statisti-
cally significant improvement in proteinuria or preservation 
of kidney function. These disappointing results were likely 
due to insufficient dosing, because consistent inhibition of 
complement was achieved only in a minority of patients.519 
Nevertheless, this general approach is thought to hold a 
great deal of promise based on early animal studies.

Summary of Therapies

In the absence of a full understanding of the pathogenesis 
of MN, and thus an effective targeted therapy, the current 
approach to the treatment of MN must rely on risk stratifica-
tion. The indolent disease process that results in spontane-
ous remissions in one quarter of patients, coupled with the 
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acid–Schiff stain (Figure 32.12). This change is caused by 
the production of basement membrane material between 
and around projections of mesangial cytoplasm that extend 
into an expanded subendothelial zone, probably in response 
to the presence of subendothelial immune complex depos-
its (Figure 32.13). The presence of “hyaline thrombi” within 
capillary lumens should raise the possibility of cryoglobuli-
nemia or lupus as the cause for the MPGN. Hyaline thrombi 
are not true thrombi but rather are aggregates of immune 
complexes filling capillary lumens. A minority of patients 
with type I MPGN have crescents, but these rarely involve 
more than 50% of glomeruli.531,532 As with other types of 
glomerulonephritis, substantial crescent formation corre-
lates with a more rapid progression of disease.530

As noted earlier, C3 glomerulopathy is divided into dense 
deposit disease and C3 glomerulonephritis (see Figure 
32.11). C3 glomerulonephritis in turn is divided into the C3 
glomerulopathy variant of type I MPGN as well as other pat-
terns of glomerulonephritis that do not fulfill the patho-
logic criteria for MPGN. Non-MPGN C3 glomerulonephritis 
often has focal or diffuse proliferative glomerulonephritis 
with varying degrees of endocapillary and mesangial hyper-
cellularity (Figure 32.14).528 Crescents may be present.

Immunofluorescence Microscopy

The characteristic pattern of immunofluorescence staining 
is peripheral granular to bandlike staining for complement, 
especially C3 (Figure 32.15). The C3 staining is accompa-
nied by substantial immunoglobulin staining in patients 
with immune complex MPGN. This positive immunofluo-
rescence corresponds to the prominent subendothelial 
immune deposits seen by electron microscopy. The staining 

following review is based on type I MPGN data from hetero-
geneous patient cohorts that included both immune 
complex type I MPGN as well as C3 glomerulopathy type I 
MPGN. With time, refinement of cohorts will improve as 
these advances in pathogenetic mechanisms continue.

MEMBRANOPROLIFERATIVE 
GLOMERULONEPHRITIS TYPE I

PATHOLOGY
Light Microscopy

The typical histologic features of type I MPGN are diffuse 
global capillary wall thickening, increased mesangial matrix, 
and mesangial and endocapillary hypercellularity.529,530 Infil-
trating mononuclear leukocytes and neutrophils contribute 
to the glomerular hypercellularity. The consolidation of glo-
merular segments that results from these changes often 
causes an accentuation of the segmentation referred to as 
hypersegmentation or lobulation. As a consequence, an earlier 
name for this phenotype of glomerular injury was lobular 
glomerulonephritis. Markedly expanded mesangial regions 
may develop a nodular appearance with a central zone of 
sclerosis that may resemble that of diabetic glomeruloscle-
rosis or monoclonal immunoglobulin deposition disease. 
However, the integration of light, immunofluorescence, and 
electron microscopy findings differentiates type I MPGN 
from other diseases that can mimic it by light microscopy.

A distinctive but not completely specific feature of type I 
MPGN is doubling or more complex replication of GBMs 
that can be seen with stains that highlight basement mem-
branes, such as Jones’ methenamine silver stain or periodic 

Figure 32.11 Algorithm for the histopathologic classification of membranoproliferative glomerulonephritis (MPGN) by immunofluorescence (IF) 
microscopy findings based on the presence of both immunoglobulin and C3 versus the presence of C3 with little or no immunoglobulin. This 
modified classification system also includes a new category of diseases termed C3 glomerulopathy, which includes dense deposit disease 
(formerly designated type II MPGN) and C3 glomerulonephritis, which comprises C3 glomerulopathy that does not have an MPGN pattern. 
DDD, Dense deposit disease; EM, electron microscopy; GBM, glomerular basement membrane; GN, glomerulonephritis; HCV, hepatitis C virus. 
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Figure  32.12 Light micrograph of a glomerular segment from a 
patient with type I membranoproliferative glomerulonephritis (MPGN) 
demonstrating doubling (arrows) and more complex replication of 
glomerular basement membranes. (Periodic acid–Schiff stain, ×1000.) 

Figure 32.13 Diagram depicting the ultrastructural features of type 
I membranoproliferative glomerulonephritis (MPGN). Note the suben-
dothelial dense deposits (straight arrow), subendothelial mesangial 
cytoplasm interposition (curved arrow), and production of new base-
ment material (asterisk). (Courtesy J. Charles Jennette, University of 
North Carolina at Chapel Hill, Chapel Hill, NC.)

Figure 32.14 C3 glomerulonephritis variant of C3 glomerulopathy with (A) light microscopy showing segmental mesangial and endocapillary 
hypercellularity (PAS stain), (B) immunofluorescence microscopy showing granular capillary wall staining for C3 (there was no staining for 
immunoglobulin), and (C) electron microscopy demonstrating subepithelial electron-dense deposits (S), mesangial dense deposits (M), influx 
of capillary neutrophils (N), and no intramembranous dense deposits in glomerular basement membranes (G). 
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pattern is less granular and less symmetric than that seen in 
MN. Mesangial granular staining may be conspicuous or 
inconspicuous. The hypersegmentation or lobulation that 
is seen by light microscopy often can be discerned by immu-
nofluorescence microscopy. A minority of patients with type 
I immune complex MPGN have staining along tubular base-
ment membranes or in extraglomerular vessels, or both.

Most specimens with immune complex MPGN have more 
intense staining for C3 than for any immunoglobulin, but 
some specimens have more intense staining for IgG or IgM. 
Rare specimens have a predominance of IgA and can be 
considered an MPGN expression of IgA nephropathy. Intra-
capillary globular structures that stain intensely for immu-
noglobulin and complement correspond to the hyaline 
thrombi seen by light microscopy and raise the possibility 
of MPGN caused by lupus or cryoglobulinemia.

The C3 glomerulopathy variant of MPGN has little or no 
staining for immunoglobulin. However, Hou and col-
leagues527 have noted that some specimens that seem appro-
priate for the C3 glomerulopathy category have minor 
staining for immunoglobulin rather than no staining. They 
propose a definition for C3 glomerulopathy that requires 

C3 dominant staining that is at least two orders of magni-
tude (on a scale of 0-3 or 0-4) more intense than any other 
immune reactant. In line with the evidence that C3 glo-
merulopathy is mediated by dysregulated activation of the 
alternative complement pathway, there is little or no stain-
ing for C4 or C1q in the C3 glomerulopathy variant  
of MPGN or in other histologic expressions of C3 
glomerulonephritis.

Electron Microscopy

The ultrastructural hallmark of type I MPGN is mesangial 
interposition into an expanded subendothelial zone that 
contains electron-dense immune complex deposits (Figures 
32.13 and 32.16). This distinct pattern of mesangial and 
capillary involvement has prompted a synonym for type I 
MPGN, mesangiocapillary glomerulonephritis. New basement 
membrane material is formed around the subendothelial 
deposits and around the projections of mesangial cyto-
plasm, which is the basis for the basement membrane rep-
lication seen by light microscopy (see Figure 32.12). 
Scattered mesangial dense deposits are usually found in 
association with mesangial hypercellularity and mesangial 
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Figure 32.15 Immunofluorescence micrograph of a glomerulus with 
features of type I membranoproliferative glomerulonephritis (MPGN) 
showing global bandlike capillary wall staining for C3, as well as 
irregular mesangial staining. (Fluorescein isothiocyanate anti-C3 
stain, ×300.) 

Figure  32.16 Electron micrograph of a capillary wall from a glomerulus with features of type I membranoproliferative glomerulonephritis 
(MPGN). The capillary lumen (L) is in the upper left and the urinary space (U) is in the lower right. In the subendothelial zone are dense deposits 
(straight arrow), extensions of mesangial cytoplasm (curved arrow), and new basement membrane material (asterisk) (see Figure 32.12). 
(×10,000.) 
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matrix expansion. Variable numbers of subepithelial 
electron-dense deposits occur. When they are numerous 
enough to resemble MN, some nephropathologists apply 
the diagnosis “mixed membranous and proliferative glo-
merulonephritis” or “type III MPGN” as proposed by Burk-
holder and colleagues.533 The term type III MPGN also has 
been applied to a very rare pattern of glomerular injury that 

resembles type I MPGN by light microscopy and immu-
nofluorescence microscopy but is characterized ultrastruc-
turally by irregularly thickened GBMs with numerous 
intramembranous deposits of variable density.534,535 Type III 
MPGN can be classified further as either immune complex 
disease or C3 glomerulopathy based on the presence or 
absence of staining for immunoglobulin. In the early appli-
cation of the new classification system, type III MPGN as 
proposed by Burkholder tends to have an immune complex 
phenotype, whereas the other variant described by Strife 
tends to have a C3 glomerulopathy phenotype.

The hyaline thrombi seen by light microscopy appear as 
intraluminal spherical densities. When these structures, or 
any of the other electron-dense deposits, have a microtubu-
lar substructure, the possibility of cryoglobulinemic glomer-
ulonephritis or immunotactoid glomerulopathy should be 
considered.

PATHOGENESIS
As noted earlier, two major pathogenic pathways can cause 
the pathology pattern of glomerular injury called MPGN, 
that is, immune complex localization and dysregulation of 
alternative pathway complement activation. A rare cause  
for this pattern is glomerular deposition of monoclonal 
immunoglobulin.

In the minority of patients with immune complex MPGN 
in whom the antigen has been identified, the sources have 
included infections, autoimmune diseases, neoplasms, and 
hereditary diseases (Table 32.12). The pathologic finding of 
intense immune complex deposition with hypercellularity 
suggests that the inflammation caused by the immune com-
plexes has resulted in both the proliferation of mesangial 
and endothelial cells and the recruitment of inflammatory 

http://www.myuptodate.com


 CHAPTER 32 — PRIMARy GloMERulAR DISEASE 1049

(Table 32.13). C3 level is persistently depressed in approxi-
mately 75% of MPGN patients.524,529,544-546 This is in contrast to 
poststreptococcal glomerulonephritis, in which depressed 
C3 levels typically return to normal within 2 months.547-549 
The persistent depression of C3 levels and the presence of 
nephritic syndrome should suggest type I MPGN. In some 
patients, activation of the alternative pathway is suggested by 
the observation that C3 levels are depressed, whereas levels 
of the classical pathway activators C1q and C4 are normal. 
Patients with this complement profile are likely to have a C3 
glomerulopathy variant of MPGN. However, when MPGN is 
caused by cryoglobulinemia, which is an immune complex 
MPGN, there may be more depression of C4 than C3.549

EPIDEMIOLOGY
The majority of patients with MPGN are children between 
the ages of 8 and 16 years,542 who account for 90% of patients 
with MPGN type I. The proportions of males and females 
are nearly equal.524,525,529,534,550-556

CLINICAL FEATURES
Type I MPGN (characterized by deposits of electron-dense 
material in the subendothelial zones of glomeruli) is a very 
heterogeneous disorder. Some combination of proteinuria 
(often nephrotic range), hematuria, hypertension, and 
renal failure is usually present.

TREATMENT
The prognosis of type I MPGN has been reviewed and 
described in several reports.524,529,557,558 The 10-year renal sur-
vival appears to be between 40% in persistently nephrotic 
patients529 and 65%.524 Nonnephrotic patients have an 
improved 10-year renal survival of 85%.529 A minority of 
patients may have a spontaneous remission.524 The features 
suggestive of poor prognosis in MPGN type I include hyper-
tension,556,559 impaired GFR,556,559-561 and the appearance of 
cellular crescents in biopsy specimens.529,561,562

The treatment of type I MPGN is based on the underlying 
cause of the disease process. Thus, the therapy for MPGN 
associated with cryoglobulinemia and hepatitis C should be 
aimed at treating hepatitis C virus infection, whereas the 
treatment of MPGN associated with lupus or scleroderma 
should be based on the principles of care for those rheuma-
tologic conditions. Most recommendations for the treat-
ment of type I MPGN are derived from studies involving 
children.563-569 West touted the benefits of continuous pred-
nisone therapy for improved renal survival.565 Whether the 
benefit of low-dose prednisone therapy is seen only in chil-
dren or whether similar effects can be achieved in adults 
has never been investigated in a prospective randomized 
trial. However, low-dose, alternate-day prednisone therapy 
may improve renal function.567,568

In addition to glucocorticoids, a number of other immu-
nosuppressive and anticoagulant therapies have been used 
in the treatment of type I MPGN. Initial reports indicated 
that treatment with aspirin and dipyridamole had a positive 
effect in renal survival.525 This approach was widely accepted; 
however, statistical design flaws led to a reanalysis of the 
data, which revealed no difference in the treatment and 
control groups with respect to long-term outcome.544 A sub-
sequent study using aspirin with dipyridamole demonstrated 
a slight decrease in urine protein excretion by 3 years but 

cells, including neutrophils and monocytes. These leuko-
cytes are attracted to the glomerulus by activation of mul-
tiple mediator systems, including the complement system, 
cytokines, and chemokines.

Immune complex type I MGPN may be secondary to 
recognizable causes, such as cryoglobulinemia, hepatitis C, 
hepatitis B, osteomyelitis, subacute bacterial endocarditis, 
or infected ventriculoatrial shunt, malignancies,536-538 auto-
immune diseases (SLE or autoimmune thyroiditis539), light-
chain nephropathy,540 and celiac sprue.541 Serologic and 
clinical evidence of these processes should be sought. The 
precise percentage of patients with MPGN due to hepatitis 
C may vary according to geographic area and cultural 
factors. The observation that upper respiratory tract infec-
tions precede the onset of MPGN in as many as one half of 
patients542 raises the possibility that infectious agents con-
tribute to the pathogenesis of many cases of type I MPGN.

When immune complex type I MPGN is secondary to 
other disease processes such as malignancy or a rheumatic 
condition, the laboratory results associated with the systemic 
disease (e.g., SLE) are positive (e.g., antibodies to double-
stranded DNA). (See Chapter 33.) MPGN type I is also 
associated with underlying complement deficiency, notably 
of C2 and C3,543 as well as deficiency in α1-antitrypsin.

Even before recognition of the distinct C3 glomerulopathy 
variant of type I MPGN, alterations in circulating  
complement levels had been observed in MPGN patients 

Table 32.12  Secondary Causes of 
Membranoproliferative 
Glomerulonephritis (MPGN)

Associated with Infection

Hepatitis B and C
Visceral abscesses
Infective endocarditis
Shunt nephritis
Quartan malaria
Schistosoma nephropathy
Mycoplasma infection

Associated with Rheumatologic Disease

Systemic lupus erythematosus
Scleroderma
Sjögren’s syndrome
Sarcoidosis
Mixed essential cryoglobulinemia with or without hepatitis C 

infection
Anti–smooth muscle syndrome

Associated with Malignancy

Carcinoma
Lymphoma
Leukemia

Associated with an Inherited Disorder

α1-Antitrypsin deficiency
Complement deficiency (C2 or C3), with or without partial 

lipodystrophy

Data from references 1047 and 1383-1391.
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Table 32.13  Selected Serologic Findings in Patients with Primary Glomerular Disease

Disease C4 C3 ASO, ADNase B Cryo Ig Anti-GBM ANCA

Minimal change disease N N — — — —
Focal glomerulosclerosis N N — — — —
Membranous nephropathy N N — — — —
Membranoproliferative GN*
 Type I N or ↓↓ ↓↓ + ++ — —
 Type II N ↓↓↓ + — — —
Fibrillary GN N N — — — —
IgA nephropathy N N — — — —
Acute poststreptococcal GN N or ↓ ↓↓ +++ ++ — —
Crescentic GN
 Anti-GBM N N — — +++ ±
 Immune complex N or ↓ N or ↓↓ — N/++ — ±
 ANCA small vessel vasculitis N N — — ± +++

*Former membranoproliferative glomerulonephritis classification schema.
ANCA, Antineutrophil cytoplasmic autoantibody; ADNase B, anti–deoxyribonuclease B; ASO, anti–streptolysin O; cryo Ig, cryoglobulins; 

GBM, glomerular basement membrane; GN, glomerulonephritis; N, normal levels.

no effect on renal function.570 Treatment with dipyridamole, 
aspirin, and warfarin, with or without cyclophosphamide, 
was examined in both controlled and uncontrolled 
studies.422,525,569-574 A regimen of warfarin, dipyridamole, and 
cyclophosphamide569 was suggested to improve long-term 
renal survival based on a retrospective analysis; however, a 
controlled trial in Canada demonstrated no benefit of this 
approach.287

The use of MMF and corticosteroids has been suggested 
based on uncontrolled and anecdotal observations.575 In 
patients with a defined underlying disease (e.g., neoplasia 
or hepatitis B or C), treatment should be directed at the 
underlying condition.576,577

Type I MPGN is significantly ameliorated by the use of 
cyclosporine in the very rare condition known as Buckley’s 
syndrome.102,103,578

MEMBRANOPROLIFERATIVE 
GLOMERULONEPHRITIS TYPE III

Type III MPGN occurs in a very small number of children 
and young adults. Regardless of the pathologic distinctions 
of MPGN type III of Burkholder and colleagues533 and Strife 
and colleagues,535 few distinguishing clinical characteristics 
are noted in these patients. These patients may have clinical 
features of disease quite similar to those of type I MPGN, 
and the long-term clinical course is quite similar as well. 
Patients with MPGN described by Strife and coworkers534 
have low C3 levels in the absence of C3 nephritic factor. 
Patients with nonnephrotic proteinuria do better than 
patients who have nephrotic syndrome.

C3 GLOMERULOPATHIES (DENSE DEPOSIT 
DISEASE AND C3 GLOMERULONEPHRITIS)

EPIDEMIOLOGY
Dense deposit disease accounts for about 25% of MPGN in 
children but is much less common in adults. The large 

majority of patients are children between the ages of 8 and 
16 years,542 who account for about 70% of cases. It is esti-
mated to affect 2 to 3 persons per million. Males and females 
were reported to be similarly affected in some studies,579 
whereas other studies reported a female predomi-
nance.529,580,581 A retrospective of 32 cases identified through 
the nephropathology laboratory at Columbia University 
between 1977 and 2007, reported that 43% of patients were 
children, of whom 65% were between the ages of 5 and 10 
years, and 22% of patients were adults older than 60 years. 
The female/male ratio was 1.9, and 85% of patients were 
white.582 It is unclear whether the unexpectedly high repre-
sentation of older adults in this cohort reflects a change in 
the demographics of the disease, or a change in biopsy 
practices, or a selection or referral bias in this study or the 
older studies.

C3 glomerulonephritis includes all patients with C3 glo-
merulopathy who do not have intramembranous dense 
deposits that warrant a diagnosis of dense deposit disease 
and includes the C3 glomerulopathy variant of MPGN as 
well as other patterns of proliferative glomerulonephritis. 
There is a relative paucity of epidemiologic data given that 
this is a new diagnostic category; however, one study of 19 
patients with C3 glomerulonephritis revealed a median age 
at onset of 29.9 years (range, 7 to 70 years).583 A larger and 
more recent study of 88 patients with C3 glomerulopathy in 
the United Kingdom, including 59 patients with C3 glo-
merulonephritis and 21 with dense deposit disease, revealed 
that patients with C3 glomerulonephritis were significantly 
older (median age, 26 years vs. 12 years; P = 0.002).584

PATHOLOGY
The term dense deposit disease emphasizes the pathogno-
monic feature of discontinuous electron-dense bands within 
the GBM528,530 (Figures 32.17 and 32.18). These are accom-
panied by spherical to irregular mesangial dense deposits 
and occasional subendothelial and subepithelial deposits, 
some of which resemble the “humps” seen in postinfectious 
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staining for C3 with little or no staining for C4, C1q, or 
immunoglobulins.

The light microscopic appearance of dense deposit 
disease is much more variable than that of type I MPGN and 
often does not have a membranoproliferative appearance.528 
Thus, the term dense deposit disease is preferable to type II 
MPGN.586,587 In a review of a large number of renal biopsy 
specimens obtained in North America, Europe, and Japan 
from patients with dense deposit disease, the light micros-
copy findings could be classified into five distinct patterns: 
(1) membranoproliferative pattern, (2) mesangioprolifera-
tive pattern, (3) crescentic pattern, (4) acute proliferative 
and exudative pattern, and (5) unclassified dense deposit 
disease. Of these, the mesangioproliferative lesion charac-
terized by focal segmental and mesangial hypercellularity 
accounted for about 50% of the cases reviewed, with 28% 
presenting with a membranoproliferative pattern (type I) 
and 20% a crescentic lesion. Although the patients’ ages 
ranged from 3 to 67 years, nearly 75% of the patients  
were younger than 20 years of age, and all patients with 
either crescentic dense deposit disease or acute proliferative 
dense deposit disease were between the ages of 3 and 18 
years.587 Therefore, the histologic appearance of dense 
deposit disease can mimic many other categories of glo-
merulonephritis, and the findings by immunofluorescence 
and especially electron microscopy are required for accu-
rate diagnosis.

As described earlier in this chapter, the pathology of the 
non–dense deposit disease category of C3 glomerulopathy 
(i.e., C3 glomerulonephritis) is extremely variable by light 
microscopy but falls in the spectrum of type I MPGN, to 
focal or diffuse proliferative, to mesangial proliferative glo-
merulonephritis (see Figure 32.14).528 As one of the variants 
of C3 glomerulopathy, C3 glomerulonephritis on immuno-
fluorescence microscopy reveals C3 dominant staining with 
little or no staining for immunoglobulin, C4, or C1q. By 
definition, electron microscopy of C3 glomerulonephritis 
does not reveal the typical intramembranous dense deposits 
that are diagnostic for dense deposit disease. However,  

glomerulonephritis. Dense deposits also may be identified 
in Bowman’s capsule and tubular basement membranes.

Immunofluorescence microscopy demonstrates intense 
capillary wall linear to bandlike staining for C3 (Figure 
32.19), with little or no staining for immunoglobu-
lin.527,528,585,586 The capillary wall staining may have a fine 
double contour with outlining of the outer and inner  
aspects of the dense deposits. The mesangial deposits  
usually appear as scattered spherules or rings, with the latter 
resulting from staining of the outer surface but not the 
interior of the spherical deposits. There typically is intense 

Figure  32.17 Diagram depicting a glomerular capillary loop with 
features of dense deposit disease with bandlike intramembranous 
dense deposits (arrow) and spherical mesangial dense deposits. 
(Courtesy J. Charles Jennette, University of North Carolina at Chapel 
Hill, Chapel Hill, NC.)

Figure 32.18 Electron micrograph of a glomerular capillary from a 
patient with dense deposit disease showing a bandlike intramembra-
nous dense deposit (arrow) that has essentially replaced the normal 
glomerular basement membrane. Also note the endocapillary hyper-
cellularity. (×5000.) 

Figure  32.19 Immunofluorescence micrograph of a portion of a 
glomerulus with features of dense deposit disease demonstrating 
discontinuous bandlike capillary wall staining and granular mesangial 
staining for C3. (Fluorescein isothiocyanate anti-C3 stain, ×600.) 
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results in perpetual C3 breakdown. It is tempting to incrimi-
nate this factor as central to the pathogenesis of MPGN, 
especially dense deposit disease, since most affected patients 
harbor C3NeF in their circulation. However, C3NeF does 
not always correlate with disease activity, and more impor-
tantly, progressive kidney damage still occurs in patients 
who have normal levels of complement.591-593 Interestingly, 
autoantibodies to other complement components such as 
factor B, factor H, factor I, or a component of C3 convertase 
(C3b and/or CFB) can also be seen in some individu-
als.588,594,595 More recently, reclassification of MPGN was 
strongly proposed by Sethi and colleagues, who found 
higher levels of alternative and terminal complement 
pathway components, as identified by mass spectrometry, 
directly within glomeruli of patients with dense deposit 
disease as compared to those from patients with immune 
complex–mediated forms of MPGN as well as healthy 
individuals.596,597

Normal protective, or regulatory, mechanisms control 
C3bBb levels and complement deposition, of which factor 
H is one of the most important. Factor H is a soluble glyco-
protein that regulates complement in the fluid phase and 
on cell surfaces by binding to C3b.598 Some mutations in 
factor H result in C3 glomerulopathy that does not have an 
MPGN pattern.599,600

The genetics of dense deposit disease are complex. Only 
a few families have been identified with more than one 
affected member, although families exist with one patient 
with dense deposit disease and other members affected by 
other autoimmune diseases. The most robust genetic asso-
ciation with dense deposit disease is a deficiency of factor 
H, associated with a mutation of the complement factor H 
(CFH) gene.601,602 A more recent study identified a family 
with dense deposit disease in which a C3 convertase-resistant 
C3 gene mutation was identified in a mother and her identi-
cal twin sons, thereby resulting in alternative complement 
pathway activation.603

C3 glomerulonephritis is a result of overactivity of the 
alternative complement pathway due to autoantibodies to, 
and/or mutations in, critical regulators of the pathway.528 
The underlying genetic defect in C3 glomerulonephritis has 
been identified in some hereditary forms of the disease, 
such as CFHR5 nephropathy, and further insight is likely to 
occur rapidly given intense interest in this area.604-606

CLINICAL FEATURES
Patients with dense deposit disease may have hematuria, 
proteinuria, or both. They may have a nephrotic or acute 
nephritic syndrome. At least a third of patients have all of 
the components of the nephrotic syndrome on presenta-
tion. Microhematuria is present in the overwhelming major-
ity of patients, whereas gross hematuria occurs only in about 
15%.582 Finally, one quarter of patients have acute nephritic 
syndrome associated with red cells and red cell casts in the 
urine, hypertension, and renal insufficiency.524,529,544,545 
Hypertension is typically mild but may be severe in some 
cases. Kidney dysfunction occurs in at least half of cases and 
is more common among adults than in children.582 When 
present at the outset of disease, kidney dysfunction portends 
a poor prognosis.

Hypocomplementemia of the C3 factor is present in  
80% to 90% of patients with dense deposit disease. In a 

this is a somewhat subjective division, and borderline speci-
mens are difficult to classify as dense deposit disease versus 
C3 glomerulonephritis. From a practical perspective, this 
may not be important because both are variants of C3 glo-
merulopathy and have a similar pathogenesis and clinical 
features.

PATHOGENESIS
As C3 glomerulopathies, dense deposit disease and C3  
glomerulonephritis share a pathogenic mechanism that 
involves abnormal regulation of the alternative complement 
pathway (recently reviewed by Bomback and Appel).528,588

A porcine model of dense deposit disease suggests that 
there is massive deposition of C3 and the terminal C5b-9 
complement complex (the membrane attack complex). In 
the circulation, there is extensive complement activation 
with very low C3 levels and high levels of circulating termi-
nal complement components. No immunoglobulin deposits 
were detected in kidney tissue. In this animal model of 
dense deposit disease, the pathogenetic mechanism does 
not appear to involve immune complexes but rather utilizes 
some other mechanism for the activation of complement 
and the trapping of activating complement components 
within the GBM.589

The hypocomplementemia in dense deposit disease and 
other forms of C3 glomerulopathy reflects dysregulated acti-
vation of the alternative complement pathway (Figure 
32.20). Under normal circumstances, the alternative com-
plement pathway maintains low-level, basal activity termed 
tickover, which maintains C3 convertase. Any disruption in 
C3 convertase activity can thereby alter tickover and result 
in overactivation. Three distinct mechanisms result in 
uncontrolled activation of C3 convertase: (1) the develop-
ment of an autoantibody, the C3 nephritic factor (C3NeF); 
(2) the absence of circulating regulators (e.g., factor H); 
and (3) the presence of a circulating inhibitor of factor H.589 
The most common of these is the presence of the autoanti-
body C3NeF. C3NeF is an antibody that protects C3 conver-
tase (C3bBb) from dissociation by factor H and thus 
prolongs its half-life by 10-fold.590 It does so in one of two 
ways—by binding either to C3bBb or to IgG-C3b-C3bBb of 
the assembled convertase. The stabilization of this complex 

Figure  32.20 Regulators of the alternative complement pathway 
and abnormalities that cause C3 glomerulopathy. CF, Complement 
factor. 
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There is currently no widely agreed upon treatment of 
dense deposit disease, and the available information remains 
based on small case series. Inhibition of angiotensin II may 
be helpful, but it has not been formally tested.582 The use of 
corticosteroid therapy is probably not effective.601 Immuno-
suppressive therapy with such agents as MMF and rituximab 
aimed at reducing C3NeF in dense deposit disease has been 
suggested.614 It is not likely that immunosuppression with or 
without plasma exchange will be beneficial, except perhaps 
if an inhibitory autoantibody to complement factor H is 
present. There are reports of effective treatment of patients 
with defined deficiency of complement factor H with infu-
sion of fresh-frozen plasma every 14 days to provide func-
tionally intact factor H.611,615-618 In a proof-of-concept study 
in mice genetically deficient in complement factor H, treat-
ment with purified human complement factor H resulted 
in rapid normalization of plasma C3 levels and resolution 
of the GBM C3 deposition.619 Based on the current under-
standing of the pathogenesis of dense deposit disease, inhi-
bition of C5 activation and formation of the terminal 
component of complement activation (C5b-9) with the 
monoclonal antibody eculizumab would be theoretically 
beneficial, but evidence for this approach had been 
lacking617 until a recent proof-of-concept efficacy and safety 
study in three patients with dense deposit disease and three 
patients with C3 glomerulonephritis treated in an open-
label fashion with eculizumab. This resulted in reduced 
serum creatinine levels in two subjects, reduction in urine 
protein levels in one subject, and histopathologic improve-
ment in one subject. It also appeared that elevated levels of 
the serum membrane attack complex might predict treat-
ment response.620

Given that C3 glomerulonephritis represents a new diag-
nostic category, treatment protocols outside of supportive 
care are limited but will likely involve targeted therapies that 
correct complement dysregulation now that pathogenetic 
mechanisms are becoming increasingly understood. 

Data are also limited with regard to prognosis; however, 
the study by Servais and colleagues found in a cohort of 134 
patients with C3 glomerulopathy in France that roughly 
25% of patients with C3 glomerulonephritis progress to 
ESKD over a follow-up period of 10 years.621 Sethi and col-
leagues reported in 12 patients with C3 glomerulonephritis 
with a mean follow-up of 26.4 months that kidney function 
remained stable in every patient except for one who pro-
gressed to dialysis soon after presentation.597 With regard to 
kidney transplantation, one group reported their experi-
ence with 21 patients with ESKD due to C3 glomerulone-
phritis who underwent kidney transplantation. Fourteen 
patients (68%) developed recurrent C3 glomerulonephritis 
in the allograft, which was typically manifested by hematuria 
and proteinuria, and median time to recurrence was 28 
months. Furthermore, 50% of patients with recurrent C3 
glomerulonephritis experienced graft failure with a median 
time to graft failure of 77 months.622 Recurrences in kidney 
transplants of dense deposit disease are common (80% or 
higher),550,623-625 especially in the presence of C3NeF or CFH 
mutations.626 Prophylactic plasma infusions or simultaneous 
liver transplantation can be beneficial in the latter cases.615,616 
Levels of C3 in the serum do not seem to predict recur-
rences.626 Figure 32.21 depicts a current framework for the 
diagnosis and management of C3 glomerulopathy, which is 

retrospective review from Columbia University, depressed 
C3 levels occurred in 100% of children but in only 41% of 
adults (P = 0.001).582 Depressed C4 levels were very uncom-
mon in both age groups. C3 hypocomplementemia is pro-
longed in patients with dense deposit disease428 and is 
associated with decrements in terminal complement com-
ponents C5b-9. C3NeF is present in more than 80% of 
patients.

Respiratory tract infections precede cases of MPGN  
in half of patients, especially in children.582 On rare occa-
sions, the onset can be triggered by a streptococcal infec-
tion, so that the disease mimics acute poststreptococcal 
glomerulonephritis except for the persistence of C3 hypo-
complementemia beyond 8 weeks from onset.607 Comorbid 
conditions may be seen in adult patients with dense deposit 
disease, including plasma cell dyscrasias, which were noted 
in 4 of 18 patients (22%) in the Columbia University 
review.582

Patients with dense deposit disease may have deposits in 
the retina, along Bruch’s membrane, that are similar in 
structure and composition to the deposits in GBM. These 
whitish yellow drusen develop at an early age. Initially, 
drusen have little impact on visual acuity, but visual loss can 
occur in about 10% of patients.608 A careful retinal exam is 
therefore indicated in all patients with proven dense deposit 
disease. There is no correlation between the severity of 
kidney and ocular involvement; however, patients with other 
forms of MPGN do not typically have drusen.609

Dense deposit disease may be associated with the syn-
drome of acquired partial lipodystrophy.593 About 80% of 
patients with this syndrome have low C3 levels and C3NeF. 
About 20% of patients develop MPGN, although the lipo-
dystrophy and glomerular disease may occur several years 
apart.610 The link between acquired partial lipodystrophy 
and MPGN stems from the production by adipocytes of C3, 
factor B, and factor D (adipsin), whose function is the cleav-
age of factor B. In the presence of C3NeF, the alternative 
pathway of complement activation is dysregulated leading 
to the destruction of adipocytes.610

Patients with C3 glomerulonephritis, as also seen with 
dense deposit disease, can present with hypertension, azo-
temia, hematuria, and proteinuria with or without nephrotic 
syndrome. Interestingly, although C3 levels are usually low 
and C4 levels are normal, the large study of 59 patients with 
C3 glomerulonephritis in the United Kingdom found that 
C3 was more likely to be normal when compared to patients 
with dense deposit disease (52% vs. 11%, P = 0.003); there-
fore, a normal C3 level alone does not exclude C3 glomeru-
lonephritis.584,597 As with dense deposit disease, some patients 
may have C3NeF.583,588,611

TREATMENT
The prognosis for dense deposit disease is worse than that 
for type I MPGN. The less favorable prognosis is in accord 
with a higher frequency of crescentic glomerulonephritis 
and chronic tubulointerstitial nephritis at the time of  
biopsy in dense deposit disease.559,612,613 In patients with 
dense deposit disease, clinical remissions are rare,529,550 
occurring in less than 5% in children. Patients generally 
reach ESKD in 8 to 12 years from onset of disease. In dense 
deposit disease, the prognosis is worse in adults than in 
children.582
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capable of leading to an acute glomerulonephritis. Other 
nephritogenic serotypes include M types 1, 2, 3, 4, 18, 25, 
31, 49, 52, 55, 56, 57, 59, 60, and 61. There are differences 
among these serotypes in their propensity to be associated 
with nephritis depending on the site of infection. Certain 
strains, such as types 2, 49, 55, 57 and 60, are usually associ-
ated with nephritis after pyoderma,641,642 whereas M type 49 
can lead to nephritis after either pharyngitis or pyoderma. 
In addition to occurring after infection with group A 
β-hemolytic streptococci, acute PSGN has also been 
described after infection with group C streptococci and pos-
sibly group G streptococci.643,644

Acute PSGN is on the decline in developed countries, but 
it continues to occur in developing communities.645,646 Epi-
demic PSGN is frequently associated with skin infections, 
whereas pharyngitides are associated with sporadic PSGN in 
developed countries. Overt glomerulonephritis is found in 
about 10% of children at risk, but when one includes sub-
clinical disease as evidenced by microscopic hematuria, 
about 25% of children at risk are found to be affected.647,648 
In some developing countries, acute PSGN remains the 
most common form of acute nephritic syndrome among 
children. The incidence rate appears to follow a cyclical 
pattern, with outbreaks occurring every 10 years or so.649 A 
review of 11 published population-based studies estimated 
the median incidence of PSGN in children to be 24 cases 
per 100,000 patient-years based on studies that examined 
populations in less developed countries or included sub-
stantial minority populations in more developed countries; 
the incidence in adults was conservatively estimated to be 2 
cases per 100,000 patient-years in less developed countries 
and 0.3 case per 100,000 patient-years in more developed 
countries.650 The review authors estimated that more than 
470,000 cases of acute PSGN occur annually, leading to 
approximately 5000 deaths (1% of total cases), 97% of 
which are in less developed countries.

Interestingly, the epidemiology of PSGN in Florida 
appears to have changed in the past two decades, compared 
to the 1960s and 1970s. Pharyngitis has replaced impetigo 
as the predominant underlying infection, a shift has 
occurred in racial distribution (now predominantly whites 
are affected) and in seasonal variation, and the severity of 
disease has decreased. These changes are thought to reflect 
a change in the causal agent of impetigo.651

PATHOLOGY
Light Microscopy

The pathologic appearance of acute PSGN varies during  
the course of the disease. The acute histologic change is 
influx of neutrophils, which results in diffuse global hyper-
cellularity (Figure 32.22).652-656 Endocapillary proliferation 
of mesangial cells and endothelial cells also contributes  
to the hypercellularity. The hypercellularity often is very 
marked and results in enlarged consolidated glomeruli.  
The description acute diffuse proliferative glomerulonephritis 
often is used as a pathologic designation for this stage  
of acute PSGN. A minority of patients have crescent forma-
tion, which usually affects only a small proportion of glom-
eruli.657 Extensive crescent formation is rare.658,659 Special 
stains that have differential reactions with immune deposits 
may demonstrate subepithelial deposits. For example, the 

likely to be refined even further as additional pathogenetic 
insight occurs.

ACUTE POSTSTREPTOCOCCAL 
GLOMERULONEPHRITIS

EPIDEMIOLOGY
Acute poststreptococcal glomerulonephritis (PSGN) is a 
disease that affects primarily children, with a peak incidence 
between the ages of 2 and 6 years. Children younger than 
age 2 years and adults older than age 40 account for only 
about 15% of patients with acute PSGN. Interestingly, recent 
evidence points to acute PSGN as the cause of Wolfgang 
Amadeus Mozart’s early death at the age of 35.627 Subclinical 
microscopic hematuria may be four times more common 
than overt acute PSGN, as documented in studies of family 
members of affected patients.628-630 Only rarely do PSGN and 
rheumatic fever occur concomitantly.631 Males are more 
likely than females to have overt nephritis.

Acute PSGN may occur as part of an epidemic or sporadic 
disease. During epidemic infections of streptococci of 
proven nephrogenicity, the clinical attack rate appears to be 
about 12%,632-634 but has been reported at 33%,635 or even 
as high as 38% in certain affected families.630

Differences in incidence rates among different families 
argue for existence of host genetic susceptibility factors 
affecting the propensity for overt nephritis.636 An association 
was found between PSGN and HLA-DRW4,636 HLA-DPA*02-
022 and DPB1*05-01,637 and more recently DRB1*03011.638

The rate of acute PSGN after sporadic infections  
with group A streptococci of potentially nephritogenic  
types is quite variable,639,640 which again points to an effect 
of ill-defined host factors. A minority of streptococcal infec-
tions lead to nephritic syndrome, which argues for the pres-
ence of certain nephritogenic characteristics of the 
offending agent. Indeed, in the 1950s Rammelkamp and 
colleagues639,640 identified certain strains of streptococci 
within Lancefield group A, in particular type XII, that are 

Figure 32.21 A framework for the diagnosis and management of C3 
glomerulopathies: C3 glomerulonephritis and dense deposit disease 
(DDD). Ab, Antibody; CF, complement factor; C3Nef, C3 nephritic 
factor. 
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obtained later in the course when there is diagnostic uncer-
tainty due to equivocal serologic confirmation or unusually 
aggressive or persistent clinical features. At this time, the 
immunofluorescence microscopy staining is usually pre-
dominantly for C3. This may reflect termination of nephri-
togenic immune complex localization in the kidney with 
masking of residual complexes by complement. An alterna-
tive explanation for the presence of C3 in the absence of 
immunoglobulin is activation of complement or blockade 
of complement regulatory mechanisms by factors released 
by the infection. This could initiate a pathogenic mecha-
nism similar to that in C3 glomerulopathy. The continued 
presence of intense staining for IgG a month or more into 
the course of what otherwise looks like pathologically typical 
PSGN is cause for concern that the process will not be 
self-limited.

Several patterns of immune staining have been described 
but are of limited prognostic value.653,656,663 The garland 
pattern is characterized by numerous large, closely apposed 
granular deposits along the capillary walls. Patients with this 
pattern usually have nephrotic-range proteinuria as a com-
ponent of their disease. The starry sky pattern has more 
scattered granular staining, which corresponds somewhat  
to less severe disease. The mesangial pattern, especially 
when it is predominantly C3 staining, corresponds to the 
resolving phase with a mesangioproliferative light micro-
scopic appearance.

Electron Microscopy

The hallmark ultrastructural feature of PSGN is the subepi-
thelial humplike dense deposits (Figures 32.24 and 
32.25).655,660-662,664 However, small subendothelial and mesan-
gial dense deposits can usually be identified with careful 
observation and theoretically may be more important in the 
pathogenesis of the disease, especially the neutrophilic 
influx and endocapillary proliferative response, than are the 
subepithelial humps. The subepithelial humps are covered 

subepithelial deposits may stain red (fuchsinophilic) with 
Masson trichrome stain.

Interstitial edema and interstitial infiltration of predomi-
nantly mononuclear leukocytes usually are present and 
occasionally are pronounced, especially with unusually 
severe disease associated with crescents. Focal tubular epi-
thelial cell simplification (flattening) also may accompany 
severe disease. Arteries and arterioles typically have no acute 
changes, although preexisting sclerotic changes may be 
present in older patients.

During the resolving phase of self-limited PSGN, which 
usually begins within several weeks of onset, the infiltrating 
neutrophils disappear and endothelial hypercellularity 
resolves, leaving behind only mesangial hypercellular-
ity.653,660 This mesangioproliferative stage often is present in 
patients with PSGN who have had resolution of nephritis 
but have persistent isolated proteinuria, and it may persist 
for several months in patients who have complete clinical 
resolution. There may be focal segmental glomerular scar-
ring as a sequela of particularly injurious inflammation, but 
this is seldom extensive except in the rare patients with 
crescentic PSGN. Ultimately, the pathologic changes of 
acute PSGN can resolve completely.660,661

Immunofluorescence Microscopy

Immunofluorescence microscopy demonstrates glomerular 
immune complex deposits in PSGN.653,655,656,662 The pattern 
and composition of deposits change during the course of 
PSGN. During the acute diffuse proliferative phase of the 
disease, there is diffuse global coarsely granular capillary 
wall and mesangial staining that usually is very intense for 
C3 and of varying degrees for IgG from intense to absent 
(Figure 32.23). Staining for IgM and IgA is less frequent and 
usually less intense. In self-limited disease, biopsy should be 
performed later in the disease course because it is more 
likely that the staining will be predominantly or exclusively 
for C3 with little or no immunoglobulin staining. Because 
most patients with uncomplicated new-onset acute PSGN do 
not undergo kidney biopsy, most biopsy specimens are 

Figure  32.22 Light micrograph of a glomerulus with features of 
acute poststreptococcal glomerulonephritis demonstrating marked 
influx of neutrophils (arrows). (Masson trichrome stain, ×700.) 

Figure  32.23 Immunofluorescence micrograph of a glomerular 
segment from a patient with acute poststreptococcal glomerulone-
phritis showing coarsely granular capillary wall staining for C3. 
Compare this to the finely granular capillary wall staining of membra-
nous nephropathy in Figure 32.9. (Fluorescein isothiocyanate anti-C3 
stain, ×800.) 

http://www.myuptodate.com


1056 SECTIoN V — DISoRDERS oF KIDNEy STRuCTuRE AND FuNCTIoN

Mesangial regions are expanded by increased numbers of 
mesangial cells and leukocytes as well as increased matrix 
material and varying amounts of electron-dense material.

During the resolution phase, usually 6 to 8 weeks into the 
course, the subepithelial humps disappear, leaving behind 
only mesangial and sometimes a few scattered subendothe-
lial and intramembranous dense deposits. The subepithelial 
deposits first become electron lucent and then disappear 
completely. The humps in peripheral capillary loops disap-
pear before the humps in the subepithelial zone adjacent 
to the perimesangial basement membrane.

PATHOGENESIS
Acute PSGN is the prototype disease of an acute glomeru-
lonephritis associated with an infectious cause. The first 
description of this link dates back to the early 19th century 
after scarlet fever epidemics in Florence and Vienna. 
Richard Bright first described the association in 1836, 
reporting that scarlet fever was sometimes followed by 
hematuria and kidney disease.665 In 1907, Schick described 
an asymptomatic interval of 12 days to 7 weeks between the 
onset of streptococcal infection and the onset of nephri-
tis.666 In the early 1950s, Rammelkamp and Weaver further 
defined the association of PSGN with specific serotypes of 
streptococci.541,667

Despite the early recognition of an association between 
streptococcal infection and acute glomerulonephritis, the 
pathogenic mechanism of disease remains incompletely 
understood. Conceptually, either acute PSGN could be sec-
ondary to a direct pathogenic effect of a streptococcal 
protein (e.g., a protein that activates or blocks regulation of 
the alternative complement pathway), or the streptococcal 
product could induce an immune complex–mediated 
injury. This could occur by a number of different mecha-
nisms: (1) by introducing an antigen into the glomerulus 
(planted antigen), (2) by the deposition of circulating 
immune complexes, (3) by alteration of a normal renal 
antigen that causes it to become a self-antigen, or (4) by 
induction of an autoimmune response to a self-antigen by 
way of antigenic mimicry. It is conceivable that more than 
one streptococcal antigen may be involved in the pathogen-
esis of acute PSGN, and more than one pathogenic mecha-
nism may be at play simultaneously.

Several streptococcal proteins have been implicated in 
the pathogenesis of acute PSGN.668 M protein molecules 
protruding from the surface of group A streptococci contain 
epitopes that cross-react with glomerular antigens. Shared 
sequences of M protein types 5, 6, and 19 have been shown 
to elicit antibodies that react with several myocardial and 
skeletal muscle proteins.669 Conversely, monoclonal antibod-
ies raised against human kidney cortex have been shown to 
cross-react with types 6 and 12 M proteins, which provides 
evidence that certain M proteins may share antigenic  
determinants between all glomeruli.670 The glomerular 
cross reactivity of the N-terminal region of type 1 M protein 
was further localized to a tetrapeptide sequence at position 
23-26.671 Antibodies raised against the N terminus of 
type 1 M protein were shown to cross-react with the cytoskel-
etal protein of glomerular mesangial cells, namely, the  
filament protein vimentin.669 More recently, two antigens 
have been found within the glomerular deposits in kidney 
biopsy specimens from patients with PSGN and have been 

by effaced epithelial foot processes, which usually contain 
condensed cytoskeletal filaments (including actin) that 
form a corona around the immune deposits (see Figure 
32.25). Similar humps are observed in C3 glomerulopathy. 
During the acute phase, capillary lumens often contain mar-
ginated neutrophils, some of which are in direct contact 
with GBMs (see Figure 32.25). Lesser numbers of mono-
cytes and macrophages contribute to the leukocyte influx. 

Figure 32.24 Diagram of the ultrastructural features of acute post-
streptococcal glomerulonephritis (PSGN). Note the subepithelial 
humplike dense deposits (straight arrow), subendothelial deposits 
(curved arrow), and mesangial deposits. There is endocapillary hyper-
cellularity caused by neutrophil infiltration, and endothelial and 
mesangial proliferation. (Courtesy J. Charles Jennette, University of 
North Carolina at Chapel Hill, Chapel Hill, NC.)

Figure 32.25 Electron micrograph of a portion of a glomerular capil-
lary from a patient with acute poststreptococcal glomerulonephritis 
(PSGN) showing subepithelial dense deposits (straight arrow), con-
densation of cytoskeleton in adjacent podocyte cytoplasm (curved 
arrow), and a neutrophil (N) marginated against the basement mem-
brane with no intervening endothelial cytoplasm. (×5000.) 

N
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The clinical manifestations of acute PSGN typically resolve 
in 1 to 2 weeks as the edema and hypertension disappear 
after diuresis, and the patient typically remains asymptom-
atic. Hematuria and proteinuria may persist for several 
months but are usually resolved within a year. However, 
proteinuria may persist in those patients who initially had 
nephrotic syndrome.62 The long-term persistence of pro-
teinuria, and especially albuminuria, may be an indication 
of persistence of proliferative glomerulonephritis.634

The differential diagnosis of acute PSGN includes (1)  
IgA nephropathy684 and IgA vasculitis, especially when the 
acute nephritic syndrome is associated with gross or rusty 
hematuria; (2) MPGN and C3 glomerulopathy; or (3) acute 
crescentic glomerulonephritis (rapidly progressive glomer-
ulonephritis: immune complex mediated, anti-GBM medi-
ated, or pauci-immune). The occurrence of acute nephritis 
in the setting of persistent fever should raise the suspicion 
of a peri-infectious glomerulonephritis, especially with per-
sistence of an infection such as an occult abscess or infective 
endocarditis.

Although rheumatic fever and PSGN rarely occur 
together, their co-concurrence has been described.685

LABORATORY FINDINGS
Hematuria, microscopic or gross, is nearly always present in 
acute PSGN. There are, however, rare cases of documented 
acute PSGN with no associated hematuria.630,686 Microscopic 
examination of urine typically reveals the presence of dys-
morphic red blood cells687 or red blood cell casts. Other 
findings on microscopy are leukocytes, renal tubular epithe-
lial cells, and hyaline and granular casts.631 When the hema-
turia is macroscopic, the urine typically has a rusty or tea 
color.

Proteinuria is nearly always present but typically in the 
subnephrotic range. In half of patients, urinary protein 
excretion may be less than 500 mg of protein per day.688,689 
Nephrotic-range proteinuria may occur in as many as 20% 
of patients and is more frequent in adults than in chil-
dren.628 The excreted proteins may include large amounts 
of fibrin degradation products and fibrinopeptides.686,690

A pronounced decline in GFR is common in older adult 
patients with acute PSGN, affecting nearly 60% of patients 
55 years of age and older.681 This profound decrease in GFR 
is uncommon in patients from childhood to middle age. 
Indeed, because of the accompanying fluid retention and 
increase in circulatory volumes, a mild decrease in GFR may 
not be accompanied by an increase in serum creatinine 
concentration above laboratory limits of normal. Renal 
plasma flow, tubular reabsorptive capacity, and concentrat-
ing ability are typically not affected. On the other hand, 
urinary sodium excretion and calcium excretion are greatly 
reduced.691

A transient hyporeninemic hypoaldosteronism may lead 
to mild to moderate hyperkalemia. This may be exacerbated 
by a concomitant decrease in GFR and reduced distal deliv-
ery of solute. This type 4 renal tubular acidosis may resolve 
with the resolution of nephritis in the event of diuresis but 
may be persistent beyond that point in some patients.692 The 
suppressed plasma renin activity may be a consequence of 
the volume expansion present in those patients.693

Cultures of throat or skin samples frequently reveal group 
A streptococci.631,694 The sensitivity and specificity of these 

reported to induce an antibody response characteristic  
for nephritogenic streptococcal infections: streptococcal  
proteinase exotoxin B (SPEB, zymogen)672 and the glyco-
lytic enzyme glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), which shares exact homology with the nephritis-
associated plasmin receptor (NaPlr) that binds plasmino-
gen.673 In a study that tested antigen deposition in 17 kidney 
biopsy specimens and circulating antibodies in sera from 53 
patients, response to SPEB was more consistently found 
than deposits and antibody response to GAPDH.674

Currently, the spectrum of infectious agents associated 
with postinfectious or peri-infectious glomerulonephritis 
includes many more bacterial pathogens than streptococci. 
Other agents include staphylococci, gram-negative rods, 
and intracellular bacteria.675,676 Likewise, the population at 
risk for peri-infectious glomerulonephritis has changed to 
include alcoholic individuals, intravenous drug users, and 
patients with ventricular atrial shunts and on immunosup-
pressive therapy.676 However, PSGN remains one of the most 
extensively studied and documented infection-associated 
glomerulonephritides.

CLINICAL FEATURES AND NATURAL HISTORY
Classically, the syndrome of acute PSGN presents abruptly 
with hematuria, proteinuria, hypertension, and azotemia. 
This syndrome can show a wide spectrum of severity from 
asymptomatic disease to oliguric acute renal failure.677 A 
latent period occurs from the onset of pharyngitis to the 
onset of nephritis. In postpharyngitic cases, the latent 
period averages 10 days with a range of 7 to 21 days. The 
latent period may be longer after a skin infection (from 14 
to 21 days), although this period is harder to define after 
impetigo.678 The latency period can exceed 3 weeks.679 Short 
latency periods of less than 1 week are suggestive of a “syn-
pharyngitic” syndrome corresponding typically to exacerba-
tion of an underlying IgA nephropathy.

The hematuria is microscopic in more than two thirds of 
cases but may be macroscopic on occasion. Patients com-
monly report gross hematuria and transient oliguria. Anuria 
is infrequent, however, and if persistent, may indicate the 
development of crescentic glomerulonephritis.

Mild to moderate hypertension occurs in more than 75% 
of patients. It is most evident at the onset of nephritis and 
typically subsides promptly after diuresis.631 Antihyperten-
sive treatment is necessary in only about one half of patients. 
Signs and symptoms of congestive heart failure may occur 
and indeed may dominate the clinical picture. These include 
jugular venous distention, the presence of an S3 gallop, 
dyspnea, and signs of pulmonary congestion.679-682 Frank 
heart failure may be a complication in as many of 40% of 
older adult patients with PSGN.

Edema is the presenting symptom in two thirds of patients 
and is present in as high as 90% of cases.628 The presence 
of edema is based on primary renal sodium and fluid reten-
tion. The edema typically appears in the face and upper 
extremities. Ascites and anasarca may occur in children.

Encephalopathy presenting as confusion, headache,  
somnolence, or even convulsion, is not common and may 
affect children more frequently than adults. Encephalopa-
thy is not always attributable to severe hypertension but  
may be the result of central nervous system vasculitis 
instead.679,681-683
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circulating immune complexes for the development of 
acute nephritis is unclear.716-718

Abnormalities in blood coagulation systems may be 
detected in acute PSGN; thus thrombocytopenia may be 
seen.719 Elevated levels of fibrinogen, factor VIII, plasmin 
activity, and circulating high-molecular-weight fibrinogen 
complexes may be seen and correlate with disease activity 
and an unfavorable prognosis.720-724

Although complement studies suggest that the alternative 
pathways are primarily involved in acute PSGN, there is 
some evidence also for activation via the classical pathway.711

TREATMENT
Treatment of acute PSGN is largely supportive care. Chil-
dren almost invariably recover from the initial episode.725-727 
Of concern to clinicians are those patients who have acute 
renal failure at presentation. An initial episode of acute 
renal failure is not necessarily associated with a bad progno-
sis.677 In a study of 20 adult patients with diffuse proliferative 
glomerulonephritis, 11 had acute renal failure and 9 had 
normal or mild renal insufficiency. There were no differ-
ences between these groups in clinical, immunologic, or 
histologic features. After 18 months of follow-up, outcome 
was similar in the two groups. Thus, there is little evidence 
to suggest the need for any form of immunosuppressive 
therapy. Because of the profound salt and water retention 
observed in these patients—and, in some, pulmonary 
congestion—it is important to use loop diuretics such as 
furosemide to avoid volume expansion and hypertension. 
When volume expansion does occur, antihypertensive 
agents are frequently useful to ameliorate the hypertension. 
Interestingly, plasma renin levels are reduced; however, cap-
topril has been shown to lower blood pressure and improve 
GFR in patients with PSGN.728

Some patients with substantial volume expansion and 
marked pulmonary congestion show no response to diuretic 
therapy. In those individuals, dialytic support is appropriate, 
either hemodialysis or continuous venovenous hemofiltra-
tion in adults or peritoneal dialysis in children. Some 
patients develop substantial hyperkalemia. In those patients, 
treatment with exchange resins or dialysis may be useful. 
Importantly, so-called potassium-sparing agents, including 
triamterene, spironolactone, and amiloride, should not be 
used in this disease state. Usually, patients undergo a spon-
taneous diuresis within 7 to 10 days after the onset of their 
illness no longer require supportive care.677,729 There is no 
evidence to date that early treatment of streptococcal 
disease, either pharyngitic or cellulitic, will alter the risk of 
PSGN. It has long been speculated that treatment with peni-
cillin can control the spread of outbreaks of epidemic 
PSGN. In studies from aboriginal communities in Australia, 
the use of benzathine penicillin prevented new cases of 
PSGN, especially in children with skin sores and household 
contact with affected cases.730

The long-term prognosis of patients with PSGN is not as 
benign as previously considered. Widespread crescentic glo-
merulonephritis results in an increased number of obsoles-
cent glomeruli associated with tubulointerstitial disease that 
results in progressive reduction of the renal mass over 
time.731 A proportion of patients with streptococcal glomer-
ulonephritis develop hypertension, proteinuria, and renal 
insufficiency 10 and 40 years after the illness.731-733 

tests are likely affected by the method of obtaining a culture 
specimen and the test used.695 Such cultures may be less 
satisfactory than serologic studies to evaluate for the pres-
ence of recent streptococcal infection in patients suspected 
of having PSGN.696 The antibodies most commonly studied 
for the detection of a recent streptococcal infection are 
anti–streptolysin O, antistreptokinase, antihyaluronidase, 
antideoxyribonuclease B, and anti–nicotinamide adenine 
dinucleotidase.697 Of these, the most commonly used is the 
anti–streptolysin O test. An elevated anti–streptolysin O  
titer above 200 units may be found in 90% of patients  
with pharyngeal infection.631 In the diagnosis of an acute 
PSGN, however, a rise in titer is more specific than the 
absolute level of the titer. The latter is likely affected by the 
geographic and socioeconomic prevalence of pharyngeal 
infections with group A streptococci. Increased anti–
streptolysin O titers are present in about two thirds of 
patients with upper respiratory tract infection but in only 
about one third of patients following streptococcal impe-
tigo.628 Serial anti–streptolysin O titer determinations with a 
twofold or greater rise in titer are highly indicative of a 
recent infection.628,631

The streptozyme test combines several antistreptococcal 
antibody assays and may be a useful screening test.696 
Since certain strains of type 12 group A streptococci do not 
produce streptolysin S or O, and in patients in whom 
impetigo-associated PSGN is suspected, testing for anti–
deoxyribonuclease B and antihyaluronidase is a useful pro-
cedure.641 Antibodies to other streptococcal cell wall 
glycoproteins may also increase, including those for end-
ostreptosin.631,698-701 On occasion, autoantibodies to collagen 
and laminin may be detected.631,702 Cultures of throat or skin 
specimens may yield positive results in as few as one fourth 
of patients.

The serial measurement of complement component 
levels is important in the diagnosis of PSGN. Early in the 
acute phase, the levels of hemolytic complement activity 
(CH-50 and C3) are reduced. These levels return to normal 
usually within 8 weeks.631,679,703-708 The reduction in serum C3 
levels is especially marked in patients with C3NeF, which is 
capable of cleaving native C3.547-549 The finding of low pro-
perdin and C3 levels, and concomitant normal to modestly 
reduced levels of C1q, C2, and C4703,704,709 all point to the 
importance of the activation of the alternate pathway of the 
complement cascade.703 Immunohistochemical analysis of 
mannose-binding protein and mannose-binding protein-
associated serine proteinase 1 suggests that the lectin 
pathway of complement activation is engaged in about a 
third of patients.710 There is some evidence as well for activa-
tion via the classical pathway.711 Another complement level 
abnormality is a mild depression of C5 levels, whereas levels 
of C6 and C7 are most often normal.547,631,709 The plasma 
level of soluble terminal complement components (C5b-9) 
rises acutely and then falls to normal.704 Because comple-
ment levels typically return to normal within 8 weeks, the 
presence of persistent depression of C3 levels may be indica-
tive of another diagnosis, such as MPGN, endocarditis, 
occult sepsis, SLE, atheromatous emboli, or congenital 
chronic complement deficiency.703

Circulating cryoglobulins712,713 as well as circulating 
immune complexes714-717 may be detected in some patients 
with PSGN. The pathophysiologic importance of these 
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of all biopsies in Europe and 10% of all biopsies in North 
America.743 This wide variation in incidence is partly attrib-
utable to the differing indications for kidney biopsy in Asia 
compared with those in North America. In Asia, urinalyses 
are performed routinely in school-aged children. Those 
with asymptomatic hematuria typically undergo biopsy, 
which may lead to an increased number of diagnoses of IgA 
nephropathy. Genetic issues may also be important in the 

Nonetheless, it is most common that the long-term disease 
process is marked only by mild hypertension.

In some patients, there is evidence to suggest that the 
original diagnosis of PSGN may have been in error. This is 
especially true for individuals in whom a kidney biopsy was 
never performed. For instance, a patient who has an upper 
respiratory tract infection and then develops a glomerulo-
nephritis may be considered to have PSGN when, in fact, 
the patient has another proliferative form of glomerulone-
phritis. In these patients, lack of resolution of the kidney 
disease should prompt a kidney biopsy to elucidate the 
underlying cause of the glomerular injury.

IMMUNOGLOBULIN A NEPHROPATHY

EPIDEMIOLOGY
IgA nephropathy remains one of most common forms, if 
not the most common form, of glomerulonephritis, espe-
cially in developed countries with low prevalence of infec-
tious diseases.734 Initially described in the late 1960s by 
Berger and Hinglais,735,736 the disorder is characterized by 
deposition predominantly of IgA (and, to a lesser extent, of 
other immunoglobulins) in the mesangium with mesangial 
proliferation and with clinical features that span the spec-
trum from asymptomatic hematuria to rapidly progressive 
glomerulonephritis. Although it was previously considered 
a benign disease, it is now clear that up to 40% of patients 
may progress to ESKD. Moreover, it has become recognized 
that, in addition to a primary form of the disorder, IgA 
nephropathy is also associated with and may be secondary 
to a variety of disease processes (Table 32.14).

IgA nephropathy occurs in individuals of all ages, but it 
is most common in the second and third decades of life, 
and it is much more common in males than females (Table 
32.15). IgA nephropathy is uncommon in children younger 
than 10 years of age. In fact, 80% of patients are between 
the ages of 16 and 35 at the time of kidney biopsy.737-742 The 
male/female ratio has been described as anywhere from 2 : 1 
to 6 : 1.737-742

The distribution of IgA nephropathy varies in different 
geographic regions throughout the world.743 It is the most 
common form of primary glomerular disease in Asia, 
accounting for up to 30% to 40% of all biopsies performed 
for diagnosis of glomerular disease, and it accounts for 20% 

Table 32.14  Classification of Immunoglobulin A 
(IgA) Nephropathy

Primary IgA Nephropathy
Secondary IgA Nephropathy
Associated Disorders

IgA vasculitis
HIV infection
Toxoplasmosis
Seronegative spondyloarthropathy
Celiac disease
Dermatitis herpetiformis
Crohn’s disease
Liver disease
Alcoholic cirrhosis
Ankylosing spondylitis
Reiter’s syndrome
Neoplasia

Mycosis fungoides
Lung carcinoma
Mucin-secreting carcinoma

Cyclic neutropenia
Immunothrombocytopenia
Gluten-sensitive enteropathy
Scleritis
Sicca syndrome
Mastitis
Pulmonary hemosiderosis
Berger’s disease
Leprosy

Familial IgA Nephropathy

Data from references 780, 802, 814, 925, 926, and 1392-1419.

Table 32.15  Diseases That Cause Glomerulonephritis*

Glomerular Lesion N
Male/Female
Ratio

White/Black
Ratio

IgA nephropathy 693 2.0 : 1.0 14.0 : 1.0
MPGN type I 248 1.2 : 1.0 3.3 : 1.0
Anti-GBM 82 1.1 : 1.0 7.9 : 1.0
ANCA-GN 257 1.0 : 1.0 6.7 : 1.0
Fibrillary glomerulonephritis 76 1.0 : 1.2 14.3 : 1.0

*Based on the analysis of 9605 native kidney biopsy specimens evaluated at the University of North Carolina Nephropathology Laboratory. 
This laboratory evaluates kidney biopsy specimens from a base population of approximately 10 million throughout the southeastern 
United States and centered in North Carolina. The expected white/black ratio in this kidney biopsy population is approximately 3:2.

ANCA-GN, Antineutrophil cytoplasmic antibody–associated glomerulonephritis; GBM, glomerular basement membrane; IgA, 
immunoglobulin A; MPGN, membranoproliferative glomerulonephritis.
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genomewide linkage study of 30 kindreds with IgA nephrop-
athy, a locus on chromosome 6q22-23 was identified with a 
logarithm of the odds ratio (LOD) score of 5.6770; and was 
named IGAN1 (A LOD score of 3 or higher signifies odds 
of 1000 : 1 or higher in favor of linkage).766

Genomewide association studies have successfully identi-
fied candidate genes and single-nucleotide polymorphisms 
(SNPs) that may correlate with susceptibility to or protec-
tion against IgA nephropathy. A genomewide association 
study was first performed using DNA within the UK Glo-
merulonephritis DNA Bank from individuals with IgA 
nephropathy771 and then later in Chinese cohorts.772,773 
These studies led to the identification of seven susceptibility 
loci (three loci within the MHC region on chromosome 
6p21, DEFA locus on chromosome 8p23, TNFSF13 locus on 
chromosome 17p23, HORMAD2 locus on chromosome 
22q12, and CFH/CFHR locus on chromosome 1q32), which 
implicate defects in innate immunity, adaptive immunity, 
and the alternative complement pathway.774,775 Notably, the 
major histocompatibility complex has been implicated in 
every genomewide association study to date.

The prevailing hypothesis regarding the pathogenesis of 
IgA nephropathy focuses on defects in protein glycosyl-
ation, particularly in B cells secreting IgA1. Studies measur-
ing serum levels of galactose-deficient IgA1 in patients with 
IgA nephropathy, their relatives, and unrelated controls 
found a higher level of aberrantly glycosylated IgA1 in 
patients with familial or sporadic IgA nephropathy and in 
their at-risk relatives than in unrelated individuals or control 
subjects.776,777 This finding suggests that abnormal IgA1 gly-
cosylation is an inherited rather than an acquired trait. 
Polymorphisms of the genes for the enzymes responsible for 
glycosylation of IgA1 may thus be associated with increased 
susceptibility to IgA nephropathy. Such genes include  
core 1β-galactosyltransferase gene (C1GALT1)778,779 and the 
molecular chaperone COSMC (C1GALT1C1), although the 
findings are inconsistent across studies.

PATHOLOGY
Immunofluorescence Microscopy

IgA nephropathy can be definitively diagnosed only by the 
immunohistologic demonstration of glomerular immune 
deposits that stain dominantly or codominantly for IgA com-
pared with IgG and IgM (Figure 32.26).780-783 The staining 
is usually exclusively or predominantly mesangial, although 
a minority of specimens, especially from patients with severe 
disease, will have substantial capillary wall staining. By defi-
nition, 100% of IgA nephropathy specimens stain for IgA. 
On a scale of 0 to 4+, the mean intensity of IgA staining is 
approximately 3+.782 IgM staining is observed in 84% of 
specimens with a mean intensity (when present) of only 
approximately 1+. IgG staining is observed in 62% of speci-
mens, also with a mean intensity (when present) of approxi-
mately 1+. Early studies of IgA nephropathy described more 
frequent and more intense IgG staining than is seen today, 
but this probably was caused by the use of less specific anti-
bodies that cross-react between IgA and IgG. Almost all IgA 
nephropathy specimens have substantial staining for C3. In 
contrast, staining for C1q is rare and weak when present. If 
there is intense staining in a specimen that shows substantial 
IgA and IgG, the possibility of lupus nephritis rather than 

geographic differences. A Japanese study of biopsy speci-
mens obtained from kidney donors immediately before 
transplantation showed that 16% of donors had covert 
mesangial deposition of IgA.744 IgA nephropathy has been 
reported to be rare in African Americans,745,746 although 
population-based incidence rates of newly diagnosed IgA 
nephropathy have been found to be similar in African 
American and white populations.747 IgA nephropathy is 
quite common in Native Americans of the Zuni and Navajo 
tribes.748 The prevalence of IgA in the general population 
has been estimated to be between 25 and 50 cases per 
100,000,743,749 although notably, almost 5% of all patients 
undergoing kidney biopsy have at least some IgA deposits 
in their glomeruli.750 Population studies in Germany and in 
France calculated an incidence of 2 cases per 10,000,751-754 
but autopsy studies performed in Singapore755 suggested 
that 2.0% to 4.8% of the population had IgA deposition in 
their glomeruli.

GENETICS
IgA nephropathy is a histologically based diagnosis; it is 
unlikely to be related to a single genetic locus but rather is 
probably due to the interactions of multiple susceptibility 
and progression genes in combination with environmental 
factors.756 A number of studies suggest that there are genes 
which render an individual susceptible to IgA nephropathy 
and genes that portend a more rapid progression of IgA 
nephropathy. Polymorphisms in a number of genes, includ-
ing those coding for ACE, angiotensin, angiotensin II recep-
tor, T cell receptor, IL-1 and IL-6, interleukin receptor 
antagonist, TGF, mannose-binding lectin, uteroglobin, nitric 
oxide synthase, and TNF, as well as major histocompatibility 
loci have been evaluated as possibly affecting both the sus-
ceptibility to and progression of disease.730,757-763 A number of 
studies have examined the role of the ACE gene in IgA 
nephropathy with or without progressive disease. The D 
allele of the ACE gene may be associated with susceptibility 
to IgA nephropathy in Asians but not in whites.764 The Poly-
morphism Research to Distinguish Genetic Factors Contrib-
uting to Progression of IgA Nephropathy (PREDICT-IgAN) 
study, which investigated associations between progression 
of IgA nephropathy and 100 atherosclerotic disease–related 
gene polymorphisms using a retrospective candidate gene 
approach, found significant associations between polymor-
phisms in the glycoprotein Ia and intercellular adhesion 
molecule-1 genes and progression of disease.765 In this study, 
the association between the ACE I/D polymorphism and 
progression of disease was not found to be significant after 
adjustment for multiple comparisons.

Familial IgA nephropathy has been reported in multiple 
ethnic groups around the world, including Africa and 
Central America. Indeed, some studies suggest that 4% to 
14% of patients with IgA nephropathy may have a family 
history of kidney disease,751,766,767 and systematic screening of 
asymptomatic first-degree relatives has detected hematuria 
in more than 25% of them.768 Disease findings in most pedi-
grees are consistent with autosomal dominant transmission 
with incomplete penetrance.766 However, in some families, 
IgA nephropathy may aggregate with other glomerular 
diseases.766,769

Linkage studies have suggested an association of IgA 
nephropathy with genes at several loci.766 Based on a 
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Figure 32.26 Immunofluorescence micrograph of a glomerulus with 
features of immunoglobulin A (IgA) nephropathy showing intense 
mesangial staining for IgA. (Fluorescein isothiocyanate anti-IgA stain, 
×300.) 

Figure  32.27 Diagram depicting the ultrastructural features of 
immunoglobulin A (IgA) nephropathy. Note the mesangial dense 
deposits (arrow) and mesangial hypercellularity. (Courtesy J. Charles 
Jennette, University of North Carolina at Chapel Hill, Chapel Hill, NC.)

Figure 32.28 Electron micrograph of a capillary and adjacent mesangium from a patient with immunoglobulin A (IgA) nephropathy showing 
mesangial dense deposits (arrow) immediately beneath the perimesangial basement membrane. (×7000.) 

IgA nephropathy should be considered.782 An additional 
relatively distinctive feature of IgA nephropathy is that, 
unlike any other glomerular immune complex disease, the 
immune deposits usually have more intense staining for λ-
light chains than κ-light chains.780,782

Electron Microscopy

The ubiquitous ultrastructural finding is mesangial electron-
dense deposits that correspond to the immune deposits 
seen by immunohistologic analysis (Figures 32.27 and 
32.28).781 The mesangial deposits often are immediately 
beneath the perimesangial basement membrane. They are 
accompanied by varying degrees of mesangial matrix 

expansion and hypercellularity. Most specimens do not have 
capillary wall deposits, but a minority, especially from 
patients with more severe disease, show scattered subendo-
thelial dense deposits, subepithelial dense deposits, or both. 
The extent of endocapillary proliferation and leukocyte 
infiltration parallels the pattern of injury observed by light 
microscopy. Epithelial foot process effacement is observed 
in those patients with substantial proteinuria.

Light Microscopy

IgA nephropathy can cause any of the light microscopic 
phenotypes of proliferative glomerulonephritis (Figure 
32.29) or may cause no discernible histologic changes.781-788 
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As depicted in Figure 32.30, this spectrum of glomerular 
inflammatory responses is shared by a variety of glomerulo-
nephritides that have different causes but induce similar or 
identical light microscopic alterations in glomeruli. At the 
time of biopsy, IgA nephropathy usually manifests as a focal 
or diffuse mesangioproliferative or proliferative glomerulo-
nephritis, although specimens from a few patients will have 
no lesion by light microscopy, those from a few will show 
aggressive disease with crescents, and occasional specimens 
will already demonstrate chronic sclerosing disease. Differ-
ent criteria for performing kidney biopsy result in different 
frequencies of the various phenotypes of IgA nephropathy 
among distinct populations of patients. Of 668 consecutive 
native kidney IgA nephropathy specimens diagnosed in the 
University of North Carolina Nephropathology Laboratory, 
4% showed no lesion by light microscopy, 13% had exclu-
sively mesangioproliferative glomerulonephritis, 37% had 
focal proliferative glomerulonephritis (25% of these had 
<50% crescents), 28% had diffuse proliferative glomerulo-
nephritis (45% of these had <50% crescents), 4% had cres-
centic glomerulonephritis (50% or more crescents), 6% 
had focal sclerosing glomerulonephritis without residual 
proliferative activity, 6% had diffuse chronic sclerosing glo-
merulonephritis, and 2% had lesions that did not fall into 
any of these categories.

Figure  32.29 Light micrograph of a glomerulus with features of 
immunoglobulin A (IgA) nephropathy showing segmental mesangial 
matrix expansion and hypercellularity (straight arrow) and an adhe-
sion to Bowman’s capsule (curved arrow). (Periodic acid–Schiff stain, 
×300.) 

Figure 32.30 Diagram depicting the continuum of structural changes that can be caused by glomerular inflammation (top), the usual clinical 
syndromes that are caused by each expression of glomerular injury (middle), and the portion of the continuum that most often corresponds to 
several specific categories of glomerular disease (bottom). ANCA, Antineutrophil cytoplasmic autoantibody; ESKD, end-stage kidney disease; 
GBM, glomerular basement membrane; IgA, immunoglobulin A. 
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However, patients with endocapillary (or extracapillary) 
hypercellularity were more likely to receive immunosup-
pressive therapy, and the relationship between this patho-
logic variable and the rate of decline in kidney function may 
have been influenced by the use of immunosuppression. 
This latter finding indirectly suggests that patients with this 
type of lesion are responsive to immunosuppressive therapy.

These conclusions led to a proposal to incorporate the 
following scoring of the four identified parameters (known 
as the Oxford-MEST score) into the pathology report for IgA 
nephropathy.789

Mesangial hypercellularity: score ≤0.5 = 0, or score >0.5 = 1
Endocapillary hypercellularity: absent = 0 or present = 1
Segmental glomerulosclerosis: absent = 0 or present = 1
Tubular atrophy/interstitial fibrosis: percentage of corti-

cal area ≤25% = 0, 26% to 50% = 1, or >50% = 2

This scoring system was shown to be valid for both chil-
dren and adults,791 but true proof of its utility required vali-
dation in separate cohorts, especially in comparison to 
clinical features such as serum creatinine level and protein-
uria.792 Since the development of the Oxford classification of 
IgA nephropathy, a meta-analysis of 16 subsequent retro-
spective cohort studies between January 2009 and December 
2012 assessing the utility of the scoring system found that M, 
S, T, and crescent (C) lesions (not E lesions) were strongly 
associated with progression to kidney failure defined as 
doubled serum creatinine level, 50% decline in eGFR, or 
ESKD.793 A large validation study in Europe examined 1147 
patients that had the whole spectrum of IgA nephropathy.794 
Over a median follow-up of 4.7 years, in patients with an 
eGFR less than 30 mL/min/1.73 m2, M and T lesions inde-
pendently predicted a poor survival, and in patients with 
urinary protein excretion less than 0.5 g/day, both M and E 
lesions were associated with a rise in proteinuria to 1 or 2 g/
day or more. The combination of M, S, and T lesions with 
clinical parameters significantly increased the ability to 
predict progression in the absence of substantial immuno-
suppressive therapy. Studies to date have been retrospective 
and thus prospective studies using the Oxford classification 
are warranted.

PATHOGENESIS
A great deal of progress has been made in our understand-
ing of the pathogenesis of IgA nephropathy.730,795,796 The 
characteristic pathologic finding by immunofluorescence 
microscopy of granular deposits of IgA and C3 in the glo-
merular mesangium, as well as the dermal capillaries in IgA 
vasculitis, suggests that this disease is the result of the depo-
sition of circulating immune complexes leading to the acti-
vation of the complement cascade via the alternate pathway. 
The deposited IgA is predominantly polymeric IgA1.797-800 
The fact that polymeric IgA1 is usually derived mainly  
from the mucosal immune system, as well as the association 
of clinical flare-ups in some cases of IgA nephropathy with 
syndromes that affect the respiratory tract or gastrointesti-
nal tract, has led to the suggestion that IgA nephropathy is 
a consequence of defective mucosal immunity.801 This 
concept was supported by the finding in some patients  
with IgA nephropathy of antibodies to dietary antigens or 
various infectious agents, both viral and bacterial,802-815 and 

The mildest light microscopic expression of IgA nephrop-
athy, other than no discernible lesion, is focal or diffuse 
mesangial hypercellularity without more complex endocapil-
lary hypercellularity, such as endothelial proliferation or 
influx of leukocytes. This is analogous to International 
Society of Nephrology/Renal Pathology Service class II lupus 
nephritis. More severe inflammatory injury causes focal 
(involving less than 50% of glomeruli) or diffuse proliferative 
glomerulonephritis as the pathologic expression of IgA 
nephropathy, which is pathologically analogous to class III 
and class IV lupus nephritis. The lesions are characterized by 
not only mesangial hypercellularity but also some degree of 
endothelial proliferation or leukocyte infiltration that dis-
torts or obliterates some capillary lumens. Extensive necrosis 
is rare in IgA nephropathy, although slight focal segmental 
necrosis with karyorrhexis can occur in severely inflamed 
glomeruli. With time, destructive glomerular inflammatory 
lesions progress to sclerotic lesions that may form adhesions 
to Bowman’s capsule. Occasional patients with IgA nephrop-
athy will have focal glomerular sclerosis by light microscopy 
that is indistinguishable from FSGS until the immunofluores-
cence microscopic findings are taken into consideration. 
Because of the episodic nature of IgA nephropathy, many 
patients have combinations of focal sclerotic lesions and 
focal active proliferative lesions. Patients with the most severe 
IgA nephropathy have crescent formation because of exten-
sive disruption of capillaries.788 Advanced chronic disease is 
characterized by extensive glomerular sclerosis associated 
with marked tubular atrophy, interstitial fibrosis, and intersti-
tial infiltration by mononuclear leukocytes.

Whether histologic features detected on kidney biopsy 
can be used to predict the progression of IgA nephropathy 
has been studied for many years. Nephropathologic find-
ings have previously provided limited prognostic value over 
and above that of simple clinical parameters such as blood 
pressure, serum creatinine level, and the degree of protein-
uria. The Oxford classification of IgA nephropathy study is 
a seminal investigation that assessed the value of specific 
pathologic features in predicting the risk of progression of 
kidney disease in IgA nephropathy.789,790 The study popula-
tion was a multiethnic cohort of patients with IgA nephropa-
thy that included children (n = 59) and adults (n = 206) 
who were followed for a mean of 69 months. By an iterative 
process, pathologic variables selected based on reproduc-
ibility, least susceptibility to sampling error, ease of scoring, 
and independent association with outcome were then cor-
related through multivariate analysis with three clinical out-
comes: the rate of kidney function decline, survival from a 
50% decline in kidney function or ESKD, and proteinuria 
during follow-up.789

Four parameters emerged as independently predictive of 
clinical outcomes: mesangial hypercellularity, endocapillary 
hypercellularity, segmental glomerulosclerosis, and tubular 
atrophy/interstitial fibrosis. Of these predictors, mesangial 
hypercellularity was significantly associated with ESKD or 
50% reduction in GFR, segmental sclerosis was associated 
with the rate of decline in kidney function, and tubular 
atrophy/interstitial fibrosis was statistically associated with 
both the rate of decline and ESKD or 50% decline in kidney 
function. Endocapillary hypercellularity was not signifi-
cantly predictive of the rate of decline of kidney function 
or survival from ESKD or 50% reduction in kidney function. 
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growth factors, as well as complement activation through 
the mannose-binding lectin pathway.839-841

Of particular interest is the clinical relevance of Gd-IgA1 
and anti–Gd-IgA1 autoantibodies. A recent study demon-
strated that serum levels of IgG- and IgA-based antiglycan 
autoantibodies from 97 patients with IgA nephropathy, com-
pared to 30 patients with non-IgA nephropathy disease and 
30 healthy controls, correlate with disease progression and 
poor prognosis.842 A larger subsequent study followed 275 
patients with IgA nephropathy for a median of 47 months 
(range, 12 to 96 months) and assessed renal survival. Not 
only was the level of Gd-IgA1 elevated compared to healthy 
controls, but higher levels were independently associated 
with a greater risk of renal failure (HR per standard devia-
tion of natural log–transformed Gd-IgA1, 1.44; 95% CI, 1.11 
to 1.88; P = 0.006).843

Another component of the pathogenesis of IgA nephrop-
athy pertains to direct cytokine- or chemokine-induced 
podocyte injury, which is reflected by increased podocytu-
ria. Podocyte damage may be the result of local complement 
activation and elevated levels of platelet-derived growth 
factor or TNF-α levels.844-846

It is hypothesized that a subsequent autoantibody 
response may be triggered by an environmental cross-
reacting antigen and lead to in situ immune complex forma-
tion by interaction of circulating autoantibodies to the 
“planted” autoantigen. Formation of circulating immune 
complexes with abnormally glycosylated IgA and circulating 
IgA receptor molecules could also be involved.847 Because 
IgA1 is normally cleared from the circulation by the liver via 
the asialoglycoprotein receptor,848-850 it is also thought that 
the defective galactosylation of the hinge region in IgA1 
may lead to decreased clearance of IgA1 molecules in 
patients with IgA nephropathy.838,851

The existence, nature, and role of other autoantibodies 
in IgA nephropathy is also under investigation. A number 
of autoantibodies to various putative autoantigens have 
been described in IgA nephropathy.852 Such autoantigens 
include a mesangial cell membrane antigen,853 endothelial 
cells (human umbilical vein endothelial cells),803,852 single-
stranded DNA,803 and cardiolipin.803,854 Most of these auto-
antibodies were found in subsets of patients that rarely 
exceeded 3% of patients with IgA nephropathy and may 
sometimes be the result of high circulating levels of IgA in 
these patients.854 A more recent integrative “antibiomics” 
approach found 117 specific autoantibodies, many of which 
were directed to proteins within the kidney.855 The presence 
of IgG ANCAs has been described to occur in a minority of 
patients with IgA nephropathy.856 In addition, IgA ANCAs 
have been rarely associated with a systemic vasculitis, IgA 
vasculitis.857-859 In the setting of IgA ANCAs, the autoantigen 
seems to be different from the major ANCA autoantigens, 
namely, myeloperoxidase (MPO) and proteinase 3 (PR3). 
Circulating IgA-fibronectin complexes have also been 
described in the circulation of patients with IgA nephropa-
thy and HIV infection.860 These complexes may not be true 
immune complexes, however, and may be directly related 
to increased IgA levels in patients with IgA nephropathy.861 
A special form of IgA-dominant immune complex glomeru-
lonephritis that resembles postinfectious glomerulonephri-
tis occurs secondary to staphylococcal infection, especially 
but not exclusively in patients with diabetes.862

the clinical observation that hematuria increases acutely in 
some patients at the time of upper respiratory tract or  
gastrointestinal infections. However, it has now been  
determined that the elevation in polymeric IgA1 antibody 
synthesis does not occur in the mucosa, and polymeric IgA 
levels are increased after systemic immunization with tetanus 
toxoid.798,816,817 In addition, an increase in IgA-secreting B 
cells was documented in both peripheral blood818 and bone 
marrow819 of patients.

Serum levels of IgA do not correlate with either disease 
activity or mesangial deposits; therefore, it is unlikely that 
the pathogenesis of IgA nephropathy is related to a quanti-
tative increase in serum levels of polymeric IgA1. Rather, it 
relates to an anomaly in the IgA molecule itself, namely, in 
its glycosylation, as discussed earlier.820 This is best exempli-
fied by patients with IgA-secreting multiple myeloma, among 
whom only those patients with aberrant IgA glycosylation 
develop glomerulonephritis.

In humans, the heavy chain of IgA1, but not that of  
IgA2, contains an 18–amino acid hinge region that is  
rich in proline, serine, and threonine residues. O-linked 
monosaccharides or oligosaccharides consisting of N-acetyl-
galactosamine can be posttranslationally added to these 
amino acid residues. This N-acetylgalactosamine is usually 
substituted with a terminal galactose.821 Lectin-binding 
studies and carbohydrate composition analysis have demon-
strated that the IgA1 in patients with IgA nephropathy con-
tains less terminal galactose than that of healthy control 
subjects.798,822 The addition of a galactose residue to the 
glycosyl side chain is blocked by premature sialylation of  
the N-acetylgalactosamine residues on the hinge region 
of IgA1. The precise cause of this has not been fully eluci-
dated. Three mechanisms have been postulated: exces-
sive activity of α2,6-sialyltransferase, decreased activity of 
β1,3-galactosyltransferase, and decreased stability of β1,3-
galactosyltransferase due to decreased activity of its chaper-
one (Cosmc).823,824 Whether these abnormalities are 
acquired or genetically determined remains unclear.779,825,826 
IgA glycosylation may also be influenced by acquired abnor-
malities such as the polarity of the T cell cytokine milieu.827

Galactose-deficient IgA1 (Gd-IgA1) results in IgA1 hinge 
region exposure of N-acetylgalactosamine and neoepitope 
formation. This neoepitope is the target of IgG autoantibod-
ies as demonstrated in studies of immortalized B cells from 
patients with IgA nephropathy,824,828 and IgG autoantibodies 
specific for Gd-IgA1 are found in the circulation of such 
patients.829 These autoantibodies were found to be of highly 
restricted heterogeneity directed at the unique epitopes 
present on the abnormally glycosylated IgA1.828 The autoan-
tibodies and target Gd-IgA1 form circulating immune com-
plexes830,831 that escape removal by the reticuloendothelial 
system and deposit in glomeruli via an interaction with a 
mesangial IgA receptor, possibly the transferrin receptor.832-835 
Once deposited in glomerular mesangium, these immune 
complexes provoke mesangial proliferation.836 The deposi-
tion of IgA in glomeruli may also occur independently of 
immune complex formation837 because abnormally glycosyl-
ated IgA1 also leads to an increased binding in the 
kidney.820,831,838 However, aberrantly glycosylated IgA in isola-
tion does not cause mesangial proliferation in tissue 
culture.828 Mesangial Gd-IgA1 molecules induce a variety of 
phlogistic mediators, including cytokines, chemokines, and 
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30% of patients within two decades of the original presenta-
tion.741 In a study of the natural history of IgA nephropathy 
and “isolated” microscopic hematuria in 135 Chinese chil-
dren,30 spontaneous clinical remission occurred in 12%, 
whereas 88% had persisting hematuria. Almost 30% devel-
oped new onset of proteinuria, and hypertension developed 
in 32%. Eventually, 20% developed renal insufficiency of 
varying severity. A poor outcome was associated with persis-
tent hematuria, microalbuminuria, and tubulointerstitial 
changes on the kidney biopsy specimen. This study clearly 
demonstrates that careful follow-up is required for all 
patients given the diagnosis of IgA nephropathy.

Overall, about 25% of patients develop ESKD within  
10 to 25 years from diagnosis, depending on the initial  
severity of disease. Patients with episodes of gross (macro-
scopic) hematuria generally have a more favorable progno-
sis than those with persisting microhematuria; however, 
after an episode of microhematuria associated with acute 
renal failure a portion of patients (about 25%) may  
not recover normal kidney function.871 The proliferative 
forms of IgA nephropathy seem to be associated with better 
outcomes in children than in adults.872 It is unclear whether 
sex affects the prognosis of IgA nephropathy,873 although 
some studies suggest that prognosis may be worse for males. 
Older age at disease onset may also connote a poor 
prognosis.870,874-878

Several studies have assessed features that predict a poor 
prognosis. Sustained hypertension, persistent proteinuria 
(especially proteinuria of >1 g protein per 24 hours), 
impaired kidney function, and nephrotic syndrome are 
markers of poor prognosis.767,783,874 Controversy persists with 
respect to the issue of recurring bouts of macroscopic hema-
turia.879 It is possible that macroscopic hematuria is an overt 
manifestation of disease and therefore identifies patients 
earlier in the course of their disease. Alternatively, macro-
scopic hematuria may represent an episodic process that 
results in self-limited inflammation, in contrast to persistent 
hematuria that represents ongoing, low-grade inflamma-
tion. In general, persistent microscopic hematuria is associ-
ated with a poor prognosis.880 It is important to note that 
acute renal failure associated with macroscopic hematuria 
does not affect long-term prognosis. The fact that acute 
renal failure does occur during gross episodes of hematuria 
has been confirmed.881-883 In these patients, the acute renal 
failure is most likely associated with acute tubular damage 
and not true crescentic disease. After the episodes of gross 
hematuria, kidney function typically returns to baseline and 
the long-term prognosis is good.

The degree of proteinuria is more than likely an addi-
tional marker of glomerular disease. Whether this is a con-
sequence of the relationship between proteinuria and the 
tubular dysfunction found in many forms of glomerular 
disease or is specific to IgA nephropathy is not clear. In a 
study by Chen and colleagues,884 mice that had been made 
proteinuric by various methods had enhanced deposition of 
administered IgA immune complexes. This suggests that 
these complexes might be more easily deposited in protein-
uric states. More importantly, the amount of protein excre-
tion 1 year after diagnosis was highly predictive of the 
development of ESKD within 7 years of subsequent follow-up. 
Individuals with urinary protein excretion of less than 
500 mg/dL/24 hr had no renal failure within 7 years, 

CLINICAL FEATURES AND NATURAL HISTORY
Approximately 40% to 50% of patients have macroscopic 
hematuria at the time of their initial presentation. The epi-
sodes tend to occur in close temporal relationship to upper 
respiratory infection, including tonsillitis or pharyngitis. 
This synchronous association of pharyngitis and macro-
scopic hematuria has been given the name synpharyngitic 
nephritis. Much less commonly, episodes of macroscopic 
hematuria follow infections that involve the urinary tract or 
gastroenteritis. Macroscopic hematuria may be entirely 
asymptomatic but more often is associated with dysuria that 
may prompt the treating physician to consider bacterial 
cystitis. Systemic symptoms are frequently found, including 
nonspecific symptoms such as malaise, fatigue, myalgia,  
and fever. Some patients have abdominal or flank pain.863,864 
In a minority of patients (less than 5%), malignant hyper-
tension may be an associated presenting feature.865 In 
the most severe cases (less than 10%), acute glomerulone-
phritis results in acute renal insufficiency and failure.866,867 
Recovery typically occurs with resolution of symptoms, even 
in those patients who have been temporarily dialysis 
dependent.867

Macroscopic hematuria due to IgA nephropathy occurs 
more often in children than young adults. When it occurs 
in older individuals, it should raise the possibility of the 
more common causes of urinary tract bleeding, such as 
stones or malignancy.

A presentation with asymptomatic microscopic hematu-
ria, with or without proteinuria, occurs in 30% to 40% of 
patients. Patients with IgA nephropathy come for evaluation 
of asymptomatic hematuria with or without the presence of 
proteinuria. In addition to having glomerulonephritis, these 
patients may commonly have hypertension. In fact, in white 
patients with hypertension and hematuria, IgA nephropathy 
is the most common form of hematuria.868 Intermittent mac-
roscopic hematuria occurs in 25% of these patients. Micro-
scopic hematuria and proteinuria persist between episodes 
of macroscopic hematuria.

Patients with nephrotic syndrome at presentation may 
have widespread proliferative glomerulonephritis or coex-
isting IgA nephropathy and minimal change glomerulopa-
thies.869 Finally, some patients with IgA nephropathy 
have reached ESKD at the time of their first presentation. 
These individuals typically have had asymptomatic micro-
scopic hematuria and proteinuria that has remained 
undetected.866

In addition to idiopathic IgA nephropathy, there is sec-
ondary IgA nephropathy that is the glomerular expression 
of a systemic disease (see Table 32.14). For example, patients 
with IgA vasculitis have abdominal pain, arthritis, a vasculitic 
rash, and a glomerulonephritis that is indistinguishable 
from that of primary IgA nephropathy. This condition is 
discussed more fully in Chapter 33.

Although IgA nephropathy was earlier thought to carry a 
relatively benign prognosis, it is estimated that, measured 
from the time of diagnosis, 1% to 2% of all patients with 
IgA nephropathy will develop ESKD each year. In a review 
encompassing 1900 patients derived from 11 separate series, 
long-term renal survival was estimated to be 78% to 87% at 
a decade after presentation.870 Similarly, European studies 
have suggested that renal insufficiency may occur in 20% to 
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Korean patients with IgA nephropathy,912 a finding that has 
not been confirmed in a non-Asian population. Prolonged, 
high-level exposure to organic solvents may also confer a 
worse prognosis to patients with IgA nephropathy.913

Women with IgA tolerate pregnancy well. Only those 
women with uncontrolled hypertension, a GFR of less than 
70 mL/min, or severe arteriolar or interstitial damage on 
kidney biopsy are at risk for kidney dysfunction.914,915 Women 
with creatinine levels higher than 1.4 mg/dL have a greater 
propensity for hypertension and a progressive increase in 
creatinine level during the course of pregnancy, and 
pregnancy-related loss of maternal kidney function occurs 
in 43% of these patients. The infant survival rate was  
93% in this study; preterm delivery occurred in almost two 
thirds and growth retardation in one third of infants.916 A 
more recent study of 223 women (136 and 87 in the preg-
nancy and nonpregnancy groups) with biopsy-proven IgA 
nephropathy in Italy showed no difference in long-term 
outcomes of IgA nephropathy between the two groups over 
a minimum follow-up period of 5 years.

LABORATORY FINDINGS
To date, there are no specific serologic or laboratory tests 
diagnostic of IgA nephropathy or IgA vasculitis. The identi-
fication of abnormally galactosylated IgA1 has led to the 
development of a potential diagnostic test based on the 
detection of increased lectin binding in patients with IgA 
nephropathy.917

Although the serum IgA levels are elevated in up to 50% 
of patients, the presence of elevated IgA in the circulation 
is not specific for IgA nephropathy. The detection of IgA-
fibronectin complexes was initially thought to be a marker 
in patients with IgA nephropathy, but it has not proven to 
be a useful clinical test.918,919 As noted earlier, polymeric IgA 
also appears to be found in some patients with IgA nephrop-
athy.797,920-924 The polymeric IgA itself is of the IgA1 subclass. 
IgA may also be contained in circulating immune com-
plexes that are not complement binding. Similar immune 
complexes have been described in IgA vasculitis.925-942 The 
levels of circulating immune complexes wax and wane and 
may sometimes correlate with episodes of macroscopic 
hematuria. In one interesting study, the level of circulating 
immune complexes was increased after patients drank cow’s 
milk. This phenomenon occurred in 10% to 15% of patients 
and possibly suggests sensitivity to bovine serum albumin. 
Unfortunately, none of these findings is pathognomonic of 
IgA nephropathy.

Antibodies to the GBM,943 the mesangium,944,945 glo-
merular endothelial cells,802,855 neutrophil cytoplasmic 
constituents,804,805 IgA rheumatoid factor,946,947 and a number 
of infectious agents, bovine serum proteins, and soy 
proteins807-814,948 have been found in patients with IgA 
nephropathy. Until studies demonstrate that certain patients 
have sensitivity to a particular pathogen or food allergen, it 
is difficult to know whether to perform antibody testing to 
identify certain foods that should be eliminated from the 
patient’s diet. None of these antibody tests has been stan-
dardized in large patient populations. Therefore their appli-
cability to all patients with IgA nephropathy is not known. 
Levels of complements, such as C3 and C4, are typically 
normal and, in some patients, even elevated,949 as are com-
plement components C1q, C2-C9.739,925,926,949,950 The fact that 

whereas those with more than 3 g of protein excretion had 
approximately 60% chance of ESKD.885

Many formulas have been advanced to predict progres-
sion of IgA nephropathy in individual patients that yield 
different results for the same patient. The Toronto formula 
based on average mean arterial pressure and proteinuria 
during the first 2 years of observation is the best validated 
in white American and European subjects,886 but a large 
fraction of the variation in progression remains unexplained 
by these two factors. Risk stratification for progression can 
be aided by algorithms employing a small set of variables 
(age, sex, family history of chronic kidney disease, reduced 
eGFR at diagnosis, proteinuria, serum albumin and total 
serum protein levels, hematuria, systolic or diastolic blood 
pressure, and histologic variables).887-890 An absolute renal 
risk score to predict dialysis or death, developed by analysis 
of a prospective cohort of 332 patients with biopsy-proven 
IgA nephropathy followed for an average of 13 years, allowed 
for significant risk stratification (P < 0.0001) by counting 
the number of risk factors present at diagnosis: hyperten-
sion, proteinuria 1 g/day or more, and severe pathologic 
lesions.891 One of the most recent risk prediction scores 
based on a large cohort of Chinese patients with IgA 
nephropathy, using four baseline variables (lower eGFR, 
serum albumin, hemoglobin, and higher systolic blood pres-
sure) had a significant independent effect on risk of ESKD.892 
Treatment has also favorably influenced the long-term 
trends of progression in IgA nephropathy893 and a postdiag-
nosis decline in the level of protein excretion to less than 
1.0 g/day is a very reliable surrogate measure of a more 
favorable long-term prognosis.894

A large number of factors other than simple clinical 
assessment have been examined to predict outcomes. Some 
have been independently correlated with outcomes, whereas 
others have failed to demonstrate any added value in prog-
nostication or therapeutic decision making.895 Some of the 
more recently described factors include autophagy in podo-
cytes,896 CD19+CD5+ B cells in kidney biopsy specimens and 
in blood,897 C5b-9 glomerular deposition,898 extensive C4d 
deposition in the mesangium,899 tubular α3β1 integrin 
expression,898 granule membrane protein of 17 kDa (GMP-
17)-positive T cells in renal tubules,900 glomerular density 
and size,901 urinary epidermal growth factor/monocyte che-
motactic peptide 1 ratios,902,903 urinary growth arrest and 
DNA damage-45γ (GADD45γ) expression,904 analysis of the 
urinary proteome (kininogen, trypsin-inhibitor chain-4, 
transthyretin)905 and the fractional urinary excretion of IgG 
(in combination with assessment of nephron loss) in cres-
centic IgA nephropathy.906 Likewise, hematuria associated 
with podocyturia may be associated with a poorer progno-
sis.907 The clinical utility and applicability of these assays in 
prognostication and treatment decision making remains to 
be established and individual patient-level risk prediction 
still remains limited until risk scoring systems are validated 
in multiple diverse cohorts.

In addition to these variables, obesity,908 elevated noctur-
nal blood pressure,909 increased uric acid levels,909 and ele-
vated levels of C4-binding protein910 have been associated 
with a poorer prognosis. Moderate alcohol consumption is 
associated with an improved prognosis in IgA nephropa-
thy.911 A mildly elevated serum bilirubin level (>0.6 mg/dL) 
was associated with an improved long-term outcome in 
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ARB given at the usual dose (losartan 100 mg/day) as well 
as with a usual-dose ACE inhibitor and a low-dose ACE 
inhibitor (equivalent to enalapril 20 mg/day and 10 mg/
day, respectively).976 High-dose ARB therapy was most effica-
cious in reducing proteinuria and slowing the rate of loss of 
decline of eGFR. The current first line of treatment consists 
of escalating doses of an ARB to achieve a target urinary 
protein excretion of less than 1 g/day, along with dietary 
sodium restriction, for patients of any age with IgA nephrop-
athy and proteinuria of more than 500 mg of protein excre-
tion per day.

Glucocorticoids

Studies of glucocorticoid therapy for IgA nephropathy have 
been inconclusive. Although prednisone was initially con-
sidered to be without effect,870 some cohort studies have 
suggested that corticosteroids may afford some benefit.977,978 
For instance, a randomized controlled trial demonstrated 
that a 6-month course of intravenous plus oral glucocorti-
coids may be useful in patients with IgA nephropathy who 
have well-preserved kidney function (serum creatinine level 
of <1.5 mg/dL and proteinuria of 1 to 3.5 g of protein per 
day).979 After a 5-year follow-up, the risk of a doubling in 
plasma creatinine concentration was significantly lower in 
the corticosteroid-treated patients, who also showed a sig-
nificant decrease in mean urinary protein excretion after 1 
year that persisted throughout the follow-up.980 This benefi-
cial effect was maintained after 10 years of follow-up as 
reflected by a rate of renal survival (failure to double the 
serum creatinine level) of 97% in the treated group com-
pared to 53% in the placebo group (log rank test P = 
0.0003).979 On the other hand, no benefit of corticosteroids 
over placebo could be demonstrated in the multicenter 
randomized controlled trial conducted by the Southwest 
Pediatric Nephrology Study Group,981 although this nega-
tive result is mitigated by a statistically significant lower 
degree of proteinuria at baseline among placebo-treated 
patients. A meta-analysis of seven randomized controlled 
trials involving 366 patients suggested that glucocorticoid 
therapy was effective in reducing proteinuria and prevent-
ing loss of kidney function,982 and a subsequent meta-analysis 
of 15 clinical trials that measured ESKD, doubling of serum 
creatinine, or urinary protein excretion as outcomes found 
that corticosteroid therapy was associated with a decrease of 
proteinuria and with a statistically significant reduction in 
ESKD risk.983

Another circumstance in which prednisone has demon-
strated a substantial beneficial effect is in the treatment of 
patients with IgA nephropathy and concurrent MCD. These 
patients have nephrotic-range proteinuria and diffuse foot 
process effacement. They respond to prednisone in a 
manner very similar to that of patients with MCD.127,869,984,985 
Low doses of prednisone (20 to 30 mg/day tapered to 5 to 
10 mg/day over 2 years) may also be effective in lowering 
proteinuria in patients with mild inflammatory glomerular 
lesions.986 Conversely, poor response to glucocorticoids can 
be predicted in patients with extensive glomerular obsoles-
cence, tuft adhesions, severe interstitial fibrosis, low serum 
albumin, low eGFR, and marked proteinuria.987 A high 
number of fibroblast-specific protein 1 (FSP1)–positive cells 
in the interstitium (>33 FSP-1+ cells per high-power field) is 
highly predictive of a poor response to steroids.988

these complement levels are normal may belie the fact that 
either the alternate or the classical pathway of complement 
may be activated. In this regard, C3 fragments are increased 
in 50% to 75% of patients,951,952 and C4-binding protein 
concentrations are also increased.950 It has also been sug-
gested that both a decreased C3 level and an elevated IgA/
C3 ratio may have diagnostic utility for IgA nephropathy30 
and may be associated with a higher risk of progression.953,954 
Interestingly, a large study in Korea of 343 patients with 
biopsy-proven IgA nephropathy also demonstrated an inde-
pendently predictive correlation between decreased C3 and 
mesangial C3 deposition and renal outcomes.955

A typical finding is microscopic hematuria on urinalysis 
that may persist even at very low levels of macroscopic hema-
turia. The finding of dysmorphic erythrocytes in the urine 
is typical.956 Proteinuria is found in many patients with IgA 
nephropathy, although in the majority, protein excretion is 
less than 1 g/day. Mesangial and endocapillary hypercellu-
larity, segmental glomerulosclerosis, and extracapillary pro-
liferation are strongly associated with proteinuria.789

Although older studies suggested that the detection of 
dermal capillary IgA deposits in the skin may be of diagnos-
tic utility in IgA nephropathy,957 this test has not gained 
widespread acceptance, largely because of the substantial 
variation in sensitivity and specificity of skin biopsy findings 
in IgA in patients with nephropathy.958

TREATMENT
In part because of the outcome variability of patients with 
IgA nephropathy, the best approach to therapy remains 
incompletely established.959-961 Treatment is indicated for 
patients with urinary protein excretion of more than 0.5 g 
of protein per day.962 Three major approaches have emerged 
and are supported by substantial direct evidence: (1) RAAS 
blockade, (2) oral and/or intravenous glucocorticoids, and 
(3) combined immunosuppressive (cytotoxic) therapy. The 
latter is usually reserved for those patients with documented 
progressive disease.963 Combinations of these approaches 
are under intense evaluation, including in the Supportive 
versus Immunosuppressive Therapy of Progressive IgA 
Nephropathy (STOP-IgAN) trial, which is near completion 
(www.clinicaltrials.gov, NCT00554502).964

Angiotensin II Inhibition

In retrospective studies, angiotensin II inhibition has been 
associated with slower rate of loss of kidney function and a 
higher frequency of remission of proteinuria compared to 
either no therapy965 or to the use of β-blockers.966 Several 
randomized controlled trials of angiotensin II inhibition in 
patients with IgA nephropathy have been undertaken.967-972

A meta-analysis of 11 studies (totaling 585 subjects) 
revealed that the use of angiotensin II inhibition is associ-
ated with a reduction in proteinuria and preservation of 
GFR.973 The antiproteinuric effects of the ACE inhibitor 
appear to be more profound in patients with the ACE gene 
DD genotype.974 Observational studies of patients with IgA 
nephropathy suggest that an elevated fractional excretion 
of IgG is a powerful predictor of the renoprotective response 
to angiotensin II inhibition.975 Higher doses of angiotensin 
II inhibitors may afford additional renoprotective effect. In 
a randomized controlled trial involving 207 patients, a high-
dose ARB (losartan 200 mg/day) was compared with an 
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(8%) and transient hyperkalemia in 6 patients (24%).1001 A 
subsequent randomized crossover study using aliskiren or 
placebo in 22 patients in China with biopsy-proven IgA 
nephropathy and persistent proteinuria despite ACE  
inhibition or angiotensin receptor blockade demonstrated 
significant reductions in proteinuria at 4 weeks (1.76 ± 
0.95 to 1.03 ± 0.69 g protein per g creatinine; P < 0.0001) 
and from 4 to 16 weeks, but there was a modest but statisti-
cally significant reduction in eGFR (57.2 ± 29.1 to 54.8 ± 
29.3 mL/min/1.73 m2; P = 0.013) (www.clinicaltrials.gov, 
NCT00870493).1002

In a 3-year prospective controlled trial of cyclophospha-
mide, dipyridamole, and low-dose warfarin, it is reasonably 
clear that treatment with the combination of oral cyclophos-
phamide, dipyridamole, and low-dose warfarin1003 has very 
little long-term benefit in patients with IgA nephropathy. 
Five years after the end of a small controlled trial (N = 48), 
there was no significant difference in the rate of ESKD 
between patients previously treated with cyclophosphamide, 
dipyridamole, and warfarin (22%) and the control group 
(33%). Of note, it has since been proposed that the appar-
ent lack of benefit of cyclophosphamide therapy may have 
been clouded by the potential risk of a recently recognized 
mechanism of acute kidney injury in study subjects, termed 
warfarin-related nephropathy.1004 This observation warrants 
additional clinical trials utilizing combination therapy 
without this potential confounder.

Whether MMF is useful in the treatment of IgA nephropa-
thy is currently unknown. Three randomized trials of MMF 
have shown conflicting results.1005-1008 The studies based in 
China and Hong Kong reported a beneficial effect of MMF 
on proteinuria and hyperlipidemia999,1009 but no effect on 
kidney function in the short term.1005 Long-term follow-up 
of this cohort suggested better preservation of kidney func-
tion in the MMF-treated group.1010 On the other hand, the 
two placebo-controlled studies of MMF in white populations 
of 32 and 34 patients failed to demonstrate a benefit of MMF 
on proteinuria or the preservation of kidney function.1007,1008 
It is noteworthy that in one study,1007 patients had relatively 
advanced renal insufficiency (mean serum creatinine of 
2.4 mg/dL). Collectively, these underpowered studies fail  
to establish a role for MMF in the treatment of IgA nephrop-
athy and raise the question as to whether certain ethnic 
groups (Asians) may be more responsive to this form of 
therapy.

With regard to azathioprine use, a randomized controlled 
trial in Italy of 207 patients with biopsy-proven IgA nephrop-
athy compared steroids alone or in combination with aza-
thioprine for 6 months and found no difference in renal 
survival, defined as time to 50% increase in plasma creati-
nine from baseline over a median follow-up of 4.9 years. 
Five-year cumulative renal survival was not significantly dif-
ferent (88% vs. 89%, P = 0.83).1011 A separate randomization 
list with a longer treatment course of 1 year in patients with 
impaired kidney function (plasma creatinine >2.0 mg/dL 
and proteinuria ≥1 g/day) involving 253 patients with 
biopsy-proven IgA nephropathy from the same group of 
investigators compared steroids alone or steroids in combi-
nation with azathioprine and similarly found no difference 
in renal survival at the 6-year mark.1012

There has been much discussion in the literature about 
the use of tonsillectomy in IgA nephropathy. Results of 

In summary, glucocorticoid therapy is a reasonable  
option for treatment of patients with adverse prognostic 
features with well-preserved kidney function (GFR > 60 mL/
min/1.73 m2) who remain proteinuric despite a 3- to 
6-month trial of angiotensin II inhibitors or of patients with 
features of MCD and nephrotic syndrome.989

Combinations of Angiotensin II Inhibition and 
Glucocorticoid Therapy

Two randomized controlled trials in patients with IgA 
nephropathy have compared the combined use of glucocor-
ticoids and angiotensin II inhibition to angiotensin II inhibi-
tion alone but not with glucocorticoids alone.990,991 In the 
larger of the two studies,991 (97 subjects with IgA nephropa-
thy and urinary protein excretion of more than 1.0 g/day 
and eGFR of greater than 50 mL/min/1.73 m2), 27% of the 
subjects receiving ramipril alone developed a doubling of 
baseline serum creatinine or ESKD, whereas only 4% of 
subjects in the ramipril plus steroid group developed these 
end points (P = 0.003) after a follow-up of 8 years. These 
studies demonstrate an added benefit of glucocorticoids 
over angiotensin II inhibitors alone. Whether such com-
bined therapy should be instituted as initial therapy or only 
after a trial of angiotensin II inhibition alone remains to be 
investigated.

More aggressive treatment may be appropriate in patients 
with severe crescentic or progressive IgA nephropathy.992-994 
In a randomized controlled trial, patients with a serum cre-
atinine concentration higher 1.5 mg/dL and a GFR declin-
ing at a rate of more than 15% per year either received no 
immunosuppression or were treated with oral prednisolone 
(initially at 40 mg/day) and cyclophosphamide (at 1.5 mg/
kg/day) for 3 months followed by 2 years of treatment with 
azathioprine (1.5 mg/kg/day).995 Over a follow-up of 2 to 6 
years, 5-year renal survival was 72% in treated patients versus 
only 6% in untreated patients.995 This approach of predni-
sone coupled with oral azathioprine for 2 years in patients 
with proteinuria of more than 2.5 g of protein per day was 
also observed in a retrospective survey.996,997

The use of pulse methylprednisolone, oral prednisone, 
and/or cyclophosphamide to treat patients who have rapidly 
progressive glomerulonephritis with widespread crescentic 
transformation has been reported.998-1000 It is reasonable to 
treat crescentic disease in IgA nephropathy in a manner 
similar to other forms of crescentic glomerulonephritis 
(e.g., ANCA glomerulonephritis). Of concern, however, was 
the finding in 12 patients of the persistence of crescents on 
repeat biopsy, despite the early and aggressive treatment 
with pulse methylprednisolone and oral prednisone, and a 
short-term reversal of the acute crescentic glomerulonephri-
tis.1000 This study suggests that there was only a diminution 
in the rate of progression to ESKD.

Other Modalities

Aliskiren, a direct inhibitor of renin, has received attention 
of late as an antiproteinuric agent in IgA nephropathy. An 
open-label pilot study in 25 consecutive patients with IgA 
nephropathy in Hong Kong treated for 12 months with 
aliskiren resulted in a 26.3% (95% CI, 20.1 to 43.6; P = 0.001 
vs. baseline) mean reduction in the urine protein to creati-
nine ratio and a significant reduction in plasma renin activ-
ity; however, there were mild allergic reactions in 2 patients 
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significant reduction in proteinuria with ω-3 fatty acid use, 
but there was no significant benefit in preservation of kidney 
function.1026 Unfortunately, no benefit was found in a meta-
analysis published the same year.1027 In summary, if ω-3 fatty 
acids are used at all in the treatment of IgA nephropathy, 
they should be used adjunctively in combination with angio-
tensin II inhibition and not as monotherapy.

Summary of Recommended Treatment

In summary, patients with IgA nephropathy should be 
treated with maximally tolerated angiotensin II inhibition 
to a target protein excretion of less than 500 mg/day.1028-1031 
Should proteinuria persist despite angiotensin II inhibition, 
the addition of glucocorticoids (oral or intravenous plus 
oral) should be considered for patients with well-preserved 
kidney function (GFR ≥ 60 mL/min/1.73 m2). In those 
patients with progressive renal insufficiency, the use of pred-
nisone and cyclophosphamide followed by azathioprine 
should be considered.995 This approach to therapy is the 
subject of an ongoing large multicenter randomized  
controlled trial in Germany, the STOP-IgAN study.964 High-
dose corticosteroids and/or cyclophosphamide should also 
be considered for patients with widespread crescentic  
glomerulonephritis, whereas patients with AKI associated 
with tubular necrosis and little glomerular damage  
should be treated conservatively, because these individuals 
have an excellent long-term response. Although there is no 
conclusive evidence of efficacy, the relatively benign side 
effect profile of ω-3 fatty acid therapy permits its use in 
patients who have an unfavorable prognosis. Those patients 
with nephrotic syndrome and MCD may benefit from oral 
glucocorticoids.

IMMUNOGLOBULIN A NEPHROPATHY AND  
KIDNEY TRANSPLANTATION
The recurrence of IgA deposits after kidney transplantation 
is common, and the rate may reach 75% to 80% with long-
term (>20-year) survival of the patient and graft.1032 Fortu-
nately, most of these recurrences are clinically mild or are 
discovered incidentally at the time of an allograft biopsy to 
assess for possible rejection. Although graft loss due to 
recurrent IgA nephropathy is quite uncommon (<5%),1033 
a recurrence of IgA nephropathy worsens the overall prog-
nosis for long-term survival of an allograft,1034,1035 especially 
if crescentic disease is present. Nevertheless, overall graft 
survival in patients with IgA nephropathy is similar to that 
in patients with ESKD due to other causes.1033 Suggested risk 
factors for recurrent IgA nephropathy after transplantation 
include a rapid course of the original disease due to cres-
centic glomerulonephritis, younger age, IgA deposits in the 
donor kidney at the time of grafting, and living related or 
“zero-mismatched” kidney donor.1035,1036 Induction therapy 
with antithymocyte globulin appears to decrease the inci-
dence of recurrent disease.1037

FIBRILLARY GLOMERULONEPHRITIS AND 
IMMUNOTACTOID GLOMERULOPATHY

NOMENCLATURE
Fibrillary glomerulonephritis and immunotactoid glomeru-
lopathy are glomerular diseases that are characterized by 

retrospective trials are inconsistent.1013-1016 A single-center 
retrospective cohort study of 200 patients with biopsy-proven 
IgA nephropathy, 70 (35%) of whom received tonsillectomy, 
revealed by multiple regression modeling that tonsillectomy 
prevented GFR decline during the follow-up period (regres-
sion coefficient, 2.0; P = 0.01). This effect was also observed 
in non–steroid-treated patients.1016 Based on a retrospective 
multivariate analysis1014 of a large cohort of 329 patients from 
Japan, treatment with tonsillectomy and pulse glucocorticoid 
therapy (methylprednisolone 0.5 g/day for 3 days for three 
courses, followed by oral prednisolone at an initial dose of 
0.6 mg/kg on alternate days, with a decrease of 0.1 mg/kg 
every 2 months) was associated with clinical remission. Simi-
larly, in a multivariate analysis1017 focusing on the subgroup 
of 70 patients from the same cohort with a baseline serum 
creatinine concentration of more than 1.5 mg/dL, treat-
ment with the combination of tonsillectomy and pulse gluco-
corticoids was associated with improved long-term renal 
survival. Another retrospective analysis,1013 however, showed 
no benefit of tonsillectomy on the clinical course of IgA 
nephropathy. Interestingly, a recent retrospective analysis of 
365 patients with biopsy-proven IgA nephropathy in Japan 
revealed that tonsillectomy delayed disease progression to 
ESKD (OR, 0.09; 95% CI, 0.01 to 0.75; P = 0.026).1018

In a controlled nonrandomized trial, tonsillectomy plus 
pulse glucocorticoids was associated with a higher rate of 
remission of proteinuria and hematuria (but not kidney 
function) than pulse glucocorticoids alone.1019 A very recent 
multicenter randomized controlled trial of patients with 
biopsy-proven IgA nephropathy randomly allocated patients 
to receive tonsillectomy with steroid pulses (n = 33) versus 
steroid pulses alone (n = 39). Although urinary protein 
excretion was significantly greater in the tonsillectomy 
group at the 12-month mark (P < 0.05), clinical remission 
(defined as disappearance of hematuria, proteinuria, or 
both) was not.1020 Long-term follow-up results will possibly 
provide further clarity.

ω-3 Fatty Acids

Despite a great deal of interest in the past decade, the value 
of treatment with ω-3 long-chain polyunsaturated fatty 
acids (eicosapentaenoic and docosahexaenoic acids) in IgA 
nephropathy remains unproven. In a study by the Mayo 
Clinic1021 106 patients were randomly assigned to either 12 g 
of ω-3 fatty acids or olive oil for 2 years. Only 6% of patients 
treated with fish oil experienced a doubling of their plasma 
creatinine concentration, compared with 33% of those 
treated with olive oil. In the fish oil–treated patients, only 
14% excreted more than 3.5 g of protein per day, in con-
trast to 65% of those treated with olive oil. The enthusiasm 
for this approach, however, was tempered by subsequent 
studies that showed no benefit of fish oil therapy.1022,1023

A meta-analysis of published trials on ω-3 fatty acids 
encompassing 17 trials and 626 subjects with a variety of 
kidney diseases, including 5 trials in IgA nephropathy,1024 
revealed no beneficial effects on proteinuria or slowing in 
the rate of GFR decline. In a recent randomized controlled 
trial involving 30 patients, the addition of ω-3 fatty acids to 
angiotensin II inhibition was more effective than angioten-
sin II inhibition alone in decreasing proteinuria and eryth-
rocyturia over 6 months.1025 A subsequent meta-analysis 
of five randomized controlled trials (N = 233) found a 
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FIBRILLARY GLOMERULONEPHRITIS PATHOLOGY
Electron Microscopy

The diagnosis of fibrillary glomerulonephritis requires the 
identification by electron microscopy of irregular accumula-
tions of randomly arranged nonbranching fibrils of approxi-
mately 20 nm in diameter in glomerular mesangium, 
capillary walls, or both1038-1044,1046 (Figure 32.31A). In capil-
lary walls, the fibrillary deposits can be subepithelial, suben-
dothelial, or intramembranous. The fibrillary deposits often 
contain blotchy electron-dense material but only rarely have 

patterned deposits seen by electron microscopy (Figure 
32.31 and 32.32).1038-1045 Most renal pathologists prefer to 
distinguish fibrillary glomerulonephritis from immunotac-
toid glomerulopathy based on the presence of fibrils of 
approximately 20 nm in diameter in fibrillary glomerulone-
phritis and larger 30- to 40-nm–diameter microtubular 
structures in immunotactoid glomerulopathy1038,1040-1043 (see 
Figures 32.31 and 32.32). A minority of pathologists, 
however, advocate grouping glomerular diseases with either 
fibrillary deposits or microtubular deposits under the term 
immunotactoid glomerulopathy.1042,1045

Figure 32.31 Electron micrographs showing the glomerular deposits of fibrillary glomerulonephritis (A) and immunotactoid glomerulopathy 
(B). Note the random orientation of the former and the microtubular appearance and greater organization of the latter. (×20,000.) 
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Figure 32.32 Algorithm for the pathologic categorization of glomerular diseases with patterned or organized deposits. The first division is into 
amyloid versus nonamyloid disease, and the second is into diseases that are caused by immunoglobulin molecule deposition and those that 
are not. By the approach illustrated, fibrillary glomerulonephritis is distinguished from immunotactoid glomerulopathy based on the ultrastruc-
tural characteristics of the deposits. 
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Light Microscopy

Immunotactoid glomerulopathy has a varied light micro-
scopic appearance. Combined capillary wall thickening and 
mesangial expansion is most common, which often gives a 
membranoproliferative appearance. Immunotactoid depos-
its may be massive, resulting in nodular mesangial expan-
sion in some specimens.

Immunofluorescence Microscopy

The deposits of immunotactoid glomerulopathy usually are 
IgG dominant with staining for both κ- and λ-light chains; 
however, the immunoglobulin in the deposits of immuno-
tactoid glomerulopathy is more often monoclonal than in 
fibrillary glomerulonephritis.1040 Monoclonality warrants 
clinical workup for a B cell dyscrasia.

PATHOGENESIS
The causes and pathogenesis of fibrillary glomerulonephri-
tis and immunotactoid glomerulopathy are not known. 
Fibrillary glomerulonephritis and immunotactoid glomeru-
lonephritis have been associated with lymphoproliferative 
disease (e.g., chronic lymphocytic leukemia or B cell lym-
phomas).1040,1046,1047 Immunotactoid glomerulonephritis is 
more frequently associated with a monoclonal gammopa-
thy.1048 On rare occasions, fibrillary glomerulonephritis can 
also be associated with a monoclonal gammopathy.1049,1050 
The possible oligoclonal character of the deposits of fibril-
lary glomerulonephritis may facilitate self-association and 
fibrillar organization in a fashion analogous to that of the 
monoclonal light chains of immunoglobulin light-chain 
(AL) amyloidosis.1043 The resemblance of immunotactoid 
deposits to those of cryoglobulinemia, which often contain 
a monoclonal component, also raises the possibility that the 
presence of some type of uniformity of the immunoglobulin 
in the deposits may be causing the patterned organization 
in immunotactoid glomerulopathy. Rarely, fibrillary glomer-
ulonephritis may be associated with concomitant hepatitis 
C virus infection1051 or an unusual IgM glomerular deposit 
disease.1052

associated well-defined electron-dense deposits. The fibrils 
are distinctly larger than the actin filaments in adjacent 
cells, which is a useful observation that helps distinguish the 
fibrils of fibrillary glomerulonephritis from those of amyloi-
dosis, which are only slightly larger than actin. The fibrils 
of fibrillary glomerulonephritis are not as large as the micro-
tubular deposits of immunotactoid glomerulopathy or cryo-
globulinemia, and they do not have the “fingerprint” 
configuration occasionally observed in lupus nephritis 
dense deposits. Most patients with fibrillary glomerulone-
phritis have substantial proteinuria, and therefore there 
usually is extensive effacement of visceral epithelial foot 
processes.

Light Microscopy

In fibrillary glomerulonephritis, extensive localization of 
fibrils in capillary walls causes capillary wall thickening. 
Mesangial localization causes increased mesangial matrix 
and usually stimulates mesangial hypercellularity. Varying 
distributions of the fibrillary deposits cause the light micro-
scopic appearance of fibrillary glomerulonephritis to be 
extremely variable.1038,1044 Therefore, fibrillary glomerulone-
phritis can mimic the light microscopic appearance of 
MPGN, proliferative glomerulonephritis, or MN. Crescents 
occur in the most aggressive phenotypes. Of 74 sequential 
fibrillary glomerulonephritis specimens evaluated at Univer-
sity of North Carolina, 28% had crescents with an average 
involvement of 29% of glomeruli (range, 5% to 80%). The 
fibrillary deposits typically have a moth-eaten appearance 
when stained with a Jones’ methenamine silver stain. They 
do not show Congo red staining, which distinguishes them 
from amyloid deposits.

Immunofluorescence Microscopy

The deposits of fibrillary glomerulonephritis almost always 
stain more intensely for IgG than for IgM or IgA, and many 
specimens have little or no staining for IgM and IgA.1038-1044 
IgG4 is the dominant subclass. Only rare specimens have 
staining for only one light-chain type. C3 staining usually is 
intense. The immunofluorescence staining pattern of fibril-
lary glomerulonephritis is relatively distinctive (Figures 
32.32 and 32.33). It is neither granular nor linear; instead, 
it has an irregular bandlike appearance in capillary walls 
and an irregular shaggy appearance in the mesangium.

IMMUNOTACTOID GLOMERULOPATHY PATHOLOGY
Electron Microscopy

The tubular substructure of the deposits of immunotactoid 
glomerulopathy is readily discerned at 5000 to 10,000 mag-
nification (see Figure 32.31B). At this magnification, the 
deposits of fibrillary glomerulonephritis have no tubular 
structure. The microtubules of immunotactoid glomeru-
lopathy also have a greater tendency to align in parallel 
arrays, whereas the fibrils of fibrillary glomerulonephritis 
always are randomly distributed.781 The ultrastructural 
deposits of immunotactoid glomerulonephritis resemble 
those seen in cryoglobulinemic glomerulonephritis, and 
thus the latter must be ruled out before making a diagnosis 
of immunotactoid glomerulopathy. However, cryoglobulin-
emic microtubules typically are shorter and less well 
designed than immunotactoid microtubules.

Figure 32.33 Immunofluorescence micrograph of a glomerulus with 
features of fibrillary glomerulonephritis showing mesangial and band-
like capillary wall staining for immunoglobulin G (IgG). (Fluorescein 
isothiocyanate anti-IgG stain, ×300.) 
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61) or immunotactoid glomerulopathy (n = 6), all 
patients had proteinuria and half had nephrotic syndrome, 
whereas hematuria occurred in approximately two thirds of 
patients and hypertension in about three fourths of 
patients.1056 Renal insufficiency was discovered in half 
the patient population. There were no statistically signifi-
cant differences in clinical presentation between patients 
with fibrillary glomerulonephritis and those with immuno-
tactoid glomerulonephritis. Etiologically, patients with 
immunotactoid glomerulonephritis were statistically more 
likely to have an underlying lymphoproliferative disease, a 
monoclonal spike on serum protein electrophoresis, and 
hypocomplementemia.1056

Fibrillary glomerulonephritis with associated pulmonary 
hemorrhage has been reported anecdotally.1057 One patient 
with immunotactoid glomerulopathy also had extrarenal 
deposits in both the liver and bone.1058

TREATMENT
At this time, there is no convincingly effective form of treat-
ment for patients with either fibrillary glomerulonephritis 
or immunotactoid glomerulopathy.1046 The dismal progno-
sis in patients with either of these diseases has prompted 
physicians to search for some immunosuppressive form of 
treatment. Fully 40% to 50% of patients with these diseases 
develop ESKD within 6 years of presentation.1038,1039,1041,1043 
Efforts at treatment with either glucocorticoids or alkylating 
agents such as cyclophosphamide have typically shown 
either no response or, at best, some amelioration of protein-
uria.1059 In the authors’ own experience, prednisone therapy 
alone has had no benefit. One small case series (three 
patients) reported significant improvement in proteinuria 
in response to rituximab (either alone or in combination 
with corticosteroids) or tacrolimus.1060 In fibrillary glomeru-
lonephritis and other forms of glomerulonephritis associ-
ated with chronic lymphocytic leukemia or other forms of 
lymphocytic lymphoma, there is a report of improvement in 
a minority of patients treated with chlorambucil. Thus, it is 
possible that the treatment of the underlying malignancy, if 
present, may improve the glomerulonephritis.1047

The recurrence rate of fibrillary glomerulonephritis after 
kidney transplantation is unclear. One report describes 
recurrent disease in three of four patients who had received 
five transplants.1061 In a larger case series, recurrent disease 
occurred in none of five patients with fibrillary glomerulo-
nephritis but in five of seven patients with monoclonal gam-
mopathy and fibrillary deposits.1062

RAPIDLY PROGRESSIVE 
GLOMERULONEPHRITIS AND  
CRESCENTIC GLOMERULONEPHRITIS

NOMENCLATURE AND CATEGORIZATION

The term rapidly progressive glomerulonephritis (RPGN) refers 
to a clinical syndrome characterized by a rapid loss of kidney 
function, often accompanied by oliguria or anuria, and by 
features of glomerulonephritis, including dysmorphic eryth-
rocyturia, erythrocyte cylindruria, and glomerular protein-
uria.1063 Aggressive glomerulonephritis that causes RPGN 
usually has extensive crescent formation.1064 For this reason, 

EPIDEMIOLOGY AND CLINICAL FEATURES
An analysis of 9085 consecutive native kidney biopsy speci-
mens evaluated in the University of North Carolina Nephro-
pathology Laboratory revealed a frequency of 0.8% for 
fibrillary glomerulonephritis and 0.1% for immunotactoid 
glomerulonephritis, compared with 14.5% for MN, 7.5% for 
IgA nephropathy, 2.6% for type I MPGN, 1.5% for amyloi-
dosis, and 0.8% for anti-GBM glomerulonephritis. Thus, 
fibrillary glomerulonephritis is about as common as anti-
GBM glomerulonephritis and much more frequent than 
immunotactoid glomerulopathy.

Patients with fibrillary glomerulonephritis present with  
a mixture of nephrotic and nephritic syndrome fea-
tures.1041,1042,1046 Patients may have microscopic or macro-
scopic hematuria, renal insufficiency (including rapidly 
progressive glomerulonephritis in a few patients), hyperten-
sion, and proteinuria, which may be in the nephrotic range. 
In a series of 28 patients with fibrillary glomerulonephritis 
seen at the University of North Carolina, the mean age was 
49 years (range, 21 to 75 years), the ratio of males to females 
was 1 : 1.8, and the ratio of whites to blacks was 8.3 : 1.1043 
After 24 months of follow-up, renal survival was only 48%.1043 
In a subsequent series of 66 patients with fibrillary glomeru-
lonephritis seen at Mayo Clinic in Rochester, Minnesota, 
between 1993 and 2010, the mean age at diagnosis was 53 
years and the male/female ratio was 1 : 1.2. At presentation, 
100% of patients had proteinuria, 52% had hematuria, 71% 
were hypertensive, and 66% had renal insufficiency. Under-
lying malignancy (23%), dysproteinemia (17%), and auto-
immune disease (15%) were common. Of 61 patients with 
available data followed for an average of 52.3 months, 13% 
had complete or partial remission, 43% had persistent 
kidney dysfunction, and 44% progressed to ESKD. Not sur-
prisingly, older age, higher creatinine and proteinuria at 
biopsy, and higher percentage of global glomerulosclerosis 
were independent predictors of ESKD by multivariate  
analysis.1053 Overall, proteinuria is common at the time of 
presentation, as are hematuria, renal insufficiency, and 
hypertension. In patients in whom these disorders are diag-
nosed, malignancy, Crohn’s disease, SLE, and cryoglobuli-
nemia must be ruled out. Such patients have progressive 
renal failure in less than 5 years, although long-term patient 
survival is more than 80% at 5 years.1048,1054

In a group of six patients with immunotactoid glomeru-
lopathy, the mean age was 62.1041 At presentation, the clini-
cal features in these patients looked very much like those in 
patients with fibrillary glomerulonephritis and included 
proteinuria, hematuria, and renal insufficiency. In the 
largest series to date, 16 patients with immunotactoid glo-
merulopathy were identified from the pathology archives at 
Mayo Clinic in Rochester, Minnesota. Proteinuria was 
present in 100% of patients; 80% had microhematuria, 69% 
had nephrotic syndrome, and 50% had renal insufficiency. 
Interestingly, 38% of patients had a hematologic malig-
nancy. Over an average of 48 months of follow-up of 12 
patients, 50% remitted, 33% had persistent kidney dysfunc-
tion, and 17% progressed to ESKD.1055

Importantly, patients with immunotactoid glomerular 
disease are more likely to have an associated hematopoietic 
process and poor long-term survival.1041 In a review study of 
67 patients presenting with fibrillary glomerulopathy (n = 
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Figure  32.34 Light micrograph showing a large cellular crescent. 
(×500.) 

Table 32.16  Relative Frequency of Immunopathologic Categories of Crescentic Glomerulonephritis (CGN) in 
Different Age Groups (in Percent)*

Immunopathologic Category

Age in Years

All Ages
(N = 632)

1-20
(n = 73)

21-60
(n = 303)

>60
(n = 256)

Anti–glomerular basement membrane CGN 15 12 15 15
Immune complex CGN 24 45 35 6
Pauci-immune CGN† 60 42 48 79
Other 1 0 30 0

*CGN is defined as the presence of crescents in more than 50% of glomeruli. Frequency is determined with respect to age in patients 
whose kidney biopsy specimens were evaluated at the University of North Carolina Nephropathology Laboratory. Notice the very high 
frequency of pauci-immune disease (usually antineutrophil cytoplasmic antibody [ANCA] associated) in older adults.

†Approximately 90% associated with ANCA.
Data from Jennette JC, Nickeleit V: Anti-glomerular basement membrane glomerulonephritis and Goodpasture’s syndrome. In Jennette 

JC, Olson JL, Silva FG, D’Agati V, editors, Heptinstall’s Pathology of the kidney, ed 7, Philadelphia, 2015, Wolters Kluwer, 
pp 657-684.

the clinical term rapidly progressive glomerulonephritis is some-
times used interchangeably with the pathologic term crescen-
tic glomerulonephritis. Crescentic glomerulonephritis is the 
most aggressive structural phenotype in the continuum of 
injury that results from glomerular inflammation (see 
Figure 32.30). This pathologic feature can be seen on light, 
immunofluorescence, and electron microscopy.1064-1066 It is 
the result of focal rupture of glomerular capillary walls that 
allows inflammatory mediators and leukocytes to enter Bow-
man’s space, where they induce epithelial cell proliferation 
and macrophage influx and maturation that together 
produce cellular crescents (Figure 32.34).1067-1069

Kidney diseases other than crescentic glomerulonephritis 
can cause the sign and symptoms of RPGN. Two examples 
are acute thrombotic microangiopathy and atheroembolic 
kidney disease. Although acute tubular necrosis and acute 

tubulointerstitial nephritis may cause rapid loss of kidney 
function and oliguria, these processes typically do not cause 
dysmorphic erythrocyturia, erythrocyte cylindruria, or sub-
stantial proteinuria.

A small minority of all patients with glomerulonephritis 
develop RPGN with the exception of patients with anti-GBM 
disease and ANCA disease who have a high frequency of 
crescents. The incidence of rapidly progressive glomerulo-
nephritis has been estimated to be as low as seven cases per 
million population per year.631,1070 The three major immu-
nopathologic categories of crescentic glomerulonephritis 
have different frequencies in different age groups (Table 
32.16).1063-1065,1071 In a patient who has RPGN clinically and 
in whom crescentic glomerulonephritis is identified by light 
microscopy in a kidney biopsy specimen, the precise diag-
nostic categorization of the disease requires integration of 
clinical, serologic, immunohistologic, and electron micro-
scopic data (Figure 32.35).

Immune complex crescentic glomerulonephritis is caused 
by immune complex localization within glomeruli. It is the 
most common cause of RPGN in children (see Table 
32.16).1064 The major clinical differential diagnosis in chil-
dren is hemolytic uremic syndrome, which also can cause 
rapid loss of kidney function, hypertension, hematuria, and 
proteinuria. The presence of microangiopathic hemolytic 
anemia and thrombocytopenia are indicators that the rapid 
loss of kidney function is more likely caused by hemolytic 
uremic syndrome than crescentic glomerulonephritis. 
Pauci-immune crescentic glomerulonephritis, which shows 
little or no evidence of localization of immune complex or 
anti-GBM antibodies in glomeruli, is usually associated with 
the presence of ANCAs and is the most common cause for 
RPGN and crescentic glomerulonephritis in adults, espe-
cially older adults (Tables 32.16 and 32.17).1063,1071-1073 In 
most patients, pauci-immune crescentic glomerulonephritis 
is a component of a systemic small vessel vasculitis, such as 
GPA or microscopic polyangiitis (MPA); however, some 
patients have renal-limited (primary) disease.1064,1074 Anti-
GBM disease is the least frequent cause of crescentic glo-
merulonephritis (see Tables 32.16 and 32.17).1063,1064,1071,1072
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Figure 32.35 Algorithm for diagnostic classification of glomerulonephritis (GN) that is known or suspected of being mediated by antibodies 
and complement. Note that integration of light microcopy, immunofluorescence (IF) microscopy, electron microscopy, laboratory data, and 
clinical manifestations is required to precisely diagnose GN. ANCA, Anti-neutrophil cytoplasmic autoantibody; DDD, dense deposit disease; 
EGPA, eosinophilic granulomatosis with polyangiitis; GBM, glomerular basement membrane; GPA, granulomatosis with polyangiitis; IgA, immu-
noglobulin A; MPA, microscopic polyangiitis; MPGN, membranoproliferative glomerulonephritis. 
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Table 32.17  Frequency of Immunopathologic Categories of Glomerulonephritis (GN) in Kidney Biopsy 
Specimens Evaluated by Immunofluorescence Microscopy*

Immunohistology
All Proliferative GN 
(n = 1093)

Any Crescents 
(n = 540)

> 50% 
Crescents  
(n = 195)

Arteritis in Biopsy  
(n = 37)

Pauci-immune GN (<2+ immunoglobulin 
staining score)

45% (496/1093) 51% (227/540) 61% (118/195)† 84% (31/37)

Immune complex GN (≥2+ immunoglobulin 
staining score)

52% (570/1093) 44% (238/540) 29% (56/195) 14% (5/37)‡

Anti–glomerular basement membrane GN 3% (27/1093) 5% (25/540)§ 11% (21/195) 3% (1/37)¶

*Based on the analysis of more than 3000 consecutive nontransplant renal biopsy specimens evaluated at the University of North Carolina 
Nephropathology Laboratory.

†Seventy of 77 patients (91%) tested positive for antineutrophil cytoplasmic antibody (ANCA) (44 for perinuclear ANCA [P-ANCA] and 26 
cytoplasmic ANCA [C-ANCA]).

‡Four patients had lupus and one had poststreptococcal glomerulonephritis.
§Three of 19 patients (16%) tested positive for ANCA (2 for P-ANCA and 1 for C-ANCA).
¶This patient also tested positive for P-ANCA (myeloperoxidase ANCA).
Derived from Jennette JC, Nickeleit V: Anti-glomerular basement membrane glomerulonephritis and Goodpasture’s syndrome. In 

Jennette JC, Olson JL, Silva FG, et al, editors: Heptinstall’s pathology of the kidney, ed 7, Philadelphia, 2015, Wolters Kluwer, 
pp 657-684.
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is immune complex or complement mediated versus anti-
GBM antibody mediated or ANCA mediated. The pattern 
and composition of immunoglobulin and complement 
staining depend on the underlying category of immune 
complex glomerulonephritis or C3 glomerulopathy that  
has induced crescent formation.357,658,1077 For example, cres-
centic glomerulonephritis with predominantly mesangial  
IgA-dominant deposits is indicative of crescentic IgA 
nephropathy; C3-dominant deposits with peripheral band-
like configurations suggest crescentic MPGN; coarsely gran-
ular capillary wall deposits raise the possibility of crescentic 
postinfectious glomerulonephritis; and finely granular IgG-
dominant capillary wall deposits suggest crescentic MN. The 
latter may be a result of concurrent anti-GBM disease, which 
also causes linear GBM staining beneath the granular stain-
ing, or concurrent ANCA disease, which can be documented 
serologically. About a quarter of all patients with crescentic 
immune complex glomerulonephritis are ANCA positive, 
whereas less than 5% of patients with noncrescentic immune 
complex glomerulonephritis are ANCA positive. This sug-
gests that the presence of ANCAs in patients with immune 
complex glomerulonephritis may predispose to a disease 
that is more aggressive.

Electron Microscopy

As with the findings by immunofluorescence microscopy, 
the findings by electron microscopy in patients with cres-
centic immune complex glomerulonephritis depend on the 
type of immune complex disease that has induced crescent 
formation. The hallmark ultrastructural finding is immune 
complex–type electron-dense deposits. These deposits can 
be mesangial, subendothelial, intramembranous, subepithe-
lial, or any combination of these. The pattern and distribu-
tion of deposits may indicate a particular phenotype of 
primary crescentic immune complex glomerulonephritis, 
such as postinfectious, membranous, membranoprolifera-
tive, or dense deposit disease.357,658,1077 Ultrastructural find-
ings also may suggest that the disease is secondary to some 
unrecognized systemic process. For example, endothelial 
tubuloreticular inclusions suggest lupus nephritis, and 
microtubular configurations in immune deposits suggest 
cryoglobulinemia.

In all types of crescentic glomerulonephritis, breaks in 
GBMs usually can be identified if looked for carefully, espe-
cially in glomerular segments adjacent to crescents. Dense 
fibrin tactoids occur in thrombosed capillaries, in sites of 
fibrinoid necrosis, and in the interstices between the cells 
in crescents. In general, the extent of fibrin tactoid forma-
tion in areas of fibrinoid necrosis is less conspicuous in 
crescentic immune complex glomerulonephritis than in 
crescentic anti-GBM or ANCA glomerulonephritis.

PATHOGENESIS
Crescentic glomerulonephritis is the result of a final 
common pathway of glomerular injury that results in cres-
cent formation. Multiple causes and pathogenic mecha-
nisms can lead to the final common pathway, including 
many types of immune complex disease. The general dogma 
is that immune complex localization in glomerular capillary 
walls and mesangium, by either deposition or in situ forma-
tion or both, activates multiple inflammatory mediator 
systems.214,1063,1064 This includes humoral mediator systems, 

IMMUNE COMPLEX–MEDIATED CRESCENTIC 
GLOMERULONEPHRITIS

EPIDEMIOLOGY
Most patients with immune complex–mediated crescentic 
glomerulonephritis have clinical or pathologic evidence of 
a specific category of primary glomerulonephritis, such as 
IgA nephropathy, postinfectious glomerulonephritis, or 
MPGN, or they have glomerulonephritis that is a compo-
nent of a systemic immune complex disease, such as SLE, 
cryoglobulinemia, or IgA vasculitis. A minority of patients 
with immune complex–mediated crescentic glomerulone-
phritis, however, do not have patterns of immune complex 
localization that readily fit into these specific categories of 
immune complex glomerulonephritis.1075

Immune complex–mediated crescentic glomerulonephri-
tis accounts for the majority of crescentic glomerulonephrit-
ides in children but for only a minority of crescentic 
glomerulonephritides in older adults (see Table 32.16). The 
higher frequency in children and young adults reflects a 
similar trend in other types of immune complex glomeru-
lonephritides such as IgA nephropathy, PSGN, MPGN, 
dense deposit disease, and lupus nephritis.

PATHOLOGY
Light Microscopy

The light microscopic appearance of immune complex–
mediated crescentic glomerulonephritis depends on the 
underlying category of glomerulonephritis; for example, in 
their most aggressive expressions, MPGN, acute postinfec-
tious glomerulonephritis, or proliferative glomerulonephri-
tis, including IgA nephropathy, can all have crescent 
formation.356,360,653,659,785,1000,1070,1076 This underlying pheno-
type of immune complex glomerulonephritis is recognized 
best in the intact glomeruli or glomerular segments. Immune 
complex–mediated glomerulonephritis and C3 glomeru-
lopathy usually have varying combinations of capillary wall 
thickening and endocapillary hypercellularity in the intact 
glomeruli. This is in contrast to anti-GBM glomerulonephri-
tis and ANCA glomerulonephritis, which tend to have sur-
prisingly little alteration in intact glomeruli and segments 
in spite of the severe necrotizing injury in involved glom-
eruli and segments. In glomerular segments adjacent to 
crescents in immune complex glomerulonephritis, there 
usually is some degree of necrosis with karyorrhexis; however, 
the necrosis rarely is as extensive as that typically seen with 
anti-GBM or ANCA glomerulonephritis. In addition, there 
is less destruction of Bowman’s capsule associated with cres-
cents in immune complex glomerulonephritis, as well as less 
pronounced periglomerular tubulointerstitial inflamma-
tion. Crescents in immune complex glomerulonephritis 
have a higher proportion of epithelial cells to macrophages 
than crescents in anti-GBM or ANCA glomerulonephritis, 
which may be related to the less severe disruption of Bow-
man’s capsule and thus less opportunity for macrophages to 
migrate in from the interstitium.1075

Immunofluorescence Microscopy

Immunofluorescence microscopy, as well as electron micros-
copy, provides the evidence that crescentic glomerulonephritis 
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verification that the antibodies are specific to the 
GBM.631,1091,1095 The antibodies eluted from kidney tissue 
bind to the same epitope of type IV collagen as the circulat-
ing anti-GBM antibodies from the same patient.1098

Anti-GBM disease occurs as a renal-limited disease (anti-
GBM glomerulonephritis) and as a pulmonary-renal vascu-
litic syndrome (Goodpasture’s syndrome).631,1075,1085-1097,1099 
The incidence of anti-GBM disease has two peaks with 
respect to age. The first peak is in the second and third 
decades of life, and anti-GBM disease in this age group 
shows a higher frequency of pulmonary hemorrhage  
(Goodpasture’s syndrome). The second peak is in the  
sixth and seventh decades, and this later-onset disease is 
more common in women, who more often have renal-
limited disease. Interestingly, anti-GBM autoantibodies were 
detected in multiple serum samples from the Department 
of Defense Serum Repository before diagnosis in a case-
control study involving 30 patients with anti-GBM disease 
and 30 healthy controls (50% vs. 0%, P < 0.001),1100 which 
suggests the development of the autoimmune response 
prior to onset of disease.

Genetic susceptibility to anti-GBM disease is associated 
with HLA-DR2 specificity.1101 More detailed analysis of the 
association with HLA-DR2 revealed a link with the DRB1 
alleles, DRB1*1501 and DQB*0602.1102-1106 Further refine-
ment of this association showed that polymorphic residues 
in the second peptide-binding region of the HLA class II 
antigen segregated with disease, supporting the hypothesis 
that the HLA association in anti-GBM disease reflects the 
ability of certain class II molecules to bind and present anti-
GBM peptides to helper T (TH) cells.1102

This concept is further supported by mouse models of 
anti-GBM disease in which crescentic glomerulonephritis 
and lung hemorrhage are restricted to only certain major 
histocompatibility complex (MHC) haplotypes, despite the 
ability of mice of all haplotypes to produce antibodies to the 
α3 NC1 (noncollagenous) domain of type IV collagen.1107 
Analysis of gene expression in the kidneys of mouse strains 
susceptible to anti-GBM antibody–induced nephritis, com-
pared with those of control strains, revealed that one fifth 
of the underexpressed genes in these mice belonged to the 
kallikrein gene family, which encodes serine esterases impli-
cated in the regulation of inflammation, apoptosis, redox 
balance, and fibrosis.1108 Antagonizing the kallikrein pathway 
by blocking the bradykinin receptors B1 and B2 augmented 
disease, whereas bradykinin administration reduced the 
severity of anti-GBM antibody–induced nephritis in a sus-
ceptible mouse strain. Nephritis-sensitive mouse strains had 
kallikrein haplotypes that were distinct from those of control 
strains, including several regulatory polymorphisms. These 
results suggest that kallikreins are protective disease-
associated genes in anti-GBM antibody–induced nephri-
tis.1108 Whether these findings pertain to susceptibility to or 
severity of anti-GBM disease in humans in unknown. It 
should also be noted that a more recent genomewide asso-
ciation study of 48 Chinese patients with anti-GBM disease 
compared to 225 matched healthy controls revealed a 
genetic association of an FCγRIIB polymorphism (I232T) 
with disease susceptibility.1109 This same polymorphism has 
been identified in patients with SLE and is thought to alter 
this inhibitory receptor responsible for maintenance of B 
cell tolerance and activation thresholds.1110

such as the coagulation system, kinin system, and comple-
ment system, as well as phlogogenic cells, such as neutro-
phils, monocytes/macrophages, lymphocytes, platelets, 
endothelial cells, and mesangial cells. The activated cells 
also release soluble mediators, such as cytokines and che-
mokines. If the resultant inflammation is contained internal 
to the GBM, a proliferative or membranoproliferative phe-
notype of injury ensues with only endocapillary hypercellu-
larity. However, if the inflammation breaks through capillary 
walls into Bowman’s space, extracapillary hypercellularity 
(crescent formation) results.

Complement activation has often been considered a 
major mediator of injury in immune complex glomerulone-
phritis; however, experimental data also indicate the impor-
tance of Fc receptors in immune complex–mediated 
injury.1078,1079 For example, mice deficient for the FcγRI and 
FcγRIII receptors have a markedly reduced tendency to 
develop immune complex glomerulonephritis.1080,1081

TREATMENT
The therapy for immune complex–mediated crescentic glo-
merulonephritis is influenced by the nature of the underly-
ing category of immune complex glomerulonephritis. For 
example, acute PSGN with 50% crescents might not prompt 
the same therapy as IgA nephropathy with 50% crescents. 
However, there is an inadequate number of controlled pro-
spective studies to guide therapy for most forms of immune 
complex–mediated crescentic glomerulonephritis. Some 
nephrologists extrapolate from the lupus nephritis experi-
ence and choose to treat patients with crescentic immune 
complex disease with immunosuppressive drugs that they 
would not use if the glomerular lesions appeared less aggres-
sive. For the minority of patients who have idiopathic 
immune complex crescentic glomerulonephritis, the most 
common treatment is immunosuppressive therapy with 
pulse methylprednisolone, followed by prednisone at a 
dosage of 1 mg/kg daily tapered over the second to third 
month to an alternate-day regimen until completely discon-
tinued.631,1082-1084 In patients with a rapid decline in kidney 
function, cytotoxic agents with or without plasma exchange 
in addition to corticosteroids may be considered. As with 
anti-GBM and ANCA disease, immunotherapy should be 
initiated as early as possible during the course of immune 
complex–mediated crescentic glomerulonephritis to reduce 
the likelihood of reaching the irreversible stage of advanced 
scarring. There is evidence, however, that crescentic glo-
merulonephritis with an underlying immune complex pro-
liferative glomerulonephritis is less responsive to aggressive 
immunosuppressive therapy than is anti-GBM or ANCA 
crescentic glomerulonephritis.1000,1075

ANTI–GLOMERULAR BASEMENT MEMBRANE 
GLOMERULONEPHRITIS

EPIDEMIOLOGY
Anti-GBM disease accounts for about 10% to 20% of cres-
centic glomerulonephritides.631 This disease is characterized 
by circulating antibodies to the GBM (anti-GBM) and depo-
sition of IgG or, rarely, IgA along the GBM.631,1075,1085-1097 
Anti-GBM antibodies may be eluted from kidney tissue 
samples from patients with anti-GBM disease, which allows 
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PATHOLOGY
Immunofluorescence Microscopy

The pathologic finding of linear staining of the GBMs for 
immunoglobulin is indicative of anti-GBM glomerulone-
phritis (Figure 32.36).1092,1096,1111-1114 The immunoglobulin is 
predominantly IgG; however, rare cases of patients with IgA-
dominant anti-GBM glomerulonephritis have also been 
reported.1093,1115 Linear staining for both κ- and λ-light 
chains typically accompanies the staining for γ-heavy chains. 
Linear staining for γ-heavy chains alone indicates γ-heavy-
chain deposition disease. Most specimens with anti-GBM 

Figure  32.36 Immunofluorescence micrograph of a portion of a 
glomerulus with features of anti–glomerular basement membrane 
(anti-GBM) glomerulonephritis showing linear staining of GBMs for 
immunoglobulin G (IgG). (Fluorescein isothiocyanate anti-IgG stain, 
×600.) 

glomerulonephritis have discontinuous linear to granular 
capillary wall staining for C3, but a minority show little or 
no C3 staining. Linear staining for IgG may also occur along 
distal tubular basement membranes.1096

The linear IgG staining of GBMs frequently seen in 
patients with diabetic glomerulosclerosis and the less intense 
linear staining seen in older patients with hypertensive vas-
cular disease must not be confused with that in anti-GBM 
disease. The clinical data and light microscopic findings 
should help make this distinction. Serologic confirmation 
should always be obtained to substantiate the diagnosis of 
anti-GBM disease.

Serologic testing for ANCAs should be ordered simulta-
neously, because a quarter to a third of patients with anti-
GBM disease are also ANCA positive, and this may modify 
the prognosis and the likelihood of systemic small vessel 
vasculitis.1116,1117

Light Microscopy

At the time of biopsy, 97% of patients with anti-GBM disease 
have some degree of crescent formation, and 85% have 
crescents in 50% or more of glomeruli (Tables 32.17 and 
32.18).1064,1111 On average, 77% of glomeruli have crescents. 
Glomeruli with crescents typically have fibrinoid necrosis in 
adjacent glomerular segments. Nonnecrotic segments may 
look entirely normal by light microscopy or may have slight 
infiltration by neutrophils or mononuclear leukocytes. This 
differs from crescentic immune complex glomerulonephri-
tis and C3 glomerulopathy, which typically have capillary 
wall thickening and endocapillary hypercellularity in the 
intact glomeruli. Special stains that outline basement mem-
branes, such as Jones’ methenamine silver stain or periodic 
acid–Schiff stain, often demonstrate focal breaks in GBMs 
in areas of necrosis and also show focal breaks in Bowman’s 
capsule. The most severely injured glomeruli have global 

Table 32.18  Frequency of Crescent Formation in Various Glomerular Diseases*

Disease
Patients with 
Crescents (%)

Patients with 
≥50% Crescents

Average % of Glomeruli 
with Crescents

Anti-GBM GN 97 85 77
ANCA-associated GN 90 50 49
Immune complex–mediated GN
 Lupus GN (classes III and IV) 56 13 27
 IgA vasculitis† 61 10 27
 IgA nephropathy† 32 4 21
 Acute postinfectious GN† 33 3 19
 Fibrillary GN 23 5 26
 MPGN type I 24 5 25
 Membranous lupus GN (class V) 12 1 17
 Membranous GN (nonlupus) 3 0 15

*Based on the analysis of more than 6000 native kidney biopsy specimens evaluated at the University of North Carolina Nephropathology 
Laboratory. In general, diseases in which crescents are most often seen also have the largest percentage of glomeruli involved by 
crescents when they are present.

†Because more severe cases of immunoglobulin A nephropathy and postinfectious glomerulonephritis are more often evaluated by kidney 
biopsy, the extent of crescent involvement is higher in the patients included in this table than in the general group of patients with these 
diseases.

ANCA, Antineutrophil cytoplasmic antibody; GBM, glomerular basement membrane; GN, glomerulonephritis; IgA, immunoglobulin A; MPGN, 
membranoproliferative glomerulonephritis.

Derived from Jennette JC: Rapidly progressive crescentic glomerulonephritis. Kidney Int 63:1164-1172, 2003.
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The antigenic epitopes found in the NC1 domain are in a 
cryptic form, as evidenced by the fact that little reactivity is 
found against the native hexameric structure of the NC1 
domain. However, when the hexameric NC1 domain is 
denatured and dissociates into dimers and monomers, the 
reactivity of antibodies increases 15-fold.1121 About 90% of 
anti–type IV collagen antibodies are directed against the 
α3-chain of type IV collagen.1083,1122 The Goodpasture epi-
topes in the native autoantigen are sequestered within the 
NC1 hexamers of the α3α4α5(IV) collagen network and are 
a feature of the quaternary structure of two distinct subsets 
of α3α4α5(IV) NC1 hexamers. Goodpasture antibodies 
breach only the quaternary structure of hexamers contain-
ing only monomer subunits, whereas hexamers composed 
of both dimer and monomer subunits (D-hexamers) are 
resistant to autoantibodies under native conditions.1123,1124 
The epitopes of D-hexamers are structurally sequestered by 
dimer reinforcement of the quaternary complex.1124 Exten-
sive work over the past several decades that focused on 
elucidating autoantibody-specific epitopes along the quater-
nary structure of the α3α4α5(IV) NC1 hexamer has 
reinforced the paradigm that this disease process is an auto-
immune “conformeropathy.”1125 It is presumed that environ-
mental factors, such as exposure to hydrocarbons,1126 
tobacco smoke,1127 and endogenous oxidants,1128 can also 
expose the cryptic Goodpasture epitopes. In patients with 
anti-GBM disease who do not have antibodies to the classic 
epitope on the α3-chain, antibodies to entactin have been 
detected.1129 A small percentage of patients with anti-GBM 
disease may also have limited reactivity with the NC1 

glomerular necrosis, circumferential cellular crescents, and 
extensive disruption of Bowman’s capsule.

The acute necrotizing glomerular lesions and the cellular 
crescents evolve into glomerular sclerosis and fibrotic cres-
cents, respectively.1111 If the kidney biopsy specimen is 
obtained several weeks into the course of anti-GBM disease, 
the only lesions may be these chronic sclerotic lesions. 
There may be a mixture of acute and chronic lesions; 
however, the glomerular lesions of anti-GBM glomerulone-
phritis tend to be more in synchrony than those of ANCA 
glomerulonephritis, which more often show admixtures of 
acute and chronic injury.

Tubulointerstitial changes are commensurate with the 
degree of glomerular injury. Glomeruli with extensive 
necrosis and disruption of Bowman’s capsule typically have 
intense periglomerular inflammation, including occasional 
multinucleated giant cells. There also is focal tubular epi-
thelial acute simplification or atrophy, focal interstitial 
edema and fibrosis, and focal interstitial infiltration of pre-
dominantly mononuclear leukocytes. There are no specific 
changes in arteries or arterioles. If necrotizing inflamma-
tion is observed in arteries or arterioles, the possibility  
of concurrent anti-GBM and ANCA disease should be 
considered.

Electron Microscopy

The findings by electron microscopy reflect those seen by 
light microscopy.1111,1118 In acute disease, there is focal glo-
merular necrosis with disruption of capillary walls. Bow-
man’s capsule also may have focal gaps. Leukocytes, 
including neutrophils and monocytes, often are present at 
sites of necrosis but are uncommon in intact glomerular 
segments. Fibrin tactoids, which are electron-dense curvilin-
ear accumulations of polymerized fibrin, accumulate at sites 
of coagulation system activation, including sites of capillary 
thrombosis, fibrinoid necrosis, and fibrin formation in Bow-
man’s space (Figure 32.37). Cellular crescents contain cells 
with ultrastructural features of macrophages and epithelial 
cells. An important negative observation is the absence of 
immune complex–type electron-dense deposits. These 
occur only in specimens from patients with anti-GBM  
disease who have concurrent immune complex disease. Glo-
merular segments that do not have necrosis may appear 
remarkably normal, with only focal effacement of visceral 
epithelial foot processes. There may be slight lucent expan-
sion of the lamina rara interna, but this is an inconstant and 
nonspecific feature. In chronic lesions, amorphous and 
banded collagen deposition distorts or replaces the normal 
architecture.

PATHOGENESIS
The landmark studies opening the way to an understanding 
of the pathogenesis of anti-GBM disease were those of 
Lerner, Glassock, and Dixon.1091 In these studies, antibodies 
eluted from kidneys of patients with Goodpasture’s syn-
drome and injected into monkeys led to the induction of 
glomerulonephritis, proteinuria, renal failure, and pulmo-
nary hemorrhage along with intense staining of the GBM 
for human IgG.

The antigen to which anti-GBM antibodies react was ini-
tially found to be in the collagenase-resistant part of type IV 
collagen, the noncollagenous domain (NC1 domain).1119-1121 

Figure 32.37 Electron micrograph of a portion of a glomerular capil-
lary wall and adjacent urinary space from a patient with anti–glomerular 
basement membrane (anti-GBM) glomerulonephritis. Note the fibrin 
tactoids within a capillary thrombus (straight arrow) and in Bowman’s 
space (curved arrow) between the cells of a crescent. Also note the 
absence of immune complex–type electron-dense deposits in the 
capillary wall. (×6000.) 
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Alternatively, anti-GBM antibody–induced injury can be pro-
duced passively by the intravenous injection of heterologous 
anti-GBM antibodies. This leads to two phases of injury. The 
first, or so-called heterologous phase, occurs in the first 24 
hours and is mediated by the direct deposition of the het-
erologous antibodies on the GBM with subsequent recruit-
ment of neutrophils. This is usually followed by an autologous 
phase, depending on the host’s immune response to the 
heterologous immunoglobulin bound to the GBM.1144

The rat model of anti-GBM disease induced by injection 
of heterologous anti-GBM antibodies has permitted the 
study of the roles of various inflammatory mediators in the 
development of anti-GBM disease.1145-1148 Thus, in Wistar-
Kyoto (WKY) rats injected with a rabbit antiserum to rat 
GBM, impairing leukocyte recruitment and monocyte/
macrophage glomerular infiltrate by blocking the CXC 
motif chemokine ligand 16 (CXCL16) with a polyclonal 
anti-CXCL16 antiserum in the acute inflammatory phase or 
progressive phase of established glomerulonephritis signifi-
cantly attenuated glomerular injury and improved protein-
uria.1149 Similarly, the depletion of CD8+ cells prevented the 
initiation and progression of anti-GBM crescentic glomeru-
lonephritis. In the same animal model, treatment with an 
antibody to perforin resulted in a significant reduction in 
the amount of proteinuria, frequency of glomerular cres-
cents, and number of glomerular monocytes and macro-
phages, although the number of glomerular CD8+ cells was 
not changed.1150 These results suggest that CD8+ cells play a 
role in glomerular injury as effector cells, in part through a 
perforin/granzyme-mediated pathway.

The more recent development of analogous murine 
models of anti-GBM disease opens the way for more specific 
evaluations of the inflammatory processes with the use of 
strains of mice with specific gene knockouts.1107 For example, 
the role of protease-activated receptor 2 (PAR-2) in kidney 
inflammation was studied using PAR-2–deficient (PAR-2−/−) 
mice.1151 PAR-2 is a cellular receptor expressed predomi-
nantly on epithelial, mesangial, and endothelial cells in  
the kidney and on macrophages. PAR-2 is activated by  
serine proteases and coagulation factors VIIa and Xa. In the 
kidney, PAR-2 induces both endothelium-dependent and 
endothelium-independent vasodilation of afferent renal 
arteries and renal mesangial cell proliferation in vitro. Glo-
merulonephritis was induced in mice by intravenous injec-
tion of sheep anti-mouse GBM globulin. In this model, 
PAR-2–deficient mice had reduced crescent formation, pro-
teinuria, and serum creatinine compared with wild-type 
mice, but this was not associated with a difference in glo-
merular accumulation of CD4+ T cells or macrophages or 
in the number of proliferating cells in glomeruli. These 
results demonstrate a proinflammatory role for PAR-2 in 
crescentic glomerulonephritis that is independent of effects 
on glomerular leukocyte recruitment and mesangial cell 
proliferation.

Although anti-GBM disease is considered a prototypical 
antibody-mediated glomerulonephritis, several lines of evi-
dence point to an important role for T cells in the initiation 
or pathogenesis of this disease. A role for T cells in the 
autoimmune response is suggested by the increased suscep-
tibility to the disease associated with the presence of HLA 
class II antigens DRB1*1501 and DQB*0602.1102-1106 Further 
evidence of the involvement of T cell activation in the 

domains of the α1- or α4-chains of type IV collagen. These 
additional reactivities seem to be more frequent in patients 
with anti-GBM–mediated glomerulonephritis alone.1130

The majority of patients with anti-GBM disease express 
antibodies to two major conformational epitopes (EA and 
EB) located within the C-terminal noncollagenous (NC1) 
domain of the α3-chain of type IV collagen.1131-1134 The 
immunodominant target epitope, EA, is encompassed by 
α3 NC1 residues 17 to 31. A homologous region at α3 NC1 
residues 127 to 141 encompasses the EB epitope, recognized 
by the autoantibodies of only a small number of patients.1135 
In a large cohort of Chinese patients,1136 the levels of 
antibody against EA and EB were strongly correlated 
with each other. Antibody levels against α3, EA, and EB cor-
related with serum creatinine level and with death or ESKD 
at 1 year but not with sex, age, presence of ANCAs, or 
hemoptysis. Interestingly, a more recent study found that 
autoantibodies against EA and EB were crucial for kidney 
dysfunction; multivariate Cox regression analysis revealed 
autoantibody reactivity to EB was an independent risk factor 
for renal failure (HR, 6.91; P = 0.02).1137 The stimuli and 
mechanism(s) leading to the formation of autoantibodies 
remain unclear, as does the mechanism by which the nor-
mally hidden target epitopes become accessible to circulat-
ing autoantibodies.

About one third of patients with anti-GBM/Goodpas-
ture’s syndrome also have circulating ANCAs, the majority 
being to MPO (MPO-ANCA).1117,1130,1133,1138,1139 In a study of 
a large cohort of Chinese patients with anti-GBM disease 
with or without ANCAs, no differences in reactivity to the 
EA, EB, and S2 epitopes (a recombinant construct expressing 
the nine amino acid residues critical for the anti-GBM 
epitope)1140 were detected between patients with anti-GBM 
antibodies plus ANCAs compared with anti-GBM antibodies 
alone.1141 The mechanism by which some patients develop 
both anti-GBM antibodies and ANCAs is unknown. It is 
speculated that in such patients, ANCAs may appear first 
and cause damage to the GBM, thus exposing the normally 
hidden target epitopes of anti-GBM antibodies. Coexistence 
of ANCAs in patients with anti-GBM antibodies is associated 
with small vessel vasculitis in organs in addition to the lung 
and kidney. In experimental models, the presence of  
antibodies to MPO aggravates experimental anti-GBM 
disease.1117,1142 Interestingly, analysis of sera stored in the 
Department of Defense Serum Repository from patients 
with anti-GBM disease revealed that multiple samples con-
tained detectable anti-GBM autoantibodies prior to diagno-
sis compared to controls (50% vs. 0%, P < 0.001), and these 
same patients also had detectable PR3-ANCAs and/or MPO-
ANCAs prior to diagnosis.1100

Unlike the autoantibodies seen in anti-GBM disease that 
are directed to the NC1 domain of the α3-chain of type IV 
collagen, the anti-GBM alloantibodies that cause posttrans-
plant nephritis in some patients with X-linked Alport’s syn-
drome are directed against conformational epitopes in the 
NC1 domain of α5(IV) collagen only.1143 Allograft-eluted 
alloantibodies mainly targeted two epitopes accessible in the 
α3α4α5 NC1 hexamers of human GBM, unlike the seques-
tered α3 NC1 epitopes of anti-GBM autoantibodies.

A number of animal models of anti-GBM disease  
have been developed over the years, based on the immuni-
zation of animals with heterologous or homologous GBM.1144 

http://www.myuptodate.com


1080 SECTIoN V — DISoRDERS oF KIDNEy STRuCTuRE AND FuNCTIoN

activation in this model.1164 More recent studies involving 
the same model, using mice completely deficient of comple-
ment components C3 or C4, revealed a greater protective 
effect of C3 deficiency more than of C4 deficiency. Both 
protective effects could be overcome if the dose of nephri-
togenic antibodies was increased.1165

To further evaluate the role of complement activation 
and of Fcγ receptors, an “attenuated” mouse model of anti-
GBM was developed using a subnephritogenic dose of rabbit 
anti-mouse GBM antibody followed 1 week later with an 
injection of mouse monoclonal antibody against rabbit IgG, 
which resulted in albuminuria.1166 In this model, albumin-
uria was absent in Fcγ chain–deficient mice and reduced in 
C3-deficient mice, which indicates a role for both Fcγ recep-
tors and complement. C1q- and C4-deficient mice did 
develop proteinuria, which is suggestive of involvement of 
the alternative complement pathway.1166 The role of Fcγ 
receptors is also evidenced by the occurrence of severe lung 
hemorrhage in mice deficient in the inhibitory Fcγ 2b recep-
tor that were treated with bovine type IV collagen.1167

Conclusions about the pathogenesis of human anti-GBM 
disease from animal models must be tempered because 
animal models may not accurately replicate human disease.

CLINICAL FEATURES AND NATURAL HISTORY
The onset of renal anti-GBM disease is typically character-
ized by an abrupt, acute glomerulonephritis with severe 
oliguria or anuria. There is a high risk of progression to 
ESKD if appropriate therapy is not instituted immediately. 
Prompt treatment with plasmapheresis, corticosteroids, and 
cyclophosphamide results in patient survival of approxi-
mately 85% and renal survival of approximately 60%.1082,1168,1172

Rarely, the disorder has a more insidious onset in which 
patients remain essentially asymptomatic until the develop-
ment of uremic symptoms and fluid retention.631,1099,1114,1173 
The onset of disease may be associated with arthralgias, 
fever, myalgias, and abdominal pain; however, neurologic 
disturbances and gastrointestinal complaints are rare.

Goodpasture’s syndrome is characterized by the presence 
of pulmonary hemorrhage concurrent with glomerulone-
phritis. The usual pulmonary manifestation is severe pulmo-
nary hemorrhage, which may be life threatening; however, 
patients may have milder disease that can be focal. The 
absence of hemoptysis does not rule out diffuse alveolar 
hemorrhage. For patients with early or focal disease, a high 
level of suspicion is necessary to establish the diagnosis, 
especially in the presence of unexplained anemia. The diag-
nosis may be aided by measurements showing an increased 
diffusing capacity of carbon monoxide and by findings on 
computed tomography of the chest. Ultimately the diagnos-
tic evaluation of alveolar hemorrhage usually includes bron-
choscopic examination and bronchoalveolar lavage.1174 This 
approach also allows exclusion of airway sources of bleeding 
and possible associated infections. In patients with anti-
GBM disease, the occurrence of pulmonary hemorrhage  
is far more common in smokers than nonsmokers1175 and 
may be associated with environmental exposures to 
hydrocarbons1175-1178 or upper respiratory tract infections.1179 
Occupational exposure to petroleum-based mineral oils is a 
risk factor for the development of anti-GBM antibodies per 
se.1180 The association of pulmonary hemorrhage with envi-
ronmental exposures and infection raises the theoretical 

development of the autoimmune response to the NC1 
domain of the α3-chain of type IV collagen comes from 
studies of T cell proliferation in response to other mono-
meric components of the GBM1152 and to synthetic oligopep-
tides.1153 The transfer of CD4+ T cells specific to a recombinant 
GBM antigen into syngeneic rats resulted in a crescentic 
glomerulonephritis without linear anti-GBM IgG deposi-
tion.1154 Furthermore, a single nephritogenic T cell epitope 
of type IV collagen α3 NC1 was demonstrated to induce 
glomerulonephritis in Wistar-Kyoto rats.1155 More recently, 
CD4+ T cell clones generated from HLA-DRB*1501 trans-
genic mice immunized with a peptide corresponding to 
amino acids 3136-3146 of the NC1 domain of α3(IV) col-
lagen were capable of transferring disease into HLA-
DRB*1501 transgenic mice.1156 Interestingly, cross-reactive 
peptides from human infection–related microbes could be 
identified that also induced severe proteinuria and moder-
ate to severe glomerulonephritis in immunized rats.1157 One 
peptide derived from Clostridium botulinum also induced pul-
monary hemorrhage.1157

Upon immunization of mice with α3 NC1 domains of 
type IV collagen, the development of glomerulonephritis 
and lung hemorrhage depends on certain MHC haplotypes 
and the ability of mice to mount a TH1 response.1107 The 
role of T cells in this model was further documented by the 
fact that the passive transfer of lymphocytes or antibodies 
from nephritogenic strains to syngeneic recipients led to the 
development of nephritis, whereas the passive transfer  
of antibodies to T cell receptor–deficient mice failed to  
do so.1107

CD4+CD25+ regulatory T cells may play an important role 
in regulating the immune response in anti-GBM disease. 
Thus, the transfer of regulatory T cells into mice that were 
previously immunized with rabbit IgG, and before an injec-
tion of anti-GBM rabbit serum, significantly attenuated the 
development of proteinuria and dramatically decreased glo-
merular damage. On histologic analysis, there was reduced 
infiltration of CD4+ T cells, CD8+ T cells, and macrophages, 
but the deposition of immune complexes was not pre-
vented.1158 In humans, the action of regulatory T cells may 
explain, in part, the uncommon occurrence of disease 
relapses and the eventual disappearance of anti-GBM anti-
bodies in patients even without the use of immunosuppres-
sant medications.1159 Thus, analysis of peripheral blood 
mononuclear cells from patients with Goodpasture’s syn-
drome revealed the emergence of GBM-specific CD25+ 
regulatory T cells in the convalescent period, whereas they 
were undetected at the time of presentation.1160

The role of complement in the pathogenesis of anti-GBM 
disease is evidenced by the deposition of C3 along the GBM. 
The role of complement activation has been examined 
largely in studies of passive injection of heterologous anti-
bodies to GBM. Investigations using this model suggest that 
the terminal components of the complement system are not 
involved in the pathogenesis of disease.1161 Results of further 
studies in rabbits that are congenitally deficient in the sixth 
component of complement also suggested that the terminal 
components of complement do not play a major part in the 
pathogenesis of the disease except in leukocyte-depleted 
animals.1162,1163 The role of complement cascade activation 
in a murine model of heterologous anti-GBM disease previ-
ously led to conflicting results as to the role of complement 
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The major prognostic marker for the progression to 
ESKD is the serum creatinine level at the time of initiation 
of treatment. Patients with a serum creatinine concentra-
tion higher than 7 mg/dL are unlikely to recover sufficient 
kidney function to discontinue renal replacement therapy.1094 
At issue is whether and for how long aggressive immunosup-
pression should persist in dialysis-dependent patients. 
Aggressive immunosuppression and plasmapheresis are war-
ranted in patients with pulmonary hemorrhage. Aggressive 
immunosuppression should be withheld in patients with 
disease limited to the kidney whose kidney biopsy specimens 
show widespread glomerular and interstitial scarring and 
who have a serum creatinine concentration of higher than 
7 mg/dL at presentation. In such patients, the risks of 
therapy outweigh the potential benefits. In patients who 
have an elevated serum creatinine level, yet whose biopsy 
specimens show active crescentic glomerulonephritis, 
aggressive treatment should continue for at least 4 weeks. If 
there is no restoration of kidney function without any evi-
dence of pulmonary hemorrhage by 4 to 8 weeks, then, 
immunosuppression should be discontinued.

Patients who have both circulating anti-GBM antibodies 
and ANCAs, may have a better chance of recovery of kidney 
function than do patients with anti-GBM antibodies alone. 
In these patients, immunosuppressive therapy should not 
be withheld, even with serum creatinine levels higher than 
7 mg/dL, because the concomitant presence of ANCAs was 
associated with a more favorable renal outcome in some 
studies1191,1194 though not in all.1195 In a retrospective analysis 
comparing patients with anti-GBM autoantibodies, MPO-
ANCAs, and both, “double positive” patients and those with 
anti-GBM autoantibodies had significantly higher serum 
creatinine levels at presentation (10.3 ± 5.6 and 9.6 ± 
8.1 mg/dL, respectively) than did patients with MPO-
ANCAs alone (5.0 ± 2.9 mg/dL). One-year renal survival 
was better among patients with MPO-ANCAs alone (63%) 
than in the double-positive group (10.0%, P = 0.01) and the 
anti-GBM group (15.4%, P = 0.17).1195

Once remission of anti-GBM disease is achieved with 
immunosuppressive therapy, recurrent disease occurs only 
rarely.1196-1199 Similarly, the recurrence of anti-GBM disease 
after kidney transplantation is also rare, especially when 
transplantation is delayed until after the disappearance or 
substantial diminution of anti-GBM antibodies in the 
circulation.1200

PAUCI-IMMUNE CRESCENTIC 
GLOMERULONEPHRITIS

EPIDEMIOLOGY
In pauci-immune crescentic glomerulonephritis, the char-
acteristic feature of the glomerular lesion is focal necrotiz-
ing and crescentic glomerulonephritis with little or no 
glomerular staining for immunoglobulins by immunofluo-
rescence microscopy.1064,1086,1111,1184,1186 Pauci-immune cres-
centic glomerulonephritis usually is a component of a 
systemic small vessel vasculitis; however, some patients  
have renal-limited (primary) pauci-immune crescentic glo-
merulonephritis.1116,1164,1174,1201 ANCA-associated small vessel 
vasculitis is also discussed in Chapter 33. Pauci-immune cres-
centic glomerulonephritis, including that accompanying 

possibility that they expose the cryptic antigen in the alveo-
lar basement membrane, thereby allowing its recognition by 
circulating anti-GBM antibodies.

LABORATORY FINDINGS
Kidney involvement by anti-GBM disease typically causes an 
acute nephritic syndrome with hematuria that includes dys-
morphic erythrocytes and red blood cell casts. Although 
nephrotic-range proteinuria may occur, full nephrotic syn-
drome is rarely seen.1096,1109,1111,1114,1173

The diagnostic laboratory finding in anti-GBM disease is 
detection of circulating antibodies to GBM, and specifically 
to the α3-chain of type IV collagen. These antibodies are 
detected in approximately 95% of patients by immunoassays 
using various forms of purified or recombinant substrates.1181 
The anti-GBM antibodies are most often of the IgG1 sub-
class but may also be of the IgG4 subclass, with the latter 
being seen more often in females than in males.1182

TREATMENT
The standard treatment for anti-GBM disease is inten-
sive plasmapheresis combined with corticosteroids and 
cyclophosphamide.1082,1169,1183-1186 Plasmapheresis consists of 
removal of 2 to 4 L of plasma and its replacement with a 5% 
albumin solution continued on a daily basis until circulating 
antibody levels become undetectable. In those patients with 
pulmonary hemorrhage, clotting factors should be replaced 
by administering fresh-frozen plasma at the end of each 
treatment. Prednisone should be administered starting at a 
dose of 1 mg/kg of body weight for at least the first month 
and then tapered to alternate-day therapy during the second 
and third months of treatment. Cyclophosphamide is 
administered orally (at a dosage of 2 mg/kg/day, adjusted 
with consideration for the degree of impairment of kidney 
function and the white blood cell count) for 8 to 12 weeks. 
The role of high-dose intravenous methylprednisolone 
pulses remains unproven in the treatment of anti-GBM 
disease.1187-1191 Nonetheless, the urgent nature of the clinical 
process prompts some nephrologists to administer methyl-
prednisolone (7 mg/kg daily for 3 consecutive days) as part 
of induction therapy in this and other forms of crescentic 
glomerulonephritis.

When the regimen of aggressive plasmapheresis with cor-
ticosteroids and cyclophosphamide is used, patient survival is 
approximately 85% with 40% progression to ESKD.1082,1168-1173 
These results are better than those achieved before the intro-
duction of plasmapheresis, when patient survival was less 
than 50% with a near 90% rate of ESKD. In a study at the 
Hammersmith Hospital in the United Kingdom, Gaskin and 
Pusey demonstrated that aggressive plasmapheresis, even in 
patients with severe renal insufficiency, may have an amelio-
rative effect and provide improved long-term patient and 
renal survival.1192 In that cohort, among patients who had a 
creatinine concentration of 500 µmol/L or more (>5.7 mg/
dL) at presentation but did not require immediate dialysis, 
patient and renal survival were 83% and 82% at 1 year and 
62% and 69% at last follow-up, respectively. The renal prog-
nosis of patients who presented with dialysis-dependent renal 
failure was poor—92% of patients had ESKD at 1 year. All 
patients who required immediate dialysis and whose kidney 
biopsy specimens had crescents involving 100% of glomeruli 
remained dialysis dependent.1193
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extensive glomerular necrosis and is not specific for a par-
ticular category of necrotizing glomerulonephritis.

This pattern of injury can be seen with anti-GBM glo-
merulonephritis, renal-limited pauci-immune crescentic 
glomerulonephritis, and crescentic glomerulonephritis sec-
ondary to MPA, GPA, and EGPA. Necrotizing granuloma-
tous inflammation that is not centered on a glomerulus but, 
rather, is in the interstitium or centered on an artery raises 
the possibility of GPA or EGPA. The presence of arteritis in 
a biopsy specimen that has pauci-immune crescentic glo-
merulonephritis indicates that the glomerulonephritis is a 
component of a more widespread vasculitis, such as MPA, 
GPA, or EGPA.

The acute necrotizing glomerular lesions evolve into scle-
rotic lesions. During completely quiescent phases, a kidney 
biopsy specimen may have only focal sclerotic lesions that 
can mimic FSGS. ANCA-associated glomerulonephritis is 
also often characterized by many recurrent bouts of exacer-
bation. Therefore, combinations of active acute necrotizing 
glomerular lesions and chronic sclerotic lesions often occur 
in the same kidney biopsy specimen.

Immunofluorescence Microscopy

By definition, the distinguishing pathologic difference 
between pauci-immune crescentic glomerulonephritis and 
anti-GBM and immune complex–mediated crescentic glo-
merulonephritis is the absence or paucity of glomerular 
staining for immunoglobulins. How pauci-immune is  
pauci-immune crescentic glomerulonephritis? One basis for 
categorizing the disorder as pauci-immune crescentic glo-
merulonephritis is to determine whether the patient is likely 
to be ANCA positive, which increases the likelihood of certain 
systemic small vessel vasculitides.363,1201,1205,1206 The likelihood 
of positivity for ANCAs is inversely proportional to the inten-
sity of glomerular immunoglobulin staining by immunofluo-
rescence microscopy in a specimen with crescentic 
glomerulonephritis.1204 The likelihood of positive results on 
an ANCA serologic assay is approximately 90% if there is no 
staining for immunoglobulin, approximately 80% if there is 
trace to 1+ staining (on a scale of 0 to 4+), approximately 50% 
if there is 2+ staining, approximately 30% if there is 3+ stain-
ing, and less than 10% if there is 4+ staining. Thus, even 
patients with definite evidence for immune complex–
mediated glomerulonephritis have a higher than expected 
frequency of the presence of ANCAs, but the highest fre-
quency is in those patients with little or no evidence for 
immune complex– or anti-GBM–mediated disease.

The presence of ANCAs at higher than expected fre-
quency in immune complex disease is intriguing and raises 
the possibility that ANCAs contribute to the pathogenesis of 
not only pauci-immune crescentic glomerulonephritis but 
also the most severe examples of immune complex disease.363 
Looking at this issue from a different perspective, approxi-
mately 25% of patients with idiopathic immune complex 
crescentic glomerulonephritis (i.e., immune complex glo-
merulonephritis that does not fit well into one of the catego-
ries of primary or secondary immune complex disease) are 
ANCA positive, compared to less than 5% of patients who 
have idiopathic immune complex glomerulonephritis with 
no crescents.363

Glomerular capillary wall or mesangial staining usually 
accompanies immunoglobulin staining and is present in 

small vessel vasculitis, is the most common category of 
RPGN in adults, especially older adults (see Table 32.16). 
The disease has a predilection for whites compared with 
blacks, and the prevalence of the disease is not significantly 
different in males compared with females (see Table 32.15).

PATHOLOGY
Light Microscopy

The light microscopic appearance of ANCA-associated pauci-
immune crescentic glomerulonephritis is indistinguishable 
from that of anti-GBM crescentic glomerulonephri-
tis.357,657,1065,1075,1201-1204 Renal-limited (primary) pauci-immune 
crescentic glomerulonephritis also is indistinguishable from 
pauci-immune crescentic glomerulonephritis that occurs  
as a component of a systemic small vessel vasculitis, such  
as GPA, MPA, or EGPA. As illustrated in Figure 32.30,  
ANCA glomerulonephritis and anti-GBM glomerulonephri-
tis most often manifest as crescentic glomerulonephritis.

At the time of biopsy, approximately 90% of kidney biopsy 
specimens with ANCA-associated pauci-immune glomerulo-
nephritis have some degree of crescent formation, and 
approximately half of the specimens have crescents involv-
ing 50% or more of glomeruli (see Tables 32.17 and 32.18). 
Over 90% of specimens have focal segmental to global fibri-
noid necrosis (Figure 32.38). As with anti-GBM disease, the 
intact glomerular segments often have no light microscopic 
abnormalities. The most severely injured glomeruli have not 
only extensive necrosis of glomerular tufts but also extensive 
lysis of Bowman’s capsule with resultant periglomerular 
inflammation. The periglomerular inflammation contains 
varying mixtures of neutrophils, eosinophils, lymphocytes, 
monocytes, and macrophages, including occasional multi-
nucleated giant cells. This periglomerular inflammation 
area may have a granulomatous appearance, especially when 
the glomerulus that was the nidus of inflammation has been 
destroyed or is not in the plane of section. This granuloma-
tous appearance is a result of the periglomerular reaction to 

Figure 32.38 Light micrograph showing segmental fibrinoid necro-
sis in a glomerulus from a patient with antineutrophil cytoplasmic 
autoantibody–associated pauci-immune crescentic glomerulonephri-
tis. (Periodic acid–Schiff stain, ×300.) 
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the interaction of the autoantibody with its externalized 
antigen results in full activation of the neutrophil, which 
leads to the respiratory burst and degranulation of primary 
and secondary granule constituents.1219,1220 The current 
hypothesis stipulates that ANCAs induce a premature 
degranulation and activation of neutrophils at the time of 
their margination and diapedesis, which leads to the release 
of lytic enzymes and toxic oxygen metabolites at the site of 
the vessel wall, thereby producing a necrotizing inflamma-
tory injury. This view is supported by in vitro studies dem-
onstrating that neutrophils activated by ANCAs lead to the 
damage and destruction of human umbilical vein endothe-
lial cells in culture.1221-1223

Not only does neutrophil degranulation cause direct 
damage of the endothelium, but ANCA antigens released 
from neutrophils and monocytes enter endothelial cells and 
cause cell damage. PR3 can enter the endothelial cells by a 
receptor-mediated process1224-1226 and result in the produc-
tion of IL-81227 and chemoattractant protein-1. PR3 also 
induces an apoptotic event from both proteolytic and non-
proteolytic mechanisms.1228,1229 Interestingly, PR3-mediated 
apoptosis appears to be, in part, related to cleavage of the 
cell cycle inhibitor p21CIP1/WAF1 and NF-κB.1230,1231 Similarly, 
MPO enters endothelial cells by an energy-dependent 
process1232 and transcytoses intact endothelium to localize 
within the extracellular matrix. There, in the presence of 
the substrates H2O2 and NO2

−, MPO catalyzes nitration of 
tyrosine residues on extracellular matrix proteins,1233 which 
results in the fragmentation of extracellular matrix 
protein.1234 It also appears that endothelial cells inhibit 
superoxide generation by ANCA-activated neutrophils and 
that serine proteases may play a more important role than 
reactive oxygen species as mediators of endothelial injury 
during ANCA-associated systemic vasculitis.1235

Neutrophil activation by ANCAs is likely mediated by 
both the antigen-binding portion of the autoantibodies 
(F[ab′]2) and by the engagement of their Fc fraction to Fcγ 
receptors on the surface of neutrophils.1073,1222,1236,1237 Human 
neutrophils constitutively express the IgG receptors FcγRIIa 
and FcγRIIIb.1238 Engagement of the Fc receptors results in 
a number of neutrophil-activation events, including respira-
tory burst, degranulation, phagocytosis, cytokine produc-
tion, and upregulation of adhesion molecules. ANCAs have 
been shown to engage both types of receptors.1222,1239 In 
particular, FcγRIIa engagement by ANCAs appears to 
increase neutrophil actin polymerization in neutrophils, 
which leads to distortion in their shape and possibly 
decreases their ability to pass through capillaries (the 
primary site of injury in ANCA vasculitis).1240 Furthermore, 
polymorphisms of the FcγRIIIb receptors1241,1242 (but not of 
FcγRII receptors1243,1244) appear to influence the severity of 
ANCA vasculitis.

In addition to the Fc receptor–mediated mechanism, sub-
stantial data support a role for the F(ab′)2 portion of the 
antibody molecule in leukocyte activation. ANCA F(ab′)2 
portions induce oxygen radical production1237 and the tran-
scription of cytokine genes in normal human neutrophils 
and monocytes. Microarray gene chip analysis showed that 
ANCA IgG and ANCA-F(ab′)2 stimulate transcription of a 
distinct subset of genes, some unique to whole IgG, some 
unique to F(ab′)2 fragments, and some common to both.1245 
It is most likely that F(ab′)2 portions of ANCA are capable 

occasional specimens that do not have immunoglobulin 
staining. There is irregular staining for fibrin at sites of 
intraglomerular fibrinoid necrosis and capillary thrombosis 
and in the interstices of crescents. Foci of glomerular necro-
sis and sclerosis also may have irregular staining for C3  
and IgM.

Electron Microscopy

The findings by electron microscopy are indistinguishable 
from those described earlier for anti-GBM glomerulone-
phritis.1118 Specimens with pure pauci-immune crescentic 
glomerulonephritis have no or only a few immune complex–
type electron-dense deposits. Foci of glomerular necrosis 
have leukocyte influx, breaks in GBMs, and fibrin tactoids 
in capillary thrombi and sites of fibrinoid necrosis.

PATHOGENESIS
The pathogenesis of pauci-immune crescentic glomerulone-
phritis is currently not fully understood, but there is strong 
evidence that ANCA IgG is a major pathogenic factor.1207-1209 
In the absence or paucity of immune complex deposition 
within glomeruli or other vessels, classical mechanisms of 
immune complex–mediated damage are not implicated in 
the pathogenesis of pauci-immune crescentic glomerulone-
phritis. On the other hand, the substantial accumulation of 
polymorphonuclear leukocytes at sites of vascular necrosis 
has led to examination of the role of neutrophil activation 
in this disease. There is now convincing evidence that 
ANCAs are directly involved in the pathogenesis of pauci-
immune small vessel vasculitis or glomerulonephritis.1209 
Substantial in vitro data implicate a pathogenic role  
for ANCAs based on the demonstration that these autoan-
tibodies activate normal human polymorphonuclear 
leukocytes.1204,1207,1210-1212

For anti-MPO autoantibodies, anti-PR3 autoantibodies, or 
autoantibodies to other neutrophil antigens contained 
within the azurophilic granules to interact with their cor-
responding antigens, either the antibodies must penetrate 
the cell or, alternatively, those antigens must translocate to 
the cell surface. Indeed, small amounts of cytokine (e.g., 
TNF-α and IL-1) at concentrations too low to cause full 
neutrophil activation are capable of inducing such a trans-
location of ANCA antigens to the cell surface.1213 This trans-
location of ANCA antigens to the cell surface has been 
demonstrated in vivo on the neutrophils of patients with 
GPA and in patients with sepsis.1214-1216 Patients with ANCA 
disease aberrantly express PR3 and MPO genes, and this 
expression correlates with disease activity.1217 Despite the 
fact that these genes exist on different chromosomes, their 
expression appears coordinately upregulated during disease 
activity and downregulated during remission. Epigenetic 
changes occur as a result of increased unmethylated DNA 
at the MPO and PR3 loci and as a result of loss of recruit-
ment of histone methylase PRC2 (Polycomb recessive 
complex 2) by RUNX3 (Runt-related transcription factor 3) 
in both MPO and PR3 genes with depressed gene transcrip-
tion. In addition, JMJD3 (Jumonji domain–containing 
protein 3) appears to be expressed in these patients, which 
further diminishes histone H3K27me3 methylation status.1218

Regardless of whether the antigen is expressed on the 
surface of the cell as a consequence of cytokine stimulation 
or gene expression, in the presence of circulating ANCAs, 
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had a significant genomewide association with HLA-DQ  
(P = 2.1 × 10−8). Of note, ANCA-associated vasculitis is 
notably rare in African Americans; however, an association 
of the HLA-DRB1*15 alleles with PR3-ANCA–positive 
disease has been found, conferring a 73.3-fold higher risk 
in African American patients than in community-based con-
trols.1265 Interestingly, the DRB1*1501 allelic variant, which 
is of Caucasian descent, was found in 50% of African Ameri-
can patients, whereas the DRB1*1503, of African descent, 
was underrepresented in this group.

Further establishment of a pathogenetic link between 
ANCAs and the development of pauci-immune necrotizing 
glomerulonephritis and small vessel vasculitis greatly ben-
efited from the development of animal models of this 
disease.

Early models of disease were based on the finding of 
circulating anti-MPO antibodies in 20% of female MRL/lpr 
mice1266 and in an inbred strain of mice, SCG/Kj, derived 
from the MRL/lpr mice and BXSB strains that develop a 
severe form of crescentic glomerulonephritis and systemic 
necrotizing vasculitis.1267 Anti-MPO antibodies have been 
isolated from these strains of mice. Treatment of rats with 
mercuric chloride led to the development of widespread 
inflammation, including necrotizing vasculitis in the pres-
ence of anti-MPO antibodies and anti-GBM antibodies.1268 A 
more convincing model points to a pathogenetic role for 
ANCAs. Aggravation of a mild anti-GBM–mediated glomer-
ulonephritis in rats when the animals were previously immu-
nized with MPO1142 suggests that minor proinflammatory 
events could be driven to severe necrotizing processes in the 
presence of ANCAs.

More compelling models for ANCA small vessel vasculitis 
now exist. MPO-deficient mice were immunized with murine 
MPO, and splenocytes from these mice were transferred  
to immunoincompetent recombination-activating gene 2 
(Rag2)–deficient mice. This resulted in the development of 
anti-MPO autoantibodies, severe necrotizing and crescentic 
glomerulonephritis, and, in some animals, vasculitis in the 
lung and other organ systems. In a separate but similar set 
of experiments, anti-MPO antibodies alone were transferred 
into Rag2−/− mice and induced pauci-immune necrotizing 
and crescentic glomerulonephritis.1269 These studies indi-
cate that anti-MPO antibodies cause pauci-immune necro-
tizing disease. The glomerulonephritis induced by anti-MPO 
antibodies is aggravated by the administration of lipopoly-
saccharide (LPS).1270 Conversely, the disease is abrogated 
when the neutrophils of anti-MPO–recipient mice are 
depleted by a selective antineutrophil monoclonal anti-
body.1271 In experiments to assess the role of T cells using 
this animal model, the transfer of T cell–enriched spleno-
cytes (> 99% T cells) did not cause glomerular crescent 
formation or vascular necrosis. These data do not support 
a pathogenic role for anti-MPO T cells in the induction of 
acute injury.1272 Furthermore, the role of genetic predisposi-
tion was investigated by inducing disease in 13 inbred mouse 
strains from the Collaborative Cross; however, a dominant 
quantitative trait locus was not identified, suggesting that 
differences in severity are likely polygenic in nature and 
possibly related to environmental milieu as well.1273

Using the same model described earlier, a previously 
unsuspected role of complement activation was demon-
strated. Glomerulonephritis and vasculitis were abolished 

of low-level neutrophil and monocyte activation.1237 The Fc 
portion of the molecule almost certainly causes leukocyte 
activation once the F(ab′)2 portion of the immunoglobulin 
has interacted with the antigen, either on the cell surface 
or in the microenvironment.1222 The signal transduction 
pathways of F(ab′)2 and Fc receptor activation through 
a specific p21ras (Kirsten-ras) pathway has also been 
elucidated.1246

Given the pathogenicity of ANCA, there has been consid-
erable effort of late directed toward identifying specific 
epitope(s) on MPO that are recognized by ANCAs in an 
effort to begin to identify therapeutic avenues to eliminate 
this interaction in vivo. Using a highly sensitive epitope 
excision/mass spectrometry approach, investigators from 
the United States, the Netherlands, and Australia identified 
autoantibodies to specific epitopes of MPO in sera from 
patients with active disease that differed from those in remis-
sion. Furthermore, this same study reported what may be a 
seminal finding in that pathogenic MPO-ANCAs were found 
in patients with ANCA-negative disease, which were detected 
after IgG purification that eliminated ceruloplasmin (the 
natural inhibitor of MPO) contamination from serum.1247

The role of T cells in the pathogenesis of pauci-immune 
necrotizing small vessel vasculitis or glomerulonephritis, 
although suspected,1248,1249 is less well defined. Such a role 
is suggested by the presence of CD4+ T cells in granuloma-
tous1250 and active vasculitic lesions1251-1255 and by some cor-
relation of the levels of soluble markers of T cell activation 
with disease activity,1250,1256 specifically, soluble IL-2 receptor 
and sCD3.1257,1258 Much is known about T cell responsivity in 
ANCA disease, including the recognition of PR3 and MPO 
by T cells.1259,1260 The proportion of regulatory T cells in 
ANCA patients increases, although these regulatory T cells 
seem defective in their inability to suppress proliferation of 
effector cells in cytokine production. In addition, the per-
centage of T cells secreting IL-17 increases in the periphery, 
and serum levels of TH17-associated cytokine IL-23 correlate 
with the propensity for disease activity.1261 Although yet to 
be replicated and validated, gene expression profiling of 
purified CD8+ T cells from patients with ANCA-associated 
vasculitis identified a signature associated with poor prog-
nosis and included an expanded CD8+ memory T cell popu-
lation.1262 A separate study examining purified CD4+ T cells 
from patients with ANCA-associated vasculitis found an 
increased frequency of regulatory T cells with decreased 
suppressive function in patients with active disease as well 
as a second T cell population that was resistant to regulatory 
T cell suppression.1263

It has long been proposed that patients with ANCA-
associated vasculitis and glomerulonephritis have a genetic 
predisposition for disease. The first ever genomewide asso-
ciation study was performed recently using DNA samples 
from 1233 patients in the United Kingdom with ANCA-
associated vasculitis and 5884 controls and a replication 
cohort of 1454 Northern European case patients and 1666 
controls.1264 Interestingly, genetic associations were made 
most strongly with respect to ANCA serotype rather than 
disease phenotype in that patients with PR3-ANCAs had 
significant associations with HLA-DP and genes encoding 
α1-antitrypsin (SERPINA1, the endogenous inhibitor or 
PR3) and PR3 (PRTN3) itself (P = 6.2 × 10−89, P = 5.6 × 10−12, 
and P = 2.6 × 10−7, respectively). Patients with MPO-ANCAs 
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anti-MPO or anti-PR3 antibodies are not known. Although 
genetic predispositions1283 and environmental exposure to 
foreign pathogens,1284 notably to silica,1285,1286 have been 
implicated, no direct link between these exposures and the 
formation of ANCAs has been established. A serendipitous 
finding in ANCA vasculitis has spawned a theory of autoan-
tigen complementarity.1287,1288 This theory rests on evidence 
that proteins transcribed and translated from the sense 
strand of DNA bind to proteins that are transcribed and 
translated from the antisense strand of DNA. It has been 
demonstrated that some patients with PR3-ANCAs harbor 
antibodies to an antigen complementary to the middle 
portion of PR3. These anticomplementary PR3 antibodies 
form an anti-idiotypic pair with PR3-ANCAs. Moreover, 
cloned complementary PR3 proteins bind to PR3 and func-
tion as a serine proteinase inhibitor. Preliminary data 
suggest that the complementary PR3 antigens are found on 
a variety of microbes, some of which have been associated 
with ANCA vasculitis and have also been found in the 
genome of some patients with both PR3-ANCAs and MPO-
ANCAs.1288 Although these studies need to be confirmed 
and expanded to determine the source of the complemen-
tary PR3 antigens and their role (if any) in inducing vascu-
litis, these observations may provide a promising avenue for 
detection of the proximate cause of the ANCA autoimmune 
response.

CLINICAL FEATURES AND NATURAL HISTORY
The majority of patients with pauci-immune necrotizing 
crescentic glomerulonephritis and ANCAs have glomerular 
disease as part of a systemic small vessel vasculitis. The 
disease is clinically limited to the kidney in about one third 
of patients.1289 When both renal-limited and vasculitis-
associated pauci-immune crescentic glomerulonephritis are 
considered, this category of crescentic glomerulonephritis 
is the most common cause of RPGN in adults.1064,1070,1116,1289,1290 
When the disorder is part of a systemic vasculitis, patients 
have pulmonary-renal, dermal-renal, or a multisystem 
disease. Frequent sites of involvement are the eyes, ears, 
sinuses, upper airways, lungs, gastrointestinal tract, skin, 
peripheral nerves, joints, and central nervous system. The 
three major ANCA-associated syndromes are MPA, GPA, 
and EGPA.1202,1291,1292 Even when patients have no clinical 
evidence of extrarenal manifestations of active vasculitis, 
systemic symptoms consisting of fever, fatigue, myalgias, and 
arthralgias are common.

Most patients with ANCA-associated pauci-immune nec-
rotizing glomerulonephritis have RPGN with rapid loss of 
kidney function associated with hematuria, proteinuria, and 
hypertension. However, some patients follow a more indo-
lent course of slow decline in function and less active urine 
sediment. In the latter group of patients, episodes of focal 
necrosis and hematuria resolve with focal glomerular scar-
ring. Subsequent relapses result in cumulative damage to 
glomeruli.

It is important to note that patients who have only pauci-
immune crescentic glomerulonephritis at presentation may 
later develop signs and symptoms of systemic disease with 
involvement of extrarenal organ systems.1293 An autopsy 
study was conducted in deceased patients with ANCA-
associated vasculitis. This study revealed the widespread 
presence of glomerulonephritis but also demonstrated the 

with administration of cobra venom factor and failed to 
develop in mice deficient in complement factors C5 and B, 
whereas C4-deficient mice developed disease comparable 
with that in wild-type mice.1274 These results indicate that the 
alternative complement pathway is required for disease 
induction, but not the classical or lectin pathways. Using this 
same mouse model, glomerulonephritis was completely 
abolished or markedly ameliorated by treating the mice with 
a C5-inhibiting monoclonal antibody either 8 hours before 
or 1 day after disease induction with anti-MPO IgG and 
lipopolysaccharide.1275 Thus, anti-C5 had a dramatic thera-
peutic effect on this mouse model of ANCA vasculitis. These 
results are corroborated by in vitro experiments demon-
strating that blockade of the C5a receptor on human neu-
trophils abrogated their stimulation.1276 More recent work 
confirmed the immunopathogenetic importance of the 
alternative complement pathway in that blockade of C5a 
receptor (C5aR) activity protects against disease develop-
ment. Mice expressing human C5aR were protected from 
anti-MPO autoantibody–induced disease when given an oral 
small molecule antagonist of human C5aR called CCX168.1277 
In contrast, using the same mouse model, mice deficient in 
complement factor 6 were not protected from disease, 
thereby supporting the concept that formation of the mem-
brane attack complex is not necessary for disease develop-
ment. In aggregate, these results suggest an important role 
for complement activation in the pathogenesis of ANCA 
vasculitis and have implications for possible future thera-
peutic interventions using blockers of the complement 
cascade. Although yet to be confirmed, there is also prelimi-
nary evidence for this in humans, as abnormal levels of C3a, 
C5a, and soluble C5b-9 in plasma and urine have been 
identified in patients with active disease.1278,1279 In fact, a 
human clinical trial is now under way to assess the safety and 
efficacy of CCX168 in patients with ANCA-associated glo-
merulonephritis (www.clinicaltrials.gov, NCT01363388). It 
is also important to note that all evidence for the role of the 
alternative complement pathway emanates from a model of 
anti-MPO autoantibody–mediated disease, and there is no 
direct evidence in mice or humans that this also applies to 
anti-PR3 autoantibody–mediated disease.

The pathogenic role of anti-MPO antibodies has also 
been documented in a second animal model in which rats 
immunized with human MPO developed anti-rat-MPO anti-
bodies and necrotizing and crescentic glomerulonephritis, 
as well as pulmonary capillaritis.1280 Using intravital micros-
copy, elegant studies have shown that anti-MPO–activated 
neutrophils undergo margination and diapedesis along the 
vascular wall.1280,1281 These two animal models document 
that anti-MPO antibodies are capable of causing necrotizing 
and crescentic glomerulonephritis and a widespread sys-
temic vasculitis.

A model of anti-PR3–induced vascular injury was devel-
oped in PR3/neutrophil elastase–deficient mice in which 
the passive transfer of murine anti-mouse PR3 was associ-
ated with a stronger localized cutaneous inflammation, and 
perivascular infiltrates were observed around cutaneous 
vessels at the sites of intradermal injection of TNF-α.1272,1282 
In summary, these animal studies document that both anti-
MPO and PR3 antibodies are capable of causing disease.

As is true for most autoimmune responses, the inciting 
events in the breakdown of tolerance and the generation of 
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the time of transplantation does not seem to be associated 
with an increased risk of recurrent disease.

LABORATORY FINDINGS
Approximately 80% to 90% of patients with pauci-immune 
necrotizing and crescentic glomerulonephritis have circu-
lating ANCAs.362,1205,1208,1291,1302-1304 On indirect immunofluo-
rescence microscopy of alcohol-fixed neutrophils, ANCAs 
cause two patterns of staining: perinuclear (P-ANCA) and 
cytoplasmic (C-ANCA).1208,1304 The two major antigen speci-
ficities for ANCA are MPO and PR3.1201,1304-1307 Both proteins 
are found in the primary granules of neutrophils and the 
lysosomes of monocytes. With rare exceptions, anti-MPO 
autoantibodies produce a P-ANCA pattern of staining on 
indirect immunofluorescence microscopy, whereas anti-PR3 
autoantibodies produce a C-ANCA pattern of staining. 
About two thirds of patients with pauci-immune necrotizing 
crescentic glomerulonephritis without clinical evidence of 
systemic vasculitis will have MPO-ANCAs or P-ANCAs, and 
approximately 30% have PR3-ANCAs or C-ANCAs.1202,1308 
The relative frequency of MPO-ANCAs to PR3-ANCAs is 
higher in patients with renal-limited disease than in patients 
with MPA or GPA.1202 A small percentage of patients will 
harbor both MPO- and PR3-ANCAs; however, this likely rep-
resents primarily those patients who have been exposed to 
levamisole-adulterated cocaine.1309,1310

As mentioned previously, about one third of patients with 
anti-GBM disease and approximately a quarter of patients 
with idiopathic immune complex crescent glomerulone-
phritis test positive for ANCAs; therefore, ANCA positivity is 
not completely specific for pauci-immune crescentic glo-
merulonephritis.362 Maximal sensitivity and specificity with 
ANCA testing is achieved when both immunofluorescence 
and antigen-specific assays are performed. Antigen-specific 
assays may be either enzyme-linked immunosorbent assays 
or radioimmunoassays. A variety of commercial tests are 
now available, and their diagnostic specificity ranges from 
70% to 90%, and sensitivity from 81% to 91%.362,1311 Tests 
still do not provide the necessary sensitivity, specificity, and 
predictive power to allow their use as the basis for initiating 
or altering cytotoxic therapy.

The positive predictive value (PPV) of a positive ANCA 
test result (i.e., the percentage of patients with a positive 
result who have pauci-immune crescentic glomerulonephri-
tis) depends on the signs and symptoms of disease in the 
patient who is tested. The signs and symptoms indicate the 
pretest likelihood of pauci-immune crescentic glomerulone-
phritis (predicted prevalence), which greatly influences pre-
dictive value. The PPV of a positive ANCA result in a patient 
with classic features of RPGN is 95%.362 In patients with 
hematuria and proteinuria, the PPV of a positive ANCA 
result is 84% if the serum creatinine is greater than 3 mg/
dL, 60% if the serum creatinine is 1.5 to 3.0 mg/dL, and 
only 29% if the serum creatinine is less than 1 mg/dL.1312 
Although the PPV is not good in this last setting, the nega-
tive predictive value is greater than 95%, and thus a negative 
result can allay any concerns that the patient has early or 
mild pauci-immune necrotizing glomerulonephritis.

Urinalysis findings in pauci-immune crescentic glomeru-
lonephritis include hematuria with dysmorphic red blood 
cells, with or without red cell casts, and proteinuria. The 
proteinuria ranges from 1 g of protein per 24 hours to as 

finding of clinically silent extrarenal vasculitis. Eight percent 
of patients died either from septic infections or from pro-
gressive recurrent vasculitis.1293

No studies currently available specifically examine the 
prognostic factors of pauci-immune crescentic glomerulo-
nephritis in the absence of extrarenal manifestations of 
disease. In studies addressing the question of prognosis  
of patients with ANCA-related small vessel vasculitis in 
general,1205,1293,1294 the presence of pulmonary hemorrhage 
was the most important determinant of patient survival. 
With respect to the risk of ESKD, the most important predic-
tor of outcome is the entry serum creatinine level at the 
time of initiation of treatment.1294 This parameter remained 
the most important predictive factor of renal outcome in a 
multivariate analysis that corrected for variables such as the 
presence or absence of extrarenal disease. Treatment resis-
tance and progression to ESKD is also predicted by longer 
disease duration and vascular sclerosis on kidney biopsy 
specimens (presence of glomerular sclerosis, interstitial 
infiltrates, tubular necrosis, and atrophy),1295 and the pres-
ence of clinical markers of chronic disease, including cumu-
lative organ damage (measured by the Vasculitis Damage 
Index).1296 A finding of vascular sclerosis on the biopsy was 
also found to be an independent predictor of treatment 
resistance1297 and may be a reflection of chronic kidney 
damage due to hypertension or other atherosclerotic pro-
cesses, with ANCA-associated nephritis providing an addi-
tional insult.

The impact of kidney damage as a predictor of resistance 
emphasizes the importance of early diagnosis and prompt 
institution of therapy. It is important to note that although 
the entry serum creatinine level is the most important pre-
dictor of renal outcome, there is no threshold of kidney 
dysfunction beyond which treatment is deemed futile, 
because more than half of patients who have a GFR of less 
than 10 mL/min at presentation reach a remission and 
experience a substantial improvement in kidney func-
tion.1298 Therefore, aggressive immunosuppressive therapy 
is warranted in all patients with newly diagnosed disease.1297 
However, the risk of progression to ESKD is also determined 
by the change in GFR within the first 4 months of treatment. 
In the absence of other disease manifestations, the decision 
to continue immunosuppressive therapy in patients with a 
sharply declining GFR should be weighed against the dimin-
ishing chance of renal recovery.1297

Relapses of ANCA small vessel vasculitis occur in up to 
40% of patients. Based on a large cohort study, the risk of 
relapse appears to be predicted by the presence of PR3-
ANCAs (as opposed to MPO-ANCAs) and the presence of 
upper respiratory tract or lung involvement.1297 Patients with 
glomerulonephritis alone who predominantly have MPO-
ANCAs belong to the subgroup of patients with a relatively 
low risk of relapse, with a relapse rate of around 25% at a 
median of 62 months.

Pauci-immune necrotizing glomerulonephritis and small 
vessel vasculitis may recur after kidney transplantation.1299,1300 
The rate of recurrence for ANCA small vessel vasculitis in 
general, including pauci-immune necrotizing glomerulone-
phritis alone, is about 20%.1301 The rate of recurrence in the 
subset of patients who have pauci-immune necrotizing glo-
merulonephritis alone without systemic vasculitis is unknown 
but may be lower than 20%. A positive ANCA test result at 
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associated with pulse cyclophosphamide was not statistically 
higher than the rate with a daily oral regimen, but the intra-
venous pulse regimen was associated with a statistically 
higher rate of remission and lower rates of leukopenia and 
infections.1317 The final outcomes (death or ESKD) were no 
different for the two dosing regimens.

A large randomized controlled trial of pulse versus daily 
oral cyclophosphamide for induction of remission was con-
ducted that included 149 patients with newly diagnosed 
generalized ANCA vasculitis with kidney involvement.1318 
Patients were randomly assigned to receive either pulse 
cyclophosphamide, 15 mg/kg every 2 weeks × 3 and then 
every 3 weeks, or daily oral cyclophosphamide, 2 mg/kg per 
day. Cyclophosphamide therapy was continued for 3 months 
beyond the time of remission. All patients were then 
switched to azathioprine (2 mg/kg/day orally) until month 
18. All patients received prednisolone starting at 1 mg/kg 
orally, followed by a taper. Patients with a serum creatinine 
level of more than 500 µmol/L (5.7 mg/dL) were excluded 
from the study. Seventy-nine percent of patients achieved 
remission by 9 months (median time to remission was 3 
months for both groups). The two treatment groups did not 
differ in time to remission or proportion of patients who 
achieved remission at 9 months (88.1% in the pulse group 
vs. 87.7% in the daily oral group). GFR did not differ 
between the two groups at any time point. By 18 months, 13 
patients in the pulse group and 6 in the daily oral group 
had experienced a relapse (HR, 2.01; 95% CI, 0.77 to 5.30). 
Absolute cumulative cyclophosphamide dose in the daily 
oral group was almost twice that in the pulse group (15.9 g 
vs. 8.2 g, respectively; P < 0.001). The pulse group had a 
lower rate of leukopenia (HR, 0.41; 95% CI, 0.23 to 0.71), 
but the frequency of serious infections was not statistically 
different between the two treatment groups. Interestingly, 
the long-term results of this trial were recently reported with 
a median duration of 4.3 years’ follow-up and data from 
90% of patients in the original trial.1319 There was no differ-
ence in survival between the two groups; however, risk of 
relapse was significantly lower in the daily oral cyclophos-
phamide arm (HR, 0.50; 95% CI, 0.26 to 0.93; P = 0.029) 
although kidney function was similar by the end of the study 
(P = 0.82), as were adverse events.

This randomized controlled trial confirms that the two 
cyclophosphamide regimens are associated with similar 
remission induction rates and time to remission induction, 
with the pulse cyclophosphamide regimen resulting in about 
one half the cumulative medication dose of the oral regimen 
and a significantly lower rate of leukopenia. The long-term 
results would suggest that the daily oral cyclophosphamide 
regimen portends less relapse risk, and there was a trend 
toward this in the original study. At this point, clinicians must 
weigh the risks and benefits of either regimen to determine 
which is most appropriate, and this decision may likely be 
based more heavily now on level of patient compliance.

The length of cyclophosphamide therapy has changed 
significantly, largely based on the results of a large con-
trolled trial in which patients who attained a complete 
remission with cyclophosphamide after 3 months of therapy 
were randomly assigned to switch to azathioprine or to con-
tinue taking cyclophosphamide for a total of 12 months. 
After 12 months, both groups received azathioprine main-
tenance therapy for an additional year.1145 Changing to 

much as 16 g of protein per 24 hours.1293,1313 Serum creati-
nine concentration usually is elevated at the time of diag-
nosis and rising, although a minority of patients have 
relatively indolent disease. Erythrocyte sedimentation rate 
and C-reactive protein level are elevated during active 
disease. Serum complement component levels are typically 
within normal limits.

Whether a kidney biopsy is essential for the management 
of ANCA-associated pauci-immune glomerulonephritis 
depends on a number of factors, including the diagnostic 
accuracy of ANCA testing, the pretest probability of finding 
pauci-immune glomerulonephritis, the value of knowing 
the activity and chronicity of the renal lesions, and the risk 
associated with immunotherapy for ANCA-associated pauci-
immune necrotizing glomerulonephritis. Based on a study 
of 1000 patients with proliferative and/or necrotizing glo-
merulonephritis and a positive test for either PR3-ANCA or 
MPO-ANCA, the PPV of ANCA testing was found to be 86% 
with a false-positive rate of 14% and a false-negative rate of 
16%. Considering the serious risks inherent in treatment 
with high-dose corticosteroids and cytotoxic agents, it is 
prudent to confirm the diagnosis and characterize the activ-
ity and chronicity of ANCA-associated pauci-immune cres-
centic glomerulonephritis by kidney biopsy unless the 
patient is too ill to tolerate the procedure.1312

TREATMENT
Data on the treatment of ANCA-positive pauci-immune nec-
rotizing and crescentic glomerulonephritis are derived from 
studies of ANCA-associated small vessel vasculitis, including 
GPA and MPA. There are scant data specifically addressing 
the treatment of patients with renal-limited pauci-immune 
necrotizing glomerulonephritis. The treatment of pauci-
immune crescentic glomerulonephritis (with or without 
systemic vasculitis) remains based primarily on varying regi-
mens of corticosteroids and cyclophosphamide.1294,1314,1315

In view of the potential explosive and fulminant nature 
of this disease, induction therapy should be instituted using 
pulse methylprednisolone at a dose of 7 mg/kg/day for 
three consecutive days in an attempt to halt the aggressive, 
destructive, inflammatory process. This is followed by the 
institution of daily oral prednisone, as well as cyclophospha-
mide, either orally or intravenously. Prednisone is usually 
started at a dosage of 1 mg/kg/day for the first month, then 
tapered to an alternate-day regimen, and then discontinued 
by the end of the fourth to fifth month. When a regimen of 
monthly intravenous doses of cyclophosphamide is used, 
the starting dose should be about 0.5 g/m2 and should be 
adjusted upward to 1 g/m2 based on the 2-week leukocyte 
count nadir.1315,1316 A regimen based on daily oral cyclophos-
phamide should begin at a dose of 2 mg/kg/day1314 and 
should be adjusted downward as needed to keep a nadir 
leukocyte count above 3000 cells/mm3 as well as appropri-
ate dose adjustment based on degree of reduction in GFR.

The optimal form of cyclophosphamide therapy (daily 
oral vs. intravenous pulse) has been the subject of investiga-
tion. In general, the intravenous regimen allows for an 
approximately twofold lower cumulative dose of cyclophos-
phamide than the oral regimen and is associated with a 
significant decrease in the rate of clinically significant neu-
tropenia and other complications. In a meta-analysis of 
three randomized controlled trials, the rate of relapse 
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upper respiratory tract, and this antibiotic is unlikely to have 
a role in the treatment of pauci-immune crescentic glo-
merulonephritis alone. Induction therapy with methotrex-
ate has been compared with cyclophosphamide treatment 
in patients with “early” limited GPA and mild kidney 
disease.1335-1339 The rate of remission at 6 months was com-
parable in the two treatment groups.1337 However, the onset 
of remission was delayed in methotrexate-treated patients 
with more extensive disease or pulmonary involvement. 
Methotrexate was also associated with a significantly higher 
rate of relapse than was cyclophosphamide (69.5% vs. 
46.5%, respectively), and 45% of relapses occurred while 
patients were receiving methotrexate. The dose of metho-
trexate must be reduced in patients whose creatinine clear-
ance is less than 80 mL/min, and its use is contraindicated 
when creatinine clearances is less than 10 mL/min. More-
over, in our experience there are patients taking methotrex-
ate who have progressive glomerulonephritis. Methotrexate 
is therefore unlikely to have any role in the treatment of 
pauci-immune crescentic glomerulonephritis alone.

Whether the use of cyclophosphamide can be reduced or 
avoided completely by the use of rituximab has been the 
subject of two randomized controlled trials. In the RITUX-
VAS trial, 44 patients with newly diagnosed ANCA vasculitis 
were randomly assigned in a ratio of 3 : 1 to receive either 
rituximab (375 mg/m2 weekly × 4) in addition to cyclophos-
phamide (15 mg/kg intravenously × 2, 2 weeks apart), or 
cyclophosphamide (15 mg/kg intravenously every 2 weeks 
× 3, then every 3 weeks for a maximum total of 10 doses) 
alone.1339 Both groups received the same intravenous and 
oral prednisolone regimen. Patients in the rituximab group 
did not receive maintenance therapy, whereas those in the 
cyclophosphamide group were switched to azathioprine 
until the end of the trial. Minimum follow-up was 12 months. 
The rate of sustained remission was similar in the two treat-
ment groups (76% in the rituximab group vs. 82% in the 
cyclophosphamide group, P = 0.67 for risk difference). 
Severe adverse events were common in both groups, affect-
ing 45% of patients in the rituximab group and 36% in the 
cyclophosphamide group (P = 0.60). This study suggests 
that a combination of rituximab and reduced-dose cyclo-
phosphamide may be no less effective than a “traditional” 
cyclophosphamide regimen, but it did not demonstrate a 
safety benefit of a rituximab-based approach. This study was 
not powered to establish equivalence or noninferiority.

In a large controlled trial designed to assess the noninfe-
riority of rituximab compared to cyclophosphamide, 197 
patients were randomly assigned to treatment with either 
rituximab (375 mg/m2 infusions once weekly × 4) or cyclo-
phosphamide (2 mg/kg/day orally) for months 1 to 3 fol-
lowed by azathioprine (2 mg/kg/day orally) for months 4 
to 6. All patients received methylprednisolone (1 g/day 
intravenously for up to 3 days) followed by prednisone 
(1 mg/kg/day, tapered off completely by 6 months). The 
induction phase of this trial revealed similar rates between 
the two treatment groups in complete remission at 6 months 
(64% in the rituximab group vs. 55% in the cyclophospha-
mide group, P = 0.21).1340 No differences in relapse rates 
were observed between the groups. The 18-month efficacy 
of this single course of rituximab, as compared to cyclophos-
phamide followed by azathioprine, revealed persistent non-
inferiority; however, remission rates at the 18-month mark 

azathioprine after 3 months of cyclophosphamide treat-
ment appears as effective as receiving oral cyclophospha-
mide for 12 months followed by 12 months of azathioprine 
based on kidney function and the frequency of relapse. It is 
noteworthy that patients whose PR3-ANCA titers remained 
positive at the time of the switch had about a twofold 
increased risk of subsequent relapse compared with patients 
whose ANCA titers had reverted to negative.1320

In three relatively small randomized controlled trials  
addressing the role of plasmapheresis in the treatment of 
ANCA-associated small vessel vasculitis and glomerulone-
phritis,1321-1323 plasmapheresis was not found to provide any 
added benefit over immunosuppressive treatment alone in 
patients with renal-limited disease or in patients with mild 
to moderate kidney dysfunction. However, the use of plas-
mapheresis in addition to immunosuppressive therapy 
appears to be beneficial in the subset of patients who require 
dialysis at the time of presentation.1323,1324 In a study per-
formed by the European Vasculitis Study Group of 137 
patients with a new diagnosis of severe biopsy-confirmed 
ANCA-associated glomerulonephritis, the use of plasma 
exchange was found to be superior to pulse methylpredniso-
lone in producing recovery of kidney function in patients 
with severe kidney dysfunction at the time of entry into the 
study (serum creatinine level of >5.8 mg/dL).1325 Long-term 
follow-up of these patients did not show a significant differ-
ence in the proportion of patients free of ESKD or death; 
however, the small number of patients limited the power to 
detect differences.1326 Because of the clinically observed 
increased risk of severe bone marrow suppression with the 
use of cyclophosphamide in patients receiving dialysis, such 
treatment should be pursued with extreme caution.

Patients who eventually are able to discontinue 
dialysis usually do so within 3 or 4 months of initiation of 
therapy.1298,1316 For this reason, continuing immunosuppres-
sive therapy beyond 4 months in patients who are still receiv-
ing dialysis is unlikely to be of added benefit (unless they 
continue to have extrarenal manifestations of vasculitis). In 
a retrospective analysis of 523 patients with ANCA vasculitis 
followed over a median of 40 months, 136 patients reached 
ESKD.1327 Relapse rates of vasculitis were significantly lower 
in patients on long-term dialysis (0.08 episode/patient-year) 
than in the same patients before they reached ESKD (0.20 
episode/patient-year) and in patients with preserved kidney 
function (0.16 episode/patient-year). Infections were almost 
twice as frequent among patients with ESKD receiving main-
tenance immunosuppressants and were an important cause 
of death. Given the lower risk of relapse with hemodialysis 
and the higher risk of infection and death with long-term 
immunosuppression, the risk/benefit ratio does not support 
the routine use of maintenance immunosuppression therapy 
in patients with ANCA small vessel vasculitis who are on 
long-term dialysis.

Although high-dose intravenous pooled immunoglobulin 
has been used in the treatment of systemic vasculitis resis-
tant to usual immunosuppressive treatment,1328-1332 there are 
no published reports of its use in patients with pauci-
immune crescentic glomerulonephritis alone without sys-
temic involvement.

Trimethoprim-sulfamethoxazole has been suggested to 
be of benefit in the treatment of patients with GPA.1333,1334 
Such beneficial effects, if any, seem to be limited to the 
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were 39% and 33% (P = 0.32), respectively signifying the 
critical and persistent need for more effective remission 
induction and maintenance strategies.1341 Although these 
studies suggest that substitution of cyclophosphamide with 
rituximab may be effective, rituximab has not been formally 
evaluated in patients with severe renal failure requiring 
dialysis.

Studies pertaining to maintenance immunosuppression 
for relapse prevention are primarily geared to patients with 
GPA or MPA. Current data suggest that patients with pauci-
immune glomerulonephritis alone and MPO-ANCAs are at 
a relatively low risk of relapse.1297 The value of prolonged 
maintenance immunosuppression in this group of patients 
is unknown, and any benefit in preventing a relapse  
would have to be weighed against the potential toxicity of 
immunosuppressive agents and the risks associated with 
their use. Strategies for reducing treatment toxicity are 
being studied and are considered in greater detail in 
Chapter 34.
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SYSTEMIC LUPUS ERYTHEMATOSUS

Lupus nephritis (LN) is a frequent and potentially serious 
complication of systemic lupus erythematosus (SLE).1-6 
Kidney disease influences morbidity and mortality both 
directly and indirectly through complications of therapy. 
Recent studies have more clearly defined the spectrum of 
clinical, prognostic, and renal histopathologic findings in 
SLE. Controlled randomized trials of induction therapy for 
severe LN have focused on achieving remissions of renal 
disease while minimizing adverse reactions to therapy. Main-
tenance trials have compared the efficacy of therapeutic 
agents in preventing renal flares and the progression of 
renal disease over several years. For patients who fail to 
respond to current treatment regimens, a number of newer 

immunomodulatory agents are being studied in resistant or 
relapsing disease.

EPIDEMIOLOGY

The incidence and prevalence of SLE depend on the age, 
gender, geographic locale, and ethnicity of the population 
studied as well as the diagnostic criteria for defining SLE.1,6-9 
Females outnumber males by about 10 to 1. However, males 
with SLE have the same incidence of renal disease as females. 
The onset of disease peaks between 15 and 45 years of age 
and more than 85% of patients are younger than 55 years 
of age. SLE is more often associated with severe nephritis in 
children and in males and is milder in older adults.1,3,7,8 SLE 
and LN are more common and are associated with more 
severe renal involvement in African American, Asian, and 
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histopathologic findings supporting or confirming the pre-
sumed diagnosis.1

PATHOGENESIS OF SYSTEMIC LUPUS 
ERYTHEMATOSUS AND LUPUS NEPHRITIS

In patients with SLE, abnormalities of immune regulation 
lead to a loss of self-tolerance, autoimmune responses, and 
the production of a variety of autoantibodies and immune 
complexes.1,2,14-20 SLE is associated with defective regulation 
of T cells with decreased numbers of cytotoxic and suppres-
sor T cells, increased helper (CD4+) T cells, dysfunctional 
T cell signaling, and abnormal TH1, TH2, and TH17 cytokine 
production.1,6,16-21 There is also polyclonal activation of B 
cells and defective B cell tolerance. The failure of apoptotic 
mechanisms to delete autoreactive B cell and T cell clones 
may promote their expansion and may trigger immune 
responses through interactions with Toll-like receptors with 
subsequent autoantibody production. The result of this loss 
of tolerance is the production of a wide range of autoanti-
bodies, including those directed against nucleic acids, 
nucleosomes (double-stranded DNA in association with a 
core of positively charged histones), chromatin antigens, 
and nuclear and cytoplasmic ribonuclear proteins.1,6,15,20,22 
Viral or bacterial peptides containing sequences similar to 
native antigens may lead to “antigen mimicry” and stimulate 
autoantibody production.

In SLE, autoantibodies combine with self antigens to 
produce circulating immune complexes that deposit in the 
glomeruli, activate complement, and incite an inflammatory 
response. Immune complexes are also detectable in the skin 
at the dermal-epidermal junction, in the choroid plexus, 
pericardium, and pleural spaces. Renal involvement in SLE 
has been considered a human prototype of classic experi-
mental chronic immune complex–induced glomerulone-
phritis.23 The chronic deposition of circulating immune 
complexes plays a major role in the mesangial and the 
endocapillary proliferative patterns of LN. Immune complex 
size, charge, avidity, local hemodynamic factors, and the 
clearing ability of the mesangium influence the localization 
of circulating immune complexes within the glomeru-
lus.2,6,17,23 In diffuse proliferative LN, the deposited com-
plexes consist of nuclear antigens (e.g., DNA) and 
high-affinity complement-fixing immunoglobulin G (IgG) 
antibodies.1,2,23 In some SLE patients, the initiating event 
may be the local binding of cationic nuclear antigens such 
as histones to the subepithelial region of the glomerular 
capillary wall, followed by in situ immune complex forma-
tion. Once glomerular immune deposits form, the comple-
ment cascade is activated, leading to complement-mediated 
damage, activation of procoagulant factors, leukocyte Fc 
receptor activation with leukocyte infiltration, release of 
proteolytic enzymes, and production of various cytokines 
regulating glomerular cellular proliferation and matrix 
synthesis.

Neutrophils undergoing cell death may release chro-
matin meshworks (called neutrophil extracellular traps 
[NETs]). These NETs, which are detectable in LN biopsies, 
are not degraded properly in patients with lupus and are a 
source of autoantigen presentation and induction of IFN-α 
by plasmacytoid dendritic cells.24 There is also evidence for 
intrarenal autoantibody production in patients with LN.25 

Hispanic populations although the precise roles of biologic-
genetic versus socioeconomic factors have not been clearly 
defined.1,10-12 The overall incidence of SLE ranges from 1.8 
to 7.6 cases per 100,000 with a prevalence of from 40 to 200 
cases per 100,000.1,6,7 The incidence of renal involvement 
varies depending on the populations studied, the diagnostic 
criteria for kidney disease, and whether involvement is 
defined by renal biopsy or clinical findings. Approximately 
25% to 50% of unselected lupus patients will have clinical 
renal disease at onset while as many as 60% of adults with 
SLE will develop renal disease during their course.1,2,5,7,8

A number of genetic, hormonal, and environmental 
factors clearly influence the course and severity of SLE.1,2,6-9 
A multiplicity of genes are involved in both SLE and LN. A 
genetic predisposition is supported by a higher concor-
dance rate in monozygotic twins (25%) than fraternal twins 
(<5%), the greater risk of relatives of SLE patients develop-
ing SLE or other autoimmune disease, the association with 
certain HLA genotypes (e.g., HLA-B8, HLA-DR2, and HLA-
DR3), inherited deficiencies in complement components 
(e.g., homozygous C1q, C2, and C4 deficiencies), and Fc 
receptor polymorphisms.1,13 Genome-wide analyses have 
identified approximately 20 different genetic loci associated 
with an increased risk of SLE. These candidate susceptibility 
genes regulate diverse immune functions such as T cell 
activation, B cell signaling, Toll-like receptors, signal trans-
duction, neutrophil function, and interferon (IFN) produc-
tion.1,8 Inbred spontaneous genetic murine models of SLE 
and LN include the NZB B/W F1 hybrid, the BXSB, and the 
MRL/lpr mouse. SLE is inducible in some murine strains 
through injection of autoantibodies against DNA or by 
injection of Smith antigen peptides. Evidence for the role 
of hormonal factors includes the strong predominance of 
SLE in females of childbearing age and the increased inci-
dence of lupus flares during or shortly after pregnancy.1,2,6,9-14 
In the F1 NZB/NZW mice, females have more severe disease 
than males and disease severity is ameliorated by oophorec-
tomy or androgen therapy. Environmental factors other 
than estrogens also modulate disease expression; these 
factors include immune responses to viral or bacterial anti-
gens, exposure to sunlight and ultraviolet radiation, and 
certain medications.1,6,9,14,15

For study purposes, the diagnosis of SLE is established by 
the presence of certain clinical and laboratory criteria 
defined by the American College of Rheumatology (ACR).1,5 
Development of any 4 of the 11 criteria over a lifetime gives 
a 96% sensitivity and specificity for SLE. These criteria 
include malar rash, discoid rash, photosensitivity, oral ulcer-
ations, nondeforming arthritis, serositis (including pleuritis 
or pericarditis), central nervous system disorder (such  
as seizures or psychoses), renal involvement, hematologic 
disorder (including hemolytic anemia, leukopenia, lympho-
penia, or thrombocytopenia), immunologic disorder 
(including anti-DNA antibody, anti-Sm antibody, lupus anti-
coagulant, or antiphospholipid antibody), and antinuclear 
antibody (ANA). The criterion of renal involvement is 
defined by persistent proteinuria exceeding 500 mg/dL/
day (or 3+ on the dipstick) or the presence of cellular 
urinary casts. Because some patients, especially those with 
mesangial or membranous LN, will present with clinical 
renal disease before they have fulfilled 4 of the 11 criteria, 
the diagnosis of SLE remains a clinical diagnosis with 
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Figure 33.1  Lupus nephritis class II. There is mild global mesangial 
hypercellularity. (Periodic acid–Schiff stain, ×400.) 

Table 33.1 International Society of Nephrology/
Renal Pathology Society (2003) 
Classification of Lupus Nephritis (LN)

Class Description

I Minimal mesangial LN
II Mesangial proliferative LN
III Focal LN* (<50% of glomeruli)
  III (A) Active lesions
  III (A/C) Active and chronic lesions
  III (C) Chronic lesions
IV Diffuse LN† (≥50% of glomeruli)

Diffuse segmental (IV-S) or global (IV-G) LN
  IV (A) Active lesions
  IV (A/C) Active and chronic lesions
  IV (C) Chronic lesions
V‡ Membranous LN
VI Advanced sclerosing LN

(≥90% globally sclerosed glomeruli without 
residual activity)

*Indicate the proportion of glomeruli with active and with sclerotic 
lesions.

†Indicate the proportion of glomeruli with fibrinoid necrosis and 
with cellular crescents.

‡Class V may occur in combination with III or IV, in which case 
both will be diagnosed.

Glomerular damage may be potentiated by mechanisms  
distinct from immune complex deposition, such as hyper-
tension and coagulation abnormalities. Some lupus  
patients with associated antineutrophil cytoplasmic antibod-
ies (ANCAs) have documented focal segmental necrotizing 
glomerular lesions without significant immune complex 
deposition, resembling a “pauci-immune” glomerulonephri-
tis.26,27 The presence of antiphospholipid antibodies, with 
their attendant alterations in endothelial and platelet func-
tion (including reduced production of prostacyclin and 
other endothelial anticoagulant factors, activation of plas-
minogen, inhibition of protein C or S, and enhanced plate-
let aggregation), can also potentiate glomerular and vascular 
lesions.27

PATHOLOGY OF LUPUS NEPHRITIS

The histopathology of LN is pleomorphic.1-4,23 This diversity 
is evident when comparing biopsy findings from different 
patients or even adjacent glomeruli in a single biopsy. More-
over, the lesions have the capacity to transform from one 
pattern to another spontaneously or following treatment. 
Early classifications of LN simply divided glomerular changes 
into mild and severe forms.2,23 The World Health Organiza-
tion (WHO) classification system, used for almost 30 
years,28,29 classified LN by combining glomerular light micro-
scopic, immunofluorescence, and electron microscopic 
findings. The 2003 International Society of Nephrology/
Renal Pathology Society (ISN/RPS) classification of LN 
addressed limitations of the WHO classification system and 
is now widely accepted by nephrologists, pathologists, and 
rheumatologists30 (Table 33.1). It has proven more repro-
ducible and provides more standardized definitions for 
precise clinical pathologic correlations.31,32

ISN/RPS class I denotes normal-appearing glomeruli by 
light microscopy but with mesangial immune deposits  
by immunofluorescence and electron microscopy. Even 
patients without clinical renal disease often have mesangial 
immune deposits when studied carefully by the more sensi-
tive techniques of immunofluorescence and electron 
microscopy.30

ISN/RPS class II is defined on light microscopy by mesan-
gial hypercellularity, with mesangial immune deposits on 
immunofluorescence and electron microscopy (Figures 
33.1, 33.2, and 33.3).30 Mesangial hypercellularity is defined 
as more than three cells in mesangial regions distant from 
the vascular pole in 3-µm–thick sections. There may be rare 
minute subendothelial or subepithelial deposits visible by 
immunofluorescence or electron microscopy but not by 
light microscopy.

ISN/RPS class III, focal LN, is defined as focal segmental 
and/or global endocapillary and/or extracapillary glomeru-
lonephritis affecting less than 50% of the total glomeruli 
sampled. Both active and chronic lesions are taken into 
account when determining the percentage of total glom-
eruli involved. There is typically focal segmental endocapil-
lary proliferation, including mesangial cells and endothelial 
cells, with infiltrating mononuclear and polymorphonuclear 
leukocytes (Figures 33.4, 33.5, and 33.6).30 Class III biopsies 
are classified as A (active, proliferative), C (inactive, chronic 
sclerosing), or A/C (active and inactive lesions). Active 
lesions may display cellular crescents, fibrinoid necrosis, 

nuclear pyknosis or karyorrhexis, and rupture of the glo-
merular basement membrane (GBM). Hematoxylin bodies, 
swollen basophilic nuclear material resulting from binding 
to ambient ANAs, are occasionally found within the necro-
tizing lesions. Subendothelial immune deposits may be 
visible by light microscopy as “wire loop” thickenings of the 
glomerular capillary walls or large intraluminal masses 
known as “hyaline thrombi.” Chronic glomerular lesions 
consist of segmental and/or global glomerular sclerosis 
owing to scarred glomerulonephritis with or without fibrous 
crescents.30 In class III biopsies, glomeruli adjacent to those 
with severe histologic changes may show only mesangial 
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Figure 33.2  Lupus nephritis class II. Immunofluorescence photomi-
crograph showing deposits of C3 restricted to the glomerular mesan-
gium. (×400.) 

Figure 33.3  Lupus nephritis class II. Electron micrograph showing 
abundant mesangial electron-dense deposits (×12,000.) 

Figure 33.4  Lupus nephritis class III. There is focal segmental endo-
capillary proliferation. (Jones’ methenamine silver stain, ×100.) 

Figure 33.5  Lupus nephritis class III. The glomerular endocapillary 
proliferation is discretely segmental with necrotizing features and an 
early cellular crescent. (Jones’ methenamine silver stain, ×400.) 

Figure 33.6  Lupus nephritis class III. Electron micrograph showing 
deposits in the mesangium as well as involving the peripheral capillary 
wall in subendothelial (double arrow) and subepithelial (single arrows) 
locations. (×4900.) 

abnormalities by light microscopy. In class III, diffuse mesan-
gial and focal and segmental subendothelial immune depos-
its are typically identified by immunofluorescence and 
electron microscopy. The segmental subendothelial depos-
its are usually present in the distribution of the segmental 
endocapillary proliferative lesions.

ISN/RPS class IV, diffuse LN, has qualitatively similar 
glomerular endocapillary and/or extracapillary lesions as 
class III but involves more than 50% of the total glomeruli 
sampled (Figures 33.7, 33.8, and 33.9).28,30,33,34 Again, both 
active (proliferative) and chronic (sclerosing) lesions are 
included when determining the percentage of glomeruli 
affected. Class IV is subdivided into diffuse segmental pro-
liferation, class IV-S, in which more than 50% of affected 
glomeruli have segmental lesions, and diffuse global prolif-
eration, class IV-G, in which more than 50% of affected 
glomeruli have global lesions. All the active features 
described earlier for class III (including fibrinoid necrosis, 
leukocyte infiltration, wire loop deposits, hyaline thrombi, 
hematoxylin bodies, and crescents) may be encountered in 
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class IV LN. In general, there is more extensive peripheral 
capillary wall subendothelial immune deposition, and  
extracapillary proliferation in the form of crescents is not 
uncommon. Class IV lesions may have features similar to 
those of primary membranoproliferative glomerulonephri-
tis (MPGN; also known as mesangiocapillary glomerulone-
phritis) with mesangial interposition along the peripheral 
capillary walls and double contours of the GBMs. Some class 
III and IV biopsies will have focal necrotizing and crescentic 
lesions akin to those seen in small vessel vasculitides. Some 
of these patients have had circulating ANCAs.26,35

ISN/RPS class V is defined by regular subepithelial 
immune deposits producing a membranous pattern (Figures 
33.10, 33.11, and 33.12).30,36-38 The coexistence of mesangial 
immune deposits and mesangial hypercellularity in most 
cases helps to distinguish membranous LN from primary 
membranous glomerulopathy.39 Early membranous LN class 
V may have no identifiable abnormalities by light micros-
copy, but subepithelial deposits are detectable by immuno-
fluorescence and electron microscopy. In well-developed 

Figure 33.7  Lupus nephritis class IV. There is global endocapillary 
proliferation  with  infiltrating  neutrophils  and  segmental  wire  loop 
deposits. (Hematoxylin and eosin stain, ×320.) 

Figure 33.8  Lupus nephritis class  IV.  Immunofluorescence photo-
micrograph showing global deposits of IgG in the mesangial regions 
and outlining the subendothelial aspect of the peripheral glomerular 
capillary walls. (×600.) 

Figure 33.9  Lupus nephritis class IV. Electron micrograph showing 
a large subendothelial electron-dense deposit as well as a few small 
subepithelial deposits (arrow). (×1200.) 

Figure 33.10  Lupus nephritis class V. There is diffuse uniform thick-
ening  of  glomerular  basement  membranes  accompanied  by  mild 
segmental mesangial hypercellularity.  (Hematoxylin and eosin stain, 
×320.) 

Figure 33.11  Lupus  nephritis  class  V.  Silver  stain  highlights  glo-
merular basement membrane (GBM) spikes projecting outward from 
the  GBMs  toward  the  urinary  space.  (Jones’  methenamine  silver 
stain, ×800.) 
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intracellular branching tubular structures measuring 24 nm 
in diameter located within dilated cisternae of the endoplas-
mic reticulum of glomerular and vascular endothelial cells, 
are commonly observed in SLE biopsies.2,4,23 Tubuloreticu-
lar inclusions are inducible on exposure to IFN-α (so-called 
interferon footprints) and are also present in biopsies of 
patients infected with human immunodeficiency virus 
(HIV) and those with some other viral infections.40

ACTIVITY AND CHRONICITY
Some investigators grade biopsies for features of activity 
(potentially reversible lesions) and chronicity (irreversible 
lesions). In the widely used National Institutes of Health 
(NIH) system, activity index is calculated by grading the 
biopsy on a scale of 0 to 3+ for each of six histologic features; 
these features are endocapillary proliferation, glomerular 
leukocyte infiltration, wire loop deposits, fibrinoid necrosis 
and karyorrhexis, cellular crescents, and interstitial inflam-
mation.41 The severe lesions of crescents and fibrinoid 
necrosis are assigned double weight. The sum of the indi-
vidual components yields a total histologic activity index 
score of from 0 to 24. Likewise, a chronicity index of 0 to 
12 is derived from the sum of glomerulosclerosis, fibrous 
crescents, tubular atrophy, and interstitial fibrosis, each 
graded on a scale of 0 to 3+. Studies at the NIH correlated 
both a high activity index (>12) and especially a high chro-
nicity index (>4) with a poor 10-year renal survival rate.41 
However, in several other large studies, neither the activity 
index nor the chronicity index correlated well with long-
term prognosis.28,42,43 Other NIH studies concluded that a 
combination of an elevated activity index (>7) and an ele-
vated chronicity index (>3) predicts a poor long-term 
outcome.41 A major value of calculating the activity and 
chronicity indices is in the comparison of sequential biop-
sies in individual patients. This provides useful information 
about the efficacy of therapy and the relative degree of 
reversible versus irreversible lesions.2-4,23,44,45

TUBULOINTERSTITIAL DISEASE, VASCULAR 
LESIONS, AND LUPUS PODOCYTOPATHY

Some SLE patients have major changes in the tubulointer-
stitial compartment.46-49 Active tubulointerstitial lesions 
include edema and inflammatory infiltrates, including T 
lymphocytes (both CD4+ and CD8+ cells), monocytes, and 
plasma cells.49 Tubulointerstitial immune deposits of immu-
noglobulin and/or complement may be present along the 
basement membranes of tubules and interstitial capillaries. 
Severe acute interstitial changes and tubulointerstitial 
immune deposits are most commonly found in patients with 
active proliferative class III and IV LN. The degree of inter-
stitial inflammation does not correlate well with the pres-
ence or quantity of tubulointerstitial immune deposits.46,47 
Interstitial fibrosis, tubular atrophy, or both are commonly 
encountered in the more chronic phases of LN. One study 
documented a strong inverse correlation between the 
degree of tubular damage and renal survival.47 In addition, 
the renal survival rate was higher for patients with less 
expression on their renal biopsy of the intercellular adhe-
sion molecule-1 (ICAM-1).48

Vascular lesions are not included in either the ISN/RPS 
classification or in the NIH activity and chronicity indices 

Figure 33.12  Lupus nephritis class V. Electron micrograph showing 
numerous subepithelial electron-dense deposits as well as mesangial 
deposits. (×5000.) 

membranous lesions, there is typically thickening of the 
glomerular capillary walls and “spike” formation between 
the subepithelial deposits. Because sparse subepithelial 
deposits may also be encountered in other classes (III or IV) 
of LN, a diagnosis of pure lupus membranous LN should 
be reserved only for those cases in which the membranous 
pattern predominates. When the membranous alterations 
involve more than 50% of the total glomerular capillaries 
and are accompanied by focal or diffuse endocapillary pro-
liferative lesions and subendothelial immune complex 
deposition, they are classified as class V + III or class V + IV, 
respectively.

ISN/RPS class VI, advanced sclerosing LN or end-stage 
LN, is reserved for biopsies with more than 90% of the 
glomeruli sclerotic and no residual activity.30 In such cases, 
it may be difficult even to establish the diagnosis of LN 
without the identification of residual glomerular immune 
deposits by immunofluorescence and electron microscopy 
or a biopsy history of prior active LN.

IMMUNOFLUORESCENCE
In LN, immune deposits can be found in the glomeruli, 
tubules, interstitium, and blood vessels.2-4,23,39 IgG is almost 
universal, with co-deposits of IgM, IgA, C3, and C1q 
common.2,23,30 The presence of all three immunoglobulins 
(IgG, IgA, and IgM) along with the two complement com-
ponents (C1q and C3) is known as “full house” staining and 
is highly suggestive of LN. Staining for fibrin-fibrinogen is 
common in crescents and segmental necrotizing lesions. 
The “tissue ANA”39 (i.e., nuclear staining of renal epithelial 
cells in sections stained with fluoresceinated antisera to 
human IgG) is a frequent finding in any LN class. It results 
from the binding of patient’s own ANA to nuclei exposed 
in the course of cryostat sectioning.

ELECTRON MICROSCOPY
The distribution of glomerular, tubulointerstitial, and vas-
cular deposits seen by electron microscopy correlates closely 
with that observed by immunofluorescence microscopy.2,6,23 
Deposits are typically electron dense and granular.  
Some exhibit focal organization with a “fingerprint” sub-
structure composed of curvilinear parallel arrays measuring 
10 to 15 nm in diameter.2,23 Tubuloreticular inclusions, 
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syndrome at presentation. Many patients have an elevated 
serum creatinine concentration at presentation. Patients 
with less extensive glomerular proliferation, fewer necrotiz-
ing features, and no crescents are more likely to be normo-
tensive and have preserved renal function.

Patients with ISN/RPS class IV, diffuse proliferative LN, 
typically present with the most active clinical features. They 
often have high anti-DNA antibody titers, low serum com-
plement levels, and very active urinary sediment, with eryth-
rocytes, and cellular casts on urinalysis.1-4,28,30,32,34 Virtually all 
have proteinuria and as many as 50% of the patients will 
have nephrotic syndrome. Hypertension and renal dysfunc-
tion are typical. Even when the serum creatinine level is in 
the “normal range,” the GFR is usually depressed.

Patients with membranous LN, ISN/RPS class V, typically 
present with proteinuria, edema, and other manifestations 
of nephrotic syndrome.1-4,28,30,36-38 However, as many as 40% 
will have proteinuria of less than 3 g/day, and 16% to 20% 
less than 1 g/day. Only about 60% of membranous LN 
patients have a low serum complement concentration and 
an elevated anti-DNA antibody titer at presentation.28 
However, hypertension and renal dysfunction may occur 
without superimposed proliferative lesions. Patients with 
membranous LN may present with nephrotic syndrome 
before developing other clinical and laboratory manifesta-
tions of SLE.28,36-38 In addition, they are predisposed to 
thrombotic complications such as renal vein thrombosis and 
pulmonary emboli.27,51 Patients with mixed membranous 
and proliferative biopsies have clinical features that reflect 
both disease components.

End-stage LN, ISN/RPS class VI, is usually the result of 
“burned-out” LN of long duration.30 Some renal histologic 
damage may represent nonimmunologic progression of 
sclerosis mediated by hyperfiltration in remnant nephrons. 
Although the lesions are sclerosing and inactive, class VI 
patients may still have microhematuria and proteinuria. Vir-
tually all have hypertension and a decreased GFR. Levels of 
anti-DNA antibodies and serum complement levels often 
normalize at this late stage of disease.

“Silent LN”1,22,57 has been described in patients without 
clinical evidence of renal involvement despite biopsy evi-
dence of active proliferative LN. Some define silent LN as 
active biopsy lesions without active urinary sediment, pro-
teinuria, or a depressed GFR, whereas others require nega-
tive lupus serologies as well. Although silent LN is well 
described in some studies, others have been unable to find 
even isolated examples.1,21 It appears to be uncommon, and 
it is highly likely that even patients with true “silent disease” 
will manifest clinical renal involvement when followed into 
their course.

SEROLOGIC TESTS

The presence of antibodies directed against nuclear anti-
gens (ANAs) and especially against DNA (anti-DNA) anti-
bodies are included in the ACR criteria for SLE and are 
commonly used to monitor the disease course.1,6,15 ANAs are 
a highly sensitive screen for SLE, being found in more than 
90% of untreated patients, but they are not specific for SLE 
and occur in many other rheumatologic and non-
rheumatologic conditions.1,6,15,23 Neither the particular 
pattern of ANA fluorescence (homogeneous, speckled, 

despite their frequent occurrence and clinical signifi-
cance.27,50-52 The most frequent vascular lesion is simple vas-
cular immune deposition, most common in patients with 
active class III and IV biopsies. Vessels may be normal by 
light microscopy, but by immunofluorescence and electron 
microscopy there are granular immune deposits in the 
media and intima of small arteries and arterioles. Nonin-
flammatory necrotizing vasculopathy, most common in arte-
rioles in active class IV LN, is a fibrinoid necrotizing lesion 
without leukocyte infiltration that severely narrows or 
occludes the arteriolar lumen. True inflammatory vasculitis 
resembling polyangiitis is extremely rare in SLE patients.  
It may be renal limited or part of a more generalized  
systemic vasculitis.27,51,52 Thrombotic microangiopathy 
involving vessels and glomeruli may be associated with 
anticardiolipin/antiphospholipid antibody or a hemolytic 
uremic/thrombotic thrombocytopenic purpura (HUS/
TTP)–like syndrome.27,51,52

A number of other renal diseases have been documented 
on biopsy in SLE patients, including podocytopathies with 
features of minimal change disease, focal segmental glo-
merulosclerosis (FSGS), or collapsing glomerulopathy.53-55 
In some, the relationship between SLE and the podocytopa-
thy suggests this is not a coincidental occurrence but perhaps 
related to SLE-induced cytokine effects on podocyte func-
tion. A collapsing pattern of focal sclerosis in SLE patients 
of African descent has been associated with APOL1 risk 
alleles.56

CLINICAL MANIFESTATIONS

Although SLE predominantly affects young females, the 
clinical manifestations are similar in both sexes and in 
adults and children.5-8 Organ systems commonly affected 
include the kidneys, joints, serosal surfaces (including 
pleura and pericardium), central nervous system, and skin. 
In addition, cardiac, hepatic, pulmonary, hematopoietic, 
and gastrointestinal involvement is not infrequent.

Renal involvement often develops concurrently or shortly 
after the onset of SLE and may follow a protracted course 
with periods of remissions and exacerbations. Clinical renal 
involvement usually correlates well with the degree of glo-
merular involvement. However, some patients may have dis-
proportionately severe vascular or tubulointerstitial lesions 
that dominate the clinical course.27,46,52

Patients with ISN/RPS class I biopsies often have little 
evidence of clinical renal disease. Likewise, most patients 
with mesangial lesions (ISN/RPS class II) have mild or 
minimal clinical renal findings.1-4,21,28 They may have active 
lupus serology (a high anti-DNA antibody titer and low 
serum complement), but the urinary sediment is inactive, 
hypertension is infrequent, proteinuria is usually less than 
1 g/day, and the serum creatinine concentration and glo-
merular filtration rate (GFR) are usually normal. Nephrotic-
range proteinuria is extremely rare unless there is a 
superimposed podocytopathy.53,54

Class III, focal proliferative LN, is often associated with 
active lupus serologies, although the degree of serologic 
activity does not necessarily correlate with the histologic 
severity.28,33 Hypertension and active urinary sediment are 
common. Proteinuria is often more than 1 g/day, and one 
quarter to one third of patients with focal LN have nephrotic 
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found along the dermal-epidermal junction of involved skin 
lesions.8,70 The presence of granular deposits in clinically 
unaffected skin (the lupus band test) is usually found only 
in patients with systemic disease. However, the specificity 
and sensitivity of this test is debated, and it requires immu-
nofluorescence microscopy of the dermal biopsy.1 Patients 
with SLE commonly have a false-positive Venereal Disease 
Research Laboratory (VDRL) test result due to the presence 
of antiphospholipid antibodies.1

MONITORING CLINICAL DISEASE

It is important to be able to predict systemic and renal 
relapses and prevent their occurrence through the judicious 
use of immunosuppressive agents. Serial measurements of 
many serologic tests (including complement components, 
autoantibodies, erythrocyte sedimentation rate [ESR], 
C-reactive protein [CRP], circulating immune complexes, 
and, recently, levels of cytokines and interleukins) have 
been used to predict lupus flares. Although there is contro-
versy regarding the value of serum C3 and C4 levels and 
anti-DNA antibody titers in predicting clinical flares of SLE 
or LN, these have yet to be replaced by new biomarkers.3,6,71 
Serum levels of anti-dsDNA typically rise and serum comple-
ment levels typically fall as the clinical activity of SLE 
increases, often preceding clinical renal deterioration. In 
patients with active renal involvement, the urinalysis fre-
quently reveals dysmorphic erythrocytes, red blood cell 
casts, and other formed elements. An increase in protein-
uria from levels of less than 1 g/day to more than this 
amount, and certainly from low levels to nephrotic levels, is 
a clear indication of either increased activity or a change in 
renal histologic class.3,28

DRUG-INDUCED LUPUS

A variety of medications may induce a lupus-like syndrome 
or exacerbate an underlying predisposition to SLE. Those 
medications metabolized by acetylation, such as procain-
amide and hydralazine, have been common causes.72,73 
This occurs more commonly in patients who are slow acety-
lators due to a genetic decrease in hepatic N-acyltransferase. 
Diltiazem, minocycline, penicillamine, isoniazid, methyl-
dopa, chlorpromazine, and practolol are other potential 
causes of drug-induced lupus.72-75 Other drugs that 
have been associated less frequently with this syndrome 
include phenytoin, quinidine, propylthiouracil, sulfon-
amides, lithium, β-blockers, nitrofurantoin, PAS, captopril, 
glyburide, hydrochlorothiazide, interferon alfa, carbamaze-
pine, sulfasalazine, rifampin, and TNF-α blockers.72,76,77 
Clinical manifestations of drug-induced lupus include  
fever, rash, myalgias, arthralgias and arthritis, and serositis. 
Central nervous system and renal involvement are relatively 
uncommon.72,78,79 While elevated anti-DNA antibodies 
and depressed serum complement levels are less common 
in drug-induced lupus, antihistone autoantibodies are 
present in more than 95% of patients.72 These are usually 
formed against a complex of the histone dimer H2A-H2B 
and DNA and other histone components.72,80 Antihistone 
antibodies are also present in the vast majority of idiopathic, 
non–drug-related SLE patients, but they are directed pri-
marily against different histone antigens (H1 and H2B).72 

nucleolar, or rim) nor the titer correlates well with the pres-
ence or the severity of renal involvement in SLE.

Autoantibodies directed against double-stranded DNA 
(anti-dsDNA) are a more specific but less sensitive marker 
of SLE and are found in almost three fourths of untreated 
active SLE patients.1,6,15 Anti-dsDNA IgG antibodies of high 
avidity that fix complement have correlated best with the 
presence of renal disease,1,6,15 and such anti-dsDNA antibod-
ies have been found in the glomerular immune deposits of 
murine and human LN.1,15,58,59 High anti-dsDNA antibody 
titers correlate well with clinical activity.1,6,15 Anti–single-
stranded DNA antibodies (anti-ssDNA), commonly found in 
SLE and other collagen vascular diseases, do not correlate 
with clinical lupus activity.

Autoantibodies directed against ribonuclear antigens are 
commonly present in lupus patients and include anti- 
Sm and anti-nRNP against extractable nuclear antigen 
(ENA).1,6,15,20 Anti-Sm antibodies, although very specific for 
SLE, are found in only about 25% of lupus patients and are 
of unclear prognostic value. Anti-nRNP antibodies, found 
in over one third of SLE patients, are also present in many 
other rheumatologic diseases, particularly mixed connective 
tissue disease.15,20,60 Anti-Ro/SSA antibodies are directed 
against the protein complex of a cytoplasmic RNA and are 
present in 25% to 30% of SLE patients. Anti-La/SSB auto-
antibodies, directed against a nuclear RNP antigen, are 
present in from 5% to 15% of lupus patients. Neither of the 
latter two antibodies is specific for SLE and both are found 
in other collagen vascular diseases, especially Sjögren’s syn-
drome. Maternal anti-Ro antibodies are important in the 
pathogenesis of neonatal lupus and the development of 
cardiac conduction abnormalities in the newborn.61 Anti-Ro 
antibodies are also associated with a unique dermal psoria-
siform type of lupus, with SLE patients who are homozy-
gous C2 deficient, and with a vasculitic disease associated 
with central nervous system involvement and cutaneous  
ulcers.62,63 In addition, lupus patients may develop antibod-
ies directed against histones, endothelial cells, phospholip-
ids, the N-methyl-d-aspartate receptor (associated with 
central nervous system disease in SLE) and neutrophil cyto-
plasmic antigens (ANCAs).64-66

Levels of total hemolytic complement (CH50) and com-
plement components are usually decreased during active 
SLE and especially active LN.1,4,6 Levels of C4 and C3 often 
decline before a clinical flare of SLE. Serial monitoring of 
complement levels, with a decline in levels predicting a 
flare, is considered more useful clinically than an isolated 
depressed C3 or C4 value.4 Likewise, normalization of 
depressed serum complement levels is often associated with 
improved renal outcome.67 Levels of total complement and 
C3 may be decreased in the absence of active systemic or 
renal disease in patients with extensive dermatologic involve-
ment by SLE. Several heritable complement deficiency 
states (including C1r, C1s, C2, C4, C5, and C8) have been 
associated with SLE, and such patients may have depressed 
total complement levels despite inactive disease.68

Other immunologic test results commonly found in lupus 
patients include elevated levels of circulating immune com-
plexes, a positive lupus band test, and the presence of cryo-
globulins. None correlates well with SLE or LN activity.69-71 
In both SLE and isolated discoid lupus, immune complex 
deposits containing IgG antibody and complement are 
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prolonged time on dialysis, the incidence of clinically active 
patients declines further, decreasing in one study from 55% 
at the onset of dialysis to less than 10% by the fifth year and 
0% by the tenth year of dialysis.95 Patients with end-stage 
kidney disease (ESKD) due to LN have increased mortality 
during the early months of dialysis due to infectious com-
plications of immunosuppressive therapy.94,95 Long-term 
survival of SLE patients on chronic hemodialysis or continu-
ous ambulatory peritoneal dialysis is similar to that of non-
lupus patients, with the most common cause of death being 
cardiovascular.94-96

Most renal transplant programs suggest that patients with 
active SLE undergo a period of dialysis for from 3 to 12 
months to allow clinical and serologic disease activity to 
become quiescent before transplantation.95 Allograft sur-
vival rates in patients with LN are comparable to the rest of 
the transplant population.1,4,96-100 The rate of recurrent SLE 
in the allograft has been low, less than 4% in most series,96-100 
although in several recent reports a higher recurrence rate 
has been noted.98 The prevalence of recurrent LN was only 
2.44% in a 20-year study of nearly 7000 lupus transplant 
recipients and was more common in black, female, and 
younger patients.99 When surveillance biopsies were used, 
however, recurrences could be detected in as many as 54% 
of a small cohort of lupus transplant recipients, although 
this was mostly subclinical mild mesangial LN.100 The low 
rate of clinically important recurrence may be due, in part, 
to the immune suppressant action of the renal failure prior 
to transplantation and, in part, to the immunosuppressive 
regimens used following transplantation. Lupus patients 
with an antiphospholipid antibody may benefit from antico-
agulation therapy during the posttransplant period.101,102

COURSE AND PROGNOSIS OF LUPUS NEPHRITIS

The course of patients with LN is extremely varied, with 
from less than 5% to more than 60% of patients developing 
progressive renal failure.1,2,4,28,33,44,90-93,103 This course is 
defined by the initial pattern and severity of renal involve-
ment as modified by therapy, exacerbations of the disease, 
and complications of treatment. The prognosis has clearly 
improved in recent decades with wider and more judicious 
use of new immunosuppressive medications. Most studies 
have found additional prognostic value of renal biopsy over 
clinical data in patients with LN.33,104-106

Patients with lesions limited to the renal mesangium gen-
erally have an excellent course and prognosis.1-4,23 Patients 
with lesions that do not transform into other patterns are 
unlikely to develop progressive renal failure, and mortality 
is due to extrarenal manifestations and complications of 
therapy. Patients with focal proliferative disease have an 
extremely varied course. Those with mild proliferation 
involving a small percentage of glomeruli respond well to 
therapy and less than 5% progress to renal failure over 5 
years.1-4,28,106,107 Patients with more proliferation, necrotizing 
features, and/or crescent formation have a prognosis more 
akin to patients with class IV diffuse LN. Class III patients 
may transform into class IV over time. Some patients with 
very active segmental proliferative and necrotizing lesions 
resembling ANCA-associated small vessel vasculitis have a 
worse renal prognosis than other patients with focal prolif-
erative lesions.26,35,108

The presence of antihistone antibodies in the absence of 
anti-DNA antibodies and other serologic markers for SLE is 
also indicative of drug-induced disease. The diagnosis of 
drug-induced lupus depends on documenting the offend-
ing agent and achieving a remission following withdrawal of 
the drug. The primary treatment consists of discontinuing 
the offending drug.

PREGNANCY AND SYSTEMIC LUPUS 
ERYTHEMATOSUS

Because SLE occurs so commonly in women of childbearing 
age, the issue of pregnancy arises often in the care of this 
population. Independent but related issues are the health 
of the mother (in terms of both flares of lupus activity and 
progression of renal disease) and the fate of the fetus. It is 
unclear whether flares of lupus activity occur more com-
monly during pregnancy or shortly after delivery.81-84 
Some controlled studies found no increase in lupus flares 
in pregnant patients versus nonpregnant lupus con-
trols.81,83,84 Patients with quiescent lupus at the time of preg-
nancy are less likely to experience an exacerbation of SLE. 
However, in two small retrospective studies, flares of lupus 
activity including renal involvement occurred in more than 
50% of the pregnancies.81,84 This was significantly greater 
than the rate of flare after delivery and in nonpregnant 
lupus patients.

Pregnancy in patients with preexisting LN has also been 
associated with worsening of renal function.85,86 This is less 
likely to occur in patients who have been in remission for 
at least 6 months. Patients with hypertension are likely to 
develop higher blood pressure levels, and those with pro-
teinuria are likely to have increased levels during pregnancy. 
Patients with elevated serum creatinine levels are most likely 
to suffer worsening of renal function and to be at highest 
risk for fetal loss. Although high-dose corticosteroids, cyclo-
sporine, tacrolimus, and azathioprine have all been used in 
pregnant lupus patients, their safety is unclear. Cyclophos-
phamide is contraindicated due to its teratogenicity, and 
newer agents such as mycophenolate and rituximab are not 
recommended, thus making the treatment of severe LN 
difficult.

The rate of fetal loss in all SLE patients in most series is 
20% to 40% and may approach 50% in some series.81,83,85,86 
While fetal mortality is increased in SLE patients with renal 
disease, it may be decreasing in the modern treatment  
era.85-88 Patients with anticardiolipin or antiphospholipid 
antibodies, hypertension, or heavy proteinuria are at higher 
risk for fetal loss.84 One review of 10 studies in more than 
550 women with SLE found fetal death occurred in 38% to 
59% of all pregnant SLE patients with antiphospholipid 
antibodies compared to 16% to 20% of those without these 
antibodies.89

DIALYSIS AND TRANSPLANTATION

The percentage of patients with severe LN who progress to 
dialysis or transplantation varies from 5% to 50% depending 
on the population studied, the length of follow-up, and the 
response to therapy.1,4,6,28,90-93 Many with slow progressive 
renal failure have a resolution of their extrarenal disease 
manifestations and serologic activity.94,95 With more 
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and especially those with flare-ups of disease, to have a worse 
outcome. Patients with renal flares of any type had 7 times 
the risk of renal failure, and those with rapid rises in creati-
nine had 27 times the chance of doubling their serum cre-
atinine concentration. Another Italian study of 91 patients 
with diffuse proliferative LN showed more than 50% having 
a renal flare, which correlated with a younger age at biopsy 
(<30 years old), higher activity index, and karyorrhexis on 
biopsy.117 The number of flares, nephritic flares, and flares 
with increased proteinuria correlated with a doubling of the 
serum creatinine. The role of relapses in predicting progres-
sive disease has been documented by others as well, although 
relapse does not invariably predict a bad outcome.122

While an elevated anti-DNA antibody titer and low serum 
complement levels may correlate with active renal involve-
ment, they do not correlate with long-term renal progno-
sis.1,28,90,103,110 In several studies anemia has been a poor 
prognostic finding regardless of the underlying cause.41,103 
Severe hypertension has also been related to renal progno-
sis in some studies but not others.28 Renal dysfunction, as 
noted by an elevated serum creatinine or decreased GFR  
or by heavy proteinuria, and nephrotic syndrome are  
indicative of a poor renal prognosis in the vast majority of 
series.1-4,6,33 However, not all studies have found an elevation 
of the initial serum creatinine to predict a poor long-term 
prognosis, and in some the initial serum creatinine only 
predicted short-term renal survival.110 Other renal features, 
such as duration of nephritis and rate of decline of GFR, 
may also predict prognosis.90,107

Finally, histologic features such as the class, the degree of 
activity and chronicity, and the severity of tubulointerstitial 
damage have also predicted prognosis. In a number of 
studies, the pattern of renal involvement, especially when 
using the ISN/RPS or older WHO classification, has been a 
useful guide to prognosis.1,2,28,31,32 In NIH trials, patients with 
severe proliferative LN with a higher activity index or chro-
nicity index were more likely to have progressive renal 
failure.107 Other studies with different referral populations 
could not confirm this.2,3,23,28,43 Regardless, the contribution 
of chronic renal scarring to a poor long-term outcome has 
been confirmed by many studies.48,90,117,122,123 Some studies 
have found the initial renal biopsy to have little predictive 
value; rather, certain features on a repeat biopsy at 6 months 
proved to be a strong predictor of doubling the serum cre-
atinine or progression to renal failure.47,124 These include 
ongoing inflammation with cellular crescents, macrophages 
in the tubular lumens, persistent immune deposits (espe-
cially C3) on immunofluorescence microscopy, and persis-
tent subendothelial and mesangial deposits. Other studies 
suggest that reversal of interstitial fibrosis and glomerular 
segmental scarring along with remission of initial inflamma-
tion and immune deposition is an important favorable prog-
nostic finding on the 6-month biopsy.122 Thus, chronic 
changes on biopsy are not always cumulative or immutable, 
and their reversal may be crucial in preventing ultimate 
renal failure when new acute lesions develop.

The natural history of membranous LN is less clear. In 
early studies, its course appeared far better than that for 
active proliferative disease.21 Subsequent studies with longer 
follow-up suggested a worse outcome for membranous LN 
with persistent nephrotic syndrome.28 Retrospective analy-
ses show 5-year renal survival rates largely depend on 

Patients with diffuse proliferative disease have the  
least favorable prognosis in most older series.1-4,23,28,33,34 Nev-
ertheless, the prognosis for this group has markedly 
improved, with renal survival rates now exceeding 90%  
in some series of patients treated with modern immunosup-
pressive agents.4,34,107,109 In trials from NIH, the risk of dou-
bling the serum creatinine concentration, a surrogate 
marker for progressive renal disease, at 5 years in patients 
with diffuse proliferative lupus treated with cyclophospha-
mide-containing regimens ranged from 35% to less than 
5%.91,92,109 In an Italian study of diffuse proliferative LN, 
survival was 77% at 10 years and more than 90% if extrare-
nal deaths were excluded.34 In a U.S. study of 89 patients 
with diffuse proliferative LN, renal survival was 89% at 1 year 
and 71% at 5 years.110 It is unclear whether the improved 
survival rates in these recent series are largely due to 
improved immunosuppression or better supportive care 
and clinical use of these medications.

In the past, some studies have found age, gender, and 
race to be as important prognostic variables as clinical fea-
tures in patient and renal survival in SLE.1,3,10-12,41,105,110-113 
However, a consistent finding is that African Americans  
have a greater frequency of LN and a worse renal and 
overall prognosis.1,3,11,12,41,110-114 This worse prognosis appears 
to relate to both biologic/genetic and socioeconomic 
factors.11,12 In a study from NIH of 65 patients with severe 
LN, clinical features at study entry associated with progres-
sive renal failure included age, black race, hematocrit less 
than 26%, and serum creatinine concentration greater than 
2.4 mg/dL.41 Patients with combined activity index (>7) 
plus chronicity index (>3) on renal biopsy, as well as those 
with the combination of cellular crescents and interstitial 
fibrosis also had a worse prognosis. In another U.S. study of 
89 patients with diffuse proliferative LN, none of the follow-
ing features affected renal survival: age, gender, SLE dura-
tion, uncontrolled hypertension, or any individual histologic 
variable.110 Entry serum creatinine level higher than 3.0 mg/
dL, combined activity and chronicity indices on biopsy, and 
black race predicted a poor outcome. Five-year renal sur-
vival rate was 95% for the Caucasian patients but only 58% 
for the black patients. In a study of more than 125 LN 
patients with WHO class III or IV from New York, both racial 
and socioeconomic factors were associated with the worse 
outcomes in African Americans and Hispanics.11 An evalua-
tion of 203 patients from the Miami area confirmed worse 
renal outcomes in African Americans and Hispanics related 
to both biologic and economic factors.12

More rapid and more complete renal remissions are asso-
ciated with improved long-term prognosis.115,116 Renal flares 
during the course of SLE also may predict a poor renal 
outcome.103,117,118 Relapses of severe LN over 5 to 10 years 
of follow-up occur in up to 50% of patients and usually 
respond less well and more slowly to repeated course of 
therapy.3,103,119-121 A retrospective analysis of 70 Italian 
patients in which more than half had diffuse proliferative 
disease found excellent patient survival (100% at 10 years 
and 86% at 20 years) as well as preserved renal function with 
probability of not doubling the serum creatinine concentra-
tion to be 85% at 10 years and 72% at 20 years.103 Most 
patients in this study were Caucasian, which likely influ-
enced the excellent long-term prognosis. Multivariate analy-
sis in the Italian study showed males, those more anemic 
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daily).1,3,4,6 Initial use of high-dose corticosteroid treatment 
alone is still used by some clinicians for limited focal prolif-
erative disease. However, for severe proliferative LN, either 
class III or class IV, corticosteroids along with other immu-
nosuppressive agents are required.4 Common regimens use 
1 mg/kg/day of prednisone, tapering after 4 to 6 weeks of 
treatment so that patients are on 30 mg/day or less by the 
end of 3 months of therapy. Other clinicians start with daily 
pulses of IV methylprednisolone for 1 to 3 days followed by 
the oral corticosteroids.

Despite initial favorable results with pulse methylpred-
nisolone followed by oral corticosteroids in treating severe 
LN, there have been few randomized trials using this 
regimen versus other immunosuppressive therapy.1,91,92 Two 
NIH trials have found pulse corticosteroids to be less effec-
tive than intravenous cyclophosphamide in preventing pro-
gressive renal failure.91,92 In one trial, 48% of the pulse 
steroid–treated patients doubled their serum creatinine at 
5 years compared to only 25% of the cyclophosphamide-
treated group.92

Controlled randomized trials at the NIH and elsewhere 
have helped establish the role of cyclophosphamide in the 
treatment of severe LN.44,91,92,109,125-127 In one seminal trial, 
patients were randomly assigned to regimens of high-dose 
corticosteroids for 6 months or oral cyclophosphamide, oral 
azathioprine, combined oral azathioprine plus cyclophos-
phamide, or intravenous cyclophosphamide every third 
month, all given with low-dose corticosteroids.109 Evaluation 
at 120 months showed superior renal survival in the intra-
venous cyclophosphamide group versus the steroid group. 
At longer follow-up to 200 months, the renal survival of the 
azathioprine group was statistically no better than that of 
the corticosteroid group.109 A subsequent Dutch collabora-
tive trial found remission rates comparable between oral 
azathioprine and cyclophosphamide, but more relapses and 
worse long-term outcome with azathioprine.128 Thus, for a 
number of years, cyclophosphamide was the most effective 
immunosuppressive agent for LN. Since side effects in the 
NIH trial appeared least severe when cyclophosphamide was 
used intravenously, subsequent NIH protocols utilized the 
drug in this manner given once monthly. Other trials at NIH 
and elsewhere have also used monthly pulses of intravenous 
cyclophosphamide for 6 consecutive months as opposed to 
the original every third month regimen.119,125-127

These studies and others have confirmed the benefits and 
response rate of intravenous cyclophosphamide regimens in 
severe LN.44,110,119 In most patients treated with intravenous 
cyclophosphamide, side effects such as hemorrhagic  
cystitis, alopecia, and neoplasms have been infrequent.1,6 
Exceptions are menstrual irregularities and premature 
menopause, which are most common in women older than 
25 years of age who have received intravenous cyclophos-
phamide for more than 6 months.129 The dose of intrave-
nous cyclophosphamide must be reduced for significant 
renal impairment and adjusted for some removal by hemo-
dialysis. The cytoprotective agent Mesna has been used suc-
cessfully by some to reduce bladder complications from 
cyclophosphamide.

A three-armed controlled randomized trial at NIH of 1 
year of monthly doses of intravenous methylprednisolone, 
versus monthly intravenous cyclophosphamide for 6 months 
and then every third month, versus the combination of both 

whether patients have pure membranous lesions (class V) 
or superimposed proliferative lesions in a focal (class III + 
V) or diffuse (IV + V) distribution.37,38 One U.S. study found 
the 10-year survival rate was 72% for patients with pure 
membranous lesions but only 20% to 48% for those with 
superimposed proliferative lesions.37 Black race, elevated 
serum creatinine, higher degrees of proteinuria, hyperten-
sion, and transformation to another WHO pattern all por-
tended a worse outcome.1,3 The poor survival in blacks with 
membranous LN may explain the excellent results in retro-
spective Italian studies, which follow largely Caucasian 
cohorts. One such Italian study found the 10-year survival 
rate of membranous LN patients to be 93%.38 Even in this 
Italian population, survival for pure membranous LN was 
far better than in patients with superimposed proliferative 
lesions. Thus, at least in part, the variability of prognosis in 
older studies can be explained by the differences in racial 
background, histology, and therapy.

TREATMENT OF LUPUS NEPHRITIS

The treatment of severe LN remains controversial.1,3,6 
Although recent controlled studies have better defined the 
course and therapy for this group, the most effective and 
least toxic regimen for any given patient is often less clear. 
While cyclophosphamide has been effective therapy for 
many patients with severe LN, newer regimens have been 
developed in the hope of attaining equal or greater efficacy 
with less toxicity. The concept of more vigorous initial 
therapy during an “induction” treatment phase followed by 
more prolonged lower dose therapy during a “maintenance 
phase” is now widely accepted.1,2,125,126

Patients with ISN/RPS class I and II biopsies have an 
excellent renal prognosis and need no therapy directed to 
the kidney. Transformation to another histologic class is 
usually heralded by increasing proteinuria and activity of 
the urinary sediment. At this point, repeat renal biopsy may 
serve as a guide to therapy.1 ISN/RPS class III patients with 
only few mild proliferative lesions and no necrotizing fea-
tures or crescent formation have a good prognosis and will 
often respond to a short course of high-dose corticosteroid 
therapy or a brief course of other immunosuppressive 
agents. Patients with greater numbers of affected glomeruli 
and those with necrotizing features and crescents usually 
require more vigorous therapy similar to therapy for patients 
with diffuse proliferative LN.

Patients with diffuse proliferative disease, ISN/RPS class 
IV lesions, require aggressive treatment to avoid irreversible 
renal damage and progression to ESKD.1,2,6,107,109,115 The 
ideal immunosuppressive regimen should be individualized 
and based on the patient’s prior therapy, risk and concern 
over potential side effects, compliance, and tolerability. 
Initial regimens may include combinations of the following: 
oral or intravenous corticosteroids, oral or intravenous 
cyclophosphamide, mycophenolate mofetil, cyclosporine, 
tacrolimus, and/or rituximab. A number of other treat-
ments are currently being studied for resistant or relapsing 
disease and for maintenance therapy.

Prednisone, despite the lack of controlled trials, is 
included in most treatment regimens for LN. In retrospec-
tive studies, higher initial doses of corticosteroids appeared 
more effective than lower dose therapy (<30 mg prednisone 

http://www.myuptodate.com


  CHAPTER 33 — SECONDARY GLOMERULAR DISEASE  1103

renal impairment before and after therapy, activity index on 
biopsy before and after therapy, and serologic improvement 
equivalent. MMF was better tolerated with fewer gastrointes-
tinal side effects and fewer infections. In another random-
ized controlled trial of patients given either a regimen of 
prednisone plus oral MMF or a regimen of prednisone plus 
cyclophosphamide orally for 6 months followed by oral aza-
thioprine for another 6 months, both regimens proved 
similar in efficacy.134 Of the MMF group 81% achieved 
complete and 14% partial remission versus 76% complete 
and 14% partial remission for the cyclophosphamide-
prednisone group. Treatment failures, relapses following 
therapy, discontinuations of therapy, mortality, and time to 
remission were similar. Longer follow-up at 4 years with the 
addition of more patients showed MMF to have comparable 
efficacy to cyclophosphamide with no significant difference 
in complete or partial remissions, doubling of baseline cre-
atinine, or relapses. Significantly fewer MMF-treated patients 
developed severe infections, leukopenia, or amenorrhea, 
and all deaths and renal failure were in the cyclophospha-
mide group.135

A multicenter U.S. study comparing induction therapy in 
140 patients with severe class III and class IV LN included 
more than 50% blacks, most with heavy proteinuria and 
active urinary sediment.136 Patients were randomized to 
monthly pulses of intravenous cyclophosphamide 0.5 to 
1 g/m2 or oral MMF 2 to 3 g/day, both with tapering corti-
costeroid doses for 6 months. Although designed as an 
equivalency study, MMF proved superior in attaining both 
complete remissions and complete and partial remissions. 
The side effect profile also appeared better with MMF. At 
the 3-year follow-up, there was a trend to less renal failure 
and mortality with MMF. Thus, in a patient population at 
high risk for poor renal outcomes, MMF proved superior to 
intravenous cyclophosphamide. A subsequent international 
multicenter randomized controlled trial compared similar 
regimens of MMF to intravenous cyclophosphamide for 
induction therapy in 370 LN patients with ISN/RPS classes 
III, IV, or V.10 This study found virtually identical rates of 
complete and partial remission (over 50%), improvement 
of renal function and proteinuria, and mortality rates 
between the two regimens. Diarrhea and gastrointestinal 
side effects were most common in the MMF group, whereas 
nausea, vomiting, and alopecia were more common in the 
cyclophosphamide group. In the small group of about 30 
patients with a greatly reduced GFR (<30 mL/min), MMF 
proved at least as effective if not more so than intravenous 
cyclophosphamide.137 In an analysis of different geographic 
and ethnic backgrounds, MMF proved uniformly more 
effective across different groups.138 In another study of 52 
patients with crescentic LN (>50% crescents on biopsy) ran-
domized to induction therapy with MMF or intravenous 
cyclophosphamide, the MMF group had a higher remission 
rate and a lower relapse rate.139 Thus, taken together, these 
two large, randomized controlled trials and a variety of 
other analyses support the use of MMF as a first-line treat-
ment of severe LN. Both ACR and Kidney Disease: Improv-
ing Global Outcomes (KDIGO) guidelines support either a 
cyclophosphamide- or a mycophenolate-based regimen as 
first-line therapy for severe LN.140 For patients who fail to 
achieve remission with either initial regimen at 6 months of 
therapy, use of the other regimen is recommended.

therapies found the remission rate was highest with the 
combined treatment regimen (85%) as opposed to cyclo-
phosphamide alone (62%) and methylprednisolone  
alone (29%).91 Mortality was low and similar in all groups. 
Long follow-up indicated drug toxicity was not different 
between the cyclophosphamide group and the combined 
cyclophosphamide-methylprednisolone group.127 It is likely 
that through higher sustained remissions and fewer relapses, 
fewer patients required repeated treatments in the com-
bined cyclophosphamide-steroid–treated group. Moreover, 
the long-term efficacy, especially in terms of renal outcomes, 
was greatest for the combination therapy group. Thus, com-
bined treatment with intravenous methylprednisolone 
pulses and intravenous cyclophosphamide pulses became a 
standard therapy for severe LN. However, it should be noted 
that some groups have achieved equal efficacy and few side 
effects using short courses of oral cyclophosphamide fol-
lowed by other immunosuppressive medications.130

Studies showing that oral maintenance immunosuppres-
sive agents other than cyclophosphamide were more effec-
tive and safer than cyclophosphamide have led the search 
for equally effective but safer regimens as induction therapy. 
One approach to obtain efficacy with less toxicity uses lower 
induction doses of the cytotoxic agent. The Euro Lupus 
Nephritis Trial, a multicenter prospective trial of 90 patients 
with severe LN, compared low-dose versus “conventional” 
high-dose intravenous cyclophosphamide.131 Patients were 
randomized to either 6-monthly intravenous pulses of 0.5 to 
1 g/m2 cyclophosphamide followed by two quarterly pulses 
or only 500 mg intravenously every 2 weeks for a total of six 
doses, both followed by oral azathioprine as maintenance 
therapy. At 40 months, follow-up, there were no statistically 
significant differences in treatment failures, renal remis-
sions, or renal flares, but twice as many infections occurred 
in the high-dose group. Although this trial may have 
included some patients with milder renal disease (mean 
creatinine, 1 to 1.3 mg/dL; mean proteinuria, 2.5 to 3.5 g/
day for both groups) and a predominantly Caucasian patient 
population, it supported the use of shorter duration and 
lower total dose cyclophosphamide for induction therapy. 
Longer follow-up of this population confirms these data and 
suggests that early response to therapy is predictive of a 
good long-term outcome and that the long-term results are 
excellent.115 A recent trial of this regimen as standard care 
in both arms of an investigational study of Abatacept in 
patients with severe LN confirms that this regimen is effec-
tive in black as well as Caucasian populations.

Mycophenolate mofetil (MMF) has proven to be an  
effective immunosuppressive in transplant patients and a 
variety of other immunologic renal diseases.132 It is a 
reversible inhibitor of inosine monophosphate dehydroge-
nase required for purine synthesis and blocks B and T cell 
proliferation, inhibits antibody formation, and decreases 
expression of adhesion molecules, among other effects. 
MMF is effective in treating murine LN.132 MMF was shown 
to have good efficacy and reduced complications when com-
pared to standard treatment regimens in a number of 
uncontrolled trials in LN.132 In one 6-month Chinese trial 
of patients randomized to either MMF or intravenous pulse 
cyclophosphamide for induction therapy of severe LN,133 
proteinuria and microhematuria decreased more in the 
MMF-treated patients than in the cytotoxic group, with 
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regimen” of tacrolimus, MMF, and corticosteroids, which 
led to a 50% complete and a 40% partial remission rate in 
this time period. A recent large multicenter trial from China 
of more than 350 patients showed equally good results with 
this multitargeted therapy.

Rituximab, a chimeric monoclonal antibody targeting 
CD20 B cells, depletes them through multiple mecha-
nisms, including complement-dependent cell lysis; FcRγ-
dependent, antibody-dependent, cell-mediated cytotoxicity; 
and induction of apoptosis. Rituximab, which is approved 
by the U.S. Food and Drug Administration (FDA) for the 
treatment of rheumatoid arthritis, granulomatosis with poly-
angiitis (formerly designated Wegener’s granulomatosis), 
and microscopic polyangiitis, has been utilized with varying 
success in many other immunologic and autoimmune dis-
eases, including a variety of primary glomerular diseases.140 
In LN it has been used in more than 300 patients, mostly in 
case reports and open-label uncontrolled trials.1,4 However, 
two large randomized controlled trials have given disap-
pointing results.1,4,145,146 In one trial of 257 SLE patients 
without severe renal disease, patients were randomized to 
receive rituximab or placebo.145 Although subgroup analy-
ses suggested a beneficial effect in the African American and 
Hispanic subgroups, there were no significant differences 
between the placebo and the rituximab arms of therapy. In 
the Lupus Nephritis Assessment with Rituximab (LUNAR) 
trial, 140 patients with class III and IV LN were randomized 
to rituximab or placebo in addition to an induction regimen 
of MMF (goal 3 g/day) and tapering corticosteroids.146 
Although the rituximab group had a greater fall in anti-
DNA antibody titers and rise in serum complement levels, 
there was no statistically significant difference in the primary 
renal response between treatment groups at 1 year.147 At 
present, rituximab is not a first-line agent for induction 
therapy of most patients with severe LN. It continues to be 
used in patients resistant to other treatments and in those 
who do not tolerate conventional treatment.148,149 A recent 
study of the use of rituximab and MMF in 50 LN patients 
without use of oral corticosteroids has given excellent  
complete and partial remission results.150 A large multi-
center controlled randomized trial of the use of rituximab 
as a steroid-sparing agent for the induction of LN is now 
under way.

Other monoclonal antibodies directed at B cells have 
been or are being studied. Ocrelizumab, a fully humanized 
anti-CD20 monoclonal antibody had the advantages of 
avoiding first-dose infusion reactions and the development 
of human antichimeric antibodies (HACAs) that were 
potential problems with rituximab therapy.140 A controlled 
randomized trial using this agent in patients with LN was 
terminated early due to adverse events. Atacicept, a soluble 
fully humanized recombinant fusion protein that inhibits B 
cell stimulating factor (BLISS) and a proliferation-inducing 
ligand (APRIL), also failed in initial trials with patients with 
LN.151 Epratuzumab, a humanized monoclonal antibody 
against CD22, a marker of mature B cells but not plasma 
cells, is currently being studied.152

T lymphocyte activation requires two signals.140,153 The 
first occurs when the antigen is presented to the T cell 
receptor in the context of MHC class II molecules on 
antigen-presenting cells and the second by the interaction 
of costimulatory molecules on T lymphocytes and 

A number of studies have focused on the optimal main-
tenance therapy for LN with the goal of avoiding relapse 
and flares while minimizing the long-term immunosuppres-
sive toxicity. One randomized controlled trial examined LN 
patients who had successfully completed induction of remis-
sion with 4 to 7 monthly pulses of intravenous cyclophos-
phamide and were then randomized to either continue with 
intravenous cyclophosphamide every third month, oral aza-
thioprine, or oral MMF.1,2,141 The 54 LN patients random-
ized were largely composed of blacks (50%) and Hispanics 
and included many patients with nephrotic syndrome 
(64%), reduced GFR, and severe proliferative LN. Fewer 
patients in the azathioprine and the MMF groups reached 
the primary end points of death and chronic renal failure 
compared to the group that continued to receive cyclophos-
phamide. The cumulative probability of remaining relapse 
free was higher with MMF (78%) and azathioprine (58%) 
compared with cyclophosphamide (43%), and there was 
increased mortality in patients given continued cyclophos-
phamide. Complications of therapy were also reduced in 
the MMF and azathioprine groups, including days of hospi-
talization, amenorrhea, and infections. Thus, maintenance 
therapy with either oral MMF or azathioprine was superior 
to intravenous cyclophosphamide and had less toxicity.

The results of two large randomized trials further delin-
eate the role of these oral agents in the maintenance of 
patients with proliferative LN.142,143 In the European MAIN-
TAIN trial, 105 patients were randomized to either azathio-
prine or MMF for at least 3 years of maintenance (mean, 53 
months).142 There was no difference between these medica-
tions in the time to renal flares or to renal remission. In the 
worldwide Aspreva Lupus Management Study (ALMS) 
maintenance trial, 227 patients who achieved remission 
after induction therapy with either intravenous cyclophos-
phamide or MMF were re-randomized in double-blind 
fashion to either MMF or azathioprine maintenance for 3 
years.143 MMF proved superior to azathioprine with respect 
to the primary end point of time to treatment failure (death, 
ESKD, doubling of serum creatinine, LN flare, or require-
ment for rescue therapy).143 Differences between the two 
studies likely explain the differing results. The MAINTAIN 
trial was prerandomized from day 1, included smaller 
numbers of patients who were largely Caucasian, and used 
the end point of renal flare since few patients in this popula-
tion progress to renal failure. Even so, there were 26% flares 
in the azathioprine group compared to only 19% in the 
MMF group, although this difference was not statistically 
significant. The ALMS maintenance trial included only 
those patients who achieved remission after induction; was 
international, including multiracial and diverse popula-
tions; and used harder end points for response (doubling 
creatinine, ESKD, etc.). At present, both the ACR and 
KDIGO recommend either agent, azathioprine or MMF, as 
maintenance therapy.

The calcineurin inhibitors cyclosporine and tacrolimus 
have been proven to increase the induction remission rate 
in a number of uncontrolled and controlled trials.1 Tacroli-
mus has been successful in increasing remissions as part of 
a multidrug regimen for severe LN patients with combined 
ISN/RPS class IV and V lesions.144 Intravenous cyclophos-
phamide resulted in complete remission in 5% and partial 
remissions in 40% at 6 months versus a “multitargeted 
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membranous LN patients. Thus, early trials reported low 
and inconsistent response rates with oral corticosteroids.36 
Excellent long-term results with intensive immunosuppres-
sive regimens from Italian studies and others raise questions 
of whether the results are related to the therapeutic inter-
vention or to the population studied and better supportive 
treatments.38 A retrospective Italian trial found better 
remission with a regimen of chlorambucil and methylpred-
nisolone than with corticosteroids alone.169 In a small non-
randomized trial of cyclosporine in membranous LN, there 
was an excellent remission rate of nephrotic syndrome with 
mean proteinuria decreasing from 6 to 1 or 2 g/day by 6 
months.45 At long-term follow-up and re-biopsy, there was 
no evidence of cyclosporine-induced renal damage, but two 
patients had developed superimposed proliferative lesions 
over time. An NIH trial of 42 nephrotic patients with mem-
branous LN compared cyclosporine, prednisone, and intra-
venous cyclophosphamide and found superior remission 
rates for the cyclosporine and cyclophosphamide regimens 
but a trend toward more relapses when the cyclosporine was 
withdrawn.170 Tacrolimus has also been used for class V LN 
with good results. A study of 38 patients with pure membra-
nous LN evaluated long-term treatment with prednisone 
plus azathioprine.133 At 12 months 67% of the patients had 
experienced a complete remission and 22% a partial remis-
sion. At 3 years only 12% had relapsed, at 5 years only 16%, 
and at 90 months only 19% had relapsed. At the end of 
follow-up, no patient had doubled serum creatinine. Clearly 
in this population a regimen of steroids plus azathioprine 
was highly effective. The response of patients with membra-
nous LN to MMF has been varied.171-173 There were 84 
patients with pure ISN class V membranous LN among the 
510 patients enrolled in two similarly designed randomized 
controlled trials comparing MMF and intravenous cyclo-
phosphamide induction therapy.173 Rates of remissions, 
relapse, and course were similar in both treatment groups. 
Thus, MMF can also be considered a first-line therapy for 
certain patients with membranous LN.

Given limited data, the treatment of membranous LN 
should be individualized.1,4 Patients with pure membranous 
LN and a good renal prognosis (subnephrotic levels of pro-
teinuria and preserved GFR) may benefit from a short 
course of cyclosporine with low-dose corticosteroids along 
with inhibitors of the renin angiotensin aldosterone system 
and statins. For those at higher risk of progressive disease 
(African Americans, those fully nephrotic), options include 
cyclosporine, monthly intravenous pulses of cyclophospha-
mide, MMF, or azathioprine plus corticosteroids. Patients 
with mixed membranous and proliferative LN are treated 
in the same way as those with proliferative disease alone.

As effective and safer therapies for LN have evolved, 
greater attention has been directed to other causes of mor-
bidity and mortality in the SLE population. Lupus patients 
have accelerated atherogenesis and a disproportionate rate 
of coronary vascular disease, leading to a high mortality 
rate.174 The high cardiovascular risk rate has been attributed 
to concurrent hypertension, hyperlipidemia, nephrotic syn-
drome, prolonged corticosteroid use, antiphospholipid syn-
drome, and, in some, the added vascular risks of chronic 
kidney disease (CKD).175,176 Despite limited data on thera-
peutic interventions in this population, aggressive manage-
ment of modifiable cardiovascular risk factors may alter the 

antigen-presenting cells. Disruption of costimulatory signals 
interrupts the (auto)immune response. Two clinical trials 
using different humanized anti-CD40L monoclonal anti-
bodies in LN patients to block B and T cell costimulation 
have not been successful.154,155 Another costimulatory 
pathway is mediated through the interaction of 
CD28CD80/86.1 CTLA-4 Ig, Abatacept, a fusion molecule 
that combines the extracellular domain of human CTLA4 
with the constant region (Fc) of the human IgG1 heavy 
chain, interrupts the CD28CD80/86 interaction. It is FDA 
approved for the treatment of rheumatoid arthritis. Two 
major randomized controlled trials in patients with severe 
LN treated with intravenous cyclophosphamide and steroids 
have now given negative results.1,156,157 Recently belimumab, 
a humanized monoclonal antibody against BLys (B lympho-
cyte stimulator), has been FDA approved for the treatment 
of lupus based on two trials.158,159 Although some patients 
with renal disease were included in these trials, few patients 
had true severe LN.160 An ongoing trial is testing the use of 
this agent in LN.

Other therapies studied in controlled trials in LN have 
included plasmapheresis and intravenous γ-globulin admin-
istration. Plasmapheresis was studied in a multicenter con-
trolled trial of 86 patients with severe LN.161 This study 
found no benefit in terms of clinical remission, progression 
to renal failure, or patient survival beyond a more rapid 
lowering of anti-DNA antibody titers. Likewise, plasmapher-
esis synchronized to intravenous cyclophosphamide pulse 
therapy has not proven effective.162 At present, plasmapher-
esis should be reserved for only certain LN patients (e.g., 
those with severe pulmonary hemorrhage, those with a TTP-
like syndrome, and those with antiphospholipid antibodies 
and a clotting episode who cannot be anticoagulated due 
to hemorrhage, etc.).

Intravenous immune globulin has been used successfully 
in a number of SLE patients to treat thrombocytopenia as 
well as LN, leading to clinical and histologic improvement 
in some patients.163,164 One controlled trial included only 14 
patients but showed stabilization of the plasma creatinine, 
creatinine clearance, and proteinuria when intravenous 
immune globulin was used as maintenance therapy  
after successful induction of remission with intravenous 
cyclophosphamide.165

Other therapies that have been studied in small numbers 
of LN patients include the proteasome inhibitor bortezo-
mib, adrenocorticotropic hormone (ACTH), total lymphoid 
irradiation, bone marrow ablation with stem cell rescue, 
laquinimod therapy, and use of tolerance molecules.4,93,165-168 
All are still experimental since none has yet undergone 
large successful controlled clinical trials. Immunoablative 
therapy with high-dose cyclophosphamide with and without 
stem cell transplantation has been used successfully in a 
limited number of SLE patients with only a short period of 
follow-up and relatively high risks. One new tolerance mol-
ecule, Abetimus, despite efficacy in animal models and 
encouraging early trials, failed to prevent flares of LN in the 
largest controlled randomized trial.168

For patients with class V membranous LN, there have 
been conflicting data regarding the course, prognosis, and 
response to treatment.1,4 The degree of superimposed pro-
liferative lesions greatly influences outcome in class V 
patients, and it is unclear if older trials included only pure 
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tissue type plasminogen activator. The result is endothelial 
damage and intravascular coagulation.

Among patients with antiphospholipid antibodies, 30% 
to 50% have the primary APS in which there is no associated 
autoimmune disease.177-179,181-183 Antiphospholipid antibod-
ies are found in from 25% to 75% of SLE patients, although 
most patients never experience clinical features of the 
APS.177-179,181-183 In an analysis of 29 published series with 
more than 1000 SLE patients, 34% were positive for the 
lupus anticoagulant and 44% for anticardiolipin antibod-
ies.189 Most studies have found a higher incidence of throm-
botic events in SLE patients positive for antiphospholipid 
antibodies.190,193-195 A European study of almost 575 SLE 
patients found the prevalence of IgG anticardiolipin anti-
bodies to be 23% and of IgM 14%.196 Patients with IgG 
antibodies had a clear association with thrombocytopenia 
and thromboses. A multicenter European analysis of 1000 
SLE patients found thromboses in 7% of patients over 5 
years. Patients with IgG anticardiolipin antibodies again had 
a higher incidence of thromboses, as did those with a lupus 
anticoagulant.197 Antiphospholipid antibodies are also 
found in up to 2% of normal individuals and in those with 
a variety of infections (commonly in patients with HIV or 
hepatitis C virus [HCV]) and drug reactions, but these are 
not usually associated with the clinical features of the 
APS.198-200

The clinical features of APS relate to thrombotic events 
and consequent ischemia. Among 1000 APS patients the 
most common features were deep vein thrombosis (32%), 
thrombocytopenia (22%), livedo reticularis (20%), stroke 
(13%), pulmonary embolism (9%), and fetal loss (9%).197 
Patients may also experience pulmonary hypertension, 
cardiac involvement, memory impairment and other neuro-
logic manifestations, fever, malaise, and constitutional 
symptoms.177-180,194 Patients who test positive for all three 
diagnostic tests (lupus anticoagulant, anticardiolipin anti-
bodies, and β2-glycoprotein antibodies) are at higher risk 
for thromboembolic events. Catastrophic APS, a rare event 
(occurring in 0.8% of APS patients), is associated with rapid 
thromboses in multiple organ systems and has a high fatality 
rate.201,202

Renal involvement, so-called antiphospholipid nephropa-
thy, occurs in as many as 25% of patients with primary APS 
and is characterized by thrombosis of blood vessels ranging 
from the glomerular capillaries to the main renal artery and 
vein.177,180,203,204 Lesions involving the arteries and arterioles 
often have both a thrombotic component and a reactive or 
proliferative one with intimal mucoid thickening, subendo-
thelial fibrosis, and medial hyperplasia (Figure 33.13).204,205 
Interstitial fibrosis and cortical atrophy may occur due to 
tissue ischemia. Glomerular lesions include glomerular cap-
illary thrombosis with associated mesangiolysis, mesangial 
interposition and duplication of GBMs, and subendothelial 
accumulation of electron-lucent, flocculent material, resem-
bling the changes in other forms of glomerular thrombotic 
microangiopathy such as HUS and TTP.

A retrospective renal biopsy study found antiphospholipid 
nephropathy in almost 40% of antiphospholipid-positive 
patients versus only 4% of patients without antiphospholipid 
antibody. When antiphospholipid nephropathy was present, 
it was associated with both lupus anticoagulant and anticar-
diolipin antibodies.206 Among antiphospholipid-positive SLE 

morbidity and mortality of this population. Extrapolating 
from other proteinuric CKD populations, closely monitored 
blood pressure control (<130/80), the use of angiotensin-
converting enzyme inhibitors (ACEIs) and/or angiotensin 
receptor blockers (ARBs), and correction of dyslipidemia 
with statins are all reasonable in LN patients. In addition, use 
of calcium, vitamin D supplements, and bisphosphonates to 
prevent glucocorticoid-induced osteoporosis may be useful.

Some form of antiphospholipid antibodies is present in 
40% to 75% of lupus patients.177-179 Since most do not expe-
rience thrombotic complications, they require no special 
treatment. However, some would recommend low-dose 
aspirin and hydroxychloroquine for prophylaxis of asymp-
tomatic patients with antiphospholipid antibodies. In 
patients with evidence of a clinical thrombotic event, most 
investigators use chronic anticoagulation with warfarin as 
long as the antibody persists. While the standard practice 
has been not to anticoagulate other patients, in one recent 
series of more than 100 SLE patients, over one fourth had 
antiphospholipid antibodies, of whom almost 80% had a 
thrombotic event. The antibody-positive patients also had a 
greater incidence of chronic renal failure than the antibody-
negative patients.179 (See discussion of anticardiolipin anti-
bodies and glomerulonephritis in the following section.)

ANTIPHOSPHOLIPID SYNDROME

Antiphospholipid syndrome (APS) may be associated with 
glomerular disease, small and large vessel renal involve-
ment, as well as coagulation problems in dialysis and renal 
transplant patients.177-180 Patients with APS have autoanti-
bodies directed against plasma proteins bound to phospho-
lipids. They may include IgG and/or IgM anticardiolipin 
antibodies, antibodies to β2-glycoprotein I of IgG or IgM 
isotype, or lupus anticoagulant activity.181-183 In some studies 
the presence of specific β2-glycoprotein I antibodies has 
been correlated with an increased risk of thrombotic events 
in patients with APS.184 Antiphospholipid antibodies may 
cause a false-positive VDRL. In addition to having one of 
these autoantibodies, patients with APS must have one or 
more episodes of venous, arterial, or small vessel thrombo-
sis, or fetal morbidity. Thrombocytopenia and prolonged 
partial thromboplastin time are frequent laboratory find-
ings. The presence of antiphospholipid antibodies should 
be documented on two or more occasions at least 12 weeks 
apart and within 5 years of clinical manifestations.

The pathogenesis of the APS remains unclear.185-191 Sus-
ceptible individuals may develop antiphospholipid antibod-
ies after exposure to infectious or other noxious agents. 
Among SLE patients there may be a genetic predisposition 
associated with HLA-DRB1 loci.192 However, despite the 
presence of antiphospholipid antibodies, a “second hit” 
(such as pregnancy, contraceptive use, nephrotic syndrome, 
or hyperlipidemia) may be necessary for them to produce 
thrombotic events and the APS. The mechanism(s) of the 
procoagulant effect is likely to be multifactorial. Antiphos-
pholipid antibodies exert procoagulant effects at multiple 
sites in the clotting cascade, including prothrombin, protein 
C, annexin V, coagulation factors VII and XII, platelets, 
serum proteases, and tissue factor procoagulant. They may 
also impair fibrinolysis through inhibition of such factors as 
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of thrombosis. However, in one study of 114 biopsied SLE 
patients, renal thrombi were related to lupus anticoagulant 
but not anticardiolipin antibodies.213 The clinical features 
of APS in SLE patients are identical to those of primary APS. 
An important study documents the prevalence of antiphos-
pholipid antibodies in 26% of 111 LN patients followed for 
a mean of 173 months.179 Of the antiphospholipid antibody–
positive patients, 79% developed a thrombotic event or fetal 
loss, and the presence of antibodies was strongly correlated 
with the development of progressive CKD.

There is a high prevalence of antiphospholipid antibodies 
(10% to 30%) in hemodialysis patients irrespective of patient 
age, gender, or duration of the dialysis.214,215 In contrast, 
patients with renal insufficiency and those on peritoneal 
dialysis have a much lower incidence of antiphospholipid 
antibodies.177 One hemodialysis study found more patients 
with arteriovenous (AV) grafts than native fistulas to have a 
raised titer of IgG anticardiolipin antibody.215,216 There was a 
significant increase in the odds of having two or more epi-
sodes of AV graft thrombosis in patients with raised anticar-
diolipin titer. Whether AV grafts induce anticardiolipin 
antibodies or whether patients with anticardiolipin antibod-
ies require AV grafts remains unclear.177 In another study, of 
230 hemodialysis patients, titers of IgG anticardiolipin anti-
bodies were elevated in 26% of the patients as opposed to 
elevated titers of IgM antibodies in only 4%.216 The mean 
time to AV graft failure was significantly shorter in the group 
with elevated IgG antibodies, and the use of warfarin 
increased graft survival in these patients.

In several studies 20% to 60% of SLE patients with 
antiphospholipid antibodies who received renal trans-
plants had problems related to APS, such as venous  
thromboses, pulmonary emboli, or persistent thrombocyto-
penia.101,102,217,218 In one large study of non-SLE patients, 
28% of 178 transplant patients had antiphospholipid anti-
bodies which were associated with a three- to fourfold 
increased risk of arterial and venous thromboses.217 However, 
another study of 337 renal transplant recipients found the 
18% who were IgG or IgM anticardiolipin antibody positive 
had no greater allograft loss or reduction in GFR than did 
patients who were anticardiolipin antibody negative.219 
Although most patients with antiphospholipid antibodies 
who have tested positive for HCV do not have evidence of 
increased thromboses and APS, when they receive a trans-
plant, they appear to have a higher risk of allograft throm-
botic microangiopathy.220 In many of these transplant 
studies, treatment with anticoagulation has proven success-
ful in preventing recurrent thromboses and graft loss.101,102,218

TREATMENT

The optimal treatment of patients with antiphospholipid 
antibodies and APS remains to be defined.177,178,221 Many 
patients with antiphospholipid antibodies do not experi-
ence thrombotic events. In asymptomatic patients with 
antiphospholipid antibodies but no evidence of thrombotic 
events or APS, low-dose aspirin may be beneficial based on 
limited data.222

Since patients with higher titers of IgG antiphospholipid 
antibody have a greater incidence of thrombotic events, 
they may benefit from anticoagulation.196,197 In patients with 
full APS, anticoagulation with heparin followed by warfarin 

patients, antiphospholipid nephropathy was found in two 
thirds of those with APS and in one third of those without 
APS. Although patients with antiphospholipid nephropathy 
had a higher frequency of hypertension and elevated serum 
creatinine levels at biopsy in this series, they did not have a 
higher frequency of progressive renal insufficiency, ESKD, or 
death at follow-up.207 This is in contrast to another series of 
more than 100 SLE patients which found the presence of 
antiphospholipid antibodies to be associated with both 
thrombotic events and a greater progression to renal 
failure.179 In patients with antiphospholipid nephropathy, 
renal biopsies with thrombotic microangiopathy may be mis-
classified as FSGS, membranous nephropathy, and MPGN.208 
However, a recent study reports that some patients with APS 
may develop a number of other glomerular histologic  
patterns on light microscopic examination, including  
membranous nephropathy, minimal change/focal sclerosis, 
mesangial proliferative glomerulonephritis, and pauci-
immune rapidly progressive glomerulonephritis (RPGN).209

The most frequent clinical renal findings are protein-
uria, at times in the nephrotic range, active urinary  
sediment, hypertension, and progressive renal dysfunc-
tion.177,178,203,205,206,208,209 Some patients present with an acute 
deterioration in renal function.208 With major renal arterial 
involvement there may be renal infarction, and renal vein 
thrombosis may be silent or present with sudden flank pain 
and a decrease in renal function. Renal artery stenosis has 
been reported with and without malignant hypertension.210-212

About 10% of biopsied lupus patients have glomerular 
microthromboses as the major histopathologic finding. 
Therapy of this glomerular lesion clearly differs from that 
of immune complex–mediated glomerulonephritis.51 One 
study of 114 biopsied SLE patients found vaso occlusive 
lesions in one third of biopsies, which correlated with both 
hypertension and an increased serum creatinine level.213 In 
SLE, features that correlate well with high titers of IgG 
antiphospholipid antibodies are thrombocytopenia, the 
presence of a false-positive VDRL for syphilis (FTA nega-
tive), and a prolonged activated partial thromboplastin 
time.177,178,213 Neither the titer of anti-DNA antibodies nor 
the serum complement levels correlate well with the 
antiphospholipid antibody levels. In SLE, high titers of IgG 
anticardiolipin antibody usually correlate well with the risk 

Figure 33.13  Antiphospholipid  syndrome.  Organizing  recanalized 
thrombi narrow the lumens of two interlobular arteries. The adjacent 
glomerulus displays ischemic-type retraction of its tuft. (Hematoxylin 
and eosin stain, ×200.) 
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In early stages of MCTD, patients usually manifest non-
specific symptoms such as malaise, fatigue, myalgias, arthral-
gias, and low-grade fever. Over time features similar to other 
rheumatologic connective tissue diseases appear, including 
arthralgias, deforming arthritis, myalgias and myositis, Rayn-
aud’s phenomenon, swollen hands and fingers, restrictive 
pulmonary disease and pulmonary hypertension, esopha-
geal dysmotility, pericarditis and myocarditis, serositis, oral 
and nasal ulcers, digital ulcers and gangrene, discoid lupus-
like lesions, malar rash, alopecia, photosensitivity, and 
lymphadenopathy.233,234,238 However, patients with MCTD, 
especially those documented to have anti-U1RNP antibod-
ies, infrequently have major central nervous system disease 
or severe proliferative glomerulonephritis.233,234,238 Low-
grade anemia, lymphocytopenia, and hypergammaglobu-
linemia are all common in MCTD.

The most widely used serologic test to confirm a diagnosis 
of MCTD is the ENA with anti-U1RNP antibodies.234,239 The 
diagnosis of MCTD is even firmer in those patients with IgG 
antibodies against an antigenic component of U1RNP, the 
68kD protein.239,240 Antibodies to other nuclear antigens 
have been found in MCTD and some correlate better with 
some clinical features of specific rheumatologic diseases.233 
Antibodies against dsDNA, Sm antigen, and Ro are infre-
quently positive in MCTD, but up to 70% of patients will 
have a positive rheumatoid factor.

The incidence of renal involvement has varied from 10% 
to 26% of adults and from 33% to 50% of children with 
MCTD.234,240 Many patients have mild clinical manifestations 
with only microhematuria and less than 500 mg proteinuria 
daily. However, heavier proteinuria, severe hypertension, 
and acute kidney injury (AKI) reminiscent of “scleroderma 
renal crisis” may occur.238,241,242 Although the titer of anti-RNP 
does not correlate with renal involvement, the presence of 
serologic markers of active SLE (e.g., high anti-dsDNA anti-
body titers, anti-Sm antibody) are more common with renal 
disease.234 Low serum complement levels have not always cor-
related with the presence of renal involvement.238 Children 
with MCTD more often have glomerular involvement with 
few clinical or urinary findings.243

The pathology of MCTD is diverse with the glomerular 
lesions resembling the spectrum found in SLE and the vas-
cular lesions resembling those in scleroderma. Glomerular 
disease is most common and is usually superimposed on a 
background of mesangial deposits and hypercellularity as in 
SLE.238,241,243-246 Up to 30% of biopsied patients have mesan-
gial deposits of IgG and C3. Other patients have focal pro-
liferative glomerulonephritis with both mesangial and 
subendothelial deposits, but fibrinoid necrosis and cres-
cents are rare. The most common pattern of glomerular 
involvement is membranous nephropathy, reported in up 
to 35% of cases,241,243-245 with typical peripheral capillary wall 
granular immunofluorescence staining for IgG, C3, and, at 
times, IgA and IgM. Some patients will have a mixed pattern 
of membranous plus mesangial proliferative glomerulone-
phritis.243 Renal biopsy findings may transform over time 
from one pattern of glomerular involvement to another, 
similar to SLE patients. By ultrastructure analysis, lupus-like 
findings have been reported, including endothelial tubulo-
reticular inclusions, deposits with “fingerprint” substruc-
ture, and tubular basement membrane deposits.238 In a 
review of 100 biopsied patients with MCTD, 12% had normal 

has proven more effective than no therapy, aspirin, or low-
dose anticoagulation in preventing recurrent thrombo-
sis.177,180,221 A retrospective analysis of 147 APS patients 
(including 62 primary disease, 66 SLE, and 19 lupus-like 
syndrome) reported 186 recurrent thrombotic events in 
69% of the patients.221 The median time between the initial 
thrombosis and the first recurrence was 12 months but with 
a broad range (0.5 to 144 months). Treatment with higher 
dose warfarin (international normalized ratio [INR] > 3) 
was more effective than treatment with low-dose warfarin 
(INR < 3) or treatment with aspirin. The highest rate of 
thrombosis (1.3 per patient-year) occurred in patients 
within 6 months after discontinuing anticoagulation. Bleed-
ing complications occurred in 29 of the 147 patients but 
were severe in only 7 patients. The role of immunosuppres-
sion has been uncertain in APS.177,178,198 In SLE patients the 
anti-DNA antibody titer and the serum complement may 
normalize with immunosuppression without a significant 
change in a high titer of IgG antiphospholipid antibody.177 
In pregnant patients with APS, heparin and low-dose aspirin 
have been successful, whereas prednisone therapy has 
not.223,224 In rare patients who cannot tolerate anticoagula-
tion due to recent bleeding, who have thromboembolic 
events despite adequate anticoagulation, or who have cata-
strophic APS, plasmapheresis with corticosteroids and other 
immunosuppressives have been used with some success.224,225 
It is uncertain whether hydroxychloroquine, used mostly in 
SLE patients, can prevent thromboembolic events in 
APS.222,226,227 There is insufficient and conflicting data 
whether newer agents such as rituximab lower the levels of 
antiphospholipids or decrease the risk of thromboembo-
lism.228,229 The use of other treatments, such as eculizumab, 
intravenous γ-globulin, and stem cell transplant are only 
reported in isolated patients.230,231

MIXED CONNECTIVE TISSUE DISEASE

Mixed connective tissue disease (MCTD) is defined by  
a combination of clinical and serologic features.60,232,233 
Patients share overlapping features of SLE, scleroderma, 
and polymyositis.232-234 They also typically have distinct sero-
logic findings with a very high ANA titer, often with a speck-
led pattern, and antibodies directed against a specific 
ribonuclease-sensitive ENA, U1RNP.233,234 MCTD has a low 
incidence and prevalence, a high female-to-male sex ratio, 
and linkage to HLA-DR4 and DR2 genotypes.235,236 Not all 
patients with clinical features of MCTD have a positive ENA, 
and not all ENA-positive patients have the clinical features 
of MCTD.234 Since over time some patients fulfill diagnostic 
criteria for other connective tissue diseases, investigators 
have questioned whether MCTD is a distinct syndrome and 
have developed specific criteria to categorize patients as 
having MCTD.237 The term undifferentiated autoimmune rheu-
matic and connective tissue disorder or overlap syndrome has also 
been used.234,235 One study of 161 MCTD patients followed 
for 8 years found 60% with unclassified MCTD, 17% sys-
temic sclerosis, 9% SLE, 2.5% rheumatoid arthritis, and 
11.5% with undifferentiated connective tissue disease.237 A 
positive anti-DNA antibody predicted the development of 
SLE while hypomotility of the esophagus or sclerodactyly 
predicted the development of systemic sclerosis.
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the upper and lower respiratory tracts and by glomerulone-
phritis.252 Subsequent descriptions of “limited” upper respi-
ratory tract disease, of multiorgan system involvement,  
and of the nature and pathogenesis of the serologic  
marker, ANCA, have enhanced our understanding of this 
disease.253-257 Even in the pre-ANCA era these clinical criteria 
yielded a sensitivity of 88% and a specificity of 92% for the 
diagnosis of GPA. Adding ANCA to the diagnostic criteria 
increases these percentages.258-260

GPA has a slight male predominance and a peak inci-
dence in the fourth to sixth decade of life.252,255,262,263 Pauci-
immune RPGN (including GPA and MPA) are the most 
common forms of crescentic glomerulonephritis at all ages, 
and especially in older adults.259,260 Most patients have been 
Caucasian, although with use of ANCA screening, patients 
of all races are being diagnosed.262 The occurrence of GPA 
in more than one family member has rarely been noted.263 
Certain HLA frequencies such as HLA-DR2, HLA-B7, and 
HLA-DR1 and DR1-DQW1 have been reported more 
commonly.263,264

PATHOLOGY
The classic histopathologic finding in GPA is a focal segmen-
tal necrotizing and crescentic glomerulonephritis (Figure 
33.14).256 Although the percentage of affected glomeruli 
can vary widely, the necrotizing changes are usually segmen-
tal in distribution.256,265 Unaffected glomeruli typically 
appear normal. Global proliferation and necrotizing glo-
merular tuft involvement are more common in the more 
severe cases. The earliest lesions are “intracapillary throm-
bosis” with deposition of eosinophilic “fibrinoid” material 
associated with endothelial cell swelling, infiltration by  
polymorphonuclear leukocytes, and pyknosis or karyor-
rhexis.256,265 In areas of active necrotizing glomerular lesions, 
there are ruptures in the GBM and formation of overlying 
cellular crescents that range from segmental to circumfer-
ential. Crescents are frequently associated with breaks in or 
broad destruction of Bowman’s capsule.266 Granulomatous 
crescents containing epithelioid histiocytes and giant cells 

biopsies, 35% mesangial lesions, 10% proliferative glomeru-
lar lesions, and 36% membranous nephropathy.247 In addi-
tion, 15% to 25% of patients had interstitial disease and 
vascular lesions. In autopsy series, in which two thirds of 
patients had clinical renal disease, a similar distribution of 
glomerular lesions was found.246 Other renal pathology find-
ings in MCTD include secondary renal amyloidosis,248 vas-
cular sclerosis ranging from intimal sclerosis to medial 
hyperplasia, and vascular lesions resembling those in sclero-
derma kidney with involvement of the interlobular arteries 
by intimal mucoid edema and fibrous sclerosis.238

Therapy of MCTD with corticosteroids is effective in treat-
ing the inflammatory features of joint disease and serosi-
tis.234,238 Steroids are less effective in treating sclerodermatous 
features such as cutaneous disease, esophageal involvement, 
and especially pulmonary hypertension. Intravenous immu-
noglobulin has been used to treat thrombocytopenia and 
hemolytic anemia.249 Treatment of the glomerular lesions is 
similar to that for LN.

Originally MCTD was felt to have a good prognosis with 
low mortality and few patients developing other distinct 
connective tissue disorders. The longer patients with MCTD 
are followed, the greater the percentage who evolve more 
clearly into a specific connective tissue disorder.234 In some 
series, almost half of the patients with a short duration of 
follow-up were still felt to have true MCTD, but in those with 
longer follow-up the percentage had dropped to 15% or 
less.234,238 Most patients evolve toward a picture of either SLE 
or systemic sclerosis, but some develop features of rheuma-
toid arthritis.237,238 Mortality rates have been found to range 
from 15% to 30% at 10 to 12 years with patients with more 
clinical features of scleroderma and polymyositis faring 
worse.234,238 The presence of anticardiolipin antibodies and 
anti–β2-glycoprotein antibodies increases the mortality risk. 
In a recent study, 5-, 10-, and 15-year survival rates were 98%, 
96%, and 88%.250 The leading causes of mortality in MCTD 
are pulmonary hypertension and cardiovascular disease.234,250 
Other causes include vascular lesions of the coronary and 
other vessels, hypertensive scleroderma crisis, and chronic 
renal failure. Clearly MCTD is not a benign disorder but 
rather a disease with significant morbidity and mortality.

SMALL VESSEL VASCULITIS

Granulomatosis with polyangiitis (GPA; formerly designated 
Wegener’s granulomatosis), microscopic polyangiitis (MPA), 
and eosinophilic granulomatosis with polyangiitis (EGPA; 
formerly designated Churg-Strauss syndrome or Churg-
Strauss vasculitis) are usually classified together as three 
small vessel vasculitides.125,251-260 All may affect the arterioles, 
capillaries, and venules. There is considerable overlap in the 
clinical, histologic, and laboratory features of these entities. 
Moreover, all may be associated with a positive serologic test 
for ANCA. However, genetic analyses are defining differ-
ences between these entities, and differences in the course 
and response to therapy are being noted.261

GRANULOMATOSIS WITH POLYANGIITIS

GPA has been traditionally defined by the triad of vasculitis 
associated with necrotizing, granulomatous inflammation of 

Figure 33.14  Granulomatosis  with  polyangiitis.  A  representative 
glomerulus displays segmental fibrinoid necrosis with rupture of glo-
merular  basement  membrane,  fibrin  extravasation  into  the  urinary 
space, and an overlying segmental cellular crescent. (Jones’ methe-
namine silver stain, ×500.) 
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Positivity for fibrin/fibrinogen is common in the distribu-
tion of the necrotizing glomerular lesions, crescents, and 
vasculitic lesions. By electron microscopy the glomeruli 
affected by necrotizing lesions often show areas of intralu-
minal and subendothelial fibrin deposition associated with 
endothelial necrosis and gaps in the GBM through which 
fibrin and leukocytes extravasate into Bowman’s space.252-256 
There may be sub endothelial accumulation of electron-
lucent flocculent material associated with intravascular 
coagulation. True electron-dense immune-type deposits are 
not usually identified and, when present, are sparse and ill-
defined.252-256 Electron microscopy of the vessels in GPA may 
show swelling and denudation of endothelial cells, and sub-
endothelial accumulation of fibrin, platelets, and amor-
phous electron-dense material, but no typical immune-type 
electron-dense deposits.

PATHOGENESIS
The pathogenesis of GPA remains unknown with abnormali-
ties of both humoral and cell-mediated immunity 
described.253,255,256 A recent genome wide association study 
found that GPA and MPA are genetically distinct diseases 
with the genetic markers strongly associated with the anti-
genic specificity of the ANCA rather than the clinical syn-
drome.261 In vitro and animal experiments strongly support 
a role for ANCA in the pathogenesis of the disease.268-271 
ANCA production may relate to infectious, genetic, environ-
mental, and other risk factors.268 Both molecular mimicry to 
infectious pathogens and formation of antibody to antisense 
peptide have been proposed in the development of ANCA. 
Patients with proteinase 3 (PR3)–positive ANCA have been 
shown to have antibodies to complementary PR3, a protein 
encoded by the antisense RNA of the PR3 gene, and CD4+ 
TH1 memory cells responsive to the complementary PR3 
peptide.269 In Rag-2 mice, transfer of anti-MPO IgG causes 
glomerulonephritis with necrosis and crescent formation 
that appears identical to human ANCA-associated glomeru-
lonephritis by light microscopy and immunofluorescence.271 
This can occur in the absence of antigen-specific T lympho-
cytes strongly suggesting a pathogenetic role for the anti-
bodies themselves. In humans, neonatal MPA with pulmonary 
hemorrhage and renal disease has occurred secondary to 
the transfer of maternal MPO-ANCA.272 One study has 
found a unique subgroup of ANCA directed against lyso-
somal associated membrane protein 2 (LAMP2) as opposed 
to MPO or PR3, to be present in more than 90% of ANCA-
positive pauci-immune necrotizing glomerulonephritis.273 
Others have not been able to confirm a high incidence of 
anti-LAMP2 antibodies in this population.274

Cell-mediated mechanisms of tissue injury in GPA are 
supported by a predominance of CD4+ T lymphocytes and 
monocytes in the inflammatory respiratory tract infiltrates, 
high levels of TH1 cytokines, defects in delayed hypersensi-
tivity, a rise in soluble markers of T cell activation as soluble 
interleukin-2 (IL-2) receptor and CD30, impaired lympho-
cyte blastogenesis, and T cell response to PR3.257,275-277 
Despite prominent respiratory tract involvement, no inhaled 
pathogen or environmental allergen has been identified as 
the initiator of the disease process. However, respiratory 
infections may allow the release of cytokines such as tumor 
necrosis factor (TNF) from cells that can “prime” neutro-
phils to express PR3 and other antigens on their cell 

may involve from less than 15% to more than 50% of cases, 
and the finding of large numbers of them is more typical of 
GPA and cytoplasmic ANCA (C-ANCA) positivity than other 
vasculitides. Chronic segmental or global glomerulosclero-
sis with fibrous crescents often occur side by side with more 
active glomerular lesions. Although there is much overlap 
in the histologic findings between MPA and GPA, some dif-
ferences have been noted. Patients with MPA and those who 
have anti-myeloperoxidase (anti-MPO) ANCA are more 
likely to have a greater degree and severity of glomeruloscle-
rosis, interstitial fibrosis, and tubular atrophy on initial 
biopsy.267

The true vasculitis in GPA may affect small- and medium-
sized renal arteries, veins, and capillaries.256,265 It is focal in 
nature and has been reported in 5% to 10% of GPA biop-
sies.252,255,256 It is more commonly found at autopsy with avail-
ability of larger tissue sampling and when serial sectioning 
and a directed search for the lesions have been performed. 
The necrotizing arteritis consists of endothelial cell swelling 
and denudation, intimal fibrin deposition, and mononu-
clear and polymorphonuclear leukocyte infiltration of the 
vessel wall with mural necrosis (Figure 33.15). In some cases, 
the arteritis displays granulomatous features. Tubules show 
focal degenerative and regenerative changes, and cortical 
infarcts may occur.252,256 Interstitial inflammatory infiltrates 
of lymphocytes, monocytes, plasma cells, and polymorpho-
nuclear leukocytes are common. Granulomas containing 
giant cells may form in the interstitium of the cortex and 
medulla in 3% to 20% of cases. Some of these cortical 
granulomas represent foci of glomerular destruction by 
granulomatous crescents. Papillary necrosis, often bilateral 
and affecting most papillae, has been reported, usually in 
those with necrotizing interstitial capillaritis of the vasa 
recta. Biopsy of extrarenal tissue may show necrotizing and 
granulomatous inflammation or evidence of vasculitis.255,256

There is no specific glomerular or vascular immune  
staining in most cases of GPA. Low-level staining for immu-
noglobulins and complement likely represents nonimmu-
nologic trapping in areas of necrosis and sclerosis. This 
negative or only focal low-intensity immunofluorescence 
staining pattern is referred to as “pauci-immune.”252-256 

Figure 33.15  Granulomatosis  with  polyangiitis.  An  interlobular 
artery displays necrotizing vasculitis with intimal fibrin deposition and 
transmural inflammation by neutrophils and lymphocytes. (Hematoxy-
lin and eosin stain, ×375.) 
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due to retro-orbital inflammation. Nervous system involve-
ment is most typically manifested as a mononeuritis multi-
plex but may involve cranial nerves or the central nervous 
system. Other organs involved include the liver, parotids, 
thyroid, gallbladder, and the heart.252-256 Recent reports have 
emphasized the risks of thromboembolism, especially 
during active disease, perhaps related to endothelial injury 
and hypercoagulability induced by the vasculitis and its 
treatment.287

Abnormal laboratory tests in GPA include a normochro-
mic, normocytic anemia and a mild leukocytosis and throm-
bocytosis.252,256 Nonspecific markers of an inflammatory 
disease process such as elevated ESR and CRP levels, and 
rheumatoid factor tests are often positive and correlate with 
the general disease activity. Other serologic test results, 
including those for ANA, serum complement levels, and 
cryoglobulins, are normal or negative.252

ANCA has been detected in from 85% to more than 95% 
of GPA patients.253-255,257,288 Patients with granulomatous 
lesions are more likely to be C-ANCA positive with antibody 
directed against PR3, a 228–amino acid serine proteinase 
found in the azurophilic granules of neutrophils and the 
lysosomes of monocytes.251,253-255,288 However, many patients 
fitting the clinical and histologic definition of GPA will be 
perinuclear ANCA (P-ANCA) positive with antibodies 
directed against MPO, a highly cationic 140-kDa dimer 
located in a similar cellular distribution to PR3.251,253-255,257 
ANCA may also be directed to other antigens (e.g., lactofer-
rin, cathepsin, elastase, etc.), but these antibodies are not 
usually associated with vasculitis and are usually found in 
other immune-mediated diseases. In a study of 89 patients 
from China who fulfilled clinical and histopathologic crite-
ria for GPA, 61% were MPO-ANCA positive and only 38% 
PR3-ANCA positive.262 Although the specificity of C-ANCA 
for GPA has been as high as 98% to 99% by different assays, 
the sensitivity may be low in certain populations with inac-
tive or limited disease.289 Some patients with pauci-immune 
crescentic glomerulonephritis will be ANCA negative and 
may have a somewhat distinct disease from the more 
common ANCA-positive patients.290 In a series of 141 
Chinese patients with RPGN, 27% were ANCA negative and 
had more upper airway disease than the ANCA-positive 
group.290 However, they had no difference in other clinical 
manifestations. Other patients with crescentic glomerulone-
phritis will be positive for both ANCA and anti-GBM anti-
bodies (see “Anti–Glomerular Basement Membrane Disease 
and Goodpasture’s Syndrome” section). “False-positive” 
C-ANCA tests have been reported in patients with certain 
infections (e.g., HIV, tuberculosis, subacute bacterial endo-
carditis) and neoplastic diseases. A number of medications 
have also been associated with ANCA, usually anti-MPO, and 
at very high titers. The strongest association is with the anti-
thyroid drugs, including propylthiouracil, methimazole, 
and carbimazole. Hydralazine, minocycline, penicillamine, 
allopurinol, clozapine, rifampin, cefotaxime, isoniazid, and 
a number of other drugs have also been associated with 
ANCA-positive vasculitis.291 Levamisole as an adulterant in 
cocaine has been associated with unique ANCA positivity, 
often with a positive P-ANCA and PR3-ANCA but negative 
MPO-ANCA.292 While there has been debate whether the 
ANCA levels parallel the clinical and histologic activity in 
GPA, many patients will normalize their ANCA titer during 

surfaces. The expression of granule proteins on the surface 
of neutrophils and monocytes allows for the interaction with 
circulating ANCA, leading to a respiratory burst in the cell, 
degranulation and local release of damaging proteases and 
reactive oxygen species, release of chemoattractant prod-
ucts, and neutrophil apoptosis.255-257,278-280 Endothelial injury, 
fibrinoid necrosis, and inflammation ensue. In the presence 
of ANCA, neutrophils exhibit exaggerated adhesion and 
transmigration through endothelium.280

A spectrum of glomerular and vascular disease reaction 
is seen depending on antigen expression, host leukocyte 
activation, circulating and local cytokines and chemokines, 
the condition of the endothelium, and the nature of T and 
B cell interactions.255-257,278-280 The membranes of leukocytes 
from GPA patients may be primed to express PR3 molecules 
on their surfaces, making them ripe for activation of the 
disease process.257,279,281,282 This priming phenomenon might 
explain the exacerbations of disease activity associated with 
respiratory infections as well as the potential benefits of 
prophylaxis with trimethoprim-sulfamethoxazole.282,283

CLINICAL AND LABORATORY FEATURES
Patients with GPA may present with an indolent, slowly pro-
gressive involvement of the respiratory tract and mild renal 
findings or with fulminant acute glomerulonephritis. 
Despite greater awareness of the disease, more extensive use 
of renal biopsy, and the widespread availability of ANCA 
serologic testing, diagnosis is still often delayed. Most 
patients will have constitutional symptoms, including fever, 
weakness, and malaise at presentation.252-255,284,285 From 70% 
to 80% of patients have upper respiratory findings at pre-
sentation and more than 90% eventually develop upper 
respiratory problems over time.252-255,284,285 There may be rhi-
nitis, purulent or bloody nasal discharge and crusting, and 
sinusitis, typically involving the maxillary sinus and less com-
monly the sphenoid, ethmoid, and frontal sinuses.252-255,284,285 
Radiographs show sinus opacification, air-fluid levels, mass 
lesions, or rarely bony erosions. Upper respiratory tract 
involvement can also be manifest by tinnitus and hearing 
loss, otic discharge, earache, perforation of the tympanic 
membrane, and hoarseness and throat pain.252-255 Chronic 
sequelae include deafness, chronic sinusitis, and nasal septal 
collapse with saddle nose deformity.254

Lower respiratory tract disease, found at presentation in 
up to 75% of patients and eventually in 85%, leads to symp-
toms of cough (often with sputum production), dyspnea on 
exertion and shortness of breath, alveolar hemorrhage and 
hemoptysis, and pleuritic pain.252-256,286 Chest radiographs 
and computed tomographic scans may reveal single or mul-
tiple nodules, some with areas of cavitation, alveolar infil-
trates, and interstitial changes, and less commonly small 
pleural effusions and atelectatic areas.

GPA is a multisystem disease with many organs involved 
by the vasculitic process and its sequelae.252-256 Cutaneous 
involvement, present in 15% to 50% of patients, occurs with 
a variety of macular lesions, papules, nodules, or purpura, 
usually on the lower extremities. Patients with rheumato-
logic involvement have arthralgias of large and small joints 
as well as nondeforming arthritis of the knees and ankles 
or, more rarely, a myopathy or myositis. Up to 65% of 
patients have ophthalmologic disease with conjunctivitis, 
episcleritis and uveitis, optic nerve vasculitis, or proptosis 
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cyclophosphamide (1.5 to 2 mg/kg/day) and corticoste-
roids, remissions were achieved in 85% to 90% of 133 GPA 
patients.252 Although many patients eventually relapsed, 
others remained in long-term remission off immunosup-
pression. Other studies have confirmed these results.254-257,301 
Complete remissions of renal and extrarenal symptoms, 
including severe pulmonary disease and renal failure requir-
ing dialysis, have been described. More than 50% of dialysis-
dependent patients will be able to discontinue dialysis and 
remain stable for years. Although resistance to therapy is 
well documented, some patients do not benefit from treat-
ment for reasons of noncompliance, intercurrent infection 
requiring decreased treatment, or inadequate duration of 
therapy.

The optimal dose, duration of treatment, route of admin-
istration, and concomitant therapy to be given with cyclo-
phosphamide is still debated for patients with ANCA-positive 
small vessel vasculitis.254-257 Many recent trials have included 
both GPA and MPA patients. Cyclophosphamide is usually 
administered with corticosteroids initially, with the dose of 
the steroids tapered or changed to alternate-day therapy. 
Some regimens include intravenous high-dose “pulse” cor-
ticosteroids initially, and others have used plasmapheresis in 
critically ill patients. A typical regimen for induction therapy 
of severe GPA or MPA RPGN might include intravenous 
pulse methylprednisolone (7 mg/kg, to a maximum dose of 
500 mg to 1000 mg) for 3 consecutive days followed by oral 
prednisone 1 mg/kg/day (to a maximum of 60 to 80 mg/
day) for the first month, with subsequent tapering of the 
dose along with either intravenous or oral cyclophospha-
mide given for approximately 6 months.253-256 Doses are 
adjusted for leukopenia and other side effects as well as for 
treatment response. Several studies have evaluated the role 
of pulse intravenous cyclophosphamide versus oral cyclo-
phosphamide in ANCA-positive small vessel vasculitis.303-306 
In one study of 50 GPA patients randomly assigned to either 
2 years of intravenous or oral cyclophosphamide, remissions 
at 6 months occurred in 89% of the intravenous group 
versus 78% of the oral group.303 At the end of the study, 
remissions had occurred in 67% of the intravenous group 
and 57% of the oral group, but relapses were more common 
in the intravenous group (60% versus 13%). In a meta-
analysis of 11 nonrandomized studies including more than 
200 ANCA-associated vasculitis patients, complete remis-
sions occurred in more than 60% of patients and partial 
remissions in another 15%.304 Intravenous pulse cyclophos-
phamide was more likely to induce remission and less likely 
to cause infection than oral cyclophosphamide. However, 
relapses may be more frequent with intravenous use of the 
drug. This is clarified by a recent large multicenter trial that 
randomized 149 ANCA-positive vasculitis patients to either 
Solu-Medrol plus pulsed intravenous cyclophosphamide 
(15 mg/kg every 2 to 3 weeks) or plus oral cyclophospha-
mide (2 mg/kg/day).304 There was no difference in time to 
remission or percentage of patients who achieved remission 
by 9 months (88% of both groups) and no difference in 
improvement of GFR over time. Although there were more 
relapses in the intravenous group, this was not statistically 
significant. The total dose of cyclophosphamide was approx-
imately half as much in the intravenous group versus the 
oral group, and infections were more common with oral 
cyclophosphamide. Thus both regimens are effective, 

periods of quiescence.259,289,293-297 A subsequent rise in ANCA 
titer from low titer has been suggested to be predictive of 
renal and systemic flares.293-297 Most clinicians prefer to use 
the ANCA level in the context of other clinical findings and 
often with other markers of active inflammation such as ESR 
and CRP. At times, renal biopsy is the only way to be certain 
of the clinical significance of a change in ANCA titer.

RENAL FINDINGS
Renal findings in GPA are extremely variable and usually 
occur together with other systemic manifestations.252-256,285 
The degree of renal involvement in ANCA-associated vascu-
litis is highly predictive of patient survival. Patients with 
active urinary sediment but normal GFR have a twofold 
increased risk of death, while those with impaired renal 
function have a fivefold greater risk of dying.298 A number 
of studies confirm that severe renal disease is a negative 
prognostic feature. Many patients have some evidence of 
renal disease at presentation, and from 50% to 95% eventu-
ally develop clinical renal involvement. Proteinuria and 
urinary sediment abnormalities, including microscopic 
hematuria and red cell casts, are common. Patients with 
more severe glomerular involvement have a decrease in 
GFR and greater levels of proteinuria, but nephrotic syn-
drome is uncommon. The level of proteinuria may be 
higher in those with less severe renal insufficiency and may 
actually increase during therapy as the GFR improves.285 
The degree of renal failure and serum creatinine do not 
always correlate well with the percentage of glomerular nec-
rotizing lesions, the percentage of glomerular crescent for-
mation, or the presence of interstitial granulomas or 
vasculitis. The incidence of both acute oliguric renal failure 
and significant hypertension varies among reports but is 
higher in reports from renal centers. Intravenous pyelo-
grams are typically normal, and by angiography vascular 
aneurysms are not usually present.

Other renal conditions found in GPA include pyelone-
phritis and hydronephrosis due to vasculitis, causing ure-
teral stenosis, papillary necrosis, perirenal hematoma from 
arterial aneurysm rupture, and lymphoid malignancies with 
neoplastic infiltration of the renal parenchyma in patients 
treated with immunosuppression.299

COURSE AND TREATMENT
The course of the active glomerulonephritis in GPA is 
typical of RPGN with progression to renal failure over days 
to months.252-256 Patients with severe necrotizing, granuloma-
tous glomerulonephritis are more likely to develop renal 
failure, and patients with more global glomerulosclerosis 
are more likely to develop ESKD. Greater degrees of glo-
merulosclerosis and interstitial fibrosis predict a poor renal 
outcome.300 Even with immunosuppressive therapy, a signifi-
cant number of patients will eventually progress over the 
long term to renal failure.

The introduction of effective cytotoxic immunosuppres-
sive therapy dramatically changed the course of GPA.  
Initial studies of untreated or corticosteroid-treated patients 
documented survivals of only 20% to 60% at 1 year.252,256 
Both renal and extrarenal lesions may progress during cor-
ticosteroid therapy.252 Long-term survival with cyclophos-
phamide-based regimens ranges from 87% at 8 years to  
64% at 10 years.252-256,301,302 Using a regimen of combined 
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randomized with two thirds receiving four doses of intrave-
nous rituximab and only two doses of intravenous cyclo-
phosphamide and one of intravenous pulse Solu-Medrol 
versus the remaining one third of patients receiving 6 to 10 
pulses of intravenous cyclophosphamide.316 Both received 
steroids in tapering doses. The number of remissions, time 
to remission, and side effects were similar in the two groups. 
Mortality and morbidity were high in both groups due to 
the age of the patients and their renal dysfunction. In the 
Rituximab in ANCA Associated Vasculitis (RAVE) trial, 197 
patients with severe ANCA-associated vasculitis (75% GPA) 
were randomized to steroids plus either four weekly doses 
(375 mg/m2) of rituximab or oral cyclophosphamide 
(2 mg/kg/day) with replacement by azathioprine mainte-
nance only in the cyclophosphamide group.317 Among those 
in the rituximab group, 64% reached remission, whereas 
only 53% of the cyclophosphamide group did. More patients 
in the rituximab arm had resolution of active vasculitis by 
activity scores. Adverse events were similar in both arms of 
the study. The subgroups with renal involvement and pul-
monary hemorrhage also fared the same. Those with relaps-
ing disease had a significantly higher remission rate with 
rituximab compared with cyclophosphamide therapy. 
Recent long-term follow-up of this population confirms the 
equivalency of a steroid plus rituximab regimen to that of 
steroids plus cyclophosphamide followed by azathioprine 
maintenance in leading to a complete remission in ANCA-
associated vascultitis.318 There was no difference in adverse 
events in terms of infections or malignancies between the 
groups. While this does not mean rituximab will replace 
cyclophosphamide as standard treatment for ANCA-positive 
vasculitis, it does allow it to be used as an initial treatment 
option for many patients.319

Relapse rates from 20% to 50% have been reported often 
when infectious complications have led to a discontinuation 
of immunosuppressive therapy.293,296,301,320 Predictors of 
relapse in a cohort of 350 patients with ANCA-positive vas-
culitis included C-ANCA or PR3 positivity, lung involvement, 
and upper respiratory involvement, as opposed to factors 
not predicting relapse, such as age, gender, race, and a clini-
cal diagnosis of GPA rather than MPA or renal-limited vas-
culitis.315,320 Most patients respond to another course of 
cyclophosphamide therapy.301 In patients whose ANCA level 
has declined during remission, a major rise in titer may 
predict a relapse, although ANCA levels and clinical disease 
activity do not always correlate.293-297

Because of the potential for severe complications with 
cyclophosphamide therapy (infections, infertility, hemor-
rhagic cystitis, and an increased risk of long-term malig-
nancy), once an initial remission has been achieved, patients 
have usually been switched to less toxic immunosuppressives 
such as azathioprine, low-dose methotrexate, or MMF.320-323 
A study of 155 patients with ANCA-positive vasculitis treated 
patients with cyclophosphamide and steroids to induce a 
remission and then randomized patients to either oral aza-
thioprine or continued cyclophosphamide maintenance 
therapy.323 Of the 155 patients, 144 entered remission and 
were randomized. There was no difference in the relapse 
rate in the two groups or in the adverse event rate. Relapse 
rates were lower in patients with MPA than in the GPA 
group. A controlled randomized trial of MMF versus aza-
thioprine for remission maintenance found more relapses 

relapses appear more common with intravenous therapy, 
but total dose and adverse effects of the cytotoxic agent are 
reduced by intravenous usage. It is unclear how frequent 
the initial intravenous “pulses” of cyclophosphamide should 
be given; some investigators use monthly doses and others 
start with smaller doses every 2 to 3 weeks. It is clear  
that early application of an intensive immunosuppressive 
regimen helps prevent long-term morbidity and end-organ 
damage. Since the total dose of the cyclophosphamide is far 
less in patients receiving pulsed intravenous therapy, many 
prefer to use it as a less toxic regimen and try to enhance 
maintenance therapy to avoid relapse.

Methotrexate has been used for both induction and 
maintenance therapy in patients with GPA and other ANCA-
associated vasculitides.305-308 The largest trial, the NORAM 
trial, compared methotrexate (20 to 25 mg/wk orally) to 
oral cyclophosphamide (2 mg/kg/day), both for 1 year with 
corticosteroids in 95 ANCA-positive vasculitis patients (89 
GPA, 6 MPA).305 Although an equal percentage of both 
groups achieved remission, the time to remission was longer 
in the methotrexate group and the relapse rate much higher 
(70% vs. 47%). Given these data, methotrexate is rarely used 
for induction therapy in ANCA-positive vasculitis unless the 
disease is very mild and rapidly controllable.

The addition of plasmapheresis to therapy for GPA 
appears to benefit patients with severe renal failure, those 
with pulmonary hemorrhage, those with coexistent anti-
GBM antibodies, and those failing all other therapeutic 
agents.300,309 In one study of 20 ANCA-positive small vessel 
vasculitis patients with massive pulmonary hemorrhage 
treated with methylprednisolone, intravenous cyclophos-
phamide, and plasmapheresis, all 20 patients had resolution 
of pulmonary hemorrhage.309 A trial of 137 patients with 
ANCA-positive glomerulonephritis, the Methylprednisolone 
versus Plasma Exchange (MEPEX) trial, evaluated patients 
with a marked elevation of the serum creatinine (higher 
than 500 µmol/L or 5.7 mg/dL) treated with induction 
therapy with either plasma exchange or intravenous pulsed 
methylprednisolone, both with oral corticosteroids and 
cyclophosphamide.310 While both groups had an equal and 
high 1-year mortality rate, the plasma exchange group had 
an improved short-term patient survival and a greater likeli-
hood of not reaching renal failure at 1 year (19% vs. 43%). 
The addition of etanercept, a TNF-α blocker, to a standard 
induction regimen for GPA was evaluated in 174 patients 
and provided no additional benefit in terms of sustained 
remissions or time to achieve remission.311 Disease flares and 
adverse events were common in both treatment groups, and 
solid tumors developed in six of the etanercept group. The 
use of infliximab, another TNF-α blocker, in four uncon-
trolled trials was associated with an 80% remission rate but a 
high rate of infectious complications.312 Likewise, a study of 
alemtuzumab, an anti-CD52 monoclonal antibody, in 70 
patients gave a remission rate of 83% but was associated with 
high rates of relapse, infection, and mortality.313

Small uncontrolled trials initially found a role for  
rituximab in ANCA-positive vasculitis, with sustained remis-
sions in many of the patients studied.314,315 Two controlled 
randomized studies support the use of rituximab as a first-
line therapy comparable in efficacy to cyclophosphamide 
for the treatment of ANCA-associated vasculitis.316,317 In the 
RITUXIVAS study, 44 patients (mean age, 68 years old) were 
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few to many glomeruli (Figure 33.16).253-257,340 There is seg-
mental rupture of the GBM associated with polymorpho-
nuclear infiltration, karyorrhexis, and fibrin deposition 
within the glomerular tuft and the adjacent Bowman’s 
space. Crescents characteristically overlie areas of segmental 
tuft necrosis and may be segmental or circumferential. Cel-
lular and fibrous crescents often coexist. Some crescents are 
voluminous with a “sunburst” appearance due to massive 
circumferential destruction of Bowman’s capsule. Unin-
volved glomeruli are typically normocellular. In the chronic 
or healing phase of the disease there is segmental and 
global glomerulosclerosis with focal fibrocellular and fibrous 
crescents. While there are many similarities, one study docu-
ments biopsy differences between MPA and GPA patients. 
Biopsies from patients with MPA and patients who are MPO-
ANCA positive were more likely to show glomerulosclerosis, 
interstitial fibrosis, and tubular atrophy.267 This suggests a 
more prolonged, less fulminant course in patients with MPA 
compared to GPA. An international classification differenti-
ates glomerular lesions depending on whether they are 
focal, crescentic, mixed, or sclerotic and found correlates 
with clinical outcome.341

Patients with MPA infrequently have a true arteritis identi-
fied on renal biopsy. The frequency ranges from 11% to 
22% with predominant involvement of interlobular arteries 
and arterioles.340 Involvement is circumferential, lesions are 
generally of the same age, and aneurysm formation is rare. 
The acute vasculitis is usually necrotizing with fibrinoid 
necrosis of the vessel wall and infiltration by neutrophils and 
mononuclear leukocytes. Vasculitis with granulomatous  
features is uncommon. In later stages of the disease there 
may be narrowing of the lumens of small arteries due to 
concentric intimal fibroplasia and elastic reduplication, but 
medial scarring is less frequent and severe than in classic 
polyarteritis nodosa (PAN). In MPA there is often a diffuse 
interstitial inflammatory cell infiltrate with plasma cells, 
lymphocytes, polymorphonuclear leukocytes, and some-
times eosinophils especially around glomeruli and vessels. 

with MMF.324 Rituximab, timed to prevent B cell repopula-
tion and rise in the ANCA titer, and cyclosporine have also 
been used successfully for maintenance therapy.325,326 Since 
respiratory infections, perhaps through priming of neutro-
phils or activation of ANCA, may be associated with  
flares of disease activity, prophylactic use of trimethoprim-
sulfamethoxazole has been advocated.327 Methotrexate has 
also been used as maintenance therapy in GPA.307 Support-
ive measures for GPA patients such as sinus drainage proce-
dures, hearing aids, and corrective surgery for nasal septal 
collapse may be helpful in individuals with chronic sequelae 
of upper respiratory involvement.252-256 Attention to cardio-
vascular risks is important since patients with ANCA-
associated vasculitis and renal disease have more than a 
twofold increased risk of cardiovascular events when com-
pared to matched controls with CKD.328

ESKD occurs in about 25% of patients at 3 to 4 years after 
presentation. Dialysis and transplantation have been per-
formed in increasing numbers of ANCA-associated vasculitis 
patients.329-334 Many patients’ disease activity diminishes with 
onset of renal failure, and relapses are significantly less 
frequent for patients who reach ESKD.332 However, some 
patients still require intensive immunosuppression, and 
relapses have been reported well after onset of ESKD. Fatal-
ity rates may be high in some ESKD populations due to slow 
recognition of relapses of the vasculitic process or, more 
often, infectious complications. Most patients receiving 
allografts have been maintained on prednisone and cyclo-
sporine or tacrolimus with or without mycophenolate with 
very good patient and allograft survival rates.329-334 Patients 
should not receive a transplant until after a prolonged 
period of remission.335,336 Recurrent active glomerulone-
phritis in the allograft occurs in 15% to 37% of patients and 
may respond to cyclophosphamide or rituximab therapy or 
other more intensive therapies.329-334 There is no evidence 
that regimens including MMF or tacrolimus have advan-
tages over older immunosuppressive regimens in prevent-
ing recurrences of ANCA-associated vasculitis.333 There is 
only limited experience with sirolimus and other newer 
transplant immunosuppressives.337

MICROSCOPIC POLYANGIITIS

The incidence of renal disease associated with this ANCA-
positive small vessel vasculitis appears to be increasing.253-256 
While this may be due to wider use of ANCA testing and 
renal biopsy, many investigators feel the absolute incidence 
has increased. In one large series ANCA-associated crescen-
tic glomerulonephritis made up almost 10% of all glomeru-
lar diseases diagnosed by renal biopsy in a 2-year period. In 
very old adults this was the most common etiologic diagno-
sis.258 Vasculitis and glomerulonephritis similar to those seen 
in MPA have been noted in relapsing polychondritis338 and 
ANCA-positive polyangiitis induced by use of a number of 
medications, most notably the antithyroid medication 
propylthiouracil.339

PATHOLOGY
Light Microscopy

The most typical histologic finding is focal segmental nec-
rotizing glomerulonephritis with crescents affecting from 

Figure 33.16  Microscopic polyangiitis. There are diffuse crescents 
with focal segmental necrosis of the glomerular tuft. (Jones’ methe-
namine silver stain, ×125.) 
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whether the patients are P-ANCA or C-ANCA positive.253-256,342 
Since MPA is a multisystem disease with various organs 
involved, many of the clinical findings are similar to those 
of ANCA-positive GPA, including the development of cuta-
neous disease, rheumatologic involvement, and neurologic 
disease. Pulmonary disease is common and presents with 
shortness of breath, dyspnea, cough, and wheezing.253-256

LABORATORY TESTS
Abnormal laboratory tests may include a normochromic, 
normocytic anemia, thrombocytopenia, and a mild leukocy-
tosis, at times with eosinophilia.253-257 Nonspecific inflamma-
tory markers such as the ESR and CRP are often elevated. 
ANA, serum complement levels, and cryoglobulins are 
normal or negative.

The widespread use of accurate assays for ANCA has facili-
tated the clinical diagnosis of MPA.253-257 There is consider-
able clinical overlap between patients with MPA, GPA, and 
EGPA, and all may have high rates of ANCA positivity. 
Although C-ANCA–positive patients are more likely to have 
biopsy-proven necrotizing vasculitis or granulomatous 
inflammation of the sinuses or lower respiratory tract, there 
is a large overlap in the clinical manifestations between 
C-ANCA–positive and P-ANCA–positive patients. For 
example, in a recent clinical trial of 198 patients with ANCA-
positive disease, 75% of patients were clinically GPA, but 
only 67% were anti-PR3 positive.317 Likewise, 25% of patients 
were clinically MPA, but 33% were anti-MPO positive. ANCA 
titers vary considerably among patients with similar clinical 
manifestation, and the role of the titer in predicting flares 
of the disease is not fully defined (see the “Granulomatosis 
with Polyangiitis” section under “Small Vessel Vasculitis”). 
Some patients will retain high ANCA levels despite clinical 
remission, and some patients are positive for anti-GBM anti-
bodies as well as ANCA (see “Anti–Glomerular Basement 
Membrane Disease and Goodpasture’s Syndrome” section).

RENAL FINDINGS
Most MPA patients will have laboratory evidence of renal 
involvement at presentation with urinary sediment changes 
of microscopic hematuria and erythrocyte casts.253-257 Pro-
teinuria is common but nephrotic syndrome is not. A 
decreased GFR is common in unselected series, and even 
more common in those selected for renal involvement. 
Severe renal insufficiency may be found at presentation. 
These renal findings are similar in patients with ANCA-
positive RPGN, whether or not it is associated with systemic 
involvement.253-257,267,343 In MPA the severity of the clinical 
renal findings generally correlates with the degree of glo-
merular involvement, similar to patients with GPA. Patients 
with normal serum creatinines or normal creatinine clear-
ances are likely to have greater numbers of normal glom-
eruli on biopsy, while patients with reduced or deteriorating 
renal function are more likely to exhibit more glomeruli 
with severe segmental necrotizing glomerulonephritis or 
diffuse proliferative features.343,344 Extensive crescent forma-
tion correlates with oliguria, severe renal failure, and a 
residual decrease in GFR after therapy.

PROGNOSIS AND TREATMENT
Standard treatment for MPA has included cyclophospha-
mide and corticosteroids in a fashion similar to the treatment 

Interstitial inflammatory cells may penetrate the tubular 
basement membrane causing tubulitis.340 In more chronic 
stages there is patchy tubular atrophy with interstitial fibro-
sis that parallels the distribution of the glomerular and vas-
cular damage.

Immunofluorescence and Electron  
Microscopic Findings

In most cases the glomeruli show no or only weak immuno-
fluorescence staining consistent with the designation “pauci-
immune” glomerulonephritis.340,341 A review of a number of 
large series reported positivity for one or another immuno-
globulin in 3% to 35% of cases with great heterogeneity and 
variability of intensity.340 Fibrin/fibrinogen was the most 
common and intensely staining reactant identified in the 
glomeruli, followed by C3 with relatively sparse and weak 
IgG and Clq.340,341 The pattern is thought to be consistent 
with “nonspecific trapping” rather than immune complex 
deposition. Vascular staining is similar.

By electron microscopy, the glomeruli in most patients 
with MPA have no or rarely sparse irregular, glomerular 
electron-dense deposits.340,341 Glomeruli may show endothe-
lial swelling, subendothelial accumulation of “fluffy” electron- 
lucent material, and subendothelial and intracapillary fibrin 
deposition. Through gaps in the GBM, fibrin tactoids and 
neutrophils exude into Bowman’s space associated with  
epithelial crescents. Vascular changes have included swell-
ing and focal degeneration of the endothelium; separation 
of the endothelium from its basement membrane with sub-
endothelial fibrin deposition; and, with severe damage, 
intraluminal and intramural fibrin deposition, edema, and 
inflammatory infiltration of the intima and media by leuko-
cytes.340,341 No discrete electron-dense deposits are found in 
the vessels. In vessels with chronic changes, there may be 
expansion of the intima by concentric layers of fibrous or 
fibroelastic tissue, with focal scarring of the media.

PATHOGENESIS
ANCA is felt to play a pathogenetic role in ANCA-associated 
MPA and glomerulonephritis in a manner similar to 
GPA268,270,271 (see “Anti–Glomerular Basement Membrane 
Disease and Goodpasture’s Syndrome” section). There is 
initial priming of the neutrophil with cytokines and other 
mediators of inflammation, perhaps in response to infec-
tion, leading to expression of MPO-ANCA antigens on the 
surface of the neutrophil. These exposed antigens are then 
poised to react with circulating ANCAs. Neutrophils become 
activated and undergo a respiratory burst, with degranula-
tion and release of reactive oxygen species onto endothelial 
surfaces. In drug-induced MPA, although ANCAs develop 
in relation to many different antigens (elastase, cathepsin 
G, lactoferrin, etc.), only patients with high titers of high 
avidity and complement-binding specific anti-MPO antibod-
ies develop the disease.339

CLINICAL FEATURES
Patients with ANCA-negative pauci-immune focal segmental 
necrotizing glomerulonephritis and ANCA-positive RPGN 
have similar clinical findings and presentations regardless 
of whether vasculitis has been documented on renal 
biopsy.253-256 Likewise, the extrarenal findings in many 
patients with ANCA-positive RPGN have been similar 
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to severe glomerulonephritis, vasculitis, and interstitial 
inflammation.339,345,346,358 There may be a focal segmental 
necrotizing glomerulonephritis, sometimes with small cres-
cents. In most cases the glomerulonephritis is mild, affects 
only a minority of glomeruli, and involves the tuft segmen-
tally. The glomerulonephritis rarely may be diffuse and 
global with severe necrotizing features and crescents. In 
some cases, there is only mesangial hypercellularity without 
endocapillary proliferation or necrosis.

In the original autopsy studies by Churg and Strauss, 
vasculitis was found in the kidney in more than one half of 
cases, and it has been noted on renal biopsy as well.340 It 
may involve any level of the renal arterial tree from arteri-
oles to large arcuate or interlobar arteries and may vary 
from fibrinoid necrotizing to granulomatous. Although 
resembling other forms of vasculitis, the arteritis is charac-
terized by eosinophilic granulocytes within the arterial wall 
and in the surrounding connective tissue (Figure 33.17). 
Vascular lesions may display destruction of elastic mem-
brane, aneurysms, and luminal thrombosis with recanaliza-
tion, as well as epithelioid cells and multinucleated giant 
cells in the media, adventitia, and perivascular connective 
tissue. Active and healed lesions may coexist. Less com-
monly, venules and small veins of interlobular size are 
affected, typically with granulomatous features. The tubu-
lointerstitial region is involved by an inflammatory infiltrate 
containing many eosinophils and some lymphocytes, plasma 
cells, and polymorphonuclear leukocytes in association with 
interstitial edema.340 In some cases there are interstitial 
granulomas composed of a core of eosinophilic or baso-
philic necrotic material surrounded by a rim of radially 
oriented macrophages, giant cells of the Langhans type, and 
numerous eosinophils. Interstitial nephritis may be present 
without glomerular pathology.

By immunofluorescence, areas of segmental necrosis in 
the glomeruli may contain IgM, C3, and fibrinogen.347 The 
presence of IgE in renal or other tissues has not been ade-
quately investigated.359 Electron microscopy of the glomer-
uli, pulmonary granulomas, venules, and capillaries reveals 
no electron-dense deposits.340,346-348

of GPA (see the “Granulomatosis with Polyangiitis” section 
under “Small Vessel Vasculitis”). Controlled trials of the use 
of intravenous versus oral cyclophosphamide, anti–TNF-α 
agents, methotrexate, and rituximab have all been examined 
in populations of ANCA-positive vasculitis patients, including 
those with GPA and MPA.304,305,309,310,312,316-319,323 These regi-
mens are discussed extensively in the section on GPA. In most 
studies both MPO- and PR3-ANCA–positive patients have 
responded equally. Likewise, the presence or absence of sys-
temic symptoms has not dictated the response. However, 
even patients with a good initial response to therapy may 
suffer residual glomerular damage and progress to ESKD.344 
Thus, aggressive, vigorous early therapy to turn off the disease 
process is thought to be crucial in preventing residual organ 
damage. Therapeutic intervention in addition to immuno-
suppressive therapy includes measures to prevent nonimmu-
nologic glomerular disease progression such as the use of 
renin angiotensin aldosterone blockade, hyperlipidemia 
control, and low-protein diets in some patients.

EOSINOPHILIC GRANULOMATOSIS  
WITH POLYANGIITIS

EGPA (formerly designated Churg-Strauss syndrome or 
allergic granulomatosis and angiitis) is an uncommon mul-
tisystemic disease characterized by vasculitis, asthma, aller-
gic rhinitis, organ infiltration by eosinophils, and peripheral 
eosinophilia.345-348 Although there may be some overlap with 
other vasculitic and allergic processes such as GPA, MPA, 
polyarteritis nodosa, Loeffler’s syndrome, and chronic 
eosinophilic pneumonitis, the clinical and pathologic fea-
tures of EGPA are distinct.345-348

EGPA is the least frequent of the ANCA-positive small 
vessel vascultitides.345-358 In a review of almost 185,000 
asthmatic patients taking medications, only 21 cases of 
EGPA were identified.349 The low incidence may reflect, in 
part, underrecognition. There is no gender predominance 
in EGPA, and the mean age at diagnosis is around 40 
years.345-351 Clinical renal involvement is clearly less prevalent 
than morphologic renal involvement. In autopsy series, the 
kidney is affected in more than 50% of patients, while clini-
cal renal disease has been described in 25% to more than 
90% of patients.346-351

A number of studies describe the rare occurrence of EGPA 
in steroid-dependent asthmatic patients taking leukotriene 
receptor antagonists (such as montelukast, zafirlukast, pran-
lukast) especially during reduction of the steroid therapy.352-

355 While not all investigators have been able to document 
this association, analysis of published reports does support 
it.356,357 This may occur via unmasking of the vasculitic syn-
drome as the leukotriene receptor antagonist permits the 
steroid withdrawal. Similar cases have been reported in asth-
matic patients following a change from oral to inhaled ste-
roids. Rarely, substitution of a leukotriene receptor antagonist 
for inhaled steroids has also led to EGPA.355-357

PATHOLOGY
Histologic findings suggestive of EGPA in any organ include 
a number of the following features: eosinophilic infiltrates, 
areas of necrosis, an eosinophilic giant cell vasculitis of small 
arteries and veins, and interstitial and perivascular granulo-
mas. Renal biopsies in EGPA vary from normal kidney tissue 

Figure 33.17  Eosinophilic granulomatosis with polyangiitis. Granu-
lomatous vasculitis  involves an arcuate artery. There  is granuloma-
tous transmural inflammation with focal giant cells and superimposed 
luminal thrombosis. (Hematoxylin and eosin stain, ×125.) 
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exudative and contain large numbers of eosinophils.367 On 
angiography visceral aneurysms may be present in patients 
with both PAN overlap syndromes and classic EGPA.

ANCA levels are elevated in 40% to 60% of EGPA 
patients.345-348,363,368,369 Most are P-ANCA and anti-MPO posi-
tive, but some are C-ANCA and anti-PR3 positive. In one 
analysis of almost 100 patients 35% were ANCA positive by 
indirect immunofluorescence with a perinuclear pattern 
and anti-MPO specificity in about three quarters.363 Patients 
with clinically active vasculitis and those with active glomeru-
lonephritis are likely to be ANCA positive.358 Some investiga-
tors have found a good correlation between ANCA positivity 
or ANCA titers and clinical activity, whereas others have 
not.363,364 Clearly in some, ANCA titers may remain positive 
despite clinical remissions. In EGPA, ANCA positivity has 
often correlated with active glomerulonephritis, pulmonary 
hemorrhage, neuropathy, and the presence of small vessel 
vasculitis.345-348,368,369

Clinical renal involvement in EGPA is quite variable. In 
one series of 383 patients with EGPA, renal involvement was 
found in 22%.370 In another series of 116 patients, many 
patients had isolated urinary findings and approximately 
half had AKI.358 Microscopic hematuria and mild protein-
uria are common, but nephrotic-range proteinuria is infre-
quent. Hypertension is found in 10% to 30% of patients. In 
one study of patients undergoing renal biopsy, almost 70% 
had a necrotizing crescentic glomerulonephritis while 
others had an interstitial eosinophilic nephritis.358 ANCA 
was positive in 75% of the patients with nephropathy as 
opposed to 25% of patients without nephropathy.

PROGNOSIS, COURSE, AND TREATMENT
Patients may have several phases of the syndrome over many 
years.345-347,350,351,370 There may be a prodromal phase of 
asthma or allergic rhinitis followed by a phase of peripheral 
blood and tissue eosinophilia that is remitting and relapsing 
over months to years before the development of systemic 
vasculitis. A shorter duration of asthma prior to the onset 
of vasculitis has been associated with a worse prognosis. The 
correlation between ANCA levels and disease activity has 
been variable. In general, renal disease is mild, with only 
7% of patients in one large literature review having renal 
failure as a cause of death, even including untreated 
patients.347 However, cases progressing to severe renal failure 
and dialysis have certainly been reported.351 Most patients 
surviving the initial insult fare well with survival rates in 
treated patients of approximately 90% at 1 year and 70% at 
5 years.345-347,350,351,370 Patients with significant cardiac, central 
nervous system, and gastrointestinal involvement, and those 
with greater degrees of renal damage have a poorer long-
term survival.

Corticosteroid therapy is the primary treatment for many 
patients with EGPA with mild disease and those with inter-
stitial disease.345-347,350,351,370 Patients may respond rapidly to 
high daily oral prednisone therapy, and even relapses 
respond to re-treatment. Extrarenal disease often responds 
as well. In patients with multisystem disease, with necrotiz-
ing glomerulonephritis, and other signs of severe organ 
involvement, or for those with resistant or relapsing disease, 
other immunosuppression has been used together with cor-
ticosteroids.371 Other agents have included cyclophospha-
mide, azathioprine, methotrexate, MMF, rituximab, or 

PATHOGENESIS
Although the pathogenesis of EGPA remains unclear, aller-
gic or hypersensitivity mechanisms are supported by the 
presence of asthma, hypereosinophilia, and elevated plasma 
levels of IgE.345-348,357,359 Eosinophils in patients with EGPA 
have prolonged survival due to inhibition of CD95-mediated 
apoptosis and T cell secretion of eosinophil-activating cyto-
kines. Human eosinophil cationic proteins (ECPs), which 
are capable of tissue destruction in a variety of hypereosino-
philic syndromes, have been found in granulomatous tissue 
from patients with EGPA.360,361 Higher serum levels of ECP, 
soluble IL-2 receptor, and soluble thrombomodulin levels 
have been associated with disease activity.362,363 The number 
of peripheral T regulatory cells producing IL-10 is reduced 
in EGPA and the number increases during clinical remis-
sion.364 Hypocomplementemia and circulating immune 
complexes have rarely been observed, and the negative 
immunofluorescence and electron microscopy findings do 
not support an immune complex mechanism. Cell-mediated 
immunity is likely involved, and high helper-to-suppressor 
ratios in the peripheral blood during active disease, as well 
as a preponderance of helper T cells in the granulomas of 
skin biopsies, have been reported.346 In those patients with 
positive ANCA, the ANCA antibody likely plays a pathogenic 
role akin to GPA and MPA.278,279,282

CLINICAL AND LABORATORY FEATURES
Patients may have initial constitutional symptoms such as 
weight loss, fatigue, malaise, and fever.345-348 Characteristic 
extrarenal features include asthma (present in more than 
95% of cases), an allergic diathesis, allergic rhinitis, and 
peripheral eosinophilia.345-347,351 Asthmatic disease typically 
precedes the onset of the vasculitis by years, but it may occur 
simultaneously. The severity of the asthma does not neces-
sarily parallel the severity of the vasculitis. Many patients 
subsequently develop eosinophilia in the blood along with 
eosinophilic infiltrates in multiple organs. Disease often 
involves the heart, with pericarditis, heart failure, and/or 
ischemic disease; the gastrointestinal tract, with abdominal 
pain, ulceration, diarrhea, or bowel perforation; and the 
skin, with subcutaneous nodules, petechiae, and/or purpu-
ric lesions.345-347,364,365 Peripheral neuropathy with mononeu-
ritis multiplex is common, but migrating polyarthralgias 
and/or arthritis occur less frequently.366 The eye, prostate, 
and genitourinary tract may be involved. Some patients with 
EGPA have overlapping features with PAN- or other ANCA-
positive vasculitides.347,345-348

Laboratory evaluation may reveal anemia, leukocytosis, 
hypergammaglobulinemia, and elevated ESR and CRP 
levels.345-348,350,351 Eosinophilia is universally present and may 
reach 50% of the total peripheral leukocyte count. The 
degree of eosinophilia and the ESR may correlate with 
disease activity as may the level of ECP, soluble IL-2 receptor, 
and soluble thrombomodulin levels.362 Rheumatoid factor 
is often positive, but serum complement, hepatitis markers, 
circulating immune complexes, ANAs, and cryoglobulins 
are usually negative or normal.345-347,350,351 Elevated serum 
IgE levels and IgE-containing circulating immune com-
plexes are frequently found.345-347,362 Chest radiography may 
show patchy infiltrates, nodules, diffuse interstitial disease, 
and pleural effusion.345-347,367 Pleural effusions may be 
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those of subarcuate, arcuate, and interlobar caliber) in a 
segmental distribution, often producing lesions of different 
ages, including acute, healing, and chronic lesions.288,381 
Segments of arterial involvement are interspersed with 
normal areas producing “skip lesions,” and even the involved 
portions of the vessel wall have eccentric inflammation. In 
areas of active vasculitis there is inflammation of the vessel 
wall by infiltrates of lymphocytes, polymorphonuclear leu-
kocytes, monocytes, and occasionally eosinophils, which 
may involve the intima alone, the intima and media, or all 
three layers of the vessel wall. Lesions are often necrotizing 
with mural fibrin deposition and rupture of the elastic mem-
branes. Areas of necrosis may lead to aneurysm formation 
particularly in larger arteries (i.e., arcuate, interlobar), 
which can be associated with rupture and hemorrhage into 
the renal parenchyma. Superimposed thrombosis with 
luminal occlusion is not uncommon. In the healing phase, 
inflammation subsides and the vessel wall is thickened by 
concentric cellular proliferation of myointimal cells sepa-
rated by a loose ground substance. Localized destruction of 
elastic lamellae is demonstrable with elastic stains. Eventu-
ally the media is replaced by areas of broad fibrous scars. 
There may be almost total occlusion of the vessel lumen by 
intimal fibroplasia with areas of concentric reduplication 
and discontinuity of the internal elastic membrane. Wedge-
shaped, macroscopic cortical infarcts are common and are 
usually caused by thrombotic occlusion of the vasculitic 
lesions.381 In more chronic phases, tubular atrophy and 
interstitial fibrosis develop.

Autopsy studies in PAN describe the kidneys as being  
the most commonly affected organ (65%), followed by the 
liver (54%), periadrenal tissue (41%), pancreas (39%), and, 
less commonly, muscle and brain.379-381 Other tissues giving 
high yields when biopsied for diagnostic vasculitic lesions 
include the testes, sural nerve, skin, rectum, and skeletal 
muscle.

PATHOGENESIS
PAN patients are typically ANCA negative; therefore, this 
form of vasculitis is not thought to be mediated by ANCA. 
The vasculitis of PAN may involve diverse pathogenetic 
factors, including humoral vascular immune deposits, cel-
lular immunity, and endothelial cytopathic factors. An 
immune complex pathogenesis of vasculitis is suggested by 
experiments of acute serum sickness in which an acute glo-
merulonephritis is produced alongside a systemic vasculitis 
resembling PAN.381 The vasculitis can be largely prevented 
by complement or neutrophil depletion. The experimental 
Arthus reaction can also induce a vasculitis resulting from 
in situ vascular immune complex formation with vessel 
injury preventable by neutrophil or complement deple-
tion.384 MRL1 mice develop an immune complex glomeru-
lonephritis with necrotizing vasculitis similar to PAN in 
association with high levels of circulating immune com-
plexes, predominantly with autoantibodies containing anti-
DNA.385 Viral infection of the muscle cells of the vessel 
media by murine leukemia virus is also associated with a 
necrotizing vasculitis and lupus-like syndrome with vascular 
deposits of immunoglobulin and complement.386 However, 
glomerular and vascular immune deposits are rarely found 
in human PAN despite significant levels of circulating 
immune complexes.

plasma exchange.345-347,350,351,370,372,373 Intravenous immuno-
globulin, interferon alfa, TNF blocking agents, mepoli-
zumab (a humanized monoclonal antibody to IL-5), and 
omalizumab (a monoclonal anti-IgE) have also been used 
successfully in a few resistant patients.374,375 Although the 
prognosis for recovery is good, some patients progress to 
dialysis and others relapse or have chronic sequelae such as 
permanent peripheral neuropathy, chronic pulmonary 
changes, and hypertension.

GLOMERULAR INVOLVEMENT  
IN OTHER VASCULITIDES

POLYARTERITIS NODOSA (CLASSIC 
MACROSCOPIC POLYARTERITIS NODOSA)

PAN, also called periarteritis nodosa, was first described in 
the mid-19th century.376 Classic PAN is a systemic necrotizing 
vasculitis primarily affecting medium-sized, muscular arter-
ies, often at branch points, producing lesions of varying ages 
with focal aneurysm formation.288 A second, “microscopic” 
form was originally described as manifesting necrotizing 
inflammation of small arteries, veins, and capillaries associ-
ated with glomerulonephritis. The microscopic form is now 
understood to represent ANCA-positive MPA and should 
clearly be considered as part of the spectrum of ANCA-
associated small vessel vasculitides (see the “Microscopic 
Polyangiitis” section under “Small Vessel Vasculitis”).288 This 
section will discuss only “classic” macroscopic PAN.

PAN is more common in males than females and occurs 
most often in the fifth and sixth decades of life. Incidence 
studies and prevalence studies show that PAN is uncommon 
and has a major regional variation.377 Reduced rates have 
been noted in parallel to the reduction of hepatitis B viral 
(HBV) infections.378 Clinically, the prevalence of renal 
disease in patients with PAN varies from 64% to 76% in 
unselected series and virtually 100% in nephrology-based 
series.378-381 The prevalence of pathologic renal involvement 
exceeds that of clinically evident disease. True idiopathic 
PAN is a primary vasculitis. Classic polyarteritis has also been 
associated with abuse of amphetamines and other illicit 
drugs, but it is unclear how many of these patients had 
associated viral infectious hepatitis.382 The most common 
associated illness found in patients with classic PAN is HBV 
infection. The incidence ranges from 0 to 55% in different 
series but is probably less than 10% of all cases.378 PAN asso-
ciated with HBV has similar clinical features to idiopathic 
PAN and often occurs early in the course of HBV infection. 
It is unclear how many of these patients have had concomi-
tant HCV infection. In one series of 1200 patients with sys-
temic autoimmune disorders who tested positive for HCV, 
78 had PAN.383 Hairy cell leukemia has also been reported 
in association with PAN.

PATHOLOGY
In classic PAN the glomeruli are usually unaffected. Some 
glomeruli may show ischemic retraction of the tuft and 
sclerosis of Bowman’s capsule. Rarely, patients with large 
vessel vasculitis may also have a focal necrotizing glomeru-
lonephritis akin to that seen in MPA.288,340,381 The vasculitis 
in classic PAN affects the medium-sized to large arteries (i.e., 
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disease.336,378-380,389,395 Presenting renal symptoms are uncom-
mon in PAN but may include hemorrhage from a renal 
artery aneurysm, flank pain, and gross hematuria. Although 
mild proteinuria and microhematuria may be found, signs 
of glomerulonephritis such as erythrocyte casts and nephritic 
syndrome are absent.

Angiographic examination of the vasculature in PAN 
often reveals evidence of vasculitis and wedge-shaped areas 
of ischemia. Angiograms demonstrate multiple rounded, 
saccular aneurysms of medium-sized vessels in about 70% of 
cases, as well as thromboses, stenoses, and other luminal 
irregularities.389,397 Aneurysms most commonly involve the 
hepatic, splanchnic, and renal vessels, are usually bilateral, 
multiple, and vary in size from 1 to 12 mm.397 There is no 
way to clinically predict the presence of aneurysms. Vascu-
litic changes and even aneurysms can heal over time as 
documented by angiography, usually correlating with the 
clinical response of the patient.395,397 Similar aneurysms have 
been documented in GPA, SLE, TTP, bacterial endocarditis, 
and EGPA.381

PROGNOSIS AND TREATMENT
In older studies, untreated patients with PAN had a dismal 
survival rate.381 Many patients had a fulminant course with 
a high early mortality due to acute vasculitis leading to renal 
failure, gastrointestinal hemorrhage, or acute cardiovascu-
lar events. Late mortality has been attributed to chronic 
vascular changes with chronic renal failure and congestive 
heart failure.379,398 In one series of more than 300 PAN 
patients, there were 20 deaths in the first year among the 
109 HBV-positive patients and only 18 deaths among 200 
non–HBV-positive PAN patients.399 Risk factors for early 
mortality included older age, renal involvement, central 
nervous system disease, and gastrointestinal involvement. 
Treatment had no effect on this early mortality, which was 
due to vasculitis and infection.

Corticosteroid use improved the survival rate of PAN 
patients significantly, with a 5-year survival rate of approxi-
mately 50%.379 Nevertheless, some patients achieved only 
partial remissions with long-term morbidity and mortality. 
Even recent attempts to use corticosteroids alone only in 
patients with mild disease have led to high relapse rates.400 
The use of cytotoxic immunosuppression in idiopathic PAN 
has improved the 5-year survival rate to well over 
80%.344,378,397,401,402 While a number of immunosuppressive 
medications have been used, cyclophosphamide is widely 
accepted as the most effective agent.344,397,401,402 Initial therapy 
of idiopathic PAN usually consists of high doses of cyclo-
phosphamide (e.g., 2 mg/kg/day), commonly given along 
with high doses of corticosteroids (e.g., prednisone, 1 mg/
kg/day), which are then tapered over time. Many use 
another less toxic immunosuppressive (e.g., azathioprine) 
for maintenance therapy. Successful treatment can lead to 
complete inactivity of the vasculitic process and even rever-
sal of severe renal failure. For PAN associated with HBV the 
following regimen has been effective. A short 2-week course 
of corticosteroids with or without plasma exchange followed 
by antiviral agents has been used in the treatment of  
PAN associated with HBV and hairy cell leukemia leading 
to reduced rates of relapse and mortality.378 Hyperten-
sion control is an important part of therapy. For those 
patients with ESKD, immunosuppressive therapy should be 

Two models of cell-mediated vasculitis have been pro-
duced experimentally in mice.387 There is no evidence in 
these models for vascular immune deposits, and some have 
a granulomatous form of vasculitis similar to that of PAN in 
multiple organs. In Kawasaki’s vasculitis, IgM antiendothe-
lial antibodies directed against endothelial surface antigens 
inducible by cytokines have been found.388 Likewise, several 
viral infections in humans are capable of inducing direct 
cytopathic injury to arterial endothelium.381

CLINICAL FEATURES
The clinical features of PAN are quite variable. In classic 
PAN, patients are ANCA negative and typically have findings 
related to visceral organ infarction and ischemia, including 
abdominal, cardiac, renal, and neurologic involvement. The 
most common clinical features relate to constitutional symp-
toms of fever, weight loss, and malaise. Gastrointestinal 
involvement may include nausea, vomiting, abdominal pain, 
gastrointestinal bleeding, bowel infarcts, and perfora-
tions.381,389,390 Liver involvement may be associated with HBV 
or HCV, and vasculitis of the mesenteric vessels, hepatic 
arteries, and of the gallbladder leading to cholecystitis have 
all been found.378,390 Patients may develop heart failure, 
coronary artery ischemia with angina or myocardial infarc-
tion, and, less commonly, pericarditis and conduction 
abnormalities. Disease of the nervous system may be central, 
with seizures and cerebrovascular accidents, or related to 
peripheral nerves, with mononeuritis multiplex and periph-
eral neuropathies.391-393 Patients may develop muscle weak-
ness, myalgias or myositis, and arthralgias, but frank arthritis 
is uncommon.381,394 Other clinical findings relate to disease 
in the gonads, salivary glands, pancreas, adrenals, ureter, 
breast, and eyes. In general, with the exception of liver 
manifestations and arthralgias, there is little difference 
between the clinical findings of patients who are HBV posi-
tive or negative. Cutaneous disease may present with “pal-
pable purpura” owing to leukocytoclastic angiitis, or with 
petechiae, nodules, papules, livedo reticularis, and skin 
ulcerations.

LABORATORY TESTS
No laboratory test is diagnostic of PAN. Abnormal  
laboratory tests commonly include an elevated ESR, anemia, 
leukocytosis at times with eosinophilia, and thrombocyto-
sis.343,378,381 Patients with classic PAN are usually ANCA nega-
tive, and the finding of a positive ANCA should suggest the 
diagnosis of small vessel vasculitis such as MPA, GPA, or 
EGPA.378 ANA testing is negative, and patients have normal 
serum complement values. Tests for rheumatoid factor are 
often positive. Although cryoglobulins have often been 
reported to be positive, it is unclear what percentage of 
cases have had associated viral hepatitis.381 The incidence of 
hepatitis B antigenemia has ranged from 0 to 40% of PAN 
patients, as opposed to less than 10% of unselected 
patients.347,378

RENAL FINDINGS
The renal manifestations in classic PAN reflect renal  
ischemia and infarction due to predominant involvement  
of the larger vessels. Hypertension, which may be mild  
or severe, is found initially in up to one half of patients  
and can develop at any time during the course of the 
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there is resolution of extracranial large vessel involvement. 
However, once established, visual loss is often permanent, 
despite resolution of the active disease process. Exacerba-
tion of systemic vasculitis may occur if corticosteroids are 
tapered too rapidly.

TAKAYASU’S ARTERITIS

Takayasu’s arteritis is a rare giant cell arteritis of unknown 
pathogenesis characterized by inflammation and stenosis of 
medium-sized and large arteries, with a predilection for the 
aortic arch and its branches.419 The disease most commonly 
affects young women between the ages of 10 and 40, and 
Asians are much more commonly affected. Although find-
ings are typically confined to the aortic arch (including the 
subclavian, carotid, and pulmonary arteries), the abdominal 
aorta and its branches may be affected. The histopathologic 
findings of the vessels include arteritis with transmural infil-
tration by lymphocytes, monocytes, polymorphonuclear leu-
kocytes, and multinucleated giant cells. In the chronic 
phase of the disease, intimal fibroplasia and medial scarring 
may result in severe vascular stenoses or total luminal 
obliteration.

Although in the past, renal disease was thought to be 
uncommon, it is now reported more frequently.420-422 This is 
usually due to an obliterative arteritis of the main renal 
artery or narrowing of the renal ostia by abdominal aortitis 
leading to renovascular hypertension. Arteriography is 
useful to diagnose Takayasu’s arteritis although computer-
ized tomography, MRI, and PET scan imaging also have 
been used.423-425 Laboratory abnormalities reveal mild 
anemia, elevated ESR, increased levels of CRP, and elevated 
γ-globulin levels, but other serologic tests such as ANA, 
VDRL, anti--streptolysin O (ASLO), and serum complement 
levels are normal. Some patients have antiendothelial cell 
antibodies and others have elevated levels of pentraxin 3, a 
product of immune and vascular cells produced in response 
to inflammation.421,426 Hypertension, which may be severe, 
occurs in 40% to 60% of patients and has been attributed 
to decreased elasticity of the aorta, increased renin secre-
tion due to stenosis of major renal arteries, and other mech-
anisms.427,428 Although mild proteinuria and hematuria are 
found in some patients, nephrotic-range proteinuria is 
uncommon.429 The serum creatinine is usually normal but 
may be mildly elevated or associated with a high BUN-to-
creatinine ratio suggestive of “prerenal” azotemia. Progres-
sive renal failure is uncommon.419

A mild mesangial proliferative glomerulonephritis  
may occur in patients with Takayasu arteritis.420-422 Mesangial 
deposits of IgG, IgM, IgA, C3, and C4 have been reported 
and mesangial electron-dense deposits are found. Most 
patients have normal renal function and only mild hematu-
ria and proteinuria. Some patients have had glomerular 
involvement typical of IgA nephropathy.419,420 Whether 
this is coincidental or part of the disease process is  
unclear. One series of patients with Takayasu’s arteritis  
had unusual glomerular histopathology with mesangial scle-
rosis and nodules, as well as mesangiolysis and glomeru-
lar microaneurysms resembling a chronic thrombotic 
microangiopathy or diabetic glomerulosclerosis.420 Immu-
nofluorescence and electron microscopy in these cases  
of “centrolobular mesangiopathy” did not support an 

continued for 6 to 12 months after the disease appears inac-
tive. Transplantation has been performed in only a limited 
number of patients with PAN.

TEMPORAL ARTERITIS (GIANT CELL ARTERITIS)

Temporal arteritis, or giant cell arteritis, is a systemic vascu-
litis with giant cell involvement targeting medium-sized and 
large arteries.403-406 It is characterized by segmental transmu-
ral inflammation of medium-sized and large elastic arteries 
by a mixed infiltrate of lymphocytes, monocytes, polymor-
phonuclear leukocytes, scattered eosinophils, and giant 
cells.403-405

The disease is the most common form of arteritis in 
Western countries.403-405,407,408 Temporal arteritis is primarily 
a disease of older adults, the average age being 72 years, 
with more than 95% of patients exceeding 50 years of 
age.407,408 Extracranial vascular involvement occurs in 10% 
to 15% of patients with giant cell arteritis.403-405 Temporal 
arteritis should be suspected in older individuals who 
present with persistent headaches, abrupt visual distur-
bances, jaw claudication, symptoms of polymyalgia rheu-
matica, or unexplained fevers and malaise along with 
anemia and elevated levels of ESR and CRP. Temporal artery 
biopsy is the definitive diagnostic test and other techniques 
such as temporal artery ultrasonography are not sensitive.409 
Renal manifestations are rare and generally mild, although 
significant renal involvement has been reported.403-405,408,410

Some patients may have positive serology for P-ANCA or 
less commonly C-ANCA. The renal pathology has been 
described as a focal segmental necrotizing glomerulone-
phritis with focal crescents and vasculitis, primarily affecting 
small arteries and arterioles. Rarely visceral aneurysms are 
demonstrable angiographically. Whether these cases repre-
sent true manifestations of temporal arteritis or forms of 
“overlap” with small vessel vasculitis is not clear. There are 
also reports of LN, membranous nephropathy, and renal 
amyloidosis in patients with temporal arteritis.410,411

The most common renal manifestations of mild protein-
uria and microhematuria are present in less than 10% of 
patients. Renal insufficiency is uncommon. Hypertension is 
infrequent and most often mild to moderate when present. 
Rare cases of renal failure have been attributed to renal 
arteritis affecting the main renal artery or its major intrapa-
renchymal branches.410 In some cases the pathology has 
been inadequate to diagnose the precise cause of the renal 
failure. Nephrotic syndrome has been reported in a patient 
with temporal arteritis and membranous nephropathy, with 
steroid therapy producing a reduction in proteinuria.410

The treatment of temporal arteritis with corticosteroids 
usually causes rapid and dramatic improvement in general 
well-being, specific symptomatology, and laboratory abnor-
malities.403-405,408 Use of intravenous pulse steroids and a 
number of corticosteroid-sparing and secondary immuno-
suppressives have been used successfully.408,412-415 There are 
conflicting results as to whether any agent such as metho-
trexate is equivalent to corticosteroids in efficacy, and some 
agents such as infliximab do not appear useful.404,405,408,414 
Some, such as cyclophosphamide, have led to good efficacy 
in steroid-dependent patients.415,416 Recent studies have 
found tocilizumab to be effective.417,418 With corticosteroid 
use, abnormalities of the urinary sediment disappear, and 

http://www.myuptodate.com


  CHAPTER 33 — SECONDARY GLOMERULAR DISEASE  1121

are almost universal with HSP and are commonly found on 
the lower and upper extremities but may also be on the 
buttocks or elsewhere.438-440,447 They are characterized by 
urticarial macular and papular reddish-violaceous lesions 
that do not blanch. Lesions may be discrete or may coalesce 
into palpable purpura associated with lower extremity 
edema. New crops of lesions may recur over weeks or 
months. On skin biopsy there is a leukocytoclastic angiitis 
with evidence of IgA-containing immune complexes along 
with IgG, C3, properdin but not C4 or C1q. Gastrointestinal 
manifestations are present in from 25% to 90% of patients 
and may include colicky pain, nausea and vomiting, melena, 
and hematochezia.438-440,447-450 Abdominal pains may be mis-
taken for appendicitis, cholecystitis, or surgical emergen-
cies, leading to exploratory laparotomy. One study of more 
than 260 patients found that 58% had abdominal pain and 
18% evidence of gastrointestinal bleeding.450 Endoscopy 
may reveal purpuric lesions, and rarely patients may develop 
areas of intussusception or perforation. Rheumatologic 
disease involves the larger joints, usually the ankles and 
knees, and less commonly the elbows and wrists. There may 
be arthralgias or frank arthritis with painful, tender effu-
sions, but patients do not develop joint deformities or 
erosive arthritis.438-440 Rarely patients will have evidence of 
involvement of other organs (e.g., lungs, central nervous 
system, or ureters).438-440,447

Renal involvement at presentation varies from 20% to 
50% of patients with HSP.438-440,447 Renal disease is more 
frequent and of greater severity in older children and 
adults.446,447,451 In studies routinely examining the urine, 
renal involvement ranges from 40% to 60% of patients. The 
onset of active renal disease usually follows within days to 
weeks after the onset of the systemic manifestations and is 
characterized by microscopic hematuria, active urinary sedi-
ment, and proteinuria.438,440,447,452 In one series of more than 
200 children, HSP nephritis occurred in 46% of patients at 
a mean of 14 days and within 1 month in the majority.452 In 
a series of 250 adults with HSP, 32% had renal insufficiency, 
usually with proteinuria (97%) and hematuria (93%).447 
Some patients will develop nephrotic syndrome and some 
will have a nephritic picture. There is no relationship 
between the severity of extrarenal organ involvement and 
the severity of the renal lesions.

LABORATORY FEATURES

In HSP, platelet counts and serum complement levels and 
other serologic tests are all usually normal.438,440,448 Serum 
albumin may be low due to renal or gastrointestinal losses.448 
Serum IgA levels are elevated in up to one half of patients 
during active illness but do not correlate well with the  
severity of clinical manifestations or the course of the 
disease.438-440,453 Patients with both IgA nephropathy and 
HSP have high levels of galactose-deficient IgA in their  
circulation.454,455 A number of abnormal IgA antibodies 
have been noted, including IgA rheumatoid factor, cir-
culating immune complexes with IgA and IgG, IgA anti-
cardiolipin antibodies, IgA fibronectin aggregates, IgA 
anti–α-galactosyl antibodies, and IgA ANCA.453,456-459 The 
relationship of these to active renal or systemic disease 
remains unclear, although concentrations of IgA and IgG 
immune complexes, IgA rheumatoid factor, and IgG and 

immune pathogenesis. There are also reports of renal amy-
loidosis, MPGN, crescentic glomerulonephritis, and prolif-
erative glomerulonephritis.430,431

TREATMENT
In the majority of patients, corticosteroids are effective 
therapy for the vasculitis and systemic symptoms.429,432 Other 
medications, including azathioprine, methotrexate, lefluno-
mide, cyclophosphamide, and MMF, and anti-TNF therapy 
have also been used successfully in some individuals, as have 
anticoagulants, vasodilators, and acetylsalicylic acid.433-436 
Recent reports of the use of tocilizumab, a monoclonal 
antibody against the Il-6 receptor, have been promising.417,418 
Residual morbidity and mortality may result from the pro-
gressive fibrosis and stenosis of previously inflamed 
arteries.437

HENOCH-SCHÖNLEIN PURPURA

Henoch-Schönlein purpura (HSP), also called IgA vasculi-
tis, is a systemic vasculitic syndrome with involvement of the 
skin, gastrointestinal tract, and joints in association with a 
characteristic glomerulonephritis.288,438-440 In HSP, IgA-
containing immune complexes deposit in association with 
an inflammatory reaction of the vessels. In the skin this 
leads to a leukocytoclastic angiitis with petechiae and 
purpura. In the gastrointestinal tract, there may be ulcer-
ations, pain, and bleeding. In the kidney an immune 
complex–mediated glomerulonephritis is found.438-440

Males are slightly more commonly affected with HSP than 
are females, and children are far more frequently affected 
than are adults.438,439,441-446 HSP is the most common vasculi-
tis of childhood. The peak age of patients with HSP is 
approximately 5 years old as opposed to IgA nephropathy, 
which has a broad age distribution.438,439,441-444 HSP may 
account for up to 15% of all glomerulonephritis in young 
children. More severe renal disease occurs in older children 
and adults.445,447 HSP is uncommon in blacks. Familial occur-
rence has rarely been reported, and the frequency of HLA-
Bw35 is increased in some series.439-442 About one fourth of 
patients will have a history of allergy, but exacerbations 
related to a specific allergen are rare. Relapses of the syn-
drome have occurred after exposure to allergens or the 
cold, and seasonal variations show peak occurrence in the 
winter months.

HSP may be mistaken for systemic illnesses such as SLE 
and MPA, with ongoing infections such as meningococce-
mia, gonococcemia, and Yersinia enterocolitis, with certain 
medications and vaccination-related hypersensitivity, and 
with some postinfectious glomerulonephritides associated 
with systemic manifestations. Although an upper respiratory 
infection precedes HSP in 30% to 50% of patients, serologic 
evidence of streptococcal infection is often lacking.

CLINICAL FINDINGS

The classic tetrad of findings in HSP is dermal involvement, 
gastrointestinal disease, joint involvement, and glomerulo-
nephritis, but not all patients will have clinical involvement 
of all organ systems.438-440,448 Constitutional symptoms may 
include fever, malaise, fatigue, and weakness. Skin lesions 
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with the degree of glomerular damage. In general, endocap-
illary and extracapillary proliferation as well as glomerular 
fibrin deposition are more frequent and severe in HSP than 
in IgA nephropathy. The histopathologic classification 
system proposed by the International Study of Kidney 
Disease of Childhood correlates the glomerular lesions with 
clinical manifestations as well as prognosis.464 These catego-
ries include class I, with minimal glomerular alterations; 
class II, with mesangial proliferation only; class III, with 
either focal (a) or diffuse (b) mesangial proliferation but 
less than 50% of glomeruli containing crescents or segmen-
tal lesions of thrombosis, necrosis, or sclerosis; class IV, with 
similar mesangial proliferation as classes IIIa and IIIb but 
50% to 75% of glomeruli with crescents; class V, with similar 
changes and more than 75% crescents; and class VI, a 
“pseudo” membranoproliferative pattern. While hematuria 
is common to all groups, and proteinuria of some degree 
may be found in all, nephrotic syndrome is present in only 
25% of groups I, II, and III. Likewise, groups IIIb, IV, and V 
tend to have a more progressive course toward renal failure.465 
Even by light microscopy, deposits may be seen in the mesan-
gial regions and rarely along the capillary walls. It is unusual 
to find the presence of vasculitis on renal biopsy.

By immunofluorescence, IgA is the dominant or codomi-
nant immunoglobulin. Co-deposits of IgG and IgM, C3, and 
properdin are common. Deposits are typically found in the 
mesangium, especially involving the paramesangial regions, 
and often extend segmentally into the subendothelial areas 
(Figure 33.20).438-440 Some cases may have more abundant 
peripheral capillary wall than mesangial deposits. Early clas-
sical complement components of C1q and C4 are rarely 
present. These findings contrast with LN in which IgG 
usually predominates and C1q is almost always present. The 
deposited IgA is usually IgA1 subclass and may have the 
J-chain indicating its polymeric nature, but secretory piece 
is not found.438-440,466,467 Fibrin-related antigens are also com-
monly present. IgA may be deposited along with C3 and C5 
in both involved and uninvolved skin in the small vessels 
similar to the findings in IgA nephropathy.468,469 Similar IgA 
deposits may also occur in the skin in dermatitis herpetifor-
mis and in SLE along with early and late complement 

IgA anti-galactosyl antibodies have been correlated with 
clinical renal disease manifestations.453,458,460 Recent studies 
suggest IgG and IgA autoantibodies against galactose-
deficient IgA correlate with clinical outcome.458

PATHOLOGY

The renal biopsy findings of HSP overlap with those of IgA 
nephropathy. The typical glomerular pathology of HSP is a 
mesangial and endocapillary proliferative glomerulonephri-
tis with variable crescent formation.438-440,461 The mesangial 
changes include both increased mesangial cellularity and 
matrix expansion that may be focal or diffuse (Figure 33.18). 
In severe cases, polymorphonuclear cells and mononuclear 
cells also infiltrate the glomerular tufts in areas of endocapil-
lary proliferation, often accompanied by fibrinoid necrosis. 
Increased numbers of monocyte/macrophages and CD4 
and CD8 T cells are found.462,463 Some cases have a well-
developed membranoproliferative pattern with double con-
tours of the GBM. Crescents are common and vary from 
segmental to circumferential, with evolution from cellular to 
fibrous crescents over time (Figure 33.19). Tubulointerstitial 
changes of atrophy and interstitial fibrosis are consistent 

Figure 33.18  Henoch-Schönlein  purpura  nephritis.  An  example 
with global mesangial proliferation and  focal  infiltrating neutrophils. 
(Hematoxylin and eosin stain, ×500.) 

Figure 33.19  Henoch-Schönlein  purpura  nephritis.  There  is  seg-
mental endocapillary proliferation with an overlying segmental cellular 
crescent. (Periodic acid–Schiff, ×475.) 

Figure 33.20  Henoch-Schönlein purpura nephritis. Immunofluores-
cence photomicrograph showing intense deposits of IgA distributed 
throughout the mesangium and also extending into a few peripheral 
glomerular capillary walls. (×600.) 
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Shigella spp., Mycoplasma, HIV infection, and staphylococci 
including methicillin-resistant organisms, but none has 
been proven to be a causal agent.439,473-475 Likewise, HSP has 
been reported to occur in association with vaccinations, 
insect bites, cold exposure and trauma, although causal 
relation is unproven.476

COURSE, PROGNOSIS, AND TREATMENT

In most patients HSP is a self-limited disease with a good 
long-term outcome.438,439,447-449 Patients may have recurrences 
of the rash, joint symptoms, and gastrointestinal symptoms 
for months or years, but most patients have a benign short-
term and long-term renal course. In general there is a good 
correlation between the clinical renal presentation and the 
ultimate prognosis.438-440,449 Patients with focal mesangial 
involvement and only hematuria and mild proteinuria tend 
to have an excellent prognosis. In one recent large pediatric 
study, renal survival was 100%.452 In another series of 150 
patients with 50% renal involvement, only 2 patients had 
residual hematuria and no patients had abnormal renal 
function at 2.5 years.438 In most series at several years from 
presentation, more than 50% of the patients had no renal 
abnormalities, less than 25% had urinary sediment abnor-
malities or proteinuria, and only 10% had decreased GFR. 
Less than 10% of patients with severe clinical renal involve-
ment at onset had persistent hypertension or declining GFR 
over the long term. A review of more than 50 patients fol-
lowed over 24 years after childhood-onset HSP found 7 of 20 
with severe HSP at onset with residual renal impairment as 
adults as opposed to only 2 of 27 patients with mild initial 
renal disease.477 In a long-term follow-up of more than 1100 
children with HSP in a retrospective review of published 
series, no patients with a normal urinalysis developed renal 
impairment.478 Renal impairment developed in less than 2% 
of patients with isolated urinary abnormalities and in 20% of 
those with full nephritic or nephrotic syndrome. Long-term 
renal function is not as good in adults with HSP.447,460,477,479,480 
In a series of more than 250 adults with HSP followed almost 
15 years, 11% developed ESKD, 13% severe renal impair-
ment with a clearance less than 30 mL/min, and 15% mod-
erate renal insufficiency.447 A poor renal prognosis is 
predicted by an acute nephritic presentation, older age, and 
especially by larger amounts of proteinuria and more severe 
nephrotic syndrome.460,479-481 In one retrospective analysis of 
219 patients with HSP and nephritis, no data at diagnosis 
were predictive of ultimate functional decline, but higher 
proteinuria levels at follow-up did correlate with this 
decline.460 On renal biopsy, a poor prognosis is predicted by 
IgA deposits extending from the mesangium into the periph-
eral capillary walls, increased interstitial fibrosis, glomerular 
fibrinoid necrosis, and especially the presence of greater 
percentage of crescents.447,460,480 In one study of more than 
150 children with HSP, those with greater than 50% of glom-
eruli containing crescents had progression to ESKD in more 
than one third of cases and chronic renal insufficiency devel-
oped in another 18%. Repeat biopsies in patients with HSP 
who have clinically improved show decreased mesangial 
deposits and hypercellularity. Markers of oxidative stress  
on plasma proteins, circulating levels of galactose-deficient 
IgA, and the level of IgG and IgA antibodies directed  
against galactose-deficient IgA have correlated with renal 

components. IgA is also found in vasculitic lesions in the 
intestinal tract.449,450

By electron microscopy, characteristic immune-type 
electron-dense deposits are found predominantly in the 
mesangial regions, accompanied by increase in mesangial 
cellularity and matrix.438-440,464 In some capillaries, the depos-
its extend subendothelially from the adjacent mesangial 
regions. Occasionally, scattered subepithelial deposits are 
also present and may resemble the humps of poststreptococ-
cal disease. Evidence of coagulation with fibrin and platelet 
thrombi may be found in capillary lumens. In cases with 
severe crescent involvement there may be focal rupture of 
the GBM. Immunoelectron microscopy has confirmed the 
predominance of IgA in association with some C3 and IgG 
in the deposits.461

PATHOGENESIS

The pathogenesis of HSP remains unknown. Patients with 
HSP and their blood relatives, like those with IgA nephropa-
thy, have high circulating levels of galactose-deficient 
IgA.454,455 HSP is clearly a systemic immune complex disease 
with IgA-containing deposits that are associated with small 
vessel vasculitis and capillary damage. The deposits contain 
polymeric IgA of the IgA1 subclass and late-acting comple-
ment components. This composition suggests alternate 
pathway complement activation. Patients with IgA nephrop-
athy have increased levels of IgG and IgA antibodies directed 
against galactose-deficient IgA molecules.458 They also have 
evidence of oxidative stress on proteins in their circulation 
along with the high levels of galactose-deficient IgA.465 This 
combination may trigger autoantibody and immune 
complex formation. It is unclear whether IgA immune com-
plexes trigger complement activation and what the ultimate 
role of complement participation is. The presence of circu-
lating polymeric IgA complexes, the deposition of IgA in 
the kidney as well as the skin, intestines, and other organs, 
and recurrence of disease in the allograft point to the sys-
temic nature of the disease process. The precise mechanism(s) 
whereby IgA deposition causes tissue injury is unclear 
because IgA is deposited in some diseases such as celiac 
disease and chronic liver disease without causing major 
clinical glomerular damage.470 Complement activation, 
platelet activation and coagulation, vasoactive prostanoids, 
cytokines, and growth factors are thought to play a role. 
Impaired T cell activity has also been implicated in the 
pathogenesis of HSP.471 HSP has also been reported in rare 
patients with IgA monoclonal gammopathy.472

The relationship of HSP to IgA nephropathy is obscure 
with some investigators considering the diseases separate 
entities and most describing them as opposite ends of a 
pathogenetic spectrum.444 Similar renal histologic findings 
and similar immunologic abnormalities such as elevated 
circulating galactose-deficient IgA levels, IgA fibronectin 
aggregates, and antimesangial cell antibodies suggest a 
common mechanism of renal injury. IgG autoantibodies 
against mesangial cells parallel the course of the renal 
disease. Both IgA nephropathy and HSP have occurred in 
different members of the same families and in monozygotic 
twins after adenovirus infection.444 Infectious agents associ-
ated with the occurrence of HSP have included varicella, 
measles, adenovirus, HBV and/or HCV, Yersinia spp., 
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hemorrhage and glomerulonephritis long antedated the 
discovery of the pathogenesis of anti-GBM disease, true 
Goodpasture’s syndrome should consist of the triad of (1) 
proliferative, usually crescentic, glomerulonephritis; (2) 
pulmonary hemorrhage; and (3) the presence of anti-GBM 
antibodies.496-499 In anti-GBM disease the pulmonary hemor-
rhage may precede, occur concurrently with, or follow  
the glomerular involvement.498,500 Some patients with anti-
GBM antibodies and glomerulonephritis and hence “anti-
GBM” disease never experience pulmonary involvement 
and thus do not have true Goodpasture’s syndrome. Docu-
mentation of anti-GBM antibody–induced disease may  
be via renal biopsy, or by establishing the presence of circu-
lating anti-GBM antibodies.496,498,500 Indirect immunofluores-
cence, although highly specific for diagnosis, requires an 
experienced pathologist.501,502 Radioimmunoassay, enzyme-
linked immunosorbent assay, and immunoblotting for the 
antibodies are highly specific and sensitive and readily 
available.496,502

PATHOGENESIS

Anti-GBM autoantibodies, produced in response to an 
unknown inciting stimulus, react with epitopes on the non-
collagenous domain of the α3- and α5-chains of type IV 
collagen.496-499 The antigenic epitope has been localized 
between amino acids 198 and 237 of the terminal region of 
the α3-chain.496,497,500,503 The α3-chain of type IV collagen is 
found predominantly in the GBM and alveolar capillary 
basement membranes, which correlates with the limited dis-
tribution of disease involvement in Goodpasture’s syn-
drome.496,497,499 Goodpasture’s syndrome is now considered 
an autoimmune “conformeropathy” involving perturbation 
of the quaternary structure of the α345 NC1 hexamer of 
type IV collagen.496,497,503 In Goodpasture’s disease autoanti-
bodies to both the α3 NC1 and the α5 NC1 domains bind 
to the kidneys and lungs. These autoantibodies bind to 
epitopes encompassing the Ea region in the α5 NC1 domain 
and the Ea and Eb region of the α3 NC1 domain, but they 
do not bind to non-denatured native cross-linked α345 NC1 
hexamers.503 The epitope is identical in the glomeruli and 
the alveolar basement membranes and may require partial 
denaturation for full autoantigen exposure. Eluates of  
antibody from lung and kidney of patients with Goodpas-
ture’s syndrome cross-react with GBM and the alveolar  
basement membrane and can produce disease in animal 
models.496,498-500 Antibody reacting with autoantigen(s) and 
perhaps aided by autoreactive T cells leads to an inflamma-
tory response, the formation of proliferative glomerulone-
phritis, breaks in the GBM, and the subsequent extracapillary 
proliferation with exuberant crescent formation.496,499 A role 
for T cells in Goodpasture’s syndrome is supported by the 
T cell infiltrates on biopsy, patient T cell proliferation in 
vitro in response to α3 (IV) NC1 domain, the correlation of 
autoreactive T cells with disease activity, the role of 
CD4+CD25+ regulatory cells controlling the autoreactive T 
cell response, and a role for T cell epitope mimicry in 
disease induction.496,504 An initial insult to the pulmonary 
vascular integrity may be required to produce damage to 
the basement membranes of the pulmonary capillaries, 
since alveolar capillaries are not normally permeable to 
passage of anti-GBM antibodies.498,505-507 Exacerbations of 

prognosis.455,458,469 While complete clinical recovery occurs in 
95% of affected children and many adults with HSP have a 
lower recovery rate, those with nephritic syndrome, renal 
insufficiency, hypertension, a large percentage of glomeruli 
with crescents, and tubulointerstitial fibrosis are likely to 
have progressive disease.460,480 More than one third of HSP 
patients who become pregnant have associated hypertension 
or proteinuria. Mortality in HSP is less than 10% at 10 years.

Therapy for the majority of patients with HSP has been 
mostly supportive.438-440 Most fare well despite the lack of any 
immunosuppressive intervention. The use of corticosteroids 
is controversial, and although they are associated with 
decreased abdominal and rheumatologic symptoms, they 
have not clearly been proven to ameliorate the renal lesions 
in any controlled fashion.448,482-484 On the other hand, several 
controlled randomized trials have shown benefit in terms of 
reductions of proteinuria and preservation of renal func-
tion after a short course of corticosteroids in patients with 
IgA nephropathy.485,486 Since the renal pathology is the 
same, one might extrapolate to HSP patients. HSP patients 
with more severe clinical features, and especially those with 
nephrotic syndrome or more crescents on biopsy, have also 
been treated with anticoagulants, azathioprine, cyclophos-
phamide, chlorambucil, other immunosuppressives, and 
even plasma exchange.487-489 Although these reports have 
shown anecdotal success in reversing the renal progression, 
controlled trials have not yet shown benefits of using cyto-
toxic immunosuppressive therapy.481 For example, in one 
controlled trial of 54 adults with HSP, proliferative glomeru-
lonephritis, and severe systemic manifestations, the addition 
of cyclophosphamide added no benefit over steroids  
alone in terms of remissions, renal outcome, or mortality.490 
Cyclosporine has been used successfully in a number of 
patients to control severe proteinuria.491 Intravenous 
immune globulin has been used in several patients with 
nephrotic syndrome and decreased GFR in an uncontrolled 
nonrandomized but apparently successful fashion.492

ESKD occurs in 10% to 30% of adults with HSP at 15 years 
of follow-up.445,447 Renal disease due to HSP may recur in 
the renal allograft.493-495 As in IgA nephropathy, histologic 
recurrence is far more common than clinical recurrence. 
However, graft recurrence may lead to allograft loss in as 
many as 8% to 14% of patients.494,495 This may be more 
common in patients who are transplanted either with living 
related donors or while still active clinically within the first 
few years of developing ESKD. Although the severity of 
original disease is not correlated with recurrent disease 
outcome, many would suggest waiting before transplanting 
a patient with active disease who has reached ESKD. Patient 
survival after renal transplantation is excellent and reaches 
95% at 15 years.494 Overall 5- and 10-year graft survival is 
similar to that of patients with IgA nephropathy and other 
disease leading to transplantation.493-495

ANTI–GLOMERULAR BASEMENT 
MEMBRANE DISEASE AND 
GOODPASTURE’S SYNDROME

Anti-GBM disease is caused by circulating antibodies 
directed against an antigenic site on type IV collagen in the 
GBM.496-498 Although the original description of pulmonary 
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tests such as ASLO, ANA, serum complement levels, rheuma-
toid factor, and cryoglobulins are all either negative or 
normal.498,507,512-514 Circulating anti-GBM antibodies are 
present in more than 90% of patients although the antibody 
titer does not always correlate well with the manifestations or 
course of either the pulmonary or renal disease.499 From 
registry samples of plasma, anti-GBM antibodies have been 
found in the plasma of patients who eventually develop anti-
GBM disease prior to the presentation of clinical disease.515 
Most patients have a decrease in serum antibody titer with 
time. From 10% to 38% of patients will have both positive 
anti-GBM antibodies and ANCA usually directed against 
MPO, but occasionally against PR3.498,499,515,516 The anti-GBM 
antibodies in patients who are ANCA positive have the same 
antigenic specificity as in patients who are ANCA negative.517 
Some studies suggest that the course of patients double posi-
tive for anti-GBM antibodies and ANCA parallels that of 
patients with anti-GBM antibody disease, such that these 
patients are more likely to develop severe renal failure than 
those with purely ANCA-positive vasculitis.516,518 Some 
patients have a clinical systemic vasculitis with purpura and 
arthralgias and arthritis, findings rarely seen in isolated 
Goodpasture’s syndrome without coexistent ANCA.516,517 In 
Goodpasture’s syndrome a microcytic, hypochromic anemia 
is common even without overt pulmonary hemorrhage. 
Other patients may have leukocytosis. Iron deposition in the 
lungs may be documented by Fe59 scanning, bronchopul-
monary lavage, or expectorated sputum showing hemosid-
erin-laden macrophages.512 In patients with pulmonary 
involvement the chest radiograph is abnormal in more than 
75% and typically shows infiltrates corresponding to areas of 
pulmonary hemorrhage. It may also demonstrate atelectasis, 
pulmonary edema, and areas of coexistent pneumo-
nia.498,500,512 Lung function discloses restrictive ventilatory 
defects and hypoxemia, and an increased arterial alveolar 
gradient is present in severe cases.498,500,512,514

PATHOLOGY

By light microscopy, patients with mild clinical involvement 
often have a focal, segmental proliferative glomerulonephri-
tis associated with areas of segmental necrosis and overlying 
small crescents.498,499,514 However, the most common biopsy 
picture is diffuse crescentic glomerulonephritis involving 
more than 50% of glomeruli, with exuberant, predomi-
nantly circumferential crescents (Figure 33.21).266,500 The 
underlying tuft is compressed but displays focal necrotizing 
features. Disruption and destruction of large portions of the 
GBM and the basal lamina of Bowman’s capsule may be seen 
on silver stain.266 Early crescents are formed by proliferating 
glomerular epithelial cells and infiltrating T lymphocytes, 
monocytes, and polymorphonuclear leukocytes, while older 
ones are composed predominantly of spindled fibroblast-
like cells, with few if any infiltrating leukocytes.266 An associ-
ated tubulointerstitial nephritis with inflammatory cells and 
edema is common. Multinucleated giant cells may be 
present in the crescents or tubulointerstitial regions. Some 
patients, especially those who are ANCA positive, have nec-
rotizing vasculitis of small arteries and arterioles. In biopsies 
taken later in the disease, there is progressive global and 
segmental glomerulosclerosis and interstitial fibrosis. Pul-
monary histology reveals intraalveolar hemorrhage with 

disease and especially pulmonary disease with hemoptysis 
have been related to exposure to hydrocarbon fumes, ciga-
rette smoking, hair dyes, metallic dust, D-penicillamine, and 
cocaine inhalation.507-509 Although smokers with anti-GBM 
disease have a higher incidence of pulmonary hemorrhage, 
circulating anti-GBM antibody levels are no higher than in 
nonsmokers with the disease.507,508 Goodpasture’s syndrome 
has occasionally been reported in more than one family 
member. Certain HLA alleles may predispose to the syn-
drome and perhaps more severe disease.510 Influenza A2 
infection may be associated with Goodpasture’s syndrome. 
Anti-GBM disease can also occur in patients with typical 
membranous nephropathy and in 5% to 10% of patients 
with Alport’s syndrome receiving allografts.511 However, in 
Alport’s syndrome patients post transplantation, the alloan-
tibodies, in contrast to those in anti-GBM disease, bind to the 
Ea region of the α5 NC1 domain of the intact α345 NC1 
hexamer (rather than to denatured hexamer)499 (see “Hered-
itary Nephritis, Including Alport’s Syndrome” section).

CLINICAL FEATURES

Anti-GBM disease is rare.496,498-500 Although some studies sug-
gested occurrences as high as 3% to 5% of all glomerular 
diseases, most reduce this to 1% to 2%. The disease has two 
peaks of occurrence, the first in younger males, often associ-
ated with pulmonary hemorrhage, and the second in older 
females, often with isolated glomerulonephritis. Despite 
these trends, anti-GBM disease can occur at any age and in 
either gender.496,498,499,507,512 Anti-GBM disease limited to the 
kidney may be more common in older patients. Goodpas-
ture’s syndrome is less common in blacks, perhaps due to 
less frequent occurrence of certain predisposing HLA anti-
gens in this population. An upper respiratory infection pre-
cedes the onset of disease in 20% to 60% of cases.496,498,499,507

The most common extrarenal findings are pulmonary, 
including cough, dyspnea, and shortness of breath, and 
hemoptysis, which may vary from trivial amounts to life-
threatening amounts associated with exsanguination and 
suffocation.288,498,507,512 In almost three fourths of cases pul-
monary hemorrhage precedes or is coincident with the  
glomerular disease.496,498,507 Patients infrequently have con-
stitutional symptoms of weakness, fatigue, weight loss, chills, 
and fevers. Others may have skin rash, hepatosplenomegaly, 
nausea and vomiting, and arthralgias at onset.498

The clinical renal presentation is usually an acute 
nephritic picture with hypertension, edema, hematuria and 
active urinary sediment, and reduced renal function. 
However, only 20% of patients are hypertensive at onset and 
in some series 15% to 35% have normal urinary sediment 
and GFR.496,498,500,512 Renal function is usually already reduced 
at presentation and may deteriorate from normal to requir-
ing dialysis in a matter of days to weeks.496,498,512-514 There is 
a good correlation between the serum creatinine level and 
the percentage of glomeruli involved by severe crescent 
formation.

LABORATORY FINDINGS

Laboratory evaluation typically shows active urinary sedi-
ment with red cells and red cell casts.498 Proteinuria, although 
common, is usually not in the nephrotic range. Serologic 
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glomerulopathy with typical findings by light microscopy, 
immunofluorescence, and electron microscopy.

COURSE, TREATMENT, AND PROGNOSIS

The course of untreated Goodpasture’s syndrome is one of 
progressive renal dysfunction leading to uremia.499,500,516 In 
early studies almost all patients died from either pulmonary 
hemorrhage or progressive renal failure. In recent studies 
mortality is less than 10%, probably related to improved 
supportive care and more rapid diagnosis and treat-
ment.498,521 Once the disease is quiescent, relapses are rare 
in anti-GBM disease as opposed to GPA-, MPA-, and other 
ANCA-positive vasculitides. Spontaneous remission of the 
renal disease is rare, although with therapy many patients 
will have a stable course and some dramatic improve-
ment.498,521,522 If treatment is started early, patients may 
regain considerable kidney function. The plasma creatinine 
correlates fairly well with the degree of crescentic involve-
ment, and if the plasma creatinine is markedly elevated and 
the patient requires dialysis, most such cases will develop 
ESKD.498,499 A recent study from China in more than 100 
patients with anti-GBM antibodies noted a poorer prognosis 
in patients with creatinine levels higher than 600 µmol/L, 
oligo-anuria at presentation, more than 85% crescents on 
biopsy, and renal involvement before pulmonary hemor-
rhage.520 Anti-GBM autoantibodies against different target 
antigens may influence the disease severity.

There are no large randomized studies defining the ben-
efits of any therapy for anti-GBM disease. While pulmonary 
hemorrhage and even renal disease have abated in some 
patients with high-dose oral or intravenous corticosteroids, 
combination therapy with steroids, cyclophosphamide, and 
plasmapheresis is now standard.498,522 A typical treatment 
regimen might include a combination of oral prednisone 
(1 mg/kg/day) or intravenous pulse methylprednisolone 
(30 mg/kg/day up to 1000 mg/day) for several days fol-
lowed by high-dose oral corticosteroid therapy along with 
cyclophosphamide (2 mg/kg/day) and plasmapheresis. 
Plasmapheresis may have a dramatic effect in reversing pul-
monary hemorrhage and renal disease when used early  
in the course in combination with immunosuppressive 
agents.498,518 Plasmapheresis removes the circulating anti-
GBM antibodies while immunosuppressive therapy prevents 
new antibody formation and controls the ongoing inflam-
matory response. One uncontrolled study found that 40% 
of patients had stabilized or improved renal function with 
plasmapheresis.522 Patients with severe renal failure who are 
already on dialysis or who have serum creatinine levels 
greater than 5 to 8 mg/dL are less likely to respond to 
therapy, but some have recovered. In one series, patients 
who were positive for both anti-GBM antibodies and ANCA 
behaved similarly to those with anti-GBM antibodies alone 
with a 1-year renal survival rate of 73% in those with a 
plasma creatinine concentration of less than 500 µmol/L 
and 0% in those on dialysis.522 In other series dialysis-
dependent patients who are both anti-GBM antibody and 
ANCA positive are still more likely to recover than patients 
who are dialysis dependent with only anti-GBM antibody 
positivity.516 Although daily plasmapheresis is often main-
tained for weeks, its frequency can be determined by the 
rapidity of clinical response. Exacerbations of disease may 

widening and disruption of the alveolar septa and accumula-
tions of hemosiderin-laden macrophages.498,500

The immunofluorescence findings define the disease 
process in Goodpasture’s syndrome and differentiate it 
from both pauci-immune—and immune complex–mediated 
forms of crescentic glomerulonephritis. The diagnostic 
finding is an intense and diffuse linear staining for IgG, 
especially IgG1 and IgG4, involving the GBMs (Figure 
33.22).519,520 Rarely has IgM or IgA been identified in a linear 
distribution. C3 deposits are found in a more finely granular 
GBM distribution in many patients. C1q is typically absent. 
Linear immunofluorescence staining for IgG may also be 
found along some tubular basement membranes, particu-
larly distal tubules. Fibrin-related antigens are commonly 
present within the crescents and segmental necrotizing 
lesions. In the lungs, similar linear deposition of IgG occurs 
along the alveolar capillary walls.

Electron microscopic findings typically do not reveal 
immune-type electron-dense deposits. There may be widen-
ing of the subendothelial space by fibrin-like material, and 
gaps in the GBM and in Bowman’s capsule are commonly 
present.266 Rare patients have coexistent membranous 

Figure 33.21  Anti-GBM disease  (Goodpasture’s syndrome). There 
is diffuse crescentic glomerulonephritis with large circumferential cel-
lular crescents and severe compression of the glomerular tuft. (Peri-
odic acid–Schiff stain, ×80.) 

Figure 33.22  Anti-GBM disease (Goodpasture’s syndrome). Immu-
nofluorescence  photomicrograph  showing  linear  glomerular  base-
ment  membrane  (GBM)  deposits  of  IgG.  Some  of  the  GBMs  are 
discontinuous, indicating sites of rupture. (×800.) 
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The major clinical renal manifestations of patients with 
Sjögren’s syndrome usually relate to tubulointerstitial 
involvement of the kidneys with tubular defects such as a 
distal renal tubular acidosis, impaired concentrating ability, 
hypercalciuria, and, less frequently, proximal tubular 
defects.531-535 Most patients have no evidence of glomerular 
disease. In an analysis of more than 470 patients with 
primary Sjögren’s syndrome followed for a mean of 10 years, 
only 20 patients (4%) developed overt renal disease.532 Ten 
patients had interstitial nephritis, eight patients had glo-
merular lesions, and two had both interstitial nephritis and 
lesions. In those infrequent patients with glomerular lesions, 
hematuria, proteinuria, nephrotic syndrome, and renal 
insufficiency are found. Others may develop renal vasculitis 
with hypertension and renal insufficiency.

In most cases the renal pathology shows a chronic active 
interstitial inflammation by a predominantly lymphocytic 
infiltrate admixed with plasma cells, with variable interstitial 
fibrosis and tubular atrophy.531-533,535 A nonspecific glomeru-
losclerosis with mesangial sclerosis and GBM thickening and 
wrinkling is found in those with chronic and severe tubu-
lointerstitial damage. Infrequent patients will have immune 
complex–mediated glomerular involvement.57,532-539 In one 
series of biopsied patients with primary Sjögren’s syndrome, 
patients had either mesangial proliferative glomerulone-
phritis or MPGN.532 Other series have had SLE features with 
the similar spectrum of glomerular involvement ranging 
from mesangial proliferative to focal proliferative, diffuse 
proliferative, and membranous glomerulonephritis.57,536-539 
A membranoproliferative pattern of glomerulonephritis has 
been reported in patients with associated cryoglobuline-
mia.532,537-539 By immunofluorescence and electron micros-
copy, immune deposits have been localized in the various 
patterns to the mesangial region or the subendothelial or 
subepithelial aspect of the GBM. Some patients with 
Sjögren’s syndrome have a necrotizing arteritis of the kidney 
occasionally with extrarenal involvement.540 Most Sjögren’s 
patients with tubulointerstitial disease respond to treatment 
with corticosteroids.531-533,535 Patients with immune complex 
glomerulonephritis and Sjögren’s syndrome are generally 
treated in a similar fashion to those with SLE, and those with 
vasculitis generally receive cytotoxic therapy similar to other 
necrotizing vasculitides.535

SARCOIDOSIS

Most manifestations of sarcoidosis are not related to the 
kidney.541 The most common renal findings are granuloma-
tous interstitial nephritis, nephrolithiasis, and tubular func-
tional abnormalities.542,543 Glomerular disease is infrequent 
and may be coincidental. Glomerular lesions described 
include minimal change disease, FSGS, membranous 
nephropathy, IgA nephropathy, MPGN, and proliferative 
and crescentic glomerulonephritis with and without a posi-
tive ANCA serology.542-550 The immunofluorescence and 
electron microscopy features conform to the various histo-
logic patterns. Some patients have granulomatous renal 
interstitial nephritis in addition to the glomerular lesions. 
Glomerular disease in sarcoidosis presents with proteinuria, 
active urinary sediment at times, and most commonly 
nephrotic syndrome. Some degree of proteinuria, usually 

occur with intercurrent infections. Immunosuppressive 
therapy is usually continued for 6 months with a tapering 
regimen to allow spontaneous cessation of autoantibody 
production. Some patients with early disappearance of cir-
culating anti-GBM antibodies may respond to shorter 
therapy or tolerate change to less toxic maintenance immu-
nosuppression such as azathioprine. There are limited data 
on other immunosuppressive regimens in Goodpasture’s 
syndrome.522-525 Rituximab has been used successfully in a 
small number of patients.525 Immunoadsorption has also 
been used to remove the anti-GBM antibodies in Goodpas-
ture’s syndrome.526 Even in patients with initial improve-
ment of renal function, some with severe crescentic 
glomerular involvement will progress to renal failure over 
time, perhaps related to nonimmunologic progression of 
disease. The incidence of ESKD in patients with significant 
glomerular involvement is more than 50%, and the renal 
outcome is usually progressively downhill unless vigorous 
prompt therapy is instituted.

Anti-GBM–mediated renal disease may rarely recur in the 
renal allograft.527-529 De novo anti-GBM disease may appear 
in patients with hereditary nephritis (see “Hereditary 
Nephritis, Including Alport’s Syndrome” section). As with a 
number of other forms of glomerulonephritis, evidence of 
histologic recurrence (i.e., linear staining for IgG along 
GBMs) is far higher than clinical involvement and may be 
as high as 50%. The low recurrence rate recently reported 
in transplants probably reflects a combination of waiting 
sufficient time to document the absence of anti-GBM anti-
bodies, the use of immunosuppressive medications and plas-
mapheresis to remove current antibody, and the “one-shot” 
nature of the disease.528-530 Graft loss secondary to recurrent 
disease is rare. Patients should not be transplanted during 
the acute phase of their illness when autoantibody levels are 
high, and prophylactic pretransplant immunosuppression 
has been recommended for those receiving allografts from 
living related donors. Although patients with resolving pul-
monary disease may have residual diminished gas exchange, 
most pulmonary function tests return to normal and do not 
limit the renal transplant process.530

SJÖGREN’S SYNDROME

Sjögren’s syndrome is characterized by a chronic inflamma-
tory cell infiltration of the exocrine salivary and lacrimal 
glands and is associated with the “sicca complex” of xerosto-
mia and xerophthalmia.531-533 Some patients may have involve-
ment by a systemic inflammatory disease of the kidneys, 
lungs, esophagus, thyroid, stomach, and pancreas.531-533 
Others have manifestations of a connective tissue disease, 
most commonly rheumatoid arthritis, and less frequently 
SLE, scleroderma, polymyositis, or MCTD. Still other patients 
have different immunologic disorders such as chronic  
active hepatitis, primary biliary cirrhosis, Crohn’s disease, 
and fibrosing alveolitis or develop lymphoma or Walden-
ström’s macroglobulinemia. Serologic abnormalities in 
Sjögren’s syndrome include hypergammaglobulinemia, 
rheumatoid factor, cryoglobulins, a homogeneous or speck-
led pattern ANA, anti-Ro/SSA and anti-La/SSB, but serum 
complement levels are generally normal unless the patient 
has associated SLE.531-533
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concentration has correlated with amyloid burden and 
reduction in circulating SAA with regression of amyloid 
deposits. Patients with AA amyloidosis have levels of circulat-
ing SAA protein no greater than those patients with inflam-
matory diseases who do not have amyloid deposition. 
Therefore, some additional unknown stimulus is required 
for amyloid fibrils to form and precipitate. In AL amyloid 
biochemical characteristics of the light chain, such as an 
aberrant amino acid composition at certain sites, appear 
important in determining amyloid formation.569 This may 
account for the reproducibility of a given form of renal 
disease (cast nephropathy versus amyloid) in animal models 
infused with monoclonal light chains from affected 
patients.569 Certain light chains may also form high-
molecular-weight aggregates in vitro. Patients with AL 
amyloid more frequently produce abnormal excessive λ- 
than κ-light chains, and among AL amyloid patients with 
renal disease λ-light chains predominate over κ-light chains 
(by ratio of 12 : 1) as opposed to patients without renal 
disease (4 : 1).552-554 Macrophage-dependent generation of 
preamyloid fragments with chemical properties allowing 
aggregation may also play a role. Mesangial cells have recep-
tors for light chains and may modify them as well. Amyloid 
P component may also prevent degradation of amyloid 
fibrils once formed.570

AL AND AA AMYLOIDOSIS

In AL amyloidosis, fibrils are composed of the N-terminal 
amino acid residues of the variable region of an immuno-
globulin light chain. λ-Light chains predominate over κ-
light chains, and there is an increased incidence of 
monoclonal λ subtype VI.552-554 The diagnosis of AL amyloi-
dosis may be suspected on clinical grounds but requires 
biopsy documentation. The kidneys are the most common 
major organ involved by AL amyloid and most patients even-
tually develop renal amyloid.552-554,571 In the past, up to 10% 
to 20% of patients older than 60 years with presumed idio-
pathic nephrotic syndrome had amyloidosis on renal 
biopsy.572 Multiple myeloma occurs in up to 20% of primary 
amyloidosis cases. Amyloidosis should be suspected in all 
patients with circulating serum monoclonal M proteins, and 
approximately 90% of primary amyloid patients will have a 
paraprotein spike in the serum or urine by immunofixa-
tion,552,553,571 and a greater percentage will have an elevation 
and predominance of one circulating light chain. While all 
AL amyloid patients will have an increased production of 
amyloidogenic light chains, not all patients with renal 
disease and a monoclonal protein in the serum will have 
amyloid. This is especially true in older patients, since 5% 
of patients older than 70 years of age will have a benign 
monoclonal gammopathy.

The incidence of AL amyloid is about 8 per million annu-
ally but varies greatly in different locations.553 Most patients 
with AL amyloidosis are older than 50 years (median age, 
59 to 63) and less than 1% are younger than 40 years of age. 
Men are affected twice as often as women.552,553,571 Presenting 
symptoms include weight loss, fatigue, lightheadedness, 
shortness of breath, peripheral edema, pain due to periph-
eral neuropathy, and orthostatic hypotension. Patients may 
have cardiomyopathy, hepatosplenomegaly, macroglossia, 
or rarely enlarged lymph nodes. Multisystem organ 

0.5 to 1 g/day is common in sarcoid patients with tubuloin-
terstitial disease and no evidence of glomerular lesions.551 
Sarcoid patients have been treated with various forms of 
immunosuppression, including steroids, depending on 
their glomerular lesions.544-550

AMYLOIDOSIS

Amyloidosis comprises a diverse group of systemic and local 
diseases characterized by the extracellular deposition of 
fibrils in various organs.552-555 Although more than 25 differ-
ent proteins can produce amyloid fibrils, all share an anti-
parallel β-pleated sheet configuration on x-ray diffraction, 
leading to their amyloidogenic properties. All amyloid 
fibrils bind Congo red (leading to diagnostic apple green 
birefringence under polarized light) and thioflavin T, and 
have a characteristic ultrastructural appearance with ran-
domly oriented 8- to 12-nm nonbranching fibrils. All amy-
loids also contain a 25-kDa glycoprotein, serum amyloid P 
component (SAP), a member of the pentraxin family. 
Amyloid deposits may also contain restricted sulfated glycos-
aminoglycans and proteoglycans noncovalently linked to 
the amyloid fibrils.552-555 Only some amyloid proteins deposit 
in the kidney. Most renal amyloidoses are due to either AL 
amyloidosis or AA amyloidosis. In one recent series from a 
referral center for amyloidosis 1.3% of 21,500 renal biopsies 
over an 8.5-year period were found to have amyloidosis with 
86% AL amyloid, 7% AA amyloid, and the remainder being 
a variety of types of “hereditary” amyloids.556 In another 
single center series of 474 amyloidosis patients evaluated 
from 2007 to 2011, 85% were AL amyloid, 7% AA amyloid, 
and 4% hereditary amyloid.552 In AL amyloidosis, the depos-
ited fibrils are derived from the variable portion of immu-
noglobulin light chains produced by a clonal population of 
plasma cells or plasmacytic B cells. AA amyloid results from 
the deposition of serum amyloid A (SAA) protein in chronic 
inflammatory states.552,553,557 A small fraction of renal amyloi-
doses are due to rare hereditary forms of amyloidosis, such 
as those caused by inherited gene mutations encoding trans-
thyretin (ATTR), fibrinogen A α-chain (AFib), apolipopro-
tein A-I (apo A-I) or A-II (apo A-II), lysozyme (ALys), 
gelsolin (A Gel), and leukocyte chemotactic factor 2 
(LECT2) peptide.554,556,558-560 Laser microdissection and mass 
spectrometry were necessary to determine the origin of 
some of these unusual amyloid subtypes.552,556,561,562 Difficulty 
in immunofluorescence diagnosis of AL amyloid occurs in 
as many as 14% to 35% of cases.552,561,562

It is unclear what factors confer the propensity for amy-
loidogenic proteins to fold into amyloid fibrils.563-566 Co-
factors such as amyloid P component may have an important 
role in the pathogenesis of tissue deposition. These may act 
by promoting fibrillogenesis, stabilization of the fibrils, 
binding to matrix proteins, or inhibiting denaturation and 
proteolysis. It is also possible that stabilizing co-factors are 
deposited after fibrillogenesis.554,557,563-566 Amyloid fibrils gen-
erally resist biodegradation and accumulate in the tissues, 
resulting in organ dysfunction. However, amyloid deposits 
do exist in a dynamic state and have been shown to regress 
by radiolabeled SAP scintigraphy.567 It is clear a critical mass 
of an abnormal protein is necessary to produce clinically 
significant amyloid of any type.568 In SAA amyloid the SAA 
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correct diagnosis is crucial since the treatment of hereditary 
amyloid may include liver transplantation rather than che-
motherapy or stem cell transplantation as in AL amyloid.556 
Laser dissection of involved glomeruli and proteomic analy-
sis by mass spectrometry, a test currently available in few 
specialized centers, can accurately diagnose all types of glo-
merular amyloid.561

Clinical manifestations of renal disease depend on the 
location and extent of amyloid deposition. Renal involve-
ment predominates in AL amyloidosis with one third to  
one half of patients having renal manifestations at 
presentation.552-554 Most patients have proteinuria, approxi-
mately 25% have nephrotic syndrome at diagnosis, and 
others present with varying degrees of azotemia.552-554,571 
Over time as many as 40% will develop nephrotic syndrome 
while others will have lesser degrees of proteinuria or azo-
temia. Urinalysis is typically bland, but microhematuria and 
cellular casts have been reported. Proteinuria is typically 
nonselective and almost 90% of patients with more than 
1 g/day urinary protein will have a monoclonal protein in 
the urine. Hypercholesterolemia is less common than in 
other forms of nephrotic syndrome. The amount of glo-
merular amyloid deposition by light microscopy does not 
correlate well with the degree of proteinuria or renal dys-
function.552,553 Despite the literature’s suggestion of enlarged 
kidneys in AL amyloid, by ultrasonography most patients 
have normal-sized kidneys.552 Hypertension is found in from 
20% to 50% of patients, but many will have orthostatic 
hypotension due to peripheral neuropathy, autonomic neu-
ropathy, and/or nephrotic syndrome. Patients with AA 
amyloid typically also have proteinuria and renal dysfunc-
tion with a progressive course. Patients with predominantly 
vascular involvement may have little proteinuria but rather 
renal insufficiency due to decreased renal blood flow. Infre-
quently patients will have predominantly tubulointerstitial 
deposition of amyloid with renal insufficiency and tubular 
defects such as distal renal tubular acidosis, Fanconi’s syn-
drome, and nephrogenic diabetes insipidus.552,553,571

PATHOLOGY
In patients with clinical renal disease, the diagnostic sensitiv-
ity of an adequate renal biopsy approaches 100%.553,557,582,583 
Renal biopsy distinguishes AL amyloid from AA amyloid and 
excludes involvement by other renal disease in patients with 
known amyloidosis of other organs.

By light microscopy there is glomerular deposition of 
amorphous hyaline material that usually begins in the 
mesangium and extends into the peripheral capillary walls 
(Figure 33.23). Affected glomeruli appear hypocellular and 
may have a nodular aspect. This deposited material is lightly 
eosinophilic, weakly PAS positive, and nonargyrophilic in 
contrast to the findings in diabetic nodular glomeruloscle-
rosis. In the peripheral GBM, amyloid deposits form spicu-
lar hairlike projections (Figure 33.24). Congo red stain gives 
an orange staining reaction and diagnostic apple green bire-
fringence under polarized light (Figure 33.25). Amyloid 
deposits stain metachromatically with crystal or methyl 
violet and fluoresce under ultraviolet light following thiofla-
vin T staining. Amyloid deposition may be confined to the 
glomeruli or involve tubular basement membranes, intersti-
tium, and blood vessels, as well. The immunofluorescence 
in AL amyloidosis gives strong staining with antisera to the 

involvement is typical with most commonly affected organs 
being the kidney (50%), heart (40%), and peripheral nerves 
(up to 25%).552,553,571 In one series 25% of AL amyloid 
patients had one major organ system involved, 36% had two 
organ systems involved, and 38% had three or more 
involved.573

AA amyloidosis occurs in chronic inflammatory diseases 
and is composed of the N-terminal end of the acute phase 
reactant SAA protein.552,554,565,567,574,575 SAA is produced in the 
liver and circulates in association with high-density lipopro-
tein. While in Westernized countries AA amyloid is most 
commonly found in association with rheumatoid arthritis 
and other inflammatory arthritides, it is also seen with 
inflammatory bowel disease, familial Mediterranean fever, 
quadriplegics with chronic urinary infections and decubitus 
ulcers, bronchiectasis, poorly treated osteomyelitis, and in 
chronic heroin addicts who inject drugs subcutane-
ously.552,554,565,575-578 In one large multicenter study of 374 
patients with AA amyloid, 60% had chronic inflammatory 
arthritis, 15% chronic infections, 9% periodic fever syn-
dromes, 5% inflammatory bowel disease, 6% other etiolo-
gies, and in 6% no etiology was found.574 In an autopsy study 
of 150 addicts, 14% of subcutaneous and 26% of those with 
chronic suppurative infections had renal amyloidosis.577 AA 
amyloid typically occurs in older addicts with a long history 
of substance abuse who have exhausted sites of intravenous 
access and resorted to “skin popping.”578

The diagnosis of amyloid is usually established by tissue 
biopsy of an affected organ.552-554 Liver and kidney biopsy 
are positive in as many as 90% of clinically affected cases. A 
diagnosis may be made less invasively with fat pad aspirate 
(60% to 90%), rectal biopsy (50% to 80%), bone marrow 
aspirate (30% to 50%), gingival biopsy (60%), or dermal 
biopsy (50%).579 Serum amyloid P whole body scintigraphy 
following injection of radiolabeled SAP allows the noninva-
sive diagnosis of amyloidosis as well as allowing a quantifica-
tion of the extent of organ system involvement and 
assessment of the response to treatment.580 This test may be 
positive even when tissue biopsy has been negative and may 
be more accurate in AA than in AL amyloidosis. In AL amy-
loidosis detection of an abnormal ratio of free κ- to λ-light 
chains in the serum is a technique to detect plasma cell 
dyscrasias which has a higher sensitivity than either serum 
or urinary protein electrophoresis and immunofixation.581 
It also allows assessment of response to therapy by following 
the level of abnormal free light chain in the serum.576 
Patients with hereditary amyloidosis due to deposition of 
abnormal transthyretin, apolipoproteins, lysozyme, or 
fibrinogen Aa may present in a fashion similar to AL amyloid. 
In one series 10% of 350 cases of hereditary amyloidosis 
were misdiagnosed as having AL amyloid.559

Although hereditary amyloidoses may present at any age, 
most patients are adults and present with higher serum 
creatinines and less proteinuria than those with AL or AA 
amyloidosis.552 Some hereditary types lead to amyloid depo-
sition in the tubulointerstitial and medullary compartment 
(e.g., amyloid due to apo A-I, A-II, A-IV) while others are 
associated with massive glomerular obliteration (AFib),552 
and still others such as LECT2 deposit in all compartments 
of the kidney.556 Although the course of hereditary amyloid 
is often more prolonged and more benign than that of AL 
amyloid, presentation can be identical. Establishing the 
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pathogenic light chain, usually λ (Figure 33.26). Some less 
common forms of amyloid derived from Ig precursor pro-
teins contain only Ig heavy chain (AH amyloid) or both 
heavy and light chain (AHL amyloid). The heavy chain is 
usually γ (derived from IgG), with less frequent α (IgA) and 
µ (IgM) forms. In AA amyloidosis, immunostaining for 
immunoglobulins and complement components is usually 
negative or gives a generalized weak reactivity due to non-
specific trapping. Diagnosis depends on the demonstration 
of strong reactivity for SAA protein by immunofluorescence 
or immunoperoxidase staining (Figure 33.27). Hereditary 
amyloidoses neither stain selectively for a single light chain 
nor for AA protein, but stain with antisera to the particular 
precursor protein. Nonspecific trapping of circulating pro-
teins, including Ig and light chains, may lead to equivocal 
immunofluorescence results. In difficult cases, mass 
spectrometry–based proteomic analysis of the amyloid 
deposits extracted by laser capture microdissection from 
renal biopsy sections is required to identify the amyloid 
subtype.561 By electron microscopy in all glomerular amyloi-
dosis, typical nonbranching 8- to 12-nm-wide fibrils are 

Figure 33.23  Amyloidosis. The glomerular tuft contains segmental 
deposits  of  amorphous  eosinophilic  hyaline  material  involving  the 
vascular pole and some mesangial regions.  (Hematoxylin and eosin 
stain, ×375.) 

Figure 33.24  Amyloidosis.  The  amyloid  deposits  expand  the 
mesangium and form focal spicular projections through the glomeru-
lar capillary walls, resembling spikes  (arrows).  (Jones’ methenamine 
silver stain, ×800.) 

Figure 33.25  Amyloidosis. Congo red stain of a glomerulus that is 
largely replaced by amyloid demonstrates the characteristic birefrin-
gence under polarized light. (×450.) 

Figure 33.26  Amyloidosis.  Immunofluorescence  photomicrograph 
showing glomerular staining for λ-light chain in the distribution of the 
glomerular  amyloid  deposits  in  a  patient  with  AL  amyloidosis  and 
plasma cell dyscrasia. (×600.) 

Figure 33.27  Amyloidosis.  Immunoperoxidase  staining  for  SAA 
protein stains the amyloid deposits in the glomeruli and arteries of a 
patient with secondary (AA) amyloidosis due to rheumatoid arthritis. 
(×125.) 
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randomly distributed in the mesangium and frequently 
along the GBM in the subepithelial, intramembranous, and 
subendothelial locations (Figure 33.28). Mild cases may 
have deposition limited to the mesangium. More severe 
cases usually have more extensive deposition in the periph-
eral capillary walls and obliterating the lumina. By electron 
microscopy glomerular capillary wall infiltration by amyloid 
may form characteristic spicular, cockscomb-like projections 
along the subepithelial aspect of the GBMs.

COURSE, PROGNOSIS, AND TREATMENT
The prognosis of patients with AL amyloidosis in the past 
has been poor with some series having a median survival 
rate of less than 2 years.552,553,571 The serum creatinine and 
the degree of proteinuria at baseline as well as hematologic 
response are predictive of the progression to ESKD. In older 
series, the median time from diagnosis to dialysis was 14 
months, and from dialysis to death only 8 months.552,553,571 
Recent data suggest improved survival. Factors associated 
with decreased patient survival include evidence of cardiac 
involvement, renal dysfunction, and interstitial fibrosis on 
renal biopsy.552,553,571 Cardiac involvement with associated 
heart failure and arrhythmias is the primary cause of death 
in amyloidosis, followed by renal disease.552,553,571,584

The course of AA amyloidosis has recently been defined 
in a study of 374 patients followed for a median time of 
more than 7 years.576 Therapy to suppress the inflammatory 
disease was used whenever possible. The predominant man-
ifestation and influence on the course of the disease was 
renal dysfunction and the median survival was more than 
10 years. The SAA concentration correlated with overall 
mortality, amyloid burden, and renal prognosis. Amyloid 
deposits regressed (as assessed by SAP scans) in patients 
whose SAA concentration was kept low, and patient survival 
was superior in this group compared to those with no 
amyloid regression.576

The optimal treatment for AL amyloid depends on 
patient’s age, organ system involvement, and overall 
health.553,571,585 Treatment strategies focus on methods to 
decrease the production of monoclonal light chains. Prom-
ising chemotherapeutic agents used successfully in 

Figure 33.28  Amyloidosis. Electron micrograph showing extensive 
infiltration of the glomerular basement membrane by 10-nm fibrils that 
project toward the urinary space. (×8000.) 

conjunction with dexamethasone include a number of 
agents used in myeloma, including melphalan, lenalido-
mide, thalidomide, bortezomib, and cyclophosphamide.586-592 
In some patients there is resolution of proteinuria, stabiliza-
tion of renal function, improvement of symptoms, and occa-
sionally evidence of decreased organ involvement such as 
reduced hepatosplenomegaly. In an older review of 153 AL 
amyloid patients treated with melphalan and prednisone 
only, 18% of the patients had a regression of organ mani-
festations of amyloidosis with responders having a 5-year 
survival of 78% versus only 7% in the nonresponders.587 
Patients with renal amyloidosis fared best with 25% having 
a 50% resolution in nephrotic-range proteinuria and stable 
or improved GFR. Other therapies used experimentally to 
treat AL amyloid, including dimethyl sulfoxide, colchicine, 
4′-iodo-4′-deoxydoxorubicin, fludarabine, vitamin E, high-
dose dexamethasone monotherapy, and interferon alfa-2, 
have not been effective.585,588,592

Reports using high-dose melphalan followed by alloge-
neic bone marrow transplant or stem cell transplant have 
given promising results.593,594 Such regimens have led 
to resolution of nephrotic syndrome and biopsy-proven 
improvement of amyloid organ involvement in some cases. 
However, a renal complication of autologous stem cell trans-
plantation (AKI) developed in 20% of one series of 173 
amyloid patients. Although there was a high mortality in 
early reports (20% in the first 3 months), many survivors 
had a complete hematologic response, and many with renal 
involvement survived with a major decrease in proteinuria 
without a worsening of GFR. One retrospective study ana-
lyzed 65 AL amyloid patients with more than 1 g/day pro-
teinuria treated with dose-intensive ablative chemotherapy 
followed by autologous blood stem cell transplantation.595 
Three fourths of the patients survived the first year, and 
among those, a good renal response was found in 36% at 1 
year and 52% at 2 years. Patients with a complete hemato-
logic response were more likely to have a good renal 
response, and patient survival was superior in younger 
patients with fewer than three organ systems involved and 
those able to tolerate higher doses of the ablative therapy. 
Toxicities included mucositis, edema, elevated liver func-
tion tests, pulmonary edema, gastrointestinal bleeding, and, 
in 23%, transient acute renal failure. Thus, for some younger 
patients with predominantly renal involvement stem cell 
transplantation is currently a reasonable alternative therapy. 
Some studies have supported stem cell transplantation as a 
beneficial therapy for some AL amyloid patients.596 Even 
patients with ESKD due to amyloidosis may undergo this 
form of therapy with results no different from non-ESKD 
patients with AL amyloidosis.597 However, the only large ran-
domized trial of stem cell transplantation for amyloid found 
this treatment to be inferior to standard chemotherapy.598 
In this multicenter French trial, 100 patients were random-
ized to hematopoietic cell transplantation or melphalan 
plus dexamethasone. The chemotherapeutic group had a 
better overall survival. Although this study has been criti-
cized for patient selection and the high subsequent mortal-
ity, it is the only large randomized trial. Regardless of 
whether chemotherapy or marrow transplant is used, the 
treatment of nephrotic amyloid patients requires supportive 
care. This may include judicious use of diuretics and salt 
restriction in those with edema, and treatment of orthostatic 
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dialysis patients had a 15% mortality in this time period.605 
Likewise, another series found a shorter than 1 year median 
survival for hemodialysis patients with AL amyloidosis.

Experience with renal transplantation in AL amyloid is 
limited, but transplantation may be performed either before 
or after autologous stem cell transplantation.596,597 An earlier 
series on transplantation in amyloid included 45 patients (42 
with AA amyloid) and found an overall low patient survival, 
particularly in the early posttransplant period in older 
patients because of infectious and cardiovascular complica-
tions.606 Graft survival, however, was not decreased despite 
rates of recurrence of amyloidosis in the allograft as high as 
20% to 33%.606,607 Survival rates at 5 and 10 years of renal 
transplant patients with AA amyloid, largely FMF patients, 
who received living related allografts have been as high as 
80% and 66%, respectively. In hereditary amyloidosis due to 
fibrinogen A α-chain disease, recurrence occurred in 50% of 
allografts with frequent graft loss. Better results are reported 
with combined liver and kidney transplantation.

FIBRILLARY GLOMERULONEPHRITIS AND 
IMMUNOTACTOID GLOMERULONEPHRITIS

Some uncommon glomerular diseases have fibrillar deposits 
differing in size from those of amyloid.608,609 Many investiga-
tors subdivide these patients into two major groups depend-
ing on clinical associations and fibril size.608-611 In fibrillary 
glomerulonephritis the fibrils are approximately 16 to 
24 nm (mean, 20 nm) in diameter, and in immunotactoid 
glomerulonephritis the deposits form larger hollow micro-
tubules of 30 to 50 nm in diameter. Both of these fibrillar 
organized deposits may represent a slow-acting cryoprecipi-
tate of polyclonal or monoclonal immunoglobulin. A third, 
rare form of fibrillary renal disease is fibronectin glomeru-
lopathy in which the glomeruli are infiltrated by massive 
deposits of fibronectin.612,613

Although some classify both fibrillary glomerulonephritis 
and immunotactoid glomerulonephritis as a single disease 
entity, most clinicians and nephropathologists divide them 
into distinct disorders.341,608-611 Almost 90% of cases have the 
smaller 20-nm fibrils of fibrillary glomerulonephritis. Fibril-
lary glomerulonephritis occurs mostly in adults, in both 
sexes, in all age groups, and most commonly in Caucasians. 
Although usually considered an isolated idiopathic renal 
entity, it has been associated in some series with malignan-
cies, monoclonal gammopathies, and autoimmune disor-
ders.613 Patients with immunotactoid glomerulonephritis 
tend to be older, may have a less rapidly progressive course, 
and in all series are more likely to have underlying lympho-
proliferative disease, (e.g., chronic lymphocytic leukemia or 
B cell lymphoma), often with a circulating paraprotein and 
sometimes with hypocomplementemia.608-611 Patients with 
both diseases usually have proteinuria, and most have hyper-
tension and hematuria. About 70% to 75% have nephrotic 
syndrome at biopsy. At presentation renal insufficiency is 
common and most patients progress to ESKD. Fibrillary 
glomerulonephritis and immunotactoid glomerulonephri-
tis may be associated with HCV infection.611

Diagnosis of these disorders requires a renal biopsy  
to demonstrate the defining ultrastructural features.608-611 
Light microscopic findings in fibrillary glomerulonephritis  

hypotension with compression stockings, fludrocortisone, 
and, in some, midodrine, an oral α-adrenergic agonist.

The treatment of AA amyloid focuses on the control of 
the underlying inflammatory disease process.567,574,576,599 This 
has included surgical debridement of inflammatory tissue, 
antibiotic therapy of infectious processes, and antiinflam-
matory and immunosuppressive agents in rheumatoid 
arthritis and inflammatory bowel disease. Therapy may lead 
to stabilization of renal function, reduction in proteinuria, 
and resolution of amyloid deposits.567,574,576,599 Prognosis may 
be good if the underlying disease can be controlled and 
there is not already extensive amyloid deposition. Immuno-
suppressives, antiinflammatory agents, and anticytokine 
therapy have been used in rheumatologic diseases and 
Crohn’s disease, with evidence of increased GFR and 
decreased proteinuria, and in some cases with regression of 
renal amyloid deposits.574,576,599,600 In familial Mediterranean 
fever (FMF)—an autosomal recessive disease caused by 
pyrin mutation primarily found in Sephardic Jews, Turks, 
Armenians, and Arabs—recurrent attacks of fever and sero-
sitis lead to the development of AA amyloidosis in up to 90% 
of untreated patients.574 Colchicine can prevent effectively 
the febrile attacks and stabilize or reduce the development 
of proteinuria. However, renal function did deteriorate in 
patients with nephrotic syndrome at presentation. A retro-
spective analysis of FMF patients with milder renal clinical 
involvement and at least 5 years’ follow-up concluded that 
high doses of colchicine were more effective in preventing 
renal dysfunction and that patients with lower levels of 
serum creatinine at presentation responded better to 
therapy. Once the serum creatinine level was elevated, 
however, increasing the dose of colchicine did not prevent 
progression. AA amyloidosis seen in drug abusers and 
patients with inflammatory states such as Behçet’s disease 
and inflammatory bowel disease have occasionally responded 
to colchicine therapy, although it is unclear if this was due 
to cessation of drug abuse or treatment of the underlying 
inflammatory disease process.578,601

A multicenter randomized controlled trial compared a 
glycosaminoglycan mimetic (used to block fibrillogenesis) 
to placebo in 183 patients with AA amyloid. Although the 
drug had no significant effect on preventing progression to 
ESKD or risk of death, the glycosaminoglycan mimetic did 
reduce the rate of progression of the renal disease.602 This 
study clearly shows the need for newer therapies for amyloi-
dosis and the value of controlled trials in studying these 
agents. Several promising experimental therapies for treat-
ing amyloid include the use of anti-amyloid antibodies and 
the use of an inhibitor of the binding of amyloid P compo-
nent to amyloid fibrils.599

END-STAGE KIDNEY DISEASE IN AMYLOIDOSIS

In most series the median survival of amyloid patients with 
ESKD is less than 1 year with the primary cause of death 
being complications of cardiac amyloid.603,604 However, for 
patients who survive the first month of ESKD replacement 
therapy, the survival rate is more than 50% at 2 years and 
30% at 5 years.604 There is no survival difference between 
peritoneal dialysis or hemodialysis.604 A report of survival 
data in 19 dialysis patients with AL amyloid found an 80% 
mortality at 35 months’ follow-up, while 20 AA amyloid 
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By contrast, the microtubules of immunotactoid glomerulo-
nephritis are often arranged in parallel stacks in the mesan-
gium, subendothelial, and/or subepithelial regions. The 
fibrils and microtubules do not stain with Congo red or 
thioflavin T. In fibrillary glomerulonephritis, immunofluo-
rescence is almost always positive for IgG (Figure 33.33) 
(especially subclasses IgG1 and IgG4), C3, and both κ- and 
λ-chains, indicating polyclonal deposits.608-611 Staining for 
IgM, IgA, and C1 has been reported in a minority of cases. 
In immunotactoid glomerulonephritis, the immunoglobu-
lin deposits are often monoclonal, consisting of IgG with a 
restricted light-chain isotype (either κ or λ). IgG subtypes 
IgG1 and IgG3 are most common and have the capacity to 

are highly variable and include mesangial proliferation; 
mesangial expansion by amorphous amyloid-like material; 
membranous, membranoproliferative, and crescentic glo-
merulonephritis (Figure 33.29).608 In immunotactoid glo-
merulonephritis, glomerular lesions are often nodular and 
sclerosing, whereas others are proliferative or membranous 
(Figure 33.30). The pathognomonic findings seen on elec-
tron microscopy consist of nonbranching fibrils of 16 to 
24 nm diameter in fibrillary glomerulonephritis (as opposed 
to 8 to 12 nm for amyloid) (Figure 33.31) and hollow micro-
tubules of 30 to 50 nm in immunotactoid glomerulonephri-
tis (Figure 33.32). In fibrillary glomerulonephritis, fibrils 
are arranged randomly in the mesangial matrix and GBMs. 

Figure 33.29  Fibrillary glomerulonephritis. The mesangium is mildly 
expanded and  the glomerular capillary walls appear  thickened with 
segmental double contours. (Periodic acid–Schiff stain, ×300.) 

Figure 33.30  Immunotactoid  glomerulonephritis.  There  is  lobular 
expansion of the glomerular tuft by abundant mesangial deposits of 
silver-negative  material.  Segmental  extension  of  deposits  into  the 
subendothelial  aspect  of  some  glomerular  capillaries  is  also  seen. 
(Jones’ methenamine silver stain, ×500.) 

Figure 33.31  Fibrillary  glomerulonephritis.  Electron  micrograph 
showing  the  characteristic  randomly  oriented  fibrils,  measuring 
16-20 nm within the glomerular basement membrane. The foot pro-
cesses are effaced. (×8000.) 

Figure 33.32  Immunotactoid  glomerulonephritis.  Electron  micro-
graph showing abundant mesangial deposits of microtubular struc-
tures measuring approximately 35 nm in diameter. (×10,000.) 
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eventually progresses to nephrotic syndrome and slowly 
deteriorating renal function.612,613 It is caused by an inher-
ited mutation in the gene encoding fibronectin-1.613 Patients 
who progress to ESKD may develop recurrent fibronectin 
glomerulopathy in the allograft.

MONOCLONAL IMMUNOGLOBULIN 
DEPOSITION DISEASE

Monoclonal immunoglobulin deposition disease (MIDD) 
includes light-chain deposition disease (LCDD), combined 
light- and heavy-chain deposition disease (LHCDD),  
and heavy-chain deposition disease (HCDD). MIDD is a 
systemic disease caused by the overproduction and extracel-
lular deposition of a fragment of monoclonal immunoglob-
ulins.620-622 LCDD is by far the most common pattern. As 
opposed to amyloidosis, in LCDD the deposits in more than 
80% of cases are composed of κ-light chains, most often of 
the VkIV subgroup, rather than λ-light chains.620-623 In LCDD 
the deposits are granular in nature, do not have the bio-
chemical properties necessary to form fibrils or β-pleated 
sheets and thus do not bind Congo red stain or thioflavin T, 
and are not associated with amyloid P protein.620-623 In 
amyloid the fibrils are usually derived primarily from the 
variable region of the light chains, while in LCDD the depos-
its are predominantly composed of the constant region of 
the light chain. This may explain the far brighter immuno-
fluorescence staining for light chains found in LCDD as 
opposed to amyloidosis. The nature of the light chains may 
also explain the far more common occurrence of light-chain 
cast nephropathy in LCDD than in amyloidosis.620-623 The 
pathogenesis of the glomerulosclerosis in LCDD involves 
promotion of a profibrotic mesangial cell phenotype with 
production of transforming growth factor-β, which acts as 
an autacoid to stimulate mesangial cell synthesis of extracel-
lular matrix proteins such as type IV collagen, laminin, and 
fibronectin.624

Patients with MIDD are generally older than 45 years.620-623 
However, in one recent series with a median age of 56 years, 
more than one third of the patients were younger than 50 
years of age.621 Many such patients develop frank myeloma, 
and some may have a lymphoplasmacytic B cell disease such 
as lymphoma or Waldenström’s macroglobulinemia.620-622 As 
in amyloidosis, the clinical features vary with the location 
and extent of organ deposition of the monoclonal protein. 
Patients typically have cardiac, neural, hepatic, and renal 
involvement, but other organs such as the skin, spleen, 
thyroid, adrenal glands, and gastrointestinal tract may be 
involved.620-623 Patients with renal disease usually have signifi-
cant glomerular involvement and present with proteinuria, 
nephrotic syndrome, and hypertension. Renal insufficiency 
is present in most, and some require dialysis. While by 
serum protein electrophoresis (SPEP) or urine protein elec-
trophoresis (UPEP) 15% to 30% of patients may have no 
identifiable M spike, by analysis of serum-free light-chain 
assay, 100% have an abnormal protein and 80% have high 
levels of production.621 Some patients may have greater 
tubulointerstitial involvement and less proteinuria along 
with renal insufficiency.624

The glomerular pattern by light microscopy is most often 
nodular sclerosing with mesangial nodules of acellular 

fix complement, leading to glomerular co-deposits of C1q 
and C3. In both diseases, the deposits are usually limited to 
the glomerulus. In fibrillary glomerulonephritis, the fibrils 
may be focally admixed with more granular immune-type 
electron-dense deposits.608 Rare patients with fibrillary glo-
merulonephritis have been reported to have extrarenal 
deposits involving alveolar capillaries and, in the case of 
immunotactoid glomerulonephritis, the bone marrow.614,615

Almost half of patients with fibrillary glomerulonephritis 
or immunotactoid glomerulonephritis develop ESKD within 
2 to 6 years of presentation.608,610 Those with crescentic 
lesions, sclerosing glomerulonephritis, and diffuse prolif-
erative glomerulonephritis fare worse than those with 
mesangioproliferative glomerulonephritis and those with a 
membranous pattern. Younger patients, patients with a 
normal GFR, and those with subnephrotic-range protein-
uria have a more benign renal course.608

Although there is no proven therapy for fibrillary glo-
merulonephritis, some clinicians choose to treat the light 
microscopy pattern observed on renal biopsy (e.g., membra-
nous, membranoproliferative, crescentic, etc.).608 Predni-
sone, cyclophosphamide, and colchicine have not led to 
consistent benefit in most patients.608 However, in some with 
crescentic glomerulonephritis, cyclophosphamide and cor-
ticosteroid therapy has led to a dramatic improvement in 
GFR and proteinuria. Cyclosporine has also been used suc-
cessfully in some patients with fibrillary glomerulonephritis 
and a membranous pattern on light microscopy. Rituximab 
has been used in those with MPGN pattern although recent 
larger series have given less promising results.320,608,616,617 In 
some patients with associated chronic lymphocytic leuke-
mia, treatment with chemotherapy has been associated with 
improved renal function and decreased proteinuria.608,610 
Dialysis and transplantation have been performed in both 
fibrillary glomerulonephritis and immunotactoid glomeru-
lonephritis, but there is a significant recurrence rate in the 
allograft in both diseases.608,618,619 Some have found a higher 
recurrence rate in those with an associated monoclonal 
gammopathy.619

Fibronectin glomerulopathy is a familial disease  
with autosomal dominant inheritance that presents with 
proteinuria and hematuria usually in adolescents and 

Figure 33.33  Fibrillary  glomerulonephritis.  Immunofluorescence 
photomicrograph  showing  smudgy  deposits  of  IgG  throughout  the 
mesangium, with segmental extension into the peripheral glomerular 
capillary walls. (×800.) 
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The prognosis for patients with LCDD is variable. Death 
is often attributed to heart failure, infectious complica-
tions, or the development of frank myeloma and renal 
failure.620-623 In one series of 63 MIDD patients, 65% of 
patients developed myeloma and 36 patients developed 
uremia.622 In another series of 64 patients with MIDD, 
including 51 with LCDD, with a median follow-up of over 2 
years, 57% had stable or improved renal function, 4% wors-
ening of renal function, and 39% progression to ESKD.621 
Patient survival is about 90% at 1 year and 70% at 5 years, 
with renal survival 67% and 37% at 1 and 5 years, 
respectively.620-622,626,627 Predictors of worse renal outcome 
included increased age, associated light-chain cast nephrop-
athy, and elevated serum creatinine at presentation.620-622 
Predictors of worse patient survival included increased age, 
occurrence of myeloma, higher initial serum creatinine, 
and extrarenal deposition of light chains.620-622

Treatment, akin to the treatment of myeloma or amyloi-
dosis, has been with dexamethasone in combination with 
other agents, including melphalan, cyclophosphamide, 
bortezomib, thalidomide, and lenalidomide, and has led to 
stabilized or improved renal function in some MIDD 
patients.620-622 However, this therapy is not usually successful 
in patients with significant renal dysfunction and a plasma 
creatinine above 4 mg/dL at initiation of treatment.627 In 
one series of 32 patients treated with chemotherapy, 34% 
progressed to ESKD.622 Marrow or stem cell transplantation 
is a therapeutic option for some patients with LCDD.620,622 
Although there are little data on dialysis and renal trans-
plantation in LCDD, patients appear to fare as well as those 
with amyloidosis. Recurrences in the renal transplant have 
been reported620,621,626-628 and recurrence rates in some series 
are as high as 70% to 75%.596,621,628 Thus, suppression of the 
abnormal paraprotein producing cell clone is crucial prior 
to renal transplantation.

In some patients with a plasma cell dyscrasia, monoclonal 
light and heavy immunoglobulin chains combined (LHCDD) 
or short monoclonal truncated heavy chains alone (HCDD) 
are deposited in the tissue (Figure 33.36).620,623,629,630 As in 
LCDD, the electron microscopy deposits are granular and 

eosinophilic material resembling the nodular glomerulo-
sclerosis seen in diabetic patients (Figure 33.34).620-622 Glo-
merular capillary microaneurysms also may occur.625 Some 
glomeruli have associated membranoproliferative features. 
In LCDD the nodules are more strongly PAS positive and 
less argyrophilic than in diabetes, and the GBMs in LCDD 
are not usually visibly thickened by light microscopy.620,621 
Other glomeruli may be entirely normal or have only mild 
mesangial sclerosis. Immunofluorescence is usually diagnos-
tic by demonstration of a monoclonal light chain (κ in 80%) 
staining in a diffuse linear pattern along the GBMs, in the 
nodules, and along the tubular basement membranes and 
vessel walls (Figure 33.35).620,621 Staining for complement 
components is usually negative. By electron microscopy, 
deposition of a finely granular punctate, highly electron-
dense material occurs along the lamina rara interna of the 
GBM, in the mesangium, and along tubular and vascular 
basement membranes.620-623

Figure 33.34  Light-chain deposition disease. There is nodular glo-
merulosclerosis with marked global expansion of the mesangium by 
intensely periodic  acid–Schiff—positive material  but without  appre-
ciable  thickening  of  the  glomerular  capillary  walls.  (Periodic  acid–
Schiff stain, ×375.) 

Figure 33.35  Light-chain deposition disease. Immunofluorescence 
photomicrograph  showing  linear  staining  for κ-light  chain  involving 
glomerular and tubular basement membranes, the mesangial nodules, 
Bowman’s capsule, and vessel walls. (×250.) 

Figure 33.36  Heavy-chain deposition disease. Electron micrograph 
showing bandlike,  finely granular  electron-dense deposits  involving 
the  glomerular  basement  membrane,  with  greatest  concentration 
along the inner aspect (×5000.) 
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associated cryoglobulinemia (see “Mixed Cryoglobuline-
mia” section).

WALDENSTRÖM’S MACROGLOBULINEMIA

In Waldenström’s macroglobulinemia, patients have an 
abnormal circulating monoclonal IgM protein in association 
with a B cell lymphoproliferative hematologic disorder.640-643 
This slowly progressive disorder occurs in older patients 
(median age, 60) who present with constitutional symptoms 
of fatigue and weight loss, bleeding, visual disturbances, neu-
rologic symptoms, hepatosplenomegaly, lymphadenopathy, 
anemia, and often hyperviscosity syndrome.640-643 Although 
renal involvement occurs in less than 5% of patients, glo-
merular lesions can present with microscopic hematuria, 
proteinuria, and nephrotic syndrome.643,644 Patients may 
have enlarged kidneys. The renal pathology in Walden-
ström’s macroglobulinemia is varied.643-645 Some patients will 
have invasion of the renal parenchyma by neoplastic lympho-
plasmacytic cells. Others have AKI with intraglomerular 
occlusive thrombi of the IgM paraprotein. These cases have 
large eosinophilic, amorphous, PAS-positive deposits occlud-
ing the glomerular capillary lumens with little or no glomeru-
lar hypercellularity (Figure 33.37). By immunofluorescence 
these glomerular “thrombi” stain for IgM and a single light-
chain isotype, consistent with monoclonal IgM deposits, but 
complement components are usually negative or only weakly 
positive. By electron microscopy the deposits contain non-
amyloid fibrillar or amorphous electron-dense material. 
Some patients develop MPGN with an associated type I or 
type II cryoglobulinemia (Figure 33.38). Cases of LCDD with 
intratubular casts similar to those of light-chain cast nephrop-
athy and examples of renal amyloidosis have also been 
reported in patients with Waldenström’s macroglobulin-
emia. Treatment of Waldenström’s macroglobulinemia is 
directed against the lymphoproliferative disease with alkylat-
ing agents, melphalan, corticosteroids, rituximab, bone 
marrow transplantation, and at times plasmapheresis for 
hyperviscosity signs and symptoms.646-648

biopsies are Congo red negative. The clinical features are 
similar to those of LCDD and amyloidosis.630 Most patients 
are middle age or older. They present with renal insuffi-
ciency, hypertension, proteinuria, and often nephrotic syn-
drome. In most patients a monoclonal protein is detected 
in the serum or urine. In contrast to amyloid and LCDD, 
HCDD may be associated with hypocomplementemia if the 
heavy chain avidly binds complement (especially γ–heavy-
chain subtypes G1 and G3).630 All patients with HCDD have 
a deletion of the CH1 domain of the heavy chain, which 
causes the heavy chain to be secreted prematurely by the 
plasma cell.630,631,643-645 The characteristic light microscopic 
finding in HCDD is a nodular sclerosing glomerulopathy at 
times with small crescents.620,630-632 The diagnosis is made by 
immunofluorescence with linear positivity for the heavy 
chain of immunoglobulin (usually γ) and negativity for both 
κ- and λ-light chains.630 The distribution is diffuse involving 
glomerular, tubular, and vascular basement membranes. 
Treatment has been similar to LCDD, and many patients 
have progressed to renal failure.630,633 Recurrence in the 
renal transplant has been documented.620

OTHER GLOMERULAR DISEASES AND 
DYSPROTEINEMIA

Recent series have described patients with a proliferative 
glomerulonephritis resembling immune complex glo-
merulonephritis in association with a monoclonal gam-
mopathy.634,635 This newly described entity is known as 
proliferative glomerulonephritis with monoclonal IgG 
deposits (PGNMID). These patients presented with renal 
insufficiency and proteinuria, sometimes associated with 
nephrotic syndrome, but no evidence of cryoglobulinemia. 
Light microscopy shows an MPGN pattern in more than one 
half and an endocapillary proliferative pattern with mem-
branous features in more than one third. All had ordinary-
appearing granular nonorganized electron-dense deposits 
in the mesangial, subendothelial, and subepithelial sites, 
but by immunofluorescence these were restricted to a single 
monoclonal γ subclass and light-chain isotype (e.g., IgG1κ, 
IgG2λ, or IgG3κ). Although infrequent patients have had a 
pure membranous pattern by light microscopy and electron 
microscopy, they still have the same monoclonal restriction 
by immunofluorescence microscopy. M spike was identified 
in the serum in 30% of cases, but no patient developed  
overt myeloma or lymphoma during the follow-up period. 
In one large series at 2.5 years of follow-up, 38% of patients 
had had a complete recovery, 38% had persistent renal 
dysfunction, and 22% had progressed to ESKD.635 Higher 
presenting serum creatinine, higher percentage of glomeru-
losclerosis, and more interstitial fibrosis on biopsy predicted 
progression to ESKD. Proliferative glomerulonephritis with 
monoclonal IgG deposits commonly recurs in the transplant 
and may in some cases be amenable to either rituximab or 
cyclophosphamide therapy.636,637

Other rare patients with dysproteinemia have had intra-
cellular glomerular crystals within the podocytes, sometimes 
in association with tubular epithelial crystalline deposits.638 
Pamidronate-induced collapsing focal sclerosis has been 
noted in myeloma,639 as has crescentic glomerulonephritis. 
MPGN has been reported rarely, particularly in patients with 

Figure 33.37  Waldenström’s  macroglobulinemia.  Large  “protein 
thrombi” corresponding to the monoclonal immunoglobulin M depos-
its fill  the glomerular capillary  lumens, with minimal associated glo-
merular hypercellularity. (Jones’ methenamine silver stain, ×600.) 
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nervous system, and pulmonary system led to death. These 
causes of death are similar to those of 242 patients in a review 
of noninfectious mixed cryoglobulinemic vasculitis.654 In 
most, an acute nephritic picture with hematuria, hyperten-
sion, proteinuria, and progressive renal insufficiency devel-
ops, and 20% of patients have nephrotic syndrome. Few 
patients develop RPGN with oliguria. The majority of 
patients with renal disease have a slow, indolent renal course 
characterized by proteinuria, hypertension, hematuria, and 
renal insufficiency.

Many older studies of type II cryoglobulinemia have 
shown evidence of HBV infection or other viral infections 
(e.g., Epstein-Barr virus).655 However, recent studies have 
clearly documented HCV as a major cause of cryoglobulin 
production in most patients previously thought to have 
essential mixed cryoglobulinemia. Antibodies to HCV anti-
gens have been documented in the serum, and HCV RNA 
and anti-HCV antibodies are enriched in the cryoglobulins 
of these patients.652,656,658,659 This is true even for patients with 
normal levels of aminotransferases and no clinical evidence 
of hepatitis. HCV antigens have also been localized by 
immunohistochemistry to the glomerular deposits.656

In cryoglobulinemia, immunoglobulin complexes  
deposit in the glomeruli and small- and medium-sized  
arteries, binding complement and inciting a proliferative 
response.652,658 The serum cryoglobulin participates in the 
formation of the glomerular immune complex deposits. In 
vitro studies have shown that IgM-κ rheumatoid factor from 
patients with type II cryoglobulinemia is much more likely to 
bind to cellular fibronectin (a component of the glomerular 
mesangium) than IgM from normal controls or IgM-
containing rheumatoid factor from rheumatoid arthritis 
patients.660 The particular physicochemical characteristics of 
the variable region of the immunoglobulin cryoglobulin 
may be important in the localization of the renal deposits.

Although by light microscopy the glomerular lesions of 
cryoglobulinemia may show a variety of proliferative and 
sclerosing features (Figure 33.39), certain features help to 
distinguish cryoglobulinemic glomerulonephritis from 
other proliferative glomerulonephritides.650,658,659 These fea-
tures include massive glomerular exudation of monocytes/

MIXED CRYOGLOBULINEMIA

Cryoglobulinemia is caused by circulating immunoglobu-
lins that precipitate on cooling and resolubilize on 
warming.649 Cryoglobulinemia is associated with a variety of 
infections, especially HCV, as well as collagen-vascular 
disease, and lymphoproliferative diseases.383,649 Cryoglobu-
lins have been divided into three major groups based on the 
nature of the circulating immunoglobulins.649 In type I cryo-
globulinemia, the cryoglobulin is a single monoclonal 
immunoglobulin often found associated with Waldenström’s 
macroglobulinemia or myeloma. Type II and type III cryo-
globulinemia are defined as mixed cryoglobulins, contain-
ing at least two immunoglobulins. In type II, a monoclonal 
immunoglobulin (IgMκ in more than 90%) is directed 
against polyclonal IgG and has rheumatoid factor activity. 
In type III, the antiglobulin is polyclonal in nature with  
both polyclonal IgG and IgM in most cases. The majority  
of patients with type II and III mixed cryoglobulins have 
now been shown to have HCV infection.622,650-655 To establish 
a diagnosis of cryoglobulinemia, the offending cryoglobu-
lins or the characteristic renal tissue involvement must be 
demonstrated.

In the past, there was often no obvious cause of cryoglobu-
linemia and the name “essential mixed cryoglobulinemia” 
was appropriate.650 It is now clear that many such patients 
had HCV-related disease.652,656,657 Systemic manifestations of 
mixed cryoglobulinemia include weakness, malaise, Rayn-
aud’s phenomenon, arthralgias-arthritis, hepatosplenomeg-
aly with abnormal liver function tests in two thirds to three 
fourths of patients, peripheral neuropathy, and purpuric-
vasculitic skin lesions.383,649 Hypocomplementemia, espe-
cially of the early components (low C4 level), is a characteristic 
and often helpful finding. Renal disease occurs at presenta-
tion in less than 25% of patients but develops in as many as 
50% over time.650,658,659 In one review of 279 patients with 
severe life-threatening HCV-associated cryoglobulinemic 
vasculitis, 205 had AKI.653 In those renal patients who died, 
sepsis was the most common cause of death, while for other 
patients, vasculitis of the gastrointestinal tract, central 

Figure 33.38  Waldenström’s macroglobulinemia. An example with 
cryoglobulinemic glomerulonephritis showing the characteristic intra-
luminal  deposits,  infiltrating  leukocytes,  and  double-contoured  glo-
merular  basement  membranes.  (Jones’  methenamine  silver  stain, 
×600.) 

Figure 33.39  Cryoglobulinemic glomerulonephritis. There  is global 
endocapillary  proliferative  glomerulonephritis  with  membranoprolif-
erative features and focal intraluminal cryoglobulin deposits, forming 
“immune thrombi.” (Periodic acid–Schiff stain, ×375.) 
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cryoglobulins, and in those with life-threatening organ 
involvement, plasmapheresis was used in combination with 
steroids and cytotoxics.651,661 Most patients with cryoglobuli-
nemia in the past did not die of renal disease but rather of 
cardiac or other systemic disease and infectious complica-
tions.651 Currently, most patients with HCV-associated cryo-
globulinemia are treated with antiviral agents 662 (see the 
“Hepatitis C” section under “Glomerular Manifestations of 
Liver Disease”). Aggressive immunosuppressive therapy 
carries the risk of promoting HCV replication in HCV-
infected patients and of lymphoma in others. Rituximab has 
recently been used successfully for treatment of type II 
mixed cryoglobulinemia in patients with or without evi-
dence of HCV infection and with and without prior antiviral 
therapy.663-666 Rituximab has also been used successfully in 
small numbers of patients with HCV-related glomerulone-
phritis and mixed cryoglobulinemia.667,668 Dialysis and trans-
plantation in cryoglobulinemia have been used, but 
recurrences in the allograft have been reported.669

HEREDITARY NEPHRITIS, INCLUDING 
ALPORT’S SYNDROME

Alport’s syndrome is an inherited (usually X-linked) disor-
der with characteristic glomerular pathology, frequently 
associated with hearing loss and ocular abnormalities. 
Guthrie first reported a family with recurrent hematuria.670 
Alport reported additional observations on this family, the 
occurrence of deafness associated with hematuria, and the 
observation that affected males died of uremia, whereas 
affected females lived to an old age.671 Alport’s syndrome 
and other hereditary and familial disease account for 0.4% 
of adults with ESKD in the United States.672

CLINICAL FEATURES

The disease usually manifests in children or young  
adults.673-675 Males have persistent microscopic hematuria, 
with episodic gross hematuria, which may be exacerbated 

macrophages and, to a lesser degree, polymorphonuclear 
leukocytes; amorphous eosinophilic PAS-positive, Congo 
red negative deposits along the subendothelial aspect of the 
glomerular capillary wall and focally filling the capillary 
lumens, forming “immune thrombi”; membranoprolifera-
tive features with double-contoured GBMs and interposition 
of deposits, mesangial cells, and monocytes; and the rarity 
of extracapillary proliferation (crescents) despite the intense 
intracapillary proliferation. The glomerular lesions may be 
accompanied by an acute vasculitis of small- or medium-
sized vessels. The monocytes of patients with active cryo-
globulinemia and associated nephritis have been shown to 
phagocytose cryoglobulins but to be unable to catabolize 
them efficiently. By immunofluorescence (Figure 33.40), 
the glomeruli in type II or type III cryoglobulinemia contain 
deposits of both IgM as well as IgG, κ- and λ-light chains, 
and C3 and C1q in the distribution of subendothelial and 
mesangial deposits and the intracapillary “thrombi.” Stain-
ing for both IgM and κ are often dominant, reflecting the 
deposition of type II cryoglobulins containing a monoclonal 
IgM-κ component. By electron microscopy (Figure 33.41), 
deposits in the subendothelial location or filling the capil-
lary lumens often appear as either amorphous electron-
dense deposits or organized deposits of curvilinear parallel 
fibrils or annular-tubular curvilinear structures with a diam-
eter of 20 to 35 nm.650,658 The infiltrating macrophages are 
in close contact with the subendothelial deposits and contain 
prominent phagolysosomes, suggesting active phagocytosis 
of the immune deposits. In some cases, the phagocytosis is 
so effective that immune deposits are difficult to detect by 
both immunofluorescence and electron microscopy.

Some patients with mixed cryoglobulinemia will have a 
partial or total remission of their disease while most have 
episodic exacerbations of their systemic and renal 
disease.650,658 Before the association between mixed cryo-
globulinemia and HCV was discovered, many patients were 
treated successfully with prednisone and cytotoxic agents 
such as cyclophosphamide and chlorambucil.651 Treatments 
were not used in a controlled fashion. In patients with 
severe renal disease, in those with digital necrosis from the 

Figure 33.40  Cryoglobulinemic glomerulonephritis. Immunofluores-
cence photomicrograph showing deposits of immunoglobulin M cor-
responding to the large glomerular intracapillary deposits, with more 
finely granular subendothelial deposits outlining the glomerular capil-
lary walls. (×900.) 

Figure 33.41  Cryoglobulinemic glomerulonephritis. Electron micro-
graph  showing  organized  subendothelial  deposits  with  an  annular-
tubular  substructure.  These  curvilinear  tubular  structures  measure 
approximately 30 nm in diameter. (×30,000.) 
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Tubulointerstitial changes may include interstitial fibrosis, 
tubular atrophy, focal tubular basement membrane thicken-
ing, and interstitial foam cells. The glomerular and tubular 
lesions progress over time. A pattern of focal segmental and 
global glomerulosclerosis with hyalinosis is common in 
advanced cases, especially those with nephrotic-range pro-
teinuria. Tubulointerstitial lesions progress from focal to 
diffuse involvement.690,693

By immunofluorescence many specimens are nega-
tive,690,694 but some may have nonspecific granular deposits 
of C3 and IgM within the mesangium and vascular pole and 
along the glomerular capillary wall in a segmental or global 
distribution.673,680 The finding in rare cases of nonspecifi-
cally trapped electron-dense material with positivity for IgG 
and C1q within the lamellated GBMs and paramesangial 
regions may lead to an erroneous diagnosis of immune 
complex glomerulonephritis.695 With segmental sclerosis, 
subendothelial deposits of IgM, C3, properdin, and C4 are 
found.673,690 The GBM of males with Alport’s syndrome fre-
quently lacks reactivity with sera from patients with anti-
GBM antibody disease, or with monoclonal antibodies 
directed against the Goodpasture epitope.696,697 This abnor-
mality can help in diagnosing equivocal cases where the 
electron microscopic findings are not specific.698

In the mature kidney, collagen IV is composed of hetero-
trimers made up of six possible α-chains. Chains composed 
of α1, α1, and α2 are distributed in all renal basement 
membranes. Collagen IV chains composed of α3, α4, and 
α5 are present in mature GBM and some distal thin base-
ment membrane. Chains of α5, α5, and α6 are distributed 
in Bowman’s capsule and collecting duct thin basement 
membrane, as well as in epidermal basement membrane. 
Commercially available antisera to the subunits of collagen 
IV reveal preservation of the α1- and α2-subunits but loss of 
immunoreactivity for the α3-, α4-, and α5-subunits from the 
GBM of affected males with X-linked disease. In addition, 
there is loss of α5 staining from Bowman’s capsule, distal 
tubular basement membranes, and skin in affected males 
with X-linked disease. Females are chimeras with segmental 
loss of α5 in glomerular and epidermal basement mem-
branes due to random inactivation of the mutated X chro-
mosome in podocytes and basal keratinocytes. Patients with 
autosomal recessive forms of Alport’s disease typically lack 
the α3-, α4- and α5-subunits in GBM but retain α5 immuno-
reactivity in Bowman’s capsule, collecting ducts, and skin 
(where α5 forms a heterotrimer with α6). Thus, absence of 
α5 staining in skin biopsies is highly specific for the diagnosis 
of X-linked Alport’s syndrome.699

On electron microscopy the earliest change in young 
males is thinning of the GBM (which is not specific for 
hereditary nephritis and can occur in thin basement mem-
brane disease).The cardinal ultrastructural abnormality is 
the variable thickening, thinning, basket weaving, and lam-
ellation of the GBM (Figure 33.42). These abnormalities 
may also be seen in some patients without a family history 
of nephritis700; these patients may be offspring of asymptom-
atic carriers or may represent new mutations. The endothe-
lial cells are intact, and foot process effacement may be seen 
overlying the altered capillary walls. The mesangium may be 
normal in early cases, but with time, matrix and cells increase 
and mesangial interposition into the capillary wall may be 
observed.673,694 In males, the number of glomeruli showing 

by respiratory infections or exercise. There may be flank 
pain or abdominal discomfort accompanying these epi-
sodes. Proteinuria is usually mild at first and increases pro-
gressively with age. Nephrotic syndrome has also been 
described.676 Hypertension is a late manifestation. Slowly 
progressive renal failure is common in males. ESKD usually 
occurs in males between the ages of 16 and 35. In some 
kindred, the course may be more delayed, with renal failure 
occurring between 45 and 65 years of age. In most females, 
the disease is mild and only partially expressed; however, 
some females have experienced renal failure.677 In the Euro-
pean Community Alport Syndrome Concerted Action 
(ECASCA) cohort, hematuria was observed in 95% of 
female carriers and consistently absent in the other 5%. 
Proteinuria, hearing loss, and ocular defects developed in 
75%, 28%, and 15%, respectively.678 This variability in 
disease severity in females can be explained by the degree 
of random inactivation of the mutated versus wild type X 
chromosome during lyonization.

High-frequency sensorineural deafness occurs in 30% to 
50% of patients. Hearing impairment is always accompanied 
by renal involvement. The severity of hearing loss is variable, 
and there is no relation between the severity of hearing loss 
and of the renal disease. Based on brainstem auditory 
evoked responses, the site of the aural lesion is in the 
cochlea.679,680 Families with hereditary nephritis but without 
sensorineural hearing loss have been described.680,681

Ocular abnormalities occur in 15% to 30% of patients.682 
Anterior lenticonus, which is the protrusion of the central 
portion of the lens into the anterior capsule, is virtually 
pathognomonic of Alport’s syndrome. Other ocular abnor-
malities include keratoconus, spherophakia, myopia, retinal 
flecks, cataracts, retinitis pigmentosa, and amaurosis.673,674,683 
Aortic disease, including dissections, aneurysms, dilation, 
and aortic insufficiency, may be an unusual feature in some 
patients.684

Other variants of presumed Alport’s syndrome, now 
known to be distinct entities with different genetic bases, 
include the association of hereditary nephritis with throm-
bocytopathia (megathrombocytopenia; so-called Epstein’s 
syndrome),685,686 diffuse leiomyomatosis,687 ichthyosis and 
hyperprolinuria,688 and Fechtner’s syndrome (nephritis, 
macrothrombocytopenia, Döhle-like leukocyte inclusions, 
deafness, and cataract).689

PATHOLOGY

The light microscopic appearance of biopsies is nonspecific. 
The diagnosis rests on the electron microscopy findings.  
By light microscopy most biopsies have glomerular and 
tubulointerstitial lesions. In the early stages (<5 years 
of age), the kidney biopsy may be normal or nearly normal. 
The only abnormality may be the presence of superficially 
located fetal glomeruli involving 5% to 30% of the glom-
eruli or interstitial foam cells.690,691 In the older child 
(5 to 10 years of age), mesangial and glomerular capillary 
wall lesions may be visible. These consist of segmental to 
diffuse mesangial cell proliferation, matrix increase, and 
thickening of the glomerular capillary wall.692 Special stains 
such as Jones’ methenamine silver or periodic acid–Schiff 
may reveal thickening and lamellation of the GBM. Segmen-
tally or globally sclerosed glomeruli may be present. 
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features. Thick, thin, normal, and nonspecific changes have 
also been described.

PATHOGENESIS AND GENETICS

There are three genetic forms of hereditary nephritis (Table 
33.2). In the majority of cases, the disease is transmitted via 
an X-linked inheritance (i.e., father-to-son transmission 
does not occur), and women tend to be carriers because of 
lyonization. Autosomal dominant and recessive inheritance 
have also been described, as has sporadic occurrence.673,703,704 
The frequency of the Alport gene has been estimated to be 
1 : 5000 in Utah705 and 1 : 10,000 in the United States.706

Hereditary nephritis is caused by defects in type IV colla-
gen. Six genes for type IV collagen have been characterized. 
Mutations in the COL4A5 gene (encoding the α5-subunit of 
collagen type IV) on the X chromosome are responsible for 
the more frequent X-linked form of hereditary nephritis.707 
The identified mutations include deletions, insertions, sub-
stitutions, and duplications.707-711 However, there are other 
abnormalities that are not encoded by the COL4A5 gene. 
Other type IV collagen peptides are abnormally distributed. 
The α1 and α2 peptides, which are normally confined to the 
mesangial and subendothelial regions of the mature glom-
erulus, become distributed throughout the full thickness of 
the GBM in hereditary nephritis. With progressive glomeru-
lar obsolescence, these peptide chains disappear, with an 
increase in collagen types V and VI.712 Moreover, the base-
ment membranes of these patients do not react with anti-
GBM antibodies. This implies that the NC1 domain of the 
α3-subunit of type IV collagen is not incorporated normally 
into the GBM, probably because the α5-subunit is required 
for normal assembly of the minor α-chains of collagen type 
IV into heterotrimers.713 Cationic antigenic components are 
also absent.714 The reason why these GBM abnormalities 
occur is not known but may be due to alteration in the 

lamellation increases from about 30% by age 10 to more 
than 90% by age 30. In females with mild disease, less than 
30% of the glomeruli may be affected.701 Some affected 
females have a predominantly thin basement membrane 
phenotype with only rare segmental areas of lamellation.

The specificity of the GBM findings has been ques-
tioned.702 Foci of lamina densa lamellation and splitting 
have been seen in 6% to 15% of unselected renal biopsies. 
These changes also may be seen focally in other glomeru-
lopathies. Thus clinical correlation and immunofluores-
cence examination are essential when the ultrastructural 
features suggest Alport’s syndrome. Although diffuse thick-
ening and splitting of the GBM strongly suggests Alport’s 
syndrome, not all Alport kindreds show these characteristic 

Figure 33.42  Alport’s  syndrome.  Electron  micrograph  showing  a 
thickened, lamellated glomerular basement membrane with the char-
acteristic “split and splintered” appearance. (×4000.) 

Table 33.2 Classification of Familial Hematurias

Locus
Progressive 
Nephropathy Deafness

Ocular 
Changes

GBM 
Changes

Hematologic 
Features

Type IV Collagen Disorders

Alport’s syndrome
X-linked COL4A5 + + + Thickening −
X-linked + diffuse
Leiomyomatosis COL4A5 + COL4A6 + + + Thickening −
Autosomal recessive COL4A3 or COL4A4 + + + Thickening −
Autosomal dominant COL4A3 or COL4A4 + + − Thickening −
Thin basement membrane 

nephropathy*
COL4A3 or COL4A4 − − − Thinning −

Noncollagen Disorders

Fechtner’s syndrome MYH9 + + + Thickening Thrombocytopenia
May-Hegglin  

anomaly
Epstein’s syndrome MYH9 + + + Thickening Thrombocytopenia

*Some families with thin basement membrane disease have mutations at loci other than the type IV collagen genes.
From Kasthan CE: Familial hematurias: what we know and what we don’t. Pediatr Nephrol 20:1027-1035, 2005.
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incorporation of other collagens into the GBM.715 Autosomal 
recessive and autosomal dominant hereditary nephritis have 
been shown to involve the α3- or α4-chain. The genes for these 
proteins are encoded on chromosome 2. An abnormality of 
any of these chains could impair the integrity of the basement 
membranes in the glomerulus and cochlea, leading to similar 
clinical findings.

According to “Expert Guidelines for the Management of 
Alport Syndrome and Thin Basement Membrane Nephrop-
athy,”716 the term Alport’s syndrome should be reserved for 
patients with the characteristic clinical features and a lamel-
lated GBM with an abnormal collagen IV composition, and 
in whom a COL4A5 mutation (X-linked disease) or two 
COL4A3 or two COL4A4 mutations in trans (autosomal 
recessive disease) are identified or expected. The term thin 
basement membrane nephropathy (TBMN) should be reserved 
for individuals with persistent isolated glomerular hematu-
ria who have a thinned GBM due to a heterozygous COL4A3 
or COL4A4 (but not COL4A5) mutation. This distinction is 
to ensure patients who have X-linked Alport’s syndrome are 
not falsely reassured by the usually benign prognosis seen 
in TBMN. In those patients with renal impairment together 
with a heterozygous COL4A3 or COL4A4 mutation, there is 
likely to be a coincidental renal disease, such as IgA glo-
merulonephritis, or autosomal recessive Alport’s syndrome, 
or a second, undetected COL4 mutation. The correct diag-
nosis may be adjudicated after discussions among the 
nephrologist, pathologist, clinical geneticist, ophthalmolo-
gist, and audiologist, and interpretation of the relevant test 
results.716 Genetic testing may be utilized when the diagnosis 
of Alport’s syndrome is suspected but cannot be confirmed 
with other techniques and when TBMN is suspected but 
X-linked Alport’s syndrome must be excluded. With current 
genetic techniques, the mutation detection rate is over 90% 
and more likely to be identified in individuals with early-
onset renal failure and extrarenal manifestations.716

Minor causes of familial hematuria (Fechtner’s syndrome 
and Epstein’s syndrome), along with two other genetic con-
ditions featuring macrothrombocytes (Sebastian’s syndrome 
and May-Hegglin anomaly), result from heterozygous muta-
tions in the gene MYH9, which encodes nonmuscle myosin 
heavy-chain II isoform A (NMMHC-IIA).717

COURSE AND TREATMENT

Recurrent hematuria and proteinuria may be present for 
many years, followed by the insidious onset of renal failure. 
Virtually all affected males reach ESKD, but there is consid-
erable interkindred variability in the rate of progression. 
The rate of progression within male members of an affected 
family is usually but not always relatively constant.673,718,719 
The presence of gross hematuria in childhood, nephrotic 
syndrome, sensorineural deafness, anterior lenticonus, and 
diffuse GBM thickening are indicative of an unfavorable 
outcome in females.677 In the ECASCA, a 90% probability 
rate of progression to end-stage renal failure by age 30 years 
in patients with large deletions, nonsense mutations, or 
frameshift mutations was noted. The same risk was of 50% 
and 70%, respectively, in patients with missense or splice  
site mutations. The risk of developing hearing loss before  
30 years of age was approximately 60% in patients with mis-
sense mutations, compared to 90% for the other types of 

mutations.720 Female carriers with the COL4A5 mutation 
generally have less severe disease. In the ECASCA cohort 
described earlier, the probability of developing ESKD before 
the age of 40 years was 12% in females versus 90% in males. 
The risk of progression to ESKD appears to increase after the 
age of 60 years in women. Risk factors for renal failure in 
women included the development and progressive increase 
in proteinuria and the occurrence of a hearing defect.678

There is no proven therapy for Alport’s syndrome. 
Proteinuria-reduction strategies, such as aggressive control 
of hypertension and use of ACEIs, might slow the rate of 
progression in patients with hereditary nephritis.721-723 The 
addition of an aldosterone antagonist may further reduce 
proteinuria.724 A small number of patients showed apparent 
stabilization when treated long term with cyclosporine725; 
however, calcineurin inhibitor toxicity can occur with long-
term use.726

Renal replacement therapy (either dialysis or transplanta-
tion) may be performed in patients with hereditary nephri-
tis. Allograft and patient survival rates were comparable to 
survival rates in the United Network for Organ Sharing 
(UNOS) database.727 In approximately 2% to 4% of male 
patients receiving a renal transplant, anti-GBM antibody 
disease may develop.728 These antibodies are directed against 
the α-5 noncollagenous (NC1) subunit of the intact α345 
hexamer of collagen IV.729 This antigen, which presumably 
does not exist in the native kidney of patients with heredi-
tary nephritis, is present in normal donor kidneys and is 
thus recognized as foreign.730,731 A profile of these patients 
has been compiled.698 The patients are usually male, always 
deaf, and likely to have reached ESKD before the age of 30. 
There is a suggestion that certain mutations in the COL4A5 
gene, such as deletions (which account for 11% to 12% of 
Alport’s cases), may predispose patients to the development 
of allograft anti-GBM nephritis.731 In 75% of cases, the onset 
of anti-GBM nephritis occurs within the first year after trans-
plantation, and 76% of the allografts were lost.

THIN BASEMENT  
MEMBRANE NEPHROPATHY

TBMN (also known as benign familial hematuria and thin 
GBM nephropathy) describes a condition that differs from 
Alport’s disease in its generally benign course and lack of 
progression. The typical finding on renal pathology is 
diffuse thinning of the GBM. However, thin GBM may be 
found in other conditions as well (including early Alport’s 
disease and IgA nephropathy).732 The true incidence of 
TBMN is unknown but is estimated to affect at least 1% of 
the population; reports evaluating patients with isolated 
hematuria suggest that 20% to 25% of such patients have 
TBMN.733-735

CLINICAL FEATURES

Patients usually present in childhood with microhematuria. 
Hematuria is usually persistent but may be intermittent in 
some patients. Episodic gross hematuria may occur, particu-
larly with upper respiratory infections.736,737 Patients do not 
typically have overt proteinuria, but when present, this may 
suggest progression of disease.733,738
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parent was an asymptomatic carrier.735,736,745 There appears 
to be a reduction or loss of the subepithelial portion of the 
basement membrane, which apparently contains normal 
relative amounts of type IV collagen.746 The degree of GBM 
thinning does not appear to affect the clinical presentation 
or outcome.747

DIFFERENTIAL DIAGNOSIS OF  
FAMILIAL HEMATURIAS

Type IV collagen defects can cause both TBMN and  
Alport’s syndrome. Patients with TBMN can be considered 
carriers of autosomal recessive Alport’s syndrome.748,749 
With advances in molecular biology and immunopathology, 
hereditary forms of hematuria have been better character-
ized. Table 33.2 shows a summary of the clinical, pathologic, 
and genetic features of the various forms of hereditary 
nephritis.750

Since GBM thinning may be seen in early cases of Alport’s 
syndrome, immunohistochemical analysis of α3, α4, and α5-
subunits should be undertaken (since genetic tests are not 
always practical). Table 33.3 shows the typical immunostain-
ing patterns in the kidney and skin basement membranes.

NAIL-PATELLA SYNDROME (HEREDITARY 
OSTEO-ONYCHODYSPLASIA)

Nail-patella syndrome (NPS) is an autosomal dominant con-
dition affecting tissues of both ectodermal and mesodermal 
origin, manifested as symmetric nail, skeletal, ocular, and 
renal anomalies.

CLINICAL FEATURES

The classical tetrad of anomalies of the nails, elbows, knees, 
and iliac horns was described by Mino and coworkers in 
1948.751 Nail dysplasia and patellar aplasia or hypoplasia are 
essential features for the diagnosis of NPS. The presence of 
triangular nail lunulae is a pathognomonic sign for NPS. 
Other skeletal abnormalities include dysplasia of the elbow 
joints, posterior iliac horns, and foot deformities. Various 
ocular anomalies have sporadically been found in NPS 
patients, including microcornea, sclerocornea, congenital 
cataract, iris processes, pigmentation of the inner margin of 
the iris, and congenital glaucoma.752

Renal involvement is variable, being present in up to 38% 
of patients. Renal manifestations first appear in children 
and young adults and may include proteinuria, hematuria, 

PATHOLOGY

Renal biopsies typically show no histologic abnormalities 
with the exception of focal erythrocyte casts. By immuno-
fluorescence, no glomerular deposits of immunoglobulins 
or complement are found. By electron microscopy, there is 
diffuse and relatively uniform thinning of the GBM (Figure 
33.43). The normal thickness of the GBM is age and gender 
dependent. Vogler739 has defined normal ranges for chil-
dren: birth, 169 ± 30 nm; 2 years of age, 245 ± 49 nm; 11 
years, 285 ± 39 nm. Steffes740 has defined normal ranges for 
adults: males, 373 ± 42; females, 326 ± 45 nm. Each labora-
tory should attempt to establish its own normals for GBM 
thickness. A cutoff value of 250 nm has been reported by 
some authors,741-743 whereas other groups have used a cutoff 
of 330 nm.738 There is often accentuation of the lamina rara 
interna and externa. Focal GBM gaps may be identified 
ultrastructurally. Immunostaining for the α-subunits of col-
lagen IV reveals a normal distribution in the GBM.

PATHOGENESIS

About 40% of TBMN disease has been linked to mutations 
of the COL4A3 and COL4A4 genes.744 In most kindreds with 
TBMN, the disorder appears to be transmitted in an auto-
somal dominant pattern. In a few families with several 
affected children and apparently unaffected parents, the 
findings suggest a recessive mode of inheritance or that one 

Figure 33.43  Thin  basement  membrane  disease.  By  electron 
microscopy, the glomerular basement membranes are diffusely and 
uniformly thinned, measuring less than 200 nm in thickness. (×2500.) 

Table 33.3 Immunostaining Patterns for α5-Subunit of Type IV Collagen in Kidney and Epidermal 
Basement Membranes

Glomerular Basement 
Membrane Bowman’s Capsule

Epidermal Basement 
Membrane

Normal Present/normal Present/normal Present/normal
X-linked Alport’s syndrome males Absent Absent Absent
X-linked Alport’s syndrome female carriers Present segmentally/mosaic Present segmentally/mosaic Present focally/mosaic
Autosomal recessive Alport’s syndrome Absent Present/normal Present/normal
Thin basement membrane disease Present/normal Present/normal Present/normal
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hypertension, or edema. Nephrotic syndrome and progres-
sive renal failure may occasionally occur. The course is gen-
erally benign with renal failure being a late feature.753,754 
Congenital malformations of the urinary tract and nephro-
lithiasis are also more frequent in these patients. Cases with 
renal lesions typical of NPS but without skeletal abnormali-
ties have been reported.755

PATHOLOGY

The findings on light microscopy are nonspecific and 
include focal and segmental glomerular sclerosis, segmental 
thickening of the glomerular capillary wall, and mild mesan-
gial hypercellularity.756 Immunofluorescence microscopy 
is nonspecific, and IgM and C3 have been observed in  
sclerosed segments. Ultrastructural studies show a thick-
ened basement membrane that contains irregular lucencies, 
imparting a “moth-eaten” appearance (Figure 33.44A). 
The presence of intramembranous fibrils with the periodic-
ity of collagen is revealed by phosphotungstic acid stains in 
electron microscopic sections, corresponding to the distri-
bution of the intramembranous lucencies (see Figure 
33.44B). These must be distinguished from the occasional 
collagen fibrils that can accumulate nonspecifically in the 
sclerotic mesangium in a variety of sclerosing glomerular 
conditions.756

PATHOGENESIS

The genetic locus for this syndrome is on chromosome 9 
and results from mutations in the LIM homeodomain 
protein LMX1B gene, which is transmitted in an autosomal 
dominant pattern. Lmx1b plays a central role in dorsoven-
tral patterning of the vertebrate limb.757,758 The mechanism 
of disease-causing mutations is not fully elucidated, but hap-
loinsufficiency may be associated with expression of podo-
cyte structural proteins such as CD2AP.755

TREATMENT

There is no specific treatment for this condition; occa-
sional patients with renal failure have been successfully 
transplanted.759

Figure 33.44  Nail-patella syndrome. A, Routine electron micrograph showing  thickening of a glomerular basement membrane  (GBM) with 
focal  irregular  internal  lucencies.  (×15,000.)  B,  Phosphotungstic  acid–stained  electron  micrograph  demonstrating  the  characteristic  banded 
collagen fibrils within the rarefied segments of GBM. (×15,000.) 

A B

FABRY’S DISEASE (ANGIOKERATOMA 
CORPORIS DIFFUSUM UNIVERSALE)

Fabry’s disease760 is an X-linked inborn error of glyco-
sphingolipid metabolism involving a lysosomal enzyme, 
α-galactosidase A (also known as ceramide trihexosidase). 
The enzyme deficiency leads to the accumulation of globo-
triaosylceramide (ceramide trihexoside) and related neutral 
glycosphingolipids, leading to multisystem involvement and 
dysfunction. Clinical guidelines for the diagnosis and treat-
ment of Fabry’s disease have been published.761

CLINICAL FEATURES

Fabry’s disease has been reported in all ethnic groups, and 
the estimated incidence in males is 1 in 40,000 to 1 in 
60,000. In male hemizygotes, the initial clinical presentation 
usually begins in childhood with episodic pain in the 
extremities and acroparesthesias. Renal involvement is 
common in male hemizygotes and is occasional in female 
heterozygotes. The disease presents with hematuria and 
proteinuria, which often progresses to nephrotic levels. In 
men, progressive renal failure generally develops by the fifth 
decade. Data from the Fabry Registry suggest that protein-
uria is a strong determinant of renal outcome.762 In the 
United States, Fabry’s disease accounts for 0.02% of patients 
who began renal replacement therapy.763

The skin is commonly involved with reddish-purple 
macules (angiokeratomas) typically found “below the belt” 
on the abdomen, buttocks, hips, genitalia, and upper thighs. 
Other findings include palmar erythema, conjunctival and 
oral mucous membrane telangiectasia, and subungual splin-
ter hemorrhages. The nervous system is involved with 
peripheral and autonomic neuropathy. Premature arterial 
disease of coronary vessels leads to myocardial ischemia and 
arrhythmias at a young age. Similarly, cerebrovascular 
involvement leads to early onset of strokes. In the heart, 
valvular disease and hypertrophic cardiomyopathy have also 
been reported. Corneal opacities are seen in virtually all 
hemizygotes and most heterozygotes. Posterior capsular 
cataracts, edema of retina and eyelids, and tortuous retinal 
and conjunctival vessels also may occur. Generalized 
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on immunofluorescence microscopy are usually negative 
except in areas of segmental sclerosis, where IgM and com-
plement may be demonstrated. Orange autofluorescence 
corresponding to the lipid inclusions may be found in podo-
cytes and other renal cells.

PATHOGENESIS

The mutations in the GLA gene generally are “private,” with 
specific molecular defects that vary from family to family, 
and include rearrangements, deletions, and point muta-
tions.769 Deficiency of the enzyme leads to accumulation of 
globotriaosylceramide especially in the vascular endothe-
lium, with subsequent ischemic organ dysfunction. Patients 
with blood groups B and AB have earlier and more severe 
symptoms, likely related to accumulation of the terminal 
α-galactose substance during the synthesis of the B antigen 
on red blood cell membranes.770 Globotriaosylceramide 
accumulation in podocytes may lead to proteinuria and 
renal dysfunction, but functional abnormalities are not 
always noted, especially in female heterozygotes. A gene-
knockout mouse model of Fabry’s disease has been pro-
duced, which shows the characteristic changes.771

DIAGNOSIS

The diagnosis in affected males can be established by mea-
suring levels of α-galactosidase A in plasma or peripheral 
blood leukocytes followed by mutation analysis when posi-
tive. Hemizygotes have almost no measurable enzyme activ-
ity. Female carriers may have enzyme levels in the low to 
normal range; to diagnose female carriers, the specific 
mutation in the family must be demonstrated.716 The mea-
surement of urinary ceramide digalactoside and trihexoside 
levels may also be of use to identify the carrier state. Prenatal 
diagnosis can be made by measuring amniocyte enzyme 
levels in amniotic fluid. Screening of dialysis and renal trans-
plant patients with undiagnosed renal failure, patients with 
hypertrophic cardiomyopathy, and patients with strokes has 
yielded the diagnosis of Fabry’s disease in 1% to 5%.772

lymphadenopathy, hepatosplenomegaly, aseptic necrosis of 
the femoral and humeral heads, myopathy, hypoalbumin-
emia, and hypogammaglobulinemia have been reported.

In carrier females, clinical manifestations may range from 
asymptomatic to severe disease similar to male hemizygotes. 
Up to one third of female carriers have been reported to 
have significant disease manifestations.764

PATHOLOGY

Glycosphingolipid accumulation begins early in life,765 and 
the major renal site of accumulation is the podocyte (vis-
ceral epithelial cells). By light microscopy, these cells are 
enlarged with numerous clear, uniform vacuoles in the cyto-
plasm causing a foamy appearance (Figure 33.45). These 
vacuoles can be shown to contain lipids when fat stains 
(such as Oil Red O) are used or when viewed under the 
polarizing microscope, where they exhibit a double refrac-
tile appearance before being processed with lipid solvents. 
All renal cells may accumulate the lipid. These include (in 
addition to podocytes) parietal epithelial cells, glomerular 
endothelial cells, mesangial cells, interstitial capillary endo-
thelial cells, distal convoluted tubular cells, and to a lesser 
extent, cells of the loops of Henle and proximal tubular 
cells. Indeed, vascular endothelial cells are involved in virtu-
ally every organ and tissue.766 In the kidney, the myocytes 
and endothelial cells of arteries also are commonly involved. 
In heterozygotes, similar changes are present but with  
less severity.767 Characteristic findings are noted on 
electron microscopy (Figure 33.46). The major finding  
is large numbers of “myelin figures” or “zebra bodies”  
within the cytoplasm of the podocytes and, to a variable 
extent, in other renal cell types. These intracytoplasmic 
vacuoles consist of single membrane-bound dense bodies 
with a concentric whorled or multilamellar appearance. 
Glomerular podocytes exhibit variable foot process efface-
ment. The GBMs are initially normal, but with progression 
of disease, there may be thickening and collapse of the 
GBM, focal and segmental glomerular sclerosis, with accom-
panying tubular atrophy and interstitial fibrosis.768 Findings 

Figure 33.45  Fabry’s  disease.  By  light  microscopy,  the  visceral 
epithelial  cells  (podocytes)  are  markedly  enlarged  with  foamy-
appearing cytoplasm. (Trichrome stain, ×800.) 

Figure 33.46  Fabry’s disease. Electron micrograph showing abun-
dant whorled myelin figures within the cytoplasm of the podocytes. 
A few similar inclusions are also identified within the glomerular endo-
thelial cells. (×2000.) 
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cell hemoglobin (HbSS) disease, sickle–hemoglobin C 
(HbSC) disease, and sickle cell thalessemia.784

CLINICAL FEATURES

In one study, the prevalence of proteinuria (>1+ on a dip-
stick) in HbSS disease was 26%.784 The majority of protein-
uric patients had less than 3 g/day and elevated serum 
creatinine levels were present in 7% of patients. In another 
study, 4.2% with HbSS disease and 2.4% with HbSC disease 
developed renal failure. The median age of disease onset 
for these patients was 23.1 and 49.9 years, respectively. Sur-
vival time for patients with HbSS anemia after the diagnosis 
of renal failure, despite dialysis, was 4 years, and the median 
age at the time of death was 27 years. The risk for renal 
failure was increased in patients with the Central African 
Republic β S–gene cluster haplotype, hypertension, protein-
uria, and severe anemia.785 The course of HbSS renal disease 
is progressive; in one series, 18% of patients with HbSS 
disease progressed to ESKD.786

PATHOLOGY

Early glomerular lesions in patients with HbSS include 
enlarged glomeruli and dilated and congested capillaries 
containing sickled erythrocytes (some of these patients may 
have nephrotic proteinuria).787 Heterogeneous patterns of 
glomerular injury have been reported. A membranoprolif-
erative pattern exhibits mesangial proliferation with mild to 
moderate capillary wall thickening due to GBM reduplica-
tion and mesangial interposition (Figure 33.47). Some of 
these patients also exhibit features of chronic thrombotic 
microangiopathy, with narrow double contours of the GBM 
and mesangiolysis. A pattern of membranous glomerulone-
phritis has also been described. On immunofluorescence 
microscopy, irregular granular deposits of IgG and C3 have 
been reported in those cases with membranous features and 
in a subgroup of cases with membranoproliferative pattern 
on light microscopy.787,788 Ultrastructural studies show gran-
ular dense deposits in the mesangial and subepithelial area. 
More commonly, those cases with membranoproliferative 

TREATMENT

Two forms of recombinant α-galactosidase A are available: 
agalsidase alfa (Replagal; Shire Human Genetic Therapies, 
Boston, MA) and agalsidase beta (Fabrazyme; Genzyme, 
Cambridge, MA). Agalsidase alfa is produced in a continu-
ous human cell line and is administered as an intravenous 
infusion over 40 minutes at a dose of 0.2 mg/kg body weight 
every 2 weeks. Agalsidase beta is produced in Chinese 
hamster ovary (CHO) cells and is given as an intravenous 
infusion over a 4-hour period at a dose of 1.0 mg/kg body 
weight every 2 weeks.761 Two pivotal randomized controlled 
trials have shown that recombinant human α-galactosidase 
A enzyme replacement therapy (ERT) is safe and can 
improve clinical parameters. In one short-term study, 
α-galactosidase A treatment was associated with improved 
neuropathic pain, decreased mesangial widening, and 
improved creatinine clearance.773 In the second study, 
repeat renal biopsies showed decreased microvascular endo-
thelial deposits of globotriaosylceramide.766,774 However, a 
systematic review that included five trials and 187 patients 
did not provide robust evidence for the use of replacement 
therapy.775 From a renal standpoint, open-label extension 
studies showed that renal function remained stable in the 
long term in most patients with normal renal function at 
baseline.776,777 However, patients with impaired baseline 
renal function may show continued decline despite ERT.777 
Since there is a paucity of data showing hard outcomes 
(ESKD, doubling of creatinine, death), the recommenda-
tion is to start ERT only in patients with CKD stages 1 and 
2 and only in the context of a clinical trial (interventional 
or observational).761 Dose reduction of ERT or a switch from 
agalsidase beta to agalsidase alfa (which occurred during a 
shortage of agalsidase beta) has been associated with wors-
ening albuminuria, decline in eGFR (in the switch group), 
and worsening pain scores (in the dose reduction group).778 
The experience with ERT in female carriers is limited. Clini-
cal recommendations for the treatment of Fabry’s disease 
have been published.761

The ERA–EDTA Registry in Europe reported that patient 
survival on dialysis was 41% at 5 years; cardiovascular com-
plications (48%) and cachexia (17%) were the main causes 
of death. Graft survival at 3 years in 33 patients was not 
inferior to that of other nephropathies (72% vs. 69%), and 
patient survival after transplantation was comparable to that 
of patients younger than 55 years of age.779 In the U.S. popu-
lation, survival of patients with Fabry’s disease was lower 
than nondiabetic renal failure patients.763 Long-term 
allograft function in patients with Fabry’s disease has been 
reported. Glycosphingolipid deposits recur in allografts but 
have not been reported to cause graft failure.780

SICKLE CELL NEPHROPATHY

Renal disease associated with sickle cell disease includes 
gross hematuria, papillary necrosis, nephrotic syndrome, 
renal infarction, inability to concentrate urine, renal medul-
lary carcinoma, and pyelonephritis.781,782 Microscopic or 
gross hematuria is likely the result of microinfarcts in the 
renal medulla.783 Glomerular lesions, however, are less com-
monly encountered and may be seen in patients with sickle 

Figure 33.47  Sickle cell disease. An example of sickle cell glomeru-
lopathy with membranoproliferative features. There are double con-
tours  of  the  glomerular  basement  membrane  associated  with 
segmental mesangiolysis. (Jones’ methenamine silver stain, ×500.) 
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observed in 51% of HbSS patients correlated positively with 
lower hemoglobin levels and reticulocyte counts, implying 
that the hemolysis-related vasculopathy may be contribut-
ing.797 A role for reactive oxygen species as mediator 
of chronic vascular endothelial injury has also been 
proposed.798

Recently, polymorphisms in the MYH9 and APOL1 genes 
have been associated with risk for proteinuria in patients 
with HbSS disease. GFR was negatively correlated with pro-
teinuria (P < 0.0001) and was significantly predicted by an 
interaction between MYH9 and APOL1 in a multivariable 
model.799

TREATMENT

The treatment of renal disease has generally been unsatis-
factory. Treatment of patients with sickle cell nephropathy 
with ACEIs reduces the degree of proteinuria.784,800 However, 
their effectiveness in preserving renal function remains to 
be established.801 Hematopoietic stem cell transplantation 
in selected patients with sickle cell disease was found to be 
effective in preventing renal function decline compared to 
nontransplanted patients.802

HbSS nephropathy accounts for 0.1% of ESKD patients 
in the United States, with a higher mortality compared to 
other causes of ESKD (including diabetes).803 Renal trans-
plantation has been performed in HbSS patients. One-year 
graft survival in HbSS patients was similar to other trans-
planted patients; however, long-term renal outcome was 
worse, as was short- and long-term mortality.804 Transplanted 
HbSS patients commonly experience sickle crises.805,806 
Recurrent sickle cell nephropathy has been reported in the 
transplanted kidney.794,807 Patient survival has improved 
compared to previously, with survival rates comparable to 
diabetic recipients.808

LIPODYSTROPHY

Lipodystrophies are rare diseases associated with insulin 
resistance in which there is loss of fat, which may be local-
ized to the upper part of the body in partial lipodystrophy 
(PLD) or more diffuse in generalized lipodystrophy 
(GLD).809,810

A majority of patients with GLD (both genetic and 
acquired) are proteinuric and have an elevated GFR (reflect-
ing hyperfiltration). Renal biopsy showed FSGS as the most 
common finding, followed by MPGN type I and only rarely 
diabetic nephropathy.811

PLD is commonly associated with dense deposit disease. 
PLD most often presents in girls between ages 5 and 15 
years. In addition to the loss of fat, the lipodystrophies  
are associated with a wide variety of metabolic and  
systemic abnormalities. Hyperinsulinism, insulin resistance, 
and diabetes are common. Other metabolic abnormalities 
include hyperlipidemia, hyperproteinemia, and euthyroid 
hypermetabolism. Clinical findings may include tall  
stature, muscular hypertrophy, hirsutism, macroglossia, 
abdominal distension, subcutaneous nodules, acanthosis 
nigricans, hepatomegaly, cirrhosis, clitoral or penile enlarge-
ment, febrile adenopathy, cerebral atrophy, cerebral  
ventricular dilation, hemiplegia, mental retardation, and 

features have no detectable deposits but exhibit subendo-
thelial accumulation of electron lucent “fluff” resembling 
the changes in chronic thrombotic microangiopathies. Mild 
mesangial proliferation and peripheral mesangial interposi-
tion are frequently seen. Sickled erythrocytes containing 
paracrystalline inclusions may be identified within glomeru-
lar capillaries.788-792

In the second form of sickle glomerulopathy, FSGS occurs 
in association with glomerulomegaly (Figure 33.48). Two 
patterns of FSGS may be observed: a “collapsing” pattern 
and an “expansive” pattern.781,784,793-795 Using the modern 
classification of FSGS, collapsing, perihilar, tip, and not oth-
erwise specified (NOS) variants have been reported.787 On 
immunofluorescence, nonspecific IgM and C3 are seen in 
sclerosed segments. In all these forms, there may be promi-
nent intracapillary erythrocyte sickling and congestion.

PATHOGENESIS

The mechanism(s) for glomerular abnormalities in HbSS 
patients is not fully understood. One theory proposes that 
mesangial cells are activated by the presence of fragmented 
red blood cells in glomerular capillaries. Activated mesan-
gial cells promote synthesis of matrix proteins and migrate 
into the peripheral capillary wall, leading to GBM reduplica-
tion.796 In another study, renal tubular epithelial antigens 
and complement components were detected in a granular 
pattern along the GBM, leading the authors to hypothesize 
that glomerulonephritis was mediated by glomerular depo-
sition of immune complexes containing renal tubular epi-
thelial antigen and specific antibody to renal tubular 
epithelial antigen (the antigen possibly released after 
tubular damage secondary to decreased oxygenation and 
hemodynamic alterations related to HbSS disease).788

In patients with the FSGS pattern, it is proposed that 
there is an initial but progressive obliteration of the glo-
merular capillary bed by red blood cell sickling that cannot 
be compensated by further glomerular hypertrophy. Hemo-
dynamic glomerular injury ensues from the sustained or 
increasing hyperfiltration in a diminishing capillary bed, 
manifesting morphologically as the expansive pattern of 
sclerosis.784,793 According to one report, the hyperfiltration 

Figure 33.48  Sickle cell disease. An example with focal segmental 
glomerulosclerosis. The nonsclerotic glomerular capillaries are con-
gested with sickled erythrocytes. (Hematoxylin and eosin stain, ×500.) 
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PATHOLOGY

Abnormalities are found mainly in the glomeruli, but arter-
ies and arterioles may also be affected.822,823,827,828 By light 
microscopy (Figure 33.49), the glomerular capillary walls 
are thickened and there is mesangial expansion. Basement 
membranes are irregular and often appear to contain vacu-
oles, resembling stage 3 membranous alterations. Double 
contouring of capillary walls is occasionally present. Similar 
vacuoles in the mesangium impart a honeycomb appear-
ance. There is no associated glomerular hypercellularity, 
with the exception of occasional endocapillary foam cells. 
By immunofluorescence microscopy, there is typically nega-
tive staining for all immunoglobulin and complement com-
ponents. On electron microscopy (Figure 33.50), the 
vacuolated areas seen by light microscopy correspond to 
extracellular irregular lucent zones (lacunae) in the mesan-
gial matrix and GBM containing lipid inclusions. These 
inclusions consist of rounded, small, structures, either solid 

cardiomegaly.809,810 Renal disease occurs in 20% to 50% of 
patients with PLD,809,810 and PLD occurs in 10% of patients 
with dense deposit disease.812,813 Patients usually have asymp-
tomatic proteinuria and microhematuria, but some may 
develop nephrotic syndrome.814,815 Diminished C3 levels in 
association with the C3 nephritic factor (C3NeF) is the most 
prominent serologic abnormality. The course of glomerular 
disease is fairly rapid progression to ESKD, and the progno-
sis of PLD is determined mainly by renal disease.810

In GLD, nephrotic syndrome, nonnephrotic proteinuria, 
and hypertension have been reported.809 A total of 88% 
of these patients had albumin excretion greater than 
30 mg/24 hr, 60% had macroalbuminuria (>300 mg/24 hr), 
and 20% had nephrotic-range proteinuria greater than 
3500 mg/24 hr.816

The pathogenesis of PLD and GLD is poorly understood. 
Acquired forms of lipodystrophy are believed to be autoim-
mune disorders. Most patients with PLD possess an IgG 
autoantibody, C3 nephritic factor (C3NeF), which binds  
to and stabilizes the alternate pathway convertase C3 
convertase–C3bBb. In the presence of C3NeF, C3bBb 
becomes resistant to its regulatory proteins, factors H and 
I. Although the majority of patients with partial dystrophy 
have low serum C3, not all patients will exhibit nephritis.817 
There is no effective therapy for PLD, and although renal 
transplantation is the treatment of choice when ESKD 
ensues, recurrence in transplants has been reported.810,818,819 
In GLD, leptin therapy has been associated with improve-
ment of renal parameters.820 A single GLD patient has 
undergone renal transplantation.821

LECITHIN-CHOLESTEROL 
ACYLTRANSFERASE DEFICIENCY

Gjone and Norum reported a familial disorder charac-
terized by proteinuria, anemia, hyperlipidemia, and  
corneal opacity.822,823 Most of the initial patients were of 
Scandinavian origin; subsequently lecithin-cholesterol acyl-
transferase (LCAT) deficiency was reported from other 
countries.824,825

CLINICAL FEATURES

The triad of anemia, nephrotic syndrome, and corneal 
opacities suggests this disorder. Renal disease is a universal 
finding with albuminuria noted early in life. Proteinuria 
increases in severity during the fourth and fifth decades, 
often with development of nephrotic syndrome. The latter 
is accompanied by hypertension and progressive renal 
failure. Most patients are mildly anemic with target cells and 
poikilocytes on the peripheral smear. There is evidence of 
low-grade hemolysis. During childhood, corneal opacities 
appear as grayish spots over the cornea, accompanied by a 
lipoid arcus. Visual acuity is unimpaired. Fish eye disease 
results from a partial deficiency of LCAT and presents with 
corneal disease and without renal manifestations. Patients 
have reduced plasma high-density lipoprotein cholesterol 
concentrations (usually <0.3 mmol/L; 11.6 mg/dL) and 
plasma levels of apo A-I below 50 mg/dL. Premature ath-
erosclerosis is unusual in complete LCAT deficiency but 
may occur from unknown reasons in fish eye disease.826

Figure 33.49  Lecithin-cholesterol  acyltransferase  deficiency.  The 
glomerular basement membranes and mesangium have a vacuolated 
appearance,  resembling  stage  3  membranous  glomerulopathy. 
(Jones’ methenamine silver stain, ×800.) 

Figure 33.50  Lecithin-cholesterol acyltransferase deficiency. Elec-
tron  micrograph  showing  intramembranous  lacunae  with  rounded 
structures  containing  an  electron-dense  membranous  core  and  
electron-lucent periphery. (×5000.) 
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opposed to apo E-III).837,839-843 Other genetic variants, such 
as apo E (Las Vegas), have been reported in Caucasians of 
European descent in the United States.844 Furthermore, 
LPG-like deposits were detected in apo E–deficient mice 
transfected with apo E (Sendai), one of the apo E variants 
associated with LPG.

There is no uniformly effective therapy for LPG; however, 
intensive lipid-lowering therapy has been reported to be 
effective in one patient with LPG.845 Recurrence of lesions 
of LPG have occurred in renal allografts.846,847

GLOMERULAR INVOLVEMENT WITH 
BACTERIAL INFECTIONS

INFECTIOUS ENDOCARDITIS

The natural history of endocarditis-associated glomerulone-
phritis has changed significantly in parallel with the chang-
ing epidemiology of infectious endocarditis and the advent 
of antibiotics.848 In the pre-antibiotic era, Streptococcus viri-
dans was the commonest organism and glomerulonephritis 
occurred in 50% to 80% of endocarditis cases.849 During 
that era, glomerulonephritis was less common in association 
with acute endocarditis.850,851 With the use of prophylactic 
antibiotics in patients with valvular heart disease, and an 
increase in intravenous drug use, Staphylococcus aureus has 
replaced S. viridans as the primary pathogen. Glomerulone-
phritis in these patients with acute infectious endocarditis 
occurs as commonly as in subacute endocarditis.849,852-854 The 
incidence of glomerulonephritis with endocarditis with  
S. aureus ranges from 22% to 78%,852,855 being higher in 
those series consisting predominantly of intravenous drug 
users.855,856

CLINICAL FEATURES
Renal complications of infectious endocarditis include 
infarcts, abscesses, and glomerulonephritis (all of which 
may coexist). In focal glomerulonephritis, mild asymptom-
atic urinary abnormalities, including hematuria, pyuria, and 
albuminuria, may be noted. Infrequently, with severe focal 
glomerulonephritis, renal insufficiency or uremia may be 
present. Renal dysfunction, microhematuria or gross hema-
turia, and nephrotic-range proteinuria may be present with 
diffuse glomerulonephritis.849,852,857 Rapidly progressive 
renal failure with crescents has been reported.849,858 Rarely, 
patients may present with vasculitic features (including 
purpura).859 Although hypocomplementemia is frequent, it 
is neither invariable (occurring in 60% to 90% of patients 
with glomerulonephritis) nor specific for renal involve-
ment.854,855 The majority of patients demonstrate activation 
of the classical pathway.855,860 Alternate pathway activation 
has been described in some cases of S. aureus endocarditis.855 
The degree of complement activation correlates with the 
severity of renal impairment,855 and the complement levels 
normalize with successful therapy of the infection. Circulat-
ing immune complexes have been found in the serum in 
up to 90% of patients.860,861 Mixed cryoglobulins and rheu-
matoid factor may also be present in the serum of 
patients.854,862 ANCA positivity has been occasionally reported 
in biopsy-proven immune complex glomerulonephritis asso-
ciated with infectious endocarditis, some of which have 

or with a lamellar substructure containing electron-lucent 
and electron-dense zones.

PATHOGENESIS

The disorder is inherited in an autosomal recessive pattern. 
Patients have little or no LCAT activity in their blood circula-
tion because of mutations in the LCAT gene.829,830 LCAT is 
an enzyme that circulates in the blood primarily bound to 
high-density lipoprotein and catalyzes the formation of cho-
lesteryl esters via the hydrolysis and transfer of the sn-2 fatty 
acid from phosphatidylcholine to the 3-hydroxyl group of 
cholesterol. Thus patients with LCAT deficiency have high 
levels of phosphatidylcholine and unesterified cholesterol, 
with corresponding low levels of lysophosphatidylcholine 
and cholesteryl ester in the blood. An abnormal lipoprotein, 
lipoprotein-X (Lp-X) is present in patients’ plasma. Lp-X is 
thought to arise from the surface of chylomicron remnants 
that are not further metabolized due to the absence of active 
LCAT. Accumulation of lipid component occurs in both 
intra- and extracellular sites. Lipid accumulation in the 
GBM results in proteinuria. Endothelial damage and result-
ing vascular insufficiency may contribute to renal insuffi-
ciency. It has been proposed that Lp-X stimulates mesangial 
cells, leading to the production of MCP-1 (monocyte che-
moattractant protein-1), promoting monocyte infiltration, 
foam cell formation, and progressive glomerulosclerosis in 
a manner similar to atherosclerosis.831 Rarely, acquired auto-
immune LCAT deficiency may occur, with renal biopsy find-
ings similar to familial LCAT deficiency with coexisting 
lesion of membranous nephropathy.832

DIAGNOSIS

In patients suspected of having LCAT deficiency, measure-
ments of plasma enzyme should be performed. The enzyme 
levels and activity vary among kindreds833; thus, enzyme 
measurements should include activity as well as mass.

TREATMENT

Neither a low-lipid diet nor lipid-lowering drugs have shown 
to be of benefit.827 Plasma infusions may provide reversal of 
erythrocytic abnormalities, but long-term benefits have yet 
to be demonstrated.834 The lesions may recur in the allograft, 
but renal function is adequately preserved.835

LIPOPROTEIN GLOMERULOPATHY

Lipoprotein glomerulopathy (LPG) is characterized by dys-
betalipoproteinemia and lipid deposition in the kidney, 
leading to glomerulosclerosis and renal failure. The major-
ity of patients have been from Japan.836,837

The histologic hallmark of LPG is the presence of lami-
nated thrombi consisting of lipids within the lumina of 
dilated glomerular capillaries. The pathogenesis of LPG is 
unknown, but the presence of thrombi consisting of lipo-
proteins suggests a primary abnormality in lipid metabo-
lism.838 Indeed type III hyperlipidemia (elevated LDL and 
high apo E levels) have been reported in Japanese patients, 
associated with apo E variants (commonly apo E-II as 
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factor, cryoimmunoglobulins, elevated sedimentation rate 
and CRP levels, hypocomplementemia, and presence of cir-
culating immune complexes.877,878 Shunt nephritis usually 
presents within a few months of shunt placement, but 
delayed manifestations as late as 17 years have been 
reported.879 By light microscopy, glomeruli exhibit mesan-
gial proliferation or membranoproliferative pattern of  
glomerulonephritis. Immunofluorescence reveals diffuse 
granular deposits of IgG, IgM, and C3. IgM is often the 
predominant Ig deposited in shunt nephritis. Electron-
dense mesangial and subendothelial deposits are found by 
electron microscopy.875,880 Antibiotic therapy and prompt 
removal of the infected catheter usually lead to remission 
of the glomerulonephritis.881 However, cases progressing to 
chronic renal failure have been reported.882 Rarely, patients 
have elevated PR3-specific ANCA titers, which also improved 
after removal of the infected shunt, with or without cortico-
steroid therapy.883

VISCERAL INFECTION

Visceral infections in the form of abdominal, pulmonary, 
and retroperitoneal abscesses are known to be associated 
with glomerulonephritis.884 The clinical and pathologic fea-
tures of the syndrome resemble those of infective endocar-
ditis. Beaufils and colleagues reported on 11 patients who 
had visceral abscesses and in whom acute renal failure devel-
oped. Circulating cryoglobulins, decreased serum comple-
ment levels, and circulating immune complexes were found 
in some of these patients. All renal biopsies showed a diffuse 
proliferative and crescentic glomerulonephritis. The evolu-
tion of the glomerulonephritis, documented by serial biop-
sies, closely paralleled the course of the infection. A complete 
recovery of renal function occurred in those cases in which 
a rapid and complete cure of the infection was obtained. 
For those patients in whom the infection was not cured or 
in whom therapy was delayed, chronic renal failure also 
developed.885 Outcome is worse in older patients and in 
diabetics.848

OTHER BACTERIAL INFECTIONS AND  
FUNGAL INFECTIONS

Congenital, secondary, and latent forms of syphilis rarely 
may be complicated by glomerular involvement. Patients 
are typically nephrotic, and proteinuria usually responds to 
penicillin therapy.886-890 Membranous nephropathy with 
varying degrees of proliferation and with granular IgG and 
C3 deposits is the commonest finding on biopsies. Trepone-
mal antigen and antibody have been eluted from deposits. 
Rarely minimal change lesions891 and crescentic glomerulo-
nephritis892 or amyloidosis may be seen.

Bartonella henselae is the organism responsible for bartonel-
losis (cat scratch disease), which typically manifests as a skin 
papule followed by regional lymphadenopathy. Rarely, endo-
carditis, central nervous system involvement (encephalopa-
thy), generalized skin rash, and the Parinaud oculoglandular 
syndrome (fever, regional lymphadenopathy, and follicular 
conjunctivitis) may occur. Renal manifestations are rare and 
can include IgA nephropathy,893 postinfectious glomerulone-
phritis with IgM dominance,867,894 or necrotizing glomerulo-
nephritis.895 In general, spontaneous recovery may occur 

necrotizing and crescentic features.863 Anti-GBM antibody 
in eluates from diseased glomeruli has been reported 
rarely.864

PATHOLOGY
On light microscopy, focal and segmental endocapillary pro-
liferative glomerulonephritis with focal crescents is the most 
typical finding. Necrotizing lesions may be present. Some 
patients may exhibit a more diffuse endocapillary prolifera-
tive and exudative glomerulonephritis with or without cres-
cents.849,850,852,865,866 Immunofluorescence reveals granular 
capillary and mesangial deposits of IgG and C3, C3 alone, 
or varying combinations of IgM, IgG, and C3.849,852,865 The 
finding of predominant IgM staining may be associated with 
Bartonella endocarditis.867 Electron microscopy shows 
electron-dense deposits in mesangial, subendothelial, and 
occasionally subepithelial locations, with varying degrees of 
mesangial and endocapillary proliferation.849,852,865,868 Rarely, 
patients with endocarditis may be ANCA positive with renal 
biopsy showing concomitant necrotizing lesions and prolif-
erative lesions with relatively scant immune complex 
deposition.869

PATHOGENESIS
The diffuse deposition of immunoglobulin, the depression 
of complement, and electron-dense deposits supports an 
immune complex mechanism for the production of this 
form of glomerulonephritis. The demonstration of specific 
antibody in kidney eluates and the detection of bacterial 
antigen in the deposits further support this view. Both S. 
aureus870 and hemolytic Streptococcus871 antigens have been 
identified.

TREATMENT
With the initiation of antibiotic therapy, the manifestations 
of glomerulonephritis begin to subside. Rarely, microhema-
turia and proteinuria may persist for years.849 Plasmapher-
esis and corticosteroids have been reported to promote 
renal recovery in some patients with renal failure.858,872 
However, this approach should be taken cautiously because 
of the risk of promoting infectious aspects of the disease 
while ameliorating the immunologic manifestations. Immu-
nosuppression has also been used to treat patients with 
concomitant ANCA and immune complex–associated 
glomerulonephritis.869

SHUNT NEPHRITIS

Ventriculovascular (ventriculoatrial, ventriculojugular) 
shunts (which are rarely used nowadays) for the treatment 
of hydrocephalus were colonized commonly with micro-
organisms, particularly Staphylococcus albus (75%).873 Less 
often, other bacteria (e.g., Propionibacterium acnes) have 
been implicated.874,875 Ventriculoperitoneal shunts are more 
resistant to infection. However, glomerulonephritis has 
been reported with these shunts as well.876

Patients commonly present with fever. Anemia, hepato-
splenomegaly, purpura, arthralgias, and lymphadenopathy 
are found on examination. Renal manifestations include 
hematuria (microscopic or gross), proteinuria (nephrotic 
syndrome in 30% of patients), azotemia, and hypertension. 
Laboratory abnormalities include presence of rheumatoid 
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mesangial proliferation or membranoproliferative lesions.927 
Severe malaria may be manifest with hemoglobinuric acute 
renal failure.928 In initial reports, quartan malaria was 
strongly associated with nephrotic syndrome in infected 
children. There was progression to end-stage renal failure 
within 3 to 5 years with no improvement following antima-
larial treatment or steroids.929 Renal biopsies in Ugandan 
adults and children with quartan malaria showed some form 
of proliferative glomerulonephritis (diffuse, focal, lobular, 
or minimal). Membranous nephropathy had also been 
described in these patients.930 However, in Nigerian chil-
dren, the most common lesion was a localized or diffuse 
thickening of glomerular capillary walls with focal or gener-
alized double-contouring and segmental glomerular sclero-
sis.931 Immunofluorescence examination revealed deposits 
of IgG, IgM, C3, and P. malariae antigen in the glomeruli. 
By electron microscopy, electron-dense material was 
observed within the irregularly thickened GBM.932 Of note, 
a recent report from endemic areas in Nigeria has not 
found any cases of childhood nephrotic syndrome associ-
ated with quartan malaria.933 The propensity of malaria to 
cause glomerular disease may be related to impaired clear-
ance of immune complexes owing to reduced expression of 
complement receptor 1 (CR1) on monocytes/macrophages 
by the parasite. CR1 binds complement-bound immune 
complexes, which is critical to their clearance from the 
circulation.934

SCHISTOSOMIASIS

Schistosomiasis is a visceral parasitic disease caused by the 
blood flukes of the genus Schistosoma. Schistosoma mansoni 
and Schistosoma japonicum cause cirrhosis of the liver and 
Schistosoma hematobium causes cystitis. Glomerular involve-
ment in S. mansoni includes mesangial proliferation, focal 
sclerosis, membranoproliferative lesions, crescentic changes, 
membranous nephropathy, amyloidosis, and eventually end-
stage kidney disease.935-937 Schistosomal antigens have been 
demonstrated in renal biopsies in such patients.938 Treat-
ment with antiparasitic agents does not appear to influence 
progression of renal disease.939 S. hematobium is occasionally 
associated with nephrotic syndrome, which may respond to 
treatment of the parasite.935 In some patients with schistoso-
miasis, renal involvement may be related to concomitant 
Salmonella infection.940

LEISHMANIASIS, TRYPANOSOMIASIS,  
AND FILARIASIS

Leishmaniasis, also known as kala-azar, is caused by Leishma-
nia donovani. Renal involvement in kala-azar appears to be 
mild and reverts with anti-leishmanial treatment. Renal 
biopsies show glomerular mesangial proliferation or focal 
endocapillary proliferation. IgG, IgM, and C3 may be 
observed in areas of proliferation. Amyloidosis may also 
complicate kala-azar.941,942 In trypanosomiasis, Trypanosoma 
brucei, Trypanosoma gambiense, and Trypanosoma rhodesiense 
cause African sleeping sickness and have rarely been associ-
ated with proteinuria.943 Filariasis is caused by organisms in 
the genera Onchocerca, Brugia, Loa, and Wuchereria. Hematu-
ria and proteinuria (including nephrotic syndrome) have 
been described. Renal manifestations may appear with 

with control of infection; however, end-stage renal failure has 
been reported with aggressive renal disease.895

Renal involvement, including azotemia, proteinuria, 
nephrotic syndrome, renal tubular defects, and hematuria, 
is not uncommon in leprosy, especially with the lepra 
reaction.896-901 Rarely, patients present with RPGN902 or 
ESKD.903 Mesangial proliferation, diffuse proliferative glo-
merulonephritis, crescentic glomerulonephritis, membra-
nous nephropathy, MPGN, microscopic angiitis, and 
amyloidosis may all be seen in kidney biopsies. Organisms 
consistent with Mycobacterium leprae have been found in 
glomeruli.

Aspergillosis has been associated with immune complex–
mediated glomerulonephritis.904 Membranous nephropa-
thy, MPGN, crescentic glomerulonephritis, and amyloidosis 
have been associated with Mycobacterium tuberculosis.905,906-908 
Mycoplasma has been reported to be associated with 
nephrotic syndrome and RPGN. Antibiotics do not seem to 
alter the course of the disease. Mycoplasmal antigen has 
been reported to be present in the glomerular lesions.909-913 
Acute glomerulonephritis with hypocomplementemia has 
been reported with pneumococcal infections. Proliferative 
glomerulonephritis with deposition of IgG, IgM, comple-
ments C1q, C3, and C4, and pneumococcal antigens have 
been observed in renal biopsies.914,915 Nocardiosis has been 
associated with mesangiocapillary glomerulonephritis.916 In 
infections with Brucella, patients may present with hematu-
ria, proteinuria (usually nephrotic), and varying degrees of 
renal functional impairment. There usually is improvement 
after antibiotics, but histologic abnormalities, proteinuria, 
and hypertension may persist. Glomerular mesangial prolif-
eration, focal and segmental endocapillary proliferation, 
diffuse proliferation, and crescents may be found in renal 
biopsies. Immunofluorescence may show no deposits, IgG, 
or occasionally IgA.917-921 Asymptomatic urinary abnormali-
ties may be seen in up to 80% of patients infected with 
Leptospira. Patients usually present with acute renal failure 
due to tubulointerstitial nephritis. Rarely, mesangial or 
diffuse proliferative glomerulonephritis may be seen.922,923 
From 1% to 4% of patients with typhoid fever secondary to 
Salmonella experience glomerulonephritis. Asymptomatic 
urinary abnormalities may be more frequent. Renal mani-
festations are usually transient, resolving within 2 to 3 weeks. 
Serum C3 may be depressed. Mesangial proliferation with 
deposits of IgG, C3, and C4 is the commonest finding. IgA 
nephropathy has also been reported.924-926

GLOMERULAR INVOLVEMENT WITH 
PARASITIC DISEASES

MALARIA

Four strains of malaria parasite cause human disease: Plas-
modium vivax, Plasmodium falciparum, Plasmodium malariae 
(causing quartan malaria), and Plasmodium ovale. Of these, 
renal involvement has been extensively documented and 
studied in P. malariae and P. falciparum. In P. falciparum 
malaria, clinically overt glomerular disease is uncommon. 
Asymptomatic urinary abnormalities may occur with 
subnephrotic-range proteinuria and hematuria or pyuria. 
Renal function is usually normal. Renal biopsies show 
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each year.966 A variety of glomerular lesions—and in particu-
lar, a unique form of glomerular damage, HIV-associated 
nephropathy (HIVAN)—are associated with HIV-infected 
patients.967,968 Following the introduction of combination 
antiretroviral therapy (cART) in 1996, patients with acquired 
immunodeficiency syndrome (AIDS) are living longer with 
a concomitant change in the epidemiology of renal dis-
eases.969 The incidence of ESKD from HIVAN appears to 
have plateaued at 800 to 900 new cases each year, with an 
accompanying rise in prevalence on account of patients 
surviving longer because of cART.672 Corresponding to this 
observation, the histologic diagnosis of HIVAN decreased 
from 80% to 20% from 1997 to 2004 in HIV-infected 
patients. However, in resource-poor countries, HIVAN 
remains a common cause of ESKD.969

HIV-ASSOCIATED NEPHROPATHY

CLINICAL FEATURES
In 1984, the first detailed account of a new pattern of  
sclerosing glomerulopathy in HIV-infected patients was 
reported.970 Subsequent studies largely from large urban 
centers confirmed the occurrence and described the fea-
tures of HIVAN.970-980 In these largely urban East Coast 
centers, the prevalence of HIVAN approached 90% in 
nephrotic HIV-positive patients in contrast to a prevalence 
of only 2% in San Francisco where most seropositive patients 
were white homosexuals.981-983

There is a strong predilection for HIVAN among black 
HIV-infected patients. The black-to-white ratio among 
patients with HIVAN is 12 : 1.984 HIVAN is the third leading 
cause of ESKD among black Americans aged 20 to 64, fol-
lowing diabetes and hypertension.977,985 Racial factors may 
influence rates of mutations in HIV receptors, which may 
in part explain some differences in the racial predisposition 
to HIV infection and HIVAN.986-988 Mapping by admixture 
linkage disequilibrium has linked HIVAN and sporadic 
FSGS to variants in the MHY9 gene and in a subsequent 
study showed a stronger association to the closely linked 
APOL1 gene on chromosome 22, thereby explaining most 
of the strong black racial predominance in these 
conditions.989,990

Although intravenous drug use has been the most 
common risk factor for HIVAN, the disease has been seen 
in all groups at risk for AIDS, including homosexuals, peri-
natally acquired disease, heterosexual transmission, and 
exposure to contaminated blood products.967 HIVAN usually 
occurs in patients with a low CD4 count, but full-blown AIDS 
is certainly not a prerequisite for the disease. In one New 
York study, the onset of HIVAN was most common in other-
wise asymptomatic HIV-infected patients (i.e., 12 of 26 were 
asymptomatic patients).970,974 There is no relationship 
between the development of HIVAN and patient age and 
duration of HIV infection or types of opportunistic infec-
tions or malignancies.967 The prevalence of HIVAN in 
patients who test positive for HIV is reported to be 3.5% in 
patients screened in the clinic setting991; the same investiga-
tive group reported that HIVAN was found in 6.9% of autop-
sies in HIV-infected patients.992

The clinical features of HIVAN include presenting fea-
tures of proteinuria (typically in the nephrotic range and 
often massive) and renal insufficiency. Other manifestations 

treatment of infection. Renal biopsy findings have included 
mesangial proliferative glomerulonephritis with C3 deposi-
tion, diffuse proliferative glomerulonephritis, and collaps-
ing glomerulopathy with loiasis.944-949 In patients with 
lymphatic filariasis of the renal hilus, chyluria (the passage 
of milky white urine containing lymphatic fluid) may mimic 
nephrotic syndrome by producing nephrotic-range protein-
uria but is distinguished by the absence of hypoalbumin-
emia or glomerular disease on biopsy.950

OTHER PARASITIC DISEASES

Trichinosis, caused by Trichinella spiralis, may be associated 
with proteinuria and hematuria, which abated after specific 
treatment. Renal biopsies in patients with loiasis have shown 
mesangial proliferative glomerulonephritis with C3 deposi-
tion.951,952 Echinococcus granulosus and Echinococcus multilocu-
laris cause hydatid disease, or echinococcosis, in humans. 
Mesangiocapillary glomerulonephritis and membranous 
nephropathy have occasionally been associated with hepatic 
hydatid cysts.953,954 Toxoplasmosis may be associated with 
nephrotic syndrome in infants and, rarely, in adults. Mesan-
gial and endothelial proliferation may be found, with depo-
sition of IgG, IgA, IgM, C3, and fibrinogen in areas of 
proliferation.955-957

GLOMERULAR INVOLVEMENT WITH 
VIRAL INFECTIONS

Viruses have been postulated to cause glomerular injury by 
various mechanisms, including direct cytopathic effects, the 
deposition of immune complexes, or by initiation of autoim-
mune mechanisms.

In a study of previously healthy people with nonstrepto-
coccal upper respiratory infections, 4% had erythrocyte 
casts and glomerulonephritis on biopsy. A reduction in 
serum complement and serologic evidence of infection with 
adenovirus, influenza A, or influenza B were observed in 
some. Initial renal biopsy showed either focal or diffuse 
mesangial proliferation in all nine specimens, with mesan-
gial C3 deposits in six specimens. Sequential creatinine 
clearances were reduced in about half these patients during 
follow-up.958

Nephrotic syndrome has been described with Epstein-
Barr virus (EBV) infections.959 Renal biopsies in patients 
with urinary abnormalities have shown immune complex–
mediated glomerulonephritis with tubulointerstitial nephri-
tis,960 minimal glomerular lesions with IgM deposition,961 
membranous nephropathy,962 and widespread glomerular 
mesangiolysis sometimes admixed with segmental mesan-
gial sclerosis.963 In addition, the presence of EBV DNA in 
the glomerulus is thought to worsen glomerular damage in 
chronic glomerulopathies.964 Other viruses have rarely been 
associated with glomerulonephritis, including herpes zoster, 
mumps, adenovirus, echovirus, coxsackievirus, and influ-
enza A and B.965

HIV-RELATED GLOMERULOPATHIES

An estimated 35.3 million people are living with HIV world-
wide, with more than 2 million new infections appearing 
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numerous tubuloreticular inclusions within the glomerular 
and vascular endothelial cells (Figure 33.54).967,968,972,995 
These 24-nm interanastomosing tubular structures are 
found within the dilated cisternae of the endoplasmic retic-
ulum. Of note, patients who develop HIVAN while receiving 
cART usually lack collapsing features but display classic 
FSGS lesions on biopsy.998

PATHOGENESIS
Experimental evidence strongly supports a role for direct 
HIV-1 infection of renal parenchymal cells. By in situ hybrid-
ization, HIV-1 RNA was detected in renal tubular epithelial 
cells, glomerular epithelial cells (visceral and parietal), and 
interstitial leukocytes.999 Renal epithelial cells may be an 
important reservoir for HIV because HIV RNA was found 
in the kidney of patients with undetectable viral loads in 
peripheral blood.999 Moreover, HIV-infected tubular epithe-
lium can support viral replication, as evidenced by the 

of nephrotic syndrome, including edema, hypoalbumin-
emia, and hypercholesterolemia, have been common in 
some series but less so in others despite the heavy protein-
uria.967,970,973,974,978,980,993 Likewise, the incidence of hyperten-
sion has been variable even in patients with severe renal 
failure. Some patients, however, present with subnephrotic-
range proteinuria and urinary sediment findings of micro-
hematuria and sterile pyuria.994 The renal sonograms in 
HIVAN show echogenic kidneys with preserved or enlarged 
size with an average of larger than 12 cm in spite of the 
severe renal insufficiency.974,978 Echogenicity may correlate 
with the histopathologic tubulointerstitial changes better 
than the glomerular changes.978

PATHOLOGY
The term HIVAN is reserved for the characteristic light 
microscopy pattern of FSGS of the “collapsing” type with 
retraction of the glomerular capillary walls and luminal 
occlusion either in a segmental or global distribution968,972,995 
(Figure 33.51). There is striking hypertrophy and hyperpla-
sia of the visceral epithelial cells, which form a cellular 
crown over the collapsed glomerular lobules (Figure 33.52). 
In one study analyzing the expression pattern of podocyte 
differentiation and proliferation markers, there was disap-
pearance of all podocyte differentiation markers from  
collapsed glomeruli, associated with cell proliferation, sug-
gesting that the podocyte phenotype is dysregulated.996 Sub-
sequent studies have emphasized the proliferation of 
parietal epithelial cells to replace lost podocytes.997 Patients 
with HIVAN have a higher percentage of glomerular col-
lapse, less hyalinosis, and greater visceral cell swelling than 
patients with classic idiopathic FSGS or heroin nephropathy 
even when matched for serum creatinine and degree of 
proteinuria.972 The tubulointerstitial disease is also more 
severe in HIVAN, including tubular degenerative and regen-
erative features, interstitial edema, fibrosis, and inflamma-
tion.968,972 Tubules are often greatly dilated into microcysts 
containing proteinaceous casts (see Figure 33.51). By immu-
nofluorescence, IgM and C3 are present; however, by elec-
tron microscopy, immune deposits are not detected (Figure 
33.53). In almost all biopsies of untreated HIVAN, there are 

Figure 33.51  HIV-associated  nephropathy.  Glomeruli  have  col-
lapsed tufts with capping of the overlying podocytes and dilation of 
the urinary space. The  tubules are dilated,  forming microcysts with 
abundant proteinaceous casts. (Periodic acid–Schiff stain, ×125.) 

Figure 33.52  HIV-associated  nephropathy.  The  characteristic 
pattern  of  collapsing  glomerular  sclerosis  is  depicted.  Glomerular 
capillary lumens are occluded by wrinkling and retraction of the glo-
merular  capillary  walls  associated  with  marked  hypertrophy  and 
hyperplasia of the visceral epithelial cells, forming a pseudocrescent. 
(Periodic acid–Schiff stain, ×325.) 

Figure 33.53  HIV-associated  nephropathy.  Electron  micrograph 
showing wrinkling of glomerular basement membranes with marked 
podocyte  hypertrophy,  complete  foot  process  effacement,  and 
numerous intracytoplasmic protein resorption droplets. (×2500.) 
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COURSE AND TREATMENT
The natural history of HIVAN during the early part of the 
AIDS epidemic was characterized by rapid progression to 
ESKD. Case series from the United States that were pub-
lished during the years that HIVAN was first described dem-
onstrated an almost universal requirement for dialysis within 
1 year of diagnosis.970 The role of combined antiviral thera-
pies and the use of newer agents in the treatment of HIVAN 
have been associated with beneficial effects.998,1013-1015 The 
development of HIVAN is now considered an indication for 
antiretroviral therapy. Corresponding to the introduction of 
highly active antiretroviral therapy (HAART), the rise in 
new cases of ESKD due to HIVAN slowed markedly.1016

There have been a few studies using corticosteroids in 
HIVAN. In an early study, prednisone was not associated 
with improvement in children with HIVAN.1017,1018 Remis-
sions in HIV-infected children with the minimal change 
pattern (seen on biopsy) who were treated with steroids 
have been noted but not in children with sclerosing or col-
lapsing lesions.967 In adults, however, several retrospective 
studies have shown short-term improvement in clinical 
parameters.1019-1021

Three pediatric patients with HIVAN on biopsy had sus-
tained remissions of nephrotic syndrome when treated with 
cyclosporine.1017 They eventually developed opportunistic 
infections, requiring the cyclosporine to be discontinued 
and subsequently experienced relapses of the nephrotic 
proteinuria and renal failure.

In isolated patients and in several small trials, use of 
ACEIs has been shown to decrease proteinuria in HIVAN 
and to slow the progression to renal failure.1022-1024 Serum 
angiotensin-converting enzyme levels are elevated in HIV 
patients, and ACEIs may prevent proteinuria and glomeru-
losclerosis by either hemodynamic mechanisms or through 
modulation of matrix production and mesangial cell prolif-
eration or even by affecting HIV protease activity.1022-1024 
Although some of these studies used control groups of 
untreated HIV patients of similar age, sex, race, and degree 
of renal insufficiency and proteinuria, the studies were not 
randomized, blinded trials. Nevertheless, in each study the 
ACEI-treated group had less proteinuria, less rise in serum 
creatinine, and less progression to ESKD.

At present the therapy of HIVAN should include use of 
multiple antiviral agents as in HIV-infected patients without 
nephropathy. Use of ACEIs or perhaps angiotensin II recep-
tor blockers, with careful attention to hyperkalemia and 
acute rises in the serum creatinine, may be beneficial. 
Several studies have documented favorable outcomes in 
HIVAN patients who received renal transplants.1025-1027 The 
current opinion is that renal transplantation is no longer a 
contraindication in HIV-positive patients who have unde-
tectable viral loads and a CD4 count greater than 200 
cells/µL for at least 6 months.1028

OTHER GLOMERULAR LESIONS IN PATIENTS 
WITH HIV INFECTION

In the pre-HAART era, HIVAN was the most common form 
of glomerulopathy found in HIV-infected patients, but other 
lesions had been reported as well. In one series of more 
than 100 biopsies for glomerular disease in HIV-positive 

Figure 33.54  HIV-associated  nephropathy.  Electron  micrograph 
showing  a  typical  tubuloreticular  inclusion  within  the  endoplasmic 
reticulum of a glomerular endothelial cell. (×6000.) 

detection of different HIV quasispecies in kidney epithelial 
cells compared to peripheral blood mononuclear cells of 
the same patient.1000

A replicative-deficient transgenic mouse model of HIVAN 
has been developed with lesions identical to HIV nephropa-
thy,1001-1003 suggesting that expression of viral gene products 
in renal epithelium underlies the development of 
nephropathy.

The lesions of collapsing glomerulopathy are associated 
with podocyte proliferation and dedifferentiation.996 The 
expression of two cyclin-dependent kinase inhibitors (which 
regulate cell cycle), p27 and p57, were decreased in podo-
cytes from HIVAN biopsies while expression of another 
inhibitor, p21, was increased.1004 The specific HIV gene(s) 
required to produce these changes have been investigated. 
The nef gene (which is thought to act by activation of tyro-
sine kinases) was found to be essential in producing HIV-
induced changes in podocyte cultures1005 and in one murine 
model of HIVAN.1006 There appears to be a synergistic 
role for nef and vpr on podocyte dysfunction and progressive 
glomerulosclerosis.1007 Vpr has a role in G2 cell cycle 
arrest and possibly the induction of apoptosis.1008 There are 
several other abnormalities seen in the podocyte that are 
associated with an immature phenotype and subsequent loss 
of podocyte function. Synthesis of retinoic acid (an impor-
tant differentiation factor) is impaired, associated with 
reduced expression of the enzyme retinol dehydrogenase 
9.1009 The expression of TERT, a telomerase protein, is 
increased in HIVAN podocytes. TERT increases upregula-
tion of the Wnt pathway, which also is associated with podo-
cyte dedifferentiation. Suppressing TERT or Wnt signaling 
led to amelioration of podocyte lesions.1010

The APOL1 gene, which encodes apolipoprotein L-1, in 
a recessive model, is associated with a 29-fold higher odds 
for HIVAN in black patients. The lifetime risk of developing 
HIVAN is 50% in untreated HIV-infected black patients with 
two APOL1 risk alleles.1011 Furthermore, the majority of 
patients with two APOL1 risk alleles had FSGS on kidney 
biopsies, whereas with one or no risk alleles, immune 
complex glomerulonephritis was more common.1012 The 
mechanism whereby APOL1 variants associate with HIVAN 
is currently unknown.
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adjunctive immunosuppression can lead to remission.1047 
ADAMTS13 may be decreased (as in idiopathic TTP) and 
may be associated with a better prognosis.1048 Other entities 
such as malignant hypertension, angioinvasive infections 
such as Kaposi’s sarcoma, and direct HIV-associated hemo-
lytic uremic syndrome need to be excluded.1049

GLOMERULAR MANIFESTATIONS  
OF LIVER DISEASE

HEPATITIS B

Hepatitis B antigenemia has been associated with glomeru-
lonephritis for more than 30 years. Hepatitis B has a world-
wide distribution. In countries where the virus is endemic 
(sub-Saharan Africa, Southeast Asia, and Eastern Europe), 
there is vertical transmission from mother to infant and 
horizontal transmission between siblings. Hepatitis B–
associated nephropathy occurs in these children with a 4 : 1 
male preponderance.1050-1052 In the United States and 
Western Europe, where hepatitis B is acquired by parenteral 
routes or sexually, the nephropathy affects mainly adults 
and has a different clinical course from the endemic 
form.1053-1055 However, hepatitis B–associated nephropathy is 
rare in hepatitis B carriers.1056 PAN has also been associated 
with hepatitis B.1057

CLINICAL FEATURES
Most patients present with proteinuria or nephrotic syn-
drome. In endemic areas, there may not be a preceding 
history of hepatitis. The majority of patients have normal 
renal function at time of presentation. There may be urinary 
erythrocytes, but the majority have a bland sediment. Liver 
disease may be absent (carrier state) or chronic, and clini-
cally mild. Serum aminotransferases may be normal or mod-
estly elevated (between 100 and 200 IU/L). Liver biopsies 
in these patients often show chronic active hepatitis. Some 
patients ultimately develop cirrhosis. There is often sponta-
neous resolution of the carrier state with resolution of renal 
abnormalities. Spontaneous resolution of HBV-associated 
nephropathy is particularly common in children from 
endemic areas. The probability of a spontaneous remission 
may be as high as 80% after 10 years.1058,1059

PATHOLOGY
Most cases of hepatitis B–associated nephropathy manifest 
membranous nephropathy, although mesangial prolifera-
tion and sclerosis have also been reported.1050,1051,1053-1055,1060,1061 
In a cohort of Chinese patients with membranous nephrop-
athy, HBV was found in 12%. There are fewer reports of 
MPGN with mesangial cell interposition, reduplication of 
the GBM, and subendothelial glomerular deposits.1053,1055,1060 
In a few series, cases of type III MPGN have been reported 
in which there are electron-dense subepithelial deposits in 
addition to the changes seen in type I MPGN.1055 Crescentic 
glomerulonephritis in association with membranous 
changes and primary crescentic glomerulonephritis have 
also been described.1062,1063

The glomerular lesions appear to be immune complex 
mediated. HBsAg, HBcAg, and HBeAg1064 have all been 
demonstrated in glomerular lesions, as has HBV DNA.1052,1065

patients, 73% were classic HIVAN, but other lesions included 
MPGN in 10%, minimal change disease in 6%, amyloid in 
3%, lupus-like nephritis in 3%, acute postinfectious glo-
merulonephritis in 2%, membranous nephropathy in 2%, 
and 1% each of focal and segmental necrotizing glomeru-
lonephritis, thrombotic microangiopathy, IgA nephropathy, 
and immunotactoid nephropathy.968 Collapsing FSGS is 
most common in urban centers with large black popula-
tions, while higher rates of immune complex glomerulone-
phritis are found in other cities and especially among 
European white populations.1029,1030 In a study from Paris, 
immune complex glomerulonephritis was found in more 
than 50% of the white HIV-seropositive patients but in only 
21% of the blacks.1029,1030 Likewise, in a study from northern 
Italy of 26 biopsies on HIV-infected patients, most cases were 
of immune complex glomerulonephritis but none of classic 
HIVAN.1031 In the present era with the availability of HAART, 
a renal biopsy in an HIV-positive patient with viral loads of 
less than 400 copies/mL is more likely to show hypertensive 
nephrosclerosis1032 or diabetic nephropathy.1033

IgA nephropathy has been reported in a number of inves-
tigative series of HIV-infected patients.1034-1038 This has 
occurred in both whites and blacks despite the rarity of 
typical IgA nephropathy in black populations. The clinical 
features usually include hematuria, proteinuria, and some 
renal insufficiency. Cases with leukocytoclastic angiitis of the 
skin (consistent with HSP) have also been noted. The histol-
ogy shows a variety of changes from mesangial proliferative 
glomerulonephritis to collapsing glomerulosclerosis with 
mesangial IgA deposits. IgA anti-HIV immune complexes 
have been eluted from the kidneys of several such patients, 
and several patients have had circulating immune com-
plexes containing IgA idiotypic antibodies directed against 
viral proteins, either anti-HIV p24 or HIV gp41.1037

MPGN may be the most common pattern of immune 
complex–mediated glomerulonephritis seen in HIV-infected 
patients. Two series document a high occurrence in intrave-
nous drug abusers coinfected with HIV and HCV.1039,1040 Most 
patients have had microscopic hematuria, nephrotic-range 
proteinuria, and renal insufficiency at biopsy. Cryoglobulins 
are commonly positive, as is hypocomplementemia, and 
some have had both HBV and HCV infection. The pathology 
of the glomerulopathy may be similar to idiopathic MPGN 
type I or type III although some patients also have segmental 
membranous or mesangioproliferative features.1041

A lupus-like immune complex glomerulonephritis has 
been reported in a number of patients.977,1042-1045 Most of 
these patients have had positive serology for SLE with posi-
tive ANA, anti-DNA, and low complement levels. This con-
trasts with a low incidence of ANA positivity and almost no 
anti-DNA positivity in the general HIV-infected popula-
tion.1046 These patients are generally treated with corticoste-
roids with or without mycophenolate and concomitant 
HAART therapy. The results have been variable.1045

An occasional association in both white and black HIV-
infected patients has been TTP. Most have been in an 
advanced stage of HIV infection and had renal involvement 
with hematuria, proteinuria, and variable renal insuffi-
ciency. Other typical findings of TTP, such as fever, neuro-
logic symptoms, thrombocytopenia, and microangiopathic 
hemolytic anemia, are often present. The initiation/
reinitiation of cART and plasma exchange with or without 
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tests, mixed cryoglobulinemia was considered an idiopathic 
disease (“essential” mixed cryoglobulinemia). Up to 95% of 
these patients show signs of HCV infection.1083 Few patients 
with thrombotic microangiopathy associated with cryoglob-
ulinemia have been described.1084 MPGN without associated 
cryoglobulinemia may occur but is much less common.1078

Rarely, membranous nephropathy may be associated with 
HCV infection. Patients present with nephrotic syndrome 
or proteinuria. Complement levels tend to be normal, and 
neither cryoglobulins nor rheumatoid factors are present in 
HCV-associated membranous nephropathy.1085 Now that 
staining for phospholipase A2 receptor (PLA2R), the major 
target antigen in primary membranous nephropathy, is 
being performed on renal biopsies, it has become evident 
that some HCV-infected patients with membranous 
nephropathy actually have a primary form.1086

Both type I MPGN (with and without cryoglobulinemia) 
and membranous nephropathy may recur in the allograft 
after renal transplantation, sometimes leading to graft 

TREATMENT
In children with the mild endemic form of hepatitis B–
associated nephropathy, no treatment other than supportive 
care is advocated. In patients with progressive renal dysfunc-
tion, interferon has been used with mixed results.1066-1069 
Steroids that do not significantly improve proteinuria may 
potentially enhance viral replication.1070,1071 Nucleoside 
analogs, including lamivudine, telbivudine, adefovir, ente-
cavir, or tenofovir, that suppress HBV replication by inhibit-
ing viral DNA polymerase have demonstrated clinical utility 
in treating hepatitis B infection; lamivudine was shown to 
reduce proteinuria and lead to a lesser incidence of ESKD 
in 10 patients with hepatitis B–associated nephropathy.1072 
Preemptive lamivudine therapy in renal transplant recipi-
ents has shown improved survival compared to historical 
controls.1073,1074 A recent meta-analysis confirmed that corti-
costeroids did not ameliorate proteinuria, but antiviral 
therapy was associated with HBeAg clearance and improve-
ment of proteinuria.1075 Current recommendations for HBV 
treatment discourage the use of lamivudine in view of a high 
rate of drug resistance; tenofovir, entecavir, and pegylated 
interferon alfa-2a are suggested.1076 However, there are no 
data on the response of hepatitis B–related glomerulone-
phritis to these newer regimens.

HEPATITIS C

Renal disease associated with HCV infection includes MPGN 
with or without associated mixed cryoglobulinemia and 
membranous glomerulopathy. The MPGN is most often 
type I, with fewer cases of type III.1077-1079 Rare cases of diffuse 
proliferative and exudative glomerulonephritis, polyarteri-
tis, and fibrillary and immunotactoid glomerulopathy have 
also been described in association with HCV.1080,1081 Most 
patients have evidence of liver disease as reflected by ele-
vated plasma transaminase levels. However, transaminase 
levels are normal in some cases and a history of acute hepa-
titis is often absent.

PATHOGENESIS
The pathogenesis of HCV-related nephropathies is immune 
complex mediated. A clonal expansion of B cells secreting 
IgM rheumatoid factors has been seen in patients with 
chronic HCV infection. HCV-specific proteins have been 
isolated from glomerular lesions.1082 The disappearance of 
viremia in response to interferon (see later) is associated 
with a diminution of proteinuria; a relapse of viremia is 
accompanied by rising proteinuria.

CLINICAL AND PATHOLOGIC FEATURES
Mixed cryoglobulinemia is associated with HCV and may 
cause systemic vasculitis; patients may exhibit constitutional 
systemic symptoms, palpable purpura, peripheral neuropa-
thy, and hypocomplementemia. The renal manifestations 
include hematuria, proteinuria (often in the nephrotic 
range), and renal insufficiency. The histologic findings 
resemble those in idiopathic MPGN type I or type III 
(Figures 33.55 and 33.56) except for intraluminal protein 
“thrombi” on light microscopy and the organized annular-
tubular substructure of the electron-dense deposits on elec-
tron microscopy. Prior to the advent of hepatitis C serologic 

Figure 33.55  Hepatitis  C–associated  membranoproliferative  glo-
merulonephritis type I. The mesangium is expanded by global mesan-
gial hypercellularity associated with numerous double contours of the 
glomerular basement membranes. (Periodic acid–Schiff stain, ×500.) 

Figure 33.56  Hepatitis  C–associated  membranoproliferative  glo-
merulonephritis (MPGN) type III. There are mixed features of MPGN 
type  I  (with  mesangial  proliferation  and  duplication  of  glomerular 
basement membrane [GBM]) and membranous glomerulopathy (with 
GBM spikes). (Jones’ methenamine silver stain, ×325.) 
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immune complexes containing U1RNP (ribonucleopro-
tein) and IgG have been reported. Eluates from the kidney 
tissue revealed higher concentrations of anti-U1RNP anti-
body. It is not known whether immunosuppressive therapy 
ameliorates the renal disorder.1112 It is unclear if coexistent 
HCV infection had been present in many of these patients.

LIVER CIRRHOSIS

Glomerulonephritis is a rare manifestation of liver cirrhosis. 
Glomerular morphologic abnormalities with IgA deposition 
have been noted in more than 50% of patients with cirrhosis 
at both necropsy and biopsy,1113,1114 although this has also 
been found in some autopsies of noncirrhotic kidneys.1115 
Clinically, there may be mild proteinuria and/or hematuria. 
There are two patterns on histology: a mesangial sclerosis 
(“cirrhotic glomerular sclerosis”) or MPGN. The latter  
may be associated with more severe renal symptoms and a 
depression of serum complement C3 levels.1116 Again, it is 
unclear if some patients had coexistent HCV infection. 
Rarely, HSP with RPGN has been described in association 
with cirrhosis.1117

Renal biopsies of patients with cirrhosis on light micros-
copy show an increase in mesangial matrix with little or no 
increase in mesangial cellularity, a lesion known as “hepatic 
glomerulopathy.” Less commonly, the distinctive pathologic 
findings consist of mesangial proliferative glomerulonephri-
tis with mesangial IgA deposits, usually accompanied by 
complement deposition and less intense IgG and/or 
IgM.1113,1118,1119 By electron microscopy, the mesangium and 
subendothelial regions contain lucencies with dense granu-
lar and rounded membranous structures consistent with 
lipid inclusions (Figure 33.57). Increased serum IgA levels 
are found in more than 90% of cirrhotic patients with glo-
merular IgA deposition. Other authors have reported IgM 
as the dominant immunoglobulin.1114 Cirrhotic glomerulo-
nephritis is usually a clinically silent disease; however, the 
diagnosis can be suspected by finding proteinuria or abnor-
malities of the urine sediment. Kidney biopsies in cirrhotic 

loss.1087-1090 Similar lesions have occurred in native kidneys 
after liver transplantation in HCV-positive patients.1091,1092

TREATMENT
The treatment of HCV-associated renal disease is limited to 
case reports and small randomized trials.1093 Although a 
number of early reports demonstrated a beneficial response 
to α-interferon therapy,1085,1094,1095 cessation of interferon 
therapy was associated with recurrence of viremia and cryo-
globulinemia in a majority of patients in these studies. Inter-
feron therapy may paradoxically exacerbate proteinuria and 
hematuria that appears to be unrelated to viral antigenic 
effects.1096 Currently combination therapy with ribavirin and 
pegylated interferon is considered to be standard therapy 
for HCV.1097 Combination therapy appeared to improve bio-
chemical parameters of renal dysfunction in 20 HCV-
glomerulonephritis patients, which was not accompanied by 
a significant virologic response.1098 Another report on 18 
patients showed sustained virologic responses in two thirds 
of patients, a finding that was associated with improvement 
in renal parameters.1099 Combination therapy (especially 
ribavirin) may not be well tolerated in the presence of sig-
nificant renal dysfunction.1100 Interferon alfa treatment of 
renal transplant patients with HCV has been associated with 
acute renal failure1101 and acute humoral rejection1102 and 
is not recommended. Recent groundbreaking trials using 
interferon-free oral direct antiviral regimens have shown 
dramatic sustained viral remission rates over the short 
term.1103

In patients with symptomatic cryoglobulinemia, immuno-
suppressive therapy may provide symptomatic relief prior to 
the use of antiviral therapy. Cyclophosphamide treatment 
has been used successfully in HCV-glomerulonephritis,1104 
even if interferon resistant.1105 Cyclophosphamide treat-
ment may be associated with a temporary, reversible increase 
in viral load and a change of quasispecies.1106 Fludarabine 
has been reported to decrease proteinuria in HCV-associated 
cryoglobulinemic MPGN.1107 Rituximab has been associated 
with remissions of proteinuria in HCV-glomerulonephri-
tis.1108-1110 In renal transplant patients with HCV-glomerulo-
nephritis, similar improvements in renal parameters have 
been reported, albeit with a higher incidence of infectious 
complications.1111 It has been suggested that in patients with 
moderate proteinuria and slowly progressive renal dysfunc-
tion, interferon with or without ribavirin should be consid-
ered. When there is an acute flare of disease with nephrotic 
proteinuria or RPGN, treatment with plasma exchange and 
immunosuppressive drugs (rituximab or cyclophospha-
mide, with corticosteroids) followed by antiviral therapy 
may be considered.1093

AUTOIMMUNE CHRONIC ACTIVE HEPATITIS

Autoimmune chronic hepatitis is a distinctive progressive 
necrotic and fibrotic disorder of the liver with clinical and/
or serologic evidence of a generalized autoimmune disor-
der.1112 Two distinct clinical lesions have been associated 
with this disorder: glomerulonephritis and interstitial 
nephritis. Patients with the glomerular lesion present with 
nephrotic syndrome or renal insufficiency. On renal biopsy 
they have membranous glomerulonephritis or MPGN. In 
two patients with membranous nephropathy, circulating 

Figure 33.57  Hepatic  glomerulopathy.  A  paramesangial  electron-
dense deposit corresponding to immune staining for IgA is seen. In 
addition, there are irregular lucencies containing dense granular and 
rounded  membranous  structures  within  the  mesangial  matrix  and 
extending into the subendothelial space. (×6000.) 

http://www.myuptodate.com


  CHAPTER 33 — SECONDARY GLOMERULAR DISEASE  1157

cancer patients without overt renal disease.1145 Antibody to 
phospholipase A2 receptor (PLA2R), the target antigen in 
primary membranous nephropathy, has not been identified 
in the sera of patients with membranous nephropathy sec-
ondary to malignancy. Removal of the tumor may lead to 
remission of nephrotic syndrome, which may then recur, 
following the development of metastasis. In many instances 
successful treatment of the neoplasm has induced a partial 
or complete remission of the associated glomerulopathy.

Minimal change disease or focal glomerulosclerosis may 
occur in association with Hodgkin’s disease,1147-1149 less often 
with non-Hodgkin’s lymphoma or leukemia,1148 and rarely 
with thymoma,1125,1150 mycosis fungoides,1151 renal cell carci-
noma,1152 or other solid tumors.1153-1155 Secretion of a lym-
phokine by abnormal T cells may underlie glomerular 
injury in these disorders.1130,1156,1157

Secondary amyloidosis (AA type) has been described with 
a number of malignancies, particularly renal cell carcinoma, 
Hodgkin’s disease, and chronic lymphocytic leukemia.1,2,4 In 
Hodgkin’s disease, for example, renal amyloidosis is gener-
ally a late event resulting from a chronic inflammatory state; 
by comparison, minimal change disease most often occurs 
at the time of initial presentation.5

Both MPGN and RPGN have been described in patients 
with solid tumors and lymphomas, although the causal rela-
tionship between these conditions is not proven.1155,1158 The 
association is probably strongest for MPGN and chronic 
lymphocytic leukemia and may be associated with circulat-
ing cryoglobulins or glomerular deposition of monoclonal 
immunoglobulins.1159,1160 Mesangial proliferation with IgA 
deposition has been associated with mucosa-associated lym-
phoid tissue lymphoma, which resolved following treatment 
of the malignancy with chlorambucil.1161 Although the asso-
ciation between crescentic glomerulonephritis and vasculi-
tis with tumors may be coincidental, it has been suggested 
that the malignancy may act as a trigger for the vasculitis.1162-1164 
In contrast to the nephrotic states described earlier in which 
renal function is generally well preserved at presentation 
and the urine sediment is usually benign, patients with pro-
liferative glomerulonephritis often have an acute decline in 
renal function and an active urine sediment.

Both HUS and the related disorder TTP can occur in 
patients with malignancy. An underlying carcinoma of the 
stomach, pancreas, or prostate may be associated with HUS. 
More commonly, however, antitumor therapy is implicated: 
mitomycin, gemcitabine, the combination of bleomycin and 
cisplatin, and radiation plus high-dose cyclophosphamide 
prior to bone marrow transplantation all can lead to HUS, 
which may become apparent months after therapy has been 
discontinued.1165 Anti-VEGF agents are newly identified 
causes of glomerular thrombotic microangiopathy, leading 
to proteinuria, renal insufficiency, and hypertension.1130,1166

GLOMERULAR DISEASE ASSOCIATED 
WITH DRUGS

HEROIN NEPHROPATHY

In the 1970s, reports began to appear linking heroin abuse 
to nephrotic syndrome and renal biopsy findings of lesions 
of FSGS. This syndrome was referred to as heroin-associated 

patients at the time of liver transplantation may show glo-
merular lesions (predominantly IgA nephropathy or dia-
betic nephropathy) even if there is no clinical evidence of 
renal involvement. Diabetic lesions were associated with sig-
nificantly worse renal function 5 years after transplantation 
compared to patients with IgA nephropathy.1120

The pathogenesis may relate to defective hepatic clear-
ance of IgA as well as altered processing and/or portacaval 
shunting of circulating immune complexes.1121 This theory 
is bolstered by the finding of increased deposits of IgA in 
skin and hepatic sinusoids in cirrhotic patients.1122 More-
over, in patients with noncirrhotic portal fibrosis who under-
went portal-systemic bypass procedures, there was an 
increase in the incidence of clinically overt glomerulone-
phritis (from 78% to 32%) associated with deposition of IgA 
after the procedure. In the latter group, there was also a 
significant incidence of renal failure (50% after 5 years).1123 
Similar findings were noted in children with end-stage liver 
disease from α1-antitrypsin deficiency or biliary atresia, 
which resolved after liver transplantation.1124

GLOMERULAR LESIONS ASSOCIATED 
WITH NEOPLASIA

The occurrence of glomerular syndromes, both nephrotic 
and nephritic, may be associated with malignancy but is rare 
(<1%). Glomerular disease may be seen with a wide variety 
of malignancies. Carcinomas of the lung, stomach, breast, 
and colon are most frequently associated with glomerular 
lesions.1125 Membranous nephropathy is the most common 
lesion associated with carcinoma.1125 Patients older than age 
50 presenting with nephrotic syndrome should be reviewed 
for the presence of a malignancy.1126,1127

CLINICAL AND PATHOLOGIC FEATURES

Clinically, the glomerulopathy of neoplasia may be mani-
fested by proteinuria or nephrotic syndrome, an active 
urine sediment, and/or diminished glomerular filtration. 
Significant renal impairment is uncommon and is usually 
associated with the proliferative forms of glomerulonephri-
tis. In evaluating an ESR in patients with nephrotic syn-
drome, it should be noted that most such patients have an 
ESR above 60 mm/hr, with roughly 20% being above 
100 mm/hr. As a result, an elevated ESR alone in a patient 
with nephrotic syndrome (or with ESKD) is not an indica-
tion to evaluate the patient for an occult malignancy or 
underlying inflammatory disease.1128,1129

Membranous nephropathy may be associated with malig-
nancies in 10% to 40% of cases.1125,1127,1130,1131 These include 
carcinoma of the bronchus,1132 breast,1133 colon,1134,1135 
stomach, ovary,1136 kidney,1137 pancreas,1138 and pros-
tate,1139,1140 as well as testicular seminoma,1141 parotid adeno-
lymphoma, carcinoid tumor,1142,1143 Hodgkin’s disease, and 
carotid body tumor.1144 In some cases of membranous 
nephropathy associated with malignancy, tumor antigens 
have been detected within the glomeruli. It is postulated 
that tumor antigen deposition in the glomerulus is followed 
by antibody deposition, causing “in situ” immune complex 
formation, and subsequent complement activation.1145,1146 
Immune complexes and complement have been found in 
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subsets, B cells, and plasma cells).1187,1188 The syndrome 
usually reverses after discontinuing therapy, and the time to 
recovery may be between 1 month and 1 year.1184 Complete 
remission is usually seen.1189 Relapse of proteinuria has been 
reported.1190 Treatment of nephrotic syndrome is usually 
unnecessary, since the disorder is self-limiting. However, a 
short course of corticosteroids may be beneficial in patients 
in whom no response is seen after several weeks of discon-
tinuation of the drug.1191 Plasma exchange was reported 
with being associated with rapid recovery of renal function 
in two patients.1192

Other Patterns

Minimal change nephrotic syndrome without interstitial 
disease has been occasionally reported.1193 Granulomatous 
interstitial disease without glomerular changes has also 
been described.1194 Membranous nephropathy has also been 
reported in association with NSAID use,1195 including the 
newer cyclo-oxygenase-2 inhibitors.1186 As in minimal change 
nephrotic syndrome, there is rapid recovery after drug with-
drawal in NSAID-induced membranous nephropathy.

PATHOGENESIS
The mechanism of NSAID-induced nephrotic syndrome has 
not been defined. It has been proposed that inhibition of 
cyclo-oxygenase by NSAIDs inhibits prostaglandin synthesis 
and shunts arachidonic acid pathways toward the produc-
tion of leukotrienes. These by-products of arachidonic acid 
metabolism may promote T lymphocyte activation and 
enhanced vascular permeability, leading to minimal change 
disease.1182-1184

ANTI–RHEUMATOID ARTHRITIS THERAPY–
INDUCED GLOMERULOPATHY

GOLD SALTS
Proteinuria and nephrotic syndrome have been reported to 
occur in association with both oral and parenteral gold.1196,1197 
Dermatitis may occur concurrently. Membranous nephropa-
thy and, rarely, minimal change disease have been 
reported.1198 A higher incidence of nephropathy has been 
reported in patients with HLA-B8/DR3.1199,1200

D-PENICILLAMINE
Proteinuria in association with membranous nephropathy is 
the most common lesion reported. Less commonly, minimal 
change disease and mesangial proliferative lesions have 
been reported.1200 Goodpasture-like syndrome,1201 minimal 
change nephrotic syndrome,1202 and membranous nephrop-
athy concurrently with vasculitis1203 have been described 
rarely. HLA-B8/DR3 haplotypes are also associated with 
penicillamine nephropathy.1204 Tiopronin and bucillamine 
(a penicillamine-like compound) have also been associated 
with the same renal lesions described for penicilla-
mine.1205,1206 The onset of proteinuria with gold or penicil-
lamine therapy is usually between 6 and 12 months after 
starting therapy. Proteinuria usually resolves after withdraw-
ing the offending agent; persistent renal dysfunction is 
uncommon.1200,1204,1207 Under close supervision, gold and 
penicillamine have been continued in patients with 
nephropathy with no obvious adverse effect on renal func-
tion.1208 Anti–TNF-α agents have been reported to promote 

nephropathy (HAN).1167-1172 Similar lesions were seen in 
users of intravenous pentazocine (Talwin), and tripelenna-
mine (Pyribenzamine), so-called Ts and Blues.1173 This syn-
drome occurred almost exclusively in blacks; it has been 
suggested that blacks may have a genetic predisposition for 
developing HAN.1174,1175 The mean age was younger than 30 
years old with 90% of the patients being males. The dura-
tion of drug abuse varied from 6 months to 30 years (mean, 
6 years) prior to the onset of renal disease. Most patients 
presented with nephrotic syndrome. The course of HAN 
was relentless progression to ESKD over many years in those 
addicts who continued to use heroin, whereas a regression 
of abnormalities was seen in patients who were able to stop 
using the drug. Kidney biopsies of these patients showed 
lesions of focal segmental and global sclerosis. Nonspecific 
trapping leads to the deposition of IgM and C3 in areas of 
sclerosis. There was usually significant interstitial inflamma-
tion associated with the glomerular lesion. The pathogen-
esis of HAN is unknown. Abnormalities of cellular and 
humoral immunity have been well described in heroin 
addicts.1176 It has been suggested that morphine itself could 
act as an antigen and that contaminants used to “cut” the 
heroin could contribute to the pathogenesis. Morphine 
(the active metabolite of heroin) has been shown to stimu-
late proliferation and sclerosis of mesangial cells and fibro-
blasts.1177,1178 The syndrome of HAN has almost disappeared 
among drug addicts presenting with renal failure; for 
example, there has been a sharp decline in incident cases 
of HAN and there were no reported cases of HAN-associated 
ESKD from Brooklyn, New York, during the period from 
1991 to 1993.1179,1180 In part this trend coincides with the rise 
of HIV infection and HIVAN.

NONSTEROIDAL ANTIINFLAMMATORY DRUG–
INDUCED NEPHROPATHY

NSAIDs are being used by approximately 50 million of the 
general public in the United States at any point in time. 
Approximately 1% to 3% of patients exposed to NSAIDs will 
manifest one of the renal abnormalities associated with its 
use, which include fluid and electrolyte disturbances, acute 
renal failure, nephrotic syndrome with interstitial nephritis, 
and papillary necrosis.1181 The combination of acute inter-
stitial nephritis and nephrotic syndrome is characteristic of 
this group of compounds. Essentially all NSAIDs can cause 
this type of renal disease,1182-1184 including the cyclo-
oxygenase-2 inhibitors.1185,1186

CLINICAL AND PATHOLOGIC FEATURES
Minimal Change Disease with Interstitial Nephritis

The onset of NSAID-induced nephrotic syndrome is usually 
delayed, with a mean time of onset of 5.4 months (range, 2 
weeks to 18 months) after initiation of NSAID therapy. 
Patients may present with edema and oliguria. Systemic 
signs of allergic interstitial nephritis are usually absent.  
The urine exhibits microhematuria and pyuria. Proteinuria 
is usually in the nephrotic range. The extent of renal dys-
function may be mild to severe. On light microscopy the 
findings consist of minimal change disease with interstitial 
nephritis. A focal or diffuse interstitial infiltrate consists 
predominantly of cytotoxic T lymphocytes (also other T cell 
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Membranous nephropathy and MPGN1248 have been 
described in association with ulcerative colitis.1249

Kimura’s disease and angiolymphoid hyperplasia with 
eosinophilia (ALHE) produce skin lesions that appear as 
single or multiple red-brown papules or as subcutaneous 
nodules with a predilection for the head and neck region. 
Other associated features include eosinophilia and elevated 
IgE levels. Both Kimura’s disease and the similar ALHE are 
frequently associated with glomerular disease. Mesangial 
proliferative glomerulonephritis1250 and minimal change 
disease1251 have been described.

Renal complications of Castleman’s disease (angiofollicu-
lar lymph node hyperplasia) are uncommon. The reported 
cases are very heterogeneous, and their renal pathology 
includes minimal change disease, mesangial proliferative 
glomerulonephritis,1252 membranous nephropathy,1253 
MPGN,1254 crescentic glomerulonephritis,1255 fibrillary glo-
merulonephritis,1256 and amyloidosis.1257 Serum IL-6 levels 
appear to be elevated and they decline with corticosteroid 
therapy.1252 Removal of tumor mass or treatment with ste-
roids appears to ameliorate the renal manifestations in 
some cases.

Angioimmunoblastic lymphadenopathy has been associ-
ated with diffuse proliferative glomerulonephritis with nec-
rotizing arteritis and minimal change disease.1148,1258

Hemophagocytic syndrome related to infections or lym-
phoproliferative disease has been associated with collapsing 
FSGS.1259
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arthritis.1209

OTHER MEDICATIONS

Organic mercurial exposure can occur with diuretics,  
skin lightening creams, gold refining, and industrial expo-
sure. Proteinuria and nephrotic syndrome have been 
reported.1210-1212 Renal biopsy in such patients has shown 
membranous nephropathy1213,1214 or minimal change 
disease.1215 Nephrotic syndrome has been associated with the 
anticonvulsants ethosuccimide,1216 trimethadione,1217 and 
paradione.1218 Diffuse proliferative glomerulonephritis may 
be seen with mephenytoin (Mesantoin).1219 ANCA-associated 
vasculitis as well as a lupus-like nephritis has been reported 
with propylthiouracil1220-1223 and hydralazine.1224 Captopril 
has been associated with the development of proteinuria 
and nephrotic syndrome due to membranous nephropa-
thy.1225 Substituting enalapril for captopril has been reported 
to ameliorate nephrotic syndrome.1226 IFN-α has been associ-
ated with interstitial nephritis, minimal change disease, 
FSGS, and acute renal failure.1227,1228 In patients with collaps-
ing FSGS due to interferon therapy, discontinuation of 
therapy usually leads to improvement in both renal function 
and proteinuria.1229 Cases of thrombotic microangiopa-
thy1230,1231 and crescentic glomerulonephritis1232 have also 
been reported. Mercaptopropionylglycine (2-MPG) used in 
the treatment of cystinuria has been associated with mem-
branous glomerulopathy.1233Lithium use has been associated 
with minimal change disease,1234,1235 membranous nephropa-
thy,1236 and FSGS.1237,1238 The use of high-dose pamidronate 
in patients with malignancies has been associated with HIV-
negative collapsing FSGS.1239 Cocaine may be contaminated 
with levamisole, a veterinary antihelmintic that is a known 
immunomodulator. This combination may result in a ANCA-
positive systemic vasculitis with a predilection for skin necro-
sis and arthralgia; renal and pulmonary involvement may 
occur.1240 Abuse of anabolic steroids in conjunction with a 
body-building regimen may produce FSGS with variable his-
tologic subtypes. Roles for both increased glomerular filtra-
tion demand and potential direct toxic effects of anabolic 
steroids on glomerular cells have been proposed.1241 Treat-
ment of C3 glomerulopathies with eculizumab, a humanized 
monoclonal antibody directed to C5, may lead to binding of 
the drug to C5 deposits in renal tissue, producing de novo 
positivity for IgG-κ that mimics.1242

MISCELLANEOUS DISEASES ASSOCIATED 
WITH GLOMERULAR LESIONS

Well-documented cases exist of nephrotic syndrome associ-
ated with unilateral renal artery stenosis, which improved 
after correction of the stenosis. The mechanism of pro-
teinuria presumably relates to high levels of angiotensin 
II.1243-1245

Acute silicosis has been associated with a proliferative 
glomerulonephritis with IgM and C3 deposits, leading to 
renal failure.1246 A patient with dense lamellar inclusions in 
swollen glomerular epithelial cells, similar to those seen in 
Fabry’s disease, has also been described.1247
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THE GLOBAL IMPACT AND CHALLENGES

The societal burden of glomerulonephritis (GN) to both 
the individual and the health care system is grossly underap-
preciated and the costs underestimated due to the lack of 
national or international registries of GN at the level of 
renal pathologic processes. The full disease impact is also 
substantially discounted if assessed solely from figures 
derived from end-stage kidney disease (ESKD) registries, as 
GN is not only a common cause of ESKD that can affect 
patients at any age, but also treatment strategies for the 
disease are chronic and not without significant morbidity 
and mortality even in patients who never reach ESKD.

With respect to ESKD, there are significant global varia-
tions in the percentage of incident and prevalent patients 
secondary to GN. According to the United States Renal Data 
System, GN accounts for approximately 30% of the cases 
receiving pre-ESKD care and 10% to 20% of incident 
patients undergoing dialysis.1 Very similar data have been 
reported from the Canadian Organ Replacement Registry, 
wherein GN accounted for 11% of ESKD cases, ranking 
second among identifiable causes behind diabetes.2 In the 
countries belonging to the European Renal Association–
European Dialysis and Transplant Association ESKD Regis-
try, significant variations are noted with much higher GN 
incidence rates in Eastern European countries, ranging 

from 8.6% in Denmark to 19.6% in Romania, wherein GN 
is the most common identifiable cause of ESKD.3 In the past, 
GN had dominated causation of ESKD in the Australia and 
New Zealand Registry, but current reports suggest the same 
trends as those observed in North American databases, 
wherein GN is now behind diabetes as a cause of ESKD 
(27% versus 30%, respectively).4 In registries from Pacific 
Asian regions, however, GN continues to account for the 
majority of cases of incident ESKD.5 These differences have 
been attributed to various factors, including genetic back-
ground as well as environmental and infectious exposures, 
but additional factors such as differences in health care 
policies and disparities in access to ESKD programs may also 
exist.6 In contrast to data describing incident ESKD popula-
tions, GN dominates as the cause of ESKD among prevalent 
patients on renal replacement therapy or with a functioning 
renal transplant, but these numbers are likely to be biased, 
reflecting the younger age on average as well as the enhanced 
survival of the patient population with GN compared to 
patients with diabetes.5 Regardless, the full burden of GN as 
an incident or prevalent cause of ESKD remains underesti-
mated in ESKD registries due to the high likelihood that 
cases of ESKD categorized as “hypertensive nephrosclerosis” 
or “unknown” may very likely also represent undiagnosed 
GN given the often-asymptomatic course in many patients.

As a significant number of patients will live with GN for 
many years before they ultimately progress to dialysis or will 
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may reflect fundamental shifts in biologic and environmen-
tal factors underlying the pathogenesis of these diseases and 
is another substantive reason for the creation of national and 
international GN registries.

These crude estimates of the population incidence of GN 
are not informative with respect to describing the natural 
history of these disorders over the critical period between 
biopsy and registration as an ESKD statistic. Despite this 
limitation, during the past decade there have been impor-
tant changes in our approach to the treatment of patients 
with GN driven by prospectively collected natural history 
data and therapeutic studies. There has also been an impor-
tant shift in the treatment of GN to a more evidence-based 
approach with the publication of a new set of evidence-
based recommendations for management of patients with 
GN developed under the auspices of Kidney Disease: 
Improving Global Outcomes (KDIGO).11 Although this 
endeavor will assist with the standardization of practice, the 
paucity of high quality (level 1) evidence remains a signifi-
cant obstacle in the treatment of glomerular disease.

The randomized controlled trial remains the gold stan-
dard for the assessment of therapeutic efficacy, but there are 
important limitations to both the interpretation and execu-
tion of such studies in patients with GN. Even the currently 
available clinical trials have limitations in regard to their 
generalizability, with existing trials excluding many patients 
such as those with atypical presentations and comorbid con-
ditions, and often represent a skewed ethnic composition 
given that most are small single-center experiences. Further-
more, major changes in nonspecific treatment (such as 
introduction of inhibitors of the renin angiotensin aldoste-
rone system for blood pressure control) and in our under-
standing of the pathogenesis of these diseases (such as the 
recognition of the causal link between MPGN and hepatitis 
C), have reduced the external validity of previously com-
pleted trials even though they may have been well-designed, 
randomized controlled studies. Larger randomized con-
trolled trials in GN are not appealing to funding agencies 
(either in the private or public sector), as the target popula-
tion is relatively small and the cost of such studies is high. 
Part of the financial burden relates to the size and duration 
of studies required to demonstrate “clinical benefit” in 
patients with GN. A major disincentive for the development 
of such studies is a lack of consensus regarding the clinical 
relevance of surrogate outcome measures. In general, only 

die before reaching that stage, an estimate of the global 
extent of these diseases may therefore be better approxi-
mated by imputing incidence rates from countrywide regis-
tries of renal pathologic conditions. Further, these broadly 
inclusive local registries based on pathologic processes that 
capture all biopsies performed in a large and defined geo-
graphic region can provide important insights regarding 
potential shifts in the distribution of histologic subtypes of 
GN. Such a registry from Finland, for example, reported an 
incidence of GN that ranged from 8.7 to 25.4 per 100,000 
population in the central hospitals and the university center, 
respectively, which was remarkably higher than the rates 
reported by European biopsy registries (between 1 and 
6.9).7 Such variations are seen throughout the world, 
undoubtedly biased by biopsy practice patterns. However, if 
one were to assume an average crude incidence of GN to 
be between 100 and 200 per million population, this would 
indicate an annual incident rate of GN in North America 
(population 400 million) of between 40,000 and 80,000 
cases.

Data from our own linked clinical and pathology regional 
registry that have captured GN cases from the greater 
Toronto area since 1975 have noted that the annual absolute 
number of biopsy-proven cases of GN has not substantially 
changed, but shifts within the specific histologic groups have 
occurred (Table 34.1).8 There has been a 2- to 3-fold increase 
in immunoglobulin A (IgA) nephropathy (IgAN) and focal 
segmental glomerulosclerosis (FSGS), a 2-fold reduction in 
idiopathic membranoproliferative GN (MPGN), and virtu-
ally no change in the incidence of membranous glomerulo-
nephritis (MGN) over the past 3 decades. Although similar 
shifts over time have been reported from other large North 
American centers, it is not entirely clear if this represents 
true changes in incidence patterns, variations in biopsy prac-
tice patterns or reporting, and/or changes to the ethnic 
composition of the study population through immigration. 
Geographic and ethnic variation clearly influences diagnos-
tic patterns. In a large retrospective review of 600 biopsies 
from China, IgAN accounted for 40% of all diagnoses and 
was three times more common than FSGS and 30 times more 
common than membranous nephropathy.9 The recognition 
of “new” treatable causative factors, such as hepatitis C virus 
producing the injury pattern of MPGN, is another possible 
explanation for variation and changes in histologic sub-
types.10 Still, changes in histologic subtypes of GN, if real, 

Table 34.1  Trends in Selected Kidney Biopsy Diagnoses Captured in the Regional Toronto 
Glomerulonephritis Registry, between 1975 and 2004 (Total Number of Biopsies during  
This Period, 9256)

1975-79 1980-84 1985-90 1990-94 1995-99 2000-04 Total

IgA 129 215 227 262 309 356 1498
FSGS 141 164 163 239 311 271 1289
Membranous 134 172 171 164 129 143 913
MPGN 90 67 33 46 37 31 304
Lupus 170 191 143 174 136 100 914
Vasculitis 29 66 76 93 76 68 408
Total 693 875 813 978 998 969 5326

FSGS, Focal segmental glomerulosclerosis; IgA, immunoglobulin A; MPGN, membranoproliferative glomerulonephritis.
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processes, but also essential for defining treatment goals for 
patients.

A significant contribution to this domain of practice has 
been a better understanding of the importance of protein-
uria in renal injury and the recognition that its reduction 
has a substantial impact on both the rate of progression of 
kidney disease and ultimately on renal survival.13 Although 
this has significantly improved our capacity to assess the 
benefits of treatment, our evaluation of risks of therapy 
requires further refinement. Furthermore, while complete 
remission of proteinuria is accepted as a surrogate marker 
of favorable patient and kidney outcome in patients with 
GN, the relationship between partial remission of protein-
uria in GN and reduction of kidney failure and mortality 
appears to be highly clinically relevant but requires further 
validation and refinement.

The shift in the treatment of GN to a more evidence-
based approach is supported by the publication of clinical 
practice guidelines to help the nephrologist in the manage-
ment of patients with these disorders.14 While the random-
ized controlled trial remains the gold standard for the 
assessment of therapeutic efficacy, there are important limi-
tations to both the execution and interpretation of such 
studies in patients with GN. Randomized controlled trials in 
GN are not appealing to funding agencies (either in the 
private or public sector), as the target population is rela-
tively small and the diseases are most often slowly progres-
sive, requiring longer observation periods to reach hard end 
points such as kidney failure, and therefore the cost of such 
studies is high. The lack of consensus regarding the clinical 
relevance of surrogate outcome measures limits design and 
feasibility of randomized controlled studies in GN.

The currently available clinical trials have limitations in 
regard to their generalizability. To design statistically and 
financially viable studies, investigators must select a rela-
tively homogeneous population to ensure that the required 
sample size is achievable and that the study can be com-
pleted within an acceptable time frame. A homogeneous 
population, by definition, excludes many patients, such as 
those with atypical presentations and comorbid conditions, 
and often represents a skewed ethnic composition due to 
language fluency requirements for participation. Further-
more, major changes in nonspecific treatment (such as 
introduction of inhibitors of the renin angiotensin aldoste-
rone system for blood pressure control) and in our under-
standing of the pathogenesis of these diseases (e.g., the 
causal link between MPGN and hepatitis C) have reduced 
the external validity of previously completed trials, even 
though they may have been well-designed, randomized con-
trolled studies.15,16

QUANTIFICATION OF THE BENEFITS OF 
PROTEINURIA REDUCTION

Renal and patient survival remain the gold standard of mea-
surement of benefit in the treatment of GN; however, few 
clinical trials in GN consider these definitive end points 
directly. The rare nature and relatively slow rate of progres-
sion of these diseases make the identification of surrogate 
end points of hard outcomes a necessity. A series of publica-
tions has focused on estimating the benefits of achieving a 

“hard outcomes” such as patient and/or renal survival are 
acceptable to granting agencies, government policy regula-
tors, and the pharmaceutical industry.12 Since the great 
majority of patients with GN, regardless of the specific 
subtype, will have slowly progressive disease, this limits the 
capacity to organize, fund, or even properly interpret clini-
cal trials.

Assessment and follow-up of large cohorts of patients with 
GN during the trajectory of their chronic kidney disease 
though has yielded new and important information that has 
influenced patient management and altered how we assess 
treatment benefit. These efforts have allowed a more accu-
rate identification of modifiable predictors of clinical 
outcome, thus allowing physicians to alter the course of the 
patient’s disease. Although renal and patient survival 
remains the gold standard of benefit in the treatment of 
GN, surrogate markers of these end points have emerged 
during the past decade, and a significant contribution to 
this domain of practice has been a better understanding of 
the importance of proteinuria on renal injury and the rec-
ognition that its reduction has a substantial impact on both 
the rate of progression of kidney disease and ultimately on 
renal survival. It is generally accepted that complete remis-
sion of proteinuria does lead to significant improvement in 
quality of life (e.g., improvement of edema), as well as in 
renal survival.12 A quantitative assessment of the value of 
proteinuria reduction is also emerging and will be a crucial 
element in the decision making of nephrologists in terms 
of balancing the risks and benefits of treatment. However, 
the quantitative impact of a partial remission in proteinuria, 
including its definition and duration on renal survival, 
requires further clarification before its universal acceptance 
as a surrogate indicator of long-term survival.

A series of publications on the most common primary and 
secondary progressive GNs has provided a more compre-
hensive framework focused on a more uniform definition 
and an improved estimate of the benefits of achieving a 
partial remission of proteinuria. This body of literature is 
described later. This should provide practicing nephrolo-
gists with a critical piece of information to assist them in 
both their therapeutic decisions and patient counseling. 
The capacity to translate proteinuria reduction into a semi-
quantifiable estimate of improvement in long-term outcome 
provides an important element of the benefit in the risk/
benefit equation, not only in terms of whether to initiate 
treatment, but more commonly today to provide help in the 
decision about prolonging treatment or retreating a patient 
to maintain or reestablish a partial remission.

OUTCOME MEASURES AND CLINICAL 
TRIALS IN GLOMERULONEPHRITIS

During the past decade there have been important changes 
in our approach to the treatment of patients with GN driven 
by prospectively collected natural history data, therapeutic 
studies, and the evolution toward a more evidence-based 
approach to clinical care. Central to this process is the iden-
tification of surrogate outcomes of kidney disease progres-
sion that indicate risk for kidney failure and morbidity 
attributable to kidney disease. This process is not only criti-
cal for design of clinical trials and regulatory drug approval 
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favorable outcome when achieved spontaneously.18 None-
theless, the findings allow a better assessment of treatment 
benefits by attributing a quantitative value to partial remis-
sion. This in turn facilitates the assessment of the balance 
between benefits and risk of treatment of patients with 
MGN.

FOCAL SEGMENTAL GLOMERULOSCLEROSIS

The same estimates of benefit of proteinuria reduction in 
regard to the long-term outcome are available for patients 
with FSGS. It has been appreciated for some time that com-
plete remission of proteinuria is the best predictor of favor-
able renal survival.19,20 However, a standardized definition of 
partial remission and an assessment of its benefit would 
improve the physician’s ability to balance the benefits of 
intense immunosuppressive treatment versus the well-
recognized risks of the current available treatment regimens 
for FSGS.21,22 Factors that have been previously associated 
with a poor outcome in FSGS have included the severity of 
initial proteinuria, the initial creatinine clearance, and the 
extent of tubulointerstitial disease on histologic examina-
tion.18,23 Histologic variant is an important consideration; 
however, reduction of proteinuria is likely an independent 
determinant of outcome.24

The impact of proteinuria reduction on disease course 
was addressed in a long-term cohort study of 281 nephrotic 
patients with biopsy-proven primary FSGS followed over an 
average of 65 months.25 A partial remission, defined by both 
a reduction of proteinuria to subnephrotic range (<3.5 g/
day) and a 50% reduction from peak proteinuria, provided 
the best discrimination among the patients in terms of both 
renal survival and progression rate. During the observation 
period 55 patients had a complete remission, 117 patients 
achieved a partial remission, and 109 had no remission of 
proteinuria. Partial remission was independently predictive 
of both renal survival and rate of decline in renal function 
by multivariate analysis and was associated with more favor-
able outcome even in the context of a future disease relapse. 
Partial remission was associated with improved renal survival 
with a time-adjusted hazard ratio of 0.48 (95% CI, 0.24 to 
0.96; P = 0.04). Ten-year renal survival was 75% in the partial 
remission group compared to 35% in those with no remis-
sion. Similar to MGN, this information on the quantitative 
benefits of partial remission is important in the assessment 
of the FSGS patient because it provides equipoise to the 
risks of treatment.

IMMUNOGLOBULIN A NEPHROPATHY

The importance of proteinuria in IgAN has been long rec-
ognized, but its relative value compared to FSGS and mem-
branous nephropathy is quite distinct. There are important 
quantitative differences in the impact of proteinuria in 
patients with IgAN compared with those with FSGS and 
MGN. Proteinuria, at far lower levels compared to MGN and 
FSGS, is tightly correlated with renal outcome.26

Treatment studies and observational data support the 
importance of proteinuria reduction in mitigating risk for 
progressive disease in IgAN. Analyzing patients with IgAN 
enrolled in a series of randomized controlled trials of fish 
oils, Donadio and associates demonstrated an association 

partial remission of proteinuria. This provides nephrologists 
with a critical piece of information to assist them in both 
their therapeutic decisions and patient counseling. The 
capacity to translate proteinuria reduction into a semiquan-
tifiable estimate of improvement in long-term outcome 
remains a challenge; however, these studies suggest strongly 
that proteinuria should inform decisions regarding initia-
tion and duration of immunosuppressive treatment.

MEMBRANOUS GLOMERULONEPHRITIS

Natural history studies in MGN have demonstrated the 
value of complete remission of proteinuria and the unfavor-
able outcome in patients with persistent high-grade protein-
uria. Although a variety of definitions of partial remission 
have been applied to membranous nephropathy over the 
past 25 years, the great majority of studies required reduc-
tion to subnephrotic-range proteinuria (<3.5 g/day). A 
study of a prospective cohort of 348 nephrotic patients with 
MGN assessed the benefit of a complete or partial remission 
of proteinuria on both renal survival and rate of progres-
sion.17 Partial remission required both a reduction to less 
than 3.5 g/day and a 50% decrease from peak proteinuria. 
Over a median follow-up of 60 months, 30% of patients had 
a complete remission, 40% had a partial remission, and the 
remaining 30% had no remission. At 10 years, renal survival 
in those with a complete remission was 100% with little 
disease progression over the same time frame as measured 
by the slope of the creatinine clearance (−1 mL/min/yr). 
Those achieving a partial remission had a 90% renal survival 
at 10 years and a more rapid rate of progression compared 
to those with complete remission, although still limited to 
a loss of −2 mL/min/yr of creatinine clearance. In compari-
son, those with no remission had a renal survival of only 
50% at 10 years and a very significant increase in progres-
sion rate that was five times the rate seen in the partial 
remission group (−10 mL/min/yr). Achieving a partial 
remission was an independent predictor both of renal sur-
vival and rate of progression. Kidney survival from renal 
failure for partial remission was significantly improved 
(hazard ratio [HR] for ESKD compared to the reference 
group of no remission, 0.08; 95% confidence interval [CI], 
0.03 to 0.19; P < 0.001). In addition, the value of a partial 
remission was also analyzed using time-dependent variables 
to ensure attribution of any benefit on survival to the time 
after partial remission has been achieved. Indeed the 
adjusted hazard ratio for the risk for ESKD in patients 
achieving a partial remission (expressed as a time-dependent 
variable) was 0.17 in comparison to those not achieving a 
remission of proteinuria (95% CI, 0.09 to 0.33; P <0.001). 
Additional important information gleaned from the study 
included the observation that treatment-induced partial 
remissions had the same favorable long-term outcome as 
those acquired spontaneously, and although the rate of 
relapse was high (47%), the relapses were often reversible 
with repeat treatment. These data strongly support the con-
tention that partial remission is an important therapeutic 
target in patients with membranous GN with measurable 
and clinically relevant benefits for both progression rate and 
renal survival. This study did not identify the intervention 
required for achievement of partial remission of protein-
uria; partial remission of proteinuria is also associated with 
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amelioration of long-term outcome was confirmed in a 
10-year follow-up of a clinical trial comparing immunosup-
pressive regimens33 and in pediatric and adolescent patients 
with SLE.34

Studies have indicated that long-term evaluation of pro-
teinuria reduction and remission statistics is important for 
purposes of prognostication. At 6 months of evaluation, less 
than half of patients with severe lupus nephritis enrolled in 
therapeutic trials will have reached a complete remission.35 
A review of long-term outcomes of patients with severe lupus 
nephritis treated in a prior randomized controlled study 
indicated that halving of proteinuria at 6 months was an 
important predictor of both long-term renal and patient 
survival.36 The finding of an association between polymor-
phic kidney disease risk variants at the apolipoprotein 1 
gene (APOL1) and more rapid progression to ESKD in sub-
Saharan African ancestry populations37 may lead to geneti-
cally guided individualization of therapies, and certainly 
future clinical studies that include populations of African 
ancestry will need to take this variable into account.

Rapid deterioration in renal function is a severe and rela-
tively common manifestation of vasculitis, a systemic disor-
der that commonly terminates in ESKD or death of the 
patient without appropriate therapy. The rapidity of kidney 
disease progression and the significant risk for either 
disease-associated or drug-related mortality distinguish vas-
culitis from the previously described primary GNs. The sig-
nificant benefits in terms of both kidney and patient survival 
with treatment compared to no treatment is countered by 
the current potent drug regimens required that have their 
own significant life-threatening consequences; significant 
adverse effects are described in up to 90% of treated 
patients.38-41 This confluence of severe disease and toxic 
therapy is aggravated by the more advanced average age at 
presentation of vasculitis compared to other types of GN. 
This further emphasizes the importance of accurate and 
early assessment of the predictive markers of outcome for 
both patient and renal survival.42 The need for considering 
both risk and benefits was demonstrated in a review of 100 
patients with vasculitis, whose presenting creatinine clear-
ance was above 500 µmol/L (5.6 mg/dL).43 Fifty-five percent 
of the deaths were attributed to the adverse effects of treat-
ment, almost exclusively related to opportunistic infections, 
including Pneumocystis jirovecii (formerly Pneumocystis carinii) 
pneumonia and cytomegalovirus infections. In contrast, 
only 25% of the deaths were attributed to active uncon-
trolled vasculitic disease, with the remaining 25% related to 
the underlying advanced age and/or comorbid conditions 
of the patients. The authors determined that in patients 
presenting with vasculitis and severe renal failure, predic-
tors of the need for permanent renal replacement therapy 
were limited. The only indicators identified were age at 
onset of the disease and pathologic process, the degree of 
arteriosclerosis, and the proportion of segmental crescents 
and/or eosinophilic infiltrates. No clinical parameters were 
independently predictive of death. Even within these limited 
predictive indices, the variation was wide and the sensitivity 
low.

In a prospective study in patients with mild to moderate 
renal involvement at presentation (i.e., serum creatinine 
concentration <500 µmol/L), the authors noted that the 
level of renal function at onset and renal pathologic lesions 

between proteinuria reduction and both improved renal 
survival and prolonged time to doubling of serum creati-
nine clearance.27 A study of a prospectively enrolled cohort 
of more than 500 patients with primary IgAN followed for 
an average of 78 months evaluated the clinical relevance of 
achieving a partial remission of proteinuria to less than 1 g/
day. In the almost 200 patients who achieved and sustained 
partial remission of proteinuria (either spontaneously or 
through treatment), the mean rate of decline in renal func-
tion was only 10% of the rate in those who did not. Further-
more, regardless of the level of presenting proteinuria, 
those who attained a partial remission had the same long-
term prognosis and slow rate of disease progression as those 
subjects whose peak proteinuria never exceeded 1 g/day. 
Although there were other modifiable factors identified in 
the multivariate analysis associated with kidney function 
decline (time-averaged mean arterial pressure and exposure 
to agents that blocked the renin angiotensin aldosterone 
system), the level of sustained proteinuria was the dominant 
modifiable risk. The differential in both progression rate 
and renal failure risk was dramatic, and understanding the 
impact of even a small but sustained improvement in pro-
teinuria is extremely valuable information for the practicing 
physician. Occasionally IgAN presents with the nephrotic 
syndrome and preserved renal function. In this subset of 
patients, partial or complete remission of the nephrotic 
syndrome is also associated with a favorable outcome.28

Proteinuria has strong links to cardiovascular mortality in 
patients without GN.29 A longitudinal study of nearly 1400 
patients with IgAN followed in Korea suggested that this 
disease—particularly when associated with proteinuria of 
less than 1 g/day—may be associated with a higher stan-
dardized mortality rate.30 The potential independent benefit 
of proteinuria reduction on mortality certainly merits 
further study.

REMISSION IN LUPUS NEPHRITIS  
AND VASCULITIS

Similar to the primary progressive variants of GN, complete 
absence of active renal disease has been associated with 
excellent long-term renal survival in systemic lupus erythe-
matosus (SLE), although even this status does not guarantee 
freedom from ever developing chronic kidney disease.31 
Quantitation of the effect of partial remission of proteinuria 
on long-term outcome has been estimated in a long-term 
observational study of 86 patients with biopsy-proven diffuse 
proliferative lupus nephritis followed for a decade.32 The 
authors defined complete remission as absence of signifi-
cant proteinuria and a serum creatinine of less than 1.4 mg/
dL and a partial remission as a 50% reduction in baseline 
proteinuria with a nadir in proteinuria of less than 1.5 g/
day and no more than a 25% rise in baseline serum creati-
nine clearance. Patient and renal survival were strongly 
influenced by whether the patient achieved a complete 
remission, partial remission, or no remission in proteinuria. 
At 10 years the patient survival and renal survival in subjects 
achieving a complete remission were 95% and 94%, respec-
tively; in those reaching a partial remission, they were 76% 
and 45%; and, in those who never met criteria for a partial 
or complete remission, they were only 46% and 13%. The 
clinical value of a reduction in proteinuria in terms of 
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effects accounting for the antiinflammatory activity of glu-
cocorticoids include the inhibition of synthesis of proin-
flammatory cytokines implicated in glomerular and 
tubulointerstitial injury, such as interleukin-2, interleukin-6, 
interleukin-8, and tumor necrosis factor.47,48 Glucocorticoids 
also exert a host of nontranscriptional immunomodulatory 
effects on immune effector cells, including alteration of 
leukocyte trafficking and chemotactic properties and modu-
lation of endothelial function, vasodilation, and vascular 
permeability.46 Evidence suggests a potential role in modu-
lating production of putative leukocyte-derived permeabil-
ity factors that contribute to proteinuria.49,50

MAJOR ADVERSE EFFECTS
Infection is a potential risk common to all immunosuppres-
sant medications. Pronounced suppression of cell-mediated 
immunity results from the protean effects of corticosteroids 
on the immune system. Glucocorticoid exposure poses a 
significant short- and long-term risk for infection, particu-
larly in older patients. A nested case-control analysis indi-
cated a rate of serious infection as high as 46% with 6 
months of continuous use of greater than 5 mg/day in 
patients with rheumatoid arthritis.51 In addition to the 
potential to cause infection, glucocorticoids have wide-
spread systemic side effects, including, but not limited to, 
impaired glucose tolerance, cardiovascular and gastrointes-
tinal toxicity, and potentially severe musculoskeletal damage, 
as well as a large array of cosmetic, ophthalmologic, and 
psychiatric side effects.

Glucocorticoids affect glucose metabolism by increasing 
hepatic gluconeogenesis and decreasing peripheral tissue 
insulin sensitivity. These changes in glucose homeostasis 
may be ameliorated by dose reduction.52 However, the meta-
bolic effects of these drugs may not be completely revers-
ible, even when the dose is reduced to physiologic range or 
discontinued entirely.53 While higher doses of glucocorti-
coids are associated with a higher risk for hyperglycemia, 
additional risk factors for steroid-induced hyperglycemia 
include African American and Hispanic ancestry, obesity 
(defined as a body mass index > 30 kg/m2), older age, a 
family history of diabetes, and the presence of other com-
ponents of the metabolic syndrome.53

Given the elevated risk for cardiovascular disease in 
patients with kidney disease, the added cardiovascular  
toxicity of glucocorticoids is also an important consider-
ation. A large cohort study of 68,781 glucocorticoid users 
demonstrated that high-dose steroids are independently 
associated with cardiovascular events after adjustment for 
other traditional risk factors,54 including hypertension, 
glucose intolerance, and obesity. Gastrointestinal effects of 
glucocorticoids include induction of gastritis and gastroin-
testinal bleeding.

Glucocorticoids have important musculoskeletal effects. 
Muscle injury associated with chronic steroid treatment with 
glucocorticoid produces a pattern of proximal weakness, 
atrophy, and myalgia. The ideal management includes dis-
continuation of steroid administration, although recovery 
can take weeks or months. Steroid myopathy is more 
common when the patient has been exposed to the potent 
fluorinated steroids (dexamethasone, betamethasone, tri-
amcinolone), but similar patterns of muscle injury have 
been described with the nonfluorinated steroids such as 

suggestive of chronicity were indicators of a poor prognosis. 
In contrast, the presence of active lesions such as crescents 
and necrosis was the only indicator that predicted a treat-
ment response and improved renal outcome at 18 months.44 
A semiquantitative assessment of prognosis based on any 
one individual factor or a combination of them was not 
performed, likely related to the acuity of the condition and 
the wide deviations in these predictive indices. A systematic 
review of studies in vasculitis, including patients with 
minimal renal involvement, identified similar predictors of 
outcome in regard to remission, relapse, and renal and 
overall patient survival.45

Against this background, a heightened awareness of the 
risks of our current therapies needs to be considered in 
every patient by the practicing nephrologist. The real 
dangers associated with these therapies mandate repeated 
reviews of the patient, including a critical analysis of the 
response likelihood versus the accumulating risks of ongoing 
therapy. This assessment should include the possibility of a 
repeat renal biopsy to assess activity versus irreversible 
chronic damage. In addition, when evaluating potential 
benefit of immunosuppressive therapy, improvement in 
organ and patient survival should still be paramount, but 
the integration of the benefits of proteinuria reduction and 
improved quality of life should now also be counted. Often 
not considered in this balance of risks and benefits of treat-
ment is the risk of inadequate treatment of the GN, forget-
ting that renal replacement modalities (i.e., dialysis or 
transplantation) have their own attendant high rate of mor-
bidity and mortality.

INDIVIDUALIZING THERAPY: MECHANISM 
OF ACTION AND TOXICITIES OF THERAPY

With every one of the immunosuppressive agents used in 
the treatment of GN, the risks of treatment versus potential 
benefits must be assessed on the basis of drug exposure (a 
composite of dose and duration) and individual patient 
factors, including gender, age, and comorbid conditions 
such as obesity, diabetes mellitus, and cardiac disease. 
Further, there is not universal availability of many of the 
newer drugs and biologic agents due to the paucity of con-
trolled data and the high costs of many of these agents. Thus 
careful attention must be paid to potential side effects from 
the therapeutic choices made by practicing clinicians with 
side effect profiles often dominating the choice of therapy.

CORTICOSTEROIDS

Glucocorticoids are the most common antiinflammatory 
and immunosuppressive drugs used in the treatment of 
both primary and secondary GN. They have protean effects 
on immune responses mediated by T and B cells, including 
reversibly blocking T cell and antigen-presenting cell–
derived cytokine and cytokine-receptor expression. Their 
hydrophobic structure permits them to easily diffuse into 
cells and bind to specific cytoplasmic proteins, facilitating 
translocation of these proteins into the cell nucleus, where 
they bind to a highly conserved glucocorticoid receptor 
DNA-binding domain (the glucocorticoid response element) 
and modulate gene transcription.46 Some of the downstream 
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bisphosphonates remain in mineralized bone for months to 
years, posing a theoretical risk for teratogenicity when 
administered to women of childbearing potential.61

CALCINEURIN INHIBITORS

Cyclosporine and tacrolimus are calcineurin inhibitors 
(CNIs) that suppress the immune response by downregulat-
ing T cell activation. They specifically block calcium-
dependent T cell receptor signaling transduction, thereby 
inhibiting the transcription of interleukin-2, as well as  
other proinflammatory cytokines, in both T cells and 
antigen-presenting cells.62 Interleukin-2 serves as the major 
activation factor for T cells and a key modulator of both T 
and B cell activity in numerous immunologic processes.63 
Tacrolimus and cyclosporine have a common mechanism of 
action (i.e., inhibition of calcineurin phosphatase), though 
they bind different intracellular proteins. These intracellu-
lar proteins belong to the immunophilin family with 
cyclosporine binding cyclophilin and tacrolimus binding 
FKBP12.64 The role of differential immunophilin binding in 
the mechanism of toxicity is not clear, but it may allow for 
the unique side effect profile of each of these drugs. An 
alternative mechanism of action of these agents has been 
suggested relating to their capacity to stabilize the internal 
cytoskeletal structure of the glomerular podocyte.65 This is 
an intriguing possibility and may help explain the efficacy 
of CNI therapy in some of the glomerular-based diseases at 
lower drug levels compared to those required in solid organ 
transplantation.66

MAJOR ADVERSE EFFECTS
The CNI agents have significant adverse effects with the 
most concerning being their nephrotoxicity. This is particu-
larly relevant when prolonged therapy is being contem-
plated. These longer treatment courses are usually given to 
prevent or modify the well-recognized risk for relapse of 
nephrotic syndrome that does occur upon treatment with-
drawal. CNI-associated nephrotoxicity can be severe, and 
reports indicate a significant risk for chronic kidney disease 
if the drug is given in high doses for prolonged periods, 
such as occurred in early recipients of nonrenal solid organ 
transplants.67 However, the cyclosporine dose and duration 
used in these studies are no longer considered appropri-
ate,68 and lower doses in the glomerular-based diseases 
versus solid organ transplantation are currently advocated.69 
In addition, modifications have occurred in drug formula-
tion of cyclosporine, which have resulted in more consistent 
and predictable pharmacokinetics, allowing at least poten-
tially even lower drug exposure regimens.69

New-onset or worsening of hypertension is another 
important and common dose-dependent adverse effect of 
CNI use and likely contributes to their long-term nephro-
toxic potential. The reported incidence of hypertension in 
patients with glomerular diseases treated with CNIs varies 
from 10% to 30%.70 An additional significant adverse effect 
is the induction of glucose intolerance and even overt dia-
betes.71 This seems to be specific to CNIs and is somewhat 
more common with tacrolimus.72 The transplantation litera-
ture highlights the potential contributions of CNIs to devel-
opment of hyperglycemia, which is thought to be a result of 
both impaired insulin secretion and increased insulin 

prednisone.55 Osteopenia is commonly seen in patients with 
chronic steroid exposure. A retrospective study of a quarter 
of a million oral corticosteroid users over 18 years of age 
suggested relative rate of nonvertebral fracture during oral 
corticosteroid treatment increased even at doses as low as 
2.5 to 7.5 mg/day.56 Fracture risk rapidly declined toward 
baseline after stopping treatment. The European League 
Against Rheumatism released recommendations regarding 
chronic prednisone dosing and avoidance of loss of bone 
density.57 Avascular necrosis is a different type of bone 
injury. It is a devastating condition associated with destruc-
tion of the head of the femur or other long bones. The 
relationship between development of avascular necrosis and 
dose of prednisone is less clear.58

Vision may be affected by cataract formation and 
increased intraocular pressure. Thinning of the skin, easy 
bruising, development of striae, and impaired wound 
healing may also be potentiated by glucocorticoids. Mood 
lability and insomnia induced by glucocorticoids also con-
tribute to their relatively poor patient tolerance.

STRATEGIES FOR REDUCING TOXICITY
There are several strategies available for minimizing steroid 
exposure. In minimal change disease and some cases of 
FSGS, for instance, alternate-day prednisone therapy may 
be considered in lieu of daily regimens. This alternate-day 
approach is, however, not supported with evidence suggest-
ing equal efficacy in adults with the nephrotic syndrome. 
An alternate strategy is shortening the course and/or a 
more rapid taper of the prednisone, and this approach is 
currently being investigated in the context of vasculitis 
(Plasma Exchange and Glucocorticoids for Treatment of 
Anti-Neutrophil Cytoplasm Antibody (ANCA)–Associated 
Vasculitis [PEXIVAS] study, www.clinicaltrials.gov). More 
commonly, a second nonglucocorticoid immunosuppressive 
agent is introduced for its “steroid-sparing” potential. The 
introduction of these agents has allowed the total exposure 
to corticosteroids in many of these disorders to be limited 
by allowing a shorter initial total exposure to the drug.

Alternate strategies specifically focus on reducing or  
preventing the complications related to corticosteroid treat-
ment. Such prophylactic strategies include the use of antibi-
otics such as trimethoprim-sulfamethoxazole to prevent  
P. jirovecii pneumonia. Retrospective studies indicate that a 
corticosteroid dose equivalent to 16 mg of prednisone for a 
period of 8 weeks was associated with a significant risk for 
pneumocystis pneumonia.59,60 Ongoing surveillance for dia-
betes is required along with regular eye examinations. Anti-
hypertensive regimens may require adjustment while on 
high-dose therapy, and gastric protection in the form of a 
proton pump inhibitor should be prescribed. In relationship 
to the risk for fracture, if daily corticosteroids (0.5 to 1 mg/
kg) are expected to be used in excess of 8 to 12 weeks in 
adults, consideration should be given to adding vitamin D 
1000 U/day and 1 g/day of calcium, or consider the  
addition of bisphosphonate therapy while on the steroids. 
Other high-risk indicators for fractures should also trigger 
preventive treatment such as previously documented osteo-
porosis, advanced age, or likelihood of inactivity/immobility 
during the use of steroids. Bisphosphonates may have more 
potent effects to prevent reduction in bone density during 
corticosteroid use; however, it is important to note that 
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usually be reduced during the maintenance phase.78 In 
renal transplant patients, CNI dose has been safely reduced 
after the first year with renal function remaining stable even 
after 20 years of exposure to this agent.79 Nevertheless, 
nephrotoxicity is a risk with this therapy, and careful moni-
toring of drug levels, a constant awareness of drug interac-
tions (which may either increase or decrease drug levels), 
and frequent monitoring of renal function are mandatory.

One of the mechanisms of the nephrotoxicity that is 
attributable to these agents is their renal vasoconstrictive 
properties. This hemodynamic effect is both dose depen-
dent and reversible80 but may still result in dangerous epi-
sodes of acute kidney injury. Therefore patients should be 
cautioned as to what to do in the event of unanticipated 
volume contraction secondary to dehydration. The more 
delayed chronic damage in the tubulointerstitial compart-
ment and the small arterioles is less well understood but may 
also be ameliorated at least in part by a dose reduction or 
discontinuation of the agent. Toxicity may be more evident 
when CNIs are used in patients with more advanced renal 
impairment and/or those with significant tubulointerstitial 
and/or vascular changes noted on histologic evaluation. 
However, with careful monitoring and the slow escalation of 
dosage, even patients with significant renal dysfunction can 
be safely treated with CNIs.81

The hypertension that commonly accompanies treatment 
with CNIs is another adverse effect that requires attention. 
However, the adjustments in antihypertensive medication 
are usually straightforward, and the presence of hyperten-
sion does not generally preclude or limit CNI usage. The 
vasoconstrictive effects of cyclosporine, in addition to their 
effects on renal potassium secretion, may limit the ability to 
use higher doses of inhibitors of the renin angiotensin aldo-
sterone system to control blood pressure in patients on 
cyclosporine. With respect to the risk for diabetes, ongoing 
vigilance by the prescribing physician is required. In patients 
at highest risk for developing glucose intolerance, including 
obese individuals, those with a strong family history of dia-
betes, older adults, and those with metabolic syndrome,53 
strategies for preventing this adverse effect include prefer-
ential use of cyclosporine over tacrolimus and/or the use of 
CNI monotherapy, thereby at least avoiding the additive risk 
of corticosteroid exposure.

ALKYLATING AGENTS

Cyclophosphamide is the most common alkylating agent 
used in the treatment of GN. It is a cytotoxic agent that acts 
largely through the alkylation of purine bases. This DNA 
damage induces apoptosis or altered function of both B cells 
and T cells.82 Chlorambucil is the other drug of this class that 
is used, although less commonly than cyclophosphamide 
because of significant differences in both the short- and 
long-term adverse effect profile and drug tolerability.

MAJOR ADVERSE EFFECTS
Infertility in both men and women has been reported with 
these agents, most commonly following cyclophosphamide, 
and is likely the most concerning long-term side effect given 
the often younger age of patients with glomerular disease. 
This effect is closely related to total exposure but is also 
strongly impacted by the age of the patient.83 One early 

resistance. The higher rate of hyperglycemia associated with 
tacrolimus use may reflect differential effects on pancreatic 
β-cell insulin transcription and release. Even when CNIs are 
used as monotherapy, the risk for new-onset diabetes has 
been reported to be as high as 4%.73

As with all immunosuppressive agents, CNIs affect 
immune surveillance and are associated with an increased 
rate of infections and malignancy. The incidence of malig-
nancy induced by CNIs in the glomerular diseases is very 
hard to determine from the literature. Very few of the GN 
treatment studies have been long enough to assess CNI 
exposure as an independent risk factor. Cyclosporine, 
however, has been used in the long-term management of 
other autoimmune diseases, including rheumatoid arthritis 
and psoriasis. When patients with rheumatoid arthritis 
treated with cyclosporine were compared to control patients 
(who received placebo, d-penicillamine, or chloroquine), 
an increased cancer risk was not seen.74 A review of patients 
with psoriasis did find an increase in the standardized inci-
dence ratio of cancer in patients treated with cyclosporine 
compared to the general population. However, when exam-
ined more closely and skin malignancies, known to be more 
common in patients with psoriasis, were excluded, the inci-
dence was not significantly higher in the CNI-treated 
patients.75 As such, though not well described, the incidence 
of drug-associated malignancy specifically in the context of 
GN therapy is considered to be relatively low.76 The underly-
ing risks for infection associated with untreated nephrotic 
syndrome and the potential for malignancy associated with 
membranous nephropathy further complicate the assess-
ment of risk for these complications with CNI treatment.

Other common adverse effects of CNIs are cosmetic and 
include gum hypertrophy and hypertrichosis (less frequent 
with tacrolimus than cyclosporine). The excess hair growth 
can be severe and can contribute to poor drug adherence. 
A cohort of approximately 200 pediatric nephrotic patients 
treated with cyclosporine for an average of 22 months77 was 
reviewed; reported side effects of such prolonged therapy 
included hypertrichosis (52.3%), gum hyperplasia (25.4%), 
hypertension (18.8%), and renal impairment (9.1%). Close 
examination of the subgroup of patients with renal impair-
ment in this study is revealing. In the small number (n = 18 
patients) that demonstrated renal impairment, 12 recov-
ered completely after the cyclosporine was stopped, 3 expe-
rienced stable but continued renal impairment, and only 3 
(1.5% of the total number exposed) had slow progression 
of their renal disease. On multivariate analysis, resistance to 
the cyclosporine treatment was the only factor predictive of 
renal impairment

STRATEGIES FOR REDUCING TOXICITY
In contrast to transplantation, long-term low-dose therapy 
with cyclosporine (1.0 to 2 mg/kg/day) with or without low-
dose steroids, has been shown to be both safe and effective 
at maintaining remission. The lower toxicity of CNIs in 
patients with GN is at least in part related to the lower daily 
maintenance dose required and the capacity to gradually 
increase the dose over days or weeks to achieve a therapeu-
tic effect versus the need for a much more rapid dose escala-
tion following solid organ transplantation.69 Although 
higher doses of cyclosporine may be required for the induc-
tion phase in membranous nephropathy, the initial dose can 
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particularly the white cell line. A meta-analysis reported 
significant leukopenia in 25% of patients with lupus nephri-
tis who were treated with cyclophosphamide.97 Another 
short-term adverse effect of cyclophosphamide is an 
increased susceptibility to infections. These infections can 
be severe and resistant to therapy and in combination with 
leukopenia can be overwhelming. Additional less serious 
but disconcerting side effects that can affect compliance 
include alopecia and hemorrhagic cystitis. This long list of 
potentially serious complications makes monitoring, for 
both short-term and long-term effects of these agents, a 
critical and necessary component of management.

Chlorambucil is an alternative alkylating agent used in 
the treatment of membranous nephropathy. The original 
regimen developed by Ponticelli and coworkers with this 
agent cycled it monthly with corticosteroids over 6 months.98 
The adverse effects of chlorambucil are similar to cyclophos-
phamide, although it has not been associated with the 
bladder toxicity with associated gross hematuria. Even so, 
chlorambucil may be less well tolerated overall than cyclo-
phosphamide and has the added associated risk for acute 
myelogenous leukemia.99

STRATEGIES FOR REDUCING TOXICITY
Strategies to limit exposure focus on limiting duration of 
therapy rather than modifying the dose. The exception to 
this is the use of intravenous cyclophosphamide in lupus 
and vasculitis, wherein less frequent and smaller doses of 
intravenous cyclophosphamide appear to be as effective as 
the earlier higher-dose regimens with fewer adverse events.100 
A shorter-duration regimen of exposure is an established 
option in membranous nephropathy. The two published 
effective regimens vary dramatically in terms of cyclophos-
phamide exposure (see earlier chapters). In the original 
classic 6-month regimen, for example, cyclophosphamide 
exposure is limited to 3 months98 compared to the later-
published routine that employs a full year of exposure.99

Substitution of other agents less toxic than cyclophospha-
mide is another option. Mycophenolate mofetil (MMF) or 
azathioprine for maintenance therapy in lupus nephritis are 
well-established options and appear to have similar efficacy 
with significantly fewer adverse effects. Data from a random-
ized controlled trial in patients with diffuse proliferative 
lupus nephritis confirmed that MMF (3 g/day) was associ-
ated with fewer pyogenic infections than a cyclophosphamide-
based regimen (relative risk, 0.36).101 Similarly, long-term 
therapy with azathioprine has been proven to be as effica-
cious as cyclophosphamide in the maintenance phase of 
vasculitis, with less toxicity.102 Similar results in terms 
of complete and partial remissions were obtained when 
MMF was substituted for the year of cyclophosphamide  
in membranous nephropathy, but a significantly lower  
incidence of serious side effects was observed. This study  
was not a randomized controlled trial since the cyclophos-
phamide-treated patients were a historical control group. 
Unfortunately, the relapse rate was very much higher than 
in the cyclophosphamide group.103 Replacement of the 
cyclophosphamide with CNIs is another option. This substi-
tution strategy could be employed when initial therapy with 
cyclophosphamide has failed, in the situation where the 
patient has relapsed, and/or when repeated exposure to 
alkylating agents was being considered. This strategy can be 

series indicated that the rate of permanent ovarian failure 
was 26% in those who received between 10 and 20 g of 
cyclophosphamide but was greater than 70% in those whose 
cumulative dose was more than 30 g.84 This effect is of par-
ticular concern in women during the later part of their 
reproductive life. It has been estimated that women who 
receive a single course of cyclophosphamide therapy (10 to 
20 g exposure) before the age of 25 years are at significantly 
less risk for permanent sterility (0% to 15% risk) compared 
to the same exposure after the age of 30 (30% to 40% 
risk).84-86 An even higher risk has been estimated by Ioan-
nidis and colleagues, who calculated the risk for permanent 
ovarian failure for a standard dose of 12 g/m2 to be 90% in 
women when treated after the age of 32.87 This combined 
effect of age and exposure on fertility can be expressed as 
an odds ratio. These authors suggest an odds ratio for per-
manent ovarian failure of 1.48 per 100 mg/kg of cumulative 
dose and 1.07 per patient-year of age.87,88 Although more 
difficult to estimate, there is certainly a substantial risk for 
infertility in men as well. However, the age effect has not 
been as clearly demonstrated as in women. Studies have 
indicated that long-term gonadal toxicity was not evident 
until the cumulative exposure to cyclophosphamide was 
greater than 300 mg/kg, but later information suggests a 
substantial risk at a cumulative dose of less than 168 mg/kg 
(equivalent to 12 g for a 70-kg patient),89,90 and gonadal 
toxicity, as indicated by a reduction in sperm count, has 
been documented with exposures as low as 100 mg/kg.83 
Various approaches have been examined to preempt loss of 
ovarian function and to preserve fertility during exposure 
to cytotoxic agents. Among these, the use of gonadotropin-
releasing hormone agonists to induce a prepubertal state 
during exposure has been examined with promising effects, 
but no universal consensus.91-93

The other major adverse effect is the risk for malignancy. 
It is suspected that this has been underestimated in the past 
at least in part due to the delay between exposure to the drug 
and the appearance of the cancer. This latent period may be 
many years. Data from an epidemiologic study of 293 Danish 
patients with antineutrophil cytoplasmic antibody–associated 
vasculitis treated with cyclophosphamide suggested a much 
lower safety limit for exposure than previously indicated.94 
The authors concluded that patients who received a cumula-
tive dose of more than 36 g of cyclophosphamide (equiva-
lent to 2 mg/kg for 8 months in a 70-kg patient) had a 
substantial increased risk for the development of a malig-
nancy compared to the normal age- and sex-controlled pop-
ulation. Their standardized incidence ratio of acute 
myelocytic leukemia was 59.0, bladder cancer was 9.5, and 
nonmelanoma skin cancer was 5.2 above this cumulative 
cyclophosphamide exposure. They also confirmed the sub-
stantial delay between exposure and malignancies with a 
latent period of 6.9 to 18.5 years. This exposure of 36 g is a 
much lower threshold for these serious complications than 
previously estimated and needs to be validated in an inde-
pendent data set.95,96 In the meantime, however, the poten-
tial for toxicity at much lower exposure limit should be kept 
in mind when considering the more prolonged course of 
cyclophosphamide as a treatment option in membranous 
nephropathy, lupus nephritis, or vasculitis.

An additional well-recognized, short-term adverse effect 
of the alkylating agents is bone marrow suppression, 
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involved in de novo purine synthesis, required for lympho-
cyte division.112 Several factors contribute to the lymphocyte-
specific effects of MMF on purine metabolism. First, unlike 
other cells, lymphocytes are uniquely dependent upon de 
novo purine synthesis to generate RNA and DNA since they 
do not have a salvage pathway for purine generation. Inhibi-
tion of this pathway by MMF therefore predominantly affects 
lymphocyte metabolism. MMF also is a highly potent inhibi-
tor of the isoform of inosine monophosphate dehydroge-
nase that is expressed in activated lymphocytes (the type II 
isoform), contributing to its specificity.113,114 The selectivity 
of MMF for inhibiting lymphocyte proliferation is the 
concept that underlies the reduced toxicity of MMF com-
pared to other alkylating agents that affect all dividing cells. 
In addition to its effects on T and B cells, MMF may also 
affect fibroblast proliferation or activity115 and endothelial 
function.116

MAJOR ADVERSE EFFECTS
The principal adverse effects of MMF relate to gastrointes-
tinal symptoms, including both upper gastrointestinal irrita-
tion with nausea and vomiting and lower tract involvement 
with diarrhea. This is more common with MMF than with 
cyclophosphamide.117 These symptoms tend to occur early 
in the course of treatment and can improve over time.

As with all antimetabolites, MMF can cause hematologic 
complications, including leukopenia and anemia. The 
myelosuppressive effects of MMF contribute to the risk for 
infection associated with its use, and, while some data 
suggest a lower infection risk than with cyclophosphamide 
in lupus nephritis, several studies indicate similar risk  
for serious infection, and serious infections have been 
reported.97,118-120 Furthermore, the transplantation literature 
suggests an increased risk for viral infections with MMF, 
particularly in the context of multidrug regimens.121 It is too 
early to determine whether there is a difference with respect 
to risks for late-onset malignancy with MMF when used for 
the treatment of lupus or other variants of GN.

Although there is no fertility impact, MMF has now clearly 
emerged as a human teratogen with an identifiable pattern 
of malformations—craniofacial (microtia or anotia, absent 
auditory canal, cleft palate, hypertelorism) and limb anoma-
lies. In women who become pregnant while on MMF, manu-
facturer’s data notes a 33% increased miscarriage rate and 
a 22% rate of teratogenicity. Therefore some informed 
women may elect to terminate the pregnancy.

STRATEGIES FOR REDUCING TOXICITY
Unlike the transplantation context, the dose of MMF can 
frequently be titrated up over the course of days to weeks 
to minimize development of gastrointestinal symptoms. 
Splitting the dosage into four times per day versus the stan-
dard two doses per day also reduces gastrointestinal prob-
lems. Temporarily reducing the dose also may be tried. The 
predominant effect on the bone marrow is leukopenia and 
is usually corrected by a temporary dose reduction. If the 
full dose is still not tolerated, the addition of MMF-sparing 
agents such as a low dose of steroid or a CNI may be con-
sidered. Sexually active women initiating MMF should have 
a negative pregnancy test before initiating the therapy, and 
those who desire pregnancy should be off MMF at least 6 
weeks before conception.

used in the management of patients with membranous 
nephropathy, lupus nephritis, or FSGS.

Monitoring the other potential adverse effects of cyclo-
phosphamide by frequent blood counts and adjusting the 
dose relative to degree of renal impairment, age, and other 
comorbid conditions are additional tools to minimize cyclo-
phosphamide toxicity. The likelihood of inducing opportu-
nistic infections such as P. jirovecii pneumonia and/or 
cytomegalovirus can also be reduced by the use of prophy-
lactic antibiotics or antivirals as described earlier in the 
discussion of corticosteroids. With respect to the potential 
to cause infertility in young patients, young men might 
consider sperm banking, while there are also data to suggest 
a gonadotropin-releasing hormone analog may provide 
ovarian protection, decreasing the rates of premature 
ovarian failure from 30% to 5% in one study.104

AZATHIOPRINE

Azathioprine is an inhibitor of inosine monophosphate 
dehydrogenase, a critical enzyme involved in de novo purine 
synthesis, required for lymphocyte division resulting in 
depressed levels of both B and T lymphocytes as well as 
immunoglobulin synthesis. Its metabolite 6-Thio-GTP causes 
immunosuppression by blockade of GTPase activation in T 
lymphocytes specifically by blocking activation of Rac 
proteins.105

MAJOR ADVERSE EFFECTS
Gastrointestinal side effects, including nausea and vomiting, 
are common and remain the primary reason for treatment 
interruptions.106 Liver toxicity with a significant increase in 
serum transaminase levels has also been described as has 
pancreatitis.107 Dose-related bone marrow suppression pri-
marily affects white blood cells but can affect all cell lines 
and can be severe in patients with low levels of thiopurine 
methyltransferase. This genetic abnormality affects approxi-
mately 0.3% of the population, in whom the enzyme is 
lacking, while 11% of individuals are heterozygous for a 
variant low-activity allele with intermediate activity,108 causing 
diminished azathioprine metabolism. Similarly, allopurinol 
causes drug accumulation and can result in severe myelo-
suppression.109 As with all immunosuppressive agents, bacte-
rial and viral infections do occur, particularly in the setting 
of leukopenia, and increased rates of malignancies, in par-
ticular skin cancers, have been noted.110,111

STRATEGIES FOR REDUCING TOXICITY
There is no consensus among physicians treating glomeru-
lar disease with respect to the assessment for thiopurine 
methyltransferase deficiency. Both genetic testing and func-
tional assays are available, but it is common practice to 
simply slowly escalate the dose while surveying for toxicity. 
Myelosuppression will typically improve with dose reduc-
tions, and allopurinol should be avoided.

MYCOPHENOLATE MOFETIL

MMF is a relatively new immunosuppressive agent. It is 
hydrolyzed into mycophenolic acid, the active moiety of the 
drug. Similar to azathioprine, MMF is a reversible inhibitor 
of inosine monophosphate dehydrogenase, a critical enzyme 
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including hepatitis B and several cases of pneumocystis 
pneumonia.129 There have been several reports of the devel-
opment of progressive multifocal leukoencephalopathy in 
patients treated with this agent. This devastating syndrome 
is due to the activation of latent JC polyomavirus and is 
associated with progressive neurologic impairment and ulti-
mately death within months of diagnosis. In the majority of 
reported cases, progressive multifocal leukoencephalopathy 
developed when rituximab was used in combination with 
chemotherapy.130 Given the impact of rituximab on anti-
body formation, vaccinations that contain live organisms 
should be avoided during treatment with rituximab.

Formation of human antichimeric antibodies (HACAs) 
does occur, although their clinical significance is unclear. 
Despite the appearance of HACAs in patients treated with 
rituximab and their theoretical consequences, these 
sequelae have not been uniformly observed in the small 
studies in GN.131 The new fully humanized version of the 
anti-CD20 agent should either ameliorate or eliminate the 
problem of HACA formation.

STRATEGIES FOR REDUCING TOXICITY
The precise dose and/or regimen to use in patients with 
autoimmune disorders are unknown. Although the relation-
ship between peripheral CD20-positive cell depletion and 
response is poor, it has been suggested that a single dose, 
in membranous nephropathy, is adequate for B cell deple-
tion and provides a similar response in proteinuria as mul-
tiple doses of the agent.132

ECULIZUMAB

Eculizumab is an anti-C5 monoclonal antibody designed for 
use in diseases characterized by functional impairment of 
endogenous inhibitors of the activation of the alternative 
complement pathway. The activation of this cascade has 
classically been implicated in atypical hemolytic uremic syn-
drome, thus providing a potential rationale for this agent in 
these diseases.133,134 Emerging evidence suggests that com-
plement dysregulation may be a critical contributor to many 
forms of progressive glomerular injury traditionally attrib-
uted to classical or lectin-activated complement pathways. 
Activation of these pathways and their potential inhibition 
by eculizumab may have relevance in the context of 
MPGN,135 SLE,136 and other forms of GN.

MAJOR ADVERSE EFFECTS
Overall eculizumab is well tolerated, but there is the poten-
tial for an increased risk for Neisseria meningitidis infections 
associated with blocking the alternate complement pathway. 
Therefore vaccination and careful surveillance are recom-
mended based on its use in patients with paroxysmal noc-
turnal hemoglobinuria.137

STRATEGIES FOR REDUCING TOXICITY
The precise dose and/or regimen to use in patients with 
glomerular diseases is presently unknown.

ADRENOCORTICOTROPIC HORMONE

Synthetic formulations of adrenocorticotropic hormone 
(ACTH) have previously proven effective in patients with 

RITUXIMAB AND OCRELIZUMAB

Rituximab is a genetically engineered, chimeric, murine/
human monoclonal antibody directed against the CD20 
antigen found on the surface of normal and malignant 
pre-B and mature B cells. The CD20 antigen is not expressed 
on hematopoietic stem cells, pro-B cells, normal plasma 
cells, or other normal tissues. Thus it has an impressive 
safety record when compared to classic cytotoxic agents. 
The precise mechanism of action of anti-CD20 antibodies 
in autoimmune disease and in particular GN is unclear. It 
is known that B cells play an important role as immunoregu-
latory cells by both antigen presentation and cytokine 
release. Their elimination could have dampening effects on 
other immune cells such as T lymphocytes, dendritic cells, 
and macrophages. In vitro studies have demonstrated that 
the Fc portion of rituximab binds human complement and 
can lead to cell lysis of the targeted cell through complement-
dependent cytotoxicity, and it has been demonstrated that 
rituximab mediates antibody-dependent cellular cytotoxic-
ity. Rituximab has been shown to be effective in the treat-
ment of idiopathic membranous nephropathy and may 
work at least in part by depletion of the autoantibody to the 
podocyte-located antigen phospholipase A2 receptor.122 
Further, rituximab may have a direct podocyte-modulating 
effect via cross reactivity with sphingomyelin phosphodies-
terase acid-like 3b (SMPDL-3b) protein and regulation of 
acid sphingomyelinase essential for the lipid-raft compart-
mentalization of the podocyte plasma membrane, as well as 
for the organization and signaling of podocytes in general.123 
This potential direct effect on podocytes independent of its 
known effect on selective depletion of the B cell clone may 
make it a very effective option to consider for the treatment 
of idiopathic glomerular diseases.

Ocrelizumab is a genetically engineered, fully humanized 
monoclonal antibody directed against the same CD20 
antigen found on the surface of normal B cells, with the 
same mode of action as rituximab. Due to its fully human-
ized nature, this anti-CD20 antibody can be infused more 
rapidly and has less immediate infusion-related reactions 
than rituximab. In addition, due to the fully humanized 
construct, formation of autoantibodies directed against the 
drug are unlikely, thereby enhancing the potential efficacy 
and safety of repeated treatments.

MAJOR ADVERSE EFFECTS
Acute infusion-related reactions can vary from minor symp-
toms to severe life-threatening reactions. Minor reactions 
occur in up to 10% of exposed individuals and include skin 
rash, pruritus, flushing, nausea, vomiting, fatigue, head-
ache, flulike symptoms, dizziness, hypertension, and/or 
runny nose. Anaphylaxis and shock can occur but are for-
tunately rare (<1%). Other rare side effects that have been 
seen with the use of rituximab include anemia, cardiac 
arrhythmias, respiratory failure, and acute kidney injury 
(occurring in <0.1.%).124-128 The latter severe reactions have 
been seen primarily—though not exclusively—with the  
use of ocrelizumab in the treatment of hematologic malig-
nancies where the tumor cell burden is high and an acute 
tumor lysis syndrome can develop. More delayed adverse 
effects include serum sickness and an increased incidence 
of infection, including reactivation of latent viral infections, 
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therapy for GN has been published by the KDIGO group.11 
This has been an outstanding addition to guide nephrolo-
gists regarding therapeutic algorithms. The purpose of 
these guidelines is to assist in decision making and to high-
light the evidence underlying each therapeutic algorithm.14 
However, guidelines cannot account for all of the variations 
in patient comorbid conditions or individual nuances in 
potential treatment toxicity (e.g., desire to preserve fertil-
ity). Therefore application of these guidelines to the indi-
vidual patient requires careful consideration. In practice, we 
consider the following questions before making guideline-
based treatment recommendations:

1. What is the risk for progression to kidney failure in this 
individual patient?

The critical question is whether the risks of the medi-
cation outweigh the risks of progression of the kidney 
disease. Complementary considerations are the morbid-
ity and mortality associated with dialysis or with trans-
plantation, where many of the same medications will be 
used to prevent rejection.

Proteinuria is one of our main considerations when 
we decide whether or not there is an advantage to addi-
tion of immunomodulatory treatment to conservative 
therapy for treatment of patients with primary idiopathic 
GN. While the threshold of proteinuria associated with 
highest risk for disease progression varies according to 
disease (Figure 34.1), this measure is a more important 
contributor to our treatment decisions than histologic 
diagnosis. For example, membranous nephropathy may 
be a lesion that is very amenable to immunologic therapy. 
However, patients with membranous GN with persistent 
subnephrotic-range proteinuria have an excellent long-
term prognosis.147 The added advantage of immunother-
apy versus conservative therapy alone is not established 
in this subpopulation. Renal insufficiency at presentation 
and progression of renal insufficiency during observa-
tion should also be considered. While this may argue for 
a more aggressive approach to care, side effects of immu-
nosuppressive therapy are often more frequent in patients 
with impaired clearance and additional susceptibility to 
infections. Pathologic indices of kidney injury, in particu-
lar tubulointerstitial fibrosis, are also informative to 
address chronicity and prognosis. Indeed, a common 
clinical error is to put patients with irreversible kidney 
injury at risk with little chance of benefit.148 Advanced 
tissue injury with impaired clearance may change the 
risk/benefit ratio of immunotherapy.

2. What are the patient’s comorbid conditions?
Ideally the choice of therapy should be tailored to the 

individual patient, considering comorbid conditions that 
may place patients at risk for medication toxicity. For 
example, guidelines suggest that a trial of a minimum of 
4 weeks of corticosteroid therapy should be considered 
as first-line treatment for idiopathic FSGS associated with 
clinical features of the nephrotic syndrome. However, in 
a patient with significant obesity, weight gain and glucose 
intolerance induced by steroids are important potential 
toxicities. A CNI may be a better first choice. Important 
comorbid conditions to consider include personal or 
family history of glucose intolerance, obesity, cancer 
history, and prior immunosuppression exposure.

3. What are plans for childbearing?

nephrotic syndrome, and the use of ACTH for the treatment 
of elevated cholesterol and proteinuria dates back many 
decades.138,139 In Europe the synthetic formulation of ACTH, 
tetracosactide (Synacthen), which is not available in North 
America, has proven similarly effective in both uncontrolled 
series and a small randomized controlled trial in which it was 
compared to cytotoxic therapy.140-142 To date there are limited 
data to also suggest natural ACTH (H.P. Acthar Gel), which 
is currently the only available ACTH preparation in North 
America, may also have a beneficial effect in patients with 
nephrotic syndrome by lowering proteinuria and improving 
serum albumin and cholesterol profiles.143

The active ingredients of H.P. Acthar Gel are part of the 
family of structurally related peptides known as melanocor-
tin peptides. Melanocortin peptides, which include ACTH 
and the α-, β-, and γ-melanocyte-stimulating hormones, are 
derived from the natural protein pro-opiomelanocortin, 
which binds to the cell surface G protein–coupled receptors 
known as melanocortin receptors (MCRs).144 To date, five 
forms of MCRs have been cloned, each with different tissue 
distributions, affinities, and physiologic roles. As such, their 
potential therapeutic mechanisms are numerous and 
complex.145 Potential renoprotective mechanisms include 
corticosteroid-mediated systemic immunosuppression and 
antiinflammatory actions subsequent to ACTH-induced ste-
roidogenesis through MC2R interaction, as well as direct 
MCR-mediated immunomodulation and antiinflammatory 
effects (MC1R, MC3R, and MC5R). Correction of dyslipid-
emia mediated by MC1R and MC5R on hepatic cells and 
neurogenic antiinflammatory effects mediated by MC3R 
and MC4R expressed in the central nervous system are likely 
also beneficial to the kidneys. Finally, a direct MCR-mediated 
protective effect on kidney cells, particularly the podocytes, 
has been described. MCRs are expressed in glomerular 
podocytes, and receptor stimulation has been demonstrated 
to reduce oxidative stress and improve glomerular morphol-
ogy by diminishing podocyte apoptosis, injury, and loss in 
the remnant kidney animal model.146

MAJOR ADVERSE EFFECTS
In a pilot study, side effects were noted to be dose depen-
dent.143 Reported side effects associated with the use of 
ACTH include steroid-like effects, including a cushingoid 
appearance, weight gain, and worsening of edema or bloat-
ing. Potential skin changes include acne, flushing, and 
bronzing. With respect to potential psychologic effects  
of the treatment, increased irritability, depression, and 
improved mood have been noted, along with transient 
insomnia, tremulousness, dizziness, muscle aches or pain, 
headaches, gastrointestinal symptoms, and blurred vision, 
as well as generalized weakness or fatigue. Glucose intoler-
ance and frank diabetes are also potential rare side effects 
that tend to improve with the cessation of treatment.

STRATEGIES FOR REDUCING TOXICITY
The precise dose and/or regimen to use in patients with 
glomerular diseases is presently unknown.

TREATMENT ALGORITHMS AND 
CONSIDERATIONS

Treatment recommendations are reviewed in other chapters 
of this book. A rigorous effort to promote evidence-based 
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Important considerations in patients contemplating 
future pregnancy include the teratogenicity of drugs, the 
effects of the medications on fertility, and the optimiza-
tion of renal health before pregnancy.

CONCLUSION

GN remains a leading cause of chronic kidney disease and 
kidney failure. New data regarding clinically relevant sur-
rogate end points and therapeutic goals will hopefully facili-
tate the development and study of novel agents to treat 
patients with GN and prevent loss of kidney function. The 
toxicity of immunotherapeutic agents requires careful con-
sideration by clinicians; the risks of these drugs must always 
be weighed against the potential benefits in each individual 
patient, considering patient, disease, and drug-specific 
characteristics.
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MICROVASCULAR DISEASES

Injury to endothelial cells is the primary event in many 
microvascular diseases of the kidney, including thrombotic 
microangiopathies, radiation nephropathy, scleroderma, 
and the antiphospholipid syndrome. Moreover, physiologic 
conditions in the medulla predispose to erythrocyte defor-
mation and occlusion of the microvasculature in patients 
with sickle cell disease, whereas in patients with atheroscle-
rosis, small renal arteries and arterioles can be injured and 
occluded by cholesterol-containing emboli dislodged from 
atherosclerotic plaques lining the main arteries. Indepen-
dent of the initiating events, diseases that occlude the renal 
microvasculature invariably impair kidney perfusion and 
function. Early diagnosis and effective interventions to 
restore the integrity of the kidney microvasculature are 
instrumental to prevent irreversible tissue damage and 
kidney failure.

THROMBOTIC MICROANGIOPATHIES: 
HEMOLYTIC-UREMIC SYNDROME AND 
THROMBOTIC THROMBOCYTOPENIC PURPURA

The term thrombotic microangiopathy (TMA) defines a lesion 
of arteriolar and capillary vessel wall thickening, with intra-
luminal platelet thrombosis and partial or complete obstruc-
tion of the vessel lumina. Depending on whether renal or 
brain lesions prevail, two pathologically indistinguishable, 
but somehow clinically different, entities have been 
described, the hemolytic-uremic syndrome (HUS) and 
thrombotic thrombocytopenic purpura (TTP). In HUS and 

TTP, microvascular thrombosis is associated with thrombo-
cytopenia, hemolytic anemia, and dysfunction of affected 
organs. Advances in our understanding of the molecular 
pathology have led to the recognition of three different 
diseases—typical HUS caused by Shiga toxin–producing 
Escherichia coli (Stx-HUS), atypical HUS (aHUS), associated 
with genetic or acquired disorders of regulatory compo-
nents of the complement system, and TTP that results from 
a deficiency of ADAMTS13, a plasma metalloprotease that 
cleaves von Willebrand factor (Table 35.1). Complement 
hyperactivation appears to be a common pathogenetic 
effector that leads to endothelial damage and microvascular 
thrombosis in all three diseases.1 In Stx-HUS, the toxin trig-
gers endothelial complement deposition through the 
upregulation of P-selectin and possibly interferes with the 
activity of complement regulatory molecules. In aHUS, 
mutations in the genes coding for complement components 
predispose to hyperactivation of the alternative pathway of 
complement. In TTP, severe ADAMTS13 deficiency leads to 
the generation of massive platelet thrombi, which might 
contribute to complement activation (Figure 35.1). More 
importantly, evidence is emerging that pharmacologic tar-
geting of complement with the anti-C5 monoclonal anti-
body eculizumab can effectively treat not only aHUS for 
which it is indicated, but in some cases, also Stx-HUS and 
TTP (see Figure 35.1).1

CLINICAL FEATURES
Hemolytic-Uremic Syndrome

The term hemolytic-uremic syndrome was introduced in 1955 
by Gasser and coworkers in their description of an acute 
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fatal syndrome in children characterized by hemolytic 
anemia, thrombocytopenia, and severe renal failure.2 HUS 
occurs most frequently in children younger than 5 years 
(incidence, 6.1 children/100,000/yr compared to an overall 
incidence of 1 to 2 children/100,000/yr). Most cases (>90% 
of those in children) are associated with infection by 
Shiga toxin (Stx)–producing E. coli (Stx-HUS).3 Stx-HUS in 
90% of cases is preceded by diarrhea, often bloody. Usually, 

Table 35.1  Classification of Hemolytic Uremic 
Syndrome and Thrombotic 
Thrombocytopenic Purpura*

Clinical 
Presentation Cause

Hemolytic-Uremic Syndrome (HUS)

Stx-associated Infection by Shiga toxin–producing 
bacteria

Neuraminidase-
associated

Infection by Streptococcus 
pneumoniae

Atypical: Familial Mutations: CFH, 40%-45%; CFI, 
5%-10%; C3, 8%-10%; MCP, 
7%-15%; THBD, 9%; CFB, 1%-2%.

Atypical: Sporadic
 Idiopathic Mutations: CFH, 15%-20%; CFI, 

3%-6%; C3, 4%-6%; MCP, 
6%-10%; THBD, 2%; CFB, two 
cases; anti-CFH antibodies: 
6%-10%

 Pregnancy-
associated

Mutations: CFH, 20%; CFI, 15%

 HELLP syndrome Mutations: CFH, 10%; CFI, 20%; 
MCP, 10%

 Drugs Mutations: Rare CFH mutations; large 
majority unknown

 Transplantation 
(de novo aHUS)

Mutations: CFH, 15%; CFI, 16%

 HIV Unknown†

 Malignancy Unknown†

Thrombotic Thrombocytopenic Purpura (TTP)

Congenital Homozygous or compound 
heterozygous mutations in 
ADAMTS13 gene

Idiopathic Anti-ADAMTS13 autoantibodies
Secondary
 Ticlopidine, 

clopidogrel
Anti-ADAMTS13 autoantibodies 

(ticlopidine, 80%-90%; clopidogrel, 
30%)

 HSC 
transplantation

Unknown; rarely, low ADAMTS13 
levels

 Malignancies Unknown; rarely, low ADAMTS13 
levels

 HIV HIV virus; rarely, low ADAMTS13 
levels

*According to clinical presentation and underlying cause.
†No published data on frequency of complement gene mutations 

or anti-CFH autoantibodies; antiphospholipid syndrome, 
systemic lupus erythematosus, and other autoimmune 
diseases—depends on the specific primary disease.

HSC, Hematopoietic stem cell transplantation; HELLP, hemolytic 
anemia, elevated liver enzymes, and low platelet count.

patients are afebrile. Streptococcus pneumoniae causes a dis-
tinctive form of HUS, accounting for 40% of cases not asso-
ciated with Stx-producing bacteria.4

Approximately 10% of HUS cases are classified as atypi-
cal, caused neither by Stx-producing bacteria nor by Strepto-
coccus.5 Atypical HUS occurs at any age, can be familial or 
sporadic, and has a poor outcome; 50% progress to end-
stage renal disease (ESRD), and 25% may die in the acute 
phase.4,6 Neurologic symptoms and fever can occur in 30% 
of patients. Pulmonary, cardiac, and gastrointestinal mani-
festations can also occur.4,6

Thrombotic Thrombocytopenic Purpura

Thrombotic thrombocytopenic purpura is a rare disease, 
with an incidence of approximately two to four cases/1 
million persons/yr.7,8 It is more common in women (female/
male ratio, 3 : 2 to 5 : 2) and in whites (white/black ratio, 
3 : 1). The peak incidence is in the third and fourth decades 
of life, but TTP can affect any age group.8,9 TTP typically 
presents with the pentad of thrombocytopenia, microangio-
pathic hemolytic anemia, fever, and neurologic and renal 
dysfunction.10 Thrombocytopenia is essential for the diag-
nosis; most patients present with a platelet count below 
60,000/µL.8,9 Purpura is minor and can be absent. Retinal 
hemorrhages can be present, but bleeding is rare. Neuro-
logic symptoms can be seen in over 90% of patients during 
the entire course of the disease. Central nervous system 
involvement mainly represents thromboocclusive disease of 
the grey matter, but can also include headache, cranial 
nerve palsies, confusion, stupor, and coma. These features 
are transient but recurrent. Up to 50% of patients who 
present with neurologic involvement may be left with 
sequelae. Renal insufficiency may occur. One group has 
reported 25% of patients to have creatinine clearance less 
than 40 mL/min. Low-grade fever is present in 25% of 
patients at diagnosis, but can often be seen as a conse-
quence of plasma exchange. Less common manifestations 
include acute abdomen, pancreatitis, and sudden death.9

LABORATORY FINDINGS
Laboratory features of thrombocytopenia and microangio-
pathic hemolytic anemia are almost invariably present in 
patients with TMA lesions and reflect the consumption and 
disruption of platelets and erythrocytes in the microvascu-
lature (Figure 35.2).5,9,11 Hemoglobin levels are low (<10 g/
dL in >90% of patients). Reticulocyte counts are uniformly 
elevated. The peripheral smear reveals increased schistocyte 
numbers (see Figure 35.2), with polychromasia and, often, 
nucleated red blood cells. The latter may represent not only 
a compensatory response, but also damage to the bone 
marrow–blood barrier resulting from intramedullary vascu-
lar occlusion. Detection of fragmented erythrocytes is 
crucial to confirm the microangiopathic nature of the 
hemolytic anemia, provided heart valvular disease and other 
anatomic artery abnormalities that may cause erythrocyte 
fragmentation are excluded. Other indicators of intravascu-
lar hemolysis include elevated lactate dehydrogenase 
(LDH), increased indirect bilirubin, and low haptoglobin 
levels.5,9,11 The Coombs test is negative. Moderate leukocy-
tosis may accompany the hemolytic anemia. Thrombocyto-
penia is uniformly present in HUS and TTP. It may be severe 
but is usually less so in patients with predominant renal 
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Figure  35.1 Pathways of thrombus formation in different forms of thrombotic microangiopathy. In diarrhea-associated HUS (dHUS), the 
microangiopathic process is initiated by endothelial exposure to Shiga toxin (Stx), with consequent up regulation of P-selectin expression and 
other adhesion molecules. In atypical HUS (aHUS), the process is mediated by genetic or acquired defects in different modulators of the comple-
ment system, with secondary uncontrolled complement activation, and in TTP by genetic or acquired defects in ADAMTS13 activity with 
abnormal von Willebrand factor (vWF) cleavage and persistency in the circulation of ultra-large vWF multimers. Independent of the initial event, 
microvascular occlusion by intravascular thrombi is the final event common to different forms of thrombotic microangiopathy. 

Microthrombi

dHUS

aHUS

TTP

Shiga toxin

C-regulation
defects

ADAMTS13
defects

Complement
activation

P-selectin
expression

UL-vWF
multimers

Figure 35.2 Diagnostic algorithm for TMA. A peripheral blood smear from a patient with thrombotic microangiopathy is shown (upper right). 
The presence of fragmented red blood cells that may assume the appearance of a helmet (fragmented erythrocytes with the shape of a helmet 
are identified by the black arrows) is pathognomonic for microangiopathic hemolysis in patients with no evidence of heart valvular disease. 

Diagnosis of TMA:
• Low platelet count
• Increased serum LDH
• Fragmented erythrocytes in the peripheral smear

Congenital TTP
(5% of cases)

“Autoimmune” TTP
(95% of cases)

Autoantibodies
No autoantibodies

decreased antigen levels

Stx HUS

If no evidence of TTP or Stx HUS, screen for aHUS.

 �10% ADAMTS13 collagen-binding activity
(20-30% of cases)

 Evidence of Stx infection
(in case of diarrhea)
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PATHOLOGY
The diagnostic histologic lesions of TMA consist of widen-
ing of the subendothelial space and microvascular throm-
bosis (Figure 35.3). Electron microscopy best identifies the 
characteristic lesions of swelling and detachment of  
the endothelial cells from the basement membrane and the 
accumulation of fluffy material in the subendothelium (see 
Figure 35.3A), intraluminal platelet thrombi, and partial or 
complete obstruction of vessel lumina (see Figure 35.3B, D, 
and E).16-18 These lesions are similar to those seen in 
other renal diseases, such as scleroderma, malignant neph-
rosclerosis, chronic transplant rejection, and calcineurin 
inhibitor nephrotoxicity. In HUS, microthrombi are present 
primarily in the kidneys, whereas in TTP they mainly involve 
the brain, where thrombi may repeatedly form and resolve, 
producing intermittent neurologic deficits. In pediatric 
patients, particularly in those younger than 2 years and in 
those with HUS secondary to gastrointestinal infection with 
Stx-producing strains of E. coli, the glomerular injury is 
predominant. Thrombi and leukocyte infiltration are 
common in the early phases of the disease and usually 
resolve after 2 to 3 weeks. Patchy cortical necrosis may be 
present in severe cases; crescent formation is uncommon. 
In idiopathic and familial forms, and in adults, the injury 

involvement.12 The presence of giant platelets in the periph-
eral smear, reduced platelet survival time, or both is consis-
tent with peripheral consumption. In children with Stx-HUS, 
the duration of thrombocytopenia is variable and does not 
correlate with the course of renal disease.13 Bone marrow 
biopsy specimens usually show erythroid hyperplasia and an 
increased number of megakaryocytes. Prothrombin time 
(PT), partial thromboplastin time (PTT), fibrinogen level, 
and coagulation factors are normal, thus differentiating 
HUS and TTP from disseminated intravascular coagulation 
(DIC). Mild fibrinolysis, with minimal elevation in fibrin 
degradation products, however, may be observed.

Evidence of renal involvement is present in all patients 
with HUS (by definition) and in about 25% of patients with 
TTP.11,14,15 Microscopic hematuria and subnephrotic pro-
teinuria are the most consistent findings. In a retrospective 
study of 216 patients with a clinical picture of TTP, the fol-
lowing features were noted15:

• Hematuria was detected in 78% and proteinuria in 
75% of cases.

• Sterile pyuria and casts were present in 31% and 24% 
of cases, respectively.

• Gross hematuria was rare.

Figure 35.3 Micrographs of renal biopsy samples from patients with thrombotic microangiopathy. A, Electron micrograph of a glomerular 
capillary. The endothelium is detached from the glomerular basement membrane. Beneath the endothelium is a thin layer of newly formed 
glomerular basement membrane. The subendothelial space is widened and occupied by electron-lucent fluffy material and cell debris. B, By 
light microscopy, a glomerular capillary shows an intraluminal thrombus (Periodic acid–Schiff). C, Light micrograph of an ischemic and mark-
edly retracted glomerulus with wrinkled capillary tuft (Silver stain). D, Electron micrograph of a renal arteriole. The vascular lumen is completely 
occluded by thrombotic material and the wall contains several myointimal cells. E, One small renal artery is occluded by a thrombus (upper 
left). A nearby arteriole (middle right) shows an extremely narrowed lumen that appears to be surrounded by a swollen intimal layer (Periodic 
acid–Schiff). F, An arteriole shows intimal thickening and multilayering of the vascular wall (Silver stain). (A from Remuzzi G, Ruggenenti P, 
Bertani T: Thrombotic microangiopathy. In Tisher C, Brenner B, editors: Renal pathology with clinical and functional correlations, ed 2, 1989, pp 
1154–1184; D from Pisoni R, Ruggenenti P, Remuzzi G: Thrombotic microangiopathies including the hemolytic-uremic syndrome. In Johnson R, 
Feehally J, editors: Comprehensive clinical nephrology, ed 2, 2003, pp 413–423.)
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translocate into the circulation, probably facilitated by the 
transmigration of neutrophils (PMN), which increase para-
cellular permeability.20,21 Circulating human blood cells, 
such as erythrocytes platelets, and monocytes express Stx 
receptors on their surface and have been suggested to serve 
as Stx carriers from the intestine to the kidney and other 
target organs (Figure 35.4).22-25

Recently, evidence has been provided that Stx interacts 
with von Willebrand factor (vWF), a multimeric plasma gly-
coprotein that mediates platelet adhesion, activation, and 
aggregation.26 In vitro experiments have shown that Stx binds 
to ultra-large vWF (UL-vWF) secreted from, and anchored to, 
stimulated human umbilical vein endothelial cells (HUVECs) 
and to immobilized vWF-rich HUVEC supernatant. This Stx 
binding reduces the rate of ADAMTS-13–mediated cleavage 
of vWF. The resulting delay in cleavage of endothelial cell–
anchored UL-vWF multimers, by increasing the time avail-
able for platelet adhesion, activation, and aggregation, 
provides a possible explanation for thrombotic microangi-
opathy in diarrhea associated (D)+HUS.

Diagnosis rests on detection of E. coli 0157:H7 and other 
Stx-producing bacteria in sorbitol-MacConkey stool cul-
tures. Serologic tests for antibodies to Stx and O157 lipo-
polysaccharide can be done in research laboratories, and 
tests are being developed for rapid detection of E. coli 
O157:H7 and Stx in stools.

Over the last decades, E. coli 0157:H7 and, less frequently, 
other Stx-producing E. coli strains, have been responsible for 
multiple outbreaks throughout the world, becoming a 
public health problem in developed and developing coun-
tries. Contaminated undercooked ground beef, meat patties, 
raw vegetables, fruit, milk, and recreational or drinking 
water have all been implicated in the transmission of E. coli. 
A recent widespread outbreak associated with spinach in 
North America had dramatically higher than typical rates of 
hospitalization (52%) and HUS (16%) due to the emer-
gence of a new variant of 0157:H7 serotype that had acquired 
several gene mutations, which likely contributed to more 
severe disease.27

Secondary person-to-person contact is an important way 
of spread in institutional centers, particularly daycare 

mostly involves arteries and arterioles with thrombosis and 
intimal thickening (see Figure 35.3F), secondary glomerular 
ischemia, and retraction of the glomerular tuft (see Figure 
35.3C). The prognosis is good in patients with predominant 
glomerular involvement, but is more severe in those with 
predominant preglomerular injury. Focal segmental glo-
merulosclerosis may be a long-term sequela of acute cases 
of HUS and is usually seen in children with long-lasting 
hypertension and progressive chronic renal function 
deterioration.16-18

The typical pathologic changes of TTP are the thrombi 
that occlude capillaries and arterioles in many organs and 
tissues. These thrombi consist of fibrin and platelets, and 
their distribution is widespread. They are usually detected 
in kidneys, pancreas, heart, adrenals, and brain. Compared 
to HUS, pathologic changes of TTP are more extensively 
distributed, probably reflecting the more systemic nature of 
the disease.16-18

MECHANISMS, CLINICAL COURSE, AND THERAPY 
FOR DIFFERENT FORMS OF THROMBOTIC 
MICROANGIOPATHY
Hemolytic-Uremic Syndrome

Shiga Toxin–Associated Hemolytic-Uremic Syndrome
Mechanisms.  Stx-HUS may follow infection by certain 

strains of E. coli or Shigella dysenteriae, which produce a pow-
erful exotoxin (Shiga toxin, or Stx).3 The term Shiga toxin 
was initially used to describe the exotoxin produced by 
Shigella dysenteriae type 1. Then some strains of E. coli (mostly 
the serotype 0157:H7, but also other serotypes—e.g., 
O111:H8, O103:H2, O123, and O26) isolated from human 
cases with diarrhea were found to produce a toxin similar 
to the one of S. dysenteriae. After food contaminated by Stx-
producing E. coli or S. dysenteriae is ingested, the toxin is 
released in the gut and may cause watery or usually bloody 
diarrhea because of a direct effect on the intestinal mucosa. 
Stx-producing E. coli organisms adhere closely to the epithe-
lial cells of the gastrointestinal mucosa, causing destruction 
of brush border villi.19 These toxins are picked up by polar-
ized gastrointestinal cells via transcellular pathways and 

Figure 35.4 Pathways mediating microvascular thrombosis and inflammation on Shiga toxin (Stx) exposure. Stx binds specific receptors on 
circulating leukocytes that are activated and release interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α). 
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of E.coli of a Stx-encoding phage from a Stx-producing 
enterohemorrhagic strain of E.coli. The combination of 
these two virulence factors would lead to increased gut colo-
nization and thus the release of increased quantities of toxin 
into the circulation. Moreover, although enterohemor-
rhagic E. coli are found in the gastrointestinal tract of rumi-
nants, enteroaggregative E. coli appear to have their reservoir 
in humans. This might explain why this strain has acquired 
new resistances to antibiotics most commonly used in 
human disease.

Therapy.  Typical treatment of Stx-associated HUS of chil-
dren is based on supportive management of anemia, renal 
failure, hypertension, and electrolyte and water imbalances. 
Intravenous isotonic volume expansion as soon as an E. coli 
O157:H7 infection is suspected—that is, within the first 4 
days of illness, even before culture results are available—
may limit the severity of kidney dysfunction and the need 
for renal replacement therapy.36 Bowel rest is important for 
the enterohemorrhagic colitis associated with Stx-HUS. 
Antimotility agents should be avoided because they may 
prolong the persistence of E. coli in the intestinal lumen and 
therefore increase the patient’s exposure to its toxin. The 
use of antibiotics should be restricted to the very limited 
number of patients presenting with bacteremia37 because, 
in children with gastroenteritis, they may increase the risk 
of HUS by 17-fold.38 A possible explanation is that antibiotic-
induced injury to the bacterial membrane might favor the 
acute release of large amounts of preformed toxin. Alterna-
tively, antibiotic therapy might give E. coli O157:H7 a selec-
tive advantage if these organisms are not as readily eliminated 
from the bowel as normal intestinal flora. Moreover, several 
antimicrobial drugs, particularly the quinolones, trime-
thoprim, and furazolidone, are potent inducers of the 
expression of the Stx2 gene and may increase the level of 
toxin in the intestine. Although the possibility of a cause-
and-effect relationship between antibiotic therapy and 
increased risk of HUS has been challenged by a meta-
analysis of 26 reports,39 there is no reason to prescribe anti-
biotics because they do not improve the outcome of colitis, 
and bacteremia is only exceptionally found in Stx-associated 
HUS. However, when hemorrhagic colitis is caused by S. 
dysenteriae type 1, early and empirical antibiotic treatment 
shortens the duration of diarrhea, decreases the incidence 
of complications, and reduces the risk of transmission by 
shortening the duration of bacterial shedding. Thus, in 
developing countries where S. dysenteriae is the most fre-
quent cause of hemorrhagic colitis, antibiotic therapy 
should be started early, even before the involved pathogen 
is identified.

Careful blood pressure control and renin angiotensin 
aldosterone system (RAAS) blockade may be particularly 
beneficial in the long term for patients who suffer chronic 
renal disease after an episode of Stx-HUS. A study of 45 
children with renal sequelae of HUS followed for 9 to 11 
years has documented that early restriction of proteins and 
use of angiotensin-converting enzyme inhibitors (ACEIs) 
may have a beneficial effect on long-term renal outcome, as 
documented by a positive slope of 1/creatinine (1/Cr) 
values over time in treated patients.40 In another study, 8- to 
15-year treatment with ACEIs after severe Stx-HUS normal-
ized blood pressure, reduced proteinuria, and improved 
GFR.41

centers and nursing homes. Infected patients should be 
excluded from daycare centers until two consecutive  
stool cultures are negative for Stx-producing E. coli to 
prevent further transmission. However, the most important 
preventive measure in childcare centers is supervised hand 
washing.

Clinical Course.  Following exposure to Stx-E.coli, 38% to 
61% of individuals develop hemorrhagic colitis and 3% to 
9% (in sporadic infections) and up to 20% (in epidemic 
forms) progress to overt HUS.28,29 Stx-E.coli hemorrhagic 
colitis not complicated by HUS is self-limiting and is not 
associated with an increased long-term risk of high blood 
pressure or renal dysfunction, as shown by a 4-year follow-up 
study in 951 children who were exposed to a drinking water 
outbreak of E.coli O157:H7.30

Stx-HUS is characterized by prodromal diarrhea followed 
by acute renal failure. The average interval between E.coli 
exposure and illness is 3 days. Illness typically begins with 
abdominal cramps and nonbloody diarrhea; diarrhea may 
become hemorrhagic in 70% of cases, usually within 1 or 2 
days.31 Vomiting occurs in 30% to 60% and fever in 30% of 
cases. The leukocyte count is usually elevated, and a barium 
enema may demonstrate thumbprinting, suggestive of 
edema and submucosal hemorrhage, especially in the 
region of the ascending and transverse colon. HUS is usually 
diagnosed 6 days after the onset of diarrhea.3 After infec-
tion, Stx-E.coli may be shed in the stools for several weeks 
after the symptoms are resolved, particularly in children 
younger than 5 years.3

Bloody diarrhea, fever, vomiting, elevated leukocyte 
count, extremes of age, and female gender, as well as the 
use of antimotility agents, have been associated with an 
increased risk of HUS following E.coli infection.28,32 Stx-HUS 
is not a benign disease. Of patients who develop HUS, 70% 
require red blood cell transfusions, 50% need dialysis, and 
25% have neurologic involvement, including stroke, seizure, 
and coma.28,33,34 Although mortality for infants and young 
children in industrialized countries decreased when dialysis 
became available, and after the introduction of intensive 
care facilities, still 3% to 5% of patients die during the acute 
phase of Stx-HUS.33 A meta-analysis of 49 published studies 
(3476 patients; mean follow-up, 4.4 years) describing the 
long-term prognosis of patients who survived an episode of 
Stx-HUS, has reported death or permanent ESRD in 12% 
of patients and a glomerular filtration rate (GFR) below 
80 mL/min/1.73 m2 in 25%.34

Disease presentation and outcome were particularly 
severe during the Shiga toxin–producing Escherichia coli 
(STEC) O104:H4 German outbreak, in which 53 of 855 
HUS patients died in Germany by its end.35 Compared to 
previous STEC epidemics, there was a higher incidence of 
dialysis-dependent kidney failure (20% vs. 6%) and death 
(6% vs. 1%).35 Almost 50% of patients presented with neu-
rologic symptoms, and 20% of patients suffered seizures. 
The severe clinical phenotype was explained by lack of pre-
vious immunity to this novel STEC strain and also by its 
exceptional virulence.35 E. coli O104:H4 not only produces 
the same Stx as STEC enterohemorrhagic strains, but also 
has 93% of the genomic sequence of enteroaggregative E. 
coli strains that form fimbriae, which facilitates adhesion to 
the intestinal wall. The evolution of E.coli O104:H4 is likely 
the result of the acquisition by an enteroaggregative strain 
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HUS.43,44 These findings lead to the consideration of plasma 
infusion or exchange suitable for adult patients, in particu-
lar those with severe renal insufficiency and central nervous 
system involvement, such as patients involved in E. coli 
O104:H4 HUS outbreaks.45 In this context, immunoglobu-
lin G (IgG) depletion, through immunoadsorption rescue 
therapy added on to plasma exchange, has been reported 
to achieve complete neurologic recovery in 10 of 12 criti-
cally ill patients with delirium, epileptic seizures, or require-
ment for mechanical ventilation.46

Kidney transplantation should be considered as an effec-
tive and safe treatment for children who progress to ESRD. 
Indeed, recurrence rates range from 0% to 10%, and graft 
survival at 10 years is even better than in control children 
with other diseases.47-49 Importantly, genetic screening per-
formed in a young woman with history of Stx-HUS and early 
graft failure, before planning a second transplantation, 
revealed a complement factor I (CFI) mutation.50 This case 
indicates that screening of HUS-associated genes should be 
performed in patients on dialysis following severe episodes 

An oral Stx-binding agent that may compete with endo-
thelial and epithelial receptors for Stx in the gut (Synsorb 
PK) has been developed with the rationale of limiting target 
organ exposure to the toxin (Table 35.2). However, a pro-
spective, randomized, double-blind, placebo-controlled 
clinical trial of 145 children with diarrhea-associated HUS 
failed to demonstrate any beneficial effect of treatment on 
disease outcome.42

Heparin and antithrombotic agents may increase the risk 
of bleeding and should be avoided.

The efficacy of specific treatments in adult patients is dif-
ficult to evaluate because most information has been derived 
by uncontrolled series, which may include also atypical HUS 
cases. In particular, no prospective randomized trials are 
available to establish definitively whether plasma infusion or 
exchange may offer some specific benefit as compared to 
supportive treatment alone. However, comparative analyses 
of two large series of patients treated or not treated with 
plasma have suggested that plasma therapy may dramatically 
decrease overall mortality of Stx-E. coli 0157:H7–associated 

Table 35.2  Specific Therapies Used in Thrombotic Microangiopathy

Therapy Dosing Efficacy

Antiplatelet Anecdotal efficacy in TTP
 Aspirin 325-1300 mg/day
 Dipyridamole 400-600 mg/day
 Dextran 70 500 mg twice daily
 Prostacyclin 4-20 mg/kg/min Anecdotal efficacy in HUS
Antithrombotic
 Heparin 5000-U bolus followed by 750- to 

1000-U/hr infusion
 Streptokinase 250,000-U bolus followed by 

100,000-U/hr infusion
Shiga toxin–binding (Synsorb) 500 mg/kg/day for 7 days Not effective in preventing or treating Stx-associated 

HUS
Antioxidant (vitamin E) 1000 mg /m2/day Anecdotal efficacy in HUS
Immunosuppressive Probably effective in addition to plasma exchange in 

patients with TTP and anti-ADAMST13 
autoantibodies or in aHUS with antifactor H 
autoantibodies and in forms associated with 
autoimmune diseases; lack of evidence from 
controlled trials for immune-mediated HUS or TTP

 Prednisone 200 mg tapered to 60 mg/day, then 
5-mg reduction/wk

 Prednisolone 200 mg tapered to 60 mg/day, then 
5-mg reduction/wk

 Immunoglobulins 400 mg/kg/day
 Vincristine 1.4 mg/m2 followed by 1 mg every 4 

days
CD20 cell depletion (rituximab) 375 mg/m2/wk up to CD20 depletion Effective in treatment or prevention of TTP 

associated with immune-mediated ADAMTS13 
deficiency resistant to, or relapsing after, 
immunosuppressive therapy

Fresh-frozen plasma
 Exchange 1-2 plasma volumes/day First-line therapy for aHUS and TTP; unproven 

efficacy in childhood Stx-HUS
 Infusion 20-30 mL/kg followed by 10-20 mL/

kg/day
To be considered if plasma exchange not available

 Cryosupernatant See plasma infusion, exchanges To replace whole plasma in case of plasma 
resistance or sensitization

 Solvent detergent–treated plasma See plasma infusion, exchanges To limit the risk of infections
Liver-kidney transplantation To prevent FH-associated HUS recurrence 

posttransplantation; ≈30% mortality risk
Complement inhibition (eculizumab) 600 mg/wk for first 4 wk; 900 mg 

every 14 days, up to 6 mo
Reported efficacy in FH-associated HUS

FH, Factor H; HUS, hemolytic-uremic syndrome; TTP, thrombotic thrombocytopenic purpura.
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Clinical  Course.  Patients, usually younger than 2 years, 
present with severe microangiopathic hemolytic anemia. 
The clinical picture is severe, with respiratory distress, neu-
rologic involvement, and coma. The acute mortality is about 
25%.

Therapy.  The outcome is strongly dependent on the 
effectiveness of antibiotic therapy. In theory, plasma, infused 
or exchanged, is contraindicated, because adult plasma con-
tains antibodies against the Thomsen-Friedenreich antigen 
that may accelerate polyagglutination and hemolysis.58 
Thus, patients should be treated only with antibiotics and 
washed red cells. In some cases, however, plasma therapy, 
occasionally in combination with steroids, has been associ-
ated with recovery. Evidence that complement activation 
plays a role in the pathogenesis of SP-HUS might provide a 
background for the possible benefits of complement inhibi-
tor therapy in this context.

Atypical Hemolytic-Uremic Syndrome. Atypical HUS 
includes a number of associations and presentations. It can 
occur sporadically or within families. Research in the last 10 
years has linked aHUS to uncontrolled activation of the 
complement system (Figure 35.5).61

Fewer than 20% of atypical HUS cases are familial. Reports 
date back to 1965, when Campbell and Carre described 
hemolytic anemia and azotemia in concordant monozygous 
twins.62 Since then, familial HUS has been reported in chil-
dren and, less frequently, in adults. Although some cases 
were in siblings, suggesting autosomal recessive transmis-
sion, others were across two or three generations, suggesting 
an autosomal dominant mode.63,64 The prognosis is poor 
(cumulative incidence of death or ESRD, 50% to 80%).

Sporadic aHUS encompasses cases without a family history 
of the disease. Triggering conditions for sporadic aHUS65 
include HIV infection, anticancer drugs (e.g., mitomycin, 
cisplatin, bleomycin, gemcitabine), immunotherapeutic 
agents (e.g., cyclosporine, tacrolimus, OKT3, interferon, 
quinidine), antiplatelet agents (e.g., ticlopidine, clopido-
grel), malignancies, transplantation, and pregnancy.11,66

De novo posttransplantation HUS has been reported in 
patients receiving renal transplants or other organs due to 
calcineurin inhibitors or humoral rejection. It has been 
reported in up to 5% to 15% of renal transplantation 
patients who receive cyclosporine and in approximately 1% 
of those who are given tacrolimus.67-69 Dose reduction or 
changing one calcineurin inhibitor for another sometimes 
results in recovery and suggests a causative role.

In 10% to 15% of female patients, aHUS manifests during 
pregnancy or postpartum.6,65 Atypical HUS may present at 
any time during pregnancy, but mostly in the last trimester 
and about the time of delivery. It is sometimes difficult to 
distinguish it from preeclampsia. The HELPP syndrome 
(hemolytic anemia, elevated liver enzymes, and low plate-
lets) is a life-threatening disorder of the last trimester or 
parturition with severe thrombocytopenia, microangio-
pathic hemolytic anemia, renal failure, and liver involve-
ment. These forms are always an indication for prompt 
delivery, which is usually followed by complete remission.65 
Postpartum HUS manifests within 3 months of delivery in 
most cases. The outcome is usually poor. About 50% of 
sporadic aHUS cases show no clear trigger (idiopathic 
HUS).

of Stx-HUS because they may be undiagnosed cases of HUS 
precipitated by STEC infection on a genetic background of 
impaired complement regulation.

Evidence that uncontrolled complement activation may 
contribute to microangiopathic lesions of STEC-HUS pro-
vided the background for complement inhibitor therapy in 
three children with severe STEC-HUS who fully recovered 
with the anti-C5 monoclonal antibody eculizumab.51-53 These 
encouraging results prompted nephrologists to use eculi-
zumab therapy in HUS patients involved in the STEC 
O104:H4 outbreak in Germany (see Table 35. 2). However, 
data are largely inconclusive because they were substantially 
biased by the retrospective and nonrandomized design of 
the studies. Although uncontrolled reports have suggested 
that eculizumab is associated with prompt and complete 
recovery, in particular if treatment is started early after 
disease onset,54,55 evidence from controlled studies—that 
disease outcome was similar between patients who received 
eculizumab together with plasma exchange and those who 
received plasma exchange alone—has strongly questioned 
the benefit of eculizumab added on as best available therapy, 
including plasma exchange.45,56 However, these findings are 
difficult to interpret because they were most likely biased by 
the preferential administration of eculizumab to patients 
with more severe disease. Thus, whether eculizumab is a 
useful adjunct to treating the most severe forms of STEC-
HUS needs to be clarified by prospective, randomized, con-
trolled trials.35

Streptococcus pneumoniae–Associated Hemolytic- 
Uremic Syndrome

Mechanisms.  This is a rare but potentially fatal disease 
that may complicate pneumonia or, less frequently, menin-
gitis caused by Streptococcus pneumoniae.57 Neuraminidase 
produced by S. pneumoniae, by removing sialic acid from the 
cell membranes, exposes Thomsen-Friedenreich antigen 
(T-antigen).58 T-antigen exposure on red cells is detected 
using the lectin Arachis hypogaea. An immunoglobulin M 
cold antibody occurring naturally in human serum causes 
the polyagglutination of red blood cells in vitro. This is why, 
unlike in other forms of HUS, there is a positive Coombs 
test result in neuraminidase-associated HUS. T–anti-T inter-
action on red cells, platelets, and endothelium was thought 
to explain the pathogenesis, whereas the pathogenic role of 
the anti-T cold antibody in vivo is uncertain.59

Recently, a study investigating the complement system in 
five patients with S. pneumoniae HUS (SP-HUS) found a 
decrease in components of the classical and alternative 
pathways during the acute phase of the disease.60 This indi-
cates early severe activation and consumption of comple-
ment, and most of these alterations normalized later in 
remission. In addition, three of the five SP-HUS patients 
carried mutations and/or risk haplotypes in genes previ-
ously reported to associate with complement-mediated 
aHUS—a previously described variant of factor I (PC50A) 
and two new mutations in factor H (R1149X) and thrombo-
modulin (T44I). These observations suggest that severe 
complement dysregulation and consumption, in addition to 
neuraminidase action, accompany the progression of 
SP-HUS, and genetic variations of complement genes may 
contribute to the development of this complication in some 
affected patients.
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pathways—classical, lectin, and alternative pathways—
produce protease complexes, termed C3 and C5 convertases, 
that cleave C3 and C5, respectively, eventually leading to the 
membrane attack complex (MAC) lytic complex (Figure 
35.5). The alternative pathway is initiated spontaneously in 
plasma by C3 hydrolysis responsible for the covalent deposi-
tion of a low amount of C3b onto almost all plasma-exposed 
surfaces (see Figure 35.5). On bacterial surfaces, C3b leads 
to opsonization for phagocytosis by neutrophils and macro-
phages. Without regulation, a small initiating stimulus is 

Mechanisms.  Complement Abnormalities. Reduced serum 
levels of C3 with normal C4 in aHUS patients have been 
recognized since 1974.70,71 In cases of familial aHUS, serum 
C3 was low, even during remission, hinting to genetic 
defects.70,72 A low C3 reflected complement activation and 
consumption with high levels of activated products, C3b, 
C3c, and C3d.73

The complement system is part of innate immunity and 
consists of several plasma- and membrane-bound proteins 
protecting against invading organisms.74 Three activation 

Figure 35.5 The three activation pathways of complement. The classical pathway is initiated by the binding of the C1 complex to antibodies 
bound to an antigen on the surface of a bacterial cell, leading to the formation of a C4b2a enzyme complex, the C3 convertase of the classical 
pathway. The mannose-binding lectin pathway is initiated by binding of the complex of mannose-binding lectin (MBL) and the serine proteases 
mannose-binding, lectin-associated proteases 1 and 2 (MASP1 and MASP2) to mannose residues on the surface of a bacterial cell; this leads 
to the formation of the C3 convertase enzyme C4bC2a. The alternative pathway is initiated by the covalent binding of a small amount of C3b 
generated by spontaneous hydrolysis in plasma to hydroxyl groups on cell surface carbohydrates and proteins. This C3b binds factor B to 
form the alternative pathway C3 complex C3bBb. The C3 convertase enzymes cleave many molecules of C3 to form the anaphylatoxin C3a 
and C3b, which binds covalently around the site of complement activation. Some of this C3b binds to C4b and C3b in the convertase enzymes 
of the classical and alternative pathways, respectively, forming C5 convertase enzymes that cleave C5 to form the anaphylatoxin C5a and C5b, 
which initiates the formation of the membrane attack complex. The human complement system is highly regulated to prevent nonspecific 
damage to host cells and limit the deposition of complement to the surface of pathogens. This fine regulation occurs through a number of 
membrane-anchored and fluid phase regulators (in red) that inactivate complement products formed at various levels in the cascade and protect 
host tissues. CD59, Protectin (prevents the terminal polymerization of the membrane attack complex); CFB, complement factor B; CFH, comple-
ment factor H; CFI, complement factor I; MCP, membrane cofactor protein. 
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familial forms, 10% to 20% sporadic forms).77-83 These muta-
tions usually do not result in a quantitative CFH deficiency, 
but result in normal levels of a protein that is unable to bind 
to and regulate complement on endothelial cells and plate-
lets.84 A high degree of sequence identity between CFH and 
the genes CFHR1-5 for five factor H–related proteins 
(CFHRs) located in tandem to CFH may predispose to non-
allelic recombinations.85 In 3% to 5% of patients with aHUS, 
a heterozygous hybrid gene derived from an uneven cross-
over between CFH and CFHR1 contained the first 21 CFH 
exons and the last two CFHR1 exons, resulting in a gene 
product with decreased complement regulatory activity on 
endothelial surfaces.85 Additional forms of CFH and CFHR 
hybrid genes have been recently described.

Acquired defects of CFH function are also seen in the 
form of inhibitory antibodies that are reported in 5% to 
10% of aHUS patients.86 Analogous to the genetic defect 
seen in CFH, these autoantibodies also predominantly 
target the C-terminal end of the protein, thereby impairing 
complement regulation on host cell surfaces. The develop-
ment of CFH autoantibodies in aHUS has a genetic predis-
position, being strongly associated with a deletion of the 
CFHR1 and CFHR3 genes.

Membrane Cofactor Protein. Membrane cofactor 
protein (MCP) is pivotal against C3 activation on glomeru-
lar endothelium. Anti-MCP antibody completely blocked 
cofactor activity in cell extracts.87 In 2003, two groups 
described mutations in MCP encoding the widely expressed 
transmembrane regulator, membrane cofactor protein, in 
affected individuals of four families. MCP serves as a cofac-
tor for CFI to cleave C3b and C4b on cell surfaces.88-90 MCP 
mutations account for 10% to 15% of aHUS cases.81 Most 
are heterozygous, about 25% are homozygous or compound 

quickly amplified to a self-harming response until the con-
sumption of complement components (see Figure 35.5). 
On host cells, such a dangerous cascade is controlled by 
membrane-anchored and fluid phase regulators (see Figure 
35.5). They both favor the cleavage of C3b to inactive iC3b 
by the plasma serine-protease factor I (CFI, cofactor activity) 
and dissociate the multicomponent C3 and C5 convertases 
(decay acceleration activity). Foreign targets and injured 
cells that lack membrane-bound regulators or cannot bind 
soluble regulators are attacked by complement.

The C3 convertases of the classical and lectin pathways 
are formed by C2 and C4 fragments, whereas the alternative 
pathway convertase requires cleavage of C3 only (see Figure 
35.5).74 Thus, low serum C3 levels in aHUS with normal C4 
indicated selective AP activation.72

Genetic Abnormalities. A variety of genetic abnormalities in 
members of the alternative pathway of complement have 
been described in aHUS, which account for about 60% of 
cases (see Table 35.1). Of note, different genetic abnormali-
ties account for different patterns of dysfunction of the 
complement system with different outcomes, response to 
therapy, and risk of recurrence after kidney transplantation 
(Table 35.3).

Complement Factor H. Complement factor H (CFH) 
regulates the alternative pathway by competing with com-
plement factor B (CFB) for C3b recognition by acting as a 
cofactor for CFI, and enhancing dissociation of C3 conver-
tase.75 In 1998, Warwicker and coworkers demonstrated 
linkage of aHUS to the chromosome 1q32 locus, containing 
genes for CFH and other complement regulators.76 Since 
then, over 80 CFH mutations (interactive FH-HUS muta-
tions database, http://www.FH-HUS.org) have been identi-
fied in aHUS patients (mutation frequency—40% to 45% 

Table 35.3  Outcomes of Atypical Hemolytic-Uremic Syndrome (aHUS)*

Affected 
Gene(s)

Affected Protein and 
Main Effect

Frequency in 
aHUS (%)

Rate of Remission 
With Plasma 
Exchange†

5- to 10-yr 
Rate of Death 
or ESRD (%)

Rate of Recurrence 
after Kidney 
Transplantation (%)

CFH Factor H (no binding to 
endothelium)

20-30 (dose- and 
timing-dependent)

60 70-80 80-90‡

CFHL1, 
CFHL3

Factor HR1, R3 (anti–
factor H antibodies)

6 70-80 (combined with 
immunosuppression)

30-40 20‡

MCP Membrane cofactor 
protein (no surface 
expression)

10-15 No indication for 
plasma exchange

<20 15-20§

Factor I (low levels, low 
cofactor act)

4-10 30-40 60-70 70-80

Factor B (C3 convertase 
stabilization)

1-2 30 70 One case reported

Complement C3 
(resistance to C3b 
inactivation)

5-10 40-50 6% 40-50

Thrombomodulin (reduced 
C3b inactivation)

5 60 60 One case reported

*According to the associated genetic abnormality.
†Complete remission or hematologic remission with renal sequelae.
‡Kidney or combined liver and kidney transplantation.
§Single kidney transplantation.
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all patients with anti-CFH antibodies develop the disease 
before 16 years. 81,100,101 Acute episodes manifest with severe 
hemolytic anemia, thrombocytopenia, and acute renal 
failure. Extrarenal involvement (central nervous system or 
multivisceral) occurs in 20% of cases.5,81,100

Short- and long-term outcomes vary according to the 
underlying complement abnormality (see Table 35.3). 
About 60% to 70% of patients with CFH, CFI, and C3 muta-
tions and one third of children with anti-CFH autoantibod-
ies lose renal function, die during the presenting episode, 
or develop ESRD following relapses.5,81,100 CFB mutations are 
associated with poor renal outcome (renal function loss in 
seven of eight patients).96

Chronic complement dysregulation may lead to atheroma-
like lesions. About 20% of patients with CFH mutations have 
cardiovascular complications (e.g., coronary or cerebrovas-
cular disease, myocardial infarction) and excess mortality. 
Long-term survival is worse in patients with CFH mutations 
(50% at 10 years) than in those with CFI and C3 mutations 
or anti-CFH autoantibodies (80% to 90% at 10 years).5,81,100

MCP mutation carriers have a good prognosis (complete 
remission, 80% to 90%). Recurrences are frequent but the 
long-term outcome is good, and 80% of patients remain 
dialysis free.5,81,100 However, rare patients with MCP muta-
tions have severe disease, immediate ESRD, intractable 
hypertension, and coma, possibly because of concurrent 
genetic abnormalities.81

Therapy.  Fresh-Frozen Plasma. Guidelines suggest that 
plasma therapy (plasma exchange, one or two plasma 
volumes/day; plasma infusion, 20 to 30 mL/kg/day) should 
be started within 24 hours of diagnosis.5 Plasma exchange 
allows supplying larger amounts of plasma than would be 
possible with infusion while avoiding fluid overload (see 
Table 35.2). Trials of plasma therapy in HUS are scanty and 
not current. The only two published trials in HUS compar-
ing supportive therapy alone with supportive therapy plus 
plasma infusion did not demonstrate significant benefit for 
plasma in inducing remission.102,103 However, neither trial 
examined outcomes separately for Stx-HUS versus aHUS, 
which invariably weakened the potential benefits of plasma 
for aHUS.104,105 Because CFH is a plasma protein, plasma 
infusion or exchange provides normal CFH to patients car-
rying CFH mutations.81,100,106,107 Long-term treatment, 
however, may fail due to the development of plasma resis-
tance.108 Heterozygous CFH mutation carriers usually have 
normal levels of CFH, half of which is dysfunctional. The 
beneficial effect of plasma is strongly dependent on amount, 
frequency, and modality of administration, with plasma 
exchange being superior to plasma infusion for remission 
and prevention of recurrences by removal of mutant CFH 
that could antagonize the normal protein.109,110 Overall, 
published data in patients with CFH mutations show com-
plete or partial (hematologic normalization with renal 
sequelae) remission of 60% of plasma-treated episodes (see 
Table 35.3).5,81,100 Plasma exchange is used to remove anti-
CFH antibodies, but the effect is usually transient.86,100 
Immunosuppressants (corticosteroids and azathioprine or 
mycophenolate mofetil) and rituximab, an anti-CD20 anti-
body, combined with plasma exchange allows long-term, 
dialysis-free survival in 60% to 70% of patients.86,101,111,112

Patients with CFI mutations show only a partial response, 
with remission in about 30% to 40% of plasma-treated 

heterozygous (http://www.FH-HUS.org). Most cluster in 
critical extracellular modules for regulation. Expression on 
blood leukocytes was reduced for about 75% of mutants, 
causing quantitative defects. Conversely, others have low 
C3b-binding capability and decreased cofactor activity.81,91

Complement Factor I. CFI is a plasma serine protease 
that regulates the three complement pathways by cleaving 
C3b and C4b in the presence of cofactor proteins. CFI muta-
tions affect 4% to 10% of aHUS patients.81,92-94 All mutations 
are heterozygous; 80% cluster in the serine-protease domain. 
Approximately 50% of mutations result in low CFI levels. 
Others disrupt C3b and C4b cleavage.81,92-94

Complement Factors B and C3. Gain-of-function muta-
tions can affect genes encoding the alternative pathway C3 
convertase components, CFB and C3.95,96 CFB mutations are 
rare in aHUS (1% to 2%).96 Patients have chronic alterna-
tive pathway activation, with low C3 and, usually, normal 
C4.96 CFB mutants have excess C3b affinity and form a hyper-
active C3 convertase resistant to dissociation. C3b formation 
is thereby enhanced in vivo.96

About 4% to 10% of aHUS patients have heterozygous 
mutations in C3, usually with low C3 levels. Most mutations 
reduce C3b binding to CFH and MCP, severely impairing 
degradation of mutant C3b.95

Thrombomodulin. Mutations in the THBD gene encod-
ing thrombomodulin, a membrane-bound glycoprotein 
with anticoagulant properties that modulates complement 
activation on cell surfaces, have been associated with aHUS.97 
About 5% of aHUS patients carry heterozygous THBD muta-
tions. Cells expressing these variants inactivate C3b less effi-
ciently than cells expressing wild-type thrombomodulin.97 
These data document a functional link between comple-
ment and coagulation, opening new perspectives for candi-
date gene research in aHUS.

Diacylglycerol kinase-ε. Homozygous or compound 
heterozygous mutations in diacylglycerol kinase-ε (DGK-ε) 
were recently reported in nine unrelated children with 
aHUS and autosomal recessive inheritance.98 Mutation car-
riers presented with aHUS before the age of 1 year, had 
persistent hypertension, hematuria, and proteinuria, and 
developed chronic kidney disease as they got older. DGK-ε 
encodes diacylglycerol kinase-ε, which is expressed in endo-
thelium, platelets, and podocytes. Diacylglycerol kinase-ε is 
apparently unrelated to the complement cascade, and the 
mechanism whereby DGK-ε mutations cause aHUS remains 
to be elucidated.

Determinants of Disease Penetrance. Two other factors are 
thought to determine the development of aHUS. First, in 
most patients, there is a trigger. Infection and pregnancy 
are the most frequently described triggers.99 Second, a 
further genetic variant (modifier) can increase the risk of 
developing the disease. This can be in the form of an addi-
tional mutation in one of the aforementioned genes and/
or the presence of a common at-risk genetic variant. It is 
now recognized that about 10% of aHUS patients will have 
mutations in more than one gene.50 Common at-risk genetic 
variants (single-nucleotide polymorphisms [SNPs] and hap-
lotype blocks) in CFH, CD46, and CFHR1 have been shown 
to act as susceptibility factors for development of the 
disease.50

Clinical  Course.  Of aHUS patients, irrespective of muta-
tion type, 67% are affected during childhood, and almost 
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Complement Inhibitors. Identifying complement gene abnor-
malities has paved the way for tailored treatments aimed at 
specifically hampering complement activation. In particu-
lar, the humanized anti-C5 monoclonal antibody eculi-
zumab is going to change short- and long-term prognosis of 
aHUS radically. More than 25 aHUS patients treated with 
eculizumab have been reported in the literature thus  
far.124 Some patients were treated for aHUS on native 
kidneys, and others received eculizumab to treat or prevent 
posttransplantation aHUS recurrence. Most patients treated 
during acute episodes achieved remission with eculizumab, 
including dramatic cases with severe neurologic involve-
ment or peripheral gangrene. The efficacy of eculizumab in 
aHUS has been definitely proven in two open-label con-
trolled trials of adult and adolescent patients with plasma 
therapy–sensitive or plasma therapy–resistant aHUS.125 
Based on these results, in late 2011, eculizumab received the 
approval for the treatment of aHUS in the United States 
and Europe.

How long eculizumab therapy should be continued and 
which is the ideal treatment regimen to be administered, 
however, remains to be established. Conceivably, chronic 
lifelong treatment with eculizumab at doses able to block 
the complement cascade persistently might be needed to 
prevent disease recurrence, at least in a subgroup of patients. 
However, whether and to what extent this applies to all 
patients with aHUS and complement intrinsic abnormalities 
are unknown. Reasonably, different underlying genetic 
defects, different clinical courses before eculizumab therapy, 
and different residual complement activity while on eculi-
zumab therapy should be taken into consideration when 
strategies of chronic eculizumab therapy are planned. Pro-
spective studies titrating eculizumab dosing to reliable 
markers of complement activation are needed to explore 
the possibility of gradual back titration and possible with-
drawal of chronic treatment, at least in a subset of affected 
patients. This should reduce the risk of possible and still 
unknown long-term adverse effects and, considering the 
tremendous costs of eculizumab therapy, would have major 
implications for health care providers.
Liver Transplantation. In the pre-eculizumab era, liver trans-
plantation had been suggested to correct the complement 
abnormality and prevent disease recurrence in patients with 
defects in genes encoding circulating complement proteins 
that are synthesized in the liver.120 In patients with aHUS 
and ESRD, combined liver-kidney transplantation was found 
to restore renal function and prevent recurrence of aHUS 
related to a CFH mutation. The outcome, however, was 
complicated by early liver failure in 15% to 30% of cases.126 
Evidence of widespread microvascular thrombosis with 
diffuse deposition of complement MAC in liver sinusoids 
consistent with complement activation was taken to suggest 
that the surgical stress with liver ischemia and reperfusion 
might induce intense local complement activation that 
could not be regulated, as occurs normally, because of the 
deficiency in functional CFH.121

Because the risk of premature liver failure does not 
appear to be solely affected by perioperative intensified 
plasma therapy, combined liver-kidney transplantation  
to prevent aHUS recurrence is still a risky procedure.  
Availability of eculizumab, however, has led to reconsider 
this therapeutic option. Eculizumab has been used to 

episodes.5,81,100,113 Because MCP is a cell-associated protein, 
effects of plasma are unlikely in patients with MCP muta-
tions. Indeed, 80% to 90% of patients undergo remission 
independently of plasma treatment (see Table 35.3).5,81,100,113

Thirty-forty percent of patients with CFB mutations and 
50% of those with C3 mutations respond to plasma infusion 
or exchange.5,95,96 Possibly, these patients need abundant 
and frequent plasma exchanges to clear the hyperfunc-
tional mutants CFB and C3.5

Transplantation. Whether kidney transplantation is appropri-
ate for aHUS patients with ESRD has been long debated. 
Disease recurred in about 50% of transplant patients with 
CFH, CFI, CFB, and C3 mutations, and graft failure occurred 
in 80% to 90% of them.92,95,96,100,114-116 Living related dona-
tion is contraindicated by a high risk of recurrence and may 
be risky to donors.116,117 A man with a heterozygous CFH 
mutation developed de novo HUS after donating a kidney 
to his child.117

Intensive chronic plasma prophylaxis prevented recur-
rence in one patient with a CFH mutation but failed in 
another patient.118,119 Simultaneous kidney and liver trans-
plantation was performed in two children with aHUS and 
CFH mutations, with the rationale of correcting the genetic 
defect and preventing recurrences.120,121 However, both 
cases were complicated by premature liver failure. The first 
child recovered after a second liver transplantation. The 
child had no symptoms of HUS for 3 years but died from 
sequelae of hepatic encephalopathy.120 This case offered the 
proof of concept that transplantation could cure HUS asso-
ciated with CFH mutations by correcting the genetic defect. 
The second case was also complicated by liver failure, with 
widespread microvascular thrombosis and complement 
deposition.121 It was reasoned that the surgical stress with 
ischemia and reperfusion induced complement activation 
in the liver that could not be regulated because of func-
tional CFH deficiency. A modified approach to the com-
bined transplantation was applied to eight cases, including 
extensive plasma exchange before surgery to provide a 
timely enough normal CFH until the liver graft recovered 
synthetic function.122,123 This procedure was successful in 
seven patients. However, another child developed severe 
hepatic thrombosis and fatal encephalopathy.122 The risks of 
kidney and liver transplantation require a careful assess-
ment of benefits for candidate patients.

The outcome of kidney transplantation is favorable in 
patients with MCP mutations. More than 80% did not expe-
rience HUS recurrence, with long-term graft survival com-
parable to that of patients transplanted for other 
causes.5,100,114,115 The theoretical rationale is strong. MCP is 
a transmembrane protein that is highly expressed in the 
kidney. Not surprisingly, a kidney graft corrects the defect 
of MCP-mutated recipients.

Screening for mutations should allow patients and clini-
cians to make informed decisions regarding listing for trans-
plantation based on the risk of recurrence (Figure 35.6). 
Algorithms have been developed to optimize the cost-
effectiveness of screening programs for genetic defects in 
patients with aHUS (see Figure 35.6). A position paper has 
defined the groups of patients in whom isolated kidney 
transplantation is extremely risky, where a combined kidney-
liver transplantation is recommended, and those eligible to 
isolated kidney transplantation.122
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Figure 35.6 Flow diagram of the steps suggested to optimize the cost-effectiveness of screening for genetic defects in patients with aHUS 
and suspected genetically determined abnormalities in complement regulatory proteins. A preliminary screen for serum CFH and CFI levels by 
enzyme-linked immunosorbent assay (ELISA) or radial immunodiffusion (RID), and for MCP expression in peripheral blood leukocytes by flow 
cytometry (FACS), is recommended to identify which is the candidate gene to evaluate. If no abnormalities are detected, we suggest screening 
for anti-CFH autoantibodies and then, if none are detected, to look for mutations of candidate genes starting with the CFH gene; this is more 
frequently affected by pathogenic mutations, followed by MCP1 and CFI genes, respectively. Within each gene, the exons where the mutations 
tend to localize more frequently should be studied first. CFH, Complement factor H; CFI, complement factor I; MCP, membrane cofactor 
protein. 
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disorder. Whether plasma therapy has a role in improving 
disease outcome is unknown.

Thrombotic Thrombocytopenic Purpura

In the microvasculature of patients with TTP, systemic plate-
let thrombi are developed, mainly formed by platelets and 
vWF. This protein plays a major role in primary hemostasis 
by forming platelet plugs at the sites of vascular injury under 
high shear stress. vWF is a large glycoprotein synthesized in 
vascular endothelial cells and megakaryocytes. On stimula-
tion, vWF is secreted by endothelial cells as ultra-large  
multimers that form stringlike structures attached to  
the endothelial cells, possibly through interaction with 
P-selectin.132 Under fluid shear stress, the UL-vWF strings 
are cleaved to generate the range of vWF multimer sizes that 
normally circulate in the blood, from approximately 500 kDa 
to 20 million Da.133 The proteolytic cleavage of vWF multim-
ers appears to be critical to prevent thrombosis in the micro-
vasculature (Figure 35.7, right upper panel).

ADAMTS13 is the protease, predominantly expressed by 
the liver, that cleaves vWF; it is deficient in most patients 
with TTP, leading to the accumulation of UL-vWF multimers 
that are highly reactive with platelets (see Figure 35.7, right 
lower panel).134-136 Two mechanisms for the deficiency of 
ADAMTS13 activity have been identified in patients with 
idiopathic TTP—an acquired deficiency caused by the for-
mation of anti-ADAMTS13 autoantibodies (acquired TTP) 
and a genetic deficiency due to homozygous or compound 
heterozygous mutations in the ADAMTS13 gene (congenital 
TTP; see Table 35.1).

Immune-Mediated Deficiency of ADAMTS13 Associated 
with Thrombotic Thrombocytopenic Purpura

Mechanisms.  This is an immune-mediated, nonfamilial 
form of TTP that most likely accounts for most cases (from 
60% to 90%) so far reported as acute idiopathic or sporadic 
TTP (see Table 35.2). The disease is characterized by a 
severe deficiency of ADAMTS13; its activity is inhibited by 
specific autoantibodies that develop transiently and tend to 
disappear during remission.8,134,135,137,138 These inhibitory 
anti-ADAMTS13 antibodies are mainly IgG, although IgM 
and IgA anti-ADAMTS13 antibodies have also been 
described.134,135,139

Patients with TTP secondary to hematopoietic stem cell 
transplantation, malignancies, or HIV infection rarely have 
severe ADAMTS13 deficiency and inhibitory IgG 
antibodies.140-147 TTP associated with ticlopidine and clopi-
dogrel (thienopyridine drugs that inhibit platelet aggrega-
tion) represent interesting exceptions of secondary TTP 
consistent with a drug-induced autoimmune disorder. 
Severe ADAMTS13 deficiency and ADAMTS13 inhibitory 
antibodies were detected in 80% to 90% of patients with 
ticlopidine-associated TTP and in two patients with 
clopidogrel-induced TTP.148 The deficiency resolved after 
the drugs were discontinued.

Evidence of the pathogenic role of TTP-associated, anti-
ADAMTS13 autoantibodies has been derived by the finding 
that they usually disappear from the circulation when remis-
sion is achieved by effective treatment; this occurs in parallel 
with the normalization of ADAMTS13 activity. In patients 
with acquired ADAMTS13 deficiency, a risk as high as 50% 
to develop a relapse has been reported, and undetectable 

prevent and treat aHUS recurrence after solitary kidney 
transplantation.127 This approach is safe and effective as 
long as treatment is continued. In some cases, eculizumab 
might have the additional benefit of reducing the risk of 
antibody-mediated rejection.128 On the other hand, the risk 
of sensitization associated with chronic drug exposure and 
the enormous costs that could be unbearable in resource-
limited settings suggest that careful treatment tapering up 
to withdrawal, whenever possible, should be attempted in 
most cases under tight control of disease and complement 
activity. In this context, a successful liver transplantation 
might allow safely withdrawing eculizumab therapy by 
restoring the bioavailability of liver-produced complement 
modulators such as factor H or factor I. On the other hand, 
perioperative eculizumab therapy might protect the liver 
from thrombotic microangiopathy and protect against early 
failure by preventing uncontrolled complement activation 
precipitated by surgical stress and revascularization damage. 
Thus, liver transplantation, under the umbrella of periop-
erative eculizumab therapy, might be a valuable option 
when chronic eculizumab therapy is unfeasible because of 
safety concerns or resource restriction.129

Hemolytic-Uremic Syndrome Associated with Inborn 
Abnormal Cobalamin Metabolism

Mechanisms.  This is a rare autosomal recessive form of 
HUS associated with an inborn abnormality of cobalamin C 
metabolism.130 The biochemical features of cobalamin C 
deficiency are hyperhomocysteinemia and methylmalonic 
aciduria.

Clinical  Course.  Patients with cobalamin C deficiency 
usually present in the early days and months of life with 
failure to thrive, poor feeding, and vomiting.65,130 Rapid 
deterioration occurs due to metabolic acidosis, gastrointes-
tinal bleeding, hemolytic anemia, thrombocytopenia, severe 
respiratory and hepatic failure, and renal insufficiency. Chil-
dren may present neurologic symptoms of fatigue, delirium, 
psychosis, and seizures. In cases with early onset, the disease 
has a fulminant evolution and occasionally involves the pul-
monary vasculature, but when it ensues later in childhood 
it may follow a more chronic course. The hallmarks of defec-
tive cobalamin C metabolism are hyperhomocysteinemia 
and methylmalonic aciduria, and the extremely high homo-
cysteine levels (up to tenfold higher than normal) have 
been suggested to have a role in the pathogenesis of the 
vascular lesions. Without treatment, the disease is fatal, and 
some children likely die undiagnosed.

Therapy.  Daily intramuscular administrations of hydroxy-
cobalamin may reduce homocysteine levels and methylma-
lonic aciduria, whereas oral hydroxycobalamin and 
cyanocobalamin are ineffective. Oral betaine helps reduce 
serum homocysteine levels further by activating betaine 
homocysteine methyltransferase. Folic acid supplementa-
tion to avoid folate deficiency induced by methyltetrahydro-
folate trapping and L-carnitine to increase propionyl 
carnitine excretion have been suggested, but their role in 
improving disease outcome is unclear.131

Despite treatment, most children with early-onset disease 
die or have severe neurologic sequelae. Intensified treat-
ment in older children with less acute disease may achieve 
remission of the microangiopathic process and ameliora-
tion of the other clinical manifestations of the metabolic 
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90% of cases.139 The rationale of combined treatment is that 
plasma exchange will have only a temporary effect on the 
presumed autoimmune basis of the disease, and additional 
immunosuppressive treatment may cause a more durable 
response. Of 108 patients with TTP or HUS, 30 were 
reported to have recovered after treatment with corticoste-
roids alone. All of them, however, had mild forms, and none 
of them were tested for ADAMTS13 activity.152

Some prospective studies have successfully and safely used 
rituximab in patients who had failed to respond to standard 
daily plasma exchange and methylprednisolone and in 
patients with relapsed acute TTP who had previously dem-
onstrated antibodies to ADAMTS13 (see Table 35.2).153,154 
Treatment was associated with clinical remission in all 
patients, disappearance of anti-ADAMTS13 antibodies, and 
an increase of ADAMTS13 activity to levels higher than 10%. 
Rituximab has been also used electively to prevent relapses 
in patients with autoantibodies and recurrent disease.8,154-156 
In one study, five patients with persistent undetectable 
ADAMTS13 activity and high autoantibody titers were 
treated with rituximab preemptively during remission. 
ADAMTS13 activity ranging from 15% to 75% and the  
disappearance of inhibitors were achieved after 3 months  
in all patients, and activity was still more than 20% at 6 
months. Three patients maintained a disease-free status 
after 29, 24, and 6 months, respectively.156,157 Relapses were 
documented at 13 and 51 months in the remaining two 
patients during follow-up. Longitudinal evaluation of 
ADAMTS13 activity and autoantibody levels may help 
monitor patient response to treatment. Retreatment with 
rituximab should be considered to prevent a relapse when 

ADAMTS13 activity and the persistence of anti-ADAMTS13 
antibodies during remission predict recurrences.139,149,150

Clinical Course.  Patients with anti-ADAMTS13 antibodies 
experience a more severe manifestation of the disease and 
have a higher mortality rate than patients without these 
antibodies.151 Neurologic symptoms usually dominate the 
clinical picture and may be fleeting and fluctuating, prob-
ably because of continuous thrombus formation and disper-
sion in the brain microcirculation. Coma and seizures 
complicate the most severe forms. The detection of high 
titers of anti-ADAMTS13 antibodies correlates with relaps-
ing disease and poor prognosis.

TTP has been reported in 1 in 1600 to 5000 patients 
treated with ticlopidine. Eleven cases have been reported 
during treatment with clopidogrel, a new antiaggregating 
agent that has achieved widespread clinical use for its safety 
profile. Most patients had neurologic involvement. The 
overall survival rate is 67% and is improved by early treat-
ment withdrawal and plasma therapy.

Therapy.  Plasma manipulation is a cornerstone in the 
therapy of the acute episode (see Table 35.2). Plasma may 
serve to induce remission of the disease by replacing defec-
tive protease activity. In theory, as compared to infusion, 
exchange may offer the advantage of also rapidly removing 
anti-ADAMTS13 antibodies but this needs to be proven in 
controlled trials. Corticosteroids might be of benefit in auto-
immune forms of TTP by inhibiting the synthesis of anti-
ADAMTS13 autoantibodies. In a series of 33 patients with 
undetectable ADAMTS13 activity and anti-ADAMTS13 anti-
bodies, combined treatment with plasma exchange and 
prednisone was associated with disease remission in about 

Figure 35.7 Pathophysiology of platelet aggregation in thrombotic thrombocytopenic purpura. Von Willebrand factor (vWF) is synthesized 
and stored as ultra-large (UL) multimers in endothelial cells and megakaryocytes. On stimulation, UL-vWF multimers are secreted by endothelial 
cells into the circulation in a folded structure. On exposure to enhanced shear stress, UL multimers form stringlike structures that adhere to 
endothelial cells. Normally, UL-vWF strings are cleaved by ADAMTS13 to generate vWF multimers from 500 kDa to 20 million Da in size to 
prevent thrombosis in the microvasculature (upper panel). When the ADAMTS13 proteolytic activity is defective because of the inhibitory effect 
of anti-ADAMTS13 autoantibodies or congenital defective synthesis of the protease, UL-vWF multimers accumulate and interact with activated 
platelets to facilitate platelet adhesion and aggregation, with thrombus formation and occlusion of the vascular lumen (lower panel). 
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is enough to prevent onset of the disease in childhood or 
even in adulthood. The latter possibility is supported by 
descriptions of asymptomatic carriers of these mutations 
who never developed TTP.157,162,164

Environmental factors may contribute to induce full-
blown manifestation of the disease. According to this two-hit 
model, deficiency of ADAMTS13 predisposes to microvascu-
lar thrombosis, and thrombotic microangiopathy super-
venes after a triggering event that activates microvascular 
endothelial cells and causes the secretion of UL-vWF multi-
mers and P-selectin expression. Potential triggers of these 
phenomena are infections and pregnancy. Six women with 
congenital ADAMTS13 deficiency developed late-onset TTP 
during pregnancy.162,166 Also, genetic modifiers may be 
implicated in the susceptibility to develop thrombotic 
microangiopathy in a condition of ADAMTS13 deficiency, 
which may include genes encoding proteins involved in the 
regulation of the coagulation cascade, vWF, or platelet func-
tion, components of the endothelial vessel surface or of the 
complement cascade.

Therapy.  When a critically ill patient is admitted because 
of severe anemia and thrombocytopenia with renal failure 
and/or neurologic signs, and the microangiopathic nature 
of the anemia is confirmed by detection of fragmented 
erythrocytes in the peripheral blood smear in association 
with increased serum LDH levels (see Figure 35.2), therapy 
with plasma exchange should be immediately started. If the 
clinical history, screening for Stx-producing E. coli infection, 
and evaluation of ADAMTS13 activity allow reasonably 
excluding Stx HUS and TTP, eculizumab should be started 
as soon as possible on the basis of the assumption that the 
patient could be affected by aHUS (see Figure 35.2). In 
most cases, eculizumab will achieve prompt remission of 
signs and symptoms of the microangiopathic process, and 
plasma exchange will no longer be required. However, 
should more exchange sessions be indicated, additional 
eculizumab doses should be administered shortly after each 
procedure because the drug is fully cleared from the circula-
tion during the exchange.

If less than 10% ADAMTS13 activity orients the diagnosis 
toward TTP, plasma exchange should be continued to 
restore ADAMTS13 bioavailability and to remove anti-
ADAMTS13 autoantibodies in patients with immune-
mediated disease. Fresh-frozen plasma, 1 or 2 L, should be 
exchanged daily until complete and sustained remission of 
the microangiopathic process has been obtained (see Table 
35.2).167 Plasma cryosupernatant—plasma without the 
cryoprecipitate—may supply the same amount of ADAMTS13 
as fresh-frozen plasma, with a reduced risk of acute infusion 
reactions. Moreover, at least according to some uncon-
trolled reports, it also appears to be effective in patients who 
failed to respond to exchange with fresh- frozen plasma.168,169 
These findings could be explained by less vWF content and 
less ADAMTS13 in complex with larger vWF multimers, 
which might translate into increased ADAMTS13 bioavail-
ability as compared to that of fresh-frozen plasma.170

In immune-mediated cases, add-on therapy with steroids 
or other immunosuppressants is indicated to inhibit the 
production of anti-ADAMTS13 autoantibodies. Prospective 
studies have successfully and safely used rituximab (see 
Table 35.2), an anti-CD20 monoclonal antibody depleting 
B lymphocytes, in patients who had failed to respond to 

ADAMTS13 activity decreases and inhibitors reappear into 
the circulation (see Table 35.2).

Congenital Deficiency of ADAMTS13 Thrombotic 
Thrombocytopenic Purpura

Mechanisms.  This rare form is associated with a genetic 
defect of ADAMTS13 and accounts for about 5% of all cases 
of TTP (see Table 35.2).134,137 Emerging data also indicate 
that patients with a clinical diagnosis of HUS may have a 
complete lack of ADAMTS13 activity, albeit less fre-
quently.120,138,158-160 Thus, on clinical grounds, a possible con-
genital defect of ADAMTS13 cannot be excluded only on 
the basis of predominantly renal localization of disease 
manifestations. TTP associated with congenital ADAMTS13 
deficiency has been found in families or patients with no 
familial history of the disease.134,136-138 In both cases the 
disease is inherited as a recessive trait, as documented by 
the fact that ADAMTS13 levels in unaffected relatives of 
patients fell into a bimodal distribution, one group had 
half-normal levels, consistent with carriers, and the other 
had normal values.

To date, more than 80 ADAMTS13 mutations have been 
identified in patients with TTP.136,161 Most patients are carri-
ers of compound heterozygous mutations; only 15 muta-
tions have been observed in homozygous form. Studies on 
secretion and activity of the mutated forms of the protease 
have shown that most of these mutations lead to an impaired 
secretion from cells and, when the mutated protein is 
secreted, the proteolytic activity is greatly reduced.162

Clinical  Course.  Approximately 60% of patients with a 
congenital deficiency of ADAMTS13 experience their first 
acute episode of disease in the neonatal period or during 
infancy, but a second group (10% to 20%) manifests the 
disease after the third decade of life. TTP recurrences are 
common but their frequency varies widely. Although some 
patients with congenital ADAMTS13 deficiency depend on 
frequent chronic plasma infusions to prevent recurrences, 
many patients who achieved clinical remission after plasma 
treatment remain in a disease-free status for long periods 
after plasma discontinuation, despite the absence of prote-
ase activity.157

Emerging data have suggested that the type and location 
of ADAMTS13 mutations may influence the age of onset of 
TTP and penetrance of the disease in mutation carriers.157 
One of the most frequently reported ADAMTS13 mutations, 
the 4143-4144insA in the second CUB domain, leading to a 
frameshift and loss of the last 49 amino acids of the protein, 
is associated with neonatal and childhood onset; only one 
out of 16 reported carriers, homozygous or compound het-
erozygous with other ADAMTS13 mutations, reached adult-
hood without developing TTP.157,163 In vitro expression 
studies have revealed that the mutation causes a severe 
impairment of protein secretion, combined with a strongly 
reduced specific protease activity. On the other hand, muta-
tions in the sixth and seventh TSP1 appear to lead to adult 
onset and a milder course of TTP.157,164 Expression studies 
have revealed that these mutations result in severe defects 
in secretion of the metalloprotease, although a small frac-
tion of the mutant protein is released in the supernatant, 
but the mutants maintain normal specific protease activ-
ity.157,165 It is possible that in carriers of these mutations, low 
ADAMTS13 activity may be present in the circulation, which 
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CLINICAL FEATURES
The disease may ensue suddenly, few days after a precipitat-
ing factor, or insidiously, over weeks or months.181 General 
systemic manifestations occur in fewer than 50% of patients 
and include fever, myalgias, headaches, and weight loss.182 
The rate of cutaneous manifestations such as livedo reticu-
laris, purple toes, and toe gangrene varies widely, from 35% 
to 90%, in parallel with the heterogeneous accuracy of data 
reporting.181,182 Cutaneous symptoms constitute the most 
common extrarenal findings and may herald renal involve-
ment, but other regions, such as the eyes, musculoskeletal 
system, nervous system, and abdominal organs, can be 
affected.181 An autopsy review of 121 cases of ARD noted the 
kidney to be the most commonly involved internal organ, 
with 75% of patients showing evidence of renal cholesterol 
emboli.183 In other series, the kidneys were affected in 
approximately 50% of patients.184

Almost 50% of patients manifest with mild or accelerated, 
and occasionally malignant, hypertension.184 Renal function 
loss is usually progressive but, in a few cases, renal failure 
can be acute and oliguric.181,184 The clinical course of renal 
failure can be variable. Dialysis is needed in 28% to 61% of 
patients with acute or subacute disease, with 20% to 30% 
recovering some kidney function after a variable period of 
dialytic support.180,181,185-187 Renal infarction is rare.

The differential diagnosis includes systemic vasculitis, 
subacute bacterial endocarditis, polymyositis, myoglobin-
uric renal failure, drug-induced interstitial nephritis, and 
renal artery thrombosis or thromboembolism.188 The time 
course of renal dysfunction may help differentiate athero-
embolic renal disease that manifests over 3 to 8 weeks after 
angiographic procedures from radiocontrast-induced 
nephropathy, which manifests earlier and often resolves 
within 2 to 3 weeks after appropriate intervention.185 Defini-
tive diagnosis is based on the histologic demonstration of 
cholesterol crystals in small arteries and arterioles of target 
organs.

Atheroembolic renal disease can also occur in renal 
allografts, with a frequency ranging from 0.39% to 
0.47%.189,190 Atheroemboli causing injury to the renal 
allograft can arise from the donor or recipient vessels. Two 
distinct clinical presentations have been described. The first 
is an early atheroembolic renal disease, with emboli fre-
quently released from the donor’s arteries before or during 
organ harvesting. More rarely, early embolization originates 
from the recipient’s atheromatous vessels during the anas-
tomosis. The early form is usually associated with primary 
nonfunction, and the embolic disease is confined to the 
allograft. The second form is a late clinical presentation, 
which can arise years after transplantation in stable grafts. 
In these cases, emboli originate from the recipient’s vessels. 
The disease is usually associated with precipitating factors, 
and in some cases shows features of a systemic disorder.173

Outcomes differ significantly. Early presentation is fre-
quently associated with poor prognosis, whereas late mani-
festations generally have a more benign course.181,189-191 This 
difference could be attributable to extensive embolization 
in an atherosclerotic donor during organ procurement. 
Because the use of donors and recipients older than 60 years 
and of marginal donors with advanced atherosclerosis has 
increased, atheroembolic renal disease in renal allografts 

standard daily plasma exchange and methylprednisolone 
and in patients with relapsed acute TTP who had previously 
demonstrated antibodies to ADAMTS13. Treatment was 
associated with clinical remission in all patients, disappear-
ance of anti-ADAMTS13 antibodies, and an increase of 
ADAMTS13 activity to levels higher than 10%.171 Of the 
approximately 100 rituximab-treated patients reported in 
the literature so far, normalization of platelets and LDH 
have been noted in about 95% of cases, but time to remis-
sion has been variable, from 1 to 4 weeks after the first dose. 
The duration of remission has ranged from 9 months to 4 
years, with relapses reported in approximately 10%. Ritux-
imab has been also used electively to prevent relapses in 
patients with autoantibodies and recurrent disease.156 Lon-
gitudinal evaluation of ADAMTS13 activity and autoanti-
body levels may help monitor response to treatment. 
Retreatment with rituximab should be considered when 
ADAMTS13 activity decreases and inhibitors reappear in the 
circulation to prevent a relapse.

After plasma exchange has effectively restored a stable 
clinical and laboratory state in patients suffering from TTP 
associated with congenital ADAMTS13 deficiency, disease 
remission might be maintained by plasma infusion alone. 
Providing sufficient ADAMTS13 to achieve 5% normal enzy-
matic activity is sufficient to degrade large vWF multimers, 
which translates into induced remission of the microangio-
pathic process, and this effect is sustained over time. Infused 
ADAMTS13 has a plasma half-life of 2 or 3 days in vivo and, 
although plasma levels fall below 5% within 3 to 7 days after 
plasma administration, the effect of plasma on the platelet 
count and clinical parameters may last up to 3 weeks, sug-
gesting that ADAMTS13 remains available (e.g., on platelets 
and endothelial cells).172 Patients with congenital ADAMTS13 
deficiency tend to relapse. Patients with frequent relapses, 
a severe clinical course with neurologic sequelae, renal 
insufficiency, and patients who have siblings who have died 
of TTP, should be put on regular prophylactic plasma infu-
sions every 2 to 3 weeks, a regimen that has been shown to 
be effective in preventing acute TTP bouts and maintaining 
the patient in good health for years.

Although complement activation appears to play a role 
also in the pathogenesis of TTP, at this stage there is no 
controlled evidence in support of eculizumab therapy in 
this context.1

ATHEROEMBOLIC RENAL DISEASE

Atheroembolic renal disease (ARD) is part of a systemic 
syndrome of cholesterol crystal embolization. Renal damage 
results from the embolization of cholesterol crystals from 
atherosclerotic plaques present in large arteries, such as the 
aorta (see Figure 35.3), to small arteries in the renal vascu-
lature.173 The prevalence appears to depend on sampling 
bias; it has ranged from 0.8% in a series of 2126 autopsies 
in patients older than 60 years to 36% in a cohort of patients 
undergoing surgical revascularization for atherosclerotic 
renal artery stenosis.174,175 In two large renal biopsy studies, 
a 1% prevalence was reported.176,177 However, in people 
older than 60 years, the prevalence was 4.0% to 6.5%.178,179 
In clinical practice, Mayo and Swartz have estimated that 5% 
to 10% of all cases of acute renal failure could be due to 
atheroembolism.180
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which represent the cholesterol crystals that are dissolved 
during tissue processing. These crystals are usually small 
and may not completely occlude the vessel lumen; however, 
they frequently induce an endothelial inflammatory 
response, which leads to complete obstruction of the vessel 
within weeks or months (Figure 35.8). Cholesterol crystals 
are birefringent under polarized light. The subsequent 
intravascular inflammatory reaction has been studied in 
experimental models of atheroembolism and in human 
biopsy and autopsy samples.181 The early phase is character-
ized by a variable polymorphonuclear (PMN) and eosino-
phil infiltrate, followed by the appearance of macrophages 
and multinucleated giant cells in the lumens of affected 
vessels within 24 to 48 hours after atheroembolism. In the 
chronic phase, tissue ischemia is perpetuated by marked 
endothelial proliferation, intimal thickening, concentric 
fibrosis of the vessel wall, and persistence of cholesterol 
crystals and giant cells in the lumens of affected arteries. 
Hyalinization of glomeruli, atrophy of renal tubules, and 
multiple wedge-shaped infarcts in the kidney result in 
reduced kidney size.181

MECHANISMS
Male gender, older age, hypertension, and diabetes mellitus 
are important predisposing factors.192,195 Patients with cho-
lesterol embolization syndrome often have a history of  
ischemic cardiovascular disease, aortic aneurysm, cerebro-
vascular disease, congestive heart failure, or renal insuffi-
ciency.182,192 A significant association between renal artery 
stenosis and atheroembolic renal disease has also been 
reported.181,192 At least one of the precipitating factors, 
which include vascular surgery, arteriography, angioplasty, 
anticoagulation, and thrombolytic therapy, can be identi-
fied in most patients.187,192,196 Arteriographic procedures 
constitute the most common intervention reported to incite 
cholesterol embolization.182 The most common is coronary 

will probably be encountered more often than previously. 
To reduce the risk of atheroemboli, an accurate assessment 
of organ donors should be done. At the time of organ pro-
curement, manipulation of the aorta should be kept to a 
minimum, mobilizing the kidneys without cross-clamping 
the aorta, as done for living related donors.173

LABORATORY FINDINGS
Laboratory test findings are nonspecific, such as anemia, 
leukocytosis, thrombocytopenia, and raised concentrations 
of inflammatory markers (e.g., erythrocyte sedimentation 
rate [ESR], C-reactive protein). Hypocomplementemia has 
also been reported but is not a consistent finding.184,181,192 At 
diagnosis, as many as 25% of patients have a serum creati-
nine level higher than 5 mg/dL, and in about 80% it is 
higher than 2 mg/dL.182 Changes in the urinary sediment 
are frequent but nonspecific.181 Granular and hyaline casts 
occur in approximately 40% of cases, whereas microscopic 
hematuria or pyuria are observed in fewer than 30%.182 
Eosinophiluria was observed in one third of patients with 
renal biopsy–proven atheroembolic renal disease. Protein-
uria is present in more than 50% of patients and may occa-
sionally be in the nephrotic range.181,182 Eosinophilia is 
reported in up to 60% to 80% of patients and is usually 
transient.181,182,184,186 An increased ESR, leukocytosis, and 
anemia are frequent, but usually transient. Antineutrophilic 
cytoplasmic antibodies (ANCAs) have been found in a few 
cases, but not in large series, and their relevance is uncer-
tain.181,193 A few studies have reported cholesterolemia in 
patients with atheroembolic renal disease, with total choles-
terol levels higher than 5.2 mmol/L, ranging from 23% to 
64%.180,194

PATHOLOGY
The histologic hallmark of the disease is the presence of 
elongated, biconvex, transparent needle-shaped clefts, 

Figure 35.8 A, Atheroemboli lodged in an interlobular artery of a kidney obtained postmortem. The elongated clefts are actually voids where 
cholesterol crystals were located before fixation and staining. Note the exuberant intimal thickening and the cellular proliferation, which com-
pletely occlude the lumen. B, Electron micrograph showing needle-like clefts from atheroemboli to afferent arterioles. Both arrows indicate 
needle-like clefts. (A courtesy W. Margaretten; B from Polu KR, Wolf M: Clinical problem-solving. Needle in a haystack. N Engl J Med 354:68-73, 
2006.)
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apheresis. However, these approaches have yet to be tested 
in controlled studies.206-208

RADIATION NEPHROPATHY

Following the original description in 1904 by Baerman and 
Linser, a great number of studies have indicated that exter-
nal kidney radiation causes progressive tissue injury, result-
ing in organ dysfunction and fibrosis.209 This process is an 
example of tissue response to radiation that may affect any 
organ exposed to therapeutic irradiation. Because kidney 
inflammation is minimal or absent on radiation exposure, 
the term radiation nephritis originally introduced to describe 
this clinical entity has been progressively replaced with the 
more appropriate term, radiation nephropathy. This is the 
terminology we will use throughout this review.

CLINICAL FEATURES
Typically, exposure of the kidneys to x-rays or gamma rays in 
a dose higher than 2000 cGy (rad) is required to cause radia-
tion nephropathy. However, a 10-Gy, single-fraction dose is 
sufficient to cause chronic renal failure after bone marrow 
transplantation (BMT), and with many years of follow-up, a 
1-Gy, single-fraction dose is associated with the development 
of chronic kidney disease.210,211 Although these effects are not 
immediate, as is the case for radiation injury to the bone 
marrow or gastrointestinal tract, kidney injury at these doses 
indicates that the kidneys are quite radiosensitive.

Modern radiation therapy is sharply focused on the area 
to be treated; therefore, it is very unlikely that the kidneys 
would be irradiated in a case of irradiation for uterine cervi-
cal cancer or prostate cancer. In patients who have under-
gone BMT, partial renal shielding reduces, but does not 
abolish, the risk of BMT nephropathy.

TYPES
Acute Radiation Nephropathy

Radiation nephropathy may ensue abruptly 6 to 12 months 
after exposure to ionizing radiation with headache, vomit-
ing, fatigue, hypertension, and edema. Patients manifest 
arteriovenous nicking on funduscopic examination, normo-
chromic normocytic anemia, microscopic hematuria, pro-
teinuria, and urinary casts. Worsening of renal function may 
accompany these symptoms.212 The outcome may range 
from complete or partial recovery of renal function to ter-
minal kidney failure and can be complicated by malignant 
hypertension.212

Acute BMT nephropathy (BMTN) is one of the most 
frequent forms of acute radiation nephropathy and may 
follow total-body irradiation of candidates for bone marrow 
transplantation. Acute BMTN presents with an HUS-like 
picture, with severe hypertension, peripheral edema, micro-
angiopathic hemolytic anemia, and thrombocytopenia. 
Renal function decreases progressively, with significant pro-
teinuria and microscopic hematuria, with or without casts. 
In a retrospective analysis of 363 recipients of allogeneic, 
myeloablative BMT, the incidence of severe renal failure 
(grades 2 and 3 combined) was approximated 50%.213 In 
this study, acute renal failure did not appear to affect patient 
survival, but in another study it was associated with increased 
mortality.213,214

angiography, which has a rate of cholesterol embolism of 
0.1% to 1.4%.192,197 An estimated 15% of patients with ath-
eroembolism do not have any of the known risk factors.182

The molecular mechanisms of crystal-induced inflamma-
tion have been only rather recently identified and involve 
crystal uptake by tubular cells into intracellular lysosomes 
and, eventually, lysosomal leakage.198 Crystal uptake acti-
vates the NLRP3 (NOD-like receptor family, pyrin domain 
containing 3) inflammasome and triggers caspase-1– 
dependent interleukin-1β (IL-1β) and IL-18 secretion. 
These events induce a general inflammatory response, 
including the recruitment of neutrophils and macrophages 
to the site of crystal formation. Although these enhance 
local inflammation, macrophages may also contribute to 
crystal clearance or progressive scarring, respectively.

TREATMENT
Various treatments have been suggested to improve the 
outcome of atheroembolic renal disease, but none has been 
found to be appreciably effective, with probably the only 
exception being chronic therapy with cholesterol-lowering 
agents.187 A plausible explanation is that statins have a 
plaque-stabilizing effect, perhaps as a result of their 
cholesterol-lowering effect, as well as their antiinflammatory 
and immunomodulatory properties. The use of steroids is 
controversial and, in some series, does not appear to be 
beneficial, whereas in other series it has been associated 
with improved outcomes, independent of the doses admin-
istered.181,182,199-203 The therapeutic efficacy of low-density 
lipoprotein (LDL) apheresis is also uncertain, whereas anti-
coagulants should be avoided because of the risk of precipi-
tating more atheroembolization.184 Surgical excision of 
atheromatous plaques in the suprarenal region of the aorta 
is not advocated because of significant postoperative mortal-
ity, worsening renal function, and lower limb loss.204

Altogether, improved outcomes that have been observed 
appear to be largely explained by better supportive therapy, 
including immediate withdrawal of anticoagulants, post-
ponement of aortic procedures, reduction of blood pres-
sure to less than 140/80 mm Hg, careful treatment of heart 
failure, dialysis therapy, and adequate nutritional 
support.181,186 On the other hand, lack of effective specific 
treatments that can appreciably improve the outcome of the 
disease are thought to emphasize the importance of preven-
tive measures aimed at limiting the risk of arterial 
thromboembolism—in particular, during angiographic 
studies. Also, the brachial approach for aortography or cor-
onary angiography appears to be burdened by less morbid-
ity than the femoral approach. Interest has arisen about the 
use of distal protection devices (DPDs) to prevent emboliza-
tion of material during interventional procedures. They 
have been most widely used in the coronary and carotid 
vascular beds, where they have demonstrated the capacity 
to trap embolic materials and, in some cases, reduce com-
plications. Early experience with DPDs in the renal arteries 
in patients with suitable anatomy has suggested retrieval of 
embolic materials in approximately 70% of cases and renal 
function improvement or stabilization in 98%; the combina-
tion of platelet inhibition and a DPD may provide even 
greater benefit.205

There are isolated reports of successful therapy in small 
numbers of patients given iloprost, pentoxifylline, and LDL 
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1000-fold the dose to which a patient can be exposed for  
a radiologic examination, such as a standard abdominal  
CT scan. Irradiation for neoplastic diseases of the pelvis,  
in particular for the treatment of malignant seminomas,  
has historically been the major cause of radiation nephropa-
thy. This explains why, in parallel with the progressive 
replacement of irradiation with pharmacologic therapy  
for this disease, the incidence of radiation nephropathy  
has been progressively declining over time. In more  
recent years, however, the incidence of the disease again 
began to increase, along with the rapidly increasing use  
of total body irradiation of candidates for bone marrow 
transplantation. It has been suggested that chemotherapy 
administered as part of the preparative regimen could 
potentiate the effects of irradiation on the kidneys.212 Acti-
nomycin enhances the effects of irradiation on many tissues 
(e.g., gut, lung, skin). Whether this also applies to the 
kidney is controversial. Cisplatin and carmustine (BCNU) 
are toxic, mainly when radiation precedes platinum 
administration.

Most of the theories proposed to explain the pathogen-
esis of radiation nephropathy are based on murine studies. 
These studies have consistently shown that endothelial, 
mesangial, and tubular cells are the major targets of radia-
tion injury and that double-stranded DNA breaks are the 
initial cause of radiation-induced cell apoptosis and death.219 
Damage to the endothelial cell may impair the physiologic 
thromboresistance of the capillary vascular wall, which, in 
more severe cases, may cause intravascular clotting, with 
pathologic patterns typical of thrombotic microangiopa-
thy.219 Impaired generation of prostacyclin by endothelial 
cells and increased production of plasminogen-activator 
inhibitor mRNA have been suggested to explain the micro-
angiopathic processes that often complicate radiation 
nephropathy.219 On the other hand, mesangial cells might 
acquire a myofibroblast phenotype, which may further con-
tribute to progressive fibrosis and scarring of the kidney 
tissue. Diffuse apoptosis and lysis of tubular cells, with dif-
ferent degrees of proliferation of the residual cells, is 
another characteristic pattern of radiation nephropathy. 
Apoptosis early after 5-Gy, single-dose, total body irradiation 
has been demonstrated in rats, followed by a late prolifera-
tive response.219 The net balance between cell death and 
replication will eventually determine the extent of residual 
tubular atrophy and loss.

Activation of RAAS may also contribute to sustain and 
amplify the initial injury induced by radiation exposure. 
Angiotensin II infusion from 4 to 8 weeks after total body 
irradiation causes more azotemia than irradiation alone. 
This effect was associated with the induction of arteriolar 
fibrinoid necrosis, which, in combination with increased 
transforming growth factor-β (TGF-β) production and 
enhanced oxidative stress, may contribute to progressive 
tissue fibrosis and scarring.220 Finding that this sequence of 
events is attenuated by concomitant treatment with an 
inhibitor of RAAS has provided additional evidence for the 
central role of angiotensin II in the pathogenesis and pro-
gression of renal damage in radiation injury.219

THERAPY
No specific therapies are available for radiation nephropa-
thy, and the disease is often progressive, independent of 

Chronic Radiation Nephropathy

Occasionally, the disease manifests with hypertension, pro-
teinuria, and gradual loss of renal function, with a latency 
period that from 18 months to years after the initial expo-
sure.212 Hypertension, isolated or occasionally associated 
with proteinuria, and isolated low-level proteinuria may 
ensue 2 to 5 and 5 to 19 years after exposure, respectively. 
These are expressions of a mild disease, with a benign 
outcome in most cases.212

Chronic BMTN presents with mild to moderate hyperten-
sion and mild hemolytic anemia. Kidney function decreases 
slowly, with a biphasic pattern in most patients, with persis-
tent decline in the first 12 to 24 months, followed by a 
period of stabilization.215 Also present is proteinuria higher 
than 1 g/day and microscopic hematuria, with or without 
casts. A period of 8 years is generally necessary for chronic 
renal failure to occur.215 In a long-term study of 103 adult 
survivors of BMT, Lawton and colleagues reported late renal 
dysfunction in 14 patients.216 All of them had received 1400 
rad prior to transplantation, whereas none of the patients 
receiving lower doses of irradiation developed late hyper-
tension or decreased GFR.

Late Malignant Hypertension

This condition arises 18 months to 11 years after irradiation 
in patients with chronic radiation nephropathy or benign 
hypertension.212 High-renin hypertension resulting from 
irradiation of one kidney and recovery after removal of the 
affected kidney have been described.212 Irradiation to one 
kidney and the ipsilateral renal artery may produce renovas-
cular hypertension, mostly in infants and children.

PATHOLOGY
Early changes following renal irradiation include atypia, 
endothelial microvascular damage, as observed on light 
microscopy, with mild endothelial cell swelling, and base-
ment membrane splitting in the glomerular capillaries. 
With scanning (e.g., computed tomography [CT], magnetic 
resonance imaging [MRI]), marked subendothelial expan-
sion, with deposition of basement membrane-like material 
adjacent to the endothelial cells, is evident. The endothelial 
cell lining may be absent in some capillary loops.212 Immu-
nofluorescence studies do not show specific staining pat-
terns. Similar glomerular endothelial injury was observed in 
kidney biopsy specimens from patients who developed renal 
insufficiency and hypertension after total body irradiation 
(TBI) and BMT.217 Some patients also showed arteriolar 
intimal thickening and tubular atrophy. Glomerular capil-
lary endothelial cell loss and mesangiolysis are observed 
within weeks after irradiation.218 After initial injury, the 
endothelial injury resolves, but mesangial lesions progress. 
Late changes include reduction in total renal mass, with 
prominent and sclerosed interlobar and arcuate arteries, 
glomerular capillary loop occlusion and hyalinization, with 
progressive tubular atrophy, increased mesangial matrix, 
mesangial sclerosis and, finally, glomerulosclerosis.212,218

MECHANISMS
Renal tissue damage and dysfunction are a direct conse-
quence of ionized radiation. The effect of radiation is dose-
dependent, and pathogenic doses exceed by at least 
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Clinical Features

The pattern of presentation may range from limited to 
diffuse cutaneous involvement. In limited cutaneous sclero-
derma, fibrosis is mainly restricted to the hands, arms, and 
face. Raynaud’s phenomenon affects approximately 95% of 
patients and usually is the first manifestation of the disease. 
Diffuse cutaneous scleroderma is a rapidly progressing 
disease that in addition to affecting a large area of the skin, 
compromises one or more internal organs. The kidneys, 
along with the esophagus, heart, and lungs, are the most 
frequent targets (Figure 35.9), although any internal organ 
can be involved. In rare cases, skin can be spared by sclero-
derma. Systemic lupus erythematosus, rheumatoid arthritis, 
polymyositis, or Sjögren’s syndrome may accompany sclero-
derma in the context of an overlap syndrome.228

Renal Involvement

Renal involvement typically manifests with malignant hyper-
tension and acute renal failure (scleroderma renal crisis). 
The crisis may occur de novo or may complicate a preexisting 
chronic kidney involvement. Less frequently, renal involve-
ment manifests with slowly progressing kidney dysfunction 
and occasionally as rapidly progressive kidney disease.228-230

Renal Crisis. The prevalence of renal crises is decreasing, 
perhaps related to early therapy with ACEIs. However, in the 
United States, renal crisis affects approximately 10% of 
patients with diffuse scleroderma and 2% of patients with 
limited disease.231 Studies from the European League 
Against Rheumatism (EULAR) Scleroderma Trials and 
Research (EUSTAR) database have suggested a lower preva-
lence (5% of diffuse scleroderma and 2% of limited), and 
a retrospective cohort study from Japan has reported a 

treatment. Thus, preventive measures to be observed during 
the administration of radiation therapy are of paramount 
importance to limit or prevent adverse effects on the kidney. 
These include selective shielding of the kidneys and the use 
of minimum effective doses of fractionated radiation, when 
possible.216 The use of radioprotectors such as glutathione 
or cysteine concomitant with irradiation is still in the experi-
mental phase.221

Treatment of hypertension may help slow the progression 
of established nephropathy. As in chronic proteinuric 
nephropathies, ACEIs appear to have a specific protective 
effect against progression of radiation nephropathy that 
exceeds the benefit expected solely on the basis of achieving 
blood pressure control.216,222-224 In a study randomizing 55 
subjects exposed to total body irradiation to ACEI therapy 
or placebo, ACE inhibition consistently slowed serum cre-
atinine level increases over time, a finding taken to indicate 
that RAAS blockade may be renoprotective in this popula-
tion.166,225 Radiation-induced renovascular hypertension 
may require angioplasty or surgical repair.212 Uncontrolled 
hypertension in patients with radiation nephropathy who 
progress to ESRD may warrant bilateral nephrectomy.

RENAL INVOLVEMENT IN SYSTEMIC DISEASES: 
SCLERODERMA, SICKLE CELL DISEASE, AND THE 
ANTIPHOSPHOLIPID SYNDROME

SCLERODERMA
Scleroderma is a complex disease of extensive fibrosis, vas-
cular changes, and autoantibodies against various cellular 
antigens. The reported incidence ranges from 2.3 to 22.8 
cases/million population with a 3 to 14 times higher inci-
dence in women than men. 226,227

Figure 35.9 Latex injection of postmortem normal kidney (left) and kidney from a patient with scleroderma renal crisis (right). Note obstruc-
tion to flow at the level of the medium-sized interlobular arteries. 
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intimal thickening and thrombosis, invariably predict a 
poor outcome, with 50% of affected subjects progressing to 
terminal kidney failure compared to only 13% of those with 
predominantly chronic changes.238,239

Chronic Kidney Disease. As in other affected organs, 
the histologic pattern of chronic kidney involvement is 

prevalence of 3.2%.232,233 Geographic differences in autoan-
tibody profiles, particularly anti-RNA polymerase III anti-
bodies, likely contribute to these prevalence variations.

The renal crisis resembles a Raynaud-like phenomenon 
in the kidney.234 Severe vasospasm leads to cortical ischemia 
and enhanced production of renin and angiotensin II, 
which in turn sustain renal vasoconstriction. Hormonal 
changes (e.g., pregnancy), physical and emotional stress, or 
cold temperature may trigger the Raynaud-like arterial vaso-
spasm.235 The role of the RAAS in perpetuating renal isch-
emia is underscored by the significant benefit of ACEIs in 
treating this potentially fatal complication.

Affected patients typically present with severe hyperten-
sion and acute renal impairment. Hypertension, however, is 
not universal and normotensive crises, usually with poor 
outcome, have been described.236,237 Nonnephrotic protein-
uria and hematuria, often with granular casts, are common 
findings. Oliguria is an ominous sign, but is unusual in 
patients diagnosed and treated appropriately.238,239 Other 
clinical features include hypertensive retinopathy and 
encephalopathy.240 Evidence that retinal and central nervous 
system involvement may also affect patients with seemingly 
mild hypertension or even normal blood pressure confirms 
that endothelial dysfunction may play a central role in the 
pathogenesis of vascular lesions of scleroderma, indepen-
dently of blood pressure levels. Microangiopathic hemolytic 
anemia is common, although significant coagulopathy is 
rare.238,239 Pericarditis, myocarditis, and arrhythmias may 
supervene and are associated with a poorer prognosis.241-243

Chronic Kidney Disease. Kidney function can be decreased 
in patients with scleroderma, even without renal crisis.244 In 
these cases, a decreased GFR reflects a chronic kidney 
disease that may also reflect chronic kidney hypoperfusion 
due to concomitant cardiac and pulmonary arterial involve-
ment or concomitant treatment with nephrotoxic drugs; it 
is normally characterized by a benign prognosis.243,245

Laboratory Findings

Detection of autoantibodies against topoisomerase (Scl-70), 
centromere-associated proteins, and nucleolar antigens is 
crucial for the diagnosis of the disease and may help predict 
clinical manifestations and prognosis. Antibodies against 
centromeres are associated with limited cutaneous involve-
ment and risk for pulmonary hypertension, whereas those 
targeting topoisomerase I are associated with diffuse pro-
gressive disease and severe interstitial lung disease. Patients 
with anti-Th/To antibodies normally have limited skin 
involvement but are at high risk for lung fibrosis and pul-
monary artery hypertension, with severe involvement of 
kidneys and other internal organs, whereas those with anti-
RNA polymerase I/III antibodies have an almost selective 
renal involvement.228

Pathology

Renal Crisis. Biopsy samples from patients with sclero-
derma crisis show intimal and medial vessel proliferation, 
with luminal narrowing that typically occurs in arcuate arter-
ies and are indistinguishable from changes of accelerated 
or malignant hypertension (Figure 35.10). Fibrinoid necro-
sis and thrombosis are also common. A study of 58 biopsies 
has shown that acute vascular changes, including mucoid 

Figure  35.10 Micrographs of renal biopsy samples from patients 
with scleroderma renal crisis. A, Lumina of interlobular arteries are 
narrowed because of intimal thickening (Trichrome stain). B, The 
thickened intima has a mucoid appearance and is associated with 
severe luminal narrowing (Silver stain). C, The arterial wall shows 
multilayering of the internal elastic lamina and medial hyperplasia 
(Silver stain). 
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Bone marrow–derived mesenchymal progenitor cells fuel 
expansion of the fibroblast population in affected tissue, 
which then further contributes to connective tissue accumu-
lation. The signals inducing the bone marrow to mobilize 
progenitor cells and govern their homing and engraftment 
in lesional tissue remain unknown. Intriguingly, patients 
with scleroderma have circulating antibodies directed 
against the PDGF receptor that activates fibroblasts.252 Once 
collagen is secreted into the extracellular space, it under-
goes cross-linking and maturation, resulting in a highly 
stable matrix that accounts for the stiffness of fibrotic skin 
and other tissues. The stiff matrix may itself serve as a strong 
stimulus for integrin-mediated TGF-β activation and increas-
ing fibrosis.252

Immunologic Mediators. A wide spectrum of autoantibod-
ies have been recently discovered that may have a major role 
in the pathogenesis of the disease—such as autoantibodies 
against extracellular matrix components such as metallo-
proteinases and fibrillin-1, fibroblasts and endothelial cells, 
and the PDGF receptor—and have been associated with 
different clinical manifestations and outcomes. Thus, a 
careful evaluation of circulating autoantibodies is instru-
mental to predict individual risk and guide treatment. Thus, 
patients with anticentromere antibodies (ACAs) have 
limited cutaneous involvement and good outcome, pro-
vided pulmonary hypertension is detected early and treated 
adequately.253,254

Cytokines. In addition to autoantibodies, immune injury is 
sustained by the release of cytokines such as IL-1, IL-2, IL-8, 
tumor necrosis factor-α (TNF-α), PDGF, TGF-β, interferon-γ 
(IFN-γ), and endothelin.248 Moreover, intercellular adhesion 
molecules and soluble IL-2 receptors have been demon-
strated in patients.255-257 Skin fibroblasts from patients with 
scleroderma produce much higher levels of IL-6 than 
normal fibroblasts and may contribute to T cell activation.258 
IL-6 and PDGF-A were shown to be elevated through the 
action of endogenous IL-1α in fibroblasts from patients with 
scleroderma.259

Therapy

Although there is no evidence for any effective strategy to 
prevent renal crises, it is common practice to advise patients 
and physicians of the risk of renal crisis to expedite rapid 
diagnosis and therapy. A major advancement in the treat-
ment of scleroderma renal crises has been achieved with  
the introduction of ACEIs in clinical practice (Table 
35.4).47,234,241,248 In the pre-ACEI era, the 1-year survival rate 
did not exceed 10%, whereas with the use of ACEIs, up to 
65% of patients survive the crisis.47,241 A prospective cohort 
study evaluating short-term and long-term outcomes of 154 
patients with renal crises treated with ACEIs found that 61% 
were free from chronic dialysis, and 80% to 85% were alive 
at 8 years after the event, a survival rate similar to that of 
patients with diffuse scleroderma without renal crises.241-243 
Angiotensin II receptor blockers are less effective than 
ACEIs and can be considered as add-on therapy when full-
dose ACEI therapy is not sufficient to control blood pres-
sure.260,261 α-Blockers and calcium antagonists are also 
helpful for refractory hypertension, whereas diuretics are 
best avoided because of their ability to stimulate renin 

characterized by an extensive interstitial fibrosis that is 
invariably associated with glomerular sclerosis and tubular 
atrophy. Patterns of glomerulonephritis are occasionally 
reported but are rare, even in patients with concomitant 
connective diseases.148,246

Mechanisms

The pathogenesis of scleroderma is still unclear, with mul-
tiple cells and mediators taking part in the different phases 
of the microangiopathic process.228 Microvascular injury is 
an early event most likely initiated by endothelial cell 
damage, with secondary proliferation of basal lamina layers. 
Entrapment of peripheral blood mononuclear cells in the 
vessel wall, as well as perivascular mononuclear cell infil-
trates, are occasionally observed. Activated endothelial cells, 
in turn, release endothelin-1, which induces chemotaxis, 
proliferation, extracellular matrix production, and the 
release of cytokines and growth factors that amplify the 
inflammatory focus. The next phase is characterized by 
fibrosis, organ architecture disruption, rarefaction of blood 
vessels, and eventually, hypoxia, which fuels fibrosis.228

Microvascular Injury. Patients with scleroderma often 
display early signs of vasculopathy, with many experiencing 
Raynaud’s phenomenon, often for many years before  
developing overt signs of skin fibrosis.247 Consistent with 
this, morphologic changes in capillaries are detectable 
before or at disease onset, which can be used for early diag-
nosis using nail fold capillaroscopy. Endothelial injury, 
whether caused by immunologic stimuli, ischemia-
reperfusion injury, or other factors results in increased  
production of endothelin.248 Endothelin 1 (ET-1) is involved 
in the regulation of vascular function under normal physi-
ologic conditions and plays a key role in vascular disease  
by promoting hypertrophy of the vascular smooth muscle 
cells, vascular permeability, and activating leukocytes 
through the induction of cytokine and adhesion molecule 
expression.248 The effects of endothelin are transmitted on 
binding to two cognate receptors, endothelin type A (ET-A) 
and endothelin type B (ET-B), which are mainly expressed 
on endothelial cells, smooth muscle cells, and fibroblasts.247 
Endothelial dysfunction has been found to be ameliorated 
by therapy with the ET-1 antagonist bosentan, which pro-
vides additional, although indirect, evidence of the patho-
genic role of the ET system in the vascular damage of 
scleroderma.247

Increased Collagen Production. Fibroblast secretion of col-
lagen, the main extracellular matrix component of connec-
tive tissue, is markedly increased in scleroderma.235,249 
Cytokines and growth factors, such as TGF-β, connective 
tissue growth factor (CTGF), platelet-derived growth factor 
(PDGF), and ET-1, secreted in the skin and lungs, activate 
resident fibroblasts, promoting the accumulation of colla-
gen, proteoglycans, fibronectin, tenascin, and elastin.250,251 
Furthermore, TGF-β induces the differentiation of fibro-
blasts into smooth muscle cell-like myofibroblasts in situ. 
Myofibroblasts elaborate matrix molecules and profibrotic 
cytokines that increase the stiffness of the extracellular 
matrix (ECM). Moreover, they are relatively resistant to 
apoptosis and accumulate and persist in affected tissues, 
where they contribute to further progression of the fibrosis. 
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Table 35.4  Therapies Used for Scleroderma

Therapy Dose Efficacy

Antimetabolites: Methotrexate 10-25 mg/wk Disappointing results, with only mild effect on skin 
disease

Antioxidants* 1 tablet/day Not effective
Corticosteroids: Dexamethasone 100 mg/mo for 6 mo Improvement in skin scores
Endothelin receptor antagonists: 62.5 mg for 4 wk, then 125 mg 

for 12 wk
Improvement in pulmonary function

 Bosentan
Hormones: Relaxin 25/100 µg/kg/day (IV) Improvement in skin scores
Immunosuppressives: Cyclophosphamide 600 mg/m2 Significant, albeit modest, improvement in lung 

function
Interferons
 Interferon-2α 13.5 × 106 units/wk Disappointing results with interferon-α, improved 

organ involvement with interferon-γ Interferon-γ 300 mg/wk
RAAS inhibitors
 ACE inhibitors Up to maximal tolerated doses Improved renal and patient survival in renal crisis, 

slowed progression in chronic renal involvement Angiotensin II inhibitors
Prostacyclin analogue
 Iloprost 960 ng/kg/day (IV) Improvement in pulmonary function
 Beraprost 60 µg three times daily
Nonpharmacologic treatment—photopheresis Not effective

*Selenium, beta-carotene, vitamin E, vitamin C, and methionine.
ACE, Angiotensin-converting enzyme; RAAS, renin angiotensin adosterone system.
From Henness S, Wigley FM. Current drug therapy for scleroderma and secondary Raynaud’s phenomenon: evidence-based review. 

Curr Opin Rheumatol 19:611-618, 2007.

release.262 Plasma exchange is also indicated when the renal 
crisis is accompanied by a microangiopathic process.

With this therapy, it is estimated that approximately two 
thirds of patients with renal crisis presenting to an experi-
enced center will require renal replacement therapy. 
However, about 50% of them will eventually recover suffi-
ciently to discontinue dialysis and be maintained on conser-
vative therapy and remain dialysis free. Patients treated 
appropriately when experiencing a scleroderma renal crisis 
(SRC) may recover renal function for up to 2 years. This 
should be taken into consideration before including patients 
on a waiting list for kidney transplantation.238

Renal transplant recipients who have progressed to ESRD 
because of renal crises have a lower graft and patient sur-
vival rate as compared to those with diabetic renal disease.263 
One of the causes of premature graft or patient loss is the 
recurrence of the disease in the transplanted kidney, in 
particular in those with more aggressive disease process 
before transplantation.264-266 In a cohort of 260 patients with 
scleroderma renal crisis who developed ESRD and under-
went kidney transplantation, the overall 5-year graft survival 
rate was 56.7%. Among those, the recurrence of disease 
after transplantation was 6.7% in a report of the United 
Network of Organ Sharing (UNOS).265 Based on the 
finding that cyclosporine A (CsA) may be responsible for 
acute renal failure in patients with scleroderma and systemic 
sclerosis (SSc), calcineurin inhibitors are not generally rec-
ommended as immunosuppressants after kidney transplan-
tation.267 The use of high-dose steroids should be also 
limited as much as possible due to studies supporting an 
association between doses higher than 15 to 30 mg/day and 
the onset of renal crisis.268,269 Several groups have tested 

continuous low doses of prostacyclin, with no strong benefi-
cial evidence.270 Plasma exchange or immunosuppressive 
drugs have shown no beneficial effect in the treatment of 
SRC.241 As noted, because of their deleterious effects, corti-
costeroids are contraindicated in SRC.

Endothelin receptor blockers have been proposed as first-
line therapy in addition to ACEIs.271 In a small open-label 
trial, six patients within 6 weeks of confirmed SRC received 
bosentan, 62.5 mg for 1 month, and then 125 mg twice daily 
for 5 months. Bosentan seemed safe and well-tolerated 
when combined with ACEI therapy for SRC, with no differ-
ence in mortality and dialysis rates between the two study 
groups.272 This evidence formed the basis for a larger pro-
spective study testing the effect of bosentan on renal crisis 
(NCT01241383; see Table 35.4).

SICKLE CELL DISEASE
Sickle cell anemia, and occasionally the heterozygous forms 
of sickle cell disease, can lead to multiple renal abnormali-
ties, which include hematuria, proteinuria, tubular dysfunc-
tion, or a combination of these, eventually resulting in renal 
function impairment.

Clinical Features

Hematuria and Renal Papillary Necrosis. Gross and often 
painless hematuria is one of the most frequent features of 
sickle cell anemia, sickle cell trait (HbSA) disease, and 
HbSC disease.273 Hematuria in sickle cell disease can occur 
at any age and is reported most often with HbSA.274 A total 
of 15% to 36% of patients with sickle cell disease develop 
renal papillary necrosis, which could manifest as an episode 
of gross hematuria or as a silent finding. Papillary necrosis 
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phosphorus reabsorption in the proximal tubule, which 
could account for the hyperphosphatemia observed in SCA 
patients.275

Pathology

In 1923, Sydenstricker and colleagues described enlarged 
glomeruli distended with blood in the kidneys of patients 
with sickle cell disease.277 Necrosis and pigmentation of 
tubular cells were also observed.273 Medullary lesions are the 
most prominent finding in the kidneys of these patients. 
Edema, focal scarring, interstitial fibrosis, and tubule 
atrophy are observed. Cortical infarction has also been 
reported in patients with sickle cell disease or sickle cell 
trait.273 In Hb-SS patients without renal insufficiency, renal 
pathology includes glomerular hypertrophy characterized 
by open, dilated, glomerular capillary loops.278 Enlarged 
glomeruli are most commonly found in the juxtamedullary 
region of the kidney. In patients with proteinuria and mild 
renal insufficiency, Falk and coworkers reported glomerular 
hypertrophy and focal segmental glomerulosclerosis 
(FSGS).279 FSGS is thought to be the most common cause 
of renal failure in sickle cell disease.280 In a study of 240 
adult patients with sickle cell anemia and the nephrotic 
syndrome, Bakir and associates reported the presence of 
mesangial expansion and glomerular basement membrane 
duplication by electron microscopy, as well as effacement of 
epithelial cell foot processes.281 These changes suggest 
hyperfiltration injury and often are referred to in these 
patients as sickle cell glomerulopathy. Membranoprolifera-
tive pathology was observed in some sickle cell anemia 
patients, most of whom had no immune deposits.273,280

Mechanisms

The underlying biologic defect in sickle cell disease is a 
single amino acid substitution of valine for glutamic acid at 
the sixth position in the hemoglobin β-chain. This altera-
tion leads to the aggregation of deoxygenated sickle cell 
hemoglobin (HbSS) molecules, resulting in a deformation 
of the shape and decreased flexibility of red blood cells.282 
HbSS polymer formation is promoted by higher degrees of 
deoxygenation, increased intracellular hemoglobin concen-
tration, and the absence of hemoglobin F.282 As red blood 
cells from sickle cell patients flow through arterioles and 
capillaries, HbSS polymerization may occur, increasing the 
adherence of Hb-SS erythrocytes to the vascular endothe-
lium. Gee and Platt have found that sickle reticulocytes 
adhere to the endothelium via vascular cell adhesion 
molecule-1 (VCAM-1).283,284 Kumar and coworkers have 
reported that increased sickle erythrocyte adherence to  
the endothelium involves α4β1-integrin receptors.285 α4β1-
Integrins on the cell surface of red blood cells (RBCs) bind 
to fibronectin and vascular cell adhesion molecule-1 (VCAM-
1) on endothelial cells. This is induced by the presence of 
inflammatory cytokines such as TNF-α.274

Platelet activation has also been suggested to play a role 
in sickle cell–mediated vasoocclusion.286 Thrombospondin 
from activated platelets promotes sickle erythrocyte adher-
ence to the microvascular endothelium.286 Increased con-
centration of intracellular sickle hemoglobin may promote 
polymerization and trigger the sickling process.

The pathogenesis of medullary renal lesions in sickle  
cell disease is the result of microvascular occlusion by 

occurs in both the homozygous and the heterozygous forms 
of sickle cell disease and is best diagnosed by intravenous 
pyelography (Figure 35.11).273 Microscopic hematuria is 
present in most patients with sickle cell anemia. The origin 
of blood is usually the left kidney, but either kidney may be 
involved.273

Proteinuria. Proteinuria occurs in 20% to 30% of patients 
with sickle cell disease, more commonly in homozygous 
HbSS than in heterozygous HbSA, with HbSC in between.274 
Proteinuria can be in the nephrotic or nonnephrotic range. 
Nephrotic patients have a poorer prognosis and tend to 
progress to renal failure.274

Tubular Dysfunction. Patients with homozygous and het-
erozygous forms of sickle cell disease fail to concentrate the 
urine maximally because of erythrocyte sickling in the med-
ullary microcirculation, with secondary medullary ischemia 
and dysfunction. This abnormality is reversible with multi-
ple transfusions for children younger than 15 years, but 
becomes irreversible later in life.275 Patients with sickle cell 
anemia are capable of diluting their urine normally. Another 
renal defect seen in patients with sickle cell disease, particu-
larly those with the HbSS or HbSC phenotype, is an incom-
plete form of distal renal tubule acidosis characterized by 
the inability to achieve minimal urinary pH during acid 
loading because of impairment of titratable acid excretion. 
This defect, however, is not severe enough to cause systemic 
acidosis. Patients with sickle cell trait (HbSA) do not have 
evidence of impaired urinary acidification. Other tubular 
defects in sickle cell anemia (SCA) include mild impairment 
of K+ excretion that does not lead to clinical hyperkale-
mia.274 Fractional excretion of creatinine is increased, which 
necessitates the use of inulin clearance to measure the GFR 
accurately.275 However, Herrera and colleagues have demon-
strated an impaired tubular secretion of creatinine in SCA 
patients with a normal GFR.276 In addition, there is increased 

Figure 35.11 Renal papillary necrosis with various forms of cavita-
tion in a 33-year-old man with sickle cell hemoglobinopathy and 
hematuria. Kidneys are normal size and smooth in contour. Central 
cavitation is present in many papillae, particularly in right interpolar 
areas (arrows). (From Davidson AJ, Hartman DS: Radiology of the 
kidney and urinary tract, ed 2, Philadelphia, 1994, WB Saunders, p 184.)
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analyzed U.S. Renal Data System (USRDS) data up to the 
year 2000.297 A total of 237 transplant patients with sickle 
cell disease had a survival rate of 56%, whereas 1419 sickle 
cell disease patients on dialysis had a survival rate of 14%. 
As such, we believe that the best option for renal replace-
ment therapy in patients with ESRD is kidney transplanta-
tion, although a greater frequency of posttransplantation 
crises has been described in correlation with anemia correc-
tion. Moreover, sickle cell nephropathy can recur in the 
graft, even within 3.5 years, although graft loss due to this 
cause is rare. Hydroxyurea has been suggested to prevent 
recurrence. There is no place for the use of nonsteroidal 
antiinflammatory drugs (NSAIDs) or steroids in the man-
agement or prevention of sickle cell nephropathy.273 Because 
of the high rate of hyperimmune individuals among sickle 
cell disease patients, identification of novel immunosup-
pressive strategies able to control the anti-HLA humoral 
response will be instrumental in improving the prognosis of 
kidney transplant recipients with sickle cell disease.298

ANTIPHOSPHOLIPID SYNDROME
The antiphospholipid syndrome (APS) is an autoimmune 
disorder characterized by hypercoagulability, arterial and 
venous thromboses, and pregnancy morbidity.299 The diag-
nosis rests on the detection of lupus anticoagulant (LA), 
anticardiolipin (aCL), or anti-β2–glycoprotein I antibodies 
persisting in the circulation for a minimum of 12 weeks. The 
syndrome can be an isolated idiopathic entity or is found in 
subjects with other immune diseases, in particular systemic 
lupus erythematosus (SLE).299 When APS is associated with 
SLE, morbidity and mortality are remarkably increased. 
Antiphospholipid antibodies can also be found in otherwise 
healthy subjects, with a prevalence of less than 1% in the 
general population and up to 5% of older subjects. In those 
with SLE, the prevalence is much higher, and IgG aCL, IgM 
aCL, and LA have been observed in 24%, 13%, and 15% of 
patients, respectively.300 Notably, subjects with persistently 
moderate-to-high aCL levels and/or LA who had previous 
thrombotic events are at higher risk of future events.301

Clinical Features

The most common manifestations of APS include deep vein 
thrombosis, pulmonary embolism, stroke, myocardial infarc-
tion, and renal macrovascular and microvascular thrombo-
sis. Livedo reticularis is a hallmark of the disease that almost 
invariably predicts a severe outcome. Hypertension is fre-
quent.302 It affects more than 90% of those with renal 
involvement and is often associated with vascular lesions, 
including arteriosclerosis, fibrous intimal hyperplasia, arte-
rial and arteriolar fibrous and fibrocellular occlusions, and 
TMA.303 Poorly controlled hypertension often reflects renal 
artery stenosis, a disease that may affect up to 26% of hyper-
tensive patients with antiphospholipid antibodies as com-
pared to only 8% of young patients attending a hypertension 
clinic and 3% of living related renal donors with stenosis.304 
The stenotic lesions are generally smooth noncritical steno-
ses in the midportion of the renal artery, quite distinct from 
fibromuscular dysplasia or atherosclerosis.

Thrombotic Microangiopathy. This is one of the more 
serious manifestations of the syndrome. It can be isolated 
or may be a component of catastrophic APS, a rare but 

erythrocytes that carry the mutant hemoglobin β-chain. 
Erythrocytes passing through the vessels of the inner renal 
medulla and renal papillae are most vulnerable to sickling 
because of the high osmolality of the blood, which leads to 
cell shrinkage and increased hemoglobin concentration.

The pathogenesis of sickle cell glomerulopathy is gener-
ally attributed to hyperfiltration, which is common in chil-
dren affected by the disease. Later in life, the GFR often 
declines, despite persistently high renal blood flow rates.274 
Guasch and associates have described a distinct pattern of 
glomerular dysfunction in patients with sickle cell anemia 
that consists of a generalized increase in permeability to 
dextrans secondary to an increased pore radius in the glo-
merular basement membrane.287,288 With progression to 
chronic renal failure, the number of pores is reduced and 
a size-selective defect occurs.287 This abnormality may 
account for the proteinuria observed in patients with sickle 
cell glomerulopathy. Schmitt and colleagues found that in 
early dysfunction, the ultrafiltration coefficient is increased.289

Hypoxia and decreased blood flow, with a secondary 
increase in ET-1 secretion, have been suggested in the 
pathogenesis of sickle nephropathy.290,291 In addition, the 
roles of nitric oxide (NO) and the activation of NO synthase 
have been studied in the mechanism of glomerular hyper-
filtration, and in ischemia-reperfusion–mediated apoptosis 
of cells.292,293

Therapy

The management of patients with sickle cell disease is tar-
geted at limiting sickle cell crises and end-organ damage. 
Factors that trigger sickling, such as infection and dehydra-
tion, should be treated aggressively. Exposure to hypoxia, 
cold, or medications that may induce sickle cell crisis should 
be avoided. Treatment options include transfusion therapy 
and, more recently, BMT.294 Interestingly, multiple transfu-
sions may restore the urine-concentrating capacity in very 
young children with sickle cell anemia.275

A conservative approach for hematuria is suggested, con-
sidering its generally benign course. Maintaining high 
urinary flow through adequate fluid intake and the use of 
diuretics is helpful in clearing clots from the bladder. Alter-
native approaches targeting pathogenic mechanisms have 
been proposed. The use of hydroxyurea in patients with 
sickle cell anemia aims at increasing the formation of HbF 
instead of HbSS. Studies in adults and children have shown 
a reduction in the incidence of acute sickling episodes, and 
this allows normal growth and development in children.274 
In some reports, the use of ACEIs significantly reduced 
proteinuria, and combined therapy with ACEIs and hydroxy-
urea may prevent progression from microalbuminuria to 
frank proteinuria.273-275,295

Patients with sickle cell disease who reach ESRD have a 
60% survival rate at 2 years after the administration of renal 
replacement therapy. Dialysis is the most common form of 
renal replacement therapy used. Kidney transplantation as 
a possible alternative to dialysis has been attempted, with 
reported success. One study demonstrated a 1-year survival 
rate adjusted for age in kidney transplant recipients that was 
similar between groups, with or without sickle cell disease.296 
However, graft loss increased significantly with the duration 
of follow-up in transplanted patients with sickle cell disease 
compared to patients without sickle cell disease. Scheinman 
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Therapy

Risk factors for atherosclerosis and cardiovascular disease, 
including obesity, smoking, hypertension, diabetes, and 
hyperlipidemia, should be addressed with lifestyle measures 
and appropriate pharmacologic therapy. Oral contracep-
tives and estrogen replacement therapy are absolutely  
contraindicated, given their association with thromboem-
bolic complications. Aspirin, heparin, warfarin, and immu-
nosuppressive drugs are key elements of the pharmacologic 
therapy of APS. Effective anticoagulation may help prevent 
worsening of hypertension, stent re-occlusions, and progres-
sive renal impairment and should be considered, even  
in the absence of previous thrombotic events.316 Treatment 
with rituximab, an anti-CD20 monoclonal antibody, achieved 
persistent disappearance of AP antibodies from the circula-
tion in isolated case reports.317 However, whether this 
may translate into improvements in clinical outcomes 
remains to be addressed in adequately designed trials.318 
TMA is an indication for plasmapheresis with fresh-frozen 
plasma. In secondary forms of APS, treatment will also  
be aimed at the underlying renal disease. Thus, steroids  
and immunosuppressants, including cyclophosphamides, 
may be indicated for patients with SLE and renal 
involvement.299

Case reports have documented the use of the C5 inhibitor 
eculizumab to prevent APS-associated thrombotic microan-
giopathy that complicates renal transplantation and to  
treat patients with acute catastrophic antiphospholipid syn-
drome.319,320 In vivo murine studies implicating the activa-
tion of the classical complement pathway in thrombosis 
associated with APS were the basis for the use of eculizumab 
in these case reports.310,321 Activation of complement by 
antiphospholipid autoantibodies generates C5a, which 
binds and activates neutrophils, leading to tissue factor 
expression.322 On the basis of murine studies, C3 and C5 
have been proposed as possible therapeutic targets for treat-
ing obstetric APS.323,324

MACROVASCULAR DISEASES

Macrovascular diseases of the kidney include acute occlu-
sion, aneurysms, and dissecting aneurysms of the renal 
artery and thrombosis of the renal artery. Stenosis of the 
renal artery is discussed in Chapter 47.

OCCLUSION OF THE RENAL ARTERY

THROMBOEMBOLISM OF THE RENAL ARTERY
Different conditions may predispose to artery thrombus for-
mation, including atherosclerosis, renal artery aneurysm, 
fibrinoid dysplasia, and aortic dissection, as well as the pres-
ence of endothelial injury secondary to the use of sub-
stances such as cocaine.325,326 Infectious and inflammatory 
states are also known to predispose to renal artery throm-
bosis, with cases reported in patients with polyarteritis 
nodosa, Takayasu’s arteritis, and Behçet’s disease.327-329

Although inherited hypercoagulable states are typi-
cally associated with venous rather than arterial 
thrombosis, acquired hypercoagulable states can lead to 
arterial thrombosis, including APS, factor V Leiden  

devastating disease that manifests in approximately 1% of 
patients with AP antibodies, in most cases following a trig-
gering event such as infection, trauma, or surgery. Hyper-
tension and proteinuria are almost invariable findings often 
associated with renal impairment, even in the early phases 
of the disease. Proteinuria is mild, and the sudden onset of 
nephrotic-range proteinuria may reflect a concomitant 
thrombosis of the renal veins and inferior vena cava. 
Outcome is poor, in particular in the context of lupus 
nephritis and catastrophic APS.305 In catastrophic APS, three 
or more target organs are involved, multiorgan failure is 
frequent, and the mortality rate approximates 50%.306

Pathology

Kidney biopsy samples from patients with APS-associated 
thrombotic microangiopathy show focal or diffuse microan-
giopathic changes affecting the whole intrarenal vascular 
tree and glomerular tufts, with fresh or old recanalizing 
thrombi.307 Ultrastructure findings pathognomonic for APS 
nephropathy include a combination of glomerular base-
ment membrane wrinkling and reduplication and redun-
dant wrinkled segments of basement membrane, with 
straighter thin basement membrane sections adjacent to the 
endothelium.307 Small arterioles can also be affected by a 
noninflammatory and frequently thrombotic vasculopathy. 
These changes, however, are less specific because they can 
be observed in a wide variety of conditions, including TTP, 
HUS, scleroderma renal crisis, malignant hypertension, pre-
eclampsia, postpartum renal failure, cyclosporine or chemo-
therapy toxicity, and renal transplant rejection.299,307

Mechanisms

A two-hit hypothesis has been suggested to explain the clini-
cal observation that thrombotic events occur only occasion-
ally, in spite of the persistent presence of antiphospholipid 
antibodies.308 According to this principle, the antibody (rep-
resenting the first hit) induces a thrombophilic state, but 
clotting takes place only in the presence of another throm-
bophilic condition (the second hit).309 Providing support 
for this mechanism, the administration of a small amount 
of lipopolysaccharide (LPS) was required for human β2-
glycoprotein I (β2-GPI)–specific antiphospholipid antibody 
IgG to produce a thrombogenic effect in rat mesenteric 
microcirculation.310 In line with this observation, it has been 
suggested that infectious processes might constitute the 
second hit because they frequently precede full-blown APS 
and might be the initiator of the catastrophic subtype.311 
This hypothesis fits well with the potential involvement of 
pattern recognition receptors (e.g., Toll-like receptors 
[TLRs]) in sensing microbes and triggering an inflamma-
tory response. Because TLR2 and TLR4 have been reported 
to contribute to endothelial cell and monocyte activation by 
β2-GPI–dependent antiphospholipid antibodies, one can 
speculate that the combination of the effect of infection 
plus the perturbation of TLR function mediated by the 
autoantibodies overcomes the threshold for triggering 
thrombosis.312,313 Alternatively, infections or inflammation 
might increase expression of the antiphospholipid antibod-
ies’ target antigen or the expression of antigenic epitopes 
that are hidden in resting conditions.314 Accordingly, pre-
liminary data have shown that LPS can upregulate β2-GPI 
expression in mice.315
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techniques, and intraarterial thrombolysis.348 Despite the 
restoration of kidney function in up to 64% of patients with 
surgical intervention, the mortality rate ranges between 15% 
and 20%.349 The outcome of surgical embolectomy has been 
reported to be worse regarding kidney function.350 The use 
of intraarterial thrombolytic agents has been associated with 
a high rate of renal artery recanalization, but the success of 
the procedure does not always translate into recovery of 
renal function.351 Patients who sustain a complete occlusion 
or receive delayed treatment have a generally worse progno-
sis. Nevertheless, there are several case reports that describe 
favorable outcomes with intraarterial thrombolysis, even in 
cases of prolonged ischemia (20 to 72 hours) and in renal 
transplantation patients.340 Successful results have also been 
reported with the use of systemic thrombolysis. Percutane-
ous aspiration thrombolectomy and rheolytic thrombectomy 
have been performed, with some success.349

TRAUMATIC THROMBOSIS OF THE RENAL ARTERY
Renal artery thrombosis is an uncommon sequela of blunt 
abdominal trauma. Motor vehicle accidents are the main 
cause of this injury.352 Renal vessels can be affected by stretch 
injury, contusion, or avulsion, all of which may lead to 
thrombosis.352 The left renal artery is slightly more affected 
than the right, but bilateral injury may be present as well.352 
Patients with traumatic renal artery thrombosis are usually 
critically ill and have other associated injuries, usually 
abdominal. The prognosis is poor, with the mortality rate 
reaching 44%.353

Clinical Features

Patients present with a history of major trauma and have 
flank and abdominal pain, nausea, vomiting, and fever. 
They may develop severe hypertension. Patients with bilat-
eral renal artery thrombosis or thrombosis of a solitary func-
tioning kidney develop anuria.340 Hematuria is present in 
the majority, but may be absent in about 25% of patients. 
Mild proteinuria is often present. Blood analyses show eleva-
tion of serum lactate dehydrogenase, creatinine phosphoki-
nase, serum transaminase, and alkaline phosphatase levels.340 
CT is the preferred diagnostic modality in patients with 
suspected renal artery thrombosis. It has the advantage of 
speed, accuracy, and the ability to detect other associated 
injuries.352 Patients with renal artery thrombosis usually have 
absent parenchymal enhancement in the affected kidney. 
There is also abrupt termination of the renal artery just 
beyond its origin.342 There might be enhancement of the 
cortex due to perfusion from peripheral and collateral 
arteries; this is referred to as the rim sign on CT.354 The gold 
standard for the diagnosis of renal artery injury is renal 
artery angiography, which shows intimal flaps with partial 
stenosis or complete occlusion.352 Angiography has the 
advantage of detecting the location of the injury with high 
accuracy; however, angiography is not usually necessary for 
confirmation if the CT scan is diagnostic and is associated 
with an increased risk of contrast-induced nephropathy.342 
Ultrasonography is unreliable.355

Therapy

Ischemia time is a major determinant of the outcome of 
revascularization in patients with traumatic renal artery 
thrombosis; 80% of renal artery revascularizations 

mutation, antithrombin, methylenetetrahydrofolate reduc-
tase (NAD(P)H) (MTHFR), hyperhomocysteinemia, and 
nephrotic syndrome.330-335

Clinical Features

The clinical presentation of renal artery thromboembolism 
is variable and depends on the extent of renal injury and 
overall clinical picture.336 Although anuria is characteristic 
of bilateral renal artery and solitary kidney renal artery 
involvement, it has been reported in unilateral renal artery 
thromboembolism, probably because of reflex vasospasm of 
the contralateral kidney.337 Patients usually present with 
unexplained abdominal pain, gross hematuria, abdominal 
or flank tenderness, fever, and hypertension.338 There may 
be signs of involvement of other end-organs by thromboem-
bolic or recent cardiac events, such as atrial fibrillation or 
myocardial infarction. Most patients have an elevated serum 
LDH level and hematuria, and leukocytosis is common.339

Doppler ultrasound with contrast agents may represent 
the first-line investigation, although it is operator dependent 
and is burdened by the possibility of false-negative 
results.340,341 In case of high clinical suspicion (despite nega-
tive Doppler), a contrast-enhanced CT scan readily demon-
strates the absence of enhancement in the affected renal 
tissue although there is concern about further damage to 
the kidney with the use of iodinated contrast material.342 
Contrast-enhanced three-dimensional magnetic resonance 
angiography (MRA) displays sharp images of the renal arter-
ies and perfusion abnormalities.343 Isotopic flow scans show 
absent or markedly reduced perfusion of the affected 
kidney.340 Although angiography is considered the gold stan-
dard for diagnosis, its use is reserved for situations in which 
intervention is contemplated.

Mechanisms

The heart is the main source of peripheral thromboemboli, 
including those to the renal arteries.338 Men and women with 
atrial fibrillation have a fourfold and almost sevenfold risk, 
respectively, of developing peripheral thromboemboli com-
pared to those without atrial fibrillation, but only 2% of 
peripheral emboli secondary to atrial fibrillation target the 
kidney.344 Myocardial infarction and heart failure may pre-
dispose to the formation of thromboemboli. Valvular heart 
disease, bacterial endocarditis, heart tumors, and dilated 
cardiomyopathy are other predisposing factors. The aorta 
can be a source of renal artery thromboemboli, especially 
following endovascular repair of aortic aneurysms.345 The 
incidence of renal infarcts after such a procedure is about 
9%.345 Endovascular revascularization of renal artery stenosis 
may also be complicated by distal emboli.346 However, the use 
of angioplasty and stenting with distal protection baskets 
may decrease the rate of complications.336

Therapy

The human kidney is believed to tolerate the absence of 
blood flow for 60 to 90 minutes.347 The presence of ade-
quate collateral circulation from lumbar, suprarenal, or ure-
teral vessels may allow the kidney a longer ischemia time.348 
The duration and extent of ischemia are major determi-
nants of the prognosis of an ischemic kidney.340

Treatment options for an acutely occluded renal artery 
are surgical embolectomy, percutaneous interventional 
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a disproportionate number of cases of RAA rupture. In a 
review of 43 cases of rupture, 18 (42%) occurred in preg-
nant women.362 Most of these occurred during the last 
trimester of pregnancy, but rupture and hemorrhage also 
occurred earlier in pregnancy and during the postpartum 
period.361 Pathogenic factors include increased renal blood 
flow, particularly during the last trimester, the effect of 
female hormones on the vasculature, and increased intraab-
dominal pressure.340 Emergency nephrectomy is usually 
required in this setting to control the hemorrhage. Maternal 
mortality decreased to 6% and fetal mortality to 25% if  
the pregnancy reached the third trimester.363 If rupture 
occurs before the third trimester, fetal mortality approaches 
100%.

Rupture of an RAA manifests with flank pain, vascular 
collapse, and shock. Abdominal distention or a flank mass 
may be detected. Hematuria may be a helpful finding in 
some patients, but its absence does not exclude the diagno-
sis. Renal angiography and MRA will diagnose RAAs, and 
CT and radionuclide scanning may be useful screening 
techniques.

Mechanisms

Renal artery aneurysms are sometimes attributed to athero-
sclerosis, but marked atherosclerotic changes are found in 
only 16% of patients and may be secondary.361 Fusiform 
aneurysms are often seen in medial fibromuscular dysplasia 
and usually arise distal to a focal stenotic segment, giving the 
appearance of a poststenotic dilation.364 Occasionally, several 
small aneurysms in sequence give the string of beads appear-
ance seen in fibromuscular dysplasia. Fusiform aneurysms 
are typically found in young hypertensive patients who 
undergo renal angiography for the evaluation of renovascu-
lar hypertension. As with fibromuscular dysplasia, fusiform 
aneurysms are more common in women. Renal artery aneu-
rysms have been described in polyarteritis nodosa, Takaya-
su’s arteritis, Behçet’s disease, Ehlers-Danlos syndrome, and 
mycotic aneurysms.329,365-367 Intraparenchymal renal aneu-
rysms make up 10% to 15% of RAAs and are frequently 
multiple. They may be congenital, posttraumatic (e.g., after 
renal biopsy), or associated with polyarteritis nodosa.

Therapy

Various authors have attempted to provide criteria for elec-
tive surgical intervention for RAAs.340 Most agree that an 
aneurysm larger than 4.0 cm in diameter should be resected, 
and one smaller than 2.0 cm in diameter can be safely fol-
lowed with periodic imaging studies. There is uncertainty 
about the midsized aneurysms, those between 2.1 and 
4.0 cm. It may be prudent to recommend repair of RAAs 
larger than 3.0 cm in diameter in patients with surgical risks 
if there is reasonable certainty that nephrectomy will not be 
required.340 In addition to large size of the aneurysm, other 
factors are considered in the choice for elective surgical 
intervention, including the presence of lobulations, expan-
sion over time, presence of signs and symptoms, women of 
childbearing age, localization in a solitary kidney with the 
potential for embolization or dissection, or secondary reno-
vascular hypertension.340

Several surgical techniques for the treatment of RAAs 
have been described, but the most commonly used approach 
is in situ aneurysmectomy and revascularization. When 

performed within 12 hours are successful. The success rate 
decreases with time, reaching zero for revascularizations 
performed after more than 18 hours.356 However, there are 
case reports of late successful revascularizations.357 Other 
determinants of the outcome are the extent of renal injury, 
presence of collateral circulation, technical difficulties of 
the surgical procedure, and injury to other organs.340

A significant number of patients who have had successful 
surgical revascularization develop hypertension. Many of 
them eventually require nephrectomy.358 The outcome of 
surgical revascularization in patients with unilateral  
traumatic renal artery thrombosis may be no better than 
observation and medical management.340 Nevertheless, 
revascularization is indicated for patients with bilateral renal 
artery thrombosis and patients with a solitary kidney.358 Late 
revascularization may be considered if the kidney size is 
normal on imaging studies and if preserved glomerular 
architecture is noted on renal biopsy.359

Several surgical procedures can be performed for the 
repair of a renal pedicle injury, including thrombectomy, 
resection of the injured arterial segment and replacement 
with a venous or graft bypass, and autotransplantation with 
ex vivo repair of the vascular lesions.340 Endovascular 
stent placements for traumatic intimal tears have been 
described.360 Nephrectomy is required at times to control 
renal hemorrhage.340

ANEURYSMS OF THE RENAL ARTERY

Large autopsy studies have suggested that the incidence of 
renal artery aneurysms (RAAs) is 0.01% in the general popu-
lation, but in patients undergoing renal arteriography pri-
marily for the evaluation of renovascular hypertension, RAAs 
are observed in 1%.340 Many RAAs remain asymptomatic. 
However, the clinical concerns of RAAs are their potential to 
rupture, thrombose (causing distal embolization), or lead to 
renovascular hypertension. Intrarenal aneurysms may erode 
into adjacent veins to produce arteriovenous fistulae.340

Clinical Features

Renal artery aneurysms are classified as saccular, fusiform, 
dissecting, or intrarenal. They may be located anywhere 
along the vascular tree, but most of them are found at the 
bifurcation of the renal artery or in the first-order branch 
arteries.361 Saccular aneurysms, the most common type, con-
stitute 60% to 90%. They are diagnosed typically at about 
50 years of age, but can be seen in those from 13 to 78 years 
of age. In approximately 20% of cases, RAAs are bilateral. 
Renal artery stenosis may be associated.

Renal artery aneurysms are frequently asymptomatic and 
are diagnosed as part of a workup for renovascular hyper-
tension. Occasionally, patients may complain of flank pain, 
which should raise the concern of an expanding aneurysm, 
rupture and hemorrhage, thrombosis, thromboemboli  
with impending renal infarction, or dissection.340 Rupture 
of an RAA, a potentially catastrophic event, may present 
with vascular collapse and hemorrhagic shock. Aneurysm 
size is a factor in the potential for rupture. The incidence 
of rupture of RAAs smaller than 2.0 cm in diameter is low. 
Large aneurysms, especially those larger than 4.0 cm in 
diameter, have a greater tendency to rupture and usually 
require surgical intervention.250 Pregnant women constitute 
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Acute Renal Vein Thrombosis. An acute presentation is 
usually seen in young patients with a short history of 
nephrotic syndrome. RVT manifests with acute flank pain, 
macroscopic hematuria, and loss of renal function and may 
mimic a renal colic or acute pyelonephritis.372,375 The physi-
cian should have a high index of suspicion, especially in 
patients with predisposing risk factors for hypercoagulabil-
ity. In these cases, imaging reveals an enlarged kidney and 
pyelocalyceal irregularities.372

Chronic Renal Vein Thrombosis. A chronic presentation is 
usually seen in older patients with the nephrotic syndrome 
who have little or no accompanying symptoms except for 
peripheral edema, increase in proteinuria, and gradual 
decline in renal function.376 They also have a greater inci-
dence of pulmonary emboli and other thromboembolic 
events.372

Diagnostic Procedures

Doppler ultrasonography can visualize the actual venous 
flow, increased blood velocity, and turbulence in a narrowed 
vein or complete cessation of flow if the lumen is totally 
occluded. Ultrasonography with Doppler color flow should 
be the initial noninvasive diagnostic study. However, sonog-
raphy is highly operator dependent and has a low specificity 
(56%), despite a high sensitivity (85%) in experienced 
hands.377

A characteristic radiographic finding of RVT is notching of 
the ureter, which usually occurs when collateral veins in close 
relation to the ureters become tortuous as they dilate to form 
an alternative drainage route. Originally, the notching of the 
ureters was interpreted as representing mucosal edema; 
however, more detailed radiographic studies have shown 
indentation of the ureters by the collateral venous circulation. 
Notching of the ureter is a very infrequent finding in nephrotic 
patients with RVT and usually occurs only in a minority of 
patients with chronic rather than acute RVT.378 Retrograde 
pyelography may demonstrate a rectangular, linear mucosal 
pattern, with irregular renal pelvic outlines.

Inferior venacavography with selective catheterization of 
the renal vein establishes the diagnosis of RVT. If the infe-
rior vena cava is patent and free of filling defects, and if a 
good streaming of unopacified renal blood is demonstrated 
to wash out contrast from the vena cava, a diagnosis of RVT 
is unlikely. The Valsalva maneuver is useful during venaca-
vography; when the intraabdominal pressure is increased, 
the transit of contrast agent and blood from the inferior 
vena cava is slowed, the proximal part of the main renal vein 
may be opacified, and the patency of the lumen or even the 
outline of the thrombus may be demonstrated.340

Often, the inferior venacavogram is not diagnostic, and 
selective catheterization of the renal vein must be per-
formed. A normal renal venogram demonstrates the entire 
intralobular venous system to the level of the arcuate vein. 
In general, the use of epinephrine for better visualization 
of the smaller vessels is not necessary. However, in the pres-
ence of normal renal blood flow, all contrast material is 
washed out of the renal vein within 3 seconds or less, and 
occasionally only the main renal vein and major branches 
are visualized. In this situation, there may be uncertainty 
about thrombi in major or smaller branches. Then the use 
of intrarenal arterial epinephrine, by decreasing blood flow, 

carefully done, this surgery carries the least risk of damage 
to the kidney and ureter. However, even at experienced 
centers, almost 5% of patients eventually undergo an 
unplanned nephrectomy because of technical complications 
encountered during the attempted revascularization.361

DISSECTING ANEURYSMS OF THE RENAL ARTERY

Dissecting aneurysms of the renal artery are rare but severe 
disorders of the renal artery. Acute dissections may manifest 
in an explosive manner, with malignant hypertension, flank 
pain, and renal infarction. Chronic dissection usually mani-
fests as renovascular hypertension.364 Acute dissection can 
occur spontaneously and can be precipitated by strenuous 
physical activity or trauma.368 Fibromuscular dysplasia and 
atherosclerosis are common predisposing factors that lead 
to intimal tears, medial necrosis of the artery wall, and dis-
section. Iatrogenic dissection due to angiographic proce-
dures may occur from trauma induced by guidewires, 
catheters, or angioplasty balloons.340 Dissections have also 
been found as incidental autopsy findings, apparently 
without clinical symptoms during life.340 Renal artery dissec-
tions are about three times more common in men, and 
there is a predilection toward involvement of the right side. 
Approximately 20% to 30% are bilateral. Dissection is most 
common in 40- to 60-year-olds, although younger patients 
with fibromuscular dysplasia may be affected.

Patients with acute dissection may present with new-onset, 
accelerated, or worsening hypertension.369 Flank pain is fre-
quent, and headache may occur, perhaps as a result of 
hypertension. In some cases, especially with lesions that 
develop from an angiographic procedure, the patient may 
be asymptomatic except for worsening hypertension. Selec-
tive angiography is necessary for the diagnosis.340 The clini-
cal course is variable. Some patients have persistent, severe 
renovascular hypertension that may be resistant to medical 
therapy. These patients may benefit from revascularization 
or nephrectomy if they suffered renal infarction, and many 
show improvement or complete resolution of hypertension 
after these procedures.369 Endovascular interventions have 
also been reported.370 Appropriate therapy depends on the 
severity of the hypertension and its response to therapy. 
Edwards and colleagues have noted adequate responses to 
medical management in most patients.368 Dissecting aneu-
rysms can be managed with open surgery, endovascular 
repair, or a combination of both.371

THROMBOSIS OF THE RENAL VEIN

In adults, renal vein thrombosis (RVT) is usually associated 
with nephrotic syndrome but can also occur in a variety of 
other clinical settings, such as tumors, aneurysm, or abscesses 
resulting in direct compression or from hypovolemic or 
hypercoagulable states.372 The overall incidence in nephrotic 
syndrome ranges from 5% to 62%, and is highest in patients 
affected with membranous nephropathy or membranopro-
liferative glomerulonephritis. 373,374

Clinical Features

Rapidity of the venous occlusion and the development of a 
venous collateral circulation determine the clinical presen-
tation and resultant renal function.
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that can increase the risk of RVT (Figure 35.12); these 
abnormalities vary in intensity in proportion to the degree 
of albuminuria and hypoalbuminemia.379 The underlying 
mechanisms of the so-called thrombophilia of the nephrotic 
syndrome are essentially related to an imbalance of pro-
thrombotic factors (e.g., increased fibrinogen levels, 
increased factor VIII levels, increased platelet adhesiveness) 
and antithrombotic factors (e.g., reduced antithrombin III 
levels, reduced protein C and S levels or activity) and 
impaired thrombolytic activity (e.g., decreased plasminogen 
levels, elevated plasminogen activator inhibitor-1 levels, or 
albumin deficiency–related impairment of the interaction 
of plasminogen and fibrin). An additional mechanism sus-
taining the procoagulant state is thrombocytosis, which has 
been found in a number of nephrotic adults and children. 
Moreover, platelets of nephrotic patients seem to display a 
tendency to hyperaggregability.380 Hypoalbuminemia results 
in a higher availability of arachidonic acid for the synthesis 
of the proaggregant thromboxane A2 within platelets. Plate-
let activation may also be enhanced by high levels of choles-
terol, fibrinogen, and vWF and by thrombin and immune 
complexes.374 Volume depletion, diuretic and/or steroid 
therapy, venous stasis, immobilization, or immune complex 
activation of the clotting cascade may also participate in the 
thrombophilia of the nephrotic syndrome. It remains a 
mystery why only certain conditions have such a strong (but 

enhances retrograde venous filling and allows later visualiza-
tion of the smaller intrarenal veins. An abnormal renal 
venogram usually demonstrates a thrombus within the 
lumen as a filling defect surrounded by contrast material. 
In the presence of partial thrombosis, extensive collateral 
circulation can be demonstrated. The presence of such col-
laterals usually reflects the chronicity of the RVT and may 
explain the lack of renal functional deterioration.340

Both contrast-enhanced CT and MRI have been used for 
the diagnosis of RVT. Both are less invasive than venogra-
phy; CT uses ionizing radiation and iodinated contrast 
agent, so MRI has significant advantages over CT.377 Because 
MRI produces highly contrasting images of flowing blood, 
vascular walls, and surrounding tissues, vascular patency 
may be best determined by this technique. However, a low 
signal from the renal veins and pseudofilling defects due to 
slow flow, mimicking a thrombus, makes interpretation of 
the image difficult.377 Gadolinium-enhanced MRI can over-
come the limitation of poor signal from the renal vessels 
and, by performing a delayed second scan, the venous 
anatomy is well demonstrated, and an occult renal artery 
stenosis can also be disclosed.377

Mechanisms

Nephrotic Syndrome. Multiple hemostatic abnormalities 
have been described in patients with nephrotic syndrome 

Figure 35.12 Pathogenic factors predisposing to renal vein thrombosis in patients with the nephrotic syndrome. An imbalanced bioavailability 
of prothrombotic and antithrombotic factors in favor of prothrombotic factors predisposes to intravascular clotting. Impaired thrombolysis and 
concomitant factors such as volume depletion, hypoalbuminemia, impaired venous blood flow, and immobilization may contribute to precipitate 
renal vein thrombosis. 
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vessels.372,373 Thrombolytics provide the possibility of more 
rapid and complete resolution than anticoagulants but at 
the expense of a higher risk of bleeding.372 The relative 
efficacy of anticoagulation versus fibrinolytics in the treat-
ment of RVT is not well defined.372 Thrombolytic therapy is 
likely warranted in patients with bilateral RVT, extension 
into inferior vena cava, pulmonary embolism, acute kidney 
injury (AKI), acute renal failure (ARF), or severe flank 
pain.372

Choice of systemic versus local administration depends 
on the evaluation of risk-benefit factors. Systemic adminis-
tration is safe and effective if no obvious contraindications 
exist and avoids the need for invasive procedures.388 Antico-
agulation is indicated for nephrotic patients who experi-
ence a thromboembolic event. Heparin should be given, 
although its effect may be attenuated in the presence of low 
antithrombin III (ATIII) levels. ATIII deficiency in nephrotic 
patients rarely causes heparin resistance.383 If ATIII levels 
are extremely low, fresh-frozen plasma or ATIII concen-
trates can be administered.389

Following heparin, oral vitamin K antagonists should be 
used. The optimal duration of warfarin therapy is unknown, 
but given the risk of recurrence, it is reasonable to maintain 
anticoagulation as long as the patient is nephrotic and has 
significant hypoalbuminemia. Treatment with heparin war-
rants monitoring of the anticoagulation response and is 
associated with some complications, such as thrombocyto-
penia and osteoporosis.390 Low-molecular-weight heparin 
(LMWH) has been suggested as an alternative for the treat-
ment of RVT.390

Prophylactic Anticoagulation of Asymptomatic Patients with 
Nephrotic Syndrome. No randomized controlled trials have 
been conducted to assess the risk-benefit profile of antico-
agulation therapy in patients with nephrotic syndrome. 
However, a Markov-based decision analysis model has found 
that the number of fatal emboli prevented by prophylactic 
anticoagulation exceeds that of fatal bleeding in nephrotic 
patients with idiopathic membranous nephropathy.391 

variable) association with RVT. The discovery of the associa-
tion of antienolase autoantibodies with membranous 
nephropathy offers a tantalizing clue, because these autoan-
tibodies could interfere with fibrinolysis.381 The coexistence 
of another thrombophilic state with nephrotic syndrome, 
such as hereditary resistance to the activation of protein C 
(Leiden trait), could be another factor involved in the gen-
eration of thrombotic events in selected patients.379,382

Other Predisposing Factors. In addition to the hemostatic 
abnormalities associated with the nephrotic syndrome, 
other causative factors include amyloidosis, oral contracep-
tives, steroid administration, and genetic procoagulant 
defects.375 Thrombosis can occur secondary to trauma (e.g., 
blunt, surgical), neoplasms (e.g., hypernephroma, Wilms’ 
tumor), extrinsic compression (e.g., retroperitoneal tumors, 
pregnancy, lymphoma), arterial diagnostic puncture, place-
ment of central catheters, and functional states of hypoper-
fusion, such as congestive heart failure.376 Hypovolemia, a 
cause of RVT in neonates, has also been reported in adults. 
Morrissey and associates have reported a case of bilateral 
RVT in a previously healthy 22-year-old man that resulted in 
a moderate proteinuria without underlying glomerular 
pathology and with a normal coagulation profile.376 The 
RVT was preceded by a 3-day history of nausea and vomiting 
as the only precipitating event. Treatment with fibrinolytics 
followed by heparin was successful.376

Renal vein thrombosis triggered by hypovolemia has also 
been suggested in other studies.380 Steroids aggravate hyper-
coagulable states by increasing factor VIII and other serum 
protein levels and by decreasing fibrinolytic activity.383 His-
torically, the advent of steroid therapy coincided with an 
increase in thromboembolic complications.384 The use of 
oral contraceptives has been implicated as an additional 
cause of RVT and may unmask underlying hypercoagulable 
disorder.375

Acute RVT has been noted with increasing frequency in 
the transplanted kidney, which, unlike the native kidney, has 
a single drainage system.385 In this setting, RVT may be 
accompanied by thrombosis of extrarenal sites.335 RVT 
usually leads to permanent damage of the graft within 
hours. Predisposing factors are muromonab-CD3 (OKT3) 
and cyclosporine therapy.385 Neonatal RVT accounts for 
15% to 20% of systemic thromboembolic events in neonates 
and results in significant long-term morbidity.386 Maternal 
and patient risk factors for RVT are presented in Table 35.5.

Therapy: Treatment of Overt Thrombotic or 
Embolic Events

Treatment of established renal vein thrombosis can be 
divided into measures targeting the specific cause of the 
occlusion (primary renal disease, tumors, systemic disease) 
and those aimed at the thrombus itself and/or its complica-
tions. The latter includes volume resuscitation, dialysis as 
necessary, but first and primarily anticoagulation. Current 
management of renal vein thrombosis has shifted from sur-
gical to medical treatment.387

Anticoagulation and Thrombolysis. Anticoagulation is the 
mainstay of therapy, and is intended to prevent further 
propagation of the thrombus and thromboembolic compli-
cations while permitting recanalization of occluded 

Table 35.5  Maternal and Patient Risk Factors 
for Renal Vein Thrombosis

Maternal Risk Factors Patient Risk Factors

Fetal distress, 26% Respiratory distress, 30%
Diabetes, traumatic 

birth,17%
Steroids, preeclampsia, 

13%
Polyhydramnios, 

amphetamine, protein C 
deficiency, 4%

No maternal risk factors, 
35%

Cardiac disease, diarrhea/
dehydration, hypotension, 
polycythemia, factor V Leiden 
heterozygosity, 13%

Femoral-umbilical catheter, 
protein C deficiency, 
twin-twin transfusion, 4%

No patient risk factors, 26%

From Zigman A, Yazbeck S, Emil S, et al: Renal vein 
thrombosis: a 10-year review. J Pediatr Surg 35:1540-1542, 
2000.
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Tubulointerstitial injury is always present when kidney disease 
progresses clinically. As a final common pathway, its presence 
correlates with impaired renal function and the presence of 
renal fibrosis on biopsy.1,2 Tubulointerstitial disease may be 
the primary inciting event or secondary to glomerulonephri-
tis or cystic renal diseases. The effects of common systemic 
conditions such as hypertension, diabetes, and atherosclero-
sis likely damage glomerular and interstitial compartments at 
the same time and, of course, the aging kidney gradually 
alters glomerular and interstitial tissues, making it even more 
sensitive to new injury in older individuals.3,4

HISTORICAL VIEW, INCLUDING 
STRUCTURE-FUNCTION RELATIONSHIPS

For much of the nineteenth century, the kidney was consid-
ered a tubulosecretory organ5; with Bowman’s description 
of the malpighian bodies connecting to tubules,6 the inter-
stitial compartment was initially considered a separate ana-
tomic region of the kidney.7 In 1860, the finding of interstitial 
infiltrates at autopsy and the development of experimental 
models of interstitial injury8 raised the possibility that the 
tubulointerstitium was not only relevant to renal physiology, 
but also a key feature of kidney disease. Based on previous 
observations of the presence of fibroblast-like cells in the 
renal interstitium,9 Traube hypothesized in 1870 that inter-
stitial changes documented in Bright’s disease were respon-
sible for kidney scarring and shrinkage associated with 
end-stage kidney failure. 10 Cellular and fluid exudation in 
the interstitial tissue was observed in the kidneys of patients 
dying with scarlet fever and diphtheria by Councilman in 
1898.11 In particular, the organs were sterile, thus raising the 

possibility of an allergic-type phenomenon. The entity was 
termed acute tubulointerstitial nephritis. This report, and 
insights from several models of tubulointerstitial injury 
developed across the century, provided the rationale to 
Volhard and Fahr12 for the inclusion of interstitial nephritis 
in their 1914 classification of kidney diseases. Suggestions 
of an association between drugs and interstitial nephritis in 
humans emerged in the 1940s with the observation that 
antibiotics and analgesics could damage the interstitial com-
partment.13 This opened the way to consider a variety of 
other drugs for risk of interstitial nephritis.

After the early evidence in 1913 that injection of heterolo-
gous proteins into rabbits led to lymphocyte infiltration in 
the renal interstitium,14 attention to the immunologic basis 
of interstitial injury was only renewed in 1971 by Steblay and 
Rudofsky,15 who described a model of tubulointerstitial 
nephritis induced by antibodies reactive with the tubular 
basement membrane (TBM) in guinea pigs. Since then, 
autoimmune tubulointerstitial disease has been seen in a 
number of species, including mice, rats, and rabbits follow-
ing immunization with heterologous TBM.16 Although all 
these models illustrate immune mechanisms that have been 
reported in humans with interstitial nephritis, none of them 
offered the intrinsic value of a spontaneously occurring 
renal lesion. In 1984, Neilson and coworkers17 characterized 
a model of spontaneous interstitial nephritis in kdkd mice. 
Absent renal antibodies, they found that this inheritable 
model of interstitial nephritis, due to mutations in mito-
chondrial prenyltransferase,18 involves the cellular and regu-
latory T cell limb of the immune system.

In almost all forms of progressive experimental and 
human chronic kidney disease, a prominent inflammatory 
infiltrate exists within the interstitial compartment. The 
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chronic pyelonephritis.32 Collectively, all these pathophysi-
ologic processes are interrelated and may apply in some 
combinatorial fashion. It is difficult to make clean compari-
sons between experimental animals and humans because 
almost all that is known about this process in humans comes 
from detailed work in experimental models.

MECHANISMS OF  
TUBULOINTERSTITIAL INJURY

The mechanisms of tubulointerstitial injury share many 
components.1,33 Typically, there are primary innate and 
adaptive immune injuries in the tubulointerstitium driving 
inflammation and, in the case of glomerulonephritis, there 
are secondary downstream effects from proteinuria leading 
to tubulointerstitial nephritis. Persistent inflammation 
always leads to destructive progression with fibrosis. Some-
times the inflammatory process is propelled by genotypic 
variations among hosts.

GENETIC DISEASES

A small number of genetic diseases producing interstitial 
nephritis have been identified in the last several years. Of 
particular note are the multiple genetic defects seen in cil-
iopathies associated with nephronophthisis,34 karyomegaly 
associated with altered DNA repair,35 prenyltransferase 
mutations,18 mitochondrial cytopathies,36 and mutations in 
uromodulin.37 There are also new HLA associations with 
tubulointerstitial nephritis with uveitis (DQA1*01:04 and 
DRB1*14) or without (DQA1*04:01, DQB1*04:02, and 
DRB1*08).38 Another recent study has identified different 
HLA associations (HLA-DRB1*01 and DQB1*05) with tubu-
lointerstitial nephritis with uveitis, suggesting that current 
findings may be study population–dependent.39

GLOMERULAR-RELATED EVENTS

Glomerular diseases incite tubulointerstitial injury through 
multiple pathways, such as the following40: (1) impaired 
glomerular permselectivity allows the escape into the urinary 
space of substances that are morphogenic to tubuli2,40; 
(2) altered glomerular hemodynamics can damage nephrons 
by intraglomerular hypertension41 and, alternatively, glomer-
ular hypoperfusion may diminish postglomerular blood flow, 
provoking tubular ischemia; (3) immunologic mechanisms 
in glomeruli may incur the loss of tolerance and thereby 
instigate tubulointerstitial injury42; and (4) inflammatory 
mediators may seep from glomeruli into the urinary space or 
percolate into the interstitium through the juxtaglomerular 
apparatus.43 In addition, leukocytes may migrate into the 
interstitium through the mesangial stalk and vascular pole of 
the glomerulus.44 Nephron loss caused by the destruction of 
glomeruli and attached tubules may facilitate metabolic 
adaptations in surviving nephrons that induce tubulointersti-
tial injury through the renin angiotensin system.2,45

Two additional hypotheses to explain the interstitial 
damage associated with chronic glomerular disease have 
been proposed.46 Based on histology studies of the develop-
ment and progression in animal and human renal disease, 
these two new mechanisms are the notions of misdirected 

extent of these infiltrates,19 number of fibroblasts present,20 
and area of fibrosis all correlate18 with progressive decline 
in renal function. The concept of tubulointerstitial damage 
mediating impaired renal function is not new.13 Several 
studies have pointed out the prognostic significance of 
severe injury of the tubulointerstitium in lupus nephritis,21 
membranous nephropathy,22 and IgA nephropathy.23 About 
50 years ago, Risdon and colleagues22 first described an 
association between the degree of renal impairment and 
extent of tubulointerstitial damage in patients with glomer-
ular disease. In 50 cases of persistent glomerulonephritis, 
the correlation between creatinine clearance, plasma creati-
nine concentration, ability of the kidney to concentrate the 
urine, and glomerular changes were less striking than those 
documented between the extent of tubular lesions and 
alterations in renal function. These findings suggested, in 
chronic glomerulonephritis, that interstitial damage across 
multiple tubules has much more effect on the glomerular 
filtration rate (GFR) than structural injury in the glomeruli. 
Bohle and coworkers also studied tubulointerstitial changes 
in a wide variety of glomerulopathies.24 As urine osmolality 
decreased, the renal function dropped. Conversely, decreas-
ing maximal urine osmolality correlated best with increas-
ing interstitial volume, lowering the cross-sectional area of 
proximal tubular epithelium or epithelium from the thick 
segment of the loop of Henle. This was not a unique feature 
because other key interstitial changes documented by light 
microscopy, immunofluorescence, or histochemistry—
which include the presence of immune inflammatory cells, 
activated fibroblasts, extracellular matrix (ECM) compo-
nents, antibodies, and complement—also predict the long-
term prognosis in chronic glomerulonephritis.24,25

Several mechanisms may explain how tubulointerstitial 
disease affects renal function. The simplest explanation is 
that tubular obstruction from interstitial inflammation and 
fibrosis impedes urine flow, increases intratubular pressure, 
and eventually lowers glomerular filtration.24 Although no 
direct measurements are available, tubular atrophy and cell 
debris within tubules would represent a hurdle to draining 
fluid.26 A second possible mechanism implicates reduction 
in the volume of peritubular capillaries27 and, in this setting, 
the tubulointerstitial compartment becomes relatively avas-
cular and ischemic. As a result of the increase in vascular 
resistance in the postglomerular region, the hydrostatic 
pressure in glomerular capillaries also increases, impairing 
glomerular arteriolar outflow. Perhaps more significant 
would be alterations in tubuloglomerular feedback as a 
third explanation. The presence of edema and inflamma-
tion in the renal interstitium, by increasing the interstitial 
pressure, may lower the sensitivity of the feedback mecha-
nism,28 possibly through local control of production of vaso-
active substances such as angiotensin II (Ang II), nitric 
oxide, and prostaglandins.29 When tubulointerstitial fibrosis 
develops, the autoregulation of renal blood flow is also 
disrupted permanently.30 Fourth, glomerular-tubular dis-
connection, or finding atrophic tubules and glomeruli  
no longer connected to each other, is a well-recognized 
consequence of tubulointerstitial injury.31 This is in harmony 
with evidence from human studies showing a positive cor-
relation between the fractional volume of the interstitium, 
percentage of proximal tubuli without connection to a 
glomerulus, and decline of renal function in patients with 
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This loss of containment of injury within the confines of 
the glomerulus opens up inflammation to a very large tubu-
lointerstitial compartment. Chronic injury and the accom-
panying fibrosis, driven by glomerular processes, provide a 
conduit for the easy transmission of more inflammation into 
areas previously uninvolved by original disease. Tubuloin-
terstitial disease can thus bridge areas that separate injured 
and noninjured nephrons.

PROTEINURIA-INDUCED TUBULAR CELL ACTIVATION 
AND DAMAGE
One important mechanism of glomerular-tubulointerstitial 
interaction is through proteinuria. Although proteinuria 
has been considered historically as simply a surrogate 
marker of the severity of underlying glomerular damage, 
clinical and experimental data have indicated that protein-
uria is an independent risk factor and plays an important 
role in the progression of renal disease.50

In 1932, Chanutin and Ferris51 observed that removing 
75% of the total renal mass in the rat led to a slowly progres-
sive deterioration in the function of the remaining neph-
rons, with progressive azotemia and glomerulosclerosis. The 
glomerular lesions of the remnant kidneys were associated 
with abnormal glomerular permeability and proteinuria. At 
that time, proteinuria was considered solely as a marker of 
the extent of the glomerular damage, despite the fact that 
Volhard and Fahr in 191412 and von Mollendorrf and Stohr 
in 192452 had already found that renal damage might be 
pathogenically related to exuberant protein excretion in 
the urine. In 1954, Oliver and associates53 recognized 
protein droplets in the cytoplasm of tubular cells, possibly 
the result of impaired reabsorption of plasma proteins nor-
mally carried out by renal tubules, and proposed that pro-
teinuria could damage nephrons.

The mechanisms whereby increased urinary protein con-
centration leads to nephrotoxic injury are certainly multi-
factorial and involve numerous pathways of cellular damage. 
Obstruction of tubular lumens by casts and obliteration of 
the tubular neck by glomerular tuft adhesions may contrib-
ute to tubulointerstitial damage from proteinuria. Accumu-
lating evidence, however, has emphasized the direct effects 
of filtered macromolecules on tubular cells.54 Proteins 
escaping into the glomerular filtrate and reaching the 
tubular urine are largely reabsorbed in the proximal seg-
ments at the apical poles of tubular epithelium. This involves 
receptor-mediated endocytosis, followed by clustering of the 
ligand-receptor complex into clathrin-coated pits, giving 
rise to endocytic vesicles. On endocytic uptake, progress to 
the lysosome requires endosomal acidification to dissociate 
proteins from the receptors, permitting their degradation 
in lysosomes by the action of specific enzymes. The tandem 
endocytic receptors megalin and cubilin, which are abun-
dantly expressed at the brush border of proximal tubular 
cells, interact to mediate the reabsorption of a large amount 
of proteins, including carrier proteins important for trans-
port and cellular uptake of vitamins and lipids.55

Insights into specific mechanisms linking the excess 
traffic of plasma proteins and tubulointerstitial injury have 
come from in vitro studies using polarized proximal tubular 
cells to assess the effect of apical exposure to proteins. 
Protein overload activates proximal tubular cells into acquir-
ing a proinflammatory phenotype,56 perhaps through the 

filtration and crescentic cell proliferation (Figure 36.1). 
According to the misdirection mechanism, there is an 
extension of a proteinaceous crescent into the outer aspect 
of the proximal tubule. As a consequence of persistent mis-
directed filtration, a proteinaceous filtrate near the glo-
merulotubular junction expands into the space between the 
tubular epithelial and TBM and may spread along the entire 
proximal convolution within this space. This process is  
predominantly associated with degenerative glomerular 
disease47 but may also be contributory along individual 
nephrons in inflammatory disease.48 A more direct approach 
to the tubulointerstitial compartment, however, may simply 
be passage through the juxtaglomerular apparatus.43

The other mechanism is the encroachment of a growing 
cellular crescent on the glomerulotubular junction, where 
the initial segment of the proximal tubule is incorporated 
into the crescent. This process is more characteristic of the 
inflammatory models.48,49 However, cellular proliferation is 
complemented frequently in inflammatory models by mis-
directed filtrate spreading, leading to mixed crescents. In 
both cases, this results in the loss of nephrons and subse-
quent fibrosis, which some consider a reparative process 
important for the maintenance of renal structure rather 
than a determinant of further injury.46 Although this hypoth-
esis does not exclude a direct effect of proteins filtered into 
the tubular lumen, it underlines the fact that therapeutic 
intervention to prevent renal progression of disease should 
target these glomerular changes, as well as processes activat-
ing proximal tubular cells.

Figure 36.1  New mechanisms of  interstitial damage  in glomerular 
disease. 1. Intraglomerular hypertension producing pressure disrup
tion of Bowman’s capsule or downstream along the tubular nephron, 
causing filtrate leak carrying inflammatory mediators to the tubuloin
terstitium. 2. Escape of glomerular capillary leukocytes or expansion 
of  cellular  crescent  causing  inflammatory  disruption  of  Bowman’s 
capsule,  including  the macula densa. 3. Proliferative migration of a 
cellular crescent that clogs the proximal tubule, causing misdirected 
filtration. There is misdirected filtration at the glomerulartubular junc
tion, producing filtrate leak behind the tubular epithelium and then into 
the interstitium. AA, Afferent arteriole; CC, cellular crescent; EA, effer
ent arteriole; GC, glomerular capillary; GL, glomerular leukocytes; JGA, 
juxtaglomerular apparatus; MD, macula densa; PT, proximal tubule. 
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lipocalin-2/24p3 receptor.57 Indeed, upregulation of inflam-
matory and fibrogenic genes, and production of related 
proteins, have been reported on challenge of proximal 
tubular cells with plasma proteins. These include cytokines 
and chemokines such as monocyte chemoattractant 
protein-1 (MCP-1), RANTES (regulated on activation, 
normal T cell expressed and secreted), interleukin-8 (IL-
8),58-60 and fractalkine.61 Moreover, the profibrogenic cyto-
kine transforming growth factor-β (TGF-β) and its type II 
receptor,62 as well as tissue inhibitors of metalloproteinase, 
TIMP-1 and TIMP-2, and membrane surface expression of 
the αvβ5 integrin,63 are also highly increased in vitro by 
plasma proteins. These events are triggered by protein 
kinase C–dependent generation of reactive oxygen species,64 
nuclear translocation of nuclear factor-κΒ (NF-κB),65 and 
the engagement of mitogen-activated protein kinase 
(MAPK/ERK).61,66

Extrapolation from such in vitro data to the in vivo situ-
ation in humans is difficult, considering the somewhat con-
flicting data observed with different proteins in different 
cell systems,67,68 as well as the reported changes in the 
expression of several genes of still unknown function.69 One 
of these concerns relates to the possibility that in vitro evi-
dence of phenotypic changes induced in the proximal 
tubular cells by protein overload cannot adequately reflect 
the in vivo proteinuric conditions in animals and humans—
in particular, the fact that concentrations of albumin used 
to challenge proximal tubular cells in culture (~10 mg/mL) 
have usually been much higher than one would expect in 
human disease.

The hypothesis of proteinuria-induced tubulointerstitial 
changes, however, is supported by attempts to interfere spe-
cifically with the cascade of events leading to renal damage, 
particularly by blocking the renin angiotensin system.70-74 
Angiotensin-converting enzyme (ACE) inhibitors given to 
animals with experimental chronic nephropathies have 
markedly reduced urinary protein excretion and, at the 
same time, attenuated interstitial inflammation and fibrosis. 
Further evidence has suggested that inhibition of the renin 
angiotensin system, in addition to reducing proteinuria, 
may also attenuate albumin-induced signaling in tubular 
cells.75 Moreover, transfection with a monocyte chemotactic 
protein-1 antagonist or a truncated form of IκBα, thereby 
inhibiting NF-κB, inhibits albumin-overload induced tubu-
lointerstitial injury.1,65

PROTEINURIA-INDUCED TUBULAR CELL APOPTOSIS
Apoptosis76 and autophagy77 are mechanisms that underlie 
protein-induced tubular cell injury. Protein overload causes 
a dose- and duration-dependent induction of apoptosis in 
cultured proximal tubular cells, as disclosed by evidence of 
internucleosomal DNA fragmentation, morphologic 
changes (e.g., cell shrinkage, nuclear condensation), and 
plasma membrane alterations.67 Apoptosis in this setting is 
associated with the activation of the Fas-FADD-caspase 8 
pathway.76,77 Evidence of apoptotic responses to protein load 
is not confined to cultured tubular epithelial cells. Persis-
tent proteinuria is associated with increased numbers of 
terminal deoxyuridine triphosphate (dUTP) nick end label-
ing positive apoptotic cells, both in the tubulointerstitial 
compartment and in the glomeruli in a rat model of albumin 
overload.78 In tubuli, most of the positive cells belonged to 

those expressing Ang II type 2 receptors. Findings of 
reduced phosphorylation of MAPK/ERK and Bcl-2 reflect 
an AT2 receptor–mediated mechanism underlying tubular 
cell apoptosis.78

Proximal tubular cell apoptosis, which may contribute to 
glomerular-tubular disconnection and atrophy,31 was also 
found in response to proteinuria in passive Heymann 
nephritis.79 Apoptotic cells were detected in proximal and 
distal tubular profiles in biopsy specimens of patients with 
primary focal segmental glomerulosclerosis.80 In support of 
the pathophysiologic significance of such observation, a 
strong positive correlation was found between proteinuria 
and the incidence of tubular cell apoptosis, which was iden-
tified as a strong predictor of outcome in these patients.

GLOMERULAR FILTERED GROWTH FACTORS  
AND CYTOKINES

Plasma contains many growth factors and cytokines at con-
siderable concentrations, usually in high-molecular-weight 
precursor forms or bound to specific binding proteins that 
regulate their biologic activity. They are present in nephrotic 
tubular fluid.81 Insulin-like growth factor-1 (IGF-1) is present 
in serum at a concentration of 20 to 40 nM, which is more 
than 1000-fold of its biologic activity. Almost all the circulat-
ing IGF-1 is present in higher molecular weight complexes 
at about 50 and 150 kDa, normally preventing glomerular 
ultrafiltration. However, in experimental proteinuria, there 
is translocation of this growth factor into tubular fluid (pri-
marily as the 50-kDa complex), as shown by micropuncture 
collection of early proximal tubular fluid.82 Tubular fluid 
from nephrotic rats activates IGF-1 receptors in cultured 
tubular cells that are expressed in basolateral and apical 
membranes in some tubular segments.82

Hepatocyte growth factor (HGF) is largely of hepatic 
origin and is present in serum in an inactive monomeric 
form (97 kDa) and as heterodimeric HGF (80 to 92 kDa, 
depending on glycosylation). Its specific signaling receptor, 
the p190mer protein, is expressed in apical membranes in 
proximal tubuli in normal rats and at increased levels in 
diabetic animals. HGF is present in early proximal tubular 
fluid from rats with streptozotocin-induced diabetic 
nephropathy and is excreted with urine in diabetic animals.83 
Circumstantial evidence has suggested that HGF undergoes 
glomerular ultrafiltration in proteinuric states, probably as 
the mature bioactive form of the molecule.

TGF-β is a pluripotent cytokine (25 kDa) that is 
also present in serum at considerable levels and in high 
concentrations in platelets. In these reservoirs, almost  
all the peptide is maintained in inactive complexes by 
binding to latency-associated protein (LAP), which is further 
bound to latent TGF-β–binding protein (LTBP), forming a 
high-molecular-weight LAP-LTBP complex (220 kDa). 
TGF-β is also associated in serum with α2-macroglobulin 
(900 kDa). The high-molecular-weight TGF-β complexes 
prevent glomerular ultrafiltration under physiologic  
conditions. However, in proteinuric glomerular diseases, 
TGF-β is present in early proximal tubular fluid, and at least 
a portion is bioactive. The remainder is likely activated 
during downstream tubular flow by the acidification of 
tubular fluid, perhaps by increasing urea concentrations 
and the presence of enzymes such as plasminogen activator 
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(connective tissue growth factor, vascular cell adhesion 
molecule-1, IL-1β, matrix metalloproteinase-7, and vascular 
endothelial growth factor [VEGF]). Hypochlorite-modified 
LDL, but not naive LDL also has antiproliferative and pro-
apoptotic effects in these cells. Comparable changes in gene 
expression were also found in renal biopsy samples micro-
dissected from proteinuric patients with declining renal 
function. The presence of hypochlorite-modified LDL in 
damaged tubular cells was confirmed by immunohistochem-
istry.90 These observations seem to mirror altered patterns 
of gene expression that occur selectively in response to 
oxidative LDL modifications and enhance inflammatory 
and fibrogenic processes in chronic proteinuric 
conditions.

ACTIVATION OF COMPLEMENT COMPONENTS

Among specific components of proteinuria, serum or 
tubular-derived complement factors can be harmful, espe-
cially on activation by the proximal tubules.91 Renal tubular 
epithelial cells appear most susceptible to luminal attack by 
C5b-9 because of the relative lack of membrane-bound com-
plement regulatory proteins, such as membrane cofactor 
protein (CD46), decay-accelerating factor, or CD55 and 
CD59 on the apical surface,92 as opposed to other cell types, 
such as endothelium or circulating cells that are routinely 
exposed to complement.

C3 is an essential factor of the classic and alternative 
pathways of complement activation that lead to the forma-
tion of C5b-9 membrane attack complexes. Engagement of 
C3a receptors seems more important than C5a receptors in 
modulating tubulointerstitial injury.93 Proximal tubular cells 
exposed to human serum in vitro activate complement by 
the alternative pathway, leading to fixation of the C5b-9 
membrane attack complex neoantigen on their cell 
surface.94 These events are followed by marked cytoskeletal 
alterations, with disruption of the network of actin stress 
fibers, formation of blebs, and cytolysis. Increased produc-
tion of superoxide anion and H2O2 and synthesis of proin-
flammatory cytokines such as IL-6 and tumor necrosis 
factor-α (TNF-α) are also present.95

Within the kidney, complement proteins form deposits 
along the luminal side and are internalized by proximal 
tubular cells in rats with protein overload proteinuria,96 
renal mass ablation,97 and aminonucleoside nephrosis,98 a 
pattern commonly observed in kidneys of patients with non-
selective proteinuria. C6-deficient rats with 5/6 nephrec-
tomy show marked improvement in tubulointerstitial injury 
and function,99 which suggests that treatments to reduce 
C5b-9 attack complexes on tubular cells may slow disease 
progression and facilitate functional recovery indepen-
dently of initial incitement by glomerular injury.

Intracellular C3 staining is also evident in proximal 
tubules early after renal mass ablation in a stage closely 
preceding the appearance of inflammation. C3 co-localizes 
with immunoglobulin G (IgG) in the same tubules in adja-
cent sections. These accumulations in proximal tubular cells 
are followed by local recruitment of infiltrating mononu-
clear cells that concentrate almost exclusively in regions 
containing C3-positive proximal tubuli.100

The amidation of C3 by ammonia in the presence of high 
protein catabolism may also contribute to the luminal 

inhibitor-1 (PAI)-1. The concentration of TGF-β in glomeru-
lar ultrafiltrate from rats with diabetic nephropathy is 
approximately 30 pM, which is one to two orders of magni-
tude greater than that required for biologic responses.83

TGF-β receptors are expressed in most tubular seg-
ments.83,84 IGF-1, HGF, and TGF-β are also present in urine 
in patients with proteinuric diseases.85,86 Urinary excretion 
of these proteins, however, does not prove glomerular ultra-
filtration of IGF-1 and TGF-β because they are also expressed 
along tubular segments in some renal diseases; nevertheless, 
the presence of these cytokines in the urine of patients with 
proteinuric diseases is certainly compatible with their glo-
merular ultrafiltration. Ultrafiltered IGF-1, HGF, and TGF-β 
appear to act on tubular cells through their apical signaling 
receptors. There are several biochemical responses to these 
cytokines by tubular cells, which collectively resemble activa-
tion and moderate change in phenotype. This includes a 
moderate increase in the production of collagen types I and 
IV in response to IGF-1.82 Incubation of proximal tubular 
cells with pooled early proximal tubular fluid, collected by 
micropuncture from rats with diabetic nephropathy, 
increases fibronectin expression.83 TGF-β also increases the 
transcription of the genes encoding Col3A1 and Col1A, as 
well as fibronectin in proximal tubular cells. Thus, ultrafil-
tered growth factors induce moderately increased expres-
sion of matrix proteins by tubular cells that most likely 
contribute to interstitial fibrosis. HGF signals a mixed 
message by increasing the expression of fibronectin in 
tubular cells83 blocking the expression of Col3A1,83 which is 
consistent with an antifibrogenic role.

GLOMERULAR FILTERED LIPIDS
In addition to proteins themselves, fatty acids carried by 
filtered proteins can trigger tubulointerstitial injury. In rats 
with overload proteinuria, a potent chemotactic lipid was 
isolated from the urine, which attracted monocytes, but not 
neutrophils.87 Similar results were observed in mice trans-
genic for human liver–type fatty acid–binding protein, 
which in human proximal tubular cells binds free fatty acids 
in the cytoplasm and carries them to mitochondria or per-
oxisomes for metabolism by β-oxidation.88 These mice devel-
oped less macrophage infiltration and a tendency toward 
reduced tubulointerstitial damage, possibly suggesting that 
intracellular accumulation of free fatty acids modulates pro-
liferative activity. Attempts have also been made to differen-
tiate the effects of individual fatty acids (palmitate, stearate, 
oleate, and linoleate) on cellular toxicity and fibronectin 
production in cultured proximal tubular cells.89 Oleate and 
linoleate were identified as the most profibrogenic and 
tubulotoxic fatty acids.

An additional pathogenic pathway has been linked to a 
form of low-density lipoprotein (LDL) modified by hypo-
chlorous acid (HOCl) that accumulates in tubular epithelial 
cells in settings of injury.90 Hypochlorous acid/hypochlorite 
is a major oxidant generated from hydrogen peroxide 
(H2O2) by myeloperoxidase during an oxidative burst. 
In the HK-2 proximal tubular cells, hypochlorite-modified 
LDL causes a rapid increase in the expression of several 
genes encoding for proteins engaged in the control of  
cellular proliferation and apoptosis (Gadd153), production 
of reactive oxygen species (hemeoxygenase 1, cytochrome 
β5 reductase), tissue remodeling and inflammation 
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C3 with infiltrating T cells expressing C3 receptors and is  
a potential target for lymphocyte inhibitor agents such  
as mycophenolate mofetil, which is effective if combined 
with antiproteinuric therapy against primary nonimmune 
disease characterized by the tubular deposition of 
complement.97,109

TUBULOINTERSTITIAL ANTIGENS

When the immune system targets the interstitial compart-
ment of the kidney as a primary process, the target antigens 
are derived from endogenous renal cells, tubular basement 
membrane, or other extracellular matrix components, or 
are exogenous antigens processed and presented by native 
renal cells or minor populations of professional antigen-
presenting cells, such as dendritic cells, within the intersti-
tium. Drugs may also become nephritogenic antigens by 
acting as haptens.

ANTIGENS FROM RENAL CELLS AND TUBULE 
BASEMENT MEMBRANE
The antigen that is the target of anti-TBM antibody-mediated 
interstitial nephritis (TIN) in humans has been identified.110 
Immunofluorescent staining using sera from patients with 
anti-TBM nephritis or monoclonal antibodies specific to 
TIN antigen revealed its localization in the basement mem-
brane of the proximal and, to a lesser extent, distal tubules 
and Bowman’s capsule in the kidney.111 Glycoprotein iso-
forms of 54 to 58 and 40 to 50 kDa have been identified as 
the TIN antigen recognized by anti-TBM antibodies.110,111 
This glycoprotein has affinity for type IV collagen and 
laminin112 and likely serves to stabilize the tubular basement 
membrane. The human TIN antigen has been mapped to 
chromosome 6p 11.2-12, and cDNAs encoding rabbit TIN 
antigen and its human homolog have been cloned and 
sequenced.111,113 The antigen of anti-TBM disease in rodent 
models has been named 3M-1.114 Polymorphic expression of 
TIN antigen has been observed in humans and in inbred 
rat strains. The absence of TIN antigen does not appear to 
impair renal function in rodents. A recent case report of a 
child with chronic renal failure and without detectable TIN 
antigen and a large genomic deletion in the corresponding 
location on chromosome 6 raises the possibility that its 
absence may lead to chronic renal failure.115 The absence 
of TIN antigen may rarely result in anti-TBM disease follow-
ing renal transplantation and is one reason for resistance to 
anti-TBM disease in some inbred rat strains.116

Tamm-Horsfall glycoprotein (uromodulin), along with 
antibodies directed at this large glycoprotein, are frequently 
seen within the interstitium in a variety of renal diseases, 
including chronic interstitial nephritis and reflux nephrop-
athy.117 Such immune deposits can also be seen in experi-
mental models when animals are immunized with this 
protein.118 Although there is insufficient evidence that 
abnormal Tamm-Horsfall protein (THP) deposits in the 
kidney have a critical role in the inflammatory process,118 a 
role in the progression of chronic kidney disease (CKD) has 
been suggested from variant genotypes.119 Recent data from 
experimental models, including the remnant kidney and 
unilateral ureteral obstruction, have implicated oxidized 
LDL as a neoantigen recognized by renal parenchymal T 
cells in these models.120 Some presumably autoimmune 

formation of C5b-9 complexes101 and the generation of a 
monocyte-activating factor.102 Treatment with an ACE inhibi-
tor, although preventing proteinuria, limited both the 
tubular accumulation of C3 and IgG and interstitial inflam-
mation at the same time.97 These results suggest that the 
pivotal role of complement as a mediator of progressive 
tubulointerstitial damage requires an environment of 
protein-enriched ultrafiltrate, something that has been sub-
stantiated by showing that in the absence of proteinuria, 
C5b-9 does not exert significant pathogenic potential as a 
mediator of chronic tubulointerstitial disease.103 In three 
distinct models of nonproteinuric tubulointerstitial disease 
in PVG rats, an increased deposition of C5b-9 at peritubular 
sites is associated with tubular and interstitial changes.103 In 
each model, the severity of the disease is equivalent, regard-
less of whether the animals are from breeding pairs with 
normal complement activity or C6 deficiency. Finding that 
C6 deficiency does not alter the severity and progression of 
structural damage, despite the upregulation of C5b-9 on 
basolateral membranes of tubuli also suggests, in contrast 
to proteinuric states, that C5b-9 does not have a significant 
impact on the progression of chronic nonglomerular kidney 
disease. Renal parenchymal tissues express a limited reper-
toire of complement receptors, including CR1, CR3, and 
CD88, that directly bind complement proteins present in 
the ultrafiltrate. Whether the stimulation of complement 
receptors on tubular cells has functional consequences in 
progressive renal disease is unknown.

In addition to activating exogenous complement, proxi-
mal tubular epithelial cells synthesize a number of comple-
ment components, including C3, C4, factor B, and C5.104 
The exposure of cultured tubular epithelial cells to total 
serum proteins at the apical surface upregulates mRNA 
encoding C3 and protein biosynthesis.105 The enhanced 
secretion of C3 is predominantly basolateral, providing in 
vitro evidence for locally synthesized complement in the 
process of tubulointerstitial damage. Serum fractionation 
experiments have identified the substance(s) responsible 
for such effects in the molecular size range of 30 to 100 kDa. 
This fraction contains proteins that pass through the glo-
merular barrier in proteinuric states, including transferrin. 
After incubation with apical transferrin, C3 mRNA is over-
expressed, increasing apical and basolateral C3 secretion.106 
A similar degree of C3 upregulation is obtained when iron-
poor transferrin or apotransferrin is used, indicating that 
the synthesis of C3 in proximal tubular cells is upregulated 
by transferrin, suggesting that protein, rather than the iron 
moiety, accounts for the observed effects.

These findings raise the potential roles of intrarenal C3 
synthesis in progressive renal disease and the relative con-
tribution of locally synthesized versus ultrafiltered comple-
ment components in promoting inflammation and fibrosis. 
C3-deficient mice significantly attenuate the interstitial 
accumulation of cells expressing the F4/80 marker of 
monocytes-macrophages and dendritic cells in response to 
protein overload with serum albumin. The latter causes 
significant upregulation of mRNA encoding C3 in whole 
kidney.107 Finally, complement activation may directly 
regulate the renal immunologic response. Of great interest 
is the observation that local synthesis of C3 stimulates the 
transmigration of T cells across tubular epithelial cell barri-
ers.108 This pathway involves the direct action of tissue 
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molecular pair (a T cell receptor and an APC ligand) can 
result in activation or inhibition of the immune response. 
Many of the receptors on T cells are members of the Ig 
superfamily, including CD28, CTLA-4, ICOS, and PD-1. The 
ligands for these receptors are members of the B7 family. 
Proinflammatory cytokines can induce the expression of 
B7.1 and B7.2 on tubular epithelial cells.129 Tubular epithe-
lial cells can also be induced to express other accessory 
molecules, such as CD40, ICAM-1, VCAM-1, and ICOS-L, 
which are involved in T cell activation.130,131 In the adriamy-
cin nephropathy model of chronic proteinuric renal disease, 
treatment of mice with a monoclonal antibody directed to 
the CD40 ligand protects against renal structural and func-
tional injury.132 On the other hand, renal tubule cell expres-
sion of PD-L1, the receptor for PD-1 (programmed death 
1), may have inhibitory effects on T cell proliferation and/
or effector functions.133,134 In renal biopsies from patients 
with IgA nephropathy, interstitial nephritis, or lupus nephri-
tis, there is significant staining of tubules for B7-H1 (PD-
L1),135 suggesting that the expression of this co-stimulatory 
molecule is also upregulated in vivo. Thus, the number of 
receptor ligand pairs that potentially regulate the outcome 
of renal tubule cell interactions with T cells is large; the net 
effect of the interaction is difficult to predict without func-
tional studies.

CELLULAR INFILTRATES

Cell-mediated immune responses were historically impli-
cated in the pathogenesis of interstitial nephritis because of 
in vivo (delayed-type hypersensitivity) and in vitro (lympho-
blast transformation) evidence of hypersensitivity to specific 
inciting antigens. Tubulointerstitial inflammation may 
result from antigen-specific stimulation, but may also occur 
in the absence of antigenic stimulation.136 In the latter case, 
there is growing evidence for the role of innate immune 
sensors (TLR-2, TLR4, and MyD88 signaling) and the 
inflammasome complex in initiating tubulointerstitial 
injury.137,138

The interstitial infiltrate of most human chronic renal 
diseases consists of a number of different effector cells, 
including macrophages and CD4+ and CD8+ T cells. Most 
studies have reported that T cells predominate, and most of 
these are CD4+ cells, although there is considerable varia-
tion between these analyses.139 The predominant T cell 
population may also be altered by immunosuppressive 
therapy before biopsy or by the stage of disease at the time 
of biopsy. Corticosteroids can markedly deplete the number 
of lymphocytes seen in interstitial nephritis.

Studies in animal models have also described an impor-
tant role for monocytes and macrophages in the initiation 
and progression of injury in chronic renal disease. Condi-
tional in vivo expression of KIM-1, an epithelial phosphati-
dylserine receptor in renal tubular cells, induces interstitial 
fibrosis, apparently by triggering the renal expression of 
monocyte chemotactic protein-1 (MCP-1), which attracts 
interstitial monocytes.140 Collecting duct epithelial cells 
express Kruppel-like factor 5, and the expression of this 
transcription factor is directly linked to the accumulation of 
discrete subsets of macrophages, thus affecting local inflam-
mation and the balance between inflammation and fibro-
sis.141 Notch3 receptors may also play a role in monocytic 

forms of interstitial nephritis have concomitant inflamma-
tion in a separate organ. The tubulointerstitial nephritis and 
uveitis syndrome may result from an immune response to 
modified C-reactive protein.121

Drugs and/or drug-hapten complexes can also serve as 
nephritogenic antigens. These antigens, along with antibod-
ies recognizing them, can form immune deposits in situ 
within the interstitium or precipitate as a circulating 
complex. Examples of this include members of the penicil-
lin family, cephalosporins, and phenytoin. In some cases, 
antibodies directed against microorganisms may discover 
cross-reactive epitopes on interstitial components, as in the 
antibodies to nephritogenic streptococci, which cross-react 
with type IV collagen. Some anti-DNA antibodies also react 
with laminin and heparin sulfate, extracellular matrix 
components.

EXOGENOUS AND ENDOGENOUS ANTIGEN 
PRESENTATION BY TUBULAR CELLS
T cells recognize foreign antigens only when they are prop-
erly digested into small fragments and presented on the 
surface of antigen-presenting cells (APCs) bound to major 
histocompatibility antigen (MHC) molecules.122 The recog-
nition of this bimolecular complex on the surface of APCs 
leads to activation of T cells. CD4+ T cells typically recognize 
antigens exogenous to an APC following the processing and 
presentation of that antigen in conjunction with class II 
MHC molecules. In contrast, CD8+ T cells typically recog-
nize antigens synthesized by the APC in conjunction with 
class I MHC molecules. Activation of T cells by APCs express-
ing processed antigen is also optimized by a number of 
cell-cell interactions involving cell surface costimulatory 
molecules and their ligands. In general, recognition of class 
II MHC molecules by CD4+ T cells results in proliferation 
and cytokine expression by these cells, whereas in compari-
son, CD8+ T cells cause target cell death on encountering 
antigen–class I complex-bearing cells.

Tubular epithelial cells activated by inflammatory circum-
stance have the capacity to release proinflammatory cyto-
kines and CD4+ TH1 chemokines, but not TH17 chemokines.123 
Renal tubular epithelial cells in culture also have the ability 
to process and present exogenous and self-proteins to T 
lymphocytes.124-126 In addition to processing multiple poten-
tially immunogenic peptides, proximal tubular cells could 
also be exposed to filtered low-molecular-weight proinflam-
matory cytokines such as interferon-γ (IFN-γ), IL-1, and 
TNF-α. Such cells are also exposed to cytokines secreted by 
immune cells infiltrating the interstitium. Ultimately, the 
ability of renal epithelial cells to present antigen or serve as 
a target for CD8+ T cells will depend on the cytokine milieu 
and whether the net effect of those mediators is proinflam-
matory or antiinflammatory. Proinflammatory cytokines 
would typically augment the expression of class II MHC 
molecules on epithelial cells. Expression of class II is typi-
cally seen in less than 5% of tubular epithelial cells in 
normal kidney but is markedly augmented in interstitial 
nephritis, as is the expression of adhesion molecules such 
as intercellular adhesion molecule-1 (ICAM-1).127

In addition to requiring upregulation of class II mole-
cules, renal tubule cells require the augmented expression 
of co-stimulatory molecules, which are required for full acti-
vation of T cells.128 The interaction of the co-stimulatory 
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analogous to a cutaneous, delayed-type hypersensitivity reac-
tion. This type of lesion is frequently seen in experimental 
anti-TBM disease, in which the interstitial compartment dis-
plays focal aggregates of mononuclear cells. In the murine 
form of this disease, this histologic appearance can be 
largely reproduced after adoptive transfer of a T cell clone 
that mediates delayed-type hypersensitivity to the target 
antigen and cytotoxic injury to renal tubule cells.154 Although 
such interstitial injury can be induced by a single T cell 
clone, the resultant damage to interstitial and tubular cells 
is the end result of interactions among many cell types. The 
cytotoxic activity of renal antigen-reactive T cell clones may 
account for tubular cell destruction and resultant tubule 
atrophy. Cultured cytotoxic T cell clones that express pore-
forming proteins such as perforin and serine esterase gran-
zymes elicit interstitial nephritis following adoptive transfer, 
and maneuvers that decrease the expression of these media-
tors abrogate the ability of the T cells to mediate interstitial 
inflammatory lesions.155-157 The nature of the variable genes 
used to assemble T cell antigen receptors expressed on cells 
in interstitial nephritis has been examined in human kidney 
tissue and in experimental models, with results varying from 
the use of multiple V regions to an oligoclonal usage in a 
case of drug-associated interstitial nephritis.158,159

There is functional diversity among CD4+ T cells, and it 
is clear that certain subpopulations suppress rather than 
initiate or augment immune responses. The most well-
characterized example of an inhibitory subpopulation is 
CD4+CD25+, which plays an active role in downregulating 
pathogenic autoimmune responses.160 More recent work 
suggested that Foxp3 expression, regardless of CD25 expres-
sion, identifies regulatory T cells.161 CD4+CD25+ T cells sup-
press T cell proliferation in vitro but also have the capacity 
to suppress immune responses to autoantigens, alloanti-
gens, tumor antigens, and infectious antigens in vivo.162 The 
regulatory activity of these cells has been examined in the 
adriamycin nephropathy model, in which SCID mice recon-
stituted with CD4+CD25+ T cells had significantly reduced 
glomerulosclerosis, tubular injury, and interstitial expan-
sion.143 In the same model, adoptive transfer of Foxp3-
transduced T cells led to decreased urine protein excretion, 
reduction in serum creatinine level, less tubular and glo-
merular damage, and diminution in the interstitial infil-
trate.163 It is likely that much of the earlier work with 
suppressor T cells conducted in rodent models of interstitial 
nephritis represented the activity of cells that are now 
defined by Foxp3 expression.156,164-168

INTERSTITIAL FIBROSIS

Fibrosis is the final common pathway leading to end-stage 
kidney disease (ESKD), irrespective of initiating events.1 
The process of tubulointerstitial fibrosis involves the loss of 
renal tubules and the accumulation of fibroblasts and matrix 
proteins, such as collagen (types I to V and VII), fibronectin, 
and laminin.169 Sirius red staining to assess the degree of 
fibrosis quantitatively may be helpful.23 Cells infiltrating the 
renal interstitium have long been thought to play a role in 
the initiation and progression of tubulointerstitial fibrosis170 
because the degree to which a number of cell types, macro-
phage, lymphocytes, and fibroblasts accumulate in the renal 
interstitium parallels the extent of fibrogenesis.1 Moreover, 

infiltration.142 Direct damage to resident cells is caused 
through the generation by macrophages of radical oxygen 
species (ROS), nitric oxide (NO), complement factors, and 
proinflammatory cytokines.136 Macrophages can also affect 
supporting matrix and vasculature through the expression 
of metalloproteinases and vasoactive peptides. Depletion of 
macrophages by treating animals with a monoclonal anti-
body directed against the CD11b/CD18 integrin, which is 
expressed by macrophages, depletes renal cortical macro-
phages by almost 50% in adriamycin nephropathy and 
reduces structural and functional injury if animals are 
treated prophylactically prior to adriamycin administra-
tion.143 Macrophages may also have a beneficial role in inter-
stitial injury. They may serve as markers of disease remission144 
or have an antifibrotic role, as documented in mice with 
unilateral ureteric obstruction reconstituted with bone 
marrow of Ang II type 1 receptor gene knockout or wild-
type mice.145 Clearly, interstitial macrophages in a number 
of interstitial injury models have phenotypic and functional 
heterogeneity.146

In most cases, B and T lymphocytes accompany macro-
phages to varying degrees. This is the case regardless of 
whether the form of injury is viewed as immune-mediated, 
leading to curiosity about the role of infiltrating lympho-
cytes or whether their presence implies antigen-specific rec-
ognition or effector function. In fact, the composition of 
the interstitial infiltrate is similar, whether the initiating 
cause of injury is chronic ischemia induced by unilateral 
renal artery stenosis,147 autoimmune tubulointerstitial 
nephritis,148 aminonucleoside nephrosis,149 cyclosporine 
nephrotoxicity,150 or protein overload proteinuria.96 It is 
possible that immune responses to neoantigens expressed 
by interstitial cells damaged by ischemia or toxins are a final 
common pathway for such interstitial injury. This concept 
is supported by the known expression of neoantigens, such 
as vimentin, in animals with overload proteinuria.96 Heat 
shock proteins, which can be induced in response to a 
number of cellular stresses, can also be recognized by T 
cells. Earlier studies have demonstrated that the heat shock 
protein HSP70 is expressed in renal tubules following 
chronic exposure of mice to cadmium chloride. T cells 
infiltrating the interstitial compartment were reactive to 
HSP70 and could induce interstitial nephritis in cadmium 
chloride–treated animals following adoptive transfer, sug-
gesting a general mechanism whereby a toxic nephropathy 
might induce chronic injury through an antigen-specific 
immune response.151 In remnant kidney models, an infiltra-
tion of the interstitium with macrophages and lymphocytes 
correlates with functional parameters of renal failure, and 
improvement in these parameters is obtained with immuno-
suppressive treatment152; this provides intriguing support 
for the importance of immune-mediated injury in the pro-
gressive interstitial disease seen in nonimmune forms of 
primary injury.

The histologic appearance of human interstitial disease 
can vary from granulomatous interstitial nephritis with an 
intense cellular infiltrate to sparse infiltrates with striking 
microcystic changes. Although this type of variable appear-
ance may reflect different stages of an immune-mediated 
lesion or different target antigens, it may also reflect the 
biologic activity of discrete populations of activated T cells.153 
Some experimental interstitial lesions are histologically 
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IGF-2, epidermal growth factor (EGF), fibroblast growth 
factor-2 (FGF-2), and TGF-β are among the archetypal mod-
ulators of EMT by outside-inside signaling.177 For example, 
FGF-2 promotes the transition of tubular epithelia by induc-
ing the release of matrix metalloproteinase 2 (MMP-2) and 
MMP-9, which eventually damages the underlying basement 
membranes.189,190 FGF-2 also synergizes with TGF-β and EGF 
in mediating EMT by reducing cytokeratin expression and 
stimulating the movement of transitioning cells across 
damaged basement membranes.

Together, TGF-β and EGF provide the strongest stimulus 
for completion of epithelial transitions.1 During EMT, FGF-2 
activates its receptor FGFR-1 on the cell surface. These 
growth factors or their intermediates are imported into the 
nucleus, where they engage a variety of sequence-specific 
transcription factors (e.g., CBF-A, Snail, Smad3, Twist).191,192 
The net result is the emergence of the EMT proteome, 
which represses epithelial proteins.188 Loss of E-cadherins 
and cytokeratins, rearrangement of actin stress fibers, and 
expression of FSP1, vimentin, interstitial collagens, and 
occasionally α-smooth muscle actin, mark the morphologic 
transition of epithelial cells into fibroblasts. EMT also oper-
ates in human tubular cells193,194 and pathologic renal 
tissues.20,195,196

Of note, HGF and bone morphogenetic protein-7 
(BMP-7) antagonize the epithelial transitions driven by 
FGF-2 and TGF-β.197,198 At which stage antifibrotic modula-
tors are most effective is not yet known. The transcriptional 
modulators for signaling in EMT or its reversal involve intra-
cellular Smad/β-catenin activity.1,192 EMT is also regulated 
by TRAP proteins,199 accessory molecules that circulate in 
interstitial spaces as soluble moieties to block receptor acti-
vation by free ligand.200 This control mechanism favors a 
state of differentiation in epithelia, which preserves organ 
structure and function. What is becoming increasingly clear 
is that mature epithelia are in a dynamic but not terminal 
state of differentiation.179 Morphogenic forces that normally 
maintain epithelial phenotypes are pitted against counter-
vailing forces trying to weaken that stability. Chronic inflam-
mation into the interstitium destabilizes epithelial tissues by 
favoring fibrogenesis.

CHRONIC HYPOXIA IN FIBROSIS
One of the most important contributors to the development 
of tubulointerstitial fibrosis is chronic ischemia.201-203 Pro-
duction of Ang II and inhibition of production of nitric 
oxide underlie chronic vasoconstriction, which may contrib-
ute to tissue ischemia and hypoxia,204 and hypoxia stimu-
lates EMT.201In vitro, such hypoxia induces fibroblast 
proliferation and matrix production by tubular epithelial 
cells.205 Histologic studies of animal models and human 
kidney have indicated that there is often a loss of peritubu-
lar capillaries in areas of tubulointerstitial fibrosis.1,204 Down-
regulation of VEGF is implicated in the progressive 
rarefaction of peritubular capillaries.206 Moreover, given 
that the size of the interstitial compartment determines the 
diffusion distance between peritubular capillaries and 
tubular cells, interstitial fibrosis likely makes tubular oxygen 
supply worse. This interstitial reduction of capillary blood 
flow, leading to starvation of tubules, may underlie tubular 
atrophy and loss. Under these conditions, the remaining 
tubules are subject to functional hypermetabolism, with 

it has been difficult to distinguish harmful cells from benefi-
cial cells without functional analyses.171 Recent advances 
in molecular technology, however, now enable cell types  
to be analyzed separately, and fibroblasts have been identi-
fied as the principal effector mediating tubulointerstitial 
fibrosis.172

EPITHELIAL-MESENCHYMAL TRANSITIONS  
IN FIBROSIS
Since the identification of fibroblast-specific protein-1 
(FSP-1) as a marker of tissue fibroblasts,173 they have been 
found to originate or multiply from a variety of sources, 
including local epithelial-mesenchymal transition (EMT), 
bone marrow, resident fibroblasts, or myofibroblasts.174 We 
also know now that EMT is also a robust source of tissue 
fibroblasts.175,176 Fibroblasts derived from EMT play a critical 
role in tubulointerstitial fibrosis.177

Epithelial and endothelial cells that line tubes and ducts 
have plasticity.178,179 Midway through development, these 
cells can transition into fibroblasts by EMT as part of organ 
growth.177 Of seven lineage tracing studies, all but two have 
confirmed these events in adult tissue.1 Tubular epithelia180 
and endothelia175 undergoing EMT during persistent injury 
in the kidney produce new renal fibroblasts, as well as resi-
dent and new fibroblasts that proliferate to expand numbers. 
Approximately 12% to 14% of kidney fibroblasts likely 
derive from EMT events that occur in bone marrow,180 and 
fibroblasts from this niche circulate to peripheral tissue; 
more recent studies have suggested that this number may 
be higher. 181 Some have also suggested that pericytes are 
also a source of fibroblasts,182 but they also would have to 
undergo a transition for this to occur. Recent comprehen-
sive comparisons of the mechanisms of renal fibroblast for-
mation using various fate mapping and ablative studies have 
indicated that new renal fibroblasts are derived through a 
combination of nonproliferative production in bone marrow 
(35%), followed by migration to the site of injury in  
the kidney, and from proliferating resident fibroblasts 
(50%), some of which form by endothelial-epithelial EMT 
(15%), with no contribution from vascular pericytes.181 This 
latter finding concerning pericytes is consistent with recent 
observations that renal pericytes do not produce collagen 
type I.183

Kindlin-2 activation of ERK1/2 expression in tubular epi-
thelium is a key mediator of tubular plasticity, interstitial 
inflammation and fibrosis.184 The transcription factor inhib-
itor known as inhibitor of differentiation-1(Id1) also poten-
tiates NF-kB and Snail1 expression and EMT in tubular cells, 
leading to the accumulation of interstitial inflammatory 
cells. Absence of Id1 in vivo reduces interstitial inflamma-
tion and myofibroblast activation, and collagen deposition 
in mice.185 Epithelial TGF-β is perhaps the strongest link to 
interstitial inflammation and fibrosis1,186; low levels of Klotho 
enhance TGF-β expression, which aggravates fibrogenesis.187 
Persistent cytokine activity during renal inflammation and 
disruption of the underlying basement membrane by local 
proteases initiates the process of EMT.188

Rather than falling into the tubular lumen to be washed 
away, some epithelial cells transition into fibroblasts while 
translocating back into the interstitial space, behind decon-
densating tubules through rents in the basement mem-
brane.189 Wnt proteins, integrin-linked kinases, IGF-1 and 
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increased oxygen consumption, which further promotes the 
hypoxic environment.

ACUTE INTERSTITIAL NEPHRITIS

Acute interstitial nephritis (AIN) is a pattern of primary 
renal injury usually associated with an abrupt deterioration 
in renal function and characterized histopathologically by 
inflammation and edema in the renal interstitium. The 
term was first used by Councilman11 in 1898 to note the 
histopathologic changes in autopsy specimens of patients 
with diphtheria and scarlet fever. Although the term acute 
interstitial nephritis is more commonly used, acute tubuloin-
terstitial nephritis more accurately describes the injury 
because lesions involve the tubules and interstitium. AIN is 
an important cause of acute renal failure, largely due to 
drug hypersensitivity reactions as a result of the increasing 
use of antibiotics and other medications that might induce 
an allergic response in the interstitium. AIN occurs in 
approximately 1% of renal biopsies during the evaluation 
of hematuria or proteinuria. In some studies of patients with 
acute renal failure, approximately 5% to 15% had AIN.207 
In recent decades, its prevalence has increased in those 
older than 65 years, perhaps because of their more frequent 
exposure to prescribed drugs.208

CAUSES

The most frequent cause of AIN is generally found in one 
of two categories: drugs and infections. Spontaneous auto-
immune interstitial lesions occur but are uncommon (Table 
36.1). Pharmaceutical exposures are reported most com-
monly, in up to 60% to 70% of cases.209

DRUGS
The list of drugs implicated in causing AIN continues to 
expand. Drugs are more frequently recognized as causative 
factors in AIN because of the increased use of renal biopsy 
and the characteristic clinical presentation. Although 
proton pump inhibitors210 and a growing number of chemo-
therapeutic agents211 used in cancer treatment are now rec-
ognized as causing tubulointerstitial injury, antibiotics still 
remain the major cause of drug-related renal toxicity; they 
produce acute renal failure and tubulointerstitial disease, 
depending on the drug. Tubulointerstitial disease is more 
commonly seen with β-lactam antibiotics (including cepha-
losporins), but other antibiotics (e.g., sulfonamides, 
rifampin,212 vancomycin,213 ciprofloxacin) are also involved. 
Clarithromycin214 (the newer ketolide, a semisynthetic 
erythromycin A derivative) and telithromycin215 are impli-
cated in renal, biopsy-proven AIN. Approximately one third 
of cases of drug-related AIN are caused by antibiotics.216

Two complicating factors make the nephrotoxicity of anti-
biotics more common than other categories of drugs. First, 
many of these drugs are given in combination. Conse-
quently, the toxicity of one agent may be aggravated by 
another, as exemplified by the co-administration of amino-
glycosides and nonsteroidal anti-inflammatory drugs 
(NSAIDs). Second, many antimicrobials are removed from 
the body essentially, or at least predominantly, through a 
renal route. The serum levels of these drugs will therefore 

Table 36.1 Acute Interstitial Nephritis: 
Causative Factors

Cause Specific Agent

Drugs

Antibiotics Cephalosporins, ciprofloxacin, 
ethambutol, isoniazid, macrolides, 
penicillins, rifampin, sulfonamides, 
tetracycline, vancomycin

NSAIDs Almost all agents
Diuretics Furosemide, thiazides, triamterene
Miscellaneous Acyclovir, allopurinol, amlodipine, 

azathioprine, captopril, carbamazepine, 
clofibrate, cocaine, creatine, diltiazem, 
famotidine, indinavir, mesalazine, 
omeprazole, phenteramine, phenytoin, 
pranlukast, propylthiouracil, quinine, 
ranitidine

Infectious Agents

Bacteria Corynebacterium diphtheriae, Escherichia 
coli; Legionella, Staphylococcus, 
Streptococcus,Yersinia, Brucella, 
Campylobacter species

Viruses Cytomegalovirus, EpsteinBarr virus, 
hantaviruses, hepatitis C, herpes simplex 
virus, HIV, mumps, polyoma virus

Others Leptospira, Mycobacterium, Mycoplasma, 
Chlamydia species; rickettsia, syphilis, 
toxoplasmosis

Idiopathic

Immune Spontaneous tubulointerstitial nephritis

increase as renal function declines, either as a consequence 
of drug toxicity itself or because of concomitant renal 
damage caused by another drug or another cause of neph-
rotoxicity. β-Lactams produce interstitial nephritis because 
they behave like haptens, which may bind to serum or cel-
lular proteins to be subsequently processed and presented 
by MHC molecules as hapten-modified peptides.217 The 
most common form of haptenization for penicillin is the 
penicilloyl configuration, which arises from the opening of 
a strained β-lactam ring, yielding an additional carboxylic 
function that allows the molecule to bind covalently to the 
lateral and terminal amino terminus of proteins. Serum 
molecules thus facilitate haptenization. This reaction occurs 
with the prototype benzylpenicillin and almost all semisyn-
thetic penicillins, but other derivatives (termed minor deter-
minants) can be formed in small quantities and will stimulate 
variable immune responses. Because β-lactams share the 
same basic structure, they are all disposed to haptenization. 
Variation in the side chains and corresponding differences 
in the chemical nature of the haptens, however, explain why 
clinical consequences are variable from one class of β-lactams 
to another. Cross-reactivity between penicillins and cepha-
losporins is accordingly rare.

Approximately 1% to 5% of patients exposed to NSAIDs 
develop a variety of nephrotoxic syndromes.218 Whereas this 
relatively low prevalence is apparently not alarming, the 
extensive use profile of analgesic, antiinflammatory, and 
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may be concentrated around and seen invading the tubular 
epithelium (so-called tubulitis). In more severe cases, tubu-
litis is associated with epithelial cell degeneration resem-
bling patchy tubular necrosis, with some disruption of the 
TBM. Granulomas may occur in the interstitium, but vascu-
litis is uncommon. An increased matrix, followed by destruc-
tive fibrogenesis, may appear as early as the second week of 
acute inflammation.233 Immunofluorescence microscopy or 
immunoperoxidase staining may show the following, with 
diminishing frequency: (1) no complement or immuno-
globulin; (2) immune complexes, occasionally with comple-
ment along the TBM; or (3) linear IgG and complement on 
the TBM.233 Thus, the pathology indicates a cell-mediated, 
delayed-type hypersensitivity reaction against tubular cells 
or nearby interstitial structures. However, dimethoxyphenyl-
penicilloyl radicals may attach to TBM as hapten in β-lactam–
associated nephritis,217 and antibody to this combination is 
occasionally present. In AIN with minimal-change glomeru-
lopathy induced by NSAIDs, the interstitial inflammatory 
exudate resembles that of acute allergic interstitial nephri-
tis, except that cytotoxic T cells predominate, and eosino-
phils are uncommon.234 There is no evidence of 
antibody-mediated injury in this latter form of interstitial 
nephritis.

CLINICAL FEATURES

The clinical presentation is comprised of local and systemic 
manifestations of acute inflammation of the kidneys. Patients 
with AIN typically present with nonspecific symptoms of 
declining renal function, including oliguria, malaise, 
anorexia, or nausea and vomiting, with an acute or subacute 
onset.235 The clinical features range from an asymptomatic 
elevation in creatinine or blood urea nitrogen levels and an 
abnormal urinary sediment to generalized hypersensitivity 
syndrome, with fever, rash, eosinophilia, and oliguric renal 
failure. The classic triad of low-grade fever, skin rash, and 
arthralgias was primarily described with methicillin-induced 
AIN, but only about one third of the time. Pooled analyses 
of three large series have yielded a total of 128 patients with 
AIN.216,236,237 These series spanned a period from 1968 to 
2001 and consisted of 72 of 128 males (56.3%), with a mean 
age of 46.6 years. At presentation, rash was present in 14.8%, 
fever in 27.3%, and eosinophilia in 23.3%. The classic triad 
of fever, rash, and arthralgias was present in only 10% of 
patients for whom information was available. Nevertheless, 
this finding is in stark contrast to earlier series, in which 
allergic features were more robust.216 This collection of signs 
and symptoms in the setting of drug reaction is known today 
as the DRESS syndrome (drug rash, eosinophilia, and sys-
temic symptoms), which is associated with interstitial nephri-
tis in up to 40% of patients with persistent exposure to 
selected drugs.238 Blood pressure in AIN is usually not high, 
except with oliguric renal failure. Nonoliguric patients typi-
cally have a fractional excretion of sodium of more than 1 
and usually have modest proteinuria (<1 g/day) but are not 
nephrotic unless injury is secondary to NSAIDs.

AIN should be considered in any patient with a rising 
serum creatinine level but little or no evidence of glomeru-
lar or arterial disease, no prerenal factors, and no dilation 
of the urinary collecting system on ultrasonography. The 
clinical history of exposure to a high-risk drug such as an 

antipyretic agents suggests that an enormous number of 
individuals are at risk for kidney dysfunction. For example, 
approximately one in seven patients with rheumatologic 
disorders is likely to be given such a prescription, and 
approximately one in five (50 million) U.S. citizens have 
reported that they use an NSAID for other acute com-
plaints.219 Thus, it is possible to estimate that some type of 
renal abnormality is likely to develop among the 0.5 to 2.5 
million U.S. individuals exposed to NSAIDs on a regular or 
intermittent basis anually.218 The problem takes on an added 
dimension in that 20% of patients taking NSAIDs are pre-
disposed to the development of renal toxicity because of 
volume contraction, low cardiac output, or other conditions 
compromising renal perfusion.

The combination of AIN with moderate or heavy protein-
uria and minimal-change glomerulopathy is characteristi-
cally seen in fewer than 0.2/1000 subjects who take NSAIDs 
other than aspirin.220 Preexisting renal impairment does not 
appear to be a factor. Advancing age is a risk factor, and this 
relationship may simply reflect the prevailing use of NSAIDs 
by older adults. Almost all NSAIDs have been reported to 
cause the nephrotic syndrome. The onset of proteinuria, 
combined with interstitial nephritis, manifests after several 
days or months of NSAID exposure (range, 0.5 to 18 
months).218 The AIN lesion may be the result of a toxic 
effect of NSAIDs on the immune system resulting from the 
blockade of cyclo-oxygenase (COX), causing arachidonic 
acid metabolism to favor the alternative lipoxygenase 
pathway, thus increasing the production of proinflamma-
tory leukotrienes or epoxy and hydroxy eicosanoids.220 
However, the fact that some cases of NSAID-related intersti-
tial disease are allergic has been suggested by the presence 
of tissue eosinophils or other manifestations of IgE-mediated 
hypersensitivity. The risk factors for this latter form of 
NSAID-induced nephropathy are unknown.

INFECTIONS
AIN is associated with primary renal infections such as acute 
bacterial pyelonephritis, renal tuberculosis, and fungal 
nephritis. Streptococcus,221 leptospirosis,222 cryptococcosis,223 
Legionella,224 histoplasmosis,225 and viruses such as cytomega-
lovirus,222,226 hantavirus,227,228 and Epstein-Barr virus229,230 are 
classic risks for AIN. Systemic infections can cause direct 
injury because of pathologic processes in the kidney or can 
be associated with the medications used in the treatment of 
infection. HIV, for example, can underlie interstitial nephri-
tis caused by opportunistic infections by using drugs such as 
indinavir or sulfonamide antibiotics, or perhaps the virus 
itself.231,232

PATHOLOGY

The hallmark of AIN is the infiltration of inflammatory  
cells with associated edema, usually sparing glomeruli  
and blood vessels.207 The predominant pathology is intersti-
tial, cortical more than medullary, and comprises edema 
and inflammatory infiltrates, which may be sparse, focal,  
or intense. The most numerous cells are lymphocytes,  
with CD4+ T cells rather more frequent than CD8+ T cells, 
B lymphocytes, plasma cells, natural killer cells, or macro-
phages.233 Polymorphonuclear granulocytes, usually eosino-
phils, are often present early. The inflammatory reaction 
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recover normal or near-normal renal function within a few 
weeks. Patients who discontinue offending medications 
within 2 weeks of the onset of AIN (measured by increased 
serum creatinine levels) are more likely to recover almost 
baseline renal function than those who remain on the pre-
cipitating medication for 3 weeks or longer. On the other 
hand, reviewing the three modern series of AIN, only 64.1% 
of patients made a full recovery (serum creatinine < 
132 µmol/L), whereas 23.4% gained a partial recovery 
(serum creatinine > 132 µmol/L), and 12.5% remained on 
renal replacement therapy.216 This relatively poor outcome 
may reflect a different case mix in recent series, with fewer 
patients having traditional allergic-type AIN. Clearly, it 
would be useful to have prognostic indicators for AIN, and 
it had been suggested previously that the long-term outcome 
is worse if renal failure lasts for longer than 3 weeks.216 Two 
series have shown worse prognoses with increasing age, but 
there appears to be no correlation with peak creatinine 
concentration.216 Attempts have also been made to gain 
prognostic information from the renal biopsy. Some authors 
have reported that patchy cellular infiltrates predict a better 
outcome than diffuse disease.216 However, other studies have 
not supported a correlation between the degree of cellular 
infiltration or tubulitis and outcome.245 The degree of inter-
stitial fibrosis is correlated with outcome,23,245 as has the 
number of interstitial fibroblasts.20 These conflicting obser-
vations may be due to the patchy nature of the disease, 
random sampling on renal biopsy and, most importantly, 
too few patients under study.

Withdrawal of medications that are likely to cause AIN is 
the most significant step in the early management of sus-
pected or biopsy-proven AIN.235 If multiple potentially pre-
cipitating medications are being used by a patient, it is 
reasonable to substitute other medications for as many of 
these as possible and to withdraw the most likely causative 
agent among medications that cannot be substituted. Most 
patients with early AIN improve spontaneously after the 
withdrawal of medications. Other supportive care includes 
fluid and electrolyte management, maintenance of ade-
quate extracellular volume, symptomatic relief for fever and 
systemic symptoms, and symptomatic relief for rash. Indica-
tions for dialysis in the management of acute renal failure 
include uncontrolled hyperkalemia, azotemia with mental 
status changes, and other symptomatic fluid or electrolyte 
derangements.

The role of steroids in the treatment in AIN is uncertain. 
Some have continued to question the use of or indications 
for steroid therapy. It is true that there are no robust ran-
domized trials supporting its use.216 However, small case 
reports and limited retrospective studies have demonstrated 
rapid diuresis, clinical improvement, and return of normal 
renal function within 72 hours after starting steroid treat-
ment, although some case reports also indicated lack of 
efficacy, especially in NSAID-induced AIN.246 In nonran-
domized observational series, patients treated with steroids 
tended to do somewhat better.247 The decision to use ste-
roids should be guided by the clinical course following with-
drawal of offending medications. A role for steroid therapy 
in tubulointerstitial nephritis with uveitis, the so-called 
TINU syndrome, is widely accepted, particularly in children 
(see later).248 Clearly, steroids are not to be used in cases 
caused by infectious agents, in which proper therapy is 

NSAID or susceptibility to ascending urinary infection, 
without a recent or coexisting condition causing shock or 
associated exposure to contrast media, will usually suggest 
the diagnosis. The most difficulty in arriving at the correct 
diagnosis is seen in patients exposed to a nephritogenic or 
nephrotoxic agent at about the same time as a major opera-
tion, serious infection, or other significant illness that may 
itself have caused acute tubular necrosis. The presence of 
features such as a hypersensitivity reaction, significant eosin-
ophiluria in the case of β-lactam antibiotics, or moderate or 
heavy albuminuria after exposure to NSAIDs indicates a 
drug-related cause. Urine eosinophils are often sought to 
provide confirmatory evidence of AIN. Early studies239 found 
that Hansel stain for eosinophils was more sensitive than 
Wright stain but did not conclusively demonstrate that urine 
eosinophils were diagnostically useful in confirming or 
excluding AIN. One study240 found a positive predictive 
value of 38% and a negative predictive value of 74% among 
51 patients for whom urine eosinophils were tested to help 
diagnose an acute renal disease; of these patients, 15 were 
suspected of having AIN, although biopsies were not per-
formed in all patients. Other conditions such as cystitis, 
prostatitis, and pyelonephritis can also be associated with 
eosinophiluria. The finding of eosinophils in the urine sup-
ports the diagnosis of allergic interstitial nephritis, but the 
positive predictive value is low, even with more than 5% 
eosinophils in the urine, and the absence of eosinophiluria 
does not exclude the diagnosis of AIN.241 Thus, the diagnos-
tic value of urine eosinophils remains unclear.

Renal ultrasonography may demonstrate kidneys that are 
normal to enlarged in size with increased cortical echo-
genicity, but no ultrasonographic findings will reliably 
confirm or exclude AIN versus other causes of acute renal 
failure. Gallium-67 (67Ga) scanning has been proposed as a 
useful test to diagnose AIN242 ; experimentally, uptake inten-
sity can distinguish AIN from acute tubular necrosis.243 In 
one small series, nine patients with AIN had positive 67Ga 
scans, whereas six patients with acute tubular necrosis had 
negative scans. Nonrenal disorders such as iron overload or 
severe liver disease, can also result in a positive 67Ga scan. 
Similarly, patients with biopsy-proven acute tubulointersti-
tial disease have had negative 67Ga scans. Therefore, the 
predictive value of this test may hinge on the degree of 
uptake and may not supersede the value of a renal biopsy 
in making the correct diagnosis.

Renal biopsy is the gold standard for the diagnosis of AIN, 
with the typical histopathologic findings of lymphocytic 
infiltrates in the peritubular areas of the interstitium, usually 
with interstitial edema. Renal biopsy, however, is not needed 
in all patients for whom a probable precipitating drug can 
be easily withdrawn or who improve readily after withdrawal 
of a potentially offending drug. Patients who do not improve 
after withdrawal of likely precipitating medications, who 
have no contraindications to renal biopsy, and who are 
being considered for steroid therapy are good candidates 
for renal biopsy.

PROGNOSIS AND MANAGEMENT

The detailed treatment of acute interstitial nephritis has 
been reviewed elsewhere.244 Most patients with AIN in whom 
offending medications are withdrawn early can expect to 
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glycosuria (25% of cases) and, surprisingly, positive urine 
cultures in 28% of patients.251 Acidifying and concentrating 
defects are common. Some causes of chronic interstitial 
disease display characteristic patterns of tubular dysfunction 
(proximal or distal renal tubular acidosis) or marked early 
concentrating defects (primary medullary dysfunction). 
More typically, the pattern of tubular dysfunction is not 
highly restricted. Serum uric acid levels are usually lower 
than expected for the degree of renal failure, presumably 
because of tubular defects in the reabsorption of uric acid. 
Anemia occurs relatively early in the course of certain forms 
of chronic interstitial disease, presumably because of early 
destruction of erythropoietin-producing interstitial cells. 
Approximately 50% of patients presenting with chronic 
interstitial disease have hypertension.251

CAUSES

The pathologic and clinical scenarios outlined can occur in 
association with a number of diseases of presumably diverse 
causes. Distinguishing features of several of these are dis-
cussed individually here. For many of these entities, biopsies 
are infrequently performed, which limits clinicopathologic 
correlations. Table 36.2 provides a more exhaustive list of 
common and rare causes of chronic interstitial disease.

ANALGESICS
Long-term ingestion of large quantities of analgesics is asso-
ciated in epidemiologic studies with chronic interstitial 
nephritis and papillary necrosis. The incidence of analgesic 
nephropathy varies among different countries and among 
different U.S. geographic areas. Before the removal of 
phenacetin from analgesic mixtures, it had been reported 
as a more common cause of chronic renal failure in Scot-
land, Belgium, and Australia, accounting for 10% to 20% of 
patients with ESKD in those countries.251a In the United 
States, case-control studies from the Philadelphia area did 
not detect an excess risk of renal disease in daily users of 
analgesic, whereas this was apparent in North Carolina. 
These two populations differed in the degree of regular 
analgesic use, consistent with previous suggestions that vari-
ations in the frequency of analgesic nephropathy track with 
patterns of analgesic use. In the 1990s, there was a clear 
decrease in the prevalence and incidence of analgesic 
nephropathy among patients undergoing dialysis in several 
European countries and Australia. Most authors associated 
this decrease with the removal of phenacetin from analgesic 
mixtures.252

The compound analgesic mixtures implicated in analge-
sic nephropathy contain aspirin or antipyrine in combina-
tion with phenacetin, acetaminophen (paracetamol), or 
salicylamide and caffeine or codeine in over-the-counter 
proprietary mixtures.253 Generalities that have emerged 
from epidemiologic studies include the following. The 
development of analgesic nephropathy requires prolonged 
regular ingestion of combination analgesics (at least six 
tablets daily for >3 years). Most of the clinical features dis-
played by patients with analgesic nephropathy are consis-
tent with the general features outlined previously. However, 
some distinctions are worth noting. This entity is recognized 
far more frequently in women than in men (five to seven 
times). The patients typically give a history of chronic 

directed at eliminating infection. If steroid therapy is started, 
a reasonable dosage is prednisone, 1 mg/kg/day orally for 
2 or 3 weeks, followed by a gradually tapering dose over 3 
to 4 weeks.249 The merits of immunosuppressive agents, spe-
cifically cyclophosphamide or cyclosporine, are even less 
certain. They can be used as steroid-sparing agents, and 
consideration should be given to patients who fail to respond 
to a 2-week course of steroid therapy.244 A 4-week course of 
cyclophosphamide (2 mg/kg body weight/day) while moni-
toring renal function and white blood cell count should 
suffice to determine response. Therapy for longer than 4 to 
6 weeks is not indicated. Of interest is a case of granuloma-
tous interstitial nephritis successfully treated with mycophe-
nolate mofetil.250 Plasmapheresis has been used in patients 
with circulating anti-TBM antibodies, similar to patients 
treated for anti–glomerular basement membrane (GBM) 
disease.

CHRONIC TUBULOINTERSTITIAL 
NEPHRITIS

PATHOLOGY

The pathologic features of chronic tubulointerstitial nephri-
tis are largely conserved across a wide variety of presumed 
distinct causes. These features include atrophy of tubular 
cells with flattened epithelial cells and tubule dilation, inter-
stitial fibrosis, and areas of mononuclear cell infiltration 
within the interstitial compartment and between tubules. 
Tubular basement membranes are frequently thickened. 
The cellular infiltrate in chronic interstitial disease is com-
posed of lymphocytes, macrophages, and B cells, with only 
occasional neutrophils, plasma cells, and eosinophils. This 
infiltrate is typically less marked than in AIN. If immuno-
fluorescent studies are performed on biopsy specimens, 
they might occasionally reveal immunoglobulin or C3 along 
the tubular basement membranes.

In chronic interstitial disease, the glomeruli may remain 
remarkably normal by light microscopy, even when marked 
functional impairment is present. As chronic interstitial 
injury progresses, glomerular abnormalities are more 
evident and consist of periglomerular fibrosis, segmental 
sclerosis and, ultimately, global sclerosis. Small arteries and 
arterioles show fibrointimal thickening of variable severity, 
but vasculitis is not a feature of chronic interstitial disease.

CLINICAL FEATURES

Unless a patient is found to have an abnormal urinalysis or 
elevated serum creatinine level from a screening test, 
patients with chronic interstitial disease present because of 
systemic symptoms of a primary disease or because of non-
specific symptoms of renal insufficiency. These nonspecific 
symptoms depend on the severity of the renal insufficiency 
but may include nocturia, lassitude, weakness, nausea, and 
sleep disturbances. In a series of patients with biopsy-
documented chronic interstitial disease, the creatinine 
clearance at presentation was below 50 mL/min in 75% of 
cases and below 15 mL/min in about 33% of cases. Typical 
laboratory findings in these patients included non–nephrotic 
range proteinuria, microscopic hematuria and pyuria, 
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analgesic nephropathy, typically after 15 to 25 years of heavy 
analgesic use.257 Some of these patients may not have been 
previously diagnosed with analgesic nephropathy.258 Up to 
50% of nephrectomy specimens from patients with analge-
sic nephropathy progressing to transplantation show evi-
dence of atypical uroepithelial cells within the renal pelvis.256 
Some have proposed that these patients should have pro-
phylactic nephrectomies of their native kidneys at the time 
of transplantation. The pathogenesis of these uroepithelial 
malignancies presumably relates to the concentration and 
accumulation of phenacetin metabolites with alkylating 
capabilities within the renal medulla and lower urinary 
tract.258 Whether NSAIDs and acetaminophen are associated 
with these kidney tumors remains controversial.255,259 A 
recent meta-analysis of epidemiologic studies has suggested 
that both classes of drugs are associated with a significant 
increase in the risk of developing kidney cancer, regardless 
of the presence of analgesic nephropathy.260

The likelihood that regular and sustained ingestion of 
single classes of nonnarcotic analgesics, as opposed to com-
bination analgesics, can lead to chronic renal insufficiency 
has been the subject of a number of epidemiologic and 
case-control studies.261-265 In a case-control study examining 
the relative risk of end-stage renal failure after regular anal-
gesic intake, the authors found increased risks, varying from 
2.6 to 4.8 for analgesic combination drugs, but no signifi-
cant increased risk for single nonnarcotic analgesics.266 This 
study did identify increased risks for combination analgesics 
lacking phenacetin. This has also been observed by others; 
that is, classic analgesic nephropathy can occur in the 
absence of phenacetin, which was withdrawn from analgesic 
mixtures in the United States, Australia, and Western Europe 
in the early 1980s.267 However, in the past decade, the pre-
ponderance of epidemiologic studies has supported the 
conclusion that the classic form of analgesic nephropathy 
has greatly diminished, if not disappeared, following the 
removal of phenacetin from combination analgesics.268-270 
However, these studies have not directly addressed the issue 
of whether nonphenacetin analgesics could contribute to 
the progression of other forms of renal disease.

In the classic analgesic nephropathy secondary to dose- 
and time-dependent ingestion of combination analgesics 
containing phenacetin, most experimental work has sup-
ported a mechanism of injury dependent on several drug 
components and their metabolites (Figure 36.2). Phenace-
tin and its metabolites, including acetaminophen, can 
injure cells through lipid peroxidation.271 These drugs and 
metabolites are present in highest concentration in the 
medulla and papillary tip, which is where the initial lesions 
of capillary sclerosis are seen.272 In the presence of aspirin, 
there is competition for glutathione within the cortex and 
papillae of the kidney. If cellular glutathione is depleted, 
there is the possibility of potentiation of the renal toxicity 
of phenacetin, acetaminophen, and their reactive metabo-
lites.272,273 In addition, because aspirin and other NSAIDs 
can suppress the production of vasodilatory prostaglandins, 
renal blood flow to the medulla may be compromised, 
adding a hemodynamic contribution to injury.

Given the high prevalence of analgesic nephropathy in 
Western Europe during the 1980s, attempts have been made 
to develop diagnostic criteria for the entity. Findings on 
noncontrast computer tomography (CT) scans of small 

Table 36.2 Causes of Chronic Interstitial 
Nephritis

Cause Examples

Drugs and toxins Combination analgesics
5Aminosalicylic acid
NSAIDs
Chinese herbs
Lithium
Lead
Cadmium
Balkan endemic nephropathy
Calcineurin inhibitors

Metabolic disorders Abnormal uric acid metabolism
Hypokalemia
Hypercalcemia
Hyperoxaluria
Cystinosis

Immunemediated Sarcoidosis
Behçet’s syndrome
Sjögren’s syndrome
Inflammatory bowel disease
TINU
IgG4related systemic disease
Allograft rejection
Systemic lupus erythematosus

Infection Bacterial pyelonephritis
Hantavirus
Leptospirosis
Xanthogranulomatous pyelonephritis

Hematologic disorders Sickle cell disease
Light chain nephropathy
Amyloidosis
Myeloma

Obstructive Tumors
Stones
Outlet obstruction
Vesicoureteral reflux

Miscellaneous Radiation nephritis
Progressive glomerular disease
Ischemia
Hypertension

headaches, joint pain, and/or abdominal pain. Flank pain 
with or without associated hematuria may indicate a 
sloughed and potentially obstructing papilla. It is thought 
that the caffeine component of combination analgesics con-
tributes to dependence on the drugs. Because these drugs 
are available over the counter, many patients may not come 
to the attention of health care professionals until CKD has 
reached an advanced stage. At that point, renal functional 
abnormalities attributable to chronic interstitial nephritis 
are nonspecific, including nocturia, sterile pyuria, and azo-
temia.254 Anemia is common. Discontinuation of heavy anal-
gesic use can slow or arrest progression of the renal disease.255

The late course of analgesic nephropathy may be compli-
cated by urinary tract malignancy. The major presenting 
symptom of this complication is microscopic or gross hema-
turia. New-onset hematuria should be evaluated with urinary 
cytology and, if indicated, cystoscopy with retrograde pyelog-
raphy.256 It has been estimated that a urinary tract malig-
nancy will develop in as many as 8% to 10% of patients with 
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Figure 36.2  Synergistic  toxicity  of  analgesics  in  the  inner  medulla  and  centrally  acting  dependenceproducing  drugs  lead  to  analgesic 
nephropathy. Acetaminophen undergoes oxidative metabolism by prostaglandin H synthase to a reactive quinone imine that is conjugated to 
glutathione.  If acetaminophen  is present alone, sufficient glutathione  is generated  in the papillae to detoxify  the reactive  intermediate.  If  the 
acetaminophen  is  ingested with aspirin,  the aspirin  is converted to salicylate, and salicylate becomes highly concentrated  in the cortex and 
papillae of the kidney. Salicylate depletes stores of glutathione. With the cellular glutathione depleted, the reactive metabolite of acetaminophen 
then produces lipid peroxidases and arylation of tissue proteins, ultimately resulting in necrosis of the papillae. MFO, mixed function oxidases. 
(Redrawn from Kincaid-Smith P, Nanra RS: Lithium-induced and analgesic-induced renal diseases. In Schrier RW, Gottschalk CW [editors]: Diseases 
of the kidney, ed 5, Boston, 1993, Little Brown, pp 1099-1129; and Duggin GG: Combination analgesic-induced kidney disease: the Australian 
experience, Am J Kidney Dis 28[Suppl 1]:S39-S47, 1996.)
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kidneys, with bumpy renal contours and papillary calcifica-
tions, were found to diagnose analgesic nephropathy with 
greater sensitivity and specificity than clinical signs and 
symptoms (Figure 36.3).274,275 One study has found that 
these CT findings are infrequent in the ESKD population 
in the United States and do not occur frequently enough 
among those patients with heavy and sustained analgesic  
use to make it a sensitive tool to detect analgesic 
nephropathy.276

CHINESE HERBS—ARISTOLOCHIC  
ACID NEPHROPATHY
In the early 1990s, there first appeared published reports 
from Belgium of patients, frequently women, presenting 
with an unusually rapidly progressive form of renal failure. 
Renal biopsies from these patients revealed findings consis-
tent with those of chronic interstitial nephritis.277 Initial 
reports noted that affected patients shared a history of 
chronic ingestion of the same preparation of Chinese slim-
ming herbs as part of a weight loss regimen.278 The number 
of case reports grew throughout the 1990s to over 120 cases 
by early 2000. With growing numbers of case reports came 
the recognition that the spectrum and severity of the disease 
were heterogeneous and more common but not consistently 
as severe as the initial reports had suggested.279-282 Clinical 
subtypes have been defined, including acute kidney injury, 
tubular dysfunction with normal serum creatinine levels, 

and chronic interstitial nephropathy.283 Growing evidence 
from clinical investigation and animal models has suggested 
that this lesion is attributable, at least in part, to the pres-
ence of aristolochic acid in the slimming herb prepara-
tions.284,285 More recent studies have focused on the 
significant contribution of the cumulative ingestion of 
herbal medications containing aristolochic acid to the epi-
demiology of CKD and ESKD in Taiwan and mainland 
China.286,287 Aristolochic acid now appears to be the common 
factor underlying the development of the nephropathy asso-
ciated with Chinese herbs and Balkan nephropathy.288

The diagnosis of chronic TIN secondary to aristolochic 
acid ingestion relies on an accurate history. Typically, these 
patients present clinically because of mild-to-moderate 
renal insufficiency. As in many case of chronic interstitial 
nephritis, hypertension is not a prominent finding. Anemia 
is typically more pronounced at the same level of GFR than 
with glomerular diseases. The urine sediment is typically 
bland, although evidence of tubular dysfunction may be 
present on chemical analysis, including low-grade, nonne-
phrotic proteinuria (including albumin and low-molecular-
weight filtered proteins) and occasionally glycosuria.289 CT 
scans of the retroperitoneum may reveal bilaterally small 
kidneys with irregular contours in the setting of advanced 
azotemia. The clinical course is variable. Some patients 
demonstrate a rapid progression over weeks to months to 
renal failure, whereas others demonstrate slowly progressive 
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Figure 36.3  Renal  imaging criteria of analgesic nephropathy  (AN) as observed  in a postmortem kidney and  in computed tomography  (CT) 
scans without contrast material. These criteria include a decreased renal size, bumpy contours, and papillary calcifications. RA, Renal artery; 
RV, renal vein; SP, spine. (Adapted from De Broe ME, Elseviers MM: Analgesic nephropathy. N Engl J Med 338:446-452, 1998.)
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or relatively stable degrees of azotemia. Although there is 
no guarantee that discontinuation of ingestion of the herbal 
medication will arrest disease progression, it is the prudent 
recommendation. Other than the ingestion history, the 
clinical and laboratory findings are nonspecific. No specific 
therapies have been described to arrest the progression of 
this disease process reliably. The susceptibility of some but 
not all individuals exposed to the same herbal preparations 
is not well understood, although gender, toxin dose, and 
toxin metabolism may all play a role.279

Renal biopsies from these patients can demonstrate sig-
nificant cortical fibrosis, with atrophy and dropout of 
tubules. Fibrosis has historically been reported as a more 
dominant feature than cellular infiltration (Figure 36.4).280 
Thickening of the interlobular arteriolar walls has been 
described. There are no immune deposits.290 Research tech-
niques may demonstrate aristolochic acid–related DNA 
adducts within the kidneys. A more recent study has dem-
onstrated significant infiltration of the medullary rays and 
outer medulla by monocytes and macrophages, as well as T 
and B lymphocytes, even in kidneys removed from patients 
with ESKD.285

The role of aristolochic acid in producing this lesion has 
been supported by the creation of a similar renal lesion in 
rabbits and rats to which aristolochic acid was administered 
regularly over weeks to months.291,292 Kidneys from these 
animals display interstitial fibrosis, tubular atrophy, and 
some cellular infiltration, along with some atypical and/or 

malignant uroepithelial cells. Renal functional abnormali-
ties, such as a decreased GFR, may vary, depending on 
volume depletion or other exogenous factors. In genetically 
manipulated mice, the absence of the Smad3 signaling 
system abrogates the expression of aristolochic acid 
nephropathy. In vitro, aristolochic acid elicits EMT and  
augmented collagen production, which are dependent  
on TGF-beta/Smad3– and JNK/MAP kinase–dependent 
mechanisms.293

The potential for uroepithelial malignancies in patients 
exposed to aristolochic acid is well documented. For 
example, in a study of 39 patients with Chinese herbal 
nephropathy and ESKD who underwent removal of their 
native kidneys and ureters, urothelial carcinoma was discov-
ered in 18 and mild-to-moderate urothelial dysplasia in 19 
patients. Malignant transformation may be related to p53 
mutations.294 The occurrence of malignancy correlated with 
the cumulative amount of Chinese herbs ingested. Current 
thinking links the presence of aristolactam-DNA adducts to 
p53 mutations, specifically A : T to T : A transversions at 
acceptor splice sites.295 Such findings have led to recom-
mendations that these patients should undergo regular sur-
veillance for abnormal urinary cytology and, perhaps in 
high-risk patients, bilateral nephrectomies.296

BALKAN ENDEMIC NEPHROPATHY
Balkan endemic nephropathy (BEN) is a chronic tubuloin-
terstitial disease seen largely in families residing on the 
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Three major environmental factors are currently consid-
ered as potential contributors to the pathogenesis of BEN. 
Aristolochic acid has been proposed as a toxin underlying 
this disease, in addition to Chinese herb nephropathy. The 
pathologic changes in the kidney are similar, and both are 
associated with a high prevalence of uroepithelial malignan-
cies. Aristolochic acid DNA adducts are found in the kidneys 
of patients with Chinese herb nephropathy as well as BEN. 
The same specific A : T and T : A transversions in p53 are also 
seen in these patients.301 The other environmental causes 
that have been considered include ochratoxin A, a myco-
toxin, and polycyclic hydrocarbons, which leach into 

alluvial plains of the Danube River in Serbia, Bosnia, Her-
zegovina, Croatia, Romania, and Bulgaria. The prevalence 
is high in these areas, ranging from 0.5% to 5%.297 Although 
historically genetic and environmental factors have been 
suspected to play a role in its pathogenesis, current evidence 
suggests that environmental factors are dominant, but may 
only lead to disease in those with certain genetic 
backgrounds.298

Patients with BEN share the clinical features common to 
many chronic tubulointerstitial diseases. Renal and urinary 
abnormalities first appear after residing in an endemic area 
for at least 15 years. Affected individuals are not usually 
hypertensive. Initial renal abnormalities include tubular dys-
function characterized by tubular proteinuria, glycosuria, 
aminoaciduria, and impaired acid excretion. This is tempo-
rally followed by impaired concentrating ability and slowly 
progressive (over years) azotemia, which can result in ESKD. 
A normochromic normocytic anemia is typical as well. 
Kidneys are of normal size early in the course of the disease, 
but kidney size diminishes with time (Figure 36.5). The 
diagnosis is presumptive, based on renal abnormalities con-
sistent with chronic interstitial disease in a patient residing 
in an endemic area.299 There is no specific therapy for this 
form of interstitial disease.

Renal pathology demonstrates cortical tubular atrophy, 
interstitial fibrosis, and sparse mononuclear cell infiltrates. 
Glomerular sclerosis is seen in more advanced cases. There 
is an extremely high incidence of cellular atypia and uro-
thelial carcinoma of the genitourinary tract.300 Like several 
other forms of chronic tubulointerstitial disease, BEN is also 
associated with uroepithelial malignancies, in particular 
transitional cell carcinoma of the renal pelvis or ureter.297 
For this entity as well, periodic screening of urine for abnor-
mal cytology has been recommended.

Figure 36.4  Case of Chinese herb nephropathy. The kidney biopsy shows tubular atrophy, widening of  the  interstitium, cellular  infiltration, 
important fibrosis, and glomeruli surrounded by a fibrotic ring. A, Masson stain. B, Hematoxylineosin stain. 

A BA B

Figure 36.5  Computed  tomography  (CT)  scan  without  contrast 
media in a patient with Balkan endemic nephropathy, creatinine clear
ance of 15 mL/min, no hypertension, and proteinuria, with values less 
than 1 g/24 hr. Of importance are the bilateral atrophy of the kidneys 
and absence of intrarenal calcifications. 
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patients, focal segmental glomerular sclerosis has also been 
reported.306

Support for the hypothesis that chronic lithium ingestion 
can lead to chronic interstitial nephritis and functional 
impairment was bolstered by the development of an animal 
model in rabbits. When the kidneys from rabbits fed lithium 
were examined over a 12-month period, clear differences 
were seen compared to control rabbits. Epithelial cells 
lining the distal convoluted tubules and collecting ducts 
displayed cytoplasmic vacuolation with accompanying histo-
logic changes of focal interstitial nephritis, including tubular 
atrophy, interstitial fibrosis, and distal tubular dilation and 
microcyst formation. Glomerular sclerosis and azotemia also 
occurred by 12 months.307

In a study of patients treated chronically with lithium 
(mean duration of therapy > 13 years), the authors exam-
ined renal biopsies from 24 patients. Biopsies were per-
formed because of the presence of azotemia and, in some 
of the patients, abnormal proteinuria (>1.0 g/24 hr).308 In 
this selected population, all the patients had findings con-
sistent with chronic TIN on biopsy. Tubular dilation and 
cysts were also present in the cortex and medulla. A number 
of patients also had focal or global glomerulosclerosis. A 
serum creatinine value of greater than 2.5 mg/dL at the 
time of biopsy was the most powerful predictor of ultimate 
progression to ESKD, which occurred even if lithium was 
discontinued. Lepkifker and coworkers309 found that 
approximately 20% of long-term lithium patients demon-
strated slowly rising serum creatinine values, but this did not 
correlate with duration of therapy or cumulative dose. A 
more recent study from Sweden has described a sixfold 
increase in prevalence for ESKD in patients taking lithium 
compared with the general population. The prevalence of 
CKD in the lithium-treated population was about 1.2%, with 
duration of therapy as the only identified risk factor.310

The clinical management of patients on chronic lithium 
who develop azotemia requires judgment and a risk-benefit 
analysis. The polyuria and polydipsia that are common to 
most patients on lithium, because of the nephrogenic dia-
betes insipidus, will be resolved if the drug is withdrawn, but 
are frequently symptoms that are tolerated because of the 
efficacy of the drug in treating mania and/or bipolar disor-
der. Lithium levels should be carefully monitored and main-
tained at the lowest level that controls symptoms. Given the 
more recent development and testing of additional drugs 
(e.g., olanzapine, quetiapine, lamotrigine) for first-line 
treatment of bipolar disorder, it is reasonable to try these 
agents instead in patients with a stable elevated creatinine 
level, preferably before irreversible interstitial damage has 
occurred.

LEAD
Epidemiologic studies have strongly implicated excessive 
exposure to lead as a cause of chronic tubulointerstitial 
nephritis leading to renal failure.311 Despite restriction of 
occupational exposure to lead and banning of lead-based 
paints, continuing exposure to low levels of lead occurs 
through old water pipes, pottery, crystal, and lead-based 
paint in older dwellings. The current focus is on whether 
low-level sustained exposure to lead contributes, solely or in 
combination with other factors, to the development of 
ESKD. Determining whether there has been significant lead 

drinking water from low-rank coal present in endemic 
areas.302 Exposure to the environmental factors has changed 
over the past several decades in that the dominant popula-
tion now affected by BEN are older than 60 years.298

LITHIUM
Patients who take lithium for the treatment of bipolar affec-
tive disorder commonly have a nephrogenic diabetes insipi-
dus. This is a predictable side effect of therapeutic levels of 
the drug and is slowly reversible following discontinuation 
of the medication. The nephrogenic diabetes insipidus is 
reproducible in animals treated with lithium, where it is 
associated with diminished expression of the vasopressin-
regulated water channel aquaporin-2.303 Hyperparathyroid-
ism can also be observed in patients treated with lithium, 
and the associated hypercalcemia is an additional contribu-
tor to abnormalities in urinary concentration. Whether 
chronic ingestion of lithium is associated with a form of 
chronic tubulointerstitial nephritis and progressive azote-
mia has been more controversial.304,305 Current prevailing 
views are that lithium is associated with the development of 
chronic tubulointerstitial nephritis (Figure 36.6). In some 

Figure 36.6  Top, Severe  lithiumassociated chronic tubulointersti
tial  nephropathy,  with  the  additional  finding  of  focal  tubular  cysts 
arising  in  a  background  of  severe  interstitial  fibrosis  and  tubular 
atrophy. (Periodic acid–Schiff [PAS] stain, ×40.) Bottom, Highpower 
view of tubular cysts lined by simple cuboidal epithelium (c). Adjacent 
tubules show tubular dilation (d). (PAS stain, ×100.) (From Markowitz 
GS, Radhakrishnan J, Kambham N, et al: Lithium nephrotoxicity: a 
progressive combined glomerular and tubulointerstitial nephropathy, J 
Am Soc Nephrol 11:1439-1448, 2000.)
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in Japan in the early part of the twentieth century. In the 
latter case, water contaminated with cadmium from mining 
operations was ultimately used for drinking water and for 
the irrigation of rice fields, entering the food chain and 
leading to an epidemic of cadmium poisoning. Prominent 
features of this poisoning were bone pain (itai-itai or ouch-
ouch disease), osteopenia, and renal failure.320 Cadmium is 
bound to metallothionein, and proximal tubular cells take 
up the complexes. Cadmium induces a tubular protein-
uria.321 Other proximal tubule defects, including renal gly-
cosuria, aminoaciduria, hypercalciuria, and phosphaturia, 
are also observed. The functional tubular defects that ensue 
may relate to apoptosis secondary to the activation of cal-
pains and caspases.322 Uncommonly, such renal damage may 
progress to an irreversible reduction in glomerular 
filtration.323

The high levels of environmental contamination with 
cadmium related to mining in Japan were an unusual event. 
The extent to which chronic, low-level environmental expo-
sure to cadmium affects renal function is much less clear. 
The CadmiBel Study recruited over 2000 adults from differ-
ent areas of Belgium in an attempt to compare the relation-
ships among hypertension, cardiovascular disease, and renal 
abnormalities with urinary cadmium excretion. The results 
demonstrated that although hypertension and cardiovascu-
lar risk were not associated with urinary cadmium excretion, 
there was a direct correlation with alkaline phosphatase 
activity, urinary excretion of retinol-binding protein, 
N-acetyl-β-glucosaminidase, β2-microglobulin, amino acids, 
and calcium with urinary cadmium excretion.323 Interest-
ingly, a 5-year follow-up study of individuals with the highest 
urinary cadmium excretion did not demonstrate evidence 
of progressive renal damage or loss of function.324 Although 
this is somewhat reassuring, it is still prudent to limit nutri-
tional and occupational exposure to cadmium.325 The 
increased urinary calcium excretion seen in those exposed 
to cadmium is associated with an increased prevalence of 
calcium phosphate kidney stones.326

HYPERURICEMIA AND URATE NEPHROPATHY
As the major organ responsible for the excretion of uric 
acid, the kidney can be affected in a number of ways by 
abnormal uric acid metabolism. In general, problems arise 
following the crystallization of uric acid in the tubules, col-
lecting system, or outflow tract or the deposition of uric acid 
within the interstitium, with attendant inflammation. Uric 
acid solubility is pH and concentration dependent. Thus, 
because uric acid in the tubular lumen is concentrated and 
exposed to a lower pH in the distal nephron, the likelihood 
of precipitation increases. Uric acid stones are a well-
recognized entity and are discussed elsewhere in this text. 
Acute uric acid nephropathy, typically seen as an acute 
kidney injury phenotype following cell breakdown, is also a 
recognized entity for which prophylactic treatment can 
usually be given.

Whether sustained and chronic hyperuricemia leads to 
chronic interstitial nephritis has been historically a contro-
versial issue. Claims in the 1970s that up to 11% of chronic 
interstitial disease could be attributed to disorders of uric 
acid metabolism327 were challenged in the 1980s because of 
the difficulty in identifying effects of hyperuricemia, which 
could not be attributed to hypertension, vascular disease, 

exposure requires a careful history and, optimally, the use 
of a screening questionnaire. Part of the challenge in ascer-
taining the relationship between low-level lead exposure 
and kidney function relates to the accurate measurement of 
body lead burden (ethylenediaminetetraacetic acid [EDTA] 
mobilization test), which is required because blood lead 
levels only indicate recent, not chronic, lead exposure. 
Several studies have now demonstrated correlations between 
elevated blood levels and/or body lead burden with the 
presence of kidney disease and/or accelerated rates of pro-
gression of chronic renal disease.312,313 Using data from the 
Third National Health and Nutrition Examination Survey 
(NHANES III), Muntner and colleagues concluded that 
among the adult U.S. population with hypertension, even 
low-level exposure to lead is associated with chronic kidney 
disease.313 The same study also showed that in U.S. adoles-
cents, higher blood lead levels correlated with lower GFRs.314 
This relationship has also been demonstrated using the cys-
tatin C–based estimated GFR (eGFR).315 Experimental 
studies in the rat remnant kidney model have supported the 
hypothesis that ingestion of lead can accelerate chronic 
kidney disease in association with hypertension and accen-
tuated vascular and interstitial injuries.316

The pathogenesis of chronic lead nephropathy is related 
to the reabsorption of filtered lead by the proximal tubule, 
with preferential deposition within the S3 segment of the 
proximal tubule. Lead exposure can thus lead to defects in 
proximal tubule function, especially in children, including 
aminoaciduria, glycosuria, and phosphaturia representing 
Fanconi’s syndrome. These defects can also occur individu-
ally. Renal biopsies in adult patients with subclinical lead 
nephropathy and a mild to moderate decrease in GFR pri-
marily show chronic interstitial nephritis, tubular atrophy, 
and interstitial fibrosis.

Adults who develop chronic interstitial nephritis in asso-
ciation with lead exposure typically have hypertension and 
frequently gout as well. Progression to ESKD develops slowly 
over years. Such slow progression has encouraged clinical 
investigators to examine whether chelation of lead might 
slow or reverse the progression of this disease. Earlier studies 
with small numbers of patients suggested that chronic injec-
tions of EDTA in patients with mild renal insufficiency and 
industrial exposure to lead could improve the GFR.317 Two 
larger prospective studies in patients with nondiabetic 
chronic renal disease, no lead exposure history, and normal 
or low-normal total body lead burdens demonstrated that 
chronic EDTA chelation can improve GFR over a 24-month 
period relative to the control group.318,319 Although EDTA 
chelation may be exerting a benefit through processes other 
than lead removal, it is intriguing to consider that lead may 
adversely affect the progression of other forms of renal 
disease and that this may be positively affected by EDTA 
chelation. The use of EDTA chelation therapeutically for 
chronic lead nephropathy still requires confirmation in 
larger studies.

CADMIUM
Cadmium accumulates in the body after gastrointestinal 
absorption or inhalation. Cadmium nephropathy can 
develop in those with prolonged low-level exposure to 
excess cadmium, such as with zinc smelter workers, or in the 
setting of massive environmental contamination, as occurred 
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granulomas is variable, but they may replace the bulk of the 
cortical volume. Focal lymphocytic infiltrates and periglo-
merular fibrosis are commonly seen.342 Immunofluorescent 
and electron microscopic studies typically show no immune 
deposits.

Other diseases characterized by granuloma formation, 
including tuberculosis, silicosis, and histoplasmosis, can 
cause hypercalcemia and renal insufficiency but are only 
rarely associated with granulomatous interstitial nephritis. 
Allergic interstitial nephritis related to drugs can result in a 
granulomatous interstitial nephritis. It is unusual to see glo-
merular abnormalities in sarcoidosis. Membranous nephrop-
athy and focal glomerulosclerosis have been described but 
would be distinguishable clinically by heavy proteinuria, 
which is not seen in the granulomatous interstitial nephritis 
of sarcoidosis.

Patients with granulomatous interstitial nephritis caused 
by sarcoidosis often have an impressive therapeutic response 
to corticosteroid therapy, with improvement in the GFR 
and, on repeat biopsy, loss of granulomas and lymphocytic 
infiltrate. Failure to respond to steroids at 1 month corre-
lates with more severe chronic kidney disease.343 There have 
been no controlled trials of corticosteroid therapy. The 
often concomitant hypercalcemia is also corticosteroid-
responsive, typically to lower doses. Healing of the granulo-
matous interstitial nephritis can lead to interstitial fibrosis. 
Ketoconazole, an inhibitor of steroidogenesis, has been 
used in a single patient who could not tolerate corticoste-
roids and was effective in decreasing the level of active 
vitamin D, as well as serum and urinary calcium levels.344 
One study has described successful treatment of interstitial 
nephritis with infliximab in a patient with sarcoidosis.341

AUTOIMMUNE DISEASES
Immunologic diseases such as Behçet’s disease, Sjögren’s 
syndrome, sarcoidosis, systemic lupus erythematosus, inflam-
matory bowel diseases, IgG4-related systemic disease, and 
vasculitides may also produce chronic interstitial 
nephritis.345-349 Most of these diseases are lingering multifac-
eted illnesses, which obfuscates the recognition of a compli-
cation such as AIN—is it acute or the acute recognition of 
chronicity? Most patients have elements of chronicity on 
renal biopsy by the time the disease is diagnosed, but some 
patients with these systemic diseases will develop AIN follow-
ing a drug reaction.

Anti-TBM nephritis occasionally manifests in association 
with membranous nephropathy.350 The characteristics of 
patients with this combination include a predominance of 
males, onset in early childhood, microscopic hematuria, 
and nephrotic-range proteinuria. In addition, patients show 
tubular dysfunction (complete or incomplete Fanconi’s syn-
drome), circulating anti-TBM antibodies, and progression 
to ESKD.350 Circulating anti-TBM antibodies from these 
patients react exclusively with the proximal TBM, not with 
GBM, exhibiting binding to tubular antigens. The precise 
mechanisms of combined immune complex deposition in 
glomeruli and antibody formation against idiopathic tubu-
lointerstitial antigens are unclear. Soluble tubulointerstitial 
antigen binding to its relevant antibody may participate in 
the formation of immune complexes in the glomerular 
lesions. However, tubulointerstitial antigens are not detected 
within the immune complex deposits. The patients showing 

stones, or aging.328 An additional controversy was related to 
the possibility that patients with coexisting gout and chronic 
interstitial nephritis might have chronic lead intoxication as 
a cause of both disturbances. It is likely that only a minority 
of patients with sustained chronic hyperuricemia (with or 
without clinical gout) have chronic interstitial nephritis. 
These are typically patients with serum urate levels greater 
than 13 mg/dL (men) or more than 10 mg/dL (women). 
Clearly, the coexistence of hypertension, diabetes mellitus, 
abnormal lipid metabolism, and nephrosclerosis are fre-
quently confounding variables.329 An autosomal dominant 
disease in children, familial juvenile hyperuricemic 
nephropathy, is characterized by sustained hyperuricemia 
and chronic interstitial nephritis leading to progressive 
renal failure.330

Sustained hyperuricemia could also contribute to pro-
gressive azotemia in a number of forms of CKD. Thus, it 
seems reasonable to recommend dietary restriction of 
protein and purines in patients with gout and interstitial 
disease or patients with CKD and a similarly elevated serum 
urate level.331 In studies seeking to understand how hyper-
uricemia may relate to the progression of renal disease, this 
abnormality has been shown to induce endothelial dysfunc-
tion. Uric acid regulates critical proinflammatory pathways 
in vascular smooth muscle cells, potentially having a role in 
the vascular changes associated with hypertension and vas-
cular disease.332,333 Studies in rats in which hyperuricemia 
was induced by uricase inhibitor oxonic acid show resultant 
hypertension, intrarenal vascular disease, and renal injury. 
Hyperuricemia accelerates renal progression in the remnant 
kidney model via a mechanism linked to high systemic 
blood pressure and COX-2–mediated, thromboxane-
induced vascular disease.334 Mice with systemic knockout of 
the glut9 urate transporter (typically expressed in liver and 
kidney) have moderate hyperuricemia, significant hyperuri-
cosuria, and renal injury, with interstitial inflammation, uric 
acid stones, and progressive interstitial fibrosis.335 Taken in 
aggregate, these studies provide strong evidence that uric 
acid may be a true mediator of renal disease and 
progression.

SARCOIDOSIS
Sarcoidosis336 usually affects the kidney through disordered 
Ca2+ metabolism.337 Of patients with sarcoidosis, 10% to 15% 
have hypercalcemia, with even more affected by normocal-
cemic hypercalciuria. These abnormalities can lead to con-
centrating defects, depress glomerular filtration, and result 
in nephrocalcinosis or nephrolithiasis.338 Nephrolithiasis 
occurs in approximately 1% to 14% of patients with sarcoid-
osis and may be the presenting feature. Nephrocalcinosis, 
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membranous nephropathy preceding anti-TBM nephritis 
have suggested that anti-TBM antibodies are formed by 
tubulointerstitial antigens modified by certain components 
or exposed to enzymes present within the massive protein-
uria. The role of human leukocyte antigens in the evolution 
of these autoimmune disorders has also been suggested.

In 1975, Dobrin and associates described a new syndrome 
characterized by anterior uveitis, bone marrow granulomas, 
hypergammaglobulinemia, increased erythrocyte sedimen-
tation rate, and renal failure, with renal histologic features 
of interstitial nephritis.351 The renal failure caused by tubu-
lointerstitial nephritis associated with uveitis was thus termed 
TINU syndrome.352 TINU syndrome is particularly common 
in children; among adults, it occurs predominantly in 
females (3 : 1). Familial occurrence has suggested that a 
genetic influence may play some role in pathogenesis.248,353 
A significant association has been reported in the frequency 
of selected HLA haplotypes. The anterior uveitis may 
precede, concur with, or follow the nephropathy. These 
patients generally suffer from weight loss and anemia and 
have a raised erythrocyte sedimentation rate. Although asso-
ciations with chlamydia and mycoplasma infections have 
been suggested, the cause remains obscure.354 The syn-
drome appears immune-mediated, with T cell proliferation 
in the kidney.355 Moreover, the possibility of a delayed-type 
hypersensitivity reaction is also suggested on the basis of the 
2 : 1 ratio of CD4+/CD8+ interstitial lymphocytes. Prolonged 
steroid therapy usually leads to improvement in renal func-
tion and uveitis, although the latter may relapse.352
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Urinary tract infection of the bladder, the kidney, or (in 
men) the prostate is one of the most common human infec-
tions. Infecting organisms are usually bacteria; fungi also 
contribute. Much less frequently, infection is caused by 
viruses or parasites. Other manifestations of genitourinary 
tract infection are renal and perinephric abscesses, emphy-
sematous cystitis and pyelonephritis, xanthogranulomatous 
pyelonephritis, and pyocystitis. Disseminated viral infections 
(e.g., mumps, cytomegalovirus [CMV], and other herpes 
viruses) and fungal infections (e.g., blastomycosis, histoplas-
mosis) may also involve the urinary tract but are not dis-
cussed in this chapter. Polyomavirus BK infection in kidney 
transplant recipients and urinary tract infection in children, 
including vesicoureteral reflux, are addressed in Chapters 
71 and 74, respectively.

DEFINITIONS

Urinary tract infection is the presence of bacteria or other 
microorganisms in the urine or genitourinary tissues, which 

are normally sterile. The term bacteriuria describes isolation 
of any bacteria in the urine, although in practice it usually 
refers to isolation of organisms in concentrations that meet 
standard quantitative criteria. Infection is asymptomatic 
when the urine culture result meets quantitative criteria for 
bacteriuria without signs or symptoms attributable to infec-
tion. Symptomatic urinary tract infection may manifest as 
bladder infection (cystitis or lower tract infection), kidney 
infection (pyelonephritis or upper tract infection), or pros-
tate infection (acute or chronic bacterial prostatitis). Acute 
uncomplicated urinary tract infection occurs in women with 
a normal genitourinary tract, usually manifesting as cysti-
tis.1,2 Pyelonephritis, also referred to as acute nonobstructive 
or acute uncomplicated pyelonephritis, also occurs in such 
women but much less frequently.2 Complicated urinary tract 
infection occurs in individuals with functional or structural 
abnormalities of the genitourinary tract (Table 37.1).3,4 
In healthy postmenopausal women without genitourinary 
abnormalities and diabetic women without nephropathy  
or neurologic bladder impairment, urinary tract infection 
should be considered uncomplicated. Acute uncomplicated 
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prevent persistence of bacteria once they have entered the 
urinary tract. Tamm-Horsfall protein, the most abundant 
protein in the urine, appears to have an important role in 
this regard.9 This protein prevents attachment of Escherichia 
coli to uroepithelial cell receptors by binding to the type 1 
fimbria adhesin (FimH) and also removes other uropatho-
gens such as Klebsiella pneumoniae and Staphylococcus sapro
phyticus.10 It may have an immunomodulatory role through 
activation of the innate immune response by a Toll-like 
receptor-4–dependent mechanism.9

Adherence of bacteria to uroepitheal cells is also pre-
vented by the surface mucopolysaccharide-glycosaminogly-
can layer of the uroepithelium, by urine immunoglobulin 
G (IgG) and secretory immunoglobulin A (IgA), and by 
some low-molecular-weight oligosaccharides present in the 
urine. The relative importance of any of these specific com-
ponents in vivo is not yet established. Despite this array of 
components contributing to sterility of the urine, bacteri-
uria is readily established once normal voiding is impaired. 
In the complicated urinary tract, infection occurs through 
increased entry of organisms into the bladder or kidney, 
which may be attributed to the use of urologic devices, tur-
bulent urine flow, or reflux. Organisms may then persist, 
despite other host defenses, as infected urine is retained if 
voiding is incomplete or in biofilm on urologic devices.

IMMUNE AND INFLAMMATORY RESPONSES TO 
URINARY TRACT INFECTION

Urinary tract infection induces a wide spectrum of local and 
systemic inflammatory and immune responses. The inten-
sity of response is determined by the interactions of micro-
bial pathogenicity, individual genetic regulation, and the 
site of infection.11,12 Unique E. coli strains have a variable 
capacity to stimulate or evade activation of the innate 
immune response. Uropathogenic strains that cause symp-
tomatic infection induce a strong innate immune response, 
whereas strains isolated from asymptomatic bacteriuria 
evoke a limited response.13,14 Strains that successfully evade 
immune activation probably have a pathogenetic advantage 
for establishing bladder colonization and persistent infec-
tion.15,16 Host genetic polymorphisms affecting the innate 

urinary tract infection rarely occurs in men. A urinary tract 
infection in a man should be considered complicated until 
underlying abnormalities have been ruled out.

Urinary tract infection commonly recurs. Reinfection is 
infection that recurs after entry of an organism into the 
genitourinary tract, usually from the periurethral flora. 
Reinfection characteristically occurs with a different organ-
ism. However, when periurethral colonization with a poten-
tial uropathogen persists, the same strain may be isolated 
from reinfection. Relapse occurs when an infecting organism 
persists in the urinary tract despite antimicrobial therapy; 
the same organism is isolated from recurrent infection after 
therapy.

GENERAL CONCEPTS

HOST DEFENSES OF THE NORMAL  
URINARY TRACT

The urine and genitourinary tract are normally sterile, apart 
from the distal urethra. The normal flora of the distal 
urethra plays an important role in host defense by prevent-
ing colonization at this site by potential uropathogens. The 
flora includes aerobic bacteria that are common skin com-
mensals, such as coagulase-negative staphylococci, viridans 
group streptococci, and Corynebacterium species.5,6 There is 
also a large and complex anaerobic flora.6 Molecular inves-
tigations have revealed that multiple additional, as yet 
unclassified bacteria are also present.7 Urine is a good nutri-
ent source for most bacterial species, and common uro-
pathogens grow well in urine. The most important host 
defense that maintains sterility of the urine is normal, unob-
structed voiding. An array of urine and uroepithelial cell 
components also contributes to maintenance of sterile 
urine in the normal genitourinary tract (Table 37.2).8,9 
Inhibitors of bacterial adherence to uroepithelial cells 

Table 37.1  Abnormalities of the Urinary Tract 
That May Be Associated with 
Complicated Urinary Tract Infection

Abnormality Example(s)

Obstruction Pelvicalyceal junction 
obstruction, ureteric or urethral 
strictures, prostate 
hypertrophy, urolithiasis, 
tumor, extrinsic compression

Neurologic impairment Neurogenic bladder
Urologic devices Indwelling catheter, ureteric 

stent, nephrostomy tube
Urologic abnormalities Vesicoureteral reflux, bladder 

diverticuli, cystoceles, urologic 
procedures, ileal conduit, 
augmented bladder, 
neobladder

Metabolic/congenital 
diseases

Nephrocalcinosis, medullary 
sponge kidney, urethral valves, 
polycystic kidneys

Immunologic impairment Renal transplantation

Table 37.2  Host Defenses Other Than Voiding 
That Contribute to Maintaining 
Sterility of Urine

Defense Example(s)

Urine characteristics pH, osmolality, concentration of 
organic acids

Urine proteins Tamm-Horsfall protein, secretory 
immunoglobulins, lactoferrin, 
lipocalin, cationic peptides 
(defensins, cathelicidins)

Inflammatory cells Polymorphonuclear leukocytes
Uroepithelium Mucopolysaccharide layer, 

chemokines/cytokine production, 
uroplakin barrier

Prostate secretions Chemokines, immunoglobulins
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found in the submucosa and lamina propria of the bladder 
and urethra. Recruitment of B and T lymphocytes to the 
bladder wall is observed with secondary infections. T cell–
derived proinflammatory cytokines also stimulate renal 
tubular epithelial cells to produce IL-6, which may increase 
IgA secretion of committed B cells.19 However, women 
infected with human immunodeficiency virus (HIV) who 
have very low CD4+ counts do not appear to have an 
increased susceptibility to or severity of urinary tract infec-
tion21; this finding suggests that cell-mediated immunity is 
not an essential defense against such infection.

URINE CULTURE

The definitive diagnosis and appropriate management of 
urinary tract infection usually require microbiologic confir-
mation by urine culture. Urine specimens for culture should 
always be obtained before antimicrobial therapy is initiated 
because urinary excretion of antimicrobial agents rapidly 
sterilizes urine. Once collected, the specimen should be 
forwarded promptly to the laboratory. Organisms present in 
small quantitative counts (i.e., contaminants) grow readily 
in urine at room temperature and reach high quantitative 
counts within a few hours. If the specimen is delayed in 
reaching the laboratory, it should be refrigerated at 4° C 
until transported.

A urine specimen for culture must be collected with a 
method that minimizes contamination. For both men and 
women, a clean-catch voided specimen without additional 
periurethral cleaning is usually appropriate. When patients 
cannot cooperate for the collection of a voided specimen, 
urine may be collected by an in-and-out catheter. For men, 
a specimen may be obtained in an external condom cath-
eter after application of a clean condom catheter and col-
lecting bag.22 Urine samples may also be collected by 
suprapubic aspiration or directly from the renal pelvis when 
percutaneous drainage of an obstructed urinary tract is nec-
essary. Specimens obtained from patients with short-term 
indwelling catheters should be collected by puncture of the 
catheter port. For a long-term indwelling catheter, two to 
five organisms are present in the catheter biofilm at any 
time, so urine collected through the catheter will be con-
taminated by organisms present in the biofilm.23 The long-
term indwelling catheter should be removed and replaced 
by a new catheter, and a specimen of bladder urine obtained 
through the newly placed catheter.22,23

The standard quantitative criterion for diagnosis of 
urinary tract infection with voided specimens is an organ-
ism count of 105 colony-forming units (CFU) or more per 
milliliter. Women usually have low numbers of contaminat-
ing organisms from vaginal or periurethral flora isolated 
from voided specimens, and this quantitative criterion dis-
tinguishes bacteriuria from contamination. Application of 
this quantitative standard is always appropriate for the diag-
nosis of asymptomatic bacteriuria, but for symptomatic 
cases, the quantitative urine culture results must be inter-
preted in the context of the clinical presentation and with 
consideration of the method of specimen collection (Table 
37.3). Bacteria require several hours of incubation in 
bladder urine to achieve a concentration of 105 CFU/mL 
or higher. Some patients with frequency or diuresis may not 
retain urine in the bladder for a sufficient time to achieve 

immune response may predispose to acute pyelonephritis 
or asymptomatic bacteriuria.12,17

Infecting organisms in the urinary tract activate uroepi-
thelial cells through Toll-like receptors, resulting in cytokine 
production, particularly of interleukin-6 (IL-6) and IL-8 
(CXCL8). These cytokines recruit neutrophils and other 
immunocompetent cells to the kidney and bladder.9,12 Che-
mokine and cytokine elaboration follow both direct stimula-
tion of uroepithelial cells by bacterial lipopolysaccharide 
and bacterial adherence to epithelial cells.18 The chemotac-
tic cytokine IL-8 is released at the mucosal site and recruits 
polymorphonuclear leukocytes, resulting in pyuria. Urine 
and serum IL-6 concentrations are correlated with the sever-
ity of infection. The highest levels occur in patients with 
pyelonephritis. Systemic elaboration of IL-1β and IL-6 pro-
duces fever and activation of the acute phase response. The 
acute inflammatory infiltrate of polymorphonuclear leuko-
cytes that develops in renal tissue during pyelonephritis 
limits bacterial spread and persistence within the kidney but 
also contributes to tissue damage and renal scarring.

Both IL-6 and IL-8 are also secreted by the bladder uro-
thelium in direct response to bacterial antigens, including 
lipopolysaccharide.19 IL-8 induces a rapid influx of neutro-
phils into the bladder, with subsequent phagocytosis and 
clearance of bacteria. This innate immune response rapidly 
clears most uropathogenic E. coli organisms from the 
bladder, but it does not produce a sterilizing immunity in 
murine models.19 In humans, bacteriuria often persists 
despite marked pyuria. A vigorous local and systemic 
humoral immune response occurs in patients with pyelone-
phritis.8,13 The antibody response is directed against surface 
antigens of the infecting bacteria, including O antigens, and 
surface proteins such as the type 1 (FimH) and P fimbriae, 
which are major adhesins of E. coli.19,20 IgM antibodies domi-
nate the systemic humoral response in the first episode of 
infection in the upper urinary tract, but subsequent epi-
sodes are characterized by an IgG response. In pyelonephri-
tis, elevations of IgG antibodies to lipid A are correlated with 
severity of renal infection and parenchymal destruction. 
There is also a substantial urinary IgG and secretory IgA 
antibody response. Despite this robust response, the protec-
tive role, if any, of the antibody response in pyelonephritis 
is not clear. Bacteria often persist in the renal parenchyma 
despite very high levels of specific antibodies. In addition, 
in women who do not produce secretory IgA, the frequency 
of urinary tract infection is not increased.

IgA-producing plasma cells are found in higher numbers 
in the bladder submucosa of patients with bacterial cystitis 
than in healthy controls. However, acute cystitis is associated 
with a reduced or undetectable serologic response, presum-
ably reflecting the superficial nature of the infection. The 
local immune response is of short duration and is reacti-
vated for each infection. This limited immunologic response 
to bladder infection may explain why early reinfection with 
the same E. coli strain is observed in some women with acute 
cystitis. However, animal studies have reported some protec-
tion against same-strain reinfection by systemic and local 
antibodies.19

Cell-mediated immunity appears to have a limited role in 
the host defense against urinary tract infection. A small 
number of mucosal T lymphocytes are present throughout 
the urinary tract, and both CD4+ and CD8+ T cells can be 
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Table 37.3  Quantitative Counts of Bacteria in 
the Urine for Microbiologic Diagnosis 
of Urinary Tract Infection in Patients 
Not Receiving Antimicrobial Therapy

Collection Method
Quantitative 
Criteria (CFU/mL)

Voided specimen:
 Asymptomatic women or men ≥105*
 Women: acute uncomplicated
  Cystitis ≥103

  Pyelonephritis ≥104†

 Men: Symptomatic ≥103

External condom collection ≥105

Catheter:
 In-and-out
 Indwelling‡

≥102

  Asymptomatic ≥105

  Symptomatic ≥102

Suprapubic or percutaneous aspiration Any growth

*Two consecutive specimens are recommended for women.
†In 95% of cases, values ≥ 105 colony-forming units (CFU) per 

milliliter.
‡A long-term catheter should be replaced and the specimen 

collected through a new catheter.

the concentration of 105 CFU/mL or higher. Quantitative 
counts may also be lower when infection is caused by  
some fastidious organisms or if the patient is receiving a 
urinary antiseptic. For symptomatic men, a single urine 
specimen in which 103 CFU/mL or more of a uropathogen 
is isolated is diagnostic for bladder bacteriuria, on the basis 
of paired comparisons of voided specimens and suprapubic 
aspirates.

A urine specimen obtained by suprapubic aspiration or 
other percutaneous collection method such as renal pelvis 
drainage is assumed to be a sterile specimen, and any quan-
titative count of an organism represents true bacteriuria. 
However, in specimens collected by an in-and-out catheter, 
contaminating organisms are introduced from the periure-
thral area, and a quantitative criteria of 102 CFU/mL or 
higher is recommended. Other relevant considerations in 
interpreting a urine culture result include the number and 
type of organisms isolated. A single infecting organism is 
usual, but in patients with complicated urinary tract infec-
tion, particularly those with indwelling urinary devices, 
more than one organism is frequently present. Commensal 
bacteria of the normal skin flora, such as diphtheroids and 
coagulase-negative staphylococci, usually represent contam-
inants when they are isolated from voided urine specimens. 
In young healthy women, group B streptococci and Entero
coccus species isolated in any quantitative count are also 
usually contaminants.

PHARMACOKINETIC AND PHARMACODYNAMIC 
CONSIDERATIONS FOR TREATMENT

Therapeutic success in the treatment of cystitis depends on 
antimicrobial levels in the urine. Antimicrobial levels in 

renal tissue, which are correlated with serum levels, deter-
mine outcome for pyelonephritis.24 Treatment of urinary 
tract infection is unique in some respects because of the 
exceptionally high urine concentrations achieved by many 
antimicrobial agents excreted into the urine (Table 37.4). 
The urine concentration is determined by the interplay of 
glomerular filtration, active tubular secretion, and tubular 
reabsorption, all influenced by pH, protein binding, and 
the molecular structure of the drug. Cystitis and pyelone-
phritis may be successfully treated with antimicrobial agents 
at minimum inhibitory concentrations (MICs) to which the 
infecting organism would not usually be considered suscep-
tible. The “intermediate” susceptibility designation reported 
by the clinical microbiology laboratory implies clinical effi-
cacy in body sites where antimicrobial agents are physiologi-
cally concentrated, such as the urine, and is relevant to 
treatment of urinary tract infection. Thus, when an organ-
ism isolated from the urine is reported to have intermediate 
susceptibility to an antimicrobial agent, the drug is usually 
appropriate for treatment of urinary tract infection with 
that organism. The urine bactericidal activity of some anti-
microbial agents is modified by the urine pH. Penicillins, 
tetracyclines, and nitrofurantoin are more active in acidic 
urine, and aminoglycosides, fluoroquinolones, and erythro-
mycin are more active in alkaline urine. This pH variability 
has not, however, been shown to be relevant for therapeutic 
outcomes, with the exception of methenamine salts, for 
which an acidic pH is necessary to release formaldehyde, 
the active component.

The prostate is a unique compartment for consideration 
of antimicrobial efficacy. There are no active antibiotic 
transport mechanisms for the gland and most antibiotics 
penetrate poorly into prostate tissue and fluid.25,26 The inte-
rior of the gland is an acidic environment. Drug entry and 
activity depend on concentration gradient, protein binding, 
lipid solubility, molecular size, local pH, and pKa of the 
antimicrobial agent. Alkaline drugs such as trimethoprim 
diffuse into the prostate and are trapped, and high concen-
trations are thus achieved, but the drug remains in an  
inactive, ionized form. Fluoroquinolones and macrolides, 
however, penetrate well and remain active.

Current pharmacodynamic models for antimicrobial 
treatment of infection distinguish between time-dependent 
and concentration-dependent bacterial killing. Bacterial 
killing by β-lactam antimicrobial agents is time dependent; 
the therapeutic efficacy depends on how long the concen-
tration of the antimicrobial agent remains above the MIC 
of the infecting organism. Bacterial killing by fluoroquino-
lones and aminoglycosides is concentration dependent; the 
therapeutic efficacy is measured by the ratio of peak antimi-
crobial concentration to MIC, or the ratio of the area under 
the curve to MIC. A pharmacodynamic model in which the 
urine bactericidal titer replaces the MIC has been applied 
to predict optimal dosing regimens for antimicrobial treat-
ment of urinary tract infection.24,27 The validity of these 
models for urinary tract infection, however, still requires 
confirmation in clinical trials.28,29 In particular, the relevance 
to treatment of complicated urinary tract infection is uncer-
tain because impaired renal function, voiding abnormali-
ties, and the presence of biofilms introduce variability that 
may affect antimicrobial efficacy.27
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Table 37.4  Urinary Excretion of Antimicrobial Agents in Persons with Normal Renal Function

Antimicrobial Agent

% of Absorbed Drug Excreted Renally 
as Parent Metabolites (Active 
Metabolites)*

Usual Dosage for Normal  
Renal Function†

Penicillins

Penicillin G 80 1-2 million U IV q4-6h
Amoxicillin 90 500 mg PO tid
Amoxicillin/clavulanic acid Clavulanate: 20-60 500 mg PO tid or 875 mg PO bid
Ampicillin 90 (10) 1-2 g IV q6h
Cloxacillin 35-50 1-2 g IV q4-6h
Piperacillin 50-80 200-300 mg/kg/day IV qid
Piperacillin/tazobactam Tazobactam: 60-80 3.375 g IV q6h
Pivmecillinam 45 200-400 mg bid or tid

Cephalosporins

Cephalexin >80 (18) 500 mg PO qid
Cefazolin >80 1 g IV q8h
Cefuroxime >80 250-500 mg PO bid
Cefotaxime 50-60 (30) 1 g IV q8h
Ceftriaxone 50 1-2 g IV q24h
Cefepime 85 1-2 g PO q12h
Cefixime 15-20 400 mg PO qd
Cefpodoxime 20-35 100-200 mg PO q12h
Cefprozil 60 250-500 mg PO q12h
Ceftazidime 80-90 1-2g IV q8-12h
Ceftaroline 50 600 mg I V q12h

Macrolides, Lincosamides

Erythromycin 5-15 500 mg PO qid or 1g IV q6h
Clindamycin ≤6 (some active metabolites) 150-300 mg PO tid or 600-900 mg IV q6-8h
Clarithromycin 20-30 (10-15) 250-500 mg PO q12h
Azithromycin 6 500 mg PO qd

Aminoglycosides

Gentamicin 99 5 mg/kg/day IV in 1-3 divided doses
Tobramycin 99 5 mg/kg/day IV in 1-3 divided doses
Amikacin 99 15 mg/kg/day IV in 1-3 divided doses

Carbapenems

Imipenem/cilastatin 70-76 500 mg IV q6h
Meropenem 70-80 500 mg to 1 g IV q6-8h
Ertapenem 40 1g IV q24h
Doripenem 70 (15) 500 mg q8h

Fluoroquinolones

Norfloxacin 25-40 (10-20) 400 mg bid
Ciprofloxacin 40 (10-20) 250-750 mg PO or 400 mg IV bid
Levofloxacin 70-80 250-750 mg PO or IV q24h
Moxifloxacin 20 400 mg PO or IV q24h

Other Antibacterials

Vancomycin >90 1 g IV q12h
Teicoplanin >90 6-12 mg/kg IV q12h
Dalbavancin 42 1g IV
Daptomycin 54 4 mg/kg IV q24h
Linezolid 35 600 mg PO or IV q12h
Tigecycline 32 250-500 mg IV q6h div q12h
Colistin 64-70 1.5-2.5 mg/kg/day
Trimethoprim 66-95 100 mg PO q12h
Sulfamethoxazole 20-40
Trimethoprim/sulfamethoxazole 180/800 mg PO bid
Nitrofurantoin monohydrate/macrocrystals 40-60 50-100 mg PO q6h

Continued on following page
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USUAL PRESENTATIONS OF URINARY 
TRACT INFECTION

ACUTE UNCOMPLICATED URINARY TRACT 
INFECTION: CYSTITIS

EPIDEMIOLOGY
Acute uncomplicated urinary tract infection manifesting as 
acute cystitis is a common syndrome that affects otherwise 
healthy women.1 About 10% of young, sexually active, pre-
menopausal women experience a urinary tract infection 
each year, and 60% of all women have one or more such 
infections in their lifetimes.30 From 2% to 5% of women 
experience frequent recurrent infection for at least some 
period. After a first episode of cystitis, 21% of female college 
students in one study reported a second infection within 6 
months.31 Among postmenopausal women aged 55 to 75 
years who were enrolled in a Seattle health group, the inci-
dence was seven infections per 100 patient-years; in 24 
months, 7% of women had one infection, 1.6% had two 
infections, and 1% had three or more infections.32 Despite 
the frequency of this condition, there has been little system-
atic evaluation of the impact on quality of life.33 Acute cys-
titis is associated with considerable short-term morbidity, 
with female college students reporting that symptoms  
persisted for an average of 6.1 days.2 In another survey of 
ambulatory women with cystitis, the mean duration of symp-
toms was reported to be 4.9 days, and for 63% of patients, 
their usual activities were compromised by the infection.34 

However, despite the large number of women affected, 
including many with frequent recurrence of infection, there 
is no long-term morbidity. Acute uncomplicated urinary 
tract infection is uncommon in healthy young men, with an 
estimated incidence of less than 0.1% per year.

PATHOGENESIS
Microbiology

Acute uncomplicated urinary tract infection is primarily a 
disease of extraintestinal pathogenic E. coli, also referred to 
as uropathogenic E. coli. These organisms are isolated in 80% 
to 85% of episodes of acute cystitis.32,35 Infection occurs via 
the ascending route after bacterial strains that usually origi-
nate in the gut flora colonize the vagina or periurethral 
area.6 Although urethral colonization with a potential uro-
pathogen appears to be a prerequisite for infection, cystitis 
does not subsequently develop in most women with periure-
thral colonization.6 Strains of E. coli that colonize the peri-
urethral area and subsequently cause urinary tract infection 
belong to a restricted number of phylogenetic E. coli groups 
and more frequently express diverse virulence factors than 
do periurethral strains that do not cause symptomatic infec-
tion.36,37 A necessary characteristic for establishing bladder 
infection is production of FimH, an adhesin attaching to 
receptors on uroepithelial cells.38 This surface protein, 
however, is common on E. coli strains, regardless of whether 
they cause infection. Other potential urovirulence charac-
teristics include adhesins, iron sequestration systems, and 
toxins.37 However, the putative virulence factors produced 

Table 37.4  Urinary Excretion of Antimicrobial Agents in Persons with Normal Renal Function (Continued)

Antimicrobial Agent

% of Absorbed Drug Excreted Renally 
as Parent Metabolites (Active 
Metabolites)*

Usual Dosage for Normal  
Renal Function†

Fosfomycin tromethamine 30-60 3g, one dose
Doxycycline 20-30 100 mg PO bid
Aztreonam 66 1-2 g IV q6-8h
Metronidazole 15 (30-60) 500 mg PO or IV tid
Rifampin <10/50 600 mg PO qd

Antifungals

Amphotericin B deoxycholate <10 0.5-1 mg/kg IV qd
Amphotericin B lipid formulations <1 1-5 mg/kg/day IV
5-Flucytosine 90 100-150 mg/kg/day PO in 4 divided doses
Ketoconazole <10 400 mg PO qd
Fluconazole 80 100-400 mg PO or IV q24h
Itraconazole <1 200 mg bid PO or IV × 2 days, then 200 mg 

PO qd
Voriconazole <1 6 mg/kg IV × 1 dose, then 200 mg IV bid; 

200-mg PO bid × 1 day, then 100 mg bid
Posaconazole <1 400 mg PO bid
Caspofungin <1 70-mg loading dose, then 50 mg IV q24h
Micafungin <1 50-100 mg IV q24h
Anidulafungin <1 100- to 200-mg IV loading dose, then 

50-100 mg IV q24h

*Except where noted, values are the proportion of dose renally excreted unchanged.
†Not all antimicrobial agents have an indication for urinary tract infection.
bid, Twice a day; IV, intravenous; PO, by mouth; qd, once a day; qid, four times a day; tid, twice a day.
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The most important behavioral association of urinary 
tract infection in premenopausal women is sexual inter-
course.1,2,51 In young, sexually active women, 75% to 90% of 
episodes are attributable to intercourse, and there is a cor-
relation between frequency of intercourse and frequency of 
infection.50 Intercourse appears to promote infection by 
facilitating ascension of organisms from the periurethral 
area into the bladder. Spermicide use for birth control is 
another independent behavioral risk factor for acute cystitis 
in premenopausal women. The frequency of recurrent 
infection is at least twice as high among women who use 
spermicides as among women who do not.50 Spermicides are 
bactericidal for the hydrogen peroxide–producing lactoba-
cilli of the normal vaginal flora, which maintain the acidic 
pH. If these bacteria are not present, elevation of vaginal 
pH facilitates colonization with potential uropathogens, 
such as E. coli. Case-control studies have consistently 
demonstrated that behavioral variables popularly identified 
as risks for cystitis—such as type of underwear, bathing 
rather than showering, postcoital voiding, frequency of 
voiding, perineal hygiene practices, vaginal douching, and 
tampon use—are not associated with an increased risk of 
infection.52

A history of prior urinary tract infection at a younger age 
is the strongest association of recurrent acute cystitis in 
postmenopausal women.53-55 Sexual intercourse is not an 
important contributor.55,56 Estrogen deficiency has been 
proposed to promote recurrent urinary tract infection in 
these women through alterations in vaginal flora, including 
replacement of lactobacilli by potential uropathogens. 
However, prospective cohort studies and case-control studies 
uniformly demonstrate no association of oral or topical 
estrogen use with recurrent urinary tract infection, regard-
less of restoration of vaginal lactobacilli and acid pH.57 
Acute uncomplicated urinary tract infection in men is 
uncommon, but reported risk factors have included inter-
course with a female partner with recurrent urinary tract 
infection, not being circumcised, and anal intercourse.

DIAGNOSIS
The classic clinical manifestation of symptomatic lower 
urinary tract infection is the acute onset of one or more 
irritative bladder symptoms, such as urgency, frequency, 
dysuria, stranguria, and hesitancy.1 Gross hematuria is also 
common. The differential diagnosis includes sexually trans-
mitted infections, vulvovaginal candidiasis, and noninfec-
tious syndromes such as interstitial cystitis. The combination 
of new-onset frequency, dysuria, and urgency, together with 
the absence of vaginal discharge and pain, has a positive 
predictive value for acute cystitis of 90%.58 Women who 
experience recurrent infection also have more than 90% 
accuracy in self-diagnosis on the basis of symptoms.2

A urine culture is not recommended routinely for women 
with a clinical presentation consistent with acute uncompli-
cated cystitis.45,59 The utility of the urine culture is limited 
by the reliability of the clinical diagnosis, predictable micro-
biology, and prompt clinical response with short-course 
empirical antimicrobial therapy. Final culture results are 
often not available until therapy is completed, and quantita-
tive bacterial counts of less than 105 CFU/mL are isolated 
in as many as 30% of women with acute cystitis.60 Therefore, 
interpretation of culture results may be problematic.1,45 In 

by strains isolated from symptomatic infection overlap with 
those produced in asymptomatic infection, and no single 
characteristic is uniquely correlated with symptomatic infec-
tion.39 Uropathogenic E. coli strains may be acquired during 
travel and from ingestion of food or water, and are transmit-
ted among household members, including pets, and 
between sexual partners.40,41 Clonal outbreaks may occur 
with transmission of a single strain within a community or 
larger geographic area.42

S. saprophyticus, a coagulase-negative staphylococcal 
species, is an organism virtually unique to acute cystitis. It is 
the second most frequently isolated species (in 5% to 10% 
of episodes), and there is a seasonal variation of infection, 
with isolation more common in late summer or fall. Genetic 
elements described in the S. saprophyticus genome that may 
promote urovirulence include adhesins, transport systems 
to support growth in urine, and urease production.43 Other 
Enterobacteriaceae, most commonly K. pneumoniae, are iso-
lated in fewer than 5% of premenopausal women but in 
10% to 15% of postmenopausal women.32,44 Gram-positive 
organisms such as Enterococcus species and group B strepto-
cocci are uncommon pathogens in premenopausal women. 
Salmonella species and bacteria associated with sexually 
transmitted infections, such as Ureaplasma urealyticum, Gard
nerella vaginalis, and Mycoplasma hominis, are occasionally 
isolated.45

Acute uncomplicated urinary tract infection recurs fre-
quently and is characteristically reinfection. In as many as 
30% of early reinfections—those occurring within 1 month 
of treatment of an episode of acute cystitis—an E. coli strain 
similar to the pretherapy strain is isolated. This finding is 
assumed to be a consequence of failure of the antimicrobial 
therapy to eliminate virulent strains from the gut or vaginal 
flora reservoirs.2 Intracellular persistence of E. coli in uro-
epithelial cells is an alternative mechanism proposed to 
explain same-strain recurrence, on the basis of observations 
in animal studies.46,47 However, prospective studies in women 
document periurethral colonization prior to infection  
onset for most episodes,48 and the contribution of an intra-
cellular reservoir to recurrent acute uncomplicated cystitis 
in humans remains uncertain.

Host Factors

Acute, uncomplicated urinary tract infection is a conse-
quence of the interaction of a virulent organism with host 
genetic susceptibility and behavioral variables.8,11 The notion 
of genetic propensity is supported by two consistent observa-
tions: (1) an increased frequency of urinary tract infection 
in first-degree female relatives of women with recurrent 
infection1,49 and (2) the fact that infection at a younger age 
is a major risk factor for recurrent cystitis in women of any 
age.1,32,49 One well-characterized genetic association is being 
a nonsecretor of the ABH blood-group antigens.49,50 Women 
with recurrent urinary tract infection are at least three times 
more likely to be nonsecretors than are those without recur-
rent infection. Nonsecretors express cell-surface glycosphin-
golipids on the vaginal epithelium and, presumably, urethral 
mucosa that differ from those expressed by secretors and 
that bind uropathogenic E. coli more avidly.11 Other poten-
tial genetic determinants include genetic polymorphisms of 
the IL-8 receptor CXCR1, Toll-like receptors, and the tumor 
necrosis factor promoter.11
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series, 72% of women reported complete symptom resolu-
tion by the fourth day of effective treatment.34

Many antimicrobial agents are effective for treatment of 
acute cystitis (Table 37.5). The anticipated cure rate for 
recommended first-line empirical regimens is 80% to 95%.66 
Trimethoprim/sulfamethoxazole (TMP/SMX) has been a 
mainstay of empirical treatment of acute cystitis for decades 
and remains highly effective against susceptible organ-
isms.66,67 However, increasing rates of TMP/SMX resistance 
in community E. coli isolates compromise the use of this 
agent as first-line empirical therapy. Some antimicrobial 

fact, urine culture results are negative in as many as 10% of 
women with a characteristic clinical presentation, and these 
women have a clinical response to antimicrobial therapy 
similar to that of women with positive cultures.60 This high 
proportion of women who have low quantitative counts of 
organisms in the urine culture has been suggested to reflect 
urethritis, rather than cystitis. However, both urinary fre-
quency and increased fluid intake are characteristic of 
patients with acute cystitis. Thus, the limited dwell time of 
urine in the bladder seems the likely explanation for the 
observation of a high frequency of urine cultures with lower 
quantitative counts. Culture results may be negative because 
organisms are present in quantitative counts below the level 
of detection by standard laboratory procedures (usually 
<103 CFU/mL) or because fastidious organisms may not be 
identified by routine laboratory procedures used in process-
ing urine specimens.

A urine specimen for culture should be obtained, however, 
from selected women with possible acute uncomplicated 
urinary tract infection. When the clinical presentation is not 
characteristic, a urine culture may help confirm or exclude 
the diagnosis of urinary tract infection. Failure to respond 
to appropriate empirical antimicrobial therapy or an early 
(<1 month) symptomatic recurrence after therapy is sugges-
tive of infection with a resistant organism. In these situa-
tions, a urine culture should be obtained to confirm whether 
antimicrobial resistance is present and to facilitate selection 
of an effective alternative regimen.

The presence of pyuria, identified by routine urinalysis 
or leukocyte esterase dipstick testing, is a consistent accom-
paniment of acute cystitis.1,59 The absence of pyuria is sug-
gestive of an alternative diagnosis but does not rule out 
urinary tract infection in women with a consistent clinical 
presentation.1,61-63 Thus, routine screening for pyuria is not 
recommended in the management of women presenting 
with presumed acute cystitis.1,59 A urine nitrite dipstick test 
screens for the presence of bacteria, rather than leukocytes, 
and results are usually positive in women with infection.63 
False-negative nitrite test results may occur when there is 
infection with bacteria that do not reduce nitrate, such as 
Enterococcus species, or when urine has not been retained in 
the bladder a sufficient time to allow bacteria to convert 
nitrate to nitrite. Nitrite tests uncommonly have false-
positive results, but these may occur when blood, urobilino-
gen, or some dyes are present in the urine.

TREATMENT
For many women, the natural history of acute uncompli-
cated cystitis is spontaneous clinical and microbiologic reso-
lution within a few days or weeks. In a clinical trial in which 
subjects were randomly assigned to receive antibiotic therapy 
or placebo, 28% of 277 women who received placebo were 
asymptomatic by 1 week, and 45% had negative culture 
results by 6 weeks.64 In another study, 54% of women who 
received placebo were asymptomatic by 3 days and 52% at 
7 days.65 However, antimicrobial treatment is associated with 
a significantly shorter duration of symptoms. The rates of 
clinical cure were 77% with nitrofurantoin, in comparison 
with 54% with placebo at 3 days, and 88% and 52%, respec-
tively, at 7 days.65 After initiation of antimicrobial therapy, 
54% of women reported symptom improvement by 6 hours, 
87% by 24 hours, and 91% by 48 hours. In another case 

Table 37.5  Preferred Antimicrobial Regimens for 
Treatment or Prevention of Acute 
Uncomplicated Urinary Cystitis in 
Women with Normal Renal Function

First-Line Therapy Other Therapy

Acute Cystitis

TMP/SMX, 160/800 mg bid 
× 3 days

Nitrofurantoin, 50-100 mg 
qid, or monohydrate/
macrocrystals, 100 mg 
bid × 5 days*

Pivmecillinam, 400 mg bid × 
5 days or 200 mg bid × 7 
days*

Fosfomycin trometanol, 3 g 
single dose*

Norfloxacin, 400 mg bid × 3 
days

Ciprofloxacin, 250 mg bid, or 
extended-release 
preparation, 500 mg qd × 3 
days

Levofloxacin, 250-500 mg qd × 
3 days

Trimethoprim, 100 mg bid × 3 
days

Amoxicillin 500 mg tid × 7 
days*

Amoxicillin/clavulanic acid, 
500 mg tid or 875 mg bid × 
7 days*

Cephalexin, 250-500 mg qid × 
7 days*

Cefpodoxime proxetil, 100 mg 
bid × 3 days

Cefuroxime axetil, 500 mg bid 
× 7 days*

Cefixime, 400 mg qd × 7 days*
Doxycycline, 100 mg bid × 7 

days

Prophylaxis

Long-Term Low-Dose Regimens (at Bedtime)

Nitrofurantoin, 50 mg qd,  
or monohydrate/
macrocrystals, 100 mg qd

TMP/SMX, 40/200 mg od or 
every other day

Cephalexin, 500 mg qd*
Norfloxacin, 200 mg every 

other day
Ciprofloxacin, 125 mg qd
Trimethoprim, 100 mg qd

Postcoital (Single-Dose) Regimen

TMP/SMX, 40/200 mg or 
80/400 mg

Trimethoprim, 100 mg
Nitrofurantoin, 50 or 100 mg*

Cephalexin, 250 mg*
Norfloxacin, 200 mg
Ciprofloxacin, 125 mg

*Recommended for pregnant women.
bid, Twice a day; PO, by mouth; qd, once a day; qid, four times 

a day; tid, twice a day; TMP/SMX, trimethoprim/
sulfamethoxazole.
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as antimicrobial therapy for managing acute episodes but 
requires confirmation in further clinical trials.

OTHER INVESTIGATIONS
Young women with a characteristic clinical presentation and 
prompt response following appropriate empirical therapy 
do not require further diagnostic imaging or urologic inves-
tigation.78 Fewer than 5% of these women have urologic 
abnormalities, and the few women in whom abnormalities 
are identified usually do not require further intervention. 
However, investigation may be appropriate to rule out alter-
native pathologic processes when the diagnosis is uncertain 
or clinical presentation is atypical.

RECURRENT INFECTION
Episodes of acute cystitis recur frequently in many women. 
Effective control can be achieved with low-dose prophylactic 
antimicrobial therapy given either daily or every other day 
at bedtime or after intercourse (see Table 37.5). This strat-
egy is recommended for women who experience more than 
two episodes in 6 months. The initial course of prophylaxis 
lasts 6 or 12 months. Antimicrobial prophylactic therapy 
decreases recurrent symptomatic episodes by about 95% 
while the agent is being taken, but it does not alter the 
frequency of recurrent infection once prophylaxis is discon-
tinued. About 50% of women experience reinfection within 
3 months of discontinuing prophylaxis. Reinstitution of pro-
phylaxis for as long as 2 years is appropriate for these 
women. Self-treatment is another effective strategy for man-
aging recurrent infections; this approach is often preferred 
by women who are traveling or who experience less frequent 
recurrences.2 A 3-day course of TMP/SMX or ciprofloxacin 
has been shown to be effective for empirical self-treatment 
in clinical trials, but other regimens are also probably 
effective.

The only feasible behavioral intervention to prevent 
recurrent urinary tract infection is to avoid spermicide use. 
Other proposed nonantimicrobial approaches for preven-
tion include daily intake of cranberry products, oral  
or vaginal probiotics to reestablish normal vaginal flora,  
and estrogen replacement for postmenopausal women.79,80 
Initial studies reported that daily intake of cranberry juice 
or tablets decreased episodes of recurrent cystitis by 30% in 
comparison with placebo.81 The proposed mechanism for 
this effect is inhibition of the P fimbria–mediated adher-
ence of E. coli to uroepithelial cells by the proanthocyani-
dins present in cranberry products and excreted in the 
urine. However, later large clinical trials reported no benefit 
of daily cranberry juice in comparison with placebo82 and 
that cranberry capsules were less effective than TMP/SMX 
prophylaxis.83 Although one clinical trial reported some effi-
cacy of a Lactobacillus crispatus probiotic to prevent recurrent 
infection,84 other trials of oral or vaginal Lactobacillus 
probiotics have reported no efficacy of these products in 
preventing urinary tract infection.85,86 The role of estrogen 
replacement to prevent urinary tract infection in postmeno-
pausal women is controversial.2,87 In prospective clinical 
trials, researchers have uniformly reported no benefit of 
systemic estrogen over placebo, despite restoration of an 
acidic vaginal pH and increased vaginal colonization with 
lactobacilli in subjects who received estrogen.57 Two small 
clinical trials comparing vaginal estrogen with placebo in 

agents—nitrofurantoin, pivmecillinam, and fosfomycin—
have indications largely restricted to acute cystitis. These 
drugs do not induce cross-resistance with other classes of 
antimicrobial agents and to date, limited resistance has 
been observed in community uropathogens. Thus, they are 
ecologically attractive for treatment of acute cystitis.66 Fosfo-
mycin and pivmecillinam, however, are not available in all 
countries, and results of clinical trials suggest that these 
agents may be 5% to 10% less effective than TMP/SMX or 
fluoroquinolones. The fluoroquinolones—norfloxacin, cip-
rofloxacin, and levofloxacin—are not generally recom-
mended as first-line therapy because of concerns that their 
widespread use will lead to the emergence of resistance. 
Fluoroquinolones with limited urinary excretion, such as 
moxifloxacin, are not indicated for treatment of urinary 
tract infection.

β-Lactam antimicrobial agents, including amoxicillin, 
amoxicillin/clavulanic acid, and cephalosporins, are 
reported to be 10% to 15% less effective than first-line 
agents.66,68 The β-Lactam agents are useful, however, for 
treatment in pregnant women because they are safe for the 
fetus.45 To limit adverse effects, cost, and emergence of bac-
terial resistance, the shortest effective duration of antimicro-
bial therapy should be prescribed. For TMP/SMX and the 
fluoroquinolones, 3 days is optimum.66 The duration of 
nitrofurantoin therapy is 5 days.69 For β-lactam antimicro-
bial agents, 7 days is recommended; shorter courses are less 
effective. Fosfomycin is given as a single dose; multiple doses 
of this antimicrobial are associated with rapid emergence of 
resistance. Single-dose therapy is not recommended for 
other agents because a single dose is generally 5% to 10% 
less effective than the recommended longer regimens.45,66

The antimicrobial susceptibility of uropathogenic E. coli 
strains acquired in the community evolves continually in 
response to antimicrobial pressure.35,70,71 Resistance in 
community isolates has compromised the efficacy of ampi-
cillin, cephalosporins, and TMP/SMX for use as empirical 
therapy, and growing resistance to fluoroquinolones has 
been reported.35 Recent prior antimicrobial therapy is most 
strongly associated with isolation of a resistant organism.72 
Treatment of cystitis with an antimicrobial agent to which 
the infecting organism is resistant is associated with a high 
failure rate, despite very high urinary levels of the drug.73,74 
In fact, cure rates when the organism is resistant to the 
antimicrobial agent are similar to those reported with 
placebo: about 50%. If the local prevalence of resistance  
to an antimicrobial agent in community E. coli strains 
exceeds 20%, that agent should not be used for first-line 
empirical therapy.66 The current expansion of extended-
spectrum β-lactamase (ESBL)–producing E. coli in commu-
nity-acquired infections is of particular concern because 
these strains are usually also resistant to TMP/SMX and 
fluoroquinolones.75 Optimal treatment of infection with 
ESBL-producing E. coli is not yet well defined. Nitrofuran-
toin, fosfomycin trometanol, and pivmecillinam currently 
remain effective for many of these strains. Amoxicillin/
clavulanic acid may also be effective for some strains.76

A 2010 pilot study reported similar resolution of cystitis 
symptoms whether treatment was given with an antimicro-
bial, with ciprofloxacin, or with only the nonsteroidal anti-
inflammatory ibuprofen.77 This preliminary observation 
suggests that symptom treatment alone may be as effective 
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nephritis through induction of mucosal inflammation.37,98 A 
familial susceptibility to pyelonephritis has been reported 
and attributed to polymorphisms with decreased expression 
of the IL-8 receptor.99 Other genetic and behavioral risk 
factors for pyelonephritis in healthy women are similar to 
those described for acute uncomplicated cystitis.97 For pre-
menopausal women, these associations are frequency of 
sexual intercourse, history of urinary tract infection, history 
of urinary tract infection in the patient’s mother, a new 
sexual partner, and recent spermicide use. The strongest 
association is with recent sexual intercourse. Diabetes is also 
an independent risk factor for pyelonephritis. Young dia-
betic women are 15 times more likely to be hospitalized for 
pyelonephritis than age-matched nondiabetic women. 
Behavioral risk factors associated with pyelonephritis in 
postmenopausal women have not yet been described.

DIAGNOSIS
The classic clinical manifestation of renal infection is costo-
vertebral angle pain or tenderness, often accompanied by 
fever and variable lower urinary tract symptoms. There is a 
wide spectrum of severity, however, from mild irritative 
symptoms with minimal costovertebral angle tenderness to 
severe symptoms that may include high fever, nausea and 
vomiting, and severe pain. Acute cholecystitis, renal colic, 
and pelvic inflammatory disease are occasionally confused 
with pyelonephritis. When patients present with severe 
symptoms, underlying complicating factors such as obstruc-
tion and abscess must be excluded. A urine specimen for 
culture should be obtained before initiation of antimicro-
bial therapy in every case of suspected pyelonephritis. The 
culture will confirm the diagnosis of urinary tract infection 
and identify the specific infecting organism and susceptibili-
ties so that antimicrobial therapy can be optimized. In 95% 
of women with pyelonephritis, 105 CFU/mL of organisms 
or more are isolated from the urine culture.

Bacteremia is identified in 10% to 25% of women pre-
senting with acute pyelonephritis if blood culture specimens 
are collected routinely. However, the clinical utility of 
routine blood cultures is limited because bacteremia does 
not alter therapy, nor is it predictive of outcome.100,101 Thus 
blood cultures should be obtained selectively, usually only 
if the diagnosis is uncertain or the clinical presentation is 
severe. Growth of the same organism from both blood and 
urine usually confirms a urinary source for the infection. 
However, bacteria isolated from the urine are occasionally 
attributable to bacteremia from a source outside the urinary 
tract. This finding may reflect hematogenous seeding with 
development of renal microabscesses, which is well described 
for Staphylococcus aureus in particular.102 The proportion of 
cases in which S. aureus bacteriuria has a nonurinary source, 
however, is controversial.102,103

Additional investigations recommended for most patients 
presenting with acute pyelonephritis are measurements of 
peripheral leukocyte count and serum creatinine level. The 
leukocyte count is usually elevated and may be useful as a 
parameter to monitor the response to therapy. C-reactive 
protein and procalcitonin values are elevated in most 
women with acute pyelonephritis and tend to correlate  
with severity of presentation.2,104,105 The serum procalcitonin 
value at presentation is a marker for bacteremia106 and 
septic shock,107 but it does not reliably discriminate between 

postmenopausal women with frequent, recurrent infection 
demonstrated a decreased frequency of symptomatic epi-
sodes in women treated with topical estrogen therapy, but 
in a comparative trial, an estrogen-containing pessary was 
substantially less effective than nitrofurantoin prophy-
laxis.57,88 Currently, topical vaginal estrogen should only be 
considered for use to prevent infection in selected women 
with a very high frequency of recurrent infection.

Several other potential nonantimicrobial approaches  
for prevention of recurrent urinary tract infection are  
under investigation.46,89,90 These include strategies to block 
bacterial FimH adhesion, vaccination using FimH or iron 
receptors, and immune stimulation with heat-killed whole 
bacteria.90 The clinical efficacy of any of these interventions 
remains uncertain.

ACUTE NONOBSTRUCTIVE PYELONEPHRITIS

EPIDEMIOLOGY
Pyelonephritis is a less common manifestation of acute 
uncomplicated urinary tract infection than cystitis. The 
ratio of pyelonephritis to cystitis episodes is reported to be 
between 18 : 1 and 29 : 1 in women with recurrent infection.2 
The highest incidence is among women aged 20 to 30 years. 
Pyelonephritis is associated with substantial morbidity; hos-
pitalization is required for as many as 20% of affected non-
pregnant women.91 Severe manifestations such as sepsis 
syndrome are, however, uncommon. Acute pyelonephritis 
complicates 1% to 2% of pregnancies. When this complica-
tion occurs at the end of the second trimester or early in 
the third trimester, preterm labor and delivery may occur 
and lead to poor fetal outcomes, as with any febrile illness 
in later pregnancy.92

Acute nonobstructive pyelonephritis is rarely a direct 
cause of renal failure. In the few reports of renal failure 
attributed to pyelonephritis, the patients were elderly93 or 
had comorbid conditions such as diabetes and HIV infec-
tion.94 Renal scarring is a complication of pyelonephritis in 
some women with more severe clinical presentations. An 
Italian study reported renal scars identified by computed 
tomography (CT) or magnetic resonance imaging (MRI) at 
a 6-month follow-up in 29% of women who required hospi-
talization for pyelonephritis.95 In an Israeli study, 30% of a 
cohort of 203 women admitted for acute pyelonephritis 
were reassessed 10 to 20 years after admission; renal scars 
were detected in 46% of these women on technetium Tc 
99m–labeled dimercaptosuccinic acid scanning. However, 
the renal scars were not associated with hypertension or 
renal impairment.96 The histologic finding of “chronic 
pyelonephritis” in patients with renal failure was formerly 
attributed to infection. However, this condition is now rec-
ognized as an end stage of many chronic inflammatory 
conditions of the kidney, and it is attributable to infection 
in only a few patients in whom there is a clear history of 
renal infection.

PATHOGENESIS
E. coli is isolated in 85% to 90% of women who present with 
acute uncomplicated pyelonephritis.2,97 Infecting strains 
are characterized by production of the P fimbria adhesin 
Gal(α1-4) Galβ disaccharide galabiose. This surface protein 
appears to have a direct role in the pathogenesis of pyelo-

http://www.myuptodate.com


 CHAPTER 37 — URINARY TRACT INFECTION IN ADUlTS 1241

therapy include aminoglycosides, extended-spectrum ceph-
alosporins such as cefotaxime and ceftriaxone, and fluo-
roquinolones such as ciprofloxacin or levofloxacin.2,66 
Aminoglycosides have unique efficacy for the treatment of 
renal infection in that they are bound in high concentra-
tions in the renal cortex.2 Ceftriaxone therapy is the pre-
ferred empirical regimen for pregnant women. Although it 
is suggested that gentamicin be avoided in pregnancy 
because of potential fetal ototoxicity, excess otologic impair-
ment has not been reported in large cohorts of newborn 
infants stratified by gentamicin exposure in utero.112 Thus, 
when cephalosporins cannot be used because of antimicro-
bial resistance or patient intolerance, gentamicin remains 
an alternate antimicrobial for treatment of pregnant women.

A satisfactory clinical response is usually observed by 48 
to 72 hours after initiation of antimicrobial therapy. Oral 
therapy selected on the basis of urine culture results can 
then be prescribed to complete the antimicrobial course. In 
most young, nonpregnant women, acute pyelonephritis is 
effectively managed with outpatient oral therapy (see Table 
37.6).45,66 The recommended empirical antimicrobial choice 

patients requiring inpatient therapy and those who can 
undergo outpatient therapy108 and is not predictive of 
outcome.104 An elevated C-reactive protein value at dis-
charge has been associated with prolonged hospitalization 
and postdischarge recurrence.105

DIAGNOSTIC IMAGING
When the clinical presentation of pyelonephritis is mild or 
moderate and the clinical response after initiation of antimi-
crobial therapy is prompt, routine diagnostic imaging is  
not indicated.45,109 Women whose clinical presentations are 
severe, in whom treatment fails, or who experience early 
posttreatment recurrent infection should undergo prompt 
imaging to rule out obstruction or abscesses and to deter-
mine whether intervention is necessary. Ultrasonography is 
often the initial imaging modality because it is safe and widely 
accessible.110 The ultrasound examination in women with 
uncomplicated pyelonephritis usually yields normal results, 
but enlargement and edema in one or both kidneys are 
observed in 20% of patients.111 Ultrasonography is less sensi-
tive or specific for pyelonephritis than is either CT or MRI.

The optimal diagnostic imaging is contrast-enhanced 
CT.111 Abnormalities observed on CT are characterized as 
unilateral or bilateral, focal or diffuse, focal swelling or no 
focal swelling, and renal enlargement or no renal enlarge-
ment.110 In addition to renal enlargement and edema, dila-
tion of the collecting system in the absence of obstruction, 
wedge-shaped areas of decreased attenuation, and rounded 
low-attenuation masses with delayed enhancement may be 
observed. Obstruction of the renal tubules by inflammatory 
debris or impaired function with tubular ischemia may 
result in a “striated nephrogram.”110 Abnormalities within 
the renal cortex and medulla, inflammatory changes in 
Gerota’s fascia or the renal sinuses, and thickening of the 
urothelium are sometimes observed. Acute focal pyelonephritis 
(or acute lobar nephronia) is infection confined to a single 
lobe and may be more common in women who have diabe-
tes or are immunocompromised. The response to treatment 
is similar, however, for patients with or without this imaging 
finding.111 In one study the presence of a focal lesion char-
acterized by peripheral ring enhancement without central 
uptake of contrast material on CT or MRI at presentation 
was the only imaging finding that was correlated with sub-
sequent development of renal scars.95

TREATMENT
The majority of women with uncomplicated pyelonephri-
tis receive treatment as outpatients.45,66 Indications for hos-
pitalization include pregnancy, hemodynamic instability, 
uncertain gastrointestinal absorption or compliance with 
oral therapy, the need to exclude complicating factors such 
as obstruction and abscess, and the necessity of monitoring 
or treatment of associated medical illnesses. Appropriate 
supportive management for hypotension, nausea and vomit-
ing, and pain should be initiated promptly. When oral toler-
ance is uncertain because of nausea and vomiting, a strategy 
frequently used in emergency department management is 
to provide a single parenteral dose of ceftriaxone, 1 g, or of 
gentamicin, 120 mg, followed by oral therapy once gastro-
intestinal symptoms are controlled.

Many parenteral antimicrobial regimens are effective for 
pyelonephritis (Table 37.6). Options for empiric parenteral 

Table 37.6  Antimicrobial Regimens for 
Treatment of Acute Uncomplicated 
Pyelonephritis in Women with 
Normal Renal Function and 
Susceptible Organisms

First-Line Therapy Other Therapy

Oral

Ciprofloxacin, 500 mg bid or 
1000 mg extended-release 
preparation, qd × 7 days

Levofloxacin, 750 qd × 5 days

TMP/SMX, 160/800 mg bid 
× 7-14 days

Amoxicillin, 500 mg PO tid × 
14 days*

Amoxicillin/clavulanic acid, 
500 mg tid or 875 mg PO 
bid × 14 days*

Cephalexin, 500 mg qid × 14 
days*

Cefuroxime axetil, 500 mg 
bid × 14 days*

Cefixime, 400 mg qd × 14 
days*

Parenteral†

Ciprofloxacin, 400 mg q12h × 
7 days

Levofloxacin, 750 mg qd × 5 
days

Gentamicin or tobramycin, 
3-5 mg/kg qd, ± ampicillin, 
1 g q4-6h

Ceftriaxone, 1-2 g qd*
Cefotaxime, 1 g q8h*

Ertapenem, 1 g qd
Meropenem, 500 mg q6h
Piperacillin/tazobactam, 

3.375 g q6h
Doripenem 500 mg q8h

*Recommended for pregnant women.
†Change to oral therapy to complete course once condition is 

clinically stable.
bid, Twice a day; PO, by mouth; qd, once a day; qid, four times 

a day; tid, twice a day; TMP/SMX, trimethoprim/
sulfamethoxazole.
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in persons with spinal cord injury, despite a continued high 
incidence of urinary tract infection in these patients.123

PATHOGENESIS
Microbiology

Host impairment rather than organism virulence is the 
major determinant of infection. E. coli remains the organism 
most frequently isolated in complicated urinary tract infec-
tion.3,4 The E. coli strains are characterized by a low fre-
quency of expression of virulence factors in comparison 
with strains isolated in acute uncomplicated infection.39 
Many other bacteria and yeast species are also isolated.4,124,125 
Enterobacteriaceae such as Klebsiella species, Enterobacter 
species, Serratia species, Citrobacter species, Proteus mirabilis, 
Morganella morganii, and Providencia stuartii are common. 
Other gram-negative organisms that may be isolated include 
Pseudomonas aeruginosa, Stenotrophomonas maltophilia, and Aci
netobacter species. Gram-positive organisms are also fre-
quently isolated, including group B streptococci, Enterococcus 
species, and coagulase-negative staphylococci. S. aureus is 
less commonly isolated. Candida species may be isolated, 
usually from patients who have diabetes or indwelling uro-
logic devices or who are undergoing broad-spectrum anti-
microbial therapy.126

Organisms isolated from patients with complicated 
urinary tract infection often have increased antimicrobial 
resistance.127 Risk factors for isolation of a resistant organism 
include a history of recent antimicrobial therapy or of 
health care interventions, such as an indwelling urethral 
catheter or an invasive urologic procedure. Uncommon 
bacteria are occasionally a cause of infection. Some of these 
organisms may not be identified with standard laboratory 
procedures for processing urine specimens. Corynebacterium 
urealyticum is a urease-producing gram-positive rod associ-
ated with the unique clinical manifestations of encrusted 
cystitis or pyelonephritis.128 This infection is characterized 
by ulcerative inflammation and struvite encrustations on the 
bladder or renal pelvis wall. Pyelitis, if untreated, may lead 
to destruction of the kidney. U. urealyticum is another urease-
producing bacterium that may cause cystitis or pyelonephri-
tis, often with urolithiasis. Healthy persons may become 
infected with this organism, but case reports suggest a  
predisposition in immunocompromised individuals, par-
ticularly those with hypogammaglobulinemia. Aerococcus 
sanguinicola is a rare cause of complicated urinary tract 
infection; the diagnosis is usually made by isolation of the 
organism in the blood culture.129 Aerococcus urinae was iso-
lated in 0.3% to 0.8% of urine specimens in one clinical 
microbiology laboratory, usually from older persons with 
underlying abnormalities and bacteremia.130 Anaerobic 
organisms are seldom identified in the absence of suppura-
tive complications such as abscess.131

Host Factors

Genitourinary abnormalities facilitate infection through 
increased entry of organisms into the bladder (e.g., by inter-
mittent catheterization, urologic procedures) and subse-
quent persistence due to incomplete voiding (e.g., as a result 
of obstruction, urolithiasis, diverticula, reflux) or in biofilm 
on urologic devices.3,4 Asymptomatic bacteriuria is the usual 
outcome in patients with persistent abnormalities.132 The 

is either ciprofloxacin or levofloxacin.66 Oral TMP/SMX is 
effective, but because of the high prevalence of TMP/SMX-
resistant E. coli in many communities, this agent is recom-
mended only when the infecting organism is known to be 
susceptible. Other oral regimens are also effective and may 
be appropriate, depending on organism susceptibility and 
the patient’s tolerance. The usual duration of treatment is 
10 to 14 days, but ciprofloxacin, 500 mg twice daily given 
for 5 or 7 days, is effective,113,114 and levofloxacin 750 mg 
daily for 5 days is also effective.115

As previously discussed, women with pyelonephritis are 
usually afebrile with substantial improvement or resolution 
of other symptoms by 48 to 72 hours after initiation of effec-
tive therapy. Risk factors predictive of a poor outcome are 
hospitalization, isolation of a resistant organism, concurrent 
diabetes mellitus, and history of renal stones.116 All these 
variables are suggestive of greater severity of illness at  
presentation or of a complicated infection. Prophylactic 
antimicrobial strategies similar to those for recurrent cystitis 
are effective for prevention of recurrent uncomplicated 
pyelonephritis.

COMPLICATED URINARY TRACT INFECTION

EPIDEMIOLOGY
The frequency of complicated urinary tract infection varies, 
depending on the underlying genitourinary abnormality 
(see Table 37.1).3,4 Some individuals with a transient abnor-
mality, such as pyelonephritis that complicates passage of a 
ureteric stone, may experience only a single infection. 
Other patients, including those with indwelling devices or 
persistent obstruction, may experience frequent recurrent 
infections. For instance, in men with spinal cord injury in 
whom voiding is managed with an indwelling catheter, the 
incidence is 2.72 infections/1000 days; when voiding is 
managed with intermittent catheterization, the incidence is 
0.41/1000 days.117 In residents of long-term care facilities 
with long-term indwelling urethral catheters, the incidence 
of symptomatic infection is 3.2/1000 catheter days.118

Complicated urinary tract infection is a frequent cause  
of hospitalization. The urinary tract is the most common 
source of community-acquired bacteremia,119,120 and most 
bacteremic episodes of urinary tract infection are attribut-
able to complicated infection.121 Patients who have obstruc-
tion or an indwelling catheter or who have undergone 
recent manipulation of the urinary tract with mucosal bleed-
ing are at greatest risk of bacteremia and severe sepsis. The 
genitourinary tract is the source of infection in 10% of 
patients admitted to critical care units with septic shock.122

These patients are also at risk for local suppurative com-
plications, such as renal or perinephric abscess, or meta-
static infection after bacteremia, such as septic arthritis, 
osteomyelitis, or endocarditis. Serious complications are 
more common in patients who are diabetic, are immuno-
compromised, or have long-term urologic devices or 
obstruction. Renal functional impairment in patients with 
complicated urinary tract infection is usually attributable to 
the underlying abnormality or to organ failure complicating 
septic shock, rather than being a direct consequence of 
infection. For instance, introduction of voiding strategies to 
maintain low bladder pressure and to prevent reflux have 
almost eliminated the complication of chronic renal failure 
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is interposed into the urinary tract through creation of an 
ileal conduit, continent cutaneous diversion, or neobladder, 
urine collected through the conduit or reservoir is often 
bacteriuric, regardless of symptoms.137 The organisms 
isolated represent mixed gram-positive flora, including 
streptococcal species and Staphylococcus epidermidis, but uro-
pathogenic strains such as E. coli, P. mirabilis, P. aeruginosa, 
and Enterococcus faecalis may also be present. Similar urine 
culture findings are reported in 30% to 60% of patients with 
orthoptic bladder substitution or augmentation cysto-
plasty138; individuals with these reservoirs who practice clean 
intermittent catheterization are more likely to have positive 
culture findings.137 Thus, when symptomatic urinary tract 
infection is suspected, results of a urine culture in such a 
patient must be interpreted in the context of this usual 
bacteriuria.

Infection with a fastidious organism should be considered 
when the clinical presentation suggests symptomatic urinary 
tract infection but urine culture results are repeatedly nega-
tive, particularly when pyuria is present. These organisms 
may include C. urealyticum, U. urealyticum, and Haemophilus 
species. A persistently alkaline pH with pyuria but a negative 
urine culture suggests a urease-producing organism such as 
C. urealyticum or U. urealyticum. The laboratory should be 
consulted if a fastidious organism is considered, and appro-
priate specimens should be collected for additional labora-
tory evaluation to maximize the likelihood of isolating 
potential infecting organisms.

Patients with genitourinary abnormalities frequently have 
pyuria, whether or not they have bacteriuria or symptomatic 
infection, and so pyuria by itself is not diagnostic for urinary 
tract infection.4 The absence of pyuria, however, has a high 
negative predictive value for ruling out urinary tract infec-
tion in some populations, such as elderly patients.22 The 
severity of clinical manifestations determines whether addi-
tional investigation, such as blood culture or a peripheral 
leukocyte count, is indicated. Renal function should be 
assessed in every patient with complicated urinary tract 
infection. A second urine culture after antimicrobial therapy 
is not recommended if the patient remains asymptomatic.

ANTIMICROBIAL TREATMENT
The principles of management for individuals with compli-
cated urinary tract infection include prompt specimen  
collection to identify the specific infecting organism; char-
acterization of renal function and underlying abnormalities; 
and early institution of appropriate antimicrobial therapy. 
The antimicrobial regimen selected is individualized on the 
basis of site of infection, severity of manifestations, known 
or presumed infecting organism and susceptibility, and the 
patient’s tolerance.4 When the presenting symptoms are 
mild, it is preferable to delay initiation of antimicrobial 
therapy until results of the urine culture are available. This 
approach allows selection of a narrow-spectrum agent spe-
cific for the infecting organism and minimizes antimicrobial 
pressure, which promotes resistance.

When patients present with severe symptoms, empirical 
antimicrobial therapy is initiated pending urine culture 
results. Previous urine culture results, if available, and 
recent antimicrobial therapy received by the patient should 
be considered in the selection of empirical regimen.4 Par-
enteral therapy is indicated for patients who present with 

determinants that lead to symptomatic infection in chroni-
cally bacteriuric individuals are not well characterized. 
However, obstruction and mucosal trauma with bleeding are 
well-recognized risk factors for bacteremia and sepsis in 
patients with preexisting bacteriuria.

CLINICAL PRESENTATIONS
Complicated urinary tract infection manifests across a wide 
clinical spectrum of signs and symptoms, from mild, irrita-
tive symptoms of lower tract infection to pyelonephritis and 
bacteremia, including septic shock.3,4,133 Localizing signs 
and symptoms consistent with cystitis or pyelonephritis  
are usually present. Patients with indwelling urethral cath-
eters or other indwelling devices usually present with fever 
alone, although costovertebral angle pain or tenderness, 
hematuria, or catheter obstruction, if present, identifies a 
genitourinary source. Patients with chronic neurologic 
impairment sometimes report symptoms that are not classic 
for urinary tract infection. For instance, spinal cord–injured 
patients experience increased bladder and leg spasms or 
autonomic dysreflexia,123 whereas patients with multiple 
sclerosis may present with fatigue or deterioration in neu-
rologic function.4

The clinical diagnosis of symptomatic infection is often 
problematic in older populations with cognitive impair-
ment.134,135 These patients frequently have chronic genito-
urinary symptoms and impaired communication, which 
limits the assessment of signs and symptoms. Because bac-
teriuria is very common in elderly individuals with func-
tional impairment, nonlocalizing clinical deterioration is 
frequently attributed to urinary tract infection because the 
urine culture has positive results.136 However, nonlocalizing 
clinical manifestations, including fever, are unlikely to have 
a urinary source in elderly persons without a long-term 
indwelling catheter.22,135 Changes in character of the 
urine, such as cloudiness and odor, are also frequently inter-
preted as symptoms of urinary tract infection. Cloudiness 
may be attributed to pyuria, which usually accompanies  
bacteriuria, and an unpleasant odor is suggestive of produc-
tion of polyamines by bacteria in the urine. However, altera-
tions in characteristics of the urine are neither sensitive  
nor specific for the diagnosis of infection. They may be 
attributable to other causes, such as precipitation of crystals 
and dehydration. Thus, changes in character of the urine 
should not be interpreted as symptoms of urinary tract 
infection.

LABORATORY DIAGNOSIS
A urine specimen for culture should be obtained before 
initiation of antimicrobial therapy for every patient with 
suspected complicated urinary tract infection. Because of 
the wide variety of potential infecting organisms and 
increased likelihood of resistant strains, definitive microbio-
logic characterization is necessary to optimize antimicrobial 
management.

Contamination from biofilm on devices within the urinary 
tract complicates interpretation of the urine culture in some 
patients with complicated infection. In the patient with a 
long-term indwelling catheter, the catheter should be 
replaced, and the new catheter should be used to sample 
bladder urine and avoid contamination by organisms 
present in the biofilm of the old catheter.22,23 When intestine 
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the patient’s previous history. A plain radiograph of the 
abdomen may identify emphysematous infections and some 
stones. CT is the imaging modality of choice. It identifies 
calculi, gas, hemorrhage, calcification, obstruction, renal 
enlargement, and inflammatory masses. Contrast media–
enhanced scans are recommended, with helical and mul-
tislice CT to study different phases of contrast excretion.109-111 
Ultrasound examination is less sensitive and specific than 
other imaging modalities such as spiral CT and MRI, but it 
may be more accessible.111

Appropriate supportive care must be initiated promptly. 
The removal and replacement of a long-term indwelling 
catheter before institution of antimicrobial therapy are asso-
ciated with a more rapid defervescence and a lower risk of 
early relapse after therapy, as well as facilitating collection 
of a more valid urine culture specimen.23 The clinical ben-
efits of catheter replacement are presumed to result from 
removal of the high concentration of organisms in the 
biofilm, which are often not eradicated by antimicrobial 
therapy and remain a source for relapse. Urologic investiga-
tions such as cystoscopy, retrograde pyelography, and  
urodynamic studies should be obtained as appropriate. If 
encrusted C. urealyticum infection is present, surgical resec-
tion of the encrustations is required together with antimi-
crobial therapy. C. urealyticum strains are generally susceptible 
to vancomycin, tetracyclines, and fluoroquinolones.128

MANAGEMENT OF RECURRENT INFECTION
When symptoms recur early after antimicrobial treatment, 
the susceptibility of the pretherapy infecting organism 
should be reviewed to confirm that the antimicrobial agent 
prescribed is effective. If the organism is susceptible, under-
lying genitourinary abnormalities should be reviewed and 
further evaluation obtained, if appropriate, to identify 
abnormalities such as abscesses that may necessitate drain-
age. Even if the abnormalities cannot be fully corrected, 
interventions to improve urine drainage may decrease  
the frequency of episodes of symptomatic infection.3,4 
Indwelling devices should be removed whenever possible. 
Evidence-based infection control guidelines provide recom-
mendations for prevention of catheter-acquired urinary 
tract infection.139-141 Specific practices include appropriate 
catheter use, limiting duration of use, appropriate practices 
for insertion and care, and selection of size. Interventions 
that have been shown not to be effective and that are not 
recommended include use of different catheter materials, 
antimicrobial coating of catheters, antiseptic or antimicro-
bial meatal care, and instillation of antiseptics into the 
drainage bag. Patients with long-term indwelling catheters 
and other indwelling devices experience infection because 
of biofilm formation on these devices; therefore, the preven-
tion of catheter-acquired infection will ultimately require 
development of biofilm-resistant biomaterials.142

Long-term prophylactic antimicrobial therapy is not  
recommended.4,123,143 When patients with impaired voiding 
or indwelling devices are given prophylactic antimicrobial 
agents, there is little, if any, decrease in symptomatic infec-
tion, but rapid reinfection with resistant organisms is uni-
formly observed.4 For the selected patient with a persistent 
abnormality and symptomatic relapsing infection that 
cannot be eradicated, suppressive therapy may be consid-
ered. The goal of suppressive therapy is not to prevent 

hemodynamic instability, who cannot tolerate or absorb oral 
medications, or who are known or suspected to have an 
infecting organism resistant to available oral options. 
Patients with presentation of severe sepsis, including septic 
shock, should receive initial empirical antimicrobial therapy 
that provides broad coverage for both gram-positive and 
gram-negative bacteria, including resistant organisms.133 
Appropriate regimens for these patients may include an 
aminoglycoside, with or without ampicillin; piperacillin/
tazobactam; piperacillin with an aminoglycoside; a carbap-
enem (ertapenem, imipenem, meropenem); or an extended-
spectrum cephalosporin.

Fluoroquinolones with good urinary excretion and broad 
gram-negative coverage—norfloxacin, ciprofloxacin, and 
levofloxacin—are often used in empirical oral therapy.4 
Many other oral agents are effective and may be appropri-
ate, depending on patient tolerance and the specific infect-
ing organism.4 These include TMP/SMX, amoxicillin, 
amoxicillin/clavulanic acid, oral cephalosporins, and doxy-
cycline. Nitrofurantoin is effective for treatment of some 
episodes of bladder infection, but it is not effective for renal 
or prostate infection. It is contraindicated for treatment of 
patients with renal failure because peripheral neuropathy 
has been reported to occur with accumulation of this agent’s 
toxic metabolites. K. pneumoniae, P. aeruginosa, and P. mira
bilis strains are uniformly resistant to it. Nitrofurantoin 
remains effective, however, for some resistant organisms 
such as vancomycin-resistant Enterococcus and extended-
spectrum β-lactamase–producing E. coli.

Substantial clinical improvement is expected by 48 to 72 
hours after initiation of effective antimicrobial therapy. 
Empirical therapy is reassessed at this time, with consider-
ation of the clinical response and urine culture results. 
Therapy is usually modified to an appropriate narrow-
spectrum parenteral or oral agent to complete a 7- to 14-day 
course. If an organism isolated in the pretherapy urine 
culture specimen is resistant to the empirical antimicrobial, 
therapy should be altered to include an antimicrobial agent 
to which the infecting organism is susceptible, even if clini-
cal improvement has occurred.

OTHER INTERVENTIONS
The optimal management of complicated urinary tract 
infection requires characterization of the underlying geni-
tourinary abnormality and appropriate urologic or other 
interventions to assist in resolution of the current infection 
and prevention of subsequent infections. Urgent diagnostic 
imaging or urologic investigation is indicated for patients 
who have severe systemic symptoms or whose symptoms do 
not respond to appropriate antimicrobial therapy despite 
isolation of a susceptible organism. The goal of early imaging 
is to identify obstruction or abscesses, for which immediate 
drainage may be necessary for source control.133 When the 
underlying abnormality is already well characterized—as in 
the case of a patient with an indwelling catheter or a neuro-
genic bladder managed with intermittent catheterization—
further investigations may still be appropriate if the patient 
has experienced a recent change in frequency or severity of 
infections. Such a patient remains at risk for development 
of urolithiasis, tumors, and suppurative complications.

The approach to diagnostic imaging and urologic inves-
tigation is determined by the clinical presentation and  
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have been attributed to asymptomatic bacteriuria.132,148 Bac-
teriuric individuals are not more likely to experience hyper-
tension or chronic renal failure, and survival is similar to 
that for persons without bacteriuria.

Harmful short-term outcomes attributable to asymptom-
atic bacteriuria are recognized in only two distinct popula-
tions: pregnant women and patients who undergo traumatic 
genitourinary procedures.132 The prevalence of bacteriuria 
during early pregnancy is 3% to 7%, similar to that among 
age-matched nonpregnant women. The physiologic changes 
that accompany the increased progesterone levels in preg-
nancy include smooth muscle relaxation and decreased 
peristalsis, which result in dilation of the renal pelvis and 
ureters. In later pregnancy, ureteric obstruction may result 
from pressure of the uterus at the pelvic brim. In 20% to 
35% of pregnant women with bacteriuria that is not treated, 
acute pyelonephritis develops later in pregnancy, usually at 
the end of the second trimester or early in the third trimes-
ter. This incidence of pyelonephritis is twenty- to thirtyfold 

reinfection but either to control symptomatic episodes 
when infecting bacteria cannot be eradicated or to prevent 
stone enlargement when inoperable infection stones are 
present. The antimicrobial regimen is selected on the basis 
of the infecting organism and is prescribed initially at a full 
therapeutic dose. If the patient remains clinically stable and 
the urine is sterile, this dose is usually decreased to about 
half after 4 to 6 weeks. Suppressive therapy is not appropri-
ate for patients with indwelling devices because biofilm  
formation facilitates rapid reinfection and emergence of 
resistant organisms. However, short-term use of such therapy 
(several weeks or months) for patients with complex uro-
logic abnormalities and indwelling devices may occasionally 
be considered as part of a palliative care strategy.

A novel approach currently being evaluated for control 
of recurrent infection in patients with impaired bladder 
emptying is “bacterial interference.”144 This strategy estab-
lishes asymptomatic bacteriuria with a nonpathogenic E. coli 
strain in patients with impaired voiding. The avirulent strain 
in the bladder then prevents infection by other, potentially 
more virulent, strains. The proposed mechanisms for this 
protective effect include blocking of bacterial receptors 
present on uroepithelial cells, competition for nutrients in 
the urine, and toxin production. Preliminary clinical trials 
have demonstrated some efficacy of this approach in a small 
number of carefully selected patients.145

ASYMPTOMATIC BACTERIURIA

EPIDEMIOLOGY
Asymptomatic bacteriuria is a common finding, particularly 
in women, older persons, and some patients with persistent 
genitourinary abnormalities (Table 37.7).132 The prevalence 
of bacteriuria among sexually active young women ranges 
from 3% to 5% but is less than 1% among age-matched 
controls who are not sexually active. Bacteriuria is present 
in 5% to 10% of healthy postmenopausal women132 and in 
20% of women older than 80 years living in the commu-
nity.146 Asymptomatic bacteriuria is uncommon in younger 
men, but the prevalence increases in men older than 65 
years, presumably concurrently with age-related prostate 
hypertrophy. Bacteriuria occurs in 10% of healthy men 
older than 80 years living in the community.146 Among resi-
dents of nursing homes who do not have indwelling cathe-
ters, 20% to 50% of women and 15% to 40% of men are 
bacteriuric. The prevalence among persons with long-term 
indwelling catheters is 100%.135 Among spinal cord–injured 
patients with impaired voiding and no indwelling catheter, 
the prevalence of bacteriuria is 50%, regardless of the 
method used for bladder emptying.123

Patients with an increased prevalence of asymptomatic 
bacteriuria also have a higher incidence of symptomatic 
urinary tract infection. However, this higher frequency  
of symptomatic infection is not attributable to bacteriuria. 
The same biologic determinants promote both asymptom-
atic and symptomatic infection. Bacteriuria in healthy  
young women is usually transient, but up to 8% have acute 
cystitis within 1 week of initial identification of a positive 
urine culture result.147 In women with diabetes148 and 
female or male residents of nursing homes,135 persistent 
bacteriuria for months or years, frequently with the same 
strain, is often observed. No long-term negative outcomes 

Table 37.7  Asymptomatic Bacteriuria in Normal 
Populations and in Selected Patients 
with Underlying Genitourinary 
Abnormalities

Population/Patients
Prevalence of 
Bacteriuria (%)

Healthy Women

Aged 20-50 years:
 Sexually active 3-5
 Not sexually active <1
Aged 50-70 years 3-9
Aged ≥80 years 14-22

Healthy Men

Aged <65 years <1
Aged ≥80 years 6-10

Patients with Complicated Genitourinary Abnormalities

Spinal cord injury:
 Bladder retrained 25
 Intermittent catheterization 23-89
 Sphincterotomy/condom 58
 Ileal neobladder 30-60
Residence in long-term care facility:
 Women 25-57
 Men 19-37
Indwelling urethral catheter:
 Short term 5%-7% acquisition/day
 Long term 100
Urethral stents:
 Temporary 45
 Permanent 100

Data from Nicolle LE, Bradley S, Colgan R, et al: Infectious 
Diseases Society of America guidelines for the diagnosis and 
treatment of asymptomatic bacteriuria in adults, Clin Infect 
Dis 40:643-654, 2005; and Rodhe N, Mölstad S, Englund L, 
et al: Asymptomatic bacteriuria in a population of elderly 
residents living in a community setting: prevalence, 
characteristics, and associated factors, Fam Pract 23:303-
307, 2006.
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of organisms identified by stent biofilm analysis are not 
isolated from culture of urine specimens collected at the 
same time.

HOST FACTORS
The genetic and behavioral risk factors and genitourinary 
abnormalities associated with asymptomatic bacteriuria are 
similar to those described for uncomplicated and compli-
cated symptomatic urinary tract infection. For younger 
women, behavioral risks are sexual activity and spermicide 
use.147 Bacteriuric women older than 80 years who reside in 
the community have reduced mobility and urinary inconti-
nence and are receiving estrogen treatment; and men older 
than 80 years with bacteriuria are characterized by prostate 
disease, history of stroke, and residence in supervised 
housing.146 Functional impairment is the major risk factor 
associated with asymptomatic bacteriuria in the long-term 
care facility population without indwelling catheters.135 
Higher residual urine volume is not associated with increased 
bacteriuria in elderly populations but has been associated 
with bacteriuria in patients referred to an ambulatory 
urology clinic.135

DIAGNOSIS
The quantitative criterion for identification of asymptom-
atic bacteriuria is an organism quantitative count of 105 
CFU/mL or higher. For women, two consecutive urine spec-
imens with similar culture results are recommended, but a 
single specimen is sufficient for men.132 When an initial 
urine culture in a young woman yields positive results, a 
second positive result in a specimen obtained within 2 weeks 
confirms bacteriuria in 85% to 90% of women. If the second 
specimen result is negative, the initial positive culture result 
may have been contaminated; however, bacteriuria may also 
have resolved spontaneously. If a voided specimen has a low 
quantitative count of a single potential uropathogen, and if 
it is essential to rule out bacteriuria, a second urine speci-
men should be collected as a first morning void.

Pyuria accompanies bacteriuria in most patients, but 
there is variability in the frequency of pyuria observed in 
different populations. Pyuria is present in only 50% of bac-
teriuric pregnant women; therefore, screening for pyuria is 
not a reliable method to rule out bacteriuria in pregnancy.156 
Pyuria is present in about 75% of diabetic women with bac-
teriuria, in 90% of bacteriuric patients undergoing hemodi-
alysis, and in more than 90% of elderly persons with 
bacteriuria.132 Pyuria also occurs in 30% to 70% of bacteriu-
ric patients with short-term indwelling catheters and in 
100% of those with long-term indwelling catheters.

TREATMENT
Screening for and treatment of asymptomatic bacteriuria is 
recommended only for pregnant women or for patients  
who will undergo a traumatic genitourinary tract proce-
dure.132 For other patients, treatment does not improve 
short- or long-term clinical outcomes, but negative conse-
quences, such as reinfection with organisms of increased 
antimicrobial resistance and adverse drug effects, do 
occur.132,157 In girls and women, an increased frequency of 
symptomatic infection has been reported after treatment of 
asymptomatic bacteriuria.132,158 This finding may be attribut-
able to alteration of vaginal flora by antimicrobial therapy 

higher among untreated women with bacteriuria than 
among women whose initial screening urine cultures yielded 
negative results or in whom bacteriuria was treated. Acute 
pyelonephritis in later pregnancy is associated with prema-
ture delivery and poorer fetal outcomes. The second group 
of bacteriuric patients at risk are those who undergo trau-
matic urologic procedures. If bacteriuria remains untreated, 
bacteremia develops in as many as 60% after the procedure, 
and in 5% to 10% progresses to severe sepsis or septic shock.

PATHOGENESIS
Microbiology

E. coli is isolated from 80% of healthy women with asymp-
tomatic bacteriuria.147 Most of the remaining bacterial 
strains are K. pneumoniae, Enterococcus species, and coagulase-
negative staphylococci. For men older than 65 years, 
coagulase-negative staphylococci are isolated most fre-
quently, followed by E. coli and Enterococcus species. In 
patients with underlying genitourinary abnormalities, a 
wider variety of organisms are isolated. E. coli and other 
organisms associated with asymptomatic bacteriuria are 
characterized by the relative absence of or lack of expres-
sion of recognized virulence factors.149 Some strains that are 
strongly adherent but unable to stimulate an epithelial cell 
IL-6 cytokine response have been described. These relatively 
avirulent E. coli strains may originate from nonvirulent com-
mensal strains or may evolve from virulent strains by attenu-
ation of virulence genes.150,151 Other organisms that are 
frequently isolated, such as coagulase-negative staphylococci 
and Enterococcus species, are relatively nonpathogenic and 
seldom associated with symptomatic infection.

Biofilm formation is responsible for the universal devel-
opment of bacteriuria in patients with indwelling urinary 
devices.152 After a device is inserted, a conditioning layer 
composed of proteins and other host components immedi-
ately coats it. This coat provides a surface for subsequent 
attachment of bacteria or yeast that originate from the peri-
urethral flora or drainage bags or are introduced after  
disruption of the closed drainage system. Organisms grow 
along the device, elaborating an extracellular polysaccha-
ride substance, and colonies of microorganisms persist 
within this relatively protected environment. Urine compo-
nents such as Tamm-Horsfall protein and magnesium or 
calcium ions are also incorporated into the biofilm. Organ-
isms ascend in the biofilm along the interior and exterior 
surfaces of the device and reach the bladder within days. 
The initial infection is usually with a single organism, but  
a polymicrobial flora is invariably present on long-term 
indwelling devices.23,152-154 Urease-producing organisms such 
as P. mirabilis, K. pneumoniae, M. morganii, and P. stuartii are 
isolated more frequently from individuals with long-term 
indwelling catheters and persist longer than other organ-
isms, such as Enterococcus species. Complications attributed 
to biofilm formation with urease-producing organisms 
include development of renal or bladder stones and obstruc-
tion of the device.155 Although the most common device is 
the urethral catheter, the process of biofilm formation is 
similar with other indwelling devices, such as ureteric stents 
and nephrostomy tubes.153,154 From 34% to 42% of ureteral 
stents are found at removal to be colonized with bacteria or 
yeast species, often with multiple organisms. More than 50% 
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rectal examination is not recommended because it may pre-
cipitate bacteremia.25

E. coli is isolated in 70% of episodes. These strains 
are characterized by the presence of multiple virulence 
factors.168 Proteus species, Klebsiella species, Enterococcus 
species, P. aeruginosa, and S. aureus are each isolated in fewer 
than 10% of cases.167 Management includes bladder drain-
age by insertion of a urethral or suprapubic catheter, blood 
and urine cultures to characterize the infecting organism, 
and initiation of empirical parenteral antimicrobial 
therapy. Most antimicrobial agents are active in the acutely 
inflamed prostate. A combination of a β-lactam and an ami-
noglycoside is considered first-line therapy, although other 
broad-spectrum parenteral antibiotics, such as piperacillin/
tazobactam and carbapenems, are also effective.26 After con-
firmation of the infecting organism and an adequate clinical 
response, antibiotic therapy is modified to oral therapy to 
complete a 6-week course. A fluoroquinolone, either cipro-
floxacin or levofloxacin, is recommended as oral therapy if 
the infecting organism is susceptible. When there is not a 
prompt clinical response following bladder drainage and 
initiation of effective antimicrobial therapy, CT or MRI  
is indicated to search for the uncommon complication  
prostate abscess. When an abscess is identified, transrec-
tal ultrasonography-guided aspiration is usually effective  
for drainage. Only a small proportion of patients, 10% to 
15%, have chronic bacterial prostatitis following acute 
prostatitis.168

Chronic bacterial prostatitis occurs in men with persistent 
prostate infection.25,166,169 Bacteria enter the prostate from 
the urethra and persist because of limited antimicrobial 
diffusion or activity in the gland as well as the frequent pres-
ence of infected prostate stones in older men. A common 
clinical presentation is recurrent acute cystitis because bac-
teria in the prostate intermittently enter the bladder. The 
same organism is often repeatedly isolated, but the intervals 
between symptomatic episodes may last months or even 
years. Other symptoms are generally mild, such as irritative 
voiding symptoms and discomfort localized to the testicles, 

or to replacement of a benign organism by a more virulent 
organism. Studies suggest no benefits of treatment of asymp-
tomatic bacteriuria for patients with complicated infection, 
including renal transplant recipients.159,160 The benefits, if 
any, of screening for or treatment of bacteriuria in patients 
with neutropenia are not well characterized, and further 
clinical evaluation is required for these patients.

Identification and treatment of asymptomatic bacteriuria 
early in pregnancy reduces the risk of pyelonephritis from 
between 25% and 30% to between 1% and 2%.132 All preg-
nant women should be screened for bacteriuria by urine 
culture at the end of the first trimester and treated if bacte-
riuria is found.156 Recommended regimens include a 5- or 
7-day course of nitrofurantoin161 or a 7-day course of amoxi-
cillin, amoxicillin/clavulanic acid, or a cephalosporin. The 
specific regimen is chosen on the basis of the organism 
isolated and the patient’s tolerance. Shorter antimicrobial 
courses are sometimes prescribed, but these abbreviated 
courses are likely less effective.162 TMP/SMX should 
be avoided, especially in the first trimester, and fluoro-
quinolones are contraindicated during pregnancy. After 
treatment for asymptomatic or symptomatic urinary tract 
infection, urine cultures should be performed at least 
monthly. If infection recurs, prophylactic antimicrobial 
therapy should be initiated and continued for the duration 
of the pregnancy. Nitrofurantoin and cephalexin are the 
preferred prophylactic regimens because both are safe for 
the fetus.

Initiation of effective antimicrobial treatment immedi-
ately before a traumatic urologic procedure prevents bacte-
remia and sepsis in a bacteriuric patient.132,163 Conceptually, 
this approach is surgical prophylaxis rather than treatment 
of asymptomatic bacteriuria. A single dose of an antimicro-
bial agent is usually adequate, although some guidelines 
recommend that the antimicrobial agent be continued after 
transurethral resection of the prostate until the indwelling 
catheter is removed.132 Antimicrobial agents are not recom-
mended for minor urologic procedures such as cystoscopy 
and urodynamic studies or before replacement of a long-
term urethral catheter, because the risk of bacteremia and 
sepsis with these procedures is low and clinical outcomes 
are not improved when prophylactic antimicrobial agents 
are given prior to these interventions.4,140,164

PROSTATITIS

The development of the National Institutes of Health (NIH) 
classification of prostatitis syndromes (Table 37.8) and sub-
sequent application of this classification in clinical trials and 
patient care have greatly advanced the understanding and 
appropriate management of this common problem.165 Only 
bacterial prostatitis, either acute or chronic, is considered 
attributable to infection and has indications for antimicro-
bial therapy.25,166

Acute bacterial prostatitis is a severe infection, which is a 
urologic emergency.25 This syndrome is usually community 
acquired, although health care–associated infection may 
occur, particularly after prostate biopsy.167 Affected patients 
present with severe systemic manifestations including fever 
and marked urinary symptoms of dysuria and frequency. 
Urinary obstruction and intense suprapubic pain are often 
present. Bacteremia is reported in 27% of episodes. A digital 

Table 37.8  National Institutes of Health 
Classification of Prostatitis 
Syndromes

Class Description

I Acute bacterial prostatitis
II Chronic bacterial prostatitis
III Chronic pelvic pain syndrome (CPPS)
IIIa Inflammatory CPPS

Leukocytes present in semen, in urine after prostate 
massage, or in expressed prostate secretions

IIIb Noninflammatory CPPS
Absence of leukocytes in specimens

IV Asymptomatic inflammatory prostatitis
Leukocytes in specimens similar to those in 

inflammatory CPPS, but no symptoms

Data from Krieger JN, Nyberg L, Nickel JC: NIH consensus 
definition and classification of prostatitis, JAMA 281:236-
237, 1999.
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experienced at least one urinary tract infection, and by 3 
years, posttransplantation infection has occurred in 60% of 
female recipients and 47% of male recipients.178 The inci-
dence is highest in the first 3 months after transplantation, 
when infection complicates surgical intervention and the 
use of urologic devices such as urinary catheters and ure-
teric stents.179-181 The clinical manifestation may be either 
cystitis or pyelonephritis; 3% to 14% of episodes are associ-
ated with bacteremia.175,177,180,182 Early posttransplantation 
infections tend to be more severe and to manifest more 
frequently as pyelonephritis or with bacteremia.183

Risk factors for urinary tract infection are (1) patient 
specific, such as female gender, diabetes mellitus, pretrans-
plantation urinary tract infections, prolonged prior dialysis, 
and polycystic kidney disease, or (2) transplant related, such 
as allograft trauma, microbial contamination of cadaveric 
kidneys, technical complications related to ureteral anasto-
mosis, the presence of urinary catheters and ureteric stents, 
immunosuppression, reimplantation, and vesicoureteric 
reflux.181,184 Independent risk factors for any symptomatic or 
asymptomatic infection in the first year after transplantation 
are reported to be older age, female gender, higher number 
of days of indwelling catheter after transplant, anatomical 
genitourinary abnormalities, and urinary infection within 1 
month prior to the procedure.185 For acute pyelonephritis 
at any time after transplantation, independent risk factors 
are female gender, experiencing acute rejection episodes, 
higher number of urinary infections, and receiving myco-
phenolate mofetil.186 Following transplantation, the risk 
for development of urinary tract infection correlates with 
the duration of perioperative catheterization or ureteral 
stent.175,176,187,188 The routine use of ureteric stents at trans-
plantation decreases the overall transplantation complica-
tion rate, but stent implantation is associated with a small, 
but significant, increased risk of urinary tract infection.

Asymptomatic bacteriuria is not a risk factor for impaired 
graft survival.132 Transplant recipients with asymptomatic 
bacteriuria who progress to graft failure invariably also expe-
rience symptomatic infection. Graft failure in these patients 
is usually attributable to urologic abnormalities that promote 
infection rather than a direct consequence of infection. 
Antimicrobial therapy for asymptomatic bacteriuria does 
not improve graft survival.159 Symptomatic urinary tract 
infection has also not been independently associated with 
graft survival.182,189-192 However, case reports have described 
transplant recipients receiving stable immunosuppressive 
regimens who experience deterioration in graft function 
that is coincident with an episode of acute pyelonephritis.193 
This occurrence may be attributable to activation of the 
immune system by the infection.

The principles of management are similar to those  
for any patient with complicated urinary tract infection. 
They include prompt clinical diagnosis and initiation  
of antimicrobial therapy, obtaining appropriate specimens 
for culture, and evaluating for underlying genitourinary  
abnormalities that may promote infection. Enterobacteria-
ceae, particularly E. coli, are the most common infecting 
organisms, but a variety of other bacteria or yeasts may  
be isolated. The choice of antimicrobial agent is determined 
by the susceptibility of the infecting organism and the 
patient’s tolerance. A 2-week course of antimicrobial agents 
is recommended. The effect of type and intensity of 

lower back, or perineum. Results of the prostate examina-
tion are usually normal, but tenderness may occasionally be 
elicited.

In only 10% of men who present with the clinical  
syndrome of chronic prostatitis or chronic pelvic pain  
syndrome is chronic bacterial prostatitis subsequently docu-
mented microbiologically. The diagnosis requires paired 
cultures of midstream and post–prostatic massage urine 
specimens.26 The midstream specimen confirms negative 
results of a urine culture, and the post–prostatic massage 
specimen reveals pyuria and organisms of presumed pros-
tate origin.25,169 Gram-negative organisms, including Entero-
bacteriaceae and P. aeruginosa, and gram-positive Enterococcus 
species, S. aureus, coagulase-negative staphylococci, and 
group B streptococci are the bacteria most commonly iso-
lated.168 Sexually transmitted organisms such as Chlamydia 
trachomatis, U. urealyticum, Mycoplasma genitalium, and Tricho
monas vaginalis are uncommon and, when present, are 
usually identified in younger men.26 The clinical relevance 
of post–prostatic massage cultures, however, remains con-
troversial. In one study of 463 patients and 121 age-matched 
controls, 70% of subjects were found to harbor at least one 
organism in a post–prostatic massage specimen, and uro-
pathogens such as E. coli were isolated from 8% of patients 
and 8.3% of controls.170 In another study, gram-positive 
organisms were isolated from 6% of 470 men after prostatic 
massage, but 97% of these organisms were not confirmed 
on second culture.171

Despite this uncertainty, chronic bacterial prostatitis does 
respond to appropriate antimicrobial treatment, although 
relapse after treatment is common. Ciprofloxacin and levo-
floxacin are the first choices for antimicrobial treatment of 
chronic bacterial prostatitis when susceptible organisms are 
isolated. These agents penetrate well into the prostate and 
seminal fluid, and they remain active in the acidic environ-
ment of the prostate. Cure rates at 6 months after a 4-week 
course are 75% to 89%,26,166 although late relapses may still 
occur. Doxycycline and macrolides are considered second-
line drugs but are preferred for gram-positive infections.166 
Men who present for the first time with chronic pelvic pain 
syndrome, and with evidence of inflammation (i.e., leuko-
cytes) in expressed prostatic secretions, but in whom cultures 
are negative, should be prescribed a 4-week trial of antimicro-
bial therapy if they have not previously received a prolonged 
antimicrobial course.166,172 In reported case series, as many as 
10% of men with such findings show response to antimicro-
bial therapy despite negative culture results; however, com-
parative clinical trials in treatment-naive men with negative 
culture results have not been reported. If symptoms persist 
or recur after this 4-week antimicrobial trial, and if results of 
post–prostatic massage cultures remain negative, further 
antimicrobial therapy is not indicated.169,173

URINARY TRACT INFECTION IN UNIQUE 
PATIENT POPULATIONS

RENAL TRANSPLANT RECIPIENTS

Urinary tract infection accounts for 45% to 60% of infec-
tions that occur in patients after renal transplantation.174-177 
By 6 months after transplantation, 17% of recipients have 
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symptoms because high urine levels are achieved by anti-
microbial excretion through the functioning kidney. 
However, organisms persist in the kidney with impaired 
function because antimicrobial penetration to the site of 
infection is inadequate. When antimicrobial therapy is dis-
continued, a prompt relapse of infection occurs. Localiza-
tion of infection to one kidney can be documented in a 
patient not receiving antibiotics, by culture of urine col-
lected directly from the ureter after bladder irrigation with 
normal saline to remove the infected bladder urine before 
ureteric catheterization. For symptomatic relapsing infec-
tion when a nonfunctioning kidney is known or suspected 
to be infected, management options include a trial of a 
more prolonged course of antimicrobial therapy, continu-
ous suppressive therapy, and surgical removal of the non-
functioning kidney.

PERSONS WITH URINARY STONES

Urinary tract infection complicates urolithiasis through 
several different mechanisms; infection may be the cause of 
stone formation, noninfected metabolic stones may become 
colonized with bacteria which persist in biofilm, and 
obstructing noninfected stones may precipitate infection 
proximal to the obstruction.197 In any patient with uroli-
thiasis and infection, the infection should be controlled 
with appropriate antimicrobial therapy before urologic 
manipulations.198

Infection stones, also called struvite stones, are a complica-
tion of infection with urease-producing organisms such as 
P. mirabilis. Urease catalyzes the hydrolysis of urea in the 
urine. This process produces ammonia and alkalinity of  
the urine, favoring precipitation of magnesium ammo-
nium phosphate, carbonate apatite, and monoammonium 
urate.199 These crystals are incorporated into bacterial 
biofilm, creating the infection stone.152 Infection stones con-
tinue to enlarge, sometimes rapidly, and ultimately cause 
obstruction and renal failure if not adequately treated. 
Patients at increased risk for development of infection 
stones are those with long-term indwelling catheters, urinary 
tract obstruction, neurogenic voiding dysfunction, distal 
renal tubular acidosis, and medullary sponge kidney.

Management of infection stones requires complete 
removal of the stone, together with sterilization of the 
urine.198 Percutaneous ultrasonic lithotripsy is effective in 
removing 60% to 90% of these stones, whereas extracorpo-
real shock wave lithotripsy is 30% to 60% effective. Multiple 
stone fragments are passed after lithotripsy. Antimicrobial 
therapy, selected on the basis of urine culture results, is 
continued until all fragments are passed. The optimal dura-
tion of antimicrobial therapy after lithotripsy is controver-
sial. Currently, 4 weeks is recommended, although some 
writers suggest a shorter duration. When percutaneous lith-
otripsy is not effective or is contraindicated, open surgery 
or nephrectomy may be necessary for stone removal. For 
selected elderly or debilitated patients with complex uro-
logic or medical problems, stone removal may not be pos-
sible. In such patients, continuous suppressive antimicrobial 
therapy is recommended to limit stone enlargement and 
preserve renal function. The antimicrobial agent is selected 
on the basis of urine culture results, and therapy is contin-
ued indefinitely if effective and tolerated.

immunosuppressive therapy on antimicrobial efficacy has 
not been reported. Screening for and treatment of asymp-
tomatic bacteriuria is not recommended. Bacteriuria does 
not compromise renal function,184,190 and its treatment does 
not prevent subsequent symptomatic episodes but may, in 
fact, increase the frequency of symptomatic infection.159,160 
Current guidelines do not recommend screening for bacte-
riuria.194 Treatment of asymptomatic candiduria in renal 
transplant recipients has also not been shown to be benefi-
cial and is not recommended.195

Urinary tract infection after transplantation can be pre-
vented by optimal surgical technique, which includes mini-
mizing the perioperative duration of indwelling urinary 
devices. TMP/SMX prophylaxis given for the first 6 months 
after transplantation decreases the risk of both symptomatic 
and asymptomatic urinary tract infection as well as other 
infections.132 When urinary tract infection is diagnosed in 
patients receiving TMP/SMX prophylaxis, the organisms 
isolated are invariably resistant to TMP/SMX. Frequent 
recurrent symptomatic infection after transplantation may 
be attributable to an inadequate duration of antimicrobial 
treatment, resistance of the infecting organism, the pres-
ence of urologic abnormalities such as obstruction and 
stones, or infection of native kidneys. When infection recurs 
shortly after treatment, previous urine culture results should 
be reviewed to establish whether reinfection or relapse is 
occurring and to confirm that the infecting organism is 
susceptible to the antimicrobial therapy given. If relapse 
with a susceptible organism occurs after a 2-week course of 
therapy, re-treatment with a 4- to 6-week course is recom-
mended, although the effectiveness of such prolonged 
retreatment has not been critically evaluated.182 Repeated 
relapse after prolonged antimicrobial therapy in patients 
without identified urologic abnormalities is often caused by 
infection localized to the native kidneys. Such patients 
usually have a history of recurrent urinary tract infection 
before transplantation. The organisms frequently cannot be 
eradicated, presumably because of failure of antibiotics to 
achieve effective levels in the nonfunctioning kidney. Long-
term suppressive therapy may be necessary to prevent 
further symptomatic episodes in these patients.

PERSONS WITH RENAL FAILURE

Urinary tract infections in patients with mild to moderate 
renal failure usually respond adequately to antimicrobial 
therapy.196 When renal impairment is severe, however, ade-
quate urine or renal levels of antimicrobial agents may not 
be achieved because of limited kidney perfusion. If renal 
failure occurs with acute pyelonephritis, the response fol-
lowing initiation of antimicrobial therapy may be delayed or 
the risk of relapse after therapy may be increased. System-
atic evaluation of antimicrobial efficacy for treatment  
of urinary tract infection in patients with renal failure has 
been limited.4 Aminoglycosides have little penetration into 
nonfunctioning kidneys and are not recommended for 
treatment. Fluoroquinolones, TMP/SMX, ampicillin, and 
cephalosporins have all been effective for treatment in indi-
vidual case reports.

Another therapeutic problem arises when infection is 
localized to a unilateral nonfunctioning kidney. Antimicro-
bial therapy sterilizes the urine and often ameliorates  
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person-years for diabetic patients and 1.1/10,000 for non-
diabetic patients.207

The organisms most commonly isolated from abscesses 
are E. coli, K. pneumoniae, P. mirabilis, S. aureus, and anaer-
obes. S. aureus abscesses are most likely to have originated 
with hematogenous spread from another site of infection. 
The clinical manifestations of both renal and perinephric 
abscesses mimic those of acute pyelonephritis. The charac-
teristic findings are fever and costovertebral angle pain or 
tenderness. Despite appropriate antimicrobial therapy for 
pyelonephritis, however, clinical failure, delayed response, 
and early symptomatic relapse are observed. In a multivari-
ate analysis, patients subsequently found to have renal 
abscess rather than pyelonephritis were more likely to have 
diabetes mellitus, hypotension, acute renal impairment, and 
a peripheral leukocyte (white blood cell [WBC]) count 
greater than 20,000 WBC/mL.208

CT is the preferred imaging modality for diagnosing the 
presence of an abscess; it also characterizes the extent of 
infection and may identify the potential source.110 Ultraso-
nography identifies most perinephric abscesses, but it may 
not be able to distinguish an inflammatory lobar mass from 
a true renal abscess.111

The management goals for renal and perinephric 
abscesses include prompt diagnosis, early institution of 
effective antimicrobial therapy, and, in selected patients, 
abscess drainage for both therapeutic and diagnostic pur-
poses. Culture of the abscess fluid identifies the specific 
infecting organisms and directs antimicrobial choice. If 
abscess fluid cannot be sampled for culture, organisms iso-
lated from blood or urine culture should be considered in 
the selection of antimicrobial therapy. Initial antimicrobial 
administration is usually intravenous. Once the patient’s 
condition is stabilized, therapy can be continued with an 
appropriate oral antimicrobial agent that has good bioavail-
ability. Small renal abscesses (up to 5 cm in diameter) often 
respond to antimicrobial therapy without drainage, but for 
larger abscesses, drainage is usually required for resolution 
of infection.205,206,209-211 Renal abscesses tend to be smaller, 
and about 70% of these have been reported to resolve with 
medical therapy alone.206 Perinephric or mixed abscesses 
are larger, and drainage is usually required. The current 
initial approach is to attempt percutaneous drainage and, if 
this is not effective, to proceed to open drainage or nephrec-
tomy. Resolution of the abscess is monitored by repeated 
imaging studies. Antimicrobial therapy is continued until 
the abscess has completely resolved or until there is only a 
residual, stable scar.

INFECTED RENAL CYSTS

The frequency of occurrence and risk factors for develop-
ment of cyst infection are not well described. A French 
series reported that 8.4% of 389 patients with autosomal 
dominant polycystic kidney disease admitted to the nephrol-
ogy department over a 10-year period had definite or likely 
cyst infection212; 24% of the episodes were associated with 
bacteremia, and two patients had more than one episode. 
Infected cysts complicating polycystic kidney disease may be 
problematic to diagnose.213 Fever and abdominal pain or 
tenderness, often with bacteremia, are the usual clinical 
manifestations. However, the differential diagnosis includes 

Bacteria may adhere to the surface of a stone that is not 
initially infected and may subsequently persist in biofilm.152 
Culture of a voided urine specimen in such cases often does 
not reflect the bacteriology of the stone. In a series of 75 
patients with renal stones that were not infection stones, 36 
(49%) of the stones were colonized, but only 19 (53%) of 
the patients also had bacteriuria.200 Organisms isolated from 
the colonized stones included E. coli (75%), Enterococcus 
species (100%), P. aeruginosa (19%), Klebsiella species (31%), 
P. mirabilis (8.3%), Streptococcus species (31%), Citrobacter 
species (8.3%), S. saprophyticus (19%), M. morganii (8.3%), 
and Gemella species (8.3%). Larger stones were more likely 
to be colonized. Patients with stones colonized with bacteria 
are at increased risk for postprocedure sepsis, even when 
the voided urine specimen culture has negative results.201 
Perioperative antimicrobial agents are recommended for all 
patients with stones who have indwelling catheters or stents, 
because they are at increased risk of stone colonization. 
Even with antimicrobial prophylaxis, 10% of patients under-
going percutaneous nephrolithotomy experience postop-
erative fever; positive urine bacterial culture results, diabetes, 
staghorn calculi, and preoperative nephrostomy are risk 
factors for fever.202

A noninfected stone may cause ureteric obstruction com-
plicated by infection of the undrained urine proximal to the 
stone. Complete obstruction is associated with a high risk 
for bacteremia and sepsis, and prompt drainage is essen-
tial.203 When a ureter is obstructed, the voided urine speci-
men culture may not accurately reflect the microbiology of 
urine sampled directly from the renal pelvis. Among patients 
with obstruction and a positive culture result for urine 
sampled from the renal pelvis, the voided urine specimen 
culture had positive results in only 16.4% of cases in one 
report, and the organisms isolated were concordant between 
the two specimens in only 23% of patients.204 Thus, a urine 
specimen should be obtained for culture by percutaneous 
aspiration of the renal pelvis in patients with obstruction 
whenever possible.

OTHER INFECTIONS OF THE  
URINARY TRACT

RENAL AND PERINEPHRIC ABSCESSES

Renal and perinephric abscesses are uncommon suppura-
tive complications associated with substantial morbidity and 
mortality. Renal abscesses are located entirely within the 
renal parenchyma, whereas perinephric abscesses occupy 
the retroperitoneal fat and fascia surrounding the kidney. 
Abscesses may involve both the renal and perinephric 
tissues: 25% to 39% of abscesses are intranephric, 19% to 
25% are both intranephric and perinephric, and 42% to 
51% are perinephritic alone.205,206 These abscesses develop 
after ascending urinary tract infection and pyelonephritis, 
or after hematogenous spread to the renal cortex or  
retroperitoneum of bacteremia from another site. Multiple 
bilateral cortical microabscesses suggest hematogenous 
spread. Complicating factors such as diabetes, urolithiasis, 
and obstruction are present in most cases. A population-
based study from Taiwan reported an incidence of hospital-
ization for renal and perinephric abscess of 4.6/10,000 
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age was 66 years (range, <1 to 90 years), 64% of patients 
were women, and 67% had diabetes.222 Presenting symp-
toms ranged from pneumaturia alone through irritative 
lower tract voiding symptoms to severe illness suggestive of 
acute abdominal disease or sepsis; 7% of cases were asymp-
tomatic. E. coli was isolated from 58%, K. pneumoniae from 
21%, and Clostridium species and Enterobacter aerogenes each 
from 7% of cases. The diagnosis was apparent on a plain 
radiograph of the abdomen in 84% of cases. Medical 
management—including antimicrobial therapy, bladder 
drainage, and glycemic control—was usually effective.  
Surgical intervention was required for only 10% of cases  
and included cystectomy, partial cystectomy, and surgical 
debridement when concomitant emphysematous pyelone-
phritis was present. The overall mortality rate was only 7%.

Emphysematous pyelonephritis is a more serious infec-
tion with a substantially higher mortality rate.224 In case 
series of patients with emphysematous pyelonephritis, 62% 
to 100% were diabetic, and the majority were women.225-227 
Serum glucose levels are often very high in the diabetic 
patients, and serum C-reactive protein was generally ele-
vated. E. coli was isolated from 45% to 54% of episodes, and 
bacteremia occurred in 20% to 50% of subjects in whom 
blood cultures were performed. Plain abdominal radio-
graphs identified gas in the kidney in only 50% of cases. 
Ultrasonography of the kidneys usually showed some abnor-
malities but was less accurate than CT in identifying emphy-
sematous infection. Management includes antimicrobial 
therapy together with percutaneous or open drainage of 
abscesses and correction of obstruction.223,224,226-228 Aggres-
sive glucose control and supportive care are also necessary. 
The mortality rate ranges from 7% to 20% in patients with 
less severe manifestations to 70% in patients with a fulmi-
nant course characterized by necrosis, intravascular throm-
bosis, and microabscess formation.

Emergency nephrectomy was traditionally considered 
necessary for any patient presenting with emphysematous 
pyelonephritis. Currently, percutaneous drainage is the rec-
ommended initial approach, and it is associated with lower 
mortality rates than either emergency nephrectomy or 
medical management alone.224,228,229 In a retrospective case 
series describing a relatively small number of patients, the 
mortality rates were 50% with medical management alone, 
25% with medical management and emergency nephrec-
tomy, and 13.5% with medical management combined with 
initial percutaneous drainage.225 Later elective nephrec-
tomy may subsequently be required for some patients.

XANTHOGRANULOMATOUS PYELONEPHRITIS

Xanthogranulomatous pyelonephritis is an uncommon, 
severe, subacute or chronic suppurative process character-
ized by destruction and replacement of the renal paren-
chyma by granulomatous tissue containing histocytes and 
foamy cells.230,231 The inflammatory process may extend into 
perinephric structures such as Gerota’s fascia, the posterior 
perirenal space, the psoas muscle, the diaphragm, and the 
spleen. Less than 1% to 8% of kidneys removed or subjected 
to biopsy for inflammatory conditions are reported to show 
evidence of xanthogranulomatous pyelonephritis.231 The 
pathogenesis of this process is unknown, but potential con-
tributing factors include chronic urinary tract infection, 

pyelonephritis, infected kidney stones, perinephric abscess, 
cyst hemorrhage, and other intraabdominal pathology. Most 
patients with infected cysts also have peripheral leukocytosis 
and elevated C-reactive protein values. E. coli, K. pneumoniae, 
Enterococcus species, and group B streptococci are the most 
common infecting organisms, but Salmonella spp, P. aerugi
nosa, Clostridium species, Candida species, and Aspergillus 
species have also been reported. In view of the wide spec-
trum of potential pathogens, the specific infecting organism 
should be confirmed by cyst aspiration whenever possible. 
Imaging studies are usually necessary to confirm the diag-
nosis and identify the implicated cyst. Ultrasonography and 
CT are not useful.214 MRI214 and white blood cell–labeled 
scans214,215 were successful in localizing the infected cyst in 
individual case reports. Positron emission tomography with 
fludeoxyglucose F-18 is reported to be most effective in 
localizing the infected cyst, but access to this technology is 
limited.213,216-218

Once the potential infected cyst is identified, a cyst aspira-
tion, if possible, can confirm the presence of infection and 
provide therapeutic drainage.219 Antimicrobial penetration 
into the cyst is presumed to be transepithelial. Effective 
concentrations of TMP/SMX, chloramphenicol, and fluo-
roquinolones are achieved in the cyst.196 Cyst and serum 
levels of levofloxacin are similar, whereas cyst levels reported 
with ciprofloxacin are only 40% of serum levels.220 Thera-
peutic antimicrobial levels are achieved in cysts with therapy 
with penicillins, cephalosporins, aminoglycosides,196 and 
amphotericin B.221 Prolonged antimicrobial therapy, for at 
least 4 weeks, is recommended, although clinical trials 
defining the optimal duration of therapy have not been 
reported. In the French case series described previously, the 
mean duration of antibiotic therapy was 5 weeks, and the 
initial course of therapy was successful for 71% of cases.212 
Nephrectomy is occasionally necessary when cyst drainage 
and appropriate antimicrobial therapy are not successful in 
controlling the infection.

EMPHYSEMATOUS CYSTITIS  
AND PYELONEPHRITIS

Emphysematous cystitis and pyelonephritis are acute necro-
tizing infections characterized by gas formation. Gas within 
the urinary collecting system can be seen after many inter-
ventional procedures, but emphysematous infection is char-
acterized by gas in the tissues.111 Gas is localized to the 
bladder wall and lumen in cystitis222 and in and around the 
kidney in pyelonephritis.223 Emphysematous pyelitis is a gas-
forming infection restricted to the collecting system; the 
renal parenchyma is spared. Affected patients usually have 
diabetes with poor glucose control. Obstruction is another 
common predisposing factor for emphysematous pyelone-
phritis. E. coli and K. pneumoniae are the organisms most com-
monly isolated. High levels of glucose in the urine serve as a 
substrate for these bacteria, and large amounts of gas are 
generated through natural fermentation. In affected patients 
who are not diabetic, protein fermentation is a proposed 
source of gas formation.222 CT is considered the optimal 
imaging technique for confirming emphysematous infection 
and characterizing the extent of involvement.110,111

A review of 135 cases of emphysematous cystitis identified 
over a period of 50 years reported that the median patient 
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isolated, so that the specimen is processed as abscess fluid 
rather than urine. The treatment approach involves sys-
temic antimicrobial agents and urethral catheterization for 
bladder drainage. Antimicrobial therapy is directed by the 
specific organisms isolated. Bladder irrigation with either 
saline or an antibiotic solution is sometimes recommended, 
but whether irrigation provides an additional therapeutic 
benefit is not clear.236 Surgical intervention to achieve ade-
quate drainage is necessary in rare recalcitrant cases.

UNCOMMON ORGANISMS

GENITOURINARY TUBERCULOSIS

Genitourinary tuberculosis is diagnosed in 1.1% to 1.5%  
of all tuberculosis cases, and 5% to 6% of cases of extrapul-
monary tuberculosis.237-239 This infection is usually a 
consequence of local reactivation following hematogenous 
dissemination of Mycobacterium tuberculosis to the renal 
cortex during primary pulmonary infection. The renal 
cortex is also frequently involved with miliary disease, when 
multiple granulomas are usually present. The high oxygen 
tension of the renal cortex is favorable for renal localization. 
Men are infected twice as often as women. The latent period, 
from the time of initial pulmonary infection to diagnosis of 
clinical urogenital tuberculosis, is 22 years on average with 
a range of 1 to 46 years.240 Reactivation of tuberculosis 
usually occurs in only one kidney; thus disease is character-
istically unilateral. Contiguous involvement of the collecting 
system leads to M. tuberculosis bacilluria with subsequent 
ureteric and bladder infection. Prostate and epididymis 
infection may result directly from hematogenous dissemina-
tion rather than contiguous spread. The kidneys are affected 
in 60% to 100% of cases, the ureters in 19% to 41%, the 
bladder in 15% to 20%, and the prostate or epididymis in 
20% to 50% of men.240

Substantial morbidity is attributed to urogenital tubercu-
losis. Severe calyceal clubbing and dilation of the renal 
pelvis and ureters leading to total destruction of the kidney 
and autonephrectomy occur in 23% to 33% of cases, and 
renal failure occurs in 1% to 10%.240 A summary of cases 
reported worldwide noted that 27% of patients had a non-
functioning unilateral kidney at presentation, but this pro-
portion varied from 8% to 72% in different countries, 
presumably reflecting the timeliness of diagnosis.241

Presenting genitourinary symptoms are often vague or 
nonspecific but may include back or flank pain, dysuria, and 
urinary frequency. As many as 50% of patients have no local-
izing genitourinary symptoms. About 25% to 33% of patients 
have systemic complaints, usually pulmonary symptoms, 
fever, and weight loss.240,242 The subacute presentation and 
results of the initial evaluation can mimic those of xantho-
granulomatous pyelonephritis. In men, additional features 
suggestive of tuberculosis include an enlarged, hard, and 
nontender epididymis; thickened or beaded vas deferens; 
indurated or nodular prostate; and nontender testicular 
mass.238 Tuberculous granulomatous prostatitis may mani-
fest as a nodular prostate with an elevation of prostate-
specific antigen that is clinically indistinguishable from that 
in prostate carcinoma. Most patients with renal tuberculosis 
have evidence of concomitant extragenital disease. The 

abnormal lipid metabolism, lymphatic obstruction, impaired 
leukocyte function, and vascular occlusion. Urine culture 
results are positive in 62% to 89% of cases. The organisms 
most commonly isolated from renal tissue are P. mirabilis 
(38%), E. coli (33%), Klebsiella/Enterobacter species (8%), P. 
aeruginosa (8%), and S. aureus (10%).

In a single-center experience covering 1994 through 
2005, 35 (85%) of 41 cases occurred in women.232 Xantho-
granulomatous pyelonephritis was responsible for 19% of 
214 nephrectomies performed at this facility during the 
review period. The most common presenting symptoms 
were fever, flank or abdominal pain, weight loss, lower 
urinary tract symptoms, and gross hematuria. All patients 
had renal calculi. Of 17 cases in which urine culture speci-
mens were obtained, E. coli was isolated in 35% and P. mira
bilis in 18%; in 35% there was no growth.

In a second single-center review from Greece of 39 cases 
occurring between 1980 and 1999, the female/male ratio 
was 2 : 1.230 The presenting history included urolithiasis or 
renal colic, recurrent urinary tract infections, and previous 
urologic procedures. All patients were symptomatic at pre-
sentation; symptoms included complaints of fever, flank or 
abdominal pain, chills, and malaise. Anorexia, weight loss, 
lower tract symptoms, and gross hematuria were also 
reported. E. coli was isolated in 15 cases and P. mirabilis in 
12. Plain radiographs or intravenous pyelography (IVP) 
showed a nonfunctioning kidney in 63% of cases, single or 
multiple calculi in 52%, staghorn calculus in 48%, calyceal 
deformity in 26%, and hydronephrosis in 23%.

CT is considered the optimal imaging modality; it identi-
fies the abnormality in 74% to 90% of cases.110,111,233 Because 
of the current widespread access to CT, the diagnosis is now 
usually made preoperatively. Characteristic findings include 
an enlarged kidney, frequently with replacement of renal 
parenchyma and multiple fluid-filled cavities, together with 
urolithiasis. Ultrasonography identifies nonspecific abnor-
malities, including renal enlargement with relative preserva-
tion of renal contour and multiple hypoechoic round 
masses.111 MRI shows abnormalities similar to those observed 
with CT.233 The differential diagnosis includes malignancy 
and tuberculosis. The usual management is nephrectomy; 
antimicrobial therapy has only a secondary role.231 If the 
diagnosis is made early, when there is only focal renal 
involvement, partial nephrectomy may be curative.

PYOCYSTIS

Pyocystis, also called vesicle empyema, is an infection charac-
terized by a purulent fluid collection in the bladder of a 
patient with a nonfunctioning bladder. In effect, the bladder 
becomes an undrained abscess. This is a rare complication 
diagnosed in patients with anuric renal failure or surgically 
bypassed bladders. The clinical presentation includes supra-
pubic pain or distension, abdominal pain, foul-smelling ure-
thral discharge, and fever or sepsis.234,235 Organisms isolated 
have included E. coli, P. mirabilis, P. aeruginosa, Serratia mar
cescens, Streptococcus species, Enterococcus species, and Candida 
species. Mixed cultures are common. It is not known 
whether anaerobic organisms may also contribute.

When the condition is suspected, a specimen of bladder 
fluid should be obtained for diagnosis and culture. The 
laboratory should be requested to identify all organisms 
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infundibular stenosis and cavity formation. In advanced 
disease, cortical loss, uroepithelial thickening, and dystro-
phic calcification are present.

The diagnosis is confirmed by growth of M. tuberculosis in 
urine or tissue culture. Appropriate specimens for mycobac-
terial culture should be obtained whenever this diagnosis is 
considered. Three sequential early morning urine speci-
mens for mycobacterial culture are recommended. Urine 
cultures have positive results in 75% to 90% of affected 
patients. A positive acid-fast bacillus smear of urine usually 
signifies M. tuberculosis, but culture confirmation is essential 
to rule out colonization with nonpathogenic mycobacteria 
and for susceptibility testing of the infecting strain.246,247 If 
a suggestive renal abnormality is present but urine culture 
results are negative, tissue biopsy may be necessary to 
confirm the diagnosis. Polymerase chain reaction (PCR) 
nucleic acid antigen testing of urine specimens has been 
reported to be more sensitive than culture and, if available, 
provides a more rapid diagnosis.239,244 However, culture 
is still necessary to isolate the organism for susceptibility 
testing.

The treatment of genitourinary tuberculosis is similar  
to that of extrapulmonary tuberculosis at other sites. The 
initial regimen consists of four drugs (isoniazid, rifampin, 
pyrazinamide, and ethambutol) for 2 months, followed  
by two drugs (isoniazid, rifampin) for 4 months if the  
isolate is susceptible to first-line therapy. Antimycobacterial 
treatment should be provided under the supervision of  
a physician with expertise in tuberculosis management. 
Follow-up IVP every 6 months has been recommended to 
monitor healing, because ureteral scarring and obstruction 
may develop or progress during therapy as part of the 

most common site is the lungs, but the pulmonary disease 
is usually inactive. The chest radiograph is abnormal in 67% 
to 75% of patients, and the tuberculin skin test result posi-
tive in 60% to 90%.

The urinalysis findings are abnormal in more than 90% 
of patients with genitourinary tuberculosis.237 Sterile pyuria 
with hematuria is present in 51% of cases, sterile pyuria 
alone in 26%, and gross or microscopic hematuria alone in 
13%. For patients with HIV infection, an algorithm that 
incorporates negative results of routine urine culture and 
the presence of pyuria, albuminuria, or hematuria has good 
predictive value for detecting genitourinary tuberculo-
sis.243,244 As many as half of HIV-positive patients, however, 
have concomitant bacteriuria with other organisms at pre-
sentation, and this finding may obscure the initial assess-
ment of the urinalysis.

IVP was traditionally the standard imaging approach, but 
CT is now preferred.240 Imaging studies identify unilateral 
disease in 75% of cases of renal tuberculosis (Figure 37.1). 
The characteristic early finding is erosions of the renal 
calyx; the erosions subsequently progress to papillary necro-
sis, hydronephrosis, renal parenchymal cavitation, and 
dilated calyces. Ureteric tuberculosis is characterized by a 
thickened ureteric wall and strictures. Lesions are most 
common in the distal third of the ureter. Bladder tubercu-
losis may manifest as reduced bladder volume with wall 
thickening, ulceration, and filling defects resulting from 
granulomatous involvement. In advanced disease, scarring 
results in permanent loss of volume and a residual  
small, irregular, calcified bladder. The most common finding 
on CT is renal calcification, present in 50% of cases.245 
Other characteristic findings are hydrocalyx secondary to 

Figure 37.1 Renal tuberculosis. A, Intravenous pyelogram, showing unilateral hydronephrosis and calyceal distension. B, Retrograde pyelo-
gram in the same patient, showing distal ureteric narrowing. 
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or urinary obstruction.262 If fungus balls are present, their 
surgical removal is required for cure of the infection.

Fluconazole is the treatment of choice for Candida urinary 
tract infection because it is excreted in the urine in active 
form and high urinary levels are achieved.260,261 A 2-week 
course of fluconazole, 200 to 400 mg daily, is recommended 
(Table 37.9). Amphotericin B deoxycholate, 0.3 to 0.6 mg/
kg daily, is the alternative treatment recommended  
for fluconazole-resistant strains, including most C. glabrata 
organisms, as well as in patients who are allergic to  
fluconazole or in whom treatment fails despite optimal  
fluconazole therapy and urologic management. Treatment 
duration with amphotericin B is 1 to 7 days for cystitis and 
2 weeks for pyelonephritis. Amphotericin B may also be 
effective for treatment of fungal cystitis when administered 
as a bladder washout, but this approach is not generally 
recommended because it requires several days of urethral 
catheterization and the optimal dose, frequency, and dura-
tion are not well established.263 With the lipid formulations 
of amphotericin B, concentrations of active drug achieved 
in renal tissue and urine are very low, so these formulations 
are not recommended.

The antifungal 5-flucytosine is excreted in the urine and 
is indicated for treatment of Candida urinary tract infection 
as a single agent or in combination with amphotericin B for 
renal infection.260,261 Resistance to 5-flucytosine develops 
rapidly when this drug is used as a single agent, and the 
frequent adverse effects of bone marrow suppression and 
enterocolitis also limit its use, particularly in patients with 
renal failure. Echinocandins such as caspofungin, micafun-
gin, and anidulafungin and other azoles such as itracon-
azole, voriconazole, and posaconazole, which are not 
excreted into the urine, are not recommended for treat-
ment of urinary tract infection.260,261 There are, however, 
case reports of successful treatment of C. glabrata urinary 
tract infection with caspofungin.264

healing process. Corticosteroid therapy does not prevent 
this complication.237 Ureteral reimplantation, endoscopic 
balloon dilation, or implantation of ureteral stents may  
be necessary if progressive obstruction develops. Nephrec-
tomy is rarely required but may be indicated for intrac-
table pain, untreatable infection proximal to a stricture, 
uncontrollable hematuria or hypertension, or drug resis-
tance. Bladder augmentation surgery may be required if  
the bladder is scarred and contracted after tuberculosis 
infection.248

BACILLE DE CALMETTE-GUÉRIN INFECTION

Intravesical vaccine instillation of bacille de Calmette-
Guérin (BCG) is considered first-line treatment for superfi-
cial bladder tumors and carcinoma in situ. Treatment with 
this biologic therapy may be complicated by systemic or 
local BCG infection.249-251 BCG bladder instillation is fol-
lowed by local irritative symptoms such as dysuria in 80% of 
cases, but these symptoms do not usually persist beyond 48 
hours.252 If symptoms do persist, isoniazid for 14 days is 
recommended, and if symptoms continue despite isoniazid 
therapy, a full course of antituberculous therapy is recom-
mended.253 Other, less common genitourinary infections 
that accompany BCG instillation include prostatitis in 1% 
to 3% of patients, epididymitis in 0.2%,250 and, in rare cases, 
testicular abscesses, bladder ulcers, local skin infections, or 
renal infection. Reflux may be a risk factor for the rare 
complication of BCG pyelonephritis.254 Localized genitouri-
nary infection tends to have a delayed onset and is usually 
not apparent clinically until more than 3 months after BCG 
treatment.249,251 BCG may not be isolated from urine or 
tissue cultures.249 Tissue biopsy usually shows necrotizing 
granulomatous inflammation, and this finding in the 
context of prior BCG therapy is sufficient for diagnosis even 
if subsequent culture results are negative.

FUNGAL URINARY TRACT INFECTION

Fungal urinary tract infection is usually caused by Candida 
species, which have an extensive array of virulence factors 
that may facilitate successful colonization and invasion of 
the urinary tract.255 Infection may be either antegrade, fol-
lowing candidemia, or retrograde via the urethra.255 Clinical 
manifestations are asymptomatic candiduria, cystitis, and 
pyelonephritis. Bladder or renal fungus balls and systemic 
fungemia are rare complications.256

Candida albicans is isolated from more than 50% of epi-
sodes, followed by Candida glabrata, Candida tropicalis and 
Candida parapsilosis.257,258 Candiduria is usually identified in 
patients who are seriously ill with multiple comorbid condi-
tions, and most infections are asymptomatic.256 The most 
important risk factors for candiduria are the presence of an 
indwelling catheter or other indwelling urologic device, dia-
betes mellitus, and exposure to broad-spectrum antimicro-
bial agents.258 Treatment of asymptomatic candiduria is not 
beneficial and is currently recommended only for selected 
patients with neutropenia or before a traumatic urologic 
procedure.259-261 Indwelling devices should be removed 
whenever possible to facilitate resolution of candiduria. 
Imaging studies to exclude fungus balls should be consid-
ered in patients who have recurrent symptomatic infection 

Table 37.9  Recommended Treatment of 
Candiduria

Cystitis Pyelonephritis

Fluconazole (if 
isolate is 
susceptible)

200-400 mg daily, 
14 days

200-400 mg daily, 14 
days

Amphotericin B 
deoxycholate

0.3-0.6 mg/kg 
daily, 1-7 days

0.5-0.7 mg/kg daily, 
14 days

Amphotericin  
B bladder 
irrigation

5-50 mg/L 
continuous 
irrigation for 2-7 
days

Not indicated

Flucytosine 25 mg/kg qid; 
7-10 days

25mg/kg qid, 14 
days*

From Pappas PG, Kauffman CA, Andes D, et al: Clinical 
practice guidelines for the management of candidiasis 2009: 
Update by the Infectious Diseases Society of America, Clin 
Infect Dis 48:503-535, 2009.

*May be used in combination with amphotericin B.
qid, Four times a day.
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than 35 years had a significantly higher prevalence of infes-
tation.278 Travelers to endemic areas may acquire infection 
with only minimal exposure to contaminated water.279,280

Acute genitourinary symptoms occur in up to 50% of 
cases following acquisition of infection and include hema-
turia, which is often terminal, together with dysuria and 
urinary frequency. Microhematuria is reported in 41% to 
100% and gross hematuria in 0% to 97% of patients with 
chronic schistosomal infestation. Radiologic abnormalities 
are present in the upper urinary tract in 2% to 62% of 
chronic cases.275 Ultrasonography of the urinary tract dem-
onstrates thickening of the bladder wall, granulomatous 
changes, hydronephrosis, and, on occasion, bladder or ure-
teric calcification. The diagnosis is established by identifica-
tion of parasite eggs in the urine or biopsy specimens or by 
serologic findings. Urine specimens collected for identifica-
tion of eggs should be obtained on consecutive days between 
1100 and 1300 hours because egg passage is maximal at this 
time. Sedimentation or filtration of the urine before exami-
nation increases the sensitivity of egg detection.275,281

Treatment with one dose of praziquantel, 40 mg per kg 
body weight, leads to cure in 80% of cases. Follow-up urine 
specimens for parasite examination are recommended 3 
months after treatment to identify patients in whom treat-
ment has failed and must be repeated. Bladder wall thicken-
ing and hydroureters may be reversed if treatment is given 
early in the course of infestation. However, when chronic 
disease is established and fibrotic lesions are present, 
changes may not be reversible, and corrective surgery or 
management of end-stage renal disease is required.281

The protozoal parasite T. vaginalis is commonly transmit-
ted sexually and is occasionally identified on microscopy 
with routine urinalysis. In women, the parasite may origi-
nate from contamination of the urine by vaginal secretions, 
but the organism is a well-described cause of urethritis for 
both men and women. Whenever T. vaginalis is identified, 
treatment of the patient and his or her sexual partners is 
indicated, regardless of symptoms. The recommended treat-
ment is a single dose of metronidazole, 2 g, or tinidazole, 
2 g.282

Echinococcus granulosus infestation occasionally involves 
the kidneys.274 Renal cysts are reported in 2% to 3% of cases 
of hydatid disease.283,284 The diagnosis is usually made after 
an incidental finding of a cyst in the kidneys, ureters, 
bladder, or testes. On occasion, flank pain or a mass is 
present. Hydatid cysts are not excreted in the urine. Treat-
ment consists of surgical cyst removal or marsupialization; 
nephrectomy is occasionally necessary. Perioperative alben-
dazole therapy is also usually recommended for patients 
with hydatid disease. A less common helminthic infestation 
is Wucheria bancrofti (filariasis), which may cause lymphatic 
obstruction and rupture into the urinary collecting system, 
producing chyluria.274
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VIRAL INFECTIONS

Viral urinary tract infections are uncommon in adults  
and occur largely in immunocompromised patients.265-268 
Clinical manifestations of viral infection generally follow 
reactivation of latent infection in immunocompromised 
patients, although de novo infection may occur. The usual 
clinical manifestation is hemorrhagic cystitis, but nephropa-
thy has also been described.265,269-271 The most common 
viruses are adenovirus, parvovirus B19, and CMV. More than 
one viral infection may coexist. Most adult cases occur in 
recipients of hematopoietic stem cell transplants, particu-
larly those with severe graft-versus-host disease, and in renal 
transplant recipients. Infection has also been reported  
in other immunosuppressed patients, such as HIV-infected 
patients with low CD4+ cell counts.267,272 HIV-associated 
nephropathy (HIVAN) as a distinct clinical entity, including 
consideration of the role of host genetic background, glo-
merular cell viral entry and replication, is considered in 
Chapter 33.

Management of parvovirus B19 infection in the trans-
planted kidney is discussed in Chapter 72. Adenovirus or 
CMV infection is diagnosed by viral culture or PCR of the 
urine. Management includes minimization of immunosup-
pressive therapy if possible. For HIV-infected patients, anti-
retroviral therapy to increase the CD4+ cell count should be 
initiated. CMV infection responds to treatment with ganci-
clovir or foscarnet.265 Treatment of adenovirus infection 
employs cidofovir, although some efficacy has been reported 
with vidarabine.265 There have also been case reports of 
successful treatment of adenovirus with ganciclovir and 
ribavirin.265,273

PARASITIC INFESTATIONS OF THE  
URINARY TRACT

The most common and important parasitic infestation of 
the urinary tract is with Schistosoma hematobium.274,275 This 
parasite is acquired after exposure to contaminated water. 
Schistosoma larvae penetrate the intact skin and migrate in 
the blood to the liver, where they transform into young 
worms (schistosomulae) that mature in 4 to 6 weeks and 
then further migrate to the perivesical venules. The life span 
of the adult worm in the venule is usually 3 to 5 years but 
can be longer. Most eggs produced by the adult worms enter 
the bladder lumen and are removed in the urine. However, 
some eggs are retained locally in the bladder wall, where 
they incite an eosinophilic inflammatory and granuloma-
tous immune response that causes progressive fibrosis.

The functional abnormality early in the disease is obstruc-
tion of the bladder neck. Late complications include recur-
rent bacterial urinary tract infection, bladder or ureteric 
stone formation, renal functional abnormalities, and, ulti-
mately, kidney failure.275,276 Schistosoma infestation is also a 
risk factor for squamous cell carcinoma of the bladder. The 
relative risk of cancer for persons with schistosomiasis varies 
from 1.8 to 23.5; the incidence is highest in the 30- to 
50-year age group.277

The prevalence of infection in endemic areas is high. 
Surveys from rural Zimbabwe revealed that 60% of women 
younger than 20 years of age and 29% of those aged 45 to 
49 years have eggs in the urine; HIV-infected women older 
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In adults 1.5 to 2.0 L of urine flows daily from the renal 
papillae through the ureter, bladder, and urethra in an 
uninterrupted, unidirectional flow. Any obstruction of 
urinary flow at any point along the urinary tract may cause 
retention of urine and increased retrograde hydrostatic 
pressure, leading to kidney damage and interference with 
waste and water excretion, as well as fluid and electrolyte 
homeostasis. Because the extent of recovery of renal func-
tion in obstructive nephropathy is related inversely to the 
extent and duration of obstruction, prompt diagnosis and 
relief of obstruction are essential for effective management. 
Fortunately, urinary tract obstruction in most cases is a 
highly treatable form of kidney disease.

Several terms describe urinary tract obstruction, and defi-
nitions may vary.1-3 In the following discussion hydronephrosis 
is defined as a dilation of the renal pelvis and calyces proxi-
mal to the point of obstruction. Obstructive uropathy refers to 
blockage of urine flow due to a functional or structural 
derangement anywhere from the tip of the urethra back to 
the renal pelvis that increases pressure proximal to the site 
of obstruction. Obstructive uropathy may or may not result 
in renal parenchymal damage. Such functional or patho-
logic parenchymal damage is referred to as obstructive 
nephropathy. It should be noted that hydronephrosis and 
obstructive uropathy are not interchangeable terms—
dilation of the renal pelvis and calyces can occur without 
obstruction, and urinary tract obstruction may occur in the 
absence of hydronephrosis.

PREVALENCE AND INCIDENCE

The incidence of urinary tract obstruction varies widely 
among different populations, and depends on concurrent 
medical conditions, sex, and age. Unfortunately, epidemio-
logic reports have been based on the studies of selected 
“populations,” such as women with high-risk pregnancies 
and data from autopsy series. In the United States it has 
been estimated that 166 patients per 100,000 population 
had a presumptive diagnosis of obstructive uropathy on 
admission to hospitals in 1985.4 The introduction of routine 
prenatal ultrasound scanning resulted in an increasing 
number of infants suspected with urinary tract obstruction,5 
and with the increasing age of the population during the 
past 25 years the incidence of obstructive uropathy may be 
expected to increase even more.

A review of 59,064 autopsies of individuals varying in age 
from neonate to 80 years noted hydronephrosis as a finding 
in 3.1% (3.3% in males and 2.9% in females). In individuals 
younger than 10 years, representing 1.5% of all autopsies, 
the principal causes of urinary tract obstruction were ure-
teral or urethral strictures or neurologic abnormalities. It is 
unclear how frequently these abnormalities represented 
incidental findings, as opposed to being recognized clini-
cally. Until the age of 20, there was no substantial sex differ-
ence in frequency of abnormalities (for details please also 
see Chapter 73). Between the ages of 20 and 60, urinary 
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The widespread use of fetal ultrasonography, and its 
increasing sensitivity, has led to early detection in an increas-
ing number of cases. With an estimated prevalence of 2% 
to 5.5%, dilation of the renal collecting system is the most 
common ultrasonographic abnormality found in the fetal 
urinary tract.11 In cases of severe obstruction, early detection 
may lead to termination of the pregnancy or attempts to 
ameliorate the obstruction in utero.10,12,13 However, ultraso-
nography may detect mild obstruction of unknown clinical 
significance.10,12 In brief, UPJ obstruction is the most 
common cause of hydronephrosis in fetuses14 and young 
children,15 with a reported incidence of 5 cases per 100,000 
population per year,16 and it may affect adults as well.17 
There is considerable controversy as to whether all cases of 
obstruction early in life are clinically significant. The wide-
spread use of fetal ultrasonography has resulted in detection 
of many cases that remain asymptomatic and may resolve 
spontaneously with simple follow-up of the child.3,18 Despite 
the numerous cases there is a lack of consistency with 
respect to the nomenclature and grading systems used in 
the clinical risk assessment of infants with antenatal hydro-
nephrosis.5 Although most cases of congenital UPJ obstruc-
tion are diagnosed prenatally by ultrasonography,19 the most 
common neonatal clinical presentation is a flank or abdomi-
nal mass.20 By contrast, adults generally present with flank 
pain.17 Because intermittent obstruction may produce symp-
toms that mimic those of gastrointestinal disease, diagnosis 
may be delayed. At any age, UPJ obstruction may be associ-
ated with kidney stones, hematuria, hypertension, or recur-
rent urinary tract infection.16,17 A detailed presentation of 

tract obstruction was more frequent among women than 
among men, mainly due to the effects of uterine cancer and 
pregnancy. Above the age of 60, prostatic disease raised the 
frequency of urinary tract obstruction among men above 
that observed among women.

In children younger than age 15, obstruction occurred in  
2% of autopsies. Hydronephrosis was found in 2.2% of the 
boys and 1.5% of the girls; 80% of the hydronephrosis that 
did occur was found in individuals younger than 1 year.6 
Consistent with this, another autopsy series of 3172 children 
identified urinary tract abnormalities in 2.5%. Hydroureter 
and hydronephrosis were the most common findings,  
representing 35.9% of all cases.7 However, it was not clear 
what proportion of cases was diagnosed clinically before 
death.

Because a high proportion of these autopsy-detected 
cases of obstruction likely went undetected during life, the 
overall prevalence of urinary tract obstruction is very likely 
far greater than reports suggest. This conclusion is rein-
forced by the fact that there are several common but tem-
porary causes of obstruction, such as pregnancy and renal 
calculi.

CLASSIFICATION

Classification of urinary tract obstruction can be by duration 
(acute or chronic),8 by whether it is congenital or acquired, 
and by its location (upper or lower urinary tract, supravesi-
cal, vesical or subvesical, and so on). Acute obstruction may 
be associated with sudden onset of symptoms. Upper urinary 
tract (ureter or ureteropelvic junction [UPJ]) obstruction 
may present with renal colic. Lower tract (bladder or 
urethra) obstruction may present with disorders of micturi-
tion. By contrast, chronic urinary tract obstruction may 
develop insidiously and present with few or only minor 
symptoms, and with more general manifestations. For 
example, recurrent urinary tract infections, bladder calculi, 
and progressive renal insufficiency may all result from 
chronic obstruction. Congenital causes of obstruction  
arise from developmental abnormalities, whereas acquired 
lesions develop after birth, either due to disease processes 
or as a result of medical interventions.9

ETIOLOGY

Because congenital and acquired urinary tract obstructions 
differ to a great degree in cause and clinical course, they 
will be described separately.

CONGENITAL CAUSES OF OBSTRUCTION

Congenital anomalies may obstruct the urinary tract at  
any level from the UPJ to the tip of urethra, and the obstruc-
tion may damage one or both kidneys (Table 38.1). Although 
some lesions occur rarely, as a group they represent  
an important cause of urinary tract obstruction, because  
in younger patients they often lead to severe renal impair-
ment and may result in catastrophic end-stage kidney 
disease.10 Thus this condition is also presented in detail in 
Chapter 73.

Table 38.1  Congenital Causes of Urinary 
Tract Obstruction

Ureteropelvic Junction

Ureteropelvic junction obstruction

Proximal and Middle Ureter

Ureteral folds
Ureteral valves
Strictures
Benign fibroepithelial polyps
Retrocaval ureter

Distal Ureter

Ureterovesical junction obstruction
Vesicoureteral reflux
Prune-belly syndrome
Ureteroceles

Bladder

Bladder diverticula
Neurologic conditions (e.g., spina bifida)

Urethra

Posterior urethral valves
Urethral diverticula
Anterior urethral valves
Urethral atresia
Labial fusion
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Table 38.2  Acquired Causes of Urinary Tract Obstruction

Intrinsic processes
Intraluminal

Intrarenal
Uric acid nephropathy
Sulfonamides
Acyclovir
Indinavir
Multiple myeloma

Intraureteral
Nephrolithiasis
Papillary necrosis
Blood clots
Fungus balls

Intramural
Functional

Diseases
Diabetes mellitus
Multiple sclerosis
Cerebrovascular disease
Spinal cord injury
Parkinson’s disease

Drugs
Anticholinergic agents
Levodopa (α-adrenergic properties)

Anatomic
Ureteral strictures

Schistosomiasis
Tuberculosis
Drugs (e.g., nonsteroidal antiinflammatory agents)
Ureteral instrumentation

Urethral strictures
Benign or malignant tumors of the renal pelvis, ureter, 

bladder
Extrinsic processes
Reproductive tract

Females
Uterus

Pregnancy
Tumor (fibroids, endometrial or cervical cancer)
Endometriosis
Uterine prolapse
Ureteral ligation (surgical)

Ovary
Tubo-ovarian abscess
Tumor
Cyst

Males
Benign prostatic hyperplasia
Prostate cancer

Malignant neoplasms
Genitourinary tract

Tumors of kidney, ureter, bladder, urethra
Other sites

Metastatic spread
Direct extension

Gastrointestinal system
Crohn’s disease
Appendicitis
Diverticulosis
Chronic pancreatitis with pseudocyst formation
Acute pancreatitis

Vascular system
Arterial aneurysms

Abdominal aortic aneurysm
Iliac artery aneurysm

Venous
Ovarian vein thrombophlebitis

Vasculitides
Systemic lupus erythematosus
Polyarteritis nodosa
Granulomatosis with polyangiitis (formerly designated 

Wegener’s granulomatosis)
Henoch-Schönlein purpura

Retroperitoneal processes
Fibrosis

Idiopathic
Drug-induced
Inflammatory

Ascending lymphangitis of the lower extremities
Chronic urinary tract infection
Tuberculosis
Sarcoidosis

Iatrogenic (multiple abdominal surgical procedures)
Enlarged retroperitoneal nodes
Tumor invasion
Tumor mass
Hemorrhage
Urinoma

Biologic agents
Actinomycosis

the different causes of UPJ obstruction is provided in 
Chapter 73, where a thorough presentation of the patho-
physiology of proximal and distal congenital ureteral 
obstruction is discussed.

Congenital bladder outlet obstruction may be caused by 
mechanical or functional factors and will also be discussed 
in Chapter 73.

Because operative complications may be high,21 the use of 
fetal13,22 or neonatal22,23 surgery for the relief of obstruction 
remains controversial.10,12,13 Although bilateral obstruction 
requires intervention, patients with unilateral hydronephro-
sis are often followed without surgery, but with aggressive 
observation to identify the approximately 20% of patients 
with congenital hydronephrosis who require pyeloplasty.23,24 
Indications for surgery in unilateral hydronephrosis include 

symptoms of obstruction or impaired function in a presum-
ably salvageable hydronephrotic kidney.

ACQUIRED CAUSES OF OBSTRUCTION

INTRINSIC CAUSES
Acquired causes of obstruction may be intrinsic to the 
urinary tract (i.e., resulting from intraluminal or intramural 
processes) or may arise from causes extrinsic to it (Table 
38.2). Intrinsic causes of obstruction may be considered 
according to anatomic location.

Intrinsic intraluminal causes of obstruction may be intra-
renal or extrarenal. Intrarenal causes arise from formation 
of casts or crystals within the renal tubules. These include 
uric acid nephropathy25; deposition of crystals of drugs that 
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precipitate in the urine, including sulfonamides,26 acyclo-
vir,27 indinavir,28 and ciprofloxacin29; and multiple myeloma.30 
Uric acid nephropathy usually results from the large uric 
acid load released when alkylating agents abruptly kill large 
numbers of tumor cells in the treatment of patients with 
malignant hematopoietic neoplasms. The risk for uric acid 
nephropathy relates directly to plasma uric acid concentra-
tions.25 Uric acid nephropathy may also occur in the setting 
of disseminated adenomatous carcinoma of the gastrointes-
tinal tract.31 Sulfonamide crystal deposition, once a common 
occurrence, became rare with the introduction of sulfon-
amides that are more soluble in acid urine than earlier 
drugs. Sulfadiazine has been used as antiretroviral therapy, 
because it is relatively lipophilic and penetrates the brain 
well, making it an excellent treatment for toxoplasmosis in 
patients with acquired immunodeficiency syndrome (AIDS). 
However, the same lipophilicity makes the drug prone to 
the formation of intrarenal crystals, which can lead to acute 
kidney injury when the drug is given in large doses.26,32 Cip-
rofloxacin may also precipitate in the tubule fluid, resulting 
in crystalluria with stone formation and urinary tract 
obstruction.29 A common renal complication of multiple 
myeloma is “myeloma kidney,” a condition also known as 
myeloma cast nephropathy. The renal lesions (casts) are 
directly related to the production of monoclonal immuno-
globulin free light chains (FLCs), which coprecipitate with 
Tamm-Horsfall protein (THP) in the lumen of the distal 
nephron, obstructing tubule fluid flow.33,34 Promising exper-
iments have identified the determinants of the molecular 
interaction between FLCs and THP, which permitted devel-
opment of a peptide that demonstrated strong inhibitory 
capability in the binding of FLCs to THP in vitro.34

Several intrinsic intraluminal, extrarenal, or intraureteral 
processes may also cause obstruction. Nephrolithiasis repre-
sents the most common cause of ureteral obstruction in 
younger men.35 In the U.S. population the prevalence of 
symptomatic kidney stone of adult ages 20 to 74 was esti-
mated from self-reported incidents between 1988 and 1994 
to afflict 5.2% of adults (6.3% males and 4.1% females).36 
The significance of this number is also reflected by the large 
number of hospital admissions due to calculus of kidney and 
ureters, amounting to 166,000 hospital stays in 2006.37 
Calcium oxalate stones occur most commonly. Obstruction 
caused by such stones occurs sporadically, and tends to be 
acute and unilateral, and usually without a long-term impact 
on renal function. Of course, when a stone obstructs a soli-
tary kidney, the result can be anuric or oliguric acute kidney 
injury. Less common types of stones, such as struvite 
(ammonium-magnesium-sulfate) and cysteine stones, more 
frequently cause significant renal damage because these 
substances accumulate over time and often form staghorn 
calculi. Stones tend to lodge and to obstruct urine flow at 
narrowings along the ureter, including the UPJ, the pelvic 
brim (where the ureter arches over the iliac vessels), and 
the ureterovesical junction.

Other processes that cause ureteral obstruction include 
papillary necrosis, blood clots, and cystic inflammation. Pap-
illary necrosis38 may result from sickle cell disease or trait, 
amyloidosis,39 analgesic abuse, acute pyelonephritis, or dia-
betes mellitus. Renal allografts may develop papillary necro-
sis as well.40 Acute obstruction may even require surgical 
intervention.41 Blood clots secondary to a benign or 

malignant lesion of the urinary tract or cystic inflammation 
of the ureter (ureteritis cystica) can also lead to obstruction 
and hydronephrosis.42

Intrinsic intramural processes that cause obstruction 
include failure of micturition or more rarely of ureteral 
peristalsis. Bladder storage of urine and micturition require 
complex interplay of spinal reflexes, midbrain, and cortical 
function.43 Neurologic dysfunction44 occurring in diabetes 
mellitus, multiple sclerosis, spinal cord injury, cerebrovascu-
lar disease, and Parkinson’s disease can result from upper 
motor neuron damage. These can produce a variety of 
forms of bladder dysfunction. If the bladder fails to empty 
properly, it can remain filled most of the time, resulting in 
chronic increased intravesical pressure, which is transmitted 
retrograde into the ureters and to the renal pelvis and 
kidney. In addition, failure of coordination of bladder con-
traction with the opening of the urethral sphincter may lead 
to bladder hypertrophy. In this setting, bladder filling 
requires increased hydrostatic pressures to stretch the 
hypertrophic detrusor muscle. Again the increased pressure 
in the bladder is transmitted up the urinary tract to the 
ureters and renal pelvis. Lower spinal tract injury may result 
in a flaccid, atonic bladder and failure of micturition, as well 
as recurrent urinary tract infections.

Various drugs may cause intrinsic intramural obstruction 
by disrupting the normal function of the smooth muscle of 
the urinary tract. Anticholinergic agents45 may interfere 
with bladder contraction, whereas levodopa46 may mediate 
an α-adrenergic increase in urethral sphincter tone, result-
ing in increased bladder outlet resistance. Chronic use of 
tiaprofenic acid (Surgam) can cause severe cystitis with sub-
sequent ureteral obstruction.47 In all circumstances when 
the bladder does not void normally, renal damage may 
develop as a consequence of recurrent urinary tract infec-
tions and back pressure produced by the accumulation of 
residual urine.

Acquired anatomic abnormalities of the wall of the 
urinary tract include ureteral strictures and benign as well 
as malignant tumors of the urethra, bladder, ureter, or renal 
pelvis.48 Ureteral strictures may result from radiation therapy 
in children49 and in adults50 treated for pelvic or lower 
abdominal cancers, such as cervical cancer, or rarely as a 
result of analgesic abuse.51 Strictures may also develop as a 
complication of ureteral instrumentation or surgery.

Infectious organisms may also produce intrinsic obstruc-
tion of the urinary tract. Schistosoma haematobium afflicts 
nearly 100 million people worldwide. Though active infec-
tion can be treated and obstructive uropathy may resolve, 
chronic schistosomiasis (bilharziasis) may develop in 
untreated cases, leading to irreversible ureteral or bladder 
fibrosis and obstruction.52 Of other infections, the incidence 
of genitourinary tuberculosis has remained constant over 
the past 30 years, amounting to 3% to 5% of patients with 
tuberculosis.53 Mycoses such as Candida albicans or Candida 
tropicalis infection may also result in obstruction due to 
intraluminal obstruction (fungus ball) or invasion of the 
ureteral wall.54

EXTRINSIC CAUSES
Acquired extrinsic urinary tract obstruction occurs in a wide 
variety of settings. The relatively high frequency of obstruc-
tive uropathy from processes in the female reproductive 
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note that 52% of inadvertent ligations of the ureter in 
abdominal and retroperitoneal operations occur in gyneco-
logic procedures.64

Above age 60 obstructive uropathy occurs more com-
monly in men than in women. Benign prostatic hyperplasia, 
which is by far the most common cause of urinary tract 
obstruction in men, produces some symptoms of bladder 
outlet obstruction in 75% of men aged 50 years and older.65,66 
It is likely that the proportion of affected older men would 
be higher if physicians routinely took a detailed history  
for symptoms.65,66 Presenting symptoms of bladder outlet 
obstruction include difficulty initiating micturition, weak-
ened urinary stream, dribbling at the end of micturition, 
incomplete bladder emptying, and nocturia. The diagnosis 
may be established by history and urodynamic studies, as 
well as imaging in some cases.65-67

Malignant genitourinary tumors occasionally cause 
urinary tract obstruction. Bladder cancer is the second most 
common cause (after cervical cancer) of malignant obstruc-
tion of the ureter.2 Despite stage migration to more organ-
confined disease in the era of prostate-specific antigen, 
obstruction due to prostate cancer compressing the bladder 
neck and invading the ureteral orifices is still relatively 
common.68 Urinary tract obstruction in advanced and meta-
static prostate cancer can have a varied presentation, because 
it may occur in multiple anatomic locations, including the 
ureter and pelvic lymph nodes.69 Although urothelial tumors 
of the renal pelvis, ureter, and urethra are very rare, they 
also may lead to urinary obstruction.70

Several gastrointestinal processes may rarely cause 
obstructive uropathy. Inflammation in Crohn’s disease may 
extend into the retroperitoneum, leading to obstruction of 
the ureters,71 usually on the right side.72 In addition, several 
gastrointestinal diseases may cause oxalosis, leading to 
nephrolithiasis.73 Appendicitis may lead to retroperitoneal 
scarring or abscess formation in children and young adults,74 
leading to obstruction of the right ureter. Diverticulitis in 
older patients75 may rarely cause obstruction of the left 
ureter. Fecaloma is another rare cause of bilateral ureteral 
obstruction.76 Chronic pancreatitis with pseudocyst forma-
tion sometimes causes left ureteral obstruction77 and may 
very rarely cause bilateral obstruction.78 Acute pancreatitis 
may result in right-sided obstruction.79

Vascular abnormalities or diseases may also lead to 
obstruction. Abdominal aortic aneurysm is the most 
common vascular cause of urinary obstruction,80 which may 
be caused by direct pressure of the aneurysm on the ureter 
or associated retroperitoneal fibrosis. Aneurysms of the iliac 
vessels may also cause obstruction of the ureters as they cross 
over the vessels.80 Rarely, the ovarian venous system may 
cause right ureteral obstruction.81 In addition, and also 
rarely, vasculitis caused by systemic lupus erythematosus,82 
polyarteritis nodosa,83 granulomatosis with polyangiitis 
(formerly designated Wegener’s granulomatosis),84 and 
Henoch-Schönlein purpura85,86 have been reported to cause 
obstruction.

Retroperitoneal processes, such as tumor invasion leading 
to compression, as well as retroperitoneal fibrosis, can result 
in obstruction. The major extrinsic causes of retroperito-
neal obstruction, accounting for 70% of all cases, are due 
to tumors of the colon, bladder, prostate, ovary, uterus, or 
cervix.2,87,88 When idiopathic, retroperitoneal fibrosis87,88 

tract such as pregnancy and pelvic neoplasms results in 
higher rates of urinary tract obstruction in younger women 
than in younger men.2 The advent of routine abdominal 
and fetal ultrasonography in pregnant women has revealed 
that more than two thirds of women entering their third 
trimester demonstrate some degree of dilation of the col-
lecting system,55 most often resulting from mechanical ure-
teral obstruction.55 This temporary form of obstruction is 
usually observed above the point at which the ureter crosses 
the pelvic brim and affects the right ureter more often than 
the left.55 The vast majority of these cases are subclinical and 
appear to resolve completely soon after delivery.56 Clinically 
significant obstructive uropathy in pregnancy almost always 
presents with flank pain.57 In these cases, ultrasonography 
serves as a useful initial screening test,20 and magnetic reso-
nance imaging (MRI) can be used if the ultrasonography is 
not conclusive.57 Of course, the diagnostic evaluation must 
be tailored to minimize fetal radiation exposure. If the 
obstruction is significant, a ureteral stent can be placed 
cystoscopically, and its efficacy can be monitored with 
repeated follow-up ultrasonography.58 The stent can be left 
in place for the duration of pregnancy, if needed. Clinically 
significant ureteral obstruction is rare in pregnancy, and 
bilateral obstruction leading to acute kidney injury is excep-
tionally rare.57 Conditions in pregnancy that may predispose 
to obstructive uropathy and acute kidney injury include 
multiple fetuses, polyhydramnios, an incarcerated gravid 
uterus, or a solitary kidney.56

Pelvic malignancies, especially cervical adenocarcinomas, 
represent the second most common cause of extrinsic 
obstructive uropathy in women.59 In older women, uterine 
prolapse and other failures of normal pelvic floor tone may 
cause obstruction, with hydronephrosis developing in 5% of 
patients.60 In this setting prolapse may lead to compression 
of the ureter by uterine blood vessels. In addition, prolapse 
has been associated with urinary tract infection, sepsis, pyo-
nephrosis, and renal insufficiency. Prolapse of other pelvic 
organs due to weakening of the pelvic floor may also result 
in obstruction.60 Various benign pelvic abnormalities may 
cause ureteral obstruction, including uterine tumors or 
cystic ovary and pelvic inflammatory disease, particularly a 
tubo-ovarian abscess. Pelvic lipomatosis, a disease with an 
unclear etiology that is seen more often in men, is another 
rare reason for compressive urinary tract obstruction.61

Although endometriosis only rarely results in ureteral 
obstruction,62 it should be included in the differential diag-
nosis any time a premenopausal woman presents with uni-
lateral obstruction. The onset of obstruction may be 
insidious, and the process is usually confined to the pelvic 
portion of the ureter.62 Ureteral involvement may be intrin-
sic or extrinsic, with extrinsic compression arising princi-
pally from adhesions associated with the endometriosis. 
Because ureteral involvement may come on slowly and may 
be unilateral, it is important to screen for obstructive uropa-
thy in advanced cases of endometriosis,62 preferably using 
computed tomography (CT) because ultrasonography may 
not reveal hydronephrosis if adhesions are preventing dila-
tion of the ureter above the site of obstruction.63 When 
surgery of any kind is contemplated in patients with endo-
metriosis, it is all the more important to image the ureters, 
because they cross the anticipated surgical field and may 
well be near, or attached to, adhesions.62,63 It is important to 
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fibers are located. The severity of the pain appears to cor-
relate with the rate, rather than the degree, of distension. 
The pain may present as typical renal colic (sharp pain that 
may radiate toward the urethral orifice), or, in patients with 
reflux, the pain may radiate to the flank only during micturi-
tion. With UPJ obstruction, flank pain may develop or 
worsen when the patient ingests large quantities of fluids or 
receives diuretics.105 Early satiety and weight loss may be 
another symptom.106 Ileus or other gastrointestinal symp-
toms may be associated with the pain, especially in cases of 
renal colic, so that it can be difficult to differentiate obstruc-
tion for gastrointestinal disease.

Sometimes patients notice changes in urine output as 
obstruction sets in. Urinary tract obstruction is one of the 
few conditions that can result in anuria, usually because of 
bladder outlet obstruction or obstruction of a solitary kidney 
at any level. Obstruction may also occur with no change in 
urine output. Alternatively, episodes of polyuria may alter-
nate with periods of oliguria. Recurrent urinary tract infec-
tions may be the only sign of obstruction, particularly in 
children. As mentioned earlier, prostatic disease with signifi-
cant bladder outlet obstruction often presents with difficulty 
initiating urination, decreased size or force of the urine 
stream, postvoiding dribbling, and incomplete emptying.107 
Spastic bladder or irritative symptoms such as frequency, 
urgency, and dysuria may result from urinary tract infection. 
The appearance of obstructive symptoms synchronous with 
the menstrual cycle may also be a sign of endometriosis.108

On physical examination, several signs may suggest 
urinary obstruction. A palpable abdominal mass, especially 
in neonates, may represent hydronephrosis, or, in all age-
groups, a palpable suprapubic mass may represent a dis-
tended bladder. On laboratory examination, proteinuria, if 
present, is generally less than 2 g/day. Microscopic hematu-
ria is a common finding, but gross hematuria may develop 
occasionally such as in rare cases with appendiceal granu-
loma.109 The urine sediment is often unremarkable. Less 
common manifestations of urinary tract obstruction include 
deterioration of renal function without apparent cause, 
hypertension,110 polycythemia, and abnormal urine acidifi-
cation and concentration capacity.

DIAGNOSIS

Careful history taking and physical examination represent 
the cornerstone of diagnosis, often leading to detection of 
urinary tract obstruction and suggesting the reason for it. 
The findings of the history and physical examination should 
focus the evaluation, so that minimal amount of time and 
expense are incurred in determining the cause of the 
obstruction.

HISTORY AND PHYSICAL EXAMINATION

Important information in the history includes the type and 
duration of symptoms (voiding difficulties, flank pain, 
decreased urine output), presence or absence of urinary 
tract infections and their number and frequency (especially 
in children), pattern of fluid intake and urine output, as 
well as any symptoms of chronic kidney disease (such as 
fatigue, sleep disturbance, loss of appetite, pruritus). In 

usually involves the middle third of the ureter and affects 
men and women equally, predominantly those in the fifth 
and sixth decades of life.88 Retroperitoneal fibrosis may also 
be induced by drugs (e.g., methysergide), or it may occur 
as a consequence of scarring from multiple abdominal sur-
gical procedures.88 It may also be associated with conditions 
as varied as gonorrhea, sarcoidosis, chronic urinary tract 
infections, Henoch-Schönlein purpura, tuberculosis, biliary 
tract disease, and inflammatory processes of the lower 
extremities with ascending lymphangitis.88

Malignant neoplasms can obstruct the urinary tract by 
direct extension or by metastasis,89 which may be managed 
by retrograde stenting as a practical but guarded treatment 
and should be tailored to each patient.89 As noted earlier, 
cervical cancer is the most common obstructing malignant 
neoplasm, followed by bladder cancer.2,90,91 Rare childhood 
tumors such as pelvic neurofibromas can induce upper 
urinary tract obstruction in up to 60% of patients.92 Wilms’ 
tumor may obstruct via local compression of the renal 
pelvis.93 Miscellaneous inflammatory processes can also 
result in obstruction. These include granulomatous causes 
such as sarcoidosis94 and chronic granulomatous disease of 
childhood.95 Amyloid deposits may produce isolated involve-
ment of the ureter. Furthermore, a pelvic mass or inflam-
matory process associated with actinomycosis may cause 
external ureteral compression.96,97 Retrovesical echinococ-
cal cyst can also impede urine flow.98 Retroperitoneal mala-
coplakia can also be a rare cause of urinary obstruction.99 
Polyarteritis nodosa associated with hepatitis B has also been 
reported to result in bilateral hydronephrosis.100

Hematologic abnormalities induce obstruction of the 
urinary tract by a variety of mechanisms. In the retroperito-
neum, enlarged lymph nodes or a tumor mass may com-
press the ureter.33,101 Alternatively, precipitation of cellular 
breakdown products such as uric acid (see earlier) and 
paraproteins, as in multiple myeloma, may cause intrinsic 
obstruction. In patients with clotting abnormalities, blood 
clots or hematomas may obstruct the urinary tract, as can 
sloughed papillae in patients with sickle cell disease or anal-
gesic nephropathy (see earlier). Although leukemic infil-
trates rarely cause obstruction in adults, in children they 
cause obstruction in 5% of patients.102 Lymphomatous infil-
tration of the kidney occurs relatively commonly, but 
obstruction related to ureteral involvement in lymphoma is 
rarer.103

CLINICAL ASPECTS

Urinary tract obstruction may cause symptoms referable to 
the urinary tract. However, even patients with severe obstruc-
tion may be asymptomatic, especially in settings where the 
obstruction develops gradually or in patients with spinal 
cord injury.104 The clinical presentation often depends 
on the rate of onset of the obstruction (acute or chronic), 
the degree of obstruction (partial or complete), whether  
the obstruction is unilateral or bilateral, and whether the 
obstruction is intrinsic or extrinsic. Pain in obstructive urop-
athy is usually associated with obstruction of sudden onset, 
as from a kidney stone, blood clot, or sloughed papillae, and 
appears to result from abrupt stretching of the renal capsule 
or the wall of the collecting system, where C-type sensory 
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proteome analysis reveals an example of this powerful new 
technology. Polypeptides in the urine were identified and 
enabled diagnosis of the severity of obstruction. When this 
technique was used, the clinical evolution was predicted 
with 94% precision in neonates,112 whereas the precision was 
only 20% in older children with UPJ obstruction.113 Thus 
far, application of large-scale urinary proteomic analysis 
holds promise for better classification of individuals with 
hydronephrosis for early selection of surgical candidates,114 
but long-term follow-up studies are warranted to determine 
the true clinical value of this diagnostic approach.115

EVALUATION BY MEDICAL IMAGING

The history, physical examination, and initial laboratory 
study results should guide the medical imaging evaluation. 
Pain, degree of renal dysfunction, and the presence of infec-
tion dictate the speed and nature of the evaluation. Numer-
ous imaging techniques are available; each has advantages 
and disadvantages, including the ability to identify the site 
and cause of the obstruction and to separate functional 
obstruction from mere dilation of the urinary tract. Patient-
specific factors, such as the risk of radiocontrast in the 
setting of renal insufficiency or the risk of exposure to radia-
tion in pregnant women, must also be weighed.20

ULTRASONOGRAPHY
Ultrasonography is the preferred screening modality when 
obstruction is suspected116,117 because it is highly sensitive for 
hydronephrosis,116,117 is safe and can be repeated frequently, 
is readily available at low cost, and avoids ionizing radiation, 
making it ideal for pregnant patients,20 infants, and chil-
dren.116,118 Moreover, because ultrasonography requires no 
radiographic contrast, it is well suited to patients in whom 
contrast is contraindicated, including those with an elevated 
or rising serum creatinine level,116,117 to rule out obstruction 
as a cause of renal insufficiency, as well as in patients allergic 
to contrast material, in patients with nephrogenic fibrosis, 
and in pediatric patients.119 In addition to detecting 
hydronephrosis, ultrasonography can reveal dilation of the 
renal pelvis and calyces. It may also determine the size  
and shape of the kidney and may demonstrate thinned 
cortex in case of severe long-standing hydronephrosis  
(Figure 38.1). Finally, ultrasonography may detect peri-
nephric abscesses, which may complicate some forms of 
obstructive nephropathy. Importantly, in a multicenter 
comparative-effectiveness trial in patients with suspected 
nephrolithiasis subjected to point-of-care ultrasonography 
(emergency ultrasonography), ultrasonography performed 
by a radiologist, or abdominal CT, it was concluded that 
using ultrasonography as the initial test resulted in no need 
for CT in most patients, lower cumulative radiation expo-
sure, and no significant differences in the risk for subse-
quent serious adverse events, pain scores, return emergency 
department visits, or hospitalizations.120

Ultrasonography is both highly sensitive and highly spe-
cific in detecting hydronephrosis, with the rates approach-
ing 90%.116,117,121,122 Importantly, ultrasonography works 
equally well in patients with azotemia, in whom radiocon-
trast studies are contraindicated.122 Hydronephrosis is 
detected as a dilated collecting system—an anechoic central 
area surrounded by echogenic parenchyma.

addition, relevant past medical history should be reviewed 
in detail, looking for predisposing causes, including stone 
disease, malignancies, gynecologic diseases, history of recent 
surgery, AIDS, and drug use.

The physical examination should focus first on vital signs, 
which may provide evidence of infection (fever, tachycar-
dia) or of frank volume overload (hypertension). Evaluation 
of the patient’s volume status will guide fluid therapy. The 
abdominal examination may reveal a flank mass, which may 
represent hydronephrosis (especially in children), or a 
suprapubic mass, which may represent a distended bladder. 
Features of chronic kidney disease, such as pallor (anemia), 
drowsiness (uremia), neuromuscular irritability (metabolic 
abnormalities), or pericardial friction rub (uremic pericar-
ditis), may also be noted. A thorough pelvic examination in 
women and a rectal examination for all patients are manda-
tory. A careful history and a well-directed and complete 
physical examination often reveal the specific cause of 
urinary obstruction. Coexistence of obstruction and infec-
tion is a urologic emergency, and appropriate studies (ultra-
sonography, CT, MRI) must be performed immediately, so 
that the obstruction can be relieved promptly. Intravenous 
urography (IVU) is now less common to use in the diagnos-
tic workup of these patients.

BIOCHEMICAL EVALUATION

The laboratory evaluation includes urinalysis and examina-
tion of the sediment on a fresh specimen by an experienced 
observer. Unexplained kidney failure with benign urinary 
sediment should suggest urinary tract obstruction. Micro-
scopic hematuria without proteinuria may suggest calculus 
or tumor. Pyuria and bacteriuria may indicate pyelonephri-
tis; bacteriuria alone may suggest stasis. Crystals in a freshly 
voided specimen should lead to consideration of nephroli-
thiasis or intrarenal crystal deposition.

Hematologic evaluation includes the hemoglobin level, 
hematocrit, and mean corpuscular volume (to identify 
anemia of chronic kidney disease), and white blood cell 
count (to identify possible hematopoietic system neoplasm 
or infection). Serum electrolyte levels (Na+, Cl−, K+, and 
HCO3

−), blood urea nitrogen concentration, creatinine con-
centration, and levels of Ca2+, phosphorus, Mg2+, uric acid, 
and albumin should be measured. These will help identify 
disorders of distal nephron function (impaired acid excre-
tion or osmoregulation) and uremia. Urinary chemistry 
panels may also suggest distal tubular dysfunction (high 
urine pH, isosthenuric urine), inability to reabsorb sodium 
normally (urinary Na+ > 20 mEq/L, fractional excretion of 
sodium [FENa] > 1%, and osmolality < 350 mOsm). Alterna-
tively, in acute obstruction urinary chemistry values may be 
consistent with prerenal azotemia (urinary Na+ < 20 mEq/L, 
FENa < 1%, and osmolality < 500 mOsm).8

Novel biomarkers relevant for the functional as well as 
cellular and molecular changes are being developed as an 
index of renal injury and to predict renal reserve or recov-
ery after reconstruction. Simple tests examining the value 
of risk-proteins have suggested that elevated levels of neu-
trophil gelatinase–associated lipocalin (NGAL) and β2-
microglobulin are present in the urine from obstructed 
kidneys.111 Attempts to predict the clinical outcome of con-
genital unilateral UPJ obstruction in newborns by urine 
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(i.e., chronic obstruction). However, elastography is also 
sensitive to mechanical and functional parameters such as 
hydronephrosis and external pressure.129

Importantly, although ultrasonography is a useful screen-
ing test, it does not define renal function and cannot com-
pletely rule out obstruction, especially when prior clinical 
suspicion is high. Every experienced nephrologist has seen 
cases of obstruction with negative ultrasonographic study 
results. Therefore the diagnosis of obstruction must still be 
considered in patients with worsening renal function, 
chronic azotemia, or acute changes in renal function or 
urine output, even in the absence of hydronephrosis on 
ultrasonography.130

ANTENATAL ULTRASONOGRAPHY
Prenatal diagnosis of renal pathologic processes was first 
described in the 1970s.131 After that, routine maternal ultra-
sonography using devices of ever-increasing resolution 
resulted in a fourfold increase in antenatal detection of 
congenital urinary tract obstruction.132 Prenatal hydrone-
phrosis is diagnosed with an incidence of between 1 in 100 
and 1 in 500 maternal-fetal ultrasonographic studies.10,12,102 
Either obstructive or nonobstructive processes can cause 
dilation of the urinary tract. Overall the causes of urinary 
tract obstruction are as follows: UPJ obstruction (44%), ure-
terovesical junction obstruction (21%), multicystic dysplas-
tic kidney, ureterocele or ureteral ectopia, duplex kidney 
(12%), posterior urethral valves (9%), urethral atresia, 
sacrococcygeal teratoma, and hydrometrocolpos (fluid dis-
tension of the uterus).103,133-135 Nonobstructive causes include 
vesicoureteral reflux (VUR, 14%), physiologic dilation, 
prune-belly syndrome, renal cystic disease, and megacalyco-
sis (massive dilation of the renal calyces).103,133-135 Increased 
renal echogenicity and oligohydramnios (inadequate quan-
tities of amniotic fluid) in the setting of bladder distension 
are highly predictive (87%) of an obstructive cause. This 
finding is important in the prenatal counseling and treat-
ment of boys with bilateral hydronephrosis and marked 
bladder dilation.136

Determining which cases require intervention and which 
can be treated conservatively remains a major issue in pre-
natal ultrasonographic diagnosis of urinary tract obstruc-
tion. Persistent postnatal renal abnormalities appear likely 
when the anteroposterior diameter of the fetal renal pelvis 
measures more than 6 mm at less than 20 weeks, more than 
8 mm at 20 to 30 weeks, and more than 10 mm at more than 
30 weeks of gestation. The long-term morbidity of mild 
hydronephrosis (pelviectasis without calyceal dilation) is 
low.10,12 Moderate hydronephrosis (dilated pelvis and calyces 
without parenchymal thinning) may be associated with 
gradual improvement in severity of dilation, without loss of 
anticipated relative renal function. Cases of severe hydrone-
phrosis (pelvicalyceal dilation with parenchymal thinning) 
may require surgical intervention for declining renal func-
tion, infection, or symptoms. Overall, because only approxi-
mately 5% to 25% of patients with antenatal hydronephrosis 
will ultimately require surgical intervention,102,137 careful 
long-term follow-up of these patients is required throughout 
childhood and into adulthood. Almost all patients with ante-
natal hydronephrosis will have postnatal ultrasonography 
performed in the first days of life, keeping in mind that  
most cases of the mild hydronephrosis will resolve without 

However, in some cases of acute urinary obstruction, 
ultrasonography may fail to detect pathologic processes. 
During the first 48 hours of obstruction116,117,121,122 or when 
hydronephrosis is absent despite obstruction evaluated by 
CT, ultrasonography may reveal no abnormality.123 False-
negative results also occur in cases of dehydration, staghorn 
calculi, nephrocalcinosis,122 retroperitoneal fibrosis,124 mis-
interpretation of caliectasis as cortical cysts,125 and in cases 
of tumor encasement of the collecting system.126 A dilated 
collecting system without obstruction may be observed in 
up to 50% of patients with urinary diversion through ileal 
conduits.127 To enhance the sensitivity and specificity of 
ultrasonography, some investigators have developed special 
obstructive scoring systems, which grade increased echo-
genicity, parenchymal rims greater than 5 mm, contralateral 
hypertrophy, resistive index (RI) ratio of 1.10 or higher, and 
other features to differentiate between obstructing and non-
obstructing hydronephrosis.118 False-positive studies may 
result from a large extrarenal pelvis, parapelvic cysts,128 vesi-
coureteral reflux, or high urine flow rate.122 In addition, 
ultrasonography may only suggest, but not reveal, the pres-
ence or cause of the obstruction. Renal ultrasound elastog-
raphy provides measurement of kidney elasticity by the 
Shearwave technique.129 This new imaging technique pro-
vides information about renal stiffness related to fibrosis 

Figure 38.1 Renal ultrasonography. A, Normal kidney. B, Hydro-
nephrotic kidney: dilated calyces and pelvis (arrows). 
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or obstruction would delay contrast excretion by the affected 
kidney in an IVU (Figure 38.3). Non–contrast-enhanced CT 
identifies ureteral stones more effectively than IVU and 
detects the presence or absence of ureteral obstruction as 
effectively as IVU.142,143 Because of its exquisite sensitivity to 
density, CT can identify even radiolucent stones, because 
even uric acid stone density is at least 100 Hounsfield units 
(HU), which is higher than soft tissue density on CT (usually 
10 to 70 HU). CT is especially effective in identifying extrin-
sic causes of obstruction (e.g., retroperitoneal fibrosis, 
lymphadenopathy, hematoma). The use of CT for the diag-
nosis of stones has increased by a factor of 10 over the past 
15 years in the United States,144 probably because of its 
greater sensitivity and because it can be performed at will 
in most emergency departments in the United States.145 This 
was highlighted in a multicenter comparative-effectiveness 
trial in patients with suspected nephrolithiasis subjected to 
either point-of-care ultrasonography (emergency ultraso-
nography), ultrasonography performed by a radiologist, or 
abdominal CT demonstrated that CT has a higher sensitivity 
than ultrasonography, whereas ultrasonography has higher 
specificity than CT.120 Along this line it must be emphasized 
that although the cancer risk from radiation exposure to CT 
scans is very low, CT scans might produce a small additional 
cancer risk,146 especially when children are subjected to CT 
scans.147

Helical CT has also proven to be an accurate and nonin-
vasive method of demonstrating crossing vessels in UPJ 
obstruction.148 CT can detect extraurinary pathologic condi-
tions and can establish nonurogenital causes of pain. All of 
these advantages establish non–contrast-enhanced helical 

intervention.138 Functional imaging is required to define 
residual renal function of patients with hydronephrosis and 
to monitor its course over postnatal life. However, in the 
absence of bilateral hydronephrosis, a solitary kidney, or 
suspected posterior urethral valve, functional imaging can 
be deferred until the first 4 to 6 weeks of life.102 Otherwise, 
nuclear medicine examination with radioisotope renogra-
phy should be performed.

In the United States most infants with prenatally detected 
hydronephrosis that is confirmed with postnatal studies are 
placed on antibiotic prophylaxis pending the outcome of 
further evaluation.102 This is not the routine treatment in 
Europe. However, an infection in the setting of ureteral 
obstruction can cause significant morbidity, resulting in an 
infant with sepsis, and renal damage is a potential comorbid 
condition. Oral amoxicillin is the most commonly used pro-
phylactic antibiotic.102

DUPLEX DOPPLER ULTRASONOGRAPHY
Ultrasonography has emerged as the primary imaging 
modality in conditions in which either renal obstruction or 
renal medical disease is suspected on the basis of clinical 
and laboratory findings. In urinary tract obstruction, patho-
physiologic changes affecting the pressure in the collecting 
system and kidney perfusion are well imaged and form the 
basis for the correct interpretation of real-time ultrasonog-
raphy and color duplex Doppler ultrasonography. As 
detailed earlier, ultrasonography is very sensitive for the 
detection of collecting system dilation (“hydronephrosis”); 
however, obstruction is not synonymous with dilation, 
because either obstructive or nonobstructive dilation may 
be present. To differentiate these conditions, color duplex 
Doppler ultrasonography with measurement of the RI in the 
intrarenal arteries may be helpful, because obstruction 
(except in the acute and subacute stages) leads to intrarenal 
vasoconstriction with a consecutive increase of the RI above 
the upper limit of 0.7, whereas nonobstructive dilation does 
not.103,133 Diuretic challenge to the kidney may further 
enhance these differences in RI between obstruction and 
dilation.134 Of clinical relevance, renal colic patients consti-
tute 30% to 35% of all urologic emergencies, and color 
Doppler predicted the onset of acute dilation with higher 
sensitivity, specificity, accuracy, and diagnostic efficiency 
than ultrasonography in patients with renal colic.139

INTRAVENOUS UROGRAPHY
IVU, also known as intravenous pyelography (IVP), was for 
many years state-of-the-art when a patient suspected with a 
history of urinary tract obstruction was referred for imaging 
(Figure 38.2). IVU has now been replaced by ultrasonogra-
phy, CT, and MRI.

COMPUTED TOMOGRAPHY
CT was initially used mainly in cases with a high index of 
clinical suspicion in which ultrasonography or IVU had 
failed to identify obstruction.140 With the advance to higher 
resolution of multidetector CT scanners, the CT scan has 
supplanted IVU for evaluation of the upper urinary 
tract.140,141 CT has a particular advantage because it can 
visualize a dilated collecting system without the requirement 
for contrast enhancement. It can also be performed much 
more quickly than IVU, especially when renal impairment 

Figure  38.2 Intravenous  pyelography. Normal right kidney and 
dilated collecting system on the left. The obstruction was relieved 
with a stent. 

http://www.myuptodate.com


1266 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

imaging with a gamma camera. Although this method gives 
a functional assessment of the obstructed kidney, anatomic 
definition is suboptimal compared with CT. Isotopic renog-
raphy is typically used to estimate the fractional contribution 
of each kidney to overall renal function. The noninvasive 
character of this examination with its high reproducibility 
makes it excellent for monitoring patients, and it helps the 
urologist to decide whether to perform surgical intervention 
or watchful waiting.23 In addition, the test can be repeated 
after the relief of obstruction to gauge the extent to which 
relief of the obstruction has restored renal function.

Diuretic renography was introduced into clinical practice 
in 1978152 and may be used to distinguish between hydrone-
phrosis or pelvic dilation with obstruction and dilation 
without obstruction. The method was developed, applied, 
and validated in adults.152 In particular this is important 
when applying diuretic renography in children and infants, 
in whom it is not always easy to distinguish between dilation 
and obstruction. Following administration of radioisotope, 
when the isotope appears in the renal pelvis, a loop diuretic 
such as furosemide is given intravenously. If stasis is causing 
the dilation, the induced diuresis may result in prompt 
washout of the tracer from the renal pelvis. By contrast, 

CT as the diagnostic study of choice for the evaluation of the 
patient with acute flank pain.123 CT is very useful in delineat-
ing the pelvic organs, such as the bladder and prostate, and 
may demonstrate abnormalities such as an obstructed and 
distended bladder (Figure 38.4) secondary to an enlarged 
prostate. Ultrasonography may be the first method of diag-
nosis in this setting (Figure 38.5), but CT resolution and 
depiction of details are usually superior to those of ultraso-
nography.140 An exception to using a noncontrast CT is 
nephrolithiasis secondary to HIV protease inhibitors, pri-
marily indinavir. These stones are not radiopaque, and signs 
of obstruction may be minimal or absent; thus the diagnosis 
may be missed with ultrasonography and noncontrast CT 
scan. Contrast-enhanced CT scanning may be required to 
establish the diagnosis in this circumstance.149

ISOTOPIC RENOGRAPHY
Isotopic renography, or renal scintigraphy, is helpful in diag-
nosing upper urinary tract obstruction and providing infor-
mation on the differential renal function (DRF) of both 
kidneys, while avoiding the risk of radiocontrast agents.150,151 
Radioisotope is injected intravenously, and its dynamic 
uptake and excretion by the kidneys is followed using 

Figure 38.3 Computed  tomography, noncontrast study. A, Left 
hydronephrosis: dilated renal pelvis (arrows), with normal kidney on 
right. B, Reason for obstruction: left midureteral stone (arrow). 
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Figure 38.4 Computed tomography of the pelvis. A, Large post-
voiding residual urine in the bladder. B, Enlarged prostate (arrows), 
leading to urinary retention. 
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pelvic volume can influence the quality of drainage. Misin-
terpretation can easily take place if the renal pelvis is very 
large and does not allow proper drainage within the study 
time, and drainage may be better estimated using new 
tools.156

MAGNETIC RESONANCE IMAGING
New MRI systems and specific MRI contrast agents provide 
significant developments in the evaluation of renal perfor-
mance (glomerular filtration rate [GFR] measurement), in 
the search for prognostic factors (hypoxia, inflammation, 
cell viability, degree of tubular function, and interstitial 
fibrosis), and for monitoring new therapies.141,157 New devel-
opments that have provided higher signal-to-noise ratio and 
higher spatial and/or temporal resolutions have the poten-
tial to direct new opportunities for obtaining morphologic 
and functional information on tissue characteristics that are 
relevant for various renal diseases, including urinary tract 
obstruction, with respect to diagnosis, prognosis, and treat-
ment follow-up.141,157 MRI can be used to explore the urinary 
tract when obstruction is suspected. MRI provides improved 
spatial resolution, and it is superior to IVU in detecting 
obstruction in the presence of severe kidney failure.141 MRI 
has very limited application for the evaluation of stone 
disease because it cannot directly detect calcifications or 
stone material.158

Depending on local conditions, MRI may be more expen-
sive than other modalities. In children, MR urography 
(Figure 38.6) may replace conventional uroradiologic 
methods, and a study suggests that functional MRI plays an 
important potential role in identifying those who will benefit 
most from pyeloplasty and those who are probably best 
observed.159 Promising experimental studies have demon-
strated that MRI may provide valuable information regard-
ing renal function, including energy consumption from 

when dilation is caused by obstruction, the washout does 
not occur.153 Data should be interpreted visually and by 
quantitative measurement, including the half-life (t 1

2
) for 

the excretion of the tracer from the collecting system.154 It 
is generally accepted that the clearance of the isotope from 
the collecting system with t 1

2
 less than 15 minutes is normal, 

and a t 1
2
 of more than 20 minutes may indicate obstruction 

in adults. Renal excretion of the tracer with a t 1
2
 between 

15 and 20 minutes is considered equivocal. An absent or 
blunted diuretic response resulting from decreased renal 
function or grossly dilated pelvis makes interpretation of the 
test difficult and limits its usefulness and may require 
support tools to increase the diagnostic performance.155 
Moreover, in children diuretic renography is also a very 
important method for guiding the management of asymp-
tomatic congenital hydronephrosis. From this examination 
the DRF can be obtained, which is a robust measure pro-
vided there is adequate background subtraction. Pitfalls are 
related to the drawing of regions of interest, particularly in 
infants, to estimating the interval during which DRF is cal-
culated, and to an adequate signal-to-noise ratio. There is 
no definition of a “significant” reduction in DRF. The clas-
sical variables of the diuretic renogram may not allow an 
estimate of the best drainage. Poor pelvic emptying may be 
apparent because the bladder is full and because the effect 
of gravity on drainage is incomplete. Estimating the drain-
age as residual activity rather than any parameter on the 
slope might be more adequate, especially if the time of 
furosemide administration is changed. Renal function and 

Figure 38.5 Pelvic ultrasonography. A, Distended bladder (arrow-
heads). B, Enlarged prostate (arrows), causing infravesical urinary 
obstruction. 
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Figure 38.6 Magnetic resonance urography of left-sided hydro-
nephrosis  with  parenchymal  thinning. Magnetic resonance uro-
graphic image shows large dilation of the left pelvicalyceal system 
and narrowing of the left ureteropelvic junction segment. 
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PATHOPHYSIOLOGY OF  
OBSTRUCTIVE NEPHROPATHY

Despite the fact that acquired obstructive nephropathy in 
humans usually results from partial urinary tract obstruction 
and is generally prolonged in its time course, most mecha-
nistic studies of renal dysfunction in acquired obstruction 

blood oxygenation level–dependent (BOLD) MRI; this kind 
of data may be helpful in the future in predicting the level 
of return of renal function following obstruction.160,161 Of 
interest, functional MRI using BOLD imaging demonstrated 
the ability to identify pathophysiologic changes in patients 
with acute obstruction due to calculi in the ureter.162 Concern 
related to MRI in renal patients was highlighted by the 
increased risk for developing nephrogenic systemic fibrosis 
(NSF) induced by the toxicity of gadolinium in patients with 
severely impaired renal function, whereas patients with 
normal or moderate renal function impairment do not 
develop NSF. It is recommended that gadolinium contrast 
media should be avoided in patients with stage 4 or 5 chronic 
kidney disease because of the risk for NSF.163

WHITAKER TEST
The Whitaker test traditionally ideally defines the functional 
effect of upper urinary tract dilation by measuring the hydro-
static pressures in the renal pelvis and bladder during infu-
sion of a saline and contrast mixture into the renal pelvis via 
a catheter.164 With a bladder catheter in place, the patient is 
placed in the prone position on the fluoroscopic table, and 
a cannula is inserted percutaneously into the renal pelvis 
and connected to a pressure transducer. A mixture of saline 
and contrast material is infused through the renal cannula 
at a rate of 10 mL/min, and pressures are monitored. The 
urinary tract is considered nonobstructed if renal pelvic 
pressure is less than 15 cm H2O, equivocal at a pressure 
between 15 and 22 cm H2O, and obstructed if pressure 
exceeds 22 cm H2O.164 With the advent of noninvasive 
imaging techniques, the test should be reserved for assessing 
potential upper urinary tract obstruction only in the follow-
ing circumstances: equivocal results from less invasive tests, 
suspected obstruction with poor kidney function, loin pain 
with negative diuresis renogram findings, suspected inter-
mittent obstruction, and gross dilation with positive diuresis 
renogram findings.165 The test is used only rarely, and inter-
pretations rely on solid experience with the method.

RETROGRADE AND ANTEGRADE PYELOGRAPHY
When other tests do not provide adequate anatomic detail, 
or when obstruction must be relieved (e.g., obstruction of 
a solitary kidney, bilateral obstruction, or symptomatic infec-
tion in the obstructed system), more invasive investigation, 
with a combination of treatments, may be necessary. When 
retrograde pyelography rarely is performed, this takes place 
during cystoscopy, by cannulating the ureteral orifice and 
injecting contrast.61,166,167 In some cases of complete obstruc-
tion, contrast may not reach the kidney, but the procedure 
will define the lower level of the obstruction. Retrograde 
pyelography can be combined with placement of a ureteral 
stent to relieve an obstruction, or with possible stone extrac-
tion. Because the procedure passes through the bladder to 
reach the upper urinary tract, the risk for introducing infec-
tion proximal to the obstruction must be kept in mind, and 
the obstruction should be relieved immediately after retro-
grade pyelography. Antegrade pyelography is performed by 
percutaneous cannulation of the renal pelvis and injection 
of the contrast material into the kidney and ureter.166,167 This 
procedure should establish the proximal level of obstruc-
tion and may also serve as a first step in relieving obstruction 
by means of percutaneous nephrostomy (Figure 38.7).

Figure  38.7 Antegrade  pyelography. A, Dilated renal pelvis and 
calyces on left. B, Stones (arrowheads) as filling defects in the distal 
ureter (not seen on plain film). Intravenous pyelography was unsuc-
cessful owing to the obstructed and malfunctioning kidney. 
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macula densa, this structure induces afferent vasodilation.173 
However, elegant micropuncture studies separated the stop-
page in flow from increases in PT by placing an additional 
puncture in the tubule that was proximal to the blockage of 
flow to the macula densa. In this setting, flow past the 
macula densa was halted, but PT remained normal, because 
accumulating tubule fluid was permitted to leak out.169 
In such nephrons the increase in PGC observed in obstructed 
tubules did not occur, which indicates that the obstruc-
tion itself and not the macula densa stimulates afferent 
vasodilation.169

Renal prostaglandins and renal nerves play important 
roles in the hyperemic response. Indomethacin blocks the 
hyperemic response, which indicates that vasodilator pros-
taglandins are critical to afferent vasodilation.170,175 A reno-
renal reflex mechanism in the hemodynamic response to 
obstruction can be discerned from studies in bilateral 
obstruction, in which the afferent vasodilation response is 
absent or markedly attenuated.2,172 Obstruction of the left 
kidney augments afferent renal nerve activity from the left 
kidney and efferent nerve activity to the right kidney. 
Increased efferent nerve activity to the right kidney was 
accompanied by reduced blood flow to that kidney. This 
vasoconstrictor response was ablated by denervation of 
either the left or right kidney before induction of left ure-
teral obstruction, which suggests that increased afferent 
renal nerve traffic triggers vasoconstrictive renorenal reflex 
activity that counteracts the early intrinsic renal vasodilator 
effects of obstruction in bilateral ureteral obstruction.172

THE LATE, VASOCONSTRICTIVE PHASE
Because obstruction results in cessation of glomerular filtra-
tion, efforts to study the regulation of SNGFR later in 
obstruction have measured determinants of GFR immedi-
ately after release of obstruction.2,176 Using this approach, 
investigators have shown that renal blood flow declines pro-
gressively after 3 hours of unilateral obstruction and through 
12 to 24 hours of obstruction.177,178 Interestingly, although 
tubular pressures rise initially after obstruction, they then 
decline, so that by 24 hours renal plasma flow, GFR, and 
intratubular pressures have all dropped below normal 
values.168,170,178,179 At 24 hours into the obstruction, examina-
tion of regional blood flow in the kidney by injections of 
silicone rubber reveals large areas of the cortical vascular 
bed that are either underperfused or not perfused at 
all.2,170,178 Depending on the species, the different vascular 
beds in the outer and juxtamedullary cortex receive differ-
ing proportions of the renal blood flow under basal condi-
tions and following obstruction. However, it is clear that at 
24 hours of obstruction, reduced whole-kidney GFR is due, 
in large part, to nonperfusion of many glomeruli.

Beyond 24 hours of obstruction, SNGFR of glomeruli that 
remain perfused is decreased markedly, both because of 
reduced blood flow to the afferent arteriole and because of 
afferent vasoconstriction, which in turn reduces PGC.179,180 
Because PGC responds in the same manner when the indi-
vidual nephron is blocked with oil for 24 hours before 
micropuncture measurements are performed, it is clear that 
afferent arteriolar vasoconstriction plays an important role 
in attenuating SNGFR during the established phase of 
obstruction.181 These results indicate that, as in the early 
hyperemic response, intrarenal mechanisms play the major 

use models of acute complete obstruction, usually for 24 
hours. In these animal models the extent of obstruction is 
clear and reproducible, and, if the kidneys are studied soon 
after the obstruction is performed or released, the results 
are not confounded by changes in renal structure brought 
on by inflammation or fibrosis. Complete obstruction of 
short duration strikingly alters renal blood flow, glomerular 
filtration, and tubular function, while producing minimal 
anatomic changes in blood vessels, glomeruli, and tubules.2

EFFECTS OF OBSTRUCTION ON RENAL BLOOD 
FLOW AND GLOMERULAR FILTRATION

Obstruction profoundly alters all components of glomeru-
lar function. The extent of the disturbance in GFR depends 
on the severity and duration of the obstruction, whether it 
is unilateral or bilateral, and the extent to which the obstruc-
tion has been relieved or persists.2 To describe the effects of 
obstruction on glomerular filtration, we must review aspects 
of normal GFR. Whole-kidney GFR depends on the filtra-
tion rate of all functioning glomeruli and the proportion of 
glomeruli actually filtering. As detailed in Chapter 3, single 
nephron GFR (SNGFR) is determined by the blood flow in 
the glomerulus, the net ultrafiltration pressure across the 
glomerular capillary, and the glomerular ultrafiltration coef-
ficient (Kf). Glomerular blood flow and the glomerular cap-
illary hydraulic pressure (PGC) are determined by the 
resistances of the afferent (RA) and efferent (RE) arterioles. 
Net ultrafiltration pressure is determined by PGC, the hydrau-
lic pressure of Bowman’s space (which equals the proximal 
tubule hydraulic pressure, PT), and the differences in 
oncotic pressure between the glomerular capillary and Bow-
man’s space. Kf is determined by the permeability properties 
of the filtering surface and the surface area available for 
filtration. Obstruction can alter one or all of these determi-
nants of GFR.

THE EARLY, HYPEREMIC PHASE
In the 2 to 3 hours immediately following the onset of  
unilateral ureteral obstruction, blockade of antegrade  
urine flow markedly increased PT. This increase in pressure 
in Bowman’s space would be expected to halt GFR 
immediately.168-170 However, during this early phase of 
obstruction, the afferent arterioles dilate, decreasing RA, 
increasing PGC, and counteracting the increase in PT.168,169 
Because this vasodilator or “hyperemic” response occurs in 
denervated kidneys in situ and in isolated perfused 
kidneys,171,172 it must result from intrarenal mechanisms. In 
fact, glomeruli of individual nephrons exhibit the same 
response in in vivo micropuncture experiments when ante-
grade urine flow is blocked by placement of a wax block in 
the tubule of the nephron.173

Many mechanisms may mediate this afferent vasodilation, 
including increases in vasodilator hormones such as prosta-
glandins, regulation by the macula densa, and a direct myo-
genic reflex. This hyperemic response is not attenuated by 
renal nerve stimulation or infusion of catecholamines,174 
and it may be linked to changes in interstitial pressure.172

In the tubuloglomerular feedback response, reduced 
distal tubular flow past the macula densa induces reduc-
tions in RA and increases in PGC, so that SNGFR rises. 
Similarly, because obstruction reduces urine flow past the 
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the macula densa likely senses the dramatic change in the 
rate of flow, and this may lead to intense vasoconstriction.2 
In favor of this view, the sensitivity of the tubuloglomerular 
feedback mechanism is enhanced in unilateral, as com-
pared with bilateral, obstruction, which suggests that the 
ability of the mechanism to regulate afferent arteriolar tone 
is modulated by the extrarenal hormonal milieu.183

There is substantial evidence that increased intrarenal 
secretion of angiotensin II participates actively in afferent 
vasoconstriction and reduced Kf following release of ure-
teral obstruction. Ureteral obstruction rapidly increases 
renal vein renin levels at a time when renal blood flow is 
normal or elevated, but at later time points, renal vein renin 
levels return to normal.184-186 In addition, infusion of capto-
pril attenuated the declines in renal blood flow and GFR 
observed in both unilateral and bilateral obstruction.184,186 
Because inhibition of angiotensin-converting enzyme can 
also increase kinin activity, infusions of either carboxypep-
tidase B, which destroys kinins, or aprotinin, which blocks 
kinin generation, were used to eliminate the kinin effect. 
Captopril remained equally effective in the presence of 
either agent, which indicates that captopril reduced RA pri-
marily by blocking generation of angiotensin II.2 The sig-
nificance of the renin-angiotensin-aldosterone system as  
an important contributor to vasoconstriction has been  
highlighted in studies in which treatment with angioten-
sin subtype 1 receptor blocker (ARB1) attenuated the reduc-
tion in GFR in the postobstructive period in both adult 
rats187 and rats with neonatally induced unilateral partial 
obstruction.188

Thromboxane A2 (TXA2) plays a role in the obstruction-
induced vasoconstriction.184,189 Chronically hydronephrotic 
kidneys exhibit increased TXA2 accumulation, as measured 
by accumulation of its more stable metabolite, TXB2.189 Fur-
thermore, whole-kidney GFR and renal blood flow were 
increased in response to thromboxane synthase inhibitor 
treatment,184,190 likely by reducing afferent arteriolar resis-
tance and thereby increasing Kf.191 From these results, TXA2 
appears to be generated in the kidney following release  
of obstruction and mediates afferent vasoconstriction and 
reductions in Kf.

Although the source of TXA2 generation remains unclear, 
in some cases,192 but not all,193 glomeruli isolated from 
obstructed kidneys have shown increased ability to synthe-
size TXA2, and other studies have suggested inflammatory 
cells as the source of TXA2. This is consistent with the obser-
vations that suppressor T cells and macrophages migrate to 
the renal cortex and medulla during the first 24 hours of 
obstruction, reaching levels 15-fold higher than those 
observed in normal kidneys194 and a parallel rise in TXA2 
release and the fall in GFR.194 These changes can be attenu-
ated by renal irradiation, which indicates that obstruction 
stimulates migration of inflammatory leukocytes, which in 
turn generate vasoconstrictors such as TXA2.195 The role of 
angiotensin II for this is highlighted because glomeruli iso-
lated from obstructed kidneys showed increased eicosanoid 
synthesis after angiotensin II stimulation and treatment of 
obstructed animals with  angiotensin-converting enzyme 
inhibitors enhanced GFR and reduced TXA2 generation by 
glomeruli isolated from these animals.196 Thus these vaso-
constrictors may contribute to regulating RA and GFR fol-
lowing release of obstruction.

role in the late vasoconstrictive response to unilateral 
obstruction. In bilateral obstruction, renal blood flow is 
reduced to levels 30% to 60% below normal179,180,182 (Table 
38.3). In both unilateral and bilateral obstruction, SNGFR 
falls to a similar degree. However, the mechanisms involved 
are different in the two conditions. In unilateral obstruc-
tion, reduced PGC lowers the driving pressure for filtration 
when set against a nearly normal PT. By contrast, in bilateral 
obstruction, PGC remains normal and GFR is halted by a 
highly elevated PT.179 These results suggest that systemic 
factors, such as accumulation of extracellular fluid volume 
and urea, increases in natriuretic substances, and alterations 
in renal nerve activity modulate the vasoconstrictive effect 
of obstruction on the affected kidney.182

REGULATION OF THE GLOMERULAR FILTRATION 
RATE IN RESPONSE TO OBSTRUCTION
The level to which renal blood flow and GFR are reduced 
after release of obstruction varies with the species studied 
and the duration of obstruction.2 Following release of a 
24-hour complete unilateral obstruction, the GFR remains 
below 50% of normal in dogs and 25% of normal in rats; 
renal blood flow remains markedly reduced in both species.2 
After release of bilateral ureteral obstruction, renal blood 
flow reaches levels higher than that observed following uni-
lateral obstruction, likely due to systemic natriuretic influ-
ences such as volume accumulation, reduced sympathetic 
tone, or increased circulating atrial natriuretic peptide 
(ANP), but the GFR remains markedly attenuated. Despite 
the fact that renal blood flow is increased, GFR remains low 
in part because of nonperfusion or underperfusion of many 
glomeruli as shown in silicone rubber injections.170,178 Where 
glomeruli remain perfused, intense afferent vasoconstric-
tion reduces PGC, so that even though PT also falls with 
release of the obstruction, the driving force for glomerular 
filtration remains low.179,180 In addition, a sharp reduction in 
Kf also augments the fall in GFR at this point following 
release of unilateral and bilateral obstruction.179,180

Several mechanisms contribute to afferent vasoconstric-
tion and a reduced Kf. First, release of obstruction strikingly 
augments the flow of tubule fluid past the macula densa. 
Although the absolute rate of flow is still far below normal, 

Table 38.3  Glomerular Hemodynamics in 
Ureteral Obstruction*

Stage of Obstruction PT RA PGC SNGFR

1-2 hr unilateral ↑↑ ↓ ↑ =
24 hr unilateral = ↑↑ ↓ ↓↓
24 hr bilateral ↑↑ = = ↓↓
After release: 24 hr unilateral ↓ ↑↑ ↓↓ ↓↓
After release: 24 hr bilateral = ↑↑ ↓ ↓↓

*See text for discussion and references.
=, Unchanged; ↑, increased; ↑↑, markedly increased; ↓, 

reduced; ↓↓, markedly reduced; PGC, glomerular capillary 
hydraulic pressure; PT, proximal tubule hydraulic pressure; RA, 
afferent arteriole resistance; SNGFR, single nephron glomerular 
filtration rate.
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of control levels, respectively, when the contralateral kidney 
was left in place, and 31% and 14% when the animals under-
went contralateral nephrectomy at the time of release of the 
obstruction.204 A similar beneficial effect on the obstructed 
kidney of contralateral nephrectomy was observed in rats 
subjected to chronic partial obstruction.204 As discussed 
earlier, this beneficial effect likely results from the accumu-
lation of urea and other solutes and increased levels of ANP 
when the functioning contralateral kidney is absent.

The partial recovery of total GFR following release of 
obstruction masks a very uneven distribution of blood flow 
and nephron function. In micropuncture studies, some 
nephrons never regain filtration function, whereas others 
reveal striking hyperfiltration.202 It appeared in some studies 
that surface nephrons exhibited normal SNGFR, whereas 
the whole-kidney GFR was reduced to 18% of normal.205 
These results suggest that chronic partial obstruction causes 
selective damage to juxtamedullary and deep cortical neph-
rons.178,202,205 Similarly, studies of the long-term outcome of 
complete 24-hour ureteral obstruction revealed that total 
renal GFR recovered to normal levels by 14 and 60 days after 
release of obstruction. However, 15% of the glomeruli were 
not filtering in recovered kidneys, and other nephrons were 
hyperfiltering. In this model of complete obstruction, there 
appeared to be no selective advantage for surface glomeruli 
over deep cortical and juxtamedullary glomeruli.202

Similarly, in the developing kidney, the duration of 
obstruction and timing of release have a striking impact on 
long-term renal function. Release after 1 week of obstruc-
tion completely prevented development of hydronephrosis 
and reduction in renal blood flow and GFR in rats subjected 
to partial unilateral ureteral obstruction (UUO) at birth, 
whereas release after 4 weeks resulted in little or no renal 
function in the obstructed kidney. This demonstrates that 
early release of neonatal obstruction provides dramatically 
better protection of renal function than release of obstruc-
tion after the maturation process is completed.206 Consistent 
with this, studies in pigs subjected to neonatal unilateral 
partial obstruction demonstrated impaired nephrogenesis 
with a reduced number of glomeruli in the obstructed 
kidney.207 With an intact kidney function this is suggestive 
of some degree of glomerular hyperfiltration. In line with 
the hypothesis that hyperfiltration is associated with an 
increased risk for systemic hypertension,208 studies in pigs 
and rats have demonstrated that renal expressions of neu-
ronal nitric oxide synthase (NOS) and endothelial NOS 
proteins were lower in animals with hydronephrosis.209,210 
These findings suggest that the reduced NO response in the 
obstructed hydronephrotic kidney in hydronephrosis, and 
subsequent resetting of the tubuloglomerular feedback 
mechanism, plays an important role in the development of 
hypertension in hydronephrosis.

EFFECTS OF OBSTRUCTION ON  
TUBULAR FUNCTION

Obstruction severely impairs the ability of renal tubules to 
transport Na+, K+, and H+, and reduces their ability to con-
centrate and dilute the urine (Table 38.4).2,211-217 The result-
ing inability to reabsorb water and solutes facilitates 
postobstructive diuresis and natriuresis. As is the case with 
glomerular filtration, the extent of disruption of tubular 

Because vasoconstriction is less severe in animals with 
bilateral ureteral obstruction, as noted earlier, it is likely that 
extrarenal factors play a major role in modulating the 
hemodynamic response of the kidney to obstruction and 
release of obstruction. In addition to renorenal reflexes 
already mentioned, various other factors, including accu-
mulation of volume and solutes such as urea, ANP and its 
congeners, and other natriuretic substances may ameliorate 
the vasoconstrictive effects of obstruction when both ureters 
are ligated.197,198 Following 24 hours of obstruction, GFR is 
preserved to some degree if the contralateral kidney is also 
obstructed or removed.197 In addition, in animals following 
release of 24 hours of unilateral obstruction, if the urea, salt, 
and water content of the urine from the contralateral kidney 
is reinfused into the animal, a striking increase in GFR over 
standard unilateral obstruction is observed,197,199 which sug-
gests that ANP, urea, and other excreted urine solutes have 
a protective effect and can ameliorate vasoconstriction fol-
lowing release of ureteral obstruction by direct vasodilation 
of afferent arterioles, constriction of efferent arterioles, and 
an increase in Kf.

Additional studies in dogs and rats have implicated endo-
thelins as contributors to reduced GFR in obstruction and 
have suggested that prostaglandin E2 (PGE2) and nitric 
oxide (NO) may play an ameliorating role in glomerular 
vasoconstriction in chronic obstructed kidneys.200,201 Renal 
PGE2 levels increase markedly in obstruction (see later) and 
in states of extracellular volume expansion, as occurs in 
bilateral ureteral obstruction. Given the vasodilator effects 
of PGE2, it appears likely that increased levels could amelio-
rate falls in GFR in obstruction. Bilateral obstruction may 
reduce generation of NO, leading to a net vasoconstrictive 
effect.196

In summary, both intrarenal and extrarenal factors 
combine to decrease GFR profoundly during and immedi-
ately after release of obstruction. The decrease in GFR is 
caused by a sharp reduction in the number of perfused 
glomeruli and by a reduction in the SNGFR of functioning 
nephrons. Decreased Kf and increased RA reduce SNGFR. 
Increases in various vasoconstrictors, such as angiotensin II 
and TXA2, as well as other vasoconstrictors, some coming 
from inflammatory cells, augment these hemodynamic 
effects. In the setting of bilateral obstruction, retention of 
urea and other solutes, as well as volume expansion and 
increases in circulating levels of vasodilators such as  
ANP, help to offset these vasoconstrictive effects, but only 
partially.

RECOVERY OF GLOMERULAR FUNCTION  
AFTER RELIEF OF OBSTRUCTION
The extent of recovery of glomerular filtration following 
release of obstruction depends on several factors, including 
the duration and extent of obstruction, the presence or 
absence of a functioning contralateral kidney, the presence 
or absence of associated infection, and the level of preob-
struction renal blood flow.2,202 In a classic experiment in 
dogs subjected to a 1-week period of complete unilateral 
ureteral obstruction, GFR fell to 25% of normal on release 
of the obstruction and recovered gradually to 50% of normal 
levels 2 years later, which indicates persisting irreversible 
changes.203 In rats, release of unilateral ureteral obstruction 
of 7 and 14 days’ duration left residual GFR at 17% and 9% 
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Table 38.4  Segmental Reabsorption in Superficial and Juxtamedullary Nephrons and in Collecting Ducts in 
Normal Rats after Release of Bilateral or Unilateral Obstruction

Site

Normal After Unilateral Obstruction After Bilateral Obstruction

Water Remaining 
(%)

Na+ Remaining 
(%)

Water Remaining 
(%)

Na+ Remaining 
(%)

Water Remaining 
(%)

Na+ Remaining 
(%)

S1 100 100 100 100 100 100
S2 44 44 26 26 45 45
S3 26 14 21 12 40 22
S4 9.4 5 3.2 1.9 25 7
J1 100 100 100 100 100 100
J2 12 40 42 52 42 62
CD1 3.3 2 4.2 3.8 8 6
CD2 0.4 0.6 2.9 2.5 16.7 12

S1 to S4 are values found in superficial nephrons: S1, Bowman’s space; S2, end of proximal convoluted tubule; S3, earliest portion of distal 
tubule; S4, end of distal tubule/beginning of collecting duct. J1 to J2 are values found in juxtamedullary nephrons: J1, Bowman’s space; 
J2, tip of loop of Henle. CD1 and CD2 are values found in the collecting duct: CD1, collecting duct at base of papilla, first accessible 
portion of inner medullary collecting duct; CD2, end of collecting duct as it opens into renal pelvis.

In obstruction, increased proportions of filtered salt and water are delivered to the loop of Henle in juxtamedullary nephrons J1 and J2, 
which indicates decreased reabsorption. Delivery of salt and water to the first accessible portion of the inner medullary collecting duct, 
labeled CD1, was also increased, and net salt and water reabsorption along the inner medullary collecting duct (between CD1 and CD2) 
was diminished in both bilateral and unilateral obstruction. In bilateral obstruction, there was net addition or secretion of salt and water 
into the lumen of the inner medullary collecting duct, which suggests that in this setting the inner medullary collecting duct secretes salt 
and water.195

transport depends directly on the duration and severity of 
the obstruction.

Pathologically, prolonged obstruction leads to profound 
tubular atrophy and chronic interstitial inflammation and 
fibrosis (see later), whereas at early time points following 
the onset of obstruction, such as at 24 hours, there are only 
slight structural and ultrastructural changes, including 
mitochondrial swelling, modest blunting of basolateral 
interdigitations in the thick ascending limb and proximal 
tubule epithelial cells, as well as flattening of the epithelium 
and some widening of the intercellular spaces in the collect-
ing ducts.2,218,219 The only cell death at early time points is 
observed at the very tip of the papilla, where focal necrosis 
may be observed.218

Because there is so little cell damage, and because of the 
simplicity of the model, most investigators have examined 
the effect of 24 hours of complete ureteral obstruction on 
tubular function. As discussed later, regulation of tubular 
transport is complex and is due to both direct damage of 
epithelial cells and the action of extratubular mediators, 
arising from both the kidney and extrarenal sources.

EFFECTS OF OBSTRUCTION ON TUBULAR  
SODIUM REABSORPTION
Following release of 24 hours of unilateral ureteral obstruc-
tion, volume excretion from the postobstructed kidney  
is normal or slightly increased2,182,197,220 (see Table 38.4). 
However, as discussed earlier, normal volume excretion 
occurs in the setting of a markedly reduced (20% of normal) 
GFR. Consequently, FENa is markedly elevated in the post-
obstructed kidney. After release of bilateral obstruction,  
salt and water excretion jumps up to five to nine times 
normal.2,182,211,212 Because GFR is also decreased in this 
setting, FENa may be 20-fold higher than normal.

The micropuncture studies summarized in Table 38.4 
demonstrate that the reabsorption defect following release 
of obstruction is localized similarly in both unilateral and 
bilateral ureteral obstruction. Obstruction reduced net salt 
and water reabsorption in the medullary thick ascending 
limb (MTAL), the distal convoluted tubule, and the entire 
length of the collecting duct, including its cortical, outer 
medullary, and inner medullary segments.211

These studies in whole animals were confirmed and 
extended by a series of studies from multiple laboratories 
using isolated perfused tubule and cell suspension prepara-
tions (Table 38.5). As shown in the table, the segments, 
including proximal straight tubule, MTAL, and cortical  
collecting duct isolated from unilaterally or bilaterally 
obstructed animals, exhibited profound impairment of 
reabsorptive capacity.212,213 This finding was confirmed in 
studies of freshly prepared suspensions of MTAL cells from 
obstructed kidneys, in which transport-dependent oxygen 
consumption, a measure of salt reabsorptive capacity, was 
markedly reduced.214 Given the major regulatory role of 
mineralocorticoid in the collecting duct, it is important to 
note that these decreases in collecting duct reabsorptive 
capacity occurred in tubules taken from obstructed kidneys, 
whether or not the animal had been pretreated with miner-
alocorticoid.213,215,216 Because it is highly branched and dif-
ficult to perfuse reliably in vitro, transport in the inner 
medullary collecting duct has been studied in cell suspen-
sions. In these preparations, transport-dependent oxygen 
consumption was markedly reduced in cells isolated from 
animals with bilateral obstruction.217

Taken together, the data derived from micropuncture, 
tubule perfusion, and cell suspension studies reveal a strik-
ing impairment of volume reabsorption in the proximal 
straight tubule, the MTAL, and the entire collecting duct. 
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of both α- and β-subunits at the transcriptional and post-
transcriptional level.221,222

In the inner medullary collecting duct similar studies 
demonstrated downregulation of ENaC.223 Consistent with 
this, suspensions from obstructed kidneys showed marked 
decreases in amiloride-sensitive oxygen consumption as well 
as amiloride-sensitive isotopic sodium entry into hyperpolar-
ized cells.217

As occurred in MTAL cells, the rates of ouabain-sensitive 
oxygen consumption and of ouabain-sensitive ATPase were 
markedly diminished in inner medullary collecting duct 
cells from obstructed animals, and the levels of both pump 
subunits were also reduced in these preparations.217 Patterns 
of mRNA expression were also similar to those in MTAL, 
which indicates transcriptional and posttranscriptional 
downregulation of pump subunit expression. Using the tar-
geted antibody–based approach demonstrated that in both 
unilateral and bilateral ureteral obstruction, the expression 
of Na+-H+-exchanger isoform 3 (NHE3) and the Na+-PO4

3−-
exchanger type 2 were strikingly decreased in the proximal 
tubule.221,224 These changes in sodium transporter expres-
sion occurred in both the proximal convoluted and proxi-
mal straight tubule, even though the micropuncture and 
tubule perfusion studies cited earlier revealed preserved 
proximal convoluted tubule salt reabsorption and inhibi-
tion of proximal straight tubule reabsorption.224,225 The 
same studies demonstrated significant downregulation of 
total transporter protein and apical membrane expression 
of the distal convoluted tubule Na+-Cl−-cotransporter, which 
indicates that obstruction likely reduces distal convoluted 
tubule Na+ reabsorption by mechanisms similar to those 
observed in the MTAL and collecting duct.221,224

Taken together, these results demonstrate that obstruc-
tion downregulates membrane expression of transporter 
proteins responsible for apical sodium entry and basolateral 
sodium exit. Interestingly, metabolic studies reveal that 
obstruction reduces activities as well of several enzymes of 
the oxidative and glycolytic pathways, consistent with a 
downregulation of metabolic capacity for energy generation 
in these cells. This may also be enhanced by the observed 
reductions in the extent of basolateral infolding and in the 

Because these functional derangements occur in the absence 
of clear-cut ultrastructural damage to the epithelial cells, 
obstruction likely induces a selective impairment in the 
regulation of active cellular transport mechanisms. Unlike 
the situation with glomerular filtration, the functional 
impairment appears similar in both unilateral and bilateral 
obstruction.213,216,217 Thus it appears that a major component 
of impaired active transport is likely due to direct tubular 
cell injury, rather than to the continuous action of natri-
uretic substances. Added onto this intrinsic injury, natri-
uretic substances may be responsible for the apparent 
secretion of salt and water in the inner medullary collecting 
duct of animals following release of bilateral obstruction 
(see Table 38.4).

A combination of studies of cell suspensions and antibody-
based targeted proteomics in which long-term regulation 
renal transporters and channels can be examined in intact 
animals to understand the integrated response to obstruc-
tion has improved the molecular understanding of mecha-
nisms by which tubular epithelial cell salt reabsorption is 
impaired in the setting of obstruction. Active tubular Na+ 
transport requires an apical entry step (e.g., Na+-K+-2Cl−-
cotransporter type 2 [NKCC2] in MTAL or epithelial sodium 
channels [ENaCs] in the collecting duct) coupled to the 
basolateral sodium-potassium adenosine triphosphatase 
(Na+-K+-ATPase). In addition, the cell must generate suffi-
cient adenosine triphosphate (ATP) to fuel active transport 
by adenosine triphosphatase (ATPase). Suspensions of 
MTAL cells from obstructed kidneys exhibited markedly 
reduced furosemide-sensitive oxygen consumption,214 which 
indicates striking decreases in apical NKCC2 activity in these 
cells. Isotopic bumetanide binding revealed a marked 
reduction in the number of cotransporter protein mole-
cules available for binding on the membrane, with no 
change in affinity of binding, which indicates that obstruc-
tion downregulates the expression of the cotransporter 
protein on the membrane surface.214 Later studies using 
antibody-based targeted approaches clearly showed that 
obstruction diminishes expression of the cotransporter 
protein on the MTAL cell apical membrane.221 Similar 
approaches demonstrated downregulation of Na+-K+-ATPase 

Table 38.5  Function of Isolated Perfused Tubules in Obstructive Nephropathy

JV SPCT (nL/mm/min) JV PST (nL/mm/min) ΔCl− MTAL (mEq/L) JV CCT (AVP) (nL/mm/min)

Control 0.75 ± 0.08 0.25 ± 0.02 −37 ± 3 0.90 ± 0.08
Unilateral obstruction 0.73 ± 0.11 0.12 ± 0.03 −9 ± 1 0.22 ± 0.04
Bilateral obstruction 0.80 ± 0.08 0.16 ± 0.02 −10 ± 1 0.23 ± 0.04

The Jv in the SPCT was not affected by obstruction, whereas Jv in PST decreased by 52% in unilateral obstruction (0.12 ± 0.03 vs. 0.25 ± 
0.02 nL/mm/min) and similarly in response to bilateral obstruction. In MTAL the ability to lower the perfusate chloride ion concentration 
was reduced by 76% (−9 ± 1 vs. −37 ± 3 mEq/L) and similarly in response to bilateral ureteral obstruction. Following relief of unilateral 
obstruction, the ability of the CCT to respond to ADH was reduced by 76% (0.22 ± 0.04 vs. 0.9 0 ± 0.08 nL/mm/min), and similarly 
following relief of bilateral obstruction.

AVP, Antidiuretic hormone; CCT, cortical collecting tubule; ΔCl− MTAL, change in Cl− concentration per length of the medullary thick 
ascending limb; Jv, net fluid reabsorption rate per length of the tubule segment; PST, proximal straight tubule; SPCT, superficial proximal 
convoluted tubule.

Data from Buerkert J, Martin D, Head M, et al: Deep nephron function after release of acute unilateral ureteral obstruction in the young 
rat. J Clin Invest 62:1228-1239, 1978; and Hanley MJ, Davidson K: Isolated nephron segments from rabbit models of obstructive 
nephropathy. J Clin Invest 69:165-174, 1982.
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sodium entry had no effect on expression of either subunit 
of Na+-K+-ATPase.231 These results provide direct evidence 
that reductions in the rate of Na+ entry, which may occur 
when urine flow is blocked, can directly downregulate Na+ 
transport in renal epithelial cells.

In addition to the direct effects of halting urine flow, 
changes in intrarenal mediators and subcellular pathways 
likely play a critical role in the reduction of salt transport 
observed with obstruction. Obstruction markedly accel-
erates the already-rapid generation of PGE2 in the renal 
medulla.189,190,193,232 The molecular basis for this is a dra-
matic medullary cyclo-oxygenase-2 (COX-2) induction 
(Figure 38.8).232,233 Consistent with the known effect of PGE2 
to markedly inhibit Na+ reabsorption in the MTAL, as well 
as in the cortical and inner medullary collecting ducts,234-236 
COX-2 inhibition in rats with obstruction and release  
of obstruction attenuated the downregulation of NHE2, 
NKCC2, and Na+-K+-ATPase.233,237 From these results, obstruc-
tion likely reduces apically localized sodium cotransport 

density of mitochondria in tubules of obstructed kidneys.218 
Interestingly, in MTAL and collecting duct suspension, 
obstruction reduces transport-dependent but not transport-
independent oxygen consumption, which indicates that the 
rate of ATP generation (oxygen consumption) is not rate 
limiting for active transport in these cells. On this basis, it 
appears more likely that obstruction-induced reduction of 
epithelial sodium transport is a regulated process as a result 
of reduced metabolic demands during obstruction.

The mechanisms and pathways responsible for downregu-
lation of transport proteins in tubular epithelial cells by 
obstruction remain to a large extent incomplete. Possible 
signals include the halting of urine flow, increased hydro-
static pressure on tubular epithelial cells, changes in blood 
flow to the tubules or in interstitial pressure, and generation 
of natriuretic substances in the kidney that result in long-
term inhibition of transporter function. Powerful mass spec-
trometry analysis of tissue from obstructed rat kidneys and 
mpkCCD cells has led to proteomic identification of signifi-
cant changes in more than 100 proteins, including proteins 
belonging to the cytoskeleton. These findings suggest that 
obstruction induces acute molecular changes in the renal 
cytoskeleton, in part mediated by increased stretch of the 
renal tubular cells during obstruction.226

Obstruction impairs glomerular filtration, and urine pro-
duction is dramatically reduced (stopped in occlusion). 
Consequently, sodium delivery to each tubular segment is 
reduced, and apical membrane Na+ entry slows dramatically 
because the electrochemical gradients for Na+ entry between 
the stationary apical fluid and the cell interior become 
increasingly unfavorable for continued sodium transport. 
Reduced Na+ entry might then directly stimulate downregu-
lation of transporter activity and expression. In both MTAL 
and inner medullary collecting duct cells, blocking Na+ 
entry by furosemide or amiloride, respectively, promptly 
reduces ouabain-sensitive oxygen consumption,214,227 which 
indicates acute downregulation of Na+-K+-ATPase. In addi-
tion, in mineralocorticoid-clamped animals, chronic block-
ade of Na+ entry at the MTAL or cortical collecting duct by 
administration of furosemide or amiloride, respectively, 
reduced the levels of ouabain-sensitive ATPase in microdis-
sected tubule segments.228,229

These results suggest that the halt in urine flow might 
represent a major signaling mechanism by which obstruc-
tion downregulates Na+ transport.227 To test this hypothesis, 
apical Na+ entry was inhibited for 24 hours in a cell line that 
mimics cortical collecting duct cells, A6 cells, grown on 
permeable supports. When apical Na+ entry was blocked 
either by substituting another cation for sodium in the 
apical solution, or by adding amiloride to the apical solu-
tion, apical sodium entry was markedly reduced for some 
hours after the blockade was removed.230 This downregula-
tion is accompanied by selective reduction in the levels of 
expression of the β-subunit, but not the α- or γ-subunits of 
ENaC in the apical membranes of the A6 cells, but not in 
whole cell content of these subunits.231 At the integrated 
level, rats with urinary tract obstruction demonstrated 
downregulation of α-, β-, and γ-subunits of ENaC which 
indicates that downregulation of all three subunits may play 
a role in the impaired sodium reabsorption in obstruc-
tion.223 Interestingly, and in contrast to the results in cell 
suspensions or whole kidney,214,217,221,224 inhibition of apical 

Figure 38.8 Immunohistochemistry for cyclo-oxygenase-2 (COX-2) 
in kidney inner medulla of sham-operated rats (A) and rats subjected 
to 24 hours of bilateral ureteral obstruction (B). There is a strong 
labeling at the base of the inner medulla in obstructed kidneys located 
exclusively in the interstitial cells (B). Labeling is not detectable in 
sham-operated kidneys (A). 

A

B
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EFFECTS OF OBSTRUCTION ON URINARY 
CONCENTRATION AND DILUTION
Because obstruction eliminates the ability of the renal 
tubules to concentrate and dilute the urine, urine osmolal-
ity following release of obstruction in humans and experi-
mental animals approaches that of plasma.2,240,241 Dilution of 
the urine requires that the thick ascending limb reabsorb 
sodium without water and that the collecting duct maintain 
the dilute urine by not reabsorbing water along its length, 
despite the presence of a concentrated medullary intersti-
tium.242 Concentration of the urine requires active sodium 
reabsorption in the thick limb and the action of the coun-
tercurrent multiplier to generate a concentrated medullary 
interstitium, as well as the ability of the collecting duct to 
insert the vasopressin-regulated water channel aquaporin-2 
(AQP2) into the apical membrane.243,244

Obstructive nephropathy disrupts several of these mecha-
nisms.224,240,241,245 As noted earlier, obstruction also markedly 
reduces MTAL sodium reabsorption, limiting this segment’s 
ability to dilute the urine and to generate a high medullary 
interstitial osmolality. Indeed, interstitial osmolality has 
been shown to be reduced in obstructed kidneys.2 In addi-
tion, collecting ducts isolated from obstructed kidneys 
reveal normal basal water permeabilities, but a marked 
reduction in their ability to increase water permeability in 
response to antidiuretic hormone or other stimulants of 
cyclic adenosine monophosphate (cAMP) accumulation in 
the cells. As was the case with sodium transport, the effects 
were similar in unilateral and bilateral obstruction.240,245 
Detailed mechanistic studies show that obstruction mark-
edly reduces transcription of mRNA encoding AQP2, as well 
as synthesis of AQP2 protein, and that collecting duct cells 
in obstructed kidneys do not traffic AQP2-containing vesi-
cles effectively to the apical surface in response to vasopres-
sin or increased cAMP.240,244-246 Part of this failure in 
trafficking results from a decrease in phosphorylation of 
AQP2 in obstructed kidneys224 and likely also to the fact that 
vasopressin type 2 receptor (V2R) protein expression is 
downregulated.247 Redistribution of AQP2 and AQP2 phos-
phorylated at ser261 to more intracellular localizations after 
bilateral obstruction and co-localization with early endo-
somal antigen 1 (EEA1) and the lysosomal marker cathep-
sin D suggest that early downregulation of AQP2 could in 
part be caused by degradation of AQP2 through a lysosomal 
degradation pathway.248

In addition, UUO markedly decreases synthesis and 
deployment to the basolateral membrane of AQP3 and 
AQP4; when AQP2 is in the apical membrane, these aqua-
porins mediate the water flux across the basolateral mem-
brane.224 Enhancing the causal relationship of the changes 
in aquaporin activity and ability to concentrate the urine, 
expression of AQP2 remains suppressed for 7 days following 
relief of the obstruction, and the rise in urinary concentra-
tion parallels the recovery in AQP2 expression.224,240,241,245

The fact that collecting ducts from obstructed kidneys do 
not respond to cAMP indicates that the lesion also involve 
sites beyond the receptor for antidiuretic hormone.247 Con-
sistent with the idea that PGE2-mediated inhibition of col-
lecting duct water permeability does not directly affect 
cAMP levels but may have post-cAMP effects rather than 
actions via cAMP regulation,249 experiments have shown that 

proteins in the tubular epithelium and sodium pump activ-
ity in tubular epithelia in part by increasing renal levels  
of PGE2.

As discussed earlier, obstruction brings on a monocellular 
infiltrate in the kidney194; and this infiltrate tends to follow 
a peritubular distribution.194 When obstructed kidneys were 
irradiated, the level of medullary inflammation was dimin-
ished, and there was a modest decrease in the FENa.195 In 
addition, it has been shown that obstruction causes an 
enhanced renal angiotensin II generation. This may have 
important implications for regulation of renal sodium han-
dling. Blockade of the angiotensin II subtype 1 receptor 
(AT1R) was associated with a marked attenuation of down-
regulation of NHE3 and NKCC2, which was paralleled by a 
reduction in renal sodium loss.57

In summary, obstruction reduces net reabsorption of salt 
in several nephron segments, including the proximal 
straight tubule, the MTAL, and the cortical and inner med-
ullary collecting ducts, by downregulating the expression 
and activities of specific transporter proteins. Several signals 
mediate this downregulation, including the cessation of 
urine flow with its attendant reduction of the rate of Na+ 
entry across the apical membrane, increased levels of natri-
uretic substances such as PGE2, and infiltration of the 
obstructed kidney by mononuclear cells.

When both ureters are obstructed, extrarenal factors 
markedly enhance the sodium-wasting tendency already 
present in the obstructed kidney. One mechanism involves 
the volume expansion that occurs when bilateral obstruc-
tion ablates all renal function. Volume expansion impairs 
activity in the sympathetic nervous system, reduces circulat-
ing levels of aldosterone, and, along with reduced renal 
clearance, increases levels of ANP. Reduced sympathetic 
tone and aldosterone levels, coupled with increased ANP 
levels, markedly stimulate sodium excretion. ANP likely rep-
resents a particularly important mediator of salt wasting in 
bilateral obstruction. Levels of ANP are markedly elevated 
in bilateral, but not unilateral, obstruction.238 ANP enhances 
salt wasting at several nephron segments. By blocking renin 
release in the macula densa and angiotensin action in the 
proximal tubule, ANP reduces proximal tubule sodium 
reabsorption.198,238,239 ANP also reduces aldosterone release 
and directly inhibits sodium reabsorption in the collecting 
ducts.198,238,239 In agreement with this mechanism, infusion 
of ANP into animals in which obstruction has just been 
released leads to marked increases in sodium and water 
excretion.238 Moreover, efforts to reduce circulating ANP 
levels following bilateral obstruction attenuated sodium 
excretion somewhat.238

In addition, accumulation of urea and other solutes 
enhances sodium wasting by obstructed kidneys. Following 
release of 24 hours of unilateral obstruction, removal or 
obstruction of the contralateral kidney markedly enhances 
salt wasting by the obstructed kidney.197 If the contralateral 
kidney is left in place but amounts of urea, salt, and water 
equivalent to what the contralateral kidney is excreting are 
infused into the animal, there is a striking increase in 
sodium excretion in both the obstructed and the contralat-
eral kidney.197,199 On this basis, bilateral obstruction induces 
hormonal changes and promotes accumulation of solutes 
and volume that together enhance natriuresis from the 
obstructed kidney.
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proportion of “reverse” orientation, with the proton pump 
in the basolateral membrane and the Cl−-HCO3

−-exchanger 
in the apical membrane. The other possibility was that the 
orientation of intercalated cells would not change, but there 
would be reduced expression of the H+ or HCO3

− trans-
porter. The orientation of the intercalated cells was not 
altered by obstruction. However, obstruction did reduce the 
appearance of H+-ATPase along the apical membranes of 
intercalated cells, without altering the total content of H+-
ATPase in extracts of renal cortex or medulla, in unilaterally 
obstructed as compared with contralateral kidneys.255 In 
obstructed kidneys, fewer intercalated cells exhibited an 
apical labeling pattern, and many that did showed disconti-
nuities or gaps in apical membrane labeling,255 which sug-
gests that obstruction inhibits trafficking of H+-ATPase to 
the apical membranes of intercalated cells. However, this 
disorder alone cannot account for the entire acidification 
defect in obstructive nephropathy, because the labeling 
pattern returns to control levels as the obstruction persists, 
whereas the acidification defect remains.255 In addition, the 
extent of the decrease in labeling appears to be too small 
to account for the profound defect in acidification.

In addition to defective collecting duct H+ transport, 
reduced generation of the main buffer that carries acid 
equivalents in the urine, ammonia, has also been observed 
in kidneys released from obstruction. Cortical slices of 
obstructed kidneys exhibit reduced glutamine uptake and 
oxidation, reduced gluconeogenesis, and reduced total 
oxygen consumption, all adding up to a reduced ability to 
generate ammonia from glutamine.256,257

EFFECTS OF RELIEF OF OBSTRUCTION ON 
EXCRETION OF POTASSIUM
As with sodium excretion, potassium excretion increases 
markedly following release of bilateral obstruction.258,259 
Micropuncture and microcatheterization studies show that 
proximal potassium reabsorption is unchanged by obstruc-
tion, whereas potassium is more rapidly secreted in the 
collecting duct, likely due to increased distal delivery and 
therefore more rapid distal luminal flux of sodium and 
volume following release of obstruction.211,258 By contrast, 
following release of unilateral obstruction, potassium excre-
tion falls roughly in proportion to the reduction in GFR,260 
an effect that may be related to reduced distal delivery of 
sodium. However, administration of sodium sulfate in this 
state does not stimulate potassium excretion in obstructed 
kidneys as it does in controls, which suggests that collecting 
ducts in unilateral obstructed kidneys have an intrinsic 
defect in potassium secretion.261 This intrinsic defect may 
represent a response similar to the downregulation of 
sodium transporters in obstructed kidneys described in 
detail earlier. The kaliuretic effect observed in bilateral 
obstruction may be due as well to the influence of elevated 
levels of ANP, which, at high levels, can stimulate potassium 
secretion in the distal nephron.

EFFECTS OF RELIEF OF OBSTRUCTION  
ON EXCRETION OF PHOSPHATE AND  
DIVALENT CATIONS
When bilateral ureteral obstruction is released, phosphate 
excretion rises in proportion to sodium excretion.221,224,262,263 
Phosphate restriction before the release of the obstruction 

COX-2 inhibition prevented dysregulation of AQP2 in 
obstructed kidneys in which COX-2 protein expression was 
markedly increased.233,250

On the basis of these results, the defect in urinary dilution 
in obstruction is due to reduced ability of the thick ascend-
ing limb to dilute the urine by transporting salt from the 
lumen of the tubule to its basolateral side. The collecting 
duct in obstructed kidneys maintains its low water permea-
bility in the absence of antidiuretic hormone, so that the 
failure to dilute the urine is not due to collapse of osmotic 
gradients in the collecting duct. The inability to concentrate 
the urine results from the failure of the thick limb to gener-
ate a concentrated interstitium, as well as the inability of the 
collecting duct to synthesize and to traffic AQP2 and other 
water channels in response to antidiuretic hormone.

EFFECTS OF RELIEF OF OBSTRUCTION ON  
URINARY ACIDIFICATION
Obstruction dramatically reduces urinary acidification in 
both experimental animals and humans. In humans, release 
of obstruction does not lead to bicarbonate wasting, which 
indicates that proximal tubule bicarbonate reclamation is 
maintained. By contrast, in both experimental animals and 
patients following release of obstruction, the urine pH does 
not decrease in response to an acid load, which indicates 
that obstruction impairs the ability of the distal nephron to 
acidify the urine.251-253 This defect likely involves proton 
transport proteins both in the collecting duct251,252 and in 
the proximal tubule and thick ascending limb of Henle.253,254

Reduced collecting duct acid secretion could result  
from defects in H+ (H+-ATPase, or H+-K+-ATPase) or HCO3

− 
(e.g., Cl−-HCO3

− exchange) transport pathways, backleak of 
protons down their electrochemical gradient from the lumen 
to the basolateral side of the tubule, or, in the cortical collect-
ing duct, the failure to generate a sufficiently lumen-negative 
transepithelial voltage.251,252,255 As described in detail earlier, 
obstruction reduces the activity of apical ENaC in the cortical 
collecting duct; the resulting loss of luminal negativity may 
attenuate acid secretion in these segments.251,252

In the rat inner medullary collecting duct (studied by 
micropuncture) and in isolated perfused rat and rabbit 
outer medullary collecting duct, obstruction markedly 
reduces luminal acidification rates.251 Because Na+ transport 
does not play a major role in acidification in these segments, 
the defect must be due to direct inhibition of acid or HCO3

− 
transport pathways, or backleak of protons from lumen to 
interstitium.255 At low perfusion rates, outer medullary col-
lecting ducts from obstructed animals maintain the ability 
to generate steep pH gradients,251 which indicates that 
obstruction does not block the ability of the tubule to 
prevent back flux of protons. By contrast, at high perfusion 
rates, acidification was markedly lower in tubules from 
obstructed, as opposed to normal, kidneys,251 which demon-
strates that obstruction inhibits activity or expression of H+ 
or HCO3

− transport pathways.
Antibody-based targeted studies examining the Cl−-

HCO3
−-exchanger and subunits of H+-ATPase revealed 

reduced expression of these transporters in collecting ducts 
of unilaterally obstructed kidneys compared with contralat-
eral and control kidneys.253,255 Two possible mechanisms of 
reduced acid secretion were explored.255 One was that the 
intercalated cells in obstructed kidneys would exhibit a high 
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All these factors accelerate the development of interstitial 
fibrosis by increased extracellular matrix, cell infiltration, 
apoptosis, and accumulation of activated myofibroblasts.275 
In addition, there is upregulation of various receptors that 
are targeted by autocrine factors and cytokines, including 
both type 1 and type 2 angiotensin receptors (AT1R and 
AT2R).276 The complex cellular migration process may 
become amplified by epithelial-mesenchymal transition 
(EMT),277 which is characterized by downregulation of epi-
thelial marker proteins such as E-cadherin, zonula occludens 
1, and cytokeratin; loss of cell-to-cell adhesion; upregulation 
of mesenchymal markers, including vimentin, α-smooth 
muscle actin, and fibroblast-specific protein 1; basement 
membrane degradation; and migration to the interstitial 
compartment.277 The entire cascade leads to tubulointersti-
tial fibrosis and permanent loss of renal function, which may 
continue to progress after the obstruction has been relieved  
(Figure 38.9).

prevents phosphate accumulation during bilateral obstruc-
tion, thereby blocking the increase in phosphate excretion.262 
This can also be achieved by blockade of angiotensin II–
mediated effects, which highlights the importance of 
enhanced renal angiotensin II levels in the obstructed 
kidney.57 In addition, phosphate wasting of similar magni-
tude to that observed following release of bilateral obstruc-
tion can be duplicated by phosphate loading of normal 
animals.262 By contrast, release of unilateral obstruction 
results in phosphate retention, likely due to reduced GFR 
and avid proximal phosphate reabsorption.264 Calcium excre-
tion may be increased or decreased, depending on whether 
the obstruction is unilateral or bilateral and depending on 
the species studied.262,264 Magnesium excretion is markedly 
increased following release of either bilateral or unilateral 
obstruction. This magnesium wasting probably occurs 
because both forms of obstruction markedly attenuate thick 
ascending limb sodium reabsorption, leading to reduced 
positive luminal transepithelial voltages and therefore a 
reduced driving force for lumen-to-basolateral magnesium 
flux across the paracellular pathway.265

PATHOPHYSIOLOGY OF RECOVERY  
OF TUBULAR EPITHELIAL CELLS  
FROM OBSTRUCTION OR 
TUBULOINTERSTITIAL FIBROSIS

An important focus of many experimental studies in obstruc-
tive nephropathy has been devoted to the renal effects of 
longer-term obstruction.266 In part these studies use UUO 
as a convenient model for chronic renal damage, because 
the timing of the injury is clear and because the extent of 
injury should be reproducible from animal to animal.266 
These studies, which have been conducted almost entirely 
in rodents, have elucidated an overall pathway for renal 
tubular epithelial damage and have identified several poten-
tial targets for intervention. Obstruction inhibits oxidative 
metabolism and promotes anaerobic respiration, leading  
to decreased ATP levels and increased levels of adenosine 
diphosphate and adenosine monophosphate.257,267,268 In 
addition, obstruction alters a wide variety of metabolic 
enzymes, as well as the expression of many different gene 
products.257,268-270 These changes are summarized in Table 
38.6. Many of these changes are difficult to link mechanisti-
cally with changes in GFR or tubular transport function 
observed in obstruction. It is possible, however, that reduced 
ability to generate ATP, along with reductions in Na+-K+-
ATPase expression, contributes to the natriuresis observed 
following release of obstruction (see earlier discussion).

It is thought that chronic obstruction damages tubular 
epithelial cells by increasing hydrostatic pressure, reducing 
blood flow (due to the renal vasoconstriction that occurs in 
obstruction, see earlier), and increasing oxidative stress.266 
In response, tubular epithelial cells release a number of 
autocrine factors and cytokines, including angiotensin 
II,266,271 transforming growth factor-β (TGF-β),271,272 platelet 
activator inhibitor,273 and tumor necrosis factor (TNF).274 
These factors, along with the presence and increase in levels 
of adhesion factors, lead to the infiltration of the renal 
interstitium with inflammatory cells, including macro-
phages. These in turn release additional cytokines.

Table 38.6  Effects of Urinary Tract Obstruction 
on Renal Enzymes and Renal  
Gene Expression

Changes in Energy and Substrate Metabolism

Decreased oxygen consumption
Decreased substrate uptake
Increased anaerobic glycolysis
Decreased ATP/(ADP + AMP)
Decreased ammoniagenesis

Changes in Enzyme Activity

Decreased

Alkaline phosphatase
Na+-K+-ATPase
Glucose-6-phosphatase
Succinate dehydrogenase
NADH/NADPH dehydrogenase

Increased

Glucose-6-phosphate dehydrogenase
Phosphogluconate dehydrogenase
Mitogen-activated protein kinases
Matrix metalloproteinase 2 or 9
Mast cell protease 1 (chymase)

Changes in Gene Expression

Reduction in glomerular Gαs and Gαq/11 proteins
Reduction in prepro–epidermal growth factor and Tamm-

Horsfall protein
Transient induction of growth factors FOS and MYC
Striking induction of cellular damage (TRPM2) genes
Induction of plasminogen activator gene

ADP, Adenosine diphosphate; AMP, adenosine monophosphate; 
ATP, adenosine triphosphate; ATPase, adenosine 
triphosphatase; FOS, FBJ murine osteosarcoma viral 
oncogene homolog; MYC, myelocytomatosis viral oncogene 
homolog; NADH, reduced form of nicotinamide adenine 
dinucleotide; NADPH, reduced form of nicotinamide adenine 
dinucleotide phosphate; TRPM2, transient receptor potential 
cation channel, subfamily M, member 2.
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treatment with losartan prevented aortic aneurysm284 and 
normalized muscle architecture, repair, and function in 
Marfan-like fibrillin-1–deficient mice.285 Collectively these 
studies propose that mast cells’ release of renin and local 
angiotensin II formation in the obstructed kidney may lead 
to both vasoconstriction, which causes reduction in renal 
blood flow, as well as GFR and fibroblast and macrophage 
activation, which increases TGF-β levels and causes fibrosis 
of the kidney. Along this line, data suggest that mast cells also 
have the capacity to release chymase, a protease, which may 
limit development of tubulointerstitial fibrosis by decreas-
ing infiltration of inflammatory cells and release of pro-
inflammatory and profibrotic chemokines and cytokines.286

Several studies have shown that antagonism of angioten-
sin II, TGF-β, TNF, or factors that attract inflammatory cells 
may ameliorate postobstructive renal damage.266,271-275,287-289 
Similarly, augmentation of expression of factors that favor 
epithelial growth and differentiation, such as hepatocyte 
growth factor,290 insulin-like growth factor, or bone morpho-
genic protein-7,266 may also have a protective effect.

From multiple studies, it has been suggested that the 
main mechanism that is responsible for the onset of the 
pathophysiologic cascades is the increased pressure in  
the renal pelvis, which leads to increased pressure in the 
parenchyma and subsequently mechanical stress, which 
leads to activation of stretch and swelling-activated cation 
channels within focal adhesions of the epithelial cells, 
causing subsequent influx of Ca2+.280,281 This causes oxidative 
stress and stimulates migration of macrophages to the 
obstructed kidney. However, the complexity of the process 
and the experience from multiple studies demonstrating 
that there is no single pathway that is responsible for the 
cellular changes was highlighted by the potential role of 
infiltrating macrophages in the pathophysiology of inflam-
mation during UUO. It was demonstrated that activation  
of AT1R on macrophages in UUO is prerequisite for 
suppression of their release of proinflammatory cytokine 
interleukin-1 (IL-1).291 This indicates that a key role of AT1R 
on macrophages is to protect the kidney from fibrosis by 
limiting activation of IL-1 receptors in the obstructed kidney. 
Further, this finding may show implications for the design 
of novel potent therapies to overcome the shortcomings of 
global angiotensin receptor blockade. Thus the process 
leading to kidney fibrosis is complex, and numerous pro-
cesses contribute to regulating the cellular changes that are 
responsible for these pathophysiologic changes.

Given species differences and the fact that obstruction in 
humans is often partial, the animal models may not predict 
entirely the behavior of postobstructive kidneys in humans. 
However, if the studies are relevant to human obstructive 
nephropathy, they suggest that patients undergoing release 
of obstruction may benefit from therapies that block pro-
apoptotic, proinflammatory, or profibrotic mediators or 
from treatments that stimulate epithelial cell growth and 
differentiation.266,271-275,287-289

Experimentally, protection from obstruction-induced det-
rimental effects on renal function can also be achieved by 
NO supplementation. This can be accomplished either by 
angiotensin-converting enzyme inhibition, which increases 
kinin levels and subsequently increases NO formation,  
or by stimulation of endogenous NOS with l-arginine.292 
l-Arginine is a semi-essential amino acid and is also 

It has been hypothesized that changes in the intratubular 
dynamic forces—so-called tubular stretch—in urinary tract 
obstruction also are an important determinant for develop-
ment of tubulointerstitial fibrosis in the kidney.278 Thus both 
in vivo272 and in vitro models279,280 of obstructive uropathy 
demonstrate that tubular stretch induces robust expression 
of TGF-β1, activation of tubular apoptosis, and induction of 
nuclear factor-kappaB signaling, which contribute to the 
inflammatory and fibrotic milieu.278,281 Because fibrosis is 
absent in mast cell–deficient mice with UUO, this suggests 
that mast cells play an important role in induction of the 
inflammation and development of tubulointerstitial fibrosis 
in obstruction.282 Furthermore, the importance of the renin 
angiotensin aldosterone system for the development of 
fibrosis was also underscored by the observation that mast 
cells release renin, possibly stimulated by autocrine hista-
mine release.282

Thus the pathogenesis of renal fibrosis is a progressive 
and complicated process involving multiple molecular path-
ways and cellular targets, including angiotensin II as high-
lighted already.4,184 Because angiotensin II is known to 
stimulate production of TGF-β, which is critical for tubuloin-
terstitial development,283 this has been highlighted by the in 
vivo documentation of a relationship between angiotensin II 
and TGF-β in genetically defined mouse models of Marfan 
syndrome.284 Interestingly, studies show that selected mani-
festations of Marfan syndrome reflect excessive signaling  
by TGF-β.285 Moreover, systemic antagonism of TGF-β 
through administration of a TGF-β–neutralizing antibody or 

Figure 38.9 Urinary tract obstruction causes an enhanced expres-
sion of angiotensin II. The regulation of gene expression by angioten-
sin II occurs through specific receptors that are ultimately linked to 
changes in the activity of transcription factors within the nucleus of 
target cells. In particular, members of the nuclear factor-kappaB (NF- 
κB) family of transcription factors are activated, which in turn fuels at 
least two autocrine-reinforcing loops that amplify angiotensin II and 
tumor necrosis factor-α (TNF-α) formation. TNFR1 and TNFR2, 
TNF-α receptors. 
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AT2R gene have been shown to be associated with UPJ 
obstruction.301

If urinary obstruction is not the cause of subsequent renal 
impairment, then some may question whether it is worth-
while to relieve the obstruction in utero. However, in experi-
mental models, obstruction in utero can cause pulmonary 
hyperplasia and renal impairment directly or indirectly, 
leading to significant morbidity and mortality.296,297,302 In 
addition, shunting of urinary outflow from obstructed 
kidneys in animals before the end of nephrogenesis may 
allow reversal of the arrest of glomerulogenesis seen in this 
setting,303 which favors early intervention.302-305 The changes 
in renal gene expression and protein production afford 
many potential biomarkers of disease progression and 
targets for therapeutic manipulation.306

TREATMENT OF URINARY TRACT 
OBSTRUCTION AND RECOVERY  
OF RENAL FUNCTION

Once the presence of obstruction is established, interven-
tion is usually strongly indicated to relieve it. The type of 
intervention depends on the location of the obstruction, its 
degree, and its cause, as well as the presence or absence of 
concomitant diseases and complications, and the general 
condition of the patient.307 The initial emphasis focuses on 
prompt relief of the obstruction, followed by the definitive 
treatment of its cause. Obstruction below the bladder (e.g., 
benign prostatic hyperplasia or urethral stricture) is easily 
relieved with placement of a urethral catheter. If the urethra 
is impassable, suprapubic cystostomy may be needed. For 
obstruction above the bladder, insertion of a nephrostomy 
tube or ureteral stent may be indicated. The urgency of the 
intervention depends on the degree of renal function,  
the presence or absence of infection, and the overall risk of 
the procedure.296 The presence of infection in an obstructed 
urinary tract, or urosepsis, represents a urologic emergency 
that requires immediate relief of the obstruction, in  
addition to antibiotic treatment. Acute kidney injury, associ-
ated with bilateral ureteral obstruction or with the obstruc-
tion of single functioning kidney, also calls for emergent 
intervention.

Calculi, the most common form of acute unilateral 
urinary obstruction, can usually be managed conservatively 
with analgesics for control of pain and intravenous fluids  
to increase urine flow. Ninety percent of stones smaller  
than 5 mm pass spontaneously, but as stones get larger, 
spontaneous stone passage becomes progressively less prob-
able. Active efforts to fragment or remove the stone are 
indicated for persistent obstruction, uncontrollable pain,  
or urinary tract infection. Current possibilities for treat-
ment include extracorporeal shock wave lithotripsy  
(which may require ureteral stent placement if the patient 
is symptomatic),308 ureteroscopy with stone fragmentation 
(usually with laser lithotripsy), and, in rare cases, open  
excision of the stone.166,167,309 In general, a combination of 
lithotripsy and endourologic procedures will succeed in 
removing the stone. In the past, complex stones high up in 
the ureter or in the renal pelvis have been difficult to 
remove without open surgery. However, improved methods 
of lithotripsy, including the use of laser lithotripsy through 

substrate and the main source for generation of NO via 
NOS. Importantly, chronic unilateral obstruction in mice 
leads to significant reduction in inducible NOS (iNOS) 
activity, and the obstructed kidney of iNOS knockout mice 
exhibited significantly more apoptotic renal tubules than 
controls, which underscores the important role NO plays 
for protecting the cellular functions in the obstructed 
kidney.293 Dietary l-arginine supplementation attenuated 
renal damage of a 3-day unilateral ureteral obstruction in 
rats, which indicates that l-arginine treatment may be a 
useful pharmacologic avenue in obstructive nephropathy.266 
It was also shown that several of the detrimental effects of 
obstruction can be attenuated by treatment with the 
α-melanocyte–stimulating-hormone (α-MSH), which is a 
potent antiinflammatory hormone. These results support 
the view that inflammation is a crucial determinant for the 
onset of renal deterioration in urinary tract obstruction.294 
Interestingly, it has been demonstrated that recombinant 
human erythropoietin (rhEPO) treatment inhibits the pro-
gression of renal fibrosis in the obstructed kidney and atten-
uates the TGF-β1–induced EMT, which suggests that the 
renoprotective effects of rhEPO could be mediated, at least 
partly, by inhibition of TGF-β1–induced EMT.295

FETAL URINARY TRACT OBSTRUCTION

Obstructive uropathy constitutes the largest fraction of iden-
tifiable causes of renal insufficiency and kidney failure in 
infants and children. Compared with adult obstructive 
nephropathy, fetal obstructive nephropathy is particularly 
devastating because renal growth and continued nephron 
development are impaired by the progression of fibrosis. 
Several studies have examined aspects of obstructive 
nephropathy in the newborn using a neonatal rat model of 
unilateral obstruction, and the pathophysiology involved in 
fetal urinary tract obstruction will be discussed in Chapter 
73. Briefly, fetal urinary obstruction may lead to changes in 
tissue differentiation. At the time of birth, the rodent kidney 
is not fully developed and is representative of human renal 
development at approximately the midtrimester, and animal 
models reveal that fetal obstruction causes aberrations of 
morphogenesis, gene expression, cell turnover, and urine 
composition.296,297 The earlier the kidney is obstructed in 
utero, the greater will be the changes in renal tissue.296,297 
After birth, obstruction may affect renal growth, especially 
in neonates and during the first year of life, but the obstruc-
tion will not cause tissue dedifferentiation.

Studies have demonstrated the upregulation of the renin 
angiotensin aldosterone system, as well as involvement of 
other substrates (TGF-β1, endothelin-1, and many other 
mediators) in obstructed kidneys.296-299 The exact mecha-
nisms of action of these molecules in the alteration of renal 
morphogenesis are not fully understood. It is not well 
known either if obstruction alone is enough to induce  
renal dysplasia,296,297 or if the latter results from secondary 
obstruction-induced mesenchymal disruption. To know the 
exact role of obstruction in the kidney malformation is very 
important clinically, because, as mentioned earlier, it is now 
possible to detect and potentially relieve obstruction in 
utero. The critical role of AT2R in stimulating the process 
of ureteric bud branching in kidney development has  
been highlighted.300 Along this line, polymorphisms in the 
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it, the potential for meaningful recovery of function in the 
affected kidney represents a critical issue. In many cases, 
obstruction may be partial, so that it is difficult on the basis 
of the history alone to predict the outcome. In addition, 
imaging studies that reveal both anatomy and function of 
the obstructed kidney predict the extent of functional recov-
ery poorly (see earlier), because the extent of anatomic 
distortion during obstruction correlates poorly with the 
extent of recovery once the obstruction is relieved.317 Isoto-
pic renography with a variety of isotopes can be used to 
examine renal function, as outlined earlier. This approach 
is a far more reliable indicator of potential renal function 
when applied well after temporary drainage of the obstructed 
kidney (e.g., by nephrostomy tubes) has been achieved than 
if it is performed while the obstruction is still present.317 
Imaging of the anatomy will provide information on the size 
and volume of the kidney but does not demonstrate reliable 
information on kidney function. All of these considerations 
figure into the clinical judgment as to whether attempts 
should be made to salvage the kidney. However, there are 
presently no methods available to predict reliably the func-
tional potential recovery of an obstructed kidney.

In cases of prenatal urinary tract obstruction, clinical 
decision making is complex because the risks of not inter-
vening can be very high, as can the risks of prenatal surgery. 
Because fetal intervention can be associated with frequent 
complications and a high rate of fetal wastage, patients for 
the intervention should be carefully chosen. Fetal renal 
biopsy, which demonstrated a 50% to 60% success rate, cor-
relates well with outcome and has few maternal complica-
tions.10,12,13,296,304 It may be used as one of the methods to 
determine treatment strategy. Studies demonstrate that 
antenatal intervention may help fetuses with the most severe 
forms of obstructive uropathy, otherwise usually associated 
with a fatal neonatal course.10,12,13,302

RECOVERY OF RENAL FUNCTION AFTER 
PROLONGED OBSTRUCTION

In patients the potential for renal recovery depends primar-
ily on the extent and duration of the obstruction. However, 
other factors, such as the presence of other illnesses and the 
presence or absence of urinary tract infection, play an 
important role as well. In dogs subjected to 40 days of ure-
teral ligation, release of the obstruction led to no recovery 
of renal function. However, recovery of renal function in 
humans has been documented following release of obstruc-
tion of 69 days or longer.318,319 Because it is difficult to 
predict whether renal function will recover when temporary 
relief of obstruction has been achieved, it makes sense to 
measure function repeatedly with isotopic renography over 
time, before deciding on a definitive surgical course. 
Chronic bilateral obstruction, as seen in benign prostatic 
hyperplasia, can cause chronic kidney disease, especially 
when the obstruction is of prolonged duration and when it 
is accompanied by urinary tract infections.319,320 Progressive 
loss of renal function can be slowed or halted by relieving 
the obstruction and treating the infection.

When obstruction has been relieved and there is poor 
return of renal function, interstitial fibrosis and inflamma-
tion may have supervened. To ensure that there is no other 
process hampering recovery of renal function, renal biopsy 

the ureteroscope, have made more stones amenable to frag-
mentation, whereas miniaturization of flexible uretero-
scopes has made the entire upper urinary tract accessible  
in nearly all patients, except those with severe anatomic 
abnormalities.166,167 Once the stone has been removed, 
of course, appropriate medical therapy is needed to prevent 
recurrence.167

Intramural or extrinsic ureteral obstruction may be 
relieved by placement of a ureteral stent through the cysto-
scope.308 If this cannot be accomplished or is ineffective 
(especially in cases of extrinsic ureteral compression by 
tumor), then nephrostomy tubes will need to be inserted to 
effect prompt relief of the obstruction.308

For infravesical obstruction due to benign prostatic 
hyperplasia, surgery can be safely delayed or completely 
avoided in patients with minimal symptoms, lack of infec-
tion, and an anatomically normal upper urinary tract.310 If 
needed, transurethral resection of the prostate, laser abla-
tion, or other techniques can be used for definitive treat-
ment. Internal urethrotomy with direct visualization may be 
effective in the treatment of urethral strictures, because 
dilation usually has only a temporary effect. Suprapubic 
cystostomy may be necessary in patients with impassable 
urethral strictures, followed by open urethroplasty to restore 
urinary tract continuity, when possible.

Patients with neurogenic bladder require a variety of 
approaches, including frequent voiding, often by external 
compression or Credé’s method; medications to stimulate 
bladder activity or relax the urethral sphincter; and inter-
mittent catheterization using meticulous technique to avoid 
infection.44,311 Long-term indwelling bladder catheters 
should be avoided because they increase the risk for infec-
tion and renal damage. If more conservative measures such 
as frequent voiding or intermittent catheterization are not 
effective, ileovesicostomy or other forms of urinary diver-
sion should be considered. Electrical stimulation has also 
been attempted with varying success.312

In many forms of obstruction, initial stabilization of the 
patient’s condition is followed by a decision as to whether 
to continue observation or to move on to definitive surgery 
or nephrectomy. The actual course chosen depends on the 
likelihood that renal function will improve with the relief of 
obstruction. Factors that help decide whether to operate 
and what form of surgical intervention to use include the 
age and general condition of the patient, the appearance 
and function of the obstructed kidney and the contralateral 
one, the cause of the obstruction, and the absence or pres-
ence of infection.313 As noted earlier, the extent of recovery 
of renal function depends on the extent and duration of 
the obstruction.

Robotic surgery has evolved from simple extirpative 
surgery to complex reconstructions, including hydrone-
phrosis, which is feasible and safe.314,315 A detailed discussion 
of the indications and surgical techniques for intervention 
to treat urinary tract obstruction is beyond the scope of this 
chapter and may be found in other sources.307,316

ESTIMATING RENAL DAMAGE AND  
POTENTIAL FOR RECOVERY

As noted earlier, when deciding whether to bypass or recon-
struct drainage of an obstructed kidney rather than excise 
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falling plasma creatinine level.321 In such cases during post-
obstructive diuresis, plasma potassium levels must be moni-
tored carefully.

Complete reference list available at ExpertConsult.com.

KEY REFERENCES
2. Yarger WE: Urinary tract obstruction. In Brenner BM, Rector FC, 

editors: The kidney, Philadelphia, 1991, Saunders, pp 1768–1808.
4. Klahr S: Obstructive nephropathy. Intern Med 39:355–361, 2000.
9. Chevalier RL, Klahr S: Therapeutic approaches in obstructive 

uropathy. Semin Nephrol 18:652–658, 1998.
23. Ulman I, Jayanthi VR, Koff SA: The long-term followup of new-

borns with severe unilateral hydronephrosis initially treated non-
operatively. J Urol 164:1101–1105, 2000.

36. Stamatelou KK, Francis ME, Jones CA, et al: Time trends in 
reported prevalence of kidney stones in the United States: 1976-
1994. Kidney Int 63:1817–1823, 2003.

43. de Groat WC, Yoshimura N: Pharmacology of the lower urinary 
tract. Annu Rev Pharmacol Toxicol 41:691–721, 2001.

44. Wein AJ: Lower urinary tract dysfunction in neurologic injury and 
disease. In Wein AJ, Kavoussi LR, Novick AC, et al, editors: 
Campbell-Walsh urology, ed 9, Philadelphia, 2007, Saunders Elsevier, 
pp 2011–2045.

62. Deprest J, Marchal G, Brosens I: Obstructive uropathy secondary 
to endometriosis. N Engl J Med 337:1174–1175, 1997.

89. Chung SY, Stein RJ, Landsittel D, et al: 15-Year experience with 
the management of extrinsic ureteral obstruction with indwelling 
ureteral stents. J Urol 172:592–595, 2004.

102. Roth JA, Diamond DA: Prenatal hydronephrosis. Curr Opin Pediatr 
13:138–141, 2001.

108. Akcay A, Altun B, Usalan C, et al: Cyclical acute renal failure due 
to bilateral ureteral endometriosis. Clin Nephrol 52:179–182, 1999.

112. Decramer S, Wittke S, Mischak H, et al: Predicting the clinical 
outcome of congenital unilateral ureteropelvic junction obstruc-
tion in newborn by urinary proteome analysis. Nat Med 12:398–
400, 2006.

116. Shokeir AA: The diagnosis of upper urinary tract obstruction. BJU 
Int 83:893–900, 1999.

129. Grenier N, Gennisson JL, Cornelis F, et al: Renal ultrasound elas-
tography. Diagn Interv Imaging 94:545–550, 2013.

138. Feldman DM, DeCambre M, Kong E, et al: Evaluation and 
follow-up of fetal hydronephrosis. J Ultrasound Med 20:1065–1069, 
2001.

140. Sheth S, Fishman EK: Multi-detector row CT of the kidneys and 
urinary tract: techniques and applications in the diagnosis of 
benign diseases. Radiographics 24:e20, 2004.

141. Grenier N, Hauger O, Cimpean A, et al: Update of renal imaging. 
Semin Nucl Med 36:3–15, 2006.

155. Taylor A, Manatunga A, Garcia EV: Decision support systems in 
diuresis renography. Semin Nucl Med 38:67–81, 2008.

157. Grenier N, Basseau F, Ries M, et al: Functional MRI of the kidney. 
Abdom Imaging 28:164–175, 2003.

160. Prasad PV: Functional MRI of the kidney: tools for translational 
studies of pathophysiology of renal disease. Am J Physiol Renal 
Physiol 290:F958–F974, 2006.

173. Wright FS, Briggs JP: Feedback control of glomerular blood flow, 
pressure, and filtration rate. Physiol Rev 59:958–1006, 1979.

176. Harris RH, Gill JM: Changes in glomerular filtration rate  
during complete ureteral obstruction in rats. Kidney Int 19:603–
608, 1981.

177. Moody TE, Vaughan ED, Jr, Gillenwater JY: Relationship between 
renal blood flow and ureteral pressure during 18 hours of total 
unilateral ureteral occlusion. Invest Urol 13:246–251, 1975.

178. Harris RH, Yarger WE: Renal function after release of unilateral 
ureteral obstruction in rats. Am J Physiol 227:806–815, 1974.

182. Yarger WE, Aynedjian HS, Bank N: A micropuncture study of 
postobstructive diuresis in the rat. J Clin Invest 51:625–637, 1972.

184. Yarger WE, Schocken DD, Harris RH: Obstructive nephropathy 
in the rat: possible roles for the renin-angiotensin system, prosta-
glandins, and thromboxanes in postobstructive renal function.  
J Clin Invest 65:400–412, 1980.

188. Topcu SO, Pedersen M, Norregaard R, et al: Candesartan pre-
vents long-term impairment of renal function in response to 

may be indicated. As noted earlier, studies in experimental 
animals have implicated a variety of factors in chronic 
kidney disease due to prolonged obstruction, including 
excessive production of renal vasoconstrictors such as renin 
and angiotensin, growth factors that may enhance fibrosis. 
Based on these findings, inhibitors such as captopril,308 
angiotensin receptor antagonists,298 NO supplementation,292 
α-MSH,294 and EPO295 have been shown experimentally to 
ameliorate to some degree the long-term damage of kidney 
functions observed following prolonged obstruction.

POSTOBSTRUCTIVE DIURESIS

Release of obstruction can lead to marked natriuresis and 
diuresis with the wasting of potassium, phosphate, and diva-
lent cations. It is notable that clinically significant postob-
structive diuresis usually occurs only in the setting of prior 
bilateral obstruction, or unilateral obstruction of a solitary 
functioning kidney. The mechanisms involved have been 
described in detail earlier and involve the combination of 
intrinsic damage to tubular salt, solute, and water reabsorp-
tion, as well as the effects of volume expansion, solute (e.g., 
urea) accumulation, and attendant increases in natriuretic 
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for the natriuresis and diuresis occurring in the postob-
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depletion due to salt wasting, and other electrolyte imbal-
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distal tubule remains refractory to aldosterone (pseudohy-
poaldosteronism) and the patient develops paradoxical 
hyperkalemia despite a returning kidney function and a 
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Persistent albuminuria (>300 mg/24 hr or 200 µg/min) is 
the hallmark of diabetic nephropathy that can be diagnosed 
clinically if the following additional criteria are fulfilled—
presence of diabetic retinopathy and absence of clinical or 
laboratory evidence of other kidney or renal tract disease. 
This clinical definition of diabetic nephropathy is valid in 
types 1 and 2 diabetes.1

Since the 1990s, several longitudinal studies have shown 
that raised urinary albumin excretion (based on a single 
measurement) that is below the level of clinical albuminuria 
(by reagent strip), so-called microalbuminuria, strongly pre-
dicts the development of diabetic nephropathy in types 1 
and 2 diabetes.2-4 Microalbuminuria is defined as urinary 
albumin excretion of more than 30 mg/24 hr (20 µg/min), 
and 300 mg/24 hr (200 µg/min) or less, irrespective of how 
the urine is collected.

Nephropathy is a major cause of illness and death in 
diabetes. Indeed, the excess mortality of diabetes occurs 

mainly in proteinuric diabetic patients and results not only 
from end-stage kidney disease (ESKD), but also from  
cardiovascular disease, with the latter being particularly 
common in type 2 diabetic patients.5-7 Diabetic nephropathy 
is the single most common cause of ESKD in Europe, Japan, 
and the United States, with diabetic patients accounting for 
25% to 45% of all patients enrolled in ESKD programs.

PATHOLOGY OF THE KIDNEY  
IN DIABETES

This section outlines the renal pathology in type 1 diabetes, 
followed by a comparison of the similarities and differences 
in renal pathology in type 2 diabetes. When its features are 
taken together, diabetic nephropathology in type 1 diabetes 
is unique to this disease (Table 39.1).8-10 Thickening of the 
glomerular basement membrane (GBM) is the first change 
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Figure 39.1  Electron microscopic photomicrographs. A, Normal glomerular basement membrane (GBM;  left) compared to thickened GBM 
from a proteinuric type 1 diabetic patient (right). B, Normal glomerular capillary loops and mesangial zone. C, Thickened glomerular basement 
membrane (GBM), mesangial expansion (predominantly with mesangial matrix), and capillary luminal narrowing in a proteinuric type 1 diabetic 
patient. 

A B C

Figure 39.2  Relationship of proximal tubular basement membrane 
(TBM) width and glomerular basement membrane (GBM) width in 35 
type  1  diabetic  patients,  25  of  whom  were  normoalbuminuric.  The 
hypertensive patients are represented by the open circles (correlation 
coefficient r = 0.64; P < 0.001). (From Brito PL, Fioretto P, Drummond 
K, et al: Proximal tubular basement membrane width in insulin-dependent 
diabetes mellitus. Kidney Int 53:754-761, 1998.)

2000

1500

1000

T
B

M
 w

id
th

 (
µm

)

500

0
0 500 1000

GBM width (µm)

1500

Table 39.1 Pathology of Diabetic Nephropathy in Patients with Type 1 Diabetes and Proteinuria

Always Present Often or Usually Present Sometimes Present

Glomerular basement membrane thickening* Kimmelstiel-Wilson nodules (nodular 
glomerulosclerosis)*; global glomerular 
sclerosis; focal-segmental glomerulosclerosis, 
atubular glomeruli

Foci of tubular atrophy
Afferent and efferent arteriolar hyalinosis*

Hyaline “exudative” lesions 
(subendothelial)†

Capsular drops†

Tubular basement membrane thickening*
Mesangial expansion with predominance of 

increased mesangial matrix (diffuse 
glomerulosclerosis)*

Atherosclerosis
Glomerular microaneurysms

Interstitial expansion with predominance of increased 
extracellular matrix material

Increased glomerular basement membrane, tubular 
basement membrane, and Bowman’s capsule 
staining for albumin and IgG*

*In combination, diagnostic of diabetic nephropathy.
†Highly characteristic of diabetic nephropathy.

that can be quantitated (Figure 39.1A and C).11 Thickening 
of tubular basement membranes (TBMs) parallels this GBM 
thickening (Figure 39.2).12,13 Afferent and efferent glomeru-
lar arteriolar hyalinosis can also be detected within 3 to 5 
years after the onset of diabetes or following transplantation 
of a normal kidney into the diabetic patient.14 This can lead 
to the total replacement of the smooth muscle cells of these 
small vessels by waxy, homogeneous, translucent-appearing 
material that is positive for the periodic acid–Schiff (PAS)–
positive material (Figure 39.3A and B) and consists of immu-
noglobulins, complement, fibrinogen, albumin, and other 
plasma proteins.15,16 Arteriolar hyalinosis, glomerular capil-
lary subendothelial hyaline (hyaline caps), and capsular 
drops along the parietal surface of Bowman’s capsule (see 
Figure 39.3C) represent the so-called exudative lesions of 
diabetic nephropathy. Progressive increases in the fraction 
of glomerular afferent and efferent arterioles occupied by 
the extracellular matrix (ECM) and medial thickness have 
also been reported in young type 1 diabetes mellitus (T1DM) 
patients.17

Increases in the fraction of the volume of the glomerulus 
occupied by the mesangium or mesangial fractional volume 
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(Vv[Mes/glom]) can be documented as early as 4 to 5 years 
after the onset of type 1 diabetes.11 In many cases, this may 
take 15 or more years to manifest, possibly because the 
relationship of mesangial expansion to diabetes duration is 
nonlinear, with slow development earlier and more rapid 
development later in the disease.18 This mesangial expan-
sion is due, in major part, to absolute and relative increases 
in mesangial matrix, with lesser contributions from frac-
tional increases in mesangial cell volume (Figure 39-4; see 
Figure 39.1C).19 The first change in the volume fraction of 
cortex that is interstitium, or Vv(Int/cortex), is a decrease 
in this parameter, perhaps due to the expansion of the 
tubular compartment of the cortex. In contrast to the 
mesangium expansion, initial interstitial expansion is pri-
marily due to an increase in the cellular component of this 
renal compartment.20,21 An increase in interstitial ECM 
fibrillar collagen is a relatively late finding in this disease, 

Figure 39.3  Light microscopic photomicrographs. A, Afferent and efferent arteriolar hyalinosis in a glomerulus from a type 1 diabetic patient. 
The  glomerulus  shows  diffuse  and  nodular  mesangial  expansion  (periodic  acid–Schiff  stain, ×120).  B,  Glomerular  arteriole  showing  almost 
complete replacement of the smooth muscle wall by hyaline material and lumeral narrowing (periodic acid–Schiff stain, ×300).C, Glomerulus 
with minimal mesangial expansion and a capsular drop at 3 o’clock (periodic acid–Schiff stain, ×120). 

A B C

Figure 39.4  Mesangial matrix expressed as a  fraction of  the  total 
mesangial  (Matrix/mesg)  plotted  against  the  mesangial  fractional 
volume (Mesangium Vv) in long-standing type 1 diabetic patients. The 
normal  value  for Matrix/mesg  is approximately 0.5. Note  that most 
diabetic patients have elevated values for Matrix/mesg whether or not 
there is an increase in Mesangium Vv (i.e., values above 0.24). (From 
Steffes MW, Bilous RW, Sutherland DER, Mauer SM: Cell and matrix 
components of the glomerular mesangium in type I diabetes. Diabetes 
41:679-684, 1992.)
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measurable only in patients with an already established 
decline in the glomerular filtration rate (GFR).21

Abnormalities of the glomerulotubular junction with 
focal adhesions, obstruction of the proximal tubular takeoff 
from the glomerulus, and detachment of the tubule from 
the glomerulus (atubular glomerulus) (Figure 39.5) are also 
late disease manifestations, largely restricted to patients with 
overt proteinuria (Figure 39.6).21

These various lesions of diabetic nephropathy can prog-
ress at varying rates in type 1 diabetic patients and, as dis-
cussed later, this is even more the case in type 2 diabetes.22,23 
For example, GBM width and Vv(Mes/glom) are not highly 
correlated with one another; some patients have relatively 
marked GBM thickening without much mesangial expan-
sion and others have the converse (Figure 39.7).22 Marked 
renal extracellular basement membrane accumulation 
resulting in extreme mesangial expansion and GBM thick-
ening are present in the vast majority of type 1 diabetic 
patients who develop overt diabetic nephropathy manifest-
ing as proteinuria, hypertension, and declining GRF (see 
later).22,23 Ultimately, focal and global glomerulosclerosis, 
tubular atrophy, interstitial expansion and fibrosis, and glo-
merulotubular junction abnormalities are evident when 
rates of functional loss are marked.21

The diffuse and generalized process of mesangial expan-
sion has been termed diffuse diabetic glomerulosclerosis (Figure 
39.8). Nodular glomerulosclerosis (Kimmelstiel-Wilson 
nodular lesions) represents areas of marked mesangial 
expansion appearing as large, round, fibrillar mesangial 
zones, with palisading of mesangial nuclei around the 
periphery of the nodule, often with extreme compression 
of the adjacent glomerular capillaries (Figure 39.9C). This 
is typically a focal and segmental change likely resulting 
from glomerular capillary wall detachment from a mesan-
gial anchoring point with consequent microaneurysm for-
mation (see Figure 39.9A) and subsequent filling of the 
increased capillary space with mesangial matrix material 
(see Figure 39.9B).24 Approximately 50% of type 1 diabetic 
patients with proteinuria have at least a few glomeruli with 
nodular lesions. Typically, this occurs in patients with mod-
erate to severe diffuse diabetic glomerulosclerosis. However, 
there are some patients who have occasional nodular lesions 
and little diffuse mesangial expansion, which suggests that 
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Figure 39.5  Glomerulotubular junction abnormalities. A, Glomerulus attached to a short atrophic tubule (SAT). The arrow points to the atrophic 
segment. B, Glomerulus attached to a long atrophic tubule (LAT). The arrow points to the atrophic segment and tuft adhesion. C, Glomerulus 
attached to an atrophic tubule with no observable opening  (ATNO) and a tip  lesion  (arrow). D, Atubular glomerulus  (AG). *Tubular remnants 
that possibly belonged to  the AG.  (From Najafian B, Crosson JT, Kim Y, Mauer M: Glomerulotubular junction abnormalities are associated with 
proteinuria in type 1 diabetes. J Am Soc Nephrol 17:S53-S60, 2006.)
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Figure 39.6  Frequency  of  glomerulotubular  junction  abnormalities 
in  normoalbuminuric  (NA),  microalbuminuric  (MA),  and  proteinuric  
(P) patients and control subjects (C). ATNO, Atrophic tubule with no 
observable  opening;  G#,  number  of  glomeruli;  LAT,  long  atrophic 
tubule; NT, normal tubules; SAT, short atrophic tubule . (From Najafian 
B, Crosson JT, Kim Y, Mauer M: Glomerulotubular junction abnormalities 
are associated with proteinuria in type 1 diabetes. J Am Soc Nephrol 
17:S53-S60, 2006.)
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Figure 39.7  Relationship between glomerular basement membrane 
(GBM) width and mesangial fractional volume (Vv[Mes/glom]) in 125 
long-standing type 1 diabetic patients, 88 of whom were normoalbu-
minuric, 17 microalbuminuric, and 18 proteinuric (r = 0.58; P < 0.001). 
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these two forms of diabetic mesangial change may, at least 
in part, have a different pathogenesis.

As mentioned earlier, most (about two thirds) of the 
mesangial expansion in diabetes is due to an increased 
mesangial matrix and one third is due to mesangial cell 
expansion. Thus, the matrix fraction of mesangium, as 
opposed to the cellular fraction, is increased in diabetic 
patients, often even in those in whom Vv(Mes/glom) is still 
within the normal range (see Figure 39.4).18

Clinical diabetic nephropathy is primarily the conse-
quence of ECM accumulation, which presumably results 
from an imbalance in renal ECM dynamics. In this setting, 
which occurs over many years, the rate of ECM production 
exceeds the rate of removal. The accumulation of mesan-
gial, GBM, TBM, and ECM materials represents the accu-
mulation of the intrinsic ECM components of these 
structures, including types IV and VI collagen, laminin, 
fibronectin and, perhaps, additional ECM components not 
yet identified. However, not all renal ECM components 
change in parallel. Thus, α3 and α4 chains of type IV colla-
gen increase in density in the GBM of patients with diabetic 
renal lesions, whereas α1 and α2 type IV collagen chains and 
type IV collagen decrease in density in the mesangium and 
subendothelial space.25,26 However, the absolute amount of 
these ECM components per glomerulus is increased due to 
the marked absolute increase in mesangial matrix material. 
The glomerular expression of so-called scar collagen is very 
late in the evolution of diabetic glomerulopathy, occurring 
primarily in association with global glomerulosclerosis.

As the disease progresses toward renal insufficiency, more 
glomeruli become totally sclerosed or have capillary closure 
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Figure 39.8  Light microscopic photomicrographs (PAS stain). A, Normal glomerulus. B, Glomerulus from a normoalbuminuric type 1 diabetic 
patient  with  glomerular  basement  membrane  (GBM)  thickening  and  moderate  mesangial  expansion.  C,  Glomerulus  from  a  type  1  diabetic 
patient with overt diabetic nephropathy and severe diffuse mesangial expansion (periodic acid–Schiff stain, ×120). 

A B C

Figure 39.9  Light microscopic photomicrographs (PAS stain) of glomeruli from type 1 diabetic patients. A, Capillary microaneurism (mesan-
giolysis)  at  11  o’clock.  B,  Nodule  formation  within  a  capillary  microaneurism.  C,  Nodular  glomerulosclerosis  (Kimmelstiel-Wilson  nodules). 
D, End-stage diabetic glomerular changes with almost complete capillary closure (periodic acid–Schiff stain, ×180). 

A

C

B

D

within incompletely scarred glomeruli due to massive 
mesangial expansion (see Figure 39.7D). However, an 
increased fraction of glomeruli may become globally scle-
rosed in diabetic patients when other glomeruli do not show 
marked mesangial changes.27 Hørlyck and colleagues28 
found that the distribution pattern of scarred glomeruli in 
type 1 diabetic patients was more often in the plane vertical 
to the capsule of the kidney than chance would dictate. This 
finding suggests that glomerular scarring results, at least in 

part, from obstruction of medium-sized renal arteries.28 In 
fact, patients with increased numbers of globally sclerosed 
glomeruli have more severe arteriolar hyalinosis lesions.27 
In general, global glomerular sclerosis and mesangial expan-
sion are correlated in type 1 diabetic patients, but this may 
be less often the case in type 2 diabetes (see later).27

Podocyte number and/or numeric density (number, 
volume) are reportedly reduced in types 1 and 2 diabetes.29-32 
These changes may be associated with albuminuria and 
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rara externa in proportion to the increase in AER in type 1 
diabetic patients.40 Whether the addition of podocyte cell 
structural variables would reduce the residual unexplained 
variability in AER or GFR in diabetic nephropathy (see 
later) has not yet been tested. If true, this would support the 
idea that podocyte alterations contribute to proteinuria and 
renal insufficiency. Moreover, confirmation that reduced 
podocyte numbers predict diabetic nephropathy develop-
ment or progression would add further credence to the 
importance of this cell in this disease.41

The total peripheral capillary filtration surface is directly 
correlated with GFR across the spectrum, from hyperfiltra-
tion to renal insufficiency.38,42 Nonetheless, as already noted, 
diabetic glomerulopathy structural parameters, examined 
in linear regression models, explain only a minority of GFR 
variability in type 1 diabetic patients.23 The percentage of 
global sclerosis and interstitial expansion are also linearly 
correlated with the clinical manifestations of diabetic 
nephropathy and are, to some extent, independent predic-
tors of renal dysfunction and hypertension in type 1 diabe-
tes.9,27 Some have argued that renal dysfunction in diabetes 
is primarily consequent to interstitial rather than glomeru-
lar lesions.43,44 However, the conclusion that the interstitium 
is more closely related to renal dysfunction in diabetes than 
glomerular changes was derived from studies in which most, 
if not all, patients already had elevated serum creatinine 
values and in which the interstitium was carefully measured 
but the glomerular structure was only subjectively esti-
mated.43,44 Throughout most of the natural history of 
diabetic nephropathy, glomerular parameters are more 
important determinants of renal dysfunction, whereas inter-
stitial changes may become stronger determinants of the 
rate of progression from established renal insufficiency to 
terminal uremia.45 Furthermore, as mentioned earlier, in 
the first decade of diabetes, Vv(Int/cortex) is decreased, 

disease progression. Podocyte detachment from GBM may 
be an early phenomenon in type 1 diabetes, appears to 
worsen with increasing albuminuria, and could be respon-
sible for podocyte loss.33 However, the experimental tech-
niques used currently to quantify podocyte number are 
problematic and unstandardized, and more work is needed.

When research renal biopsies were performed in patients 
with diabetes of at least 10 years’ duration who were selected 
using no other criteria, significant but only imprecise rela-
tionships were found between renal pathology and duration 
of diabetes.22 This is consistent with the marked variability 
in glycemia and susceptibility to diabetic nephropathy, with 
some patients in renal failure after 15 years of diabetes and 
others without renal complications, despite having had type 
1 diabetes for many decades.

Renal extracellular membranes, including GBM, TBM, 
and Bowman’s capsule, demonstrate increased intensity of 
immunofluorescent linear staining for plasma proteins, 
especially albumin and immunoglobulin G (IgG).15 Because 
these changes are seen in all diabetic patients and appear 
unrelated to disease risk, their only clinical importance is 
that they should not be confused with other entities, such 
as anti-GBM antibody disorders.

Immunohistochemical studies have also revealed 
decreased nephrin expression in association with decreased 
nephrin messenger RNA expression in podocytes of albu-
minuric diabetic patients, which opens up interesting 
research avenues for study of these associations and diabetic 
nephropathy pathogenesis.32,34-36

STRUCTURAL-FUNCTIONAL RELATIONSHIPS IN 
TYPE 1 DIABETIC NEPHROPATHY

Mesangial expansion is the major lesion leading to renal 
dysfunction in type 1 diabetes patients.22 Mesangial expan-
sion out of proportion to increases in glomerular volume—
that is, increased Vv(Mes/glom)—is strongly correlated 
with decreased peripheral GBM filtration surface density, 
Sv(PGBM/glom) (Figure 39.10), and filtration surface per 
glomerulus (S/G) is strongly correlated with GFR in type 1 
diabetes.22,37 Vv(Mes/glom) is also closely related to the 
urinary albumin excretion rate (AER; Figure 39.11A) and is 
a strong concomitant of hypertension.22,23 Thus, all the clini-
cal manifestations of diabetic nephropathy are associated 
with mesangial expansion and consequent restriction of the 
filtration surface. Although GBM width is also directly cor-
related with blood pressure and AER (Figure 39.12A) and 
inversely correlated with GFR, the relationships are some-
what weaker than those seen with Vv(Mes/glom).22,23 
However, Vv(Mes/glom) and GBM width, together, explain 
almost 60% of AER variability in type 1 diabetic patients 
over the full range of proteinuria, with AERs ranging from 
normoalbuminuria to proteinuria.23

As noted earlier, decreased glomerular podocyte number 
and detachment have been related to glomerular permea-
bility alterations in diabetes. In addition, changes in podo-
cyte shape, including increases in foot process width and 
decreases in filtration slit length density, correlate with AER 
increases in types 1 and 2 diabetic patients.30,32,38,39

Heparan sulfate proteoglycans, presumed to represent an 
epithelial cell product important in glomerular charge-
based permselectivity, are decreased in density in the lamina 

Figure 39.10  Relationship of mesangial  fractional volume  (% total 
mesangium)  and  filtration  surface  density  (Sv  peripheral  capillary 
surface) in type 1 diabetic patients. 

0
0.02

S
v 

pe
rip

he
ra

l c
ap

ill
ar

y 
su

rf
ac

e

0.09

0.15

0.16

10

% Total mesangium

Peripheral Capillary Surface Area
and Percent Total Mesangium

80

0.14

0.13

0.12

0.11

0.10

0.08

0.07

0.06

0.05

0.04

0.03

20 30 40 50 60 70

http://www.myuptodate.com


 CHAPTER 39 — DIABETIC NEPHROPATHY 1289

alone (e.g., Vv[Mes/glom], GBM width, and total S/G) 
explained 95% of the variability in AER, ranging from nor-
moalbuminuria to proteinuria; this leaves little room for 
improvement in predictive models by adding nonglomeru-
lar structural variables to the parameters. These same glo-
merular structures, however, explained only 78% of GFR 
variability. With the addition of indices of glomerulotubular 
junction abnormalities and Vv(Int/cortex), this increased 
to 92%.21

In summary, most of the AER and GFR changes in type 1 
diabetes are explained by diabetic glomerulopathy changes. 
These structural-functional relationships are largely driven 
by more advanced lesions, however; structural changes are 
highly variable (from almost none to moderately severe) in 
patients without functional abnormalities. Predictive tools 
for the first decade of type 1 diabetes are needed. In a 
cohort of 94 long-term, normoalbuminuric, type 1 diabetic 
patients followed for 11 ± 7 years after kidney biopsy was 
performed, the structural parameters predictive of the sub-
sequent progression to proteinuria and/or GFR loss were 
GBM width, percentage of global glomerular sclerosis, and 
index of arteriolar hyalinosis. Multiple logistic regression 
analysis indicated that GBM width and hemoglobin A1c 
(HbA1c) values were the only independent predictors of 
progression.46

MICROALBUMINURIA AND RENAL STRUCTURE

As discussed elsewhere in this chapter, persistent microalbu-
minuria is a predictor of the development of clinical 
nephropathy, whereas the absence of microalbuminuria in 
patients with long-standing type 1 diabetes indicates a lower 
nephropathy risk. Proteinuria in type 1 diabetes of 10 or 
more years’ duration is typically associated with advanced 
diabetic glomerular pathology.22,23 One might reason that 
microalbuminuria is therefore associated with underlying 
renal structural changes that are predictive of the ultimate 
progression of this pathology. However, the relationship of 
renal structural changes to these low levels of albuminuria 
(i.e., normoalbuminuria or microalbuminuria) is complex 
and incompletely understood.

As a group, normoalbuminuric patients with a mean of 
20 years of type 1 diabetes have increased GBM width and 
Vv(Mes/glom). The structural parameters in this group vary 
from within the normal range to advanced abnormalities 
that overlap those of patients with proteinuria (see Figures 
39.11B and 39-12B). Patients with microalbuminuric AERs 
(20 to 200 µg/min) have, on average, even greater GBM 
and mesangial expansion, with almost no values in the 
normal range, but these values overlap with those of nor-
moalbuminuric and proteinuric patients (see Figures 39-11B 
and 39-12B). The incidence of hypertension and reduced 
GFR is greater in patients with microalbuminuria. Thus, 
microalbuminuria is a marker of more advanced lesions as 
well as other functional disturbances.23,47 Studies have sug-
gested that greater GBM width in baseline biopsy specimens 
of normoalbuminuric patients is predictive of later clinical 
progression to microalbuminuria.47 Furthermore, microal-
buminuric patients with greater GBM width are more  
likely to progress to proteinuria.48,49 Curiously, some normo-
albuminuric patients with long-standing type 1 diabetes 
have a reduced GFR, which is associated with worse diabetic 

whereas Vv(Mes/glom) and GBM width are already 
increased. Moreover, early interstitial expansion in type 1 
diabetes is mainly due to expansion of the cellular compo-
nent of this compartment, and increased interstitial fibrillar 
collagen is seen in patients whose GFR is already reduced.20 
These and other findings suggest that the interstitial and 
glomerular changes of diabetes have somewhat different 
pathogenetic mechanisms and that advancing interstitial 
fibrosis generally follows the glomerular processes in type 1 
diabetes.

Through much of the natural history of diabetic nephrop-
athy, lesions develop in complete clinical silence. When 
microalbuminuria and proteinuria initially manifest,  
lesions are often far advanced, and a decreased GFR may 
then progress relatively rapidly toward ESKD. This typical 
clinical story is best mirrored by nonlinear analyses of 
structural-functional relationships.21 When piecewise regres-
sion models were used, glomerular structural variables 

Figure 39.11  A,  Correlation  between  mesangial  fractional  volume 
(Vv[Mes/glom]) and albumin excretion rate (AER) in 124 patients with 
type  1  diabetes.  B,  Vv(Mes/glom)  in  88  normoalbuminuric  (NA),  17 
microalbuminuric  (MA),  and  19  proteinuric  (P)  patients  with  type  1 
diabetes. The hatched area represents the mean ± 2 SD in a group of 
76 age-matched normal control subjects. All groups are different from 
control subjects. ♦, Normoalbuminuric patients; □, microalbuminuric 
patients; Δ, proteinuric patients (r = 0.75; P < 0.00l). (From Caramori, 
ML, Kim Y, Huang C, et al: Cellular basis of diabetic nephropathy: 1. 
Study design and renal structural-functional relationships in patients with 
long-standing type 1 diabetes. Diabetes 51:506-513, 2002.)
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twin, whereas others had more severe lesions.12 Thus, given 
sufficient duration, probably all type 1 diabetic patients have 
structural changes that are similar in direction, but the rate 
at which these lesions develop varies markedly among 
individuals.

There is a growing body of information, discussed else-
where in this chapter, which supports the view that not  
only is glycemia a risk factor, but genetic variables also 
confer susceptibility or resistance to diabetic nephropathy. 
This is also suggested by the marked variability in the  
rate of development of kidney lesions of diabetic nephropa-
thy in transplanted kidneys, despite the fact that the recipi-
ents all had ESKD secondary to diabetic nephropathy.52 
This variability, only partially explained by glycemic control, 
argues for genetically determined renal tissue responses  
as being important in determining nephropathy clinical 
outcomes.52

Glomerular volume and number could be structural deter-
minants of nephropathy risk. Mean glomerular volumes  
were higher in patients developing diabetic nephropathy 
after 25 years of type 1 diabetes compared with a group  
developing nephropathy after only 15 years.53 These studies 
suggest that as mesangial expansion develops, glomerular 
volume increases, and argue that patients unable to respond 
to mesangial expansion with glomerular enlargement will 
more quickly develop overt nephropathy than those whose 
glomeruli enlarge to provide compensatory preservation of 
glomerular filtration surface. The number of glomeruli per 
kidney can vary markedly among nondiabetic individuals 
and among diabetic patients and it has been suggested that 
fewer glomeruli per kidney could be a risk factor for diabetic 
nephropathy.54,55 However, studies of transplant recipients 
with type 1 diabetes have indicated that having a single 
kidney does not result in accelerated lesion development 
compared with having two kidneys.56 Diabetic patients with 
advanced renal failure have reduced numbers of glomeruli, 
but this likely results from resorption of sclerotic glomeruli.54 
If reduced glomerular number were a risk factor, it would be 
predicted that proteinuric patients without advanced renal 
failure would have fewer glomeruli, but this was not the 
case.54 Although probably not important in the initiation 
phase of diabetic nephropathology, reduced glomerular 
numbers could be associated with more rapid progression to 
ESKD once advanced lesions and overt diabetic nephropathy 
have developed.

COMPARISONS OF NEPHROPATHY IN TYPES  
1 AND 2 DIABETES

Renal pathology and structural-functional relationships 
have been less well studied in type 2 diabetic patients, 
despite the fact that 80% or more of diabetic patients with 
ESKD have type 2 diabetes. Proteinuric white Danish patients 
with type 2 diabetes were reported to have structural changes 
similar to those of proteinuric patients with type 1 diabetes, 
and the severity of these changes was strongly correlated 
with the subsequent rate of decline of GFR; however, the 
study reporting these findings also noted that some protein-
uric patients with type 2 diabetes had little or no diabetic 
glomerulopathy.57 A study of 52 type 2 diabetic patients from 
Northern Italy who underwent biopsy for clinical indica-
tions described greater heterogeneity in renal structure, 

glomerulopathy lesions.50,51 This is particularly evident in 
females with retinopathy or hypertension, Thus, an increased 
AER is not always the initial clinical indicator of diabetic 
nephropathy. GFR measurements may be indicated for nor-
moalbuminuric female patients with the aforementioned 
characteristics.51

RISK FACTORS FOR NEPHROPATHY INTRINSIC 
TO THE KIDNEY

In nondiabetic members of identical twin pairs discordant 
for type 1 diabetes, glomerular structure is within the normal 
range.12 In every pair studied, the diabetic twin had higher 
values for GBM and TBM width and Vv(Mes/glom) than 
the nondiabetic twin. Several diabetic members of these 
discordant diabetic twins had values for GBM width and 
Vv(Mes/glom) that were within the range of normal, yet 
had so-called lesions when compared with their nondiabetic 

Figure 39.12  A,  Correlation  between  glomerular  basement  mem-
brane (GBM) width and albumin excretion rate (AER) in 124 patients 
with type 1 diabetes. B, GBM width in 88 normoalbuminuric (NA), 17 
microalbuminuric  (MA),  and  19  proteinuric  (P)  patients  with  type  1 
diabetes. The hatched area represents the mean ±2 SD in a group of 
76 age-matched normal control subjects. All groups are different from 
control subjects. ♦, Normoalbuminuric patients; □ microalbuminuric 
patients; Δ, proteinuric patients (r = 0.62; P < 0.001). (From Caramori, 
ML, Kim Y, Huang C, et al: Cellular basis of diabetic nephropathy: 1. 
Study design and renal structural-functional relationships in patients with 
long-standing type 1 diabetes. Diabetes 51:506-513, 2002.)
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at least in part, unexplained. Vv(Mes/glom) increased pro-
gressively from early to long-term diabetes, with clinical 
findings ranging from normoalbuminuria to microalbumin-
uria to clinical nephropathy in Pima Indian patients with 
type 2 diabetes, and global glomerular sclerosis correlated 
inversely with GFR in these patients.30 The authors of this 
study also suggested, as noted earlier, that glomerular podo-
cyte loss was related to proteinuria in these patients, although 
this was not seen in microalbuminuric patients. However, a 
study performed in type 2 diabetic white patients demon-
strated a significant reduction in podocyte density in the 
microalbuminuric compared to the normoalbuminuric 
patients.32 Significant relationships were described between 
albumin excretion levels and both podocyte density and 
foot process width.

The imprecise correlation between glomerular structure 
and renal function in patients with type 2 versus type 1 
diabetes may be related to the more complex patterns of 
renal injury seen in type 2 diabetic patients (see earlier).64 
These considerations are relevant to prognosis in that the 
patients with more typical diabetic glomerulopathy morpho-
metric findings of mesangial expansion on electron micros-
copy were more likely to have progressive loss of GFR over 
the next 4 years of follow-up.66 This was confirmed in a study 
of proteinuric Danish patients with type 2 diabetes in which 
those whose biopsy specimens showed changes of diabetic 
glomerulopathy on light microscopy experienced a much 
more rapid decline in the GFR over a median of 7.7 years 
of follow-up.67

In summary, it appears that in patients with type 2 diabetes, 
renal structural changes are more heterogeneous and dia-
betic glomerulopathy lesions less severe than in type 1 
patients with similar urine albumin levels. Approximately 
40% of patients showed atypical renal injury patterns, and 
these patterns were associated with a higher body mass index 
and less diabetic retinopathy.64 Further cross-sectional and 
longitudinal studies in type 2 diabetic patients are required 
before these complexities can be better understood.

It is possible that the atypical manifestations of renal 
injury in type 2 diabetes could be related to the pathogen-
esis of type 2 diabetes per se. Obesity, hypertension, increased 
plasma triglyceride levels, decreased high-density lipopro-
tein cholesterol concentrations, and accelerated atheroscle-
rosis accompany hyperglycemia in many type 2 diabetic 
patients. Renal dysfunction in these patients could be the 
consequence of hypertensive nephrosclerosis, hyperlipid-
emic renal vascular atherosclerosis, renal hypoperfusion 
due to congestive heart failure, or the synergistic effects of 
these multiple risk factors for renal disease, which could 
simulate nephropathy clinically in type 2 diabetes. The 
increased risk of clinical renal disease in distinct popula-
tions, such as African American, American Indian, or His-
panic patients, could represent variability in the renal 
consequence of one or more of these pathogenetic influ-
ences. For example, there are differences in the renal struc-
tural consequences of hypertension in African American 
compared with white patients.68

OTHER RENAL DISORDERS IN DIABETIC PATIENTS

It has been reported that renal disorders, such as minimal 
change nephrotic syndrome and membranous nephropathy, 

with one third having nondiabetic renal diseases.58 In a 
Danish study, 75% of unselected proteinuric type 2 diabetic 
patients had diabetic nephropathology but 25% had a 
variety of nondiabetic glomerulopathies, including minimal 
lesions, glomerulonephritis, mixed diabetic and glomerulo-
nephritis changes, and chronic glomerulonephritis.59 All 
patients with proteinuria and diabetic retinopathy had dia-
betic nephropathy; only 40% of patients without retinopa-
thy had diabetic nephropathy.59

It is very likely that these high incidences of diagnoses—
other than or in addition to diabetic nephropathy—
represent a significant selection bias because a number of 
patients in these studies had clinical indications for kidney 
biopsy, many because of atypical clinical presentations or 
findings. In fact, the likelihood of finding nondiabetic renal 
disease among type 2 diabetic patients is highly influenced 
by a center’s clinical indications for renal biopsy in type 2 
diabetic patients.60

When renal biopsies are performed for research and not 
for diagnostic purposes, definable renal diseases other than 
those secondary to diabetes are distinctly uncommon.60 
However, marked heterogeneity in renal structure is present 
in type 2 diabetic patients with an increased AER.61 Only a 
minority of patients have histopathologic patterns resem-
bling those typically present in patients with type 1 diabetes; 
the typical pattern is 30% of patients with microalbuminuria 
and 50% of those with proteinuria (P. Fioretto, personal 
communication, 2014).61 The remainder have minimal 
renal abnormalities or tubulointerstitial, vascular, and global 
glomerulosclerotic changes, which are disproportionally 
severe relative to the diabetic glomerulopathy lesions (atypi-
cal pattern, about 40% of patients with microalbuminuria 
and proteinuria).61

In type 2 diabetes, a reduced GFR in the presence of a 
normal albumin excretion rate is a common finding. Ekinci 
and colleagues62 have recently described that among nor-
moalbuminuric type 2 diabetic patients with impaired renal 
function, only a subset had typical diabetic glomerulopathy, 
whereas the remaining patients had predominantly tubu-
lointerstitial and vascular changes. Similarly, in Japanese 
type 2 diabetic patients with a reduced GFR and normal 
albumin excretion rate, Shimizu and associates63 have 
reported that tubulointerstitial and vascular are more severe 
than glomerular lesions.

STRUCTURAL-FUNCTIONAL RELATIONSHIPS IN 
TYPE 2 DIABETIC NEPHROPATHY

Renal structural-functional relationships in Japanese 
patients with type 2 diabetes were initially reported to be 
similar to those in type 1 patients.64 However, a more recent 
study indicated greater heterogeneity in Japanese patients 
with type 2 diabetes, with some microalbuminuric and pro-
teinuric patients having normal glomerular structural 
parameters.65 Østerby and coworkers found less advanced 
glomerular changes in type 2 than type 1 diabetic patients 
with similar AERs; however, the type 1 patients had lower 
GFR levels than type 2 patients with similar AERs.57 These 
findings could reflect much larger glomerular volumes in 
the type 2 patients, with associated preservation of filtration 
surface. In fact, GFR and S/G were correlated in these 
patients.57 Also, the proteinuria in these type 2 patients was, 
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imbalance in which the rate of ECM removal exceeds  
that of ECM production. This is clearly not the normal  
situation because, throughout adult life, GBM width and 
mesangial matrix remain quite constant, consistent with  
balanced ECM production and removal.74 More recently, 
remodeling and healing in the tubulointerstitium has also 
been demonstrated in these same patients.75 These studies 
have demonstrated reduction in total cortical interstitial 
collagen and underscore the remarkable potential for 
healing of kidney tissue that has been damaged by long-
standing diabetes.75

Blockade of the renin angiotensin aldosterone system 
(RAAS) for 5 years did not lead to regression or slowing of 
the progression of diabetic glomerulopathy lesions in young 
patients with type 1 diabetes and normoalbuminuria. 
Whether healing can be induced by treatments other than 
cure of the diabetic state is currently unknown.76

EPIDEMIOLOGY OF MICROALBUMINURIA 
AND DIABETIC NEPHROPATHY

PREVALENCE AND INCIDENCE

Table 39.2 displays the prevalence, incidence, and cumula-
tive incidence of abnormally elevated urinary albumin excre-
tion in types 1 and 2 diabetes. The overall prevalence of 
microalbuminuria and macroalbuminuria is around 30% to 
35% in both types of diabetes. However, the range in preva-
lence of diabetic nephropathy is much wider in type 2 dia-
betic patients. Clearly, the inability to define the onset of 
disease in type 2 diabetes is a confounding issue. However, 
ethnic differences are also a major influence. The highest 
prevalence, exceeding 50%, is found in Native Americans, 
followed by Asians, Mexican Americans, blacks, and Euro-
pean white patients.77 It should be stressed that a good agree-
ment has been documented between the result of clinic- and 
population-based studies. The cumulative incidence of per-
sistent proteinuria in patients whose type 1 diabetes was 
diagnosed before 1942 was about 40% to 50% after diabetes 
of 25 to 30 years’ duration, but it declined to 15% to 30 % in 
patients receiving a diagnosis of type 1 diabetes after 1953.2,78 
Unfortunately, this so-called calendar effect has not been 
seen in white European patients with type 2 diabetes. The 
reason for the declining cumulative incidence of proteinuria 

occur with greater frequency in patients with type 1 diabetes 
than in nondiabetic persons.69,70 In fact, when biopsies are 
performed for research purposes only and not for clinical 
indications, fewer than 1% of patients with type 1 diabetes  
for 10 years or longer and fewer than 4% of those with  
proteinuria and long duration of diabetes will be found  
to have conditions other than, or in addition to, diabetic 
nephropathy (M. Mauer, personal communication, 2014). As 
already discussed, proteinuric type 2 diabetic patients without 
retinopathy may have a high incidence of atypical renal 
biopsy findings or other diseases. Proteinuric patients with 
type 1 diabetes of less than 10 years’ duration and type 2 dia-
betic patients without retinopathy should be thoroughly 
evaluated for other renal diseases, and a renal biopsy should 
be strongly considered for diagnosis and prognosis.

REVERSIBILITY OF DIABETIC  
NEPHROPATHY LESIONS

Mesangial expansion present after 7 months of diabetes 
reversed within 2 months after normoglycemia was induced 
by islet transplantation in rats with streptozotocin-induced 
diabetes.71 It was thus disappointing that no improvement 
in diabetic nephropathy lesions in their native kidneys was 
found after 5 years of normoglycemia following successful 
pancreatic transplantation in type 1 patients with a diabetes 
duration of approximately 20 years.72 After 10 years of nor-
moglycemia, however, these same patients showed marked 
reversal of diabetic glomerulopathy lesions. Thus, GBM and 
TBM width were reduced at 10 years compared with the 
baseline and 5-year values, with several patients having 
values at 10 years that had returned to the normal range 
(Figure 39.13A and B).73 Similar results were obtained with 
Vv(Mes/glom), primarily due to a marked decrease in 
mesangial matrix fractional volume (see Figure 39.13C and 
D). Remarkable glomerular architectural remodeling was 
seen by light microscopy, including the complete disappear-
ance of Kimmelstiel-Wilson nodular lesions (Figure 39.14).73 
The reason for the long delay in this reversal process is  
not understood but could include epigenetic memory of  
the diabetic state, the slow process of replacement of gly-
cated by nonglycated ECM, or other as yet undetermined 
processes. Regardless of the mechanism, relevant renal or 
circulating cells must be able to recognize the abnormal 
ECM environment and to initiate and sustain a state of 

Table 39.2 Prevalence, Incidence and Cumulative Incidence of Microalbuminuria and Nephropathy 
In Diabetes

Parameter

Clinic-Based Population-Based

Type 1 Type 2 Type 2

Prevalence (%) of: 20 (17-21)
  Microalbuminuria80,94,574,575 13 (9-20) 25 (13-27)
  Macroalbuminuria2,80,574 15 (8-22) 14 (5-48) 16 (9-46)
Incidence of macroalbuminuria (%/yr)6 1.2 (0-3) 1.5 (1-2) —
Cumulative incidence of macroalbuminuria (%/25 yr)2,6,78,576 31 (22-34) 28 (25-31) —

Median and range indicated.
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Figure 39.13  A,Thickness of the glomerular basement membrane (GBM). B, Thickness of the tubular basement membrane (TBM). C, Mesangial 
fractional volume and mesangial-matrix fractional volume at baseline and 5 and 10 years after pancreas transplantation (D). The shaded area 
represents the normal ranges obtained in the 66 age- and sex-matched normal controls (mean ± 2 SD). Data for individual patients are con-
nected by  lines.  (From Fioretto P, Steffes MW, Sutherland DER, et al: Reversal of lesions of diabetic nephropathy after pancreas transplantation. 
N Engl J Med 339:69-75, 1998.)
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in type 1 diabetic patients is unknown, but improved diabe-
tes care and blood pressure control,79 in addition to a decline 
in the prevalence of smoking and a general decline in non-
diabetic glomerulopathies, have been suggested as factors.

Diabetic nephropathy rarely develops in patients with 
type 1 diabetes before 10 years after diagnosis, whereas 
approximately 3% of patients with newly diagnosed type 2 
diabetes already have overt nephropathy.80 The incidence 
peak (3%/year) is usually found in those who have had 
diabetes for 10 to 20 years. Thereafter, a progressive decline 
in incidence takes place. Thus, the risk of developing dia-
betic nephropathy is reduced for a normoalbuminuric 
patient who has had diabetes for longer than 30 years.81 This 
changing pattern of risk indicates that the magnitude of 

exposure to diabetes is not sufficient to explain the develop-
ment of diabetic nephropathy. This suggests that kidney 
complications occur in only a subset of patients.

Studies have demonstrated impaired renal function 
(chronic kidney disease [CKD] stage 3—estimated GFR < 
60 mL/min/1.73 m2) in many patients with normoalbu-
minuria.82,83 It has been discussed whether this is the result 
of aging, rather than kidney disease, because it is often seen 
in older women (and frequently is nonprogressive), or 
whether it is due to treatment-induced remission of albu-
minuria in patients with diabetic nephropathy or even a 
nonalbuminuric phenotype of diabetic nephropathy.84,85 In 
addition, the estimated GFR (eGFR) underestimates the 
GFR and decline in GFR, depending to some extent on the 
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Figure 39.14  Light  microscopic  photomicrographs  of  renal  biopsy  specimens  obtained  before  and  after  pancreas  transplantation  from  a 
33-year-old woman with type 1 diabetes of 17 years’ duration at the time of transplantation. A, Typical glomerulus from the baseline biopsy 
specimen, which  is  characterized by diffuse  and nodular  (Kimmelstiel-Wilson) diabetic glomerulopathy. B,  Typical  glomerulus 5  years  after 
transplantation, with persistence of the diffuse and nodular lesions. C, Typical glomerulus 10 years after transplantation, with marked resolution 
of diffuse and nodular mesangial lesions and more open glomerular capillary lumina (periodic acid–Schiff stain, ×120). (From Fioretto P, Steffes 
MW, Sutherland DER, et al: Reversal of lesions of diabetic nephropathy after pancreas transplantation. N Engl J Med 339:69-75, 1998.)

A B C

marker—for example, creatinine or cystatin C—and equa-
tion applied.86-88 In a 19-year follow-up of the Diabetes 
Control and Complications Study in type 1 diabetic patients, 
24% of patients developing an eGFR below 60 mL/
min/1.73 m2 had normoalbuminuria, as determined by all 
prior measurements.89 Presently, sufficient longitudinal data 
to clarify this are lacking.

MICROALBUMINURIA AS A PREDICTOR  
OF NEPHROPATHY

The subpopulation of patients with type 1 diabetes who  
are at risk for nephropathy may be identified fairly accu-
rately by the detection of microalbuminuria.3 Several longi-
tudinal studies have shown that microalbuminuria strongly 
predicts the development of diabetic nephropathy in type 1 
diabetic patients, with a predictive power of 80%.90,91 It has 
been suggested that 58% of microalbuminuric patients 
revert to normoalbuminuria, but in contrast to treatment-
induced regression, long-lasting spontaneous normalization 
is seen in 16% of microalbuminuric patients with type 1 
diabetes.4,92

Type 1 diabetic patients with microalbuminuria have a 
median risk ratio of 21 for developing diabetic nephropathy, 
whereas the risk ratio for developing diabetic nephropathy 
ranges from 4.4 to 21 (median, 8.5) in type 2 diabetic 
patients with microalbuminuria.93 In addition to microalbu-
minuria, several other risk factors or markers for the devel-
opment of diabetic nephropathy have been documented or 
suggested, as discussed in detail later (Table 39.3).

PROGNOSIS OF MICROALBUMINURIA

Microalbuminuria is a strong predictor of total and cardio-
vascular mortality and cardiovascular morbidity in diabetic 
patients, as confirmed by meta-analyses.94,95 Similarly, micro-
albuminuria predicts coronary and peripheral vascular 
disease and death from cardiovascular disease in the general 
nondiabetic population.95-97 Microalbuminuria and protein-
uria were also linked to stroke in recent metaanalysis.98 In 
recent guidelines from the Kidney Disease: Improving 
Global Outcome (KDIGO) for CKD, elevated albuminuria 
was included as a marker of ESKD and death.99 The Chronic 

Table 39.3 Risk Factors and Markers for 
Development of Diabetic 
Nephropathy in Types 1 and 2 
Diabetic Patients

Risk Factor, Marker Type 1 Type 2

Normoalbuminuria (above 
median)162,163,577

+ +

Microalbuminuria81,92,177,578,579 + +
Gender5,80 M > F M > F
Familial clustering580-583 + +
Predisposition to arterial 

hypertension201-203
+/− +

Increased sodium-lithium  
countertransport201,202,584-589

+/− −

Ethnic conditions77,590 + +
Onset of insulin-dependent diabetes 

mellitus before 20 yr5,81
+ ?

Glycemic control3,4,158,579,591 + +
Hyperfiltration157-159,161 +/− +/−
Prorenin397,592-594 + ?
Smoking217,595 + +
Cholesterol162,163,596 + +
Presence of retinopathy57,162,163,207,597 + +
Use of oral contraceptive598 + ?
Inflammation143,599,600 + +
Adiponectin601 + +
Nocturnal hypertension602 + +
Uric acid168 + ?
Mannose-binding lectin600 + ?
Tubular damage603 + ?
Obesity266 ? +
Tumor necrosis factor receptors 1  

and 2604,605
+ +

+, Present; −, not present; ?, no relevant information.

Kidney Disease Epidemiology Consortium also demon-
strated that an increase in albuminuria conferred the same 
increase in relative risk for death and ESKD in patients with 
and without diabetes, although at a higher level in diabetic 
patients.100
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prognostic importance of proteinuria in type 2 diabetic 
patients is considerably less than in type 1 diabetes. Protein-
uria confers a 3.5 times higher risk of death, and the con-
comitant presence of arterial hypertension increases this 
relative risk to 7 in Pima Indians with type 2 diabetes.119 Part 
of the issue may be the typically increased age of type 2 
diabetic patients relative to type 1 diabetic patients. The 
lower baseline risk of death in young patients in the general 
population magnifies the relative risk for type 1 diabetic 
patients. Among European patients with type 2 diabetes, 
those with proteinuria had a fourfold excess of premature 
death compared with patients without proteinuria.120 The 
cumulative death rate 10 years after the onset of abnormally 
elevated urinary albumin excretion in European patients 
with type 2 diabetes was 70% compared with 45% in normo-
albuminuric type 2 diabetic patients.121 It is important to 
note that among patients with type 2 diabetes, approxi-
mately 90% of the proteinuric patients will die from cardio-
vascular or nonrenal causes before developing ESKD. Thus, 
the 10% who develop ESKD can be regarded as survivors, 
and improvement in cardiovascular prognosis will subse-
quently increase the number of patients developing ESKD. 
This is a key issue.

ESKD is the major cause of mortality and accounts for 
59% to 66% of all deaths in type 1 diabetic patients with 
nephropathy.5 The cumulative incidence of ESKD 10 years 
after the onset of persistent proteinuria in type 1 diabetic 
patients is 50%, compared with 3% to 11% in proteinuric 
European patients with type 2 diabetes and 65% in protein-
uric Pima Indians with type 2 diabetes. However, renal insuf-
ficiency was defined as a serum creatinine level of 2.0 mg/
dL or more in the Pima study. Some studies have suggested 
that the increase in ESKD due to diabetic nephropathy has 
been leveling off in several countries, including the United 
States and Spain.122-124 In addition, the survival of diabetic 
patients with ESKD has also improved.125 Of the excess mor-
tality associated with type 2 diabetes in the Pima population, 
97% is found in patients with proteinuria; 16% of the deaths 
were ascribed to ESKD, whereas 22% were due to CVD.119

CVD is also a major cause of death (15% to 25%) in type 
1 diabetic patients with nephropathy, despite the relatively 
low age at death.5 Borch-Johnsen and Kreiner126 studied a 
cohort of 2890 patients with type 1 diabetes and demon-
strated that the relative mortality from cardiovascular disease 
was 37 times higher in proteinuric type 1 diabetic patients 
than in the general population. Abnormalities related to 
well-established cardiovascular risk factors alone cannot 
account for this finding. Data from the RENAAL (Reduc-
tion of Endpoints in NIDDM with the Angiotensin II Antag-
onist Losartan) study have shown that type 2 diabetic 
patients with diabetic retinopathy have a poor prognosis.127 
Several studies have shown abnormally raised levels of serum 
apolipoprotein A to be an independent risk factor for pre-
mature ischemic heart disease in nondiabetic subjects. 
However, studies in types 1 and 2 diabetic patients with 
diabetic nephropathy have yielded conflicting results.128-131 
Most studies have demonstrated that a familial predisposi-
tion to CVD is present in type 1 diabetic patients with dia-
betic nephropathy.132-134

Increased left ventricular hypertrophy, an established 
CVD risk factor, and a decrease in diastolic function occur 
early in the course of diabetic nephropathy.106,135,136 Left 

The mechanisms linking microalbuminuria to death 
from cardiovascular disease are poorly understood. Micro-
albuminuria has been proposed to be a marker of wide-
spread endothelial dysfunction, which might predispose to 
enhanced penetrations of atherogenic lipoprotein particles 
into the arterial wall, and as a marker of established cardio-
vascular disease.101,102 In addition, microalbuminuria is 
associated with an excess of both well-accepted Framing-
ham and nontraditional cardiovascular risk factors.102 
Raised blood pressure, dyslipoproteinemia, increased plate-
let agreeability, endothelial dysfunction, insulin resistance, 
and hyperinsulinemia have all been demonstrated in micro-
albuminuric diabetic patients, as previously reviewed.3,94,103 
Autonomic neuropathy, which is also associated with micro-
albuminuria, predicts death (often sudden) from cardiovas-
cular disease in diabetic patients.104-106 Surprisingly, the 
prevalence of coronary heart disease, as inferred from a 
Minnesota-coded electrocardiogram, is not increased in 
microalbuminuric patients with type 2 diabetes.80 Echocar-
diographic studies have revealed impaired diastolic func-
tion and cardiac hypertrophy in microalbuminuric patients 
with type 1 or type 2 daibetes.107-110 Left ventricular hyper-
trophy predisposes the individual to ischemic heart disease, 
ventricular arrhythmia, heart failure, and sudden death.111 
It has been demonstrated that a high level of N-terminal 
pro-brain natriuretic peptide (NT-proBNP) is a major risk 
marker for cardiovascular disease in type 2 diabetes patients 
with microalbuminuria.112 In type 2 patients without a 
history of cardiovascular disease (CVD), 35% of patients 
had significant CVD when thoroughly investigated following 
the findings of elevated NT-proBNP and coronary calcium 
values.113

PROGNOSIS OF DIABETIC NEPHROPATHY

In a cohort of 1030 patients in whom type 1 diabetes was 
diagnosed between 1933 and 1952, patients who did not 
develop proteinuria had a low and constant relative mortal-
ity, whereas patients with proteinuria had a 40 times higher 
relative risk of mortality.5 Type 1 diabetic patients with pro-
teinuria were found to have the characteristic bell-shaped 
relationship between diabetes duration and age and relative 
mortality, with a maximal relative mortality of 110 in females 
and 80 in males in the age interval of 34 to 38 years. Several 
other studies have confirmed the poor prognosis for type 1 
diabetic patients with diabetic nephropathy.5 In three early 
studies that described the natural course of diabetic 
nephropathy patients with type 1 diabetes, the cumulative 
death rate 10 years after the onset of nephropathy ranged 
from 50% to 77%.103,114 The 50% figure represents a minimal 
value because the study included only death caused by 
ESKD. More recent studies have demonstrated how excess 
mortality in type 1 diabetes compared to the background 
population is almost entirely seen in patients with elevated 
albumin excretion.115-117

The overall decrease in relative mortality from 1933 to 
1972 was 40%, which is partly explained by the decrease in 
the cumulative incidence of proteinuria. Unfortunately, this 
calendar effect is less well described in proteinuric type 2 
diabetic patients, but data from a cohort followed from 2000 
to 2010 demonstrated a 50% reduction in mortality com-
pared to patients followed from 1983 to 2000.6,118 The 
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hydraulic pressure difference, which cannot be measured in 
humans. However, the demonstrated increase in filtration 
fraction is compatible with an enhanced transglomerular 
hydraulic pressure difference. The last determinant of GFR 
is the glomerular ultrafiltration coefficient, Kf, which is 
determined by the product of the hydraulic conductance of 
the glomerular capillary and the glomerular capillary 
surface area available for filtration. Total glomerular capil-
lary surface area is clearly increased at the onset of human 
diabetes.

Studies of rats with experimentally induced diabetes 
treated with insulin have revealed hyperfiltration, hyperper-
fusion, enhanced glomerular capillary hydraulic pressure, 
reduced proximal tubular pressure, unchanged systemic 
oncotic pressure, and unchanged or slightly elevated Kf.155 
Several studies have suggested that insulin-like growth 
factor-1 plays a major role in the initiation of renal and 
glomerular growth in diabetic animals.156

Longitudinal studies have suggested that hyperfiltration 
is a risk factor for subsequent increase in urinary albumin 
excretion and development of diabetic nephropathy in type 
1 diabetic patients, but conflicting results have also been 
reported.157-159 A meta-analysis based on 10 cohort studies 
following 780 patients has found a hazard ratio (HR) of 2.71 
(95% confidence interval [CI], 1.20 to 6.11) for progression 
to microalbuminuria in patients with hyperfiltration. The 
authors also found evidence of heterogeneity.160

The prognostic significance of hyperfiltration in type 2 
diabetic patients is still debated.161 Six prospective cohort 
studies following normoalbuminuric types 1 and 2 diabetic 
patients for 4 to 10 years revealed that slight elevation of 
urinary albumin excretion, which remained in the normal 
range, poor glycemic control, hyperfiltration, elevated arte-
rial blood pressure, retinopathy, and smoking contribute to 
the development of persistent microalbuminuria and overt 
diabetic nephropathy.158,162-166 Because several of these risk 
factors are modifiable, intervention is feasible (see later). It 
has been suggested that uric acid level is related to hyperten-
sion, metabolic syndrome, and renal disease.167 Recently, an 
elevated serum uric acid level was found to be a predictor 
of the development of diabetic nephropathy in type 1 dia-
betic patients, and a multicenter study has been initiated to 
study whether lowering uric acid in patients with early dia-
betic nephropathy preserves renal function.168,169

MICROALBUMINURIA
In 1969, Keen and colleagues demonstrated elevated urinary 
albumin excretion in patients with newly diagnosed type 2 
diabetes.170 This abnormal but subclinical AER has been 
termed microalbuminuria and can be normalized by improv-
ing glycemic control. Recently, for CKD in general, it has 
been suggested to use the term moderately increased albumin-
uria instead of microalbuminuria.99 In addition to hypergly-
cemia, many other factors can induce microalbuminuria  
in diabetic patients, such as hypertension, massive  
obesity, heavy exercise, various acute or chronic illnesses, 
and cardiac failure.171,172 The daily variation in urinary 
AER is high, 30% to 50%. Consequently, more than  
one urine sample is needed to determine whether an indi-
vidual patient has persistent microalbuminuria. Urinary 
albumin excretion in the microalbuminuric range (30 to 
300 mg/24 hr) in at least two of three consecutive 

ventricular hypertrophy is a well-established risk factor for 
CVD. It has been shown that cardiac autonomic neuropathy 
predicts cardiovascular morbidity and mortality in type  
1 diabetic patients with diabetic nephropathy.105,106 An 
increased plasma homocysteine concentration is also a CVD 
risk factor and predicts mortality in type 2 diabetic patients 
with albuminuria.137

It has been demonstrated that increased urinary albumin 
excretion, endothelial dysfunction, and chronic inflamma-
tion are interrelated processes that develop in parallel, 
progress with time, and are strongly and independently 
associated with risk of death in type 2 diabetes.138 Early 
multifactorial intervention to target glycemia, block the 
RAAS, reduce blood pressure, correct dyslipidemia, improve 
coagulation (aspirin), and address lifestyle factors is there-
fore important and has been demonstrated to reduce the 
development of microvascular and macrovascular complica-
tions and mortality by approximately 50% (see later).139 
Tarnow and associates have demonstrated that an elevated 
level of circulating NT-proBNP is a new independent predic-
tor of the excess overall and cardiovascular mortality in 
types 1 and 2 diabetic patients with proteinuria but without 
symptoms of heart failure (see Chapter 13).140,141 In addi-
tion, several new circulating biomarkers of cardiovascular 
risk in diabetic nephropathy have been identified, includ-
ing asymmetric dimethylarginine, mannose-binding lectin, 
osteoprotegerin, connective tissue growth factor, high sensi-
tive troponin T, and adiponectin.142-147 Finally, it should be 
reiterated that reduced kidney function is a major indepen-
dent cardiovascular risk factor.148-150

CLINICAL COURSE AND 
PATHOPHYSIOLOGY

A preclinical phase of diabetic nephropathy consisting of a 
normoalbuminuric and microalbuminuric stage and a clini-
cal phase characterized by albuminuria has been well docu-
mented in both types 1 and 2 diabetic patients.

NORMOALBUMINURIA
Approximately one third of type 1 diabetic patients will have 
a GFR above the upper normal range for age-matched 
healthy nondiabetic subjects.151 The degree of hyperfiltra-
tion is less in type 2 diabetic patients, and hyperfiltration is 
even reported to be lacking in some studies.152-154 The GFR 
elevation is particularly pronounced in patients with newly 
diagnosed diabetes and during other intervals with poor 
metabolic control. Intensified insulin treatment and control 
to near-normal blood glucose levels reduce the GFR toward 
normal levels after a period of days to weeks in types 1 and 
2 diabetic patients.152 Additional metabolites, vasoactive hor-
mones, and increased kidney and glomerular size have been 
suggested as mediators of hyperfiltration in diabetes.151

Four factors regulate GFR. First, the glomerular plasma 
flow influences the mean ultrafiltration pressure and 
thereby GFR. Enhanced renal plasma flow has been dem-
onstrated in types 1 and 2 diabetic patients with elevated 
GFR.152 Second, GFR is also regulated by the systemic oncotic 
pressure, which is reported to be normal in diabetes as 
calculated from plasma protein concentrations. The third 
determinant of GFR is the glomerular transcapillary 
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important role in the pathogenesis of microalbuminuria. 
Imanishi and colleagues have demonstrated that glomerular 
hypertension is present in type 2 diabetic patients with  
early nephropathy and is closely correlated with increased 
urinary albumin excretion.190 In addition, it should be men-
tioned that increased pressure has been demonstrated in 
the nail fold capillaries of microalbuminuric type 1 diabetic 
patients.191

The GFR, measured using the single-injection, 
chromium-51–radiolabeled ethylenediaminetetraacetic acid 
(51Cr-EDTA) plasma clearance method or renal clearance of 
inulin is normal or slightly elevated in type 1 diabetic 
patients with microalbuminuria. Prospective studies have 
demonstrated that GFR remains stable at normal or supra-
normal levels for at least 5 years if clinical nephropathy  
does not develop.192 Nephromegaly is still present and is 
even more pronounced in microalbuminuric than in nor-
moalbuminuric type 1 diabetic patients.193 In microalbumin-
uric type 2 patients, GFR declines at rates of about 3 to 
4 mL/min/yr.194

Changes in tubular function take place early in diabetes 
and are related to the degree of glycemic control. The 
proximal tubular reabsorption of fluid, sodium, and glucose 
is enhanced.195 This process could diminish distal sodium 
delivery and thereby modify tubuloglomerular feedback 
signals, which would result in enhancement of the GFR. A 
direct effect of insulin on increasing distal sodium reabsorp-
tion has also been demonstrated.195,196 The consequences of 
these alterations in tubular transport for overall kidney 
function are unknown. Markers of acute tubular damage 
have also been investigated in relation to prediction and 
progression of diabetic nephropathy. In some studies, ele-
vated markers, such as liver fatty acid–binding protein, were 
slightly elevated in normo- or microalbuminuric patients 
who later progressed to diabetic nephropathy.197,198

Several studies have demonstrated blood pressure eleva-
tion in children and adults with type 1 diabetes and micro-
albuminuria.103,114 The prevalence of arterial hypertension 
(Seventh Report of the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure cri-
terion of ≥140/90 mm Hg) in adult patients with type 1 
diabetes increases with urine albumin level, and prevalence 
rates are 42%, 52%, and 79% in those with normoalbumin-
uria, microalbuminuria, and macroalbuminuria, respec-
tively.199 The prevalence of hypertension in those with type 
2 diabetes (mean age, 60 years) was higher—71%, 90%,  
and 93% in the normoalbuminuria, microalbuminuria,  
and macroalbuminuric groups, respectively.80,199 A genetic 
predisposition to hypertension in type 1 diabetic patients 
who develop diabetic nephropathy has been suggested,  
but other studies did not confirm the concept.200-202 The 
original finding was confirmed by applying 24-hour blood 
pressure monitoring in a large group of parents of type 1 
diabetic patients, with and without diabetic nephropathy.203 
The cumulative incidence of hypertension was found to  
be higher among parents of proteinuric patients, with a  
shift toward a younger age at the onset of hypertension in 
this parental group. However, the difference in prevalence 
of parental hypertension was not evident when office  
blood pressure measurements were used. Several studies 
have reported that sodium and water retention play a domi-
nant role in the initiation and maintenance of systemic 

nonketotic sterile urine samples is the generally accepted 
definition of persistent microalbuminuria. For convenience, 
it has been recommended to use early morning spot urine 
samples for screening and monitoring. The urinary albumin 
creatinine ratio is measured; microalbuminuria is defined 
as 30 to 300 mg/g creatinine (×0.1131 for mg/mmol).173 It 
has been suggested that adjusting the urinary albumin con-
centration for urinary creatinine concentration may not 
only correct for diuresis, but elevated ratios may reflect two 
independent risk factors—elevated albumin excretion, 
reflecting renal and vascular damage, and reduced creati-
nine excretion, associated with reduced muscle mass.174,175 
Persistent microalbuminuria has not been detected in chil-
dren with type 1 diabetes younger than 12 years and, in 
general, is exceptional in the first 5 years of diabetes.176 The 
annual rate of increase in urinary albumin excretion is 
about 20% in type 2 diabetes and type 1 diabetic patients 
with persistent microalbuminuria.177,178

The excretion of albumin in the urine is determined by 
the amount filtered across the glomerular capillary barrier 
and the amount reabsorbed by the tubular cells. A normal 
urinary β2-microglobulin excretion rate in microalbumin-
uria suggests that albumin is derived from enhanced  
glomerular leakage rather than from reduced tubular reab-
sorption of protein. The transglomerular passage of macro-
molecules is governed by the size- and charge-selective 
properties of the glomerular capillary membrane and 
hemodynamic forces operating across the capillary wall. 
Alterations in glomerular pressure and flow influence the 
diffusive and convective driving forces for transglomerular 
passage of proteins. Studies using renal clearance of endog-
enous plasma proteins or dextrans have not detected a 
simple size-selective defect.179-181 Determination of the IgG/
IgG4 ratio suggests that loss of glomerular charge selectivity 
precedes or accompanies the formation of new glomerular 
macromolecular pathways in the development of diabetic 
nephropathy.179 Reduction in the negatively charged moi-
eties of the glomerular capillary wall, particularly sialic acid 
and heparin sulfate, has been suggested, but not all studies 
have confirmed these findings.40,102,182 It has also been sug-
gested that the glycocalyx, which is located on the apical 
surface of endothelial cells in capillaries and large vessels, 
is part of the glomerular barrier for filtration. Reduction in 
the glycocalyx above the endothelial cell may represent the 
first abnormality in the development of albuminuria.183 The 
glycocalyx is reduced in diabetes, particularly in poorly con-
trolled diabetes and may link microalbuminuria and cardio-
vascular disease.184,185

Long-term diabetes in spontaneously hypertensive rats is 
associated with a reduction in messenger RNA and protein 
expression of nephrin within the kidney.186 As discussed 
earlier, changes in podocyte number and morphology have 
been implicated in the pathogenesis of proteinuria and 
progression of diabetic kidney disease.30,187-189 The filtration 
fraction is presumed to reflect the glomerular hydraulic 
pressure, and microalbuminuric type 1 diabetic patients 
have elevated filtration at rest and during exercise com-
pared with normal controls. A close correlation between 
filtration fraction and urinary albumin excretion has also 
been shown. The demonstration that microalbuminuria 
diminishes promptly with acute reduction in arterial blood 
pressure argues that reversible hemodynamic factors play an 
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documented directly in rats with streptozotocin-induced 
diabetes and has been estimated to prevail in human dia-
betic patients, particularly those whose diabetes is compli-
cated by kidney disease.190,223 Impaired or abolished renal 
autoregulation of GFR and renal plasma flow, as demon-
strated in types 1 and 2 diabetic patients with nephropathy, 
increases vulnerability to hypertension or ischemic injury of 
glomerular capillaries.224 Defective autoregulation of GFR 
has been demonstrated in rats with streptozotocin-induced 
diabetes during hyperglycemia.225 In contrast, studies in 
humans with type 2 diabetes have revealed no effect of gly-
cemic control on GFR autoregulation.226

Several components of the RAAS are elevated and  
considered to contribute to the progression of diabetic 
nephropathy.227 Accordingly, blocking the RAAS has been 
demonstrated to be renoprotective (see later). Experimen-
tal studies have suggested that succinate, formed by the 
tricarboxylic acid cycle, provides a direct link between high 
glucose and renin release in the kidney through the G 
protein–coupled receptor for succinate GPR91, which func-
tions as a detector of cell metabolism.228 Initially, focus was 
on the damaging effect of angiotensin II. Recently, a kidney 
biopsy study revealed increased angiotensin-converting 
enzyme (ACE) activity and reduced expression of ACE2 in 
patients with diabetic nephropathy compared with controls 
and patients with nondiabetic kidney disease.229 Aldosterone 
represents another component of the RAAS that should be 
considered important in the pathophysiology of diabetic 
nephropathy. Aldosterone is a hormone that, in addition to 
regulating electrolyte and fluid homeostasis, has widespread 
actions through genomic and nongenomic effects, both in 
the kidney and in tissues not originally considered target 
tissue for aldosterone, such as the vasculature, central 
nervous system, and heart.230,231 This includes upregulation 
of the prosclerotic growth factors plasminogen activator 
inhibitor-1 and transforming growth factor-β1 (TGF-β1), as 
well as promotion of macrophage infiltration, which conse-
quently leads to renal fibrosis.232,233

A longitudinal observational study involving a heteroge-
neous group of types 1 and 2 diabetic patients with micro-
albuminuria has demonstrated that systolic blood pressure, 
hyperangiotensinemia, and hyperaldosteronemia act as 
independent predictors of more rapidly declining kidney 
function (measured as 1/Cr, the reciprocal creatinine 
slope).234 Increasing levels of aldosterone during long-term 

hypertension in patients with microalbuminuria and dia-
betic nephropathy, whereas the contribution of the RAAS is 
smaller.204

DIABETIC NEPHROPATHY

Diabetic nephropathy is a clinical syndrome characterized 
by persistent albuminuria (>300 mg/24 hr, or 300 mg/g 
creatinine), a relentless decline in GFR, raised arterial 
blood pressure and enhanced cardiovascular morbidity and 
mortality.103,114 Although albuminuria is the first sign, periph-
eral edema is often the first symptom of diabetic nephropa-
thy. Fluid retention is frequently observed early in the 
course of this kidney disease—that is, at a stage character-
ized by well-preserved renal function and only modest 
reduction in serum albumin level. Some studies have sug-
gested that capillary hypertension, increased capillary 
surface area, and reduced capillary reflection coefficient for 
plasma proteins contribute to the edema formation, whereas 
the washdown of subcutaneous interstitial protein tends  
to prevent the progressive edema formation in diabetic 
nephropathy.205,206

Most studies dealing with the natural history of diabetic 
nephropathy have demonstrated a relentless, often linear 
rate of decline in GFR. Importantly, this rate of decline is 
highly variable across individuals, ranging from 2 to 20 mL/
min/yr, with a mean of about 12 mL/min/yr.3,103,114 Type 2 
diabetic patients with nephropathy display the same degree 
of loss in filtration function and in variability of GFR.207,208 
Morphologic studies in types 1 and 2 diabetic patients have 
demonstrated a close inverse correlation between the 
degree of glomerular and tubulointerstitial lesions on the 
one hand and the GFR level on the other, as earlier. Myers 
and colleagues have demonstrated a reduction in the 
number of restrictive pores resulting in loss of ultrafiltration 
capacity (Kf) and impairment of glomerular barrier size-
selectivity leading to progressive albuminuria and increases 
in urine levels of IgG in diabetic nephropathy.209,210 Further-
more, the extent to which ultrafiltration capacity is impaired 
appears to be related to the magnitude of the defect in the 
barrier size-selectivity. A defect in the glomerular barrier 
size-selectivity has also been demonstrated in type 2 diabetic 
patients with diabetic nephropathy.211 The reduction in 
renal plasma flow is proportional to the reduction in GFR 
(filtration fraction unchanged), and the impact on GFR is 
partially offset by the diminished systemic colloid osmotic 
pressure.

Several putative promoters of progression in kidney dys-
function have been studied in types 1 and 2 diabetic patients 
who have nephropathy (Figure 39.15).207,212-218A close cor-
relation between blood pressure and the rate of decline  
in GFR has been documented in types 1 and 2 diabetic 
patients.45,214,216,217,219-221 This suggests that systemic blood 
pressure accelerates the progression of diabetic nephropa-
thy. Previously, the adverse impact of systemic hypertension 
on renal function and structure was thought to be mediated 
through vasoconstriction and arteriolar nephrosclerosis.222 
However, evidence from rat models has shown that systemic 
hypertension is transmitted to the single glomerulus, which 
results in increases in glomerular hydrostatic pressure in 
such a way as to lead to hyperperfusion and increased capil-
lary pressure.223 Intraglomerular hypertension has also been 

Figure 39.15  Putative  promoters  for  progression  of  diabetic 
nephropathy. 
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D allele has a deleterious effect on kidney function.248-250 
Finally, more severe diabetic glomerulopathy lesions have 
been documented during the development and progression 
of renal disease in type 2 diabetic patients with the D allele.251 
Furthermore, microalbuminuric type 1 diabetic patients 
carrying the D allele show increased progression of diabetic 
glomerulopathy, based on the findings in renal biopsy speci-
mens obtained at baseline and after 26 to 48 months of 
follow-up.252

In a large, double-blind, placebo-controlled randomized 
study (RENAAL) examining the renoprotective effects of 
losartan administered along with conventional blood 
pressure–lowering drugs in proteinuric type 2 diabetic 
patients, Parving and colleagues demonstrated that the  
associations of kidney disease measured mortality and end-
stage renal disease in individuals with and without diabetes: 
a meta-analysis presence of the D allele of the ACE gene had 
a harmful impact in terms of the likelihood of reaching the 
composite end point of a doubling of baseline creatinine 
concentration, ESKD, or death.254 The impact was more 
pronounced in the white and Asian patient group than the 
black and Hispanic group. The beneficial effects of losartan 
were greatest in the ACE/DD group and intermediate in the 
ID group for almost all end points, a trend that suggests a 
quantitative interaction between treatment and ACE geno-
type in the progression of renal disease. Such an interaction 
was most significant for the reduction of risk of reaching the 
ESKD end point.254

Parving and colleagues showed an accelerated initial and 
sustained loss of GFR during ACE inhibitor treatment  
of albuminuric type 1 patients homozygous for the DD poly-
morphism of the ACE gene.254 The DD genotype indepen-
dently influenced the sustained rate of decline in GFR; in 
other words, it acted as a progression promoter. Three other 
studies have demonstrated that the D allele is a risk factor 
for an accelerated course of diabetic nephropathy in patients 
with type 1 diabetes.255-257 A potential contribution from 
other candidate genes in relation to the RAAS has also been 
suggested.257 Another gene that was suggested to influence 
the outcome in type 2 diabetic patients and have an effect 
on RAAS blocking treatment was the ADAMTS13 gene 
(involved in the proteolysis of highly thrombogenic von 
Willebrand factor [vWF] ultrahigh-weight multimers). One 
variant (the 618Ala variant) was associated with less proteo-
lytic activity, higher risk of chronic renal and cardiovascular 
complications, and better response to ACE inhibitor (ACWI) 
therapy in a substudy of the BErgamo NEphrologic DIabe-
tes Complications Trial (BENEDICT).258

Recently, genome-wide association studies have been per-
formed in the search for genes linked to diabetic nephropa-
thy and, although some areas of the genome have attracted 
attention, no major susceptibility genes have been identified 
so far.259-262 For example, genetic heterogeneity at the apoli-
poprotein L-1 gene on chromosome 19 explains an impor-
tant component of the susceptibility of those with African 
ancestry to nondiabetic CKD. This genetic variant does not 
predict diabetic nephropathy risk.

A common feature in severe CKD is anemia. Anemia 
seems to occur at an earlier stage in diabetic nephropathy 
than in other kidney diseases, so anemia is a frequent 
finding in patients with diabetic nephropathy and moder-
ately reduced renal function.263 Furthermore, the degree of 

treatment with the angiotensin II receptor antagonist losar-
tan were demonstrated to be associated with a faster decline 
in GFR.235

Originally, Remuzzi and Bertani236 suggested that protein-
uria itself may contribute to renal damage. Type 1 diabetic 
patients with diabetic nephropathy and nephrotic range 
proteinuria (>3 g/24 hr) had the worst prognosis. Several 
observational studies and treatment trials have confirmed 
and extended these findings to include also subnephrotic 
range proteinuria.45,119,219,237

For many years, it was believed that once albuminuria had 
become persistent, glycemic control had lost its beneficial 
impact on kidney function and structure, and consequently 
the concept of “point of no return” was advocated by many 
investigators.103 This misconception was based on studies 
involving a limited number of patients and those that used 
inappropriate methods for monitoring kidney function 
(e.g., serum creatinine level) and glycemic control (e.g., 
random blood glucose level). Several more recent studies 
encompassing large numbers of type 1 diabetic patients 
have documented the important impact of glycemic control 
on the progression of diabetic nephropathy.216,221,238 In con-
trast, most of the studies involving proteinuric patients with 
type 2 diabetes have failed to demonstrate any significant 
impact, with two exceptions.206,207,217,239,240

Almost all studies in types 1 and 2 diabetic patients have 
demonstrated a correlation between serum cholesterol con-
centration and progression of diabetic nephropathy, at least 
in univariate analyses, but some have failed to demonstrate 
cholesterol level as an independent risk factor in multiple 
regression analyses.206,207,214,216,217,219-221

Dietary protein restriction retards the progression of 
renal disease in almost every experimental animal model 
tested.222 Surprisingly, all major observational studies in 
types 1 and 2 diabetic patients with diabetic nephropathy 
have failed to demonstrate an effect of dietary protein 
intake on the rate of decline.206-208,219-221 Some but not all 
studies have suggested that smoking may act as a progres-
sion promoter in types 1 and 2 diabetic patients with pro-
teinuria.241,242 However, some larger, long-term studies have 
not been able to confirm these initial findings.217,243

Several gene variants have been investigated as candidate 
genes for risk factors for diabetic nephropathy. One of the 
most intensively studied is the insertion/deletion (I/D) 
polymorphism of the ACE gene (ACE/ID). The deletion 
(D)-allelic variant is strongly associated with the level of 
circulating ACE and increased risk of coronary heart disease 
in nondiabetic and diabetic patients.244,245 The I/D polymor-
phism represents a common allelic variant in the sequence 
of the human ACE gene that reflects the insertion (I geno-
type) or deletion (D genotype) of a 282-nucleotide Alu 
repetitive element within a downstream intron of the gene. 
The plasma ACE level in DD homozygous individuals is 
about twice that of II homozygous individuals, with ID het-
erozygous individuals having intermediate levels.246 Yoshida 
and colleagues followed 168 proteinuric type 2 diabetic 
patients for 10 years.247 Analysis of the clinical course of 
individuals with the three ACE genotypes revealed that most 
patients with the DD genotype (95%) progressed to ESKD 
within 10 years. Moreover, the DD genotype appeared to be 
associated with increased mortality once dialysis was initi-
ated. Three observational studies have confirmed that the 
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Osteoprotegerin is a 120-kDa secretory glycoprotein 
belonging to the tumor necrosis factor receptor superfam-
ily. It was first discovered in bone but is also present in  
the arterial wall. Osteoprotegerin may be involved in the 
development of vascular calcification. In cross-sectional 
studies, the osteoprotegerin level was elevated in types 1  
and 2 diabetic patients with microvascular and macrovascu-
lar complications.271,272 A prospective study has demon-
strated that elevated levels of osteoprotegerin predict 
increased all-cause and cardiovascular mortality, as well as 
enhanced decline in GFR in type 1 diabetic patients with 
nephropathy.144

Adiponectin is secreted by adipocytes and has been shown 
to possess antiinflammatory, antiatherogenic, and cardio-
protective properties in type 2 diabetic patients. Paradoxi-
cally, elevated levels were found in type 1 diabetic patients 
with diabetic nephropathy, and these increased levels were 
associated with an enhanced rate of decline in GFR and 
development of ESKD.147 Experimental studies have sug-
gested that adiponectin affects podocytes and thereby could 
link obesity and kidney disease.273

Urinary proteomic profiles characteristic for diabetic 
nephropathy have been identified.274 These changes are 
partly normalized during renoprotective intervention.275 
Furthermore, this metabolomics-based profile (Figure 39.16) 
was also able to identify normoalbuminuric patients with 
elevated risk for later development of diabetic nephropathy, 
independent of other risk factors.276,277

EXTRARENAL COMPLICATIONS IN  
DIABETIC NEPHROPATHY

Diabetic retinopathy is present in almost all type 1 diabetic 
patients with nephropathy, whereas only 50% to 60% of 
proteinuric type 2 diabetic patients have retinopathy.80 The 
absence of retinopathy should prompt further investigation 
for nondiabetic glomerulopathies.1 Blindness due to severe 
proliferative retinopathy or maculopathy is approximately 
five times more frequent in types 1 and 2 diabetic patients 
with nephropathy than in normoalbuminuric patients.80 
Macroangiopathies (e.g., stroke, carotid artery stenosis, 
coronary heart disease, peripheral vascular disease) are two 
to five times more common in patients with diabetic 
nephropathy and, as stated earlier, macroangiopathy is the 
major cause of mortality rather than ESKD for patients with 
diabetic nephropathy.80,118

Peripheral neuropathy is present in almost all patients 
with advanced nephropathy. Foot ulcers with sepsis leading 
to amputation occur frequently (>25% of cases), probably 
due to a combination of neural and arterial diseases. Auto-
nomic neuropathy may be asymptomatic and manifest 
simply as abnormal cardiovascular reflexes, or it may result 
in debilitating symptoms. Almost all patients with nephropa-
thy have grossly abnormal results on autonomic function 
tests.105

TREATMENT

The major therapeutic interventions that have been investi-
gated include control of blood glucose to near-normal 
levels, antihypertensive treatment, lipid-lowering therapy, 

anemia has been found to be an independent risk factor 
associated with the decline in GFR or development of ESKD 
in type 2 diabetic patients with diabetic nephropathy.217,218 
Importantly, the Trial to Reduce Cardiovascular Events with 
Aranesp Therapy (TREAT) has revealed that correction of 
anemia with erythropoiesis-stimulating agents, specifically 
darbepoetin, does not improve the prognosis of CKD in 
iron-replete diabetic patients with mild anemia and modest 
impairments of GFR.264

Obesity is an increasing problem in the general and dia-
betic population. Several studies have indicated that severe 
obesity (body mass index [BMI] > 40 kg/m2) enhances 
ESKD risk sevenfold.265 Even a BMI higher than 25 kg/m2 
was found to increase ESKD risk.265 This effect is indepen-
dent of the effects of hypertension and diabetes, the preva-
lence of which is increased in individuals with obesity. An 
effect of obesity on renal hemodynamics leading to increased 
glomerular pressure and hyperfiltration has been suggested 
as the mechanism.266

As discussed in Chapter 49, pregnancy in women with 
diabetic nephropathy is accompanied by an increase in com-
plications such as hypertension and proteinuria and by 
increases in premature birth and fetal loss. The impact of 
pregnancy on the long-term course of renal function in 
women with diabetic nephropathy has not been clarified 
until rather recently. A study by Rossing and associates has 
suggested that pregnancy has no adverse long-term impact 
on kidney function and survival in type 1 diabetic patients 
with diabetic nephropathy who have well-preserved kidney 
function (serum creatinine concentration < 100 µmol/L at 
the start of pregnancy), and similar data for type 2 diabetes 
patients have also been presented.256,257

Nondiabetic glomerulopathy is very seldom seen in pro-
teinuric type 1 diabetic patients, although this condition is 
common in proteinuric type 2 diabetic patients without 
retinopathy.59 A prevalence of biopsy specimens with normal 
glomerular structure or nondiabetic kidney diseases of 
approximately 30% was demonstrated. Furthermore, a 
more rapid decline in GFR and a progressive rise in albu-
minuria in type 2 diabetic patients with diabetic glomeru-
lopathy compared with type 2 diabetic patients without 
diabetic glomerulopathy has been demonstrated.67,267

Systemic blood pressure elevation to a hypertensive level 
is an early and frequent phenomenon in diabetic nephropa-
thy.80,103,114 Furthermore, nocturnal blood pressure elevation 
(nondipping) occurs more frequently in types 1 and 2 dia-
betic patients with nephropathy.268,269 An exaggerated blood 
pressure response to exercise has also been reported in 
patients with long-standing type 1 diabetes with microangi-
opathy. Finally, the increase in glomerular pressure conse-
quent to nephron adaption may be accentuated with 
concomitant diabetes, as suggested in animal studies.270

Recently, several new biomarkers associated with renal 
and cardiovascular outcome have been identified (see 
later). Connective tissue growth factor (CTGF) has been 
recognized as a key factor in ECM production and other 
profibrotic activity mediated by TGF-β1. CTGF is induced in 
renal cells by elevated glucose levels and is upregulated in 
diabetic nephropathy. Elevated levels were found to be inde-
pendently associated with faster decline in the GFR and 
development of ESKD in type 1 diabetic patients with dia-
betic nephropathy.145
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reduces GFR, renal plasma flow, urinary AER, and observed 
increases in kidney size. Increased kidney size is associated 
with an exaggerated renal response to amino acid infusion, 
and studies have suggested that both abnormalities can be 
corrected by 3 weeks of intensified insulin treatment.278 A 
meta-analysis of long-term intensive blood glucose control 
(8 to 60 months) documented a beneficial effect on the 
progression from normoalbuminuria to microalbuminuria 
in type 1 diabetic patients.279 The odds ratios for progressing 
from normoalbuminuria to microalbuminuria ranged from 
0.22 to 0.40 in the intensified treatment groups. A worsen-
ing of diabetic retinopathy was observed during the initial 
months of intensive therapy but, in the longer term, the rate 
of deterioration was slower than in the type 1 diabetic 
patients receiving conventional treatment.280

Side effects are a major concern with intensive therapy. 
The frequency of severe hypoglycemic episodes and dia-
betic ketoacidosis was found to be greater in several 
studies.279 In the Diabetes Control and Complications Trial 
(DCCT),281 intensive therapy reduced the occurrence of 
microalbuminuria by 39% (95% CI, 0.21 to 0.52), and that 
of albuminuria by 54% (95% CI, 0.19 to 0.74) when the 
primary and secondary prevention cohorts were combined 

and restriction of dietary proteins. The impact of these four 
treatment modalities on progression from normoalbumin-
uria to microalbuminuria (primary prevention), microalbu-
minuria to diabetic nephropathy (secondary prevention), 
and diabetic nephropathy to ESKD will be described and 
discussed. Newer treatment options that are in development 
or have been tested and failed recently are subsequently 
discussed.

GLYCEMIC CONTROL

PRIMARY PREVENTION
Strict metabolic control achieved by insulin treatment or 
islet cell transplantation normalizes hyperfiltration, hyper-
perfusion, and glomerular capillary hypertension and 
reduces the rate of increase in urinary albumin excretion in 
experimental diabetic animals.103 This treatment also miti-
gates the development of diabetic glomerulopathy, although 
the glomerular enlargement remains unaffected. Risk 
factors for progression from normoalbuminuria to microal-
buminuria and macroalbuminuria have been identified 
(Table 39.4). Short-term blood glucose control to near-
normal levels in normoalbuminuric type 1 diabetic patients 

Figure 39.16  Protein patterns of patients with diabetes with normoalbuminuria, microalbuminuria, and macroalbuminuria and control subjects 
examined. The molecular mass (0.7 to 25 kDa, on a logarithmic scale) is plotted against normalized migration time (17 to 47 min). Signal intensity 
is encoded by peak height and color. (From Rossing K, Mischak H, Dakna M, et al: Urinary proteomics in diabetes and CKD. J Am Soc Nephrol 
19:1283-1290, 2008.)
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Table 39.4 RENAAL and IDNT Results: Comparison of Primary Composite End Point and Components

Composite End Point

Risk Reduction (% [95% CI])

Losartan vs. 
Placebo (80)

Irbesartan vs. 
Placebo (81)

Irbesartan vs. 
Amlodipine (81)

Amlodipine vs. 
Placebo (81)

DsCr, ESKD, death 16 (2, 28) 20 (3, 34) 23 (7, 37) −4 (14, −25)
Doubling of sCr 25 (8, 39) 33 (13, 48) 37 (19, 52) −6 (16, −35)
ESKD 28 (11, 42) 23 (−3, 43) 23 (−3, 43) 0 (−32, 24)
Death −2 (−27, 19) 8 (−31, 23) −4 (23, −40) 12 (−19, 34)
ESKD or death 20 (5, 32) — — —

DsCr, Doubling of serum creatinine; ESKD, end-stage kidney disease; IDNT, Irbesartan Diabetic Nephropathy Trial; RENAAL, Reduction of 
End Points in NIDDM with the Angiotensin II Antagonist Losartan study; sCR, serum creatinine.
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Figure 39.17  Odds ratio for progression of microvascular 
complications in microalbuminuric type 2 diabetic patients 
from the STENO-2 trial, including 160 patients treated with 
multifactorial  intensive  therapy  compared  to  standard 
therapy. (From Gaede P, Vedel P, Larsen N, et al: Multifacto-
rial intervention and cardiovascular disease in patients with 
type 2 diabetes. N Engl J Med 348:383-393, 2003.)
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for analysis. With further follow-up of DCCT patients in the 
Epidemiology of Diabetes Interventions and Complications 
(EDIC) study, it was demonstrated that the reduction in the 
development of microalbuminuria and albuminuria trans-
lated into a 50% reduced risk (95% CI, 0.18 to 0.69; P = 
0.006) of development of impaired renal function (eGFR < 
60).282 Despite this, however, 16% in the primary prevention 
cohort and 26% in the secondary prevention cohort devel-
oped microalbuminuria during the 9 years of intensive treat-
ment. This clearly documents the need for additional 
treatment modalities to reduce the burden of diabetic 
nephropathy.

In Japanese type 2 diabetic patients, a beneficial impact of 
strict glycemic control on the progression of normoalbumin-
uria to microalbuminuria and macroalbuminuria was dem-
onstrated in a small study with a design similar to that of the 
DCCT.283 Results of this study have been confirmed and 
extended by data from the UK Prospective Diabetes Study 
(UKPDS) documenting a progressively beneficial effect of 
intensive metabolic control on the development of microal-
buminuria and overt proteinuria, and a 10-year poststudy 
follow-up demonstrated a long-lasting beneficial effect.284,285 
This beneficial effect was confirmed in the Action in Diabetes 
and Vascular Disease: Preterax and Diamicron Modified-
Release Controlled Evaluation (ADVANCE) study, in which 
11,140 patients with type 2 diabetes were followed for a 
median of 5 years and a 21% reduction in the development 
of nephropathy (95% CI, 0.07 to 0.34) was seen in patients 
randomly assigned to strict glycemic control.286 The same 
trend was seen in the smaller Veterans Affair Diabetes Trial, 
but the values did not reach statistical significance.287

It has been suggested that newer classes of glucose-
lowering agents in type 2 diabetes have a beneficial effect 
on the kidney, apart from lowering glucose. Thus, it has 
been found that rosiglitazone, which is a thiazolidinedione, 
reduces microalbuminuria independently of glycemia in a 
study by Bakris and coworkers.288 Treatment with dipeptidyl 
peptidase 4 inhibitors (DPP4 inhibitors) also provided evi-
dence suggesting that they reduced albumin excretion com-
pared to placebo as a secondary outcome.289,290 Experimental 
data have suggested that the effect could be linked to effects 
on B-type natriuretic peptide and CXC chemokine receptor 

type 4 (CXCR4). The glucagon-like peptide 1 (GLP-1) ana-
logue exenatide has also been found to reduce albumin 
excretion by 15% in a clinical study.291 For most of these 
studies, there has been a difference in glucose levels between 
groups, in addition to treatment differences, and albumin 
excretion has been a secondary end point in all studies. 
Therefore, further evaluation is needed to confirm whether 
these agents have a renoprotective effect above and beyond 
their effect on lowering blood glucose levels.

SECONDARY PREVENTION
Several modifiable risk factors for progression from micro-
albuminuria to overt diabetic nephropathy (including the 
level of urinary albumin excretion, HbA1c level, smoking, 
blood pressure, and serum cholesterol concentration) have 
been identified in clinical trials and observational studies of 
types 1 and 2 diabetic patients.3,4,177,292-295

Data regarding the renal impact of intensive diabetic 
treatment versus conventional diabetic treatment on the 
progression or regression of microalbuminuria in type 1 
diabetic patients have been conflicting.103 These disappoint-
ing results might be due, in part, to the relatively short 
length of the follow-up period, because the UKPDS with 15 
years of follow-up documented a progressive beneficial 
effect over time on the development of proteinuria and a 
twofold increase in plasma creatinine level.284 Furthermore, 
pancreatic transplantation was found to reverse glomeru-
lopathy in patients with type 1 diabetes and normoalbumin-
uria (N = 3) or microalbuminuria (N = 4), but reversal 
required more than 5 years of normoglycemia.73 It has been 
demonstrated that intensified multifactorial intervention 
(pharmacologic therapy targeting hyperglycemia, hyperten-
sion, dyslipidemia, and microalbuminuria) in patients with 
type 2 diabetes and microalbuminuria substantially slows 
progression to overt nephropathy, retinopathy, and auto-
nomic neuropathy (Figure 39.17).104,296 Also, a follow-up 
study has demonstrated that the rate of development of 
ESKD is significantly reduced by intensive multifactorial 
intervention after 13 years (Figure 39.18).297 A Japanese 
study has confirmed the effect of multifactorial intervention 
by showing a 54% regression of microalbuminuria, with 
aggressive reduction in multiple risk factors.298
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11,140 patients enrolled in the study developed ESKD. 
Therefore, the event rate was very low. If 37 patients devel-
oping renal death was combined with patients with ESKD, 
the HR for a reduction with intensive glucose control was 
not significant (HR, 0.85; 95% CI, 0.45 to 1.63; P = 0.63), 
and there was no effect on doubling of the serum creatinine 
level to at least 200 µmol/L (HR, 1.15; 95% CI, 0.82 to 1.63; 
P = 0.42; Figure 39.19). This is in accordance with a recent 
meta-analysis.300 Thus, there are still no data to demonstrate 
the prevention of renal failure with improved glucose 
control.

BLOOD PRESSURE CONTROL

PRIMARY PREVENTION
Originally, Zatz and colleagues301 showed that prevention of 
glomerular capillary hypertension in normotensive, insulin-
treated rats with streptozotocin-induced diabetes effectively 
protects against the subsequent development of proteinuria 
and focal and segmental glomerular structural lesions. 
Other studies have confirmed the beneficial effect of ACE 
inhibition in uninephrectomized rats made diabetic by 
streptozotocin. Anderson and associates have demonstrated 
that antihypertensive therapy slows the development of dia-
betic glomerulopathy but found that ACEIs provide better 
long-term protection than triple therapy with reserpine, 
hydralazine, and hydrochlorothiazide or a calcium channel 
blocker (nifedipine).302,303 Some observations are consistent 
with the concept that glomerular hypertension is a major 
factor in the pathogenesis of experimental diabetic glo-
merulopathy and indicate that a lowering of systemic blood 
pressure without concomitant reduction of glomerular cap-
illary pressure may be insufficient to prevent glomerular 
injury.302-304 Reduction of systemic blood pressure by ACEIs 
or conventional antihypertensive treatment affords signifi-
cant renoprotection in spontaneously hypertensive rats  
with streptozotocin-induced diabetes.305 No specific added 

NEPHROPATHY
The impact of improved metabolic control on the progres-
sion of kidney function in type 1 diabetic patients with 
nephropathy has been disappointing. Studies have not 
found the rate of decline in GFR and the rise in proteinuria 
and systemic blood pressure to be affected by improved 
glycemic control. However, it should be stressed that none 
of the trials was randomized, and the number of patients 
included was small. In contrast, most major prospective 
observational studies have indicated an important role for 
glycemic control in the progression of diabetic nephropathy 
(see earlier).103,219,221,237 The renal outcomes from the 
ADVANCE trial showed a 65% reduced risk for ESKD in 
addition to a reduced risk for development of microalbu-
minuria and macroalbuminuria.299 However, only 27 of 

Figure 39.18  Development  of  ESKD  in  microalbuminuric  type  2 
diabetic patients from the STENO-2 trial, including 160 patients. One 
patient had progression to ESKD in the intensive group compared to 
six patients in the conventional group (P = 0.04). (From Gaede P, Vedel 
P, Larsen N, et al: Multifactorial intervention and cardiovascular disease 
in patients with type 2 diabetes. N Engl J Med 348:383-393, 2003.)
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Figure 39.19  Summary plot showing the effects of intensive glucose lowering compared with standard glucose lowering on renal outcomes 
in the ADVANCE trial. Doubling to >200, adjudicated doubling of serum creatinine to a value over 200  µmol/L; sustained doubling >200, dou-
bling of creatinine as above that  remained at  least doubled at  the final available  follow-up reading; ESKD, end-stage kidney disease.  (From 
Perkovic V, Heerspink HL, Chalmers J, et al: Intensive glucose control improves kidney outcomes in patients with type 2 diabetes. Kidney Int 83:517-
523, 2013.)

Hazard ratio

0.35

0.85

0.64

0.83

0.15

0.70

0.91

P-value

0.01

0.63

0.09

0.38

0.42

�0.001

0.01

95% CI

(0.15–0.83)

(0.45–1.63)

(0.38–1.08)

(0.54–1.27)

(0.82–1.63)

(0.57–0.85)

(0.85–0.98)

1/4 1 4

Hazard ratio

Number
of events

27

37

59

84

129

393

2752

ESKD

Renal death

ESKD or renal death

Sustained doubling �200

Doubling to �200

New macroalbuminuria

New microalbuminuria

http://www.myuptodate.com


1304 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

benefit of ACE inhibition was observed in this hypertensive 
model in contrast to the normotensive models.

Three randomized, placebo-controlled trials in normo-
tensive types 1 and 2 diabetic patients with normal AER have 
suggested a beneficial effect of ACEIs on the development 
of microalbuminuria.306-308 In contrast to these three studies, 
which were carried out as placebo-controlled trials, subse-
quent studies compared the effect of ACEIs versus a long-
acting dihydropyridine calcium antagonist or versus a 
β-blocker in hypertensive type 2 diabetic patients with nor-
moalbuminuria.309,310 All three of the latter studies reported 
a similar beneficial renoprotective effect of blood pressure 
reduction, with and without ACE inhibition. Furthermore, 
the UKPDS study reported that by 6 years, a smaller propor-
tion of patients in the group in whom blood pressure was 
tightly controlled had developed microalbuminuria, and 
those in the tight control group had a 29% reduction in risk 
for microalbuminuria (P < 0.009), with a nonsignificant 
39% reduction in the risk for proteinuria (P = 0.061).311

Aggressive blood pressure control in normotensive type 
2 diabetic patients (blood pressure < 160/90 mm Hg) has 
been demonstrated to have beneficial effects on albumin-
uria, retinopathy, and incidence of stroke.312 The results 
were the same whether enalapril or nisoldipine was used as 
the initial blood pressure–lowering drug. The Renin Angio-
tensin System Study (RASS) compared the effects of ACE 
inhibition, angiotensin II receptor blockade, and placebo 
on the primary renal structural end point of mesangial 
volume fraction in type 1 diabetic patients who were  
normotensive (blood pressure < 135/85 mm Hg) and 
normoalbuminuric (median AER, 5 µg/min). This 5-year 
randomized controlled trial did not find any benefit of 
RAAS blockade on the progression of nephropathy as mea-
sured in terms of the primary end point and other second-
ary renal structural parameters.76 Also, RAAS blockade did 
not prevent an increase in AER.76 In contrast, the odds for 
progression of retinopathy were significantly reduced by 
65% to 70% with the RAAS blocking agents compared with 
placebo. Originally, the EUCLID study group demonstrated 
a significant beneficial effect of ACE inhibition on progres-
sion of diabetic retinopathy and development of prolifera-
tive retinopathy in type 1 diabetic patients.313 The DIRECT 
study evaluated the effect of angiotensin II receptor block-
ade with candesartan versus placebo on the development or 
progression of retinopathy in a randomized controlled trial 
lasting 5 years involving 3326 patients with type 1 diabetes 
and 1905 patients with type 2 diabetes.314,315 Most patients 
were normotensive, and all had normoalbuminuria (median 
urinary AER, 5.0 µg/min). The development of microalbu-
minuria was also evaluated.316 In type 1 diabetic patients, the 
incidence of retinopathy was reduced by candesartan treat-
ment but progression was not affected, whereas significant 
regression of retinopathy was seen in type 2 diabetic patients. 
The DIRECT study did not show any significant effect on 
the incidence of microalbuminuria.316 The BENEDICT 
study has demonstrated that use of an ACE inhibitor, alone 
or in combination with a calcium channel blocker, decreases 
the incidence of microalbuminuria in hypertensive type 2 
diabetic patients with normoalbuminuria. The effect of the 
calcium channel block verapamil alone was similar to that 
of placebo.317 In the ADVANCE study, which included type 
2 diabetic patients with or without hypertension, the fixed 

combination of perindopril and the diuretic indapamide 
also reduced blood pressure, and the development of new-
onset microalbuminuria was reduced by 21% (95% CI, 0.14 
to 0.27).318

The Randomized Olmesartan and Diabetes Microalbu-
minuria Prevention (ROADMAP) study tested whether the 
angiotensin II receptor blocker olmesartan could reduce 
development of microalbuminuria in 4447 mostly hyperten-
sive type 2 diabetic patients with normoalbuminuria. Devel-
opment of microalbuminuria was seen in 8.2% of the 
patients in the olmesartan group and 9.8% in the placebo 
group; the time to onset of microalbuminuria was increased 
by 23% with olmesartan (HR for onset of microalbuminuria, 
0.77; 95% CI, 0.63 to 0.94; P = 0.01). Overall, there were 
slightly fewer cardiovascular events with olmesartan but 
more fatal events, although numbers were very small (15  
vs. 3).319

In the ONTARGET study, 25,620 patients with atheroscle-
rotic disease or diabetes (38% with diabetes) who had end-
organ damage were randomly assigned to treatment with an 
ACEI, angiotensin receptor blocker (ARB), or both and 
were followed for a median of 56 months. The mean urinary 
albumin/creatinine ratio was 7.2 mg/g, and the sustained 
rate of decline in GFR was less than 1 mL/min/yr. Although 
the combination treatment reduced the increase in urinary 
AER, the number of events for the composite primary 
outcome of doubling of the serum creatinine level, need for 
dialysis, or death was similar for telmisartan (N = 1147 
[13.4%]) and ramipril (N = 1150 [13.5%]; HR, 1.00; 95% 
CI, 0.92 to 1.09) but was increased with combination therapy 
(N = 1233 [14.5%]; HR, 1.09; 95% CI, 1.01 to 1.18; P = 
0.037).320 It is important to stress that the ONTARGET study 
did not include important numbers of patients with overt 
diabetic nephropathy. Therefore, the therapeutic risk or 
benefit for RAAS combination therapy in patients with dia-
betic nephropathy could not be addressed by this study. 
Patients intolerant to ACE inhibition (N = 5927), but oth-
erwise similar at baseline to patients enrolled in the ONTAR-
GET study, were randomly assigned to receive a placebo or 
ARB in the TRANSCEND study. Albuminuria increased less 
in patients receiving the ARB than in those receiving the 
placebo (32% [95% CI, 0.23 to 0.41] vs. 63% [95% CI, 0.52 
to 0.76]). Very few patients (<2%) reached the prespecified 
renal end points, which were identical to those of the 
ONTARGET study, and no difference was seen between 
treatment groups with regard to these end points.321

In conclusion, RAAS blockade has been effective in 
reducing the frequency of development of microalbumin-
uria in hypertensive normoalbuminuric patients, whereas 
the effect has not been significant in normotensive patients. 
This would correspond clinically to a beneficial effect in 
most type 2 diabetic patients but not type 1 diabetic patients 
with normoalbuminuria (Figure 39.20). Possibly, the intra-
renal RAAS is not enhanced in normotensive patients in 
contrast to hypertensive patients. However, the studies have 
used variable end points, intermittent or persistent micro-
albuminuria. Furthermore, the studies typically enrolled 
patients with very low levels of urinary albumin excretion. 
The use of ACEIs or other antihypertensive agents for the 
primary prevention of nephropathy in normotensive nor-
moalbuminuric patients is not recommended in published 
guidelines.322
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study of 94 normotensive microalbuminuric type 2 diabetic 
patients who received enalapril or placebo for 5 years.177 In 
the actively treated group, kidney function remained stable, 
and only 12% of patients developed diabetic nephropathy, 
whereas in the group receiving placebo, kidney function 
declined by 13%, and 42% of the patients developed 
nephropathy. These data have been confirmed in other 
studies.294,295,312,330

Antihypertensive treatment has a renoprotective effect in 
hypertensive patients with type 2 diabetes and microalbu-
minuria, although evidence has been conflicting regarding 
the existence of a specific renoprotective effect that is 
beyond the hypotensive effect of agents that block the RAAS 
in patients with type 2 diabetes and microalbumin-
uria.296,308-311,331-336 The inconclusive nature of the previous 
evidence may have been due in part to the small size of the 
patient groups studied and the short duration of antihyper-
tensive treatment in most previous trials. An exception is 
the long-lasting UKPDS, which suggested the equivalence of 
a β-blocker and an ACEI.311

To address this issue, Parving and coworkers have evalu-
ated the renoprotective effect of the angiotensin II receptor 
antagonist irbesartan in hypertensive patients with type 2 
diabetes and microalbuminuria in a study known as the 
IRMA 2 trial.337 A total of 590 hypertensive patients with type 
2 diabetes and microalbuminuria were enrolled in this mul-
tinational, randomized double-blind, placebo-controlled 
study of irbesartan at a dosage of 150 or 300 mg daily and 
were followed for 2 years. The primary outcome was the 
time to onset of diabetic nephropathy, defined by persistent 
albuminuria in overnight specimens, with a urinary AER 
higher than 200 µg/min and at least 30% higher than base-
line level. The baseline characteristics in the three subject 
groups were similar (placebo, irbesartan at 150 mg daily, 
and irbesartan at 300 mg daily). Ten of 194 patients in the 
300-mg group (5.2%) and 19 of 195 patients in the 150-mg 
group (9.7%) reached the primary end point as compared 

SECONDARY PREVENTION
A meta-analysis of 12 trials of 698 type 1 diabetic patients 
with microalbuminuria who were followed for at least 1 year 
has revealed that treatment with ACEIs reduces the risk of 
progression to macroalbuminuria compared with placebo 
(odds ratio [OR], 0.38; 95% CI, 0.25 to 0.57).323 The rate of 
regression to normoalbuminuria was three times higher 
than in patients receiving placebo. At 2 years, the urinary 
AER was 50% lower in patients taking ACEIs than in those 
receiving placebo. Furthermore, it has been shown that the 
beneficial effect of ACEIs in preventing progression from 
microalbuminuria to overt nephropathy is long-lasting (8 
years) and, more importantly, is associated with preservation 
of normal GFR.324 Data from a 3-year, double-blind, random-
ized study found that long-acting dihydropyridine calcium 
antagonists are as effective as ACEIs in delaying the occur-
rence of macroalbuminuria in normotensive patients with 
type 1 diabetes with persistent microalbuminuria.325 Finally, 
agents blocking the effect of the RAAS have a beneficial 
impact on glomerular structural changes in types 1 and 2 
diabetic patients with early diabetic glomerulopathy.326-328

Borch-Johnsen and colleagues have analyzed the cost 
versus benefit of screening and antihypertensive treatment 
of early renal disease indicated by microalbuminuria in type 
1 diabetic patients.178 They concluded that screening and 
intervention programs are likely to have lifesaving effects 
and lead to considerable economic savings.

The impact of ACE inhibition in microalbuminuric type 
2 diabetic patients has also been evaluated. A randomized 
study was conducted in which diabetic patients with micro-
albuminuria were treated with perindopril or nifedipine for 
12 months.329 Both treatments significantly reduced mean 
arterial blood pressure and urinary AER. Unfortunately, the 
study enrolled a heterogeneous group of hypertensive and 
normotensive patients with either type 1 or type 2 diabetes. 
Ravid and associates conducted a double-blind randomized 

Figure 39.20  Odds  ratios  from various  trials  for progression  from normoalbuminuria  to microalbuminuria  in patients with  type 1 or  type 2 
diabetes treated with RAAS blocking agents.313,316 
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conventional blood pressure–lowering treatment, has been 
demonstrated.342 The beneficial effect of RAAS blockade in 
microalbuminuric patients was also shown in the INNOVA-
TION study in an Asian population.343

Cardiovascular morbidity is a major burden in patients 
with type 2 diabetes. The STENO-2 study enrolled patients 
with type 2 diabetes and microalbuminuria and evaluated 
the effect on cardiovascular and microvascular diseases of 
an intensified, targeted, multifactorial intervention. This 
was comprised of behavior modification and polypharmaco-
logic therapy aimed at several modifiable risk factors (hyper-
glycemia, hypertension, dyslipidemia, microalbuminuria), 
along with secondary prevention of cardiovascular disease 
with aspirin. This approach was compared with a conven-
tional intervention addressing multiple risk factors.104 
Patients receiving intensive therapy had a significantly lower 
risk of cardiovascular disease (HR, 0.47; 95% CI, 0.24 to 
0.73), nephropathy (HR, 0.39; 95% CI, 0.17 to 0.87), reti-
nopathy (HR, 0.42; 95% CI, 0.21 to 0.86) and autonomic 
neuropathy (HR, 0.37; 95% CI, 0.18 to 0.79). In conclusion, 
a target-driven, long-term, intensified intervention aimed at 
multiple risk factors in patients with type 2 diabetes and 
microalbuminuria reduces the risk of cardiovascular and 
microvascular events by about 50%. In a poststudy follow-up, 
the effects were maintained after an additional 5 years. As 
noted, the incidence of ESKD was significantly reduced in 
the intensively treated group. Even more importantly, mor-
tality was reduced in the intensively treated group (HR, 
0.54; 95% CI, 0.32 to 0.89), which corresponded to an abso-
lute risk reduction of 20% (Figure 39.22).139 The cost- effec-
tiveness of treatment was assessed after 8 years, and intensive 
therapy was found to be more cost-effective than conven-
tional treatment. On the assumption that patients in both 

with 30 of 201 patients receiving placebo (14.9%; HR,  
0.30; 95% CI, 0.14 to 0.61; P < 0.001 and HR, 0.61; 95% 
CI, 0.34 to 1.08; P = 0.08 for the two irbesartan groups, 
respectively; Figure 39.21). The average blood pressure 
during the course of the study was 144/83 mm Hg in the 
placebo group, 143/83 mm Hg in the 150-mg group, and 
141/83 mm Hg in the 300-mg group (P = 0.004 for the 
comparison of systolic blood pressure between the placebo 
group and combined irbesartan groups). Serious adverse 
events were less frequent among the patients treated with 
irbesartan (P = 0.02). The IRMA 2 study demonstrated that 
irbesartan is renoprotective independently of its blood 
pressure–lowering effect in patients with type 2 diabetes and 
microalbuminuria. In a substudy of IRMA 2, irbesartan was 
found to be renoprotective independently of its beneficial 
effect in lowering 24-hour blood pressure.338

Another substudy has shown a persistent reduction of 
microalbuminuria after withdrawal of all antihypertensive 
treatment, which suggested that the dosage of 300 mg of 
irbesartan daily confers long-term renoprotection.339 In 
addition, irbesartan treatment diminished inflammatory 
markers such as highly sensitive C-reactive protein, fibrino-
gen, and interleukin-6 when compared with placebo. The 
changes in interleukin-6 were associated with the changes 
in albumin excretion.340 Remission to normoalbuminuria 
was more common in the irbesartan-treated patients than 
in those treated with placebo.337 The importance of this 
finding is a slower decrease in GFR, as also demonstrated in 
the STENO-2 study.194 Another study has demonstrated an 
enhanced renoprotective effect of ultrahigh dosages of irbe-
sartan (900 mg daily) in patients with type 2 diabetes and 
microalbuminuria.341 Finally, the cost-effectiveness of early 
irbesartan treatment versus placebo, in addition to standard 

Figure 39.21  Probability of progression to diabetic nephropathy during treatment with irbesartan, 150 mg daily (red line), 300 mg daily (green 
line),  or  placebo  (blue line)  in  hypertensive  type  2  diabetic  patients  with  persistent  microalbuminuria.  The  difference  between  placebo  and 
irbesartan 150 mg daily was not significant (P = 0.08 by log-rank test) but significant when compared to irbesartan 300 mg daily (P < 0.001 by 
log-rank test). 
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Figure 39.22  Kaplan-Meier estimates of the risk of death from any cause and from cardiovascular causes and the number of cardiovascular 
events, according to treatment group. A, Cumulative incidence of the risk of death from any cause (the study’s primary end point) during the 
13.3-year study period. B, Cumulative incidence of a secondary composite end point of cardiovascular events, including death from cardio-
vascular causes, nonfatal stroke, nonfatal myocardial infarction, coronary artery bypass grafting (CABG), percutaneous coronary intervention 
(PCI), revascularization for peripheral atherosclerotic artery disease, and amputation. C, Number of events for each component of the composite 
end point. A and B, I bars represent standard errors. (From Gaede P, Lund-Andersen H, Parving HH, Pedersen O: Effect of a multifactorial inter-
vention on mortality in type 2 diabetes. N Engl J Med 358:580-591, 2008.)
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evaluated the short- and long-term renoprotective effect of 
losartan in type 1 diabetic patients with diabetic nephropa-
thy who were homozygous for the insertion or deletion 
allele.359,360 The results suggested that this ARB offers similar 
short- and long-term renoprotective and blood pressure low-
ering effects in albuminuric, hypertensive, type 1 diabetic 
patients with the ACE II and DD genotypes. Also, data from 
the RENAAL study (see earlier) indicated that proteinuric 
type 2 diabetic patients with the D allele of the ACE gene 
have an unfavorable renal prognosis that can be mitigated 
and even improved by treatment with losartan.361 In addi-
tion to the interaction between ACE inhibition and the 
ADAMTS13 gene in the BENEDICT study, another example 
of pharmacogenetic interaction is the relationship between 
losartan and CYP2C9 of the cytochrome P450 superfam-
ily.258 This encodes an enzyme that metabolizes losartan and 
forms the active metabolite E-3174, responsible for the  
antihypertensive effect of losartan. The CYP2C9*3 poly-
morphism could modulate the blood pressure–lowering 
response to optimal monotherapy losartan treatment in 
hypertensive type 1 diabetic patients with diabetic nephrop-
athy.362 This illustrates the future potential of individualized 
therapy based on pharmacogenomic profiling.

Direct comparisons of ACEIs and ARBs have suggested 
that these drugs have a similar ability to reduce albuminuria 
and blood pressure in diabetic patients with elevated urinary 
albumin excretion.363-365 These results indicate that the 
reduction in albuminuria and blood pressure induced by 
ACE inhibition is primarily caused by interference with the 
RAAS. Because reduction of proteinuria is a prerequisite for 
successful long-term renoprotection, one study investigated 
whether individual patient factors are determinants of anti-
proteinuric efficacy.366 The results suggested that patients 
responding favorably to one class of antiproteinuric drugs 
also respond favorably to other classes of available drugs. 
Dose escalation studies of different ARBs have demonstrated 
that the optimal renoprotective dosage is 100 mg daily for 
losartan, 16 mg daily for candesartan, 900 mg daily for irbe-
sartan, and 320 to 640 mg for valsartan.341,367-369 In the 
SMART study, which included patients with urine protein 
levels of more than 1 g/day, of which 54% had diabetes, 
128 mg of candesartan had a higher antiproteinuric effect 
than 16 mg of candesartan.370 Unfortunately, less informa-
tion is available about the optimal renoprotective dosage of 
the various ACEIs. At least for lisinopril, 40 mg daily seems 
to be the optimal dose.371 A comparison of the antiprotein-
uric effect of the ARBs telmisartan and losartan in diabetic 
nephropathy has suggested that telmisartan is more 
effective.372

Initial short-term studies have indicated that the combi-
nation of ACE inhibition and angiotensin II receptor block-
ade may offer additional renal and cardiovascular protection 
in diabetic patients with elevated AERs.373-379 A meta-analysis 
has suggested that the combination might be expected to 
reduce albuminuria by approximately 25% more than 
monotherapy.380 These findings were consistent with results 
in experimental animal studies, suggesting that low-dose 
dual blockade of RAAS might achieve a more important 
reduction in kidney tissue angiotensin II activity than high 
doses of captopril or losartan.381 However, as discussed 
earlier, the ONTARGET study of patients with low renal risk 
who had a mean urinary albumin/creatinine ratio of 

arms are treated in a primary care setting, intensive therapy 
is cost saving and lifesaving.344

In 1995, a consensus report on the detection, prevention, 
and treatment of diabetic nephropathy with special refer-
ence to microalbuminuria was published.345 Improved blood 
glucose control (HbA1c < 7.5% to 8%) and treatment with 
an ACEI is recommended. An audit of the implementation 
of this strategy in clinical practice has demonstrated that the 
beneficial outcome found in the initial, short-term, random-
ized clinical trial results could be confirmed and maintained 
for 10 years.346 The American Diabetes Association has now 
stated that “Either ACE inhibitors or ARBs (but not both in 
combination) are recommended for the treatment of  
the nonpregnant patient with modestly elevated (30 to 
299 mg/24 hr) or higher levels (>300 mg/24 hr) of urinary 
albumin excretion.”322

NEPHROPATHY
From a clinical point of view, the ability to predict the long-
term effect on kidney function of a recently initiated treat-
ment modality (e.g., antihypertensive therapy) would be of 
great value because this could allow for early identification 
of patients in need of an intensified or alternative therapeu-
tic regimen. In two prospective studies dealing with conven-
tional antihypertensive treatment and ACE inhibition, 
Rossing and colleagues found that the initial reduction in 
albuminuria (surrogate end point) predicted a beneficial 
long-term treatment effect on the rate of decline in GFR 
(principal end point) in diabetic nephropathy.347,348 These 
findings have been confirmed and extended.221,349 Further-
more, similar findings have been demonstrated in nondia-
betic nephropathies.350,351

The antiproteinuric effect of ACE inhibition in patients 
with diabetic nephropathy varies considerably. Individual 
differences in the RAAS may influence this variation. There-
fore, the potential role of an ID polymorphism of the ACE 
gene on this early antiproteinuric responsiveness was tested 
in an observational follow-up study of young type 1 diabetic 
patients with hypertension and diabetic nephropathy.352 The 
study found that type 1 diabetic patients with the homozy-
gous II genotype are particularly likely to benefit from com-
monly advocated renoprotective treatment. The EUCLID 
Study demonstrated that urinary AER during lisinopril treat-
ment was 57% lower in the II group, 19% lower in the ID 
group, and 19% higher in the DD group compared with the 
placebo group.306 Furthermore, the polymorphism of the 
ACE gene predicts therapeutic efficacy of ACEIs against  
the progression of nephropathy in type 2 diabetic patients.250 
All previous observational studies in patients with diabetic 
and nondiabetic nephropathies had demonstrated that the 
deletion polymorphism of the ACE gene, particularly the DD 
genotype, is a risk factor for an accelerated loss of kidney 
function.248,249,254,255,353-358 Furthermore, the ACE deletion 
polymorphism reduces the long-term beneficial effects of 
ACE inhibition on progression of diabetic and nondiabetic 
kidney disease.254,356 These findings suggest that patients with 
the DD genotype should be offered more aggressive ACE 
inhibition, treatment with ARBs, or dual blockade of the 
RAAS. Further studies of appropriate therapy in patients with 
the DD genotype are warranted to test this hypothesis.

In an attempt to overcome a potential interaction between 
ACEI therapy and ACE deletion polymorphism, two studies 
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effects on albuminuria and glomerular structural changes, 
but the amount of interstitial fibrosis was attenuated to a 
greater extent with aliskiren.392 Another study of aliskiren 
using the same rat model demonstrated reduced expression 
of the prorenin receptor described by Nguyen and associates 
in 2002, and it has been suggested to be important for the 
development of renal and cardiac fibrosis.393-396 The pro-
renin level has been demonstrated to predict diabetic micro-
vascular complications, but whether aliskiren has specific 
protective effects remains to be established.397,398 In type 2 
diabetic patients with albuminuria, a significant reduction in 
urinary AER was seen after 2 to 4 days of treatment with 
aliskiren, 300 mg daily, with a maximal reduction of 44% 
after 28 days. Systolic blood pressure was significantly lowered 
after 7 days, with no further reduction after 28 days.399 
Another study of type 2 diabetic patients with elevated 
albumin excretion demonstrated a similar antiproteinuric 
effect of aliskiren and the ARB irbesartan. Importantly, a 
further antiproteinuric effect was seen when the agents were 
combined.400 Increasing the aliskiren dosage to 600 mg daily 
did not significantly increase the antiproteinuric effect.401

The renoprotective effect of adding of a renin inhibitor 
to optimal renoprotective treatment with losartan 100 mg 
was demonstrated in the AVOID study, in which patients 
receiving optimal standard therapy were randomly assigned 
to receive aliskiren or placebo for 6 months. The study 
included 599 patients with type 2 diabetes. After 6 months, 
a reduction in albuminuria of 20% (95% CI, 0.09 to 0.30) 
was seen in the aliskiren-treated patients compared with 
those receiving only standard therapy. Side effects were few; 
in particular, hyperkalemia was not more frequent in the 
intervention group.402 The long-term effects of combined 
therapy with aliskiren plus conventional antihypertensive 
treatment on cardiovascular and renal morbidity and mor-
tality in type 2 diabetic patients were subsequently evaluated 
in the Aliskiren Trial in Type 2 Diabetes Using Cardio-Renal 
Endpoints (ALTITUDE) study, which included 8561 
patients. The study was stopped prematurely after the 
second interim analysis. After a median follow-up of 32.9 
months, the primary end point had occurred in 783 patients 
(18.3%) assigned to aliskiren as compared with 732 (17.1%) 
assigned to placebo (HR, 1.08; 95% CI, 0.98 to 1.20; P = 
0.12).403 Effects on secondary renal end points were similar. 
The mean reduction in the urinary albumin/creatinine 
ratio was 14%, which was less than in the AVOID trial. 
Hyperkalemia was significantly more common in the aliski-
ren group than in the placebo group (11.2% vs. 7.2%), as 
was the proportion with reported hypotension (12.1% vs. 
8.3%; P < 0.001 for both comparisons). Thus, addition of 
aliskiren to RAAS-blocking treatment was not supported by 
the study and discouraged by the investigators and regula-
tory agencies.

Initiation of antihypertensive treatment usually induces 
an initial drop in GFR that is three to five times higher per 
unit of time than that during the sustained treatment 
period.404 This phenomenon occurs with conventional 
antihypertensive treatment, β-blockers, and diuretics and 
when ACEIs are used. Whether this initial phenomenon is 
reversible (hemodynamic effect) or irreversible (structural 
damage) with prolonged antihypertensive treatment has 
been investigated in type 1 diabetic patients with diabetic 
nephropathy. The results supported the hypothesis that the 

7.2 mg/g and a sustained decline in GFR of less than 1 mL/
min/yr but high cardiovascular risk demonstrated a salutary 
effect of dual blockade with telmisartan and ramipril on 
urinary AER within the normal range; this was accompanied 
by an increase in the composite primary end point of dou-
bling of the creatinine level, need for dialysis, or death.320 
Importantly, a post hoc analysis demonstrated that changes 
in albuminuria were predictive of outcome in the study.382

In the Olmesartan Reducing Incidence of Endstage Renal 
Disease in Diabetic Nephropathy Trial (ORIENT), 577 type 
2 diabetic patients with macroalbuminuria were random-
ized to the ARB olmesartan or placebo on top of the usual 
treatment (77% were treated with ACE inhibition). The 
study found that there was no significant effect on the 
primary end point—development of ESKD, death, or dou-
bling of the serum creatinine level. In the olmesartan group, 
116 patients developed the primary outcome (41.1%) com-
pared with 129 (45.4%) in the placebo group (HR, 0.97; 
95% CI, 0.75 to 1.24; P = 0.791).383 The Veterans Affair 
Nephron Diabetes study (VA Nephron D) randomized 1448 
patients with type 2 diabetes and macroalbuminuria and a 
eGFR of 30 to 90 mL/min/1.73 m2 to lisinopril or placebo 
on top of 100 mg losartan once daily. The primary end point 
was first occurrence of a change in the eGFR (decrease ≥ 
30 mL/min/1.73 m2 if the initial eGFR was ≥60 mL/
min/1.73 m2 or higher or decrease ≥ 50% if the initial eGFR 
was <60 mL/min/1.73 m2), ESKD, or death. The study was 
stopped early because of safety concerns. Among 1448 ran-
domly assigned patients with a median follow-up of 2.2 
years, there were 152 primary end point events in the mono-
therapy group and 132 in the combination therapy group 
(HR with combination therapy, 0.88; 95% CI, 0.70 to 1.12; 
P = 0.30). Combination therapy increased the risk of hyper-
kalemia (6.3 vs. 2.6 events/100 person-years with mono-
therapy; P < 0.001) and acute kidney injury (12.2 vs. 6.7 
events/100 person-years; P < 0.001).384 Thus, it has not been 
possible to demonstrate long-term benefits of dual RAAS 
blockade with ACE inhibition and ARBs.

In recent years, it has become clear that aldosterone 
should be considered a hormone with widespread unfavor-
able effects on the vasculature, heart, and kidneys.233,385-387 It 
has been demonstrated that an elevated plasma aldosterone 
level during long-term treatment with losartan is associated 
with an enhanced decline in GFR in type 1 diabetic patients 
with diabetic nephropathy.235 Consequently, aldosterone 
blockade could be considered for patients with suboptimal 
renoprotection during conventional RAAS blockade. Short-
term studies in types 1 and 2 proteinuric diabetic patients 
have demonstrated that spironolactone safely adds to the 
renal and cardiovascular protective benefits of treatment 
with maximally recommended dosages of ACEIs or ARBs by 
reducing albuminuria and blood pressure.388-390 The selec-
tive aldosterone blocker eplerenone has also been demon-
strated to reduce proteinuria by 48% when added to an 
ACEI in type 2 diabetic patients with albuminuria (urine 
protein level > 50 mg/g).391

Recently, aliskiren, the first oral direct renin inhibitor, has 
been developed for treatment of hypertension, which makes 
it feasible to block the RAAS at the first rate-limiting step in 
the RAAS cascade. This occurs without an increase in plasma 
renin activity. In transgenic (mRen-2) 27 rats, the ACEI per-
indopril was compared with aliskiren. The drugs had similar 
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Figure 39.23 shows the mean values for arterial blood pres-
sure, GFR, and albuminuria in nine patients undergoing 
long-term treatment (>9 years) with metoprolol, furose-
mide, and hydralazine.410 Note that the data are consistent 
with a time-dependent renoprotective effect of antihyper-
tensive treatment that in the long term might lead to regres-
sion of the disease (ΔGFR ≤ 1 mL/min/yr), at least in some 
patients. The same progressive benefit in ΔGFR over time 
has also been demonstrated in patients with nondiabetic 
renal diseases.411 Regression of kidney disease (ΔGFR ≤ 
1 mL/min/yr) has been documented in a sizable fraction 
(22%) of type 1 diabetic patients receiving aggressive anti-
hypertensive therapy for diabetic nephropathy.412 Remission 
of proteinuria for at least 1 year (urine protein excretion ≤ 
1 g/24 hr) has been described in patients with type 1 dia-
betes participating in the captopril collaborative study.413 Of 
108 patients, 8 experienced remission during long-term 

faster initial decline in GFR is due to a functional (hemody-
namic) effect of antihypertensive treatment that does not 
attenuate over time, whereas the subsequent slower decline 
reflects the beneficial effect on the progression of nephrop-
athy.404 A similar effect has been demonstrated in nondia-
betic glomerulopathies.405 In contrast, results of another 
study have suggested that the faster initial decline in GFR 
after initiation of antihypertensive therapy in hypertensive 
type 2 diabetic patients with diabetic nephropathy is due to 
an irreversible effect.406

In 1982, Mogensen described a beneficial effect of long-
term antihypertensive treatment in five hypertensive men 
with type 1 diabetes and nephropathy.407 A prospective study 
initiated in 1976 by Parving and coworkers demonstrated 
that early and aggressive antihypertensive treatment reduces 
albuminuria and the rate of decline in GFR in young men 
and women with type 1 diabetes and nephropathy.408-410 

Figure 39.23  Average course of mean arterial blood pressure, GFR, and albumin before  (open circles) and during  (solid circles)  long-term 
effective antihypertensive  treatment on nine  type 1 patients with diabetic nephropathy.  (From Parving HH, Rossing P, Hommel E, Smidt UM: 
Angiotensin-converting enzyme inhibition in diabetic nephropathy: ten years’ experience. Am J Kidney Dis 26:99-107, 1995.)
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A comparison of the benefits obtained in the RENAAL and 
IDNT studies is shown in Table 39.4. Side effects were low, 
and fewer than 2% of the patients had to stop taking an 
ARB because of severe hyperkalemia. The number of 
sudden deaths was not significantly different in the various 
treatment groups. Taken together, the results of these two 
landmark studies led to the following conclusion: “Losartan 
and irbesartan conferred significant renal benefits in 
patients with type 2 diabetes and nephropathy. This protec-
tion is independent of the reduction in blood pressure it 
causes. The ARBs are generally safe and well tolerated.” A 
meta-analysis of the IRMA study and the two ARB trials 
revealed a significant reduction (15%) in the risk of cardio-
vascular events in the experimental groups compared with 
the control groups.337,420-422 Based on these three outcome 
trials of ARBs, the American Diabetes Association now states 
that “in patients with type 2 diabetes, hypertension macro-
albuminuria and renal insufficiency (serum creatinine  
> 1.5 mg/dL), ARBs have been shown to delay the progres-
sion of nephropathy.”322

Early studies describing the prognosis for overt diabetic 
nephropathy observed a median patient survival time of 5 
to 7 years after the onset of persistent proteinuria. End-stage 
renal failure was the primary cause of death in 66% of 
patients. When deaths attributed only to ESKD were consid-
ered, the median survival time was 10 years. All this was 
before patients were offered antihypertensive therapy.103 
Long-term antihypertensive therapy was evaluated prospec-
tively from 1974 to 1978 in 45 type 1 diabetic patients who 
developed overt diabetic nephropathy. The cumulative 
death rate was 18% at 10 years after the onset of diabetic 
nephropathy, and the median survival time was longer than 
16 years.423,424 Rossing and associates went on to examine 
whether antihypertensive therapy also improved survival in 
an unselected cohort of 263 patients with diabetic nephrop-
athy who were followed for up to 20 years; they observed  
a median survival time of 13.9 years, and only 35% of 
patients died because of ESKD (serum creatinine level  
> 500 µmol/L).425 Fortunately, survival continues to improve; 
a median survival time of 21 years after the onset of diabetic 
nephropathy has been demonstrated (Figure 39.24).426A 

follow-up.413 These findings were confirmed and extended 
in a long-term prospective observational study of 321 
patients with type 1 diabetes and nephropathy.414 The remis-
sion group, not surprisingly, was characterized by a slow 
progression of diabetic nephropathy and improved cardio-
vascular risk profile. More importantly, the prospective 
study suggested that remission of nephrotic-range albumin-
uria in types 1 and 2 diabetic patients, induced by aggressive 
antihypertensive treatment with and without the use of 
ACEIs, is associated with a slower progression in diabetic 
nephropathy and a substantially improved survival.415,416

In 1992, Björck and colleagues suggested that the use of 
ACEIs in patients with diabetic nephropathy confers reno-
protection; that is, it has a beneficial effect on renal function 
and structure above and beyond that expected from the 
blood pressure–lowering effect alone.417 Their investigation 
was a prospective, open, randomized study lasting for 2.2 
years that included patients with type 1 diabetes. In 1993, 
the Captopril Collaborative Study Group demonstrated a 
significant reduction (48%; 95% CI, 0.16 to 0.69) in the risk 
of doubling serum creatinine levels in patients with type 1 
diabetes and nephropathy who received captopril.418 In 
comparison, the placebo-treated patients received conven-
tional antihypertensive therapy, excluding calcium channel 
blockers. Long-term treatment (4 years) with an ACEI or 
long-acting dihydropyridine calcium channel antagonist was 
observed to have similar beneficial effects on the progres-
sion of diabetic nephropathy in hypertensive patients with 
type 1 diabetes.419

Thus, it was initially demonstrated that pharmacologic 
interruption of the RAAS slows the progression of renal 
disease in patients with type 1 diabetes, but similar data  
were not available for patients with type 2 diabetes.103 
Against this background, two large multinational, double-
blind, randomized, placebo-controlled trials of ARBs—the 
RENAAL study and Irbesartan Diabetic Nephropathy Trial 
(IDNT)—were carried out in comparable populations of 
hypertensive patients with type 2 diabetes, proteinuria, and 
elevated serum creatinine levels.420,421 In both trials, the 
primary outcome was the composite of a doubling of the 
baseline serum creatinine concentration, ESKD, or death. 

Figure 39.24  Cumulative death rate from onset of 
diabetic  nephropathy  in  type  1  diabetic  patients 
during  the  natural  history  of  diabetic  nephropathy 
(red line, N = 45,572; yellow line, N = 360573) compared 
with  patients  who  had  effective  antihypertensive 
treatment  (orange line,  N  =  45424;  black line,  N  = 
263120; green line, N = 199426). 
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simvastatin 20 mg and ezetemibe in 9270 patients with 
advanced CKD (3023 on dialysis and 6247 not on dialysis).430 
About 20% had diabetes. The combination therapy was 
used to reduce LDL cholesterol using a low dose of simvas-
tatin (which should not be used in high doses for CKD due 
to side effects). The treatment reduced the incidence of 
major atherosclerotic events in a wide range of patients, 
including diabetic patients, with advanced CKD. There was 
no effect on mortality. On these grounds, most recent guide-
lines recommend the initiation of lipid-lowering treatment 
in all diabetic patients with CKD stages 1 to 4, which is in 
accordance with guidelines of the American Diabetes Asso-
ciation (ADA). The new guidelines also recommend not 
discontinuing treatment when patients progress to CKD 
stage 5 and ESKD. Controversy exists about whether statins 
should be initiated in these patients if they are already on 
renal replacement therapy.

DIETARY PROTEIN RESTRICTION

Short-term studies in type 1 diabetic patients with normoal-
buminuria, microalbuminuria, or macroalbuminuria have 
shown that a low-protein diet (0.6 to 0.8 g/kg/day) reduces 
urinary albumin excretion and hyperfiltration indepen-
dently of changes in glucose control and blood pressure.431,432 
Longer term trials in type 1 patients with diabetic nephropa-
thy have suggested that protein restriction reduces the pro-
gression of kidney function, but this interpretation has been 
challenged.433-436 Pedrini and colleagues have performed a 
meta-analysis and concluded that dietary protein restriction 
effectively slows the progression of diabetic renal disease, 
but their conclusion has been disputed.437-439 A 4-year pro-
spective randomized controlled trial with concealed ran-
domization compared the effects of a low-protein diet with 
a usual-protein diet in 82 type 1 diabetic patients with pro-
gressive diabetic nephropathy. The end point of ESKD or 
death occurred in 27% of patients consuming a usual-
protein diet compared with 10% consuming a low-protein 
diet (log-rank test, P = 0.04).440 The relative risk of ESKD or 
death was 0.23 (95% CI, 0.07 to 0.72) for patients assigned 
to a low-protein diet after an adjustment for the presence 
of cardiovascular disease at baseline. Currently, a dietary 
protein intake of 0.8 g/kg body weight/day is recommended 
in the Kidney Disease Outcomes Quality Initiative guide-
lines for patients with diabetes and chronic renal disease 
stages 1 through 4.428

NEW TREATMENT OPTIONS

New options are needed to treat diabetic nephropathy, 
despite the success of the treatment modalities discussed. A 
number of new options have been suggested by experimen-
tal and clinical studies (Table 39.5).

Vitamin D (1,25-dihydroxyvitamin D3) or activation of the 
vitamin D receptor with vitamin D analogues has recently 
been suggested to play a role in inhibiting the development 
of diabetic nephropathy. In addition, vitamin D is a negative 
regulator of the RAS.441 In experimental studies, the combi-
nation of an ARB and a vitamin D analogue was more effec-
tive than either agent alone in preventing renal injury.442 
In three short-term studies evaluating the safety of the 
vitamin D analogue paricalcitol in patients with CKD, an 

recent study has confirmed an improved prognosis, with a 
further 50% reduction in age-adjusted mortality.238

The first information regarding the effect of antihyper-
tensive treatment on the progression of nephropathy to 
come from a randomized, double-blind, placebo-controlled 
trial was presented by the Collaborative Study Group of 
Angiotensin-Converting Enzyme Inhibition, which exam-
ined the use of captopril in type 1 diabetic patients with 
diabetic nephropathy.418 In this study, which lasted on 
average for 2.7 years, the risk of death or progression to 
dialysis or transplantation was reduced by 61% (95% CI, 
0.26 to 0.80, P = 0.002) in the subgroup of 102 captopril-
treated patients with a baseline serum creatinine concentra-
tion of more than 133 µmol/L and by 46% (95% CI, 0.22 
to 0.76; P = 0.14) in the 307 patients with a baseline serum 
creatinine concentration below 133 µmol/L compared with 
placebo-treated patients. An economic analysis of the use of 
captopril in patients with diabetic nephropathy has revealed 
that ACE inhibition will provide significant savings in health 
care costs.427

In conclusion, the prognosis for diabetic nephropathy in 
type 1 diabetic patients has improved during the past 
decades, largely because of effective antihypertensive treat-
ment with conventional drugs (β-blockers, diuretics) and 
ACEIs. Less information on this important issue is available 
for type 2 diabetic patients with diabetic nephropathy. The 
IDNT and RENAAL studies have demonstrated that there 
is a need for further improvement in prognosis for these 
patients.420,421 Andresdottir and colleagues have demon-
strated that multifactorial intervention with RAAS blockade 
and aggressive control of risk factors, including blood pres-
sure, glycemic control, lipids and smoking, has also improved 
the prognosis significantly in type 2 diabetic patients with 
nephropathy, with a 50% reduction in age-adjusted mortal-
ity after 2000.118

LIPID-LOWERING THERAPY

In albuminuric patients with diabetes, the risk of cardiovas-
cular disease is enhanced. Consequently, these patients 
should be treated with statins according to current guide-
lines for patients at high risk.428 The renoprotective effect 
of 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibi-
tors in patients with type 1 or 2 diabetes who have microal-
buminuria or macroalbuminuria appears to be highly 
variable.148 However, all nine studies examining this effect 
were of short duration, enrolled a small number of patients, 
and evaluated only a surrogate end point—namely, urinary 
albumin excretion. The effect of fenofibrate on macrovas-
cular and microvascular outcome was evaluated in the 
FIELD study, which included 9795 type 2 diabetic patients.429 
The study also evaluated the effect on urinary albumin 
excretion. There was no effect on progression of urinary 
albumin excretion alone, but when data were combined for 
a slightly improved regression from microalbuminuria to 
normoalbuminuria and a reduced progression of albumin-
uria, it was observed that 2.6% more patients treated with 
fenofibrate showed no progression or a regression of albu-
minuria. This result was significantly different from that for 
the placebo group (P = 0.002).

The Study of Heart and Renal Protection (SHARP) inves-
tigated the effect of LDL lowering using a combination of 
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antiproteinuric effect was observed.443 This therapy was 
evaluated in type 2 diabetic patients with microalbuminuria 
or macroalbuminuria in the Selective Vitamin D Receptor 
Activator for Albuminuria Lowering (VITAL) study, includ-
ing 288 patients for 6 months, which found an 18% to 28% 
reduction in albuminuria with 2 µg paricalcitol, but no 
long-term data are available.444

Soludexide, a glycosaminoglycan mixture of heparin 
sulfate and dermatan sulfate, was found to reduce albumin-
uria in a pilot study but subsequently failed to reduce albu-
minuria in microalbuminuric or macroalbuminuric type 2 
diabetic patients.445 Tranilast is an antifibrotic agent that has 
been shown to suppress collagen synthesis in experimental 
models. Small studies in human patients found reduced 
albuminuria and type IV collagen excretion with tranilast 
treatment.446 Analogues are now being developed because 
of concerns about potential adverse effects related to tranil-
ast use.447 Other antifibrotic approaches have been used 
with antibodies against growth factors, including CTGF and 
TGF-β, as well as the antifibrotic agent pirfenidone, which 
in a small study was demonstrated to reduce a decrease in 
GFR in low doses, whereas higher doses had more adverse 
events, leading to dropouts.448,449

As discussed earlier, several of the new glucose-lowering 
agents used for type 2 diabetes, including glitazones, dipep-
tidyl dipeptidase 4 inhibitors, glucagon-like peptide 1 recep-
tor agonists, and sodium glucose transporter 2 inhibitors, 
have been suggested to be renoprotective. Although it is not 
clear if the effects are independent of the glucose-lowering 
action, most end points have been secondary, and studies 
on hard end points are lacking,

Endothelin receptor A antagonism was tested with avosen-
tan because preclinical data demonstrated an albuminuria-
lowering effect. The study was stopped early due to excess 
cardiovascular events with treatment.450 Atrasentan is a selec-
tive antagonist with the same antiproteinuric effect but with 
less fluid retention in type 2 diabetic patients based on a 
short-term study of 211 patients.451 This agent is now being 
tested in a phase 3 study that plans to enroll over 4000 par-
ticipants, currently the only ongoing phase 3 study of dia-
betic nephropathy.

Experimental studies have suggested antiinflammatory 
agents or agents affecting oxidative stress to be potentially 

Table 39.5 Major Microvascular and 
Macrovascular Complications in 
Patients with Diabetic Nephropathy

Microvascular complications
•  Retinopathy
•  Polyneuropathy, including autonomic neuropathy 

(gastroparesis, diarrhea, obstipation, detrusor paresis, 
painless myocardial ischemia, erectile dysfunction; supine 
hypertension, orthostatic hypotension)

Macrovascular complications
•  Coronary heart disease, left ventricular hypertrophy, 

congestive heart failure
•  Cerebrovascular complications (stroke)
•  Peripheral artery occlusive disease

Mixed complications 
•  Diabetic foot (neuropathic, vascular)

renoprotective. Bardoxolone methyl is an agent that reduces 
oxidative stress through the activation of nuclear factor 
(erythroid-derived 2)–like 2 (Nrf2). Short-term studies have 
demonstrated an increase in eGFR in type 2 diabetic patients 
with impaired renal function without affecting protein-
uria.452 Subsequently, a phase 3 study, including 2185 type 2 
diabetic patients, aimed to show the effect on hard end 
points, but was stopped prematurely due to cardiovascular 
events.453

Pentoxifylline (PTF) is another antiinflammatory agent 
that was recently tested in 169 patients with type 2 diabetes 
for 2 years in an open-label study. The study demonstrated 
a between-group difference in decrease in GFR of 4.3 mL/
min/1.73 m2 (95% CI, 3.1 to 5.5 mL/min/1.73 m2; P < 
0.001) in favor of pentoxifylline.454

END-STAGE KIDNEY DISEASE IN  
DIABETIC PATIENTS

EPIDEMIOLOGY

Diabetic nephropathy is the leading cause of ESKD in most 
Western countries.455 For many years, there has been a pro-
gressive increase in the total number of patients with ESKD. 
This has, to some extent, been driven by the increasing 
number of ESKD patients with diabetic nephropathy. In the 
2005 report of the U.S. Renal Data System (USRDS; http://
www.usrds.org), diabetes was reported as a comorbid condi-
tion in 159 patients/million, corresponding to 44.8% of 
incident ESKD patients (4.3%, type 1 diabetes; 40.5%, type 
2 diabetes). It is very encouraging that first in Europe, and 
then in the United States, the rate of new ESKD cases due 
to diabetes has been plateauing. In 2011, in the United 
States, it was 4.2% lower than in the previous year and it has 
now fallen to a level not seen since 1998.455a In Europe, the 
proportion of diabetic individuals varies considerably among 
countries.456 An average of 117 diabetic patients/million 
population/year develop ESKD and, again, the rate of new 
cases was plateauing in the European Renal Association–
European Dialysis and Transplant Association (ERA-EDTA) 
registry in 2012 (www.ERA-EDTA-REG.org).123 This is very 
important because the treatment of ESKD patients is very 
costly and the prognosis very poor, with a 5-year survival of 
patients with type 2 diabetes being only 20%.

The reason for the stabilized incidence of patients with 
diabetes and ESKD is basically unknown but may relate to 
the implementation of multifactorial intervention in patients 
with microalbuminuria and early stages of diabetic nephrop-
athy, according to current clinical guidelines.457 The number 
of patients with ESKD and diabetes reflects not only  
the number of patients with diabetic nephropathy. Many 
patients with type 2 diabetes will have a renal diagnosis dif-
ferent from diabetic nephropathy, and diabetes in these 
patients is a comorbid condition. One study has found that 
diabetes is present in no fewer than 48.9% of patients admit-
ted for renal replacement therapy; and 90% of these had 
type 2 diabetes.458 However, clinical features of classic 
Kimmelstiel-Wilson disease (large kidneys, heavy protein-
uria) were evident only in 60% of these patients; 13% had 
an atypical presentation consistent with ischemic nephropa-
thy (shrunken kidneys with no major proteinuria), and 27% 
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patients with CKD exceed overall morbidity for all ambula-
tory clinic diabetics. Consequently, even when such patients 
are asymptomatic, they must be monitored at regular inter-
vals for timely detection of complications (ophthalmologic 
examination at half-yearly intervals, cardiac and vascular 
status yearly, foot inspection at each visit), and they must be 
closely monitored for the need of conservative intervention 
against anemia and calcium metabolic abnormalities.

The physician who acts as a case manager for a diabetic 
patient with impaired kidney function has to face a spectrum 
of therapeutic challenges (Table 39.7). The most vexing 
clinical problems are related to coronary heart disease and 
autonomic polyneuropathy, but collaboration between dia-
betologists and nephrologists are mandatory in stages 3b, 4, 
and 5 to optimize conservative treatment of the uremic con-
dition and planning of dialysis and transplantation.

HYPERTENSION
At any given level of the GFR, blood pressure tends to be 
higher in diabetic than in nondiabetic patients with CKD. 
Because of their beneficial effects on cardiovascular compli-
cations and progression of CKD, ACEIs or ARBs are obliga-
tory unless there are temporary or persistent absolute or 
relative contraindications.337,418,420,421,462 For example, there 
could be an acute major increase in serum creatinine  
concentration (e.g., renal artery stenosis, hypovolemia) or 
hyperkalemia resistant to corrective maneuvers (e.g.,  
loop diuretics, dietary potassium restriction, omission of 
β-blockers, correction of metabolic acidosis). Because of 
their marked propensity to retain salt, patients with diabetic 
nephropathy have a tendency to develop hypervolemia and 
edema.463 Therefore, dietary salt restriction and the use of 
loop diuretics are usually indicated. Thiazides are no longer 

had a known primary kidney disease (e.g., polycystic disease, 
analgesic nephropathy, primary or secondary glomerulone-
phritis) with concomitant or superimposed diabetes. At the 
time of admission, diabetes had not been diagnosed in 11% 
of these patients. Although many factors may account for 
this, it has been argued that because patients often lose 
weight with advanced CKD secondary to anorexia, self-
correction of hyperglycemia occurs.459 Patients with diabetic 
nephropathy may completely lose hyperglycemia after 
weight loss in the preterminal stage and regain weight fol-
lowing refeeding on dialysis. Therefore, new-onset diabetes 
developing while patients are receiving dialysis may repre-
sent changes in dietary caloric intake because appetite 
improves with improvement in the uremic diathesis.

A diabetic patient with ESKD has several options for renal 
replacement therapy:

1. Transplantation (kidney only, pancreas plus kidney 
simultaneously, pancreas after kidney)

2. Hemodialysis (center, limited care, self-care or home 
dialysis)

3. Peritoneal dialysis (continuous ambulatory peritoneal 
dialysis [CAPD]), assisted, automated peritoneal dialysis 
(AAPD)

Currently, there is consensus that medical rehabilitation 
and survival are best after transplantation, particularly after 
transplantation of the pancreas plus kidney.460,461 Survival on 
peritoneal dialysis and hemodialysis are inferior to trans-
plantation, but comparable between peritoneal dialysis and 
hemodialysis.

MANAGEMENT OF THE PATIENT WITH 
ADVANCED RENAL FAILURE

The diabetic patient with advanced renal failure in CKD 
stage 4 or 5 has a much higher burden of microvascular and 
macrovascular complications (Table 39.6) than the diabetic 
patient without proteinuria or in the earliest stages of  
diabetic nephropathy. Measures of morbidity in diabetic 

Table 39.6 Frequent Therapeutic Challenges 
in the Diabetic Patient with  
Renal Failure

Hypertension (blood pressure amplitude, circadian rhythm)
Hypervolemia
Glycemic control (insulin half-life, accumulation of oral 

hypoglycemic agents, HbA1c is falsely too low)
Cardiovascular comorbidities
Malnutrition—protein-energy wasting
Bacterial infections (e.g., diabetic foot)

And in Close Collaboration Between Diabetologists  
and Endocrinologists

Diagnosis and treatment of renal anemia
Diagnosis and treatment of calcium / phosphate metabolic 

changes
Timely creation of vascular access
Evaluation for preemptive transplantation of kidney and, in 

some cases, pancreas

Table 39.7 Potential New Treatment Modalities 
for Diabetic Nephropathy

Tested in Humans*

Vitamin D receptor stimulation443,606

Tranilast and analogues446,447

Protein kinase C inhibition607

Advanced glycation end product cross-link breakers608

Pyridoxamine609

Growth hormone inhibition (L. Tarnow, personal 
communication, 2011.)

Benfothiamine610

Pentoxifylline (MCP-1 inhibition?)454,611

Thiozolidinediones288

Endothelin antagonist451,612

Connective tissue growth factor inhibition613

Pirfenidone449

Tested in Experimental Models

Tissue transglutaminase inhibition614

Monocyte chemoattractant CC chemokine ligand 2 (MCP-1)615

Uric acid lowering (allopurinol)616

Nox 1/4 inhibition617

*Most of the studies are preliminary, dealing with small numbers 
of patients and surrogate end points.

MCP-1, Monocyte chemoattractant protein-1.
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predictor of mortality, and its presence justifies an early start 
of renal replacement treatment.467 Anorectic obese patients 
with type 2 diabetes and advanced CKD often undergo 
massive weight loss, leading to normalization of fasting and 
even postloading glycemia.

Wasting with accompanying low muscle mass is an impor-
tant dilemma for treating physicians. The severity of renal 
failure may be underappreciated at any given level of GFR 
because serum creatinine concentrations can be spuriously 
low in such patients. This contributes to errors in dosing of 
drugs that accumulate in renal failure, and may also result 
in a belated start of renal replacement therapy. In advanced 
CKD (GFR < 60 mL/min/1.73 m2), it is advisable to esti-
mate the GFR using the Modification of Diet in Renal 
Disease equation, but even this estimate may overestimate 
the kidney function in diabetic patients with PEW.468 Direct 
measurements of GFR may be superior to eGFR in this 
setting. It is important to make a total analysis of the clinical 
and biochemical situation, including an evaluation of 
calcium, phosphate, parathyroid hormone (PTH), and 
renal anemia to classify the true clinical stage of CKD and 
identify the medical needs of these patients.

ACUTE AND “ACUTE-ON-CHRONIC” RENAL FAILURE
Diabetic patients with diabetic nephropathy, especially those 
with multiple comorbid conditions, are particularly prone 
to develop acute renal failure (AKI) on top of chronic 
kidney disease.469 In one series, 27% of patients with AKI 
had diabetes.458 The most common causes of AKI were 
emergency cardiologic interventions involving the adminis-
tration of radiocontrast agents, septicemia, low cardiac 
output, and shock. Prevention of radiocontrast-induced AKI 
necessitates adequate preparation of the patient with saline 
and temporary interruption of diuretic (and metformin) 
treatment.470 The high susceptibility of the kidney to isch-
emic injury, at least in experimental diabetes, may be a 
contributory factor.471 Not infrequently, AKI necessitates 
hemodialysis and carries a high risk of leading to irreversible 
chronic renal failure. This mode of presentation—as irre-
versible acute renal failure—has a particularly poor progno-
sis.472 Even when the patient recovers from AKI, the risk of 
developing delayed CKD is high.473

VASCULAR ACCESS
Timely creation of vascular access is of overriding impor-
tance. It should be considered when the eGFR is approxi-
mately 20 to 25 mL/min. Although venous runoff problems 
are not unusual (due to venous occlusion from prior injec-
tions, infusions, or infections, as well as hypoplasia of veins, 
particularly in older female diabetic patients), inadequate 
arterial inflow has been increasingly recognized as the major 
cause of fistular malfunction.474 If distal arteries are severely 
sclerotic, anastomosis at a more proximal level may be nec-
essary. The use of native vessels is clearly the first choice, 
and results of grafts are definitely inferior. It is often  
necessary to create an upper arm native arteriovenous fistula 
or use a more sophisticated approach.475-478 Arteriosclerosis 
of arm arteries not only jeopardizes fistula flow, but  
also predisposes to the steal phenomenon, with the poten-
tial for distal neurovascular compromise and the serious 
complications of finger gangrene or Volkmann’s ischemic 
contracture.479

sufficient, at least in monotherapy, once GFR falls below 30 
to 45 mL/min (CKD 3b and worse). When the creatinine 
concentration is elevated, multidrug antihypertensive 
therapy and dietary salt restriction are indicated. To normal-
ize blood pressure it is necessary to administer, on average, 
three to five antihypertensive agents. In these patients, 
hypertension is also characterized by a high blood pressure 
amplitude (as a result of increased aortic stiffness) and by 
an attenuated nighttime decrease in blood pressure (non-
dipping), which in itself is a potent risk predictor of cardio-
vascular events and accelerated progression to CKD.464,465

GLUCOSE CONTROL
Insulin resistance is often present in the early stages of CKD, 
and the prevalence of impaired glucose tolerance and fasting 
hyperglycemia is high. Insulin resistance is improved after 
dialysis is instituted. On the other hand, the biologic half-life 
of insulin is prolonged, and renal gluconeogenesis is 
impaired, which may cause a tendency to develop hypoglyce-
mic episodes. More importantly, these patients often have 
lost or reduced their ability to sense low blood glucose levels 
because of the concomitant autonomic neuropathy. This risk 
is further compounded by the anorexia of ESKD patients.

Monitoring of glycemic control in ESKD is difficult due 
to the reduced life span of the erythrocyte and treatment 
with erythrocyte-stimulating agents (ESAs), leading to arti-
ficially low HbA1c values and a too-optimistic evaluation of 
the glycemic level. At the same time, many patients have 
difficulties in frequent measurements of glucose because of 
impaired vision and defective vascularization of fingers 
caused by their vasculopathy.

Antidiabetic treatment should be carefully considered. 
Most patients with type 2 diabetes will be treated with met-
formin according to all treatment guidelines. Metformin is 
totally metabolized through the kidneys via excretion in the 
urine. Therefore, the treatment must be stopped or care-
fully monitored once the GFR is below 45 mL/min, or 
earlier. If the patient continues the use of metformin into 
stage 3b or worse, she or he should be instructed to stop 
treatment and consult the endocrinologist if dehydrated 
due to fever, vomiting, or diarrhea, in which case he or she 
is at high risk of acute kidney injury (AKI) and lactic acido-
sis. Alternative treatments are glimepiride or DPP-4 inhibi-
tors (dipeptidyl dipeptidase inhibitors), which are not 
metabolized or cleared by the kidneys. Many centers avoid 
glitazones because of their sodium retention effects and 
their cardiovascular risk profile. Hypoglycemia is feared by 
the patient but insulin is feasible, in particular if the patient 
can respond to hypoglycemia adequately. Insulin is also 
advantageous due to its universally anabolic actions in these 
often protein energy–wasted patients. For details on dosing 
contraindications and pharmacokinetics, refer to the recent 
report of the National Kidney Foundation.466

MALNUTRITION—PROTEIN-ENERGY WASTING
Patients with diabetes are predisposed to develop malnutri-
tion and protein-energy wasting (PEW), particularly during 
periods of intercurrent illness and fasting. They may also 
have been given an ill-advised, aggressive recommendation 
of a protein-restricted diet, without attention to the poten-
tial risk of concomitant reduction of energy intake in  
anorectic patients. Malnutrition is a potent independent 
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added ultrafiltration may permit control of hypertension 
without medication, antihypertensive agents are required in 
almost all patients. The main causes of intradialytic hypoten-
sion are, on the one hand, disturbed counterregulation 
(autonomous polyneuropathy) and, on the other hand, dis-
turbed left ventricular compliance, so that cardiac output 
decreases abruptly when left ventricular filling pressure is 
reduced by ultrafiltration.488 One or more of the following 
approaches are useful to avoid intradialytic hypotension: 
daily dialysis with home-hemodialysis; long dialysis sessions; 
omission of antihypertensive agents immediately before 
dialysis sessions; and prescription or modelled ultrafiltra-
tion. If none of these methods works, however, alternative 
treatment modalities, such as hemofiltration, nocturnal 
hemodialysis, or peritoneal dialysis, should be considered. 
Intradialytic hypotension increases the risk of cardiac death 
by a factor of three.489 It also predisposes to myocardial 
ischemia, arrhythmia, deterioration of maculopathy, and 
nonthrombotic mesenteric infarction, especially in older 
adults.

Elevated pulse pressure, impaired elasticity, and calcifica-
tion of central arteries are major predictors of death and 
cardiovascular events in nonuremic patients. They are also 
significant predictors of death in nondiabetic patients. Para-
doxically, for unknown reasons, these factors are not predic-
tive in diabetic patients on hemodialysis.490

Cardiovascular Problems

Patients with diabetic nephropathy evidence high cardiovas-
cular morbidity and mortality.101 The survival of diabetic 
patients undergoing hemodialysis (and CAPD) is inferior to 
that of nondiabetic patients because of the high rate of 
cardiovascular death in diabetic hemodialysis patients. Stack 
and Bloembergen have examined the prevalence of conges-
tive heart failure in a national random sample of patients 
entering renal replacement programs; they noted that the 
prevalence of congestive heart failure was significantly 
higher in diabetic than in nondiabetic patients, with the 
difference between these two groups even exceeding the 
difference observed between genders.491

Diabetic patients are at a greater risk of acquiring cardio-
vascular disease in the predialytic phase. The OR for the 
development of new cardiovascular disease was 5.35 for dia-
betic patients with established kidney disease who were not 
yet undergoing dialysis.492 This explains the high prevalence 
of cardiovascular complications when diabetic patients 
enter dialysis programs. The rate of onset of ischemic heart 
disease is strikingly and significantly higher in diabetic 
patients than in nondiabetic patients on hemodialysis.491-493

When coronary complications supervene, the prognosis 
is also worse for diabetic patients than for nondiabetic 
patients. If myocardial infarction occurs, short-term and 
long-term survivals are poor in all hemodialysis patients. 
However, it is poorest in diabetic patients on hemodialysis, 
with a mortality of 62.3% in diabetic patients versus 55.4% 
in nondiabetic patients after 1 year and 93.3% versus 86.9% 
after 5 years.494 Diabetic patients are also more prone to 
develop sudden cardiac death during dialysis sessions and 
more likely to die from sudden death in the interdialytic 
interval.495 In diabetic patients undergoing dialysis, coro-
nary calcification is more pronounced, and complex triple-
vessel lesions are more frequent, but the high mortality rate 

ANEMIA
Anemia is more frequent and more severe at any given level 
of GFR in diabetic patients with renal failure than in non-
diabetic patients.480 The major cause of anemia is an inap-
propriate response of the plasma erythropoietin (EPO) 
concentration to anemia. Inhibition of the RAAS may be an 
additional factor. In patients whose serum creatinine con-
centration is still normal, the EPO concentration predicts 
the future rate of loss of GFR.481 Interestingly, a single-
nucleotide polymorphism in the EPO gene promoter is 
associated with a higher risk of nephropathy and retinopa-
thy.482 There had been some concern that correction of 
anemia by erythrocyte-stimulating agents (ESAs), including 
classic EPO administration, may accelerate the rate of loss 
of GFR, but this has not been confirmed.483 There is no 
controlled evidence concerning the effect of reversal of 
anemia by ESAs on diabetic end-organ damage. Although 
ESAs are retinal proangiogenic factors in diabetes, uncon-
trolled observations have indicated some improvement of 
diabetic retinopathy after ESA therapy, in line with experi-
mental observations showing a protective role for EPO in 
retinal ischemia and diabetic polyneuropathy.484-487 The 
TREAT study in type 2 diabetic patients in the early stages 
of CKD found no significant survival benefit from treatment 
with an ESA beyond guideline recommendations and noted 
an increased risk of hemorrhagic strokes. This study pro-
vided evidence to influence treatment strategies. Taken 
together with prior observations, current KDIGO guidelines 
for treating renal anemia recommend aiming for lower 
hemoglobin levels than previously used in asymptomatic, 
iron-replete patients.487a

INITIATION OF RENAL REPLACEMENT THERAPY
Many, but not all, nephrologists think that renal replace-
ment therapy should be started earlier in diabetic than in 
nondiabetic patients (eGFR ≅ 15 mL/min). An even earlier 
start may be justified when hypervolemia and blood pres-
sure become uncontrollable, the patient is anorectic and 
cachectic, and the patient’s upper GI motility dysfunction 
complicates uremia and gastroparesis.

HEMODIALYSIS
In recent years, survival of diabetic patients receiving hemo-
dialysis has tended to improve; the 2014 USRDS reported 
that 34% of patients with diabetes and ESKD were alive at 
5 years following the initiation of hemodialysis.456 Astonish-
ingly high survival rates—for example, 50% at 5 years for 
diabetic patients undergoing dialysis—have been reported 
in East Asia. To a large extent, the differences among coun-
tries may reflect the frequency of cardiovascular death in 
the background population.

Intradialytic Blood Pressure

Diabetic patients undergoing dialysis tend to be more 
hypertensive than nondiabetic patients undergoing dialysis. 
Blood pressure is exquisitely volume-dependent in diabetic 
patients. The problem is compounded by the fact that 
patients are predisposed to intradialytic hypotension so that 
it is difficult to reach the target dry weight by ultrafiltration 
during a dialytic session. Although reduced dietary salt 
intake, long, slow dialysis, nocturnal hemodialysis, and 
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evidence. Retrospective interventional studies have consis-
tently shown more adverse outcomes in diabetic than in 
nondiabetic patients who were treated with CABG or 
PTCA.508-511 After PTCA, the coronary reocclusion rate had 
been devastating in the past—for example, reaching 70% at 
1 year in some series, even in nondiabetic hemodialysis 
patients. Results have improved considerably in recent 
years. More recent series have suggested markedly better 
outcomes after PTCA plus stenting than after PTCA alone.512 
However, the frequency of diffuse three-vessel disease with 
heavy calcification in diabetic patients undergoing dialysis 
remains a major problem.513 A retrospective analysis of data 
for diabetic patients undergoing dialysis has suggested that 
CABG using internal mammary artery grafts, rather than 
CABG using venous grafts, yields superior outcome com-
pared with PTCA, with or without stenting.511 In view of the 
fact that renal failure per se aggravates insulin resistance, 
and that in uremia insulin-mediated glucose uptake of the 
heart is reduced, normalization of blood glucose levels by 
insulin and glucose infusion is presumably important for 
uremic patients with diabetes and ischemic heart disease.514,515

Glycemic Control

Dialysis partially reverses insulin resistance so that insulin 
requirements often become lower than before dialysis. In 
other patients, however, insulin requirements increase, pre-
sumably because anorexia is reversed, so that appetite and 
food consumption increase. It is conventional to use dialy-
sates that contain glucose, usually about 200 mg/mL. This 
allows insulin to be administered at the usual times of day, 
reduces the risk of hyperglycemic or hypoglycemic episodes, 
and causes fewer hypotensive episodes.516

Adequate control of glycemia is important because hyper-
glycemia causes thirst and high fluid intake, as well as an 
osmotic shift of water and potassium from the intracellular 
to the extracellular space. This leads to circulatory conges-
tion and hyperkalemia. Diabetic patients with poor glucose 
control are also more susceptible to infection.

Observational studies have suggested that good glycemic 
control in patients entering dialysis programs, as well as 
patients already undergoing dialysis, reduces overall and 
cardiovascular mortality.517,518 As an indicator for monitor-
ing glycemic control, glycated albumin is theoretically supe-
rior to HbA1c, but this test is not routinely available; HbA1c 
level may be falsely low because of a shortened erythrocyte 
half-life or EPO use and, in some assays, is confounded by 
carbamylation of hemoglobin.519

Type 1 diabetic patients obviously continue treatment 
with insulin in ESKD. In type 2 diabetic patients, alternative 
treatments are glimepiride or DPP-4 inhibitors which are 
not metabolized or cleared via the kidneys. Many centers 
would avoid glitazones due to their effects on sodium reten-
tion and their cardiovascular risk profile. Hypoglycemia is 
feared by the patients but insulin is feasible, in particular if 
the patients can adequately respond to hypoglycemia. 
Insulin is also advantageous due to its universally anabolic 
actions in these often protein energy–wasted patients.

Malnutrition—Protein-Energy Wasting  
During Dialysis

Because of anorexia and prolonged habituation to dietary 
restriction, the dietary intake of energy in diabetic patients 

is not fully explained by the severity of stenosing coronary 
lesions. The impact of ischemic heart disease is presumably 
amplified by further cardiac abnormalities such as conges-
tive heart failure, left ventricular hypertrophy, and disturbed 
sympathetic innervations.496,497 Fibrosis of the heart and 
microvessel disease with diminished coronary reserve and 
deranged cardiomyocyte metabolism with reduced ischemia 
tolerance may also be contributory factors.498 Such func-
tional abnormalities, particularly insufficient nitric oxide–
dependent vasodilator reserve and perturbed sympathetic 
innervation, have been documented, even in the earliest 
stages of diabetes, and are especially frequent in diabetic 
patients undergoing dialysis.499

Therapeutic challenges include prevention in the asymp-
tomatic patient and intervention in the symptomatic  
patient. With respect to prevention, unfortunately, little 
evidence-based information is available, but it is sensible  
to reduce afterload (by controlling blood pressure) and 
preload (by reducing hypervolemia). Despite the evidence of 
benefit from statin therapy in diabetic patients without renal 
failure, the 4D study (Die Deutsche Diabetes Dialyse Studie) 
found no reduction of the composite cardiac end point with 
atorvastatin therapy in type 2 diabetic patients undergoing 
dialysis.500,501 The SHARP study was a bit more optimistic but 
also showed no effect on mortality in dialysis patients.430 Dia-
betic patients with renal failure are characterized by the 
development of premature and more pronounced anemia. 
No controlled data are available regarding which target 
hemoglobin value is protective. In view of the outcome of the 
TREAT study, it is prudent to follow the guidelines strictly.

There is limited controlled evidence for the efficacy of 
ACEIs in diabetic patients undergoing dialysis. One con-
trolled study in patients on hemodialysis treated with fosino-
pril showed no significant beneficial effect on outcome but, 
based on pathophysiologic reasoning, the administration of 
ACEIs or ARBs appears to be logical.502 In view of the impor-
tance of disturbed sympathetic innervation, it is surprising 
that β-blockers are only sparingly administered to diabetic 
patients undergoing dialysis, although β-blockers have been 
shown to lead to better survival in observational studies, and 
carvedilol therapy resulted in substantially better survival in 
heart failure patients undergoing dialysis in a controlled 
interventional study.503-505 It has been recommended to use 
the metabolically more advantageous β-blockers in this 
situation.506

In a very small series of diabetic patients with symptom-
atic coronary heart disease, active intervention, percutane-
ous transluminal coronary angioplasty (PTCA), or coronary 
artery bypass grafting (CABG) was superior to medical treat-
ment alone.507 In another series, only 15% of the surgically 
managed patients had experienced a cardiovascular end 
point after 8.4 months of follow-up compared with 77% of 
those in the medically managed group.508 Because patients 
often fail to complain of pain, and because screening tests 
such as exercise electrocardiography and thallium scintigra-
phy are notoriously poor predictors, one should resort 
directly to coronary angiography if there is any suspicion of 
coronary heart disease. The use of gadolinium-enhanced 
magnetic resonance imaging is contraindicated at that stage 
of renal function.509

No dogmatic statements concerning the type of interven-
tion are possible in the absence of controlled prospective 
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hemodialysis, and this was also true for diabetic patients, 
except for much older patients.526,527 A survival advantage is 
no longer demonstrable beyond the second year (presum-
ably because residual renal function has decayed by then). 
Moreover, PD provides slow and sustained ultrafiltration 
without rapid fluctuations of fluid volumes and electrolyte 
concentrations, facilitating blood pressure control and pre-
vention of heart failure.

An interesting concept has been proposed by van Biesen 
and coworkers.528 Patients who started treatment with PD 
and were transferred to hemodialysis after residual renal 
function had decayed had better long-term survival than 
patients who started treatment with hemodialysis and 
remained on hemodialysis throughout. As a potential expla-
nation, it has been proposed that an early start on CAPD 
prevents the organ damage that accumulates in the terminal 
stage of uremia. Survival of patients who remained on CAPD 
longer than 48 months was inferior to that of patients on 
hemodialysis, presumably because CAPD is no longer suffi-
ciently effective when residual renal function is gone, at 
least in heavier patients. It is also relevant that CAPD treat-
ment presents no surgical contraindications to renal 
transplantation.

Although protein is lost across the peritoneal membrane, 
the main nutritional problem in PD is gain of glucose  
and calories because of the high glucose concentrations in 
the dialysate, which are necessary for osmotic removal of 
excess body fluid. This leads to weight gain and obesity. 
Daily glucose absorption is 100 to 150 g, and the CAPD 
patient is exposed to 3 to 7 tons of fluid containing 50 to 
175 kg of glucose/year. The use of glucose-containing  
fluids causes another problem. Heat sterilization of glucose 
under acid conditions creates highly reactive glucose degra-
dation products, such as methylglyoxal, glyoxal, formalde-
hyde, 3-deoxyglucosone, and 3,4-dideoxyglucosone-3-ene.529 
Glucose degradation products are cytotoxic and cause for-
mation of advanced glycation end products (AGEs). Even 
in nondiabetic patients on CAPD, deposits of AGEs are 
found in the peritoneal membrane. AGEs trigger fibrogen-
esis and neoangiogenesis, presumably by interaction with 
RAGE, one of the receptors for AGEs.530 The products also 
enter the systemic circulation, most likely contributing to 
systemic microinflammation.531 These findings have led 
many to apply the term local diabetes mellitus.532 Heat steriliza-
tion of two-compartment bags circumvents the generation 
of toxic glucose degradation products. In prospective 
studies, CAPD fluid produced using this sterilization tech-
nique was much less toxic than conventional CAPD fluid, 
despite the high glucose concentration.533

TRANSPLANTATION

KIDNEY TRANSPLANTATION

There is consensus that medical rehabilitation of the dia-
betic patient with uremia is best after transplantation.460 
Survival of a diabetic patient with a kidney graft is worse 
than that of a nondiabetic patient with a kidney graft. Nev-
ertheless, because survival of a diabetic patient is so much 
poorer on dialysis, the percentage gain in life expectancy of 
a diabetic patient with a graft, compared with a diabetic 

on hemodialysis (recommended to be 30 to 35 kcal/kg/
day) and protein (recommended to be 1.3 g/kg/day) often 
falls short of the target. It is of concern that indicators of 
malnutrition and microinflammation are more commonly 
found in diabetic patients than in nondiabetic patients 
undergoing hemodialysis.520 PEW and high mortality remain 
a challenge in the treatment of ESKD patients. The chal-
lenge of treating PEW is even more complex in patients with 
diabetes who may be obese but yet protein energy–wasted. 
Several treatment modalities are available, including dietary 
intervention, intradialytic parenteral nutrition, and ana-
bolic steroids in severe cases, but they are often of limited 
efficacy and not without compliance problems and adverse 
effects. Surprisingly, conventional indicators of malnutri-
tion were not predictive of survival in diabetic hemodialysis 
patients, possibly because of the burden of the other serious 
comorbidities seen in these patients.521

Retinopathy

In the distant past, the visual prognosis for diabetic dialysis 
patients was extremely poor, and a high proportion of 
patients were blind after several months. Despite the use of 
heparin (which in the past had been accused of being a 
culprit), de novo amaurosis in patients on hemodialysis has 
become very rare.

Amputation

At the start of hemodialysis, 16% of diabetic patients have 
undergone amputation, most frequently above-ankle ampu-
tation.522 The distinction between neuropathic and vascular 
foot lesions is crucial to improve outcomes because the 
treatment of the two conditions is quite different, and major 
amputation can be prevented by making the right 
diagnosis.522-524 The presence of diabetic foot lesions is the 
most powerful predictor of survival in diabetic dialysis 
patients, possibly as a result of the associated microinflam-
matory state.523

PERITONEAL DIALYSIS
Peritoneal dialysis (PD) is not the most common treatment 
modality, at least in the United States. According to the 2013 
USRDS report, as of 2011, some 45,750 incident diabetic 
patients were treated with hemodialysis, 2985 were treated 
with PD, and 437 underwent renal transplantation.455a The 
proportion of diabetic patients treated with PD varies greatly 
among countries, which illustrates that the selection of treat-
ment modality not only is based on medical considerations, 
but also is strongly influenced by logistics, physician experi-
ence, and reimbursement policies. There are very good a 
priori reasons to offer CAPD treatment to diabetic patients 
with ESKD at the outset. For example, forearm vessels are 
often sclerosed, so that it is not possible to create a fistula. 
The alternative of hemodialysis via intravenous catheters 
(instead of arteriovenous fistulas or grafts) yields unsatisfac-
tory long-term results because blood flow is low and the risk 
of infection is high. Long-term dialysis via catheter was iden-
tified as one major predictor of poor survival of patients 
undergoing hemodialysis.525 There are additional reasons 
for offering PD to the diabetic patient, at least as the initial 
mode of renal replacement therapy. According to Heaf and 
associates, during the first 2 years, survival is better for 
patients treated with PD than for those treated with 
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control, and improved survival.461 It has recently been shown 
that excessive cardiovascular risk is also reduced by pancreas 
transplantation, but it takes approximately 10 years for the 
difference to become apparent.539 This is analogous to the 
time span necessary for reversal of glomerular lesions in  
the kidney, presumably another example of so-called meta-
bolic or epigenetic memory.73 Survival of patients undergo-
ing SPK was equal to and later surpassed by that of patients 
undergoing isolated cadaver-donor and even live-donor 
kidney transplantation. Beyond the 10th year, the HR was 
0.55 for pancreas plus kidney transplantation compared 
with live-donor kidney transplantation alone.

There is an increasing tendency for early or even preemp-
tive SPK.540 Because graft outcome is progressively more 
adverse with increasing time spent on hemodialysis, this 
strategy may make sense.541 In the United States, diabetic 
patients younger than 55 years are usually considered for 
SPK when GFR has become less than 40 mL/min, whereas 
in Europe the criteria are more conservative, requiring a 
GFR of less than 20 mL/min.542

An alternative strategy must be considered in the diabetic 
patient who has a live kidney donor; in a first step, the living 
donor kidney can be transplanted and, subsequently, once 
stable renal function has been achieved (GFR ≥ 50 mL/
min), a cadaver donor pancreas is transplanted (PAK). The 
outcomes are quite satisfactory.543

Oral glucose tolerance normalizes after SPK unless the 
pancreas graft is damaged by ischemia or by subclinical 
rejection related to HLA-DR mismatch.544 Most investigators 
find normalization of insulin sensitivity or some impairment 
of insulin-stimulated, nonoxidative glucose metabolism, 
possibly related to insulin delivery into the systemic circula-
tion (as opposed to physiologic delivery into the portal 
circulation).545-547 Impressive normalization of lipoprotein 
lipase activity and the lipid spectrum have also been 
reported, consistent with reduced atherogenic risk.548

An interesting issue is whether graft rejection affects 
kidney and pancreatic grafts in parallel. Although this is 
usually the case, which permits the use of renal function as 
a surrogate marker of rejection in the pancreas, it is by no 
means obligatory. Pancreatic biopsies are increasingly used. 
Pancreatic graft biopsy findings are also able to distinguish 
graft pancreatitis from immune injury to the graft. Pancre-
atic grafts are usually lost because of alloimmunity reactions 
but, in rare cases, graft loss resulting from destruction by 
autoimmune mechanisms has been described.549 Recur-
rence of autoimmune inflammation (insulitis) in the recipi-
ent with lymphocytic infiltration and selective loss of 
insulin-producing β-cells (while glucagon, somatostatin, 
and pancreatic polypeptide-secreting cells were spared) was 
often seen in the pioneering era, when segmental pancre-
atic grafts were exchanged between monozygotic twins. 
Today this has become rare, presumably because immuno-
suppression keeps autoimmunity under control. Rejection 
of the pancreas responds poorly to steroid therapy. Its  
treatment should always include administration of T cell 
antibodies.

ISLET CELL TRANSPLANTATION

Sophisticated procedures such as transplantation of stem 
cells or precursor cells, transplantation of encapsulated islet 

patient undergoing dialysis who is on the waiting list, is 
much greater than that of a nondiabetic patient. Wolfe and 
colleagues calculated an adjusted relative risk of death in 
transplant recipients compared with patients on the waiting 
list.460 The adjusted relative risk was 0.27 in patients with 
diabetes and 0.39 in patients with glomerulonephritis. 
Unfortunately, the perioperative risk is higher in diabetic 
than in nondiabetic patients. Nevertheless, in diabetic 
patients, the predicted survival after transplantation is sub-
stantially higher than the survival on dialysis (i.e., on the 
waiting list). Currently, patients with type 1 diabetes consti-
tute the majority of diabetic patients receiving a transplant. 
Graft and patient survival were found to be acceptable in 
carefully selected type 2 diabetic patients without macrovas-
cular complications who received kidney grafts, but trans-
plantation of kidneys into type 2 diabetic patients violates 
current transplant criteria of the Eurotransplant Interna-
tional Foundation.534 Diabetic patients must be subjected 
to rigorous pretransplantation evaluation which in most 
centers includes routine coronary angiography. Patients 
should also undergo Doppler ultrasonography of pelvic 
arteries and, if necessary, angiography to avoid attachment 
of a renal allograft to an iliac artery with compromised arte-
rial flow and the attendant risk of ischemia of an extremity 
and amputation. Preemptive transplantation, (i.e. trans-
plantation before initiation of dialysis), provides some 
modest long-term benefit.535

COMBINED KIDNEY-PANCREAS 
TRANSPLANTATION

After the seminal double transplantation by Lillehei in Min-
neapolis, the results of simultaneous pancreas and kidney 
transplantation (SPK) remained disappointing for a long 
time.90 The breakthrough came with the introduction of 
calcineurin inhibitors and low-steroid protocols. Current 
regimens usually include initial induction therapy (antithy-
mocyte globulin, alemtuzumab, or interleukin-2 receptor 
antagonists) and mycophenolate mofetil, tacrolimus, and 
steroids. This regimen reduces acute rejections after com-
bined kidney-pancreas transplantation from 30% to 18%.536 
The bladder drainage of the exocrine pancreas secretion 
has been abandoned and has been substituted by enteric 
drainage. Efforts to anastomose the pancreatic graft vein to 
the portal vein have been abandoned.

There are four transplantation strategies:

1. Kidney only
2. Simultaneous pancreas plus kidney (SPK)
3. Pancreas after kidney (PAK)
4. Pancreas transplantation alone (PTA)

The graft survival has improved considerably, and the 
5-year survival in 2010 was about 70%, according to the 
United Network for Organ Sharing.536a In 2010, 1200 U.S. 
pancreas transplantations were performed. Of these, about 
900 were SPK and about 300 were PAK or PTA.

Reversal of established microvascular complications after 
SPK, at least in the short term, is minor, with the important 
exception of improvement in autonomic polyneuropathy 
and some improvement in nerve conduction.537,538 SPK is 
associated with superior quality of life, better metabolic 
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URINARY TRACT INFECTIONS

It has been long controversial whether the frequency of bac-
teriuria is higher in diabetic patients, but there has never 
been any doubt that symptomatic urinary tract infections 
(UTIs) are more severe and more aggressive. A higher preva-
lence of UTIs, usually asymptomatic, was initially found by 
Vejlsgaard in female diabetic patients (18.8% vs. 7.9% in 
controls), but not in males with diabetes.563 The results of 
prospective studies remained controversial. A more recent 
prospective study in diabetic and nondiabetic women has 
shown that the incidence of UTIs and asymptomatic bacteri-
uria is twice as high in diabetic than in nondiabetic women.564 
UTIs may also pose problems after renal transplantation.565

The spectrum of bacterial isolates as well as the resistance 
rates to antibiotics did not differ between diabetic and non-
diabetic individuals.566 Symptomatic UTIs definitely run a 
more aggressive course in diabetic patients. By multivariate 
analysis, diabetes and poor glycemic control were found to 
be independent factors associated with upper urinary tract 
involvement.567 UTIs in diabetic patients may also lead to 
complications such as prostatic abscess, emphysematous cys-
titis, pyelonephritis, intrarenal abscess formation, renal car-
buncle and penile necrosis (Fournier’s disease).122,568,569 
Renal papillary necrosis was common in the past but has 
virtually disappeared, according to one autopsy series.570 
Extrarenal bacterial metastases (e.g., endophthalmitis, 
spondylitis, endocarditis, iliopsoas abscess formation) are 
common in patients with UTIs and septicemia, particularly 
UTIs caused by methicillin-resistant staphylococci.571

The reasons for the possibly higher frequency and defi-
nitely higher severity of UTIs in diabetic patients are not 
known, but may include more favorable conditions for bac-
terial growth (glucosuria), defective neutrophil function, 
increased adherence to uroepithelial cells, and impaired 
bladder evacuation (detrusor paresis).

In regard to the management of UTI, no clear benefits 
of antibiotic therapy have been demonstrated for the treat-
ment of asymptomatic bacteriuria in diabetic patients. Com-
munity- acquired, symptomatic, lower UTIs may be managed 
with trimethoprim, trimethoprim sulfamethoxazole, or 
gyrase inhibitors. For nosocomially acquired UTIs, sensitiv-
ity testing and sensitivity-directed antibiotic intervention are 
necessary. Invasive candiduria can be managed with ampho-
tericin by irrigation or systemic administration of fungicidal 
agents.
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cells, islet xenotransplantation, and insulin gene therapy are 
still beyond the horizon. Only islet cell transplantation has 
been tested so far. The initial enthusiasm raised by the 
Edmonton protocol waned after the long-term results were 
not confirmed by a multicenter study, which possibly reflected 
single-site expertise or the effect of the heavy immunosup-
pression regimens.550,551 Therefore, this approach currently 
has been largely abandoned, but there are ongoing clinical 
trials testing various aspects of this treatment approach. It is 
noteworthy that recent reports have raised the promise of 
stem cell–based approaches to β-cell regeneration.552

NEW-ONSET DIABETES AFTER 
TRANSPLANTATION

An increasingly serious problem of solid organ transplanta-
tion, including renal transplantation, is the de novo appear-
ance of diabetes (also called new-onset diabetes after 
transplantation [NODAT] or posttransplantation diabetes 
mellitus [PTDM]). This was seen in 17.4% of recipients in 
Spain and in up to 21% of recipients in the United States 
at 10 years.553.554 It was previously reported to be even higher, 
mainly because there were no valid data on glucometabolic 
characteristics before transplantation. The diagnosis was 
often based on the use of insulin postoperatively, oral agents 
used, random glucose monitoring, and a fasting glucose 
value of 7 to 13 mmol/L (126 to 234 mg/dL).

There is a huge variation in the literature regarding risk 
factors for developing NODAT. They can be divided into 
factors related to glucose metabolism or patient demo-
graphics and into modifiable and nonmodifiable factors. 
Screening for risk factors should start early and be reevalu-
ated while the patient is on the waiting list. Patients on the 
waiting list for renal transplantation and transplanted 
patients share many characteristics in having hyperglycemia, 
disturbed insulin secretion, and increased insulin resis-
tance. Predictors of de novo diabetes are a family history of 
diabetes, older age, African American ethnicity, obesity, 
hepatitis C, and treatment with steroids and calcineurin 
inhibitors.553,555 The DIRECT study found a significantly 
lower incidence of new-onset diabetes and impaired fasting 
glucose level in patients treated with cyclosporine (26.0%) 
than in those receiving tacrolimus (33.6%), but currently 
the difference between these two drugs is still debated.556 
Reduction of the steroid dosage improves glycemic control, 
but complete withdrawal provides no metabolic benefit 
compared with 5 mg/day prednisolone and increases the 
risk of graft rejection.557,558 Complications include increased 
cardiovascular events and even delayed graft loss from 
allograft diabetic nephropathy.559,560 More recently, new 
guidelines on NODAT have been published, based on expe-
rience in Scandinavian countries.561

BLADDER DYSFUNCTION

Bladder dysfunction as a sequela of autonomic diabetic 
polyneuropathy is frequent in diabetic patients. In males, 
this is often combined with erectile dysfunction.562 Disabling 
symptoms are rare, however. Bladder dysfunction is fre-
quently associated with other features of autonomic poly-
neuropathy, such as postural hypotension, gastroparesis, 
constipation, and nocturnal diarrhea.
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Urolithiasis is the abnormal formation and retention of 
solid phase inorganic and organic concretions in the urinary 
tract. Kidney stone disease is not a diagnosis per se but the 
manifestation of a variety of underlying causative and patho-
physiologic factors. Although the stones appear to be local-
ized to the urinary tract, urolithiasis is truly a systemic 
disease. While the surgical treatment of urolithiasis has 
greatly advanced over the years, the need to understand how 
stones form is still of critical importance because they can 
be prevented from recurring. Overall, the metabolic evalu-
ation of urolithiasis is still not performed often enough, in 
our opinion. In addition to the potential of uncovering 
treatable underlying diagnoses, the pathophysiologic defini-
tion of kidneys can also guide selection and help monitor 
therapy.

EPIDEMIOLOGY

GENERAL POINTS

KIDNEY STONES IN ADULT POPULATION: 1976-1994
The prevalence of kidney stones has increased steadily over 
the past 4 decades,1,2 which is associated with a rise in direct 
and indirect expenditures for this condition in the United 
States.3 In 1994, data from the U.S. National Health and 
Nutrition Examination Survey (NHANES) III showed a rise 
in the prevalence of self-reported history of kidney stones 
compared to the period from 1976 to 1980 (from 3.8% to 
5.2%). The increase was greater in females than males and 
higher in the aging population.1 African Americans had a 
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CALCIUM STONES

PREVALENCE OF CALCIUM STONES
An evaluation of kidney stone composition was made using 
the National Veteran Administration Crystal Identification 
Center.13 A comparison with a previous study showed an 
increased occurrence (%) of calcium oxalate and brushite 
stones between 1996 and 2003. Furthermore, with each 
recurrent stone event, there was an increased occurrence of 
calcium phosphate stones (%) accompanied by a decrease 
in occurrence of calcium oxalate stones (Figure 40.2).13 The 
underlying factors for the change in stone composition are 
not known. A retrospective evaluation of 1201 stone formers 
in the past 3 decades has shown that over time, increased 
incidence of calcium phosphate stones coincides with 
increased urinary pH and the number of shock wave litho-
tripsy treatments.14 Causality between lithotripsy and urinary 
pH and stone risk still remains to be determined.

lower risk of the disease compared to whites and Mexican 
Americans. Age-adjusted prevalence was shown to be higher 
in southern parts of the United States.1 This is consistent 
with several cross-sectional studies showing a higher preva-
lence of kidney stones in southeastern parts of the United 
States.3,4

Previous studies explored the model that environmental 
factors and systemic conditions, including quality of the 
water supply,5 climate,6 intake of animal protein, and asso-
ciation with hypertension,7 were important in increasing the 
risk of kidney stone disease, in addition to geographic dis-
tribution. The contribution of mineral content and quality 
of the water to the prevalence of kidney stones and its geo-
graphic distribution was questioned by a study in three 
Midwest U.S. regions, which showed no correlation between 
water calcium content and prevalence of kidney stone 
disease8; the role of other minerals were not addressed. 
Prevalence data from 1988 to 1994 was not able to use 
dietary factors to explain geographic variation in the preva-
lence of kidney stone diseases.1 The lack of association 
between diet and the prevalence of kidney stones may be 
due to the cross-sectional nature of the studies and lack of 
temporal association between stone disease and time of the 
data collection.

KIDNEY STONES IN THE ADULT  
POPULATION: 2007-2010
A more recent NHANES cross-sectional study, from 2007-
2010, involving 12,110 subjects with self-reported history of 
kidney stone disease2 demonstrated a marked increase in 
the prevalence at 8.8%, compared to the 1994 survey 
showing the prevalence of stones to be 5.2%. According to 
the latest estimate, 1 in 11 individuals in the United States 
had a history of kidney stones, in contrast to a previous 
estimate of 1 in 20 U.S. citizens.1 Furthermore, the overall 
prevalence was 10.6% in male subjects and 7.1% in females 
compared with the previous study,1 which showed 6.3% in 
men and 4.1% in women2 (Figure 40.1).

Aside from gender, race, age, ethnicity, and socioeco-
nomic class, conditions associated with metabolic syndrome 
were shown to be predictive of kidney stone disease.2 Again, 
the likelihood of kidney stones was lower among black and 
Hispanic than white populations. Furthermore, obesity, dia-
betes, gout, and low household income (≤$19,999) were 
more likely to be associated with kidney stone disease. The 
association between features of the metabolic syndrome, 
including obesity and diabetes, and the prevalence of kidney 
stone disease is consistent with a previous prospective study, 
which indicated that the risk of kidney stone disease 
increased with obesity and weight gain.9,10

Using pooled published data from 1965 to 2005 from 
seven countries, Romero and colleagues showed a continu-
ous increase in prevalence, although the gender and  
age distribution profile was similar within each time period.11 
As discussed above, factors such as the rise in prevalence  
in metabolic syndrome and dietary changes have been  
suggested to underlie this rise. Brikowski and associates12 
took a different (and interesting approach) using global 
warming trends; they modeled the northward expansion  
of the U.S. stone belt in the coming decades, which predicts 
a dramatic increase in stone prevalence in the northern 
United States.

Figure 40.1  Prevalence of urolithiasis plotted as function of gender 
and body mass index (BMI). (Modified from Scales CD, Jr, Smith AC, 
Hanley JM, Saigal CS: Urologic Diseases in America Project: Prevalence 
of kidney stones in the United States. Eur Urol 62:160-165, 2012.)
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interplay between genetic factors and diet affect the high 
incidence of uric acid stones. Among stone formers in the 
United States and Europe, uric acid stones occur more fre-
quently in subjects with type 2 diabetes mellitus (T2DM) 
and obesity than in nonobese, nondiabetic stone formers 
(Figure 40.3).30,32-33

DATA ON STONE INCIDENCE

Precise information of kidney stone incidence among adult 
and pediatric populations is limited compared to preva-
lence. In adult populations, one small study from Minnesota 
showed an incidence rate of 101.8/100,000 patients/year.35 
Moreover, two studies using a questionnaire found an 
overall incidence rate among adult males and females of 306 
and 95/100,000 person-years, respectively.15,19

One study from South Carolina used data from pediatric 
emergency visits and deduced that the incidence of uroli-
thiasis in children (≤18 years of age) increased from 7.9 to 
18.5/100,000 children in a little over a decade.36 The cause 
is not known, but it has been suggested that childhood 
obesity plays a key role in the rising kidney stone incidence 
of children in recent years. However, larger U.S. epidemio-
logic studies have not supported this notion.37

Dietary factors, including increased sodium consump-
tion38 and decreased calcium intake39 from milk, which has 
been substituted with sugar drinks,40,41 have also been impli-
cated to have a pathophysiologic role in the development 
of more kidney stones in the pediatric population. It has 
also been reported that children are currently consuming 
less water than in the past.42 Data from Asia and Europe also 
showed incidence rates consistent with those of pediatric 
populations in South Carolina.43,44 Much like adults, calcium-
containing stones are the most predominant kidney stones 
in pediatric populations.45,46 On the contrary, uric acid 
stones are less common, comprising only 2% to 3% of stones 
in this population.47

CALCIUM INTAKE
There are several large studies that have explored the asso-
ciation between dietary factors and risk of kidney stone 
disease. The role of dietary calcium as a risk factor was 
assessed in a few prospective observational studies showing 
that low dietary calcium intake is associated with a higher 
risk of kidney stones in women as well as young men.15-18 On 
the contrary, calcium supplementation was associated with 
a higher risk of kidney stones solely in older women.17,19 The 
epidemiologic association of low dietary calcium with uroli-
thiasis is consistent with the findings of a randomized con-
trolled study in hypercalciuric men with calcium urolithiasis.20 
This study will be discussed below in more detail.

OXALATE INTAKE
One epidemiologic study using a food frequency question-
naire in men, older women, and younger women showed 
that oxalate intake did not correlate with kidney stone 
disease.21 One has to exercise caution in drawing conclu-
sions about such negative studies by consideration of the 
limitations of the questionnaire, heterogeneity of causality 
among the stone formers, and magnitude of the effect of 
dietary oxalate.

PROTEIN CONSUMPTION
Epidemiologic studies have demonstrated a positive rela-
tionship between animal protein consumption and kidney 
stone formation in men, but not so much in women.15,17,19 
However, in a randomized controlled trial, consumption of 
a low animal protein and high-fiber diet was not shown to 
reduce the relative risk of recurrent kidney stones in calcium 
oxalate stone formers compared to those instructed on a 
high fluid intake.22 Nonetheless, the pathophysiologic basis 
and metabolic studies supporting the relationship between 
dietary protein and stone risk is solid; one interventional 
study in which multiple variables, including dietary protein, 
were manipulated showed benefits from protein 
restriction.20

URIC ACID STONES

PREVALENCE OF URIC ACID STONES
There are regional differences in uric acid stone prevalence, 
with the highest reported in the Middle East and a few 
European countries,23-25 but only comprising 8% to 10% of 
all kidney stones in the United States.26 In the United States, 
uric acid stones among Chinese and Japanese descendants 
have been reported to be slightly higher than the general 
U.S. population, at approximately 15% to 16%.27 The 
highest prevalence of uric acid stones and gouty arthritis has 
been demonstrated in the Hmong population of Asian heri-
tage but living in Minnesota.27,28 The factors underlying 
these differences are not known.

GENETIC AND DIETARY FACTORS
The underlying causes for the global differences in uric acid 
stone prevalence remain unknown. However, a high preva-
lence of obesity, diabetes, and hypertension is commonly 
associated with uric acid urolithiasis in Western societies29-31 
and has also been shown to be present in Hmong popula-
tions born in the United States. Therefore, it is likely that 

Figure 40.3  Prevalence of uric acid  (UA) urolithiasis  in  the kidney 
stone population. UTSW, University of Texas Southwestern Medical 
Center.  (From Lieske JC, de la Vega LS, Gettman MT, et al: Diabetes 
mellitus and the risk of urinary tract stones: a population-based case-
control study. Am J Kidney Dis 48:897-904, 2006.)
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HISTOPATHOLOGY

While many urinary biochemical stone risk factors can be 
studied in rodents, urolithiasis that genuinely resembles 
human disease involving urinary and epithelial factors is 
actually rather unusual in rodents. The main source of his-
topathologic data has been derived from clinical surgical 
samples and will continue to be so. In addition to luminal 
factors, such as chemical components of stone, inhibitors, 
and promoters, there are also epithelial factors that initiate 
and promote crystal adhesion, growth, and agglomeration. 
This field was advanced significantly by the work of Evan, 
Lingeman, Coe, Worcester, and colleagues,49-53 using human 
kidney samples from intraoperative biopsies, which pro-
vided histologic descriptions enabling the formulation of 
pathogenic models of stone formation.

In the 1930s, Randall examined the papilla of over 1000 
pairs of cadaveric kidneys and observed what appeared  
to be seemingly benign cream-colored areas near the  
papillary in one of five kidneys. These areas consisted of 
interstitial rather than luminal plaques associated with inter-
stitial collagen material and tubular basement membranes 
and were composed of calcium, nitrogen, carbon dioxide, 
and phosphorus.48 More advanced lesions intruded into 
tubular lumens. These plaques were not normal variants 
according to the findings of small stones attached to some 
of the plaques, projecting into the lumen of the renal pelvis 
in more than 60 kidneys. Randall concluded that the 
attached stones were growing from the interstitial calcium 
plaque rather than directly from the epithelium.48 These 
observations were confirmed by many surgeons in the 
decades to follow, but it was the Indiana-Chicago group of 
investigators who shed light on the importance of Randall 
plaques.

IDIOPATHIC CALCIUM OXALATE STONES

There was no clinical information on Randall’s subjects but 
it is likely that they were calcium oxalate stone formers with 
idiopathic hypercalciuria. In these patients, plaques are now 
known to form in the papillary tip in the basement mem-
brane of the thin loop of Henle,49 with mineral and organic 
layers alternating in a concentric configuration (Figure 
40.4). In the absence of longitudinal biopsies, cross-sectional 
data indicated that the particles move from the basement 
membrane into the surrounding interstitium. Individual 
particles are orderly, associated with type 1 collagen. Evan 
and coworkers49 proposed that this is the final form of 
plaque composed of fused particles in close association with 
collagen, with the mineral phase covered by organic matrix.

En bloc examination of stones with attached tissue50 
showed that there is loss of epithelial cells, and the plaque 
is exposed at the attachment site. After exposure, the plaque 
is overlaid with new matrix, and crystals form in the new 
matrix, in successive waves. Immunohistochemistry reveals 
that osteoprotegerin is present in the stone and plaque, and 
Tamm-Horsfall protein (THP), known to be restricted to the 
urine and thick ascending limb of the loop of Henle, is 
present only on the urine space side of the interface and 
extends to the interface surface.50 Coe and colleagues pro-
posed that the organic material forming the overlaying of  

the exposed plaque comes from urine molecules adsorbed 
initially onto the matrix of plaque. As new crystals nucleate 
in this urine matrix, the crystals themselves can attract mol-
ecules that have affinities for them, thereby creating the new 
stone.51

CALCIUM PHOSPHATE STONES

Although Randall plaques are seen in calcium phosphate 
stone formers, they are fewer in number. In contrast to 
calcium oxalate, calcium phosphate stone formers52 have 
apatite deposits in the lumen of ducts of Bellini and inner 
medullary collecting ducts, associated with massive ductal 
dilation (Figure 40.5). The dilated ducts seem to have lost 
their epithelial cell layer and are surrounded by interstitial 
fibrosis. The abundance of calcium phosphate (CaP) crys-
tals is associated with higher urinary CaP supersaturation,14 
driven mostly by high urine pH and to a lesser extent by 
hypercalciuria. Parks and associates postulated that shock 
wave lithotripsy injures the epithelium and impairs local 
luminal acidification.53 Interestingly, a similar pattern is 
observed in patients with CaP stones from primary hyper-
parathyroidism.54 Luminal plugging and plaque can coexist. 
A scenario of persistently high pH is typical in CaP stone 
formers with distal renal tubular acidosis from congenital 
or acquired causes. Papillae show multiple dilated ducts of 
Bellini, with intraluminal calcium phosphate deposits. Dis-
tortion, flattening, and fibrosis are common. Atrophic rem-
nants of nephron structures lie within fibrotic fields of 
interstitium.

STONES IN ENTERIC HYPEROXALURIA

In patients with enteric hyperoxaluria, crystallization is 
mainly driven by a high urinary luminal oxalate concentra-
tion. In patients with postgastric bypass, the epithelium 
appeared rather normal, with calcium oxalate crystals 
lodged in the lumen.55 In hyperoxaluric calcium oxalate 
stone formers from small bowel resection (e.g., Crohn’s 
disease), the inner medullary collecting ducts (IMCDs) con-
tained crystal deposits associated with cell injury, interstitial 
inflammation, and structural deformity of the papillae, 
accompanied by tubular atrophy and interstitial fibrosis. 
Interestingly, Randall plaques were observed similar to 
those seen in idiopathic calcium oxalate stone formers. The 
IMCD deposits contained apatite, with calcium oxalate in 
some instances.56 The birefringent thin crystalline material 
scattered on the IMCD cell membranes was the initial crystal 
lesion.

PATHOPHYSIOLOGY

PHYSICAL CHEMISTRY OF URINARY SATURATION

GENERAL CONCEPTS
Lithogenesis involves the formation of solid phase solutes 
in urine. Using calcium oxalate as an example, equilibrium 
is said to be attained when the calcium and oxalate concen-
trations in solution and amount of calcium oxalate crystals 
bathed by that solution is unchanged. The product of the 
free ionized calcium and oxalate concentrations in such a 
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Figure 40.4  Histopathology of Randall plaques in calcium oxalate stone formers. A, View during endoscopic surgery. One plaque (not visible) 
has an overlying attached calcium oxalate stone (arrow). Two Randall plagues without stones are below (arrowheads). B, Light microscopic 
image of the locale of the initial crystal deposits in the basement membrane of the thin loops of Henle (arrows). C, Calcium phosphate stained 
black showing a more advanced  lesion filling the  interstitial space and extending (*), eventually protruding  into the urinary space and corre-
sponding to the cream-colored plaques in A. D, The individual deposits (arrow) assume the morphology of multilaminated spheres of alternating 
layers of electron-lucent  inorganic crystal  and electron-dense matrix  (inset).  (From Evan AP, Lingeman JE, Coe FL, et al: Randall’s plaque of 
patients with nephrolithiasis begins in basement membranes of thin loops of Henle. J Clin Invest 111:607-616, 2003.)
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Figure 40.5  Histopathology of calcium phosphate stone formers. A, View during endoscopic surgery. Depressions near the papillary tips (arrows) 
are unique to calcium phosphate stone formers, which coexist with Randall plaques. The papillae show yellow crystalline deposits (arrowheads) 
coming out of the ducts of Bellini (inset). B, Micrograph of luminal deposits in inner medullary collecting duct. The crystal deposits greatly expanded 
the lumen, and cell injury and necrosis were found. Interstitial inflammation and fibrosis surround the intraluminal crystal deposition. C, Renal 
biopsy from a patient with calcium phosphate stones shows advanced glomerulosclerosis, tubular atrophy, and interstitial fibrosis. This is rarely 
seen in calcium oxalate stone formers. (From Coe FL, Evan A, Worcester E: Kidney stone disease. J Clin Invest 115:2598-2608, 2005.)
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relationship exists for magnesium and oxalate.58 Changes in 
urine pH can drastically affect the monovalent or divalent 
phosphate and urate/uric acid ratio. For this reason, hyper-
calciuria, hyperoxaluria, hypocitraturia, unusually alkaline 
urine, and chronic dehydration all increase the risk of 
calcium stones, but by themselves are not sufficient. Thus, 
interpretation based solely on chemical concentration can 
be misleading. An excellent example is when a patient with 
idiopathic hypercalciuria is treated with thiazide, and the 
urinary calcium excretion decreases. However, a state of 
potassium deficiency develops, which causes secondary 
hypocitraturia. It is not easy for a practitioner to glance at 
the urinary calcium and citrate excretion rates and deter-
mine whether the stone risk is reduced. Another scenario is 
when a patient with CaP stones from distal renal tubular 
acidosis and profound hypocitraturia is treated with alkali. 
The urinary citrate increases, but the urine pH increases 
concomitantly as well. Is the risk of CaP precipitation 
reduced or increased? We will discuss methods to address 
these types of questions.

URINE SATURATION MEASUREMENTS
Upper Limit of Metastability and  
Formation Product

The upper limit of metastability (ULM) is an empirical 
entity determined by raising the activity product, adding 
ligands, and noting the activity product at which a solid 
phase begins to appear spontaneously (see Figure 40.6). It 
takes the concentration of the lithogenic solutes and all the 
inhibitors and promoters into consideration.

Activity Product Ratio

Crystals of interest are seeded to urine and incubated at  
37o C, with stirring at constant pH, for 2 days. After reaching 
equilibrium, the crystal mass has stabilized. If the crystals 
have grown, the equilibrium activity product is lower than 
the original sample, so it is less than 1. If the crystals partially 
dissolved, the equilibrium activity product is higher than the 

solution in equilibrium is termed the equilibrium solubility 
product. The solubility is the concentration of calcium 
oxalate complex in solution, which is about 6.2 µmol/L. 
Solubility for CaP (brushite; initial phase of complex forma-
tion) is about 0.35 µmol/L and is about 520 µmol/L for 
uric acid. When free ion activity product falls below the solu-
bility product, the crystals will dissolve; this solution is 
undersaturated. A free ion activity product higher than the 
solubility product will lead to a supersaturated state and 
cause the crystals to grow (Figure 40.6).

When the crystals are removed from a saturated solution 
at equilibrium, and calcium and oxalate are added to  
raise the ion activity product beyond the equilibrium  
solubility product, the elevated activity product would  
have caused growth of preformed crystals, if these were 
present. However, in the absence of a preexisting solid 
phase, no new crystals appear. A solution that causes the 
growth of preformed crystals but not the appearance of a 
new solid phase is supersaturated and metastable. If one 
raises the activity product yet higher with further calcium 
and oxalate addition, new crystals will appear at some point 
(see Figure 40.6). The product of the activities of the ions 
has reached the formation product, also called the upper 
limit of metastability. Above the formation product, a solu-
tion changes from metastable to unstable, and crystalliza-
tion is inevitable. Urine is undersaturated, metastable, or 
unstable with respect to calcium oxalate or CaP crystals (see 
Figure 40.6).

FACTORS INFLUENCING SATURATION
The rate of excretion of the component species of the activ-
ity products (e.g., calcium oxalate, CaP, calcium urate) and 
water (denominator) are primary determinants of satura-
tion. Complexation of calcium and oxalate, and changes in 
urine pH, can all influence the free ion concentrations and 
are important in regulating saturation. Therefore, total con-
centration measurements provide few clues about the actual 
activity product. For example, citrate readily complexes 
calcium, reducing the ionized calcium levels57; a similar 

Figure 40.6  Physicochemical parameters used in assessment of kidney stone risk. These are shown in relation to the three states of crystal 
of dissolution, growth, and nucleation. 
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Urine Saturation in Stone Formers

Robertson, Pak, and Weber and colleagues independently 
provided evidence that urine from stone formers is more 
supersaturated than urine from non–stone formers.59,71-73 
Absolute values differ for the three investigative groups, 
likely due to different methods used. Stone formers have 
higher average values of urine saturation than normal sub-
jects, whether saturation was measured with respect to 
calcium oxalate, brushite, octacalcium phosphate, or 
hydroxyapatite. Weber and coworkers showed supersatura-
tion for calcium oxalate was higher in hypercalciuric than 
in normocalciuric patients.73 In all studies, the normal urine 
was supersaturated with respect to calcium oxalate. Added 
crystals grow in urine from most normal persons.59,73 In an 
important study, Hautmann and colleagues measured 
calcium and oxalate concentrations in tissue from the 
cortex, medulla, and papilla of seven human kidneys.74 The 
calcium oxalate concentration product in the papillae (1 × 
10−4 mol/L2) exceeded that of urine (5 × 10−7 mol/L2) and 
those of the medulla and cortex (8 × 10−7 and 6 × 10−7 mol/
L2, respectively). In addition, high calcium phosphate 
supersaturation is common in the tip of Henle’s loop 
because tubular fluid pH and Ca2+ concentration are high 
due to water extraction in the descending limb.75

The actual ULM for calcium oxalate and brushite in 
human urine samples from normal subjects and from hyper-
calciuric, normocalciuric, and hyperparathyroid stone 
formers are surprisingly variable.59 The ULMs of calcium 
oxalate and brushite were measured in urine from calcium 
stone formers and gender- and age-matched control sub-
jects76,77; the gap between prevailing supersaturation of the 
urine and the ULM was reduced in stone formers, render-
ing it more likely for crystallization and stone formation to 
occur. The reduced ULM likely represents deranged crystal-
lization inhibition. Urine is abnormally saturated in stone 
formers. Values lie close enough to the ULM for calcium 
oxalate and CaP that new crystal formation could be 
expected. Most urine, even from normal persons, is meta-
stable with respect to calcium oxalate, so growth of crystal 
nuclei into a significant mass is predictable.

ASSESSMENT OF NUCLEATION
Nucleation refers to the initial formation of a crystal nidus. 
This is followed by crystal growth, epitaxial growth, and 
aggregation. Homogeneous nucleation, the spontaneous 
formation of new crystal nuclei in a supersaturated meta-
stable solution, is uncommon. Usually, particles of debris in 
solution, irregularities on the surface of the container, or 
other existing crystals furnish a surface on which crystal 
nuclei begin to form at a lower APR than is required for 
homogeneous nucleation. The existence of the metastable 
zone reflects the greater free energy required to create new 
nuclei than that needed simply to enlarge preformed nuclei. 
Any surface that can serve as a substrate on which ions in 
solution can organize acts as a heterogeneous nucleus, 
bypassing the energetically more unfavorable costly process 
of creating a solid phase de novo. In other words, such a 
surface can lower the apparent ULM for heterogeneous 
nucleation.

The efficiency of heterogeneous nucleation depends on 
the similarity between the spacing of charged sites on the 

original sample, so it is more than 1. Thus, this describes 
whether preexistent crystals, once formed, will grow or 
shrink while suspended, but gives incomplete information 
about the ability of that urine to produce new crystals. In 
simple salt solutions, the ULM for calcium oxalate has been 
found to occur at an APR of 8.5 by Pak and Holt.59 The small 
difference is mainly methodologic in origin.

Concentration Product Ratio

Pak and associates used an empirical method to measure 
urine saturation by comparing urine chemistries to their 
equilibrium concentration for a given crystal.61,62 In the 
original assay, crystals of interest are seeded to an aliquot of 
urine and incubated at 37o C, with stirring at a constant pH, 
for 2 days. By the time equilibrium is attained, the crystal 
mass has stabilized. If the activity coefficients for calcium, 
oxalate, and phosphate—essentially the fractions of each 
that are free to react—remain stable throughout the incuba-
tion, the ratio of the concentration product at the start of 
incubation to the concentration product after incubation 
(equilibrium) must equal the APR, even though the con-
centration products themselves do not equal the activity 
products. Pak and coworkers have shown that the assump-
tion of stable activity coefficients is valid, so the empirical 
concentration product ratio (CPR) is a valid estimation of 
the APR, provided the calcium concentration is below 
5.0 mmol/L and oxalate is below 0.5 mmol/L.62 This assay 
has been simplified technically and was used to analyze the 
propensity of calcium oxalate and calcium phosphate stone 
formation.63-65

Use of Software

One can use computer programs to calculate urine free ion 
activities for calcium, oxalate, and phosphate from their 
measured chemical concentration and their known ten-
dency (association constant, Ka) to form soluble complexes 
with each other and with other ligands.60,62,66 Using knowl-
edge of the Ka of the complexes, one can calculate the free 
ion activity product. If one divides this by the corresponding 
equilibrium solubility product, the resulting ratio is the rela-
tive supersaturation ratio (RSR), which estimates the degree 
of saturation. A ratio above 1 connotes oversaturation; 
below 1 it is undersaturation. The validity of this approach 
has been confirmed by studies showing a correlation 
between the type of stone a patient forms and the prevailing 
supersaturation in two or three 24-hour urine samples, as 
estimated by the computer program known as EQUIL2.67,68 
Another computer-based program was developed called the 
Joint Expert Speciation System (JESS), which differs from 
EQUIL2 in that many more thermodynamic constants are 
used to calculate mixed ligand speciation.69,70 One critical 
factor that distinguishes it from EQUIL2 is the calcium 
phosphocitrate complex, a soluble complex whose forma-
tion is pH-dependent. Pak and colleagues compared the two 
computer-based predictive programs to empirical physico-
chemical methods and found closer approximation of JESS 
than EQUIL2 to physicochemical methods.63-65 While 
EQUIL2 provides relative supersaturation (RS) as a read-
out, JESS expresses the data as a solubility index (SI), cal-
culated based on the same physicochemical principles as RS 
values generated by EQUIL, but the two programs use dif-
ferent speciation concentrations.
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the sand will simply wash into the drain. Crystals must 
anchor to the renal tubule epithelium to delay its passage 
so they can grow large enough to be of clinical significance. 
Although Randall plaques95 offer anchoring and nucleating 
sites, it is also clear that some stones form in the absence of 
Randall plaques,87 so an alternative mechanism has been 
proposed. CaOx crystals can adhere to cultured collecting 
duct epithelial cells.96 The in vitro adherence and uptake of 
crystals appear to be greater for CaOx than CaP.97 The crys-
tals bind to anionic sites on the cell membrane98 and can 
be inhibited by a variety of anionic compounds normally 
found in urine.99 Phosphatidylserine appears to be a pre-
ferred binding site, and enrichment of cell membranes with 
phosphatidylserine increases CaOx crystal binding by renal 
epithelial cells in culture.100 The evidence is mostly from cell 
culture experiments, and the importance of the cell-crystal 
interaction in the pathogenesis of human kidney stone 
disease is not clear at this time.

KIDNEY STONE INHIBITORS

The common stone constituents, such as CaOx, CaP, sodium 
urate, and uric acid, are often supersaturated in normal 
urine, yet precipitation rarely occurs.59,71-73 This implies that 
there are inhibitors of stone formation present in normal 
urine.101,102 In terms of relevance to stone disease, the ULM 
is lower in patients who form stones compared to matched 
controls, indicating a deficiency in inhibitors in stone 
formers.91 Despite this phenomenologic finding, the exact 
role of inhibitors is far from fully understood. One can 
arbitrarily classify inhibitors into four classes—multivalent 
metallic cations such as magnesium, small organic anions 
such as citrate, small inorganic anions such as pyrophos-
phate, or macromolecules such as osteopontin and THP 
(Table 40.1).

MAGNESIUM
Magnesium has been touted as a kidney stone inhibitor for 
many years.103 It is present in urine in millimolar concentra-
tions, and it readily binds to oxalate. Some have proposed 
that magnesium is efficacious in preventing stone formation 
by binding or complexing oxalate in the bowel and  
urine,104-106 by inhibiting CaOx crystal formation,105,107,108 and 

preformed surface and in the lattice of the crystal that is to 
grow on that surface. This matching is termed epitaxis, and 
its extent is usually referred to as a good or poor epitaxial 
relationship.78

A number of urine crystals have good epitaxial matching 
and behave toward one another as heterogeneous nuclei. 
Monosodium urate and uric acid are excellent heteroge-
neous nuclei for calcium oxalate,79,80 so uric acid or urate 
could, by crystallizing, lower the ULM for calcium oxalate. 
Heterogeneous nucleation is the mechanism linking  
hyperuricosuria to calcium oxalate stones.81,82 Epitaxial over-
growth of calcium oxalate on a surface of uric acid has been 
experimentally documented.83 Both brushite and hydroxy-
apatite can also nucleate calcium oxalate,84,85 which is the 
basis for Randall plaque as initiators of calcium oxalate 
stones.

Randall plaque is formed in the interstitium of the papilla 
but can erode through the papillary epithelium to be 
exposed to the urine, thus furnishing a preferred nucleating 
site for crystallization of calcium oxalate. The plaque also 
provides an anchoring site that allows retained new crystals 
to have sufficient time to grow to a clinically significant size. 
Apatite is frequently found at the core of calcium oxalate 
stones,86 and there is increased prevalence and severity of 
Randall plaques in stone formers as compared to non–stone 
formers.87 Randall plaque formation in patients with various 
types of urolithiasis49,52,88-91 has been extensively studied and 
will be discussed in the relevant sections below.

ASSESSMENT OF CRYSTAL GROWTH  
AND AGGREGATION
Once formed, crystals will grow if bathed in urine with an 
APR higher than 1. Growth and aggregation are pathogenic 
because microscopic nuclei are too small to cause disease. 
Crystals are regular lattices, composed of repeating sub-
units, and grow by incorporation of calcium and oxalate  
or phosphate into new subunits on their surfaces. In meta-
stable solutions, at 37° C, growth rates of calcium oxalate 
and the stone-forming CaP crystal show appreciable changes 
in macroscopic dimensions over hours. Growth rate 
increases with the extent of supersaturation and is most 
rapid in urine with the highest APR. Small crystals aggregate 
into larger crystalline masses by electrostatic attraction  
from the charged surface of the crystals. This process can 
rapidly increase particle size, producing a crystal that can 
lodge in the urinary tract. Stone former’s urine contains 
larger crystal aggregates compared to that of non–stone 
formers.92

Inhibition of crystal agglomeration (ICA) can be mea-
sured93 by adding a fixed amount of solid calcium oxalate 
(CaOx) to a synthetic solution metastably supersaturated 
with CaOx or to a similar solution spiked with the test sub-
ject’s urine. ICA is expressed as the time to reach half of the 
maximum decline in [Ca], the half-life (t1/2) in synthetic 
solution. A higher t1/2 indicates greater ICA.

CELL-CRYSTAL INTERACTIONS
An important concept was introduced by Finlayson and 
Reid—crystals cannot grow or aggregate fast enough to 
anchor in the urinary tract during the normal transit time 
through the nephron.94 This is analogous to throwing a 
handful of sand into a sink with the faucet wide open. All 

Table 40.1 Natural Inhibitors of Stone Formation

Inorganic Magnesium pyrophosphate
Small organic anion Citrate
Macromolecules Bikunin

Calgranulin
FK-binding protein 12
Glycosaminoglycans
Lithistathine
Matrix-Gla protein
Nephrocalcin
Osteopontin
Tamm-Horsfall protein
Urinary prothrombin fragment F1
Urinary trefoil factor 1
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charged side chains. Bergsland and associates compared the 
inhibitory proteins in urine from 50 stone-forming and 50 
non–stone-forming matched first-degree relatives of calcium 
stone–forming patients.140 They found that the profiles of 
inhibitory proteins were more effective in discriminating 
relatives of stone formers from non–stone formers than 
conventional measurements of supersaturation. Clinical use 
of inhibitor profiles is hampered by the difficulty and thus 
the expense of these measurements.

Osteopontin

Osteopontin (previously termed uropontin) is an acidic phos-
phoglycoprotein that was initially isolated from bone141-144 
but is excreted in urine at a rate of about 4 mg/day.142,143 
In bone, osteopontin inhibits hydroxyapatite formation 
during osteogenesis.145-147 It is expressed in cells of the thick 
ascending limb of Henle (TAL) and distal convoluted 
tubules and secreted into the tubules. Osteopontin inhibits 
nucleation, growth, and aggregation of CaOx stones in 
vitro.141,142,148 Osteopontin knockout mice develop CaOx 
kidney stones when given ethylene glycol, a nephrotoxin 
that leads to hyperoxaluria, at doses that do not induce 
stone formation in wild-type mice.141,149 Osteopontin is 
upregulated at sites of stone formation in genetic hypercal-
ciuric stone–forming rats.150

Tamm-Horsfall Protein

This is the most abundant protein found in human urine, 
with approximately 100 mg excreted each day. It is synthe-
sized in the TAL and, due to self-aggregation, is the princi-
pal component of urinary casts.151 Also known as uromodulin, 
THP is implicated and involved in a multitude of functions 
and pathobiologic mechanisms, including ion transport, 
innate immunity, and acute and chronic kidney injury.152,153,154 
THP inhibits CaOx crystal aggregation but does not alter 
growth or nucleation.155,156 THP-deleted mice spontaneously 
form calcium crystals in the lumen of tubules in the papilla 
and medulla.157 When these mice are given ethylene glycol 
to induce CaOx stone formation, there is a marked induc-
tion of renal osteopontin at sites of crystal formation.157

Urinary Prothrombin Fragment 1

Urinary prothrombin fragment 1 (UPTF1, crystal matrix 
protein) is a fragment of prothrombin made in the kidney.158 
It is a potent inhibitor of CaOx growth, aggregation, and 
nucleation159 and is present in kidney stones.160 There is 
evidence for differences in UPTF1 between stone formers 
and non–stone formers.161

Bikunin

This is the light chain of the inter-alpha-trypsin inhibitor 
(IαI), which inhibits CaOx growth and nucleation.162 It is 
found in the proximal tubule and in the thin descending 
segment near the TAL.163 Bikunin, along with the heavy 
chains of the IαI, have been isolated from kidney stones, 
suggesting that multiple fragments of this inhibitor are 
active in preventing stone formation.164 Bikunin was present 
only in the collecting duct apical membranes and loop  
cell cytoplasm of stone formers colocalizing with osteopon-
tin and IαI heavy chain 3, and extensive heavy chain 3 was 
only present in stone formers and not in controls.165 One 
study has demonstrated differences in the electrophoretic 

by increasing urinary citrate when given as alkali salt.109 In 
vitro studies have shown that magnesium is an inhibitor of 
CaOx crystal growth in artificial, rodent, and human urine, 
but at supraphysiologic concentrations.110-115 Magnesium 
inhibits nucleation and growth of CaOx crystals.116 In a 
seeded crystal growth system of constant composition, mag-
nesium was a weak inhibitor.117 The results of clinical trials 
of magnesium have not been uniform. In one study, 55 
stone formers were given 500 mg of magnesium daily as 
Mg(OH)2 and experienced a decrease in stone rate from 
0.8 to 0.08 stone/year.103 The stone recurrence-free rate was 
85% in treated patients compared to 59% in untreated 
control patients. However, more recent controlled clinical 
studies have suggested that magnesium does not alter the 
recurrence rates for CaOx stone formation, perhaps due to 
its poor absorption.118 Another possibility is that the benefi-
cial inhibitory effect of magnesium is offset by its hypercal-
ciuric effects because luminal magnesium and low pH 
inhibit the calcium channel TRPV5.119

CITRATE
Citrate is the best studied, understood, and tested inhibitor. 
In addition to its chelating action on calcium, which reduces 
calcium’s availability to bind oxalate and phosphate, citrate 
inhibits the nucleation, growth, and aggregation of CaOx 
crystals.120,121 Citrate directly inhibits crystallization109,122 and 
increases the ULM by increasing urine citrate and pH.123 
Potassium citrate has been shown, in most clinical studies, to 
reduce recurrent calcium urolithiasis in patients with idio-
pathic hypercalciuria, distal renal tubular acidosis, and even 
in kidney stone formers with normal urinary citrate.124-130 
The most important regulator of urinary citrate levels is the 
acid-base status of the organism, particularly proximal tubule 
cell pH. Since urinary citrate serves dual roles as a calcium 
chelator and the principal urinary base, this presents a con-
flict when base conservation is required, thus putting the 
urine at risk of calcium crystallization.131 During systemic or 
proximal tubular acidosis, there is an increase in proximal 
citrate reabsorption and metabolism of citrate, reducing the 
amount of citrate excreted in the urine.132 A reduction of 
urinary citrate, due to increase of the acid load generated 
from dietary protein ingestion, can promote formation of 
CaOx stones.128,133

PYROPHOSPHATE
The inhibitory role of pyrophosphate on calcium crystalliza-
tion has been known for years134 and plays an important role 
outside the kidney.135 Pyrophosphate binds to the surface of 
basic CaP crystals, including hydroxyapatite, and arrests or 
at least retards the crystal growth of CaP and CaOx 
crystals.136-138 The average urine pyrophosphate concentra-
tion is sufficient to inhibit crystal growth significantly.138 
There is a reduced pyrophosphate/creatinine ratio in 50% 
of stone formers, suggesting that a lack of pyrophosphate 
predisposes to urolithiasis.137

MACROMOLECULES
Macromolecules are potent inhibitions of CaOx crystalliza-
tion.139 Some of the macromolecules in Table 40.1 will be 
highlighted. These molecules are generally highly anionic 
and contain large amounts of acidic amino acid, which 
undergo posttranslational modification, with negatively 
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calcium urolithiasis demonstrated hypercalciuria in 60% of 
patients, while hyperuricosuria was found in 35.8%, hypoci-
traturia in 31.3%, hyperoxaluria in 8.1%, abnormal urinary 
pH in 10%, and low urinary volume in 16.3%, and no meta-
bolic abnormality was noted in 4% of patients.191 Note that 
these percentages are approximate because all the variables 
in question are continuous in their distribution. A study of 
82 brushite stone formers demonstrated hypercalciuria in 
about 80%, alkaline urinary pH in about 60%, and hypoci-
traturia in about 50% of patients. Hyperuricosuria and hy-
peroxaluria were uncommon, found in 18% and 10% of 
patients, respectively; a low urine volume was found in 
nearly 60%.192

HYPERCALCIURIA
Hypercalciuria is the most prevalent metabolic abnormal-
ity in patients with calcium urolithiasis, occurring in 60%  
of adults with calcium stones.192-197 The pathophysiologic 
mechanisms for hypercalciuria are protean and involve 
increased intestinal absorption (absorptive hypercalciuria), 
diminished renal tubular calcium reabsorption (renal leak 
hypercalciuria), and enhanced calcium mobilization from 
the bone (resorptive hypercalciuria).190,198-201 Intestinal 
hyperabsorption of calcium has been shown to be the most 
common abnormality in this population.202 Nevertheless, all 
the physiologic derangements noted earlier coexist in indi-
vidual patients.

Intestinal Hyperabsorption of Calcium

Flocks initially showed a link between hypercalciuria and 
urolithiasis.203 Subsequently, Albright and colleagues used 
the term idiopathic hypercalciuria to highlight the unknown 
origins of hypercalciuria in this population.204,205 The meta-
bolic basis and its link to intestinal hyperabsorption of 
calcium were first alluded to by Nordin and Pak, and the 
term absorptive hypercalciuria (AH) was introduced.206 Balance 
studies showed a negative calcium balance in patients with 
hypercalciuria compared to non–stone-forming control sub-
jects.207,208 Compatible with the balance data was informa-
tion from dietary recall that also demonstrated that patients 
with hypercalciuria consumed less calcium than they 
excreted.209

Further balance studies showed a low fecal calcium 
content210 and correction of hypercalciuria using an intesti-
nal calcium binder with sodium cellulose phosphate.211,212 
Typically, the characteristic features of AH are hypercalci-
uria with normocalcemia, normal or suppressed serum 
parathyroid hormone (PTH), and/or urinary cyclic adenos-
ine monophosphate (cAMP), a surrogate marker of PTH 
bioactivity in the kidney. Hyperabsorption has been recog-
nized to be one of the most prevalent characteristic features 
in many patients with idiopathic hypercalciuria; further-
more, it has been proposed that AH is a heterogeneous 
disorder, consisting of two subtypes, calcitriol-dependent 
and calcitriol-independent.202,210,213-220

1,25-Dihydroxyvitamin D Dependence. Increased 1,25
(OH)2D concentration was reported in four different studies 
in hypercalciuric urolithiasis patients.213-216 The diagnosis of 
AH was established by direct measurement of intestinal 
calcium absorption219,221 or indirectly215 by showing a lower 
serum PTH concentration. The underlying pathophysiologic 

mobility pattern between stone formers and non–stone 
formers.166

Glycosaminoglycans

Glycosaminoglycans (GAGs) occurring in the urine of 
normal individuals typically consist of about 50% chondroi-
tin sulfate, 25% heparin sulfate, 10% low sulfated chondroi-
tin sulfate, and 5% to 10% hyaluronic acid (HA).167 
Chondroitin sulfate retards nucleation, while dermatan 
sulfate inhibits nucleation.168 In rodents induced to precipi-
tate calcium oxalate, there is increased expression of heparin 
sulfate in the tubules.169 HA, which is in the extracellular 
matrices, is proposed to bind at cell surfaces.170 Human 
tubular cells in primary culture bind crystals when damaged, 
dependent on the expression of HA.171 Canine tubular 
cells increase the synthesis of GAGs to protect from toxic 
insults of CaOx crystals and oxalate ions in vitro.172 Human 
studies have shown decreased urinary GAG levels in stone 
formers,173,174 but this finding has not been universal.175,176

Matrix-Gla Protein

This is a 14-kDa glycoprotein that was the first urinary 
protein found to have crystal inhibitory properties.155,177,178 
Matrix-Gla protein (MGP) contains five γ-carboxyglutamic 
acid (Gla) residues, which have a high affinity for calcium 
and phosphate ions and hydroxyapatite crystals,179 and 
inhibits crystal growth, nucleation, and aggregation. It is 
clear that MGP protects the vasculature from calcifica-
tion,180,181 and it serves a similar role in the kidney. MGP 
messenger RNA (mRNA) expression is increased in renal 
tubular epithelial cells following exposure to CaOx crys-
tals.182,183 Interestingly, multilaminated crystals were formed 
in the injured tubules, with lack of MGP expression,184 but 
no crystal formations were seen in tubules with MGP expres-
sion. Genetic MGP single-nucleotide polymorphism was 
associated with the individual susceptibility of urolithiasis.185 
MGP from some stone-forming patients lacks Gla and has a 
diminished ability to inhibit nucleation and growth of 
calcium oxalate crystals.155,156,186

Urinary Trefoil Factor 1

Urinary trefoil factor (TFF1) has potent inhibitory activity 
against CaOx crystal growth, similar to that of nephrocal-
cin.187 Concentrations of TFF1 have been shown to be 
greater in stone formers compared to controls. Calgranulin 
has been isolated from urine and from CaOx kidney stones 
and is a potent inhibitor of growth and aggregation.188

CALCIUM STONES

CaOx is the most prevalent component of kidney stones 
worldwide, accounting for approximately 70% to 80% of 
kidney stones, while CaP stones contribute to a smaller  
percentage (15%).189-193 However, the percentage of CaP 
stones appears to increase with each new stone event.13 The 
pathogenesis of CaOx stone formation includes hypercalci-
uria, hyperuricosuria, hypocitraturia, hyperoxaluria, and 
altered urinary pH.189,190 CaP stones share some common 
mechanisms with CaOx stones, including hypercalciuria 
and hypocitraturia, but in contrast to CaOx, unusually alka-
line urine is characteristic among CaP stone formers. An 
ambulatory evaluation in over 1270 patients with recurrent 
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frank reductions in serum phosphorus concentration, 
maximal tubular reabsorption rate of phosphate (TmP), 
and glomerular filtration rate (GFR), the other main regula-
tors of 1,25(OH)2D production.213-215,226

Despite studies precluding the role of phosphorus in the 
increased production of 1,25(OH)2D, some have suggested 
that some patients with absorptive hypercalciuria have a 
primary defect in renal tubular reabsorption of phosphorus 
(renal phosphorus wasting), which consequently stimulates 
1,25(OH)2D synthesis and enhances intestinal calcium 
absorption.215,227,228 Serum phosphorus concentrations do 
not differ in hyperabsorptive and normal subjects when 
studied under the same dietary regimen225,229; hypophospha-
temia and low TmP-GFR were found only in a minority of 
the patients with absorptive hypercalciuria.225 However, it is 
still possible to have phosphate wasting and depletion 
without frank hypophosphatemia because serum phosphate 
is a practical but imperfect surrogate for phosphate stores.230

A study described two patients with an elevated serum 
1,25(OH)2D3, urolithiasis, and nephrocalcinosis associated 
with hypercalciuria due to undetectable activity of 
1,25(OH)2D3 24-hydroxylase (CYP24A1), an enzyme that 
inactivates 1,25(OH)2D3.231 This loss-of-function mendelian 
disease was ascribed to biallelic inactivating mutations of 
CYP24A1. The frequency of the CYP24A1 variant, based on 
a National Center for Biotechnology Information (NCBI) 
database, was estimated to be 4% to 20%. This report con-
stitutes a proof of principle for the role of the 24-hydroxylase 
in D-dependent calcium stones but it is difficult to deter-
mine whether these alleles predispose to urolithiasis in the 
general population.

An epidemiologic analysis of men in the Health Profes-
sionals Follow-Up Study over 12 years found that within  
the normal range of serum 1,25(OH)2D, the odds ratio of 
incident symptomatic kidney stones in the highest com-
pared with the lowest quartiles was 1.73 after adjusting for 
body mass index (BMI), diet, plasma factors, and other 
covariates.232

1,25-Dihydroxyvitamin D–Independent Absorptive Hyper-
calciuria. In humans, two thirds of absorptive hypercalci-
uria patients exhibit increased intestinal calcium absorption 
with normal levels of 1,25(OH)2D.202,210,218-220,233 Moreover, a 
triple-lumen intestinal perfusion study supported 
1,25(OH)2D-independent selective jejunal hyperabsorption 
of calcium in this population, which differs from the less 
selective gastrointestinal (GI) effects of 1,25(OH)2D in 
normal subjects.234

To explore this further, pharmacologic probes were used 
to alter serum 1,25(OH)2D concentrations and assess intes-
tinal calcium absorption in hypercalciuric subjects.220,223-225 
Ketoconazole reduced serum 1,25(OH)2D in normal sub-
jects and patients with primary hyperparathyroidism.235-237 
Nineteen patients with absorptive hypercalciuria were 
treated with ketoconazole (600 mg/day × 2 weeks; Figure 
40.8).223 In 12 of these patients, ketoconazole lowered 
1,25(OH)2D concentration, intestinal calcium absorption, 
and 24-hour urinary calcium. Moreover, intestinal calcium 
absorption assessed directly by 47Ca absorption correlated 
with serum 1,25(OH)2D and 24-hour urinary calcium excre-
tion. Importantly, in 7 patients, despite the significant 
reduction of 1,25(OH)2D, there was no change in calcium 

mechanism responsible for increased serum 1,25(OH)2D 
was likely a result of increased production rather than 
decreased metabolic clearance (Figure 40.7).214

The infusion equilibrium technique was performed in 
nine patients with AH (>4 mg/kg/day and/or >300 mg/
day) on a defined calcium intake. A high calciuric response 
after an oral calcium load in association with a fasting 
normal or decreased PTH level or nephrogenic cAMP was 
compared with 13 normal subjects.214 Further support for 
the role of 1,25(OH)2D in enhancing urinary calcium excre-
tion came from a study in normal subjects who became 
hypercalciuric after receiving high-dose 1,25(OH)2D.213 
Another calcium balance study was performed in eight 
healthy males four on a low-calcium diet, and four on a 
comparable low-calcium diet while receiving large doses of 
oral calcitriol (0.75 µg) every 6 hours for 4 days.222 Net 
intestinal calcium absorption significantly increased during 
calcitriol treatment in all subjects and urinary calcium 
excretion in stone formers exceeded that of controls, dem-
onstrating a negative calcium balance during calcitriol 
administration. This was associated with an increase in 
urinary hydroxyproline, a surrogate marker of bone resorp-
tion, suggesting that elevated 1,25(OH)2D levels in healthy 
men during a low-calcium diet enhances bone resorption. 
However, other investigators showed a direct correlation 
between serum 1,25(OH)2D, calcium excretion and calciu-
ric responses, suggesting the pathogenetic role of excess 
1,25(OH)2D in increased intestinal absorption.213 It is still 
controversial whether hypercalciuria originates from the 
bone222 or intestine.213

The reason for elevated 1,25(OH)2D production in an 
AH population is unclear. The main regulators of 
1,25(OH)2D synthesis, including PTH and/or its bioactivity 
(urinary cAMP), were never found to be increased in this 
population.191,193,202,215,219,220,223-225 However, there were no 

Figure 40.7  Individual  values  for  1,25(OH)2D  production  rates  in 
normal subjects and those with absorptive hypercalciuria. The mean 
1,25-dihydroxyvitamin  D  production  rate  was  significantly  higher  in 
patients  with  absorptive  hypercalciuria  than  in  the  normal  subjects 
(3.4 ± 0.5 vs. 2.2 ± 0.5 µg/day; P < 0.001). (From Insogna KL, Broadus 
AE, Dreyer BE, et al: Elevated production rate of 1,25-dihydroxyvitamin 
D in patients with absorptive hypercalciuria. J Clin Endocrinol Metab 
61:490-495, 1985.)
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independent mechanism in the development of hypercalci-
uria in this population.

Increased Abundance of Vitamin D Receptor. Expression 
and activation of the vitamin D receptor (VDR) are neces-
sary for vitamin D action.238 A genetic association of intesti-
nal hyperabsorption of calcium and calcium stone formation 
with the VDR locus has been described.239,240 Two common 
single-nucleotide polymorphisms (SNPs) were linked to 
altered expression and/or function of VDR protein,241-244 
but these results were not confirmed by others.245,246 Since 
intestinal calcium absorption in hyperabsorptive kidney 
stone formers mainly occurs with normal serum 
1,25(OH)2D,202,218-220 there might be an alteration in the 
amount of VDRs or sensitivity to 1,25(OH)2D. VDRs are 
expressed in peripheral monocytes and in T and B 
lymphocytes.247,248-251

In 10 male hypercalciuric calcium oxalate stone formers 
compared to age- and gender-matched controls without a 
history of stone disease, the abundance of VDR was twofold 
higher in peripheral blood mononuclear cells (PBMCs) in 
stone formers.252 In another study of absorptive hypercalciu-
ric patients, a Scatchard plot showed an increase in VDR 
abundance in a subset of patients with normal serum 
1,25(OH)2D. These results suggest heterogeneous patterns 
with respect to VDR abundance.247

Genetic Hypercalciuric Rat Model of Hypercalciuria

Genetic hypercalciuric stone-forming (GHS) rats are a poly-
genic model for hypercalciuria.253-256 Breeding of Sprague-
Dawley rats with high physiologic calcium excretion has 
yielded robust, constant hypercalciuria after 60 genera-
tions.257,258 These animals have normal serum calcium and 
calcitriol levels, increased intestinal calcium absorption, for-
mation of calcium stones, excessive bone resorption, and 
decreased renal tubular calcium reabsorption, making  
this a feasible model for studying the 1,25(OH)2D-VDR 
axis.259-263 On a low-calcium diet, there was an increase in 
serum 1,25(OH)2D in control and GHS rats. The increase 
was lower in GHS compared to controls, but there was 
greater net increase in intestinal calcium absorption in GHS 
rats, suggesting amplified bioactivity of 1,25(OH)2D.259,264 
This is analogous to patients with absorptive hypercalciuria, 
in whom elevated intestinal calcium absorption and urinary 
calcium excretion are associated with normal 1,25(OH)2D 
levels.202,218-220 The increased abundance of duodenal and 
kidney VDRs262,265,266 accounts for the heightened biologic 
effect of 1,25(OH)2D in GHS rats.202,218-220 The high tissue 
VDR levels were due to an increase in VDR gene expression, 
protein synthesis, and half-life of the VDR protein,266-268 with 
no change in the VDR DNA sequence.267 However, the tran-
scription factor Snail, a negative regulator of VDR gene 
expression, seemed to be lower in GHS rats.268

Transcellular intestinal calcium transport involves initial 
calcium entry across the apical membrane, which is facili-
tated across the cells by the 9-kDa calbindin, followed by 
extrusion through the plasma basolateral membrane.269 The 
biologic action of VDR in GHS rats was supported by 
increased expression of vitamin D–dependent genes, such 
as increased expression of calbindin-9 in the duodenum.266 
The 28-kDa calbindin is the principal calcium-binding 
protein in the renal distal convoluted tubule and plays a role 

Figure 40.8  Heterogeneity of absorptive hypercalciuria. Shown are 
the responses of patients with hypercalciuria to a 2-week course of 
ketoconazole  (600 mg/day).  Abs,  Absorption.  (From Breslau NA, 
Preminger GM, Adams BV, et al: Use of ketoconazole to probe the 
pathogenetic importance of 1,25-dihydroxyvitamin D in absorptive 
hypercalciuria. J Clin Endocrinol Metab 75:1446-1452, 1992.)
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absorption or urinary calcium excretion.223 In these patients, 
intestinal calcium absorption and urinary calcium excretion 
were not correlated with serum 1,25(OH)2D levels. Studies 
using thiazide,220 glucocorticoids,224 and orthophosphates225 
in hyperabsorptive patients have also shown that lowering 
1,25(OH)2D concentration is not associated with changes in 
intestinal calcium absorption, indicative of a calcitriol-
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tubular calcium reabsorption have not yet been fully 
explored. However, several potential mechanisms have  
been purported to affect renal tubular calcium reabsorp-
tion, including primary proximal defect, hyperinsulinemia, 
calcium-sensing receptor (CaSR) gene expression and its 
interaction with calcitriol, and claudin-14 expression.

Seminal human metabolic studies performed by Worces-
ter and associates have demonstrated an exaggerated frac-
tional excretion of calcium (FECa) in hypercalciuric patients 
in a postprandial state compared to normal subjects.276 Fur-
thermore, increased FECa was not a consequence of differ-
ences in filtered calcium load, urinary sodium excretion, or 
serum PTH levels (Figure 40.9). It was proposed that the 
postprandial inhibition of renal tubular calcium reabsorp-
tion is due to differences in insulin levels in hypercalciuric 
stone formers.277,278 This was based on previous findings 
showing an exaggerated calciuric response to an oral 

in renal calcium transport.270-274 Baseline calbindin-28k 
levels were higher in GHS rat kidneys and, after a single 
dose of 1,25(OH)2D, calbindin-28k increased much more 
in GHS rats compared to control rats.266 One may conclude 
that an abundance of tissue VDR in GHS rats and in humans 
with AH amplifies the biologic effect of normal serum 
1,25(OH)2D levels and consequently increases the expres-
sion of vitamin D–dependent genes and their protein prod-
ucts to regulate intestinal, renal, and bone calcium 
transport.

Renal Leak Hypercalciuria

Renal leak of calcium is presumed to be due to diminished 
renal tubular calcium reabsorption and is associated  
with secondary increases in serum PTH and 1,25(OH)2D 
and a compensatory increase in intestinal calcium absorp-
tion.275 The underlying mechanisms for impaired renal 

Figure 40.9  Relationship among distal calcium reabsorption, renal calcium excretion, and distal calcium delivery. A, Distal calcium reabsorp-
tion rises similarly with calcium delivery in normal subjects and hypercalciuric stone formers. Both lines are positioned slightly beneath the line 
of identity. This suggests normal distal calcium handling but higher distal calcium delivery. B, The actual fraction (%) of distally delivered calcium 
that  was  excreted  decreased  with  increasing  distal  delivery,  and  stone  formers  lie  above  normal  subjects  at  a  comparable  distal  delivery.  
C, Fractional and total (D) calcium excretions were high in many stone formers versus normal subjects at comparable deliveries. (From Worcester 
EM, Coe FL, Evan AP, et al: Evidence for increased postprandial distal nephron calcium delivery in hypercalciuric stone-forming patients. Am J 
Physiol Renal Physiol 295(5):F1286-1294, 2008.)
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patients with primary hyperparathyroidism has been 
debated.295,296 The relative contribution from enhanced skel-
etal calcium mobilization versus enhanced intestinal calcium 
absorption is unclear.295,297,298 Serum 1,25(OH)2D is higher, 
and there is increased calciuric response to oral calcium 
load in patients with primary hyperparathyroidism with 
renal stones.297-300 One study has shown that kidney stones 
are more frequently seen in younger patients due to higher 
synthetic capacity of 1,25(OH)2D than older patients, with 
subsequent higher intestinal calcium absorption.297

Parathyroid Hormone–Independent Resorptive Hypercalci-
uria. Elevated serum 1,25(OH)2D or amplified sensitivity to 
1,25(OH)2D at the target organ lead to enhanced bone 
resorption and diminished bone collagen synthesis in hyper-
calciuric stone-forming subjects.252,301 A similar phenotype 
has been shown in GHS rats, in which their bones were 
more sensitive to exogenous 1,25(OH)2D compared with 
bones from normal control rats.265 Other mechanisms pro-
posed are diminished bone expression of transforming 
growth factor-β (TGF-β), which stimulates bone formation 
and mineralization and/or perturbation in the RANK/
RANK-L/OPG system, which increases bone resorption, in 
association with other cytokines and growth factors to act 
synergistically with high 1,25(OH)2D to affect bone 
remodeling.198,302,303

HYPERURICOSURIA
Hyperuricosuria as a single abnormality is detected in much 
lower frequency than in combination with other metabolic 
abnormalities among calcium stone formers.190,304 Several 
investigators have shown a high frequency of CaOx stones 
in patients with gout and kidney stone disease.305,306 A struc-
tural similarity was described between crystals of uric acid 
(UA), sodium hydrogen urate, and CaOx, attributed to 
growth of one crystal on another.307

Pathophysiologic Mechanism of Hyperuricosuria

UA production has three sources—de novo synthesis, tissue 
catabolism, and dietary purine load. Of the typical daily UA 
load, 50% is provided by de novo synthesis and tissue catabo-
lism, with the remainder from dietary sources.308 Increased 
dietary purine intake has been implicated in most hyperuri-
cosuric calcium urolithiasis (HUCU) patients. A metabolic 
study comparing HUCU stone formers with age- and weight-
matched normal subjects showed that stone-forming patients 
ingest a higher intake of purine-rich foods, such as meat, 
fish, and poultry.309 With kinetic studies, endogenous over-
production of UA has been suggested in approximately one 
third of HUCU stone formers consuming purine-free 
diets.309 About one third of synthesized UA is excreted 
through the intestinal tract, followed by intestinal uricolysis, 
and the remainder by the kidney.310 However, defective 
renal tubular reabsorption of UA has not been shown to be 
responsible for hyperuricosuria in this population.311 In 
most mammals, ingested purines are converted to UA and 
then further converted to allantoin via a series of enzymatic 
reactions that occur primarily in the peroxisomes of hepatic 
cells.312 However, humans and higher primates lack func-
tional uricase, the enzyme that converts UA to allantoin, 
thereby making UA the final by-product of purine metabo-
lism in these species.313,314

carbohydrate load in hypercalciuric stone formers.279-281 
These studies did not segregate the effects of hyperinsu-
linemia from those of the serum glucose concentration. A 
study using euglycemic hyperinsulinemic clamp demon-
strated that the rise in insulin-induced calciuria was small 
and was no different between hypercalciuric stone formers 
and non–stone-forming control subjects, suggesting that 
insulin is unlikely to play a significant pathogenic role in 
hypercalciuric stone formers.282 Insulin resistance and 
hyperinsulinemia are features of obesity associated with 
hypercalciuria and risk of kidney stone formation,9,283-285 but 
FECa was comparable in the hypercalciuric stone formers, 
overweight and obese non–stone formers, and lean controls 
and independent of peripheral insulin sensitivity measured 
as glucose disposal rates. This study is at variance with a 
previous report that used insulin extracted from islets rather 
than recombinant insulin and that showed significant 
insulin-induced hypercalciuria.286

The CaSR is expressed in the parathyroid glands, kidney, 
and GI tract.287 In the parathyroid glands, the CaSR responds 
to calcium and suppresses PTH release. In the kidney, the 
CaSR responds to increased circulating ionized calcium and 
reduces renal tubular calcium reabsorption in the TAL and 
distal convoluted tubal (DCT).288 An Italian cohort linked 
hypercalciuria in stone formers to polymorphism in the 
CaSR gene. Serum calcitriol levels were not defined in these 
subjects. Vitamin D responsive elements (VDREs) have been 
identified in the CaSR gene, which suggests that calcitriol 
can upregulate kidney CaSR expression and reduce renal 
tubular calcium reabsorption.289

Tight junction proteins of the claudin family that are 
expressed in the TAL are critical for paracellular Ca2+ reab-
sorption in the kidney.290 A large genomewide association 
study conducted in Iceland and the Netherlands found an 
association between sequence variations of the CLDN14 
gene and kidney stones and reduced bone mineral density 
at the hip.291 One study has suggested that CaSR regulates 
claudin-14 expression via two microRNAs, miR-9 and miR-
374, and that dysregulation of the renal CaSR–claudin-14 
pathway might be a possible cause of hypercalciuria.292 This 
model has proposed that CaSR increases claudin-14, which 
inhibits the complex of claudin-16 and claudin-19 that regu-
lates paracellular Ca2+ reabsorption in the TAL.290

Resorptive Hypercalciuria

Resorptive hypercalciuria refers to hypercalciuria that is 
caused by enhanced calcium mobilization from bone.

Parathyroid Hormone–Dependent Resorptive Hypercalci-
uria. Primary hyperparathyroidism (PHPT) is the most 
common cause of resorptive hypercalciuria and is associated 
with calcium stones in 2% to 8% of patients.189 Due to the 
much earlier diagnosis of primary hyperparathyroidism, 
asymptomatic cases are common, and renal complications 
have significantly decreased.293 A retrospective study of 271 
renal ultrasounds from asymptomatic cases with surgically 
proven hyperparathyroidism showed a 7% prevalence of 
stones compared with 1.6% in 500 age-matched subjects 
who underwent sonography examinations for other 
reasons.294 Although hypercalciuria has been perceived as a 
cause of kidney stones in this population, the exact relation-
ship between hypercalciuria and the risk of urolithiasis in 
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presence of citrate in human urine was described in 1917.323 
A decade later, it was shown that acid-base homeostasis plays 
a key role in determining urinary citrate excretion in that 
higher urinary citrate excretion was observed in alkalotic 
patients and was very low in those with metabolic acidosis.324 
In 1954, a combination of oral sodium citrate, potassium 
citrate, and citric acid was used to alkalinize the urine of 
patients with UA and cystine stones.325 Citrate is a prominent 
organic anion found in urine and is an important inhibitor 
of calcium stone formation via its effects on calcium chela-
tion, prevention of crystallization, and aggregation indepen-
dent of reducing ionized calcium and, some have postulated, 
its ability to promote detachment from cells (Figure 
40.11).128,131,326,327 Citrate has pKa values of 2.9, 4.3, and 5.6 
and so is found mostly as a trivalent anion (citrate3−) in 
blood. Citrate is freely filtered, and approximately 10% to 
35% of filtered citrate is excreted in urine; however, this 
varies tremendously, depending mainly on acid-base status. 
The reabsorption of citrate predominantly occurs from the 
proximal convoluted tubule and, to a lesser extent, the 
proximal straight tubule.132,328,329 Apical membrane trans-
port occurs through a coupled sodium dicarboxylate 
cotransporter (NaDC-1).330,331 In contrast, basolateral citrate 
reabsorption occurs via a tricarboxylate transporter.332

Role of Acid-Base Status

It is well known that alteration of acid-base status plays a key 
role in renal tubular citrate reabsorption by multiple  
mechanisms (see Figure 8.11 and additional discussion in 
Chapter 8). Since the highest pKa of citric acid is 5.6, the 
concentration of citrate2−, the transported ionic species, 
increases at a lower luminal pH.333 There is also a direct 
gating effect of pH on NaDC-1 activity, independent of the 
substrate concentration.331 Furthermore, cytosolic adenos-
ine triphosphate (ATP) citrate lyase and mitochondrial 

Physicochemical Mechanism of Hyperuricosuria-
Induced Calcium Stones

The physicochemical basis for hyperuricosuria-induced 
CaOx stones has been postulated but has not yet been 
proven. In two studies, the underlying mechanism linking 
UA to CaOx crystallization was attributed to heterogeneous 
nucleation79,80 (Figure 40.10). However, the in vivo role of 
heterogeneous nucleation is uncertain. Another study has 
shown that colloidal monosodium urate from supersatu-
rated urine in these patients attenuates inhibitor activity 
against CaOx crystallization315,316 but, when GAGs were spe-
cifically examined, UA did not affect its inhibitor activity.317 
Another study showed that monosodium urate diminishes 
the solubility of CaOx in solution, a process referred to as 
salting out.318,319 Salting out is also known as antisolvent 
crystallization, which was classically used to precipitate a 
nonelectrolyte multicharged macromolecule (usually 
protein) at high electrolyte concentrations (usually ammo-
nium sulfate). The mechanisms whereby sodium urate salts 
out CaOx still needs to be defined. Despite this controversy, 
clinical studies in HUCU patients have shown a significant 
decline in the rate of recurrent kidney stone formation in 
those treated with xanthine oxidase inhibition by allopuri-
nol.320 Increasing urinary supersaturation with monosodium 
urate in conjunction with the decreased limit of metastabil-
ity of CaOx due to adsorption of macromolecular inhibitors 
of CaOx crystallization by monosodium urate in HUCU 
patients increases the risk of CaOx stone formation.321 Con-
trary to clinical evidence, a retrospective population-based 
study in a large number of patients did not show a relation-
ship between urinary UA and CaOx stone formation.322

HYPOCITRATURIA
Hypocitraturia as an isolated abnormality occurs in about 
one third of patients with calcium urolithiasis.128 The 

Figure 40.10  Physicochemical scheme for urate-induced CaOx stones. Hyperuricosuria in the absence of acidic urine renders high free oxalate 
activity levels in the urine. Sodium activity is perpetually higher than oxalate by two orders of magnitude. The higher sodium oxalate promotes 
CaOx crystallization by three nonexclusive mechanisms. UpH, Urinary pH. 
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Among these conditions, it has been demonstrated in  
experimental animals and, to a certain extent, in humans 
that ACE inhibitors lower intracellular pH or reduce hydro-
gen secretion by the proximal tubule.355 Furthermore, 
experimental evidence in rats has shown that potassium 
depletion upregulates renal citrate reabsorption in the 
proximal tubule apical membrane from an abundance of 
transporters.356

Actions of Citrate

The physicochemical basis for the inhibitory role of citrate 
involves the formation of soluble complexes from the reduc-
tion of ionic calcium concentration in the urine.357 Also, 
direct inhibition of crystallization of CaOx and CaP is facili-
tated by the inhibition of spontaneous precipitation of 
CaOx and the accumulation of preformed calcium oxalate 
crystals.93,109

HYPEROXALURIA
Hyperoxaluria is present in isolation or in combination  
with other risk factors in 8% to 50% of kidney stone 
formers.191,358-360 In CaOx stone formers, urinary oxalate and 
calcium are responsible for driving CaOx supersaturation, 
although the activity of calcium is one order higher than 
that of oxalate (Figure 40.12).361 Under normal circum-
stances, the physiologic concentrations of urinary calcium 
and oxalate predict the concentration of a CaOx complex 
in the urine, which far exceeds its solubility constant.361,362 
The mechanisms underlying hyperoxaluria can stem from 
multiple factors, summarized in Figure 40.13.363-367

Increased Hepatic Production

Monogenic disorders of oxalate metabolism are rare but 
serious causes of kidney stones. Oxalate is a dicarboxylic 
acid and, in mammals, is an end product of hepatic metabo-
lism.190,363,368 Primary hyperoxaluria (PH) is an autosomal 
recessive disorder of inborn enzymatic defects resulting in 
massive hepatic overproduction of oxalate. The three main 
forms of PH are classified as types I, II, and III. Type I PH 
(Online Mendelian Inheritance in Man [OMIM] 259900) is 
the consequence of a deficiency or mistargeting of hepatic 
alanine-glyoxylate transferase (AGT), which is a pyridoxal 
5′-phosphate–dependent enzyme that transaminates glyox-
ylate to glycine.369 It accounts for about 80% of PH cases. 
Type II (OMIM 260000) is due to a deficiency in the 

aconitase activity increases in acidosis, which lowers the 
intracellular concentration of citrate and promotes its reab-
sorption.334,335 Finally, the abundance of NaDC-1 cotrans-
porter increases in the apical membrane of the proximal 
renal tubule during acidosis.336

Other Factors

The contribution of factors other than acid-base status to 
renal tubular citrate handling has not been extensively 
studied. However, it has been suggested that vitamin D, 
PTH, calcitonin, lithium, calcium, sodium,337 magnesium, 
and a variety of organic anions alter urinary citrate excre-
tion.338 The effect of organic acid has been attributed to its 
competition with renal citrate for reabsorption via NaDC-1 
transporters.338 The effects of increasing apical calcium and 
magnesium were noted in cultured proximal tubular cells 
that showed decreased citrate uptake via NaDC-1 that 
involved a transporter other than NaDC-1.339

Clinical Conditions

Clinical conditions associated with significant hypocitraturia 
can be divided into those with systemic extracellular acidosis 
and those without (Table 40.2). Distal renal tubular acidosis 
(dRTA) is the most prominent cause of hypocitraturia and 
is frequently found in patients with recurrent urolithiasis.340-344 
Other conditions associated with systemic acidosis include 
carbonic anhydrase inhibitor treatment,345,346 strenuous 
physical exercise,347 and chronic diarrheal states.348-350

Hypocitraturia can also be found in normobicarbona-
temic states, including incomplete dRTA, chronic renal 
insufficiency, mild chronic metabolic acidosis, high protein 
consumption and thiazide treatment with hypokalemia, 
primary aldosteronism, excessive salt intake, and angiotensin-
converting enzyme (ACE) inhibitor treatment.130,337,351-355 

Figure 40.11  Protective effects of citrate against urolithiasis. Citrate 
binds calcium with high affinity to form soluble calcium citrate com-
plexes and  lowers  the  ionized calcium and calcium activity. Citrate 
also directly inhibits calcium oxalate and calcium phosphate crystal-
lization and aggregation. 
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Table 40.2 Clinical Conditions Associated with 
Hypocitraturia

Low Extracellular Fluid pH
Normal or High 
Extracellular Fluid pH

Overproduction acidosis
•  Chronic diarrhea
•  Exercise-induced lactic acidosis

Potassium deficiency

Underexcretion acidosis
•  Congenital or acquired distal 

renal tubular acidosis
•  Acetazolamide, topiramate

Angiotensin II–related
•  ACE inhibitors
•  Salt excess
Excess dietary protein

ACE, Angiotensin-converting enzyme.
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Figure 40.12  Relationship between calcium oxalate saturation and calcium or oxalate concentration. Calcium or oxalate was varied individu-
ally while the other was kept constant. RSR, Relative supersaturation ratio.  (Modified from Pak CY, Adams-Huet B, Poindexter JR, et al: Rapid 
communication: relative effect of urinary calcium and oxalate on saturation of calcium oxalate. Kidney Int 66:2032-2037, 2004.)
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Figure 40.13  Pathophysiologic  mechanisms  of  hyperoxaluria.  Oxalate  balance  consists  of  ingestion  and  endogenous  production  versus 
intestinal and urinary excretion. Intestinal handling can be bidirectional, and luminal degradation is facilitated by microbial degradation. Urinary 
excretion  is  the net  of  filtration minus  tubular  reabsorption of  oxalate. Hyperoxaluria  can be caused by  the  following:  (1)  increased dietary 
ingestion; (2) increased gut absorption or decreased secretion; (3) endogenous hepatic production; (4) decreased intestinal bacterial metabolism; 
or (5) renal hyperexcretion. 
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cytosolic enzyme glyoxalate reductase–hydroxypyruvate 
reductase (GRHPR), which reduces glyoxalate to glyco-
late.370 It accounts for about 10% of cases. The least common 
variety is type III (OMIM 613616), which is due to activating 
mutations in the mitochondrial 4-hydroxy-2-oxoglutarate 
aldolase (HOGA) enzyme, which converts hydroxyproline 
to glyoxylate.371-374 Unlike types I and II, heterozygotes can 
have CaOx stones.373,374 PH type III accounts for about 5% 

of cases, with another 5% of PH cases having no known 
genetic lesions.

A number of other metabolic precursors of oxalate 
metabolism, including by-products of the breakdown of 
ascorbic acid, fructose, xylose, and hydroxyproline, poten-
tially contribute to oxalate production. However, their con-
tribution under normal physiologic circumstances has not 
yet been fully elucidated.375,376
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Role of Anion Exchanger Slc26a6

The anion exchange transporter Slc26a6 has been shown to 
be involved in intestinal oxalate transport.385,386 This trans-
porter is expressed in the apical membrane of the duode-
num, jejunum, and ileum and, to a lesser extent, the large 
intestine.387 In vitro studies have demonstrated defective net 
oxalate secretion in mice with targeted inactivation of 
Slc26a6385 (Figure 40.14). Furthermore, in vivo studies in 
Slc26a6 null mice on a controlled oxalate diet showed 
increased plasma oxalate concentration, decreased fecal 
oxalate excretion concentration, and high urinary oxalate 
excretion.385 The differences in these levels were attenuated 
following stabilization on an oxalate-free diet. These results 
suggest that diminished net oxalate secretion in the gut is 
responsible for net oxalate absorption; this results in a rise 
in plasma oxalate concentration, elevated urinary oxalate 
excretion and bladder stones, and Yasue-positive crystals in 
the kidney. However, the influence of this putative anion 
exchange transporter on intestinal oxalate absorption—
specifically, its role in kidney stone formation in humans—
has not yet been demonstrated. Studies with exogenous 
radiolabelled oxalate in normal humans have shown  
that renal excretion accounts for most of the disposal of 
oxalate.388 In contrast, report of a case of enteric hyperox-
aluria has shown drastically diminished expression of 
SLC26A6 protein in the intestine.389

Role of Oxalobacter formigenes

Many gut bacteria, including Oxalobacter formigenes (OF), 
have been reported to degrade oxalate in the intestinal 

Dietary Intake and Bioavailability

Dietary oxalate plays an important role in urinary oxalate 
excretion. There is a wide variation in estimated intake of 
oxalate, ranging from 50 to 1000 mg/day.191,360 Dietary 
oxalate and its bioavailability contribute to approximately 
45% of the urinary oxalate excretion.377 The main source of 
most bioavailable oxalate-rich food includes seeds, such as 
chocolate derived from tropical cocoa trees, leafy vegeta-
bles, including spinach and rhubarb, and tea. The relation-
ship between oxalate absorption and dietary oxalate intake 
has been demonstrated to be nonlinear.377

Intestinal Absorption

Despite seminal advances in rodent intestinal physiology of 
oxalate handling,378 the specific intestinal segments in humans 
involved in oxalate absorption is not fully known. It was pro-
posed that the main fraction of oxalate is absorbed in  
the small intestine, since most oxalate is absorbed during  
the first 4 to 8 hours after the consumption of oxalate-rich 
foods,358,366,379,380 and 5 hours of intestinal transit time is 
required for nutrients to move from the stomach to the colon. 
Nevertheless, it has also been suggested that the colon also 
participates, but to a lesser extent, in oxalate absorption.380

Oxalate is absorbed and secreted in the GI tract through 
paracellular and transcellular pathways. Paracellular oxalate 
absorption has not yet been confirmed in intact organisms. 
However, it has been proposed that at a low gastric pH, part 
of the dietary oxalate is converted into small hydrophobic 
molecules that could possibly diffuse through the lipid 
bilayer,381-384 thereby increasing urinary oxalate excretion.

Figure 40.14  Comparison of wild-type versus Slc26a6 mouse. Slc26a6 mediates intestinal oxalate secretion in wild-type mice, so that only 
10% of  ingested oxalate  is normally absorbed and excreted  into  the urine. Targeted deletion of  the Slc26a6 gene  in mice unmasks a  large 
intestinal absorptive flux of oxalate and leads to increased plasma oxalate levels, hyperoxaluria, and calcium oxalate stones. 
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4690 patients following RYGB with an obese control group 
found 7.5% of kidney stones in RYGB patients compared 
with 4.63% in obese controls. Another retrospective cohort 
of 972 RYGB patients showed an 8.8% stone prevalance 
prior to surgery, while 3.2% developed new stones postop-
eratively.417 The pathophysiologic mechanisms for lithogen-
esis are complex and can be due to hyperoxaluria, 
hypocitraturia, aciduria, and low urinary volume349,350,418-426 
(Table 40.3). A national private insurance claim database 
from 2002 to 2006 supported the notion that gastric banding 
is not associated with increased kidney stone risk. After 
gastric banding, 1.49% of subjects formed stones compared 
to 5.97% of obese controls.427

The underlying mechanisms for hyperoxaluria following 
inflammatory bowel disease and bariatric procedures have 
not yet been elucidated. Purported mechanisms have linked 
hyperoxaluria to intestinal fat malabsorption.423,428 In this 
scheme, unabsorbed fatty acids sequester calcium that 
would otherwise bind oxalate in the intestinal lumen, 
thereby increasing the free luminal concentration of oxalate 
and enhancing its availability for absorption. An additional 
mechanism was suggested to be increased permeability of 
the colon from exposure to unconjugated bile acids and 
long-chain fatty acids following inflammatory bowel disease 
and bariatric procedures367,429 (Figure 40.15). Finally, it has 
been proposed that changes in intestinal microbiota occur 
in patients with recurrent calcium oxalate urolithiasis,394,430,431 
enteric hyperoxaluria,432,433 and cystic fibrosis,434,435 all of 
which can potentially modify the colonization of lower intes-
tinal flora with respect to OF.434,435

Physicochemical Effects of Hyperoxaluria

Oxalate and calcium are both important in raising CaOx 
supersaturation in urine.361 In human serum, oxalate con-
centration is 1-5 µmol/L but its concentration in the urine is 
100 times higher than in serum.436 At physiologic pH, oxalate 
will form an insoluble salt with calcium. Normal urine is often 
supersaturated with CaOx because the solubility of CaOx in 
an aqueous solution is limited to approximately 5 mg/L at a 
pH of 7. Considering that normal urine volume ranges from 
1 to 2 L/day, normal urinary excretion is more than 40 mg. 
In most cases, one can surmise that normal urine is supersatu-
rated with CaOx salt. However, under normal conditions, the 
blood is undersaturated with respect to CaOx. Nevertheless, 
in patients with PH and renal insufficiency, when the serum 
oxalate concentration rises above 30 µmol/L, the blood 
becomes supersaturated with CaOx.437

ALTERATIONS OF URINARY PH
Both highly acidic (≤5.5) and highly alkaline (≥6.7) urine 
increase the propensity for calcium kidney stone formation. 
With unusually acidic urinary pH, urine becomes supersatu-
rated with undissociated UA, which can contribute to CaOx 
crystallization.79,438 Highly alkaline urine increases the abun-
dance of monohydrogen phosphate (dissociation constant 
pKa ≅ 6.7), which, in combination with calcium, transforms 
to thermodynamically unstable brushite (CaHPO4 • 2H2O) 
and finally to hydroxyapatite—Ca10(PO4)6(OH)2. Over the 
past 4 decades, the average CaP content of stones has pro-
gressively increased.53

The rise in the prevalence of CaP stones has been attrib-
uted to, but not proven to be, due to extracorporeal shock 

lumen.390 Although OF was initially found in ruminants, 
they have been shown to be present in other species and in 
humans.391,392 Colonization of the bowels with OF begins at 
some point during childhood and is found in the feces of 
60% to 80% of adults.393 Dietary oxalate intake influences 
the colonization of OF in the intestinal tract. In animal 
studies, significant declines in urinary oxalate follow admin-
istration of or an increase in OF colonization.394,395 An ex 
vivo Ussing chamber study demonstrated microbe-host 
interaction in that OF not only degrades intestinal luminal 
oxalate, but has the capability to stimulate net intestinal 
oxalate secretion.396 The result of this pathophysiologic 
mechanism from animal experiments has been confirmed 
in patients with type I PH, in subjects with normal renal 
function, and in patients with chronic renal insufficiency 
showing a transient reduction of urinary oxalate following 
the oral administration of OF.397

Renal Excretion

The kidney plays a major role in oxalate homeostasis. 
Oxalate is not significantly protein-bound and is freely fil-
tered at the glomerulus. With impaired kidney function, 
plasma oxalate concentration steadily increases, exceeds its 
saturation in the blood, and therefore enhances the risk of 
systemic tissue oxalate deposition, including kidney damage. 
Renal oxalate clearance studies in human subjects have 
been controversial. Radiolabeled oxalate studies398,399 have 
demonstrated oxalate secretion, while endogenous renal 
oxalate clearance assessments using direct measurements of 
serum and urine oxalate have demonstrated net reabsorp-
tion.400,401 However, renal secretion of oxalate with high frac-
tional excretion has been reported in patients with primary 
or enteric hyperoxaluria.399-401

Reabsorption and secretion of oxalate have been shown 
in the renal proximal tubule.402,403 It has been shown that 
Slc26a6 is expressed in the apical membrane of the proxi-
mal renal tubule and affects the activity of a number of 
other apical anion exchangers.404,405 However, the physio-
logic role of this anion exchanger in renal oxalate handling 
has not yet been fully demonstrated. In slc26a6 null mice, 
the high serum oxalate appears to be driven mostly by  
hyperoxalemia rather than by renal leak of oxalate.385

Clinical Hyperoxaluria

PH typically presents during early childhood with CaOx 
stones and nephrocalcinosis. This disease is severe and is 
associated with frequent stone recurrence and impaired 
kidney function.406 From 1985 to 1992, the estimated preva-
lence of PH was reported to be 1 to 3 cases/million popula-
tion, a calculated incidence rate of 1/120,000/year.407,408 
Furthermore, end-stage kidney disease (ESKD) as a result 
of PH has been demonstrated to occur in 1% to 10% of 
children.409,410 Occasionally, milder forms of PH are found 
in adult subjects.

Enteric hyperoxaluria due to inflammatory bowel disease, 
jejunoileal bypass, and modern bariatric surgeries for 
morbid obesity are the most common causes of hyperoxal-
uria in clinical practice.411-416 Roux-en-Y gastric bypass 
(RYGB) is a weight reduction procedure theoretically com-
bining restrictive and malabsorptive mechanisms for the 
treatment of obesity. Urolithiasis is a well-known complica-
tion of those who have undergone RYGB. A comparison of 
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Table 40.3 Kidney Stone Risk Profiles and Roux-en-Y Gastric Bypass Surgery (RYGB)

Reference Pathophysiologic Mechanisms for Lithogenesis Before RYGB Following RYGB

Nelson et al418 Urinary oxalate (mg/day) N/A 79
Sinha et al349 31 ± 16 65 ± 39*
Asplin and Coe350 N/A 85 ± 44*
Duffey et al420 31 ± 10 41 ± 18*
Penniston et al424 N/A 48 ± 4
Park et al419 32 (median) 40 (median)*
Maalouf et al365 N/A 45 ± 21*
Patel et al422 N/A 61 ± 4*
Kumar et al423 26 ± 13 32 ± 11 (NS)
Froeder et al425 N/A 26 (median; NS)
Sinha et al349 Urinary citrate (mg/day) 660 ± 297 444 ± 376 (NS)
Asplin and Coe350 N/A 477 ± 330*
Penniston et al424 N/A 441 ± 71*
Park et al419 675 (median) 456 (median)*
Maalouf et al365 N/A 358 ± 357*
Patel et al422 N/A 621 ± 40*
Froeder et al425 N/A 472 (median; NS)
Asplin and Coe350 Urinary pH N/A 5.72 ± 0.31*
Sinha et al349 5.96 ± 0.38 5.78 ± 0.59 (NS)
Duffey et al420 5.82 ± 0.54 5.66 ± 0.43 (NS)
Park et al419 6.03 (median) 5.75 (median; NS)
Froeder et al425 N/A 5.78 (median; NS)
Duffey et al420 Urinary volume (mL/day) 1380 ± 400 900 ± 430*
Park et al419 1800 (median) 1440*
Maalouf et al365 N/A 1900 ± 900 (NS)
Kumar et al423 2091 ± 768 1316 ± 540*
Froeder et al425 N/A 1140*
Sinha et al349 Urinary calcium (mg/day) 206 ± 111 112 ± 92*
Asplin and Coe350 N/A 141 ± 61*
Duffey et al420 206 ± 111 112 ± 92*
Fleischer et al426 161 ± 22 92 ± 15*
Penniston et al424 N/A 100 ± 12*
Park et al419 176 (median) 135* (median)
Maalouf et al365 N/A 115 ± 93*
Froeder et al425 N/A 89* (median)

*Significant compared to control.
N/A, Not available; NS, statistically nonsignificant.

wave lithotripsy (ESWL), increasing use of medications, 
including topiramate, and alkali therapy.14,192,439,440 The three 
main risk factors for the development of brushite stones are 
alkaline urine, hypercalciuria, and hypocitruria (Figure 
40.16). It has been suggested that urinary pH elevation plays 
the most important role in the transformation of CaOx to 
CaP. A retrospective study of 62 patients found that high 
urinary pH was the primary physiologic abnormality in 
those in whom CaOx transformed to CaP.53 The defective 
renal acidification was proposed to be related to renal tissue 
damage from ESWL.14 Patients with CaP stones usually carry 
a greater stone burden, are less likely to be stone-free after 
urologic procedures, and also experience resistance to 
ESWL and ultrasonic lithotripsy.441-443

URIC ACID STONES

Higher primates have higher serum and urinary UA levels 
due to the lack of the enzyme uricase, which transforms uric 
acid into the more soluble allantoin313,314,444 and are thus 
end products of metabolism. Uricase deficiency is partially 

compensated by repression of xanthine oxidase445 but the 
high serum UA is also due to low renal fractional excretion 
of UA.314 The principal sources of UA production are de 
novo synthesis, tissue catabolism, and dietary purine load.308 
Generally, 50% of the typical daily urate load is provided by 
de novo synthesis and tissue catabolism, with the remainder 
originating from dietary sources.308 About 25% to 30% of 
synthesized UA is excreted through the intestinal tract and 
the remainder by the kidney.310

The cause of uric acid urolithiasis can be genetic313,446,447 
or acquired,347,352,448 with the metabolic syndrome being the 
principal acquired cause (Table 40.4). The primary patho-
physiologic mechanisms accounting for UA urolithiasis 
include hyperuricosuria and low urinary volume; the most 
important contributing factor is unusually low urinary pH.

PHYSICOCHEMISTRY OF URIC ACID
Given that UA solubility in a urinary environment is limited 
to about 96 mg/L, and UA excretion in humans typically 
exceeds 600 mg/day, the risk of UA precipitation is  
constant.190,358 Uric acid has a pKa of 5.35 at 37° C.449,450 
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that attenuate UA crystal adherence to the renal tubular 
epithelium.455

PATHOPHYSIOLOGY OF URIC ACID STONES
Hyperuricosuria

Hyperuricosuria can be due to genetic, metabolic, or dietary 
factors.26 Hyperuricosuria is seen in rare hereditary 
disorders, with mutations in enzymatic pathways responsible 
for UA production. These conditions include X-linked 
phosphoribosyl synthetase overactivity, autosomal recessive 
glucose-6-phosphatase deficiency, and glycogenesis types  
III, V, and VII.26,313,447 The clinical presentations of these 

Consequently, urinary pH plays a principal role in that 
acidic urine (pH ≤ 5.5) titrates urate to UA, which is spar-
ingly soluble and hence precipitates.358,451,452 This also 
indirectly induces mixed UA-CaOx urolithiasis, which  
is mediated through heterogeneous nucleation and epitax-
ial crystal growth.81,453,454 Generally, urine is metastably 
supersaturated with respect to UA. This suggests that  
the absence of an inhibitor influences the propensity for  
UA urolithiasis. This has been supported by experimental 
evidence demonstrating the presence of macromolecules 

Figure 40.15  Pathophysiologic mechanisms of hyperoxaluria  in  inflammatory bowel disease or  following bariatric surgery. Fatty acids and 
bile salts precipitate luminal calcium, which can be compounded by low dietary intake. Low luminal calcium frees up and increases unbound 
oxalate. Lack of Oxalobacter formigenes due to excess bile salts also contributes to high luminal oxalate. 

Oxalate

Ca-Mg soaps

GI lumen
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Figure 40.16  Urinary stone risk profiles in 82 brushite kidney stone 
formers. (Modified from Krambeck AE, Handa SE, Evan AP, Lingeman 
JE: Brushite stone disease as a consequence of lithotripsy? Urol Res 
38:293-299, 2010.)
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Table 40.4 Causes of Uric Acid Urolithiasis

Cause

Low 
Urine 
Volume

Low 
Urinary 
pH Hyperuricosuria

Acquired

Diarrhea + + +
Myeloproliferative +
High animal protein + +
Uricosuric drugs +
Primary gout +
Metabolic syndrome +

Congenital

Enzyme disorders of 
purine metabolism

+

Mutations in uric 
acid transporters

+
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Figure 40.17  24-hour urinary pH in idiopathic uric acid urolithiasis 
versus control subject. Urine was collected under a fixed metabolic 
diet. The comparison was made by an unpaired T-test. 
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Figure 40.18  Distribution of stone type with respect to body mass index (BMI) and diabetes status.  (Based on data from Daudon M, Traxer 
O, Conort P, et al: Type 2 diabetes increases the risk for uric acid stones. J Am Soc Nephrol 17:2026-2033, 2006.)
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disorders are unique and can be accompanied with a signifi-
cant risk for gouty arthritis, kidney stone formation, and 
even renal failure. Biochemical abnormalities include highly 
elevated serum UA concentration (10 mg/dL) and urinary 
UA excretion of 1000 mg/day or higher. The disease mani-
festations commonly present during childhood; however, 
they remain silent until puberty.

Renal handling of UA is complex and involves secretion 
and reabsorption.314 An inactivating mutation of the urate 
transporter, URAT1, causes renal uric acid wasting, which 
results in hyperuricosuria, hypouricemia, UA kidney stones, 
and exercise-induced acute renal failure.456,457 In addition, 
specifically in the Sardinian population, a putative gene 
locus localized on chromosome 10q122 has been linked to 
UA urolithiasis. The putative culprit gene codes for a hypo-
thetical protein with zinc finger motifs, ZNF365, of unknown 
function.458

Hyperuricosuria also occurs with excessive tissue break-
down with malignancy and chemotherapy.459,460 Certain uri-
cosuric drugs such as high-dose salicylates, probenecid, 
radiocontrast agents and losartan have been shown to 
increase UA excretion, which increases the risk of UA stone 
formation.450,461 In the large majority of cases, however, there 
are no identifiable congenital or acquired causes of 
hyperuricosuria.

Low Urinary Volume

Low urinary volume increases the urinary supersaturation of 
all stone-forming constituents.462 Volume depletion from 
chronic diarrhea from inflammatory bowel disease has a 
major impact on uric acid stone formation. It has been 
shown that one third of the stones are composed of uric acid, 
an incidence is higher than the incidence of 8% to 10% 
reported in the general population.463-465 In addition, uric 
acid stones comprise two thirds of all stones in patients fol-
lowing ileostomy.463 In this population, low urinary volume, 
in addition to the aciduria from alkali loss, is common.466-468

Low Urinary pH

In the large majority of cases, hyperuricosuria or low urine 
volume is not the culprit. The lithogenesis is driven by low 

urinary pH. Collectively, these patients are experiencing, by 
default, idiopathic UA urolithiasis (IUAU). This condition 
is caused by unusually acidic urine, which is the single invari-
ant feature in all patients with IUAU29,358,469 (Figure 40.17).

Origin of Low Urinary pH. IUAU is the stone type that 
shares numerous common characteristics with the meta-
bolic syndrome.31,446,470,471 Several cross-sectional studies 
have supported the association between UA stones, diabe-
tes, and obesity30,32,33,472-475 (Figure 40.18). Since 2000, two 
major causative factors—increased acid load to the kidneys 
and impaired ammonium (NH4

+) excretion—have been 
shown to result in unusually acidic urine.29,358

Increased Acid Load to Kidneys. In a steady state, net acid 
excretion (NAE) equals net acid production. Higher NAE 
can occur as a consequence of increased endogenous pro-
duction, increased dietary ingestion (high dietary acid con-
sumption or low alkali intake), or alkali loss.476 Several 
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metabolic studies of a constant, controlled metabolic diet 
have shown that NAE is higher in IUAU patients and type 
2 diabetics without stones compared to control sub-
jects,29,470,471,477 suggesting that endogenous acid production 
is elevated (Figure 40.19). The nature and source of these 
putative organic acids is unknown at present but likely has 
an enterohepatic origin.478 Adults with type 2 diabetes 
without kidney stones have similar features to those with UA 
stones and similar differences in gut microbiota compared 
to nondiabetic adults.479

Impaired NH4
+ Excretion. Under normal physiologic cir-

cumstances, NH4
+ excretion plays a key role in the regula-

tion of acid-base balance due to its high pKa of 9.3 (NH3/
NH4

+ system). NH4
+ can effectively buffer a major portion 

of secreted H+ due to its high capacity and high pKa.480,481 

The alternative source of buffering is by many H+ acceptors, 
which are collectively referred to as titratable acid (TA).480 
In IUAU, there is defective NH4

+ production and excretion 
(see Figure 40.19). More H+ is buffered by TA (including 
urate) to maintain acid-base homeostasis.29,358,471 The trade-
off is the propensity for UA precipitation.29,469 The defective 
NH4

+ excretion in IUAU occurs at a steady state while the 
patient is on a fixed metabolic diet, as well as after acute 
acid loads.29 Defective NH4

+ excretion is not unique to UA 
stone formers but remains a shared feature between meta-
bolic syndrome patients and type 2 diabetic non–stone 
formers (Figure 40.20).31,446,471,475

Role of Renal Lipotoxicity

Most urinary NH4
+ is produced and secreted by the renal 

proximal tubular cell.482,483 NH4
+ is directly transported by 

the Na+-H+-exchanger (NHE3), either as Na+-NH4
+ into the 

proximal tubular lumen or by nonionic diffusion of NH3 
into the renal proximal tubular lumen, trapped as NH4

+ by 
luminal H+ secretion by NHE3.482-488 When energy intake 
exceeds utilization, as occurs in patients with IUAU, obesity, 
diabetes, or multiple sclerosis (MS), fat accumulates; this 
can occur in nonadipose tissues489 (Figure 40.21). Ectopic 
fat is termed steatosis, and the ill effects of steatosis are 
termed lipotoxicity,489-494 which is the consequence of the 
accumulation of toxic metabolites such as acyl coenzyme A 
(acyl CoA), diacylglycerol, and ceramide.495-497 In a rodent 
model of the metabolic syndrome, the Zucker diabetic fatty 
(ZDF) rat,498 as well as in cultured proximal tubular cells, 
steatosis led to deranged ammoniagenesis and transport.499 
ZDF rats have higher renal cortical triglyceride content 
commensurate with lower urinary NH4

+ and pH values499 
(see Figure 40.21). Similar findings were also seen in 
humans with a high BMI.500 Kidney cell lines incubated with 
a mixture of long-chain fatty acids have a decrease in NH4

+ 
production.499 Treatment of ZDF rats with thiazolidinedio-
nes or removal of fatty acids from cultured cells reduced 
renal steatosis, and restored acid-base parameters toward 
normal, demonstrating causality (see Figure 40.21).501 

Figure 40.19  Comparison  of  net  acid  excretion  between  normal 
subjects and uric acid  (UA) stone  formers. Studies were performed 
with a controlled metabolic diet. Despite equivalent amounts of exog-
enous  acid  intake  (same  urinary  sulfate  excretion,  not  shown),  uric 
acid stone formers had higher net acid excretion, and a lower fraction 
of  the  net  acid  was  carried  by  ammonium.  TA,  Titratable  acid. 
(Adapted from 471, 887, 888.)
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Figure 40.21  Renal steatosis and lipotoxicity in humans and rats. A, Oil red O stain of triglyceride in human kidney from an obese individual 
and Zucker diabetic fatty (ZDF) rats (×). B, Cortical triglyceride content in human biopsy samples showing the relationship between triglyceride 
and body mass index (BMI). C, Lean rats or ZDF rats were treated with vehicle or rosiglitazone thiazolidinedione (TZD). A number of parameters 
were compared among the four groups. The amelioration of plasma free fatty acid (FFA) and renal cortical triglyceride was accompanied by 
increase in urine pH and ammonium excretion, whereas titratable acid (TA) excretion was decreased. Con, Control. (Adapted from Bobulescu 
IA, Dubree M, Zhang J, et al: Effect of renal lipid accumulation on proximal tubule Na+/H+ exchange and ammonium secretion. Am J Physiol Renal 
Physiol 294:F1315-F1322, 2008; Bobulescu IA, Lotan Y, Zhang J, et al: Triglycerides in the human kidney cortex: relationship with body size. PLoS 
One 9:e101285, 2014; and Bobulescu IA, Dubree M, Zhang J, et al: Reduction of renal triglyceride accumulation: effects on proximal tubule Na+/
H+ exchange and urinary acidification. Am J Physiol Renal Physiol 297:F1419-F1426, 2009.)
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Another potential mechanism in UA stone formers and/or 
in ZDF rats is defective NH4

+ synthesis due to substrate 
competition—namely, fatty acid instead of glutamine as a 
source of energy—thus removing the source of nitrogen for 
ammoniagenesis.502

CYSTINE STONES

OVERVIEW
Cystine stones are exclusively seen in cystinuria, which is a 
mendelian disorder caused by inactivating mutations of the 
subunits of a dibasic amino acid transporter in the proximal 
tubule, rBAT/b0,+AT (SLC3A1/SLC7A9; heavy-light chain), 
which is equivalent to the system b0,+ of amino transport 
(Figure 40.22; see Chapter 8). This is the most common 
primary inherited aminoaciduria (OMIM 220100), causing 
1% to 2% of renal stones in adults and 6% to 8% in pediatric 

patients.503 Normally, reabsorption of amino acids from the 
urine is near completion with a fractional excretion close to 
zero. Inactivation of rBAT/b0,+AT leads to urinary wasting 
of many cationic amino acids, but only cystine has a low 
enough solubility to precipitate. Since rBAT/b0,+AT is also 
present in the gut, there is malabsorption of cationic amino 
acids but no clinically discernible intestinal phenotype.

MOLECULAR BIOLOGY AND GENETICS
The rBAT and b0,+AT subunits are linked by a disulfide 
bridge in the heterodimer, which is characteristic of the 
heteromeric amino acid transporters.504 It mediates obliga-
tory exchange of cationic amino acids (e.g., cystine–two 
cysteines bound by a disulfide bridge) and neutral amino 
acids with a 1 : 1 stoichiometry (see Chapter 8). In addition 
to human disease, the causal link of rBAT/b0,+AT to cationic 
aminoaciduria has been corroborated by mouse models 
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Figure 40.22  A, Cystine is a dimer of cysteine formed by disulfide bonding under oxidizing conditions. B, Appearance of cystine crystals in 
the urine of a patient with cystinuria. 
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with defective rBAT (D140G mutation)505 or b0,+AT (knock-
out)506 and Newfoundland dogs with defective rBAT (natural 
nonsense mutation),507 which all have cystinuria similar to 
that in humans.

To date, a total of 133 mutations in rBAT (SLC3A1; cys-
tinuria type A) and 95 mutations in b0,+AT (SLC7A9; cystin-
uria type B) have been identified in humans, including 
missense, nonsense, splice site, frameshift, and large chro-
mosomal rearrangements503 in about 90% of the subjects 
studied. In most cases, the disease is inherited in an autoso-
mal recessive manner. In about 3% of patients with clinical 
cystinuria, there are no mutations in the two candidate loci. 
These can be due to mutations in promoter, regulatory, or 
intronic regions. The current belief is that all cases of classic 
and isolated cystinuria are due to mutations in system b0,+.

Interestingly, haplotypes with b0,+AT polymorphisms have 
been reported to lead to cystinuria. This has been reported 
in cystine stone formers who are heterozygous for a known 
b0,+AT disease mutation.508,509 Isolated cystinuria (cystine 
wasting without cationic aminoaciduria) can be caused by 
heterozygous b0,+AT mutation.510,511,509 The molecular biology 
is in accordance with metabolic data. Cystine clearance 
approximates the GFR in classic cystinuria.512 System b0,+ 
(rBAT/b0,+AT) is the principal transport system for cystine 
reabsorption in the proximal tubule apical membrane. In 
contrast, clearance of cationic amino acids is only partly 
affected (40 to 60 mL/min/1.73 m2) in cystinuria,513 sug-
gesting that other apical transport systems participate in the 
renal reabsorption of these amino acids.

CLINICAL PRESENTATION
Cystine was discovered in the urine of a patient with uroli-
thiasis by Wollaston in 1810514 and was likely the first case in 
medical history. The prevalence is reported to be highest in 
individuals of Libyan Jewish descent (1 : 2500). A history of 
parental consanguinity may or may not be present because 
compound heterozygotes can come from apparently unre-
lated marriage partners. Patients present similarly to sub-
jects with other stones with hematuria, renal colic, and 
urinary obstruction, although their symptoms tend to be 
more severe and they are more likely to have staghorn 
calculi, need surgery, and progress to chronic kidney disease 
(CKD).515 The age of onset varies widely, but approximately 
half of patients present to pediatricians.516 The historical 

type I versus II classification has now been replaced by type 
A (mutations in both alleles, SLC3A1, genotype AA) and 
type B (mutations in both alleles, SLC7A9, genotype BB).517 
Cases of uncommon digenic inheritance (type AB) have 
also been described, but individuals with this pattern likely 
do not suffer from kidney stones.

Urinary cystine quantification is not routinely performed 
in all stone formers. The features that raise suspicion are 
family history of cystinuria, staghorn calculi, positive non-
quantitative screening test with sodium nitroprusside 
(>75 mg/L, 0.325 mmol/L), and presence of pathogno-
monic hexagonal cystine crystals on urinalysis (see Figure 
40.22).

Quantitation of urinary cystine excretion (normal < 
30 mg/day [0.13 mmol/day]) is mandatory to diagnose cys-
tinuria. Patients with cystinuria often excrete more than 
400 mg/day (1.7 mmol/day). Poor cystine solubility and 
precipitation can sometimes lead to misleadingly low results, 
so alkalinization of collected urine is often required.518 One 
caveat is the inability of current assays to distinguish cystine 
from soluble, adducted drug-cysteine complexes. Ex vivo 
disintegrated thiol cysteine can self-recombine to form 
dimeric cystine. These problems led to the development of 
a solid-phase assay, which is reliable in the presence of thiol 
drugs.519 A physicochemical method similar to that for 
calcium stones has been tested to measure the propensity 
for cystine stone formation empirically.519

INFECTION STONES

PATHOPHYSIOLOGY
This category of stones does not form because of intrinsic 
host defects but because of an infected urinary environ-
ment. Struvite (MgNH4PO4 • 6H2O) stones account for a 
small percentage of all kidney stones and often also contain 
carbonate apatite, Ca10(PO4)6 • CO3. These stones are 
rapidly growing, branch and enlarge, and fill the renal col-
lecting system to form staghorns. The key culprits are urea-
splitting bacteria. These stones are difficult to treat medically. 
Even with surgical removal, any remaining fragments con-
taining the infecting bacteria furnish a nidus for further 
rapid stone growth. The nature of these stones to grow 
rapidly, recur, and cause morbidity and mortality has led to 
the term stone cancer.
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adenine phosphoribosyl transferase (APRT) deficiency, 
which is inherited as an autosomal recessive disorder (OMIM 
102600). In subjects with impaired APRT, adenine is con-
verted to 8-hydroxyadenine, which is further metabolized to 
DHA by xanthine dehydrogenase.525 Consequently, APRT 
deficiency results in high urinary levels of DHA, which is 
insoluble and forms crystals that aggregate, grow, and form 
kidney stones.526,527 This disorder can present at any age but, 
in approximately 50% of subjects, symptoms do not occur 
until adulthood.528 The diagnosis is made by the micro-
scopic appearance of DHA crystals in the urine, which are 
pathognomonic for this disease. Typically, DHA crystals as 
seen by polarized microscopy are round and reddish-brown, 
with a characteristic central Maltese cross pattern.525 
However, the diagnosis is established by the absence of 
APRT enzyme activity in red cell lysates or identification of 
functionally significant mutations in APRT.

Xanthine stones are present in about one third of subjects 
with classic xanthinuria, which is an inborn error in metabo-
lism inherited as an autosomal recessive trait.529,530 Heredi-
tary xanthinuria is caused by mutations in xanthine 
dehydrogenase (XDH),525 leading to the overproduction of 
xanthine and minimal production of uric acid. Patients have 
very low serum urate levels but suffer from elevated levels 
of xanthine in the urine, leading to xanthine stones, hema-
turia, and sometimes occult kidney failure.531 Urinary excre-
tion of xanthine and hypoxanthine are significantly 
increased. Xanthine stones occur more often than hypoxan-
thine because of the lower solubility of xanthine in urine. 
Xanthinuria should be suspected if a patient has significant 
hypouricemia and hypouricosuria in the presence of radio-
lucent stones.

Xanthine stones may also be acquired following allopuri-
nol treatment in patients with significant hyperuricemia 
such as Lesch-Nyhan syndrome and in those undergoing 
chemotherapy for myeloproliferative disorders.532,533

ACQUIRED CAUSES
Rare acquired kidney stones arise from disease and also 
after ingesting toxins or use of certain drugs with poor solu-
bility in a urinary environment.534 Ammonium urate stones 
are radiolucent stones that occur in patients with chronic 
diarrhea, inflammatory bowel disease, ileostomy, and laxa-
tive abuse; all are associated with intestinal alkali loss and 
compensatory renal hyperexcretion of ammonium.535-539 
This occurs due to the relative abundance of urinary ammo-
nium accompanied by decreased urinary sodium and potas-
sium, thereby making the urine supersaturated with respect 
to poorly soluble ammonium urate. The catabolic state of 
these patients also cause hyperuricosuria.

Consumption of over-the-counter (OTC) drugs such as 
guaifenesin as an expectorant and ephedrine as a stimulant 
and for weight reduction accounts for approximately one 
third of the U.S. drug-induced kidney stone incidence.540,541 
After the introduction of protease inhibitors for the treat-
ment of HIV patients, indinavir-treated patients began to 
show a high incidence of indinavir-associated stones.542,543 In 
later years, it was shown that other antiproteases, such as 
nelfinavir, tenofovir, atazanavir, and antinucleosidic drugs, 
including efavirenz, also cause kidney stone formation.544-547

Other drugs such as triamterene, various antimicrobial 
agents, including sulfamides, penicillin, cephalosporin, 

Struvite stones occur more frequently in women than in 
men, largely because of the higher incidence of urinary 
tract infection. Chronic urinary stasis or infections predis-
pose to struvite stones so that older age, neurogenic bladder, 
indwelling urinary catheters, and urinary tract anatomic 
abnormalities are all predisposing factors. The presence of 
large stones in infected alkaline urine should alert the clini-
cian to the potential presence of struvite. Given their poten-
tial for rapid growth and substantial morbidity, early 
detection and eradication are essential.520,521

The urease of urea splitting organisms hydrolyzes the fol-
lowing reactions:

 ( )H N -C O H O NH HCO OH2 2 2 4 32= + → + ++ − −  (1)

 ( )H N -C O H O CO NH HCO2 2 2 2 4 32 2= + + → ++ −  (2)

Urea contains two nitrogens and one carbon. On the 
product side of the equation (right side), 2NH4

+ represents 
two acid equivalents, and either HCO3

− plus OH−or 2HCO3
− 

represents two base equivalents. The phosphate and mag-
nesium combine with the NH4 to form struvite, and the 
calcium and phosphate combine with the carbonate to form 
carbonate apatite. Ammonium can bind to the sulfates on 
the glycosaminoglycans on the urothelium,522 impair the 
hydrophilic activity of the GAGs, and increase crystal adhe-
sion. During infections with urease-producing organisms, 
there is a simultaneous elevation in urine NH4

+, pH, and 
carbonate concentration. With successful antimicrobial 
treatment of the underlying infection, the struvite can actu-
ally dissolve because the urine is generally undersaturated 
with respect to struvite.523,524 However, urine is not under-
saturated with respect to carbonate apatite,524 so successful 
antimicrobial therapy is not expected to dissolve this com-
ponent of the stone. Whether a stone will dissolve with 
prolonged antibiotic is dependent on the amount of car-
bonate apatite.

While many bacteria (gram-negative and gram-positive), 
Mycoplasma, and yeast species can produce urease, most 
urease-producing infections are caused by Proteus mirabilis. 
In addition, Haemophilus, Corynebacterium, and Ureaplasma 
spp. have been identified to cause struvite stones. All these 
bacteria use urease to split urea and supply their need for 
nitrogen (in the form of NH3). Colony counts may be low so 
the laboratory should be instructed to identify any bacteria 
and determine sensitivities, no matter how low the number 
of colony-forming units. If routine urinary cultures are nega-
tive but a urease producer is suspected, the laboratory should 
be specifically instructed to culture for Mycobacterium or Urea-
plasma urealyticum, which are also urease-positive.522

UNCOMMON STONES

Rare kidney stone disease can be genetic or acquired. 
Among the genetic diseases, the most common types are 
xanthine stones and 2,8-dihydroxyadenine (DHA) stones. 
Acquired causes may be iatrogenic with the use of medica-
tions or may be caused by toxins or other diseases.

GENETIC CAUSES
DHA stone formation is characterized by excessive produc-
tion and urinary excretion of DHA as a consequence of 
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relative risk of stones in their native country, despite consid-
erable assumption and homogenization of a Western 
lifestyle.563

HUMAN GENETIC STUDIES
Twin Studies

Comparison of monozygotic to dizygotic twins and/or full 
siblings reared in almost identical environments are infor-
mative.564,565 Goldfarb and coworkers sampled dizygotic and 
monozygotic twins from the Vietnam Era Twin Registry and 
found a concordance rate of 32% in monozygotic twins 
compared to 17% in dizygotic twins, an effect that cannot 
be explained by the documentable dietary information.566 
Other twin studies obtained urinary chemistries and found 
the heritability of the urinary calcium excretion rate to be 
about 50%.564,565

Candidate Genes

This approach is based on educated guesses of suspected 
loci. Studies have demonstrated an association of polymor-
phisms of genes along the vitamin D axis with one form of 
phenotypic parameter or another,567-570 but corresponding 
phenotype studies were negative.245,246 Sib-pair studies in 
French Canadians have yielded positive results with several 
candidate genes, including the vitamin D receptor, 
1-α-hydroxylase, CaSR, and crystallization modifiers such as 
osteopontin, THP, and osteocalcin-related gene, but thus far 
no conclusions have been reached.240,571-573 Association 
studies in an Italian cohort have suggested that a CaSR 
functional polymorphism (R990G) mutation574-576 is a pos-
sible locus. In a Swiss cohort, three nonsynonymous poly-
morphisms in the intestinal calcium channel TRPPV6 were 
found with higher frequency in calcium stone formers; 
interestingly, the contemporaneous presence of all three 
polymorphisms led to increased channel activity.577

A seminal paper by Halbritter and colleagues has exem-
plified the power of the candidate gene approach in a 
complex polygenic disease.578 These investigators deter-
mined the percentage of cases that could be accounted for 
by mutations in any one of 30 known kidney stone genes 
using a high-throughput mutation analysis. The sample, 
which was drawn from multiple kidney stone clinics, con-
sisted of 272 genetically unresolved individuals (106 chil-
dren and 166 adults) from 268 families with urolithiasis or 
isolated nephrocalcinosis. Fifty putative disease mutations 
(unlikely to be polymorphisms) in 14 of 30 analyzed genes 
were detected, resulting in a genetic diagnosis in 15% of all 
cases, 40% of which had novel mutations (Figure 40.23). 
The frequency of monogenic cases was remarkably high in 
the adult (11.4%) and pediatric (20.8%) cohorts. Recessive 
causes were more frequent among children, and dominant 
disease occurred more in adults. This paper indicated that 
monogenic causes of urolithiasis are much more frequent 
than expected and illustrates the principle of “one who does 
not look will not find.”

Genomewide Association Studies

To date, success using genomewide association studies 
(GWAS) has been modest in regard to identification of loci. 
A small-scale, whole-genome linkage analysis of absorptive 
hypercalciuria and low bone mineral density has found 

quinolones, and nitrofurantoin, and agents such as silicium 
derivatives (e.g., magnesium trisilicate) have been shown to 
be associated with drug-induced stones.534

Environmental factors play a role in kidney stone forma-
tion. Melamine is an organic nitrogenous compound used 
in the industrial productions of plastics, dyes, fertilizers, and 
fabrics.548 In 2008, kidney stone cases were reported in 
infants and children in China who had consumed melamine-
contaminated milk.549 A study in Taiwan screened 1129 chil-
dren with potential exposure to contaminated milk formula. 
The results showed that those with high exposure had an 
increased incidence of urolithiasis. The group of children 
with kidney stones was reported to be significantly younger 
than those without. Metabolic workups did not disclose any 
evidence of hypercalciuria, and the stones were radiolucent, 
indicating that these stones were related to melamine 
ingestion.550,551

GENETICS

HUMAN GENETICS

FAMILIAL CLUSTERING
It is well accepted that in humans, a significant portion of 
the risk of kidney stones, including their major risk factor, 
hypercalciuria, is hereditary in origin.552-555 The familial clus-
tering of kidney stones and hypercalciuria has been docu-
mented for decades.253 Despite the fact that family members 
share similar lifestyles, a number of studies have corrected 
for confounding factors and have still shown an increased 
risk of kidney stones. This has certainly been the anecdotal 
experience of practitioners. In a large epidemiologic study 
of more than 300,000 patient-years, and after adjusting for 
dietary factors, age, and BMI, there was a 2.6-fold higher 
risk of kidney stones when there was a positive family 
history.556 Case-control studies, with a combined number of 
cases and control each exceeding 1000, have shown that the 
relative risk is twofold to fourfold higher and hereditary 
contributions (defined as the ratio of genetic variance to 
the total phenotypic variance) are 40% to 60%.557-560 In a 
segregation analysis of more than 200 stone-forming fami-
lies, hypercalciuria was found to have a hereditability of 60% 
and was transmitted in a polygenic fashion.561 However, the 
complexity of polygenic traits renders a discussion of the 
genetics of hypercalciuria and kidney stones a formidable 
task. The challenges include phenocopy, multiple loci, locus 
heterogeneity, and lack of an intermediate phenotype in 
clinical databases.

ETHNICITY
African Americans have a lower prevalence of kidney stones 
than whites, which cannot be accounted for by diet.3 A lon-
gitudinal study has also shown a persistently lower stone 
incidence in African Americans in the 1970s through the 
1990s, suggesting that the difference is inherent.1 A similar 
difference has been noted in urinary calcium excretion, 
with much lower rates in blacks.562 Hispanics and Asians 
have values intermediate between those of U.S. whites  
and blacks. In a cross-sectional, population-based study, 
immigrants of various ethnic backgrounds maintained their 
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and dysfunction of the gene products can be linked to 
physiology and pathophysiology, respectively.

MONOGENIC CAUSES OF UROLITHIASIS
Using intermediate or endophenotypes, one can appreciate 
clear mendelian conditions in humans that cause hypercal-
ciuria and a predisposition to stones. An even larger number 
of candidate loci have been identified in animal gene dele-
tion that results in hypercalciuria. The rodent models of 
hypercalciuria are summarized in Table 40.5. One powerful 
feature of monogenic diseases is that they have lesions in 
one gene product that allow a single point of origin to be 
traced to a discrete phenotypic end point. Examination of 
these gene products reveals that the pathophysiologic mech-
anisms of hypercalciuria and/or kidney stones in these con-
ditions are extremely diverse. This underscores the point 
that defects in many organs can all converge on hypercalci-
uria as a phenotype. The question is whether some of the 
loci involved in these monogenic disorders also have alleles 
that contribute to the risk in the general hypercalciuric 
stone-forming population.

POLYGENIC ANIMAL MODEL
There are many animal models of monogenic stone forma-
tion. However, human urolithiasis is a polygenic disorder, 
and most people with calcium-containing kidney stones are 
hypercalciuric.565,582 One of the most successful and powerful 
animal models of polygenic hypercalciuria in the GHS rat was 
developed by Bushinsky and associates.150,260,261,263,265,267,583-589 

soluble adenylyl cyclase (sAC) as a possible locus.82-84 Poly-
morphisms in this gene are also associated with bone 
mineral density (BMD) variations in healthy premenopausal 
women and men. There are many functions for the sAC 
protein but one appears to be a mediator of low bicarbonate-
induced bone resorption.579 A GWAS conducted in more 
than 3700 cases and more than 42,500 controls from Iceland 
and the Netherlands found synonymous variants in the 
claudin-14 gene that associate with kidney stones.291 Carriers 
were estimated to have 1.64 times greater risk. Claudin-14 
is a paracellular protein that regulates calcium transport in 
the renal TAL. The same variants were also found to be 
associated with reduced BMD.291 From a similar Icelandic 
and Dutch database, another GWAS found a variant posi-
tioned next to the UMOD gene, which encodes uromodulin 
(THP), and this variant seems to protect against kidney 
stones.580 Uromodulin confers protection from kidney 
stones through yet unknown mechanisms.157,581

There is no doubt that there is a prominent genetic com-
ponent to hypercalciuria and kidney stones. However, the 
genes remain elusive after decades of study, a situation not 
unlike that for hypertension, dyslipidemia, and diabetes 
mellitus. Unraveling the origins of this complex polygenic 
trait will be a formidable challenge. Correlation of the can-
didate gene with gene product function and whole-organism 
physiology and pathophysiology will be a critical part of this 
venture. The knowledge gained from studies of monogenic 
diseases in humans, animals, and polygenic animal models 
are valuable in unraveling this mystery because the function 

Figure 40.23  Distribution of genetic causes of urolithiasis and nephrocalcinosis. A, Percentage of subjects with identified genetic diagnoses 
grouped by age of onset. The frequency in the entire pediatric cohort (age of onset < 18 years) was 20.8% compared with 11.4% in the adult 
cohort (age of onset ≥ 18 years); P ≤ 0.05). The green rectangle represents six subjects with heterozygous SLC7A9 mutations enriched within 
the age group 18 to 30 years or older. B, Distribution of age of onset across mutated causative genes.  Inheritance mode: dominant, black; 
recessive, red. For SLC2A9, SLC22A12, and SLC7A9, mutations were primarily dominant, but both modes of inheritance have been reported. 
Mutations in four of six genes that had a median onset at 18 years or older are dominantly inherited (upper right quadrant), whereas mutations 
in six of eight genes that had a median onset in those younger than 18 years are recessive (lower left quadrant). Genes with identified muta-
tions: SLC34A1 (sodium phosphate cotransporter member 1); ATP6V1B1 (H+-ATPase, V1 subunit B1); SLC2A9 (solute carrier family 2; facilitated 
glucose transporter, GLUT9); CLCN5 (voltage-sensitive chloride channel 5); CLDN16 (claudin-16); SLC9A3R1 (Na-H exchange regulatory cofac-
tor, NHERF1); AGXT (alanine-glyoxylate aminotransferase); CYP24A1 (1,25-dihydroxyvitamin D3 24-hydroxylase); SLC34A3 (solute carrier family 
34; sodium phosphate cotransporter, NaPi-IIc); SLC22A12 (organic anion–urate transporter, URAT1); SLC7A9 (glycoprotein-associated amino 
acid transporter light chain, b0,+AT); SLC4A1 (anion exchanger, AE1); SLC3A1 (cystine, dibasic, and neutral amino acid transporter heavy chain, 
rBAT);  ADCY10/SAC  (adenylate  cyclase  10).  (From Halbritter J, Baum M, Hynes AM, et al: Fourteen monogenic genes account for 15% of 
nephrolithiasis/nephrocalcinosis. J Am Soc Nephrol 26:543-551, 2015.)
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pathophysiologic mechanisms in both disorders or is simply 
an association.

OBESITY, WEIGHT GAIN, DIABETES MELLITUS, 
AND RISK FOR UROLITHIASIS

A prospective epidemiologic study involving over 200,000 
subjects demonstrated that obesity and weight gain increased 
the risk of kidney stone formation9 (Figure 40.24). The rela-
tive risk for stone formation in men with a body weight of 
100 kg (220 lb) or more was significantly higher than men 
with a body weight of 68 kg (150 lb) or less.9

Similarly, the relationship between T2DM and the risk of 
kidney stone formation was seen in three large cohorts—the 
Nurses’ Health Study I (NHS I) comprised of older women, 
the Nurses’ Health Study II (NHS II) consisting of younger 
women, and the Health Professionals Follow-up Study 
(HPFS) in men. These studies showed that the relative risk 
of prevalent kidney stones in subjects with T2DM compared 
to those without was 1.38 in older women, 1.60 in younger 
women, and 1.31 in men.10

ASSOCIATION BETWEEN METABOLIC SYNDROME 
AND NEPHROLITHIASIS
Metabolic syndrome is characterized by a cluster of features, 
including dyslipidemia, hyperglycemia, hypertension, 
obesity, and insulin resistance.598,599 In addition to its 
relationship to T2DM and cardiovascular risks, metabolic 

As described above, GHS rats have hypercalciuria due to 
intestinal hyperabsorption, renal leak, and increased bone 
mineral resorption. Regions of five chromosomes—1, 4, 7, 
10, and 14—have been linked to the hypercalciuria,586 with 
no identification of specific genes as of yet. When normocal-
ciuric Wistar-Kyoto rats were bred with GHS rats to yield 
congenic rats with the chromosome 1 locus on the Wistar-
Kyoto background, the congenic rats were also hypercalciu-
ric but to a lesser extent than the parenteral GHS rats,590 
supporting the importance of this locus and the polygenic 
nature of the hypercalciuria in the GHS rats.

UROLITHIASIS AS A SYSTEMIC DISORDER

Classically, kidney stone disease has been recognized as an 
isolated, benign, painful local condition of the urinary tract. 
However, the association of urolithiasis with gout and degen-
erative vascular disease in postmortem examinations was 
noted in the 1760s.591 The prevalence of kidney stones has 
been increasing, along with the ever-expanding epidemic of 
obesity, type 2 diabetes, and metabolic syndrome.9,10,592-596 
Concern about metabolic syndrome and the risk for uroli-
thiasis has not been limited to adults because this link  
has been reported in obese adolescents as well as in the 
pediatric kidney stone population.47,597 It is presently 
unknown whether the link between kidney stone disease 
and metabolic syndrome reflects the same underlying 

Table 40.5 Rodent Models of Monogenic Hypercalciuria

Reference Gene/Gene Product Phenotype

Luyckx et al872; Piwon et al873; 
Silva et al874

CLC5/chloride channel Hypercalciuria
Hyperphosphaturia
Proteinuria
Increased gut calcium absorption
Spinal deformities

Beck et al875 NPT2/renal-l specific Na-coupled 
phosphate cotransporter

Hypercalciuria
Hyperphosphaturia
Renal calcifications
Retarded secondary ossification

Shenolikar et al876 NHERF-1/Na-H-exchanger regulatory 
factor; docking protein

Hypercalciuria
Hyperphosphaturia
Hypermagnesuria
Female—reduced bone mineral density and fractures

Hoenderop et al877 TRPV5I/epithelial calcium channel Hypercalciuria
Hyperphosphaturia
Increased intestinal calcium absorption
Reduced trabecular and cortical thickness of bones

Li et al878; Yoshizawa et al879; 
Zheng et al880

VDR/vitamin D receptor Hypercalciuria on high-calcium and lactose diet
Rickets

Zheng et al880; Airaksinen et al881; 
Lee et al882; Sooy et al883

CalB/calbindin-D28k intracellular 
calcium buffer

Normocalcemia
Hypercalciuria
Normocalciuria

Takahashi et al884 NKCC2/Na-K-Cl cotransporter Hypercalciuria
Polyuria, hydronephrosis
Proteinuria

Cao et al885 CAV1/caveolin-1 scaffolding protein Hypercalciuria in males
Bladder stones

Aida et al886 AKR1B1/aldoketoreductase Hypercalciuria
Hypercalcemia
Hypermagnesemia

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1351

with kidney stones.7,10,592,609-612 Cross-sectional studies linking 
coronary artery disease to kidney stones have been inconsis-
tent,613-615 with one study showing a positive association613 
and others demonstrating a lack of such association.614,615 A 
cross-sectional study in a large number of Portuguese sub-
jects showed a significant correlation between self-reported 
history of kidney stones and myocardial infarction solely in 
females, following multivariable adjustments.616

One 9-year longitudinal study in a population from Min-
nesota showed a multivariable adjusted hazard ratio (HR) 
for developing myocardial infarction to be significantly 
higher in patients with kidney stones compared to non–
stone-forming control participants617 (Figure 40.25). 
Although the study was adjusted for multiple variables, risk 
factors such as dietary calcium and use of thiazide diuretics 
were not accounted for. In a large number of patients in the 
two female cohorts in NHS I and NHS II, a positive history 
of kidney stones was associated with an elevated risk of coro-
nary artery disease but such a link was not detected in a 
separate cohort of men in HPFS.618 The causal relationship 
among kidney stones, coronary artery disease, and gender 
specificity has not been proven.

UROLITHIASIS AND HYPERTENSION

Multiple cross-sectional studies have demonstrated a link 
between urolithiasis and blood pressure.619-623 In 895 Swedish 
men in whom blood pressure was measured once, the preva-
lence of urolithiasis increased from 1.1% in those with the 
lowest blood pressure to 13.3% in those with the highest 
blood pressure.619 Another cross-sectional study in Italian 
adults detected a higher prevalence of urolithiasis in sub-
jects in the highest quintile of diastolic blood pressure com-
pared to those in the lowest quintile (5.22% vs. 3.36%; P = 
0.009).621 In a large cross-sectional study of U.S. men and 
women, the prevalence of urolithiasis was higher in 

syndrome has been associated with urolithiasis and chronic 
renal disease.9,10,47,592-603 Despite this strong association 
between metabolic syndrome and kidney stone disease, one 
limitation has been the lack of documentation of kidney 
stone composition in these studies. The link between obesity 
and documented CaOx urolithiasis has been in part 
explained by dietary factors, such as higher consumption of 
salt and animal protein.283,284

Documented uric acid stones occur more prevalently in 
patients with T2DM than in nondiabetic stone formers and 
more in obese than in nonobese stone formers.29,30,32,33,472,474 
Moreover, higher BMI and T2DM are shown to be indepen-
dent risk factors for UA urolithiasis473 (see Figure 40.24). 
Furthermore, cross-sectional studies in healthy, non–stone 
formers and in kidney stone formers have shown an inverse 
relationship among urinary pH, body weight, and increas-
ing features of metabolic syndrome.446,475 The relationship 
among low urinary pH, supersaturation index of UA, and 
adiposity has been specifically shown to be related to fat 
distribution, with a significant relationship between total 
body fat and trunk fat associated with increased risk factors 
for UA stone formation.604 Further studies in ZDF rats have 
demonstrated the causative role of renal steatosis in the 
pathogenesis of urinary acidification defects in this animal 
model.499 Furthermore, treatment with thiazolidinediones 
(TZDs) to improve insulin resistance by redistributing fat to 
adipocytes was shown to restore urinary biochemical pro-
files in this animal model compared to control animals. 
These changes were associated with reduced renal triglycer-
ide accumulation.499

UROLITHIASIS AND RISK FOR  
CARDIOVASCULAR DISEASE

Risk factors for coronary artery disease include hyperten-
sion, diabetes mellitus, hyperlipidemia, and smoking.605-608 
Some of these risk factors (e.g., atherosclerosis, hyperten-
sion, diabetes, metabolic syndrome) are also seen in patients 

Figure 40.24  Obesity and the risk of nephrolithiasis. HPFS, Health 
Professionals Follow-up Study; NHS I, Nurses’ Health Study I; NHS 
II, Nurses’ Health Study II. (Data pooled from three databases; modified 
from Taylor EN, Stampfer MJ, Curhan GC: Obesity, weight gain, and 
the risk of kidney stones. JAMA 293:455-462, 2005.)
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cancer beyond 10 years of follow-up. However, it was pro-
posed that chronic infection or irritation play a pathoge-
netic role in the development of cancer.646 In this large 
population-based cohort study, no association was found 
between kidney or ureteral stones and renal cell cancer. 
This result is contrary to the high risk reported in the case-
control studies.647-650 There was a possibility of selection bias.

CALCIUM STONES AND BONE DISEASE

EPIDEMIOLOGY
Bone disease is an underemphasized condition in urolithia-
sis. Several epidemiologic studies have established an 
increased association between a history of kidney stones and 
higher prevalence of fractures.651-653 In a population-based 
study in Rochester, Minnesota, the incidence of first verte-
bral fracture in patients with symptomatic kidney stone 
disease followed for 19 years was fourfold higher than in the 
general population651 (Figure 40.26).198 The NHANES III 
study, which included 14,000 men and women, demon-
strated an association among a history of kidney stone, low 
BMD, and higher incidence of fracture.652 This risk of frac-
ture was found to be higher in males than females. In the 
most comprehensive population-based study of almost 6000 
men, the Osteoporotic Fractures in Men Study (Mr. OS), 
showed an association of kidney stones with lowered BMD 
at the spine and hip.653

PATHOPHYSIOLOGIC MECHANISMS LINKING 
OSTEOPOROSIS AND KIDNEY STONES
Osteoporosis is a heterogeneous disorder characterized by 
disordered bone remodeling resulting in reduced BMD, 
impairment of microarchitectural integrity, reduced bone 
strength, and increased fracture risk.654 Numerous studies 
in calcium stone-forming subjects have shown reduced BMD 
in this population227,655-683 (Table 40.6).198

The loss of BMD was shown to be generalized at all skeletal 
sites, with 40% of patients showing diminished BMD at the 

hypertensive subjects compared with normotensive partici-
pants, adjusted for age and race.623

The results of these cross-sectional studies have been sup-
ported by a longitudinal study conducted over an 8-year 
period. This study demonstrated that 17.4% of subjects with 
a history of urolithiasis versus 13.1% without a history of 
kidney stones received a new diagnosis of hypertension 
when adjusted for age, BMI, dietary sodium, potassium, 
magnesium, and alcohol consumption.624 Although the 
causal relationship among these events has not yet been 
fully elucidated, some have suggested that alterations in 
calcium metabolism potentially link the development of 
kidney stone disease and hypertension.625,626 Hypercalciuria, 
which is prevalent in subjects with calcium urolithiasis and 
essential hypertension, has been proposed by some as a 
major underlying mechanism, but the role of calcium in 
human hypertension has never been established.625-629 A 
model of hypercalciuria and blood pressure elevation was 
proposed in spontaneously hypertensive rats.630,631 NHS I 
and II showed an association among alterations in acid-base 
balance, hypocitraturia, and hypertension.632 Similar asso-
ciations were found in spontaneously hypertensive rats dem-
onstrating evidence of metabolic acidosis.633,634

KIDNEY STONE DISEASE AND CHRONIC  
KIDNEY DISEASE

Until rather recently, the association between kidney stones 
and progressive impairment of kidney function and conse-
quently ESKD had not been explored. Such an association 
was attributed to infectious, stone-causing staghorn 
calculi.635-637 In one epidemiologic study, the prevalence of 
ESKD due to urolithiasis in the general population was 
estimated to be approximately 3.1/million/year.638 The 
results of this study are comparable with the U.S. Renal Data 
System study involving over 200,000 white subjects who 
started dialysis between 1993 and 1997, which found approx-
imately 1.2% with urolithiasis as the cause of ESKD.639 Data 
from NHANES III, which compared the GFR in 876 subjects 
with a history of kidney stone disease and 14,129 subjects 
without a history of stones, showed a link among stone 
history, estimated GFR (eGFR), and BMI.640 After adjust-
ment for confounders, the eGFR in stone formers with a 
BMI of 27 kg/m2 or higher was significantly lower than in 
non–stone formers. However, no difference in eGFR was 
found in subjects with a BMI of 27 kg/m2 or less. In a more 
recent study, the association between kidney stones and 
CKD was shown to be gender-specific, with a significantly 
higher risk in women with a history of kidney stones than 
in men for ESKD development, doubling of serum creati-
nine levels, and CKD (stages 3b to 5).641

URINARY TRACT CANCERS AND KIDNEY STONES

The association of renal pelvis cancer to kidney stones has 
been reported in several case-control studies.642-644 However, 
the association of renal parenchymal cancer was only 
reported in case reports.645 In one large population-based 
cohort study from a Swedish national inpatient registry and 
a cancer registry of 61,144 patients who were hospitalized 
for kidney or ureter stones from 1965 to 1983, there was an 
increased risk of developing renal pelvic, ureter, or bladder 

Figure 40.26  Cumulative  incidence  of  vertebral  fracture  in  stone 
formers. The elevated fracture risk was vertebral and was present in 
both genders. Data were obtained from Rochester, Minnesota, resi-
dents following an initial episode of symptomatic urolithiasis. (Adapted 
from Melton LJ, 3rd, Crowson CS, Khosla S, et al: Fracture risk among 
patients with urolithiasis: a population-based cohort study. Kidney Int 
53:459-464, 1998.)
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Table 40.6 Changes in Bone Mineral Density (BMD) in Calcium Kidney Stone Formers

Reference Study Subjects

No. of Subjects BMD Site
Measurement 
TechniqueMale Female Control Spine Hip Radius

Alhava  
et al655

Single or recurrent 
urolithiasis

54 21 21 ↓ Americium-241 
gamma ray 
attenuation

Lawoyin  
et al656

Absorptive hypercalciuria 94 23 Not reported ↔ Single-photon 
absorptiometryRenal hypercalciuria 28 16 ↓

Primary 
hyperparathyroidism

22 31 ↓

Osteoporosis 14 55 ↓
Fuss et al657 Absorptive hypercalciuria 24 19 Not reported ↓ Single-photon 

absorptiometryRenal or resorptive 
hypercalciuria

7 18 ↓

Normocalciuric 35 6 ↓
Barkin et al658 Idiopathic hypercalciuria 86 23 84 ↓ Calcium binding index Neutron activation 

analysis
Fuss et al659 Free diet 63 0 16 ↔ Single-photon 

absorptiometryLow-calcium diet 60 0 ↓
Pacifici  

et al660
Absorptive hypercalciuria 29 18 28 (24 male, 

4 female)
↓ Quantitative computed 

tomographyFasting hypercalciuria 16 7 ↓
Bataille  

et al661
Dietary hypercalciuria 12 6 61 (41 male, 

20 female)
↔ Quantitative computed 

tomographyDietary-independent 
hypercalciuria

17 7 ↓

Borghi  
et al662

Dietary hypercalciuria 13 7 0 ↔ Dual-photon 
absorptiometryDietary-independent 

hypercalciuria
14 7 ↓

Pietschmann 
et al663

Absorptive hypercalciuria 42 20 0 ↓ Dual-energy x-ray 
absorptiometry,  
dual photon 
absorptiometry,  
and single-photon 
absorptiometry

Fasting hypercalciuria 24 3 ↓
Normocalciuric 25 6 ↔

Jaeger et 
al664

Hypercalciuric 49 0 234 ↓ ↓ Dual-energy x-ray 
absorptiometryNormocalciuric 61 0 ↓ ↓

Zanchetta  
et al665

Fasting hypercalciuria 15 23 50 (20 male, 
30 female)

↓ Dual-photon 
absorptiometryAbsorptive hypercalciuria 5 7 ↓ Female

↔ Male
Weisinger  

et al666
Hypercalciuric 4 13 12 (4 male, 8 

female)
↓ Dual-energy x-ray 

absorptiometryNormocalciuric 4 8 ↔
Ghazali  

et al667
Idiopathic hypercalciuria 15 1 10 (8 male, 2 

female)
↓ Quantitative 

computerized 
tomography

Dietary hypercalciuria 9 1 ↔

Giannini  
et al668

Fasting hypercalciuria 8 23 13 (10 male, 
3 female)

↓ ↓ Dual-energy x-ray 
absorptiometryAbsorptive hypercalciuria 13 5 ↓ ↔

Trinchieri  
et al669

Hypercalciuria 10 0 ↔ ↔ Dual-energy x-ray 
absorptiometryNormocalciuria 34 ↔ ↔

Tasca et al670 Fasting hypercalciuria 27 12 15 ↓ Dual-energy x-ray 
absorptiometry

Absorptive hypercalciuria 20 11 Not reported
Misael da 

Silva  
et al671

Idiopathic hypercalciuria 11 11 10 (5 male, 5 
female)

↓ ↓ Dual-energy x-ray 
absorptiometry

Normocalciuria 8 10 ↔ ↔
Asplin et al672 Stone formers 15 7 37 (14 male, 

23 female)
↓ ↓ Dual-energy x-ray 

absorptiometry
Vezzoli  

et al673
Hypercalciuria 29 35 0 ↓ ↓ Dual-energy x-ray 

absorptiometryNormocalciuria 15 27 ↓ ↓
Caudarella  

et al674
Stone formers (27% with 

hypercalciuria)
102 94 196 (102 

male, 94 
female)

↓ Dual-energy x-ray 
absorptiometry, 
Quantitative 
Ultrasonography

↔, No change in BMD; ↓, lower BMD
Adapted from Sakhaee K, Maalouf NM, Kumar R, et al: Nephrolithiasis-associated bone disease: pathogenesis and treatment options. 

Kidney Int 79:393-403, 2011.
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Table 40.7 Bone Histomorphometric Characteristics in Kidney Stone Formers

Reference Study Subjects No. of Subjects Bone Histomorphometric Profiles

Bordier et al227 Dietary hypercalciuria 20 None
Renal hypercalciuria 19 Increased osteoclastic and osteoblastic surfaces
Hypophosphatemia 21 Increased osteoclastic and eroded surface (within normal range), 

decreased osteoblastic surfaces, decreased osteoid parametersControls 12
Malluche et al676 Absorptive hypercalciuria 15 Low-normal osteoclastic bone resorption, low osteoblastic activity, 

decreased fraction of mineralizing osteoid seams, decreased 
mineralization apposition rate

Controls 22
de Vernejoul  

et al677
Idiopathic hypercalciuria 30 (20 M, 10 F) Decreased trabecular volume, decreased active osteoblastic 

surface, decreased active bone resorption surface,
Controls 187

Steiniche et 
al678

Idiopathic hypercalciuria 33 (22 M, 11 F) Increased bone resorption surfaces (decreased refilling of lacunae 
with low bone formation), decreased bone formation rate, 
increased mineralization lag times

Controls 30 (19 M, 11 F)
Heilberg et al679 Fasting hypercalciuria 6 male Increased eroded surface, decreased osteoid surface, decreased 

bone formation rate with a complete lack of tetracycline double 
labeling

Controls No information
Bataille et al680 Idiopathic hypercalciuria 24 (20 M, 4 F) Low eroded surface; low bone volume; low osteoid surface, 

thickness, mineral apposition rate, adjusted apposition rate, and 
bone formation rate

Controls 18 (9 M, 9 F)
Misael da Silva 

et al671
Idiopathic hypercalciuria 22 High eroded surface, increased osteoblastic bone surface, no 

change in trabecular thickness
Controls 94

Heller et al681 Absorptive hypercalciuria 9 (6 M, 3 F) Relatively high bone resorption (osteoclastic surface, bone surface; 
mean value within normal limit), lower indices of bone formation 
(osteoblastic surface, bone surface), decreased wall thickness

Controls 9 (6 M, 3 F)

vertebral spine, 30% at the proximal hip, and 65% at the 
radius.198 Although low BMD is present in hypercalciuric and 
normocalciuric stone formers, it is most prominent in those 
with hypercalciuria.657,660,664,669,675 However, diminished BMD 
was not universally detected in normocalciuric kidney stone 
formers.663,666,669,671 Given that BMD may be one of the impor-
tant surrogates of bone strength, it is reasonable to suggest 
that hypercalciuric stone-forming subjects carry the highest 
risk of bone fracture. Altered bone remodeling is a significant 
finding in hypercalciuric stone formers.227,671,676,678,679,681,684 
Most histomorphometric studies have agreed unanimously 
that defective bone formation rather than excessive bone 
resorption plays a key role in the development of bone 
disease in this population227,676-679,681,685 (Table 40.7).

The pathophysiologic mechanism(s) of bone disease in 
stone formers is not known, although it may be related to 
an interplay among environmental, genetic, and hormonal 
influences and perturbations in the formation of local cyto-
kines.198 A major emphasis has been placed on the link of 
idiopathic hypercalciuria and development of bone disease. 
However, the presence of negative calcium balance,682 osteo-
penia, and osteoporosis has been demonstrated primarily in 
patients with dRTA, as well as medullary sponge kidney 
(MSK),686 in whom there is a high prevalence of acido-
sis,687,688 which can be the true cause of bone loss.

Dietary Factors

Salt and protein intake has been recognized to be associated 
with increased risk of kidney stones198 and bone disease.663,664 

Multiple pathophysiologic mechanisms play a role in 
increased urinary calcium excretion because of high salt and 
protein consumption, including diminished renal tubular 
calcium reabsorption, hyperfiltration, imposition of acid 
load, and increased urinary prostaglandin excretion.353,689-694 
The presence of subtle metabolic acidosis is a common link 
between protein and salt-induced hypercalciuria.692 Meta-
bolic acidosis inhibits osteoblastic matrix protein synthesis 
and alkaline phosphatase activity by stimulating prostaglan-
din E2 (PGE2) production.695-697 Increased PGE2 production 
enhances the osteoblastic expression of receptor activator 
for nuclear κB ligand (RANKL), a major downstream cyto-
kine that stimulates osteoblastic production by binding to  
its receptor RANK.698 Low bicarbonate in vitro alters osteo-
blastic extracellular matrix proteins, including type I  
collagen,695,697 osteopontin, matrix Gla protein,696,699 and 
expression of cyclo-oxygenase-2700 and RANKL.698,701 The 
effect of protein is only partially mediated by its acid content702 
because in humans, the total neutralization of the acid of 
dietary protein does not reverse the hypercalciuria.703

Genetic Factors

The genetic link of vertebral bone loss in kidney  
stone patients with absorptive hypercalciuria was identified 
in a genomewide linkage approach study showing poly-
morphism in the soluble adenylyl cyclase gene (ADCY10) on 
chromosome 1q234-1q24.704,705 Another genomewide screen-
ing study associated sequence variants in the claudin-14 gene 
(CLDN14) with kidney stone and reduced BMD at the hip in 
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a large population of kidney stone formers from Iceland and 
the Netherlands.291 Although soluble ADCY10 has been 
shown to regulate osteoclastic function by ambient bicarbon-
ate concentration,579 and claudin-14 is recognized as paracel-
lular protein mediating renal tubular calcium reabsorption, 
it is unclear in both cases how these putative genes influence 
bone remodeling. Others have shown association between 
CaSR gene polymorphism and increased urinary calcium 
excretion in hypercalciuric patients,574 as well as reduced 
forearm BMD in healthy subjects and postmenopausal 
women.706,707 An initial report claimed that mutation in the 
sodium phosphate transporter NaPi2a is linked to kidney 
stones and defective bone mineralization,708 but additional 
studies did not confirm this association.709,710

Numerous genetically heterogeneous disorders that 
present in childhood or early adulthood are associated with 
hypercalciuria, nephrocalcinosis, urolithiasis, and rachitic 
bone disease, including Dent’s disease (mutation of the 
chloride proton transporter CLC-5) and Lowe’s syndrome 
(mutation of the phosphatydylinositol 4,5-bisphosphonate 
5-phosphatase, OCRL1).711-713 However, the role of these 
genes in bone disease in the general kidney stone–forming 
population has not yet been defined.

Hormones and Local Cytokines

Elevated serum 1,25(OH)2D levels occur in one third of 
hypercalciuric stone formers.209,214,219,221 Moreover, periph-
eral blood monocyte VDR levels are increased in most of 
these patients, which amplifies the target organ action of 
circulating 1,25(OH)2D on bone, kidney, and intestine.252 
High doses of 1,25(OH)2D in vitro enhance bone resorp-
tion and decrease bone collagen synthesis.301 Low expres-
sion of TGF-β, which is known to enhance bone formation 
and bone mineralization,301,303 were demonstrated by immu-
nohistochemistry in bones of hypercalciuric stone formers.302 
Increased production of bone resorptive lymphokines was 
shown in idiopathic hypercalciuric stone formers.660,666,667. 
One study using undecalcified bone in idiopathic hypercal-
ciuric patients found elevated bone expression of RANKL.302 
Therefore, it is plausible that an interplay of cytokines and 
RANK/RANKL/OPG (osteoprotegrin) stimulates bone 
resorption, while lowered TGF-β, high 1,25(OH)2D, and/or 
amplified vitamin D activity impair osteoblastic bone forma-
tion in this population.

CLINICAL EVALUATION

PRESENTATION

SYMPTOMS AND SIGNS
Kidney stones may be asymptomatic and incidentally present 
in patients during an imaging procedure. Renal colic, pain 
localized to the back and flank, is a common clinical mani-
festation of kidney stones. The pain occurs as the kidney 
stone is propelled through the ureter and is a consequence 
of increased intraluminal pressure, causing stimulation of 
nerve endings in the ureteral mucosa. Pain and discomfort 
are usually intense and intermittent, originating in the back 
or flank, radiating around the torso to the groin, and ending 
up in the testicles or labia for male or female subjects, respec-
tively. Stones in the midportion of the ureter imitate appen-
dicitis on the right side or diverticulitis on the left side. Renal 

colic can be associated with systemic symptoms such as 
nausea and vomiting since the GI tract shares common 
innervation with the genitourinary system. When the kidney 
stone approaches the urinary bladder, it frequently presents 
with bladder symptoms such as urinary frequency, dysuria, 
suprapubic pain, and urinary incontinence.714

The most important physical finding is costovertebral 
angle tenderness. Its presence and severity are not as con-
sistent and intense as in pyelonephritis. The abdominal 
examination is usually negative. Hypertension and tachycar-
dia may be present and are most likely due to severe, relent-
less pain. A presentation with fever and muscle spasm is 
infrequent and represents underlying diseases or complica-
tions. A toxic-appearing patient during stone passage indi-
cates obstruction, infection, and urosepsis.

ENVIRONMENT, LIFESTYLE, AND MEDICAL HISTORY
It is important to elicit a history of any systemic disorders. 
These include disorders of calcium homeostasis such as 
primary hyperparathyroidism, conditions accompanied by 
extrarenal calcitriol production such as granulomatous 
disease, obesity, type 2 diabetes, gout, recurrent urinary 
tract infections, inflammatory bowel disease, bowel resec-
tion, pancreatic disease, bariatric surgery, distal renal 
tubular acidosis, and MSK.190,715,716

Patients should be asked about climate exposure, work 
environment, and exercise frequency and intensity because 
these have been shown to affect the risk of development  
of kidney stones. Higher temperatures and a prolonged 
summer season in equatorial regions increases the preva-
lence of kidney stones. Daily exposure to hot conditions, 
such as by those in the military who train in a high-
temperature environment and by those who engage in 
physical exercise during the summer months, also plays a 
role in stone development.12,716,717

Dietary history should include the average amount of daily 
fluid intake (from water and beverages), intake of calcium 
and sodium, amount and type of protein intake, intake of 
food containing oxalate, and intake of alkali-rich foods, 
including fruits and vegetables. The history also should detail 
the use of OTC medications and/or supplements, including 
calcium, vitamin D, multivitamins, and ascorbic acid.

A careful drug history must be taken, because prescrip-
tion and OTC drugs have been demonstrated to increase 
the risk of kidney stones.715 In some cases, the increased risk 
is due to metabolic alterations in the urinary environment—
for example, by calcium, vitamin D, and vitamin C supple-
ments, carbonic anhydrase inhibitors (e.g., acetazolamide, 
topiramate, zonisamide), laxatives,535,536 probenecid, ascor-
bic acid, lipase inhibitors,718,719 excessive alkali treatment, 
and chemotherapeutic agents.715 However, in other cases, 
there is a risk of crystallization of the drug in urine due to 
its poor solubility. This class includes triamterene, protease 
inhibitors (e.g., indinavir, atazanavir nelfinavir), guaifene-
sin, ephedrine, antacids (magnesium trisilicate), and anti-
microbials (e.g., sulfonamides, quinolones).346,440,715,716,720

FAMILY HISTORY
It is very common to obtain a positive family history in a 
stone former. The pattern may or may not be mendelian  
in nature but nonetheless needs to be documented. The 
interpretation of whether a certain pedigree has a mende-
lian trait is often difficult due to phenocopy, incomplete 
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penetrance, and loci heterogeneity. Certain monogenic dis-
eases present with kidney stones that have specific pheno-
typic characteristics. Hypercalciuric urolithiasis among male 
subjects associated with renal impairment and low-molecular-
weight proteinuria that is X-linked recessive is found in 
patients with Dent’s disease.721 The familial occurrence of 
kidney stones and nephrocalcinosis in male subjects with 
early cataracts or glaucoma is suggestive of Lowe’s syn-
drome.722 Aggressive urolithiasis, nephrocalcinosis, retarded 
growth, and deafness can be seen in patients with dRTA, 
presenting with autosomal dominance and recessive inheri-
tance.722,723 Presentation with nephrocalcinosis and impaired 
kidney function with hyperoxaluria should suggest the diag-
nosis of PH.724

LABORATORY EVALUATION

Laboratory diagnosis includes blood and urinary metabolic 
profiles, stone analysis, and imaging studies (Tables 40.8 to 
40.10).190,714

SERUM CHEMISTRY

All kidney stone formers require the determination of full 
fasting serum chemistries (electrolytes, including calcium 
and phosphorus, renal function, UA) and PTH levels. 
Fasting glucose levels and a full lipid panel are also justified, 
considering the increased prevalence of diabetes and the 
metabolic syndrome in stone formers. Increased serum total 
calcium concentrations and low serum phosphorus levels, 
in association with high PTH concentrations, are indicative 
of primary hyperparathyroidism, although this full triad is 
often not present. The finding of a low serum phosphorus 
level with a normal serum PTH level is suggestive of a renal 
phosphorus leak. In the latter condition, hypercalciuria 
ensues due to increased intestinal calcium absorption from 
an elevated serum calcitriol level as a result of hypophos-
phatemia. The measurement of serum 1,25(OH)2D concen-
trations is optional and may be considered for specific 
situations or for research purposes. A serum 25(OH)D mea-
surement is helpful in patients with high or high normal 
PTH levels and mild hypercalcemia to exclude vitamin D 
deficiency as a cause of the high PTH level. The finding of 
a low serum potassium level and low serum total CO2 content 
is suggestive of dRTA or a chronic diarrheal state. Hyperuri-
cemia suggests the diagnosis of UA urolithiasis.190,582,714,716

URINE CHEMISTRY

SPOT URINALYSIS
A spot urine collection is of some value due to its simplicity. 
The urinary pH obtained from the colorimetric reaction of 
the dipstick is notoriously inaccurate, and only extreme 
values are informative. A very low dipstick pH (<5.5) suggests 
UA stones, whereas a high pH (>6.5) suggests dRTA, and a 
very high pH (>7.4) should raise suspicion for infection. 
Urine culture must be obtained in patients suspected of 
having a urinary tract infection (UTI) and in patients with 
established struvite stones. Crystalluria per se is not abnormal 
as it is found in normal urine, except that cystine crystals are 
never present in normal urine (see Figure 40.22B).

All patients, irrespective of the severity of their kidney 
stone disease, should have a metabolic evaluation. It has 
been suggested that a simplified metabolic evaluation be 
considered for single stone formers. An extensive evaluation 
is needed for recurrent kidney stone formers and individu-
als at a high risk for recurrent stone formation (e.g., those 
with primary hyperparathyroidism, dRTA, chronic diarrhea, 
or UA stones; obese subjects; and pediatric populations with 
kidney stones).

SIMPLIFIED METABOLIC EVALUATION
Although it is not perfect, studies have shown a correlation 
between kidney stone composition and urinary biochemical 
profiles.67,68 A simple evaluation includes a single, random, 
24-hour urinary profile, including total volume, pH, and 
creatinine, calcium, oxalate, citrate, uric acid, sulfate,  
chloride, and ammonium levels (see Table 40.8). There is 
some controversy regarding the recommended number of 
random 24-hour urine collections required to determine 
kidney stone risk.725-727

Regardless of the number of samples collected, physicians 
should take into account dietary intake of known risk 
factors, such as salt and protein, because these are outpa-
tient collections on a random diet. The patient should be 
instructed to adhere to his or her usual daily activities and 
diet before and during the collection. If two collections are 
contemplated, restriction of dietary sodium and protein 
should be considered prior to a second collection to evalu-
ate the contribution from dietary aberrations without 
embarking on a fully executed dietary control (see below).

EXTENSIVE METABOLIC EVALUATION
An extensive evaluation includes a 24-hour urinary sample 
following a 1-week instructed, fixed, metabolic diet consist-
ing of 400 mg calcium/day, 100 mEq sodium/day, and avoid-
ance of oxalate-rich food728 (see Table 40.10). Generally, 
high-risk and recurrent stone formers benefit from an exten-
sive metabolic evaluation. These include those with a sys-
temic illness, such as primary hyperparathyroidism, dRTA, 
gout, or type 2 diabetes, patients with a family history of stone 
disease, and those with a solitary kidney. The 24-hour urine 
profile should be complemented by two additional tests, 
which can be performed at the completion of the restricted 
24-hour urine collection—(1) a 2-hour urinary fasting 
calcium/creatinine ratio to assess renal leak and/or exces-
sive skeletal calcium mobilization and urinary fractional 
phosphorus excretion to monitor renal phosphorus leak 
(TmP/GFR); and (2) a 4-hour urinary calcium/creatinine 
ratio following a 1-g oral calcium load to determine intestinal 
calcium absorption. However, these tests are usually per-
formed only as a research tool or in a specialized stone clinic.

In those with established cystine stones, a positive family 
history of cystine stones or those suspected of having  
the condition, urinary cystine measurement must be consid-
ered. In those with urinary oxalate exceeding 100 mg/day,  
a diagnosis of PH should be suspected. In those cases, 
24-hour urine must be tested for glycolate and l-glycerate 
to confirm the diagnosis of PH types I and II, respectively. 
Increased urinary glycolate levels are detected in approx-
imately two thirds of hyperoxaluric type I subjects, so a  
normal urinary glycolate level does not exclude this diag-
nosis.729,730 With renal impairment, there is a decrease in the 
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Table 40.8 Simplified Ambulatory Metabolic Evaluation and Interpretation of Urinary Parameters

Random 
24-Hour Urinary 
Profile

Expected Values* 
(per day) Interpretation

Total volume ≥2.5 L Indicative of minimal daily fluid intake (minus insensible losses); diminishes with low 
fluid intake, sweating, and diarrhea

pH 5.9-6.2 <5.5 increases risk of uric acid precipitation; commonly found in idiopathic uric acid 
stone patients, subjects with intestinal disease and diarrhea, and those with 
intestinal bypass surgery

>6.7 increases risk of calcium phosphate precipitation; commonly found in patients 
with dRTA, primary hyperparathyroidism, alkali, carbonic anhydrase treatment

>7.0-7.5 indicates urinary tract infection from urease-producing bacteria
Creatinine 15-25 mg/kg body weight 

(BW); (0.13-0.22 mmol/
kg BW)

Assessment of completeness of collection 15-20 mg/kg BW (0.13-0.15 mmol/kg  
BW) in females; 20-25 mg/kg BW (0.15-0.22 mmol/kg BW) in males; valid only in 
steady state of constant serum creatinine concentration with time

Sodium 100 mEq
(100 mmol)

Reflects dietary sodium intake (minus extrarenal loss); much lower than dietary 
intake in diarrhea and excessive sweating; high sodium intake is major cause of 
hypercalciuria

Potassium 40-60 mEq
(100 mmol)

Reflects dietary potassium intake (minus extrarenal loss); much lower than dietary 
intake in diarrhea states; gauge of dietary alkali intake since most dietary 
potassium accompanied by organic anions

Calcium ≤250-300 mg
(≤6.24-7.49 mmol)

Higher value is expected in males; in states of zero balance, urinary calcium 
excretion is net gut absorption minus net bone deposition; secondary causes can 
be ruled out before definitive diagnosis of idiopathic hypercalciuria.

Magnesium 30-120 mg
(1.23-4.94 mmol)

Low urinary magnesium detected with low magnesium intake, intestinal 
malabsorption (small bowel disease), following bariatric surgery; low magnesium 
increases risk of calcium stones

Oxalate ≤45 mg
(≤0.51 mmol)

Commonly encountered with intestinal disease with fat malabsorption (e.g., 
inflammatory bowel disease, following bariatric surgery); values > 100 mg/day 
(1.14 mmol/day) suggest primary hyperoxaluria (PH); diagnosis of PH I and PH II 
further established by high urinary glycolate and L-glycerate

Phosphorus ≤1100 mg
(35.5 mmol)

Indicative of dietary organic and inorganic phosphorus intake and absorption; higher 
excretion increases risk of calcium phosphate stone formation

Uric Acid 600-800 mg
(3.57-4.76 mmol)

Hyperuricosuria encountered with overproduction of endogenous uric acid or 
overindulgence of purine-rich foods (e.g., red meat, poultry, fish); mainly a risk 
factor for calcium oxalate stones when urinary pH > 5.5 but is risk factor for uric 
acid stones when urinary pH < 5.5

Sulfate ≤20 mmol Sulfate is marker of a dietary acid intake (oxidation of sulfur-containing amino  
acids)

Citrate ≤320 mg
(≤1.67 mmol)

Inhibitor of calcium stone formation; hypocitraturia commonly encountered in 
metabolic acidosis, dRTA, chronic diarrhea, excessive protein ingestion, 
strenuous physical exercise, hypokalemia, intracellular acidosis, with carbonic 
anhydrase inhibitor drugs (e.g., acetazolamide, topiramate, and zonisimide), rarely 
with ACE inhibitors

Ammonium 30-40 mEq
(30-40 mmol)

Ammonium is major carrier of H+ in urine; its excretion corresponds with urinary 
sulfate (acid load); higher ammonium/sulfate ratio indicates GI alkali loss

Chloride 100 mEq
(100 mmol)

Chloride varies with sodium intake

Cystine <30-60 mg
(<0.12-0.25 mmol)

Cystine has a limited urinary solubility—250 mg/L

These limits are mean + 2 standard deviations (for calcium, oxalate, uric acid, pH, sodium, sulfate, and phosphorus) or mean − 2 standard 
deviations (for citrate, pH, and magnesium) from normal.

*Expected values should be cross-checked with reference laboratory recommendations since these values differ.
ACE, Angiotensin-converting enzyme; dRTA, distal renal tubular acidosis.

urinary oxalate level, so its urinary measurement will not  
be accurate. In these cases, the plasma oxalate level should 
be assessed to confirm the diagnosis of PH. It is typically 
elevated at 80 µmol/L compared to non-PH hyperoxaluric 
patients in whom plasma oxalate levels may vary from 30  
to 80 µmol/L.731-733 The most definitive diagnosis is by 
genetic analysis.734-737 In cases in which clinical suspicion of 

PH is considered to be high but DNA screening is nondiag-
nostic, a liver biopsy is indicated to established the 
diagnosis.730

URINARY SUPERSATURATION ESTIMATION
The clinical utility of urinary supersaturation measurement 
has not been widely accepted. However, it can be used in 
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Table 40.9 Simplified Ambulatory Metabolic Evaluation and Interpretation of Other Parameters

Simplified Fasting 
Blood Chemistries Values Interpretation

Complete metabolic panel Variable* Low serum potassium, high serum chloride, low serum total CO2 content suggestive 
of diarrheal state or distal renal tubular acidosis

PTH 10-65 pg/mL
(1.06-6.90 pmol/L)

High serum calcium, low serum phosphorus, high PTH suggestive of primary 
hyperparathyroidism

1,25-dihydroxyvitamin D Variable* Normal serum calcium, normal PTH, elevated 1,25-dihydroxyvitamin D suggestive 
of absorptive hypercalciuria; normal serum calcium, normal PTH, low serum 
phosphorus, elevated 1,25-dihydroxyvitamin D suggestive of renal phosphorus 
leak

Bone mineral density 
measurements (DXA)

z score > −2
T-score > −2.5

z score < −2 or T-score < −2.5 indicates bone loss; this finding may be more 
prevalent in hypercalciuric kidney stone formers

*Expected values should be cross-checked with reference laboratory recommendations since these values differ.
PTH, Parathyroid hormone.

Table 40.10 Extensive Ambulatory Metabolic Evaluation and Interpretation*

Restricted 24-Hour 
Urinary Profile

Expected Values/
day† Interpretation

Calcium <200 mg
(<4.99 mmol)

A restricted diet urinary Ca below 200 mg/day (4.99 mmol/d) accompanied by a 
random diet urinary Ca greater than 200-250 mg/day (6.24-7.49 mmol/day) is 
reflective of dietary Ca indiscretion. Persistent high urinary Ca on a restricted diet 
is reflective of intestinal hyperabsorption of Ca.

Sodium 100 meq
(100 mmol)

Urinary Na greater than 100 meq/day (100 mmol/day) reflects high dietary salt 
intake. An increment of 100 meq/day (100 mmol/day) of Na increases urinary 
calcium of approximately 40 mg/day (1 mmol/day).

Oxalate <40 mg
(<0.45 mmol)

Urinary oxalate greater than 40 mg/day (0.45 mmol/day), in absence of chronic 
diarrheal state, is indicative of high dietary oxalate intake.

Sulfate <20 mmol Urinary sulfate greater than 20 mmol/day indicates overindulgence of high acid-ash 
diet found in animal proteins.

2-hour fasting
calcium : creatinine 

ratio (Ca/Cr)

<0.11 mg/100 ml GF
(<2.7 umol/100 mg GF)

Elevated fasting Ca/Cr, high serum calcium, and elevated PTH is suggestive of 
primary hyperparathyroidism.

Elevated fasting Ca/Cr, normal serum calcium, and normal or suppressed PTH 
suggestive of resorptive hypercalciuria; elevated fasting Ca/Cr, normal serum 
calcium, elevated PTH suggestive of renal hypercalciuria.

4-hour Ca/Cr ratio 
following 1-g oral 
calcium load

≤0.20 mg/mg Cr
(≤0.56 mmol/mmol Cr)

Elevated Ca/Cr following 1-g oral calcium load suggestive of absorptive 
hypercalciuria.

These limits are mean + 2 standard deviations (for calcium oxalate, uric acid, pH, sodium, sulfate, and phosphorus) or mean − 2 standard 
deviations (for citrate, pH, and magnesium) from normal.

*After 1 week of dietary restrictions.
†Expected values should be cross-checked with reference laboratory recommendations since these values differ.
Ca/Cr, Calcium/creatinine.

clinical and research settings to estimate risks and monitor 
response to treatment.67,68,738 Urinary supersaturation in 
stone research has been calculated using the EQUIL2 soft-
ware program (now offered commercially).60,739,740 Other 
programs, including the Joint Expert Speciation System 
(JESS), have also been used to calculate urinary supersatura-
tion.69 Furthermore, urinary supersaturation ratios are 
reported by commercial clinical laboratories and are avail-
able to practitioners. The relative supersaturation ratio 
(RSR) is defined as the ratio of calculated activity product in 
a given urine sample to that of the respective thermody-
namic solubility product.60 Values higher than 1 indicate 

supersaturation, and values less than 1 indicate undersatura-
tion. Another method, urinary relative supersaturation (RS), 
is calculated as the ratio of activity product (for UA, it is the 
concentration of undissociated uric acid) in a particular 
urine specimen and corresponding mean activity product 
(for UA, it is the undissociated uric acid) from normal sub-
jects. The upper limit of normal for RS of calcium oxalate, 
brushite, monosodium urate, and uric acid is defined as 2.462

Despite the lack of hard evidence correlating urinary  
biochemical abnormalities and urinary supersaturation  
of stone-forming salt following dietary and pharmaco-
logic treatment with clinical stone occurrence, several 
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is also inexpensive and widely available. It is excellent in 
detecting hydronephrosis and hydroureter.754 Renal ultra-
sound is suitable for most patients with radiolucent stones 
(e.g., UA). However, ultrasound misses a significant fraction 
of ureteral stones754 and gives a false-positive diagnosis of 
obstruction in patients with pyelonephritis, vesicoureteric 
reflux, and residual dilation following relief of obstruction. 
Finally, sonography tends to overestimate the size of a stone 
due to inaccurate determination of the boundary of the 
stone and tissue.

COMPUTED TOMOGRAPHY
Noncontrast computed tomography (NCCT, synonymous 
with unenhanced helical CT) screening has the highest 
sensitivity (94% to 100%) and specificity (92% to 99%)755,756 
and can be considered to be the current gold standard for 
kidney stone diagnosis.757 Stones as small as 1 mm can be 
diagnosed by NCCT. The disadvantages of this technique 
include radiation exposure, limited ability to evaluate 
degree of obstruction, and high cost. Newer techniques 
have been adapted to offer lower exposure to radiation 
(from a former 8 to 16 millisieverts [mSv] down to 0.5 to 2 
mSv).758 If NCCT imaging can be performed effectively with 
lower dose radiation, it will remove the only concern with 
this test, which is increased risk of malignancy with long-
term usage in repeated stone formers.759-761

Another advantage of the NCCT scan is its ability to deter-
mine stone density using the Hounsfield unit (HU), which 
has prognostic value in terms of success in shock wave 
therapy.762 Similar to a preoperative test (e.g., prior to per-
cutaneous urolithotomy), NCCT can detect possible altered 
anatomy and accurately assess stone size and location; both 
of these have an impact on the selection of optimal surgical 
intervention.

INTRAVENOUS PYELOGRAPHY
Intravenous pyelography (IVP) has been the traditional 
gold standard imaging approach to diagnose urolithiasis. It 
provides excellent anatomic detail of the minor and major 
calyces, infundibula, renal pelvis, and ureters, and a calculus 
is visualized as a discrete filling defect. The disadvantage is 
the use of nephrotoxic contrast agents. The sensitivity and 
specificity of KUB for detecting renal calculi have been 
reported as 59% and 71%, respectively.763 The use of NCCT 
has largely supplanted IVP.764-766 IVP is still occasionally used 
following NCCT in some patients to help guide percutane-
ous or endoureteral surgical procedures. It is also used in 
diabetic patients with renal colic mimicking kidney stones 
caused by papillary necrosis.750

MAGNETIC RESONANCE IMAGING
Magnetic resonance imaging (MRI) is a potential alterna-
tive to NCCT for the diagnosis of urolithiasis and urinary 
tract obstruction. The obvious advantage is that it does not 
use ionizing radiation. Akin to sonography, it is useful in 
pregnant women and in children and adolescents. A related 
technique, magnetic resonance urography, has been 
reported as a novel tool in the diagnosis of urinary tract 
obstruction, specifically in pregnant women.767 The disad-
vantage of MRI is its high cost.

In general, patients with a known history of previous renal 
colic due to stone disease may be initially evaluated by KUB 

observational and case-control studies have shown a  
correlation between the calculated parameter and clinical 
outcome.741-743 For example, one study performed at a spe-
cialized kidney stone center has shown that a reduction of 
calcium oxalate supersaturation is accompanied by a reduc-
tion in the number of formed kidney stones.744

There is no hard rule regarding structured longitudinal 
monitoring of urinary parameters following initiation of a 
pharmacologic and/or dietary regimen. However, it is advis-
able to perform a 24-hour urinalysis annually, depending on 
the activity of stone disease.745,746

STONE ANALYSIS

The analysis of a stone provides valuable information that 
clarifies the differential diagnosis and assists in directing the 
management plan.747,748 The stone crystallographic finding 
also helps identify the occurrence of infrequently encoun-
tered kidney stones, such as cystine and infection-induced 
stones, which completely change the treatment plan. Stone 
analysis also assists in the diagnosis of extremely rare stones, 
such as 2,8-hydroxyadenine or drug-induced stones.715,716 
Generally, the presence of ammonium urate stones is 
encountered in patients with HIV/AIDS as a consequence 
of laxative abuse539 due to protracted diarrhea.714 In addi-
tion, the presence of calcium phosphate stones suggests 
conditions such as dRTA, primary hyperparathyroidism, 
MSK, and carbonic anhydrase inhibitor treatment.749 
Although it is opinion-based, one may follow/reassess stone 
analysis in the management of recurrent stone formers who 
are unresponsive to specific medical treatment.

IMAGING STUDIES

Imaging studies could be considered in patients suspected 
of kidney stones as well as in the follow-up of treated stone 
formers to monitor the stone activity. Various recognized 
imaging methods include plain abdominal radiography  
for the kidneys, ureters and bladder (KUB), ultrasound 
examination, and non-contrast computerized tomography 
(NCCT).

KIDNEYS, URETERS, AND BLADDER X-RAY
Kidney, ureters, and bladder (KUB) radiography is a plain 
x-ray of the abdomen that will detect opaque calcareous or 
cystine stones. It has wide availability, minimal radiation 
exposure, and low cost. The drawback is limited sensitivity 
(45% to 58%) and specificity (60% to 77%)750 due to body 
habitus, overlying bowel gas, and extragenitourinary calcifi-
cations. It does provide adequate information for following 
the stone load during therapy in patients with radiopaque 
stones. For stable patients, annual imaging is adequate; 
however, additional imaging must be considered according 
to the clinical activity of the patient.751 During passage of a 
calcareous stone, KUB can also follow the movement of the 
stone.

ULTRASOUND
Although ultrasound is reliable, noninvasive, and fast and 
does not involve ionizing radiation, its major limitation is its 
low sensitivity. The lack of radiation and contrast renders it 
safe, particularly for children and pregnant women.752,753 It 
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ureteroscopy.768,777 Also, it immensely improves the patient’s 
quality of life by reducing episodes of pain,778,779 lowers anal-
gesic use,780 and diminishes stone transit time.780,781 Agents 
include glucocorticoids, hormones, NSAIDs, calcium 
channel blockers, and α-adrenergic blocker agents as 
medical expulsive therapy (MET).782-785 We will focus mainly 
on calcium channel blockers, which suppress smooth muscle 
contraction and reduce ureteral spasm, and α1-adrenergic 
receptor antagonists, which decrease ureteral smooth 
muscle tone and the frequency and force of peristalsis.4,5 A 
meta-analysis of all published studies (up to 2005) that used 
calcium channel blockers or α-blockers has demonstrated 
that medical treatment with these agents, with or without 
steroid treatment and regardless of stone size, enhances the 
percentage of ureteral stone passage782 (Figure 40.27). One 
small randomized controlled trial (RCT) has shown that an 
α-blocker (tamsulosin) in combination with corticosteroids 
had an advantage over tamsulosin alone in passing the 
stones a few days earlier.786 Additionally, a meta-analysis of 
11 RCTs of 911 patients demonstrated a significantly higher 
rate of spontaneous stone passage with α-blockers com-
pared with no treatment.783 The American Urological 
Association/European Urological Association’s 2007 Ure-
teral Stones Guidelines Panel studied all available MET 
trials and demonstrated that α-blockers are superior to 
calcium channel blockers in absolute stone passage at 29% 
versus 9%.77 The reader can obtain a more detailed summary 
of the literature on MET in a recent review.772

or ultrasound. NCCT can be used in patients who have not 
been previously diagnosed and in those with an atypical 
clinical presentation. Ultrasound is considered the method 
of choice for pregnant patients and children with kidney 
stone disease. IVP should be considered following NCCT if 
no stone was diagnosed or when planning an endoscopic 
evaluation or open intervention to assist the urologist in 
mapping the urinary tract. In situations in which NCCT is 
not available, one may start with KUB and ultrasound evalu-
ations and only consider the use of IVP if these two tech-
niques fail to diagnose kidney stones. In the follow-up of 
patients, due to the high risk of cumulative radiation, it is 
advisable to select KUB and ultrasound until newer, low-
radiation NCCT can be used.

MANAGEMENT OF STONES

ACUTE MANAGEMENT

As an acute illness, urolithiasis is associated with significant 
pain, disability, and loss of productivity.768 Approximately 
50% of patients experiencing acute upper urinary tract 
stones require surgical intervention.769,770 Medical treatment 
has been shown to facilitate spontaneous passage of ureteral 
stones. Stone size and location within the urinary tract are 
the major determinants of the likelihood of spontaneous 
stone passage. Spontaneous passage rates are higher for 
distal ureteral calculi compared with proximal and middle 
locations. Rates are also higher for smaller (<4 mm in diam-
eter) compared to larger stones (between 4 and 6 mm) and 
those more than 6 mm in diameter.771,772 Overall, spontane-
ous passage rates are 12%, 22%, and 45% for proximal, 
middle, and distal ureteral calculi, respectively, and 55%, 
35%, and 8% for stones smaller than 4 mm, 4 to 6 mm, and 
more than 6 mm, respectively.771 Since acute renal colic 
is associated with severe pain over an unpredictable  
time interval, adjunctive treatment to promote spontaneous 
stone passage and reduce the symptoms is crucially 
important.

RENAL COLIC
The management of renal colic is necessary until spontane-
ous passage of a stone, which usually occurs in patients with 
smaller (<4 mm) and more distal ureteral stones within 48 
hours after the onset of acute renal colic.773 During that 
period, patients will require supportive treatment with pain 
medications, including nonsteroidal antiinflammatory 
drugs (NSAIDs) and opioids, hydration, and antiemetics.774 
Patients with resolving colic can be discharged from the 
emergency room but hospitalization is indicated in cases of 
persistent relentless pain and intractable vomiting, estab-
lished infection, and obstruction. Nephrostomy must be 
considered urgently to relieve the obstruction, which can be 
followed by ESWL, percutaneous lithotripsy, ureteroscopy 
with laser lithotripsy, retrograde basket extraction of the 
stone or, in rare cases, open surgical removal.775,776

Medical Expulsive Therapy

Medical expulsive therapy plays an important role in the 
acute management of stones because it significantly 
decreases the costs and complications of ESWL and 

Figure 40.27  Medical expulsive therapy to facilitate stone passage. 
A meta-analysis was performed of nine randomized controlled trials 
in  which  calcium  channel  blockers  or  α-adrenergic  blockers  were 
used  to  treat  ureteral  stones.  The  figure  shows  the  percentage  of 
patients who passed stones stratified by study group and mean stone 
size. Control group, white bars;  treatment group, black bars.  (From 
Hollingsworth JM, Rogers MA, Kaufman SR, et al: Medical therapy to 
facilitate urinary stone passage: a meta-analysis. Lancet 368:1171-
1179, 2006.)
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sugar-containing beverages, and high animal protein intake 
are risk factors for the development of first-time kidney 
stones in women and younger men.15,17-19,796 Unlike dietary 
calcium, supplemental calcium increases the risk of stone 
formation. This association was shown in an observational 
study of older women treated with calcium supplements 
compared to those who did not take supplements.19 However, 
this association was not seen in younger men and  
women.17 In a large epidemiologic study (Women’s Health 
Initiative), calcium supplementation increased the risk of 
CaOx stone formation; one should exercise some caution 
because the total calcium intake was very high in those using 
supplements.797

Dietary Oxalate. Since high urinary oxalate is associated 
with the risk of urolithiasis,798 dietary oxalate restriction has 
generally been recommended. In epidemiologic studies, it 
is difficult to demonstrate the relationship between dietary 
oxalate and urinary oxalate.799 While there is no doubt that 
dietary oxalate is absorbed, the huge variation in intestinal 
absorption, bacterial degradation, and superimposed 
endogenous synthesis renders it difficult to discern a  
clear relationship between dietary and urinary oxalate. The 
Dietary Approaches to Stop Hypertension (DASH) diet, 
which was not restricted in oxalate content, significantly 
reduced the risk of kidney stones.800 However, the protective 
effect of the DASH diet may have been due to the ingestion 
of high fruit and vegetable content (alkali) in conjunction 
with low animal protein intake.

In general, urinary oxalate excretion is affected by calcium 
intake, which determines intestinal bioavailability of oxalate 
and consequently its absorption. With the recommended 
daily dietary calcium, CaOx stone risk has been shown not 
to be significantly influenced, even with relatively high 
dietary oxalate.21 Therefore, it is prudent to recommend 
that patients with hyperoxaluria and CaOx stone consume 
a total calcium of 1000 to 1200 mg/day, taken with meals to 
complex intestinal luminal oxalate. The restriction of 
dietary oxalate in subjects with idiopathic hyperoxaluria 
may not be efficacious but likely will not increase stone  
risk. In contrast, in patients with inflammatory bowel disease 
or those who have undergone bariatric surgery, dietary 
oxalate restriction should be imposed, in addition to higher 
total calcium intake from the diet and supplements at 
mealtime.104,801,802

Ascorbic Acid. Vitamin C above the physiologic dose 
increases urinary oxalate. In a metabolic study, 2 g of ascor-
bic acid elevated 24-hour urinary oxalate (29 to 35 mg in 
non–stone formers; 31 to 41 mg in stone formers). There-
fore, patients with hyperoxaluria should be cautious about 
OTC vitamin C supplements.803,804 Fortunately, most prepa-
rations are less than 1 g/day.

Dietary Intervention in Cystinuria. Cystine excretion has 
been shown to be reduced by decreasing dietary sodium, 
although no clinical outcome studies have been per-
formed.793,805-808 The mechanism for this is unknown but salt 
regulation of the b0,+ system for the purpose of L-dopa 
uptake and synthesis of nephrogenic dopamine is a possibil-
ity.809 On a high-salt diet, we suggest that the b0,+ system be 
occupied with dopamine synthesis and hence unavailable 

CHRONIC MANAGEMENT

LIFESTYLE AND DIETARY TREATMENT
One major limitation in the field has been the scarcity of 
RCTs to compare the effects of specific dietary and fluid 
measures in recurrent kidney stone formers.

Fluid Intake

Fluid management should be considered in all patients with 
kidney stones, regardless of stone composition. Dilution of 
lithogenic elements in the urine should be the panacea of 
kidney stone therapy. The effect of fluid intake was first 
examined in 108 idiopathic stone formers over approxi-
mately 5 years, with significant declines in new stone forma-
tion. One limitation of this study was lack of a control 
group.787 However, in an RCT in men with recurrent CaOx 
stones over 5 years, high fluid intake to ensure a urinary 
volume of approximately 2.5 L/day reduced stone recur-
rence by approximately 44% compared with a control group 
with no dietary restrictions.788 In a 3-year RCT, 1009 kidney 
stone formers were randomized to a control group that 
continued drinking soft drinks and an intervention group 
that avoided consumption of soft drinks. This study showed 
a marginal benefit of avoiding soft drinks. Another study 
suggested that fluid intake of fruit juices, specifically orange 
juice, is also effective in reducing urinary CaOx satura-
tion.789 The same effectiveness is not seen with apple juice, 
grapefruit juice, cola, or some sport drinks due to their 
elevated oxalate and fructose concentrations.789-791

Fluid therapy is also recommended for cystinuria. Cystine 
has a limited solubility of 243 mg/L in urine.792 Reduction 
of urine cystine supersaturation to less than 1.0 or of  
concentration to less than 243 mg/L (1 mmol/L) would 
require drinking about 4 L/day, including nocturnal 
intake.793 Off-label use of a vasopressin receptor antagonist 
has been proposed to induce pharmacologic diabetes insipi-
dus,794 but the long-term effects of this drug have not been 
evaluated. In conjunction with the exorbitant cost and safe 
and easily available water, it is unclear whether there is an 
advantage to this therapy.

Dietary Adjustment

Calcium Intake. In general, high dietary calcium intake 
appears to be protective against CaOx stones. In one study 
of Italian men with recurrent CaOx stones, a traditional 
prescription of a low-calcium diet was compared with  
liberal calcium diet (1200 mg/day) but low dietary sodium 
(<100 mEq/day) and animal protein consumption (50 to 
60 g/day).20 Despite only partial adherence, the low- sodium 
and low-protein diets resulted in less recurrence of stones. 
In another study in first-time CaOx stone formers, those 
given a high-fluid, high-fiber, and low-protein diet did not 
show decreased stone recurrence compared to high-fluid 
alone.22 A limitation of this study was that the control group 
had a higher urine volume. However,, in another RCT, 
CaOx stone formers were divided into three groups (low 
animal protein diet, high-fiber diet, and control group 
without dietary instructions for 4 years). there was no statisti-
cal significance in stone recurrence.795

Three large epidemiologic studies using food frequency 
questionnaires and history of kidney stone passage have 
suggested that low calcium intake, low fluid intake, 
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consistent with uncontrolled studies totaling over 6600 
patient-years of thiazide treatment for calcium urolithiasis 
patients.320,453,823-828

Two critical but often ignored facts about thiazide therapy 
deserve note. First, the optimal effect of thiazide diuretics 
is attained with a low-salt diet. While there is likely some 
direct effect of thiazides on the DCT, most of its effect is to 
induce slight extracellular volume contraction and increase 
proximal calcium reabsorption; thus, simultaneous  
ingestion of a high-salt diet will nullify the efficacy of  
thiazides.829,830 Second, the successful reduction in urinary 
calcium can be offset by hypocitraturia due to potassium 
depletion and proximal tubule intracellular acidosis. One 
must be vigilant in detecting potassium deficiency, and 
potassium supplements should be prescribed to avoid 
hypocitraturia if dietary potassium intake is not sufficient.354 
Potassium citrate provides an advantage over potassium 
chloride in these cases.831

Thiazide administration along with dietary sodium restric-
tion to maximize the hypocalciuric effect of thiazide is the 
treatment of choice in hypercalciuric, calcium stone-forming 
subjects. The incidence of side effects on thiazide diuretic 
approach 30%,823 but side effects requiring discontinuation 
of the drug are rare. To date, long-term side effects of thia-
zide treatment in the kidney stone population have not yet 
been documented. A meta-analysis of clinical trials in hyper-
tensive subjects has demonstrated a relationship between 
changes in serum glucose and potassium concentrations.832 
This was also confirmed in a large cohort, the Antihyperten-
sive and Lipid-Lowering Treatment to Prevent Heart Attack 
Trial (ALLHAT), in which the incidence of diabetes mellitus 
was higher with chlorthalidone compared with amlodipine 
or lisinopril over 4 years. The exact pathophysiologic mech-
anism has not yet been fully delineated.833-835 One potential 
mechanism is the relationship between potassium deficiency 
and defective insulin secretion and action.836,837 Commonly 
used drugs and recommended dosages in the treatment of 
hypercalciuric calcium urolithiasis with potential side effects 
are summarized in Table 40.12.

Alkali Treatment

Alkali treatment can be used alone or in combination with 
thiazides for recurrent calcium or UA stone formers. In four 
RCTs,124,125,838 three nonrandomized, nonplacebo control 
studies, one retrospective study, and one non-RCT, potas-
sium citrate reduced the risk of clinical stone events (see 
Table 40.11).

One study has shown no difference in stone formation.126 
This study included 50 hypocitraturic calcium urolithiasis 
patients treated with potassium alkali, 90 mEq/day, over 3 
years. One possibility for the lack of efficacy might have 
been because of the small size of the study.

In three nonrandomized, non–placebo-controlled 
studies, alkali treatment showed a significant decrease  
in new stone events.129,130,839 One retrospective study com-
pared three groups of patients with MSK who received 
potassium citrate or no treatment. The results showed  
that treatment with potassium citrate was effective in reduc-
ing renal stones compared to nontreated groups.840 In 
one nonrandomized, placebo-controlled study, 503 subjects 
were treated with a mixture of potassium citrate, thiazide, 
and allopurinol. Compared with no treatment after 

for cystine reabsorption. In the absence of ill effects of salt 
restriction, it is reasonable therefore to recommend restrict-
ing salt intake to about 2 g/day.

Reduction of animal protein intake has also been pro-
posed to be beneficial because it would reduce dietary 
intake of cystine and its precursor methionine, which 
reduces cystine excretion,810 and would also increase the 
solubility of urinary cystine by increasing the urinary pH. 
One study has shown that urinary cystine excretion decreases 
in cystinuric patients on a low-protein diet, in which 9% of 
caloric intake is from protein compared to higher protein 
intake.810 Restriction of protein must be used cautiously in 
children because the restriction of essential amino acids 
compromises growth in children.

Other Dietary Interventions. It has been suggested that low-
ering urinary phosphorus magnesium and ammonium via 
dietary manipulation would lower the risk of struvite stones. 
There are limited data in humans exploring the efficacy of 
dietary modification in this population. Low phosphorus 
and calcium combined with aluminum hydroxide gel and 
estrogen have been proposed,811 supposedly to lower urinary 
phosphorus excretion by limiting the intake and absorption 
of phosphorus. Treatment with estrogen over 3.5 years was 
proposed to diminish urinary calcium excretion mediated 
by decreasing bone resorption.812 However, these interven-
tions were also associated with side effects, including GI 
distress, lethargy, bone pain, and hypercalciuria.

PHARMACOLOGIC TREATMENT
Pharmacologic treatment is essential for most patients with 
UA-, cystine-, recurrent calcium-, and infection-induced 
stones, principally due to the lack of availability and/or 
consensus regarding the effectiveness of nonpharmacologic 
interventions. One major limitation with respect to pharma-
cologic treatment is the paucity of randomized control data 
with stone episodes as hard evidence of treatment results.772 
This is largely because stone events are rare, and these 
studies must be carried out in a large number of patients 
over a long period of time. There is also no consensus as to 
whether pharmacologic treatment should be targeted at 
specific metabolic abnormalities or should be given empiri-
cally, irrespective of underlying biochemical abnormali-
ties.125,813-816 Although the benefit of directed medical 
treatment has not been decisively proven, some observa-
tional studies have suggested the beneficial effects of 
directed management of kidney stones.817,818

Thiazide Diuretics

Thiazide diuretics and their analogs are used commonly for 
lowering calcium excretion in hypercalciuric, recurrent 
calcium stone formers.772 To date, six RCTs have studied 
thiazides in recurrent calcium stone formers. One study has 
shown a similar decrease in stone formation among thiazide-
treated versus untreated patients.819 Another study has 
shown diminished hypercalciuria without any change in 
stone events in patients treated with hydrochlorothiazide 
compared to placebo.820 The remaining four RCTs, which 
evaluated 408 patients over periods of 26 to 36 months, 
demonstrated significant reductions in recurrent kidney 
stones with thiazides and the thiazide analog, indapamide 
(Table 40.11).815,816,821-823 The results of these RCTs are 
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Table 40.11 Major Clinical Pharmacotherapeutic Trials in Calcium and Noncalcium Urolithiasis

Trial Reference Treatment
No. of 
Patients Design Outcome

Thiazide 
diuretics

Laerum et al816 Hydrochlorothiazide vs. placebo 50 RCT Decreased new stone formation, 
prolonged stone-free interval

Ettinger et al815 Chlorthalidone vs. magnesium 
hydroxide vs. placebo

124 RCT Chlorthalidone more effective than 
magnesium hydroxide or 
placebo in reducing stone 
events

Ohkawa et al821 Trichlormethiazide vs. no treatment 175 RCT Decreased calciuria and stone 
formation rate

Borghi et al822 Diet vs. diet + indapamide vs. diet + 
indapamide + allopurinol

75 RCT Diet + pharmacotherapy better 
than diet alone

Yendt et al823 Hydrodiuril 33 NNT Decreased number of stone 
events or invasive and 
noninvasive procedures

Coe and 
Kavalach453

Trichlormethiazide 37 NNT Decreased new stone formation

Coe320 Trichlormethiazide vs. allopurinol vs. 
both

222 NNT Decreased new stone formation

Yendt and 
Cohanim828

Hydrochlorothiazide 139 NNT Decreased new stone formation 
or stone growth

Backman et al827 Bendroflumethiazide 44 NNT Decreased new stone formation
Maschio et al825 Hydrochlorothiazide + amiloride vs. 

both + allopurinol
519 NNT Decreased new stone formation

Pak et al826 Hydrochlorothiazide 37 NNT Decreased new stone formation
Alkali 

treatment
Pak et al129 Potassium citrate vs. pretreatment in 

calcium and uric acid stone formers
89 NNT Decreased stone events

Preminger et al130 Potassium citrate 9 NNT Decreased new stone formation
Pak et al839 Potassium citrate 18 NNT Decreased stone events
Fabris et al840 Potassium citrate vs. no treatment 65 NNT Decreased stone rate in those 

treated with potassium citrate
Barcelo et al124 Potassium citrate vs. placebo 57 RCT Decreased new stone formation 

and increased urinary citrate
Hofbauer et al126 Diet + sodium potassium citrate vs. 

diet
50 RCT No difference in stone formation

Ettinger et al125 Potassium magnesium citrate vs. 
placebo

64 RCT Decreased new stone formation

Soygur et al838 Potassium citrate vs. no treatment 
after shock wave lithotripsy

110 RCT Decreased stone recurrence

Kang et al818 Mix of potassium citrate, thiazide, 
allopurinol vs. no treatment after 
percutaneous nephrolithotomy

226 NCT Decreased stone recurrence

Allopurinol 
treatment

Ettinger et al845 Allopurinol vs. placebo 60 RCT Decreased stone events
Coe320 Thiazide vs. allopurinol vs. both 202 RCT Decreased stone events vs. 

pretreatment
Febuxostat Goldfarb et al793 Febuxostat vs. allopurinol or placebo 99 RCT Febuxostat decreased 24-hour 

urinary uric acid excretion more 
significantly than allopurinol; no 
change in stone size or number

Other 
treatment

Dahlberg et al852 D-Penicillamine 89 R Decreased stone event and 
dissolution of stones

Pak et al792 D-Penicillamine or 
α-mercaptopropionylglycine vs. 
conservative therapy

66 R Both drugs equally effective in 
reducing stone events

Chow and 
Streem853

D-Penicillamine or 
α-mercaptopropionylglycine vs. 
conservative therapy

16 NNT Decreased stone event

Barbey et al854 D-Penicillamine or 
α-mercaptopropionylglycine vs. 
conservative therapy

27 R Decreased stone events

Williams et al864 Acetohydroxamic acid vs. placebo 18 RCT Decreased stone size
Griffith et al863 Acetohydroxamic acid vs. placebo 210 RCT Decreased stone growth
Griffith et al862 Acetohydroxamic acid vs. placebo 94 RCT Decreased stone growth

NCT, Nonrandomized controlled trial; NNT, nonrandomized, non–placebo-controlled trial; R, retrospective; RCT, randomized controlled trial.
Adapted from Sakhaee K, Maalouf NM, Sinnott B: Clinical review. Kidney stones 2012: pathogenesis, diagnosis, and management.  

J Clin Endocrinol Metab 97:1847-1860, 2012.
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Table 40.12 Commonly Used Drugs in Treatment of Hypercalciuric Calcium Nephrolithiasis

Drug Recommended Dosage(s) Comments

Hydrochlorothiazide 50 mg/day; 25 mg twice daily A single dosage is preferred since twice-daily dosage causes 
nocturia, discomfort, and noncompliance.

Chlorthalidone 25 mg/day, 50 mg/day Both dosages lower urinary calcium by the same degree, both are 
long-acting and cause hypokalemia and secondary hypocitraturia.

Indapamide 1.25 mg/day, 2.5 mg/day This agent has fewer side effects than hydrochlorothiazide, 
including lower incidence of hypokalemia and hypotension.

Amiloride 5 mg/day Potassium sparing and lowers urinary calcium but to a lesser 
degree than hydrochlorothiazide.

Amiloride, hydrochlorothiazide 5 mg, 50 mg/day Maintains the hypocalciuric effect of thiazide while averting the 
development of severe hypokalemia.

Trichlormethiazide 2 mg/day; 4 mg/day Not marketed in the United States.

percutaneous urolithotomy, for a mean duration of 41 
months, there was a decreased stone formation rate, from 
1.89 to 0.46 stones/year.818 One caveat in these studies was 
that alkali treatment was given to patients with urinary 
citrate excretion ranging from normal to low normal and 
low urinary citrate.124-126

Alkali treatment is relatively safe, with minor GI side 
effects, although certain susceptible individuals can have 
considerable gastric distress. The side effects have to be 
weighed against its efficacy against recurrent CaOx  
stones124-126 and uric acid stones452,839 and in patients with 
residual stones after shock wave lithotripsy.838 One primary 
potential side effect that is attracting attention is the risk of 
CaP stone formation. A rise of urinary pH above 6.7 favors 
the generation of monohydrogen phosphate. Despite this 
concern, in two nonrandomized, non–placebo-controlled 
trials130,840 in patients with distal dRTA and MSK with preex-
isting high urinary pH, alkali therapy was shown to be effec-
tive in reducing recurrent calcium stone formation. Larger  
scale prospective RCTs are still necessary to determine the 
effects of alkali treatment on the incidence of CaP stone 
formation.

Although sodium bicarbonate offers the same degree of 
urinary alkalinization when used in equivalent dosages to 
those of potassium alkali, it increases the risk of calcium 
stone formation due to sodium-induced hypercalciuria and 
promotion of monosodium urate–induced CaOx crystalliza-
tion.452,839 The initial recommended dosage for alkali is 30 
to 40 mEq/day. In practice, 24-hour urine will be measured 
to follow the increase in citraturia, titrate the alkali dose, 
and maintain urinary pH between 6.1 and 7 to avoid poten-
tial complication of calcium stone formation. The 24-hour 
urinary pH, however, does not reflect diurnal variation in 
urinary pH during the period of high urinary acidity.841 
Therefore, higher doses of alkali administered at night ame-
liorate abnormally acidic urine in those with recurrent UA 
kidney stones.841 Since unusually acidic urine is the pre-
dominant feature of patients with UA urolithiasis, alkali 
therapy with potassium citrate is first-line treatment in these 
patients.29 Treatment with allopurinol can be considered 
when there is very high urinary UA level; alkali treatment is 
unsuccessful in patients with inflammatory bowel disease, 
bowel resection, and recurrent UA stones despite adequate 
urinary alkalinization.

Alkalinization is also helpful in cystinuria, as cystine  
solubility increases with increasing pH. Generally, it is  
recommended that alkalinization should be conducted  
conservatively so as not to exceed a pH of more than 6.5 to 
6.7 because highly alkaline urine increases the risk of CaP 
stone formation. Defective acidification and high urinary 
pH has been described in patients with mixed cystine and 
calcium stones.842 It is often difficult to determine the 
optimal dose of alkali to be administered to each individual 
patient.518,843 Therefore, it is advisable to monitor patient 
responses with direct measurements of urinary supersatura-
tion with respect to cystine.793 Both potassium citrate and 
sodium bicarbonate have been shown to be equally effective 
in alkalinizing urine in this population.844 Sodium alkali can 
be used in patients with renal insufficiency to avoid hyper-
kalemia. The dosage of alkali is typically divided equally 
three to four times daily.

Xanthine Oxidase Inhibitors

Allopurinol is used for the treatment of hyperuricosuric 
calcium stone formers rather than UA stone formers. One 
RCT in hyperuricosuric calcium stone formers, which com-
pared allopurinol versus placebo,845 demonstrated signifi-
cantly decreased stone events with allopurinol treatment. 
Another RCT, in recurrent hyperuricosuric calcium stone 
formers, compared thiazide versus allopurinol, and both 
showed significantly reduced stone events with the combina-
tion treatment320 (see Table 40.11). The efficacy of allopu-
rinol alone in the treatment of hyperuricosuric CaOx 
stone-forming patients with multiple metabolic abnormali-
ties is less evident.846 The effective dose of allopurinol is 
300 mg/day, which can be administered as a single dose or 
divided into three equal doses throughout the day. Side 
effects of allopurinol are reported as uncommon, but 
include a skin rash in 2% of treated patients and more 
severe, but even rarer, life-threatening hypersensitivity reac-
tions, including acute interstitial nephritis and Steven-
Johnson syndrome.847 Adjustments are needed for patients 
with impaired kidney function since allopurinol is primarily 
excreted by the kidney.

A nonpurine xanthine oxidase inhibitor analog, febuxo-
stat, has recently been approved for the treatment of hyper-
uricemia associated with gouty arthritis. In a retrospective 
study, the use of febuxostat in patients with gout who had 
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allergies to allopurinol was shown to be a safe alternative.848 
In a 6-month, double-blinded RCT, hyperuricosuric calcium 
stone formers with one or more calcium stones detected by 
CT were treated with 80 mg/day of febuxostat, 300 mg/day 
of allopurinol, or placebo. Febuxostat reduced 24-hour 
urinary UA levels significantly more than allopurinol, but 
there was no change in stone size or number over this 
period.849 Therefore, no conclusion comparing the drugs 
can be drawn until a longer study is conducted to determine 
the incidence of stone events (see Table 40.11). One advan-
tage of febuxostat is that it is principally metabolized by the 
liver, thereby rendering dose adjustments in those with 
impaired kidney function unnecessary.850

Cystine Chelation Therapy

The treatment of cystine stones can be challenging. Conser-
vative management with hydration and urinary alkaliniza-
tion are the first steps in the management of a cystinuric 
patient, but they usually do not suffice. Thiol derivatives  
that act as chelating agents are commonly used in patients 
with severe cystinuria (>1000 mg/day). These drugs 
reduce a single cystine molecule into two cysteines and  
form a highly soluble disulfide compound of the drug  
with the cysteine molecules.851 The effect of a disulfide 
compound (D-penicillamine) on stone events was first 
described by Dahlberg and coworkers.852 Subsequently, 
α-mercaptopropionylglycine (tiopronin) was marketed for 
use in cystinuric patients. In two studies, pharmacologic 
treatment with D-penicillamine or tiopronin was shown to 
be superior to hydration and alkalinization alone for reduc-
ing stone events853,854 (see Table 40.11). However, to date, 
no RCTs have demonstrated the superiority of pharmaco-
logic treatment over placebo in cystinuric patients.

A few studies have suggested that captopril, which is also 
a thiol derivative, might also be effective in reducing urinary 
cystine excretion,855,856 but its efficacy has not been con-
firmed by others.854,857 Most recently, the potential role of 
inhibitors of cystine crystal growth has been explored. The 
most effective inhibitors tested were l-cystine dimethyl ester 
(l-CDME) and l-cystine methyl ester (l-CME). However, 
their effectiveness has only been tested in experimental 
models and not yet in cystinuric populations.858

Tiopronin has a lower incidence of side effects compared 
to d-penicillamine, and it is therefore used most often.792 
The side effects include GI irritation, abnormalities in 
hepatic enzymes, pancytopenias, skin irritation and  
disorders, and proteinuria.792 Effective therapy should be 
aimed at maintaining the urinary cystine concentration at 
250 mg/L, although there is variability among individual 
patients. Therefore, assessment of urinary supersaturation 
with respect to cystine solubility is important. However, to 
date, there is no clinical study exploring whether such mea-
surements will avert the complications of cystine stone for-
mation.518,793,843 One important caveat is that urinary cystine 
measurement does not differentiate between a drug-cysteine 
complex and unbound cystine. Furthermore, urinary mea-
surement of cystine does not decrease with drug treatment, 
which can lead to the misguided attempts to increase the 
dose of thiol drugs to lower urinary cystine levels. Therefore 
it is advisable to monitor the patient’s response to treatment 
via urinary supersaturation, which is a better guide for 
dosing of chelating agents.

Pharmacotherapy of Infection-Related Stones

According to the guidelines of the American Urological 
Association (AUA), surgical treatment is still the best man-
agement for those with infectious stones (see below). 
However, medical treatment can be used for those with 
significant comorbidities who are not amenable to surgery 
and also to prevent stone recurrence after successful stone 
removal. These treatments include antibiotics, dissolution 
therapy, urease inhibitors, urinary acidification, dietary 
modification, and other supportive measures.

Antibiotics. Antibiotics are important during the preopera-
tive and perioperative periods to prevent urinary sepsis  
from surgical procedures. Antibiotics should be directed 
against specific microorganisms established by positive 
urine cultures.

Dissolution Therapy. Boric acid, permanganate, and other 
solutions have been instilled into kidneys to dissolve infec-
tious stones.859 However, dissolution treatment has fallen out 
of favor due to its cost, duration of hospitalization and, most 
importantly, significant associated risks. The increased mor-
tality following internal irrigation led to a ban by the U.S. 
Food and Drug Administration (FDA) on the use of this 
treatment approach.

Urease Inhibitors. Urease-producing microorganisms play 
a key role in the supersaturation of urine with respect to 
ammonium magnesium phosphate (struvite) by converting 
urea to ammonia, which usually coexists with calcium car-
bonate apatite stones because both stone types are favored 
in an alkaline environment.860 While inhibition of bacterial 
urease has been shown to retard stone growth and to prevent 
new stone formation, it cannot eradicate existing stones  
nor the underlying infection. However, when combined 
with antimicrobial therapy, urease inhibition provides pallia-
tion for patients who cannot undergo definitive surgical 
management.522,861

The urease inhibitor, acetohydroxamic acid (AHA), is the 
only FDA-approved urease inhibitor to be used orally to 
inhibit urease enzyme activity.862,863 This drug is cleared by 
the kidney and can penetrate bacterial cell walls. It also 
functions synergistically with antibiotics. Three RCTs  
have shown significant reductions in stone growth with  
AHA compared with placebo.862-864 AHA can confer serious 
GI, neurologic, hematologic, and dermatologic side  
effects in 20% of patients, but these tend to resolve on 
discontinuation.862-864 The starting dose of AHA is 250 mg 
by mouth twice daily. AHA is also contraindicated in patients 
with CKD and serum creatinine concentrations more than 
2.5 mg/dL, which increase the risk of toxicity and poor 
urinary concentration.862,863

Urinary Acidification. Since urine alkalinity (pH > 7.2) pro-
motes the formation of struvite and carbonate apatite 
stones, urinary acidification has been used to control stone 
burden in this population. L-Methionine, which imposes an 
acid load (H2SO4), can lower urinary pH. An in vitro simula-
tion of decreasing urinary pH from 6.5 to 5.7 increased the 
dissolution rate of struvite stones.865 It was suggested that 
oral intake of L-methionine, 1500 to 3000 mg/day, can be 
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used for the dissolution of infectious stones, although no 
trials have proven this to date.865

SURGICAL MANAGEMENT OF  
INFECTION-RELATED STONES
Struvite staghorn calculi generally require surgical removal 
and, if not properly treated, require nephrectomy.866 The 
goal is eradication of stone burden and prevention of stone 
regrowth, renal damage, and persistent infection. A signifi-
cant number of patients treated with open surgical stone 
removal have recurrence following surgery due to recurrent 
urinary tract infections. Rather than open surgical stone 
removal, percutaneous urolithotomy can completely remove 
struvite stones 90% of the time,867,868 with a recurrence rate 
approaching only 10% in kidneys rendered stone free.869 A 
retrospective analysis of 43 patients with pure or mixed 
struvite stones from Duke University Medical Center from 
2005 to 2012 has shown stone recurrence in 23% of patients, 
with stable renal function over a median follow-up of 22 
months (range, 6 to 67 months). ESWL with ureteral stent-
ing alone will result in stone-free rates of 50% to 75%.870 
Retrograde ureteroscopy with holmium:YAG laser stone dis-
ruption can fragment almost all minor staghorn stones, with 
a recurrence rate of 60% at 6 months.871 The AUA has sug-
gested a combined approach of percutaneous urolithotomy 
and shock wave lithotripsy.

ACKNOWLEDGMENTS
Our work has been supported by the National Institutes of 
Health (R01-DK081423, R01DK091392, R01-DK092461, and 
U01-HL111146), O’Brien Kidney Research Center (P30 
DK-079328), American Society of Nephrology, Simmons 
Family Foundation, and Charles and Jane Pak Foundation. 
We wish to acknowledge Ms. Ashlei L. Johnson and Ms. 
Valeria Rodela for their assistance in the preparation of the 
manuscript.

Complete reference list available at ExpertConsult.com.

KEY REFERENCES
2. Scales CD, Jr, Smith AC, Hanley JM, et al: Urologic Diseases in 

America Project: Prevalence of kidney stones in the United States. 
Eur Urol 62:160–165, 2012.

4. Curhan GC, Rimm EB, Willett WC, et al: Regional variation in 
nephrolithiasis incidence and prevalence among United States 
men. J Urol 151:838–841, 1994.

20. Borghi L, Schianchi T, Meschi T, et al: Comparison of two diets 
for the prevention of recurrent stones in idiopathic hypercalci-
uria. N Engl J Med 346:77–84, 2002.

29. Sakhaee K, Adams-Huet B, Moe OW, et al: Pathophysiologic basis 
for normouricosuric uric acid nephrolithiasis. Kidney Int 62:971–
979, 2002.

49. Evan AP, Lingeman JE, Coe FL, et al: Randall’s plaque of patients 
with nephrolithiasis begins in basement membranes of thin loops 
of Henle. J Clin Invest 111:607–616, 2003.

59. Pak CY, Holt K: Nucleation and growth of brushite and calcium 
oxalate in urine of stone-formers. Metabolism 25:665–673, 1976.

93. Kok DJ, Papapoulos SE, Bijvoet OL: Excessive crystal agglomera-
tion with low citrate excretion in recurrent stone-formers. Lancet 
1:1056–1058, 1986.

101. Daudon M, Hennequin C, Bader C, et al: Inhibitors of crystalliza-
tion. Adv Nephrol Necker Hosp 24:167–216, 1995.

124. Barcelo P, Wuhl O, Servitge E, et al: Randomized double-blind 
study of potassium citrate in idiopathic hypocitraturic calcium 
nephrolithiasis. J Urol 150:1761–1764, 1993.

128. Pak CY: Citrate and renal calculi: an update. Miner Electrolyte Metab 
20:371–377, 1994.

http://www.ExpertConsult.com
http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367

604. Pigna F, Sakhaee K, Adams-Huet B, et al: Body fat content and 
distribution and urinary risk factors for nephrolithiasis. Clin J Am 
Soc Nephrol 9:159–165, 2014.

609. Reiner AP, Kahn A, Eisner BH, et al: Kidney stones and subclinical 
atherosclerosis in young adults: the CARDIA study. J Urol 185:920–
925, 2011.

618. Ferraro PM, Taylor EN, Eisner BH, et al: History of kidney  
stones and the risk of coronary heart disease. JAMA 310:408–415, 
2013.

651. Melton LJ, 3rd, Crowson CS, Khosla S, et al: Fracture risk among 
patients with urolithiasis: a population-based cohort study. Kidney 
Int 53:459–464, 1998.

702. Amanzadeh J, Gitomer WL, Zerwekh JE, et al: Effect of high 
protein diet on stone-forming propensity and bone loss in rats. 
Kidney Int 64:2142–2149, 2003.

712. Hoopes RR, Jr, Shrimpton AE, Knohl SJ, et al: Dent disease with 
mutations in OCRL1. Am J Hum Genet 76:260–267, 2005.

725. Pak CY, Peterson R, Poindexter JR: Adequacy of a single stone risk 
analysis in the medical evaluation of urolithiasis. J Urol 165:378–
381, 2001.

793. Goldfarb DS, Coe FL, Asplin JR: Urinary cystine excretion and 
capacity in patients with cystinuria. Kidney Int 69:1041–1047, 
2006.

481. Curthoys NP, Moe OW: Proximal tubule function and response 
to acidosis. Clin J Am Soc Nephrol 9:1627–1638, 2014.

483. Nagami GT: Renal ammonium production and excretion. In 
Seldin DW, Giebisch GH, editors: The kidney: physiology and patho-
physiology, Philadelphia, 2000, Lippincott Williams & Wilkins, pp 
1995–2014.

501. Bobulescu IA, Dubree M, Zhang J, et al: Reduction of renal tri-
glyceride accumulation: effects on proximal tubule Na+/H+ 
exchange and urinary acidification. Am J Physiol Renal Physiol 
297:F1419–F1426, 2009.

503. Chillaron J, Font-Llitjos M, Fort J, et al: Pathophysiology and treat-
ment of cystinuria. Nat Rev Nephrol 6:424–434, 2010.

553. Moe OW, Bonny O: Genetic hypercalciuria. J Am Soc Nephrol 
16:729–745, 2005.

566. Goldfarb DS, Fischer ME, Keich Y, et al: A twin study of genetic 
and dietary influences on nephrolithiasis: a report from the 
Vietnam Era Twin (VET) Registry. Kidney Int 67:1053–1061, 2005.

575. Vezzoli G, Terranegra A, Arcidiacono T, et al: R990G polymor-
phism of calcium-sensing receptor does produce a gain-of-func-
tion and predispose to primary hypercalciuria. Kidney Int 
71:1155–1162, 2007.

577. Suzuki Y, Pasch A, Bonny O, et al: Gain-of-function haplotype in 
the epithelial calcium channel TRPV6 is a risk factor for renal 
calcium stone formation. Hum Mol Genet 17:1613–1618, 2008.

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e1

REFERENCES
1. Stamatelou KK, Francis ME, Jones CA, et al: Time trends in 

reported prevalence of kidney stones in the United States: 1976-
1994. Kidney Int 63:1817–1823, 2003.

2. Scales CD, Jr, Smith AC, Hanley JM, et al: Prevalence of kidney 
stones in the United States. Eur Urol 62:160–165, 2012.

3. Soucie JM, Thun MJ, Coates RJ, et al: Demographic and geo-
graphic variability of kidney stones in the United States. Kidney Int 
46:893–899, 1994.

4. Curhan GC, Rimm EB, Willett WC, et al: Regional variation in 
nephrolithiasis incidence and prevalence among United States 
men. J Urol 151:838–841, 1994.

5. Shuster J, Finlayson B, Scheaffer R, et al: Water hardness and 
urinary stone disease. J Urol 128:422–425, 1982.

6. Parry ES, Lister IS: Sunlight and hypercalciuria. Lancet 1:1063–
1065, 1975.

7. Madore F, Stampfer MJ, Willett WC, et al: Nephrolithiasis and risk 
of hypertension in women. Am J Kidney Dis 32:802–807, 1998.

8. Sowers MR, Jannausch M, Wood C, et al: Prevalence of renal 
stones in a population-based study with dietary calcium, oxalate, 
and medication exposures. Am J Epidemiol 147:914–920, 1998.

9. Taylor EN, Stampfer MJ, Curhan GC: Obesity, weight gain, and 
the risk of kidney stones. JAMA 293:455–462, 2005.

10. Taylor EN, Stampfer MJ, Curhan GC: Diabetes mellitus and the 
risk of nephrolithiasis. Kidney Int 68:1230–1235, 2005.

11. Romero V, Akpinar H, Assimos DG: Kidney stones: a global 
picture of prevalence, incidence, and associated risk factors. Rev 
Urol 12:e86–e96, 2010.

12. Brikowski TH, Lotan Y, Pearle MS: Climate-related increase in the 
prevalence of urolithiasis in the United States. Proc Natl Acad Sci 
U S A 105:9841–9846, 2008.

13. Mandel N, Mandel I, Fryjoff K, et al: Conversion of calcium 
oxalate to calcium phosphate with recurrent stone episodes. J Urol 
169:2026–2029, 2003.

14. Parks JH, Worcester EM, Coe FL, et al: Clinical implications of 
abundant calcium phosphate in routinely analyzed kidney stones. 
Kidney Int 66:777–785, 2004.

15. Curhan GC, Willett WC, Rimm EB, et al: A prospective study of 
dietary calcium and other nutrients and the risk of symptomatic 
kidney stones. N Engl J Med 328:833–838, 1993.

16. Curhan GC, Willett WC, Speizer FE, et al: Twenty-four-hour urine 
chemistries and the risk of kidney stones among women and men. 
Kidney Int 59:2290–2298, 2001.

17. Curhan GC, Willett WC, Knight EL, et al: Dietary factors and the 
risk of incident kidney stones in younger women: Nurses’ Health 
Study II. Arch Intern Med 164:885–891, 2004.

18. Taylor EN, Stampfer MJ, Curhan GC: Dietary factors and the risk 
of incident kidney stones in men: new insights after 14 years of 
follow-up. J Am Soc Nephrol 15:3225–3232, 2004.

19. Curhan GC, Willett WC, Speizer FE, et al: Comparison of dietary 
calcium with supplemental calcium and other nutrients as factors 
affecting the risk for kidney stones in women. Ann Intern Med 
126:497–504, 1997.

20. Borghi L, Schianchi T, Meschi T, et al: Comparison of two diets 
for the prevention of recurrent stones in idiopathic hypercalci-
uria. N Engl J Med 346:77–84, 2002.

21. Taylor EN, Curhan GC: Oxalate intake and the risk for nephroli-
thiasis. J Am Soc Nephrol 18:2198–2204, 2007.

22. Hiatt RA, Ettinger B, Caan B, et al: Randomized controlled trial 
of a low animal protein, high-fiber diet in the prevention of recur-
rent calcium oxalate kidney stones. Am J Epidemiol 144:25–33, 
1996.

23. Rafique M, Bhutta RA, Rauf A, et al: Chemical composition of 
upper renal tract calculi in Multan. J Pak Med Assoc 50:145–148, 
2000.

24. Herbstein FH, Kleeberg J, Shalitin Y, et al: Chemical and x-ray 
diffraction analysis of urinary stones in Israel. Isr J Med Sci 
10:1493–1499, 1974.

25. Hossain RZ, Ogawa Y, Hokama S, et al: Urolithiasis in Okinawa, 
Japan: a relatively high prevalence of uric acid stones. Int J Urol 
10:411–415, 2003.

26. Sakhaee K: Uric Acid Metabolism and Uric Acid Stones. In Rao 
PN, Preminger GM, Kavanaugh J, editors: Urinary tract stone disease, 
London, 2011, Springer, pp 185–193.

27. Portis AJ, Hermans K, Culhane-Pera KA, et al: Stone disease in 
the Hmong of Minnesota: initial description of a high-risk popula-
tion. J Endourol 18:853–857, 2004.

28. Portis AJ, Laliberte M, Tatman P, et al: High prevalence of gouty 
arthritis among the Hmong population in Minnesota. Arthritis 
Care Res (Hoboken) 62:1386–1391, 2010.

29. Sakhaee K, Adams-Huet B, Moe OW, et al: Pathophysiologic basis 
for normouricosuric uric acid nephrolithiasis. Kidney Int 62:971–
979, 2002.

30. Daudon M, Lacour B, Jungers P: High prevalence of uric acid 
calculi in diabetic stone formers. Nephrol Dial Transplant 20:468–
469, 2005.

31. Cameron MA, Maalouf NM, Adams-Huet B, et al: Urine composi-
tion in type 2 diabetes: predisposition to uric acid nephrolithiasis. 
J Am Soc Nephrol 17:1422–1428, 2006.

32. Pak CY, Sakhaee K, Moe O, et al: Biochemical profile of stone-
forming patients with diabetes mellitus. Urology 61:523–527, 
2003.

33. Lieske JC, de la Vega LS, Gettman MT, et al: Diabetes mellitus and 
the risk of urinary tract stones: a population-based case-control 
study. Am J Kidney Dis 48:897–904, 2006.

34. Reference removed in pages.
35. Lieske JC, Pena de la Vega LS, Slezak JM, et al: Renal stone epi-

demiology in Rochester, Minnesota: an update. Kidney Int 69:760–
764, 2006.

36. Sas DJ, Hulsey TC, Shatat IF, et al: Increasing incidence of kidney 
stones in children evaluated in the emergency department.  
J Pediatr 157:132–137, 2010.

37. Ogden CL, Carroll MD, Curtin LR, et al: Prevalence of overweight 
and obesity in the United States, 1999-2004. JAMA 295:1549–1555, 
2006.

38. Clark MA, Fox MK: Nutritional quality of the diets of US public 
school children and the role of the school meal programs. J Am 
Diet Assoc 109(Suppl):S44–S56, 2009.

39. Briefel RR, Johnson CL: Secular trends in dietary intake in the 
United States. Annu Rev Nutr 24:401–431, 2004.

40. Rajeshwari R, Yang SJ, Nicklas TA, et al: Secular trends in  
children’s sweetened-beverage consumption (1973 to 1994):  
the Bogalusa Heart Study. J Am Diet Assoc 105:208–214, 
2005.

41. Keller KL, Kirzner J, Pietrobelli A, et al: Increased sweetened 
beverage intake is associated with reduced milk and calcium 
intake in 3- to 7-year-old children at multi-item laboratory lunches. 
J Am Diet Assoc 109:497–501, 2009.

42. Kant AK, Graubard BI: Contributors of water intake in US chil-
dren and adolescents: associations with dietary and meal 
characteristics—National Health and Nutrition Examination 
Survey 2005-2006. Am J Clin Nutr 92:887–896, 2010.

43. Edvardsson V, Elidottir H, Indridason OS, et al: High incidence 
of kidney stones in Icelandic children. Pediatr Nephrol 20:940–944, 
2005.

44. Yasui T, Iguchi M, Suzuki S, et al: Prevalence and epidemiological 
characteristics of urolithiasis in Japan: national trends between 
1965 and 2005. Urology 71:209–213, 2008.

45. Kalorin CM, Zabinski A, Okpareke I, et al: Pediatric urinary stone 
disease—does age matter? J Urol 181:2267–2271, 2009.

46. Milliner DS, Murphy ME: Urolithiasis in pediatric patients. Mayo 
Clin Proc 68:241–248, 1993.

47. Sas DJ: An update on the changing epidemiology and metabolic 
risk factors in pediatric kidney stone disease. Clin J Am Soc Nephrol 
6:2062–2068, 2011.

48. Randall A: The etiology of primary renal calculus. Int Abst Surg 
71:209–240, 1940.

49. Evan AP, Lingeman JE, Coe FL, et al: Randall’s plaque of patients 
with nephrolithiasis begins in basement membranes of thin loops 
of Henle. J Clin Invest 111:607–616, 2003.

50. Evan AP, Lingeman JE, Worcester EM, et al: Contrasting histopa-
thology and crystal deposits in kidneys of idiopathic stone formers 
who produce hydroxy apatite, brushite, or calcium oxalate stones. 
Anat Rec 297:731–748, 2014.

51. Coe FL, Evan AP, Worcester EM, et al: Three pathways for human 
kidney stone formation. Urol Res 38:147–160, 2010.

52. Evan AP, Lingeman JE, Coe FL, et al: Crystal-associated nephropa-
thy in patients with brushite nephrolithiasis. Kidney Int 67:576–
591, 2005.

http://www.myuptodate.com


1367.e2 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

53. Parks JH, Coe FL, Evan AP, et al: Urine pH in renal calcium stone 
formers who do and do not increase stone phosphate content with 
time. Nephrol Dial Transplant 24:130–136, 2009.

54. Evan AE, Lingeman JE, Coe FL, et al: Histopathology and surgical 
anatomy of patients with primary hyperparathyroidism and 
calcium phosphate stones. Kidney Int 74:223–229, 2008.

55. Evan AP, Coe FL, Gillen D, et al: Renal intratubular crystals and 
hyaluronan staining occur in stone formers with bypass surgery 
but not with idiopathic calcium oxalate stones. Anat Rec 291:325–
334, 2008.

56. Evan AP, Lingeman JE, Worcester EM, et al: Renal histopathology 
and crystal deposits in patients with small bowel resection and 
calcium oxalate stone disease. Kidney Int 78:310–317, 2010.

57. Pak CY: Citrate and renal calculi. Miner Electrolyte Metab 13:257–
266, 1987.

58. Hallson PC, Rose GA, Sulaiman S: Magnesium reduces calcium 
oxalate crystal formation in human whole urine. Clin Sci (Lond) 
62:17–19, 1982.

59. Pak CY, Holt K: Nucleation and growth of brushite and calcium 
oxalate in urine of stone-formers. Metabolism 25:665–673, 1976.

60. Werness PG, Brown CM, Smith LH, et al: EQUIL2: a BASIC com-
puter program for the calculation of urinary saturation. J Urol 
134:1242–1244, 1985.

61. Pak CY: Physicochemical basis for formation of renal stones of 
calcium phosphate origin: calculation of the degree of saturation 
of urine with respect to brushite. J Clin Invest 48:1914–1922, 1969.

62. Pak CY, Hayashi Y, Finlayson B, et al: Estimation of the state of 
saturation of brushite and calcium oxalate in urine: a comparison 
of three methods. J Lab Clin Med 89:891–901, 1977.

63. Pak CY, Rodgers K, Poindexter JR, et al: New methods of assessing 
crystal growth and saturation of brushite in whole urine: effect of 
pH, calcium and citrate. J Urol 180:1532–1537, 2008.

64. Pak CY, Moe OW, Maalouf NM, et al: Comparison of semi-
empirical and computer derived methods for estimating urinary 
saturation of brushite. J Urol 181:1423–1428, 2009.

65. Pak CY, Maalouf NM, Rodgers K, et al: Comparison of semi-
empirical and computer derived methods for estimating urinary 
saturation of calcium oxalate. J Urol 182:2951–2956, 2009.

66. Robertson WG, Peacock M, Nordin BE: Activity products in stone-
forming and non–stone-forming urine. Clin Sci 34:579–594, 1968.

67. Asplin J, Parks J, Lingeman J, et al: Supersaturation and stone 
composition in a network of dispersed treatment sites. J Urol 
159:1821–1825, 1998.

68. Parks JH, Coward M, Coe FL: Correspondence between stone 
composition and urine supersaturation in nephrolithiasis. Kidney 
Int 51:894–900, 1997.

69. Rodgers A, Allie-Hamdulay S, Jackson G: Therapeutic action of 
citrate in urolithiasis explained by chemical speciation: increase 
in pH is the determinant factor. Nephrol Dial Transplant 21:361–
369, 2006.

70. Rodgers AL, Allie-Hamdulay S, Jackson G, et al: Simulating 
calcium salt precipitation in the nephron using chemical specia-
tion. Urol Res 39:245–251, 2011.

71. Robertson WG, Peacock M, Marshall RW, et al: Saturation-
inhibition index as a measure of the risk of calcium oxalate stone 
formation in the urinary tract. N Engl J Med 294:249–252, 1976.

72. Marshall RW, Cochran M, Robertson WG, et al: The relation 
between the concentration of calcium salts in the urine and renal 
stone composition in patients with calcium-containing renal 
stones. Clin Sci 43:433–441, 1972.

73. Weber DV, Coe FL, Parks JH, et al: Urinary saturation measure-
ments in calcium nephrolithiasis. Ann Intern Med 90:180–184, 
1979.

74. Hautmann R, Lehmann A, Komor S: Calcium and oxalate con-
centrations in human renal tissue: the key to the pathogenesis of 
stone formation? J Urol 123:317–319, 1980.

75. Asplin JR, Mandel NS, Coe FL: Evidence of calcium phosphate 
supersaturation in the loop of Henle. Am J Physiol 270(Pt 2):F604–
F613, 1996.

76. Asplin JR, Parks JH, Chen MS, et al: Reduced crystallization inhi-
bition by urine from men with nephrolithiasis. Kidney Int 56:1505–
1516, 1999.

77. Asplin JR, Parks JH, Nakagawa Y, et al: Reduced crystallization 
inhibition by urine from women with nephrolithiasis. Kidney Int 
61:1821–1829, 2002.

78. Nielson AE: Kinetics of precipitation. In Belcher R, Gordon L, 
editors: International series of monographs on analytical chemistry, New 
York, 1964, Pergamon Press.

79. Pak CY, Arnold LH: Heterogeneous nucleation of calcium oxalate 
by seeds of monosodium urate. Proc Soc Exp Biol Med 149:930–932, 
1975.

80. Coe FL, Lawton RL, Goldstein RB, et al: Sodium urate accelerates 
precipitation of calcium oxalate in vitro. Proc Soc Exp Biol Med 
149:926–929, 1975.

81. Pak CY, Waters O, Arnold L, et al: Mechanism for calcium uroli-
thiasis among patients with hyperuricosuria: supersaturation of 
urine with respect to monosodium urate. J Clin Invest 59:426–431, 
1977.

82. Coe FL: Hyperuricosuric calcium oxalate nephrolithiasis. Kidney 
Int 13:418–426, 1978.

83. Coe FL: Uric acid and calcium oxalate nephrolithiasis. Kidney Int 
24:392–403, 1983.

84. Meyer JL, Bergert JH, Smith LH: Epitaxial relationships in uroli-
thiasis: the brushite-whewellite system. Clin Sci Mol Med 52:143–
148, 1977.

85. Meyer JL, Bergert JH, Smith LH: Epitaxial relationships in uroli-
thiasis: the calcium oxalate monohydrate-hydroxyapatite system. 
Clin Sci Mol Med 49:369–374, 1975.

86. Herring LC: Observations on the analysis of ten thousand urinary 
calculi. J Urol 88:545–562, 1962.

87. Low RK, Stoller ML: Endoscopic mapping of renal papillae for 
Randall’s plaques in patients with urinary stone disease. J Urol 
158:2062–2064, 1997.

88. Evan AP, Coe FL, Rittling SR, et al: Apatite plaque particles in 
inner medulla of kidneys of calcium oxalate stone formers: osteo-
pontin localization. Kidney Int 68:145–154, 2005.

89. Evan AP, Coe FL, Lingeman JE, et al: Insights on the pathology 
of kidney stone formation. Urol Res 33:383–389, 2005.

90. Kuo RL, Lingeman JE, Evan AP, et al: Urine calcium and volume 
predict coverage of renal papilla by Randall’s plaque. Kidney Int 
64:2150–2154, 2003.

91. Coe FL, Evan A, Worcester E: Kidney stone disease. J Clin Invest 
115:2598–2608, 2005.

92. Robertson WG, Peacock M, Nordin BE: Clin Chim Acta 43:31–37, 
1973.

93. Kok DJ, Papapoulos SE, Bijvoet OL: Excessive crystal agglomera-
tion with low citrate excretion in recurrent stone-formers. Lancet 
1:1056–1058, 1986.

94. Finlayson B, Reid F: The expectation of free and fixed particles 
in urinary stone disease. Invest Urol 15:442–448, 1978.

95. Randall A: The origin and growth of renal calculi. Ann Surg 
105:1009–1027, 1937.

96. Lieske JC, Walsh-Reitz MM, Toback FG: Calcium oxalate monohy-
drate crystals are endocytosed by renal epithelial cells and induce 
proliferation. Am J Physiol 262(Pt 2):F622–F630, 1992.

97. Lieske JC, Toback FG: Regulation of renal epithelial cell endocy-
tosis of calcium oxalate monohydrate crystals. Am J Physiol 264(Pt 
2):F800–F807, 1993.

98. Lieske JC, Toback FG, Deganello S: Face-selective adhesion of 
calcium oxalate dihydrate crystals to renal epithelial cells. Calcif 
Tissue Int 58:195–200, 1996.

99. Lieske JC, Leonard R, Toback FG: Adhesion of calcium oxalate 
monohydrate crystals to renal epithelial cells is inhibited by spe-
cific anions. Am J Physiol 268(Pt 2):F604–F612, 1995.

100. Bigelow MW, Wiessner JH, Kleinman JG, et al: Surface  
exposure of phosphatidylserine increases calcium oxalate crystal 
attachment to IMCD cells. Am J Physiol 272(Pt 2):F55–F62, 
1997.

101. Daudon M, Hennequin C, Bader C, et al: Inhibitors of crystalliza-
tion. Adv Nephrol Necker Hosp 24:167–216, 1995.

102. Schlieper G, Westenfeld R, Brandenburg V, et al: Inhibitors  
of calcification in blood and urine. Semin Dial 20:113–121, 
2007.

103. Johansson G, Backman U, Danielson BG, et al: Effects of magne-
sium hydroxide in renal stone disease. J Am Coll Nutr 1:179–185, 
1982.

104. Barilla DE, Notz C, Kennedy D, et al: Renal oxalate excretion 
following oral oxalate loads in patients with ileal disease and with 
renal and absorptive hypercalciurias. Effect of calcium and mag-
nesium. Am J Med 64:579–585, 1978.

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e3

105. Fetner CD, Barilla DE, Townsend J, et al: Effects of magnesium 
oxide on the crystallization of calcium salts in urine in patients 
with recurrent nephrolithiasis. J Urol 120:399–401, 1978.

106. Lindberg JS, Zobitz MM, Poindexter JR, et al: Magnesium bio-
availability from magnesium citrate and magnesium oxide. J Am 
Coll Nutr 9:48–55, 1990.

107. Guerra A, Meschi T, Allegri F, et al: Concentrated urine and 
diluted urine: the effects of citrate and magnesium on the crystal-
lization of calcium oxalate induced in vitro by an oxalate load. 
Urol Res 34:359–364, 2006.

108. Schwille PO, Schmiedl A, Herrmann U, et al: Magnesium, citrate, 
magnesium citrate and magnesium-alkali citrate as modulators of 
calcium oxalate crystallization in urine: observations in patients 
with recurrent idiopathic calcium urolithiasis. Urol Res 27:117–
126, 1999.

109. Nicar MJ, Hill K, Pak CY: Inhibition by citrate of spontaneous 
precipitation of calcium oxalate in vitro. J Bone Miner Res 2:215–
220, 1987.

110. Berg W, Hesse A, Schneider HJ: A contribution to the formation 
mechanism of calcium oxalate urinary calculi. III. On the role of 
magnesium in the formation of oxalate calculi. Urol Res 4:161–167, 
1976.

111. Elliot JS, Ribeiro ME: The effect of varying concentrations of 
calcium and magnesium upon calcium oxalate solubility. Invest 
Urol 10:295–297, 1973.

112. Kok DJ, Papapoulos SE, Blomen LJ, et al: Modulation of calcium 
oxalate monohydrate crystallization kinetics in vitro. Kidney Int 
34:346–350, 1988.

113. Pak CY, Koenig K, Khan R, et al: Physicochemical action of 
potassium-magnesium citrate in nephrolithiasis. J Bone Miner Res 
7:281–285, 1992.

114. Su CJ, Shevock PN, Khan SR, et al: Effect of magnesium on 
calcium oxalate urolithiasis. J Urol 145:1092–1095, 1991.

115. Wunderlich W: Aspects of the influence of magnesium ions on 
the formation of calcium oxalate. Urol Res 9:157–161, 1981.

116. Li MK, Blacklock NJ, Garside J: Effects of magnesium on calcium 
oxalate crystallization. J Urol 133:123–125, 1985.

117. Wilson JW, Werness PG, Smith LH: Inhibitors of crystal growth of 
hydroxyapatite: a constant composition approach. J Urol 134:1255–
1258, 1985.

118. Massey L: Magnesium therapy for nephrolithiasis. Magnes Res 
18:123–126, 2005.

119. Bonny O, Rubin A, Huang CL, et al: Mechanism of urinary 
calcium regulation by urinary magnesium and pH. J Am Soc 
Nephrol 19:1530–1537, 2008.

120. Robertson WG, Scurr DS: Modifiers of calcium oxalate crystalliza-
tion found in urine. I. Studies with a continuous crystallizer using 
an artificial urine. J Urol 135:1322–1326, 1986.

121. Hallson PC, Kasidas GP, Samuell CT: The inhibitory activity of 
some citrate analogues upon calcium crystalluria: observations 
using an improved urine evaporation technique. Urol Int 57:43–
47, 1996.

122. Tiselius HG, Fornander AM, Nilsson MA: The effects of citrate 
and urine on calcium oxalate crystal aggregation. Urol Res 21:363–
366, 1993.

123. Greischar A, Nakagawa Y, Coe FL: Influence of urine pH and 
citrate concentration on the upper limit of metastability for 
calcium phosphate. J Urol 169:867–870, 2003.

124. Barcelo P, Wuhl O, Servitge E, et al: Randomized double-blind 
study of potassium citrate in idiopathic hypocitraturic calcium 
nephrolithiasis. J Urol 150:1761–1764, 1993.

125. Ettinger B, Pak CY, Citron JT, et al: Potassium-magnesium citrate 
is an effective prophylaxis against recurrent calcium oxalate neph-
rolithiasis. J Urol 158:2069–2073, 1997.

126. Hofbauer J, Hobarth K, Szabo N, et al: Alkali citrate prophylaxis 
in idiopathic recurrent calcium oxalate urolithiasis—a prospec-
tive randomized study. Br J Urol 73:362–365, 1994.

127. Whalley NA, Meyers AM, Martins M, et al: Long-term effects of 
potassium citrate therapy on the formation of new stones in 
groups of recurrent stone formers with hypocitraturia. Br J Urol 
78:10–14, 1996.

128. Pak CY: Citrate and renal calculi: an update. Miner Electrolyte Metab 
20:371–377, 1994.

129. Pak CY, Fuller C, Sakhaee K, et al: Long-term treatment of calcium 
nephrolithiasis with potassium citrate. J Urol 134:11–19, 1985.

130. Preminger GM, Sakhaee K, Skurla C, et al: Prevention of recur-
rent calcium stone formation with potassium citrate therapy in 
patients with distal renal tubular acidosis. J Urol 134:20–23, 
1985.

131. Moe OW, Preisig PA: Dual role of citrate in mammalian urine. 
Curr Opin Nephrol Hypertens 15:419–424, 2006.

132. Hamm LL: Renal handling of citrate. Kidney Int 38:728–735, 
1990.

133. Zacchia M, Preisig P: Low urinary citrate: an overview. J Nephrol 
23(Suppl 16):S49–S56, 2010.

134. Fleisch H, Bisaz S: Isolation from urine of pyrophosphate, a cal-
cification inhibitor. Am J Physiol 203:671–675, 1962.

135. Moochhala SH, Sayer JA, Carr G, et al: Renal calcium stones: 
insights from the control of bone mineralization. Exp Physiol 
93:43–49, 2008.

136. Jung A, Bisaz S, Fleisch H: The binding of pyrophosphate and  
two diphosphonates by hydroxyapatite crystals. Calcif Tissue Res 
11:269–280, 1973.

137. Schwille PO, Rumenapf G, Wolfel G, et al: Urinary pyrophosphate 
in patients with recurrent calcium urolithiasis and in healthy con-
trols: a re-evaluation. J Urol 140:239–245, 1988.

138. Russell RGG, Fleisch H: Inhibitors in urinary stone disease: role 
of pyrophosphate in urinary calculi. In Cifuentes-Delatte L, 
Rapado A, Hodgkinson A, editors: Urinary calculi, Basel, Switzer-
land, 1973, Karger, p 307.

139. Ito H, Coe FL: Acidic peptide and polyribonucleotide crystal 
growth inhibitors in human urine. Am J Physiol 233:F455–F463, 
1977.

140. Bergsland KJ, Kelly JK, Coe BJ, et al: Urine protein markers dis-
tinguish stone-forming from non-stone-forming relatives of 
calcium stone formers. Am J Physiol Renal Physiol 291:F530–F536, 
2006.

141. Mazzali M, Kipari T, Ophascharoensuk V, et al: Osteopontin—a 
molecule for all seasons. QJM 95:3–13, 2002.

142. Wesson JA, Johnson RJ, Mazzali M, et al: Osteopontin is a critical 
inhibitor of calcium oxalate crystal formation and retention in 
renal tubules. J Am Soc Nephrol 14:139–147, 2003.

143. Min W, Shiraga H, Chalko C, et al: Quantitative studies of human 
urinary excretion of uropontin. Kidney Int 53:189–193, 1998.

144. Shiraga H, Min W, VanDusen WJ, et al: Inhibition of calcium 
oxalate crystal growth in vitro by uropontin: another member of 
the aspartic acid-rich protein superfamily. Proc Natl Acad Sci U S A 
89:426–430, 1992.

145. Hunter GK, Hauschka PV, Poole AR, et al: Nucleation and inhibi-
tion of hydroxyapatite formation by mineralized tissue proteins. 
Biochem J 317(Pt 1):59–64, 1996.

146. Goldberg HA, Hunter GK: The inhibitory activity of osteopontin 
on hydroxyapatite formation in vitro. Ann N Y Acad Sci 760:305–
308, 1995.

147. Hunter GK, Kyle CL, Goldberg HA: Modulation of crystal forma-
tion by bone phosphoproteins: structural specificity of the 
osteopontin-mediated inhibition of hydroxyapatite formation. 
Biochem J 300(Pt 3):723–728, 1994.

148. Asplin JR, Arsenault D, Parks JH, et al: Contribution of human 
uropontin to inhibition of calcium oxalate crystallization. Kidney 
Int 53:194–199, 1998.

149. Constable AR, Joekes AM, Kasidas GP, et al: Plasma level and renal 
clearance of oxalate in normal subjects and in patients with 
primary hyperoxaluria or chronic renal failure or both. Clin Sci 
(Lond) 56:299–304, 1979.

150. Evan AP, Bledsoe SB, Smith SB, et al: Calcium oxalate crystal 
localization and osteopontin immunostaining in genetic hypercal-
ciuric stone-forming rats. Kidney Int 65:154–161, 2004.

151. Serafini-Cessi F, Malagolini N, Cavallone D: Tamm-Horsfall glyco-
protein: biology and clinical relevance. Am J Kidney Dis 42:658–
676, 2003.

152. Rampoldi L, Scolari F, Amoroso A, et al: The rediscovery of  
uromodulin (Tamm-Horsfall protein): from tubulointerstitial 
nephropathy to chronic kidney disease. Kidney Int 80:338–347, 
2011.

153. El-Achkar TM, Wu XR: Uromodulin in kidney injury: an instiga-
tor, bystander, or protector? Am J Kidney Dis 59:452–461, 2012.

154. Zacchia M, Capasso G: The importance of uromodulin as regula-
tor of salt reabsorption along the thick ascending limb. Nephrol 
Dial Transplant 30:158–160, 2015.

http://www.myuptodate.com


1367.e4 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

155. Asplin J, DeGanello S, Nakagawa YN, et al: Evidence that nephro-
calcin and urine inhibit nucleation of calcium oxalate monohy-
drate crystals. Am J Physiol 261(Pt 2):F824–F830, 1991.

156. Worcester EM, Nakagawa Y, Wabner CL, et al: Crystal adsorption 
and growth slowing by nephrocalcin, albumin, and Tamm-Horsfall 
protein. Am J Physiol 255(Pt 2):F1197–F1205, 1988.

157. Mo L, Huang HY, Zhu XH, et al: Tamm-Horsfall protein is a criti-
cal renal defense factor protecting against calcium oxalate crystal 
formation. Kidney Int 66:1159–1166, 2004.

158. Stapleton AM, Timme TL, Ryall RL: Gene expression of pro-
thrombin in the human kidney and its potential relevance to 
kidney stone disease. Br J Urol 81:666–671, 1998.

159. Stapleton AM, Ryall RL: Blood coagulation proteins and urolithia-
sis are linked: crystal matrix protein is the F1 activation peptide 
of human prothrombin. Br J Urol 75:712–719, 1995.

160. Stapleton AM, Dawson CJ, Grover PK, et al: Further evidence 
linking urolithiasis and blood coagulation: urinary prothrombin 
fragment 1 is present in stone matrix. Kidney Int 49:880–888, 1996.

161. Durrbaum D, Rodgers AL, Sturrock ED: A study of crystal matrix 
extract and urinary prothrombin fragment 1 from a stone-prone 
and stone-free population. Urol Res 29:83–88, 2001.

162. Ebisuno S, Nishihata M, Inagaki T, et al: Bikunin prevents adhe-
sion of calcium oxalate crystal to renal tubular cells in human 
urine. J Am Soc Nephrol 10(Suppl 14):S436–S440, 1999.

163. Okuyama M, Yamaguchi S, Yachiku S: Identification of bikunin 
isolated from human urine inhibits calcium oxalate crystal growth 
and its localization in the kidneys. Int J Urol 10:530–535, 2003.

164. Dawson CJ, Grover PK, Kanellos J, et al: Inter-alpha-inhibitor in 
calcium stones. Clin Sci (Lond) 95:187–193, 1998.

165. Evan AP, Bledsoe S, Worcester EM, et al: Renal inter-alpha-trypsin 
inhibitor heavy chain 3 increases in calcium oxalate stone-forming 
patients. Kidney Int 72:1503–1511, 2007.

166. Marengo SR, Resnick MI, Yang L, et al: Differential expression of 
urinary inter-alpha-trypsin inhibitor trimers and dimers in normal 
compared to active calcium oxalate stone forming men. J Urol 
159:1444–1450, 1998.

167. Wessler E: The nature of the non-ultrafilterable glycosaminogly-
cans of normal human urine. Biochem J 122:373–384, 1971.

168. Shirane Y, Kurokawa Y, Miyashita S, et al: Study of inhibition 
mechanisms of glycosaminoglycans on calcium oxalate monohy-
drate crystals by atomic force microscopy. Urol Res 27:426–431, 
1999.

169. Iida H, Jia G, Lown JW: Rational recognition of nucleic acid 
sequences. Curr Opin Biotechnol 10:29–33, 1999.

170. Asselman M, Verkoelen CF: Crystal-cell interaction in the patho-
genesis of kidney stone disease. Curr Opin Urol 12:271–276, 2002.

171. Verhulst A, Asselman M, Persy VP, et al: Crystal retention capacity 
of cells in the human nephron: involvement of CD44 and its 
ligands hyaluronic acid and osteopontin in the transition of a 
crystal binding- into a nonadherent epithelium. J Am Soc Nephrol 
14:107–115, 2003.

172. Borges FT, Michelacci YM, Aguiar JA, et al: Characterization of 
glycosaminoglycans in tubular epithelial cells: calcium oxalate 
and oxalate ions effects. Kidney Int 68:1630–1642, 2005.

173. Erturk E, Kiernan M, Schoen SR: Clinical association with urinary 
glycosaminoglycans and urolithiasis. Urology 59:495–499, 2002.

174. Ombra MN, Casula S, Biino G, et al: Urinary glycosaminoglycans 
as risk factors for uric acid nephrolithiasis: case-control study in a 
Sardinian genetic isolate. Urology 62:416–420, 2003.

175. Hwang TI, Preminger GM, Poindexter J, et al: Urinary glycosami-
noglycans in normal subjects and patients with stones. J Urol 
139:995–997, 1988.

176. Hesse A, Wuzel H, Vahlensieck W: The excretion of glycosamino-
glycans in the urine of calcium-oxalate-stone patients and healthy 
persons. Urol Int 41:81–87, 1986.

177. Nakagawa Y, Abram V, Kezdy FJ, et al: Purification and character-
ization of the principal inhibitor of calcium oxalate monohydrate 
crystal growth in human urine. J Biol Chem 258:12594–12600, 
1983.

178. Nakagawa Y, Ahmed M, Hall SL, et al: Isolation from human 
calcium oxalate renal stones of nephrocalcin, a glycoprotein 
inhibitor of calcium oxalate crystal growth. Evidence that neph-
rocalcin from patients with calcium oxalate nephrolithiasis is defi-
cient in gamma-carboxyglutamic acid. J Clin Invest 79:1782–1787, 
1987.

179. Proudfoot D, Shanahan CM: Molecular mechanisms mediating 
vascular calcification: role of matrix Gla protein. Nephrology 
(Carlton) 11:455–461, 2006.

180. Luo G, Ducy P, McKee MD, et al: Spontaneous calcification of 
arteries and cartilage in mice lacking matrix GLA protein. Nature 
386:78–81, 1997.

181. Murshed M, Schinke T, McKee MD, et al: Extracellular matrix 
mineralization is regulated locally; different roles of two gla-
containing proteins. J Cell Biol 165:625–630, 2004.

182. Lu X, Gao B, Yasui T, et al: Matrix Gla protein is involved in crystal 
formation in kidney of hyperoxaluric rats. Kidney Blood Press Res 
37:15–23, 2013.

183. Gao B, Yasui T, Lu X, et al: Matrix Gla protein expression in 
NRK-52E cells exposed to oxalate and calcium oxalate monohy-
drate crystals. Urol Int 85:237–241, 2010.

184. De Luna P, Bushnell EA, Gauld JW: A molecular dynamics exami-
nation on mutation-induced catalase activity in coral allene oxide 
synthase. J Phys Chem B 117:14635–14641, 2013.

185. Gao B, Yasui T, Itoh Y, et al: A polymorphism of matrix Gla protein 
gene is associated with kidney stones. J Urol 177:2361–2365, 2007.

186. Nakagawa Y, Parks JH, Kezdy FJ, et al: Molecular abnormality of 
urinary glycoprotein crystal growth inhibitor in calcium nephro-
lithiasis. Trans Assoc Am Physicians 98:281–289, 1985.

187. Chutipongtanate S, Nakagawa Y, Sritippayawan S, et al: Identifica-
tion of human urinary trefoil factor 1 as a novel calcium oxalate 
crystal growth inhibitor. J Clin Invest 115:3613–3622, 2005.

188. Pillay SN, Asplin JR, Coe FL: Evidence that calgranulin is pro-
duced by kidney cells and is an inhibitor of calcium oxalate crystal-
lization. Am J Physiol 275(Pt 2):F255–F261, 1998.

189. Pak CY: Etiology and treatment of urolithiasis. Am J Kidney Dis 
18:624–637, 1991.

190. Sakhaee K, Maalouf NM, Sinnott B: Clinical review. Kidney stones 
2012: pathogenesis, diagnosis, and management. J Clin Endocrinol 
Metab 97:1847–1860, 2012.

191. Levy FL, Adams-Huet B, Pak CY: Ambulatory evaluation of neph-
rolithiasis: an update of a 1980 protocol. Am J Med 98:50–59, 1995.

192. Krambeck AE, Handa SE, Evan AP, et al: Brushite stone disease 
as a consequence of lithotripsy? Urol Res 38:293–299, 2010.

193. Pak CY, Britton F, Peterson R, et al: Ambulatory evaluation of 
nephrolithiasis. Classification, clinical presentation and diagnos-
tic criteria. Am J Med 69:19–30, 1980.

194. Pak CY: Nephrolithiasis. Curr Ther Endocrinol Metab 6:572–576, 
1997.

195. Consensus conference: Prevention and treatment of kidney 
stones. JAMA 260:977–981, 1988.

196. Coe FL, Parks JH, Asplin JR: The pathogenesis and treatment of 
kidney stones. N Engl J Med 327:1141–1152, 1992.

197. Bushinsky DA: Nephrolithiasis. J Am Soc Nephrol 9:917–924, 1998.
198. Sakhaee K, Maalouf NM, Kumar R, et al: Nephrolithiasis-associated 

bone disease: pathogenesis and treatment options. Kidney Int 
79:393–403, 2011.

199. Sutton RA, Walker VR: Responses to hydrochlorothiazide and 
acetazolamide in patients with calcium stones. Evidence suggest-
ing a defect in renal tubular function. N Engl J Med 302:709–713, 
1980.

200. Sakhaee K, Nicar MJ, Brater DC, et al: Exaggerated natriuretic 
and calciuric responses to hydrochlorothiazide in renal hypercal-
ciuria but not in absorptive hypercalciuria. J Clin Endocrinol Metab 
61:825–829, 1985.

201. Worcester EM, Coe FL: New insights into the pathogenesis of 
idiopathic hypercalciuria. Semin Nephrol 28:120–132, 2008.

202. Pak CY, Oata M, Lawrence EC, et al: The hypercalciurias. Causes, 
parathyroid functions, and diagnostic criteria. J Clin Invest 54:387–
400, 1974.

203. Flocks RH: Calcium and phosphorus excretion in the urine of 
patients with renal or ureteral calculi. JAMA 113:1466–1471, 1939.

204. Albright F, Henneman P, Benedict PH, et al: Idiopathic hypercal-
ciuria: a preliminary report. Proc R Soc Med 46:1077–1081, 1953.

205. Henneman PH, Benedict PH, Forbes AP, et al: Idiopathic hyper-
calciuria. N Engl J Med 259:802–807, 1958.

206. Nordin BEC, Peacock M, Wilkinson R: Hypercalciuria and renal 
stone disease. Clin Endocrinol Metab 1:169–183, 1972.

207. Coe FL, Favus MJ: Disorders of stone formation. In Brenner BM, 
Rector FC, editors: The kidney, ed 3, Philadelphia, 1986, WB Saun-
ders, pp 1403–1442.

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e5

208. Lemann J, Jr: Pathogenesis of idiopathic hypercalciuria and neph-
rolithiasis. In Coe FL, Favus MJ, editor: Disorders of bone metabolism, 
New York, 1992, Raven Press, pp 685–706.

209. Coe FL, Favus MJ, Crockett T, et al: Effects of low-calcium diet on 
urine calcium excretion, parathyroid function and serum 
1,25(OH)2D3 levels in patients with idiopathic hypercalciuria and 
in normal subjects. Am J Med 72:25–32, 1982.

210. Pak CY, East DA, Sanzenbacher LJ, et al: Gastrointestinal calcium 
absorption in nephrolithiasis. J Clin Endocrinol Metab 35:261–270, 
1972.

211. Parfitt AM, Higgins BA, Nassim JR, et al: Metabolic studies in 
patients with hypercalciuria. Clin Sci 27:463–482, 1964.

212. Dent CE, Harper CM, Parfitt AM: The effect of cellulose phos-
phate on calcium metabolism in patients with hypercalciuria. Clin 
Sci 27:417–425, 1964.

213. Broadus AE, Insogna KL, Lang R, et al: A consideration of the 
hormonal basis and phosphate leak hypothesis of absorptive 
hypercalciuria. J Clin Endocrinol Metab 58:161–169, 1984.

214. Insogna KL, Broadus AE, Dreyer BE, et al: Elevated production 
rate of 1,25-dihydroxyvitamin D in patients with absorptive hyper-
calciuria. J Clin Endocrinol Metab 61:490–495, 1985.

215. Shen FH, Baylink DJ, Nielsen RL, et al: Increased serum 
1,25-dihydroxyvitamin D in idiopathic hypercalciuria. J Lab Clin 
Med 90:955–962, 1977.

216. Gray RW, Wilz DR, Caldas AE, et al: The importance of phosphate 
in regulating plasma 1,25-(OH)2-vitamin D levels in humans: 
studies in healthy subjects in calcium-stone formers and in patients 
with primary hyperparathyroidism. J Clin Endocrinol Metab 45:299–
306, 1977.

217. Caralis PV, Materson BJ, Perez-Stable E: Potassium and diuretic-
induced ventricular arrhythmias in ambulatory hypertensive 
patients. Miner Electrolyte Metab 10:148–154, 1984.

218. Birge SJ, Peck WA, Berman M, et al: Study of calcium absorption 
in man: a kinetic analysis and physiologic model. J Clin Invest 
48:1705–1713, 1969.

219. Kaplan RA, Haussler MR, Deftos LJ, et al: The role of 1 alpha, 
25-dihydroxyvitamin D in the mediation of intestinal hyperabsorp-
tion of calcium in primary hyperparathyroidism and absorptive 
hypercalciuria. J Clin Invest 59:756–760, 1977.

220. Zerwekh JE, Pak CY: Selective effects of thiazide therapy on serum 
1 alpha,25-dihydroxyvitamin D and intestinal calcium absorption 
in renal and absorptive hypercalciurias. Metabolism 29:13–17, 
1980.

221. Broadus AE, Insogna KL, Lang R, et al: Evidence for disordered 
control of 1,25-dihydroxyvitamin D production in absorptive 
hypercalciuria. N Engl J Med 311:73–80, 1984.

222. Maierhofer WJ, Gray RW, Cheung HS, et al: Bone resorption 
stimulated by elevated serum 1,25-(OH)2-vitamin D concentra-
tions in healthy men. Kidney Int 24:555–560, 1983.

223. Breslau NA, Preminger GM, Adams BV, et al: Use of ketoconazole 
to probe the pathogenetic importance of 1,25-dihydroxyvitamin 
D in absorptive hypercalciuria. J Clin Endocrinol Metab 75:1446–
1452, 1992.

224. Zerwekh JE, Pak CY, Kaplan RA, et al: Pathogenetic role of 1 
alpha,25-dihydroxyvitamin D in sarcoidosis and absorptive hyper-
calciuria: different response to prednisolone therapy. J Clin Endo-
crinol Metab 51:381–386, 1980.

225. Barilla DE, Zerwekh JE, Pak CYC: A critical evaluation of the role 
of phosphate in the pathogenesis of absorptive hypercalciuria. 
Miner Electrolyte Metab 2:302–309, 1979.

226. Van Den Berg CJ, Kumar R, Wilson DM, et al: Orthophosphate 
therapy decreases urinary calcium excretion and serum 
1,25-dihydroxyvitamin D concentrations in idiopathic hypercalci-
uria. J Clin Endocrinol Metab 51:998–1001, 1980.

227. Bordier P, Ryckewart A, Gueris J, et al: On the pathogenesis of 
so-called idiopathic hypercalciuria. Am J Med 63:398–409, 1977.

228. Dominguez JH, Gray RW, Lemann J, Jr: Dietary phosphate depri-
vation in women and men: effects on mineral and acid balances, 
parathyroid hormone and the metabolism of 25-OH-vitamin D.  
J Clin Endocrinol Metab 43:1056–1068, 1976.

229. Pak CY, Fetner C, Townsend J, et al: Evaluation of calcium uroli-
thiasis in ambulatory patients: comparison of results with those of 
inpatient evaluation. Am J Med 64:979–987, 1978.

230. Huang CL, Moe OW: Clinical assessment of phosphorus status, 
balance and renal handling in normal individuals and in patients 

with chronic kidney disease. Curr Opin Nephrol Hypertens 22:452–
458, 2013.

231. Nesterova G, Malicdan MC, Yasuda K, et al: 1,25-(OH)2D-24 
hydroxylase (CYP24A1) deficiency as a cause of nephrolithiasis. 
Clin J Am Soc Nephrol 8:649–657, 2013.

232. Taylor EN, Hoofnagle AN, Curhan GC: Calcium and phosphorus 
regulatory hormones and risk of incident symptomatic kidney 
stones. Clin J Am Soc Nephrol 26:2015.

233. Pak CY, Kaplan R, Bone H, et al: A simple test for the diagnosis 
of absorptive, resorptive and renal hypercalciurias. N Engl J Med 
292:497–500, 1975.

234. Brannan PG, Morawski S, Pak CY, et al: Selective jejunal hypera-
bsorption of calcium in absorptive hypercalciuria. Am J Med 
66:425–428, 1979.

235. Feldman D: Ketoconazole and other imidazole derivatives as 
inhibitors of steroidogenesis. Endocr Rev 7:409–420, 1986.

236. Glass AR, Eil C: Ketoconazole-induced reduction in serum 
1,25-dihydroxyvitamin D. J Clin Endocrinol Metab 63:766–769, 1986.

237. Glass AR, Eil C: Ketoconazole-induced reduction in serum 
1,25-dihydroxyvitamin D and total serum calcium in hypercalce-
mic patients. J Clin Endocrinol Metab 66:934–938, 1988.

238. Reichel H, Koeffler HP, Norman AW: The role of the vitamin D 
endocrine system in health and disease. N Engl J Med 320:980–991, 
1989.

239. Imamura K, Tonoki H, Wakui K, et al: 4q33-qter deletion and 
absorptive hypercalciuria: report of two unrelated girls. Am J Med 
Genet 78:52–54, 1998.

240. Scott P, Ouimet D, Valiquette L, et al: Suggestive evidence for a 
susceptibility gene near the vitamin D receptor locus in idiopathic 
calcium stone formation. J Am Soc Nephrol 10:1007–1013, 1999.

241. Lin Y, Mao Q, Zheng X, et al: Vitamin D receptor genetic poly-
morphisms and the risk of urolithiasis: a meta-analysis. Urol Int 
86:249–255, 2011.

242. Morrison NA, Qi JC, Tokita A, et al: Prediction of bone density 
from vitamin D receptor alleles. Nature 367:284–287, 1994.

243. Gross C, Krishnan AV, Malloy PJ, et al: The vitamin D receptor 
gene start codon polymorphism: a functional analysis of FokI 
variants. J Bone Miner Res 13:1691–1699, 1998.

244. Whitfield GK, Remus LS, Jurutka PW, et al: Functionally relevant 
polymorphisms in the human nuclear vitamin D receptor gene. 
Mol Cell Endocrinol 177:145–159, 2001.

245. Zerwekh JE, Hughes MR, Reed BY, et al: Evidence for normal 
vitamin D receptor messenger ribonucleic acid and genotype in 
absorptive hypercalciuria. J Clin Endocrinol Metab 80:2960–2965, 
1995.

246. Zerwekh JE, Reed BY, Heller HJ, et al: Normal vitamin D receptor 
concentration and responsiveness to 1,25-dihydroxyvitamin D3 in 
skin fibroblasts from patients with absorptive hypercalciuria. 
Miner Electrolyte Metab 24:307–313, 1998.

247. Zerwekh JE, Yu XP, Breslau NA, et al: Vitamin D receptor quanti-
tation in human blood mononuclear cells in health and disease. 
Mol Cell Endocrinol 96:1–6, 1993.

248. Provvedini DM, Tsoukas CD, Deftos LJ, et al: 1,25-dihydroxyvitamin 
D3 receptors in human leukocytes. Science 221:1181–1183, 1983.

249. Nunn JD, Katz DR, Barker S, et al: Regulation of human tonsillar 
T-cell proliferation by the active metabolite of vitamin D3. Immu-
nology 59:479–484, 1986.

250. Provvedini DM, Tsoukas CD, Deftos LJ, et al: 1-Alpha,25-
dihydroxyvitamin D3-binding macromolecules in human B 
lymphocytes: effects on immunoglobulin production. J Immunol 
136:2734–2740, 1986.

251. Provvedini DM, Rulot CM, Sobol RE, et al: 1 alpha,25-
Dihydroxyvitamin D3 receptors in human thymic and tonsillar 
lymphocytes. J Bone Miner Res 2:239–247, 1987.

252. Favus MJ, Karnauskas AJ, Parks JH, et al: Peripheral blood mono-
cyte vitamin D receptor levels are elevated in patients with idio-
pathic hypercalciuria. J Clin Endocrinol Metab 89:4937–4943, 2004.

253. Coe FL, Parks JH, Moore ES: Familial idiopathic hypercalciuria. 
N Engl J Med 300:337–340, 1979.

254. Mehes K, Szelid Z: Autosomal dominant inheritance of hypercal-
ciuria. Eur J Pediatr 133:239–242, 1980.

255. Pak CY, McGuire J, Peterson R, et al: Familial absorptive hypercal-
ciuria in a large kindred. J Urol 126:717–719, 1981.

256. Favus MJ, Coe FL: Evidence for spontaneous hypercalciuria in the 
rat. Miner Electrolyte Metab 2:150–154, 1979.

http://www.myuptodate.com


1367.e6 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

257. Bushinsky DA: Genetic hypercalciuric stone forming rats. Semin 
Nephrol 16:448–457, 1996.

258. Frick KK, Bushinsky DA: Molecular mechanisms of primary hyper-
calciuria. J Am Soc Nephrol 14:1082–1095, 2003.

259. Bushinsky DA, Favus MJ: Mechanism of hypercalciuria in genetic 
hypercalciuric rats. Inherited defect in intestinal calcium trans-
port. J Clin Invest 82:1585–1591, 1988.

260. Bushinsky DA, Grynpas MD, Nilsson EL, et al: Stone formation in 
genetic hypercalciuric rats. Kidney Int 48:1705–1713, 1995.

261. Bushinsky DA, Asplin JR, Grynpas MD, et al: Calcium oxalate 
stone formation in genetic hypercalciuric stone-forming rats. 
Kidney Int 61:975–987, 2002.

262. Li XQ, Tembe V, Horwitz GM, et al: Increased intestinal vitamin 
D receptor in genetic hypercalciuric rats. A cause of intestinal 
calcium hyperabsorption. J Clin Invest 91:661–667, 1993.

263. Tsuruoka S, Bushinsky DA, Schwartz GJ: Defective renal calcium 
reabsorption in genetic hypercalciuric rats. Kidney Int 51:1540–
1547, 1997.

264. Kim M, Sessler NE, Tembe V, et al: Response of genetic hypercal-
ciuric rats to a low calcium diet. Kidney Int 43:189–196, 1993.

265. Krieger NS, Stathopoulos VM, Bushinsky DA: Increased sensitivity 
to 1,25(OH)2D3 in bone from genetic hypercalciuric rats. Am J 
Physiol 271(Pt 1):C130–C135, 1996.

266. Karnauskas AJ, van Leeuwen JP, van den Bemd GJ, et al: Mecha-
nism and function of high vitamin D receptor levels in genetic 
hypercalciuric stone-forming rats. J Bone Miner Res 20:447–454, 
2005.

267. Yao J, Kathpalia P, Bushinsky DA, et al: Hyperresponsiveness of 
vitamin D receptor gene expression to 1,25-dihydroxyvitamin D3. 
A new characteristic of genetic hypercalciuric stone-forming rats. 
J Clin Invest 101:2223–2232, 1998.

268. Bai S, Wang H, Shen J, et al: Elevated vitamin D receptor levels 
in genetic hypercalciuric stone-forming rats are associated with 
downregulation of Snail. J Bone Miner Res 25:830–840, 2010.

269. Favus MJ: Intestinal absorption of calcium, magnesium, and phos-
phorus. In Coe FL, Favus MJ, editors: Disorders of bone and mineral 
metabolism, ed 2, Philadelphia, 2002, Lippincott Williams & 
Wilkins, pp 48–73.

270. Schreiner DS, Jande SS, Parkes CO, et al: Immunocytochemical 
demonstration of two vitamin D-dependent calcium-binding pro-
teins in mammalian kidney. Acta Anat (Basel) 117:1–14, 1983.

271. Li H, Christakos S: Differential regulation by 1,25-dihydroxyvitamin 
D3 of calbindin-D9k and calbindin-D28k gene expression in 
mouse kidney. Endocrinology 128:2844–2852, 1991.

272. Bouhtiauy I, Lajeunesse D, Christakos S, et al: Two vitamin 
D3-dependent calcium binding proteins increase calcium reab-
sorption by different mechanisms. I. Effect of CaBP 28K. Kidney 
Int 45:461–468, 1994.

273. Ku R, Schaefer J, Grande JP, et al: Immunolocalization of  
calcitriol receptor, 24-hydroxylase cytochrome P-450, and calbin-
din D28k in human kidney. Am J Physiol 266(Pt 2):F477–F485, 
1994.

274. Riccardi D, Lee WS, Lee K, et al: Localization of the extracellular 
Ca(2+)-sensing receptor and PTH/PTHrP receptor in rat kidney. 
Am J Physiol 271(Pt 2):F951–F956, 1996.

275. Coe FL, Bushinsky DA: Pathophysiology of hypercalciuria. Am J 
Physiol 247(Pt 2):F1–F13, 1984.

276. Worcester EM, Coe FL, Evan AP, et al: Evidence for increased 
postprandial distal nephron calcium delivery in hypercalciuric 
stone-forming patients. Am J Physiol Renal Physiol 295:F1286–F1294, 
2008.

277. Holl MG, Allen LH: Sucrose ingestion, insulin response and 
mineral metabolism in humans. J Nutr 117:1229–1233, 1987.

278. Wood RJ, Allen LH: Evidence for insulin involvement in arginine- 
and glucose-induced hypercalciuria in the rat. J Nutr 113:1561–
1567, 1983.

279. Lemann J, Jr, Piering WF, Lennon EJ: Possible role of carbohydrate-
induced calciuria in calcium oxalate kidney-stone formation. N 
Engl J Med 280:232–237, 1969.

280. Barilla DE, Townsend J, Pak CY: An exaggerated augmentation of 
renal calcium excretion after oral glucose ingestion in patients 
with renal hypercalciuria. Invest Urol 15:486–488, 1978.

281. Iguchi M, Umekawa T, Takamura C, et al: Glucose metabolism in 
renal stone patients. Urol Int 51:185–190, 1993.

282. Yoon V, Adams-Huet B, Sakhaee K, et al: Hyperinsulinemia  
and urinary calcium excretion in calcium stone formers with 

idiopathic hypercalciuria. J Clin Endocrinol Metab 98:2589–2594, 
2013.

283. Sakhaee K, Capolongo G, Maalouf NM, et al: Metabolic syndrome 
and the risk of calcium stones. Nephrol Dial Transplant 27:3201–
3209, 2012.

284. Taylor EN, Curhan GC: Body size and 24-hour urine composition. 
Am J Kidney Dis 48:905–915, 2006.

285. Lee SC, Kim YJ, Kim TH, et al: mpact of obesity in patients with 
urolithiasis and its prognostic usefulness in stone recurrence.  
J Urol 179:570–574, 2008.

286. DeFronzo RA, Cooke CR, Andres R, et al: The effect of insulin on 
renal handling of sodium, potassium, calcium, and phosphate in 
man. J Clin Invest 55:845–855, 1975.

287. Brown EM, MacLeod RJ: Extracellular calcium sensing and extra-
cellular calcium signaling. Physiol Rev 81:239–297, 2001.

288. Riccardi D, Park J, Lee WS, et al: Cloning and functional expres-
sion of a rat kidney extracellular calcium/polyvalent cation-
sensing receptor. Proc Natl Acad Sci U S A 92:131–135, 1995.

289. Canaff L, Hendy GN: Human calcium-sensing receptor gene. 
Vitamin D response elements in promoters P1 and P2 confer 
transcriptional responsiveness to 1,25-dihydroxyvitamin D. J Biol 
Chem 277:30337–30350, 2002.

290. Gong Y, Renigunta V, Himmerkus N, et al: Claudin-14 regulates 
renal Ca2+ transport in response to CaSR signalling via a novel 
microRNA pathway. EMBO J 31:1999–2012, 2012.

291. Thorleifsson G, Holm H, Edvardsson V, et al: Sequence variants 
in the CLDN14 gene associate with kidney stones and bone 
mineral density. Nat Genet 41:926–930, 2009.

292. Dimke H, Desai P, Borovac J, et al: Activation of the Ca(2+)-
sensing receptor increases renal claudin-14 expression and 
urinary Ca(2+) excretion. Am J Physiol Renal Physiol 304:F761–
F769, 2013.

293. Heath H, 3rd.: Clinical spectrum of primary hyperparathyroidism: 
evolution with changes in medical practice and technology. J Bone 
Miner Res 6(Suppl 2):S63–S70, 1991.

294. Suh JM, Cronan JJ, Monchik JM: Primary hyperparathyroidism: is 
there an increased prevalence of renal stone disease? AJR Am J 
Roentgenol 191:908–911, 2008.

295. Pak CY, Nicar MJ, Peterson R, et al: A lack of unique pathophysi-
ologic background for nephrolithiasis of primary hyperparathy-
roidism. J Clin Endocrinol Metab 53:536–542, 1981.

296. Rejnmark L, Vestergaard P, Mosekilde L: Nephrolithiasis and 
renal calcifications in primary hyperparathyroidism. J Clin Endo-
crinol Metab 96:2377–2385, 2011.

297. Patron P, Gardin JP, Paillard M: Renal mass and reserve of vitamin 
D: determinants in primary hyperparathyroidism. Kidney Int 
31:1174–1180, 1987.

298. Odvina CV, Sakhaee K, Heller HJ, et al: Biochemical characteriza-
tion of primary hyperparathyroidism with and without kidney 
stones. Urol Res 35:123–128, 2007.

299. Broadus AE, Horst RL, Lang R, et al: The importance of circulat-
ing 1,25-dihydroxyvitamin D in the pathogenesis of hypercalciuria 
and renal-stone formation in primary hyperparathyroidism. N 
Engl J Med 302:421–426, 1980.

300. Moosgaard B, Vestergaard P, Heickendorff L, et al: Plasma 
1,25-dihydroxyvitamin D levels in primary hyperparathyroidism 
depend on sex, body mass index, plasma phosphate and renal 
function. Clin Endocrinol (Oxf) 66:35–42, 2007.

301. Raisz LG, Kream BE, Smith MD, et al: Comparison of the effects 
of vitamin D metabolites on collagen synthesis and resportion of 
fetal rat bone in organ culture. Calcif Tissue Int 32:135–138, 1980.

302. Gomes SA, dos Reis LM, Noronha IL, et al: RANKL is a mediator 
of bone resorption in idiopathic hypercalciuria. Clin J Am Soc 
Nephrol 3:1446–1452, 2008.

303. Mundy GR, Boyce B, Hughes D, et al: The effects of cytokines and 
growth factors on osteoblastic cells. Bone 17(Suppl):71S–75S, 
1995.

304. Preminger GM: Renal calculi: pathogenesis, diagnosis, and 
medical therapy. Semin Nephrol 12:200–216, 1992.

305. Prien EL, Prien EL, Jr: Composition and structure of urinary 
stone. Am J Med 45:654–672, 1968.

306. Gutman AB, Yu TF: Uric acid nephrolithiasis. Am J Med 45:756–
779, 1968.

307. Lonsdale K: Human stones. Science 159:1199–1207, 1968.
308. Seegmiller JE, Laster L, Howell RR: Biochemistry of uric acid and 

its relation to gout. N Engl J Med 268:712–716, 1963.

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e7

309. Coe FL, Moran E, Kavalich AG: The contribution of dietary 
purine over-consumption to hyperpuricosuria in calcium oxalate 
stone formers. J Chronic Dis 29:793–800, 1976.

310. Roch-Ramel F, Guisan B: Renal transport of urate in humans. News 
Physiol Sci 14:80–84, 1999.

311. Coe FL, Parks JH: Hyperuricosuria and calcium nephrolithiasis. 
Urol Clin North Am 8:227–244, 1981.

312. Baum HM, Hubscher G, Mahler HR: Enzymatic oxidation of 
urate. Science 124:705–708, 1956.

313. Moe OW, Abate N, Sakhaee K: Pathophysiology of uric acid neph-
rolithiasis. Endocrinol Metab Clin North Am 31:895–914, 2002.

314. Bobulescu IA, Moe OW: Renal transport of uric acid: evolving 
concepts and uncertainties. Adv Chronic Kidney Dis 19:358–371, 
2012.

315. Pak CY, Holt K, Zerwekh JE: Attenuation by monosodium urate 
of the inhibitory effect of glycosaminoglycans on calcium oxalate 
nucleation. Invest Urol 17:138–140, 1979.

316. Robertson WG, Knowles F, Peacock M: Urinary acid mucopolysac-
caride inhibitors of Ca oxalate crystallization. In Fleisch HRW, 
Smith LH, Vahlensiec W, editors: Urolithiasis: clinical and basic 
research, New York, 1978, Plenum Press, pp 331–338.

317. Grover PK, Ryall RL, Marshall VR: Calcium oxalate crystallization 
in urine: role of urate and glycosaminoglycans. Kidney Int 41:149–
154, 1992.

318. Grover PK, Ryall RL: Urate and calcium oxalate stones: from 
repute to rhetoric to reality. Miner Electrolyte Metab 20:361–370, 
1994.

319. Kallistratos G, Timmermann A, Fenner O: Influence of the 
salting-out effect on the formation of calcium oxalate crystals in 
human urine. Naturwissenschaften 57:198, 1970.

320. Coe FL: Treated and untreated recurrent calcium nephrolithiasis 
in patients with idiopathic hypercalciuria, hyperuricosuria, or no 
metabolic disorder. Ann Intern Med 87:404–410, 1977.

321. Pak CY, Barilla DE, Holt K, et al: Effect of oral purine load and 
allopurinol on the crystallization of calcium salts in urine of 
patients with hyperuricosuric calcium urolithiasis. Am J Med 
65:593–599, 1978.

322. Curhan GC, Taylor EN: 24-h uric acid excretion and the risk of 
kidney stones. Kidney Int 73:489–496, 2008.

323. Amberg SMW: The occurence of citric acid in urine. Am J Physiol 
44:1917.

324. Östberg O: Studien über die Zitronensäureausscheidung der 
Menschenniere in normalen und pathologischen Zuständen. 
Skand Archiv Für Physiol 62:81–222, 1931.

325. Howard JE: Clinical and laboratory research concerning mecha-
nisms of formation and control of calculous disease by the kidney. 
J Urol 72:999–1008, 1954.

326. Tiselius HG, Berg C, Fornander AM, et al: Effects of citrate on the 
different phases of calcium oxalate crystallization. Scanning 
Microsc 7:381–389, 1993.

327. Chutipongtanate S, Chaiyarit S, Thongboonkerd V: Citrate, not 
phosphate, can dissolve calcium oxalate monohydrate crystals and 
detach these crystals from renal tubular cells. Eur J Pharmacol 
689:219–225, 2012.

328. Brennan TS, Klahr S, Hamm LL: Citrate transport in rabbit 
nephron. Am J Physiol 251(Pt 2):F683–F689, 1986.

329. Grollman AP, Walker WG, Harrison HC, et al: Site of reabsorption 
of citrate and calcium in the renal tubule of the dog. Am J Physiol 
205:697–701, 1963.

330. Kippen I, Hirayama B, Klinenberg JR, et al: Transport of tricar-
boxylic acid cycle intermediates by membrane vesicles from renal 
brush border. Proc Natl Acad Sci U S A 76:3397–3400, 1979.

331. Pajor AM: Sequence and functional characterization of a renal 
sodium/dicarboxylate cotransporter. J Biol Chem 270:5779–5785, 
1995.

332. Law D, Hering-Smith KS, Hamm LL: Citrate transport in proximal 
cell line. Am J Physiol 263(Pt 1):C220–C225, 1992.

333. Brennan S, Hering-Smith K, Hamm LL: Effect of pH on citrate 
reabsorption in the proximal convoluted tubule. Am J Physiol 
255(Pt 2):F301–F306, 1988.

334. Melnick JZ, Srere PA, Elshourbagy NA, et al: Adenosine triphos-
phate citrate lyase mediates hypocitraturia in rats. J Clin Invest 
98:2381–2387, 1996.

335. Melnick JZ, Preisig PA, Moe OW, et al: Renal cortical mitochon-
drial aconitase is regulated in hypo- and hypercitraturia. Kidney 
Int 54:160–165, 1998.

336. Aruga S, Wehrli S, Kaissling B, et al: Chronic metabolic acidosis 
increases NaDC-1 mRNA and protein abundance in rat kidney. 
Kidney Int 58:206–215, 2000.

337. Sakhaee K, Harvey JA, Padalino PK, et al: The potential role of 
salt abuse on the risk for kidney stone formation. J Urol 150(Pt 
1):310–312, 1993.

338. Simpson DP: Citrate excretion: a window on renal metabolism. 
Am J Physiol F244:F223–F234, 1983.

339. Hering-Smith KS, Gambala CT, Hamm LL: Citrate and succinate 
transport in proximal tubule cells. Am J Physiol Renal Physiol 
278:F492–F498, 2000.

340. Osther PJ, Hansen AB, Rohl HF: Distal renal tubular acidosis in 
recurrent renal stone formers. Dan Med Bull 36:492–493, 1989.

341. Osther PJ, Hansen AB, Rohl HF: Screening renal stone formers 
for distal renal tubular acidosis. Br J Urol 63:581–583, 1989.

342. Backman U, Danielson BG, Sohtell M: Urine acidification capacity 
in renal stone formers. Scand J Urol Nephrol (Suppl 35):49–61, 
1976.

343. Mateos Anton F, Garcia Puig J, Gaspar G, et al: Renal tubular 
acidosis in recurrent renal stone formers. Eur Urol 10:55–59, 1984.

344. Backman U, Danielson BG, Johansson G, et al: Incidence and 
clinical importance of renal tubular defects in recurrent renal 
stone formers. Nephron 25:96–101, 1980.

345. Gordon EE, Sheps SG: Effect of acetazolamide on citrate excre-
tion and formation of renal calculi. N Engl J Med 256:1215–1219, 
1957.

346. Welch BJ, Graybeal D, Moe OW, et al: Biochemical and stone-risk 
profiles with topiramate treatment. Am J Kidney Dis 48:555–563, 
2006.

347. Sakhaee K, Nigam S, Snell P, et al: Assessment of the pathogenetic 
role of physical exercise in renal stone formation. J Clin Endocrinol 
Metab 65:974–979, 1987.

348. Parks JH, Worcester EM, O’Connor RC, et al: Urine stone risk 
factors in nephrolithiasis patients with and without bowel disease. 
Kidney Int 63:255–265, 2003.

349. Sinha MK, Collazo-Clavell ML, Rule A, et al: Hyperoxaluric neph-
rolithiasis is a complication of Roux-en-Y gastric bypass surgery. 
Kidney Int 72:100–107, 2007.

350. Asplin JR, Coe FL: Hyperoxaluria in kidney stone formers treated 
with modern bariatric surgery. J Urol 177:565–569, 2007.

351. Alpern RJ, Sakhaee K: The clinical spectrum of chronic metabolic 
acidosis: homeostatic mechanisms produce significant morbidity. 
Am J Kidney Dis 29:291–302, 1997.

352. Reddy ST, Wang CY, Sakhaee K, et al: Effect of low-carbohydrate 
high-protein diets on acid-base balance, stone-forming propensity, 
and calcium metabolism. Am J Kidney Dis 40:265–274, 2002.

353. Breslau NA, Brinkley L, Hill KD, et al: Relationship of animal 
protein-rich diet to kidney stone formation and calcium metabo-
lism. J Clin Endocrinol Metab 66:140–146, 1988.

354. Pak CY, Peterson R, Sakhaee K, et al: Correction of hypocitraturia 
and prevention of stone formation by combined thiazide and 
potassium citrate therapy in thiazide-unresponsive hypercalciuric 
nephrolithiasis. Am J Med 79:284–288, 1985.

355. Melnick JZ, Preisig PA, Haynes S, et al: Converting enzyme inhibi-
tion causes hypocitraturia independent of acidosis or hypokale-
mia. Kidney Int 54:1670–1674, 1998.

356. Levi M, McDonald LA, Preisig PA, et al: Chronic K depletion 
stimulates rat renal brush-border membrane Na-citrate cotrans-
porter. Am J Physiol 261(Pt 2):F767–F773, 1991.

357. Meyer JL, Smith LH: Growth of calcium oxalate crystals. II. Inhibi-
tion by natural urinary crystal growth inhibitors. Invest Urol 13:36–
39, 1975.

358. Sakhaee K: Recent advances in the pathophysiology of nephroli-
thiasis. Kidney Int 75:585–595, 2009.

359. Baggio B, Gambaro G, Favaro S, et al: Prevalence of hyperoxaluria 
in idiopathic calcium oxalate kidney stone disease. Nephron 35:11–
14, 1983.

360. Laminski NA, Meyers AM, Kruger M, et al: Hyperoxaluria in 
patients with recurrent calcium oxalate calculi: dietary and other 
risk factors. Br J Urol 68:454–458, 1991.

361. Pak CY, Adams-Huet B, Poindexter JR, et al: Rapid communica-
tion: relative effect of urinary calcium and oxalate on saturation 
of calcium oxalate. Kidney Int 66:2032–2037, 2004.

362. Robertson WG, Peacock M: The cause of idiopathic calcium stone 
disease: hypercalciuria or hyperoxaluria? Nephron 26:105–110, 
1980.

http://www.myuptodate.com


1367.e8 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

363. Cochat P, Rumsby G: Primary hyperoxaluria. N Engl J Med 
369:649–658, 2013.

364. Holmes RP, Goodman HO, Assimos DG: Contribution of dietary 
oxalate to urinary oxalate excretion. Kidney Int 59:270–276, 2001.

365. Maalouf NM, Tondapu P, Guth ES, et al: Hypocitraturia and hyp-
eroxaluria after Roux-en-Y gastric bypass surgery. J Urol 183:1026–
1030, 2010.

366. Lindsjo M, Danielson BG, Fellstrom B, et al: Intestinal oxalate and 
calcium absorption in recurrent renal stone formers and healthy 
subjects. Scand J Urol Nephrol 23:55–59, 1989.

367. Dobbins JW, Binder HJ: Effect of bile salts and fatty acids on the 
colonic absorption of oxalate. Gastroenterology 70:1096–1100, 1976.

368. Hoppe B, Beck B, Gatter N, et al: Oxalobacter formigenes: a 
potential tool for the treatment of primary hyperoxaluria type 1. 
Kidney Int 70:1305–1311, 2006.

369. Danpure CJ: Advances in the enzymology and molecular genetics 
of primary hyperoxaluria type 1. Prospects for gene therapy. 
Nephrol Dial Transplant 10(Suppl 8):24–29, 1995.

370. Seargeant LE, deGroot GW, Dilling LA, et al: Primary oxaluria 
type 2 (L-glyceric aciduria): a rare cause of nephrolithiasis in 
children. J Pediatr 118:912–914, 1991.

371. Danpure CJ, Jennings PR: Peroxisomal alanine:glyoxylate amino-
transferase deficiency in primary hyperoxaluria type I. FEBS Lett 
201:20–24, 1986.

372. Giafi CF, Rumsby G: Kinetic analysis and tissue distribution of 
human D-glycerate dehydrogenase/glyoxylate reductase and its 
relevance to the diagnosis of primary hyperoxaluria type 2. Ann 
Clin Biochem 35(Pt 1):104–109, 1998.

373. Belostotsky R, Seboun E, Idelson GH, et al: Mutations in DHDPSL 
are responsible for primary hyperoxaluria type III. Am J Hum Genet 
87:392–399, 2010.

374. Monico CG, Rossetti S, Belostotsky R, et al: Primary hyperoxaluria 
type III gene HOGA1 (formerly DHDPSL) as a possible risk factor 
for idiopathic calcium oxalate urolithiasis. Clin J Am Soc Nephrol 
6:2289–2295, 2011.

375. Baker EM, Saari JC, Tolbert BM: Ascorbic acid metabolism in 
man. Am J Clin Nutr 19:371–378, 1966.

376. Nguyen NU, Dumoulin G, Henriet MT, et al: Increase in urinary 
calcium and oxalate after fructose infusion. Horm Metab Res 
27:155–158, 1995.

377. Holmes RP, Kennedy M: Estimation of the oxalate content of 
foods and daily oxalate intake. Kidney Int 57:1662–1667, 2000.

378. Hatch M, Freel RW: The roles and mechanisms of intestinal 
oxalate transport in oxalate homeostasis. Semin Nephrol 28:143–
151, 2008.

379. Marangella M, Fruttero B, Bruno M, et al: Hyperoxaluria in idio-
pathic calcium stone disease: further evidence of intestinal hyper-
absorption of oxalate. Clin Sci (Lond) 63:381–385, 1982.

380. Tiselius HG, Ahlstrand C, Lundstrom B, et al: [14C]Oxalate 
absorption by normal persons, calcium oxalate stone formers, and 
patients with surgically disturbed intestinal function. Clin Chem 
27:1682–1685, 1981.

381. Hautmann RE: The stomach: a new and powerful oxalate absorp-
tion site in man. J Urol 149:1401–1404, 1993.

382. Chen Z, Ye Z, Zeng L, et al: Clinical investigation on gastric 
oxalate absorption. Chin Med J (Engl) 116:1749–1751, 2003.

383. Allie-Hamdulay S, Rodgers AL: Prophylactic and therapeutic 
properties of a sodium citrate preparation in the management of 
calcium oxalate urolithiasis: randomized, placebo-controlled trial. 
Urol Res 33:116–124, 2005.

384. Diamond KL, Fox CC, Barch DH: Role of cecal pH in intestinal 
oxalate absorption in the rat. J Lab Clin Med 112:352–356, 
1988.

385. Jiang Z, Asplin JR, Evan AP, et al: Calcium oxalate urolithiasis in 
mice lacking anion transporter Slc26a6. Nat Genet 38:474–478, 
2006.

386. Freel RW, Hatch M, Green M, et al: Ileal oxalate absorption and 
urinary oxalate excretion are enhanced in Slc26a6 null mice. Am 
J Physiol Gastrointest Liver Physiol 290:G719–G728, 2006.

387. Wang Z, Petrovic S, Mann E, et al: Identification of an apical 
Cl(-)/HCO3(-) exchanger in the small intestine. Am J Physiol Gas-
trointest Liver Physiol 282:G573–G579, 2002.

388. Elder TD, Wyngaarden JB: The biosynthesis and turnover of 
oxalate in normal and hyperoxaluric subjects. J Clin Invest 
39:1337–1344, 1960.

389. Capolongo G, Abul-Ezz S, Moe OW, et al: Subclinical celiac 
disease and crystal-induced kidney disease following kidney trans-
plant. Am J Kidney Dis 60:662–667, 2012.

390. Hatch M, Freel RW: Intestinal transport of an obdurate anion: 
oxalate. Urol Res 33:1–16, 2005.

391. Dawson KA, Allison MJ, Hartman PA: Isolation and some charac-
teristics of anaerobic oxalate-degrading bacteria from the rumen. 
Appl Environ Microbiol 40:833–839, 1980.

392. Allison MJ, Jensen N: Oxalate-degrading bacteria. In Saeedur RK, 
editor: Calcium oxalate in biological systems, Boca Raton, Fla, 1995, 
CRC Press, pp 131–168.

393. Sidhu H, Enatska L, Ogden S, et al: Evaluating children in the 
Ukraine for colonization with the intestinal bacterium Oxalo-
bacter formigenes, using a polymerase chain reaction-based 
detection system. Mol Diagn 2:89–97, 1997.

394. Sidhu H, Schmidt ME, Cornelius JG, et al: Direct correlation 
between hyperoxaluria/oxalate stone disease and the absence of 
the gastrointestinal tract-dwelling bacterium Oxalobacter formi-
genes: possible prevention by gut recolonization or enzyme 
replacement therapy. J Am Soc Nephrol 10(Suppl 14):S334–S340, 
1999.

395. Sidhu H, Allison MJ, Chow JM, et al: Rapid reversal of hyperoxal-
uria in a rat model after probiotic administration of Oxalobacter 
formigenes. J Urol 166:1487–1491, 2001.

396. Hatch M, Cornelius J, Allison M, et al: Oxalobacter sp. reduces 
urinary oxalate excretion by promoting enteric oxalate secretion. 
Kidney Int 69:691–698, 2006.

397. Milliner D: Treatment of the primary hyperoxalurias: a new 
chapter. Kidney Int 70:1198–1200, 2006.

398. Osswald H, Hautmann R: Renal elimination kinetics and plasma 
half-life of oxalate in man. Urol Int 34:440–450, 1979.

399. Williams HE, Johnson GA, Smith LH, Jr: The renal clearance of 
oxalate in normal subjects and patients with primary hyperoxal-
uria. Clin Sci 41:213–218, 1971.

400. Kasidas GP, Nemat S, Rose GA: Plasma oxalate and creatinine and 
oxalate/creatinine clearance ratios in normal subjects and in 
primary hyperoxaluria. Evidence for renal hyperoxaluria. Clin 
Chim Acta 191:67–77, 1990.

401. Lindsjo M, Fellstrom B, Danielson BG, et al: Hyperoxaluria or 
hypercalciuria in nephrolithiasis: the importance of renal tubular 
functions. Eur J Clin Invest 20:546–554, 1990.

402. Weinman EJ, Frankfurt SJ, Ince A, et al: Renal tubular transport 
of organic acids. Studies with oxalate and para-aminohippurate 
in the rat. J Clin Invest 61:801–806, 1978.

403. Aronson PS, Giebisch G: Mechanisms of chloride transport in the 
proximal tubule. Am J Physiol 273(Pt 2):F179–F192, 1997.

404. Wang Z, Wang T, Petrovic S, et al: Renal and intestinal transport 
defects in Slc26a6-null mice. Am J Physiol Cell Physiol 288:C957–
C965, 2005.

405. Soleimani M, Xu J: SLC26 chloride/base exchangers in the 
kidney in health and disease. Semin Nephrol 26:375–385, 2006.

406. Leumann EP: Primary hyperoxaluria: an important cause of renal 
failure in infancy. Int J Pediatr Nephrol 6:13–16, 1985.

407. Cochat P, Deloraine A, Rotily M, et al: Epidemiology of primary 
hyperoxaluria type 1. Societe de Nephrologie and the Societe de 
Nephrologie Pediatrique. Nephrol Dial Transplant 10(Suppl 8):3–7, 
1995.

408. van Woerden CS, Groothoff JW, Wanders RJ, et al: Primary hyp-
eroxaluria type 1 in the Netherlands: prevalence and outcome. 
Nephrol Dial Transplant 18:273–279, 2003.

409. Harambat J, van Stralen KJ, Espinosa L, et al: Characteristics and 
outcomes of children with primary oxalosis requiring renal 
replacement therapy. Clin J Am Soc Nephrol 7:458–465, 2012.

410. Kamoun A, Lakhoua R: End-stage renal disease of the Tunisian 
child: epidemiology, etiologies, and outcome. Pediatr Nephrol 
10:479–482, 1996.

411. Smith LH, Fromm H, Hofmann AF: Acquired hyperoxaluria, 
nephrolithiasis, and intestinal disease. Description of a syndrome. 
N Engl J Med 286:1371–1375, 1972.

412. Earnest DL, Johnson G, Williams HE, et al: Hyperoxaluria in 
patients with ileal resection: an abnormality in dietary oxalate 
absorption. Gastroenterology 66:1114–1122, 1974.

413. Halverson JD, Wise L, Wazna MF, et al: Jejunoileal bypass for 
morbid obesity. A critical appraisal. Am J Med 64:461–475, 
1978.

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e9

414. Scopinaro N, Gianetta E, Adami GF, et al: Biliopancreatic diver-
sion for obesity at eighteen years. Surgery 119:261–268, 1996.

415. Scopinaro N, Marinari GM, Camerini G: Laparoscopic standard 
biliopancreatic diversion: technique and preliminary results. Obes 
Surg 12:241–244, 2002.

416. Deitel M, Shahi B, Anand PK, et al: Long-term outcome in a series 
of jejunoileal bypass patients. Obes Surg 3:247–252, 1993.

417. Durrani O, Morrisroe S, Jackman S, et al: Analysis of stone disease 
in morbidly obese patients undergoing gastric bypass surgery.  
J Endourol 20:749–752, 2006.

418. Nelson WK, Houghton SG, Milliner DS, et al: Enteric hyperoxal-
uria, nephrolithiasis, and oxalate nephropathy: potentially serious 
and unappreciated complications of Roux-en-Y gastric bypass. 
Surg Obes Relat Dis 1:481–485, 2005.

419. Park AM, Storm DW, Fulmer BR, et al: A prospective study of risk 
factors for nephrolithiasis after Roux-en-Y gastric bypass surgery. 
J Urol 182:2334–2339, 2009.

420. Duffey BG, Pedro RN, Makhlouf A, et al: Roux-en-Y gastric bypass 
is associated with early increased risk factors for development of 
calcium oxalate nephrolithiasis. J Am Coll Surg 206:1145–1153, 
2008.

421. Duffey BG, Alanee S, Pedro RN, et al: Hyperoxaluria is a long-
term consequence of Roux-en-Y Gastric bypass: a 2-year prospec-
tive longitudinal study. J Am Coll Surg 211:8–15, 2010.

422. Patel BN, Passman CM, Fernandez A, et al: Prevalence of hyper-
oxaluria after bariatric surgery. J Urol 181:161–166, 2009.

423. Kumar R, Lieske JC, Collazo-Clavell ML, et al: Fat malabsorption 
and increased intestinal oxalate absorption are common after 
Roux-en-Y gastric bypass surgery. Surgery 149:654–661, 2011.

424. Penniston KL, Kaplon DM, Gould JC, et al: Gastric band place-
ment for obesity is not associated with increased urinary risk of 
urolithiasis compared to bypass. J Urol 182:2340–2346, 2009.

425. Froeder L, Arasaki CH, Malheiros CA, et al: Response to dietary 
oxalate after bariatric surgery. Clin J Am Soc Nephrol 7:2033–2040, 
2012.

426. Fleischer J, Stein EM, Bessler M, et al: The decline in hip bone 
density after gastric bypass surgery is associated with extent of 
weight loss. J Clin Endocrinol Metab 93:3735–3740, 2008.

427. Semins MJ, Matlaga BR, Shore AD, et al: The effect of gastric 
banding on kidney stone disease. Urology 74:746–749, 2009.

428. Ferraz RR, Tiselius HG, Heilberg IP: Fat malabsorption induced 
by gastrointestinal lipase inhibitor leads to an increase in urinary 
oxalate excretion. Kidney Int 66:676–682, 2004.

429. Freel RW, Hatch M, Earnest DL, et al: Oxalate transport across 
the isolated rat colon. A re-examination. Biochim Biophys Acta 
600:838–843, 1980.

430. Kwak C, Kim HK, Kim EC, et al: Urinary oxalate levels and the 
enteric bacterium Oxalobacter formigenes in patients with 
calcium oxalate urolithiasis. Eur Urol 44:475–481, 2003.

431. Troxel SA, Sidhu H, Kaul P, et al: Intestinal Oxalobacter formigenes 
colonization in calcium oxalate stone formers and its relation to 
urinary oxalate. J Endourol 17:173–176, 2003.

432. Goldkind L, Cave DR, Jaffin B, et al: A new factor in enteric hypero-
axaluria: Oxalobacter formigenes. Am J Gastroenterol 80:1985.

433. Goldkind L, Cave DR, Jaffin B, et al: Bacterial oxalate metabolism 
in the human colon: a possible factor in enteric hyperoxaluria 
[abstract]. Gastroenterology 90:1431, 1986.

434. Li JV, Ashrafian H, Bueter M, et al: Metabolic surgery profoundly 
influences gut microbial-host metabolic cross-talk. Gut 60:1214–
1223, 2011.

435. Kaufman DW, Kelly JP, Curhan GC, et al: Oxalobacter formigenes 
reduce the risk of calcium oxalate kidney stones. J Am Soc Nephrol 
19:1197–1203, 2008.

436. Asplin JR: Hyperoxaluric calcium nephrolithiasis. Endocrinol Metab 
Clin North Am 31:927–949, 2002.

437. Hoppe B, Kemper MJ, Bokenkamp A, et al: Plasma calcium-
oxalate saturation in children with renal insufficiency and in chil-
dren with primary hyperoxaluria. Kidney Int 54:921–925, 1998.

438. Coe FL, Strauss AL, Tembe V, et al: Uric acid saturation in calcium 
nephrolithiasis. Kidney Int 17:662–668, 1980.

439. Daudon M, Bouzidi H, Bazin D: Composition and morphology of 
phosphate stones and their relation with etiology. Urol Res 38:459–
467, 2010.

440. Maalouf NM, Langston JP, Van Ness PC, et al: Nephrolithiasis in 
topiramate users. Urol Res 39:303–307, 2011.

441. Klee LW, Brito CG, Lingeman JE: The clinical implications of 
brushite calculi. J Urol 145:715–718, 1991.

442. Kacker R, Meeks JJ, Zhao L, et al: Decreased stone-free rates after 
percutaneous nephrolithotomy for high calcium phosphate com-
position kidney stones. J Urol 180:958–960, 2008.

443. Heimbach D, Jacobs D, Hesse A, et al: How to improve lithotripsy 
and chemolitholysis of brushite-stones: an in vitro study. Urol Res 
27:266–271, 1999.

444. Rafey MA, Lipkowitz MS, Leal-Pinto E, et al: Uric acid transport. 
Curr Opin Nephrol Hypertens 12:511–516, 2003.

445. Xu P, LaVallee P, Hoidal JR: Repressed expression of the human 
xanthine oxidoreductase gene. E-box and TATA-like elements 
restrict ground state transcriptional activity. J Biol Chem 275:5918–
5926, 2000.

446. Maalouf NM, Sakhaee K, Parks JH, et al: Association of urinary 
pH with body weight in nephrolithiasis. Kidney Int 65:1422–1425, 
2004.

447. Mineo I, Kono N, Hara N, et al: Myogenic hyperuricemia. A 
common pathophysiologic feature of glycogenosis types III, V, and 
VII. N Engl J Med 317:75–80, 1987.

448. Grossman MS, Nugent FW: Urolithiasis as a complication of 
chronic diarrheal disease. Am J Dig Dis 12:491–498, 1967.

449. Finlayson B, Smith A: Stability of first dissociable proton of uric 
acid. J Chem Engineer Data 19:94–97, 1974.

450. Maalouf NM, Cameron MA, Moe OW, et al: Novel insights into 
the pathogenesis of uric acid nephrolithiasis. Curr Opin Nephrol 
Hypertens 13:181–189, 2004.

451. Riese RJ, Sakhaee K: Uric acid nephrolithiasis: pathogenesis and 
treatment. J Urol 148:765–771, 1992.

452. Sakhaee K, Nicar M, Hill K, et al: Contrasting effects of potassium 
citrate and sodium citrate therapies on urinary chemistries and 
crystallization of stone-forming salts. Kidney Int 24:348–352, 
1983.

453. Coe FL, Kavalach AG: Hypercalciuria and hyperuricosuria in 
patients with calcium nephrolithiasis. N Engl J Med 291:1344–1350, 
1974.

454. Pak CY, Hayashi Y, Arnold LH: Heterogeneous nucleation with 
urate, calcium phosphate and calcium oxalate. Proc Soc Exp Biol 
Med 153:83–87, 1976.

455. Koka RM, Huang E, Lieske JC: Adhesion of uric acid crystals to 
the surface of renal epithelial cells. Am J Physiol Renal Physiol 
278:F989–F998, 2000.

456. Ichida K, Hosoyamada M, Hisatome I, et al: Clinical and molecu-
lar analysis of patients with renal hypouricemia in Japan—
influence of URAT1 gene on urinary urate excretion. J Am Soc 
Nephrol 15:164–173, 2004.

457. Enomoto A, Kimura H, Chairoungdua A, et al: Molecular identi-
fication of a renal urate anion exchanger that regulates blood 
urate levels. Nature 417:447–452, 2002.

458. Gianfrancesco F, Esposito T, Ombra MN, et al: Identification of a 
novel gene and a common variant associated with uric acid neph-
rolithiasis in a Sardinian genetic isolate. Am J Hum Genet 72:1479–
1491, 2003.

459. Yu T, Weinreb N, Wittman R, et al: Secondary gout associated with 
chronic myeloproliferative disorders. Semin Arthritis Rheum 5:247–
256, 1976.

460. Sorensen LB: Extrarenal disposal of uric acid. In Kelley W, Weiner 
I, editors: Uric acid, vol 51, Berlin-Heidelberg, 1978, Springer, pp 
325–336.

461. Shahinfar S, Simpson RL, Carides AD, et al: Safety of losartan in 
hypertensive patients with thiazide-induced hyperuricemia. Kidney 
Int 56:1879–1885, 1999.

462. Pak CY, Skurla C, Harvey J: Graphic display of urinary risk factors 
for renal stone formation. J Urol 134:867–870, 1985.

463. Deren JJ, Porush JG, Levitt MF, et al: Nephrolithiasis as a compli-
cation of ulcerative colitis and regional enteritis. Ann Intern Med 
56:843–853, 1962.

464. Gelzayd EA, Breuer RI, Kirsner JB: Nephrolithiasis in inflamma-
tory bowel disease. Am J Dig Dis 13:1027–1034, 1968.

465. Knudsen L, Marcussen H, Fleckenstein P, et al: Urolithiasis in 
chronic inflammatory bowel disease. Scand J Gastroenterol 13:433–
436, 1978.

466. Bambach CP, Robertson WG, Peacock M, et al: Effect of intestinal 
surgery on the risk of urinary stone formation. Gut 22:257–263, 
1981.

http://www.myuptodate.com


1367.e10 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

467. Fukushima T, Yamazaki Y, Sugita A, et al: Prophylaxis of uric acid 
stone in patients with inflammatory bowel disease following exten-
sive colonic resection. Gastroenterol Jpn 26:430–434, 1991.

468. Clark GM, Dunlop CW: Poststimulus-time response patterns in 
the nuclei of the cat superior olivary complex. Exp Neurol 23:266–
290, 1969.

469. Pak CY, Sakhaee K, Peterson RD, et al: Biochemical profile of 
idiopathic uric acid nephrolithiasis. Kidney Int 60:757–761, 2001.

470. Abate N, Chandalia M, Cabo-Chan AV, Jr, et al: The metabolic 
syndrome and uric acid nephrolithiasis: novel features of renal 
manifestation of insulin resistance. Kidney Int 65:386–392, 2004.

471. Maalouf NM, Cameron MA, Moe OW, et al: Metabolic basis for 
low urine pH in type 2 diabetes. Clin J Am Soc Nephrol 5:1277–1281, 
2010.

472. Ekeruo WO, Tan YH, Young MD, et al: Metabolic risk factors and 
the impact of medical therapy on the management of nephroli-
thiasis in obese patients. J Urol 172:159–163, 2004.

473. Daudon M, Traxer O, Conort P, et al: Type 2 diabetes increases 
the risk for uric acid stones. J Am Soc Nephrol 17:2026–2033, 
2006.

474. Daudon M, Lacour B, Jungers P: Influence of body size on urinary 
stone composition in men and women. Urol Res 34:193–199, 2006.

475. Maalouf NM, Cameron MA, Moe OW, et al: Low urine pH: a novel 
feature of the metabolic syndrome. Clin J Am Soc Nephrol 2:883–
888, 2007.

476. Remer T: Influence of diet on acid-base balance. Semin Dial 
13:221–226, 2000.

477. Wiederkehr MR, Moe OW: Uric acid nephrolithiasis: a systemic 
metabolic disorder. Clin Rev Bone Miner Metab 9:207–217, 2011.

478. Halperin ML, Kamel KS: D-lactic acidosis: turning sugar into acids 
in the gastrointestinal tract. Kidney Int 49:1–8, 1996.

479. Larsen N, Vogensen FK, van den Berg FW, et al: Gut microbiota 
in human adults with type 2 diabetes differs from non-diabetic 
adults. PLoS ONE 5:e9085, 2010.

480. DuBose TD, Jr, Good DW, Hamm LL, et al: Ammonium transport 
in the kidney: new physiological concepts and their clinical impli-
cations. J Am Soc Nephrol 1:1193–1203, 1991.

481. Curthoys NP, Moe OW: Proximal tubule function and response 
to acidosis. Clin J Am Soc Nephrol 9:1627–1638, 2014.

482. Nagami GT: Ammonia production and secretion by the proximal 
tubule. Am J Kidney Dis 14:258–261, 1989.

483. Nagami GT: Renal ammonium production and excretion. In 
Seldin DW, Giebisch GH, editors: The kidney: physiology and patho-
physiology, Philadelphia, 2000, Lippincott Williams & Wilkins, pp 
1995–2014.

484. Nagami GT: Luminal secretion of ammonia in the mouse proxi-
mal tubule perfused in vitro. J Clin Invest 81:159–164, 1988.

485. Bobulescu IA, Di Sole F, Moe OW: Na+/H+ exchangers: physiol-
ogy and link to hypertension and organ ischemia. Curr Opin 
Nephrol Hypertens 14:485–494, 2005.

486. Bobulescu IA, Moe OW: Na+/H+ exchangers in renal regulation 
of acid-base balance. Semin Nephrol 26:334–344, 2006.

487. Bobulescu IA: Renal lipid metabolism and lipotoxicity. Curr Opin 
Nephrol Hypertens 19:393–402, 2010.

488. Kinsella JL, Aronson PS: Interaction of NH4+ and Li+ with the 
renal microvillus membrane Na+-H+ exchanger. Am J Physiol 
241:C220–C226, 1981.

489. Lee Y, Hirose H, Ohneda M, et al: Beta-cell lipotoxicity in the 
pathogenesis of non-insulin-dependent diabetes mellitus of obese 
rats: impairment in adipocyte-beta-cell relationships. Proc Natl 
Acad Sci U S A 91:10878–10882, 1994.

490. Szczepaniak LS, Nurenberg P, Leonard D, et al: Magnetic reso-
nance spectroscopy to measure hepatic triglyceride content: 
prevalence of hepatic steatosis in the general population. Am J 
Physiol Endocrinol Metab 288:E462–E468, 2005.

491. Bachmann OP, Dahl DB, Brechtel K, et al: Effects of intravenous 
and dietary lipid challenge on intramyocellular lipid content and 
the relation with insulin sensitivity in humans. Diabetes 50:2579–
2584, 2001.

492. McGavock JM, Victor RG, Unger RH, et al: Adiposity of the heart, 
revisited. Ann Intern Med 144:517–524, 2006.

493. Szczepaniak LS, Dobbins RL, Metzger GJ, et al: Myocardial triglyc-
erides and systolic function in humans: in vivo evaluation by local-
ized proton spectroscopy and cardiac imaging. Magn Reson Med 
49:417–423, 2003.

494. McGarry JD: Banting lecture 2001: dysregulation of fatty acid 
metabolism in the etiology of type 2 diabetes. Diabetes 51:7–18, 
2002.

495. Browning JD, Szczepaniak LS, Dobbins R, et al: Prevalence of 
hepatic steatosis in an urban population in the United States: 
impact of ethnicity. Hepatology 40:1387–1395, 2004.

496. Weinberg JM: Lipotoxicity. Kidney Int 70:1560–1566, 2006.
497. Unger RH: Lipotoxic diseases. Annu Rev Med 53:319–336, 2002.
498. Clark JB, Palmer CJ, Shaw WN: The diabetic Zucker fatty rat. Proc 

Soc Exp Biol Med 173:68–75, 1983.
499. Bobulescu IA, Dubree M, Zhang J, et al: Effect of renal lipid 

accumulation on proximal tubule Na+/H+ exchange and ammo-
nium secretion. Am J Physiol Renal Physiol 294:F1315–F1322, 2008.

500. Bobulescu IA, Lotan Y, Zhang J, et al: Triglycerides in the human 
kidney cortex: relationship with body size. PLoS ONE 9:e101285, 
2014.

501. Bobulescu IA, Dubree M, Zhang J, et al: Reduction of renal tri-
glyceride accumulation: effects on proximal tubule Na+/H+ 
exchange and urinary acidification. Am J Physiol Renal Physiol 
297:F1419–F1426, 2009.

502. Vinay P, Lemieux G, Cartier P, et al: Effect of fatty acids on renal 
ammoniagenesis in in vivo and in vitro studies. Am J Physiol 
231:880–887, 1976.

503. Chillaron J, Font-Llitjos M, Fort J, et al: Pathophysiology and treat-
ment of cystinuria. Nat Rev Nephrol 6:424–434, 2010.

504. Fotiadis D, Kanai Y, Palacin M: The SLC3 and SLC7 families of 
amino acid transporters. Mol Aspects Med 34:139–158, 2013.

505. Peters T, Thaete C, Wolf S, et al: A mouse model for cystinuria 
type I. Hum Mol Genet 12:2109–2120, 2003.

506. Feliubadalo L, Arbones ML, Manas S, et al: Slc7a9-deficient mice 
develop cystinuria non-I and cystine urolithiasis. Hum Mol Genet 
12:2097–2108, 2003.

507. Henthorn PS, Liu J, Gidalevich T, et al: Canine cystinuria: poly-
morphism in the canine SLC3A1 gene and identification of a 
nonsense mutation in cystinuric Newfoundland dogs. Hum Genet 
107:295–303, 2000.

508. Chatzikyriakidou A, Sofikitis N, Kalfakakou V, et al: Evidence for 
association of SLC7A9 gene haplotypes with cystinuria manifesta-
tion in SLC7A9 mutation carriers. Urol Res 34:299–303, 2006.

509. Brodehl J, Gellissen K, Kowalewski S: Isolated cystinuria (without 
lysin-, ornithinand argininuria) in a family with hypocalcemic 
tetany. Monatsschr Kinderheilkd 115:317–320, 1967.

510. Font-Llitjos M, Jimenez-Vidal M, Bisceglia L, et al: New insights 
into cystinuria: 40 new mutations, genotype-phenotype correla-
tion, and digenic inheritance causing partial phenotype. J Med 
Genet 42:58–68, 2005.

511. Eggermann T, Elbracht M, Haverkamp F, et al: Isolated cystinuria 
(OMIM 238200) is not a separate entity but is caused by a muta-
tion in the cystinuria gene SLC7A9. Clin Genet 71:597–598, 
2007.

512. Fernandez E, Carrascal M, Rousaud F, et al: rBAT-b(0,+)AT het-
erodimer is the main apical reabsorption system for cystine in the 
kidney. Am J Physiol Renal Physiol 283:F540–F548, 2002.

513. Crawhall JC, Scowen EF, Thompson CJ, et al: The renal clearance 
of amino acids in cystinuria. J Clin Invest 46:1162–1171, 1967.

514. Wollaston WH: On cystic oxide, a new species of urinary calculus. 
Royal Soc 100:223–230, 1820.

515. Fattah H, Hambaroush Y, Goldfarb DS: Cystine nephrolithiasis. 
Transl Androl Urol 3:228–233, 2014.

516. Lambert EH, Asplin JR, Herrell SD, et al: Analysis of 24-hour 
urine parameters as it relates to age of onset of cystine stone 
formation. J Endourol 24:1179–1182, 2010.

517. Dello Strologo L, Pras E, Pontesilli C, et al: Comparison between 
SLC3A1 and SLC7A9 cystinuria patients and carriers: a need for 
a new classification. J Am Soc Nephrol 13:2547–2553, 2002.

518. Nakagawa Y, Asplin JR, Goldfarb DS, et al: Clinical use of cystine 
supersaturation measurements. J Urol 164:1481–1485, 2000.

519. Coe FL, Clark C, Parks JH, et al: Solid phase assay of urine cystine 
supersaturation in the presence of cystine binding drugs. J Urol 
166:688–693, 2001.

520. Rodman JS: Struvite stones. Nephron 81(Suppl 1):50–59, 1999.
521. Gettman MT, Segura JW: Struvite stones: diagnosis and current 

treatment concepts. J Endourol 13:653–658, 1999.
522. Wong HY, Riehl RL, Griffith DP: Griffith Medical management 

and prevention of struvite stones. In Coe FL, Favus MJ, Pak CYC, 

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e11

editors: Kidney stones: medical and surgical management, Philadel-
phia, 1996, Lippincott-Raven, pp 941–950.

523. Elliot JS, Sharp RF, Lewis L: The solubility of struvite in urine.  
J Urol 81:366–368, 1959.

524. Robertson WG, Peacock M: Calcium oxalate crystalluria and 
inhibitors of crystallization in recurrent renal stone-formers. Clin 
Sci 43:499–506, 1972.

525. Bollee G, Harambat J, Bensman A, et al: Adenine phosphoribos-
yltransferase deficiency. Clin J Am Soc Nephrol 7:1521–1527, 2012.

526. Van Acker KJ, Simmonds HA, Potter C, et al: Complete deficiency 
of adenine phosphoribosyltransferase. Report of a family. N Engl 
J Med 297:127–132, 1977.

527. Hesse A, Miersch WD, Classen A, et al: 2,8-Dihydroxyadeninuria: 
laboratory diagnosis and therapy control. Urol Int 43:174–178, 
1988.

528. Edvardsson VO, Palsson R, Sahota A: Adenine phosphoribosyltransfer-
ase deficiency. Available at: <http://www.ncbi.nlm.nih.gov/books/
NBK1116/?term=Adenine%20phosphoribosyltransferase%20
deficiency>, (Accessed May 27, 2015).

529. Ichida K, Amaya Y, Okamoto K, et al: Mutations associated with 
functional disorder of xanthine oxidoreductase and hereditary 
xanthinuria in humans. Int J Mol Sci 13:15475–15495, 2012.

530. Stanbury JB, Wyngaarden JB, Fredrickson DS: The metabolic basis 
of inherited disease, New York, 1972, McGraw-Hill.

531. Sebesta I: Genetic disorders resulting in hyper- or hypouricemia. 
Adv Chronic Kidney Dis 19:398–403, 2012.

532. Ankem M, Glazier DB, Barone JG: Lesch-Nyhan syndrome pre-
senting as acute renal failure secondary to obstructive uropathy. 
Urology 56:1056, 2000.

533. Augoustides-Savvopoulou P, Papachristou F, Fairbanks LD, et al: 
Partial hypoxanthine-guanine phosphoribosyltransferase defi-
ciency as the unsuspected cause of renal disease spanning three 
generations: a cautionary tale. Pediatrics 109:E17, 2002.

534. Daudon M: Drug-induced renal stones. In Rao PN, Preminger 
GM, Kavanagh JP, editors: Urinary tract stone disease, London, 2011, 
Springer, pp 225–237.

535. Leaf DE, Bukberg PR, Goldfarb DS: Laxative abuse, eating disor-
ders, and kidney stones: a case report and review of the literature. 
Am J Kidney Dis 60:295–298, 2012.

536. Soble JJ, Hamilton BD, Streem SB: Ammonium acid urate calculi: 
a reevaluation of risk factors. J Urol 161:869–873, 1999.

537. Buyukgebiz B, Arslan N, Ozturk Y, et al: Complication of short 
bowel syndrome: an infant with short bowel syndrome developing 
ammonium acid urate urolithiasis. Pediatr Int 45:208–209, 2003.

538. Pichette V, Bonnardeaux A, Cardinal J, et al: Ammonium acid 
urate crystal formation in adult North American stone-formers. 
Am J Kidney Dis 30:237–242, 1997.

539. Nadler RB, Rubenstein JN, Eggener SE, et al: The etiology of 
urolithiasis in HIV-infected patients. J Urol 169:475–477, 2003.

540. Pickens CL, Milliron AR, Fussner AL, et al: Abuse of guaifenesin-
containing medications generates an excess of a carboxylate salt 
of beta-(2-methoxyphenoxy)-lactic acid, a guaifenesin metabolite, 
and results in urolithiasis. Urology 54:23–27, 1999.

541. Bennett S, Hoffman N, Monga M: Ephedrine- and guaifenesin-
induced nephrolithiasis. J Altern Complement Med 10:967–969, 
2004.

542. Gulick RM, Mellors JW, Havlir D, et al: 3-year suppression of HIV 
viremia with indinavir, zidovudine, and lamivudine. Ann Intern 
Med 133:35–39, 2000.

543. Saltel E, Angel JB, Futter NG, et al: Increased prevalence and 
analysis of risk factors for indinavir nephrolithiasis. J Urol 
164:1895–1897, 2000.

544. Engeler DS, John H, Rentsch KM, et al: Nelfinavir urinary stones. 
J Urol 167:1384–1385, 2002.

545. Cicconi P, Bongiovanni M, Melzi S, et al: Nephrolithiasis and 
hydronephrosis in an HIV-infected man receiving tenofovir. Int J 
Antimicrob Agents 24:284–285, 2004.

546. Izzedine H, M’Rad MB, Bardier A, et al: Atazanavir crystal 
nephropathy. AIDS 21:2357–2358, 2007.

547. Wirth GJ, Teuscher J, Graf JD, et al: Efavirenz-induced urolithiasis. 
Urol Res 34:288–289, 2006.

548. Hau AK, Kwan TH, Li PK: Melamine toxicity and the kidney. J Am 
Soc Nephrol 20:245–250, 2009.

549. Wang IJ, Chen PC, Hwang KC: Melamine and nephrolithiasis in 
children in Taiwan. N Engl J Med 360:1157–1158, 2009.

550. List of milk products that are confirmed to be positive for melamine. 
Geneva, 2008, International Food Safety Authorities Network. 
<www.moh.gov.bn/download/list-of-confirmed-contaminated-
products.pdf>.

551. Taiwan Bureau of Health, Taipei City Government: Results of inves-
tigation in dairy products with melamine, 2008. Available from: <www
.health.gov.tw/Default.aspx?tabid=546&mid=1287>.

552. Gambaro G, Vezzoli G, Casari G, et al: Genetics of hypercalciuria 
and calcium nephrolithiasis: from the rare monogenic to the 
common polygenic forms. Am J Kidney Dis 44:963–986, 2004.

553. Moe OW, Bonny O: Genetic hypercalciuria. J Am Soc Nephrol 
16:729–745, 2005.

554. Stechman MJ, Loh NY, Thakker RV: Genetics of hypercalciuric 
nephrolithiasis: renal stone disease. Ann N Y Acad Sci 1116:461–
484, 2007.

555. Attanasio M: The genetic components of idiopathic nephrolithia-
sis. Pediatr Nephrol 26:337–346, 2011.

556. Curhan GC, Willett WC, Rimm EB, et al: Family history and risk 
of kidney stones. J Am Soc Nephrol 8:1568–1573, 1997.

557. Falconer GF, Adams CW: The relationship between nutritional 
state and severity of atherosclerosis. Guys Hosp Rep 114:130–139, 
1965.

558. McGeown MG: Heredity in renal stone disease. Clin Sci 19:465–
471, 1960.

559. Resnick M, Pridgen DB, Goodman HO: Genetic predisposition to 
formation of calcium oxalate renal calculi. N Engl J Med 278:1313–
1318, 1968.

560. Trinchieri A, Mandressi A, Luongo P, et al: Familial aggregation 
of renal calcium stone disease. J Urol 139:478–481, 1988.

561. Loredo-Osti JC, Roslin NM, Tessier J, et al: Segregation of urine 
calcium excretion in families ascertained for nephrolithiasis: evi-
dence for a major gene. Kidney Int 68:966–971, 2005.

562. So NP, Osorio AV, Simon SD, et al: Normal urinary calcium/
creatinine ratios in African-American and Caucasian children. 
Pediatr Nephrol 16:133–139, 2001.

563. Mente A, Honey RJ, McLaughlin JR, et al: Ethnic differences in 
relative risk of idiopathic calcium nephrolithiasis in North 
America. J Urol 178:1992–1997, 2007.

564. Hunter DJ, Lange M, Snieder H, et al: Genetic contribution to 
renal function and electrolyte balance: a twin study. Clin Sci 
103:259–265, 2002.

565. Monga M, Macias B, Groppo E, et al: Genetic heritability of 
urinary stone risk in identical twins. J Urol 175:2125–2128, 2006.

566. Goldfarb DS, Fischer ME, Keich Y, et al: A twin study of genetic 
and dietary influences on nephrolithiasis: a report from the 
Vietnam Era Twin (VET) Registry. Kidney Int 67:1053–1061, 2005.

567. Dawson-Hughes B, Harris SS, Finneran S: Calcium absorption on 
high and low calcium intakes in relation to vitamin D receptor 
genotype. J Clin Endocrinol Metab 80:3657–3661, 1995.

568. Jackman SV, Kibel AS, Ovuworie CA, et al: Familial calcium stone 
disease: TaqI polymorphism and the vitamin D receptor. J Endourol 
13:313–316, 1999.

569. Nishijima S, Sugaya K, Naito A, et al: Association of vitamin D 
receptor gene polymorphism with urolithiasis. J Urol 167:2188–
2191, 2002.

570. Wishart JM, Horowitz M, Need AG, et al: Relations between 
calcium intake, calcitriol, polymorphisms of the vitamin D recep-
tor gene, and calcium absorption in premenopausal women. Am 
J Clin Nutr 65:798–802, 1997.

571. Lerolle N, Coulet F, Lantz B, et al: No evidence for point muta-
tions of the calcium-sensing receptor in familial idiopathic hyper-
calciuria. Nephrol Dial Transplant 16:2317–2322, 2001.

572. Scott P, Ouimet D, Proulx Y, et al: The 1 alpha-hydroxylase locus 
is not linked to calcium stone formation or calciuric phenotypes 
in French-Canadian families. J Am Soc Nephrol 9:425–432, 1998.

573. Yun FH, Wong BY, Chase M, et al: Genetic variation at the calcium-
sensing receptor (CASR) locus: implications for clinical molecu-
lar diagnostics. Clin Biochem 40:551–561, 2007.

574. Vezzoli G, Tanini A, Ferrucci L, et al: Influence of calcium-sensing 
receptor gene on urinary calcium excretion in stone-forming 
patients. J Am Soc Nephrol 13:2517–2523, 2002.

575. Vezzoli G, Terranegra A, Arcidiacono T, et al: R990G polymor-
phism of calcium-sensing receptor does produce a gain-of-func-
tion and predispose to primary hypercalciuria. Kidney Int 
71:1155–1162, 2007.

http://www.ncbi.nlm.nih.gov/books/NBK1116/?term=Adenine%20phosphoribosyltransferase%20deficiency
http://www.ncbi.nlm.nih.gov/books/NBK1116/?term=Adenine%20phosphoribosyltransferase%20deficiency
http://www.ncbi.nlm.nih.gov/books/NBK1116/?term=Adenine%20phosphoribosyltransferase%20deficiency
http://www.moh.gov.bn/download/list-of-confirmed-contaminated-products.pdf
http://www.moh.gov.bn/download/list-of-confirmed-contaminated-products.pdf
http://www.health.gov.tw/Default.aspx?tabid=546%26mid=1287
http://www.health.gov.tw/Default.aspx?tabid=546%26mid=1287
http://www.myuptodate.com


1367.e12 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

576. Hamilton DC, Grover VK, Smith CA, et al: Heterogeneous disease 
modeling for Hardy-Weinberg disequilibrium in case-control 
studies: application to renal stones and calcium-sensing receptor 
polymorphisms. Ann Hum Genet 73:176–183, 2009.

577. Suzuki Y, Pasch A, Bonny O, et al: Gain-of-function haplotype  
in the epithelial calcium channel TRPV6 is a risk factor for  
renal calcium stone formation. Hum Mol Genet 17:1613–1618, 
2008.

578. Halbritter J, Baum M, Hynes AM, et al: Fourteen monogenic 
genes account for 15% of nephrolithiasis/nephrocalcinosis. J Am 
Soc Nephrol 26:543–551, 2015.

579. Geng W, Hill K, Zerwekh JE, et al: Inhibition of osteoclast forma-
tion and function by bicarbonate: role of soluble adenylyl cyclase. 
J Cell Physiol 220:332–340, 2009.

580. Gudbjartsson DF, Holm H, Indridason OS, et al: Association of 
variants at UMOD with chronic kidney disease and kidney stones-
role of age and comorbid diseases. PLoS Genet 6:e1001039, 2010.

581. Hess B: Tamm-Horsfall glycoprotein—inhibitor or promoter of 
calcium oxalate monohydrate crystallization processes? Urol Res 
20:83–86, 1992.

582. Worcester EM, Coe FL: Clinical practice. Calcium kidney stones. 
N Engl J Med 363:954–963, 2010.

583. Bushinsky DA, Grynpas MD, Asplin JR: Effect of acidosis on urine 
supersaturation and stone formation in genetic hypercalciuric 
stone-forming rats. Kidney Int 59:1415–1423, 2001.

584. Bushinsky DA, Parker WR, Asplin JR: Calcium phosphate super-
saturation regulates stone formation in genetic hypercalciuric 
stone-forming rats. Kidney Int 57:550–560, 2000.

585. Scheinman SJ, Cox JP, Lloyd SE, et al: Isolated hypercalciuria with 
mutation in CLCN5: relevance to idiopathic hypercalciuria. 
Kidney Int 57:232–239, 2000.

586. Hoopes RR, Jr, Reid R, Sen S, et al: Quantitative trait loci for 
hypercalciuria in a rat model of kidney stone disease. J Am Soc 
Nephrol 14:1844–1850, 2003.

587. Bushinsky DA, Neumann KJ, Asplin J, et al: Alendronate decreases 
urine calcium and supersaturation in genetic hypercalciuric rats. 
Kidney Int 55:234–243, 1999.

588. Asplin JR, Bushinsky DA, Singharetnam W, et al: Relationship 
between supersaturation and crystal inhibition in hypercalciuric 
rats. Kidney Int 51:640–645, 1997.

589. Bushinsky DA, Bashir MA, Riordon DR, et al: Increased dietary 
oxalate does not increase urinary calcium oxalate saturation in 
hypercalciuric rats. Kidney Int 55:602–612, 1999.

590. Hoopes RR, Jr, Middleton FA, Sen S, et al: Isolation and confirma-
tion of a calcium excretion quantitative trait locus on chromo-
some 1 in genetic hypercalciuric stone-forming congenic rats.  
J Am Soc Nephrol 17:1292–1304, 2006.

591. Morgagni G: De sedibus, et causis morborum per anatomen indagatis, 
libri quinque, Paris, 1820, MC Compère.

592. West B, Luke A, Durazo-Arvizu RA, et al: Metabolic syndrome and 
self-reported history of kidney stones: the National Health and 
Nutrition Examination Survey (NHANES III) 1988-1994. Am J 
Kidney Dis 51:741–747, 2008.

593. Rendina D, Mossetti G, De Filippo G, et al: Association between 
metabolic syndrome and nephrolithiasis in an inpatient popula-
tion in southern Italy: role of gender, hypertension and abdomi-
nal obesity. Nephrol Dial Transplant 24:900–906, 2009.

594. Jeong IG, Kang T, Bang JK, et al: Association between metabolic 
syndrome and the presence of kidney stones in a screened popula-
tion. Am J Kidney Dis 58:383–388, 2011.

595. Jung HS, Chang IH, Kim KD, et al: Possible relationship between 
metabolic syndrome traits and nephrolithiasis: incidence for 15 
years according to gender. Korean J Urol 52:548–553, 2011.

596. Kim YJ, Kim CH, Sung EJ, et al: Association of nephrolithiasis with 
metabolic syndrome and its components. Metabolism 62:808–813, 
2013.

597. Tiwari R, Campfield T, Wittcopp C, et al: Metabolic syndrome  
in obese adolescents is associated with risk for nephrolithiasis.  
J Pediatr 160:615–620, e612, 2012.

598. Eckel RH, Grundy SM, Zimmet PZ: The metabolic syndrome. 
Lancet 365:1415–1428, 2005.

599. Angtuaco TL, Reddy SK, Drapkin S, et al: The utility of urgent 
colonoscopy in the evaluation of acute lower gastrointestinal tract 
bleeding: a 2-year experience from a single center. Am J Gastroen-
terol 96:1782–1785, 2001.

600. Reaven GM: The kidney: an unwilling accomplice in syndrome X. 
Am J Kidney Dis 30:928–931, 1997.

601. Alberti KG, Zimmet PZ: Definition, diagnosis and classification of 
diabetes mellitus and its complications. Part 1: diagnosis and clas-
sification of diabetes mellitus, provisional report of a WHO con-
sultation. Diabet Med 15:539–553, 1998.

602. Chang IH, Lee YT, Lee DM, et al: Metabolic syndrome, urine pH, 
and time-dependent risk of nephrolithiasis in Korean men without 
hypertension and diabetes. Urology 78:753–758, 2011.

603. Kohjimoto Y, Sasaki Y, Iguchi M, et al: Association of metabolic 
syndrome traits and severity of kidney stones: results from a 
nationwide survey on urolithiasis in Japan. Am J Kidney Dis 61:923–
929, 2013.

604. Pigna F, Sakhaee K, Adams-Huet B, et al: Body fat content and 
distribution and urinary risk factors for nephrolithiasis. Clin J Am 
Soc Nephrol 9:159–165, 2014.

605. Stamler J, Vaccaro O, Neaton JD, et al: Diabetes, other risk factors, 
and 12-yr cardiovascular mortality for men screened in the Mul-
tiple Risk Factor Intervention Trial. Diabetes Care 16:434–444, 1993.

606. Meigs JB: Epidemiology of cardiovascular complications in type 2 
diabetes mellitus. Acta Diabetol 40(Suppl 2):S358–S361, 2003.

607. Verschuren WM, Jacobs DR, Bloemberg BP, et al: Serum total 
cholesterol and long-term coronary heart disease mortality in dif-
ferent cultures. Twenty-five-year follow-up of the seven countries 
study. JAMA 274:131–136, 1995.

608. Teo KK, Ounpuu S, Hawken S, et al: Tobacco use and risk of 
myocardial infarction in 52 countries in the INTERHEART study: 
a case-control study. Lancet 368(9536):647–658, 2006.

609. Reiner AP, Kahn A, Eisner BH, et al: Kidney stones and subclinical 
atherosclerosis in young adults: the CARDIA study. J Urol 185:920–
925, 2011.

610. Borghi L, Meschi T, Guerra A, et al: Essential arterial hyperten-
sion and stone disease. Kidney Int 55:2397–2406, 1999.

611. Gillen DL, Coe FL, Worcester EM: Nephrolithiasis and increased 
blood pressure among females with high body mass index. Am J 
Kidney Dis 46:263–269, 2005.

612. Chung SD, Chen YK, Lin HC: Increased risk of diabetes in patients 
with urinary calculi: a 5-year follow-up study. J Urol 186:1888–1893, 
2011.

613. Elmfeldt D, Wilhelmsen L, Tibblin G, et al: Registration of myo-
cardial infarction in the city of Goteborg, Sweden. J Chronic Dis 
28:173–186, 1975.

614. Westlund K: Urolithiasis and coronary heart disease: a note on 
association. Am J Epidemiol 97:167–172, 1973.

615. Ljunghall S, Hedstrand H: Renal stones and coronary heart 
disease. Acta Med Scand 199:481–485, 1976.

616. Domingos F, Serra A: Nephrolithiasis is associated with an 
increased prevalence of cardiovascular disease. Nephrol Dial Trans-
plant 26:864–868, 2011.

617. Rule AD, Roger VL, Melton LJ, 3rd, et al: Kidney stones associate 
with increased risk for myocardial infarction. J Am Soc Nephrol 
21:1641–1644, 2010.

618. Ferraro PM, Taylor EN, Eisner BH, et al: History of kidney stones 
and the risk of coronary heart disease. JAMA 310:408–415, 2013.

619. Tibblin G: High blood pressure in men aged 50—a population 
study of men born in 1913. Acta Med Scand Suppl 470:1–84, 1967.

620. Robertson WG, Peacock M, Baker M, et al: Studies on the preva-
lence and epidemiology of urinary stone disease in men in Leeds. 
Br J Urol 55:595–598, 1983.

621. Cirillo M, Laurenzi M: Elevated blood pressure and positive 
history of kidney stones: results from a population-based study.  
J Hypertens Suppl 6:S485–S486, 1988.

622. Cappuccio FP, Strazzullo P, Mancini M: Kidney stones and hyper-
tension: population-based study of an independent clinical asso-
ciation. BMJ 300:1234–1236, 1990.

623. Soucie JM, Coates RJ, McClellan W, et al: Relation between geo-
graphic variability in kidney stones prevalence and risk factors for 
stones. Am J Epidemiol 143:487–495, 1996.

624. Madore F, Stampfer MJ, Rimm EB, et al: Nephrolithiasis and risk 
of hypertension. Am J Hypertens 11(Pt 1):46–53, 1998.

625. Strazzullo P, Mancini M: Hypertension, calcium metabolism, and 
nephrolithiasis. Am J Med Sci 307(Suppl 1):S102–S106, 1994.

626. Strazzullo P, Nunziata V, Cirillo M, et al: Abnormalities of calcium 
metabolism in essential hypertension. Clin Sci (Lond) 65:137–141, 
1983.

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e13

627. McCarron DA, Pingree PA, Rubin RJ, et al: Enhanced parathyroid 
function in essential hypertension: a homeostatic response to a 
urinary calcium leak. Hypertension 2:162–168, 1980.

628. Cutler JA, Brittain E: Calcium and blood pressure. An epidemio-
logic perspective. Am J Hypertens 3(Pt 2):137S–146S, 1990.

629. McCarron DA, Morris CD: Epidemiological evidence associating 
dietary calcium and calcium metabolism with blood pressure. Am 
J Nephrol 6(Suppl 1):3–9, 1986.

630. McCarron DA, Yung NN, Ugoretz BA, et al: Disturbances of 
calcium metabolism in the spontaneously hypertensive rat. Hyper-
tension 3(Pt 2):162–167, 1981.

631. Schedl HP, Miller DL, Pape JM, et al: Calcium and sodium trans-
port and vitamin D metabolism in the spontaneously hypertensive 
rat. J Clin Invest 73:980–986, 1984.

632. Taylor EN, Mount DB, Forman JP, et al: Association of prevalent 
hypertension with 24-hour urinary excretion of calcium, citrate, 
and other factors. Am J Kidney Dis 47:780–789, 2006.

633. Lucas PA, Lacour B, McCarron DA, et al: Disturbance of acid-base 
balance in the young spontaneously hypertensive rat. Clin Sci 
(Lond) 73:211–215, 1987.

634. Lucas PA, Lacour B, Comte L, et al: Abnormal parameters of acid-
base balance in genetic hypertension. Kidney Int Suppl 25:S19–S22, 
1988.

635. Streem SB: Long-term incidence and risk factors for  
recurrent stones following percutaneous nephrostolithotomy or 
percutaneous nephrostolithotomy/extracorporeal shock wave 
lithotripsy for infection related calculi. J Urol 153(Pt 1):584–587, 
1995.

636. Teichman JM, Long RD, Hulbert JC: Long-term renal fate and 
prognosis after staghorn calculus management. J Urol 153:1403–
1407, 1995.

637. Worcester E, Parks JH, Josephson MA, et al: Causes and conse-
quences of kidney loss in patients with nephrolithiasis. Kidney Int 
64:2204–2213, 2003.

638. Jungers P, Joly D, Barbey F, et al: ESKD caused by nephrolithiasis: 
prevalence, mechanisms, and prevention. Am J Kidney Dis 44:799–
805, 2004.

639. U.S. Renal Data System: Incidence and prevalence of ESKD. 
United States Renal Data System. Am J Kidney Dis 32(Suppl 1):S38–
S49, 1998.

640. Gillen DL, Worcester EM, Coe FL: Decreased renal function 
among adults with a history of nephrolithiasis: a study of NHANES 
III. Kidney Int 67:685–690, 2005.

641. Alexander RT, Hemmelgarn BR, Wiebe N, et al: Kidney  
stones and kidney function loss: a cohort study. BMJ 345:e5287, 
2012.

642. Kobayashi S, Ohmori M, Akaeda T, et al: Primary adenocarci-
noma of the renal pelvis. Report of two cases and brief review of 
literature. Acta Pathol Jpn 33:589–597, 1983.

643. Reed HM, Robinson ND: Horseshoe kidney with simultaneous 
occurrence of calculi, transitional cell and squamous cell carci-
noma. Urology 23:62–64, 1984.

644. Vibitis H, Jorgensen JB: Renal pelvic calculi and neoplasm. New 
indication for treatment of asymptomatic renal pelvic calculi? Rev 
Med Chir Soc Med Nat Iasi 94:517–519, 1990.

645. Indudhara R, Goswami AK, Choudhary SR, et al: Coexisting renal 
cell carcinoma and xanthogranulomatous pyelonephritis in a 
chronic calculous disease. Urol Int 48:450–452, 1992.

646. Chow WH, Lindblad P, Gridley G, et al: Risk of urinary tract 
cancers following kidney or ureter stones. J Natl Cancer Inst 
89:1453–1457, 1997.

647. McLaughlin JK, Mandel JS, Blot WJ, et al: A population-based 
case-control study of renal cell carcinoma. J Natl Cancer Inst 
72:275–284, 1984.

648. Maclure M, Willett W: A case-control study of diet and risk of renal 
adenocarcinoma. Epidemiology 1:430–440, 1990.

649. Talamini R, Baron AE, Barra S, et al: A case-control study of risk 
factor for renal cell cancer in northern Italy. Cancer Causes Control 
1:125–131, 1990.

650. Schlehofer B, Pommer W, Mellemgaard A, et al: International 
renal-cell-cancer study. VI. The role of medical and family history. 
Int J Cancer 66:723–726, 1996.

651. Melton LJ, 3rd, Crowson CS, Khosla S, et al: Fracture risk among 
patients with urolithiasis: a population-based cohort study. Kidney 
Int 53:459–464, 1998.

652. Lauderdale DS, Thisted RA, Wen M, et al: Bone mineral density 
and fracture among prevalent kidney stone cases in the Third 
National Health and Nutrition Examination Survey. J Bone Miner 
Res 16:1893–1898, 2001.

653. Cauley JA, Fullman RL, Stone KL, et al: Factors associated with 
the lumbar spine and proximal femur bone mineral density in 
older men. Osteoporos Int 16:1525–1537, 2005.

654. NIH Consensus Development Panel on Osteoporosis Prevention, 
Diagnosis, and Therapy: Osteoporosis prevention, diagnosis, and 
therapy. JAMA 285:785–795, 2001.

655. Alhava EM, Juuti M, Karjalainen P: Bone mineral density in 
patients with urolithiasis. A preliminary report. Scand J Urol Nephrol 
10:154–156, 1976.

656. Lawoyin S, Sismilich S, Browne R, et al: Bone mineral content in 
patients with calcium urolithiasis. Metabolism 28:1250–1254, 1979.

657. Fuss M, Gillet C, Simon J, et al: Bone mineral content in idio-
pathic renal stone disease and in primary hyperparathyroidism. 
Eur Urol 9:32–34, 1983.

658. Barkin J, Wilson DR, Manuel MA, et al: Bone mineral content in 
idiopathic calcium nephrolithiasis. Miner Electrolyte Metab 11:19–
24, 1985.

659. Fuss M, Pepersack T, Van Geel J, et al: Involvement of low-calcium 
diet in the reduced bone mineral content of idiopathic renal 
stone formers. Calcif Tissue Int 46:9–13, 1990.

660. Pacifici R, Rothstein M, Rifas L, et al: Increased monocyte 
interleukin-1 activity and decreased vertebral bone density in 
patients with fasting idiopathic hypercalciuria. J Clin Endocrinol 
Metab 71:138–145, 1990.

661. Bataille P, Achard JM, Fournier A, et al: Diet, vitamin D and ver-
tebral mineral density in hypercalciuric calcium stone formers. 
Kidney Int 39:1193–1205, 1991.

662. Borghi L, Meschi T, Guerra A, et al: Vertebral mineral content in 
diet-dependent and diet-independent hypercalciuria. J Urol 
146:1334–1338, 1991.

663. Pietschmann F, Breslau NA, Pak CY: Reduced vertebral bone 
density in hypercalciuric nephrolithiasis. J Bone Miner Res 7:1383–
1388, 1992.

664. Jaeger P, Lippuner K, Casez JP, et al: Low bone mass in idiopathic 
renal stone formers: magnitude and significance. J Bone Miner Res 
9:1525–1532, 1994.

665. Zanchetta JR, Rodriguez G, Negri AL, et al: Bone mineral density 
in patients with hypercalciuric nephrolithiasis. Nephron 73:557–
560, 1996.

666. Weisinger JR, Alonzo E, Bellorin-Font E, et al: Possible role of 
cytokines on the bone mineral loss in idiopathic hypercalciuria. 
Kidney Int 49:244–250, 1996.

667. Ghazali A, Fuentes V, Desaint C, et al: Low bone mineral density 
and peripheral blood monocyte activation profile in calcium 
stone formers with idiopathic hypercalciuria. J Clin Endocrinol 
Metab 82:32–38, 1997.

668. Giannini S, Nobile M, Sartori L, et al: Bone density and skeletal 
metabolism are altered in idiopathic hypercalciuria. Clin Nephrol 
50:94–100, 1998.

669. Trinchieri A, Nespoli R, Ostini F, et al: A study of dietary calcium 
and other nutrients in idiopathic renal calcium stone formers with 
low bone mineral content. J Urol 159:654–657, 1998.

670. Tasca A, Cacciola A, Ferrarese P, et al: Bone alterations in patients 
with idiopathic hypercalciuria and calcium nephrolithiasis. Urology 
59:865–869, 2002.

671. Misael da Silva AM, dos Reis LM, Pereira RC, et al: Bone involve-
ment in idiopathic hypercalciuria. Clin Nephrol 57:183–191, 2002.

672. Asplin JR, Bauer KA, Kinder J, et al: Bone mineral density and 
urine calcium excretion among subjects with and without neph-
rolithiasis. Kidney Int 63:662–669, 2003.

673. Vezzoli G, Rubinacci A, Bianchin C, et al: Intestinal calcium 
absorption is associated with bone mass in stone-forming women 
with idiopathic hypercalciuria. Am J Kidney Dis 42:1177–1183, 
2003.

674. Caudarella R, Vescini F, Buffa A, et al: Bone mass loss in calcium 
stone disease: focus on hypercalciuria and metabolic factors.  
J Nephrol 16:260–266, 2003.

675. Pasch A, Frey FJ, Eisenberger U, et al: PTH and 1.25 vitamin D 
response to a low-calcium diet is associated with bone mineral 
density in renal stone formers. Nephrol Dial Transplant 23:2563–
2570, 2008.

http://www.myuptodate.com


1367.e14 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

676. Malluche HH, Tschoepe W, Ritz E, et al: Abnormal bone histology 
in idiopathic hypercalciuria. J Clin Endocrinol Metab 50:654–658, 
1980.

677. de Vernejoul MC, Kuntz D, Miravet L, et al: Bone histomorpho-
metric reproducibility in normal patients. Calcif Tissue Int 33:369–
374, 1981.

678. Steiniche T, Mosekilde L, Christensen MS, et al: A histomorpho-
metric determination of iliac bone remodeling in patients with 
recurrent renal stone formation and idiopathic hypercalciuria. 
APMIS 97:309–316, 1989.

679. Heilberg IP, Martini LA, Szejnfeld VL, et al: Bone disease in 
calcium stone forming patients. Clin Nephrol 42:175–182, 1994.

680. Bataille P, Hardy P, Marie A: Decreased bone formation in idio-
pathic hypercalciuric calcium stone formers explains reduced 
bone density [abstract]. J Bone Miner Res 10(Suppl 1):401, 1995.

681. Heller HJ, Zerwekh JE, Gottschalk FA, et al: Reduced bone forma-
tion and relatively increased bone resorption in absorptive hyper-
calciuria. Kidney Int 71:808–815, 2007.

682. Preminger GM, Sakhaee K, Pak CY: Hypercalciuria and altered 
intestinal calcium absorption occurring independently of vitamin 
D in incomplete distal renal tubular acidosis. Metabolism 36:176–
179, 1987.

683. Weger M, Deutschmann H, Weger W, et al: Incomplete renal 
tubular acidosis in ‘primary’ osteoporosis. Osteoporos Int 10:325–
329, 1999.

684. Heilberg IP, Martini LA, Teixeira SH, et al: Effect of etidronate 
treatment on bone mass of male nephrolithiasis patients with 
idiopathic hypercalciuria and osteopenia. Nephron 79:430–437, 
1998.

685. Da Silva A, Dos Ries L, Periera R: Bone histomorphometric and bone 
mineral content in idiopathic hypercalciuria patients [abstract]. Pre-
sented at the XIIth International Congress of Nephrology, Jeru-
salem, June 13-18, 1993.

686. Fabris A, Bernich P, Abaterusso C, et al: Bone disease in medullary 
sponge kidney and effect of potassium citrate treatment. Clin J Am 
Soc Nephrol 4:1974–1979, 2009.

687. Granberg PO, Lagergren C, Theve NO: Renal function studies in 
medullary sponge kidney. Scand J Urol Nephrol 5:177–180, 1971.

688. Higashihara E, Nutahara K, Tago K, et al: Medullary sponge 
kidney and renal acidification defect. Kidney Int 25:453–459, 1984.

689. Hess B, Ackermann D, Essig M, et al: Renal mass and serum cal-
citriol in male idiopathic calcium renal stone formers: role of 
protein intake. J Clin Endocrinol Metab 80:1916–1921, 1995.

690. Buck AC, Sampson WF, Lote CJ, et al: The influence of renal 
prostaglandins on glomerular filtration rate (GFR) and calcium 
excretion in urolithiasis. Br J Urol 53:485–491, 1981.

691. Sutton RA, Wong NL, Dirks JH: Effects of metabolic acidosis and 
alkalosis on sodium and calcium transport in the dog kidney. 
Kidney Int 15:520–533, 1979.

692. Frings-Meuthen P, Baecker N, Heer M: Low-grade metabolic aci-
dosis be the cause of sodium chloride-induced exaggerated bone 
resorption. J Bone Miner Res 23:517–524, 2008.

693. Moe OW, Preisig PA: Hypothesizing on the evolutionary origins 
of salt-induced hypercalciuria. Curr Opin Nephrol Hypertens 14:368–
372, 2005.

694. Moe OW, Huang CL: Hypercalciuria from acid load: renal mecha-
nisms. J Nephrol 19(Suppl 9):S53–S61, 2006.

695. Frick KK, Jiang L, Bushinsky DA: Acute metabolic acidosis inhibits 
the induction of osteoblastic egr-1 and type 1 collagen. Am J Physiol 
272(Pt 1):C1450–C1456, 1997.

696. Frick KK, Bushinsky DA: Chronic metabolic acidosis reversibly 
inhibits extracellular matrix gene expression in mouse osteo-
blasts. Am J Physiol 275(Pt 2):F840–F847, 1998.

697. Krieger NS, Sessler NE, Bushinsky DA: Acidosis inhibits osteoblas-
tic and stimulates osteoclastic activity in vitro. Am J Physiol 262(Pt 
2):F442–F448, 1992.

698. Frick KK, Bushinsky DA: Metabolic acidosis stimulates RANKL 
RNA expression in bone through a cyclo-oxygenase-dependent 
mechanism. J Bone Miner Res 18:1317–1325, 2003.

699. Frick KK, Bushinsky DA: In vitro metabolic and respiratory acido-
sis selectively inhibit osteoblastic matrix gene expression. Am J 
Physiol 277(Pt 2):F750–F755, 1999.

700. Krieger NS, Frick KK, LaPlante Strutz K, et al: Regulation of 
COX-2 mediates acid-induced bone calcium efflux in vitro. J Bone 
Miner Res 22:907–917, 2007.

701. Frick KK, LaPlante K, Bushinsky DA: RANK ligand and TNF-alpha 
mediate acid-induced bone calcium efflux in vitro. Am J Physiol 
Renal Physiol 289:F1005–F1011, 2005.

702. Amanzadeh J, Gitomer WL, Zerwekh JE, et al: Effect of high 
protein diet on stone-forming propensity and bone loss in rats. 
Kidney Int 64:2142–2149, 2003.

703. Maalouf NM, Moe OW, Adams-Huet B, et al: Hypercalciuria asso-
ciated with high dietary protein intake is not due to acid load.  
J Clin Endocrinol Metab 96:3733–3740, 2011.

704. Reed BY, Heller HJ, Gitomer WL, et al: Mapping a gene defect in 
absorptive hypercalciuria to chromosome 1q23.3-q24. J Clin Endo-
crinol Metab 84:3907–3913, 1999.

705. Reed BY, Gitomer WL, Heller HJ, et al: Identification and charac-
terization of a gene with base substitutions associated with the 
absorptive hypercalciuria phenotype and low spinal bone density. 
J Clin Endocrinol Metab 87:1476–1485, 2002.

706. Laaksonen MM, Outila TA, Karkkainen MU, et al: Associations of 
vitamin D receptor, calcium-sensing receptor and parathyroid 
hormone gene polymorphisms with calcium homeostasis and 
peripheral bone density in adult Finns. J Nutrigenet Nutrigenomics 
2:55–63, 2009.

707. Tsukamoto K, Orimo H, Hosoi T, et al: Association of bone 
mineral density with polymorphism of the human calcium-sensing 
receptor locus. Calcif Tissue Int 66:181–183, 2000.

708. Prie D, Huart V, Bakouh N, et al: Nephrolithiasis and osteoporosis 
associated with hypophosphatemia caused by mutations in the 
type 2a sodium-phosphate cotransporter. N Engl J Med 347:983–
991, 2002.

709. Virkki LV, Forster IC, Hernando N, et al: Functional characteriza-
tion of two naturally occurring mutations in the human sodium-
phosphate cotransporter type IIa. J Bone Miner Res 18:2135–2141, 
2003.

710. Lapointe JY, Tessier J, Paquette Y, et al: NPT2a gene variation in 
calcium nephrolithiasis with renal phosphate leak. Kidney Int 
69:2261–2267, 2006.

711. Thakker RV: Pathogenesis of Dent’s disease and related syn-
dromes of X-linked nephrolithiasis. Kidney Int 57:787–793, 2000.

712. Hoopes RR, Jr, Shrimpton AE, Knohl SJ, et al: Dent disease with 
mutations in OCRL1. Am J Hum Genet 76:260–267, 2005.

713. Lloyd SE, Pearce SH, Fisher SE, et al: A common molecular basis 
for three inherited kidney stone diseases. Nature 379:445–449, 
1996.

714. Moe OW, Sakhaee K, Maalouf NM: Nephrolithiasis. In Nabel EG, 
Fitz GJ, Foz DA, et al, editors: ACP medicine, Ontario, Canada, 
2010, BC Decker.

715. Daudon M, Jungers P: Drug-induced renal calculi: epidemiology, 
prevention and management. Drugs 64:245–275, 2004.

716. Asplin JR: Evaluation of the kidney stone patient. Semin Nephrol 
28:99–110, 2008.

717. Evans K, Costabile RA: Time to development of symptomatic 
urinary calculi in a high risk environment. J Urol 173:858–861, 
2005.

718. Ribeiro L, de Assuncao e Silva F, Kurihara RS, et al: Evaluation of 
the nitric oxide production in rat renal artery smooth muscle cells 
culture exposed to radiocontrast agents. Kidney Int 65:589–596, 
2004.

719. Singh A, Sarkar SR, Gaber LW, et al: Acute oxalate nephropathy 
associated with orlistat, a gastrointestinal lipase inhibitor. Am J 
Kidney Dis 49:153–157, 2007.

720. Bush NC, Shah A, Barber T, et al: Randomized, double-blind, 
placebo-controlled trial of polyethylene glycol (MiraLAX(R)) for 
urinary urge symptoms. J Pediatr Urol 9:597–604, 2013.

721. Knohl SJ, Scheinman SJ: Inherited hypercalciuric syndromes: 
Dent’s disease (CLC-5) and familial hypomagnesemia with hyper-
calciuria (paracellin-1). Semin Nephrol 24:55–60, 2004.

722. Bockenhauer D, Bokenkamp A, van’t Hoff W, et al: Renal pheno-
type in Lowe syndrome: a selective proximal tubular dysfunction. 
Clin J Am Soc Nephrol 3:1430–1436, 2008.

723. Karet FE: Inherited distal renal tubular acidosis. J Am Soc Nephrol 
13:2178–2184, 2002.

724. Bobrowski AE, Langman CB: The primary hyperoxalurias. Semin 
Nephrol 28:152–162, 2008.

725. Pak CY, Peterson R, Poindexter JR: Adequacy of a single stone risk 
analysis in the medical evaluation of urolithiasis. J Urol 165:378–
381, 2001.

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e15

726. Yagisawa T, Chandhoke PS, Fan J: Comparison of comprehensive 
and limited metabolic evaluations in the treatment of patients 
with recurrent calcium urolithiasis. J Urol 161:1449–1452, 1999.

727. Parks JH, Goldfisher E, Asplin JR, et al: A single 24-hour urine 
collection is inadequate for the medical evaluation of nephroli-
thiasis. J Urol 167:1607–1612, 2002.

728. Pak CY: General guidelines in medical evaluation. In Resnick MI, 
Pak CY, editors: Urolithiasis: a medical and surgical reference, Phila-
delphia, 1990, WB Saunders.

729. Milliner DS: The primary hyperoxalurias: an algorithm for diag-
nosis. Am J Nephrol 25:154–160, 2005.

730. Hoppe B, Beck BB, Milliner DS: The primary hyperoxalurias. 
Kidney Int 75:1264–1271, 2009.

731. Marangella M, Petrarulo M, Mandolfo S, et al: Plasma profiles and 
dialysis kinetics of oxalate in patients receiving hemodialysis. 
Nephron 60:74–80, 1992.

732. Marangella M, Petrarulo M, Vitale C, et al: Plasma and urine 
glycolate assays for differentiating the hyperoxaluria syndromes. 
J Urol 148(Pt 2):986–989, 1992.

733. Hoppe B, Kemper MJ, Bokenkamp A, et al: Plasma calcium 
oxalate supersaturation in children with primary hyperoxaluria 
and end-stage renal failure. Kidney Int 56:268–274, 1999.

734. Williams EL, Acquaviva C, Amoroso A, et al: Primary hyperoxal-
uria type 1: update and additional mutation analysis of the AGXT 
gene. Hum Mutat 30:910–917, 2009.

735. Williams E, Rumsby G: Selected exonic sequencing of the AGXT 
gene provides a genetic diagnosis in 50% of patients with primary 
hyperoxaluria type 1. Clin Chem 53:1216–1221, 2007.

736. Cregeen DP, Williams EL, Hulton S, et al: Molecular analysis of 
the glyoxylate reductase (GRHPR) gene and description of muta-
tions underlying primary hyperoxaluria type 2. Hum Mutat 22:497, 
2003.

737. Riedel TJ, Knight J, Murray MS, et al: 4-Hydroxy-2-oxoglutarate 
aldolase inactivity in primary hyperoxaluria type 3 and glyoxylate 
reductase inhibition. Biochim Biophys Acta 1822:1544–1552, 
2012.

738. Coe FL, Wise H, Parks JH, et al: Proportional reduction of urine 
supersaturation during nephrolithiasis treatment. J Urol 166:1247–
1251, 2001.

739. Brown CM, Ackermann DK, Purich DL: EQUIL93: a tool for 
experimental and clinical urolithiasis. Urol Res 22:119–126, 1994.

740. Finlayson AJ: Calcium stones: some physical and chemical aspects. 
In David DS, editor: Calcium metabolism in renal failure and nephro-
lithiasis, New York, 1977, John Wiley, pp 337–382.

741. Mardis HK, Parks JH, Muller G, et al: Outcome of metabolic evalu-
ation and medical treatment for calcium nephrolithiasis in a 
private urological practice. J Urol 171:85–88, 2004.

742. Pak CY, Heller HJ, Pearle MS, et al: Prevention of stone formation 
and bone loss in absorptive hypercalciuria by combined dietary 
and pharmacological interventions. J Urol 169:465–469, 2003.

743. Robinson MR, Leitao VA, Haleblian GE, et al: Impact of long-term 
potassium citrate therapy on urinary profiles and recurrent stone 
formation. J Urol 181:1145–1150, 2009.

744. Parks JH, Coe FL: The financial effects of kidney stone preven-
tion. Kidney Int 50:1706–1712, 1996.

745. Pietrow P, Auge BK, Weizer AZ, et al: Durability of the medical 
management of cystinuria. J Urol 169:68–70, 2003.

746. Preminger GM, Pak CY: Eventual attenuation of hypocalciuric 
response to hydrochlorothiazide in absorptive hypercalciuria.  
J Urol 137:1104–1109, 1987.

747. Smith MJ: Placebo versus allopurinol for renal calculi. J Urol 
117:690–692, 1977.

748. Pak CY, Poindexter JR, Adams-Huet B, et al: Predictive value of 
kidney stone composition in the detection of metabolic abnor-
malities. Am J Med 115:26–32, 2003.

749. Kourambas J, Aslan P, Teh CL, et al: Role of stone analysis in 
metabolic evaluation and medical treatment of nephrolithiasis.  
J Endourol 15:181–186, 2001.

750. Shokeir AA: Renal colic: new concepts related to pathophysiology, 
diagnosis and treatment. Curr Opin Urol 12:263–269, 2002.

751. Fulgham PF, Assimos DG, Pearle MS, et al: Clinical effectiveness 
protocols for imaging in the management of ureteral calculous 
disease: AUA technology assessment. J Urol 189:1203–1213, 2013.

752. Semins MJ, Matlaga BR: Kidney stones during pregnancy. Nat Rev 
Urol 11:163–168, 2014.

753. Tasian GE, Copelovitch L: Evaluation and medical management 
of kidney stones in children. J Urol 192:1329–1336, 2014.

754. Ripolles T, Errando J, Agramunt M, et al: Ureteral colic: US versus 
CT. Abdom Imaging 29:263–266, 2004.

755. Patlas M, Farkas A, Fisher D, et al: Ultrasound vs CT for the detec-
tion of ureteric stones in patients with renal colic. Br J Radiol 
74:901–904, 2001.

756. Shokeir AA, Abdulmaaboud M: Prospective comparison of non-
enhanced helical computerized tomography and Doppler ultra-
sonography for the diagnosis of renal colic. J Urol 165:1082–1084, 
2001.

757. Teichman JM: Clinical practice. Acute renal colic from ureteral 
calculus. N Engl J Med 350:684–693, 2004.

758. Meagher T, Suku VP, Collingwood J, et al: Low dose computed 
tomography in suspected acute renal colic. Clin Radiol 56:873–
876, 2001.

759. Kluner C, Hein PA, Gralla O, et al: Does ultra-low-dose CT with a 
radiation dose equivalent to that of KUB suffice to detect renal 
and ureteral calculi? J Comput Assist Tomogr 30:44–50, 2006.

760. Mulkens TH, Daineffe S, De Wijngaert R, et al: Urinary stone 
disease: comparison of standard-dose and low-dose with 4D 
MDCT tube current modulation. AJR Am J Roentgenol 188:553–562, 
2007.

761. Poletti PA, Platon A, Rutschmann OT, et al: Low-dose versus 
standard-dose CT protocol in patients with clinically suspected 
renal colic. AJR Am J Roentgenol 188:927–933, 2007.

762. Perks AE, Gotto G, Teichman JM: Shock wave lithotripsy corre-
lates with stone density on preoperative computerized tomogra-
phy. J Urol 178(Pt 1):912–915, 2007.

763. Levine JA, Neitlich J, Verga M, et al: Ureteral calculi in patients 
with flank pain: correlation of plain radiography with unen-
hanced helical CT. Radiology 204:27–31, 1997.

764. Liu W, Esler SJ, Kenny BJ, et al: Low-dose nonenhanced helical 
CT of renal colic: assessment of ureteric stone detection and 
measurement of effective dose equivalent. Radiology 215:51–54, 
2000.

765. Smith RC, Rosenfield AT, Choe KA, et al: Acute flank pain: com-
parison of non-contrast-enhanced CT and intravenous urography. 
Radiology 194:789–794, 1995.

766. Smith RC, Verga M, McCarthy S, et al: Diagnosis of acute flank 
pain: value of unenhanced helical CT. AJR Am J Roentgenol 166:97–
101, 1996.

767. Evans HJ, Wollin TA: The management of urinary calculi in preg-
nancy. Curr Opin Urol 11:379–384, 2001.

768. Lotan Y, Gettman MT, Roehrborn CG, et al: Management of ure-
teral calculi: a cost comparison and decision making analysis.  
J Urol 167:1621–1629, 2002.

769. Krepinsky J, Ingram AJ, Churchill DN: Metabolic investigation of 
recurrent nephrolithiasis: compliance with recommendations. 
Urology 56:915–920, 2000.

770. Glowacki LS, Beecroft ML, Cook RJ, et al: The natural history of 
asymptomatic urolithiasis. J Urol 147:319–321, 1992.

771. Hubner WA, Irby P, Stoller ML: Natural history and current con-
cepts for the treatment of small ureteral calculi. Eur Urol 24:172–
176, 1993.

772. Moe OW, Pearle MS, Sakhaee K: Pharmacotherapy of urolithiasis: 
evidence from clinical trials. Kidney Int 79:385–392, 2011.

773. Miller OF, Kane CJ: Time to stone passage for observed ureteral 
calculi: a guide for patient education. J Urol 162(Pt 1):688–690, 
1999.

774. Holdgate A, Pollock T: Systematic review of the relative efficacy 
of non-steroidal anti-inflammatory drugs and opioids in the treat-
ment of acute renal colic. BMJ 328:1401, 2004.

775. Preminger GM, Tiselius HG, Assimos DG, et al: 2007 guideline 
for the management of ureteral calculi. J Urol 178:2418–2434, 
2007.

776. Pearle MS: Shock-wave lithotripsy for renal calculi. N Engl J Med 
367:50–57, 2012.

777. Bierkens AF, Hendrikx AJ, De La Rosette JJ, et al: Treatment of 
mid- and lower ureteric calculi: extracorporeal shock-wave litho-
tripsy vs laser ureteroscopy. A comparison of costs, morbidity and 
effectiveness. Br J Urol 81:31–35, 1998.

778. Resim S, Ekerbicer H, Ciftci A: Effect of tamsulosin on the number 
and intensity of ureteral colic in patients with lower ureteral cal-
culus. Int J Urol 12:615–620, 2005.

http://www.myuptodate.com


1367.e16 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

779. Yilmaz E, Batislam E, Basar MM, et al: The comparison and effi-
cacy of 3 different alpha1-adrenergic blockers for distal ureteral 
stones. J Urol 173:2010–2012, 2005.

780. Porpiglia F, Destefanis P, Fiori C, et al: Effectiveness of nifedipine 
and deflazacort in the management of distal ureter stones. Urology 
56:579–582, 2000.

781. Porpiglia F, Ghignone G, Fiori C, et al: Nifedipine versus tamsu-
losin for the management of lower ureteral stones. J Urol 172:568–
571, 2004.

782. Hollingsworth JM, Rogers MA, Kaufman SR, et al: Medical therapy 
to facilitate urinary stone passage: a meta-analysis. Lancet 
368:1171–1179, 2006.

783. Parsons JK, Hergan LA, Sakamoto K, et al: Efficacy of alpha-
blockers for the treatment of ureteral stones. J Urol 177:983–987, 
2007.

784. Sigala S, Dellabella M, Milanese G, et al: Evidence for the pres-
ence of alpha1 adrenoceptor subtypes in the human ureter. 
Neurourol Urodyn 24:142–148, 2005.

785. Morita T, Wada I, Saeki H, et al: Ureteral urine transport: changes 
in bolus volume, peristaltic frequency, intraluminal pressure and 
volume of flow resulting from autonomic drugs. J Urol 137:132–
135, 1987.

786. Dellabella M, Milanese G, Muzzonigro G: Medical-expulsive 
therapy for distal ureterolithiasis: randomized prospective study 
on role of corticosteroids used in combination with tamsulosin-
simplified treatment regimen and health-related quality of life. 
Urology 66:712–715, 2005.

787. Hosking DH, Erickson SB, Van den Berg CJ, et al: The stone clinic 
effect in patients with idiopathic calcium urolithiasis. J Urol 
130:1115–1118, 1983.

788. Borghi L, Meschi T, Amato F, et al: Urinary volume, water and 
recurrences in idiopathic calcium nephrolithiasis: a 5-year ran-
domized prospective study. J Urol 155:839–843, 1996.

789. Curhan GC, Willett WC, Speizer FE, et al: Beverage use and risk 
for kidney stones in women. Ann Intern Med 128:534–540, 1998.

790. Taylor EN, Curhan GC: Fructose consumption and the risk of 
kidney stones. Kidney Int 73:207–212, 2008.

791. Goodman JW, Asplin JR, Goldfarb DS: Effect of two sports drinks 
on urinary lithogenicity. Urol Res 37:41–46, 2009.

792. Pak CY, Fuller C, Sakhaee K, et al: Management of cystine neph-
rolithiasis with alpha-mercaptopropionylglycine. J Urol 136:1003–
1008, 1986.

793. Goldfarb DS, Coe FL, Asplin JR: Urinary cystine excretion and 
capacity in patients with cystinuria. Kidney Int 69:1041–1047, 2006.

794. de Boer H, Roelofsen A, Janssens PM: Antidiuretic hormone 
antagonist to reduce cystine stone formation. Ann Intern Med 
157:459–460, 2012.

795. Dussol B, Iovanna C, Rotily M, et al: A randomized trial of  
low-animal-protein or high-fiber diets for secondary prevention  
of calcium nephrolithiasis. Nephron Clin Pract 110:c185–c194, 
2008.

796. Ferraro PM, Taylor EN, Gambaro G, et al: Soda and other bever-
ages and the risk of kidney stones. Clin J Am Soc Nephrol 8:1389–
1395, 2013.

797. Jackson RD, LaCroix AZ, Gass M, et al: Calcium plus vitamin D 
supplementation and the risk of fractures. N Engl J Med 354:669–
683, 2006.

798. Robertson WG, Scurr DS, Bridge CM: Factors influencing the 
crystallisation of calcium oxalate in urine: a critique. J Crystal 
Growth 53:182–194, 1981.

799. Taylor EN, Curhan GC: Determinants of 24-hour urinary oxalate 
excretion. Clin J Am Soc Nephrol 3:1453–1460, 2008.

800. Taylor EN, Fung TT, Curhan GC: DASH-style diet associates with 
reduced risk for kidney stones. J Am Soc Nephrol 20:2253–2259, 
2009.

801. Worcester EM: Stones from bowel disease. Endocrinol Metab Clin 
North Am 31:979–999, 2002.

802. Hylander E, Jarnum S, Nielsen K: Calcium treatment of enteric 
hyperoxaluria after jejunoileal bypass for morbid obesity. Scand J 
Gastroenterol 15:349–352, 1980.

803. Baxmann AC, De OGMC, Heilberg IP: Effect of vitamin C supple-
ments on urinary oxalate and pH in calcium stone-forming 
patients. Kidney Int 63:1066–1071, 2003.

804. Traxer O, Huet B, Poindexter J, et al: Effect of ascorbic acid con-
sumption on urinary stone risk factors. J Urol 170(Pt 1):397–401, 
2003.

805. Jaeger P, Portmann L, Saunders A, et al: Anticystinuric effects  
of glutamine and of dietary sodium restriction. N Engl J Med 315:
1120–1123, 1986.

806. Norman RW, Manette WA: Dietary restriction of sodium as a 
means of reducing urinary cystine. J Urol 143:1193–1195, 1990.

807. Peces R, Sanchez L, Gorostidi M, et al: Effects of variation in 
sodium intake on cystinuria. Nephron 57:421–423, 1991.

808. Rodriguez LM, Santos F, Malaga S, et al: Effect of a low sodium 
diet on urinary elimination of cystine in cystinuric children. 
Nephron 71:416–418, 1995.

809. Quinones H, Collazo R, Moe OW: The dopamine precursor 
L-dihydroxyphenylalanine is transported by the amino acid trans-
porters rBAT and LAT2 in renal cortex. Am J Physiol Renal Physiol 
287:F74–F80, 2004.

810. Rodman JS, Blackburn P, Williams JJ, et al: The effect of dietary 
protein on cystine excretion in patients with cystinuria. Clin 
Nephrol 22:273–278, 1984.

811. Shorr E, Carter AC: Aluminum gels in the management of renal 
phosphatic calculi. JAMA 144:1549–1556, 1950.

812. Lavengood RW, Jr, Marshall VF: The prevention of renal phos-
phatic calculi in the presence of infection by the Shorr regimen. 
J Urol 108:368–371, 1972.

813. Sakhaee K: Pharmacology of stone disease. Adv Chronic Kidney Dis 
16:30–38, 2009.

814. Pearle MS, Roehrborn CG, Pak CY: Meta-analysis of randomized 
trials for medical prevention of calcium oxalate nephrolithiasis.  
J Endourol 13:679–685, 1999.

815. Ettinger B, Citron JT, Livermore B, et al: Chlorthalidone reduces 
calcium oxalate calculous recurrence but magnesium hydroxide 
does not. J Urol 139:679–684, 1988.

816. Laerum E, Larsen S: Thiazide prophylaxis of urolithiasis. A 
double-blind study in general practice. Acta Med Scand 215:383–
389, 1984.

817. Fine JK, Pak CY, Preminger GM: Effect of medical management 
and residual fragments on recurrent stone formation following 
shock wave lithotripsy. J Urol 153:27–32, 1995.

818. Kang DE, Maloney MM, Haleblian GE, et al: Effect of medical 
management on recurrent stone formation following percutane-
ous nephrolithotomy. J Urol 177:1785–1788, 2007.

819. Brocks P, Dahl C, Wolf H, et al: Do thiazides prevent  
recurrent idiopathic renal calcium stones? Lancet 2:124–125, 
1981.

820. Scholz D, Schwille PO, Sigel A: Double-blind study with thiazide 
in recurrent calcium lithiasis. J Urol 128:903–907, 1982.

821. Ohkawa M, Tokunaga S, Nakashima T, et al: Thiazide treatment 
for calcium urolithiasis in patients with idiopathic hypercalciuria. 
Br J Urol 69:571–576, 1992.

822. Borghi L, Meschi T, Guerra A, et al: Randomized prospective 
study of a nonthiazide diuretic, indapamide, in preventing 
calcium stone recurrences. J Cardiovasc Pharmacol 22(Suppl 
6):S78–S86, 1993.

823. Yendt ER, Guay GF, Garcia DA: The use of thiazides in the preven-
tion of renal calculi. Can Med Assoc J 102:614–620, 1970.

824. Yendt ER, Cohanim M: Thiazides and calcium urolithiasis. Can 
Med Assoc J 118:755–758, 1978.

825. Maschio G, Tessitore N, D’Angelo A, et al: Prevention of calcium 
nephrolithiasis with low-dose thiazide, amiloride and allopurinol. 
Am J Med 71:623–626, 1981.

826. Pak CY, Peters P, Hurt G, et al: Is selective therapy of recurrent 
nephrolithiasis possible? Am J Med 71:615–622, 1981.

827. Backman U, Danielson BG, Johansson G, et al: Effects of therapy 
with bendroflumethiazide in patients with recurrent renal calcium 
stones. Br J Urol 51:175–180, 1979.

828. Yendt ER, Cohanim M: Prevention of calcium stones with thia-
zides. Kidney Int 13:397–409, 1978.

829. Nijenhuis T, Hoenderop JG, Loffing J, et al: Thiazide-induced 
hypocalciuria is accompanied by a decreased expression of Ca2+ 
transport proteins in kidney. Kidney Int 64:555–564, 2003.

830. Reilly RF, Huang CL: The mechanism of hypocalciuria with NaCl 
cotransporter inhibition. Nat Rev Nephrol 7:669–674, 2011.

831. Nicar MJ, Peterson R, Pak CY: Use of potassium citrate as potas-
sium supplement during thiazide therapy of calcium nephrolithia-
sis. J Urol 131:430–433, 1984.

832. Zillich AJ, Garg J, Basu S, et al: Thiazide diuretics, potassium, and 
the development of diabetes: a quantitative review. Hypertension 
48:219–224, 2006.

http://www.myuptodate.com


 CHAPTER 40 — UROlITHIASIS 1367.e17

833. Goldner MG, Zarowitz H, Akgun S: Hyperglycemia and glycosuria 
due to thiazide derivatives administered in diabetes mellitus. N 
Engl J Med 262:403–405, 1960.

834. Sagild U, Andersen V, Andreasen PB: Glucose tolerance and 
insulin responsiveness in experimental potassium depletion. Acta 
Med Scand 169:243–251, 1961.

835. Reungjui S, Pratipanawatr T, Johnson RJ, et al: Do thiazides 
worsen metabolic syndrome and renal disease? The pivotal roles 
for hyperuricemia and hypokalemia. Curr Opin Nephrol Hypertens 
17:470–476, 2008.

836. Houston MC: The effects of antihypertensive drugs on glucose 
intolerance in hypertensive nondiabetics and diabetics. Am Heart 
J 115:640–656, 1988.

837. Carter BL, Einhorn PT, Brands M, et al: Thiazide-induced dysgly-
cemia: call for research from a working group from the National 
Heart, Lung, and Blood Institute. Hypertension 52:30–36, 2008.

838. Soygur T, Akbay A, Kupeli S: Effect of potassium citrate therapy 
on stone recurrence and residual fragments after shockwave litho-
tripsy in lower caliceal calcium oxalate urolithiasis: a randomized 
controlled trial. J Endourol 16:149–152, 2002.

839. Pak CY, Sakhaee K, Fuller C: Successful management of uric acid 
nephrolithiasis with potassium citrate. Kidney Int 30:422–428, 
1986.

840. Fabris A, Lupo A, Bernich P, et al: Long-term treatment with 
potassium citrate and renal stones in medullary sponge kidney. 
Clin J Am Soc Nephrol 5:1663–1668, 2010.

841. Cameron M, Maalouf NM, Poindexter J, et al: The diurnal varia-
tion in urine acidification differs between normal individuals and 
uric acid stone formers. Kidney Int 81:1123–1130, 2012.

842. Sakhaee K, Poindexter JR, Pak CY: The spectrum of metabolic 
abnormalities in patients with cystine nephrolithiasis. J Urol 
141:819–821, 1989.

843. Pak CY, Fuller CJ: Assessment of cystine solubility in urine and of 
heterogeneous nucleation. J Urol 129:1066–1070, 1983.

844. Fjellstedt E, Denneberg T, Jeppsson JO, et al: A comparison of the 
effects of potassium citrate and sodium bicarbonate in the alka-
linization of urine in homozygous cystinuria. Urol Res 29:295–302, 
2001.

845. Ettinger B, Tang A, Citron JT, et al: Randomized trial of allopuri-
nol in the prevention of calcium oxalate calculi. N Engl J Med 
315:1386–1389, 1986.

846. Ettinger B: Does hyperuricosuria play a role in calcium oxalate 
lithiasis? J Urol 141(Pt 2):738–741, 1989.

847. Arellano F, Sacristan JA: Allopurinol hypersensitivity syndrome: a 
review. Ann Pharmacother 27:337–343, 1993.

848. Chohan S: Safety and efficacy of febuxostat treatment in subjects 
with gout and severe allopurinol adverse reactions. J Rheumatol 
38:1957–1959, 2011.

849. Goldfarb DS, MacDonald PA, Gunawardhana L, et al: Random-
ized controlled trial of febuxostat versus allopurinol or placebo 
in individuals with higher urinary uric acid excretion and calcium 
stones. Clin J Am Soc Nephrol 8:1960–1967, 2013.

850. Mayer MD, Khosravan R, Vernillet L, et al: Pharmacokinetics and 
pharmacodynamics of febuxostat, a new non-purine selective 
inhibitor of xanthine oxidase in subjects with renal impairment. 
Am J Ther 12:22–34, 2005.

851. Crawhall JC, Scowen EF, Watts RW: Effect of penicillamine on 
cystinuria. Br Med J 1:588–590, 1963.

852. Dahlberg PJ, van den B, Kurtz SB, et al: Clinical features and 
management of cystinuria. Mayo Clin Proc 52:533–542, 1977.

853. Chow GK, Streem SB: Medical treatment of cystinuria: results of 
contemporary clinical practice. J Urol 156:1576–1578, 1996.

854. Barbey F, Joly D, Rieu P, et al: Medical treatment of cystinuria: 
critical reappraisal of long-term results. J Urol 163:1419–1423, 
2000.

855. Sloand JA, Izzo JL, Jr: Captopril reduces urinary cystine excretion 
in cystinuria. Arch Intern Med 147:1409–1412, 1987.

856. Perazella MA, Buller GK: Successful treatment of cystinuria with 
captopril. Am J Kidney Dis 21:504–507, 1993.

857. Dahlberg PJ, Jones JD: Cystinuria: failure of captopril to reduce 
cystine excretion. Arch Intern Med 149:713–717, 1989.

858. Font-Llitjos M, Feliubadalo L, Espino M, et al: Slc7a9 knockout 
mouse is a good cystinuria model for antilithiasic pharmacological 
studies. Am J Physiol Renal Physiol 293:F732–F740, 2007.

859. Park S: Pathophysiology and management of infectious stones. 
Urolithiasis 119–133, 2009.

860. Bichler KH, Eipper E, Naber K, et al: Urinary infection stones. Int 
J Antimicrob Agents 19:488–498, 2002.

861. Sant GR, Blaivas JG, Meares EM, Jr: Hemiacidrin irrigation in the 
management of struvite calculi: long-term results. J Urol 130:1048–
1050, 1983.

862. Griffith DP, Gleeson MJ, Lee H, et al: Randomized, double-blind 
trial of Lithostat (acetohydroxamic acid) in the palliative treat-
ment of infection-induced urinary calculi. Eur Urol 20:243–247, 
1991.

863. Griffith DP, Khonsari F, Skurnick JH, et al: A randomized trial of 
acetohydroxamic acid for the treatment and prevention of 
infection-induced urinary stones in spinal cord injury patients.  
J Urol 140:318–324, 1988.

864. Williams JJ, Rodman JS, Peterson CM: A randomized double-blind 
study of acetohydroxamic acid in struvite nephrolithiasis. N Engl 
J Med 311:760–764, 1984.

865. Jacobs D, Heimbach D, Hesse A: Chemolysis of struvite stones by 
acidification of artificial urine—an in vitro study. Scand J Urol 
Nephrol 35:345–349, 2001.

866. Segura JW, Preminger GM, Assimos DG, et al: Nephrolithiasis 
Clinical Guidelines Panel summary report on the management of 
staghorn calculi. The American Urological Association Nephroli-
thiasis Clinical Guidelines Panel. J Urol 151:1648–1651, 1994.

867. Kerlan RK, Jr, Kahn RK, Laberge JM, et al: Percutaneous  
removal of renal staghorn calculi. AJR Am J Roentgenol 145:797–
801, 1985.

868. Segura JW, Patterson DE, LeRoy AJ, et al: Percutaneous removal 
of kidney stones: review of 1,000 cases. J Urol 134:1077–1081, 1985.

869. Patterson DE, Segura JW, LeRoy AJ: Long-term follow-up of 
patients treated by percutaneous ultrasonic lithotripsy for struvite 
staghorn calculi. J Endourol 1:177–180, 1987.

870. Michaels EK, Fowler JE, Jr: Extracorporeal shock wave lithotripsy 
for struvite renal calculi: prospective study with extended fol-
lowup. J Urol 146:728–732, 1991.

871. Grasso M, Conlin M, Bagley D: Retrograde ureteropyeloscopic 
treatment of 2 cm. or greater upper urinary tract and minor 
staghorn calculi. J Urol 160:346–351, 1998.

872. Luyckx VA, Leclercq B, Dowland LK, et al: Diet-dependent hyper-
calciuria in transgenic mice with reduced CLC5 chloride channel 
expression. Proc Natl Acad Sci U S A 96:12174–12179, 1999.

873. Piwon N, Gunther W, Schwake M, et al: ClC-5 Cl−-channel disrup-
tion impairs endocytosis in a mouse model for Dent’s disease. 
Nature 408:369–373, 2000.

874. Silva IV, Cebotaru V, Wang H, et al: The ClC-5 knockout mouse 
model of Dent’s disease has renal hypercalciuria and increased 
bone turnover. J Bone Miner Res 18:615–623, 2003.

875. Beck L, Karaplis AC, Amizuka N, et al: Targeted inactivation of 
Npt2 in mice leads to severe renal phosphate wasting, hypercalci-
uria, and skeletal abnormalities. Proc Natl Acad Sci U S A 95:5372–
5377, 1998.

876. Shenolikar S, Voltz JW, Minkoff CM, et al: Targeted disruption of 
the mouse NHERF-1 gene promotes internalization of proximal 
tubule sodium-phosphate cotransporter type IIa and renal phos-
phate wasting. Proc Natl Acad Sci U S A 99:11470–11475, 2002.

877. Hoenderop JG, van Leeuwen JP, van der Eerden BC, et al: Renal 
Ca2+ wasting, hyperabsorption, and reduced bone thickness in 
mice lacking TRPV5. J Clin Invest 112:1906–1914, 2003.

878. Li YC, Pirro AE, Amling M, et al: Targeted ablation of the  
vitamin D receptor: an animal model of vitamin D-dependent 
rickets type II with alopecia. Proc Natl Acad Sci U S A 94:9831–9835, 
1997.

879. Yoshizawa T, Handa Y, Uematsu Y, et al: Mice lacking the vitamin 
D receptor exhibit impaired bone formation, uterine hypoplasia 
and growth retardation after weaning. Nat Genet 16:391–396, 
1997.

880. Zheng W, Xie Y, Li G, et al: Critical role of calbindin-D28k  
in calcium homeostasis revealed by mice lacking both vitamin  
D receptor and calbindin-D28k. J Biol Chem 279:52406–52413, 
2004.

881. Airaksinen MS, Eilers J, Garaschuk O, et al: Ataxia and altered 
dendritic calcium signaling in mice carrying a targeted null muta-
tion of the calbindin D28k gene. Proc Natl Acad Sci U S A 94:1488–
1493, 1997.

882. Lee CT, Huynh VM, Lai LW, et al: Cyclosporine A-induced hyper-
calciuria in calbindin-D28k knockout and wild-type mice. Kidney 
Int 62:2055–2061, 2002.

http://www.myuptodate.com


1367.e18 SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

883. Sooy K, Kohut J, Christakos S: The role of calbindin and 1,25dihy-
droxyvitamin D3 in the kidney. Curr Opin Nephrol Hypertens 9:341–
347, 2000.

884. Takahashi N, Chernavvsky DR, Gomez RA, et al: Uncompensated 
polyuria in a mouse model of Bartter’s syndrome. Proc Natl Acad 
Sci U S A 97:5434–5439, 2000.

885. Cao G, Yang G, Timme TL, et al: Disruption of the caveolin-1 gene 
impairs renal calcium reabsorption and leads to hypercalciuria 
and urolithiasis. Am J Pathol 162:1241–1248, 2003.

886. Aida K, Ikegishi Y, Chen J, et al: Disruption of aldose reductase 
gene (Akr1b1) causes defect in urinary concentrating ability and 

divalent cation homeostasis. Biochem Biophys Res Commun 277:281–
286, 2000.

887. Bobulescu IA, Maalouf NM, Capolongo G, et al: Renal ammo-
nium excretion after an acute acid load: blunted response in uric 
acid stone formers but not in patients with type 2 diabetes. Am J 
Physiol Renal Physiol 305:F1498–F1503, 2013.

888. Cameron MA, Baker LA, Maalouf NM, et al: Circadian variation 
in urine pH and uric acid nephrolithiasis risk. Nephrol Dial Trans-
plant 22:2375–2378, 2007.

http://www.myuptodate.com


1368

Kidney Cancer
Kara N. Babaian | Scott E. Delacroix, Jr. |  
Christopher G. Wood | Eric Jonasch

41 

CHAPTER OUTLINE

BENIGN NEOPLASMS OF THE  
KIDNEY, 1368
Benign Epithelial Tumors, 1368
Benign Mesenchymal Tumors, 1368
Benign Cystic Neoplasms, 1369

MALIGNANT NEOPLASMS OF THE  
KIDNEY, 1370
Renal Cell Carcinoma, 1370
Renal Pelvic Tumors, 1385
Other Kidney Tumors, 1386

BENIGN NEOPLASMS OF THE KIDNEY

Benign tumors of the kidney lack both the chromosomal 
abnormalities associated with malignant tumors and the 
ability to metastasize. They are infrequent, but it is challeng-
ing to estimate their true incidence because most benign 
lesions are asymptomatic and difficult to detect. Benign 
tumors can arise from any cell type within the kidney, and 
most are of epithelial or mesenchymal origin. Other benign 
tumors are cystic masses or are composed of both epithelial 
and mesenchymal elements.

BENIGN EPITHELIAL TUMORS

RENAL CORTICAL ADENOMA
Small benign renal cortical tumors, measuring less than 
5 mm, with tubulopapillary histology of low nuclear grade 
are called renal cortical adenomas.1 Most are asymptomatic 
and undetectable radiographically because of their small 
size. Renal adenomas are usually found incidentally during 
surgery or at autopsy, with an incidence of 7.2% to 22%.2,3

ONCOCYTOMA
Renal oncocytomas are uncommon but increasingly  
recognized benign tumors.4-6 Oncocytomas are composed 
of a pure population of oncocytes—large, well-differenti-
ated neoplastic cells with intensely eosinophilic granular 
cytoplasm. The cytoplasm of these cells is packed with mito-
chondria, leading to their histologic appearance. Immuno-
histochemical studies suggest that oncocytomas probably 
also arise from the intercalated cells of the distal collecting 
tubules.5 Peak incidence of these tumors is in the seventh 
decade of life with a male-to-female predominance of 2 : 1 
to 3 : 1.7 The tumors are usually asymptomatic and discov-
ered incidentally by imaging studies. Larger oncocytomas 
can have a stellate central fibrous scar, which is visible on 
preoperative radiologic studies in 6.7% to 50% of cases.7 
Grossly, oncocytomas are generally well encapsulated and 

are only rarely invasive. Pathologic differentiation of a 
typical renal oncocytoma from an oncocytic renal cell car-
cinoma (RCC) can be difficult. Some series suggest that 3% 
to 7% of solid renocortical tumors previously classified as 
RCCs are in fact oncocytomas.4 Renal oncocytomas almost 
invariably have a benign clinical behavior and are rarely 
associated with metastases, even when the primary tumor is 
very large. Nephrectomy is usually the treatment of choice 
for large renal masses regardless of type, but the possibility 
of oncocytoma should be considered with incidentally dis-
covered small renal masses or tumors in a solitary kidney.

METANEPHRIC ADENOMA
Metanephric adenoma (MA) is a rare benign tumor that is 
usually a solitary lesion. The peak incidence of this tumor 
is in the fifth and sixth decades of life8 with a female pre-
dominance of 2.5 : 1.7 It also occurs in children. Most cases 
are asymptomatic and are diagnosed incidentally. Reported 
symptoms include abdominal or flank pain, palpable mass, 
fever, and hematuria. Metanephric adenoma has been asso-
ciated with polycythemia in 12% of cases.8 Mean tumor size 
at diagnosis is 5 cm.8 On computed tomography (CT) these 
tumors show mild enhancement and, therefore, can be mis-
taken for papillary RCC.9 Metanephric adenomas are well 
circumscribed and can contain areas of necrosis, hemor-
rhage, calcifications, and cysts.10,11 Although these tumors 
are considered benign, two cases with metastatic disease 
have been reported in the literature.12,13 Surgical resection 
is required to rule out malignancy.

BENIGN MESENCHYMAL TUMORS

ANGIOMYOLIPOMA
Angiomyolipoma (AML) is a neoplasm consisting of blood 
vessels, smooth muscle, and mature adipose tissue. Most 
affected patients present in the fifth or sixth decade, and 
there is a female predominance. Eighty percent of AMLs 
are sporadic and the rest are associated with genetic  
syndromes such as tuberous sclerosis complex (TSC) and 
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tumors at autopsy.23 On CT, this lesion appears as a small, 
nonenhancing, noncalcified, hypoattenuating solid mass 
within the renal medulla.24

HEMANGIOMA
Hemangiomas in the kidney are extremely rare, with an 
incidence of 1 in 2000 to 1 in 30,000 in autopsy studies,25 
and are associated with tuberous sclerosis, Sturge-Weber 
syndrome, and Klippel-Trenaunay-Weber syndrome.21 Most 
cases are asymptomatic and incidentally diagnosed but  
can manifest as hematuria and pain. Hemangiomas are 
small, usually less than 2 cm,26 and located in the tip of the 
papilla and the renal pelvis.27 On unenhanced CT, renal 
hemangioma may appear as a lobulated hypo- to iso-
attenuating soft tissue mass in the region of the medulla or 
pelvis, and on enhanced CT, they demonstrate intense arte-
rial enhancement.28,29

OTHER RARE BENIGN MESENCHYMAL TUMORS
Other rare benign mesenchymal tumors include hemangio-
pericytoma, lymphangioma, lipoma, and solitary fibrous 
tumor. Hemangiopericytomas of the kidney are rare, with 
less than 40 cases reported in the literature. Most patients 
with this tumor present in the fourth decade of life and can 
have hematuria or hypoglycemia due to glucose hyperme-
tabolism within the mass.30 Renal lymphangioma is a rare 
benign developmental malformation in which the develop-
ing lymphatic tissue fails to establish communication with 
the remainder of the lymphatic system.31 Abnormal lym-
phatic channels dilate to form cystic masses in the perineph-
ric or renal sinus region.31 Only 50 cases have been reported 
in the literature. If intervention is required, therapeutic 
options include percutaneous32 or laparoscopic aspiration,33 
cyst marsupialization,34 and nephrectomy.35 Renal lipomas 
are rare neoplasms, with only 20 cases reported in the litera-
ture.27,36,37 Lipomas develop from lipomatous differentiation 
of primitive mesenchymal cells or from embryonic rests of 
adipose tissue in the kidney.23,24 The presence of macro-
scopic fat is evident on imaging studies. Lastly, solitary 
fibrous tumors (SFTs) are rare neoplasms composed of 
fibrous tissue and collagen and can arise anywhere in the 
body, the most common site being the pleura. Within the 
kidney, SFTs can arise from the renal capsule, cortex, pelvis, 
or peripelvic connective tissue. Most patients are older than 
40 years, with a slight female predominance. Clinical symp-
toms include flank pain, hematuria, and palpable mass.27

BENIGN CYSTIC NEOPLASMS

MULTILOCULAR CYSTIC NEPHROMA AND MIXED 
EPITHELIAL STROMAL TUMOR
Multilocular cystic nephromas have a bimodal age distribu-
tion, occurring in male children younger than 4 years and 
in adult women between 40 and 60 years.38,39 Children 
usually present with an abdominal mass, whereas adults 
present with hematuria or abdominal/flank pain. On CT, 
cystic nephromas appear well-circumscribed and multisep-
tated with enhancement within the septations.23 They also 
tend to herniate into the renal pelvis or proximal ureter.23 
The differential diagnosis includes cystic RCC and mixed 
epithelial stromal tumor (MEST). Some pathologists believe 
that cystic nephromas and MESTs are not separate entities 

lymphangioleiomyomatosis (LAM).14 Sporadic cases tend to 
be solitary, whereas patients with TSC can have multiple and 
bilateral AMLs. Histologically, there are two types of AMLs, 
classic type and epithelioid variant (eAML). The classic type 
contains variable amounts of vascular, smooth muscle, and 
adipose elements, whereas in the epithelioid variant, epithe-
lioid cells predominate and vascular and adipose elements 
are usually absent.15 Epithelioid AMLs can be locally aggres-
sive, have the ability to metastasize, and tend to recur. There 
have been reports of eAMLs involving the renal vein, infe-
rior vena cava, lymph nodes, per-renal fat, adjacent organs, 
lungs, and liver.16,17 About 75% of AMLs are asymptomatic 
and are diagnosed by cross-sectional imaging. Symptoms 
include abdominal or flank pain, hematuria, palpable mass, 
and hemorrhagic shock from a spontaneous retroperitoneal 
bleed (called Wunderlich’s syndrome). The mean tumor 
size at diagnosis is 3.5 cm.18 The presence of fat with value 
of less than 20 Hounsfield units (HU) on CT is diagnostic 
of AML. On magnetic resonance imaging (MRI), AMLs 
appear hyperintense on T1- and T2-weighted images and 
hypointense on T1-weighted images with fat suppression.19,20 
AMLs larger than 4 cm require intervention owing to the 
risk of hemorrhage. Treatment options include angioembo-
lization, partial nephrectomy, and radical nephrectomy.

LEIOMYOMA
Renal leiomyomas are benign neoplasms that arise from 
smooth muscle cells and usually originate from the renal 
capsule, but they can also originate from the muscularis of 
the renal pelvis or cortical vascular smooth muscle.21 Because 
most renal leiomyomas are small, they are usually asymptom-
atic and discovered incidentally. The patient with a large 
leiomyoma may present with pain or a palpable mass. The 
estimated incidence, based on autopsy studies, is 5%.22 Renal 
leiomyomas arise from the renal capsule, so they are periph-
erally located, in contact with only the outer surface of the 
kidney, and do not appear to arise from the renal paren-
chyma.21 On contrast-enhanced CT, these lesions appear 
well-circumscribed and demonstrate homogeneous enhance-
ment.21 Because renal leiomyomas are indistinguishable 
from RCC on the basis of imaging characteristics, they 
require surgical excision to obtain a pathologic diagnosis.

JUXTAGLOMERULAR CELL TUMOR
A reninoma or renal juxtaglomerular cell tumor secretes 
renin, resulting in secondary hyperaldosteronism. This 
excess aldosterone leads to hypertension and hypokalemia. 
The peak incidence of this tumor is in the second or third 
decade, with a 2 : 1 female-to-male predominance. Most 
often, affected patients present with poorly controlled 
hypertension, polyuria, polydipsia, muscle aches, and head-
aches. Laboratory abnormalities include elevated plasma 
renin activity (PRA), elevated plasma aldosterone concen-
tration, and hypokalemia. Surgical resection provides defin-
itive treatment and results in reversal of hypertension and 
hypokalemia.

RENOMEDULLARY INTERSTITIAL CELL TUMOR
Also known as medullary fibromas, renomedullary intersti-
tial cell tumors are small benign lesions, usually measuring 
less than 5 mm, that arise from interstitial cells of the 
medulla.23,24 Up to 50% of adults have evidence of these 
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3.9%, and 4.3% annually for white men, white women, 
African American men, and African American women, 
respectively.11 Mortality rates are equivalent for whites (5.9 
males and 2.7 females per 100,000 persons) and African 
Americans (6.0 and 2.6, respectively), whereas Asian Ameri-
can and Pacific Islanders have the lowest mortality rates (2.9 
and 1.3, respectively).46 American Indians and Alaskan 
Natives have an increased incidence of cancer of the kidney 
and an alarmingly high mortality rate (8.8 males and 4.1 
females per 100,000 persons).46,54

The overall incidence of RCC in the United States for all 
population ancestry groups has risen at a rate that is three-
fold higher than the mortality rate. Since 1950, there has 
been a 126% increase in the incidence, accompanied by a 
37% increase in annual mortality.55,56 The 5-year survival rate 
of patients with a diagnosis of kidney cancer has improved 
from 50% for those receiving this diagnosis in 1975 to 72% 
for those receiving this diagnosis in 2008.46 The proportion 
of RCCs discovered incidentally increased from approxi-
mately 10% in the 1970s to 60% in 1998.56 In addition, at 
one major institution, the percentage of organ-confined 
tumors increased from 47% in 1989 to 78% in 1998.57 Stage 
of disease at diagnosis has changed over this time, with 
incidence of stage 1 disease increasing from 43% to 57% 
between 1993 and 2004, and stage 2 and 3 disease showed 
a statistically significant decline. The incidence of stage 4 
disease has remained stable over this same period.58

Numerous environmental and clinical factors have been 
implicated in the etiology of RCC.59 They include tobacco 
use; occupational exposure to toxic compounds such as 
cadmium, asbestos, and petroleum by-products; obesity; 
acquired cystic kidney disease (typically associated with dial-
ysis); and analgesic abuse nephropathy. Cigarette smoking 
doubles the likelihood of RCC and contributes to as many 
as one third of all cases.60-62 The risk for development of 
kidney cancer in patients with acquired cystic kidney disease 
has been estimated to be 30 times greater than that in the 
general population.63 In particular, it is estimated that 
acquired cystic kidney disease develops in 20% to 90% of 
patients receiving long-term dialysis, depending on the 
duration of dialysis,64 and that RCC develops in between 
3.8% and 4.2% of these patients.65 Patients with large cysts 
appear to be an increased risk for malignant transforma-
tion. The carcinomas are multiple and bilateral in approxi-
mately half the cases, a finding consistent with the diffuse 
nature of the underlying disease.35 The prolonged ingestion 
of analgesic combinations, particularly compounds con-
taining phenacetin and aspirin, can lead to end-stage kidney 
disease. Patients with this diagnosis are at increased risk for 
renal pelvic tumors and possibly kidney cancer, although 
the latter association remains controversial.66-68 Because of 
its carcinogenic properties, phenacetin was removed from 
the U.S. marketplace by the U.S. Food and Drug Adminis-
tration (FDA) in 1983 and later from European markets.

An enhanced risk for RCC has been observed in patients 
with certain inherited disorders, implicating various 
genetic abnormalities in the etiology of this disease. The 
disorders include von Hippel–Lindau syndrome, hereditary 
papillary renal cancer, hereditary leiomyoma renal cancer 
syndrome, and Birt-Hogg-Dube syndrome. In addition, 
patients with tuberous sclerosis and autosomal dominant 
polycystic kidney disease, although they do not have a 

but instead are part of the same spectrum of stromal epithe-
lial tumors.40 MESTs are composed of stromal elements that 
resemble ovarian stroma and an epithelial component, con-
sisting of epithelium-lined cysts. Ninety percent of these 
tumors occur in women and may be associated with estro-
gen therapy.41 On CT, MESTs are well-circumscribed cystic 
masses with multiple enhancing septations and solid 
components.23

MALIGNANT NEOPLASMS OF  
THE KIDNEY

Renal cell carcinomas arise within the renal cortex and 
account for about 80% to 85% of all primary renal neo-
plasms. Transitional carcinomas arising from the renal 
pelvis are the next most common, accounting for 7% to  
8% of primary renal neoplasms. Other parenchymal epithe-
lial tumors, such as oncocytomas, collecting duct tumors, 
and renal sarcomas, are uncommon but are becoming  
more frequently recognized pathologically. Nephroblas-
toma (Wilms’ tumor) is common in children and accounts 
for 5% to 6% of all primary renal tumors.

Metastatic lesions to the kidney (secondary neoplasms) 
occur in 7% to 20% of patients with cancer at autopsy.42-44 
These secondary lesions are very rare in the absence of 
progression of the primary neoplasm.45

This section focuses on the epidemiology, pathology, 
genetics, clinical, and radiographic presentation, staging 
methods, and surgical and systemic management of primary 
renal neoplasms. A brief description of the biology and 
management of the less common tumors as well as evalua-
tion of suspected metastatic disease is also presented.

RENAL CELL CARCINOMA

EPIDEMIOLOGY
In 2013, it was estimated that renal cell and renal pelvic 
cancer would be newly diagnosed in 65,150 people in the 
United States and that almost 13,680 people would die of 
the disease.46 RCC represents 3.9% of all U.S. cancers and 
2% of all cancer deaths. Worldwide, the mortality from RCC 
is estimated to exceed 100,000 per year.47

The incidence varies widely from country to country, with 
the highest rates seen in Northern Europe and North 
America.48 Although the incidence is reported to be lower 
in individuals living in African countries,48 the incidences 
are equivalent among whites and African Americans living 
in the United States.49 Chronic kidney failure was more 
strongly associated with RCC among blacks (odds ratio 
[OR], 8.7; 95% confidence interval [CI], 3.3 to 22.9) than 
among whites (OR, 2.0; 95% CI, 0.7 to 5.6, P [interaction] 
= 0.03).50 Historically, RCC was twice as common in men as 
in women, but later data suggest that this gap is beginning 
to narrow. The incidence in Asian Americans and Pacific 
Islanders is half that of their white and African American 
counterparts.46 RCC occurs predominantly in the sixth to 
eighth decades; it is uncommon in patients younger than 
40 years and rare in children.51-53

The incidence of RCC has steadily risen over time. 
Between 1975 and 1995 in the United States the incidence 
rates per 100,000 person-years increased by 2.3%, 3.1%, 
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Renal cell tumors occur with equal frequency in right and 
left kidneys and are distributed equally throughout the 
kidney.81 The average diameter is about 7 cm, but tumors 
have ranged from less than 2 cm to more than 25 cm in 
diameter. Previously, renal lesions smaller than 2 to 3 cm 
were incorrectly considered to be benign adenomas. Such 
distinctions between benign and malignant tumors are 
made no longer on the basis of size but rather according to 
fundamental histologic criteria. Therefore, from a practical 
standpoint, all solid renal masses require resection or biopsy 
for accurate histologic diagnosis. Improved percutaneous 
biopsy techniques have a role in the management of renal 
masses but are definitively less accurate than extirpation in 
providing pathologic and histologic information.

Renal cell carcinomas have historically been classified 
according to cell type (clear, granular, spindle, or oncocytic) 
and growth pattern (acinar, papillary, or sarcomatoid).81 
This classification has undergone a transformation to  
more accurately reflect the morphologic, histochemical, 
and molecular features of different types of adenocarcino-
mas (Table 41.1).82-84 On the basis of research studies, the 
following five distinct subtypes have been identified: clear 
cell (conventional), chromophilic (papillary), chromopho-
bic, oncocytic, and collecting duct (Bellini duct). Each of 
these tumors has a unique growth pattern, cell of origin, 
and cytogenetic characteristics. Table 41.1 summarizes this 
classification, which more accurately reflects the greater 
knowledge of the molecular and genetic abnormalities of 
these lesions than did the earlier classification.83 Sarcoma-
toid variants of almost all of the aforementioned histologic 
subtypes have been described and represent a dedifferentia-
tion (poor differentiation) of the individual subtype.85

Clear cell or conventional RCCs make up 75% to 85% of 
tumors and are characterized by a deletion or functional 
inactivation in one or both copies of chromosome arm 3p.86 
A higher nuclear grade (Fuhrman classification) or the 
presence of a sarcomatoid pattern correlates with a poorer 
prognosis.87,88

Chromophilic or papillary carcinomas (synonymous) 
make up 10% to 15% of kidney cancers. In hereditary disease 
papillary carcinomas are multifocal and bilateral, and they 
commonly manifest as small tumors.89 These tumors also 

dramatically increased incidence of kidney cancer, can have 
cancers with unique features.

Hereditary polycystic kidney disease (autosomal domi-
nant polycystic kidney disease [ADPKD]) has a long-debated 
association with kidney cancer; however, when kidney cancer 
does occur in patients with this disorder, it typically displays 
a number of distinct clinical characteristics.69 The tumors 
are more often bilateral at presentation, multicentric, and 
with sarcomatoid features when symptomatic or advanced. 
A 2009 analysis of 89 nephrectomy specimens from patients 
with ADPKD who underwent extirpation for nononcologic 
indications reported an increased risk of kidney cancer.70 
Specifically, overall incidence rose to 8.3%. The tumors 
were bilateral in 10% and multifocal in 27.3% of cases, and 
the histologic subtypes were divided between clear cell RCCs 
(60%) and papillary RCCs (40%). These cancers were all 
staged as T1 disease, and none of the tumors were seen on 
preoperative imaging. An increased incidence of sarcoma-
toid features was not seen in this group, possibly because of 
the benign indications for extirpation.

Although most RCCs are sporadic, factors suggesting a 
hereditary cause include the occurrence of the disease in 
first-degree relatives,71-74 onset before the age of 40, and 
bilateral or multifocal disease.4 Several kindreds with famil-
ial clear cell carcinoma have been identified that have con-
sistent abnormalities on the short arm of chromosome 
3.5,6,75,76 Other kindreds with papillary tumors have been 
identified with different genetic abnormalities,77 suggest-
ing that these tumors represent distinct disease entities. 
Although the true prevalence of hereditary RCC is unknown, 
it is estimated that hereditary carcinomas make up 3% to 
5% of all RCCs.78 A more detailed discussion of the molecu-
lar biology of RCC is provided in a later section.

PATHOLOGY AND CYTOGENETICS
RCC was first reported by Konig in 1826. In 1883, Grawitz 
hypothesized on histologic grounds that RCCs arose from 
rests of adrenal tissue within the kidney.79 Although immu-
nohistologic and ultrastructural analyses currently point 
toward the proximal renal tubule as the true cell of origin,80 
the term hypernephroma continues to be incorrectly applied 
to these cancers.

Table 41.1  Pathologic Classification of Renal Cell Carcinoma

Carcinoma 
Type Growth Pattern (Incidence, %) Cell of Origin

Cytogenetic Characteristics

Major Minor

Clear cell Acinar or sarcomatoid (75-85) Proximal tubule −3p +5, +7, +12, −6p, −8p
−9, −14q, −Y

Chromophilic* Papillary or sarcomatoid (12-14) Proximal tubule +7, +17, −Y +12, +16, +20, −14
Chromophobic Solid, tubular, or sarcomatoid (4-6) Intercalated cell of cortical 

collecting duct
Hypodiploidy —

Oncocytic Typified by tumor nests (2-4) Intercalated cell of cortical 
collecting duct

Undetermined† —

Collecting duct Papillary or sarcomatoid (1) Medullary collecting duct Undetermined† —

*These tumors were previously classified as papillary tumors.
†This classification is based on the work of Storkel S, van den Berg E: Morphological classification of renal cancer. World J Urol 13:153-158, 

1995.
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Histologically, a variety of growth patterns have been 
described for medullary RCC, including reticular, solid, 
tubular, trabecular, cribriform, sarcomatoid, and micropap-
illary.104 Little is known about the cytogenetics of this tumor. 
Gene expression profiling has shown clustering more closely 
associated with urothelial carcinoma than with RCC.105,106 
Classification and further characterization of this rare but 
lethal entity will require further molecular and pathologic 
research with a larger collection of specimens.

The Xp11.2 translocation carcinoma was first described 
in 1991 by Tomlinson and colleagues.107 This translocation 
results in the fusion of a novel gene, designated RCC17, at 
chromosome band 17q25 to the gene for transcription 
factor for immunoglobulin heavy-chain enhancer 3 (TFE3) 
located on chromosome band Xp11.108 These tumors usually 
occur in children and young adults, appearing at a median 
age of 20 years, and account for at least one third of carci-
nomas seen in childhood and adolescence.105 Tumor cells 
are described as having voluminous clear cytoplasm and 
bulging distinct cell borders, an appearance reminiscent of 
soap bubbles. The architecture is predominantly solid, 
tubular, acinar, or alveolar, with areas with a pseudopapillary 
appearance.109 Transcription factor 3 is a sensitive and spe-
cific marker for translocation carcinomas, with a sensitivity 
ranging from 82% to 97.5%.105 Although relatively indolent, 
these tumors are refractory to systemic therapy and respond 
only to aggressive surgical resection.

MOLECULAR BIOLOGY AND HEREDITARY DISORDERS
Much of the late success in developing therapies for RCC 
has arisen out of an improved understanding of the molecu-
lar biology of clear cell kidney carcinoma and its highly 
prevalent mutation in VHL, the von Hippel–Lindau gene. 
Only 4% of cases of RCC are familial, yet elucidation of the 
genetic mutations involved in hereditary RCC has led to 
targeted therapies that benefit the majority of sporadic cases 
(Figure 41.1).110 Cloning of the VHL gene in 1993,111 and 
the subsequent functional and structural characterization  
of the gene product,112 has contributed greatly to our 

appear to arise from the proximal tubule but are both mor-
phologically and genetically distinct from clear cell carcino-
mas. These tumors often have a low stage at presentation and 
are thus attributed a more favorable prognosis,89,90 but in 
advanced stages, they can be as aggressive as clear cell 
lesions.91 The class of papillary RCC has now been subdi-
vided into papillary type 1 and type 2.92 This differentiation 
has been based on histologic appearance92 and has been vali-
dated through microarray analysis of molecular markers.93 
Subtyping permits identification of an independent prog-
nostic factor, because patients with type 2 papillary RCC have 
a worse outcome even when stratified by TNM stage.92,93

Chromophobe carcinomas make up about 4% of all 
RCCs. Histologically, they are composed of sheets of cells 
that are uniformly darker than those of the usual clear cell 
carcinoma, with a peripheral eosinophilic granularity. These 
cells lack the abundant lipid and glycogen characteristics  
of the clear cell RCC and are believed to arise from the 
intercalated cells of the renal collecting ducts.94-96 They have 
a hypodiploid number of chromosomes, but also no 3p 
loss.97-99 These tumors are usually well circumscribed and 
generally have an excellent prognosis. As a group, chromo-
phobe RCCs tend to manifest at lower stages and grades, yet 
once metastatic, chromophobe carcinomas are highly 
refractory to therapy and have a prognosis equivalent to or 
worse than that of clear cell carcinomas.100

Collecting duct (Bellini duct) tumors are also very rare 
but are frequently very aggressive in behavior.101 They are 
located in the renal medulla and pelvis and thus usually 
manifest as gross hematuria. In contrast to clear cell carci-
nomas, collecting duct tumors produce mucin and react 
with antibodies to both high-molecular-weight and low-
molecular-weight keratins.102 Sarcomatoid variants have 
also been noted. Neither oncocytomas nor collecting duct 
tumors have been associated with a consistent pattern of 
genetic abnormalities.

Medullary RCC is a rare aggressive variant usually seen in 
individuals with sickle cell trait.103 Davis and colleagues des-
ignated this entity the “seventh sickle cell nephropathy.”103 

Figure  41.1 Human renal epithelial neoplasms. Histologic classification of renal tumors and incidence. The associated gene for inherited 
neoplasms is listed, although these genes can also be mutated in sporadic cases (especially the von Hippel–Lindau [VHL] gene in clear cell 
carcinomas). FH, fumarate hydratase; FLCN, folliculin; MET, Met proto-oncogene. (From Linehan WM, Walther MM, Zbar B: The genetic basis 
of cancer of the kidney. J Urol 170:2163, 2003.)
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a variety of hypoxia-inducible genes. HIF is a heterodimer 
composed of HIF-α and HIF-β subunits.120 Although the 
HIF-β subunit is constitutively expressed, HIF-α is normally 
degraded in the presence of oxygen and accumulates only 
under hypoxic conditions.121,122 A 200–amino acid oxygen-
dependent degradation domain lies within the central 
region of HIF1-α.123,124 This region is sufficient to target HIF 
for degradation by the ubiquitin-proteasome pathway in the 
presence of oxygen124-126 (Figure 41.2). At present, several 
dozen HIF target genes have been identified, including the 
genes for VEGF, platelet-derived growth factor (PDGF), and 
transforming growth factor-α. Their protein products play 
critical roles in cellular and systemic physiologic responses 
to hypoxia, including glycolysis, erythropoiesis, angiogene-
sis, and vascular remodeling.120

Papillary RCC possesses unique genetic features. In 
hereditary cases, it is characterized by the formation of mul-
tiple bilateral tumors with trisomy of chromosomes 7 and 
17.127 The hereditary papillary RCC gene was identified on 
chromosome bands 7q31.1-34, and germline missense muta-
tions in the tyrosine kinase domain of the c-Met proto-
oncogene were detected in several families with hereditary 
papillary RCC.128 In sporadic papillary RCC, mutations of 
the c-Met proto-oncogene have been detected in 13% of 
patients with papillary RCC and no family history of kidney 
cancers.129 These mutations are oncogenic and create a con-
stitutively active, ligand-independent autophosphorylation 
of c-Met. These data may underestimate the significance of 
alterations in c-Met, because other mutations, chromosomal 
duplications (e.g., trisomy 7), and epigenetic events likely 
increase the frequency of c-Met activation.

The disorder that results from autosomal dominant  
mutations in the fumarate hydratase (FH) gene is known as 

understanding of the genetics of this disease and of RCC in 
general.

VHL syndrome is transmitted in an autosomal dominant 
fashion and is characterized by a predisposition to various 
neoplasms, including RCC (with clear cell histology), renal 
cysts, retinal angiomas, spinocerebellar hemangioblasto-
mas, pheochromocytomas, and pancreatic carcinomas and 
cysts.113 Renal cysts are frequently multiple and bilateral.

RCC develops in about a third of all patients with VHL 
syndrome and is a major cause of death in patients with the 
disease. Tumor development in this setting is linked to 
somatic inactivation of the remaining wild-type allele. More-
over, biallelic VHL inactivation due to somatic mutations 
and/or hypermethylation is observed in more than 50% of 
sporadic clear cell carcinomas. Restoration of VHL protein 
function in VHL–/– RCC cell lines suppresses their ability to 
form tumors in nude mice xenograft assays, a finding that 
supports the role of the VHL gene as a renal cancer tumor 
suppressor gene.114

Tumors associated with VHL mutations (including the 
hereditary tumors in VHL syndrome and a majority of the 
sporadic cases of clear cell RCC115) are typically hypervascu-
lar and occasionally lead to the overproduction of red blood 
cells (polycythemia).116 These developments are due to over-
production of vascular endothelial growth factor (VEGF) 
and erythropoietin, respectively. Working from the knowl-
edge that the two genes encoding these proteins are hypoxia 
inducible, several groups went on to show that cells lacking 
the protein encoded by VHL are unable to suppress 
the accumulation of hypoxia-inducible factors, including 
VEGF, under well-oxygenated conditions.117-119 The hypoxia-
inducible factor (HIF) family of transcription factors is at 
the center of maintaining oxygen homeostasis and regulates 

Figure 41.2 Von Hippel–Lindau (VHL) gene and hypoxia-inducible factors (HIFs). The role of VHL and HIFs in normoxic and hypoxic condi-
tions in the normal cell (VHL+/− or VHL+/+). Mutations in the VHL protein cause constitutive expression of HIFs and thus lead to unregulated 
expression of HIF-inducible pathways, which produces the effects on the left under all conditions. cul2, an elongin; HRE, HIF response element; 
OH, hydroxyl group; p, phosphorylation; Pro, proline; SCF, Skp, Cullin, F-box containing complex; Ub, ubiquitination; VEGF, vascular endothelial 
growth factor. (From Cohen HT, McGovern FJ: Renal-cell carcinoma. N Engl J Med 353:2477, 2005.)
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symptomatic stage is common. Indeed, 25% of individuals 
have distant metastases or locally advanced disease at the 
time of presentation.84 By contrast, other patients with RCC 
experience a wide array of symptoms or have a variety of 
abnormalities on laboratory tests, even in the absence of 
metastatic disease. The current clinical paradigm of RCC is 
the ever-increasing incidental detection of kidney cancer 
through the use of abdominal imaging. Incidentally discov-
ered renal tumors are estimated to represent from 40% to 
60% of all pathologically diagnosed RCCs. This situation has 
led to the recharacterization of the disease as the radiologist’s 
tumor. On the basis of an analysis of the Surveillance, Epide-
miology, and End Results (SEER) database for the period 
1998 through 2002, renal tumor size at presentation 
decreased from 6.7 cm to 5.8 cm with a concordant increase 
in the age-adjusted incidence in RCC.148

The presence or absence of local or systemic symptoms 
of RCC has been shown to correlate with TNM stage and 
grade, and, most importantly, is an independent variable 
(on multivariate analysis) predicting overall prognosis.149,150 
Although the presence of symptoms strongly correlates with 
prognosis, a significant portion of incidentally discovered 
(asymptomatic) tumors can cause death. In a study of 3912 
patients who had been surgically treated for incidentally 
discovered renal masses, 3650 patients (90%) were diag-
nosed with a primary renal malignancy, of whom 28.3% had 
locally advanced tumors, 27.6% had high-grade tumors, 
5.7% had nodal metastases, and 13% had distant metastases. 
Cancer-specific mortality in this group of patients with inci-
dentally discovered kidney cancers was 14.4% (525 patients). 
This is the largest series of incidentally discovered renal 
tumors.149,151

Currently, most patients diagnosed with RCC are asymp-
tomatic. In early reports of patients undergoing nephrec-
tomy for RCC, the most common presenting symptom  
was hematuria (which occurred in up to 59% of patients), 
followed by abdominal mass, pain, and weight loss.152,153 
In contemporary series these symptoms are less common at 
presentation, and up to 60% of patients are asymptomatic.

The classic triad for RCC—flank pain, hematuria, and 
palpable abdominal renal mass-—occurs in fewer than 10% 
of patients, and when present, it strongly suggests advanced 
disease.149,150,152 Hematuria, gross or microscopic, is usually 
observed only if the tumor has invaded the collecting system. 
Gibbons and associates reported the absence of gross or 
microscopic hematuria in 63% of their patients with proven 
RCC.153 Scrotal varicocele was reported in up to 11% of 
patients.154 Most varicoceles due to an obstructing retroperi-
toneal mass are left-sided and typically fail to empty in the 
recumbent position (grade 3 varicocele). Varicoceles typi-
cally result from obstruction by tumor thrombus of the 
gonadal vein at its entry point into the left renal vein. Vari-
cocele development in an adult should always raise the pos-
sibility of an associated neoplasm within the kidney. In 
addition, inferior vena cava involvement by tumor thrombus 
can produce a variety of clinical manifestations, including 
ascites, hepatic dysfunction possibly related to Budd-Chiari 
syndrome, pulmonary emboli, and bilateral lower extremity 
edema.

Often, symptoms or signs related to metastases prompt 
medical evaluation.155 Most patients (75%) presenting with 
metastatic disease have lung involvement (most common 

multiple cutaneous and uterine leiomyomas (MCUL). Overlap-
ping with this syndrome is another autosomal dominant 
condition, hereditary leiomyomatosis and renal cell cancer 
(HLRCC) syndrome. This syndrome also results from muta-
tions in the FH gene. Autosomal recessive FH gene muta-
tions also underlie the disorder fumarate deficiency. This 
condition is associated with progressive encephalopathy, 
cerebral atrophy, seizures, hypotonia, and renal develop-
mental delay. Heterozygous carriers of FH deficiency occa-
sionally (but only rarely) exhibit leiomyomas.130 HLRCC 
syndrome is characterized by cutaneous leiomyomas,  
uterine fibroids, and RCCs, which are predominantly  
single, although multiple and bilateral tumors have been 
reported.131,132 The renal tumors are aggressive, and they 
may metastasize and lead to death in patients in their thir-
ties. Although HLRCC syndrome was originally classified as 
hereditary papillary RCC type 2, the unique cytomorpho-
logic features of the renal tumors, as well as the finding of 
mutations in the FH gene in affected families, suggest that 
it may be a distinct entity.133,134

Birt-Hogg-Dube syndrome is characterized by prominent 
cutaneous manifestations, the development of spontaneous 
pneumothorax in association with lung cysts, and a predis-
position to kidney neoplasms, which may be chromophobe 
renal cancers, oncocytomas, or tumors with features of both 
(termed mixed oncocytic).135-137 The characteristic skin lesions, 
fibrofolliculomas (hamartomas of the hair follicle), consist 
of multiple painless dome-shaped papules, 2 to 3 mm in 
diameter, that develop on the skin of the head and neck of 
patients with the syndrome after age 30. The affected gene, 
folliculin, was described in 2002.138 The identification of loss-
of-function mutations in the folliculin gene (localized to 
chromosome arm 17p) suggests that it functions as a tumor 
suppressor gene.138 A high frequency of somatic mutations 
has been detected in renal tumors from patients with germ-
line mutations in the BHD gene, suggesting that malignancy 
results from the inactivation of both copies of the gene.139 
Mutations in the folliculin gene do not appear to play a role 
in sporadic RCC.140,141 Folliculin is thought to regulate the 
activity of mammalian target of rapamycin (mTOR) through 
complex mechanisms that are yet to be delineated.142,143 
mTOR has an integral role in pathways relating to the 
response to hypoxia (HIF), autophagy, and independent 
gene expression regulation.144

Tuberous sclerosis is an autosomal dominant condition 
associated with mutations in the tuberous sclerosis complex 
genes (TSC1 and TSC2).145,146 The TSC1/TSC2 complex 
mediates multiple inputs (growth factor signals, amino 
acids, and adenosine triphosphate) that regulate mTOR 
activity and thus cell growth.142 Affected individuals typically 
manifest facial angiofibromas, show cognitive impairment, 
and have renal angiomyolipomas.147 Although the incidence 
of kidney cancer is only slightly increased, such cancers have 
been associated with biallelic loss of the TSC2 gene, impli-
cating this pathway in the pathogenesis of kidney cancer.

CLINICAL AND LABORATORY FEATURES
The propensity of RCC to manifest with diverse and often 
obscure signs and symptoms has led to its being labeled the 
internist’s tumor. The clinical presentation of RCC can be 
extremely variable. Many tumors are clinically occult, 
leading to delayed diagnosis, when a more advanced and 
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RADIOLOGIC DIAGNOSIS
The prognosis for patients whose tumors were diagnosed 
incidentally is more favorable than that for patients whose 
tumors caused symptoms, partly because the former group 
consists of patients with smaller tumors that tend to be 
confined to the kidney.151,173 For patients with symptoms 
suggestive of RCC, numerous radiologic approaches are 
available for the evaluation of the kidney. With the advent 
of CT, MRI, and sophisticated ultrasonography, many of the 
more invasive procedures of the past are largely of historical 
interest and are rarely used in clinical practice. Although 
intravenous pyelography remains useful in the evaluation of 
hematuria, CT and ultrasonography are the mainstays of 
evaluation of a suspected renal mass. As seen on CT, the 
typical RCC has a heterogeneous density and enhances with 
use of a contrast agent (Figure 41.3).174,175

Cystic renal masses are graded on the basis of a long-
standing classification system first introduced by Bosniak in 
1986 and since updated and validated in numerous studies 
with surgical pathologic assessment.176 The Bosniak renal 
cyst classification has been classically applied in evaluation 
of cystic masses using contrast-enhanced CT. Ultrasonogra-
phy, although less sensitive than CT in detecting renal 
masses,177 can be of use (albeit limited) in characterizing 
simple or minimally complex renal cysts—those containing 
one or two hairline-thin septa.178

Cystic renal masses are characterized according to wall 
thickness; presence or absence, number, and thickness of 
septa; enhancement of septa and/or thickened wall; and 
presence or absence of solid enhancing components (Table 
41.2).179 Presence of malignancy correlates with the Bosniak 
classification: in category I and II lesions, malignancy is very 
rare; in category IIF lesions the malignancy rate is approxi-
mately 5% to 15%; in category III lesions it is 30% to 60%; 
and in category IV lesions it is more than 90%. Use of  
MRI in conjunction with a modified Bosniak system  
for evaluating cystic masses has been studied and is an 
acceptable alternative when the patient cannot undergo CT 
with a contrast agent.180 In some patients unable to undergo 
contrast-enhanced CT because of moderate to severe 
chronic kidney disease, the risk of nephrogenic systemic 
fibrosis may outweigh the potential benefits of imaging.181 
Currently used gadolinium-based MRI contrast agents have 
an FDA-required “black box warning” owing to the risk of 
inducing nephrogenic systemic fibrosis.

Renal arteriography is rarely employed in current prac-
tice, having been supplanted by magnetic resonance angi-
ography and CT with three-dimensional reconstruction 
(Figure 41.4) to delineate vascular anatomy and assist in 
surgical planning.182 MRI with gadolinium enhancement is 
superior to CT for evaluating the inferior vena cava if tumor 
extension into this vessel is suspected.183 MRI is also a useful 
adjunct to ultrasonography in the evaluation of renal masses 
if a radiographic contrast agent cannot be administered 
because of allergy or inadequate renal function.

Although most solid renal masses are RCCs, some benign 
lesions complicate the diagnosis. The most common of 
these rare tumors are angiomyolipomas (renal hamarto-
mas). Unless very small, angiomyolipomas are readily distin-
guishable from RCCs by the finding of a distinctive fat 
density on CT.184 However, given that several reports have 

site of metastasis). Other common sites, from most to least 
common, are lymph nodes, bone, liver, adrenal gland, con-
tralateral kidney, and brain. Patients may present with 
pathologic fractures, cough, hemoptysis, dyspnea related to 
pleural effusions, or palpable nodal masses. Clear cell 
pathologic features in the metastatic lesion and/or the 
finding of a renal mass on staging CT usually lead to the 
proper diagnosis.

A number of patients with RCC experience systemic 
symptoms or paraneoplastic syndromes.156-158 Fever is one of 
the more common manifestations of the disease, occurring 
in up to 20% of patients.159 It is usually intermittent and is 
often accompanied by night sweats, anorexia, weight loss, 
and fatigue. Secondary amyloidosis has been reported in as 
many as 3% to 5% of patients.156 Anemia is also common in 
patients with RCC and frequently precedes the diagnosis  
by several months.154,158,160,161 Hepatic dysfunction in the 
absence of metastatic disease was noted and labeled Stauffer’s 
syndrome.162 This syndrome, manifested as abnormal results 
on liver function tests (particularly elevations of alkaline 
phosphatase, α2-globulin, and transaminases) and pro-
longed prothrombin time, has been reported to occur in up 
to 7% of patients with RCC. Hepatic dysfunction frequently 
occurs in association with fever, weight loss, and fatigue. The 
syndrome likely results from the overproduction of cyto-
kines, such as granulocyte-macrophage colony-stimulating 
factor or possibly interleukin-6 (IL-6), by the tumor.163,164 
Even though the laboratory abnormalities and other symp-
toms often revert to normal after nephrectomy, this syn-
drome is associated with an elevated risk of recurrence and 
an overall poor 5-year survival.

Hormones produced by RCCs include parathyroid-like 
hormone, gonadotropins, placental lactogen, adrenocorti-
cotropic hormone–like substance, renin, erythropoietin, 
glucagon, and insulin.165 Several of these hormones have 
been associated with specific paraneoplastic phenomena. 
Erythrocytosis, defined as a hematocrit value greater than 
55 mL/dL, occurs in 1% to 5% of patients with RCC and 
appears to be due to constitutive erythropoietin production 
by kidney cancer cells.

Hypercalcemia occurs in up to 15% of all patients with 
RCC. The presence of hypercalcemia has been defined  
as an independent negative prognostic factor in patients 
with metastatic RCC and can be associated with lytic bone 
metastases.166 Hypercalcemia can occur in the absence 
of osseous metastases, and the ectopic production of para-
thyroid hormone–related peptide by the primary tumor 
has been documented in these cases.167 In other patients, 
elevated prostaglandin values have been implicated in  
the development of hypercalcemia, which may respond  
to indomethacin treatment.168 Long-acting bisphospho-
nates such as pamidronate and zoledronic acid are the 
treatment of choice in patients with metastatic RCC and 
hypercalcemia.169 These agents may be especially beneficial 
in patients with lytic bone metastases, in whom such 
therapy might also reduce the incidence of pathologic 
fractures.169,170 The concurrent use of antiangiogenic thera-
pies and bisphosphonates has been found to be associated 
with a higher risk for osteonecrosis of the jaw than bisphos-
phonate therapy alone.171,172 This finding will prompt 
further investigation into the risks of concurrent usage of 
these agents.
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Figure 41.3 A, Computed tomography (CT) scan revealing massive 
renal cell carcinoma arising from the right kidney (arrow) and pushing 
the kidney anteriorly. Note the distortion of the collecting system.  
B, CT scan for the same patient demonstrates tumor thrombus 
(arrow) in the center of the inferior vena cava. (From Richie JP, Garnick 
MB: Primary renal and ureteral cancer, in Rieselbach RE, Garnick  
MB, editors: Cancer and the kidney, Philadelphia, 1982, Lea & Febiger, 
p 662.)

A

B

Table 41.2  Bosniak Classification of 
Renal Cysts

Category Description

I A benign simple cyst with a hairline-thin 
wall that does not contain septa, 
calcifications, or solid components. It 
measures water density and does not 
enhance.

II A benign cyst that may contain a few 
hairline-thin septa in which “perceived” 
enhancement may be present. Fine 
calcification or a short segment of 
slightly thickened calcification may be 
present in the wall or septa. Uniformly 
high attenuation lesions < 3 cm 
(so-called high-density cysts) that are 
well marginated and do not enhance 
are included in this group. Cysts in this 
category do not require further 
evaluation.

IIF (F for follow-up) Cysts that may contain multiple 
hairline-thin septa or minimal smooth 
thickening of their wall or septa. 
Perceived enhancement of their septa 
or wall may be present. Their wall or 
septa may contain calcification that 
may be thick and nodular, but no 
measurable contrast enhancement is 
present. These lesions are generally 
well marginated. Totally intrarenal 
nonenhancing high-attenuation renal 
lesions > 3 cm are also included in 
this category. These lesions require 
follow-up studies to prove benignity.

III “Indeterminate” cystic masses that  
have thickened irregular or smooth 
walls or septa in which measurable 
enhancement is present. These are 
surgical lesions, although some will 
prove to be benign (e.g., hemorrhagic 
cysts, chronic infected cysts, 
multiloculated cystic nephroma),  
and some will be malignant (e.g., 
cystic renal cell carcinoma and 
multiloculated cystic renal cell 
carcinoma).

IV These are clearly malignant cystic 
masses that can have all the criteria 
of category III but also contain 
enhancing soft tissue components 
adjacent to, but independent of, the 
wall of septum. These lesions include 
cystic carcinomas and require surgical 
removal.

From Israel GM, Bosniak MA: An update of the Bosniak renal 
cyst classification system. Urology 66:484, 2005.

shown that macroscopic fat can be detected within RCCs, it 
may no longer be possible to dismiss all fat-containing 
lesions identified on CT as benign.185 Fat-poor angiomyoli-
pomas have also been described that are very difficult to 
distinguish from RCCs on preoperative imaging and thus 
frequently must be resected to rule out a malignant neo-
plasm.186 As mentioned previously, renal oncocytoma has 
been described to appear on CT as a central stellate scar 
within a homogeneous, well-circumscribed solid mass.187 
This finding is nonspecific, however, and cannot be used to 
clinically exclude the diagnosis of clear cell carcinoma.

The role of radionuclide bone scanning in the initial 
diagnosis and preoperative staging of RCC is unclear. 
Although bone scanning demonstrates high sensitivity in 
the detection of osteoblastic metastases, RCC usually pro-
duces osteolytic lesions that may be missed by bone scan. 

Atlas and colleagues suggested that a combination of bone 
pain on presentation plus an elevated serum alkaline phos-
phatase value were comparable to bone scan results in evalu-
ating patients with RCC.188 Koga and colleagues demonstrated 
bone scan to have a sensitivity of 94% and specificity of 86%, 
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An additional application of PET involves the use of anti-
bodies such as the chimeric monoclonal antibody chimeric 
G250 to carbonic anhydrase IX.192 Carbonic anhydrase IX 
is expressed in more than 90% of RCCs.193,194 In the first 
immune PET study, iodine 124–labeled antibody chimeric 
G250 (124I-cG250) PET had a sensitivity of 94% in correctly 
identifying clear cell (cc) RCCs. G250-PET also correctly 
predicted all non–clear cell histologic types. A multicenter 
phase III clinical trial corroborated these results; 124I-cG250 
PET/CT was compared with contrast- enhanced CT (CECT) 
for the detection of ccRCC. The average sensitivity and 
specificity were higher for 124I-cG250 PET/CT than for 
CECT (86.2% vs. 75.5% and 85.9% vs. 46.8%, respec-
tively).195 Despite the encouraging result for 124I-cG250 PET 
in assessing primary tumors, its performance in evaluating 
metastatic lesions has been shown to be significantly inferior 
to that of FDG-PET.196

Although morphologic or functional imaging modalities 
such as CT, MRI, and PET have been used to evaluate renal 
masses, Doppler ultrasonography with contrast agent injec-
tion has been shown to provide both morphologic and func-
tional information about renal lesions. The size of tumors 
can be accurately measured and the percentage of contrast 
agent uptake (which provides an approximation of tumor 
vascularity) can be evaluated with this technique. In the era 
of new antiangiogenic treatment modalities, assessment of 
tumor neovascularization is of major importance, and this 
parameter could be a potential biomarker for treatment 
evaluation.

STAGING AND PROGNOSIS
After the presumptive diagnosis of RCC has been made, 
attention must be turned to the delineation of the extent of 
involvement of regional and distant metastatic sites. RCCs 
can grow locally into very large masses and invade through 
surrounding fascia into adjacent organs. The most common 
sites of metastases are the regional lymphatics, lungs, bone, 
liver, brain, ipsilateral adrenal gland, and contralateral 
kidney. The rates of metastasis to these sites are listed in 
Table 41.3.197,198 Metastases to unusual sites, such as the 
thyroid gland, pancreas, mucosal surfaces, skin, and soft 
tissue, are not uncommon in this disease. CT of the abdomen 
is the principal radiologic tool for defining the local and 

with a low yield in patients with earlier-stage primary tumors. 
They recommended omitting bone scanning in patients 
with T1 to T3a tumors and no bone pain.189

A number of studies have been published evaluating the 
role of fluorine F 18 2-fluoro-2-deoxy-d-glucose positron 
emission tomography (FDG-PET) for the detection and 
management of RCC primary and metastatic lesions. Kang 
and colleagues studied 66 patients with primary RCC and 
reported 60% sensitivity of FDG-PET for the primary renal 
mass compared with 91.7% for CT, whereas the specificities 
for both were 100%.190 Other studies have shown sensitivity 
rates as low as 31%.191,192 FDG-PET is unlikely to be used as 
a stand-alone study in the evaluation of a patient with a solid 
renal mass.

In the restaging and follow-up of RCC, FDG-PET scan-
ning provides information that is complementary to that of 
conventional imaging and can alter management decisions. 
The sensitivity and specificity of FDG-PET in detecting 
recurrent or metastatic disease are better than the sensitivity 
and specificity when it is used for the evaluation of primary 
lesions.191 In this disease process, sensitivity of this imaging 
method is significantly lower when metastatic lesions smaller 
than 1 cm are evaluated. False-negative and false-positive 
readings are significant, and FDG-PET is not a substitute for 
contrast-enhanced CT in the detection and follow-up of 
metastatic RCC.

Figure 41.4 Three-dimensional reconstruction of 2-mm computed 
tomography slices for a patient with a venous tumor thrombus from 
renal cell carcinoma. Arrow points to tumor thrombus. (From Halls-
cheidt PJ, Fink C, Haferkamp A, et al: Preoperative staging of renal cell 
carcinoma with inferior vena cava thrombus using multidetector CT and 
MRI: prospective study with histopathological correlation. J Comput 
Assist Tomogr 29:64, 2005.)

Table 41.3  Sites and Frequencies of Metastases 
in Renal Cell Carcinoma

Site Incidence (%)

Lung 50-60
Lymph node 30-40
Bone 30-40
Liver 30-40
Adrenal 20
Opposite kidney 10
Brain 5

From McDougal WS, Garnick M: Clinical signs and symptoms 
of kidney cancer. In Vogelzang NJ, Scardino PT, Shipley 
WU, et al (editors): Comprehensive textbook of genitourinary 
oncology, Baltimore, 1996, Williams & Wilkins.
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tumors larger than 4 cm. It also included renal sinus inva-
sion in the T3a classification and renal vein invasion in the 
T3b subset.200 The seventh edition of the American Joint 
Committee on Cancer (AJCC) staging system, released in 
2010, includes relevant changes to the T3 and T4 defini-
tions; it also defines node-positive disease as N1 regardless 
of number of positive nodes. This updated system accurately 
characterizes the disease with respect to prognosis. Patho-
logic stage remains the most consistent single prognostic 
variable that influences survival. Survival based on stage is 
shown in Table 41.5.

The Fuhrman grading system for RCC is based on nuclear 
characteristics (size, contour, and nucleoli) and uses a scale 
from 1 to 4, in which 4 represents the highest degree of 
nucleolar irregularity and indicates a poorer prognosis.92 
Mitotic activity is not considered in the grading system. 
Although the Fuhrman grading system as a prognostic tool 
has been validated for clear cell kidney carcinoma, its use 
for the other histologic subtypes (especially papillary and 
chromophobe) is a topic of debate.92,201

Identification of novel clinicopathologic prognosticators 
in RCC has resulted in a gradual transition from classifica-
tions that use clinical factors, such as the TNM staging 
system and Fuhrman grade, to systems that integrate mul-
tiple validated prognostic factors. Motzer and colleagues 
examined features predictive of survival in 670 patients with 
stage IV disease enrolled in clinical trials at Memorial Sloan-
Kettering Cancer Center (MSKCC).166 Significant factors 
predictive of poor outcome in a multivariate analysis 
included Karnofsky performance status score less than 80%, 
hemoglobin level less than 10 mg/dL, serum lactate dehy-
drogenase level more than 1.5 times the upper limit of 
normal, corrected serum calcium level more than 10 mg/
dL, and lack of prior nephrectomy. A risk model was created 
using these five factors to assign patients to one of three 
groups: those with zero risk factors (favorable risk), those 
with one or two risk factors (intermediate risk), and those 
with three or more risk factors (poor risk). Median survival 
for the group as a whole was 10 months but ranged from 15 
months for patients in the favorable-risk group to 4 months 
for patients in the poor-risk group (Figure 41.5).166 These 
prognostic factors have been validated in cohorts heavily 
treated with multiple non-antiangiogenic and noncytokine 

regional extent of an RCC. The accuracy of CT in staging 
RCC is close to 90%.199 In clinically advanced disease, staging 
evaluation should also include CT of the chest and bone 
scanning. At initial presentation approximately 2% of 
patients have bilateral tumors and 25% to 30% have overt 
metastases.197 If metastatic disease is suspected on the basis 
of staging studies, pathologic confirmation is required 
before therapy is contemplated. It is often more useful to 
perform a biopsy of a metastatic site rather than the primary 
tumor because of the presence of necrosis in the primary 
lesion. CT or ultrasound-guided percutaneous needle 
biopsy of a suspected lung, liver, lymph node, adrenal, or 
sometimes even skeletal metastasis frequently yields diag-
nostic material.

The TNM staging system for RCC (Table 41.4) has largely 
supplanted the previously used Robson system. The TNM 
system was modified in 2002 with the division of T1 tumors 
into T1a for tumors 4 cm or less in diameter and T1b for 

Table 41.4  TNM Staging for Renal Cell 
Carcinoma

Primary tumor 
(T)

TX Primary tumor cannot be 
assessed

T0 No evidence of primary tumor
T1a Tumor 4 cm in greatest 

dimension, limited to the kidney
T1b Tumor > 4 cm but ≤ 7 cm in 

greatest dimension, limited to 
the kidney

T2a Tumor > 7 cm but ≤ 10 cm in 
greatest dimension, limited to 
the kidney

T2b Tumor >10 cm, limited to the 
kidney

T3a Tumor grossly extends into the 
renal vein or its segmental 
(muscle-containing) branches, 
or tumor invades perirenal and/
or renal sinus fat, but not 
beyond Gerota’s fascia

T3b Tumor grossly extends into the 
vena cava below the diaphragm

T3c Tumor grossly extends into the 
vena cava above the diaphragm 
or invades the wall of the vena 
cava

T4 Tumor invades beyond Gerota’s 
fascia (including contiguous 
extension into the ipsilateral 
adrenal gland)

Regional lymph 
nodes (N)

NX Regional lymph nodes cannot be 
assessed

N0 No regional lymph node 
metastases

N1 Regional lymph node metastases
Distant 

metastasis (M)
M0 No distant metastases
M1 Distant metastases

Adapted from Edge SB, et al; American Joint Committee on 
Cancer: AJCC cancer staging manual, 7th ed, New York, 
2010, Springer, xiv.

Table 41.5  Correlation of Stage Grouping 
with Survival in Patients with Renal 
Cell Cancer

Stage Grouping 5-Year Survival (%)

I T1 N0 M0 90-95
II T2 N0 M0 70-85
III T3a N0 M0 50-65

T3b N0 M0 50-65
T3c N0 M0 45-50
T1 N1 M0 25-30
T2 N1 M0 25-30
T3 N1 M0 15-20

IV T4 Any N M0 10
Any T N2 M0 10
Any T Any N M1 <5
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tures, as well as biologic features like IL-6 and VEGF produc-
tion may be useful in predicting survival.73,210,212-214

SURGICAL TREATMENT
Nephrectomy

The mainstay of treatment of primary RCC is surgical exci-
sion or nephrectomy. Nephrectomy represents the only 
proven curative modality. Radical nephrectomy, which 
involves the early ligation of the renal artery and renal vein 
and excision en bloc of the kidney with surrounding Gerota’s 
fascia and ipsilateral adrenal gland, became the procedure 
of choice in the 1960s. Various surgical approaches (open 
and minimally invasive) are available for the effective per-
formance of this procedure. Minimally invasive approaches 
have been shown to have equivalent oncologic outcomes to 
those of open approaches. Laparoscopic partial nephrec-
tomy is a viable alternative to an open procedure, with 
equivalent surgical efficacy and safety and substantially 
reduced postoperative recovery time.215

With better understanding of tumor biology and chang-
ing patterns of presentation, the value of radical nephrec-
tomy is being reassessed. Involvement of the ipsilateral 
adrenal gland occurs only 4% of the time, and in most 
instances, it is associated with direct extension from a large 
upper-pole lesion or with the presence of nodal or distant 
metastases.216-218 As a consequence, adrenalectomy is often 
reserved for patients with large upper-pole lesions or those 
in whom solitary ipsilateral adrenal metastases have been 
identified on preoperative staging studies.

Nephron-Sparing Surgery

The American Urological Association released guidelines 
for nephron-sparing surgery or partial nephrectomy.219 This 
release has expanded the role of nephron-sparing surgery 
from an elective option to the standard of care for patients 
with clinical stage T1a (cT1a) tumors (tumors < 4 cm) ame-
nable to partial nephrectomy, and as an option in patients 
with tumors from 4 to 7 cm in whom preservation of renal 
function is a priority. The generally accepted criteria for 
consideration of nephron-sparing or partial nephrectomy 
are listed in Table 41.6. These include bilateral tumors, 
tumor in a solitary kidney, and compromised renal func-
tion.220,221 Overall survival of patients undergoing partial 
nephrectomy is equivalent to that of patients with disease  
of a comparable stage who underwent radical nephrec-
tomy.221-223 A retrospective review of data for 648 patients 
who underwent either radical or partial nephrectomy for 
cT1a renal masses suggested a survival advantage with partial 
nephrectomy.224 This advantage may be explained by the 
increased rate of future development of renal insufficiency 
in patients who undergo radical nephrectomy.225,226

In patients with small, solitary tumors, the rate of local 
recurrences is 0% to 7%,227 with a number of series report-
ing no local recurrences. Several retrospective series57,228-231 
and one prospective study232 have demonstrated equivalent 
survivals for patients who undergo partial nephrectomy and 
those who undergo radical nephrectomy.

Minimally invasive techniques (including laparoscopic 
and robotic partial nephrectomies) are being used in  
the setting of nephron-sparing surgery.233-235 Laparoscopic 
partial nephrectomy has been associated with a higher 

therapies.202 The MSKCC criteria have been validated across 
multiple institutions, and adding the number of metastatic 
sites to this model even better defines outcomes for patients 
with favorable, intermediate, and poor risk.166-168,203-205 Cur-
rently, the Memorial Sloan-Kettering Prognostic Factors 
Model is the most commonly used nomogram for prognos-
tication in clinical and experimental settings.

Investigators at the University of California at Los Angeles 
(UCLA) have developed the UCLA Integrated Staging 
System (UISS), a system based on TNM stage, grade, and 
Eastern Cooperative Oncology Group (ECOG) perfor-
mance status.206 Patients are stratified into three risk groups 
according to the probability of tumor recurrence and sur-
vival, and risk group–specific surveillance guidelines are 
offered. On the basis of data from a large sample of patients, 
investigators at the Mayo Clinic devised the stage, size, 
grade, and necrosis (SSIGN) scoring system, in which 
patients with clear cell kidney carcinoma were assigned a 
score based on tumor stage, tumor size, nuclear grade, and 
the presence of necrosis.207 With use of the SSIGN score, 
cancer-specific survival at 1 to 10 years after treatment can 
be estimated for an individual patient. Investigators at 
MSKCC combined tumor stage, tumor size, histologic 
subtype, and symptoms at presentation into a nomogram 
that predicted the probability of freedom from recurrence 
at 5 years after treatment.206 This nomogram has been 
updated for the clear cell variant of RCC and includes 
tumor stage, tumor size, nuclear grade, necrosis, vascular 
invasion, and symptoms at presentation as prognostic 
factors.208 For clear cell carcinomas, clinical factors that 
influence survival include performance status grade and  
the presence of paraneoplastic signs or symptoms such  
as anemia, hypercalcemia, hepatopathy, fever, and weight 
loss.172-174,209-211 Various microscopic features, such as 
Fuhrman nuclear grade and sarcomatoid histologic fea-

Figure 41.5 Survival and prognostic stratification for renal cell car-
cinoma. Survival rates in a series of 86 patients with metastatic renal 
cell carcinoma treated by various modalities are compared with the 
survival of patients treated with adjunctive nephrectomy. HGB, hemo-
globin; KPS, Karnofsky performance status; LDH, lactate dehydroge-
nase. (From Motzer RJ, Mazumdar M, Bacik J, et al: Survival and 
prognostic stratification of 670 patients with advanced renal cell carci-
noma. J Clin Oncol 17:2530, 1999.)
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nephrectomies, Lane and coworkers found that patients 
with preexisting CKD had worse overall survival than patients 
with surgically induced renal dysfunction.246 In addition, 
postoperative eGFR predicted survival only for patients with 
preexisting CKD, not for patients with normal preoperative 
kidney function.246 These findings suggest that patients with 
preexisting CKD are most likely to benefit from nephron-
sparing surgery.

Energy-Based Tissue Ablation

Over the past decade, cryoablation and radiofrequency abla-
tion have emerged as treatment alternatives for a select 
group of patients with localized renal tumors. Although 
long-term follow-up has not been achieved, oncologic effec-
tiveness in the intermediate term is comparable to that of 
the current gold standard treatment modalities.247,248 Abla-
tive techniques are hindered by their association with a 
substantially higher risk of local tumor recurrence than with 
extirpative procedures and the need for retreatment. Iden-
tification of residual disease also seems to be more problem-
atic with radiofrequency ablation than with cryoablation. 
There are no randomized trials comparing radiofrequency 
ablation with cryoablation. A meta-analysis comparing the 
two modalities favored cryoablation with regard to need for 
repeat ablation (1.3% for cryoablation vs. 8.5% for radiofre-
quency ablation) and local tumor progression (5.2% for 
cryoablation vs. 12.9% for radiofrequency ablation), but a 
comparison trial needs to be performed because of the 
many inherent flaws in a comparative analysis of this 
type.240,249

Surveillance

Surveillance is an option for the patient with a small renal 
mass (<4 cm) and for the patient with multiple and/or 
bilateral tumors, for example, patients with von Hippel–
Lindau syndrome. Some writers have advocated waiting 
until the largest lesion is more than 3 cm in diameter before 
performing a partial nephrectomy.250 For tumors smaller 
than 4 cm, the rate of progression to metastatic disease has 
been very low (<2%) in all retrospective series. Active sur-
veillance is a reasonable option for patients with limited life 
expectancy or for those unfit for intervention.219 Patients 
should be counseled about the risk, albeit small, of progres-
sion to metastatic disease. Increased use of renal mass biopsy 
may help better select patients for active surveillance by 
identifying benign or indolent cancers.243

Lymph Node Dissection

The benefit of performing a regional lymph node dissection 
in conjunction with the radical nephrectomy is controver-
sial.251 With improved preoperative CT staging, the incidence 
of unsuspected nodal metastases in patients with low-stage 
tumors is less than 1%. Multiple preoperative and intraopera-
tive evaluative nomograms exist and can aid the surgeon in 
determining the benefit of lymph node dissection in con-
junction with nephrectomy.252,253 The only randomized trial 
to evaluate lymph node dissection in patients with RCC 
showed no improvement in survival with such dissection.254 
The results of this study are tempered by the fact that the 
majority of patients enrolled had low-stage (T1 and T2) 
tumors, and thus, the higher-risk patients most likely to 
derive a therapeutic benefit from lymph node dissection 

complication rate (from 1.5 to 2.0 times greater) than open 
surgery and with a warm ischemia time that is approximately 
1.5 times longer. Postoperative nadir creatinine levels have 
not been significantly different in multiple series comparing 
open partial nephrectomy with laparoscopic partial nephrec-
tomy.236 Oncologic outcomes for the laparoscopic proce-
dure have been equivalent to those for open partial 
nephrectomy at large experienced centers.237 Robotic partial 
nephrectomy is currently being evaluated at multiple  
sites, and after short follow-up, outcomes seem to duplicate 
those of laparoscopic partial nephrectomy.238 In several ret-
rospective series, robotic partial nephrectomy has been asso-
ciated with decreased overall blood loss and shorter warm 
ischemia time than that associated with laparoscopic partial 
nephrectomy.239-243 The proposed benefit of robotic in com-
parison with laparoscopic partial nephrectomy is in recon-
struction of the renal unit after extirpation (especially of 
more complex masses), but this claim awaits validation in 
larger series with adequate follow-up.

Impact of Surgical Treatment for Renal Cell 
Carcinoma on Kidney Function

Partial nephrectomy is the treatment of choice for cT1a 
renal masses in order to preserve renal function, especially 
in patients with already existing chronic kidney disease 
(CKD). An analysis of renal function outcomes from the 
European Organization for Research and Treatment of 
Cancer (EORTC) randomized trial 30904 (partial nephrec-
tomy versus radical nephrectomy for renal masses ≤ 5 cm) 
revealed that partial nephrectomy was associated with less 
moderate renal dysfunction (estimated glomerular filtra-
tion rate [eGFR] < 60 mL/min/1.73 m2 in comparison with 
radical nephrectomy (eGFR < 45 mL/min/1.73 m2) at a 
median follow-up of 6.7 years.244 This benefit in renal func-
tion did not result in improved survival, because overall 
survival favored the radical nephrectomy arm (P = 0.032).245 
However, there was no difference in advanced kidney disease 
(eGFR < 30 mL/min/1.73 m2) and kidney failure (eGFR < 
15 mL/min/1.73 m2) between the two treatment arms. In 
a retrospective review of more than 4000 partial and radical 

Table 41.6  Indications for Partial Nephrectomy

Absolute All renal masses < 4 cm amenable to partial 
nephrectomy (clinical T1a)

Bilateral tumors
Tumor in solitary kidney
Tumor in functionally solitary kidney
Compromised renal function
Multiple recurrent tumors (von Hippel–Lindau 

syndrome)
Relative Localized tumor with progressive disorder 

that may impair renal function
History of familial renal cell carcinoma
Oncocytoma (preoperative pathologic 

diagnosis)
Elective Tumors 4-7 cm (clinical T1b) amenable to 

partial nephrectomy
Controversial Large (>5 cm) tumors in patients with normal 

contralateral kidney
Centrally located tumors in patients with 

normal contralateral kidney
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(Clavien-Dindo grade > 3) were not significantly different 
from those in patients undergoing immediate cytoreductive 
surgery.277 These data, combined with those from small case 
series, have generated hypotheses that should be further 
evaluated in larger prospective trials.278,279

Resection of Metastatic Disease

Surgical resection of metastatic disease has been actively 
pursued in certain clinical situations. Patients who have a 
synchronous solitary metastasis at presentation have lower 
survival than patients in whom metastasis develops after the 
primary tumor is removed (metachronous metastasis).280 
Nonetheless, it is common to resect solitary or oligometas-
tastic disease, often in the ipsilateral lung or adrenal gland, 
in conjunction with nephrectomy, and occasionally patients 
remain disease free long term.281-283 On the other hand, 
5-year survival rates as high as 50% have been reported for 
patients undergoing resection of isolated metachronous 
metastases.284-286 Time to presentation of metastatic disease 
(after initial nephrectomy) is a significant prognostic indica-
tor for those undergoing metastasectomy.

SYSTEMIC THERAPY
Although surgical resection of localized disease can be cura-
tive, 25% to 30% of patients have metastatic disease at pre-
sentation, and as many as 30% to 40% of patients with a 
surgical “cure” later experience a recurrence. The current 
median survival for patients with metastatic RCC can vary 
greatly, depending on multiple prognostic factors.202 The 
MSKCC-defined risk categories “favorable,” “intermediate,” 
and “poor” are associated with median overall survival rates 
of 26 months, 14.4 months, and 7.3 months, respectively.202,204 
Patient selection greatly influences response rate and sur-
vival, and this factor must be kept in mind when one evalu-
ates the results of any phase II or III study. Treatment 
options over the years have included hormonal therapy, 
chemotherapy, and immunotherapy; however, attention has 
lately been given to targeted therapy approaches.

Adjuvant Therapy

Because a substantial number of patients with high-risk fea-
tures experience recurrence after primary nephrectomy, an 
adjuvant therapy could be useful in their treatment. The risk 
of recurrence after nephrectomy for an individual patient 
can be calculated with one of the validated models discussed 
in the staging and prognosis section of this chapter.287 The 
ECOG completed a trial comparing adjuvant interferon alfa 
therapy with observation after resection of high-risk RCC. At 
a minimum follow-up of 36 months and a mean of 68 months 
overall, no statistically significant difference in disease-free 
survival was observed between the two study arms.288

A smaller study performed by the EORTC also showed no 
benefit for the adjuvant administration of interferon alfa. 
Although the results were disappointing, the study was 
useful in providing information on the natural history of 
stage III RCC. Specifically, it identified a high-risk group, 
those with T3c, T4, and/or N2 or N3 disease, who had only 
a 20% to 25% chance of remaining disease free at 2 years.288 
This population was believed to be at sufficient risk of 
relapse to justify exploration of more aggressive therapy, 
such as high-dose IL-2, in an effort to prevent or delay 
relapse. Consequently, the Cytokine Working Group 

were not adequately studied. A therapeutic benefit of lymph 
node dissection in patients with metastatic disease undergo-
ing cytoreductive nephrectomy was supported (level 2 evi-
dence) by the findings of several series.255-257 A therapeutic 
benefit of extended lymphadenectomy in patients with clini-
cally evident lymphadenopathy but with no evidence of 
distant metastasis has been suggested.258,259 In locally advanced 
disease, regional lymph node dissection should be performed 
when technically feasible.251

Vena Caval Involvement

Inferior vena caval involvement with tumor thrombus is 
found in about 5% of patients undergoing radical nephrec-
tomy.260 It occurs more frequently with right-sided tumors 
and is commonly associated with metastases. The anatomic 
location of the tumor thrombus is prognostically relevant. 
Although 5-year survival in patients with subdiaphragmatic 
lesions approaches 50%, patients with supradiaphragmatic 
thrombi do considerably less well.261,262 Even at experienced 
centers, the operative mortality may be as high as 5% to 
10%.263,264 Five-year survival in patients with coexisting nodal 
or systemic metastases is extremely low,260 yet a distinct 
subset of patients may benefit from resection and subse-
quent systemic therapy.265

Cytoreductive Nephrectomy

In 2001, results of two randomized studies were published 
demonstrating a significant survival advantage in patients 
with metastatic disease who underwent nephrectomy prior 
to embarking on a course of cytokine therapy.266,267 UCLA 
investigators reported a median survival of 16.7 months and 
a 19.6% 5-year survival rate in patients treated with IL-2–
containing therapy after debulking nephrectomy.268 In addi-
tion, the Cytokine Working Group reported a 21% to 24% 
response rate in patients who received cytokine therapy fol-
lowing recent nephrectomy.269 These two analyses suggested 
that IL-2–based therapy should be considered after nephrec-
tomy in patients who have metastatic kidney cancer.

Several other reports indicated that anywhere from 13% 
to 77% of patients treated in this way never progressed to 
immunotherapy because of complications of treatment or 
rapid, symptomatic disease progression, further emphasiz-
ing the need for proper patient selection if debulking 
nephrectomy is to be entertained.270-273 Recognizing this 
need, Fallick and associates developed strict criteria for 
determining which patients should undergo debulking 
nephrectomy before receiving systemic IL-2 therapy.274 
These criteria included removal of more than 75% of the 
tumor burden, no central nervous system (CNS), bone, or 
liver metastases, adequate pulmonary and cardiac function, 
no significant comorbid conditions, and ECOG perfor-
mance status of 0.274

Cytoreductive nephrectomy in the era of molecular tar-
geted agents has not been prospectively evaluated but is 
generally accepted on the basis of the earlier studies with 
cytokine-based therapy.275,276 Newer targeted therapies are 
better than immunotherapy at downsizing the primary 
tumor, but reductions are generally less than 20% by volume. 
The largest series of metastatic patients undergoing cytore-
ductive nephrectomy after pretreatment with targeted 
agents confirmed an increased risk for specific wound-
related complications, but overall and severe complications 
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survival in large phase III randomized trials, with several 
more awaiting data maturity. Response rates and tolerability 
of these agents are better than those of cytokines, but there 
are only sporadic cases of durable complete responses. 
Despite the advances brought by targeted agents, there is 
still a role for cytokine therapy in selected patients. With the 
influx of so many new targeted agents and a second genera-
tion of agents currently being tested, questions that remain 
to be answered are “What is the appropriate sequencing of 
the agents?” and “Is combination therapy safe and is it more 
effective than single-agent therapy?” The development of 
novel clinical trial designs with multi-institutional and mul-
tinational cooperation will be crucial in answering these 
questions.

Sunitinib.  Sunitinib is a small-molecule multitargeted kinase 
inhibitor of VEGF receptor (VEGFR), PDGF receptor 
(PDGFR), the proto-oncogene c-Kit, and the receptor FLT3 
(FMS-like tyrosine kinase 3). Two phase II studies were  
performed in patients with metastatic RCC refractory to  
cytokine therapy. The first trial enrolled 63 patients, the 
majority of whom had tumors with clear cell histologic  
features and had undergone nephrectomy. The response 
rate was 40% with no patients showing a complete response, 
and the progression-free survival was 8.1 months.303 A 
subsequent 106-patient study, in which all individuals  
had clear cell carcinoma, had undergone nephrectomy, and 
had shown no response to cytokine therapy, demonstrated  
a 25% response rate after independent review. On the basis 
of these phase II data, sunitinib was approved by the FDA  
in January 2006.

A phase III trial randomly assigning 750 patients to 
receive either sunitinib or interferon alfa was completed in 
July 2005.304 Progression-free and overall survival rates were 
significantly different between the two groups, in favor of 
sunitinib (11 months vs. 5 months, P = 0.001 and 26.4 
months vs. 21.8 months, P = 0.049, respectively). Objective 
response rate as measured by Response Evaluation Criteria 
in Solid Tumors (RECIST) was 47% for sunitinib and 12% 
for interferon alfa. The most commonly reported sunitinib-
related grade 3 adverse events were hypertension (12%), 
fatigue (11%), diarrhea (9%), and hand-foot syndrome 
(9%). Thyroid abnormalities can be found in more than 
80% of patients and warrant monitoring.305 The develop-
ment of grade 3 systemic hypertension during receipt of 
treatment may be predictive of efficacy.306

Sorafenib.  Sorafenib is a bis-aryl urea originally developed 
as a potent inhibitor of both wild-type and mutant (V599E) 
B-Raf and c-Raf kinase isoforms. It was also found to possess 
inhibitory activity against VEGFR, PDGFR, c-KIT, and FLT3. 
A phase III trial (Treatment Approaches in Renal Cancer 
Global Evaluation Trial [TARGET]) was completed in early 
2005.307 Patients with metastatic RCC for whom one prior 
therapy had failed were randomly assigned to receive either 
sorafenib or placebo. Median progression-free survival was 
5.5 months in the treatment arm and 2.8 months in the 
placebo arm, which were highly statistically significant (P = 
0.000001). Sorafenib was FDA approved in December 2005 
for use in the treatment of advanced RCC. Results of a study 
comparing sorafenib with interferon as first-line therapy 
were published in 2009.308 Progression-free survival was 5.7 

performed a trial randomly assigning patients who met 
these high-risk staging criteria to either a single cycle of 
high-dose IL-2 or observation. Unfortunately, this trial 
showed no survival benefit.289 There is no evidence to 
support the use of interferon or IL-2 in the adjuvant setting 
in patients with high-risk kidney cancer. Two trials that have 
investigated vaccine-based treatment in the adjuvant setting 
are discussed later in this chapter; one has shown promising 
results.290-292

Several adjuvant studies have been performed. ECOG 
trial No. 2805, the Adjuvant Sorafenib or Sunitinib for Unfa-
vorable Renal Carcinoma (ASSURE) study, is a double-
blinded phase III trial randomly assigning 1923 patients to 
receive no treatment, 1 year of sunitinib treatment, or 1 year 
of sorafenib treatment.293 The major endpoint being assessed 
is disease-free survival. Five other phase III trials are cur-
rently accruing patients for adjuvant therapy or have com-
pleted accrual: Sunitinib Treatment of Renal Adjuvant 
Cancer (S-TRAC), SORCE (A phase III randomized double-
blind study comparing SOrafenib with placebo in patients 
with Resected primary renal CEll carcinoma at high or inter-
mediate risk of relapse), ATLAS (Adjuvant Axitinib Therapy 
of Renal Cell Cancer in High Risk Patients), PROTECT  
(A Study to Evaluate Pazopanib as an Adjuvant Treatment 
for Localized Renal Cell Carcinoma), and SWOG (South-
west Oncology Group)S0931, which are evaluating suni-
tinib, sorafenib, axitinib, pazopanib, and everolimus, 
respectively.

Neoadjuvant Therapy

The use of targeted agents as neoadjuvant therapy is on the 
verge of being explored in a large prospective trial. Their 
use could be initiated through a clinical trial in two subsets 
of patients: (1) patients with metastatic disease, to provide 
a test of the benefits of cytoreductive nephrectomy, and  
(2) patients with locally advanced or marginally resectable 
disease, in hopes of reducing severity of disease or at least 
maintaining stability of disease and determining which 
patients have early presentation of nonresponsive metasta-
ses. Several studies have shown variable mean primary 
tumor shrinkage with neoadjuvant targeted therapy ranging 
from 9.6% to 21.1%.294-299 In addition, studies have shown 
contradictory results regarding the effect on vena caval 
tumor thrombus. A 2013 abstract reported results of a  
phase II trial investigating the effect of axitinib on tumor 
downsizing in 19 patients. All patients had locally advanced, 
biopsy-proven ccRCC and were treated with 12 weeks of 
axitinib prior to undergoing radical nephrectomy. Nine 
patients (47%) demonstrated a partial response and none 
progressed.300

Targeted Agents

Given the frequency of biallelic loss of the VHL gene and 
associated dysregulation of hypoxia-inducible genes, includ-
ing those for the proangiogenic growth factors VEGF and 
PDGF, RCC has been a particularly promising target  
for antiangiogenic therapy. The use of the term targeted 
agents is a misnomer, however, because most of these drugs 
act on multiple systems within the cell and so have multiple 
targets (Figure 41.6).301,302 The monoclonal antibodies 
are an exception to this statement. Currently seven drugs 
have shown to improve progression-free survival or overall 
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the placebo arm (hazard ratio [HR], 0.42; 95% CI, 0.34 to 
0.62, P < 0.0000001). In a phase III trial comparing pazo-
panib with sunitinib as first-line therapy, pazopanib was not 
inferior to sunitinib with respect to progression-free and 
overall survival. However, there was a difference in the side-
effect profile between the two drugs. Patients in the suni-
tinib group had a significantly higher risk of hand-foot 
syndrome, stomatitis, hypothyroidism, fatigue, and throm-
bocytopenia, whereas patients in the pazopanib group had 
a significantly higher risk of weight loss, alopecia, and 
increased alanine transferase (ALT) level.311

Axitinib.  Axitinib is an oral second-generation multitar-
geted kinase inhibitor against VEGFR types 1, 2, and 3. A 
phase II clinical trial involving 52 patients in whom cyto-
kines had been ineffective recorded an overall response rate 
(complete plus partial responses by RECIST criteria) of 

months for sorafenib-treated patients, and 5.6 months for 
interferon-treated patients. Owing to the relatively disap-
pointing progression-free survival data in this study, 
sorafenib has fallen out of favor as an agent of first choice.

Pazopanib.  Pazopanib is an oral second-generation multi-
targeted kinase inhibitor of VEGFR types 1, 2, and 3, PDGFR-
α, PDGFR-β, and c-Kit.309 In a phase II clinical trial, the 
tolerability profile was different from that of other multitar-
geted kinase inhibitors, with hypertension in 8%, grade 4 
myelosuppression in 7%, fatigue in 4%, and diarrhea in 3% 
of patients. An international phase III trial in patients with 
RCC was reported in 2009.310 Patients were randomly 
assigned in a 2 : 1 ratio to receive 800 mg pazopanib orally 
per day or placebo. The primary end point was progression-
free survival. Median progression-free survival was 9.2 
months in the pazopanib-treated group and 4.2 months in 

Figure 41.6 Therapeutically relevant biologic pathways in renal cell carcinoma. In conditions of normoxia and normal von Hippel–Lindau (VHL) 
gene function, VHL protein is the substrate recognition component of an E3 ubiquitin ligase complex that targets hypoxia-inducible factor-α 
(HIF-α) for proteolysis. In cellular hypoxia or with an inactivated VHL gene, the VHL protein–HIF interaction is disrupted, leading to stabilization 
or accumulation of HIF transcription factors. HIF accumulation can also result from activation of mammalian target of rapamycin (mTOR) 
downstream of cellular stimuli and the phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) pathway. mTOR phosphorylates and activates 
p70S6 kinase (p70S6K), resulting in enhanced translation of certain proteins, including HIF. Activated mTOR also phosphorylates 4E binding 
protein 1 (4E-BP1), promoting dissociation of this complex and allowing a eukaryotic translation initiation factor 4E (eIF-4E) to stimulate an 
increase in the translation of messenger RNAs (mRNAs) that encode cell cycle regulators, such as c-Myc and cyclin D1. Activated HIF trans-
locates into the nucleus and causes transcription of a large repertoire of hypoxia-inducible genes, including vascular endothelial growth factor 
(VEGF) and platelet-derived growth factor (PDGF). These ligands bind to their cognate receptors present on the surfaces of endothelial cells, 
leading to cell migration, proliferation, and permeability. Sites of action of targeted therapies are illustrated. Temsirolimus and everolimus bind 
to FK506-binding protein (FKBP), and the resultant protein-drug complex inhibits the kinase activity of mTOR complex 1 (mTORC1). Bevaci-
zumab is a VEGF ligand–binding antibody. Sunitinib, sorafenib, axitinib, and pazopanib are small-molecule inhibitors of multiple tyrosine kinase 
receptors, including the receptors for VEGF (VEGFR) and PDGF (PDGFR). GbL, G protein beta subunit-like; OH, hydroxyl; P, phosphorylation; 
Pro, proline; Ub, ubiquitin. (From Rini BI: Metastatic renal cell carcinoma: many treatment options, one patient. J Clin Oncol 27:3225, 2009; and 
Rini BI, Campbell SC, Escudier B: Renal cell carcinoma. Lancet 373:1119, 2009.)
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receiving the combination therapy was 8.4 months and was 
not significantly different from that in the temsirolimus-only 
arm. The most common serious adverse events in the 
temsirolimus-only arm were anemia (20%), asthenia (11%), 
and hyperglycemia (11%). Temsirolimus is currently first-
line monotherapy for treatment-naive patients with poor-
risk metastatic RCC (including tumors with non–clear cell 
histologic characteristics).

Everolimus.  Everolimus is an orally bioavailable mTOR 
inhibitor. A phase III clinical trial evaluating everolimus 
randomly assigned subjects—patients whose cancer had 
progressed while being treated with at least one targeted 
agent—to receive either everolimus or placebo in a 2 : 1 
ratio.317 Patients receiving everolimus demonstrated both 
decreased risk of progression (HR, 0.30; 95% CI, 0.22 to 
0.40) and longer median progression-free survival (4.0 
months vs. 1.9 months) in comparison with those receiving 
placebo. There were no significant differences in overall 
survival, likely because most patients in the placebo arm 
were crossed over to receive everolimus once disease pro-
gression was documented. Serious adverse events (grade 3 
or 4) in the everolimus and placebo groups were stomatitis 
(3% and 0%, respectively), fatigue (3% and 1%, respec-
tively), and pneumonitis (3% and 0%, respectively). The 
FDA approved everolimus for the treatment of patients with 
metastatic RCC after failure of treatment with sunitinib or 
sorafenib.

Vaccines

The goal of tumor vaccines is to stimulate the host immune 
system to recognize and attack existing tumor cells. There 
are four types of tumor vaccines: autologous tumor cells, 
genetically modified tumor cells, antigen-loaded dendritic 
cells, and peptides derived from tumor-associated antigens. 
Only three randomized phase III studies have investigated 
the use of vaccines in the treatment of RCC. Two of these 
vaccines were tested in the adjuvant setting and one was 
tested in the metastatic setting.290-292,318 An autologous tumor 
vaccine (Reniale) was evaluated in a phase III trial and found 
to improve progression-free survival in patients with high-
risk nonmetastatic RCC (P = 0.0476).290,291 In the subgroup 
with T3 tumors (staged according to AJCC edition 4), the 
5-year progression-free survival was 67.5%, versus 49.7% in 
the untreated control group. A subset analysis of patients 
with T3 disease also showed a benefit in overall survival (P = 
0.024). The vaccine is not commercially available in Europe 
or the United States at this time. A multinational clinical trial 
that integrates the current staging system could provide 
more insight into patient selection and the role of this 
vaccine in adjuvant treatment of high-risk disease.

In a phase III multinational open-label clinical trial, more 
than 800 patients with high-risk tumors were randomly 
assigned to receive a heat shock protein complex derived 
from autologous tumors (vitespen) or to observation alone. 
No difference in recurrence-free survival was seen between 
the groups.292 The third phase III trial used the attenuated 
virus, modified vaccinia Ankara (MVA), to deliver the tumor 
antigen 5T4 (TroVax) to immune cells. 5T4 is a transmem-
brane glycoprotein that is rarely expressed in normal tissue 
but has high expression in most tumors and is retained in 
the metastatic tissues.318 Patients were randomly assigned to 

44.2%.312 At a median follow-up of 20 months, median 
progression-free survival was 15.7 months and median 
overall survival was 31.1 months. Dosage reduction was 
required in 29% of patients because of serious adverse 
events. Unlike with pazopanib, there were no cases of grade 
3 or 4 myelosuppression.

Another phase II study enrolled 62 patients who showed 
no response to sorafenib and 72% had received prior sys-
temic therapy. Axitinib dosages were titrated up and down 
from 5 mg/day. Overall response rate was 22.6%. Median 
progression-free and overall survival were 7.4 and 13.6 
months, respectively. Serious adverse events (grade 3 or 4) 
were hand-foot syndrome (16.1%), fatigue (16.1%), hyper-
tension (16.1%), dyspnea (14.5%), diarrhea (14.5%), and 
hypotension (6.5%).312 A prospective randomized phase III 
trial of 723 patients comparing axitinib to sorafenib in 
patients with metastatic RCC that did not respond to a  
prior first-line therapy demonstrated significantly longer 
progression-free survival for axitinib than for sorafenib (6.7 
months vs. 4.7 months, respectively, P < 0.0001). The most 
common adverse events were diarrhea, hypertension, and 
fatigue in the axitinib group, and diarrhea, hand-foot syn-
drome, and alopecia in the sorafenib group.313

Bevacizumab.  Bevacizumab is an intravenously adminis-
tered human monoclonal antibody directed against VEGF. 
All circulating VEGF isoforms are bound and neutralized by 
this antibody, thus prohibiting ligand binding to the VEGF 
receptor and consequently inhibiting signal transduction in 
the endothelial cell. Bevacizumab in combination with 
interferon alfa was approved by the FDA in July 2009 as a 
first-line therapy for treatment-naive patients with metastatic 
RCC. A phase III trial enrolling 723 treatment-naive patients 
showed a median progression-free survival of 8.5 months in 
patients receiving bevacizumab plus interferon alfa versus 
5.2 months in patients receiving interferon alfa monother-
apy (P < 0.001). Overall toxicity was greater in the bevaci-
zumab plus interferon group, including significantly more 
grade 3 hypertension (95% vs. 0%), anorexia (17% vs. 8%), 
fatigue (35% vs. 28%), and proteinuria (13% vs. 0%). No 
overall survival difference was reported in this study.314,315

Temsirolimus.  A rapamycin analog, temsirolimus inhibits 
mTOR downstream of the serine-threonine protein kinase 
Akt. It is administered intravenously. A randomized phase 
III three-arm study, in which one group received 25 mg of 
intravenous temsirolimus weekly, one group received 9 
million U of interferon alfa three times weekly, and one 
group received 15 mg of intravenous temsirolimus weekly 
plus 6 million U of interferon alfa three times weekly, 
showed significant differences among treatment groups.316 
Patient inclusion criteria showed significant differences 
from criteria in contemporary phase III trials: 35% of 
patients had not undergone cytoreductive nephrectomy; 
80% of patients had a Karnofsky performance status score 
less than 80; and 20% of patients had tumors with non–clear 
cell histologic features. The median survival of patients in 
the temsirolimus-only arm was significantly longer than that 
of patients receiving interferon alfa monotherapy (10.9 
months vs. 7.1 months, respectively, P = 0.0069). The objec-
tive response rates as measured by RECIST criteria did not 
differ among the three arms. The median survival of patients 
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Immunotherapy Group phase III trial comparing interferon 
alone with both IL-2 and IL-2 plus interferon reported a 
response rate of only 7.5% for the interferon arm with a 
1-year event-free survival rate of only 12%.332 Efforts to 
improve upon the clinical activity of interferon have 
included combining it with 5-fluorouracil, 13-cis-retinoic 
acid, interferon-γ, thalidomide, and IL-2. For the most part 
these efforts have met with limited success, with occasionally 
promising phase II findings failing to be confirmed in phase 
III trials.333,334

Interleukin-2

In 1992, high-dose bolus IL-2 therapy received FDA approval 
for treatment of metastatic RCC on the basis of data from 255 
patients treated in seven clinical trials at 21 institutions. In 
these studies, recombinant IL-2 (Proleukin) at a dose of 
600,000 to 720,000 IU/kg was administered by 15-minute 
intravenous infusion every 8 hours on days 1 to 5 and 15 to 19 
(maximum, 28 doses). Treatment was repeated at approxi-
mately 12-week intervals for a maximum of three cycles in 
patients showing a tumor response. There were 12 complete 
responses (5% of patients) and 24 partial responses (9% of 
patients). Follow-up data on the study patients were accumu-
lated through late 1998 (median follow-up, 8 years). The clini-
cal results appear to have steadily improved over time. At last 
report, 17 patients (7%) were classified as having complete 
responses and 20 (8%) as having partial responses. The 
median survival for the group as a whole was 16.3 months, with 
10% to 15% of patients estimated to remain alive 5 to 10 years 
after treatment with high-dose IL-2. A large percentage of 
patients showing a response—particularly those remaining 
free from progression for longer than 2 years and those who 
underwent resection that achieved disease-free status after 
their tumors responded to high-dose IL-2—appear unlikely to 
experience progression and may actually be “cured.”335

Attempts to improve the efficacy of IL-2 have included 
the addition of interferon alfa and 5-fluorouracil. Despite 
publication of promising data by several groups, follow-up 
trials conducted by the Cytokine Working Group did not 
confirm the promise of cytokine combination therapy.336,337 
IL-2 and interferon alfa administered subcutaneously with 
or without weekly 5-fluorouracil produced response rates 
and median survival similar to those observed with high-
dose IL-2 alone or high-dose IL-2 and interferon alfa; 
however, the quality and durability of the responses appeared 
to be considerably less than those observed with high-dose 
IL-2 alone.338

RENAL PELVIC TUMORS

The cellular lining of the urinary collecting system, originat-
ing in the proximal renal pelvis, traversing the ureter and 
urinary bladder, and ending in the distal urethra, is com-
posed of transitional epithelium or urothelium. This entire 
surface may be affected by carcinogenic influences, a char-
acteristic that may help explain the multiplicity in time and 
place of “urothelial” tumors, which some have termed poly-
chronotropism. Renal pelvic tumors account for approxi-
mately 10% of all primary kidney cancers.

Tumors of the upper tract are twice as common in men, 
generally occur in patients older than 65 years, and are 
usually unilateral. The disease is more common in the 

receive placebo or TroVax along with IL-2, interferon alfa, 
or sunitinib. Although significant survival advantage was 
seen in good-prognosis patients treated with IL-2 plus 
TroVax than in those treated with IL-2 alone, there was no 
difference in overall survival between the TroVax and 
placebo groups (20.1 months and 19.2 months, respectively, 
P = 0.55).318

CHEMOTHERAPY
Many studies of single-agent chemotherapy for RCC have 
been performed, with most agents showing minimal or no 
activity.319 In a review of the chemotherapy literature in the 
mid-1990s, Yagoda and colleagues320 reported a 4% overall 
response rate in 3635 patients with RCC treated with various 
chemotherapy approaches. Later studies evaluated gem-
citabine chemotherapy for RCC. When gemcitabine was 
used as a single agent, response rates between 6% and 30% 
were reported.321-323 A combination of gemcitabine and 
5-fluorouracil demonstrated a response rate of 17% in 41 
patients with metastatic RCC.324 Median progression-free 
survival in this pretreated group of patients was 28.7 weeks. 
Follow-up studies using gemcitabine and capecitabine, the 
oral prodrug form of 5-fluorouracil, demonstrated response 
rates of 11% and overall survival of 14 months.325 Another 
study demonstrated median progression-free survival and 
overall survival of 4.6 and 17.9 months, respectively.326 A case 
series involving 18 patients with sarcomatoid RCC and other 
aggressive RCCs treated with doxorubicin (50 mg/m2) and 
gemcitabine (1500 or 2000 mg/m2) every 2 to 3 weeks along 
with granulocyte colony–stimulating factor support was 
reported in 2004. Two patients had a complete response, 
five had a partial response, three had a mixed response, and 
one had stable disease. The median duration of response 
was 5 months (range 2-21+ months).327 Prospective studies 
need to be performed to validate this observation.

IMMUNOTHERAPY
Immunotherapeutic strategies for treatment of RCC have 
included therapy with nonspecific stimulators of the immune 
system, specific antitumor immunotherapy, and adoptive 
immunotherapy. The most consistent results have been 
reported with interferon alfa and IL-2. Although the mecha-
nism of action of these cytokines is incompletely under-
stood, the induction of antitumor responses in mice by 
interferon alfa and IL-2 has been linked to the direct killing 
of tumor cells by activated T and natural killer cells as well 
as to the antiangiogenic effects of these agents.

Interferon alfa

Interferon alfa  (denoted hereforth as interferon) underwent 
extensive clinical evaluation as treatment for metastatic RCC. 
Results of these investigations are thoroughly described in 
several reviews.328-330 Although no clear dose-response rela-
tionship exists, daily doses in the 5 million to 10 million U 
range appear to have the highest therapeutic index.331 Toxic 
effects of interferon include flu-like symptoms such as fever, 
chills, myalgias, and fatigue, as well as weight loss, altered 
taste, depression, anemia, leukopenia, and elevated liver func-
tion values. Most adverse effects, especially the flu-like symp-
toms, tend to diminish with time during long-term therapy.

Later studies have suggested that the antitumor effects  
of interferon are quite limited. For example, a French 
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73%, respectively.343 In patients with regionally advanced or 
metastatic renal pelvic tumors, systemic chemotherapy, 
identical to that administered for bladder cancer, is often 
employed.

Adjuvant therapy has not been adequately assessed, but 
one study identified 415 patients with T3N0 and T4N0 
UTUCs, of whom 16% and 25%, respectively, received adju-
vant chemotherapy. Chemotherapy status was not associated 
with any significant cancer-specific or overall survival differ-
ences.344 Another problem when reviewing the literature on 
adjuvant chemotherapy for high-risk disease is the paucity 
of descriptions of lymph node dissection in the initial surgi-
cal procedure. Nevertheless, definitions of regional tem-
plates for lymphadenectomy in this disease have been 
developed.112 For patients with pathologically determined 
T3 disease, the extent of lymph node dissection is a signifi-
cant prognostic indicator and correlates with cancer-specific 
survival.112 Standard first-line regimens for patients with 
locally advanced or metastatic transitional cell carcinoma 
mirror those used in bladder cancer and include methotrex-
ate, vinblastine, doxorubicin (Adriamycin), and cisplatin 
(MVAC) as well as gemcitabine with cisplatin (GC). Initial 
response rates may vary depending on prognostic factors, 
but long-term survival is poor.

Another consideration is neoadjuvant chemotherapy in 
high-risk/locally advanced disease because of the risk to the 
patient of renal insufficiency after nephroureterectomy and 
the resultant inability to receive optimal adjuvant chemo-
therapy.345 This is a difficult argument to make considering 
the clear lack of data regarding the overall effectiveness of 
adjuvant treatment in UTUC, but management practice has 
been extrapolated from the literature on bladder transi-
tional cell carcinoma. Data reported for a large cohort of 
patients who underwent nephroureterectomy for UTUC 
provided some insight into operative decisions.346 According 
to the criterion of a GFR of 60 mL/min or above, only 48% 
of patients were eligible for chemotherapy preoperatively, 
and that number decreased to 22% postoperatively.346 After 
nephroureterectomy the opportunity for treatment with 
optimal chemotherapy was lost in 61% of patients able to 
receive it preoperatively.346 In a patient at risk for postopera-
tive renal insufficiency and a significant risk for advanced 
UTUC, strong consideration should be given to the neoad-
juvant administration of chemotherapy.

OTHER KIDNEY TUMORS

RENAL SARCOMAS
Renal sarcomas account for approximately 1% to 2% of 
primary kidney cancers. Fibrosarcomas are the most 
common and have a poor prognosis as a result of typically 
late presentation and the presence of locally advanced 
involvement into the renal vein or metastatic disease at pre-
sentation. Five-year survival rates are less than 20%. Other, 
rarer sarcoma variants that may occur are leiomyosarcoma, 
rhabdomyosarcoma, osteogenic sarcoma, and liposarcoma.

WILMS’ TUMOR
In children, Wilms’ tumor (nephroblastoma) is the most 
common cancer of the kidney, accounting for approxi-
mately 400 new cases per year in the United States. The 
development of a successful treatment regimen for the 
disease in the 1990s was due to the coordinated efforts of a 

Balkan region (Bulgaria, Greece, Romania, Yugoslavia) and 
in regions of China, where it is often bilateral, and is associ-
ated with exposure to aristolochic acid.339,340 As with urothe-
lial tumors of the urinary bladder, exposure to cigarette 
smoke, certain chemicals, plastics, coal, tar, and asphalt may 
also increase the incidence of the disease. Long-term expo-
sure to the analgesic phenacetin has been associated with 
the development of renal pelvic tumors.

Although most tumors of the upper tract are transitional 
cell carcinomas, which account for more than 90% of 
lesions, squamous carcinomas also occur, usually in the 
setting of chronic infections with kidney stones.

Adenocarcinomas and other miscellaneous subtypes are 
rare.

CLINICAL FEATURES AND DIAGNOSTIC EVALUATION
The most common presenting feature of a renal pelvic 
tumor is gross hematuria, which occurs in 75% of patients, 
followed by flank pain, which is seen in 30%. Evaluation may 
reveal either a nonfunctioning kidney and nonvisualization 
of the collecting system or, more commonly, a filling defect 
of the calyceal system, renal pelvis, or ureter on CT urogram. 
Exfoliative cytologic analysis commonly has positive find-
ings, as in bladder cancers. A positive cytologic result in the 
presence of a filling defect of the renal pelvis or ureter 
confirms the diagnosis. Results of retrograde pyelography 
with brush biopsy of suspicious lesions may also yield the 
diagnosis of cancer. If there is still uncertainty about the 
diagnosis after pyelography, including a retrograde evalua-
tion, ureteroscopy may be performed to further evaluate the 
filling defect or obstruction.

STAGING AND GRADING OF RENAL  
PELVIC TUMORS
Upper tract urothelial carcinomas (UTUCs) are graded on 
a scale from grade I, representing a well-differentiated 
lesion, to grade IV, representing an anaplastic and undif-
ferentiated lesion. Because of the difficult access to some 
tumors of the upper tract, clinical staging is problematic. 
Histologic grade of biopsy specimens can be used to predict 
pathologic stage of disease.341 In a staging system similar to 
that used for urinary bladder cancer, stage 0 is disease 
limited to the mucosa; stage A is invasion into the lamina 
propria without muscularis invasion; stage B is invasion into 
the muscularis; stage C is invasion into the serosa; and stage 
D is metastatic disease. Lymphatic metastases usually indi-
cate that more widespread metastatic disease is or will be 
present. The AJCC TNM classification of renal pelvic tumors 
is also similar to the staging for bladder carcinoma.342

TREATMENT
For low-grade, low-stage transitional cancers, the general 
approach to treatment is conservative, consisting of local 
excision and preservation of the kidney parenchyma. For 
high-stage and high-grade lesions that have infiltrated into 
the renal parenchyma, the surgical treatment of choice is 
nephroureterectomy and removal of a cuff of bladder that 
encompasses the ipsilateral ureteral orifice. This approach 
is generally required because of the high likelihood of  
local recurrence in the bladder at the ureterovesical junc-
tion or in the distal ureter. Five-year recurrence-free  
and cancer-specific survival rates for patients with UTUC 
who undergo radical nephroureterectomy are 69% and 
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and detailed abdominal exploration is the goal. Removal of 
all gross tumors should be attempted and justifies the radical 
resection that is often required. Tumors are classified as 
favorable or unfavorable in histologic features. All patients 
receive at least two-drug chemotherapy with dactinomycin 
and vincristine; those with more advanced disease receive 
additional doxorubicin, cyclophosphamide, and etoposide 
with abdominal radiation (1080 Gy) and possibly radiation 
to the chest (1200 Gy). Specific recommendations regard-
ing the exact protocols to be used are determined by the 
operative findings, the histologic subtype of the tumor, and 
whether there was evidence of tumor spillage during the 
resection.

Chemotherapy is an important component of treatment 
for Wilms’ tumors. Not only is chemotherapy administered 
after surgery, but neoadjuvant chemotherapy can diminish 
the size of the primary tumor and cause regression of meta-
static lesions as well as reduce tumors in patients with stage 
5 disease (bilateral disease). Before the extensive use of 
chemotherapy, the survival rate for patients with stage 2 or 
3 tumors was less than 45%. Now, cure rates approaching 
80% to 90% are routinely achieved; survival rates of 92% to 
97% are obtainable in earlier stages of disease. Chemo-
therapy administration in the adjuvant and neoadjuvant  
settings varies greatly between Europe (studies of the Inter-
national Society of Paediatric Oncology [SIOP]) and the 
United States (Wilms’ Tumor Study Group [WTSG]).

As these excellent results continue to accumulate, treat-
ment programs aimed at lessening treatment duration and 
minimizing long-term consequences, such as induction of 
second tumors, continue to be evaluated. Such programs 
include the more selective use of radiation therapy and a 
decrease in the duration of chemotherapy.

Complete reference list available at ExpertConsult.com.

KEY REFERENCES
4. Ligato S, Ro JY, Tamboli P, et al: Benign tumors and tumor-like 

lesions of the adult kidney. Part I: Benign renal epithelial neo-
plasms. Adv Anat Pathol 6:1, 1999.

21. Katabathina VS, Vikram R, Nagar AM, et al: Mesenchymal neo-
plasms of the kidney in adults: imaging spectrum with radiologic-
pathologic correlation. Radiographics 30:1525, 2010.

23. Raman SP, Hruban RH, Fishman EK: Beyond renal cell carci-
noma: rare and unusual renal masses. Abdom Imaging 37:873, 2012.

27. Tamboli P, Ro JY, Amin MB, et al: Benign tumors and tumor-like 
lesions of the adult kidney. Part II: Benign mesenchymal and mixed 
neoplasms, and tumor-like lesions. Adv Anat Pathol 7:47, 2000.

40. Jevremovic D, Lager DJ, Lewin M: Cystic nephroma (multilocular 
cyst) and mixed epithelial and stromal tumor of the kidney: a 
spectrum of the same entity? Ann Diagn Pathol 10:77, 2006.

45. Sanchez-Ortiz RF, Madsen LT, Bermejo CE, et al: A renal mass in 
the setting of a nonrenal malignancy: When is a renal tumor 
biopsy appropriate? Cancer 101:2195, 2004.

46. Siegel R, Naishadham D, Jemal A: Cancer statistics, 2013. CA 
Cancer J Clin 63:11, 2013.

58. Kane CJ, Mallin K, Ritchey J, et al: Renal cell cancer stage migra-
tion: analysis of the National Cancer Data Base. Cancer 113:78, 
2008.

76. Zbar B, Brauch H, Talmadge C, et al: Loss of alleles of loci on the 
short arm of chromosome 3 in renal cell carcinoma. Nature 
327:721, 1987.

78. Coleman JA, Russo P: Hereditary and familial kidney cancer. Curr 
Opin Urol 19:478, 2009.

92. Delahunt B: Advances and controversies in grading and staging 
of renal cell carcinoma. Mod Pathol 22(Suppl 2):S24, 2009.

105. Srigley JR, Delahunt B: Uncommon and recently described renal 
carcinomas. Mod Pathol 22(Suppl 2):S2, 2009.

multidisciplinary team of oncologists, radiation therapists, 
and surgeons. The disease tends to occur more frequently 
in African American children. A variety of etiologic factors 
have been suggested to increase the risk of Wilms’ tumor, 
but for none has a definitive link been established.

Genetics

Several well-described genetic abnormalities are associated 
with Wilms’ tumor. Patients with Wilms’ tumor may  
also manifest other abnormalities, which include aniridia, 
WAGR syndrome (Wilms’ tumor, aniridia, other genitouri-
nary abnormalities, mental retardation), Denys-Drash syn-
drome (Wilms’ tumor, glomerulitis, pseudohermaphrodism), 
hemihypertrophy, trisomy, other rare physical abnormalities 
such as macroglossia, and developmental sexual disorders.

Abnormalities of the genes WT1 (chromosome arm 
11p13) and WT2 (11p15), and mutations at 16q have all 
been implicated in the molecular genetics of Wilms’ tumor. 
Loss of heterozygosity in WT1 and at 16q occur in 20% of 
patients; inactivation of WT2 has also been described. Other 
genetic abnormalities have suggested the presence of other 
abnormal chromosomal locations. Patients with trisomy347 
and XX/XY mosaicisms have been reported to have an 
increased incidence of Wilms’ tumor.

Pathology and Staging

Microscopically, Wilms’ tumors consist of blastemic, epithe-
lial, and stromal cells, often arranged in patterns that resem-
ble tubular or glomeruloid features. The multipotential 
aspects of Wilms’ tumors may be characterized by the pres-
ence of teratomatous or teratoid features, including compo-
nents of mesenchymal structures such as muscle, cartilage, 
and lipoid tissues. In contrast to these differentiated struc-
tures, undifferentiated or sarcomatoid lesions can also 
occur and are associated with a worse prognosis. The pres-
ence of nephrogenic rests in the setting of Wilms’ tumors 
is common; they are thought to be precursor lesions. 
According to Wilimas and associates,348 such a rest is “defined 
as a focus of persistent nephrogenic cells, some of which 
can be induced to form a Wilms’ tumor.”

Clinical Features

The most common presentation of Wilms’ tumor is as an 
asymptomatic abdominal mass in a young patient (median 
age, 3.5 years). Hematuria, anemia, hypertension, and/or 
acute severe abdominal pain may also be present. Abdomi-
nal ultrasonography is an important diagnostic test to 
further evaluate the mass and its anatomic extension, which 
may include inferior or superior extension into the vena 
cava. Intravenous pyelography and CT are also warranted. 
Assessment for metastases to liver, chest, and bone comple-
ment the evaluation. The lungs are the most common site 
of metastasis. The diagnosis is usually established by surgery. 
If the diagnostic tests and clinical features suggest the pres-
ence of a Wilms’ tumor, preoperative needle biopsy should 
be avoided because of the attendant risks of tumor spillage 
and subsequent “upstaging” of the patient’s disease.

Multimodality Treatment

High cure rates have been achieved with the concerted 
effort of multimodality teams performing surgery, radiation 
therapy, and chemotherapy. Surgical removal of the affected 
kidney along with examination of the regional lymph nodes 

http://www.ExpertConsult.com
http://www.myuptodate.com


1388 SECTiON V — diSORdERS OF KidNEy STRUCTURE ANd FUNCTiON

256. Pantuck AJ, Zisman A, Dorey F, et al: Renal cell carcinoma with 
retroperitoneal lymph nodes. Impact on survival and benefits of 
immunotherapy. Cancer 97:2995, 2003.

259. Delacroix SE, Jr, Chapin BF, Chen JJ, et al: Can a durable disease-
free survival be achieved with surgical resection in patients with 
pathological node positive renal cell carcinoma? J Urol 186:1236, 
2011.

266. Mickisch GH, Garin A, van Poppel H, et al: Radical nephrectomy 
plus interferon-alfa-based immunotherapy compared with  
interferon-alfa alone in metastatic renal-cell carcinoma: a ran-
domised trial. Lancet 358:966, 2001.

267. Flanigan RC, Salmon SE, Blumenstein BA, et al: Nephrectomy 
followed by interferon alfa-2b compared with interferon alfa-2b 
alone for metastatic renal-cell cancer. N Engl J Med 345:1655, 
2001.

277. Chapin BF, Delacroix SE, Jr, Culp SH, et al: Safety of presurgical 
targeted therapy in the setting of metastatic renal cell carcinoma. 
Eur Urol 60:964, 2011.

290. Jocham D, Richter A, Hoffmann L, et al: Adjuvant autologous 
renal tumour cell vaccine and risk of tumour progression in 
patients with renal-cell carcinoma after radical nephrectomy: 
phase III, randomised controlled trial. Lancet 363:594, 2004.

291. May M, Kendel F, Hoschke B, et al: Adjuvant autologous tumour 
cell vaccination in patients with renal cell carcinoma. Overall 
survival analysis with a follow-up period in excess of more than 10 
years. Urologe A 48:1075, 2009.

292. Wood C, Srivastava P, Bukowski R, et al: An adjuvant autologous 
therapeutic vaccine (HSPPC-96; Vitespen) versus observation 
alone for patients at high risk of recurrence after nephrectomy 
for renal cell carcinoma: a multicentre, open-label, randomised 
phase III trial. Lancet 372:145, 2008.

295. Abel EJ, Culp SH, Tannir NM, et al: Primary tumor response to 
targeted agents in patients with metastatic renal cell carcinoma. 
Eur Urol 59:10, 2011.

304. Motzer RJ, Hutson TE, Tomczak P, et al: Overall survival and 
updated results for sunitinib compared with interferon alfa in 
patients with metastatic renal cell carcinoma. J Clin Oncol 27:3584, 
2009.

306. Rixe O, Billemont B, Izzedine H: Hypertension as a predictive 
factor of Sunitinib activity. Ann Oncol 18:1117, 2007.

312. Rixe O, Bukowski RM, Michaelson MD, et al: Axitinib treatment 
in patients with cytokine-refractory metastatic renal-cell cancer: a 
phase II study. Lancet Oncol 8:975, 2007.

317. Motzer RJ, Escudier B, Oudard S, et al: Efficacy of everolimus in 
advanced renal cell carcinoma: a double-blind, randomised, 
placebo-controlled phase III trial. Lancet 372:449, 2008.

318. Amato RJ, Hawkins RE, Kaufman HL, et al: Vaccination of meta-
static renal cancer patients with MVA-5T4: a randomized, double-
blind, placebo-controlled phase III study. Clin Cancer Res 16:5539, 
2010.

335. Fisher RI, Rosenberg SA, Fyfe G: Long-term survival update for 
high-dose recombinant interleukin-2 in patients with renal cell 
carcinoma. Cancer J Sci Am 6(Suppl 1):S55, 2000.

343. Margulis V, Shariat SF, Matin SF, et al: Outcomes of radical 
nephroureterectomy: a series from the Upper Tract Urothelial 
Carcinoma Collaboration. Cancer 115:1224, 2009.

344. Hellenthal NJ, Shariat SF, Margulis V, et al: Adjuvant chemother-
apy for high risk upper tract urothelial carcinoma: results from 
the Upper Tract Urothelial Carcinoma Collaboration. J Urol 
182:900, 2009.

346. Lane BR, Smith AK, Larson BT, et al: Chronic kidney disease after 
nephroureterectomy for upper tract urothelial carcinoma and 
implications for the administration of perioperative chemother-
apy. Cancer 116:2967, 2010.

110. Linehan WM, Walther MM, Zbar B: The genetic basis of cancer 
of the kidney. J Urol 170:2163, 2003.

112. Kondo T, Nakazawa H, Ito F, et al: Impact of the extent of regional 
lymphadenectomy on the survival of patients with urothelial car-
cinoma of the upper urinary tract. J Urol 178:1212, 2007.

115. Kim WY, Kaelin WG: Role of VHL gene mutation in human 
cancer. J Clin Oncol 22:4991, 2004.

144. Brugarolas J: Renal-cell carcinoma–molecular pathways and thera-
pies. N Engl J Med 356:185, 2007.

149. Patard JJ, Leray E, Cindolo L, et al: Multi-institutional validation 
of a symptom based classification for renal cell carcinoma. J Urol 
172:858, 2004.

166. Motzer RJ, Mazumdar M, Bacik J, et al: Survival and prognostic 
stratification of 670 patients with advanced renal cell carcinoma. 
J Clin Oncol 17:2530, 1999.

179. Israel GM, Bosniak MA: An update of the Bosniak renal cyst clas-
sification system. Urology 66:484, 2005.

195. Divgi CR, Uzzo RG, Gatsonis C, et al: Positron emission 
tomography/computed tomography identification of clear cell 
renal cell carcinoma: results from the REDECT trial. J Clin Oncol 
31:187, 2013.

202. Motzer RJ, Bacik J, Schwartz LH, et al: Prognostic factors for 
survival in previously treated patients with metastatic renal cell 
carcinoma. J Clin Oncol 22:454, 2004.

207. Frank I, Blute ML, Cheville JC, et al: An outcome prediction 
model for patients with clear cell renal cell carcinoma treated with 
radical nephrectomy based on tumor stage, size, grade and necro-
sis: the SSIGN score. J Urol 168:2395, 2002.

239. Kural AR, Atug F, Tufek I, et al: Robot-assisted partial nephrec-
tomy versus laparoscopic partial nephrectomy: comparison of 
outcomes. J Endourol 23:1491, 2009.

240. Benway BM, Bhayani SB, Rogers CG, et al: Robot assisted partial 
nephrectomy versus laparoscopic partial nephrectomy for renal 
tumors: a multi-institutional analysis of perioperative outcomes.  
J Urol 182:866, 2009.

241. Ellison JS, Montgomery JS, Wolf JS, Jr, et al: A matched compari-
son of perioperative outcomes of a single laparoscopic surgeon 
versus a multisurgeon robot-assisted cohort for partial nephrec-
tomy. J Urol 188:45, 2012.

243. Tsivian M, Rampersaud EN, Jr, Laguna Pes MD, et al: Small renal 
mass biopsy—how, what and when: report from an international 
consensus panel. BJU Int 113:854, 2013.

245. Van Poppel H, Da Pozzo L, Albrecht W, et al: A prospective, ran-
domised EORTC intergroup phase 3 study comparing the onco-
logic outcome of elective nephron-sparing surgery and radical 
nephrectomy for low-stage renal cell carcinoma. Eur Urol 59:543, 
2011.

246. Lane BR, Campbell SC, Demirjian S, et al: Surgically induced 
chronic kidney disease may be associated with a lower risk of 
progression and mortality than medical chronic kidney disease.  
J Urol 189:1649, 2013.

249. Kunkle DA, Uzzo RG: Cryoablation or radiofrequency ablation of 
the small renal mass: a meta-analysis. Cancer 113:2671, 2008.

252. Blute ML, Leibovich BC, Cheville JC, et al: A protocol for per-
forming extended lymph node dissection using primary tumor 
pathological features for patients treated with radical nephrec-
tomy for clear cell renal cell carcinoma. J Urol 172:465, 2004.

253. Hutterer GC, Patard JJ, Perrotte P, et al: Patients with renal cell 
carcinoma nodal metastases can be accurately identified: external 
validation of a new nomogram. Int J Cancer 121:2556, 2007.

254. Blom JH, van Poppel H, Marechal JM, et al: Radical nephrectomy 
with and without lymph-node dissection: final results of European 
Organization for Research and Treatment of Cancer (EORTC) 
randomized phase 3 trial 30881. Eur Urol 55:28, 2009.

http://www.myuptodate.com


 CHAPTER 41 — KidNEy CANCER 1388.e1

REFERENCES
1. Storkel S, Eble JN, Adlakha K, et al: Classification of renal cell 

carcinoma: Workgroup no. 1. Union internationale contre le 
cancer (UICC) and the American Joint Committee on Cancer 
(AJCC). Cancer 80:987–989, 1997.

2. Delahunt B, Eble JN: Papillary adenoma of the kidney. J Urol Pathol 
7:99–112, 1997.

3. Budin RE, McDonnell PJ: Renal cell neoplasms. Their relation-
ship to arteriolonephrosclerosis. Arch Pathol Lab Med 108:138–140, 
1984.

4. Gnarra JR, Glenn GM, Latif F, et al: Molecular-genetic studies of 
sporadic and familial renal-cell carcinoma. Urol Clin N Am 20:207–
216, 1993.

5. Cohen AJ, Li FP, Berg S, et al: Hereditary renal-cell carcinoma 
associated with a chromosomal translocation. N Engl J Med 
301:592–595, 1979.

6. Pathak S, Strong LC, Ferrell RE, et al: Familial renal cell carci-
noma with a 3;11 chromosome translocation limited to tumor 
cells. Science 217:939–941, 1982.

7. Ligato S, Ro JY, Tamboli P, et al: Benign tumors and tumor-like 
lesions of the adult kidney. Part I: Benign renal epithelial neo-
plasms. Adv Anat Pathol 6:1–11, 1999.

8. Davis CJ, Jr, Barton JH, Sesterhenn IA, et al: Metanephric 
adenoma. Clinicopathological study of fifty patients. Am J Surg 
Pathol 19:1101–1114, 1995.

9. Zhang LJ, Yang GF, Shen W, et al: CT and ultrasound findings of 
metanephric adenoma: A report of two cases and literature review. 
Br J Radiol 84:e51–e54, 2011.

10. Comerci SC, Levin TL, Ruzal-Shapiro C, et al: Benign adenoma-
tous kidney neoplasms in children with polycythemia: Imaging 
findings. Radiology 198:265–268, 1996.

11. Bastide C, Rambeaud JJ, Bach AM, et al: Metanephric adenoma 
of the kidney: Clinical and radiological study of nine cases. BJU 
Int 103:1544–1548, 2009.

12. Renshaw AA, Freyer DR, Hammers YA: Metastatic metanephric 
adenoma in a child. Am J Surg Pathol 24:570–574, 2000.

13. Drut R, Drut RM, Ortolani C: Metastatic metanephric adenoma 
with foci of papillary carcinoma in a child: A combined histologic, 
immunohistochemical, and fish study. Int J Surg Pathol 9:241–247, 
2001.

14. Bissler JJ, Kingswood JC: Renal angiomyolipomata. Kidney Int 
66:924–934, 2004.

15. Bharwani N, Christmas TJ, Jameson C, et al: Epithelioid angio-
myolipoma: Imaging appearances. Br J Radiol 82:e249–e252, 2009.

16. Lane BR, Aydin H, Danforth TL, et al: Clinical correlates of renal 
angiomyolipoma subtypes in 209 patients: Classic, fat poor, tuber-
ous sclerosis associated and epithelioid. J Urol 180:836–843, 2008.

17. Cui L, Hu XY, Gong SC, et al: A massive renal epithelioid angio-
myolipoma with multiple metastatic lymph nodes. Clin Imaging 
35:320–323, 2011.

18. Koo KC, Kim WT, Ham WS, et al: Trends of presentation and 
clinical outcome of treated renal angiomyolipoma. Yonsei Med J 
51:728–734, 2010.

19. Kim JK, Kim SH, Jang YJ, et al: Renal angiomyolipoma with 
minimal fat: differentiation from other neoplasms at double-echo 
chemical shift flash MR imaging. Radiology 239:174–180, 2006.

20. Halpenny D, Snow A, McNeill G, et al: The radiological diagnosis 
and treatment of renal angiomyolipoma-current status. Clin Radiol 
65:99–108, 2010.

21. Katabathina VS, Vikram R, Nagar AM, et al: Mesenchymal neo-
plasms of the kidney in adults: Imaging spectrum with radiologic-
pathologic correlation. Radiographics 30:1525–1540, 2010.

22. Hogan A, Smyth GK, D’Arcy C, et al: Renal capsular leiomyoma. 
Urology 71:1226.e1–1226.e3, 2008.

23. Raman SP, Hruban RH, Fishman EK: Beyond renal cell carci-
noma: Rare and unusual renal masses. Abdom Imaging 37:873–884, 
2012.

24. Prasad SR, Surabhi VR, Menias CO, et al: Benign renal neoplasms 
in adults: Cross-sectional imaging findings. AJR Am J Roentgenol 
190:158–164, 2008.

25. Daneshmand S, Huffman JL: Endoscopic management of renal 
hemangioma. J Urol 167:488–489, 2002.

26. Lee HS, Koh BH, Kim JW, et al: Radiologic findings of renal 
hemangioma: Report of three cases. Korean J Radiol 1:60–63, 2000.

27. Tamboli P, Ro JY, Amin MB, et al: Benign tumors and tumor-like 
lesions of the adult kidney. Part II: Benign mesenchymal and 
mixed neoplasms, and tumor-like lesions. Adv Anat Pathol 7:47–66, 
2000.

28. Prasad SR, Dalrymple NC, Surabhi VR: Cross-sectional imaging 
evaluation of renal masses. Radiol Clin North Am 46:95–111, vi–vii, 
2008.

29. Prasad SR, Humphrey PA, Menias CO, et al: Neoplasms of the 
renal medulla: Radiologic-pathologic correlation. Radiographics 
25:369–380, 2005.

30. Brescia A, Pinto F, Gardi M, et al: Renal hemangiopericytoma: 
case report and review of the literature. Urology 71(755):e9–e12, 
2008.

31. Upreti L, Dev A, Kumar Puri S: Imaging in renal lymphangiecta-
sia: Report of two cases and review of literature. Clin Radiol 
63:1057–1062, 2008.

32. Ozmen M, Deren O, Akata D, et al: Renal lymphangiomatosis 
during pregnancy: Management with percutaneous drainage. Eur 
Radiol 11:37–40, 2001.

33. Wadhwa P, Kumar A, Sharma S, et al: Renal lymphangiomatosis: 
Imaging and management of a rare renal anomaly. Int Urol Nephrol 
39:365–368, 2007.

34. Battaglia M, Ditonno P, Mancini V, et al: Long-term follow-up of 
peripelvic renal multicystic lymphangiectasia. Arch Ital Urol Androl 
74:200–205, 2002.

35. Meredith WT, Levine E, Ahlstrom NG, et al: Exacerbation of 
familial renal lymphangiomatosis during pregnancy. AJR Am J 
Roentgenol 151:965–966, 1988.

36. Eble JN, Sauter G, Epstein JI, Sesterhenn IA: World health organiza-
tion classification of tumors: pathology and genetics of tumors of the 
urinary system and male genital organs, Lyon, 2004, IARC Press.

37. Dineen MK, Venable DD, Misra RP: Pure intrarenal lipoma—
report of a case and review of the literature. J Urol 132:104–107, 
1984.

38. Lowe LH, Isuani BH, Heller RM, et al: Pediatric renal masses: 
Wilms tumor and beyond. Radiographics 20:1585–1603, 2000.

39. Madewell JE, Goldman SM, Davis CJ, Jr, et al: Multilocular cystic 
nephroma: A radiographic-pathologic correlation of 58 patients. 
Radiology 146:309–321, 1983.

40. Jevremovic D, Lager DJ, Lewin M: Cystic nephroma (multilocular 
cyst) and mixed epithelial and stromal tumor of the kidney: A 
spectrum of the same entity? Ann Diagn Pathol 10:77–82, 2006.

41. Michal M, Hes O, Bisceglia M, et al: Mixed epithelial and stromal 
tumors of the kidney. A report of 22 cases. Virchows Archiv 445:359–
367, 2004.

42. Bracken RB, Chica G, Johnson DE, et al: Secondary renal neo-
plasms: An autopsy study. South Med J 72:806–807, 1979.

43. Pollack HM, Banner MP, Amendola MA: Other malignant neo-
plasms of the renal parenchyma. Semin Roentgenol 22:260–274, 
1987.

44. Klinger ME: Secondary tumors of the genito-urinary tract. J Urol 
65:144–153, 1951.

45. Sanchez-Ortiz RF, Madsen LT, Bermejo CE, et al: A renal mass in 
the setting of a nonrenal malignancy: When is a renal tumor 
biopsy appropriate? Cancer 101:2195–2201, 2004.

46. Siegel R, Naishadham D, Jemal A: Cancer statistics, 2013. CA 
Cancer J Clin 63:11–30, 2013.

47. Ferlay J, Shin HR, Bray F, et al: (2008) Globocan 2008 v2.0, cancer 
incidence and mortality worldwide: IARC Cancerbase no. 10 
[internet], Lyon, France, 2010, International Agency for Research 
on Cancer. Available at: <http://globocan.iarc.fr>.

48. Parkin DM, Bray F, Ferlay J, et al: Estimating the world cancer 
burden: Globocan 2000. International journal of cancer. Int J 
Cancer 94:153–156, 2001.

49. Chow WH, Devesa SS, Warren JL, et al: Rising incidence of renal 
cell cancer in the United States. JAMA 281:1628–1631, 1999.

50. Hofmann JN, Schwartz K, Chow WH, et al: The association 
between chronic renal failure and renal cell carcinoma may differ 
between black and white Americans. Cancer Causes Control 24:167–
174, 2013.

51. Siemer S, Hack M, Lehmann J, et al: Outcome of renal tumors in 
young adults. J Urol 175:1240–1243, discussion 1243–1244, 2006.

52. Estrada CR, Suthar AM, Eaton SH, et al: Renal cell carcinoma: 
Children’s Hospital Boston experience. Urology 66:1296–1300, 
2005.

http://globocan.iarc.fr
http://www.myuptodate.com


1388.e2 SECTiON V — diSORdERS OF KidNEy STRUCTURE ANd FUNCTiON

53. Cook A, Lorenzo AJ, Salle JL, et al: Pediatric renal cell carcinoma: 
Single institution 25-year case series and initial experience with 
partial nephrectomy. J Urol 175:1456–1460, discussion 1460, 2006.

54. Watson RA: Kidney cancer in American Indian and Native Alaskan 
men and women—time to notice, time to care. Urology 72:726–
730, 2008.

55. Jemal A, Siegel R, Xu J, et al: Cancer statistics, 2010. CA Cancer J 
Clin 60:277–300, 2010.

56. Pantuck AJ, Zisman A, Belldegrun AS: The changing natural 
history of renal cell carcinoma. J Urol 166:1611–1623, 2001.

57. Lee CT, Katz J, Shi W, et al: Surgical management of renal tumors 
4 cm or less in a contemporary cohort. J Urol 163:730–736, 2000.

58. Kane CJ, Mallin K, Ritchey J, et al: Renal cell cancer stage migra-
tion: Analysis of the national cancer data base. Cancer 113:78–83, 
2008.

59. Mandel JS, McLaughlin JK, Schlehofer B, et al: International 
renal-cell cancer study. IV: Occupation. Int J Cancer 61:601–605, 
1995.

60. La Vecchia C, Negri E, D’Avanzo B, et al: Smoking and renal cell 
carcinoma. Cancer Res 50:5231–5233, 1990.

61. Yu MC, Mack TM, Hanisch R, et al: Cigarette smoking, obesity, 
diuretic use, and coffee consumption as risk factors for renal cell 
carcinoma. J Natl Cancer Inst 77:351–356, 1986.

62. Hunt JD, van der Hel OL, McMillan GP, et al: Renal cell carci-
noma in relation to cigarette smoking: Meta-analysis of 24 studies. 
Int J Cancer 114:101–108, 2005.

63. Brennan JF, Stilmant MM, Babayan RK, et al: Acquired renal cystic 
disease: Implications for the urologist. Br J Urol 67:342–348, 
1991.

64. Matson MA, Cohen EP: Acquired cystic kidney disease: Occur-
rence, prevalence, and renal cancers. Medicine 69:217–226, 1990.

65. Denton MD, Magee CC, Ovuworie C, et al: Prevalence of renal 
cell carcinoma in patients with ESRD pre-transplantation: A 
pathologic analysis. Kidney Int 61:2201–2209, 2002.

66. Chow WH, McLaughlin JK, Linet MS, et al: Use of analgesics and 
risk of renal cell cancer. Int J Cancer 59:467–470, 1994.

67. Lornoy W, Becaus S, de Vleeschouwer M, et al: Renal cell carci-
noma, a new complication of analgesic nephropathy. Lancet 
1:1271–1272, 1986.

68. McCredie M, Pommer W, McLaughlin JK, et al: International 
renal-cell cancer study. II: Analgesics. Int J Cancer 60:345–349, 
1995.

69. Keith DS, Torres VE, King BF, et al: Renal cell carcinoma in auto-
somal dominant polycystic kidney disease. J Am Soc Nephrol 4:1661–
1669, 1994.

70. Hajj P, Ferlicot S, Massoud W, et al: Prevalence of renal cell car-
cinoma in patients with autosomal dominant polycystic kidney 
disease and chronic renal failure. Urology 74:631–634, 2009.

71. Gago-Dominguez M, Yuan JM, Castelao JE, et al: Family history 
and risk of renal cell carcinoma. Cancer Epidem Biomarkers Prev 
10:1001–1004, 2001.

72. Schlehofer B, Pommer W, Mellemgaard A, et al: International 
renal-cell-cancer study. VI. The role of medical and family history. 
Int J Cancer 66:723–726, 1996.

73. Mclaughlin JK, Mandel JS, Blot WJ, et al: A population-based case 
control study of renal-cell carcinoma. J Natl Cancer Inst 72:275–
284, 1984.

74. Mellemgaard A, Engholm G, McLaughlin JK, et al: Occupational 
risk-factors for renal-cell carcinoma in Denmark. Scand J Work 
Environ Health 20:160–165, 1994.

75. Carroll PR, Murty VV, Reuter V, et al: Abnormalities at chromo-
some region 3p12-14 characterize clear cell renal carcinoma. 
Cancer Genet Cytogenet 26:253–259, 1987.

76. Zbar B, Brauch H, Talmadge C, et al: Loss of alleles of loci on the 
short arm of chromosome 3 in renal cell carcinoma. Nature 
327:721–724, 1987.

77. Zbar B, Tory K, Merino M, et al: Hereditary papillary renal cell 
carcinoma. J Urol 151:561–566, 1994.

78. Coleman JA, Russo P: Hereditary and familial kidney cancer. Curr 
Opin Urol 19:478–485, 2009.

79. Grawitz P: Die sogenannten Lipome der Niere. Virchows Arch 
Pathol Anat 93:39–48, 1883.

80. Tannenbaum M: Ultrastructural pathology of human renal cell 
tumors. Pathol Annu 6:249–277, 1971.

81. Richie JP, Skinner D: Renal neoplasia, Philadelphia, 1981, 
Saunders.

82. Thoenes W, Storkel S, Rumpelt HJ: Histopathology and classifica-
tion of renal cell tumors (adenomas, oncocytomas and carcino-
mas). The basic cytological and histopathological elements and 
their use for diagnostics. Pathol Res Pract 181:125–143, 1986.

83. Storkel S, van den Berg E: Morphological classification of renal 
cancer. World J Urol 13:153–158, 1995.

84. Garnick M: Primary neoplasms of the kidney, Philadelphia, 1999, 
Saunders.

85. Delahunt B: Sarcomatoid renal carcinoma: The final common 
dedifferentiation pathway of renal epithelial malignancies. Pathol-
ogy 31:185–190, 1999.

86. Presti JC, Jr, Rao PH, Chen Q, et al: Histopathological, cytoge-
netic, and molecular characterization of renal cortical tumors. 
Cancer Res 51:1544–1552, 1991.

87. Weiss LM, Gelb AB, Medeiros LJ: Adult renal epithelial neo-
plasms. Am J Clin Pathol 103:624–635, 1995.

88. Fuhrman SA, Lasky LC, Limas C: Prognostic significance of mor-
phologic parameters in renal cell carcinoma. Am J Surg Pathol 
6:655–663, 1982.

89. Mancilla-Jimenez R, Stanley RJ, Blath RA: Papillary renal cell car-
cinoma: A clinical, radiologic, and pathologic study of 34 cases. 
Cancer 38:2469–2480, 1976.

90. Sene AP, Hunt L, McMahon RF, et al: Renal carcinoma in patients 
undergoing nephrectomy: Analysis of survival and prognostic 
factors. Br J Urol 70:125–134, 1992.

91. Motzer RJ, Bacik J, Mariani T, et al: Treatment outcome and sur-
vival associated with metastatic renal cell carcinoma of non-clear-
cell histology. J Clin Oncol 20:2376–2381, 2002.

92. Delahunt B: Advances and controversies in grading and  
staging of renal cell carcinoma. Mod Pathol 22(Suppl 2):S24–S36, 
2009.

93. Pignot G, Elie C, Conquy S, et al: Survival analysis of 130 patients 
with papillary renal cell carcinoma: Prognostic utility of type 1 and 
type 2 subclassification. Urology 69:230–235, 2007.

94. Thoenes W, Storkel S, Rumpelt HJ, et al: Chromophobe cell renal 
carcinoma and its variants—a report on 32 cases. J Pathol 155:277–
287, 1988.

95. Storkel S, Steart PV, Drenckhahn D, et al: The human chromo-
phobe cell renal carcinoma: Its probable relation to intercalated 
cells of the collecting duct. Virchows Arch B Cell Pathol Incl Mol 
Pathol 56:237–245, 1989.

96. Ortmann M, Vierbuchen M, Fischer R: Sialylated glycoconjugates 
in chromophobe cell renal carcinoma compared with other renal 
cell tumors. Indication of its development from the collecting 
duct epithelium. Virchows Arch B Cell Pathol Incl Mol Pathol 61:123–
132, 1991.

97. Akhtar M, Kardar H, Linjawi T, et al: Chromophobe cell carci-
noma of the kidney. A clinicopathologic study of 21 cases. Am J 
Surg Pathol 19:1245–1256, 1995.

98. Speicher MR, Schoell B, du Manoir S, et al: Specific loss of chro-
mosomes 1, 2, 6, 10, 13, 17, and 21 in chromophobe renal cell 
carcinomas revealed by comparative genomic hybridization. Am J 
Pathol 145:356–364, 1994.

99. Kovacs A, Kovacs G: Low chromosome number in chromophobe 
renal cell carcinomas. Genes Chromosomes Cancer 4:267–268, 1992.

100. Dawson NA, Guo C, Zak R, et al: A phase II trial of gefitinib 
(Iressa, ZD1839) in stage IV and recurrent renal cell carcinoma. 
Clin Cancer Res 10:7812–7819, 2004.

101. Kennedy SM, Merino MJ, Linehan WM, et al: Collecting duct 
carcinoma of the kidney. Hum Pathol 21:449–456, 1990.

102. Rumpelt HJ, Storkel S, Moll R, et al: Bellini duct carcinoma: 
Further evidence for this rare variant of renal cell carcinoma. 
Histopathology 18:115–122, 1991.

103. Davis CJ, Jr, Mostofi FK, Sesterhenn IA: Renal medullary carci-
noma. The seventh sickle cell nephropathy. Am J Surg Pathol 19:1–
11, 1995.

104. Assad L, Resetkova E, Oliveira VL, et al: Cytologic features of renal 
medullary carcinoma. Cancer 105:28–34, 2005.

105. Srigley JR, Delahunt B: Uncommon and recently described renal 
carcinomas. Mod Pathol 22(Suppl 2):S2–S23, 2009.

106. Yang XJ, Sugimura J, Tretiakova MS, et al: Gene expression profil-
ing of renal medullary carcinoma: Potential clinical relevance. 
Cancer 100:976–985, 2004.

107. Tomlinson GE, Nisen PD, Timmons CF, et al: Cytogenetics of a 
renal cell carcinoma in a 17-month-old child. Evidence for Xp11.2 
as a recurring breakpoint. Cancer Genet Cytogenet 57:11–17, 1991.

http://www.myuptodate.com


 CHAPTER 41 — KidNEy CANCER 1388.e3

108. Heimann P, El Housni H, Ogur G, et al: Fusion of a novel gene, 
rcc17, to the tfe3 gene in t(x;17)(p11.2;q25.3)-bearing papillary 
renal cell carcinomas. Cancer Res 61:4130–4135, 2001.

109. Bruder E, Passera O, Harms D, et al: Morphologic and molecular 
characterization of renal cell carcinoma in children and young 
adults. Am J Surg Pathol 28:1117–1132, 2004.

110. Linehan WM, Walther MM, Zbar B: The genetic basis of cancer 
of the kidney. J Urol 170:2163–2172, 2003.

111. Latif F, Tory K, Gnarra J, et al: Identification of the Von Hippel-
Lindau disease tumor suppressor gene. Science 260:1317–1320, 
1993.

112. Kondo T, Nakazawa H, Ito F, et al: Impact of the extent of regional 
lymphadenectomy on the survival of patients with urothelial car-
cinoma of the upper urinary tract. J Urol 178:1212–1217, discus-
sion 1217, 2007.

113. Maher ER, Yates JR, Harries R, et al: Clinical features and natural 
history of Von Hippel-Lindau disease. Q J Med 77:1151–1163, 
1990.

114. Pause A, Lee S, Worrell RA, et al: The Von Hippel-Lindau tumor-
suppressor gene product forms a stable complex with human 
cul-2, a member of the cdc53 family of proteins. Proc Natl Acad Sci 
U S A 94:2156–2161, 1997.

115. Kim WY, Kaelin WG: Role of VHL gene mutation in human 
cancer. J Clin Oncol 22:4991–5004, 2004.

116. Ohh M, Park CW, Ivan M, et al: Ubiquitination of hypoxia-
inducible factor requires direct binding to the beta-domain of the 
Von Hippel-Lindau protein. Nat Cell Biol 2:423–427, 2000.

117. Nakamura N, Ramaswamy S, Vazquez F, et al: Forkhead transcrip-
tion factors are critical effectors of cell death and cell cycle arrest 
downstream of PTEN. Mol Cell Biol 20:8969–8982, 2000.

118. Tanimoto K, Makino Y, Pereira T, et al: Mechanism of regulation 
of the hypoxia-inducible factor-1 alpha by the Von Hippel-Lindau 
tumor suppressor protein. EMBO J 19:4298–4309, 2000.

119. Cockman ME, Masson N, Mole DR, et al: Hypoxia inducible 
factor-alpha binding and ubiquitylation by the Von Hippel-Lindau 
tumor suppressor protein. J Biol Chem 275:25733–25741, 2000.

120. Semenza GL: Hif-1 and human disease: One highly involved 
factor. Genes Dev 14:1983–1991, 2000.

121. Masson N, Willam C, Maxwell PH, et al: Independent function  
of two destruction domains in hypoxia-inducible factor-alpha 
chains activated by prolyl hydroxylation. EMBO J 20:5197–5206, 
2001.

122. Lonergan KM, Iliopoulos O, Ohh M, et al: Regulation of hypoxia-
inducible mRNAs by the Von Hippel-Lindau tumor suppressor 
protein requires binding to complexes containing elongins B/C 
and Cul2. Mol Cell Biol 18:732–741, 1998.

123. Jaakkola P, Mole DR, Tian YM, et al: Targeting of HIF-alpha to the 
Von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl 
hydroxylation. Science 292:468–472, 2001.

124. Yu F, White SB, Zhao Q, et al: HIF-1alpha binding to VHL is regu-
lated by stimulus-sensitive proline hydroxylation. Proc Natl Acad Sci 
U S A 98:9630–9635, 2001.

125. Bruick RK, McKnight SL: A conserved family of prolyl-4-hydroxy-
lases that modify HIF. Science 294:1337–1340, 2001.

126. Cohen HT, McGovern FJ: Renal-cell carcinoma. N Engl J Med 
353:2477–2490, 2005.

127. Bentz M, Bergerheim US, Li C, et al: Chromosome imbalances in 
papillary renal cell carcinoma and first cytogenetic data of familial 
cases analyzed by comparative genomic hybridization. Cytogenet 
Cell Genet 75:17–21, 1996.

128. Schmidt L, Duh FM, Chen F, et al: Germline and somatic muta-
tions in the tyrosine kinase domain of the met proto-oncogene in 
papillary renal carcinomas. Nat Genet 16:68–73, 1997.

129. Schmidt L, Junker K, Nakaigawa N, et al: Novel mutations of the 
met proto-oncogene in papillary renal carcinomas. Oncogene 
18:2343–2350, 1999.

130. McGrath JA: Biologic lessons from mutations in the Kreb’s cycle 
enzyme, fumarate hydratase. J Invest Dermatol 121:vii, 2003.

131. Kiuru M, Launonen V, Hietala M, et al: Familial cutaneous leio-
myomatosis is a two-hit condition associated with renal cell cancer 
of characteristic histopathology. Am J Pathol 159:825–829, 2001.

132. Launonen V, Vierimaa O, Kiuru M, et al: Inherited susceptibility 
to uterine leiomyomas and renal cell cancer. Proc Natl Acad Sci U 
S A 98:3387–3392, 2001.

133. Tomlinson IP, Alam NA, Rowan AJ, et al: Germline mutations in 
FH predispose to dominantly inherited uterine fibroids, skin 

leiomyomata and papillary renal cell cancer. Nat Genet 30:406–
410, 2002.

134. Toro JR, Nickerson ML, Wei MH, et al: Mutations in the fumarate 
hydratase gene cause hereditary leiomyomatosis and renal cell 
cancer in families in North America. Am J Hum Genet 73:95–106, 
2003.

135. Pavlovich CP, Walther MM, Eyler RA, et al: Renal tumors in  
the Birt-Hogg-Dube syndrome. Am J Surg Pathol 26:1542–1552, 
2002.

136. Pavlovich CP, Grubb RL, 3rd, Hurley K, et al: Evaluation and 
management of renal tumors in the Birt-Hogg-Dube syndrome.  
J Urol 173:1482–1486, 2005.

137. Zbar B, Alvord WG, Glenn G, et al: Risk of renal and colonic 
neoplasms and spontaneous pneumothorax in the Birt-Hogg-
Dube syndrome. Cancer Epidemiol Biomarkers Prev 11:393–400, 
2002.

138. Nickerson ML, Warren MB, Toro JR, et al: Mutations in a novel 
gene lead to kidney tumors, lung wall defects, and benign tumors 
of the hair follicle in patients with the Birt-Hogg-Dube syndrome. 
Cancer Cell 2:157–164, 2002.

139. Vocke CD, Yang Y, Pavlovich CP, et al: High frequency of somatic 
frameshift BHD gene mutations in Birt-Hogg-Dube-associated 
renal tumors. J Natl Cancer Inst 97:931–935, 2005.

140. Khoo SK, Kahnoski K, Sugimura J, et al: Inactivation of BHD in 
sporadic renal tumors. Cancer Res 63:4583–4587, 2003.

141. Nagy A, Zoubakov D, Stupar Z, et al: Lack of mutation of the fol-
liculin gene in sporadic chromophobe renal cell carcinoma and 
renal oncocytoma. Int J Cancer 109:472–475, 2004.

142. Inoki K, Corradetti MN, Guan KL: Dysregulation of the  
TSC-mTOR pathway in human disease. Nat Genet 37:19–24, 
2005.

143. Hartman TR, Nicolas E, Klein-Szanto A, et al: The role of the 
Birt-Hogg-Dube protein in mTOR activation and renal tumori-
genesis. Oncogene 28:1594–1604, 2009.

144. Brugarolas J: Renal-cell carcinoma—molecular pathways and 
therapies. N Engl J Med 356:185–187, 2007.

145. van Slegtenhorst M, de Hoogt R, Hermans C, et al: Identification 
of the tuberous sclerosis gene TSC1 on chromosome 9q34. Science 
277:805–808, 1997.

146. Dabora SL, Jozwiak S, Franz DN, et al: Mutational analysis in a 
cohort of 224 tuberous sclerosis patients indicates increased sever-
ity of TSC2, compared with TSC1, disease in multiple organs. Am 
J Hum Genet 68:64–80, 2001.

147. Roach ES, Gomez MR, Northrup H: Tuberous sclerosis complex 
consensus conference: Revised clinical diagnostic criteria. J Child 
Neurol 13:624–628, 1998.

148. Nguyen MM, Gill IS, Ellison LM: The evolving presentation of 
renal carcinoma in the United States: Trends from the surveil-
lance, epidemiology, and end results program. J Urol 176:2397–
2400, discussion 2400, 2006.

149. Patard JJ, Leray E, Cindolo L, et al: Multi-institutional validation 
of a symptom based classification for renal cell carcinoma. J Urol 
172:858–862, 2004.

150. Patard JJ, Leray E, Rodriguez A, et al: Correlation between 
symptom graduation, tumor characteristics and survival in renal 
cell carcinoma. Eur Urol 44:226–232, 2003.

151. Bensalah K, Pantuck AJ, Crepel M, et al: Prognostic variables to 
predict cancer-related death in incidental renal tumours. BJU Int 
102:1376–1380, 2008.

152. Skinner DG, Colvin RB, Vermillion CD, et al: Diagnosis and man-
agement of renal cell carcinoma. A clinical and pathologic study 
of 309 cases. Cancer 28:1165–1177, 1971.

153. Gibbons RP, Monte JE, Correa RJ, Jr, et al: Manifestations of renal 
cell carcinoma. Urology 8:201–206, 1976.

154. Pinals RS, Krane SM: Medical aspects of renal carcinoma. Postgrad 
Med J 38:507–519, 1962.

155. Linehan W, Shipley W, Parkinson D: Cancer of the kidney and ureter, 
Philadelphia, 1993, Lippincott.

156. Chisholm GD, Roy RR: The systemic effects of malignant renal 
tumours. Br J Urol 43:687–700, 1971.

157. Laski ME, Vugrin D: Paraneoplastic syndromes in hyperne-
phroma. Semin Nephrol 7:123–130, 1987.

158. Gold PJ, Fefer A, Thompson JA: Paraneoplastic manifestations of 
renal cell carcinoma. Semin Urol Oncol 14:216–222, 1996.

159. Cranston WI, Luff RH, Owen D, et al: Studies on the pathogenesis 
of fever in renal carcinoma. Clin Sci Mol Med 45:459–467, 1973.

http://www.myuptodate.com


1388.e4 SECTiON V — diSORdERS OF KidNEy STRUCTURE ANd FUNCTiON

160. Sufrin G, Murphy GP: Humoral syndromes of renal adenocarci-
noma in man. Rev Surg 34:149–166, 1977.

161. Sufrin G, Mirand EA, Moore RH, et al: Hormones in renal cancer. 
J Urol 117:433–438, 1977.

162. Walsh PN, Kissane JM: Nonmetastatic hypernephroma with revers-
ible hepatic dysfunction. Arch Intern Med 122:214–222, 1968.

163. Chuang YC, Lin AT, Chen KK, et al: Paraneoplastic elevation of 
serum alkaline phosphatase in renal cell carcinoma: Incidence 
and implication on prognosis. J Urol 158:1684–1687, 1997.

164. Stadler WM, Richards JM, Vogelzang NJ: Serum interleukin-6 
levels in metastatic renal cell cancer: Correlation with survival but 
not an independent prognostic indicator. J Natl Cancer Inst 
84:1835–1836, 1992.

165. Gotoh A, Kitazawa S, Mizuno Y, et al: Common expression of 
parathyroid hormone-related protein and no correlation of 
calcium level in renal cell carcinomas. Cancer 71:2803–2806, 
1993.

166. Motzer RJ, Mazumdar M, Bacik J, et al: Survival and prognostic 
stratification of 670 patients with advanced renal cell carcinoma. 
J Clin Oncol 17:2530–2540, 1999.

167. O’Grady AS, Morse LJ, Lee JB: Parathyroid hormone-secreting 
renal carcinoma associated with hypercalcemia and metabolic 
alkalosis. Ann Intern Med 63:858–868, 1965.

168. Brereton HD, Halushka PV, Alexander RW, et al: Indomethacin-
responsive hypercalcemia in a patient with renal-cell adenocarci-
noma. N Engl J Med 291:83–85, 1974.

169. Lipton A, Colombo-Berra A, Bukowski RM, et al: Skeletal compli-
cations in patients with bone metastases from renal cell carcinoma 
and therapeutic benefits of zoledronic acid. Clin Cancer Res 
10:6397S–6403S, 2004.

170. Weber K, Doucet M, Kominsky S: Renal cell carcinoma bone 
metastasis—elucidating the molecular targets. Cancer Metastasis 
Rev 26:691–704, 2007.

171. Christodoulou C, Pervena A, Klouvas G, et al: Combination of 
bisphosphonates and antiangiogenic factors induces osteonecro-
sis of the jaw more frequently than bisphosphonates alone. Oncol-
ogy 76:209–211, 2009.

172. Aragon-Ching JB, Ning YM, Chen CC, et al: Higher incidence of 
osteonecrosis of the jaw (ONJ) in patients with metastatic castra-
tion resistant prostate cancer treated with anti-angiogenic agents. 
Cancer Invest 27:221–226, 2009.

173. Patard JJ: Incidental renal tumours. Curr Opin Urol 19:454–458, 
2009.

174. Jaschke W, van Kaick G, Peter S, et al: Accuracy of computed 
tomography in staging of kidney tumors. Acta Radiol Diagn (Stockh) 
23:593–598, 1982.

175. Richie JP, Garnick MB: Primary renal and ureteral cancer, Philadel-
phia, 1982, Lea & Febiger.

176. Bosniak MA: The current radiological approach to renal cysts. 
Radiology 158:1–10, 1986.

177. Amendola MA, Bree RL, Pollack HM, et al: Small renal cell car-
cinomas: Resolving a diagnostic dilemma. Radiology 166:637–641, 
1988.

178. D’Orsi CJ: The radiologic and radionucleotide evaluation of the kidney, 
Philadelphia, 1982, Lea & Febiger.

179. Israel GM, Bosniak MA: An update of the Bosniak renal cyst clas-
sification system. Urology 66:484–488, 2005.

180. Israel GM, Hindman N, Bosniak MA: Evaluation of cystic renal 
masses: Comparison of CT and MR imaging by using the Bosniak 
classification system. Radiology 231:365–371, 2004.

181. Bhave G, Lewis JB, Chang SS: Association of gadolinium based 
magnetic resonance imaging contrast agents and nephrogenic 
systemic fibrosis. J Urol 180:830–835, discussion 835, 2008.

182. Hallscheidt PJ, Fink C, Haferkamp A, et al: Preoperative staging 
of renal cell carcinoma with inferior vena cava thrombus using 
multidetector CT and MRI: Prospective study with histopathologi-
cal correlation. J Comput Assist Tomogr 29:64–68, 2005.

183. Semelka RC, Shoenut JP, Magro CM, et al: Renal cancer staging: 
Comparison of contrast-enhanced CT and gadolinium-enhanced 
fat-suppressed spin-echo and gradient-echo MR imaging. J Magn 
Reson Imaging 3:597–602, 1993.

184. Daponte D, Zungri E, Algaba F, et al: Isolated renal angiomyoli-
poma. Study of 10 cases. J Urol 89:267–271, 1983.

185. Yamashita Y, Ueno S, Makita O, et al: Hyperechoic renal tumors: 
Anechoic rim and intratumoral cysts in US differentiation of renal 

cell carcinoma from angiomyolipoma. Radiology 188:179–182, 
1993.

186. Milner J, McNeil B, Alioto J, et al: Fat poor renal angiomyolipoma: 
Patient, computerized tomography and histological findings. J 
Urol 176:905–909, 2006.

187. Lieber MM: Renal oncocytoma: Prognosis and treatment. Eur Urol 
18(Suppl 2):17–21, 1990.

188. Atlas I, Kwan D, Stone N: Value of serum alkaline phosphatase 
and radionuclide bone scans in patients with renal cell carcinoma. 
Urology 38:220–222, 1991.

189. Koga S, Tsuda S, Nishikido M, et al: The diagnostic value of bone 
scan in patients with renal cell carcinoma. J Urol 166:2126–2128, 
2001.

190. Kang DE, White RL, Jr, Zuger JH, et al: Clinical use of fluorode-
oxyglucose F 18 positron emission tomography for detection of 
renal cell carcinoma. J Urol 171:1806–1809, 2004.

191. Nieh P: PET scans in urology. AUA Update Series 121:2009.
192. Divgi CR, Pandit-Taskar N, Jungbluth AA, et al: Preoperative char-

acterisation of clear-cell renal carcinoma using iodine-124-labelled 
antibody chimeric F250 (124I-CG250) and PET in patients with 
renal masses: A phase I trial. Lancet Oncol 8:304–310, 2007.

193. Bui MH, Seligson D, Han KR, et al: Carbonic anhydrase IX is an 
independent predictor of survival in advanced renal clear cell 
carcinoma: Implications for prognosis and therapy. Clin Cancer Res 
9:802–811, 2003.

194. Bui MH, Visapaa H, Seligson D, et al: Prognostic value of carbonic 
anhydrase IX and ki67 as predictors of survival for renal clear cell 
carcinoma. J Urol 171:2461–2466, 2004.

195. Divgi CR, Uzzo RG, Gatsonis C, et al: Positron emission 
tomography/computed tomography identification of clear cell 
renal cell carcinoma: Results from the REDECT trial. J Clin Oncol 
31:187–194, 2013.

196. Brouwers AH, Dorr U, Lang O, et al: 131 I-CG250 monoclonal 
antibody immunoscintigraphy versus [18 f]FDG-PET imaging in 
patients with metastatic renal cell carcinoma: A comparative study. 
Nucl Med Commun 23:229–236, 2002.

197. Ritchie AW, Chisholm GD: The natural history of renal carci-
noma. Semin Oncol 10:390–400, 1983.

198. McDougal WS: GM: Clinical signs and symptoms of kidney cancer, 
Baltimore, 1996, Williams & Wilkins.

199. Johnson CD, Dunnick NR, Cohan RH, et al: Renal adenocarci-
noma: CT staging of 100 tumors. AJR Am J Roentgenol 148:59–63, 
1987.

200. Greene FL, Page DL, Morrow M: AJCC cancer staging manual, ed 
6, New York, 2002, Springer.

201. Sika-Paotonu D, Bethwaite PB, McCredie MR, et al: Nucleolar 
grade but not Fuhrman grade is applicable to papillary renal cell 
carcinoma. Am J Surg Pathol 30:1091–1096, 2006.

202. Motzer RJ, Bacik J, Schwartz LH, et al: Prognostic factors for 
survival in previously treated patients with metastatic renal cell 
carcinoma. J Clin Oncol 22:454–463, 2004.

203. Motzer RJ, Bacik J, Murphy BA, et al: Interferon-alfa as a compara-
tive treatment for clinical trials of new therapies against advanced 
renal cell carcinoma. J Clin Oncol 20:289–296, 2002.

204. Mekhail TM, Abou-Jawde RM, Boumerhi G, et al: Validation and 
extension of the Memorial Sloan-Kettering Prognostic Factors 
Model for survival in patients with previously untreated metastatic 
renal cell carcinoma. J Clin Oncol 23:832–841, 2005.

205. Eggener SE, Yossepowitch O, Pettus JA, et al: Renal cell carcinoma 
recurrence after nephrectomy for localized disease: Predicting 
survival from time of recurrence. J Clin Oncol 24:3101–3106, 
2006.

206. Zisman A, Pantuck AJ, Figlin RA, et al: Validation of the UCLA 
Integrated Staging System for patients with renal cell carcinoma. 
J Clin Oncol 19:3792–3793, 2001.

207. Frank I, Blute ML, Cheville JC, et al: An outcome prediction 
model for patients with clear cell renal cell carcinoma treated with 
radical nephrectomy based on tumor stage, size, grade and necro-
sis: The SSIGN score. J Urol 168:2395–2400, 2002.

208. Sorbellini M, Kattan MW, Snyder ME, et al: A postoperative prog-
nostic nomogram predicting recurrence for patients with conven-
tional clear cell renal cell carcinoma. J Urol 173:48–51, 2005.

209. Fahn HJ, Lee YH, Chen MT, et al: The incidence and prognostic 
significance of humoral hypercalcemia in renal cell carcinoma. J 
Urol 145:248–250, 1991.

http://www.myuptodate.com


 CHAPTER 41 — KidNEy CANCER 1388.e5

210. Ljungberg B, Joanssen H, Stenling R: Prognostic factors in renal 
cell carcinoma. Int Urol Nephrol 20:115–121, 1988.

211. Grignon DJ, Ayala AG, el-Naggar A, et al: Renal cell carcinoma. 
A clinicopathologic and DNA flow cytometric analysis of 103 
cases. Cancer 64:2133–2140, 1989.

212. Uhlman DL, Nguyen PL, Manivel JC, et al: Association of immu-
nohistochemical staining for p53 with metastatic progression and 
poor survival in patients with renal cell carcinoma. J Natl Cancer 
Inst 86:1470–1475, 1994.

213. Santhanam U, Ray A, Sehgal PB: Repression of the interleukin 6 
gene promoter by p53 and the retinoblastoma susceptibility gene 
product. Proc Natl Acad Sci U S A 88:7605–7609, 1991.

214. Oda H, Nakatsuru Y, Ishikawa T: Mutations of the p53 gene and 
p53 protein overexpression are associated with sarcomatoid trans-
formation in renal cell carcinomas. Cancer Res 55:658–662, 1995.

215. Lane BR, Gill IS: 5-year outcomes of laparoscopic partial nephrec-
tomy. J Urol 177:70–74, discussion 74, 2007.

216. Sagalowsky AI, Kadesky KT, Ewalt DM, et al: Factors influencing 
adrenal metastasis in renal cell carcinoma. J Urol 151:1181–1184, 
1994.

217. Shalev M, Cipolla B, Guille F, et al: Is ipsilateral adrenalectomy a 
necessary component of radical nephrectomy? J Urol 153:1415–
1417, 1995.

218. Gill IS, McClennan BL, Kerbl K, et al: Adrenal involvement from 
renal cell carcinoma: Predictive value of computerized tomogra-
phy. J Urol 152:1082–1085, 1994.

219. Guideline for management of the clinical stage 1 renal mass, Linthicum, 
MD, 2009, American Urological Association Education and 
Research.

220. Thrasher JB, Robertson JE, Paulson DF: Expanding indications 
for conservative renal surgery in renal cell carcinoma. Urology 
43:160–168, 1994.

221. Steinbach F, Stockle M, Hohenfellner R: Current controversies in 
nephron-sparing surgery for renal-cell carcinoma. World J Urol 
13:163–165, 1995.

222. Provet J, Tessler A, Brown J, et al: Partial nephrectomy for renal 
cell carcinoma: Indications, results and implications. J Urol 
145:472–476, 1991.

223. Motzer RJ, Bander NH, Nanus DM: Renal-cell carcinoma. N Engl 
J Med 335:865–875, 1996.

224. Thompson RH, Boorjian SA, Lohse CM, et al: Radical nephrec-
tomy for PT1A renal masses may be associated with decreased 
overall survival compared with partial nephrectomy. J Urol 
179:468–471, discussion 472–463, 2008.

225. Lau WK, Blute ML, Weaver AL, et al: Matched comparison of 
radical nephrectomy vs nephron-sparing surgery in patients with 
unilateral renal cell carcinoma and a normal contralateral kidney. 
Mayo Clinic proceedings. Mayo Clinic 75:1236–1242, 2000.

226. Huang WC, Levey AS, Serio AM, et al: Chronic kidney disease 
after nephrectomy in patients with renal cortical tumours: A ret-
rospective cohort study. Lancet Oncol 7:735–740, 2006.

227. Uzzo RG, Novick AC: Nephron sparing surgery for renal tumors: 
Indications, techniques and outcomes. J Urol 166:6–18, 2001.

228. Belldegrun A, Tsui KH, deKernion JB, et al: Efficacy of nephron-
sparing surgery for renal cell carcinoma: Analysis based on the 
new 1997 tumor-node-metastasis staging system. J Clin Oncol 
17:2868–2875, 1999.

229. Barbalias GA, Liatsikos EN, Tsintavis A, et al: Adenocarcinoma of 
the kidney: Nephron-sparing surgical approach vs. Radical 
nephrectomy. J Surg Oncol 72:156–161, 1999.

230. Indudhara R, Bueschen AJ, Urban DA, et al: Nephron-sparing 
surgery compared with radical nephrectomy for renal tumors: 
Current indications and results. South Med J 90:982–985, 1997.

231. Lerner SE, Hawkins CA, Blute ML, et al: Disease outcome in 
patients with low stage renal cell carcinoma treated with nephron 
sparing or radical surgery. 1996. J Urol 167:884–889, discussion 
889–890, 2002.

232. D’Armiento M, Damiano R, Feleppa B, et al: Elective conservative 
surgery for renal carcinoma versus radical nephrectomy: A pro-
spective study. Br J Urol 79:15–19, 1997.

233. Jeschke K, Peschel R, Wakonig J, et al: Laparoscopic nephron-
sparing surgery for renal tumors. Urology 58:688–692, 2001.

234. Gettman MT, Bishoff JT, Su LM, et al: Hemostatic laparoscopic 
partial nephrectomy: Initial experience with the radiofrequency 
coagulation-assisted technique. Urology 58:8–11, 2001.

235. Gill IS, Desai MM, Kaouk JH, et al: Laparoscopic partial nephrec-
tomy for renal tumor: Duplicating open surgical techniques. J Urol 
167:469–467, discussion 475–476, 2002.

236. Riggs SB, Larochelle JC, Belldegrun AS: Partial nephrectomy: A 
contemporary review regarding outcomes and different tech-
niques. Cancer J 14:302–307, 2008.

237. Canes D: Long-term oncological outcomes of laparoscopic partial 
nephrectomy. Curr Opin Urol 18:145–149, 2008.

238. Shapiro E, Benway BM, Wang AJ, et al: The role of nephron-
sparing robotic surgery in the management of renal malignancy. 
Curr Opin Urol 19:76–80, 2009.

239. Kural AR, Atug F, Tufek I, et al: Robot-assisted partial nephrec-
tomy versus laparoscopic partial nephrectomy: Comparison of 
outcomes. J Endourol 23:1491–1497, 2009.

240. Benway BM, Bhayani SB, Rogers CG, et al: Robot assisted partial 
nephrectomy versus laparoscopic partial nephrectomy for renal 
tumors: A multi-institutional analysis of perioperative outcomes.  
J Urol 182:866–872, 2009.

241. Ellison JS, Montgomery JS, Wolf JS, Jr, et al: A matched compari-
son of perioperative outcomes of a single laparoscopic surgeon 
versus a multisurgeon robot-assisted cohort for partial nephrec-
tomy. J Urol 188:45–50, 2012.

242. Khalifeh A, Autorino R, Hillyer SP, et al: Comparative outcomes 
and assessment of trifecta in 500 robotic and laparoscopic partial 
nephrectomy cases: A single surgeon experience. J Urol 189:1236–
1242, 2013.

243. Tsivian M, Rampersaud EN, Jr, Laguna Pes MD, et al: Small renal 
mass biopsy—how, what and when: Report from an international 
consensus panel. BJU Int 113:854–863, 2014.

244. Scosyrev E, Messing EM, Sylvester R, et al: Renal function after 
nephron-sparing surgery versus radical nephrectomy: Results 
from EORTC randomized trial 30904. Eur Urol 65:372–377, 2014.

245. Van Poppel H, Da Pozzo L, Albrecht W, et al: A prospective, ran-
domised EORTC intergroup phase 3 study comparing the onco-
logic outcome of elective nephron-sparing surgery and radical 
nephrectomy for low-stage renal cell carcinoma. Eur Urol 59:543–
552, 2011.

246. Lane BR, Campbell SC, Demirjian S, et al: Surgically induced 
chronic kidney disease may be associated with a lower risk of 
progression and mortality than medical chronic kidney disease. J 
Urol 189:1649–1655, 2013.

247. Gill IS, Remer EM, Hasan WA, et al: Renal cryoablation: Outcome 
at 3 years. J Urol 173:1903–1907, 2005.

248. Anderson JK, Matsumoto E, Cadeddu JA: Renal radiofrequency 
ablation: Technique and results. Urol Oncol 23:355–360, 2005.

249. Kunkle DA, Uzzo RG: Cryoablation or radiofrequency ablation of 
the small renal mass: A meta-analysis. Cancer 113:2671–2680, 2008.

250. Bazeed MA, Scharfe T, Becht E, et al: Conservative surgery of 
renal cell carcinoma. Eur Urol 12:238–243, 1986.

251. Delacroix SE, Jr, Wood CG: The role of lymphadenectomy in renal 
cell carcinoma. Curr Opin Urol 19:465–472, 2009.

252. Blute ML, Leibovich BC, Cheville JC, et al: A protocol for per-
forming extended lymph node dissection using primary tumor 
pathological features for patients treated with radical nephrec-
tomy for clear cell renal cell carcinoma. J Urol 172:465–469, 
2004.

253. Hutterer GC, Patard JJ, Perrotte P, et al: Patients with renal cell 
carcinoma nodal metastases can be accurately identified: External 
validation of a new nomogram. International journal of cancer. 
Int J Cancer 121:2556–2561, 2007.

254. Blom JH, van Poppel H, Marechal JM, et al: Radical nephrectomy 
with and without lymph-node dissection: Final results of European 
Organization for Research and Treatment of Cancer (EORTC) 
randomized phase 3 trial 30881. Eur Urol 55:28–34, 2009.

255. Vasselli JR, Yang JC, Linehan WM, et al: Lack of retroperitoneal 
lymphadenopathy predicts survival of patients with metastatic 
renal cell carcinoma. J Urol 166:68–72, 2001.

256. Pantuck AJ, Zisman A, Dorey F, et al: Renal cell carcinoma with 
retroperitoneal lymph nodes. Impact on survival and benefits of 
immunotherapy. Cancer 97:2995–3002, 2003.

257. Pantuck AJ, Zisman A, Dorey F, et al: Renal cell carcinoma with 
retroperitoneal lymph nodes: Role of lymph node dissection. J 
Urol 169:2076–2083, 2003.

258. Canfield SE, Kamat AM, Sanchez-Ortiz RF, et al: Renal cell carci-
noma with nodal metastases in the absence of distant metastatic 

http://www.myuptodate.com


1388.e6 SECTiON V — diSORdERS OF KidNEy STRUCTURE ANd FUNCTiON

disease (clinical stage TXN1-2M0): The impact of aggressive surgi-
cal resection on patient outcome. J Urol 175:864–869, 2006.

259. Delacroix SE, Jr, Chapin BF, Chen JJ, et al: Can a durable disease-
free survival be achieved with surgical resection in patients with 
pathological node positive renal cell carcinoma? J Urol 186:1236–
1241, 2011.

260. Libertino JA, Swierzewski DJ, Swierzewski MJ: Renal cell carcinoma 
with extension into the vena cava, St. Louis, 1998, Mosby–Year Book.

261. Cherrie RJ, Goldman DG, Lindner A, et al: Prognostic implica-
tions of vena caval extension of renal cell carcinoma. J Urol 
128:910–912, 1982.

262. Hatcher PA, Anderson EE, Paulson DF, et al: Surgical manage-
ment and prognosis of renal cell carcinoma invading the vena 
cava. J Urol 145:20–23, discussion 23–24, 1991.

263. Marshall FF, Dietrick DD, Baumgartner WA, et al: Surgical man-
agement of renal cell carcinoma with intracaval neoplastic exten-
sion above the hepatic veins. J Urol 139:1166–1172, 1988.

264. Novick AC: Current surgical approaches, nephron-sparing 
surgery, and the role of surgery in the integrated immunologic 
approach to renal-cell carcinoma. Semin Oncol 22:29–33, 1995.

265. Boorjian SA, Blute ML: Surgery for vena caval tumor extension in 
renal cancer. Curr Opin Urol 19:473–477, 2009.

266. Mickisch GH, Garin A, van Poppel H, et al: Radical nephrectomy 
plus interferon-alfa-based immunotherapy compared with  
interferon-alfa alone in metastatic renal-cell carcinoma: A ran-
domised trial. Lancet 358:966–970, 2001.

267. Flanigan RC, Salmon SE, Blumenstein BA, et al: Nephrectomy 
followed by interferon alfa-2b compared with interferon alfa-2b 
alone for metastatic renal-cell cancer. N Engl J Med 345:1655–1659, 
2001.

268. Pantuck AJ, Belldegrun AS, Figlin RA: Nephrectomy and 
interleukin-2 for metastatic renal-cell carcinoma. N Engl J Med 
345:1711–1712, 2001.

269. McDermott DF, Regan MM, Clark JI, et al: Randomized phase III 
trial of high-dose interleukin-2 versus subcutaneous interleukin-2 
and interferon in patients with metastatic renal cell carcinoma. J 
Clin Oncol 23:133–141, 2005.

270. Bennett RT, Lerner SE, Taub HC, et al: Cytoreductive surgery for 
stage IV renal cell carcinoma. J Urol 154:32–34, 1995.

271. Rackley R, Novick A, Klein E, et al: The impact of adjuvant 
nephrectomy on multimodality treatment of metastatic renal cell 
carcinoma. J Urol 152:1399–1403, 1994.

272. Taneja SS, Pierce W, Figlin R, et al: Immunotherapy for renal cell 
carcinoma: The era of interleukin-2-based treatment. Urology 
45:911–924, 1995.

273. Walther MM, Yang JC, Pass HI, et al: Cytoreductive surgery before 
high dose interleukin-2 based therapy in patients with metastatic 
renal cell carcinoma. J Urol 158:1675–1678, 1997.

274. Fallick ML, McDermott DF, LaRock D, et al: Nephrectomy before 
interleukin-2 therapy for patients with metastatic renal cell carci-
noma. J Urol 158:1691–1695, 1997.

275. Polcari AJ, Gorbonos A, Milner JE, et al: The role of cytoreductive 
nephrectomy in the era of molecular targeted therapy. Int J Urol 
16:227–233, 2009.

276. Margulis V, Wood CG, Jonasch E, et al: Current status of debulk-
ing nephrectomy in the era of tyrosine kinase inhibitors. Curr 
Oncol Rep 10:253–258, 2008.

277. Chapin BF, Delacroix SE, Jr, Culp SH, et al: Safety of presurgical 
targeted therapy in the setting of metastatic renal cell carcinoma. 
Eur Urol 60:964–971, 2011.

278. Chiong E, Wood CG, Margulis V: Role of cytoreductive nephrec-
tomy in renal cell carcinoma. Future oncology 5:859–869, 2009.

279. Wood CG, Margulis V: Neoadjuvant (presurgical) therapy for 
renal cell carcinoma: A new treatment paradigm for locally 
advanced and metastatic disease. Cancer 115:2355–2360, 2009.

280. Dekernion JB, Ramming KP, Smith RB: The natural history of 
metastatic renal cell carcinoma: A computer analysis. J Urol 
120:148–152, 1978.

281. Kavolius JP, Mastorakos DP, Pavlovich C, et al: Resection of meta-
static renal cell carcinoma. J Clin Oncol 16:2261–2266, 1998.

282. Dineen MK, Pastore RD, Emrich LJ, et al: Results of surgical treat-
ment of renal cell carcinoma with solitary metastasis. J Urol 
140:277–279, 1988.

283. Swanson DA: Surgery for metastases of renal cell carcinoma. Scand 
J Surg 93:150–155, 2004.

284. Belldegrun A, Abi-Aad AS, Figlin RA, et al: Renal cell carcinoma: 
Basic biology and current approaches to therapy. Semin Oncol 
18:96–101, 1991.

285. O’Dea MJ, Zincke H, Utz DC, et al: The treatment of renal cell 
carcinoma with solitary metastasis. J Urol 120:540–542, 1978.

286. Tolia BM, Whitmore WF, Jr: Solitary metastasis from renal cell 
carcinoma. J Urol 114:836–838, 1975.

287. Lane BR, Kattan MW: Prognostic models and algorithms in renal 
cell carcinoma. Urol Clin North Am 35:613–625, vii, 2008.

288. Messing EM, Manola J, Wilding G, et al: Phase III study of inter-
feron alfa-NL as adjuvant treatment for resectable renal cell car-
cinoma: An Eastern Cooperative Oncology Group/Intergroup 
trial. J Clin Oncol 21:1214–1222, 2003.

289. Clark JI, Atkins MB, Urba WJ, et al: Adjuvant high-dose bolus 
interleukin-2 for patients with high-risk renal cell carcinoma: A 
cytokine working group randomized trial. J Clin Oncol 21:3133–
3140, 2003.

290. Jocham D, Richter A, Hoffmann L, et al: Adjuvant autologous 
renal tumour cell vaccine and risk of tumour progression in 
patients with renal-cell carcinoma after radical nephrectomy: 
Phase III, randomised controlled trial. Lancet 363:594–599, 
2004.

291. May M, Kendel F, Hoschke B, et al: Adjuvant autologous tumour 
cell vaccination in patients with renal cell carcinoma. Overall 
survival analysis with a follow-up period in excess of more than 10 
years. Urologe A 48:1075–1083, 2009.

292. Wood C, Srivastava P, Bukowski R, et al: An adjuvant autologous 
therapeutic vaccine (HSPPC-96; Vitespen) versus observation 
alone for patients at high risk of recurrence after nephrectomy 
for renal cell carcinoma: A multicentre, open-label, randomised 
phase III trial. Lancet 372:145–154, 2008.

293. Inoue M, Okajima K, Itoh K, et al: Mechanism of furosemide 
resistance in analbuminemic rats and hypoalbuminemic patients. 
Kidney Int 32:198–203, 1987.

294. Cowey CL, Amin C, Pruthi RS, et al: Neoadjuvant clinical trial with 
sorafenib for patients with stage II or higher renal cell carcinoma. 
J Clin Oncol 28:1502–1507, 2010.

295. Abel EJ, Culp SH, Tannir NM, et al: Primary tumor response to 
targeted agents in patients with metastatic renal cell carcinoma. 
Eur Urol 59:10–15, 2011.

296. Powles T, Kayani I, Blank C, et al: The safety and efficacy of suni-
tinib before planned nephrectomy in metastatic clear cell renal 
cancer. Ann Oncol 22:1041–1047, 2011.

297. Bex A, van der Veldt AA, Blank C, et al: Neoadjuvant sunitinib for 
surgically complex advanced renal cell cancer of doubtful resect-
ability: Initial experience with downsizing to reconsider cytore-
ductive surgery. World J Urol 27:533–539, 2009.

298. Hellenthal NJ, Underwood W, Penetrante R, et al: Prospective 
clinical trial of preoperative sunitinib in patients with renal cell 
carcinoma. J Urol 184:859–864, 2010.

299. Silberstein JL, Millard F, Mehrazin R, et al: Feasibility and efficacy 
of neoadjuvant sunitinib before nephron-sparing surgery. BJU Int 
106:1270–1276, 2010.

300. Karam JA, Devine CE, Lozano M, et al: A phase II clinical trial 
examining the impact of neoadjuvant axitinib on primary tumor 
response in patients with locally advanced clear cell renal cell 
carcinoma. J Clin Oncol 31:2013.

301. Rini BI: Metastatic renal cell carcinoma: Many treatment options, 
one patient. J Clin Oncol 27:3225–3234, 2009.

302. Rini BI, Campbell SC, Escudier B: Renal cell carcinoma. Lancet 
373:1119–1132, 2009.

303. Motzer RJ, Hutson TE, Tomczak P, et al: Sunitinib versus inter-
feron alfa in metastatic renal-cell carcinoma. N Engl J Med 
356:115–124, 2007.

304. Motzer RJ, Hutson TE, Tomczak P, et al: Overall survival and 
updated results for sunitinib compared with interferon alfa in 
patients with metastatic renal cell carcinoma. J Clin Oncol 27:3584–
3590, 2009.

305. Rini BI, Tamaskar I, Shaheen P, et al: Hypothyroidism in patients 
with metastatic renal cell carcinoma treated with sunitinib. J Natl 
Cancer Inst 99:81–83, 2007.

306. Rixe O, Billemont B, Izzedine H: Hypertension as a predictive 
factor of sunitinib activity. Ann Oncol 18:1117, 2007.

307. Escudier B, Eisen T, Stadler WM, et al: Sorafenib in advanced 
clear-cell renal-cell carcinoma. N Engl J Med 356:125–134, 2007.

http://www.myuptodate.com


 CHAPTER 41 — KidNEy CANCER 1388.e7

308. Escudier B, Szczylik C, Hutson TE, et al: Randomized phase II 
trial of first-line treatment with sorafenib versus interferon alfa-2a 
in patients with metastatic renal cell carcinoma. J Clin Oncol 
27:1280–1289, 2009.

309. Sonpavde G, Hutson TE, Sternberg CN: Pazopanib, a potent 
orally administered small-molecule multitargeted tyrosine kinase 
inhibitor for renal cell carcinoma. Expert Opin Investig Drugs 
17:253–261, 2008.

310. Sternberg CN, Davis ID, Mardiak J, et al: Pazopanib in locally 
advanced or metastatic renal cell carcinoma: Results of a random-
ized phase III trial. J Clin Oncol 28:1061–1068, 2010.

311. Motzer RJ, Hutson TE, Cella D, et al: Pazopanib versus sunitinib 
in metastatic renal-cell carcinoma. N Engl J Med 369:722–731, 
2013.

312. Rixe O, Bukowski RM, Michaelson MD, et al: Axitinib treatment 
in patients with cytokine-refractory metastatic renal-cell cancer: A 
phase II study. Lancet Oncol 8:975–984, 2007.

313. Rini BI, Escudier B, Tomczak P, et al: Comparative effectiveness 
of axitinib versus sorafenib in advanced renal cell carcinoma 
(AXIS): A randomised phase 3 trial. Lancet 378:1931–1939, 
2011.

314. Rini BI, Halabi S, Rosenberg JE, et al: Phase III trial of bevaci-
zumab plus interferon alfa versus interferon alfa monotherapy in 
patients with metastatic renal cell carcinoma: Final results of 
CALGB 90206. J Clin Oncol 28:2137–2143, 2010.

315. Escudier B, Bellmunt J, Negrier S, et al: Phase III trial of bevaci-
zumab plus interferon alfa-2a in patients with metastatic renal cell 
carcinoma (AVOREN): Final analysis of overall survival. J Clin 
Oncol 28:2144–2150, 2010.

316. Hudes G, Carducci M, Tomczak P, et al: Temsirolimus, interferon 
alfa, or both for advanced renal-cell carcinoma. N Engl J Med 
356:2271–2281, 2007.

317. Motzer RJ, Escudier B, Oudard S, et al: Efficacy of everolimus in 
advanced renal cell carcinoma: A double-blind, randomised, 
placebo-controlled phase III trial. Lancet 372:449–456, 2008.

318. Amato RJ, Hawkins RE, Kaufman HL, et al: Vaccination of  
metastatic renal cancer patients with MVA-5T4: A randomized, 
double-blind, placebo-controlled phase III study. Clin Cancer Res 
16:5539–5547, 2010.

319. Harris DT: Hormonal therapy and chemotherapy of renal-cell 
carcinoma. Semin Oncol 10:422–430, 1983.

320. Yagoda A, Petrylak D, Thompson S: Cytotoxic chemotherapy for 
advanced renal cell carcinoma. Urol Clin North Am 20:303–321, 
1993.

321. De Mulder PH, Weissbach L, Jakse G, et al: Gemcitabine: A phase 
II study in patients with advanced renal cancer. Cancer Chemother 
Pharmacol 37:491–495, 1996.

322. Casali M, Marcellini M, Casali A, et al: Gemcitabine in pre-treated 
advanced renal carcinoma: A feasibility study. J Exp Clin Cancer Res 
20:195–198, 2001.

323. Mertens WC, Eisenhauer EA, Moore M, et al: Gemcitabine in 
advanced renal cell carcinoma. A phase II study of the National 
Cancer Institute of Canada Clinical Trials Group. Ann Oncol 
4:331–332, 1993.

324. Rini BI, Vogelzang NJ, Dumas MC, et al: Phase II trial of weekly 
intravenous gemcitabine with continuous infusion fluorouracil in 
patients with metastatic renal cell cancer. J Clin Oncol 18:2419–
2426, 2000.

325. Stadler WM, Halabi S, Rini B, et al: A phase II study of gem-
citabine and capecitabine in metastatic renal cancer: A report of 
Cancer and Leukemia Group B protocol 90008. Cancer 107:1273–
1279, 2006.

326. Tannir NM, Thall PF, Ng CS, et al: A phase II trial of gemcitabine 
plus capecitabine for metastatic renal cell cancer previously 
treated with immunotherapy and targeted agents. J Urol 180:867–
872, discussion 872, 2008.

327. Nanus DM, Garino A, Milowsky MI, et al: Active chemotherapy 
for sarcomatoid and rapidly progressing renal cell carcinoma. 
Cancer 101:1545–1551, 2004.

328. Muss HB: Interferon therapy for renal cell carcinoma. Semin Oncol 
14:36–42, 1987.

329. Muss HB: The role of biological response modifiers in metastatic 
renal cell carcinoma. Semin Oncol 15:30–34, 1988.

330. Neidhart JA: Interferon therapy for the treatment of renal cancer. 
Cancer 57:1696–1699, 1986.

331. Muss HB, Costanzi JJ, Leavitt R, et al: Recombinant alfa interferon 
in renal cell carcinoma: A randomized trial of two routes of 
administration. J Clin Oncol 5:286–291, 1987.

332. Negrier S, Caty A, Lesimple T, et al: Treatment of patients with 
metastatic renal carcinoma with a combination of subcutaneous 
interleukin-2 and interferon alfa with or without fluorouracil. 
Groupe Francais d’Immunotherapie, Federation Nationale des 
Centres de Lutte Contre le Cancer. J Clin Oncol 18:4009–4015, 
2000.

333. Motzer RJ, Schwartz L, Law TM, et al: Interferon alfa-2a and 
13-cis-retinoic acid in renal cell carcinoma: Antitumor activity in 
a phase II trial and interactions in vitro. J Clin Oncol 13:1950–1957, 
1995.

334. Neidhart JA, Anderson SA, Harris JE, et al: Vinblastine fails to 
improve response of renal cancer to interferon alfa-N1: High 
response rate in patients with pulmonary metastases. J Clin Oncol 
9:832–836, 1991.

335. Fisher RI, Rosenberg SA, Fyfe G: Long-term survival update for 
high-dose recombinant interleukin-2 in patients with renal cell 
carcinoma. Cancer J Sci Am 6(Suppl 1):S55–S57, 2000.

336. Figlin RA, Belldegrun A, Moldawer N, et al: Concomitant admin-
istration of recombinant human interleukin-2 and recombinant 
interferon alfa-2a: An active outpatient regimen in metastatic 
renal cell carcinoma. J Clin Oncol 10:414–421, 1992.

337. Atzpodien J, Lopez Hanninen E, Kirchner H, et al: Multiinstitu-
tional home-therapy trial of recombinant human interleukin-2 
and interferon alfa-2 in progressive metastatic renal cell carci-
noma. J Clin Oncol 13:497–501, 1995.

338. Dutcher JP, Fisher RI, Weiss G, et al: Outpatient subcutaneous 
interleukin-2 and interferon-alpha for metastatic renal cell cancer: 
Five-year follow-up of the cytokine working group study. Cancer J 
Sci Am 3:157–162, 1997.

339. Jelakovic B, Karanovic S, Vukovic-Lela I, et al: Aristolactam-DNA 
adducts are a biomarker of environmental exposure to aristolo-
chic acid. Kidney Int 81:559–567, 2012.

340. Tanaka T, Miyazawa K, Tsukamoto T, et al: Pathobiology and  
chemoprevention of bladder cancer. J Oncol 2011:528353, 2011.

341. Brown GA, Matin SF, Busby JE, et al: Ability of clinical grade to 
predict final pathologic stage in upper urinary tract transitional 
cell carcinoma: Implications for therapy. Urology 70:252–256, 
2007.

342. Greene FL: The American Joint Committee on Cancer: Updating 
the strategies in cancer staging. Bull Am Coll Surg 87:13–15, 2002.

343. Margulis V, Shariat SF, Matin SF, et al: Outcomes of radical 
nephroureterectomy: A series from the the Upper Tract Urothe-
lial Carcinoma Collaboration. Cancer 115:1224–1233, 2009.

344. Hellenthal NJ, Shariat SF, Margulis V, et al: Adjuvant chemother-
apy for high risk upper tract urothelial carcinoma: Results from 
the Upper Tract Urothelial Carcinoma Collaboration. J Urol 
182:900–906, 2009.

345. Igawa M, Urakami S, Shiina H, et al: Neoadjuvant chemotherapy 
for locally advanced urothelial cancer of the upper urinary tract. 
Urol Int 55:74–77, 1995.

346. Lane BR, Smith AK, Larson BT, et al: Chronic kidney disease after 
nephroureterectomy for upper tract urothelial carcinoma and 
implications for the administration of perioperative chemother-
apy. Cancer 116:2967–2973, 2010.

347. Wolk A, Gridley G, Niwa S, et al: International Renal Cell Cancer 
Study. VII. Role of diet. Int J Cancer 65:67–73, 1996.

348. Wilimas JA, Magill L, Parham DM, et al: Is renal salvage feasible 
in unilateral Wilms’ tumor? Proposed computed tomographic 
criteria and their relation to surgicopathologic findings. Am J 
Pediatr Hematol Oncol 12:164–167, 1990.

http://www.myuptodate.com


1389

Onco-Nephrology: 
Kidney Disease in 

Patients with Cancer
Kevin W. Finkel

42 

CHAPTER OUTLINE

ACUTE KIDNEY INJURY, 1390
MULTIPLE MYELOMA, 1390
Pathogenesis,  1390
Kidney Involvement and Pathology,  1391
Light-Chain Deposition Disease,  1391
HEMATOPOIETIC STEM CELL 
TRANSPLANTATION, 1393
Acute Kidney Injury,  1394
Chronic Kidney Disease,  1394
Specific Kidney Diseases after Hematopoietic 
Stem Cell Transplantation,  1394
TUMOR LYSIS SYNDROME, 1395
Definitions,  1396
Pathophysiology,  1396
Treatment,  1396
CHEMOTHERAPEUTIC AGENTS, 1397
Cisplatin,  1397
Ifosfamide,  1397
Cyclophosphamide,  1397
Methotrexate,  1398
Biologic Agents,  1398
Anti-Angiogenic Agents,  1398
Cetuximab,  1398
MISCELLANEOUS AGENTS, 1398
Calcineurin Inhibitors,  1398
Bisphosphonates,  1399

HYPERCALCEMIA OF MALIGNANCY, 1399
RADIATION-ASSOCIATED KIDNEY 
INJURY, 1400
Pathogenesis,  1400
Epidemiology,  1400
Total-Body Irradiation and 
Transplantation,  1400
Clinical Presentation,  1401
Diagnosis,  1401
Treatment,  1401
Prognosis,  1401
LEUKEMIA AND LYMPHOMA, 1401
Lymphoma,  1402
Cytotoxic Nephropathy/Hemophagocytic 
Syndrome,  1402
Leukemia,  1403
PARANEOPLASTIC GLOMERULAR 
DISEASES, 1403
RENAL INFECTIONS, 1404
Renal Candidiasis,  1404
Adenovirus Infections,  1404
Epstein-Barr Virus Infection,  1404
Polyomavirus (BK-Type) Infection,  1404
Zygomatosis,  1405
Disseminated Histoplasmosis,  1405
THROMBOTIC MICROANGIOPATHY, 1405

The care of patients with kidney disease has become increas-
ingly complex and requires even further subspecialization. 
In the past general nephrologists provided care to recipients 
of kidney transplantation, but because of the extensively 
observed patient comorbid conditions after transplantation 
and the growing armamentarium of immunosuppressive 
medications utilized for it, care is increasingly delegated  
to transplant nephrologists. For similar reasons, Onco-
Nephrology is emerging as a new subspecialty dedicated to 
the management of kidney disease in patients with cancer. 

There are several reasons for this development. First is the 
recognition that both acute kidney injury (AKI) and chronic 
kidney disease (CKD) increase the morbidity and mortality 
in all patients, including those with cancer. Because many 
oncology practices are associated with a comprehensive care 
center, nephrologists have become an integral part of  
the treatment team. Second, patients with cancer, in addi-
tion to presenting with kidney diseases seen in the general 
population, can experience unique disorders related to  
the malignancy itself or its treatment. This possibility 

http://www.myuptodate.com


1390  SECTION V — DISORDERS OF KIDNEY STRUCTURE AND FUNCTION

highest incidence of AKI occurred in renal cancers (44%), 
multiple myeloma (33%), liver cancer (32%), and acute 
myelogenous leukemia (28%).3 In critically ill patients with 
cancer the incidence of AKI is as high as 49% with up to 
32% of patients requiring dialysis.4-7 These rates are higher 
than in patients without cancer with similar illness severity 
of kidney disease.4,8,9

In addition to the morbidity and mortality associated with 
AKI, reduced renal function adversely affects cancer treat-
ment. In the presence of AKI, therapy may be delayed, 
chemotherapeutic dose may be reduced (thus decreasing 
the “killing effect”), and certain agents may be precluded 
altogether.

In patients with severe AKI, the use of dialysis can lead to 
unpredictable chemotherapeutic and antibiotic concentra-
tions, resulting in either toxicity or inadequate treatment. 
Finally, patients who survive an initial episode of AKI are  
at increased risk for development of CKD, which could 
adversely affect future cancer therapy while also reducing 
quality of life and survival.

As in other patient cohorts, the utility of consensus defini-
tions of AKI (risk, injury, failure, loss of kidney function, 
and end-stage kidney disease [RIFLE] and AKI Network 
[AKIN] criteria) in patients with cancer has been substanti-
ated. In a retrospective cohort study of 3795 critically ill 
patients with cancer, increases in serum creatinine concen-
trations as small as 10% were associated with significantly 
prolonged ICU length of stay and a twofold increase in 
mortality; likewise, the RIFLE criteria were shown to be 
accurate predictors of increased mortality.1 In another study 
of 537 patients with acute myelogenous leukemia, the RIFLE 
criteria had prognostic utility in mortality prediction.10 Risk 
factors for the development of AKI included advanced  
age, mechanical ventilation, use of vasopressors, diuretics, 
amphotericin B or vancomycin, leukopenia, and hypoalbu-
minemia. Finally, in a cross-sectional analysis of 3558 hospi-
talized patients with cancer over a 3-month period, AKI 
developed in 12% of patients on the basis of RIFLE criteria; 
4% required dialysis.11 Length of stay, hospital costs, and 
mortality were significantly increased in patients with AKI. 
Risk factors associated with AKI were presence of diabetes 
mellitus, use of chemotherapy, antibiotics, or intravenous 
radiocontrast agent, and presence of hyponatremia.

MULTIPLE MYELOMA

PATHOGENESIS

Multiple myeloma (MM) is a hematologic malignancy 
involving the pathologic proliferation of terminally differ-
entiated plasma cells. It is the second most common hema-
tologic malignancy, behind non-Hodgkin’s lymphoma, with 
an annual incidence of 4 to 7 cases per 100,000 in the 
United States. Men are more commonly affected than 
women and the median age at diagnosis is 62 years. Less 
than 2% of patients are younger than 40 years. African 
Americans are affected more often than Caucasians, with 
Asians having the lowest incidence of disease. Clinical symp-
toms are due to osteolysis of the bone marrow, suppression 
of normal hematopoiesis, and the overproduction of mono-
clonal immunoglobulins that deposit in organ tissues. 

requires nephrologists to develop a specialized knowledge 
related to these specific clinical entities. Third, because  
the prevalences of both cancer and CKD are high, a 
growing number of patients require the expertise of onco-
nephrologists, who must be knowledgeable about the array 
of new chemotherapeutic agents and their potential effects 
on kidney function as well as the effects of various dialytic 
modalities on drug clearance. Finally, as patients with cancer 
survive longer, there is a need for long-term management 
of patients in whom CKD develops from cancer treatment.

ACUTE KIDNEY INJURY

AKI is characterized by an abrupt decline in glomerular 
filtration rate (GFR) over hours or days. Mortality rates of 
patients with AKI in the intensive care unit (ICU) approach 
50% to 70%.1,2 Cancer patients are a group particularly at 
risk for the development of AKI secondary to exposure to 
chemotherapeutic and other nephrotoxic agents, infections 
and sepsis, tumor lysis syndrome, hematopoietic stem cell 
transplantation, and direct effects of malignancy (Table 
42.1). In a large cohort of Danish patients with cancer, the 

Table 42.1  Causes of Acute Kidney Injury in 
Cancer Patients

Prerenal Sepsis
Volume depletion (vomiting, diarrhea, 

mucositis)
Hepatorenal syndrome (venoocclusive 

disease of the liver)
Capillary leak syndrome (interleukin-2 

administration)
Hypercalcemia

Intrinsic Acute tubular necrosis:
Ischemia (sepsis/shock)
Nephrotoxic (aminoglycosides, 

amphotericin B, chemotherapy)
Tubulointerstitial nephritis:

Tumor lysis syndrome (urate and 
phosphate nephropathy)

Allergic reaction
Pyelonephritis
Opportunistic infections
Infiltration (lymphoma/leukemia)

Vascular:
Thrombotic microangiopathy
Cancer treated
Drug induced
Bone marrow transplantation
Radiation injury

Amyloidosis
Light-chain deposition disease
Paraneoplastic syndromes (membranous, 

antineutrophil cytoplasmic antibody 
associated, focal segmental 
glomerulosclerosis)

Postrenal Intrarenal (urate, acyclovir, methotrexate)
Extrarenal (retroperitoneal fibrosis, 

lymphadenopathy, direct invasion)
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The classic presentation consists of unexplained AKI, 
anemia, and bone pain or fractures in an elderly patient. 
Proteinuria, which is generally subnephrotic, is primarily 
composed of monoclonal light chains (Bence Jones pro-
teins). The qualitative measurement for protein on dipstick 
urinalysis, which mainly detects albuminuria, is generally 
minimally reactive. The kidneys may appear normal or 
enlarged on imaging studies.

Most patients with myeloma cast nephropathy are diag-
nosed without kidney biopsies, serum and urine immuno-
fixation and serum FLC analysis being used instead. When 
biopsy is performed, casts in the specimen are eosin posi-
tive, fractured, and waxy in appearance on light microscopy. 
Multinucleated giant cells may surround casts, and an inter-
stitial inflammatory infiltrate composed of lymphocytes and 
monocytes may also be present. Widespread tubular atrophy 
and interstitial fibrosis eventually develops. Immunofluores-
cence staining generally demonstrates light-chain restric-
tion within the casts, although patterns may be mixed or 
nondiagnostic. Casts have a lattice-like appearance and may 
contain needle-shaped crystals on electron microscopy. The 
glomeruli and vessels appear normal, unless LCDD is con-
currently present.

On the basis of foregoing, recommendations for diagnos-
tic investigation and follow-up suggest that patients with or 
without a known diagnosis of MM who are being evaluated 
for unexplained kidney injury for less than 6 months in 
duration should have the following tests to exclude cast 
nephropathy: serum FLC measurement, serum protein elec-
trophoresis and immunofixation, 24-hour quantitation of 
urinary total protein excretion, and electrophoresis. Only 
selected patients with enigmatic presentations might require 
kidney biopsy for a definitive diagnosis. In patients who have 
a known diagnosis of myeloma and who present with unex-
plained kidney injury that occurs over less than 6 months, 
serum FLC concentrations of 1500 mg/L or higher can  
be considered suspicious for cast nephropathy. Among 
patients with known diagnosis of myeloma, unexplained 
kidney injury, and a serum FLC concentration lower than 
1500 mg/L, other myeloma-related causes (LCDD, amyloi-
dosis, membranoproliferative glomerulonephritis) and 
nonmyeloma causes of kidney injury should be considered. 
After prerenal and postrenal causes have been ruled  
out (usually by administration of fluids and renal ultraso-
nography), a kidney biopsy can be considered (see also 
Chapter 29).

LIGHT-CHAIN DEPOSITION DISEASE

LCDD has been diagnosed at autopsy in 19% of patients 
with MM and renal disease.17 The renal manifestations are 
most apparent clinically, whereas light-chain deposits within 
the heart, liver, spleen, and peripheral nervous system may 
remain asymptomatic. The hallmark of the disease is the 
development of mesangial nodules secondary to the upreg-
ulation of platelet-derived growth factor-β and transforming 
growth factor-β.

Clinically, patients present with proteinuria, renal insuf-
ficiency, and a nodular sclerosing glomerulopathy. Several 
retrospective reviews have reported on the clinical charac-
teristics of these patients.21,22 The mean age was 58 years with 
no significant preference with respect to gender. Marked 

Clinical symptoms include bone pain and fractures, anemia, 
infections, hypercalcemia, edema, heart failure, and renal 
disease.

KIDNEY INVOLVEMENT AND PATHOLOGY

More than half of patients with MM initially present with 
varying degrees of AKI. Nearly 20% of patients present with 
a serum creatinine greater than 2.0 mg/dL, and 10% of 
patients require dialysis on presentation.12 The presence of 
AKI is associated with higher mortality, but this association 
may be reflective of patients with more advanced disease.13

The kidneys are particularly vulnerable to injury from 
circulating free light chains (FLCs) secondary to high 
plasma flow and glomerular filtration. Normally, the kidneys 
filter less than 1 g per day of FLCs, which are reabsorbed 
through the megalin-cubilin receptor system and digested 
by lysozymes within the proximal tubule. In MM, the kidneys 
may filter more than 80 g per day of FLCs, which overwhelm 
the absorptive capacity of the proximal tubule. Given that 
not all patients with MM have AKI, it is apparent that only 
certain light chains have a predilection for depositing within 
the glomeruli, tubules, interstitium, or vasculature of the 
kidney. Glomerular deposition leads to proteinuria, whereas 
tubulointerstitial deposition manifests as AKI. Rarely, proxi-
mal tubule damage may present as Fanconi’s syndrome.14 
Unless markedly advanced, vascular deposition of FLCs is 
generally not clinically apparent. Light chains isolated from 
human urine have been shown to replicate patterns of renal 
injury in animal models, supporting the theory of the inher-
ent pathogenicity of certain FLCs.15

The major diseases in the spectrum of myeloma-related 
kidney disease include cast nephropathy, light-chain deposi-
tion disease (LCDD), and amyloid light-chain (AL) amyloi-
dosis. Renal biopsy demonstrates the presence of monotypic 
light chains on immunofluorescence examination as well  
as characteristic ultrastructural features of deposits on  
electron microscopy. Renal injury from cryoglobulinemia, 
proliferative glomerulonephritis, heavy-chain deposition 
disease, and immunotactoid glomerulonephritis has also 
been described.16

CAST NEPHROPATHY
Cast nephropathy has been diagnosed in 41% of patients 
with MM and renal disease.17 Excess light chains precipitate 
with Tamm-Horsfall protein (THP) secreted by the thick 
ascending limb of the loop of Henle and produce casts in 
the distal tubule. Reduced GFR may increase the concentra-
tion of light chains in the distal tubule and enhance the 
formation of casts. Therefore, hypercalcemia, volume deple-
tion, diuretics, and nonsteroidal antiinflammatory drugs 
have traditionally been avoided in patients with this disease.

In some cases of AKI associated with MM, cast formation 
is a rare finding on renal biopsy. Instead, renal injury is 
attributed to the direct toxic effects of urinary FLCs on 
proximal tubule cells.18,19 After reabsorption, lysosomal deg-
radation of FLCs can activate the nuclear factor kappaB 
(NFκ-B) pathway, leading to oxidative stress with an inflam-
matory response, apoptosis, and fibrosis. This lesion is char-
acterized histologically by loss of brush border and cell 
vacuolization and necrosis; it can be caused by either κ or 
λ light chains.20
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TREATMENT OF CAST NEPHROPATHY
General Measures

Volume resuscitation (100 to 150 mL/hr of normal or half-
normal saline) to ensure optimum hemodynamic support 
and adequate urine output (≈3 L/day) are of critical impor-
tance in the initial management. On the basis of experimen-
tal evidence that furosemide promotes intratubular cast 
formation by increasing sodium delivery to the distal tubule, 
the use of loop diuretics should be avoided. Hypercalcemia 
should be aggressively treated because it can lead to renal 
vasoconstriction, volume depletion, and enhanced cast for-
mation. It has been suggested that urinary alkalinization 
decreases cast formation by reducing the net positive charge 
of FLCs and the interaction with THP.25 However, there is 
no clinical data supporting this approach. Given the risk of 
causing renal calcium precipitation in the setting of hyper-
calcemia, urinary alkalinization cannot be recommended. 
Colchicine was shown to reduce cast formation through 
decreasing THP secretion and binding in rats, but human 
studies of this approach have been disappointing.26,27

Chemotherapy and Stem Cell Transplantation

The key to treating myeloma cast nephropathy is rapid 
reduction in FLC concentrations. An early decrease in FLC 
levels is associated with the highest rate of renal recovery. 
In severe AKI due to cast nephropathy, a 60% reduction in 
FLC levels by day 21 after diagnosis is associated with renal 
recovery in 80% of cases.28 Previous studies with conven-
tional chemotherapy protocols demonstrated that high-
dose dexamethasone rapidly reduced FLCs. Newer agents 
such as thalidomide and the proteasome inhibitor bortezo-
mib also rapidly lower FLC concentrations; this approach 
has been referred to as “renoprotective chemotherapy.”

Significant improvement in renal dysfunction has been 
reported for patients with MM treated with bortezomib-
based regimens.29-31 Reversal of renal dysfunction with bort-
ezomib may be more frequent and rapid than with other 
agents, on the basis of observational analysis. No dose adjust-
ment for renal function is necessary for bortezomib.

Thalidomide and lenalidomide are two related chemo-
therapeutic agents commonly used in the treatment of MM. 
Lenalidomide dose must be adjusted for renal dysfunc-
tion.32 Thalidomide does not depend on glomerular filtra-
tion for clearance so a dose adjustment is not required for 
renal function status; however its use may predispose to 
hyperkalemia in the setting of renal failure.33,34 Regimens 
with thalidomide or lenalidomide have shown superior 
effectiveness to traditional therapy with alkylating agents in 
terms of reversing renal failure in MM; these agents may be 
nearly as effective as bortezomib regimens.35 Their effects 
are likely due to rapid lowering of serum FLC levels.

Hematopoietic stem cell transplantation (HCT) is an 
important and potentially curative therapy in MM; however, 
patient selection criteria are stringent, and significant 
kidney disease has traditionally excluded patients from 
transplantation. Studies have shown that HCT may be safe 
and effective in highly selected patients with renal failure.36

Extracorporeal Removal of Free Light Chains

Light chains are small molecular weight proteins. κ-Light 
chains usually circulate as monomers with a molecular 

reduction in GFR was common on presentation, with a 
median serum creatinine concentration greater than  
4 mg/dL, and renal function rapidly declined thereafter. 
Nephrotic-range proteinuria was detected in 26% to 40% of 
patients and correlated with the extent of glomerular 
involvement. Hypertension and microscopic hematuria 
were also present in the majority of patients.

Light-chain deposition stimulates mesangial and matrix 
expansion, leading to nodule formation. On light micros-
copy, mesangial nodules are more uniform in distribution 
and size in LCDD than in diabetic nephropathy. Irregular 
thickening and double contours of the glomerular basement 
membrane may also be present. Eosin-positive deposits may 
be seen diffusely throughout the tubular basement mem-
branes. Immunofluorescence demonstrates a characteristic 
linear staining of basement membranes with monotypic 
light chains, which are most commonly restricted to κ type. 
On electron microscopy, granular-powdery deposits are dis-
tributed within the mesangium and midportion of the glo-
merular, tubular, and vessel wall basement membranes.

AMYLOID LIGHT-CHAIN AMYLOIDOSIS
AL amyloidosis occurs when pathogenic light chains unfold 
and deposit as insoluble fibrils extracellularly within tissues. 
This disorder occurs in 30% of patients with underlying MM 
and renal involvement.17 Amyloid fibrils may deposit within 
any organ but most commonly affect the kidneys, heart, 
liver, and peripheral nervous system.

Patients often present with fatigue, weight loss, and 
nephrotic syndrome. The clinical characteristics of patients 
with biopsy-proven renal amyloidosis were described in a 
retrospective review of 84 patients at the Mayo Clinic.23 The 
median age at diagnosis was 61 years, and 62% of patients 
were men. The median serum creatinine level on presenta-
tion was 1.1 mg/dL. The majority of patients had nephrotic 
syndrome (86%) with a median 24-hour protein loss of 7 g/
day. Renal replacement therapy was eventually required in 
42% of patients, and median survival after the start of dialysis 
was less than 1 year. In general, cardiac involvement occurs 
in nearly a third of patients and portends a poor prognosis.

AL amyloid manifests as an amorphic hyaline substance 
within the mesangium, glomerular basement membranes, 
and vessel walls. Mesangial involvement may be diffuse or 
nodular. Amyloid stains positive for Congo red and reveals 
a characteristic apple-green birefringence under polarized 
light. Immunofluorescence staining reveals the underlying 
monotypic light chain, which has a λ:κ ratio of 6:1. Electron 
microscopy demonstrates nonbranching, randomly ori-
ented 8- to 10-nm fibrils. Amyloid deposits may appear as 
subepithelial spikes along the basement membrane similar 
to those seen in membranous nephropathy.

OTHER DISORDERS IN MULTIPLE MYELOMA
Patients with MM are more susceptible to infections,  
and AKI may develop secondary to sepsis or nephrotoxic 
antiinfective drugs. Osteoclast-mediated bone destruction 
may result in hypercalcemia, which may manifest as AKI, 
interstitial nephritis, nephrogenic diabetes insipidus, or 
nephrolithiasis. Tubular damage from the light-chain depos-
its may also cause nephrogenic diabetes insipidus. Rarely, 
malignant plasma cells may directly invade the kidney and 
cause AKI.24
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In the largest study of dialysis-dependent renal failure 
secondary to MM, 67 patients were treated with HCO-HD 
and chemotherapy.42 Only 57% of patients had undergone 
renal biopsy, of which 87% were found to have cast nephrop-
athy. Most patients (85%) received combination chemo-
therapy with dexamethasone and either bortezomib or 
thalidomide. The median number of HCO-HD sessions was 
11, and all patients had extended (> 4-hour) treatments. 
Overall, 63% of the patients became dialysis independent. 
The factors that predicted renal recovery were the degree 
of FLC reduction at days 12 and 21, and the time to initia-
tion of HCO-HD. Unfortunately, this trial also did not have 
a control group to allow assessment of the benefit of 
HCO-HD in comparison with renoprotective chemotherapy 
alone.

It is not known whether HCO-HD offers any addi-
tional benefit over current chemotherapeutic regimens. 
Randomized controlled trials proving the benefit of adding 
HCO-HD to current chemotherapy in patients with cast 
nephropathy will be necessary before its routine use can be 
recommended.

HEMATOPOIETIC STEM CELL 
TRANSPLANTATION

Acute kidney injury and CKD are common complications  
of HCT and their etiologies are often multifactorial  
(Table 42.2). Patients undergoing HCT are at risk for kidney 
injury from preexisting kidney disease, conditioning che-
motherapy, irradiation, antimicrobials, infections, sinusoi-
dal obstruction syndrome (SOS), transplantation-associated 
thrombotic microangiopathy (TA-TMA), and graft-versus-
host disease (GVHD).43,44 Both AKI and CKD can increase 
short- and long-term morbidity and mortality.45 Further 
complications of HCT, such as fluid imbalances, electrolyte 
abnormalities, glomerular disease, and hypertension, may 
occur independent of, or concomitant with, reductions in 
the GFR.

The purpose of HCT is to allow otherwise lethal doses of 
chemoradiotherapy followed by engraftment of stem or pro-
genitor cells for bone marrow recovery. Stem and progeni-
tor cells can be harvested from bone marrow, peripheral 
blood, or umbilical cord blood. Cells can be obtained either 
from the patient (autologous) or from related or unrelated 
donors (allogeneic). In conventional myeloablative HCT, 

weight of 22.5 kDa, whereas λ-light chains are typically 
dimeric with a molecular weight of 45 kDa.37 Because of 
their size, there has been a keen interest in the use of extra-
corporeal therapy as a means of FLC removal.

Therapeutic Plasma Exchange. Several small trials initially 
suggested that therapeutic plasma exchange (TPE) was 
effective in rapidly lowering FLC concentrations and improv-
ing renal function. However, these studies were small,  
conducted in single centers, and therefore statistically 
underpowered. The largest randomized controlled trial of 
TPE did not demonstrate any benefit in patients with cast 
nephropathy.38 This study assessed the benefit of five to 
seven TPE sessions in 104 patients (30% requiring dialysis) 
with presumed cast nephropathy (not all patients had biopsy 
confirmation). There was no difference in the two groups 
with respect to the composite outcome of death, dialysis, or 
reduced renal function at 6 months. This lack of benefit 
may be related to the volume of distribution of FLCs. On 
the basis of their molecular weights, 85% of light chains are 
confined to the extravascular space.39 Therefore, a tradi-
tional 2-hour TPE session would be ineffective in removing 
significant amounts of FLCs because of the excessive 
rebound effect. Most of the previous trials were performed 
prior to the availability of bortezomib-containing regimens. 
In a study of 14 patients with presumed myeloma kidney 
treated with bortezomib and TPE, 12 had complete or 
partial renal response by 6 months; however there were no 
control patients.40 Although there is still interest in TPE as 
a therapy for cast nephropathy, its routine use cannot be 
recommended on the basis of current evidence.

High-Cutoff Hemodialysis. Interest has developed in 
another method of extracorporeal removal of FLCs, high-
cutoff hemodialysis (HCO-HD). In this technique, a hemo-
filter with a large pore size (45 kDa) and a surface area of 
1.1 m2 is used for extended periods in order to remove 
FLCs.

In a pilot trial, 5 patients with biopsy-proven cast 
nephropathy requiring dialysis were treated with dexameth-
asone, thalidomide, cyclophosphamide, and extended 
HCO-HD for 4 to 10 hours per day.39 Three of the patients 
became dialysis independent after a mean of 16 dialysis 
treatments; all 3 patients received daily extended HCO-HD 
and showed response to chemotherapy. In the 2 “nonre-
sponder” patients, chemotherapy had to be suspended 
because of complications, and rapid rebounds in the FLC 
concentrations occurred after dialysis. Therefore, response 
to chemotherapy is an essential component in treating cast 
nephropathy. There was no control group for comparison.

In an open-label study of 19 patients with biopsy-proven 
cast nephropathy and dialysis requiring AKI, treatment with 
HCO-HD with two filters in series was added to treatment 
with cyclophosphamide, thalidomide, doxorubicin, and 
dexamethasone.41 Patients with relapsing disease received 
bortezomib. A total of 13 patients had response to chemo-
therapy, all of whom recovered renal function at a median 
of 4 weeks. Of the 6 patients in whom chemotherapy was 
interrupted, only 1 recovered renal function. The absence 
of a control group precludes determining that addition of 
HCO-HD is more beneficial in cast nephropathy than 
current renoprotective chemotherapy.

Table 42.2  Renal Syndromes Associated with 
Hematopoietic Cell Transplantation

Immediate Tumor lysis syndrome
Marrow infusion syndrome

Early Sinusoidal obstruction syndrome
Acute tubular necrosis (ischemic/nephrotoxic)
Sepsis/shock
Tubulointerstitial nephritis
Graft-versus-host disease

Late Transplantation-associated microangiopathy
Calcineurin toxicity
Radiation-associated kidney injury
Graft-versus-host disease
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remains unexplained.62 GVHD may lead to CKD via 
direct T-cell damage, via cytokine-induced inflammation, or 
through concomitant calcineurin therapy.63

A meta-analysis reviewed the published data on CKD after 
HCT through 2006.61 Patients in the studies had survived to 
at least 100 days; only 18% of the identified studies were 
prospective. Kidney function was assessed with creatinine-
based, radioisotope, or inulin measurements of GFR. The 
overall prevalence of CKD was 16.6% (range, 3.6% to 89%) 
and prevalences were similar in those receiving autologous 
and allogeneic transplants, although the allogeneic trans-
plant recipients had a greater decrease in kidney function. 
The risk of CKD was noted to be higher in adults than chil-
dren. At 2 years, overall estimated GFR decreased from a 
mean of 102 mL/min/1.73 m2 before transplantation to 
77 mL/min/1.73 m2. Risk factors for CKD included a 
history of AKI, chronic GVHD, long-term cyclosporine use, 
and total-body irradiation (TBI). In comparison with the  
community population, GFR decreased more rapidly in  
the HCT recipients (0.75 mL/min/1.73 m2 per year vs. 
12-25 mL/min/1.73 m2 per year after HCT) and the risk of 
CKD after HCT was almost double that reported in the age-
matched Framingham Study cohort (9.4% vs. 16.6%).

SPECIFIC KIDNEY DISEASES AFTER 
HEMATOPOIETIC STEM CELL TRANSPLANTATION

MARROW INFUSION SYNDROME
Within the first few days of transplantation, AKI may develop 
from hemoglobinuria caused by infusion of hemolyzed red 
blood cells. Preservation of stem cells with dimethyl sulfox-
ide (DMSO) will cause hemolysis of red blood cells present 
in the stored specimen, and subsequent infusion will result 
in hemoglobinuria. Three mechanisms are involved in the 
pathogenesis of hemoglobinuric AKI: renal vasoconstric-
tion, direct cytotoxicity of hemoglobin, and intratubular 
cast formation. By scavenging nitric oxide and stimulating 
the release of endothelin and thromboxane, hemoglobin 
causes renal vasoconstriction. Hemoglobin is also toxic to 
renal tubular epithelial cells either directly or through 
release of iron and by generation of reactive oxygen species.64 
Intratubular cast formation occludes urinary flow, thereby 
decreasing GFR, and prolongs cellular exposure to the 
harmful effects of hemoglobin.

SINUSOIDAL OCCLUSION SYNDROME
Another renal syndrome typically occurs between 10 and 21 
days after transplantation and is associated with the develop-
ment of SOS (formerly referred to as venoocclusive disease of 
the liver).65 It is characterized by tender hepatomegaly, fluid 
retention with ascites formation, and jaundice. It is the 
result of fibrous narrowing of small hepatic venules and 
sinusoids triggered by the pretransplantation cytoreductive 
regimen and is more common after allogeneic than autolo-
gous HCT. The development of SOS is most commonly 
associated with pretreatment with cyclophosphamide, busul-
fan, and/or TBI.66 The AKI is similar in appearance to hepa-
torenal syndrome. Patients have hyperdynamic vital signs 
along with hyponatremia, oliguria, and low urinary sodium 
concentration. The urinalysis shows minimal proteinuria 
and muddy brown granular casts as a result of bile salts and 
bilirubin in the urine. The fluid retention is usually resistant 

high-dose chemotherapy and radiotherapy are given to 
eradicate the disease and the bone marrow, followed by 
reconstitution of the marrow with infusion of stem or pro-
genitor cells. Myeloablative HCT is quite toxic, so sicker and 
older patients are often excluded from transplant candi-
dacy. Therefore, nonmyeloablative regimens have been 
devised that are less toxic and depend on a “graft-versus-
tumor” effect for therapeutic efficacy.

ACUTE KIDNEY INJURY

The incidence and clinical course of AKI has been described 
best in allogeneic HCT. In one study, AKI occurred in 53% 
of patients, of which half required dialysis, with a mortality 
rate of 84% at 2 months.46 In later studies in patients under-
going allogeneic HCT, the incidence of moderate to severe 
AKI (defined as a doubling of the baseline serum creatinine 
value) ranged from 36% to 78%, with dialysis required in 
21% to 33%.47-49 The mortality in patients receiving dialysis 
was 78% to 90%.

The incidence of AKI with autologous HCT is less 
common.47 In a series of patients with breast cancer, autolo-
gous HCT was associated with the development of moderate 
to severe AKI in 21% of patients and a mortality rate of 18%. 
One reason given for the lower incidence of AKI with autol-
ogous HCT is the avoidance of calcineurin inhibitors for 
prevention of the GVHD seen with allogeneic HCT.50

Nonmyeloablative HCT is also associated with a lower 
incidence of AKI.51 In a study of patients undergoing nonab-
lative HCT, the cumulative incidence of AKI at 4 months 
(defined as a doubling of the baseline creatinine value) was 
40.4%, and dialysis was necessary in only 4.4% of patients. 
In contrast to myeloablative HCT, AKI in these patients was 
more commonly associated with the use of calcineurin 
inhibitors, whereas SOS was uncommon. The timing of AKI 
was also different. In contrast to myeloablative HCT, during 
which AKI typically develops in the first 3 weeks, develop-
ment of AKI during nonmyeloablative HCT was distributed 
over the first 3 months. This difference is attributed to the 
milder conditioning regimen used with nonmyeloablative 
HCT.

The reported risk of needing acute dialysis after HCT-
associated AKI varies widely. Later literature cites a risk of 
dialysis ranging from 0% to 30%,51-57 and the risk is higher 
with myeloablative therapy than with reduced-intensity 
therapy.58 However, there is less uncertainty about the 
outcome of patients who require acute renal replacement 
therapy, because almost all studies report that acute dialysis 
in this population is associated with an extremely high  
mortality rate, often from 80% to approaching 
100%.44,51-54,57,59,60

CHRONIC KIDNEY DISEASE

As in the AKI literature, studies reporting the risk of CKD 
after HCT are difficult to compare because the definitions 
of CKD are not consistent, the populations studied are often 
heterogeneous, and follow-up times vary.61 Although several 
disease processes, such as TA-TMA, radiation nephritis, 
nephrotic syndrome, chronic GVHD, and BK virus nephrop-
athy, have been associated with CKD after HCT, much of  
the long-term kidney injury in patients undergoing HCT 
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of the kidney by GVHD. Studies of patients with TA-TMA 
suggest that GVHD is a potential trigger for its development. 
The risk of TA-TMA diagnosed on renal pathology at autopsy 
was increased fourfold in patients with acute GVHD after 
transplantation. Endothelial injury in the kidney may be 
secondary to circulating inflammatory cytokines or may 
reflect direct injury to endothelial cells of the kidney by 
GVHD. Plasma markers of endothelial injury and coagula-
tion activation are elevated in patients with acute GVHD 
after HCT, suggesting an association among endothelial 
injury, acute GVHD, and the subsequent development of 
TA-TMA.91,92

Treatment for TA-TMA remains challenging, and current 
studies have been limited by retrospective study designs  
and the inclusion of heterogeneous patient populations. 
Current options include adjustment of GVHD prophylaxis 
(especially either stopping or reducing dosage of calci-
neurin inhibitors), TPE, rituximab, and defibrotide.77,79,93-95 
Response rates for TPE are reported between 27% and 80% 
in uncontrolled studies,96-102 but the procedure is not without 
risks.103,104 In a prospective study of 112 patients who had 
undergone HCT, TA-TMA developed in 11. There was a 
64% response rate in patients treated with both TPE and 
cyclosporine withdrawal.98 In case reports, rituximab has 
been shown to have benefit.86,92,105-109

GRAFT-VERSUS-HOST DISEASE–RELATED CHRONIC 
KIDNEY DISEASE
CKD develops in many patients after HCT without evidence 
of TA-TMA or viral infection and has been labeled idio-
pathic CKD. Later data, however, suggest that CKD is due 
to acute or chronic GVHD, particularly in patients whose 
pre-HCT conditioning regimen did not include TBI.63,110

In a large retrospective study of 1635 HCT recipi-
ents, neither TBI nor cyclosporine use was associated with 
the development of CKD (defined as a GFR <60 mL/
min/1.73 m2) at 1 year after transplantation. A subgroup 
analysis of all patients receiving cyclosporine further sup-
ported the theory that GVHD, independent of calcineurin 
inhibitor therapy, raised the risk of CKD.63

TUMOR LYSIS SYNDROME

TLS is often a dramatic presentation of AKI in patients with 
malignancy.111 It is characterized by the development of 
hyperphosphatemia, hypocalcemia, hyperuricemia, and 
hyperkalemia. TLS can occur spontaneously during the 
rapid growth phase of malignancies, such as bulky lympho-
blastomas and Burkitt’s and non-Burkitt’s lymphomas, that 
have extremely rapid cell turnover rates.112 More commonly 
it is seen when cytotoxic chemotherapy induces lysis of 
malignant cells in patients with large tumor burdens. The 
syndrome has developed in patients with non-Hodgkin’s 
lymphoma, acute lymphoblastic leukemia, chronic myelog-
enous leukemia in blast crises, small cell lung cancer, and 
metastatic breast cancer.113 Because of more potent chemo-
therapeutic agents, however, the frequency of TLS is rising 
among patients whose tumors were once rarely associated 
with the complication. In most patients the AKI is reversible 
after aggressive supportive therapy, including dialysis. Risk 
factors for the development of TLS are listed in Table 42.3.

to diuretics, and spontaneous recovery is rare. Risk factors 
for the development of AKI include weight gain, hyperbili-
rubinemia, use of amphotericin B, vancomycin, or acyclovir, 
and a baseline serum creatinine level greater than 0.7 mg/
dL. The development of AKI adversely affects survival. In 
patients who require dialysis, the mortality rate approaches 
80%. Although SOS can be diagnosed by either direct mea-
surement of sinusoidal pressures or liver biopsy, these pro-
cedures are difficult or hazardous in patients who have 
undergone HCT. Therefore the diagnosis of SOS is usually 
made on clinical criteria. However, studies have shown that 
clinical criteria alone may not be sufficient to recognize or 
exclude a diagnosis of SOS.67 Results of small trials using 
infusions of prostaglandin E, pentoxifylline, low-dose 
heparin, and defibrotide (an antithrombotic and fibrino-
lytic agent) have shown promise in the  prevention and 
treatment of SOS.68-70 Smaller trials with defibrotide, an anti-
thrombotic and fibrinolytic agent, have shown benefit in 
patients with SOS.71,72 However, their use is not common-
place because of the associated risk of bleeding.

TRANSPLANTATION-ASSOCIATED THROMBOTIC 
MICROANGIOPATHY
TA-TMA is a pathologically defined entity characterized as 
endothelial damage leading to thickened glomerular and 
arteriolar vessels, the presence of fragmented red blood 
cells, thrombosis, and endothelial cell swelling.73,74 It can 
lead to subclinical disease, AKI, or CKD after HCT.62,75,76 
Given the challenges of obtaining kidney tissue in the HCT 
population, two consensus guidelines have been published 
outlining clinical criteria for the diagnosis of TA-TMA.77,78 
Both guidelines require the presence of schistocytes on 
peripheral smear and an elevated lactate dehydrogenase 
concentration. The Blood and Marrow Transplant (BMT) 
Clinical Trials Network also includes AKI (doubling of 
serum creatinine level), unexplained central nervous system 
dysfunction, and a negative Coombs test result.77 The Inter-
national Guidelines from the European Group for Blood 
and Marrow Transplantation include thrombocytopenia, 
anemia, and a decreased haptoglobin level.78 Diagnosing 
TA-TMA remains challenging and often requires a high 
index of suspicion, as supported by validation studies79 and 
autopsy studies in which clinical criteria often do not cor-
relate with histologic findings.

Whether TA-TMA is a distinct disease after HCT or merely 
a manifestation of other post-HCT complications, such as 
GVHD and infection, is a matter of ongoing debate.80-83 
However, the distinct histologic findings support the impor-
tance of endothelial cell damage, primarily in the renal 
vasculature, in the pathogenesis of TA-TMA. Although histo-
logically similar, TA-TMA appears to be distinct from throm-
botic thrombocytopenic purpura (TTP), in that patients 
with TA-TMA do not have markedly low levels of von Wille-
brand factor–cleaving protease ADAMTS13.84-88 In some pa-
tients, HCT may unmask a previously undiagnosed genetic 
mutation in the alternate complement pathway, resulting in 
atypical hemolytic-uremic syndrome (HUS).89 In that case, 
treatment with a monoclonal antibody that binds C5 com-
plement protein and inhibits formation of the terminal 
attack complex (eculizumab) may be appropriate.90

Transplantation-associated thrombotic microangiopathy 
in the kidney may reflect direct injury to endothelial cells 
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with allopurinol.116 Uric acid is nearly completely ionized at 
physiologic pH but becomes progressively insoluble in the 
acidic environment of the renal tubules. Precipitation of 
uric acid causes intratubular obstruction, leading to 
increased renal vascular resistance and decreased GFR. 
Moreover, a granulomatous reaction to intraluminal uric 
acid crystals and necrosis of tubular epithelium can be 
found in biopsy specimens.

Keen interest has developed in the potential noncrystal-
line effects of uric acid in precipitating renal injury.117,118 
Mild elevations in serum uric acid have been found to 
predict AKI in patients receiving cisplatin. In addition, ret-
rospective analysis of two large randomized studies of 
patients undergoing cardiac bypass surgery demonstrated 
that a preoperative or postoperative serum uric acid level 
greater than 7.5 mg/dL was associated with a twofold to 
fourfold increase in rate of AKI after adjustment for age, 
gender, and baseline creatinine. Proposed mechanisms of 
renal injury include vasoconstriction due to reduced nitric 
oxide production and stimulation of the renin angiotensin 
aldosterone axis as well as increased oxidative stress and 
inflammation via activation of nuclear factor-kappaB (NF-
κB) and P38 mitogen–activated protein kinases (p38MAPKs).

Hyperphosphatemia and hypocalcemia also occur in 
TLS. In patients in whom hyperuricemia does not develop, 
AKI has been attributed to metastatic intrarenal calcifica-
tion or acute nephrocalcinosis.119 Tumor lysis with release 
of inorganic phosphate results in acute hypocalcemia and 
metastatic calcification, leading to AKI.

Therefore, AKI associated with TLS is the result of the 
combination of volume depletion in the presence of varying 
degrees of vasoconstriction, inflammation, urinary precipi-
tation of uric acid in the renal tubules and parenchyma, and 
acute nephrocalcinosis from severe hyperphosphatemia. 
Because patients at risk for TLS often have intraabdominal 
lymphoma, urinary tract obstruction can be a contributing 
factor in the development of AKI.

TREATMENT

The optimal management of TLS reduces the risk of AKI 
and prevents development of symptomatic electrolyte 
abnormalities. Key components to management are ensur-
ing a high urine output, reducing uric acid levels, and con-
trolling serum phosphate levels. It is recommended that 
urine output be maintained at a rate of 2 mL/kg/hr by 
infusion of isotonic crystalloid solutions. The use of loop 
diuretics should be avoided because they acidify the urine 
and can lead to volume depletion. A consensus statement 
on the treatment of TLS was published by the American 
Society of Clinical Oncology in 2008.120

The treatment algorithm to prevent TLS is now based on 
risk stratification into low-risk versus medium/high-risk 
groups on the basis of tumor and clinical characteristics.121 
In patients at low risk of TLS, allopurinol is administered to 
inhibit uric acid formation. Through its metabolite oxypu-
rinol, allopurinol inhibits xanthine oxidase and thereby 
blocks the conversion of hypoxanthine and xanthine to uric 
acid. During massive tumor lysis, uric acid excretion can still 
increase despite the administration of allopurinol, so intra-
venous hydration is still necessary to prevent AKI. Allopuri-
nol and its metabolites are excreted in the urine, so the dose 

DEFINITIONS

Tumor lysis syndrome is classified as either a laboratory or 
a clinical entity (Table 42.4). Laboratory TLS requires the 
presence of two or more metabolic abnormalities (hyperuri-
cemia, hyperkalemia, hyperphosphatemia, and hypocalce-
mia) and clinical disease is present when laboratory TLS is 
accompanied by AKI, seizures, cardiac arrhythmias, or death 
due to hyperkalemia or hypocalcemia.114 For a diagnosis of 
TLS to be established, metabolic abnormalities should 
occur within 3 days before or up to 7 days after initiation of 
treatment.

PATHOPHYSIOLOGY

The pathophysiology of AKI associated with TLS is classi-
cally attributed to two main factors, preexisting volume 
depletion prior to the onset of kidney injury and the pre-
cipitation of uric acid and calcium phosphate complexes in 
the renal tubules and tissue.115 Patients may be volume 
depleted either from anorexia or nausea and vomiting asso-
ciated with the malignancy or from increased insensible 
losses due to fever or tachypnea.

Hyperuricemia either is present before treatment with 
chemotherapy or develops after therapy despite prophylaxis 

Table 42.3  Risk Factors for Tumor 
Lysis Syndrome

Tumor Histology Disease Features Renal Function

Burkitt’s lymphoma Bulky tumor Chronic kidney 
disease

Lymphoblastic 
lymphoma/acute 
lymphocytic 
leukemia;

Elevated lactate 
dehydrogenase

Hypovolemia

Diffuse large cell 
lymphoma

Rapid turnover Hyperuricemia

Acute leukemia Elevated white 
blood cell count

High sensitivity to 
therapy

Acute kidney 
injury 
pretreatment

Concomitant 
nephrotoxins

Table 42.4  Cairo-Bishop Classification of Tumor 
Lysis Syndrome (TLS)

Laboratory TLS
Requires ≥2 of 4

Uric acid ≥8.0 mg/dL
Potassium ≥6.0 mEq/L
Phosphorus ≥4.6 mg/dL
Calcium ≤7.0 mg/dL

Clinical TLS
Laboratory TLS plus 

≥1 of the following

Acute kidney injury (creatinine 1.5 × 
upper limit of normal)

Cardiac arrhythmia
Seizure, tetany, or other symptoms

From Cairo M, Bishop M. Tumor lysis syndrome: new 
therapeutic stategies and classification, Br J Haematol 
127:3-11, 2004.
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calcium, and bicarbonate. A common electrolyte abnormal-
ity is hypomagnesemia, which often occurs with prolonged 
exposure to the drug.130 The direct tubular toxicity associated 
with cisplatin is exacerbated in a low-chloride environment. 
In the intracellular compartment, chloride molecules are 
replaced with water molecules in the cis- position of cisplatin, 
forming hydroxyl radicals that injure the neutrophilic 
binding sites on DNA.131,132 The decline in glomerular filtra-
tion associated with cisplatin toxicity usually occurs 3 to  
5 days after the exposure. Doses of cisplatin higher than 
50 mg/m2 are sufficient to cause renal injury. The renal 
injury is typically reversible, but repeated doses of cisplatin in 
excess of 100 mg/m2 may cause irreversible renal damage. 
Hydration with isotonic saline and avoidance of concom-
itant nephrotoxins are the most effective way to prevent 
cisplatin-induced nephrotoxicity. Amifostine has been shown 
to reduce cisplatin nephrotoxicity through promotion of 
better DNA repair and elimination of free radicals.133,134 With 
the cessation of cisplatin therapy the majority of patients 
recover renal function. However, it has been reported that 
GFR is reduced on average 15% in patients followed long 
term for resolved AKI from cisplatin nephrotoxicity.135

Newer platinum agents such as carboplatin and oxalipla-
tin are less nephrotoxic than cisplatin and are alternate 
agents in patients with underlying kidney disease.136,137 
However, AKI and electrolyte disorders still occur with these 
agents.

IFOSFAMIDE

Ifosfamide is an alkylating drug that causes renal toxicity 
either directly or through a metabolite, chloroacetaldehyde, 
which directly damages tubular epithelial cells.138 The renal 
injury occurs throughout the kidney, including the glomeru-
lus, proximal and distal tubule, and interstitium. The proxi-
mal tubule is most seriously affected, causing wasting of 
electrolytes as with cisplatin. The degree of hypokalemia, 
hypophosphatemia, hypomagnesemia, and hyperchloremic 
acidosis experienced with ifosfamide toxicity can be severe. 
Patients can experience Fanconi’s syndrome with hypophos-
phatemic rickets and osteomalacia, as well as nephrogenic 
diabetes insipidus.139 A potential marker for ifosfamide neph-
rotoxicity is increased urinary β2-microglobulin excretion.140 
Risk factors for ifosfamide nephrotoxicity include previous 
exposure to cisplatin, CKD, and a cumulative dose more than 
84 g/m2.141,142 Data suggest that amifostine may have a protec-
tive role against ifosfamide as well as cisplatin nephrotoxic-
ity.143 Mesna is a synthetic sulfhydryl compound that detoxifies 
metabolites in the urine and is efficacious in preventing hem-
orrhagic cystitis, but it is ineffective in preventing tubular 
injury.139,144 The majority of patients recover from ifosfamide-
induced tubular injury; however, there are reports of long-
term complications. Ifosfamide has been linked to chronic 
renal fibrosis with a decline in the GFR over time and in one 
case leading to end-stage kidney disease.145,146 In pediatric 
literature the chronic and progressive nature of ifosfamide-
induced renal toxicity is well documented.147

CYCLOPHOSPHAMIDE

Cyclophosphamide has been associated with hemorrhagic 
cystitis but not tubular injury. Hyponatremia resulting from 

should be reduced in the patient with impaired renal func-
tion. Other limitations to allopurinol use include hypersen-
sitivity reaction, drug interactions, and slow lowering of  
uric acid levels.

In the past, because uric acid is very soluble at physiologic 
pH, sodium bicarbonate was added to the intravenous fluid 
to achieve a urinary pH greater than 6.5. However, this 
therapy is associated with several potential side effects, and 
its use can no longer be recommended. The systemic alka-
losis from alkali administration can aggravate hypocalcemia, 
resulting in tetany and seizures. An alkaline pH markedly 
decreases the urinary solubility of calcium phosphate and 
can precipitate phosphate nephropathy.

In medium- and high-risk patients, rasburicase (recombi-
nant urate oxidase) should be started if evidence of TLS is 
present. This agent converts uric acid to water-soluble allan-
toin, thereby decreasing both serum uric acid levels and 
urinary uric acid excretion.122 The use of rasburicase obvi-
ates the need for urinary alkalinization, but good urine flow 
with hydration should be maintained, given the probability 
of preexisting volume depletion. Its use reduced the area 
under the serial plasma uric acid concentration curve of 
96-hour uric acid exposure in comparison with allopuri-
nol.123 In another study of 100 adult patients with aggressive 
non-Hodgkin’s lymphoma, prophylactic rasburicase given 
24 hours before chemotherapy lowered uric acid levels 
within 4 hours.124 No patient had an increase in serum creati-
nine level or required dialysis. Rasburicase treatment should 
be avoided in patients with glucose-6-phosphate dehydroge-
nase deficiency because hydrogen peroxide, a breakdown 
product of uric acid, can cause methemoglobinemia and, in 
severe cases, hemolytic anemia.125,126 Rasburicase is recom-
mended as first-line treatment for patients at high risk for 
TLS. Because of cost considerations, there is no consensus 
on the use of rasburicase in low- to medium-risk patients.

CHEMOTHERAPEUTIC AGENTS

As various new agents to treat malignancy become available, 
the potential for an expanding list of substances causing 
nephrotoxic injury increases. Many chemotherapeutic 
agents have been reported to induce renal injury in case 
reports thus far.127,128 In addition, several chemotherapy 
agents need dose adjustment for kidney dysfunction. 
Because serum creatinine levels are an unreliable marker of 
GFR, it is recommended that the estimated GFR (MDRD 
[Modification of Diet in Renal Disease Study] and Epi-CKD 
[Chronic Kidney Disease Epidemiology Collaboration] for-
mulas) be used when drug doses are being adjusted (see 
Chapter 26). Agents associated with more established forms 
of nephrotoxicity are described here.

CISPLATIN

Nephrotoxicity is the most common dose-limiting side effect 
of cisplatin administration. The primary site for clearance of 
cisplatin is the kidney. The most common clinical scenario is 
the gradual onset of nonoliguric AKI; however, electrolyte 
wasting is seen, especially with high doses of cisplatin.129 
Apoptosis of renal proximal tubular cells is induced, result-
ing in wasting of electrolytes such as potassium, magnesium, 
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ANTI-ANGIOGENIC AGENTS

Over the last several years a variety of chemotherapy agents 
have been developed to prevent angiogenesis as an antitu-
mor effect (bevacizumab, sorafenib, sunitinib, vatalanib, 
and axitinib).

Bevacizumab is a monoclonal antibody against vascular 
endothelial growth factor (VEGF) that is associated with 
hypertension and proteinuria.166,167 The mechanism of 
hypertension and proteinuria is thought to be the result of 
inhibition of VEGF-related micro-angiogenesis, and nitric 
oxide synthesis, leading to increased peripheral resistance 
and endothelial cell dysfunction.168,169 The effects of anti-
VEGF therapy on the development of hypertension were 
reviewed in a meta-analysis of seven trials. The relative risk 
for development of hypertension was threefold to sevenfold 
higher, depending on dose.167 Proteinuria was also more 
common. Proteinuria is usually mild and reversible upon 
drug discontinuation. Nephrotic-range proteinuria is rare 
(1%-2%). Limited biopsies in these cases have revealed a 
variety of lesions, including immune-mediated focal prolif-
erative glomerulonephritis, cryoglobulinemic glomerulone-
phritis, and collapsing glomerulopathy.170,171

Because the mechanism of hypertension may be related 
to the drug’s antitumor effect, the development of hyper-
tension may be used as a biomarker of responsiveness. Two 
retrospective studies showed that the development of hyper-
tension was associated with improved cancer outcomes.172,173 
An expert panel from the National Institute of Cancer has 
proposed guidelines on the therapy of anti-VEGF therapy–
induced hypertension.174 These guidelines recommend 
treatment for sustained hypertension exceeding 140 mm 
Hg systolic/90 mm Hg diastolic. The panel did not recom-
mend any specific agent, but if there is concurrent protein-
uria, the use of an angiotensin-converting enzyme (ACE) 
inhibitor or an angiotensin receptor blocker (ARB) would 
be prudent.

CETUXIMAB

Cetuximab, a monoclonal antibody against the epidermal 
growth factor (EGF) receptor, is approved for use in meta-
static colon cancer.175 The primary renal abnormality associ-
ated with EGF receptor antagonists is renal magnesium 
wasting. EGF normally activates the renal magnesium 
channel in the apical membrane of the distal convoluted 
tubule to stimulate magnesium absorption.176 The incidence 
of severe hypomagnesemia is 10% to 15%.177

MISCELLANEOUS AGENTS

CALCINEURIN INHIBITORS

The calcineurin inhibitors cyclosporin A (CsA) and tacroli-
mus are widely used as immunosuppressants in HCT to 
prevent GVHD. Both CsA and tacrolimus cause AKI. Neph-
rotoxicity is the result of direct afferent arteriolar vasocon-
striction leading to a decrease in the glomerular filtration 
pressure and GFR. The vascular effect associated with  
CsA or tacrolimus is reversible with discontinuation of the 
drug. A dose reduction is sometimes enough to reverse the 

increased antidiuretic hormone activity is the primary clini-
cal abnormality associated with cyclophosphamide.148 As 
with ifosfamide, the metabolites of cyclophosphamide can 
cause hemorrhagic cystitis and occasional AKI due to 
bladder outlet obstruction.

METHOTREXATE

Methotrexate (MTX)–induced AKI is caused by the precipi-
tation of the drug and its more insoluble metabolite, 
7-hydroxymethotrexate, in the tubular lumen.149 At a pH 
lower than 5.5, MTX and its metabolite precipitate when 
their concentration exceeds 2 × 10−3 molar, whereas solubil-
ity increases with a urine pH of 7.150 AKI occurs from intra-
renal obstruction, direct tubular toxicity, and prerenal 
azotemia due to afferent arteriolar vasoconstriction. AKI is 
reported in 30% to 50% of patients treated with high-dose 
MTX (>1g/m2). For the prevention of renal toxicity, hydra-
tion and high urine output are essential. Isotonic saline 
infusion and furosemide may be necessary to keep the urine 
output more than 1 mL/kg/hr. An increase in the clear-
ance rate of MTX is seen when the urine pH is increased 
from 5.5 to 8.4, which can be accomplished with an isotonic 
solution containing bicarbonate.151 Once AKI develops, the 
excretion of MTX is reduced, the systemic toxicity of MTX 
is increased, and treatment is mainly supportive. It may be 
necessary to remove the drug with dialysis. Hemodialysis, 
using high blood flow rates with a high-flux dialyzer, is an 
effective method of removing MTX.152 High-dose leucovorin 
therapy can reduce the systemic toxicity associated with 
MTX and AKI.153,154 In the majority of cases MTX-induced 
AKI resolves. Often the plasma creatinine peaks within 1 
week and returns to baseline at 3 weeks.

BIOLOGIC AGENTS

Acute kidney injury is well described with the administration 
of interferon alfa and interleukin-2 (IL-2).155,156 The 
AKI secondary to interferon alfa therapy is uncommon and 
is sometimes associated with massive proteinuria.157 Renal 
biopsy in interferon alfa–associated AKI has revealed  
glomerular lesions including focal segmental glomerulo-
sclerosis, minimal change disease, acute interstitial nephri-
tis, and acute tubular necrosis.158-161 The AKI can be reversed 
with cessation of the drug, although some patients may  
have CKD or require long-term dialysis. After recovery  
of the AKI proteinuria may persist, and patients with this 
condition should be monitored for progression of renal 
disease.

With IL-2–induced renal dysfunction a systemic capillary 
leak syndrome occurs, resulting in volume depletion, hypo-
tension, and oliguric prerenal AKI.162,163 Unlike interferon 
alfa, IL-2 decreases GFR in the majority of patients who 
receive the drug, and the incidence of AKI is high.164 Pro-
teinuria and pyuria reported in some cases of IL-2–induced 
AKI suggest that IL-2 might have a direct injurious effect on 
the kidneys.162 The onset of IL-2–induced AKI usually occurs 
at 24 to 48 hours and is dose related. Antihypertensive 
agents should be withdrawn, and fluid resuscitation initi-
ated. Administration of low-dose dopamine (2 µg/kg/min) 
may prevent the renal toxicity of IL-2, reversing oliguria and 
improving renal recovery time.165
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appropriate at-risk patients after thoughtful discussions of 
the risks and benefits.190

HYPERCALCEMIA OF MALIGNANCY

Malignancy is the most common cause of hypercalcemia in 
hospitalized patients. In general, hypercalcemia is a late 
finding when the cancer is very advanced and is associated 
with a poor prognosis. The major mechanisms involved in 
malignancy-associated hypercalcemia are (1) secretion of 
parathyroid hormone–related protein (PTHrP), which is 
the major mechanism for most cases of the condition known 
as humoral hypercalcemia of malignancy; (2) direct osteo-
lytic metastases with release of local cytokines; and (3) secre-
tion of 1,25-dihydroxy vitamin D (Table 42.5). Rarely do 
tumors secrete intact parathyroid hormone (PTH).191

Secretion of PTHrP by malignant tumors is the main 
cause of hypercalcemia in patients with nonmetastatic solid 
tumors (especially squamous cell carcinoma of the lung, 
and head and neck cancer) and some non-Hodgkin’s lym-
phomas. It is rare in multiple myeloma.192,193 PTHrP has a 
13–amino acid N-terminal sequence homology with intact 
PTH, which enables it to bind to PTH receptors, stimulate 
cyclic adenosine monophosphate (cAMP) production, and 
mimic the actions of intact PTH. Both PTH and PTHrP 
stimulate bone turnover through the receptor of NF-κB 
(RANK) ligand (RANKL) signaling pathway. Binding to the 
PTH receptor present on osteoblasts increases cell activity 
and RANKL signaling, resulting in osteoclast proliferation 
and differentiation into mature, multinucleated cells.194

When tumor cells metastasize to bone, direct local oste-
olysis can occur, resulting in local bone destruction and 
hypercalcemia.195 Local osteolysis contributes to hypercalce-
mia in multiple myeloma, breast, and prostate cancer as well 
as non–small cell carcinoma of the lung. Cancers metastatic 
to bone stimulate the production of a number of soluble 
osteoclast-activating factors, leading to bone resorption, 
including IL-1, IL-6, and tumor necrosis factor-α (TNF-α).

Some malignancies secrete an active form of vitamin D, 
resulting in hypercalcemia. This occurs in multiple myeloma, 

prerenal effect. Chronic nephrotoxicity is a potential com-
plication with more prolonged use of the calcineurin inhibi-
tors. Proteinuria, tubular dysfunction, arterial hypertension, 
and rising creatinine concentration are clinical findings 
consistent with long-term CsA or tacrolimus nephrotoxicity. 
It typically takes more than 6 months of therapy for the 
chronic changes to occur. Arteriolar damage, interstitial 
fibrosis, tubular atrophy, and glomerulosclerosis are found 
in renal biopsy specimens. The pathologic changes of the 
chronic nephrotoxicity are irreversible.178-180 A rare compli-
cation of CsA and tacrolimus therapy is TMA. The mecha-
nism of CsA- or tacrolimus-induced TMA is direct damage 
to the vascular endothelium in a dose-dependent fashion. 
With discontinuation of the drug, patients may have partial 
recovery.181-183 Calcineurin inhibitors have also been associ-
ated with hyperkalemia, thought to be secondary to tubular 
resistance to aldosterone.184

BISPHOSPHONATES

Bisphosphonates are commonly used to manage hypercal-
cemia of malignancy and to reduce skeletal complications 
in patients with bone metastases and multiple myeloma. 
Bisphosphonates are excreted unchanged by the kidneys, 
and AKI has been reported in both animals and humans.

All three generations of bisphosphonates have been 
shown to cause kidney injury although it is more common 
with older agents. The most common pathologic finding on 
renal biopsy is acute tubular necrosis (ATN). One study 
reported biopsy-proven toxic ATN in six patients treated 
with zoledronate (Zometa), a potent bisphosphonate; renal 
function did improve with cessation of the drug but did not 
return to baseline levels.185 Pamidronate has been shown to 
cause AKI as well as the nephrotic syndrome from a collaps-
ing variant of focal segmental glomerulosclerosis.186,187 The 
exact mechanism of bisphosphonate-induced kidney injury 
is not known, but direct toxicity to the tubular epithelial 
cells is suspected. A newer agent, ibandronate, is highly 
protein-bound, a feature that reduces the risk of rapid 
influx of the drug into the tubular cells, thereby reducing 
the risk of renal toxicity. This property makes ibandronate 
useful in patients with renal failure in multiple myeloma.188

In 2007 the American Society of Clinical Oncology 
updated the guidelines for the use of bisphosphonates in 
patients with reduced GFR.189 The guidelines recommend 
reduction of zoledronate dose in patients with mild to mod-
erate CKD (estimated GFR [eGFR] 30 to 60 mL/min) and 
avoiding it in those whose eGFR is less than 30 mL/min. 
Pamidronate 90 mg is administered over 4 to 6 hours (rather 
than over 2 hours) in patients with advanced CKD (eGFR < 
30 mL/min). A decrease in the initial dose is also recom-
mended. Recently, the treatment of osteoporosis has been 
advanced even in patients with stage 4 CKD (eGFR 
15-30 mL/min) with the use of denosumab, a monoclonal 
antibody antiresorptive agent that is not cleared by the 
kidney and that may be preferred to the use of oral bisphos-
phonates at reduced doses. Use of these drugs has been 
advocated for women at severe risk for fractures and mortal-
ity without evidence of hyperparathyroidism and metabolic 
bone disease (specifically adynamic bone disease). Experi-
ence with the use of drugs for these indications is currently 
still limited and should be considered only by experts in 

Table 42.5  Hypercalcemia of Malignancy

Cancer Frequency (%) Mechanism

Lung 35 PTHrP
Local osteolysis

Breast 25 PTHrP
Local osteolysis

Head and neck 6 PTHrP
Renal 3 PTHrP

Local osteolysis
Multiple  

myeloma
15 PTHrP (rare)

Local osteolysis
1,25-Dihydroxyvitamin D

Prostate 7 Local osteolysis
Lymphoma 15 1,25-Dihydroxyvitamin D

PTHrP

PTHrP, Parathyroid hormone related protein.
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can have toxic effects. Modern-day radiation therapy seeks 
to balance the curative potential of ionizing radiation with 
the potentially serious adverse effects on normal tissue.

Previously, the kidneys were believed to be very radiation-
resistant organs and the true renal sensitivity to ionizing 
radiation was not fully appreciated.206 Today, however, the 
kidney is often regarded as the dose-limiting organ for TBI 
in many gynecologic cancers, gastrointestinal cancers, sar-
comas, and lymphomas.

PATHOGENESIS

The pathogenesis of radiation-associated kidney injury is 
poorly understood in humans. Much of the published 
research focuses on long-term clinical outcomes of patients 
with CKD who have received irradiation in the past. Few 
studies focus on the actual mechanism of injury to the  
kidney, and those that do have primarily been conducted in 
animals.

Radiation causes cellular damage through direct and 
indirect mechanisms. One third of cellular radiation damage 
is caused by direct ionization of DNA, leading to double-
strand breaks. Two thirds of damage is indirect, being 
caused by a combination of free electrons released when 
ionizing radiation strikes an intracellular molecule and 
intracellular free radicals interacting with DNA. The result 
of both direct and indirect damage is aberrations in cellular 
DNA. The pattern of injury in the kidney is a combination 
of both tubular and glomerular lesions.207-209 The tubuloin-
terstitium develops fibrosis and atrophy. Radiation-damaged 
glomeruli exhibit basement membrane duplication and vas-
cular changes, including capillary loop thickening with  
subendothelial expansion.208 Glomerulosclerosis tends to 
increase in severity from the cortex to the medulla and is 
accelerated with increased dose.

In addition to the early changes, characteristic late find-
ings include loss of renal mass and volume, sclerosed intra-
lobular and arcuate arteries, and associated interstitial 
fibrosis. Late endothelial damage in the small blood vessels 
results in fibrin deposition, platelet aggregation, and red 
blood cell injury.210

EPIDEMIOLOGY

Radiation-associated kidney injury is uncommon even in 
patients receiving large doses of radiation to one or both 
kidneys. In a large cohort of patients who received more 
than 25 Gray (Gy) to both kidneys, only 20% of the subjects 
experienced renal adverse effects.211 Other series report a 
wide range of kidney injury, depending on patient and 
treatment-related factors.212-217 Rates of kidney injury can be 
as high as 71% to 76% in patients with ovarian cancer receiv-
ing abdominal irradiation and cisplatin but can be signifi-
cantly lower for patients receiving no chemotherapy and/
or a low dose of radiation.

TOTAL-BODY IRRADIATION AND 
TRANSPLANTATION

TBI has been used to prepare both pediatric and adult 
patients for HCT. Radiation-associated injury can occur at a 
much lower dose during TBI than bilateral whole-kidney 

Hodgkin’s and non-Hodgkin’s lymphoma, and, rarely, solid 
tumors.196,197 Active vitamin D causes increased gastrointes-
tinal absorption of calcium and is associated with decreased 
urinary excretion of calcium as well as increased renal phos-
phate reabsorption.

Hypercalcemia induces prerenal azotemia by causing 
nephrogenic diabetes insipidus, renal vasoconstriction, and 
intratubular calcium deposition.198 When the serum calcium 
level exceeds 13 mg/dL, most patients have some degree of 
volume depletion. Volume repletion and a saline diuresis 
are essential to the therapy. Isotonic saline should be infused 
intravenously in large volumes to increase calcium excre-
tion. Furosemide may be used to increase the calciuresis 
once volume depletion is corrected. However, the effective-
ness of loop diuretics in reducing serum calcium levels has 
been questioned.199 Thiazide diuretics should be avoided 
because they decrease urinary calcium excretion.

Bisphosphonates, pyrophosphate analogs with a high 
affinity for hydroxyapatite, may be necessary to control the 
serum calcium in severe cases.200,201 Pamidronate and clo-
dronate, two second-generation bisphosphonates, are com-
monly used preparations.202 Pamidronate can be given as a 
single intravenous dose of 30 to 90 mg and may normalize 
the calcium for several weeks. However, its onset is some-
what delayed with a mean time to achieve normocalcemia 
of 4 days. Therefore, other means of lowering the calcium 
level must be implemented in the immediate period.

Calcitonin, derived from the thyroid C cell, inhibits osteo-
clast activity. The onset of action of calcitonin is rapid but 
with a short half-life and is usually not given as a sole therapy, 
often being combined with pamidronate.203 Tachyphylaxis 
to calcitonin is frequently seen at 48 hours as a result of 
downregulation of the calcitonin receptor. Concomitant 
administration of glucocorticoids can prolong calcitonin’s 
effective duration of action.204

Plicamycin (mithramycin), an inhibitor of RNA synthesis, 
impairs osteoclast activity. It is an effective means to acutely 
lower serum calcium. However, the multiple toxicities asso-
ciated with plicamycin have made its use uncommon.

Glucocorticoids are also effective in the therapy of hyper-
calcemia in patients with hematologic malignancies or  
multiple myeloma. In these cases, glucocorticoids inhibit 
osteoclastic bone resorption by decreasing tumor produc-
tion of locally active cytokines.

A later addition to agents used to treat hypercalcemia of 
malignancy is denosumab. It is a humanized monoclonal 
antibody directed against RANKL that thereby decreases 
osteoclast differentiation and proliferation.205 Denosumab 
has been effective in lowering calcium levels in breast and 
prostate cancer as well as multiple myeloma.

Hemodialysis with a low-calcium bath is the preferred 
method of reducing serum calcium levels in the patient with 
a severely depressed GFR.

RADIATION-ASSOCIATED KIDNEY INJURY

Ionizing radiation was first used to treat breast cancer in 
1896, a year after the discovery of x-rays. Since that time,  
it has become an increasingly utilized modality in the treat-
ment of malignant and benign conditions alike. For almost 
as long, it has been known that irradiation of normal tissue 
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and Tc 99m-labeled dimercaptosuccinic acid (99mTc-DMSA) 
renography shows decreased tubular function. Iodohippu-
rate sodium iodine-131 scintigraphy will likely show a perfu-
sion defect.

DIAGNOSIS

The diagnosis of radiation nephropathy is made clinically 
through identification of a syndrome of progressive CKD in 
a patient with cancer who received irradiation to the total 
body, spine, abdomen, or pelvis. A thorough history and 
physical examination should be performed, and the clini-
cian should have a strong index of suspicion in patients with 
a history of radiation therapy. It is important to contact the 
radiation oncologist who delivered the radiation to deter-
mine what dose of radiation the kidneys received. A kidney 
biopsy does not necessarily need to be performed. Many of 
the histopathologic findings in radiation nephropathy are 
nonspecific and common to a large host of other causes of 
CKD; however, kidney biopsy may demonstrate thrombotic 
microangiopathy. Unless a biopsy needs to be performed 
for another indication, the added diagnostic information is 
often not worth the cost and the potential risk to the patient.

TREATMENT

Patients who receive drugs inhibiting the renin angiotensin 
aldosterone system (RAAS) after exposure to radiation have 
a lower incidence of radiation-associated kidney injury.236,237 
This protective effect was first shown with the ACE inhibitor 
captopril but has now been shown with other ACE inhibitors 
and ARBs.238-244 One small randomized trial suggested that 
a protective effect in patients who receive HCT, though this 
effect was not statistically significant (15% incidence of 
nephropathy or HUS for placebo vs. 3.7% for captopril;  
P = 0.1).

Blockade of the RAAS is also useful once radiation-
induced injury has developed. Various studies have shown 
ACE inhibitors to have beneficial effects on the course of 
the disease. As opposed to treatment prior to the develop-
ment of clinical disease, the use of ARBs does not appear to 
be effective. It is unclear why this discrepancy between ACE 
inhibitors and ARBs exists, although it may be related to the 
extent of blood pressure control.

PROGNOSIS

The prognosis for patients in whom radiation-associated 
kidney injury develops is generally poor. Once kidney injury 
caused by radiation therapy becomes clinically evident it 
usually continues to progress. The time course of progression 
is somewhat variable, and many patients can remain stable 
for years but others show rapid decompensation. A case-
control study of patients who had end-stage kidney disease 
after irradiation for HCT showed that they had poorer sur-
vival than controls with no history of irradiation.245

LEUKEMIA AND LYMPHOMA

The development of kidney disease is common in patients 
with lymphoma and leukemia. As with all hospitalized 

irradiation.218-227 This observation is attributed to the fact 
that radiation for HCT is given in higher dose per fraction, 
which does not allow the normal tissue to undergo appropri-
ate DNA repair. Published case series report rates of renal 
toxicity to be anywhere from 0 to 46.7% in children and 
adults, depending on dose and dose rate.228,229 When studies 
with patients of all ages were included, dose rate, dose, and 
use of fludarabine chemotherapy were significant factors in 
the incidence of renal adverse effects.230

Several writers describe radiation nephropathy following 
irradiation for HCT as a separate and distinct clinical syn-
drome. It tends to occur in a shorter time course than 
chronic forms of radiation-associated kidney injury and can 
occur at much lower doses of radiation. Severe cases can 
mimic the presentation of hemolytic-uremic syndrome, and 
hypertension is more consistently present than with radia-
tion nephropathy from other causes.231

CLINICAL PRESENTATION

Luxton and Kunkler first characterized the four clinical 
syndromes produced by radiation damage to the kidneys in 
the 1950s while studying the effects of abdominal irradia-
tion for seminomas.232

HISTORY
Radiation-associated kidney injury has a long latency period. 
With the exception of patients who undergo a HCT, there 
is no acute form that manifests during or shortly after radia-
tion therapy. Patients do not experience signs of kidney 
dysfunction until at least 6 months after irradiation, and for 
many patients it may take several years to progress to overt 
renal dysfunction.233,234

Common symptoms of radiation-associated kidney injury 
include edema, fluid retention, increased weight, and 
malaise. Additionally, symptoms can overlap with those of 
other renal diseases such as malignant hypertension (head-
aches, vomiting, and blurry vision) and other end-organ 
damage (dyspnea, confusion, and coma). It is important to 
recognize that these symptoms in themselves do not differ-
entiate radiation nephropathy from many other causes of 
renal failure.

LABORATORY FINDINGS
The complete blood count may reveal a microangiopathic 
hemolytic anemia with schistocytes on the peripheral smear. 
Thrombocytopenia is also present.235

Urinalysis typically demonstrates proteinuria, granular 
casts, and microscopic hematuria. Although present, pro-
teinuria usually does not reach nephrotic-range levels. 
These findings are not typically present until 6 months or 
more after irradiation and may increase in severity as time 
progresses and symptoms begin to become more clinically 
evident.

There are no specific radiographic findings for radiation-
associated kidney injury. Computed tomography (CT) and 
magnetic resonance imaging may show progressive kidney 
atrophy beginning 6 months to 1 year after irradiation  
with the possibility of asymmetric contrast uptake if only  
one kidney was in the target field. Technetium Tc 99m- 
labeled diethylenetriaminepentaacetic acid (99mTc-DTPA) 
renography demonstrates decreased glomerular function 
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discrepancy between radiologic and autopsy/histopathologic 
results may be due to the fact that renal involvement is often 
indolent and detectable only on histopathologic examina-
tion. Owing to increased metabolic activity within lympho-
matous deposits, positron emission tomography may be a 
more sensitive imaging technique.256,257 Although definitive 
diagnosis depends on renal biopsy, this procedure often is 
impossible because of the presence of contraindications. In 
such cases the following criteria support the diagnosis  
of kidney disease due to lymphomatous infiltration:  
(1) renal enlargement without obstruction, (2) absence  
of other causes of kidney disease, and (3) rapid improve-
ment of kidney function after radiotherapy or systemic 
chemotherapy.

TREATMENT
The treatment of lymphomatous involvement of the kidney 
is directed at the underlying malignancy. There are numer-
ous case reports of improvement in renal function after 
initiation of antitumor therapy. In indolent malignant 
disease that is usually treated by observation alone, kidney 
involvement is an indication for starting systemic therapy.

CYTOTOXIC NEPHROPATHY/ 
HEMOPHAGOCYTIC SYNDROME

BACKGROUND
Hemophagocytic syndrome (HPS) is a reactive disorder that 
results from intense macrophage activation and cytokine 
release.258,259 It is characterized by histiocytic proliferation, 
hemophagocytosis, fever, hypotension, hepatosplenomeg-
aly, generalized lymphadenopathy, and hypofibrinogen-
emia. It is the result of an intense cytokine storm similar to 
the systemic inflammatory response syndrome seen in 
patients with severe sepsis. HPS was first described as a 
familial disorder of immune dysfunction in children. It is 
inherited in an autosomal recessive pattern with an esti-
mated incidence of 1 per 50,000 live births.260,261 Familial 
HPS is a fatal disease if untreated with a mean survival rate 
of 2 months. It typically manifests in infancy or early adoles-
cence and can be triggered by infection.

It is now recognized that there are numerous forms of 
secondary HPS that can develop in a variety of diseases, 
including malignant lymphoma, juvenile rheumatoid arthri-
tis, and severe bacterial and viral infections, and in patients 
receiving prolonged parenteral nutrition with soluble 
lipids.262

CLINICAL FEATURES
The clinical presentation of HPS is nonspecific and can be 
confused with sepsis, given their overlapping features. The 
most common symptoms are fever, hepatosplenomegaly, 
and cytopenias.263 Other findings include liver dysfunction 
(50%-90%), coagulopathy with hypofibrinogenemia, and 
neurologic dysfunction (33%). Less commonly patients can 
have diffuse lymphadenopathy, jaundice, rash, respiratory 
failure, and AKI (16%). Histopathologic examination of 
tissue reveals diffuse accumulation of lymphocytes and mac-
rophages with occasional hemophagocytosis. There have 
been reports of HPS in association with occult peripheral 
T-cell lymphomas causing severe AKI.264,264a Renal biopsy 
specimens are characterized by an unusually severe degree 

patients, those with lymphoma and leukemia are at risk for 
development of AKI due to hypotension, sepsis, or admin-
istration of radiocontrast, antifungal, or antibacterial agents. 
With the presence of cancer, renal injury can also result 
from chemotherapy, immunosuppressive drugs, HCT, or 
TLS. Furthermore, patients are at risk for renal syndromes 
specific to the presence of lymphoma or leukemia. Various 
types of paraneoplastic glomerulonephritides are associated 
with lymphoma and leukemia and are described elsewhere 
in the chapter. This section focuses on infiltrative diseases 
of the kidney.

LYMPHOMA

BACKGROUND
Although a variety of cancers can metastasize to the kidneys 
and invade the parenchyma, the most common malignan-
cies that do so are lymphomas and leukemia. The true 
incidence of renal involvement is unknown because it is 
usually a silent disease and only occasionally causes renal 
failure. Autopsy studies suggest that renal involvement 
occurs in 90% of patients with lymphoma whereas radio-
graphic evidence sets the figure significantly lower.246

CLINICAL FEATURES
Renal involvement in lymphoma is often clinically silent so 
patients can present with slowly progressive CKD attributed 
to other etiologies. Therefore a high index of suspicion is 
needed to make a diagnosis. Patients may present with AKI 
but this presentation is rare and is most commonly seen in 
highly malignant and disseminated disease.247-250 Other pre-
sentations include proteinuria in both the nephrotic and 
nonnephrotic range, as well as a variety of glomerular 
lesions, such as pauci-immune crescentic glomerulonephri-
tis.251 Patients may also present with flank pain and 
hematuria.

The cause of impaired renal function from lymphoma-
tous infiltration is poorly understood. On the basis of biopsy 
series, patients who present with AKI have predominantly 
bilateral interstitial infiltration of the kidneys with lym-
phoma cells and uniformly are found to have increased 
renal size on radiographic imaging.252 These findings suggest 
that increased interstitial pressure results in reduced intra-
renal blood flow with subsequent renal tubular injury. 
Patients who present with proteinuria, on the other hand, 
often have intraglomerular infiltration with lymphoma.252 It 
is not known how proteinuria develops in these cases, but 
the local release of permeability factors and cytokines has 
been suggested.253,254

DIAGNOSIS
The diagnosis of kidney disease resulting from lymphoma-
tous infiltration is necessarily one of exclusion because 
more common explanations are often present. The diagno-
sis may be suspected from clinical features and imaging 
studies. Renal ultrasonography may reveal diffusely enlarged 
kidneys, sometimes with multiple focal lesions. However, 
most times radiology is unrevealing. In a study of 668 con-
secutive patients with lymphoproliferative disease who 
underwent diagnostic CT, only 3% with non-Hodgkin’s lym-
phoma were found to have kidney abnormalities.255 Both 
diffuse enlargement and solitary lesions were detected. This 
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Therefore, in patients with leukemia and AKI considered 
due to leukemic infiltration, evidence for coexisting BK 
virus infection should be sought.

DIAGNOSIS
The diagnosis of leukemic infiltration as a cause of AKI 
requires a high level of vigilance because it is often clinically 
silent and leukemic patients usually have multiple alterna-
tive explanations for renal injury. A presumptive diagnosis 
can be made if there is no other obvious cause of AKI, bilat-
eral renal enlargement is demonstrated radiographically, 
and there is prompt improvement in renal function after 
chemotherapy. Screening for leukemic infiltration with 
radiographic imaging is not appropriate. In a study of  
668 consecutive patients with lymphoproliferative disease 
who underwent diagnostic CT, only 5% with leukemia  
were found to have kidney abnormalities.256 As with lym-
phoma, this discrepancy between radiologic and autopsy/
histopathologic results may be due to the fact that renal 
involvement is often indolent and detectable only on histo-
pathologic examination.

TREATMENT
Treatment is directed by the type of leukemia. Although 
some patients do not recover, renal function does improve 
in the majority of cases as the leukemia responds to systemic 
treatment.

PARANEOPLASTIC GLOMERULAR 
DISEASES

Glomerulonephritis, usually manifesting as nephrotic syn-
drome, is associated with the presence of various types of 
cancer and GVHD (Table 42.6). The strongest association 
is with membranous nephropathy and solid tumors (lung, 
colon, breast, and prostate).271 In a cohort study of 240 
patients with membranous nephropathy, 24 had cancer at 
the time of renal biopsy or within 1 year.272 In comparison 
with the incidence in the general population, the incidence 
of cancer was significantly higher in this cohort (standard-
ized incidence ratios of 9.8 and 12.3 for men and women, 
respectively). At the time of diagnosis, clinical presentations 

of interstitial edema with limited interstitial cellular infil-
trate. Natural killer (NK) cells tend to be low, whereas a 
number of cytokines, including interferon-α, soluble 
interleukin-2 receptor, TNF-α, interleukin-6, and macro-
phage colony-stimulating factor are upregulated.

DIAGNOSIS
Diagnosis should be suspected in any patient with malignant 
lymphoma in whom unexplained multiple-organ dysfunc-
tion including AKI develops. Diagnostic criteria for diagno-
sis of familial HPS were first developed in 1991 and later 
modified in 2004.263 However, many of the criteria have poor 
specificity for differentiating HPS from malignant lym-
phoma. Fever, splenomegaly, anemia, thrombocytopenia, 
and hypofibrinogenemia are common to both. Therefore, 
bone marrow aspiration may be required for definitive 
diagnosis.

TREATMENT
In the past, treatment of familial HPS included cytotoxic 
agents, intravenous immunoglobulin (IVIG), TPE, and 
HCT. It is not clear whether such regimens are effective in 
secondary cases of HPS due to lymphoma. Current standard 
of care consists of a course of dexamethasone and etoposide 
in diminishing dosages.259 Therapy should be started even 
in the presence of organ dysfunction or infection. Etoposide 
dose should be adjusted for impaired kidney or liver 
function.

LEUKEMIA

BACKGROUND
Leukemia cells can infiltrate any organ, and the kidneys are 
the most frequent extramedullary site of infiltration. Autopsy 
studies reveal that 60% to 90% of patients have renal involve-
ment.265 On biopsy cells are usually found to be located in 
the renal interstitium, although occasional glomerular 
lesions are noted.266 Increased interstitial pressure leads to 
vascular and tubular compression and subsequent tubular 
injury. Occasional nodular lesions are found but they are 
more common with lymphoma.

CLINICAL FEATURES
Leukemic infiltration of the kidneys is often an indolent and 
clinically silent disease. Most often it is incidentally noted 
after autopsy or by detection of renal enlargement on ultra-
sound or CT scan. Although leukemic infiltration is uncom-
mon, many cases of AKI attributable to it have been 
described.267-269 Patients may also experience hematuria or 
proteinuria. Occasionally renal enlargement is accompa-
nied by flank pain or fullness. AKI can develop from leu-
kostasis in patients with significantly elevated white blood 
cell counts. Leukemic cells occlude the peritubular and 
glomerular capillaries, thereby decreasing GFR. Patients 
may be oliguric but their renal function often improves with 
therapeutic leukapheresis or chemotherapy. Leukostasis has 
been described in both acute and chronic leukemia. There 
are also reports of patients with chronic lymphocytic leuke-
mia in whom AKI develops from leukemic infiltration and 
who are infected with polyomavirus (BK).270 Urine from 
patients demonstrates viral inclusions in tubule cells 
(“decoy” cells) and blood is positive for BK viral DNA. 

Table 42.6  Glomerulonephritis Associated 
with Malignancy

Membranous glomerulonephritis:
Breast cancer
Lung cancer
Colon cancer
Prostate cancer
Graft-versus-host disease

Minimal change disease:
Hodgkin’s lymphoma
Non-Hodgkin’s lymphoma
Graft-versus-host disease

Case reports
Immunoglobulin A nephritis
Antineutrophil cytoplasmic antibody vasculitis
Focal segmental glomerulosclerosis
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vasculature may result in renal infarction and papillary 
necrosis. Penetration of the organisms into the renal tubules 
may cause multiple sites of tubular obstruction or the forma-
tion of large aggregates of fungi within the collecting system 
in the form of fungal balls or bezoars.285 Obstruction should 
be suspected in the presence of flank pain and microscopic 
hematuria. Candida species differ in virulence capacity to 
involve the kidneys. Candida albicans and Candida tropicalis 
have the greatest propensity to cause widespread metastatic 
disease and renal invasion.

The patient with renal candidiasis usually presents  
with fever, candiduria, and unexplained progressive renal 
failure.286 There usually are no symptoms referable to the 
kidneys, although there may be symptoms arising from 
involvement of other organs including skin, mucosa, muscle, 
and eyes. Contrary to the case with bacterial urinary tract 
infections, there is no consensus as to the critical concentra-
tion of candiduria required for a diagnosis of renal candidia-
sis. High colony count may be a reflection of colonization 
rather than infection in the patient with an indwelling 
bladder catheter or nephrostomy tube. Diagnosis is further 
complicated by the lack of any tests to localize infection to 
the kidneys. Candida casts are highly suggestive of renal 
infection but are an unusual finding. The presence of fungal 
bezoars in the upper urinary tract can be excluded with 
renal ultrasonography or another suitable imaging proce-
dure. A useful diagnostic test in the catheterized patient with 
candiduria, bladder washings with amphotericin B, will clear 
the urine of colonization but not renal candidosis.287 The 
routine use of prophylactic fluconazole in patients undergo-
ing HCT has reduced the incidence of invasive candidiasis, 
but the rate of fluconazole resistance has increased.288

ADENOVIRUS INFECTIONS

Opportunistic infections secondary to systemic adenovirus 
infection occur in immunocompromised patients. Adenovi-
rus type II appears to have a predilection for urothelial 
membrane surfaces, and infections of the urothelium are 
frequent. As a result, adenovirus type II has been associated 
with urinary tract obstruction and hemorrhagic cystitis in 
this patient population. There are several reports of acute 
tubulointerstitial nephritis (TIN) with oliguric AKI in the 
setting of severe pneumonitis, hepatitis, meningoencepha-
litis, myocarditis, and hemorrhagic cystitis.289,290 Although 
there is no standard treatment, cidofovir appears to be a 
safe and effective choice.291

EPSTEIN-BARR VIRUS INFECTION

Epstein-Barr virus (EBV) is associated with acute TIN and 
renal failure in both immunocompetent and immunocom-
promised patients.292 Other renal lesions associated with 
EBV and infectious mononucleosis include acute glomeru-
lonephritis, HUS, and rhabdomyolysis-induced AKI.293 
Reduction in immunosuppression is recommended in these 
circumstances.

POLYOMAVIRUS (BK-TYPE) INFECTION

BK virus is a double-stranded DNA virus in the polyomavirus 
family. Infection with the virus is almost ubiquitous by early 

did not differ between patients with cancer-associated and 
those with idiopathic membranous nephropathies. Given 
this association, it is recommended that any patient older 
than 40 years with idiopathic membranous glomerulone-
phritis undergo cancer screening as recommended by the 
American Cancer Society guidelines. The mechanism of  
the paraneoplastic syndrome is unknown, although it may 
involve in situ immune complex formation and comple-
ment activation.273,274

There also appears to be a strong association between 
Hodgkin’s lymphoma and minimal change disease.275-277 
The nephrotic syndrome occurs early, often preceding the 
diagnosis of lymphoma by several months. It also rapidly 
disappears after effective treatment of the lymphoma.

A variety of other glomerular diseases, such as focal  
sclerosis, membranoproliferative glomerulonephritis, IgA 
nephropathy, and antineutrophil cytoplasmic antibody 
(ANCA)–associated vasculitis, have been described in 
patients with cancer.271,278 In a retrospective case-control 
study of 200 consecutive patients with ANCA-associated vas-
culitis, the patients with ANCA disease had a higher risk of 
malignancy than age- and gender-matched controls (rela-
tive risk, 6.02).279 However, most of these associations form 
the basis of case reports or case series. Given the high preva-
lence of cancer in the general population and the low inci-
dence of glomerulonephritis, it is difficult to prove any true 
cause-and-effect relationship.

GVHD has also been associated with glomerulonephritis 
manifesting as the nephrotic syndrome. Membranous 
nephropathy is the most common glomerular lesion 
reported and often occurs after withdrawal of cyclosporine. 
Minimal change disease and IgA nephropathy have also 
been reported. In most cases there was favorable response 
to immunosuppressive therapy with improvement in the 
nephrotic-range proteinuria.280-283

RENAL INFECTIONS

Patients with cancer are at increased risk for infection 
because of either direct effects of the malignancy or adverse 
effects of therapy. Several infections associated with cancer 
may specifically involve the kidneys.

RENAL CANDIDIASIS

Mucosal ulceration and long-dwelling intravascular cathe-
ters are major risk factors for invasion of the bloodstream 
by Candida species. Other important risk factors are pro-
longed hospitalization, prior exposure to antimicrobial 
agents, corticosteroid therapy, the postoperative state, surgi-
cal wounds, long-term indwelling urinary catheters, and 
underlying malignancy. The kidneys are particularly vulner-
able to candidal invasion. The presence of hyphae in the 
urine does not have diagnostic significance, although the 
absence of pyuria does not rule out a diagnosis of renal 
candidiasis, especially in the severely neutropenic patient. 
Therefore, identification of Candida on urine culture in the 
septicemic patient is considered proof of renal candidia-
sis.284 The Candida organisms progressively penetrate the 
renal parenchyma, forming hyphae and microabscesses 
especially in the cortical regions. Involvement of renal 
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depressed serum haptoglobin values, and the finding of 
schistocytes on peripheral blood smear. The characteristic 
renal lesion consists of vessel wall thickening in capillaries 
and arterioles, with swelling and detachment of endothelial 
cells from the basement membranes and accumulation of 
subendothelial fluffy material.306 These vascular lesions are 
indistinguishable from those seen in malignant hyperten-
sion and scleroderma renal crisis.

Typically, HUS develops in children with hemorrhagic 
colitis from verotoxin-producing Escherichia coli infection 
associated with ingestion of undercooked meat.307 Renal 
failure is pronounced, and altered sensorium is not consis-
tently present. In contrast, idiopathic TTP is usually seen in 
adult women in whom encephalopathy is the predominant 
clinical feature and renal involvement is less severe. However, 
because of similar laboratory findings and the great overlap 
in clinical features, these syndromes likely have the same 
pathogenesis, endothelial cell dysfunction.308

In patients with cancer, malignancy, chemotherapy, irra-
diation, immunosuppressive agents, and HCT can induce 
endothelial dysfunction leading to TMA and renal failure 
(Table 42.7). TMA has been most commonly associated with 
carcinomas. Gastric carcinoma accounts for more than half 
of the cases, followed by breast and lung cancer.309

Chemotherapy agents are likewise associated with the 
development of TMA. Mitomycin C is the classic drug, with 
an incidence of TMA during its use as high as 10%.310,311 
Bleomycin, cisplatin, and 5-fluorouracil are less frequently 
reported in association with the syndrome’s development. 
Gemcitabine, a nucleoside analog, has been reported to 
cause TMA with an incidence of 0.31%.312

Treatment of renal failure and TMA in patients with 
cancer is mainly supportive, with initiation of dialysis as 
necessary. Stopping any causative medications is advised. 
However, the role of TPE remains controversial. Although 
all forms of TMA share the underlying pathogenesis of 
endothelial cell injury and dysfunction, the actual inciting 
event may be different in each case and not amenable to 
TPE. As an example, TPE has not been found to be an effec-
tive therapy for HUS in children despite its clear benefit in 
the treatment of idiopathic TTP.313 In TTP, an autoantibody 
to the von Willebrand factor–cleaving protease ADAMTS13 

adulthood, in that seroprevalence rates of 80% have been 
reported in healthy blood donors.294 The virus then remains 
dormant in the urothelial cells without clinical effects in 
immunocompetent individuals. In the immunosuppressed 
population, BK virus has most commonly been associated 
with nephropathy after kidney transplantation and with 
hemorrhagic cystitis (>1 week after stem cell infusion) after 
HCT.295 In transplant recipients, primary BK virus infection 
may be acquired from the environment, blood transfusions, 
or donor and has been associated with renal dysfunction 
and urinary tract obstruction from ureteral ulcerations and 
strictures.296 An acute TIN (BK nephropathy) has been 
reported in patients who undergo renal transplantation or 
HCT.297 The diagnosis of BK nephropathy is suggested by 
the presence of inclusion-bearing cells in the urine (“decoy” 
cells) and the detection by polymerase chain reaction analy-
sis of BK-virus DNA in the serum.

Current treatment options for hemorrhagic cystitis 
include pain control, bladder irrigation, and urologic  
intervention for clot removal or obstruction. Pharmaco-
logic interventions include cidofovir, leflunomide, and 
fluoroquinolones.298-300 Ciprofloxacin has been reported to 
decrease BK urinary viral loads, but not the risk of hemor-
rhagic cystitis, when given as prophylaxis during the first 2 
months after HCT.301 CMX100, an oral formulation of cido-
fovir with activity against double-stranded DNA viruses, may 
have less renal toxicity, and clinical trials are currently 
ongoing.302 Given the nephrotoxicity of cidofovir, its use 
should be restricted to patients with biopsy evidence of BK 
nephropathy.

ZYGOMATOSIS

Invasive zygomycosis (mucormycosis) occurs predominantly 
in immunocompromised patients. Patients present with 
bilateral flank pain, fever, hematuria, pyuria, and renal 
failure.303 Radiographic assessment demonstrates bilaterally 
enlarged, nonfunctioning kidneys. Oral antifungal prophy-
laxis with triazoles and nystatin is ineffective. Treatment 
consists of amphotericin B, reduction of immunosuppres-
sion, and surgical debridement.

DISSEMINATED HISTOPLASMOSIS

Multiple organ failure can develop from disseminated  
histoplasmosis in immunocompromised patients. The 
disease usually follows a rapidly progressive course with  
a high mortality rate. Although uncommon, AKI does 
occur.304,305 Biopsy specimens show aggregates of phagocy-
tosed macrophages in the glomerular capillaries and the 
tubular interstitium. Treatment consists of reduction of 
immunosuppression and administration of amphotericin B.

THROMBOTIC MICROANGIOPATHY

TMA in the form of HUS and TTP is a disease of multiple 
etiologies manifesting as nonimmune hemolytic anemia, 
thrombocytopenia, varying degrees of encephalopathy, and 
renal failure due to platelet thrombi in the microcirculation 
of the kidneys. Laboratory findings include elevated indi-
rect bilirubin and lactate dehydrogenase (LDH) values, 

Table 42.7  Causes of Thrombotic 
Microangiopathy in Patients  
with Cancer

Chemotherapy Mitomycin C
Cisplatin
Bleomycin
Gemcitabine

Immunosuppressive 
agents

Cyclosporine
Tacrolimus
Rapamycin

Malignancy Gastric carcinoma
Breast carcinoma
Lung carcinoma

Hematopoietic cell 
transplantation

Transplantation-associated 
microangiopathy

Radiation-associated kidney injury
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has been described.314 Inhibition of the cleaving enzyme 
leads to unusually large von Willebrand factor multimers 
that may agglutinate circulating platelets at sites with high 
levels of intravascular shear stress, triggering TMA. Plasma 
infusion may provide an exogenous source of cleaving pro-
tease to compete with the autoantibody, whereas plasma-
pheresis removes the pathogenic antibody. In HUS, the 
autoantibody is rarely found, potentially explaining the inef-
fectiveness of TPE in this disorder.315 Reports on the use of 
TPE in patients with cancer are confined to those with TMA 
after bone marrow transplantation. Most studies are small 
case series that are unable to clearly demonstrate true 
benefit. Nevertheless, for a patient with the clinical charac-
teristics of severe TTP after HCT, a trial of TPE is probably 
warranted.
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Knowledge of the primary cause of a disease is essential to 
understanding its pathomechanism, assessing its prognosis, 
and instituting adequate treatment. For most kidney dis-
eases the primary causes are still unknown. This situation is 
rapidly changing, due to the advances in molecular genetics 
that started with the Human Genome Project. Insights into 
kidney diseases have mainly come from two complementary 
genetic approaches:

1. In rare single-gene (monogenic) kidney diseases,  
hundreds of novel disease-causing genes have been  
discovered, using genetic mapping and whole-exome 
sequencing (WES) techniques, and they follow mende-
lian inheritance patterns in families and pedigrees. Rare 
kidney diseases, such as autosomal dominant polycystic 
kidney disease (ADPKD), are caused by single mono-
genic mutations with strong pathogenic effects that are 
alone sufficient to cause disease.

2. In common polygenic kidney diseases, dozens of risk 
alleles have been detected using genomewide association 

studies (GWAS). Polygenic kidney diseases, such as dia-
betic nephropathy, are caused by genetic variants that act 
together to increase disease risk in adult-onset disease, 
where each genetic variant contributes only a small frac-
tion to the phenotypic variance of a disease.

There has been a surge in the discovery of hundreds  
of novel single-gene causes of kidney disease. This was fol-
lowed by the surprising realization that seemingly similar 
disorders that lead to early-onset chronic kidney disease 
(CKD), such as focal segmental glomerulosclerosis, are 
caused by single-gene mutations in one of dozens of differ-
ent single genes, a different gene being mutated in each 
individual. Knowledge of the disease-causing mutation in a 
single-gene disorder represents one of the most robust diag-
nostic measures available to clinical medicine, because the 
mutation conveys an almost 100% risk for developing the 
disease by a defined age. Since each mutation may convey 
a specific pathogenic process, knowledge of the causative 
single-gene mutation of an individual with kidney disease 
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Table 43.1  Degrees of Genetic Causality and Power of Molecular Genetic Diagnostics in Recessive, 
Dominant, and Polygenic Diseases

Monogenic

PolygenicRecessive Dominant

Genetic causality Strong Intermediate Weak
Penetrance Full Can be incomplete Weak
Predictive power of mutation 

analysis
Almost 100% Strong* Weak

Age of onset Fetus, child, young adult Adult Adult
Molecular genetic approaches Detection of causative mutations 

by direct exon sequencing
Detection of causative mutations 

by direct exon sequencing
Only assignment of relative 

risk possible
Frequency <1 : 40,000 (rare) <1 : 1000 (rare) <1 : 5 (common)
Source from which data are 

usually derived
Gene mapping and whole-exome 

sequencing
Gene mapping and whole-

exome sequencing
Genomewide association 

studies
Confirmation by animal model Very feasible Feasible Difficult

*Except for incomplete penetrance and variable expressivity.

will likely enable approaches of personalized medicine in 
the near future.

This chapter will discuss prominent renal single-gene dis-
orders, as well as polygenic risk alleles of common renal 
disorders. It will delineate how emerging techniques of WES 
assist molecular genetic diagnosis, prognosis, and specific 
treatment and lead to an improved elucidation of disease 
mechanisms, thus enabling the development of new tar-
geted drugs.

DEGREES OF GENETIC DISEASE 
CAUSALITY AND PREDICTIVE POWER  
OF GENETIC ANALYSIS

Single-gene disorders are also known as “monogenic dis-
eases” or “mendelian diseases.” They are characterized by 
the fact that a mutation in a single gene (of the ≈20,000 
genes that are contained within our genome) is sufficient 
to cause disease in an individual. In contrast to single-gene 
disorders, polygenic disorders are caused by genetic variants 
in several different genes that work together to increase 
disease risk.1

Mutations in single-gene disorders may display recessive 
or dominant inheritance patterns. For each autosomal gene 
we possess two copies, one from each parent. In a recessive 
disease gene, both parental copies have to be mutated to 
cause disease. If the mutation inherited from each parent is 
identical, the mutations are termed “homozygous.” If each 
parent contributed a different mutation in the same gene, 
the mutations are termed “compound heterozygous.” The 
parents will be healthy heterozygous carriers. And, as a rule, 
no one in the ancestry will ever have had this disease, 
because only heterozygous mutations are expected to be 
present in the ancestors of the parents. (The term “hetero-
zygosity” indicates that only one parental allele is mutated.) 
An example of a recessive disease is autosomal recessive 
PKD, in which the PKHD1 gene is mutated. In monogenic 
disease with dominant inheritance, a mutation in one 
parental copy is sufficient to cause disease. Therefore one 

of the parents will also express the dominant disorder, and 
the disease will have been transmitted through the ancestry 
in an autosomal dominant mendelian inheritance pattern. 
The term “monogenic” does not preclude, however, that in 
different individuals different genes may cause a similar 
disease. This situation is known as “gene locus heterogene-
ity.” For instance, steroid-resistant nephrotic syndrome may 
be caused by recessive mutations in the NPHS1 or the NPHS2 
gene, as well as other genetic loci.

The degree of genetic causality is determined by the 
mode of inheritance (Table 43.1). Recessive diseases reside 
at one extreme of this spectrum and show a very tight 
genotype-phenotype correlation. In recessive diseases the 
disease phenotype is almost exclusively determined by the 
single-gene causative mutation, so that virtually all individu-
als who carry two mutations in a recessive-disease gene (one 
mutation on the paternal and one on the maternal allele) 
will develop disease by a certain age. This situation is 
referred to as “full penetrance” and generally reflects loss 
of function attributable to mutations in both parental 
copies. It lends a very high predictive power to mutation 
analysis (see Table 43.1). Diseases with recessive mendelian 
inheritance usually manifest prenatally, in childhood, or in 
young adults (e.g., autosomal recessive PKD), whereas those 
caused by genes with dominant inheritance typically mani-
fest in adulthood (e.g., autosomal dominant PKD1) (see 
Table 43.1). Recessive diseases are usually rare (e.g., 1 in 
≈40,000 individuals). However, the related heterozygous 
mutations are found once in hundreds of individuals (see 
Table 43.1), which allows identification of parents who are 
at risk for having a child with a recessive disease.2 Recessive 
mutations are usually identified by exon sequencing or WES 
(see Table 43.1). The effect of recessive mutations is easily 
amenable to functional studies in animal models of gene 
knockdown or knockout (e.g., in mice or zebrafish) (see 
Table 43.1).

In diseases with dominant inheritance, the tightness of 
genotype-phenotype correlation may be reduced in com-
parison to recessive inheritance diseases, because the  
corresponding dominant inheritance genes may show 
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CRITERIA TO ASSESS  
GENETIC “CAUSATION”

Molecular genetic diagnostics by exon sequencing is initi-
ated following written consent of the patient whose DNA is 
examined. It is performed by diagnostic laboratories that 
are licensed for clinical genetic testing (i.e., Clinical Labo-
ratories Improvement Amendments [CLIA] certification). 
Genomic DNA for molecular genetic diagnostics is extracted 
usually either from a 4-mL ethylenediaminetetraacetic acid 
(EDTA) sample of whole blood or from a saliva sample. 
Exon sequencing is performed by classical Sanger sequenc-
ing, by high-throughput sequencing using diagnostic panels 
of disease-causing genes, or by WES. The DNA sequence 
data that result from diagnostic exome sequencing of a 
patient’s DNA is aligned with the sequence of normal refer-
ence individuals. Differences in exon or splice-site sequence 
between patient and reference individual are termed 
“genetic variants.” If genetic variants are considered disease 
causing, they are termed “mutations.”6-12 A genetic variant 
has to fulfill a graded set of multiple criteria to qualify as a 
mutation. These include (1) whether the mutation trun-
cates the encoded protein (“truncating mutation”) or only 
leads to an exchange of an amino acid residue (missense 
mutation), (2) the degree of evolutionary conservation of 
an amino acid residue affecting a missense mutation, (3) 
whether inheritance of the genetic variant within the pedi-
gree travels together with the disease phenotype (“cosegre-
gation”), and (4) experimental data showing that the 
mutation conveys loss of biologic function in cell-based or 
animal models (Table 43.2).

INDICATION-DRIVEN DIAGNOSTIC 
MUTATION ANALYSIS PANELS

Over last 2 years it has become apparent that a surprisingly 
high proportion (≈20%) of CKD that manifests before 25 
years of age is caused by a single-gene (monogenic) muta-
tion. These mutations can be identified by mutation analysis 
using high-throughput exon-sequencing techniques,13-16 
The most frequent diagnostic groups of CKD that manifests 
before 25 years of age are listed in Table 43.3 as determined 
in approximately 9000 persons from North American Pedi-
atric Renal Trials and Collaborative Studies (NAPRTCS) 
data.17 CKD is caused by congenital anomalies of the kidneys 
and urinary tract (CAKUT) in 50% of cases, by steroid-
resistant nephrotic syndrome (SRNS) in 15%, by glomeru-
lonephritis in 14%, and by cystic kidney diseases in 6%. 
Genetic mapping techniques and the acceleration of next-
generation sequencing techniques have permitted identifi-
cation of dozens of monogenic disease genes for each of 
these diagnostic groups of early-onset CKD (see Table 43.3). 
The number of newly discovered monogenic causes of CKD 
is rapidly increasing.

Furthermore, it was shown that in a high fraction of early-
onset CKD a causative single-gene mutation can be identi-
fied in one of the dozens of these disease genes. These 
fractions are 15% for CAKUT,18-20 30% for SRNS,15 50% to 
70% for cystic kidney diseases,14,21 20% for renal tubulopa-
thies,22 and 15% for nephrolithiasis16 (see Table 43.3). The 

incomplete penetrance (i.e., skipping of the disease pheno-
type in a generation). They may also show variable expres-
sivity, even within a family carrying the same mutation (i.e., 
different degrees of organ involvement or disease severity) 
(see Table 43.1). Dominant diseases as a rule manifest in 
adulthood. They often exhibit the phenomenon of age-
related penetrance. For instance, the age of onset and pro-
gression of CKD in the most frequent dominant lethal 
disease in humans (ADPKD) is distributed over the fourth 
to seventh decades of life.

At the other extreme of the range of causality are poly-
genic diseases, in which genotype-phenotype correlation is 
weak (see Table 43.1). In contrast to autosomal recessive 
diseases, where there is often 100% penetrance, in poly-
genic diseases usually only a relative disease risk can be 
attributed to a genetic variant, as for instance in an associa-
tion between the markers of the APOL1 locus and focal 
segmental glomerulosclerosis.3,4 Polygenic disease variants 
are mostly identified by GWAS (see Table 43.1). Specific 
disease-associated alleles of many different genes often 
explain only very small percentages of the phenotypic vari-
ance (missing heritability).5 Polygenic diseases usually mani-
fest in adulthood and are much more frequent than 
monogenic diseases. Since the penetrance of pathogenic 
disease alleles is weak, these diseases are more susceptible 
to environmental influences on the disease phenotype.  
It is very difficult to test the pathogenic effects of poly-
genic disease variants in animal models due to the small 
effect that each genetic variant contributes to the disease 
phenotype.

SINGLE-GENE KIDNEY DISEASES

MUTATION ANALYSIS

In single-gene disorders identification of the causative muta-
tion has the following important clinical consequences: (1) 
it provides the patient with an unequivocal molecular 
genetic diagnosis; (2) it makes prenatal diagnostic testing 
possible; (3) for individuals participating in clinical studies, 
it permits a causation-based classification of disease; (4) 
detection of specific mutations may allow specific therapeu-
tic approaches in way of “personalized medicine”; (4) it 
allows the development of relevant animal models; and (5) 
it permits screening for therapeutic molecules in high-
throughput cell-based or animal-based disease model 
systems. Therefore, due to the high penetrance of muta-
tions in monogenic disorders, mutation analysis has a very 
high diagnostic and prognostic value (see Table 43.1).

Diagnostic mutation analysis in single-gene disorders is 
usually performed by sequencing all exons (the protein-
encoding sequences) of a gene and the adjacent intronic 
splice sites. (Splice sites are used to splice exons together 
following gene transcription, to generate a continuous 
protein-encoding messenger RNA.) Even though exonic 
sequence represents only 1% of the human genome, for 
reasons of practicality it is sufficient to concentrate on 
exonic sequence and adjacent splice sites (whole-exome 
sequence), because it is thought that these DNA segments 
contain 85% of all disease-causing mutations in single-gene 
disorders.

http://www.myuptodate.com


 CHAPTER 43 — GENETIC BASIS of KIDNEy DISEASE 1413

Table 43.2  DNA Variant Criteria for Mutation 
Analysis in Single-Gene Disorders

Disease-causing variants in recessive genes are 
considered if two alleles were found in the same 
individual that fulfilled at least one of the following 
criteria:

1. At least one of the two alleles is protein truncating (stop, 
abrogation of start or stop, obligatory splice site, or 
frameshift); OR

2. At least one of the two alleles was reported in the Human 
Gene Mutation Database (http://www.hgmd.org/) as 
disease-causing; AND

for those individuals the second allele needs to meet at least 
one of the following criteria:

3. Missense mutation exhibiting high evolutionary 
conservation; OR

4. Two out of three prediction scores classify the allele as 
disease causing: PolyPhen-2 prediction HumVar of greater 
than 0.9 (http://genetics.bwh.harvard.edu/pph2), SIFT 
(http://sift.jcvi.org), Mutation Taster (http://www 
.mutationtaster.org); OR

5. Loss of function of the identified allele is supported by 
functional data.

6. For recessive genes the two variants have to be present “in 
trans” (i.e., each on different parental chromosomes).

Exclusion criteria: Minor allelic frequency (MAF) needs to be 
less than 1% in genotyping data of the NHLBI GO Exome 
Sequencing Project Exome Variant Server (EVS; http://
evs.gs.washington.edu/EVS/). Variants are excluded if they 
do not segregate in a recessive way with the affected status 
in family members.

Disease-causing variants in dominant genes are 
considered if one allele fulfills at least one of the 
following criteria:

1. Truncating mutation (stop, abrogation of start or stop, 
obligatory splice site, and frameshift); OR

2. Variant was reported in the Human Gene Mutation 
Database (http://www.hgmd.org/) as disease causing; OR

3. Missense mutation, if at least conserved in vertebrates; OR
4. Two out of three prediction scores classify the allele as 

disease causing: PolyPhen-2 prediction HumVar of greater 
than 0.9 (http://genetics.bwh.harvard.edu/pph2), SIFT 
(http://sift.jcvi.org), Mutation Taster (http://www 
.mutationtaster.org); OR

5. Loss of function or dominant-negative effect of the 
identified allele is supported by functional data; OR

6. Full segregation exists in the affected status for seven or 
more affected family members.

Exclusion criteria: Variants are excluded if the allele occurred 
at least once heterozygously or homozygously in the EVS 
server (http://evs.gs.washington.edu/EVS/), or if the allele 
does not segregate with the affected status in the family.

NHLBI, National Heart, Lung, and Blood Institute.

fraction of individuals with CKD in whom a causative muta-
tion can be detected will keep rising, as more monogenic 
disease genes are discovered and as “mild” mutations will be 
incriminated in adult-onset disease.23,24

The reason why this high proportion of single-gene causa-
tion in CKD was recognized only recently is likely twofold. 
(1) First, high-throughput WES techniques have become 
available and affordable only very recently. Second, (when 

assuming monogenic causation, familial occurrence is often 
expected. However, familial occurrence is atypical for reces-
sive diseases, because parents and ancestors are usually 
healthy heterozygous carriers of any causative mutation, and 
only one in four children of heterozygous carrier parents 
will carry mutations on both parental alleles and thereby be 
affected with disease. Therefore most individuals with reces-
sive disease-causing mutations will appear as “sporadic cases” 
with no positive family history.

As a consequence of the high proportion of monogenic 
causation of early-onset CKD, gene panels have been devel-
oped to identify the causative mutation in these subgroups 
of CKD (see Table 43.3). Studies that demonstrated the high 
proportion of detectable single-gene mutations in CKD that 
manifests before age 25 years used simple and reproducible 
clinical indications to decide if mutation analysis was 
warranted.13-16 These indication-driven diagnostic panels 
(Table 43.4) allow one to expect similar likelihoods of 
detecting a causative mutation when applying identical indi-
cations to run a diagnostic panel. Clinical indications (for 
individuals developing CKD before 25 years of age) were  
as follows (see Table 43.4): (1) in SRNS, proteinuria 
(>150 mg/dL) for at least 3 consecutive days15; (2) in cystic 
kidney diseases, demonstration of two or more cysts, 
increased echogenicity, or reduced corticomedullary differ-
entiation upon renal ultrasonographic examination13,14; (3) 
in CAKUT, demonstration of renal or urinary tract malfor-
mation by imaging; (4) in nephrolithiasis, the presence of 
at least one stone in the urinary tract or the presence of 
nephrocalcinosis demonstrated by ultrasonography16; and 
(5) in renal tubulopathies, a suspected diagnosis of a defect 
of renal tubular transport (see Table 43.4).

Overall these indication-driven monogenic diagnostic 
panels currently interrogate the exons of approximately 215 
kidney disease genes and have a likelihood of detecting a 
monogenic cause of CKD in greater than 20% of individuals 
with CKD manifesting before 25 years of age (see Table 
43.4). For many of these disease groups, the likelihood of 
detecting the causative mutations is inversely related to age 
of onset.15 However, as less severe mutations will be called 
disease-causing on the basis of functional studies of these 
mutations (see Table 43.1), the proportion of monogenic 
causation in CKD will rise also in late-onset CKD.25

STEROID-RESISTANT NEPHROTIC 
SYNDROME (See Chapter 44)

SRNS, which mostly manifests histologically as focal segmen-
tal glomerulosclerosis, remains one of the most intractable 
kidney diseases. Genetic mapping and next-generation 
sequencing have permitted identification of more than 30 
monogenic causative genes, and this number is rapidly 
increasing (Figure 43.1).26 Twenty-one genes follow an auto-
somal recessive mode of inheritance, and seven genes are 
autosomal dominant (see Figure 43.1).

MONOGENIC CAUSATION OF STEROID-
RESISTANT NEPHROTIC SYNDROME

Using a high-throughput exon-sequencing technique,13,27 it 
was shown in a worldwide cohort of individuals from 1780 
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Table 43.3  Single-Gene Causes of Chronic Kidney Disease Manifesting by 25 Years of Age

Diagnostic Group of Chronic Kidney Disease17 Chronic Kidney Disease (%) Genes (No.) Monogenic (%)

CAKUT 50 30 ≈15
Steroid-resistant nephrotic syndrome 15 30 30
Chronic glomerulonephritis
 (MPGN, SLE, IgA, granulomatosis with polyangiitis [formerly 

designated as Wegener’s granulomatosis])

14 — —

Cystic kidney disease
 (ARPKD, ADPKD, nephronophthisis, MCKD)

6 95 ≈70

Tubulopathies 3 45 ≈20
Other 12 — —
Total (n = 8990) 100 200 ≈20

ADPKD, Autosomal dominant polycystic kidney disease; ARPKD, autosomal recessive polycystic kidney disease; CAKUT, congenital 
anomalies of the kidneys and urinary tract; IgA, immunoglobulin A; MCKD, medullary cystic kidney disease; MPGN, membranoproliferative 
glomerulonephritis; SLE, systemic lupus erythematosus.

Table 43.4  Indication-Driven Mutation Analysis Panels for Single-Gene Causes of Chronic Kidney Disease 
Manifesting by 25 Years of Age

CKD Disease Group
(Indication to Perform Mutation Analysis) Genes (No.) Causative Mutation Detected (%) Reference

Steroid-resistant nephrotic syndrome (proteinuria) 30 30 Sadowski et al, 201515

Cystic kidney disease (ultrasonographic cysts or 
echogenicity)

95 >70 Halbritter et al, 2015107

CAKUT (imaging showing malformation) 30 >15 Kohl et al, 201419

Kidney stones (stone or nephrocalcinosis) 60 >21 Halbritter et al, 201516

All monogenic causes of CKD < 25 yr ≈215 >20 —

CAKUT, Congenital anomalies of kidney and urinary tract; CKD, chronic kidney disease.

different families in whom SRNS manifested before 25 years 
of age, that in 29.5% of these families a causative mutation 
can be detected in 1 of 27 genes.15 Mutations were called 
disease causing based on strict genetic criteria (see Table 
43.4). We found causative NPHS2 (podocin) mutations 
in 10%, NPHS1 (nephrin) mutations in approximately 
7%, WT1 (Wilms’ tumor 1 gene) mutations in 5%, and 
PLCE1 (phospholipase Cε1)28,29 mutations in 2% (Table 
43.5). Another 22 rare genes shared 6% of the causative 
mutations. The earlier the age of onset, the more likely 
SRNS was of monogenic origin.15 The fraction of single-
gene causation of SRNS depends on the age of manifesta-
tion, being 60% in infants, 25% in schoolchildren, and 
approximately 15% in young adults. A similar proportion of 
detectable single-gene causes in 23% to 30% of SRNS that 
manifests by 25 years was confirmed by two other groups.30,31

GENOTYPE-PHENOTYPE CORRELATIONS

NPHS1 mutations are most frequent in congenital 
nephrotic syndrome (onset by 90 days of life).15,32 Mutations 
in NPHS2, LAMB2, or PLCE1 cause childhood-onset SRNS, 
whereas mutations in dominant genes, including ACTN4 
(α-actinin-4),33 and TRPC634,35 lead to onset in young adults 
with few exceptions.36,37 These data are consistent with the 
previous findings that 85% of all cases that manifest with 

SRNS in the first 3 months of life and 66% of all those that 
manifest in the first year of life are caused by mutations in 
one of only four genes (NPHS1, NPHS2, LAMB2, or WT1).32 
Age of onset of SRNS is governed not only by the type of 
gene mutated, but also by specific combinations of the two 
recessive causative mutations. For instance, in NPHS2 muta-
tions the presence of at least one protein-truncating muta-
tion or the mutation R138Q leads to very early onset of 
SRNS at a median age of 1.7 years rather than a median 
onset of 4.7 years.38 Compound heterozygosity for the 
R229Q variant of podocin and one of several specific other 
podocin mutations was shown to cause adult-onset syn-
drome in up to 15% of cases.25

Table 43.5  Steroid-Resistant Nephrotic 
Syndrome

Causative Gene Families (No.) Families (%)

NPHS2 (podocin) 170 10
NPHS1 (nephrin) 125 7
WT1 85 5
PLCE1 35 2
Other genes (22) 105 6
Total 520 30
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around distinct structural protein complexes and signal-
ing pathways that reveal functional aspects essential for  
glomerular function (see Figure 43.1). These functional 
complexes include actin-binding proteins, laminin/integrin-
signaling components, the actin-regulating small GTPases 
Rho/Rac/CDC42, lysosomal proteins, transcription factors, 
and proteins of CoQ10 biosynthesis (see Figure 43.1). For 
the study of pathogenic aspects of SRNS the so-called “podo-
cyte migration assay” has been a useful cell-based platform 
for pathogenic and therapeutic studies.42,45

ANIMAL MODELS

Mouse models have been used extensively to study patho-
genic aspects of SRNS. It was found that the study of the 
zebrafish pronephric kidney also provides a useful model 
for the pathogenesis of nephrotic syndrome46 by generating 
transgenic models of nephrotic syndrome.47 Some of these 
models have permitted studying the effect of potential treat-
ment modalities for SRNS (e.g., Rac inhibitors).45,48 Certain 
animal models might hold the promise of allowing high-
throughput screening for small molecules that may mitigate 
the pathogenesis of SRNS.

CONGENITAL ANOMALIES OF THE 
KIDNEYS AND URINARY TRACT  
(See Chapter 73)

MONOGENIC CAUSATION

Almost 50% of CKD that manifests before age 25 years is 
caused by CAKUT (see Table 43.3). CAKUT is present in 

Figure 43.1 Identification of single-gene causes of steroid-resistant nephrotic syndrome (SRNS) moved the glomerular podocyte to the center 
of the pathogenesis of SRNS. Podocyte cell body and foot processes are shown in manila. Foot processes attach to the glomerular basement 
membrane (GBM, green). Identification of 27 single-gene (monogenic) causes of SRNS revealed the function (in black boxes) of the encoded 
proteins as central to the pathogenesis of SRNS. The gene products of these monogenic SRNS genes converge onto distinct protein complexes 
and signaling pathways depicted in boxes. Products of dominant genes are shown in blue, products of recessive genes in red. 
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GENOTYPE-TREATMENT CORRELATIONS

Identification of single-gene causes of nephrotic syndrome 
has revealed that mutations often define treatment response. 
For instance, in virtually all patients in whom a single-gene 
cause is detected in one of the 30 SRNS genes (see Figure 
43.1), there is no response to standard steroid treatment.39-41 
Conversely, single-gene mutations have almost never  
been detected in individuals with typical steroid-sensitive 
nephrotic syndrome39 with the exception of mutations in 
the EMP2 gene.39a Childhood SRNS is generally associated 
with a 30% risk for recurrence in a kidney transplant. 
However, patients with two recessive mutations of the 
podocin gene have a substantially reduced likelihood of 
recurrence of focal segmental glomerulosclerosis in a kidney 
transplant (35% versus 8%).39 Interestingly, individuals with 
mutations in the genes COQ6 or ADCK4, which encode 
components of the coenzyme Q10 (CoQ10) biosynthesis 
pathway, may respond to treatment with CoQ10.42,43 It will 
therefore be important to identify these individuals by muta-
tion analysis using a proteinuria gene panel (see Table 
43.4), as they may represent treatable cases of SRNS for 
which no effective treatment exists.

INSIGHTS INTO DISEASE PATHWAYS

Identification of single-gene causes of SRNS has moved  
the glomerular podocyte to the center of the pathogenesis 
of SRNS.44 In this way disease gene identification has 
furthered the conceptual assembly of protein components 
necessary for glomerular function. Increasingly, data are 
generated showing that the proteins encoded by the approx-
imately 30 monogenic SRNS genes known so far coalesce 
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ciliopathies,” because their encoded gene products localize 
to primary cilia or basal bodies, from which primary cilia 
are assembled. Primary cilia are antenna-like cellular organ-
elles that most cell types in the human body may generate 
and that play an important role in the reception of extracel-
lular signals. It seems, however, that centrosomes and their 
role in cell cycle regulation are more important for the 
pathogenesis of renal cystic ciliopathies than primary cilia 
themselves.68-70

POLYCYSTIC KIDNEY DISEASE

In PKD, kidneys become grossly enlarged, and cysts are 
uniformly spread out over the entire kidney parenchyma. 
There are two dominant genes (PKD1 and PKD2) and 
one recessive gene (PKHD1). In MCKD, on the other 
hand, kidneys may or may not be enlarged, and distribution 
of renal cysts is very inhomogeneous. There are two genes 
causing MCKD (UMOD and MUC1).71 In the nephronophthi-
sis-related ciliopathies (NPHP-RCs), for which over 90 caus-
ative genes are known (see later), kidneys usually retain 
their normal size or are diminished in size.

ADPKD is the most frequent lethal dominant disease in 
the United States and Europe, afflicting approximately 1 in 
1000 individuals.72 CKD develops by 60 to 70 years of age. 
The two genes mutated in ADPKD, PKD1 and PKD2, encode 
polycystin 1 and polycystin 2, respectively, transmembrane 
proteins that are important for maintenance of renal tubular 
cell differentiation.73 Although these mutations segregate in 
families in an autosomal dominant way, the cellular defect 
leading to renal cysts most likely involves a “loss-of-function” 
mechanism, with the cumulative stochastic occurrence of 
second-hit mutations that arise spontaneously throughout 
life in distinct renal tubular cells, thereby inducing growth 
of cysts.72 Because of the presence of four PKD1-related pseu-
dogenes, development of molecular genetic diagnostics was 
difficult to develop for ADPKD. However, up to 90% of cases 
of ADPKD can now be diagnosed by mutation testing. This 
may aid clinical decision making, especially if living related 
donor transplantation is planned within PKD families.74,75

Autosomal recessive PKD (ARPKD is characterized by 
bilateral renal cystic enlargement that may start in utero.69 
CKD develops postnatally, in childhood or adolescence, 
depending on the severity of the two recessive mutations in 
the PKHD1 gene. Specifically, the presence of truncating 
mutations in PKHD1 is associated with perinatal onset of 
ARPKD. Intrahepatic bile duct dysplasia causes chronic liver 
fibrosis with abnormal bile duct structure (Caroli’s disease) 
as an extrarenal manifestation of ARPKD.

Renal cysts may also be caused by genes that if mutated 
cause benign and malignant tumors of the kidney, including 
mutations in TSC1, TSC2, VHL, and WT1. Molecular genetic 
diagnostic tests play an important role in the diagnosis and 
prevention of such tumors in families with mutations in 
these genes.76

NEPHRONOPHTHISIS-RELATED CILIOPATHIES

In NPHP-RC over 90 causative recessive genes are known 
(see Table 43.3).77-80 CKD develops by a median age of 13 
years.81,82 Unlike in PKD, cysts are mostly restricted to the 
corticomedullary border of the kidneys. Upon renal 

approximately 3 to 6 per 1000 live births and constitutes 
20% to 30% of all birth defects identified in neonates.20,49 It 
was hypothesized that a high number of cases with CAKUT 
may be caused by single-gene (monogenic) mutations23 
based on the evidence that (1) dozens of monogenic mouse 
models of CAKUT have been published, (2) more than two 
dozen monogenic causes of isolated CAKUT in humans are 
known (for review see Vivante and colleagues20), and (3) 
there are over 100 genetic syndromes in humans that 
contain CAKUT as a subphenotype. Currently mutations in 
approximately 30 genes are known to cause nonsyndromic 
CAKUT, cumulatively explaining approximately 15% of 
case (see Table 43.3).18-20,50 An indication-driven panel allows 
identification of disease-causing mutations in these genes 
(see Table 43.4). As CAKUT is likely genetically very hetero-
geneous, many additional causative genes will be discovered 
in the near future.

GENOTYPE-PHENOTYPE CORRELATIONS

The phenotypic spectrum of CAKUT is very broad, includ-
ing renal agenesis,51,52 renal hypodysplasia,53 multicystic dys-
plastic kidneys,54 hydronephrosis, ureteropelvic junction 
obstruction, megaureter, ureter duplex or fissus, prevesical 
stenosis, and vesicoureteral reflux.55-58 These congenital 
abnormalities may present as an isolated feature or as part 
of a clinical syndrome59-61 in association with extrarenal 
manifestations, such as in branchio-oto-renal syndrome,62-64 
or Kallmann’s syndrome.65 In some instances different 
classes of mutations may determine whether syndromic or 
isolated CAKUT develops. For instance, two recessive 
protein-truncating mutations in any one of the genes FRAS1, 
FREM2, GRIP1, FREM1, and GREM1 cause Fraser’s syn-
drome, whereas two recessive hypomorphic (mild) muta-
tions in any of these genes only cause isolated CAKUT.19,66

PATHOGENESIS

The pathologic basis of CAKUT is the disturbance of normal 
nephrogenesis67 as a result of mutations in genes that govern 
this process.50 Many of these genes encode transcription 
factors.20 Because different mutations in transcription factor 
genes may cause stochastic effects of genetic dosing, muta-
tions in transcription factors may partly account for the 
variable expressivity (i.e., different severity of bilateral mal-
formations) seen in CAKUT. In the future many forms of 
CAKUT will likely be recognized as single-gene defects, 
which will allow important advances in preventive diagnostic 
tests.

RENAL CYSTIC CILIOPATHIES  
(See Chapter 46)

Cystic kidney diseases are almost exclusively of monogenic 
origin. Currently over 90 genes have been identified as 
causing cystic kidney diseases, if mutated (see Table 43.3). 
Virtually all of these genes are recessive genes, with the 
exception of PKD1 and PKD2, which if mutated cause 
ADPKD, and the two genes UMOD and MUC1 mutated in 
medullary cystic kidney disease (MCKD). Cystic kidney dis-
eases have been summarized under the term “renal cystic 
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pathogenesis of renal cystic ciliopathies, including Wnt,95,96 
Sonic hedgehog,97,98 Hippo,99 and DNA damage response 
signaling.68-70,80,100-102 Many mouse models have been gener-
ated to study the pathogenesis of renal cystic ciliopathies, 
which has partially led to therapeutic approaches toward 
these mouse models.103-105 Finally, identification of mono-
genic disease genes has allowed initial insights into the 
pathogenesis of renal cystic ciliopathies that have been the 
basis of therapeutic trials in patients with ADPKD.106

NEPHROLITHIASIS/NEPHROCALCINOSIS 
(See Chapter 40)

Nephrolithiasis is a prevalent condition with a high morbid-
ity. Several single-gene defects have been identified, many 
of them representing rare abnormalities of specific renal 
tubular transport channel and renal transporter genes. 
Highly parallel exon sequencing of 30 candidate genes was 
performed in 268 families with nephrolithiasis (n = 256) or 
nephrocalcinosis (n = 16).107 Fifty causative mutations have 
been detected in 14 of 30 analyzed genes, leading to a 
molecular diagnosis in 15% of all cases.107 The cystinuria 
gene SLC7A9 (n = 19) was most frequently mutated. The 
detection rate of monogenic causes of nephrolithiasis was 
notably high in both the adult (11.4%) and pediatric cohorts 
(20.8%). Mutations in recessive genes were more frequent 
among children, whereas dominant disease occurred more 
frequently in adults. In some individuals mutation detection 
had consequences for clinical management.107 In conclu-
sion, in families or single individuals with at least one 
episode of nephrolithiasis, molecular genetic exon sequenc-
ing using a nephrolithiasis/nephrocalcinosis panel (see 
Table 43.4) is warranted to determine the molecular genetic 
cause of nephrolithiasis and nephrocalcinosis. The findings 
may guide personalized treatment of nephrolithiasis.

INHERITED RENAL TUBULOPATHIES  
(See Chapter 45)

Due to early advances in renal physiology, combined with 
expression cloning, genes that if mutated cause renal tubu-
lopathies were among the first monogenic kidney disease 
genes to be identified. Renal tubular function governs reab-
sorption of water and solutes from the glomerular filtrate. 
In renal tubulopathies the primary genetic defect causes 
loss of function of a specific renal transport protein or sig-
naling molecule. For some diseases, such as Bartter’s syn-
drome, similar phenotypes may be caused by mutations  
in different genes (SLC12A1, CLCNKB, KCNJ1, or BSND), 
whose encoded proteins act in concert regarding well-
defined tasks of sodium reabsorption in the thick ascending 
limb of Henle’s loop.108-112

Functional disturbances of some tubule segments lead to 
segment-specific defects in tubular reabsorption: Proximal 
tubule defects cause glucosuria, phosphaturia, aminoacid-
uria, or proximal renal tubular acidosis. This combination of 
features is known as renal Fanconi’s syndrome. Dysfunction 
of sodium reabsorption in the thick ascending limb of 
Henle’s loop causes Bartter’s syndrome, renal salt loss, and 
secondary hypokalemic metabolic alkalosis. Defects of the 

ultrasonography, cortical medullary differentiation is lost 
and kidney size is normal or reduced. NPHP-RCs are often 
associated with extrarenal manifestations, including retinal 
degeneration (Senior-Loken syndrome), liver fibrosis, or 
cerebellar vermis aplasia (Joubert’s syndrome). Bardet-Biedl 
syndrome is a form of NPHP-RC that is characterized by the 
cardinal features of retinitis pigmentosa, polydactyly, mental 
retardation, hypogenitalism, and obesity together with 
NPHP-RC.83,84 For molecular genetic diagnostics the high 
number of NPHP-RC genes is best examined using WES 
(see later), interrogating the exome data for mutations in 
the approximately 90 known NPHP-RC genes.

GENOTYPE-PHENOTYPE CORRELATION

For both ADPKD and ARPKD it was noted that protein-
truncating mutations have a higher likelihood of leading to 
earlier onset of CKD than missense mutations.85-87 Also in 
NPHP-RC the nature of the two recessive mutations deter-
mines disease severity and extent of organ involvement, 
leading to seemingly different disorders. Within this 
genotype-phenotype association, protein-truncating muta-
tions cause severe, early-onset, dysplastic, multiorgan disease 
in the disease phenotype of Meckel-Gruber syndrome, 
whereas hypomorphic (missense) mutations cause mild, 
late-onset, degenerative disease with less extrarenal organ 
involvement.80,88 The extent and severity of extrarenal organ 
involvement in NPHP-RC is determined by three genetic 
mechanisms: (1) mutations in different genes cause pheno-
types of different severities; (2) whereas two truncating 
mutations of NPHP3, CEP290, or RPGRIP1L cause Meckel-
Gruber syndrome, the presence of at least one missense 
mutation leads to the milder phenotype of Joubert’s syn-
drome with degenerative disease of kidney, eye, and cerebel-
lum; and (3) in homozygous NPHP1 deletions, the presence 
of an additional heterozygous mutation in CEP290, or 
RPGRIP1L may cause additional eye or cerebellar involve-
ment.89,90 So-called oligogenicity has been postulated in 
Bardet-Biedl syndrome.91 The concept of oligogenicity 
assumes that under certain circumstances the presence of 
two or more heterozygous mutations of different recessive 
genes may cause disease.91,92 However, so far there is no 
direct proof of this concept. This concept will have to be 
established on the basis of studies in mouse models before 
conclusions about its clinical effect can be drawn in humans. 
The validity of zebrafish models of morpholino oligonucle-
otide knockdown to model the pathogenesis of NPHP-RC 
within the concept of oligogenicity has been questioned.93

PATHOGENESIS

The pathogenesis of renal cystic diseases is still obscure. A 
unifying pathogenic theory for cystic kidney diseases was 
developed following the discovery that all gene products 
defective in cystic kidney diseases localize to the primary 
cilia–centrosome complex.80,94 Centrosomes, which convert 
into the spindle poles during mitosis, play an important part 
in cell-cycle regulation and in the assembly of primary  
cilia. Therefore PKD, NPHP-RC, Meckel-Gruber syndrome, 
and Bardet-Biedl syndrome have been summarized  
under the term “renal cystic ciliopathies.”80,94 Multiple 
cellular signaling pathways have been implicated in the 
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genome), and the exon-containing fragments are eluted,  
followed by one next-generation sequencing run. Because 
approximately 85% of all disease-causing mutations in  
mendelian disorders reside within coding exons,126 exome 
capture with consecutive large-scale sequencing currently 
has a high likelihood of identifying a disease-causing muta-
tion. However, modern techniques of WES and large-scale 
sequencing will produce a high number of sequence variants 
when the exome sequence of a patient under study is com-
pared to a normal reference sequence. This renders identifi-
cation of a mutation in the single disease-causing gene 
difficult. This problem can be overcome by evaluating  
WES data a priori only for the candidate genes from the 
indication-driven diagnostic panels that are suggested by the 
patient’s clinical “indication criteria.” The use of WES has 
greatly furthered the success rate of molecular genetic 
diagnostics.6-12,127,128

Of approximately 7200 mendelian disorders, the disease- 
causing gene is still unknown in roughly 3200 disorders 
(http://www.omim.org/statistics/entry). Specifically in sin-
gle-gene renal disorders, many causative genes are still 
unknown. The application of WES, particularly when com-
bined with genetic mapping, has greatly helped the identi-
fication of novel disease genes.117,118,129 The identification of 
single-gene causes of renal disease offers the unique advan-
tage that it leads to the discovery of components of renal 
function, each of which alone is necessary to maintain renal 
function (i.e., to avoid development of the respective 
disease). In this way discovery of monogenic disease genes 
has helped our understanding of many mechanisms of renal 
disease. This effect is currently strongly enhanced by the 
finding that many proteins encoded by monogenic disease 
genes are part of functional protein complexes, thereby 
elucidating signaling pathways and other complex func-
tional components of renal function.

FUTURE DIRECTIONS IN  
SINGLE-GENE DISORDERS

For individuals who develop CKD before 25 years of age the 
likelihood is approximately 20% that a causative mutation 
can be detected by WES (see Table 43.4). Given this oppor-
tunity, molecular genetic diagnostics should be offered if 
indicated (e.g., by the indication clinical criteria listed  
in Table 43.3). Molecular genetic diagnostics are initiated 
following informed consent. And often, especially in the 
setting of familial disease, genetic counseling is advisable.

An important feature of monogenic diseases is the fact 
that the disease-causing mutation represents the primary 
cause of the disease. The identification of single-gene causes 
of renal disease will have a major impact on the understand-
ing of disease mechanisms, diagnostics, prophylaxis, and 
treatment for the following reasons:

1. Single-gene disorders allow unequivocal molecular 
genetic diagnostics with a very high sensitivity, specific-
ity, and positive predictive value. For instance, recessive 
disease gene mutations represent “biomarkers” that 
have virtually 100% specificity, because virtually all indi-
viduals who carry a mutation on both gene copies will 
inescapably develop disease.

distal convoluted tubule cause Gitelman’s syndrome113 and 
other forms of hypomagnesemia.114-117 Finally, tubulopathies 
of the collecting duct impair reabsorption of water, sodium, 
potassium, and protons, resulting in polyuria, salt loss, 
hyperkalemia, and acidosis, respectively. Mutations in the 
aquaporin-2 water channel cause recessive nephrogenic dia-
betes insipidus,117 and mutations in the vasopressin V2 recep-
tor cause X-linked nephrogenic diabetes insipidus.118,119 In 
secondary tubulopathies the genetic defect does not directly 
affect a tubular transport or transport signaling proteins but 
rather nonspecifically leads to damage of renal tubular cells 
and thereby impairs renal tubular function. Gene identifica-
tion has rendered the often-enigmatic disease group of tubu-
lopathies accessible to unequivocal diagnostic tests that use 
a panel of 30 genes that cause renal tubulopathies if mutated.

ATYPICAL HEMOLYTIC UREMIC 
SYNDROMES (See Chapter 35)

In atypical hemolytic uremic syndrome (aHUS) multiple 
monogenic causes of disease have been described. They 
involve regulators of the complement system that modulate 
complement activation and protect host cells against  
complement damage. Monogenic causes of aHUS include 
the genes for complement factor I (CFI)120 and complement 
factor B (CFB),121 mutations of which are inherited in 
an autosomal dominant fashion. Autosomal recessive vari-
ants of aHUS are caused by mutations in the gene for diac-
ylglycerol kinase ε(DGKE),122 complement factor H (CFH),123 
complement factor H-related 1, 3, or 4 (CFHR1, CFHR3, 
or CFHR4).124 Mutations in the genes for complement com-
ponent 3 (C3)124 or for complement regulatory protein 
(CD46, alias MCP)125 may be inherited in either a recessive 
or dominant fashion. Monogenic forms of aHUS often 
feature renal histologic characteristics of membranoprolif-
erative glomerulonephritis.

Mutation analysis to identify the causative mutation is 
particularly important in the autosomal dominant versions 
of aHUS, because dominant diseases occur throughout mul-
tiple generations. In autosomal dominant inheritance there 
can be age-related penetrance and incomplete penetrance 
(i.e., a generation may be skipped by the disease altogether). 
Therefore mutation analysis will be helpful for identifying 
who in a family is at risk for a potential treatment approach 
(e.g., the likelihood of responding to eculizumab) before 
an episode of the disease occurs.

IDENTIFICATION OF NOVEL SINGLE-GENE 
KIDNEY DISORDERS

WHOLE-EXOME SEQUENCING

The development of WES has greatly facilitated identi-
fication of novel disease-causing genes in single-gene disor-
ders. When WES is performed, DNA of an individual is 
broken into random fragments using an air jet. The frag-
ments are then hybridized to an array of oligonucleotides 
that represent the entire human “exome” (i.e., all ≈330,000 
exons that encode proteins in the human genome). Non–
exon-containing fragments are discarded (99% of the 
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An example of successful identification of disease risk 
alleles in kidney diseases is that of specific haplotypes in the 
APOL1 locus that were associated with an increased risk for 
focal segmental glomerulosclerosis and CKD in African 
American patients.3,132-134 Approximately 60% of African 
Americans in the United States (compared with 4% of Euro-
pean Americans) carry this risk allele, and the risk for devel-
oping focal segmental glomerulosclerosis is increased 
fivefold.3,4,132,133,135

Other examples of the discovery of risk alleles in renal 
diseases are variants of the ELMO1 gene that have been 
associated with nephropathy in type 2 diabetes.136,137 Fur-
thermore, Köttgen and colleagues identified a polymorphic 
single-nucleotide polymorphism (rs12917707) near the 
UMOD gene (in which dominant monogenic mutations 
cause autosomal dominant MCKD type 2) that was strongly 
associated with CKD.138,139 In addition, risk allele associa-
tions have been described for hypertension (Online Men-
delian Inheritance in Man [OMIM] #145500), aHUS 
(OMIM #235400), and ureteropelvic junction obstruction 
(OMIM *300034) (OMIM website: http://www.omim.org).

A limitation of GWAS is that GWAS results often account 
for only a small proportion of the variance of the disease 
phenotype (usually ≈1%) and that any assignment of an 
associated genetic marker to a disease mechanism or loss  
of gene function of a specific gene is difficult.1 This 
limits the utility for genetic counseling for an individual 
regarding the genetic risk alleles. Another limitation rests 
with the fact that a risk marker allele identified by GWAS is 
only considered “associated” with disease, because it is posi-
tioned in a chromosomal location that is significantly more 
frequently found in cases versus controls. Due to this asso-
ciative rather than causative relation between risk markers 
and disease, it is possible that the true disease-relevant 
genetic variant may be missed. This was the case when on 
the basis of GWAS data initially a polymorphic allele in the 
MYH9 gene was attributed to conveying increased risk for 
developing focal segmental glomerulosclerosis in African 
American individuals.140,141 Later this finding was revised to 
instead implicate the APOL1 gene as associated with this 
disease risk.3,4

THE TERRITORY BETWEEN MONOGENIC  
AND POLYGENIC DISEASE

The clear-cut border between single-gene and polygenic 
diseases has become blurred: For example, most patients 
with complete absence of NPHP1 function based on a homo-
zygous deletion in this gene develop isolated nephro-
nophthisis only. However, in these patients the presence of 
a heterozygous mutation in NPHP6 causes the additional 
disease phenotypes of retinal degeneration or ataxia.89,142,143 
In this context the heterozygous mutation in NPHP6 is 
thought to exert a modifier gene effect on NPHP1, because 
a heterozygous mutation alone in the recessive gene NPHP6 
does not elicit any disease phenotype.
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Most kidney disease cases that progress to end-stage kidney 
disease (ESKD) originate in glomerular insults. However, 
the causes and pathomechanisms of this large group of 
kidney diseases are still poorly understood. Since 1990, the 
underlying cause of several rare glomerular diseases has 
been elucidated at the gene level. This new information has 
revealed the existence of a large number of proteins that 
are crucial for different parts of the filtration barrier, such 
as the glomerular basement membrane (GBM), slit dia-
phragm, and podocyte cells. Identification of mutations in 
genes for these proteins has provided new insight into the 
molecular nature of the filtration barrier, protein function, 
and functionally important parts of the proteins and how 
some of these proteins normally interact. Although the 
causes of most of the glomerular diseases still remain to be 
clarified, new information that has accumulated at an 
increasingly rapid pace has yielded new diagnostic possibili-
ties for many glomerular diseases.

INHERITED DISORDERS PRIMARILY 
AFFECTING THE GLOMERULAR  
BASEMENT MEMBRANE

The GBM is a specialized type of basement membrane that 
forms a central part of the glomerular filtration barrier. In 
adults, this sheetlike extracellular structure, which is about 

300 to 350 nm thick, is composed of basement membrane 
proteins, such as type IV collagen, laminin, proteoglycans 
(perlecan and agrin), and nidogens. Triple-helical type IV 
collagen molecules composed of three α-chains assemble 
extracellularly to form the structural framework of the GBM 
(Figure 44.1). There are three types of type IV collagen 
trimers with chain compositions α1:α1:α2, α3:α4:α5, and 
α5:α5:α6. The genes for these chains are located in pairs 
head to head on three different chromosomes (see Figure 
44.1). Mutations in any of the genes can lead to defects in the 
GBM and, in some cases, defects in the basement membranes 
of other tissues; these defects, in turn, result in diseases such 
as Alport’s syndrome, thin basement membrane nephropa-
thy (TBMN), and the syndrome of hereditary angiopathy, 
nephropathy, aneurysms, and muscle cramps (HANAC syn-
drome). Laminins are also trimeric proteins consisting of α-, 
β-, and γ-chains that exist in five, four, and three genetically 
distinct forms, respectively.1 These chains can form at least 15 
different isoforms in vivo. Mutations in the gene for the β2-
chain present in laminin-521 (α5:β2:γ1) lead to Pierson’s 
syndrome, a distinct type of nephrotic syndrome.

TYPE IV COLLAGEN DISEASE

ALPORT’S SYNDROME (HEREDITARY NEPHRITIS)
Alport’s syndrome is an inherited disorder of type IV  
(basement membrane) collagen. It affects primarily renal 
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basement membrane. The disease is usually identified 
through the identification of hematuria in association with 
hearing loss in children or young adults.

Genetics and Pathogenesis

Alport’s syndrome is caused by mutations in genes encoding 
α-chains of type IV collagen that forms the structural skel-
eton of basement membranes. Type IV collagen molecules 
are large triple-helical proteins containing three α-chains 
(see Figure 44.1). Six genetically distinct α-chains are 
present in vivo in three trimeric isoforms—α1:α1:α2, 
α3:α4:α5, and α5:α5:α6.8 The α1:α1:α2 trimer, a ubiquitous 
isoform present in basement membranes of most tissues, is 
expressed in the GBM during embryogenesis, but after birth 
it is replaced by an adult isoform, α3:α4:α5, which is a more 
stable protein containing more cross-links and is more 

glomeruli but is also associated with sensorineural hearing 
loss and ocular lesions.2-4 About 85% of the cases are 
X-linked; the rest are mainly autosomal recessive. Thus, 
most patients with Alport’s syndrome are males. The disease 
was first described by Alport in 1927 as hematuria-associated 
deafness and uremia in affected male patients.2 The disease 
usually manifests in childhood with persistent hematuria 
and mild proteinuria. The pathomechanism of the disease 
began to be elucidated in the early 1990s with the identifica-
tion of three novel type IV collagen genes.5-7 Clinical vari-
ability within kindreds with Alport’s syndrome reflects the 
complexity of collagen genetics involving three gene loci 
and variability with regard to the site and nature of gene 
mutations. Absence of a functionally specific type IV colla-
gen isoform that is essential for the integrity of adult GBM 
leads to breakdown and disintegration of this specialized 

Figure 44.1  Type  IV  collagen  genes, α-chains,  and  glomerular  isoforms.  A,  The  six  collagen  IV  genes  (COL4A1  to  COL4A6)  are  located 
pairwise in a head to head manner on three different chromosomes. B, The COL4A genes generate six different α-chains that have a globular 
noncollagenous domain at their C-terminus. C, Three chains form three combinations of triple-helical molecules. D, Extracellularly, the triple-
helical type IV collagen molecules form a network by associating with each other at their ends so that two molecules are cross-linked through 
their C-terminal globular domain  (NC1) and  four  trimers associate with each other at  the N-termini.  In  the embryonic glomerular basement 
membrane (GBM), the ubiquitous α1:α1:α2 trimer  is the only  isoform. After birth, this  isoform is gradually replaced by an α3:α4:α5 isoform, 
which is more cross-linked through disulfide bonds within the collagenous regions (black spots) and more resistant to extracellular proteolysis. 
Defects in the α3:α4:α5 trimers lead to thin basement membrane nephropathy (TBMN) or Alport’s syndrome, depending on the extensiveness 
of alleles involved (see text). A single-allele mutation in COL4A1 has been shown to cause the syndrome of hereditary angiopathy, nephropathy, 
aneurysms, and muscle cramps (HANAC syndrome). 
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early-onset cataract formation was also found in some 
patients.4 About 22% of patients did not have a family 
history, which suggests that de novo mutations are common. 
Moderate hypertension had variable occurrences, most 
often as a later manifestation. Leiomyomatosis, which is 
associated with defects in the COL4A6 gene, is sometimes 
associated with X-linked inheritance.12,24 Progression to 
ESKD occurs in about 80% of male patients.4 An analysis of 
female patients in the same 195 kindreds revealed that 
about 95% of the female carriers for the disease have hema-
turia and proteinuria, and hearing loss and ocular defects 
developed with time in 75%, 30%, and 15% of patients, 
respectively.4 However, the probability of developing ESKD 
by the age of 40 years was only about 10% in the female 
patients, as opposed to 90% in male hemizygotes.

Pathologic Findings and Diagnosis

The diagnosis of Alport’s syndrome is based on findings 
from electron microscopic studies, immunofluorescence 
analysis and, more recently, DNA analysis. Normal light 
microscopy reveals no pathognomonic changes. At early 
stages (before age 5 years), kidney biopsy findings are 
usually normal. Once the presence of persistent microscopic 
hematuria and possibly signs of hearing loss have been 
established, kidney biopsies often reveal glomerular and 
tubular lesions. In children between 5 and 10 years of age, 
mesangial and capillary lesions, such as segmental to diffuse 
mesangial cell proliferation, matrix accumulation, and 
thickening of the capillary wall may be evident.25 Tubuloin-
terstitial damage may also be present, characterized by inter-
stitial fibrosis, tubular atrophy, focal basement membrane 
thickening, and interstitial foamy cells.26,27 With time, these 
changes progress from segmental to widely diffuse when the 
condition progresses to ESKD.

Immunofluorescence studies can be diagnostic. In 
X-linked and autosomal disease, glomeruli of male patients 
usually lack the type IV collagen α3-, α4-, and α5-chains.19 
However, in occasional cases, staining for these chains yields 
positive results; therefore, positive immunostaining results 
do not completely rule out Alport’s syndrome. These cases 
may represent mutations that do not prevent the intracel-
lular formation of triple-helical α3:α4:α5 molecules, 
although the secreted protein is not fully functional. About 
two thirds of female carriers of X-chromosomal COL4A5 
mutations exhibit a segmental absence of GBM staining for 
α3-, α4-, and α5-chains.28

On electron microscopy, the earliest visible changes are 
thinning of the GBM, which is similar to findings in thin 
basement membrane disease (see later discussion). However, 
with progression of the disease, the hallmark findings of 
Alport’s syndrome become evident—irregular thinning and 
thickening of the GBM, with lamellation and a woven basket 
pattern (Figure 44.2). The endothelial cells usually appear 
normal, and the slit diaphragms can also look normal, with 
occasional effacement of the foot processes on the distorted 
GBM. These findings, although typical for Alport’s syn-
drome, are not totally specific for the disease, inasmuch as 
foci and lamellation have been observed in 6% to 10% of 
unselected renal biopsy samples from patients with focal 
segmental glomerulosclerosis (FSGS), immunoglobulin A 
(IgA) nephropathy, postinfectious glomerulonephritis, and 
mesangioproliferative disease.29 However, a combination of 

resistant to proteinases.3 The α3-, α4-, and α5-chains are 
encoded by the COL4A3, COL4A4, and COL4A5 genes, 
respectively. COL4A5 is located head to head with COL4A6 
on the X chromosome, and COL4A3 and COL4A4 are 
located head to head on chromosome 2 (see Figure 44.1).3 
As a consequence of structurally abnormal α3:α4:α5 colla-
gen molecules or their absence, the GBM structural frame-
work becomes distorted and regionally broken down, which, 
in turn, allows for limited passage of red blood corpuscles 
into the urine.

Male patients with X-linked Alport’s syndrome are hemi-
zygous for mutations in a single allele of the COL4A5 gene.5 
Several hundred mutations, including missense and non-
sense (frameshift) mutations, splice mutations, deletions, 
insertions, and inversions have been described, and new 
mutations are continuously identified.9-11 On occasion, con-
comitant mutations in the adjacent COL4A6 gene can also 
result in leiomyomatosis.12

Autosomal recessive Alport’s syndrome is caused by  
compound heterozygous or homozygous mutations in the 
COL4A3 and COL4A4 genes that are located on chromo-
some 2q.7,13-16 Single-allele mutations do not result in actual 
Alport’s syndrome, but are associated with TBMN (see later 
discussion).

Data are strongly suggestive about the pathomechanisms 
of GBM distortion in Alport’s syndrome. As is the case for 
other genetic collagen diseases, a large body of data suggests 
that an abnormal collagen chain does not usually incorpo-
rate intracellularly into a functional triple-helical molecule; 
instead, it is degraded intracellularly.17 It is also evident that 
α3:α4:α5 trimers can be formed only if all chains are present 
intracellularly. Thus, if one chain is abnormal or absent and 
a trimer cannot be formed, then the other two chains are 
degraded. In response to the absence of α3:α4:α5 form 
trimers, the embryonic α1:α1:α2 form replaces them. 
However, this isoform is not capable of forming a structur-
ally functional adult GBM. A similar lack of a developmental 
switch has been described in the cochlear basement  
membrane in patients with Alport’s syndrome who have 
hearing loss.18

In patients with X-linked Alport’s syndrome, the α3-, α4-, 
and α5-chains are usually completely undetectable in immu-
nostained kidney sections. However, in autosomal recessive 
Alport’s syndrome, in which the defects are in the COL4A3 
or COL4A4 gene, the α5-chain is expressed in Bowman’s 
capsule, where it is incorporated into an α5:α5:α6 trimer.19

Clinical Manifestations

Alport’s syndrome is usually identified as persistent hema-
turia in children or young adults, particularly boys, often 
accompanied by reduced hearing.20,21 Proteinuria is usually 
mild but becomes more severe with age.4,22,23 In some cases, 
episodes of gross hematuria occur in connection with upper 
respiratory infections. As the disease progresses, hyperten-
sion may occur, particularly in male patients. The disease 
course is usually milder in female patients with persistent 
hematuria.

In a large study on 401 affected male patients in 195 
kindreds with X-linked Alport’s syndrome, hearing loss was 
present in about 82% of patients and ocular lesions devel-
oped in more than 44%.4 The ocular lesions included 
mainly lenticonus, maculopathy, or both. Congenital or 
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commercially available and can reveal larger gene rear-
rangements or small mutations by sequencing of the pro-
moter and exon regions. At present, sequencing can reveal 
more than 90% of the mutations. In some cases, the muta-
tions can be difficult or impossible to identify if they are 
small and located within large introns or at sites distant from 
the actual structural gene. This problem may be alleviated 
with the rapid development of high-throughput sequencing 
technologies. However, the combination of immunofluores-
cence and electron microscopy findings, together with DNA 
analysis, almost guarantees an accurate diagnosis of Alport’s 
syndrome.

Course and Treatment

Recurrent hematuria with mild proteinuria may be present 
for years before it progresses to renal insufficiency and 
ESKD. ESKD develops in almost all male patients with 
X-linked disease and in male and female patients who are 
homozygotes or compound heterozygotes for mutations in 
the COL4A3 and COL4A4 genes on chromosome 2q. The 
rate of progression varies significantly, depending on the 
nature of mutations, but intrakindred variation may be con-
siderable; the cause is not understood.

There is currently no proven treatment for Alport’s syn-
drome. Because weakening of the GBM is considered to 
contribute to the disease, reduction of intraglomerular pres-
sure by hypertension therapy and angiotensin-converting 
enzyme (ACE) inhibitors may slow down the rate of progres-
sion.30 In some cases, long-term cyclosporine treatment has 
been reported to stabilize the disease.

Dialysis and kidney transplantation are common treat-
ments for ESKD. However, transplantation is not totally free 
of risk; many patients who do not express α3:α4:α5 mole-
cules in the GBM may react to those molecules as foreign 
antigens.

THIN BASEMENT MEMBRANE NEPHROPATHY
TBMN is the most common cause of persistent hematuria in 
children and adults, occurring in as much as 1% of the 
population.31-33 TBMN is associated with mutations in type IV 
collagen genes (see Figure 44.1), but the course of this disor-
der is usually not progressive. Although TBMN is not a true 
disease that necessitates treatment, it is still a major clinical 
problem because clinical findings are similar to those of early 
stages of Alport’s syndrome, and affected individuals have a 
mutation in one type IV collagen gene allele.

Genetics

TBMN has been reported in all population ancestry  
groups and has been diagnosed at all ages. It manifests 
mainly as an inherited disorder with dominant transmission, 
affecting 50% of successive generations.34-36 About two thirds 
of patients with TBMN have at least one relative with 
hematuria.34

It has become apparent that the disorder is associated 
with heterozygous mutations in genes for any of the α3-, α4-, 
or α5-chains of type IV collagen, the same genes that are 
mutated in Alport’s syndrome (see Figure 44.1). Lemmink 
and associates first reported that some carriers for autoso-
mal forms of Alport’s syndrome had TBMN; they identified 
a heterozygous mutation in the COL4A4 gene.14 Since then, 

Alport’s syndrome–specific immunostaining results with 
typical electron microscopy findings is strongly suggestive of 
the diagnosis of Alport’s syndrome.

To date, the most accurate method for diagnosing Alport’s 
syndrome is DNA analysis revealing mutations in any of the 
COL4A5, COL4A4, or COL4A5 genes. Tests for mutation 
analysis of the COL4A3, COL4A4, and COL4A5 genes are 

Figure 44.2  Morphologic nature of the glomerular basement mem-
brane (GBM) in normal conditions, Alport’s syndrome, and thin base-
ment membrane nephropathy (TBMN). A,  In the normal glomerulus, 
the width of  the GBM  is uniformly between 300 and 350 nm. B,  In 
Alport’s syndrome, electron microscopy reveals focal thickening and 
thinning of the GBM. On occasion, lamination of the GBM is observed. 
C,  In  TBMN,  the  GBM  is  characteristically  thinned;  its  thickness  is 
only about half that of a normal kidney. Bars represent 500 nm; cap, 
capillary  lumen;  us,  urinary  space.  (A courtesy Dr. Finn P. Reinholt, 
Karolinska University Hospital, Huddinge, Sweden; B courtesy Dr. Kjell 
Hultenby, Karolinska University Hospital, Huddinge, Sweden.)
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Diagnosis

TBMN is the major cause of persistent hematuria; therefore, 
it is important to differentiate it from other causes of hema-
turia, such as Alport’s syndrome, IgA nephropathy, mesan-
giocapillary glomerulonephritis, and lupus nephritis. The 
major early clinical challenge is to distinguish benign TBMN 
from early-stage Alport’s syndrome because the two condi-
tions have completely different outcomes (one very mild 
and the other very severe, respectively), despite very similar 
clinical findings. Because the family history does not help 
distinguish between the two conditions, kidney biopsy may 
be indicated in some cases in which the benefits outweigh 
the risks. Immunostaining for the α3-, α4-, and α5-chains 
normally reveals the presence of all the three chains, 
whereas in Alport’s syndrome, they are usually absent. 
However, such analysis can in rare cases yield false-negative 
results, inasmuch as low levels of the protein are expressed 
in 20% of patients with autosomal Alport’s syndrome and 
in 30% of female carriers for X-linked Alport’s syndrome.49,50 
Electron microscopy is not diagnostic because it does not 
differentiate between TBMN and thin GBM findings in 
early-stage Alport’s syndrome.

Genetic analyses can verify diagnosis by identification of 
mutations in the COL4A3 or COL4A4 gene in autosomal 
form and by identifying carriers for X-linked Alport’s syn-
drome (see Figure 44.1). Thus, a combination of immuno-
fluorescence analysis and DNA sequencing of the two genes 
can almost guarantee an exact diagnosis.

Treatment

TBMN is a benign GBM disorder that does not necessitate 
treatment if a correct diagnosis can be made.

HEREDITARY ANGIOPATHY, NEPHROPATHY, 
ANEURYSMS, AND MUSCLE CRAMPS
Heterozygous mutations have been identified in the type IV 
collagen α1-chain gene (COL4A1) in a rare complex familial 
disease referred to as HANAC syndrome (hereditary angi-
opathy, nephropathy, aneurysms, and muscle cramps).51 The 
disease is characterized by autosomal dominant hematuria 
and cystic kidney disease, accompanied by intracranial 
aneurysms and muscle cramps. Mutations in the COL4A1 
gene have also been reported to cause cerebral hemorrhage 
and por encephaly in humans and mice.52 Kidney biopsy 
samples exhibit no abnormalities, and immunofluorescence 
studies reveal normal expression of the α1-chain and other 
type IV collagen chains in renal vascular and epithelial base-
ment membranes. Expression of the α3-, α4-, and α5-chains 
is normal in the GBM. Electron microscopy reveals normal 
appearance of the GBM but irregular thickening and lamel-
lation of basement membranes in interstitial capillaries, 
with numerous focal interruptions. Typically, patients have 
intracranial aneurysms, tortuous retinal arteries, and devel-
opment of muscle cramps. The pathogenesis of the disease 
is not clear, but it may be related to low expression of the 
α1-chain that is the major component of the ubiquitous 
α1:α1:α2 type IV collagen present in almost all basement 
membranes. Thus far, it is not known whether a heterozy-
gous mutation in the α2-chain gene causes a disease in 
humans.

numerous reports have described heterozygous mutations 
in COL4A3 or COL4A4 genes in individuals with TBMN.13,15,34,37 
Thus, TBMN-affected individuals may have a similar type of 
carrier status for autosomal Alport’s syndrome, as do female 
relatives of male patients with X-linked Alport’s syndrome. 
To date, researchers in only a few studies have attempted to 
correlate type IV collagen gene mutations with the clinical 
phenotype; however, interestingly, the same mutation can 
result in clinical symptoms of differing severity.38

Most current evidence suggests that TBMN is a disorder 
of the α3:α4:α5 isoform of type IV collagen, although some 
TBMN-affected families do not show linkage with any of the 
COL4A3, COL4A4, or COL4A5 genes.39 This might be 
explained by a high rate of de novo mutations, as has been 
shown to be the case in X-linked Alport’s syndrome (22%), 
but the presence of mutations in other genes cannot as yet 
be ruled out.4

Pathogenesis

The development of autosomal nonprogressive TBMN 
involves heterozygous mutations in the COL4A3 or COL4A4 
genes, whereas homozygous or compound heterozygous 
mutations in the same genes result in progressive autosomal 
Alport’s syndrome. A similar TBMN phenotype is usually the 
case in female individuals with heterozygosity for mutations 
in the X-chromosomal COL4A5 gene. The differences in 
clinical effects may be explained by a so-called dose effect, 
whereby absence of a single allele leads to lower production 
of the α3:α4:α5 trimer and loss of two alleles leads to a total 
loss or malfunction of the α3:α4:α5 trimer and develop-
ment of Alport’s syndrome.40

Clinical Manifestations

The characteristic clinical manifestation of TBMN is persis-
tent microscopic hematuria.31-33 Most individuals present 
with only hematuria and no additional symptoms, such as 
proteinuria. The disorder is usually detected incidentally 
during preventive medicine screening of asymptomatic 
healthy individuals or of healthy controls in clinical research 
studies or in certain population screening settings (e.g., 
recruitment for military service). The onset of TBMN can 
occur at any age.36 At least a single episode of macroscopic 
hematuria occurs in 5% to 22% of affected individuals, but 
occurrence of macroscopic hematuria is more common in 
patients with Alport’s syndrome or IgA nephropathy.41,42 On 
occasion, the hematuria disappears over time.32 Renal func-
tion in children with TBMN is normal, but affected adults 
have been reported to have a low prevalence of renal insuf-
ficiency.32,43-47 In general, the prognosis for patients with 
nephropathy in true TBMN is excellent.

Pathologic Findings

Light microscopic study of kidney biopsy samples usually 
reveals normal histologic features, with only occasional mild 
mesangial cellular proliferation and matrix expansion.48 In 
about 5% to 25% of cases, FSGS and tubular fibrosis may 
be observed with aging.46,48

Electron microscopic study reveals the typical TBMN 
finding (i.e., thinning of the GBM), but it does not distin-
guish between pure TBMN and thin GBM in the early stages 
of Alport’s syndrome (see Figure 44.2).
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shown to encode a novel protein termed nephrin.60 The gene 
has a size of 26 kb and contains 29 exons. More than 100 
mutations have been identified in the NPHS1 gene.

In Finns, two main nonsense mutations account for more 
than 90% of cases of CNF.60,61 The Fin-major mutation is a 
two-base pair deletion in exon 2 that results in a frameshift 
and a stop codon in the same exon. This mutation leads to 
formation of only a 90-residue truncated protein. The Fin-
minor mutation is a nonsense mutation in exon 26 and 
leads to a truncated 1109-residue protein. The homoge-
neous pattern of NPHS1 mutations in Finnish patients can 
be explained by the founder effect. A few missense muta-
tions have also been identified in Finnish patients.

In other populations, the mutations vary extensively 
among families, with most mutations being missense muta-
tions, but nonsense and splice-site mutations, deletions, and 
insertions have also been described.62,63 Enrichment of some 
mutations has been detected in a few isolated populations; 
for example, in Mennonites, a common 1481delC mutation 
leading to a truncated 547-residue protein has been 
described and, in Maltese patients, a homozygous nonsense 
mutation R1160X in exon 27 is highly enriched.63 Hinkes 
and colleagues have shown, in a worldwide case study, that 
22.5% of 89 cases of nephrotic syndrome occurring in  
the first year of life are caused by mutations in the  
NPHS1 gene.55

Some NPHS1 mutations do not lead to typical CNF but 
rather to a later onset nephrotic syndrome that resembles 
that caused by podocin gene mutations.64 Homozygous or 
compound heterozygous nephrin mutations have been 
found even in a few adult-onset cases, but their incidence  
is low.

NEPHRIN AND PATHOGENESIS OF CNF
In the kidney, nephrin is expressed specifically in podo-
cytes.65 It is a 1241-residue transmembrane protein with 
an approximately 35-nm-long extracellular domain that 
reaches out from the foot process membrane into the 
40-nm-wide slit (see Figure 44.3). In the middle of the  
slit, nephrin molecules from two neighboring foot processes 
are believed to interact to form a zipper-like structure  
with pores on both sides.66,67 Nephrin has been reported to 
interact with NEPH1 and NEPH2 in the slit diaphragm.68 
Intracellularly, nephrin molecules normally bond with 
podocin, which is mutated in steroid-resistant nephrotic 
syndrome.69

In CNF, mutations in the NPHS1 gene lead to loss or a 
malfunctioning nephrin so that the slit diaphragm cannot 
form or function normally. The size-selective filter is lost, 
and the slit collapses.70 The foot processes do not form, and 
because the slit diaphragm and filter structure are absent, 
massive proteinuria occurs. Nephrin knockout mice have 
similarly massive proteinuria present at birth, and they also 
lack the slit diaphragm.71 Absence of nephrin apparently 
results in distortion of the slit diaphragm and consequent 
massive leakage of albumin through the slit. Several mis-
sense mutations detected in non-Finnish patients have been 
shown to result in defective intracellular trafficking of 
nephrin and in absence of nephrin from the slit diaphragm.72 
Thus, even these missense mutations that appear to be 
“mild” can result in severe clinical phenotypes, similar to 
those caused by truncating mutations.

LAMININ DISEASE: PIERSON’S SYNDROME

Pierson’s syndrome is a rare, lethal, autosomal recessive 
form of congenital nephrotic syndrome manifested by pro-
teinuria, diffuse mesangial sclerosis, and distinctive ocular 
anomalies characterized by microcoria (fixed narrowing of 
the pupil).53,54 The disease is caused by mutations in the 
LAMB2 gene encoding the β2-chain of laminin. In a muta-
tion analysis study of 89 children from 80 families with 
nephrotic syndrome occurring in the first year of life, 
Hinkes and colleagues showed that 2.5% of cases were 
caused by mutations in the LAMB2 gene.55 At birth, most 
affected patients exhibit massive proteinuria, with rapid pro-
gression to renal failure that leads to death before age 2 
months. However, a number of milder variants have been 
identified which are diagnosed in early childhood.

As noted earlier, laminins are trimeric basement mem-
brane proteins containing α-, β-, and γ-chains, which exist 
in five, four, and three genetically distinct forms, respec-
tively.1,56 These chains can form at least 16 different isoforms 
in vivo.57 In the embryonic GBM, the laminin-511 (α5:β1:γ1) 
isoform is expressed, but after birth it is replaced by laminin-
521 (α5:β2:γ1) in a developmental switch analogous to that 
of embryonic GBM type IV collagen (α1:α1:α2) to adult 
type IV collagen (α3:α4:α5).56 The actual role of laminin-
521 in the GBM is not known, but it must be essential for 
maintaining a functional glomerular filter structure and 
function. This is highlighted by the fact that knockout mice 
for laminin α5 and laminin β2 exhibit disorganization of 
the GBM and proteinuria.

INHERITED DISORDERS PRIMARILY 
AFFECTING THE PODOCYTE

Discoveries during the last 15 years have revealed that 
defects in genes encoding protein components of the podo-
cyte slit diaphragm and foot processes are the underlying 
causes of a number of rare glomerular disorders that lead 
to proteinuria, nephrotic syndrome, and ESKD. Although 
the causes of most glomerular diseases are unknown, the 
new information has shed light on the molecular nature and 
function of the renal filter (Figure 44.3).

NEPHRIN DISEASE: CONGENITAL NEPHROTIC 
SYNDROME OF THE FINNISH TYPE

Congenital nephrotic syndrome of the Finnish type (CNF) 
is a rare disease; however, it is particularly common  
in Finland and has also been described in other  
countries.58 Affected individuals have defects in the gene for 
nephrin that is a major structural and functional compo-
nent of the slit diaphragm located between podocyte foot 
processes.

GENETICS
CNF is inherited as an autosomal recessive trait. Although 
cases of this disease have been described worldwide, most 
of them have been identified in Finland, where the inci-
dence has been reported to be 1/8200 births.59 The mutated 
nephrotic syndrome 1 gene (NPHS1), which was identified 
by positional cloning, is located on chromosome 19 and was 
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the disease was always lethal. Affected patients had marked 
growth and mental retardation, bacterial infections, and 
poor psychomotor development.

POSTTRANSPLANTATION RECURRENCE  
OF PROTEINURIA
After kidney transplantation, patients with nephrin muta-
tions are at risk for recurrence of proteinuria and nephrotic 
syndrome.75 This may lead to graft loss. In Finnish patients 
with recurrence, approximately 50% of patients have circu-
lating anti-nephrin antibodies, which may react against  
the glomerular filter and induce proteinuria.75 Similarly, 
injection of anti-nephrin antibodies in a rat model has  
been shown to cause massive proteinuria.76 Thus far, all 
Finnish patients with recurrence have been homozygous  
for the Fin-major mutation.75 In these patients, antibodies 
are produced against a novel antigen, inasmuch as  
no nephrin (or only 90 amino acids) has been present 
during maturation of the immunologic system. Patients with 

CLINICAL MANIFESTATIONS
CNF usually develops already in utero, which is observed in 
the form of leakage of alpha-fetoprotein into the amniotic 
fluid and maternal blood.58 Premature birth and a placenta 
weighing more than 25% of the birth weight are typical 
findings. Massive proteinuria and nephrotic syndrome 
develop soon after birth. Typically, hypoalbuminemia, 
hyperlipidemia, abdominal distension, and edema develop 
in affected neonates.58,73 The protein loss in these patients 
usually leads to severe hypoalbuminemia, and the serum 
albumin concentration is typically less than 10 g/L. In light 
microscopy, cystic dilations of proximal tubules are a typical 
but not pathognomonic finding. In some cases, the  
pathologic findings are similar to those observed in FSGS, 
minimal-change nephrosis, or diffuse mesangial sclero-
sis.59,74 Electron microscopy and electron tomography reveal 
effacement of podocytes, a narrow slit, and absence of the 
slit diaphragm.70 Before effective treatment was developed, 

Figure 44.3  Schematic depiction of the three layers of the glomerular filtration barrier and molecular composition of the slit diaphragm and 
foot processes. A, The renal ultrafiltration barrier is made up of fenestrated endothelial cells, basal lamina (basement membrane), and podocyte 
foot processes interconnected by slit diaphragms. B, Molecular components of the slit diaphragm complex include nephrin, Neph1, fat, and 
podocin. The cytoplasmic components of the slit diaphragms include Cd2ap and ZO-1. α-Actin and α-actinin-4 are components of the foot 
process cytoskeleton. 
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conserved in podocin orthologs, which suggests that this 
residue is crucial for normal functional podocin. Machuca 
and associates assessed the pathogenic effect of this muta-
tion in 546 patients with steroid-resistant nephrotic syn-
drome and noted that the frequency of the mutation  
was significantly higher in patients with steroid-resistant 
nephritic syndrome than among controls.91 Homozygosity 
for this mutation does not seem to cause renal disease but, 
in combination with the pathogenic podocin mutation from 
arginine-229 to glutamine, it leads to nephrotic syndrome. 
Of importance is that patients with compound heterozygos-
ity for this mutation and one pathogenic podocin mutation 
have a significantly later onset of nephrotic syndrome than 
patients with two pathogenic mutations. A total of 18 patients 
in whom nephrotic syndrome was diagnosed after the age 
of 18 years had this podocin genotype. Similar results were 
reported by Tsukaguchi and colleagues.89 However, results 
of three studies of three large cohorts have not supported 
this finding: NPHS2 mutations were found to be rare among 
patients with adult-onset nephrotic syndrome.20,54,101 Thus, 
the podocin mutation from arginine-229 to glutamate, in 
combination with a pathogenic podocin mutation, may 
explain some cases with adult-onset nephrotic syndrome; 
how common this podocin genotype is among affected 
patients is, however, still unclear.

PATHOGENESIS
As a molecular component of the slit diaphragm (Figure 
44.3), podocin has been shown to interact directly with 
nephrin, CD2-associated protein (CD2AP), and NEPH1.83,92 
Podocin can form oligomers in lipid rafts, and it seems to 
be needed for the recruitment of nephrin and CD2AP in 
these microdomains.84 Therefore, the presence of podocin 
is essential for the formation of the slit diaphragm, inas-
much as no slit diaphragm is formed in the absence of 
nephrin.61 This conclusion has been confirmed in podocin-
deficient mice, which exhibit massive proteinuria at birth, 
and no nephrin is detected in foot processes.93 Thus, trun-
cating mutations, as well as many missense mutations that 
have been shown to result in entrapment of misfolded 
protein to endoplasmic reticulum, probably result in the 
absence of podocin and nephrin from the slit diaphragm 
and therefore result in massive protein leakage through the 
glomerular filtration barrier. A mouse model for the mis-
sense mutation from arginine-138 to glutamate has con-
firmed the occurrence of this phenomenon. The milder 
phenotype observed in some missense podocin mutants is 
probably attributable to the fact that these mutants can 
reach the slit diaphragm, but their functional properties 
within the slit are compromised because of amino acid 
alterations. The podocin protein, with the mutation from 
arginine-229 to glutamate, has been shown to have weaker 
interaction with nephrin, which may explain the milder 
phenotype in these patients.89

CLINICAL MANIFESTATIONS
In contrast to nephrin disease, the clinical manifestations of 
podocin disease vary considerably. Truncating mutations 
and severe missense mutations (see earlier discussion) can 
lead to congenital nephrotic syndrome or steroid-resistant 
nephrotic syndrome, both of which manifest at a very early 
age. Hinkes and colleagues identified NPHS2 mutations in 

recurrence are treated with steroids, cyclophosphamide, 
and plasmapheresis.

TREATMENT
CNF is a potentially lethal disease that cannot be cured  
by immunosuppressive therapy. Therefore, all treatment 
should be aimed toward kidney transplantation, which is 
curative and carries an excellent prognosis.77,78 Today, 
among patients with CNF, the rate of survival 5 years after 
renal transplantation is more than 90%.79 Before transplan-
tation, the treatment was albumin substitution, intravenous 
nutrition, and nephrectomy. Patients with mutations leading 
to seriously malfunctioning nephrin or its absence do not 
usually respond to ACE inhibitors or immunosuppressive 
therapy, but those with some milder mutations may respond 
to such therapies.61,64 At least 50% of transplant recipients 
have circulating nephrin antibodies that may have a patho-
genic influence on recurrence of the disease.75

PODOCIN DISEASE: STEROID-RESISTANT 
NEPHROTIC SYNDROME

Mutations in the NPHS2 gene, which encodes the slit 
diaphragm protein podocin, were originally identified in  
a familial form of FSGS.69 This disease is characterized 
by childhood onset, steroid resistance, and rapid progres-
sion to ESKD. Since the initial description, mutations  
in NPHS2 have been found to be a common cause of con-
genital and childhood-onset, steroid-resistant nephrotic 
syndrome.55,80-82

GENETICS
Podocin disease is inherited as an autosomal recessive trait.69 
It is a relatively common cause of neonatal nephrotic syn-
drome. Hinkes and colleagues showed in a worldwide study 
that podocin mutations underlay 37.5% of cases in 89 chil-
dren in whom nephrotic syndrome appeared during the 
first year of life.55 The gene for podocin, termed NPHS2 (for 
nephrotic syndrome 2), contains eight exons and is located 
on chromosome 1q25. Podocin has 383 amino acid residues 
and belongs to the stomatin protein family. The protein has 
a hairpin structure and is located in the foot process mem-
brane; its N- and C-terminal ends extend into the intracel-
lular space. In the kidney, podocin is located specifically at 
the slit diaphragm of the glomerulus.83

Over 100 different NPHS2 mutations have been identified 
worldwide so far. These include missense, nonsense, and 
deletion mutations scattered along the whole NPHS2 gene. 
The mutation of arginine-138 to glutamine is a so-called 
founder mutation and is detected commonly in the central 
European population.69 It results in retention of the mutant 
podocin in the endoplasmic reticulum and failure of the 
podocin protein to reach the slit diaphragm.84 Therefore, 
this mutation can be considered a severe mutation. Several 
other missense mutations seem to result in a similar mistar-
geting of podocin mutants.85

Another mutation, from arginine-229 to glutamine, is of 
special interest. It is common especially in the European 
population, in which the observed allele frequency ranges 
from 0.03 to 0.13.86-90 The pathogenic effect has been shown, 
on the basis of in vitro findings, to decrease binding of the 
protein to nephrin.89 Also, arginine-229 in podocin is 
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associated with FSGS are clustered to the DID.98,99 INF2 
interacts with diaphanous-related formins (mDia) and 
inhibits mDia-mediated actin polymerization.100 Mutations 
in FSGS patients may compromise the interplay between 
INF2 and the foot process actin cytoskeleton, and thus result 
in progressive proteinuric disease.

Interestingly, mutations in INF2 have been found to be 
the cause of Charcot-Marie-Tooth neuropathy (CMT)–asso-
ciated nephropathy.101 CMT is a heterogenous group of 
hereditary disorders affecting peripheral neurons that is 
typified by progressive muscle weakness and atrophy distally 
in limbs, reduced tendon reflexes, and deformities in the 
feet and hands. INF2 is expressed in Schwann cell cyto-
plasm, in which it interacts with myelin and lymphocyte 
protein (MAL), which has an essential role in myelination. 
This can explain why some INF2 mutations lead to 
demyelinization.

APOL1 GENE: SUSCEPTIBILITY TO FOCAL 
SEGMENTAL GLOMERULOSCLEROSIS

In African Americans, variants in the APOL1 gene (encod-
ing apolipoprotein L-1) have been found to underlie the 
susceptibility to develop renal disease.102,103 The variants of 
APOL1 lyse the parasite Trypanosoma brucei rhodesiense, which 
is why they have become so common through natural 
selection.

APOL1 is expressed in podocytes, and this expression  
can be induced in podocytes in culture in response to cyto-
kine triggers.104 In FSGS patients, APOL1 expression is 
decreased.105 In vitro studies in cell culture systems have 
suggested that APOL1 sequesters phosphatidic acid and car-
diolipin and promotes autophagocytic cell death, although 
more recent studies in human podocytes in culture have 
suggested possible pyroptotic and lysosomal-mediated injury 
pathways.103 Because autophagy plays a key role in the main-
tenance of normal podocyte function, APOL1 may be con-
tributing to podocyte homeostasis and survival. APOL1 
variants may compromise these functions and lead to podo-
cyte death and the development of FSGS. The fact that 
kidney transplants obtained from donors carrying APOL1 
risk variants have a poorer prognosis supports the idea that 
the intrinsic defect in the kidney is behind APOL1-related 
susceptibility, although a role for secreted APOL1 has not 
been entirely ruled out.106

PLCE1 DISEASE: FAMILIAL DIFFUSE  
MESANGIAL SCLEROSIS

Phospholipase C, epsilon 1 (PLCE1), is encoded by the 
PLCE1 gene. Nephropathy caused by PLCE1 mutations is 
inherited as an autosomal recessive trait.107 In the original 
description of PLCE1 disease–related nephropathy, all 
patients with PLCE1 mutations developed glomerular 
disease by the age of 4 years. The histologic picture was 
dependent on the type of mutation; all truncating muta-
tions led to diffuse mesangial sclerosis, whereas missense 
mutations in two patients (from one family) resulted in 
FSGS. Gbadegesin and associates have investigated the inci-
dence of PLCE1 mutations in isolated (nonsyndromic) 
diffuse mesangial sclerosis (IDMS).108 They examined 40 
children from 35 families with IDMS in a worldwide cohort. 

39% of patients with congenital nephrotic syndrome and in 
35% of those with infantile nephrotic syndrome.55 In older 
children, podocin mutations are responsible for 10% to 
30% of cases of steroid-resistant nephrotic syndrome.94 Of 
importance is that patients with podocin mutations do not 
seem to respond to steroids; furthermore, podocin disease 
seems to be resistant to cyclosporine and to cyclophospha-
mide therapy.82 Thus, podocin mutations seem to result in 
a nephrotic syndrome that is resistant to immunosuppres-
sive therapy. However, He and associates reported an inter-
esting exception to this rule—patients with the mutation 
from arginine-229 to glutamate in one allele and a patho-
genic mutation in the other allele achieved complete remis-
sion after steroid treatment.95

Podocin mutations have also been identified in patients 
who develop nephrotic syndrome in early adulthood.91 
These patients often carry one disease-causing mutation  
in the compound heterozygous state, together with the 
mutation from arginine-229 to glutamine.89 After kidney 
transplantation, patients with podocin mutation have a 
decreased risk for recurrence of the disease.82 In fact, 
only a few patients with podocin mutations have been 
reported to develop recurrence of the disease in the graft.96 
NPHS2 variants detected in these patients were originally 
considered to be disease-causing mutations, but this has 
since been questioned.97 Obviously, patients with a primary 
nephropathy caused by podocin mutations should not have 
any (or only minimal) risk for recurrence of the disease in 
the graft.

TREATMENT
Proteinuria in patients with podocin disease–related 
nephropathy should be treated according to standard pro-
tocol, including treatment with ACE inhibitors or angioten-
sin receptor blockers. The indications for immunosuppressive 
therapy should be carefully evaluated on an individual basis. 
In general, patients with podocin mutations do not respond 
to any immunosuppressive therapy.82 However, one excep-
tion to this rule has been reported—patients with the muta-
tion from arginine-229 to glutamine in one allele and a 
pathogenic mutation in the other allele.95 In some cases, it 
may be difficult to detect a real pathogenic mutation from 
a polymorphism, and population genetic or functional 
studies may be needed to sort this out.

INF2 DISEASE: FOCAL SEGMENTAL 
GLOMERULOSCLEROSIS AND  
CHARCOT-MARIE TOOTH NEUROPATHY–
ASSOCIATED GLOMERULOPATHY

Heterozygous mutations in inverted formin, FH2, and WH2 
domains containing INF2 seem to be the most common 
genetic cause of autosomal dominant FSGS.98,99 In one large 
cohort, INF2 mutations were found to be the cause of domi-
nant FSGS in 17% of familial cases, whereas in sporadic 
cases the INF2 mutations were rare.98

The INF2 protein is a member of the diaphanous-related 
formin family, which participates in regulating actin and 
microtubule cytoskeletons. The protein is composed of an 
N-terminal diaphanous-inhibitory domain (DID), the 
forming homology domains FH1 and FH2, and a C-terminal 
diaphanous-autoregulatory domain (DAD). The mutations 
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α-actinin-4 is involved in the adhesion of podocytes to the 
GBM.113,114 Thus, α-actinin-4 has a role in actin dynamics 
and cell matrix adhesion in podocytes and, in patients with 
ACTN4 mutations, the former seems to be impaired.

TRPC6 DISEASE
Mutations in the gene that encodes the transient receptor 
potential cation channel, subfamily C, member 6 (TRPC6) 
were originally identified by two independent groups in six 
families with autosomal dominant FSGS.115,116 These families 
had missense mutations in the TRPC6 gene, and the disease 
was characterized by adult onset and incomplete pene-
trance. Since these reports, only a few studies have found 
TRPC6 mutations in patients with FSGS. A Chinese study of 
31 pedigrees with late-onset familial FSGS identified one 
patient with a new missense mutation, and another study of 
130 Spanish patients from 115 families with FSGS revealed 
three additional missense substitutions in three unrelated 
patients.117,118 In the latter study, one patient had unusual 
clinical features for TRPC6 disease–related nephropathy—
mesangial proliferative FSGS in childhood (onset at age 7 
years). So far, other patients identified with TRPC6 disease 
have had late-onset nephrotic syndrome with histologic fea-
tures of FSGS.

TRPC6 is a member of a family of nonselective cation 
channels that are involved in the regulation of the intracel-
lular calcium concentration in response to the activation of 
G protein–coupled receptors and receptor tyrosine kinases. 
In podocytes, the TRPC6 protein localizes to the slit dia-
phragm.115 Many TRPC6 mutations found in patients result 
in increased amplitude and duration of calcium influx after 
stimulation.115,116 In addition, transient overexpression of 
TRPC6 through in vivo gene delivery results in proteinuria, 
whereas TRPC6-deficient mice do not exhibit any obvious 
renal phenotype.119,120 Together, these data suggest that 
TRPC6 disease–related nephropathy is caused by gain-of-
function mutations that might interfere with slit diaphragm 
signaling.

CD2AP DISEASE
Mutations in the CD2AP gene seem to be a rare cause of 
FSGS.121 The mode of inheritance is unclear because domi-
nant and recessive cases have been reported.121,122 The 
importance of CD2AP for the glomerular filtration barrier 
has been demonstrated in CD2AP-deficient mice; they die 
within a few weeks after birth from massive proteinuria and 
renal failure.123 Similarly, mice with CD2AP haploinsuffi-
ciency develop proteinuria.121 These mice show defects in 
the formation of multivesicular bodies in podocytes, which 
suggests that an impairment of the intracellular degradation 
pathway may be involved in the pathogenesis of proteinuria 
in these mice. CD2AP interacts directly with the intracellu-
lar tail of nephrin (see Figure 44.3); therefore, impaired 
interaction with the slit diaphragm and actin cytoskeleton 
may also be involved in the pathogenesis of CD2AP disease–
related nephropathy.124

MYO1E DISEASE
Mutations in MYO1E encoding nonmuscle myosin 1e has 
been identified as a cause of childhood-onset, steroid-
resistant FSGS in a consanguineous Italian pedigree.125 
Myosin 1e is a member of class 1 myosins, whose C-terminus 

Truncating mutations in PLCE1 were detected in 10 families 
(28.6%). Thus, mutations in PLCE1 seem to be a common 
cause of IDMS. Ismaili and colleagues detected PLCE1 
mutations in 3 of 10 Belgian families with congenital 
nephrotic syndrome.81 Thus, PLCE1 disease also seems to 
explain some cases of congenital nephrotic syndrome. To 
determine whether mutations in PLCE1 are a common 
cause of FSGS, the gene was analyzed in a total of 69 families 
with 231 affected individuals with FSGS.81 No known disease-
causing mutations were identified in the families screened, 
and PLCE1 mutations therefore seem to be a rare cause 
of FSGS.

It is not clear how mutations in the PLCE1 enzyme  
lead to glomerular disease. PLCE1 belongs to the phospho-
lipase family of proteins that catalyze the formation of  
secondary messengers, such as inositol 1,4,5-trisphosphate 
and diacylglycerol in cells. These signals launch cascades 
that mediate several cellular responses, including cell 
growth and differentiation. PLCE1 is expressed widely, but 
in the kidneys it is enriched in podocytes, in which PLCE1 
localizes to the cytoplasm of the podocyte cell body and 
major processes.107 PLCE1 is highly expressed, particularly 
during development of the glomerulus. Because glomeruli 
of patients with PLCE1 mutations display developmental 
abnormalities, it has been proposed that the morphologic 
phenotype of diffuse mesangial sclerosis is a result of a ces-
sation in glomerular development.107 However, because 
nephropathy in some patients with PLCE1 mutations can be 
reversible, as well as having a late onset, PLCE1 may also 
have a role in the maintenance of the podocytes and glom-
erulus filtration barrier. Of note, Plce1-knockout mice do 
not have any obvious renal phenotype; therefore, the 
pathomechanisms behind PLCE1 disease–related nephrop-
athy remain to be poorly understood.

FOCAL SEGMENTAL GLOMERULOSCLEROSIS

α-ACTININ-4 DISEASE
FSGS caused by mutations in the α-actinin-4 gene (ACTN4) 
is inherited as an autosomal dominant trait.109 The disease 
is very rare, and most patients with ACTN4 mutations exhibit 
proteinuria first during adolescence or later and develop 
slowly advancing renal dysfunction. In some patients, this 
dysfunction progresses to renal failure. The disease is not 
fully penetrant: Individuals with ACTN4 mutations but 
without any obvious renal disease have been identified.109 
To date, all disease-causing mutations identified are mis-
sense mutations located in the actin-binding domain of 
α-actinin-4. This suggests that they are gain-of-function 
mutations. In fact, mutated α-actinin-4 proteins bind more 
strongly to filamentous actin than the wild-type protein.109,110 
Therefore, it is reasonable to believe that the pathomecha-
nism behind the renal disease in patients with ACTN4 muta-
tions involves dysregulation of the actin cytoskeleton in 
podocyte foot processes. The pathogenic nature of the 
mutated α-actinin-4 has been confirmed in a mouse model 
that expresses the mutated protein specifically in podocytes; 
these mice developed proteinuria and FSGS.111 In podocyte 
cell culture, the mutated protein also impairs cytoskeletal 
dynamics.112 Of note, even mice lacking α-actinin-4 develop 
a proteinuric glomerular disease, and studies performed on 
a podocyte cell line lacking α-actinin-4 have shown that 
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Genomewide association studies (GWASs) of IgA 
nephropathy have identified multiple loci, but no underly-
ing causal variants have yet been found.134-137 Future genome-
wide sequencing studies will probably result in the discovery 
of genetic variants behind the hereditary factors that cause 
IgA nephropathy and lead to a better understanding of the 
disease process.

INHERITED SYSTEMIC SYNDROMES 
AFFECTING THE GLOMERULUS

NAIL-PATELLA SYNDROME

Nail-patella syndrome is an autosomal dominant disease 
manifesting with symmetric nail, skeletal, ocular, and renal 
abnormalities.138 The incidence of this disease is about 
1/50,000 live births. The onset and outcome of the renal 
disease vary significantly. Some patients develop renal 
failure in early childhood, whereas a few patients show no 
signs of clinical nephropathy. However, characteristic patho-
logic features of the GBM thickening and splitting and fibril-
lar collagen deposits are observed in most cases. The disease 
is caused by loss-of-function mutations in the gene that 
encodes the LIM homeobox transcription factor 1β 
(LMX1B).139-141 LMX1B is expressed in the kidney mainly by 
podocytes, and it regulates the expression of many crucial 
podocyte proteins, including nephrin, podocin, CD2AP, 
and α3 and α4 type IV collagen chains.142-144 Dysregulation 
of these podocyte genes probably plays a role in the develop-
ment of nail-patella syndrome–associated nephropathy.

DENYS-DRASH AND FRASIER’S SYNDROMES

Denys-Drash and Frasier’s syndromes are characterized by 
male pseudohermaphroditism and progressive glomeru-
lopathy.145-147 In addition, patients with Denys-Drash syn-
drome have a predisposition for Wilms’ tumor, whereas 
gonadoblastomas are associated with Frasier’s syndrome. In 
Denys-Drash syndrome, nephropathy develops in infancy 
and progresses to ESKD by the age of 3 years. The typical 
glomerular lesion is diffuse mesangial sclerosis. In contrast, 
nephropathy in Frasier’s syndrome usually manifests at a 
later stage, with a histologic picture of FSGS. However, clini-
cal signs of the two syndromes can overlap.148 Of importance 
is that the nephropathies in Denys-Drash and Frasier’s syn-
dromes are resistant to drug treatment, and kidney trans-
plantation remains the only therapeutic alternative. Of 
note, mutations in WT1 have also been identified in patients 
without any obvious extrarenal abnormalities.149

Denys-Drash and Frasier’s syndromes are caused by domi-
nant mutations in the Wilms’ tumor oncogene, WT1.150-153 
Denys-Drash syndrome is caused by several different  
mutations distributed along the WT1 gene, whereas patients 
with Frasier’s syndrome have mutations in the donor  
splice site of intron 9 in the gene. The WT1 gene encodes 
a transcription factor that controls the expression of many 
key podocyte genes, and nephropathy may be caused by a 
failure in the regulation of these genes.154 However, the 
phenotype of chimeric WT1 mutant mice suggests that glo-
merulopathy may be mediated by the systemic effects of 
WT1 mutations.155

interacts with cell membranes and their N-terminal motor 
domain with actin filaments Myosin 1e is found in podocyte 
foot processes, and MYO1E knockout mice develop foot 
process effacement and proteinuria.125 It is plausible to 
speculate that myosin 1e contributes to the function of actin 
cytoskeleton in podocyte foot processes and that mutated 
MYO1E results in impairment of this contractile apparatus.

GLEPP1 DISEASE: STEROID-RESISTANT 
NEPHROTIC SYNDROME

Mutations in the PTPRO gene encoding Glepp1 have been 
identified in two Turkish families with steroid-resistant 
nephrotic syndrome (SRNS).126 Glepp1 is a tyrosine phos-
phatase receptor present on the apical cell surface of the 
glomerular podocyte. Two distinct mutations identified are 
loss-of-function mutations, and the Glepp1-associated 
disease seems to follow a recessive inheritance. In contrast 
to this, knockout mice for GLEPP-1 exhibit widened foot 
processes with clinical findings of hypertension and reduc-
tion in the glomerular filtration rate but no proteinuria.127 
Why the mouse model and humans behave so differently is 
not known, and the role of Glepp1 in podocytes and the 
kidney filter is still unsolved.

INHERITED PRIMARY GLOMERULAR 
DISORDERS OF UNKNOWN CAUSE

GALLOWAY-MOWAT SYNDROME

In 1968, Galloway and Mowat described a clinical constella-
tion of an early nephrotic syndrome, congenital microceph-
aly, and hiatal hernia.128 Since then, over 50 patients have 
been reported to have Galloway-Mowat syndrome.129 In 
this condition, nephrotic syndrome is usually diagnosed 
within the first 4 months of life. It is steroid-resistant and 
soon progresses to ESKD. However, milder variants of 
Galloway-Mowat syndrome have been described, in which 
the nephropathy first manifests after the age of 10 years.130,131 
Renal histopathologic findings are also highly variable, 
although FSGS is included in most cases. The manifestation 
of extrarenal symptoms can also vary considerably in affected 
patients. For example, hiatal hernia is not observed in all 
cases of Galloway-Mowat syndrome. The variation in clinical 
features of this syndrome probably results from genetic het-
erogeneity of the disease. No disease gene(s) underlying 
Galloway-Mowat syndrome have been identified so far.

IMMUNOGLOBULIN A NEPHROPATHY

IgA nephropathy is the most common primary form of glo-
merulonephritis worldwide. Although the pathogenesis of 
IgA nephropathy remains unclear, there is strong evidence 
that it is an immune complex disease. IgA nephropathy is 
described in more detail elsewhere in this text. A familial 
form of IgA nephropathy was first described in 1973 by de 
Werra and associates.132 Several studies in families with IgA 
nephropathy have since confirmed that at least in some 
cases, genetic factors play a role in the pathogenesis.133 It 
has been estimated that 15% to 20% of the pedigrees of IgA 
nephropathy have an inherited form of the disease.133
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dysfunction, and proteinuria. The exact mechanism is 
unknown, but altered recycling or degradation of critical 
podocyte proteins may contribute to cellular damage. The 
role of Scarb2 in renal function has been confirmed by 
studies on Scarb2-knockout mice that exhibit subtle glomer-
ular changes. Of note, tubular dysfunction has also been 
observed in Scarb2-knockout mice.
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plexes that are important for oxidative phosphorylation and 
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the mitochondrial disease–related nephropathy varies sig-
nificantly. Some patients exhibit proteinuria in early child-
hood, whereas others develop the first renal symptoms  
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SCHIMKE’S IMMUNO-OSSEOUS DYSPLASIA

Schimke’s immuno-osseous dysplasia (SIOD) is an autoso-
mal recessive syndrome manifesting with disproportional 
growth failure, impaired cellular immune function, cerebro-
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Considerable progress has been made in understanding the 
molecular basis of several inherited renal tubule disorders. 
These advances have allowed the identification of genes 
expressed in the renal tubule (Table 45.1), increasing our 
knowledge of basic renal physiology and pathobiology. 
Other benefits include potential prenatal and postnatal 
screening and better phenotype characterization and knowl-
edge. Although most diseases described in this section are 
relatively rare (1 : 2000 or less; affecting fewer than 200,000 
persons in the United States) and previously restricted to 
pediatric nephrology, advances in therapy have increased 
longevity for many patients, thus confronting the adult 
nephrologist with new challenges.

INHERITED DISORDERS ASSOCIATED 
WITH GENERALIZED DYSFUNCTION OF 
THE PROXIMAL TUBULE (RENAL 
FANCONI’S SYNDROME)

Renal Fanconi’s syndrome is a generalized dysfunction of 
the proximal tubule with no primary glomerular involve-
ment. It is characterized by variable degrees of phosphate, 
glucose, amino acid, and bicarbonate wasting. Isolated or 
partial defects are described in other sections of this chapter. 
The clinical presentation of Fanconi’s syndrome in children 
consists of rickets and impaired growth. In adults, bone 
disease manifests as osteomalacia and osteoporosis. Poly-
uria, renal sodium and potassium wasting, metabolic acido-
sis, hypercalciuria, and low-molecular-weight proteinuria 
may be part of the clinical spectrum.

There are hereditary and acquired variants of Fanconi’s 
syndrome. Acquired forms in adults are usually associated 
with abnormal proteinurias such as paraproteinemias or the 

Table 45.1  Impact of DNA Variation on 
Protein Function

Loss of function A mutation that reduces or abolishes a 
normal physiologic function (likely to 
be recessive)

Gain of function A mutation that increases the function of 
a protein (likely to be dominant)

Dominant negative A mutation that dominantly affects the 
phenotype by means of a defective 
protein or RNA molecule that 
interferes with the function of the 
normal gene product in the same cell 
(likely to be dominant)

nephrotic syndrome, with residual cases being secondary to 
tubular damage caused by toxic or immunologic factors.1 
Hereditary Fanconi’s syndrome occurs principally by one of 
two mechanisms: primary proximal tubule transport defects 
or accumulation of toxic metabolic products in the kidneys 
(Table 45.2).

PATHOGENESIS

The proximal tubule is responsible for reclaiming most of 
the filtered load of bicarbonate, glucose, urate, amino acids 
and low-molecular-weight proteins as well as an important 
fraction of the filtered load of sodium, chloride, phosphate, 
and water. It exhibits a very extensive apical endocytic  
apparatus consisting of an elaborate network of coated  

Table 45.2  Inherited and Acquired Causes of 
Fanconi’s Syndrome

Inherited Idiopathic (AD)
Dent’s disease (XL)
“Sporadic”
Cystinosis (AR)
Tyrosinemia type I (AR)
Galactosemia (AR)
Glycogen storage disease type I (AR)
Wilson’s disease (AR)
Mitochondrial diseases (cytochrome-c 

oxidase deficiency)
Oculocerebrorenal syndrome of Lowe 

(XL)
Hereditary fructose intolerance (AR)
Mistargeting to mitochondria of 

peroxisomal EHHADH
Acquired Paraproteinemias (multiple myeloma)

Nephrotic syndrome
Chronic tubulointerstitial nephritis
Renal transplantation
Malignancy

Exogenous factors Heavy metals (cadmium, mercury, 
lead, uranium, platinum)

Drugs (cisplatin, aminoglycosides, 
6-mercaptopurine, valproate, 
outdated tetracyclines, methyl-3-
chrome, ifosfamide)

Chemical compounds (toluene, 
maleate, paraquat, Lysol)

AD, Autosomal dominant; AR, autosomal recessive; EHHADH, 
enoyl–coenzyme A (CoA), hydratase/3-hydroxyacyl CoA 
dehydrogenase; XL, X-linked.
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pits and small, coated and noncoated endosomes. In addi-
tion, the cells contain a large number of late endosomes, 
prelysosomes, lysosomes, and so-called dense apical tubules 
involved in receptor recycling from the endosomes to the 
apical plasma membrane. This endocytic apparatus is 
involved in the reabsorption of molecules filtered by the 
glomeruli (Figure 45.1). The process is very effective, as dem-
onstrated by the fact that although several grams of proteins 
are filtered daily, the urine is virtually devoid of protein 
under physiologic conditions. Reabsorption of solutes by 
proximal tubule cells is achieved by transport systems at the 
brush border membrane that are directly or indirectly 
coupled to sodium movement, by energy production and 
transport from the mitochondria, and by the Na+-K+–adenos-
ine triphosphatase (ATPase) at the basolateral membrane. 
The Na+-K+-ATPase lowers intracellular Na+ concentration 
and provides the electrochemical gradient that allows Na+-
coupled solute to enter the cell. A second route, the paracel-
lular pathway, is responsible for reclaiming up to half of the 
sodium and most of the water through tight junctions.

Because multiple transport anomalies characterize renal 
Fanconi’s syndrome, the defects responsible must lead to 
the functional disruption of the proximal tubule cell itself. 

Storage diseases leading to Fanconi’s syndrome are poten-
tially reversible. For example, the defect is reversed after 
dietary restriction of tyrosine and phenylalanine in tyrosin-
emia,2 fructose in hereditary fructose intolerance,3 and 
galactose in galactosemia.4 The duration of the exposure is 
also important for the disorder to be expressed and is pro-
tracted in cadmium intoxication5 or shortened in fructose 
intolerance following a fructose load.6

CLINICAL PRESENTATION OF RENAL  
FANCONI’S SYNDROME

AMINOACIDURIA
Amino acids are filtered by the glomerulus with more than 
98% subsequently reabsorbed by multiple proximal tubule 
transporters. In Fanconi’s syndrome, all amino acids are 
excreted in excess. The pattern of excretion of amino acids 
parallels that in physiologic conditions, so those excreted at 
the highest levels are histidine, serine, cystine, lysine, and 
glycine. Aminoaciduria is usually quantified by one of 
several chromatographic methods in specialized centers. 
Clinically, losses are relatively modest and do not lead to 

Figure 45.1 The glomerular filtration barrier restricts the passage of large molecules, particular those that are negatively charged molecules. 
The proteins appearing in the proximal tubule are reabsorbed by endocytosis (see luminal part of the schematic representation). Vitamins and 
iron that are complexed to carrier proteins bind to megalin and/or cubilin followed by endocytosis. The ligands are released from the receptors 
by the low pH in the endosomes, and receptors recycle through the membrane recycling compartment. The protein component is degraded, 
whereas the vitamin, as well as iron, is transported across the epithelial cell (not represented). 1,25-dihydroxyvitamin D3 is activated by mitochon-
drial 1α-hydroxylase, implying that the vitamin is transported to the cytoplasm, possibly by diffusion, before its release to the basolateral mem-
brane. The regulation and maintenance of an endocytic vesicle pH are represented here according to Weisz,376 whereby protons are pumped into 
the organelle by vacuolar H+-ATPase and can leave by the chloride proton exchanger ClC-5. The ClC5 gene is mutated in patients with type 1 
Dent’s disease, and the OCRL1 gene is mutated in patients with type 2 Dent’s disease. OCRL1 encodes a phosphatase that is present on the 
trans-Golgi network and is important for regulating the traffic between the network, early endosomes, and clathrin-coated intermediate particles. 
ADP, Adenosine diphosphate; ATP, adenosine triphosphate; NPXY, asn-pro-any amino acid-tyrosine motif; OCRL-1, phosphatidylinositol 
4,5-bisphosphate 5-phosphatase encoded by OCRL1 gene; Pi, inorganic phosphate; PTH, parathyroid hormone; Vit, vitamin. 
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endocytotic receptors megalin and cubilin,8 are important 
in protein reabsorption. The urine dipstick test result is 
frequently positive because of the presence of albuminuria, 
typically at levels of 1 g/day. Rates of β2-microglobulin 
excretion are also elevated.

HYPERCALCIURIA
Hypercalciuria is a frequent manifestation in patients with 
renal Fanconi’s syndrome. The pathogenesis is not known 
but could be related to abnormal recycling of proteins 
involved in calcium reabsorption by the proximal tubule, 
natriuresis, and increased vitamin D synthesis from hypo-
phosphatemia. Hypercalciuria is only occasionally associ-
ated with nephrolithiasis, possibly because of the presence 
of polyuria.

DENT’S DISEASE

PATHOGENESIS
Dent’s disease, X-linked recessive hypophosphatemic rickets, 
and X-linked recessive nephrolithiasis (Online Mendelian 
Inheritance in Man [OMIM] entry #300009)9 are clinical 
manifestations of the same disease. Clinical features include 
primary Fanconi’s syndrome, low-molecular-weight protein-
uria, hypercalciuria with calcium nephrolithiasis, nephro-
calcinosis, rickets, and progressive renal failure. Dent’s 
disease is caused by mutations in the CLCN5 gene located 
on chromosome Xp11.22 encoding a lysosomal transport 
protein, ClC-5, a 2 chloride/1 proton antiporter.10 
Defects in the OCRL1 gene (oculocerebrorenal syndrome 
of Lowe), encoding a phosphatidylinositol 4,5-bisphosphate 
5-phosphatase (Ocrl) and usually found mutated in patients 
with Lowe’s syndrome, also can induce a Dent-like pheno-
type (type 2 Dent’s disease [OMIM #300555]; see later)11,12 
(see Figure 45.1) Of the 32 families with the clinical diag-
nosis of Dent’s disease reported by Hoopes and colleagues,13 
19 (60%) had mutations in CLCN5 and 5 families (16%) 
had mutations in OCRL1 (for whom the diagnosis of Lowe’s 
syndrome had been excluded because of absence of cata-
racts). Because these two genes do not account for all 
patients with the phenotype of Dent’s disease, it is likely that 
other genes involved in proximal tubular function will be 
found in such patients.13

ClC-5 mutations expressed in vitro lead to a disorder 
manifesting as defects in receptor-mediated endocytosis 
and/or endosomal acidification.14 ClC-5 co-localizes with 
the proton pump and internalized proteins early after 
uptake and is also expressed in type A intercalated cells. 
ClC-5 forms a dimer of two identical subunits, each of which 
contains a complete ion conduction pathway and is com-
posed of 18 α-helices. It is thought to provide an electrical 
shunt for the acidification of vesicles of the endocytotic 
pathway required for receptor-ligand interactions and cell 
sorting events.15 Inhibition of the acidification interferes 
with cell-surface receptor recycling, reducing endocytosis of 
albumin and resulting in mistargeting of megalin, cubilin, 
Na+-H+-exchanger isoform 3 (NHE3), and the sodium/
phosphate transporter NPT2a.

CLINICAL PRESENTATION
The clinical presentation is explained by the predominant 
expression of ClC-5 in the proximal tubule. Patients have 

specific deficiencies. There is no need to give amino acid 
supplements to affected subjects.

PHOSPHATURIA AND BONE DISEASE
Phosphate wasting is a cardinal manifestation but bone  
features are variable. Serum phosphate levels are usually 
decreased, and tubular reabsorption of phosphate (TRP) 
and maximal capacity—calculated by dividing maximum 
tubular reabsorption of phosphate (TmP) by glomerular 
filtration rate (GFR) or TmP/GFR—are systematically 
reduced. Rickets and osteomalacia, which are caused by 
increased urinary losses of phosphate as well as by impaired 
1α-hydroxylation of 1,25-dihydroxyvitamin D3, can compose 
the dominant clinical picture. Rickets manifests as the 
bowing deformity of the lower limbs with metaphyseal wid-
ening of the proximal and distal tibia, distal femur, ulna, 
and radius. Bone manifestations in subjects with adult-onset 
renal Fanconi’s syndrome are severe bone pain and sponta-
neous fractures.

RENAL TUBULAR ACIDOSIS
Hyperchloremic metabolic acidosis is a frequent finding 
and is caused by defective bicarbonate reabsorption. Hence, 
renal acidification by the distal tubule is normal, as demon-
strated by the ability to acidify urine at a pH below 5.5 when 
plasma bicarbonate is below the threshold. Because the 
more distal segments have substantial bicarbonate reabsorp-
tive capacity, the plasma bicarbonate concentration is usually 
maintained between 12 and 20 mmol/L. The diagnosis can 
be established by raising the plasma bicarbonate concentra-
tion with an intravenous sodium bicarbonate infusion (0.5 
to 1 mmol/kg per hour) to 18 to 20 mmol/L. The fractional 
excretion of bicarbonate will usually rise to 15% to 20% in 
proximal RTA but will remain lower (3%) in distal RTA. 
Treatment with large doses of alkali may be necessary to 
correct the acidosis.

GLUCOSURIA
Glucosuria is a common manifestation although the serum 
glucose level is normal, and the amount of glucose lost in 
the urine varies from 0.5 to 10 g per day. Glucosuria (and 
hypoglycemia) may be massive in glycogenosis type I.7

POLYURIA, SODIUM, AND POTASSIUM WASTING
Polyuria, polydipsia, and dehydration may be prominent 
features. The decreased concentrating ability of the kidney 
may also be related to abnormal tubule function of the distal 
tubule and collecting duct, caused by hypokalemia. Renal 
sodium losses may be significant and may lead to hypoten-
sion, hyponatremia, and metabolic alkalosis. Supplementa-
tion with sodium chloride is indicated and achieves clinical 
improvement. Potassium losses are secondary to increased 
delivery of sodium to the distal tubule and activation of the 
renin angiotensin aldosterone system from hypovolemia. 
Supplementation is indicated to correct low serum potas-
sium levels.

PROTEINURIA
Low-molecular-weight proteinuria is almost always present 
in low to moderate amounts. Endosomal machinery pro-
teins, including the vacuolar type H+-ATPase (V-ATPase), 
ClC-5 chloride/proton exchanger channels, and the 
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sive renal failure. End-stage kidney disease occurs at age  
47 ± 13 years. Renal biopsy specimens show a pattern of a 
chronic interstitial nephritis with scattered calcium depos-
its.18,20 The glomeruli are normal or hyalinized. There is 
prominent tubular atrophy with diffuse inflammatory infil-
trate composed of lymphocytes, and foci of calcification 
around and within epithelial cells. Molecular genetic testing 
is available and confirms the diagnosis.

TREATMENT
Renal stones and hypercalciuria are treated with supportive 
measures (and in particular, increasing fluid intake). Dietary 
restriction of calcium reduces calcium excretion but is not 
recommended because it might contribute to the bone 
disease.23 Thiazide diuretics can be given in small doses and 
may decrease calciuria,24 but in patients with Dent’s disease, 
who have a tendency for salt wasting, response to these 
agents seems to consist of excessive diuresis, kaliuresis, and 
blood pressure reduction.20 Rickets are treated with small 
doses of vitamin D, but this treatment should be given with 
caution as it might increase urine calcium excretion and the 
risk of nephrolithiasis. Verifying urine calcium excretion 
before and after vitamin D therapy might be appropriate.23 
There is no specific treatment for preventing progression 
of renal failure, although citrate has been shown to delay 
progression in a Clc-5 knockout mouse model.25 This goal 
has to be balanced against the possibility of increasing 
calcium phosphate supersaturation and stone formation by 
urine alkalinization.

OCULOCEREBRORENAL DYSTROPHY  
(LOWE’S SYNDROME)

The oculocerebrorenal syndrome (OCRL) of Lowe (OMIM 
#309000) is an X-linked recessive multisystem disorder char-
acterized by congenital cataracts, mental retardation, and 
renal Fanconi’s syndrome.26

PATHOGENESIS
Mutations in the OCRL1 gene are responsible for OCRL.27,28 
OCRL1 encodes a 105-kDa Golgi protein with phosphati-
dylinositol 4,5-bisphosphate (PIP2) 5-phosphatase activity. 
Therefore, OCRL1 is mainly a lipid phosphatase that may 
control cellular levels of a critical metabolite, PIP2,29 and is 
involved in the inositol phosphate signaling pathway. OCRL1 
is likely to regulate cellular trafficking. It is present in the 
trans-Golgi network, in early endosomes, and in clathrin-
coated intermediates that move between these compart-
ments.29 Phosphorylation of phosphatidylinositol at the 3, 
4, or 5 position of the inositol ring generates seven phos-
phoinositides (PIs) that play key regulatory functions in cell 
physiology (reviewed by Pirruccello and De Camilli30). The 
related soluble inositol polyphosphates and pyrophos-
phates, generated from inositol 1,4,5-trisphosphate (IP3)—a 
product of PI(4,5)P2 cleavage by phospholipases—are also 
important signaling molecules. PIs function in diverse pro-
cesses, including signal transduction, transport of ions and 
metabolites across membranes, exocytosis and endocytosis, 
regulation of the actin cytoskeleton, transcriptional regula-
tion, and membrane trafficking. Their phosphorylated 
headgroups, which are localized on the cytosolic leaflets of 
membranes and help define membrane identity, interact 

varying degrees of low-molecular-weight proteinuria, 
hypercalciuria with calcium nephrolithiasis, rickets, neph-
rocalcinosis, and renal failure.16 There is considerable 
intrafamilial variability,17 probably because of genetic and/
or environmental modifiers. The disease affects male 
patients predominantly, and female patients have an attenu-
ated phenotype. However, renal failure develops only in 
male patients.

The excretion of low-molecular-weight proteins in the 
urine such as albumin, β2-microglobulin, and α1-micro-
globulin is thought to be the most reliable marker for the 
disease. Affected male patients usually excrete β2-micro-
globulin in amounts that are more than 100-fold the upper 
limit of normal. Female carriers can also have low-molecular-
weight proteinuria, but it is usually less pronounced than in 
male patients and sometimes absent. Low-molecular-weight 
proteinuria is not a specific finding because it can be seen 
in tubulointerstitial diseases as well. The degree of protein-
uria is relatively constant and amounts to 0.5 to 2 g/day in 
adults and up to 1 g/day in children.18-20 The nephrotic 
syndrome does not occur, and albumin excretion represents 
less than half of the proteins excreted. An attenuated form 
of the disease with low-molecular-weight proteinuria as the 
only or predominant feature appears to be prevalent in 
Japan.21

Hypercalciuria is also a common finding in this disorder 
and is present in most cases, beginning in childhood. It is 
usually overt and predominant in male patients (exceeding 
7.5 mmol/day). Female patients are also frequently hyper-
calciuric, but their values are usually closer to the upper 
limit of the normal range. Nephrolithiasis is frequent, with 
50% of male patients affected. Stones are composed of 
calcium phosphate or a mixture of calcium phosphate and 
oxalate.20 Multiple episodes starting during the teenage 
years are common. Radiologic nephrocalcinosis of the med-
ullary type is seen in most affected male patients and occa-
sionally in female patients. Serum phosphate levels are 
usually below normal values or at the lower limit of the 
normal range. TmP/GFR is decreased, indicating defective 
reabsorption by the proximal tubule. Rickets may be present 
in children and is cured by the administration of pharma-
cologic doses of vitamin D. Osteomalacia occurs in adults 
and is also corrected after administration of vitamin D. 
Serum levels of 1,25-dihydroxyvitamin D3 are normal or 
slightly raised, whereas 25-hydroxyvitamin D levels are 
normal. The cause of hypercalciuria and renal stones is not 
known, but one possible explanation is that renal phosphate 
leak and reduced degradation of luminal parathyroid 
hormone (PTH) results in increased 1α-hydroxylase activity 
and 1,25-dihydroxycholecalciferol (1,25[OH]2D3) produc-
tion. Other explanations are abnormal trafficking (recy-
cling) of transporters or channels necessary for calcium 
transport to the apical membrane, and decreased reabsorp-
tion of a regulatory protein by the proximal tubule.22

Systemic acidosis is typically not seen before renal func-
tion deteriorates significantly. Male patients usually have 
urinary acidification defects detectable by an ammonium 
chloride load, but these are not consistent features of the 
phenotype. Spontaneous hypokalemia is common in male 
patients, and there is inability to concentrate urine maxi-
mally. Aminoaciduria and glucosuria are also frequent. Half 
the male patients have raised serum creatinine with progres-
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in amounts 1 to 4 g/day for phosphate depletion, and 
vitamin D may be added if that approach is unsuccessful.

MISTARGETING TO MITOCHONDRIA OF 
PEROXISOMAL EHHADH, AN ENZYME INVOLVED 
IN PEROXISOMAL OXIDATION OF FATTY ACIDS

Peroxisomes were first identified by Christian de Duve, and 
it was originally thought that the primary function of these 
organelles was the metabolism of hydrogen peroxide. One 
of their main metabolic functions is β-oxidation of very 
long-chain fatty acids (for review see Lodhi and Semenkov-
ich32). An EHHADH (enoyl-CoA, hydratase/3-hydroxyacyl 
CoA dehydrogenase) dominant mutant has been shown to 
mistarget to mitochondria and not to perixosomes, impaired 
mitochondrial oxydative phosphorylation and caused renal 
Fanconi’s syndrome (Figure 45.2).33

IDIOPATHIC CAUSES OF RENAL  
FANCONI’S SYNDROME

Renal Fanconi’s syndrome occurs in the absence of both 
known inborn errors of metabolism and acquired causes. 
Sporadic and familial cases unlinked to CLCN5 (Dent’s 
disease), OCRL1 (Lowe’s syndrome), or EHHADH33 have 
been described,13 with variable progressive renal failure.26,34,35

CYSTINOSIS

PATHOGENESIS
Cystinosis (OMIM #219800) is a rare autosomal recessive 
disease of lysosomal transport of the disulfide amino acid 
cystine.36-38 Lysosomes are intracellular organelles contain-
ing enzymes responsible for the digestion of macromole-
cules. Lysosomal hydrolases are optimally active at low pH. 
The by-products of the hydrolytic digestion exit the lyso-
some through specific transporters. A defect in one of the 
lysosomal hydrolases results in the accumulation of macro-
molecules or by-products that lead to lysosomal, cellular, 
and eventually organ dysfunction. Cystine accumulation 
and crystallization destroy tissues, causing renal failure.39 
Inactivating mutations in the CTNS (cystinosis) gene on 
chromosome 17p13, encoding an integral lysosomal mem-
brane protein termed cystinosin,40 cause cystinosis. Approxi-
mately half of patients who have cystinosis and are of 
northern European descent carry at least one allele that 
bears a specific 57-kb deletion that encompasses the CTNS 
gene. This lysosomal cystine transporter has seven trans-
membrane domains and at least two lysosomal targeting 
signals (GYDQL in the C-terminus and YFPQA in the fifth 
intertransmembrane loop).

CLINICAL PRESENTATION
Cystinosis, which affects 1 in 100,000 to 1 in 200,000  
newborns, is the most frequent cause of the inherited  
forms of renal Fanconi’s syndrome. The clinical presenta-
tion is variable41,42 and encompasses classic nephropathic 
cystinosis, a rare “adolescent” form, and also a mild adult-
onset variant (Table 45.3). The most severe form manifests 
in the first year of life as failure to thrive, increased thirst, 
polyuria, and poor feeding. White patients with the disease 
frequently have blond hair and blue eyes and are more 

with a variety of amino acid motifs or protein domains, and 
thus regulate protein-bilayer interactions. Thus, OCRL1 
deficiency may result in reductions in recycling of receptors 
and delivery of cargo to the plasma membrane. This possi-
bility is consistent with the apparent loss of megalin from 
the apical membrane and protein absorption defects seen 
in patients (see Figure 45.1). It is not clear why the loss of 
OCRL1, a ubiquitously expressed protein, should result in 
defects to only the eyes, brain, and kidney proximal tubule. 
Compensation by another enzyme with overlapping specific-
ity in the unaffected tissues is a possible explanation.

CLINICAL PRESENTATION
OCRL is a multisystem disorder characterized by ocular, 
neurologic, and renal defects. Renal dysfunction (Fanconi’s 
syndrome) is a major feature and occurs in the first year of 
life, but the severity and age of onset vary. It is characterized 
by proteinuria (0.5 to 2 g of daily urinary protein per square 
meter of body surface area), generalized aminoaciduria 
(100 to 1000 mmol of daily urinary amino acid per kg of 
body weight), carnitine wasting (mean fractional excretion, 
0.05 to 0.15), phosphaturia, and bicarbonaturia.26 Glucos-
uria is variably present. Linear growth decreases after 1 year 
of age. Glomerular function also decreases with age, with 
end-stage kidney failure predicted between the second and 
fourth decade of life.

Neurologic findings include infantile hypotonia, mental 
retardation, and areflexia. Prenatal development of cata-
racts is universal, and other ocular anomalies are glaucoma, 
microphthalmos, and corneal keloid formation. Visual 
acuity is frequently decreased. Mental retardation is very 
common. Cranial magnetic resonance imaging (MRI) shows 
mild ventriculomegaly and cysts in the periventricular 
regions. Status epilepticus is also frequent. Death usually 
occurs in the second or third decade from renal failure or 
infection.

Some patients with a phenotype indistinguishable from 
Dent’s disease (see previous discussion in “Dent’s Disease” 
section) carry mutations in the OCRL1 gene and have an 
attenuated form of OCRL.11

The diagnosis is established in affected individuals by the 
demonstration of reduced (<10% of normal) activity of ino-
sitol polyphosphate 5-phosphatase OCRL-1 in cultured skin 
fibroblasts. Molecular genetic testing of OCRL detects muta-
tions in approximately 95% of affected males and a similar 
proportion of carrier females.31 Carrier detection by slit-
lamp examination has high but not absolute sensitivity. Con-
centrations of the muscle enzymes creatine kinase, aspartate 
aminotransferase, and lactate dehydrogenase, as well as of 
total serum protein, serum α2-globulin, and high-density 
lipoprotein cholesterol, are elevated.

TREATMENT
Treatment of OCRL is supportive and includes taking care 
of ocular (cataract extraction, treatment of glaucoma), neu-
rologic (anticonvulsants, speech therapy), and renal  
complications. Nasogastric tube feedings or feeding gastros-
tomy and antipsychotic therapy may be required. Bicarbon-
ate therapy is usually given at a dose of 2 to 3 mmol/kg/day 
every 6 to 8 hours but may vary from 1 to 8 mmol/kg/day 
to maintain a serum bicarbonate concentration of 
20 mmol/L. Sodium or potassium phosphate can be given 
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lightly pigmented. Additional clinical findings include phos-
phaturia, aminoaciduria, glucosuria, and bicarbonaturia. 
Rickets occurs frequently. Renal wasting of sodium, calcium, 
and magnesium and tubular proteinuria are usually present. 
If the cystinosis is not treated, progressive renal damage 
culminates in end-stage kidney failure by the end of the first 
decade of life.

Damage in multiple organ systems, including ocular, 
endocrine, hepatic, muscular, and central nervous, has been 
reported. Cystinosis can affect most of the structures of the 
eye, with variable rates of progression. In the cornea, crystal 
deposits are absent at birth and appear by the end of the 
first year of life. Those can be seen by slit-lamp examination 
as fusiform crystals involving the anterior third of the central 
cornea and the full thickness of the peripheral cornea. 
Eventually, these deposits progress to develop a characteris-
tic haziness. They can also be found in the iridis and con-
junctiva as well as the retina, with consequent development 
of a characteristic peripheral retinopathy.

Other features include hypothyroidism from cystine crys-
tallization in the follicular cells of the thyroid gland. It is 
present in more than 70% of patients older than 10 years. 
Insulin-dependent diabetes mellitus develops from long-
standing cystine crystal accumulation in the pancreas, par-
ticularly after renal transplantation.43 Hepatomegaly and 
splenomegaly with little clinical impact also occur in more 

Figure 45.2 Proposed model of a dominant negative effect of mutant peroxisomal L-bifunctional enzyme disrupting the mitochondrial 
trifunctional protein hetero-octamer in the renal proximal tubule. Glucose is reabsorbed from the luminal (urine-side) membranes to the 
basolateral (blood-side) membranes and is not used for energy production. Most of the basolateral fatty acid uptake is used for mitochondrial 
energy production by means of trifunctional protein. A small fraction of the fatty acid uptake is used for peroxisomal energy production by 
means of bifunctional protein (D-bifunctional enzyme [D-PBE]). The physiologic targeting motif, SKL (serine-lysine-leucine), normally directs 
L-bifunctional enzyme (L-PBE) to the peroxisome. The E3K mutation instead creates a targeting motif that directs L-PBE to the mitochondrion, 
where its homology causes it to interfere with the assembly and function of trifunctional protein. GLUT, Glucose transporter; SGLT, sodium-
glucose linked transporter. (Redrawn from Klootwijk ED, Reichold M, Helip-Wooley A, et al: Mistargeting of peroxisomal EHHADH and inherited 
renal Fanconi’s syndrome. N Engl J Med 370:129-138, 2014.)
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Table 45.3  Age-Related Clinical 
Characteristics of Untreated 
Nephropathic Cystinosis

Age (yr) Symptom or Sign

Prevalence 
of Affected 
Patients (%)

6-12 mo Renal Fanconi’s syndrome 
(polyuria, polydipsia, electrolyte 
imbalance, dehydration, rickets, 
growth failure)

95

5-10 Hypothyroidism 50
8-12 Photophobia 50
8-12 Chronic renal failure 95
12-40 Myopathy, difficulty swallowing 20
13-40 Retinal blindness 10-15
18-40 Diabetes mellitus 5
18-40 Male hypogonadism 70
21-40 Pulmonary dysfunction 100
21-40 Central nervous system 

calcifications
15

21-40 Central nervous system 
symptomatic deterioration

2

From Gahl WA, Thoene JG, Schneider JA: Cystinosis. N Engl J 
Med 347:111-121, 2002.
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than 40% of subjects older than 10 years.41 A distal vacuolar 
myopathy is a late finding in 25% of cystinotic patients, with 
wasting in the small muscles of the hand. Facial weakness 
and dysphagia are often seen. In a previous study, muscle 
biopsies revealed marked fiber size variability, prominent 
acid phosphatase–positive vacuoles, and an absence of fiber-
type grouping or inflammatory cells. Crystals of cystine were 
detected in perimysial cells but not within the muscle cell 
vacuoles. The muscle cystine content of clinically affected 
muscles is markedly elevated.44 Central nervous system 
involvement has been described in the late stages of  
the disease,37 and cystine crystal accumulation has been 
reported. The accumulation of intracellular cystine itself 
may also be a risk factor for vascular calcifications.45

The diagnosis is usually established by measuring the 
cystine content in peripheral leukocytes. Patients usually 
have values higher than 2 nmol of half-cystine per milligram 
of protein (normal < 0.2 nmol). Alternatively, the diagnosis 
can be made through recognition of the characteristic 
corneal crystals on slit-lamp examination. Molecular analysis 
of the cystinosin gene allows early diagnosis and can be used 
for prenatal diagnosis as well. Prenatal diagnosis of cystino-
sis can also be made by measuring S-labeled cystine accumu-
lation in cultured amniocytes or chorionic villi samples35; 
and by a direct measurement of cystine in uncultured cho-
rionic villi samples. Over 90 mutations have been reported, 
with a detection ratio close to 100%.46

TREATMENT
Patients with cystinosis who are treated at an early age are 
now expected to live a nearly normal life, but a limited 
access to cysteamine still exists in developing nations.48 
Prior to development of the cystine-depleting drug cyste-
amine, dialysis had to be initiated on average in patients 
reaching age 10. Cysteamine enters the lysosome by a  
specific transporter for aminothiols or aminosulfides and 
cleaves cystine into cysteine and a cysteine-cysteamine mixed 
disulfide (Figure 45.3). Oral cysteamine is given at doses  
of 60 to 90 mg/kg/day every 6 hours and generally achieves 
approximately 90% depletion of cellular cystine, as mea-
sured in circulating leukocytes.49 A long-acting form appears 
to have similar efficacy.50 It slows the rate of progression of 
renal failure and increases growth in affected subjects.51-53 
Kidney function stabilizes on initiation of therapy, and  
even some recovery can be seen if therapy is begun in the 
first year or two of life.52 The growth rate becomes normal, 
but there is no “catching up.” Topical cysteamine eye drops54 
and a new gel formulation55 are used to treat ocular 
complications of cystinosis; they cause dissolution of corneal 
crystals.

Symptomatic treatment also involves rehydration, particu-
larly during episodes of gastroenteritis. Replacement of 
bicarbonate losses with citrate- or bicarbonate-containing 
salts is frequently necessary. Phosphate losses are replaced 
with phosphate salts and oral vitamin D therapy. Indometha-
cin has been used to decrease renal salt and water wasting. 
Recombinant human growth hormone increases growth but 
not the rate of progression of renal failure.53 Kidney trans-
plantation is routinely performed, and most recipients do 
well.56 Kidneys from heterozygous family donors are widely 
accepted because there is no evidence of cystine accumula-
tion in kidney transplants.

Figure  45.3 Mechanism  of  cystine  depletion  by  cysteamine. 
A, In normal lysosomes, cystine and lysine freely traverse the lyso-
somal membrane through specific transporters (rectangles for the 
lysine transporter; ovals for the cystine transporter). B, In cystinotic 
lysosomes (note the absence of specific cystine transporters), lysine 
can freely traverse through specific transporters in the lysosomal 
membrane, but cystine cannot and therefore accumulates inside the 
lysosome. C, In cysteamine-treated lysosomes, cysteamine com-
bines with half-cystine (i.e., cysteine) to form the mixed disulfide 
cysteine-cysteamine, which uses the lysine transporter to exit the 
lysosome. (Modified with permission from Gahl WA, Thoene JG, 
Schneider JA: Cystinosis. N Engl J Med 347:111-121, 2002. Copyright 
© 2002 Massachusetts Medical Society. All rights reserved.)
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include GSD-Ic (defect in microsomal phosphate or pyro-
phosphate transport) and GSD-Id (defect in microsomal 
glucose transport). The molecular basis of these variants 
remains to be determined.

CLINICAL PRESENTATION
GSD-I manifests as functional G6Pase deficiency, character-
ized by growth retardation, hypoglycemia, hepatomegaly, 
kidney enlargement, hyperlipidemia, hyperuricemia, and 
lactic acidemia. Patients with type Ib disease also suffer from 
chronic neutropenia and functional deficiencies of neutro-
phils and monocytes, resulting in recurrent bacterial infec-
tions as well as ulceration of the oral and intestinal mucosae. 
GSD-Ia manifests in the first year of life with hepatomegaly 
and/or hypoglycemic seizures with lactic acidosis. Hypogly-
cemia occurs because of impaired gluconeogenesis, glyco-
genolysis, and recycling of glucose through G6P to the 
glucose system. Adults usually present with hypoglycemic 
symptoms that are exacerbated by exercise and relieved by 
food. However, 48-hour fasting blood glucose levels are fre-
quently normal.60 The accumulation of G6P leads to an 
increase in glycolysis and lactic acidosis. Hyperuricemia and 
gout are caused by increased activity of hepatic adenosine 
monophosphate (AMP)–deaminase and adenine nucleo-
tide production, thus increasing uric acid production. 
Hyperuricemia also results from decreased renal excretion 
because urate competes with lactate for secretion in the 
proximal tubule. Gout occurs in adults but is rarely seen in 
children. An enlarged abdomen from hepatomegaly, short 
stature from impaired growth, and skin manifestations from 
dyslipidemia (xanthomas) are frequent findings. Dyslipid-
emia is a result of increased synthesis of very low-density 
lipoprotein (VLDL), and low-density lipoprotein (LDL), 
and decreased lipolysis. Impairment of platelet adhesion 
and aggregation with prolonged bleeding time lead to easy 
bruising and epistaxis.

A renal Fanconi’s syndrome occurs in GSD-I, with amino-
aciduria, low-molecular-weight proteinuria, phosphaturia, 
and bicarbonaturia.61,62 Renal disease is common in adult 
patients63 with untreated GSD-I. It evolves slowly and is a 
late finding. In children, increased kidney size, hyperfiltra-
tion, and moderate proteinuria are common.64 Distal 
renal tubular acidosis, hypocitraturia, hypercalciuria, neph-
rocalcinosis, and calcium nephrolithiasis can be variably 
associated,65 but virtually all patients have impaired distal 
tubular acidification. The most common finding is focal  
and segmental glomerulosclerosis with tubulointerstitial 
atrophy. Glomerular changes include thickening, lamella-
tion, and glycogen deposition in the glomerular basement 
membrane.66

The diagnosis of GSD-I is established by DNA testing or 
liver biopsy.67 A 1-mg intramuscular glucagon test can be 
used and the result is frequently abnormal (an increase in 
blood glucose level < 4 mmol/L, usually at 30 minutes). 
Liver histology reveals prominent storage of glycogen and 
fat, large lipid vacuoles with hepatocyte distension, and ste-
atosis with little fibrosis. Abnormally high glycogen levels 
are noted in liver biopsy samples. Electron microscopy 
shows moderate to large excesses of glycogen in the cyto-
plasm, often displacing the organelles in the hepatocyte. 
Enzyme analysis of fresh and frozen samples can distinguish 
type Ia from type Ib GSD.

Figure  45.4 Simplified  scheme  of  glycogen  synthesis  and 
breakdown. 1, Hexokinase/glucokinase; 2, glucose-6-phosphatase 
(G6Pase); 3, phosphoglucomutase; 4, glycogen synthase; 5, branch-
ing enzyme; 6, glycogen phosphorylase; 7, debranching enzyme. 
CoA, Coenzyme A; GLUT2, glucose transporter 2; P, phosphate; 
UDP-glucose, uridine diphosphoglucose. (From Wolfsdorf JI, Wein-
stein DA: Glycogen storage diseases. Rev Endocr Metab Disord 4:95-
102, 2003.)

Limit dextrin

Glycogen

Amylopectin

Glucose-1-P

UDP-glucose 6

3

2

G
LU

T
2

G
LU

T
2

Glucose

G
lycolysis

G
luconeogenesis

Glucose-6-P

Pyruvate LactateAlanine

Acetyl-CoA Fatty
acids

TriglyceridesTricarboxylic acid cycle

Glucose

Ribose-5-P

Uric acid

65

4
7

1

Pentose
phosphate

pathway

GLYCOGENOSIS (VON GIERKE’S DISEASE)

Glycogen storage diseases are inherited disorders that affect 
glycogen metabolism (Figure 45.4).57 Both the liver and 
muscle store physiologically important quantities of glyco-
gen. These organs are primarily affected, with the symptoms 
usually including hepatomegaly, hypoglycemia, muscle 
cramps and weakness, exercise intolerance, and fatigue. 
This section discusses type I glycogen storage disease because 
it is the only form associated with primary renal involve-
ment. Type V glycogen storage disease (McArdle’s disease) 
as well as other rare glycogenoses associated with rhabdo-
myolysis, myoglobinuria, and acute tubular necrosis are not 
discussed further.

PATHOGENESIS
Glycogen storage disease type I (GSD-I), also known as  
von Gierke’s disease, is a group of autosomal recessive meta-
bolic disorders caused by deficiencies in the activity of  
the glucose-6-phosphatase system that consists of at least  
two membrane proteins, glucose-6-phosphate transporter 
(G6PT) and glucose-6-phosphatase (G6Pase).57 G6PT and 
G6Pase work in concert to maintain glucose homeostasis. 
G6Pase catalyzes the hydrolysis of glucose-6-phosphate 
(G6P) to produce glucose and phosphate. GSD-Ia (G6Pase 
deficiency),58,59 the most frequent form, is caused by defi-
ciency in enzymatic activity. GSD-Ib is caused by mutations 
in G6PT, which translocates G6P from the cytoplasm to the 
lumen of the endoplasmic reticulum (ER). Other variants 
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probably caused by succinylacetone toxicity.81,82 It ranges 
from mild tubular dysfunction to renal failure. Hypophos-
phatemic rickets is the principal sign of tubular dysfunction, 
and acute decompensation can exacerbate the dysfunction. 
Generalized aminoaciduria is frequent. Nephrocalcinosis 
and nephromegaly can often be seen on renal ultrasonog-
raphy.83 Glucosuria and proteinuria are usually mild. Glo-
merular filtration rate is frequently decreased. Tubular 
defects respond to diet but may be irreversible in chronic 
cases.

The liver is the main organ affected in tyrosinemia type 
I. Initially, liver dysfunction often affects coagulation factors, 
even before other signs of liver failure appear. In fact, jaun-
dice and liver enzyme elevations are rare in the early stages 
of tyrosinemia. A common presentation mode is the “acute 
hepatic crisis,” in which ascites, jaundice, and gastrointesti-
nal bleeding are precipitated by an acute event such as an 
infection. Acute hepatic crises usually resolve spontaneously 
but on occasion progress to complete liver failure and 
encephalopathy. Cirrhosis eventually develops in most 
patients with the disease, and hepatocellular carcinoma is 
frequent in tyrosinemic subjects with chronic liver disease.84 
It is believed that toxic metabolites that accumulate in  
tyrosinemia, such as fumarylacetoacetate, are mutagenic 
and contribute to the elevated rate of liver carcinoma.85 
Serial liver imaging (ultrasonography and/or MRI) is indi-
cated. Neurologic crises are acute episodes of peripheral 
neuropathy with painful paresthesias and, eventually, auto-
nomic dysfunction.86

The diagnosis of tyrosinemia type I is made with the 
detection of excess succinylacetone in urine or plasma. Suc-
cinylacetone can be detected in the biologic fluid of all 
untreated patients with the disorder. The increase in suc-
cinylacetone is typically detected by gas chromatography/
mass spectroscopy of extracted organic acids. Confirmatory 
testing can be performed with the measurement of FAH in 
cultured skin fibroblasts or the documentation of patho-
genic mutations from DNA. Enzymatic analysis of FAH is not 
readily available as a common clinical assay, and only a few 
laboratories perform DNA mutation analysis of the FAH 
gene. Molecular genetic studies may be needed for counsel-
ling, prenatal diagnosis, and family screening. One splice 
mutation is prevalent in French-Canadians, and more than 
40 mutations are now known (reviewed by de Laet et el73).

TREATMENT
Since 1992, nitisinone has been used in tyrosinemia.87 It is 
an effective inhibitor of p-hydroxyphenylpyruvic acid oxidase 
that blocks an enzyme proximal in the catabolic pathway of 
tyrosine and prevents substrate from reaching the FAH 
enzyme. Thus, the intracellular accumulation of the toxic 
fumarylacetoacetate (FAA) and its eventual extracellular 
conversion to succinylacetone are prevented. A nutritionist 
skilled in metabolic disorders is essential to assist with the 
use of special formulas for infants and low-protein diet for 
older patients. At least 90% of patients with the acute form 
of tyrosinemia type I show response to nitisinone therapy. It 
is the unusual child in whom liver damage is so severe that 
insufficient hepatocytes exist to allow clinical recovery. Such 
a child requires liver transplantation. Orthotopic liver trans-
plantation has been used for several years in tyrosinemia 
type I but carries a significant mortality rate (10% to 20%). 

TREATMENT
Life expectancy for patients with GSD-I has improved con-
siderably. The treatment goal is to maintain normoglycemia 
to avoid the metabolic complications that are secondary to 
hypoglycemia and lactic acidosis. This can be accomplished 
at night with nasogastric feeding of glucose68 or with orally 
administered uncooked cornstarch. A single dose of corn-
starch (1.75 to 2.5 g/kg) at bedtime will maintain serum 
glucose concentrations above 3.9 mmol/L for 7 hours or 
longer in most young adults.69 Because hypoglycemia and 
lactic acidosis occur in adults as well, treatment might also 
be indicated after childhood.70 Guidelines for the manage-
ment of GSD-I published by the European Study on Glyco-
gen Storage Disease Type I71 include a preprandial blood 
glucose level higher than 3.5 to 4.0 mmol/L (60 to 70 mg/
dL), a urine lactate/creatinine ratio lower than 0.06 mmol/
mmol, a serum uric acid concentration in the high normal 
range for age, a venous blood bicarbonate level above 
20 mmol/L (20 mEq/L), a serum triglyceride concentra-
tion below 6.0 mmol/L (531 mg/dL), normal fecal alpha1-
antitrypsin concentration for GSD-Ib, and a body mass 
index within two standard deviations of normal. Enzyme 
replacement therapy is not currently available for GSD-I. 
Kidney transplantation has been successfully performed but 
does not correct the hypoglycemia.

TYROSINEMIA

Hepatorenal tyrosinemia (tyrosinemia type I) is a rare auto-
somal recessive disorder caused by deficiency of fumarylace-
toacetate hydrolase (FAH).72 Worldwide, the incidence is 1 
in 100,000. The disorder is characterized by severe liver 
disease, which either causes liver failure in infancy or may 
take a more protracted course, with death often occurring 
during childhood or adolescence because of hepatocarci-
noma.73 The accumulation of tyrosine in body fluids and 
tissues affects principally the liver, kidneys, and peripheral 
nerves. The disorder is particularly prevalent in a genetic 
isolate in Canada (Saguenay-Lac-Saint-Jean), in which the 
carrier rate is 1 in 20 and the incidence is 1 in 2000, and in 
which nearly 80% of the gene pool comes from founders 
who settled in the seventeenth century.74

PATHOGNESIS
Mutations in the gene encoding FAH on chromosome 
15q23-q25 are responsible for tyrosinemia type I.75-79 The 
hepatic toxicity is caused by accumulation of fumarylaceto-
acetate, which apparently induces the release of cytochrome 
c, which in turn triggers the activation of the caspase cascade 
in hepatocytes as seen in affected animal models.80 It is 
unlikely that tyrosine accumulation leads to the hepatic and 
renal manifestations of the disease, because hypertyrosin-
emia has been described in other settings without renal and 
liver involvement.

CLINICAL PRESENTATION
Most patients present clinically in regions without a specific 
newborn screening program for tyrosinemia type 1, although 
a few may be identified because of affected siblings or 
abnormalities of plasma or urine amino acids. Renal involve-
ment is almost always present in tyrosinemic subjects and is 
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the strict diet, long-term complications such as retarded 
mental development, verbal dyspraxia, motor abnormali-
ties, and hypergonadotrophic hypogonadism are frequently 
seen in patients with classic galactosemia.

WILSON’S DISEASE

Wilson’s disease (OMIM #277900) is an autosomal recessive 
disorder in which biliary excretion of copper and its incor-
poration into ceruloplasmin are impaired, leading to liver, 
kidney, and corneal damage from accumulation of copper.96 
The frequency of the disease is approximately 1 to 3 per 
100,000 live births.

PATHOGNESIS
ATP7B, the gene responsible for Wilson’s disease, encodes 
a P-type ATPase, and is located on chromosome 13q14.3. 
This copper-transporting P-type ATPase (the WND protein) 
has a crucial role in copper excretion into the bile97-99 and 
is targeted to the mitochondria. These findings suggest that 
WND protein plays its role in copper-dependent processes 
in this organelle.100 More than 380 mutations in this gene 
have been identified in patients with Wilson’s disease 
worldwide.

CLINICAL PRESENTATION
The primary consequence is liver disease for approximately 
40% of patients with Wilson’s disease. Affected adults often 
show most features of Fanconi’s syndrome, with aminoacid-
uria, bicarbonaturia, phosphaturia, glucosuria, and low-
molecular-weight proteinuria,101 probably from copper 
accumulation. Children do not frequently have renal mani-
festations. Hypercalciuria is frequent, and kidney stones and 
nephrocalcinosis have been described in several cases.102-104 
Ultrastructural findings on renal biopsies include electron-
dense deposits in the tubular cytoplasm.105

Most patients with Wilson’s disease present with liver dys-
function, neurologic symptoms, or a combination of the 
two. Liver symptoms can take multiple forms, that is, chronic 
and acute liver failure. Copper accumulates in the liver, with 
progressive damage, and overflow to the brain. This causes 
central nervous system anomalies such as dysarthria and 
coordination defects of voluntary movements. Pseudobul-
bar palsy is frequent and is a common cause of death in 
undiagnosed cases. Psychiatric symptoms can encompass a 
spectrum of personality changes, depression, bipolar disor-
der, schizophrenia, and dementia.106 Wilson’s disease should 
be suspected in all subjects with acute or chronic liver dys-
function. The most useful laboratory tests for diagnostic 
purposes are those measuring 24-hour urinary copper 
excretion, hepatic copper concentration, serum-free copper 
concentration, and ceruloplasmin concentration. Increased 
liver copper level (>300 mg/g dry weight) is a reliable 
finding. The Kayser-Fleischer ring is an important clinical 
sign for making the diagnosis; it is seen in 50% of patients 
with liver dysfunction and in 90% of those with neurologic 
disease.107 This ring is a yellow-brown (dull copper colored) 
granular deposit on Descemet’s membrane at the limbus of 
the cornea, usually seen earliest at the upper and lower 
poles. Given the variability of the biochemical and clinical 
features of Wilson’s disease, mutation analysis is becoming 
more and more essential to confirm a suspicion of the 

The decision to perform liver transplantation depends on 
the patient’s liver status and neurologic symptoms.73 The 
renal dysfunction may persist following transplantation 
because the renal enzyme is still defective.88

GALACTOSEMIA

Galactosemia is an inherited metabolic disorder in which 
the individual is unable to metabolize lactose.89,90 Three 
inherited disorders of galactose metabolism resulting in 
galactosemia have been described and are transmitted by an 
autosomal recessive mode. Clinical manifestations appear 
after exposure to galactose and can produce failure to 
thrive, vomiting, inanition, liver disease, cataracts, and 
developmental delays.

PATHOGNESIS
The genetic defect responsible for galactosemia may be a 
defect in galactose-1-phosphate uridyltransferase, galactoki-
nase, or uridine diphosphate galactose-4-epimerase. All of 
these enzymes catalyze the reactions in the unique pathway 
converting galactose to glucose. Classic galactosemia (OMIM 
#230400), which affects approximately 1 in 30,000 to 60,000 
live births, is the most frequent form. The underlying basis 
of most pathophysiology in galactosemia remains poorly 
understood. Untreated and treated patients with galactose-
mia experience abnormal accumulation and/or depletion 
of specific metabolites. Specific abnormalities of glycosyl-
ation can also be demonstrated, suggesting that aberrant 
biosynthesis of glycoproteins and/or glycolipids may con-
tribute not only to the acute but also to some of the long-
term complications experienced by galactosemic patients.90,91

CLINICAL PRESENTATION
The clinical manifestations of galactosemia range from cata-
racts caused by galactokinase deficiency to important toxicity 
syndromes resulting from galactose exposure in deficien-
cies of galactose-1-phosphate uridyltransferase and uridine 
diphosphate galactose-4-epimerase. Vomiting, diarrhea, 
jaundice, hepatomegaly, and ascites occur in transferase defi-
ciency. Tubular proteinuria, generalized aminoaciduria, and 
bicarbonaturia occur but may quickly disappear following 
withdrawal of galactose.

The diagnosis is suggested by elevation of galactose or 
galactose-1-phosphate in serum or of galactose in the urine. 
The definitive diagnosis is made by the demonstration of 
the enzyme deficiency in erythrocytes.92,93 Prenatal diagnosis 
can be offered to parents with a family history of the 
disease.94

In the United States and many other industrialized 
nations, inclusion of galactosemia in the mandated panel of 
conditions tested during newborn screening has all but 
eliminated the acute presentation.

TREATMENT
With early diagnosis and simple dietary intervention, galac-
tosemia is no longer a lethal condition. The only therapy 
for patients with classical galactosemia is a galactose-
restricted diet, and initially all galactose must be removed 
from the diet as soon as the diagnosis is suspected.93,95 A 
newborn with a positive screening result should immedi-
ately be started on a soy-based infant formula. In spite of 
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response to fructose ingestion impairs the coupling of the 
V-ATPase to glycolysis. For these reasons, mechanistic simi-
larities in organelle dysfunction between Dent’s disease and 
hereditary fructose intolerance are apparent.

The management of hereditary fructose intolerance 
involves withdrawal of sucrose, fructose, and sorbitol from 
the diet.

INHERITED DISORDERS OF RENAL AMINO 
ACID TRANSPORT

Proteins ingested in the regular diet and degraded in the 
intestine are absorbed by the mucosa as amino acids and 
small oligopeptides. Intestinal apical and basolateral trans-
porters carry the amino acids into the blood, where they are 
used for metabolic needs, but are also freely filtered by the 
kidneys as they are not significantly bound to proteins in the 
plasma (except for tryptophan, which is 60% to 90% bound). 
However, the proximal tubule reabsorbs 95% to 99.9% of the 
filtered load. Thus the excretion of more than 5% of the 
filtered load of an amino acid is abnormal. Renal amino acid 
reabsorption occurs in the proximal tubule through a variety 
of transporters. Most amino acids are reabsorbed by more 
than one transporter and almost completely reclaimed, 
except for histidine, which has a fractional excretion of 
5%.116 Amino acids can share transporters with low affinity 
but high transport capacity, and have a specific transporter 
for one amino acid that has a high affinity and low maximal 
transport capacity. Because most amino acid carriers have 
not been extensively studied, a more detailed discussion is 
not possible at this stage. Common carriers have been 
divided into five groups, which transport neutral and cyclic 
amino acids, glycine and imino acids, cystine and dibasic 
amino acids, dicarboxylic amino acids, and β-amino acids.116 
The transport of amino acids is coupled to the sodium gradi-
ent established by the basolateral Na+-K+-ATPase.

Aminoaciduria occurs when a renal transport defect of 
the proximal tubule decreases the reabsorptive capacity for 
one or several amino acids or when the threshold for reab-
sorbing an amino acid is exceeded when its plasma concen-
tration is elevated as a result of a metabolic defect (“overflow 
aminoaciduria”).117 This latter category is not discussed in 
this section. Theoretically, renal aminoacidurias can be sec-
ondary to defects in brush border or basolateral transport-
ers and intracellular trafficking of amino acids. They are 
usually detected by newborn urine screening programs, and 
the most frequent abnormalities identified (apart from phe-
nylketonuria, now normally detected by blood screening) 
are cystinuria, histidinemia, Hartnup’s disease, and imino-
glycinuria (Figure 45.5).118 Clinically, the most significant 
renal aminoaciduria is cystinuria (Table 45.4). In the past 
10 years, all major apical neutral amino acid transporters 
have been identified on a molecular level.119 This has con-
siderably improved our understanding of rare inherited 
aminoacidurias and helped explain some of the features of 
Fanconi’s syndrome.

CYSTINURIA

Cystinuria (OMIM #220200) is the most frequent and best 
known of the aminoacidurias.120 The existence of cystinuria 

disorder.96 Molecular genetic diagnosis is available.108 The 
lack of genotype-phenotype correlation remains unex-
plained, the causes of fulminant liver failure are not known, 
and the treatment of neurologic symptoms is only partially 
successful.109

TREATMENT
D-Penicillamine, which mobilizes copper and forms copper-
penicillamine complexes that are excreted in the urine, is 
very effective.110 Adults usually require 1 g/day divided in 
two doses, but it is best to start with small doses (125 mg/
day) to avoid hypersensitivity reactions. Twenty-four hour 
urinary excretion of copper should be monitored to achieve 
copper losses of 2 mg/day. Doses of D-penicillamine can be 
decreased after 1 or 2 years to achieve urinary losses of 
1 mg/day. Alternative treatments include trientine, a copper 
chelator, and zinc salts, which block intestinal copper 
absorption by inducing metallothionein synthesis in the 
mucosal intestinal cells. Tetrathiomolybdate, a copper che-
lator, appears to be an excellent form of initial treatment in 
patients with neurologic symptoms and signs. In contrast to 
penicillamine therapy, initial treatment with tetrathiomolyb-
date can often be effective in preventing further neurologic 
deterioration.111

Patients should be considered for liver transplantation 
when suitable medical therapy has failed or for the develop-
ment of acute liver failure, when there is no time for other 
therapies to take effect. Patients with a combination of 
hepatic and neuropsychiatric conditions warrant careful 
neurologic assessment, but liver transplantation is contrain-
dicated only in cases of severe neurologic impairment.96

HEREDITARY FRUCTOSE INTOLERANCE

There are several disorders of fructose metabolism, second-
ary to deficiencies in aldolase B (OMIM #229600), fructose 
1-phosphate aldolase, and fructokinase, respectively.112 
Hereditary fructose intolerance due to fructose 1-phosphate 
aldolase deficiency (fructose 1,6-bisphosphate aldolase [EC 
4.1.2.13]) is an autosomal recessive disorder characterized 
by vomiting shortly after the intake of fructose. The disease 
can be associated with proximal tubule dysfunction and 
lactic acidosis. Kidney biopsies show discrete findings. Liver 
dysfunction, hepatomegaly, cirrhosis, and jaundice appear 
from prolonged exposure. Unfortunately, hypoglycemia is 
frequently absent. Continued ingestion of noxious sugars 
leads to hepatic and renal injury and growth retardation. 
The most common mutation has a prevalence of 1.3%, sug-
gesting a frequency of 1 in 23,000 homozygotes.113 Because 
of the difficulty in making the diagnosis, genetic analysis is 
useful.114

The pathophysiology of renal Fanconi’s syndrome is not 
clear but could be related to vacuolar proton pump dysfunc-
tion in the proximal tubule, because a direct binding inter-
action between V-ATPase and aldolase was demonstrated for 
the regulation of the V-ATPase. This study showed that 
aldolase B was abundant in endocytosis zones of the proxi-
mal tubule, a subcellular domain also abundant in 
V-ATPase.115 V-ATPases are essential for acidification of 
intracellular compartments and for proton secretion from 
the plasma membrane in kidney epithelial cells and osteo-
clasts. Perhaps the release of nonfunctional aldolase B in 
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Figure 45.5 A model of the renal proximal tubule, illustrating the principal epithelial transporters involved in amino acid reabsorption, 
which are mutated in human aminoacidurias. A crosssection of the proximal convoluted tubule is represented. Four of the aminoacidurias—
dicarboxylic aminoaciduria (DA), iminoglycinuria, Hartnup disorder, and cystinuria—manifest at the apical surface of the renal tubule,  
whereas lysinuric protein intolerance manifests at the basolateral surface. Mutations in the high-affinity glutamate and aspartate transporter 
SLC1A1 are responsible for DA.166 Iminoglycinuria results from complete inactivation of SLC36A2, a proline and glycine transporter, or 
from additional modifying mutations in the high-affinity proline transporter SLC6A20 when SLC36A2 is not completely inactivated.182 Mutations 
in the neutral amino acid transporter SLC6A19 are responsible for Hartnup disorder.163,377 The neutral amino acid transport defect can also 
be exacerbated by a kidney-specific loss of heterodimerization of mutant SLC6A19 with TMEM27.378 Cystinuria has a heterogeneous phenotype 
and arises from mutations in individual or both subunits of the disulfide bridge–linked heterodimer comprising the type II membrane  
protein SLC3A1379 and the cystine and basic amino acid transporter SLC7A9.380 Lysinuric protein intolerance151,154 results from mutations 
in the basolaterally expressed basic amino acid transporter SLC7A7, which forms a disulfide bridge–linked heterodimer with type II membrane 
protein SLC3A2. aa, Amino acid. (Adapted from Bailey CG, Ryan RM, Thoeng AD, et al: Loss-of-function mutations in the glutamate transporter 
SLC1A1 cause human dicarboxylic aminoaciduria. J Clin Invest 121:446-453, 2011.)
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has been recognized since 1810,121,122 first suspected in two 
patients with bladder stones, hence the name—cystic oxide 
and cystine to characterize the chemical composition of the 
stones. It is an autosomal recessive disorder associated with 
defective transport of cystine and of the dibasic amino acids 
ornithine, lysine, and arginine. It involves the epithelial cells 
of the renal tubule and gastrointestinal tract (see Figure 
45.5). The formation of cystine calculi in the urinary tract, 
potentially leading to infection and renal failure, is the 
hallmark of the disorder. Cystine is the least soluble of the 
naturally occurring amino acids, particularly at low pH. 
Worldwide, the prevalence of cystinuria is approximately 1 
in 7000 and varies according to geographic location, being 
1 in 15,000 in the United States,123 1 in 2000 in England,124 
1 in 4000 in Australia,125 and 1 in 2500 in Jews of Libyan 
origin.126 Thus, it is one of the most common mendelian 
disorders. Newborn screening programs worldwide now 
help identify cases.

PATHOGNESIS
Cystinuria is caused by mutations in the genes that encode 
the two subunits—neutral and basic amino acid transport 
protein rBAT and b(0,+)-type amino acid transporter 1—of 
the amino acid transport system b(0,+).120 By itself, the subunit 
b0,+AT is sufficient to catalyze transmembrane amino acid 
exchange (i.e., the exchange of dibasic amino acids for 
neutral amino acids).127 A model for the reabsorption of 
cystine and dibasic amino acids is shown in Figure 45.6. 
Cystinuria also manifests as defective intestinal absorption 
of dibasic amino acids, implying that there is a transporter 
defect in the gut similar to that in the renal proximal tubule 
cells.120 Why defective intestinal amino acid transport does 
not lead to more serious metabolic problems is not known, 
but the reason could be either the ability of the intestine to 
absorb small (di- and tri-) peptides or the presence of other 
transporters of dibasic amino acids in the gut.
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Figure 45.6 Trafficking of cystine and dibasic amino acids in epithelial cells of the renal proximal tubule or small intestine. The apical transport 
system b0,+ mediates influx of AA+ and CSSC in exchange for AA0. The Na+-dependent transporter B0 is believed to be the major apical con-
tributor to the high intracellular content of AA0 exploited by b0,+. In the small intestine (but not in kidney), uptake of dipeptides and tripeptides 
through apical H+-dependent solute carrier family 15 member 1 (PEPT1) compensates the defective absorption of AA+ and CSSC. AA+ exit the 
basolateral membrane through system y+L, mutations in which cause lysinuric protein intolerance. The basolateral efflux of CSH and AA0 are 
not well understood. The general AA0 exchanger LAT2 and the aromatic transporter T have been suggested to participate in the excretion of 
CSH and aromatic amino acids (ARO). In addition, an unidentified transporter L for unidirectional efflux of AA0 is believed to have a role in AA0 
reabsorption. *Only in intestinal cells. (Redrawn from Chillaron J, Font-Llitjos M, Fort J, et al: Pathophysiology and treatment of cystinuria. Nat Rev 
Nephrol. 6:424-434, 2010.)
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Table 45.4  Classification of the Aminoacidurias

Aminoaciduria Gene Gene Name Protein Chromosome
Hallmark (Amino Acid[s] 
Elevated in Urine)

Cystinuria A SLC3A1 Solute carrier family 3 (cystine, 
dibasic, and neutral amino acid 
transporters, activator of 
cystine, dibasic, and neutral 
amino acid transport), member 1

rBAT 2p21 Cystine, lysine, arginine, 
ornithine

Cystinuria B SLC7A9 Solute carrier family 7 (cationic 
amino acid transporter, y+ 
system), member 9

b0,+AT 19q13.11 Cystine, lysine, arginine, 
ornithine

Cystinuria AB SLC3A1/SLC7A9 Cystine, lysine, arginine, 
ornithine

Lysinuric protein 
intolerance

SLC7A7 Solute carrier family 7 (cationic 
amino acid transporter, y+ 
system), member 7

y+LAT1 14q11.2 Lysine, arginine, ornithine

Hartnup’s 
disorder

SLC6A19 Solute carrier family 6 (neutral 
amino acid transporter), member 
19

B0AT1 5p15.33 Neutral amino acids

Iminoglycinuria SLC36A2 Solute carrier family 36 (imino and 
glycine transporter), member 2

PAT2 5q33.1 Proline, hydroxyproline, 
glycine

Dicarboxylic 
aminoaciduria

SLC1A1 Solute carrier family 1 EAAT3 9p24 Aspartate, glutamate

Adapted from Tanzi RE, Petrukhin K, Chernov I, et al: The Wilson disease gene is a copper transporting ATPase with homology to the 
Menkes disease gene. Nat Genet 5:344-350, 1993.
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TREATMENT
Unfortunately, there have been few advances in the treat-
ment of cystinuria. A regularly followed medical program 
based on high diuresis and alkalinization with a second-line 
addition of thiols slows down stone formation and precludes 
the need for urologic procedures in more than half of 
patients.132 Patients who are poorly compliant with hyperdi-
uresis remain at risk for recurrence.

Diet

Cystine production arises from the metabolism of methio-
nine. Previous attempts at reducing methionine in the diet 
have been both uncomfortable and of limited useful-
ness.133,134 Reducing sodium in the diet results in lower urine 
cystine.135-137

Decreasing Urine Cystine Saturation

A combination of increasing both fluid intake and urine pH 
usually decreases urine cystine saturation. Fluid intake 
should ideally reach 4 L/day, because many cystinuric 
patients excrete 1 g/day or more of cystine. A daily urine 
output of at least 3 L seems necessary.132 It is also important 
for patients to drink at bedtime and during sleep (using  
an alarm clock helps) to prevent supersaturation during 
periods of reduced urine output.138 Cystine solubility can be 
increased by alkalinization of the urine with potassium 
citrate or bicarbonate, but the solubility of cystine does not 
increase until the pH reaches 7.0 to 7.5. Use of citrate is the 
preferred method because alkalinization lasts longer. The 
requirements for alkali often reach 3 to 4 mmol/kg/day.

Penicillamine

Patients who are unable to comply with a regimen of high 
fluid intake and urine alkalinization or in whom adequate 
treatment fails may be given D-penicillamine in doses of 
30 mg/kg/day up to a maximum of 2 g. Through a disulfide 
exchange reaction, D-penicillamine can form the disulfide 
cysteine-penicillamine, which is much more soluble than 
cystine. Several studies have reported that D-penicillamine is 
generally well tolerated in cystinuric patients,139,140 but fre-
quent side effects such as rash, fever, and, more rarely, 
arthralgias and medullary aplasia have led a significant pro-
portion of patients to discontinue therapy.141,142 Other reac-
tions include proteinuria and membranous nephropathy, 
epidermolysis, and loss of taste. Inhibition of pyridoxine by 
D-penicillamine is also a potential side effect.143

Another drug that may be useful in cystinuria is mercap-
topropionylglycine, with recommended dosing ranges of 
400-1200mg per day in 3 divided doses.144,145 Identical in 
mechanism of action to d-penicillamine, mercaptopropio-
nylglycine is as effective in reducing urine cystine excretion. 
Side effects are similar and include skin rash, fever, nausea, 
proteinuria, and membranous nephropathy. Finally, capto-
pril has been advocated as a potential treatment for cystin-
uria, but its efficacy is controversial.

Surgical Management

Patients with cystinuria frequently require stone-removing 
procedures.146 It is important to achieve a stone-free state 
because recurrent stone activity has been demonstrated  
to be higher in those with residual calculi.147 The type of 

CLINICAL PRESENTATION
Cystinuria is classified according to the gene responsible, 
but this classification currently has no clinical utility. It  
may prove to be important if gene or pharmacologic  
therapy becomes more targeted. Type A cystinuria (also 
called type I; OMIM #220100) is caused by mutations in the 
SLC3A1 gene (chromosome 2). It is a completely recessive 
disease because both parents excrete normal amounts of 
cystine (0 to 100 mmol per g creatinine). Jejunal uptake of 
cystine and dibasic amino acids is absent, and there is  
no plasma response to an oral cystine load. The risk of 
nephrolithiasis is very high. The SLC3A1 gene encodes 
the renal proximal tubule S3 segment and intestinal dibasic 
rBAT amino acid transporter (see Figure 45.6).128 More 
than 100 different mutations have been reported to date.120 
The most common point mutation, the M467T and its rela-
tive M467K, result in retention of the transporter in the ER 
with impaired maturation and export to the plasma 
membrane.129

Type B cystinuria (also called non–type I cystinuria; 
OMIM #600918) is an incompletely recessive form caused 
by mutations in the SLC7A9 gene encoding BAT1 and 
located on chromosome 19q13. Both parents excrete inter-
mediate amounts of cystine (100 to 600 mmol per g creati-
nine) but may also have a normal pattern. More than 90 
mutations have been identified.120 BAT1 is a subunit linked 
to the rBAT through a disulfide bond. It belongs to a family 
of light subunits of amino acid transporters, expressed in 
the kidney, liver, small intestine, and placenta. Cotransfec-
tion of b0,+AT and rBAT brings the latter to the plasma 
membrane, and results in the uptake of l-arginine in vitro.

Type AB cystinuria is caused by one mutation in SLC3A1 
and one mutation in SLC7A9, but this digenic inheritance 
is exceptional. The observed prevalence of patients with AB 
cystinuria is much lower than anticipated, because they may 
present with a mild phenotype and therefore, in most cases, 
escape detection or, alternatively, carry two mutations in 
SLC7A9 (which was not detected) and a coincidental carrier 
state for an SLC3A1 mutation.130

The only known manifestation of cystinuria is nephroli-
thiasis. Cystine stones account for 1% to 2% of all kidney 
stones, and cystinuria should be suspected in all staghorn 
calculi.131 Clinical expression of the disease frequently starts 
during the first to third decade of life but may occur any 
time from the first year of life up to the ninth decade. The 
disease occurs equally in both sexes, but male patients tend 
to be more severely affected. Cystine stones are made of a 
yellow-brown substance, are very hard, and appear radi-
opaque on radiographs because of their sulfur molecules. 
Stones are frequently multiple and staghorn, and they tend 
to be smoother than calcium stones. Magnesium ammo-
nium phosphate and calcium stones can also form as a result 
of infection.

Diagnosis can be made through the analysis of a simple 
urine sample in which typical hexagonal crystals appear. 
Acidification of concentrated urine with acetic acid can also 
precipitate crystals not initially visible. Diagnosis is ulti-
mately made from the measurement of cystine excretion in 
the urine. This measurement is usually performed in spe-
cialized centers using a variety of methods. Molecular diag-
nosis is not necessary.
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tion by DNA testing. So far, approximately 50 different muta-
tions have been identified in the SLC7A7 gene.158

TREATMENT
The current treatment of lysinuric protein intolerance 
involves moderate protein restriction as well as supplemen-
tation with 3 to 8 g of citrulline daily during meals and 
lysine.159 Citrulline is transported by a different pathway 
from that of dibasic amino acids and can be converted to 
ornithine and arginine in the liver. Lysine cannot be made 
from citrulline.

HARTNUP’S DISORDER

PATHOGNESIS
Described initially in 1956 in the Hartnup family, Hartn-
up’s disorder (OMIM #234500) is an autosomal recessive 
and usually benign condition, consisting of excessive 
urinary excretion of the monoamino, monocarboxylic 
(neutral) amino acids alanine, asparagine, glutamine, his-
tidine, isoleucine, leucine, methionine, phenylalanine, 
serine, threonine, tryptophan, tyrosine, and valine.160 Its 
incidence has been estimated at 1 in 26,000 in newborn 
screening programs.161 Hartnup’s disorder is caused by 
mutations in the neutral amino acid transporter B0AT1 
(SLC6A19).162 The transporter is found in the kidney and 
intestine, where it is involved in the resorption of all 
neutral amino acids.119

CLINICAL PRESENTATION
Most newborns identified prospectively by genetic screening 
programs as having Hartnup’s disorder have been com-
pletely asymptomatic. In affected individuals there is also a 
decreased intestinal absorption of neutral amino acids, par-
ticularly tryptophan. The clinical features of this disorder, 
if any, are caused by deficiency of nicotinamide, which is 
partly derived from tryptophan. They include a photosensi-
tive erythematous rash (pellagra-like) clinically identical 
with that seen in niacin deficiency, intermittent cerebellar 
ataxia, and, rarely, mental retardation. Emotional instability, 
psychosis, and depression have been rarely noted, particu-
larly during episodes of ataxia. Although in the Hartnup 
family there were several cases with mental retardation, 
most affected subjects described subsequently have not had 
mental retardation. Hartnup’s disorder should be suspected 
in all subjects with pellagra and unexplained intermittent 
ataxia. Siblings of affected patients should be screened as 
well. Clinical manifestations can be triggered by periods of 
inadequate dietary intake or increased metabolic needs. For 
example, a young woman presenting with pellagra precipi-
tated by prolonged lactation and increased activity was diag-
nosed with Hartnup’s disorder.163

The diagnosis is easily made with a urinary aminogram, 
which shows increased excretion of neutral amino acids but 
not of glycine, cystine, or dibasic, dicarboxylic, or imino 
amino acids. Thus, any confusion with renal Fanconi’s syn-
drome is avoided through a complete evaluation of amino 
acids in the urine using one of several chromatographic 
methods. The pattern of amino acid excretion, rather than 
the total amount, is the determining factor. The reabsorp-
tion defect involves 12 amino acids, and most patients with 
Hartnup’s disorder have the same pattern of aminoaciduria. 

procedure does not impact recurrence rates. The introduc-
tion of extracorporeal shock wave lithotripsy has not been 
of great benefit to cystinuric patients. Cystine stones are 
hard and have proved difficult to pulverize. Consequently, 
percutaneous lithotripsy is more effective and is the pre-
ferred approach. Progress in urologic treatment of kidney 
stones has decreased the need for open surgery.148 Urinary 
alkalinization, as well as direct irrigation of the urinary tract 
with D-penicillamine, N-acetylpenicillamine, or trometh-
amine to form disulfide compounds, has resulted in the 
dissolution of stones, but this approach requires irrigation 
for several weeks with a risk for potential complications of 
catheterization and has been largely abandoned.

Transplantation is sometimes necessary for patients with 
terminal renal failure from chronic obstruction or infection 
(or both). A kidney from an unaffected donor will not form 
cystine stones once transplanted.

LYSINURIC PROTEIN INTOLERANCE

PATHOGNESIS
Lysinuric protein intolerance (LPI) (OMIM #222700) is a 
very rare recessively inherited dibasic amino acid transport 
disorder, mostly reported in Finland149,150 but also present 
in Japan and Italy. It is caused by defective basolateral mem-
brane efflux of the cationic amino acids lysine, arginine, 
and ornithine in intestinal, hepatic, and renal tubular epi-
thelia. Inactivating mutations in SLC7A7 have been found 
in several families with LPI.151-153 SLC7A7 encodes a 511–
amino acid protein, y+LAT-1, predicted to harbor 12 
membrane-spanning domains, with both amino and carboxy 
termini located intracellularly. This protein is thought to be 
part of the y+L multimeric unit. Cationic amino acid trans-
port occurs through five different systems: y+, y+L, b+, b0+, 
and B0+. Defective system y+L transport explains the abnor-
mality in cationic amino acid transport as it mediates 
sodium-independent high-affinity transport of cationic 
amino acids and the transport of zwitterionic amino acids 
with low affinity. It is responsible for renal reabsorption and 
intestinal absorption of dibasic amino acids at the basolat-
eral membranes. y+L transport is induced by a cell surface 
glycoprotein heavy chain (4F2hc) that represents the heavy-
chain subunit of a disulfide-linked heterodimer.149 The 
amino acid deficiency in LPI leads to impaired urea cycle 
and postprandial hyperammonemia.

CLINICAL PRESENTATION
Infants with LPI are usually asymptomatic while breast 
feeding. After weaning, they show protein aversion, a  
delay in bone growth, and prominent osteoporosis, hepato-
splenomegaly, muscle hypotonia, and sparse hair. Jaundice, 
hyperammonemia, coma, and metabolic acidosis occur. 
Micronodular cirrhosis occurs from protein malnutrition, 
and pulmonary alveolar proteinosis is an occasional 
finding.154 Various renal disorders, including immunoglobu-
lin A (IgA) nephropathy have been described.155 Several 
immunologic abnormalities have also been described156 
and are possibly secondary to low levels of arginine, the sub-
strate for nitric oxide synthase and nitric oxide produc-
tion.157 The urinary excretion of lysine and all cationic amino 
acids is increased, and the plasma levels are decreased. The 
biochemical diagnosis can be uncertain, requiring confirma-
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RENAL PHOSPHATE EXCRETION

Determinants of inorganic phosphate (Pi) homeostasis are 
ingestion, intestinal absorption, and renal excretion. In a 
steady state, urine Pi excretion reflects dietary intake. 
Normal phosphate intake in adults varies from 800 to 
1600 mg/day, and average serum phosphate levels remain 
normal over a wide range of intake. Unlike dietary calcium, 
ingested phosphate is generally efficiently absorbed (65% 
to 90% in children) from the gastrointestinal tract, although 
complex plant phosphate (phytate) is almost totally 
excreted. Most dietary phosphate is absorbed by passive 
concentration-dependent processes, but the active metabo-
lite of vitamin D increases intestinal Pi absorption margin-
ally. Contrary to active calcium absorption, which is greatest 
in the duodenum with a lower rate in the jejunum, ileum, 
and colon, active Pi absorption is highest in the jejunum 
and ileum with a lower rate in the duodenum and colon.168

Inorganic phosphate is filtered by the glomerulus and 
reabsorbed in the proximal tubule. The difference between 
the amounts of Pi filtered and reabsorbed determines the 
net appearance of Pi in the urine. Phosphate reabsorption 
by the proximal tubule occurs by a Tm-limited active process. 
The fractional reabsorption of filtered phosphate is usually 
estimated by the tubular reabsorption of Pi (TRP). There is 
a simple equation to assess the renal tubular phosphate 
transport, as follows:

TRP
U P

U P
P Cr

Cr P

= − ×
×

( )1

where PCr is plasma creatinine concentration, PP is plasma 
phosphate concentration, UCr is urine creatinine concentra-
tion, and UP is urine phosphate concentration. Given 
normal renal function and normal diet, the TRP is usually 
above 85%. A more precise way of estimating the tubular 
reabsorption of Pi is to calculate the theoretical threshold, 
as follows:

Tm
GFR

P
U P

U
P

P
P Cr

Cr
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RENAL PHOSPHATE TRANSPORTERS
Inorganic phosphate is reabsorbed almost exclusively in the 
renal proximal tubule through a transcellular pathway.169 
The limiting step of this transepithelial transport system is 
the entry of phosphate at the apical domain of proximal 
tubular cells. This process requires sodium-phosphate 
cotransporters that use the inward sodium gradient estab-
lished and maintained by the activity of Na+-K+-ATPase 
(Figure 45.7). There are three types of sodium-phosphate 
cotransporters (members of the SLC34 and SLC20 families) 
at the apical (brush border) renal proximal tubular cells.169 
The putative proteins responsible for basolateral Pi flux 
have not been identified. The transport mechanism of the 
two kidney-specific SLC34 proteins (NaPi-IIa and NaPi-IIc) 
and of the ubiquitously expressed SLC20 protein (PiT-2) 
has been studied by heterologous expression to reveal 
important differences in kinetics, stoichiometry, and sub-
strate specificity. NaPi-IIa is central to renal phosphate  
reabsorption and phosphate balance. It is found almost 

The levels of amino acids in the monoamino, dicarboxylic 
group (such as glutamic acid and aspartic acid), and basic 
group (lysine, ornithine, arginine) are normal or slightly 
increased. The excretion of proline, hydroxyproline, and 
cystine is also normal. In spite of the defect, substantial 
reabsorption of the involved amino acids occurs through 
other transporters.

TREATMENT
Treatment of symptomatic cases involves the administra-
tion of nicotinamide in doses of 50 to 300 mg/day. The  
value of treating asymptomatic cases is not known, but given 
the harmlessness of the treatment, this might be a rational 
choice.

IMINOGLYCINURIA

Familial iminoglycinuria (OMIM #242600) is a benign auto-
somal recessive disorder with no clinical symptoms, in which 
our main interest is that it suggests the presence of a 
common carrier for the imino acids, proline and hydroxy-
proline, as well as glycine.164 Iminoglycinuria was discovered 
after the application of chromatographic methods to the 
investigation of disorders of amino acid metabolism. 
SLC36A2, the gene encoding proton amino acid transporter 
2 (PAT2) has been identified as the major gene responsible 
for iminoglycinuria.165 Mutations in SLC36A2 that retain 
residual transport activity result in the iminoglycinuria phe-
notype when combined with mutations in the gene encod-
ing the imino acid transporter SLC6A20. Additional 
mutations have been identified in the genes encoding the 
putative glycine transporter SLC6A18 (XT2) and the neutral 
amino acid transporter SLC6A19 (B0AT1) in families with 
either iminoglycinuria or hyperglycinuria, suggesting that 
mutations in the genes encoding these transporters may 
also contribute to these phenotypes.

The diagnosis is usually suggested by increased urinary 
excretion of imino acids and glycine. Newborns and infants 
usually excrete detectable amounts of imino acids and 
glycine for up to 3 months. Thus, the presence of increased 
urinary excretion of imino acids and glycine in infants older 
than 6 months can be considered abnormal.

DICARBOXYLIC AMINOACIDURIA

Dicarboxylic aminoaciduria (OMIM #222730) is an autoso-
mal recessive disorder with, in a limited number of cases, 
an association with mental retardation. It is secondary to 
loss-of-function mutations in the glutamate transporter 
SLC1A1, a high-affinity anionic amino acid transporter 
expressed in the kidney and a wide variety of epithelial 
tissues, the brain, and the eye.166

INHERITED DISORDERS OF RENAL 
PHOSPHATE TRANSPORT

Inherited disorders of renal phosphate transport are hypo-
phosphatemic conditions caused by a reduction in renal 
tubule reabsorption of phosphate167 with frequent meta-
bolic bone disease manifesting as rickets in childhood and 
osteomalacia in adults.
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exclusively in the apical membrane of renal proximal 
tubular cells. The amount of NaPi-IIa protein at the  
brush border membrane determines the capacity of the 
proximal tubule to reabsorb phosphate; this finding  
explains why NaPi-IIa/SLC34A1-deficient mice have 
increased urinary phosphate excretion and marked hypo-
phosphatemia.170 NaPi-IIa is the target of the two main hor-
mones that control renal phosphate reabsorption, PTH and 
fibroblast growth factor 23 (FGF-23), both of which decrease 
the amount of NaPi-IIa at the brush border membrane. The 
contribution of NaPi-IIa to renal phosphate balance was 
established by Magen and coworkers when they reported 
autosomal recessive hypophosphatemic rickets with renal 
Fanconi’s syndrome secondary to a loss-of-function muta-
tion in NaPi-IIa.171

Membrane sorting of NaPi-IIa requires sodium-hydrogen 
exchanger regulatory factor 1 (NHERF-1), a multifunc-
tional intracellular protein with two structural domains, the 
PSD95, Discs-large, ZO-1 (PDZ1) domain and the PSD95, 
Discs-large, ZO-2 (PDZ2) domain. These domains can inter-
act with specific sequences of the carboxy terminus of 
various membrane proteins, among them NaPi-IIa172,173 and 
the PTH type 1 receptor (PTH1R).174,175 Disruption of 
NHERF1 in mice results in a phenotype that is very similar 
to that of NaPi-IIa knockout mice, including increased 
urinary phosphate excretion and hypophosphatemia due to 
decreased NPT2a in brush border membranes.176

Two other bone-specific proteins, PHEX (see discussion 
of XLH) and dentin matrix protein 1 (DMP1), appear to 
be necessary for limiting the expression of FGF-23, thereby 
allowing sufficient renal conservation of phosphate.177 
A reduction in serum phosphate levels also leads to 
increased 1,25(OH)2D3 levels from greater activity of the 
1α-hydroxylase. The decrease in serum phosphate levels 
also inhibits bone deposition, and the rise in serum 
1,25(OH)2D3 increases bone resorption, thus favoring a net 
shift of phosphate from bone. Higher serum levels of 
1,25(OH)2D3 also increase intestinal phosphate and calcium 
absorption. As a consequence, serum calcium levels rise and 
inhibit PTH secretion. The reduction in PTH levels does 
not lead to a further increase in phosphate reabsorption by 
the kidney because the proximal tubule is insensitive to the 
action of PTH in states of phosphate deprivation. As a result, 
one should predict that a renal phosphate leak will lead to 
raised serum 1,25(OH)2D3 levels, decreased PTH, and 
induction of hypercalciuria.

X-LINKED HYPOPHOSPHATEMIC RICKETS

PATHOGNESIS
X-linked hypophosphatemic rickets (XLH; OMIM #307800) 
is the most common inherited hypophosphatemic disorder, 
accounting for more than 50% of cases of familial phos-
phate wasting (see Table 45.5). It is characterized by 
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Figure 45.7 Crosssection of mammalian kidney and schematic representation of renal tubular phosphate reabsorption in segments 
of the proximal tubule (S1, S2, and S3) through sodium-phosphate cotransporters. This task is accomplished by two distinct families of 
sodium-dependent phosphate transporters, one being NaPiII-a/NaPiII-c and the other PiT-2, which are expressed in the luminal membrane of 
proximal tubular cells. The number of sodium-phosphate cotransporter units of NPT2a/c expressed at the membrane is regulated by parathyroid 
hormone (PTH) and fibroblast growth factor-23 (FGF-23). NaPi-IIa and NaPi-IIc transport divalent Pi (HPO4

2−), whereas PiT-2 prefers monovalent 
Pi (H2PO4

−). The basolateral exit pathway remains unknown. The basolaterally localized Na+-K+-ATPase maintains an inwardly directed Na+ 
gradient to drive cotransport. (Redrawn from Biber J, Hernando N, Forster I: Phosphate transporters and their function. Annu Rev Physiol 75:535-
550, 2013.)
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45.5) characterized by hypophosphatemia, phosphaturia, 
inappropriately low or normal 1,25(OH)2D levels, and bone 
mineralization defects that can result in bone pain, fracture, 
rickets, osteomalacia, lower extremity deformities, and 
muscle weakness.182 These features are similar to those of 
XLH. However, ADHR is far less common than XLH and 
has incomplete penetrance with a variable age of onset. The 
gene responsible for ADHR encodes a member of the FGF 
family, FGF-23, a 251–amino acid peptide that is secreted 
and processed to amino- and carboxy-terminal peptides at 
a consensus pro-protein convertase (furin) site, RHTR 
(ArgHisThrArg),183 by a subtilisin-like pro-protein conver-
tase. Missense mutations in FGF-23 identified in all families 
with ADHR abrogate peptide processing.184 The mutant 
FGF-23 is predicted to have a longer circulating half-life 
than the wild type and to be associated with higher serum 
concentrations. Iron deficiency may trigger late-onset 
ADHR (in pregnancy and adolescence, for example) by 
increasing FGF-23 production.185

AUTOSOMAL RECESSIVE  
HYPOPHOSPHATEMIC RICKETS

Autosomal recessive hypophosphatemic rickets (ARHR1; 
OMIM #241520) is a very rare form of hypophosphatemic 
rickets caused by inactivating mutations of the DMP-1  
gene (DMP1) that result in secondary elevation of FGF-23 
concentrations.186 The DMP1 gene is located at chromosome 
4q21 and is one of a cluster of genes encoding a class of tooth 
and bone noncollagenous matrix proteins known as  
SIBLINGs (small integrin-binding ligand, N-linked gly-
coproteins). ARHR2 (OMIM #613312) is caused by muta-
tions in ENPP1 (ectonucleotide pyrophosphatase/
phosphodiesterase family member 1), a regulator of extracel-
lular pyrophosphate, and has previously been linked to  
the development of generalized arterial calcification of 
infancy (GACI; OMIM #208000).187 The biochemical features 
are similar to those of XLH—hypophosphatemia, phospha-
turia, and inappropriately low 1,25(OH)2D3. The clinical 
presentation is usually found not at birth but later, during 
childhood and even in adulthood.

hypophosphatemia, phosphaturia, normal serum calcium 
and PTH levels, and inappropriately normal to low serum 
1,25-(OH)2D3 levels. XLH is caused by mutations in the 
PHEX gene (phosphate-regulating gene with homologies to 
endopeptidases on the X chromosome). PHEX encodes an 
M13 zinc metalloprotease expressed in osteoblasts and 
odontoblasts but not in the kidney. Although it is not imme-
diately apparent how loss of PHEX function leads to a 
decrease in renal Pi reabsorption, it has been suggested that 
PHEX is involved in the inactivation of a phosphaturic 
hormone or the activation of a Pi-conserving hormone.178,179 
FGF-23 synthesis and secretion appear reduced through yet 
unknown mechanisms that involve PHEX.180

CLINICAL PRESENTATION
Early in life, patients with XLH demonstrate short stature 
(growth retardation), femoral and/or tibial bowing, and 
histomorphometric evidence of rickets and osteomalacia. 
Male patients are usually more severely affected than female 
patients, with variable penetrance. Serum phosphate levels 
are usually lower than 0.8 mmol/L (2.5 mg/dL) and the 
TmP/GFR is lower than 0.56 mmol/L (1.8 mg/dL). The 
1,25(OH)2D3 levels are normal or near normal. There is 
apparently no correlation between the serum levels of phos-
phate and the severity of the disease. Affected children tend 
to have higher serum phosphate and TmP/GFR values than 
affected adults, as is the case with normal subjects. The earli-
est sign of the disease in children can be increased serum 
alkaline phosphatase levels.180

TREATMENT
Early therapy with 1,25(OH)2D3 (1.0 to 3.0 mcg/day) and 
phosphate (1 to 2 g/day in divided doses) has a beneficial 
effect on growth, bone density, and deformations.181 Neph-
rocalcinosis caused by vitamin D and phosphate therapy can 
lead to deterioration of renal function.

AUTOSOMAL DOMINANT  
HYPOPHOSPHATEMIC RICKETS

Autosomal dominant hypophosphatemic rickets (ADHR; 
OMIM #193100) is a very rare cause of rickets (see Table 

Table 45.5  Inherited Hypophosphatemias—Mutated Proteins and Laboratory Findings

Disease

Laboratory Values

Protein Serum Ca2+ 1,25(OH)2D FGF-23 PTH

Hypophosphatemic rickets, X-linked dominant (XLH) PHEX Normal Low/Normal High/Normal Normal
Hypophosphatemic rickets, autosomal recessive (ARHP) DMP1 Normal Normal Normal High/Normal
Hypophosphatemic rickets, autosomal dominant (ADHR) FGF-23 Normal Normal High Normal
Nephrolithiasis/osteoporosis, hypophosphatemic 2 NHERF-1 Normal High Normal Normal
Hypophosphatemic rickets and hyperparathyroidism KLOTHO High High High High
Nephrolithiasis/osteoporosis, hypophosphatemic 1 SLC34A1 (?) High n.d. High n.d.
Hypophosphatemic rickets with hypercalciuria (HHRH) SLC34A3 High Low High Low

DMP1, Dentin matrix protein 1; FGF-23, fibroblast growth factor-23; n.d., not determined; NHERF-1, sodium-hydrogen exchanger regulatory 
factor 1; PHEX, M13 zinc metalloprotease encoded by PHEX; PTH, parathyroid hormone; SLC, solute carrier.

Adapted from Amatschek S, Haller M, Oberbauer R: Renal phosphate handling in human—what can we learn from hereditary 
hypophosphataemias? Eur J Clin Invest 40:552-560, 2010.

http://www.myuptodate.com


  CHAPTER 45 — INHERITED DISORDERS OF THE RENAL TuBuLE  1453

mutations in the vitamin D receptor (VDR) and is similar 
to selective deficiency of 1α,25(OH)2D3. Its salient features 
are increased serum levels of 25(OH)D3 and 1α,25(OH)2D3, 
and the disease does not respond to doses of 1α,25(OH)2D3 
and 1α,(OH)D3. In addition, approximately half of the 
patients described with the disease have alopecia. In a subset 
of affected kindreds, premature stop codons in the vitamin 
D receptor gene lead to the absence of the ligand-binding 
domain.197

RESISTANCE TO PARATHORMONE ACTION

Pseudohypoparathyroidism (PHP) is associated with bio-
chemical hypoparathyroidism (i.e., hypocalcemia, hyper-
phosphatemia) caused by resistance to, rather than 
deficiency of PTH. Patients with PHP type 1a have a general-
ized form of, hormone resistance plus a constellation of, 
developmental defects termed Albright’s hereditary osteodystro-
phy. Within PHP type 1a families, some individuals show 
osteodystrophy but have normal hormone responsiveness, a 
variant phenotype termed pseudo-PHP. By contrast, patients 
with PHP type 1b manifest only PTH resistance and lack 
features of osteodystrophy. These various forms of PHP are 
caused by defects in the GNAS1 gene that lead to decreased 
expression or activity of the α subunit of the stimulatory G 
protein (Gαs). Tissue-specific genomic imprinting of GNAS1 
accounts for the variable phenotypes of patients with GNAS1 
defects.198

INHERITED DISORDER OF  
URATE TRANSPORT

FAMILIAL RENAL HYPOURICEMIA

Renal hypouricemia is an autosomal recessive disorder char-
acterized by impaired urate handling in the renal tubules.199 
Type 1 (more than 90% of cases) is caused by a loss-of-
function mutation in the SLC22A12 gene (OMIM #220150) 
encoding the apical urate/anion exchanger URAT1,200 
whereas type 2 is caused by defects in the SLC2A9 gene 
(OMIM #612076) encoding glucose transporter 9 (GLUT9), 
a high-capacity basolateral urate transporter belonging to 
the facilitated glucose transporter family.201,202 The disorder 
is associated with exercise-induced acute renal failure and 
nephrolithiasis. Hyperuricosuria, combined with dehydra-
tion or exercise, results in acute uric acid nephropathy and 
causes an obstructive acute renal failure. This can be pre-
vented by forced hydration with bicarbonate or saline  
solutions. Affected subjects typically have very high urate 
fractional excretion (50% or higher) and their parents  
have intermediate levels.203 In addition, polymorphisms in 
SLC2A9 explain 1.7% to 5.3% of the variance in serum uric 
acid concentrations.204

INHERITED DISORDERS OF RENAL 
GLUCOSE TRANSPORT

Under normal conditions, glucose is almost completely 
reabsorbed by the proximal tubule. Thus, very small amounts 
of glucose are present in the urine. The appearance  

HEREDITARY HYPOPHOSPHATEMIC RICKETS 
WITH HYPERCALCIURIA

Hereditary hypophosphatemic rickets (OMIM #241530) 
associated with hypercalciuria is a rare autosomal disease 
caused by mutations in SLC34A3, the gene encoding 
the renal sodium-phosphate cotransporter NaPi-IIc.188,189 
Affected subjects appear to have a chronic renal phosphate 
leak with an appropriate response to hypophosphatemia, 
because serum levels of calcitriol are increased. Conse-
quently, intestinal calcium absorption is enhanced, resulting 
in hypercalciuria. Serum calcium levels are normal, and 
other features include rickets, short stature, and suppressed 
PTH. The condition responds to administration of daily oral 
phosphate (1 to 2.5 g/day), which leads to an increase in 
serum phosphate and decreases in serum 1,25(OH)2D3, 
calcium, and alkaline phosphatase. Growth rate can be 
restored, and the clinical manifestations of rickets and osteo-
malacia (e.g., bone pain, muscle weakness) disappear.

FAMILIAL TUMORAL CALCINOSIS

Familial tumoral calcinosis (FTC; OMIM #211900) is a severe 
autosomal recessive metabolic disorder that manifests as 
hyperphosphatemia and massive calcium deposits in the skin 
and subcutaneous tissues.190 Loss-of-function mutations in 
FGF23,191 as well as GALNT3192 and KL,193 cause familial 
tumoral calcinosis because of inadequate concentrations or 
action of intact FGF-23. Affected individuals report recurrent 
painful, calcified subcutaneous masses of up to 1 kg, often 
resulting in secondary infection and incapacitating mutila-
tion. The GALNT3 gene encodes a glycosyltransferase 
responsible for initiating mucin-type O-glycosylation, whereas 
Klotho (encoded by KL) functions as a cofactor essential for 
interactions between FGF-23 and FGF receptors.194

HEREDITARY SELECTIVE DEFICIENCY  
OF 1α,25(OH)2D3

A rare form of autosomal recessive vitamin D responsive 
rickets, hereditary selective deficiency of 1α,25(OH)2D3 
(OMIM #264700) is not a disease of tubule transport per se, 
but a 1α-hydroxylation deficiency. It is described in this 
chapter because the enzyme is specifically expressed in the 
proximal tubule. It results from inactivating mutations in the 
CYP27B1 gene.195,196 Vitamin D is metabolized by sequential 
hydroxylations in the liver (25-hydroxylation) and the kidney 
(1α-hydroxylation). Hydroxylation of 25-hydroxyvitamin D3 
is mediated by 25(OH)D3 1α-hydroxylase in the kidney. 
Patients usually appear normal at birth, but muscle weakness, 
tetany, convulsions, and rickets start to develop at 2 months 
of age. Serum calcium levels are low; PTH levels are high with 
low to undetectable 1,25(OH)2D3. Serum levels of 25(OH)D3 
are normal or slightly increased. Once recognized, this rare 
disorder is easily treated with physiologic doses of calcitriol, 
which leads to healing of rickets and restoration of the 
plasma calcium, phosphate, and PTH levels.

HEREDITARY GENERALIZED RESISTANCE  
TO 1α,25(OH)2D3

Hereditary vitamin D–resistant rickets (HVDRR) is a rare 
monogenic autosomal recessive disorder caused by 
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the proximal tubule, respectively. SGLT2 inhibitors could 
help diabetic patients control hyperglycemia by augmenting 
urinary glucose excretion.208 These drugs have been shown 
to lower weight and blood pressure as well as the hyperfiltra-
tion seen in diabetic kidney disease and are being evaluated 
in humans to determine whether they prevent progression 
of nephropathy.209,210

GLUCOSE-GALACTOSE MALABSORPTION

Glucose-galactose malabsorption (OMIM #606824) is a rare 
autosomal recessive congenital disease resulting from a 
selective defect in the intestinal transport of glucose and 
galactose. It is characterized by the neonatal onset of severe 
watery and acidic diarrhea that results in death unless these 
sugars are removed from the patient’s diet.211 Significant 
weight loss from hyperosmolar dehydration and metabolic 
acidosis is frequent. The disease occurs occasionally in 
adults. Mutations in SGLT1—which couples transport of 
sugar to sodium gradients across the intestinal brush 
border212—cause absence of the transporter in the intestine 
and the kidney plasma membranes, leading to glucose-
galactose malabsorption. The acidic diarrhea results from 
bacterial metabolism of sugar in the stools. Normally, lactose 
in milk is broken down into glucose and galactose by lactase, 
an ectoenzyme on the brush border, and the hexoses are 
transported into the cell by SGLT1.

The disease is usually suspected from the clinical history 
and the presence of glucosuria despite normal serum glucose 
levels. Dramatic improvement occurs after withdrawal of 
glucose and galactose from the patient’s diet. The acidic diar-
rhea can be improved with antibacterial treatment.

INHERITED DISORDERS OF  
ACID-BASE TRANSPORTERS

A typical Western diet generates an acid load of approxi-
mately 1 mmol of mineral acid per kg of body weight, which 
must be excreted by the kidney. In addition, the kidney 
filters approximately 4000 mmol of bicarbonate daily and 
must reclaim most of the filtered load to maintain acid-base 
balance. Excretion of the ingested acid load and reabsorp-
tion of filtered bicarbonate are accomplished by complex 
processes requiring coordinated actions of transport and 
enzymatic activities in the apical and basolateral membranes 
(Figure 45.8).

In the proximal tubule, filtered bicarbonate (HCO3
−) is 

almost completely reabsorbed by an indirect mechanism. H+ 
and HCO3

− are generated by intracellular hydration of CO2 
by carbonic anhydrase II (CA II). H+ secretion occurs across 
the apical membrane via NHE3, the Na+-H+ exchanger, and 
an H+-ATPase, and HCO3

− is transferred via a basolateral 
Na+- HCO3

− cotransporter. The secreted hydrogen ions react 
with filtered HCO3

− to form H2CO3, which is rapidly con-
verted to CO2 and H2O by carbonic anhydrase IV (CA IV) 
present in the apical membrane. The CO2 and H2O then 
diffuse into the cell. The result is the removal of a filtered 
HCO3

− and its replacement by another in the plasma, but 
the process is neutral for net urinary H+ excretion because 
the secreted hydrogen ions are used to reabsorb filtered 

of glucose in the urine (500 mg or 2.75 mmol/day in  
adults) is caused most often by hyperglycemia (overload 
glucosuria) and rarely by abnormal handling of glucose by 
the kidney (Table 45.6). Renal glucosuria may be part of a 
generalized defect of the proximal tubule (Fanconi’s syn-
drome) or may manifest as an isolated defect.

RENAL GLUCOSURIA

Familial renal glucosuria (FRG; OMIM #233100) is an 
inherited renal tubular disorder characterized by persistent 
isolated glucosuria in the absence of hyperglycemia. It is 
usually a benign clinical condition. FRG is transmitted as a 
codominant trait with incomplete penetrance. Homozy-
gotes can show glucosuria of more than 60 g/day, evidence 
of renal sodium wasting, mild volume depletion, and raised 
basal plasma renin and serum aldosterone levels.205

The definition of glucosuria is arbitrary, and different 
investigators have proposed different guidelines to distin-
guish abnormal from normal glucosuria. A currently 
accepted stringent definition of glucosuria proposes the 
following criteria:

• The oral glucose tolerance test result and the levels of 
plasma insulin and free fatty acids and of glycosylated 
hemoglobin should all be normal.

• The amount of glucose in the urine (10 to 100 g/day) 
should be relatively stable except during pregnancy, when 
it may increase.

• The degree of glucosuria should be largely independent 
of diet but may fluctuate according to the amount of 
carbohydrates ingested. All specimens of urine should 
contain glucose.

• The carbohydrate excreted should be glucose. Other 
sugars are not found (fructose, pentoses, galactose, 
lactose, sucrose, maltose, and heptulose).

Subjects with renal glucosuria should be able to store and 
use carbohydrates normally. Mutations in the sodium-
glucose cotransporter SGLT2 and the coding gene, SLC5A2, 
are responsible for the disorder.206 Some Japanese patients 
might have mutations in GLUT2.207 SGLT2 and SGLT1 
mediate apical glucose uptake in the S1 and S3 segments of 

Table 45.6  Causes of Glucosuria

Hyperglycemia

Diabetes mellitus
Iatrogenic:

Glucocorticoids
Catecholamines
Angiotensin I–converting enzyme inhibitors
Dextrose intravenous solutions
Total parenteral nutrition

Renal Glucosuria

Idiopathic
Glucose-galactose malabsorption
Fanconi’s syndrome
Pregnancy
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excretion of glucose, amino acids, and phosphate is also 
increased. Primary, isolated hereditary PRTA is an extremely 
rare disorder that may be inherited as an autosomal reces-
sive or dominant trait.216 The diagnosis of PRTA rests on an 
appropriately acid urine pH (pH < 5.5) in patients with 
acidosis and a high fractional excretion of bicarbonate 
(>10% to 15%) during intravenous loading with sodium 
bicarbonate (NaHCO3). The underlying defect is a failure 
of proximal bicarbonate reabsorption. It results in an abnor-
mally low threshold for renal bicarbonate reabsorption 
because the distal nephron is unable to compensate and 
reabsorb the large bicarbonate load presented to it. However, 
distal acidification mechanisms are intact, and acid urine 
can be produced. The metabolic acidosis is generally mild 
and associated with hypokalemia, and although metabolic 
bone disease is common, nephrocalcinosis and nephroli-
thiasis are rare. Because of a lowering of the tubular thresh-
old for bicarbonate reabsorption, once the plasma 
bicarbonate is reduced, the threshold can be reached and 
a steady state maintained at a serum concentration of 
approximately 15 mM. In contrast, levels can fall to less than 
10 mM in DRTA. Administration of large amounts of alkali 
(10 to 20 mmol/kg/day) may be required to normalize 
serum bicarbonate in the patient with PRTA.

SODIUM-BICARBONATE SYMPORTER MUTATIONS
Inactivating mutations in SLC4A4, the gene coding for the 
Na+-HCO3

− (NBC1) symporter, cause autosomal recessive 
PRTA with various ocular abnormalities such as band kera-
topathy, glaucoma, and cataracts (OMIM #604278).217 The 
Na+-HCO3

− symporter is expressed in multiple ocular 
tissues,218 thus explaining the abnormalities. Pancreatitis 
can be associated with mutations in NBC1, which is expressed 
in the pancreas.219

CARBONIC ANHYDRASE II DEFICIENCY
Recessive mixed proximal-distal (type 3) RTA accompanied 
by osteopetrosis and mental retardation (OMIM #259730)  
is caused by inactivating mutations in the cytoplasmic  
carbonic anhydrase II gene.220 The pathogenesis of the 
mental subnormality and cerebral calcification is poorly 
understood. More than 50 cases have been described, pre-
dominantly from the Middle East and Mediterranean 
regions. The disorder is discovered late in infancy or early 
in childhood because of developmental delay, short stature, 
fracture, weakness, cranial nerve compression, dental  
malocclusion, and/or mental subnormality. Typical radio-
graphic features of osteopetrosis are present, and histopath-
ologic study of the iliac crest reveals unresorbed calcified 
primary spongiosa. The radiographic findings are unusual, 
however, in that cerebral calcification appears by early child-
hood and the osteosclerosis and skeletal modeling defects 
may gradually resolve by adulthood. Patients are usually not 
anemic. A hyperchloremic metabolic acidosis, sometimes 
with hypokalemia, is caused by RTA, which may be a proxi-
mal, distal, or combined type.221 Bilateral recurrent renal 
stones, hypercalciuria, and medullary nephrocalcinosis have 
been described.222 There is no established medical therapy, 
and the long-term outcome remains to be characterized. 
Treatment involves alkali supplementation for the acidosis 
and, potentially, bone marrow transplantation for 
osteopetrosis.223

HCO3
−. Carbonic anhydrases are zinc metalloenzymes that 

catalyze the reversible hydration of CO2 to form HCO3
− and 

protons, according to the following reaction:

CO H O H CO H HCO2 2 2 3 3+ ↔ ↔ ++ −

The first reaction is catalyzed by carbonic anhydrase, and 
the second reaction occurs instantaneously. Net urinary 
elimination of H+ depends on its buffering and excretion as 
titratable acid (mainly phosphate: HPO4

2− + H+ ↔ H2PO4
−), 

and excretion as NH4
+. The production of NH4

+ from gluta-
mine by the proximal tubule and its secretion generate new 
plasma HCO3

−. This process is stimulated in metabolic 
acidosis.

In the distal and collecting tubule, the connecting 
segment and type A intercalated cells secrete H+ into the 
lumen via a vacuolar Mg2+-dependent H++ATPase and pos-
sibly an exchanger, H+-K+-ATPase (Figure 45.9). The genera-
tion of H+ is catalyzed by carbonic anhydrase II and HCO3

− 
is transported across the basolateral membrane through  
the anion exchanger 1 (AE1), or Cl−/HCO3

− exchanger. 
Luminal H+ is trapped by urinary buffers, including ammo-
nium secreted by the proximal tubule, and phosphate.

Renal tubular acidosis (RTA) is a clinical syndrome char-
acterized by hyperchloremic (normal anion gap) metabolic 
acidosis secondary to abnormal urine acidification.213 It can 
be identified from inappropriately high urine pH, bicar-
bonaturia, and reduced net acid excretion. Clinical and 
functional studies allow classification into four types, histori-
cally numbered in the order of discovery: proximal (type 2), 
classical distal (type 1), hyperkalemic distal (type 4), and 
combined proximal and distal (type 3). Rare forms of 
hereditary proximal and distal renal tubular acidosis have 
been identified213-215 and are discussed here (Table 45.7).

PROXIMAL RENAL TUBULAR ACIDOSIS

Proximal renal tubular acidosis (PRTA) usually occurs as 
part of the spectrum of Fanconi’s syndrome, in which the 

Figure 45.8 Mechanisms of renal acidification. AQP1, Aquaporin-1; 
CA II/IV, carbonic an hydrase II/IV. 
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Figure 45.9 Autosomal dominant and autosomal  recessive distal  renal  tubular acidosis. Dominant distal renal tubular acidosis (RTA) 
is caused by mutations in the gene SLC4A1 encoding the chloride-bicarbonate exchanger AE1.225,381 The AE1 gene (chromosome 17) 
encodes both the erythroid (eAE1) and the kidney (kAE1) isoforms of the band 3 protein.382 Mutations in the gene encoding the β1-subunit of 
H+-ATPase (ATP6V1B1; chromosome 2p13) cause recessive distal renal tubular acidosis with sensorineural deafness.228 Distal RTA with pre-
served hearing is secondary to mutations in AIP6V0A4, which encodes the α4 subunit of the proton pump.383 Both H+ and H+-K+-ATPases are 
represented. The H+-ATPase is schematically represented according to the proposed structure of the F-type F1-ATPase of the inner mitochon-
drial membrane.384 F1 is represented as a flattened sphere 80 Å high and 100 Å across. The three α- and three β-subunits are arranged alter-
nately like the segments of an orange around a central α-helix 90 Å long. Mutations in the β-subunit cause autosomal recessive distal RTA. 
Autosomal recessive distal RTA has also been found, in small kindred, for the SLC4A1 mutation G701D.227 ADP, Adenosine diphosphate; ATP, 
adenosine triphosphate. 
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Table 45.7  Classifications, Features, and Underlying Molecular Transport Defect(s) in Inherited Renal 
Tubular Acidoses

Clinical Features Protein Gene

Proximal RTA

Autosomal recessive PRTA with ocular 
abnormalities

Band keratopathy, glaucoma, cataracts, short 
stature, mental retardation, dental enamel 
defects, pancreatitis, basal ganglia calcification

NBC1 SLC4A4

Autosomal recessive PRTA with 
osteopetrosis and cerebral calcification 
(inherited carbonic anhydrase II 
deficiency)

Mental retardation, osteopetrosis, cerebral 
calcification

CA II CA2

Autosomal dominant PRTA Short stature, osteomalacia Unknown Unknown

Distal RTA

Autosomal dominant DRTA Complete or incomplete DRTA, hypercalciuria, 
nephrocalcinosis, nephrolithiasis, hypokalemia, 
short stature, osteomalacia, rickets

AE1 SLC4A1

Autosomal recessive DRTA Complete or incomplete DRTA H+-ATPase ATP6V0A4
Other features as above  (A4 subunit)
Reported in Asian populations AE1 SLC4A1

Autosomal recessive DRTA with 
progressive nerve deafness

Complete or incomplete DRTA (B1 subunit) H+-ATPase ATP6V1B1
As above but with late-onset nerve deafness H+-ATPase (A4 subunit) ATP6V0A4

AE1, Ion exchanger 1; CA II, cytosolic carbonic anhydrase; D, distal; NBC1, Na+-HCO3
− cotransporter; P, proximal; RTA, renal tubular 

acidosis.
Adapted from Laing CM, Toye AM, Capasso G, et al: Renal tubular acidosis: developments in our understanding of the molecular basis. 

Int J Biochem Cell Biol 37:1151-1161, 2005.

http://www.myuptodate.com


  CHAPTER 45 — INHERITED DISORDERS OF THE RENAL TuBuLE  1457

1 to 3 mmol kg/day usually corrects the metabolic abnor-
mality. In children, up to 5 mmol/kg/day may be required. 
Potassium supplementation may be needed even after cor-
rection of the acidosis.

BARTTER’S AND  
GITELMAN’S SYNDROMES

In 1962, Bartter and coworkers described two patients with 
hypokalemic metabolic alkalosis, hyperreninemic hyperal-
dosteronism, normal blood pressure, as well as hyperplasia 
and hypertrophy of the juxtaglomerular apparatus.231 Since 
then, familial hypokalemic, hypochloremic metabolic alka-
losis has been recognized as not a single entity but, rather, a 
set of closely related disorders.232 Although Bartter’s syn-
drome and Bartter mutations are used commonly as diagno-
ses, it is likely, as explained by Jeck and colleagues, that the 
two patients with a mild phenotype originally described by 
Bartter had Gitelman’s syndrome, a thiazide-like salt-losing 
tubulopathy with a defect in the distal convoluted tubule.232 
As a consequence, salt-losing tubulopathy of the furosemide 
type is a more physiologically appropriate definition for 
Bartter’s syndrome. Bartter’s syndrome is a genetically het-
erogeneous disorder affecting the loop of Henle, where 30% 
of the filtered sodium chloride is reabsorbed, that typically 
manifests during the neonatal period and is associated with 
hypercalciuria and nephrocalcinosis (Figure 45.10). In con-
trast, Gitelman’s syndrome is a disorder affecting the distal 
tubule233 that is usually diagnosed at a later stage and is asso-
ciated with hypocalciuria and hypomagnesemia, with pre-
dominant muscular signs and symptoms (Figure 45.11).234

BARTTER’S SYNDROME

PATHOGNESIS
Bartter’s syndrome (OMIM #601678, #241200, #607364, 
and #602522) is an autosomal recessive disorder affecting 
the function of the thick ascending limb (TAL) of the loop 
of Henle, giving a clinical picture of salt wasting and hypo-
kalemic metabolic alkalosis. It is caused by inactivating  
mutations in one of at least four genes encoding membrane 
proteins (Bartter’s syndrome types 1 through 4)235-239: 
type 1, the Na+-K-2Cl− cotransporter (SLC12A1 encoding 
NKCC2); type 2, the apical inward-rectifying potassium 
channel (KCNJ1 encoding ROMK); type 3, a basolateral 
chloride channel (CLCNK encoding ClC-Kb), and type 4, 
BSND, encoding Barttin, a protein that acts as an essential 
activator β-subunit for ClC-Ka and ClC-Kb chloride channels 
(see Figure 45.10). Gain-of-function mutations in the extra-
cellular calcium-sensing receptor (CaSR) cause a variant of 
Bartter’s syndrome240,241 with hypocalcemia. In this regard, 
it is of interest that a Bartter-like syndrome has been 
described in patients treated with aminoglycosides such as 
gentamicin and amikacin, characterized by transient hypo-
kalemia, metabolic alkalosis, hypomagnesemia with urinary 
magnesium wasting, and hypercalciuria, which resolve 
weeks after drug termination. Drugs in this class are polyca-
tions acting as calcimimetics and stimulating the CaSR. This 
disorder can be thought of as an acquired form of type  
5 Bartter’s syndrome. Alternatively, direct drug-induced 
tubular damage may be the etiologic mechanism.242

DISTAL RENAL TUBULAR ACIDOSIS

Hereditary DRTA is a genetically heterogeneous disorder 
with dominant and recessive forms caused by dysfunction of 
type A intercalated cells213,214,224 (see Figure 45.9). Impli-
cated transporters include the AE1 (Cl−/HCO3

−) exchanger 
of the basolateral membrane and at least two subunits of the 
apical membrane V-ATPase, the V1 (head) subunit B1 (asso-
ciated with deafness) and the V0 (stalk) subunit A4. Clinical 
features include inability to acidify urine, variable hyper-
chloremic hypokalemic metabolic acidosis, hypercalciuria, 
nephrocalcinosis, and nephrolithiasis. Patients with reces-
sive DRTA present with either acute illness or growth failure 
at a young age, sometimes accompanied by deafness. Domi-
nant DRTA is usually a milder disease and involves no 
hearing loss.

CHLORIDE-BICARBONATE EXCHANGER MUTATIONS
Mutations in the SLC4A1 gene encoding AE1 can lead to 
dominant (OMIM #179800) or recessive DRTA.225 AE1 is the 
basolateral Cl−/HCO3

− exchanger located in alpha interca-
lated cells of the collecting duct.226 The renal AE1 contrib-
utes to urinary acidification by providing the major exit 
route for HCO3

− across the basolateral membrane. DRTA 
results from aberrant targeting of AE1.

The dominant form is usually a mild disorder that can be 
discovered incidentally after a kidney stone episode. Serum 
bicarbonate concentrations are usually between 14 and 
25 mmol/L, and serum potassium levels between 2.1 and 
4.2 mmol/L. Minimum urine pH following an acid load 
varies from 5.95 to 6.8 (normal < 5.30). Nephrocalcinosis 
and kidney stones are present in approximately 50% of 
subjects. Deafness is usually absent.

The recessive form of DRTA (OMIM #109270) is diag-
nosed at a younger age, often before 1 year. It is found in 
Southeast Asia (Thailand, Papua–New Guinea, and Malay-
sia), where it is associated with ovalocytosis.227 Affected sub-
jects present with vomiting, dehydration, failure to thrive, 
or delayed growth. Nephrocalcinosis, kidney stones, or both 
are frequent, and rickets can be present. Severe metabolic 
acidosis with serum pH less than 7.30 and serum bicarbon-
ate less than 15 mmol/L is common. Serum potassium 
levels are also lower than in autosomal dominant DRTA.

PROTON ATPASE SUBUNIT MUTATIONS
Mutations in ATP6V1B1, the B1-subunit of the apical proton 
pump ATP6B1 that mediates distal nephron acid secretion 
(OMIM #267300), cause DRTA with sensorineural deafness 
in a significant proportion of families.228,229 In type A inter-
calated cells, the H+-ATPase pumps protons against an elec-
trochemical gradient. Active proton secretion is also 
necessary to maintain proper endolymph pH. These find-
ings implicate ATP6B1 in endolymph pH homeostasis and 
in normal auditory function, because nearly all patients with 
ATP6V1B1 mutations also have sensorineural hearing loss.

Mutations in the ATP6V0A4 gene on chromosome 7 
(OMIM #602722) also give rise to recessive DRTA,230 but 
hearing is preserved. ATP6V0A4 encodes a kidney-specific 
A4 isoform of the proton pump’s 116-kDs accessory a 
subunit. The treatment of DRTA involves the correction of 
dehydration, electrolyte, and bicarbonate anomalies, which 
will improve symptoms. In adults, administration of alkali  
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Figure 45.10 Schematic representation of transepithelial salt reabsorption in a cell of the thick ascending limb of the loop of Henle. 
Thirty percent of the filtered sodium chloride is reabsorbed in the thick ascending limb (TAL). Most of the energy for concentrating and diluting 
the urine is used on active NaCl transport in the TAL. Filtered NaCl is reabsorbed through Na+-K+-2Cl− cotransporter type 2 (NKCC2), which 
uses the sodium gradient across the membrane to transport chloride and potassium into the cell. The potassium ions are recycled (100%) 
through the apical membrane by the potassium channel ROMK. Sodium leaves the cell actively through the basolateral Na+-K+-ATPase. Chloride 
diffuses passively through two basolateral channels, ClC-Ka and ClC-Kb. Both of these chloride channels must bind to the β-subunit of Barttin 
to be transported to the cell surface. Four types of Bartter’s syndrome (types I, II, III, and IV) are attributable to recessive mutations in the 
genes that encode NKCC2, ROMK, CIC-Kb, and Barttin, respectively. A fifth type of Bartter’s syndrome has also been shown to be a digenic 
disorder that is attributable to loss-of-function mutations in the genes that encode the chloride channels CIC-Ka and CIC-Kb.222 As a result of 
these different molecular alterations, sodium chloride is lost into the urine, positive lumen voltage is abolished, and calcium (Ca2+), magnesium 
(Mg2+), potassium (K+), and ammonium (NH4

−) cannot be reabsorbed in the paracellular space. In the absence of mutations, the recycling of 
potassium maintains a lumen-positive gradient (+8 mV). Claudin-16 (CLDN16) is necessary for the paracellular transport of calcium and mag-
nesium. FHHN, Familial hypomagnesemia with hypercalciuria and nephrocalcinosis. (Modified with permission from Bichet DG, Fujiwara TM: 
Reabsorption of sodium chloride—lessons from the chloride channels. N Engl J Med 350:1281-1283, 2004.)
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An additional type of Bartter’s syndrome has been shown 
to be a digenic disorder that is attributable to loss-of- 
function mutations in the genes that encode the chloride 
channels ClC-Ka and ClC-Kb.238

CLINICAL PRESENTATION
Most cases of Bartter’s syndrome present antenatally or in 
neonates. Polyhydramnios and premature labor are common 
findings. Postnatal findings include polyuria, polydipsia, 
failure to thrive, growth retardation, dehydration, low blood 
pressure, muscle weakness, seizures, tetany, paresthesias, and 
joint pain from chondrocalcinosis.243 In contrast to patients 
with Gitelman’s syndrome, those with Bartter’s syndrome are 
virtually always hypercalciuric and normomagnesemic.

Nephrocalcinosis occurs in almost all patients with  
Bartter’s syndrome with NKCC2 (type 1) and ROMK (type 

2) mutations but in only 20% of those with CLC-Kb muta-
tions. This finding could be attributable to lower urine 
calcium excretion. Patients with ROMK mutations may show 
hyperkalemia at birth, which converts to hypokalemia within 
the first weeks of life.244 Thus, they can be misdiagnosed with 
pseudohypoaldosteronism type I (see earlier discussion of 
pseudohypoaldosteronism). This pattern could be explained 
by the fact that ROMK, in addition to being required for 
sodium reabsorption in the TAL, is also expressed in the 
collecting duct. Patients do not need important K+ supple-
mentation, contrary to other patients with Bartter’s syn-
drome, but still demonstrate hypokalemia due to reduced 
reabsorption in the TAL and possibly to K secretion by 
maxi-K channels in the late distal tubule.245 The type 3 
Bartter’s syndrome (CLC-Kb) phenotype is highly variable 
and may manifest as either a typical antenatal variant or a 

http://www.myuptodate.com


  CHAPTER 45 — INHERITED DISORDERS OF THE RENAL TuBuLE  1459

the renal chloride channel CLC-Kb, located in basolateral 
membrane of cells of the TAL and the distal tubules. These 
patients appear to have a Gitelman’s and not the expected 
Bartter’s phenotype.237 Gitelman’s syndrome results in a 
thiazide-like effect, consisting of sodium and chloride 
wasting with secondary hypovolemia and metabolic alkalo-
sis. Activation of the renin angiotensin aldosterone system 
from volume depletion, plus increased sodium load to the 
cortical collecting duct, leads to increased sodium reabsorp-
tion by the epithelial sodium channel, which is counterbal-
anced by potassium and hydrogen excretion, resulting in 
hypokalemia and metabolic alkalosis. Enhanced passive  
Ca2+ transport in the proximal tubule rather than active 
Ca2+ transport in the distal convoluted tubule explains the 
hypocalciuria. Downregulation of TRPM6 (epithelial Mg2+ 
channel transient receptor potential channel subfamily M, 
member 6) explains the hypomagnesemia.253

CLINICAL PRESENTATION
The carrier state of SLC12A3 mutations occurs in 1% of the 
general population, suggesting a prevalence of Gitelman’s 
syndrome of 25 per million population and making it the 
most common inherited renal tubule disorder.254,255 Con-
trary to patients with Bartter’s syndrome, those with  
Gitelman’s syndrome are usually asymptomatic in the neo-
natal period and often discovered incidentally (Figure 
45.12).232 Subjects have hypokalemic metabolic alkalosis, 
but unlike those with Bartter’s syndrome, they are hypocal-
ciuric and hypomagnesemic and do not have signs of overt 
volume depletion.256 Polyuria and polydipsia are not fea-
tures of Gitelman’s syndrome either. Patients suffer from 
arthritis due to chondrocalcinosis in several joints,257 possi-
bly secondary to hypomagnesemia. Urinary prostaglandin 
E2 levels are normal,258 a finding compatible with the poor 
response observed to prostanoid synthetase inhibition. The 
major conditions in the differential diagnosis of Gitelman’s 
syndrome are diuretic abuse, laxative abuse, and chronic 
vomiting. A careful history, as well as measurement of 
urinary chloride and detection of diuretics, should help 
differentiate among these conditions.

TREATMENT
The treatment of Gitelman’s syndrome includes potassium 
supplementation and spironolactone.259 Nonsteroidal anti-
inflammatory drugs are usually not helpful because prosta-
glandin levels are normal.

INHERITED DISORDERS WITH 
HYPERTENSION AND HYPOKALEMIA

Most patients with hypokalemia and hypertension have 
essential hypertension associated with the use of diuretics, 
secondary aldosteronism from renal artery stenosis, or 
primary hyperaldosteronism.260 Hereditary causes of hyper-
tension and hypokalemia include excess secretion of aldo-
sterone or other mineralocorticoids and abnormal sensitivity 
to mineralocorticoids. They are primarily characterized by 
low or low-normal plasma renin concentration and salt-
sensitive hypokalemic hypertension, suggesting enhanced 
mineralocorticoid activity.261 The molecular basis for several 
of these traits has been elucidated.

“classic” Bartter’s variant characterized by an onset in early 
childhood and lower severity or absence of hypercalciuria 
and nephrocalcinosis. BSND mutations (type 4 Bartter’s syn-
drome) are usually associated with an extremely severe phe-
notype with intrauterine onset, profound renal salt and 
water wasting, renal failure, sensorineural deafness, and 
motor retardation.246 Sensorineural deafness is specific for 
Barttin (type 4) because it is an essential subunit of chloride 
channels in the inner ear, necessary for generating the 
endocochlear potential.247 The severity of type 4 Bartter’s 
syndrome would be consistent with contributions of both 
ClC-Ka and ClC-Kb to basolateral chloride exit in the TAL.

TREATMENT
Treatment of Bartter’s syndrome usually involves potassium 
and magnesium supplements, spironolactone, and nonste-
roidal antiinflammatory drugs. Indomethacin has been 
widely used, for which elevations of urinary prostaglandin 
E2 have provided a rationale.232 Angiotensin I–converting 
enzyme inhibitors have been used successfully in conjunc-
tion with potassium supplements.248,249 Therapy should lead 
to catch-up growth in infants.250

GITELMAN’S SYNDROME

PATHOGNESIS
Gitelman’s syndrome (OMIM #263800), a milder disorder 
than Bartter’s syndrome,251 is usually diagnosed in adoles-
cents and adults.252 It is an autosomal recessive trait caused 
by inactivating mutations in the SLC12A3 gene encoding the 
thiazide-sensitive Na+-Cl− cotransporter (NCC).233 Rare cases 
are caused by mutations in the CLCNKB gene, which encodes 

Figure  45.11 Gitelman’s syndrome: loss-of-function mutations of 
the thiazide-sensitive Na-Cl cotransporter (NCC). 
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Figure 45.12 Genotype-phenotype correlation in untreated salt-losing tubulopathies. A, Age of gestation at birth (GA). B, Maximal urine 
osmolality in random morning urine samples. C, Minimal plasma Cl− concentration. D, Maximal urinary Ca2+ excretion (dashed line indicates 
the upper normal limit, about 4 mg⋅kg−1× day−1) and percentage of medullary nephrocalcinosis (NC%). E, Minimal plasma Mg2+ concentration 
(dashed line indicates the lower normal limit, 0.65 mM). Horizontal lines indicate the median; the open symbol in the Barttin group indicates 
the digenic ClC-Ka/ClC-Kb disorder. ClC-Kb, Basolateral chloride channel b; NCCT, Na-Cl transporter; NKCC2, Na+-K+-2Cl− cotransporter 2; 
ROMK, potassium channel. (With permission from Jeck N, Schlingmann KP, Reinalter SC, et al: Salt handling in the distal nephron: lessons learned 
from inherited human disorders. Am J Physiol Regul Integr Comp Physiol 288:R782-R795, 2005.)
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production of DOC, 18-deoxycortisol, and androgens. By 
virtue of the significant intrinsic mineralocorticoid activity 
of DOC, subjects with mutations in both alleles of the gene 
exhibit hypokalemic hypertension. Because the androgen 
pathway is unaffected, prenatal masculinization occurs in 
female patients and postnatal virilization in both sexes. The 
diagnosis of 11β-hydroxylase deficiency is established by 
means of an ACTH test showing elevation of deoxycortico-
sterone and 11-deoxycortisol and marked suppression of 
plasma renin activity.263 The treatment consists of exoge-
nous corticoids that inhibit ACTH secretion.

17α-HYDROXYLASE DEFICIENCY
17α-Hydroxylase deficiency (OMIM #202110) results in 
reduced conversion of pregnenolone to progesterone and 
androgens and absence of sex hormone production.262,266 
The absence of sex hormone formation in both the adrenal 
glands and the gonads, which causes hypogonadism and 
male pseudohermaphroditism, is usually detected at adoles-
cence because of failure to undergo puberty. Patients  
have a decreased ability to synthesize cortisol, leading to 
elevated ACTH, which increases serum levels of deoxycorti-
costerone and, especially, corticosterone, resulting in low-
renin hypertension, hypokalemia, and metabolic alkalosis. 
The clinical features vary depending on the enzymatic activ-
ity affected. In severe 17α-hydroxylase deficiency, both the 
17α-hydroxylase and 17,20-lyase activities are reduced or 
absent. This deficiency results in high mineralocorticoid 
activity and hypertension, and produces a female phenotype 
in all subjects due to the absence of sex steroid production 
in both the adrenal and gonads. Partial 17α-hydroxylase 
deficiency leads to sexual ambiguity in male patients without 
hypertension. Corticosteroid replacement corrects ACTH 
levels and hypertension. Women usually require hormonal 
therapy. Genetic male patients reared as female patients also 
require estrogen replacement. Genetic male patients reared 
as male patients require surgical correction of their external 
genitalia and androgen replacement therapy.

CONGENITAL ADRENAL HYPERPLASIA

Inherited abnormalities in steroid biosynthesis cause  
hypertension in some cases of congenital adrenal hyperpla-
sia. These autosomal recessive disorders arise from deficien-
cies of key enzymes of the steroid biosynthesis pathway 
(Figure 45.13).262,263 The decrease in cortisol production 
causes an increase in adrenocorticotropic hormone (ACTH) 
secretion and subsequent hyperplasia of the adrenal  
glands. The phenotypes are determined by deficiencies  
as well as by overproduction of steroids unaffected by the 
enzymatic defect. Hypertension is observed in only two  
of the three major subtypes of congenital adrenal hyperpla-
sia (11β-hydroxylase and 17α-hydroxylase deficiencies), 
because metabolic blockade distal to 21α-hydroxylase 
allows the formation of 21-hydroxyl groups necessary for 
mineralocorticoid precursor biosynthesis. Other clinical 
manifestations depend on the consequences of the enzy-
matic defect on androgen biosynthesis with either an 
increase (11β-hydroxylase) or a decrease (17α-hydroxylase) 
in production. In both deficiencies, overproduction of cor-
tisol precursors that are metabolized to mineralocorticoid 
agonists or that have intrinsic mineralocorticoid activity 
induce volume and salt-dependent forms of hypertension. 
The elevated zona fasciculata deoxycorticosterone (DOC) 
produces mineralocorticoid hypertension with suppressed 
renin and reduced potassium concentrations. Aldosterone, 
the most important mineralocorticoid, regulates electrolyte 
excretion and intravascular volume mainly through its 
effects on renal distal convoluted tubules and cortical col-
lecting ducts.

11β-HYDROXYLASE DEFICIENCY
Inactivating mutations in the gene encoding 11β-
hydroxylase264,265 cause the second most common form of 
congenital adrenal hyperplasia (OMIM #202010), repre-
senting 5% of cases (90% are caused by 21-hydroxylase 
deficiency). This disorder is associated with excess 

Figure 45.13 Key enzymes of the steroid biosynthesis pathway. 
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all subunits) and α-spectrin (for the α-subunit only) within 
the cytosolic carboxy-terminal region of the ENaC subunits 
suggests that interactions with cytoskeletal elements control 
the expression of ENaC at the apical membrane.269 There-
fore, Nedd4 (neural precursor cell expressed developmen-
tally downregulated protein 4) and α-spectrin appear to play 
a role in the assembly, insertion, and/or retrieval of the 
ENaC subunits in the plasma membrane.270

CLINICAL PRESENTATION
Liddle’s syndrome is characterized by inappropriate renal 
sodium reabsorption, blunted sodium excretion, and low-
renin hypertension.268 The features of this syndrome were 
described by Liddle and colleagues in 1963 in a large pedi-
gree.271 Affected subjects are at increased risk of cerebrovas-
cular and cardiovascular events. Liddle’s syndrome can be 
differentiated from other rare mendelian forms of low-
renin hypertension with the use of urinary/plasma hor-
monal profiles. Glucocorticoid-remediable aldosteronism is 
associated with increased production of 18-hydroxycortisol 
and aldosterone metabolites. Apparent mineralocorticoid 
excess is associated with an elevated ratio of urinary  

LIDDLE’S SYNDROME

PATHOGNESIS
Liddle’s syndrome (OMIM #177200) is an autosomal domi-
nant form of hypertension characterized by hypokalemia 
and low levels of plasma renin and aldosterone, resulting 
from either premature termination or frameshift mutations 
in the carboxy-terminal tail of the epithelial sodium channel 
(ENaC) β- or γ-subunits.267 The amiloride-sensitive epithelial 
Na+ channel is a tetramer formed by the assembly of three 
homologous subunits, α, β, and γ, with the α subunit being 
present in two copies (Figure 45.14).268 The NH2 and 
carboxy-terminal terminal segments are cytoplasmic and 
contain potential regulatory segments that are able to mod-
ulate the activity of the channel. Mutations in the β- and 
γ-subunits of ENaC lead to channel hyperactivity by deleting 
or altering a conserved proline-rich amino acid sequence 
referred to as the PY-motif. SCNN1B β-subunit or SCNN1G 
γ-subunit mutations could lead to an increase in the number 
of channels in the membrane or in their “openness.” The 
identification of specific binding domains for Nedd4 (for 

Figure 45.14 Bottom, The epithelial sodium channel (ENaC) is composed of two α, one β, and one γ-subunits surrounding the channel pore.361 
Each subunit has two transmembrane domains with short cytoplasmic amino and carboxy termini and a large ectocytoplasmic loop. Mutations 
in subunits of ENaC cause either Liddle’s syndrome (pink arrows) (β- or γ-subunits) or the autosomal recessive form of pseudohypoaldosteron-
ism type I (PHA I [black arrows]) (α-, β-, or γ-subunits).251 The autosomal dominant form of PHA I is secondary to mutations in the mineralo-
corticoid receptor (MR) gene.272 These ENaC and mineralocorticoid receptor mutations recapitulate the main pathway for sodium reabsorption 
and potassium secretion across the principal cell of the cortical and medullary collecting duct. Sodium transport in tight epithelia of the distal 
nephron is mediated by the ENaC and the Na+-K+-ATPase. The ENaC is located at the apical membrane and constitutes the rate-limiting step 
for electrogenic sodium transport, whereas the Na+-K+-ATPase, located at the basolateral membrane, creates the driving force for this process. 
Note that only the α-subunit is glycosylated. Top, The mechanism of ENaC expression in an aldosterone-sensitive epithelial cell is represented. 
A, In a resting state, few ENaCs, which facilitate sodium reabsorption in a rate-limiting fashion, are resident in the apical membrane. Factors 
known to enhance ENaC surface expression and activity are counterbalanced by retrieval of these channels from the membrane through the 
ubiquitin pathway mediated by ubiquitin-protein ligase Nedd4-2. B, Shortly after aldosterone exposure and binding to the mineralocorticoid 
receptor (MR), transcriptional stimulation of serum and glucocorticoid-regulated kinase 1 (Sgk1) leads to phosphorylation of Nedd4-2, which 
subsequently disrupts ENaC/Nedd4-2 interactions. In this situation, ubiquitination of ENaCs is reduced, thus favoring both their residence in 
the apical membrane and enhanced sodium reabsorption. Black arrows in the lower  panel refer to the location of inactivating mutations 
(pseudohypoaldosteronism type I), while pink arrows refer to location of activating mutations (Liddle syndrome). 
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phenotypically normal but is associated with subtle defects 
in cortisol metabolism.

TREATMENT
The treatment of AME is sodium restriction and either tri-
amterene or amiloride. Spironolactone is not effective. Addi-
tional antihypertensive agents may be used as needed.

AUTOSOMAL DOMINANT EARLY-ONSET 
HYPERTENSION WITH SEVERE EXACERBATION 
DURING PREGNANCY

Autosomal dominant early-onset hypertension with severe 
exacerbation during pregnancy is a rare autosomal domi-
nant disorder (OMIM #605115) described in a family that 
is associated with activating mutations in the mineralocorti-
coid receptor. By screening the mineralocorticoid receptor 
in 75 patients with early onset of severe hypertension, Geller 
and colleagues identified a 15-year-old boy with severe 
hypertension, suppressed plasma renin activity, low aldoste-
rone, and no other underlying cause of hypertension, who 
had a heterozygous missense mutation (S810L) in the min-
eralocorticoid receptor gene.278 Of 23 relatives evaluated, 11 
had been diagnosed with severe hypertension before age 20, 
whereas the remaining 12 had unremarkable blood pres-
sures. Two L810 carriers had undergone five pregnancies, 
all of which had been complicated by marked exacerbation 
of hypertension with suppressed aldosterone levels. The 
S810L mutation alters a conserved amino acid, resulting in 
a constitutively active and altered mineralocorticoid recep-
tor. In addition, progesterone and other steroids lacking 
21-hydroxyl groups, normally mineralocorticoid receptor 
antagonists, become potent agonists. Spironolactone is also 
a potent agonist of L810, so its use is contraindicated in 
L810 carriers.

GLUCOCORTICOID-REMEDIABLE 
HYPERALDOSTERONISM

PATHOGNESIS
Glucocorticoid-remediable hyperaldosteronism (GRA) is 
also known as familial hyperaldosteronism type I (OMIM 
#103900), aldosteronism sensitive to dexamethasone, gluco-
corticoid-suppressible hyperaldosteronism, and syndrome 
of ACTH-dependent hyperaldosteronism. It is an autosomal 
dominant hypertensive disorder caused by a chimeric gene 
duplication arising from unequal crossover between genes 
encoding aldosterone synthase and 11β-hydroxylase,279 two 
highly similar genes with the same transcriptional orienta-
tion lying 45,000 base pairs apart on chromosome 8. Humans 
have two isozymes with 11β-hydroxylase activity that are 
required for synthesis of cortisol and aldosterone, respec-
tively. CYP11B1 (11β-hydroxylase) is expressed at high levels 
and is regulated by ACTH, whereas CYP11B2 (aldosterone 
synthase) is normally expressed at low levels and is regulated 
by angiotensin II. In addition to 11β-hydroxylase activity, the 
latter enzyme has 18-hydroxylase and 18-oxidase activities 
and can synthesize aldosterone from deoxycorticosterone.280 
Thus, with the unequal crossover between the two genes, 
the aldosterone synthase gene is under the control of regu-
latory promoter sequences of the 11β-hydroxylase. The 

cortisol (tetrahydrocortisol) to cortisone (tetrahydrocorti-
sone) metabolites (Table 45.8).

TREATMENT
Hypertension is not improved by spironolactone but can 
be corrected by a low-salt diet and an ENaC antagonist 
(amiloride or triamterene).

APPARENT MINERALOCORTICOID EXCESS

PATHOGNESIS
The syndrome of apparent mineralocorticoid excess (AME; 
OMIM #207765) is a rare autosomal recessive disorder that 
results in hypokalemic hypertension with low serum levels 
of renin and aldosterone.272,273 AME is caused by a deficiency 
in 11β-hydroxysteroid dehydrogenase type 2 enzymatic 
activity (11β-HSD2), which is responsible for the conversion 
of cortisol to the inactive metabolite cortisone, therefore 
protecting the mineralocorticoid receptors from cortisol 
intoxication. In AME, cortisol acts as a potent mineralocor-
ticoid and causes salt retention, hypertension, and hypoka-
lemia with a suppression of the renin angiotensin aldosterone 
system. A milder phenotype, or type 2 variant, also results 
from abnormal activity of the enzyme.274 Cushing’s syn-
drome and extremely high cortisol levels can overcome the 
ability of 11β-HSD2 to convert cortisol to cortisone.

CLINICAL PRESENTATION
AME is associated with severe juvenile low-renin hyper-
tension, hypokalemic alkalosis, low birth weight, failure  
to thrive, poor growth, nephrocalcinosis, and variable 
degrees of polyuria.276 The urinary metabolites of cortisol 
demonstrate an abnormal ratio, with predominance of  
cortisol metabolites (i.e., tetrahydrocortisol plus 5α-
tetrahydrocortisol/tetrahydrocortisone in the range 6.7 to 
33, the normal ratio being 1.0).277 The milder form of AME 
(type 2) lacks the typical urinary steroid profile (i.e., bio-
chemical analysis reveals a moderately elevated ratio of cor-
tisol to cortisone metabolites).274 The heterozygote state is 

Table 45.8  Urinary Steroid Profiles in Mendelian 
Forms of Low-Renin Hypertension

Liddle’s Syndrome GRA AME

Aldosterone ⇓⇓ ⇑ ⇓
TH-Aldo ⇓⇓ ⇑ ⇓
18-OH-TH-Aldo ⇓⇓ ⇑ ⇓
18-OH F — ⇑⇑ —
TH-F nl nl ⇑
TH-E nl nl ⇓
TH-F/TH-E ratio nl nl ⇑⇑

Aldo, Aldosterone; AME, apparent mineralocorticoid excess; E, 
cortisone; F, cortisol; GRA, glucocorticoid-remediable 
aldosteronism; nl, normal; TH- tetrahydro-; —, not usually 
detected.

Adapted from Warnock DG: Liddle syndrome: an autosomal 
dominant form of human hypertension. Kidney Int 53:18-24, 
1998.
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associated with milder manifestations that remit with age 
and is caused by mutations in the mineralocorticoid recep-
tor (MR) gene288 that result in haploinsufficiency or in 
dominant negative actions. Homozygous MR mutations are 
probably lethal in humans, because knockout mice show a 
severe salt wasting syndrome and die a few days after birth.289

CLINICAL PRESENTATION
The clinical contrast between PHA I due to ENaC and that 
due to MR mutations is striking.287 Autosomal recessive PHA 
I manifests neonatally or in childhood as renal salt wasting, 
hypotension, hyperkalemia, metabolic acidosis, and, on 
occasion, failure to thrive. Other biologic features include 
hyponatremia, high plasma and urinary aldosterone levels 
despite hyperkalemia, and elevated plasma renin activity. 
Autosomal dominant PHA I is associated with milder mani-
festations and remits with age. PHA I must be differentiated 
from aldosterone synthase deficiency, salt-wasting forms of 
congenital adrenal hyperplasia, and adrenal hypoplasia con-
genita, all of which cause aldosterone deficiency and are 
associated with hyponatremia, hyperkalemia, hypovolemia, 
elevated plasma renin activity, and occasionally shock and 
death.290 Bartter’s syndrome type 2 (ROMK gene mutations) 
can also manifest in the neonatal period with a similar 
(transient) clinical picture.

TREATMENT
Treatment of PHA I consists of salt supplementation, which 
can greatly improve hyponatremia, hyperkalemia, and 
growth. Administration of aldosterone, fludrocortisone, or 
deoxycorticosterone is not helpful. Patients with the reces-
sive form usually need lifelong treatment for salt wasting 
and hyperkalemia, whereas for those with the dominant 
form, treatment can usually be withdrawn in adulthood.

PSEUDOHYPOALDOSTERONISM TYPE II

PATHOGNESIS
Pseudohypoaldosteronism type II (PHA II; OMIM #145260), 
also known as familial hyperkalemia and hypertension or 
Gordon syndrome, is a volume-dependent, low-renin hyper-
tension characterized by persistent hyperkalemia despite a 
normal renal GFR. Variants within at least four genes—the 
with-no-lysine-(K) kinases, WNK1 and WNK4, Cullin3, and 
KLHL3 (encoding the Kelch-like 3 protein)—can cause the 
phenotype.291,292 Details are still emerging for some of these 
genes, but it is likely that they all cause a gain of function 
in thiazide-sensitive NCC and, hence, salt retention. Hyper-
tension is attributable to increased renal salt reabsorption, 
and hyperkalemia to reduced renal K+ excretion. Reduced 
renal H+ secretion is also commonly seen, resulting in meta-
bolic acidosis. The features of PHA II are chloride depen-
dent, because they are corrected when infusion of sodium 
sulfate or sodium bicarbonate is substituted for sodium 
chloride.293

WNK1 and WNK4 function as molecular switches, elicit-
ing coordinated effects on diverse ion transport pathways to 
maintain homeostasis during physiologic perturbation. In 
PHA II, mutations that appear to activate WNK1 and inac-
tivate WNK4 have been proposed to result in increased 
thiazide-sensitive cotransporter (TSC) activity and decreased 
ROMK activity (Figure 45.15).294 Kelch-like 3 and Cullin 3 

chimeric gene product is expressed at high levels in both 
the zona glomerulosa and zona fasciculata and is controlled 
by ACTH, leading to increased production of 18-hydroxy-
cortisol and aldosterone metabolites.

CLINICAL PRESENTATION
The phenotype of GRA is highly variable.281 Affected indi-
viduals may have mild hypertension and normal biochemis-
try and may be clinically indistinguishable from patients 
with essential hypertension. However, some subjects have 
early-onset severe hypertension, hypokalemia, and meta-
bolic alkalosis. In a study of 376 patients from 27 genetically 
proven GRA pedigrees, 48% of all GRA families and 18% of 
all patients with GRA had cerebrovascular complications, 
findings similar to the frequency of aneurysm in adult poly-
cystic kidney disease.282 The diagnosis is usually established 
by measuring 18-hydroxycortisol or 18-oxocortisol metabo-
lites in the urine or with the dexamethasone suppression 
test.283 In addition, because patients with GRA secrete aldo-
sterone in response to ACTH, glucocorticoid administration 
can suppress excessive aldosterone secretion.284 The dexa-
methasone suppression test is a variably reliable method for 
establishing the diagnosis. Patients without the disease (i.e., 
subjects with an aldosterone-producing adenoma or with 
idiopathic hyperaldosteronism) can suppress aldosterone 
secretion.285 The diagnosis of GRA can be definitively estab-
lished by demonstration of the chimeric gene by molecular 
techniques.

TREATMENT
Simple glucocorticoid replacement is the treatment for 
GRA. Salt restriction combined with either spironolactone 
or ENaC inhibition is also effective.

FAMILIAL HYPERALDOSTERONISM TYPE II

Familial hyperaldosteronism type II (FH-II; OMIM  
#605635) is characterized by hypersecretion of aldosterone 
due to adrenocortical hyperplasia, an aldosterone-produc-
ing adenoma, or both. In contrast to familial hyperaldoste-
ronism type I, FH-II is not suppressible by dexamethasone. 
Stowasser and colleagues reported five families with this 
phenotype with a segregation pattern supporting dominant 
inheritance.283 Analysis of an extended kindred has revealed 
linkage between FH-II and markers on chromosome 7p22, 
but the gene implicated has not been clearly identified.286

PSEUDOHYPOALDOSTERONISM

PSEUDOHYPOALDOSTERONISM TYPE I

PATHOGNESIS
Pseudohypoaldosteronism type I (PHA I) is a rare disorder 
characterized by salt wasting, hypotension, hyperkalemia, 
metabolic acidosis, and failure to thrive in infants. There 
are two subtypes of PHA I.287 The autosomal recessive form 
(OMIM #264350 and #177735) leads to severe manifesta-
tions that persist in adulthood and is caused by inactivating 
mutations in any of the three subunits (α, β, γ) of ENaC. 
The autosomal dominant form (OMIM #177735) is 
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findings variably associated with the trait. Aldosterone levels 
vary from low to high depending on the level of hyperkale-
mia. Urinary concentrating ability, acid excretion, and prox-
imal tubular function are all normal.

TREATMENT
Thiazides reverse all biochemical abnormalities. Lower than 
average doses can be given if overcorrection occurs. Loop 
diuretics may also be used.

INHERITED DISORDERS OF RENAL 
MAGNESIUM PROCESSING

Magnesium, the second most abundant intracellular cation, 
plays an important role as a cofactor in energy metabolism, 
nucleotide and protein synthesis, neuromuscular excitabil-
ity, and oxidative phosphorylation and as a regulator of 
sodium, potassium, and calcium channels. Under normal 
conditions, extracellular magnesium concentration is main-
tained at nearly constant values (0.70 to 1.1 mmol/L). 
Hypomagnesemia results from decreased dietary intake but 

regulate electrolyte homeostasis via ubiquitination and deg-
radation of WNK1 and WNK4.295,296 On one hand is the 
overactivity of TSC and on the other is the increased para-
cellular reabsorption of Cl−, also known as the chloride shunt 
hypothesis. The action of these kinases may serve to increase 
salt reabsorption and intravascular volume in volume-
depleted states and decrease potassium secretion in K deple-
tion, by enabling the distal nephron to allow either maximal 
NaCl reabsorption or maximal K+ secretion in response to 
hypovolemia or hyperkalemia, respectively.

CLINICAL PRESENTATION
PHA II is usually diagnosed in adults but can also be seen 
neonatally.297 Unexplained hyperkalemia is the usual pre-
senting feature and occurs prior to the onset of hyperten-
sion. The severity of hyperkalemia varies greatly and is 
influenced by prior intake of diuretics and salt.298 Causes of 
spurious elevation of potassium should be ruled out before 
this diagnosis is made. In its most severe form, PHA II is 
associated with muscle weakness (from hyperkalemia), short 
stature, and intellectual impairment. Mild hyperchloremia, 
metabolic acidosis, and suppressed plasma renin activity are 

Figure 45.15 Molecular mechanism of pseudohypoaldosteronism type II in the distal convoluted tubule. Left, Normally kinases WNK1 
and WNK4 can stimulate Na-Cl cotransporter (NCC) trafficking to the plasma membrane and phosphorylation of NCC by Ste20-related proline 
alanine-rich kinase (SPAK) and oxidative stress–responsive kinase (OSR1). This is the WNK-OSR1/SPAK-NCC phosphorylation signaling 
cascade, recognized now as the major pathogenic mechanism of pseudohypoaldosteronism type II (PHA II) (shown at right). WNK1 and WNK4 
are substrates of KLH3 (Kelch-like 3)–Cullin3 E3 ligase–mediated ubiquitination. Not represented here are (1) the downregulation of ROMK by 
increased WNK activity, resulting in decreased K+ excretion, and (2) increase in sodium reabsorption and decrease in potassium secretion 
leading to urinary hydrogen excretion, which causes metabolic acidosis. DCT, Distal convoluted tubule; Ub, ubiquitin. (From Susa K, Sohara E, 
Rai T, et al: Impaired degradation of WNK1 and WNK4 kinases causes PHAII in mutant KLHL3 knock-in mice. Hum Mol Genet 23:5052-5060, 2014; 
and Pathare G, Hoenderop JG, Bindels RJ, et al: A molecular update on pseudohypoaldosteronism type II. Am J Physiol Renal Physiol 305:F1513-
F1520, 2013.)
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more commonly is caused by intestinal malabsorption, renal 
losses, or use of drugs including cyclosporine, omeprazole, 
cetuximab, and cisplatin.299

Primary hypomagnesemia is composed of a heteroge-
neous group of disorders characterized by renal and  
intestinal Mg wasting often associated with hypercalciuria 
(Table 45.9).299-303 The genetic basis and cellular defects of 
a number of primary hypomagnesemias have been eluci-
dated. These inherited conditions affect different nephron 
segments and different cell types, leading to variable but 
increasingly distinguishable phenotypic presentations.

FAMILIAL HYPOMAGNESEMIA WITH 
HYPERCALCIURIA AND NEPHROCALCINOSIS

The syndrome of renal hypomagnesemia with hypercalci-
uria and nephrocalcinosis (OMIM #248250), or familial 
hypomagnesemia with hypercalciuria and nephrocalcinosis 
(FHHNC), is a rare autosomal recessive trait characterized 
by profound Mg wasting that results in severe hypomagne-
semia not correctable by oral or intravenous magnesium 
supplementation. The disorder is caused by mutations in 
claudin-16 (CLDN16), previously known as paracellin-1,304 a 
protein located in tight junctions of the TAL and related to 
the claudin family of tight junction proteins (see Figure 
45.10). A study of nine additional families with severe hypo-
magnesemia identified mutations in CLDN19 (OMIM 
#24190) that share the same renal phenotype as FHHNC. 
CLDN19 encodes claudin-19, a tight junction protein 
expressed in renal tubules and the eye.305

Every patient with FHHNC has hypomagnesemia with 
inappropriately high urinary Mg excretion (Mg+ fractional 
excretions above 10%). Renal calcium wasting is present in 
every case initially and leads to parenchymal calcification 
(nephrocalcinosis) and renal failure, often requiring dialy-
sis. The progression rate of renal insufficiency correlates 
with the severity of nephrocalcinosis. Other clinical findings 
are polyuria, polydipsia, ocular abnormalities, recurrent 
urinary tract infections, and renal colic with stone passage. 
Serum PTH levels are abnormally high. Serum levels of 
calcium, phosphorus, and potassium and urinary excretion 
of uric acid and oxalate are normal. In contrast to patients 
with a CLDN16 defect, affected individuals with a CLDN19 
mutation have ocular symptoms that include severe visual 
impairment, macular colobomata, horizontal nystagmus, 
and marked myopia.305 Long-term oral Mg administration 
does not normalize serum Mg2+ levels. Thiazides are effec-
tive to reduce urinary Ca excretion.306 After kidney graft, 
tubular handling of Mg2+ and Ca is normal.

FAMILIAL HYPOMAGNESEMIA WITH 
SECONDARY HYPOCALCEMIA

Familial hypomagnesemia with secondary hypocalcemia 
(OMIM #602014) is an autosomal recessive disease that 
results in electrolyte abnormalities shortly after birth and is 
caused by mutations in TRPM6 (Figure 45.16). TRPM6 
holds 39 exons that code for a protein of 2022 amino acids. 
Affected individuals show extremely low serum Mg2+ levels 
(0.1 to 0.3 mmol/L) and hypocalcemia, causing muscular 
and neurologic complications including seizures in early 
infancy that can lead to neurologic damage or cardiac arrest 

if left untreated. The disorder is caused by impaired intes-
tinal uptake and renal Mg2+ wasting.307 Restoring the con-
centrations of serum magnesium to normal values with 
high-dose magnesium supplementation can overcome the 
apparent defect in magnesium absorption and in serum 
concentrations of calcium. Life-long magnesium supple-
mentation is required to overcome the defect in the seizures 
and magnesium handling in these individuals.

ISOLATED DOMINANT HYPOMAGNESEMIA  
WITH HYPOCALCIURIA

A rare autosomal dominant disorder, isolated dominant 
hypomagnesemia with hypocalciuria (OMIM #154020) is 
caused by a dominant negative mutation of the FXYD2 gene 
resulting in a trafficking defect of the γ-subunit of the Na+-
K+-ATPase at the basolateral membrane of the distal convo-
luted tubule,308 the main sites of active renal Mg2+ 
reabsorption. The hypomagnesemia in patients with the 
disorder can be as low as 0.40 mmol/L, resulting in convul-
sions. Mutation of FXYD2 leads to misrouting of the Na+/
K+-ATPase γ-subunit, so Mg2+ reabsorption is abnormal. 
Hypomagnesemic patients have lower urinary excretion of 
calcium, presumably as a consequence of increased reab-
sorption in the loop of Henle.309

The transcription factor hepatocyte nuclear factor 1 
homeobox B (HNF1B) has been linked to the regulation of 
the FXYD2 gene, and hypomagnesemia, hypermagnesuria, 
and hypocalciuria have been observed in 44% of HNF1B 
mutation carriers (OMIM #137920). Mutations have also 
been described in PCBD1, which encodes hepatocyte nuclear 
factor 1 homeobox A (PCBD1) (see Figure 45.16).310

Ca2+/Mg2+-SENSING 
RECEPTOR–ASSOCIATED DISORDERS

An important regulator of magnesium homeostasis is the 
Ca2+/Mg2+(calcium)–sensing receptor (CaSR). CaSR senses 
ionized serum calcium and magnesium concentrations and 
is involved in renal calcium and magnesium reabsorption  
as well as in PTH secretion.311 Activating mutations of the 
CaSR gene were first described in families affected with 
autosomal dominant hypocalcemia.240,312 Affected individu-
als present with hypocalcemia, hypercalciuria, and polyuria, 
and approximately 50% of them have hypomagnesemia.302 
Clinically, autosomal dominant hypocalcemia may be mis-
taken for primary hypoparathyroidism, because of the 
decreased PTH secretion in the setting of mild to moderate 
hypocalcemia. Most affected individuals have hypomagnese-
mia and renal magnesium wasting.

ISOLATED RECESSIVE HYPOMAGNESEMIA  
WITH NORMOCALCIURIA

Isolated recessive hypomagnesemia (IRH; OMIM #131530) 
is a rare hereditary disease that was originally described in 
a consanguineous family.313 The affected individuals pre-
sented with symptoms of hypomagnesemia during early 
infancy. IRH is caused by a mutation of the epidermal 
growth factor (EGF) precursor protein pro-EGF, which is 
expressed in the gastrointestinal tract, the respiratory tract, 
and the basolateral membrane of the distal convoluted 

http://www.myuptodate.com


  CHAPTER 45 — INHERITED DISORDERS OF THE RENAL TuBuLE  1467

Table 45.9  Inherited Disorders of Magnesium Transport

Disease/OMIM* Entry Gene/Inheritance Protein
Key Clinical/Biochemical 
Symptoms

Gitelman’s syndrome/#263800 SLC12A3/AR NCC Muscle weakness/tetany
Fatigue
Chondrocalcinoisis
Hypomagnesemia
Hypocalciuria

Familial hypomagnesemia with 
hypercalciuria and 
nephrocalcinosis/#248250/ 
#248190

CLDN16/AR
CLDN19/AR

Claudin-16
Claudin-19

Polyuria
Renal stones/nephrocalcinosis
Ocular abnormalities
Severe hypomagnesemia
Hypercalciuria

Autosomal dominant isolated renal Mg 
loss/#154020

FXYD2/AD γ-Subunit sodium-potassium 
ATPase

Seizures
Chondrocalcinosis
Hypomagnesemia
Hypocalciuria

Autosomal dominant hypomagnesemia, 
hypermagnesemia, and 
hypocalcinuria/#137920

HNF1B/AD Transcription factor hepatocyte 
nuclear factor 1 homeobox 
B (HNF1B) is linked to the 
regulation of FXYD2

Maturity-onset diabetes of the young 
(MODY) with hypomagnesemia and 
renal Mg2+ loss/#126090

PCBD1/AR Hepatocyte nuclear factor 1 
homeobox A (PCBD1)

Familial hypomagnesemia with secondary 
hypocalcemia/ 
#602014

TRPM6/AR Epithelial magnesium channel 
TRPM6

Tetany/seizures
Hypomagnesemia
Hypocalcemia

Autosomal recessive isolated Mg 
loss/#611718

EGF/AR Epidermal growth factor Tetany/seizures
Hypomagnesemia
Normocalciuria

Autosomal dominant 
hypomagnesemia/#176260

KCNA1/AD Voltage-gated potassium 
channel Kv1.1

Muscle cramps
Tetany
Tremor
Muscle weakness
Cerebral atrophy
Myokymia

Epilepsy, ataxia, sensorineural deafness 
and tubulopathy (EAST)/#612780

KCNJ10/AR K+ channel Kir4.1 Polyuria
Hypokalemic metabolic alkalosis
Hypomagnesemia
Hypocalcinuria

Dominant and recessive 
hypomagnesemia with impaired brain 
development and seizures/#607803

CNNM2/AD/AR CNNM2
Mg-ATP

Mental retardation
Seizures

AD, Autosomal dominant; AR, autosomal recessive; ATP, adenosine triphosphate; CLDN, claudin; CNNM2, cyclin M2; EGF, epidermal 
growth factor; FXYD2, FXYD domain–containing ion transport regulator 2; NCC, Na-Cl cotransporter; OMIM, Online Mendelian Inheritance 
in Man; SLC, solute carrier; TRPM6, transient receptor potential channel 6.

*OMIM numbers. Available at http://www.ncbi.nlm.gov/omim/OMIM.

tubule. On membrane insertion, pro-EGF is processed  
by unknown proteases into a functional EGF peptide 
hormone, which activates EGF receptors (EGFRs) on the 
basolateral membrane (see Figure 45.16). As a result, EGF 
stimulates the trafficking of TRPM6 channels to the luminal 
membrane, increasing the reabsorption of Mg2+ through 
TRPM6.299

DOMINANT AND RECESSIVE HYPOMAGNESEMIA

Dominant and recessive hypomagnesemia with impaired 
brain development (recessive) and seizures secondary  
to CNNM2 mutations (OMIM #607803). Mutations in the 
gene encoding cyclin M2 (CNNM2) have been found in two 

unrelated families with dominant isolated hypomagnese-
mia, mental retardation, and seizures.314 Recessive forms 
have also been identified.315

DIABETES INSIPIDUS

PATHOGENESIS

The conservation of water by the human kidney is regulated 
by the action of the neurohypophyseal antidiuretic hormone 
arginine vasopressin (AVP) on renal medulla cells of the 
collecting tubules.316 AVP has multiple cellular actions, 
including the inhibition of diuresis, contraction of smooth 
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a molecular water channel and is constitutively expressed in 
mammalian red blood cells, renal proximal tubules, thin 
descending limbs of the loop of Henle, and other water-
permeable epithelia.320

Murata and colleagues described an atomic model of 
AQP1 at 3.8 Å resolution,321 and “real-time” molecular 
dynamic simulations of water permeation through human 
AQP1 were conducted by de Groot and Grubmüller.322 The 
latter proposed that conserved fingerprint (asparagine-
proline-alanine [NPA]) motifs form a selectivity-determining 
region, and that a second (aromatic/arginine) region func-
tions as a proton filter. These data have solved a long-
standing physiologic puzzle—how membranes can be freely 
permeable to water but impermeable to protons. AQP2 is 
the vasopressin-regulated water channel in renal collecting 
ducts. It is exclusively present in principal cells of inner 
medullary collecting duct cells and is diffusely distributed 
in the cytoplasm in the euhydrated condition, whereas 
apical staining of AQP2 is intensified in the dehydrated 
condition or after vasopressin administration. These obser-
vations are thought to represent the exocytic insertion of 
preformed water channels from intracellular vesicles into 
the apical plasma membrane (the shuttle hypothesis) (see 
Figure 45.17).

The short-term regulation of AQP2 by AVP involves the 
movement of AQP2 from the intracellular vesicles to the 
luminal membrane; in the long-term regulation, which 
requires a sustained elevation of circulating AVP for 24 

muscle, aggregation of platelets, stimulation of liver glyco-
genolysis, and modulation of ACTH release from the pitu-
itary, as well as central regulation of somatic functions 
(thermoregulation and blood pressure) and modulation of 
social and reproductive behavior.317 In the kidney, the 
important function of AVP is to promote urinary concentra-
tion by allowing water to be transported passively down an 
osmotic gradient between the tubular fluid and the sur-
rounding interstitium.

THE AVP-AVPR2-AQP SHUTTLE PATHWAY
Water homeostasis in the kidney is regulated by three key 
proteins. AVP, secreted from the posterior pituitary, acti-
vates the process of water excretion by binding to the vaso-
pressin V2 receptor (AVPR2; see Figure 45.17) located on 
the basolateral membrane of collecting duct cells. This step 
activates the stimulatory G protein (Gs) and adenylyl cyclase, 
resulting in the production of cyclic AMP (cAMP) and stim-
ulation of protein kinase A (PKA). The final step in the 
antidiuretic action of AVP is the exocytic insertion of a spe-
cific water channel, aquaporin-2 (AQP2), into the luminal 
membrane, thereby increasing the water permeability of 
that membrane. These water channels are members of a 
superfamily of integral membrane proteins that facilitate 
water transport.318,319 Six aquaporins are expressed in the 
kidney, AQP1, AQP2, AQP3, AQP6, AQP7, and AQP11.319 
Aquaporin-1 (AQP1), also known as CHIP (channel-forming 
integral protein) was the first protein shown to function as 
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Figure 45.16 Magnesium reabsorption  in the distal convoluted tubule. Transient receptor potential 6 (TRPM6) channels, located in the 
luminal membrane, facilitate transport of Mg2+ from the pro-urine into the cell, which is driven primarily by the luminal membrane potential 
established by the voltage-gated K+ channel Kv1.1. Epidermal growth factor (EGF) and insulin function as magnesiotropic hormones, stimulating 
TRPM6 activity through activation of the PI3K-Akt pathway. Insulin can also act on TRPM6 via phosphorylation of cyclin-dependent kinase 5 
(CDK5). The expression of TRPM6 in the distal convoluted tubule (DCT) is affected by treatment with furosemide, cyclosporine A, and cisplatin; 
the last two have been shown to also downregulate EGF levels. The Mg2+ buffering and extrusion systems are not yet known. CNNM2, the 
gene encoding cyclin M2, is suggested as playing a role in the Mg2+ extrusion and can bind Mg–adenosine triphosphate (ATP), which might 
play a role in this process. Transcription factor HNF1B, together with its regulator PCBD1, is proposed to regulate the expression of FXYD2, 
which encodes the γ-subunit of the Na+/K+-ATPase. CIC-Kb, Basolateral chloride channel b; EGFR, EGF receptor; NCC, Na-Cl Cotransporter. 
(Redrawn from van der Wijst J, Bindels RJ, Hoenderop JG: Mg2+ homeostasis: the balancing act of TRPM6. Current Opinion Nephrol Hypertens 
23:361-369, 2014; and Glaudemans B, Knoers NV, Hoenderop JG, et al: New molecular players facilitating Mg(2+) reabsorption in the distal con-
voluted tubule. Kidney Int 77:17-22, 2010.)
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Figure 45.17 Schematic representation of the effect of vasopressin to increase water permeability  in the principal cells of the col-
lecting duct. Vasopressin (AVP) is bound to the V2 receptor (AVPR2, a G protein–coupled receptor) on the basolateral membrane. The basic 
process of G protein–coupled receptor signaling consists of three steps: (1) a hepta-helical receptor detects a ligand (in this case, AVP) in the 
extracellular milieu; (2) a G protein (Gαs) dissociates into a subunit bound to guanosine triphosphate (GTP) and Gβγ subunits after interaction 
with the ligand-bound receptor; and (3) an effector (in this case, adenylyl cyclase) interacts with dissociated G protein subunits to generate 
small-molecule second messengers. AVP activates adenylyl cyclase, increasing the intracellular concentration of cyclic adenosine monophos-
phate (cAMP). The topology of adenylyl cyclase is characterized by two tandem repeats of six hydrophobic transmembrane domains separated 
by a large cytoplasmic loop and terminates in a large intracellular tail. The dimeric structure (C1 and C2) of the catalytic domains is represented. 
Conversion of ATP to cAMP takes place at the dimer interface. Two aspartate residues (in C1) coordinate two metal co-factors (Mg2+ or Mn2+, 
represented here as two small black circles), which enable the catalytic function of the enzyme. Adenosine is shown as a large open circle and 
the three phosphate groups (ATP) as small open circles. Protein kinase A (PKA) is the target of the generated cAMP. The binding of cAMP to 
the regulatory subunits of PKA induces a conformational change, causing these subunits to dissociate from the catalytic subunits. These 
activated subunits as shown here are anchored to an aquaporin-2 (AQP2)–containing endocytic vesicle via an A-kinase anchoring protein. The 
local concentration and distribution of the cAMP gradient is limited by phosphodiesterases (PDEs). Cytoplasmic vesicles carrying the water 
channels (represented as homotetrameric complexes) are fused to the luminal membrane in response to AVP, thereby increasing the water 
permeability of this membrane. The dissociation of the A-kinase anchoring protein from the endocytic vesicle is not represented. Microtubules 
and actin filaments are necessary for vesicle movement toward the membrane. When AVP is not available, AQP2 water channels are retrieved 
by an endocytic process, and water permeability returns to its original low rate. Aquaporin-3 (AQP3) and aquaporin-4 (AQP4) water channels 
are expressed constitutively at the basolateral membrane. Other G protein–coupled receptors, such as prostaglandin receptors EP2 and EP4, 
and the secretin receptor, may also contribute to an increase in intracellular cAMP. Gi, Inhibitory guanine nucleotide-binding protein. 
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hours or more, AVP increases the abundance of water chan-
nels. This increase is thought to be a consequence of 
increased transcription of the AQP2 gene.323 AQP3 and 
AQP4 are the water channels in basolateral membranes of 
renal medullary collecting ducts. In addition, vasopressin 
increases the water reabsorptive capacity of the kidney by 
regulating the urea transporter UT-A1, which is expressed 
in the inner medullary collecting duct, predominantly in its 
terminal part.324 AVP also increases the permeability of prin-
cipal collecting duct cells to sodium.325 In summary, in the 
absence of AVP stimulation, collecting duct epithelia exhibit 
very low permeabilities to sodium, urea, and water. These 
specialized permeability properties permit the excretion of 
large volumes of hypotonic urine formed during intervals 
of water diuresis. In contrast, AVP stimulation of the princi-
pal cells of the collecting ducts leads to selective increases 
in the permeabilities of the apical membrane to water (Pf), 
urea (PUrea), and sodium (PNa).

In neurohypophyseal diabetes insipidus, termed familial 
neurohypophyseal diabetes insipidus (FNDI), levels of AVP are 
insufficient, and patients show a positive response to treat-
ment with desmopressin (DDAVP). Growth retardation 
might be observed in untreated children with autosomal 
dominant FNDI (adFNDI).326 More than 50 mutations in 

the prepro-arginine-vasopressin-neurophysin II AVP gene 
located on chromosome 20p13 have been reported in 
adFNDI. Knock-in mice heterozygous for a nonsense muta-
tion in the AVP carrier protein neurophysin II showed pro-
gressive loss of AVP-producing neurons over several months 
that correlated with increased water intake, increased urine 
output, and decreased urine osmolality. The data suggest 
that vasopressin mutants accumulate as fibrillar aggregates 
in the ER and cause cumulative toxicity to magnocellular 
neurons, explaining the later age of onset.327,328

To date, recessive FNDI has been described in only two 
studies.329,330 A study by Christensen and colleagues examin-
ing the differences in cellular trafficking between dominant 
and recessive AVP mutants found that dominant forms were 
concentrated in the cytoplasm whereas recessive forms were 
localized to the tips of neurites.331 The expression of regu-
lated secretory proteins such as granins and prohormones, 
including pro-vasopressin, generates granule-like structures 
in a variety of neuroendocrine cell lines because of aggrega-
tion in the trans-Golgi network.332 Co-staining experiments 
unambiguously distinguished between these granule-like 
structures and the accumulations by pathogenic dominant 
mutants formed in the ER, because the latter, but not the 
trans-Golgi granules, co-localized with specific ER markers.327 
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1892 by McIlraith and discussed by Reeves and Andreoli  
was a family with X-linked NDI.339,340 Lacombe and Weil 
described a familial form of diabetes insipidus with autoso-
mal transmission and without any associated mental retarda-
tion.341,342 The descendants of the family originally described 
by Weil were later found to have neurohypophyseal adFNDI 
(OMIM #192340).343 Patients with adFNDI retain some 
limited capacity to secrete AVP during severe dehydration, 
and the polyuropolydipsic symptoms usually appear after 
the first year of life, when the infant’s demand for water is 
more likely to be understood by adults.

The severity in infancy of NDI was clearly described by 
Crawford and Bode.337 The first manifestations of the disease 
can be recognized during the first week of life. The infants 
are irritable, cry almost constantly, and although eager to 
suck, will vomit milk soon after ingestion unless prefed with 
water. The history given by the mothers often includes per-
sistent constipation, erratic unexplained fever, and failure 
to gain weight. Even though the patients characteristically 
show no visible evidence of perspiration, increased water 
loss during fever or in warm weather exaggerates the symp-
toms. Unless the condition is recognized early, children 
experience frequent bouts of hypertonic dehydration, 
sometimes complicated by convulsions or death. Mental 
retardation is a common consequence of these episodes. 
The intake of large quantities of water, combined with the 
patient’s voluntary restriction of dietary salt and protein 
intake, lead to hypocaloric dwarfism beginning in infancy. 
Affected children frequently have lower urinary tract dila-
tion and obstruction, probably secondary to the large 
volume of urine produced. Dilation of the lower urinary 
tract is also seen in patients with primary polydipsia and in 
patients with neurogenic diabetes insipidus.344,345 Chronic 
renal insufficiency may occur by the end of the first decade 
of life and could be the result of episodes of dehydration 
with thrombosis of the glomerular tufts.337 More than 20 
years ago the authors’ group observed that the administra-
tion of desmopressin, a V2 receptor agonist, caused an 
increase in plasma cAMP concentrations in normal subjects 
but had no effect in 14 male patients with X-linked NDI.346 
Intermediate responses were observed in obligate carriers 
of the disease, possibly corresponding to half of the normal 
receptor response. On the basis of these results, our group 
predicted that the defective gene in these patients with 
X-linked NDI was likely to code for a defective V2 receptor 
(Figure 45.18).346

X-linked NDI is a rare disease, with an estimated preva-
lence of approximately 8.8 per million male live births in 
the province of Quebec (Canada).336 In defined regions of 
North America, the prevalence is much higher. Our group 
estimated the incidence in Nova Scotia and New Brunswick 
(Canada) to be 58 per million male live births because of 
shared ancestry.336 An additional example has been identi-
fied in a Mormon pedigree whose members reside in Utah 
(Utah families). This pedigree was originally described by 
Cannon.347 The “Utah mutation” is a nonsense mutation 
(L312X) predictive of a receptor that lacks transmembrane 
domain 7 and the intracellular COOH-terminus.348 The 
largest known kindred with X-linked NDI is the Hopewell 
family, named after the Irish ship Hopewell, which arrived in 
Halifax, Nova Scotia, in 1761.349 Aboard the ship were 
members of the Ulster Scot clan, descendants of Scottish 

As studies concerning both dominant and recessive FNDI 
accumulate, it is becoming evident that FNDI exhibits a 
variable age of onset, which may be related to the cellular 
handling of the mutant AVP. This progressive toxicity,  
sometimes called a toxic gain of function, shares mechanistic 
pathways with other neurodegenerative diseases such as 
Huntington’s and Parkinson’s.

In nephrogenic diabetes insipidus (NDI), AVP values are 
normal or elevated, but the kidney is unable to concentrate 
urine. The clinical manifestations of polyuria and polydipsia 
can be present at birth and must be immediately recognized 
to avoid severe episodes of dehydration. Most (>90%) of 
patients with congenital NDI have X-linked mutations in the 
AVPR2 gene, the Xq28 gene coding for the vasopressin V2 
(antidiuretic) receptor. In less than 10% of the families 
studied, congenital NDI has an autosomal recessive inheri-
tance, and approximately 42 mutations have been identified 
in the AQP2 gene (AQP2), located in chromosome region 
12q13.333 For the AVPR2 gene, 211 putative disease-causing 
mutations in 326 unrelated families with X-linked NDI have 
now been published. When studied in vitro, most AVPR2 
mutations lead to receptors that are trapped intracellularly 
and are unable to reach the plasma membrane.334 A minor-
ity of the mutant receptors reach the cell surface but are 
unable to bind AVP or to trigger an intracellular cAMP 
signal. Similarly, AQP2 mutant proteins are trapped intra-
cellularly and cannot be expressed at the luminal mem-
brane. This AQP2 trafficking defect is correctable, at least 
in vitro, by chemical chaperones. Other inherited disorders 
with mild, moderate, or severe inability to concentrate urine 
include Bartter’s syndrome (MIM 601678),243 cystinosis, 
autosomal dominant hypocalcemia,36,302 nephronophthisis, 
and apparent mineralocorticoid excess.276

CLINICAL PRESENTATION AND HISTORY OF 
X-LINKED NEPHROGENIC DIABETES INSIPIDUS

X-linked NDI (OMIM #304800) is secondary to AVPR2 
mutations, which result in a loss of function or dysregulation 
of the V2 receptor.335 Male patients who have an AVPR2 
mutation have a phenotype characterized by early dehydra-
tion episodes, hypernatremia, and hyperthermia as early as 
the first week of life. Dehydration episodes can be so severe 
that they lower arterial blood pressure to a degree that is 
not sufficient to sustain adequate oxygenation to the brain, 
kidneys, and other organs. Mental and physical retardation 
and renal failure are the classic “historical” consequences of 
a late diagnosis and lack of treatment. Heterozygous female 
patients may exhibit variable degrees of polyuria and poly-
dipsia because of skewed X chromosome inactivation.336

The “historical” clinical characteristics include hyperna-
tremia, hyperthermia, mental retardation, and repeated 
episodes of dehydration in early infancy.337 Mental retarda-
tion, a consequence of repeated episodes of dehydration, 
was prevalent in the Crawford and Bode study, which found 
that only 9 of 82 patients (11%) had normal intelligence.337 
Early recognition and treatment of X-linked NDI with an 
abundant intake of water allows a normal life span with 
normal physical and mental development.338 Two character-
istics suggestive of X-linked NDI are the familial occurrence 
and the confinement of mental retardation to male patients. 
It is then tempting to assume that the family described in 
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to North America by Hopewell passengers or by other Ulster 
Scot immigrants. The diversity of AVPR2 mutations 
found in many ethnic groups (whites, Japanese, African 
Americans, and Africans), and the low frequency of the 
disease are consistent with an X-linked recessive disease that 
in the past was lethal for male patients and was balanced by 
recurrent mutations. In X-linked NDI, loss of mutant alleles 
from the population occurs because of the higher mortality 
of affected male patients compared with healthy male 
patients, whereas gain of mutant alleles occurs by mutation. 
If affected male patients with a rare X-linked recessive 
disease do not reproduce and if mutation rates are equal in 
mothers and fathers, then, at genetic equilibrium, one third 
of new cases in affected male patients will be caused by new 
mutations. Our group has described ancestral mutations, de 
novo mutations, and potential mechanisms of mutagene-
sis.336 These data are reminiscent of those obtained from 
patients with late-onset autosomal dominant retinitis pig-
mentosa. In one fourth of patients, the disease is caused by 
mutations in the light receptor rhodopsin. Here, too, many 
different mutations (approximately 100) spread throughout 
the coding region of the rhodopsin gene have been found.351

The basis of loss of function or dysregulation of 28 differ-
ent mutant V2 receptors (including nonsense, frameshift, 
deletion, and missense mutations) has been studied with the 

Presbyterians who migrated to Ulster province in Ireland in 
the seventeenth century and left Ireland for the New World 
in the eighteenth century. Although families arriving with 
the first emigration wave settled in northern Massachusetts 
in 1718, the members of a second emigration wave, passen-
gers of the Hopewell, settled in Colchester County, Nova 
Scotia. According to the “Hopewell hypothesis,”349 most 
patients with NDI in North America are progeny of female 
carriers of the second emigration wave. This assumption is 
based mainly on the high prevalence of NDI among descen-
dants of the Ulster Scots residing in Nova Scotia. In two 
villages with a total of 2500 inhabitants, 30 patients have 
been diagnosed, and the carrier frequency has been esti-
mated at 6%.

Given the numerous mutations found in North American 
X-linked NDI families, the Hopewell hypothesis cannot be 
upheld in its originally proposed form. However, among 
X-linked NDI patients in North America, the W71X muta-
tion (the Hopewell mutation) is more common than  
the other AVPR2 mutation. It is a null mutation (W71X), 
predictive of an extremely truncated receptor consisting of 
the extracellular NH2-terminus, the first transmembrane 
domain, and the NH2-terminal half of the first intracellular 
loop.348,350 Because the original carrier cannot be identified, 
it is not clear whether the Hopewell mutation was brought 

Figure  45.18 Schematic representation of the V2 receptor (AVPR2) and identification of 193 putative disease-causing AVPR2 mutations. 
Predicted amino acids are shown as their one-letter amino acid codes. A solid symbol indicates a codon with a missense or nonsense muta-
tion; a number (within a triangle) indicates more than one mutation in the same codon; other types of mutations are not indicated on the figure. 
There are 95 missense, 18 nonsense, 46 frameshift deletion or in-sertion, 7 in-frame deletion or insertion, 4 splice-site, and 22 large deletion 
mutations, and one complex mutation. 
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mutations reported) or autosomal dominant (8 mutations 
reported).319 Bot male and female patients who are affected 
with congenital NDI have been described as homozygous 
for a mutation in the AQP2 gene or carry two different muta-
tions (Figure 45.19).356,359 Autosomal recessive mutations 
give rise to misfolded proteins that are retained in the ER 
and are eventually degraded.333 Autosomal dominant muta-
tions are believed to be restricted to the carboxy-terminal 
end of the AQP2 protein and to operate through a domi-
nant negative effect whereby the mutant protein associates 
with functional AQP2 proteins within intracellular stores, 
thus preventing normal targeting and function.319,360

Oocytes of the African clawed frog (Xenopus laevis) have 
provided a useful system for studying the behavior of various 
AQP2 mutants on membrane water permeability. Func-
tional expression studies showed that Xenopus oocytes 
injected with mutant chromosomal RNA (cRNA) had abnor-
mal coefficient of water permeability, whereas Xenopus 
oocytes injected with both normal cRNA and mutant cRNA 
had coefficient of water permeability similar to that of 
normal constructs alone. These findings provide conclusive 
evidence that NDI can be caused by homozygosity for muta-
tions in the AQP2 gene. A patient with a partial phenotype 
has also been described to be a compound heterozygote  
for the L22V and C181W mutations.361 In the same study, 

use of in vitro expression systems. Most of the mutant V2 
receptors tested were not transported to the cell membrane 
and were retained within the intracellular compartment. 
Our group also demonstrated that misfolded AVPR2 mutants 
could be rescued in vitro but also in vivo by nonpeptide 
vasopressin antagonists acting as pharmacologic chaper-
ones.352,353 This new therapeutic approach could be applied 
to the treatment of several hereditary diseases resulting 
from errors in protein folding and kinesis.354

Only four AVPR2 mutations (D85N, V88M, G201D, and 
P322S) have been associated with a mild phenotype.355-357 In 
general, the male infants bearing these mutations are identi-
fied later in life and the “classic” episodes of dehydration 
are less severe. This mild phenotype is also found in expres-
sion studies. The mutant proteins are expressed on the 
plasma membranes of cells transfected with these mutants 
and demonstrate a stimulation of cAMP for higher concen-
trations of agonists.355,357,358

LOSS-OF-FUNCTION MUTATIONS OF AQP2 
(OMIM #107777)
The AQP2 gene is located on chromosome region 12q12-
q13. Approximately 10% of NDI cases are caused by  
autosomal mutations in AQP2. Forty-six mutations have 
been reported, which are either autosomal recessive (32 

Figure 45.19 A representation of the aquaporin-2 (AQP2) protein and identification of 46 putative disease-causing AQP2 mutations. Predicted 
amino acids are shown as their one-letter amino acid codes. A monomer is represented with six transmembrane helices. The location of the 
protein kinase A (PKA) phosphorylation site (Pa) is indicated. The extracellular, transmembrane, and cytoplasmic domains are defined according 
to Deen et al, 1994.359 Triangles are indicating aminoacids with more than one mutation in the same codon. Solid symbols indicate locations 
of the mutations: M1I; L22V; V24A; L28P; G29S; A47V; Q57P; G64R, N68S, A70D; V71M; R85X; G100X; G100V; G100R; I107D; 369delC; 
T125M; T126M; A147T; D150E; V168M; G175R; G180S; C181W; P185A; R187C; R187H; A190T; G196D; W202C; G215C; S216P; S216F; 
K228E; R254Q; R254L; E258K; and P262L. GenBank accession numbers—AQP2: AF147092, exon 1; AF147093, exons 2 through 4. NPA 
(asparagine-proline-alanine) motifs and the N-glycosylation site are also indicated by the fork like symbol on aminoacid N123. 
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of cultured amniotic cells or chorionic villus samples (N = 
17), or cord blood obtained at birth (N = 65) in 82 of our 
patients from 69 families. Thirty-six male patients were 
found to bear mutant sequences, and 26 had normal 
sequences. Diagnosis of AQP2 autosomal recessive mutants 
was made in 4 families for a total of 6 subjects, of whom 3 
were found to be homozygous for the previously identified 
mutation, 2 were heterozygous, and 1 had a normal sequence 
on both alleles. The affected patients were immediately 
treated with abundant water intake, a low-sodium diet, and 
hydrochlorothiazide. They never experienced episodes of 
dehydration, and their physical and mental development is 
normal. Gene analysis is also important for the identifica-
tion of nonobligatory female carriers in families with 
X-linked NDI. Most female patients heterozygous for a 
mutation in the V2 receptor do not present with clinical 
symptoms, and a few are severely affected,336 (Bichet, unpub-
lished observations). Mutational analysis of polyuric patients 
with cystinosis, hypokalemic salt-losing tubulopathy, neph-
ronophthisis, and apparent mineralocorticoid excess is also 
of importance for definitive molecular diagnosis.

All complications of congenital NDI can be prevented by 
an adequate water intake. Thus, patients should be provided 
with unrestricted amounts of water from birth to ensure 
normal development. In addition to a low-sodium diet, the 
use of diuretics (thiazides) or indomethacin may reduce 
urinary output. This advantageous effect must be weighed 
against the side effects of these drugs (thiazides: electrolyte 
disturbances; indomethacin: reduction of the GFR and gas-
trointestinal symptoms). Many affected infants frequently 
vomit because of an exacerbation of physiologic gastro-
esophageal reflux. These young patients often improve with 
the absorption of a histamine H2 blocker and with metoclo-
pramide, which could induce extrapyramidal symptoms, or 
domperidone, which seems to be efficacious and better 
tolerated.
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POLYURIA, POLYDIPSIA, ELECTROLYTE 
IMBALANCE, AND DEHYDRATION  
IN CYSTINOSIS

Polyuria may be as mild as persistent enuresis or so severe 
as to contribute to death from dehydration and electrolyte 
abnormalities in infants with cystinosis who have acute 
gastroenteritis.36

POLYURIA IN HEREDITARY HYPOKALEMIC 
SALT-LOSING TUBULOPATHIES

Patients with polyhydramnios, hypercalciuria, and hyposthe-
nuria or isosthenuria have been found to bear KCNJ1 
(ROMK) and SLC12A1 (NKCC2) mutations.234,243 Patients 
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CARRIER DETECTION, PERINATAL TESTING,  
AND TREATMENT

We encourage physicians who observe families with X-linked 
and autosomal recessive diabetes insipidus to recommend 
mutation analysis before the birth of an infant because early 
diagnosis and treatment can avert the physical and mental 
retardation associated with episodes of dehydration. Diag-
nosis of X-linked NDI was accomplished by mutation testing 
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CLASSIFICATION OF RENAL  
CYSTIC DISEASES

Renal cystic diseases encompass a large number of sporadic 
and genetically determined congenital, developmental, and 
acquired conditions that have in common the presence of 
cysts in one or both kidneys. Renal cysts are cavities lined by 
epithelium and filled with fluid or semisolid matter. Cysts 
are derived primarily from tubules. Whereas cystic kidneys 
of different etiologies may appear morphologically similar, 
the same etiologic entity may cause a wide spectrum of renal 
abnormalities. Classifications of renal cystic diseases are 

based on morphologic, clinical, and genetic information 
(Table 46.1) and change as the understanding of the under-
lying etiologies and pathogeneses continues to expand.

DEVELOPMENT OF RENAL  
EPITHELIAL CYSTS

Epithelial cysts develop from preexisting renal tubule seg-
ments and are composed of a layer of partially dedifferenti-
ated epithelial cells enclosing a cavity filled with either a 
urinelike liquid or semisolid material. They may develop in 
any tubular segment between Bowman’s capsule and the tip 
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stimulate renal cell proliferation along with the inability to 
maintain planar cell polarity have the potential to generate 
the cystic phenotype.

Conditional knockouts of Pkd1 or of ciliogenesis (Ift88 
and Kif3a) at various time points have shown that the timing 
of their inactivation determines the rate of development of 
cystic disease.5-8 Inactivation in newborn mice leads to rapid 
cyst development. Inactivation after about 13 days leads to 
slowly progressive disease evident only in the adult kidneys, 
but progression can be hastened by maneuvers such as isch-
emic or reperfusion injury to stimulate cell proliferation.9 
The underlying rate of epithelial cell proliferation may 
account for increased susceptibility to cyst development 
during nephrogenesis as well as for the migration of cysts as 
the kidney matures in humans and in animal models of PKD 
from being located predominantly proximal to appearing 
predominantly distal and in the collecting duct.10 Immature 
early tubules (S-shaped bodies) exhibit very high rates of 
proliferation. Later, when the epithelium differentiates into 
nephron segments recognizable on light microscopy, prolif-
erative indices become very low in proximal tubules but 
remain elevated in the distal nephrons and collecting ducts. 
In pediatric and adult kidneys, proliferative indices are very 
low in all tubular segments but remain higher in collecting 
ducts than in proximal tubules.11,12

The finding of fluid secretion in renal epithelial cysts led 
to a re-investigation of fluid secretion mechanisms in other-
wise normal renal tubules. Beyond the loop of Henle, tubule 
cells have the capacity to secrete solutes and fluid upon 
stimulation with cyclic adenosine monophosphate (cAMP).13 
This secretory flux operates in competition with the more 
powerful mechanism by which Na+ is absorbed through 
apical epithelial Na+ channels (ENaCs). Under conditions 
in which Na+ absorption is diminished, the net secretion of 
NaCl and fluid can be observed at rates that could have a 
significant impact on the net economy of body salt and 
water content. Thus, renal cystic disease has led to a height-
ened appreciation of an “ancient” solute and water secre-
tory mechanism that has been largely overlooked in modern 
studies of renal physiology.14

Three decades ago it was noted that a germ-free environ-
ment inhibits cyst development in CFW mice and in a model 
of polycystic kidney disease (PKD) induced by nordihy-
droguaiaretic acid; the administration of endotoxin rescued 
the cystic phenotype.15,16 Chemokines and cytokines were 
found at high concentrations in cyst fluid and produced by 
epithelial cells of the cyst lining.17 In later studies, alterna-
tively activated macrophages aligned along cyst walls were 
detected in polycystic kidneys from conditional Pkd1 knock-
out and the Pkd2WS25/− model.18,19 Macrophage depletion 
inhibited epithelial cell proliferation and cyst growth and 
improved renal function. These observations led to the 
hypothesis that alternatively activated M2 macrophages con-
tribute to cell proliferation in PKD, as has been described 
during development, during recovery from acute kidney 
injury, and in cancer.

Evidence indicates that alterations in focal adhesion  
complexes, basement membranes, and extracellular matrix 
(ECM) contribute to the pathogenesis of PKD.20 Focal 
adhesion complexes contain integrin αβ heterodimer 
receptors and multiple structural and signaling molecules, 
including polycystin 1. The integrin receptors link the actin 

of the renal papilla, depending on the nature of the under-
lying disorder. After achieving a size of perhaps a few mil-
limeters, most cysts lose their attachments to their parent 
tubule segment.

Pathophysiologic processes that contribute to the devel-
opment of cysts include disruption of programs responsible 
for the establishment and maintenance of normal tubular 
diameter (i.e., convergent extension, or the process of cell 
intercalation by which cells elongate along an axis perpen-
dicular to the proximal-distal axis of the tubule and actively 
crawl among one another to produce a narrower, longer 
tubule; and oriented cell division or alignment of the mitotic 
spindle axis and cell division with the proximal-distal axis of 
the tubule),1,2 excessive cell proliferation, active solute and 
fluid transport into the expanding cysts, cross talk between 
epithelial cells and interstitial macrophages, and interac-
tions between epithelial cells and extracellular matrix3,4 
(Figure 46.1).

Renal cysts have been regarded as benign neoplasms that 
arise from individual cells or restricted segments of the 
renal tubule. Transgenic insertions of activated proto-
oncogenes and growth factor genes into rodents results in 
the formation of renal cysts. Therefore, processes that 

Table 46.1  Classification of Cystic 
Kidney Disorders

Autosomal dominant polycystic kidney disease (ADPKD)
Autosomal recessive polycystic kidney disease (ARPKD):

Tuberous sclerosis complex
von Hippel–Lindau syndrome
Familial renal hamartomas associated with 

hyperparathyroidism–jaw tumor syndrome
Hepatocyte nuclear factor-1–associated nephropathy
Oro-facial-digital syndrome

Autosomal dominant medullary cystic kidney disease 
(autosomal dominant tubulointerstitial kidney disease)

Hereditary recessive ciliopathies with interstitial nephritis, 
cysts, or both:
Nephronophthisis
Joubert syndrome
Meckel syndrome
Bardet-Biedl syndrome
Alström syndrome
Nephronophthisis variants associated with skeletal defects 

(skeletal ciliopathies)
Renal cystic dysplasias:

Multicystic kidney dysplasia
Other cystic kidney disorders:

Simple cysts
Localized or unilateral renal cystic disease
Medullary sponge kidney
Acquired cystic kidney disease

Renal cystic neoplasms:
Cystic renal cell carcinoma
Multilocular cystic nephroma
Cystic partially differentiated nephroblastoma
Mixed epithelial and stromal tumor

Cysts of nontubular origin:
Cystic disease of the renal sinus
Perirenal lymphangiomas
Subcapsular and perirenal urinomas

Pyelocalyceal cysts
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hypomorphic mutant mice, the latter associated with over-
expression of laminin-322.26,27 Mutations in exons 24 and 25 
of the gene COL4A1, which encodes procollagen type IV, 
have been found in patients with autosomal dominant 
(hereditary) angiopathy with nephropathy (consisting of 
hematuria and bilateral large renal cysts), aneurysms, and 
muscle cramps (HANAC syndrome).

Evidence accumulated during the last roughly 15 years 
strongly suggests that the primary cilium is essential to main-
tain epithelial cell differentiation and that structural and 

cytoskeleton laminin αβγ heterotrimers and collagens in the 
basement membrane. Integrins β4 and β1 may mediate the 
increased adhesion of cyst-lining epithelial cells to laminin-
322 and collagen and are all overexpressed in cystic 
tissues.21,22 Periostin, an ECM protein, and its receptor 
αv integrin as well as α1 and α2 integrins are also overex-
pressed.23,24 Laminin-322 and periostin stimulate, whereas 
antibodies to laminin-332 and αv integrin inhibit cyst 
formation in three-dimensional gel culture.23,25 Renal cystic 
disease develops in β1 integrin knockout and laminin α5 

Figure 46.1 Evolution of cysts from renal tubules. Abnormal proliferation of tubule epithelium begins in a single cell after a “second-hit” 
process disables the function of the normal allele or if the level of functional polycystin falls below a specific threshold. Repeated cycles of cell 
proliferation lead to expansion of the tubule wall into a cyst. The cystic epithelium is associated with thickening of the adjacent tubule base-
ment membrane and with an influx of inflammatory cells into the interstitium. The cystic segment eventually separates from the original tubule, 
and net epithelial fluid secretion contributes to the accumulation of liquid within the cyst cavity. 
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centriole and a daughter centriole plus a “cloud” of peri-
centriolar material.33 The centrosome serves as the 
microtubule-organizing center for interphase cells, and  
the mother and daughter centrioles form the poles of the 
spindle during cell division.

The first clue connecting PKD and cilia was that polycys-
tin 1 (PC1) and polycystin 2 (PC2) homologs in Caenorhab-
ditis elegans are located in cilia of male sensory neurons; loss 
of these proteins is associated with mating behavior defects.34 
Next, a known intraflagellar transport (IFT) protein, polaris, 
was found to be defective in a hypomorphic mouse mutant, 
orpk, in which PKD, left–right patterning defects, and 
a variety of other abnormalities develop and that has 

functional defects in the primary cilium of tubular epithelia 
have a central role in various forms of human and rodent 
cystic diseases. The primary cilium is a single hairlike organ-
elle that projects from the surface of most mammalian cells, 
including epithelial and endothelial cells, neurons, fibro-
blasts, chondrocytes, and osteocytes. It is involved in left–
right embryonic patterning as well as in mechanosensing 
(renal tubular and biliary epithelia), photosensing (retinal 
pigmented epithelia), and chemosensing (olfactory 
neurons).28-32 In renal tubule epithelial cells, the cilium pro-
jects into the lumen and is thought to have a sensory role 
(Figure 46.2). The cilium arises from the mother centriole 
in the centrosome. The centrosome comprises a mother 

Figure 46.2 Diagram depicting  the primary cilium and hypothetical  functions of  the polycystins. Polycystin 1 (PC1) and polycystin 2 
(PC2) are found on the primary cilium, a single hairlike structure that projects from the apical surface of the cell into the lumen. It consists of 
a membrane continuous with the cell membrane and a central axoneme composed of nine peripheral microtubule doublets. It arises from the 
mother centriole in the centrosome, the microtubule-organizing center of the cell. The centrosome comprises a mother centriole and a daughter 
centriole plus a “cloud” of pericentriolar material. In response to mechanical stimulation of the primary cilium by flow, the PC1 and PC2 complex 
mediates Ca2+ entry into the cell. This triggers Ca2+-induced release of Ca2+ from the smooth endoplasmic reticulum (ER) through ryanodine 
receptors. The function of the polycystins extends beyond the cilium because PC1 is also found in the plasma membrane and PC2 is predomi-
nantly expressed in the ER. PC2 is an intracellular Ca2+ channel that is required for the normal pattern of [Ca2+]i responses involving ryanodine 
receptors and inositol 1,4,5-trisphosphate (IP3) receptors and may also affect the activity of store-operated Ca2+ channels. ErbB, Epidermal 
growth factor receptor; IFT, intraflagellar transport. (Reproduced from Torres VE, Harris PC, Pirson Y: Autosomal dominant polycystic kidney 
disease. Lancet 369:1287-1301, 2007.)
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have an affected parent but at least 10% of families can be 
traced to an apparent de novo mutation.45 ADPKD is geneti-
cally heterogeneous with two genes identified, PKD1 (chro-
mosome region 16p13.3) and PKD2 (4q21).46-49 Current 
data do not support theories about a third gene accounting 
for a small number of unlinked families.50

In groups identified through renal clinics, PKD1 accounts 
for about 78% of pedigrees and PKD2 for about 13%, and 
no mutation is detected (NMD) in about 9%.51,52 PKD2 
may account for up to approximately 25% of mutation-
characterized cases in population-based studies.53 In the 
latest version of the ADPKD Mutation Database (PKDB), 
1272 PKD1 mutations are described accounting for 1874 
families, with 202 mutations to PKD2 causing disease in 438 
pedigrees.54 For PKD1, about 65% of mutations are pre-
dicted to truncate the protein, leaving about 35% nontrun-
cating.51,52 Corresponding levels for PKD2 are about 87% 
truncating and 13% nontruncating; about 3% of ADPKD 
mutations are larger rearrangements involving deletion or 
duplication of at least one exon.51,52,55 A next-generation 
sequencing method for ADPKD screening based on sequenc-
ing the locus-specific LR-PCR (long-range polymerase chain 
reaction) products has been described.56 Such methods can 
identify unusual mutations, such as gene conversions with 
one of the pseudogenes.

Inheritance of two PKD1 or two PKD2 alleles with 
inactivating mutations is lethal in utero.57 Individuals 
heterozygous for both a PKD1 and PKD2 mutation live to 
adulthood but have more severe renal disease than those 
heterozygous for only one mutation.58 Patients with a PKD1 
mutation have more severe disease than those with a PKD2 
mutation, the average ages at ESKD being 58.1 years and 
79.7 years, respectively.59 Viable ADPKD cases homozygous/
compound heterozygous for PKD1 pathogenic variants 
suggests the presence of hypomorphic alleles.60 Up to 50% 
of nontruncating PKD1 changes have been suggested to 
be hypomorphic alleles, resulting in ESKD at 55 years in 
patients with truncating PKD1 mutations and 67 years 
in those with nontruncating changes.59,61 Patients with 
mutations in the 5′ region of PKD1 may be more likely to 
have intracranial aneurysms (ICAs) and aneurysm ruptures 
than patients with 3′ mutations.62 No clear correlations 
with mutation type or position have been found in PKD2 
mutations.63

A small number (<1%) of patients with ADPKD exhibit 
early-onset disease, with a diagnosis made in utero or infancy 
from the presence of enlarged echogenic kidneys that may 
resemble those seen in ARPKD.64,65 Most early-onset cases 
have been linked to PKD1, but a family with PKD2 mutation 
and perinatal death in two severely affected infants has been 
described.66 Some cases of early-onset ADPKD, or cases 
mimicking ARPKD, are due to an in trans combination of 
two PKD1 mutations, at least one of which is hypomorphic.60,67 
Studies of a Pkd1 mouse model with a missense change, 
p.R3277C, confirmed the hypomorphic nature of this allele 
and its role in causing early-onset disease.10,60 Unilateral 
parental disomy involving a hypomorphic PKD2 allele can 
also cause early-onset ADPKD.68 Mutations in other cysto-
genes, such as HNF1B (associated with the renal cysts 
and diabetes [RCAD] syndrome) and PKHD1 (the ARPKD 
gene), in combination with a ADPKD mutant allele have 
also been suggested to be associated with early-onset PKD.69 

shortened cilia in the kidney.35 Subsequently, the proteins 
mutated in other rodent models of PKD—such as the cpk 
(centrin) and inv (inversin) mice, autosomal dominant 
PKD (ADPKD; PC1 and PC2), autosomal recessive PKD 
(ARPKD; fibrocystin), autosomal recessive ciliopathies (see 
later in the chapter), and possibly tuberous sclerosis complex 
(TSC) and von Hippel–Lindau disease—have been local-
ized to the ciliary axoneme, the basal body, or centrosomal 
structures.30,36,37 Conditional inactivation of the ciliary motor 
protein KIF3A (kinesin family member 3A) in collecting 
duct epithelial cells reproduced all of the clinical and bio-
logic features of PKD.38

The polycystin complex on cilia seems to detect changes 
in flow and transduce it into a Ca2+ influx through the PC2 
channel, thus functioning as a mechanosensor,38a although 
a chemosensory role has not been excluded. The Ca2+ influx 
may in turn induce release of Ca2+ from intracellular stores. 
The increased Ca2+ concentration in intracellular microen-
vironments may then modulate specific signaling pathways 
that regulate cellular differentiation, proliferation, and 
apoptosis, such as cAMP, receptor-tyrosine kinase, extracel-
lular signal–regulated kinase (ERK), and mTOR (mamma-
lian target of rapamycin) signaling.4

The ciliocentric model of cystogenesis is attractive but may 
be too reductionist. Several cyst-associated proteins have 
other functions, including participation in cell–cell and cell–
matrix interactions at adherens junctions and focal adhe-
sions. Dysfunction of these subcellular domains most likely 
contributes to the aberrant epithelial growth and tubular 
architecture that are common to virtually all forms of renal 
cystic disease. Although ciliary dysfunction may be the initi-
ating event in cystogenesis, defects in other cellular mecha-
nisms may modulate the final cystic disease phenotype.

HEREDITARY CYSTIC KIDNEY DISORDERS

AUTOSOMAL DOMINANT POLYCYSTIC  
KIDNEY DISEASE

EPIDEMIOLOGY
ADPKD occurs worldwide and in all races, with a prevalence 
estimated to be between 1 in 400 and 1 in 1000.39 The yearly 
incidence rates for end-stage kidney disease (ESKD) due  
to ADPKD are 8.7 and 6.9 per million (1998-2001, United 
States),40 7.8 and 6.0 per million (1998-1999, Europe),41 and 
5.6 and 4.0 (1999-2000, Japan)42 in men and women, respec-
tively. Age-adjusted gender ratios greater than unity (1.2-
1.3) suggest a more progressive disease in men than in 
women. Approximately 30,000 patients have ESKD due to 
ADPKD in the United States (1 : 3500 individuals aged 65-69 
years).43 The proceedings of a 2014 Kidney Disease: Improv-
ing Global Outcomes (KDIGO) Controversies Conference 
to assess the current state of knowledge related to the evalu-
ation, management and treatment of ADPKD have now 
been published.44

GENETICS AND GENETIC MECHANISMS
ADPKD is inherited as an autosomal dominant trait with 
complete penetrance in terms of cyst development. There-
fore, each child of an affected parent has a 50% chance of 
inheriting the abnormal gene. Most patients with ADPKD 
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The contiguous deletion of the adjacent PKD1 and TSC2 
(see later discussion of tuberous sclerosis complex) genes is 
characterized by childhood PKD with additional clinical 
signs of TSC.69a

Significant intrafamilial variability in the severity of renal 
and extrarenal manifestations points to genetic and envi-
ronmental modifying factors. Analysis of the variability in 
renal function between monozygotic twins and siblings sup-
ports a role for genetic modifiers.70,71 Parental hypertension, 
particularly in the nonaffected parent, increases the risk for 
hypertension and ESKD.72 Parents are as likely to show more 
severe disease as children.73 Mosaicism can also modulate 
disease presentation and result in marked intrafamilial 
variability.55,74

Cysts in ADPKD kidneys appear to be derived through 
clonal proliferation of single epithelial cells in fewer than 
1% of the tubules. A two-hit model of cystogenesis has been 
proposed to explain the focal nature of the cysts. In this 
model, a mutated PKD1 (or PKD2) gene is inherited from 
one parent, and a wild-type gene is inherited from the unaf-
fected parent. During the lifetime of the individual, the 
wild-type gene undergoes a somatic mutation and becomes 
inactivated. Loss of heterozygosity owing to somatic muta-
tions of the PKD1 and PKD2 genes has been identified in 
the cells lining the cysts in both the kidney and the liver.75,76 
Support for this model of cystogenesis is provided by the 
embryonic lethality and severe PKD of homozygous Pkd1 or 
Pkd2 knockout mice, the late development of cysts in the 
kidney or liver in heterozygous mutant mice, and the 
increased severity of the disease in Pkd2WS25/− mice carrying 
a Pkd2 allele (WS25) prone to genomic rearrangement.77

Evidence suggests, however, that other genetic mecha-
nisms may also be involved. Most cysts in ADPKD kidneys 
overexpress PC1 or PC2. Transgenic overexpression of 
PKD1 or PKD2 induces renal cystic disease.78-80 The presence 
of somatic transheterozygous mutations in human polycystic 
kidneys (somatic mutation of the PKD gene not involved by 
the germline mutation) and the greater severity of cystic 
disease in mice with transheterozygous mutations of Pkd1 
and Pkd2 than could be predicted by a simple additive effect 
suggest that haploinsufficiency may play a role in cyst forma-
tion.58 Comparative genomic hybridization and loss of 
heterozygosity analysis have shown multiple molecular cyto-
genetic aberrations in epithelial cells from individual cysts 
in polycystic kidneys, suggesting the involvement of addi-
tional genes in the initiation and progression of the cystic 
disease.81 Mice that are homozygous for Pkd1 hypomorphic 
alleles indicate that complete inactivation of both Pkd1 
alleles is not required for cystogenesis in ADPKD.10,82,83 Pkd2 
haploinsufficiency has been associated with a higher rate of 
cell proliferation in noncystic tubules of Pkd2+/− mice.84 
These observations suggest that diminished expression of 
native polycystins below a certain threshold is sufficient to 
induce renal cystic disease and may also be relevant for the 
extrarenal manifestations of the disease. Reduction of PC2 
levels to 50% of normal in the vascular smooth muscle of 
Pkd2+/− mice causes significant alterations in [Ca2+]i (intra-
cellular calcium concentration) and cAMP; moreover, it 
results in higher rates of cell proliferation and apoptosis, 
contractility, and vasculature susceptibility to hemodynamic 
stress.85 Reduction of PC1 levels to 50% of normal causes 
significant alterations in [Ca2+]i homeostasis and increased 

vascular reactivity with compensatory changes in the trans-
port proteins involved in calcium signaling in the aorta of 
Pkd1+/− mice.86

PATHOGENESIS
PC1 (4303 aa; ≈600 kDa, uncleaved and glycosylated) is a 
receptor-like protein with a large ectodomain (3074 aa) that 
comprises a number of domains involved in protein-protein 
and protein-carbohydrate interactions and 16 PKD repeats 
with an immunoglobulin (Ig) domain–like fold (Figure 
46.3).47,48 PC1 also has 11 transmembrane domains and a cyto-
plasmic tail. PC2 (968 aa; ≈110 kDa) is a six-transmembrane, 
Ca2+--responsive cation channel of the transient receptor 
potential (TRP) family (also known as TRPP2).49 PC1 and 
PC2 interact via their C-terminal tails with the resulting 
polycystin complex thought to play a role in intracellular 
Ca2+ regulation. Data also indicate an interdependence of 
the proteins for maturation and localization.87,88

Like many other proteins implicated in renal cystic dis-
eases, the polycystins are located in the plasma membrane 
overlying primary cilia.88a,88b The polycystins are required 
for induction of calcium transients in response to ciliary 
bending.38a PC1 is also found in plasma membranes at focal 
adhesion, desmosomes, and adherens junction sites,89-92 
whereas PC2 is found in the endoplasmic reticulum,93-95 and 
both proteins are abundant in exosomes.96,97 The PC1 
protein in the plasma membrane may interact with PC2 in 
the adjacent endoplasmic reticulum. PC2 interacts with the 
inositol 1,4,5-trisphosphate receptor (IP3R), ryanodine 
receptor 2 (RyR2), and TRP channels TRPC1, TRPC4, and 
TRPV4.98-100

Precisely how intracellular calcium homeostasis is altered 
in ADPKD remains uncertain.101 Cells overexpressing PC2 
exhibit an amplified Ca2+ release from intracellular stores 
after agonist stimulation.102 A 50% reduction in PC2 lowers 
capacitative calcium entry, sarcoplasmic reticulum Ca2+ 
stores, and [Ca2+]i in vascular smooth muscle cells (VSMCs).85 
Increases in [Ca2+]i levels evoked by platelet-activating factor 
are reduced in unciliated B-lymphoblastoid cells from 
patients with PKD1 or PKD2 mutations.103 Loss of PC2 local-
ization to the mitotic spindles by knockdown of the interact-
ing cytoskeletal protein, mDia1, blunts agonist-evoked 
[Ca2+]i increases in dividing cells that lack primary cilia.104 
The majority of studies that have measured resting intracel-
lular calcium, endoplasmic reticulum calcium stores, and 
store-operated calcium entry in primary cell cultures or 
microdissected samples from human and rodent polycystic 
tissues have found them to be reduced.85,86,98,105-111

Tissue levels of cAMP are increased in numerous animal 
models of PKD, not only in the kidney10,112-115 but also in 
cholangiocytes,116 vascular smooth muscle cells,117 and 
choroid plexus (Figure 46.4).118 Levels of cAMP are deter-
mined by the activities of membrane-bound (under the posi-
tive or negative control of G protein–coupled receptors 
[GPCRs] and extracellular ligands) and soluble adenylyl 
cyclases (ACs), and of cAMP phosphodiesterases (PDEs), 
themselves subject to complex regulatory mechanisms. The 
increased levels in cystic tissues may be directly related to 
changes in [Ca2+]i homeostasis. Reduced calcium activates 
calcium inhibitable AC-6, directly inhibits calcium/
calmodulin–dependent PDE1 (also increasing the levels of 
cyclic guanosine monophosphate [cGMP]), and indirectly 
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The marked amelioration of the cystic disease in collect-
ing duct–specific Pkd1 knockout mice by a concomitant Ac6 
knockout provides strong support for the central role of 
calcium-inhibitable AC-6.125 PDEs are likely important in 
PKD because maximal rates of degradation by PDEs exceed 
by an order of magnitude those of synthesis by ACs and 
hence control compartmentalized pools of cAMP, which are 
likely more crucial than total intracellular cAMP. PDE1 
and PDE3 may be particularly important. PDE1 accounts for 
most PDE activity in renal tubules, it is the only PDE acti-
vated by calcium (which is reduced in PKD cells), and its 
activity is reduced in cystic kidneys.119 The knockdown of 
pde1a using morpholinos induces or aggravates the cystic 
phenotype of wild-type or pkd2 morphant zebrafish embryos, 
respectively, whereas PDE1a RNA partially rescues the phe-
notype of pkd2 morphants.126 PDE3 controls a compartmen-
talized cAMP pool that stimulates mitogenesis in MDCK 
cells127 as well as cystic fibrosis transmembrane conductance 
regulator (CFTR)–driven chloride secretion in pig trachea 
submucosal and shark rectal glands.128,129 A small-molecule, 

inhibits cGMP-inhibitable PDE3
113,119 (see Figure 46.4). 

Additional mechanisms include the following:

1. Dysfunction of a ciliary protein complex (comprising 
A-kinase anchoring protein 150, AC-5/6, PC2, PDE4C, 
and protein kinase A [PKA]) that normally restrains 
cAMP signaling via inhibition of AC-5/6 activity by  
PC2–mediated calcium entry and degradation of cAMP 
by PDE4C transcriptionally controlled by hepatocyte 
nuclear factor-1β (HNF-1β).120

2. Depletion of the endoplasmic reticulum calcium  
stores, which triggers oligomerization and translocation 
of stromal interaction molecule 1 (STIM1) to the plasma 
membrane, where it recruits and activates AC-6.110

3. Other contributory factors, such as disruption of PC1 
binding to heterotrimeric G proteins, upregulation of 
the vasopressin V2 receptor, and increased levels of circu-
lating vasopressin or accumulation of forskolin, lysophos-
phatidic acid, adenosine triphosphate (ATP), or other 
adenylyl cyclase agonists in the cyst fluid.121-124

Figure  46.3 Structure  of  the  polycystin  proteins. Polycystin 1 (PC1) is a large protein with an extensive extracellular region, an 
11-transmembrane area, and a short cytoplasmic tail. The protein contains a number of recognized domains and motifs (see Key). The protein 
is cleaved at the GPS (G protein–coupled receptor proteolytic site) domain (arrow). Polycystin 2 (PC2) is a 6-transmembrane, transient receptor 
potential (TRP)–like channel with cytoplasmic N and C termini. The proteins are thought to interact through coiled-coil domains. ER, Endoplasmic 
reticulum; GAIN, G protein-coupled receptor-Autoproteolysis INducing; LDL-A, low-density lipoprotein A module; PKD, polycystic kidney 
disease; PLAT, Polycystin-1, Lipoxygenase, Alpha-Toxin; REJ, receptor of egg jelly protein. 
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wild-type cells by lowering of [Ca2+]i.133 Conversely, calcium 
ionophores or channel activators can rescue the abnormal 
response of cyst-derived cells.105 Activation of mTOR signal-
ing also occurs downstream from PKA, through ERK-
mediated phosphorylation of tuberin in cystic tissues.134,135 
Activation of mTOR has in turn been linked to transcrip-
tional activation of aerobic glycolysis and increased levels  
of ATP, which together with ERK-dependent inhibition of 
liver kinase B1 (LKB1) and inhibition of AMP kinase 
(AMPK)136-138 further enhance mTOR signaling.139 Phos-
phorylation and inhibition of glycogen synthase kinase type 
3β (GSK3β)140 and direct phosphorylation and stabilization 

nonselective PDE activator lowers cAMP and inhibits the 
growth of MDCK cysts.130

The reduction in [Ca2+]i and the increase in cAMP may 
play a central role in the pathogenesis of PKD (see Figure 
46.4). Cyclic AMP stimulates mitogen-activated protein 
kinase/extracellularly regulated kinase (MAPK/ERK) sig-
naling and cell proliferation in PKD renal epithelial cells in 
a manner dependent on PKA, the proto-oncogene tyrosine 
protein kinase Src, and the protein Ras. On the other hand, 
cAMP has an inhibitory effect in wild-type cells.131,132 The 
abnormal proliferative response to cAMP is directly linked 
to the alterations in [Ca2+]i because it can be reproduced in 

Figure 46.4 Diagram depicting hypothetical pathways upregulated or downregulated in polycystic kidney disease and rationale for 
treatments  targeting  these pathways  (green boxes). Aberrant crosstalk between intracellular calcium (Ca2+) and cyclic adenosine mono-
phosphate (cAMP) signaling may be one of the first consequences of polycystic kidney disease (PKD) mutations. Disrupted calcium may 
enhance cAMP and protein kinase A (PKA) signaling through activation of calcium-inhibitable adenylyl cyclases and inhibition of calcium-
dependent phosphodiesterases (PDE1 and, indirectly, cyclic guanosine monophosphate [cGMP]–inhibited PDE3). Enhanced PKA activity may 
in turn disrupt intracellular calcium homeostasis through phosphorylation of calcium-cycling proteins in the endoplasmic reticulum. PKA-induced 
phosphorylation of the cystic fibrosis transmembrane conductance regulator (CFTR) allows chloride and fluid secretion into the cysts; 
anoctamin-1 may synergistically interact with CFTR, further enhancing fluid secretion. PKA activation inhibits cell proliferation in wild-type cells 
but has a stimulatory effect in PKD cells. Calcium deprivation in wild-type cells and delivery of calcium in PKD cells reverse these effects. A 
proposed mechanism for the proliferative response in PKD and calcium-deprived wild-type cells is inhibition of phosphoinositide 3-kinase 
(PI3K) and protein kinase B (AKT), which releases protein BRaf from AKT inhibition. This in turn leads to dysregulation of signaling pathways 
(BRaf/MEK/ERK; AMPK/mTOR) and transcription factors (HIF1, MYC, P53, STAT3) that control cell cycle progression and energy metabolism. 
Mislocalization of ErbB (epidermal growth factor receptor) receptors and overexpression of growth factors, cytokines, chemokines, and their 
receptors further contribute to disease progression. AC-VI, Adenylate cyclase 6; AMPK, AMP-activated kinase; ATP, adenosine triphosphate; 
AVP, vasopressin; CaMKK, calcium/calmodulin-dependent protein kinase kinase; CDK, cyclin-dependent kinase; EGF, epidermal growth factor; 
ER, endoplasmic reticulum; ERK, extracellular signal–regulated kinase; Gi, inhibitory G protein; Gq, a G protein subunit; Gs, stimulatory G 
protein; GSK3β, glycogen synthase kinase 3β; HIF, hypoxia-inducible factor; IGF1, insulin-like growth factor 1; inh, inhibition/inhibitor; IP3R, 
inositol 1,4,5-trisphosphate (IP3) receptor; KCa3.1, a calcium channel; LKB1, liver kinase B1; MEK, mitogen-activated protein kinase kinase; 
mTOR, mammalian target of rapamycin; PC1, polycystin 1; P2R, purinergic 2 receptor; PC2, polycystin 2; PLC, phospholipase C; Rheb, Ras 
homolog enriched in brain; RSK, ribosomal s6 kinase; RYR, ryanodine receptor; Sirt1, sirtuin 1; SOC, store operated channel; STAT3, signal 
transducer and activator of transcription 3; STIM1, stromal interaction molecule 1; SSTR, somatostatin receptor; TKIs, tyrosine-kinase inhibi-
tors; TSC, tuberous sclerosis proteins tuberin (TSC2) and hamartin (TSC1); TZDs, thiazolidinediones; V2R, vasopressin V2 receptor. 
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renal tubules. With enlargement beyond a few millimeters 
in diameter, most cysts become detached from the tubule 
of origin. In the early stages of the disease, the noncystic 
parenchymal elements appear relatively normal because 
fewer than 1% of the tubules appear to become cystic. The 
cells in the vast majority of the cysts are not typical of fully 
differentiated, mature renal tubular epithelium and are 
thought to be partially dedifferentiated or relatively imma-
ture. A minority of the cysts continue to function, as evi-
denced by their capacity to generate transepithelial electrical 
gradients and to secrete NaCl and fluid in vitro. The major-
ity of cysts (75%) with Na+ levels approximating the level in 
plasma and relatively leaky apical junctions probably repre-
sent cysts with epithelium that is less well differentiated than 
cysts with low Na concentrations.

ADPKD cysts have been thought to arise from all seg-
ments of the nephron and collecting ducts. Microdissection 
studies of ADPKD kidneys in the 1960s and 1970s suggested 
that collecting ducts are diffusely enlarged and that collect-
ing duct cysts are more numerous and larger than those 
derived from other tubular segments. Most cysts of at least 
1 mm in diameter stain positively for collecting duct 
markers.160,161 Studies of Pkd1 or Pkd2 rodent models with 
postnatal development of cystic disease have shown that 
most cysts originate from the collecting ducts and distal 
nephron77,82,83,162 but that proximal tubule cysts may be 
common at early stages.10 Cultured epithelial cells from 
human ADPKD cysts exhibit a larger cAMP response to 
1-deamino-8-D-arginine vasopressin (DDAVP) and vasopres-
sin than to the parathyroid hormone, a reaction consistent 
with a collecting duct origin.163 These observations indicate 
that the majority of cysts in adults with ADPKD are  
derived from the distal nephron and the collecting duct 
(Figure 46.6).

At the end stage of the disease, the kidneys are usually 
several times larger than normal and exhibit innumerable 
fluid-filled cysts that make up almost all of the total renal 
mass. In these far-advanced cases, only scant normal-
appearing parenchyma may be found in isolated patches. 
Abundant fibrous tissue is plastered along the surface of the 
kidney beneath the capsule, and on the cut surfaces of 
transected kidneys, cysts may be found encapsulated by 
fibrous bands. Tubulointerstitial fibrosis and arteriolar scle-
rosis are cardinal features of end-stage polycystic kidney. 
The disappearance of noncystic parenchyma implicates 
apoptosis as a primary mechanism in progressive renal dys-
function in ADPKD.

of β-catenin by PKA141 enhance Wnt/β-catenin signaling. 
PKA-dependent upregulation of CREB (cAMP response 
element-binding transcription factor),142 Pax-2 (paired box 
gene 2),103,143 and STAT3 (signal transducer and activator of 
transcription 3)144-147 also contribute to the proliferative phe-
notype of the cystic epithelium. Cyst-derived epithelial cells 
also exhibit increased expression and apical localization of 
the epidermal growth factor (EGF) receptors ErbB1 and 
ErbB2.148,149 Activation of these receptors by EGF-related 
compounds, which are present in cyst fluid, is likely to con-
tribute to the stimulation of MAPK/ERK signaling and cell 
proliferation.

Upregulation of PKA signaling promotes cystogenesis via 
phosphorylation of CFTR in the apical membrane, stimula-
tion of chloride-driven fluid secretion,148-155 and possibly 
other mechanisms such as disruption of tubulogenesis156 
and effects on cell-ECM and epithelial cell–macrophage 
interactions.3

Additional ways that extracellular cues detected by the 
polycystin complex may be transmitted to the nucleus 
include canonical and noncanonical Wnt, JAK/STAT (Janus 
kinase–signal transducer and activator of transcription), 
and NFAT (nuclear factor of activated T cells) pathways.154,155 
A cleavage event in the G protein–coupled receptor proteo-
lytic site (GPS) domain, separating the extracellular region 
from the transmembrane part of the protein, may be impor-
tant for activation of PC1.157 It has also been proposed that 
PC1 may activate transcription directly by cleaving at addi-
tional sites and through the translocation of the resulting 
C-terminal fragments to the nucleus, a process that may be 
regulated by flow.158,159

PATHOLOGY
Cystic kidneys usually maintain their reniform shape (Figure 
46.5). Their size ranges from minimally or moderately 
enlarged in early disease to more than 20 times normal size 
in advanced disease. Although unusual, striking asymmetry 
of cyst development may be seen. Both the outer and the 
cut surfaces show numerous cysts ranging in size from barely 
visible to several centimeters in diameter. They are distrib-
uted evenly throughout both the cortical and medullary 
parenchyma. The papillae and pyramids are distinguishable 
in early cases but are difficult or impossible to identify in 
advanced examples, and the calyces and pelves are often 
greatly distorted.

Nephron reconstruction and microdissection studies 
revealed that cysts begin as outpouchings from preexisting 

Figure  46.5 Autosomal dominant polycystic kidney disease in situ (A) and on cut section (B). Note diffuse, bilateral distribution of cysts. 
(Courtesy FE Cuppage, Kansas City, KS.)
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ductules (biliary microhamartomas or von Meyenburg com-
plexes) and peribiliary glands.166,167 Like kidney cysts, liver 
cysts become detached as they grow, so macroscopic cysts 
usually do not communicate with the biliary system. Minimal 
to moderate dilation of the extrahepatic bile ducts is 
common. In rare kindreds, hepatic changes indistinguish-
able from those seen in congenital hepatic fibrosis (CHF) 
can be seen.

Up to 90% of adults with ADPKD have cysts in the  
liver.164 These cysts are lined by a single layer of epithelium 
resembling that of the biliary tract and contain fluid  
that resembles the bile salt–independent fraction of the 
bile. The electrolyte composition and osmolality are similar 
to those in the serum; the concentrations of phosphorus, 
cholesterol, and glucose are lower.165 The cysts are derived 
by progressive proliferation and dilatation of the biliary 

Figure 46.6 Scanning electron micrographs of epithelium lining a cyst in autosomal dominant polycystic kidney disease. A, Epithelium 
typical of glomerular visceral layer (×250). B, Epithelium typical of proximal tubule (×3000). C, Epithelium typical of cortical collecting duct 
(×1000). D, Epithelium not typical of any normal tubule segment (×1000). E, Micropolyps (×250). F, Cordlike hyperplasia (×80). (From Grantham 
JJ, Geiser JL, Evan AP: Cyst formation and growth in autosomal dominant polycystic kidney disease. Kidney Int 31:1145-1152, 1987, with 
permission.)
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Figure  46.7 Autosomal  dominant  polycystic  kidney  disease 
seen in a parasagittal or longitudinal sonogram. This view of the 
right kidney was obtained with the patient in the right anterior oblique 
position. The approximate outline of the kidney is indicated by the 
broken line. Some of the larger renal cysts are indicated by Cs. The 
liver (L) is at the top of the figure. The right dome of the diaphragm 
(D) is at the lower left. 
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DIAGNOSIS
The diagnosis of ADPKD in an individual with a positive 
family history relies on imaging. Counseling should be per-
formed before testing. Benefits of testing include certainty 
regarding diagnosis that may influence family planning, 
early detection and treatment of disease complications, and 
selection of genetically unaffected family members for living 
related donor renal transplantation. Potential discrimina-
tion in terms of insurability and employment associated with 
a positive diagnosis should be discussed. Renal ultrasonog-
raphy is commonly used because of its lower cost and safety 
(Figure 46.7).

Revised criteria have been proposed to improve the diag-
nostic performance of ultrasonography in ADPKD (Table 
46.2). The presence of at least three (unilateral or bilateral) 
renal cysts and of two cysts in each kidney has a positive 
predictive value (PPV) of 100% in 15- to 39- and 40- to 
59-year-old at-risk individuals, respectively.168 For at-risk indi-
viduals ages 60 years and older, four or more cysts in each 
kidney are required. Although the positive predictive values 
of these criteria are very high, their sensitivity and negative 
predictive value are low, particularly when applied to 15- to 
59-year-old patients with PKD2. This is a problem in the 
evaluation of potential kidney donors, in which exclusion 
of the diagnosis is important. Information on the age at 
ESKD in other affected family members may be helpful in 
this setting.169 A history of at least one affected family 
member who had ESKD secondary to ADPKD by age 55 
years has 100% positive predictive value for PKD1. Con-
versely, a history of at least one affected family member 
without ESKD by age 70 or older is predictive of PKD2 or a 
hypomorphic PKD1 allele. Different criteria have therefore 
been proposed to exclude a diagnosis of ADPKD in an indi-
vidual at risk from a family with an unknown genotype (see 
Table 46.2). An ultrasonographic finding of normal kidneys 
or one renal cyst in an individual age 40 years or older has 
a negative predictive value of 100%. The absence of any 
renal cyst provides near certainty that ADPKD is absent in 
at-risk individuals ages 30 to 39 years with a negative predic-
tive value (NPV) of 98.3%. A negative or indeterminate 
ultrasonography scan result does not exclude ADPKD with 
certainty in an at-risk individual younger than 30 years. In 
this setting, the results of magnetic resonance imaging 
(MRI) or contrast-enhanced computed tomography (CT) 
provide further assurance, and one study has shown that the 
finding of a total of fewer than five renal cysts on MRI is 
sufficient for disease exclusion.170

In the absence of a family history of ADPKD, the finding 
of bilateral renal enlargement and cysts with or without 
hepatic cysts as well as absence of other manifestations sug-
gesting a different renal cystic disease provides presumptive 
evidence for the diagnosis. Contrast-enhanced CT and MRI 
provide better anatomic definition than ultrasonography 

Table 46.2  Sonographic Criteria for Diagnosis or Exclusion of Autosomal Dominant Polycystic 
Kidney Disease

Age (yr)

Family Genotype

Unknown PKD1 PKD2

Criteria for Positive Diagnosis PPV (%) Sensitivity (%) PPV (%) Sensitivity (%) PPV (%) Sensitivity (%)

15-29 ≥3 cysts, unilateral or bilateral 100 81.7 100 94.3 100 69.5
30-39 ≥3 cysts, unilateral or bilateral 100 95.5 100 96.6 100 94.9
40-59 ≥2 cysts in each kidney 100 90.0 100 92.6 100 88.8
≥60 ≥4 cysts in each kidney 100 100 100 100 100 100

Revised Criteria For 
Diagnosis Exclusion NPV (%) Specificity (%) NPV (%) Specificity (%) NPV (%) Specificity (%)

15-29 ≥1 cyst 90.8 97.1 99.1 97.6 83.5 96.6
30-39 ≥1 cyst 98.3 94.8 100 96.0 96.8 93.8
40-59 ≥2 cysts 100 98.2 100 98.4 100 97.8

NPV, Negative predictive value; PPV, positive predictive value.
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and are more helpful to ascertain the severity and prognosis 
of the disease (Figures 46.8 and 46.9).

Genetic testing can be used when the imaging results are 
equivocal and when a definite diagnosis is required in a 
younger individual, such as a potential living related kidney 
donor. It may also be helpful in patients with a negative 
family history, atypical radiologic presentations, and unusu-
ally severe or mild disease.171 Prenatal testing is rarely con-
sidered for ADPKD.172,173 Preimplantation genetic diagnosis, 
which is most commonly used in severe genetic diseases with 
early manifestations, such as cystic fibrosis and ARPKD, may 
become more frequently used in ADPKD, but it is available 
only in certain countries and the acceptance of this 

Figure 46.8 Computed tomography (CT) scans of polycystic kidneys. This male patient has autosomal dominant polycystic kidney disease, 
and his serum creatinine level is within the normal range. An oral contrast agent was given to highlight the intestine. A, CT scan without con-
trast. B, CT scan at the same level as A but after intravenous infusion of iodinated radiocontrast material. The cursor (box) is used to determine 
the relative density of cyst fluid, which in this case is equal to that of water. Contrast enhancement highlights functioning parenchyma, which 
here is concentrated primarily in the right kidney. The renal collecting system also is highlighted by contrast material in both kidneys. 

A B

Figure 46.9 Magnetic resonance imaging studies of two female patients with mild (A and B) and moderately severe (C and D) disease. 
In neither subject was the serum creatinine value higher than 1.1 mg/dL. For the images in A and C, gadolinium was infused intravenously a 
few minutes previously. The residual, normal parenchyma between cysts is highlighted by gadolinium. In B and D, heavy T2-weighted images 
are shown at the same kidney level as in A and C. The cysts are emphasized, illustrating that cysts smaller than 3 mm can be detected. 
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technique is influenced by personal values as well as the 
severity of the disease.172,174

Genetic testing can be performed by linkage or sequence 
analysis. Linkage analysis uses highly informative microsatel-
lite markers flanking PKD1 and PKD2 and requires an accu-
rate diagnosis, availability, and willingness of a sufficient 
number of affected family members to be tested. Moreover, 
the test results are indirect and can be confounded by de 
novo mutations, mosaicism, and bilineal disease. Because of 
these constraints, linkage analysis for the diagnosis of 
ADPKD is now rarely used. The large size and complexity 
of PKD1 and marked allelic heterogeneity are obstacles to 
molecular testing by direct DNA analysis. Mutation scanning 
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intrinsic vascular abnormalities. Mild to moderate persistent 
proteinuria (150-1500 mg/day) may be found in a signifi-
cant number of patients in the middle to late stages of the 
disease. It is an indicator of a more progressive disease.185 
Patients with proteinuria may also excrete doubly refractile 
lipid bodies (oval fat bodies).186

Hypertension

Hypertension (blood pressure ≥ 140 mm Hg systolic 
/90 mm Hg diastolic), found in approximately 50% of 20- 
to 34 year-old patients with ADPKD and normal renal func-
tion, is present in nearly 100% of patients with ESKD.187 
Development of hypertension is accompanied by a reduc-
tion in renal blood flow, an increase in filtration fraction, 
abnormal renal handling of sodium, and extensive remodel-
ing of the renal vasculature.

The association between renal size and the prevalence of 
hypertension supports the hypothesis that stretching and 
compression of the vascular tree by cyst expansion causes 
ischemia and activation of the renin angiotensin aldoste-
rone system (RAAS).188 The expression of PC1 and PC2 
in vascular smooth muscle189-191 and endothelium,192 along 
with enhanced vascular smooth muscle contractility193 and 
impaired endothelium-dependent vasorelaxation,194 sug-
gests that a primary disruption of polycystin function in the 
vasculature may also play a role in the early development of 
hypertension and renal vascular remodeling.

Whether circulating angiotensin is instrumental in 
causing hypertension is controversial.195,196 Plasma renin 
activity and aldosterone values are normal in most studies. 
Because blood pressures are higher than those of control 
participants, it has been argued that the renin and aldoste-
rone levels are not appropriately suppressed. A 1990 study 
showed higher levels after short- or long-term administra-
tion of an angiotensin-converting enzyme (ACE) inhibitor 
in normotensive and hypertensive patients with ADPKD and 
normal renal function than in both normal subjects and 
patients with essential hypertension.195 Another study found 
no differences in hormonal or blood pressure responses 
between patients with ADPKD and patients with essential 
hypertension matched in terms of renal function and blood 
pressure under conditions of high- and low-sodium intake 
and after the administration of an ACE inhibitor.196 Sodium 
intake was not controlled in the former study, and differ-
ences in selection and ethnic composition of the control 
groups have been offered as possible explanations for the 
different results.

There is stronger evidence for the local activation of the 
intrarenal RAAS. It includes (1) partial reversal of the 
reduced renal blood flow, increased renal vascular resis-
tance, and increased filtration fraction by short- or long-
term administration of an ACE inhibitor,195,197,198 (2) shift of 
immunoreactive renin from the juxtaglomerular apparatus 
to the walls of the arterioles and small arteries,199,200 
(3) ectopic synthesis of renin in the epithelium of dilated 
tubules and cysts,201,202 and (4) ACE-independent genera-
tion of angiotensin II by a chymase-like enzyme.202

Nitric oxide associated endothelium–dependent vasore-
laxation has been shown to be impaired in small subcutane-
ous resistance vessels from patients with normal renal 
function before the development of hypertension.203-205 
Other factors proposed to contribute to hypertension in 

by direct sequencing of PKD1 and PKD2 now yields detec-
tion rates higher than 90%.52,175 However, because most 
mutations are unique and up to one third of PKD1 changes 
are missense, the pathogenicity of some changes is dif-
ficult to prove. Advances in resequencing (i.e., next-gener-
ation sequencing [NGS]) technologies have enabled 
high-throughput mutation screening of both PKD1 and 
PKD2 with a recent “proof-of-principle” study showing 
promising results.56 The adaptation of this new technology 
to molecular diagnostics in ADPKD is expected to facilitate 
mutation screening while reducing costs.176

RENAL MANIFESTATIONS
Cyst Development and Growth

Many manifestations of ADPKD are directly related to renal 
cyst development and enlargement. A study of 241 non-
azotemic patients followed prospectively with yearly MRI 
examinations by the Consortium for Radiologic Imaging 
Studies of Polycystic Kidney Disease (CRISP) has provided 
invaluable information to the understanding of how the 
cysts develop and grow.177,178 Total kidney volume (TKV) and 
cyst volumes increased exponentially (Figure 46.10). At 
baseline, TKV was 1060 ± 642 mL, and the mean increase 
over 3 years was 204 mL or 5.3% per year. The rates of 
change of total kidney and total cyst volumes and of right 
and left kidney volumes were strongly correlated. Baseline 
TKV predicted the subsequent rate of increase in renal 
volume and decline in renal function.179 Furthermore, TKV, 
particularly when used together with age and kidney func-
tion, identifies individuals who are at risk for progression to 
ESKD and may be useful to select patients whose disease 
characteristics are most likely to be informative in clinical 
trials and who are most likely to benefit from treatment as 
they become available.180 Higher urine sodium excretion 
and lower serum high-density lipoprotein (HDL) choles-
terol at baseline were also associated with greater kidney 
growth.181

Renal Function Abnormalities

Impaired urinary concentrating capacity is common even at 
early stages of ADPKD.182 Sixty percent of children cannot 
maximally concentrate their urine. Plasma vasopressin levels 
are increased. The vasopressin-resistant concentrating 
defect is not explained by reduced cAMP or expression  
of concentration-associated genes, which are consistently 
increased in animal models. It has not been determined 
whether the defect is attributable to disruption of the med-
ullary architecture by the cysts or to a cellular defect directly 
linked to the disruption of the polycystin function. Newer 
studies suggest that the urinary concentrating defect and 
elevated vasopressin values may contribute to cystogenesis. 
They may also contribute to the glomerular hyperfiltration 
seen in children and young adults183 and to the develop-
ment of hypertension and the progression of chronic kidney 
disease (CKD). Defective medullary trapping of ammonia 
and transfer to the urine caused by the concentrating defect 
may contribute to the low urine pH values, hypocitric acid-
uria, and predisposition to stone formation.

Reduced renal blood flow is another early functional 
defect.184 It may be caused by the changes in intrarenal 
pressures, neurohumoral or local mediators, and/or 
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Figure 46.10 Progression of autosomal dominant polycystic kidney disease. A, Combined left and right total kidney (TKV) and cyst (TCV) 
volumes in relation to age in women (blue) and men (red). The lines connecting the four measurements for each patient in the 3 years of 
follow-up exhibit a concave upward sweep suggestive of an exponential growth process. B, Log10 combined total kidney (TKV) and cyst (TCV) 
volumes in relation to time. The linearity of the four measurements for each patient in the 3 years of follow-up is consistent with an exponential 
growth process. (Reproduced from Grantham JJ, Torres VE, Chapman AB, et al: Volume progression in polycystic kidney disease. N Engl J Med 
354:2122-2130, 2006.)
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be missed if only a contrast-enhanced CT is obtained (Figure 
46.11). Dual-energy CT can be used to distinguish between 
calcium and uric acid stones.214,215

As in the general population, urinary tract infections 
affect women more frequently than men. Most are caused 
by Enterobacteriaceae.216 CT and MRI are useful to detect 
complicated cysts and provide anatomic definition, but  
the findings are not specific for infection (Figure 46.12). 
Nuclear imaging (67Ga or 111In-labeled leukocyte scans) may 
be helpful, but false-negative and false-positive results are 
possible. Fluorine 18 2-fluoro-2-deoxy-D-glucose (FDG) posi-
tron emission tomography (PET) has become a promising 
agent for detection of infected cysts, but its use to diagnose 
kidney infections may be difficult because FDG is filtered by 
the kidneys, is not reabsorbed by the tubules, and appears 
in the collecting system.217-219 Cyst aspiration should be con-
sidered when the clinical setting and imaging are suggestive 
and blood and urine cultures are negative.

Renal cell carcinoma (RCC) is a rare cause of pain in 
ADPKD. Although it does not occur more frequently than 
in the patients with other renal diseases,220 it may manifest 
at an earlier age in patients with ADPKD, with frequent 
constitutional symptoms and a higher proportion of sarco-
matoid, bilateral, multicentric, and metastatic tumors.221 A 
solid mass on ultrasonography, speckled calcifications on 
CT and contrast enhancement, and tumor thrombus and 
regional lymphadenopathies on CT or MRI should raise the 
suspicion of a carcinoma.

Renal Failure

The development of renal failure in ADPKD is highly vari-
able. In most patients, renal function is maintained within 
the normal range because of compensatory adaptation, 
despite relentless growth of cysts, until the fourth to sixth 
decade of life (Figure 46.13). By the time renal function 
starts declining, the kidneys usually are markedly enlarged 
and distorted with little recognizable parenchyma on 
imaging studies. At this stage, the average rate of decline in 
glomerular filtration rate (GFR) is approximately 4.4 to 
5.9 mL/min/yr.222 The mutated gene (PKD1 vs. PKD2), type 
of mutation in PKD1 (truncating versus nontruncating), 
and modifier genes determine to a significant extent the 
clinical course of ADPKD (see earlier discussion). Other risk 
factors are male gender, diagnosis before the age of 30 years, 
a first episode of hematuria before age 30 years, onset of 
hypertension before age 35 years, hyperlipidemia, low  

ADPKD include increases in sympathetic nerve activity and 
plasma endothelin 1 levels as well as insulin resistance.206

The diagnosis of hypertension in ADPKD is often made 
late. Twenty-four-hour ambulatory blood pressure monitor-
ing of children or young adults without hypertension  
may reveal blood pressure elevations, attenuated nocturnal 
blood pressure dipping, and exaggerated blood pressure 
response during exercise, which may be accompanied  
by left ventricular hypertrophy and diastolic dysfunction. 
Early detection and treatment of hypertension are impor-
tant because cardiovascular disease is the main cause of 
death in patients with ADPKD.39,207 Uncontrolled blood 
pressure increases the morbidity and mortality from valvular 
heart disease and aneurysms as well as the risk of protein-
uria, hematuria, and a faster decline of renal function. The 
presence of hypertension also increases the risk of fetal  
and maternal complications during pregnancy. Normoten-
sive women with ADPKD usually have uncomplicated 
pregnancies.208

Pain

Pain is the most frequent symptom (60%) reported by adult 
patients with ADPKD.209,210 Acute pain may be associated 
with renal hemorrhage, passage of stones, and urinary tract 
infections. Some patients have chronic flank pain without 
an identifiable etiology other than the cysts.

Vascular endothelial growth factor (VEGF) produced by 
the cystic epithelium211 may promote angiogenesis, hemor-
rhage into cysts, and gross hematuria. Symptomatic episodes 
likely underestimate the frequency of cyst hemorrhage 
because more than 90% of patients with ADPKD have hyper-
dense (CT) or high-signal (MRI) cysts, reflecting blood or 
high protein content. Most hemorrhages resolve within 2 to 
7 days. If symptoms last longer than 1 week or if the initial 
episode occurs after the age of 50 years, investigation to 
exclude neoplasm should be undertaken.

Approximately 20% of patients with ADPKD have 
kidney stones, usually composed of uric acid and calcium 
oxalate.212,213 Metabolic factors include decreased ammonia 
excretion, low urinary pH, and low urinary citrate concen-
tration. Urinary stasis secondary to the distorted renal 
anatomy may also play a role. CT of the abdomen before 
and after contrast enhancement is the best imaging tech-
nique to detect small uric acid stones that may be very faint 
on plain films with tomograms and to differentiate stones 
from cyst wall and parenchymal calcifications. Stones may 

Figure 46.11 Computed tomography (CT) of polycystic kidneys in a male patient whose serum creatinine level is within the normal 
range. A, CT scan without contrast shows a radiopaque stone in the pelvis of the right kidney (arrow). B, CT scan after intravenous administra-
tion of an iodinated radiocontrast agent. The stone now is obscured by contrast medium in the renal pelvis. 
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level of high-density lipoprotein cholesterol, and sickle cell 
trait.223,224 Whether blacks or individuals with specific ACE 
or ENOS genotypes are at an increased risk for disease pro-
gression is uncertain. Smoking raises the risk for ESKD, at 
least in some patient subsets, such as male smokers with no 
history of ACE inhibitor treatment.225

Several factors contribute to renal function decline. A 
strong relationship with renal enlargement has been noted. 
CRISP has confirmed this relationship and has shown that 
kidney and cyst volumes are the strongest predictors of renal 
functional decline.226 After a mean follow-up of 7.9 years, 
30.7% of CRISP enrollees reached stage 3 CKD. Correla-
tions of height-adjusted TKV at baseline with GFR at differ-
ent time points increased from −0.22 (GFR at baseline) to 
−0.65 (GFR at year 8).179 A height-adjusted TKV of 600 mL/m 
or higher at baseline most accurately defined the risk for 
development of stage 3 CKD within 8 years (area under the 
curve of 0.84 in a receiver operator characteristic analysis, 
95% confidence interval [CI], 0.79 to 0.90). Kidney volume 
was a better predictor of GFR decline than baseline age, 
serum creatinine, blood urea nitrogen (BUN), urinary 
albumin, and monocyte chemotactic protein-1 (MCP-1) 
excretion.

CRISP has also shown that reduced renal blood flow (or 
increased vascular resistance) is an additional independent 
predictor of GFR decline.184 This factor points to the impor-
tance of vascular remodeling in the progression of the 
disease and may account for cases in which the decline of 
renal function seems to be out of proportion to the severity 
of the cystic disease. Angiotensin II, transforming growth 
factor-β, and reactive oxygen species may contribute to the 
vascular lesions and interstitial inflammation and fibrosis  
by stimulating the synthesis of chemokines, ECM, and  
metalloproteinase inhibitors. The expression of MCP-1 and 
osteopontin is increased in cyst epithelial cells. MCP-1 is 

Figure 46.12 Cyst infection. A and B, Contrast-enhanced computed tomography (CT) scans demonstrate a 4-cm infected cyst in the anterior 
portion of the lower pole of the right kidney and inflammatory stranding in the perirenal fat. C and D, CT scans obtained after 3 weeks of 
antibiotic therapy show a decrease in the size of the cyst and improved enhancement of the renal parenchyma. 
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Figure 46.13 Effects of compensatory maintenance of glomeru-
lar filtration rate (GFR) on the pattern of progression in autosomal 
dominant polycystic kidney disease. It was assumed that, begin-
ning at the age of 10 years, the patient loses an amount of paren-
chyma each year that normally contributes 2 mL/min of GFR. It was 
further assumed that each residual normal glomerulus can double the 
single-nephron GFR by compensatory mechanisms (as seen in 
normal individuals by the maintenance of total GFR after uninephrec-
tomy for kidney donation). As seen in the model, total GFR is main-
tained until parenchymal loss precludes complete compensation; at 
that point, total GFR begins to fall at a rate that appears more “pre-
cipitous” than what had actually occurred. This model illustrates that 
GFR is a poor indicator of ADPKD progression and that more sensi-
tive markers of parenchymal loss are needed to facilitate earlier 
monitoring. 
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satiety, gastroesophageal reflux, and mechanical lower back 
pain. Other complications caused by mass effect include 
hepatic venous outflow obstruction, inferior vena cava com-
pression, portal vein compression, and bile duct compres-
sion manifesting as obstructive jaundice.233

Symptomatic complications of hepatic cysts include cyst 
hemorrhage, infection, and, rarely, torsion or rupture. The 
typical manifestation of cyst infection consists of localized 
pain, fever, leukocytosis, elevated erythrocyte sedimentation 
rate, and, often, elevated alkaline phosphatase. It is usually 
monomicrobial and caused by Enterobacteriaceae.234-236 
MRI sensitively differentiates between complicated and 
uncomplicated hepatic cyst. On CT, fluid-debris levels within 
cysts, cyst wall thickening, intracystic gas bubbles, and het-
erogeneous or increased density have been associated with 
infection. Radionuclide imaging and FDG-PET scanning 
have been used for diagnosis.237

Mild dilation of the common bile duct has been observed 
in 40% of patients with PLD studied by CT and may rarely 
be associated with episodes of cholangitis.238 Rare associa-
tions of PLD include CHF, adenomas of the ampulla of 
Vater, and cholangiocarcinoma.

Cysts in Other Organs

Cysts are found in the pancreas in approximately 5%, arach-
noid in approximately 8%, and seminal vesicles in approxi-
mately 40% of patients with ADPKD.239-244 Seminal vesicle 
cysts rarely result in infertility.245 Defective sperm motility is 
another cause of male infertility in ADPKD.246 Pancreatic 
cysts are almost always asymptomatic, with very rare occur-
rences of recurrent pancreatitis. It is uncertain whether the 
reported association of carcinoma of the pancreas repre-
sents more than chance. Arachnoid membrane cysts are 
asymptomatic but may increase the risk for subdural hema-
tomas.244,247 Spinal meningeal diverticula may occur with 
increased frequency and rarely manifest as intracranial 
hypotension due to a cerebrospinal fluid leak.248 Ovarian 
cysts are not associated with ADPKD.

Vascular Manifestations

Vascular manifestations of ADPKD include intracranial 
aneurysms and dolichoectasias, thoracic aortic and cervico-
cephalic artery dissections, and coronary artery aneurysms. 

found in cyst fluids in high concentrations, and the urinary 
excretion is increased.227 Other factors such as heavy use of 
analgesics may contribute to CKD progression in some 
patients.

Patients with ADPKD and advanced CKD have less anemia 
than patients with other renal diseases because of enhanced 
production of erythropoietin by the polycystic kidneys.

EXTRARENAL MANIFESTATIONS
Polycystic Liver Disease

Polycystic liver disease (PLD) is the most common extrare-
nal manifestation of ADPKD. It is associated with both PKD1 
and non-PKD1 genotypes. PLD also occurs as a genetically 
distinct disease in the absence of renal cysts. Similar to 
ADPKD, autosomal dominant PLD (ADPLD) is genetically 
heterogeneous, with three genes identified. PRKCSH 
(chromosome 19) and SEC63 (chromosome 6) account 
for approximately one third of isolated ADPLD cases.228-230 
Whole-exome sequencing has now shown that LRP5 
mutations (chromosome 11) are associated with hepatic 
cystogenesis.231

Although hepatic cysts are rare in children, the frequency 
increases with age and may have been underestimated by 
ultrasonography and CT studies. Their prevalences accord-
ing to MRI in the CRISP study were 58%, 85%, and 94% in 
15- to 24-year-old, 25- to 34-year-old, and 35- to 46-year-old 
participants, respectively.164 Hepatic cysts are more prevalent 
and hepatic cyst volume is larger in women than in men. 
Women who have multiple pregnancies or who have used 
oral contraceptive agents or estrogen replacement therapy 
have more severe disease, suggesting an estrogen effect on 
hepatic cyst growth.188,232 Estrogen receptors are expressed 
in the epithelium lining the hepatic cysts, and estrogens 
stimulate proliferation of hepatic cyst–derived cells.

Typically PLD is asymptomatic, but symptoms have 
become more frequent as the life span of patients with 
ADPKD has lengthened because of dialysis and trans-
plantation. Symptoms may result from the mass effect  
or from complicating infection and hemorrhage  
(Figure 46.14). Symptoms typically caused by massive 
enlargement of the liver or by mass effect from a single or 
a limited number of dominant cysts include dyspnea, early 

Figure 46.14 Computed tomography (CT) scan of polycystic liver and kidneys in female patient with autosomal dominant polycystic 
kidney disease. The serum creatinine level and liver function test results were within the normal range. An oral contrast agent was given to 
highlight the intestine, but no intravenous contrast was used. A, Massive enlargement of the liver caused by intraparenchymal cysts. B, CT 
scan at a lower level in the abdomen shows cystic kidneys and the lower portion of the cystic liver. 

A B

http://www.myuptodate.com


1492 SECTION VI — GENETICS OF KIDNEY DISEASE

and slowing kidney disease progression in patients with 
higher levels of proteinuria, but the overall kidney disease 
progression was not significantly different (29% in the 
inhibitor group vs. 41% in the control group).261 Most 
studies have been limited by inadequate power, short follow-
ups, wide ranges of renal function, and the use of doses with 
inadequate pharmacologic effects.

Equally controversial has been the optimal blood pres-
sure target. In the Modification of Diet in Renal Disease 
(MDRD) study, patients with ADPKD and a baseline GFR 
between 13 and 24 mL/min/1.73 m2 assigned to a low 
blood pressure target (≤92 mm Hg) had faster declines in 
GFR than those assigned to a standard blood pressure goal 
(≤107 mm Hg). The reason may be the inability to auto-
regulate renal blood flow.222 The rate of decline in partici-
pants with a baseline GFR between 25 and 55 mL/
min/1.73 m2 was not affected by the blood pressure target 
over a mean intervention period of 2.2 years. However, an 
extended follow-up of these patients showed a delayed onset 
of kidney failure and a reduced composite outcome of 
kidney failure and all-cause mortality in the low blood pres-
sure target group (51% of them taking ACE inhibitors) in 
comparison with those in the standard blood pressure target 
group (32% of them taking ACE inhibitors).262 The magni-
tude of this beneficial effect was similar to that observed in 
patients with other renal diseases.

The results of the HALT Progression of Polycystic Kidney 
Disease (HALT-PKD) clinical trials have been published.263,264 
In study A, 558 hypertensive patients with ADPKD (15 to 49 
years of age, with estimated GFRs [eGFRs] greater than 
60 mL/min/1.73 m2 of body surface area) were randomly 
assigned to either a standard blood pressure target (120/70 
to 130/80 mm Hg) or a low blood pressure target (95/60 
to 110/75 mm Hg) and to either lisinopril plus telmisartan 
or lisinopril plus placebo.263 In study B, 486 hypertensive 
patients with ADPKD (18 to 64 years of age, with eGFRs 25 
to 60 mL/min/1.73 m2) were randomly assigned to receive 
lisinopril plus telmisartan or lisinopril plus placebo, with the 
doses adjusted to achieve a blood pressure of 110/70 to 
130/80 mm Hg.264 Both studies showed that an ACE inhibi-
tor alone adequately controlled hypertension in most 
patients, justifying its use as first-line treatment for hyperten-
sion in this disease. Study A showed that lowering blood 
pressure to levels below those recommended by current 
guidelines in young patients with good kidney function 
reduced the rate of increase in kidney volume by 14%, the 
increase in renal vascular resistance, urine albumin excre-
tion (all identified in CRISP as predictors of renal function 
decline), left ventricular mass index, and, marginally (after 
the first 4 months of treatment), the rate of decline in 
eGFR.263 The overall effect of low blood pressure on eGFR, 
however, was not statistically significant, possibly because the 
reduction of blood pressure to low levels was associated with 
an acute reduction in eGFR within the first 4 months of 
treatment. Although these results may not be viewed univer-
sally as positive, they do underline the importance of early 
detection and treatment of hypertension in ADPKD. The 
addition of an ARB to an ACE inhibitor did not show addi-
tional benefit.

Several studies suggest that improved blood pressure 
control in patients with ADPKD over the last two decades 
has been associated with reduced cardiovascular morbidity 

They are caused by alterations in the vasculature directly 
linked to mutations in PKD1 or PKD2. PC1 and PC2 are 
expressed in VSMCs.189-191 Pkd2+/− VSMCs exhibit increased 
rates of proliferation and apoptosis, and Pkd2+/− mice have 
a greater susceptibility to vascular injury and premature 
death when hypertension is induced to develop.85,117

ICAs occur in approximately 6% of patients with a nega-
tive family history and in 16% of those with a positive family 
history of aneurysms.249 They are most often asymptomatic. 
Focal findings such as cranial nerve palsy and seizure result 
from compression of local structures. The risk of rupture 
depends on many factors (see later discussion). Rupture 
carries a 35% to 55% risk of combined severe morbidity and 
mortality.250 The mean age at rupture is lower than in the 
general population (39 years vs. 51 years, respectively). Most 
patients have normal renal function, and up to 29% have 
normal blood pressure, at the time of rupture.

Cardiac Manifestations

Mitral valve prolapse observed by echocardiography is the 
most common valvular abnormality, found in up to 25% of 
patients with ADPKD.251,252 Aortic insufficiency may occur in 
association with dilation of the aortic root.253 Although these 
lesions may progress with time, they rarely require valve 
replacement. Screening echocardiography is not indicated 
unless a murmur is detected on physical examination.

Diverticular Disease

Colonic diverticulosis and diverticulitis are more common 
in patients with ADPKD and ESKD than in those with other 
renal diseases. Whether this increased risk extends to 
patients before the onset of ESKD is uncertain.254 There 
have been reports of extracolonic diverticular disease.255 It 
may become clinically significant in a minority of patients. 
Subtle alterations in polycystin function may enhance the 
smooth muscle dysfunction from aging, which is thought to 
underlie the development of diverticula.

Bronchiectasias

PC1 is expressed in the motile cilia of airway epithelial cells. 
Bronchiectasis occurs three times more frequently in 
patients with ADPKD than in control individuals (37% vs. 
13%, respectively; P < 0.002), as detected by CT.256

TREATMENT
Current therapy of ADPKD is directed toward limiting the 
morbidity and mortality from the complications of the 
disease.

Hypertension

There is no proven antihypertensive agent of choice in 
ADPKD. ACE inhibitors or angiotensin receptor blockers 
(ARBs) increase renal blood flow, have a low side effect 
profile, and may have renoprotective properties beyond 
blood pressure control. Some studies have shown better 
preservation of renal function or reduction in proteinuria 
and left ventricular hypertrophy with ACE inhibitors or 
ARBs than with diuretics or calcium channel blockers,257-259 
but other studies have been unable to detect the superiority 
of these drugs.260 A meta-analysis of 142 patients with ADPKD 
in eight randomized clinical trials showed that ACE inhibi-
tors were more effective in lowering urine protein excretion 
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of benefit.275 Laparoscopy is as effective as open surgical 
fenestration for patients with limited disease and has a 
shorter, less complicated recovery period.276,277 Surgical 
interventions do not accelerate the decline in renal func-
tion as was once thought, but they do not preserve declining 
renal function either. Laparoscopic renal denervation or 
thoracoscopic sympathosplanchnicectomy can be consid-
ered, particularly in polycystic kidneys without large 
cysts.278,279 Percutaneous transluminal renal denervation has 
been proposed as a potential treatment option for PKD-
related pain but has not yet been adequately tested.280,281 
Laparoscopic or retroperitoneoscopic nephrectomy is indi-
cated for symptomatic patients with ESKD. Arterial emboli-
zation is an alternative when the surgical risk is high, but its 
role has not been fully defined.

Cyst Hemorrhage

Cyst hemorrhages are usually self-limiting and respond to 
conservative management with bed rest, analgesics, and 
hydration. When a subcapsular or retroperitoneal hema-
toma is causing significant decrease in hematocrit and 
hemodynamic instability, hospitalization, transfusion, and 
investigation by CT or angiography become necessary. In 
cases of unusually severe or persistent hemorrhage, segmen-
tal arterial embolization can be successful. If not, surgery 
may be required to control bleeding. Segmental arterial 
embolization or surgery may be required in some cases. The 
antfibrinolytic agent tranexamic acid has been successfully 
used in some cases, but no controlled studies of its use have 
been performed282 and the dose needs to be reduced in the 
presence of renal insufficiency. Potential adverse effects of 
this treatment include glomerular thrombosis and ureteral 
obstructions due to clots.

Cyst Infection

Cyst infections are often difficult to treat.216 Treatment 
failure may occur because of poor antibiotic penetration 
into the cysts. Lipophilic agents penetrate the cysts consis-
tently. If fever persists after 1 to 2 weeks of appropriate 
antimicrobial therapy, percutaneous or surgical drainage of 
infected cysts or, in the case of end-stage polycystic kidneys, 
nephrectomy should be undertaken. If fever recurs after 
antibiotic therapy is stopped, a complicating feature such as 
obstruction, perinephric abscess, or a stone should be 
excluded. If none is identified, several months of antibiotic 
therapy may be required to eradicate the infection.

Nephrolithiasis

Treatment is similar to that in patients without ADPKD. 
Potassium citrate is indicated for the three causes of stones 
associated with ADPKD, that is, uric acid lithiasis, hypoci-
traturic calcium oxalate nephrolithiasis, and distal acidifica-
tion defects. Extracorporeal shock wave lithotripsy and 
percutaneous nephrostolithotomy have been performed 
successfully without undue complications.

End-Stage Kidney Disease

Patients with ADPKD do better on dialysis than patients with 
other causes of ESKD, perhaps because of higher levels of 
erythropoietin and hemoglobin or lower comorbidity.283 
Despite renal size and increased risk for hernias, peritoneal 
dialysis is usually possible.

and mortality. A small prospective study from the University 
of Colorado showed that rigorous blood pressure control 
caused a greater decrease in left ventricular mass without a 
detectable effect on renal function.265 A population-based 
study using the U.K. General Practice Research Database 
found that increased use of antihypertensive drugs over the 
period from 1991 to 2008 in patients with ADPKD, particu-
larly of agents blocking the RAAS, was accompanied by 
reduced mortality.266 The low prevalence of left ventricular 
hypertrophy (LVH) assessed by MRI in 543 hypertensive 
patients with ADPKD (mean age 36 years) who had normal 
renal function and were enrolled in the HALT-PKD study at 
entry into the study—3.9% by nonindexed left ventricular 
mass (LVM) and 0.9% by LVM index (LVMI), much lower 
than that observed in earlier studies267—likely reflects the 
excellent blood pressure control (mean approximately 
124/82 mm Hg) and the high utilization of RAAS blockers 
(61%).268 In Danish patients with ADPKD and ESKD, car-
diovascular and cerebrovascular deaths decreased from 
1993 to 2008, possibly owing to a greater effectiveness of 
antihypertensive treatment.269

There is less evidence that the better control of hyperten-
sion over the last two decades has delayed the progression 
to ESKD. Two observational studies have suggested that in 
patients with ADPKD, the average age at start of renal 
replacement therapy (RRT) has increased considerably 
during the last two decades.270,271 A study of European Renal 
Association–European Dialysis and Transplant Association 
(ERA-EDTA) Registry data on patients starting RRT between 
1991 and 2010, spanning 12 European countries with 208 
million inhabitants, also showed that mean age at onset of 
RRT among patients with ADPKD (n = 20,596) has risen, 
albeit considerably less than in the two aforementioned 
studies, from 56.6 to 58.0 years.272 Although the RRT inci-
dence did not change among patients with ADPKD younger 
than 50 years, it increased among older patients (> 70 
years). These data suggest that the greater age of patients 
with ADPKD at the start of RRT may be explained by 
increased access of the elderly to RRT or by the lower com-
peting risk of mortality prior to the start of RRT, rather than 
the consequence of effective renoprotective therapies.273,274

Pain

Causes of pain in ADPKD that may require intervention, 
such as infections, stones, and tumors, should be excluded. 
Long-term administration of nephrotoxic agents should be 
avoided. Narcotic analgesics should be reserved for acute 
episodes. Psychological evaluation and an understanding 
and supportive attitude on the part of the physician are 
essential to minimize the risk for narcotic and analgesic 
dependence in patients with chronic pain. Reassurance, life-
style modification, avoidance of aggravating activities, tricy-
clic antidepressants, and pain clinic interventions such as 
splanchnic nerve blockade with local anesthesia or steroids 
may be helpful.209,210

When conservative measures fail, surgical interventions 
can be considered. Aspiration of large cysts under ultraso-
nographic or CT guidance is a simple procedure and may 
help identify the cause of the pain. Sclerosing agents may 
be used to prevent the reaccumulation of fluid. When mul-
tiple cysts contribute to pain, laparoscopic or surgical cyst 
fenestration through lumbotomy or flank incisions may be 
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of hepatic parenchyma and liver function.287 In cases in 
which no segments are spared, liver transplantation may be 
necessary.

When a hepatic cyst infection is suspected, any cyst with 
unusual appearance on an imaging study should be aspi-
rated for diagnostic purposes. The best management is per-
cutaneous cyst drainage in combination with antibiotic 
therapy. Long-term oral antibiotic suppression or prophy-
laxis should be reserved for relapsing or recurrent cases. 
Antibiotics of choice are trimethoprim-sulfamethoxazole 
and the fluoroquinolones, which are effective against the 
typical infecting organisms and concentrate in the biliary 
tree and cysts.

Intracranial Aneurysm

Widespread presymptomatic screening is not indicated 
because it yields mostly small aneurysms in the anterior 
circulation with a low risk of rupture. Indications for  
screening in patients with good life expectancy include a 
family history of aneurysm or subarachnoid hemorrhage, 
previous aneurysm rupture, preparation for major elective 
surgery, high-risk occupations (e.g., airline pilots), and 
patient anxiety despite adequate information.249 MR angiog-
raphy does not require intravenous contrast material. CT 
angiography is a satisfactory alternative when there is no 
contraindication to intravenous contrast agents.

When an asymptomatic aneurysm is found, a recommen-
dation on whether to intervene depends on its size, site, and 
morphology; prior history of subarachnoid hemorrhage 
from another aneurysm; patient age and general health; 
and whether the aneurysm is coilable or clippable. The 
prospective arm of the International Study of Unruptured 
Intracranial Aneurysms (ISUIA) has provided invaluable 
information to assist in the decision.288 The 5-year cumula-
tive rupture rates for patients without a previous history of 
subarachnoid hemorrhage with aneurysms located in the 
internal carotid artery, anterior communicating or anterior 
cerebral artery, or middle cerebral artery were 0%, 2.6%, 
14.5%, and 44.0% for aneurysms less than 7 mm, 7 to 
12 mm, 13 to 24 mm, and 25 mm or greater, respectively, 
compared with rates of 2.5%, 14.5%, 18.4%, and 50%, 
respectively, for the same size categories involving the pos-
terior circulation and posterior communicating artery. 
Among unruptured noncavernous segment aneurysms less 
than 7 mm in diameter, the rupture risks were higher 
among patients who had a previous subarachnoid hemor-
rhage from another aneurysm. These risks need to be bal-
anced with those associated with surgical or endovascular 
surgery also reported by the ISUIA. The 1-year mortality and 
combined morbidity (Rankin score 3 to 5 or impaired cogni-
tive status) and mortality rates were 2.7% and 12.6%, respec-
tively, for open surgery and 3.4% and 9.8%, respectively, for 
endovascular repair.

The risk for development of new aneurysms or enlarge-
ment of an existing one in patients with ADPKD is very low 
in those with small (<7 mm) aneurysms detected by pre-
symptomatic screening and moderate in those with a previ-
ous rupture from a different site.289-291 On the basis of these 
and the ISUIA data, conservative management is usually 
recommended for patients with ADPKD who have small 
(<7 mm) aneurysms detected by presymptomatic screening, 
particularly in the anterior circulation. Semiannual or 

Transplantation is the treatment of choice for ESKD in 
ADPKD. There is no difference in patient or graft survival 
between patients with ADPKD and other ESKD populations. 
Graft survival after living donor transplants is also no differ-
ent in patients with and without ADPKD. However, data are 
more limited for those with ADPKD, in whom living related 
donor transplantation was not widely practiced in the past. 
In 1999, for instance, 30% of kidney transplants for ADPKD 
patients were from living donors, compared with 12%  
in 1990.

Complications after transplantation are no greater in the 
ADPKD population than in the general population, and 
specific complications directly related to ADPKD are rare. 
Cyst infection is not increased after transplantation, and 
there is no significant increase in the incidence of symptom-
atic mitral valve prolapse or hepatic cyst infection. One 
study showed a higher rate of diverticulosis and bowel per-
foration in ADPKD. Whether ADPKD increases the risk for 
development of new-onset diabetes mellitus after transplan-
tation is controversial.

Pretransplantation nephrectomy, commonly used in the 
past, has fallen out of favor. By 1 and 3 years following renal 
transplantation, kidney volumes decrease by 37.7% and 
40.6%, and liver volumes increase by 8.6% and 21.4%, 
respectively.284 Indications for nephrectomy include a history 
of infected cysts, frequent bleeding, severe hypertension, 
and massive renal enlargement with extension into the 
pelvis. There is no evidence for an increased risk for devel-
opment of renal cell carcinoma in native ADPKD kidneys 
after transplantation. When nephrectomy is indicated, 
hand-assisted laparoscopic nephrectomy is associated with 
less intraoperative blood loss, less postoperative pain, and 
faster recovery than open nephrectomy and is increasingly 
being used.277

Polycystic Liver Disease

PLD is usually asymptomatic and requires no treatment. 
When it is symptomatic, therapy is directed toward reducing 
cyst volume and hepatic size. Noninvasive measures include 
avoiding ethanol, other hepatotoxins, and possibly cAMP 
agonists (e.g., caffeine), which have been shown to stimu-
late cyst fluid secretion in vitro. Estrogens are likely to con-
tribute to cyst growth, but the use of oral contraceptive 
agents and postmenopausal estrogen replacement therapy 
are contraindicated only if the liver is significantly enlarged 
and the risk for further hepatic cyst growth outweighs the 
benefits of estrogen therapy. Rarely, symptomatic PLD may 
require invasive measures to reduce cyst volume and hepatic 
size. Options include percutaneous cyst aspiration and  
sclerosis, laparoscopic fenestration, open surgical hepatic 
resection/cyst fenestration, selective hepatic artery emboli-
zation, and liver transplantation.285,286 Cyst aspiration is the 
procedure of choice if symptoms are caused by one or a few 
dominant cysts or by cysts that are easily accessible to per-
cutaneous intervention. To prevent the reaccumulation of 
cyst fluid, sclerosis with minocycline or 95% ethanol is often 
successful. Laparoscopic fenestration can be considered for 
large cysts that are more likely to recur after ethanol sclero-
sis or if several cysts are present that would require multiple 
percutaneous passes to be treated adequately. Partial hepa-
tectomy with cyst fenestration is an option because PLD 
often spares a part of the liver with adequate preservation 
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greatest from baseline to year 1, but also significant from 
year 1 to year 2, and from year 2 to year 3. The analysis of 
time to development or progression of multiple clinical 
events (worsening kidney function, severe kidney pain, 
hypertension, and albuminuria) showed fewer clinical 
events for tolvaptan than for placebo, with a hazard ratio of 
0.87. This result was driven by a 61% lower risk of 25% 
reductions in reciprocal serum creatinine value and a 36% 
lower risk of kidney pain events. Tolvaptan also reduced the 
rate of decline of reciprocal serum creatinine value, from 
−3.81 to −2.61 mg/mL per year.

Frequencies of adverse events were similar in the two 
groups; those related to aquaresis were more common in 
the tolvaptan group, whereas those related to ADPKD, such 
as kidney pain, hematuria, and urinary tract infection, were 
more common in the placebo group. Increases in serum 
sodium and uric acid were more frequently seen in tolvaptan-
treated subjects. Tolvaptan-treated subjects also had more 
frequent, clinically significant elevations of liver enzymes, 
leading to discontinuation of tolvaptan in 1.8%.

Tolvaptan was approved in March 2014 by the regulatory 
authorities in Japan for the suppression of progression of 
ADPKD in patients with rapid rate of increase in kidney 
volume.301 In the United States, the U.S. Food and Drug 
Administration (FDA) requested the manufacturer of 
tolvaptan to provide additional data to further evaluate the 
efficacy and safety of this drug in patients with ADPKD.302 
Concerns raised during the review process included: (1) not 
accepting TKV as an established surrogate; (2) uncertainty 
introduced by missing data and a post-treatment baseline 
for the key secondary end point; (3) potential risk for hepa-
totoxicity; and (4) the “small” 1 mL/min/1.73 m2 per year 
(26%) improvement in renal function decline. Applications 
for approval of tolvaptan for the treatment of ADPKD have 
recently been approved by the European Medicines Agency 
(EMA) and Health Canada.

Somatostatin Analogs. Binding of somatostatin to its recep-
tors, (SSTR1 through SSTR5) inhibits adenylyl cyclase and 
MAPK, cell proliferation, and secretion of several hormones 
(growth hormone, insulin, glucagon, gastrin, cholecysto-
kinin, vasoactive intestinal peptide and secretin, thyroid-
stimulating hormone [TSH], and adrenocorticotropic 
hormone [ACTH]) and growth factors (insulin-like growth 
factor 1 [IGF-I] and VEGF).303,304 All five SSTRs are expressed 
in renal tubular epithelial cells and cholangiocytes. Because 
somatostatin has a half-life of approximately 3 minutes, 
more stable synthetic peptides (octreotide, lanreotide, and 
pasireotide) have been developed for clinical use. They 
differ in stability and in affinity for the different SSTRs. Half-
lives in the circulation are 2 hours for octreotide and lanreo-
tide and 12 hours for pasireotide. Octreotide and lanreotide 
bind with high affinity to SSTR2 and SSTR3, with moderate 
affinity to SSTR5, and have no affinity to SSTR1 and SSTR4. 
Pasireotide binds with high affinity to SSTR1, SSTR2, SSTR3, 
and SSTR5. In preclinical studies, octreotide and pasireotide 
reduced cAMP levels and proliferation of cholangiocytes in 
vitro, expansion of liver cysts in three-dimensional (3D) col-
lagen culture, and development of kidney and liver cysts and 
fibrosis in PCK rats and Pkd2WS25/− mice.116,305 In agreement 
with the longer half-life and higher affinity to a broader 
range of SSTRs, the effects of pasireotide are more potent 

annual imaging studies of an aneurysm are appropriate 
initially, but reevaluation at less frequent intervals may be 
sufficient after the stability of the aneurysm has been  
documented. Elimination of tobacco use and aggressive 
treatment of hypertension and hyperlipidemia should be 
recommended.

The risk for development of a new aneurysm after an 
initial negative study result is small, about 3% at 10 years in 
patients with a family history of ICAs.292 Therefore, rescreen-
ing of patients with a family history of after an interval of 5 
to 10 years seems reasonable.

Novel Therapies

A better understanding of the pathophysiology and the 
availability of animal models has facilitated the development 
of preclinical trials and identification of promising candi-
date drugs for clinical trials (http://www.clinicaltrials.gov).

Vasopressin V2 Receptor Antagonists. The effect of vaso-
pressin, via V2 receptors, on cAMP levels in the collecting 
duct, the major site of cyst development in ADPKD, and the 
role of cAMP in cystogenesis provided the rationale for 
preclinical trials that showed effectiveness of vasopressin V2 
receptor (V2R) antagonists in animal models of ARPKD, 
ADPKD, and nephronophthisis (NPHP).113,162,306 Prelimi-
nary dosing studies showed that twice daily administration 
of the V2R antagonist tolvaptan was necessary to maintain 
urine hypotonicity (a surrogate for V2R blockade) through-
out a 24-hour period.293-295 Two small phase II, open-label, 
uncontrolled, 3-year clinical trials provided preliminary 
support for its long-term safety and tolerability.296 Two addi-
tional short-term studies showed that the aquaretic effect of 
tolvaptan was accompanied by a small, rapidly reversible 
reduction in GFR, uric acid clearance, and kidney and cyst 
volumes.297,298

The results of a phase III, global, multicenter, random-
ized, double-blind, placebo-controlled, parallel-arm trial of 
tolvaptan in ADPKD (TEMPO [Tolvaptan Efficacy and 
Safety in Management of ADPKD and its Outcomes], 3 : 4; 
NCT00428948) have been published.299,300 Subjects with 
ADPKD (n = 1445) and rapid disease progression reflected 
by kidney volumes of at least 750 mL at a relatively young 
age (between 18 and 50 years), but still with preserved renal 
function (estimated creatinine clearance [eCrCl] > 60 mL/
min), were randomly assigned at a rate of 2 : 1 to tolvaptan 
or placebo. Morning and afternoon split 45/15-mg doses 
were titrated at weekly intervals to 60/30 and 90/30 mg. 
The maximally tolerated dose was maintained for 3 years. 
Participants were instructed to drink enough water to 
prevent thirst. Serum creatinine and laboratory parameters 
were measured every 4 months, and renal MRI was obtained 
yearly. Twenty-three percent of tolvaptan-treated subjects 
withdrew from the trial, 15% because of adverse events, 
including aquaresis-related symptoms in 8%, in comparison 
with 14%, 5%, and 0.4%, respectively, in the placebo group. 
Of the subjects assigned to tolvaptan therapy and complet-
ing 3 years of treatment, 24%, 21%, and 55% were tolerat-
ing doses of 45/15, 60/30, and 90/30 mg, respectively, at 
the end of the study. Seventeen percent of subjects receiving 
placebo were unable to tolerate the 90/30 mg dose.

Tolvaptan reduced the rate of kidney growth by 50%, 
from 5.5% to 2.8% per year. The treatment effect was 
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toxicity.326 Another approach takes advantage of the mecha-
nism of action of sirolimus, which forms a complex with the 
binding protein FKBP12 that competes with phosphatidic 
acid for binding to mTOR. Phosphatidic acid, a phospholi-
pase D product generated by the hydrolysis of phosphatidyl-
choline, is required for the association of mTOR with 
component Raptor in mTORC1 and with component Rictor 
in mTORC2. One study showed that PKD cells have a slightly 
higher phospholipase D activity and that blockade of its 
activity by either specific inhibitors or “alcohol trap” treat-
ment retrains mTORC1 and decreases cell viability and pro-
liferation.327 A third approach is the use of mTOR-catalytic 
inhibitors that cause a more potent and durable inhibition 
of mTORC1 than rapalogs, which are currently being tested 
in rodent PKD models.328

Other Agents. Many other drugs have been shown to be 
effective in preclinical trials and of potential value for the 
treatment of human PKD. Some act on tyrosine kinase 
receptors, downstream signaling pathways such as MAPK 
and Wnt/β-catenin signaling, effectors and inhibitors of cell 
cycling, or energy metabolism to inhibit cell prolifera-
tion.148,149,329,330 Other potential therapies target fluid secre-
tion (cystic fibrosis transmembrane conductance regulator 
[CFTR] and KCa3.1 inhibitors) or important pathogenic 
interactions between epithelial cells and ECM and the inter-
stitial inflammatory microenvironment. Of particular inter-
est are drugs that have shown effectiveness in animal models 
and that are currently used for other indications with rela-
tively little toxicity, such as metformin, the thiazolidinedio-
nes, and nicotinamide.139,331-335

Clinical Trials and Renal Function

In planning for clinical trials for ADPKD, the use of renal 
function as the primary outcome becomes an issue. This is 
because decades of normal renal function remain despite 
progressive enlargement and cystic transformation of the 
kidneys. By the time the GFR starts declining, the kidneys 
are markedly enlarged, distorted, and unlikely to benefit 
from treatment. On the other hand, early interventional 
trials would require unrealistic periods of follow-up if renal 
function were to be used as the primary outcome. The 
results of CRISP have shown that the rate of renal growth is 
a good predictor of functional decline and justify the use of 
kidney volume as a marker of disease progression in clinical 
trials for ADPKD.178,179

AUTOSOMAL RECESSIVE POLYCYSTIC  
KIDNEY DISEASE

EPIDEMIOLOGY
ARPKD is generally characterized by relatively rapid, sym-
metric, bilateral renal enlargement in infants due to collect-
ing duct cysts in association with CHF.336-338 Nonobstructive 
intrahepatic bile duct dilatation (Caroli’s disease) is variably 
seen. A minority of cases may occur in older children, teen-
agers, or young adults, usually with manifestations of portal 
hypertension or cholangitis. In rare cases, the presentation 
may be in older adults, mostly with complications of the liver 
disease but sometimes with renal manifestations such as 
proteinuria, nephrolithiasis, and renal insufficiency.339,340 

than those of octreotide. Pasireotide and tolvaptan have 
been shown to have an additive beneficial effect in the 
Pkd1RC/RC mouse model of ADPKD.306

Several small randomized, placebo-controlled studies of 
octreotide or lanreotide have been completed.307-310 Most of 
these studies have been of short duration, but two of them 
have been extended as open-label, uncontrolled studies.311,312 
The recent ALADIN study randomly assigned 79 patients 
ADPKD with and eGFR values of 40 mL/min/1.73m2 or 
higher to intramuscular injections of a long-acting form of 
octreotide or placebo and monitored them for 3 years.313 
The primary outcome variable, a mean increase in TKV at 3 
years of follow-up, showed numerically smaller growth in the 
octreotide group than in the placebo group (220 mL versus 
454 mL). The difference, however, was not statistically sig-
nificant. A favorable effect was noted on the secondary 
outcome of kidney function, but this end point also did not 
reach statistical significance. These findings provide support 
for larger randomized controlled trials to test the protective 
effect of somatostatin analogs against renal function loss. An 
ongoing clinical trial involves 300 patients with ADPKD and 
CKD stages 3a and 3b.314 Until the results of larger trials 
become available, somatostatin analogs should not be pre-
scribed for renoprotection outside of a research study.

The somatostatin analogs have also shown a potential 
beneficial effect on the progression of polycystic liver 
disease. Liver volume decreased by 4% to 6% during the 
first year of treatment, and this reduction was sustained 
during the second year. Young female patients appear to 
have the greatest benefit from this treatment.315 The addi-
tion of everolimus to treatment with octreotide does not 
provide added benefit.

Octreotide and lanreotide are overall well tolerated. Self-
resolving abdominal cramps and loose stools are common 
in the first few days following the injections. Other adverse 
effects include injection site granuloma and pain, choleli-
thiasis, steatorrhea, weight loss, and, rarely, hair loss. The 
adverse event profile of pasireotide in patients with ADPKD 
may include hyperglycemia because pasireotide inhibits 
insulin more potently than glucagon secretion, whereas the 
contrary is true for octreotide and pasireotide.316

Rapalogs. There is overwhelming evidence for enhanced 
mTOR complex 1 (mTORC1) signaling in PKD cystic 
tissues, and results of preclinical trials of mTOR-inhibiting 
rapalogs (sirolimus and everolimus) in rodent models were 
mostly encouraging. At doses and blood levels achievable in 
humans, sirolimus and everolimus were effective in a rat 
model of PKD affecting proximal tubules,317,318 but not in an 
ARPKD model affecting the distal nephron and collecting 
duct.319 Mice tolerate much higher doses and blood levels 
than rats and humans, and at these high levels rapalogs were 
consistently effective in orthologous and nonorthologous 
mouse models.320,321 However, the results of clinical trials 
have been mostly discouraging,322-324 likely because blood 
levels capable of inhibiting mTOR in peripheral blood 
mononuclear cells do not inhibit mTOR in the kidney.325

Several strategies may overcome the systemic toxicity  
and limited renal bioavailability of rapalogs. One is to target 
the drug specifically to the kidney by conjugating it to  
folate, and treatment of bpk mice was effective in reducing 
renal cyst growth and preserving kidney function without 
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likely important to form a functional protein.97,353 This pos-
sibility suggests that fibrocystin may be a cell surface recep-
tor implicated in protein-protein interactions. Like the 
polycystins, fibrocystin is localized in primary cilia. Fibrocys-
tin, PC2, and the kinesin-2 motor subunit KIF3B (kinesin 
family member 3B) form a protein complex in which KIF3B 
acts as a linker between fibrocystin and PC2.354 The physical 
interaction between fibrocystin and the motor protein 
KIF3B may explain the structural abnormalities described 
in the primary cilia of PCK rat cholangiocytes.355 Within the 
fibrocystin-KIF3B-PC2 complex, fibrocystin is capable of 
enhancing the channel function of PC2. Fibrocystin has also 
been shown to interact with calcium-modulating cyclophilin 
ligand, a protein that participates in the regulation of cyto-
solic calcium pools.356 These observations suggest that an 
alteration of the intracellular calcium homeostasis plays an 
important role in ARPKD, as also seems to be the case in 
ADPKD. Aberrant activation of mTOR has been shown in 
ARPKD kidneys as it has in ADPKD kidneys.357 The expres-
sion of fibrocystin in ureteric bud branches, intrahepatic 
and extrahepatic biliary ducts, and pancreatic ducts during 
embryogenesis is consistent with the histologic features of 
ARPKD.358

PATHOLOGY
ARPKD affects both the kidneys and the liver in approxi-
mately inverse proportions. That is, the disease may be 
viewed as a spectrum ranging from severe renal damage and 
mild liver damage at one end to mild renal damage and 
severe liver damage at the other. The form with severe renal 
damage is the more common and is the form that manifests 
at or near the time of birth. The form with less severe renal 
damage and more severe liver damage is less common and 
usually manifests in infancy, childhood, or later.

The kidneys in the perinatal and neonatal forms of 
ARPKD are symmetrically and bilaterally enlarged up to 
more than 20 times normal (Figure 46.15) and may be the 
cause of dystocia because of their size. Average combined 
weight of the kidneys in one series was about 300 g (range, 

Prevalence and carrier frequencies are thought to be 1 in 
20,000 and 1 in 70, respectively.341 Molecular data indicate 
that ARPKD is likely to be found in all racial groups.342,343

GENETICS
ARPKD is inherited as an autosomal recessive trait and 
therefore may occur in siblings but not in the parents. The 
disease is observed in one fourth of the offspring of carrier 
parents. All cases of typical ARPKD are caused by mutations 
in a gene on chromosome 6p21.1-p12 (PKHD1).344-346 Studies 
have shown that PKHD1 mutations are also responsible for 
nonsyndromic CHF and Caroli’s disease.339

PKHD1 is among the largest genes in the human genome, 
extending approximately 470 kb and including 67 
exons.347,348 Mutations are scattered throughout the gene 
without “hot spots.”342,343 Most have been described in just a 
single family, but some are more frequent in particular 
populations (e.g., R496X in Finland and 9689delA in 
Spain).349,350 One missense substitution, T36M, has been 
found on approximately 16% of mutant alleles and seems 
to be an ancestral mutation that arose in Europe more than 
a 1000 years ago.351 There is evidence of genotype-phenotype 
correlations. The presence of two truncating mutations 
results in a lethal phenotype by the neonatal period. Surviv-
ing patients with severe or milder renal disease have at least 
one nontruncation mutation, indicating that many nontrun-
cating mutations are hypomorphic.349,350,352 Despite the 
importance of the germline mutations, affected sibling pairs 
may exhibit phenotypes of markedly discordant severity, 
most likely because of the effect of modifier genes.

PATHOGENESIS
The ARPKD protein, fibrocystin (460 kDa), has a single-
transmembrane pass, a large extracellular region contain-
ing IPT/TIG (immunoglobulin-like fold shared by plexins 
and transcription factors) and PbH1 (parallel beta-helix 1) 
repeats, and an intracellular carboxyl tail with potential 
phosphorylation sites.347,348 Cleavage of the protein in the 
extracellular region at the proprotein convertase site is 

Figure 46.15 Autosomal recessive polycystic kidney disease in a 32-week-old fetus. A, A sonogram showing cystic kidneys (K) of a fetus 
in utero. Gross (B) and microscopic (C) sections show radially oriented cysts of collecting ducts. 
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possible, particularly in utero and the neonatal period, 
when the appearance of the kidney may be indistinguish-
able from ADPKD and other recessive renal cystic diseases. 
The family history, ultrasonographic or histologic evalua-
tion of the liver for the presence of hepatic fibrosis, and 
absence of extrarenal malformations associated with multi-
ple malformation syndromes and with renal dysplasia help 
in the diagnosis.

Older children and adolescents may present with symp-
toms and signs referable to the hepatic fibrosis and portal 
hypertension, including gastrointestinal bleeding from 
varices, hepatosplenomegaly, and hypersplenism, with or 
without associated renal manifestations such as a urinary 
concentrating defect, nephrolithiasis, hypertension, and 
renal insufficiency. Collecting duct ectasia and macrocystic 
changes may be observed in the kidneys of these patients 
(Figure 46.16). Combined use of conventional and high-
resolution ultrasonography with MR cholangiography in 
patients with ARPKD and CHF allows detailed definition of 
the extent of kidney and hepatobiliary manifestations 
without requiring ionizing radiation and contrast agents.365

Owing to the severity of disease in ARPKD, there is sig-
nificant demand for prenatal diagnostics. This interest 
largely comes from couples with a previously affected preg-
nancy, detected either in utero (which may have resulted  
in termination) or with the birth of an affected child (who 
may have died in the neonatal period).366 Preimplantation 
genetic diagnosis (PGD), which avoids the trauma of a ter-
mination of pregnancy in the case of an affected fetus, has 
been performed in only a few cases.367 There is also demand 
for molecular diagnostics in older patients with less severe 
disease to differentiate ARPKD from other causes of child-
hood PKD. Molecular diagnostics have been offered since 
PKHD1 was localized using a linkage-based approach with 
flanking markers. This method requires material from an 
affected individual with a firm diagnosis of ARPKD and can 
be complicated by crossovers between flanking markers. 
With the gene discovery, mutation-based diagnostics have 
become possible.368 This method has the advantages that 
DNA from a previously affected family member is not 
required and that patients with an uncertain diagnosis can 
be tested. However, it is complicated by the marked allelic 

240 to 563 g), a normal combined weight being about 25 g. 
The renal enlargement is caused by fusiform dilation of 
collecting ducts to 1 to 2 mm in the cortex and medulla. 
Almost 100% of collecting ducts are affected in the most 
severe cases. Dilation of the collecting ducts occurs in the 
fetal period, and the glomeruli and more proximal tubular 
elements of the nephron appear normal. However, there is 
evidence in early human fetuses (14-24 weeks) that proxi-
mal tubule cysts occur, as in some rodent models of recessive 
PKD,359-361 but these are no longer evident after 34 weeks of 
gestation.362 The dilated collecting ducts are lined by typical 
cuboidal cells.363,364 In many cases of neonatal ARPKD, an 
overall reduction in size may occur as the children age, and 
macroscopic cysts may develop. Renal calcifications are 
common in children with the disease.

In later presentations of ARPKD, mainly with complica-
tions of portal hypertension caused by CHF or episodes of 
cholangitis caused by Caroli’s disease, the renal involvement 
may be much less prominent, consisting of medullary ductal 
ectasia with minimal or no renal enlargement. The picture 
resembles and may be confused with medullary sponge 
kidney (MSK), a distinct disease with a far different progno-
sis (see later discussion).

The hepatic lesion is diffuse but limited to the portal 
areas. CHF is characterized by enlarged and fibrotic portal 
areas with apparent proliferation of bile ducts, absence of 
central bile ducts, hypoplasia of the portal vein branches, 
and sometimes prominent fibrosis around the central veins. 
Bulbar protrusions from the walls of dilated ducts also 
occur, and bridges sometimes form. This malformation has 
been found to occur occasionally as an isolated event (Car-
oli’s disease), but most often it is associated with ARPKD.

DIAGNOSIS
The diagnosis is often made by sonography in utero or 
shortly after birth. The typical sonogram (see Figure 46.15) 
shows enlarged kidneys with increased echogenicity in the 
cortex and medulla, with poor definition of the collecting 
system and fuzzy delineation of the kidneys from surround-
ing tissues. Although the appearance of the kidneys on 
sonography, CT, and MRI may be very suggestive of ARPKD, 
a definite diagnosis based on renal imaging alone is not 

Figure 46.16 Computed tomography (CT) scan of autosomal recessive polycystic kidney disease in an 18-year-old man whose serum 
creatinine and liver function test results were within normal ranges. The patient had clinical evidence of portal hypertension (gastric varices, 
enlarged spleen). An oral contrast agent was given to highlight the intestines. A, CT scan without contrast enhancement. The liver is enlarged 
but not cystic. The kidneys are slightly enlarged and contain focal radiodense areas (nephrolithiasis). B, CT scan after intravenous administra-
tion of iodinated radiocontrast agent showing cystic areas in both kidneys. The renal calcifications are now obscured by contrast medium in 
the collecting systems. 
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may be dominated by respiratory difficulties from pulmo-
nary hypoplasia or from restrictive disease caused by massive 
kidney enlargement. The need for neonatal ventilation pre-
dicts the development of CKD and death. Approximately 
30% of affected neonates die shortly after birth.380-383

Most patients who survive the neonatal period live to 
adulthood. Hypertension, electrolyte abnormalities, and 
renal insufficiency are the major disease complications in 
surviving infants, with liver disease becoming more impor-
tant in older patients. Hypertension developed in between 
55% and 86% of patients reported in two studies, with blood 
pressure elevations often seen at birth or at diagnosis.380,381 
The pathogenesis of hypertension remains undefined. The 
ectopic expression of components of the RAAS in cystic-
dilated tubules suggests that increased intrarenal angioten-
sin II production contributes to its development.384 However, 
the circulating plasma renin level is usually low,382 and the 
intravascular volume expanded, particularly in patients with 
concomitant hyponatremia.381 Increased sodium reabsorp-
tion in the ectatic collecting ducts may contribute to the 
hypertension,385,386 but conflicting data have been reported.387 
The inability to concentrate and dilute urine can cause 
major electrolyte abnormalities. During the first year or two 
of life, renal function can improve, and renal size relative 
to body mass often decreases.363,388,389 Renal function may 
remain stable for many years or may slowly progress to renal 
failure. The consequences of chronic renal insufficiency, 
growth failure, anemia, and osteodystrophy become appar-
ent during childhood. Because complications of liver disease 
become more important as these children age, careful 
examination for splenomegaly and blood counts for cytope-
nias should be regularly performed.

Adolescents and adults present most often with complica-
tions of portal hypertension (variceal esophageal bleeding, 
splenomegaly and hypersplenism with leukopenia, throm-
bocytopenia, or anemia).339 Up to 50% of patients with CHF 
may exhibit segmental dilation of intrahepatic bile ducts 
(Caroli’s disease), sometimes with episodes of cholangitis or 
sepsis and complications of biliary sludge or lithiasis. Hepa-
tocellular function is rarely deranged, and enzyme values 
are only occasionally mildly elevated. Increased bilirubin or 
enzyme values suggest the possibility of cholangitis. The 
kidneys in these patients may be normal or may exhibit 
various degrees of medullary collecting duct ectasia or mac-
rocystic disease without marked renal enlargement.

Three reports have described cases of ARPKD with 
ICAs.390-392 It is not clear whether the prevalence of ICAs is 
increased in ARPKD or whether these cases are coincidental 
findings.

Heterozygote carriers of PKHD1 mutations have usually 
been considered to be entirely normal. However, an ultra-
sonographic study of 110 obligate carriers of ARPKD showed 
increased medullary echogenicity in 6 (5.5%), multiple 
small liver cysts in 10 (9.1%), a moderately increased liver 
echo pattern suggestive of CHF in 4 (3.6%), and mild sple-
nomegaly in 9 (8.2%) patients.393

TREATMENT
Later studies suggest that the prognosis of ARPKD for chil-
dren who survive the first month of life is far less bleak than 
was initially thought.336,380-382 In patients with respiratory 
insufficiency, the cause (pulmonary hypoplasia, abdominal 

heterogeneity and prevalence of novel missense mutations 
of uncertain pathogenicity. If two clearly pathogenic muta-
tions are identified, the diagnosis is highly reliable. When 
only one mutation is identified, diagnosis is often possible 
in combination with a focused linkage approach.351 In one 
study, a definitive prenatal diagnosis (presence or absence 
of two identified mutations) was feasible in 72% of the cases, 
and an improved risk assignment (presence or absence of 
one identified mutation) was possible in an additional 25% 
of the studied families.342

The phenotype of greatly enlarged and echogenic kidneys 
in neonates is not pathognomonic for ARPKD, and  
other possible cystic disorders should also be considered. 
Rarely (<1% cases), ADPKD manifests in utero or in the 
neonatal period as clinical symptoms very similar to those 
of ARPKD.64,369 In approximately 50% of these cases, an 
affected parent is recognized only after the diagnosis of a 
severely affected child.370 In addition, rare de novo, early-
onset ADPKD may occur. Most early-onset cases have been 
linked to PKD1, although a PKD2 family with perinatal death 
in two severely affected infants has been described.66 CHF 
is not normally part of the ADPKD phenotype, but rare 
reports of an association have been described.

The high risk of recurrence of early-onset ADPKD in 
affected families suggested a common familial modifying 
background for early and severe disease expression (e.g., 
mutations or variants in genes encoding other cystopro-
teins).64 Emerging family data suggested that in trans inheri-
tance of a null and an incompletely penetrant PKD1 allele 
could result in early-onset ADPKD with an ARPKD-like phe-
notype.60,67,68,372 This hypothesis has been confirmed by a 
knockin mouse model mimicking the naturally occurring 
PKD1 variant p.R3277C highlighted by later family stud-
ies.60,67 Mirroring observation in the human studies, gradual 
cystic disease developed in Pkd1RC/RC animals over 1 year, 
whereas early-onset, rapidly progressive disease occurred in  
Pkd1RC/null mice.10 Early-onset severe ADPKD has been linked 
to contiguous deletion of PKD1 and TSC2373,374 as well as 
co-inheritance of an ADPKD and a HNF1B or PKHD1 allele.69

Glomerulocystic kidney disease can rarely manifest in the 
neonatal period with an ARPKD-like phenotype.375 Rare 
families with ARPKD-like disease and skeletal and facial 
anomalies376,377 or recessively inherited renal and hepatic 
cystic diseases with hypoglycemia351,378 that are not linked to 
PKHD1 have been described. Infantile NPHP may also be 
confused with ARPKD. A number of syndromic congenital 
hepatorenal disorders that are lethal in infancy can be asso-
ciated with renal abnormalities resembling those in ARPKD 
and with CHF. These include Joubert, Meckel, Elejalde 
(acrocephalopolysyndactyly), and Ivemark (renal-hepatic-
pancreatic dysplasia) syndromes and glutaric aciduria type 
II. Mutations to ANKS6 have also been shown to sometimes 
result in an ARPKD-like phenotype but usually also with 
cardiovascular abnormalities.379

MANIFESTATIONS
Children with ARPKD are typically identified in utero from 
the finding of enlarged, echogenic kidneys. In the most 
severe cases, poor urine output may result in oligohydram-
nios and the Potter sequence, characterized by typical facies, 
wrinkled skin, compression deformities of the limbs, and 
pulmonary hypoplasia. The presentation of ARPKD at birth 
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diphosphate (GDP)–bound state by stimulating its intrinsic 
guanosine triphosphatase (GTPase) activity and inhibit 
downstream signaling from Rheb via mTOR. Growth factor 
stimulation of phosphoinositide 3-kinase (PI3K) signaling 
leads to Akt-dependent phosphorylation of tuberin, disso-
ciation of the tuberin-hamartin complex, and activation of 
Rheb and mTOR. Tuberin or hamartin mutations prevent 
the formation of tuberin-hamartin complexes and lead to 
constitutive activation of mTOR.

Diagnosis

A definite diagnosis of TSC requires one of the following 
conditions:

• Two major features from the following list: renal angio-
myolipoma, facial angiofibromas or forehead plaques, 
nontraumatic ungual or periungual fibroma, three or 
more hypomelanotic macules, shagreen patch, multiple 
retinal nodular hamartomas, cortical tuber, subependy-
mal nodule, subependymal giant cell astrocytoma, cardiac 
rhabdomyoma, lymphangioleiomyomatosis

• One major feature from previous list plus two minor fea-
tures from the following list: multiple renal cysts, nonre-
nal hamartoma, hamartomatous rectal polyps, retinal 
achromic patch, cerebral white matter radial migration 
tracts, bone cysts, gingival fibromas, “confetti” skin lesions, 
multiple enamel pits

Manifestations

Renal involvement is second only to the involvement of the 
central nervous system (CNS) as a cause of death in patients 
with TSC. The main renal manifestations are angiomyolipo-
mas (including rare epithelioid angiomyolipomas), cysts, 
oncocytomas, clear cell RCC, lymphangiomatous cysts, and 
(rarely) focal segmental glomerulosclerosis.404-407

Angiomyolipomas (AMLs) are benign tumors consist-
ing of abnormal blood vessels, smooth muscle, and fat  
cells. They are derived from perivascular epithelioid cells 
(PEComas) and exhibit immunoreactivity for both melano-
cytic markers (as detected by the antibodies HMB-45 and 
melan-A) and smooth muscle markers (actin and desmin). 
The diagnosis of renal AML relies on the demonstration of 
fat in the tumor by imaging studies. The fat appears hyper-
echogenic on ultrasonography, has a low attenuation value 
on CT, and on MRI appears bright on T1-weighted images, 
dark on T2-weighted images with fat saturation, and inter-
mediate on T2-weighted images.7,38,41,407a Approximately 5% 
of renal AMLs contain minimal amounts of fat and are 
called minimal-fat or fat-poor lesions. The differential diag-
nosis can be challenging and includes classic AMLs (pre-
dominantly composed of smooth muscle cells), epithelioid  
AMLs, RCC, and oncocytoma. When the distinction between 
minimal-fat renal AMLs and renal cell carcinoma cannot be 
reliably established by imaging techniques, imaging-guided 
percutaneous needle biopsy and staining for melanocyte 
markers should be considered as an alternative to surgical 
exploration.408 The risk of bleeding after needle biopsy of a 
minimal-fat AML does not appear to be higher than that of 
a biopsy for other renal tumors, particularly when fine 
needles are used.

In patients with TSC, AMLs are extremely common, are 
usually multiple and bilateral, and affect both genders, in 

mass, pneumothorax, pneumomediastinum, atelectasis, 
pneumonia, heart failure) should be assessed fully, and arti-
ficial ventilation and aggressive resuscitative measures are 
indicated. Severely affected neonates may require unilateral 
or bilateral nephrectomies because of respiratory and nutri-
tional compromise. An aggressive nutritional program and 
correction of acidosis and other electrolyte disorders are 
needed to optimize linear growth. The hypertension gener-
ally responds to salt restriction and antihypertensive drugs. 
Like patients with other renal cystic disorders, patients with 
ARPKD are susceptible to urinary tract infections, so urinary 
tract instrumentation is best avoided.

For infants with ESKD, peritoneal dialysis is preferable, 
but peritoneal dialysis and hemodialysis are options for chil-
dren with renal failure. Kidney transplantation is limited by 
body size, but in experienced centers, it can be performed 
even in small children with a minimal weight of 7 kg.394 
Pretransplantation splenectomy may be indicated for 
patients with marked leukopenia or thrombocytopenia due 
to hypersplenism. These patients should receive pneumo-
coccal vaccinations. Rejection rates and survival beyond 3 
years for such patients are not different from those in 
patients with other renal diseases who undergo transplant 
surgery. Biliary sepsis is a frequent contributor to the mortal-
ity in patients with ARPKD who undergo transplant 
surgery.395

Surviving patients and those whose disease manifests 
during adolescence are likely to require portosystemic 
shunting to prevent life-threatening hemorrhages from 
esophageal varices. The renal disease may progress to renal 
failure years later even after successful shunting. Patients 
with associated nonobstructive intrahepatic biliary dilation 
(Caroli’s disease) may have recurrent episodes of cholangi-
tis and may require antimicrobial therapy or segmental 
hepatic resection. Combined kidney and liver transplanta-
tion has been advocated for selected patients with ESKD 
who have significant bile duct dilation and episodes of 
cholangitis.396-398

TUBEROUS SCLEROSIS COMPLEX

Epidemiology

TSC is an autosomal dominant disease that affects up to 1 
in 6000 individuals.

Genetics

It is caused by mutations in one of two genes, TSC1 and 
TSC2. TSC1 is located on chromosome 9q34, which encodes 
for hamartin. TSC2 is located on chromosome 16p13 and 
encodes for tuberin. The disease tends to be less severe in 
patients with TSC1 mutations than in those with TSC2 
mutations.399-401

Pathogenesis

Hamartin and tuberin physically interact, and this interac-
tion is important for their function. The hamartin-tuberin 
complex antagonizes an insulin-signaling pathway that plays 
an important role in the regulation of cell size, cell number, 
and organ size.402,403 In the absence of growth factor stimula-
tion, tuberin-hamartin complexes maintain Rheb (Ras 
homolog enriched in the brain) in an inactive guanosine 
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demonstrable fat and in the presence of intratumoral 
calcifications.

Treatment

Angiomyolipomas are benign lesions and often require no 
treatment. Because of their increased frequency and size in 
women and reports of hemorrhagic complications during 
pregnancy, patients with multiple AMLs should be cau-
tioned about the potential risks of pregnancy and estrogen 
administration. Annual reevaluations with ultrasonography 
or CT are necessary to assess for growth and development 
of complications. Renal-sparing surgery is indicated for 
symptoms such as pain and hemorrhage, growth with com-
promise of functioning renal parenchyma, and inability to 
exclude an associated RCC. Because angiomyolipomas 
larger than 4 cm are more likely to grow, develop microan-
eurysms and macroaneurysms, and cause symptoms, some 
writers suggest that prophylactic intervention should be 
considered in these cases. Some lesions, because of their size 
or central location, may be more amenable to selective arte-
rial embolization. Radiofrequency ablation and cryoabla-
tion have also been successful in the treatment of renal 
AMLs less than 4 cm in diameter without bleeding 
complications.414-416

Elucidation of the TSC protein function at a molecular 
level and preclinical studies have identified mTOR as a 
target for intervention in TSC.417,418 The efficacy of mTOR 
inhibitors has also been demonstrated in patients with TSC 
who have subependymal giant cell astrocytomas or pulmo-
nary lymphangioleiomyomatosis. Multiple open-label, non-
randomized studies have shown that sirolimus produces a 
reduction in the volume of renal AMLs, mostly achieved in 
the first few months of treatment,419-422 but the effect is not 
maintained after discontinuation of treatment. The best 
data on the efficacy of mTOR inhibitors come from the 
double-blind EXIST-2 study (Efficacy and safety of everoli-
mus for subependymal giant cell astrocytomas associated 
with tuberous sclerosis complex or sporadic lymphangio-
leiomyomatosis, which included 118 patients, 18 years or 
older, who had a definite diagnosis of TSC (n = 113) or 
sporadic lymphangioleiomyomatosis (LAM) (n = 5) and at 
least one renal AML 3 cm or more in its largest diameter. 
The patients were randomly assigned in a 2 : 1 ratio to evero-
limus 10 mg/day or placebo, and treated for a median dura-
tion of 38 or 34 weeks, respectively.423 At the data cutoff, 
therapy had been discontinued in 20 patients, because of 
disease progression in 9 receiving placebo and because of 
adverse effects in 1 receiving everolimus and 4 receiving 
placebo. The primary end point, at least a 50% reduction 
in the total volume of all target AMLs identified at baseline, 
was achieved in 42% of the patients treated with everolimus 
and in none of the patients treated with placebo (P < 0.001). 
The median time to response to everolimus was 2.9 months. 
Progression of AMLs was significantly more common in the 
placebo group (21% vs. 4%). The response rate of skin 
lesions was significantly more common with everolimus 
(26% vs. 0%). The patients treated with everolimus had 
significantly higher rates of stomatitis (48% vs. 8%) and 
acne-like skin lesions (22% vs. 5%). On the basis of these 
findings, the FDA approved everolimus tablets for the treat-
ment of adults with renal AMLs and TSC who do not require 
immediate surgery. At present, the place of everolimus or 

contrast to the general population, in which they are uncom-
mon, usually single, and mainly found in middle-aged 
women. They develop after the first year of age, and by  
the third decade, 60% of patients with TSC have renal 
AMLs. The lesions express receptors for estrogen and  
progesterone, and women have more and larger angiomyo-
lipomas than men. The early small lesions have a character-
istic radial, striated, or wedge-shaped pattern with the  
base of the wedge facing the surface of the kidney. As the 
lesions increase in size, they penetrate deeper into the renal 
parenchyma or become exophytic, extending into the  
perirenal fat. The main manifestations relate to their poten-
tial for hemorrhage (hematuria, intratumoral, or retroperi-
toneal) and mass effect (abdominal or flank mass and 
tenderness, hypertension, or renal insufficiency). Because 
of the potential for renal AML development and growth, it 
is recommended that renal surveillance in patients with TSC 
be performed with ultrasonography at diagnosis and there-
after every 1 to 2 years (3 years in those in whom no AMLs 
are identified and at least yearly in patients with known 
AMLs).409 In patients with known renal lesions, the serum 
creatinine concentration should be measured at least once 
a year.

The epithelioid AML variant is differentiated from the 
classic variant by the presence of an epithelioid cell compo-
nent with abundant eosinophilic and granular cytoplasm.410 
There is no consensus on the percentage of epithelioid cells 
that is required to make a diagnosis of the epithelioid 
variant, with values ranging from 10% to 100% in published 
studies.411,412

In contrast to the uniformly benign prognosis of classic 
renal AMLs, as described in the preceding section, epithe-
lioid variants infrequently undergo malignant transforma-
tion that manifests as local recurrence and/or distal 
metastases.

Unlike angiomyolipomas, renal cysts may be present in 
the first year of life, and cystic disease may be the presenting 
manifestation of TSC. TSC2 and PKD1 lie adjacent to each 
other in a tail-to-tail orientation on chromosome 16 at 
16p13.3. Deletions inactivating both genes are associated 
with polycystic kidneys diagnosed during the first year of life 
or early childhood (TSC2/PKD1 contiguous gene syn-
drome).373,374 Therefore, TSC should be considered in chil-
dren with renal cysts and no family history of PKD. Rarely, 
TSC2/PKD1 contiguous gene syndrome can be diagnosed 
in adults.413 Patients with the contiguous gene syndrome 
usually reach ESKD at an earlier age than patients with 
ADPKD alone, but the disease severity in patients who have 
mosaicism is more variable.374 Patients with TSC1 or TSC2 
mutations without the contiguous gene syndrome also can 
have renal cysts. The renal cysts in TSC are often lined by a 
very distinct, perhaps unique, epithelium of markedly 
hypertrophic and hyperplastic cells with prominent eosino-
philic cytoplasm. The combination of cystic kidneys and 
angiomyolipomas has been said to be virtually pathogno-
monic for TSC.

Oncocytomas—benign tumors derived from intercalated 
cells in the collecting ducts—and clear cell RCCs occur with 
increased frequency in TSC. RCCs in TSC have a female 
predominance and an earlier age of presentation as well as 
increased bilaterality. Early detection is essential. They 
should be suspected in cases of enlarging lesions without 
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isoforms of the α-subunit, HIF-1α, HIF-2α and HIF-3α, and 
one β subunit, HIF-1β. In normoxic conditions, HIF-1α and 
HIF-2α are hydroxylated by prolyl hydroxylases, recognized 
by pVHL, and targeted for proteasomal degradation. In 
conditions of low oxygen tension, HIF-1α and HIF-2α are 
stable and bind to HIF-1β. HIF-α/HIF-β dimers are translo-
cated to the nucleus, bind to R-C-G-T-G DNA sequences 
called hypoxia response elements, and induce expression of 
numerous proteins, including proteins controlling angio-
genesis (e.g., VEGF), erythropoiesis (e.g., erythropoietin), 
glucose uptake and metabolism (e.g., the Glut1 glucose 
transporter and various glycolytic enzymes), extracellular 
pH (e.g., carbonic anhydrases IX and XII), and mitogenesis 
(e.g., transforming growth factor-α (TGF-α), and platelet-
derived growth factor [PDGF]).425c

Upregulation of HIF is not sufficient but is necessary to 
induce the RCC and CNS tumors associated with VHL muta-
tions. A homozygous VHL missense mutation (p.R200W) 
causes Chuvash polycythemia. This condition is endemic to 
the Chuvash population of Russia, but it occurs worldwide.426 
VHL p.R200W homozygosity causes elevations of HIF, VEGF, 
erythropoietin, and hemoglobin, vertebral hemangiomas, 
varicose veins, low blood pressure, and premature mortality 
(42 years; range, 26 to 70 years) related to cerebral vascular 
events and peripheral thrombosis. The absence of RCCs, 
spinocerebellar hemangioblastomas, and pheochromocyto-
mas typical of classic VHL syndrome, however, suggest that 
overexpression of HIF and VEGF is not sufficient for tumori-
genesis. On the other hand, HIF upregulation is required 
for the development of VHL-associated RCC, and short 
hairpin HIF RNAs suppress tumor formation by VHL-
defective renal carcinoma cells.

The demonstration that HIF upregulation is not suffi-
cient to induce RCC suggests that pVHL has other cellular 
functions in addition to controlling HIF levels.427,428 These 
include its ability to regulate apoptosis and senescence as 
well as its role in the maintenance of primary cilia and 
orchestration of the deposition of ECM.

Loss of heterozygosity at the VHL locus in microscopic 
renal cysts from patients with inherited VHL syndrome 
established cyst formation as an early step in the pathogen-
esis of RCC.428a Renal cysts and RCCs from patients with 
VHL syndrome show increased concentrations of both HIF-
1α and HIF-2α. Renal cysts in patients with VHL syndrome 
and in renal clear cell carcinoma cell lines lacking pVHL 
have either no cilia or sparse, rudimentary cilia.36,37,429 
Importantly, ectopic expression of the VHL gene in renal 
clear cell carcinoma cell lines restores cilia formation, sug-
gesting that pVHL directly supports ciliogenesis.

Diagnosis

The diagnosis of VHL syndrome should be made in a person 
with multiple CNS or retinal hemangioblastomas or a single 
hemangioblastoma plus one of the other characteristic 
physical abnormalities, or in families with a history of VHL 
syndrome. In some cases, the diagnosis may be warranted 
in a patient with a positive family history but without CNS 
or retinal lesions who has one or more of the less specific 
findings, with the exception of epididymal cysts, which are 
too nonspecific.

The molecular genetic diagnosis of VHL syndrome has 
greatly facilitated the evaluation and management of  

other mTOR inhibitors for the treatment of renal AMLs 
needs to be further defined. Benefits and risks need to be 
balanced, because the administration of mTOR inhibitors 
can be associated with significant adverse events, the reduc-
tion in renal AML volume is reversible after discontinuation 
of treatment, and long-term outcome results are not 
available.

Case reports have suggested efficacy of mTOR inhibitors 
in patients with unresectable or metastatic malignant epi-
thelioid AMLs.

The main clinical problems associated with cystic disease 
in TSC are hypertension and renal failure. The treatment 
consists of strict control of hypertension. Bilateral nephrec-
tomy should be considered before transplantation surgery 
because of the risk of life-threatening hemorrhage and the 
development of RCC

VON HIPPEL–LINDAU SYNDROME

Epidemiology

von Hippel–Lindau(VHL) syndrome is a rare autosomal 
dominant disease with a prevalence of 1 in 36,000. It is 
characterized by retinal hemangiomas, clear cell RCCs,  
cerebellar and spinal hemangioblastomas, pheochromocy-
tomas, and, less frequently, pancreatic cysts and neuroendo-
crine tumors, endolymphatic sac tumors of the inner ear, 
and epididymal cystadenomas.424,425 In approximately 20% 
of patients with VHL syndrome have a de novo mutation, 
they do not have a family history of VHL syndrome.

Genetics

The VHL protein (pVHL) is encoded by a highly conserved 
tumor suppressor gene in chromosome 3p25-p26. Genotype-
phenotype correlations in VHL syndrome have classified 
four VHL subtypes.281 Patients with VHL type 1 have no 
pheochromocytomas. Mutations in patients with VHL type 
1 are mostly loss-of-function type, leading to a truncated 
pVHL or no pVHL at all. Patients with complete germline 
deletions have a lower rate of RCC than patients with partial 
deletions (22.6% vs. 49%, respectively).225a Mutations in 
patients with VHL type 2 are mostly missense mutations with 
some residual function. Whereas type 2 families have pheo-
chromocytomas and are divided into subtypes with a low 
(type 2A) or high (type 2B) risk of RCC, type 2C families 
present with pheochromocytoma only. Dysregulation of 
VHL-dependent degradation of the α-subunit of hypoxia-
inducible factor (HIF-α) is observed in subtypes 1, 2A, and 
2B. By contrast, VHL-dependent HIF-α degradation is not 
observed in type 2C VHL mutants.

Pathogenesis

VHL encodes two proteins with relative molecular masses 
of approximately 30 kDa and 19 kDa. Although these iso-
forms may have different functions, both are capable of 
suppressing RCC growth in vivo. However, the best-
characterized function of pVHL is to act as an essential 
component in the degradation of HIF-α subunits. pVHL is 
the substrate-binding subunit of an E3 ubiquitin ligase that 
ubiquitinates HIF-α.425b The HIF transcription factors consist 
of an oxygen-sensitive α-subunit and a constitutively 
expressed β-subunit, also known as the aryl hydrocarbon 
receptor nuclear translocator (ARNT). There are three 
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temsirolimus and everolimus, have shown efficacy in the 
treatment of sporadic RCC.435 Treatments can be directed 
against HIF-responsive gene products, such as VEGF, or 
against receptors for VEGF, PDGF, or TGF-β. Sunitinib, a 
VEGF and PDGF tyrosine kinase inhibitor, is currently  
used in patients with VHL-associated advanced RCC, pan-
creatic neuroendocrine tumors, and malignant pheochro-
mocytomas.436

FAMILIAL RENAL HAMARTOMAS  
ASSOCIATED WITH HYPERPARATHYROIDISM–
JAW TUMOR SYNDROME

The autosomal dominant disease familial renal hamartomas 
associated with hyperparathyroidism–jaw tumor syndrome 
is characterized by primary hyperparathyroidism (parathy-
roid adenoma or carcinoma) and ossifying fibroma of the 
jaw. Kidney lesions may also occur as bilateral cysts, renal 
hamartomas, or Wilms’ tumors.437 Renal cysts are a common 
finding, and in some cases, they have been clinically diag-
nosed as PKD. The gene mutated in this disease (HRPT2) 
is ubiquitously expressed and evolutionarily conserved and 
encodes a protein of 531 amino acids (parafibromin) with 
moderate identity and similarity to a protein of Saccharomyces 
cerevisiae (cdc73p) that is important in transcriptional initia-
tion and elongation.438

HEPATOCYTE NUCLEAR FACTOR-1β–
ASSOCIATED NEPHROPATHY

Hepatocyte nuclear factor-1β (HNF-1β) is a transcription 
factor encoded by the gene HNF1B (TCF2), which is 
expressed in polarized epithelia of the pancreas, liver, renal, 
and genital tracts. HNF-1β is expressed in the wolffian duct, 
the developing mesonephros and metanephros, and the 
müllerian ducts from the earliest stages of differentiation. 
In adults, it is expressed in kidney tubules and collecting 
ducts, oviducts, uterus, epididymis, vas deferens, seminal 
vesicles, prostate, and testes. HNF-1β regulates the transcrip-
tion of a number of genes involved in tubulogenesis, 
nephron maturation, and tubular transport, including 
genes mutated in polycystic kidney disease (PKHD1 and 
PKD2) and medullary cystic kidney disease (UMOD) and in 
autosomal dominant renal hypomagnesemia with hypocal-
ciuria (FXYD2).438a

Heterozygous mutations of HNF1B are responsible for 
a dominantly inherited disease with renal and extrarenal 
phenotypes, HNF-1β–associated nephropathy.439,440 Thirty 
percent to 50% of patients have de novo mutations. Whole-
gene deletions occur in approximately 40% of the patients 
diagnosed in adulthood and in a higher percentage of the 
patients diagnosed in utero or infancy.441-443 The disease is 
characterized by high phenotypic heterogeneity even within 
the same family.

The renal manifestations include structural and tubular 
transport abnormalities.439-441 The structural abnormalities, 
often detected in utero, include bilateral hyperechogenic 
kidneys,293 unilateral or bilateral agenesis or hypoplasia, 
multicystic dysplasia, abnormal calyces and papillae, and 
renal cysts. Histologic evaluation may reveal glomerular 
cysts and oligomeganephronia. Eight percent of congenital 
solitary kidneys are due to HNF1B mutations.

families whose members have the disease. Using a variety  
of techniques, the current detection rate of mutations is 
nearly 100%. Candidates for mutation analysis are patients 
with classic VHL syndrome (meeting clinical diagnostic cri-
teria) and their first-degree family members and members 
of a family in which a germline VHL gene mutation has 
been identified (presymptomatic test). Genetic testing 
should also be considered for patients with findings sugges-
tive but not diagnostic for VHL syndrome (i.e., multicentric 
tumors in one organ, bilateral tumors, two organ systems 
affected, one hemangioblastoma or pheochromocytoma  
in a patient younger than 50 years, or one RCC in a  
patient younger than 30 years) and for family members  
who have hemangioblastomas, RCCs, or pheochromocyto-
mas only.

Manifestations

Renal cysts usually, but not always, precede the development 
of renal tumors. VHL syndrome–associated RCC manifests 
early in life, with a mean age at diagnosis of 35 years. The 
histology is uniformly clear cell. The cumulative probability 
of development of RCCs rises progressively beginning at  
age 20 years, reaching 70% by age 60 years. In contrast to 
RCCs in the general population, RCCs in individuals with 
VHL syndrome are more often multicentric and bilateral. 
Metastatic RCC is the leading cause of death from the 
syndrome.

Treatment

Patients with VHL syndrome need annual physical and 
ophthalmologic examinations; annual measurements of 
blood or urinary catecholamines and metanephrines; yearly 
ultrasonography, MRI, or CT of the abdomen; and yearly 
or biannual MRI or CT of the head and upper spine.430 
Positron emission tomography (PET) or iodine 131 (131I)–
metaiodobenzylguanidine scanning may be indicated for 
further evaluation of biochemical or imaging abnormali-
ties. Early detection of complications, especially RCC  
and CNS lesions, followed by appropriate treatment is essen-
tial to reduce mortality from VHL syndrome. Because it 
tends to be recurrent, bilateral, and multifocal, strategies 
have been developed to preserve renal parenchyma and 
minimize the number of invasive procedures. The National 
Cancer Institute developed the 3-cm rule for surgical inter-
vention on the basis of absence of documented metasta-
sis from tumors smaller than 3 cm. Renal-sparing surgery 
provides effective initial treatment, with 5- and 10-year 
cancer-specific survival rates similar to those obtained with 
radical nephrectomy. Minimally invasive techniques that 
include percutaneous or laparoscopically guided cryother-
apy or radiofrequency ablation represent suitable treatment 
options for selected patients with VHL syndrome that have 
high technical success rates and cause minor changes in 
renal function.431,432

The demonstration that HIF is required for VHL-
associated carcinogenesis provides a rationale for thera-
pies targeting this transcription factor.433,434 HIF can be 
downregulated by mTOR inhibitors, heat shock protein 90 
inhibitors such as geldenamycin and 17-(allylamino)-17-
demethoxygeldanamycin, histone deacetylase (HDAC) 
inhibitors, topoisomerase I inhibitors, thioredoxin-1 inhibi-
tors, and microtubule disrupters. Two mTOR inhibitors, 
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Some patients have structural CNS anomalies such as agen-
esis of the corpus callosum, cerebellar agenesis, or the 
Dandy-Walker malformation. Renal cystic disease is present 
in 60% of cases after 18 years of age.448 These individuals 
may also have liver and pancreatic cysts.449 Mental retarda-
tion and tremor can be present in up to 50% of patients. 
The OFD1 gene has been mapped to chromosome Xp22 
and identified.449a A combination of direct DNA sequencing 
and gene dosage methods, to detect deletions, yield an 85% 
mutation detection rate.450 Most mutations are private and 
predicted to result in a prematurely truncated protein. The 
120-kDa OFD1 protein contains an N-terminal LisH motif, 
which is important in microtubule dynamics. This protein 
is a core component of the human centrosome throughout 
the cell cycle.451 Most reported OFD1 mutations are pre-
dicted to cause protein truncation with loss of coiled-coil 
domains necessary for centrosomal localization. A novel 
X-linked mental retardation syndrome associated with 
recurrent respiratory tract infections and macrocephaly 
caused by ciliary dyskinesia, but no renal phenotype, has 
been associated with an OFD1 mutation.452

MEDULLARY CYSTIC KIDNEY DISEASE 
(AUTOSOMAL DOMINANT TUBULOINTERSTITIAL 
KIDNEY DISEASE)

MCKD is an autosomal dominant disorder characterized by 
the pathologic appearance of the kidneys (small to normal 
size with cysts at the corticomedullary junction, irregular 
thickening of the tubular basement membrane, and marked 
tubular atrophy and interstitial fibrosis; see Figure 46.17) 
and clinical manifestations (polydipsia and polyuria fol-
lowed by development of renal insufficiency with low-grade 
proteinuria and a benign urine sediment) similar to those 
seen in NPHP (see later). The distinguishing features are 
the pattern of inheritance, distinct pathogenesis, later age 
at diagnosis and ESKD, and absence of extrarenal organ 
involvement except for gout.453,454

Because the development of medullary cysts is neither an 
early nor a typical feature of the disease, many now consider 
the term medullary cystic kidney disease to be a misnomer 

During childhood, the disease is characterized by defec-
tive kidney growth and impairment of renal function in 
approximately 50% of cases with evolution to ESKD in 
approximately 5% to 10%.444

The renal phenotype in adults is that of a chronic tubu-
lointerstitial nephropathy with bland urinalysis, absence of 
hematuria, absence of or low-grade proteinuria, low preva-
lence of hypertension, and slowly progressive kidney failure 
(yearly eGFR decline of 2 to 2.5 mL/min/1.73 m2). Renal 
cysts are present in 60% to 80% of the patients but usually 
are few in number, and unlike in ADPKD, the course of the 
cystic disease is not characterized by a progressive increase 
in the number of cysts or in kidney size.

Hypomagnesemia is present in approximately 50% of 
patients, likely because of the control of the expression  
of FXYD2 by HNF-1β.445 Hypokalemia is also present in 40% 
of adult patients but has not been observed in children; the 
underlying mechanism is uncertain. Hyperuricemia and 
gout have also been associated with the disease with variable 
frequency. Rarely a generalized dysfunction of proximal 
tubular function results in renal Fanconi’s syndrome. Chro-
mophobe RCCs have been described in a few patients.

The extrarenal manifestations include maturity-onset dia-
betes of the young type 5 (MODY5), exocrine pancreatic 
failure, fluctuating liver test abnormalities, and genital tract 
abnormalities.439-441 Pancreatic atrophy is found in approxi-
mately one third and diabetes mellitus in approximately half 
of the patients. For reasons not understood, diabetic 
nephropathy is extremely rare in these patients. Liver func-
tion abnormalities, mainly fluctuating levels of serum alka-
line phosphatase and γ-glutamyl transpeptidase, may occur 
in 40% to 80% of the patients, but liver biopsy findings are 
usually normal. The genital tract malformations may include 
absence of fallopian tubes or uterus, vaginal atresia, fusion 
abnormality such as bicornuate uterus or biseptate vagina, 
and male genital tract abnormalities. HNF1B mutations are 
found in approximately 18% of women with both renal and 
uterine malformations, but not in patients with isolated 
uterine malformations. Cognitive defects, autistic features, 
and epilepsy have also been associated with HNF1B 
mutations.

Patients with HNF-1β–associated nephropathy are good 
candidates for kidney transplantation, but they are at risk 
for early development of new-onset diabetes after transplan-
tation. The immunosuppressive regimen should avoid tacro-
limus and reduce corticosteroid dosage to minimize the risk 
of development of diabetes mellitus in nondiabetic trans-
plant recipients.446 In diabetic patients with HNF-1β–associ-
ated nephropathy and ESKD, simultaneous pancreatic and 
kidney transplantation should be considered.

ORO-FACIAL-DIGITAL SYNDROME TYPE 1

Oro-facial-digital syndrome type 1 is a rare X-linked domi-
nant disorder with prenatal lethality in boys.447 Affected 
girls may have kidneys indistinguishable from those in 
ADPKD. The correct diagnosis should be suggested by  
the extrarenal manifestations, which may include oral 
(hyperplastic frenula, cleft tongue, cleft palate or lip, mal-
posed teeth), facial (broad nasal root with hypoplasia of 
nasal alae and malar bone), and digital (brachydactyly, syn-
dactyly, clinodactyly, camptodactyly, polydactyly) anomalies. 

Figure 46.17 Outer and cut surface of kidney with severe medullary 
cystic disease. 
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nephropathy 2 should be considered, and genetic testing 
for REN (renin gene) mutations performed.470 If none 
of the preceding clinical characteristics is present or if 
molecular genetic testing has not revealed a disease-causing 
mutation, MUC1 molecular genetic testing should be 
considered.454

The treatment of choice for ESKD secondary to MCKD is 
kidney transplantation.471 If a kidney from a living related 
donor is considered for transplantation, precautions should 
be taken to obtain it only from an older relative, who should 
be subjected to meticulous diagnostic evaluation.

AUTOSOMAL RECESSIVE CILIOPATHIES 
WITH INTERSTITIAL NEPHRITIS AND 
RENAL CYSTIC DISEASE

Autosomal recessive ciliopathies with interstitial nephritis 
and renal cystic disease are large group of diseases caused 
by mutations in genes encoding ciliary or basal body pro-
teins.472,473 The primary cilium is a single hairlike organelle 
that projects from the surface of most mammalian cells, 
including epithelial and endothelial cells, neurons, fibro-
blasts, chondrocytes, and osteocytes.473a It arises from the 
mother centriole, or basal body, in the centrosome. In addi-
tion to the basal body, the cilium comprises a transition 
zone, which anchors it to the cell membrane and regulates 
protein traffic in and out of the cilium, and the axoneme, 
which contains a ring of microtubule bundles connecting 
the ciliary base to the tip (Figure 46.18). There is a distinc-
tive proximal segment of the ciliary axoneme known as the 
inversin compartment, but its function is uncertain. A spe-
cific process of intraflagellar transport (IFT) involving 
anterograde transport of cargo toward the tip of the cilium 
(using the kinesin II motor in association with the IFT 
complex B [IFT-B] proteins) and retrograde movement 
(employing the cytoplasmic dynein motor 2 in association 
with the IFT complex A [IFT-A] proteins) is required for 
ciliary formation and function.

Primary cilia are important for cell migration or fate 
determination and tissue patterning during development 
and for maintenance of cell differentiation thereafter.473a 
The ciliopathies exhibit marked genetic heterogeneity and 
multiple organ involvement (pleiotropy). Nephronophthi-
sis (NPHP), Joubert syndrome (JBTS), and Meckel (MKS) 
syndrome are autosomal recessive ciliopathies manifesting 
with cystic kidneys/interstitial nephritis, retinal degenera-
tion, cerebellar/neural tube malformation, and hepatic 
fibrosis. The impact of the gene involved, the combination 
of mutations, and likely other genetic and nongenetic 
factors determine whether the resulting phenotype is mainly 
of a developmental (e.g., vermis aplasia, encephalocele, 
severe renal cystic disease) or degenerative (e.g., retinitis 
pigmentosa, interstitial nephritis, hepatic fibrosis) nature.473 
Mutations in the same gene can result in different pheno-
types. For example, in the case of MKS3, two TMEM67 
truncating mutations can cause MKS. However, TMEM67 
mutations can also cause JBTS and NPHP with liver fibrosis 
(COACH [cerebellar vermis hypoplasia/aplasia, o ligophre-
nia, a taxia, coloboma, and hepatic fibrosis] syndrome. In 
this case although there is higher frequency of missense 
changes in these disorders, a complete genotype/phenotype 

and have proposed the term autosomal dominant tubulointer-
stitial kidney disease (ADTKD)455,455a to refer to a group of 
diseases caused by at least four genes: MUC1 encoding the 
mucoprotein mucin-1 (MUC-1) (chromosomal location 
1q22)456; UMOD encoding uromodulin, also known as 
Tamm-Horsfall protein (chromosome 16p12.3)457,458; HNF1B 
encoding hepatocyte nuclear factor-1β (chromosome 
17q12); and REN encoding renin (chromosome 1q32.1). 
Mucin-1 and uromodulin, which are found in the thick 
ascending limb of loop of Henle, protect against infection. 
Although HNF-1β–associated extrarenal features may 
accompany the nephropathy, they are not obligatory, and 
these four entities can be reliably identified only through 
genetic analysis.

ADTKD-MUC1 (or MCKD type 1) is caused by a hetero-
zygous mutation in the variable-number tandem repeat 
(VNTR) region of MUC1.456 All identified mutations add 
one cytosine to a tract of seven cytosine nucleotides, result-
ing in a frameshift mutation causing truncation of the 
VNTR and the creation of a new amino acid sequence on 
the terminal end of the MUC-1 protein. This new protein 
appears to be improperly processed in the cytoplasm, 
leading to apoptosis of tubular cells and slowly progressive 
tubular cell death and nephron dropout, resulting in 
chronic kidney disease.456

ADTKD-UMOD (or MCKD type 2) is caused by a hetero-
zygous mutation, usually a missense mutation in exon 3, 4, 
5, 6, 7, or 8, that results in an amino acid change that either 
creates or replaces a cysteine residue.459,460 The correct 
protein folding is disrupted, leading to intracellular accu-
mulation of mutant uromodulin, retention in the endoplas-
mic reticulum, and increased apoptosis.461,462 This process 
explains the fact that Umod−/− mice do not have a MCKD 
phenotype, although they are more susceptible to urinary 
tract infections and stone formation.463-465 A consanguineous 
family with multiple heterozygous cases and three more 
severely affected but viable homozygous cases for the same 
mutation has been described.466 The association of a UMOD 
mutation and glomerulocystic kidney disease has been 
described in one family.467 Furthermore, single nucleotide 
polymorphisms in UMOD have been associated with an 
increased risk of CKD.468 Polydipsia, polyuria, and a ten-
dency to waste sodium are common manifestations of the 
disease. MCKD2 is frequently but not always associated with 
hyperuricemia and gout at an early age. It is thought that 
the accumulation of abnormal uromodulin in the epithelial 
cells of the thick ascending limb of loop of Henle prevents 
the proper function of ion channels, results in mild natri-
uresis, and increases proximal tubular reabsorption of 
urate. Hyperuricemia and gout also occur in MCKD1, but 
usually at advanced stages of the disease. Patients with 
MCKD1 and MCKD2 reach ESKD at median ages of 62  
and 32 years, respectively, with large patient-to-patient 
variability.

A diagnosis of MCKD should be considered in patients 
with a family history of chronic kidney disease, bland urinary 
sediment, and segregation suggesting autosomal dominant 
inheritance.469 If there is a history of gout at an early age or 
a strong family history of gout, molecular genetic testing for 
UMOD mutations should be performed.453 If there is a 
history of anemia in childhood and mildly elevated serum 
potassium concentrations, familial juvenile hyperuricemic 
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important for the organization of specialized structures at 
the apical surface of polarized cells and for epithelial mor-
phogenesis. The IQCB1 and CEP290 module is localized to 
centrosomes and transition fibers and is indispensable for 
ciliogenesis in terminal inner medullary collecting duct 
(IMCD3) cells and for tissue organization. The module con-
sisting of MKS proteins is localized to the transition zone 
and functionally connected to hedgehog signal transduc-
tion. INVS, NPHP3, and NEK8 interact in the inversin  
compartment but their function is unknown. The NPHP-
JBTS-MKS network does not overlap with the module inte-
grated by the proteins mutated in BBS (BBSome),478 despite 
significant phenotypic overlap, nor with the components of 
the IFT-A or IFT-B complex proteins despite the fact that 
defects in IFT may lead to cystic kidney disease and retinal 
degeneration.

The convergence of proteins mutated in these related 
ciliopathies at cilia and centrosomes is starting to reveal the 

correlation has not been defined. Therefore, NPHP, JBTS, 
and MKS can be considered to be allelic disorders.474 There 
is also substantial phenotypic and some genetic overlap 
between these diseases and other disorders such as Bardet-
Biedl syndrome (BBS) and Alström syndrome (ALMS). A 
remarkable feature of these ciliopathies is their large and 
overlapping genetic heterogeneity, with a total of 55 genes 
now implicated: NPHP (18), JBTS (21), MKS (11), BBS 
(19), and ALMS (1) (see Table 46.3 for details).475

Proteomics and assays of ciliogenesis and epithelial mor-
phogenesis have suggested that the NPHP/JBTS/MKS pro-
teins are organized into a network of functionally connected 
modules.476,477 The role of these complexes seems to be to 
regulate protein trafficking into the cilium. In most cases, 
mutation leads not to ciliary loss but to an impaired func-
tionality of the cilium. The NPHP1, NPHP4, and RPGRIP1L 
module localizes to the ciliary transition zone and to cell- 
cell contacts. It is not essential for ciliogenesis, but it is 

Figure 46.18 Structure of  the primary cilium showing  localization of groups of cilioproteins. Primary cilia are sensory organelles that 
have been implicated in the pathogenesis of polycystic kidney disease, and a large group of the proteins that cause ciliopathies have now 
been identified. Intraflagellar transport (IFT) moves proteins along the cilium and is involved in cilia formation. Two specific complexes of IFT 
proteins are involved in anterograde (IFT complex B; kinesin 2 motor) and retrograde (IFT complex A, dynein motor) movements within the 
cilium. (Numbers inside each complex signify specific IFT proteins.) Many of the proteins involved in Meckel syndrome (MKS) and Joubert 
syndrome (JBTS) and some of the nephronophthisis (NPHP) proteins form a complex at the transition zone and are thought to regulate the 
protein composition of the cilium. Another group of proteins, including inversin (INVS), are localized to the proximal region of the ciliary axoneme 
(inversin segment), but their function is less clear. Many of the Bardet–Biedl syndrome (BBS) proteins form the BBSome and regulate trafficking 
of membrane proteins to the cilium. (Numbers inside BBSome signify various BBS proteins.) Mutations in these ciliopathy proteins alter the 
normal composition, sensory functions, and signaling of the cilium and are associated with the pleiotropic phenotypes typical of these diseases. 
ANKS6, Ankyrin repeat and SAM (sterile alpha motif) domain–containing protein 6; B9D1/2, B9 domain containing proteins 1/2; CC2D2A, 
coiled-coil and C2-domain containing 2A protein; CEP290, centrosomal protein of 290 kDa; IQCB1, IQ motif containing B1; NEK8, serine/
threonine-protein kinase 8; RPGRIP1L, RPGR (retinitis pigmentosa guanosine triphosphatase regulator)–interacting protein 1–like protein; TCTN, 
tectonic family member; TMEM, transmembrane protein. 
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Table 46.3  Genes Mutated in Autosomal Recessive Ciliopathies with Interstitial Nephritis, Cysts, or Both

OFFICAL 
GENE 
NAME NPHP

Disease Designations

LCA SLS JBTS* MKS BBS ALMS OFDS

NPHP1 NPHP1 SLS1 JBTS4
INVS NPHP2
NPHP3 NPHP3 MKS7
NPHP4 NPHP4 SLS4
IQCB1 NPHP5 SLS5
CEP290 NPHP6 LCA10† SLS6 JBTS5 MKS4 BBS14
GLIS2 NPHP7
RPGRIP1L NPHP8 JBTS7 MKS5
NEK8 NPHP9
SDCCAG8 NPHP10 SLS7
TMEM67 NPHP11 JBTS6 MKS3 BBS16
TTC21B NPHP12
WDR19 NPHP13
ZNF423 NPHP14 JBTS19
CEP164 NEPH15
ANKS6 NPHP16
IFT172 NPHP17
CEP63 NPHP18
INPP5E JBTS1
TMEM216 JBTS2 MKS2
AHI1 JBTS3
ARL13B JBTS8
CC2D2A JBTS9 MKS6
OFD1 JBTS10 OFDS1
KIF7 JBTS12
TCTN1 JBTS13
TMEM237 JBTS14
CEP41 JBTS15
TMEM138 JBTS16
C5ORF42 JBTS17 OFDSVI
TCTN3 JBTS18 OFDSIV
TMEM231 JBTS20 MKS11
CSPP1 JBTS21
PDE6D JBTS22
MKS1 MKS1 BBS13
TCTN2 MKS8
B9D1 MKS9
B9D2 MKS10
BBS1 BBS1
BBS2 BBS2
ARL6 BBS3
BBS4 BBS4
BBS5 BBS5
MKKS BBS6
BBS7 BBS7
TTC8 BBS8
PTHB1 BBS9
BBS10 BBS10
TRIM32 BBS11
BBS12 BBS12
C2orf86 BBS15
LZTFL1 BBS17
BBIP1 BBS18
IFT127 BBS19
ALMS1 ALMS1

*Includes CORS (cerebellooculorenal syndrome) and COACH (cerebellar vermis hypoplasia or aplasia, oligophrenia, congenital ataxia, 
coloboma, and congenital hepatic fibrosis) syndrome.

†Hypomorphic mutations.
ALMS, Alström syndrome; BBS, Bardet-Biedl syndrome; JBTS, Joubert syndrome; LCA, Leber congenital amaurosis; MKS, Meckel 

syndrome; NPHP, nephronophthisis; OFDS, oral-facial-digital syndrome; SLS, Senior-Loken syndrome.
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also be present in the medulla. Grossly visible cysts are often 
absent. The tubular basement membranes are thickened, 
even fairly early in the course of the disease, and tubule 
segments of a single nephron may be encompassed by very 
dense sclerotic interstitium with sparse chronic inflamma-
tory cell infiltrates. The histologic features of the infantile 
form are different. The kidneys are often enlarged and 
cystic, and thickening of the tubular basement membranes 
is less prominent.

Excretory urography and ultrasonography frequently fail 
to detect cysts because they are small.493 Excretory urogra-
phy may show inhomogeneous streaking in the medulla 
caused by accumulation of contrast material in the collect-
ing ducts. Contrast-enhanced CT and MRI are more sensi-
tive to detect small corticomedullary and medullary cysts, 
but failure to detect cysts does not exclude the diagnosis.

The onset of the disease is insidious. Polyuria and  
polydipsia are the presenting symptoms. Hypertension is 
common in the infantile form, but whether absent or 
present, it is not a prominent feature in the juvenile form. 
Sodium wasting is common. The urine sediment is charac-
teristically benign. Proteinuria is absent or low grade. There 
is no microhematuria. Progression to ESKD occurs within 
the first 3 years in the infantile form and within the first 2 
to 3 decades in the juvenile form.

The treatment of NPHP is supportive. Because of the 
tendency for sodium wasting, volume contraction, and renal 
azotemia, unnecessary sodium restriction or use of diuretics 
should be avoided. If kidneys from siblings are considered 
for transplant surgery, precautions should be taken to obtain 
them only from unaffected, older relatives, who should be 
subjected to meticulous diagnostic evaluation.495

JOUBERT SYNDROME

JBTS is an autosomal recessive neurologic disease character-
ized by cerebellar vermis aplasia or hypoplasia with abnor-
mal superior cerebellar peduncles (the “molar tooth  
sign”), mental retardation, hypotonia, an irregular breath-
ing pattern, and eye movement abnormalities.496 In addition 
to these core features, patients may exhibit retinal defects 
(ranging in severity from Leber congenital amaurosis  
to slowly progressive retinopathies with partially preserved 
vision), renal defects (nephronophthisis or cystic dysplas-
tic kidneys), and CHF. Rarer features include chorio-
retinal or optic nerve colobomas, congenital heart 
malformations, situs inversus, severe scoliosis, skeletal dys-
plasia, Hirschsprung’s disease, and midline oral and facial 
defects, such as cleft lip, cleft palate, or both, notched upper 
lip, lobulated tongue with multiple frenula, and lingual or 
oral soft tumors. The association of JBTS with polydactyly 
and midline orofacial defects defines the so-called oro-
facial-digital type VI syndrome. A distinct subgroup of JBTS 
defined by cerebellar vermis hypoplasia or aplasia, o ligo-
phrenia, congenital a taxia, coloboma, and hepatic fibrosis 
is known by the acronym COACH, which is usually associ-
ated with TMEM67, CC2D2A, or RPGRIP1L mutations. 
Gentile syndrome applies to patients who present with JBTS 
and CHF in the absence of other clinical features.

Like NPHP and MKS, JBTS exhibits marked genetic het-
erogeneity. The genetic bases of JBTS are extremely complex 
and only partly understood, despite the tremendous 

pathogenesis of these diseases, which are likely associated 
with abnormal regulation of protein entry into cilia.479 Mul-
tiple signaling pathways require cilia for proper functioning 
and have been implicated in ciliopathies, including Wnt and 
sonic hedgehog signaling.473 The pleiotropic features seen 
in ciliopathies are likely a combination of defects of cilia 
sensor/mechanosensory functions and cilia-associated sig-
naling that are disrupted by an abnormal cilia-gating 
process. The observation that proteins that cause NPHP and 
related ciliopathies when mutated exhibit dual localization 
at centrosomes and at nuclear foci and play a role in in DNA 
damage response has led to the hypothesis that defects in 
DNA damage response participate in the pathogenesis of 
these diseases.480

NEPHRONOPHTHISIS

NPHP is an autosomal recessive disorder with an estimated 
prevalence of 1 in 50,000 live births. It accounts for approxi-
mately 5% of ESKD in North American children.481 It is 
genetically heterogeneous, with 18 genes identified (see 
Table 46.3).482-488 Homozygous deletions in NPHP1 account 
for approximately 21% of all cases of NPHP; the other genes 
contribute less than 3% each. No mutations in any of  
the known genes are found in approximately 60% of 
patients, indicating that many other genes remain to be 
discovered.489

Mutations in INVS and less frequently NPHP3 lead to 
renal failure between birth and age 3 years (infantile NPHP). 
Mutations in the other genes, including NPHP3, cause renal 
failure in the first three decades of life (juvenile NPHP).484 
Severe retinitis pigmentosa (Senior-Loken syndrome) is  
frequently associated with IQCB1, CEP290, and RPGRIP1L 
mutations, but it is less severe and more rarely associated 
with mutations in other NPHP genes. Oculomotor apraxia 
(Cogan’s syndrome) is occasionally observed with NPHP1 
and NPHP4 mutations. CEP290 and RPGRIPL1 mutations 
are frequently associated with cerebellar aplasia or hypopla-
sia and mental retardation (overlap with JBTS; see later). 
INVS and, more rarely, NPHP3 mutations can be associated 
with situs inversus, cardiac ventricular septal defect, hepatic 
fibrosis, and retinitis pigmentosa. Hypomorphic mutations 
of TMEM67 cause NPHP associated with hepatic fibrosis.

The nephrocystins form a multifunctional complex  
localized in primary cilia, centrosomes, and actin- and 
microtubule-based structures involved in cell-cell and  
cell-matrix adhesion signaling as well as in cell divi-
sion.483,485,486,488,490-492 In the kidney, these functional roles 
could be particularly important for establishing and main-
taining the differentiated state of tubular epithelial cells. 
Localization of nephrocystins to the cilia explains the asso-
ciation with renal cystic disease and hepatic fibrosis (primary 
cilia in tubular epithelial cells and cholangiocytes; see earlier 
discussions of ADPKD and ARPKD), retinitis pigmentosa 
(rods and cones are modified cilia), and situs inversus and 
ventricular septal defect (primary cilia in the embryonic 
node are essential for left-right axis determination).

In the juvenile form, the kidneys are small with a granular 
capsular surface. On cut sections, the cortex and medulla 
are thinned, and the corticomedullary margin is indistinct 
with a variable number of small, thin-walled cysts of distal 
convoluted and collecting tubule origin. Similar cysts may 
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variable, and normalization generally occurs by the age of 
2 years.

Renal abnormalities are very common in BBS.511 Calyceal 
clubbing, diverticula, or cysts can be detected in up to 96% 
of cases. The most common and earliest functional abnor-
mality is a reduced ability to concentrate the urine, resulting 
in polyuria and polydipsia. Hypertension develops in 
approximately 50% of patients, and chronic renal insuffi-
ciency in 25% to 50%. Despite mental retardation, obesity, 
and severe visual problems, patients tolerate hemodialysis 
well. Renal transplantation can be performed, but special 
attention must be given to controlling hyperphagia and 
obesity.

ALSTRÖM SYNDROME

Alström syndrome is an autosomal recessive disease that has 
some phenotypic overlap with BBS. It is characterized by 
obesity, type 2 diabetes mellitus, retinitis pigmentosa, nerve 
deafness, CHF, cardiomyopathy, chronic respiratory tract 
infections, and, frequently, slowly progressive chronic tubu-
lointerstitial nephropathy.512,513 The Alström syndrome 
protein (ALMS1) is of unknown function, is widely expressed 
in human and mouse tissues, and localizes to centrosomes 
and the base of cilia.

NEPHRONOPHTHISIS VARIANTS  
ASSOCIATED WITH SKELETAL DEFECTS  
(SKELETAL CILIOPATHIES)

The association of NPHP with cone-shaped epiphyses of the 
phalanges, known as Mainzer-Saldino syndrome, occurs in 
patients who also have retinal degeneration and cerebellar 
ataxia. Mutations in IFT80, a component of IFT-B complex, 
cause Jeune syndrome (asphyxiating thoracic dysplasia), a 
genetically heterogeneous disorder characterized by a 
severely constricted thoracic cage and respiratory insuffi-
ciency, retinal degeneration, cystic renal disease, and poly-
dactyly.514 Sensenbrenner syndrome, or cranioectodermal 
dysplasia, is characterized by skeletal abnormalities (e.g., 
craniosynostosis, narrow rib cage, short limbs, brachydac-
tyly), ectodermal defects, NPHP leading to progressive  
renal failure, hepatic fibrosis, heart defects and retinitis 
pigmentosa. Other syndromic forms of NPHP with skeletal 
disorders include Ellis–van Creveld syndrome (short  
stature, short ribs, postaxial polydactyly, nail dystrophy, oral 
and cardiac defects) and RHYNS syndrome (retinitis pig-
mentosa, hypopituitarism, nephronophthisis, and skeletal 
dysplasia).

Whereas proteins associated with NPHP, JBTS, and MKS 
mainly function at the ciliary transition zone, most proteins 
associated with skeletal ciliopathies have been shown to par-
ticipate in intraflagellar transport. Ciliary proteins found to 
be defective in skeletal disorders currently encompass the 
following four main subgroups: (1) IFT-A subunits and its 
motor protein, DYNC2H1, whose defects disrupt retrograde 
transport and cause IFT protein accumulation at the ciliary 
tip; (2) IFT80 and IFT172, two of 14 subunits of IFT-B; (3) 
NEK1, a serine-threonine kinase involved in cell-cycle 
control and ciliogenesis; and (4) EVC- and EVC2-positive 
regulators of sonic hedgehog signaling located at the basal 
body.515-525

acceleration in gene discovery enabled by next-generation 
sequencing techniques. So far, 21 causative genes have been 
identified, with autosomal or X-linked recessive inheritance 
(see Table 46.3).496

MECKEL SYNDROME

MKS is characterized by bilateral renal cystic dysplasia or 
polycystic kidney disease, CNS defects (typically occipital 
encephalocele, but can include the Dandy-Walker malfor-
mation or hydrocephalus), postaxial polydactyly, and biliary 
dysgenesis/CHF. It is a lethal disorder, and most affected 
infants are stillborn or die within few hours or days after 
birth.

MKS is genetically heterogeneous, and 11 genes have 
been associated with it (see Table 46.3).497-501 The MKS pro-
teins have been localized to the centrosome, the pericent-
riolar region, or the cilium itself, and their function is likely 
involved in forming the barrier between the cell and the 
cilium at the transition zone.479

BARDET-BIEDL SYNDROME

BBS is characterized by retinitis pigmentosa, obesity,  
postaxial polydactyly, learning disabilities, hypogenitalism, 
and renal abnormalities. Four of these six cardinal features 
are required for the diagnosis. Other manifestations  
are diabetes, hypertension, congenital heart disease, ataxia, 
spasticity, deafness, hepatic fibrosis, and Hirschsprung’s 
disease. The manifestations may appear after several years 
of development.502

Although rare (1 in 120,000 live births), its prevalence in 
certain geographically isolated communities, such as the 
Canadian province of Newfoundland and in Kuwait, is more 
common (1 in 13,500 to 1 in 17,500).366

BBS is genetically heterogeneous. Nineteen known BBS 
genes account for approximately 80% of patients clinically 
diagnosed with the syndrome.502-505 The majority of patho-
genic mutations are found in BBS1 and BBS10, accounting 
for 23.2% and 20%, respectively. The disease is primarily 
inherited in an autosomal recessive manner but with some 
evidence of a more complex, oligogenic form of inheritance 
(triallelism and digenic).506,507 The localization of the BBS 
proteins at a subcellular level points to a role in the function 
of the cilium–centrosome axis. BBS4, BBS6, and BBS8 inter-
act with the pericentriolar material protein 1, a protein impor-
tant for centriolar duplication. BBS6, BBS10, and BBS12 are 
chaperone-like proteins. BBS proteins 1, 2, 4, 5, 7, 8, and 9 
constitute the BBSome, implicated in vesicular transport 
toward the cilium. BBS7 and BBS8 play a role in IFT. BBS11 
is an ubiquitin ligase.478,508

The diagnosis of BBS is often missed in childhood and 
made only later in life. Targeted fetal sonography in the 
second trimester of pregnancy to detect digital and renal 
abnormalities has been proposed for the prenatal diagnosis 
of the disease. The prenatal appearance of enlarged hyper-
echoic kidneys without corticomedullary differentiation 
should prompt the diagnosis in a family with BBS, especially 
when polydactyly is present.509,510 In nonaffected families, 
BBS should be included in the differential diagnosis when-
ever such an appearance is discovered in utero. The post-
natal evolution of the renal ultrasonographic findings is 
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determination). Extrinsic causes include teratogenic chemi-
cals, metabolic abnormalities, and infections. Evidence for 
intrinsic or extrinsic defects should be sought by careful 
review of the pregnancy, family history, and physical exami-
nation (pattern of associated abnormalities) as well as by the 
study of the karyotype. Renal cystic dysplasias frequently 
occur as sporadic events, but they can also occur in the 
context of many multiorgan malformation syndromes, 
several of which have defined genetic bases.526

Although most dysplastic kidneys are grossly deformed in 
a fairly characteristic way, most writers accept only two abso-
lute criteria for dysplasia, both of which require histologic 
confirmation (Figure 46.19). Of greater importance is the 
finding of primitive ducts encompassed by mantles of vari-
ably differentiated mesenchyma and lined by cuboidal to 
columnar, sometimes ciliated, epithelium unlike that in any 
normally developing or mature ducts. Somewhat less impor-
tant, because of its variable presence, is the finding of meta-
plastic cartilage (see Figure 46.19). Cysts of glomerular, 
tubule, and ductal origin may also be present, but because 
they might represent either a maldevelopment or a histo-
logically similar degenerative change in previously normal 
but immature structures, they do not provide absolute evi-
dence of parenchymal maldevelopment.

MULTICYSTIC DYSPLASTIC KIDNEY

MCDK is the most common cause of an abdominal mass in 
infancy and the most common type of bilateral cystic disease 
in newborns (Figure 46.20). With the widespread use of 
fetal sonography, MCDK is now most often diagnosed in 
utero, usually during the third trimester. MCDK is more 
often unilateral than bilateral, and boys are more frequently 
affected than girls. Because affected kidneys tend to invo-
lute over weeks or months prenatally and postnatally, the 
prevalence of unilateral MCDK is higher on fetal screening 
(1 in 2000) than on neonatal screening (1 in 4000).

Differentiation of MCDK from hydronephrosis in fetuses 
and newborns is essential because the therapeutic ap-
proaches to these conditions differ. The most useful sono-
graphic criteria for identifying a MCDK include the presence 
of interphases between cysts, a nonmedial location of the 
larger cysts, absence of an identifiable renal sinus in 100% 
of the cases, and the absence of parenchymal tissue. The 

RENAL CYSTIC DYSPLASIAS

Renal cystic dysplasias result from an interference with a 
normal ampullary activity that leads to abnormal metaneph-
ric differentiation. When the inhibition of the ampullary 
activity occurs very early, few collecting ducts are formed 
and few nephrons develop. The kidney becomes a cluster 
of cysts with little or no residual parenchyma, and the ureter 
is absent or atretic. These kidneys may be normal size, larger 
than normal (multicystic dysplastic kidney [MCDK]), or 
markedly shrunken (hypodysplastic kidney). These varia-
tions probably represent different stages of the same patho-
logic process because renal cysts can involute and disappear 
completely during intrauterine life. When the interference 
with the ampullary activity occurs later (e.g., as the result of 
urethral or ureteral obstruction), there may be mild irregu-
larities in branching with a mild generalized dilation of the 
collecting tubules in the medulla. Most nephrons, however, 
except the last to be formed, are normal. The cysts are 
found under the capsule and generally derive from Bow-
man’s spaces (glomerular cysts), the loop of Henle, or ter-
minal ends of collecting tubules. A variety of renal 
abnormalities in the contralateral kidney can be found in 
association with cystic dysplastic kidneys. These include 
renal agenesis, ectopy or fusion, and ureteral duplication or 
obstruction that may result from injury to the ureteric bud 
during various stages of development. When the injury to 
the ureteric bud occurs before a communication with the 
metanephric blastema has been established, secondary 
atrophy of the metanephric blastema and renal agenesis 
ensue. On the other hand, if the injury of the bud or ure-
teral obstruction occurs after renal development is com-
pleted, dysplasia does not occur. Thus, a spectrum of renal 
abnormalities ranging from agenesis and severe dysplasia to 
mild cystic dysplasia with glomerular cysts and a variety of 
related renal and ureteral abnormalities may result from 
interferences with normal ampullary activity and metaneph-
ric differentiation.

Renal cystic dysplasias may be the consequence of an 
intrinsic (malformation) or extrinsic (disruption) defect in 
organogenesis. An intrinsic defect may be caused by a single 
gene mutation, a chromosomal aberration, or a combina-
tion of genetic and environmental factors (multifactorial 

Figure 46.19 Renal dysplasia. The diagnostic microscopic features include primitive ducts (A) and metaplastic cartilage (B). 
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43 years) showed that 39%, 22%, 7.9%, and 1.6% of 19- to 
49-year-old individuals and 63%, 43%, 22%, and 7.8% of 
50- to 75-year-old individuals had at least one cortical or 
medullary cyst at least 2, 5, 10, and 20 mm in diameter, 
respectively. The 97.5th percentile for number of cortical 
and medullary cysts 5 mm or larger increased with age (1 
cyst in men and 1 in women 18-29 years old, 2 in men and 
2 in women 30-39 years old, 3 in men and 2 in women 40-49 
years old, 5 in men and 3 in women 50-59 years old, and 10 
in men and 4 in women 60-69 years old).533

PATHOGENESIS
Simple renal cysts are acquired, although the contribution 
of genetic factors has not been studied. Several hypotheses 
have been proposed to explain their pathogenesis. Tubular 
obstruction and ischemia might play a role. Microdissection 
studies revealed that diverticula of distal convoluted and 
collecting tubules are common after age 20 years and 
increase in number with age. Cysts are thought to derive 
from progressive dilation and detachment of these diver-
ticula. The cyst walls also appear to be relatively imperme-
able to low-molecular-weight solutes and to antibiotics. 
Nonetheless, the turnover of cyst fluid may be as great as 20 
times per day, as measured by tritiated water diffusion. 
Another study has shown a positive association between the 
plasma levels of copeptin, a surrogate for vasopressin, and 
the presence of renal cysts, suggesting the possibility that 
vasopressin may favor the development of simple renal 
cysts.534

PATHOLOGY
Simple renal cysts are usually lined by a single layer of epi-
thelial cells and filled with a clear, serous fluid. They grow 
slowly, but huge cysts, up to 30 cm in diameter, have been 
described. The inner surface of these cysts is glistening and 
usually smooth, but some cysts may be trabeculated by 
partial septa that divide the cavity into broadly interconnect-
ing locules. These septated simple cysts should not be con-
fused with multilocular cysts. The cysts are often cortical and 
distort the renal contour, but they may be deep cortical or 
apparently medullary in origin. They do not communicate 
with the renal pelvis. The walls typically are thin and trans-
parent but may become thickened, fibrotic, and even calci-
fied, possibly from earlier hemorrhage or infection.

DIAGNOSIS
Most simple cysts are found on routine imaging studies 
(Figure 46.21). Differentiation of simple cysts from RCC is 
a common problem. Because the appearance of a renal 
mass on the excretory urogram alone never excludes a 
malignancy, ultrasonography, CT, or MRI is commonly 
required to characterize the lesion. Acceptance of definite 
criteria for the diagnosis of a simple cyst by these imaging 
techniques has eliminated the use of renal angiography and 
percutaneous cyst aspiration to characterize renal masses. 
Calcium deposits are found in 2% of simple cysts and 10% 
of RCCs. Whereas calcifications appear to be peripheral in 
simple cysts, they are more central in tumors. Improvements 
in the imaging techniques have also reduced the indications 
for surgery in the management of patients with benign 
simple cysts. When the cysts are numerous and bilateral, 
differentiation from ADPKD may be difficult if liver cysts are 

diagnosis can be confirmed by retrograde pyelography, 
which shows an absence or atresia of proximal ureter, and 
by angiography, which demonstrates absence or hypoplasia 
of the renal artery. Cyst walls often calcify in older patients 
and may appear as ringlike densities in the region of the 
kidney.

The manifestations of MCDK depend on whether it is 
bilateral or unilateral. Bilateral MCDK results in oligohy-
dramnios and the Potter sequence and is incompatible with 
life. Unilateral MCDK may be diagnosed in a newborn 
during an evaluation of a renal mass or may go unnoticed 
until later in life, during evaluation for abdominal or flank 
discomfort caused by the mass effect of the lesion.527 Serial 
ultrasonography shows that 33% of the MCDKs have com-
pletely involuted at 2 years of age, 47% at 5 years, and 59% 
at 10 years. The development of hypertension or malignant 
degeneration is very rare.528 Because of its low risk and ten-
dency to involute, MCDK in children is usually managed 
conservatively.529 When indicated, laparoscopic nephrec-
tomy is preferable to open nephrectomy. Attention should 
be paid to an increased risk for associated urinary tract 
malformations of the contralateral kidney (e.g., pelviure-
teric junction obstruction and vesicoureteric reflux), but 
voiding cystography is indicated only when the ultrasono-
graphic findings in the contralateral kidney or ureter are 
abnormal.530

OTHER CYSTIC KIDNEY DISORDERS

SIMPLE CYSTS

PREVALENCE
Simple cysts are the most common cystic abnormality 
encountered in human kidneys.531 They may be solitary or 
multiple and are filled with a fluid that is chemically similar 
to an ultrafiltrate of plasma. The cysts are very rare in chil-
dren, but the frequency increases with age.532 In autopsy 
studies and as incidental CT findings, they are found in 
approximately 25% and 50% in patients 40 and 50 years of 
age, respectively. Ultrasonography is less sensitive than CT 
or MRI and turns up lower percentages. A CT angiographic 
study of 1948 potential kidney donors (42% men; mean age, 

Figure 46.20 Severe renal cystic dysplasia (multicystic kidney). The 
renal architecture is markedly distorted. 
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in some analyses, after adjustment for patient age and sex.533 
Renal cysts are common, particularly in older men, and may 
be a marker of early kidney injury because they associate 
with albuminuria, hypertension, and hyperfiltration. Simple 
cysts infrequently become infected; affected patients present 
with high fever, flank pain and tenderness, and, frequently, 
a sympathetic pleural effusion. Most patients are women, 
and the most common pathogen is Escherichia coli. Urine 
culture results can be negative. Carcinomas do not arise 
from benign simple cysts. For asymptomatic patients with 
unequivocal simple cysts, periodic follow-up with ultraso-
nography is reasonable.

TREATMENT
Treatment of simple renal cyst is indicated only if it is symp-
tomatic or causing obstruction. Intermediate-sized cysts can 
be aspirated percutaneously, and a sclerosing agent can be 
instilled into the cavity in an attempt to prevent recurrence. 
Cysts more than 500 mL in volume are usually drained sur-
gically. Laparoscopic methods are now used routinely. 
Hypertension has sometimes disappeared after successful 
aspiration of the cyst fluid or surgical removal of the cyst. 
Renal vein plasma renin activity is usually elevated in such 
cases, and the mechanism is thought to be compression of 
adjacent vessels by cysts with selective renal ischemia and 
increased renin production. A surgical approach is usually 
taken to infected renal cysts, but percutaneous aspiration 
and drainage of infected cysts have also been used.

LOCALIZED OR UNILATERAL RENAL  
CYSTIC DISEASE

Localized or unilateral renal cystic disease is a rare condi-
tion that involves part or, more rarely, the whole of one 
kidney with cysts that are indistinguishable from those in 
ADPKD.536 The absence of a family history and the fact that 

not also found. Because of the obvious implications, it is 
important to avoid a diagnosis of ADPKD in questionable 
cases unless a familial history consistent with autosomal 
dominant transmission can be documented or the diagnosis 
can be confirmed by genetic testing.

MANIFESTATIONS
The cysts are usually asymptomatic, being discovered at the 
time of a nephro-urologic evaluation for some unrelated 
problem. They should not distract from the diagnosis of 
more important intrarenal or extrarenal lesions. Large 
renal cysts may cause abdominal or flank discomfort, often 
described as a sensation of weight or a dull ache. Frequently, 
however, this pain can be explained by a coexisting abnor-
mality such as nephrolithiasis. Rare cases of gross hematuria 
due to vascular erosion by an enlarging cyst have been docu-
mented. However, hematuria is usually attributable to 
another cause. When the simple cysts lie at or near the hilus, 
a urographic pattern of calyceal obstruction or hydrone-
phrosis is frequently found. In most but not all cases, these 
apparent obstructive changes are of no functional signifi-
cance. A dynamic Hippuran/diethylenetriaminepentaacetic 
acid (DTPA) radioactive renal scan before and after admin-
istration of furosemide can help assess the degree of obstruc-
tion. Rare cases of renin-dependent hypertension caused by 
solitary intrarenal simple cysts have been described. The 
proposed mechanism is arterial compression by the cyst that 
causes segmental renal ischemia. Infection is a rare but 
dramatic complication of a renal cyst. Simple cysts are not 
thought to impair renal function, but the presence of simple 
cysts has been associated with reduced renal function in 
hospitalized patients younger than 60 years.535 A CT angio-
graphic study of 1948 potential kidney donors showed an 
association of cortical and medullary cysts 5 mm or larger 
with higher 24-hour urine albumin excretion as well as with 
increased body surface area, hypertension, and higher GFR 

Figure 46.21 Simple renal cysts. A, Solitary cortical cyst of the right kidney seen on intravenous urography. B, Solitary cyst of right renal 
cortex seen on computed tomography with intravenous contrast enhancement. Oral contrast material was given to highlight the intestine. 
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communication with the calyx. Their diameter is often 1 to 
3 mm, occasionally 5 mm, and rarely up to 7.5 mm. They 
often contain small calculi and may be surrounded by 
normal-looking medullary interstitium or, in cases of more 
prominent cystic disease, inflammatory cell infiltration or 
interstitial fibrosis.

DIAGNOSIS
A definitive diagnosis of MSK can be made by excretory 
urography when the dilated collecting ducts are visualized 
on early and later radiographs without the use of compres-
sion and in the absence of ureteral obstruction (Figure 
46.22). Deposition of calcium salts within these dilated 
tubules occurs as renal calculi or nephrocalcinosis. The 
distribution of the renal calculi in MSK patients is charac-
teristically found in clusters fanning away from the calyx. 
Because conventional CT has almost completely replaced 
excretory urography, the diagnosis of MSK may now be 
made less often. The finding of medullary nephrocalcinosis 
on CT or medullary hyperechogenicity on ultrasonography 
may be suggestive, but is not diagnostic, of MSK. Diagnosis 
of MSK by CT requires multidetector-row CT using high-
resolution three-dimensional displays and late urographic 
images.

MANIFESTATIONS
MSK is usually a benign disorder that may remain asymp-
tomatic and undetected for life. The disease is associated 

the remaining renal tissue and the liver appear intact help 
differentiate this condition from asymmetric forms of 
ADPKD. Its etiology and pathogenesis are not understood. 
The clinical presentation includes a palpable mass, flank 
pain, gross or microscopic hematuria, and hypertension 
with well-preserved renal function.

MEDULLARY SPONGE KIDNEY

EPIDEMIOLOGY
Medullary sponge kidney, or precalyceal canalicular ectasia, 
is a common disorder characterized by tubular dilation of 
the collecting ducts and cyst formation strictly confined to 
the medullary pyramids, especially to their inner, papillary 
portions.537 In studies using strict criteria for the quality of 
acceptable intravenous urograms, the incidence of MSK has 
been about 13% in patients with calcium urolithiasis but 
only about 2% in otherwise normal patients. In particular, 
MSK is associated with a 60% lifetime risk for renal stones, 
and the prevalence of MSK in patients with renal stones is 
significantly higher (8.5%; P < 0.01) than in the control 
population538 (1.5%). Among all patients with calcium 
stones, women have a greater incidence of MSK than men.

PATHOGENESIS
MSK has been usually regarded as a nonhereditary disease, 
but autosomal dominant inheritance has been suggested in 
several families. In five MSK families, GDNF (glial cell–
derived neurotrophic factor) gene variants were found to 
cosegregate with the disease.539 A study of family members 
of 50 patients with MSK identified 59 first- and second-
degree relatives of 27 probands in all generations who also 
had MSK.540 There were progressively lower values for urine 
volume, pH, and excretion of sodium and calcium, and 
progressively higher levels of serum phosphate noted in 
probands compared to relatives with bilateral MSK, those 
with unilateral MSK, and those unaffected by MSK. The 
investigators interpreted these observations as indicative of 
a milder form of MSK in the affected relatives. These find-
ings suggest that familial clustering of MSK is common and 
that the disease has an autosomal dominant inheritance, 
reduced penetrance, and variable expressivity.

There have been several reports of MSK in patients with 
Ehlers-Danlos syndrome and in patients with hemihypertro-
phy. Precalyceal canalicular ectasia can be observed fre-
quently in patients with ADPKD. MSK has been associated 
with primary hyperparathyroidism. The rarity of reported 
cases of this disorder among children favors the interpreta-
tion that this is an acquired rather than a congenital disease. 
Progression of the tubular ectasia and development of 
tubule dilation and medullary cysts have been documented 
in some patients.

PATHOLOGY
Despite the name of this disorder, the affected kidney does 
not closely resemble a sponge. It is usually normal in size  
or slightly enlarged. The precalyceal canalicular ectasia  
may involve one or more renal papillae in one or both 
kidneys, and the lesions are bilateral in 70% of cases. The 
dilated ducts communicate proximally with collecting 
tubules of normal size and often show a relative constriction 
to approximately normal diameter at the point of their 

Figure  46.22 Medullary  sponge  kidney. A, Plain radiograph of 
a large solitary left kidney containing several calcific densities.  
B, Urogram showing the pronounced tubular ectasia of all papillae 
that is typical of medullary sponge kidney. 
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as the first step in patients with MSK and a metabolic risk 
factor regardless of whether this is hypercalciuria, hypoci-
traturia, hyperuricosuria, or hyperoxaluria.546 They recom-
mend starting with 20 mEq of citrate per day in two divided 
doses, increasing the administration gradually by 10 mEq at 
a time, if tolerated, for patients in whom a citraturia level 
above 450 mg/24 hr is not achieved initially, until the 
desired citrate level is reached, provided that the urine  
pH in a 24-hour collection is less than 7.5. Careful monitor-
ing of the urine pH is necessary to ensure that pH stays 
below 7.5 in a 24-hour urine collection so as to prevent 
further formation of calcium phosphate stones in the ectatic 
tubules. With this regimen, these investigators have achieved 
not only an increase in urine citrate but also a significant 
reduction in urine calcium excretion (presumably as a 
result of the activation of the epithelial calcium channel 
TRPV5 in the distal nephron by the higher luminal pH) 
and, most importantly, a marked reduction in the stone 
event rate, from 0.58 to 0.10 stones per year per patient. 
They also observed an improvement in bone densitometry, 
with a total vertebral T-score increasing from −2.82 to −1.98 
and a total hip T-score increasing from −2.03 to −1.86 
after an average follow-up of 6.5 years.547 These investigators 
reserve the use of thiazides for patients who continue to pass 
stones or have hypercalciuria despite receiving an optimal 
dose of citrate.

Patients with MSK appear to be more susceptible to 
urinary tract infections, and routine preventive measures 
seem warranted, especially in female patients. Repeated 
unnecessary investigations for hematuria should be avoided. 
Relapsing urinary tract infections may be due to infected 
renal stones and may require long-term antimicrobial  
suppression when the source of the infections cannot be 
eliminated.

ACQUIRED CYSTIC KIDNEY DISEASE

EPIDEMIOLOGY
Acquired cystic kidney disease (ACKD) is characterized by 
small cysts distributed throughout the renal cortex and 
medulla of patients with ESKD and is unrelated to inherited 
renal cystic disease. There is no agreement on the extent of 
cystic change required for the diagnosis, ranging from one 
to five cysts per kidney in radiologic studies to cystic changes 
in 25% to 40% of renal volume for tissue-based studies. Its 
prevalence and severity are higher in men than in women 
and increase with the duration of azotemia. Acquired cysts 
are found in 7% to 22% of patients with renal failure and 
serum creatinine values exceeding 3 mg/dL before dialysis, 
in 35% who have undergone dialysis for less than 2 years, 
in 58% for 2 to 4 years, in 75% for 4 to 8 years, and in 92% 
for longer than 8 years.547a ACKD is unrelated to age, dialysis 
methods, race, and the causes of renal failure. In one study, 
no reduction in the frequency or severity of this disease was 
observed in 43 patients treated with hemodiafiltration in 
comparison with 43 patients treated with conventional 
hemodialysis after a mean follow-up of 63 months despite 
significantly lower levels of serum parathyroid hormone and 
alkaline phosphatase with hemodiafiltration. Multiple logis-
tic regression analysis indicated that the duration of renal 
replacement therapy (RRT) was the only risk factor for the 
presence of ACKD.548 Cysts can regress after successful renal 

with gross and microscopic hematuria that may be recurrent 
and with urinary tract infections that often are the first signs 
of an underlying abnormality. Renal stones consisting of 
calcium oxalate, calcium phosphate, and other types of 
calcium salts commonly form in the ectatic collecting ducts 
and are the most common presentation of this disease.

Impairment of tubular functions, such as a mild concen-
tration defect, a reduced capacity to lower the urine pH 
after administration of ammonium chloride in comparison 
with controls, and, possibly, a low maximal excretion of 
potassium after short-term intravenous potassium chloride 
loading, may be documented in patients with MSK. Incom-
plete distal renal tubular acidosis may be found in as many 
as 30% to 40% of patients.

Whether patients with MSK exhibit specific metabolic 
abnormalities that predispose them to stone formation  
different from abnormalities in other patients with stone-
forming disorders has been a controversial issue.541 Hyper-
calciuria and hypocitraturia, a marker of renal tubular 
acidosis, have been the metabolic risk factors for stone for-
mation more frequently identified in patients with ADPKD. 
Many, but not all, studies find hypocitraturia to be more 
common in patients with MSK with stones than in patients 
with other stone-forming disorders, and the same can be 
said for hypercalciuria. Some small studies have shown that 
the hypercalciuria is due to increased intestinal absorption 
but others have demonstrated a calcium leak. The calcium 
leak hypothesis could explain reported associations with 
parathyroid hyperplasia or adenomas and with osteopenia 
and osteoporosis. An alternative hypothesis is that hypercal-
ciuria in patients with MSK reflects an abnormally high 
bone turnover as a result of the incomplete renal tubular 
acidosis seen in many patients with the disease.

Several studies have emphasized the association of hypo-
citraturia, distal renal tubular acidosis,542,543 and hypercalci-
uria541 with MSK. However, other studies have not found 
hypocitraturia to occur more frequently in patients with 
MSK than in other patients with renal stones. It has  
also been suggested that hypercalciuria from a calcium leak 
may lead to the development of parathyroid adenomas.544 
However, a critical examination of calcium excretion in 
patients with MSK and other stone-forming disorders 
showed that absorptive hypercalciuria was the most common 
abnormality in MSK, occurring in 59% of patients, whereas 
only 18% had hypercalciuria resulting from a renal calcium 
leak.545 MSK seldom progresses to ESKD, although reduced 
GFRs have been observed, and a few patients have a rela-
tively poor prognosis because of recurring urolithiasis, bac-
teriuria, and pyelonephritis.

TREATMENT
There is no specific treatment for MSK. Most patients dis-
covered incidentally to have MSK can be advised that the 
disorder is benign and that they can anticipate no serious 
morbidity and that it is not life-threatening. The treatment 
of nephrolithiasis and urinary tract infection, when present, 
is the same as it would be for any patient with these prob-
lems. As a general rule, patients with nephrolithiasis should 
excrete about 2.5 L of urine each day to reduce the risk of 
stone formation. Potassium citrate and thiazides have been 
found to be effective in preventing stones in these patients. 
Fabris and colleagues recommend using potassium citrate 
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tubule diverticula. Some, but not all, immunohistochemical 
studies have shown that the cysts in ACKD are mostly derived 
from proximal tubules.552

In a significant fraction of reported cases, the cysts contain 
single or, more often, multiple papillary, tubular, or solid 
neoplasms arising from the cyst lining and consistent with 
renal cell “adenomas” or adenocarcinomas. The genetic 
changes underlying the development of most of these 
tumors are different from those occurring in sporadic clear 
cell RCCs. Compared with sporadic RCC, ACKD-associated 
RCC tends to display lower Fuhrman nuclear grade, less 
proliferative activity, and diploidy in most cases, reflecting 
less aggressive behavior. The predominant type is clear cell, 
but papillary renal cell carcinomas are over-represented in 
comparison with the sporadic RCC in the general popula-
tion.549,550 In addition, RCC with distinctive histologic fea-
tures has been associated with ACKD. These tumors are 
characterized by abundant eosinophilic cytoplasm; a vari-
ably solid, cribriform, tubulocystic, and papillary architec-
ture; and deposits of calcium oxalate crystals.553-555

DIAGNOSIS
Ultrasonography is a sensitive method to detect renal cysts 
and ACKD. However, complex cysts with intracystic septa-
tions, intracystic hemorrhage, mural nodules, and periph-
eral calcifications are sometimes difficult to distinguish 
from RCC with this method. CT with contrast enhancement 
is superior to ultrasonography in the evaluation of complex 
cysts (see Figure 46.23), but contrast enhancement is 
required to differentiate between benign and potentially 
malignant cystic lesions, and the intravenous administration 
of iodinated contrast media carries a risk of worsening the 
renal function in patients who are not yet undergoing dialy-
sis or who have impaired renal function after transplanta-
tion. MRI, on the other hand, provides high-resolution 
images with excellent tissue contrast even without the 
administration of gadolinium, which is contraindicated  
in patients with impaired renal function.556 T1- and T2-
weighted turbo spin-echo MRI sequences provide very good 
contrast among different tissues, and modern techniques 
such as diffusion-weighted sequences help improve diagnos-
tic accuracy.

transplant surgery but conversely can develop in trans-
planted kidneys affected by long-term rejection. Cyclospo-
rine has been incriminated as predisposing native kidneys 
to cyst formation.

A very important feature in ACKD is the occurrence of 
renal tumors. The overall prevalence of RCC in patients 
undergoing hemodialysis evaluated radiologically or at 
autopsy is approximately 1% to 4%.549 Carcinoma in dialysis 
recipients is three times more common in the presence than 
in the absence of acquired renal cysts, and six times more 
common in large than in small cystic kidneys. Overall, the 
incidence of renal malignancy in patients undergoing dialy-
sis has been estimated to be 50 to 100 times greater than in 
the general population. The RCCs associated with ACKD 
have a lower risk for metastasis and a better prognosis than 
RCCs not associated ACKD.

The risk for RCC remains high after renal transplantation 
in patients with ACKD. A study of 961 patients who received 
a kidney transplant between 1970 and 1998, included 561 
patients who underwent prospective ultrasound screening 
of the native kidneys between 1997 and 2003.550 Twenty-
three percent of them were found to have ACKD. Including 
19 patients with formerly diagnosed RCC, the study found 
that the prevalence of RCC was 4.8% among all patients, 
19.4% among the patients with ACKD, and 0.5% in those 
without ACKD. RCC was bilateral in 26% of cases. Tumor 
histology was clear cell RCC in 58% and papillary RCC in 
42% of cases. Only one patient had a lung metastasis, and 
no patient died. Another study conducted ultrasound exam-
ination of the native kidneys every 6 months after renal 
transplantation between 1991 and 2007.551 Renal cell carci-
nomas were diagnosed in 10 patients after a mean follow-up 
of 61.8 months. Two lesions were solid and eight were cystic, 
with the average size 2.1 cm. Four were clear cell type, and 
six papillary carcinomas. None of the patients had meta-
static disease.

PATHOGENESIS
The development of the cysts and tumors seems to be tied 
to the pronounced epithelial hyperplasia observed micro-
scopically. The hyperplasia, in turn, seems to be a result of 
the uremic state even though there appears to be no rela-
tion between the occurrence of acquired cysts and the effi-
cacy of dialysis. If ACKD is present at the time of successful 
transplantation, that process seems to regress or at least not 
to increase in severity. Conceivably, the loss of renal mass 
causes the production of renotropic factors that stimulate 
hyperplasia.

PATHOLOGY
ACKD is usually bilateral and equal, with even severely 
affected kidneys weighing less than 100 g (30% less than 
50 g), although about 25% weigh more than 150 g, includ-
ing a few exceptional specimens of more than 1000 g 
(Figure 46.23). In nephrectomy and autopsy specimens, the 
cysts vary in number and type from a few subcapsular cysts 
up to 2 to 3 cm in diameter to numerous smaller cysts that 
are diffusely distributed. The cysts are generally smaller 
than those in ADPKD. Microdissection studies have demon-
strated the continuity of the cysts with both proximal and 
distal tubules and have suggested their origin both in the 
fusiform dilation of tubule segments and in multiple small 

Figure 46.23 Acquired cystic disease in 320-g kidney from a patient 
with a 10-year history of hemodialysis. There were bilateral, multifocal 
renal cell carcinomas (arrow) with multiple systemic metastases. 
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Renal masses larger than 3 cm detected in patients with 
ACKD are treated by excision. For tumors smaller than 3 cm, 
the options are nephrectomy for those who can undergo 
surgery or annual CT follow-up with resection if the lesions 
enlarge. Although metastases are less likely to occur from 
small than from large tumors, small tumor size is not a guar-
antee against metastasis. Resection even of small neoplasms 
seems prudent in preparation for transplantation. Because 
carcinoma in the setting of ACKD is often multicentric and 
bilateral, some writers recommend bilateral nephrectomy in 
these cases. If this procedure is not performed, frequent 
monitoring of the contralateral kidney is advised. Laparo-
scopic bilateral radical nephrectomy in patients with ESKD, 
ACKD, and suspicious tumors has been proposed as a more 
desirable alternative to traditional open surgery.558

RENAL CYSTIC NEOPLASMS

Renal cystic neoplasms encompass a number of entities that 
cannot be reliably distinguished from one another on pre-
operative imaging studies. These entities include cystic 
RCC, multilocular cystic nephromas, cystic partially differ-
entiated nephroblastomas, and mixed epithelial and stromal 
tumors.559

CYSTIC RENAL CELL CARCINOMA

Multilocular and unilocular RCCs account for about 5% of 
RCCs and are characterized by their cystic nature—less than 
25% of solid component—and by the absence of necrosis. 
They are usually clear cell type and of low grade and virtu-
ally never metastasize or cause death.560 They should be 
distinguished from RCCs with a large cystic component due 
to extensive necrosis (pseudocystic necrotic carcinoma), 
which have an aggressive behavior, often leading to metas-
tasis and death. Surgical excision is usually needed for diag-
nosis because fine-needle aspiration is not sufficiently 
accurate.

Because RCC is an important complication of ACKD, 
screening with ultrasonography has been recommended 
after 3 years of dialysis, followed by screening for neoplasm 
at 1- or 2-year intervals thereafter. However, because RCC is 
a relatively rare cause of death among dialysis recipients, a 
more aggressive renal imaging program, including annual 
screening, would be unlikely to significantly reduce mortal-
ity and therefore would not be cost effective.557 In the end, 
the clinical decision must be based on the individual patient, 
with consideration given both to the known risk factors for 
carcinoma—including prolonged dialysis, the presence of 
ACKD, large kidneys, and male sex—and the patient’s age 
and general fitness. Screening with ultrasonography or MRI 
at 1- to 2-year intervals may be beneficial in selected popula-
tions such as young dialysis recipients or in transplant recipi-
ents with ACKD.

MANIFESTATIONS
ACKD develops insidiously. Most patients have no symp-
toms. When symptoms occur, gross hematuria, flank pain, 
renal colic, fever, palpable renal mass, and rising hematocrit 
are most common. Retroperitoneal hemorrhage may mani-
fest as acute pain, hypotension, and shock. Rarely, the pre-
sentation consists of symptoms from metastatic RCC. 
Approximately 20% of ACKD-associated RCCs metastasize 
(vs. 50% for sporadic RCCs).

TREATMENT
Bleeding episodes in ACKD, either intrarenal or perirenal, 
are often treated conservatively with bed rest and analgesics. 
Persistent hemorrhage, however, may require nephrectomy 
or therapeutic renal embolization and infarction. Because 
the risk of undetected RCC is high in patients with retro-
peritoneal hemorrhage, nephrectomy is recommended in 
those in whom carcinoma cannot be ruled out. If a few 
larger cysts are associated with flank pain, percutaneous 
aspiration (with cytologic examination) is a reasonable tem-
porizing measure. ACKD may regress after successful renal 
transplantation (Figure 46.24).

Figure  46.24 Acquired  renal  cystic  disease. A, Computed tomography (CT) scan with intravenous contrast. This man had renal failure 
caused by diabetic nephropathy and had received hemodialysis for 6 years before this examination. There is bilateral renal enlargement with 
diffuse cysts in the cortex and medulla. A solid tissue tumor (white dot) is seen in the anterior part of the left kidney. B, CT scan of the original 
kidneys in a patient with a functioning renal allograft. Note the marked atrophy of the renal parenchyma in contrast to the cystic changes seen 
in A. 

A B
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cyst, and the cystic fluid is clear and contains abundant lipid 
droplets.

Parapelvic cysts are of lymphatic origin and are much 
more common. The walls of the cysts are very thin and are 
lined by flat endothelial cells. The composition of the cystic 
fluid resembles that of lymph. The mechanism responsible 
for the dilation of the lymphatics is not known. Parapelvic 
cysts may be multiple and bilateral. They are in direct 
contact with the extrarenal pelvic surface and extend  
into the renal sinus, distorting the infundibula and calyces. 
The kidneys may appear slightly enlarged, but the enlarge-
ment is exclusively caused by the expansion of the renal 
sinus, and the area of the renal parenchyma remains normal. 
Bilateral parapelvic cysts (cystic disease of the renal sinus) 
can be confused with ADPKD on excretory urography, but 
the distinction between the two entities is straightforward 
on CT or MRI.

Parapelvic cysts are most frequently diagnosed after the 
fourth decade of life. They are usually discovered in the 
course of evaluations for conditions such as urinary tract 
infections, nephrolithiasis, hypertension, and prostatism. 
Despite considerable calyceal distortion, the pressure in 
these lymphatic cysts is low and not likely to result in signifi-
cant functional obstruction. Indeed, renal function in 
patients with bilateral multiple parapelvic cysts is usually 
normal. Occasionally, parapelvic cysts are the only finding 
in the course of evaluation for otherwise unexplained 
lumbar or flank pain. The therapeutic approach to parapel-
vic cysts should be conservative.

PERIRENAL LYMPHANGIOMAS

Perirenal lymphangiomas are characterized by dilation of 
the lymphatic channels around the kidneys that leads to the 
development of unilocular or multilocular cystic masses.561 
Lymphatic obstruction may play a role in its pathogenesis, 
and rare familial cases suggest a genetic component. Peri-
renal lymphangiomas have also been observed in patients 
with TSC.562 Pregnancy is reported to exacerbate the condi-
tion, possibly because the renal lymphatics play a role in 
handling an enhanced interstitial fluid flow during this con-
dition.563 Mild renal functional impairment and hyperten-
sion can occur transiently and revert to normal in the 
postpartum period.

SUBCAPSULAR AND PERIRENAL URINOMAS 
(URINIFEROUS PSEUDOCYSTS)

Subcapsular and perirenal urinomas are encapsulated col-
lections of extravasated urine in the subcapsular and peri-
renal spaces. They are usually secondary to obstructive 
uropathies, such as posterior urethral valve, pelviureteric 
junction, or vesicoureteric junction obstruction, ureteric 
calculus, or trauma. They are caused by pyelosinus backflow, 
which can occur when the intrapelvic pressure rises to 
35 cm H2O or greater, leading to rupture of calyceal forni-
ces. Whereas subcapsular urinomas are situated between the 
renal parenchyma and renal capsule, perirenal urinomas 
are located between the renal capsule and Gerota’s fascia. 
Treatment includes temporary decompression by place-
ment of a pigtail catheter in the most dependent point of 
the urinoma and correction of the underlying disorder.

MULTILOCULAR CYSTIC NEPHROMA

Cystic nephroma is a rare benign cystic neoplasm encoun-
tered in children and adults, with a bimodal distribution of 
age and gender (65% in patients younger than 4 years with 
a male/female ratio of 2 : 1 and the remainder in patients 
older than 30 years of age with a male/female ratio of 1 : 8). 
Cystic nephroma appears as an encapsulated multilocular 
mass, the locules of which are not connected to each other 
or to the pyelocalyceal system. They are lined by a single 
layer of nondescript, flattened or cuboidal cells and 
“hobnail” cells with abundant eosinophilic cytoplasm and 
large apical nuclei. The septa are composed of connective 
tissue and may contain scattered atrophic renal tubules. 
Multilocular cystic nephroma is a benign lesion, but malig-
nant transformation can occur in rare cases.

CYSTIC PARTIALLY DIFFERENTIATED 
NEPHROBLASTOMA

Cystic partially differentiated nephroblastoma is a rare 
benign cystic renal neoplasm that is histologically identical 
to cystic nephroma except for Wilms’ tumor elements within 
the septa. It mostly occurs in children younger than 2 years, 
with rare adult occurrences. It is cured by complete 
excision.

MIXED EPITHELIAL AND STROMAL TUMOR

Mixed epithelial and stromal tumor is a rare type of cystic 
renal neoplasm, with about 50 cases reported. Contrary to 
cystic nephroma and cystic partially differentiated nephro-
blastoma, which are purely cystic and have thin septa, the 
mixed epithelial and stromal tumor is partly cystic and has 
thicker wall-forming solid areas. All affected patients but 
one have been female, with a mean age of 46 years. The role 
of female hormone in the pathogenesis of this tumor is sup-
ported by a female predominance, a history of long-term 
estrogen treatment in many patients, and the expression of 
estrogen and progesterone receptors by tumor stromal cells. 
Mixed epithelial and stromal tumors are benign, and resec-
tion is curative.

RENAL CYSTS OF NONTUBULAR ORIGIN

CYSTIC DISEASE OF THE RENAL SINUS

The cystic disorders of the renal sinus are benign conditions 
that with modern imaging techniques can be clearly distin-
guished from more serious mass-occupying lesions of the 
renal pelvis or renal parenchyma. Two types of cystic lesions 
have been described in this area: hilus cysts and parapelvic 
cysts.

Hilus cysts, which have been identified only at autopsy, 
are thought to be caused by regressive changes in the  
fat tissue of the renal sinus, especially in kidneys with abun-
dant fat in the renal sinus associated with renal atrophy.  
The cysts result from fluid replacement of adipose tissue 
that undergoes regressive changes owing to localized vascu-
lar disease and atrophy because of recent wasting. A single 
layer of flattened mesenchymal cells lines the wall of such a 
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PYELOCALYCEAL CYSTS

Also termed pyelocalyceal diverticula or calyceal or pyelorenal 
cysts or diverticula, pyelocalyceal cysts represent congenital, 
probably developmental, saccular diverticula from a minor 
calyx (type I) or from the pelvis or adjacent major calyx 
(type II). Type I is more common, is usually located in the 
poles (especially the upper), and tends to be smaller and 
less often symptomatic than the centrally located type II. 
Both types are usually less than 1 cm in diameter but occa-
sionally may be quite large. The cysts are encompassed by a 
muscularis, are lined by a usually chronically inflamed tran-
sitional epithelium, and usually contain urine or cloudy 
fluid.

Pyelocalyceal cysts occur sporadically, affect all age groups, 
and usually are unilateral. They may be detected in as many 
as 0.5% of excretory urograms but normally are asymptom-
atic unless they are complicated by nephrolithiasis or infec-
tion. The frequency of stone formation in calyceal diverticula 
has been reported to be between 10% and 40%. Transitional 
cell carcinoma arising in a pyelocalyceal cyst has been 
seldom reported. Surgical intervention is indicated only 
when conservative management of this complication fails.
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Hypertension has consistently been one of the major con-
tributors to premature morbidity and mortality in the 
United States.1 Hypertension is ranked first worldwide in an 
analysis of all risk factors for global disease burden in 20102 
(Figure 47.1). By the year 2025, hypertension is expected to 
increase in prevalence worldwide by 60% and will affect 1.56 
billion people.3 Developing nations will experience an 80% 
increase (from 639 million to 1.15 billion afflicted persons). 
As emerging countries have improved sanitation and other 
basic public health measures, cardiovascular (CV) disease 
has or soon will become the most common cause of death, 
and hypertension will be its most common reversible risk 
factor, as it already is in the United States.

The major public health importance of hypertension can 
be amply demonstrated using data from the United States, 

but similar conclusions are emerging as other industrialized 
countries analyze national health care databases.4 Hyperten-
sion was listed as either the principal or a contributing cause 
of death in nearly 15% of the death certificates filed in the 
United States in 2010.1

Hypertension is the most important modifiable risk factor 
for stroke.1 It fell from the second most common cause 
of death in the United States in 1958, to third between  
1959 and 2007, to fourth between 2008 and 2012, to fifth  
in 2013.5 Current estimates are that 77% of those who 
have a first stroke have had a blood pressure (BP) above 
140/90 mm Hg.

High BP is the leading antecedent condition for either 
the systolic or diastolic type of heart failure and the most 
common reason for acute care hospitalization among 
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Figure 47.1  Global risk factor ranks with 95% uncertainty  interval  (UI)  for all ages and sexes combined  in 1990 and 2010 and percentage 
change. PM, Particulate matter; SHS, secondhand smoke. (From Lim SS, Vos T, Flaxman AD, et al: A comparative risk assessment of burden of 
disease and injury attributable to 67 risk factors and risk factor clusters in 21 regions, 1990-2010: a systematic analysis for the Global Burden of 
Disease Study 2010. Lancet 380:2224-2260, 2012.)

Mean rank
(95% UI)

Risk factor

1990

1 Childhood underweight1.1 (1–2)

2 Household air pollution2.1 (1–4)

3 Smoking (excluding SHS)2.9 (2–4)

4 High blood pressure4.0 (3–5)

5 Suboptimal breastfeeding5.4 (3–8)

6 Alcohol use5.6 (5–6)

7 Ambient PM pollution7.4 (6–8)

8 Low fruit7.4 (6–8)

9 High fasting plasma glucose9.7 (9–12)

10 High body mass index10.9 (9–14)

11 Iron deficiency11.1 (9–15)

12 High sodium12.3 (9–17)

13 Low nuts and seeds13.9 (10–19)

14 High total cholesterol14.1 (11–17)

15 Sanitation16.2 (9–38)

16 Low vegetables16.7 (13–21)

17 Vitamin A deficiency17.1 (10–23)

18 Low whole grains17.3 (15–20)

19 Zinc deficiency20.0 (13–29)

20 Low omega-320.6 (17–25)

21 Occupational injury20.8 (18–24)

22 Unimproved water21.7 (14–34)

23 Occupational low back pain22.6 (19–26)

24 High processed meat23.2 (19–29)

25 Drug use24.2 (21–26)

26 Low fiber

30 Lead

Risk factor Mean rank
(95% UI)

2010

1 High blood pressure

2 Smoking (excluding SHS)

3 Alcohol use

4 Household air pollution

5 Low fruit

6 High body mass index

7 High fasting plasma glucose

8 Childhood underweight

9 Ambient PM pollution

10 Physical inactivity

11 High sodium

12 Low nuts and seeds

13 Iron deficiency

14 Suboptimal breastfeeding

15 High total cholesterol

16 Low whole grains

17 Low vegetables

18 Low omega-3

19 Drug use

20 Occupational injury

21 Occupational low back pain

22 High processed meat

23 Intimate partner violence

24 Low fiber

25 Lead

26 Sanitation

29 Vitamin A deficiency

31 Zinc deficiency

33 Unimproved water

1.1 (1–2)

1.9 (1–2)

3.0 (2–4)

4.7 (3–7)

5.0 (4–8)

6.1 (4–8)

6.6 (5–8)

8.5 (6–11)

8.9 (7–11)

9.9 (8–12)

11.2 (8–15)

12.9 (11–17)

13.5 (11–17)

13.8 (10–18)

15.2 (12–17)

15.3 (13–17)

15.8 (12–19)

18.7 (17–23)

20.2 (18–23)

20.4 (18–23)

21.2(18–25)

22.0 (17–31)

23.8 (20–28)

24.4 (19–32)

25.5 (25–29)

% change (95% UI)

27% (19 to 34)

3% (�5 to 11)

28% (17 to 39)

�37% (�44 to �29)

29% (25 to 34)

82% (71 to 95)

58% (43 to 73)

�61% (�66 to �55)

�7% (�13 to �1)

0% (0 to 0)

33% (27 to 39)

27% (18 to 32)

�7% (�11 to �4)

�57% (�63 to �51)

3% (�13 to 19)

39% (32 to 45)

22% (16 to 28)

30% (21 to 35)

57% (42 to 72)

12% (�22 to 58)

22% (11 to 35)

22% (2 to 44)

0% (0 to 0)

23% (13 to 33)

160% (143 to 176)

Ascending order in rank

Descending order in rank
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Medicare beneficiaries (approximately 1.023 million in 
2010); approximately 74% of people experiencing an initial 
hospitalization for heart failure either had or have BP of 
140/90 mm Hg or higher.1

Currently, end-stage kidney disease has the highest per-
patient annualized cost to Medicare,6 and hypertension is 
the second most common cause of end-stage kidney disease. 
After tobacco and diabetes, hypertension is the most impor-
tant risk factor for peripheral vascular disease (the second 
leading cause of loss of limbs in the United States).1 Hyper-
tension is likely the most important treatable cause of vas-
cular dementia, which ranked eighth among causes of death 
in the United States in 2010, and is the third leading cause 
of admission to nursing homes. Hypertension ranks first 
among the chronic conditions for which Americans visit a 
health care provider. This may be secondary to its high age-
adjusted prevalence (29.1% of adults age 18 years and over 
between 2011 and 2012) and the fact that treatment clearly 
improves prognosis.

All health care providers routinely encounter people who 
are likely to benefit from lowered BP levels. In the future 
more people will likely become candidates for antihyperten-
sive therapy, as the prevalence of hypertension is increasing 
secondary to the increasing prevalence of obesity and 
increased longevity of the general population.7

HYPERTENSION DEFINITIONS

High blood pressure is defined traditionally as a persistent 
BP elevation in the office above 140/90 mm Hg.8 Blood 
pressure is the phenotypic expression of the genetically  
predisposed disease hypertension. Blood pressure is a con-
tinuous variable. The “threshold BP value” to secure a diag-
nosis of hypertension comes from large epidemiologic 
studies demonstrating a higher mortality at levels above 
140/90 mm Hg.9 In the United States, the national guide-
lines promulgated by the Seventh Report of the Joint 
National Committee on Prevention, Detection, Evaluation, 
and Treatment of High Blood Pressure (JNC 7) in 2003 
simplified the classification of hypertension and related 
conditions (Table 47.1).8 This classification is endorsed by 
later guidelines as well.7 The four categories of BP (normal, 
prehypertension, stage 1 hypertension, and stage 2 hyper-
tension) are associated with progressively increasing CV risk 
and are independent of any other risk factor (including 
age).2,8 JNC 8 provided once again evidence-based guide-
lines and did not redefine high BP. The expert panel con-
cluded that the 140/90 mm Hg definition from JNC 7 
remains reasonable.

The diagnosis of hypertension is based on properly mea-
sured office BP readings (Table 47.2).8,10 Not following this 
procedure usually leads to inaccurate BP readings.

EVOLUTION OF BLOOD PRESSURE GOALS

As more data became available, the traditional definition of 
hypertension in guidelines has evolved over the last 35 years 
(Figure 47.2). The change of the diastolic cutoff from 95 to 
90 mm Hg occurred concomitantly with the recommenda-
tion to use Korotkoff phase V disappearance of sound, 
rather than phase IV (“muffling” of sounds) in diagnosis. 

Table 47.1 “Traditional” Cut Points of 
Blood Pressure for Hypertension  
and Its Related Diagnoses in the 
United States*

Condition

Systolic Blood 
Pressure 
(mm Hg)

Diastolic Blood 
Pressure 
(mm Hg)

Normal ≤120 and <80
Prehypertension 120-139 or 80-89
Stage 1 

hypertension
140-159 or 90-99

Stage 2 
hypertension

≥160 or ≥100

*If the systolic and diastolic blood pressure levels fall into two 
different diagnostic categories, the higher category is used 
(e.g., 162/92 mm Hg is stage 2 hypertension; 122/72 mm Hg 
is prehypertension). These definitions are those of the Seventh 
Report of the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure 
(JNC 7).1 Different classification schemes are used outside the 
United States.

The inclusion of systolic BP in the definition of hyperten-
sion has been much more gradual (see Figure 47.2).

In JNC I and II (1977-1982), the diagnosis of hyperten-
sion was made solely on diastolic BP values. In JNC III and 
IV, “isolated systolic hypertension” (systolic BP ≥ 160 mm Hg, 
but diastolic BP < 90 mm Hg) was defined, but no recom-
mendations about therapy were made (see Figure 47.2).

Since 1993 both the JNC and the European guidelines 
recognize isolated systolic hypertension as worthy of treat-
ment.11 BP-lowering therapy in this subgroup of older 
adults has morbidity and mortality benefits.12,13 Hyperten-
sion is diagnosed in adults if either systolic or diastolic BP 
is elevated. A pooling of data from over 1 million patients 
from 61 long-term epidemiologic studies concluded that 
systolic BP predicts approximately 89% of age-stratified 
stroke deaths and 93% of coronary heart disease deaths, 
whereas diastolic BP is much less predictive (83% and 73%, 
respectively).9

The importance of systolic BP, especially in people over 
age 55 years, was validated and extended by linking elec-
tronic medical records from 1.25 million English subjects 
with 5.2 years’ median follow-up enrolled in the National 
Health Service from 1997 to 2010.4 Moreover, 11 clinical 
trials, comparing active antihypertensive drugs to either 
placebo or no treatment in 28,436 patients, demonstrate 
morbidity and mortality benefits of treatment tied to reduc-
tions in systolic but not diastolic BP.13

EPIDEMIOLOGY

Hypertension is widely treated because of its increased risk 
for long-term morbidity and mortality and the fact that 
antihypertensive treatment prevents some of these events. 
The risks attributable to elevated BP levels are documented 
in numerous epidemiologic studies, beginning in 1948 with 
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Table 47.2 Essential Elements of Proper Blood 
Pressure Measurement in the Office

Allow patient to rest in the seated position for at least 3 to 5 
minutes prior to measuring BP.

Neither patient nor examiner should talk during measurements.
The patient should have the legs uncrossed and should be 

seated comfortably on a chair with arm and back support.
Use the arm as the preferred site of measurement.
Make sure the measuring device is adequately maintained and 

calibrated.
Use a cuff that fits the arm circumference properly. The 

bladder length should cover at least 80% of the arm 
circumference. Recommended cuff sizes for adults are as 
follows:
•  “Small adult” (12 × 22 cm): for arm circumferences 

between 22 and 26 cm
•  “Adult” (16 × 30 cm): for arm circumferences between 27 

and 34 cm
•  “Large adult” (16 × 36 cm): for arm circumferences 

between 35 and 44 cm
•  “Adult thigh” (16 × 42 cm): for arm circumferences 

between 45 and 52 cm
Place the lower end of the cuff approximately 2-3 cm above 

the antecubital fossa.
Have the arm positioned at the level of the heart.
Take at least 2 BP measurements and average them. Obtain 

more measurements if there is disparity between the first 2 
values.

Measure BP in both arms to identify interarm differences 
(approximately 20% of individuals may have a difference 
>10 mm Hg). If different, report the values obtained on the 
arm with higher BP.

If using the auscultatory method with a stethoscope, use 
Korotkoff phase I (appearance) and V (disappearance) to 
define systolic and diastolic BP, respectively.

If using an aneroid or mercury manometer, use a deflation rate 
of 2-3 mm Hg/sec. (Deflation rates with automated 
oscillometric devices vary substantially and are defined 
based on proprietary algorithms.)

BP, Blood pressure.
Data from reference 10.

the Framingham Heart Study and extending to the 
present.14,15 Meta-analyses of pooled data confirm the robust, 
continuous relationship between BP level and cerebrovascu-
lar disease and coronary heart disease in both Western and 
Eastern populations.9 In addition, BP is linked directly in 
epidemiologic studies to incident left ventricular hypertro-
phy (LVH), heart failure, peripheral vascular disease, carotid 
atherosclerosis, end-stage kidney disease, and “subclinical 
CV disease.” A natural history study that involved almost 
12,000 veterans, studied over 15 years, noted that the level 
of BP corresponds to the risk for end-stage kidney disease 
(Figure 47.3).16 Note that the highest risk is at levels above 
the autoregulatory range of the kidney (i.e., a systolic BP > 
180 mm Hg).

CV risk factors tend to cluster; thus hypertensive individu-
als are much more likely than normotensive people to have 
type 2 diabetes mellitus or dyslipidemia, especially elevated 
triglyceride levels and low high-density lipoprotein choles-
terol levels. The common denominator may be insulin 

resistance, perhaps because of the frequent coexistence of 
hypertension and obesity.

AGE AND HYPERTENSION

Increasing age is a major risk factor for developing hyper-
tension (Figure 47.4), as well as a very strong confounder 
of its independent influence on CV and renal events. In the 
analysis of nearly a million individuals in 61 epidemiologic 
studies followed for an average of 13.3 years, those with BP 
levels in the highest decile had roughly the same risk for 
death from either ischemic heart disease or stroke as people 
who were 20 years older but had BP levels in the lowest 
decile.9 In the Framingham study the lifetime risk of 55- to 
65-year-old men or women for developing hypertension was 
above 90%.17 In this study, of those who survived to ages 65 
to 89 years, systolic BP elevations were found in 87% of the 
hypertensive men and 93% of the hypertensive women. In 
an analysis of the Framingham data set, classification of 
people with hypertension over age 60 years into the appro-
priate BP stages was done correctly in 99% of the cases using 
systolic rather than diastolic BP.18

These data highlight the great public health importance 
of systolic BP, particularly among those older than 50 years. 
In such individuals, systolic BP is a much better predictor 
of hypertensive target-organ damage and future CV and 
renal events than is diastolic BP.9,19,20 Overall, each 20–
mm Hg increase in systolic BP doubled the risk for CV 
death.9 Systolic BP was less likely to be controlled to less than 
140 mm Hg than diastolic to less than 90 mm Hg in the 
general U.S. population, according to every National Health 
and Nutrition Examination Survey (NHANES) data set from 
1974 to 2012. Nearly 71% of those with treated but uncon-
trolled hypertension in the United States in 2012 were 60 
years of age and older.21 Yet antihypertensive drug therapy 
reduces the risk for CV events across the full age spectrum 
and has its greatest absolute benefit in older people, includ-
ing individuals older than 80 years of age.22,23

The diagnosis of hypertension in children and adoles-
cents is becoming more important, due to the epidemic of 
obesity in young Americans.24 Current U.S. guidelines rec-
ommend BP measurement in children at least annually, but 
“normative values” depend on gender, age, and height of 
the child.25 As a result, interpretation of BP levels in chil-
dren and adolescents usually involves comparison of a 
child’s average BP (from three visits) to a complex table that 
provides threshold values for “prehypertension” (tradition-
ally, BP between the 90th and 95th percentiles), “hyperten-
sion” (BP between the 95th and 99th percentiles), and 
“severe hypertension” (99th percentile or higher).

GENDER AND HYPERTENSION

Hypertension is a major problem for both men and women, 
but men tend to develop it at an earlier age (Figure 47.5), 
which is also true of the adverse clinical consequences of 
hypertension. Among individuals older than 70 years, women 
are more likely to have hypertension1,21 and to have a CV 
event compared to men. Age and body mass index have been 
much stronger predictors of incident hypertension than 
gender in epidemiologic studies. Drug treatment of hyper-
tension has roughly the same benefits for women and men.26,27
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77.4%) of hypertension, but their control rate lagged that 
of non-Hispanic whites (49.5% to 53.9%, age–adjusted). 
This pattern has been consistent over the last decade.

Although the prevalence of hypertension has increased 
between NHANES 1988-1991 and 2011-2012, the increase  
is greatest for non-Hispanic blacks, compared to either 
Mexican Americans or non-Hispanic whites. In contrast to 
non-Hispanic whites and Mexican Americans, a higher prev-
alence of hypertension was observed in NHANES 2007-2010 
for non-Hispanic black women, compared to men (47.0% 
vs. 42.6%). In all three racial/ethnic groups, women had 
higher rates of awareness, treatment, and control of BP in 
NHANES 2005-2010.

Perhaps because of the persistent historical difference in 
BP control rates, the adverse long-term consequences of 
hypertension are still more common in blacks than whites, 
but disparities have decreased in the last decade.1 In 2010, 
the age-adjusted death rate from heart disease was 20% 
higher in blacks, as was stroke (by approximately 40%) and 
hypertension or hypertensive renal disease (by 140%).28 
Incident end-stage kidney disease was 3.4 or 1.6 times more 
common in 2011 in blacks or Native Americans, compared 
to whites.29 Although diuretics or calcium channel blockers 
(CCBs) may have an advantage as initial therapy for reduc-
ing CV events in blacks, an angiotensin-converting enzyme 
(ACE) inhibitor (ACEI) was better than either a CCB or a 
β-blocker in preventing the decline of renal function in 
African Americans with hypertensive nephrosclerosis.12,30 
Most current guidelines therefore recommend controlling 
hypertension with multidrug regimens in all racial/ethnic 
groups.8,11,31

Although the prevalence of hypertension in Hispanics is 
lower than in non-Hispanic blacks and whites, hypertension 
is a concern. Mexican Americans continue to have the 

RACE/ETHNICITY AND HYPERTENSION

Similar to previous surveys, NHANES 2011-2012 concluded 
that non-Hispanic blacks had approximately a 50% higher 
prevalence of hypertension than non-Hispanic whites, even 
after age adjustment (42.1% vs. 28.0%).21 The prevalence of 
hypertension in either non-Hispanic Asians or Hispanics 
was slightly but not significantly lower (at 24.7% and 26.0%, 
respectively) than non-Hispanic whites. The prevalence of 
hypertension is geographically heterogeneous, with the 
highest prevalence in both blacks and whites in the south-
eastern United States (“the Stroke Belt”). Perhaps because 
of persistent public health initiatives, non-Hispanic blacks 
had the highest awareness (at 85.7%) and treatment (at 

Figure 47.2  The evolution of the Joint National Committee (JNC) reports. A, Systolic blood pressure (SBP). B, Diastolic blood pressure (DBP). 
ISH, Isolated systolic hypertension. 
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disease and stroke as well as kidney disease progression, 
control rates are poor in the world. There are over 125 dif-
ferent medications encompassing eight different antihyper-
tensive drug classes to help lower BP, as well as more than 
20 single-pill combination agents for BP control. In spite of 
this, BP control remains suboptimal in many parts of the 
world.8,21,32

BP control rates (to < 140/90 mm Hg) have improved 
substantially in the United States since 1974 (Figure 47.6) 
and have stabilized at just over 50% in the last three biennial 
NHANES reports.1 Successful national efforts to increase 
hypertension treatment and control rates have been associ-
ated with significant reductions in CV hospitalizations or 
death in both Canada33 and the United Kingdom.34

The prevalence of uncontrolled hypertension is greater 
for undiagnosed, untreated, or older individuals and for 
systolic (rather than diastolic) BP. Some health care delivery 
organizations have reported BP control rates in excess of 
60% to 80%.35 They attribute their improvement in BP 
control to systems improvements that routinely call the 
health care provider’s attention to the uncontrolled BP at 
every clinical encounter, development of a hypertension 
registry, increasing convenience for BP measurements, and 
widespread use of single-pill combination therapy.35

The wisdom of controlling BP over a relatively short  
time course after its discovery, rather than taking months  
to do so, was most clearly demonstrated in the Valsartan 
Antihypertensive Long-term Use Evaluation (VALUE) 
trial.36 Although the randomized comparison was between 
high-risk patients with hypertension who received either 
valsartan or amlodipine initially, prevention of CV events 

lowest prevalence of controlled hypertension in both men 
and women (23.3% and 29.6%, respectively, in NHANES 
1999-2004, compared to 35.1% and 41.6% in NHANES 
2011-2012).1

BLOOD PRESSURE CONTROL RATES

Despite major progress in identifying the risks associated 
with elevated BP and demonstration that reducing BP to 
within a certain range reduces risk for death from CV 

Figure 47.4  Coronary heart disease mortality  in each decade of age versus systolic blood pressure  (SBP) at  the start of  that decade. CI, 
Confidence interval. 
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2011, hypertension was expected to cost approximately 
$46.4 billion (related to CV disease),1 and roughly another 
$32 billion related to chronic kidney disease (CKD). 
Approximately $19 billion (or 24% of the expenditures for 
hypertension) will pay for antihypertensive drugs. This pro-
portion of expenditures has decreased steadily over the last 
decade due to the approval of generic formulations. Generic 
formulations recently constituted about 90% of the dis-
pensed antihypertensive medications in the United States.

PATHOPHYSIOLOGY

The physiology that generates BP involves the integration 
of cardiac output (CO) and systemic vascular resistance 
(SVR) (BP = CO × SVR), with each of these having its own 
determinants ([CO = heart rate × stroke volume]; [SVR = 
80 × (mean arterial pressure − central venous pressure)/
CO]). This view is simplified, but it provides a framework 
to define the relevant factors in BP regulation. Changes in 
CO typically produce short-lived BP changes (hours to 
days), as adaptive mechanisms adjust SVR to normalize BP. 
However, changes in SVR are able to produce sustained 
increases in BP. The following sections summarize relevant 
mechanisms leading to BP regulation.

PRESSURE NATRIURESIS AND SALT SENSITIVITY

A key factor in the regulation of BP as a factor of CO and 
SVR is the phenomenon of pressure natriuresis. Pressure 
natriuresis is defined as the increase in renal sodium excre-
tion because of mild increases in BP, allowing BP to remain 
in the normal range.40,41 This occurs over hours to days and 
is modulated by both biophysical and humoral factors.

In the normal state, increased sodium intake causes an 
increase in extracellular volume and BP. Because of the 
steep relationship between volume and pressure, small 
increases in BP produce natriuresis that restores sodium 
balance and returns BP to normal (Figure 47.7). The  
ability of the kidneys to adjust to sodium loading is remark-
able, adapting to fluctuations in sodium intake as high as 
50-fold.41

However, this response becomes abnormal whenever 
there is abnormal sodium handling, leading to states of 
sodium-sensitive hypertension, such as in conditions  
of reduced glomerular filtration rate (GFR) or high levels 
of angiotensin II (see Figure 47.7). In such situations the 
change in extracellular fluid volume is relatively small (3% 
to 5%), but a state of chronic high BP develops resulting 
from increased SVR. The mechanisms responsible for  
this vascular effect are not completely understood but  
likely involve increased activity of the renin angiotensin 
aldosterone system (RAAS) (high angiotensin II level) and 
several other vasoconstricting substances, as will be dis-
cussed later in this section.

The pressure natriuresis process is also mediated by bio-
physical factors. Increased renal interstitial hydrostatic  
pressure is an important factor. Sodium loading results  
in increased pressure in the vasa recta, which have notice-
ably poor autoregulation, while pressure in cortical peritu-
bular capillaries remains normal.42,43 Vasa recta blood 
flow approximates 10% of total renal blood flow. This 

was clearly better among individuals who achieved their goal 
BP during the first 6 months of treatment, regardless of initial 
randomized therapy. Similar long-term benefits of “early” 
control of BP have been seen for stroke or CV events in the 
Systolic Hypertension in Europe trial37 and for death in the 
Systolic Hypertension in the Elderly Program (SHEP).38

ECONOMICS OF HYPERTENSION

Cost considerations are now increasingly important in the 
pharmacologic management of hypertension in the United 
States, and they have always been a major consideration in 
the rest of the world. No regimen, no matter how carefully 
and appropriately selected, will be effective if the patient 
cannot afford it. Moreover, if an antihypertensive agent does 
not appear on the national formulary or the formulary of 
the insurance company from which a patient receives medi-
cation, the cost will not be covered. Generic preparations 
tend to be the least expensive options for initial therapy and 
are available for every class of antihypertensive agent except 
the renin inhibitor. In general, brand-name CCBs are the 
most expensive, with brand-name angiotensin receptor 
blockers (ARBs) and ACEIs the next most expensive drugs.

For many of the single-pill combinations, generic medica-
tions are now available. Thus the cost is less than what would 
be paid for the individual components if they were pur-
chased separately. It has also become common for single-pill 
combinations that include a thiazide diuretic to cost no 
more than the nondiuretic component alone.

A proper analysis of the economics of hypertension and 
its treatment should include more than what is spent on 
drugs, patient visits, and/or laboratory tests.39 For many 
high-risk patients the expensive complications of untreated 
hypertension far outweigh the inconvenience and costs asso-
ciated with effective treatment. For the United States in 

Figure 47.6  Awareness, treatment, and control of hypertension (to 
< 140/90 mm Hg) in U.S. National Health and Nutrition Examination 
Surveys  (NHANES),  from 1973 to 2012. The horizontal  line at 50%, 
starting  at  the  year  2000,  corresponds  to  the  national  target  for 
hypertension control promulgated by Healthy People 2000 and 2010, 
which  has  been  increased  to  61.2%  by  Healthy  People  2020.  The 
small numbers (e.g., “IIIa, IIIb, 99-00”) in boxes just above the x-axis 
of the figure reflect the nomenclature of the NHANES data collection 
period. 
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cohorts have identified a large number of single-nucleotide 
polymorphisms (SNPs) associated with hypertension. 
However, these individual SNPs are responsible for only 
minor BP effects (0.5 to 1 mm Hg), and the overall impact 
of these identified SNPs on the overall BP variance is only 
approximately 1% to 2%.46 The shortcomings of the use of 
GWAS and other large population approaches are multi-
ple.47 The SNP platforms used for testing are not hypothesis 
driven; they simply include common genetic variants for 
exploratory analyses that might provide clues for molecular 
pathways leading to better understanding of disease or new 
targets for therapy. In addition, BP measurement is not 
uniform, and large numbers of patients are receiving treat-
ment at the time of testing, thus limiting the strength of any 
associations. Finally, hypertensive phenotypes are not well 
defined, so patients with very different phenotypes (e.g., 
isolated diastolic hypertension, isolated systolic hyperten-
sion of the young, isolated systolic hypertension of older 
adults) are all lumped together.48

We now understand that each of these phenotypes likely 
has different underlying pathophysiologic mechanisms, and 
that even within each group there is substantial variability 
in hemodynamic profile.49,50 With the improvement in tech-
niques that allow expeditious, cheaper whole-exome or 
whole-genome analyses, it is probable that phenotype-driven 
studies will become obsolete and greater mechanistic 
insights on the genetics of hypertension will become avail-
able, but this is not true as of the writing of this book.

Whereas the attempts at using current genetic approaches 
to understand essential hypertension in general have not 
been fruitful, the study of monogenic hypertension has. 
Monogenic causes of hypertension, although rare, have pro-
vided substantial insight into the pathogenesis of hyper-
tension. Of the monogenic forms of hypertension with 
well-described molecular mechanisms, all have one thing in 
common: a defect in renal sodium handling. This common-
ality points to the primacy of the kidney in regulating BP by 
way of sodium balance.

In Liddle’s syndrome, mutations in the epithelial sodium 
channel (ENaC) lead to increased ENaC expression and 
decreased removal from the luminal membrane, both of 
which contribute to persistent channel activation leading to 
sodium avidity, volume expansion, hypertension, hypokale-
mia, and metabolic alkalosis with suppressed aldosterone 
levels.51 In Gordon’s syndrome (pseudohypoaldosteronism 
type 2), a variety of mutations have been described leading 
to changes in the function of the thiazide-sensitive sodium-
chloride cotransporter (NCC).51 These mutations were ini-
tially mapped to the with-no-lysine (WNK) kinases 1 and 4, 
which regulate NCC phosphorylation and activity. Muta-
tions in two E3 ubiquitin ligase complex proteins (kelch-like 
3 and cullin 3) were discovered later.52 These mutations are 
responsible for the majority of cases of the syndrome.

The presumed mechanism is related to decreased channel 
ubiquitination and therefore persistent presence in the 
luminal membrane leading to the clinical phenotype of 
hypertension, hyperkalemia, and metabolic acidosis. Muta-
tions in the mineralocorticoid receptor can also produce 
hypertensive syndromes, such as hypertension exacerbated 
by pregnancy (Geller’s syndrome), in which there is  
constitutive activity of the receptor in addition to marked 
sensitivity to progesterone, leading to hypertension during 

increase in interstitial pressure inhibits sodium transport 
largely by increasing 20-hydroxyeicosatetraenoic acid, an 
inhibitor of sodium-potassium adenosine triphosphatase 
(Na+-K+-ATPase), whose inhibition causes decreased activity 
of the Na+-H+-exchanger isoform 3 (NHE3).42 In addition, 
increased interstitial pressure limits proximal tubular para-
cellular pathways, thus maximizing natriuresis.

Because abnormalities in pressure-sodium relationships 
are essential to maintaining chronic elevations in BP,  
they represent a fundamental step in the pathogenesis of 
any type of hypertension, not only primary, but also in  
the maintenance phase of most secondary causes, such  
as renal and renovascular hypertension, hyperaldosteron-
ism, glucocorticoid excess, coarctation of the aorta, and 
pheochromocytoma.

The interplay between renal sodium retention and hyper-
tension involves changes in sodium handling throughout 
the nephron. A theory with substantial experimental support 
proposes that increased renal vasoconstriction due to a 
variety of possible mechanisms (e.g., increased levels of 
angiotensin II, catecholamines, or uric acid, progressive 
aging) induces a preglomerular (afferent) arteriolopathy 
that results in impaired sodium filtration.44,45 In addition, 
renal vasoconstriction results in tubular ischemia, another 
mediator of increased sodium avidity.

GENETICS OF HYPERTENSION

Hypertension clusters in families; an individual with a family 
history of hypertension has a fourfold greater chance of 
developing hypertension,46 and it is estimated that the heri-
tability of hypertension ranges from 31% to 68%. Genome-
wide association studies (GWAS) in several multinational 

Figure 47.7  Pressure natriuresis curves  in dogs at different  levels 
of sodium intake (reflected in urinary salt output, y-axis). In the normal 
state, massive fluctuations in sodium intake produce minimal changes 
in blood pressure (BP). In states of high angiotensin II levels (angio-
tensin II  infusion in this model), BP increases significantly even with 
modest  increases  in  sodium  intake.  Conversely,  in  states  where 
angiotensin  II  is  absent  or  low  (administration  of  captopril  in  this 
model), the increased sodium results in increased BP only at low BP 
levels; once BP becomes normal, the relationship is similar to that of 
normal  kidneys.  Values  in  parentheses  are  the  relative  estimated 
concentrations of angiotensin II  (1 being the reference).  (From refer-
ence 41.)
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in a facility simulating life in space.60 By carefully monitor-
ing water and electrolyte intake and excretion, as well as 
factors regulating sodium balance, individuals exhibited a 
large variability in sodium excretion on a day-to-day basis 
despite relatively stable diets. In the long term, approxi-
mately 95% (70% to 103%) of ingested sodium was recov-
ered, but daily sodium excretion during stable sodium 
intake varied considerably and was independent of BP and 
sodium intake. Instead, urine sodium excretion varied as a 
function of circaseptan fluctuations (6 to 9 days in this case) 
in levels of aldosterone and cortisol/cortisone Moreover, 
total body sodium stores had even longer infradian varia-
tions (averaging several weeks).

The factors regulating these intriguing changes are still 
unknown. These observations have clinical implications for 
the use of urine sodium excretion to assess sodium intake 
because they suggest wide day-to-day variations that cannot60 
be captured in a single 24-hour urine collection.

RENIN ANGIOTENSIN ALDOSTERONE SYSTEM

The RAAS has wide-ranging effects on BP regulation. Figure 
47.8 summarizes the most relevant elements of the RAAS 
and its role in the pathogenesis of hypertension and its 
complications. The different elements of the RAAS have key 
roles in mediating sodium retention, pressure natriuresis, 
salt sensitivity, vasoconstriction, endothelium dysfunction, 
and vascular injury. Taken together, the RAAS has an impor-
tant role in the pathogenesis of hypertension. However, in 
a very large GWAS of 2.5 million genotyped or imputed 
SNPs in 69,395 individuals of European ancestry from 29 
studies,61 the meta-analysis showed that the majority of SNPs 
involved issues with natriuretic peptide abnormalities. Thus 
these hormones play a prominent role in the pathogenesis 
of hypertension and may be more important than the RAAS 
system, which did not have prominent SNPs associated with 
this analysis.61

Renin and prorenin are synthesized and stored in the 
juxtaglomerular cell apparatus and released in response to 
decreased renal afferent perfusion pressure, decreased 
sodium delivery to the macula densa, activation of renal 
nerves (via β1-adrenergic receptor stimulation), and a variety 
of metabolic products, including prostaglandin E2 and 
several others. Renin’s main function is to cleave angioten-
sinogen into angiotensin I. Prorenin, previously viewed as 
an inactive substrate for renin production, is now known to 
also stimulate the (pro)renin receptor (PRR). This receptor 
leads to more efficient cleavage of angiotensinogen and 
activates downstream intracellular signaling through the 
mitogen-activated protein (MAP) kinases extracellular 
signal–regulated kinases 1 and 2 (ERK1/2) pathways that 
have been associated with profibrotic effects in some, but 
not all, experimental models.62,63 At this point, it is uncertain 
that the PRR is involved in the genesis or complications of 
hypertension in a manner that is independent of the effects 
of angiotensin II.

Angiotensin II, formed by the cleavage of angiotensin I 
by the ACE, is at the center of the pathogenetic role of  
the RAAS in hypertension. Primarily through its actions 
mediated by the angiotensin II type 1 receptor (AT1R), 
angiotensin II is a potent vasoconstrictor of vascular smooth 
muscle, causing systemic vasoconstriction as well as increased 

pregnancy in addition to chronic, severe hypertension with 
hypokalemia.53 Likewise, increases in aldosterone level due 
to a chimeric gene duplication involving the 11β-hydroxylase 
and the aldosterone synthase genes result in control of aldo-
sterone synthase by adrenocorticotropic hormone (ACTH), 
independently of sodium balance or angiotensin II or serum 
potassium levels. Such patients have hyperaldosteronism 
that is only blunted by ACTH suppression, thus the term 
glucocorticoid-remediable hyperaldosteronism.54

Other patients may have “apparent mineralocorticoid 
excess” due to mutations in the 11β-hydroxysteroid dehy-
drogenase type 2 gene. This enzyme is responsible for the 
conversion of cortisol to the inactive cortisone in target 
epithelia, including the kidneys. As a result, excess cortisol 
is available to activate the mineralocorticoid receptor 
leading to a state of apparent mineralocorticoid excess (salt-
sensitive hypertension, hypokalemia, metabolic alkalosis) in 
the absence of aldosterone.

Similarly, patients with congenital adrenal hyperplasia 
due to 11β-hydroxylase or 17α-hydroxylase deficiency have 
an excess production of 21-hydroxylated steroids such as 
deoxycorticosterone and corticosterone, which are potent 
activators of the mineralocorticoid receptor, thus also pro-
ducing the syndrome of apparent mineralocorticoid excess 
in addition to the well-known sexual developmental abnor-
malities of the syndromes.55 Taken together, this is strong 
evidence of the importance of renal sodium handling in the 
genesis of hypertension.

NONOSMOTIC SODIUM STORAGE

The paradigm of sodium balance described earlier assumes 
that sodium and its accompanying anion are osmotically 
active and therefore retained isosmotically with water. 
However, this paradigm cannot explain the observation that 
acute sodium loading in humans and animals results in posi-
tive sodium balance without the expected water (weight) 
gain. Consequently, sodium may accumulate without  
water, most prominently in the skin,56 where negatively 
charged glycosaminoglycans bind sodium.57 This system of 
interstitial sodium buffering adds to the classical Guytonian 
approach wherein nonosmotic accumulation occurs acutely 
and is presumably followed by increased removal from skin 
(via an enhanced lymphatic network) for ultimate renal 
excretion.

The mechanisms explaining isosmotic sodium storage are 
under intense investigation. Mice and rats receiving a high-
salt diet develop hypertonicity of the skin interstitium, 
which triggers a series of mechanisms to keep interstitial 
volume constant.58 The hypertonic sodium content activates 
the tonicity-responsive enhancer–binding protein (TonEBP) 
present in mononuclear cells infiltrating the skin. Conse-
quently, these skin macrophages secrete vascular endothe-
lial growth factor type C, resulting in increased density and 
hyperplasia of the skin lymphocapillary network and 
increased endothelial nitric oxide synthase (eNOS). If these 
responses are blocked, salt-sensitive hypertension devel-
ops.58,59 These findings link the mononuclear phagocyte 
system to extracellular fluid volume control.

The translation of these findings into clinical implications 
was addressed in a study evaluating sodium balance in cos-
monauts undergoing prolonged training (up to 205 days) 

http://www.myuptodate.com


 CHAPTER 47 — PRIMARy AND SECONDARy HyPERTENSION 1531

the independence of renal angiotensin II effects from 
aldosterone.

In the hypertensive environment, it is the presence of 
renal AT1R that mediates both hypertension and organ 
injury66 (Figure 47.9). When animals were infused with 
angiotensin II for 4 weeks, animals lacking renal AT1R did 
not develop sustained hypertension, whereas wild-type and 
systemic knockout mice had a significant increase in BP. 
Additionally, only animals with elevated BP developed 
cardiac hypertrophy and fibrosis. This indicates that cardiac 
injury is largely dependent on hypertension and not on  
the presence of AT1R in the heart, as the (hypertensive) 
systemic knockout animals developed significant cardiac 
abnormalities despite the absence of AT1R in the heart.65 In 
summary, these experiments indicate that both systemic and 
renal actions of angiotensin II are relevant to physiologic 
BP regulation, but in hypertension, the detrimental effects 
of angiotensin II are mediated via its renal effects.

Aldosterone, the adrenocortical hormone synthesized in 
the zona glomerulosa, plays a critical role in hypertension 
through its well-known effects on sodium reabsorption that 
are largely mediated by genomic effects through the miner-
alocorticoid receptor leading to increased expression of 
ENaC. An extensive body of literature has identified other 
genomic and nongenomic effects of aldosterone with rele-
vance to hypertension. Extensive nonepithelial effects 
include vascular smooth muscle cell proliferation, vascular 
extracellular matrix deposition, vascular remodeling and 
fibrosis, and increased oxidative stress leading to endothe-
lial dysfunction and vasoconstriction.64,67

Several other elements of the RAAS have been identified 
as having potentially important roles in hypertension. The 

renovascular resistance and decreased medullary flow, 
which is a mediator of salt sensitivity. It produces increased 
sodium reabsorption in the proximal tubule by increasing 
the activity of NHE3, the sodium-bicarbonate exchanger, 
and Na+-K+-ATPase and by inducing aldosterone synthesis 
and release from the adrenal zona glomerulosa. In addition, 
it is associated with endothelial cell dysfunction and pro-
duces extensive profibrotic and proinflammatory changes, 
largely mediated by increased oxidative stress, resulting in 
renal, cardiac, and vascular injury, thus giving angiotensin 
II a tight link to target-organ injury in hypertension.64 Con-
versely, stimulation of the angiotensin II type 2 receptor 
(AT2R) is associated with opposite effects, resulting in vaso-
dilation, natriuresis, and antiproliferative effects.

The relative importance of the renal and vascular  
effects of angiotensin II was evaluated in classical cross-
transplantation studies using both wild-type mice and mice 
lacking the AT1R.65,66 By cross transplanting the kidneys of 
wild-type mice into AT1R knockout mice and vice versa, 
investigators were able to generate animals that were selec-
tive renal AT1R knockouts or selective systemic (nonrenal) 
AT1R knockouts. In physiologic conditions, renal, systemic, 
and total knockout animals had lower BP than wild-type 
animals, indicating a role of both renal and extrarenal AT1R 
in BP regulation.66 The systemic AT1R absence was associ-
ated with approximately 50% lower aldosterone levels, but 
the lower BP observed in this group was independent of this 
lower aldosterone production, as BP remained low despite 
aldosterone infusions to supraphysiologic levels following 
adrenalectomy in the systemic knockout animals. In addi-
tion, the BP reduction in kidney knockout animals occurred 
despite normal aldosterone excretion, again confirming  

Figure 47.8  Key elements of the renin angiotensin aldosterone system. ACE, Angiotensin-converting enzyme; Ang, angiotensin; ATG, angio-
tensinogen; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor; MasR, Mas receptor; NEP, neutral endopeptidase. 
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injury,68,69 and administration of recombinant ACE2 or its 
activator, xanthenone, has resulted in improved endothelial 
function, decreased BP, and improved renal, cardiac, and 
perivascular fibrosis in hypertensive animals.70-72

SYMPATHETIC NERVOUS SYSTEM

The sympathetic nervous system (SNS) is activated consis-
tently in patients with hypertension compared with normo-
tensive individuals, particularly in the obese (Figure 47.10). 
Many patients with hypertension are in a state of autonomic 
imbalance that encompasses increased sympathetic and 
decreased parasympathetic activity.73,74 SNS hyperactivity is 
relevant to both the generation and maintenance of hyper-
tension and is observed in human hypertension from very 
early stages. For example, studies in humans have identified 
markers of sympathetic overactivity in normotensive indi-
viduals with a family history of hypertension.73 Among 

importance of ACE2 and angiotensin-(1-7) to BP regulation 
and angiotensin II–associated target-organ injury has 
become apparent. ACE2 is expressed largely in heart, 
kidney, and endothelium; it has partial homology to ACE 
and is unaffected directly by ACEIs.68 It has a variety of sub-
strates, but its most important action is the conversion of 
angiotensin II to angiotensin-(1-7). Angiotensin-(1-7) is 
formed primarily though the hydrolysis of angiotensin II by 
ACE2, and its actions are opposite to those of angiotensin 
II, including vasodilatory and antiproliferative properties 
that are mediated by the Mas receptor, a G protein–coupled 
receptor that, upon activation, forms complexes with the 
AT1R, thus antagonizing the effects of angiotensin II. The 
vasodilatory effects are mediated by increased cyclic guano-
sine monophosphate, decreased norepinephrine release, 
and amplification of bradykinin effects. Studies have identi-
fied ACE2 and angiotensin-(1-7) as protective factors in the 
development of atherosclerosis and cardiac and renal 

Figure 47.9  Effects of angiotensin II infusion on blood pressure (A), urinary sodium excretion (B), body weight (C), and cardiac hypertrophy 
(photos) according to renal and extrarenal presence of angiotensin II type 1 receptor. See text for details. KO, Knockout; MAP, mean arterial 
pressure. (From Crowley SD, Gurley SB, Herrera MJ, et al: Angiotensin II causes hypertension and cardiac hypertrophy through its receptors in the 
kidney. Proc Natl Acad Sci U S A 103:17985-17990, 2006.)
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avidity through the thiazide-sensitive NCC.78 Figure 47.10 
summarizes the causes and consequences of SNS activation 
in the genesis of hypertension.

Renalase is a flavoprotein highly expressed in kidney and 
heart that metabolizes catecholamines and catecholamine-
like substances to aminochrome.79 Tissue and plasma 
renalase is decreased in experimental models with renal 
mass reduction, and renalase knockout mice have increased 
BP and elevated circulating catecholamine levels. A normal 
phenotype is restored by administration of recombinant 
renalase. Also of relevance to catecholamine metabolism is 
catestatin, a product of the proteolysis of the neuroendo-
crine peptide chromogranin A.80 Catestatin acts at nicotinic 
cholinergic receptors in adrenal chromaffin cells as an 
inhibitor of catecholamine release. Chromogranin A knock-
out mice are hypertensive and have elevated catecholamine 
levels, both of which are normalized by administration of 
catestatin. Moreover, serum catestatin levels are decreased 
in patients with hypertension and their normotensive off-
spring, raising the possibility of a regulatory role in the 
development of hypertension. The role of renalase and 
catestatin in the modulation of SNS-mediated hypertension, 
as well as their possible value in the treatment of hyperten-
sion in humans, remains uncertain.

Because increased SNS activity is associated with vascular 
smooth muscle proliferation, LVH, large artery stiffness, 
myocardial ischemia, and arrhythmogenesis, there is also a 
mechanistic role for the SNS in the complications of hyper-
tension. In support of this concept, there are several cohort 
studies reporting an association between physiologic or bio-
chemical markers of SNS activation and adverse outcomes 
in heart failure, stroke, and end-stage kidney disease.73,81 
However, there are no such studies among patients with 
hypertension, and the indirect evaluation of the impact of 
treatment-induced heart rate reduction in hypertension has 
yielded “paradoxical” results.

In a meta-analysis of hypertension trials, heart rate reduc-
tion during treatment with β-blockers was associated with 
increased risk for death and CV events in patients with 
hypertension.82 In contrast, in a very large (n = 10,000) 
patient outcome trial, a post hoc analysis of heart rate at 
baseline demonstrated that those with a resting heart rate 
above 80 beats per minute even with a BP below 
140/90 mm Hg had a higher mortality rate.83 Therefore, 
while apparent that SNS activation is deleterious to patients 
with CV disease, and presumably with hypertension, a cause 
for the overactivity should be sought and an attempt made 
to affect that mechanism.

OBESITY

Obesity-related hypertension is characterized primarily by 
impaired sodium excretion and endothelial dysfunction, 
both of which are dependent on SNS overactivity, activation 
of the RAAS, and increased oxidative stress.73,84 Fat tissue in 
obesity is hypertrophied and marked by increased macro-
phage infiltration.85 As it is now well described, adipose 
tissue is not inert and secretes a wide range of cytokines and 
chemokines whose profile is abnormal in obesity, marked by 
increased levels of leptin, resistin, interleukin-6, and tumor 
necrosis factor-α secretion, elevated free fatty acid release, 
and reduced adiponectin level. Decreased adiponectin level 

patients with hypertension, increasing severity of hyper-
tension is associated with increasing levels of sympathetic 
activity measured by microneurography.75,76 In human 
hypertension, plasma catecholamine levels, microneuro-
graphic recordings, and systemic catecholamine spillover 
studies have shown consistent elevation of these markers in 
obesity, the metabolic syndrome, and hypertension compli-
cated by heart failure or kidney disease.73 In addition, SNS 
hyperactivity is observed in most hypertensive subgroups, 
though it appears more pronounced in men than in women, 
and in younger than in older patients.

Several experimental models have outlined the impor-
tance of the SNS in generating hypertension. Different 
models of obesity-related hypertension indicate that the 
SNS is activated early in the development of increased adi-
posity,74 and the key factor in the maintenance of sustained 
hypertension is increased renal sympathetic nerve activity 
and its attendant sodium avidity.74

SNS-mediated induction of salt sensitivity is a key element 
to sustaining high BP in other models of hypertension as 
well. For instance, rats receiving daily infusions of phenyl-
ephrine for 8 weeks developed hypertension during the 
infusions, but BP normalized under a low-salt diet after 
discontinuation of phenylephrine.77 However, once exposed 
to a high-salt diet, the animals again became hypertensive. 
The degree of BP elevation on a high-salt diet was directly 
related to the degree of renal tubulointerstitial fibrosis and 
decrement of GFR. These findings can be interpreted within 
the paradigm that catecholamine-induced hypertension 
causes renal interstitial injury that associates with a salt-
sensitive phenotype even after sympathetic overactivity is no 
longer present.77 In addition, enhanced SNS activity results 
in α1-receptor–mediated endothelial dysfunction, vasocon-
striction, vascular smooth muscle proliferation, and arterial 
stiffness, all of which contribute to the development of 
hypertension. Finally, evidence indicates that sympathetic 
overactivity results in salt sensitivity due to a reduction in 
the activity of WNK4. This results in increased sodium 

Figure 47.10  Causes  and  consequences  of  sympathetic  nervous 
system  (SNS) activation  in  the pathogenesis of hypertension. OSA, 
Obstructive  sleep  apnea;  RAAS,  renin  angiotensin  aldosterone 
system; VSM, vascular smooth muscle. 
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THE ENDOTHELIUM

The endothelium is a major regulator of vascular tone and 
thus plays a key role in BP regulation. Endothelial cells 
produce a host of vasoactive substances, of which NO is the 
most important to BP regulation. NO is continuously 
released by endothelial cells in response to flow-induced 
shear stress, leading to vascular smooth muscle relaxation 
through activation of guanylate cyclase and generation of 
intracellular cyclic guanosine monophosphate.95 Interrup-
tion of its production via inhibition of the constitutively 
expressed eNOS causes BP elevation and development of 
hypertension in both animals and humans. Using brachial 
artery flow-mediated vasodilation and measurement of 
urinary excretion of NO metabolites as methods to evaluate 
NO activity in humans, several studies have demonstrated 
decreased whole-body production of NO in patients with 
hypertension compared with normotensive controls.

Several elements are responsible for endothelial dys-
function in hypertension. Normotensive offspring of 
patients with hypertension have impaired endothelium-
dependent vasodilation despite normal endothelium-inde-
pendent responses, thus suggesting a genetic component to 
the development of endothelial dysfunction. Besides direct 
pressure-induced injury in the setting of chronically ele-
vated BP, a mechanism of major importance is increased 
oxidative stress. Reactive oxygen species are generated  
from enhanced activity of several enzyme systems, reduced 
nicotinamide adenine dinucleotide phosphate-oxidase 
(NADPH-oxidase), xanthine oxidase, and cyclo-oxygenase 
in particular, and decreased activity of the detoxifying 
enzyme superoxide dismutase.95,96 Excess availability of 
superoxide anions leads to their binding to NO, leading to 
decreased NO bioavailability, in addition to generating the 
oxidant, proinflammatory peroxynitrite. It is the decreased 
NO bioavailability that links oxidative stress to endothelial 
dysfunction and hypertension.97 Angiotensin II is a major 
enhancer of NADPH-oxidase activity and plays a central role 
in the generation of oxidative stress in hypertension, 
although several other factors are also involved, including 
cyclic vascular stretch, ET-1, uric acid, systemic inflamma-
tion, norepinephrine, free fatty acids, and tobacco smoking.98

ET-1 is the endothelial cell product that counteracts NO 
to maintain balance between vasodilation and vasoconstric-
tion. ET-1 expression is increased by shear stress, catechol-
amines, angiotensin II, hypoxia, and several proinflammatory 
cytokines such as tumor necrosis factor-α, interleukins 1 and 
2, and transforming growth factor-β.95 ET-1 is a potent vaso-
constrictor through stimulation of ET-A receptors in vascu-
lar smooth muscle.99 In hypertension, increased ET-1 levels 
are not consistently found. However, there is a trend of 
increased sensitivity to the vasoconstrictor effects of ET-1. 
ET-1 therefore is considered a relevant mediator of BP eleva-
tion, as ET-A and ET-B receptor antagonists attenuate or 
abolish hypertension in several experimental models of 
hypertension (angiotensin II–mediated models, deoxycorti-
costerone acetate–salt hypertension, and Dahl salt-sensitive 
rats) and are effective in lowering BP in humans.100

Endothelial cells also secrete a variety of other vasoregula-
tory substances. These include the vasodilating prostaglan-
din prostacyclin and several vasodilating endothelium- 
derived hyperpolarizing factors, the identity of which 

results in insulin resistance, decreased induction of eNOS, 
and possibly increased sympathetic activity. Resistin impairs 
nitric oxide (NO) synthesis (eNOS inhibition) and enhances 
endothelin-1 (ET-1) production, shifting the vasodilation/
vasoconstriction balance toward vasoconstriction. Hyperlep-
tinemia directly stimulates the SNS through complex mecha-
nisms that involve central leptin receptors as well as activation 
of the pro-opiomelanocortin system (via the melanocortin 4 
receptor).84 Lastly, visceral adipocyte mass is directly corre-
lated with aldosterone secretion by the zona glomerulosa, a 
process mediated by angiotensinogen production by adipo-
cytes as well as increased secretion of Wnt signaling mole-
cules that modulate steroidogenesis.86-88 All of these factors 
compound the tendency toward sodium retention and  
shifting the pressure-natriuresis curve to the right. Activa-
tion of these same systems leads to a proinflammatory state 
related to increased reactive oxygen species, factors directly 
associated with endothelial dysfunction and vascular prolif-
eration. Therefore, multiple mechanisms contribute to the 
development and maintenance of hypertension in obese 
individuals.

NATRIURETIC PEPTIDES

Natriuretic peptides (atrial [ANP], brain [BNP], and urodi-
latin) also play a role in salt sensitivity and hypertension. 
These peptides have important natriuretic and vasodilatory 
properties that allow maintenance of sodium balance and 
BP during sodium loading. Upon administration of a sodium 
load, atrial and ventricular stretch lead to release of ANP 
and BNP, respectively, which result in immediate BP lower-
ing due to systemic vasodilation and decreased plasma 
volume, the latter caused by fluid shifts from the intravascu-
lar to the interstitial compartment.89 Finally, all natriuretic 
peptides increase GFR, which in volume-expanded states is 
mediated by an increase in efferent arteriolar tone. They 
also inhibit renal sodium reabsorption through both direct 
and indirect effects. Direct effects include decreased activity 
of Na+-ATPase and the sodium-glucose co-transporter in the 
proximal tubule and inhibition of the ENaC in the distal 
nephron. The inhibitory effects of natriuretic peptides on 
renin and aldosterone release mediate indirect effects. 
Unfortunately, understanding the contribution of natri-
uretic peptides to the development of hypertension in 
humans is complicated by the elevation of their levels in 
association with increased BP (due to increased afterload) 
and hypertensive heart disease.

Some studies have tested whether polymorphisms in ANP 
or BNP genes resulting in higher levels of these peptides 
would associate with lower BP; results of these studies have 
been inconsistent, and effects have been small.90-92 There are 
no published studies evaluating sequential changes in natri-
uretic peptides and risk for incident hypertension.

Attention has been given to corin, the serine protease 
that is largely expressed in the heart and converts pro-ANP 
and pro-BNP to their active forms. Experiments suggest that 
states of corin deficiency are associated with sodium over-
load, heart failure, and salt-sensitive hypertension,93 and 
clinical studies have observed an association between certain 
corin gene polymorphisms and risk for preeclampsia and 
increased BP levels and hypertension risk, particularly 
among African Americans but not Chinese populations.94
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with fracture of elastin fibers and wall stiffening, and 
increased distending pressure demands recruitment of the 
less distensible collagen fibers, thus making vessels stiffer.106 
Evidence from several studies, however, indicates that arte-
rial stiffness may precede and predispose to hypertension.108 
For example, in the Framingham Heart Study, markers of 
arterial stiffness (cf-PWV and amplitude of the forward pres-
sure wave) were associated with a 30% to 60% increased risk 
for incident hypertension (per standard deviation of each 
variable) during 7 years of follow-up.109 Conversely, baseline 
BP levels did not associate with future changes in arterial 
stiffness. Other studies corroborate these findings, but  
other studies also suggest a bidirectional relationship such 
that arterial stiffness is also a consequence of chronic 
hypertension.108

Arterial stiffening is relevant to target-organ damage in 
hypertension. Increased PWV is associated with increased 
mortality and CV events110 as well as with a variety of subclini-
cal CV injury markers, such as coronary calcification, cere-
bral white matter lesions, ankle-brachial index, and 
albuminuria. The relationship with cardiac complications is 
easily grasped: increased impedance to left ventricular ejec-
tion results in LVH, diastolic dysfunction, and subendocar-
dial myocardial ischemia.

The relationship to brain and renal complications is more 
complex. It is now apparent that the mechanism of damage 
of these organs, which are characterized by vasculatures with 
high flow and low impedance, is mediated by increased 
transmission of increased pulsatile pressure to the brain and 
renal parenchyma. The reason for this is related to the 
abnormal process of “impedance matching.” For individuals 
with normal vessels, the elastic arteries are much less stiff 
than muscular arteries, thus creating an impedance mis-
match. This mismatch provokes wave reflection, thus pro-
tecting the tissue located distally to this reflection point 
from injury from the traveling pulse wave. In states of 
increased arterial stiffness, the stiffening of elastic arteries 
approximates the stiffness of muscular arteries, thus elimi-
nating the protective impedance mismatch. Once imped-
ances become “matched,” there is less reflection and greater 
tissue injury, as supported by a growing body of clinical and 
experimental literature.108

ROLE OF THE IMMUNE SYSTEM  
IN HYPERTENSION

Immune responses, both innate and adaptive, participate in 
several of the mechanisms discussed earlier, including the 
generation of reactive oxygen species, mediation of the 
afferent arteriolopathy thought important to maintain salt 
sensitivity, and participation in the inflammatory changes 
noted in the kidneys, vessels, and brain in hypertension.111,112 
Innate responses, especially those mediated by macro-
phages, have been linked to hypertension induced by angio-
tensin II, aldosterone, and NO antagonism. Reductions in 
macrophage infiltration of the kidney or the periadventitial 
space of the aorta and medium-sized vessels lead to improve-
ments in BP and salt sensitivity in several experimental 
models.112,113 Adaptive responses via T cells have been linked 
to the genesis and complications of hypertension. T cells 
express AT1R and mediate angiotensin II–dependent hyper-
tension, as demonstrated by the observations that adoptive 

remains uncertain. There are also endothelium-derived 
contracting factors besides ET-1, such as locally generated 
angiotensin II and vasoconstricting prostanoids such as 
thromboxane A2 and prostaglandin A2. The balance of these 
factors, along with NO and ET-1, determine the final impact 
of the endothelium on vascular tone.

Other non–endothelium-derived factors may be of rele-
vance to the genesis of hypertension via endothelium dys-
function. Much attention is given to uric acid, which can 
induce endothelial dysfunction and produce salt-sensitive 
hypertension through mechanisms that involve renal micro-
vascular injury.101,102 These changes can be abrogated by 
therapies that lower uric acid in animals and may be of value 
in lowering BP and limiting renal injury in humans with 
hyperuricemia. Also of relevance is the possible role of high 
dietary fructose consumption in intracellular adenosine tri-
phosphate depletion, increased oxidative stress, increased 
uric acid production, and endothelial dysfunction.103

The net result observed in patients with hypertension is 
one of endothelial dysfunction. In cross-sectional analyses, 
the lower the degree of forearm flow-mediated vasodilation, 
the greater the prevalence of hypertension.96,104 Prospective 
cohort studies have used flow-mediated vasodilation as a 
measure of endothelial dysfunction (regardless of specific 
mechanism) to evaluate its relationship with hypertension 
and test whether endothelial dysfunction is cause or conse-
quence of hypertension, or both.105 These studies have 
shown conflicting results, but the larger of them was unable 
to demonstrate an association between endothelial dysfunc-
tion and incident hypertension among 3500 patients fol-
lowed for 4.8 years,105 so as it stands, the evidence is stronger 
for endothelial dysfunction as a consequence, not a cause, 
of hypertension.104

ARTERIAL STIFFNESS IN HYPERTENSION

Arterial stiffness is an important factor in the pathogenesis 
of hypertension, particularly the syndrome of isolated sys-
tolic hypertension, as it is a common accompaniment of 
elevated systolic BP and pulse pressure. Arterial stiffness 
develops as a result of structural changes in large arteries, 
particularly elastic arteries.106 These include loss of elastic 
fibers and substitution with less distensible collagen fibers. 
Factors strongly associated with arterial stiffening include 
aging, hypertension, diabetes mellitus, CKD, smoking, and 
high-sodium intake.107

The most commonly used measure to assess arterial stiff-
ness in humans is carotid-femoral pulse wave velocity  
(cf-PWV). The traditional view linking arterial stiffness (mea-
sured as increased cf-PWV) to hypertension invoked that 
faster PWV produced faster reflection of the incident pulse 
wave, which resulted in an earlier reflected wave that returned 
to the central circulation before the end of systole, resulting 
in increased systolic BP.108 While these mechanisms still hold 
true, later data have brought forth the importance of two 
other factors: increased amplitude of the forward wave and 
increased characteristic impedance of the proximal aorta.108 
When these specific factors are taken into account, the rela-
tive contribution of wave reflection to the observed age-
dependent change in pulse pressure is only 4% to 11%.

Arterial stiffness was previously thought to be a conse-
quence of hypertension. Cyclical pulsatile load is associated 
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because of sleep apnea (snoring, witnessed apneas/gasping), 
hyperthyroidism or hypothyroidism (each with their litany 
of possible symptoms), hyperparathyroidism (symptoms of 
hypercalcemia), Cushing’s syndrome (symptoms of cortisol 
excess), pheochromocytoma or paraganglioma (symptoms 
of catecholamine excess), or acromegaly with its distinctive 
features. These conditions are discussed in detail later in 
this chapter.

High BP is typically asymptomatic, but some symptoms 
are common among patients with very high BP levels, such 
as headaches, epistaxis, dyspnea, chest pain, and faintness, 
all of which were present in more than 10% of patients 
presenting with diastolic BP levels above 120 mm Hg.118 
Other common symptoms are nocturia and unsteady gait, 
whereas treated patients often complain of fatigue in addi-
tion to symptoms of overtreatment and those related to 
specific side effects of medications. In patients with lower 
BP levels, the occurrence of symptoms is often difficult to 
tie to observed BP, as demonstrated in a study evaluating 
the relationship between headaches and BP levels, where 
the frequently observed headaches in patients with hyper-
tension did not correlate well with office or ambulatory BP 
levels.

When searching for target-organ damage, one looks for 
symptoms to suggest a previous stroke or transient ischemic 
attack, previous or ongoing coronary ischemia, heart failure, 
peripheral arterial disease, or a past history of kidney disease 
or current symptoms such as hematuria or flank pain.

Obtaining a detailed family history as it pertains to 
hypertension is essential. Focus should be on the develop-
ment of hypertension at a young age or clustering of  
endocrine (pheochromocytoma, multiple endocrine neo-
plasia, primary aldosteronism) or renal problems (polycystic 
kidney disease or any inherited form of kidney disease). The 
young patient with hypertension and a family history of 
hypertension poses a particular challenge and should be 
evaluated in detail. Table 47.3 provides a guide to possible 
causes to be entertained.119

Knowledge of several conditions with potential relevance 
to treatment is important. For example, issues related to CV 
risk management such as diabetes mellitus, hypercholester-
olemia, and tobacco smoking need to be evaluated. Patients 
with established CV disease will need some treatments for 
both their hypertension and their underlying disorder (e.g., 
β-blockers for angina pectoris), so knowledge of specific CV 
diagnoses is essential. Lastly, some non-CV conditions may 
have an impact on treatment options. For example, patients 
with reactive airways disease (asthma) probably should  
not receive β-blockers, patients with prostatic hyperplasia 
may benefit from a regimen that includes an α-blocker, 
and patients with attention-deficit/hyperactivity disorder  
or anxiety may benefit from a central sympatholytic (e.g., 
guanfacine), whereas those with major depression should 
probably not be treated with this drug class.

It is also important to recognize that it is during the 
history that the clinician has the opportunity to explore 
issues related to lifestyle, cultural beliefs, and patient prefer-
ences that will be essential in designing an effective treat-
ment plan. It is important to define eating and physical 
activity patterns and, when problems are identified, to deter-
mine if the patient is willing and/or able to modify them. 
Cultural beliefs related to the treatment of hypertension, 

transfer of T cells restored the hypertensive phenotype in 
response to angiotensin II infusion that was absent in mice 
without lymphocytes.113 Abnormalities in both proinflam-
matory T cells and regulatory T cells alike are implicated in 
complications of hypertension, as they appear to regulate 
vascular and renal inflammation that underlies target-organ 
injury.

Suppression of these inflammatory responses can improve 
BP control.111,114 B lymphocytes may also play a causative role 
in hypertension as suggested by reports of several autoanti-
bodies, including agonistic antibodies against adrenergic 
receptors, vascular calcium channels, and AT1R, and anti-
bodies against endothelial cells causing endothelial dysfunc-
tion, or heat shock proteins (hsp70) causing salt-sensitive 
hypertension.115 Further research will determine if manipu-
lation of immune targets is of value in the prevention and 
treatment of hypertension.

NOVEL METABOLIC PEPTIDES  
AND HYPERTENSION

Several vasodilating substances act as compensatory vasodi-
lators to balance the heavily provasoconstrictive milieu in 
hypertension. Some of these vasodilators act primarily 
through an increase in NO release from endothelial cells, 
such as calcitonin gene–related peptide, adrenomedullin, 
and substance P. The glucose-regulating, gut hormone 
glucagon-like peptide-1 (GLP-1) has vasodilating properties, 
and its administration to Dahl salt-sensitive rats improves 
endothelial function, induces natriuresis, and lowers BP.116 
Additionally, the use of recombinant GLP-1 to treat diabetes 
in humans (exenatide) results in significant BP reduction, 
especially in those with high BP at baseline.117

CLINICAL EVALUATION

The evaluation of patients with hypertension focuses on six 
key components: (1) the confirmation that the patient is 
indeed hypertensive through a careful measurement of BP 
levels; (2) an assessment of clinical features that suggest 
specific causes of hypertension; (3) the identification of 
comorbid conditions that confer additional CV risk or that 
may impact treatment decisions; (4) the discussion of 
patient-related lifestyle practices and preferences that will 
affect management; (5) the systematic evaluation of hyper-
tensive target-organ damage; and (6) shared decision 
making about the treatment plan. In order to accomplish 
this, the clinician often needs multiple visits and judicious 
use of the clinical examination and a variety of laboratory 
and imaging tests.

HISTORY AND PHYSICAL EXAMINATION

The medical history and physical examination are essential 
to uncovering possible secondary causes of hypertension 
and to identifying symptoms suggestive of hypertensive 
target-organ damage and comorbid conditions that may 
affect treatment decisions. While there is a focus on the CV, 
neurologic, and renal systems, a complete review of systems 
is indicated when the patient is first evaluated. This is 
because some patients will present with hypertension 
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Table 47.3 Clinical Clues to Guide the Investigation in Young Patients with Hypertension with a Potential 
Hereditary Cause

Specific Conditions
Possible Causes of Familial 
Hypertension Clinical Clues

Catecholamine-Producing Tumors

Pheochromocytoma/ 
paraganglioma

Familial cases are responsible for  
< 30% of cases, including MEN2A 
and MEN2B, von Hippel–Lindau 
disease, neurofibromatosis, and 
familial paraganglioma syndromes 
(SDH complex mutations)

Paroxysmal palpitations, headaches, diaphoresis, pale 
flushing; syndromic features of any of the associated 
disorders

Neuroblastomas (adrenal)
Aortic or renovascular lesions

1%-2% of neuroblastomas are familial

Coarctation of the aorta Overrepresented in families but no 
familial distribution

Asymmetry between upper- and lower-extremity BP, 
radial-formal pulse delay; associated with Turner’s 
syndrome, Williams’ syndrome, and bicuspid aortic 
valve

Renal artery stenosis caused by 
fibromuscular dysplasia or 
inherited arterial wall lesions

<10% familial with AD pattern Abnormal renal vascular imaging results; vascular 
disease in the carotid territory at an early age; 
common in neurofibromatosis and Williams’ 
syndrome; also present in tuberous sclerosis, Ehlers-
Danlos syndrome, and Marfan’s syndrome

Parenchymal kidney disease GN Alport disease (X-linked, AR, or AD), 
familial IgA nephropathy (AD with 
incomplete penetrance)

Proteinuria, hematuria, low eGFR

PKD ADPKD type 1 or 2, ARPKD Multiple renal cysts (as few as 3 in patients under 
30 yr)

Adrenocortical disease
Glucocorticoid-remediable 

aldosteronism (familial 
hyperaldosteronism type I)

AD chimeric fusion of the 
11β-hydroxylase and aldosterone 
synthase genes

Cerebral hemorrhages at young age, cerebral 
aneurysms; mild hypokalemia; high plasma 
aldosterone, low renin

Familial hyperaldosteronism AD; unknown defect Severe type 2 hypertension in early adulthood; high 
plasma aldosterone, low renin; no response to 
glucocorticoid treatment

Familial hyperaldosteronism type 
III

AD; unknown defect Severe hypertension in childhood with extensive 
target-organ damage; high plasma aldosterone, low 
renin; marked bilateral adrenal enlargement

Congenital adrenal hyperplasia AR mutations in 11β-hydroxylase or 
21-hydroxylase

Hirsutism, virilization; hypokalemia and metabolic 
alkalosis; low plasma aldosterone and renin

Monogenic Primary Renal Tubular Defects

Gordon’s syndrome AD mutations of KLHL3, CUL3, WNK1, 
and WNK4; AR mutations of KLHL3

Hyperkalemia and metabolic acidosis with normal renal 
function

Liddle’s syndrome AD mutations of the epithelial sodium 
channel

Hypokalemia and metabolic alkalosis; low plasma 
aldosterone and renin

Apparent mineralocorticoid 
excess

AD mutation in 11β-hydroxysteroid 
dehydrogenase type 2

Hypokalemia and metabolic alkalosis; low plasma 
aldosterone and renin

Geller’s syndrome
Hypertension-Brachydactily 

syndrome

AD mutation in the mineralocorticoid 
receptor

AD mutations in the phosphodiasterase 
E3A enzyme

Hypokalemia and metabolic alkalosis; low plasma 
aldosterone and renin; increased BP during 
pregnancy or exposure to spironolactone

Unknown Mechanisms

Hypertension-brachydactyly 
syndrome

AD Short fingers (small phalanges) and short stature; 
brainstem compression from vascular tortuosity in 
the posterior fossa

Essential Hypertension

Polygenic When obesity or metabolic syndrome is present, the 
likelihood of essential hypertension is higher

AD, Autosomal dominant; ADPKD, autosomal dominant polycystic kidney disease; AR, autosomal recessive; ARPKD, autosomal recessive 
polycystic kidney disease; BP, blood pressure; eGFR, estimated glomerular filtration rate; GN, glomerulonephritis; IgA, immunoglobulin A; 
MEN, multiple endocrine neoplasia; PKD, polycystic kidney disease; SDH, succinate dehydrogenase.
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To wrap up the examination, a focused neurologic exami-
nation looks for obvious cranial nerve abnormalities, motor 
deficits, or speech or gait abnormalities. Any further testing 
is based on specific symptoms or on focal findings on the 
screening examination.

BLOOD PRESSURE MEASUREMENT

Because treatment decisions are based largely on BP levels, 
accurate BP measurement is essential. Cuff-based brachial 
BP is the most used method to measure BP, typically in the 
office setting. However, a rapidly growing body of evidence 
points to the value of out-of-office BP methods, such as 
24-hour ambulatory BP monitoring (ABPM) and home BP 
monitoring, as superior methods to evaluate BP burden and 
evaluate BP-related risk in patients with hypertension.8,10

OFFICE BLOOD PRESSURE MEASUREMENT
Office BP measurement is the time-honored method for the 
diagnosis and management of hypertension. It is strongly 
associated with hypertension-related outcomes based on 
more than 50 years of observational and clinical trial data. 
Accordingly, guidance provided to clinicians for the diagno-
sis and treatment of hypertension by most major guidelines 
is based on office BP values (see Table 47.2).10 The British 
National Institute for Health and Care Excellence (NICE) 
guidelines recommend ABPM or home BP monitoring as 
preferred methods for the initial diagnosis of hypertension 
but still recommend office BP for monitoring treatment. 
The rationale for and controversy associated with these rec-
ommendations is discussed later.

Attention to measurement technique is essential. Table 
47.2 summarizes essential elements of proper BP measure-
ment technique. Most patients should have their BP mea-
sured in the arm in the seated position. In selected situations, 
such as the malformations, injuries, or extensive vascular 
disease of the upper extremities, or when comparing BP 
levels in the upper and lower extremities, it may be neces-
sary to use thigh measurements with an appropriately sized 
thigh cuff, which should be obtained in the supine position 
to allow the cuff to be at the level of the heart. Mercury 
sphygmomanometers are now seldom available in clinical 
practice because of environmental concerns. Aneroid  
and electronic oscillometric manometers are accurate but 
should have periodic maintenance (every 12 months) to 
ensure that they are properly calibrated, as well as any time 
poor function is suspected.

A development in office BP measurement is the use of  
an electronic oscillometric device for multiple measure-
ments by both staff and patient while in the office but  
with the patient alone in the room for five self-measured 
readings. Using this method, the “white coat effect” is largely 
eliminated (Figure 47.11).120 In addition, this automated 
approach results in better correlations with ambulatory  
BP averages and with left ventricular mass than routine 
office BP.121

ORTHOSTATIC BLOOD PRESSURE MEASUREMENT
Orthostatic hypotension is a common accompaniment of 
uncontrolled hypertension, especially among older patients, 
where it occurs in 8% to 34% of patients.122 Some guidelines 
now provide specific recommendations for measurement of 

health illiteracy, and mistrust in physicians and the pharma-
ceutical industry are several of the items that can affect the 
relationship with the patient and that should be openly 
raised. It is only then that patients will be able to participate 
in shared decision making about their treatment, an essen-
tial tenet of patient-centered care.

The physical examination is designed to complement  
the items discussed in the history. One should pay atten-
tion to syndromic features of cortisol excess (moon face, 
central obesity, frontal balding, cervical and supraclavicular 
fat deposits, skin thinning, abdominal striae), hyperthyroid-
ism (tachycardia, anxiety, lid lag/proptosis, hypertelorism, 
pretibial myxedema), hypothyroidism (bradycardia, coarse 
facial features, macroglossia, myxedema, hyporeflexia), 
acromegaly (frontal bossing, widened nose, enlarged jaw, 
dental separation, acral enlargement), neurofibromatosis 
(neurofibromas, café au lait spots, as neurofibromatosis is 
associated with pheochromocytoma and renal artery steno-
sis), or tuberous sclerosis (hypopigmented ash leaf patches, 
facial angiofibromas, as tuberous sclerosis is associated with 
renal hypertension, usually related to angiomyolipomas). 
Many other even rarer associations exist but fall beyond the 
scope of this chapter.

In younger patients or in patients with unexplained, 
difficult-to-treat hypertension, it is worth exploring the pos-
sibility of coarctation of the aorta by measurement of BP in 
both arms and in one thigh. If present, there will be a sig-
nificantly lower BP in the thigh (typically by more than 
30 mm Hg). Sometimes, in case of a lesion proximal to the 
left subclavian, there may be a significant interarm differ-
ence, lower on the left. In addition, there is significant 
decrease in intensity of the femoral pulses and a palpable 
radial-femoral pulse delay.

All patients should have a funduscopic examination to 
evaluate vascular changes associated with hypertension. The 
retinal changes are associated with severity of both acute 
and chronic BP elevation. Acute changes can happen quite 
abruptly (hours to days) and range from arteriolar spasm in 
most patients with uncontrolled BP to retinal infarcts (exu-
dates) and microvascular rupture (flame hemorrhages), to 
papilledema once the protection afforded by vasoconstric-
tion is overcome. Chronic changes take much longer to 
develop and include vascular tortuosity (arteriovenous 
nicking) due to perivascular fibrosis, followed by progressive 
arteriolar wall thickening that prevents visualization of the 
blood column, thus leading to the appearance of copper 
wiring, then silver wiring. Several studies have demonstrated 
a relationship between severity of hypertensive retinopathy 
and risk for LVH and stroke.

The CV examination focuses on the identification of 
volume overload (jugular venous distension, lung crackles, 
edema), cardiac enlargement (deviated cardiac impulse), 
and the presence of a third or fourth heart sound as markers 
of impaired left ventricular compliance. We also routinely 
look for bruits over the carotid arteries, as the prevalence 
of carotid atherosclerosis is increased in patients with hyper-
tension, as well in the abdomen, primarily looking for renal 
arterial bruits heard over the epigastrium and/or flanks. 
These bruits are of greater significance if occurring on both 
systole and diastole. Finally, detailed palpation of the periph-
eral pulses of the arms and legs is important to look for signs 
of peripheral arterial disease.
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Management of orthostasis is dependent on the patho-
physiology of the cause. If baroreceptor abnormalities or 
autonomic dysfunction are a cause, a general approach 
requiring nocturnal β-blockers with compression stocking 
and increased morning sodium intake has been shown to 
be beneficial to reducing the symptoms and closing the 
pressure gap.125

OFFICE VERSUS OUT-OF-OFFICE BLOOD PRESSURE
Figure 47.12 summarizes the most relevant differences 
between office and out-of-office BP measurements (home 
BP and ABPM). Office BP measurement is the time-honored 
method to evaluate hypertension. It is easy to perform and 
is widely available at low cost. Home BP is also widely avail-
able, though accessibility to low-income patients is still a 
problem despite the availability of low-cost devices. ABPM, 
on the other hand, is less widely available due to costs and 
limited reimbursement by third-party payers in the United 
States. Both home BP monitoring protocols and ABPM 
include larger numbers of readings, thus decreasing vari-
ability and improving reproducibility.126

Office brachial BP values, generally obtained under stan-
dardized conditions in the seated position, are strongly  
associated with CV outcomes and mortality in the general 
population and in patients with hypertension. In the last  
30 years, however, ABPM and home BP have become 
accepted as better markers of hypertensive target-organ 
damage and adverse clinical outcomes. ABPM has stronger 
associations with several measures of LVH, albuminuria, 
kidney dysfunction, retinal damage, carotid atherosclerosis, 
and aortic stiffness than office BP, although this is not con-
sistent among studies.127 Likewise, home BP is a better 
marker than office BP for LVH and proteinuria, though it 
is not consistently superior for other measures of target-
organ damage.

In the assessment of hard CV end points, a systematic 
review by the NICE clinical guidelines group in the United 
Kingdom identified nine cohort studies comparing ABPM 
with office BP; ABPM was superior in eight and equal to 
office BP in one.128 For home BP, they identified three 
studies comparing it with office BP; home BP was superior 
in two and equal in one. Lastly, two studies compared ABPM, 
home BP, and office BP; of these, one showed superiority of 
both ABPM and home BP while the other study did not 
show differences among any of the three methods.

In a meta-analysis of studies that evaluated both office and 
ABPM on outcomes, only ABPM values retained signifi-
cance.129 Likewise, in the largest home BP cohort study that 
included simultaneous use of office and home BP to predict 
CV events and mortality, only home BP remained signifi-
cantly associated with these adverse outcomes.130 Similar 
observations of the superior prognostic performance of out-
of-office methods exist for patients with resistant hyperten-
sion, CKD, hemodialysis, and the general population.

In summary, evidence from prospective cohort studies 
convincingly demonstrates the superiority of out-of-office 
BP measurements as predictors of hypertension outcomes.

There are several possible explanations for the superior-
ity of out-of-office measurements in outcomes assessment:

1. There is lower variability and better reproducibility 
afforded by the larger number of readings across a longer 

standing BP to screen for orthostatic hypotension in older 
patients with hypertension, as well as in patients at increased 
risk for autonomic dysfunction, such as those with diabetes 
and kidney disease.123

The frequency of orthostatic hypotension is influenced 
by increasing age, the presence of hypertension, and the 
number of antihypertensive drugs, while it is unclear that 
the type of antihypertensive drug has any specific impact on 
its development. The development of orthostatic hypoten-
sion is significant because it is a risk factor for syncope and 
falls. Therefore, it is important to evaluate for the presence 
of orthostatic hypotension as part of the assessment of risks 
and benefits of drug treatment for BP control in patients 
with hypertension.

Orthostatic vital signs (heart rate and BP) are best obtained 
after at least 5 minutes in the supine position followed by 
immediate assumption of the standing position, when 
sequential measurements are taken for up to 3 minutes. The 
difficulties of following this protocol in a busy clinical prac-
tice are recognized, so it is acceptable to compare values in 
the seated position with those after standing for 1 minute; 
this approach results in decreased sensitivity for the detec-
tion of orthostatic hypotension but is better than no mea-
surement at all.124 The generally accepted definition of 
orthostatic hypotension is a drop in BP of more than 
20/10 mm Hg that occurs after 3 minutes of standing. 
Among patients with supine hypertension, it has been pro-
posed that the definition of systolic fall in BP for the diagno-
sis is a drop of more than 30 mm Hg as the level of baseline 
BP is directly proportional to the orthostatic BP fall.

Integration of the heart rate response to changes in BP 
during orthostasis is important to guide the differential 
diagnosis and further evaluation of orthostatic hypotension. 
In the absence of medications with a negative chronotropic 
effect, the lack of a tachycardic response to orthostatic hypo-
tension is indicative of baroreflex or sympathetic autonomic 
dysfunction. Patients with an appropriate tachycardic 
response, on the other hand, likely have volume depletion 
or excessive vasodilation.

Figure 47.11  Blood pressure (BP) behavior with multiple measure-
ments  in  the  office  in  50  patients  with  hypertension.  The  first  BP 
reading was taken by the physician. The following five readings were 
taken by  the patient with only  the patient  in  the examination  room. 
(From Myers MG: The great myth of office blood pressure measurement. 
J Hypertens 30:1894-1898, 2012.)

0

100

80

60

120

140

160

180
B

lo
od

 p
re

ss
ur

e 
(m

m
 H

g)

#1

85

162

#2

81

147

#3

80

143

#4

Automated (BpTRU) readings

80

140

#5

79

141

#6

79

141

Mean

80

142

http://www.myuptodate.com


1540 SECTION VII — HyPERTENSION AND THE KIDNEy

progressing to sustained hypertension is approximately 
40% after 10 years of follow-up.134

Masked hypertension, conversely, consists of normal 
BP in the office but high BP in the ambulatory setting, 
with an estimated prevalence of 10% to 15% in popula-
tion studies. It has been consistently and strongly associ-
ated with increased risk for adverse CV end points and 
mortality, to a level that is indistinguishable from that 
associated with sustained hypertension.132 The very exis-
tence of masked hypertension is troublesome, as its iden-
tification is only possible with BP measurement in the 
out-of-office environment. This finding has important 
public policy implications related to screening that 
remain unresolved at this time.

Because WCH and masked hypertension afflict such a 
substantial number of patients and have diametrically dif-
ferent impact on outcomes, their identification improves 
outcome prediction in patients with hypertension.

3. The ability to evaluate BP during sleep was a character-
istic until now restricted to ABPM, though newer home 
BP monitors can be programmed for activation during 
sleep. In some, but not all, studies nighttime BP is a 
better marker of CV disease than daytime or 24-hour-
average BP.129,135,136 The importance of nighttime BP 
(compared with daytime levels) appears greater among 
treated patients, perhaps because antihypertensive treat-
ment, often taken in the morning, might result in better 
BP control during the day than during the night.136

The pattern of BP fluctuation between day and night 
also associates with prognosis. The normal circadian BP 
pattern includes a fall in BP of approximately 15% to 

period of observation, thus making ABPM/home BP 
better reflections of “BP burden.”

2. Home BP and ABPM can detect “white coat” and 
“masked” hypertension (see Figure 47.12).

White coat hypertension (WCH), or isolated office 
hypertension, is the occurrence of high BP in the office 
and normal BP values in the out-of-office environment. 
It occurs in 20% to 30% of patients with a diagnosis of 
office hypertension.131 It has generally been noted that 
patients with WCH have similar CV outcomes as normo-
tensive individuals.132 However, data from the large Inter-
national Database of Home Blood Pressure in Relation 
to Cardiovascular Outcome have shown a significant 
increase in fatal and nonfatal CV events among untreated 
WCH patients diagnosed based on home BP compared 
with untreated normotensive persons (hazard ratio 
[HR], 1.42; P = 0.02).133 Interestingly, treated patients 
with hypertension who retained a white coat effect had 
the same overall risk as treated patients whose BP was 
controlled both in the office and at home (HR, 1.16;  
P = 0.45).

Moreover, WCH has been associated with an “interme-
diate phenotype” between normotension and hyperten-
sion as it pertains to left ventricular mass, carotid 
intima-media thickness, aortic pulse wave velocity, and 
albuminuria.133 However, there are no data available to 
demonstrate that patients with WCH benefit from drug 
therapy. Therefore, it appears that WCH may not be as 
benign as previously considered, and patients should be 
advised on general lifestyle changes to improve BP levels 
and overall vascular risk, especially as their risk for 

Figure 47.12  Results of a meta-analysis of the effects of white coat hypertension (top) and masked hypertension (bottom) on the occurrence 
of fatal and nonfatal cardiovascular events. There is no statistical difference between white coat hypertension and normotension (hazard ratio, 
0.96; P = 0.85), whereas masked hypertension is associated with a 2.09-fold increase in risk (P < 0.0001). (From Pierdomenico SD, Cuccurullo 
F: Prognostic value of white-coat and masked hypertension diagnosed by ambulatory monitoring in initially untreated subjects: an updated meta 
analysis. Am J Hypertens 24:52-58, 2011.)
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such as a 2-day interdialytic period for a patient undergoing 
hemodialysis. Clinicians should use an independently vali-
dated monitor (for a list, refer to www.dableducational.org). 
A typical measurement interval is every 20 minutes during 
the daytime (7 am to 11 pm) and every 30 minutes at night 
(11 pm to 7 am), though the frequency and time windows can 
be adjusted based on clinical needs, such as the need to iden-
tify frequent BP swings, atypical sleep patterns, etc. Patients 
should keep a log of activities during the day, the time of retir-
ing to bed and waking up, and time of taking vasoactive medi-
cations (if applicable). It is preferred that the periods 
designated as “night” and “day” reflect the actual periods of 
sleep and wakefulness obtained from the patient’s diary. 
Most patients tolerate the procedure well, although some-
times sleep is compromised (<10% of cases), and, rarely, 
patients have excessive bruising or discomfort from the fre-
quent cuff inflations. Up-to-date instructions on how to 
perform and interpret ABPM studies are available in guide-
line format from the European Society of Hypertension.

Home BP is performed by the patient in the home (or 
sometimes work) environment. It is used commonly in clini-
cal practice and is associated with improved adherence to 
therapy. It has also been used successfully for treatment  
self-titration of BP medications and is amenable to telemedi-
cine approaches, in which the patient can upload BP values 
via telephone or direct entry to a Web server so that clini-
cians can inspect the BP logs and make treatment decisions 
remotely.

Just as with office BP, it is important that the equip-
ment fits the patient well and that measurements are 
obtained using the same technique as outlined earlier for 
office BP. Independently validated devices are listed at 
www.dableducational.org; unfortunately, many of the mar-
keted devices have not been independently validated. The 
preferred devices use arm cuffs. Finger cuffs are inaccurate, 
and wrist cuffs often provide incorrect readings because of 
inappropriate technique. As a result, only arm devices are 
recommended by current guidelines.10,141

In order to allow management decisions, home BP  
monitoring is best performed using specific periods of mon-
itoring. For most patients, a BP log obtained over 7 days 
before each office visit suffices, as it retains excellent 

20% during sleep. Patients who lack this normal BP dip 
during sleep are called “nondippers” (arbitrarily defined 
as a sleep BP that falls by less than 10% compared with 
awake levels) and have increased target-organ damage 
and overall CV risk. In large observational studies, 
patients whose systolic BP falls by 20% or more during 
the night have lower fatal and nonfatal CV event rates 
than those whose BP decreases by less than 20%, while 
those whose BP does not fall at all during the night have 
significantly worse CV outcomes than all other patients.137

4. ABPM also provides information on BP variability 
throughout the day, which may add further prognostic 
information. Increased BP variability (measured as the 
standard deviation of BP) has been associated with 
increased event rates, though these findings are of small 
magnitude when taken independently from BP values.138

Despite these observations, objective evidence demon-
strating that outcomes are better when patients are managed 
using an out-of-office method is lacking. Three randomized 
clinical trials have compared management of hypertension 
with office or out-of-office BP, one using 24-hour ABPM139 
and two using home BP.37,140 All of these studies showed that 
more patients managed with out-of-office methods could 
have treatment stopped or de-escalated, thus resulting in 
marginal cost savings. However, none of them could dem-
onstrate the superiority of ABPM or home BP in achieving 
better BP control (the primary outcome of all three trials) 
or less LVH (evaluated in all studies as a secondary outcome).

CLINICAL USE OF AMBULATORY AND HOME BLOOD 
PRESSURE MONITORING
ABPM has been in clinical use for almost 50 years. In the 
United States, problems related to limited reimbursement 
have significantly limited its expansion compared with other 
parts of the world. Despite this limitation, there is general 
agreement on its value in several clinical circumstances, as 
outlined in Table 47.4.

ABPM is performed, typically, over a period of 24 hours, 
although it can be extended for longer periods (e.g., 48 
hours) in order to provide information covering more than 
one wake/sleep cycle, or to cover a specific period in detail, 

Table 47.4 Indications for 24-Hour Ambulatory and Home Blood Pressure Monitoring

Indication
Home BP 
Monitoring ABPM Comment

Identify white coat hypertension ++ +++ ABPM still the gold-standard when patients have home BP 
values that are “borderline” (125-135/80-85 mm Hg)Identify masked hypertension ++ +++

Identify true resistant hypertension ++ +++
Evaluate borderline office BP values without 

target-organ damage
++ +++

Evaluate nocturnal hypertension — +++
Evaluate labile hypertension ++ ++ Home BP better for infrequent symptoms or paroxysms; 

ABPM better if frequent within a 24-hr periodEvaluate hypotensive symptoms +++ ++
Evaluate autonomic dysfunction + ++ Home BP useful to monitor orthostatic hypotension; ABPM 

useful to quantify supine hypertension and determine overall 
(average) BP levels

Clinical research (treatment, prognosis) ++ +++

ABPM, Ambulatory blood pressure monitoring; BP, blood pressure.
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Table 47.5 Normative Values for ABPM and 
Home Blood Pressure Monitoring

Blood Pressure Equivalent to  
Office Blood Pressure of

120/80 mm Hg 140/90 mm Hg

24-Hour Ambulatory BP Monitoring

24-hour BP 117/74 mm Hg 131/79 mm Hg
Awake BP 122/79 mm Hg 138/86 mm Hg
Sleep BP 101/65 mm Hg 120/71 mm Hg

Home BP Monitoring

Average BP* 121/78 mm Hg 133/82 mm Hg

*Average of all values during the monitoring period, usually 7 
days.

Normative data based on equivalent of cardiovascular event 
rates observed at each level of office BP.

ABPM, Ambulatory blood pressure monitoring; BP, blood 
pressure.

Data from reference 142 and Kikuya M et al: Diagnostic 
thresholds for ambulatory blood pressure monitoring based on 
10-year cardiovascular risk. Circulation 115;2145-2152, 2007.

reproducibility.141 We recommended that the patient obtain 
readings in duplicate (approximately 1 minute apart), twice 
daily (in the morning before taking medications and in the 
evening before dinner). In selected situations, more fre-
quent or more prolonged monitoring may be needed. For 
example, patients with hypotensive symptoms may benefit 
from BP measurements during peak action of medications, 
such as in the mid to late morning or late evening, depend-
ing on the time when medications are taken. Likewise, 
patients with labile BP can be monitored more often in 
order to capture the overall BP variability better, though we 
prefer to use ABPM in such patients. As for ABPM, detailed 
home BP guidelines are available from the European Society 
of Hypertension141 and the American Heart Association.10

Normative values for the interpretation of ABPM and 
home BP results are available based on observed outcomes 
in longitudinal studies142 (Table 47.5). For ease of use, these 
thresholds were matched to specific office BP levels at which 
the observed rate of CV events was the same, thus allowing 
clinicians to relate to office values that have historically 
driven clinical decisions. For ABPM, other measures such as 
the nocturnal dip, early morning surge (magnitude of BP 
rise during the first hours post awakening), BP load (per-
centage of time BP remains above a certain threshold, such 
as 140/90 mm Hg during the day and 120/80 mm Hg 
during the night), and overall BP variability (standard devia-
tion of the 24-hour BP or awake BP), were not studied in 
relationship to hard outcomes for precise normative results.

LABORATORY AND OTHER  
COMPLEMENTARY TESTS

Similar to the history and physical examination, laboratory 
tests, imaging, and other complementary tests also focus  
on the evaluation of comorbid conditions, established 

target-organ damage, and possible secondary causes. In the 
absence of worrisome signs or symptoms during the initial 
evaluation, the clinician should obtain a basic set of tests, 
including renal function; levels of electrolytes, calcium, 
glucose, and hemoglobin; lipid profile, urinalysis, and elec-
trocardiogram (Table 47.6).

Further testing may be required in case any of these initial 
test results are abnormal or in case there are specific symp-
toms or physical findings suggesting a diagnosis (see “Sec-
ondary Hypertension” section). Likewise, patients who are 
resistant to treatment during follow-up have higher rates of 
secondary causes of hypertension, in particular sleep apnea, 
hyperaldosteronism, and renovascular disease, thus deserv-
ing a more dedicated search for secondary causes in their 
evaluation.

ECHOCARDIOGRAPHY
LVH is the most common target-organ damage in hyperten-
sion and is independently associated with worse prognosis, 
marked by increased risk for CV events (coronary, cerebro-
vascular), heart failure, and death.143 The electrocardio-
gram is very specific but insensitive for the detection  
of LVH. Not surprisingly, the prevalence of LVH among 
patients with hypertension is only approximately 18% based 
on electrocardiographic criteria, whereas this number 
increases to approximately 40% when more sensitive echo-
cardiographic criteria are used. The echocardiogram also 
provides information on left ventricular diastolic function, 
which is often impaired early in the course of hypertensive 
heart disease and does not require the presence of LVH. 
Finally, it allows assessment of left ventricular systolic dys-
function, which is uncommonly present in hypertension 
(approximately 4%) but is associated with worse prognosis. 
Even though echocardiography is not recommended as a 
routine test in patients with hypertension, it often provides 
important information to help guide treatment, such as 
defining the need to initiate or escalate treatment in patients 
with borderline office or ambulatory BP levels.

EVALUATION OF SODIUM AND POTASSIUM INTAKE
Because of the importance of sodium and potassium as 
dietary interventions in hypertension, it is often useful to 
quantify intake objectively. Diary recall is the most often 
used method in clinical practice; however, it is often prob-
lematic because many patients have difficulty defining por-
tions. In situations where detailed knowledge of sodium and 
potassium intake is important to management, our practice 
is to obtain a 24-hour urine collection to evaluate sodium 
and potassium on a stable diet. These ions are measured in 
milliequivalents per day, then converted to dietary target in 
milligrams per day (1 mEq of sodium = 23 mg of sodium or 
58 mg of “salt” as NaCl, and 1 mEq of potassium = 39 mg 
of potassium). A diuretic can be maintained as long as the 
dose has been stable over time. One must recognize that 
sodium excretion may follow a circaseptan rhythm60 and 
may therefore be imprecise on a single 24-hour collection, 
but it is still valuable as a general guide to allow more precise 
dietary advice to patients.

RENIN PROFILING
The evaluation of plasma renin activity has been proposed 
by Laragh as an empiric method for the evaluation and 
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Table 47.6 Initial Laboratory Evaluation of the 
Hypertensive Patient to Investigate 
the Presence of Comorbid 
Conditions, Secondary Causes, or 
Established Target-Organ Damage

Test Clinical Usefulness

Serum creatinine 
(and estimated 
glomerular 
filtration rate)

Assessment of renal function. Identifies 
parenchymal kidney disease as a 
possible secondary cause as well as 
established TOD.

Serum potassium Low potassium (of renal origin) 
suggests mineralocorticoid excess 
(primary or secondary), 
glucocorticoid excess, Liddle’s 
syndrome. High potassium with 
normal renal function suggests 
Gordon’s syndrome. Low levels raise 
caution about the use of thiazides 
and loop diuretics. High levels 
preclude the use of ACEIs, ARBs, 
renin inhibitors, and potassium-
sparing diuretics.

Serum sodium If high, suggests primary 
aldosteronism. If low, alerts to the 
need to avoid thiazide diuretics.

Serum bicarbonate If high, suggests aldosterone excess 
(primary or secondary). If low with 
normal renal function, suggests 
Gordon’s syndrome (with high 
potassium) or primary 
hyperparathyroidism (with high 
calcium).

Serum calcium If high, suggests primary 
hyperparathyroidism.

Serum glucose Identifies prediabetes or diabetes. In 
the appropriate setting, suggests 
glucocorticoid excess, 
pheochromocytoma, or acromegaly.

Lipid profile Identifies hyperlipidemia.
Hemoglobin/

hematocrit
If high, in the absence of other 

hematologic abnormalities or 
underlying lung disease, suggests 
sleep apnea.

Urinalysis* Proteinuria and hematuria identify a 
possible secondary cause 
(glomerulonephritis). Proteinuria can 
also be a marker of TOD.

Electrocardiogram Identifies left ventricular hypertrophy, 
old myocardial infarction, or other 
ischemic changes. Identifies 
conduction abnormalities that may 
preclude the use of β-blockers or 
nondihydropyridine CCBs.

*Some organizations recommend screening microalbuminuria as 
a more sensitive tool to identify early renal injury.

The most recent guidelines do not recommend BUN 
measurement alone.

ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin 
receptor blocker. CCB, calcium channel blocker; TOD, 
target-organ damage.

treatment of hypertension.144 The premise for this approach 
is mechanistic: patients with high renin levels (>0.65 ng/
mL/hr, and particularly >6.5 ng/mL/hr) have vasoconstric-
tion mediated by the RAAS as the primary operative mecha-
nism of hypertension, whereas those with suppressed renin 
levels (<0.65 ng/ mL/hr) are volume overloaded. Accord-
ingly, patients with high levels of renin are treated with 
blockers of the RAAS (ACEIs, angiotensin receptor antago-
nists, renin inhibitors, β-blockers), and those with low levels 
of renin are treated with diuretics (including aldosterone 
antagonists), CCBs, or α-blockers. The approach not only 
includes using drugs that directly address the underlying 
pathophysiology but also proposes removal of drugs from 
the opposite group as there are reports of paradoxical BP 
elevations in such cases.145 A case series reported stream-
lined drug regimens and improved BP control in patients 
with resistant hypertension, and a small randomized trial of 
renin-guided therapy versus conventional therapy yielded 
greater systolic BP lowering with the renin-guided system 
(−29 vs. −19 mm Hg, P = 0.03).146 It is reasonable to enter-
tain renin profiling, especially in patients who do not 
respond to initial therapy. In such cases, renin measure-
ment, along with plasma aldosterone measurement, will also 
be useful to rule out primary hyperaldosteronism.

SYSTEMIC HEMODYNAMICS AND  
EXTRACELLULAR FLUID VOLUME
An alternative to the renin-profiling approach is to measure 
systemic hemodynamics and extracellular fluid volume, 
noninvasively. Such measurements can be achieved with 
several methodologies, but impedance cardiography has  
the advantage of simultaneously obtaining both volume 
(thoracic fluid content) and hemodynamic (CO, SVR)  
data. This approach has been used in patients with resis-
tant hypertension with some success in two randomized 
trials.147,148 In one study, patients managed using the hemo-
dynamic approach achieved better BP control while receiv-
ing more diuretics, while in the other, control was also 
better but not associated with the specific extra use of any 
particular drug class. Direct measurement of volume excess 
and hemodynamics and availability of the information at the 
point of care make this methodology more attractive than 
renin profiling. However, high costs associated with the 
technology make the wide use of this method out of reach 
for most physicians and their patients.

SECONDARY HYPERTENSION

Secondary (or remediable) hypertension is elevated BP due 
to a specific cause.7,8 It is worth consideration in every newly 
diagnosed or referred patient with hypertension, for several 
reasons. The proportion of patients with secondary hyper-
tension who can eventually be cured is far greater than 
those with primary hypertension. This is particularly impor-
tant in young hypertensive people (especially in children 
and adolescents),149 who are more likely to harbor nearly 
all types of secondary hypertension with the important 
exception of atherosclerotic renovascular hypertension. For 
such people, and those with an otherwise long life expec-
tancy, the cost of diagnosis and treatment (and even “cure”) 
of secondary hypertension may be less than the cost of 
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The initial set of laboratory tests recommended for newly 
diagnosed patients with hypertension includes serum levels 
of blood urea nitrogen and creatinine and a urinalysis, 
which is generally sufficient for identifying patients with 
underlying intrinsic renal disease, even if the 3-month cri-
terion for CKD is not yet met (see Table 47.6). 

Either hyperthyroidism or hypothyroidism can be a cause 
of hypertension, but the presence of either is detected  
commonly with a serum ultrasensitive thyroid-stimulating 
hormone (thyrotropin) level.

Sometimes the demographic and clinical features of the 
patient help direct the search for a secondary cause: Fibro-
muscular dysplasia is much more common in young white 
women, whereas atherosclerotic renovascular disease is 
more common in older smokers (both current and former). 
Some symptoms, when elicited by a careful history, are also 
quite suggestive (although incompletely sensitive and not 
very specific).

Classically, paroxysmal “spells” occur in approximately 
25% to 30% of patients with pheochromocytoma; the associ-
ated symptoms are variable across patients but commonly 
experienced repetitively in a given patient. Sadly, the speci-
ficity of these paroxysms, even when they include headache, 
sweating, and elevated BP levels, is less than 5% in most 
large series. Similarly, the classical symptoms of large muscle 
weakness (particularly when rising from a chair or climbing 
stairs) reported with Cushing’s syndrome, or lower extrem-
ity weakness and leg cramps reported in primary hyperaldo-
steronism and attributed to hypokalemia, are uncommon in 
today’s literature and patients. Given the relatively low prev-
alence of secondary hypertension, the decision to under-
take a formal evaluation for specific causes can (and should) 
be individualized.

EXACERBATION OF PREEXISTING HYPERTENSION 
DUE TO LIFESTYLE FACTORS
Although generally not considered in most discussions of 
secondary (or remediable) hypertension, BP can be influ-
enced by prescription or nonprescription medications or 
both,153 excessive dietary sodium intake,154 body weight/
obesity, and excessive alcohol intake.8 The health care pro-
vider or the patient may not immediately appreciate some 
of these factors. Appropriate attention to these issues can 
result in improved BP profiles and a better prognosis.155

Modification of these factors is the cornerstone of therapy 
for primary hypertension and can mimic secondary hyper-
tension. Of these factors, the most common issues relate to 
excessive sodium intake, poor sleep hygiene (i.e., getting 
less than 6 hours of uninterrupted sleep a night),156 and 
excessive caffeine or other stimulants, as well as use of non-
steroidal antiinflammatory drugs (NSAIDs).

INTRINSIC KIDNEY DISEASE
Hypertension can be both a cause and a consequence of 
CKD (i.e., estimated GFR [eGFR] < 60 mL/min/1.73 m2). 
It is often difficult to discern which occurred first when  
a patient presents initially with both, but the screening  
and diagnostic processes are identical to those used for  
each individually. The diagnosis of hypertension requires 
repeated, correctly taken measurements in adults showing 
BP of 140/90 mm Hg or higher (amended to ≥ 150/
90 mm Hg for those over age 60 years by the 2014 expert 

chronic medical therapy (including drugs, office visits, and 
laboratory monitoring). Lastly, it is intellectually appealing 
to consider the possibility of “cure” for patients with hyper-
tension, which not only keeps the health care provider men-
tally awake, but also may help to avoid “failure to diagnose” 
torts in patients who actually harbor a secondary cause, but 
its presence is never contemplated or formally evaluated.

RISK FACTORS AND EPIDEMIOLOGY

In general clinical practice, there is a higher probability of 
secondary hypertension in patients: (1) with higher levels 
of untreated blood pressure (except primary hyperaldoste-
ronism), (2) with characteristic physical signs (for details, 
see later), (3) with refractory hypertension (now more com-
monly called resistant hypertension, and defined as a patient 
who, despite proper doses of three appropriately chosen 
antihypertensive drugs, one of which is a diuretic, has a 
persistent office blood pressure ≥ 140/90 mm Hg5), or (4) 
seen in tertiary referral centers (largely due to “referral 
bias”). Because of these factors, the prevalence of secondary 
hypertension varies widely.

The largest prospective study reported from a primary 
care setting evaluated 1020 consecutive patients with hyper-
tension in Yokohama, Japan. The authors found 9.1% of 
patients had a secondary cause, which was primary hyperal-
dosteronism in 6%, Cushing’s syndrome (full-blown in 1% 
and preclinical in 1%), pheochromocytoma (0.6%), and 
renovascular hypertension (0.5%).150

The largest series of consecutive patients evaluated by a 
whole-day protocol from 1976 to 1994 in a tertiary referral 
center came from Syracuse, New York. In this study, 10.1% 
of 4429 patients with hypertension had secondary hyper-
tension: 3.1% with renovascular hypertension, 1.4% with 
primary hyperaldosteronism, 0.5% with Cushing’s syn-
drome, 0.3% with pheochromocytoma, 3% with primary 
hypothyroidism, and 1.8% with hypertension attributed to 
CKD.151 Later series from all over the globe have suggested 
that primary hyperaldosteronism (especially due to sleep-
disordered breathing and obstructive sleep apnea) is far 
more common than it was before the year 2000, with an 
average prevalence of approximately 10% to 11.2% in 
population-based studies152; its prevalence is approximately 
twice that in resistant hypertension. These estimates have 
been based largely on a single determination of the plasma 
aldosterone/renin ratio (discussed later) and probably rep-
resent an overestimate of the prevalence.

EVALUATION OF SECONDARY HYPERTENSION
Hypertension guidelines and a great deal of clinical experi-
ence suggest a more detailed evaluation for secondary 
causes in patients with hypertension younger than 30 years 
who have no family history of hypertension. Additionally, 
those older than 55 years with new-onset hypertension, 
sudden worsening of BP control (despite years of previously 
controlled BP levels), recurrent flash pulmonary edema, an 
abdominal bruit (especially with a louder diastolic compo-
nent), and sudden increases of serum creatinine level by 
30% or more after a blocker of the RAAS should prompt 
evaluation for secondary causes of hypertension. Such 
patients have a higher pretest probability of renovascular 
hypertension.
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original prevalence of aldosterone-secreting adenomas esti-
mated by Conn in the 1950s. In large population-based 
studies the prevalence of primary hyperaldosteronism has 
been estimated at approximately 10% to 11.2% of hyperten-
sives. The condition appears to be more common in people 
with higher levels of BP (2% for BP levels 140-159/90-
99 mm Hg, 8% for BP levels 160-179/100-109 mm Hg, and 
13% for BP levels > 180/110 mm Hg), treatment-resistant 
hypertension (17% to 23% in several series), patients with 
hypertension with either spontaneous or diuretic-associated 
hypokalemia, and hypertension and a serendipitously dis-
covered adrenal mass (1% to 10%).

In the last millennium, hypokalemia was thought to be 
very common (if not nearly universal) among patients with 
primary hyperaldosteronism, particularly if provoked by 
diuretic therapy. Today, however, more afflicted patients 
have eukalemia than hypokalemia, although sometimes 
more severe cases have weakness, muscle cramps, and even 
periodic paralysis. Patients with primary hyperaldosteron-
ism experience higher CV morbidity and mortality than 
age-, gender-, and BP-matched patients with primary 
hypertension.43

Screening for primary hyperaldosteronism is most effi-
ciently performed in potassium-repleted patients using the 
ratio of plasma aldosterone concentration to plasma renin 
activity (ARR). The ARR can be affected by many factors, 
including antihypertensive drug therapy, dietary sodium 
restriction, posture, time of day, and sample handling (Table 
47.7). Most authorities recommend sustained-release vera-
pamil, hydralazine, and peripheral α1-adrenoceptor antago-
nists as medications that have little, if any, effect on the ARR. 
The likelihood of a false-positive ARR is increased by a low 
plasma renin activity (e.g., <0.5 ng of angiotensin II per 
milliliter per hour), so some investigators require the plasma 
aldosterone concentration to be above a given threshold 
(e.g., >15 ng/dL), for the screening to be considered posi-
tive. The most common cutoff value for an ARR that usually 
leads to further investigation is 30 (when aldosterone level 
is measured in nanograms per deciliter and plasma renin 
activity in nanograms of angiotensin II per milliliter per 
hour), but higher thresholds lead to more falsely negative 
tests.

Clinical practice guidelines from the Endocrine Society 
recommend one of four confirmatory tests before proceed-
ing to an imaging study, because of the expense and radia-
tion involved in the latter. There are only a few comparative 
studies of these four tests; they seem to have similar perfor-
mance characteristics (75% to 90% sensitivity, 80% to 100% 
specificity). Cost, patient preference, local experience, local 
laboratory methods, and insurance reimbursement all 
factor into which confirmatory test is chosen.

The traditional “saline-loading test” (2 L infused over 4 
hours) is confirmatory if the postinfusion plasma aldoste-
rone concentration is greater than 10 ng/mL, but intrave-
nous saline is not often recommended for patients with 
heart failure, CKD, or uncontrolled hypertension.

Many centers have reported success with an oral sodium-
loading protocol, which involves liberalizing sodium intake 
to approximately 6 gm/day for 3 to 5 days and then assaying 
24-hour urine collections for sodium (to ensure loading) 
and aldosterone content. The test is considered positive  
if the urinary aldosterone excretion is greater than 12 to  

panel).12 CKD is currently diagnosed using the 2012 
Kidney Disease: Improving Global Outcomes (KDIGO)  
criteria from the National Kidney Foundation: persistent  
(≥3 months) evidence of kidney damage (e.g., proteinuria, 
abnormal urinary sediment, abnormal blood or urine chem-
istry levels, imaging studies, or biopsy), but primarily based 
on the eGFR.157 Although it is possible to have CKD with 
eGFR above 60 mL/min/1.73 m2, most authorities recom-
mend this threshold for common use. Management strate-
gies for hypertension due to CKD are also identical to those 
used in primary hypertension except that doses and fre-
quency of antihypertensive (and other) medications nor-
mally cleared by the kidney are decreased inversely to the 
eGFR. While most antihypertensive drugs do not need dose 
adjustments in stage 3b or higher CKD, some agents that 
affect the RAAS mechanistically need reduction. Specifi-
cally, the β-blockers, atenolol, bisoprolol, nadolol, and ace-
butolol need dose reductions to avoid toxicity. Additionally, 
all ACEIs except for fosinopril and trandolapril need dose 
reductions since they are all renally excreted. However, no 
serious adverse effects other than possibly hyperkalemia 
have occurred with not adjusting ACEI dosing.

Restriction of dietary protein intake was recommended 
in the distant past, based on several small trials (primarily 
in Australia), but had marginal success in the Modification 
of Diet in Renal Disease trial,158 and is usually challenging 
to carry out effectively, even in tertiary centers with a dedi-
cated renal nutritionist. Dietary sodium restriction, although 
somewhat a lesser challenge, has benefits in patients with 
CKD and hypertension, not only to lower BP, but also to 
reduce urinary protein (and albumin) excretion.31

PRIMARY HYPERALDOSTERONISM
This form of secondary hypertension has been increasing  
in prevalence worldwide over the last 25 years152 and is 
generally due to one of six subtypes: (1) an aldosterone-
producing (“Conn’s”) adenoma, nearly always in one 
adrenal gland (approximately 35% of cases); (2) bilateral 
adrenal hyperplasia (also known as “idiopathic primary 
hyperaldosteronism,” approximately 60% of cases); (3) 
primary (or unilateral) adrenal hyperplasia (approximately 
2% of cases); (4) aldosterone-producing adrenal carcinoma 
(approximately 35 cases in the world’s literature); (5) famil-
ial hyperaldosteronism, which takes one of two forms: 
glucocorticoid-suppressible hyperaldosteronism, due to a 
chimeric chromosome 8, in which the 5′-regulatory sequence 
for corticotropin responsiveness of 11β-hydroxylase is fused 
to the enzyme coding sequence for aldosterone synthase 
(<1% of cases), or familial occurrences of either an 
aldosterone-producing adenoma or bilateral adrenal  
hyperplasia (<2% of cases); or (6) ectopic production of 
aldosterone by an adenoma or carcinoma outside the 
adrenal gland (< 0.1% of cases). In addition, obstructive 
sleep apnea and sleep-disordered breathing often cause 
hyperaldosteronism. This is classically described as second-
ary hyperaldosteronism, but its evaluation and medical 
treatment are often quite similar to that of bilateral adrenal 
hyperplasia.

The prevalence of primary hyperaldosteronism depends 
on where and how one looks and is controversial. Some 
referral centers report a prevalence of hyperaldosteronism 
related to sleep apnea at approximately 20%, similar to the 
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nodules. Idiopathic hyperaldosteronism usually has normal-
appearing adrenal glands, but sometimes nodular changes 
or general enlargement are visible in one or both adrenals. 
Magnetic resonance imaging is no better at detecting these 
abnormalities than computed tomography, which is usually 
less expensive. Both techniques often detect nonfunction-
ing nodules, especially in older patients. At some centers, 
patients with hypertension with proven primary hyperaldo-
steronism younger than 40 years of age with a single typical 
hypodense nodule in one adrenal gland are directly offered 
an adrenalectomy.

Because computed tomographic scans identify unilateral 
adrenal disease with a sensitivity of only 78% and specificity 
of only 75%, the Endocrine Society recommends adrenal 
venous sampling for most surgical candidates. Despite being 
invasive, expensive, technically challenging, and potentially 
dangerous and requiring an experienced and well-
coordinated team, it has sensitivity and specificity of 95% 
and 100% for detecting unilateral aldosterone production. 
It is most often performed at 8 am, with continuous cosyn-
tropin administration, and simultaneous adrenal vein corti-
sol level measurement. Most centers use a 4 : 1 cutoff value 
of the cortisol-corrected aldosterone ratio to define a posi-
tive lateralization.

Several older (some would prefer “classical”) tests remain 
available for the presumably rare circumstance in which 
adrenal venous sampling was technically unsuccessful or 
nondiagnostic; these are usually much less expensive and 
therefore can sometimes be preauthorized when financial 
and other roadblocks are erected to adrenal venous sam-
pling. The postural stimulation test, developed in the 1970s, 
depends on the propensity of patients with an aldosterone-
producing adenoma to retain diurnal variation in the 
plasma aldosterone concentration, whereas those with idio-
pathic hyperaldosteronism often show an increased sensitiv-
ity to small increases in angiotensin II levels (e.g., after 
standing). In some centers, this test is performed by drawing 
two additional blood samples (before and after standing) at 
the conclusion of the intravenous saline infusion test. In a 
review of the Mayo Clinic experience from the last millen-
nium in 246 patients with surgically proven adenomas, the 
test was only 85% accurate.

Iodocholesterol scintigraphy was developed at the Uni-
versity of Michigan in the 1970s; its sensitivity correlates 
directly with tumor size, so it is not very helpful in discern-
ing microadenomas from bilateral hyperplasia. Serum 
18-hydroxycorticosterone levels, typically measured in the 
recumbent position at 08 : 00 are often higher than 100 ng/
dL in patients with an adenoma, but the opposite is true in 
patients with bilateral hyperplasia, so blood was traditionally 
taken for this analyte before the 2-L saline infusion test. 
However, the accuracy of this test was even lower than the 
postural stimulation test.

Testing for familial forms of primary hyperaldosteronism 
is recommended for those who are younger than 20 years 
of age at diagnosis and in those with a family history of 
primary aldosteronism or stroke at an early age (typically  
<30 years of age). This strategy was successful in approxi-
mately half of large, qualifying, unrelated cohorts. Genetic 
testing by either Southern blot or long polymerase chain 
reaction techniques is both sensitive and specific for 
glucocorticoid-remediable hyperaldosteronism (familial 

14 µg/day, but oral sodium loading can be as problematic 
in some patients as intravenous saline.

The fludrocortisone suppression test involves giving 
0.1 mg of fludrocortisone every 6 hours for 4 days, and then 
assaying the plasma aldosterone concentration when the 
patient is standing upright. It is considered confirmatory if 
the concentration is greater than 6 ng/dL and plasma renin 
activity and serum cortisol levels are low. Execution of the 
test may be difficult for patients who have a long journey to 
the office or who are nonadherent.

Lastly, the captopril challenge test is performed by assay-
ing the plasma aldosterone concentration before and 1 and 
2 hours after administration of 25 to 50 mg of oral captopril. 
It is considered confirmatory if the plasma aldosterone con-
centration remains elevated (and unchanged from base-
line); many false-negative and equivocal captopril challenge 
test results have been reported, although several Japanese 
series show excellent results with this method.

After the diagnosis of primary aldosteronism is con-
firmed, a computed tomographic scan of the adrenals  
is undertaken, which is quite useful in detecting large  
masses that might be adrenal carcinomas. Adrenal carcino-
mas typically have larger size (>4 cm diameter), an inhomo-
geneous character (often with internal hemorrhage), 
internal calcifications (in approximately 40%), and irregu-
lar borders (often due to micrometastases) and show 
enhancement after intravenous contrast medium is admin-
istered. Aldosterone-producing adenomas are most com-
monly small (<2 cm diameter), hypodense, unilateral 

Table 47.7 Factors That May Cause False-
Positive or False-Negative Results of 
the Aldosterone/Renin Ratio

False Positives False Negatives

Aldosterone 
relatively high

Potassium loading

Renin relatively 
low

β-Blockers
Central 

antiadrenergics
Direct renin 

inhibitors
Nonsteroidal 

antiinflammatory 
drugs

Chronic kidney 
disease

Sodium loading
Aldosterone 

relatively low
Hypokalemia

Renin relatively 
high

Diuretics
ACE inhibitors, 

angiotensin 
receptor blockers

Calcium channel 
blockers 
(dihydropyridines)

Acute sodium 
depletion

ACE, Angiotensin-converting enzyme.
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loss-of-function mutations) go undiagnosed until adult-
hood. The most common deficiency, 21-hydroxylase, 
accounts for approximately 95% of cases and is often dis-
covered by universal screening programs, particularly for 
female newborns with ambiguous genitalia. If left untreated, 
approximately 75% of such babies suffer salt wasting, failure 
to thrive, hyponatremia, hypovolemia, shock, and death.

Hypertension occurs in approximately two thirds of 
patients with congenital adrenal hyperplasia due to either 
11β-hydroxylase deficiency (approximately 5% of cases 
of congenital adrenal hyperplasia, and a prevalence of 
approximately 1 : 100,000 in whites) or 17α-hydroxylase defi-
ciency (which is rare). More than 40 mutations have been 
identified that lead to 11β-hydroxylase deficiency, which 
results in high circulating levels of deoxycorticosterone and 
11-deoxycortisol, with increased production of adrenal 
androgens. Thus girls present in infancy or childhood with 
hypertension, hypokalemia, acne, hirsutism, and viriliza-
tion; whereas boys present with pseudoprecocious puberty. 
Because 17α-hydroxylase is required for production of both 
cortisol and sex steroids, its deficiency can delay puberty 
and present as pseudohermaphroditism or phenotypic 
female features (in genetic 45, XY boys), or as primary 
amenorrhea in girls. After appropriate diagnosis (typically 
by determination of levels of steroid precursors in serum), 
patients with congenital adrenal hyperplasia receive supple-
mentation with glucocorticoids, which suppress corticotro-
pin secretion, and reduction of the signs and symptoms of 
mineralocorticoid excess. Long-term care of adults with 
congenital adrenal hyperplasia is challenging.

Very rare causes of mineralocorticoid excess include 
deoxycorticosterone-producing tumors (which are usually 
quite large and often malignant), primary cortisol resis-
tance, or 11β-hydroxysteroid dehydrogenase deficiency (of 
which approximately 50 cases worldwide are congenital; 
most are acquired and associated with imported licorice or 
licorice-flavored chewing tobacco). Some would also include 
Liddle’s syndrome (hypertension, hypokalemia, and inap-
propriate kaliuresis, associated with low plasma aldosterone 
and renin activity), due to an autosomal dominant condi-
tion that results in mutations in the β- or γ-subunits of the 
renal amiloride-sensitive ENaC.

RENOVASCULAR HYPERTENSION
Hypertension due to renal artery stenosis (fibromuscular 
dysplasia or atherosclerotic disease) has been heavily studied 
since the pioneering work of Harry Goldblatt. The probabil-
ity of renovascular hypertension can be calculated, based on 
clinical characteristics in a given patient, which eliminates 
the need for a screening test in most cases. The choice 
among the several screening tests for renovascular hyperten-
sion is usually based on patient and physician preference, 
local expertise, and a favorable decision about prior autho-
rization for the test from insurance companies, which has 
become less common since the publication of several 
outcome studies that showed no significant benefit to renal 
angioplasty (usually with stenting) over medical manage-
ment in atherosclerotic renal artery disease.159

PHEOCHROMOCYTOMA
Although chromaffin tumors (pheochromocytomas and 
paragangliomas) that secrete catecholamines are rare 

hyperaldosteronism, type I, the most common monogenetic 
cause of hypertension). Such testing is expensive; so many 
managed care organizations will not pay for the test unless 
an appropriate response (in both BP and plasma aldoste-
rone concentration) is seen after weeks of empirical gluco-
corticoid administration. Familial hyperaldosteronism type 
II is genetically heterogeneous, despite being autosomal 
dominant in most affected cases. Genetic testing is not yet 
available for this more common type of familial hyperaldo-
steronism, so the diagnosis is primarily clinical, based on the 
biochemical findings and the pedigree.

Laparoscopic procedures for unilateral adrenalectomy 
have improved to the point that most patients with adrenal 
venous sampling–proven hyperaldosteronism have shorter 
hospital stays, fewer complications, and lower costs than 
open procedures. Although nearly all return to eukalemia, 
hypertension is “cured” (i.e., follow-up BP levels of  
<140/90 mm Hg without antihypertensive drug therapy) 
in only approximately 50%. This is more likely in younger 
people, those with a short duration of hypertension, prior 
BP control with only one or two agents, and a family history 
of hypertension that includes no first-degree relatives or 
only one. Typically, plasma aldosterone concentration and 
plasma renin activity are measured shortly after successful 
surgery, and potassium supplementation and aldosterone 
antagonists are discontinued. Intravenous saline is often 
required, as the remaining adrenal gland recovers its normal 
function (which may take a few weeks). The nonsurgical 
option for patients with idiopathic hyperaldosteronism is 
spironolactone, which had significantly better efficacy  
than its successor, eplerenone, in an international random-
ized clinical trial in hypertensive subjects with primary  
aldosteronism. Most physicians use dexamethasone or pred-
nisone at bedtime (over twice-daily hydrocortisone) for 
glucocorticoid-remediable hyperaldosteronism, but the 
doses are kept low to avoid iatrogenic Cushing’s syndrome 
(see later).

HYPERALDOSTERONISM ASSOCIATED WITH SLEEP-
DISORDERED BREATHING
Several publications have highlighted this association, which 
is thought to account for approximately 20% of resistant 
hypertension and typically responds very nicely to selective 
aldosterone antagonists. The ratio of serum aldosterone to 
plasma renin activity is most often used to diagnose the 
condition, and (if the Berlin questionnaire or a sleep study 
is sufficiently suggestive) is often followed by a therapeutic 
trial of spironolactone.

MINERALOCORTICOID EXCESS STATES
Several unusual diagnoses manifest with a similar set of signs 
and symptoms (especially hypokalemia and often other 
cushingoid features) that result from an apparent mineralo-
corticoid excess. These are most easily distinguished from 
the several types of hyperaldosteronism by the suppressed 
plasma aldosterone level.

The most common type, classical congenital adrenal 
hyperplasia, is due to one of several autosomal recessive 
genetic deficiencies in enzymes involved in adrenal  
steroidogenesis, most often resulting in mineralocorticoid 
and androgen excess. Although most common in infants 
and children, some patients (especially those with milder 
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and/or inguinal freckling, hamartomas of the iris—Lisch 
nodules, bony abnormalities, central nervous system 
gliomas, and sometimes macrocephaly, or cognitive deficits, 
mediated by the NF1 tumor-suppressor gene on chromo-
some 17q11.2) will develop a catecholamine-secreting 
tumor, usually an adrenal pheochromocytoma. Both of 
these conditions can be diagnosed using genetic screening, 
although this is often more fruitful for screening family 
members after an index case has been identified.

Neither the prevalence nor the genetics of pheochromo-
cytoma in Sturge-Weber syndrome (choroidal and lepto-
meningeal angiomas, port-wine stain in the trigeminal 
distribution) or tuberous sclerosis (sometimes called Bourn-
eville’s or Pringle’s disease: adenoma sebaceum, subungual 
fibromas, and occasionally mental retardation) are as well 
understood. Familial paraganglioma is an autosomal domi-
nant syndrome with paragangliomas in the skull base and 
neck, thorax, abdomen, pelvis, or urinary bladder wall; 
much work in the last 2 decades has characterized mutations 
in one of several genes that code for components of  
the mitochondrial succinate dehydrogenase complex: 
SDHD, located on chromosome 11q23, or SDHB, located on 
chromosome 1p35-36. Availability of genetic testing for 
these mutations has made disease surveillance for those who 
carry these genes (typically relatives of index cases) much 
simpler.

The process of case finding for catecholamine-secreting 
tumors typically begins with biochemical testing for cate-
cholamine metabolites. Measurements of plasma-free or 
urinary fractionated metanephrines are most commonly 
recommended, but a wide variety of factors are known to 
produce both false-positive and false-negative results. In 
some centers, plasma-free metanephrines (which provide a 
very brief “snapshot” of catecholamine production and 
metabolism) can be assayed quickly and accurately; in 
others, integration of catecholamine production and metab-
olism over a longer time period is less expensively per-
formed using urinary collections. False-negative urinary 
collections are common in patients with pheochromocyto-
mas that are familial, normotensive, dopamine β-hydroxylase 
deficient, or intermittently secreting. Pharmacologic testing 
for pheochromocytoma is occasionally used in equivocal 
cases; clonidine suppression testing is usually preferred over 
glucagon stimulation testing, although most managed care 
organizations recommend a repeat plasma or urinary col-
lection 6 or more months after the initial evaluation.

To improve cost-effectiveness and reduce radiation expo-
sure, imaging studies for pheochromocytoma and related 
tumors are generally not obtained until after biochemical 
evidence of catecholamine overproduction is obtained. In 
this setting the higher resolution available from computed 
tomographic scans (with thin cuts of the adrenals) out-
weighs the more specific finding of a T2-weighted “bright 
spot” on magnetic resonance imaging. For some patients 
(e.g., those with metastatic disease, intraabdominal surgical 
clips, allergies to radiocontrast media, pregnancy) magnetic 
resonance imaging may be a more suitable option. Positron 
emission tomographic scans using fluorine 18–labeled flu-
deoxyglucose or nuclear medicine scans using iodine 123–
labeled m-iodobenzylguanidine (123I-MIBG) can localize and 
define the extent of metastatic disease, especially if delivery 
of a 131I-MIBG scan is a viable therapeutic option. Prior to 

(estimated incidence: 2 to 8 cases per million per year), 
their diagnosis and management are important because 
they can possibly cause fatal hypertensive crises (despite 
otherwise appropriate treatment), probably more than 10% 
are metastatic at diagnosis, specific therapy can be curative, 
and a much higher proportion of cases are heredofamilial 
than once thought.

Catecholamine-secreting tumors are found in 0.2% to 
0.6% of patients with hypertension, may be more common 
in hypertensive children (1.7%), and are too often found 
incidentally, or worse, only at autopsy. The clinical presenta-
tion of patients with these tumors is quite variable, as symp-
toms may occur constantly or in paroxysms. The classical 
triad of headache, sweating attacks, and hypertension was 
said to be present in 95% of patients in one large French 
series, but most centers report having to see more than  
100 such patients on referral before one is positively 
diagnosed.

The differential diagnosis includes many disorders, some 
of which are functional or factitious, so a high index of 
suspicion is required, even when faced with common admit-
ting conditions (e.g., heart failure, which can be precipi-
tated, if not exacerbated, by a functioning tumor). Some 
heredofamilial conditions that include pheochromocytoma 
have characteristic physical signs (e.g., café au lait spots and 
neurofibromas, retinal hemangiomas, port-wine stains, sub-
ungual fibromas, ash leaf or shagreen patches, adenoma 
sebaceum, marfanoid body habitus) that provide clues to 
the underlying syndromes.

There seem to be more “exceptions” to pheochromocy-
toma than with many other conditions: approximately 10% 
of such tumors are extraadrenal, multiple or bilateral, recur-
rent (after surgical extirpation), discovered as “incidentalo-
mas,” or in children; more than 10% are likely heredofamilial 
or metastatic at presentation (and both of these have 
increased in the last 30 years). Although approximately 90% 
of pheochromocytomas are found in or in close proximity 
to an adrenal gland, paragangliomas can occur anywhere 
along the sympathetic ganglia, but most commonly in or 
near the organ of Zuckerkandl (at the aortic bifurcation) 
or near the bladder (which gives rise to rather unusual 
symptoms of “micturition headache,” syncope, or the like).

Pheochromocytomas play important parts in the multiple 
endocrine neoplasia (MEN) syndromes, especially MEN2A 
(pheochromocytoma in approximately 50%—usually bilat-
eral, medullary carcinoma of the thyroid, parathyroid ade-
nomas, and cutaneous lichen amyloidosis, associated with 
the RET proto-oncogene), and MEN2B (usually bilateral 
pheochromocytomas, medullary carcinoma of the thyroid, 
submucosal neuromas, hyperplastic corneal nerves, joint 
laxity, Hirschsprung’s disease, and sometimes marfanoid 
body habitus). Pheochromocytomas are also found in 
patients with phakomatoses.

Approximately 20% of patients with von Hippel–Lindau 
disease type 2 (retinal and/or cerebellar hemangioblasto-
mas, occasionally with clear cell renal carcinoma, pancreatic 
neuroendocrine tumors, retinal angiomas or hemangioblas-
tomas, mediated by the VHL tumor suppressor gene, located 
on chromosome 3p25-26) will have pheochromocytomas or 
paragangliomas. Approximately 2% of patients with neuro-
fibromatosis type 1 (autosomal dominant von Recklinghau-
sen’s disease: neurofibromas, with café au lait spots, axillary 
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levels before and after intravenous releasing hormone) or a 
high-dose dexamethasone (2 mg every 6 hours) suppression 
test (which assays serum cortisol level).

Most expert centers report that this localizes the tumor 
to the pituitary in 60% to 75% of the cases, a single adrenal 
gland in approximately 20% (split approximately 60 : 40 
between adenomas and carcinomas), or ectopic production 
of corticotropin (10% to 12%, most often by small cell lung 
cancers), with less than 1% due to ectopic production of 
corticotropin-releasing hormone (typically by bronchial car-
cinoid tumors). Petrosal venous sinus sampling is not 
needed very often today. The anatomic site of hormonal 
overproduction is then usually approached surgically, 
although other modalities (e.g., radiation of the sella 
turcica) can be used in special circumstances. Medical 
therapy is also possible in some cases, especially those in 
which surgery is not feasible.

THYROID DYSFUNCTION
The literature about thyroid dysfunction being associated 
with hypertension is inconsistent.160 Many patients with 
hyperthyroidism have wide pulse pressures (and therefore 
elevated systolic BP levels) and high pulse rates, but this  
is seldom missed, especially in younger patients. The  
ultrasensitive serum thyroid-stimulating hormone (TSH) 
level is widely available, and most commonly used for  
screening. After diagnosis, a nonselective β-blocker such as 
propranolol may be specifically useful, as it treats the tachy-
cardia and hypertension and allegedly inhibits peripheral 
conversion of thyroxine to triiodothyronine (although  
some now question this “classical” clinical pharmacologic 
literature).

The role of hypothyroidism as a potential cause of hyper-
tension (especially isolated diastolic) is less clear, despite the 
experience in upstate New York, in which 3% of patients 
with hypertension reverted to normotension after treatment 
of hypothyroidism.151 The hypertension in hypothyroidism 
is predominantly diastolic and usually in the range of  
stage 1 (i.e., diastolic BP <99 mm Hg). In children and 
adolescents, especially in areas of iodide deficiency, a posi-
tive association between serum TSH and BP has been seen. 
A pooling of seven population-based European data sets 
showed similar findings in adults, but there was no consis-
tent relationship with either a 5-year change in BP or inci-
dent hypertension. It is likely that targeted screening of 
patients with hypertension for hypothyroidism with deter-
mination of serum TSH level may be useful, but routine 
screening for all newly diagnosed patients with hyperten-
sion is not currently recommended by any set of national or 
international guidelines.

HYPERPARATHYROIDISM, CALCIUM INTAKE,  
VITAMIN D, AND HYPERTENSION
Although hypercalcemia and hypertension associated with 
hyperparathyroidism often improve after appropriate treat-
ment, causal relationships between calcium and vitamin  
D intake, serum parathyroid hormone levels, and BP  
have not been consistently seen in large populations.161 As 
a result, most current guidelines recommend a serum 
calcium (and not parathyroid hormone) determination 
during blood testing for patients with an initial diagnosis of 
hypertension.

performing this scan a number of antihypertensive medica-
tions must be discontinued.

The role of genetic testing in routine care of patients with 
pheochromocytoma is evolving; current guidelines recom-
mend a shared decision-making process, often involving 
more family members than just the index patient. Eight 
studies have shown a high prevalence of germline mutations 
in patients with presumed sporadic pheochromocytoma/
ganglioma, so some authorities recommend genetic screen-
ing for all afflicted patients; others base the decision on the 
pedigree, syndromic features, or extent of disease (multifo-
cal, bilateral, or metastatic tumors at diagnosis).

Proper pharmacologic preparation of the patient with 
pheochromocytoma is critical for successful extirpation of 
the tumor: α-blockers (e.g., phentolamine intravenously or 
phenoxybenzamine orally) are given first, followed by 
β-blockers (if needed to control tachycardia). Most experts 
use a calcium antagonist before adding a β-blocker and 
recommend delaying the operation for 7 to 14 days after 
localization of the tumor, to normalize BP, heart rate, and 
intravascular volume, which helps minimize hypotension 
after removal of the tumor.

Many surgeons favor laparoscopic procedures for small 
adrenal pheochromocytomas or paragangliomas in accessi-
ble locations. Postoperatively, vigilant monitoring may 
reduce the risk for severe hypotension, hypoglycemia, or 
adrenal insufficiency. The diagnostic technique that origi-
nally demonstrated the overproduction of catecholamines 
in a given patient is usually repeated 4 to 6 weeks postopera-
tively to document successful tumor removal, and occasion-
ally (often annually) during long-term follow-up. The 
specific frequency is best individualized, based on the pedi-
gree, results of genetic testing, and risk factors that predict 
recurrence.

HYPERCORTISOLISM
Most cases of Cushing’s syndrome today are iatrogenic (due 
to prescribed oral corticosteroids), but occasional sporadic 
cases are still seen and were found in 0.5% to 1.0% of hyper-
tensive subjects in two large series. The pathophysiology of 
hypertension in Cushing’s syndrome overlaps somewhat 
with mineralocorticoid excess states, since excess cortisol 
often overwhelms the capacity of 11β-hydroxysteroid dehy-
drogenase type 2 and can increase circulating levels of 
deoxycorticosterone, which has only mineralocorticoid 
activity.

The full-blown syndrome of hypertension, truncal obesity 
with striae, diabetes, hirsutism, acne, hyperglycemia, hypoka-
lemia, and muscular weakness is less common today than in 
Cushing’s era, and the recommended diagnostic sequence is 
much shorter as well. After an appropriate screening test 
(urinary free cortisol, late night salivary cortisol, or overnight 
dexamethasone suppression test) has positive results, an 
endocrine referral for a second test is recommended, before 
imaging studies are ordered. In some centers, plasma  
corticotropin levels are used to discriminate between 
corticotropin-dependent Cushing’s syndrome (>15 pg/mL, 
probably 85% to 90% of cases) and corticotropin-independent 
Cushing’s syndrome (<5 pg/mL). In the majority of the 
cases, dynamic testing of the hypothalamic-pituitary-adrenal 
axis is performed next, with either a corticotropin-releasing 
hormone test (which assays plasma cortisol and corticotropin 
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patients are traditionally admitted to an intensive care unit 
and given parenteral infusions of short-acting antihyperten-
sive agents to restore autoregulation in vascular beds. This 
is done because historical data from the 1920-1940 era 
(antedating effective antihypertensive drug therapy) showed 
a prognosis similar to that of many cancers. Patients who 
present with very elevated BP levels, but no acute, ongoing 
target-organ damage, were traditionally diagnosed with a 
“hypertensive urgency.” They were observed for a few hours 
after treatment with one or more oral antihypertensive 
agents and then discharged to a site of ongoing care for 
their hypertension.166 This practice is currently undertaken 
for medicolegal reasons, rather than prospective data 
showing that such treatment improves prognosis.167

The initial evaluation of a severely hypertensive patient 
includes a thorough inspection of the optic fundi (looking 
for acute hemorrhages, exudates, or papilledema); a mental 
status assessment; a careful cardiac, pulmonary, and neuro-
logic examination; a quick search for clues that might indi-
cate secondary hypertension (e.g., abdominal bruit, striae, 
radial-femoral delay); and laboratory studies to assess renal 
function (dipstick and microscopic urinalysis, determina-
tion of serum creatinine level).

Several options for intravenous drug treatment exist, but 
nitroprusside is the least expensive and most widely avail-
able. It must be kept in the dark and is metabolized to 
cyanide and/or thiocyanate, particularly during long-term 
infusions. Fenoldopam mesylate, a dopamine-1 agonist, is 
very effective and acutely improves several parameters of 
renal function. Clevidipine is a dihydropyridine (DHP) 
calcium antagonist that is hydrolyzed within minutes by 
ubiquitous serum esterases; it is administered in an emul-
sion containing soy and egg proteins (either of which  
can cause immunologic reactions in allergic patients).  
Clevidipine and its older, longer-acting cousin, nicardipine, 
are often used for patients with coronary disease, because 
the reflex tachycardia is usually offset by coronary vasodila-
tion. Nimodipine is typically used only for subarachnoid 
hemorrhage.

The quickest therapeutic response to a hypertensive 
emergency is required with an acute aortic dissection. In 
this condition the BP should be lowered within 20 minutes 
to a systolic BP below 120 mm Hg, typically with a β-blocker 
(to reduce shear stress on the dissection) and a vasodilator. 
Controversy exists about, if, and when BP lowering is recom-
mended in the setting of an acute ischemic stroke. If the 
patient is a candidate for acute thrombolytic therapy and 
the BP is higher than 180/110 mm Hg, acute BP lowering 
is recommended.

Most U.S. authorities suggested attempting slow  
and gradual BP lowering only if the BP is “very high” (e.g., 
≥180/110 mm Hg) with a short-acting, rapidly titratable 
drug. However, two large, randomized trials done outside 
the United States suggested that BP lowering is safe but does 
not produce significant outcome benefits in either isch-
emic168 or hemorrhagic stroke.169

All other types of hypertensive emergency can be handled 
with a gradual lowering of BP (typically 10% to 15% during 
the first hour and a further 10% to 20% during the next 
hour, for a total of approximately 25%) (Table 47.8).

Frequent monitoring of the patient’s clinical status is 
important, because not all patients can reestablish the 

COARCTATION OF THE AORTA
Although most discrete isthmic constrictions of the aorta 
occur in or near the ductus arteriosus, there is growing 
awareness that this fifth most common form of congenital 
CV disorders constitutes a spectrum of aortic and vasculo-
pathic disorders and is not always “cured” by surgical pro-
cedures that relieve the obstruction. Most patients with the 
condition are hypertensive162 and are diagnosed in infancy 
or childhood, but some escape detection until adulthood. 
Many cases are identified by suggestive physical findings 
(e.g., murmur, BP lower in the legs than the arms, radial-
femoral pulse delay), some after imaging studies done for 
other reasons (e.g., rib notching or a “3” sign on chest 
radiograph, the latter of which results from indentation of 
the aorta, with prestenotic and poststenotic dilation), and 
others during investigation of associated abnormalities 
(e.g., bicuspid aortic valve).

Echocardiography is highly recommended for diagnosis 
and localization of the coarctation, although some patients 
(especially adults and those with associated anomalies) may 
require cardiac catheterization. Most pediatric patients 
undergo percutaneous catheter balloon dilation with stent 
placement; this can be followed by definitive surgical cor-
rection later, if needed. In a systematic review, 25% to 68% 
of patients with a coarctation had persistent hypertension 
despite satisfactory procedure results, with age at the time 
of surgery, age at follow-up, and the type of intervention 
being strong predictors of persistent hypertension.163 A 
β-blocker can lower BP, and is often used in patients with 
coarctation, but this is not an indication approved by the 
U.S. Food and Drug Administration.

ACROMEGALY
Hypertension occurs in more than 40% of patients with 
excessive growth hormone release causing acromegaly, and 
it can be exacerbated by concomitant sleep apnea.164 Most 
such patients are easily identified by symptoms or signs of 
acral bony overgrowth, particularly in children or adoles-
cents before epiphyseal closure, although some patients 
ignore or tolerate these changes for a decade or more. The 
vast majority (98%) of cases are caused by a pituitary 
adenoma; serum insulin-like growth factor-1 is the most 
useful initial laboratory screening test, although other tests 
(including the response of plasma growth hormone levels 
to an oral 75-g glucose load and prolactin levels) are often 
performed.

As with coarctation, successful treatment of acromegaly 
usually lowers BP, but hypertension often persists, especially 
in older and overweight patients.165 No specific antihyper-
tensive drug therapy seems to be more effective than others, 
but because acromegaly is a very unusual cause of resistant 
hypertension, antihypertensive drug therapy is usually 
effective.

HYPERTENSIVE URGENCY  
AND EMERGENCY

A hypertensive emergency is the combination of elevated 
BP levels (with no specific diagnostic BP level) and signs or 
symptoms of acute, ongoing target-organ damage. Such 
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patients are able to avoid dialysis (and a remarkable few 
even discontinue it) in the long term if BP is carefully and 
well controlled during follow-up.

Hypertensive crises resulting from catecholamine excess 
states (e.g., pheochromocytoma, monoamine oxidase inhib-
itor crisis, cocaine intoxication) are most appropriately 
managed with an intravenous α-blocker (e.g., phentol-
amine), with a β-blocker added later, if needed. Many 
patients with severe hypertension caused by sudden with-
drawal of antihypertensive agents (e.g., clonidine) are easily 
managed by giving one acute dose of the missed drug.

Hypertensive crises during pregnancy must be managed 
in a more careful and conservative manner because of the 
presence of the fetus. Magnesium sulfate, methyldopa, and 
hydralazine are the drugs of choice, with oral labetalol  
and nifedipine being drugs of second choice in the  
United States; nitroprusside, ACEIs, and ARBs are contrain-
dicated.22 Delivery of the infant is often hastened by the 
obstetrician to assist in management of hypertension in 
pregnancy.

Whether hypertensive urgencies (elevated BP, but without 
acute ongoing target-organ damage) require acute treat-
ment is controversial, as there is no evidence that such 
treatment improves prognosis. The BP in many such patients 
spontaneously falls during a 30-minute period of quiet rest. 

normal autoregulatory capacity of the circulation in impor-
tant vascular beds during the same short time period. 
Because hypertensive encephalopathy is a diagnosis of 
exclusion, it is often very rewarding to monitor these patients 
closely, since their mental status improves markedly (and 
usually rather quickly) as the BP is carefully lowered.

Patients who present with hypertensive crises involving 
cardiac ischemia/infarction or pulmonary edema can  
be managed with nitroglycerin, clevidipine, nicardipine,  
or nitroprusside, although typically a combination of  
drugs (including an ACEI for heart failure or left ventricular 
systolic dysfunction) is used in these settings. Efforts to  
preserve myocardium and open the obstructed coronary 
artery (by thrombolysis, angioplasty, or surgery) also are 
indicated.

Hypertensive emergency involving the kidney commonly 
is followed by a further deterioration in renal function even 
when BP is lowered properly. The most important predictor 
of the need for acute dialysis is not the BP level, but instead 
the degree of renal dysfunction (both eGFR and degree of 
albuminuria). Some physicians prefer fenoldopam to nicar-
dipine or nitroprusside in this setting because of its lack of 
toxic metabolites and specific renal vasodilating effects.170 
The need for acute dialysis often is precipitated by BP reduc-
tion in patients with preexisting stage 3 to 5 CKD, but many 

Table 47.8 Various Types of Hypertensive Emergencies, Therapies, and Target Blood Pressures

Type of Emergency Drug of Choice Blood Pressure Target

Aortic dissection β-Blocker plus nitroprusside* 120 mm Hg systolic in 20 min (if possible)

Cardiac

Ischemia/infarction Nitroglycerin, nitroprusside* 
nicardipine, or clevidipine

Cessation of ischemia

Heart failure (or pulmonary edema) Nitroprusside* and/or 
nitroglycerin

Improvement in failure (typically only a 10%-15% decrease is 
required)

Hemorrhagic

Epistaxis, gross hematuria, or 
threatened suture lines

Any (perhaps with anxiolytic 
agent)

To decrease bleeding rate (typically only 10%-15% reduction 
over 1-2 hr is required)

Obstetric

Eclampsia or preeclampsia MgSO4, hydralazine, methyldopa Typically <90 mm Hg diastolic, but often lower

Catecholamine Excess States

Pheochromocytoma Phentolamine To control paroxysms
Drug withdrawal Drug withdrawn Typically only one dose necessary
Cocaine (and similar drugs) Phentolamine Typically only 10%-15% reduction over 1-2 hr

Renal

Major hematuria or acute kidney 
injury

Nitroprusside,* Fenoldopam 0%-25% reduction in mean arterial pressure over 1-12 hr

Neurologic

Hypertensive encephalopathy Nitroprusside* 25% reduction over 2-3 hr
Acute head injury/trauma Nitroprusside* 0%-25% reduction over 2-3 hr (controversial)

*Many physicians prefer an intravenous infusion of either clevidipine, fenoldopam, or nicardipine, none of which has potentially toxic 
metabolites, over nitroprusside, especially if a long duration of treatment is planned. Acute improvements in renal function occur during 
therapy with fenoldopam, but not with nitroprusside.
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Conversely, immediate-release nifedipine capsules can cause 
precipitous hypotension, stroke, myocardial infarction, and 
death. According to the U.S. Food and Drug Administra-
tion, they “should be used with great caution, if at all.” In 
such instances, true “hypotension” (e.g., systolic BP < 
90 mm Hg) may not be observed, yet the BP may fall below 
the autoregulatory threshold (which is likely different for 
every patient, and unknown to the treating physician until 
it is surpassed), precipitating ischemia.

Clonidine, captopril, labetalol, several other short-acting 
antihypertensive drugs, and even amlodipine, have been 
used in this setting, but none has a clear advantage over the 
others, and each is usually effective in most patients. The 
most important aspect of managing a hypertensive urgency 
is to refer the patient to a good source of ongoing care for 
hypertension, where adherence to antihypertensive therapy 
during long-term follow-up will be more likely.

In short, patients presenting with a hypertensive emer-
gency should be diagnosed quickly and started promptly on 
effective parenteral therapy (often nitroprusside 0.5 µg/kg/
min) in an intensive care unit. BP should be reduced 
approximately 25% gradually over 2 to 3 hours. Oral  
antihypertensive therapy should be instituted, usually  
after approximately 8 to 24 hours of parenteral therapy; 
evaluation for secondary causes of hypertension may be 
considered after transfer from the intensive care unit. 
Because of advances in antihypertensive therapy and  
management, “malignant hypertension” is a term that 
should be relegated to the dustbin of history (and used only 
by billers and coders), as the prognosis of patients with this 
condition has improved greatly since the term was intro-
duced in 1927.

CLINICAL OUTCOME TRIALS

There are hundreds of clinical studies that have evaluated 
the efficacy and safety of the eight different classes of anti-
hypertensive medications. All BP-lowering agents need to 
have at least two appropriately powered, placebo-controlled 
studies to meet specific U.S. Food and Drug Administration 
criteria for approval as antihypertensive agents. This chapter 
will not focus on the details of these studies but rather on 
data supporting BP reductions with certain BP-lowering 
classes and the impact of CKD progression as well as trials 
evaluating CV outcomes in patients with kidney disease. 
This section will not be an exhaustive evaluation of all CV 
end point trials but rather focus on trials associated with 
renal outcomes or CV outcome trials with substudies in 
patients with kidney disease.

Meta-analyses of all commonly used antihypertensive 
drug classes demonstrate that, regardless of the agent used, 
reduction in BP corresponds to reduction in CV events if 
BP reduction is achieved.171,172 This reduction in CV risk, 
however, is predominantly seen in people with stage 2 hyper-
tension with much less outcome data to support risk reduc-
tion in stage 1 hypertension.

Events that drive the risk reduction are derived predomi-
nantly from reduced incidence of stroke, myocardial  
infarction, and heart failure. In all trials to date it is the 
group with the best overall BP control that has the best 
outcomes.173 An exception to this generalization is Avoiding 

Cardiovascular Events Through Combination Therapy in 
Patients Living with Systolic Hypertension (ACCOMPLISH), 
a CV outcome trial in over 11,000 people. In this trial both 
groups had similar BP control, and both randomized to the 
same ACEI (benazepril), yet the group initially randomized 
to a single-pill combination of benazepril with a calcium 
antagonist had a 20% CV risk reduction compared to the 
ACEI plus diuretic group.174 This benefit by the benazepril-
amlodipine combination was extended to slowing CKD pro-
gression as well.175

Almost all people with an eGFR of less than 60 mL/
min/1.73 m2 and hypertension will require two or more 
medications to achieve a BP goal of less than 140/90 mm Hg. 
Single-pill combinations, including the matching of an 
RAAS blocker with either a calcium antagonist or diuretic, 
are preferred agents.176 These combinations when given, 
generally in an additive fashion, reduce CV events and CKD 
progression.7 Other combinations that are efficacious for 
reducing BP but not tested in clinical trials include β-blockers 
with DHP calcium antagonist and DHP calcium antagonists 
with diuretics.176

There have been a number of trials assessing both CV 
outcome and changes in CKD progression. All these trials 
assume adherence with antihypertensive medications. 
However, according to one report, only 71% of subjects with 
hypertension in the United States are on treatment, and 
only 48% have their BP under adequate (<140/90 mm Hg) 
control. Moreover, two separate studies, one in the United 
Kingdom and the other in Germany, evaluating medication 
adherence, showed that only approximately 45% of patients 
who claimed to be taking BP-lowering medication actually 
were, as assessed by urine analysis of drug metabolites.177,178 
Although there has been significant reduction in the age-
adjusted death rate for stroke and coronary artery disease 
since the early 1980s as a result of better BP control (and 
better treatment of other risk factors such as hyperlipid-
emia), heart disease and stroke remain the first and third 
leading causes of death in Western countries. This empha-
sizes the importance of identifying and treating patients 
with hypertension. This section will discuss outcome trials 
focused on BP reduction that evaluated CKD progression as 
well as CV outcomes in people with CKD.

BLOOD PRESSURE CONTROL AND CHRONIC 
KIDNEY DISEASE PROGRESSION

There is clear evidence that partial blockade of the RAAS 
slows nephropathy progression among those with stage 3 or 
higher proteinuric kidney disease. While there is no evi-
dence as to whether an ACEI or ARB yields a better CKD 
outcome, it is clear that both classes have similar benefits 
between trials.

It is also clear that a lower level of BP does not slow 
nephropathy progression. Three prospective randomized 
long-term CKD outcome trials in nondiabetic kidney  
disease failed to show a benefit on slowing nephropathy 
progression among the groups with the lower BP.158,179,180 
Hence, the updated KDIGO BP guidelines recommend a  
BP goal of less than 140/90 mm Hg in those with CKD and 
is backed by the highest level of evidence. The previous goal 
of less than 130/80 mm Hg has a much lower level of evi-
dence and is endorsed in the presence of a very high urine 
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failure of nocturnal dipping were the two most common 
reasons for poor out-of-office BP control.

Further studies were performed to assess whether change 
in antihypertensive dose timing corrected the failure of noc-
turnal dipping, and the results were negative.183 In contrast, 
studies performed in Spain in white patients with CKD 
stages 2 to 3b demonstrate an improvement in dipping 
status when dosing BP medications at night.184

RAMIPRIL EFFICACY IN NEPHROPATHY TRIAL
This multicenter, randomized controlled trial was con-
ducted in Italy among patients with proteinuria associated 
with immunoglobulin A nephropathy who were receiving 
background treatment with the ACEI ramipril (2.5 to 5 mg/
day). The aim was to assess the effect of intensified versus 
conventional BP control on progression to end-stage kidney 
disease. Subjects were randomly assigned to either conven-
tional (diastolic < 90 mm Hg; n = 169) or intensified 
(systolic/diastolic < 130/80 mm Hg; n = 169) BP control. 
To achieve the intensified BP level, patients received  
add-on therapy with the DCCB, felodipine (5 to 10 mg/
day). The primary outcome measure was time to end-stage 
kidney disease over 36 months’ follow-up. The authors 
found that over a median follow-up of 19 months 38 out of 
167 (23%) patients assigned to intensified BP control and 
34 out of 168 (20%) allocated conventional control pro-
gressed to end-stage kidney disease (HR, 1.00; 95% confi-
dence interval [CI], 0.61 to 1.64; P = 0.99). Hence, there 
was no benefit of aggressive BP lowering in slowing this 
nondiabetic nephropathy.

DIABETES

There are no randomized trials of BP level and CKD 
outcome among patients with diabetes. The lower-goal BP 
in diabetes resulted from post hoc analyses of trials that 
evaluated CV outcomes in subjects with diabetic kidney 
disease. All these studies showed a benefit on CV risk reduc-
tion and some in slowing CKD progression in the group 
randomized to the lower pressures.

A key study that many have used to argue for a lower BP 
in diabetes is the Hypertension Optimal Treatment (HOT) 
trial. This was the first CV outcome trial that evaluated dif-
ferent levels of diastolic BP (80 mm Hg, 85 mm Hg, and 
90 mm Hg) in 18,790 patients with hypertension, from 26 
countries, mean age 61.5 years. Felodipine was given as 
baseline therapy with the addition of other agents, accord-
ing to a five-step regimen. In the subgroup of patients with 
diabetes mellitus there was a 51% reduction in major CV 
events in the target group of 80 mm Hg or less compared 
with the target group of 90 mm Hg or less (P for trend = 
0.005). Nevertheless, if the primary end point of the trial 
fails to reach statistical significance on CV outcome at the 
lowest randomized BP level, the diabetes subgroup cannot 
be considered positive even if significant as the hypothesis 
tested did not specifically apply to this subgroup.

The Ongoing Telmisartan Alone and in combination with 
Ramipril Global Endpoint Trial (ONTARGET) and the 
International Verapamil-Trandolapril Study (INVEST),  
like the Action to Control Cardiovascular Risk in Diabetes 
(ACCORD) trial, failed to show a benefit on CV out-
comes.185-187 Taken together, these three studies demonstrate 

albumin level (>300 mg/day), and even then the evidence 
level is low.

TRIALS IN NONDIABETIC CHRONIC KIDNEY 
DISEASE THAT CONTRIBUTED TO BLOOD 
PRESSURE GOAL

MODIFICATION OF DIET IN RENAL DISEASE STUDY
This was the first appropriately powered study to test whether 
a lower BP goal was associated with a slower progression of 
CKD. A low BP goal (target mean arterial pressure ≤ 92 mm Hg 
for patients ≤ 60 years old or 98 mm Hg for patients ≥ 61 years 
old) was associated with a significant reduction in protein-
uria and to a slower subsequent decline in GFR, albeit not 
significant compared to the higher pressure group with a 
mean arterial pressure of 102 to 107 mm Hg.

THE AFRICAN AMERICAN STUDY OF KIDNEY 
DISEASE AND HYPERTENSION
The effect of antihypertensive therapy on the progression 
of CKD secondary to hypertension is more controversial. In 
the Multiple Risk Factor Intervention Trial (MRFIT), where 
thiazide diuretics and β-blockers were primarily used to 
control BP, slowing or stabilization of kidney function was 
not seen in African American men but was seen in all other 
racial groups studied.181

In the African American Study of Kidney Disease and 
Hypertension (AASK), the use of an ACEI (ramipril) was 
found to be more effective at slowing CKD progression 
compared to either the dihydropyridine CCB (DCCB), 
amlodipine, or metoprolol30 (Figure 47.13). This trial in 
over 1000 African Americans failed to show superior protec-
tion with BP reduced to levels below 130/80 mm Hg com-
pared to conventional BP targets of 140/90 mm Hg in 
subjects with hypertensive nephrosclerosis. Masked hyper-
tension may be a confounder to these outcomes. A subanaly-
sis of over 50% of the AASK participants who had 24-hour 
ABPM showed inadequate 24-hour BP control in approxi-
mately 36% of the cohort.182 Masked hypertension and 

Figure 47.13  Composite primary clinical end point decline  in glo-
merular  filtration  rate,  end-stage  kidney  disease,  or  death  in  the 
African American Study of Kidney Disease. BP, Blood pressure; RR, 
relative risk. 
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no additional benefit of BP lowering below 130/80 mm Hg 
on CV risk reduction compared to being 130-139/80-
85 mm Hg (Table 47.9).

INVEST also demonstrated an increase in CV events at 
systolic BP levels below 115 mm Hg, although 100% of these 
patients had coronary artery disease. The exception, 
however, is stroke reduction, which in ACCORD demon-
strated a linear benefit between level of BP and risk reduc-
tion; this was not seen in the INVEST analysis but was seen 
in the ACCOMPLISH analysis188 (Figure 47.14).

The only prospective outcome trials that randomized 
groups to different BP levels and were powered statistically 
for CV outcomes were United Kingdom Prospective Diabe-
tes Study (UKPDS) and ACCORD. However, only the inten-
sive treatment group in the ACCORD study attained a BP 
of less than 130/80 mm Hg.187,189

In ACCORD there was no significant difference in the 
primary end point, all-cause and CV mortality, between the 
standard and intensive BP groups. Moreover, there was  
a significantly higher side-effect profile in the intensive 
treatment group. A post hoc analysis evaluated CV outcomes 
in patients with and without CKD (eGFR < 60 mL/
min/1.73 m2).

Renal function data were available on 10,136 patients of 
the original ACCORD cohort. Of those, 6506 were free of 
CKD at baseline and 3636 met the criteria for CKD. Risk for 
the primary outcome was 87% higher in patients with CKD 

Table 47.9 Achieved Blood Pressure Levels in 
Diabetes Outcome Clinical Trials

Clinical Outcome Trial

Achieved Level of Systolic 
Blood Pressure
(mm Hg)

ACCORD (primary 119 (intensive); 133 (conventional)
UKPDS (primary) 144 (intensive); 154 (conventional)
ACCOMPLISH 

(secondary)
Overall mean 133

INVEST (secondary) 144 (tight control); 149 
(conventional)

ONTARGET (secondary) Averaging approximately 140
VADT (secondary) 127 (intensive); 125 (conventional)
ADVANCE (secondary) 145 (in both intensive and 

conventional glucose control)

ACCOMPLISH, Avoiding Cardiovascular Events Through 
Combination Therapy in Patients Living with Systolic 
Hypertension; ACCORD, Action to Control Cardiovascular Risk 
in Diabetes; ADVADT, Veterans Affairs Diabetes Trial; 
ADVANCE, Action in Diabetes and Vascular Disease: Preterax 
and Diamicron Modified Release Controlled Evaluation; 
INVEST, International Verapamil-Trandolapril Study; 
ONTARGET, Ongoing Telmisartan Alone and in combination 
with Ramipril Global EndpoinT trial; UKPDS, United Kingdom 
Prospective Diabetes Study.

Figure 47.14  Event rates (per 1000 patient-years)  for major clinical outcomes in the Avoiding Cardiovascular Events Through Combination 
Therapy in Patients Living with Systolic Hypertension (ACCOMPLISH) trial categorized by systolic pressure. NS, Not significant. 
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The Captopril Trial

The first clinical outcome trial to put RAAS blocking agents 
on the map for slowing CKD progression was this trial in 
1993. It was a randomized, controlled trial comparing cap-
topril with placebo in 472 patients with hypertension and 
type 1 diabetes in whom urinary protein excretion was 
greater than 500 mg/day and the serum creatinine concen-
tration less than 2.5 mg/dL.195 The primary end point was 
a doubling of the baseline serum creatinine concentration. 
Captopril reduced doubling of serum creatinine concentra-
tion by 48% over placebo (25 patients, captopril group, vs. 
43 patients, placebo group; P = 0.007). The benefit was even 
higher in those with a serum creatinine concentration above 
2 mg/dL. The mean rate of decline in creatinine clearance 
was 11% ± 21% per year in the captopril group and 17% ± 
20% per year in the placebo group (P = 0.03). Captopril 
treatment was associated with a 50% reduction in the risk 
for the combined end points of death, dialysis, and trans-
plantation. There was a 4–mm Hg significantly lower systolic 
BP in the captopril group; however, the benefit was inde-
pendent of this lower BP. To date, this is the only outcome 
trial with an ACEI in advanced nephropathy to be done.

Reduction of Endpoints in Non–Insulin Dependent 
Diabetes Mellitus with the Angiotensin II 
Antagonist Losartan (RENAAL)

The RENAAL study was a randomized, double-blind study 
in 1513 patients comparing losartan (50 to 100 mg once 
daily) with placebo, both taken in addition to conventional 
antihypertensive treatment for a mean of 3.4 years.196 The 
primary outcome was the composite of a doubling of the 
baseline serum creatinine concentration, end-stage kidney 
disease, or death. Secondary end points included a compos-
ite of morbidity and mortality from CV causes, proteinuria, 
and the rate of progression of renal disease. Losartan 
reduced the incidence of a doubling of the serum creatinine 
concentration (risk reduction, 25%; P = 0.006) and end-
stage kidney disease (risk reduction, 28%; P = 0.002) but 
had no effect on the rate of death. The benefit exceeded 
that attributable to changes in BP. The composite of mor-
bidity and mortality from CV causes was similar in the two 
groups, although the rate of first hospitalization for heart 
failure was significantly lower with losartan (risk reduction, 
32%; P =0.005). Proteinuria declined by 35% percent with 
losartan compared to placebo (P < 0.001).

Irbesartan Diabetic Nephropathy Trial

In this study, 1715 patients with hypertension with nephrop-
athy due to type 2 diabetes were randomized to treatment 
with irbesartan (300 mg daily), amlodipine (10 mg daily), 
or placebo.197 The target BP was 135/85 mm Hg or less in 
all groups. The primary composite end point was a doubling 
of the baseline serum creatinine level, development of end-
stage kidney disease, or death from any cause. We also com-
pared them with regard to the time to a secondary, CV 
composite end point. Treatment with irbesartan had a 20% 
risk reduction of the primary composite end point com-
pared to placebo (P = 0.02) and a 23% lower risk than the 
amlodipine group (P = 0.006) at 2.6 years. The risk for a 
doubling of the serum creatinine level was 33% lower in the 
irbesartan group compared to placebo (P = 0.003), and 37% 

(HR, 1.866; 95% CI, 1.651 to 2.110).190 In patients with CKD, 
compared with standard therapy, intensive lowering of 
glucose level was significantly associated with both 31% 
higher all-cause mortality (HR, 1.306; CI, 1.065 to 1.600) 
and 41% higher CV mortality (HR, 1.412; CI, 1.052 to 
1.892). This study confirms a higher CV risk in patients with 
CKD and that intensive glycemic control increases risk for 
CV and all-cause mortality in diabetes.

The UKPDS did not show a benefit from the lower BP 
group, which averaged above 140/90 mm Hg (see Table 
47.9). Additional findings from post hoc analyses of diabetes 
subgroups of other trials also fail to show benefit of BP  
levels below 130/80 mm Hg, demonstrating additional CV 
outcome benefit except for stroke in most cases.

A number of studies demonstrate that some classes of 
antihypertensive drugs should be used preferentially in 
patients with diabetes who have nephropathy (i.e., blockers 
of the RAAS system). However, this class of agents does not 
possess any specific advantages over other antihypertensive 
classes in people with diabetes who do not have nephropa-
thy. Moreover, there is no evidence that blockers of the 
RAAS system benefit people with normotension with or 
without microalbuminuria from developing declines in 
kidney function.191-193

Many post hoc analyses demonstrate that diuretics  
and β-blockers both worsen blood glucose control among 
those with diabetes and increase the development of new-
onset diabetes in those with impaired fasting glucose. Thia-
zide diuretics worsen glycemic status through hypokalemia 
and other mechanisms related to increased visceral adipos-
ity. β-Blockers that result in vasoconstriction, such as meto-
prolol and atenolol, worsen insulin sensitivity. The 
vasodilating β-blockers, such as carvedilol and nebivolol, 
have neutral effects on glycemic control and increase insulin 
sensitivity.

Post hoc analyses of two different CV outcome trials note 
that CV event rates were not higher in the diuretic group 
in spite of a higher incidence of new-onset diabetes. An 
analysis of the Antihypertensive and Lipid-Lowering Treat-
ment to Prevent Heart Attack Trial (ALLHAT) subgroup 
with diabetes failed to show a higher CV event rate in the 
diuretic group even though they had the greatest worsening 
of glycemic control.27 Note that blood glucose level was 
managed in this trial. In a 12-year follow-up of the ALLHAT, 
participants on chlorthalidone with incident diabetes had 
consistently lower, nonsignificant risk for CV disease mortal-
ity versus no diabetes or participants on amlodipine or 
lisinopril with incident diabetes.194 Moreover, participants 
with incident diabetes had elevated coronary heart disease 
risk compared with those with no diabetes, but those on 
chlorthalidone had significantly lower risk for events com-
pared to those on lisinopril. Thus, thiazide-related incident 
diabetes has less adverse long-term CV disease impact than 
incident diabetes that develops while on other antihyperten-
sive medications.

CHRONIC KIDNEY DISEASE HARD END POINT  
TRIALS IN DIABETES
While there are many studies that evaluate changes in albu-
minuria and changes in eGFR, there are four CKD outcome 
trials statistically powered for meaningful outcomes on CKD 
progression; those trials are discussed in this section.
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ALBUMINURIA, BLOOD PRESSURE, AND  
DIABETIC NEPHROPATHY

We will not discuss trials of microalbuminuria and BP as it 
is well documented that BP reduction with all antihyperten-
sive drug classes reduces microalbuminuria.191 The excep-
tion for antihypertensive agents on very high albuminuria 
reduction are summarized in Table 47.10. These findings 
hold predominantly for those with more than 500 mg/day 
of albumin.

An analysis performed in 2014 of all studies that used 
microalbuminuria as either synonymous with diabetic 
nephropathy or as an end point implying slowed nephropa-
thy progression are misleading, since the premise that 
microalbuminuria is indicative of kidney disease is highly 
controversial.191,192,200 The rationale for this analysis was 
to review the data on microalbuminuria, an amount of 
albumin in the urine of 30 to 299 mg/day, in patients with 
diabetes in the context of CV risk and development of 
kidney disease. The objective was to review the pathophysiol-
ogy of microalbuminuria in patients with diabetes  
and review the data from trials regarding microalbuminuria 
in the context of risk for CV events or kidney disease 
progression.

The data suggest that microalbuminuria is a risk marker 
for CV events and possibly for kidney disease development. 
Its presence alone, however, does not indicate established 
kidney disease, especially if the eGFR is greater than 60 mL/
min/1.73 m2.191 An increase in microalbuminuria, when BP 
and other risk factors are controlled, portends a poor prog-
nosis for kidney outcomes over time. Early in the course of 
diabetes, aggressive risk factor management focused on gly-
cemic and BP goals is important to delay kidney disease 
development and reduce CV risk. Thus, microalbuminuria 

lower in the irbesartan group than in the amlodipine group 
(P < 0.001). Like the RENAAL trial, there were no signifi-
cant differences in the rates of death from any cause or in 
the CV composite end point. Thus, irbesartan, like losartan, 
is effective in protecting against the progression of nephrop-
athy due to type 2 diabetes.

The next trials examined whether the combination of an 
ACEI and ARB would further slow nephropathy progression 
associated with type 2 diabetes.

Veterans Affairs Nephropathy in Diabetes Trial

The Veterans Affairs Nephropathy in Diabetes (VA 
NEPHRON D) trial studied 1448 male veterans with type 2 
diabetes, hypertension, and nephropathy. They were ran-
domly assigned to either losartan100 mg per day and then 
randomized to receive either lisinopril (at a dose of 10 to 
40 mg per day) or placebo.198 The primary end point was 
the first occurrence of a change in the eGFR (a decline of 
≥30 mL/min/1.73 m2 if the initial eGFR was ≥ 60 mL/
min/1.73 m2 or a decline of ≥50% if the initial eGFR was 
< 60 mL/min/1.73 m2), end-stage kidney disease, or death. 
Safety outcomes included mortality, hyperkalemia, and 
acute kidney injury. The study was stopped early secondary 
to safety concerns with a median follow-up of 2.2 years. 
There was no difference in the primary end points between 
groups (P = 0.30). There was no benefit with respect to 
mortality or CV events. Combination therapy increased the 
risk for hyperkalemia (6.3 events per 100 person-years vs. 
2.6 events per 100 person-years with monotherapy; P < 
0.001) and acute kidney injury (12.2 vs. 6.7 events per 100 
person-years; P < 0.001). Thus, combining an ACEI and an 
ARB is associated with far more risk than benefit in diabetic 
nephropathy irrespective of albuminuria or BP level.

A second study in persons with diabetic nephropathy to 
examine combination therapy was the Aliskiren Trial in 
Type 2 Diabetes Using Cardio-Renal Endpoints (ALTI-
TUDE), although this had as a primary end point a CV 
outcome rather than CKD progression,199 although CKD was 
part of the primary composite outcome.

This was a double-blind randomized trial of 8561 patients 
allocated to aliskiren (300 mg daily) or placebo as an 
adjunct to background ACEI or an ARB. The primary end 
point was a composite of the time to CV death or a first 
occurrence of cardiac arrest with resuscitation; nonfatal 
myocardial infarction; nonfatal stroke; unplanned hospital-
ization for heart failure; end-stage kidney disease, death 
attributable to kidney failure, or the need for renal replace-
ment therapy with no dialysis or transplantation available or 
initiated; or doubling of the baseline serum creatinine level.

Like the VA NEPHRON D trial, this trial was also stopped 
prematurely after the second interim efficacy analysis, at a 
median of 32.9 months. The primary reasons for stopping 
were hyperkalemia and hypotension in the combined aliski-
ren group. Moreover, at the time of stopping there was no 
difference in the primary end point between groups (P = 
0.12), nor was there a difference in the secondary renal  
end points. Systolic and diastolic BP levels were lower with 
aliskiren (between-group differences, 1.3 and 0.6 mm Hg, 
respectively), and the mean reduction in the urine albumin 
to creatinine ratio was greater in the aliskiren group. Thus, 
this is the second study that precludes the use of combined 
RAAS blockade in patients with advanced CKD.

Table 47.10 Changes in Proteinuria at Six 
Months to a Year Following 
Treatment Predict Long-Term  
Renal Outcomes

Increased Time to Dialysis
No Change in Time to 
Dialysis

(30%-35% proteinuria 
reduction)

•  AASK Trial (nondiabetic)
•  RENAAL (diabetes)
•  IDNT (diabetes)

(NO proteinuria reduction)
•  DCCB arm-IDNT (diabetes)
•  DCCB arm-AASK 

(nondiabetic)

>30% reduction in proteinuria at 6 months to a year following 
antihypertensive therapy. Effect independent of magnitude of 
blood pressure reduction.

AASK, African American Study of Kidney Disease and 
Hypertension; DCCB, dihydropyridine calcium channel blocker; 
IDNT, Irbesartan Diabetic Nephropathy Trial; RENAAL, 
Reduction of Endpoints in Non–Insulin Dependent Diabetes 
Mellitus with the Angiotensin II Antagonist Losartan.

From Hart P, Bakris GL: Managing hypertension in the diabetic 
patient. In Egan BM, Basile JN, Lackland DT, editors: Hot 
topics in hypertension, Philadelphia, 2004, Hanley and 
Belfus, pp 249-252.
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diabetes and high CV risk. ONTARGET involved 25,620 
patients extending in a follow-up of more than 5 years. It 
compared the effects of ACEI treatment (ramipril, 10 mg), 
ARB treatment (telmisartan, 80 mg), and treatment with 
the combination of both (an ACEI plus ARB together: 
ramipril 10 mg plus telmisartan 80 mg), in patients at high 
risk for CV disease (population with established coronary 
artery disease, stroke, peripheral vascular disease, or diabe-
tes with end-organ damage). The primary end point of the 
trial was a composite of CV death, myocardial infarction, 
stroke, and hospitalization for heart failure.204 Secondary 
end points included reduction in the development of dia-
betes mellitus, nephropathy, dementia, and atrial fibrilla-
tion. This trial and the parallel study TRANSCEND 
(evaluating 5776 patients unable to tolerate an ACEI  
who have been randomized to receive telmisartan or 
placebo, with the same primary and secondary end points) 
are expected to provide new insights into the optimal treat-
ment of patients at high risk for complications from athero-
sclerosis.205 These are the largest ARB clinical trials ever 
conducted.

ADVANCE TRIAL
In the Action in Diabetes and Vascular Disease: Preterax and 
Diamicron Modified Release Controlled Evaluation 
(ADVANCE) factorial trial, the combination of perindopril 
and indapamide reduced mortality among patients with 
type 2 diabetes.206 While this trial did not randomize to dif-
ferent levels of BP control, it did maintain systolic BP control 
to levels below 140 mm Hg. After a 6-year posttrial follow-up, 
surviving participants were invited for reassessment. The 
primary end points were death from any cause and major 
macrovascular events. The authors found the baseline char-
acteristics similar among the 11,140 patients who originally 
underwent randomization and the 8494 patients who par-
ticipated in the posttrial follow-up for a median of 5.9 years 
(blood pressure–lowering comparison) or 5.4 years (glucose 
control comparison). Between-group differences in BP and 
glycated hemoglobin levels during the trial were no longer 
evident by the first posttrial visit. The reductions in the risk 
for death from any cause and of death from CV causes that 
had been observed in the group receiving active blood 
pressure–lowering treatment during the trial were attenu-
ated but significant at the end of the posttrial follow-up 
period (P = 0.04). Thus, in this long-term diabetes trial the 
mortality benefits originally observed among patients 
assigned to blood pressure–lowering therapy were attenu-
ated but still evident.

CLINICAL TRIALS IN OLDER ADULTS

According to the latest NHANES,207 67% of adults aged 60 
years and older were found to be hypertensive, and with 
increasing age, not only is it more likely that someone will 
develop hypertension, but the person’s risk for dying from 
CV disease is increased, even during the prehypertensive 
range9,208 (see Figure 47.4). Despite the relative high inci-
dence of hypertension, older adults are not represented in 
clinical trials as the trials have upper age limits or do not 
present age-specific results.

All major clinical trials involving persons older than 65 
years are summarized in Table 47.11. Most patients recruited 

is a marker of CV disease risk and should be monitored per 
guidelines once or twice a year for progression to very high 
albuminuria and kidney disease development, especially if 
levels of plasma glucose, lipids, and BP are at guideline 
goals.

There are two statistically powered studies in patients with 
hypertension who have a very high urine albumin level that 
demonstrated nice reductions in the level.201,202 Both these 
studies had greater than 300 mg/day baseline levels of 
albuminuria.

A TRIAL TO COMPARE TELMISARTAN VERSUS 
LOSARTAN IN PATIENTS WITH HYPERTENSION WITH 
TYPE 2 DIABETES WITH OVERT NEPHROPATHY
Two different ARBs were compared in a double-blind, pro-
spective trial of 860 patients with type 2 diabetes whose BP 
levels were over 130/80 mm Hg or who were receiving anti-
hypertensive medication and had a morning spot urine 
albumin to creatinine ratio of 700 or more. Patients were 
randomized to telmisartan or losartan.202 The primary end 
point was the difference in the urine albumin to creatinine 
ratio between the groups at 52 weeks. The geometric coef-
ficient of variation and the mean of the urine albumin to 
creatinine ratio fell in both groups at 52 weeks, but both 
were significantly greater for the telmisartan compared to 
losartan. Mean systolic BP reductions were not significantly 
different between groups at the end of the trial. This trial 
suggests that longer-acting telmisartan is superior to losar-
tan in reducing albuminuria in patients with hypertension 
with diabetic nephropathy, despite a similar reduction in BP. 
Keep in mind that there are no renal outcome studies 
powered with telmisartan. However, there is a renal substudy 
of the ONTARGET study that shows a similar effect in albu-
minuria reduction between ramipril and telmisartan with 
the combined group having the greatest reduction but the 
worst outcome.203

A second trial that compared the effects of BP lowering 
albuminuria reduction in diabetic nephropathy was the 
Gauging Albuminuria Reduction with Lotrel in Diabetic 
Patients with Hypertension (GUARD) trial.201 This double-
blind, randomized controlled trial of 322 patients with 
hypertension, albuminuria, and type 2 diabetes tested the 
hypothesis that combining an ACEI with either a thiazide 
diuretic or a CCB will result in similar reductions in BP and 
albuminuria. Groups were randomized to either benazepril 
plus amlodipine or benazepril plus hydrochlorothiazide for 
1 year. The trial employed a noninferiority design. Both 
combinations significantly reduced the urine albumin to 
creatinine ratio and sitting BP of the entire cohort. The 
percentage of patients progressing to overt proteinuria was 
similar for both groups. When only patients with microalbu-
minuria and hypertension were examined, a larger percent-
age of patients receiving the diuretic and ACEI normalized 
their albuminuria. In contrast, BP reduction, particularly 
the diastolic component, favored the combination with 
amlodipine. This finding was also seen in the large CV 
outcome trial ACCOMPLISH. Hence, reductions in albu-
minuria are NOT a surrogate for CV or CKD outcomes, as 
discussed earlier.

ONTARGET and Telmisartan Randomized Assessment 
Study in ACE Intolerant Subjects with Cardiovascular 
Disease (TRANSCEND) also studied many patients with 
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two studies showed no additional benefit of achieving a  
BP of less than 140/90 mm Hg compared to less than 
150/90 mm Hg.

A concern in patients with isolated systolic hypertension 
is the reduction of diastolic BP after initiation of antihyper-
tensive therapy. A diastolic BP that is too low may interfere 
with coronary perfusion and possibly increase CV risk. The 
relationship between diastolic BP and CV death, particularly 
myocardial infarction, is like a J-shaped curve; thus, exces-
sive reduction in diastolic pressures should be avoided in 
patients with coronary artery disease who are being treated 
for hypertension. A BP of 119/84 mm Hg was identified as 
a nadir when treating patients with coronary artery disease213; 
however, among patients with CKD, a nadir of 131/71 mm Hg 
was identified as a level below which higher CV mortality 
was present214 (Figure 47.15).

When treating patients with isolated systolic hyperten-
sion, the JNC 7 suggests a minimum posttreatment diastolic 
BP of 60 mm Hg overall or perhaps 65 mm Hg in patients 
with known coronary artery disease,8 unless symptoms that 
could be attributed to hypoperfusion occur at higher pres-
sures. This was seen in the findings of the SHEP trial,215 
where older patients with lower diastolic BP have higher CV 
event rates.

Additionally, in some trials involving older individuals, 
there is concern about thiazide diuretic use, hyponatremia, 
and worsening of kidney function in subjects with hyperten-
sion. In the European Working Party on High Blood 

in these trials prior to Hypertension in the Very Elderly Trial 
(HYVET) were less than 80 years of age, limiting informa-
tion about octogenarians.23 Results in these trials showed 
reduction in the incidence of both stroke and CV morbidity, 
but a trend toward an increase in all-cause mortality. Previ-
ous clinical trials showed that lowering BP in older adults 
has no effect on overall mortality or on the incidence of 
fatal or nonfatal myocardial infarction.209,210 However, there 
was a benefit in stroke outcomes. Thus, clinical practice 
guidelines prior to HYVET and subsequently the American 
College of Cardiology (ACC)/AHA recommended that in 
subjects aged 80 years and above “evidence for benefits of 
anti-hypertensive treatment is as yet inconclusive.”8

The release of the HYVET,23 and the subsequent publica-
tion of the “ACCF/AHA 2011 Expert Consensus Document 
on Hypertension in the Elderly,”211 changed the manage-
ment of hypertension particularly in patients more than 80 
years old. The 2014 expert panel recommended that older 
adults, aged 60 or greater, have a BP goal of less than 
150/90 mm Hg. This was based on a review of five trials, 
only two of which randomized to different BP levels that 
were below a systolic of 140 mm Hg. The trials were SHEP, 
Systolic Hypertension in Europe (Syst-Eur), HYVET, Japa-
nese Trial to Assess Optimal Systolic Blood Pressure in 
Elderly Hypertensive Patients (JATOS), and Valsartan in 
Elderly Isolated Systolic Hypertension (VALISH)212 (see 
Table 47.11). Both randomized BP trials with the lower  
BP levels were carried out in Japan. The results from these 

Table 47.11 Clinical Trials in Older Adults

Clinical Trials Mean Age N Drugs Used
Achieved BP 
(Control)

Achieved 
BP (Rx) Outcome

EWHPE, 1985 72 840 HCTZ + triamterene, ± 
methyldopa

159/85 155/84 + CV risk reduction

Coope and Warrender 
trial, 1986

68 884 Atenolol ± bendrofluazide 180/89 178/87 Stroke reduction

SHEP, 1991 72 4736 Chlorthalidone ± atenolol 
or reserpine

155/72 143/68 Stroke reduction

STOP, 1991 72 1627 Atenolol ± HCTZ or 
amiloride

161/97 159/81 Stroke and MI reduction

MRC, 1992 70 3496 HCTZ ± amiloride vs. 
atenolol

≈169/79 ≈150/80 Stroke, MI, and CHD 
reduction

CASTEL, 1994 83 665 Clonidine, nifedipine and 
atenolol + chlorthalidone

181/97 165.2/85.6 Reduced mortality

STONE, 1996 67 1632 Nifedipine 155/87 147/85 Stroke and CV event 
reduction

Syst-Eur, 1997 70 4695 Nitrendipine + enalapril or 
HCTZ

161/94 151/79 Stroke and CVD reduction

Syst-China, 2000 67 2394 Nitrendipine + captopril or 
HCTZ

178/93 151/76 Stroke, CVD, and HF 
reduction

HYVET, 2008 84 3845 Indapamide + perindopril 158.5/84 143/78 Stroke and HF reduction
JATOS, 2008 75 4418 Efonidipine hydrochloride 145.6/78.1 136/74 No difference between 

aggressive BP on renal 
and CV events

BP, Blood pressure; CASTEL, Cardiovascular Study in the Elderly; CHD, coronary heart disease; CV, cardiovascular; CVD, cardiovascular 
disease; EWHPE, European Working Party on High Blood Pressure in the Elderly; HCTZ, hydrochlorothiazide; HF, heart failure; HYVET, 
Hypertension in the Very Elderly Trial; JATOS, Japanese Trial to Assess Optimal Systolic Blood Pressure in Elderly Hypertensive Patients; 
MI, myocardial infarction; MRC, Medical Research Council; Rx, medication; SHEP, Systolic Hypertension in the Elderly Program; STONE, 
Shanghai Trial of Nifedipine in the Elderly; STOP, Hypertension, Swedish Trail in Old Patients with Hypertension; Syst-China, Systolic 
Hypertension in China; Syst-Eur, Systolic Hypertension in Europe.
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that systolic BP goals of less than 140 mm Hg did not have 
any statistical significance in the CV mortality of patients 
older than 65 years.218

There are no specific trials powered to assess CKD pro-
gression in older people. There are prespecified and post 
hoc analyses of trials where the mean age is above 65 exam-
ining changes in CKD progression. A notable example is the 
prespecified analysis of the ACCOMPLISH trial, where 
more than 40% of the people with CKD were age 70 or 
greater. This trial showed a benefit of the RAAS blocker–
CCB combination over the RAAS blocker–diuretic for 
slowing progression and time to dialysis (see Table 47.11).175 
A post hoc analysis of the ALLHAT study in people over 65 
years also showed that BP control slowed progression.219 In 
this trial we have no information about albuminuria, 
however.

MANAGEMENT OF HYPERTENSION IN OLDER 
ADULTS WITH CHRONIC KIDNEY DISEASE
Nonpharmacologic Intervention

In the Trial of Nonpharmacologic Interventions in the 
Elderly (TONE),220 the combination of weight loss and 
sodium restriction showed a drop of 5.3 ± 1.2 mm Hg in the 
systolic BP and 3.4 ± 0.8 mm Hg diastolic BP in obese, older 

Pressure in the Elderly trial, a significantly higher incidence 
of impaired kidney function was found in those receiving 
diuretics compared with placebo.216 In the SHEP trial, serum 
creatinine level increased significantly in the subjects treated 
with thiazide diuretics compared to placebo.217 In ALLHAT 
the chlorthalidone-treated group showed worse kidney 
function than either the amlodipine- or lisinopril-treated 
groups at both the 2- and 4-year end points.187 While this 
could likely be accounted for by volume depletion in many 
cases, diuretics have been shown to induce mild renal injury 
in various animal models, possibly because of hypokalemia, 
hyperuricemia, and stimulation of the RAAS related to the 
reduction in renal perfusion pressure.

The HYVET trial in 2008 changed how hypertension in 
older adults is managed. It randomly assigned almost 4000 
patients who were 80 years old and above and had systolic 
BP above 160 mm Hg to either indapamide or placebo. 
Results of HYVET provided clear evidence that BP lowering 
with treatment using antihypertensive medications is associ-
ated with definite CV benefits. The use of indapamide  
supplemented by perindopril showed reductions in the  
incidence of stroke, congestive heart failure, and CV fatal 
events.23

Stricter BP goals showed no benefit in CV morbidity and 
mortality in older populations. The JATOS study showed 

Figure 47.15  Blood pressure and mortality in U.S. veterans with chronic kidney disease. (Multivariable-adjusted relative hazards [hazard ratios 
(95% confidence intervals)] of all-cause mortality associated with systolic blood pressure (SBP) and diastolic blood pressure (DBP) relative to 
a hypothetical patient with the mean time-varying SBP (133 mm Hg) and DBP (71 mm Hg). 
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calcium antagonists are natriuretic when given initially, but 
the profound vasodilation with poor venous return in older 
people is the major contributor.

First-generation drugs, such as nifedipine, verapamil, and 
diltiazem should be avoided in patients with left ventricular 
dysfunction. Nondihydropyridines can precipitate heart 
blocks in older adults with underlying conduction defects.228

RAAS blockers, such as ACEIs, ARBs, and direct renin 
inhibitors, may be used in older adults.229,230 Theoretically, 
as aging occurs, there is a reduction in angiotensin levels; 
thus, ACEIs may not be an effective medication for hyper-
tension in older adults. However, several clinical trials have 
shown otherwise. The use of ACEIs is beneficial in the 
reduction of morbidity and mortality in patients with myo-
cardial infarction, reduced systolic function, heart failure, 
and reduction in the progression of diabetic renal disease 
and hypertensive nephrosclerosis.231,232 In older patients 
with hypertension and diabetes, ARBs are considered first-
line treatment, and as an alternative to ACEIs in patients 
who cannot tolerate the latter.233

Lastly, it appears that use of a blocker of the RAAS may 
provide greater benefit for CV and renal risk reduction than 
use of a diuretic, based on data from ACCOMPLISH, a large 
outcome trial of 11,506 persons with a mean age of 68 years. 
While there are very few data on kidney disease in older 
adults, ACCOMPLISH234 did provide some evidence worthy 
of being tested in a prospective trial (i.e., that a calcium 
antagonist–ACEI combination led to fewer people going on 
dialysis than a diuretic–ACEI combination) (Table 47.12). 
Note that this outcome could not be explained by differ-
ences in BP of 1.2 mm Hg systolic. It must be noted that 
those over 70 years of age tend to drink small amounts of 
fluid, and hence this makes them more vulnerable to decline 
in kidney function by RAAS blockade, as already discussed. 
Thus it is recommended that they increase their fluid intake 
to prevent volume depletion.

The clinical benefits of β-blockers as monotherapy in 
uncomplicated older patients are poorly documented. They 
may have a role in combination therapy, especially with 
diuretics. β-Blockers have established roles in patients with 
hypertension complicated by certain arrhythmias, migraine 
headaches, senile tremors, coronary artery disease, or heart 
failure.235 Nebivolol, a selective β1-blocker with NO proper-
ties, does not show any associated symptoms of depression, 
sexual dysfunction, dyslipidemia, and hyperglycemia in 
older adults, unlike earlier generations of β-blockers.236,237

Potassium-sparing diuretics are useful when combined 
with other agents. Aldosterone-blocking agents like spirono-
lactone and eplerenone reduce vascular stiffness and  
systolic BP.238,239 They are also useful for patients with hyper-
tension with heart failure or primary hyperaldosteronism. 
Gynecomastia and sexual dysfunction are the limiting 
adverse events, reactions that occur in men using spirono-
lactone but are less frequent with eplerenone. The epithe-
lial sodium transport antagonists (amiloride, triamterene) 
are most useful when combined with another diuretic.

Other agents, such as α-blockers, centrally acting drugs 
(e.g., clonidine), and nonspecific vasodilators (e.g., minoxi-
dil) should not be used as first- or second-line agents in an 
older adult with hypertension. Instead, they are reserved as 
part of a combination regimen to maximize BP control after 
other agents have been deployed.211

patients with hypertension. The goal of sodium restriction 
was 1.8 g/24 hr, and the goal for weight reduction was 10 lb. 
Other lifestyle changes recommended in the older patient 
include watching potassium intake to keep the level of 
serum potassium in a safe range. Patient education about 
high-potassium foods is important. Intake of NSAIDs should 
also be decreased to a minimum, as these patients are more 
likely to take NSAIDs for arthritis and pain. These drugs are 
known to cause elevations in BP by inhibiting the produc-
tion of vasodilatory prostaglandins and may increase BP by 
as much as 6 mm Hg.221,222 Their BP-raising effects can be 
blunted by both calcium antagonists and, to a lesser extent, 
diuretics.223

Pharmacologic Intervention

According to the 2011 ACCF/AHA consensus guidelines, 
the initial antihypertensive drug should be started at the 
lowest dose and gradually increased depending on the BP 
response up to the maximum tolerated dose.211 If the 
response to initial therapy is inadequate after reaching full 
dose (not necessarily the maximum recommended dose), a 
second drug from another class should be added. The full 
dose of the drug is the highest pharmacologic dose of drug 
available, while the maximum dose is the highest dose that 
the person can tolerate without side effects. If the person is 
having no therapeutic response or had significant side 
effects, a drug from another class should be substituted. In 
fact, most older patients require two or more drugs to 
achieve the recommended goals in clinical trials.

Either a diuretic or calcium antagonist may be an initial 
drug, or a diuretic should be one of the first two agents 
when starting combination drugs.12 When the BP is more 
than 20/10 mm Hg above goal, the recommendation is to 
initiate with two antihypertensive medications, with one of 
the choices being a diuretic. Single-pill combinations that 
incorporate logical doses of two agents may enhance conve-
nience and compliance in older patients.211 However, there 
is still a need for individualization of treatment; thus, treat-
ment options should be carefully considered in older adults. 
The benefits of lowering BP must be weighed against the 
risks of side effects and the concomitant morbidity of the 
patient.

Thiazide diuretics such as hydrochlorothiazide, chlortha-
lidone, indapamide, and bendrofluazide, as well as calcium 
antagonists, are recommended for initiating therapy.8,12 
Diuretics cause an initial reduction of intravascular volume, 
peripheral vascular resistance, and BP in more than 50% of 
patients and are well tolerated and inexpensive.224,225 
However, they can cause hypokalemia, hypomagnesemia, 
and hyponatremia and are therefore not recommended in 
patients with baseline electrolyte abnormalities or those 
with a history of hyponatremia. Serum potassium level 
should be monitored, and supplementation should be given 
if needed.211

Calcium antagonists are well suited for older patients 
whose hypertensive profile is based on increasing arterial 
dysfunction secondary to decreased atrial and ventricular 
compliance. This class of drugs dilates coronary and periph-
eral arteries in doses that do not severely affect myocardial 
contractility.226,227 Most adverse effects relate to vasodilation 
like ankle edema, headache, and postural hypotension. 
Ankle edema is not secondary to sodium retention, as 
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Table 47.12 Outcomes in the Intention-to-Treat Population and in Patients Aged 65 Years or Older in the 
ACCOMPLISH Renal Study

Benazepril Plus 
Amlodipine

Benazepril Plus
Hydrochlorothiazide Hazard Ratio (95% CI) P Value

Intention-to-Treat Population (N = 11,506)

Main end point of progression of chronic 
kidney disease

113 (1.97%) 215 (3.73%) 0.52 (0.41-0.65) <0.0001

Doubling of serum creatinine concentration 105 (1.83%) 208 (3.61%) 0.51 (0.39-0.63) <0.0001
Dialysis 7 (0.12%) 13 (0.23%) 0.53 (0.21-1.35) 0.180
eGFR < 15 mL/min/1.73 m2 18 (0.31%) 17 (0.30%) 1.06 (0.54-2.05) 0.868
Progression of chronic kidney disease and 

cardiovascular death
220 (3.83%) 345 (5.99%) 0.63 (0.53-0.74) <0.0001

Progression of chronic kidney disease and 
all-cause mortality

346 (6.02%) 465 (8.07%) 0.73 (0.64-0.84) <0.0001

Patients Aged ≥ 65 Years (n = 7640)

Main end point of progression of chronic 
kidney disease

70 (1.83%) 138 (3.62%) 0.50 (0.37-0.67) <0.0001

Doubling of serum creatinine concentration 66 (1.73%) 132 (3.46%) 0.49 (0.37-0.67) <0.0001
Dialysis 3 (0.08%) 10 (0.26%) 0.30 (0.08-1.09) 0.053
eGFR < 15 mL/min/173 m2 11 (0.29%) 11 (0.29%) 1.00 (0.43-2.31) 0.99
Progression of chronic kidney disease and 

cardiovascular death
160 (4.18%) 234 (6.13%) 0.68 (0.55-0.83) 0.0002

Progression of chronic kidney disease and 
all-cause mortality

266 (6.96%) 327 (8.57%) 0.81 (0.68-0.95) 0.010

ACCOMPLISH, Avoiding Cardiovascular Events Through Combination Therapy in Patients Living with Systolic Hypertension; CI, confidence 
interval; eGFR, estimated glomerular filtration rate.

BLOOD PRESSURE MANAGEMENT IN PATIENTS 
UNDERGOING DIALYSIS

Elevations in BP in dialysis patients are almost exclusively 
due to excessive volume. Hence hypertension control is 
much more a problem in hemodialysis than in peritoneal 
dialysis. There are no large multicenter randomized trials 
in patients undergoing dialysis to evaluate different levels of 
BP on CV outcomes. However, there is a prospective, ran-
domized trial that evaluated the effects of an ACEI versus a 
β-blocker on LVH and as a secondary end point CV mortal-
ity in patients undergoing dialysis.240

The purpose of the study was to determine in 200 hyper-
tensive patients undergoing hemodialysis with echocardio-
graphic LVH whether a β-blocker or an ACEI used for BP 
lowering results in a greater regression of LVH. Subjects 
were randomly assigned to either open-label lisinopril (n = 
100) or atenolol (n = 100), each administered three times 
per week after dialysis. Monthly monitored home BP was 
controlled to less than 140/90 mm Hg with medications, 
dry weight adjustment, and sodium restriction. The primary 
outcome was the change in left ventricular mass index from 
baseline to 12 months. The results demonstrated that there 
was no between-group difference in 44-hour ambulatory BP. 
However, monthly measured home BP was consistently 
higher in the lisinopril group despite the need for both a 
greater number of antihypertensive agents and a greater 
reduction in dry weight. An independent data safety moni-
toring board recommended termination because of CV 
safety. Serious CV events were more prominent in the lisino-
pril group (20 events, atenolol versus 43 events, lisinopril; 

P = 0.001). Combined serious adverse events of myocardial 
infarction, stroke, and hospitalization for heart failure or 
CV death were much lower in the atenolol group (P = 
0.021). Thus it appears that β-blocker therapy is superior to 
RAAS blockade in patients undergoing hemodialysis to 
reduce CV morbidity and all-cause hospitalizations.

Retrospective analysis of patients on hemodialysis support 
other β-blockers such as carvedilol for also lowering CV 
events in patients who were undergoing hemodialysis and 
hypertensive. Japanese investigators further corroborate the 
results supporting β-blocker use in patients undergoing 
dialysis. The effect of β-blocker use on mortality among a 
cohort of patients undergoing hemodialysis was evaluated 
in a database analysis from the Dialysis Outcomes and Prac-
tice Patterns Study phase II of 2286 randomly selected 
patients on hemodialysis in Japan.241 The main outcome 
measure was all-cause mortality. The authors found β-blocker 
use was low (i.e., only 247 patients [10.8%] were adminis-
tered β-blockers, and 1828 patients [80%] were not). A 
Kaplan-Meier analysis revealed that all-cause mortality rates 
were significantly (P < 0.007) decreased in patients treated 
with β-blockers compared to the group not on β-blockers. 
In multivariable, fully adjusted models, treatment with 
β-blockers was also independently associated with reduced 
all-cause mortality (HR, 0.48; P = 0.02).241

Data from the United States Renal Data System demon-
strates a U-shaped relationship between systolic BP goals in 
patients undergoing dialysis and CV outcomes, suggesting 
that BP should be consistently above 120 mm Hg and below 
150 mm Hg.242 A meta-analysis by Agarwal and Sinha of anti-
hypertensive medications in patients undergoing dialysis 
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of clinical trials where hyperkalemia developed when man-
aging hypertension in CKD found three risk predictors. If a 
patient was already receiving an appropriate diuretic for 
level of kidney function, then these were reliable risk predic-
tors for hyperkalemia (i.e., [K+]s > 5.5 mEq/L): (1) eGFR 
of less than 45 mL/min/1.73 m2, (2) serum potassium level 
above 4.5 mEq/L, (c) body mass index of less than 25.246 
Hyperkalemia has limited our ability to assess whether RAAS 
blockers are effective in slowing CKD progression in stage 
3b and higher CKD. Newer agents to manage hyperkalemia 
will open the door to safer management and expanded 
research.247,248

Another nuance in BP management in the patient with 
CKD is the critical importance of sodium restriction to less 
than 2400 mg/day and reduced alcohol consumption, as 
well as aerobic NOT isometric exercise.8,249 Studies evaluat-
ing the effect of sodium intake on BP control in people with 
stage 4 CKD show that approximately every 400 mg above a 
sodium intake base of 3000 mg/day requires an additional 
BP medication to maintain BP control.250 Moreover, failure 
to reduce sodium intake suppresses the RAAS system and 
hence reduces efficacy of RAAS blockers. Thus failure to 
reduce sodium intake is a cause of resistant hypertension as 
noted earlier in the chapter. Additionally, BP targets need 
to be clearly defined and finally, the appropriate antihyper-
tensive agents indicated as initial therapy by evidence based 
guidelines should be used.

The role of initial combination therapy in patients with 
CKD is clear since the guidelines recommend that all people 
with a BP that is 20/10 mm Hg above the goal be initiated 
on single-pill combination therapy to enhance adherence 
and efficacy.7,8,176 Studies evaluating initial monotherapy 
versus single-pill combination on achieving BP goal have 
uniformly shown an advantage to achieving BP goal more 
quickly and with better tolerability.36,251

These new guidelines and concepts have been integrated 
into an algorithm that was in the original National Kidney 
Foundation consensus report. It is meant to provide an 
approach to pharmacologically meaningful agents that 
when combined actually further reduce BP. Table 47.13 

demonstrates that regardless of class, reducing BP reduces 
CV events.243 Data from epidemiologic studies consistently 
show that in patients undergoing maintenance dialysis, low 
BP values are associated with higher death rates when com-
pared with normal to moderately high values.

Based on the available data, no generalizable approach 
can be suggested for all patients undergoing dialysis other 
than to ensure that euvolemia exists by both clinical exami-
nation and perhaps newer techniques of bioimpedance and, 
based on this data, to consider altering antihypertensive 
medications.

MANAGEMENT OF PRIMARY 
HYPERTENSION IN CHRONIC  
KIDNEY DISEASE

There are many guidelines written on the management of 
hypertension in the general population, and those have 
been summarized at the beginning of this chapter. Both the 
Kidney Disease Outcomes Quality Initiative (KDOQI) and 
the KDIGO guidelines focus on the evidence for certain BP 
levels and classes of medication in patients with CKD. These 
guidelines have also been discussed in this chapter. To sum-
marize the key findings, the strongest level of evidence sup-
ports a BP goal below 140/90 mm Hg and the use of 
RAAS-blocking agents in people with stage 3 or higher CKD 
who have very high albuminuria. Nevertheless, there is 
weaker evidence to support RAAS-blocker use in people 
with CKD in general, as well as very weak evidence support-
ing a BP of less than 130/80 mm Hg for those who have a 
urine albumin level of 1 g or more and an eGFR of less than 
60 mL/min/1.73 m2.123,244,245 These BP levels and recom-
mendations for RAAS blockers are focused on the primary 
outcome of slowing CKD progression. A summary of all 
trials and changes in eGFR decline are in Figure 47.16.

Nuances in the management of BP in the patient with 
CKD are necessary as these patients have problems not seen 
in the general population. First, risk for hyperkalemia is a 
problem especially in certain subgroups of patients. A review 

Figure 47.16  Relationship between achieved blood pressure and decline in kidney function from primary renal end point trials. 
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provides an approved list of combination agents noting 
which are meaningful for optimal BP reduction and which 
are not. Figure 47.17 presents an evidence-based algorithm 
to help achieve BP control in the patient with advanced 
CKD.

ANTIHYPERTENSIVE MEDICATIONS

All information about antihypertensive medications used 
for general management of hypertension may be found in 
a compendium of these medications published by the Amer-
ican Society of Hypertension.252 This section will focus on 
antihypertensive medications in patients with CKD, dosage 
adjustments, and other related issues.

ANGIOTENSIN-CONVERTING ENZYME INHIBITORS
The most compelling indication to use this class of agents 
comes from the AASK trial, where ramipril was superior to 
either amlodipine or metoprolol for slowing CKD progres-
sion.30 However, no other ACEIs have been tested in hyper-
tensive nephropathy (HN), and a systematic review and 
meta-analysis by the Cochrane group found that there are 
not enough data to make claims that ACEIs prevent or delay 
any nephropathy in the early stages 1 or 2.253

ANGIOTENSIN RECEPTOR BLOCKERS
The data on ARBs are exclusively in diabetic nephropathy 
with no outcome data in hypertension. Given the mecha-
nism of action and the benefit seen in diabetic nephropathy, 
discussed elsewhere in this book, there is no reason to think 

Figure 47.17  An evidence-based approach to blood pressure (BP) management in stage 3 or higher chronic kidney disease (CKD) updated 
from the National Kidney Foundation consensus report. *Chlorthalidone or indapamide are preferred diuretics as they work to estimated glo-
merular filtration rate (eGFR) 30 mL/min. Below this GFR torsemide, the long-acting loop diuretic,  is preferred. †Risk for hyperkalemia—if on 
diuretic, eGFR < 45 mL/min/1.73 m2 or [K+]s > 4.5 mEq/L. ACE, Angiotensin-converting enzyme; ACEI, angiotensin-converting enzyme inhibitor; 
ARB, angiotensin receptor blocker; CCB, calcium channel blocker. 

If BP still not at goal (140/90 mm Hg)

Refer to a certified clinical hypertension specialist
http://www.ash-us.org/Physician-Directory.aspx

Consider adding aldosterone receptor blocker (check for high K risk)†

or
Add β-blocker with good metabolic profile (carvedilol or nebivolol)

or
If CCB used, add other subgroup of CCB

(i.e., amlodipine-like agent if verapamil or dilitiazem already being used and the converse)

Add thiazide-like diuretic* or CCB

(if systolic BP �20 mm Hg above goal)
Start ARB or ACEI titrate upwards

(if systolic BP �20 mm Hg above goal)
Start with ACEI or ARB � thiazide-like diuretic* or CCB

Add CCB or thiazide-like diuretic*

Recheck within 2–3 weeks

If BP still not at goal (140/90 mm Hg)

If BP still not at goal (140/90 mm Hg)

If Blood Pressure �140/90 mm Hg in CKD

Recheck within 2–3 weeks

Table 47.13 American Society of Hypertension 
Evidence-Based Fixed Dose 
Antihypertensive Combinations

Preferred

•  ACE inhibitor/diuretic*
•  ARB/diuretic*
•  ACE inhibitor/CCB*
•  ARB/CCB*

Acceptable

•  β-blocker/diuretic*
•  CCB (dihydropyridine)/β-blocker
•  CCB/diuretic
•  Renin inhibitor/diuretic*
•  Renin inhibitor/ARB*
•  Thiazide diuretics/K+-sparing diuretics*

Less Effective

•  ACE inhibitor/ARB
•  ACE inhibitor/β-blocker
•  ARB/β-blocker
•  CCB (nondihydropyridine)/β-blocker
•  Centrally acting agent/β-blocker

*Single-pill combination available in United States.
ACE, Angiotensin-converting enzyme; ARB, angiotensin receptor 

blocker; CCB, calcium channel blocker.
From Gradman A et al: Combination therapy in hypertension. J 

Am Soc Hypertens 4:42-50, 2010.
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these agents would not be as effective in hypertension; 
however, there are no outcome data. Moreover, there  
are no adequately powered trials that directly compare  
progression of CKD between ARBs and ACEIs. In general, 
one major difference between ACEIs and ARBs is that  
ARBs are better tolerated than ACEIs due to lower inci-
dence of cough, angioedema, taste disturbances, and 
hyperkalemia.153,249

It is important to understand that in patients with 
advanced nephropathy, increases in serum creatinine level 
of up to 30% are commonly seen within 1 to 2 weeks of 
starting ACEIs or ARBs.254-256 This increase in serum creati-
nine level is especially true if BP was previously not con-
trolled and now is within goal. However, in patients under 
age 66 years with baseline serum creatinine values of more 
than 3.5 mg/dL, a rise in serum creatinine level of up to 
30% within the first 4 months of starting ACEIs or ARBs 
correlated with slowed long-term decline in kidney function 
over a mean follow-up period of 3 or more years.254 For 
acute, sustained increases in serum creatinine level of more 
than 35%, patients should be evaluated for (1) volume 
depletion (the most common cause), (2) decompensated con-
gestive heart failure, or (3) bilateral renal artery stenosis. 
Hyperkalemia should be managed with avoidance of high-
potassium foods, appropriately dosing diuretics, and stop-
ping agents known to increase potassium levels, such as 
NSAIDs.254

DIRECT RENIN INHIBITORS
Aliskiren is currently the first and only approved oral direct 
renin inhibitor for reduction of BP. There are no direct 
outcome data available describing the use of aliskiren in 
patients with HN. However, there are data from 24-hour 
ABPM studies evaluating the effect of this agent alone and 
in combination on BP control. Aliskiren was tested alone 
and in combination with valsartan in people with stage 2 
CKD from hypertension to evaluate BP control. The 24-hour 
ABPM showed additive BP reduction with the combination 
and improvement in nocturnal dipping in people with stage 
2 nephropathy. Moreover, there were no problems with 
elevated potassium level or reduced kidney function that 
emerged in the combination group.257

ALDOSTERONE ANTAGONISTS
Aldosterone antagonists such as spironolactone are recom-
mended for treating hypertension in patients with advanced 
heart failure and post myocardial infarction,8 but their role 
in kidney disease is unclear. As there are no outcome data 
in HN, this class will not be discussed in this chapter. It 
should be noted, however, that obesity is common in HN 
and aldosterone antagonists are most efficacious for lower-
ing BP in patients with sleep apnea and obesity and do not 
work well in thin people.258,259 This is due to the contribution 
of the adipocyte to aldosterone production.260

DIURETICS
Thiazide-like diuretics (chlorthalidone and indapamide) 
have a strong evidence base for reducing CV risk even in 
patients with stage 3 CKD. However, their role in renal 
outcome studies is unclear. Post hoc analyses of ALLHAT 
demonstrated that chlorthalidone was as good as ACEIs for 
slowing CKD progression in stage 3 nephropathy.219 This 

post hoc analysis of ALLHAT included both those with HN 
and diabetic nephropathy, so the data should be considered 
as less than definitive.

Data from the updated international guidelines clearly 
have thiazide-type diuretics in a supportive role following 
RAAS blockade and calcium antagonists in people with  
high CV risk and hypertension.11,38 There are major differ-
ences between chlorthalidone, indapamide, and hydrochlo-
rothiazide. Chlorthalidone has a much longer half-life 
compared to hydrochlorothiazide at the same milligram 
dose.261 This difference in duration of action by chlorthali-
done translated into an additional 7–mm Hg reduction in 
systolic BP when substituted for hydrochlorothiazide.261,262

CALCIUM CHANNEL BLOCKERS
When used in patients with HN, both dihydropyridine CCBs 
(DCCBs) and nondihydropyridine CCBs (NDCCBs) are 
effective in lowering BP and CV events in high-risk popula-
tions.173,263 These agents are particularly efficacious for 
CV risk reduction when combined with an ACEI as shown 
by the results of ACCOMPLISH.174,175 In this trial, patients 
at high risk for a CV event and CKD progression treated 
with a single-pill combination of an ACEI with amlodipine 
had a 20% relative risk reduction in CV events and slower 
CKD progression when compared to an ACEI plus 
hydrochlorothiazide.

Also, a prespecified post hoc analysis of ACCOMPLISH 
evaluated CKD outcomes showing that the DCCB plus ACEI 
inhibitor decreased CKD progression to a greater extent 
than the ACEI and diuretic (HR, 0.52; P < 0.001).175 Note 
that approximately 60% of the patients in this substudy were 
thought to have HN.

As an antihypertensive class, DCCBs do not reduce albu-
minuria to the same degree as NDCCBs.263 The mechanism 
of this difference is due to changes in glomerular permeabil-
ity that occur in patients with advanced nephropathy264 and 
has translated into worse CKD outcomes when compared 
with those treated with RAAS blockers.265 Note that when 
used with a RAAS blocker DCCB does not have adverse 
effects.175,266

In summary, both DCCBs and NDCCBs are effective 
BP-reducing agents in patients without albuminuric kidney 
disease. However, in those with advanced albuminuric 
nephropathy, NDCCBs are preferred, but DCCBs must be 
used in combination with a RAAS blocker to maximally slow 
progression of nephropathy.

β-ADRENERGIC BLOCKERS
β-Blockers on the most updated guidelines are no longer a 
first-line option to lower BP.11,38 Some patients with HN have 
an increase in sympathetic activity and a high CV event rate 
and should benefit from β-blockers, however.267 Despite 
being quite effective at lowering BP, physicians have been 
reluctant to use β-blockers because of significant adverse 
metabolic profiles and marked bradycardia.268

The vasodilating and metabolically neutral β-blockers 
have expanded the role for these agents, especially in 
patients with diabetes and hypertensive nephropathy. The 
combined α- and β-blocker, carvedilol, and the β1-vasodilating 
agent nebivolol have neutral glycemic and lipid parame-
ters.269,270 There are major pharmacologic and outcome dif-
ferences between labetalol and carvedilol. Specifically, the 
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ABPM and a fourth drug is needed after use of a calcium 
antagonist, diuretic, and RAAS blocker, a mineralocorticoid 
inhibitor has demonstrated significant benefit in control-
ling BP in newer studies.281-283 A detailed discussion of this 
topic is beyond the scope of this chapter, but the reader is 
referred to two good reviews by Kwok and associates and 
Achelrod and colleagues.284,285

Complete reference list available at ExpertConsult.com.

KEY REFERENCES
1. Mozaffarian D, Benjamin EJ, Go AS, et al: Executive summary: 

heart disease and stroke statistics-2015 update: a report from the 
American Heart Association. Circulation 131:434–441, 2015.

9. Lewington S, Clarke R, Qizilbash N, et al: Age-specific relevance 
of usual blood pressure to vascular mortality: a meta-analysis of 
individual data for one million adults in 61 prospective studies. 
Lancet 360:1903–1913, 2002.

10. Pickering TG, Hall JE, Appel LJ, et al: Recommendations for 
blood pressure measurement in humans and experimental 
animals: part 1: blood pressure measurement in humans: a state-
ment for professionals from the Subcommittee of Professional 
and Public Education of the American Heart Association Council 
on High Blood Pressure Research. Hypertension 45:142–161, 2005.

11. Mancia G, Fagard R, Narkiewicz K, et al: 2013 ESH/ESC guide-
lines for the management of arterial hypertension: the Task Force 
for the Management of Arterial Hypertension of the European 
Society of Hypertension (ESH) and of the European Society of 
Cardiology (ESC). J Hypertens 31:1281–1357, 2013.

12. James PA, Oparil S, Carter BL, et al: 2014 Evidence-based guide-
line for the management of high blood pressure in adults: report 
from the panel members appointed to the Eighth Joint National 
Committee (JNC 8). JAMA 311:507–520, 2014.

14. Franklin SS, Jacobs MJ, Wong ND, et al: Predominance of isolated 
systolic hypertension among middle-aged and elderly US hyper-
tensives: analysis based on National Health and Nutrition Exami-
nation Survey (NHANES) III. Hypertension 37:869–874, 2001.

23. Beckett NS, Peters R, Fletcher AE, et al: Treatment of hyperten-
sion in patients 80 years of age or older. N Engl J Med 358:1887–
1898, 2008.

24. Skinner AC, Skelton JA: Prevalence and trends in obesity and 
severe obesity among children in the United States, 1999-2012. 
JAMA Pediatr 168:561–566, 2014.

31. Flack JM, Sica DA, Bakris G, et al: Management of high blood 
pressure in blacks: an update of the International Society on 
Hypertension in Blacks consensus statement. Hypertension 56:780–
800, 2010.

35. Jaffe MG, Lee GA, Young JD, et al: Improved blood pressure 
control associated with a large-scale hypertension program. JAMA 
310:699–705, 2013.

37. Staessen JA, Thijisq L, Fagard R, et al: Effects of immediate versus 
delayed antihypertensive therapy on outcome in the Systolic 
Hypertension in Europe Trial. J Hypertens 22:847–857, 2004.

42. O’Connor PM, Cowley AW, Jr: Modulation of pressure-natriuresis 
by renal medullary reactive oxygen species and nitric oxide. Curr 
Hypertens Rep 12:86–92, 2010.

51. Jain G, Ong S, Warnock DG: Genetic disorders of potassium 
homeostasis. Semin Nephrol 33:300–309, 2013.

52. Boyden LM, Choi M, Choate KA, et al: Mutations in kelch-like 3 
and cullin 3 cause hypertension and electrolyte abnormalities. 
Nature 482:98–102, 2012.

55. Lifton RP, Gharavi AG, Geller DS: Molecular mechanisms of 
human hypertension. Cell 104:545–556, 2001.

59. Machnik A, Neuhofer W, Jantsch J, et al: Macrophages regulate 
salt-dependent volume and blood pressure by a vascular endothe-
lial growth factor-C-dependent buffering mechanism. Nat Med 
15:545–552, 2009.

61. Ehret GB, Munroe PB, Rice KM, et al: Genetic variants in novel 
pathways influence blood pressure and cardiovascular disease 
risk. Nature 478:103–109, 2011.

67. McCurley A, Jaffe IZ: Mineralocorticoid receptors in  
vascular function and disease. Mol Cell Endocrinol 350:256–265, 
2012.

ratio of β- to α-blockade is 7 : 1 for labetalol and 3 : 1 for 
carvedilol; hence, oral labetalol behaves like a typical 
β-blocker.271 Moreover, it has a short half-life and ideally 
should be given three to four times daily. Lastly, labetalol 
has no outcome data, whereas carvedilol reduces CV mor-
bidity and reduces mortality in those with CKD, hyperten-
sion, and diabetes.272 Thus, in patients with HN, vasodilating 
β-blockers can be used and are excellent add-on agents to 
reduce CV risk and achieve BP goal.

Other classes of BP-lowering medications such as 
α-adrenergic antagonists, vasodilators such as hydralazine 
and minoxidil, as well as central α-agonists will not be dis-
cussed, as there are no CV or CKD outcome data on their 
usefulness in HN.

DIRECT-ACTING VASODILATORS
Hydralazine and minoxidil are direct-acting vasodilators 
that have different mechanisms of action but the same clini-
cal consequences. They both increase sodium reabsorption 
dramatically by the proximal tubule, increase sympathetic 
tone, and as a result should never be used long term without 
concomitant use of loop diuretics and beta blockers.273-277 
Moreover, hydralazine is well known to increase genesis of 
peroxynitrite, which damages cells and reduces NO. Thus, 
nitrates need to be given with hydralazine to reduce this 
risk.

RESISTANT HYPERTENSION

Resistant hypertension is currently defined as the failure to 
achieve a goal BP of less than 140/90 mm Hg in patients who 
are adherent with maximal tolerated doses of a minimum of 
three antihypertensive drugs, one of which must be a diuretic 
appropriate for kidney function.152 The increasing preva-
lence of obesity and hypertension in the general population 
has resulted in this disorder’s gaining attention in the past 
decade. Large-scale population-based studies such as the 
NHANES have specifically examined the prevalence and 
incidence of resistant hypertension and associated risk 
factors. The findings suggest the prevalence of resistant 
hypertension is approximately 8% to 12% of adult patients 
with hypertension (6 to 9 million people).278 The increasing 
prevalence of resistant hypertension contrasts with the 
improvement in BP control rates during the same period. 
Studies also show that patients with resistant hypertension 
who are older than 55 years, of black ethnicity, with high 
body mass index, diabetes, or CKD have an increased risk for 
CV events compared to patients with nonresistant hyperten-
sion. The effects of WCH and pseudoresistant hypertension 
have not been factored into many of the prevalence studies, 
and hence the true prevalence is not known. The white coat 
effect contributes greatly to the high perceived incidence of 
resistant hypertension, as was evidenced by the over 60% 
screen failure in the Renal Denervation in Patients with 
Uncontrolled Hypertension (SYMPLICITY HTN-3) trial of 
renal denervation due to WCH.279,280
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Few areas within nephrology are undergoing more dramatic 
paradigm shifts than occlusive renovascular disease. Aging 
population demographics coupled with advances in imaging 
technology, effective medical therapy, and clinical trials with 
negative results must be reconciled with an established 
record of clinical success and improving techniques of renal 
revascularization. Although trial data repeatedly fail to 
provide compelling evidence in favor of stenting for many 
patients with atherosclerotic disease, experienced clinicians 

recognize that renal revascularization in these disorders 
sometimes should be undertaken both to improve hyperten-
sion and to salvage renal function. Selecting patients and 
determining optimal timing for vascular intervention at rea-
sonable risk is rarely simple.

The study and treatment of renovascular disease overlaps 
numerous medical disciplines and subspecialties, including 
nephrology, internal medicine, cardiovascular diseases, 
interventional radiology, and vascular surgery. These 
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flow not only affect blood pressure and cardiovascular risk, 
but also threaten the viability of the kidney. It can lead to 
irreversible loss of kidney function, sometimes designated 
“ischemic nephropathy” or “azotemic renovascular disease.”6 
Restoring blood flow and perfusion by relieving vascular 
occlusion intuitively offers a means to halt or reverse this 
process. It must be recognized, however, that renal revascu-
larization is a two-edged sword. The benefits include the 
potential to improve systemic arterial blood pressures and 
to preserve or salvage renal function. The potential risks of 
renal intervention are all too familiar to nephrologists. 
Endovascular procedures themselves may threaten the 
affected kidney through vascular thrombosis, dissection, 
restenosis, or atheroemboli. These events sometimes pre-
cipitate the need for renal replacement therapy, including 
dialysis or transplantation. It is therefore important that 
nephrologists have a solid foundation related to the implica-
tions of reduced renal perfusion and the risks and benefits 
of both medical management and restoration of renal artery 
patency.

HISTORICAL PERSPECTIVE

Renovascular disease is among the most intensely studied 
forms of secondary hypertension. Early observations 

subspecialty groups often deal with widely different patient 
subgroups and clinical issues that shape different points of 
view. Cardiologists, for example, more commonly manage 
patients with refractory congestive heart failure at risk for 
“flash” pulmonary edema than internists, who may deal with 
established patients with progressive hypertension or a rise 
in serum creatinine level (Figure 48.1). Nephrologists may 
encounter declining kidney function with high-grade steno-
sis to a solitary functioning kidney. All of these conditions 
can represent clinical manifestations of renovascular disease 
but present different comorbid risk and management issues. 
Not surprisingly, perceptions related to renovascular hyper-
tension and ischemic nephropathy often differ even among 
informed clinicians. Initial results from prospective, ran-
domized trials, such as Angioplasty and Stenting for Renal 
Artery Lesions (ASTRAL)1 in the United Kingdom and Car-
diovascular Outcomes in Renal Atherosclerotic Lesions 
(CORAL)2 in the United States, comparing optimal medical 
therapy with or without endovascular stent procedures con-
tinue to provoke controversy. Some of the authors of these 
“negative” trials report “high-risk” subsets not enrolled in 
those studies that have major clinical and mortality benefits 
from restoring renal blood flow.3-5 These observational 
studies underscore the ambiguity that clinicians encounter 
in practice. Ultimately, renovascular disease threatens blood 
flow to the kidney. The consequences of impaired blood 

Figure 48.1  Spectrum of atherosclerotic renovascular disease (ARVD) manifestations. A, Aortogram obtained during coronary angiog-
raphy demonstrating moderate “incidental” stenosis in both renal arteries in a 67-year-old man with symptomatic coronary disease. B, More 
severe occlusive disease observed in a 68-year-old woman presenting with severe hypertension and episodes of flash pulmonary edema. ARVD 
commonly develops in the setting of atherosclerotic disease elsewhere and may be associated with any of multiple clinical syndromes ranging 
from renovascular hypertension to accelerated cardiovascular (CV) decompensation and ischemic nephropathy. Trends favor initial manage-
ment with intensive medical therapy, often including agents that block the renin angiotensin system. Clinicians face the challenge of recognizing 
the role of ARVD in more advanced disease and balancing the risks and benefits of renal revascularization in high-risk subsets. RAS, Renal 
artery stenosis.  (Modified from Herrmann SM, Saad A, Textor SC: Management of atherosclerotic renovascular disease after Cardiovascular Out-
comes in Renal Atherosclerotic Lesions (CORAL). Nephrol Dial Transplant. Epub April 9, 2014.)
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associated morbidity and mortality, particularly for patients 
with atherosclerotic disease.

In the 1980s and 1990s further developments led to both 
improved medications and the introduction of endovascu-
lar procedures, including percutaneous angioplasty and 
stents.10 These both broadened the options for treating 
patients with vascular disease and raised new issues regard-
ing timing and overall goals of intervention. Later develop-
ments highlight the need for intensive reduction of 
cardiovascular risk factors and more stringent standards of 
blood pressure control. Antihypertensive medications have 
improved dramatically, with regard to both efficacy and  
tolerability. As emphasized later, broad application of 
angiotensin-converting enzyme (ACE) inhibitors and angio-
tensin receptor antagonists, for reasons other than hyper-
tension alone, changed the clinical presentation of disorders 
associated with renal artery stenosis. Prospective, random-
ized trials emphasize the limited additional benefits from 
restoring renal blood flow for many patients with moderate 
vascular disease.3 Uncontrollable hypertension is now less 
commonly the reason to intervene in renovascular disease. 
Often the main objective is the long-term preservation of 
renal function. Endovascular techniques make renal 

regarding blood pressure regulation revealed important 
connections between fluid volume, renal arterial pressures, 
and vascular resistance. The sequence of these observations 
related to identification of the renin angiotensin system  
ahas been reviewed.7 In 1898 Tigerstedt and Bergman estab-
lished that extracts of the kidney had pressor effects in  
the whole animal and are credited with the identification  
of renin. Identification of each component of the 
renin angiotensin system represents a remarkable series of 
research ventures spanning a half century and investigators 
in many countries. Goldblatt and others provided seminal 
experiments, published between 1932 and 1934, with the 
development of an animal model in which reduced renal 
perfusion regularly produced hypertension. Numerous 
investigators thereafter identified the peptide nature of 
angiotensin, the role of “renin-substrate” or angiotensino-
gen, the role of nephrectomy in sensitizing the animal to 
the pressor effects of angiotensin, and the sequential 
“phases” of renovascular hypertension. Hence the renin-
angiotensin system owes its initial discovery and nomencla-
ture primarily to early studies related to regulation of blood 
pressure by the kidney. Much later, many additional actions 
of angiotensin became evident regarding vascular remodel-
ing, modulation of inflammatory pathways, and interaction 
with fibrogenic mechanisms. Understanding that reduced 
renal blood flow produces sustained elevations in arterial 
pressure led to broad study of the mechanisms underlying 
many forms of hypertension. Experimental models of two-
kidney and one-kidney renal clip (two-kidney and one-
kidney “Goldblatt” hypertension) represent some of the 
most extensively studied models of blood pressure and car-
diovascular regulation. Extension of these studies into clini-
cal medicine followed soon thereafter. Some forms of 
hypertension were designated as malignant in character 
during the late 1930s and 1940s based on poor survival if 
patients were untreated. Few antihypertensive agents were 
known until the 1950s, and intervention consisted mainly of 
lumbar sympathectomy and/or extremely low-sodium-
intake diets. Some of the major events in identification and 
treatment of renovascular hypertension are summarized in 
Figure 48.2.8 Recognition that some forms of severe hyper-
tension were secondary to occlusive vascular disease in the 
kidney led surgeons to undertake unilateral nephrectomy 
for small kidneys in 1937.9 The fact that some of these were 
indeed “pressor” kidneys and blood pressure fell to normal 
levels provided “proof of concept” and led to more wide-
spread use of nephrectomy. Unfortunately, achieving “cure” 
of hypertension after nephrectomy was rare, and Homer 
Smith reviewed the poor results overall in a 1956 paper 
discouraging this practice.

The 1960s marked the introduction of methods of vascu-
lar surgery to restore renal blood flow. These carried sub-
stantial morbidity but offered an opportunity to improve the 
renal circulation and potentially to reverse renovascular 
hypertension. One result of this development was a series 
of studies to characterize the functional role of each vascu-
lar lesion in producing hypertension, thereby allowing pre-
diction of the outcomes of vascular surgery.9 The large 
Cooperative Study of Renovascular Hypertension included 
major vascular centers and reported on the results of more 
than 500 surgical procedures. These results provided limited 
support for vascular repair but identified relatively high 

Figure 48.2  Historical timeline of major milestones in renovas-
cular disease. Although pressor substances derived from the kidney 
were identified more than a century ago, recognition that renal perfu-
sion  regulates  arterial  blood  pressure  occurred  only  in  the  1930s. 
Technical advances allowing surgical reconstruction, more effective 
arterial imaging, and endovascular revascularization gradually evolved 
from  1970  to  the  present.  Important  advances  in  antihypertensive 
drug therapy, particularly with agents that block the renin angiotensin 
system,  and  other  advances  in  managing  atherosclerotic  disease 
such as statins continue  to define optimal medical management of 
patients with renovascular disease. Results from several prospective, 
randomized  clinical  trials  indicate  that  renal  revascularization  often 
fails  to  add  substantial  benefits  to  effective  medical  therapy  in  the 
near  term  for  patients  with  moderate  atherosclerotic  renovascular 
disease, although high-risk subsets likely are an exception (see text). 
ACE,  Angiotensin-converting  enzyme;  ARBs,  angiotensin  receptor 
blockers; ASTRAL, Angioplasty and Stenting for Renal Artery Lesions; 
CHF, congestive heart failure; CORAL, Cardiovascular Outcomes in 
Renal  Atherosclerotic  Lesions;  fxn,  function;  NITER,  Nephropathy 
Ischemic  Therapy;  PTRA,  percutaneous  transluminal  renal  angio-
plasty;  STAR,  Stent  Placement  and  Blood  Pressure  and  Lipid-
Lowering  for  the  Prevention  of  Progression  of  Renal  Dysfunction 
Caused by Atherosclerotic Ostial Stenosis of the Renal Artery. 

1937: Nephrectomy for hypertension

Renovascular Hypertension

1980s: ACE inhibitors
Calcium channel blockers
Surgery: preservation of renal fxn
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ostial disease
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of Renovascular Hypertension
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Figure 48.3  A and B, Measured fall  in arterial pressure and blood flow across stenotic lesion induced in experimental animals. The degree 
of stenosis was determined using latex casts after completion of the experiment. These data indicate that critical lesions require 70% to 80% 
luminal obstruction before hemodynamic effects can be detected. Studies from human subjects with translesional pressure gradients indicate 
that aortic-renal pressure gradient of 10% to 20% is necessary to detect renin release (A from Textor SC: Renovascular hypertension and isch-
emic nephropathy. In Brenner BM, editor: Brenner and Rector’s: the kidney, Philadelphia, 2008, Saunders, pp 1528-1566; B reprinted with permission 
from De Bruyne B, Manoharan G, Pijls NHJ, et al: Assessment of renal artery stenosis severity by pressure gradient measurements. J Am Coll Cardiol 
48:1851-1855, 2006.)
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revascularization possible with relatively low morbidity in 
many patients previously considered as unacceptable surgi-
cal candidates. The challenge for clinicians is how and when 
to apply these tools most effectively in the management of 
individual patients11

PATHOPHYSIOLOGY OF  
RENOVASCULAR HYPERTENSION  
AND ISCHEMIC NEPHROPATHY

RENAL ARTERY STENOSIS VERSUS 
RENOVASCULAR HYPERTENSION

As with most vascular lesions, the presence of a renovascular 
abnormality alone does not translate directly into functional 
importance. Some degree of renal artery stenosis can be 
identified in as many as 20% to 45% of patients undergoing 
vascular imaging for other reasons, such as coronary angi-
ography or lower extremity peripheral vascular disease.12,13 
Most of these incidentally detected stenoses are of minor 
hemodynamic significance. Failure to limit treatment trials 
to patients with hemodynamically important lesions has 
been a serious barrier to understanding the role for renal 
revascularization (see later). The term “renovascular hyper-
tension” refers to a rise in arterial pressure induced by 
reduced renal perfusion. A variety of lesions can lead to the 
syndrome of renovascular hypertension, some of which are 
listed in Table 48.1. Studies of vascular obstruction using 
latex rubber casts indicate that between 70% and 80% of 
lumen obstruction must occur before measurable changes 
in blood flow or pressure across the lesion can be detected. 
Measurements of pressure gradients undergoing renal angi-
ography confirm that a pressure gradient of at least 10 to 
20 mm Hg between the aorta and the poststenotic renal 
artery is required before measurable release of renin devel-
ops.14,15 When advanced stenosis is present, the fall in 

Table 48.1 Examples of Vascular Lesions 
Producing Renal Hypoperfusion  
and the Syndrome of Renovascular 
Hypertension

Unilateral Disease (Analogous to  
Two-Kidney–One-Clip Hypertension)

Unilateral atherosclerotic renal artery stenosis
Unilateral fibromuscular dysplasia193

Medial fibroplasia
Perimedial fibroplasia
Intimal fibroplasia
Medial hyperplasia

Renal artery aneurysm
Arterial embolus
Arteriovenous fistula (congenital/traumatic)
Segmental arterial occlusion (posttraumatic)
Extrinsic compression of renal artery (e.g., 

pheochromocytoma)
Renal compression (e.g., metastatic tumor)

Bilateral Disease or Solitary Functioning Kidney 
(Analogous to One-Kidney–One-Clip Model)

Stenosis to a solitary functioning kidney
Bilateral renal artery stenosis
Aortic coarctation
Systemic vasculitis (e.g., Takayasu’s arteritis, polyarteritis)
Atheroembolic disease
Vascular occlusion due to endovascular aortic stent graft

pressure and flow develops steeply as illustrated in Figure 
48.3. When lesions have reached this degree of hemody-
namic significance, they are deemed to have reached “criti-
cal” stenosis.

When renal artery lesions reach critical dimensions, a 
series of events leads to a rise in systemic arterial pressure 
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as illustrated in Figure 48.5.17 Experiments using kidney 
transplantation from AT1 receptor knockout mice indicate 
that both systemic and renal angiotensin receptors partici-
pate in additive fashion to blood pressure regulation.18

Demonstration of the role of the renin angiotensin axis 
in renovascular hypertension depends in part upon whether 
or not a contralateral, nonstenotic kidney is present. Classi-
cally, human renovascular hypertension is considered analo-
gous to two-kidney–one-clip experimental (Goldblatt) 
hypertension. The contralateral, nonstenotic kidney is sub-
jected to elevated systemic perfusion pressures. Effects of 
rising perfusion pressure are to force natriuresis from the 
nonstenotic kidney and to suppress renin release. Hence 
the nonstenotic kidney tends to prevent the rise in systemic 
pressures, thereby perpetuating reduced perfusion to the 
stenotic side and fostering continued renin release from the 
stenotic kidney. Blood pressure in these models is demon-
strably angiotensin dependent and associated with elevated 
circulating levels of plasma renin activity, as illustrated in 
Figure 48.6. The two-kidney–one-clip model of renovascular 
hypertension provides the basis for many of the early func-
tional studies of surgically curable hypertension in which 
side-to-side function was compared (e.g., glomerular filtra-
tion, sodium excretion). This paradigm is also the basis for 
comparing kidneys side-to-side using radionuclide studies, 
such as captopril renograms, and renal vein renin determi-
nations. Unilateral renal ischemia represents a classical 
model for the study of angiotensin-dependent hypertension 
and target organ injury.

When no such contralateral kidney is present or able to 
respond to pressure natriuresis, mechanisms sustaining 
hypertension differ. This model corresponds to the one-
kidney–one-clip (one-kidney Goldblatt) hypertensive 
animal. Although renin release occurs initially, elevated sys-
temic pressures develop with sodium and volume retention, 
because there is limited sodium excretion by the contralat-
eral kidney. Rising pressures eventually restore renin levels 
to normal. Hypertension in this model is not demonstrably 

and restoration of renal perfusion pressure as illustrated in 
Figure 48.4. Hence one can view the development of rising 
pressures in this context as an integrated renal response to 
maintain renal perfusion. It is important to distinguish 
between experimental models of “clip” stenosis, at which 
time a sudden change in renal perfusion is induced, and 
the more common clinical situation of gradually progressive 
lumen obstruction. In the latter instance, hemodynamic 
characteristics change slowly and are likely to produce 
hypertension over a prolonged time interval. The rise in 
systemic pressure restores normal renal perfusion, often 
with normal-sized kidneys and no discernible hemodynamic 
compromise. If the renal artery lesion progresses further (or 
is experimentally advanced), the cycle of reduced perfusion 
and rising arterial pressures recurs until malignant-phase 
hypertension develops. Experimental swine models empha-
size gradually progressing vascular lesions that mimic human 
renovascular disease.16

A corollary to critical arterial stenosis is that reduction of 
elevated systemic pressures to normal in renovascular hyper-
tension reduces renal pressures beyond the stenotic lesion. 
Poststenotic pressures may fall below levels of autoregula-
tion that maintain blood flow. This underperfusion of the 
kidney activates counterregulatory pathways and leads to  
a sequence of events directed toward restoring kidney 
perfusion.

ROLE OF THE RENIN ANGIOTENSIN SYSTEM IN 
ONE-KIDNEY AND TWO-KIDNEY 
RENOVASCULAR HYPERTENSION

Reduction in renal perfusion pressures activates the release 
of renin from juxtaglomerular cells within the affected 
kidneys. Experimental studies indicate that hypertension in 
two-kidney–one-clip models can be delayed indefinitely so 
long as agents that block this system are administered. 
Animals genetically modified to lack the angiotensin (AT1) 
receptor fail to develop two-kidney–one-clip hypertension 

Figure 48.4  Systemic arterial pressure (carotid) and poststenotic renal perfusion pressures (iliac) in an aortic coarctation model with 
the clip placed between the right and left renal arteries. These measurements were obtained in conscious animals during development of 
renovascular hypertension. They illustrate the fact that despite a persistent gradient across the stenosis, renal perfusion pressure rises and is 
maintained at near normal  levels at  the expense of systemic hypertension. Reduction of systemic pressures  thereby  reduces post stenotic 
perfusion pressures due to the gradient across the lesion. SEM, Standard error of the mean. (Reprinted with permission from Textor SC, Smith-
Powell L: Post-stenotic arterial pressure, renal haemodynamics and sodium excretion during graded pressure reduction in conscious rats with one- 
and two-kidney coarctation hypertension. J Hypertens 6:311-319, 1988.)
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vasoconstrictor action in renovascular hypertension. Some 
actions of the angiotensin II are illustrated in Figure 48.7. 
Activation of this system increases vascular resistance, 
sodium retention, and aldosterone stimulation. Further 
studies indicate that complex interactions between angio-
tensin II and tissue and cellular systems occur, leading to 
vascular remodeling, left ventricular hypertrophy, and acti-
vation of inflammatory and fibrogenic mechanisms.

Hypertension and peripheral vasoconstriction reflect 
further complex interactions between angiotensin and 
other vasoactive systems. Renovascular disease leads to dis-
turbances in sympathetic nerve traffic, which may differ 
between one-kidney and two-kidney models. Muscle sympa-
thetic nerve activity is increased in humans with renovascu-
lar hypertension, and blood pressure responses to adrenergic 
inhibition are magnified.20

A major transition occurs with recruitment of altered 
oxidative stress within the systemic vasculature, leading to 
increased oxygen free radicals.21 Experimental models of 
two-kidney–one-clip hypertension develop a rise in oxidative 
stress (reflected by F2-isoprostanes) that can be reversed, in 
part, with angiotensin blockade and/or antioxidants.22 Vas-
cular injury itself produces disturbances in endothelium-
derived mechanisms, such as endothelin production and 
vasodilator systems, including prostacyclin.23 The roles 
for endothelial dysfunction and increased oxidative stress  
in human renovascular disease and their reversal after  
revascularization have been supported by clinical studies  
in patients with both atherosclerotic and fibromuscular 
renal artery stenosis.24 Studies in a swine model of renovas-
cular disease demonstrate an important interaction between 
“atherosclerosis” induced by cholesterol feeding and 

dependent upon angiotensin II unless prior sodium deple-
tion is achieved. Clinical examples of this situation are those 
of bilateral renal artery stenoses or stenosis to a solitary 
functioning kidney in which the entire renal mass is affected. 
In such cases diagnostic comparison of side-to-side renin 
release is not possible or has little meaning.

MECHANISMS SUSTAINING  
RENOVASCULAR HYPERTENSION

For more than a century the kidney has been recognized as 
a source of multiple pressor materials. Recruitment of 
numerous pathways that raise arterial pressure increases the 
complexity of managing hypertension in this setting. Iden-
tification of components of the renin angiotensin system 
provides a crucial link to understanding several of these 
systems. Circulating renin is derived primarily from the 
kidney in response to a reduction of renal perfusion pres-
sure detected by loss of afferent arteriolar stretch.19 Renin 
itself has biologic activity directed mainly to the enzymatic 
release of angiotensin I from its circulating substrate, angio-
tensinogen, in plasma and possibly other sites. Two further 
peptides are cleaved from angiotensin I through the action 
of ACE to produce angiotensin II. Generation of angioten-
sin II in plasma occurs mainly during passage through the 
lung. Hence the signal of reduced kidney pressures is ampli-
fied and transmitted to a major circulating vasopressor 
system that acts throughout the body, accounting for one 
major mechanism by which renovascular hypertension 
develops.

Following its discovery, the renin angiotensin system  
has been found to have widespread effects beyond its 

Figure 48.5  Systolic blood pressure (SBP) measurements in mice before and after placement of a renal artery clip in experimental 
two-kidney–one-clip renovascular hypertension (2K1C). The rise  in SBP after clip placement develops rapidly only  in mice with an  intact 
angiotensin 1A receptor (AT1A+, blue circles, left). This rise is blocked by administration of an angiotensin receptor blocker (red circles, left). A 
genetic knockout mouse strain with no AT1A receptor (AT1A−/−) has lower SBP and has no change after renal artery clipping (blue squares, right). 
No  additional  effect  is  noted  with  an  angiotensin  receptor  blocker  (red squares,  right).  These  data  reinforce  the  essential  role  of  the 
renin angiotensin system and an  intact angiotensin 1 receptor  for development of  renovascular hypertension.  (Modified with permission from 
Cervenka L, Horacek V, Vaneckova I, et al: Essential role of AT1-A receptor in the development of 2K1C hypertension. Hypertension 40:735-741, 
2002.)
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Figure 48.6  Schematic view of two-kidney (A) and one-kidney (B) renovascular hypertension. These models differ by the presence of a 
contralateral  kidney  exposed  to  elevated  perfusion  pressures  in  two-kidney  hypertension.  The  nonstenotic  kidney  tends  to  allow  pressure 
natriuresis to ensue and produces ongoing stimulation of renin release from the stenotic kidney. The one-kidney model eventually produces 
sodium retention and a fall in renin level with minimal evidence of angiotensin dependence unless sodium depletion is achieved. 
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Normal or low angiotensin II
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renovascular disease. Measures of endothelial dysfunction 
in the kidney and tissue fibrosis are magnified by the ath-
erosclerotic process. Some of these changes can be abro-
gated experimentally by intensive therapy with statins and 
antioxidants.25,26 These data have been reinforced in 

atherosclerotic renovascular disease demonstrating a rise in 
nitric oxide level and reduction in malondialdehyde level 
within 24 hours of endovascular revascularization.27 These 
studies indicate that oxidative stress can be reversed both by 
infusion of antioxidants and by successful revascularization. 
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MECHANISMS OF ISCHEMIC NEPHROPATHY

Reduced renal perfusion beyond critical stenosis ultimately 
leads to loss of viable kidney function, as illustrated in Figure 
48.9. Patients with stenosis affecting the entire renal  
mass develop reduced blood flow and glomerular filtration 
when poststenotic pressures fall below the range of auto-
regulation. This process can be reversible if pressure  
is restored and/or the vascular lesion is removed. The 

Experimental infusion of agents capable of protecting mito-
chondria from reactive oxygen species by inhibiting the 
opening of the mitochondrial transition pore is associated 
with improved recovery of microvascular structures and 
renal function after revascularization.28

PHASES OF DEVELOPMENT OF RENOVASCULAR 
HYPERTENSION

Experimental models of renovascular hypertension indicate 
that mechanisms sustaining hypertension change over time 
(Figure 48.8). Even before occlusive lesions are evident, the 
renal vascular wall accumulates inflammatory monocytes, 
and levels of circulating cytokines are elevated.29 An early 
pressor phase is characterized by elevated circulating indices 
of renin activity and hypertension, both of which return to 
normal after removing the vascular lesion. A second phase 
has been described with a return of circulating renin activity 
to normal or low levels, during which hypertension persists 
and blood pressure can still respond to clip removal. A third 
phase has been proposed, during which removal of the clip 
no longer leads to reduction in arterial pressure. These 
observations have been interpreted to underscore the tran-
sition between differing mechanisms of vascular control, 
some of which no longer depend upon reduced renal perfu-
sion. Some data indicate that microvascular injury to the 
contralateral kidney sustains hypertension in this latter 
phase. Studies in a swine model indicate that the fall in 
renin activity follows a transition to mechanisms related to 
oxidative stress with persistent elevation of levels of oxida-
tive metabolites such as isoprostanes.21 Whether these 
phases translate directly to human renovascular disease is 
not well known.

Figure 48.7  Schematic view of activation of the renin angiotensin system beyond a renal artery stenotic lesion. Generation of circulat-
ing and local angiotensin II leads to widespread effects, including sodium retention, efferent arteriolar vasoconstriction, and elevated systemic 
vascular resistance. Studies implicate angiotensin II in many other pathways of vascular and cardiac smooth muscle remodeling, activation of 
inflammatory and fibrogenic cytokines, coagulation factors, and induction of other vasoactive systems. ACE, Angiotensin-converting enzyme; 
LV, left ventricular. 

Angiotensinogen Renin

Angiotensin I ACE

Stenosis

Angiotensin II

Aldosterone
secretion

Sympathetic
nervous
system

activation

Vascular effects
• Hypertrophy
• Remodeling
• Endothelin
  release
• Prostaglandins
• Oxidative
  stress

Myocardial effects
• LV hypertrophy
• Myocyte growth
• LV remodeling

Renal
sodium

retention

Vaso-
constriction

Figure 48.8  Schematic depiction of phases observed in experi-
mental renovascular hypertension.  Initially  high  levels  of  renin 
activity fall in the chronic phase, although removal of the renal artery 
clip corrects hypertension. These observations support the concept 
of renal artery stenosis leading to recruitment of additional structural 
and pressor mechanisms after initial activation of the renin angiotensin 
system (see text). Whether human renovascular hypertension follows 
these  patterns  is  not  well  known.  (Reprinted with permission from 
Textor SC: Renovascular hypertension and ischemic nephropathy.  
In Taal MW, Brenner BM, editors: Brenner and Rector’s the kidney, 
Philadelphia, 2012, Elsevier Saunders, pp 1752-1791.)

�BP on
removing clip

Renin

BP

Clip I II
Phase

III

http://www.myuptodate.com


 CHAPTER 48 — RENOVASCulAR HYPERTENSION AND ISCHEMIC NEPHROPATHY 1575

due partly to the surplus of oxygenated blood to the cortex 
and to reduced oxygen consumption as a result of reduced 
solute filtration and thereby reduced reabsorptive work of 
the affected kidney. When more severe vascular occlusion 
produces cortical hypoxia, these adaptive measures are 
overwhelmed and tissue injury ensues.

The kidney maintains autoregulation of blood flow in the 
face of reduced arterial diameters of up to 75%. Under basal 
conditions, renal blood flow is among the highest of all 
organs, reflecting its filtration function. Less than 10% of 
delivered oxygen is sufficient to maintain overall renal meta-
bolic needs. Under conditions of impaired renal perfusion, 
oxygen delivery is sometimes maintained by development of 
collateral vessels, associated with intrarenal redistribution of 
blood flow. The kidney medulla normally functions at levels 
closer to hypoxia and is sensitive to acute changes in perfu-
sion.31 During chronic reduction of blood flow, the medulla 
is partially protected by adaptive maintenance of tissue per-
fusion at the expense of cortical blood flow, which parallels 
whole-kidney renal blood flow.32 Hence gradual reduction 
of renal perfusion pressures allows recruitment of protec-
tive mechanisms, which remain incompletely understood, 
leading to different functional and morphologic changes 
from those observed after acute ischemic injury.

A fall in renal blood flow is accompanied by decreased 
oxygen consumption, in part due to reduced metabolic 

mechanisms by which this occurs differ from those that 
govern the development of hypertension. The term “isch-
emic” nephropathy may itself be a misnomer, as we have 
discussed previously.15,30

ADAPTIVE MECHANISMS TO REDUCED  
RENAL PERFUSION

Unlike brain or cardiac tissue, the kidney is vastly oversup-
plied with oxygenated blood, consistent with its function as 
a filtering organ. Measurements of both renal vein oxygen 
saturation and erythropoietin level in patients with high-
grade renovascular lesions indicate that whole-organ isch-
emia is rarely present. It has long been postulated that local 
areas of reduced oxygen delivery within the kidney predis-
pose to injury. Imaging using blood oxygen level–dependent 
(BOLD) magnetic resonance imaging (MRI) demonstrates 
markedly reduced oxygenation in deeper medullary regions 
despite preserved cortical oxygenation in both normal 
kidneys and in patients with renal artery stenosis.30 Much of 
the oxygen consumption within the kidney is a result of 
energy consumed in solute transport. Studies using BOLD 
MRI of patients with renal artery stenosis sufficient to reduce 
blood flow, kidney volume, and glomerular filtration rate 
(GFR) indicate remarkable preservation of tissue oxygen-
ation (Figure 48.10). This protection of oxygen gradients is 

Figure 48.9  Effective renal plasma flow (ERPF) and glomerular filtration rate (GFR) in patients with critical bilateral renal artery ste-
nosis (RAS) during pressure reduction with sodium nitroprusside (NP). Reducing systemic blood pressure (BP) to normal levels produced 
a reversible fall in both plasma flow and GFR. Repeat studies in the same patients (right) after unilateral surgical revascularization demonstrate 
that the sensitivity of blood flow and GFR to pressure reduction can be reversed. SEM, Standard error of the mean. (Reprinted with permission 
from Textor SC. Renovascular hypertension and ischemic nephropathy. In Taal MW, Brenner BM, editors: Brenner and Rector’s the kidney, 
Philadelphia, 2012, Elsevier Saunders, pp 1752-1791.)
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1576 SECTION VII — HYPERTENSION AND THE KIDNEY

demands of filtration and tubular solute reabsorption.31,33 
When severe, reduced blood flow leads to accumulation of 
deoxygenated molecular hemoglobin (Figure 48.11A and 
D).34,35 Eventually, structural atrophy of the renal tubules 
occurs, partly due to necrosis and apoptosis.36 The latter is 
an active, programmed form of cellular death that appears 
to be closely regulated and differs from tissue necrosis. 
Tubular atrophy is potentially reversible, and the kidney 

maintains the capacity for tubular cell regeneration under 
many conditions, features that support the concept that 
underperfused kidney tissue sometimes can achieve a 
“hibernating” state capable of restoring function if blood 
flow is restored.37 Eventually, pathologic examination dem-
onstrates reduced glomerular volume, loss of tubular struc-
tures near underperfused glomeruli, and areas of local 
inflammatory reaction as illustrated in Figure 48.10B.
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Figure 48.10  A, Schematic depiction of the “adaptation” of tissue oxygenation within the kidney to moderate reduction in blood flow, whereby 
both oxygen gradients and  tissue histologic characteristics can be preserved. The  fact  that such adaptation occurs may partly explain  the 
stability of kidney function during antihypertensive drug therapy that  lowers systemic pressure and renal blood flow in patients with athero-
sclerotic renal artery stenosis. Eventually, more severe reductions of blood flow overwhelm adaptation, leading to overt tissue hypoxia. Tran-
sjugular biopsy samples from patients with cortical hypoxia demonstrate loss of tubular structures and accumulation of inflammatory T cells 
and macrophages with diffuse activation of transforming growth factor-β. B, General clinical paradigm that reversible reduction in glomerular 
filtration rate related to hypoperfusion of the kidney undergoes a transition to irreversible injury at some point that no longer responds to res-
toration of blood flow alone. (Modified from Gloviczki ML, Keddis MT, Garovic VD, et al: TGF expression and macrophage accumulation in athero-
sclerotic renal artery stenosis. Clin J Am Soc Nephrol 8:546-553, 2013.)
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MECHANISMS OF TISSUE INJURY IN AZOTEMIC 
RENOVASCULAR DISEASE

Reduction of blood flow to the kidney activates numerous 
pathways of vascular and tissue injury, including increased 
angiotensin II, endothelin release, and oxidative stress, as 
noted earlier. Experimental studies demonstrate complex 
interactions with renal microvessels, leading to vascular rar-
efaction (Figure 48.12) and stimulation of inflammatory 
signaling and cellular infiltration to injured renal tubules.38 
Under the right conditions, these factors trigger ongoing 
release of inflammatory cytokines that eventually activate 
fibrogenic mechanisms and tissue fibrosis.

The role of angiotensin II during renal hypoperfusion is 
complex. The generation of angiotensin II acts to raise 
perfusion pressure and to protect glomerular filtration  
by efferent arteriolar constriction, as noted earlier. 

Angiotensin II induces cellular hypertrophy and hyperplasia 
in several cell types, in addition to direct stimulation of local 
hormone production and ion transport. Experimental infu-
sion of angiotensin II leads to parenchymal renal injury with 
focal and segmental glomerulosclerosis.39 ACE inhibition 
and angiotensin II receptor blockade in several experimen-
tal models diminish renal cell proliferation and suppress 
infiltration of mononuclear cells that trigger expression of 
extracellular matrix proteins and progressive nephrosclero-
sis. Angiotensin II may participate in vascular smooth muscle 
cell growth, platelet aggregation, generation of superoxide 
radicals, activation of adhesion molecules and macrophages, 
induction of gene transcription for proto-oncogenes, and 
oxidation of low-density lipoproteins.40 These observations 
underscore the multiple roles of angiotensin II, both for 
adaptation and maintenance of kidney function and for 

Figure 48.11  Computed tomography angiogram (A) of high-grade vascular occlusion leading to left kidney atrophy, whereas the right kidney 
is well perfused beyond an endovascular stent. T2 signals from magnetic resonance imaging (B) illustrate a gradient of perfusion from cortex 
to lower levels in the deeper medullary sections, especially in the left kidney. Mapping of the blood oxygen level–dependent (BOLD) magnetic 
resonance R2* levels (a function of deoxyhemoglobin) (C and D) illustrates the normal gradient in the right kidney from cortex (low R2*, blue) 
to deeper medullary segments that have progressively higher levels of R2* (green to red). The R2* map of the left kidney (D)  illustrates overt 
cortical hypoxia evident beyond critical vascular occlusion associated with a larger fraction of the slice having high R2* values (red) and frac-
tional hypoxia. 
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muscle cells, mesangial cell hypertrophy and hyperplasia, 
and synthesis of extracellular matrix.

A reduction in renal perfusion leads to diminished “shear 
stress” distal to the stenosis. This condition reduces produc-
tion of nitric oxide and accelerates release of renin  
and generation of angiotensin II in the stenotic kidney. 
Hence the effects of nitric oxide are diminished in the 
poststenotic kidney, allowing predominance of intrarenal 
vasoconstrictors, including angiotensin II and vasoconstric-
tor prostaglandins, such as thromboxane.43 The decrease 
in nitric oxide removes its antithrombotic effects and the 
inhibition of responses to tissue injury. A direct consequence 
of reduced perfusion within the poststenotic kidney is pro-
gressive rarefaction of small vessels in both cortex and 
medulla, eventually producing tubular collapse (see Figure 
48.12). Glomerular sclerosis is a late event and usually 
accompanies severe loss of GFR. Experimental studies infus-
ing autologous endothelial progenitor cells into the renal 
artery demonstrate that functional recovery of GFR and 
restoration of vascular function can sometimes be achieved, 
suggesting that angiogenesis may be an achievable goal in 
this vascular bed.44

The endothelin (ET) peptides are potent and long-lasting 
vasoconstrictor peptides produced and released from 

modulating many steps in the pathologic cascade underly-
ing progressive renal injury.

Experimental studies indicate an independent effect of 
hypercholesterolemia in modifying parenchymal renal 
injury in ischemic nephropathy. Cholesterol feeding is  
used as a model of “early atherosclerosis” and itself alters 
renal vascular reactivity to acetylcholine and changes renal 
tubular functional characteristics.41 Levels of oxidized low-
density lipoprotein rise in this model, associated with 
markers of oxidative stress and activation of tissue nuclear 
factor-kappaB, transforming growth factor-β (TGF-β), and 
inducible nitric oxide synthase. The effect of these changes 
in producing kidney fibrosis is magnified in the presence of 
renal artery stenosis. Many of these effects can be reduced 
experimentally by endothelin blockade, antioxidants, or 
statins.42

The vascular endothelium is a source of multiple vasoac-
tive factors, the most widely recognized of which are nitric 
oxide and endothelin. Endothelial nitric oxide is synthesized 
from l-arginine by a family of nitric oxide synthases and 
participates in the regulation of kidney function by counter-
acting the vasoconstrictor effects of angiotensin II. In addi-
tion to its effects on blood flow and tubular reabsorption of 
sodium, nitric oxide inhibits growth of vascular smooth 

Figure 48.12  Illustrations of micro–computed tomography reconstructions of vessels in experimental atherosclerosis and superim-
posed large vessel renovascular disease. Studies demonstrate complex microvascular dysfunction and rarefaction that develop in postste-
notic  kidneys.  These  are  accelerated  and/or  modified  by  angiogenic  stimuli,  oxidative  stress  pathways,  and  a  variety  of  cytokines  leading 
eventually to interstitial fibrosis. Studies in experimental animals suggest that angiogenic stimuli such as intrarenal infusion of endothelial pro-
genitor cells or mesenchymal stem cells may offer the potential to repair microvascular injury (see text). Microvascular rarefaction in particular 
is accompanied by severe renal fibrosis (bottom). MV, Microvascular.  (Reprinted with permission from Lerman LO, Chade AR: Angiogenesis in 
the kidney: a new therapeutic target? Curr Opin Nephrol Hypertens 18:160-165, 2009.)
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endothelial cells. ET itself is released from renal epithelial 
cells after simulation with a variety of substances such  
as thrombin and local cytokines, including TGF-β), 
interleukin-1, and tumor necrosis factor. It must be empha-
sized that renal ischemia is a potent stimulus for expression 
of the endothelin-1 gene in the kidney, which persists for 
days after resolution of the ischemic injury. Sustained vascu-
lar effects of ET may participate in the hypoperfusion that 
lasts long beyond the vascular insult to postischemic kidneys.

The kidney is a rich site for production of prostaglandins, 
which are cyclo-oxygenase derivatives of arachidonic acid. 
These mediators are produced in arteries, arterioles, and 
glomeruli in the cortex, where they have important actions 
to maintain renal blood flow and filtration, particularly 
under conditions of elevated angiotensin II levels. Enhanced 
synthesis of prostacyclin and prostaglandin E2 occurs during 
tissue hypoperfusion and ischemia, which may protect 
against some forms of hypoxic injury. Conversely, thrombox-
ane A2 (TXA2) is a vasoconstrictor prostaglandin that lowers 
GFR by reducing renal plasma flow and can accelerate struc-
tural renal damage. It is stimulated by production of angio-
tensin II and reactive oxygen species and may in turn modify 
the hemodynamic properties of angiotensin II. TXA2 modu-
lates vascular permeability, which may contribute to intersti-
tial matrix composition and target organ damage. Blockade 
of TXA2 receptors in some models can reduce severity 
of experimental tissue damage, including acute ischemic 
injury.

Oxidative stress refers to an imbalance between tissue 
oxygen radical generating systems and radical scavenging 
systems toward “pro-oxidant” species. This process increases 
the presence and toxicity of reactive oxygen species, which 
in turn can promote the formation of vasoactive mediators, 
including endothelin-1, leukotrienes, and prostaglandin F2α 
and isoprostanes, which are products of lipid peroxidation. 
As noted earlier, these mediators affect renal function  
and hemodynamics, both by inducing renal vasoconstric-
tion and by changing glomerular capillary ultrafiltration 
characteristics. Reactive oxygen species themselves can 
magnify ischemic renal injury by causing lipid peroxidation 
of cell and organelle membranes. These disrupt structural 
integrity and capacity for cell transport and energy produc-
tion, particularly within the proximal tubule. Other cyto-
kine pathways, including activation of nuclear factor-kappaB 
and growth factors may play a role.

The role of TGF-β merits emphasis. It belongs to a family 
of polypeptides that regulate normal cell growth, develop-
ment, and tissue remodeling after injury.45 TGF-β is an 
important and ubiquitous fibrogenic factor, which modifies 
extracellular matrix synthesis by both glomerular and extra-
glomerular mesenchymal cells. These actions modify both 
tissue healing and progression to advanced renal failure. 
TGF-β is essential for tissue repair after many forms of 
injury, including ischemic conditions, during which it par-
ticipates in restoring extracellular matrix in proximal 
tubular basement membranes. Activation of the AT1 recep-
tor stimulates generation of TGF-β, which plays a major role 
in tissue fibrosis through increases in type IV collagen depo-
sition. TGF-β acts synergistically with endothelin and has 
interactions with platelet-derived growth factor, interleukin-1, 
and basic fibroblast growth factor in progressive interstitial 
fibrosis. Some investigators propose that many forms of 

renal scarring represent an overabundance of TGF-β activity 
due to failure to suppress its activity after repair of an origi-
nal injury.46 Activation of TGF-β develops in experimental 
models of renal artery stenosis and is magnified by hyper-
cholesterolemia.41 Conversely, animals lacking downstream 
effector pathways for TGF-β (e.g., Smad3 knockout mice) 
are protected from parenchymal injury in renovascular 
disease models.47

Although whole-kidney oxygen saturation and delivery 
remains preserved in the poststenotic kidney, it is inescap-
able that local areas within the kidney are exposed to at least 
intermittent, recurrent ischemia. The potential for repetitive 
acute renal injury to induce long-term irreversible fibrosis 
is evident from studies of acute heme protein exposure.48 
The hallmark of acute ischemia is a rapid decline in cellular 
adenosine triphosphate, which in turn allows accumulation 
of intracellular calcium, activation of phospholipases, and 
generation of oxygen free radicals.

Tissue ischemia appears to be a common denominator in 
many forms of progressive tubulointerstitial injury.49 Such 
injury is associated commonly with interstitial inflammatory 
reactions and activation of fibroblasts and heat shock pro-
teins. Disruption of the tubular epithelium alters the anti-
genic profile of these cells, initiating a cell-mediated immune 
response, sometimes associated with infiltration of B lym-
phocytes, T lymphocytes, and macrophages. As noted 
earlier, sustained tubulointerstitial injury leads to increased 
TGF-β production, enhanced expression of plasminogen 
activator inhibitor-1, tissue inhibitor of metalloprotease 1, 
collagen α1 IV, and fibronectin-EIIA, and thus to increased 
synthesis of extracellular matrix.

Many of the mechanisms mentioned earlier interact with 
each other. Taken together, the kidney is subject to a wide 
variety of vasoactive and inflammatory mediators, which can 
be disturbed by loss of blood flow and perfusion pressure. 
These disturbances appear to activate a variety of fibrogenic 
and local destructive mechanisms, which can lead to irre-
versible parenchymal damage within the kidney.

CONSEQUENCES OF RESTORING RENAL  
BLOOD FLOW

As illustrated in Figure 48.9, restoring renal perfusion can 
allow recovery of renal function when these changes remain 
reversible. At some point, both inflammatory and fibrogenic 
mechanisms appear to no longer respond with recovery of 
renal function.

RENAL REPERFUSION INJURY
The course of recovery after restoration of blood supply to 
an underperfused kidney depends upon the extent and 
duration of the perfusion injury, in addition to the adequacy 
of reperfusion.50 Paradoxically, some tissues subjected to 
ischemia undergo morphologic and functional changes that 
worsen during the reperfusion phase. This is thought to 
reflect vascular endothelial damage and activated leuko-
cytes, which may be “primed” to obstruct distal capillaries 
after restoring perfusion pressure contributing to a so-called 
no-reflow phenomenon. Under experimental conditions, 
reperfusion injury appears to require major degrees of  
pro-oxidant stress with excess prostaglandin F2α isoprostanes 
and free oxygen radicals, particularly with a deficit of  
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hypertension, the prevalence may exceed 20%.53 Some spe-
cific examples of lesions producing renal ischemia are listed 
in Table 48.1. A rapidly developing form of this disorder can 
be seen after spontaneous or traumatic renal artery dissec-
tion or iatrogenic occlusion, sometimes produced by endo-
vascular aortic stent grafts.10 The majority of stenotic lesions 
are either “fibromuscular diseases” or atherosclerotic renal 
artery stenosis (ARAS). The reported prevalence depends 
heavily upon differences between patient groups studied. As 
noted later, the prevalence of anatomic renal artery stenosis 
far exceeds that of renovascular hypertension.

Fibromuscular dysplasia (FMD) commonly refers to one of 
several conditions affecting the intimal, medial, or fibrous 
layers of the vessel wall. In some cases multiple layers of the 
vessel wall may be affected. Reports from arteriograms 
obtained in “normal” renal organ donors indicate that 3% 
to 5% of persons may have one of these lesions, many of 
which are present at an early age and do not affect either 
renal blood flow or arterial pressure.54 Such lesions can lead 
to renovascular hypertension, sometimes associated with 
dissection or progression. Smoking is a risk factor for disease 
progression. Medial fibroplasia is the most common subtype, 
often associated with a “string-of-beads” appearance as illus-
trated in Figure 48.13A. These lesions consist primarily of 
intravascular “webs,” each of which may have only moderate 
hemodynamic effect. The combination of multiple webs  
in series, however, can impede blood flow characteristics 
and activate responses within the kidney to reduced perfu-
sion. FMD appears in the renal arteries in 65% to 70%  
of cases and in cerebral arteries in 25%. Both renal and 
cerebral vessels may be abnormal in 10% to 25%. The 

nitric oxide. Hence antioxidants and reactive oxygen  
metabolite scavengers improve outcomes following experi-
mental reperfusion. Within the kidney, ischemia-reperfusion 
models are most pronounced in the proximal tubules,  
with local necrosis and tubular obstruction as observed in 
acute tubular necrosis. Studies in experimental renovascu-
lar disease suggest that pretreatment with a mitochondrial 
transition pore inhibiting agent allows improved recovery 
of blood flow, microvascular integrity, and function in a 
swine model consistent with ischemia-reperfusion injury 
prevention.28

Angiotensin II may participate in some of these changes 
because activation of AT1 receptors impairs glomerular fil-
tration in the postischemic kidney.51 Local imbalance of 
nitric oxide production is particularly prominent within the 
kidney; it has a dual action with the potential drawback of 
accelerating reoxygenation injury and initiating lipid per-
oxidation. However, systemic treatment with nitric oxide 
donors improves renal function and blunts local inflamma-
tion before reperfusion in some conditions.52

EPIDEMIOLOGY OF RENAL ARTERY 
STENOSIS AND RENOVASCULAR 
HYPERTENSION

The syndrome of renovascular hypertension can be pro-
duced by a wide variety of lesions affecting renal blood flow. 
In unselected mild to moderate hypertensive populations, 
the frequency appears to be between 0.6% and 3%, whereas 
in a referral clinic of patients with “treatment-resistant” 

Figure 48.13  A, Angiographic appearance of medial fibroplasia with serial intravascular webs with small aneurysmal dilatations between them. 
These lesions appear in the midportion of the vessel and have a strong predilection for the right renal artery and are most commonly found in 
women. As shown in B, these lesions can often be improved substantially by balloon angioplasty. 

A B
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increases with age and with the presence of atherosclerotic 
risk factors such as elevated cholesterol levels, smoking, and 
hypertension. The probability of identifying high-grade 
renal artery stenosis in hypertensive patients with azotemia 
rises from 3.2% in the sixth decade to above 25% in the 
eighth decade.61 Population-based studies in the United 
States confirm that more than 70% of older patients with 
renal artery stenosis above 60% occlusion have clinical man-
ifestations of cardiovascular disease.62 The prevalence of 
ARAS may be rising as a result of more individuals surviving 
to older ages. These figures confirm previous postmortem 
observations indicating that many patients dying of cardio-
vascular disease have renal artery lesions at autopsy. They 
underscore the fact that some renal artery lesions remain 
undetected on clinical grounds for many years (see later).

The location of atherosclerotic disease is most often near 
the origin of the artery (Figure 48.14A), although it can be 
observed anywhere. Many such lesions represent a direct 
extension of an aortic plaque into the renal arterial segment. 
It should be emphasized that ARAS is strongly associated 
with preexisting hypertension, cardiovascular lipid risk, dia-
betes, smoking, and abnormal renal function.12,59

CLINICAL FEATURES OF  
RENOVASCULAR HYPERTENSION

FIBROMUSCULAR DISEASE VERSUS 
ATHEROSCLEROSIS

As noted earlier, renovascular hypertension may develop as 
a result of many lesions (see Table 48.1). The two most 
common are the FMDs and atherosclerosis. FMD represents 
several types of intimal or medial disorders of the vessel wall, 
commonly affecting midportions of the renal artery in 
younger individuals. These lesions rarely lead to major renal 
functional loss, although some progression may be seen, 
particularly in smokers. FMD lesions appear most often as 
hypertension of early onset (between 30 and 50 years of age) 
and unusual severity. Occasionally FMD presents as hyper-
tension during pregnancy. Many lesions respond well to 
percutaneous angioplasty (see Figure 48.13B).63

By contrast, atherosclerotic lesions more commonly arise 
near the origin of the renal artery and amplify the risks of 
systemic atherosclerosis elsewhere. ARAS is commonly asso-
ciated with reduced glomerular filtration rates.11 Clinical 
manifestations may fall across a wide spectrum (see Figure 
48.1), although they are not related simply to the anatomic 
severity of the lesion.64 Ambulatory blood pressure record-
ings indicate exaggerated systolic pressure variability and 
frequent loss of the circadian pressure rhythm,65 commonly 
associated with left ventricular hypertrophy. Sympathetic 
nerve traffic recordings indicate heightened adrenergic 
outflow. A population-based study of 870 subjects older than 
65 years indicated that those with renal artery stenosis had 
a 2- to 3-fold increased risk for adverse cardiovascular events 
during the subsequent 2 years.62 These data are supported 
by a review of Medicare claims data between 1999 and 2001 
for a random sample of Medicare recipients above 67 years 
of age.66 The authors indicate that the incidence of newly 
treated atherosclerotic renovascular disease was 3.7 per 
1000 patient-years and was associated with preexisting 

preponderance of hypertensive cases coming to vascular 
intervention occur in women with a bias toward the right 
renal artery.55 FMD lesions are classically located away from 
the origin of the renal artery, often in the midportion of  
the vessel or at the first arterial bifurcation. Some of these 
expand to develop small vascular aneurysms. Although less 
common, other dysplastic lesions, particularly intimal hyper-
plasia, can progress and lead to renal ischemia and atrophy. 
Although loss of renal function is unusual with FMD, quan-
titative imaging of cortical and medullary kidney volumes 
indicates parenchymal “thinning” occurs both in the ste-
notic and contralateral kidneys beyond FMD.56 Interven-
tional studies suggest that among patients referred for renal 
revascularization for hypertension FMD accounts for 16% 
or less.57

Atherosclerosis affecting the renal arteries is the most 
common renovascular lesion in the United States. ARAS can 
be identified commonly in patients with disease affecting 
other vascular beds and may be magnified by inflammatory 
vascular injury.29 Population-based surveys identify inciden-
tal renal artery stenosis (more than 60% occlusion by 
Doppler criteria) in 6.8% of individuals older than 65 years 
in the United States.58 A systematic review of imaging studies 
for other vascular conditions confirms that the prevalence 
of lesions with more than 50% luminal occlusion rises pro-
gressively with the extent of overall atherosclerotic burden.13 
Hence patients undergoing coronary angiography have 
identifiable ARAS in 14% to 20% of cases.12,59,60 Aortograms 
obtained in patients with peripheral vascular disease dem-
onstrate that 30% to 50% of such patients have renal artery 
lesions of some degree. Table 48.2 summarizes multiple 
reports related to the coexistence of atherosclerotic lesions 
in various vascular territories. The prevalence of ARAS 

Table 48.2 Prevalence Rates of Atherosclerotic 
Renal Artery Stenosis in Patients 
with Vascular Disease Affecting 
Other Regional Beds Identified by 
Angiography

“Suspected renovascular HTN”
Coronary angiography

With HTN
Peripheral vascular disease

AAA
ESKD
Congestive heart failure

14.1%
10.5%
17.8%
25.3%
33.1%
40.8%?
54.1%?

N = 40 studies: 15,879 patients. Prevalence of patients with 
“50% luminal” narrowing: pooled prevalence rates.

Pooled prevalence rates for various imaging modalities indicating 
identified atherosclerotic RAS associated with vascular disease 
in other vascular beds.

(?) marks refer to limited data suggesting high prevalence in 
unexplained advanced chronic kidney disease (CKD) in older 
subjects and patients with congestive heart failure.

AAA, Abdominal aortic aneurysm; ESKD, end-stage kidney 
disease; HTN, hypertension; RAS, renal artery stenosis.

de Mast Q, Beutler JJ: The prevalence of atherosclerotic renal 
artery stenosis in risk groups: a systematic literature review.  
J Hypertens 27:1333-1340, 2009.
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If renal artery lesions progress to critical stenosis, they can 
produce a rapidly developing form of hypertension, which may 
be severe and associated with polydipsia, hyponatremia, and 
central nervous system findings.67 These cases are most 
often seen with acute renovascular events, such as sudden 
occlusion of a renal artery or branch vessel.

More commonly, renal artery stenosis presents as a pro-
gressive worsening of preexisting hypertension, often with a 
modest rise in serum creatinine levels. Because the preva-
lence of both hypertension and atherosclerosis increases 
with age, this disorder must be considered particularly in 
older subjects with progressive hypertension. Some of the 
most striking examples of renovascular hypertension are 
older individuals whose previously well-controlled hyperten-
sion deteriorates to an accelerated rise in systolic blood 
pressure and target injury, such as stroke. Studies from 
hypertension referral centers in the Netherlands are typical 
in this regard. Of 477 patients undergoing detailed evalua-
tion for renal artery stenosis because of “treatment resis-
tance,” 107 (22.4%) were identified with renovascular 
disease (>50% stenosis by angiography). Clinical features 
predictive of renal artery stenosis included older age, recent 
progression, other vascular disease (e.g., claudication), an 
abdominal bruit, and elevated serum creatinine level. The 
authors derived a multivariate regression equation of pre-
dictive features for the presence of angiographic renal 
artery stenosis. They presented a clinical scoring system to 
determine the pretest probability of identifying renal artery 
disease (Figure 48.15).57 The strongest predictors included 
age and serum creatinine level. Clinical features alone could 
provide pretest predictive value nearly as accurate as radio-
nuclide scans.57

Declining renal function during antihypertensive therapy is a 
common manifestation of progressive renal arterial disease. 
Not surprisingly, blood flow and perfusion pressures to the 
kidney fall beyond a critical renal artery stenosis. This can 
be magnified by reduction in systemic arterial pressure by 

Figure 48.14  Atherosclerotic disease commonly affects both the renal arteries and abdominal aorta. A and B, Images from a computed 
tomography angiogram with high-grade stenosis to a small right kidney arising from diffuse aortic disease. The coronal section (A) demonstrates 
extensive thrombotic debris along the aortic wall. A reconstructed view of the aorta (B) demonstrates diffuse calcification and early aneurysm 
formation. The mean age of series presenting for renal revascularization for atherosclerotic disease has risen to more than 70 years. The deci-
sion about  endovascular or  surgical  intervention  in  such cases must balance  the hazards of  aortic manipulation and  the potential  benefits 
regarding blood pressure control and/or renal function (see text). 

A B

peripheral and coronary disease. After detection, subse-
quent development of claims for heart disease, transient 
ischemic attack, renal replacement therapy, and congestive 
heart failure was 3- to 20-fold higher in such patients as 
compared to contemporaries without renovascular disease. 
Adverse cardiovascular events were more than 10-fold more 
common than the need for renal replacement therapy. As 
a result, one of the major current controversies in cardio-
vascular disease is how to identify and manage clinically 
significant renal artery stenosis as a modifying factor for 
cardiovascular outcomes. The major U.S. trial of renal revas-
cularization (CORAL) specifically targeted overall cardio-
vascular outcomes in treating this disorder (see later).2,3 
This controversy is compounded by changes produced by 
(1) evolving medical therapy and (2) changing population 
characteristics.

CLINICAL FEATURES OF RENAL  
ARTERY STENOSIS

Manifestations of renal artery disease vary widely across a 
spectrum illustrated in Figure 48.1 and Table 48.3. This 
spectrum may range from an incidental finding noted during 
imaging for other indications to advancing renal failure 
leading to the need for dialytic support. As described earlier, 
multiple mechanisms raise systemic arterial pressure and 
tend to restore renal perfusion pressures to levels close to 
baseline. Clinical features of patients with essential hyper-
tension were compared to those in patients subjected to 
revascularization for renovascular hypertension in the 
Cooperative Study of Renovascular Hypertension in the 
1960s and are summarized in Table 48.3. Many features, 
including short duration of hypertension, early age of onset, 
funduscopic findings, and hypokalemia, were more common 
in those with renovascular hypertension but had limited 
discriminating or predictive value.
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usually arises in patients with hypertension and with left-
ventricular systolic function, which may be well preserved. 
Underlying arterial compromise may favor volume reten-
tion and resistance to diuretics in such cases. A sudden rise 
in arterial pressure impairs cardiac function because of 
rapidly developing diastolic dysfunction. Such episodes 
tend to be rapid both in onset and in resolution. Patients 
with treatment-resistant congestive cardiac failure, often 
with reduced arterial pressures, may harbor unsuspected 
renovascular disease. Restoration of renal blood flow in 
such patients can improve volume control and sensitivity to 
diuretics with lower risk for azotemia during therapy.71 A 
similar sequence of events may produce symptoms of “cre-
scendo” angina from otherwise stable coronary disease.72 
Registry data indicate that patients with episodic pulmonary 
edema with renal artery stenosis have substantially increased 
hospitalization and mortality that can be reduced with suc-
cessful revascularization.5

Another clinical presentation of renal artery stenosis is 
advanced renal failure, occasionally at end stage requiring 
renal replacement therapy. This manifestation has been 
controversial in the past, particularly because it raises the 
possibility of an undetected, potentially reversible, form of 
chronic renal failure. As discussed earlier, this is designated 
by some as ischemic nephropathy or azotemic renovascular 
disease73 and is defined as loss of renal function beyond an 
arterial stenosis because of impaired renal blood flow. 
Studies in patients with bilateral renal artery stenosis indi-
cate that reduction of systemic pressures to normal levels 
using sodium nitroprusside can abruptly reduce both renal 
plasma flow and GFR, indicating that the poststenotic pres-
sures are at critical levels beyond autoregulation (see Figure 
48.9). Some estimates suggest that as many as 12% to 14% 
of patients reaching end-stage kidney disease (ESKD) with 
no other identifiable primary renal disease may have occult, 
bilateral renal artery stenosis.74 A survey using spiral com-
puted tomography (CT) angiography examined 49 of 80 
patients starting dialysis therapy and identified ARAS (esti-
mated more than 50% lumen occlusion) in 20 of them 
(41%), and in 8 (16%) it was bilateral. Assuming correctly 
that these lesions were the primary cause of ESKD, the 
authors proposed that up to 27% of patients with new ESKD 
may have lost kidney function on this basis.75 A more con-
servative review of United States Renal Data System data for 
patients older than 67 years in the United States starting 
dialysis suggests that identified renovascular disease may be 
present in 7.1% to 11.1% of patients, although clinicians 
caring for such patients attributed their renal failure to 
renal artery stenosis in only 5.0%.76 Multivariate analysis 
indicates that male gender and advancing age correlated 
positively with this disorder, whereas being African Ameri-
can, Asian-American, or Native American correlated nega-
tively.77 Patients with rapidly progressive dysfunction and 
accelerated hypertension have a mortality benefit from 
revascularization and were rarely included in prospective, 
randomized trials (see later).4,5,78

Only patients with vascular lesions affecting the entire 
renal mass are at risk for large loss of kidney function on 
this basis. The role of vascular impairment in producing 
renal dysfunction is established most firmly when renal 
revascularization leads to recovery of renal function. Unfor-
tunately, this does not occur commonly, as has been 

any antihypertensive regimen. Reduced GFR during antihy-
pertensive therapy has become particularly common since 
the introduction of ACE inhibitors, and later with angioten-
sin receptor blockers (ARBs). A precipitous rise in serum 
creatinine level soon after starting these agents may occur 
because of a loss of transcapillary filtration pressure pro-
duced by removing the efferent arteriolar vasoconstriction 
from angiotensin II. This particular “functional” loss of GFR 
is reversible if detected promptly and should lead the clini-
cian to consider large vessel renovascular disease when it 
occurs.68 Clinically important changes in serum creatinine 
level develop mainly when the entire renal mass is affected, 
such as with bilateral renal artery stenosis or stenosis to a 
solitary functioning kidney. Most such patients tolerate rein-
troduction of renin angiotensin blockade when challenged 
after successful revascularization.69

Other syndromes heralding occult renal artery stenosis 
are becoming more commonly recognized. Among the 
most important are rapidly developing episodes of circula-
tory congestion (so-called flash pulmonary edema).70 This 

Table 48.3 Clinical Features of Patients with 
Renovascular Hypertension

A. Syndromes Associated with Renovascular Hypertension

1.  Early- or late-onset hypertension (<30 years, >50 years)
2.  Acceleration of treated essential hypertension
3.  Deterioration of renal function in treated essential 

hypertension
4.  Acute renal failure during treatment of hypertension
5.  Flash pulmonary edema
6.  Progressive renal failure
7.  Refractory congestive cardiac failure
These syndromes should alert the clinician to the possible 

contribution of renovascular disease in a given patient. The 
bottom three are most common in patients with bilateral 
disease, many of whom are treated for essential 
hypertension until these characteristics appear (see text).

B. Clinical Features of Patients with  
Renovascular Hypertension

Clinical Feature
Essential HTN 
(%)

Renovascular 
HTN (%)

Duration < 1 yr 12 24
Age of onset > 50 yr 9 15
Family history of HTN 71 46
Grade 3 or 4 fundi 7 15
Abdominal bruit 9 46
Blood urea nitrogen  
> 20 mg/dL

8 16

Potassium < 3.4 mEq/L 8 16
Urinary casts 9 20
Proteinuria 32 46

Clinical features that differed (P < 0.05) between closely matched 
groups of 131 patients with essential and renovascular 
hypertension taken from the Cooperative Study of 
Renovascular Hypertension in the 1960s. These observations 
underscore the potential severity of hypertension in candidates 
for surgery, but none of these features allows clinical 
discrimination with confidence (see text).

HTN, Hypertension.
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trials specifically directed at slowing the loss of kidney  
function by renal revascularization have failed to identify 
much benefit in the intermediate term.1,83 Those with 
declining renal function have a poor survival rate regardless 
of intervention, the strongest predictor of which is low base-
line GFR.

The potential benefit of revascularization regarding 
salvage, or at least stabilization, of renal function is greatest 
when the serum creatinine level is less than 3 mg/dL, so the 
diagnosis of ischemic nephropathy is best considered early 
in its course. Remarkably, renal artery stenosis can be associ-
ated with proteinuria, occasionally to nephrotic levels.84-86 
Proteinuria can diminish or resolve entirely following  
renal revascularization,87 suggesting that intrarenal hemody-
namic changes and/or stimulation of local hormonal or 
cytokine activity alter glomerular membrane permeability in 
a reversible fashion. Although other glomerular diseases 
can develop in patients with renal artery disease, including 
diabetic nephropathy and focal sclerosing glomerulone-
phritis, the presence of proteinuria alone does not establish 
a second disorder.

Clinical manifestations and prognosis differ when reno-
vascular disease affects one of two kidneys or affects the 
entire functioning renal mass. Although blood pressure 
levels may be similar, the fall in blood pressure after renal 
revascularization is greater in bilateral disease.88 Most 
patients with episodic pulmonary edema have bilateral 
disease or a solitary kidney. Long-term mortality during 

reviewed.6 Studies over the last decade have produced a shift 
in the paradigm related to hemodynamically induced renal 
dysfunction. Measurements of tissue oxygenation in human 
subjects using BOLD MRI with ARAS sufficiently severe to 
reduce GFR and kidney volume most often demonstrate 
preserved oxygenation gradients between cortex and 
medulla. This is explained in part by the surfeit of blood 
flow to the kidney and by reduced oxygen consumption 
from reduced solute filtration.79 Hence many subjects can 
be treated with antihypertensive drug therapy without 
evident further loss of GFR, sometimes for many years, as 
demonstrated by prospective, randomized controlled trials 
(RCTs) such as ASTRAL and CORAL. A subset of patients 
with more severe or long-standing vascular occlusion 
(usually defined as peak systolic velocities above 385 cm/sec 
on duplex ultrasonography) manifest overt cortical hypoxia 
using BOLD MRI. Such patients demonstrate more advanced 
tissue histologic injury with loss of tubular structures on 
biopsy and interstitial cellular infiltrates consistent with 
inflammatory injury80,38 (see Figures 48.10B and 48.11). 
These observations underscore the gradual transition  
from a primarily “hemodynamic” reduction in kidney func-
tion (potentially improved by restoring blood flow) to an 
inflammatory injury that no longer predictably recovers 
function after restoring vessel patency. Patients with 
advanced renal dysfunction have high comorbidity associ-
ated with cardiovascular disease and commonly have inter-
stitial renal injury on biopsy.81,82 Prospective treatment 

Figure 48.15  Probability of identifying renal artery stenosis based upon clinical features. These data were obtained from 477 patients 
in referral centers for treatment-resistant hypertension in the Netherlands. Overall prevalence was 22.4%, illustrating that even in “enriched” 
patient populations, renovascular disease is not present in the majority. Clinical features allowed selection of patients for testing with relatively 
high pretest probability of disease, which affects the validity of testing schemes. BMI, Body mass index; HTN, hypertension.  (Reprinted with 
permission from Krijnen P, van Jaarsveld BC, Steyerberg EW, et al: A clinical prediction rule for renal artery stenosis. Ann Intern Med 129:705-711, 
1998.)
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(Figure 48.17). The occurrence of total occlusion was rare 
(9 of 295, or 3%).92 Data from medical treatment trials 
suggest that progressive occlusion can develop silently in up 
to 16% of treated subjects.93 These observations are sup-
ported by development of renal end points (defined as 
progressive renal deterioration) ranging between 16% and 
22% in prospective RCTs.3

Importantly, clinical events such as detectable changes  
in renal function or accelerating hypertension bear only  
a limited relationship to anatomic vascular progression.  
The occurrence of renal “atrophy” (loss in renal size by 1 cm 
or more by ultrasonography) developed in 20.8% of the 
most severe lesions in the prospective series.94 Most series 
of medically treated patients indicate that despite evident 
progression of vascular disease, changes in kidney function 
are modest and uncommon. Results reported during 
medical follow-up of 41 patients managed medically before 
the introduction of ACE inhibitors for an average of 36 
months identified a loss of renal length in 35%, whereas a 
significant rise in serum creatinine level developed in 8 out 
of 41 (19.5%) patients. Results of 160 patients with high-
grade (>70%) stenosis identified incidentally and managed 
without revascularization are summarized in Table 48.4. 
Patients were followed for many years and divided into 
cohorts spanning the introduction of ACE inhibitors into 
clinical practice. Blood pressure control improved during 
these intervals. Medical management was associated with 
increased requirements for antihypertensive agents. The 
number developing clinical progression with refractory 
hypertension or progressive renal insufficiency fell from 
21% in the earliest period to less than 10% in the later 
cohort after introduction of ACE inhibitors. This conclu-
sion is consistent with long-term studies from Europe in 
which incidental renal artery lesions were rarely associated 
with progressive renal failure over more than 9 years of 
follow-up.95 These data support the observation that many 
renal artery lesions remain stable in some patients over 
many years without adverse clinical effects or evident 

follow-up is higher when bilateral disease is present,  
regardless of whether renal revascularization is under-
taken.64,89,90 These data suggest that the extent and severity 
of renovascular disease reflects the overall atherosclerotic 
burden of the individual. Patients with incidental renal 
artery stenosis (>70%) managed without revascularization 
have reduced survival with bilateral disease, despite reason-
able blood pressure control, as illustrated in Figure 48.16. 
The causes of death are mainly related to cardiovascular 
disease, including stroke and congestive heart failure.

PROGRESSIVE VASCULAR OCCLUSION

Atherosclerosis is a progressive disorder, although individ-
ual rates of progression vary widely. The clinical manifesta-
tions from renal artery stenosis depend partly upon the 
severity and extent of vascular occlusion. The most ominous 
of these manifestations (e.g., renal failure or pulmonary 
edema) are related to bilateral disease or stenosis to a soli-
tary functioning kidney and pose the greatest hazard when 
total arterial occlusion develops. Hence the impetus to 
intervene in renal artery stenosis depends upon predicting, 
or establishing, the “natural history” of vascular stenosis 
within an individual. Retrospective studies of serial angio-
grams obtained in the 1970s and early 1980s indicated that 
atherosclerotic lesions progressed to more severe levels in 
44% to 63% of patients followed from 2 to 5 years. Up to 
16% of renal arteries developed total occlusion. Later pro-
spective studies in patients undergoing cardiac catheteriza-
tion or serial Doppler ultrasound measurements suggest 
that current rates of progression may be lower. Zierler and 
colleagues reported a 20% rate of disease progression 
overall with 7% advancing to total occlusion over 3 years.91 
A later report from the same group using different Doppler 
velocity criteria suggested higher rates of progressive steno-
sis. Overall progression was detectable in 31%, but primarily 
those with the most severe baseline stenosis (>60%) and 
severe hypertension were more likely to progress (51%) 

Figure 48.16  Kaplan-Meier survival curve of 160 patients with more than 70% renal artery stenosis managed without revasculariza-
tion. Those with bilateral disease had lower survival, primarily due to cardiovascular disease. The mean age of death was 79 years. These data 
underscore  the close  relationship between extent of vascular disease and mortality. Less  than 10% of  these subjects developed advanced 
kidney disease during follow-up, although long-term survival even in treated patients is related to levels of kidney function at the time of inter-
vention.10 Prospective randomized clinical trials  indicate that between 16% and 22% of medically treated patients with atherosclerotic renal 
artery stenosis progress to more advanced renal dysfunction over 3 to 5 years.3 (Reprinted with permission from Textor SC: Renovascular hyper-
tension and ischemic nephropathy. In Taal MW, Brenner BM, editors: Brenner and Rector’s the kidney, Philadelphia, 2012, Elsevier Saunders, 
pp 1752-1791.)
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Figure 48.17  Cumulative rates of anatomic disease progression in atherosclerotic renal artery stenosis, as measured by renal artery 
Doppler ultrasonography. During a follow-up period of 5 years, overall progression was 31%, but those with the most severe baseline lesion 
progressed in 50% of cases. The progression of vascular disease was not closely related to changes in serum creatinine level or renal atrophy 
(see  text).  (Modified from Caps MT, Perissinotto C, Zierler RE, et al: Prospective study of atherosclerotic disease progression in the renal artery. 
Circulation 98:2866-2872, 1998.)
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Table 48.4 Incidental Renal Artery Stenosis: Medical Management between 1980 and 1993 during 
Introduction of ACE Inhibition

1980-1984 1985-1989 1990-1993

Number 34 57 69
Age 69.3 70.3 71.5
Mean follow-up (months) 58 54 35
Blood pressure (mm Hg)
  Initial 172/91 163/88 155/81*
  Last follow-up 163/83† 160/84 154/79
Creatinine level
  Initial 1.6 1.6 1.4
  Last follow-up 2.0† 2.1† 2.0†

Renal failure‡ 2.9% 5.3% 7.2%
BP medications at follow-up (no.) 2.5 2.0 2.1
ACE inhibitors (%) (initial) 21 41*§

Subsequent revascularization 20.6 14.0 5.7*

*P < 0.05 versus 1980-1984.
†P < 0.01 at last follow-up versus initial.
‡Creatinine rise ≥ 50%.
§P < 0.05 versus 1985-1989.
Management of renal artery stenosis without revascularization in patients with incidentally identified disease between 1980 and 1993 during 

introduction of blockade of the renin angiotensin system. These cohorts bridged the period of the first ACE inhibitors, during which the use 
rose from 0% to 40.6% of patients. Achieved blood pressures improved during this interval, and the number of patients referred for 
revascularization because of refractory hypertension or progressive renal insufficiency fell from 20.6% to less than 10% during several 
years of follow-up. Such observations underscore the fact that some patients can be managed medically without adverse effects for many 
years, although a residual group does face progressive loss of glomerular filtration rate in clinical use.

ACE, Angiotensin-converting enzyme; BP, blood pressure.
Reprinted from Textor SC: Renovascular hypertension and ischemic nephropathy. In Taal MW, Brenner BM, editors: Brenner and 

Rector’s the kidney, Philadelphia, 2012, Elsevier Saunders, pp 1752-1791.
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progression,96 as observed in prospective treatment trials, 
including ASTRAL and CORAL.3 It is likely that overall rates 
of atherosclerotic disease progression are falling due to 
more widespread use of statin-class drugs, aspirin, diminish-
ing tobacco use, and more intense antihypertensive therapy. 
Hence worsening vascular occlusion is an important clinical 
risk but does not occur in all patients.

ROLE OF CHANGING  
ANTIHYPERTENSIVE THERAPY

Before the 1980s the literature of renovascular disease con-
cerned primarily identification of functionally important 
lesions in patients with severe hypertension. Drug therapy 
was limited in scope and often produced intolerable side 
effects. Most importantly, the available drugs did not yet 
include agents capable of interrupting the renin angiotensin 
system (see Figure 48.2). As a result, patients commonly 
appeared with accelerated or malignant hypertension, a 
large fraction of which was related to renal artery stenosis. 
Among 123 patients whose average age was 44 years present-
ing with accelerated hypertension, more than 30% of whites 
were identified as having renovascular hypertension. Some 
patients could not be effectively controlled with available 
medications and were subjected to “urgent” bilateral 
nephrectomy as a life-saving measure. The evaluation for 
renal artery stenosis centered upon identifying those 
patients whose blood pressures could be improved, perhaps 
“cured,” by renal revascularization.

Since the 1980s several new classes of antihypertensive 
agents have become available and widely used. These 
include calcium channel blockers and, most importantly, 
drugs that functionally block the renin angiotensin system, 
such as ACE inhibitors and ARBs. Later orally active direct 
renin inhibitors were added (e.g., aliskiren). The impact of 
these agents has been enormous. Reviews of medical therapy 
for renovascular hypertension indicate that regimens using 
these agents increased the likelihood of achieving good 
blood pressure control from 46% to more than 90%.11 The 
concept of emergency bilateral nephrectomy for control of 
hypertension has almost disappeared. Most importantly, it 
is likely that many patients with renovascular disease and 
hypertension now go undetected because blood pressure 
and renal function are well controlled and stable.60 This may 
be happening even more commonly than before with the 
expanded use of ACE inhibitors for congestive cardiac 
failure, proteinuric renal disease, and other constellations 
of cardiovascular risk factors, particularly since the publica-
tion of the Heart Outcomes Prevention Evaluation (HOPE) 
trial97 and others. This raises the interesting hypothesis that 
the use of ACE inhibitors and/or ARBs may delay the onset 
of renovascular hypertension in humans, as it does in exper-
imental animals. To date this hypothesis has not been ade-
quately addressed.

CHANGING POPULATION 
DEMOGRAPHICS

The last several decades have been characterized by longer 
life spans in many Western countries. These likely result 

from several factors, including major declines in mortality 
related to stroke and cardiovascular disease. Population 
groups above age 65 years are now among the most rapidly 
growing segments in the United States. One consequence 
of lower mortality from coronary and cerebrovascular events 
is the delayed appearance of vascular disease affecting other 
beds, such as the aorta and kidneys. As a result, clinical 
manifestations of renal artery stenosis are appearing in 
older individuals, often combined with other conditions. 
These features change the clinical presentation and affect 
the risk/benefit considerations inherent in undertaking 
renal revascularization. Series with renal artery intervention 
now routinely include average age values between 68 and 
71 years, whereas a decade ago the mean age was between 
61 and 63 years.98,99 These mean values are more than 15 
years older than those from the 1960s and 1970s. As  
might be expected, the prevalence of advanced coronary 
disease, congestive heart failure, previous stroke/transient 
ischemic attack and aortic disease, as well as impaired renal 
function, is rising in patients with atherosclerotic renal 
artery disease.

ROLE OF CONCURRENT DISEASES

ARAS rarely occurs as an isolated entity. It is a manifestation 
of atherosclerotic disease, which often affects multiple 
other sites. Follow-up studies related to survival of “inciden-
tally” identified renal arterial disease suggest that the pres-
ence of renal artery stenosis independently predicts 
mortality, particularly in the presence of elevated levels of 
serum creatinine. It bears emphasis that the mortality risk 
of a patient with serum creatinine level above 1.4 mg/dL 
(but less than 2.3 mg/dL) for any reason is higher than the 
risk for those with normal creatinine levels.97 The major 
causes of death are cardiovascular events, including conges-
tive cardiac failure, stroke, and myocardial infarction. It is 
essential to consider the role of these competing risks in 
planning management of patients with all forms of vascular 
disease, especially older adults.100 These disorders often 
dominate the clinical outcomes of patients with renal arte-
rial disease, independent of the level of renal function. As 
one result, it has been difficult to establish improved sur-
vival in prospective trials of patients treated either with 
medical therapy or renal revascularization. Although many 
patients experience blood pressure more easily controlled 
and some recover renal function, current methods of revas-
cularization are not free of risks. Even after successful reno-
vascular procedures, other comorbid events may obscure 
long-term benefit, challenging the cost-effectiveness of 
renal revascularization. Reviews of Medicare claims in the 
United States for 2 years after identification of ARAS indi-
cate that cardiovascular events, many of which are fatal, are 
more than 10-fold more likely than progression to advanced 
renal failure.66 Conversely, others argue that renal artery 
stenosis accelerates these cardiovascular risks by increasing 
arterial pressures and activating adverse neurohumoral 
pathways, predisposing to both congestive heart failure and 
renal dysfunction.101 These divergent views form the basis 
for several prospective RCTs related to renal revasculariza-
tion over the past decade (see later) that partly address 
these issues.
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particularly related to activation of the renin angiotensin 
system, (2) perfusion and imaging studies to identify the 
presence and degree of vascular stenosis, and (3) studies to 
predict the likelihood of benefit from invasive maneuvers, 
including renal revascularization.

PHYSIOLOGIC AND FUNCTIONAL STUDIES OF 
THE RENIN ANGIOTENSIN SYSTEM

Efforts have been made for years to link measurement of 
activation of the renin angiotensin system as a marker of 
underlying renovascular hypertension. Although these 
studies are promising when performed in patients with 
known renovascular hypertension, they have lower perfor-
mance as diagnostic tests when applied to wider popula-
tions, as has been reviewed.103 Plasma renin activity is 
sensitive to changes in sodium intake, volume status, renal 
function, and many medications. The sensitivity and speci-
ficity of such maneuvers are heavily dependent upon the a 
priori probability of renovascular hypertension. In practice 
the major utility of these studies depends upon their nega-
tive predictive value, specifically the certainty with which 
one can exclude significant renovascular disease if the test 
results are negative. Because negative predictive value rarely 
exceeds 60% to 70%, these tests offer limited value in clini-
cal decision making.

Measurement of renal vein renin levels has been widely applied 
in planning surgical revascularization for hypertension. 
These measurements are obtained by sampling renal vein 
and inferior vena cava blood individually. The level of the 
vena cava is taken as comparable to the arterial levels into 
each kidney and allows estimation of the contribution of 
each kidney to total circulating levels of plasma renin activ-
ity. Lateralization is defined usually as a ratio exceeding 1.5 
between the renin activity of the stenotic kidney and the 
nonstenotic kidney. Some authors propose detailed exami-
nation not only of the relative ratio between kidneys but the 
degree of suppression of renin release from the nonstenotic 
or contralateral kidney. In general, the greater the degree 
of lateralization, the more probable that clinical blood pres-
sure benefit will accrue from surgical or other revasculariza-
tion. Results from many studies support the observation that 
large differences between kidneys identify high-grade renal 
artery stenosis. These observations have been reinforced by 
studies of renal vein measurements before considering 
nephrectomy for refractory hypertension and advanced 
renovascular occlusive disease.104 As with many tests of hor-
monal activation, study conditions are crucial. A number of 
measures to enhance renin release and magnify differences 
between kidneys have been proposed, including sodium 
depletion with diuretic administration, hydralazine, tilt-
table stimulation, or captopril. Strong and colleagues dem-
onstrated that nonlateralization can be changed to strongly 
lateralizing measurements by administration of diuretics 
between sequential studies.104a A review of more than 50 
studies of renal vein renin measurements indicated that 
when lateralization could be demonstrated, clinical benefit 
regarding blood pressure control could be expected in 
more than 90% of cases. Failure to demonstrate lateraliza-
tion, however, still was associated with significant benefit in 
more than 50% of cases.89 Later series reached similar con-
clusions, indicating that overall sensitivity of renal vein 

DIAGNOSTIC TESTING FOR 
RENOVASCULAR HYPERTENSION  
AND ISCHEMIC NEPHROPATHY

GOALS OF EVALUATION

The literature related to diagnosis and evaluation of reno-
vascular hypertension is complex and inconsistent. Some of 
the confusion likely reflects the widely different patient 
groups being considered for evaluation and divergent goals 
for intervention. It behooves the clinician to identify the 
objectives of initiating expensive and sometimes ambiguous 
studies beforehand. As with all tests, the reliability and value 
of diagnostic studies depend heavily on the pretest probabil-
ity of disease102 (Table 48.5). Furthermore, it is essential to 
consider from the outset exactly what is to be achieved. Is 
the major goal to exclude high-grade renal artery disease? 
Is it to exclude bilateral (as opposed to unilateral) disease? 
Is it to identify stenosis and estimate the potential for clini-
cal benefit from renal revascularization? Is it to evaluate the 
role of renovascular disease in explaining deteriorating 
renal function? The specific approach to diagnosis will 
differ depending upon which of these is the predominant 
clinical objective.

Noninvasive diagnostic tests for renovascular hyperten-
sion and ischemic nephropathy remain imperfect. For the 
purposes of this discussion, diagnostic tests fall into the fol-
lowing general categories (Table 48.6): (1) physiologic and 
functional studies to evaluate the role of stenotic lesions 

Table 48.5 Renovascular Disease and Ischemic 
Nephropathy

Goals of Diagnostic Evaluation

1.  Establish presence of renal artery stenosis: location and 
type of lesion

2.  Establish whether unilateral or bilateral stenosis (or stenosis 
to a solitary kidney) is present

3.  Establish presence and function of stenotic and nonstenotic 
kidneys

4.  Establish hemodynamic severity of renal arterial disease
5.  Plan vascular intervention: degree and location of 

atherosclerotic disease

Goals of Therapy

1.  Improved blood pressure control
a.  Prevent morbidity and mortality of high blood pressure
b.  Improve blood pressure control and reduce medication 

requirement
2.  Preservation of renal function

a.  Reduce risk for renal adverse perfusion from use of 
antihypertensive agents

b.  Reduce episodes of circulatory congestion (flash 
pulmonary edema)

c.  Reduce risk for progressive vascular occlusion causing 
loss of renal function: preservation of renal function

d.  Salvage renal function (i.e., recover glomerular filtration 
rate)

3.  Recovery of volume regulation and fluid excretion
a.  Reduce circulatory overload and diuretic resistance
b.  Reduce episodes of flash pulmonary edema
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STUDIES OF INDIVIDUAL RENAL FUNCTION

Serum creatinine level, iothalamate clearance, and other 
estimates of total GFR are measures of overall renal excre-
tory function and do not address changes within each 
kidney. A large body of literature addresses the potential  
for individual “split” renal function studies to establish  
the functional importance of each kidney in renovascular 
disease.

Split renal function studies classically use separate ure-
teral catheters to allow individual urine collection for 

renin measurements was no better than 65% and that posi-
tive predictive value was 18.5%.105 For these and other 
reasons, renal vein assays are performed less commonly 
than before. A major factor is that the goals of renal revas-
cularization have shifted substantially and are often directed 
toward “preservation of renal function,” rather than for 
blood pressure control per se. In cases for which it is impor-
tant to establish the degree of pressor effect of a specific 
kidney or site, such as before considering nephrectomy of 
a pressor kidney, measurement of renal vein renin levels can 
provide strong supportive evidence.

Table 48.6 Noninvasive Assessment of Renal Artery Stenosis

Study Rationale Strengths Limitations

Physiologic Studies to Assess the Renin Angiotensin System

Measurement of peripheral 
plasma renin activity

Reflects the level of 
sodium excretion

Measures the level of activation 
of the renin angiotensin 
system

Low predictive accuracy for 
renovascular hypertension; 
results influenced by 
medications and many other 
conditions

Measurement of captopril-
stimulated renin activity

Produces a fall in 
pressure distal to the 
stenosis

Enhances the release of renin 
from the stenotic kidney

Low predictive accuracy for 
renovascular hypertension; 
results influenced by many other 
conditions

Measurement of renal-vein renin 
activity

Compares renin release 
from the two kidneys

Lateralization predictive of 
improvement in blood 
pressure with 
revascularization

Nonlateralization has limited 
predictive power of the failure of 
blood pressure to improve after 
revascularization; results 
influenced by medications and 
many other conditions

Perfusion Studies to Assess Differential Renal Blood Flow

Captopril renography with 
technetium 99mTc 
mercaptoacetyltriglycine 
(99mTc-MAG3)

Captopril-mediated fall in 
filtration pressure 
amplifies differences in 
renal perfusion

Normal study excludes 
renovascular hypertension

Multiple limitations in patients with 
advanced atherosclerosis or 
creatinine >2.0 mg/dL (177 
µmol/L)

Nuclear imaging with technetium 
mercaptoacetyltriglycine or 
diethylenetriaminepentaacetic 
acid (DTPA) to estimate 
fractional flow to each kidney

Estimates fractional flow 
to each kidney

Allows calculation of single-
kidney glomerular filtration 
rate

Results may be influenced by 
other conditions, e.g. obstructive 
uropathy

Vascular Studies to Evaluate the Renal Arteries

Duplex ultrasonography Shows the renal arteries 
and measures flow 
velocity as a means of 
assessing the severity 
of stenosis

Inexpensive; widely available: 
suitable for sequential 
measurement to follow 
disease progression and/or 
restenosis

Heavily dependent on operator’s 
experience; less useful than 
invasive angiography for the 
diagnosis of fibromuscular 
dysplasia and abnormalities in 
accessory renal arteries

Magnetic resonance 
angiography

Shows the renal arteries 
and perirenal aorta

Not nephrotoxic, but concerns 
for gadolinium toxicity 
exclude use in GFR < 30 mL/
min/1.73 m2; provides 
excellent images

Expensive; gadolinium excluded in 
renal failure; unable to visualize 
stented vessels

Computed tomographic 
angiography

Shows the renal arteries 
and perirenal aorta

Provides excellent images; 
stents do not cause artifacts

Expensive; moderate volume of 
contrast required, potentially 
nephrotoxic

GFR, Glomerular filtration rate.
Modified with permission from Safian RD, Textor SC: Medical progress: renal artery stenosis. N Engl J Med 344:431-442, 2001.
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NONINVASIVE IMAGING
Doppler Ultrasonography of the Renal Arteries

Duplex interrogation of the renal arteries provides measure-
ments of localized velocities of blood flow and characteris-
tics of renal tissue. In many institutions this provides an 
inexpensive means for measuring vascular occlusive disease 
at sequential time points, both to establish the diagnosis of 
renal artery stenosis and to monitor its progression. After 
renal revascularization, Doppler studies are commonly used 
to monitor restenosis and target vessel patency110,111 (Figure 
48.18). Its main drawbacks relate to the difficulties of obtain-
ing adequate studies in obese patients. The utility and reli-
ability of Doppler ultrasonography depend partly upon the 
specific operator and the time allotted for optimal studies. 
These factors vary considerably between institutions.

The primary criteria for renal artery studies are a peak 
systolic velocity above 180 cm/sec and/or a relative velocity 
above 3.5 as compared to the adjacent aortic flow.112 Using 
these criteria, sensitivity and specificity with angiographic 
estimates of lesions exceeding 60% can surpass 90% and 
96%, respectively,113 although not universally.114 Increasing 
the threshold for peak systolic velocities reduces the rate of 
false-positive estimates of stenosis. When main vessel veloci-
ties cannot be determined reliably, segmental waveforms 
within the arcuate vessels in the renal hilum can provide 
additional information. Damping of these waveforms, 
labeled “parvus” and “tardus,” have been proposed as indi-
rect signs of upstream vascular occlusive phenomena.115 
Some authors challenge the use of angiographic estimates 
of stenosis as representing a gold standard altogether.116 
These authors argue that Doppler velocities correlate highly 
(r = 0.97) with a truer estimate of vascular occlusion, specifi-
cally stenosis determined by intravascular ultrasonography.

In the author’s own experience, Doppler study of the 
renal arteries is highly reliable when adequate imaging of 
the renal arteries can be obtained. Positive Doppler veloci-
ties in an artery clearly identified as the renal artery are 
rarely proven to be negative later. False-negative studies are 
more common. In subjects with accessible vessels, Doppler 
ultrasonography provides the most practical means of fol-
lowing vessel characteristics sequentially over time. A draw-
back of renal artery Doppler studies includes frequent 
failure to identify accessory vessels. Because the correlation 
between velocity and degree of stenosis is only approximate, 
clinical trials such as CORAL have raised the peak velocity 
threshold to 300 cm/sec. This seems warranted, particularly 
when the risk for overdiagnosis of renal arterial lesions is 
high, as in the Stent Placement and Blood Pressure and 
Lipid-Lowering for the Prevention of Progression of Renal 
Dysfunction Caused by Atherosclerotic Ostial Stenosis of the 
Renal Artery (STAR) trial, in which 18 out of 64 patients 
assigned to stenting were found not to have significant reno-
vascular disease at the time of angiography despite nonin-
vasive estimates to the contrary.83

Additional studies emphasize the potential for Doppler 
ultrasonography to characterize small vessel flow character-
istics within the kidney. The resistive index provides an esti-
mate of the relative flow velocities in diastole and systole. In 
a study of 138 patients with renal artery stenosis, a resistive 
index above 80 provided a predictive tool for identification 
of parenchymal renal disease that did not respond to renal 

measurement of separate GFR, renal blood flow, sodium 
excretion, concentrating ability, and the response to block-
ade of angiotensin II. These studies demonstrate that hemo-
dynamic effects of renal artery lesions translate directly into 
functional changes, such as avid sodium retention, before 
major changes in blood flow occur. They emphasize that 
autoregulation of blood flow and GFR can occur over a wide 
range of pressures in humans and may be affected in both 
stenotic and contralateral kidneys by the effects of angioten-
sin II. These studies require urinary tract instrumentation 
and provide only indirect information regarding the prob-
ability of benefit from revascularization. They are now rarely 
performed.

Separate renal functional measurements can be obtained 
less invasively with radionuclide techniques. These methods 
use a variety of radioisotopes (e.g., technetium 99m–labeled 
mercaptoacetyltriglycine [99mTc-MAG3] or technetium 99m–
labeled diethylenetriaminepentaacetic acid [99mTc-DTPA]) 
to estimate fractional blood flow and filtration to each 
kidney. Administration of captopril beforehand magnifies 
differences between kidneys, primarily by delaying excre-
tion of the filtered isotope due to removal of the efferent 
arteriolar effects of angiotensin II. Some authors advocate 
such measurements to follow progressive renal artery disease 
and its effect on unilateral kidney function as a guide to 
consider revascularization.106 Serial measurements of indi-
vidual renal function by radionuclide studies allow more 
precise identification of progressive ischemic injury to the 
affected kidney in unilateral renal artery disease than can 
be determined from overall GFR. Studies indicate that 
single-kidney GFR measurements by this method accurately 
reflect changes in three-dimensional volume parameters 
measured by MRI.107 These authors argue that demonstrat-
ing well-preserved parenchymal volume with disproportion-
ate reduction in single-kidney GFR supports the concept of 
“hibernating” kidney parenchyma and might provide a pre-
dictive parameter for recovery of kidney function after 
revascularization.107

IMAGING OF THE RENAL VASCULATURE

Advances in Doppler ultrasonography, radionuclide 
imaging, magnetic resonance (MR) angiography, and CT 
angiography continue to introduce major changes in the 
field of renovascular imaging. The details of these methods 
are beyond the scope of this discussion. They are addressed 
more fully elsewhere. What follows is a discussion of some 
of the specific merits and limitations of each modality as 
they apply to application in renovascular hypertension and 
ischemic nephropathy.102

Current practice favors limiting invasive arteriography to 
the occasion of endovascular intervention (e.g., stenting 
and/or angioplasty). Although angiography remains for 
many the gold standard for evaluation of the renal vascula-
ture, its invasive nature, potential hazards, and cost make  
it most suitable for those in whom intervention is planned, 
often during the same procedure. As a result, most  
clinicians favor preliminary noninvasive studies. When  
noninvasive studies are equivocal, arterial angiography  
may be warranted to establish the presence of transste-
notic pressure gradients, as recommended for treatment 
trials.108,109

http://www.myuptodate.com


 CHAPTER 48 — RENOVASCulAR HYPERTENSION AND ISCHEMIC NEPHROPATHY 1591

improved renal function. The authors emphasize that accu-
rate predictive power depended upon using the highest 
resistive index observed, even when present in the nonste-
notic kidney. A subsequent study of 215 subjects with mean 
preintervention serum creatinine levels of 1.51 mg/dL 
failed to confirm the predictive value of resistive index  
measurements. Of 99 subjects with “improved” renal func-
tion after 1 year, 18% had a resistive index above 80 before 
intervention, whereas 15% of 92 subjects with no improve-
ment had an index above 80 (not significant). In this series, 
preintervention level of serum creatinine itself was the 
strongest predictor of improved renal function.118 Most 

revascularization117 (Figure 48.19). A sizable portion of this 
group eventually progressed to renal failure. Resistive index 
is measured in the segmental arteries, usually the first two 
vessels that branch off the main renal artery, and is an index 
of the peak velocity of blood in systole relative to the 
minimum diastolic velocity {100 × [1 − (Vmin/Vmax)]}. A 
higher number would reflect important falls in flow during 
diastole versus systole. When diastolic flow is 20% of systolic 
flow, the resistive index is 80, a reflection of augmented 
resistance in the downstream vascular bed.

A resistive index less than 80 was associated with more 
than 90% favorable blood pressure response and stable or 

Figure 48.18  A, Velocity measurement  in a patient with high-grade renal artery stenosis affecting the proximal  left  renal artery  (LRA PRX). 
Velocities reach 605 cm/sec, well above the normal upper limit of 180 cm/sec. B, Segmental branch ultrasonography in the distal segmental 
renal arteries demonstrates parvus and tardus dampening of the signal characteristic of poststenotic waveforms. The utility of these measure-
ments depends upon the ability to obtain reliable identification of vessel segments and the skills of the operator. Once the location of a vascular 
lesion is known, subsequent studies can be performed more easily to track progression of vascular occlusion, restenosis, and/or the results 
of endovascular intervention (see text). 
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stenosis, CT angiography agrees well with conventional arte-
riography (correlation 95%), and sensitivity may reach 98% 
and specificity 94%.122 Studies indicate that CT provides 
excellent accuracy regarding evaluation of in-stent resteno-
sis,123 and evolving quantitative three-dimensional image 
analysis may improve on intraarterial methods.122 Although 
this technique offers excellent noninvasive examination of 
the vascular tree, it does require iodinated contrast. As a 
result, it raises concerns for evaluation of renovascular 
hypertension and/or ischemic nephropathy for older 
patients with impaired renal function and/or diabetes. Con-
cerns regarding toxicity associated with MR angiographic 
contrast nonetheless encourage wider use of multidetector 

clinicians agree that detecting a low resistive index indicates 
a well-preserved vasculature within the kidney with improved 
likelihood of recovering or stabilizing after vascular 
intervention.119,120

Computed Tomography Angiography

CT angiography using helical and/or multiple detector 
scanners and intravenous contrast can provide excellent 
images of both kidneys and the vascular tree. Resolution 
and reconstruction techniques render this modality capable 
of identifying smaller vessels, vascular lesions, and parenchy-
mal characteristics, including malignancy and stones121 
(Figure 48.20). When used for detection of renal artery 

Figure 48.19  Outcome of revascularization as measured by mean arterial blood pressure and number of antihypertensive agents in 
138 patients with renal artery stenosis. These patients were divided into groups with an ultrasound-determined resistive index of 80 or higher 
and those below 80  in the most severely affected kidney. The authors  indicate that a high resistive  index reflects  intrinsic parenchymal and 
small  vessel disease  in  the kidney  that does not  improve after  revascularization. Those with  lower  indices had both  lower blood pressures 
during follow-up and lower antihypertensive medication requirements. (Reprinted with permission from Radermacher J, Chavan A, Bleck J, et al: 
Use of Doppler ultrasonography to predict the outcome of therapy for renal-artery stenosis. N Engl J Med 344:410-417, 2001.)
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Figure 48.20  Computed tomography (CT) angiograms illustrating reconstructed views of complex vascular disease. A, Aortic endo-
vascular stent extending beyond the origins of the renal arteries. Renal artery stents have been placed through the aortic graft to restore blood 
flow, although the nephrograms demonstrate patchy defects consistent with small vessel occlusion and/or atheroembolic events. B, CT angio-
gram with a small aneurysm of the right renal artery that has produced segmental infarction, leading to accelerated hypertension. Although CT 
angiography requires contrast, current multidetector CT studies allow excellent image resolution at rapid acquisition and less contrast exposure 
than ever before. 
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generations of scanners. High-spatial-resolution three-
dimensional contrast-enhanced MR scanners provide up to 
97% sensitivity and 92% specificity for renal artery stenotic 
lesions.132 Importantly, signal degradation due to metallic 
stents renders MR angiography unsuitable for follow-up 
studies after endovascular procedures in which stents are 
used.

Captopril Renography

Imaging the kidneys before and after administration of an 
ACE inhibitor (e.g., captopril) traditionally provided a func-
tional assessment of the change in blood flow and GFR to 
the kidney related to both changes in arterial pressure and 
removal of the efferent arteriolar effects of angiotensin II. 
Because hypertension is not commonly the primary motiva-
tion for evaluating renovascular disease, these tests are less 
frequently applied now. The most commonly used radio-
pharmaceuticals are 99mTc-DTPA and 99mTc-MAG3. The 
latter agent has clearance characteristics similar to hippuran 
and is often taken as reflecting renal plasma flow. Both can 
be used, although specific interpretive criteria differ.133 Both 
provide information regarding size and filtration of both 
kidneys and the change in these characteristics after inhibi-
tion of ACE allows inferences regarding the dependence of 
glomerular filtration upon angiotensin II. Patient groups 
with prevalence of renovascular disease rates between 35% 
and 64% of subjects suggest that sensitivity and specificity 
range between 65% and 96% and 62% and 100%, respec-
tively.133 Because of its high specificity, captopril renography 
can be applied to populations at low pretest probability with 
an expectation that normal study results will exclude signifi-
cant renovascular hypertension in more than 96% of cases.134 
Some series report 100% accurate negative predictive 
values.135

Renographic imaging studies are less sensitive and spe-
cific for renovascular disease in the presence of renal insuf-
ficiency (usually defined as creatinine level higher than 
2.0 mg/dL). These performance characteristics also dete-
riorate for patients who cannot be prepared carefully, (i.e., 
withdrawal of diuretics and ACE inhibitors for 4 to 14 days 
before the study).133 It should be emphasized that renogra-
phy provides functional information but no direct anatomic 
information (e.g., the location of renal arterial disease, the 
number of renal arteries, or associated aortic and/or ostial 
disease) (Figure 48.22). Some authors argue that reno-
graphic screening of patients using this technique is among 
the most cost-effective methods of identifying candidates for 
further diagnostic studies and superior to functional studies 
of the renin angiotensin system. On the other hand, pro-
spective studies of renovascular disease from the Nether-
lands did observe changes in the renogram during follow-up 
but did not find captopril renography predictive of angio-
graphic findings or outcomes.93 A prospective study of 74 
patients undergoing both renography and Doppler ultraso-
nography evaluation before renal revascularization could 
identify only limited predictive value of scintigraphy (sensi-
tivity of 58% and specificity of 57%) regarding blood pres-
sure outcomes.136

Some authors argue that under carefully controlled con-
ditions changes in renographic appearance correlate with 
changes in blood pressure after revascularization. Changes 
in split renal function indicate that stenotic kidneys regain 

CT as a diagnostic imaging test for patients suspected of 
renovascular disease. Limitations include reduced visibility 
of vessel lumens in the presence of substantial calcium 
deposition. A single study comparing both CT angiography 
and MR angiography with intraarterial studies in 402 sub-
jects indicated substantially worse performance for detec-
tion of lesions with greater than 50% stenosis.124 In this 
particular study, CT angiography had sensitivity of 64% and 
specificity of 92%, whereas MR angiography had sensitivity 
of 62% and specificity of 84%. This was an unusual popula-
tion with only 20% of the screened population having ste-
notic lesions, nearly half of which were FMD. The results of 
such studies reinforce the importance of careful patient 
selection for study and establishing in advance exactly what 
questions the imaging is addressing.125

Magnetic Resonance Angiography

Gadolinium-enhanced images of the abdominal and renal 
vasculature had been a mainstay of evaluating renovascular 
disease in many institutions.121,126 Comparative studies indi-
cate that sensitivity ranges from 83% to 100% and specificity 
from 92% to 97% in renal artery stenosis.127,128 Meta-analyses 
of published literature including 998 subjects support more 
than 97% sensitivity using gadolinium-enhanced imaging.129 
The nephrogram obtained from gadolinium filtration pro-
vides an estimate of relative function and filtration, as well 
as parenchymal volume. Quantitative measurement of 
parenchymal volume determined by MRI appears to corre-
late closely with isotopically determined single-kidney GFR 
in some institutions.107 Since 2006, concerns about the 
potential for gadolinium-based contrast to produce nephro-
genic systemic fibrosis effectively have eliminated contrast-
enhanced MRI for patients with impaired kidney function 
in the United States.130

Technologic advances are allowing high-resolution vascu-
lar MRI without contrast in many patients. An example of 
MR angiography without contrast is shown in Figure 48.21. 
Drawbacks include expense and the tendency to overesti-
mate the severity of lesions, which in fact appear as a signal 
void.121,131 The limits of resolution with current instru-
mentation make detection of small accessory vessels limited, 
and quantitating fibromuscular lesions is difficult with 
current technology. Both of these are improving with newer 

Figure 48.21  Magnetic resonance (MR) angiogram recon-
structed without gadolinium contrast.  After  warnings  about  the 
association  of  gadolinium  with  nephrogenic  systemic  fibrosis,  con-
trast  MR  is  less  commonly  used  for  atherosclerotic  renovascular 
imaging than before. Newer techniques can allow excellent vascular 
imaging without contrast as shown here. 
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coronary vessels produces some risk, the added risk from 
including aortography of the renal vessels is small, almost 
negligible. Follow-up studies of individuals with identified 
incidental renal artery lesions suggest that the presence of 
these lesions does provide additive predictive risk for mor-
tality.62,138 Screening angiography is less commonly per-
formed since the publication of prospective RCTs suggesting 
little benefit for stable patients with atherosclerotic renovas-
cular disease from renal revascularization (see later). Hence 
endovascular procedures for such lesions should be con-
fined to individuals with strong indications for renal revas-
cularization, as even ardent advocates of catheter-based 
intervention have suggested.101

Contrast toxicity remains an issue with conventional 
iodinated agents.139 Intravascular ultrasound procedures 
have been undertaken using papaverine to evaluate “flow 
reserve” beyond stenotic lesions.140 Various reports indicate 
that either a reduced or preserved flow reserve may identify 
a poststenotic kidney that may improve after successful 
revascularization.140,141 Previous studies of pressure gradients 
measured across stenotic lesions failed to predict the clinical 
response to renal revascularization. Measurements using 
currently available low-profile wire probes do, however, indi-
cate a relationship between pressure gradients and activa-
tion of the renin angiotensin system.14 Outcomes of patients 
with translesional pressure gradients measured after vasodi-
lation suggest that measurement of hyperemic systolic gradi-
ent above 21 mm Hg most accurately predicts high-grade 
stenosis (average 78% by intravascular ultrasonography) 
and a beneficial response of blood pressure after stenting.142 
The latter observation and increasing reliability of technical 
measurements underscore the value of measuring gradients 
to establish a hemodynamic role for vascular lesions of mar-
ginal severity.

MANAGEMENT OF RENAL ARTERY 
STENOSIS AND ISCHEMIC NEPHROPATHY

OVERVIEW

Few areas in medicine have seen a greater pendulum swing 
than the shift from renal revascularization for cure of reno-
vascular hypertension to primary reliance on medical anti-
hypertensive therapy for atherosclerotic renovascular 
disease. This pendulum swing may be excessive in some 
cases, however, requiring nephrologists to deal with 
advanced renal failure that might be prevented. Consider-
ing the array of potential interventions and the complexity 
of these patients, clinicians need to formulate a clear set of 
therapeutic goals for each patient. Because each treatment—
ranging from medical therapy alone to surgical 
revascularization—carries with it both benefits and risks, the 
clinician’s task is to weigh the role of each of these within 
the context of the individual’s comorbid conditions. In most 
cases, long-term management of the patient with renovas-
cular disease represents integrated pharmacologic manage-
ment of blood pressure and cardiovascular risk and optimal 
timing of renal revascularization for those with high-risk 
manifestations and/or disease progression. The objective of 
this section is to provide a framework by which to plan a 
balanced approach to the patient with unilateral or bilateral 

GFR after revascularization, sometimes with a decrement in 
contralateral GFR, thereby leaving overall kidney function 
unchanged.137

INVASIVE IMAGING
Intraarterial angiography currently remains the gold 
standard for definition of vascular anatomy and stenotic 
lesions in the kidney. Often it is completed at the time of a 
planned intervention, such as endovascular angioplasty 
and/or stenting. What is the current role of including angi-
ography of the renal arteries during imaging of other vas-
cular beds such as “drive-by” angiography during coronary 
artery imaging? Several studies confirm that the prevalence 
of renal artery lesions exceeding 50% lumen occlusion in 
patients with hypertension and coronary artery disease is 
high, usually between 18% and 24%.101 Some individuals 
(7% to 10%) will have high-grade stenoses above 70% occlu-
sion, and some will be bilateral. Accepting the fact that an 
arterial puncture and catheterization of the aorta and 

Figure 48.22  Isotope renography in a patient with unilateral 
renal artery stenosis.  A,  Technetium  99m–labeled  diethylenetri-
aminepentaacetic acid (99mTc-DTPA) scan demonstrates delayed cir-
culation and excretion of isotope on the left. B, Hippuran scan (now 
replaced with technetium 99m–labeled mercaptoacetyltriglycine) pro-
vides a renogram demonstrating a small kidney with  impaired renal 
function on the affected side. Radionuclide scans provide a compara-
tive estimate of function from each kidney that may facilitate selection 
of  intervention,  including  the  potential  effect  of  nephrectomy  (see 
text). 
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If blood pressure can be well controlled with a tolerable 
regimen and kidney function remains stable, it is difficult 
to justify moving forward with costly and potentially hazard-
ous imaging and/or vascular intervention procedures. As a 
practical matter, these measures must be considered within 
the entire context of patient management over time.

UNILATERAL VERSUS BILATERAL RENAL  
ARTERY STENOSIS
Consideration of these disorders differs in some respects. 
“Bilateral” in this context refers to the circumstances when 
the entire functional renal mass is affected by vascular occlu-
sion. This may be caused either by bilateral stenoses or 
stenosis to a solitary functioning kidney. Not only are the 
putative mechanisms related to blood pressure and volume 
control different in the presence of a nonstenosed, func-
tioning contralateral kidney with unilateral disease (as out-
lined under the earlier discussion of pathophysiology), but 
the potential hazards of intervention and/or medical 
therapy differ. Patient survival is reduced in patients  
with bilateral disease or stenosis to a solitary functioning 
kidney. Progressive arterial disease in this group also poses 
the most immediate hazard of declining renal function. 
Patient survival depends upon the extent of vascular involve-
ment90 regardless of whether renal revascularization is 
undertaken.

MANAGEMENT OF UNILATERAL RENAL  
ARTERY STENOSIS
Most patients with atherosclerotic renal artery disease have 
preexisting hypertension. As a result, most are exposed to 
antihypertensive therapy before identification of the lesion 
and may be well controlled with only moderate medication 
use.60 As noted earlier, such patients commonly come to 
clinical attention when recognizable clinical progression 
occurs. Occasionally, clinical decision making is influenced 
strongly by concerns about the hazards of medical therapy 

renal artery stenosis. It should be emphasized that consid-
eration of renal artery disease takes place in the broad 
context of managing other cardiovascular risk factors, 
including withdrawal of tobacco use, reduction of choles-
terol levels, and treatment of diabetes and obesity.

MEDICAL THERAPY FOR  
RENOVASCULAR DISEASE

The overall goals of therapy are summarized in Table 48.5. 
Foremost among these is the objective identified from mul-
tiple reports from the Joint National Committee of the 
National High Blood Pressure Education Program: “The 
goal of treating patients with hypertension is to prevent 
morbidity and mortality associated with high blood pres-
sure.”143 This task may include the effort to simplify or 
potentially to eliminate long-term antihypertensive drug 
therapy, particularly in younger individuals with fibromus-
cular disease. A further goal is to preserve kidney function 
and to prevent loss of kidney function related to impaired 
renal blood flow. In some instances, renal revascularization 
is undertaken to allow improved management of salt and 
water balance in the process of managing patients with con-
gestive cardiac failure. This may allow safer use of diuretic 
agents and ACE inhibitor and ARB classes of medication in 
patients with critical renal artery lesions to the entire renal 
mass. Because prospective clinical trial data are limited to 
relatively low-risk patients included for randomization, each 
patient must be considered individually. Several prospective 
RCTs have been undertaken over the last decade and are 
now published. Although each has limitations, results of 
medical therapy over time periods ranging from 2 to 5 years 
have been equivalent to those observed with medical therapy 
plus renal revascularization with relatively limited treatment 
crossovers (Tables 48.7 to 48.9). Taken together, these data 
underscore the importance of optimizing medical antihy-
pertensive therapy as part of the decision-making process. 

Table 48.7 Outcomes of Endovascular Renal Artery Revascularization

Hypertension: Effect on Blood Pressure

Cured Improved No Change

14 series
N = 678 patients
98% technical success

Weighted mean: 17%
Range: 3-68%

Weighted mean: 47%
Range: 5-61%

Weighted mean: 36%
Range: 0-61%

Renovascular hypertension
N = 472

12% 73% 15%

Ischemic Nephropathy: Effect on Renal Function in Patients with Azotemia

Improved Stabilized Worse

14 series
Reporting impaired renal function
N = 496 patients

Weighted mean: 30%
Range: 10-41%

Weighted mean: 42%
Range: 32-71%

Weighted mean: 29%
Range: 19-34%

Ischemic nephropathy
N = 469

41% 37% no change 22%

Several early series targeting hypertension reported results with angioplasty alone, whereas later series for both hypertension and ischemic 
nephropathy included primary angioplasty plus stents for atherosclerotic RVD (see text).

Modified and summarized from Textor SC: Renovascular hypertension and ischemic nephropathy. In Taal MW, Brenner BM, editors: 
Brenner and Rector’s the kidney, Philadelphia, 2012, Elsevier Saunders, pp 1752-1791.
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Table 48.8 Prospective, Randomized Trials of Medical versus Interventional Therapy for Hypertension in 
Patients with Atherosclerotic Renal Artery Stenosis

Author/No. 
Patients

Inclusion/BP 
Measurement

BP Outcome 
(mm Hg) Renal Outcome Comments

SNRAS:
Webster et al, 1998
N = 55 (unilateral = 

27)
N = 135 eligible 

RAS > 50%

DBP ≥95 mm Hg, 2 drugs
Exclusion: CVA, MI within 

3 months: Creatinine  
> 500 µmol/L

BP: random zero device
No ACEI allowed

Unilateral:
PTRA: 173/95
Med Rx: 161/88

Bilateral:
PTRA: 152/83
Med Rx: 171/91  

(P < 0.01)

Creatinine (µmol/L)
Bilateral PTRA: 188
Med Rx: 157
Unilateral PTRA: 144
Med Rx: 168

“… unable to demonstrate 
any benefit in respect of 
renal function or event 
free survival” (follow-up 
40 mo).

EMMA:
Plouin et al, 1998
N = 49 (unilateral 

RAS only)
RAS > 75% or 
> 60%, 
lateralizing study

<75 years
Normal contralateral 

kidney
Exclusion: malignant 

HTN, CVA, CHF, MI 
within 6 mo

BP: automated 
sphygmomanometer, 
ABPM at 6 mo

PTRA: 140/81
Med Rx: 141/84
No. drugs (DDD):
PTRA 1.0
Med Rx: 1.78  

(P < 0.01)
Crossover to PTRA: 

7/26 (27%)

Creatinine clearance 
(mL/min) (6 mo):
PTRA: 77
Med Rx: 74

Renal artery occlusion:
PTRA: 0
Med Rx: 0

“BP levels and the 
proportion of patients 
given antihypertensive 
treatment were similar 
one year after 
randomization in the 
control and angioplasty 
groups, confirming that 
the BP-lowering effect of 
angioplasty in the short 
and medium terms is 
limited in atherosclerotic 
RAS.”

DRASTIC:
van Jaarsveld et al, 

2000
N = 106 ASO
RAS > 50%

Resistant: 2 drugs
DBP > 95 mm Hg or 

creatinine rise with 
ACEI

Exclusion: creatinine ≥ 2.3
Solitary kidney/total 

occlusion
Kidney < 8 cm
BP: automated 

oscillometric

BP outcomes at 3 mo:
PTRA: 169/89
Med Rx: 163/88
At 12 mo:  

PTRA: 152/84
Med Rx: 162/88
No. drugs: 1.9 vs. 2.4 

(P < 0.01)

Creatinine clearance 
(mL/min) (3 mo):
PTRA: 70
Med Rx: 59 (P = 0.03)

Abnormal renograms
PTRA: 36%
Med Rx: 70%  

(P = 0.002)
Renal artery occlusion

PTRA: 0
Med Rx: 8

“In the treatment of patients 
with hypertension and 
renal artery stenosis, 
angioplasty has little 
advantage over 
antihypertensive drug 
therapy”

The table is a summary of prospective, randomized trials for renovascular hypertension comparing medical therapy to percutaneous 
transluminal renal angioplasty (PTRA) with and without stenting. These studies contained selected patient populations with well-preserved 
kidney function and variable clinical parameters (e.g., unilateral vs. bilateral disease). Importantly, they sought to standardize blood 
pressure outcome measurement and to randomize patients prospectively. Each study differed from the others, but all found less major 
benefits accrued in interventional groups than reported by observational studies alone. Crossover rates from medical to angioplasty arms 
were significant in the early trials, however, and emphasize the importance of restoring blood supply in selected patients, particularly those 
with bilateral disease.

ABPM, Overnight ambulatory readings; ACEI, angiotensin-converting enzyme inhibitor; ASO, atherosclerotic occlusive disease; BP, blood 
pressure; CHF, congestive heart failure; CVA, cerebrovascular accident; DBP, diastolic blood pressure; DDD, defined daily doses; 
DRASTIC, Dutch Renal Artery Stenosis Intervention Cooperative; EMMA, Essai Multicentrique Medicaments vs. Angioplastie; MI, 
myocardial infarction; N, number of patients; RAS, renal artery stenosis; SNRAS, Scottish and Newcastle Renal Artery Stenosis 
Collaborative Group; Tx, therapy.

Modified from Textor SC: Renovascular hypertension and ischemic nephropathy. In Taal MW, Brenner BM, editors: Brenner and 
Rector’s the kidney, Philadelphia, 2012, Elsevier Saunders, pp 1752-1791; Webster J, Marshall F, Abdalla M, et al: Randomised 
comparison of percutaneous angioplasty vs continued medical therapy for hypertensive patients with atheromatous renal artery 
stenosis. J Hum Hypertens 12:329-335, 1998; Plouin PF, Chatellier G, Darne B, et al: Blood pressure outcome of angioplasty in 
atherosclerotic renal artery stenosis: a randomized trial. Hypertension 31:822-829, 1998; and van Jaarsveld BC, Krijnen P, Pieterman 
H, et al: The effect of balloon angioplasty on hypertension in atherosclerotic renal-artery stenosis. N Engl J Med 342:1007-1014, 
2000.

achieve blood pressure levels below 140/90 mm Hg with 
medical regimens based upon these agents. Treatment trials 
confirm that target blood pressure levels can regularly be 
achieved.1,2 It should be understood that widespread appli-
cation of these agents to patients with many forms of car-
diovascular disease ensures that subcritical cases of 
renovascular disease are treated without being identified.

and failing to achieve restored blood flow soon enough. 
Examination of the results of medical therapy alone is 
important before evaluating the role of vascular reconstruc-
tion or dilation.

Since the introduction of agents blocking the renin 
angiotensin system have been introduced, most patients 
(86% to 92%) with unilateral renal artery disease can 
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Do the risks of treating unidentified renal artery stenoses 
with antihypertensive drug therapy pose a long-term hazard 
to kidney function? This issue is at the crux of clinical 
debates regarding management of patients with renovascu-
lar hypertension. Early studies with experimental clip hyper-
tension emphasized renal fibrosis and scarring that occurred 
in the stenotic kidney in animals treated with ACE inhibi-
tors. It is well recognized that removal of the efferent arte-
riolar effects of angiotensin II pose the possibility of loss of 
glomerular filtration in a kidney with reduced renal perfu-
sion (Figure 48.23). Experimental studies in two-kidney–
one-clip rats indicate that the loss of kidney function is 
sometimes irreversible, although survival is improved in 
ACE inhibitor–treated animals as compared to minoxidil 
treatment.144 The unique role of ACE inhibitors and ARBs 
must be understood in this regard. Any drug capable of 
reducing systemic arterial pressure has the potential to 
lower renal pressures beyond a critical stenosis. As a result, 
successful antihypertensive therapy in renovascular disease 

has the theoretical result of reducing blood flow to the post-
stenotic kidney sufficient to induce vascular thrombosis. The 
unique feature of agents that block the renin angiotensin 
system is the reduction of efferent arteriolar resistance suf-
ficient to lower transcapillary filtration pressures, despite 
preserved blood flow to the glomerulus (see Figure 48.23B). 
This property is central to the benefits of this class of agent 
in “hyperfiltration” states thought to accelerate renal 
damage in other settings. In the presence of renovascular 
disease, the fall in glomerular filtration beyond a stenotic 
lesion can be observed despite relatively preserved plasma 
flows. The fall in GFR heralds an approaching degree of 
critical vascular compromise before blood flow itself is 
reduced.145 Studies in a porcine renovascular model suggest 
that angiotensin receptor blockade may have protective 
effects within the kidney as compared to drug therapy with-
out renin angiotensin system blockade.146 Earlier studies 
in renovascular hypertensive animals confirm that despite  
a reduction in filtration, renal structural integrity can be 

Table 48.9 Prospective, Randomized Clinical Trials for Renal Function and/or Cardiovascular Outcomes 
Comparing Medical Therapy versus Renal Artery Stenting

Trials N Population Inclusion Criteria Exclusion Criteria Outcomes

STAR
(2009)
10 centers
Follow-up 2 yr

Med Tx: 76
PTRA: 64

Patients with 
impaired renal 
function, ostial 
ARVD detected 
by various 
imaging studies 
and stable blood 
pressure on statin 
and aspirin

ARVD > 50%
Creatinine clearance  
< 80 mL/min/1.73 m2

Controlled blood pressure  
1 mo before inclusion

Kidney <8 cm and 
renal artery 
diameter <4 mm

Estimated creatinine 
clearance  
< 15 mL/min/ 
1.73 m2

DM with proteinuria 
(>3 g/day), 
malignant 
hypertension

No difference in GFR 
decline (primary end 
point ≥20% change 
in clearance), but 
many did not 
undergo PTRA due 
to ARVD <50% on 
angiography

Serious complication in 
the PTRA group

Study was 
underpowered

ASTRAL
(2009)
57 centers
Follow-up 5 yr

Med Tx: 403
PTRA: 403

Patients with 
uncontrolled or 
refractory 
hypertension or 
unexplained renal 
dysfunction with 
unilateral or 
bilateral ARVD on 
statin and aspirin

ARVD substantial disease 
suitable for endovascular 
and patient’s physician 
uncertainty of clinical 
benefit from 
revascularization

High likelihood of 
PTRA in < 6 mo

Without ARVD, 
previous ARVD, 
PTRA

FMD

No difference in BP, 
renal function, 
mortality, CV events

(Primary end point: 
20% reduction in the 
mean slope of the 
reciprocal of the 
serum creatinine 
level)

Substantial risk in the 
PTRA group

CORAL
(2013)
109 centers
Follow-up 5 yr

Med Tx: 480
PTRA: 467

Hypertension on  
2 or more 
antihypertensives 
or CKD stage ≥3 
with ARVD with 
unilateral or 
bilateral disease 
on statin

SBP >155 mm Hg, at least 
2 drugs

ARVD >60%
Subsequent changes 

included that the SBP  
> 155 mm Hg for defining 
systolic hypertension was 
no longer specified as 
long as patient had CKD 
stage 3

FMD
Creatinine  
> 4.0 mg/dL

Kidney length  
< 7 cm and use 
of > 1 stent

No difference of death 
from CV or renal 
causes

Modest improvement 
of SBP in the 
stented group

Total 26 complications 
(5.5%)

ARVD, Atherosclerotic renovascular disease; ASTRAL, Angioplasty and Stenting for Renal Artery Lesions; BP, blood pressure; CKD, chronic 
kidney disease; CORAL, Cardiovascular Outcomes in Renal Artery Lesions; CV, cardiovascular; DM, diabetes mellitus; FMD, fibromuscular 
dysplasia; GFR, glomerular filtration rate; N, number of patients; PTRA, percutaneous transluminal renal angioplasty; SBP, systolic blood 
pressure; STAR, Stent Placement and Blood Pressure; and Lipi-Lowering for the Prevention of Progression of Renal Dysfunction Caused 
by Atherosclerotic Ostial Stenosis of the Renal Artery; Tx, therapy.
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filtration in the stenotic kidney. Changes in overall GFR may 
be undetectable. This may be interpreted in several ways. 
Some authors argue in favor of using split renal function 
measurements, such as radionuclide renal scans, to detect 
loss of individual kidney function as a means of timing 
revascularization.103 Depending upon the circumstances, 
loss of one kidney may be an acceptable price if one can 
assure the patient that the remaining kidney has adequate 
function and blood supply. The fall in GFR from a loss of 
one kidney represents a loss of GFR similar to that of donat-
ing a kidney for renal transplantation or nephrectomy for 
malignancy. In such instances the long-term hazard to the 
remaining kidney is small, although not negligible.148,149 As 
the age and comorbidity burden of the population at risk 
rises, the loss of one kidney may pose little additional hazard 
if overall glomerular filtration is adequate. The experience 
with ACE inhibition in trials of congestive cardiac failure is 
reassuring in this regard. Thousands of patients with mar-
ginal arterial pressures and clinical heart failure have been 
treated over many years with a variety of ACE inhibitors, and 
later ARBs. These patients are at high risk for undetected 
renal artery lesions as part of the atherosclerotic burden 
associated with coronary disease. Although a minor change 
in creatinine level is observed in 8% to 10% of these patients, 
a rise sufficient to lead to withdrawal of these agents under 
trial monitoring conditions occurs in only 1% to 2%.145 Data 
from patients with high cardiovascular disease risk treated 
with ramipril included patients with creatinine levels up to 
2.3 mg/dL. Those with creatinine levels between 1.4 and 
2.3 mg/dL were at higher risk for cardiovascular mortality 
and had a major survival benefit from ACE inhibition. Close 
follow-up of kidney function indicated that withdrawal of 
ACE inhibition due to deterioration of renal function was 
less than 5% and no greater than placebo.97 Registry data 
from the United Kingdom further support the tolerability 
of renin angiotensin system blockade in more than 90% of 
patients with atherosclerotic renovascular disease, including 
more than 75% of patients with bilateral disease.69 Impor-
tantly, there appeared to be a mortality benefit in patients 
treated with these agents.

PROGRESSIVE RENAL ARTERY STENOSIS IN 
MEDICALLY TREATED PATIENTS
The potential for vascular occlusive disease to worsen is 
central to long-term management of patients with renovas-
cular disease. It may be argued that failure to revascularize 
the kidneys exposes the individual to the hazard of unde-
tected, progressive occlusion, potentially leading to total 
blood flow cessation and/or irreversible loss of renal func-
tion. Because the treatment trials have been relatively brief, 
this issue remains an important consideration for long-term 
treatment of atherosclerotic renovascular disease. A firm 
understanding of the data regarding progressive atheroscle-
rotic disease of the kidney is important for planning both 
endovascular and surgical revascularization.

Atherosclerosis is a variably progressive disorder. Manage-
ment of disorders of the carotid, coronary, aortic, and 
peripheral vasculatures all recognize the potential for pro-
gression, which occurs at widely different rates between indi-
viduals. Medical therapy for all of these disorders should 
incorporate measures aimed at intensive reduction of risk 
factors, of which smoking cessation, blood pressure control, 

preserved and recovered147 after removal of the clip and/or 
removal of the ACE inhibitor. Hence it is unlikely that ACE 
inhibitors or ARBs themselves pose a unique hazard beyond 
that attributable to reduction in renal blood flow.

It is important to recognize that the contralateral kidney 
usually supports total glomerular filtration despite reduced 

Figure 48.23  A, Glomerular filtration rate (GFR) falls beyond a renal 
artery stenotic lesion during blockade of angiotensin II (produced by 
intrarenal infusion of sar-1-ala-8-angiotensin II) and pressure reduc-
tion induced by sodium nitroprusside. The fall in GFR occurs despite 
preserved renal blood flow (RBF, measured by electromagnetic flow 
probe). These observations illustrate the specific role of angiotensin 
II in maintaining GFR in the poststenotic kidney at reduced perfusion 
pressures.  B,  Summary  of  the  effects  of  angiotensin-converting 
enzyme  (ACE)  inhibition  and/or  angiotensin  receptor  blockade  on 
RBF, GFR, and filtration fraction (FF) in normal, moderate, and severe 
levels of renal artery stenosis. As compared to other antihypertensive 
agents, ACE  inhibitors and angiotensin  receptor blockers  lead  to a 
fall in GFR and FF due to removal of the efferent arteriolar effects of 
angiotensin  II.  When  stenosis  is  sufficiently  severe  that  pressure 
reduction compromises RBF, the potential for complete occlusion is 
present, as with other effective antihypertensive agents as well. MAP, 
Mean arterial pressure; Pgc, glomerular capillary pressure; RAP, renal 
artery  pressure.  (Reprinted with permission from Textor SC: Renal 
failure related to ACE inhibitors. Semin Nephrol 17:67-76, 1997.)
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renovascular disease are moderate and occur at widely 
varying rates. Many such patients can be managed well 
without revascularization for many years.

Although these reports are informative, they leave many 
questions unanswered. How often does suboptimal blood 
pressure control in renovascular hypertension accelerate 
cardiovascular morbidity and mortality? Does one lose the 
opportunity to reverse hypertension effectively by delaying 
renal revascularization? These issues will depend upon 
further prospective studies. It is equally clear that for a 
subset of high-risk patients with progressive disease and 
advancing clinical manifestations of pulmonary edema, 
accelerating hypertension, and rapidly falling GFR, optimal 
long-term stability of kidney function and blood pressure 
control can be achieved by successful surgical or endovas-
cular restoration of the renal blood supply.

ENDOVASCULAR RENAL ANGIOPLASTY  
AND STENTING

The ability to restore renal perfusion in high-risk patients 
with renovascular hypertension and ischemic nephropathy 
using endovascular methods represents a major advance in 
this disorder. Restoration of blood flow to the kidney beyond 
a stenotic lesion seems to provide an obvious means of 
improving renovascular hypertension and halting progres-
sive vascular occlusive injury. In the 1990s a major shift from 
surgical reconstruction ensued toward preferential applica-
tion of endovascular procedures.10 The total volume of renal 
revascularization procedures registered for the U.S. Medi-
care population above 65 years of age rose 61% from 13,380 
to 21,600 between 1996 and 2000. This change reflected an 
increase in endovascular procedures by 2.4-fold, whereas 
surgical renovascular procedures fell by 45%. The trend 
continued with an estimate of 35,000 endovascular proce-
dures in 2005.8,153 Since the publication of the ASTRAL trial, 
this trend has reversed dramatically, leading to few revascu-
larization procedures in the United Kingdom.

Revascularizing the kidney has both benefits and risks. 
With older patients developing renal artery stenosis in the 
context of preexisting hypertension, the likelihood of a  
cure for hypertension is small, particularly in atherosclerotic 
disease. Although complications are not common, they  
can be catastrophic, including atheroembolic disease and 
aortic dissection. Knowing when to pursue renal revascular-
ization is central to the dilemma of managing renovascular 
disease.

ANGIOPLASTY FOR FIBROMUSCULAR DISEASE
Most lesions of medial fibroplasia are located at a distance 
away from the renal artery ostium. Many of these have mul-
tiple webs within the vessel, which can be successfully tra-
versed and opened by balloon angioplasty. Experience in 
the 1980s indicated more than 94% technical success 
rates.154 Some of these lesions (approximately 10%) develop 
restenosis for which repeat procedures have been used.63 
Clinical benefit regarding blood pressure control has been 
reported in observational outcome studies in 65% to 75% 
of patients, although the rates of cure are less secure.55 Cure 
of hypertension, defined as sustained blood pressure levels 
less than 140/90 mm Hg with no antihypertensive medica-
tions, may be obtained in 35% to 50% of patients. Predictors 

and correction of dyslipidemias are paramount. Treatment 
of these risk factors reduces mortality rates related to car-
diovascular disease.150

How does progressive renal artery occlusive disease affect 
management of renovascular hypertension? Moderate ana-
tomic progression alone does not reliably predict functional 
changes in terms of deteriorating blood pressure control or 
renal function. Results from Doppler ultrasound studies 
from Seattle indicate that a decrement in measured renal 
size by 1 cm (renal atrophy) developed in 5.5% of those with 
normal initial vessels and 20.8% of those with baseline steno-
sis greater than 60% during a follow-up interval of 33 
months.94 Changes in serum creatinine levels were infre-
quent but did occur in a subset of patients, particularly those 
with bilateral renal artery stenosis. These findings are in 
general agreement with early studies during medical therapy 
for renovascular hypertension in which 35% of patients had 
a detectable fall in measured renal length, but only 8 out of 
41 (20%) had a significant rise in creatinine level during a 
follow-up of 33 months. Follow-up of the medical treatment 
arms during short-term studies fails to show major changes 
in kidney function, although occasional loss of renal perfu-
sion by radionuclide scan is observed.93

How often does management of renal artery stenosis 
without revascularization lead to clinical progression, either in 
terms of refractory hypertension or advancing renal insuf-
ficiency? Follow-up of patients with incidentally identified 
renal artery stenosis is helpful in this regard. Review of 
peripheral aortograms identified 69 patients with high-
grade renal arterial stenoses (>70%) followed without revas-
cularization for more than 6 months. Their long-term 
follow-up identified generally satisfactory blood pressure 
control, although some required more intensive antihyper-
tensive therapy during an average of 36 months of 
follow-up.96 Four of these eventually underwent renal revas-
cularization for refractory hypertension and/or renal dys-
function. Five developed ESKD, of which only one was 
thought related to renal artery stenosis directly. Overall, 
serum creatinine levels rose from 1.4 mg/dL to 2.0 mg/dL. 
These data indicate that many such patients can be managed 
without revascularization for years and that clinical progres-
sion leading to urgent revascularization develops in between 
10% and 14% of such individuals. Expansion of this data set 
to 160 patients allowed comparison of different antihyper-
tensive regimens. The rates of progression did not appear 
related to the introduction of ACE inhibitors, although the 
level of blood pressure control improved in later years (see 
Table 48.4).151 These observations are supported by a report 
of 126 patients with incidental renal artery stenosis com-
pared to 397 patients matched for age. Measured serum 
creatinine level was higher and calculated (Cockcroft-Gault) 
GFR was lower in patients with renal artery stenosis followed 
8 to 10 years. However, none of the patients progressed to 
ESKD. These observations are consistent with results of pro-
spective trials of medical versus surgical intervention started 
in the 1980s and extended into the 1990s.152 Remarkably 
similar data are evident from the later RCTs in which both 
the medical therapy and revascularization arms developed 
progression to renal end points in 16% to 22% of cases in 
CORAL and ASTRAL (see Table 48.9). No differences in 
patient survival or renal function could be identified. Taken 
together, these studies indicate that rates of progression of 
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ANGIOPLASTY AND STENTING FOR 
ATHEROSCLEROTIC RENAL ARTERY STENOSIS
During the introduction of percutaneous transluminal 
renal angioplasty (PTRA) it was soon evident that ostial 
lesions commonly failed to respond, in part because of 
extensive recoil of the plaque, which extended into the 
main portion of the aorta.156 These lesions develop resteno-
sis rapidly even after early success. Endovascular stents were 
introduced for ostial lesions in the late 1980s and early 
1990s.157

The technical advantage of stents is indisputable. An 
example of successful renal artery stenting is shown in 
Figure 48.24. Prospective comparison between angioplasty 

of cure (normal arterial pressures without medication at 6 
months and beyond after angioplasty) include lower systolic 
blood pressures, younger age, and shorter duration of 
hypertension.155

A large majority of patients with FMD are female. The  
age at which hypertension is detected is usually younger 
than in the series of patients with atherosclerotic disease.55 
In general, such patients have relatively less aortic disease 
and are at less risk for major complications of angio-
plasty. Because the risk for major procedural complica-
tions is low, most clinicians favor early intervention for 
hypertensive patients with FMD with the hope of reduced 
antihypertensive medication requirements after successful 
angioplasty.

Figure 48.24  A,  Renal  aortogram  illustrating  high-grade,  bilateral  renal  arterial  lesions  in  a  73-year-old  male  who  developed  accelerated 
hypertension a few months before. B, Aortogram after placement of endovascular stents, illustrating excellent vessel patency and early techni-
cal success. This was followed by resolution of his hypertension. C, Serum creatinine levels, blood pressure levels, and antihypertensive drug 
regimen in an individual with high-grade bilateral renal artery stenosis. Rapidly developing hypertension and loss of glomerular filtration rate 
were  associated  with  transient  neurologic  deficits.  Successful  renal  artery  stenting  led  to  sustained  reduction  in  serum  creatinine  levels, 
improved blood pressure  levels, and reduced drug requirements. Such cases reflect high-risk subsets that were not well represented in the 
prospective randomized controlled trials (see text). TIA, transient ischemic attack. (Reprinted with permission from Textor SC: Attending rounds: 
a patient with accelerated hypertension and an atrophic kidney. Clin J Am Soc Nephrol 9:1117-1123, 2014.)
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fewer medications needed, although cures were rare and 
renal function was unchanged.160 Careful attention to 
degree of residual patency led to more than 91% patency 
at 1 year and 79% at 5 years in 210 patients with stents.111 
Blood pressures were “cured” or “improved” in more than 
80% of patients. In some cases, angina and recurrent con-
gestive cardiac failure subsides.161,162 As noted under the 
trials summarized later, prospective RCTs have been less 
impressive regarding the benefits of angioplasty (Figure 
48.25). The ambiguity of blood pressure responses in these 
studies produced widely different recommendations. These 
range from “we are left with whether renal angioplasty 
should be considered at all”163 to a general conviction 
expressed within the interventional cardiology community 
that “open renal arteries are better than closed renal arter-
ies” and that nearly all renal artery lesions should be opened 
(and probably stented).101

What results regarding recovery of renal function can be 
expected after endovascular revascularization? Tables 48.7 
to 48.9 summarize some of the series. In general, changes 
in renal function for ARAS, as reflected by serum creatinine 
levels, have been small.73 Remarkably, the changes in renal 
function in patients with azotemia after surgical reconstruc-
tion are similar.164,165 As has been observed, overall group 
changes in kidney function can be misleading. Careful  
evaluation of the literature indicates that three distinctly 

alone versus angioplasty with stents indicates intermediate 
(6 to 12 months) vessel patency was 29% and 75%, respec-
tively. Restenosis fell from 48% to 14% in stented patients.156 
As technical success continues to improve, many reports 
suggest nearly 100% technical success in early vessel patency, 
although rates of restenosis continue to reach 14% to 
25%.10,101

The introduction of endovascular stents has expanded 
renal revascularization, in part because of improved techni-
cal patency possible with ostial atherosclerotic lesions as 
compared to angioplasty alone. It should be emphasized 
that much of the shift to endovascular procedures relates to 
their applicability in older patients and widespread avail-
ability of interventional radiology.

What are the outcomes of patients undergoing renal 
artery stenting? These are commonly considered in terms 
of (1) blood pressure control and (2) preservation or salvage of 
renal function in ischemic nephropathy. Results from obser-
vational cohort blood pressure studies after stenting face the 
same limitations as observed with angioplasty alone. Results 
during follow-up from 1 to 4 years are summarized for rep-
resentative series in Tables 48.7 to 48.9. These have been 
reviewed elsewhere.158 Typical fall in blood pressure levels is 
in the range of 25 to 30 mm Hg systolic, the best predictor 
of which was the initial systolic blood pressure.159 Some 
authors report 42% improvement in blood pressure with 

Figure 48.25  A, Comparison of blood pressure (BP) changes reported after renal revascularization from a large, observational registry (more 
than 1000 patients) and  from a meta-analysis of  three prospective  randomized  trials  (210 patients). The  large difference between  these BP 
effects is reflected in variable enthusiasm for intervention between clinicians. Initial results from prospective trials (ASTRAL and CORAL, see 
text) identified only minor differences in achieved BP levels. Although results from observational series may overstate treatment benefits, results 
from prospective trials likely underestimate changes, in part due to limitations in patient recruitment and crossover between treatment arms, 
ranging from 27% to 44% in early series (see text). B, Follow-up data from a registry in the United Kingdom; most of these patients were not 
considered candidates for ASTRAL. This report identified a major mortality risk for patients with renal artery stenosis and episodes of pulmonary 
edema that was reduced for patients submitted for renal revascularization. A similar mortality benefit was  identified for patients with rapidly 
progressive renal failure (see text). DBP, Diastolic blood pressure; SBP, systolic blood pressure. (A data from Dorros G, Jaff M, Mathiak L, et al: 
Multicenter Palmaz stent renal artery stenosis revascularization registry report: four-year follow-up of 1,058 successful patients. Catheter Cardiovasc 
Interv 55:182-188, 2002; and Nordmann AJ, Woo K, Parkes R, et al: Balloon angioplasty or medical therapy for hypertensive patients with athero-
sclerotic renal artery stenosis? A meta-analysis of randomized controlled trials. Am J Med 114:44-50, 2003; B reprinted with permission from Ritchie 
J, Green D, Chrysochou C, et al: High-risk clinical presentations in atherosclerotic renovascular disease: prognosis and response to renal artery 
revascularization. Am J Kidney Dis 63:186-197, 2014.)
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PROSPECTIVE TRIALS

MEDICAL THERAPY COMPARED TO 
ANGIOPLASTY PLUS STENTS

RENOVASCULAR HYPERTENSION
As noted earlier, many patients with unilateral renal artery 
stenosis are managed without restoration of blood flow for 
a long period, sometimes indefinitely. The judgment about 
endovascular intervention in a specific case revolves about 
the anticipated outcome as summarized later. There are 
now several prospective, randomized trials comparing 
medical therapy with revascularization using PTRA with or 
without stents upon which to draw. Familiarity with the avail-
able trials and their limitations is important for nephrolo-
gists. The major features of these trials are summarized in 
Tables 48.8 and 48.9.

Three early trials in renovascular hypertension from the 
1990s address the relative value of endovascular repair, spe-
cifically PTRA as compared to medical therapy for ARAS. 
To the credit of these investigators, care was taken to stan-
dardize blood pressure measurement before and after endo-
vascular repair and to select antihypertensive regimens 
carefully. All of these trials have limitations, but they are 
instructive. Webster and associates randomized 55 patients 
with ARAS to either medical therapy or PTRA. Follow-up 
blood pressure measurements were obtained using a 
random-zero sphygmomanometer after a run-in period. 
The run-in period produced considerable reduction in 
blood pressures in all patients. Those with unilateral disease 
had no difference between medical therapy and PTRA88 
after 6 months. There was greater blood pressure benefit 
after PTRA in those with bilateral renal artery stenosis. The 
authors indicated they were “unable to demonstrate any 
benefit in respect of renal function or event free survival” 
during follow-up, which was presented up to 40 months. 
Plouin and colleagues randomized 49 patients with unilat-
eral ARAS greater than 75% or greater than 60% with lat-
eralizing functional studies. Blood pressure measurements 
were based upon overnight ambulatory readings, which are 
thought to yield more reproducible trial data and to be rela-
tively free from placebo or office effects. Seven of 26 assigned 
to medical therapy eventually crossed over to the PTRA 
group (27%) for refractory hypertension. There were six 
procedural complications in the PTRA group, including 
branch dissection and segmental infarction. Final blood 
pressures were not different between groups, but slightly 
fewer medications were required in the PTRA group. Taken 
together, this trial suggested that PTRA produced more 
complications in the near term, was useful in some medical 
treatment failures, and required slightly fewer medications 
after 6 months. Medical therapy for this study specifically 
excluded agents that block the renin angiotensin system 
(such as ACE inhibitors).173 A third prospective trial included 
106 patients enrolled in the Dutch Renal Artery Stenosis 
Intervention Cooperative (DRASTIC) study.93 These patients 
were selected for resistance to therapy including two drugs 
and were required to have serum creatinine values below 
2.3 mg/dL. Blood pressures were evaluated using auto-
mated oscillometric devices at 3 and 12 months after entry. 
Patients were evaluated on an intention-to-treat basis. Blood 

different clinical outcomes are routinely observed. In some 
instances (approximately 27%), revascularization produces 
meaningful improvements in kidney function. For this 
group the mean serum creatinine level may fall from a mean 
value of 4.5 mg/dL to an average of 2.2 mg/dL. There can 
be no doubt that such patients benefit from the procedure 
and can avoid major morbidity (and probably mortality) 
associated with advanced renal failure. The bulk of patients, 
however, have no measurable change in renal function 
(approximately 52%). Whether such patients benefit much 
depends upon the true clinical likelihood of progressive 
renal injury if the stenotic lesion were managed without 
revascularization, as discussed earlier. Those without much 
risk for progression gain little. The most significant concern, 
however, is the group of patients whose renal function  
deteriorates further after a revascularization procedure. In 
most reports this ranges from 19% to 25%.73,166 In some 
instances this represents atheroembolic disease or a variety 
of complications, including vessel dissection with thrombo-
sis.167 Hence nearly 20% of patients with azotemia face a 
relatively rapid progression of renal insufficiency and the 
potential for requiring renal replacement therapy, includ-
ing dialysis and/or renal transplantation.165,168,169 Possible 
mechanisms for deterioration include atheroembolic  
injury, which may be nearly universal after any vascular 
intervention,170 and acceleration of oxidative stress produc-
ing interstitial fibrosis.171 Whether improving techniques, 
including the application of distal “protection” devices for 
endovascular catheters, will reduce these complications is 
not yet certain.

Several studies suggest that progression of renal failure 
attributed to ischemic nephropathy may be reduced by 
endovascular procedures.166,172 Harden and associates pre-
sented reciprocal creatinine plots in 23 (of 32) patients 
suggesting that the slope of loss of GFR could be favorably 
changed after renal artery stenting.166 It should be empha-
sized that 69% of patients “improved or stabilized,” indicat-
ing that 31% worsened, consistent with results from other 
series. These reports and a guideline document from the 
American Heart Association promote the use of break-point 
analysis to analyze and report the results of renovascular 
procedures. Caution must be applied regarding the use of 
break points using reciprocal creatinine plots in this disor-
der, however. Vascular disease does not affect both kidneys 
symmetrically, nor is it likely to follow a constant course  
of progression, in contrast to diabetic nephropathy, for 
example. As a result, a gradual loss of renal function with 
subsequent stabilization can be observed equally with  
unilateral disease leading to total occlusion as well as suc-
cessful revascularization. Perhaps the most convincing 
group data in this regard derives from serial renal func-
tional measurement in 33 patients with high-grade (>70%) 
stenosis to the entire affected renal mass (bilateral disease 
or stenosis to a solitary functioning kidney) with creatinine 
levels between 1.5 and 4.0 mg/dL. Follow-up over a mean 
of 20 months indicates that the slope of GFR loss converted 
from negative (−0.0079 dL/mg per month) to positive 
(0.0043 dL/mg per month).172 These studies agree with 
other observations that long-term survival is reduced in 
bilateral disease and that the potential for renal dysfunction 
and accelerated cardiovascular disease risk is highest in such 
patients (see earlier).

http://www.myuptodate.com


 CHAPTER 48 — RENOVASCulAR HYPERTENSION AND ISCHEMIC NEPHROPATHY 1603

changed during the trial. The original intention had been 
to include patients with severe renal artery stenosis and 
systolic blood pressure above 155 mm Hg while receiving 
two or more antihypertensive medications. Severe renal 
artery stenosis was defined as more than 80% stenosis  
in isolation or 60% to 80% with a gradient of at least 
20 mm Hg. As the protocols evolved, patients could be 
enrolled with or without hypertension if the eGFR was less 
than 60 mL/min/1.73 m2. Requirements for translesional 
gradients were dropped, and patients could be enrolled 
using duplex ultrasonography, MR angiography, or CT angi-
ographic criteria. Ultimately, the average level of stenosis 
(67%) measured in the core laboratory was lower than esti-
mates by the investigators on site (73%). As with other RCTs 
it is likely that many of these lesions were below the thresh-
old of 75% to 80% usually required to produce a reduction 
in blood flow in experimental studies. Twenty-five percent 

pressures did not differ between groups overall at either 3 
or 12 months, although the PTRA group was taking fewer 
medications (2.1 ± 1.3 vs. 3.2 ± 1.5 defined daily doses, P < 
0.001). The authors concluded that in the treatment of 
hypertension and renal artery stenosis, “angioplasty has 
little advantage over antihypertensive drug therapy.”93 Many 
critics emphasize, however, that 22 of 50 (44%) patients 
assigned to medical therapy were considered treatment fail-
ures and referred for PTRA after 3 months. There were 
eight instances of total arterial occlusion in the medical 
group, as compared to none in the angioplasty group. Many 
clinicians interpret these data to support an important role 
for PTRA in management of patients with refractory hyper-
tension and renal artery stenosis. Regardless, the results of 
these trials indicate that benefits of endovascular proce-
dures, even in the short term, are moderate compared to 
effective antihypertensive therapy. Patients failing to respond 
to medical therapy often improve after revascularization. 
Some authors have combined these prospective studies into 
meta-analyses, indicating that taken together, renal revascu-
larization produced modest but definite reductions in blood 
pressures, averaging −7/−3 mm Hg.174,175

STENTS FOR PROGRESSION OF RENAL 
INSUFFICIENCY AND CARDIOVASCULAR OUTCOMES
Several prospective RCTs sought to compare medical 
therapy with endovascular stenting targeted primarily to 
progression of chronic kidney disease (CKD) and/or 
adverse cardiovascular outcomes such as stroke and coro-
nary disease events. Among these, the largest are the United 
States–based CORAL trial and the U.K.-based ASTRAL trial 
(see Table 48.9). Although these have been published and 
add important information, they have substantial limitations 
of which nephrologists should be aware.

CORAL was designed to test whether renal artery stent-
ing, when added to optimal (standardized) medical therapy, 
including blockade of the renin angiotensin system, 
improves cardiovascular outcomes for individuals with 
ARAS. The authors list more than 110 participating centers 
with a total of 947 participants enrolled over a 5-year period 
to stenting plus medical therapy (467 patients) or to medical 
therapy alone (480 patients). Average entry estimated  
GFR (eGFR) values were 58 mL/min/1.73 m2. This trial 
attempted to standardize evaluation of stenosis by requiring 
translesional gradient measurement and review by an angio-
graphic core laboratory. After a mean of 43 months of 
follow-up, no differences were apparent for any or all of the 
composite end point (death from cardiovascular or renal 
causes, myocardial infarction, stroke, hospitalization for 
congestive heart failure, progressive renal insufficiency, or 
the need for renal replacement therapy) between the stent 
group and the medical therapy only group (35.1% and 
35.8%, respectively; hazard ratio, 0.94; 95% confidence 
interval, 0.76 to 1.17; P = 0.58).2 Systolic blood pressure was 
slightly lower in the revascularization arm (−2.3 mm Hg). 
Importantly, procedural complications per vessel treated 
were only 5.2% in the stent group (Table 48.10). CORAL 
has several important limitations, as has been discussed else-
where.3,78 The authors acknowledge that recruitment for 
CORAL was difficult and took longer than anticipated. Most 
centers enrolled fewer than 10 subjects over the 4- to 5-year 
period. Several criteria for enrollment and intervention 

Table 48.10 Complications after PTRA and 
Stenting of the Renal Arteries

Minor (Most Frequently Reported)

Groin hematoma
Puncture site trauma

Major (Reported in 71/799 treated arteries [9%]179)

Hemorrhage requiring transfusion
Femoral artery pseudoaneurysm needing repair
Brachial artery traumatic injury needing repair
Renal artery perforation leading to surgical intervention
Stent thrombosis: surgical or antithrombotic intervention
Distal renal artery embolus
Iliac artery dissection
Segmental renal infarction
Cholesterol embolism: renal
Peripheral atheroemboli
Aortic dissection167

Restenosis

16% (range: 0-39%)

Deterioration of Renal Function

26% (range: 0-45%)
combined complication rate over 24 mo

Stenting after failed PTRA: 24%194

Mortality Attributed to Procedure: 0.5%

Procedure-Related Complications

51/379 patients in 10 series (13.5%)168

Procedure Complications Reported from CORAL 
Angiographic Core Laboratory (2014)2

Dissection: 11/495 (2.2%)
Branch occlusion: 6/495 (1.2%)
Distal embolization: 6/495 (1.2%)
Single events: wire perforation, vessel rupture, 

pseudoaneurysm
Total events: 26/495 (5.3%)

CORAL, Cardiovascular Outcomes in Renal Atherosclerotic 
Lesions; PTRA, percutaneous transluminal renal angioplasty.
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outcome reporting bias. An important alternative possibil-
ity, however, is that enrollment in prospective trials itself 
reflects recruitment bias in favor of more “stable” patients 
in less urgent clinical need of restoring renal circulation. 
Hence the randomized trials almost certainly underestimate 
the benefits of renal revascularization for the patients at  
the greatest risk for both accelerated hypertension and/or 
renal failure. Taken together, however, results of the trials 
underscore the efficacy of medical therapy for many patients 
and weaken the argument for revascularization for moder-
ate ARAS.

COMPLICATIONS OF RENAL ARTERY 
ANGIOPLASTY AND STENTING

Atherosclerotic plaque is commonly composed of multiple 
layers with calcified, fibrotic, and inflammatory compo-
nents. Physical expansion of such a lesion applies consider-
able force to the wall and may lead to cracking and release 
of small particulate debris into the bloodstream. Effective 
balloon angioplasty and stenting requires applying optimal 
techniques for limiting the damage to blood vessels during 
the procedure. A review of 10 published series with 416 
stented vessels indicates that significant complications arise 
in 13% of cases, not counting those that led to the need for 
dialysis. These include several of the events listed in Table 
48.10, including hematomas and retroperitoneal bleeding 
requiring transfusion. Renal function deteriorated in these 
series on average 26% of the time, and 50% (7 of 14) sub-
jects with preprocedure creatinine levels above 400 µmol 
progressed to advanced renal failure requiring dialysis.168 
Most complications are minor, including local hematomas 
and false aneurysms at the insertion site. Occasional severe 
complications develop, including aortic dissection,167 stent 
migration, and vessel occlusion with thrombosis.176 Local 
renal dissections can be managed by judicious application 
of additional stents. Mortality related directly to this proce-
dure is small but has been reported in 0.5% to 1.5% of 
patients.168,177

Restenosis remains a significant clinical limitation. Rates 
vary widely between 13% and 30%, most often developing 
within the first 6 to 12 months.99,168,178,179 Most later series 
report 13% to 16% restenosis, sometimes leading to repeat 
procedures.

SURGICAL TREATMENT OF 
RENOVASCULAR HYPERTENSION AND 
ISCHEMIC NEPHROPATHY

Early experience with vascular disease of the kidney was 
based entirely upon surgical intervention, either nephrec-
tomy or vascular reconstruction, with the objective of “surgi-
cal curability.”9 For that reason, much of the original data 
regarding split renal function measurement was geared 
toward identifying “functionally” significant lesions as a 
guide by which patients should be selected for a major surgi-
cal procedure. Surgical intervention is less commonly per-
formed now and is most often reserved for complex vascular 
reconstruction and/or failed endovascular procedures. 
Generally speaking, age and comorbid risks of patients with 

of patients had reached goal blood pressures before entry. 
Specific high-risk groups, including those with congestive 
heart failure within 30 days, were excluded. Based on Medi-
care claims data indicating more than 20,000 renal artery 
stent procedures annually (estimates from 2000), it is clear 
that screening and enrollment for CORAL included only a 
small fraction of treatment candidates, for which no con-
temporaneous U.S. registry comparison is available. Based 
on difficult enrollment and relaxed criteria, it appears that 
the CORAL cohort represented a relatively low-risk athero-
sclerotic population. This is based on the preserved levels 
of eGFR at baseline, easily controlled blood pressures, and 
exclusion of recent congestive heart failure and low 5-year 
cardiovascular mortality. Remarkably, fewer than 5% of 
enrolled patients died of cardiovascular causes during 
CORAL, substantially less than the registry population 
reported by Ritchie and coworkers, and less even than  
the ASTRAL cohort, which specifically excluded patients 
that clinicians thought would “definitely benefit” from 
revascularization.1,5

Results from the ASTRAL trial from the United Kingdom 
were published for 806 subjects followed for several years. 
The mean serum creatinine level was above 2.0 mg/dL,  
and the severity of vascular occlusion was estimated by a 
variety of imaging methods above 70%. Patients were con-
sidered eligible for the trial if clinicians were uncertain 
about optimal management. No differences were apparent 
regarding changes in kidney function, blood pressure, hos-
pitalizations, mortality, or episodes of circulatory conges-
tion.1 Rates of progression to renal end point were 16% to 
22% in both medically treated and revascularized groups. A 
smaller trial, STAR, enrolled 140 subjects and aimed to 
evaluate progression of CKD based upon initial creatinine 
clearance level of less than 80 mL/min and atherosclerotic 
stenosis of more than 50% luminal narrowing. No  
differences for the change in creatinine clearance were 
detected during follow-up of 2 years, although some sub-
stantial complications occurred in the stent-treated group.83 
This study in particular highlights the drawbacks of includ-
ing trivial vascular lesions in a treatment trial. Only 46 of 64 
patients assigned to stent therapy underwent stenting, 
mainly because lesions were often not hemodynamically 
significant.

These modest benefits present a striking contrast between 
the present and the situation a few decades ago. Reports 
from the 1970s underscore the fact that some patients expe-
rienced recurrent episodes of malignant-phase hyperten-
sion with encephalopathy, fluid retention, and progressive 
renal insufficiency. Over the years since then, malignant 
hypertension is becoming less prevalent in most Western 
countries, although not universally. Introduction of ACE 
inhibitors and calcium channel blockers in the 1980s coin-
cided with reduced occurrence of severe hypertension  
and improved medical management of patients with high-
renin states, including renovascular hypertension. Reported 
results from the prospective trials of angioplasty are less 
favorable than those reported from retrospective series.  
A representative report of more than 1000 successfully 
stented patients followed in a registry suggests that average 
blood pressure levels fell during follow-up −21/−8 mm Hg98 
(see Figure 48.25A). The differences between prospective 
trials and registry values sometimes reflect an element of 
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Table 48.11 Surgical Procedures Applied to 
Reconstruction of the Renal Artery 
and/or Reversal of Renovascular 
Hypertension*

Ablative surgery: removal of a pressor kidney
Nephrectomy: direct or laparoscopic
Partial nephrectomy

Renal artery reconstruction (require aortic approach)
Renal endarterectomy
Transaortic endarterectomy
Resection and reanastomosis: suitable for focal lesions
Aortorenal bypass graft

Extraanatomic procedures (may avoid direct manipulation of 
the aorta)—require adequate alternate circulation without 
stenosis at celiac origin
Splenorenal bypass graft
Hepatorenal bypass graft
Gastroduodenal, superior mesenteric, iliac-to-renal bypass 

grafts
Autotransplantation with ex vivo reconstruction

*See text.
Modified from Libertino JA, Zinman L: Surgery for renovascular 

hypertension. In Breslin DL, Swinton NW, Libertino JA, et al, 
editors: Renovascular hypertension, Baltimore, 1982, 
Williams and Wilkins, pp 166-212.

atherosclerotic disease favor endovascular procedures when 
feasible.

Methods of surgical intervention have changed over the 
decades. A review in 1982 emphasized the role for ablative 
techniques, including partial nephrectomy. Use of ablative 
operative means was guided by the difficulty of controlling 
blood pressure during this period. They are less common 
since the expansion of tolerable medication regimens, as 
noted earlier. Introduction of laparoscopic techniques, 
including hand-assisted nephrectomy, may return attention 
to nephrectomy as a means to reduce medication require-
ments with low morbidity in high-risk patients.

Surgical series from the 1960s and early 1970s indicated 
that cure of hypertension was present only in 30% to 40% 
of subjects, despite attempts at preselection. Survival of 
groups chosen for surgery appeared to be better than those 
chosen for medical management. This likely reflected the 
heavy disease burden and preoperative risks identified in 
those for whom surgery was excluded. The Cooperative 
Study of Renovascular Hypertension in the 1960s and 1970s 
examined many of the clinical characteristics of renovascu-
lar hypertension. These studies identified some of the limi-
tations and hazards of surgical intervention and reported 
mortality rates of 6.8%, even in excellent institutions. The 
mean age in this series was 50.5 years. Definitions of opera-
tive mortality included events as late as 375 days after the 
procedure and may overestimate the hazard. Had the 
authors considered only deaths within the first week, for 
example, the immediate perioperative mortality was 1.7%.89

Subsequent development of improved techniques for 
patient selection, including screening for coronary and 
carotid disease, for renal artery bypass and endarterectomy, 
and for combined aortic and renal artery repair, represents 
a major element in the history of vascular surgery.9 Several 
of the options developed for renal artery reconstruction are 
listed in Table 48.11. Most of these methods focus upon 
reconstruction of the vascular supply for preservation of 
nephron mass. Transaortic endarterectomy can effectively 
restore circulation to both kidneys. It requires aortic cross-
clamping and may be undertaken as part of a combined 
procedure with aortic replacement. Identification and treat-
ment of carotid and coronary disease led to reductions in 
surgical morbidity and mortality. By addressing associated 
cardiovascular risk before surgery, early surgical mortality 
falls below 2% for patients without other major diseases.

Surgical reconstruction of the renal blood supply usually 
requires access to the aorta. A variety of alternative surgical 
procedures have been designed to avoid manipulation of 
the badly diseased aorta, including those for which previous 
surgical procedures make access difficult. These include 
extraanatomic repair of the renal artery using hepatorenal 
or splenorenal conduits that avoid the requirement of 
manipulation of a badly diseased aorta.180 An example of 
contemporary surgical reconstruction to protect renal func-
tion is illustrated in Figure 48.26. It should be emphasized 
that success with extrarenal conduits depends upon the 
integrity of the alternative blood supply. Hence careful pre-
operative assessment of stenotic orifices of the celiac axis is 
undertaken before using either the hepatic or splenic arter-
ies. The results of these procedures have been good, both 
in the short term and during long-term follow-up studies.181 
Analysis of 222 patients treated more than 10 years earlier 

Figure 48.26  Computed tomography angiogram illustrating 
complex surgical repair of aortic and vascular perfusion to a  
solitary functioning kidney. Although surgical reconstruction of the 
renal vessels  is  less commonly performed since  the  introduction of 
endovascular techniques, it provides an essential alternative for com-
plex occlusive disease and failed endovascular stenting  in selected 
patients.  Arrow  identifies  ileorenal  bypass  vessel  providing  blood 
flow to a solitary kidney. 

Ileorenal
vessel to

solitary kidney
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Figure 48.27  Renal functional outcomes after renal revascularization in 304 patients with azotemia (creatinine ≥ 2.0 mg/dL) with 
atherosclerotic renal artery stenosis (RAS). On average, mean serum creatinine level does not change during a follow-up period exceeding 
36 months, as observed with most  reported series  (see  text). Group mean values obscure major differences  in clinical outcomes as shown 
here. Some patients experience major clinical benefit (defined as a fall in serum creatinine level of ≥1.0 mg/dL) (left). The largest group (middle) 
has minor changes (<1.0 mg/dL), which might be considered stabilization of renal function. The degree of benefit  in these patients depends 
upon whether renal function is deteriorating before intervention. The data for the group on the right emphasize the failure to observe consistent 
overall improvement in function, because 18% to 22% of patients develop worsening renal function. The exact causes of this deterioration are 
not clear, although atherosclerotic disease  is  responsible  for a portion. This potential hazard of  revascularization must be considered when 
offering these procedures. LFU, Latest follow-up. (From Textor SC, Wilcox CS: Renal artery stenosis: a common, treatable cause of renal failure? 
Annu Rev Med 52:421-442, 2001).
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indicates that these procedures were performed with 2.2% 
mortality and low rates of restenosis (7.3%) and good long-
term survival. The predictors of late mortality were age 
above 60 years, coronary disease, and previous vascular 
surgery.

The durability of surgical vascular reconstruction is well 
established. Follow-up studies after 5 and 10 years for all 
forms of renal artery bypass procedures indicate excellent 
long-term patency (above 90%) both for renal artery proce-
dures alone and when combined with aortic reconstruc-
tion.182 Results of surgery have been good despite increasing 
age in the reported series. Patient selection has been impor-
tant in all of these reports. Whereas long-term outcome data 
are established for surgery, limited information is available 
for endovascular stent procedures, which are more prone 
to restenosis and technical failure. This proven record  
of surgical reconstruction leads some clinicians to favor  
this approach for younger individuals with longer life 
expectancy.

Some studies have compared endovascular intervention 
(PTRA without stents) and surgical repair. A single study of 
nonostial, unilateral atherosclerotic disease in which patients 
were randomly assigned to surgery or PTRA indicates that 
although surgical success rates were higher and PTRA was 
needed on a repeat basis in several cases, the 2-year patency 
rates were 90% for PTRA and 97% for surgery.183 A prospec-
tive comparison of endovascular stents compared to open 
surgical renal revascularization argues that patency over 4 
years was better with open surgical repair, but that otherwise 
the outcome of the two procedures did not differ.184

In many institutions, surgical reconstruction of the renal 
arteries is most often undertaken as part of aortic surgery.185 
Those with impaired renal function at the Mayo Clinic (cre-
atinine level ≥ 2.0 mg/dL) underwent simultaneous aortic 

and renal procedures in 75% of cases.164 Experience indi-
cates that combining renal revascularization with aortic 
repair does not increase the risk of the aortic operation. As 
with endovascular techniques, the results regarding changes 
in renal function include improvement in 22% to 26%, no 
change (some consider this stabilization) in 46% to 52%, 
and progressive deterioration in 18% to 22% (Figure 48.27). 
Using intraoperative color flow Doppler ultrasonography 
allows immediate correction of suboptimal results and 
improved long-term patency.186 Results from several con-
temporary surgical series are summarized in Table 48.12. 
Despite good results, open operations for renal artery revas-
cularization continue to decline. A review of the National 
Inpatient Sample indicates relatively high mortality rates 
(approximately 10%) overall, leading the authors to support 
lower-risk endovascular methods where possible or referral 
to high-volume surgical centers.187 For experienced centers 
using current techniques, operative risk is below 4% in 
good-risk candidates.188,189 Risk factors for higher risk include 
advanced age, elevated creatinine level (above 2.7 to 3.0 mg/
dL), and associated aortic or other vascular disease. In some 
cases, nephrectomy of a totally infarcted kidney provides 
major improvement in blood pressure control at low opera-
tive risk. The introduction of laparoscopic surgical tech-
niques makes nephrectomy technically easier in some 
patients for whom vascular reconstruction is not an option. 
These series reflect widely variable methods of determining 
blood pressure benefit as discussed later.

Studies in patients with bilateral renal artery lesions or 
vascular occlusion to the entire renal mass indicate that 
restoration of blood flow can lead to preservation of renal 
function in some cases.190 Most often this has been under-
taken when a clue of preserved blood supply, sometimes 
from capsular vessels, is evident by renography. Occasionally 
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Table 48.12 Selected Series of Surgical Renal Artery Revascularization: 2000-2005

Author Pts. Bil. Repair (%) Preop RI

Renal Function 
Response (%)

Hypertension 
Response (%) Perioperative 

Outcome (%)

Improved Unchanged Cured
Improved 
or Stable Death Morbidity

Hansen 232 64 100 58 35 11 76 7.3 30
Paty* 414 NR 4 26 68 NR 5.5 11.4
Cherr 500 59 49 43 47 73 12 4.6 16
Marone 96 27 100 42 41 NR 4.1 NR
Mozes 198 65 57 28 67 2 59 2.5 19

*Pts. operated for either hypertension or renal salvage. Improvement was noted in 26, 68% remained stable, and 6% worsened. Specific 
renal function decline occurred in 3%.

Bil., Bilateral; NR, not reported; preop RI, preoperative renal insufficiency.
With permission of Mayo Foundation for Medical Education and Research. All rights reserved. From Bower TC, Oderich GS: Surgical 

revascularization. In Lerman LO, Textor SC, editors: Renal vascular disease, London, 2014, Springer, pp 325-340.

revascularization can lead to functional recovery sufficient 
to eliminate the need for dialysis.

PREDICTORS OF LIKELY BENEFIT 
REGARDING RENAL REVASCULARIZATION

Identification of patients most likely to experience improved 
blood pressure and/or renal function after renal revascular-
ization remains an elusive task. As noted earlier, functional 
tests of renin release, such as measurement of renal vein 
renin levels, have not performed universally well. Many of 
these studies are most useful when their results are positive 
(e.g., the likelihood of benefit improves with more evident 
lateralization) but have relatively poor negative predictive 
value, that is, when results of such studies are negative, 
outcomes of vessel repair may still be beneficial. As a clinical 
matter, recent progression of hypertension, deterioration of 
renal function, and/or pulmonary edema remain among 
the most consistent predictors of improved blood pressure 
after intervention.

Predicting favorable renal functional outcomes is also  
difficult. Either surgical or endovascular procedures  
are least likely to benefit those with advanced renal insuffi-
ciency, usually characterized by serum creatinine levels 
above 3.0 mg/dL. Nonetheless, occasional patients with 
recent progression to far-advanced renal dysfunction can 
recover GFR with durable improvement over many years 
(see Figure 48.26). Small kidneys, as identified by length less 
than 8 cm, are less likely to recover function, particularly 
when little function can be identified on radionuclide  
renography.191 Reports of renal resistance index measured 
by Doppler ultrasonography in 5950 patients indicate that 
identification of lower resistance was a favorable marker  
for improvement in both GFR and blood pressure, whereas 
elevated resistance index was an independent marker  
of poor outcomes117 (see Figure 48.19). None of these is 
absolute, and some studies identify favorable outcomes in 
some patients with adverse predictors.177 Some authors 
suggest that detecting abnormalities in “fractional flow 
reserve” measured by translesional flows and gradients  

after dilation with papaverine may predict benefits of revas-
cularization.142,192 Recent deterioration of kidney function 
or hypertension portends more likely improvement with 
revascularization.

SUMMARY

Renovascular disease is common, particularly in older sub-
jects with other atherosclerotic disease. It can produce a 
wide array of clinical effects, ranging from asymptomatic 
incidentally discovered disease to accelerated hypertension 
and progressive renal failure. With improved imaging and 
older patients, significant renal artery disease is detected 
more often than ever before. It is incumbent upon the clini-
cian to evaluate both the role of renal artery disease in the 
individual patient and the potential risk/benefit ratio for 
renal revascularization. An algorithm to guide treatment 
and reevaluation of patients with ARAS is presented in 
Figure 48.28. Application of this strategy relies heavily upon 
considering comorbid risks and the evolution of both blood 
pressure control and kidney function over a period of time. 
Management of cardiovascular risk and hypertension is the 
primary objective of medical therapy. For most patients the 
realistic goals of renal revascularization are to reduce medi-
cation requirements and to stabilize renal function over 
time. Patients with bilateral disease or stenosis to a solitary 
functioning kidney may have lower risk for circulatory con-
gestion (flash pulmonary edema or its equivalent) and 
lower risk for advancing renal failure after revascularizing 
the kidney. It is essential to appreciate the risks inherent in 
either surgical or endovascular manipulation of the dis-
eased aorta. These include a hazard of atheroembolic com-
plications and potential deterioration of renal function 
related to the procedure itself (estimated at 20% for patients 
with preexisting kidney dysfunction). Hence the decision to 
undertake these procedures should include consideration 
of whether the potential gain warrants such risks. In many 
cases, improved blood pressure and recovery of renal func-
tion justify the costs and hazards completely. Follow-up of 
both blood pressure and renal function is important, 
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particularly because of the potential for restenosis and/or 
recurrent disease. Optimal selection and timing for medical 
management and revascularization depend largely upon the 
comorbid conditions for each patient.
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Figure 48.28  Algorithm summarizing a management 
scheme for patients with renovascular hypertension 
and/or ischemic nephropathy.  Optimizing  antihyper-
tensive  and  medical  therapy  for  comorbid  conditions, 
including  dyslipidemia  and  smoking,  is  paramount  to 
reducing cardiovascular morbidity and mortality  in ath-
erosclerotic disease. Decisions regarding timing of renal 
revascularization  procedures  depend  both  upon  the 
clinical  manifestations  (see  text)  and  whether  blood 
pressures  and  kidney  function  remain  stable.  ACE, 
Angiotensin-converting enzyme; GFR, glomerular filtra-
tion rate; PTRA, percutaneous transluminal renal angio-
plasty; RAS, renal artery stenosis. 
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Pregnancy is characterized by a myriad of physiologic 
changes, of which the emergence of a placenta and growing 
fetus are the most dramatic. Hypertension and/or renal 
disease occurring in the setting of pregnancy presents a 
unique set of clinical challenges. This chapter includes a 
detailed discussion of preeclampsia, a syndrome specific to 
pregnancy that remains one of the most enigmatic human 
disorders and continues to claim the lives of thousands of 
mothers and neonates yearly. Other causes of acute renal 
failure in pregnancy are also discussed. The chapter reviews 
current data on epidemiology and management issues 
regarding chronic hypertension, chronic renal disease, and 
pregnancy in the setting of kidney transplantation as well. 
Our hope is that this chapter will offer the reader insights 
into our emerging understanding of the pathogenesis of 
preeclampsia and provide a sound basis for the manage-
ment of pregnancy from a nephrologist’s perspective.

PHYSIOLOGIC CHANGES OF PREGNANCY

HEMODYNAMIC AND VASCULAR CHANGES OF 
NORMAL PREGNANCY

Normal pregnancy is characterized by profound vascular 
and hemodynamic changes that reach far beyond the fetus 
and placenta (Table 49.1). Early in pregnancy, systemic vas-
cular resistance decreases and arterial compliance increases.1 
These changes are evident by 6 weeks of gestation, prior to 
the establishment of the uteroplacental circulation.2 This 
decrease in systemic vascular resistance leads directly to 
several other cardiovascular changes. Mean arterial blood 
pressure falls by an average of 10 mm Hg below nonpreg-
nant levels by the second trimester (Figure 49.1). Sympa-
thetic activity is increased, reflected in a 15% to 20% increase 
in heart rate.3 The combination of increased heart rate and 
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Figure 49.1  Changes  in  mean  arterial  pressure  in  normal  preg-
nancy. Mean arterial blood pressure (MAP) according to gestational 
age  in  weeks  in  a  large  representative  cohort  of  pregnant  women 
followed longitudinally. (Adapted from Thadhani R, Ecker JL, Kettyle E, 
et al: Pulse pressure and risk of preeclampsia: a prospective study. 
Obstet Gynecol 97:515-520, 2001.)

90

85

80

75

M
A

P

5 10 15 20 25 30 35 40

Gestational age in weeks

Normal Pregnancy: Mean Arterial Pressure

Figure 49.2  Hemodynamic changes  in pregnancy. Shown are  the 
percentage changes from prepregnancy values  in heart rate, stroke 
volume, and cardiac output measured throughout pregnancy. (Modi-
fied from Robson SC, Hunter S, Boys RJ, et al: Serial study of factors 
influencing changes in cardiac output during human pregnancy. Am J 
Physiol 256:H1060-H1065, 1989.)
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48Table 49.1 Physiologic Changes in Pregnancy

Physiologic 
Variable Change In Pregnancy

Hemodynamic Parameters

Plasma volume Increases 30%-50% above baseline
Blood pressure Decreases by approximately 10 mm Hg 

below prepregancy level, with nadir in 
second trimester; gradual increase 
toward prepregnancy levels by term

Cardiac output Increases 30%-50%
Heart rate Increases by 15-20 beats/min
Renal blood flow Increases to 80% above baseline
Glomerular 

filtration rate
150-200 mL/min (increases to 40%-50% 

above baseline)

Serum Chemistry and Hematologic Changes

Hemoglobin Decreases by an average of 2 g/L (from 
13 g/L to 11 g/L) owing to plasma 
volume expansion out of proportion to 
the increase in red blood cell mass

Creatinine Decreases to 0.4-0.5 mg/dL
Uric acid Decreases to a nadir of 2.0-3.0 mg/dL by 

22-24 wk, then increases back to 
nonpregnant levels toward term

pH Increases slightly to 7.44
PCO2 Decreases by approximately 10 mm Hg 

to an average of 27-32 mm Hg
Calcium Increased calcitriol stimulates increases 

both intestinal calcium reabsorption 
and urinary calcium excretion

Sodium Decreases by 4-5 mEq/L below 
nonpregnancy levels

Osmolality Decreases to a new osmotic set point of 
approximately 270 mOsm/kg

decreased afterload leads to a large increase in cardiac 
output in the early first trimester, which peaks at 50% above 
prepregnancy levels by the middle of the third trimester 
(Figure 49.2).

The renin aldosterone angiotensin system is activated  
in pregnancy,4 leading to renal salt and water retention. 
Increased renal interstitial compliance may also contribute 

to volume retention via an attenuation of the renal pressure 
natriuretic response.5 Total body water increases by 6 to 8 
liters, leading to expansion of both plasma volume and 
interstitial volume. Thus, most women have demonstrable 
clinical edema at some point during pregnancy. There is 
also cumulative retention of about 950 mmol of sodium 
distributed between the maternal extracellular compart-
ments and the fetus.6 The plasma volume increases out of 
proportion to the red blood cell mass, leading to mild physi-
ologic anemia.7 Plasma volume expansion is followed by 
increased secretion of atrial natriuretic peptide (ANP) late 
in the first trimester.2

RENAL ADAPTATION TO PREGNANCY

In pregnancy, the kidney length increases by 1 to 1.5 cm and 
kidney volume increases by up to 30%.8 There is physiologic 
dilation of the urinary collecting system with hydronephro-
sis in up to 80% of women, usually more prominent on the 
right than the left. These changes are likely due to mechani-
cal compression of the ureters between the gravid uterus 
and the linea terminalis.9 Estrogen, progesterone, and pros-
taglandins may also affect ureteral structure and peristalsis. 
Hydronephrosis of pregnancy is usually asymptomatic, but 
abdominal pain, and rarely obstruction, can occur (see 
“Obstructive Uropathy” section).

Glomerular filtration rate (GFR) rises by 40% to 65% as 
a result of an even larger increase in renal blood flow (RBF) 
(Figure 49.3).10 This increase is observed within weeks of 
conception and is maintained until the middle of the third 
trimester, when RBF begins to decline toward prepregnancy 
levels. The increase in GFR results in a physiologic decrease 
in levels of circulating creatinine, urea, and uric acid. 
Normal creatinine clearance in pregnancy rises to 150 to 
200 mL/min, and average serum creatinine falls from 
0.8 mg/dL to  approximately 0.5 to 0.6 mg/dL. Hence, a 
serum creatinine of 1.0 mg/dl, which would be considered 
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renal disease. These conditions are thought to be due to a 
combination of the increased filtered load of glucose and 
amino acids and less efficient tubular reabsorption.

RESPIRATORY ALKALOSIS OF PREGNANCY

Minute ventilation begins to rise by the end of the first tri-
mester and continues to increase until term. Progesterone 
mediates this response by directly stimulating respiratory 
drive and increasing sensitivity of the respiratory center to 
CO2.

17 The result is a mild respiratory alkalosis—PCO2 falls 
to approximately 27 to 32 mm Hg—and a compensatory 
increase in renal excretion of bicarbonate. This large 
increase in minute ventilation allows maintenance of high-
normal PO2 despite the 20% to 33% increase in oxygen 
consumption in pregnancy.

DIABETES INSIPIDUS OF PREGNANCY

For reasons that are obscure, circulating levels of vasopres-
sinase, an enzyme that hydrolyzes arginine vasopressin, are 
increased during normal pregnancy. The gene product 
mediating placental vasopressinase activity has been charac-
terized as a novel placental leucine aminopeptidase.18 Occa-
sionally, this increase is so pronounced that circulating 
antidiuretic hormone (arginine vasopressin) disappears, 
resulting in the polyuria and polydipsia of diabetes insipi-
dus. This syndrome of transient diabetes insipidus manifests 
during the second trimester and disappears after delivery.19 
It is important to recognize this entity because affected 
women may become dangerously hypernatremic, especially 
if they undergo cesarean section using general anesthesia 
and/or water restriction in the delivery room. The polyuria 
can be controlled by the administration of desamino-8-D-
arginine vasopressin (DDAVP), which is not destroyed by 
vasopressinase.20

MECHANISM OF VASODILATION  
IN PREGNANCY

The mechanisms mediating the widespread pregnancy-
induced decrease in vascular tone are not fully understood. 
The drop in systemic vascular resistance is only partially 
attributable to the presence of the low-resistance circulation 
in the pregnant uterus, as blood pressure and systemic vas-
cular resistance (SVR) are noted to fall before this system is 
well developed. Reduced vascular responsiveness to vaso-
pressors such as angiotensin II (Ang II), norepinephrine, 
and vasopressin in pregnancy is well documented (Figure 
49.4).21 The mechanism of this primary systemic vasodila-
tory response likely reflects effects of several hormones and 
signaling pathways, including estrogen, progesterone, pros-
taglandins, and relaxin.

Pregnancy differs fundamentally from other conditions 
of peripheral vasodilation, such as sepsis, cirrhosis, and 
high-output congestive heart failure (CHF), all of which  
are characterized by increased, rather than decreased,  
renal vascular resistance. This difference suggests that in 
pregnancy there is a specific renal vasodilating effect that 
overrides vasoconstricting factors such as renin angiotensin 
aldosterone activation. A review—mostly of studies of preg-
nant rats—suggested that the hormone relaxin is central to 

normal in a nonpregnant individual, reflects renal impair-
ment in a pregnant woman. Similarly, urea (measured as 
blood urea nitrogen [BUN]) falls from an average of 13 mg/
dL in the nonpregnant state to approximately 8 to 10 mg/
dl. Although proteinuria is not a feature of normal preg-
nancy, women with preexisting proteinuric renal disease 
have an exacerbation of proteinuria in the second and third 
trimesters that is more exaggerated than that which would 
be expected from the increased GFR alone11 (see “Chronic 
Kidney Disease and Pregnancy” section).

Serum uric acid declines in early pregnancy because of 
the rise in GFR, reaching a nadir of 2.0 to 3.0 mg/dL by 22 
to 24 weeks.12 Thereafter, the uric acid level begins to rise, 
reaching nonpregnant levels by term. The late gestational 
rise in uric acid levels is attributed to increased renal tubular 
absorption of urate.

Pregnancy is characterized by several changes in renal 
tubular function. Owing to the large increase in GFR, glo-
merular tubular balance requires a concomitant increase in 
tubular solute reabsorption in order to avoid excessive renal 
losses. The kidney achieves this balance flawlessly, and 
sodium balance is maintained normally: Pregnant women 
have normal excretion of an exogenous solute load and 
appropriately conserve sodium when intake is restricted.13

The ability to excrete a water load is also normally main-
tained, albeit at a lower osmotic set point. The osmotic 
threshold for stimulation of both antidiuretic hormone 
(ADH) release and thirst is decreased, by a mechanism that 
appears to be mediated by human chorionic gonadotropin 
(hCG)14 and relaxin.15 This change results in mild hypona-
tremia: The serum sodium typically falls by 4 to 5 mmol/L 
below nonpregnancy levels. Animal studies suggest that 
increased aquaporin-2 expression in the collecting tubule 
may contribute to this effect.16

Mild glucosuria and aminoaciduria can occur in normal 
pregnancy. They occur in the absence of hyperglycemia and 

Figure 49.3  Effect of pregnancy on glomerular filtration rate (GFR) 
and effective renal plasma flow (ERPF). Renal plasma flow rises out 
of proportion to the GFR, leading to a decrease in filtration fraction. 
Both  GFR  and  ERPF  peak  at  midgestation,  at  approximately  50% 
and  80%  above  prepregnancy  levels,  respectively,  and  decrease 
slightly  toward  term.  (From Davison JM: Overview: kidney function in 
pregnant women. Am J Kidney Dis 9:248, 1987.)
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PREECLAMPSIA AND HELLP SYNDROME

Preeclampsia is systemic syndrome that is specific to preg-
nancy, characterized by the new onset of hypertension and 
proteinuria after 20 weeks of gestation. Preeclampsia affects 
approximately 5% of pregnancies worldwide.30 Despite 
many advances in our understanding of the pathophysiol-
ogy of preeclampsia, delivery of the neonate remains the 
only definitive treatment. Hence, preeclampsia is still a 
leading cause of preterm birth and consequent neonatal 
morbidity and mortality in the developed world as well as 
the most common cause of maternal death in the United 
States.31 In developing countries, where access to safe emer-
gency delivery is less readily available, preeclampsia contin-
ues to claim the lives of more than 60,000 mothers every 
year.32

EPIDEMIOLOGY AND RISK FACTORS

The incidence of preeclampsia varies among populations. 
Most cases of preeclampsia occur in healthy nulliparous 
women, in whom the incidence of preeclampsia has been 
reported as high as 7.5%.33 Although preeclampsia is classi-
cally a disorder of first pregnancies, multiparous women 
who are pregnant with new partners appear to have an 
elevated preeclampsia risk similar to that of nulliparous 
women.34 This effect may be due to longer interpregnancy 
interval rather than the change in partner per se.35

Although most cases of preeclampsia occur in the absence 
of a family history, the presence of preeclampsia in a  
first-degree relative increases a woman’s risk of severe  
preeclampsia twofold to fourfold,36 suggesting a genetic 
contribution to the disease. Results of several large genome-
wide scans seeking a specific linkage to preeclampsia have 
been fairly discordant and disappointing, with significant 
LOD (logarithm [base 10] of odds) scores in isolated 

this global vasodilatory response, and specifically to the 
increase in GFR and RBF.22 Relaxin is a 6-kDa peptide 
hormone first isolated from pregnant serum in the 1920s 
and noted to produce relaxation of the pelvic ligaments.23 
Relaxin is released predominantly from the corpus luteum 
and its level rises early in gestation in response to hCG. 
Gestational renal hyperfiltration and vasodilation were com-
pletely abolished in pregnant rats either administered 
relaxin-neutralizing antibodies or lacking a functional 
corpus luteum, suggesting a critical role for relaxin in medi-
ating the renal circulatory changes during pregnancy.24 
Relaxin acts by upregulating endothelin and nitric oxide 
production in the renal circulation, leading to generalized 
renal vasodilation, decreased renal afferent and efferent 
arteriolar resistance, and a subsequent increase in RBF and 
GFR.22

The low-resistance, high-flow circulation of the fetopla-
cental unit also contributes to the low SVR characteristic of 
the second and third trimesters of pregnancy. During pla-
cental development, the high-resistance uterine arteries are 
transformed into larger-caliber capacitance vessels (Figure 
49.5). This transformation appears to be driven by invasion 
of the maternal spiral arteries by fetal-derived cytotropho-
blasts, which transform from an epithelial to an endothelial 
phenotype as they replace the endothelium of the maternal 
spiral arteries.25 The mechanisms governing this process, 
termed pseudovasculogenesis, are still being elucidated. Angio-
genic factors, such as vascular endothelial growth factor 
(VEGF) and angiopoietins, have a complex spatial and tem-
poral expression in developing placenta, and these factors 
may be involved in placental vascular development.26-28 
Increased skin capillary density in pregnancy29 suggests that 
angiogenic factors may be acting systemically as well as 
locally in the placenta. Dysregulation of these angiogenic 
factors may contribute to disorders of placental vasculogen-
esis, such as preeclampsia (discussed more fully in the 
“Pathogenesis of Preeclampsia” section).

Figure 49.4  Effect  of  pregnancy  on  sensitivity  to 
the  pressor  effects  of  angiotensin  II.  The  ordinate 
displays  the dose of  angiotensin  II  needed  to  raise 
diastolic blood pressure 20 mm Hg. In normal preg-
nancy  (red circles;  N  =  120),  a  higher  dose  was 
required than for nonpregnant women (dashed line). 
In  women  in  whom  preeclampsia  ultimately  devel-
oped (blue circles; N = 72), insensitivity to angioten-
sin  II  was  lost  beginning  in  mid–second  trimester. 
(From Gant NF, Daley GL, Chand S, et al: A study of 
angiotensin II pressor response throughout primigravid 
pregnancy. J Clin Invest 52:2682-2689, 1973, by 
copyright permission of the American Society for Clini-
cal Investigation.)
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preeclampsia.39 In vitro fertilization has also emerged as an 
important risk factor for preeclampsia.40 Although none of 
these risk factors is fully understood, they have provided 
insights into the pathogenesis of the disorder.

Several putative risk factors remain controversial. Teen 
pregnancy has been identified as a risk factor in some 
studies,41 but this finding was not confirmed in a meta-
analysis and systematic review.42 Congenital or acquired 
thrombophilia is associated with preeclampsia in some43,44 
but not all45,46 studies. Racial differences in the incidence 
and severity of preeclampsia have been difficult to assess 
because of confounding socioeconomic and cultural factors. 

Finnish (2p25, 9p13)37 and Icelandic (2p12)38 populations. 
Specific genetic mutations consistent with these loci have 
remained elusive.

Several medical conditions are associated with increased 
preeclampsia risk, including chronic hypertension, diabetes 
mellitus, renal disease, obesity, and antiphospholipid anti-
body syndrome (Table 49.2). Women who had preeclampsia 
in a prior pregnancy have a high risk of preeclampsia  
in subsequent pregnancies. Conditions associated with 
increased placental mass, such as multifetal gestations and 
hydatidiform mole, are also associated with increased pre-
eclampsia risk. Trisomy 13 is associated with a high risk of 

Figure 49.5  Placentation in normal and preeclamptic pregnancies. In normal placental development (upper panel), invasive cytotrophoblasts 
of fetal origin invade the maternal spiral arteries, transforming them from small-caliber resistance vessels to high-caliber capacitance vessels 
capable of providing placental perfusion adequate to sustain the growing fetus. During the process of vascular invasion, the cytotrophoblasts 
differentiate from an epithelial phenotype to an endothelial phenotype, a process referred to as pseudovasculogenesis or vascular mimicry. In 
preeclampsia (lower panel), cytotrophoblasts fail to adopt an invasive endothelial phenotype. Instead, invasion of the spiral arteries is shallow, 
and they remain small-caliber resistance vessels. (From Lam C, Kim KH, Karumanchi SA: Circulating angiogenic factors in the pathogenesis and 
prediction of preeclampsia. Hypertension 46:1077-1085, 2005.)
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Although population-based studies have reported a higher 
rate of preeclampsia among black women,47,48 these findings 
have not been confirmed in studies confined to healthy, 
nulliparous women.49,50 This situation suggests that the 
increased preeclampsia incidence noted in some studies 
may be attributable to the higher rate of chronic hyperten-
sion in African Americans, because chronic hypertension  
is itself a strong risk factor for preeclampsia (see Table 
49.2).51 Black women with preeclampsia also have a higher 
case-mortality rate,52 which may be due to more severe 
disease or to deficiencies in prenatal care. In Hispanic 
women, the incidence of preeclampsia appears to be 
increased, with a concomitant decrease in risk for gesta-
tional hypertension.53

The possibility that infectious agents contribute to pre-
eclampsia risk has continued to have sporadic support. A 
systematic review and meta-analysis of 49 studies reported 
small but significant associations between preeclampsia and 
urinary tract infections (odds ratio [OR], 1.57) and peri-
odontal disease (OR, 1.76), but no association with other 
infections, including human immunodeficiency virus (HIV), 
cytomegalovirus, Chlamydia, and malaria.54

DIAGNOSIS AND CLINICAL FEATURES

The American College of Obstetrics and Gynecologists’ Task 
Force on Hypertension in Pregnancy published updated 
criteria for the diagnosis of preeclampsia in 2013 that is 
summarized in Table 49.3.55 These guidelines help distin-
guish preeclampsia from other hypertensive disorders of 
pregnancy, such as chronic and gestational hypertension. 
The diagnosis of preeclampsia in women with chronic 

Table 49.2 Major Risk Factors for Preeclampsia

Risk Factor OR or RR (95% CI)

Antiphospholipid antibody 
syndrome

9.7 (4.3-21.7)42

Renal disease 7.8 (2.2-28.2)398

Prior preeclampsia 7.2 (5.8-8.8)42

Nulliparity 5.4 (2.8-10.3)48

Chronic hypertension 3.8 (3.4-4.3)399

Diabetes mellitus 3.6 (2.5-5.0)42

High altitude 3.6 (1.1-11.9)400

Multiple gestations 3.5 (3.0-4.2)401

Strong family history of 
cardiovascular disease 
(heart disease/stroke in ≥2 
first-degree relatives)

3.2 (1.4-7.7)402

Systemic lupus 
erythematosus

3.0 (2.7-3.3)403

Obesity 2.5 (1.7-3.7)404

Family history of 
preeclampsia

2.3-2.6 (1.8-3.6)36

Advanced maternal age 
(>40 yr)

1.68 (1.23-2.29) nulliparas
1.96 (1.34-2.87) multiparas41,42

Excessive gestational weight 
gain (>35 lb)

1.88 (1.74-2.04)251,405

In vitro fertilization 1.78 (1.05-3.06)40

CI, Confidence interval; OR, odds ratio; RR, relative risk. 
Superscript numbers indicate chapter references.

Table 49.3 Diagnostic Criteria for Preeclampsia

Diagnostic Criteria for Preeclampsia

Hypertension ≥140 mm Hg systolic or ≥ 90 mm Hg 
diastolic after 20 weeks of gestation 
on two occasions at least 4 hours 
apart in a woman with a previously 
normal blood pressure

OR
With blood pressures ≥ 160 mm Hg 

systolic or ≥ 105 mm Hg diastolic, 
hypertension can be confirmed within 
a short interval (minutes) to facilitate 
timely antihypertensive therapy

AND
Proteinuria ≥ 300 mg/24 hr (or this amount 

extrapolated from a timed collection)
OR
Protein-to-creatinine ratio ≥ 0.3 mg 

protein/mg creatinine
OR
Dipstick 1+ (used only if other 

quantitative methods not available)
OR in the absence of proteinuria, new-onset hypertension 

with the new onset of any of the following:
Thrombocytopenia ≦100,000 platelets/mL
Renal insufficiency Serum creatinine concentrations  

> 1.1 mg/dL or a doubling of the 
serum creatinine concentration in the 
absence of other renal disease

Impaired liver 
function

Elevated blood concentrations of liver 
transaminases to twice normal

Pulmonary edema
Cerebral or visual symptoms

Diagnostic Criteria for Superimposed Preeclampsia

Hypertension A sudden increase in blood pressure in 
a woman with chronic hypertension 
that was previously well controlled or 
escalation of antihypertensive 
medications to control blood pressure

OR
Proteinuria New onset of proteinuria in a woman 

with chronic hypertension or a sudden 
increase in proteinuria in a woman 
with known proteinuria before or in 
early pregnancy

Adapted from American College of Obstetricians and 
Gynecologists; Task Force on Hypertension in Pregnancy: 
Hypertension in pregnancy. Report of the American College 
of Obstetricians and Gynecologists’ Task Force on 
Hypertension in Pregnancy. Obstet Gynecol 122:1122-1131, 
2013.

hypertension and/or underlying proteinuric renal disease 
on clinical criteria alone remains challenging.

HYPERTENSION
For the diagnosis of preeclampsia, hypertension is defined as 
a systolic blood pressure of 140 mm Hg or higher or a dia-
stolic blood pressure of 90 mm Hg or higher after 20 weeks 
of gestation in a woman with previously normal blood pres-
sure.55 Hypertension should be confirmed by two separate 
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endothelial dysfunction60 or by impairing trophoblast inva-
siveness, a key element in placental vascular remodeling.61 
Serum uric acid levels are correlated with the presence and 
severity of preeclampsia and with adverse pregnancy out-
comes,62 even in gestational hypertension without protein-
uria.63 Unfortunately, uric acid measurement is of limited 
clinical utility either in distinguishing preeclampsia from 
other hypertensive disorders of pregnancy or as a clinical 
predictor of adverse outcomes.64-66 One clinical scenario in 
which serum uric acid measurement may be useful is in the 
diagnosis of preeclampsia in women with chronic kidney 
disease, in whom the usual diagnostic criteria of new-onset 
hypertension and proteinuria are often impossible to apply. 
In such patients, a serum uric acid level greater than 5.5 mg/
dL in the presence of stable renal function might suggest 
superimposed preeclampsia.

CLINICAL FEATURES OF SEVERE PREECLAMPSIA
Several clinical and laboratory findings suggest severe or 
progressive disease and should prompt consideration of 
immediate delivery.55 Oliguria (<500 mL urine in 24 hours) 
is usually transient; acute kidney injury, though uncommon, 
can occur. Persistent headache or visual disturbances can be 
a prodrome to seizures. Pulmonary edema complicates 2% 
to 3% of severe preeclampsia34 and can lead to respiratory 
failure. Epigastric or right upper quadrant pain may be 
associated with liver injury. Elevated liver enzymes and 
thrombocytopenia can occur alone or as part of the HELLP 
(hemolytic anemia, elevated liver enzymes, and low plate-
lets) syndrome (see later).

ECLAMPSIA
Seizures complicate approximately 2% of cases of pre-
eclampsia in the United States.67 Although eclampsia most 
often occurs in the setting of hypertension and proteinuria, 
it can occur without these warning signs. Up to a third of 
eclampsia cases occur postpartum, sometimes days to weeks 
after delivery.68 Late postpartum preeclampsia in particular 
is often a difficult and potentially missed diagnosis, often 
seen by non-obstetricians in the emergency department. 
Radiologic imaging of the head using computed tomogra-
phy (CT) or magnetic resonance imaging (MRI) is usually 
not indicated when the diagnosis is apparent but typically 
shows vasogenic edema, predominantly in the subcortical 
white matter of the parieto-occipital lobes (see Pathogenesis  
of preeclampsia: Cerebral changes). Women who have had 
eclampsia may have subtle long-term impairment of cogni-
tive function.69

HELLP SYNDROME
There remains considerable confusion and variability 
regarding the precise diagnostic criteria for the HELLP 
syndrome in the medical literature (Table 49.4). The HELLP 
syndrome is generally considered to be a severe variant of 
preeclampsia, although it can occur in the absence of pro-
teinuria. The HELLP syndrome is associated with higher 
rates of maternal and neonatal adverse outcomes than pre-
eclampsia alone, including eclampsia (affecting 6% of 
cases), placental abruption (10%), acute renal failure (5%), 
disseminated intravascular coagulation (8%), pulmonary 
edema (10%),70 and (rarely) hepatic hemorrhage and 
rupture.71

measurements made at least 4 hours apart. The severity of 
hypertension in preeclampsia can vary widely, from mild 
blood pressure elevations easily managed with antihyperten-
sive medication to severe hypertension associated with head-
ache and visual changes resistant to multiple medications. 
The latter situation can often herald seizures (eclampsia) 
and is an indication for urgent delivery. Medical manage-
ment of hypertension in preeclampsia is discussed in the 
next section.

PROTEINURIA
Proteinuria is a hallmark of preeclampsia. For a diagnosis 
of preeclampsia, proteinuria greater than 300 mg protein 
in a 24-hour urine collection or a urine protein-to-creati-
nine (P : C) ratio higher than 0.3 is sufficient. However, 
preeclampsia can be diagnosed even in the absence of pro-
teinuria if a patient presents with evidence of thrombocyto-
penia or elevated liver enzymes in the setting of hypertension 
(see Table 49.3). Routine obstetric care includes dipstick 
protein testing of a random voided urine sample at each 
prenatal visit—a screening method that has been shown to 
have a high rate of false-positive and false-negative results in 
comparison with 24-hour urine protein measurement.56 
However, the 24-hour urine collection for proteinuria is 
cumbersome for the patient and often inaccurate because 
of undercollection,57 and results are not available for at least 
24 hours, while the collection is being completed. The 
urinary P : C ratio has become the preferred method for 
quantification of proteinuria in the nonpregnant popula-
tion. A meta-analysis showed a pooled sensitivity of 84% and 
specificity of 76% using a P : C ratio cutoff value of greater 
than 0.3, in comparison with the gold standard of 24-hour 
urine protein excretion greater than 300 mg/day.58 Hence, 
it is reasonable to use the urine P : C ratio for the diagnosis 
of preeclampsia, with 24-hour collection undertaken when 
the ratio result is equivocal.

The degree of proteinuria in preeclampsia can range 
widely, from minimal to nephrotic range. However, the 
degree of proteinuria is a poor predictor of adverse mater-
nal and fetal outcomes,59 so heavy proteinuria alone is not 
an indication for urgent delivery. New-onset proteinuria is 
particularly useful among women with chronic hyperten-
sion to diagnose superimposed preeclampsia (see Table 
49.3). However, among women with underlying proteinuria, 
other signs of preeclampsia, such as elevated transaminases, 
thrombocytopenia, and cerebral signs and symptoms, are 
more useful to diagnose superimposed preeclampsia.55

EDEMA
Although edema was historically part of the diagnostic triad 
for preeclampsia, it is also recognized to be a feature of 
normal pregnancy, diminishing its usefulness as a specific 
pathologic sign. Still, the sudden onset of severe edema, 
especially in the hands and face, can be an important pre-
senting symptom in this otherwise insidious disease and 
should prompt evaluation.

URIC ACID
Serum uric acid is elevated in most women with preeclamp-
sia primarily as a result of enhanced tubular urate reabsorp-
tion. It has been suggested that hyperuricemia may 
contribute to the pathogenesis of preeclampsia by inducing 
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often takes days to weeks.75 Postpartum monitoring is impor-
tant because, as discussed, eclampsia can occur after 
delivery.

LONG-TERM CARDIOVASCULAR  
AND RENAL OUTCOMES
Previously, women with preeclampsia were reassured that 
the syndrome remits completely after delivery, with no long-
term consequences aside from increased preeclampsia risk 
in future pregnancies. Epidemiologic studies have refuted 
this claim.76,77 Fifty percent of women with preeclampsia 
experience hypertension later in life. As early as 1 year after 
the affected pregnancy, women with preeclampsia have a 
dramatically (OR, 13.9) higher risk of hypertension than 
control women who have not had preeclampsia78 and the 
risk of new-onset diabetes mellitus is doubled.79 Relative 
risks for subsequent ischemic heart disease, stroke, and car-
diovascular death are more than doubled in women who 
have had preeclampsia (Figure 49.6).76,77 Women who have 
had preeclampsia have alterations in physical and biochemi-
cal markers of cardiovascular risk (obesity, hypercholester-
olemia, hypertension, microalbuminuria) 1 year after their 
affected pregnancies.80 In particular, severe preeclampsia, 
recurrent preeclampsia, preeclampsia with preterm birth, 
and preeclampsia with intrauterine growth restriction are 
most strongly associated with adverse cardiovascular out-
comes. The American Heart Association guidelines include 
a history of preeclampsia as a risk factor for cardiovascular 
disease in women.81

Preeclampsia, especially in association with low neonatal 
birth weight, also carries an increased risk of later maternal 
kidney disease requiring a kidney biopsy.82 A large Norwe-
gian study using birth and renal registry data on more than 
570,000 women showed that preeclampsia increases the risk 

MATERNAL AND NEONATAL MORTALITY
Approximately 500,000 women die in childbirth each year 
worldwide,72 and preeclampsia and eclampsia are estimated 
to account for 10% to 15% of these deaths.73 In the United 
States, the rate of severe preeclampsia has been rising since 
the 1980s,41 and preeclampsia and eclampsia account for 
16% to 20% of all pregnancy-related maternal mortality.31,52 
Maternal death is most often due to eclampsia, cerebral 
hemorrhage, renal failure, hepatic failure, pulmonary 
edema, and the HELLP syndrome. Most preventable errors 
in preeclampsia management leading to maternal death 
involve inattention to blood pressure control and signs of 
pulmonary edema.31 Risk of death in preeclampsia is 
increased for women with little or no prenatal care, those 
of black race, those older than 35 years, and those with 
early-onset preeclampsia.52 Adverse maternal outcomes can 
often be avoided with timely delivery; hence in the devel-
oped world the burden of morbidity and mortality falls on 
the neonate.

Worldwide, preeclampsia is associated with a perinatal 
and neonatal mortality rate of 10%74; as with maternal mor-
tality, the risk of neonatal mortality increases substantially 
for preeclampsia presenting earlier in gestation. Neonatal 
death is most commonly due to iatrogenic premature deliv-
ery undertaken to preserve the health of the mother. In 
addition, fetal growth restriction can occur, likely as a result 
of impaired uteroplacental blood flow or placental infarc-
tion. Oligohydramnios and placental abruption are less 
common complications.

POSTPARTUM RECOVERY
Generally, preeclampsia begins to remit soon after delivery 
of the fetus and placenta, and complete recovery is the rule. 
However, normalization of blood pressure and proteinuria 

Table 49.4 Comparison of Clinical and Laboratory Characteristics, Effect on Delivery, and Management of 
HELLP, HUS/TTP, and AFLP

HUS/TTP HELLP AFLP

Clinical characteristic:
  Hemolytic anemia +++ ++ ±
  Thrombocytopenia +++ ++ ±
  Coagulopathy − ± +
  CNS symptoms ++ ± ±
  Renal failure +++ + ++
  Hypertension ± +++ ±
  Proteinuria ± ++ ±
  Elevated AST ± ++ +++
  Elevated bilirubin ++ + +++
  Anemia ++ + ±
  Ammonia Normal Normal High
Effect of delivery on disease None Recovery Recovery
Management Plasma exchange Supportive care, delivery Supportive care, delivery

AFLP, Acute fatty liver of pregnancy; AST, aspartate aminotransferase; CNS, central nervous system; HELLP, hemolytic anemia, elevated liver 
enzymes, and low platelets; HUS/TTP, hemolytic-uremic syndrome/thrombotic thrombocytopenic purpura; − absent; ± present or absent; 
+ mild; ++ moderate; +++ severe.

Data derived from Allford SL, Hunt BJ, Rose P, et al: Guidelines on the diagnosis and management of the thrombotic microangiopathic 
haemolytic anaemias. Br J Haematol 120:556-573, 2003; Egerman RS, Sibai BM: Imitators of preeclampsia and eclampsia. Clin Obstet 
Gynecol 42:551-562, 1999; Stella CL, Dacus J, Guzman E, et al: The diagnostic dilemma of thrombotic thrombocytopenic purpura/
hemolytic uremic syndrome in the obstetric triage and emergency department: lessons from 4 tertiary hospitals. Am J Obstet Gynecol 
200:381-386, 2009.
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presence of a placenta—though not necessarily a fetus, as 
in the case of hydatidiform mole—and almost always remits 
after its delivery. In a case of preeclampsia with extrauterine 
pregnancy, removal of the fetus alone was not sufficient; 
symptoms persisted until the placenta was delivered.87 
Severe preeclampsia is associated with pathologic evidence 
of placental hypoperfusion and ischemia. Findings include 
acute atherosis, a lesion of diffuse vascular obstruction that 
includes fibrin deposition, intimal thickening, necrosis, ath-
erosclerosis, and endothelial damage.88 Infarcts, likely due 
to occlusion of maternal spiral arteries, are also common. 
Although these findings are not universal, they appear to be 
correlated with severity of clinical disease.89

Several clinical and laboratory observations strongly 
support the role of placental ischemia in the pathophysiol-
ogy of preeclampsia. Abnormal uterine artery Doppler 
ultrasound findings, consistent with decreased uteroplacen-
tal perfusion, are observed before the clinical onset of pre-
eclampsia.90 The incidence of preeclampsia is increased 
twofold to fourfold in women residing at high altitude, 
implying that hypoxia may be a contributing factor.91 Indeed, 
global gene expression profiles are similar for hypoxia-
treated placental explants, high-altitude placentas, and pla-
centas from preeclamptic pregnancies.92 Pregnant subjects 
with sickle cell disease, who often have pathologic evidence 
of placental ischemia and infarction, have an increased risk 
for preeclampsia.93-95 Hypertension and proteinuria can be 
induced by constriction of uterine blood flow in pregnant 
primates and other mammals.96 These observations suggest 
that placental ischemia may be an important trigger for the 
maternal syndrome.

However, evidence for a causative role for placental isch-
emia alone remains circumstantial, and several observations 
call the hypothesis into question. For example, the animal 
models based on uterine hypoperfusion fail to induce 
several of the multiorgan features of preeclampsia, includ-
ing seizures, elevated liver enzyme values, and thrombocy-
topenia. In most cases of preeclampsia, there is no evidence 
of growth restriction or fetal intolerance of labor, both of 
which are expected consequences of placental ischemia. It 
may be that the placental ischemic damage that accompa-
nies late-stage preeclampsia is a secondary event.

PLACENTAL VASCULAR REMODELING
Early in normal placental development, extravillous cytotro-
phoblasts invade the uterine spiral arteries of the decidua 
and myometrium (see Figure 49.5). These invasive fetal cells 
replace the endothelial layer of the uterine vessels, trans-
forming them from small-caliber resistance vessels to flaccid, 
high-caliber capacitance vessels.97 This vascular transforma-
tion, which is most dramatic in the myometrial vessels, 
allows the increase in uterine blood flow needed to sustain 
the fetus through the pregnancy.98 In preeclampsia, this 
transformation is incomplete.99 Cytotrophoblast invasion of 
the arteries is limited to the superficial decidua, and the 
myometrial segments remain narrow and undilated.100 Zhou 
and colleagues have shown that in normal placental  
development, invasive cytotrophoblasts downregulate the 
expression of adhesion molecules characteristic of their epi-
thelial cell origin and adopt an endothelial cell-surface 
adhesion phenotype (pseudovasculogenesis).101 In pre-
eclampsia, cytotrophoblasts do not undergo this switching 

of subsequent end-stage kidney disease (ESKD) by almost 
fivefold.83 A later study suggested that familial aggregation 
of risk factors does not seem to explain increased ESKD risk 
after preeclampsia.84 Although it appears that preeclampsia 
is associated with increased risk of subsequent ESKD, the 
absolute risk is low.

Preeclampsia and cardiovascular disease share many risk 
factors, such as chronic hypertension, diabetes, obesity, 
renal disease, and the metabolic syndrome. Still, the increase 
in long-term cardiovascular mortality holds even for women 
in whom preeclampsia develops in the absence of any overt 
vascular risk factors. Whether these observations result from 
vascular damage or persistent endothelial dysfunction 
caused by preeclampsia, or simply reflect the common risk 
factors for preeclampsia and cardiovascular disease, remains 
speculative. Regardless of etiology, it is recommended that 
women who experience preeclampsia, especially with 
preterm birth or intrauterine growth restriction, receive 
screening for potentially modifiable cardiovascular and 
kidney disease risk factors (hypertension, diabetes mellitus, 
hyperlipidemia, obesity) at the postpartum obstetrician visit 
and yearly thereafter.55,85

Epidemiologic evidence suggests that low birth weight 
(with or without preeclampsia) is associated with the devel-
opment of hypertension, diabetes, cardiovascular disease, 
and chronic kidney disease in the offspring of affected preg-
nancies.86 It has been hypothesized that this association may 
be due to low nephron number.

PATHOGENESIS OF PREECLAMPSIA

THE ROLE OF THE PLACENTA
Observational evidence suggests the placenta has a central 
role in preeclampsia. Preeclampsia occurs only in the 

Figure 49.6  Preeclampsia  increases  the  risk  for  cardiovascular 
disease  later  in  life. Kaplan-Meier plot of  the cumulative probability 
of  survival  without  admission  to  the  hospital  for  ischemic  heart 
disease  or  death  from  ischemic  heart  disease  in  women  with  and 
without a history of preeclampsia. (From Smith GC, Pell JP, Walsh D: 
Pregnancy complications and maternal risk of ischaemic heart disease: 
a retrospective cohort study of 129,290 births. Lancet 357:2002-2006, 
2001.)
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endothelium-dependent vasorelaxation, which has been 
noted prospectively prior to the onset of hypertension and 
proteinuria114 and persists for years after the preeclampsia 
episode.115 There is exaggerated sensitivity to vasopressors 
such as Ang II and norepinephrine (see Figure 49.4).107 
Subtle increases in blood pressure and pulse pressure are 
present prior to the onset of overt hypertension and pro-
teinuria, suggesting that arterial compliance is decreased 
early in the course of the disease.42,116 Mechanisms underly-
ing endothelial dysfunction are discussed in the next section.

RENAL CHANGES
The pathologic swelling of glomerular endothelial cells in 
preeclampsia was first described in 1924.117 Thirty years 
later, Spargo and associates coined the term ”glomerular 
endotheliosis” and characterized the ultrastructural changes, 
including generalized swelling and vacuolization of the 
endothelial cells and loss of the capillary space (Figure 
49.8).118 There are deposits of fibrinogen and fibrin within 
and under the endothelial cells, and electron microscopy 
shows loss of glomerular endothelial fenestrae.119 The 
primary injury is specific to endothelial cells: The podocyte 
foot processes are intact early in disease, a finding atypical 
of other nephrotic diseases. However, podocyte injury as 
evidenced by podocyturia has been observed in preeclamp-
sia.120 Changes in the afferent arteriole, including atrophy 
of the macula densa and hyperplasia of the juxtaglomerular 
apparatus, have also been described.121 Although mild glo-
merular endotheliosis was once considered pathognomonic 
for preeclampsia, later studies have shown that it also occurs 
in pregnancy without preeclampsia, especially in gestational 
hypertension.122 This finding suggests the endothelial dys-
function of preeclampsia may in fact be an exaggeration of 
a process present toward term in all pregnancies.

Both RBF and GFR are lower in preeclampsia than in 
normal pregnancy. RBF falls as a result of high renal vascu-
lar resistance, primarily due to increased afferent arteriolar 
resistance. GFR decreases as a result of both the fall in RBF 
and a decrease in the ultrafiltration coefficient (Kf), which 
is attributed to endotheliosis in the glomerular capillary.123 
Although acute kidney injury can occur in preeclampsia, 
proteinuria (with a bland urinary sediment) and renal 
sodium and water retention are typically the only renal 
manifestations of disease.

CEREBRAL CHANGES
Cerebral edema and intracerebral parenchymal hemor-
rhage are common autopsy findings in women who die from 
eclampsia. The presence of cerebral edema in eclampsia 
correlates with markers of endothelial damage but not the 
severity of hypertension,124 suggesting that the edema is 
secondary to endothelial dysfunction rather than a direct 
result of blood pressure elevation. Findings on head CT and 
MRI are similar to those seen in hypertensive encephalopa-
thy, with vasogenic cerebral edema and infarctions in the 
subcortical white matter and adjacent gray matter, predomi-
nantly in the parieto-occipital lobes.68 A syndrome that 
includes these characteristic MRI changes, together with 
headache, seizures, altered mental status, and hypertension, 
has been described in patients with acute hypertensive 
encephalopathy in the setting of renal disease, eclampsia, 
or immunosuppression.125 This syndrome, termed reversible 

of cell-surface integrins and adhesion molecules and fail to 
adequately invade the myometrial spiral arteries.

The factors that regulate this process are just beginning 
to be elucidated. Hypoxia-inducible factor-1 (HIF-1) activity 
is increased in preeclampsia, and HIF-1 target genes such 
as transforming growth factor-β3 may block cytotrophoblast 
invasion.102 Invasive cytotrophoblasts express several angio-
genic factors and receptors, also regulated by HIF, including 
vascular endothelial growth factor (VEGF), placental growth 
factor (PlGF), and vascular endothelial growth factor recep-
tor 1 (VEGFR-1 or soluble fms-like tyrosine kinase-1 [sFlt1]); 
expression of these proteins by immunolocalization is 
altered in preeclampsia.103 A genetic study identified poly-
morphisms in STOX1, a paternally imprinted gene and 
member of the winged helix gene family, in a Dutch pre-
eclampsia cohort.104 The investigators hypothesized that 
loss-of-function mutations in this gene could result in defec-
tive polyploidization of extravillous trophoblast, leading to 
loss of cytotrophoblast invasion. However, a subsequent 
cohort study failed to confirm an association between pre-
eclampsia and STOX polymorphisms.105 More work is 
needed to uncover the molecular signals governing cytotro-
phoblast invasion early in placentation, defects in which 
may underlie the early stages of preeclampsia.

MATERNAL ENDOTHELIAL DYSFUNCTION
Although the origins of the preeclampsia syndrome appear 
to be placental, the target organ is the maternal endothe-
lium. The clinical manifestations of preeclampsia reflect 
widespread endothelial dysfunction resulting in vasocon-
striction and end-organ ischemia.106,107 Incubation of endo-
thelial cells with serum from women with preeclampsia 
results in endothelial dysfunction; hence, it has been 
hypothesized that factors present in maternal syndrome, 
likely originating in the placenta, are responsible for the 
manifestations of the disease (Figure 49.7).

Dozens of serum markers of endothelial activation are 
deranged in women with preeclampsia, including von Wil-
lebrand antigen, cellular fibronectin, soluble tissue factor, 
soluble E-selectin, platelet-derived growth factor, and endo-
thelin.107 C-reactive protein108 and leptin109 are increased 
early in gestation. There is evidence for oxidative stress and 
platelet activation.110 Decreased production of prostaglan-
din I2, an endothelium-derived prostaglandin, occurs well 
before the onset of clinical symptoms.111 Inflammation is 
often present; for example, there is neutrophil infiltration 
in the vascular smooth muscle of subcutaneous fat, with 
increased vascular smooth muscle expression of interleukin-8 
and intercellular adhesion molecule-1.112 Several of these 
aberrations occur well before the onset of symptoms, sup-
porting the central role of endothelial dysfunction in the 
pathogenesis of preeclampsia.

HEMODYNAMIC CHANGES
The decreases in peripheral vascular resistance and arterial 
blood pressure that occur during normal pregnancy  
are absent or reversed in preeclampsia. Systemic vascular 
resistance is higher and cardiac output is lower than in 
normal pregnancies.113 These changes are due to wide-
spread vasoconstriction resulting from endothelial dysfunc-
tion. This hypothesis is supported by both in vivo and in 
vitro evidence. Women with preeclampsia have impaired 

http://www.myuptodate.com


1620 SECTION VII — HyPERTENSION AND THE KIDNEy

of any clinical benefit of antioxidant supplementation in the 
prevention of preeclampsia suggests that oxidative stress is 
likely to be a secondary phenomenon in preeclampsia and 
not a promising therapeutic target.127 Circulating placental 
cytotrophoblast debris with the accompanying inflamma-
tion has also been proposed as a pathogenic mechanism to 
explain the maternal endothelial dysfunction, but causal 
evidence for this hypothesis is still lacking.128

IMMUNOLOGIC INTOLERANCE
The possibility of immune maladaptation remains an 
intriguing but unproven theory of the pathogenesis of pre-
eclampsia. Normal placentation requires the development 
of immune tolerance between the fetus and the mother. 
The fact that preeclampsia occurs more often in first preg-
nancies or after a change in partners suggests an etiologic 

posterior leukoencephalopathy, has subsequently been 
associated with the use of calcineurin inhibitors or anti-
angiogenic agents for cancer therapy.126 This latter observa-
tion supports the possible role for innate anti-angiogenic 
factors in the pathophysiology of preeclampsia/eclampsia, 
as detailed later in this section.

OXIDATIVE STRESS AND INFLAMMATION
Oxidative stress, the presence of reactive oxygen species in 
excess of antioxidant buffering capacity, is a prominent 
feature of preeclampsia. Oxidative stress is known to damage 
proteins, cell membranes, and DNA and is a potential medi-
ator of endothelial dysfunction. It has been hypothesized 
that in preeclampsia, placental oxidative stress is transferred 
to the systemic circulation, resulting in oxidative damage to 
the maternal vascular endothelium.110 However, the absence 

Figure 49.7  Placental dysfunction and endothelial dysfunction in the pathogenesis of preeclampsia. Placental dysfunction triggered by genetic, 
immunologic (natural killer [NK] cells and angiotensin receptor autoantibodies [AT1R-AAs]), and other factors (altered heme oxygenase expression, 
oxidative stress) plays an early and primary role in the pathogenesis of preeclampsia. The diseased placenta in turn secretes anti-angiogenic 
factors  (soluble  fms-like  tyrosine kinase-1  [sFlt-1],  soluble endoglin  [sEng]) and other  toxic mediators  into  the systemic circulation, causing 
maternal endothelial dysfunction. Nearly all the manifestations of preeclampsia, including hypertension, proteinuria (glomerular endotheliosis), 
seizures (cerebral edema), and HELLP (hemolysis, elevated liver enzymes, and low platelets) syndrome, can be attributable to vascular endothelial 
damage secondary to excess circulating anti-angiogenic factors. (Adapted from Powe CE, Levine RJ, Karumanchi SA: Preeclampsia, a disease of 
the maternal endothelium: the role of antiangiogenic factors and implications for later cardiovascular disease. Circulation 123:2856-2869, 2011).
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undergoing ICSI with sperm that were obtained by ejacula-
tion.131 Conversely, prior exposure to paternal antigens 
appears to be protective. The risk of preeclampsia is inversely 
proportional to the length of cohabitation,132 and oral toler-
ance to paternal antigens through oral sex and swallowing 
is associated with decreased risk.133 None of these clinical 
observations has yet provided insights into immunologic 
triggers of or pathogenic links to the paternal syndrome.

On a molecular level, HLA-G expression appears to be 
abnormal in preeclampsia. HLA-G is normally expressed by 
invasive extravillous cytotrophoblasts and may play a role in 
inducing immune tolerance at the maternal-fetal interface. 
In preeclampsia, HLA-G expression by cytotrophoblasts is 
reduced or absent,134 and HLA-G protein concentrations are 
reduced in maternal serum135 and in placental tissue.136 
These alterations in HLA-G expression could contribute to 
the ineffective trophoblast invasion seen in preeclampsia. 
Decidual natural killer (NK) cells, which promote angiogen-
esis and are involved in trophoblast invasion, has also been 
hypothesized to contribute to the abnormal placental devel-
opment seen in the disease.137,138 Genetic studies have noted 
that the susceptibility to preeclampsia may be influenced by 
polymorphisms in killer immunoglobulin receptors (KIRs, 
present on NK cells) and HLA-C (KIR ligands present on 
trophoblasts).139

ANGIOGENIC IMBALANCE
Overwhelming evidence from epidemiologic studies and 
experimental studies in animals suggests that excess placen-
tal production of soluble VEGF receptor 1, referred to as 
soluble fms-like tyrosine kinase-1 (sFlt1, or sVEGFR-1), plays 
a causal role in mediating the signs and symptoms of pre-
eclampsia.140 A truncated splice variant of the VEGF recep-
tor Flt1, sFlt1 antagonizes VEGF and PlGF by binding them 
in the circulation and preventing interaction with their 
endogenous receptors in the vasculature (Figure 49.9). sFlt1 
inhibits VEGF- and PlGF-mediated angiogenesis and is 
upregulated in the placentas of women with preeclampsia, 
resulting in elevated circulating sFlt1 values.141 The increase 
in maternal circulating sFlt1 precedes the onset of clinical 
disease (Figure 49.10)142-144 and is correlated with disease 
severity.144,145 Increased circulating sFlt1 is accompanied by 
decreased circulating free PlGF in serum (Figure 49.11). In 
vitro effects of sFlt1 include vasoconstriction and endothe-
lial dysfunction. Exogenous sFlt1 administered to pregnant 
rats produces a syndrome resembling preeclampsia, includ-
ing hypertension, proteinuria, and glomerular endothelio-
sis.141 The preeclampsia-like syndrome induced by sFlt1 
in animals can be rescued by exogenous VEGF or PlGF 
administration.146-148 In summary, this work has suggested 
that sFlt1 is a key pathogenic circulating toxin that mediates 
the signs and symptoms of preeclampsia (see Figure 49.7). 
Several novel isoforms of sFlt1 have been described, but the 
exact role of the various forms in human disease is still being 
investigated.149,150

Derangements in other angiogenic molecules have also 
been observed. Endostatin, another anti-angiogenic factor, 
is elevated in preeclampsia.151 Expression of VEGF165b, an 
anti-angiogenic isoform of VEGF, is reduced in the first 
trimester in women in whom preeclampsia later develops.152 
Circulating values of soluble endoglin (sEng), a truncated 
form of the transforming growth factor-β (TGF-β) receptor, 

role for abnormal maternal immune response to paternally 
derived fetal antigens. This response could result in failure 
of fetal cells to successfully invade the maternal vessels 
during placental vascular development.

Observational studies suggest that preeclampsia risk 
increases in cases of exposure to novel paternal antigens, 
not only in first pregnancies but also in pregnancies with 
new partners129 and with long interpregnancy interval.35 
Women using contraceptive methods that reduce exposure 
to sperm have higher preeclampsia incidence.130 Women 
impregnated by intracytoplasmic sperm injection (ICSI) 
with sperm that were surgically obtained (i.e., the woman 
was never exposed to the partner’s sperm in intercourse) 
had a threefold higher risk of preeclampsia than women 

Figure 49.8  Glomerular  endotheliosis.  A,  Human  preeclamptic 
glomerulus  on  light  microscopy  (periodic  acid–Schiff  [PAS]  stain). 
Renal biopsy findings from a 29-year-old woman with twin gestation 
and  severe  preeclampsia  are  shown.  Patient’s  blood  pressure  was 
170/112 mm Hg,  and  random  urine  protein-to-creatinine  ratio  was 
9.8. Note the “bloodless” appearance of the glomeruli and absence 
of  the  capillary  lumen.  (Original  magnification,  ×40.)  B,  Electron 
microscopy  of  biopsy  specimen  of  the  glomerulus  from  the  same 
patient. Note occlusion of capillary lumen cytoplasm and expansion 
of  the  subendothelial  space  with  some  electron-dense  material. 
Podocyte cytoplasm shows protein resorption droplets and relatively 
intact  foot  processes.  (Original  magnification,  ×1500.)  (Courtesy IE 
Stillman.)
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inhibit trophoblast migration and invasion by downregulat-
ing VEGF signaling.159 The precise role of these novel anti-
angiogenic proteins and their relationship with sFlt1 in the 
systemic vasculature continues to be explored.

There is circumstantial evidence suggesting that interfer-
ence with VEGF signaling may lead to preeclampsia.140 
VEGF appears to be important in the stabilization of endo-
thelial cells in mature blood vessels. VEGF is particularly 
important in the health of the fenestrated and sinusoidal 
endothelium found in the renal glomerulus, brain, and 
liver160,161—organs disproportionally affected in preeclamp-
sia. VEGF is highly expressed by glomerular podocytes, and 
VEGF receptors are present on glomerular endothelial 
cells.162 In experimental glomerulonephritis, VEGF is neces-
sary for glomerular capillary repair.163 In a podocyte-specific 
VEGF knockout mouse, heterozygosity for VEGF-A resulted 
in renal disease characterized by proteinuria and glomeru-
lar endotheliosis.164 In anti-angiogenesis cancer trials, VEGF 
antagonists produce proteinuria and hypertension in 
human subjects.165-168 This evidence suggests that VEGF defi-
ciency induced by excess sFtl1 has the capacity to produce 
the characteristic renal lesion of preeclampsia.

Although the glomerular capillary endothelial cell 
appears to be the primary glomerular target in preeclamp-
sia, the podocyte is clearly affected in severe disease, as 
evidenced by podocyturia during clinical disease and even 
before overt proteinuria.120,169 However, podocyturia is also 
noted in other proteinuric disorders and is not specific for 
preeclampsia. Renal autopsy examination in women who 
died of preeclampsia demonstrates markedly reduced podo-
cyte expression of nephrin,170 and serum from preeclamptic 
women reduces nephrin expression by cultured podo-
cytes.171 In a study using a mouse model of preeclampsia 
induced by administration of anti-VEGF antibodies, it was 
noted that nephrin expression is reduced in podocytes.172 
The effect of sFlt1 on podocyte nephrin expression appears 
to be via increased release of endothelin-1 by endothelial 
cells,171 another finding implicating the glomerular endo-
thelial cell as the primary site of injury in preeclampsia.

Alterations in circulating sFlt1 have been noted in certain 
preeclampsia risk groups. Higher sFlt1 levels have been 
noted in first than in second pregnancies,173 in twin than in 
singleton pregnancies,174,175 in women with prior preeclamp-
sia,176 and in women carrying fetuses affected by trisomy 

are elevated in preeclampsia. Soluble endoglin amplifies the 
vascular damage mediated by sFlt1 in pregnant rats, induc-
ing a severe preeclampsia-like syndrome with features of the 
HELLP syndrome.153 Maternal serum levels of sEng rise 
prior to preeclampsia onset,154-156 in a pattern similar to that 
of sFlt1.157 Because TGF-β regulates podocyte VEGF-A 
expression,158 soluble endoglin may result in impaired local 
VEGF signaling in the glomerulus. Semaphorin 3B, a novel 
trophoblastic secreted anti-angiogenic protein, has also 
been found to be upregulated in preeclamptic placentas to 

Figure 49.9  Proposed  mechanism  of  soluble  fms-like  tyrosine 
kinase-1  (sFlt1)–induced  endothelial  dysfunction.  sFlt1  protein, 
derived from alternative splicing of Flt1, lacks the transmembrane and 
cytoplasmic  domains  but  still  has  the  intact  vascular  endothelial 
growth  factor  (VEGF)  and  placental  growth  factor  (PlGF)  binding 
extracellular  domain.  During  normal  pregnancy,  VEGF  and  PlGF 
signal  through  the  VEGF  receptors  (Flt1)  and  maintain  endothelial 
health. In preeclampsia, excess sFlt1 binds to circulating VEGF and 
PlGF, thus impairing normal signaling of both VEGF and PlGF through 
their  cell  surface  receptors.  Thus,  excess  sFlt1  leads  to  maternal 
endothelial  dysfunction.  (From Bdolah Y, Sukhatme VP, Karumanchi 
SA: Angiogenic imbalance in the pathophysiology of preeclampsia: 
newer insights. Semin Nephrol 24:548-556, 2004.)

Normal pregnancy

Preeclampsia

Vasodilation

Vasoconstriction

FLT–1 VEGF PIGF sFlt–1

Figure 49.10  Concentrations  of  sFlt1  in  pre-
eclampsia  and  normal  pregnancy.  Shown  are  the 
mean serum sFlt1 concentrations (± standard error 
of  mean  [SEM])  before  and  after  onset  of  clinical 
preeclampsia  according  to  the  gestational  age  of 
the fetus. The P values given are for comparisons, 
after  logarithmic  transformation,  with  specimens 
from controls obtained during the same gestational-
age  interval.  All  specimens  were  obtained  before 
labor  and  delivery.  (From Levine RJ, Maynard SE, 
Qian C, et al: Circulating angiogenic factors and the 
risk of preeclampsia. N Engl J Med 350:672-683, 
2004.)
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(which regulates hydrogen sulfide) may also contribute  
to preeclampsia by disrupting placental angiogenesis.187 
However, human studies demonstrating alterations in heme 
oxygenase or cystathionine γ-lyase expression prior to altera-
tions in anti-angiogenic factor are still lacking.

In addition to angiogenic alterations, women in  
whom preeclampsia develops also have evidence of insulin 
resistance.188 Moreover, women with pregestational or gesta-
tional diabetes mellitus have an increased risk for develop-
ment of preeclampsia.42 In accordance with this finding, in 
vitro models suggest that insulin signaling and angiogenesis 
are intimately related at a molecular level,189 and epidemio-
logic data show that altered angiogenesis and excess insulin 
resistance may be additive insults that lead to preeclamp-
sia.190 Furthermore, altered levels of biomarkers linked with 
angiogenesis and insulin resistance persist in the postpar-
tum state,191 possibly explaining the long-term cardiovascu-
lar risk in affected women.

ANGIOTENSIN II TYPE 1 RECEPTOR 
AUTOANTIBODIES
In preeclampsia, plasma renin levels are suppressed in rela-
tion to normal pregnancy as a secondary response to sys-
temic vasoconstriction and hypertension. As noted in the 
previous section, preeclampsia is characterized by increased 
vascular responsiveness to Ang II and other vasoconstrictive 
agents. Wallukat and colleagues identified agonistic AT1 
receptor autoantibodies in women with preeclampsia.192 
They hypothesized that these antibodies, which activate the 
AT1 receptor, may account for the increased Ang II sensitiv-
ity observed in preeclampsia. The same investigators later 
showed that these AT1 autoantibodies, like Ang II itself, 
stimulate endothelial cells to produce tissue factor, an early 
marker of endothelial dysfunction. Xia and associates found 
that AT1 autoantibodies decreased invasiveness of immortal-
ized human trophoblasts in an in vitro invasion assay, sug-
gesting that these autoantibodies might contribute to 
defective placental pseudovasculogenesis as well.193 The 
same group showed that AT1 autoantibodies isolated from 
the serum of women with preeclampsia produce a 

13,177,178 potentially accounting for the increased preeclamp-
sia risk in these groups. In the case of twin pregnancies, the 
increased sFlt1 production appears to be due to greater 
placental mass rather than placental ischemia.175 Conversely, 
lower levels of sFlt1 in pregnant smokers157,179 may explain 
the protective effect of smoking in preeclampsia.180,181

Angiogenic factors are likely to be important in the regu-
lation of placental vasculogenesis. VEGF ligands and recep-
tors are highly expressed by placental tissue in the first 
trimester.182 sFlt1 decreases cytotrophoblast invasiveness in 
vitro.103 Circulating sFlt1 levels are relatively low early in 
pregnancy and begin to rise in the third trimester. This 
pattern may reflect a physiologic anti-angiogenic shift in the 
placental milieu toward the end of pregnancy, correspond-
ing to completion of the vasculogenic phase of placental 
growth. It is intuitive to hypothesize that placental vascular 
development might be regulated by a local balance between 
proangiogenic and anti-angiogenic factors and that excess 
antiangiogenic sFlt1 in early gestation could contribute to 
inadequate cytotrophoblast invasion in preeclampsia. By the 
third trimester, excess placental sFlt1 is detectable in the 
maternal circulation, producing end-organ effects. In this 
case, placental ischemia, rather than causative, may reflect 
that the placenta is the earliest organ affected by this 
derangement of angiogenic balance.

The pathways regulating placental angiogenic factor 
expression, and the reasons for their dysregulation in  
preeclampsia, are yet unknown (see Figure 49.7). Pieces of 
the puzzle may be starting to emerge, however. Animal 
models of preeclampsia based on induction of uteroplacen-
tal ischemia are characterized by increased endogenous 
sFlt196,183 and sEng.184 Agonistic Ang II type 1 (AT1) receptor 
autoantibodies produce a preeclampsia-like syndrome in 
mice (see later), in association with increased circulating 
sFlt1 levels.185 Elaboration of the upstream pathways involved 
in placental angiogenic factor expression remains an  
area of intense research. Heme oxygenase 1 and its down-
stream metabolite, carbon monoxide, act as a vascular  
protective factor by inhibiting the production of sFlt1.186 
Animal studies suggest that enzyme cystathionine lyase 

Figure 49.11  Concentrations  of  placental  growth  factor  (PlGF)  in  preeclampsia  and  normal  pregnancy.  Shown  are  the  mean  serum  PlGF 
concentrations (± SEM) before and after onset of clinical preeclampsia according to the gestational age of the fetus. The P values given are 
for comparisons, after logarithmic transformation, with specimens from controls obtained during the same gestational-age interval. All speci-
mens were obtained before  labor and delivery.  (From Levine RJ, Maynard SE, Qian C, et al: Circulating angiogenic factors and the risk of pre-
eclampsia. N Engl J Med 350:672-683, 2004.)
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artery Doppler ultrasonography in predicting preeclamp-
sia200,201 and others suggesting that it is accurate enough to 
be recommended for preeclampsia screening in routine 
clinical practice.202 Thus, there is wide regional variability in 
the use of this examination for routine screening, and it 
remains uncommon in the United States. Some data suggest 
that there may be promise in combining uterine artery 
Doppler ultrasonography with measurement of serum bio-
markers in screening for preeclampsia.203,204

Of dozens of putative serum markers for preeclampsia, 
only a handful have been shown to be elevated prior to the 
onset of clinical disease, and none has yet proved to be an 
effective and useful screening tool for preeclampsia. Placen-
tal protein 13 and angiogenic biomarkers (sFlt1, PlGF, and 
sEng) hold promise for screening and/or early diagnosis of 
preeclampsia.

Placental protein 13 (PP13) is thought to be involved in 
normal placentation and maternal vascular remodeling. A 
low level of PP13 could identify a woman at high risk for 
preeclampsia as early as the first trimester,205,206 although it 
appears to be a robust biomarker only for early-onset disease 
and may be less useful for preeclampsia close to term.207 
Polymorphisms in LGALS13, the gene encoding PP13, have 
been detected in cases of preeclampsia.208 This polymor-
phism may result in production of a shorter splice variant 
of PP13 that is not detected by conventional assays, contrib-
uting to low circulating levels and decreased local activity of 
PP13.

Alterations in circulating levels of the angiogenic factors 
sFlt1 and sEng occur weeks prior to the onset of preeclamp-
sia and may be useful for screening and/or diagnosis.209,210 
Significant elevations in maternal sFlt1 and sEng are observed 
from midgestation onwards142,154-157,211,212 and appear to rise 5 
to 8 weeks prior to preeclampsia onset (see Figure 49.10).144 
Maternal sFlt1 levels are particularly high in severe pre-
eclampsia, early-onset preeclampsia, and preeclampsia com-
plicated by a small-for-gestational-age (SGA) infant.144,213 
Serum levels of PlGF are lower during the first214 or early 
second 144,215-217 trimester in women who eventually have pre-
eclampsia (see Figure 49.11). Because PlGF passes into the 
urine, low urinary PlGF has been identified as a potential 
marker for preeclampsia. Urinary levels of PlGF are signifi-
cantly lower in women in whom preeclampsia develops from 
the late second trimester218 and may prove to be useful in 
screening and diagnosis of preeclampsia, especially in early-
onset and severe preeclampsia. Prospective studies are 
ongoing to evaluate the clinical utility of these biomarkers 
for preeclampsia screening and risk assessment.

Later studies have suggested that circulating angiogenic 
factors in plasma or serum can be used to differentiate  
preeclampsia from other diseases that mimic preeclamp-
sia, such as chronic hypertension, gestational hyperten-
sion, lupus nephritis, and chronic kidney disease.219-223 
Several groups have also demonstrated a role for angio-
genic biomarkers in the prediction of preeclampsia-related 
adverse outcomes among women evaluated for suspected 
preeclampsia.224-228 Measurements of circulating angiogenic 
factors (sFlt1, PlGF, sEng) robustly predicted adverse mater-
nal and perinatal outcomes in women presenting with signs 
or symptoms of preeclampsia, and these biomarkers outper-
formed the standard battery of clinical diagnostic measures, 
including blood pressure, proteinuria, uric acid, and other 

preeclampsia-like syndrome in pregnant rats, with increased 
endogenous sFlt1 production,185 suggesting that AT1 
autoantibodies and sFlt1 may be part of the same patho-
physiologic pathway leading to preeclampsia. Increased 
endogenous sFlt1 and the phenotype of proteinuria and 
glomerular endotheliosis in the pregnant dams but not in 
nonpregnant animals provided further evidence that pla-
cental sFlt1 specifically mediates the proteinuria secondary 
to AT1 autoantibodies.

AT1 autoantibodies are not limited to pregnancy; they 
also appear to be increased in malignant renovascular 
hypertension in nonpregnancy.194 In addition, these anti-
bodies have been identified in women with abnormal 
second-trimester uterine artery Doppler study findings in 
whom preeclampsia did not develop, suggesting that AT1 
antibodies may be a nonspecific response to placental 
hypoperfusion.195

The angiotensinogen T235 polymorphism, a common 
molecular variant associated with essential hypertension 
and microvascular disease, has also been associated with 
preeclampsia in several studies in different populations, 
though with significant ethnic heterogeneity.196 Functional 
implications of this polymorphism remain unclear. Work by 
Abdalla and colleagues has suggested that heterodimeriza-
tion of AT1 receptors with bradykinin-2 receptors may con-
tribute to Ang II hypersensitivity in preeclampsia.197 This 
work remains to be validated in other studies.

SCREENING FOR PREECLAMPSIA

Although there is not yet any definitive therapeutic or pre-
ventive strategy for preeclampsia, clinical experience seems 
to show that early detection, monitoring, and supportive 
care are beneficial to the patient and the fetus. For example, 
lack of adequate antenatal care is strongly associated with 
poor outcomes, including eclampsia and fetal death.198 Risk 
assessment early in pregnancy is important to identify those 
who require close monitoring after 20 weeks. Women with 
first pregnancies or other preeclampsia risk factors (see 
Table 49.2) should be assessed frequently after 20 weeks of 
gestation for the development of hypertension, proteinuria, 
headache, visual disturbances, and epigastric pain.

Higher blood pressure in the first or second trimester, 
even in the absence of overt hypertension, is associated with 
elevated risk for preeclampsia in healthy nulliparous 
women.199 Unfortunately, these small elevations in midtri-
mester blood pressure are subtle and their positive predic-
tive value as a screening test is low (especially given the 
relatively low prevalence), limiting routine clinical utility.

Presumably as a result of failed placental vascular remod-
eling, preeclampsia is associated with increased placental 
vascular resistance and uterine artery waveform abnormali-
ties in the second trimester, as measured by uterine artery 
Doppler ultrasonography.200 Dozens of studies have investi-
gated the use of uterine artery Doppler ultrasonography for 
prediction of preeclampsia. Test performance varies widely 
among studies because of differences in populations studied, 
gestational age at the time of measurement, definition of an 
abnormal result, and severity and timing of preeclampsia 
detected: Sensitivities and specificities range from 65% to 
85%. Even meta-analyses have differed in their conclusions, 
with some reporting limited diagnostic accuracy for uterine 
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that daily aspirin had a significant protective effect.231 Unfor-
tunately, these initially promising findings were not con-
firmed in three large randomized controlled trials with a 
cumulative enrollment of 12,000 high-risk women.232-234 All 
three studies found a small, nonsignificant trend toward a 
lower incidence of preeclampsia in the aspirin-treated 
groups. A subsequent comprehensive meta-analysis of anti-
platelet agents to prevent preeclampsia, which included 
more than 32,000 women of varying risk status from 31 
trials, found that antiplatelet agents have a modest benefit, 
with a relative risk of preeclampsia of 0.90 (95% confidence 
interval [CI], 0.84 to 0.97) for aspirin-treated patients 
(Figure 49.12).235 The magnitude of the protective effect did 
not appear to differ among risk groups, although the reduc-
tion in absolute risk was greatest in women at highest base-
line risk. Nevertheless, low-dose aspirin clearly appears to be 
safe: Early concerns about an increased risk of postpartum 
hemorrhage have clearly been assuaged. Given the small but 
significant protective effect, aspirin prophylaxis should be 
considered as primary prevention for preeclampsia only in 
women at high baseline risk, in whom the absolute risk 
reduction will be greatest.

laboratory assays. Importantly, sFlt1 and/or PlGF levels at 
presentation were strongly associated with the remaining 
duration of pregnancy.224,227 By providing more accurate 
identification of women at high risk for adverse pregnancy 
outcomes, use of angiogenic biomarkers may reduce costs 
and unnecessary resource use in women with possible 
preeclampsia.229

PREVENTION OF PREECLAMPSIA

Strategies to prevent preeclampsia have been extensively 
studied, but no intervention to date has yet proved unequiv-
ocally effective.55

ANTIPLATELET AGENTS
Because of prominent alterations in prostacyclin-
thromboxane balance in preeclampsia,230 aspirin has been 
posited as a preventive strategy. Aspirin and other antiplate-
let agents have been evaluated in dozens of trials for the 
prevention of preeclampsia, both in high-risk groups and in 
healthy nulliparous women. Among women at high risk for 
preeclampsia, results of several small, early trials suggested 

Figure 49.12  Effect of antiplatelet drugs on preeclampsia  in moderate-risk and high-risk women. Summary of studies of the effect of anti-
platelet drugs on preeclampsia incidence. “Subtotal” indicates the results of a meta-analysis of all studies, suggesting a small but significant 
benefit. For both risk groups,  the  largest studies  (N > 1000 for moderate-risk and N > 100 for high-risk women) did not show a statistically 
significant protective effect. CI, Confidence  interval.  (From Askie LM, Duley L, Henderson-Smart DJ, et al: Antiplatelet agents for prevention of 
pre-eclampsia: a meta-analysis of individual patient data. Lancet 369:1791-1798, 2007.)
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pain are generally considered indications for expedient 
delivery.

In preeclampsia manifesting between 24 and 34 weeks of 
gestation without the severe signs and symptoms just 
described, postponing delivery may improve neonatal 
outcome. The potential neonatal benefit needs to be bal-
anced against the possibility of increased maternal morbid-
ity as a result of delaying delivery. Two small randomized 
controlled trials demonstrated that in women presenting 
with severe preeclampsia between 28 and 32 weeks of gesta-
tion, expectant management (with delivery postponed 1 to 
2 weeks after presentation) resulted in decreases in rate of 
neonatal complications rates and duration of neonatal 
intensive care unit stay, with no significant increase in rate 
of maternal complications.253,254 Most subsequent observa-
tional studies have confirmed that delivery can be safely and 
effectively postponed in women with severe preeclampsia 
with careful and intensive fetal and maternal monitoring.252 
In addition, expectant management of preeclampsia in the 
mother appears to decrease the rate of childhood respira-
tory disorders in the infant.255

There are no randomized controlled trials to evaluate 
optimal mode of delivery in severe preeclampsia. Retrospec-
tive studies suggest that maternal and neonatal outcomes 
are similar among women undergoing induction of labor 
and those undergoing cesarean section.256

BLOOD PRESSURE MANAGEMENT
Management of blood pressure in women with preeclamp-
sia is substantially different from that in the nonpregnant 
population. Rather than seeking to minimize long-term 
cerebrovascular and cardiovascular complications, the goal 
of care is to maximize the likelihood of successful delivery 
of a healthy infant while minimizing the chance of acute 
complications in the mother. Aggressive treatment of hyper-
tension in pregnancy can compromise placental blood flow 
and fetal growth. Treatment of mild to moderate hyperten-
sion in pregnancy has not been shown to improve out-
comes257 and has been associated with increased risk of SGA 
infants (Figure 49.13).258 Acute aggressive lowering of blood 
pressure can lead to fetal distress or demise, especially if 
placental perfusion is already compromised. For this reason, 
antihypertensive therapy for preeclampsia is usually with-
held unless the blood pressure rises above 150 to 160 mm Hg 
systolic or 100 to 110 mm Hg diastolic, above which the risk 
of cerebral hemorrhage becomes significant.55 The next 
section reviews details regarding the use of specific antihy-
pertensive agents for blood pressure management in 
pregnancy.

MAGNESIUM AND SEIZURE PROPHYLAXIS
Magnesium has been widely used for the management and 
prevention of eclampsia for decades. Prior to the mid-1990s, 
evidence for its use was largely derived from clinical experi-
ence and from small uncontrolled studies. Over the last 20 
years, magnesium has been proved to be superior to other 
agents for the prevention and treatment of seizures in pre-
eclampsia, although not for the prevention of preeclampsia 
per se. In 1995, two randomized controlled trials in an 
international population and a U.S. population showed 
magnesium sulfate superior to diazepam and phenytoin in 
reducing risk of seizures in women in preeclampsia/

CALCIUM FOR THE PREVENTION OF PREECLAMPSIA
Several studies have examined the effectiveness of calcium 
supplementation to prevent preeclampsia. Among low-risk 
primiparous North American women, calcium supplemen-
tation did not reduce incidence of preeclampsia.50 A meta-
analysis of 12 trials, involving 15,528 women, reported a 
significant reduction in preeclampsia risk with calcium sup-
plementation, with the greatest effect among women with 
low baseline calcium intake and at high preeclampsia risk.236 
This finding was tested directly in a large randomized, 
placebo-controlled trial of calcium supplementation in 
more than 8000 women with low baseline calcium intake 
(<600 mg/day).237 Although there was no difference in inci-
dence of preeclampsia, the calcium group had lower rates 
of eclampsia, gestational hypertension, preeclampsia com-
plications, and neonatal mortality. Thus, calcium supple-
mentation may be useful in women with low baseline calcium 
intake.

ANTIOXIDANTS AND NUTRITIONAL INTERVENTIONS
On the basis of the hypothesis that oxidative stress may 
contribute to pathogenesis, it has been suggested that anti-
oxidants may prevent preeclampsia.238 However, four large 
randomized, controlled trials have failed to show a benefit 
of vitamin C and vitamin E supplementation for the preven-
tion of preeclampsia in various populations,239-243 even in 
women at high risk for preeclampsia who were recruited 
from communities at risk for poor nutritional status.239 
Vitamin D deficiency has also been suggested as an impor-
tant factor contributing to preeclampsia,244-246 but none of 
the studies adjusted for vitamin D–binding proteins, which 
are upregulated during pregnancy. More work is needed to 
evaluate whether true deficiency of vitamin D is associated 
with preeclampsia.

Nutritional interventions have generally not been effec-
tive in decreasing preeclampsia risk. Protein and calorie 
restriction for obese pregnant women effects no reduction 
in the risk for preeclampsia or gestational hypertension and 
may increase risk for intrauterine growth restriction (IUGR), 
so should be avoided.247 Women who have had bariatric 
surgery for severe obesity have had a lower incidence of 
preeclampsia than obese controls in some248 but not all 249 
studies. Obese women with lower gestational weight gain 
(<15 kg) have a reduced incidence of preeclampsia.250,251

MANAGEMENT AND TREATMENT  
OF PREECLAMPSIA

TIMING OF DELIVERY
The timing of delivery in severe preeclampsia has been 
contentiously debated. In women presenting prior to 24 
weeks of gestation with severe preeclampsia, perinatal and 
neonatal mortality rates are extremely high (>80%) even 
with attempts to postpone delivery, and maternal complica-
tions are common.252 For this reason, pregnancy termina-
tion is usually recommended in women with severe 
preeclampsia prior to 24 weeks of gestation. In addition, the 
presence of nonreassuring fetal test results, suspected 
abruptio placentae, thrombocytopenia, worsening liver 
and/or kidney function, and symptoms such as unremitting 
headache, visual changes, nausea, vomiting, and epigastric 
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relatively stable and with reassuring fetal status, expectant 
management is often a viable alternative. For many years 
intravenous steroids have been suggested as an adjunct to 
usual management, on the basis of retrospective and uncon-
trolled studies. A randomized controlled trial, however, 
showed no benefit to high-dose dexamethasone treatment 
in HELLP syndrome.263 Post-hoc analysis suggested that the 
subgroup with severe preeclampsia (platelet count < 50,000/
mm3) may have a shorter average platelet count recovery 
and shorter hospitalization when given steroids, so further 
studies are required to evaluate the benefit in this 
population.

On the basis of pathophysiologic similarities of HELLP 
syndrome to thrombotic thrombocytopenic purpura, there 
are reports of using plasmapheresis in the management of 
HELLP syndrome. Data for the antepartum period are 
limited to a few cases series with mixed results and no clear 
benefit.264 Potential drawbacks include fetal compromise 
due to diminishment of already compromised placental 
blood flow.

NOVEL THERAPIES FOR PREECLAMPSIA
Advances in our understanding of the pathophysiology of 
preeclampsia have revealed new potential therapeutic 
targets. Interfering with the production or signaling of sFlt1 
may ameliorate the endothelial dysfunction of preeclamp-
sia, allowing delivery to be more safely postponed. In a  
pilot study limited to three women with severe early pre-
eclampsia (24-32 weeks of gestation), Thadhani and col-
leagues lowered sFlt1 levels using dextran sulfate apheresis 
and prolonged pregnancy by 2 to 4 weeks; importantly, this 
therapy promoted fetal growth with no adverse effects on 
the fetus or the mother.265 If confirmed this approach could 
lead to targeted therapy for patients with preterm pre-
eclampsia who present with an abnormal angiogenic 
profile.265 Statins have also been proposed as potential ther-
apeutic agents for preeclampsia on the basis of their promo-
tion of heme oxygenase activity and improvement of 
angiogenic imbalance in animal models of preeclamp-
sia.186,266 However, statins are currently categorized as preg-
nancy category X agents by the FDA because of potential 
teratogenic effects. Pilot human trials to test the safety and 
efficacy of pravastatin during the third trimester in patients 
with severe preeclampsia are ongoing.267 Other investigators 
are exploring the safety and efficacy of relaxin (a vasodila-
tor) in the treatment of preeclampsia.268 Dietary choline, 
which acts by decreasing placental sFlt1 expression, has also 
been suggested as novel strategy to prevent preeclampsia.269 
Results from these and other prospective therapeutic trials 
are eagerly awaited.

CHRONIC HYPERTENSION AND 
GESTATIONAL HYPERTENSION

The diagnosis of chronic hypertension in pregnancy is 
usually based on a documented history of hypertension 
prior to pregnancy or a blood pressure higher than 
140/90 mm Hg prior to 20 weeks of gestation. Gestational 
hypertension, in contrast, is usually first noted after 20 
weeks of gestation and, by definition, resolves after delivery. 
These diagnoses, based on the timing of the first recorded 

eclampsia.259,260 Subsequently, the Magpie study confirmed 
this benefit with a randomized, controlled trial comparing 
magnesium and placebo for seizure prevention in more 
than 10,000 women with preeclampsia from 33 countries, 
finding that magnesium decreased the incidence of eclamp-
tic seizure by 50% (0.8% with magnesium vs. 1.9% with 
placebo).74A global public health effort over the past 10 to 
15 years has led to improved access to magnesium in devel-
oping countries, where the rate of use of magnesium in 
preeclampsia/eclampsia has now reached 75% to 90%.261

Magnesium is now categorized as a pregnancy category D 
agent by the U.S. Food and Drug Administration (FDA), 
primarily because of adverse fetal effects with long-term 
(>5-7 days) use as a tocolytic in preterm labor.261a Despite 
this labeling change, short-term (<48 hours) intravenous 
magnesium is still recommended by the American College 
of Obstetricians and Gynecologists for the prevention and 
treatment of seizures in women with preeclampsia and 
eclampsia.262 Magnesium is generally given intravenously as 
a bolus, followed by a continuous infusion. In the therapeu-
tic range (5 to 9 mg/dL), magnesium sulfate slows neuro-
muscular conduction and depresses central nervous system 
irritability. Women receiving continuous infusions of mag-
nesium should be monitored carefully for signs of toxicity, 
including loss of deep tendon reflexes, flushing, somno-
lence, muscle weakness, and decreased respiratory rate. 
Such monitoring is especially important in women with 
impaired renal function, who also have impaired urinary 
magnesium excretion.

MANAGEMENT OF THE HELLP SYNDROME
The clinical course of the HELLP syndrome usually involves 
inexorable and often sudden and unpredictable deteriora-
tion. Given the high incidence of maternal complications, 
some writers recommend immediate delivery in all cases of 
confirmed HELLP syndrome. Among women in the 24- to 
34-week gestational window whose clinical status appears 

Figure 49.13  Treatment-induced  decrease  in  blood  pressure  is 
associated  with  lower  mean  birth  weight.  Results  from  a  meta-
analysis of 25 trials of antihypertensive therapy in pregnancy. MAP, 
Mean arterial pressure. (From von Dadelszen P, Ornstein MP, Bull SB, 
et al: Fall in mean arterial pressure and fetal growth restriction in preg-
nancy hypertension: a meta-analysis. Lancet 355:87-92, 2000.)
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uterine contractions, and anesthesia.277 Maternal and neo-
natal morbidity and mortality are much better when the 
diagnosis is made antepartum, with attentive and aggressive 
medical management. Surgical intervention is typically post-
poned until after delivery whenever possible.

Hypertension and hypokalemia from primary hyperaldo-
steronism might be expected to improve during pregnancy, 
because progesterone antagonizes the effect of aldosterone 
on the renal tubule. However, such remission is not univer-
sal and many women with primary hyperaldosteronism have 
a pregnancy-induced exacerbation of hypertension.278 In 
the case of a functional adrenal adenoma, there is little data 
to favor either immediate surgical adrenalectomy or medical 
management until after delivery, although case reports have 
suggested success with both approaches. Although the use 
of spironolactone has been reported during pregnancy, 
theoretical risks to the fetus are significant, and aldosterone 
antagonists should be avoided if possible.

A rare cause of early-onset hypertension is due to a muta-
tion in the mineralocorticoid receptor. The mutation results 
in inappropriate receptor activation by progesterone, and 
affected women demonstrate a marked exacerbation of 
hypertension and hypokalemia in pregnancy, but without 
proteinuria or other features of preeclampsia.279

APPROACH TO MANAGEMENT OF CHRONIC 
HYPERTENSION IN PREGNANCY

Blood pressure control should be optimized prior to con-
ception whenever possible, and the woman with chronic 
hypertension should be counseled regarding the risks of 
adverse pregnancy outcomes, including preeclampsia. Once 
she is pregnant, changes in antihypertensive agents may be 
appropriate (see later), and the woman should be followed 
closely as pregnancy progresses for signs of superimposed 
preeclampsia.

GOALS OF THERAPY
When hypertension is severe (diastolic blood pressure  
> 100 mm Hg), antihypertensive therapy is clearly indicated 
for the prevention of stroke and cardiovascular complica-
tions.55 However, there is little evidence that treatment of 
mild to moderate hypertension has a clear benefit for either 
mother or fetus. Several clinical trials have evaluated the 
impact of antihypertensive therapy in comparison with no 
treatment in women with mild to moderate hypertension, 
and their results have been evaluated in three meta-
analyses.257,270,280 Although antihypertensive therapy lowered 
the risk for development of severe hypertension, there was 
no beneficial effect on the development of preeclampsia, 
neonatal death, preterm birth, SGA babies, or other adverse 
outcomes (Figure 49.14). In addition, aggressive treatment 
of mild to moderate hypertension in pregnancy may impair 
fetal growth. Treatment-induced drops in mean arterial 
pressure are associated with decreased birth weight and fetal 
growth restriction, presumably as a result of decreased 
uteroplacental perfusion (see Figure 49.13).258 For this 
reason, the American College of Obstetricians and Gyne-
cologi (ACOG) Task Force on Hypertension in Pregnancy 
recommends against use of antihypertensive medication in 
pregnant women with chronic hypertension and blood pres-
sure less than 160/105 mm Hg in the absence of evidence 

blood pressure elevation, can be subject to pitfalls, however. 
The physiologic dip in blood pressure in the second trimes-
ter, which reaches a nadir at about 20 weeks of gestation 
(see Figure 49.1), occurs in women with chronic hyperten-
sion and can mask the presence of underlying chronic 
hypertension early in pregnancy. In such cases, a woman 
with chronic hypertension may be inappropriately labeled 
as having gestational hypertension when her blood pressure 
rises in the third trimester. On the other hand, preeclampsia 
can occasionally manifest prior to 20 weeks of gestation; 
hence, preeclampsia should always be suspected in women 
presenting with new hypertension and proteinuria close to 
midgestation.

Chronic hypertension is present in 3% to 5% of pregnan-
cies270 and is more common with advanced maternal age, 
obesity, and black race.271 Pregnant women with chronic 
hypertension have an increased risk of preeclampsia (21%-
25%), premature delivery (33%-35%), intrauterine growth 
restriction (10%-15%), placental abruption (1%-3%), and 
perinatal mortality (4.5%).272,273 However, most adverse out-
comes occur in women with severe hypertension (diastolic 
blood pressure > 110 mm Hg) and those with preexisting 
cardiovascular and renal disease. Women with mild, uncom-
plicated chronic hypertension usually have obstetric out-
comes comparable to those in the general obstetric 
population.271 Both the duration and the severity of hyper-
tension are correlated with perinatal morbidity and pre-
eclampsia risk.274,275 The presence of baseline proteinuria 
increases the risk of preterm delivery and IUGR but not that 
of preeclampsia per se.273

The diagnosis of preeclampsia superimposed on chronic 
hypertension can be difficult. In the absence of underlying 
kidney disease, the new onset of proteinuria (>300 mg/
day), usually with worsening hypertension, is the most reli-
able sign of superimposed preeclampsia.55 When protein-
uria is present at baseline, preeclampsia is likely when a 
sudden increase in blood pressure is observed in a woman 
whose blood pressure was previously well-controlled. Other 
signs and symptoms of preeclampsia, such as headache, 
visual changes, epigastric pain, and pulmonary edema, and 
laboratory derangements, such as thrombocytopenia, new 
or worsening renal insufficiency, and elevated liver enzymes, 
also should prompt consideration of preeclampsia and, 
when present, are an indication of preeclampsia severity.55

SECONDARY HYPERTENSION IN PREGNANCY

Prepregnancy evaluation of women with chronic hyperten-
sion should include consideration of secondary causes of 
hypertension such as renal artery stenosis, primary hyperal-
dosteronism, and pheochromocytoma. Renal artery stenosis 
due to fibromuscular dysplasia or, less often, atherosclerotic 
vascular disease occasionally manifests in pregnancy and 
should be suspected when hypertension is severe and resis-
tant to medical therapy. Diagnosis with magnetic resonance 
(MR) angiography followed by successful angioplasty and 
stent placement in the second or third trimester of preg-
nancy has been described.276

Although rare, pheochromocytoma can be devastating 
when it first manifests during pregnancy. This syndrome is 
occasionally unmasked during labor and delivery, when fatal 
hypertensive crisis can be triggered by vaginal delivery, 
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development of hypertension and cardiovascular disease 
later in life.283,284

MANAGEMENT OF HYPERTENSION  
IN PREGNANCY

CHOICE OF AGENTS
Recommendations for the use of antihypertensive agents in 
pregnancy are summarized in Table 49.5. Methyldopa con-
tinues to be the first-line oral agent for the management of 
hypertension in pregnancy. Methyldopa is a centrally acting 
α2-adrenergic agonist now seldom used outside pregnancy. 
Of all antihypertensive agents, it has the most extensive 
safety data and appears to have no adverse fetal effects. 
Drawbacks include a short half-life, sedation, and rare 
adverse effects such as elevated liver enzymes and hemolytic 
anemia. Clonidine appears to be comparable to methyldopa 
in terms of mechanism and safety, but data on its use in 
pregnancy are fewer.

β-Adrenergic antagonists have been used extensively in 
pregnancy and are effective without known teratogenicity 
or known adverse fetal effects. One possible exception is 
atenolol, which has been associated with fetal growth restric-
tion.285 Labetalol, which may result in better preservation of 
uteroplacental blood flow because of to its α-adrenergic–
blocking action, has found widespread use and acceptance 
both as an oral and an intravenous agent.286

Calcium channel blockers appear to be safe in pregnancy, 
and clinical experience with them is growing. Long-acting 
nifedipine, the most well studied, appears to be safe and 
effective.286,287 Non-dihydropyridine calcium channel block-
ers such as verapamil have also been used without apparent 
adverse effects. However, experience with these agents is 
more limited than that with some other classes.

Although diuretics are often avoided in preeclampsia, 
with the reasoning that circulating volume is already low, 
there is no evidence that diuretics are associated with 
adverse fetal or maternal outcomes. Similarly, diuretics are 
not considered first line in the management of chronic 

of end-organ damage.55 Similarly, in women already receiv-
ing long-term antihypertensive therapy prior to pregnancy, 
consideration could be given to tapering or discontinuing 
treatment unless blood pressures exceed these levels.

GESTATIONAL HYPERTENSION

Gestational hypertension is defined as the new onset of hyper-
tension without proteinuria after 20 weeks of gestation that 
resolves postpartum. Gestational hypertension likely repre-
sents a mix of several underlying etiologies. A subset of 
women with gestational hypertension have previously exist-
ing essential hypertension that is undiagnosed. In such 
cases, if the woman presents for medical care during the 
second-trimester nadir in blood pressure, she may be inap-
propriately presumed to be previously normotensive. In 
such a circumstance the diagnosis of chronic hypertension 
is established postpartum, when blood pressure fails to 
return to normal.

Gestational hypertension progresses to overt preeclamp-
sia in about 10% to 25% of cases.281 When gestational hyper-
tension is severe, it carries similar risks for adverse outcomes 
to those of preeclampsia, even in the absence of protein-
uria.282 A renal biopsy study suggests that a significant pro-
portion of women with gestational hypertension have renal 
glomerular endothelial damage.122 Hence, gestational 
hypertension may have the same pathophysiologic under-
pinnings as preeclampsia and should be monitored and 
treated as such. In recognition of the syndromic nature of 
preeclampsia, new ACOG guidelines have eliminated the 
dependence on proteinuria for the diagnosis of preeclamp-
sia (see Table 49.3). In a subset of women with gestational 
hypertension, the disorder may represent a temporary 
unmasking of an underlying predisposition to chronic 
hypertension. Such women often present with a strong 
family history of chronic hypertension and experience 
hypertension in the third trimester with low uric acid values 
and no proteinuria. Although the hypertension often 
resolves after delivery, these women are at risk for the 

Figure 49.14  Effect  of  antihypertensive  treatment  versus  no  treatment  for  mild  chronic  hypertension  in  pregnancy.  Results  from  a  meta-
analysis of  seven  trials of  the effect of  antihypertensive  treatment on maternal  and perinatal outcomes.  (From Magee LA, Ornstein MP, von 
Dadelszen P: Fortnightly review: management of hypertension in pregnancy. BMJ 318:1332-1336, 1999.)
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Table 49.5 Safety of Antihypertensive Medications in Pregnancy

Drug* Advantage(s) Disadvantage(s)

First-Line Agents

Oral

Methyldopa (B) First-line; extensive safety data Short duration of action/bid or tid dosing
Labetalol (C) Appears to be safe

Labetalol is preferred over other β-blockers owing to 
theoretical beneficial effect of α-blockade on 
uteroplacental blood flow

Short duration of action/tid dosing

Long-acting nifedipine (C) Appears to be safe
Available in a slow-release preparation, allowing 

once-daily dosing

Intravenous

Labetalol (C) Good safety data
Nicardipine (C) Extensive safety data on use as a tocolytic during 

labor; effective

Second-Line Agents

Hydralazine (PO or IV) (C) Extensive clinical experience Increased risk of maternal hypotension 
and placental abruption when used 
acutely

Metoprolol (C) Potential for once-daily dosing using long-acting 
formulation

Safety data less extensive than for 
labetalol

Verapamil (C), diltiazem (C) No evidence of adverse fetal effects Limited data

Generally Avoided

Diuretics No clear evidence of adverse fetal effects Theoretically may impair pregnancy-
associated expansion in plasma volume

Atenolol May impair fetal growth
Nitroprusside Risk of fetal cyanide poisoning if used for 

more than 4 hr

Contraindicated

ACE inhibitors Multiple fetal anomalies; see text
Angiotensin receptor antagonists Similar risks to those of ACE inhibitors

ACE, angiotensin-converting enzyme; bid, twice daily; IV, intravenous; PO, by mouth; tid, thrice daily.
*U.S. Food and Drug Administration (FDA) pregnancy-use category designations for the individual drugs are shown in parentheses.

hypertension in pregnancy because of their theoretical 
impact on the normal plasma volume expansion of preg-
nancy. When hypertension in pregnancy is complicated by 
pulmonary edema, diuretics are appropriate and effective.

Angiotensin-converting enzyme inhibitors (ACEIs) and 
angiotensin receptor blockers (ARBs) are contraindicated 
in the second and third trimesters of pregnancy. Exposure 
during this time leads to major fetal malformations, includ-
ing renal dysgenesis, perinatal renal failure, oligohydram-
nios, pulmonary hypoplasia, hypocalvaria, and IUGR.288 
Evidence for teratogenicity with first-trimester exposure is 
less compelling. In a large population-based study, Cooper 
and associates reported that congenital malformations of 
the central nervous and cardiovascular systems were higher 
among women with first-trimester exposure to ACEIs.289 
However, this study has been criticized for the presence of 
potential confounding factors and ascertainment bias. 
Women with a compelling indication for ACEI/ARB therapy 
(such as diabetic nephropathy) can probably continue on 

these agents while attempting conception, with discontinu-
ation as soon as pregnancy is diagnosed. However, risks and 
benefits of this strategy should be discussed with the patient, 
with shared and individualized decision making. Women 
inadvertently exposed in early pregnancy can be reassured 
by normal midtrimester ultrasound findings. Fewer data are 
available on the effects of ARBs, but a case series strongly 
suggests that the fetal effects are similar to those of ACEIs,290 
as would be expected on a theoretical basis.

INTRAVENOUS AGENTS FOR URGENT BLOOD 
PRESSURE CONTROL
Severe hypertension in pregnancy occasionally requires 
inpatient management with intravenous agents. All intrave-
nous medications commonly used for urgent control of 
severe hypertension are classified as pregnancy class C (lack 
of controlled studies in humans). Nevertheless, there is 
extensive clinical experience with several agents, which are 
widely used with no evidence of adverse effects. Options for 
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necrosis (ATN) and bilateral cortical necrosis. Obstructive 
uropathy is a rare cause of renal failure in pregnancy.

ACUTE TUBULAR NECROSIS AND BILATERAL 
CORTICAL NECROSIS

ATN in pregnancy can be precipitated by a variety of factors. 
Volume depletion complicating hyperemesis gravidarum  
or uterine hemorrhage (due to placental abruption, pla-
centa previa, failure of the postpartum uterus to contract, 
or uterine lacerations and perforations) can lead to  
renal ischemia and subsequent ATN. AKI may also occur 
following intraamniotic saline administration, amniotic 
fluid embolism, and diseases or accidents unrelated to 
pregnancy.

Bilateral cortical necrosis is a severe and often irreversible 
form of ATN that is associated with septic abortion and 
placental abruption. Septic abortion is an infection of the 
uterus and the surrounding tissues following any abortion, 
most commonly nonsterile illicit abortion. Septic abortion 
is now rare where safe therapeutic abortion is available but 
remains a serious clinical problem in countries where 
induced abortion is illegal and/or inaccessible. Women with 
septic abortion usually present with vaginal bleeding, lower 
abdominal pain, and fever hours to days after the attempted 
abortion. If the condition is untreated, progression to shock 
may be rapid, and patients can manifest a peculiar bronze 
color from hemolytic jaundice with cutaneous vasodilata-
tion, cyanosis, and pallor. Renal failure, which complicates 
up to 73% of cases,296 is often characterized by gross hema-
turia, flank pain, and oligoanuria. Other complications 
include acute respiratory distress syndrome, severe anemia, 
leukocytosis, severe thrombocytopenia, and disseminated 
intravascular coagulopathy. An abdominal radiograph may 
demonstrate air in the uterus or abdomen secondary to gas-
forming organisms and/or perforation.

The bacteria associated with septic abortion are usually 
polymicrobial and derived from the normal flora of the 
vagina and endocervix, in addition to sexually transmitted 
pathogens. Clostridium welchii, Clostridium perfringens, Strepto-
coccus pyogenes, and gram-negative organisms such as 
Escherichia coli and Pseudomonas aeruginosa are all known 
pathogens. Fatal toxic shock syndrome with Clostridium sor-
dellii has also been reported following medical termination 
of pregnancy using mifepristone (RU-486) and intravaginal 
misoprostol.297 Pregnancy has long been known to confer a 
peculiar susceptibility to the vascular effects of gram-nega-
tive endotoxin (Shwartzman reaction [or phenomenon]). 
Perhaps because of the physiologic increase in procoagulant 
factors that occurs in normal pregnancy, the thrombotic 
microangiopathy and renal cortical necrosis that character-
ize septic shock—notably with gram-negative organisms—
are particularly pronounced during pregnancy.

AKI with bilateral cortical necrosis in the last trimester of 
pregnancy can also be precipitated by placental abruption. 
Cortical necrosis can involve the entire renal cortex, often 
leading to irreversible renal failure, but more commonly 
involvement is incomplete or patchy. In such cases, a pro-
tracted period of oligoanuria is followed by a variable return 
of renal function. The diagnosis of renal cortical necrosis 
can be usually be established by CT scan, which character-
istically demonstrates hypodense areas in the renal cortex.

intravenous use include labetalol, calcium channel blockers 
such as nicardipine, and hydralazine.

Intravenous labetalol, like oral labetalol, is safe and effec-
tive, with the major drawback being its short duration of 
action. Intravenous nicardipine has been used safely for 
tocolysis during premature labor, and reports suggest that 
it is safe for the treatment of hypertension as well.291 The 
use of short-acting nifedipine is controversial owing to well-
documented adverse effects in the nonpregnant popula-
tion. However, one trial suggests that oral short-acting 
nifedipine can be safely used for hypertensive emergencies 
during pregnancy,292 and it may be a good option in areas 
where intravenous agents are unavailable.

Hydralazine has been widely used as a first-line agent for 
severe hypertension in pregnancy. However, a meta-analysis 
of 21 trials comparing intravenous (IV) hydralazine with 
either labetalol or nifedipine for acute management of 
hypertension in pregnancy found an increased risk of 
maternal hypotension, maternal oliguria, placental abrup-
tion, and low Apgar scores with hydralazine.293 Hence, 
hydralazine should probably be considered a second-line 
agent, and its use limited when possible. Nitroprusside 
carries risk of fetal cyanide poisoning if used for more than 
4 hours and is generally avoided.

ANTIHYPERTENSIVE DRUGS DURING BREASTFEEDING
There are few well-designed studies of the safety of anti-
hypertensive medications in breastfeeding women. In 
general, the agents that are considered safe during preg-
nancy remain so for breastfeeding. Methyldopa, if effective 
and well-tolerated, should be considered the first-line agent. 
β-Blockers with high protein binding, such as labetalol and 
propranolol, are preferred over atenolol and metoprolol, 
which are concentrated in breast milk.286 Diuretics may 
decrease milk production and should be avoided.286 ACEIs 
are poorly excreted in breast milk and generally considered 
safe in lactating women.294 Enalapril and captopril have been 
best studied and are preferred in lactating women. Hence, 
in women with proteinuric renal disease, re-initiation of 
ACEIs should be considered immediately after delivery. 
Finally, specific data on the pharmacokinetics of each medi-
cation should be used to guide mothers to time breastfeed-
ing to occur before or well after peak breast milk excretion 
to avoid significant exposure of the baby to the medication.

ACUTE KIDNEY INJURY IN PREGNANCY

The incidence of acute kidney injury (AKI) in pregnancy in 
the developed world has fallen dramatically over the past 40 
years.295 This trend is due to a variety of factors, including 
improved availability of safe and legal abortion and more 
widespread and aggressive use of antibiotics (both of which 
have decreased the incidence of septic abortion) as well as 
improvement in overall prenatal care.

The most common cause of AKI during pregnancy is 
prerenal azotemia due to hyperemesis gravidarum or vomit-
ing from acute pyelonephritis. Occasionally pregnancy-
specific conditions such as preeclampsia, HELLP syndrome, 
and acute fatty liver of pregnancy (AFLP) are complicated 
by AKI. Obstetric complications such as septic abortion and 
placental abruption are associated with severe acute tubular 
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dehydrogenase gene was hypothesized as a risk factor for 
the development of AFLP.302

Management of AFLP includes supportive care, including 
aggressive management of the coagulopathy, and prompt 
termination of the pregnancy. The syndrome typically remits 
postpartum with no residual hepatic or renal impairment, 
although it can recur in subsequent pregnancies.

HEMOLYTIC-UREMIC SYNDROME/THROMBOTIC 
THROMBOCYTOPENIC PURPURA
HUS/TTP is characterized by hemolysis, thrombocytope-
nia, and variable organ dysfunction including acute renal 
failure.303 Patients are thought to have TTP when neurologic 
symptoms dominate and HUS when renal failure is the 
dominant presenting feature.304 Pregnancy appears to be 
associated with an increased risk of both TTP (usually mani-
festing prior to 24 weeks) and HUS (typically occurring near 
term or postpartum),305 and pregnancy can precipitate 
relapse in women with a history of TTP.306 Deficiency in the 
von Willebrand factor–cleaving protease (ADAMTS13) has 
been linked to the pathogenesis of TTP in nonpregnant 
states, but this relationship has not been well-studied in 
pregnancy. ADAMTS13 levels fall during the second and 
third trimesters, potentially contributing to the increased 
incidence of TTP in the latter half of pregnancy.307

The often challenging clinical distinction between HUS/
TTP and preeclampsia/HELLP is important for patient 
management, because plasma exchange is beneficial in 
HUS/TTP but not in the HELLP syndrome. A history of 
preceding proteinuria, hypertension, and severe liver injury 
is more suggestive of HELLP syndrome, whereas the pres-
ence of renal failure and severe nonimmune hemolytic 
anemia is more typical of HUS/TTP (see Table 49.4). 
Although plasmapheresis for HUS/TTP in pregnancy and 
postpartum has not been evaluated in controlled studies, 
case series suggest that it is safe and effective.306 Termination 
of pregnancy does not appear to alter the course of HUS/
TTP, so thus is not generally recommended unless the fetus 
is compromised.

OBSTRUCTIVE UROPATHY AND 
NEPHROLITHIASIS

AKI due to bilateral ureteral obstruction is a rare complica-
tion of pregnancy. Because of the physiologic hydronephro-
sis of pregnancy (see “Physiologic Changes of Pregnancy” 
section), the diagnosis of frank urinary obstruction can be 
challenging. If clinical suspicion is high (e.g., marked 
hydronephrosis, abdominal pain, elevated serum creati-
nine), a percutaneous nephrostomy may be needed as a 
diagnostic and therapeutic trial to confirm the diagnosis of 
obstructive uropathy. If present, obstruction can be managed 
with ureteral stenting.308 Massive hematuria from the right 
ureter in the postpartum period, subsiding spontaneously 
following decompression of the partially obstructed right 
collecting system, has been reported.309

Circulating levels of 1,25-dihydroxyvitamin D3 are 
increased during normal pregnancy, resulting in increased 
intestinal calcium absorption. Urinary excretion of calcium 
is also increased, leading to a tendency in some women to 
form kidney stones. Excessive intake of calcium supple-
ments can lead to hypercalcemia and hypercalciuria. 

The treatment of AKI in pregnancy is supportive with 
prompt restoration of fluid volume deficits and, in later 
pregnancy, expedient delivery. No specific therapy is effec-
tive in acute cortical necrosis except for dialysis when 
needed. Both peritoneal dialysis and hemodialysis have 
been used during pregnancy, although peritoneal dialysis 
carries the risk of impairing uteroplacental blood flow.298 In 
patients with septicemia, death occurs rapidly in a small 
percentage, but most respond to antibiotics and volume 
resuscitation. Survival is intimately linked with the manage-
ment of and recovery from the AKI.299

ACUTE KIDNEY INJURY AND THROMBOTIC 
MICROANGIOPATHY

The presence of thrombotic microangiopathy and acute 
renal failure in pregnancy is one of the most challenging 
differential diagnoses to face the nephrologist caring for 
pregnant patients. Five pregnancy syndromes share many 
clinical, laboratory, and pathologic features: preeclampsia/
HELLP syndrome, thrombotic thrombocytopenic purpura/
hemolytic-uremic syndrome (HUS/TTP), acute fatty liver of 
pregnancy, systemic lupus erythematosus (SLE) with the 
antiphospholipid antibody syndrome, and disseminated 
intravascular coagulation (usually complicating sepsis). 
Although it is difficult to establish clinical distinctions 
between these entities with certainty, the confluence of clini-
cal clues can often establish a likely diagnosis (see Table 
49.4).

SEVERE PREECLAMPSIA
AKI is a rare complication of preeclampsia and is most fre-
quently seen in the setting of coagulopathy, hepatic rupture, 
liver failure, or preexisting renal disease. When acute renal 
failure occurs in the patient with preeclampsia, urgent deliv-
ery is indicated.

ACUTE FATTY LIVER OF PREGNANCY
AFLP is a rare but potentially fatal complication of  
pregnancy, affecting about 1 in 10,000 pregnancies, with a 
10% case-fatality rate.300 The clinical picture is dominated 
by liver failure, with elevated serum aminotransferase  
values and hyperbilirubinemia. Severely affected patients 
have elevations in blood ammonia values and hypoglycemia. 
Preeclampsia can also be present in up to half of cases. 
Hemolysis and thrombocytopenia are not prominent  
features, and the presence of these findings should  
suggest the diagnosis of HELLP syndrome or HUS/TTP 
(see Table 49.4). Acute renal failure in association  
with acute fatty liver is seen mainly near term but can occur 
any time after midgestation.301 The kidney lesion is mild 
and nonspecific, and the cause of renal failure is obscure. 
It may be due to hemodynamic changes akin to those  
seen in the hepatorenal syndrome or to a thrombotic 
microangiopathy.

Although liver biopsy is rarely undertaken clinically, AFLP 
is a pathologic diagnosis: Histologic changes include swollen 
hepatocytes filled with microvesicular fat and minimal  
hepatocellular necrosis. This histologic picture resembles 
that seen in Reye’s syndrome and Jamaican vomiting  
sickness. A defect in mitochondrial fatty acid oxidation due 
to mutations in the long-chain 3-hydroxyacyl coenzyme A 
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with a high false-negative rate, so quantitative urine culture 
is preferred for screening. More than 105 bacteria/mL of a 
single species indicates significant bacteriuria. Screening for 
asymptomatic bacteriuria is recommended during the first 
prenatal visit and is repeated only in high-risk women such 
as those with a history of recurrent urinary infections or 
urinary tract anomalies.

If asymptomatic bacteriuria is found, prompt treatment 
is warranted (usually with a cephalosporin) for at least 3 to 
7 days.315 Treatment with a single dose of fosfomycin has also 
been used successfully. Trimethoprim-sulfamethoxazole and 
tetracycline are contraindicated in early pregnancy because 
of their association with birth defects. A follow-up culture 2 
weeks after treatment is necessary to ensure eradication of 
bacteriuria. Suppressive therapy with nitrofurantoin or 
cephalexin is recommended for patients with bacteriuria 
that persists after two courses of therapy.316 Longer-term 
suppressive treatment of bacteriuria has been shown to 
reduce the incidence of pyelonephritis.317 Because of the 
high maternal morbidity and mortality associated with 
pyelonephritis, it is usually treated aggressively with hospi-
talization, intravenous antibiotics, and hydration.

CHRONIC KIDNEY DISEASE  
AND PREGNANCY

Women who enter pregnancy with chronic kidney disease 
are at increased risk for adverse maternal and fetal out-
comes, including rapid decline of renal function and peri-
natal mortality. Although the frequency of live births now 
exceeds 90% in such women, the risks for preterm delivery, 
IUGR, perinatal mortality, and preeclampsia are signifi-
cantly elevated.318,319 Preterm delivery results in both imme-
diate and long-term morbidity for the offspring, with an 
increased risk of cardiovascular and renal diseases later in 
life.320 The goals for pregnancy in women with chronic 
kidney disease are to preserve maternal renal function 
during and after pregnancy and to maximize the likelihood 
of successful term or near-term delivery for the fetus.

The physiologic increase in RBF and GFR characteristic 
of normal pregnancy is attenuated in chronic renal insuf-
ficiency.319 The stress of greater RBF during pregnancy may 
exacerbate renal damage in the setting of preexisting renal 
disease, as in nonpregnancy states in which the impaired 
kidney is more sensitive to such insults. Indeed, worsening 
of hypertension and proteinuria are common during preg-
nancy if these conditions exist prior to pregnancy,321 and in 
concert with these observations, overall maternal and fetal 
prognosis correlates with the severity of hypertension, pro-
teinuria, and renal insufficiency prior to conception.

Fortunately, there is good evidence to suggest that women 
with underlying kidney disease but only mild renal impair-
ment, normal blood pressure, and no proteinuria have good 
maternal and fetal outcomes, with little risk for accelerated 
progression toward ESKD.319,322 However, even women with 
stage 1 chronic kidney disease are at increased risk for cesar-
ean section, preterm delivery, and the need for neonatal 
intensive care in comparison with low-risk control pregnan-
cies.323 Although debate exists whether specific renal dis-
eases are more commonly associated with an accelerated 
decline in renal function, data suggest that the degree of 

Although intestinal absorption and urinary excretion of 
calcium are increased, there is no evidence that the risk of 
nephrolithiasis is increased, possibly because of a concomi-
tant increase in urine flow and physiologic dilation of the 
urinary tract.

Calcium oxalate and calcium phosphate constitute the 
majority of the stones produced during pregnancy. As in 
nonpregnant patients, ureteral calculi in pregnant women 
produce flank pain and lower abdominal pain with hema-
turia. Premature labor is sometimes induced by the intense 
pain, and the risk of infection is increased. Ultrasound 
examination is the preferred method to visualize obstruc-
tion and stones. The management of renal calculi is conser-
vative with adequate hydration, analgesics, and antiemetics. 
Thiazide diuretics and allopurinol are contraindicated 
during pregnancy. Twenty-four–hour urine collection to 
quantify urinary calcium and uric acid excretion is recom-
mended after delivery. Nephrolithiasis complicated by 
urinary tract infection should be treated with antibiotics  
for 3 to 5 weeks, followed by suppressive treatment after 
delivery, because the calculus may serve as a nidus of infec-
tion. Most stones pass spontaneously, but ureteral catheter-
ization and placement of a ureteral stent may be required. 
Lithotripsy is relatively contraindicated during pregnancy 
because of adverse effects on the fetus. However, extracor-
poreal shock wave lithotripsy has been used during the first 
4 to 8 weeks of pregnancy without known adverse conse-
quences to the fetus.310

URINARY TRACT INFECTION AND ACUTE 
PYELONEPHRITIS (see also Chapter 37)
Infection of the urinary tract is the most common renal 
problem encountered during gestation.311 Although the 
prevalence of asymptomatic bacteriuria in pregnant 
women—which ranges between 2% and 10%—is similar to 
that in nonpregnant populations, it needs to be managed 
more aggressively for several reasons. Physiologic hydrone-
phrosis predisposes pregnant women to ascending pyelone-
phritis in the setting of cystitis. Hence, although asymptomatic 
bacteriuria in the nonpregnant state is usually benign, 
untreated asymptomatic bacteriuria in pregnancy can pro-
gress to overt cystitis or acute pyelonephritis in up to 40% 
of patients.312 Acute pyelonephritis is a serious complication 
during pregnancy, usually manifesting between 20 and 28 
weeks of gestation with fevers, loin pain, and dysuria. Sepsis 
resulting from pyelonephritis can progress to endotoxic 
shock, disseminated intravascular coagulation, and acute 
renal failure. Asymptomatic bacteriuria has also been associ-
ated with an increased risk of premature delivery and low 
birth weight.313 Treatment of asymptomatic bacteriuria 
during pregnancy has been shown to reduce these compli-
cations and improve perinatal morbidity and mortality.314 
Thus, early detection and treatment of asymptomatic bacte-
riuria are warranted.

The usual signs and symptoms of urinary tract infection 
can be unreliable in pregnancy. Dysuria and urinary fre-
quency are common during the latter half of pregnancy in 
the absence of infection, owing to pressure on the bladder 
from the gravid uterus. Low-grade pyuria is often present 
because of contamination by vaginal secretions. The use of 
the urinary dipstick to screen for bacteriuria is associated 
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pregnancy is the rule rather than the exception in women 
initiating pregnancy with diabetic nephropathy and 
impaired renal function. For this reason, women with dia-
betic nephropathy are strongly advised to postpone preg-
nancy until after renal transplantation, which improves 
fertility status and fetal outcomes and does not lead to 
impaired renal function if allograft function is normal.

ACEIs and ARBs are contraindicated during pregnancy, 
and the inability to use these medications may contribute to 
the more rapid progression to renal failure in pregnant 
women with diabetic nephropathy and impaired renal func-
tion. Notably, these medications are toxic to the fetus if 
exposure occurs during the second or third trimester, 
leading to adverse outcomes, including hypocalvaria (hypo-
plasia of the membrane bones of the skull), renal tubular 
dysplasia, and IUGR.286 Although surveillance studies find 
little to no adverse fetal consequences among women taking 
ACEIs in the first trimester,286,336 exencephaly and unilateral 
renal agenesis were found in the fetus of a mother who was 
taking an ARB at conception.337 Therefore, although pre-
conception and postpartum (e.g., during breastfeeding) use 
of these medications appears to be safe, exposure during 
pregnancy, especially in the second or third trimester, is 
contraindicated.

The diabetic milieu during pregnancy may also subse-
quently affect metabolism and renal function in the off-
spring.338,339 For example, in a cross-sectional study of 503 
Pima Indians with type 2 diabetes, the prevalence of albu-
minuria was significantly higher in the offspring of mothers 
with diabetes during pregnancy (58%) than in the offspring 
of mothers without evidence of diabetes during pregnancy 
(40%).339 It is speculated that abnormal in utero exposure 
in the offspring of diabetic mothers leads to impaired 
nephrogenesis and reduced nephron mass, and putting the 
offspring at higher risk for development of renal disease 
and hypertension in later life.

LUPUS NEPHRITIS AND PREGNANCY

SLE is one of the most common autoimmune diseases in 
women of childbearing age. During pregnancy, women  
with SLE are at increased risk for preterm birth, IUGR, 
spontaneous abortion, and preeclampsia.340 The presence 
of superimposed renal disease increases the risk of these 
complications even further.341,342 Over the last 20 years, 
improvements in disease management and perinatal moni-
toring have led to a decrease in pregnancy loss and preterm 
deliveries.343 Outcomes, however, still appear to be poor in 
developing countries.344 With careful planning, monitoring, 
and management, the majority of patients with SLE—
especially those with normal baseline renal function—can 
complete pregnancy without serious maternal or fetal 
complications.345

Although there remains a long-standing debate about 
whether pregnancy itself induces a lupus flare, it is clear that 
active disease, compromised renal function, hypertension, 
or proteinuria at conception is associated with an increased 
risk of adverse fetal (e.g., fetal loss and preterm delivery) 
and maternal (e.g., preeclampsia, renal deterioration) 
outcomes.346-348 Specific subsets of women with SLE are at 
especially high risk. For example, women with SLE and 
antiphospholipid antibodies have an increased risk of 

renal insufficiency, presence and severity of hypertension, 
and severity of proteinuria, rather than the underlying renal 
diagnosis, are the primary determinants of outcome.323 
Women who become pregnant with a serum creatinine 
value above 1.4 to 1.5 mg/dL are more likely to experience 
a decline in renal function than women with a comparable 
degree of renal dysfunction who do not become pregnant.319 
Initiating pregnancy with a serum creatinine value in excess 
of 2.0 mg/dL carries a high risk (>30%) for accelerated 
decline in renal function both during and after pregnancy.318 
Furthermore, of women with serum creatinine values higher 
than 2.5 mg/dL, more than 70% experience preterm deliv-
ery and more than 40% experience preeclampsia.318,321 Mea-
sures to predict which women will experience rapid decline 
postpartum do not exist, and terminating pregnancy does 
not reliably reverse the decline in renal function. Data from 
women with autosomal dominant polycystic kidney disease 
and normal renal function suggest that there is high rate of 
successful uncomplicated pregnancies.324 Other specific 
conditions, including diabetic nephropathy and lupus 
nephritis, are discussed later; however, regardless of the 
cause of renal disease, the tenet that a serum creatinine level 
above 1.4 to 1.5 mg/dL puts a woman at increased risk for 
renal decline holds true.

DIABETIC NEPHROPATHY AND PREGNANCY

The incidence and prevalence of diabetes throughout the 
world are rising, leading to an increase in the incidence and 
prevalence of diabetic nephropathy. Currently, more than 
50% of patients with ESKD have diabetes.325 Although dia-
betes is less common among women of childbearing age, 
the number of women entering pregnancy with diabetes is 
rising.326 Women with pregestational diabetes, with or 
without nephropathy, have a higher risk of adverse fetal and 
maternal outcomes during pregnancy than nondiabetic 
women.327-329 For example, the risk of preeclampsia in 
women with pregestational diabetes is more than double 
that seen in the general population.328 The presence of 
albuminuria confers an additional risk: women with pre-
pregnancy microalbuminuria are at increased risk for pre-
eclampsia and preterm delivery.330 Poor glycemic control 
before and during pregnancy has also been linked to pre-
eclampsia and serious adverse fetal outcomes; hence endo-
crinologic consultation before pregnancy is strongly 
advised.331,332

Although it has been suggested that pregnancy negatively 
affects renal function in women with pregestational diabe-
tes, pregnancy itself does not appear to adversely affect the 
progression of kidney disease if kidney function is normal 
or near normal at the start of pregnancy.333 The prognosis 
changes, however, if renal function is impaired at that time. 
In comparison with preconception value, creatinine clear-
ance is notably lower even within the first few months post-
partum in women initiating pregnancy with impaired renal 
function.334 In a study of 11 patients with diabetic nephropa-
thy and serum creatinine values higher than 1.4 mg/dL at 
pregnancy onset, more than 40% progressed to end-stage 
kidney failure within 5 to 6 years after pregnancy.335 Aggres-
sive blood pressure control before and after pregnancy may 
attenuate the postpartum decline in renal function.333 Nev-
ertheless, inexorable decline in renal function following 

http://www.myuptodate.com


 CHAPTER 49 — HyPERTENSION AND KIDNEy DISEASE IN PREGNANCy 1635

commonly used in both patients with lupus nephritis and 
those with kidney transplants, though the risk of gestational 
diabetes is increased.351 Calcineurin inhibitors are nontera-
togenic and can be used to treat lupus nephritis in preg-
nancy, with some data to support their efficacy in the 
nonpregnant population.351 Rituximab lacks safety data in 
pregnancy and is not recommended for use in pregnancy. 
Azathioprine, despite assignment to category D (evidence 
for human fetal risk based on human studies) by the FDA, 
is considered relatively safe in pregnancy and can be used 
as adjunctive or maintenance therapy in pregnant patients 
with lupus nephritis.

PREGNANCY DURING LONG-TERM DIALYSIS

End-stage kidney disease is characterized by severe 
hypothalamic-pituitary-gonadal dysfunction that is reversed 
by transplantation but not by conventional dialysis. Women 
of childbearing age undergoing dialysis have menstrual dis-
turbances, anovulation, and infertility.361 Animal studies 
suggest that uremia impairs fertility via aberrant neuroen-
docrine regulation of hypothalamic gonadotropin-releasing 
hormone (GnRH) secretion.362 Gonadal function is impaired 
in men as well, who can experience testicular atrophy, hypo-
spermatogenesis, infertility, and impotence.

Conception during dialysis is unusual but not impossible. 
Hence, adequate contraception remains important in 
women of childbearing age undergoing dialysis who do not 
wish to become pregnant. Although in a recent report U.S. 
Renal Data System investigators (USRDS) found that preg-
nancy and live birth rates over the past decade have increased 
in young women (<30 years of age) undergoing dialysis,363 
the literature on pregnancy in patients on dialysis remains 
dominated by case reports and small, single-center case 
series. Two surveys provide some insight into epidemiology. 
A 1994 survey of 206 U.S. dialysis units reported that 1.5% 
of 1281 women of childbearing age became pregnant over 
a 2-year period while on hemodialysis.364 This finding was 
confirmed in a 1998 survey of 930 dialysis units, which 
reported that 2% of 6230 women of childbearing age 
became pregnant over a 4-year period.365 In both studies, 
approximately half of pregnancies resulted in successful 
delivery of live infants, although the majority (84% in the 
1994 study) were premature. Later reports of pregnancies 
in the setting of long-term hemodialysis have reported 
somewhat higher neonatal survival (70%-75%).366-368Adverse 
fetal outcomes are most often due to preterm labor, prema-
ture rupture of membranes, polyhydramnios, and IUGR. 
Likelihood of successful pregnancy is higher for women 
who conceive prior to initiation of dialysis than for women 
who conceive after initiation.368

When pregnancy does occur in a woman undergoing 
long-term hemodialysis, significant changes in management 
are required. Current guidelines recommend increasing the 
weekly dialysis dose to 20 or more hours per week, because 
this approach has been associated with improved neonatal 
outcomes and longer gestations.365,369 Later data support 
this suggestion.370 Increase in dialysis dose is often most 
realistically attained by daily nocturnal dialysis. Manage-
ment of volume status is challenging because the dry weight 
increases throughout pregnancy, and hypovolemia needs to 
be vigilantly avoided. Medications must be carefully reviewed 

thrombosis, fetal loss, and preeclampsia.349 Proliferative 
(World Health Organization [WHO] class III or IV) lupus 
nephritis is associated with a higher risk of preeclampsia and 
lower birth weights than mesangial (WHO class II) or  
membranous (WHO class V) lupus nephritis.350 Women 
with lupus should postpone pregnancy until lupus activity  
is quiescent for approximately 6 months and doses of  
immunosuppressive agents are minimized.351,352 Mycophe-
nolate mofetil is teratogenic and should be replaced by 
azathioprine prior to conception; this approach is associ-
ated with a low risk of renal flares.353 Importantly, prophy-
lactic therapy with steroids does not appear to prevent a 
lupus flare during pregnancy354; however, immunosuppres-
sives (e.g., steroids, azathioprine) have been used to manage 
lupus flares during pregnancy in hopes of extending preg-
nancy duration.

Pregnant women with a history of lupus nephritis are at 
risk both for a flare of the underlying renal disease and for 
preeclampsia. Unfortunately, both syndromes share the 
common presenting symptoms of hypertension and protein-
uria, so distinguishing the two can be a clinical challenge.355 
In addition, women with proteinuric renal disease of any 
etiology usually have an increase in proteinuria as preg-
nancy continues owing to increased GFR (see “Renal Adap-
tation to Pregnancy” section), further clouding the 
differential diagnosis. The distinction between preeclamp-
sia and lupus flare is critical, however, especially in women 
presenting prior to 37 weeks of gestation, because the treat-
ments differ. For a lupus nephritis flare, steroids and aza-
thioprine may quell the disease, allowing pregnancy to 
continue, whereas for preeclampsia, induction of delivery is 
the definitive treatment. Even in the medical literature 
reports of preeclampsia in the setting of lupus renal disease 
are prone to misclassification, because the diagnosis of pre-
eclampsia is often based on blood pressure elevation and 
development of proteinuria62 and not on results of renal 
biopsy or specific serologic testing. Alterations in compo-
nents of the complement cascade (e.g., reductions in C3, 
C4, CH50) have been used to identify pregnant women with 
a lupus flare and to distinguish lupus flare from preeclamp-
sia.356 Unfortunately, low complement levels and the pres-
ence of hematuria are neither sensitive nor specific for 
diagnosis of a lupus nephritis flare.355,357 An “active” urinary 
sediment is common in lupus nephritis, whereas the sedi-
ment in preeclampsia is typically “bland.” Nonetheless, dis-
tinguishing lupus flare from preeclampsia remains a 
challenge and requires frequent clinical assessment by a 
multidisciplinary team. Often a kidney biopsy is required. 
Although data on the safety of kidney biopsy during preg-
nancy are limited, clinical experience suggests that it is safe 
if undertaken prior to about 30 weeks of gestation.358 Later 
in gestation, kidney biopsy is technically difficult because 
the gravid uterus makes the requisite prone position diffi-
cult. On the horizon, novel serologic tests for preeclampsia 
based on angiogenic factors may aid clinical decision 
making, especially during the critical period before term62,355 
(see “Screening for Preeclampsia” section).

Treatment of severe proliferative lupus nephritis in preg-
nancy is challenging, because conventional induction thera-
pies are contraindicated owing to risk of congenital 
malformations with mycophenolate359 and fetal loss associ-
ated with cyclophosphamide.360 Prednisone is safe and 
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the nephrologist and the obstetrician.374,375 The goals of care 
in these patients are to optimize maternal health, including 
graft function and detection and management of hyperten-
sive disorders of pregnancy, and to maximize the possibility 
of a healthy newborn.

FETAL AND NEONATAL OUTCOMES
Most data on pregnancy outcomes in transplant patients are 
derived from voluntary registries, case reports, and single-
center retrospective studies. Four major registries, the U.S. 
National Pregnancy Transplantation Registry (NPTR),376 
the European Dialysis and Transplant Association Regis-
try,377 the UK Transplant Pregnancy Registry,378 and the Aus-
tralia New Zealand Dialysis and Transplant Registry,379 have 
documented pregnancy outcomes on more than 2600 preg-
nancies in women with solid organ transplants. Statistics on 
the major complications of pregnancy are remarkably con-
sistent. Approximately 22% of pregnancies among renal 
transplant recipients end in the first trimester, 13% because 
of miscarriage and the remainder because of elective termi-
nation.376 Of pregnancies that continue, more than 90% 
result in a successful outcome for both mother and fetus; 
however, there is a substantial risk of low birth weight (25%-
50%) and/or preterm delivery (30%-50%).376,380 Ectopic 
pregnancy appears to be slightly increased, especially in 
pregnancies that occur soon after transplantation, but the 
rate remains below 1%. The rate of structural birth defects 
is no higher than the general population. Vaginal delivery 
is safe, and cesarean section should be performed only for 
obstetric indications.

TIMING OF PREGNANCY AFTER TRANSPLANTATION
Several factors need to be considered in the decision on 
how long to wait after transplantation before pregnancy can 
be attempted. Pregnancy within the first 6 to 12 months 
after transplantation is undesirable for several reasons.  
The risk of acute rejection is relatively high, immunosup-
pressant medications are at higher dosages, and risk of 
infection is greatest.373 Traditionally it has been recom-
mended that women wait about 2 years after transplantation 
before attempting conception.381 However, many women 
who have undergone renal transplantation are of advanced 
maternal age, so delaying pregnancy may lead to age-related 
decreases in fertility. The American Society of Transplanta-
tion currently suggests that for women taking stable, low 
doses of immunosuppressive agents who have normal renal 
function and have had no prior rejection episodes, concep-
tion could be safely considered as early as 1 year after 
transplantation.373

EFFECT OF PREGNANCY ON RENAL  
ALLOGRAFT FUNCTION
Pregnancy itself does not appear to adversely affect graft 
function in transplant recipients, provided that baseline 
graft function is normal and significant hypertension is not 
present.381 In general, when pregnancy occurs 1 to 2 years 
after transplantation, the rejection rate is similar to  
that seen in nonpregnant controls (3%-4%).376 When mod-
erate renal insufficiency is present (serum creatinine  
> 1.5-1.7 mg/dL), pregnancy does carry a risk of progressive 
renal dysfunction382 as well as an increased risk of an SGA 
infant and of preeclampsia.383

so as to avoid drugs toxic to the fetus, such as ACEIs. Eryth-
ropoietin dosing should be adjusted to approximate the 
physiologic anemia of pregnancy (10-11 g/dL), because  
high hematocrit has been associated with adverse fetal out-
comes. Exacerbation of hypertension is common, although 
the incidence of preeclampsia is difficult to ascertain 
because of the inability to apply standard diagnostic criteria. 
Close monitoring of fetal well-being, in collaboration with 
an obstetrician, is essential after 24 weeks of gestation 
because early fetal distress is common. Data on pregnancy 
outcomes in peritoneal dialysis are even more limited but 
appear to be similar to those seen in patients undergoing 
hemodialysis.365,371

PREGNANCY IN THE KIDNEY  
TRANSPLANT RECIPIENT

Although women with ESKD who are undergoing dialysis 
are typically infertile, successful kidney transplantation 
results in a return to normal hormonal function and fertility 
within 6 months in approximately 90% of women of child-
bearing age.372 More than 14,000 pregnancies in renal 
allograft recipients have been documented since 1958 
(Figure 49.15).373 Although the majority of pregnancies fol-
lowing kidney transplantation have excellent outcomes for 
both mother and fetus, such pregnancies are not without 
risk and require close monitoring and collaboration between 

Figure 49.15  Pregnancies  in  kidney  transplant  recipients  world-
wide.  The  circles  represent  the  numbers  of  pregnancies  reported 
worldwide  in kidney  transplant  recipients during  the  indicated year. 
The  numbers  include  therapeutic  terminations,  spontaneous  abor-
tions, ectopic pregnancies, and stillbirths. The squares represent the 
numbers  of  transplant  recipients  reported  to  have  been  pregnant 
during that year, again including all outcomes. The triangles represent 
the numbers of pregnancies beyond the first trimester reported in the 
literature  during  the  indicated  year.  The  data  are  from  the  U.S. 
National Transplantation Pregnancy Registry,  the European Dialysis 
and Transplant Association Registry, and the U.K. Transplant Preg-
nancy Registry. (From McKay DB, Josephson MA: Pregnancy in recipi-
ents of solid organs—effects on mother and child. N Engl J Med 
354:1281-1293, 2006.)
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Only two small case-control studies have reported long-
term (>10-year) graft function after pregnancy. One study 
found that 10-year graft survival may be diminished in trans-
plant recipients who became pregnant than in controls who 
did not become pregnant.384 A second study reported no 
significant difference.385 Further studies reporting long-
term outcomes in the era of calcineurin inhibitors are 
needed.

Because of ongoing immunosuppression, transplant 
recipients are at risk for infections that have implications 
for the fetus, including cytomegalovirus, herpes simplex, 
and toxoplasmosis. The rate of bacterial urinary tract infec-
tions is increased (≈13%-40%),382 but they are usually treat-
able and uncomplicated.

The most common complication of pregnancy in trans-
plant recipients is hypertension, which affects between 30% 
and 75% of pregnancies among transplant recipients.376,386 
Hypertension is likely due to a combination of underlying 
medical conditions and the use of calcineurin inhibitors. 
Preeclampsia complicates 25% to 30% of pregnancies in 
kidney transplant recipients,376,380,382 and diagnosis is often 
challenging because of the frequent presence of hyperten-
sion and/or proteinuria at baseline. The American Society 
of Transplantation recommends that hypertension in preg-
nant renal transplant recipients should be managed aggres-
sively, with target blood pressure close to normal—a goal 
that differs from somewhat higher blood pressure goals in 
women with hypertension during pregnancy who have not 
undergone transplantation.286,373 Agents of choice (see Table 
49.5) include methyldopa, nonselective β-adrenergic antag-
onists (e.g. labetalol), and calcium channel blockers. ACEIs 
are contraindicated at every point in pregnancy except the 
early first trimester and even then should be avoided. Details 
about the use of these agents in pregnancy are discussed in 
greater detail in the section on chronic hypertension and 
gestational hypertension.

MANAGEMENT OF IMMUNOSUPPRESSIVE THERAPY 
IN PREGNANCY
The FDA classifies drugs as pregnancy categories A (no risk 
in controlled studies), B (no evidence of risk in humans), 
C (risk cannot be ruled out), D (positive evidence of risk), 
and X (contraindicated). Because controlled studies on 
developmental toxicity due to immunosuppressive agents 
cannot be performed for ethical reasons, most immunosup-
pressive agents fall into category C. Nevertheless, there  
is a significant amount of published data that can inform 
decisions to use some of these agents safely in pregnancy 
(Table 49.6).

Cyclosporine (or tacrolimus) and steroids, with or without 
azathioprine, form the basis of immunosuppression during 
pregnancy. Corticosteroids at low to moderate doses 
(5-10 mg/day) are safe and prednisone is classified as preg-
nancy category B.387 Stress-dose steroids are needed at the 
time of delivery and for 24 to 48 hours after delivery. Aza-
thioprine is generally considered safe at doses less than 
2 mg/kg/day, although higher doses are associated with 
congenital anomalies, immunosuppression, and IUGR and 
thus should be avoided if possible.381

Although high doses of both cyclosporine and tacroli-
mus are associated with fetal resorption in animal studies, 
both animal and human data suggest that lower doses of 

Table 49.6 Immunosuppressive Medications in 
Pregnancy

Drug* Recommendations

Prednisone (B) Safe when used long term at low to 
moderate doses (5-10 mg/day)

Safe when given acutely at high doses
Cyclosporine (C) Extensive clinical data suggest safe at 

low to moderate clinical doses
Changes in absorption and metabolism 

require close monitoring of levels and 
frequent dose adjustments in 
pregnancy

Tacrolimus (C) Similar to those for cyclosporine, 
although somewhat less data 
available

Sirolimus (C) Embryo/fetal toxicity in rodents was 
manifested as mortality and reduced 
fetal weights (with associated delays 
in skeletal ossification); human 
studies are lacking

Azathioprine (D) Considered safe at dosages less than 
2 mg/kg per day, but at higher doses 
associated with fetal growth 
restriction

Mycophenolate 
mofetil (D)

Contraindicated in pregnancy 
(teratogenic in animal and human 
studies)

Muromonab-CD3 
(OKT-3) (C)

Case reports of successful use for 
induction in unsuspected pregnancy 
and for acute rejection, but data are 
limited

Antithymocyte 
globulin (C)

Animal studies have not been reported, 
and there are no controlled data from 
use in human pregnancy

*U.S. Food and Drug Administration (FDA) pregnancy-use 
category designations for the individual drugs are shown in 
parentheses.

(Adapted from McKay DB, Josephson MA: Pregnancy after 
kidney transplantation. Clin J Am Soc Nephrol 3(Suppl 
2):S117-S125, 2008.)

calcineurin inhibitors are safe in pregnancy.387,388 Experi-
ence with tacrolimus is more limited than that for cyclospo-
rine, but growing.388,389 Clinical data have not demonstrated 
an increased incidence of congenital malformations with 
the possible exception of low birth weight.387 Owing to 
decreased gastrointestinal absorption, increased volume of 
distribution, and increased GFR, levels of cyclosporine and 
tacrolimus can fluctuate significantly in pregnancy, with 
concomitant risk of acute rejection. Hence, close monitor-
ing of blood levels with dosing adjustment are required to 
maintain optimal levels.388

Sirolimus is contraindicated in pregnancy as it is terato-
genic in rats at doses used clinically.387 The risk of fetal 
malformations is highest at 30 to 71 days of gestation, so 
there is a window during which sirolimus should be stopped 
if pregnancy is detected early. Nevertheless, sirolimus should 
be discontinued preemptively in women of childbearing age 
who are not using contraception.

Mycophenolate mofetil is associated with developmental 
toxicity, malformations, and intrauterine death in animal 
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and response bias), eligibility criteria for future donors may 
be changed.397
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This chapter is divided into three major sections. The first 
section reviews the pharmacology of nondiuretic antihyper-
tensive drugs to provide clinicians with a complete overview 
of how to use these therapies safely in practice (Table 50.1; 
see Chapter 51 for a review of diuretic drugs). The first 
section also discusses individual drug classes and highlights 
the class mechanisms of action, members, renal effects, and 
efficacy and safety. Individual similarities and differences 
within and between classes are then addressed. The second 
section reviews clinical decision making with regard to the 
selection of antihypertensive therapy, blood pressure (BP) 
goals, and considerations in choosing the first agent or 
using fixed-dose combination therapy, as well as methods of 
dealing with refractory hypertension. The third section 
reviews the pharmacology of the parenteral and oral drugs 
available for the management of hypertensive urgencies and 
emergencies and discusses clinical considerations in seeking 
to achieve rapid reduction of BP. The history of the develop-
ment of modern antihypertensive drug therapy is shown in 
Figure 50.1.

PHARMACOLOGY OF THE NONDIURETIC 
ANTIHYPERTENSIVE DRUGS

ANGIOTENSIN-CONVERTING  
ENZYME INHIBITORS

CLASS MECHANISMS OF ACTION
Angiotensin-converting enzyme (ACE) inhibitors inhibit 
the activity of ACE, which converts the inactive decapeptide 
angiotensin I (Ang I) into the potent hormone angiotensin 
II (Ang II) (Figure 50.2). Because Ang II plays a crucial role 
in maintaining and regulating BP levels by promoting vaso-
constriction and renal sodium and water retention, ACE 
inhibitors are powerful tools for targeting multiple pathways 
that contribute to hypertension. ACE inhibitors directly 
reduce the circulating and tissue levels of Ang II, thus block-
ing the potent vasoconstriction induced by the hormone 
(see Table 50.2).1 The resulting decrease in peripheral vas-
cular resistance is not accompanied by cardiac output or 
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tion of cholesterol oxidation15; and (14) inhibition of col-
lagen deposition in target organs.16

CLASS MEMBERS
Currently, there are more than 15 ACE inhibitors in clinical 
use. Each drug has a unique structure that determines its 
potency, tissue receptor binding affinity, metabolism, and 
prodrug compound, but they have remarkably similar clini-
cal effects (Tables 50.3 and 50.4).3 The drugs are classified 
into sulfhydryl, carboxyl, or phosphinyl categories on the 
basis of the ligand that binds to the ACE-zinc moiety.

Sulfhydryl Angiotensin-Converting  
Enzyme Inhibitors

Captopril is a sulfhydryl-containing ACE inhibitor that is 
available in tablets of 12.5, 25, and 50 mg (see Tables 50-3 
and 50-4).12,17,18 The usual starting dosage for hypertension 
treatment is 25 mg two or three times daily (see Table 50.2), 
and the dosage can be titrated at 1- to 2-week intervals.12 
Captopril has 75% bioavailability, with peak onset within 1 
hour. The half-life is 2 hours; with long-term administration, 
the hemodynamic effects are maintained for 3 to 8 hours.12 
Food may decrease captopril absorption by up to 54%, but 
this decrease is clinically insignificant.19 Captopril is partially 
metabolized in the liver into an inactive compound; 95% of 
the parent compound and metabolites are eliminated in the 
urine within 24 hours. The elimination half-life increases 
markedly in patients with creatinine clearances of less than 
20 mL/min/1.73 m2. In such patients, the initial dosages 
should be reduced, and smaller increments should be used 
for titration. Hemodialysis removes approximately 35% of 
the dose.12,20

Carboxyl Angiotensin-Converting  
Enzyme Inhibitors

Benazepril hydrochloride is a long-acting, non–sulfhydryl-
containing, carboxyl ACE inhibitor that is available as 10- or 
20-mg tablets alone or in combination with amlodipine.18 
The usual initial dosage is 10 mg daily, with maintenance 
dosages of 20 to 40 mg daily. Some patients respond better 

glomerular filtration rate (GFR) changes; the heart rate is 
unchanged or may be reduced in patients with baseline 
heart rates higher than 85 beats/min.2

A reduction in systemic and local levels of Ang II leads to 
effects beyond vasodilation that contribute to the antihyper-
tensive efficacy of ACE inhibitors (Table 50.2).3 Additional 
mechanisms include the following: (1) inhibition of the 
breakdown of vasodilatory bradykinins catalyzed by ACE or 
kininase II (the hypotensive action of ACE inhibitors is 
blocked, in part, by bradykinin antagonists)4; (2) enhance-
ment of vasodilatory prostaglandin synthesis; (3) improve-
ment of nitric oxide–mediated endothelial function5,6 and 
upregulation of endothelial progenitor cells7; (4) reversal 
of vascular hypertrophy8; (5) decrease in aldosterone secre-
tion; (6) augmentation of renal blood flow to induce natri-
uresis9; (7) blunting of sympathetic nervous system activity10-12 
through presynaptic modulation of norepinephrine release; 
(8) inhibition of postjunctional pressor responses to norepi-
nephrine or Ang II11,13; (9) inhibition of central Ang II–
mediated sympathoexcitation, norepinephrine synthesis, 
and arginine vasopressin release; (10) inhibition of centrally 
controlled baroreceptor reflexes, which results in increased 
baroreceptor sensitivity13; (11) decrease in vasoconstrictor 
endothelin-1 levels14; (12) inhibition of thirst; (13) inhibi-

Table 50.1  Pharmacologic Classification of 
Nondiuretic Antihypertensive Drugs

Angiotensin-converting enzyme inhibitors
Sulfhydryl
Carboxyl
Phosphinyl

Angiotensin II type 1 receptor antagonists
Biphenyl tetrazoles
Nonbiphenyl tetrazoles
Nonheterocyclics

β-Adrenergic antagonists and α1- and β-adrenergic 
antagonists
Nonselective β-adrenergic antagonists
Nonselective β-adrenergic antagonists with partial agonist 

activity
β1-Selective adrenergic antagonists
β1-Selective adrenergic antagonists with partial agonist 

activity
Nonselective β-adrenergic and α1-adrenergic antagonists

Calcium antagonists
Benzothiazepines
Dihydropyridines
Diphenylalkylamines
Tetralines

Central α2-adrenergic agonists
Central and peripheral adrenergic-neuronal blocking agents
Direct-acting vasodilators
Moderately selective peripheral α1-adrenergic antagonists
Peripheral α1-adrenergic antagonists
Peripheral adrenergic-neuronal blocking agents
Renin inhibitors
Selective aldosterone receptor antagonists
Tyrosine hydroxylase inhibitors
Vasopeptidase inhibitors*

*Not approved for the treatment of hypertension.

Table 50.2  Antihypertensive Mechanisms of 
Action of Angiotensin-Converting 
Enzyme Inhibitors

Lower peripheral vascular resistance.
Inhibit the breakdown of vasodilatory bradykinins.
Enhance vasodilatory prostaglandin synthesis.
Improve nitric oxide–mediated endothelial function.
Reverse vascular hypertrophy.
Decrease aldosterone secretion.
Induce natriuresis.
Augment renal blood flow.
Blunt sympathetic nervous system activity and pressor 

responses.
Inhibit norepinephrine and arginine vasopressin release.
Inhibit baroreceptor reflexes.
Reduce endothelin-1 levels.
Inhibit thirst.
Inhibit oxidation of cholesterol.
Inhibit collagen deposition in target organs.
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Figure  50.1 History of modern antihypertensive drug therapy. The first antihypertensive drug, hydralazine, was a nonspecific vasodilator 
discovered in the 1950s. This was followed by blockade of calcium channels on vascular smooth muscle cells, the calcium channel blockers 
in the 1960s, and blockade of postsynaptic α-adrenoceptors on peripheral sympathetic neurons, the alpha blockers in the late 1970s. Blockade 
by the renin angiotensin aldosterone system (RAAS) by angiotensin-converting enzyme inhibitors was discovered in the 1980s, angiotensin 
receptor blockers in the 1990s, and direct renin inhibitors just 10 years ago. HCTZ, Hydrochlorothiazide. (From Sever PS, Messerli FH: Hyperten-
sion management 2011: optimal combination therapy. Eur Heart J 32:2499-2506, 2011.)

Hydralazine (1951)

THE HISTORY OF ANTIHYPERTENSIVES
Reserpine, Pentolinium, Guanethidine, Methyl dopa (1950–1960), Clonidine (1980)
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Propranolol (1965)
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Alpha-1-blockers

Calcium antagonists

Beta-blockers

Diuretics
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Direct renin inhibitors

Figure 50.2 Renin angiotensin aldosterone system (RAAS)—effect 
site for each type of RAAS blocking drugs. The two major classes of 
drugs that target the RAAS are the angiotensin-converting enzyme 
inhibitors (ACEIs) and the selective AT1 receptor blockers (ARBs). 
Both these drug classes target angiotensin II, but the differences in 
their mechanisms of action have implications for their effects on other 
pathways and receptors. Both ACEIs and ARBs are effective antihy-
pertensive agents that have been shown to reduce the risk of cardio-
vascular and renal events. Direct inhibition of renin—the most 
proximal aspect of the RAAS—became clinically feasible in 2007 with 
the introduction of aliskiren. AT, Angiotensin. (From Robles NR, 
Cerezo I, Hernandez-Gallego R: Renin-angiotensin system blocking 
drugs. J Cardiovasc Pharmacol Ther 19:14-33, 2014.)
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ACERENIN to twice-daily dosing (see Tables 50-3 and 50-4).21 The onset 
of action occurs in 2 to 6 hours; maximal antihypertensive 
responsiveness occurs in 2 weeks. Benazepril is a prodrug 
that is rapidly bioactivated in the liver into the active bena-
zeprilat compound, which is 200 times more potent than 
benazepril. The elimination half-life of benazeprilat is 22 
hours. Benazeprilat is excreted primarily in the urine. Dialy-
sis does not remove benazepril, but the initial dose should 
be no more than 10 mg in patients with a creatinine clear-
ance of less than 60 mL/min/1.73 m2, and the dose should 
be reduced to 5 mg in patients with a creatinine clearance 
of less than 30 mL/min/1.73 m2.22

Cilazapril is a nonsulfhydryl prodrug of the long-acting 
ACE inhibitor cilazaprilat.12,18 The usual dosage is 2.5 to 
10 mg daily or in divided doses. After absorption, cilazapril 
is rapidly de-esterified in the liver to its active metabolite, 
cilazaprilat. The initial antihypertensive response occurs in 
1 to 2 hours, peaks at 6 hours, and lasts for 8 to 12 hours.23 
Dosages should be reduced by 25% in renal failure 
patients.22,24

Enalapril maleate is a nonsulfhydryl prodrug of the long-
acting ACE inhibitor enalaprilat.18,25 The oral preparations 
are available in tablets of 2.5, 5, 10, and 20 mg. The initial 
dosage of enalapril is 5 mg once daily (see Table 50.3). The 
usual daily dose is 10 to 40 mg, singly or in divided doses. 
Initial responses occur in 1 hour, and peak serum levels of 
enalaprilat are achieved in 3 to 4 hours. Enalapril under-
goes biotransformation in the liver into the active com-
pound, enalaprilat (see Table 50.4). Enalapril is excreted 
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in the urine unchanged. Lisinopril is dialyzable, and patients 
undergoing dialysis may require supplemental doses. The 
initial dosage should be reduced to 2.5 to 7.5 mg/day in 
patients with moderate to advanced renal failure.22

Moexipril hydrochloride is the nonsulfhydryl prodrug of 
the ACE inhibitor moexiprilat.18,29 The usual daily dose is 
7.5 to 30 mg in single or divided doses (see Table 50.3).12 
The oral bioavailability of moexipril is approximately 20%, 
and its absorption is impaired by high-fat meals. The peak 
response occurs at 3 to 6 hours and lasts for 24 hours (see 
Table 50.4). Moexipril is rapidly converted in the liver to 
moexiprilat, which is 1000 times more potent than the 
parent compound. The dosage should be reduced by 50% 
in patients with renal failure.22,30

Perindopril is a nonsulfhydryl prodrug of the long-
acting ACE inhibitor perindoprilat.12,30 The usual daily dose 
is 4 to 8 mg (see Table 50.3). The response peaks at 3 to 7 
hours. A single dose has a duration of action of 24 hours. 

primarily in the urine. Dosages should be reduced by 25% 
to 50% in patients with end-stage kidney disease (ESKD).22

Imidapril is the nonsulfhydryl prodrug of the long-acting 
ACE inhibitor imidaprilat.18,26 The usual daily dose is 10 to 
40 mg (see Table 50.3). The peak response occurs in 5 to 6 
hours and lasts for 24 hours. Imidapril is metabolized in the 
liver (see Table 50.4). The elimination half-life of the metab-
olites is 10 to 19 hours. No dosage adjustments are necessary 
in patients with renal failure. Imidapril has a unique advan-
tage over other ACE inhibitors in that it is less likely to cause 
cough.27

Lisinopril is a nonsulfhydryl analogue of enalaprilat.18,28 
The initial dosage is 10 mg/day, and the usual daily dose is 
20 to 40 mg (see Table 50.3). The initial antihypertensive 
response occurs in 1 hour, peaks at 6 hours, and lasts for 24 
hours (see Table 50.4). The maximal effect may not be 
observed for 24 hours. The elimination half-life is 12 hours. 
Lisinopril is not metabolized, and it is exclusively eliminated 

Table 50.3  Pharmacodynamic Properties of Angiotensin-Converting Enzyme Inhibitors

Generic Name (Trade Name)
Initial Dose 
(mg)

Usual Dose 
(mg)

Maximum 
Dose (mg) Interval

Peak 
Response (hr)

Duration of 
Response (hr)

Alacepril (Cetapril) 12.5 12.5-100 100 qd 3 24
Captopril (Capoten) 25 12.5-50 150 tid 1-2 3-8
Benazepril (Lotensin) 10 20-40 40 qd 2-6 24
Enalapril (Vasotec) 5 10-40 40 qd, bid 3-4 12-24
Moexipril (Univasc) 7.5 7.5-30 30 qd, bid 3-6 24
Quinapril (Accupril) 10 20-80 80 qd 2 24
Ramipril (Altace) 2.5 2.5-20 40 qd, bid 2 24
Trandolapril (Mavik) 1 2-4 8 qd 2-12 24
Fosinopril (Monopril) 5 5-40 40 qd, bid 2-7 24
Cilazapril (Dynorm) 2.5 2.5-10 10 qd, bid 6 8-12
Perindopril (Aceon) 4 4-8 8 qd 3-7 24
Spirapril (SCH 33844) 6 6 6 qd 3-6 24
Zofenopril (SQ 26991) 30 30-60 60 qd — —
Lisinopril (Zestril, Prinivil) 10 20-40 40 qd 6 24
Imidapril (TA 6366) 10 10-40 40 qd 5-6 24

Table 50.4  Pharmacokinetic Properties of Angiotensin Converting Enzyme Inhibitors

Drug
Absorption 
(%)

Bioavailability 
(%)

Affected 
by Dood

Peak Blood 
Level (hr)

Elimination 
Half-Life (hr) Metabolism Excretion

Active 
Metabolites

Alacepril — 70 — 1 1.9 L U (70%) Captopril
Captopril 60-75 75 Yes 1 2 L U Inactive
Benazepril 35 >37 No 2-6 22 L, K F, U Benazeprilat
Enalapril 55-75 73 — 3-4 11-35 L F, U Enalaprilat
Lisinopril 25 6-60 — 1 12 K U Enalaprilat
Moexipril >20 13-22 Yes 1.5 2-10 L F (50%), U Moexiprilat
Quinapril 60 50 Yes 1 25 L U (50%) Quinaprilat
Ramipril 50-60 60 — 1-2 13-17 L F, U Ramiprilat
Trandolapril 70 10 No 2-12 16-24 L F (66%), U Trandalaprilat
Fosinopril 36 36 — 1 12 L, K, I F, U Fosinoprilat
Cilazapril — 57-76 No 1-2 30-50 L U (52%) Cilazaprilat
Spirapril — 50 Yes 1 33-41 L F (60%), U (40%) Spiraprilat
Perindopril — 75 Yes 1.5 3-10 L F, U (75%) Perindoprilat
Imidapril — 40 — 3-10 10-19 L U Imidaprilat
Zofenopril >80 96 Yes 5 5 K F (26%), U (69%) Zofenoprilat

F, Feces; I, intestine; K, kidney; L, liver; U, urine.
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deterioration that occurs with hypertension and renal insuf-
ficiency. ACE inhibitors have extensive hemodynamic and 
nonhemodynamic effects that afford such protection (Table 
50.5). In hypertensive patients, ACE inhibitors can restore 
the pressure-natriuresis relationship to normal, thereby 
maintaining sodium balance at a lower arterial BP.34 The 
response is exaggerated in a restricted sodium intake setting. 
The mechanism responsible for this effect is the direct inhi-
bition of proximal, and possibly distal, tubule sodium reab-
sorption.35 The increased renal excretory capacity plays a 
major role in the long-term antihypertensive activity of the 
drugs. Clinically, the increase in sodium excretion is transi-
tory because the reduced arterial pressure allows the sodium 
excretion to return to normal. However, the maintenance 
of normal sodium excretion at lower arterial pressures cor-
relates with increased excretion in the setting of hyperten-
sion.34 After several days, inhibition of Ang II and aldosterone 
contributes to the natriuresis.36 The long-term effects on 
water excretion are less certain. ACE inhibitors initially 
induce an increase in free water clearance, but there are no 
long-term changes in total body weight, plasma, or extracel-
lular fluid volume. The decreased aldosterone level caused 
by ACE inhibition also correlates with decreased potassium 
excretion,36 particularly in patients with impaired renal 
function. The antikaliuretic effect appears to be transient, 
but it can be exacerbated by concomitant administration of 
potassium-sparing diuretics, supplements, and nonsteroidal 
antiinflammatory drugs (NSAIDs); it should be monitored 
rigorously.

The effects of ACE inhibitors on angiotensin peptide 
levels depend on the responsiveness of renin secretion.37,38 
All ACE inhibitors decrease the level of Ang II and increase 
the levels of angiotensin-(1-7) (a potential vasodilator) and 
plasma renin. When renin levels show little increase in 
response to ACE inhibition, the levels of Ang II and its 
metabolites decrease markedly, with little change in the 
levels of Ang I. Large increases in renin levels in response 
to ACE inhibition increase the levels of Ang I and its metab-
olites. The increased levels of angiotensin I can produce 
higher levels of Ang II through uninhibited ACE and other 
pathways, thereby blunting the effect of reduced Ang II. 
This phenomenon is termed ACE escape and may contribute 
to reduced ACE inhibitor efficacy when used over a long 
term.39

Perindopril undergoes extensive first-pass hepatic metabo-
lism into the active metabolite, perindoprilat (see Table 
50.4). Renal excretion accounts for 75% of the clearance. 
The dosage should be reduced by 75% and 50% in patients 
with creatinine clearances of less than 50 and less than 
10 mL/min/1.73 m2, respectively.22,30

Quinapril hydrochloride is a nonsulfhydryl prodrug of 
the ACE inhibitor quinaprilat.18,30,31 The initial dose is 
10 mg, and the usual daily dose is 20 to 80 mg, which should 
be adjusted at 2-week intervals (see Table 50.3). Twice-daily 
therapy may provide a more sustained BP reduction. The 
onset of action occurs in 1 hour, and the peak response 
occurs in 2 hours and lasts for 24 hours. Quinapril is exten-
sively metabolized in the liver into the active metabolite, 
quinaprilat (see Table 50.4). Renal excretion by way of filtra-
tion and active tubular secretion accounts for 50% of the 
clearance. Quinapril is not dialyzable. The dosage should 
be reduced by 25% to 50% in patients with renal failure.22

Ramipril is a potent, nonsulfhydryl prodrug of the ACE 
inhibitor ramiprilat.12,18 Ramipril capsules are available in 
1.25, 2.5, or 5 mg. The initial daily dose is 2.5 mg (see Table 
50.3). The usual daily dose is 2.5 to 20 mg, and it can be 
titrated by doubling the current dose at 2- to 4-week intervals. 
Ramipril is well absorbed from the gastrointestinal tract; 
peak concentrations are achieved in 1 to 2 hours (see Table 
50.4). The peak response occurs in 2 hours and lasts for 24 
hours. Ramipril is extensively metabolized in the liver into 
the active metabolite, ramiprilat. The elimination half-life of 
the active compound is 13 to 17 hours, and it is prolonged in 
renal failure patients to approximately 50 hours. The dosage 
should be reduced by 50% to 75% in patients with a creati-
nine clearance of less than 50 mL/min/1.73 m2.18,22

Trandolapril is a nonsulfhydryl ethyl ester prodrug of the 
ACE inhibitor trandolaprilat.12,18 It is available in tablets of 
1, 2, and 4 mg or in combination with verapamil. The usual 
starting dosage is 1 mg/day (see Table 50.3). Trandolapril 
is only 10% bioavailable, and its absorption is not affected 
by food (see Table 50.4).32 Trandolapril undergoes extensive 
first-pass hepatic metabolism into trandolaprilat. The peak 
serum concentrations of trandolaprilat occur within 2 to 12 
hours; the duration of action is 24 hours, but it may be as 
long as 6 weeks. The recommended starting dose in patients 
with a creatinine clearance of less than 30 mL/min/1.73 m2 
is 0.5 mg.

Phosphinyl Angiotensin-Converting  
Enzyme Inhibitor

Fosinopril sodium is a nonsulfhydryl prodrug of fosino-
prilat, a long-acting ACE inhibitor.18,33 The usual daily dose 
is 5 to 40 mg (see Table 50.3). Its maximal effects may not 
occur until 4 weeks. The initial response occurs in 1 hour, 
the peak response occurs in 2 to 7 hours, and the duration 
of response is 24 hours, which is prolonged in patients with 
ESKD (see Tables 50-3 and 50-4). The elimination half-life 
of fosinoprilat is 12 hours. All metabolites are excreted in 
the urine and feces. Hepatic biliary clearance increases sig-
nificantly as renal function declines. Thus, the dosage must 
be reduced by 25% in patients with ESKD.22

CLASS RENAL EFFECTS
There has been considerable interest in the ability of  
ACE inhibitors to protect the kidney from the unrelenting 

Table 50.5  Renal Protective Mechanisms 
of Angiotensin-Converting  
Enzyme Inhibitors

Restore pressure-natriuresis relationship to normal.
Inhibit tubule sodium resorption.
Decrease arterial pressure.
Decrease aldosterone production.
Decrease proteinuria.
Improve altered lipid profiles.
Decrease renal blood flow.
Decrease filtration fraction.
Decrease renal vascular resistance.
Reduce scarring and fibrosis.
Attenuate oxidative stress and reduce free radicals.
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may not be enhanced by combined nondihydropyridine 
calcium channel antagonist therapy beyond BP lowering.54,55 
A suggested goal of ACE inhibition or ARB therapy is to 
reduce proteinuria to less than 1000 mg/ day or reduce 
proteinuria to more than 50% from baseline, in addition to 
protein excretion at less than 3.5 g/day.56 Blood pressure 
should be reduced to less than 140/90 mm Hg in all hyper-
tensive patients and to less than 130/80 mm Hg in patients 
with protein excretion more than 500 mg/day.57

Up to 0.7% of patients treated with captopril develop 
proteinuria, with total urinary protein excretion exceeding 
1 g/day.58-60 In most cases, proteinuria subsides within 6 
months, regardless of whether captopril is continued, with 
no residual change in GFR. Renal biopsy specimens reveal 
a membranous nephropathy. The sulfhydryl group of cap-
topril is thought to invoke an immune complex–mediated 
nephropathy similar to that which occurs with penicillamine 
administration.61

Most of the vasoconstrictor action of Ang II is confined to 
the efferent arteriole. ACE inhibitors preferentially dilate the 
efferent arteriole by reducing the systemic and intrarenal 
levels of Ang II. The effect is a reduction in intraglomerular 
capillary pressure. In patients with hypertension, ACE inhibi-
tors uniformly increase renal blood flow, decrease filtration 
fraction, decrease renal vascular resistance, reduce urinary 
protein excretion, impair microvascular autoregulation, and 
restore normal circadian BP patterns,62-64 with variable to no 
effect on GFR. In patients with nondiabetic glomerular renal 
damage, short-term ACE inhibitor administration causes a 
decrease in renal perfusion, glomerular filtration, and pres-
sure and an increase in afferent resistances.65 Long-term 
administration is associated with a decrease in renal perfu-
sion, as well as a tendency to a higher filtration fraction and 
lower afferent resistances. Marked improvement in GFR 
occurs and is sustained for up to 3 years.36,66 However, many 
patients with impaired renal function exhibit a reversible fall 
in GFR with ACE inhibitor therapy that is not detrimental. 
The GFR declines initially because of the hemodynamic 
changes, but the long-term reduction in perfusion pressure 
is renoprotective. Even in patients receiving hemodialysis, 
ACE inhibitor therapy significantly preserves residual renal 
function and helps maintain urine output.67 Patients with 
type 1 diabetes who have the greatest initial decline in GFR 
have the slowest rate of loss of renal function over time.68 It 
should be emphasized that ACE inhibitors should not be 
withdrawn immediately if an increase in serum creatinine 
level is noted; a 20% to 30% decline in GFR can be expected, 
and close monitoring is warranted.

An inherited trait of disordered regulation of the RAAS 
contributes to the pathogenesis of hypertension in approxi-
mately 45% of patients.69 Such patients have sodium-sensitive 
hypertension, abnormalities in renal vascular responses to 
changes in sodium intake and Ang II, blunted decrements 
of renin release in response to saline or Ang II, and accentu-
ated vasodilator responses to ACE inhibition; they have 
been termed nonmodulators.69 In these patients, ACE inhibi-
tion not only increases renal blood flow substantially more 
than it does in normal subjects, but also restores the renal 
vascular and adrenal responses to Ang II, renin release, 
renal sodium handling, and BP.69,70

Treatment with ACE inhibitors is frequently associ-
ated with an initial decrease in kidney function.71 The 

Recent experimental reports have highlighted the poten-
tial importance of the tissue specificity of ACE inhibitors,40 
as well as disagreement about the role played by systemic 
generation of Ang II versus the local generation of Ang II 
within the kidneys and its relative importance in terms of 
hypertension. An important role for intrarenal ACE has 
been demonstrated in murine hypertension models, as mice 
lacking only renal ACE are protected against hyperten-
sion.40 The intrarenal Ang II production and local regula-
tion of renal sodium transport represents a new mechanistic 
understanding of the underlying inappropriate regulation 
of salt and water balance. However, what remains unclear is 
the role that intrarenal renin angiotensin aldosterone 
system (RAAS) plays in human disease. It is clear that local 
inhibition of ACE in the vascular wall and renal vessels con-
tributes to the antihypertensive activity of hypertension 
drugs. ACE inhibitor–induced changes in BP correlate with 
the degree of inhibition of RAAS in plasma and tissues.41 
The ACE inhibitors with the greatest tissue specificity, 
however, are associated with prolonged activity at the tissue 
level, even after serum ACE levels have returned to normal.41 
Consequently, they are more efficacious with once-daily 
dosing .41 Other potential renoprotective effects that have 
been noted in experimental models include attenuation of 
oxidative stress,42 scavenging of free radicals, and attenua-
tion of lipid peroxidation.43 The clinical importance of 
these effects is under investigation.

Because the degree of proteinuria correlates best with the 
rate of declining renal function, and a decrease in protein-
uria correlates better with renal protection than with 
decreased BP, the reduction of proteinuria can have a sub-
stantial impact.44 All ACE inhibitors decrease urinary protein 
excretion45-47 in normotensive and hypertensive patients 
with renal disease of various origins. Individual response 
rates vary from an increase of 31% to a decrease of 100%, 
and they are strongly influenced by drug dosage and dietary 
sodium changes.46,48 There is a clear dose-response relation-
ship between increased doses and reduced proteinuria, and 
this relationship is not dependent on changes in BP, renal 
plasma flow, or GFR. Furthermore, the effect of ACE inhibi-
tors on the reduction of proteinuria is eliminated with high 
salt intake.

Studies have demonstrated that in normotensive diabetic 
patients, ACE inhibitors can normalize GFR, markedly 
reduce the progression of renal disease, and normalize 
microalbuminuria.49,50 These findings are discussed in depth 
in Chapter 39. The effect is noted in the first month of 
therapy and is maximal at 14 months. Several mechanisms 
account for the reduction in urinary protein excretion, 
including the following: a decrease in glomerular capillary 
hydrostatic pressure; a decrease in mesangial uptake and 
clearance of macromolecules; and improved glomerular 
basement membrane perm-selectivity.3,51 The ACE inhibi-
tors have better antiproteinuric efficacy than other classes 
of antihypertensive agents, with the exception of angioten-
sin receptor blockers (ARBs). In the treatment of protein-
uria, the noninferiority of ARBs to ACE inhibition was 
recently confirmed in a meta-analysis of 24 studies.47 Fur-
thermore, the antiproteinuric effect is additive with the 
ARBs and does not depend on changes in creatinine clear-
ance, GFR, or BP, but it does not necessarily portend a 
better outcome.52,53 The beneficial effect of ACE inhibition 
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with high-renin hypertension and chronic renal parenchy-
mal disease respond particularly well, presumably because 
they have inappropriately high intrarenal renin and Ang II 
levels. African Americans with hypertension have been 
found to respond less well to lower dosages than whites, but 
higher dosages are equally effective.89-91 In most studies, 
ACE inhibitors elicit an adequate response in 40% to 60% 
of patients.92 An immediate fall in BP occurs in 70% of 
patients. The enhanced efficacy of ACE inhibitors in the 
presence of salt restriction is paralleled by the additive 
effects of diuretic therapy.93 The addition of low-dose hydro-
chlorothiazide enhances the efficacy more than 80%, nor-
malizing BP in another 20% to 25% of patients.94 Adding a 
diuretic is more effective than increasing the dosage of the 
ACE inhibitor.94,95 Recent clinical trials have examined the 
use of the combination of an ACE inhibitor and ARB to 
prevent target-organ damage.96 The Renal Outcomes with 
Telmisartan, Ramipril, or Both, in People at High Vascular 
Risk (ONTARGET) trial compared the ACE inhibitor 
ramipril with the ARB telmisartan, alone and in combina-
tion, in patients at high risk for vascular disease.97,98 Although 
the achieved mean BP was lower in the patients who received 
telmisartan or both agents than in those who received 
ramipril alone, there was no difference in the primary out-
comes between any of the groups, and more adverse out-
comes were noted in the combination group. Importantly, 
this trial did not evaluate ARB and ACE inhibitor therapy 
in patients with advanced proteinuric renal disease. The VA 
NEPHRON-D study, a trial using combination therapy (ACE 
inhibitor and ARB therapy vs. ARB monotherapy) in pro-
teinuric diabetic nephropathy was stopped due to increased 
adverse events of hyperkalemia and AKI.99 The Aliskiren 
Trial in Type 2 Diabetes Using Cardiorenal Endpoints 
(ALTITUDE) randomly assigned 8561 patients to aliskiren 
(300 mg daily) or placebo as an adjunct to ACE or ARB 
monotherapy as an angiotensin receptor blocker. The trial 
was stopped prematurely due to adverse events (hyperkale-
mia and hypotension).100 Therefore, ACE inhibitors should 
not be used concomitantly with ARBs and renin inhibitors 
due to an increased risk of hypotension, hyperkalemia, and 
renal dysfunction.101

Many studies have attempted to achieve further benefit 
from ACE inhibitors and other RAAS blocking agents by 
increasing the doses of these drugs. This reasoning is based 
on the original observation that the optimal antiproteinuric 
dose does not necessarily equal the optimal antihyperten-
sive dose. Many of these study results have shown further 
proteinuria reduction,102-106 whereas others have not.107-109 
However, similar to the initial studies of the combination 
therapy with RAAS blocking agents, many of these high-
dosage studies were also short-term studies that used BP and 
albuminuria as outcome variables. These studies have not 
been sufficiently powered, or they lacked duration to detect 
safety signals and side effects rates that may emerge with 
end point trials.101 Therefore, before ultrahigh-RAAS block-
ing agent dosing as renoprotective therapy can be recom-
mended, more studies with hard kidney and cardiovascular 
event points are warranted.101

Neither the duration nor the degree of BP lowering is 
predicted by the effect on blood ACE or Ang II levels, and 
all ACE inhibitors appear to have comparable efficacy. The 
response may be due in part to interindividual variability of 

significance of this increase in the serum creatinine level 
after the initiation of RAAS inhibitor therapy is uncertain 
because it is due in part to a reduction in intraglomerular 
pressure, which might be expected to contribute to the 
slowing of disease progression. An initial elevation in the 
serum creatinine level of up to 30% above baseline, which 
stabilizes within the first 2 months of therapy, has been 
considered acceptable, and it is no reason to discontinue 
therapy in the absence of hypotension.72,73 Rather than 
being an adverse effect, a review of 12 randomized trials has 
shown that in patients receiving ACE inhibitors, a stable rise 
in the serum creatinine level of less than 30% was associated 
with long-term preservation of kidney function.72,73

In patients with an activated RAAS, however, ACE inhibi-
tors can decrease GFR and perhaps even precipitate acute 
kidney injury (AKI). Patients with severe bilateral renal 
artery stenosis,74 unilateral renal artery stenosis of a solitary 
kidney, severe hypertensive nephrosclerosis, volume deple-
tion, congestive heart failure, cirrhosis, or a transplanted 
kidney75 are at higher risk for deterioration in kidney func-
tion with ACE inhibitor therapy.76,77 These patients typically 
have a precipitous drop in BP and deterioration of renal 
function when treated with ACE inhibitors. In these states 
of reduced renal perfusion related to low effective arterial 
circulating volume or flow reduced by an obstructed artery, 
the maintenance of renal blood flow and GFR is highly 
dependent on increased efferent arteriolar vasoconstriction 
mediated by Ang II. Interruption of the increased tone 
causes a critical reduction in perfusion pressure and can 
lead to dramatic reductions in GFR and urinary flow, wors-
ening of renal ischemia and, in selected cases, anuria. The 
hemodynamic effect is often reversible with cessation of 
therapy.78 Even paradoxic severe hypertension has been 
described in rare patients with renal artery stenosis treated 
with ACE inhibitors.79 In a recent prospective study, reports 
of 26 older patients with hemodynamically significant renal 
artery stenosis who received renin angiotensin blockers and 
developed more than 25% worsening of kidney function, 
19% (5 of 26) developed ESKD, and 73% (19 of 26) showed 
estimated GFR (eGFR) improvement.80

These mostly reversible azotemic events described in  
1983 stigmatized the use of renin angiotensin blockade of 
patients with significant renovascular disease.81 However, 
multiple randomized controlled trials have shown that RAAS 
blockade effectively decreases the progression of kidney 
disease,82-84 and observational studies have demonstrated the 
benefit of RAAS blockade in BP control, adverse cardiovas-
cular outcomes, and all-cause mortality. Recent studies of 
atherosclerotic renovascular disease demonstrating the effi-
cacy of medical therapy, including use of ACE inhibitors and 
ARBs over renal artery stenting, have indicated that perhaps 
many of the risks of renin angiotensin therapy (e.g., azote-
mia, hyperkalemia, angioedema) can be balanced by their 
benefits when patients are carefully monitored.81,85,86

CLASS EFFICACY AND SAFETY
ACE inhibitors are recommended for initial monotherapy 
in patients with mild, moderate, and severe hypertension, 
regardless of age, ancestry, or gender.87 They are effective 
in diabetic patients, obese patients, and patients with renal 
transplants,88 and they are safe to use in patients with mild, 
moderate, and severe renal insufficiency. In general, patients 
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the ACE genotype.91,110 The activity of ACE is partially 
dependent on the presence or absence of a 287–base pair 
element in intron 16, and this insertion-deletion (I/D) poly-
morphism of a human Al repetitive DNA element accounts 
for 47% of the total phenotypic variation in plasma ACE. 
Deletion-deletion (D/D) subjects have the highest ACE con-
centrations, I/D subjects have intermediate ACE concentra-
tions, and insertion-insertion (I/I) subjects have the lowest. 
Genotype also influences tissue ACE activity, but the clinical 
implications are under investigation.

ACE inhibitors are indicated as first-line therapy in hyper-
tensive patients with heart failure and systolic dysfunction,111 
type 1 diabetes and proteinuria,68 reduced systolic function 
after myocardial infarction,112 coronary artery disease or 
new atrial fibrillation,113,114 and left ventricular dysfunc-
tion,87,114,115 as well as patients undergoing dialysis.116 ACE 
inhibitors reduce ventricular hypertrophy independent of 
the BP decrease.117 All patients with diabetes, even those 
without evidence of nephropathy, should be given ACE 
inhibitors for cardiovascular risk reduction.118-122 Primary 
and secondary prevention trials118,123,124 have shown that 
ACE inhibitors improve endothelial dysfunction and cardiac 
and vascular remodeling, retard the progression of athero-
sclerosis, improve arterial distensibility, and reduce the risk 
of myocardial ischemia and infarction, stroke, and cardio-
vascular death. Some but not all studies have shown a  
small decrease in the risk of new and recurrent atrial fibril-
lation due to the beneficial structural and electrical effects 
on the atria.125,126 The use of ACE inhibitors is also associated 
with improved exercise performance in patients with hyper-
tension and intermittent claudication,127 reduced pain 
perception,128 and reduced perioperative myocardial isch-
emia,112 as well as the retardation of the progression of 
aortic stenosis,129 protection against cognitive decline and 
dementia,130,131 promotion of atrial structural remodeling,132 
prolongation of the survival of arteriovenous polytetrafluo-
roethylene grafts,133 and possible reduced risk of pneumo-
nia134 and prevention of osteoporosis.135 Long-term use of 
these agents has been associated with a lower risk for breast 
cancer, but the importance of this finding has yet to be 
substantiated.136

ACE inhibitors may cause fetal or neonatal injury or 
death when used during the second and third trimesters of 
pregnancy137 because angiotensin appears to be required for 
normal fetal growth and development.138 Concern has been 
expressed regarding first-trimester use of ACE inhibitors 
since their use during this period might be associated with 
congenital malformations, but these malformations may 
also be related to maternal factors.139 A recent study has 
found that maternal use of ACE inhibitors in the first  
trimester shows a risk profile similar to that of other 
antihypertensives.140

A systemic review of published case reports and case series 
dealing with intrauterine exposure to ACE inhibitors or 
ARBs has shown 118 cases of ACE inhibitor exposure and 
68 cases of ARB exposure. Among 118 cases of ACE inhibi-
tor exposure, 27% were taken only in the first trimester; in 
68 cases of ARB exposure, 38% were taken throughout the 
entire pregnancy. Neonatal complications were more fre-
quent following exposure to ARBs; 52% of the newborns 
exposed to ACE inhibitors did not exhibit any complica-
tions, whereas only 13% of the newborns exposed to ARBs 

did not (P < 0.0001); however, many of the patients exposed 
to ARBs received therapy throughout the pregnancy.141 In 
26 children, 23% developed kidney failure, 8% required 
dialysis, 15% demonstrated hypertension, 8% developed 
acidosis, 12% developed polyuria, 15% showed small or 
echogenic kidneys on ultrasound, 8% had polycythemia, 
15% had growth retardation, and 12% experienced neuro-
developmental delay. The outcome was normal in 50% of 
cases, mild in 42%, and bad in 8%. Complications were 
similar whether the children were exposed to ACE inhibi-
tors or ARBs. The authors commented that the congenital 
malformations that occurred following in utero RAAS expo-
sure might have resulted from the drug as well as the under-
lying maternal illness, usually hypertension or diabetes.

A prospective, observational, controlled cohort study of 
ACE inhibitors and ARB exposure during the first trimester 
was recently reported.142 The subjects were enrolled from 
women contacting a teratogen information service. There 
were two comparison groups, women with hypertension 
treated with other antihypertensives (including methyldopa 
or calcium channel blockers) and healthy controls. In the 
ACE-ARB and disease-matched groups, the offspring exhib-
ited significantly lower birth weights and gestational ages 
than those of the healthy controls (P < 0.001 for both vari-
ables). A significantly higher rate of miscarriage was noted 
in the ACE-ARB group (P < 0.001). These results suggest 
that ACE inhibitors and ARBs are not major human terato-
gens during the first trimester. There was, however, a higher 
rate of spontaneous abortions in the ACE-ARB group.

When a patient becomes pregnant during treatment with 
an ACE inhibitor or ARB, the drug should be discontinued 
immediately, and alternative antihypertensive therapy 
should be started. Pregnancy termination is at the discretion 
of the patient and treatment team, but physicians and 
patients can derive some reassurance from the small studies 
quoted above if the drug is discontinued during the first 
trimester. Many caregivers may try to avoid ACE inhibitors 
and ARBs in women planning to conceive, given the fact 
that 50% of pregnancies are unplanned, the clear contrain-
dication of ACE inhibitors in the second and third trimes-
ters, and the often late presentation for prenatal care. 
Responsible patients can plan to stop the drugs with the first 
missed menstrual cycle, obtain a pregnancy blood test, and 
substitute an antihypertensive, such as methyldopa, labet-
alol, or a nondihydropyridine calcium channel blocker 
(CCB)143 if proteinuria is being treated for diabetic or non-
diabetic chronic kidney disease (CKD).144 (See Chapter 49 
and Figure 50.7.)

ACE inhibitors are transferred into breast milk, but the 
drug levels in milk are low. Captopril and enalapril have 
been reviewed by the American Academy of Pediatrics145 
and the NICE guidelines for the management of hyperten-
sion in pregnancy from the United Kingdom,146 and they 
are compatible with lactation. However, newborns may be 
more susceptible to the hemodynamic effects of these drugs 
(e.g., hypotension) and sequelae (e.g., oliguria, seizures).

Overall, ACE inhibitors are well tolerated and have rela-
tively neutral or beneficial metabolic effects. ACE inhibitors 
are associated with 8% to 11% reductions in levels of low-
density lipoprotein (LDL) cholesterol and triglycerides and 
5% increases in levels of high-density lipoprotein (HDL) 
cholesterol.147 They do not cause perturbations of serum 
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sodium or uric acid levels. ACE inhibitors reduce the levels 
of plasminogen activator inhibitor-1 and may improve 
fibrinolysis.148

The effects of ACE inhibitors on glucose metabolism are 
favorable.149 They may improve glucose tolerance by aug-
menting the insulin secretory response to glucose149 and 
may also help ameliorate obesity and hyperinsulinemia.150 
The use of ACE inhibitors has been clinically associated with 
a 25% to 30% reduction in the risk of developing diabe-
tes.151 Several large clinical trials are have been evaluating 
the clinical relevance of this finding.152 Many of the ACE 
inhibitors require dosage adjustment in the presence of 
renal dysfunction22 (Table 50.6).

There are few adverse effects of this class of drugs, and 
they may occur with all ACE inhibitors. The newer agents 
appear to have a lower incidence of adverse effects, possibly 
because of lack of the sulfhydryl moiety found in captopril. 
The most common adverse effect of ACE inhibitors is a dry, 
hacking, nonproductive, and often intolerable cough, which 
has been reported in up to 20% of patients.153 In the 
ONTARGET trial, cough sufficiently severe to permanently 
discontinue the drug was described in 4.2% of patients 
treated with ramipril154; cough is much less common with 
ARBs. The cough is thought to be secondary to hypersensi-
tivity to bradykinins, which are increased by ACE,155 
increased levels of prostaglandins,156 accumulation of sub-
stance P,153 a potent bronchoconstrictor,157 or polymor-
phisms in the neurokinin-2 receptor gene.158 The cough can 
begin initially or many months after the start of therapy.159 
It is more common in women, African Americans,160 and 
Asians in Hong Kong161 and Korea,162 and it may spontane-
ously disappear.159 It may be more common in patients with 
bronchial hyperreactivity, but ACE inhibitors are safe to use 
in asthmatic patients.163 NSAIDs, oral iron supplements, and 
sodium cromoglycate have been reported to improve the 
cough,164 but cessation of ACE therapy is the only absolute 
cure. In a dosage of 600 mg twice daily, picotamide (a 
thromboxane antagonist) was effective in treating ACE 
inhibitor–induced cough.165 Patients may be effectively 
switched to ARBs if an antihypertensive effect is observed 
with ACE inhibitors.

Angioedema is a rare but potentially life-threatening com-
plication of ACE inhibitor therapy. It occurs in 0.1% to 0.7% 
of patients within hours of the first dose of ACE inhibitor 
or after prolonged use.166-168 In the ONTARGET Trial, 
the occurrence of angioedema, although potentially life-
threatening, was reported and was listed as a reason to dis-
continue from the study permanently in just 0.3% of more 
than 8500 individuals given ramipril.154

This absolute risk of ACE inhibitor–induced angioedema 
is low, but with large numbers of prescriptions written annu-
ally, many patients are at risk for this disorder.169 ACE 
inhibitor–induced angioedema accounts for one third of all 
cases of angioedema seen in emergency departments.

Our understanding of the mechanism of ACE inhibitor–
induced angioedema is evolving. The side effect occurs five 
times more frequently in individuals of African ancestry. 
ACE inhibitors act by inhibiting bradykinin breakdown in 
addition to blocking the conversion of Ang I to Ang II. ACE 
inhibitor–induced angioedema involves several compo-
nents, including tissue accumulation of bradykinin and inhi-
bition of C1 esterase activity.166,170 Susceptible individuals 

typically have defects in non-ACE, non–kininase I vasoactive 
pathways of bradykinin degradation, possess the XPNPEP2 
gene variant,171,172 have elevated des-Arg9-BK,173 or are taking 
dipeptidyl peptidase inhibitors (e.g., sitagliptin, saxagliptin, 
linagliptin) to treat diabetes.166,174-176 Some patients also have 
defective degradation of substance P, thereby increasing 
vascular permeability.177

Clinical features, including asymmetric swelling confined 
to the face, subcutaneous or submucous membranes, and 
lips, usually resolves with discontinuation of the therapy, but 
obstructive sleep apnea may be exacerbated.178 If the ACE 
inhibitor is not discontinued, the episode usually resolves, 
but the frequency and severity of future episodes will esca-
late.179,180 Angioedema of the small intestine and acute 
appendicitis have also been reported.181-184

Involvement of the glottis and larynx requiring airway 
management occurs in 10% of all cases and may result in 
laryngeal obstruction and death.185 Administration of epi-
nephrine, histamine-2 blockers, glucocorticoids, and/or 
fresh-frozen plasma is indicated.186 Recently, icatibant, a 
selective bradykinin B2 receptor antagonist approved for 
the treatment of hereditary angioedema, has also been 
shown to be effective for the treatment of ACE inhibitor–
induced angioedema in a multicenter, double-blind, phase 
2 study. In 27 patients, the median time to resolution was 8 
hours with icatibant (interquartile range, 3.0 to 16.0 hours) 
compared to 27.1 hours with standard therapy (interquar-
tile range, 20.3 to 48.0 hours) with a glucocorticoid and an 
antihistamine. Patients experiencing an episode of angio-
edema associated with ACE inhibitor usage should be 
switched to ARBs or other agents.187 ACE inhibitors are 
contraindicated in patients with a known hypersensitivity to 
ACE inhibitors.

First-dose hypotension, with a reduction in BP of up to 
30%, has been reported with all ACE inhibitors in up to 2.5% 
of patients. In the Studies of Left Ventricular Dysfunction 
(SOLVD trial), hypotension was observed in 14.8% of patients 
versus 7.1% of individuals who received a placebo (P < 
0.0001).188 In the ONTARGET Trial, of the 8579 patients who 
received ramipril, only 1.7% and 0.2% permanently stopped 
therapy due to hypotension and syncope, respectively.154

Hypotension occurs more commonly in patients with 
effective arterial volume depletion, patients with high-renin 
hypertension, and those with systolic heart failure.188,189 
Hypotension is usually well tolerated, although occasionally 
it is associated with syncope. In older patients, ACE inhibitor 
therapy more frequently causes nocturnal hypotension.190 
The accompanying increase in the plasma norepinephrine 
level may explain the low incidence of orthostatic symp-
toms.190 In patients at high risk of orthostatic symptoms, 
therapy should be initiated at lower dosages, preferably after 
discontinuing diuretics. Rebound hypertension has not 
been reported with discontinuation of ACE inhibitors.

Adverse effects related to the chemical structure are more 
frequently seen with the sulfhydryl-containing captopril 
than with the other agents. Dysgeusia appears to be related 
to the binding of zinc by the ACE inhibitors.191 Approxi-
mately 2% to 4% of patients experience a diminution or loss 
of taste sensation that is associated with a metallic taste. It 
is usually self-limited and resolves in 2 to 3 months, even 
with continued therapy. However, it may be severe enough 
to interfere with nutrition and cause weight loss.192
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Table 50.6  Dose Modifications of Antihypertensive Drugs Required for Renal Insufficiency*

Drug

Estimated Glomerular Filtration Rate (Creatinine Clearance; mL/min/1.73 m2)

Dialysis†>50 10-15 <10

Angiotensin-Converting Enzyme Inhibitors

Benazepril No change 50% 25% Negligible
Captopril No change 50% 25% H: 50%
Cilazapril No change 50% 25% H: 50%
Enalapril No change 50% 25% H: 50%
Fosinopril No change No change 75% —
Imidapril No change No change — —
Lisinopril No change 50% 25% H: 50%
Moexipril No change 50% 25% —
Perindopril No change 75% 50% —
Quinapril No change 50% 25% —
Ramipril No change 50% 25% —
Trandolapril No change 50% 25% —
Zofenopril No change — — —

Angiotensin Receptor Blockers

Candesartan No change No change No change Negligible
Eprosartan No change No change 50% Negligible
Irbesartan No change No change — Negligible
Losartan No change No change No change Negligible
Olmesartan No change — — —
Telmisartan No change No change No change Negligible
Valsartan No change No change No change —

Adrenergic Antagonists

Nadolol No change 50% 25% H: 50%
Carteolol No change 50% 25% —
Penbutolol No change No change 50% Negligible
Pindolol No change No change 50% Negligible
Atenolol No change 50% 25% H: 50%
Betaxolol No change No change 50% H: 50%
Bisoprolol No change 50% 25% Negligible
Acebutolol No change 50% 30%-50% H: 50%
Celiprolol No change 50% Avoid —
Nebivolol No change 50% — —

Calcium Channel Blockers

Diltiazem No change No change No change Negligible
Verapamil No change No change No change Negligible
Nifedipine No change No change No change Negligible
Amlodipine No change No change No change Negligible
Felodipine No change No change No change Negligible
Isradipine No change No change No change Negligible
Manidipine No change No change No change Negligible
Nicardipine No change No change No change Negligible
Nisoldipine No change No change No change Negligible
Lacidipine No change No change No change Negligible
Lercanidipine Dosage adjustment in renal failure unknown

Central α2-Adrenergic or I1 Imidazole Receptor Agonists

Methyldopa No change No change 50% H: 50%
Clonidine No change 50% 25% Negligible
Moxonidine No change 50% — —
Rilmenidine No change 50% 25% —

Direct-Acting Vasodilators

Hydralazine No change No change 75%‡ Negligible
Minoxidil No change 50% 50% H and P: 50%

Continued on following page
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Table 50.6  Dose Modifications of Antihypertensive Drugs Required for Renal Insufficiency* (Continued)

Drug

Estimated Glomerular Filtration Rate (Creatinine Clearance; mL/min/1.73 m2)

Dialysis†>50 10-15 <10

Peripheral Adrenergic Neuronal Blocking Agents

Guanethidine No change No change — —
Guanadrel No change 50% 25% (avoid) —
Renin Inhibitor
Aliskiren No change No change Not studied Not studied

Tyrosine Hydroxylase Inhibitor

Metyrosine No change 50% 25% —

Selective Aldosterone Receptor Antagonist

Eplerenone Dosage adjustment in renal failure unknown
Caution in regard to hyperkalemia

*Percentage of usual dose given.
†Replacement dose at end of dialysis as percentage of dose prescribed for patient with glomerular filtration rate < 10 mL/min).
‡Slow acetylators.
H, Hemodialysis; P, peritoneal dialysis; —, not applicable.

Cutaneous reactions manifest as a nonallergic, pruritic, 
maculopapular eruption that appears during the first few 
weeks of therapy. These reactions may be associated with a 
fever or arthralgias and may disappear, even with continua-
tion of the ACE inhibitor.193

Leukopenia and anemia have been reported with ACE 
inhibitor therapy. Among patients with normal renal func-
tion, ACE inhibitors may reduce hemoglobin levels in a 
dose-dependent manner.194 ACE inhibitors have been dem-
onstrated to interfere with the response to erythropoietin. 
Hemodialysis and renal transplant patients receiving eryth-
ropoietin frequently require higher dosages to maintain 
hemoglobin levels.195 Consequently, ACE inhibitors can be 
used effectively to reduce posttransplantation erythrocyto-
sis,196 but appear to have little effect on erythropoiesis in 
hemodialysis patients.197 Neutropenia (<1000 neutrophils/
mm3) with myeloid hypoplasia occurs almost exclusively in 
patients with renal insufficiency, immunosuppression, col-
lagen vascular disease, or autoimmune disease.12 It is associ-
ated with systemic and oral cavity infections common with 
agranulocytosis. Neutropenia occurs within 3 months of ini-
tiation of therapy and generally resolves 2 weeks after 
therapy is discontinued.12,193 Although it is usually reversible, 
it may be fatal.

Anaphylactoid reactions ranging from mild pruritus to 
bronchospasm and cardiopulmonary collapse have been 
reported in patients treated with ACE inhibitors who undergo 
dialysis with equipment that uses high-flux polyacrylonitrile, 
cellulose acetate, or cuprophane membranes or who undergo 
apheresis with equipment that uses dextran sulfate mem-
branes.198 The frequency of reactions is unknown, but they 
occur within the first few minutes of treatment. Such mem-
branes should be avoided when patients are receiving ACE 
inhibitors. The use of ACE inhibitors in patients on plasma-
pheresis or an exchange protocol is safe as long as effective 
arterial volume is managed appropriately.

Few significant drug interactions occur with ACE inhibi-
tors. Studies have shown that aspirin dosages of 100 mg/day 

or less do not negate the effects of ACE inhibitors.199 Ang II 
stimulates the production of vasodilatory prostaglandins. 
Aspirin inhibits the production of vasodilator and anti-
thrombotic prostaglandins. Theoretically, either agent may 
antagonize the effectiveness of the other. Concomitant use 
of ACE inhibitors and cyclosporine may exacerbate renal 
hypoperfusion.12 Use of the mammalian target of rapamycin 
(mTOR) inhibitors sirolimus or everolimus in transplant 
recipients decreases the metabolism of bradykinins and pre-
disposes them to angioedema with ACE inhibitors.200

Hyperkalemia of more than 5.5 mmol/L was observed in 
3.3% of patients taking ramipril in the ONTARGET study.154 
Production of Ang II systemically and locally in the zona 
glomerulosa of the adrenal gland, which is blocked by ACE 
inhibitors, will reduce subsequent aldosterone synthesis and 
urinary potassium excretion. In a Veterans Administration 
Medical Center case-control study of 1818 patients using 
ACE inhibitors, 194 (11%) developed hyperkalemia.201 The 
results of laboratory studies indicated that a serum urea 
nitrogen level higher than 6.4 mmol/L and a creatinine 
level higher than 136 µmol/L, as well as congestive heart 
failure and long-acting ACE inhibitors, were independently 
associated with hyperkalemia; concurrent use of a loop or 
thiazide diuretic agent was associated with reduced risk. 
After 1 year of follow-up, 15 (10%) of 146 patients who 
remained on a regimen of an ACE inhibitor developed 
severe hyperkalemia (potassium level > 6.0 mmol/L). A 
serum urea nitrogen level higher than 8.9 mmol/L, and age 
older than 70 years were independently associated with sub-
sequent severe hyperkalemia.

Hyperkalemia has been effectively and safely treated with 
patiromer and sodium zirconium cyclosilicate recently in an 
outpatient setting.202,203 These two new drugs add to the 
outpatient pharmacopoeia that until now has been limited 
to sodium and calcium polystyrene sulfonate, with its gas-
trointestinal adverse effects.

ACE inhibitors have no effect on C-reactive protein 
levels.204
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the substitution of carboxylic and other moieties into several 
groups—the biphenyl tetrazoles (derivatives of losartan), 
nonbiphenyl tetrazoles, and nonheterocyclic compounds. 
They are also classified according to their ability to antago-
nize Ang II.223 The competitive (surmountable) antagonists 
shift the dose-response curve for Ang II–mediated contrac-
tion to the right without depressing the maximal response 
to Ang II. The noncompetitive (insurmountable) antago-
nists also depress the maximal response to Ang II. The vari-
able effects of ARBs are mediated by differences in the 
interaction with allosteric binding sites on the receptor, dis-
sociation of the drug-receptor complex, removal of the ago-
nists from tissues or by the ability to modulate the amount 
of internalized receptors223 (see Tables 50.7 to 50.9).

Biphenyl Tetrazole and Oxadiazole Derivatives

Azilsartan medoxomil (Edarbi), the most recently approved 
selective AT1 receptor blocker, has demonstrated a potent 
24-hour sustained antihypertensive effect. At the approved 
dosage, it reduces systolic BP by 12 to 15 mm Hg and dia-
stolic BP by 7 to 8 mm Hg,224-226 which is a decrease in BP 
compared with other ARBs, without any significant side 
effects.227 Azilsartan medoxomil is a prodrug that is hydro-
lyzed to azilsartan in the gastrointestinal tract during absorp-
tion. It possesses a unique moiety (5-oxo-1,2,4-oxadiazole) 
in place of the tetrazole ring that offers a very strong inverse 
antagonism at the AT1 receptor.228,229 This bond is chemi-
cally stronger than that of its predecessors, which may 
explain its superior potency when compared to other 
members of its class or ACE inhibitors.228 The estimated oral 
bioavailability is about 60%; peak plasma concentration is 
reached after 1.5 to 3 hours following ingestion.227 Food 
does not affect the bioavailability of the drug. More than 
99% of azilsartan is bound to albumin The initial starting 
dose is 20 mg once daily, and it is available in 20-, 40-, and 
80-mg tablets. The terminal half-life is 9 hours, and approxi-
mately 55% of the parent compound is excreted by the 
kidney.227 In a recent study to assess the pharmacokinetics 
of kidney disease of azilsartan, no dosage adjustment was 
advised for kidney disease or hemodialysis.230 In a recent 
report, 17 hemodialysis patients who switched to azilsartan 
showed a decrease in systolic BP from 150.9 ± 16.2 to 131.3 
± 21.7 mm Hg (P < 0.008) and a decrease in diastolic BP 
from 84.1 ± 6.3 to 74.9 ± 8.3 mm Hg.231

Candesartan cilexetil is an esterified prodrug imidazole 
that is rapidly and completely converted into the active 7–
carboxylic acid candesartan (CV-11974) in the intestinal 
wall.12 Candesartan is a selective, nonpeptide, noncompeti-
tive (insurmountable) ARB with the second highest recep-
tor binding affinity and a slow detachment rate from the 
receptor (Table 50.7). Consequently, the effects are long-
lasting and unlikely to be overcome by the upregulation of 
Ang II that commonly accompanies AT1 receptor blockade. 
The initial dose is 16 mg daily, and the usual daily dose is 8 
to 32 mg in one or two divided doses. The antihypertensive 
response occurs initially in 2 to 4 hours, peaks at 6 to 8 
hours, and lasts for 24 hours (Tables 50.8 and 50.9).223,232 
Radioreceptor assays demonstrate the presence of candesar-
tan at the receptor site for longer than predicted periods 
(from plasma half-life analysis), which correlates with the 
clinical observation of a sustained effect beyond 24 
hours.232,233 Maximal response is achieved in 4 weeks. The 

ANGIOTENSIN II TYPE 1  
RECEPTOR ANTAGONISTS

CLASS MECHANISMS OF ACTION
The Ang II receptor blockers (ARBs) allow more specific 
and complete blockade of the RAAS than the ACE inhibi-
tors because they circumvent all pathways that lead to the 
formation of Ang II (see Figure 50.2). For example, Ang I 
is metabolized not only by ACE to form Ang II but also by 
chymase, cathepsin G, tissue plasminogen activator, and 
other enzymes.205 Ang II can be formed at sites other than 
those in the systemic circulation, such as the brain, kidney, 
and heart. Furthermore, long-term ACE inhibitor therapy 
is associated with a return of Ang II levels to baseline, which 
possibly contributes to reduced efficacy. The ARBs selec-
tively antagonize Ang II directly at the Ang II type 1 (AT1) 
receptor, regardless of the source of production. Because 
Ang II plays a crucial multifactorial role in maintaining and 
regulating BP, blockade of the AT1 receptor with ARBs is a 
powerful tool for targeting multiple pathways that contrib-
ute to hypertension.

Like ACE inhibitors, ARBs directly block the vasoconstric-
tive action of Ang II and cause a decrease in peripheral 
vascular resistance.206 The hypotensive effect is not accom-
panied by changes in cardiac output, heart rate, or GFR. 
Interruption of the binding of Ang II at the tissue level also 
leads to other effects (beyond vasodilation) that contribute 
to the antihypertensive effect. Additional mechanisms 
include the following: (1) augmentation of renal blood flow 
and reduction of aldosterone release to induce natriuresis 
and attenuate the compensatory increase in sodium reten-
tion that accompanies a fall in BP; (2) direct depression of 
tubular sodium reabsorption207,208; (3) improvement of 
nitric oxide–mediated endothelial function209; (4) reversal 
of vascular hypertrophy209; (5) blunting of sympathetic 
nervous system activity and presynaptic noradrenaline 
release; (6) inhibition of postjunctional pressor responses 
to norepinephrine or Ang II; (7) inhibition of central  
Ang II–mediated sympathoexcitation and vasopressin 
release210-212; (8) inhibition of centrally controlled barore-
ceptor reflexes213; (9) inhibition of central nervous system 
(CNS) norepinephrine synthesis; (10) inhibition of thirst214; 
and (11) possible inhibition of RAAS-mediated action on 
endothelin-1.215 The antihypertensive action of ARBs is 
dependent on activation of the RAAS and is associated with 
clinically insignificant increases in circulating levels of Ang 
II.206 ARBs also increase bradykinin levels by antagonizing 
angiotensin II at its type 1 receptor and diverting Ang II to 
its counterregulatory type 2 receptor, which potentiates 
vasodilation.216 ARBs also increase the level of other angio-
tensin peptides, including angiotensin-(1-7), Ang II, and 
angiotensin IV, which can act on their respective receptors 
to modulate vasoconstriction, renal blood flow, and vascular 
hypertrophy.217-222

CLASS MEMBERS
The ARB class is composed of peptide and nonpeptide 
analogues that vary in structure, mechanism of receptor 
inhibition, metabolism, and potency. There are currently 
eight drugs in clinical use. Many of the newer drugs were 
developed by modifying losartan, the first biologically active 
ARB oral agent. These drugs are categorized according to 
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Table 50.9  Pharmacokinetic Properties of Angiotensin Receptor Blockers

Drug
Absorption 
(%)

Bioavailability 
(%)

Affected 
by Food

Peak Blood 
Level (hr)

Elimination 
Half-Life (hr) Metabolism Excretion

Active 
Metabolites

Eprosartan >80 13 Yes 4 6 L F (70%), U (7%) Inactive
Irbesartan >80 60-80 No 1.5-2 10-14 L, K F (65%), U (20%) Inactive
Losartan >80 25 No 1 4-9 L, K F (60%), U (40%) Active
Valsartan >80 25 Yes 2-4 6-9 L, K F (83%), U (13%) Inactive
Candesartan — 15 No 2-4 9 I, L, K F (67%), U (33%) None
Telmisartan — 42 Yes 0.5-1 24 L F Inactive
Olmesartan — 26 No 1 13 I F (50%), U (50%) Active

F, Feces; I, intestine; K, kidney; L, liver; U, urine.

Table 50.8  Pharmacodynamic Properties of Angiotensin Receptor Blockers

Generic Name  
(Trade Name)

Initial 
Dose (mg)

Usual 
Dose (mg)

Maximum 
Dose (mg) Interval

Peak 
Response (hr)

Duration of 
Response (hr)

Eprosartan (Teveten) 200 200-400 400 qd, bid 4 24
Irbesartan (Avapro) 150 150-300 300 qd 4-6, 14 24
Losartan (Cozaar) 50 50-100 100 qd/bid 6 12-24
Valsartan (Diovan) 80 80-160 300 qd 4-6 24
Candesartan (Atacand) 16 8-32 32 qd 6-8 24
Telmisartan (Micardis) 40 40-80 80 qd 3 24
Azilsartan (Edarbi) 20 40-80 80 qd 1.5 to 3 hours 

peak response
24+

Olmesartan (Benicar) 20 20-40 40 qd 1-2 24
Azilsartan

Table 50.7  Pharmacokinetic Interactions 
between Angiotensin II Type 1 (AT1) 
Receptor Blockers and Receptor

Agent

AT1 Receptor–
Receptor 
Antagonist 
Dissociation 
Rate

Affinity 
(Kd)

Type of AT1 
Antagonism

Candesartan 
cilexetil 
(candesartan)

Slow 280 Noncompetitive

Irbesartan Slow 5 Noncompetitive
Valsartan Slow 10 Noncompetitive
Telmisartan Slow 10 Noncompetitive
Losartan Fast 50 Competitive
Eprosartan Fast 100 Competitive

terminal half-life of candesartan is approximately 9 hours, 
and it is not affected by renal failure. No unchanged parent 
compound is detected in the serum or urine. Candesartan 
is not dialyzable.

Eprosartan is a nonpeptide selective ARB that was modi-
fied to more closely resemble Ang II.234 It is a noncompeti-
tive antagonist, with a high affinity for the AT1 receptor (see 
Table 50.7).12 The initial daily dose is 200 mg (see Table 
50.8), and the usual daily dose is 200 to 400 mg. Eprosartan 
is rapidly absorbed, but its absorption is delayed by food 

(see Table 50.9). The initial response occurs in 4 hours and 
lasts for 24 hours. The elimination half-life is 6 hours. 
Dosages should be reduced by 50% in patients with renal 
failure.

Irbesartan is a nonpeptide-specific imidazolinone deriva-
tive of losartan that acts as a noncompetitive AT1 receptor 
blocker with a very high receptor binding affinity235 (see 
Table 50.7).12 The initial dose is 150 mg daily, and the usual 
daily dose is 150 to 300 mg. The initial response occurs in 
2 hours. The peak response is bimodal; in hypertensive 
patients, peak responses occur in 4 to 6 hours and 14 hours, 
corresponding to the peak increases in plasma renin activity 
and Ang II levels, respectively.235 With continuous dosing, 
the maximal effect may not be seen for up to 6 weeks. The 
duration of action is 24 hours. Irbesartan is not dialyzable.

Losartan potassium is the prototype ARB. The tetrazole 
moiety on the biphenyl ring accounts for its activity in oral 
form and its duration of action. It was the first oral active 
agent, and it is a nonpeptide competitive, selective AT1 
receptor inhibitor, with moderate receptor binding affinity 
(see Table 50.7).12,236 The usual starting dosage is 50 mg 
once daily (see Table 50.8). Dosage adjustments should be 
made at weekly intervals. The antihypertensive efficacy may 
be improved with divided doses. The usual daily dose is 50 
to 100 mg. The potassium content of the 25-, 50-, and 
100-mg tablets is 0.054, 0.108, and 0.216 mEq, respectively. 
The oral bioavailability of losartan is 25%, and it is unaf-
fected by food (see Table 50.9). The initial response occurs 
in 1 hour, and the response peaks at 6 hours and lasts for 
24 hours. Only 5% of losartan is recovered unchanged in 
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the urine, which supports extensive metabolism and biliary 
secretion. Neither the parent drug nor metabolites are 
removed by dialysis.22

Olmesartan medoxomil is a nonpeptide selective ARB 
prodrug that is rapidly and completely bioactivated by 
hydrolysis to olmesartan during absorption from the gastro-
intestinal tract.237 The initial dosage is 20 mg daily, and the 
usual dosage is 20 to 40 mg daily (see Table 50.8). The peak 
plasma concentration is reached in 1 hour (see Table 50.9). 
The BP-lowering effect lasts for 24 hours and peaks at 2 
weeks. Olmesartan is eliminated in a biphasic manner, with 
a terminal half-life of 13 hours. Dosing and pharmacokinet-
ics have not been studied in dialysis patients.

Nonbiphenyl Tetrazole Derivatives

Telmisartan incorporates a carboxylic acid as the biphenyl 
acidic group. Telmisartan is a nonpeptide, noncompetitive 
ARB, with high specificity and receptor affinity.12,238 The 
usual starting dosage is 40 mg daily, and the usual daily dose 
is 40 to 80 mg. The initial response occurs in 3 hours, and 
it is dose-dependent (see Table 50.9). The duration of 
action is 24 hours but may last up to 7 days after discontinu-
ing the drug. Women typically achieve plasma levels two to 
three times higher than those of men, but this result is not 
associated with differences in BP response. Less than 3% of 
the drug is metabolized in the liver into inactive compounds. 
The elimination half-life is 24 hours. Telmisartan is not 
dialyzable, and dosage adjustment is not necessary in 
patients with renal disease.

Nonheterocyclic Derivatives

Valsartan is a nonheterocyclic ARB in which the imidazole 
of losartan is replaced by an acetylated amino acid.12 Valsar-
tan is a noncompetitive antagonist with high specificity and 
receptor binding affinity (see Table 50.7). The initial start-
ing dosage is 80 mg once daily (see Table 50.8), and the 
usual dosage is 80 to 160 mg daily. The maximal BP response 
is achieved after 4 weeks of therapy. The initial response 
occurs in 2 hours, peaks at 4 to 6 hours, and lasts 24 hours. 
Valsartan does not undergo significant metabolism. The 
elimination half-life is 6 to 9 hours, and it is not affected by 
renal failure (see Table 50.9).

CLASS RENAL EFFECTS
Intrarenal Ang II receptors are widely distributed in the 
afferent and efferent arterioles, glomerular mesangial cells, 
inner stripe of the outer medulla, and medullary interstitial 
cells,239 as well as on the luminal and basolateral membranes 
of the proximal and distal tubule cells, collecting ducts, 
podocytes, and macula densa cells.240 Most receptors are of 
the AT1 subclass. Circulating and predominantly locally pro-
duced Ang II interacts with the receptors; the complex is 
internalized and Ang II is released into the intracellular 
compartment, where it exerts its effects. Studies have sug-
gested that most renal interstitial Ang II is formed at sites 
not readily accessible to ACE inhibition or is formed by 
non-ACE pathways.

ARBs antagonize the binding of Ang II and cause  
a number of intrarenal changes. The overall renal  
hemodynamic responses of AT1 receptor blockade are vari-
able, depending on the counteracting influences of the 
decrease in arterial pressure.207,241 Decreases in systemic 

arterial pressure by ARBs may be associated with compensa-
tory activation of the intrarenal sympathetic nervous system, 
resulting in decreased renal function. This effect is more 
pronounced in sodium-depleted states because activation of 
the RAS helps maintain arterial and renal pressure. By con-
trast, direct intrarenal infusions of ARBs cause an increase 
in sodium excretion.242 The enhanced sodium excretion has 
been shown to be due to direct inhibition of sodium reab-
sorption by the proximal tubules, but it may also be due to 
hemodynamic changes in medullary blood flow and tubule 
absorption in distal nephron segments. Because Ang II 
blockade enhances the ability of the kidneys to excrete 
sodium, sodium balance can be maintained at lower arterial 
pressures. Ang II blockade also reduces tubuloglomerular 
feedback sensitivity by decreasing macula densa transport of 
sodium chloride to the afferent arteriole.243 This leads to 
increased delivery of sodium chloride to the distal segments 
for excretion, without compensatory changes in GFR.

In addition to the natriuretic and diuretic actions, short-
term administration of some ARBs has been observed to 
induce reversible kaliuresis in salt-depleted normotensive 
subjects in the absence of changes in GFR.244 However, long-
term Ang II receptor blockade does not cause appreciable 
changes in urinary electrolyte excretion or volume. The 
kaliuretic effect may be due to specific intrinsic pharmaco-
logic effects of the losartan molecule.

Another property unique to the losartan molecule is 
induction of uricosuria.245 This effect is not observed with 
ACE inhibitors or other ARBs, including the active metabo-
lite of losartan, and does not appear to be related to inhibi-
tion of the RAAS.245 Losartan has a greater affinity for the 
urate-anion exchanger than other antagonists, and it inhib-
its urate reabsorption in the proximal tubule.246 The uricos-
uria is associated with a concomitant decrease in serum uric 
acid levels in normal subjects, hypertensive subjects, and 
patients with renal disease and kidney transplants.246 The 
effect occurs within 4 hours of drug administration and is 
dose-dependent. Long-term administration reduces uric 
acid levels by approximately 0.4 mmol/L.247 The clinical 
implications of this effect are unknown. Concerns that 
increased uric acid supersaturation might perpetuate renal 
uric acid deposition have not been borne out clinically 
because losartan simultaneously increases urinary pH, 
which protects against crystal nucleation.248 However, the 
decrease in the serum uric acid level might be beneficial 
because it has been suggested that hyperuricemia is a risk 
factor for renal disease progression249 and coronary artery 
disease.250

Hypertensive patients treated with ARBs—both those with 
normal and those with impaired renal function—exhibit 
renal responses similar to or slightly greater than the 
responses of patients treated with ACE inhibitors.251 In addi-
tion to decreases in systolic and diastolic BPs, patients dem-
onstrate increases in renal blood flow and decreases in 
filtration fraction and renal vascular resistance, with no  
substantial changes in GFR.252 These effects are probably a 
result of combined decreases in preglomerular and postglo-
merular resistances. It has been suggested that elevated 
intrarenal Ang II levels in the presence of AT1 receptor 
blockade stimulates AT2 receptors, which can increase the 
preglomerular vasodilator actions of bradykinin, cyclic gua-
nosine monophosphate, and nitric oxide.253 ACE inhibitors 
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reduction of collagen formation, reduction of mesangial 
matrix production, improved vascular wall remodeling, 
decreased vasoconstrictor effects of endothelin-1, improved 
endothelial function,268 reduction of oxidative stress and 
inflammation,270 modulation of peroxisome proliferator–
activated receptor γ (PPARγ) activity, and protection from 
calcineurin inhibitor injury. ARBs also reduce salt sensitivity 
by restoring renal nitric oxide synthesis.271 The clinical 
importance of these effects remains under investigation.

CLASS EFFICACY AND SAFETY
All AT1 receptor blockers have been demonstrated to 
lower BP effectively and safely in patients with mild, moder-
ate, and severe hypertension, regardless of age, gender,  
or ancestry.272-274 The Trial of Preventing Hypertension 
(TROPHY) study evaluated the feasibility of treating patients 
with prehypertension (defined as a systolic BP of 130 to 
139 mm Hg and a diastolic pressure of 85 to 89 mm Hg) 
with the ARB candesartan. After 4 years, patients randomly 
assigned to the ARB arm were significantly less likely to 
develop incident hypertension than those treated with 
placebo.275 Prehypertension is a predictor of cardiovascular 
risk, but whether these data will change clinical practice 
remains speculative.

ARBs are indicated as first-line monotherapy or add-on 
therapy for hypertension and are comparable in efficacy to 
other agents.276-278 They are safe and effective in patients 
with CKD (even when used at high dosages), diabetes, heart 
failure, renal transplants, coronary artery disease, arrhyth-
mias, and left ventricular hypertrophy (LVH)279-282 and have 
been shown to protect against hypertensive end-organ 
damage,154,283,284 such as LVH, stroke, ESKD,47,285 retinopa-
thy,286 exercise-induced inflammatory and prothrombotic 
stress, and possibly diabetes and dementia.282,287-290a Some 
but not all studies have shown a weak lowering of the risk 
for new and recurrent atrial fibrillation due to the beneficial 
structural and electrical effects on the atria.125,126 ARBs have 
been shown to diminish the rate of persistent atrial fibrilla-
tion in patients with preexisting recurrent atrial fibrilla-
tion.291 The Prevention Regimen for Effectively Avoiding 
Second Strokes (PRoFESS) study did not show any signifi-
cant benefit of ARBs for the prevention of recurrent stroke 
but may have been underpowered to show an effect in its 
well-treated patient population.292

Although ARBs may not be the most efficacious agents in 
terms of BP reduction in African Americans, they are equally 
or more efficacious in providing target-organ protection 
and arresting disease progression compared to other anti-
hypertensive agents that do not inhibit the RAAS.293 More-
over, their antihypertensive activity is not attenuated by 
high-salt diets in African Americans.277,293,294 In most patients, 
ARBs offer BP lowering comparable to that of all other 
antihypertensive drug classes, with an improved tolerability 
profile.295

ARBs provide effective control over a 24-hour period and 
are suitable for once-daily dosing.296,297 Response rates vary 
from 40% to 60%. ARBs do not affect the normal circadian 
BP variation.298 The long onset of action (4 to 6 weeks) 
avoids the first-dose hypotension and rebound hypertension 
that are commonly observed with other drugs. There is a 
dose-dependent response with newer agents, but losartan 
and valsartan have a relatively flat dose-response curve.299 

can potentiate this effect, but the clinical importance of this 
finding has not been established. Ang II blockade may sig-
nificantly reduce GFR in underperfused kidneys. Patients 
with low perfusion pressures, dehydration, or renal artery 
stenosis may experience severe decreases in GFR but less 
severe decreases than with ACE inhibitors.254 Under condi-
tions of overperfusion, such as in hypertension associated 
with glomerulosclerosis and nephron loss or diabetes, Ang II 
blockade is protective. Such patients often have a suboptimal 
suppression of the RAAS. The lowering of efferent arteriole 
resistance reduces intraglomerular hydrostatic pressure, 
which attenuates the progression of renal injury, and 
increases renal sodium excretory capacity. In concert with 
the reduction in systemic arterial pressure, these actions may 
provide more renal protection than other classes of antihy-
pertensive agents, despite equivalent reductions in BP.82,255,256

In healthy and hypertensive patients, ARBs produce dose-
dependent increases in circulating Ang II levels and plasma 
renin activity.257 The increases occur at the peak plasma 
drug levels and persist for up to 24 hours; they remain 
elevated with long-term administration. Decreases in plasma 
levels of aldosterone have been reported, but they are vari-
able.258 In normal individuals, the decreases coincide with 
the peak interval of ARB activity; in hypertensive patients 
consuming a fixed-sodium diet, there are no significant 
changes in aldosterone level from baseline.244 ARBs sup-
press the Ang II–mediated adrenal cortical release of aldo-
sterone, but these effects appear to be quantitatively less 
important than the intrarenal suppression of Ang II action. 
Long-term AT1 receptor blockade does not appear to induce 
aldosterone escape.259

Urinary protein excretion is significantly decreased  
with administration of ARBs and parallels findings with  
ACE inhibitor therapy.47 Antiproteinuric effects have been 
described in diabetic and nondiabetic patients, as well as 
renal transplantation patients.47,260 The antiproteinuric 
effect has a slow onset, and the dose-response curves differ 
from those of the antihypertensive effects, in which the 
maximal effect occurs at 3 to 4 weeks. Currently, the peak 
of the dose-response curve has not been determined. 
Whether the antiproteinuric effects are equivalent to or 
better than those of ACE inhibitors remains to be deter-
mined, but it is evident that the suppression of albuminuria 
is equivalent at all stages of CKD.261 ARBs and ACE inhibi-
tors do appear to have additive and similar hemodynamic 
and antiproteinuric effects.47 In a number of trials, ACE 
inhibitor therapy or ARB therapy reduced proteinuria by up 
to 40%. Combined therapy resulted in a 70% reduction of 
proteinuria, with no further changes in BP.262,263 However, 
combination therapy appears to reduce intrarenal Ang II 
and transforming growth factor-β (TGF-β) levels more 
than high doses of either agent alone.30 Combining ACE 
inhibitors and ARBs for renoprotection and proteinuria 
reduction is no longer recommended owing to the  
significant development of hyperkalemia, hypotension,  
and renal hypoperfusion, particularly in patients with 
underlying CKD.101,154,264,265 Like ACE inhibitors, ARBs have 
nonhemodynamic effects that may contribute to renopro-
tection, including antiproliferative actions on the vascula-
ture and mesangium, inhibition of TGF-β,30,266 inhibition of 
atherogenesis267 and vascular deterioration,268 improved 
superoxide production and nitric oxide bioavailability,269 
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Overall, ARBs have neutral metabolic effects and are 
superior to other hypertensive classes with respect to toler-
ability. ARBs do not cause hypernatremia or hyponatremia, 
and hyperkalemia is relatively uncommon. In the ONTAR-
GET study, a potassium level higher than 5.5 mmol/L was 
observed in 3.3% of patients who resigned from the study 
and is comparable to that observed with ACE inhibitor 
therapy154; it is amenable to treatment with new antihyper-
kalemia therapy.202,203 Hyperkalemia is more likely to develop 
in patients with renal insufficiency or diabetes or in those 
taking potassium-sparing drugs. ARBs tend to lower levels 
of brain natriuretic peptide, which may explain their benefit 
in heart failure.308 ARBs have no effect on serum lipid levels 
in hypertensive patients but may improve the abnormal 
lipoprotein profile of patients with proteinuric renal disease 
and reduce obesity-related morbidity.309,310 ARBs have favor-
able effects on serum glucose levels and insulin sensitivity.311-313 
Clinical trials comparing ARB-based therapy with treatment 
with other antihypertensives in patients with hypertension 
with and without LVH demonstrated a 25% reduced risk of 
the development of diabetes in the ARB-treated group.314,315 
The mechanism for this effect has not been defined.287,316 
Increased levels of liver transaminases are occasionally 
reported, but the effects are usually transient, even with 
continued therapy.12

Clinically relevant adverse effects are not observed more 
frequently than in placebo-treated patients. Because ARBs 
do not interfere with kinin metabolism, cough is rare, which 
is a major clinical advantage.154 The incidence of cough in 
patients with a history of ACE inhibitor–induced cough is 
no greater than in those receiving placebo.317 Similarly, the 
incidence of angioedema and facial swelling is no greater 
than that with placebo, but such swelling can occur.318 ARBs 
are typically associated with a more potent antiinflammatory 
response than ACE inhibitors.319 The most frequent adverse 
effects are headache (14%), dizziness (2.4%), and fatigue 
(2%), which occur at rates lower than those with placebo.320 
ARB therapy not only does not worsen sexual activity, but 
may improve it.321 Like ACE inhibitors, ARBs may cause 
minor decreases in the serum hemoglobin level; they may 
also lower the hemoglobin effectively in posttransplantation 
erythrocytosis.322 There have been rare associated cutaneous 
eruptions.

A spruelike enteropathy associated with olmesartan 
therapy has been reported.323,324 In a recent systematic 
review of 54 patients,324 the clinical presentation was diar-
rhea (95%) and weight loss (89%). Less common symptoms 
were fatigue, nausea, vomiting, and abdominal pain. The 
patients had been taking olmesartan for 6 months to 7 years. 
A laboratory examination showed a normochromic, normo-
cytic anemia (45%) and hypoalbuminemia (39%). HLA-DQ2 
or HLA-DQ8 was observed in more than 70%. Antibody 
testing for celiac disease was negative. Duodenal villous 
atrophy in varying degrees was described in all the reported 
patients, and they all showed resolution of diarrhea. The 
FDA issued a drug safety communication on July 13, 2013 
(http://www.fda.gov/Drugs/DrugSafety/ucm359477.htm).

ARBs have not been shown to have an increased cancer 
risk. An initial trial showed a slightly increased risk of cancer 
(relative risk [RR], 1.08; 95% confidence interval [CI], 1.01 
to 1.15) in a meta-analysis of various antihypertensive 
drugs.325 The methodology of this trial had been criticized 

Azilsartan, candesartan, irbesartan, and olmesartan may 
have the greatest efficacy, with a longer duration of action 
because of their noncompetitive binding, and telmisartan 
may have an added advantage by the inhibition of sympa-
thetic nervous system (SNS) activation through an antioxi-
dant effect in experimental models.300,301

The addition of thiazide diuretics to ARBs potentiates the 
therapeutic effect, increases response rates to 70% to 80%, 
and is more effective than increasing the ARB dosage. ARBs 
may also abrogate the adverse metabolic effects of thia-
zides.302 Combining ARBs with ACE inhibitors is additive in 
reducing BP and effectively suppressing sympathetic activity, 
but this therapy has been shown to be associated with more 
adverse outcomes in high-risk patients, as previously dis-
cussed, and therefore is not recommended.101,154,303

An enhanced BP-lowering efficacy after 16 weeks of 
olmesartan-based treatment (P = 0.0005) may be observed 
in hypertensive patients with CKD-associated sympathetic 
hyperactivity, as evidenced by a baseline morning home 
systolic BP of 165 mm Hg or higher and patients with a 
morning home pulse rate of 70 beats/min or more in the 
Home BP Measurement With Olmesartan-Naive Patients to 
Establish Standard Target Blood Pressure (HONEST) 
study.304 Similarly, the addition of mineralocorticoid recep-
tor antagonists to ARBs provides added benefits for BP 
control and reduction of proteinuria in diabetic patients 
over the long term but has not been found to be protective 
from the decline in eGFR.305 Combination therapy with 
ARBs plus dihydropyridines has additive effects in reducing 
BP and is well tolerated.306

ARBs may decrease kidney function and elevate serum 
potassium levels; serum chemistries should be checked after 
initiation or increase in dosage of these drugs. The overall 
incidence of hyperkalemia from ARBs is 3.3%, similar to 
that of ACE inhibitors.154 Participants in the CHARM (Can-
desartan in Heart Failure-Assessment of Reduction in Mor-
tality and Morbidity; N = 7599) program were randomized 
to standard heart failure therapy plus candesartan or 
placebo, with recommended monitoring of serum potas-
sium and creatinine levels.307 The authors assessed the inci-
dence and predictors of hyperkalemia over the median 3.2 
years of follow-up. Candesartan increased the risk of inci-
dent hyperkalemia compared to placebo from 5.2% from 
1.8% (difference, 3.4%; P < 0.0001). The risk of hyperkale-
mia is increased in symptomatic heart failure patients with 
advanced age, male gender, baseline hyperkalemia, renal 
failure, diabetes, or combined RAAS blockade. Hyperkale-
mia has been treated with patiromer and sodium zirconium 
cyclosilicate in addition to sodium and calcium polystyrene 
sulfonate.202,203 Judicious and careful use of ARBs is indi-
cated, especially in patients with known renovascular hyper-
tension and with especially careful attention to kidney 
function and serum potassium levels.81

ARBs should be stopped immediately at the onset of preg-
nancy with the first missed menstrual period in the first 
trimester, as discussed previously, as these drugs may cause 
fetal or neonatal death and congenital abnormalities when 
used during the second and third trimesters of pregnancy.142 
Breast feeding is not contraindicated, as per Kidney Disease: 
Improving Global Outcomes (KDIGO) and National Insti-
tute for Health and Care Excellence (NICE) guidelines; 
however, low drug levels are detected in breast milk.145,146
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unclear. Drugs with partial agonist activity slow the resting 
heart rate less than drugs that lack this pharmacologic 
effect.343 The exercise-induced increase in heart rate is 
similarly blocked by both groups of drugs.343 However, 
β-adrenergic blockers with nonselective partial agonist activ-
ity may reduce peripheral vascular resistance and cause less 
atrioventricular (AV) conduction depression than drugs 
without partial agonist activity. The specificity of partial 
agonist activity for β1- or β2-receptors may also have a role 
in the antihypertensive response to a given drug.

β-Adrenergic receptor blockers may be nonspecific and 
block β1- and β2-adrenergic receptors, or they may be rela-
tively specific for β1-adrenergic receptors. β1-Receptors are 
found predominantly in heart, adipose, and brain tissue, 
whereas β2-receptors predominate in the lung, liver, smooth 
muscle, and skeletal muscle. Many tissues, however, have 
both β1- and β2-receptors, including the heart, and it is 
important to realize that the concept of a cardioselective 
drug is only relative.

β-Adrenergic blockers differ significantly in gastrointesti-
nal absorption, first-pass hepatic metabolism, protein 
binding, lipid solubility, penetration into the CNS, and 
hepatic or renal clearance. β-Blockers that are eliminated 
primarily by hepatic metabolism have a relatively short 
plasma half-life; however, the duration of the clinical phar-
macologic effect does not correlate well with the plasma 
half-life in many of these drugs. Water-soluble drugs that are 
eliminated by the kidney may have longer half-lives. Bio-
availability varies greatly.

Overall, the precise mechanism of the antihypertensive 
effect of β-adrenergic blockers remains incompletely under-
stood. β1-Adrenergic receptor blockade has generally been 
considered responsible for the BP-lowering effect; however, 
β2-receptor blockade has an independent antihypertensive 
effect.344 Inhibition of β1-adrenergic receptors in the juxta-
glomerular cells in the kidney may inhibit renin release. A 
direct action on the CNS, with a reduction in CNSsympa-
thetic outflow, may also be involved. Attenuation of cardiac 
pressor stimuli related to β-blockade may result in barore-
ceptor resetting. In addition, adrenergic neuron output 
may be blocked because of the inhibition of β2-adrenergic 
receptors at the vascular wall.

because some randomized controlled trials were not 
included; had they been, the cancer signal would have dis-
appeared. Subsequent meta-analyses326-329 and cohort 
studies330-334 were performed. The conclusion was that there 
was no evidence that ARBs are associated with cancers of 
any type in large populations, and one study indicated that 
ARBs may actually lower the incidence.330 A subsequent sys-
tematic review of observational and interventional studies 
suggested that the use of ACE inhibitors and ARBs may 
improve cancer outcomes.335

Drug interactions with ARBs are uncommon but, as  
with ACE inhibitors, NSAIDs may blunt the natriuretic 
effect of ARBs.336 ARBs have an increased incidence of 
hypotension and kidney impairment compared to ACE 
inhibitors.154 Acute reversible renal failure has been reported 
with Ang II receptor blockade therapy in salt-depleted 
patients.337 Thus, therapy should not be instituted in 
hypovolemic patients or in the setting of active diuresis. 
Concomitant use with ACE and renin inhibitors should be 
avoided in patients with a GFR lower than 60 mL/min and 
is contraindicated in patients with diabetes due to an 
increased risk of hypotension, hyperkalemia, and renal 
dysfunction.101,265,338

β-ADRENERGIC ANTAGONISTS

CLASS MECHANISMS OF ACTION
β-Adrenergic antagonists exert their antihypertensive effects 
by the attenuation of sympathetic stimulation through  
the competitive antagonism of catecholamines at the 
β-adrenergic receptor.339 In addition to β-blockade proper-
ties, certain drugs have antihypertensive effects that are 
mediated through different mechanisms (Table 50.10), 
including α1-adrenergic blocking activity, β2-adrenergic 
agonist activity, and perhaps effects on nitric oxide–
dependent vasodilator action. Partial agonist activity is a 
property of certain β-adrenergic blockers that results 
from a small degree of direct stimulation of the receptor  
by the drug, which occurs at the same time that receptor 
occupancy blocks the access of strongly stimulating 
catecholamines.340-342 Whether the presence of partial 
agonist activity is advantageous or disadvantageous remains 

Table 50.10  Pharmacologic Properties of β-Adrenergic Antagonists

Generic Name (Trade Name) β1 Selectivity
Partial Agonist 
Activity

Membrane-Stabilizing 
Activity

α-Adrenergic Antagonist 
Activity

Nadolol (Corgard)
Propranolol (Inderal) +
Carteolol (multiple) +
Penbutolol (Levatol) +
Pindolol (Visken) + +
Labetalol (Trandate) + +
Carvedilol (Coreg) + +
Atenolol (Tenormin) +
Metoprolol (Lopresser) +
Betaxolol (Kerlone) + +
Acebutolol (Sectral) + + +
Celiprolol (none in United States) + +
Bisoprolol (Zebeta) +
Nebivolol (Bystolic) +
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Table 50.11  Pharmacokinetic Properties of β-Adrenergic Antagonists

Drug
Bioavailability 
(%)

Affected by 
Food

Peak Blood 
Level (hr)

Elimination 
Half-Life (hr) Metabolism Excretion

Active 
Metabolites

Nadolol 20-40 No 2-4 20-24 — U, F —
Propranolol 16-60 Yes — 3-4 L — —
Timolol 50-90 — — 2-4 L U (20%) —
Carteolol 84 Yes — 5-8.5 L — —
Penbutolol 100 No — 17-24 L U —
Pindolol 95 No 2 3-11 L U (40%) —
Atenolol 40-60 Yes — 14-16 — U, F —
Metoprolol 50 — 1.5-2 3-7 L U —
Betaxolol 78-90 No 2-6 12-22 L U —
Bisoprolol 90 — 2.3 9.6 L U —
Acebutolol 90 No 2-3 3-8 L U —

F, Feces; L, liver; U, urine.

Table 50.12  Pharmacodynamic Properties of β-Adrenergic Antagonists

Drug Initial Dose (mg) Usual Dose (mg)
Maximum 
Dose (mg) Interval

Peak 
Response (hr)

Duration of 
Response (hr)

Nadolol 40 40-80 320 qd — —
Propranolol 40 80-320 640 bid — —
Timolol 10 20-40 60 bid — —
Carteolol 2.5 2.5-10 60 qd 6 24
Penbutolol 20 20-40 80 qd, bid 2 20-24
Pindolol 5 10-40 60 qd, bid — 24
Atenolol 25 50-100 200 qd 3 24
Metoprolol 12.5-50 100-200 450 qd, bid 1 3-6
Betaxolol 10 10-40 40 qd 3 23-25
Bisoprolol 2.5 2.5-20 40 qd 2-4 24
Acebutolol 400 400-800 1200 qd 3 24

Nonselective β-Adrenergic Antagonists

Nadolol is a nonselective β-adrenergic blocking agent 
without partial agonist activity (Table 50.11). The average 
adult dosage is 40 to 80 mg given once daily, with a maximum 
daily dose of 320 mg (Table 50.12). Nadolol is not apprecia-
bly metabolized, and elimination occurs predominantly in 
the urine and feces. Dosage adjustment is indicated in 
patients with renal failure. Dosage intervals should be 
increased to 24 to 36 hours, 24 to 48 hours, and 40 to 60 
hours in patients with creatinine clearances of 30 to 50, 10 
to 30, and less than 10 mL/min/1.73 m2, respectively.22 
Dosage adjustment is not necessary in patients with hepatic 
insufficiency. Hemodialysis reduces the serum concentra-
tion of nadolol, but specific recommendations for dosage 
during dialysis are not available.

Propranolol is a noncardioselective β-adrenergic blocker 
(see Tables 50-11 and 50-12) that has no partial adrenergic 
activity. The usual daily dosage range is 80 to 320 mg. The 
drug may be administered in a single daily dose if a long-
acting preparation is used. The drug is metabolized by the 
liver. The major metabolite, 4-hydroxypropranolol, has 
β-adrenergic blocking activity. Renal excretion is less than 
1%. Dosage adjustment in patients with renal failure is not 
necessary.22 Patients with liver disease may require variable 
dosage adjustments and more frequent monitoring.

Timolol is a nonselective β-adrenergic blocking agent 
without partial adrenergic activity (see Tables 50.11 and 
50.12). The recommended initial dosage of timolol in the 
management of hypertension is 10 mg twice daily. The 
maintenance dosage generally ranges from 20 to 40 mg 
daily. No dosage adjustment is necessary in patients with 
renal failure.22 Because timolol undergoes extensive hepatic 
metabolism, patients with liver disease may require a dosage 
adjustment and frequent monitoring. Timolol is not 
removed by dialysis.

Carteolol is a long-acting nonselective β-adrenergic 
blocker (see Tables 50-11 and 50-12).345,346 It has moderate 
partial agonist activity,347,348 and its recommended dosing is 
2.5 to 10 mg daily. Doses of up to 60 mg/day have been 
used. Carteolol is eliminated primarily by the kidney. Dosage 
adjustment should be made for decreased renal function. 
The recommended dosing interval is 72 hours for a creati-
nine clearance less than 20 mL/min/1.73 m2 and 48 hours 
for a creatinine clearance between 20 and 60 mL/
min/1.73 m2.22

Penbutolol is a nonselective, β-adrenergic blocking 
agent (see Tables 50-11 and 50-12).345 This drug has low 
partial agonist activity. Usually, dosages are 20 to 40 mg 
given as a single dose or divided twice daily. Hepatic metabo-
lism to inactive metabolites occurs with subsequent renal 
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Table 50.13  Pharmacokinetic Properties of β-Adrenergic Antagonists with Vasodilatory Properties

Drug
Bioavailability 
(%)

Affected by 
Food

Peak Blood 
Level (hr)

Elimination 
Half-Life (hr) Metabolism Excretion

Active 
Metabolites

Labetalol 25-40 Yes 1-2 5-8 L U (50%-60%) —
Carvedilol 25-35 No 1-1.5 6-8 L F —
Celiprolol 30-70 Yes — 5-6 — F, U —
Nebivolol 12-96 No 2.4-3.1 8-27 L — —

F, Feces; L, liver; U, urine.

elimination. The optimal antihypertensive effect is observed 
at an average of 14 days after initiation of therapy. Dosage 
adjustments for patients with renal insufficiency are not 
recommended, but adjustment may be required for patients 
with hepatic insufficiency.22

Pindolol is a nonselective, β-adrenergic blocking agent 
with high partial agonist activity (see Tables 50-11 and  
50-12). The usual adult oral dosage is 5 mg twice daily, with 
incremental 10- mg increases every 3 to 4 weeks. The 
maximum daily recommended dose is 60 mg. Approxi-
mately 40% of a dose of pindolol is excreted unchanged in 
the urine; 60% is metabolized in the liver. The drug half-life 
increases modestly in patients with renal impairment. 
Dosage adjustments do not appear be necessary.22 Dosage 
adjustments may be necessary in patients with severely 
impaired hepatic function and in patients with concomitant 
cirrhosis and renal failure.

β1-Selective Adrenergic Antagonists

Atenolol is a long-acting, β1-selective, adrenergic blocking 
agent, with no partial agonist activity. The usual dosage is 
50 to 100 mg once daily. Approximately 50% of the drug is 
eliminated by the kidneys, and 50% is excreted in the  
feces. Dosages of more than 100 mg/day are unlikely to 
produce additional benefits. The time required to achieve 
the optimal antihypertensive effect is 1 to 2 weeks. In 
patients with moderate renal insufficiency, the dosing  
interval should be increased to 48 hours, and in patients 
with advanced renal disease, dosing intervals should be 
increased to 96 hours.22 Atenolol is not significantly metabo-
lized by the liver, and no dosage adjustment is necessary in 
patients with hepatic disease. The drug is removed by dialy-
sis, and a maintenance dose should be given after a dialysis 
treatment.

Metoprolol is a β1-selective adrenergic blocker with no 
partial agonist activity. Extensive hepatic metabolism occurs 
primarily by the cytochrome P450 (CYP) 2D6 system 
(CYP2D6), and 3% to 10% of the drug is excreted unchanged 
in the urine. Metoprolol pharmacokinetics is heavily influ-
enced by the CYP2D6 genotype and metabolizer phenotype, 
with up to a 15-fold difference in clearance between ultrar-
apid and poor metabolizers.349 The initial oral dosage is 12.5 
to 50 mg once or twice daily, increasing to 100 to 200 mg 
twice daily. Sustained-release (SR) preparations may be sub-
stituted as a once-daily dose.

Betaxolol is a long-acting, β1-selective, adrenergic block-
ing agent,350 with no partial agonist activity. The usual oral 
dosage for hypertension is 10 to 40 mg once daily. Therapy 
is typically started at a dosage of 10 mg once daily. Most 

patients respond to 20 mg once daily. The time to achieve 
the optimal antihypertensive effect is approximately 1 to 2 
weeks. Renal dysfunction results in a decrease in betaxolol 
clearance. Titration should begin at 5 mg once daily in 
those with severe renal impairment. Betaxolol is metabo-
lized predominantly in the liver, with metabolites excreted 
by the kidney. Approximately 15% of the dose is recovered 
unchanged in the urine.

Bisoprolol is a long-acting, β1-selective, adrenergic block-
ing agent,351 with no partial agonist activity. The usual oral 
dosage is 2.5 to 20 mg given once daily. Hepatic metabolism 
occurs with the renal excretion of metabolites; however, 
50% of the drug is excreted by the kidney unchanged. In 
patients with renal failure, the initial oral dosage should be 
2.5 mg once daily, with careful monitoring of dose titration. 
The maximum recommended dosage of bisoprolol in 
patients with renal failure is 10 mg/day. Similar dosage 
reduction is also required for patients with hepatic 
insufficiency.

Acebutolol is a β1-selective, adrenergic blocking agent, 
with low partial agonist activity. Dosages of 400 to 1200 mg/
day are effective in treating hypertension. The drug is 
metabolized to diacetolol, an active metabolite, with the 
parent compound being excreted renally and in bile. Diac-
etolol is excreted mainly by the kidneys. Dosage reduction 
of 50% to 75% is recommended for patients with advanced 
renal insufficiency.22

Nonselective β-Adrenergic Antagonists with 
α-Adrenergic Antagonism or other Mechanisms 
of Antihypertensive Action

Labetalol is a nonselective β-adrenergic blocking agent352 
that also possesses selective α-adrenergic blocking activity 
(Tables 50-13 and 50-14). It has weak partial agonist activity. 
The blocking of β1- and β2-adrenergic receptors is approxi-
mately equivalent. In addition, labetalol is highly selective 
for postsynaptic α1-adrenergic receptors. After an oral dose, 
the ratio of α1- to β-blocking potency is approximately 1 : 3. 
With intravenous administration, the β-blocking potency 
seems more prominent. The usual initial dosages for treat-
ment of hypertension are 100 mg orally twice daily, increas-
ing gradually to a maintenance dosage of 200 to 400 mg 
twice daily. The drug is metabolized in the liver, with 50% 
to 60% of a dose excreted in the urine and the remainder 
in the bile. Dosing adjustment is not required for any degree 
of renal failure.22 Chronic liver disease has been demon-
strated to decrease the first-pass metabolism of labetalol. 
Dosage reduction is required in these patients to avoid 
excessive decreases in heart rate and supine BP.

http://www.myuptodate.com


 CHAPTER 50 — ANTIHyPERTENSIVE THERAPy 1659

been suggested that the l-isomer may inhibit norepineph-
rine actions at the presynaptic β-receptors. The initial oral 
dosage is 5 mg once daily. The drug is metabolized in the 
liver; rapid and slow metabolizers have been identified. The 
half-life of nebivolol is 8 hours in rapid metabolizers and 27 
hours in slow metabolizers. Reduced initial dosages are rec-
ommended for patients with renal insufficiency.

CLASS RENAL EFFECTS
Both α- and β-adrenergic receptors in the kidney mediate 
vasoconstriction and vasodilation as well as renin secretion. 
β-Adrenergic blockers may influence renal blood flow 
and GFR through their effects on cardiac output and BP in 
addition to direct effects on intrarenal adrenergic recep-
tors. β-Adrenergic receptors have been localized to the 
juxtaglomerular apparatus in autoradiographic studies.365 
β2-Receptors predominate in the kidney. The degree of 
specificity of β-adrenergic blockers for β1- and β2-receptors 
might be expected to influence the effect on renal function, 
as might the degree of intrinsic partial agonist activity. In 
general, the short-term administration of a β-adrenergic 
blocker usually results in a reduction of GFR and effective 
renal plasma flow.366 This effect is independent of whether 
the drug has β1-selectivity or intrinsic partial agonist activity. 
Nebivolol, carvedilol, and celiprolol, however, have vasodila-
tory properties and have been shown to increase GFR and 
renal plasma flow.367 Nebivolol dilates glomerular afferent 
and efferent arterioles by a nitric oxide–dependent mecha-
nism, in contrast to metoprolol, which had no similar 
effect.368 This effect may be mediated by the increased syn-
thesis of vasodilatory nitric oxide. Nadolol has been shown 
in some studies to increase renal plasma flow and glomeru-
lar filtration with intravenous administration; however, oral 
administration may result in decreased blood flow and GFR. 
β1-Selective drugs, when administered orally, tend to 
produce smaller reductions in GFR and renal plasma flow. 
The long-term use of propranolol has been characterized 
by a 10% to 20% decrease in renal plasma flow and GFR. 
The degree of reduction in GFR and renal plasma flow is 
modest and probably not of great clinical significance in 
most cases.

The fractional excretion of sodium has been observed  
to decrease by up to 20% to 40% in some studies of the 
acute renal effects of β-blockade.369 A combined α- and 
β-blockade with labetalol has shown little effect on renal 
hemodynamics.

β-Adrenergic antagonist therapy is usually associated with 
suppression of plasma renin activity.370 Long-term effects, 
however, are less well defined. The degree of partial agonist 
activity may have a direct effect on renin secretion, regard-
less of the degree of β1-selectivity of the adrenergic blocking 

Carvedilol is a nonselective, β-adrenergic blocking agent 
with peripheral α1-blocking activity (see Tables 50-13 and 
50-14)353,354 and no partial agonist activity. The drug is 
approximately equipotent in blocking β1- and β2-adrenergic 
receptors. Carvedilol is highly selective for postsynaptic  
α1-adrenergic receptors. The ratio of α1- to β1-blocking 
activity is estimated to be 1 : 7.6. There is evidence that  
the therapeutic actions of carvedilol may depend in part on 
the endogenous production of nitric oxide, which may 
improve endothelial dysfunction in hypertensive patients. 
For the management of hypertension, an initial oral  
dosage of 6.25 mg twice daily is recommended and may be 
increased to 12.5 to 25 mg twice daily, if needed. Dosing 
adjustments are not required for patients with renal insuf-
ficiency. Carvedilol is extensively metabolized in the liver, 
and dosage reductions are suggested for patients with 
hepatic insufficiency.

Celiprolol is a β-blocker with several unique proper-
ties.355,356 It is a β1-adrenergic blocking agent with α2-receptor 
blocking activity (see Tables 50-13 and 50-14). Celiprolol also 
causes vasodilation through β2-receptor stimulation and pos-
sibly nitric oxide, with a subsequent decrease in systemic 
vascular resistance. In contrast to other β-blockers, celiprolol 
does not appear to induce bronchospasm or have negative 
inotropic effects. It does have moderate partial agonist activ-
ity. The initial dosage of celiprolol is 200 mg once daily and 
can be increased to 400 to 600 mg once daily. Renal excretion 
is 35% to 42%. A 50% dosage reduction is suggested in 
patients with a creatinine clearance of 15 to 40 mL/
min/1.73 m2. Celiprolol is not recommended for patients 
with a creatinine clearance less than 15 mL/min/1.73 m2.

Nebivolol is a long-acting, β1-selective adrenergic antago-
nist (see Tables 50-13 and 50-14).357-361 The compound is a 
1 : 1 racemic mixture of two enantiomers, d-nebivolol and 
l-nebivolol. The actions of nebivolol, which are unique and 
unlike those of other β-blocking agents, are attributable to 
the individual effects of the isomers. The β1-adrenergic 
blocking effects are related to the d-isomer, whereas the 
l-isomer is essentially devoid of β-blocking properties at 
therapeutic doses. When administered alone, the l-isomer 
does not produce significant effects on BP; however, the 
antihypertensive effects of the d-isomer are enhanced by 
the presence of the l-isomer. The hypotensive effects of the 
racemic mixture are associated with a decrease in periph-
eral vascular resistance.362 The mechanism whereby the 
l-isomer enhances the hypotensive effects of the d-isomer 
is unclear. It has been suggested that l-nebivolol may poten-
tiate the effects of endothelium-derived nitric oxide and 
induce decreases in BP and peripheral vascular resistance. 
These effects may improve endothelial dysfunction and 
potentially influence cardiovascular risks.363,364 It has also 

Table 50.14  Pharmacodynamic Properties of β-Adrenergic Antagonists with Vasodilatory Properties

Drug Initial Dose (mg) Usual Dose (mg)
Maximum 
Dose (mg) Interval

Peak Response 
(hr)

Duration Of 
Response (hr)

Labetalol 100 200-800 1200-2400 bid 3 8-12
Carvedilol 6.25 12.5-25 50 bid 4-7 24
Celiprolol 200 200-600 — qd — —
Nebivolol 5 5 — qd 6 24
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agonist activity may mediate peripheral vasodilator effects 
that could contribute to the antihypertensive action. A β1-
selective antagonist with partial agonist activity at the β1-
receptor may result in less hypotensive effect. The magnitude 
and clinical significance of these differences are unclear.

β-Adrenergic antagonists provide useful therapy for 
patients in all ethnic groups.387-389 Data reported by the 
Department of Veterans Affairs Cooperative Study Group 
on Antihypertensive Agents have suggested that the antihy-
pertensive response to β-blocker therapy is lower in older 
African American patients.388 Other studies have also sug-
gested that β-adrenergic blockers may be less efficacious in 
African Americans than in white patients compared with 
therapy with CCBs and diuretics.387,388,390 As a group, these 
drugs remain useful in African American patients, leading 
to significant reductions in BP, particularly when the more 
highly β1-selective agents are used. β-Adrenergic blockers 
have been used to treat women with hypertension in the 
third trimester of pregnancy, although the birth weights of 
their infants have been observed to be lower. β-Adrenergic 
blockers are generally avoided in early pregnancy.144,391-393 
Labetalol with α- and β-adrenergic blocking characteristics 
is, however, commonly used in pregnancy.

β-Adrenergic antagonists have been shown to have impor-
tant effects on outcome in patients with coronary artery 
disease.394,395 The use of a β-blocker after an acute myocar-
dial infarction (MI) has been shown to reduce morbidity 
and mortality.396 Despite the clear benefit, β-blockers have 
been underused in this setting. When prescribed, they are 
often used in dosages considerably lower than those proved 
to be effective in the clinical trials. A survey of postinfarction 
β-blockade usage involving more than 200,000 patients 
found that a survival benefit from β-blockade was apparent, 
regardless of systolic BP, age, or ejection fraction.395 Differ-
ent subtypes of β-blockers did not differ with regard to 
survival post-MI because the effects of atenolol, metoprolol, 
and propranolol were similar in a retrospective study of 
more than 200,000 patients, although these drugs differ in 
β1-selectivity.397 β-Blockers with intrinsic sympathetic activity 
were associated with reduced clinical benefits post-MI.398 
Patients with chronic obstructive pulmonary disease, which 
is commonly regarded as a contraindication to β-blockade, 
also had a significant decrease in the risk of death when 
treated with a β-blocker.395 Other studies have shown a 20% 
reduction in total mortality and a 32% to 50% reduction in 
sudden death with β-blocker therapy in patients who have 
experienced an MI.394 In a study of stable outpatients with 
coronary artery disease, β-blocker use was associated with 
cardiovascular end points only in those with an MI in the 
last year and not in those with coronary artery disease.396 For 
hypertensive patients with a previous MI (at least in the last 
year), β-adrenergic antagonists may be the drugs of choice 
for antihypertensive therapy.87,395,399

Patients with coexisting heart failure and hypertension 
are an appropriate population for treatment with β-
adrenergic antagonists.400-402 The Cardiac Insufficiency Biso-
prolol Study II demonstrated a 20% reduction in mortality 
in patients with moderate heart failure randomly assigned 
to therapy with a β-blocker.403 Hospitalizations for heart 
failure were reduced, and sudden death was reduced by 
44%. Similar results were observed in a large randomized 
intervention trial using metoprolol in patients with 

agent, although not all studies have yielded consistent 
results. The exercise-induced increase in plasma renin activ-
ity has been shown to be suppressed by β-blockade.371

CLASS EFFICACY AND SAFETY
β-Adrenergic antagonists provide effective therapy for the 
management of mild to moderate hypertension; however, 
their use as first-line therapy has become controversial.372-374 
Based largely on data from the Antihypertensive and  
Lipid-Lowering Treatment to Prevent Heart Attack Trial 
(ALLHAT), the Seventh Report of the Joint National Com-
mittee on Prevention, Detection, Evaluation, and Treatment 
of High Blood Pressure (JNC 7) has strongly recommended 
a thiazide-type diuretic as appropriate initial therapy for 
most patients with hypertension.87,375 The use of β-adrenergic 
antagonists is suggested mainly as secondary therapy for 
patients with specific comorbid conditions for which 
β-adrenergic antagonists have been shown to be of specific 
value, such as heart failure or angina, or after myocardial 
infarction.339,376-378 Meta-analyses have suggested that com-
pared with therapy with other agents, the reduction in 
major cardiovascular events associated with β-adrenergic 
antagonist therapy is not seen in older patients. In patients 
older than 60 years, β-blockers did not lower rates of myo-
cardial infarction, heart failure, or death and were associ-
ated with higher rates of stroke compared to other 
therapies.373,376,379 β-Blockers should not be considered first-
line therapy for older patients without specific indications 
for their use.326,380 In younger patients (<60 years), primary 
β-blocker therapy is associated with protection from major 
cardiovascular events equivalent to that associated with 
diuretic therapy. These recommendations are based on the 
results of numerous randomized clinical trials comparing 
therapy with β-blockers to treatment with other agents. A 
Cochrane review by Wiysonge and colleagues has concluded 
that the available evidence does not support the use of 
β-blockers as first-line drugs for the treatment of hyperten-
sion based on the relatively weak effect of β-blockers in 
reducing stroke and a trend toward worse outcomes com-
pared with CCBs, RAAS inhibitors, and thiazide diuretics.381 
Wright and Musini obtained similar findings.382 Messerli and 
associates examined the results of 10 trials involving more 
than 16,000 older patients randomly assigned to treatment 
with diuretics, β-blockers, or both.383 Diuretic therapy was 
associated with a greater reduction in cerebrovascular 
events, fatal stroke, cardiovascular mortality, and all-cause 
mortality. In this analysis in older patients, β-blockers were 
effective in reducing cerebrovascular events and heart 
failure. This meta-analysis was complicated by the concur-
rent use of diuretics and β-blockers in 52% to 60% of 
patients. In another large meta-analysis, however, Law and 
coworkers concluded that all classes of BP-lowering drugs 
have a similar effect in reducing coronary heart disease 
events and stroke for a given reduction in BP.384 Fretheim 
and colleagues found little or no difference among com-
monly used antihypertensive medications for the primary 
prevention of cardiovascular disease.385

Recent studies have suggested that β1-selective blockers 
may have a slightly greater antihypertensive effect than non-
selective agents. This effect may be in the range of 2 to 
3 mm Hg. It may be that β2-blockade in some fashion blunts 
the antihypertensive effects of β1-blockade.386 The β2 partial 
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function—both improvement and worsening—have been 
reported; however, there is no clear mechanism whereby 
such symptoms may arise. Constipation, diarrhea, nausea, 
and indigestion may occasionally occur with β-blockers. 
These symptoms are probably less common with β1-selective 
agents.

β-Adrenergic receptors have important effects on glucose 
metabolism, mediating increases in glycogenolysis and glu-
coneogenesis from amino acids and glycerol, and inhibit 
glucose uptake in the periphery. These effects may result in 
impaired glucose tolerance and an increased blood glucose 
level in some diabetic patients. β-Blockers differ in terms 
of their effects on glucose metabolism. Nonvasodilating 
β-blockers, such as metoprolol, are associated with a worsen-
ing of glycemic control. Metoprolol has been shown to 
decrease insulin sensitivity significantly, whereas nebivolol 
does not.420 Numerous studies have shown that vasodilating 
β-blockers are associated with more favorable effects on 
glucose metabolism.421 β-Blockers are associated with weight 
gain and an increased risk of new-onset diabetes melli-
tus.422,423 β-Blockade can result in the blunting of the effects 
of epinephrine secretion resulting from hypoglycemia  
and lead to hypoglycemia unawareness.424,425 Nonselective 
β-adrenergic blockers and, to a lesser degree, β1-selective 
agents, have been associated with a rise in the serum potas-
sium level.426 Suppression of aldosterone and inhibition of 
β2-linked, sodium-potassium membrane transport in skele-
tal muscle have been proposed as possible mechanisms.427,428 
This effect is of limited clinical importance in patients who 
have normal renal function and are not taking other medi-
cations that might affect serum potassium levels. Accelera-
tion of the development of antinuclear antibodies (ANAs) 
was reported with the β-blockers atenolol (10.9%), labetalol 
(13.8%), and acebutolol (33%) compared to other 
β-blockers, with which the fraction of patients developing 
ANAs was less than 10%.429

β-Adrenergic blocking agents can affect lipid levels.430 
Long-term use of β-adrenergic blockers has been associated 
with an increase in triglyceride levels and a decrease in the 
level of HDL cholesterol. β-Blockers with increased β1-
selectivity or with partial agonist activity appear to have less 
effect on the lipid profile. Nonselective β-blockers without 
partial agonist activity may decrease the HDL cholesterol 
level by up to 20%; an increase in triglyceride levels of up 
to 50% has been reported. The effects of β-blockade on 
lipid metabolism are due primarily to the modulation of 
lipoprotein lipase activity. Very-low-density lipoprotein 
(VLDL) cholesterol and triglyceride metabolism is reduced 
in the setting of unopposed β-adrenergic stimulation of 
lipoprotein lipase activity. Decreased VLDL metabolism 
results in decreases in HDL cholesterol levels.

Abrupt withdrawal of β-adrenergic blockers may be asso-
ciated with overshoot hypertension and worsening angina 
in patients with coronary artery disease.431 Myocardial infarc-
tion has been reported. These withdrawal symptoms may be 
due to increased sympathetic activity, which is a reflection 
of possible adrenergic receptor upregulation during long-
term sympathetic blockade. Gradual tapering of β-blockers 
decreases the risk of withdrawal. Withdrawal symptoms have 
been reported more commonly with abrupt discontinuation 
of relatively short-acting drugs. Withdrawal symptoms are 
relatively unusual with longer acting agents.432

congestive heart failure. Over the long term, treatment with 
β-adrenergic blockers improves exercise tolerance, left ven-
tricular geometry, and left ventricular structure and reduces 
myocardial oxygen demand. The magnitude of heart rate 
reduction with β-blockers, but not the dose, is significantly 
associated with the survival benefit in heart failure.404 
β-Blockers may differ in effects on cardiovascular outcomes. 
A meta-analysis has suggested that the vasodilatory β-blocker 
carvedilol has a greater effect on all-cause mortality in sys-
tolic heart failure compared to β1-selective β-blockers, 
although this has not been observed in all studies.379,404,405 
Genetic polymorphisms affecting the β1-adrenergic recep-
tor, the α2C-adrenergic receptor and the G protein–coupled 
receptor kinase have been suggested to modify heart failure 
risk and the response to β-blocker therapy.406 Whether 
β-adrenergic blockers have a role in the primary prevention 
of cardiac disease in hypertensive patients is less clear than 
their role in patients with preexisting cardiac disease, for 
whom the benefits are quite apparent.407-409 A meta-analysis 
has shown β-blockade to be significantly associated with a 
reduced risk of stroke and congestive heart failure.407

Agents with β1-selectivity or intrinsic sympathetic activity 
have a therapeutic advantage over nonselective β-adrenergic 
antagonists in the treatment of patients with bronchospastic 
airway disease, chronic obstructive pulmonary disease, 
peripheral vascular disease, and diabetes mellitus.340,410,411 
Bronchoconstriction is mediated in part by β2-adrenergic 
receptors in the airways. β-Blockade with nonselective agents 
can lead to increased airway resistance. This increase is less 
likely to occur with β1-selective agents. β1-Selectivity is rela-
tive, however, and may be less apparent at higher dosages. 
Patients with severe bronchospastic airway disease should 
not receive β-blockers. In patients with mild to moderate 
disease, β1-selective agents may be used cautiously; it has 
been proposed that they have beneficial effects on airway 
hyperresponsiveness.412 Symptoms of peripheral vascular 
disease may be exacerbated by β-blocker therapy.413 Cold 
extremities and absent pulses have been described in 
patients with severe disease. Reynaud’s phenomenon has 
been reported with nonselective β-blockade.414 Blockade of 
β2-receptor–mediated skeletal muscle vasodilation as well as 
decreased cardiac output may contribute to vascular insuf-
ficiency.415 A meta-analysis has shown that treatment with 
β-adrenergic blockers does not worsen intermittent claudi-
cation or walking capacity in patients with mild to moderate 
peripheral vascular disease.416

The CNS symptoms of sedation, sleep disturbance, 
depression, and visual hallucinations have been reported 
with β-adrenergic blockade. These symptoms may be more 
common with lipid-soluble β-blockers and less common with 
nebivolol.417 Sexual dysfunction has been reported but is 
less of a problem with β1-selective, non–lipid-soluble 
agents.418 In a review of 15 randomized trials involving more 
than 35,000 subjects, β-blocker therapy was not associated 
with a significant annual increase in the risk of reported 
depressive symptoms (6/1,000 patients; 95% CI, −7 to 19). 
β-Blockers were associated with a small but significant 
annual increase of reported fatigue (18/1,000 patients; 95% 
CI, 5 to 30). β-Blockers were associated with a small but 
significant annual increase in reported sexual dysfunction 
(5/1,000 patients; 95% CI, 2 to 8). None of the adverse 
effects differed by lipid solubility.419 Changes in cognitive 
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II concentration. Thus, it is possible that there is a greater 
influence of the calcium influx–dependent vasoconstriction 
in patients with low-renin hypertension, such as African 
Americans, which explains the clinical observation that CCBs 
are often more potent than other agents in such groups.

Finally, the CCBs may induce a mild diuresis. It is well 
known that the dihydropyridines, in particular, reduce pre-
glomerular resistance and maintain or increase the GFR 
because of their preferential vasodilatory action on the 
renal afferent arteriole.442 Subsequently, decreased tubular 
sodium reabsorption and improved renal blood flow and 
natriuresis are observed. The sodium excretion rate tends 
to correlate with the reduction in BP.

Antihypertensive activity has not uniformly been demon-
strated to be secondary to changes in nitric oxide release. 
The vasorelaxant properties of nifedipine and verapamil 
appear to be nitric oxide–independent, whereas those  
of amlodipine are partly nitric oxide–dependent.447,448 
This effect of amlodipine is thought to be mediated by the 
inhibition of local ACEs and increases in vasodilatory 
bradykinins.

CLASS MEMBERS
Despite their shared mechanism of action, the CCBs are a 
very heterogeneous group of compounds. They differ with 
respect to pharmacologic profile, chemical structure, phar-
macokinetic profile, tissue specificity, receptor binding, 
clinical indications, and side effect profile (Tables 50.15 and 
50-16). Two primary subtypes are distinguished on the basis 
of their behavior, dihydropyridines and nondihydropyri-
dines. The nondihydropyridines are further divided into 
two classes—benzothiazepines (diltiazem) and diphenylal-
kylamines (verapamil). Their distinctly different pharmaco-
logic effects are summarized in Tables 50-15 and 50-16.

Although all CCBs vasodilate coronary and peripheral 
arteries, the dihydropyridines are the most potent. Because 
those in this subclass of CCBs are membrane-active drugs, 
they exert a greater effect on the peripheral vessels than on 
myocardial cells, which depend less heavily on the external 
calcium influx than on vessels.439 Their potent vasodilatory 
action prompts a rapid compensatory increase in sympa-
thetic nervous activity, as mediated by baroreceptor reflexes 
creating a neutral or positive inotropic stimulus.449 Longer 
acting dihydropyridines, however, do not appear to activate 
the SNS.450 By contrast, the nondihydropyridines are mod-
erately potent arterial vasodilators but directly decrease AV 
nodal conduction and have negative inotropic and chrono-
tropic effects, which are not abrogated by the reflex increase 
in sympathetic tone. Because of their negative inotropic 
action, their use is contraindicated in patients with systolic 
heart failure. As expected, these drugs are more effective at 
reducing stress-induced cardiovascular responses than 
dihydropyridines.451

A clinically useful classification system for CCBs catego-
rizes them by their duration of action into short-acting  
and long-acting agents (to be given once daily; see Tables 
50-15 and 50-16). This schema is helpful because the short-
acting agents are no longer recommended for the manage-
ment of hypertension due to their stimulation of the SNS, 
which may predispose patients to angina, myocardial infarc-
tion, and stroke.452 The long-acting drugs are commonly 
divided into three generations. First-generation agents, such 

CALCIUM CHANNEL BLOCKERS

CLASS MECHANISMS OF ACTION
CCBs remain an important therapeutic class of medications 
for a variety of cardiovascular disorders.433-436 Initially intro-
duced in the 1960s as antianginal agents, CCBs are now 
widely advocated as first-line therapy for hypertension.87,437 
The pharmacologic effects of these drugs are related to 
their ability to attenuate cellular calcium uptake.438-442 CCBs 
do not directly antagonize the effects of calcium; rather, 
they inhibit the entry of calcium or its mobilization from 
intracellular stores.

Calcium channels have binding sites for activators and 
antagonists. The voltage-dependent, L-type calcium channel 
is a multimeric complex composed of α1-, α2-, ω-, β-, and 
γ-subunits.433 These channels have different binding sites for 
the various CCBs and are regulated by voltage-dependent 
and receptor-dependent events involving protein phosphor-
ylation and G protein coupling resulting from, for example, 
β-adrenergic stimulation.443 Each class of CCB is quantita-
tively and qualitatively unique; the CCB classes possess dif-
ferent sensitivities and selectivities for binding pharmacologic 
receptors and the slow calcium channel in various vascular 
tissues. Even within the dihydropyridine class, there is  
considerable pharmacologic variability.444 This differential 
selectivity of action has important clinical implications for 
the use of these drugs and explains why the CCBs vary  
considerably in their effects on regional circulatory beds, 
sinus and AV nodal function, and myocardial contractility. 
The selectivity further explains the diversity of indications 
for clinical use, ancillary effects, and side effects.445

CCBs represent ideal antihypertensive agents because 
they uniformly lower peripheral vascular resistance in 
patients, regardless of ancestry, salt sensitivity, age, or comor-
bid conditions. There are at least three mechanisms through 
which CCBs lower BP. First, CCBs reduce peripheral vascu-
lar resistance by attenuating the calcium-dependent con-
tractions of vascular smooth muscle. Contraction of vascular 
smooth muscle depends on the total cytosolic calcium con-
centration, which in turn is regulated by two distinct mecha-
nisms. Depolarization of vascular smooth muscle tissue 
depends on the inward flux of calcium through voltage-
sensitive L-type and T-type calcium channels. Hypertensive 
patients have an abnormal influx of calcium, which pro-
motes increased peripheral vascular resistance.438 Calcium 
is released from the sarcoplasmic reticulum in response to 
extracellular calcium influx via a non–voltage-dependent 
pathway. Cytosolic calcium binds to calmodulin, initiating a 
sequence of cellular events that promotes the interaction 
between actin and myosin and results in smooth muscle 
contraction. Therefore, the importance of the calcium 
channels lies in their pivotal role in linking cell membrane 
electrical activity to biologic responses. Calcium influxes 
through L-type channels from extracellular sources and 
intracellular sources are both attenuated by CCBs.435,439

Second, CCBs decrease vascular responsiveness to Ang II 
and the synthesis and secretion of aldosterone.441 CCBs also 
interfere with α2-adrenergic receptor–mediated vasocon-
striction and possibly α1-adrenergic receptor–mediated vaso-
constriction.440,446 The maximal vasodilatory response, as 
measured by forearm blood flow, appears to be inversely 
related to the patient’s plasma renin activity and Ang 
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Table 50.15  Pharmacodynamic Properties of Calcium Channel Blockers

Generic Name (Trade Name)
First Dose 
(mg)

Usual Daily 
Dosage (mg)

Maximum Daily 
Dose (mg)

Peak Response 
(hr)

Duration of 
Response (hr)

Diltiazem (Cardizem) 60 60-120 tid, qid 480 2.5-4 8
Diltiazem SR (Cardizem SR) 180 120-240 bid 480 6 12
Diltiazem CD (Cardizem CD) 180 240-280 qd 480 — 24
Diltiazem XR (Dilacor XR) 180 180-480 qd 480 3-6 24
Diltiazem ER (Tiazac) 180 180-480 qd 480 4-6 24
Amlodipine (Norvasc) 5 5-10 qd 10 30-50 24
Felodipine (Plendil ER) 5 2.5 qd 20 2-5 24
Isradipine (DynaCirc) 2.5 2.5-5 bid 20 2-3 12
Isradipine CR (DynaCirc CR) 5 5-20 qid 20 2 7-18
Nicardipine (Cardene) 20 20-40 tid 120 0.5-2 8
Nicardipine SR (Cardene SR) 30 30-60 bid 120 1.4 12
Nifedipine (Procardia, Adalat) 10 10-30 tid, qid 120 0.1 4-6
Nifedipine GITS (Procardia XL) 30 30-90 qd 120 4-6 24
Nifedipine ER (Adalat CC) 30 30-90 qd 120 2-6 24
Nisoldipine (Sular) 20 20-40 qd 60 — 24
Verapamil (Calan, Isoptin) 80 80-120 tid 480 6-8 8
Verapamil SR (Calan SR, Isoptin SR) 120 120-240 bid 480 — 12-24
Verapamil SR Pellet (Verelan) 120 240-480 qd 480 — 24
Verapamil COER-24 (Covera-HS) 180 180-480 qhs 480 >4-5 24
Mibefradil (Posicor) 50 50-100 qd 100 2-4 17-25

CD, Controlled-diffusion; CODAS, chronotherapeutic oral drug absorption system; COER, controlled-onset extended release; CR, controlled 
release; ER, extended release; F, feces; GITS, gastrointestinal therapeutic system; L, liver; SR, sustained release; U, urine; XR, extended 
release. 

Table 50.16  Pharmacokinetic Properties of Calcium Channel Blockers

Drug

Oral 
Absorption 
(%)

First-Pass 
Effect

Bioavailability 
(%)

Peak 
Blood 
Level

Elimination 
Half-Life 
(hr)

Metabolism 
and Excretion

Protein 
Binding 
(%)

Active 
Metabolites

Diltiazem 98 50% 40 2-3 hr 4-6 L, F, U 77-93 Yes
Diltiazem SR >80 50% 35 6-11 hr 5-7 L, F, U 77-93 Yes
Diltiazem CD 95 E 35 12 hr 5-8 L, F, U 77-93 Yes
Diltiazem XR 95 E 41 4-6 hr 5-10 L, F, U 95 Yes
Diltiazem ER 93 E 40-60 4-6 hr 10 L, F, U 95 Yes
Amlodipine >90 M 88 6-12 hr 30-50 L/U >95 Yes
Felodipine >90 E 13-18 2.5-5 hr 11-16 L/U >95 No
Isradipine >90 E 15-25 2-3 hr 8 L, F, U >95 No
Isradipine CR >90 E 15-25 7-18 hr — L, F, U >95 No
Nicardipine >90 E 35 0.5-2 hr 8.6 L, F, U >95 No
Nicardipine SR >90 E 35 1-4 hr — L, F, U >95 No
Nifedipine >90 20%-30% 60 <30 min 2 L, U 98 Yes
Nifedipine GITS >90 25%-35% 86 6 hr — L, U 98 Yes
Nifedipine ER >90 25%-35% 86 2.5-5 hr 7 L, U 98 Yes
Nisoldipine >85 E 4-8 6-12 hr 10-22 L, F, U 99 No
Verapamil >90 70%-80% 20-35 1-2 hr 2.8-7.4 L, F, U 85-95 Yes
Verapamil SR >90 70%-80% 20-35 5-6 hr 4-12 L, F, U 85-95 Yes
Verapamil SR pellet >90 70%-80% 20-35 7-9 hr 12 L, F, U 85-95 Yes
CODAS Verapamil >90 70%-80% 20-35 11 hr — L, F, U 85-95 Yes

CD, Controlled-diffusion; CODAS, chronotherapeutic oral drug absorption system; CR, controlled release; E, extensive; ER, extensive 
release; F, feces; GITS, gastrointestinal therapeutic system; L, liver; M, minimal; SR, sustained release; U, urine; XR, extended release.

as nifedipine, have shorter half-lives and require multiple 
daily doses. Second-generation agents have been modified 
into SR formulations, requiring once-daily dosing. The third-
generation agents have intrinsically longer plasma or recep-
tor half-lives, possibly related to their greater lipophilicity.453

Benzothiazepines

Diltiazem hydrochloride is the prototype of the benzothiaz-
epine CCBs. Diltiazem is 98% absorbed from the gastroin-
testinal tract, but because of extensive first-pass hepatic 
metabolism, its bioavailability is only 40% compared with 
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trough concentrations are 30% higher. The usual daily dose 
is 240 to 480 mg.

The controlled-onset, extended-release (COER) and 
chronotherapeutic oral drug absorption system (CODAS) 
tablets have unique pharmacologic properties and deliver 
verapamil 4 to 5 hours after ingestion. A delay coating is 
inserted between the outer semipermeable membrane and 
active inner drug core. As the delay coating expands in  
the gastrointestinal tract, the pressure causes drug from the 
inner core to be released through laser-drilled holes in the 
outer membrane, making this formulation ideal for night-
time dosing by providing maximal plasma levels in the early 
morning hours, from 6 am to noon, and minimizing night-
time diurnal BP variations.460 A buccal gel formulation of 
verapamil that provides sustained release of the drug up to 
6 hours has recently been reported.461

Of the 13 known metabolites of verapamil, norverapamil 
is the only one with cardiovascular activity; it has 20% of the 
potency of the parent compound. Renal excretion accounts 
for 70% of clearance and occurs within 5 days. The remain-
der is excreted in the feces. Clearance decreases with 
increasing age and decreasing weight.462 With long-term 
administration, there is a significant increase in bioavail-
ability, possibly as a result of saturation of hepatic enzymes. 
Dosage adjustment is necessary in patients with hepatic but 
not renal failure; however, verapamil should be used with 
caution in patients who ingest large amounts of grapefruit 
juice or those with renal insufficiency who are taking con-
current AV nodal blocking agents.463

Dihydropyridines

Nifedipine is a dihydropyridine CCB that causes decreased 
peripheral resistance, with no clinically significant depres-
sion of myocardial function. Because of the reflex sympa-
thetic stimulation triggered by vasodilation, nifedipine has 
no tendency to prolong AV conduction or sinus node recov-
ery or slow the sinus rate. Clinically, there is usually a small 
increase in heart rate and cardiac index. The labeling for 
immediate-release nifedipine capsules has been revised to 
recommend against using this dosage form for the manage-
ment of chronic hypertension.12,464 In older persons, use of 
the immediate-release form has been associated with a 
greater than threefold increase in mortality compared with 
the use of other antihypertensive agents, including other 
CCBs.465 In most patients, immediate-release nifedipine 
causes a modest hypotensive effect that is well tolerated. 
However, in occasional patients, the hypotensive effect is 
profound and has resulted in myocardial infarction, stroke, 
and death.464 This effect appears to be more pronounced in 
patients also taking β-blockers.466 Consequently, its use should 
be reserved for short periods, but not in the setting of acute 
syndromes. The usual adult dosage is 10 to 30 mg three times 
daily, and the dose can be titrated weekly (see Table 50.15). 
Nifedipine is rapidly and fully absorbed, and drug levels are 
detectable within 10 minutes of ingestion. Peak levels are 
achieved within 30 minutes, and the half-life is 2 hours. There 
is no clinical advantage to ingestion using the technique of 
bite and swallow or bite and hold sublingually.

Nifedipine is extensively metabolized in the liver and 
then excreted in the urine. Most of the population is 
reported to metabolize the drug rapidly. Because nifedipine 
is 98% protein-bound, the dosage should be adjusted in 
patients with hepatic insufficiency or severe malnutrition.

intravenous dosing12 (see Tables 50-15 and 50-16). In vivo, 
the competitively inhibited liver CYP2D6 isoenzyme is the 
most important metabolic pathway and probably accounts 
for the substantial proportion of drug interactions that 
occur with diltiazem.454 The rates of elimination are lower 
in older persons and those with chronic liver disease but 
unchanged in patients with renal insufficiency.

Oral forms of diltiazem have been modified to improve 
delivery and currently include tablets, SR capsules, 
controlled-diffusion (CD) capsules, Geomatrix extended-
release (XR) capsules, extended-release (ER) capsules, and 
buccoadhesive formulations.455-457 The usual starting dosage 
for the drug in tablet form is 180 mg/day in three divided 
doses, and the drug may be titrated to a total dosage of 
480 mg/day (see Table 50.15).

The SR tablet release rate varies with the size of the 
matrix.458 Therefore, the long-acting preparations should 
not be divided. The usual daily dose is 120 to 240 mg, and 
the peak response usually occurs within 6 hours. The CD 
capsules are composed of two types of diltiazem beads; 40% 
of the beads release the drug within 12 hours, and the 
remaining 60% release the drug over the next 12 hours.12 
The usual daily dose is 240 to 480 mg. Approximately  
95% of the drug is absorbed, peak plasma levels occur in 10 
to 14 hours, and the plasma half-life is 5 to 8 hours but 
increases with increasing dose. The XR capsules contain a 
degradable “swellable” controlled-release (CR) matrix that 
slowly releases the drug over 24 hours. The usual daily dose 
is 180 to 480 mg; 95% of the drug is absorbed. The onset 
of action is within 3 to 6 hours, and the half-life ranges  
from 5 to 10 hours. ER capsules contain microgranules that 
dissolve at a constant prolonged rate. Peak blood levels are 
achieved after 4 to 6 hours, and bioavailability is 93%. The 
usual daily dose is 180 to 480 mg, with an elimination half-
life of up to 10 hours. A buccoadhesive formulation has 
been developed to avoid the effects of hepatic first-pass 
metabolism and improve bioavailability.457 The dissolution 
and diffusion of the buccoadhesive hydrophilic matrices of 
diltiazem polymers provide reliable delivery for up to 10 
hours. The optimal use of this vehicle is still under 
investigation.459

Diphenylalkylamine

Verapamil hydrochloride, the oldest CCB, is the prototype 
diphenylalkylamine derivative. Verapamil inhibits mem-
brane transport of calcium in myocardial cells, particularly 
the AV node, and smooth muscle cells, which renders it 
antiarrhythmic, antihypertensive, and a negative inotrope. 
The drug is available for oral administration as film-coated 
tablets containing 40, 80, or 120 mg of racemic verapamil 
hydrochloride.12 The usual daily dose is 80 to 120 mg three 
times daily (see Table 50.15). The elimination half-life 
increases with long-term administration and in older 
patients with renal insufficiency (see Table 50.16).

The SR caplets are available in scored 120-, 180-, and 
240-mg forms. The usual antihypertensive dose is equivalent 
to the total daily dose of immediate-release tablets and can 
be given as 240 to 480 mg/day. An adequate antihyperten-
sive response may be improved by divided twice-daily dosing.

The SR pellet–filled verapamil capsules are gel-coated 
capsules with an onset of action of 7 to 9 hours that is not 
affected by food. The peak concentrations are approxi-
mately 65% of those of immediate-release tablets, but the 
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4 mg once daily, but the dosage can be increased to 4 mg 
twice daily for those with angina pectoris.

Clevidipine is a novel ultra–short-acting dihydropyridine 
CCB administered intravenously for the treatment of hyper-
tensive emergencies or acute increases in BP in the periop-
erative setting.472 It has a high degree of vascular selectivity 
and an ultrafast onset and offset for immediate titratability. 
Clevidipine has a high clearance (0.05 L/min/kg) and is 
rapidly hydrolyzed to inactive metabolites by arterial 
esterases.472

Felodipine is a dihydropyridine CCB that is administered 
in ER tablets of 2.5, 5, and 10 mg (see Table 50.15).12 Felo-
dipine is almost completely absorbed from the gastrointes-
tinal tract, with a time to peak concentration of 2 to 5 hours 
(see Table 50.16).

There is extensive first-pass hepatic metabolism. Bioavail-
ability is influenced by food. Large meals and the flavonoids 
in grapefruit juice increase the bioavailability by approxi-
mately 50%.473 The overall half-life is 11 to 16 hours. Felo-
dipine is metabolized in the liver to inactive metabolites, 
most of which are excreted in the urine. The usual daily 
dose is 2.5 to 10 mg, and titration can be instituted at 2-week 
intervals. The dosage should be adjusted for hepatic, but 
not renal, insufficiency.

Isradipine is a dihydropyridine CCB that is effective alone 
or in combination with other antihypertensive agents for 
the management of mild to moderate hypertension12 (see 
Tables 50-15 and 50-16). Isradipine is rapidly and almost 
completely absorbed after oral administration. Extensive 
first-pass hepatic metabolism reduces bioavailability to less 
than 25%. The hypotensive effect peaks at 2 to 3 hours for 
the regular release form. The drug is active for 12 hours; 
however, the full antihypertensive response does not occur 
until 14 days. The usual dosage is 2.5 to 5 mg two to three 
times daily. The onset of action of the SR formulation is 
achieved in 2 hours and lasts for 7 to 18 hours. The usual 
daily dose of the CR tablet is 5 to 20 mg. Isradipine is exten-
sively protein-bound. The elimination half-life is biphasic, 
with a terminal half-life of 8 hours. Dosage adjustment is 
unnecessary for those in renal or liver failure.

Manidipine is a third-generation dihydropyridine CCB 
that is structurally related to nifedipine.474,475 The usual 
adult dosage is 10 to 20 mg once daily. Dosage should be 
adjusted at 2-week intervals. Manidipine is highly protein-
bound and extensively metabolized in the liver. Metabolism 
is impaired by grapefruit juice476; 63% of the drug is excreted 
in the feces. The peak plasma concentration occurs after 2 
to 3.5 hours, with an elimination half-life of 5 to 8 hours. 
Dosage adjustment is not necessary in renal failure.

Nicardipine hydrochloride is a dihydropyridine CCB that 
is available as 20- and 40-mg immediate-release gelatin cap-
sules or 30-, 45-, and 60-mg SR capsules.12 The usual dosage 
is 20 to 40 mg three times daily for the immediate-release 
form and 30 to 60 mg twice daily for the SR preparation. 
When conversion is made to the SR form, the previous daily 
total of immediate-release drug should be administered on 
a twice-daily regimen. Titration should be instituted at least 
3 days after administration. Nicardipine is well absorbed 
orally but has only 35% systemic bioavailability because of 
its extensive first-pass hepatic metabolism. The time to peak 
concentration is 30 minutes to 2 hours for immediate-
release capsules and 1 to 4 hours for SR forms. The elimina-
tion half-life is 8.6 hours. Nicardipine is 100% oxidized in 

The ER tablets of nifedipine are available in 30-, 60-,  
and 90-mg doses. These tablets consist of an outer semiper-
meable membrane surrounding an active drug core.467 The 
core is composed of an inner active drug layer surrounded 
by an osmotically active, inert layer that forces the dissolu-
tion of the drug core as it swells from gastrointestinal juice 
absorption. The drug is then slowly and steadily released 
over 16 to 18 hours. This method of delivery is termed the 
gastrointestinal therapeutic system, or GITS, formulation. The 
ER form should not be bitten or divided. The time to peak 
concentration is 6 hours, and plasma levels remain steady 
for 24 hours. The bioavailability of the ER tablet is 86% 
compared with that of immediate-release forms, and toler-
ance does not develop.467 Of the metabolites, 80% are 
excreted in the urine. The remainder is excreted in the 
feces, along with the outer semipermeable membrane shell. 
The usual adult maintenance dosage is 30 to 90 mg/day. 
Conversion from the immediate-release form to ER tablets 
can be done on an equal-milligram basis.

A similar ER formulation is composed of a coat and 
core.468 The outer layer contains a slow-release form of 
nifedipine; the inner core is a fast-release preparation.  
Peak concentrations are reached within 2.5 to 5 hours, and 
there is a second peak after 6 to 12 hours as the inner  
core is released. When the drug is administered in this  
way, the half-life is extended from 2 to 7 hours. The usual 
daily dose is 30 to 90 mg, and the dose should be titrated 
by 30-mg increments in 7 to 14 days for maximal effect. 
Because of the unique delivery system, which provides a 
rapid-release core, peak plasma concentrations are not 
always reliable. Ingestion of three 30-mg tablets simultane-
ously, but not two, results in a 29% higher peak plasma 
concentration than the ingestion of a single 90-mg tablet. 
Consequently, two tablets may be substituted for 60 mg, but 
the substitution of three 30-mg tablets to make 90 mg is not 
recommended.12

Amlodipine besylate is unique among the dihydropyri-
dine CCBs. It appears to bind to dihydropyridine and  
nondihydropyridine sites to produce peripheral arterial 
vasodilation without significant activation of the SNS.22 The 
parent compound has substantially slower but more com-
plete absorption than others in the class (see Table 50.16). 
After ingestion, amlodipine is almost completely absorbed, 
peak plasma concentrations are achieved in 6 to 12 hours, 
and the clinical response can be detected at 24 hours. The 
mean peak serum levels are linear, age- independent, and 
achieved after 7 to 8 days of continuous dosing.469 The 
elimination half-life is long, ranging from 30 to 50 hours, 
and is prolonged in older adults. The long half-life permits 
once-daily dosing, the hypotensive response may last up to 
5 days,470 90% of amlodipine is metabolized in the liver, and 
10% is excreted unchanged. The metabolites are excreted 
primarily in the urine, but no dosage adjustment is neces-
sary with renal impairment. The minimum effective dose is 
2.5 mg, particularly in older patients. Most patients require 
a dosage of 5 to 10 mg/day.

Benidipine is a long-acting dihydropyridine CCB that is 
available for the management of mild to moderate hyper-
tension. It has several unique mechanisms of action471: it has 
a high vascular selectivity and inhibits L-, N-, and T-type 
calcium channels. This drug is widely available in Japan and 
has a proven safety record for use as an antihypertensive 
agent and renoprotective drug. The usual dosage is 2 to 
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as natriuretics, vasodilators, and antiproteinuric agents 
(Table 50.17). All CCBs exert natriuretic and diuretic 
effects.481,482 Experimental studies and studies in humans 
with hypertension have indicated that the increase in sodium 
excretion is, in part, independent of vasodilatory action or 
changes in GFR, renal blood flow, or filtration fraction. This 
effect is probably the result of changes in renal sodium 
handling that can potentiate the antihypertensive vascular 
effect. In normal individuals, CCBs acutely increase sodium 
excretion, frequently in the absence of changes in BP. In 
hypertensive individuals, the short-term administration of 
CCBs uniformly increases sodium excretion 1.1- to 3.4-fold; 
the magnitude of the increase is not related to the decrease 
in BP.481

The natriuretic effect appears to persist in the long term. 
Long-term administration of CCBs to hypertensive patients 
results in a cumulative sodium deficit that is abruptly 
reversed with the discontinuation of the drug. Natriuresis 
frequently occurs 3 to 6 hours after the morning dose.482 
The net negative sodium balance levels off after the first 2 
to 3 days of administration but persists for the duration of 
therapy.483 There are no significant changes in long-term 
body weight, levels of potassium, urea nitrogen, or catechol-
amines, or GFR. Moreover, stimulation of renin release and 
aldosterone does not occur to an appreciable degree. It has 
been postulated that the natriuresis induced by CCBs 
increases distal sodium delivery to the macula densa, sup-
pressing renin release. Because Ang II mediates aldosterone 
synthesis by way of cytosolic calcium messengers, CCBs blunt 
this response as well.484

The mechanism whereby CCBs induce natriuresis appears 
to be direct inhibition of renal tubular sodium and water 
absorption. Dihydropyridines increase urinary flow rate and 
sodium excretion without changing the filtered water and 
sodium load. Studies have suggested that CCBs may dimin-
ish sodium uptake at the amiloride-sensitive sodium chan-
nels.485 Inhibition of water reabsorption occurs distally to 
the late distal tubule. Proximal tubular sodium reabsorption 
may be inhibited by higher dosages. One possible mediator 
of this effect is atrial natriuretic peptide. In human  
studies, CCBs augment atrial natriuretic peptide release and 
potentiate its action at the level of the kidney. Other  
potential mediators are under investigation. How much the 
natriuretic effects contribute to the antihypertensive 
response is unknown, but unlike with other vasodilators, the 
changes attenuate the expected adaptive changes in sodium 
handling.

The renal hemodynamic effects of CCBs are variable and 
depend primarily on which vasoconstrictors modulate the 
renal vascular tone.486 Experimentally, CCBs improve GFR 
in the presence of the vasoconstrictors norepinephrine and 
Ang II, as well as others, by preferentially attenuating 

the liver to inactive pyridine metabolites. There is no evi-
dence of microsomal enzyme induction. Metabolites are 
excreted primarily in the urine and feces. The parent com-
pound is not dialyzable. Dosage adjustments are necessary 
with hepatic, but not renal, insufficiency.

Nisoldipine is a dihydropyridine CCB that is formulated 
as ER tablets of 10, 20, 30, and 40 mg (see Tables 50-15 and 
50-16).12 The initial starting dose is 20 mg, and the usual 
maintenance dose is 20 to 40 mg given once daily, which 
can be titrated at weekly intervals. The bioavailability of 
nisoldipine is low and variable (4% to 8%). The coat core 
design affords a full 24-hour effect after oral administration. 
The drug reaches therapeutic concentrations in 6 to 12 
hours, and absorption is slowed by high-fat meals. The elimi-
nation half-life ranges from 10 to 22 hours. Nisoldipine is 
metabolized in the liver and intestine. Variable hepatic 
blood flow induced by the drug probably contributes to its 
pharmacokinetic variability. Most of the metabolites are 
excreted in the urine and the remainder in the feces. 
Dosage adjustments are necessary with hepatic, but not 
renal, impairment.

Lacidipine is a second-generation dihydropyridine CCB 
that is available in tablet form. It is reported to be unusually 
potent and long acting, possibly because it diffuses deeper 
into lipid bilayer membranes. A unique attribute of this 
drug is its apparently greater vascular selectivity, but the 
clinical relevance of this remains unclear.477 The usual 
dosage is 4 to 6 mg once daily, and the dose should be 
titrated at 2- to 4-week intervals.478 The duration of action is 
12 to 24 hours. The elimination half-life is 12 to 19 hours. 
The parent compound is converted 100% by the liver into 
inactive fragments that are excreted primarily in the feces 
(70%) and kidney. Dosage adjustment is necessary in older 
persons and in patients with hepatic, but not renal, 
impairment.

Lercanidipine is a novel dihydropyridine CCB whose 
molecular design imparts greater solubility within the arte-
rial cellular membrane bilayer, conferring a 10-fold higher 
vascular selectivity than that of amlodipine.478 In contrast to 
amlodipine, lercanidipine has a relatively short half-life but 
a long-lasting effect at the receptor and membrane levels 
and is associated with significantly less peripheral edema.478 
The drug is administered at a starting dose of 10 mg and 
increased to 20 mg daily as needed. It has a gradual onset 
of action, and its effects last for 24 hours.479 Lercanidipine 
is unique among the dihydropyridines in that it also appears 
to dilate the efferent renal arteriole.480

CLASS RENAL EFFECTS
The potential benefits of CCBs in acute and chronic kidney 
disease have been well described. There are multiple mech-
anisms whereby CCBs alter or protect renal function, notably 

Table 50.17  Renal Effects of Calcium Channel Blockers

Class
Sodium 
Excretion

Glomerular 
Filtration Rate

Filtration 
Fraction

Renal Blood 
Flow

Renal Vascular 
Resistance Proteinuria

Dihydropyridines ↑ ↑ to ↔ ↔ ↑ to ↔ ↓ ↑
Diltiazem ↑ ↑ to ↔ ↔ ↑ to ↔ ↓ ↓
Verapamil ↑ ↑ to ↔ ↔ ↑ to ↔ ↓ ↑
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platelet-activating factor,496 block the mitochondrial over-
load of calcium,497 decrease lipid peroxidation, decrease 
glomerular basement membrane thickness, augment the 
antioxidant activities of superoxide dismutase, catalase, and 
glutathione peroxidase,498 inhibit metalloproteinase 1 and 
collagenolytic activity, suppress the expression of angiogenic 
growth factors and suppress selectins (which are important 
for leukocyte adhesion to the vascular endothelium),499 vas-
cular endothelial growth factor, fibroblast growth factor, 
TGF-β, and endothelial nitric oxide synthase,500,501 prevent 
renal cortical remodeling and scarring and improve fibrino-
lysis, and improve endothelial dysfunction and inhibit 
mesangial cell damage, as elicited by advanced glycation 
end products (see Table 50.18).486,502-505

Because of their renal hemodynamic effects and the inhi-
bition of calcium-mediated injury, CCBs have the ability  
to attenuate various types of kidney damage, including 
radiocontrast-induced nephropathy and hypoperfusion 
ischemic injury, such as that occurring during cardiac 
surgery.506,507 In experimental models, pretreatment with a 
CCB variably preserved GFR and renal blood flow.508 The 
clinical effectiveness of this class of drugs in these settings 
requires further evaluation.

CCBs represent an important treatment option for renal 
transplant recipients.342,509,510 Administration of CCBs in the 
renal allograft perfusate and to renal allograft recipients 
reduces initial graft nonfunction by attenuating ischemic 
and reperfusion injury and preserves long-term renal  
function by protecting against cyclosporine nephrotoxicity 
and by contributing to immunomodulation. Cyclosporine 
causes direct tubular injury and induces intrarenal vasocon-
striction. The thromboxane- and endothelin-induced  
vasoconstriction of the afferent arteriole, as stimulated by 
cyclosporine, is reversed by CCBs.511

afferent arteriolar resistance.487 The efferent arteriole 
appears to be refractory to these vasodilatory effects. Patients 
with primary hypertension appear to be more sensitive to 
the renal hemodynamic effects of CCBs than normotensive 
subjects, and this effect is more pronounced with advancing 
kidney disease.488 Short-term administration of CCBs results 
in little change in or augmentation of the GFR and renal 
plasma flow, no change in the filtration fraction, and reduc-
tion of renal vascular resistance. Long-term administration 
is not associated with significant changes in renal hemody-
namics. The response is maximal in the presence of Ang II, 
which selectively causes postglomerular vasoconstriction. 
Clinically significant changes are counteracted by the reduc-
tion in renal perfusion pressure coincident with a reduction 
of BP.

The long-term effects of CCBs on renal function are vari-
able.489,490 In hypertensive patients, the effects on renal 
hemodynamics vary. Some patients exhibit no change in 
GFR, whereas others have an exaggerated increase in GFR 
and renal plasma flow.486 Even normotensive patients with a 
family history of hypertension have an exaggerated hemo-
dynamic response.491

The antiproteinuric effects of CCBs also vary with respect 
to the type of drug and level of BP reduction achieved.492 
Some dihydropyridines increase protein excretion by up to 
40%. It is not clear whether this increase is a result of hemo-
dynamic vasodilation at the afferent arteriole, resulting in 
increased glomerular capillary pressure (because CCBs 
directly impair renal autoregulation), changes in glomeru-
lar basement membrane permeability, or increased intrare-
nal Ang II. By contrast, felodipine, diltiazem, verapamil, and 
others do not appear to have this effect and may lower 
protein excretion, possibly by also decreasing the efferent 
arteriolar tone and glomerular pressure.143 The clinical 
implications remain to be determined.

Large clinical trials underscore this controversy. In African 
Americans with hypertension and mild to moderate renal 
insufficiency with proteinuria of more than 1 g of protein/
day, renoprotection with an ACE inhibitor far exceeded any 
effect of the dihydropyridine CCB amlodipine. In the latter 
group of patients, renal function deteriorated.493 This effect 
was independent of BP reduction and was more evident in 
proteinuric patients; it was also suggestive in patients with a 
baseline proteinuria of less than 300 mg of protein/day. 
Hypertensive patients with diabetic nephropathy also fared 
considerably worse with amlodipine therapy than with ARB 
therapy.255 Patients experienced higher rates of progression 
of renal disease and all-cause mortality in the amlodipine- 
and placebo-treated groups. This effect was also indepen-
dent of the BP levels achieved. However, it should be 
emphasized that coadministration of a dihydropyridine and 
an ARB does not abrogate the ARB’s protective effect on 
kidney function.82 It has been postulated that the selective 
dilation of the afferent arteriole favors an increase in glo-
merular capillary pressure that perpetuates renal disease 
progression.

CCBs have many nonhemodynamic effects that may also 
afford renoprotection (Table 50.18).494 In addition to lower-
ing BP, CCBs act as free-radical scavengers, retard renal 
growth and increase kidney weight,495,496 reduce the entrap-
ment of macromolecules in the mesangium, attenuate the 
mitogenic actions of platelet-derived growth factor and 

Table 50.18  Renal Protective Mechanisms of 
Calcium Channel Blockers

Lower blood pressure.
Decrease proteinuria.
Scavenge free radicals.
Retard kidney growth.
Reduce mesangial molecule entrapment.
Attenuate antigenic platelet-derived growth factor and 

platelet-activating factor.
Block mitochondrial calcium overload.
Decrease lipid peroxidation.
Reduce glomerular basement membrane thickness.
Augment antioxidant effects of superoxide dismutase-catalase 

and glutathione peroxidase.
Inhibit collagenic activity.
Suppress angiogenic growth factors—vascular endothelial 

growth factor, basic fibroblast growth factor, transforming 
growth factor-β, and endothelial nitric oxide synthase.

Prevent renal cortical remodeling.
Ameliorate cyclosporine toxicity.
Block thromboxane- and endothelin cyclosporine–induced 

vasoconstriction.
Inhibit advanced glycation end product–elicited mesangial cell 

damage.
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CLASS EFFICACY AND SAFETY
All CCBs are considered initial antihypertensive agents and 
appear to be equally efficacious and safe.434,437 Approximately 
70% to 80% of patients with stage 1 or, 2 hypertension 
respond to monotherapy. Up to 50% of unselected patients 
respond to monotherapy.388 In contrast to other vasodilators, 
CCBs attenuate the reflex increase of neurohormonal activ-
ity that accompanies a reduction in BP and in the long term, 
they inhibit or do not change the sympathetic activity.512,513 
The long-acting agents produce sustained BP reductions of 
16 to 28 mm Hg systolic and 14 to 17 mm Hg diastolic, with 
no appreciable development of tolerance.

The CCBs are effective in young, middle-aged, and older 
patients with white coat hypertension and mild, moderate, 
or severe hypertension.514-517 Their efficacy may be deter-
mined by genetic polymorphisms.518 CCBs are equally effica-
cious in men and women, in patients with a high or low 
plasma renin activity regardless of dietary salt intake, and in 
African American, white, and Hispanic patients.519 The 
effects of CCBs are diminished in smokers.520 CCBs are 
effective and safe in patients with hypertension and coro-
nary artery disease,521 as well as in those with ESKD.522 CCBs 
also reduce adverse cardiovascular events and slow the pro-
gression of atherosclerosis in normotensive patients with 
coronary artery disease.523

Among the different categories, dihydropyridines appear 
to be the most powerful for reducing BP but may also be 
associated with greater activation of baroreceptor reflexes.524 
Dihydropyridines induce a greater shift in the sympathova-
gal balance that favors sympathetic predominance com-
pared to nondihydropyridines.451 In general, however, 
compared with other vasodilators, CCBs attenuate the reflex 
increase in sympathetic activity—increased heart rate, 
cardiac index, and plasma norepinephrine levels and renin 
activity.

Verapamil and, to a lesser extent, diltiazem exert greater 
effects on the heart and have less vasoselectivity. These 
drugs typically reduce the heart rate, slow AV conduction, 
and depress contractility (Table 50.19). The second- and 
third-generation CCBs consist of pharmacologically manip-
ulated formulations, whose half-lives are progressively 
longer.453

The use of CCBs is contraindicated in patients with 
severely depressed left ventricular function (except, perhaps, 
amlodipine or felodipine), hypotension, sick sinus syn-
drome (unless a pacemaker is in place), second- or third-
degree heart block, and atrial arrhythmias associated with 
an accessory pathway.439 The nondihydropyridines have 

Table 50.19  Hemodynamic Effects of Calcium Channel Blockers

Class

Arterio-
lar 
Dilation

Coro-
nary 
Dilation

Cardiac 
After-
load

Cardiac 
Contrac-
tility

Myocar-
dial O2 
Demand

Cardiac 
Output

AV 
Con-
duction

Sa Auto-
maticity

Heart Rate: 
Short Term/
Long Term

Activation of 
Baroreceptor 
Reflexes

Dihydropyridines ↑↑↑ ↑↑↑ ↓↓ ↔ ↓ ↓ or ↔ ↔ ↔ ↑/↑ ↑ or ↔
Diltiazem ↑↑ ↑↑↑ ↓ ↓ ↓ ↔ ↓ ↓↓ ↓/↓ or ↔ ↔
Verapamil ↑↑ ↑↑ ↓ ↓↓ ↓ ↔ ↓↓ ↓ ↓/↓ or ↔ ↔

AV, Atrioventricular; SA, sinoatrial. 

been associated with heart block in hyperkalemic patients.525 
These drugs should not be used as first-line antihypertensive 
agents in patients with heart failure, those who have expe-
rienced myocardial infarction, those with unstable angina, 
or African Americans with proteinuria of more than 300 mg 
protein/day.493 By contrast, CCBs are indicated and may be 
preferred in patients with metabolic disorders, such as dia-
betes, peripheral vascular disease, and stable ischemic heart 
disease. CCBs may also be ideal agents for older hyperten-
sive patients because they tend to lower the risk of stroke 
more than other hypertensive drug classes.526 Because CCBs 
are particularly effective in stroke prevention, they may also 
retard cognitive decline in older adults.380,527-529

CCBs are generally well tolerated and are not associated 
with significant impairments in glycemic control or sexual 
dysfunction.434 The rapid antihypertensive action of CCBs 
may encourage patient adherence. Orthostatic changes do 
not occur because venoconstriction remains intact. Adverse 
effects are usually transient and are the direct result of 
vasodilation. Hypotension is most common with intravenous 
administration. The most common adverse effect of the 
dihydropyridines is peripheral edema530; it is dose-related 
and thought to be the result of uncompensated precapillary 
vasodilation, which causes increased intracapillary hydro-
static pressure. The edema is not responsive to diuretics but 
improves or resolves with the addition of an ACE inhibitor 
or ARB, which preferentially vasodilates postcapillary beds 
and reduces intracapillary hydrostatic pressure.510 Other 
adverse effects related to vasodilation include headache, 
nausea, dizziness, and flushing and occur more commonly 
in women. The nondihydropyridines verapamil and isradip-
ine more commonly cause constipation and nausea. The 
gastrointestinal effects are directly related to the inhibition 
of calcium-dependent smooth muscle contraction—reduced 
peristalsis and relaxation of the lower esophageal sphincter. 
Another common adverse effect of the dihydropyridines is 
gingival hyperplasia, which is exacerbated in patients who 
are also taking cyclosporine. Dihydropyridines lead to the 
accumulation of gingival inflammatory B cell infiltrates as 
stimulated by bacterial plaque, immunoglobulins, and folic 
acid, which causes the growth of the gingiva.531 This growth 
can be controlled with regular periodontal treatment and 
reversed with discontinuation of the drug.532

CCBs are notable among antihypertensive agents because 
of their metabolic neutrality. Because the calcium influx 
across β cell membranes helps regulate insulin release,533 
CCBs might predispose to low insulin levels. At typical thera-
peutic levels, CCBs have no effect on the serum glucose 
level, insulin secretion, or insulin sensitivity in nondiabetic 
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cardioprotection to reduce reinfarction rates in patients 
who are intolerant of β-blockers (unless they have concomi-
tant heart failure)546 and in patients with chronic head-
aches.547 The BP-independent inhibition of atherogenesis 
by CCBs may be another indication to use a CCB, particu-
larly in high-risk patients, such as those with diabetes and 
ESKD.548,549 Furthermore, dihydropyridine CCBs are useful 
in the expulsion of ureteral stones550 in patients with asth-
matic bronchospasm551 for the treatment of primary pulmo-
nary hypertension.552,553

Ongoing trials are evaluating the use of CCBs in prevent-
ing or slowing the decline of dementia. A randomized trial 
that has confirmed a protective effect of antihypertensive 
treatment on the incidence of dementia has been the sys-
tolic hypertension in Europe (SYST-EUR) trial.528 In the 
SYST-EUR trial, subjects using nitrendipine were at a 55% 
lower risk of dementia compared to those receiving a 
placebo. Moreover, the specific effects of CCBs were sup-
ported by observational studies.554,555

In general, the antihypertensive effects of CCBs are 
enhanced more in combination with β-blockers or ACE 
inhibitors than in combination with diuretics.556-559 Perhaps 
this reflects the fact that CCBs themselves have intrinsic 
diuretic activity. In combination with ACE inhibitors, 
response rates approach 70% in patients with stage 1 to 3 
hypertension.558 It has been theorized that this particular 
combination (a dihydropyridine and ACE inhibitor) maxi-
mizes precapillary and postcapillary vasodilation to lower 
peripheral vascular resistance.

The combination of dihydropyridine CCBs with β-blockers 
is efficacious and even desirable in selected patients. CCBs 
have the potential to blunt the adverse effects associated 
with β-blockade, such as vasoconstriction, and β-blockers 
have the ability to attenuate the increased sympathetic  
stimulation induced by CCBs. Concomitant therapy with 
β-blockers and nondihydropyridine CCBs is potentially 
more dangerous because they may have additive effects in 
suppressing heart rate, AV node conduction, and cardiac 
contractility (Table 50.20). This combination may be par-
ticularly dangerous in patients with ESKD due to the effects 
of hyperkalemia on cardiac conduction.

Drug interactions are not uncommon (see Table 50.20). 
Concurrent use of a CCB and amiodarone exacerbates sick 
sinus syndrome and AV block. Diltiazem, verapamil, and 
nicardipine have been shown to increase the levels of 
cyclosporine (including the microemulsion formulation), 
tacrolimus, and sirolimus by 25% to 100%.560 This interac-
tion may be clinically useful for reducing the dosage and 
cost associated with immunosuppressive therapy. Frequent 
monitoring of calcineurin inhibitor levels is recommended. 
By contrast, nifedipine and isradipine have no effect on 
these concentrations and can be used safely. Diltiazem is 
a potent inhibitor of CYP3A4, which is responsible for the 
metabolism of methylprednisolone. Coadministration of 
diltiazem and methylprednisolone resulted in a more than 
a 2.5-fold increase in the steroid blood level and enhanced 
adrenal suppressive responses.561 Coadministration of dil-
tiazem also increased nifedipine levels by 100% to 200%.562 
This combination has additive antihypertensive efficacy 
and appears to be safe.563 Concomitant administration of 
CCBs with the digitalis glycosides resulted in up to a 50% 
increase in serum digoxin concentrations due to reduced 

and diabetic individuals. The use of CCBs was not signifi-
cantly associated with incident diabetes compared to other 
antihypertensive agents in a meta-analysis of randomized 
controlled trials.534 The association with diabetes was lowest 
for ACE inhibitors and ARBs, followed by CCBs, β-blockers, 
and diuretics.534 Furthermore, it was recently demonstrated 
that CCBs can even prevent diabetes and increase β-cell 
survival in vitro. The mechanism behind the β-cell mass 
destruction is the human islet cell protein TXNIP 
(thioredoxin-interacting protein), which is upregulated by 
hyperglycemia. Orally administered verapamil resulted in  
a reduction of TXNIP expression and β-cell apoptosis, 
enhanced endogenous insulin levels, and rescued mice 
from streptozotocin (STZ)-induced diabetes. Verapamil also 
promoted β cell survival and improved glucose homeostasis 
and insulin sensitivity in ob/ob mice.535

CCBs do not increase triglyceride or cholesterol levels 
and do not reduce HDL cholesterol levels. CCBs do not 
precipitate hyponatremia, hyperkalemia, hypokalemia, or 
hyperuricemia. Therefore, they are ideal agents for patients 
with dysmetabolic syndromes or diabetes. Initial trials have 
indicated that CCBs are more efficacious in African Ameri-
cans and older persons or those with low-renin hyperten-
sion. However, CCBs are equally efficacious in young and 
old, African American, white, diabetic, and obese patients. 
In older patients with hypertension or coronary artery 
disease, verapamil may cause more bradycardia than other 
agents, but second- or third-degree heart block is not seen.521 
In older patients receiving long-term treatment with ACE 
inhibitors, the addition of verapamil can reverse ACE 
inhibitor–induced increases in creatinine levels safely 
without further lowering BP.536 The hypothesis is that the 
ACE inhibition causes excess bradykinin and increases glo-
merular pressure to vasoconstriction in afferent and effer-
ent arterioles with endothelial damage and mesangial 
contraction. The addition of verapamil to an ACE inhibitor 
dilates afferent and efferent arterioles and reduces the 
mesangial contraction produced by endothelin-1. In addi-
tion, verapamil reduces consumption and may reduce glo-
merular injury by decreasing oxygen radicals.536 CCBs are 
safe and effective in older patients with stage 1 isolated 
systolic hypertension and can reduce progression to higher 
stages of hypertension.537 The latter may be a result of their 
ability to correct altered arteriole resistance vessels and 
endothelial function.538

Properties beyond their antihypertensive actions make 
the CCBs particularly useful in certain clinical situations. 
CCBs not only lower arterial pressure but also have variable 
effects on cardiac function. All CCBs are vasodilators and 
increase coronary blood flow. With the exception of the 
short-acting dihydropyridines, most CCBs reduce heart rate, 
improve myocardial oxygen demand, improve ventricular 
filling, diminish ventricular arrhythmias, reduce myocardial 
ischemia, and conserve contractility,539,540 making them ideal 
for patients with angina or diastolic dysfunction.521 In short-
term use, CCBs improve diastolic relaxation; when admin-
istered over a long term, they reduce left ventricular wall 
thickness,541 may prevent the development of hypertrophy, 
and may improve arterial compliance.542-544 This may be 
crucial in hypertensive patients because LVH is one of the 
strongest risk predictors for cardiovascular morbidity and 
mortality.545 Verapamil may also be used for secondary 
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respectively. This association was consistent for short-acting 
and long-acting dihydropyridines and nondihydropyridines. 
Diuretics, β-blockers, ACE inhibitors and ARBs, by contrast, 
were not associated with breast cancer.

The Seattle–Puget Sound Breast Cancer Study is a large, 
carefully performed, case-control study that attempted to 
exclude potential sources of bias (e.g., confounding by 
indication—hypertension, recall bias [as the medication was 
ascertained by self-report], and unknown confounders 
inherent in all nonrandomized studies).572 If true, the con-
clusion has major public health implications because CCBs 
are the ninth most commonly prescribed drug in the United 
States, with more than 90 million prescriptions filled. The 
two- to threefold fold increase in breast cancer, if confirmed, 
would represent a major modifiable risk factor for breast 
cancer. As such, efforts are presently underway to replicate 
these findings in general practice research database cohorts 
that link prescription information and cancer. Larger 
numbers would estimate the effect more precisely. Should 
the use of CCB be discontinued in individuals taking the 
drug for more than 10 years? At this point, probably not in 
most cases. The above results need to be confirmed as they 
emerge from an observational study; thus, they cannot 
prove causality. These results should not by themselves cause 
a change in clinical practice.572 These new findings need to 
be interpreted with caution but warrant additional investiga-
tion, especially in the context of prior studies that have had 
mixed results,.

The safety of CCBs in treating hypertension and cardio-
vascular disease is no longer controversial. There is clear 
evidence that CCBs reduce cardiovascular mortality and 
morbidity, particularly stroke; however, short-acting agents, 
such as nifedipine, have been associated with a small 
increased risk of MI in meta-analyses407,464 when compared 
with other agents. It has been speculated that the disadvan-
tageous activation of the RAAS and SNS induced by the 
short-acting agents may predispose to myocardial ischemia. 
Currently, there is no evidence to prove the existence of 

renal clearance of digoxin, an effect that appears to  
be dose-dependent.564 Insofar as dihydropyridine CCBs 
partially suppress aldosterone synthesis, they provide an 
attractive alternative for patients who cannot tolerate a 
blockade of the RAAS.565

Several issues regarding the inherent safety of CCBs have 
come under scrutiny. CCBs may be associated with an 
increased risk of gastrointestinal hemorrhage, particularly 
in older persons.566 Diltiazem inhibits platelet aggregation 
in vitro,567 but the clinical relevance of this finding has not 
been substantiated. Nonetheless, it is prudent to use caution 
when coadministering CCBs with NSAIDs because NSAIDs 
may exacerbate the risk of bleeding and may antagonize the 
antihypertensive effects of CCBs.568,569

Concern regarding a possible relationship between the 
long-term use of CCBs and breast cancer has recently been 
re-introduced.136,570 In view of previous small studies showing 
a breast cancer risk with CCBs, a meta-analysis has shown 
breast cancer risk in CCB users for longer than 10 years. 
This meta-analysis consisted of 17 observational studies, 9 
cohort studies, and 8 case-control studies.571 The studies 
included 149,607 subjects, of whom 53,812 were CCB users 
who were followed for 2 to 16 years. The relative risk for 
breast cancer in CCB users for more than 10 years was 1.71 
(95% CI, 1.01 to 2.42)—nifedipine 1.10 (95% CI, 0.87 to 
1.33) and diltiazem 0.75 (95% CI, 0.4 to 1.1).571

A recent population case-control study of breast cancer 
in the three-county Seattle–Puget Sound metropolitan area 
Cancer Surveillance System has shown that the use of CCBs 
for more than 10 years is associated with a more than twofold 
increase in the risk of invasive ductal and invasive lobular 
breast cancer.570 Participants were postmenopausal women 
aged 55 to 74 years; 880 had invasive ductal breast cancer, 
1027 had invasive lobular breast cancer, and 856 individuals 
who had no cancer served as controls. The use of CCBs for 
more than 10 years was associated with ductal breast cancer 
(odds ratio [OR], 2.4; 95% CI, 1.2 to 4/9; P = 0.04) and 
lobular breast cancer (OR, 2.6; 95% CI, 1.3 to 5.3; P = 0.01), 

Table 50.20  Drug-Drug Interactions with Calcium Channel Blockers

Calcium Channel Blocker Interacting Drug Result

Verapamil Digoxin Digoxin level ↑ by 50%-90%
Diltiazem Digoxin Digoxin level ↑ by 40%
Verapamil β-Blockers AV nodal blockade, hypotension, bradycardia, asystole
Verapamil, diltiazem Cyclosporine-tacrolimus and sirolimus Cyclosporine level ↑ by 25%-100%
Verapamil, diltiazem Cimetidine Verapamil and diltiazem levels ↑ by decreased metabolism
Verapamil Rifampin-phenytoin Verapamil level ↓ by enzyme induction
Dihydropyridines Amiodarone Exacerbation of sick sinus syndrome and AV nodal blockade
Dihydropyridines α-Blockers Excessive hypotension
Dihydropyridines Propranolol Increases propranolol level
Dihydropyridines Cimetidine Increased area under the curve and plasma level of calcium 

channel blocker
Nicardipine Cyclosporine Cyclosporine level ↑ by 40%-50%
Amlodipine Cyclosporine Cyclosporine level ↑ by 10%
Felodipine Flavonoids Bioavailability ↑ by 50%
Diltiazem Methylprednisone Methylprednisone ↑ 2.5-fold
Nifedipine Diltiazem Nifedipine level ↑ 100%-200%

AV, Atrioventricular.
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release and turnover, as evidenced by decreased biochemi-
cal markers of noradrenergic activity, such as plasma nor-
epinephrine levels, correlated with the magnitude of BP 
decreases.

Stimulation of both receptor types is probably mediated 
through the same neuronal pathways.581 The classic α2-
receptor agonists, such as clonidine and α-methyldopa 
(acting through its active metabolite, α-methylnoradrenaline), 
result in vasodilation in the resistance vessels and thus a 
reduction in peripheral vascular resistance. As a result, BP is 
reduced. Despite vasodilator action, reflex tachycardia gen-
erally does not occur, probably as a result of peripheral sym-
pathetic inhibition.

The selective I1 receptor agonists moxonidine and ril-
menidine are predominantly arterial vasodilators that lead 
to a reduction in peripheral vascular resistance.576 Moxoni-
dine is associated with a reduction in plasma renin activity. 
The central α2-adrenergic agonists may also stimulate 
peripheral α2-adrenergic receptors. This effect predomi-
nates at high drug concentrations. These receptors mediate 
vasoconstriction, which may result in a paradoxic increase 
in BP.573 Overall, these drugs generally result in a decrease 
in peripheral vascular resistance, slowing of the heart  
rate, and either no change or a mild decrease in cardiac 
output.581,582 Orthostatic hypotension is generally not a 
feature of these drugs. The pharmacokinetic and pharma-
codynamic properties of these drugs are shown in Tables 
50.22 and 50.23.

CLASS MEMBERS
Methyldopa is a methyl-substituted amino acid that is active 
after conversion to an active metabolite. This active metabo-
lite, α-methylnorepinephrine, accumulates in the CNS and 
is selective for α2-adrenergic receptors. The initial dosage of 
methyldopa in hypertension is 250 mg two to three times 
daily. This dose may be increased at intervals of not less than 
2 days until a therapeutic response is achieved. The usual 
maintenance dosage is 500 mg to 2 g daily in two to four 
doses. The maximum recommended daily dose is 3 g. An 
initial response occurs within 3 to 6 hours after dosing. The 
peak response occurs at 6 to 9 hours. The drug is approxi-
mately 50% metabolized by the liver. The drug half-life is 
increased in patients with renal failure. Excretion in the 
urine is largely in the form of an inactive metabolite. The 
dosing interval should be increased to every 12 to 24 hours 

additional beneficial or detrimental effects of CCBs on coro-
nary disease events, including fatal or nonfatal MIs and 
other deaths from coronary heart disease. Because of a 
potential risk, however, as well as for simplicity and improved 
patient adherence, longer acting agents should be consid-
ered over short-acting CCBs for the management of 
hypertension.

CENTRAL ADRENERGIC AGONISTS

CLASS MECHANISMS OF ACTION
Central adrenergic agonists act by crossing the blood-brain 
barrier and have a direct agonist effect on α2-adrenergic 
receptors located in the midbrain and brainstem.559,573,574 
Binding to the more recently described I1 imidazoline 
receptors in the brain may also play a role in the inhibition 
of central sympathetic output.575-580,5 Drugs in this class bind 
to the α-adrenergic or I1 imidazoline receptors with some 
degree of specificity (Table 50.21). Moxonidine and rilmen-
idine have a 30-fold greater specificity for the I1 imidazoline 
receptor than the α2-receptor. Clonidine, by contrast, exhib-
its a fourfold greater specificity for the I1 imidazoline recep-
tor than for the α2-receptor. The central adverse effects are 
thought to be largely related to α2-receptor binding. Mox-
onidine and rilmenidine have reduced central side effects 
because of the lower activity at the α2-receptor relative to 
other agents.580,581 In addition to decreasing the total sym-
pathetic outflow, binding to these receptors results in 
increased vagal activity. A reduction in catecholamine 

Table 50.22  Pharmacokinetic Properties of Central Adrenergic Agonists

Drug
Bioavailability 
(%)

Affected by 
Food

Peak Blood 
Level (hr)

Elimination 
Half-Life (hr) Metabolism Excretion

Active 
Metabolites

Clonidine (Catapres) 50 — — 6-23 L F (30%-50%)
U (24%)

Methyldopa-
o-sulfite

α-Methyldopa (Aldomet) 65-96 — 1.5-5 6-23 L F (22%)
U (65%)

—

Guanabenz (Wytensin) 75 — 2-5 7-10 L F (16%) —
Guanfacine (Tonex) 80 — 1-4 17 L U (40%-75%) —
Rilmenidine (Hyperium) 80-90 No 2 2-3 L U (90%) —
Moxonidine (Physiotens) 100 No 0.5-3 2 L U (90%) —

F, Feces; L, liver; U, urine.

Table 50.21  Receptor Binding of Centrally 
Acting Antihypertensives

Drug Receptor

Clonidine α2, I1
α-Methyldopa α2
Guanabenz α2
Guanfacine α2
Rilmenidine I1 > α2
Moxonidine I1 > α2

α2, α2-Adrenergic receptor; I1, imidazole receptor. 
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management of hypertension, the starting dosage is 0.2 to 
0.4 mg/day. The dosage may be increased after several 
weeks to 0.2 to 0.3 mg twice daily. The maximum daily dose 
is 0.6 mg. Selectivity for the I1 imidazoline receptor results 
in fewer central adverse effects, such as dry mouth and seda-
tion, compared with those of clonidine. Drug clearance is 
delayed in those with renal impairment. Single doses of 
0.2 mg and a maximum daily dosage of 0.4 mg should not 
be exceeded in patients with renal failure.

Rilmenidine is a centrally acting imidazole receptor and 
α2-adrenergic receptor agonist.157,579,586-590 Rilmenidine binds 
preferentially to central I1 imidazoline receptors in the 
brainstem. At higher doses, rilmenidine can bind and acti-
vate central α2-adrenergic receptors. Antihypertensive 
effects occur within 1 hour after a single 1-mg dose. The 
duration of action is 10 to 12 hours. The concentration  
after oral dosing peaks at approximately 2 hours. Steady-
state plasma levels are reached by day 3. Rilmenidine is 
eliminated primarily unchanged in the urine. In chronic 
renal failure, clearance of the drug is decreased. The usual 
oral dosage is 1 mg once or twice daily. Dosage reductions 
are required for patients with renal dysfunction. In patients 
with advanced renal disease, the dosage should be decreased 
to 1 mg every other day.

CLASS RENAL EFFECTS
Central α2- and I1 imidazoline receptor agonists have little if 
any clinically important effect on renal plasma flow, GFR, or 
the RAAS. The fractional excretion of sodium is unchanged. 
Body fluid composition and weight are not altered. A  
water diuresis may be associated with the use of guanabenz 
through inhibition of the central release of vasopressin or 
altered renal responsiveness to vasopressin. These agents 
may result in decreased renal vascular resistance, as mediated 
by a decrease in preglomerular capillary resistance related to 
decreased levels of circulating catecholamines.

CLASS EFFICACY AND SAFETY
The antihypertensive efficacy of this class of drugs has been 
confirmed in large numbers of patients. These agents 
provide effective monotherapy for hypertension.573 Combi-
nation with a diuretic is associated with additive effects. 
Drugs in this class are effective for young and old patients, 
and the effects do not differ in different racial or ethnic 
groups. Moxonidine and rilmenidine have been associated 
with decreased plasma glucose levels and may improve 
insulin sensitivity. These drugs may also decrease total  
cholesterol, LDL, and triglyceride levels575,591,592 and may 
play a role in the management of metabolic syndrome. They 

in patients with severe renal failure. Approximately 60% of 
methyldopa is removed with hemodialysis. A supplemental 
dose is recommended after dialysis treatment.

Clonidine is a central-acting α-adrenergic agonist.157,577,583 
The usual oral dosage is 0.1 mg twice daily, adjusted as nec-
essary in 0.1- to 0.2-mg increments. The usual maintenance 
dosage is 0.2 to 0.6 mg once daily in two divided doses. Total 
doses more than 1.2 mg daily are usually not associated with 
a greater effect. The onset of activity is 30 to 60 minutes 
after an oral dose. The peak antihypertensive activity occurs 
within 2 to 4 hours. The duration of the antihypertensive 
effect is 6 to 10 hours. The half-life of the absorbed drug is 
6 to 23 hours. Hepatic metabolism to inactive metabolites 
is followed by renal excretion. Transdermal patches are 
available and may be applied on a once-weekly basis. The 
drug half-life with the transdermal patch is approximately 
20 hours after removal of the patch. With a transdermal 
patch, steady-state drug levels are reached within approxi-
mately 3 days. Dosage adjustment is not needed for patients 
with any degree of renal dysfunction, including severe renal 
failure. Approximately 5% of clonidine body stores are 
removed after a 5-hour dialysis treatment.

Guanabenz is an orally active, central α2-adrenergic 
agonist.573 The usual starting dosage for the management of 
hypertension is 4 mg twice daily. Dosages may be increased 
to 4 to 8 mg/day at 1- to 2-week intervals. Dosages as high 
as 96 mg/day have been used. The onset of antihypertensive 
activity usually occurs within 60 minutes, and the activity 
lasts approximately 10 to 12 hours. The drug is highly 
protein-bound and extensively metabolized. Less than 1% 
of the unchanged drug is excreted in the urine. The half-life 
of the drug is 7 to 10 hours. Dosage adjustment in patients 
with renal failure is not necessary. It appears that dosage 
reductions may be necessary in patients with severe hepatic 
insufficiency. Because of extensive protein binding, drug 
removal by dialysis or peritoneal dialysis is minimal.

Guanfacine is a centrally acting antihypertensive drug 
with actions similar to those of clonidine.573 Effective dosages 
are 1 to 3 mg daily. Peak levels are noted between 1 and 4 
hours. The drug half-life is approximately 17 hours. The 
drug is 70% protein-bound. It is metabolized in the liver, 
with a renal excretion of 40% to 75% as an unchanged drug. 
Limited data are available on dosing in renal failure; 
however, dosage adjustments do not appear warranted.

Moxonidine is a central I1 imidazole and α2-receptor 
agonist.157,584,585 Serum concentration peaks are reached 
within 30 to 180 minutes; 90% of the dose is excreted 
through the urine within 24 hours, and 50% of this is as 
unchanged drug. The average half-life is 2 hours. For the 

Table 50.23  Pharmacodynamic Properties of Central Adrenergic Agonists

Drug Initial Dose (mg) Usual Dose (mg) Maximum Dose (mg) Interval
Peak 
Response (hr)

Duration of 
Response (hr)

Clonidine 0.1 0.1-0.6 1.2 bid 2-4 6-10
α-Methyldopa 250 250-500 3000 bid, qid 6-9 24-48
Guanabenz 4 16-32 96 bid 2-4 10-12
Guanfacine 1 1-3 6 qd, bid 6 24
Moxonidine 0.1-0.2 0.2-0.3 0.6 bid 1.5-4 48-72
Rilmenidine 1 1-2 — qd, bid 1-2 10-12
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perhaps mediated by decreased sympathetic stimulation of 
vascular α-adrenergic receptors. Significant effects on the 
RAAS have not been observed. Renal handling of sodium 
and potassium is unchanged.

EFFICACY AND SAFETY
Reserpine provides effective therapy as a single agent or in 
combination with hydrochlorothiazide.594,595 This has been 
observed in numerous large and small trials, including the 
Veterans Administration Cooperative Study on Antihyper-
tensive Agents, Hypertension Detection and Follow-up 
Program, and the Multiple Risk Factor Intervention Trial. 
Reserpine used in combination with a diuretic has shown 
comparable efficacy to combinations of β-blockers and 
diuretics. In these studies, the dosage of reserpine was 
between 0.1 and 0.3 mg daily, which is many times lower 
than the dosages used in the 1960s that led to reserpine’s 
reputation as having a poor side effect profile. The most 
common adverse effect of reserpine is nasal congestion, 
which is reported in 6% to 20% of patients. Unlike other 
adverse effects, nasal congestion does not appear to decrease 
at lower drug dosages and is thought to be related to the 
cholinergic effects of the drug. Increased gastric motility 
and gastric acid secretion can occur; however, the incidence 
of dyspepsia or peptic ulcer disease with reserpine therapy 
is not greater than that with other antihypertensive drug 
treatments. Inability to concentrate, sedation, sleep distur-
bance, and depression have been reported. Other adverse 
effects include weight gain, increased appetite, and sexual 
dysfunction. Early suggestions that reserpine causes breast 
cancer in women were not confirmed.

DIRECT-ACTING VASODILATORS

CLASS MECHANISMS OF ACTION
The direct-acting vasodilators reduce systolic and diastolic 
BPs by decreasing peripheral vascular resistance. These 
drugs act directly on vascular smooth muscle with the selec-
tive vasodilation of the arteriolar resistance vessels and have 
little or no effect on the venous capacitance vessels.596 There 
is no effect on the functioning of carotid or aortic barore-
ceptors. The vasodilating effects are thought to involve inhi-
bition of calcium uptake into the cells. Decreases in arterial 
pressure are associated with a decrease in peripheral resis-
tance and a reflex increase in cardiac output. Sodium and 
water retention are promoted secondary to the stimulation 
of renin release and possibly by direct effects on renal 
tubules. The arteriolar dilation produced by these drugs 
causes a decrease in cardiac afterload,596 and the absence of 
venodilation leads to an increase in venous return to the 
heart, which produces an elevated preload. These com-
bined effects result in increased cardiac output.596 The phar-
macokinetic and pharmacodynamic properties of these 
drugs are shown in Tables 50-24 and 50-25.

CLASS MEMBERS
The initial oral dosages of hydralazine for hypertension 
should be 10 mg four times daily, increasing to 50 mg four 
times daily over several weeks. Patients may require dosages 
of up to 300 mg/day. Dosing can be changed to twice daily 
for maintenance. The drug may also be used as an intrave-
nous bolus injection or as a continuous infusion. The 

may also be of benefit in patients with congestive heart 
failure. Treatment with rilmenidine and moxonidine 
reverses LVH and improves arterial compliance. This effect 
was associated with a reduction in plasma levels of atrial 
natriuretic peptide.

Stimulation of α2-adrenergic receptors in the CNS induces 
several adverse effects of these drugs, including sedation 
and drowsiness. The most common adverse effect related to 
α2-adrenergic activation is dry mouth caused by a decrease 
in salivary flow. This decrease is due to centrally mediated 
inhibition of cholinergic transmission. Clonidine in high 
doses may precipitate a paradoxic hypertensive response 
related to the stimulation of postsynaptic vascular α2-
adrenergic receptors.573 Methyldopa use has been associated 
with a positive result on the direct Coombs test in patients 
with and without hemolytic anemia.573 Because of a long 
history of safe use during pregnancy, methyldopa remains a 
common therapeutic agent for hypertensive disorders of 
pregnancy and for essential hypertension during preg-
nancy.559,574 The α2-adrenergic agonists are associated with 
sexual dysfunction and may produce gynecomastia in men 
and galactorrhea in men and women.

Abrupt cessation of α2-adrenergic blockers may result in 
rebound hypertension, which occurs 18 to 36 hours after 
the cessation of short-acting agents.593 Patients may experi-
ence tachycardia, tremor, anxiety, headache, nausea, and 
vomiting. This syndrome may be related to downregulation 
of the α2-adrenergic receptors in the CNS as associated with 
long-term therapy. These agents have a higher specificity for 
the I1 receptor and appear to produce significantly fewer 
CNS effects, such as dry mouth and drowsiness. Rebound 
hypertension secondary to abrupt withdrawal has not been 
associated with moxonidine or rilmenidine.

CENTRAL AND PERIPHERAL ADRENERGIC 
NEURONAL BLOCKING AGENT

MECHANISMS OF ACTION AND CLASS MEMBER
Reserpine, a Rauwolfia alkaloid, reduces BP by decreasing 
the activity of central and peripheral noradrenergic neurons. 
Reserpine blocks noradrenaline and dopamine uptake into 
the storage granules of noradrenergic neurons. The result 
is noradrenaline depletion. A similar effect is seen in central 
dopaminergic and serotoninergic neurons. At the dosages 
currently used to treat hypertension, the major effect of the 
use of reserpine is in the CNS. Reserpine results in a rapid 
reduction in cardiac output, heart rate, and peripheral vas-
cular resistance. Enhanced vagal activity may also be 
involved. Tolerance to the antihypertensive effects of reser-
pine does not occur.

Reserpine is used at initial dosages of 0.1 to 0.25 mg 
daily.594 Approximately 40% of an oral dose is absorbed. The 
half-life is 50 to 100 hours. Extensive hepatic metabolism 
occurs; 1% is recovered as unchanged compound in the 
urine. The maximal clinical effect is observed 2 to 3 weeks 
after initiation of therapy. No dosage adjustment is neces-
sary for patients with renal insufficiency. Dosage supplemen-
tation is not required after hemodialysis.

RENAL EFFECTS
The GFR and renal plasma flow are not affected by reser-
pine therapy. Renal vascular resistance may be reduced, 
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Retention of salt and water may be due to direct drug effects 
on the proximal convoluted tubule. Renal vascular resis-
tance is decreased in association with a relaxation of resis-
tance vessels.596 GFR and renal plasma flow are preserved.

Hydralazine may reduce BP compared to placebo in 
patients with primary hypertension; however, these results 
are based on before and after studies, not on randomized 
controlled trials. Furthermore, the effect of this drug on 
cardiovascular outcomes remains unstudied.

CLASS EFFICACY AND SAFETY
Although minoxidil has been used to treat mild to moderate 
hypertension, it is commonly reserved for severe or intrac-
table hypertension. When added to a diuretic and β-blocker, 
minoxidil is generally well tolerated. Hypertrichosis is, 
unfortunately, a common adverse effect and is not tolerated 
well by many patients. Pericarditis and pericardial effusions 
have been described.599 An increase in left ventricular mass 
has been reported, which may be due to adrenergic 
hyperactivity.

Similar findings have been observed with hydralazine. In 
addition to adrenergic activation and fluid retention, long-
term treatment with hydralazine has been associated with 
the development of systemic lupus erythematosus. Gener-
ally, this syndrome occurs early in therapy, but can develop 
after many years of treatment. A positive result in the  
antinuclear antibody titer is used to confirm a clinical diag-
nosis of lupus. It has been estimated that between 6% and 
10% of patients receiving high doses of hydralazine for 
longer than 6 months develop hydralazine-induced lupus.600 
It is seen most frequently in women and rarely in African 
Americans. This syndrome occurs primarily in slow acetyl-
ators and is reversible when hydralazine is discontinued, but 
months may be required for complete clearing of symp-
toms. Hydralazine has been frequently used to treat 
pregnancy-associated hypertension in view of its relatively 
low teratogenicity.

elimination half-life is 1.5 to 8 hours and varies with the 
acetylation rate in the liver. Slow and fast acetylators have 
been described. The onset of action is approximately 1 
hour. In patients with mild to moderate renal insufficiency, 
the dosing interval should be increased to every 8 hours. In 
patients with severe renal failure, the dosing interval should 
be increased to every 8 to 24 hours. No dosage supplement 
is required after hemodialysis or peritoneal dialysis (see 
Table 50.6).

Minoxidil is more potent than hydralazine. For severe 
hypertension, the initial recommended dosage is 2.5 mg as 
a single daily dose, increasing to 10 to 20 or 40 mg in single 
or divided doses. Minoxidil is usually used in conjunction 
with salt restriction and diuretics to prevent fluid retention. 
Concomitant therapy with a β-adrenergic blocking agent is 
often required to control tachycardia related to minoxidil 
use. The onset of the antihypertensive effect is within 30 to 
60 minutes. The peak response occurs at 4 to 8 hours. The 
drug is 90% metabolized by the liver. The glucuronide 
metabolite has reduced pharmacologic effects but accumu-
lates in patients with ESKD. Renal excretion is 90%. Dosage 
adjustments may be required for patients with renal failure, 
although the mean daily doses required to control BP are 
similar in patients with normal renal function and in those 
with renal failure (see Table 50.6).

The effectiveness of minoxidil in patients with resistant 
hypertension has been well established.597,598 Minoxidil is 
frequently a therapy of last resort in patients with CKD 
unresponsive to other therapies. It must generally be used 
in combination with a β-blocker and a loop diuretic to 
prevent tachycardia and fluid retention.

CLASS RENAL EFFECTS
Hydralazine and minoxidil both increase the juxtaglomeru-
lar cell secretion of renin, which is associated with increased 
Ang II and aldosterone levels. Long-term use is associated 
with the return of plasma aldosterone levels to baseline. 

Table 50.24  Pharmacokinetic Properties of Direct-Acting Vasodilators

Drug
Bioavailability 
(%)

Affected by 
Food

Peak Blood 
Level (hr)

Elimination 
Half-Life (hr) Metabolism Excretion

Active 
Metabolites

Hydralazine (Apresoline) 20-50 No 1-2 1.5-8 L U (3%-14%)
F (3%-12%)

—

Minoxidil (Loniten) 90-100 — 1 4.2 L U (90%)
F (3%)

Glucuronide

F, Feces; L, liver; U, urine.

Table 50.25  Pharmacodynamic Properties of Direct-Acting Vasodilators

Drug
Initial Dose 
(mg)

Usual 
Dose (mg)

Maximum Dose 
(mg) Interval

Peak Response 
(hr)

Duration of 
Response (hr)

Hydralazine 10 200-400 400 bid, qid 1 3-8
Minoxidil 2.5 10-20 40 qd, qid 4-8 10-12
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CLASS RENAL EFFECTS
Endothelin receptor antagonists have been used to study 
the role of endothelin in the development of acute and 
chronic renal failure in different experimental models.613 
Clinical studies using endothelin receptor blockers have 
shown improvement in proteinuria. This effect is indepen-
dent of the antiproteinuric effects of inhibition of the RAAS 
and may help relieve renal injury.614 What is unknown is 
whether the selective blockage of the ET-A receptor over the 
ET-B receptor will provide a greater opportunity for using 
endothelin receptor antagonists, not only to control BP but 
also to mitigate renal ischemia and reduce proteinuria.

CLASS EFFICACY AND SAFETY
Despite the BP reduction evident with these drugs, clinical 
progress in defining the therapeutic index of bosentan and 
darusentan or other similar compounds is not yet evident. 
Whether this is related to concerns about tolerability, devel-
opment of competing products with a better tolerability 
profile, or teratogenic potential of endothelin receptor 
blockade, as shown in experimental models, is unknown. 
These drugs may ultimately have a benefit for patients with 
resistant hypertension.

MODERATELY SELECTIVE PERIPHERAL  
α1-ADRENERGIC ANTAGONISTS

CLASS MECHANISMS OF ACTION
The nonselective agents phentolamine and phenoxybenza-
mine have an occasional role in hypertension management. 
Phentolamine is administered parenterally, and the longer 
acting agent phenoxybenzamine has been used orally for 
the management of hypertension associated with pheochro-
mocytoma.615 Phenoxybenzamine is a moderately selective, 
peripheral α1-adrenergic antagonist. Its specificity for the 
α1-adrenergic receptor is 100 times greater than that for the 
α2-adrenergic receptor.

CLASS MEMBERS
Phenoxybenzamine is a long-acting α-adrenergic blocking 
agent. This agent irreversibly and covalently binds to 
α-receptors only. β-Receptors and the parasympathetic system 
are not affected by phenoxybenzamine. The total peripheral 
resistance is decreased, and cardiac output increases with 
phenoxybenzamine. Phenoxybenzamine is also believed to 
inhibit the uptake of catecholamines into adrenergic nerve 
terminals and extraneural tissues. The usual oral dosage of 
phenoxybenzamine for the treatment of pheochromocytoma 
is initially 10 mg twice daily, with the dosage gradually 
increased every other day to dosages ranging between 20 and 
40 mg two or three times daily. The final dosage should be 
determined by the BP response. Phenoxybenzamine may be 
administered with a β-blocking agent if tachycardia becomes 
excessive during therapy. The pressor effects of a pheochro-
mocytoma must be controlled by α-blockade before β-blockers 
are initiated. With oral use, the pheochromocytoma symp-
toms decrease after several days. The oral bioavailability is 
20% to 30%. The drug is extensively metabolized by the liver. 
Phenoxybenzamine should be administered cautiously to 
patients with renal impairment. Specific dosage recommen-
dations are not available.

ENDOTHELIN RECEPTOR ANTAGONISTS

Endothelin receptor antagonists may have a future role in 
the management of hypertension.601 Endothelin is among 
the most potent endogenous vasoconstrictors known.602 It 
also enhances mitogenesis and induces extracellular matrix 
formation. The drug is thought to be involved in vascular 
remodeling and end-organ damage under several different 
cardiovascular conditions.603 As a result of the understand-
ing of these actions, endothelin receptors are attractive 
targets for the development of blocking agents.

CLASS MECHANISM OF ACTION AND  
CLASS MEMBERS
An effort to explore the usefulness of endothelin receptor 
antagonists in the management of hypertension is logical, 
given the fact that endothelin is such a powerful vasocon-
strictor. The two primary receptor sites, endothelin type A 
(ET-A) and endothelin type B (ET-B), can be selectively 
blocked with different chemicals, or both sites can be 
blocked simultaneously. These compounds function as spe-
cific vasodilators.

Originally, these compounds were studied in patients with 
heart failure or pulmonary hypertension.604-608 The results 
of the studies in pulmonary hypertension have been encour-
aging. Bosentan, a mixed ET-A/ET-B receptor antagonist, 
has shown strong promise. Its use has led to improvement 
in exercise capacity, hemodynamic parameters, and World 
Health Organization functional class over 1 year. It has been 
hypothesized that selective ET-A receptor antagonists might 
offer greater benefits in patients with systolic heart failure 
than nonselective agents, such as bosentan. It is thought 
that stimulation of ET-B receptors by the endothelin-induced 
release of nitric oxide and prostaglandins may lead to vaso-
relaxation. ET-B receptors may also regulate the clearance 
of endothelin from the circulation.609 Thus, some consider 
the use of selective ET-A receptor blockers to be a better 
therapeutic strategy.610 Other studies of the use of endothe-
lin blockers to treat heart failure have not been encourag-
ing, particularly when the drugs were used in conjunction 
with other approved therapies604,605

Bosentan has been studied in the management of hyper-
tension. A large placebo-controlled trial lasting 4 weeks 
demonstrated a dose-dependent reduction in BP compared 
with placebo when bosentan was dosed from 100 mg once 
daily up to 1000 mg twice daily.611 The mean reduction in 
diastolic BP of 5.8 mm Hg across all dosages at or above 
5 mg/day was almost identical to that seen with 20 mg of 
enalapril. The most common adverse effects were periph-
eral edema, flushing, headache, and some alterations in 
liver enzyme levels.

Darusentan, a selective ET-A receptor antagonist, has also 
been studied in a large placebo-controlled trial comparing 
dosages of 10 to 100 mg/day over a 6-week period.612 
Placebo-subtracted reductions in BP were best with the 
100-mg dose and approximated 11.3 mm Hg. This dosage 
was associated with adverse side effects more than lower 
dosages, with reports of headache, flushing, and peripheral 
edema. There was no evidence of alteration in hepatic 
enzyme levels. Subsequent studies have demonstrated that 
darusentan has important BP-lowering effects in patients 
with resistant hypertension.
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sympathetic nerve terminals, act at the α1-adrenergic recep-
tor located postjunctionally in the blood vessel wall. The 
affinity of these drugs for the α2-receptor is very low. Because 
of the selective α1 action, there is no interference with the 
negative feedback control mechanisms that are mediated by 
the prejunctional α2-receptors. As a result, the reflex tachy-
cardia associated with the blockade of the presynaptic α2-
receptor decreases substantially. The pharmacokinetic and 
pharmacodynamic properties of these drugs are shown in 
Tables 50-26 and 50-27.

CLASS MEMBERS
Doxazosin is a selective long-acting α1-adrenergic antago-
nist. The initial antihypertensive dosage is 1 mg daily. This 
dose can be titrated up to a maximum of 16 mg daily. The 
maximal antihypertensive effect is seen 4 to 8 hours after a 
single dose. The drug is highly plasma protein-bound and 
extensively metabolized. Most of the administered dose is 
excreted in the feces. The estimated half-life ranges from 9 
to 22 hours. Doxazosin pharmacokinetics are not altered in 
patients with renal impairment. The drug should be used 
with caution in patients with advanced liver dysfunction.

The availability of extended-release formulations of these 
drugs has improved tolerability. The use of doxazosin has 
declined after the Data Safety Monitoring Board for the 
ALLHAT study decided to discontinue the doxazosin-
treatment arm of the study based on the finding that a sig-
nificantly higher percentage of patients on doxazosin 
developed stroke and congestive heart failure.616 The 
ASCOT study conducted a nonrandomized, non–placebo-
controlled study that showed doxazosin to be an effective 
and safe third-line antihypertensive agent.617 The ASCOT 
trial conducted an observational analysis of blood among 
10,069 participants as a third-line drug. A doxazosin GITS 
was given to 10,069 participants in dosages ranging from 4 
to 7 mg. The BP fell by an average of almost 12/7 mm Hg 
and modest reductions were seen in total and LDL choles-
terol levels but only a small increase in fasting plasma 

Phentolamine is an α-adrenergic blocking agent that pro-
duces peripheral vasodilation and cardiac stimulation, with 
a resulting decrease in BP in most patients. The drug is used 
parenterally. The usual dose is 5 mg, repeated as needed. 
The onset of activity with intravenous dosing is immediate. 
The drug is not absorbed well orally; its half-life is 19 
minutes. It is metabolized by the liver, with 10% excreted in 
the urine as unchanged drug.

CLASS RENAL EFFECTS
Phenoxybenzamine has no clear effect on the RAAS. Blood 
volume and body weight are not altered. Salt and water 
retention do not occur. GFR and effective renal plasma flow 
would be expected to increase. Renal vascular resistance 
probably decreases in proportion to the degree of blockade 
of α-adrenergic receptors.

CLASS EFFICACY AND SAFETY
Phenoxybenzamine is used primarily as an agent to coun-
teract the excessive α-adrenergic tone associated with 
pheochromocytoma. Tachycardia may result from an α-
adrenergic blockade, which unmasks β-adrenergic effects 
with epinephrine-secreting tumors. This may be controlled 
with concurrent use of a β-adrenergic antagonist. α-
Adrenergic blockade must be initiated before β-adrenergic 
blockade to avoid paradoxic hypertension. Adverse effects 
of phenoxybenzamine are sedation, weakness, nasal conges-
tion, hypertension, and tachycardia.

PERIPHERAL α1-ADRENERGIC ANTAGONISTS

CLASS MECHANISMS OF ACTION
Drugs of the peripheral α1-adrenergic antagonist class, 
including doxazosin, prazosin, and terazosin, are selective 
antagonists of the postsynaptic α1-adrenergic receptor. 
These drugs, which blunt the increases in arteriolar and 
venous tone mediated by norepinephrine released from 

Table 50.26  Pharmacokinetic Properties of Peripheral α1-Adrenergic Antagonists

Drug
Bioavailability 
(%)

Affected 
by Food

Peak Blood 
Level (hr)

Elimination 
Half-Life (hr) Metabolism Excretion

Active 
Metabolites

Doxazosin (Cardura) 62-69 No 2-5 9-22 L F (63%-65%)
U (1%-9%)

—

Prazosin (Minipress) — No 1-3 2-4 L F —
Terazosin (Hytrin) 90 Yes 1 12 L F (45%-60%)

U (10%)
—

F, Feces; L, liver; U, urine.

Table 50.27  Pharmacodynamic Properties of Peripheral α1-Adrenergic Antagonists

Drug Initial Dose (mg) Usual Dose (mg)
Maximum 
Dose (mg) Interval

Peak Response 
(hr)

Duration of 
Response (hr)

Doxazosin 1 8 16 qd, qid 4-8 24
Prazosin 1 3-20 20 bid, qid 0.5-1.5 10
Terazosin 1 5 20 qd, bid 3 24
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LDL cholesterol and a small increase in HDL cholesterol 
levels. This metabolic benefit may be linked to the beneficial 
effect on insulin responsiveness, leading to increased 
peripheral glucose uptake.

The most important adverse effect of α1-adrenergic recep-
tor blockers is the first-dose orthostatic hypotension effect, 
resulting in lightheadedness, palpitations, and occasionally 
syncope. This is related to the drug effect on the venous 
capacitance vessels, which results in venous dilation and 
inadequate venous return. It may occur when peak drug 
levels are reached 30 to 90 minutes after the first dose; it 
can be minimized by initiating therapy with a small dose 
taken at bedtime.623 This effect can be exacerbated in 
patients with underlying autonomic insufficiency.

α1-Adrenergic antagonists are also used for the symptom-
atic management of prostatic hypertrophy. Prostatic smooth 
muscle has significant α1-adrenal receptor expression. 
Blockade of these receptors results in smooth muscle relax-
ation within the prostate.624,625 Terazosin has been marketed 
in combination with amlodipine for male patients with 
hypertension and lower urinary tract symptoms.626

RENIN INHIBITORS

The earliest renin-inhibiting compounds in development 
included aliskiren, zankiren, and remikiren. However, due 
to problems with oral bioavailability, only aliskiren has been 
approved for the treatment of hypertension.

CLASS MECHANISM OF ACTION AND  
CLASS MEMBER
Aliskiren was designed through a combination of molecular 
modeling techniques and crystal structure elucidation.627 It 
is a potent and specific inhibitor of human renin in vitro 
(the concentration that inhibits 50% = 0.6 nmol/L). Aliski-
ren was the first in a new class of orally effective, nonpep-
tide, low-molecular-weight renin inhibitors used for the 
management of hypertension (see Figure 50.2).628,629 Renin 
inhibition interferes with the first and rate-limiting step in 
the renin enzyme cascade, the interaction of renin with its 
substrate angiotensinogen. The renin blockade step is an 
attractive target for hypertension therapeutics, in large  
part due to the remarkable specificity of renin for its  
substrate.630 This specificity reduces the likelihood of 
unwanted interactions and possible adverse effects. In addi-
tion, unlike ACE inhibitors or ARBs, which lead to a reactive 
increase in renin and associated angiotensin peptides, only 
renin inhibition renders the RAAS quiescent. Although 
aliskiren has low inherent bioavailability (2.6%), it is potent 
in reducing BP and has an effective half-life of 40 hours.631 
The drug is not actively metabolized by the liver and is pri-
marily excreted in the urine, with most of it as unchanged 
drug. CYP enzymes are not involved in the metabolism of 
aliskiren. Thus, clinically significant CYP inhibition by aliski-
ren is unlikely.632

CLASS RENAL EFFECTS
Renin inhibitors offer substantial promise for renal protec-
tion in that they provide not only BP reduction, but also an 
opportunity to attenuate the activity of the RAAS without a 
reactive increase in renin or other angiotensin peptides. 
Experimental studies have demonstrated the usefulness of 

glucose concentrations. There was no excess of heart failure 
seen.

Prazosin is a selective α1-adrenergic antagonist that is 
structurally related to doxazosin and terazosin. Oral dosing 
is 3 to 20 mg/day. A first-dose phenomenon with postural 
hypotension resulting in palpitations, tachycardia, and 
potentially syncope has been associated with prazosin. This 
can be minimized by limiting the initial dose to 1 mg at 
bedtime. Full therapeutic effects are seen within 4 to 8 
weeks after initiation of therapy. Peak serum levels are 
reached 1 to 3 hours after an oral dose. The drug is highly 
protein-bound. The elimination half-life is 2 to 4 hours. 
There is extensive hepatic metabolism followed by renal 
excretion of a very small amount of unchanged drug. 
Dosage adjustment is not required for patients with renal 
failure. Patients with significant liver disease may require a 
dosage adjustment and more frequent monitoring.

Terazosin is a selective, long-acting α1-adrenergic antago-
nist that has structural similarities to prazosin and doxazo-
sin. The initial dosage is 1 mg orally at bedtime, with 
titration to 5 mg daily. Doses of 10 to 20 mg orally have been 
given. Peak serum levels after oral administration occur 
within 1 hour. The half-life is approximately 12 hours. Tera-
zosin is extensively metabolized in the liver and eliminated 
primarily through the biliary tract. Renal insufficiency does 
not affect the pharmacokinetics of terazosin, and dosage 
adjustment is not required. Patients with severe hepatic 
insufficiency may require dosage adjustments.

CLASS RENAL EFFECTS
GFR and renal blood flow are maintained during long-term 
treatment with prazosin. In some studies, there was a slight 
increase in renal blood flow. Renal vascular resistance  
may be reduced, perhaps mediated by a reduction in pre-
glomerular capillary resistance related to inhibition of α1-
mediated vasoconstriction. Urinary protein excretion has 
been reported to be reduced. The RAAS is not significantly 
affected by specific α1-adrenergic antagonists. Extracellular 
fluid volume has been reported to be increased, and frac-
tional excretion may be decreased.

CLASS EFFICACY AND SAFETY
Comparative clinical studies of the efficacy of α1-adrenergic 
blockers have shown that the antihypertensive responses are 
similar to those elicited by other antihypertensive drugs.92 
This conventional viewpoint has come under criticism with 
the results of ALLHAT, in which patients receiving doxazo-
sin as their initial antihypertensive drug were found to have 
poorer BP control than those receiving a chlorthalidone-
based treatment.616 In this study, no difference was seen in 
the primary outcomes of fatal coronary heart disease or non-
fatal MI in patients receiving doxazosin, but these patients 
had higher rates of stroke and congestive heart failure.618 
The data from ALLHAT have prompted a reassessment of 
the appropriateness of using doxazosin or other peripheral 
α1-adrenergic antagonists as primary hypertensive therapeu-
tic agents. These drugs can be considered as secondary 
agents in the management of resistant hypertension.

These drugs have been shown to increase insulin sensitiv-
ity.619 There are potentially beneficial effects of α1-blockers 
on lipid metabolism.92,262,620-622 They have been consistently 
shown to result in a modest reduction in levels of total and 
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losartan. As expected, BP reduction was comparable with 
that produced by the active agents. The only observed dif-
ference was suppression of plasma renin activity and Ang I 
and Ang II levels with aliskiren but increased levels of Ang 
I and Ang II with ARB therapy.

The tolerability of aliskiren is comparable to that of 
placebo, with a relatively low incidence of adverse events at 
all dosages tested in the 150- to 600-mg range.636 Aliskiren 
treatment was comparable in tolerability to treatment with 
an ARB or placebo, with a low discontinuation rate and no 
statistical difference in the incidence of different types of 
adverse events, except for some diarrhea at the 600-mg dose.

Aliskiren has also been studied in combination with 
hydrochlorothiazide, CCBs, ARBs, and ACE inhibitors in 
the management of hypertension.637-640 In one small clinical 
trial, all patients received aliskiren 150 mg once daily for 3 
weeks. Patients who had a daytime BP above 130/80 mm Hg, 
as measured by ambulatory BP monitoring, were given 
hydrochlorothiazide, 25 mg daily, for an additional 3 weeks. 
Adding 25 mg of hydrochlorothiazide resulted in an addi-
tional 10 mm Hg of systolic BP reduction. Not surprisingly, 
there was no difference in plasma renin activity between the 
patients receiving aliskiren with hydrochlorothiazide and 
those receiving aliskiren alone. Adding aliskiren to amlodip-
ine, valsartan, or ramipril provides incremental and statisti-
cally significant improvements in BP reduction. However, 
the ALTITUDE study did raise safety concerns about using 
aliskiren with RAAS blocking drugs with regard to changes 
in renal function and hyperkalemia.265 Therefore, this com-
bination is not currently recommended and should be 
avoided. The additional BP reduction may or may not be 
related to the neutralization of plasma renin activity that 
occurs with the addition of the renin inhibitor.

SELECTIVE ALDOSTERONE  
RECEPTOR ANTAGONISTS

CLASS MECHANISM AND CLASS MEMBER
Potassium-sparing diuretics, including spironolactone, a 
nonselective aldosterone receptor antagonist, are discussed 
below. However, eplerenone is a selective aldosterone recep-
tor antagonist that is the first in its class to be evaluated for 
its antihypertensive and cytoprotective properties. It may 
have antihypertensive effects distinct from its diuretic 
properties.

Eplerenone is a 9α,11α-epoxy derivative of spironolac-
tone that is approximately 24 times less potent in blocking 
mineralocorticoid receptors than spironolactone. However, 
this drug is substantially more selective than spironolactone 
and has little agonist activity at estrogen and progesterone 
receptors.641 Therefore, eplerenone is associated with a 
lower incidence of gynecomastia, breast pain, and impo-
tence in men and diminished libido and menstrual irregu-
larities in women. The time to peak concentration is 1 to 2 
hours. No significant accumulation occurs with multiple-
dose administration, but up to 4 weeks may be required for 
the full antihypertensive effects to be evident. It appears to 
be well absorbed, but absolute (oral vs. intravenous) data 
are unavailable; specific data on protein binding and metab-
olism are also unavailable. The elimination half-life of 
eplerenone is 4 to 6 hours. Bioavailability is 69%, with 

aliskiren in providing renal protection in hypertensive dia-
betic nephropathy in double-transgenic (Ren-2) rats.633 
These rats provide a model of activated tissue RAAS. After 
the animals were made diabetic with streptozotocin, the rats 
were treated with vehicle or aliskiren by osmotic minipumps. 
Aliskiren not only lowered the systolic BP, but also pre-
vented the development of albuminuria and reduced the 
urinary excretion of TGF-β. The gene expression of TGF-β 
was significantly suppressed.634 In another study, these inves-
tigators compared aliskiren and enalapril in the same model 
of Ren-2 double-transgenic rats without diabetes.635 Both 
therapeutic strategies significantly reduced BP and urinary 
albumin excretion for the duration of therapy. However, 
even after therapy was stopped, the reduction of urinary 
TGF-β excretion and albuminuria was maintained in the rats 
that had received both the renin inhibitor and ACE 
inhibitor.

In another experimental study, aliskiren was compared 
with the ARB valsartan in the same model of the Ren-2 
double-transgenic rat, which, because of its overexpression 
of human renin and angiotensinogen genes, rapidly devel-
ops cardiovascular and renal disease. Aliskiren and valsartan 
demonstrated an important ability to lower BP, reverse LVH 
and albuminuria, and delay the onset of death.635 On the 
basis of these studies, it was suggested by the investigators 
that the renin inhibitor provides renal protection compa-
rable to that of an ACE inhibitor or an ARB that extends 
beyond the dosing interval of the drug.

Clinical trial data in humans have indicated that aliskiren 
reduces proteinuria in conjunction with decreasing BP.630 In 
a study involving 600 patients with hypertension, diabetes, 
and nephropathy, the administration of aliskiren, 300 mg/
day, facilitated a 20% incremental reduction in proteinuria 
compared with placebo in patients being treated concur-
rently with losartan, 100 mg/day. The baseline BP was 
135 mm Hg with losartan treatment before random assign-
ment to aliskiren therapy and did not change with the addi-
tion of aliskiren.338 Renal vascular response curves for ACE 
inhibition or renin inhibition at the top of the dose-response 
curve indicated greater improvement in renal blood flow 
with the renin inhibitor, despite similar changes in BP.630 
However, despite these encouraging clinical observations, a 
subsequent clinical trial, ALTITUDE, did not demonstrate 
an incremental benefit of aliskiren when used with an ACE 
inhibitor or ARB in patients with diabetic kidney disease on 
cardiovascular or renal end points.265 From a safety stand-
point, there were more adverse events in the patients receiv-
ing both classes of RAAS-blocking drugs.

CLASS EFFICACY AND SAFETY
Clinical trials of aliskiren have demonstrated a dose-
dependent efficacy in reducing systolic and diastolic BP. In 
an 8-week, double-blind, placebo-controlled trial, aliskiren 
was studied in dosages from 150 to 600 mg/day.636 The 
placebo-corrected reduction in sitting systolic BP was 
approximately 10 to 11 mm Hg for both the 300- and 
600-mg doses. Also evaluated in the same study was irbesar-
tan, an ARB, at a dosage of 150 mg/day. This dosage pro-
vided BP reduction comparable to that of aliskiren at a 
dosage of 150 mg/day. Other clinical studies have con-
firmed the antihypertensive efficacy of aliskiren compared 
with placebo or with other active therapies, such as the ARB 
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glucocorticoids.658 Other investigators have demonstrated 
that aldosterone infusion can reverse the renal protective 
effects of an ACE inhibitor in stroke-prone, spontaneously 
hypertensive rats.659 Interestingly, in this model, the renal 
injury induced by aldosterone was independent of BP 
increases, suggesting a toxic tissue effect of aldosterone. 
Other experimental studies have indicated that aldosterone 
receptor antagonism can prevent the development of 
proteinuria.659

Even though selective aldosterone receptor antagonists 
have no observable effects on glomerular hemodynamics, 
therapy with these drugs may provide an incremental effect 
in protecting the kidney when added to ACE inhibitors or 
ARBs by inhibiting the effects of aldosterone that persist, 
despite treatment with the latter drugs. Studies in patients 
with diabetic nephropathy or other glomerular diseases 
have demonstrated that the addition of spironolactone for 
ACE inhibition markedly reduces albuminuria.660,661

CLASS EFFICACY AND SAFETY
Eplerenone lowers BP in a dose-dependent fashion when 
administered at dosages of 25, 50, or 200 mg twice daily.662 
Changes in BP were found to be greater with twice-daily 
dosing (50 mg twice daily yielded a 11.7-mm Hg reduction 
in systolic pressure) than with a single daily dose (100 mg 
daily produced a 7.9-mm Hg systolic BP reduction), as mea-
sured by 24-hour ambulatory BP monitoring.662

Clinical trials have also demonstrated that eplerenone has 
antihypertensive activity that is additive to that of an ACE 
inhibitor or ARB. Additional reductions in BP were 
5.9 mm Hg systolic with the ACE inhibitor and 6.8 mm Hg 
systolic with the ARB.662a Another clinical trial has demon-
strated that in diabetic hypertensive patients with microal-
buminuria, adding eplerenone to ACE inhibitor therapy 
was capable of reducing proteinuria more than the ACE 
inhibitor alone, independently of BP reduction.663

The advantage of eplerenone over spironolactone in 
clinical practice is relates to its fewer antiandrogenic adverse 
effects because of its more selective aldosterone receptor 
antagonism. Eplerenone is less potent and has a shorter 
half-life (3 to 4 hours), leading to reduced antihypertensive 
efficacy and a requirement for twice-daily dosing.664

TYROSINE HYDROXYLASE INHIBITOR

MECHANISMS OF ACTION
Metyrosine, the only drug in the tyrosine hydroxylase inhibi-
tor class, blocks the rate-limiting step in the biosynthetic 
pathway of catecholamines. Metyrosine inhibits tyrosine 
hydroxylase, the enzyme responsible for the conversion of 
tyrosine to dihydroxyphenylalanine. This inhibition results 
in decreased levels of endogenous catecholamines. In 
patients with pheochromocytomas, metyrosine reduces cat-
echolamine biosynthesis by up to 80%, resulting in a decrease 
in total peripheral vascular resistance. The heart rate and 
cardiac output increase because of the vasodilation.

CLASS MEMBER
The recommended initial dosage of metyrosine is 250 mg 
four times a day orally. The dose may be increased by 250 to 
500 mg every day until a maximum of 4 g/day is given. Fol-
lowing oral absorption, metyrosine is eliminated primarily 

approximately 50% protein binding. It is metabolized pri-
marily by the hepatic CYP3A4 system to inactive metabolites 
excreted two thirds in the urine and one third in the feces.

The mineralocorticoid receptor forms part of the steroid–
thyroid–retinoid–orphan receptor family of nuclear transac-
tivating factors.642 When unbound, these receptors are in an 
inactive multiprotein complex of chaperones. On binding 
of aldosterone, the chaperones are released, and the recep-
tor hormone complex is translocated into the nucleus, 
where it binds to hormone response elements on DNA and 
interacts with transcription initiation complexes, which ulti-
mately modulate gene expression.643 In the kidney, miner-
alocorticoid receptors are located primarily in the epithelial 
cells of the distal nephron. These receptors bind physiologic 
glucocorticoids and mineralocorticoids with a similar affin-
ity. Activation of mineralocorticoid receptors by aldosterone 
results in the activation of epithelial sodium channels, which 
leads to a rapid increase in sodium and water reabsorption 
and promotes the tubular secretion of potassium.644,645 A 
persistent increase in sodium balance does not occur, even 
with continued stimulation of mineralocorticoid receptors 
by aldosterone. The mechanism of this escape phenomenon 
has not been fully elucidated. Studies have suggested that 
eplerenone and spironolactone lower BP by a mechanism 
that is independent of distal tubular effects on vascular 
smooth muscle cells.646

There is evidence indicating the presence of biologic activ-
ity of mineralocorticoid receptors in nonepithelial tissues.647 
These receptors have been identified in blood vessels of the 
heart and brain and may be involved in vascular injury and 
repair responses.648,649 Aldosterone mediates fibrosis and col-
lagen formation through the upregulation of Ang II receptor 
responsiveness.583,647 Aldosterone increases sodium influx in 
vascular smooth muscle and inhibits norepinephrine uptake 
in vascular smooth muscle and myocardial cells.650 Aldoste-
rone also directly participates in vascular smooth muscle cell 
hypertrophy. Clinical trials are underway to validate the 
hypothesis that aldosterone receptor antagonism may inhibit 
vascular, myocardial, and renal injury. A meta-analysis of 
randomized controlled trials has shown a positive impact on 
changes in the cardiac structure and left ventricular function 
in patients with heart failure.651

Recently, the role of aldosterone antagonists in treating 
hypertensive obese patients with sleep apnea has been 
reported, representing approximately 20% of all individuals 
with sleep apnea. The aldosterone production relates 
directly to the adipocyte.652-655

CLASS RENAL EFFECTS
Selective aldosterone receptor antagonism may have bene-
fits for the kidney, independently of its effects on BP. Experi-
mental and clinical studies have demonstrated that Ang II 
may be the primary mediator of the RAAS associated with 
the progression of renal disease.656,657 The relative impor-
tance of aldosterone in this cascade has been the subject of 
experimental and clinical studies. Hyperaldosteronism and 
adrenal hypertrophy are common observations in remnant 
kidney models and correlate with progressive loss of renal 
function.656 Investigators have demonstrated that hyperten-
sion, proteinuria, and structural injury are less prevalent in 
subtotally nephrectomized rats that have undergone adre-
nalectomy, even when given large doses of replacement  
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The question of how low BP should go is not easy to 
answer because there are so many different aspects of 
patient care that require consideration. Observational data 
indicate the advantages of lower systolic and diastolic BPs, 
preferably below 120/80 mm Hg.666,667 However, treated 
BPs of the same levels as observed BPs may not provide the 
same cardiovascular risk reduction. Most recent guidelines 
have based their recommendations for goal BP on clinical 
trial evidence.437,668-670 Despite the enthusiasm for lower 
BP treatment goals of 130/80 mm Hg or less for people 
with heart disease, kidney disease, or diabetes, there are 
insufficient clinical trial data to support these lower BP 
goals. Consequently, guidelines have refocused BP targets at 
below 140/90 mm Hg for patients younger than age 60  
and below 150/90 mm Hg for those older than 60 years. 
The only demonstrable benefit for lower BP goals has  
been based on secondary analyses of clinical trials, such as 
the ACCORD study,671 which suggested that lower BP 
goals in patients with type 2 diabetes may reduce the inci-
dence of stroke, or on clinical trials in patients with type 2 
diabetes and nephropathy, which suggested that patients 
with more than 1 g of protein in their urine/day had a 
slower progression of renal disease if their BP was below 
130/80 mm Hg than if their BP was 140/90 mm Hg. The 
ongoing SPRINT trial may help answer some important 
questions concerning optimum target BP; the authors of 
this study have randomized more than 9250 patients to 
compare a systolic pressure of 140 versus 120 mm Hg in a 
large cohort of older patients and in patients with CKD. 
Once this study is completed, there will be more opportu-
nity to determine the usefulness of lower BP goals on car-
diovascular and renal outcomes.

A recent systematic review and meta-analysis was per-
formed to investigate the effects of BP lowering in persons 
with grade 1 hypertension (systolic BP of 149 to 159 mm Hg 
and/or diastolic BP of 90 to 99 mm Hg) and no overt cardio-
vascular disease. The patients were randomly assigned to an 
active antihypertensive drug or control (placebo) regimen 
and had substantial benefit, especially patients at risk for 
cardiovascular disease.672 There were 8905 patients identi-
fied from trials included in the BPLTTC (Blood Pressure 
Lowering Treatment Trialists’ Collaboration). The differ-
ence in mean BP reduction was 3.6 mm Hg/2.4 mm Hg 
between actively treated and control groups. Over the 5 years 
of the study, the ORs were 0.86 for total cardiovascular events 
(95% CI, 0.74 to 1.01), 0.72 for strokes (CI, 0.55 to 0.94), 
0.91 for coronary events (CI, 0.74 to 1.12), 0.80 for heart 
failure (CI, 0.57 to 1.12), 0.75 for cardiovascular deaths (CI, 
0.57 to 0.98), and 0.78 for total deaths (CI, 0.67 to 0.92). 
These findings are in line with reductions in risk from large-
scale trials of BP reduction conducted among patients with 
high BP and preexisting cardiovascular disease.673 A previous 
review failed to show benefit for this population of patients 
with grade 1 hypertension.674 The more recent study differed 
from the previous study in that persons with diabetes were 
included, and the number of patients studied was nearly 
double that of the previous study. Consequently, more infor-
mation from randomized controlled trials are needed before 
the present BP goals of 150/90 mm Hg for people older 
than 60 years and 140/90 mm Hg for people younger than 
60 years can be changed.437

unchanged in the urine. The half-life is 7.2 hours. Dosage 
reduction is appropriate in patients with renal failure.

RENAL EFFECTS
Little information is available on the renal effects of mety-
rosine. On the basis of its mechanism of action, which would 
counteract the renal effects of excessive circulating cate-
cholamines, renal plasma flow and glomerular filtration 
would probably increase. Renal vascular resistance would be 
expected to decrease.

EFFICACY AND SAFETY
Metyrosine is used in the preoperative or intraoperative 
management of pheochromocytoma. Hypertension and 
reflex tachycardia may result from vasodilation. These 
effects can be minimized by volume expansion. Adverse 
effects include sedation, changes in sleep patterns, and 
extrapyramidal signs. Metyrosine crystals have been noted 
in the urine in patients receiving high dosages. Patients 
taking metyrosine should maintain a generous fluid intake; 
some patients have occasionally experienced diarrhea.

SELECTION OF ANTIHYPERTENSIVE  
DRUG THERAPY

DETERMINATION OF BLOOD PRESSURE GOAL

Numerous factors confound the management of high  
BP, which is a lifelong, progressive, asymptomatic disease 
process. The treatment is often delayed many years. World-
wide surveys of BP recommended targets consistently reveal 
that the goal of less than 140/90 mm Hg is reached only by 
a minority of people.665 Consequently, it is not uncommon 
for the patient to have subclinical or even clinically evident 
target-organ damage at the initiation of treatment. More-
over, the mechanistic underpinnings of high BP have not 
been well elucidated, and pharmacotherapy is frequently 
based simply on what “brings the numbers down” and not 
necessarily on what may be well tolerated or what may be 
best for preventing the development of cardiovascular 
disease or renal disease.

The whole purpose of treating BP elevation is to prevent 
the development of cardiovascular events. From this per-
spective, BP is nothing more than one of many surrogate 
markers of risk contributing to cardiovascular disease. Con-
sequently, the word hypertension is a nebulous concept. A 
factual definition of hypertension would be the level of BP 
at which there is a greater net attributable risk of cardiovas-
cular disease. Thus, the optimal BP goal for different 
patients may be somewhat different, depending on coexis-
tent cardiovascular risk factors. The management of high 
BP is much more complex than it was once assumed to be, 
and the determination of the BP goal must be carefully 
individualized for each patient.

Clinicians must ask themselves three major questions:

• How low should the BP go?
• What drugs should be used?
• What are the best strategies for facilitating the attain-

ment of the target BP?
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risk reduction opportunities, they are not a substitute for 
achieving BP control.

SINGLE-PILL COMBINATION THERAPY

With the shift in emphasis on treatment from diastolic BP 
to systolic and diastolic BPs,87 later stage treatment in the 
disease process, greater salt intake, and more patients who 
are overweight or obese, there has been a substantial 
increase in the complexity of medical regimens to treat 
hypertension. Most available antihypertensive drugs, when 
appropriately dosed, reduce systolic BP by approximately 8 
to 10 mm Hg (Figure 50.3). Therefore, the number of 
drugs needed to reach the BP goal can generally be pre-
dicted by dividing the number 10 into the difference 
between the current and target systolic BPs. For many 
patients, three or four drugs may be required. Ideally, medi-
cations that are long-acting, can be taken once daily, are well 
tolerated, and preferably work well with other medications 
to facilitate BP control should be used. In addition, there 
has been a marked increase in the number of single-pill, 
fixed-dose combination antihypertensive drugs that are 
available in the marketplace, developed in large part to 
facilitate adherence by reducing the complexity of the anti-
hypertensive regimen (Table 50.28).

Drugs that block the RAAS system, such as ACE inhibitors, 
ARBs, renin inhibitors, or β-blockers, can be prescribed with 
a low dose of chlorthalidone (half of a 25-mg tablet) or hydro-
chlorothiazide (6.25 or 12.5 mg). The advantage of the low-
dose thiazide or thiazide-like drug is that it nearly doubles the 
antihypertensive effects of the parent drug without adding 
any toxicity to the regimen (Figure 50.4).688 Single-pill com-
binations of an ACE inhibitor or ARB and CCB are also avail-
able. Clinical studies have demonstrated that these drugs are 
also additive in their ability to lower diastolic and systolic 
BPs.689-693 Moreover, there is good clinical evidence that the 
ACE inhibitor or ARB in such combinations antagonizes the 
development of pedal edema, which is not uncommonly 
observed with CCBs.694 Two triple single-pill combinations 
(ARB, CCB, hydrochlorothiazide) have been approved for 
the treatment of hypertension.695 An ARB has also been for-
mulated with the thiazide-like diuretic chlorthalidone. Some 
single-pill combinations are now approved by the U.S. Food 
and Drug Administration (FDA) for initial treatment in 
patients with moderate to severe hypertension.

Given that the efficacy of drugs that block the RAAS is 
enhanced with thiazide, thiazide-like diuretics, or CCBs, a 
clinical trial was conducted to examine whether long-term 
cardiovascular outcomes would be improved if a thiazide 
diuretic or CCB was paired with the full dose of an ACE 
inhibitor. In the Avoiding Cardiovascular Events through 
Combination Therapy in Patients Living with Systolic  
Hypertension (ACCOMPLISH) study, approximately 11,000 
hypertensive patients at high risk for a cardiovascular event 
were randomized to receive an ACE inhibitor with a CCB 
or an ACE inhibitor with a thiazide diuretic.696 The trial was 
stopped prematurely because there was a 20% relative risk 
reduction benefit of cardiovascular events in those patients 
receiving a CCB with an ACE inhibitor (Figure 50.5). This 
observation was notable, given that there was no difference 
in the achievement in goal levels of BP between the 

Whether one should treat the systolic, diastolic, or  
pulse pressure is another important consideration. This is 
particularly true when one considers the vast number of 
patients with isolated systolic hypertension, who have  
traditionally been assumed to have normal BP because  
their diastolic pressure was below 90 mm Hg. Interven-
tional trials have demonstrated the advantage of lowering 
systolic BP.675-677 Evidence from three large clinical trials on 
the management of isolated systolic hypertension has indi-
cated a consistent benefit related to a reduction in the 
incidence of congestive heart failure, MI, and stroke with 
the control of systolic BP to an intermediate goal of less than 
160 mm Hg and preferably to a final goal of less than 
150 mm Hg.

Epidemiologic data have also demonstrated the impor-
tance of pulse pressure (systolic pressure minus diastolic 
BP) in predicting cardiovascular events.678-680 Pulse pressure 
correlates directly with the risk of MI and the development 
of LVH. Because the measurement of diastolic BP is fre-
quently difficult in older patients with vascular disease, the 
exact assessment of pulse pressure may not always be pos-
sible. Consequently, relying on the systolic BP may give the 
clinician a more realistic opportunity to gauge the adequacy 
of antihypertensive therapy. It is important to realize that 
the management of systolic BP may provide one of the most 
important opportunities to achieve cardiovascular risk 
reduction, particularly in patients with lower diastolic pres-
sures who have a wider pulse pressure.

The promptness of achieving BP control has long been 
thought to be an important strategy for the clinical care for 
patients with hypertension. Clinical trials and observational 
studies have indicated that initiating treatment with a two-
drug combination of medications results in a more rapid 
achievement of target BP goals compared to monotherapy. 
A retrospective analysis of the Valsartan Antihypertensive 
Long-term Use Evaluation (VALUE) trial has indicated that 
earlier BP control results in a significant reduction in the 
5-year risk of cardiovascular events, regardless of the type of 
medication used.681 More recently, a matched cohort study 
has demonstrated that initial combination therapy reduces 
the risk of cardiovascular events in hypertensive patients.399 
This reduction was thought to be related to an earlier 
achievement of target BP as the main contributor of risk 
reduction.

Decisions about which drug(s) should be used for a given 
patient require careful consideration and individualization. 
As discussed later, the appropriate pharmacotherapy may 
depend on age, gender, race, obesity, and associated cardio-
vascular or renal disease. Clinical trials in patients with  
vascular disease, heart disease, or kidney disease have dem-
onstrated the important therapeutic advantage of drugs that 
block the RAAS—ACE inhibitors or ARBs82,255,256,682-687—to 
prevent progression of cardiac or renal disease as part of a 
multidrug regimen to lower BP. In the aggregate, RAAS are 
blocking drugs that provide an approximately 20% relative 
risk reduction benefit compared to other therapies. These 
drugs should be part of every antihypertensive regimen in 
patients with heart disease or kidney disease unless there 
are specific contraindications.684 RAAS-blocking drugs are 
also some of the best-tolerated therapies available for treat-
ing hypertension. Although these drugs provide important 
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different, variation in the approach is frequently necessary 
(Figure 50.6).

TREATMENT OF OLDER PATIENTS
The major considerations for initial therapy in older patients 
(Table 50.29) relate to the primary pathophysiologic 
problem, which is an increase in peripheral vascular resis-
tance. With associated proximal aortic stiffening, there is 
frequently an increase in systolic BP, decrease in diastolic 
pressure, and wider pulse pressure.679 There is also an associ-
ated reduction in cardiovascular baroreceptor reflex func-
tion, greater BP lability, and consequent propensity for 
orthostasis.697 Older patients also tend to have hypertrophic 
cardiomyopathy with impaired diastolic function, which 
may impair cardiac output.698

An ideal therapeutic strategy for these patients is the use 
of a vasodilator, such as a thiazide or thiazide-like diuretic. 
Thiazide diuretics function primarily as vasodilators and 
have minimal long-term effects on blood volume. At lower 
dosages (hydrochlorothiazide, 12.5 to 25 mg, or chlorthali-
done, 12.5 mg), these drugs are well tolerated and effective 
when used with ACE inhibitors and ARBs and cause minimal 
problems related to glycemia control, potassium homeosta-
sis, and cholesterol metabolism.699,700 They are more effec-
tive in controlling systolic BP when used in higher doses 

treatment regimens. The benefit of the ACE inhibitor–CCB 
combination in reducing cardiovascular and renal end 
points was evident, regardless of age, gender, ethnicity, or 
presence of diabetes. The explanation for this improvement 
in outcome is unknown.

Considerations for physicians about how to consolidate 
and simplify pharmacotherapy to control BP are of great 
interest, given the complexity of the current multidrug regi-
mens that many patients require. Administering four drugs 
in two pills or three drugs in a single pill is possible with 
available fixed-dose combinations. This goal is important 
because many patients require eight to ten medications to 
control their various medical problems, including diabetes, 
dyslipidemia, and angina. High BP is a disease that is largely 
asymptomatic and, consequently, the therapeutic approach 
should be simple, effective, and well tolerated.

CHOICE OF APPROPRIATE AGENTS

This section of the chapter considers the initial therapy  
for various types of patients depending on factors such  
as age, gender, ancestry, obesity, and coexistent cardiovascu-
lar or renal disease. These suggestions are primarily gener-
alizations based on clinical experience and should not be 
viewed as rigorous guidelines. Because each patient is 

Figure  50.3 Frequency distribution of changes in diastolic 
blood pressure (DBP) produced by three different antihyperten-
sive drugs. Negative values represent placebo-corrected  
reductions in diastolic pressure. A meta-analysis of placebo-
controlled trials of monotherapy in unselected hypertensives 
reports averaged placebo-corrected blood pressure responses 
to single agents of 9.1 mm Hg systolic and 5.5 mm Hg diastolic 
pressures. These average values disguise the extremely wide-
ranging responses in individuals across a fall of 20 to 30 mm Hg 
systolic pressure at one extreme, to no effect at all, or even a 
small rise in blood pressure at the other. (Modified from Attwood 
S, Bird R, Burch K, et al: Within-patient correlation between the 
antihypertensive effects of atenolol, lisinopril and nifedepin. J Hyper-
tens 12:1053-1060, 1994.)
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Table 50.28  Single-Pill Combinations Available for the Treatment of Hypertension

Type of Combination First Drug (Doses) Second Drug (Doses) Third Drug (Doses)

Dual Combinations

Thiazide/K sparing diuretic HCTZ (25/50) Triamterene (37.5/75)
HCTZ (25/50) Spironolactone (25/50)
HCTZ (25/50) Amiloride (2.5/5)
Furosemide (20) Spironolactone (50)

ACE inhibitor/diuretic Captopril (25/50) HCTZ (15/25)
Enalapril (10/20) HCTZ (12.5/25)
Lisinopril (10/20) HCTZ (12.5/25)
Cilazapril (5) HCTZ (12.5)
Fosinopril (10/20) HCTZ (12.5)
Quinapril (10/20) HCTZ (12.5)
Benazepril (5/10/20) HCTZ (6.25/12.5/25)
Moexipril (7.5/15) HCTZ (12.5/25)
Ramipril (2/5) HCTZ (12.5/25)
Ramipril (5) Piretanide (6)
Zofenopril (30) HCTZ (12.5)
Perindopril (2.5/5/10) Indapamide (0.625/1.25, 2.5)

ACE inhibitor/CCB Perindopril (5/10) Amlodipine (5/10)
Benazepril (10/20/40) Amlodipine (2.5/5/10)
Enalapril (5) Diltiazem (180)
Enalapril (10) Nitrendipine (20)
Enalapril (10/20) Lercanidipine (10)
Ramipril (2.5/5) Felodipine ER (2.5/5)
Trandolapril (1/2/4) Verapamil (180, 240)
Delapril (10) Manidipine (30)

ARB/diuretic Losartan (50/100) HCTZ (12.5/25)
Valsartan (80/160) HCTZ (12.5/25)
Irbesartan (150/300) HCTZ (12.5/25)
Candesartan (8/16/32) HCTZ (12.5/25)
Telmisartan (40/80) HCTZ (12.5)
Eprosartan (600) HCTZ (12.5/25)
Olmesartan (20/40) HCTZ (12.5/25)
Azilsartan (40) Chlorthalidone (12.5/25)

ARB/CCB Valsartan (80/160) Amlodipine (5/10)
Telmisartan (40/80) Amlodipine (5/10)
Olmesartan (20/40) Amlodipine (5/10)
Candesartan (8) Amlodipine (5)*
Irbesartan (100/150) Amlodipine (5/10)*

Renin inhibitor/diuretic Aliskiren (150/300) HCTZ (12.5/25)
Renin inhibitor/CCB Aliskiren (150/300) Amlodipine (5/10)
Beta-blocker/diuretic Atenolol (50/100) Chlorthalidone (25)

Atenolol (50) HCTZ (25)
Metoprolol (50/100) HCTZ (25/50)
Bisoprolol (2.5/5/10) HCTZ (6.25)
Bisoprolol (1) Chlorthalidone (25)
Nadolol (40/80) Bendroflumethiazide (5)
Oxprenolol (120) Chlorthalidone (20)
Pindolol (10) Clopamide (5)
Propranolol (40/80) HCTZ (25)
Propranolol LA (80/160) HCTZ (50)
Timolol (10) HCTZ (25)

Beta-blocker/CCB Atenolol (25/50) Nifedipine (10/20)
Metoprolol (50/100) Felodipine (5/10)

Alpha-blocker/diuretic Methyldopa (250) HCTZ (15)
Clonidine (0.1/0.2/0.3) Chlorthalidone (15)
Reserpine (0.1) HCTZ (10)

Triple Combinations

ARB/CCB/diuretic Valsartan (160/320) Amlodipine (5/10) HCTZ (12.5/25)
Olmesartan (20/40) Amlodipine (5/10) HCTZ (12.5/25)
Telmisartan (40/80) Amlodipine (5/10) HCTZ (12.5/25)

ACE inhibitor/CCB/diuretic Perindopril (5/10) Amlodipine (5/10) Indapamide (1.25/2.5)
Renin inhibitor/CCB/diuretic Aliskiren (150/300) Amlodipine (5/10) HCTZ (12.5/25)

ACE, Angiotensin converting enzyme, ARB, angiotensin receptor blocker, CCB, calcium channel blocker, HCTZ, hydrochlorothiazide;  
K, potassium; LA, long acting.

*Some dosages may be available only in certain countries. The list is not exhaustive.
From Burnier M: Antihypertensive combination treatment: state of the art. Curr Hyperten Rep 17:51, 2015.
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Figure 50.4 Dose relationship between therapeutic effect and toxic-
ity with antihypertensive drugs. For the initial therapy of hypertension, 
a strategy to reduce side effects and enhance the tolerability of mul-
tiple antihypertensive drugs in combination has been identified using 
low doses of more than one antihypertensive agent with different 
combined modes of action to minimize side effects. With a low dose 
of drug A, a partial therapeutic effect is obtained, and adverse effects 
(A′) are minimal. If the dose is raised to B, a greater therapeutic effect 
will be accompanied by more adverse effects (B′). If a low dose 
of a second drug is added with its own minimal side effects, an  
extra effect will be obtained without more adverse effects, which will 
remain at A′. (Modified from Epstein M, Bakris G: Newer approaches 
to antihypertensive therapy. Use of fixed-dose combination therapy. 
Arch Intern Med 156:1969-1978, 1996.)
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Figure 50.5 Comparison of combined therapies for patients at high risk for a cardiovascular event. In this study, 11,506 patients with hyper-
tension at high risk for cardiovascular events received treatment with benazepril plus amlodipine or benazepril plus hydrochlorothiazide, the 
benazepril-amlodipine combination was superior to the benazepril-hydrochlorothiazide combination in reducing cardiovascular events (9.6 vs. 
11.8%; HR, 0.8; 95% CI, 0.72 to 0.90), and chronic kidney disease (CKD) occurred less often (2% vs. 3.7%). The direct implication for practice 
is that an ARB plus a dihydropyridine calcium channel blocker (CCB) is preferred in individuals with systolic/diastolic blood pressures more 
than 20/10 mm Hg above the 140/90 mm Hg blood pressure goal. (From Jamerson K, Michael A. Weber MA, et al; ACCOMPLISH Trial Investiga-
tors: Benazepril plus amlodipine or hydrochlorothiazide for hypertension in high-risk patients. Benazepril plus amlodipine or hydrochlorothiazide for 
hypertension in high-risk patients. N Engl J Med 359:2417-2428, 2008.)
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Table 50.29  Considerations for Initial Therapy in 
Older Patients

Clinical Observation
Pharmacologic 
Considerations

Decreased vascular 
compliance and peripheral 
vascular resistance

Use vasodilator (e.g., HCTZ, 
ACEI, ARB, CCB, 
α-blocker).

Isolated systolic 
hypertension and wide 
pulse pressure

Use vasodilator (e.g., HCTZ, 
CCB).

Reduction of cardiovascular 
baroreflex function with 
blood pressure lability

Avoid sympatholytics and 
volume depletion. Use 
β-blockers cautiously.

Orthostatic hypertension 
during recumbency

Consider using short-acting 
medications (<8-hr duration) 
at bedtime.

Reduced metabolic 
capability

Adjust all medications for 
renal and hepatic function; 
start at half-dose.

Prostatic hypertrophy Use α-blocker.
More than 20 mm Hg from 

systolic goal
Use fixed-dose combination 

therapy (ACEI/CCB,  
ARB/CCB, ACEI/HCTZ, 
ARB/HCTZ, β-blocker/
HCTZ).

ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin 
II receptor blocker; CCB, calcium channel blocker; HCTZ, 
thiazide diuretic.
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drugs paradoxically increases the risk of cardiovascular 
events and stroke in hypertensive patients. Thus, individu-
alization of their use and heart rate response needs to be 
carefully considered in older patients.705 β-Blockers may also 
impair baroreceptor responses in older patients and worsen 
orthostasis.

Older patients have a higher likelihood of orthostasis 
than younger patients. As many as 18% of untreated older 
patients with hypertension have a decrease in systolic BP of 
more than 20 mm Hg after standing for 1 to 3 minutes.706 
Older patients may also have pseudohypertension, which 
may interfere with a true determination of BP.707 Conse-
quently, three-position BP measurements should always be 
used during the initiation and titration of medications. If 
recumbent BPs remain elevated, short-acting medications 
taken before bedtime, such as clonidine or captopril, may 
be useful in controlling BP overnight.

Management of isolated systolic hypertension in older 
patients frequently requires multiple drugs. Regardless of 
the agents used, an approach of slow, careful titration is rec-
ommended, preferably with dosage increments no more 
frequently than every 3 months. A careful assessment of the 
metabolic and excretory routes of the drugs, as well as possi-
ble drug-drug interactions, is recommended because older 
patients frequently have impaired metabolic function.

TREATMENT BASED ON GENDER
Differences in gender may be important regarding the selec-
tion of antihypertensive therapy (Table 50.30).708 Men and 
women benefit equally from a more intensive control of BP, 
which results in a reduction in the risk of cardiovascular 
events.709 In general, men have a lower resting heart rate, 
longer left ventricular ejection fraction time, and higher 
pulse pressure when stressed than women.708 Women tend 
to have lower peripheral vascular resistance and a greater 
blood volume than men708; they also have a lower likelihood 
of coronary disease before menopause. However, when 
menopause occurs, or in the presence of diabetes, women 
have the same risk of coronary disease as men.708 Vasodila-
tion is always a good choice for treatment because elevated 
peripheral vascular resistance is almost always involved in 
BP elevation, regardless of gender. Thiazide diuretics, ACE 
inhibitors, ARBs, and CCBs are all effective treatments. 
Many patients require two or more of these drugs, and fixed-
dose combinations can be used.

Women should avoid the use of ACE inhibitors and ARBs 
in pregnancy because of their possible teratogenic effects. 
CCBs may delay labor. Optimal therapy in a pregnant 
woman remains α-methyldopa, hydralazine, or β-blockers 
because they have a safety record with a minimal risk of 
teratogenic effects on the fetus (Figure 50.7).

In women with osteoporosis, thiazide and thiazide-like 
diuretics are ideal agents because they antagonize calciuria 
and facilitate bone mineralization.710

Women experience more cough with ACE inhibitors and 
more pedal edema with CCBs than men.711 These differ-
ences in adverse effects may require adjustment in the dose 
or switching of medications. Interestingly, despite differ-
ences in the underlying pathophysiologic mechanisms of 
high BP between genders, there does not appear to be a 
substantial difference in the response rate to similar dosages 
of commonly used antihypertensive drugs.

(e.g., hydrochlorothiazide, 50 to 100 mg; chlorthalidone, 25 
to 50 mg).701 Their biologic half-life extends well beyond 
their pharmacologic half-life.

Thiazide and thiazide-like diuretics also facilitate vasodila-
tion in combination with other therapeutic classes, particu-
larly those that block the RAAS.688 These drugs can be used 
together in fixed-dose combinations.

Thiazide-like diuretics are not commonly prescribed  
for the treatment of hypertension, despite the fact that 
chlorthalidone has been studied extensively in large-scale 
clinical trials and has been demonstrated to reduce cardio-
vascular mortality.686 A meta-analysis of diuretic trials has 
demonstrated that the equivalent dose of chlorthalidone to 
reduce systolic BP is 8.6 mg, compared to 26.4 mg for 
hydrochlorothiazide.687 Many clinicians and authors have 
debated about the preferred diuretic for the treatment of 
hypertension. Although chlorthalidone is more potent than 
hydrochlorothiazide, there is presently no convincing evi-
dence of the superiority of one over the other in large-scale 
clinical trials.701a

CCBs are also useful vasodilators in older patients. They 
are much better tolerated in the lower half of their dosing 
range and are quite effective even in the presence of a high-
salt diet, perhaps owing to their natriuretic effects702 or 
intrinsic vasodilatory effects.703,704 α-Blockers may be useful 
in older men with benign prostatic hypertrophy because 
they facilitate prostatic urethral relaxation and improve 
urinary stream. ACE inhibitors and ARBs are also effective 
vasodilators in older patients. They are well tolerated, and 
their efficacy is enhanced when they are combined with 
low-dose thiazide diuretic therapy of chlorthalidone (half of 
a 25-mg tablet) or hydrochlorothiazide (6.25 or 12.5 mg).688 
Concerns about β-blocker use in older patients have raised 
questions about their safety.705 Although β-blockers remain 
a cornerstone therapy in the management of patients  
with a previous MI or with heart failure, there is evidence 
to suggest that the reduction of heart rate with these  

Figure 50.6 Antihypertensive response to different drugs for white 
individuals younger than 60 years. Hydrochlorothiazide (HCTZ) 
appears to be the least effective as a single agent. (From Materson 
BJ, Reda DJ, Cushman WC, et al: Single-drug therapy for hypertension 
in men. A comparison of six antihypertensive agents with placebo. The 
Department of Veterans Affairs Cooperative Study Group on Antihyper-
tensive Agents. N Engl J Med 328:914-921, 1993.)
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sodium consumption and body mass index among races and 
ethnic groups, has not been performed.

In general, thiazide diuretics and CCBs have more  
robust antihypertensive properties at lower dosages in 
African Americans than other commonly used therapeutic 
classes.703,704,716 Drugs that block the RAAS are effective in 
African Americans, but higher dosages are frequently 
required to achieve the same level of BP as observed in 
non–African Americans.293 As in most population groups, 
elevated peripheral vascular resistance contributes to BP 
elevation. Some investigators have suggested that African 
Americans have a modest volume component contributing 
to BP elevation that may also contribute to antihypertensive 
drug resistance.714 It is not uncommon for multiple drugs 
to be required to reach the target BP, given the greater 
degree of BP elevation and somewhat different patterns in 
responses to antihypertensive agents. Consequently, fixed-
dose combinations may be most useful in this population 
group as part of a strategy to simplify the approach.

Hispanics and Asians do not appear to have different 
hypertensive responses to commonly used drugs from those 
of whites.390 However, Caribbean Hispanics who have a 
higher proportion of African ancestry may respond to com-
monly prescribed antihypertensive agents in a way that is 
characteristic of non-Hispanic black hypertensives.715

TREATMENT OF OBESE PATIENTS
Obese patients with hypertension frequently have other 
medical problems that complicate the management of their 
hypertension (Table 50.32).90 These patients tend to have a 
hyperdynamic circulation, increased peripheral vascular 
resistance, expanded plasma volume and, like African 
Americans, a greater sensitivity to the influence of dietary 
salt in increasing BP.

In the previously mentioned ACCOMPLISH trial, when 
calcium channel blockade was compared with thiazide 
diuretic treatment in ACE inhibitor–treated patients at high 
cardiovascular risk, thiazide-based treatment was associated 
with less cardiovascular protection in normal weight than in 

ETHNIC AND RACIAL FACTORS
Ethnicity may play a role in the choice of antihyperten-
sive agents (Table 50.31). African Americans frequently 
present with high BP at an earlier age and have more  
substantial elevations in BP, as well as earlier development 
of target-organ damage, than similar, demographically 
matched white counterparts.390,712,713 Ethnic differences in 
the response to antihypertensive medications have been 
demonstrated in numerous clinical trials.390,703 The mecha-
nisms for these differences are not yet elucidated but appear 
to be independent of dietary salt or potassium intake. Some 
investigators have suggested possible genetic differences in 
renal sodium handling, but this has not been conclusively 
demonstrated in clinical trials. Despite this observation, 
African Americans frequently display BP salt sensitivity.714,715 
A careful assessment of the dose response for different med-
ication classes, with adjustment for differences in dietary 

Table 50.30  Considerations for Initial Therapy 
Based on Gender

Clinical Observation
Pharmacologic 
Considerations

Men have lower resting heart 
rate, longer left ventricular 
ejection time, and higher 
stressed pulse pressure 
compared with women.

Use vasodilator (e.g., HCTZ, 
ACEI, ARB, CCB).

Women have lower total 
peripheral resistance and 
greater blood volume 
compared with men.

Use drugs that provide 
vasodilation, heart rate 
reduction; may need 
diuresis (e.g., HCTZ, ACE 
inhibitor, ARB, β-blocker, 
CCB).

Postmenopausal women more 
frequently have coronary 
artery disease with atypical 
chest pain.

Use drugs that counter 
angina and reduce heart 
rate (β-blocker, CCB).

Osteoporosis Antagonize calciuria (HCTZ).
Pregnancy Avoid teratogenic drugs 

(ACEI, ARB).Avoid drugs 
that may cause 
ureteroplacental 
insufficiency (loop 
diuretics). Optimal choices 
are α-methyldopa, 
hydralazine, and 
β-blockers.

Women report more pedal 
edema with CCBs and 
cough with ACEIs than 
men.

Adjust dosage or 
discontinue drug.

More than 20 mm Hg from 
systolic goal

Use fixed-dose combination 
therapy (ACEI/CCB, ARB/
CCB, ACEI/HCTZ, 
β-blocker/HCTZ, ARB/
HCTZ).

ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin 
II receptor blocker; CCB, calcium channel blocker;  
HCTZ, thiazide diuretic.

Table 50.31  Considerations for Initial Therapy in 
African American Patients

Clinical Observation Pharmacologic Considerations

High peripheral vascular 
resistance and 
increased salt 
sensitivity

Use vasodilator (e.g., HCTZ, ACEI, 
CCB, ARB).Use natriuretic 
(HCTZ, ACEI, ARB, CCB). Have 
patient reduce salt intake.

Tendency to increase 
blood volume relative 
to the peripheral 
vascular resistance

Use natriuretic, diuretic (HCTZ; if 
creatinine level > 2.0 mmol/L, 
loop diuretic).

More than 20 mm Hg 
from systolic goal

Use fixed-dose combination 
therapy (ACEI/CCB, ARB/CCB, 
ACEI/HCTZ, β-blocker/HCTZ, 
ARB/HCTZ).

ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin 
II receptor blocker; CCB, calcium channel blocker;  
HCTZ, thiazide diuretic.
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Figure  50.7 Antihypertensive therapies used in pregnancy. A, Therapies commonly used in pregnancy. B, FDA classification of drugs in 
pregnancy. ACE, Angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; RAAS, renin angiotensin 
aldosterone system. (From Seely EW, Ecker J: Cardiovascular management in pregnancy: chronic hypertension in pregnancy. Circulation 129:1254-
1261, 2014.)

Agent Indication Dose
range

FDA
classification

Potential side
effects

Comments

��
Methyldopa

Often used
as first line

250 mg –
1.5 g orally
twice a
day

B Lethargy Data on
offspring up to
7.5 y of age
demonstrating
long-term
safety

Labetalol Often used
as first line

100 –
1200 mg
orally
twice a
day

C Exacerbation
of asthma

Widely used
in pregnancy

Calcium
channel
blockers

Second line
or alternative
first line
(nifedipine)

Varies
according
to drug
used

C Concern for
synergy with
magnesium
sulfate for
neuromuscular
depression

�-blockers Second line Varies
according
to drug
used

C Exacerbation
of asthma

Same
recommend
avoiding
atenolol
during
pregnancy
and lactation

Thiazide
diuretics

Second line 12.5 –
50 mg
orally
once a
day

C Volume depletion
and hypokalemia

A

• FDA indicates Food and Drug Administration.
• –* Angiotensin-converting enzyme inhibitors and angiotensin receptor

blockers are contraindicated in the second and third trimesters of
pregnancy and are class D.  Safety in the first trimester is controversial;
in this trimester, they are class C.

Antihypertensive Therapies Commonly Used in Pregnancy*

B
• FDA indicates Food and Drug Administration.

FDA Classification of Drugs in Pregnancy

Category A: controlled studies in pregnant women have demonstrated no risk of fetal abnormalities.

Category B: reproduction studies in animal indicate no fetal risk, but there are no adequate and 
well-controlled studies in pregnant women; or animal reproduction studies have shown an adverse 
effect of the drug but not in well-controlled studies in pregnant women.

Category C: animal reproduction studies have shown an adverse effect of the fetus but no adequate 
human or animal studies; or animal reproduction studies have not been conducted and it is not 
known whether the drug can cause fetal harm when administered to a pregnant woman.

Category D: evidence of human fetal risk, but benefits outweigh risks.  Women taking this drug 
during pregnancy should be informed of potential fetal risk.

Category X: evidence of human fetal risk.  Drug is contraindicated in women who are pregnant or 
who may become pregnant.  If this drug is used during pregnancy or if the patient becomes pregnant 
while taking this drug, the patient should be apprised of the potential hazard to a fetus.
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Table 50.33  Considerations for Initial Therapy in 
Patients with Heart Disease

Clinical Observation Pharmacologic Considerations

Angina Reduce heart rate and induce 
coronary vasodilation (reduce 
heart rate 20% or to 60-65 beats/
min; β-blocker, nitrates, CCB).

Left ventricular 
hypertrophy

Reduce systolic blood pressure 
(HCTZ, ACEI, CCB, ARB). Avoid 
nonspecific vasodilator or 
therapies that result in reflex 
increase in heart rate.

Systolic dysfunction Reduce afterload and preload; 
promote natriuresis (ACEI, HCTZ, 
ARB; antineurohormonal agents, 
β-blocker, spironolactone).

Diastolic dysfunction Improve myocardial compliance, 
reduce heart rate, and avoid 
volume depletion (β-blocker, CCB, 
ACEI, ARB; avoid loop diuretics).

Myocardial infarction Reduce heart rate (β-blocker, ACEI).
More than 20 mm Hg 

from systolic goal
Use fixed-dose combination therapy 

(ACEI/CCB, ARB/CCB, ACEI/
HCTZ, β-blocker /HCTZ, ARB/
HCTZ).

ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin 
II receptor blocker; CCB, calcium channel blocker;  
HCTZ, thiazide diuretic.

obese patients.717 However, amlodipine-based therapy was 
equally effective across body mass index subgroups and 
offered superior cardiovascular protection in nonobese 
patients with hypertension.696

β-Blockers may be helpful in diminishing sympathoadre-
nal drive. Vasodilators such as hydrochlorothiazide and ACE 
inhibitors, ARBs, and CCBs are useful for reducing periph-
eral vascular resistance. Combinations of these drugs may 
also be helpful. Because of the tendency toward expanded 
plasma volume, thiazide or thiazide-like diuretics can be 
helpful because they provide an opportunity to produce 
vasodilation and mild volume reduction. Frequently, obese 
patients require multiple drugs to achieve BP goals, and 
simplification strategies are important. Given the increased 
frequency of cardiovascular risk clustering phenomena in 
these patients, metabolically neutral drug therapies are 
ideal. One also should use β-blockers carefully because they 
could increase the likelihood of weight gain and may com-
promise glucose tolerance.703,718 Recently the role of aldoste-
rone antagonism has been reported in obese, hypertensive 
individuals requiring treatment with multiple medications 
due to adipocyte production of aldosterone.652-655

TREATMENT OF PATIENTS WITH CARDIOVASCULAR 
OR KIDNEY DISEASE
Cardiovascular Disease

Patients with hypertension and cardiac disease require tai-
lored approaches because the medications used to control 
BP are all quite different with regard to their effects on the 
heart (Table 50.33). In patients with coronary artery disease, 
it is important to remember that most coronary artery perfu-
sion occurs during diastole. Hence, pharmacotherapy 
should be targeted toward slowing the heart rate to enhance 
perfusion during diastole. β-Blockers and heart rate–
lowering CCBs, such as the nondihydropyridines, would be 

ideal in this respect. However, as previously discussed, there 
is a theoretical concern about reducing heart rate excessively 
(<60 to 65 beats/min) in older patients; therefore, caution 
should be used for each individual in regard to the goal 
heart rate, and patients should be carefully monitored.

LVH provides evidence of the duration and magnitude of 
BP elevation. All the drugs that lower BP, except for direct-
acting vasodilators, effectively cause the LVH to regress.719 
Thus, most antihypertensives can be useful in this regard. 
Some trials have indicated that drugs that block the  
RAAS may be more effective than other drugs in reducing 
LVH. A large-scale clinical trial has demonstrated that the 
ARB losartan is more effective in reducing overall cardiovas-
cular morbidity and mortality (primarily related to the 
reduction in the incidence of stroke) in patients with hyper-
tension and LVH than a β-blocker–based antihypertensive 
regimen.684

The lack of ability of a β-blocker to reduce LVH may be 
related to heart rate slowing and associated aortic pulse 
wave augmentation. If patients have dyspnea, it is important 
to use echocardiography to distinguish between diastolic 
and systolic dysfunction. The management of diastolic dys-
function should include therapies that facilitate ventricular 
relaxation and modest reduction of heart rate (β-blockers 
and CCBs). With systolic dysfunction, drugs that block the 
RAAS are more suitable for providing both preload and 
afterload reduction and diminishing the sympathoadrenal 
response.720 β-Blockers and mineralocorticoid receptor 
antagonists in addition to ACE inhibitor therapy are also 

Table 50.32  Considerations for Initial Therapy in 
Obese Patients with Hypertension

Clinical 
Observation Pharmacologic Considerations

Hyperdynamic 
circulation

Reduce heart rate and 
sympathoadrenal outflow (β-blocker).

Increased peripheral 
vascular 
resistance

Use vasodilator (e.g., HCTZ, ACEI, 
ARB, CCB).

Salt sensitivity Use natriuretic (HCTZ, ACEI, ARB, 
CCB). Have patient reduce salt 
intake.

Expanded plasma 
volume

Use diuretic (HCTZ). Have patient 
reduce salt intake.

Hypoventilation Order sleep study to evaluate need for 
positive pressure ventilation at night.

More than 
20 mm Hg from 
systolic goal

Use fixed-dose combination therapy 
(ACEI/CCB, ARB/CCB, ACEI/HCTZ, 
β-blocker/HCTZ, ARB/HCTZ).

ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin 
II receptor blocker; CCB, calcium channel blocker;  
HCTZ, thiazide diuretic.
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to the glomerulus. Current recommendations suggest a 
target BP below 140/90 mm Hg based on patients with 
kidney disease in clinical trial evidence.437 It is possible that 
even lower pressures may be necessary to optimally delay 
the progression of renal disease, particularly in patients with 
proteinuria and diabetes.

Drugs that block the RAAS, such as ACE inhibitors682,683 
and ARBs,686,689 provide a more consistent opportunity to 
reduce the progression of renal disease as part of an inten-
sive BP–lowering strategy than other commonly used anti-
hypertensive drugs. The benefit of these drugs resides, in 
part, on their ability to facilitate efferent glomerular arterio-
lar dilation by antagonizing the effects of Ang II as they 
lower blood pressure.724 Renin inhibitors have similar clini-
cal effects on reducing both BP and proteinuria to those of 
ACE inhibitors and ARBs, but have not been studied alone 
in renal protection trials.725 Overall, there is a more consis-
tent reduction in systemic and glomerular capillary pres-
sures with RAAS-blocking drugs. Additional medications 
can be added to these drugs to achieve better BP control 
and help reduce glomerular capillary pressure and protein-
uria. Sufficient dosages of diuretics to control the blood 
volume should also be used. When the serum creatinine 
level reaches 2 mmol/L, volume reduction is more ame-
nable to the use of loop diuretics as opposed to thiazides, 
which are more effective as peripheral vasodilators.

Some investigators have questioned the safety of  
using CCBs in patients with kidney disease, given their  
preferential effects on dilating the afferent glomerular arte-
riole.54 Some studies have demonstrated that CCBs can 
increase proteinuria, despite lowering BP.726 However, there 
is no clinical evidence that these drugs are detrimental and 
worsen the progression of renal disease if they are given with 
ACE inhibitors or ARBs, which dilate the efferent glomeru-
lar arteriole. If anything, the lower BP achieved using these 
drugs in combination may provide better protection against 
the loss of kidney function, as was observed in the ACCOM-
PLISH study.717

Antiproteinuric strategies should be considered in 
patients with kidney disease because a reduction in pro-
teinuria by specific antihypertensive drugs, such as ACE 
inhibitors or ARBs, correlates with slowing the progression 
of renal disease.727,728 However, dual RAAS blockade, 
despite reducing proteinuria, has not provided incremental 
benefit on renal disease progression and is associated  
with a greater risk for increased serum creatinine and potas-
sium levels.99,265 For further discussion of drugs for the treat-
ment of hypertension associated with renal disease, see 
Chapter 62.

STRATEGIES FOR SELECTING THE OPTIMAL 
COMBINATION ANTIHYPERTENSIVE THERAPY

A meta-analysis involving 40,000 treated patients evaluated 
the usefulness of low-dose combination treatments sepa-
rately and in combination.729 The average BP reduction 
achieved with low-dose therapy was only 20% in 354 ran-
domized, double-blind, placebo-controlled trials of thia-
zides, β-blockers, ACE inhibitors, ARBs, and CCBs. Thiazides 
and CCBs cause side effects infrequently at a half-standard 
dose (2% and 1.6%, respectively), whereas side effects occur 
commonly at standard doses (9.9% and 8.3%, respectively). 

helpful in these patients. Diuretic therapy should be used 
to adjust the blood volume, as necessary.

Kidney Disease

In patients with kidney disease (Table 50.34), BP control is 
more complex to achieve because such patients not only 
have increased vascular resistance but also frequently have 
increased blood volume, contributing to the hypertensive 
process.721 The understanding of renal autoregulation pro-
vides some insight into the appropriate levels of BP control 
and the relative importance of different types of antihyper-
tensive drugs in preserving renal function.

Glomerular circulation operates optimally at one half to 
two thirds of the systemic BP.722 Preglomerular vasoconstric-
tion is necessary to decrease the systemic pressure to glo-
merular capillary pressure levels that are optimal for 
filtration yet low enough to avoid mechanical injury to the 
filtering apparatus.722,723 The efferent glomerular arteriole 
also serves an important purpose—it vasoconstricts during 
situations of diminished effective arterial blood volume to 
maintain adequate pressure for glomerular filtration. With 
the development of vascular disease, the afferent glomeru-
lar arteriole does not vasoconstrict properly, which permits 
the transmission of systemic BP into the glomerulus. A clini-
cal clue that could indicate the failure of autoregulation is 
the presence of microalbuminuria or protein in the urine. 
Under these circumstances, systemic BP should be reduced 
more substantially to minimize the risk of mechanical injury 

Table 50.34  Considerations for Initial Therapy in 
Patients with Renal Disease*

Clinical Observation Pharmacologic Considerations

Increased blood 
volume (common in 
glomerular diseases)

Reduce blood volume (HCTZ, loop 
diuretic if creatinine level 
>2.0 mmol/L).

Decreased blood 
volume (common in 
tubular diseases)

Salt supplementation may be 
needed.

Increased peripheral 
vascular resistance

Use vasodilator (ACEI, CCB, ARB).

Proteinuria Reduce proteinuria (ACEI, ARB, 
NDCCB) (recommended target 
systolic blood pressure ≤ 
130 mm Hg).

Diabetes with 
proteinuria

Control blood pressure and 
glycemia (ACEI if type 1 diabetes, 
ARB if type 2; recommended 
target systolic blood pressure < 
130 mm Hg).

More than 20 mm Hg 
from systolic goal

Use fixed-dose combination 
therapy (ACEI/CCB, ARB/CCB, 
ACEI/HCTZ, β-blocker/HCTZ, 
ACEI/CCB). Use of HCTZ 
depends on renal function.

*All medications adjusted according to renal function.
ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin 

II receptor blocker; CCB, calcium channel blocker; HCTZ, 
thiazide diuretic; NDCCB, nondihydropyridine calcium channel 
blocker.
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incidence of CCB-related peripheral edema by as much as 
38%.738 Combining an RAAS blocker with a thiazide reduces 
the occurrence of diuretic-induced hypokalemia.

Dual therapy and sequential monotherapy are currently 
being compared in ongoing trials. JNC 8 was unable to 
recommend administration of multiple antihypertensive 
drugs over uptitration, use of a combination of drugs at low 
doses, and initiation of two drugs at the same time due to 
the lack of available randomized controlled trials available 
on combination drug therapy.437 It is presently not known 
whether one of these strategies will improve mortality or 
cardiovascular, cerebrovascular, and kidney outcomes. Limi-
tations have been identified with the single pill combination 
approach, however, and are listed in Table 50.35.

SPECIFIC DRUG COMBINATIONS

See Figure 50.8.731,739,740

PREFERRED COMBINATIONS
Renin Angiotensin Aldosterone System Inhibitors 
and Calcium Channel Blockers

The ACCOMPLISH trial demonstrated the superiority of  
an ACE inhibitor and CCB in single-pill form versus an  
ACE inhibitor plus hydrochlorothiazide. The ACCOM-
PLISH trial compared BP reduction and cardiovascular  
outcomes achieved with two combination therapies, 
benazepril-amlodipine and benazepril-hydrochlorothiazide 

β-Blockers, however, cause an equivalently high number of 
side effects at both dosage levels (5.5% vs. 7.5%; P = 0.04). 
The only side effect observed with ACE inhibitors was cough 
(3.9%), which did not vary with dosage. ARBs were not 
associated with an excess of side effects at a standard dose. 
The reduction in BP was additive; however, the prevalence 
of adverse effects was not additive. Therefore, combinations 
of two or three drugs at low doses are preferable to one or 
two drugs at standard doses. In the absence of cough, ACE 
inhibitors and ARBs can be used at higher doses due to the 
lack of adverse effects associated with these drugs. In a sub-
sequent meta-analysis, the authors quantified the effect of a 
combination of drugs from the four drug classes on BP 
reduction. The extra BP reduction achieved by combining 
two drugs from different classes is approximately five times 
greater than that achieved when the dosage of one drug is 
doubled.730 This confirms what might be expected based on 
knowledge of the dose-effect relationship between the ther-
apeutic effects of antihypertensive drugs and their toxicity 
(see Figure 50.4).

The rationale for fixed-dose combination therapy is as 
follows731:

• To combine drugs acting on different systems, thus initiat-
ing a pharmacologic attack on two systems with greatly 
enhanced impact compared with monotherapy

• To combat counterregulatory responses that interfere 
with BP reduction

For example, CCBs activate the sympathetic nervous 
system and RAAS, which can attenuate BP-lowering 
effects.732,733 This action can be buffered by RAAS blockers. 
The antihypertensive effect of an RAAS blocker can be 
enhanced by the negative sodium balance created by the 
diuretic and natriuretic properties of a CCB.734

• To decrease the pill burden and enhance adherence to 
prescribed therapy

Many individuals with BP s that are 20 mm Hg (systolic) 
and 10 mm Hg (diastolic) above the target pressure will 
require more than one drug. Clinical trials have docu-
mented that achieving BP targets necessitates the use of 
multiple drugs. In the ALLHAT study, for example, only one 
third of patients achieved their target BP with monotherapy 
after 5 years.735

• To decrease BP variability

Blood pressure has been shown to be less variable with 
combination therapy versus monotherapy.736 Variability in 
visit to visit systolic BPs was shown to be a strong predictor 
of stoke and myocardial infarction.737 CCBs and diuretics 
were found to be the most useful agents for reducing this 
variability, whereas β-blockers increased the variability.737

• To decrease adverse effects

Combining two antihypertensive drugs at lower doses may 
actually reduce adverse effects compared with higher doses 
of both drugs. Studies have shown that the combination of 
an ACE inhibitor and ARB with a CCB reduces the 

Figure 50.8 Recommendations for specific hypertensive drug com-
binations. (From Sever PS, Messerli FH: Hypertension management 
2011: optimal combination therapy. Eur Heart J 32:2499-2506, 2011.)

Preferred

ACE-inhibitor/CCB

ARB/CCB

ACE-inhibitor/thiazide-like diuretic

ARB/thiazide-like diuretic

Acceptable

Beta-blocker/thiazide-like diuretic

CCB (dihydropyridine)/beta-blocker

CCB/thiazide-like diuretic

Renin inhibitor/thiazide-like diuretic

Renin inhibitor/CCB

Dihydropyridine CCB/non-dihydropyridine CCB

Unacceptable

ACE-inhibitor/ARB

Renin inhibitor/ARB

Renin inhibitor/ACE-Inhibitor

RAS inhibitor/beta-blocker

CCB (non-dihydropyridine)/beta-blocker

Centrally acting agent/beta-blocker
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effectiveness of β-blockers in individuals of African ancestry 
and in others with low-renin hypertension. Both these drug 
classes have similar adverse effects, including the develop-
ment of glucose intolerance, new-onset diabetes, fatigue, 
and sexual dysfunction. However, in 2007, the European 
Society of Hypertension warned against the use of this com-
bination for patients with metabolic syndrome or for those 
at high risk of diabetes.742 A meta-analysis has demonstrated 
a 35% risk of new-onset diabetes with diuretics compared to 
non–β-blocker antihypertensives and a 31% risk of new-
onset diabetes with diuretics compared to nondiuretic anti-
hypertensives.743 Given the possibility of adverse metabolic 
consequences, it seems reasonable to avoid the use of this 
combination for initial therapy without other compelling 
indications.739

Calcium Channel Blockers and  
Thiazide-like Diuretics

The combination of a CCB and diuretic provides a partially 
additive antihypertensive effect.744 CCBs increase kidney 
sodium excretion, albeit not to the same extent as diuretics. 
This combination performed well in the VALUE trial, in 
which hydrochlorothiazide was administered to participants 
randomized to amlodipine as a second step compared to 
the valsartan arm.745 Adverse effects included peripheral 
edema and hypokalemia as well as a slight increase in the 
incidence of new-onset diabetes.

Calcium Channel Blockers and β-Blockers

Additive BP reduction can be achieved with the combina-
tion of a β-blocker and a dihydropyridine CCB. In one study, 
the antihypertensive effects of combination ER metoprolol 
succinate and ER felodipine produced dose-related BP- 
lowering effects over a wide dose range; moreover, the  
incidence of edema and adverse effects was low. Nondihy-
dropyridine CCBs such as verapamil and diltiazem should 
not be given together with β-blockers due to dual negative 
chronotropic effects, which may result in heart block or 
severe bradycardia.

Dual Calcium Channel Blockade

In a meta-analysis of six studies consisting of 153 patients, 
dual CCB therapy (dihydropyridine CCB with verapamil or 
diltiazem) was shown to have additive antihypertensive 
effects without an increase in adverse events.746 Long-term 
prospective clinical trials are required to assess the long-
term safety of this combination and to obtain cardiovascular 
outcome data. Dual CCB therapy should not be used as an 
alternative treatment for resistant hypertension until 
outcome data are available.

UNACCEPTABLE OR INEFFECTIVE COMBINATIONS
Dual Renin Angiotensin Aldosterone  
System Blockade

A dual RAAS blockade is not recommended. Two recent 
negative trials and a retracted earlier study have lessened 
the enthusiasm for RAAS blockade combinations. In the 
ALTITUDE trial, aliskiren or placebo was added to ACE 
inhibitors or ARBs, which inhibit RAAS, in diabetics with 
CKD.100 The trial was halted early due to an increased inci-
dence of hypotension, AKI, hyperkalemia and stroke. In the 

in a single tablet. The trial included more than 11,000  
individuals, and the mean BP was nearly equivalent  
between the benazepril-amlodipine and benazepril-
hydrochlorothiazide groups (131.6 and 73.3 vs. 132.5 and 
74.3, respectively). The outcome in this study was time to 
reach a primary end point—a composite of cardiovascular 
events or death. The trial was terminated early (after a  
mean of 36 months) because the benazepril-amlodipine 
group had reached a lower event rate (9.6%) than the 
benazepril- hydrochlorothiazide group (11.8%; RR, 19.6%; 
hazard ratio [HR], 0.80; P > 0.001).

Renin Angiotensin Aldosterone System Inhibitors 
and Thiazide-like Diuretics

By depleting intravascular volume, diuretics activate the 
RAAS system, which causes vasoconstriction as well as salt 
and water retention. The RAAS blockade attenuates the 
counterregulatory response and causes additional BP reduc-
tion. This combination has several advantages—the RAAS 
mitigates diuretic-induced hypokalemia and glucose intoler-
ance. In a recent report on individuals older than 80 years, 
the Hypertension in the Very Elderly (HYVET) trial, indap-
amide, a thiazide-like diuretic, combined with the ACE 
inhibitor perindopril reduced the incidence of stroke (30%) 
and heart failure (64%).

ACCEPTABLE COMBINATIONS
β-Blockers and Thiazide-like Diuretics

β-Blockers and diuretics have been shown to reduce cardio-
vascular end points in randomized controlled trials; however, 
meta-analyses have suggested that they are less effective than 
other agents.372,741 The addition of diuretics increases the 

Table 50.35  Advantages and Limits of the 
Use of Single-Pill Combinations  
in Hypertension

Advantages

• Reduction of the pill burden
• Simplification of the treatment schedule
• Increased adherence to therapy (better long-term 

persistence)
• Improved efficacy with reduced incidence of side effects
• Better prevention of cardiovascular events (to be 

demonstrated prospectively)

Limits

• Reduction of the prescription flexibility
• Difficulty to identify the precise cause of an unexpected 

side effect
• Difficulty to memorize the exact content of the single-pill 

combinations
• Risk of a more pronounced rebound hypertension in case of 

repeated omissions
• Risk of acute hypotension when restarting a triple 

combination after interruptions
• Increased cost versus free combinations of generics

From Burnier M: Antihypertensive combination treatment: state 
of the art. Curr Hyperten Rep 17:51, 2015.
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collecting duct.749 Spironolactone, eplerenone, amiloride 
and triamterene can provide enhanced antihypertensive 
therapy in patients with resistant hypertension and those 
who have elevated aldosterone levels,750 as well as those with 
normal urinary aldosterone levels.749 Spironolactone has 
been extensively studied for its role in treating resistant 
hypertension.

In the ASCOT study, the antihypertensive effect of spi-
ronolactone was evaluated among 1411 participants who 
received the drug as a fourth-line antihypertensive agent at 
a dosage beginning at 12.5 mg and increasing up to 50 mg 
daily. During spironolactone therapy, the participants’ BP 
decreased by 21.9/9.5 mm Hg (95% CI, 20.8 to 23.0 and 9.0 
to 10.1 mm Hg; P < 0.001). The drug was generally well 
tolerated; the most frequent adverse event was gynecomastia 
or breast discomfort in male participants (6%) and hyper-
kalemia (>5.5 mmol/L [4%] and >6.0 mmol/L [2%]). Col-
lectively, these data suggest that spironolactone at 12.5 to 
50 mg/day is an effective treatment option for individuals 
with resistant hypertension (uncontrolled on three or more 
medicines including a diuretic).

A smaller study of 52 patients has demonstrated the effi-
cacy of the selective aldosterone blocker eplerenone at a 
dose of 50 to 100 mg daily in patients with resistant hyper-
tension. After eplerenone treatment, the clinical BP was 
reduced by 18/8 mm Hg compared with baseline (P < 
0.0001 for systolic and diastolic BPs).751 Individuals treated 
with aldosterone antagonists require careful monitoring for 
hyperkalemia.

Direct-Acting Vasodilators

Direct-acting vasodilator drugs such as minoxidil and 
hydralazine are held in reserve for patients with advanced 
stage 2 hypertension who have not responded to conven-
tional multidrug antihypertensive regimens.597,598 The 
rationale is that the direct vasodilatory mode of action is 
different and complementary to the modes of action of 
other drug classes. Minoxidil is effective in patients with 
resistant hypertension; it is frequently a drug of last resort 
in patients with CKD and must be administered together 
with a β-blocker and loop diuretic. The initial dosage is 
2.5 mg, with a maintenance dose generally ranging from 10 
to 40 mg/day.

BEDTIME ANTIHYPERTENSIVE DOSING VERSUS 
MORNING DOSING

Shifting one nondiuretic antihypertensive medicine from 
morning to evening can reduce the total 24-hour mean  
BP and restore the normal nocturnal BP decrease (gener-
ally, ≈15%, failure of the BP to decrease at night is termed 
nondipping). Nondipping is a cardiovascular disease risk 
factor.752 After a median follow-up of 5.4 years, patients who 
took at least one BP-lowering medication at bedtime had an 
adjusted risk for total cardiovascular events (a composite of 
death, myocardial infarction, angina pectoris, revasculariza-
tion, heart failure, arterial occlusion of lower extremities, 
occlusion of the retinal artery, and stroke) that was approxi-
mately one third that of patients who took all medications 
on awakening (adjusted HR, 0.31;95% CI, 0.21 to 0.46;  
P ≤ 0.001).).753 Similar results were demonstrated in 
patients with CKD.754

ONTARGET trial, there were more adverse events, includ-
ing worsening kidney function, with a combination of 
telmisartan and ramipril than with the individual drugs,  
and the combination did not improve cardiovascular  
outcomes.154 Additionally, the COOPERATE study, which 
claimed that 263 patients with nondiabetic renal disease 
were randomly allocated to treatment with an ACE inhibi-
tor, ARB, or combination of both medications at equivalent 
doses,747 concluded in 2003 that the combination therapy 
was superior to monotherapy with an ACE inhibitor or ARB. 
However, the study was eventually retracted in 2009.748

Renin Angiotensin Aldosterone System  
Blockers and β-Blockers

These two drug classes are often combined after an MI or 
in those with heart failure. However, the combination 
achieves minimal additional antihypertensive effects com-
pared with either drug as a monotherapy.

β-Blockers and Central Adrenergic Agonists

β-Blockers and central adrenergic agents (e.g., clonidine, 
α-methyldopa) both interfere with the SNS. No studies 
have explored the potential additive antihypertensive  
effects of these agents. However, it is known that additive 
adverse effects, including bradycardia, heart block, and 
rebound hypertension, occur when the drugs are abruptly 
discontinued.

OTHER DRUG CLASSES IN COMBINATION THERAPY
Peripheral α1-Adrenergic Antagonists

Peripheral α1-adrenergic antagonists (e.g., doxazosin, pra-
zosin, terazosin) are often used in combination regimens to 
achieve BP targets. These drugs are reported to lower BP 
effectively while reducing plasma lipid levels, ameliorating 
insulin sensitivity and enhancing glucose metabolism.622 
The availability of ER formulations of these drugs has 
improved tolerability. The use of doxazosin has declined 
after the Data Safety Monitoring Board for the ALLHAT 
Study decided to discontinue the doxazosin treatment arm 
of the study based on the finding that a significantly higher 
percentage of patients on doxazosin developed stroke and 
congestive heart failure.616 The ASCOT was a nonrandom-
ized, non–placebo-controlled study showing that doxazosin 
is an effective and safe third-line antihypertensive agent.617 
In this study, an observational analysis of BP from 10,069 
participants was performed to determine the efficacy of 
doxazosin as a third-line drug. A doxazosin GITS was given 
to all participants in doses ranging from 4 to 7 mg. The BP 
of the participants decreased by an average of almost 
12/7 mm Hg, and modest reductions were noted in total 
and LDL cholesterol. However, there was a small increase 
in fasting plasma glucose concentrations. No excess of heart 
failure was observed.

Aldosterone Antagonists and Epithelial Sodium 
Channel Inhibitors

The aldosterone antagonists spironolactone and eplere-
none, and the mineralocorticoid receptor antagonists and 
potassium-sparing diuretics amiloride and triamterene, 
block the action of aldosterone on the epithelial sodium 
channel located in the distal collecting tubule and 
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RESISTANT HYPERTENSION

Resistant hypertension is a term used to characterize high BP 
that fails to respond to what the clinician thinks is an ade-
quate antihypertensive regimen (Table 50.36).755,756 Resis-
tant hypertension has also been defined as the inability to 
reach a desired BP goal, despite the use of three optimally 
dosed drugs, one of which is a diuretic, or the need for four 
or more medications to reach the desired BP goal.757 A 
variety of factors can interfere with the ability of what is 
deemed to be appropriate antihypertensive therapy to nor-
malize BP. Perhaps most important is nonadherence to the 
therapy regimen. Nonadherence is common and is one of 
the most serious problems that interfere with attaining the 
BP goal. This problem has many sources, including inade-
quate education, poor clinician-patient relationship, lack of 
understanding of side effects, and complexity of multidrug 
regimens. The health care provider should make every 
effort to determine whether adherence to therapy is part of 
the problem before pursuing other potential explanations 
for resistant hypertension. If nonadherence is eliminated, a 

Table 50.36  Causes of Resistant Hypertension

Pseudoresistance
White coat hypertension or office elevations
Pseudohypertension in older patients
Use of small cuff on very obese arm

Nonadherence to therapeutic regimen
Volume overload
Drug-related causes

Antihypertensive drug dosage too low
Wrong type of diuretic
Inappropriate combinations of antihypertensive drugs
Drug actions and interactions

Sympathomimetics
Nasal decongestants
Appetite suppressants
Cocaine
Caffeine
Oral contraceptives
Adrenal steroids
Licorice (may be found in chewing tobacco)
Cyclosporine, tacrolimus
Erythropoiesis-stimulating agents (ESAs) and 

Erythropoietin
Antidepressants
Nonsteroidal antiinflammatory drugs

Concomitant conditions
Obesity
Sleep apnea
Ethanol intake > 1 oz (30 mL)/day
Anxiety, hyperventilation

Secondary causes of hypertension
Renovascular hypertension
Primary aldosteronism
Pheochromocytoma
Hypothyroidism
Hyperthyroidism
Hyperparathyroidism
Aortic coarctation
Renal disease

methodologic approach can be used to help diagnose the 
cause of resistant hypertension and then correct it.

Pseudohypertension is another cause of resistant hyper-
tension. It is usually observed in older hypertensive patients 
who have hardened atherosclerotic arteries, which are not 
easily compressible. This condition interferes with ausculta-
tory measurements of BP. It is also known as Osler’s phe-
nomenon.758 Because of the conformational changes of the 
vessels, greater apparent pressure is required to compress 
the sclerotic vessel than the intraarterial BP requires.

Another common cause of pseudohypertension is 
improper measurement, which occurs when the BP is taken 
with an inappropriately small cuff in a person with a large 
arm circumference. Because of the substantial proportion of 
hypertensive patients who are obese, it is critical to have a cuff 
of the appropriate size to determine the auscultatory pres-
sure. The bladder within the cuff should encircle at least 80% 
of the arm to provide an accurate determination.

Ambulatory BP monitoring can assist in phenotyping 
patients with hypertension. This may be particularly impor-
tant in patients with chronic kidney disease, for whom out 
of office BP and both cardiovascular and renal outcomes 
are more strongly related than office BP measures.707 These 
important observations have been noted in several clinical 
trials. Moreover, these studies have also demonstrated  
that masked hypertension and nocturnal hyper tension 
(nondipping) are also usually associated with cardiovascular 
events and renal disease progression759 A comparison of 
national recommendations for normative threshold values 
of ambulatory BP monitoring matched to an office BP of 
140/90 mm Hg is presented in Figure 50.9.

Volume overload is an important and common cause of 
resistant hypertension. It may be related to excessive salt 
intake or to the inability of the kidney to excrete an appro-
priate salt and water load because of endocrine abnormali-
ties or intrinsic renal disease.

Increasing the dietary salt intake offsets the antihyperten-
sive activities of all antihypertensive medications.703 Some 
patients are more salt-sensitive than others. Salt sensitivity is 
common in patients of African ancestry.715 This sensitivity is 
also a more common problem in patients with renal disease 
and congestive heart failure. A careful clinical examination 
coupled with the judicious use of a thiazide-like or loop 
diuretic (depending on the level of renal function) is criti-
cal in achieving an ideal blood volume to restore the anti-
hypertensive efficacy of most classes of drugs. It is also 
appropriate to consider educating the patient about avoid-
ing foods that are high in salt content, such as processed 
foods.

Drug-related causes of resistant hypertension are 
common and need to be carefully assessed in each patient. 
Perhaps the most common drugs that cause resistant  
hypertension are over the counter (OTC) preparations of 
sympathomimetics, such as nasal decongestants, appetite 
suppressants, and NSAIDs.760 In addition, oral contracep-
tives, immunosuppressants (e.g., cyclosporine), and even 
some antidepressants can increase BP. Caffeine, licorice, 
and even erythropoiesis-stimulating agents (ESAs) erythro-
poietin may also increase BP. Unfortunately, patients may 
not always recognize OTC preparations as medications. 
Therefore, careful questioning specifically focusing on 
these types of medications should be routine during the 
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Figure 50.9 Comparison of national recommendations for ABP equivalents of hypertension clinic values of 140/90 mm Hg. (From Head GA, 
McGrath BP, Mihailidou AS, et al: Ambulatory blood pressure monitoring is ready to replace clinic blood pressure in the diagnosis of hypertension: 
pro side of the argument. Hypertension 64:1175-1181, 2014.)
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Coexisting medical conditions can also interfere with the 
ability of medications to control BP. Obesity is a cause of 
resistant hypertension that is often overlooked because it is 
commonly associated with the obesity hypoventilation syn-
drome of obstructive sleep apnea.652 It is thought that the 
accumulation of dependent edema in overweight patients, 
when it redistributes in a cephalad direction during recum-
bency at night, may enhance airway closure and facilitate 
obstruction.763

Nighttime ventilation techniques, such as continuous 
positive airway pressure, enhance the control of BP.652 Vis-
ceral adipose tissue increases the production of aldosterone 
and causes hyperaldosteronism by the zona glomerulosa in 
obese patients.653-655,764 This process is mediated by the adi-
pocyte production of angiotensinogen and WNT signaling 
molecules that cause steroidogenesis. These factors contrib-
ute to sodium retention, a shift to the right of the pressure-
naturesis curve, endothelial dysfunction, and vascular 
proliferation. Resistant hypertension in this setting can be 
evaluated for hyperaldosteronism and treated with a thera-
peutic trial of a selective aldosterone receptor antagonist, 
such as eplerenone.653-655,764

Strategies to control BP in patients with refractory hyper-
tension should first address issues related to adherence, 
simplification of the medical regimen, and determination 
of whether side effects play a role. Subsequently, one can 
evaluate the medications and try to choose those that work 
well with one another to facilitate a almost additive antihy-
pertensive response. As previously noted, most drugs reduce 
systolic BP by approximately 8 to 10 mm Hg. Consequently, 
it is not unusual for patients who are 40 or 50 mm Hg from 
their target systolic BP to require four or five medications, 
or possibly even more.

One should also be careful to ensure that volume excess 
is controlled and that there are no drug-drug interactions 
or clinical situations that would promote diuretic resistance, 
such as excessive salt intake, impaired drug bioavailability, 
impaired diuretic secretion by the proximal tubule, 
increased protein binding in the tubule lumen, or reduced 
GFR. Both pseudohypertension and secondary causes of 
hypertension should be eliminated as possibilities. True 

evaluation for refractory hypertension. In addition, alcohol 
use, smoking, and cocaine use can be complicating factors 
that interfere with the ability of medications to lower BP.

Some medications may interfere with the antihyperten-
sive activity of other drugs. For example, NSAIDs interfere 
with the antihypertensive activity of diuretics and ACE inhib-
itors.755 Interestingly, only the antihypertensive activity of 
CCBs appears to be immune to the effects of NSAIDs.761 
Drug-drug interactions that can interfere with drug absorp-
tion, drug metabolism, or the pharmacodynamics of the 
concomitantly administered drugs can also interfere with 
antihypertensive activity.

Secondary causes of hypertension might also be consid-
ered a cause of resistant hypertension. These causes can be 
divided into two groups, renal parenchymal and renal vas-
cular and endocrine. Renal parenchymal and renal vascular 
diseases are not uncommon (90% of the total causes of 
secondary hypertension). A chemistry profile and urinalysis 
facilitate the diagnosis of renal disease, whereas renal vascu-
lar assessment with Doppler ultrasonography or a direct 
imaging technique determines whether renal vascular 
hypertension is present. Associated endocrine abnormali-
ties include hyperaldosteronism, pheochromocytoma, 
hypothyroidism or hyperthyroidism, and hyperparathyroid-
ism. Rarely, aortic coarctation can be a cause of resistant 
hypertension. With the realization that hyperaldosteronism 
may explain 15% to 20% of resistant hypertension, all 
patients should be screened for occult hyperaldosteronism 
by measuring the ratio of plasma aldosterone level to plasma 
renin activity. In a retrospective study, more widespread use 
of the plasma aldosterone concentration/plasma renin 
activity ratio in hypertensive patients resulted in a 1.3- to 
6.3-fold increase in the annual detection rate for primary 
aldosteronism (1% to 2% before screening and 5% to 10% 
after screening). Although these results are complicated by 
selection bias, they indicate that this type of screening 
should be considered for patients with resistant hyperten-
sion, despite the fact that it is unusual to find an adenoma.762 
Often, patients with subtle hyperaldosteronism respond to 
the addition of a selective aldosterone receptor blocker to 
their antihypertensive regimen.
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acute MI, stroke, or acute renal dysfunction. Any delay  
in the control of BP may lead to irreversible sequelae, 
including death. This syndrome is unusual but requires 
immediate hospitalization in an intensive care unit (ICU), 
with careful and judicious use of intravenous vasodilators to 
lower systolic and diastolic BPs cautiously to approximately 
140/90 mm Hg.

Hypertensive urgency is a clinical situation in which  
a patient may have a marked elevation in BP (>200/
130 mm Hg) but no evidence of ongoing target-organ 
damage. Such a patient can be treated with rapid-onset 
drugs, such as captopril or clonidine, and be observed cau-
tiously, with the administration of long-acting medications 
on an outpatient basis as progressive restoration of a more 
appropriate BP level is attained.

Thus, the history and physical examination findings are 
the critical factors in delineating the difference between 
these two syndromes. The decision about whether to hospi-
talize the patient in an ICU and use intravenous medication 
or to observe the patient carefully and use oral medications 
to facilitate better BP control depends in a large part on the 
presence or absence of ongoing target-organ injury.

A variety of different antihypertensive therapeutic drug 
classes are effective in the treatment of hypertensive emer-
gencies. These drugs can be given parenterally and include 
the following: direct-acting vasodilators—diazoxide, hydral-
azine, nitroprusside, and nitroglycerin; β1-selective adrener-
gic antagonist esmolol; α- and β-adrenergic antagonist 

resistant hypertension is unusual, and a methodologic 
approach should be taken to help facilitate BP control in 
these patients because a lack of control puts these patients 
at a greater risk of cardiovascular complications.

Refractory hypertension refers to patients whose BP 
cannot be controlled with maximal medical therapy (more 
than four drugs with complementary mechanisms, given at 
maximal tolerable doses) under the care of a specialist.765 It 
is an important clinical phenotype that is commonly associ-
ated with those of African heritage, patients with diabetes, 
and/or those with albuminuria.765 Recent large observa-
tional studies have noted that 0.5% of patients receiving 
antihypertensive treatment and 3.6% of individuals with 
resistant hypertension have refractory hypertension, and 
that these individuals have much higher 10-year Framing-
ham coronary heart disease and stroke risk scores. Strategies 
for improving treatment in these types of patients are 
unknown but may require higher doses of mineralocorti-
coid receptor antagonists.

Many hypertensive patients are not controlled due to 
nonadherence or lack of tolerance to available antihyper-
tensive therapy. In one study, as many as 35% of these indi-
viduals, who may be prescribed as many as three to five 
antihypertensive medications, blood and urine samples 
revealed no trace of medication.766,767 Thus, there is a need 
for novel new drug therapies and devices to lower BP in 
individuals with refractory hypertension. Fortunately, there 
are many new drugs in preclinical and clinical trials.768 A 
recent large, blinded clinical trial evaluating catheter-based 
renal denervation did not show a significant reduction of 
systolic BP 6 months after the procedure compared to that 
of sham controls.769 However, it has become clear that results 
are difficult to interpret due to the procedural and technical 
shortcomings of the renal denervation procedure itself as 
only a few participants (9 of 253) received a complete four-
quadrant ablation (covering 360 degrees of the renal artery), 
and systolic BP was significantly higher in participants who 
underwent incomplete renal denervation compared to 
those with complete renal denervation.768,770

Hopefully, one may be optimistic that these shortcom-
ings will be resolved in the near-future to allow renal dener-
vation procedures to reach clinical applicability.768 The 
drugs in development, and innovative novel interventional 
approaches, should provide physicians with the tools to 
provide better care for their patients with hypertension  
that is not yet controlled Novel antihypertensive drug and 
device treatments are the subject of a recent review768 
(Figure 50.10).

DRUG TREATMENT OF HYPERTENSIVE 
URGENCIES AND EMERGENCIES

It is important to distinguish between hypertensive urgency 
and hypertensive emergency (Table 50.37). These terms are 
used loosely in clinical practice, with a great deal of overlap. 
The distinction between the two is important because the 
management approach is substantially different.

A hypertensive emergency is a clinical syndrome in  
which marked elevation in BP results in ongoing target-
organ damage in the body. The syndrome can be mani-
fested by encephalopathy, retinal hemorrhage, papilledema, 

Table 50.37  Hypertensive Emergencies

Hypertensive encephalopathy*
Acute aortic dissection*

Central nervous system bleeding*
Intracranial hemorrhage
Thrombotic cerebrovascular accident
Subarachnoid hemorrhage

Acute left ventricular failure refractory to conventional medical 
therapy*

Myocardial ischemia or infarction associated with persistent 
chest pain*

Accelerated or malignant hypertension†

Toxemia of pregnancy—eclampsia*
Renal failure or insufficiency†

Hypertension associated with hyperadrenergic states*
Pheochromocytoma
Interaction between monoamine oxidase inhibitors and 

tyramine-containing foods
Interaction between an α-adrenergic agonist and 

nonselective β-adrenergic antagonist
After abrupt withdrawal of clonidine or guanabenz
After severe body burns
Neurogenic hypertension

Hypertension in the surgical patient†

Associated with postoperative bleeding
After open heart or vascular surgery
Preceding emergency surgery
After kidney transplantation
Hypertension in a diabetic patient with retinal hemorrhage*

*Considered by some authors to be a true hypertensive 
emergency.

†Considered by some authors to be a hypertensive urgency.
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Figure 50.10 New drugs for hypertension. (From Oparil S, Schmieder RE. New approaches in the treatment of hypertension. Circ Res 116:1074-
1095, 2015.)

Drug Mechanism of Action Status

BAY 94-8862 (finerenone) Mineralocorticoid receptor antagonist Phase llb

Etamicastat

Vaccines

Preeclampsia drugs

Dopamine �-hydroxylase inhibitor Phase I

CYT006-Ang0� Vaccine against angiotensin II Phase II

Angil-KLH Vaccine against angiotensin II Preclinical

pHAV-4Anglis Vaccine against angiotensin II Preclinical

ATR0�-001 Vaccine against angiotensin II type 1 receptor Preclinical

ATR12181 Vaccine against angiotensin II type 1 receptor Preclinical

DIF Anti-digoxin antibody tragment Phase II expedited

ATryn

ANP indicates atrial natriuretic peptide; ATR, angiotensin II type 1 receptors; DIF, digoxin-immune Fab; KLH, keyhole limpet
hemocyanin; and rhACE2, recombinant human ACE2.

*Stopped.

Recombinant antithrombin Phase III

AZD1722 (Tenapanor) Intestinal Na+/H+ exchanger 3 inhibitor Phase I

Vasomera (PB1046) Vasoactive intestinal peptide receptor 2 (VPAC2) agonist Phase II

AR9281 Soluble epoxide hydrolase inhibitors Phase II*

C-ANP4-23 ANP analog, selective for NPR-C Preclinical

PL-3994 Natriuretic peptide A agonist Phase II

SLV-306 (Daglutril) Dual-acting endothelin-converting enzymes-neprilysin inhibitor Phase II

LCZ696 Dual-acting angiotensin receptor-neprilysin inhibitor Phase III

RB150 (OGC001) Aminopeptidase A inhibitor Phase I

PC18 Aminopeptidase N inhibitor Preclinical

Alamandine/HP�CD Mas-related-G-protein coupled receptor, member D agonist Preclinical

CGEN-856S Peptide agonist of MAS Preclinical

AVE0991 Nonpeptide agonist of MAS Preclinical

HP-�-CD/Ang 1-7 Ang1-7 analogue Preclinical

rhACE2 ACE2 activator Phase I

DIZE ACE2 activator Preclinical*

XNT ACE2 activator Preclinical*

C21 AT2 receptor agonist Preclinical

LCI699 Aldosterone synthase inhibitor Phase ll trials*

administered at intervals of 5 to 15 minutes) and continu-
ous infusion of diazoxide have become the preferred 
methods of administration to avoid excessive reduction in 
BP. Diazoxide acts rapidly, and the BP effect persists for up 
to 12 hours. It has a plasma half-life of 17 to 31 hours. In 
the urine, 20% is eliminated unchanged, and the remainder 
undergoes hepatic metabolism to inactive metabolites. In 
renal disease, the plasma half-life is prolonged, and dosage 
reduction is required.

Because diazoxide relaxes smooth muscle at peripheral 
arterioles, a reduction in BP is accompanied by an increase 
in the cardiac output and heart rate, which in susceptible 

labetalol; central adrenergic agent methyldopate; gangli-
onic blocking agent trimethaphan; ACE inhibitor enala-
prilat; peripheral α-adrenergic blocker phentolamine; CCBs 
(nicardipine or clevidipine); and dopamine D1–like recep-
tor agonist fenoldopam mesylate.

PARENTERAL DRUGS AND  
DIRECT-ACTING VASODILATORS

Diazoxide is a benzothiadiazine drug used primarily in the 
treatment of acute hypertensive emergencies.771,772 It is a 
pure arterial dilator. The so-called minibolus (1 mg/kg 
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week in normal individuals and accumulates in those with 
renal insufficiency.

Toxic concentrations of cyanide or thiocyanate may occur 
if nitroprusside infusions are given for longer than 48 hours 
or at infusion rates higher than 2 mg/kg/min; the drug 
should not be administered at the maximal dose of 10 mg/
kg/min for longer than 10 minutes.773 Toxic manifestations 
include air hunger, hyperreflexia, confusion, and seizures. 
Lactic acidosis and venous hyperoxemia are laboratory indi-
cators of cyanide intoxication. The appearance of drug 
unresponsiveness may reflect an increase in the concentra-
tion of free cyanide. In such cases, the drug should be 
promptly discontinued and the levels of cyanide measured. 
Nitroprusside is hemodialyzable.

Intravenous nitroglycerin produces dilation of arterial 
and venous beds in a dose-related manner. At lower dosages, 
the primary effect is on preload; at higher infusion rates, 
afterload is reduced. Nitroglycerin may also dilate epicardial 
coronary vessels and their collaterals, increasing the blood 
supply to ischemic regions. Effective coronary perfusion is 
maintained, provided that the BP does not fall excessively 
or that the heart rate does not increase significantly. Nitro-
glycerin has an immediate onset of action but is rapidly 
metabolized to dinitrates and mononitrates (see Table 
50.38). Because nitroglycerin is absorbed by many plastics, 
dilution should be performed only in glass parenteral solu-
tion bottles. Nitroglycerin is also absorbed by polyvinyl chlo-
ride (PVC) tubing; non-PVC intravenous administration sets 
should be used.

Patients with normal or low left ventricular filling pres-
sure or pulmonary wedge pressure may be hypersensitive to 
the effects of nitroglycerin. Therefore, continuous monitor-
ing of BP, heart rate, and pulmonary capillary wedge pres-
sure must be performed to assess the correct dose. 
Intravenous nitroglycerin may be the drug of choice in the 
treatment of patients with moderate hypertension associ-
ated with coronary ischemia because it provides collateral 
coronary vasodilation, a property that is not seen with the 

patients can provoke cardiac ischemia. Concurrent admin-
istration of a β-adrenergic antagonist controls these reflex 
vasodilatory responses. Transient hyperuricemia and hyper-
glycemia occur in most patients. Consequently, the blood 
glucose level should be monitored. Salt and water retention 
also occur, and concurrent diuretic administration is often 
required. Diazoxide and its metabolites are removed by 
hemodialysis and peritoneal dialysis, but clearance is rela-
tively low because of extensive protein binding.

Hydralazine is a direct-acting vasodilator and may be 
given intramuscularly or as a rapid intravenous bolus injec-
tion (Table 50.38). It acts rapidly, and the BP effect persists 
for up to 6 hours.771,772 Hydralazine is less potent than 
diazoxide, and the BP response is less predictable. It may 
also cause a reflex increase in heart rate and sodium and 
water retention.

Sodium nitroprusside is the most potent of the parenteral 
vasodilators.771,772 Nitroprusside acts on the excitation-
contraction coupling of vascular smooth muscle by interfer-
ing with the intracellular activation of calcium. Unlike 
diazoxide and hydralazine, nitroprusside dilates arteriolar 
resistance and venous capacitance vessels. It has the advan-
tages of being immediately effective when given as an infu-
sion and of having an extremely short duration of action, 
which permits minute to minute adjustments in BP control 
(see Table 50.38). Disadvantages of nitroprusside therapy 
include the following: (1) need for intraarterial BP monitor-
ing; (2) need for the drug to be prepared fresh every 4 
hours; (3) need to protect the solution from light during 
infusion; and (4) potential for toxic effects from metabolic 
side products. Nitroprusside is not excreted intact; it is 
rapidly metabolized to cyanide and thiocyanate through a 
reaction with hemoglobin, which yields methemoglobin 
and an unstable intermediate that dissociates to release 
cyanide. The major elimination pathway of cyanide is con-
version in the liver and kidney to thiocyanate. Back conver-
sion of thiocyanate to cyanide may occur. Thiocyanate is 
largely excreted in the urine; it has a plasma half-life of 1 

Table 50.38  Parenteral Drugs Used in the Treatment of Hypertensive Emergencies

Drug Dosage Onset of Action Peak Effect Duration of Action

Diazoxide 7.5-30–mg/min infusion or 1-mg/kg bolus q5-15min 
(300 mg maximum)

1-5 min 30 min 4-12 hr

Hydralazine 0.5-1.0–mg/min infusion or 10-50 mg intramuscularly 1-5 min 10-80 min 3-6 hr
Nitroglycerine 5-100–µg/min infusion 1-2 min 2-5 min 3-5 min
Nitroprusside 0.25-10–µg/kg/min infusion Immediate 1-2 min 2-5 min
Esmolol 250-500 µg/kg/min × 1 (loading dose), then 

50-100 µg/kg/min × 4 (maintenance); maintenance 
dosage may be increased to maximum of 300 µg/
kg/min

1-2 min 5 min 0-30 min

Labetalol 2-mg/min infusion or 0.25 mg/kg 5 min 10 min 3-6 hr
Methyldopa 250-500–mg bolus every 6 hr (2 g maximum) 2-3 hr 3-5 hr 6-12 hr
Trimethaphan 0.5-10–mg/min infusion bolus over 2 min (300 mg 

maximum)
Immediate 1-2 min 5-10 min

Enalaprilat 0.625-5.0–mg bolus over 5 min q6h 5-15 min 1-4 hr 6 hr
Phentolamine 0.5-1.0–mg/min infusion or 2.5-5.0 mg bolus Immediate 3-5 min 10-15 min
Nicardipine 5-15 mg/hr 5-10 min 45 min 50 hr
Clevidipine 16 mg/hr 1-2 min 5-6 min 15 min
Fenoldopam 0.01-1.6–µg/min constant infusion 5-15 min 30 min 5-10 min
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acetylcholine liberated from presynaptic nerve endings. 
Peripheral vascular resistance is decreased, the heart rate is 
usually increased, and cardiac output is decreased because 
of venous dilation and peripheral pooling of blood. Tri-
methaphan is used exclusively for the treatment of hyper-
tensive emergencies.771,772 Trimethaphan has been shown to 
be useful for immediate BP reduction in patients with acute 
aortic dissection. It has an immediate onset of action when 
administered as a continuous infusion (see Table 50.38). 
The resulting dramatic reduction in BP requires intraarte-
rial monitoring. The main disadvantage is that the drug 
must be administered with the patient supine to avoid pro-
found postural hypotension. Other disadvantages include 
the following: (1) potential for tachyphylaxis after sustained 
infusion (48 hours); (2) appearance of adverse effects asso-
ciated with parasympathetic and sympathetic blockade; and 
(3) histamine release.

ANGIOTENSIN-CONVERTING ENZYME INHIBITOR
Enalaprilat, the active metabolite of the oral ACE inhibitor 
enalapril, is administered as a slow intravenous infusion for 
5 minutes (see Table 50.38) in an intravenous dose that is 
approximately 25% of the oral dose. The onset of action 
occurs within 15 minutes, and the maximal effect is observed 
within 1 to 4 hours.774 The duration of action is approxi-
mately 6 hours. Adverse effects of enalapril were previously 
discussed. In patients with renal insufficiency, the initial 
dose should be no more than 0.625 mg.

α-ADRENERGIC ANTAGONIST
Phentolamine mesylate is a nonselective, α-adrenergic 
antagonist used primarily in the treatment of hypertension 
associated with pheochromocytoma.771,772 It has a rapid 
onset of action when administered intravenously as a bolus 
or continuous infusion (see Table 50.38). The duration of 
action is 10 to 15 minutes. The drug has a plasma half-life 
of 19 minutes. Approximately 13% of a single dose appears 
in the urine as unchanged drug. Adverse effects include 
those associated with nonselective α-adrenergic blockade, as 
previously discussed.

CALCIUM CHANNEL BLOCKERS
Nicardipine hydrochloride, a dihydropyridine CCB, is 
administered by slow continuous infusion at a concentra-
tion of 0.1 mg/mL; each 1-mL ampule (25 mg) should be 
diluted with 240 mL of a compatible intravenous fluid (not 
including sodium bicarbonate or lactated Ringer’s solution) 
to produce 250 mL of solution at a concentration of 0.1 mg/
mL.775 There is a dose-dependent decrease in BP. The onset 
of action is within minutes; 50% of the ultimate decrease in 
BP occurs within 45 minutes, but a final steady state is not 
reached for approximately 50 hours (see Table 50.38). The 
discontinuation of infusion is followed by a 50% offset of 
action within 30 minutes, but gradually decreasing antihy-
pertensive effects exist for approximately 50 hours. Adverse 
effects of nicardipine have been previously discussed. This 
drug has been shown to be safe and effective in the treat-
ment of pediatric hypertensive emergencies.775,776

Clevidipine is a dihydropyridine CCB that is available in 
a lipid emulsion for intravenous infusion for the treatment 
of hypertensive emergencies.777 Steady-state concentrations 
of clevidipine in arterial or venous blood are attained within 

other direct-acting arteriolar vasodilators. The principal 
adverse effects are headache, nausea, and vomiting. Toler-
ance may develop with prolonged use.

β1-SELECTIVE ADRENERGIC ANTAGONIST
Esmolol hydrochloride is a short-acting, β1-selective adren-
ergic antagonist. Esmolol hydrochloride concentrate for 
injection must be diluted to a final concentration of 10 mg/
mL.771,772 Extravasation of esmolol hydrochloride may cause 
serious local irritation and skin necrosis. Esmolol shares all 
the toxic potential of the β1-adrenergic antagonists, as previ-
ously discussed.

After intravenous injection of a loading dose of 250 to 
500 mg/kg and then infusion of a maintenance dose ranging 
from 50 to 100 mg/kg/min, steady-state blood concentra-
tions are achieved within 5 minutes (see Table 50.38). Effi-
cacy should be assessed after the 1-minute loading dose and 
4 minutes of maintenance infusion. If an adequate therapeu-
tic effect is observed, as assessed by BP and heart rate 
response, then the maintenance infusion should be main-
tained. If an adequate therapeutic effect is not observed, the 
same loading dose can be repeated for 1 minute, followed by 
maintenance infusion at an increased rate.

Esmolol has pharmacologic actions similar to those of 
other β1-selective adrenergic antagonists; it produces nega-
tive chronotropic and inotropic activity. It has been used to 
prevent or treat hemodynamic changes induced by surgical 
events, including increases in systolic and diastolic BPs and 
doubling of the product of heart rate multiplied by systolic 
BP. Esmolol may be particularly useful for the treatment of 
postoperative hypertension and hypertension associated 
with coronary insufficiency.771,772 Esmolol is hydrolyzed 
rapidly in the blood, and negligible concentrations are 
present 30 minutes after discontinuance. Because the 
kidneys eliminate the de-esterified metabolite of esmolol, 
the drug should be used cautiously in patients with renal 
insufficiency.

α1- AND β-ADRENERGIC ANTAGONISTS
The α1- and β-adrenergic antagonist labetalol may be given 
by repeated intravenous injection or slow continuous infu-
sion771,772 (see Table 50.38). The maximal BP-lowering effect 
occurs within 5 minutes of the first injection. The drug 
should be administered to patients in the supine position 
to avoid symptomatic postural hypotension. The adverse 
effects of labetalol have been previously discussed. This 
drug has been proven safe and useful in hypertensive urgen-
cies and emergencies in pregnant women.

CENTRAL α2-ADRENERGIC AGONIST
Methyldopate hydrochloride is a central α2-adrenergic 
agonist that may be administered intravenously as a bolus 
infusion771,772 (see Table 50.38). It has a delayed onset of 
action and peak effect, and its effect on BP is unpredictable. 
The adverse effects of methyldopa were discussed 
previously.

GANGLIONIC BLOCKING AGENT
Trimethaphan camsylate is a ganglionic blocking agent. It 
blocks transmission of impulses at sympathetic and parasym-
pathetic ganglia by occupying receptor sites and by stabiliz-
ing the postsynaptic membranes against the action of 
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Table 50.39  Rapid-Acting Oral Drugs Used in the Treatment of Hypertensive Emergencies

Drug Dosage Onset of Action Peak Effect Duration of Action

α1- and β-Adrenergic Antagonist

Labetalol 100-400 mg q12h (2400 mg maximum) 1-2 hr 2-4 hr 8-12 hr

α1-Adrenergic Antagonist

Prazosin 1-5 mg q2h (20 mg maximum) <60 min 2-4 hr 6-12 hr

Central α2-Agonist

Clonidine 0.2 mg initially, then 0.1 mg/hr (0.8 mg maximum) 30-60 min 2-4 hr 6-8 hr

Calcium Channel Blockers

Diltiazem 30-120 mg q8h (480 mg maximum) <15 min 2-3 hr 8 hr
Verapamil 80-120 mg q8h (480 mg maximum) < 60 min 2-3 hr 8 hr

Angiotensin-Converting Enzyme Inhibitors

Captopril 12.5-25 mg qh (150 mg maximum) <15 min 1 hr 6-12 hr
Enalapril 2.5-10 mg q6h (40 mg maximum) <60 min 4-8 hr 12-24 hr

2 and 10 minutes in healthy volunteers receiving 0.91 and 
3.2 µg/kg/min, respectively. The relationship between the 
intravenous infusion dose and steady-state blood concentra-
tions is linear in patients with mild to moderate hyper-
tension and in healthy volunteers. Clevidipine is highly 
protein-bound and rapidly distributed. This drug is rapidly 
hydrolyzed by esterases in the blood and extravascular 
tissues. Blood concentrations decrease rapidly after termina-
tion of the infusion. The initial phase is rapid (half-life of 
≈1 minute) and accounts for 85% to 90% of elimination. 
The terminal elimination half-life is 15 minutes. Clevidipine 
treatment results in a prompt reduction in BP (≥15% from 
baseline) in less than 6 minutes.778 Clevidipine has a safety 
profile comparable to that of nitroglycerin, sodium nitro-
prusside, and nicardipine. The most common adverse 
events are sinus tachycardia, headache, nausea, and chest 
discomfort.779

DOPAMINE D1–LIKE RECEPTOR AGONIST
Fenoldopam mesylate, a dopamine D1–like receptor agonist, 
is formulated as a solution to be diluted for intravenous 
infusion for the treatment of acute hypertension.777,780 It is 
a rapid-acting agent that produces vasodilation by function-
ing as an agonist for dopamine D1–like receptors and has 
moderate affinity for α2-adrenoreceptors.

Fenoldopam is a racemic mixture in which the R isomers 
are responsible for its biologic activity. It has vasodilatory 
effects on coronary, renal, mesenteric, and peripheral 
arteries in experimental studies; however, not all vascular 
beds respond uniformly. In humans, the drug increases 
renal blood flow in hypertensive and normotensive 
subjects.

Fenoldopam comes in 1-mL ampules that contain 10 mg 
of fenoldopam and is diluted for administration as a con-
stant infusion at a rate of 0.01 to 1.6 mg/kg/min (see Table 
50.38). It produces steady-state plasma concentrations in 
proportion to its infusion rate, its elimination half-life is 5 
minutes, and steady-state concentrations are reached within 
20 minutes.

Clearance of the active compound is not altered by  
ESKD or hepatic disease. Approximately 90% of infused 
fenoldopam is eliminated in urine and 10% in feces.  
Elimination occurs largely by conjugation that does not 
involve CYP enzymes. There are no data on drug-drug 
interactions.

Adverse effects include reflex increase in heart rate, 
increase in intraocular pressure, headache, flushing, nausea, 
and hypotension.

RAPID-ACTING ORAL DRUGS

A more gradual, progressive reduction in systemic BP may 
be achieved after the oral administration of drugs with rapid 
absorption.781 These drugs include the following: (1) α1- and 
β-adrenergic antagonist labetalol; (2) central α2-adrenergic 
agonist clonidine; (3) CCBs diltiazem and verapamil; (4) 
ACE inhibitors captopril and enalapril; (5) postsynaptic α1-
adrenergic antagonist prazosin; and (6) a combination of 
oral therapies. The dosages and pharmacodynamic effects 
of rapid-acting oral drugs that are commonly used in the 
treatment of hypertensive emergencies are given in Table 
50.39. Note that rapid-acting oral dihydropyridine CCBs, 
such as sublingual nifedipine, are no longer recommended 
because they may cause large and unpredictable reductions 
in BP, with resultant ischemic events.782

CLINICAL CONSIDERATIONS IN THE RAPID 
REDUCTION OF BLOOD PRESSURE

The rapid reduction of BP carries the risk of impairing 
blood supply to vital structures, such as the brain and heart. 
Consequently, every effort should be made to avoid an 
excessive reduction of BP. The risk of overreduction of BP 
in a rapid fashion is linked to the use of sublingual nifedip-
ine capsules with stroke and heart attack in hypertensive 
subjects.782 Because this approach is variable and rapid, cli-
nicians are unable to set a lower limit of BP that is achieved 
with therapy.
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Cerebral blood flow is normally carefully autoregulated 
so that perfusion is maintained at a sufficient level when BP 
is low but is diminished during states of chronic hyperten-
sion to avoid cerebral edema. With chronic hypertension, 
the short-term, rapid reduction of BP may decrease cerebral 
blood flow sufficiently to precipitate ischemia and infarc-
tion. This decrease may be particularly important in patients 
with atherosclerotic disease of the cerebral blood vessels in 
whom there may be areas of uneven cerebral perfusion. 
Although drugs that do penetrate the blood-brain barrier, 
such as hydralazine, sodium nitroprusside, and nicardipine, 
dilate cerebral vessels, which may lessen the likelihood of 
ischemia, intrinsic vascular disease may render some areas 
more ischemic than others with BP reduction. In addition, 
potent cerebral vasodilators can conceivably cause an 
increase in intracranial pressure, creating the potential for 
cerebral edema and possible herniation.

Sudden drops in BP can also interfere with coronary 
perfusion during diastole and result in myocardial ischemia, 
infarction, or arrhythmia. In addition, rapid reduction of 
BP may result in a reflex increase in heart rate, which would 
also interfere with coronary perfusion during diastole. For 
these reasons, careful, cautious, and controlled reduction 
in BP is necessary for these patients. For most hypertensive 
emergencies, a parenteral drug, such as sodium nitroprus-
side, is ideal. However, if the patient has coronary disease, 
the use of intravenous nitroglycerin, esmolol, or both is a 
useful approach because these drugs can induce coronary 
dilation and slow heart rate, respectively. Intravenous nica-
rdipine can also be used because it facilitates coronary vaso-
dilation. Patients with acute aortic dissection are best treated 
with a β-adrenergic antagonist plus nitroprusside or a gan-
glionic blocker, such as trimethaphan. Patients with hyper-
tensive encephalopathy or CNS hemorrhage are best treated 
with drugs that do not cause cerebral vasodilation, such as 
hydralazine, nitroprusside, nicardipine, or fenoldopam. 
Fenoldopam may be helpful for patients with kidney disease 
because it maintains renal blood flow.
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This chapter reviews the mechanisms of action of, physio-
logic adaptations to, clinical uses of, and adverse effects of 
diuretics. The major transport targets for diuretic drugs 
have been defined and their genes cloned. The effects of 
disease on diuretic kinetics are discussed because they 
predict the required dosage modifications. Loop diuretics 
and thiazides are the most widely used diuretics, and the 
physiologic adaptations to their prolonged use are described. 
Diuretic resistance, its management, and the major adverse 
effects of therapy are discussed. This discussion provides a 
framework for the design of strategies to maximize the 
desired actions while minimizing the unwanted effects. The 
chapter also includes a discussion of the practical use of 
diuretics in the treatment of specific clinical conditions.

Other chapters discuss the treatment of hypertension by 
diuretic drugs (Chapter 50), diuretic-induced changes in 
potassium excretion (Chapter 18), acid-base disturbances 
(Chapter 17), divalent cation excretion and nephrolithiasis 
(Chapters 19 and 40), the syndrome of inappropriate antidi-
uretic hormone (SIADH) secretion (Chapter 16), and acute 
kidney injury (AKI) (Chapter 31). Diuretics have been 
reviewed extensively.1-4 More extensive and historical refer-
ences appeared in previous editions of this chapter; the 
interested reader is referred to editions 7, 8, and 9 of Brenner 
and Rector’s The Kidney for more detailed references.

INDIVIDUAL CLASSES OF DIURETICS

The major sites of action of diuretics and the fractions of 
filtered Na+ reabsorbed at the corresponding nephron seg-
ments are summarized in Figure 51.1.

CARBONIC ANHYDRASE INHIBITORS

SITES AND MECHANISMS OF ACTION
In the kidney, carbonic anhydrase inhibitors (CAIs) act  
primarily on proximal tubule cells to inhibit bicarbonate 
absorption (Figure 51.2). An additional, more modest, 
effect along the distal nephron, however, is also observed.5 
Carbonic anhydrase (CA), a metalloenzyme containing  
one zinc atom per molecule, is important in sodium  
bicarbonate reabsorption and hydrogen ion secretion by 
renal epithelial cells. The biochemical, morphologic, and 
functional properties of carbonic anhydrase have been 
reviewed.6,7

CA is expressed by many tissues, including erythrocytes, 
kidney, gut, ciliary body, choroid plexus, and glial cells. 
Although at least 14 isoforms of CA have been identified, 
two play predominant roles in renal acid-base homeostasis, 
CA II and CA IV. CA II is widely expressed, comprising the 
enzyme expressed by red blood cells and a variety of secre-
tory and absorptive epithelia. In the kidney, CA II is 
expressed in the cytoplasm and accounts for 95% of renal 
CA.7 It is present in proximal tubule cells and intercalated 
cells of the aldosterone-sensitive distal nephron (ASDN).7 
Carbonic anhydrase IV is expressed at the luminal border 
of the cells of the proximal, thick ascending limb (TAL) of 
the loop of Henle, and α-intercalated cells of the ASDN.8

CAIs block the catalytic dehydration of luminal carbonic 
acid at the brush border of the proximal tubule, decrease 
the intracellular generation of H+ required for counter-
transport with Na+, and decrease the peritubular capillary 
fluid uptake.9 CAIs also are also weak inhibitors of reab-
sorption in TAL,10 but the natriuretic efficacy of CAIs and 
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Figure 51.1  Nephron diagram showing the primary 
sites of diuretic action and the approximate percent-
age  of  filtered  sodium  reabsorbed  at  each.  DCT2, 
Late  segment  of  distal  convoluted  tubule;  G, 
glomerulus. 
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Figure 51.2  Mechanisms of diuretic action in the proximal 
tubule. The figure shows a functional model of proximal tubule cells; 
many transport proteins are omitted from the model for clarity. Inside 
the  cell  carbonic  anhydrase  (CA)  catalyzes  the  formation  of  HCO3

− 
from  OH−  and  CO2.  Bicarbonate  leaves  the  cell  via  the  sodium-
bicarbonate transporter (NHE3). A second pool of carbonic anhydrase 
is located in the brush border. This participates in disposing of car-
bonic acid  formed  from filtered bicarbonate and secreted H+. Both 
pools of carbonic anhydrase are inhibited by acetazolamide and other 
carbonic  anhydrase  inhibitors  (CAIs;  see  text  for  details).  NBC1, 
Sodium-bicarbonate cotransporter 1. 
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loop diuretics (see later) is additive, confirming their  
independent mechanisms of action.11 CAIs also inhibit 
bicarbonate reabsorption along the distal tubule, presum-
ably by interfering with the action of α-intercalated cells.7 
The first administration of a CAI causes a brisk alkaline 
diuresis. The excretion of Na+, K+, HCO3

−, and PO4
2− 

increases, whereas titratable acid and NH4
+ decrease sharply. 

Excretion of Ca2+ remains essentially unchanged. There is 
substantial kaliuresis, owing to the presence of nonreabsorb-
able HCO3

− and high flow rates in the distal nephron. 
However, hypokalemia is uncommon, because acidosis par-
titions K+ out of cells.

Long-term CAI administration causes only a modest natri-
uresis, despite the magnitude of carbonic anhydrase–
dependent proximal Na+ reabsorption. Several factors 
account for this fact. First, carbonic anhydrase is required 
for reabsorption of HCO3

−, whereas about two thirds of the 
proximal Na+ reabsorption is accompanied by Cl−. Second, 
some proximal HCO3

− reabsorption persists even after 
apparently full inhibition of carbonic anhydrase.12 Third, 
some of the HCO3

− that is delivered out of the proximal 
tubule can be reabsorbed at more distal sites.12 Fourth, the 
metabolic acidosis that develops limits the filtered load to 
HCO3

− and thereby curtails the natriuresis. Fifth, the 
increased delivery of filtered Na+ to the macula densa elicits 
a tubuloglomerular feedback (TGF)–induced reduction in 
the glomerular filtration rate (GFR).13 Micropuncture 
studies of mice with deletion of the proximal Na+-H+ 
exchanger, NHE3, show that inhibition of proximal Na 
reabsorption is largely balanced by reduced GFR,14 support-
ing this mechanism. One experimental study, however, has 
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intracranial hypertension, acetazolamide administration 
along with a low-sodium weight-reduction diet modestly 
improved visual field function.30

CAIs are effective in prophylaxis of hypokalemic periodic 
paralysis because they diminish the influx of K+ into cells.31 
Paradoxically, they are also useful in the treatment of hyper-
kalemic periodic paralysis.32

Other indications for CAIs that are experimental but 
emerging include possible application in diseases as diverse 
as obesity, cancer, and infection.33

ADVERSE EFFECTS
Patients taking CAIs may complain of weakness, lethargy, 
abnormal taste, paresthesia, gastrointestinal distress, 
malaise, and decreased libido. These symptoms can be 
diminished by NaHCO3 but this agent increases the risk of 
nephrocalcinosis and nephrolithiasis.34 Overall, symptom-
atic metabolic acidosis develops in half of patients with glau-
coma treated with CAIs.35

Elderly patients or those with diabetes mellitus or chronic 
kidney disease (CKD) can experience a serious metabolic 
acidosis if given a CAI.35 An alkaline urine favors partition-
ing of renal ammonia into blood rather than its elimination 
in urine. An increase in blood ammonia may precipitate 
encephalopathy in patients with liver failure.35

Acetazolamide increases the risk of nephrolithiasis by 
more than 10-fold.36 CAIs occasionally cause allergic reac-
tions, hepatitis, and blood dyscrasias.37 They can cause 
osteomalacia when used with phenytoin or phenobarbital.38

OSMOTIC DIURETICS

SITES AND MECHANISMS OF ACTION
Osmotic diuretics are substances that are freely filtered but 
poorly reabsorbed.39 Mannitol is the prototypic osmotic 
diuretic, although sorbitol and glycerol have similar actions. 
In the water-permeable nephron segments of the proximal 
nephron and the thin limbs of the loop of Henle, fluid 
reabsorption concentrates filtered mannitol sufficiently to 
diminish tubular fluid reabsorption. Ongoing Na+ reabsorp-
tion lowers the tubular fluid [Na+] and creates a gradient 
for back flux of reabsorbed Na+ into the tubule. Increased 
distal flow stimulates K+ secretion.

Mannitol is a hypertonic solute that abstracts water from 
cells. The increase in total renal blood flow (RBF) relates 
in part to hemodilution and a decrease in blood hematocrit 
and viscosity. Mannitol increases the medullary blood flow 
and decreases the medullary solute gradient, thereby pre-
venting urinary concentration. The rise in renal plasma flow 
and drop in plasma colloid osmotic pressure can increase 
the GFR.40

PHARMACOKINETICS AND DOSAGE
Mannitol is distributed in extracellular fluid. It is filtered 
freely at the glomerulus. Consequently, the t1/2 for plasma 
clearance of mannitol depends on the GFR and is pro-
longed from 1 to 36 hours in advanced renal failure.41 It can 
be infused intravenously in daily doses of 50 to 200 g as a 
15% or 20% solution or 1.5 to 2.0 g/kg of 20% mannitol 
over 30 to 60 minutes to treat raised intraocular or intracra-
nial pressure.39

shown that the combined use of a thiazide and the CAI 
acetazolamide resulted in a brisk natriuresis.15

Most diuretics have some CAI action.16 This character-
istic contributes to the weak inhibition of proximal reab-
sorption by furosemide and chlorothiazide and to the 
relaxation of vascular smooth muscle cells by high-dose 
furosemide.16

PHARMACOKINETICS
Acetazolamide (Diamox) is readily absorbed. It is elimi-
nated with a half-life (t1/2) of 13 hours by tubular secretion, 
which is diminished during hypoalbuminemia.17 Methazol-
amide (Neptazane) has less plasma protein binding, a 
longer t1/2, and greater lipid solubility, all of which favor 
penetration into aqueous humor and cerebrospinal fluid. 
This agent has less renal effect and therefore is preferred 
for treatment of glaucoma.

CLINICAL INDICATIONS
The use of CAIs as diuretics is limited by their transient 
action, the development of metabolic acidosis, and a  
spectrum of adverse effects. They can be used with NaHCO3 
infusion to initiate an alkaline diuresis that increases  
the excretion of weakly acidic drugs (e.g., salicylates and 
phenobarbital) or acidic metabolites (urate). Chloride-
responsive metabolic alkalosis is best treated by administra-
tion of Cl− with K+ or Na+. However, if it produces 
unacceptable extracellular volume (ECV) expansion, acet-
azolamide (250-500 mg/day) and KCl can be used to 
increase HCO3

− excretion.
Metabolic alkalosis due to loop diuretics or thiazides can 

depress respiration in patients with chronic respiratory aci-
dosis, for example, due to chronic obstructive pulmonary 
disease. This effect provides the rationale for use of a CAI. 
Indeed, the administration of acetazolamide to such sub-
jects can reduce the arterial partial pressure of arterial 
carbon dioxide (Paco2) and improve the partial pressure of 
oxygen (Pao2). Because both Paco2 and plasma bicarbonate 
concentration (PHCO3) decrease, there is little change in 
blood pH.18 However, a reduction in PHCO3 limits the buffer 
capacity of blood. CAIs can increase the Paco2 during meta-
bolic acidosis or exercise, perhaps by depressing hypoxic 
ventilatory drive19 and hypoxic pulmonary vasoconstric-
tion,20 and can cause ventilation-perfusion imbalance.21 Nev-
ertheless, acetazolamide (250 mg twice a day) can improve 
blood gas parameters in patients with chronic obstructive 
pulmonary disease.22 Careful surveillance is required when 
CAIs are administered to such patients.

When used to treat glaucoma, CAIs diminish the trans-
port of HCO3

− and Na+ by the ciliary process, thereby reduc-
ing the intraocular pressure.23 CAIs also limit formation of 
cerebrospinal fluid24 and endolymph.25

Acute mountain sickness is characterized by headache, 
nausea, drowsiness, insomnia, shortness of breath, dizziness, 
and malaise after an abrupt ascent. Acetazolamide is  
useful in a dose of 250 mg daily as prophylaxis against 
mountain sickness, probably through stimulating respira-
tion and diminishing cerebral blood flow and cerebrospinal 
fluid formation.26,27 Used in established mountain sickness, 
acetazolamide improves oxygenation and pulmonary  
gas exchange.28 It can stimulate ventilation in patients 
with central sleep apnea.29 In patients with idiopathic 
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pump, Na+-K+–adenosine triphosphatase (ATPase), which 
maintains a low intracellular [Na+]. Additional details con-
cerning mechanisms of solute reabsorption by TAL cells can 
be found in Chapter 6. Loop diuretics are organic anions 
that bind to the NKCC2 from the luminal surface. Early 
studies showed that [3H] bumetanide binds to membranes 
that express the NKCC proteins and that Cl− competes for 
the same binding site on the transport protein.54 Studies 
using chimeric NKCC molecules have investigated sites of 
bumetanide binding and interactions with ions by determin-
ing effects on ion transport of heterologously expressed 
NKCC proteins; they have found that changes in amino 
acids that affect bumetanide binding are not the same as 
patterns of changes affecting the kinetics of ion transloca-
tion.55,56 Nevertheless, the second membrane-spanning 
segment of NKCC2 does appear to participate in both anion 
affinity and bumetanide affinity.55,56 A clearer picture of the 
details of diuretic and ion interaction with the NKCC 
protein must await achievement and study of its crystal 
structure.

NKCC2 is expressed on the apical membranes of medul-
lary and cortical TALs and macula densa segments.57,58 Its 
abundance is increased by prolonged infusion of saline or 
furosemide.57 A closely related gene, NKCCl, encodes a 
protein that is widely expressed in transporting epithelia.51 
In contrast to NKCC2, NKCCl is implicated in uptake and 
secretion of Cl− and NH4

+ at the basolateral membrane of 
the medullary CDs.59

CLINICAL INDICATIONS
Mannitol has been evaluated for the prophylaxis of AKI, but 
controlled trials of its use in patients at risk for AKI have 
not had positive results.42,43 The rationale for such trials 
includes mannitol’s ability to expand the ECV, block TGF, 
maintain GFR, increase RBF and tubule fluid flow, prevent 
tubule obstruction from shed cell constituents or crystals, 
reduce renal edema, redistribute blood flow from the outer 
cortex to the relatively hypoxic inner cortex and outer 
medulla, and scavenge oxygen radicals.39,40 It can protect 
against AKI in cadaveric kidney transplant recipients.39 The 
use of diuretics to convert oliguric to nonoliguric AKI is 
discussed later (see under “Clinical Uses of Diuretics”).

A trial of mannitol therapy for cerebral edema complicat-
ing hepatic failure demonstrated a markedly better survival 
of 47%, compared with only 6% in the control group.44 
Mannitol is recommended for management of severe head 
injury.45,46 It is more effective than loop diuretics or hyper-
tonic saline in reducing brain water content.47 Mannitol can 
reverse the dialysis disequilibrium syndrome.48

ADVERSE EFFECTS
The effects of mannitol on plasma electrolyte concentra-
tions are complex. The osmotic abstraction of cell water 
initially causes hypertonic hyponatremia and hypochlore-
mia. Later, when the excess extracellular fluid (ECF) is 
excreted, the decrease in cell water concentrates K+ and H+ 
within cells, thereby increasing the gradient for their diffu-
sion into the ECF, leading to hyperkalemic acidosis. Nor-
mally these electrolyte changes are rapidly corrected by the 
kidney, provided that renal function is adequate. Later, 
hypernatremic dehydration may develop if free water is not 
provided, because urinary concentrating ability is inhibited. 
In fact, when mannitol-induced hypernatremia exceeds 
serum sodium levels of 150 mmol/L, its positive effects are 
outweighed by untoward effects, including renal failure, 
and higher mortality.49

Expansion of ECV, hemodilution, and hyperkalemic met-
abolic acidosis occur in patients with renal failure whose 
bodies cannot eliminate the drug. Circulatory overload, pul-
monary edema, central nervous system depression, and 
severe hyponatremia require urgent hemodialysis.50 Doses 
of more than 200 g/day can cause renal vasoconstriction 
and AKI.39

LOOP DIURETICS

SITES AND MECHANISMS OF ACTION
The primary action of loop diuretics occurs from the luminal 
aspect of the TAL (Figure 51.3). An electroneutral Na-K-2Cl 
cotransporter, termed NKCC2, is located at the luminal 
membrane.51,52 This cotransporter, a member of the 
solute carrier family 12 (SLC12A1), mediates Na+ and Cl− 
movement across the cell. A high luminal K+ conductance, 
via the renal outer medullary K+ (ROMK) channel, 
allows the majority of K+ to recycle across the luminal mem-
brane.53 Coupled with electrogenic exit of Cl− across the 
basolateral membrane, the activity of the NKCC2 generates 
a transepithelial voltage, oriented with the lumen positive 
relative to interstitial fluid. The primary energy for trans-
port across TAL cells is provided via the basolateral sodium 

Figure 51.3  Mechanisms of diuretic action along the loop of 
Henle. The figure shows a model of thick ascending limb cells. Na+ 
and  Cl−  are  reabsorbed  across  the  apical  membrane  via  the  loop 
diuretic–sensitive Na-K-2Cl cotransporter 2 (NKCC2). Loop diuretics 
bind to and block this pathway directly. Note that the transepithelial 
voltage  along  the  thick  ascending  limb  is  oriented  with  the  lumen 
positive relative to blood (circled value, given in millivolts [mV]). This 
transepithelial voltage drives a component of Na+  (and calcium and 
magnesium;  see  Figure  51.4)  reabsorption  via  the  paracellular 
pathway. This component of Na+ absorption is also reduced by loop 
diuretics because they reduce the transepithelial voltage. ClC-KB, A 
chloride channel protein; ROMK, renal outer medullary K+ channel. 
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claudins and is driven by the transepithelial potential differ-
ence. Loop diuretics can increase fractional Mg2+ excretion 
by more than 60%74 by diminishing voltage-dependent 
paracellular transport71 (see Figures 51.3 and 51.4) (see 
later discussion of adverse effects). Loop diuretics initially 
increase urate excretion by inhibiting proximal urate trans-
port.75 However, there is a succeeding reduction in urate 
clearance that is largely secondary to volume depletion.76 
The total RBF is maintained or increased and the GFR is 
little changed during administration of loop diuretics to 
normal subjects.77 However, there is a marked redistribution 
of blood flow from the inner to the outer cortex.78 The fall 
in papillary plasma flow depends on angiotensin II.79 Furo-
semide increases the renal generation of prostaglandins.80 
Blockade of cyclo-oxygenase prevents furosemide-induced 
renal vasodilation.81

The macula densa participates importantly both in renin 
secretion and in TGF-mediated control of GFR. NaCl entry 
into macula densa cells regulates both processes; thus, loop 
diuretics affect both TGF and renin secretion. When the 
luminal NaCl concentration at the macula densa rises, as 
during ECV expansion, NaCl entry into macula densa cells 
leads to the production of adenosine, which interacts with 
adenosine 1 receptors on vascular smooth muscle and/or 
extraglomerular mesangial cells, activating phospholipase 
C. This activation leads to depolarization and activation of 
voltage-dependent Ca2+ channels, which contract afferent 
arterioles and reduce GFR (the TGF response).82 NaCl 
transport across the luminal membrane of macula densa 
cells traverses the NKCC2.58 Loop diuretics, by blocking 
NaCl entry into macula densa cells, block TGF completely.83 
This is one reason that loop diuretics tend to preserve GFR 
despite ECV depletion.

Loop diuretics also stimulate renin secretion, both short 
term and long term. Although this effect results, in part, 
from ECV depletion, a major component is from direct 
effects of loop diuretics on the macula densa. NaCl uptake 
into macula densa cells inhibits renin secretion acutely and 
inhibits renin synthesis chronically.84 Macula densa cells 
were shown to express cyclo-oxygenase-2 (COX-2). Schner-
mann and colleagues showed that lowering NaCl concentra-
tion bathing a macula densa cell line acutely increased the 
release of PGE2, followed by a delayed induction of COX-2 
expression. A similar stimulation of COX-2 expression was 
also caused by furosemide and bumetanide. A lowering of 
medium Cl concentration was followed by rapid phosphory-
lation of p44/42 and p38 MAP kinases, and the presence of 
p44/42 and p38 inhibitors prevented the stimulation of 
COX-2 expression by low chloride. In summary, a decrease 
in luminal NaCl concentration activates and transcription-
ally induces COX-2, causing release of prostaglandin E2 
(PGE2) release, and prostaglandin E2 receptor type 4 (EP4)–
mediated stimulation of renin secretion and renin synthesis. 
Nitric oxide synthase inhibition with L-NAME has been 
found to completely block the increase in renin messenger 
RNA (mRNA) after administration of furosemide for 4 days 
by minipump infusion.85 Similarly, the increase in renin 
content in renal microvessels caused by a 5-day furosemide 
treatment was completely prevented by the nitric oxide 
inhibitor l-NAME (NG-nitro-l-arginine methyl ester).86 Yet 
mice made deficient in both the neuronal and endothelial 
forms of nitric oxide synthase display relatively normal renin 

Hormones that stimulate cyclic adenosine monophos-
phate (cAMP), such as arginine vasopressin (AVP), enhance 
TAL reabsorption and should enhance the response to loop 
diuretics. In contrast, those that stimulate cyclic guanosine 
monophosphate (cGMP), such as nitric oxide and atrial 
natriuretic peptide (ANP), or those that increase intracel-
lular [Ca2+], such as 20-hydroxyeicosatetraenoic acid (20-
HETE), or that activate the Ca2+ (polyvalent cation)–sensing 
protein60 inhibit TAL reabsorption and reduce the response 
to loop diuretics.61

The rat TAL also transports NH4
+,62 which can substitute 

for K+ on NKCC2. In the rat, there is a luminal Na+-H+ 
countertransporter that contributes to tubular fluid acidifi-
cation. Loop diuretics block the luminal entry of Na+ via 
NKCC2, but not the peritubular exit via the Na+-K+-ATPase, 
and thereby reduce the intracellular [Na+] sufficiently to 
promote luminal Na+ uptake via the Na+-H+ countertrans-
port process. This is one reason that furosemide stimulates 
acid excretion in the rat.63 In some studies, furosemide has 
not affected net acid excretion or urine pH in normal 
human subjects.64

Loop diuretics reduce proximal fluid reabsorption  
modestly. This effect has been ascribed to a weak CAI  
action. However, furosemide depresses proximal reabsorp-
tion in tubules perfused with HCO3

−-free solutions.65 
Moreover, bumetanide, which is a much less potent inhibi-
tor of carbonic anhydrase, also impairs proximal fluid 
reabsorption.66

Furosemide exerts two contrasting effects on reabsorp-
tion in the superficial distal tubule. Increased delivery to the 
unsaturated distal tubule reabsorption process increases 
Na+ reabsorption.63 However, Velazquez and Wright per-
fused rat distal tubules in vivo to obviate the confounding 
effects of altered delivery.67 They concluded that furose-
mide, but not bumetanide, was a weak inhibitor of the 
thiazide-sensitive Na-Cl cotransporter (NCC). Loop diuret-
ics also inhibit NaCl transport in short descending limbs of 
the loop of Henle68 and collecting ducts (CDs).69 Although 
the TAL is clearly the major site of action of loop diuretics, 
actions at other nephron segments contribute to the natri-
uresis by blunting the expected increase in reabsorption in 
the proximal tubule (in response to volume depletion) and 
the distal nephron (in response to increased load). Reab-
sorption of solute from the water-impermeable TAL seg-
ments dilutes the tubular fluid and concentrates the 
interstitium. Its inhibition by loop diuretics impairs both 
free water excretion during water loading and free water 
reabsorption during dehydration.70 Loop diuretics increase 
the fractional excretion of Ca2+ by up to 30%.71 The pre-
dominant mechanism is a decrease in the magnitude of the 
lumen-positive transepithelial potential (see Figures 51.3 
and 51.4). A large fraction of transepithelial Ca2+ transport 
along the TAL traverses a paracellular pathway involving 
claudins 16 and 19 and is driven by the lumen-positive  
transepithelial potential.72 By reducing its magnitude, 
loop diuretics lower passive calcium absorption along this 
segment. A second mechanism has been observed in some 
experiments, involving active Ca2+ transport, but this pathway 
is not affected by loop diuretics.73

The loop of Henle is the major nephron segment for 
reabsorption of Mg2+.71 Mg2+ transport along the TAL, like 
Ca2+ transport, traverses a paracellular pathway that involves 
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Figure 51.4  Possible mechanisms of diuretic effects on calcium and magnesium excretion. Typical cells from the proximal tubule (PT), 
thick ascending  limb  (TAL), and distal convoluted  tubule  (DCT) are shown. Calcium  reabsorption occurs along  the distal convoluted  tubule 
largely  via  a  transient  receptor  potential  channel  (TRPV5).  Magnesium  reabsorption  occurs  along  the  distal  convoluted  tubule  largely  via  a 
transient receptor potential channel (TRPM6). Transepithelial voltages (representative but arbitrary values, given in millivolts [mV]) are shown. 
Net effects on electrolyte excretion are shown at the bottom. Normal conditions are at the left. Treatment with loop diuretics (LD) is shown in 
the  middle;  treatment  with  DCT  diuretics  is  shown  on  the  right.  Loop  diuretics  reduce  the  magnitude  of  the  lumen-positive  transepithelial 
voltage, thereby retarding passive calcium and magnesium reabsorption. Passive calcium and magnesium reabsorption appears to traverse 
the paracellular pathway. Long-term treatment, especially with DCT diuretics, increases proximal Na+ and Ca2+ reabsorption; thus, less calcium 
is delivered distally. Enhanced distal calcium absorption, driven by DCT diuretics, also occurs. Effects of DCT diuretics to increase magnesium 
excretion remain  incompletely understood. ClC-KB, A chloride channel protein; NCC, Na-Cl  transporter; NKCC2, Na-K-2Cl cotransporter 2; 
ROMK, renal outer medullary K+ channel; ↑, increase(d); ↓, decrease(d). 
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responses to loop diuretics.87 These data have been inter-
preted to suggest that nitric oxide synthesis plays a permis-
sive role in macula densa–mediated renin secretion.

PHARMACOKINETICS AND DIFFERENCES  
BETWEEN DRUGS
Loop diuretics are absorbed promptly after ingestion, but 
their bioavailabilities vary. Because bumetanide and torse-
mide are more completely absorbed than furosemide, 
changing from intravenous to oral dosing requires a dou-
bling of the furosemide dose but does not require changing 
the bumetanide or torsemide dose. Moreover, there is con-
siderable variation in furosemide absorption, both between 

patients and over time,88 that is accentuated by food 
intake.89,90

Once absorbed, loop diuretics circulate largely bound to 
albumin (91% to 99%), greatly limiting their clearance by 
glomerular filtration. The diuretic volume of distribution 
varies inversely with the serum albumin concentration,91 but 
this is not usually a major determinant of diuretic respon-
siveness (see later).92 The metabolism of loop diuretics com-
prises both hepatic and renal mechanisms; the relative 
fractions that are cleared by each mechanism differ among 
agents. Loop diuretics, thiazides, and CAIs are all secreted 
avidly by a probenecid-sensitive organic anion transporter 
in proximal tubule cells (Figure 51.5).93,94 Diuretics gain 
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bumetanide and torsemide are metabolized in the liver.102,103 
Slow-release furosemide is more effective in reducing  
blood pressure and treating edema, highlighting the impor-
tance of pharmacokinetics in diuretic responsiveness.104 
Torsemide’s action is approximately twice as long as furose-
mide’s,105 and bumetanide’s action is shorter than furose-
mide’s. These differences may be clinically relevant,106,107 but 
large controlled trials studying this issue are lacking. Unlike 
the elimination of bumetanide or torsemide,105 the elimina-
tion of furosemide in patients with CKD is greatly reduced 
because its metabolism to the inactive glucuronide occurs 
in the kidney; in contrast, metabolic inactivation of 
bumetanide and torsemide occurs mainly in the liver and 
therefore they are unaffected by uremia.4 This difference 
prolongs the t1/2 of furosemide in CKD, leading to drug 
accumulation. However, the fraction of a dose excreted 
unchanged in patients with CKD is greater for furosemide, 
leading to an enhanced natriuretic response (Figure 51.6). 
There is therefore a tradeoff in the selection of a loop 
diuretic in CKD: Furosemide can accumulate and cause 
ototoxicity at high doses, whereas bumetanide retains  
its metabolic inactivation but is therefore somewhat less 
potent.

Renal clearance of the active form of loop diuretics is 
reduced in CKD in proportion to the creatinine clear-
ance.108 There is competition both for peritubular uptake94 
and for luminal secretion99 with other OAs, including urate, 
which accumulates in uremia. Metabolic acidosis depolar-
izes the membrane potential of proximal tubule cells,109 
which decreases OA secretion,99 an effect that may explain 
why diuretic secretion is enhanced by alkalosis.110 There-
fore, the increased plasma levels of OAs and urate and the 
metabolic acidosis of CKD impair proximal tubule secretion 
of diuretics and, hence, impair their delivery to their active 
sites in the nephron.

Proximal secretion of active furosemide is potentiated by 
albumin.111 In the rabbit, an equal fraction of administered 
furosemide is taken up by probenecid-sensitive mechanisms 
in the S2 (secretory) or the S1 segment of the proximal 
tubule, where it is conjugated and excreted as the inactive 
glucuronide (Figure 51.7).112 Unlike the uptake and secre-
tion of active furosemide by the S2 segment, uptake and 
metabolism by the S1 segment is enhanced by a drop in 
albumin concentration. Therefore, a low serum albumin 
concentration enhances furosemide metabolism113 yet 
decreases tubular secretion of active diuretic.111 The conse-
quences of this process are described later (see “Nephrotic 
Syndrome”).

The relationship between fractional sodium excretion 
and the log of the serum diuretic concentration is sigmoi-
dal. There is a similar sigmoidal relation between fractional 
sodium excretion and the log of the urinary diuretic con-
centration (Figure 51.8). Inhibition of proximal secretion 
with probenecid shifts the curve of the plasma dose-response 
to the right but does not perturb the relationship between 
natriuresis and diuretic excretion.114 Thus, natriuresis is 
related to the urinary concentration, but not the plasma 
concentration, of diuretic. The administration of indometh-
acin or other nonsteroidal anti-inflammatory drugs 
(NSAIDs) reduces the responsiveness of the tubule to furo-
semide.115 This reduction is due predominantly to reduced 
generation of PGE2, because a natriuretic response to 

access to tubular fluid almost exclusively by proximal secre-
tion. Studies have characterized this weak organic anion 
(OA−) transport process. Four isoforms of an OA trans-
porter (OAT) have been cloned and are expressed in the 
kidney.94,95 Peritubular uptake by an OAT is a tertiary active 
process (see Figure 51.5). Energy derives from the basolat-
eral Na+-K+-ATPase that provides a low intracellular [Na+] 
that drives an uptake of Na+ coupled to α-ketoglutarate (α-
KG) to maintain a high intracellular level of α-KG. This in 
turn drives a basolateral OA-α-KG countertransporter. OAT1 
is expressed on the basolateral membrane of the S2 segment 
of the proximal tubule.96 A mouse colony deficient in OAT1 
was generated and shown to exhibit dramatically impaired 
renal OA secretion and furosemide resistance.97 A similar 
effect was observed in OAT3-deficient mice, suggesting that 
both OAT1 and OAT3 mediate secretion of loop diuretic by 
proximal cells, and that a lack of either is not fully compen-
sated by the other.98

OATs translocate diuretics into the proximal tubule cell, 
where they can be sequestered in intracellular vesicles. They 
are secreted across the luminal membrane by a voltage-
driven OA transporter99 and by a countertransporter in 
exchange for urate or OH−.95 The orphan transporter 
hNPT4 (human sodium phosphate transporter 4; SLC17A3) 
has been identified as an organic anion efflux transporter 
that likely also secretes furosemide and bumetanide.100 In 
addition, the multidrug resistance–associated protein 4 
(MRP4) has been identified as the third type of transporter 
involved in the urinary excretion of diuretics; mice lacking 
Mrp4 exhibited an almost two-fold lower excretion of furo-
semide and hydrochlorothiazide.101 Approximately 50% of 
furosemide is eliminated by metabolism to the inactive gluc-
uronide. Only the unmetabolized and secreted fraction is 
available to inhibit NaCl reabsorption. In contrast, 

Figure 51.5  Mechanisms of diuretic secretion by proximal 
tubule cells. Cell diagram of the S2 segment of the proximal tubule 
showing secretion of anionic diuretics,  including  loop diuretics and 
distal  convoluted  tubule  (DCT)  diuretics.  Peritubular  uptake  by  an 
organic anion transporter  (primarily OAT1, although OAT3 may play 
a  smaller  role)  occurs  in  exchange  for  α-ketoglutarate,  which  is 
brought into the cell by the Na+-dependent cation transporter NaDC-3. 
Luminal secretion can occur via a voltage-dependent pathway or in 
exchange for luminal hydroxyl (OH−) or urate. A portion of the luminal 
transport traverses multidrug resistance–associated protein 4 (Mrp4). 
ATPase, adenosine triphosphatase. 
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Figure 51.6  Comparison  of  the  pharmacokinetics  and  dynamics  of  furosemide  (F,  160 mg;  metabolically  inactivated  in  the  kidney) 
and bumetanide  (B, 4 mg; metabolically  inactivated  in  the  liver)  in 10 subjects with chronic kidney disease  (mean creatinine clearance 12 ± 
2 mL/min). Significance of difference: *, P < .05; ***, P < .005. FENa, fractional excretion of sodium; T1/2, half-life; UNa, urinary sodium. (Redrawn 
from data in Voelker JR, Cartwright-Brown D, Anderson S, et al: Comparison of loop diuretics in patients with chronic renal insufficiency. Kidney Int 
32:572-578, 1987.)
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Figure 51.7  Diagrammatic representation of the disposition of intravenous furosemide and the effects of hypoalbuminemia or pro-
benecid in normal or hypoalbuminemic rabbits. After intravenous administration of furosemide, 15% is metabolized by uridine diphosphate 
glucuronyl transferase (UDPGT) in the liver and gut to the inactive furosemide gluconide (F-GC). Of the remainder, 85% is transported by the 
kidney. Some 42% is taken up in the S1 segment of the proximal tubule (PT-S1) and metabolized to the inactive gluconide, and the remainder 
is taken up by the S2 segment (PT-S2) and secreted in active form into the lumen. Both uptake processes are inhibited by probenecid. Plasma 
albumin concentration facilitates uptake and secretion by PT-S2 but inhibits uptake and metabolism by PT-S1. (Drawn from data in Pichette V, 
Geadah D, du Souich P: The influence of moderate hypoalbuminemia on the renal metabolism and dynamics of furosemide in the rabbit. Br J 
Pharmacol 119:885-890, 1996.)
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thiazides (benzothiadiazines) are chlorothiazide, hydro-
chlorothiazide, bendroflumethiazide, and others. Subse-
quent to their development, non-thiazide drugs with similar 
activities were developed. Substitution of the ring sulfone in 
the thiazides with a carbonyl group provides a group of 
quinazolinones with diuretic activity that is similar to the 
thiazides (cf. metolazone). Chlorthalidone, a substituted 
benzophenone that does not contain the benzothiadiazine 
molecular structure, exhibits strong carbonic anhydrase 
activity and a prolonged half-life and has seen widespread 
use as an antihypertensive.

The predominant effect of the thiazide diuretics is to 
inhibit the thiazide-sensitive Na-Cl cotransporter (NCC; 
SLC12A3). This protein is expressed in the DCT121,122 and is 
inhibited directly by thiazides (see later). Several thiazides 
and thiazide-like drugs (e.g., chlorothiazide, hydrochloro-
thiazide, and chlorthalidone) also inhibit carbonic anhy-
drase, contributing to their natriuretic efficacy.123 Yet patients 
with Gitelman’s syndrome, who have a loss-of-function muta-
tion in the NCC, demonstrate a dramatically impaired natri-
uretic response to thiazides,124 confirming that the principal 
effect of these drugs is to inhibit NCC. Further, Na+ reabsorp-
tion by the proximal tubule is enhanced during long-term 
treatment with thiazides, even when the drug has significant 
CA-inhibiting capacity.125 Finally, a sodium-dependent 
chloride-bicarbonate exchanger has been shown to mediate 
electroneutral sodium transport in the collecting duct and 
to also be inhibited by thiazides.126

Like loop diuretics, diuretics that are active in the DCT, 
including the thiazides, are organic anions that bind to  
the transport protein from the luminal surface. The 
mechanism(s) of NCC inhibition have been studied using 
two approaches. First, Beaumont and colleagues showed 
that [3H]metolazone binds avidly to kidney membrane pro-
teins; its binding is inhibited competitively by Cl−, suggesting 
that Cl− and diuretic compete for the same binding site.127,128 
These results are reminiscent of those of studies that utilized 
[3H]bumetanide to study properties of the NKCC proteins 
and were used to develop a kinetic model for the NCC.129 

furosemide can be restored in indomethacin-treated rats by 
infusion of PGE2.116 A reduced dietary salt intake and 
repeated administration of furosemide during salt restric-
tion117 both diminish the renal tubular response to furose-
mide (see Figure 51.8).

Although knowledge of the pharmacogenetics of diuret-
ics is still rudimentary, a number of studies have demon-
strated that certain polymorphisms contribute to individual 
differences in the response to loop diuretics. For example, 
in 97 healthy whites, one study reported that the acute 
effects of loop diuretics were greater in subjects with poly-
morphisms in the genes encoding NCC and the β-subunit 
of ENaC, but smaller in those with a polymorphism in the 
gene encoding the γ-subunit of ENaC.118 This finding sug-
gests that individual variations in loop diuretic response 
may, in part, be attributed to lower or higher activities of 
transporters located distal to NKCC2. Another pharmacoki-
netic study identified female gender and polymorphisms in 
the gene encoding the organic anion transporter OATP1B1 
as predictors for slower elimination of torsemide.119

CLINICAL INDICATIONS
Clinical indications for the use of loop diuretics are dis-
cussed later (see “Clinical Uses of Diuretics”).

ADVERSE EFFECTS
Adverse effects of loop diuretics are discussed later (see 
“Adverse Effects of Diuretics”).

THIAZIDES AND THIAZIDE-LIKE DIURETICS 
(DISTAL CONVOLUTED TUBULE DIURETICS)

SITES AND MECHANISMS OF ACTION
Thiazides and thiazide-like diuretics are moderately active 
drugs that increase excretion of sodium, chloride, and 
potassium while reducing excretion of calcium. The major 
site of action of thiazide and thiazide-like diuretics is the 
distal convoluted tubule (DCT), where they block coupled 
reabsorption of Na+ and Cl− (Figure 51.9).67,90,120 The true 

Figure 51.8  Relationship between excretion of Na+ and furosemide (log scale) following a bolus intravenous injection of 40 mg furosemide in 
normal subjects with a normal NaCl intake (1), with a normal NaCl intake after indomethacin (2), with a low Na+ intake (20 mmol/24 hours) (3), 
and for the third day of furosemide administration with a low Na+ intake (4). (Redrawn from data in Wilcox CS, Mitch WE, Kelly RA, et al: Response 
of the kidney to furosemide. J Lab Clin Med 102:450, 1983; and Chennavasin P, Seiwell R, Brater DC: Pharmacokinetic-dynamic analysis of the 
indomethacin-furosemide interaction in man. J Pharmacol Exp Ther 215:77, 1980.)
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blockade of luminal NaCl entry reduces cell [Cl−] concen-
tration, thereby hyperpolarizing the membrane voltage 
(making the interior of the cell more negative, electrically). 
Hyperpolarization increases calcium entry via the transient 
receptor potential channel subfamily V, member 5 (TRPV5) 
channel, which is expressed at the apical membrane of DCT 
and connecting tubule cells.138,139 Third, thiazides stimulate 
proximal reabsorption of Ca2+ owing to ECV depletion.140 
The importance of this proximal effect has been highlighted 
because thiazides reduce Ca2+ excretion even when the 
TRPV5 channel has been knocked out and the major distal 
calcium reabsorptive pathway is absent.141 However, other 
mechanisms in the DCT must also play a role, because a 
study in mice deficient for the DCT-specific protein parval-
bumin showed that hydrochlorothiazide did not increase 
natriuresis but did increase hypocalciuria.142 Similarly, a 
study in humans showed that hypovolemia is not the sole 
cause of hypocalciuria in patients with Gitelman’s syndrome, 
who have a genetic inactivation of NCC.143 Thiazides produce 
a sustained reduction in renal Ca2+ excretion that is accom-
panied by a small rise in serum Ca2+ concentration. Mg2+ 
excretion is enhanced by thiazide diuretics, at least during 

Gamba and colleagues have expressed chimeras of the  
NCC in Xenopus oocytes and defined thiazide affinity on 
the basis of transport inhibition. The results suggest a  
more complicated picture. They conclude that thiazide 
diuretic affinity is conferred by transmembrane segments 8 
through 12, whereas transmembrane segments 1 through  
7 affect chloride affinity. Both domains are involved in 
determining Na+ affinity.130 These data suggest that the affin-
ity of thiazide diuretics for binding to the transport protein 
is in a region distinct from the region that participates in 
Cl− transport.

Thiazides increase potassium excretion, but they do not 
augment DCT secretion of K+ directly.90,131 Instead, their 
effects result from their tendency to stimulate aldosterone 
secretion, to increase distal flow, and to increase calcium 
reabsorption.132 Mineralocorticoids, glucocorticoids,133 and 
estrogens134 enhance thiazide binding and tubular actions. 
Thiazides reduce Ca2+ excretion. Three potential and non-
redundant mechanisms have been postulated (see Figure 
51.4).135,136 First, blockade of luminal NaCl entry reduces the 
tubule cell intracellular [Na+] sufficiently to enhance baso-
lateral Na+-Ca2+ exchange.137 Second, thiazide-induced 

Figure 51.9  Mechanisms of distal convoluted tubule (DCT) and collecting duct (CD) diuretics. A, Mechanism of action of DCT diuretics. 
In rat, mouse, and human, two types of DCT cells have been identified, referred to here as DCT1 and DCT2. Na+ and Cl− are reabsorbed across 
the apical membrane of DCT1 cells only via  the  thiazide-sensitive Na+-Cl− cotransporter  (NCC). This  transport protein  is also expressed by 
DCT2 cells where Na+ can also cross through the epithelial Na+ channel (ENaC; see text for details). Thus, the transepithelial voltage along the 
DCT1 is near to 0 mV, whereas it is finite and lumen-negative along the DCT2. B, Mechanism of action of CD diuretics. The late distal convo-
luted  tubule cells  (DCT2 cells) and connecting  tubule  (CNT) or cortical collecting duct  (CCD) cells are shown. Na+  is  reabsorbed via ENaC, 
which lies in parallel with a renal outer medullary K+ channel (ROMK). The transepithelial voltage is oriented with the lumen negative, relative 
to the interstitium (shown in the circled value), generating a favorable gradient for transepithelial K+ secretion. Drugs that block the epithelial 
Na+ value reduce the voltage toward 0 mV (effect indicated by dashed line), thereby inhibiting K+ secretion. ClC-KB, A chloride channel protein. 
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ADVERSE EFFECTS
Adverse effects of thiazides and thiazide-like drugs are dis-
cussed later (see “Adverse Effects of Diuretics”).

DISTAL POTASSIUM-SPARING DIURETIC AGENTS

Distal K+-sparing diuretics comprise those that directly block 
the epithelial Na+ channel ENaC (amiloride and triam-
terene) and antagonists of the mineralocorticoid receptor 
(MRA) (spironolactone and eplerenone).

SITES AND MECHANISMS OF ACTION
Distal K+-sparing diuretics act on the cells in the late DCT, 
connecting tubule, and cortical CD (the ASDN), where they 
inhibit luminal Na+ entry via ENaC (see Figure 51.9).120,157 
They depolarize the lumen-negative transepithelial voltage, 
diminishing the electrochemical gradient for K+ and H+ 
secretion.120,158

Both amiloride and triamterene are organic cations that 
block ENaC directly from the luminal surface. Amiloride 
also inhibits NHE3, but the affinity of amiloride for NHE3 
is low enough that the distal effects predominate in clinical 
use. In experimental work, congers of amiloride that are 
more selective for either ENaC or NHE3 have been devel-
oped, although they have not been employed clinically. 
Amiloride appears to bind ENaC in its conducting pore and 
is thus a pore blocker.159 Amiloride binding is sensitive to 
the electric field, and the agent appears to compete with 
Na+ for binding to the pore of the channel.160 Amiloride may 
interact with several regions on the ENaC protein, but one 
amiloride-binding region comprises a short amino acid 
stretch within the extracellular loop.161

Spironolactone and eplerenone are competitive antago-
nists of the mineralocorticoid receptor. MRAs were devel-
oped when it was discovered that aldosterone is an 
18-aldehyde derivative of corticosterone and that progester-
one increases Na+ excretion by blocking exogenously admin-
istered mineralocorticoid. Eventually, spironolactone was 
developed. It was found not to have any effect on urinary Na+ 
or K+ directly, but instead to competitively block the miner-
alocorticoid receptor. Structurally, spirolactone strongly 
resembles aldosterone. Eplerenone was developed as an 
attempt to find an MRA with fewer estrogenic side effects.

These drugs were employed for many years primarily to 
reduce the excretion of K+ and net acid, especially when 
used in combination with other diuretics.162 Amiloride and 
triamterene reduce the excretion of Ca2+ and Mg2+,144,163 
because these drugs cause a very modest natriuresis. Under 
certain circumstances, however, their natriuretic efficacy 
can be significant.

For example, spironolactone is more effective than furo-
semide in reducing cirrhotic ascites.164 Furthermore, spi-
ronolactone is often an effective adjunct in the treatment 
of resistant hypertension.165 This agent has achieved an 
important role in the treatment of congestive heart failure 
caused by systolic dysfunction,166 although the mechanisms 
by which it achieves protection continue to be debated.

PHARMACOKINETICS
Triamterene is well absorbed. It is rapidly hydroxylated to 
active metabolites.167 The drug and its metabolites are 

prolonged therapy144 (see Figure 51.4). It has also been 
shown that transient receptor potential channel melastatin 
6 (TRPM6) is a magnesium channel of the distal 
nephron.145,146 Long-term thiazide treatment of mice dimin-
ishes TRPM6 mRNA expression modestly and reduces 
TRPM6 protein abundance by approximately 80%. Such 
changes would be expected to reduce magnesium reabsorp-
tion along the distal nephron, leading to Mg2+ wasting. Mg2+ 
depletion that can occur during chronic thiazide adminis-
tration may be augmented by K+ depletion.144 Thiazides 
reduce urate clearance secondary to ECV depletion76 and 
competition for tubular uptake.93

Expression of the water channel aquaporin-2 (AQP2) 
begins at the junction between the DCT and the connecting 
tubule. Thus, the NCC-expressing DCT comprises the ter-
minal diluting segment of the kidney. Thiazides impair 
maximal urinary dilution but not maximal urinary concen-
tration.147 Thiazides also enhance water absorption from 
inner medullary collecting ducts in an AVP-independent 
manner.148 This effect is correlated with an increase in 
AQP2 expression during long-term thiazide treatment.149 
These effects may contribute to the tendency of thiazide 
diuretics to produce hyponatremia. Central effects on  
thirst, however, may also contribute (see later discussion of 
adverse effects).

PHARMACOKINETICS OF AND DIFFERENCES 
AMONG THIAZIDES
Thiazides are readily absorbed. They are extensively bound 
to plasma proteins. They are eliminated largely through 
secretion by the S2 segment of the proximal tubule, mostly 
via OAT1 and OAT3.94,98 The t1/2 is prolonged in renal 
failure and in the elderly, reducing natriuretic efficacy.150 
The more lipid-soluble drugs (e.g., bendroflumethiazide 
and polythiazide) are more potent, have a more prolonged 
action, and are more extensively metabolized.151 Chlorthali-
done has a particularly prolonged action.151 Indapamide is 
sufficiently metabolized to limit accumulation in renal 
failure.151 Extrarenal effects of thiazide diuretics, including 
effects on platelet aggregation and vascular permeability, 
vary among the types of thiazide diuretics, possibly explain-
ing differences in their cardiovascular effects.152

As stated previously, little is known about the pharamaco-
genetics of diuretics, but the available studies suggest that 
differences in individual responses are important. In one 
study, diuretic therapy in carriers of a variant of α-adducin, 
a cytoskeleton protein important for the function of renal 
Na+-K+-ATPase, was found to be associated with a lower risk 
of combined myocardial infarction and stroke than other 
antihypertensive therapies.153 In another study, polymor-
phisms in with-no-lysine kinase 1 (WNK1), a kinase involved 
in the regulation of NCC, also affected the response to a 
thiazide diuretic.154 Finally, polymorphisms in Nedd4-2, a 
ubiquitin ligase that regulates the sodium chloride cotrans-
porter,155 predicts the blood pressure response to hydrochlo-
rothiazide in white subjects and cardiovascular outcome 
with hydrochlorothiazide in black subjects.156

CLINICAL INDICATIONS
The clinical indications for the use of thiazides and thiazide-
like drugs are discussed later (see “Clinical Uses of 
Diuretics”).
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note that the original RALES study specifically excluded 
patients with several of these comorbidities. Renal failure 
appears to be another complication in this group.196

Gynecomastia may occur in men, especially as the dose is 
increased,197 but even at low doses198; decreased libido and 
impotence have also been reported. Women may experi-
ence menstrual irregularities, hirsutism, or swelling and 
tenderness of the breast. Impaired net acid excretion can 
cause metabolic acidosis,199 which worsens hyperkalemia.

Amiloride and triamterene accumulate in renal 
failure,170,200 and triamterene accumulates in cirrhosis.168 
Therefore, these drugs should be avoided in patients  
with these conditions. Triamterene occasionally precipitates 
in the urinary collecting system and causes obstruction.201 
It can cause acute kidney injury when given with 
indomethacin.202

MISCELLANEOUS AGENTS

DOPAMINERGIC AGENTS
When given to normal subjects in low doses (1-3 µg/kg/ 
minute), dopamine causes a modest increase in the GFR, 
reduces proximal reabsorption via a cAMP-induced inhibi-
tion of the Na+-H+ antiporter and increases Na+ excretion.203 
Fenoldopam is a selective dopamine type 1 receptor agonist 
with little cardiac stimulation.203 Unfortunately, these ben-
eficial effects are reduced in patients who are critically ill 
and/or receiving vasopressors.204 A comprehensive review of 
the literature has concluded that in controlled trials low-
dose dopamine universally failed to improve renal outcomes 
in patients at high risk for AKI and that in the largest trials 
it had no effect on renal function, need for dialysis, or mor-
tality in critically ill patients with early renal dysfunction.204 
Thus, there is currently no justification for the use of low-
dose dopamine for renal protection. Dopamine infusion at 
higher rates has a role as a pressor agent in septic shock or 
refractory heart failure, but the benefits can be offset by 
arrhythmias.204

VASOPRESSIN RECEPTOR ANTAGONISTS
Vasopressin receptor antagonists are nonpeptide molecules 
that competitively inhibit one or more of the human vaso-
pressin receptors, V1aR, V1bR, and V2R.205 Conivaptan is a 
combined V1aR/V2R antagonist for intravenous use, whereas 
tolvaptan, mozavaptan, and lixivaptan are orally active V2R-
selective antagonists. All of these agents cause a free water 
diuresis without appreciable natriuresis or kaliuresis and 
they are therefore sometimes referred to as “aquaretics.”206 
This effect is mainly attributed to inhibition of V2R in 
the collecting duct, which prevents vasopressin from recruit-
ing AQP2 water channels to increase water reabsorption. 
Therefore, vasopressin receptor antagonists can be used to 
treat hypervolemic or euvolemic hyponatremia, in which 
increased vasopressin is considered “inappropriate.” Co- 
inhibition of V1aR, which is located in vascular smooth 
muscle, could be beneficial to reduce coronary vasoconstric-
tion, myocyte hypertrophy, and vascular resistance in patients 
with heart failure,207 but definitive studies on this effect are 
lacking. At present, some 20 clinical trials have tested these 
agents against placebo or conventional therapy in patients 
with liver cirrhosis, heart failure, or hyponatremia secondary 
to SIADH.208 In all trials, vasopressin receptor antagonists 

secreted by the organic cation pathway in the proximal 
tubule,3 with half-lives of 3 to 5 hours. Triamterene and its 
active metabolites accumulate in patients with cirrhosis 
because of decreased biliary secretion,168 and in the 
elderly,169,170 and in patients with CKD150 because of decreased 
renal excretion.

Amiloride is incompletely absorbed. Its duration of action 
is approximately 18 hours. It is secreted into the tubular 
fluid by the organic cation transport pathway.171 Other 
organic cations, such as cimetidine, inhibit its secretion and 
prolong its half-life.171 It accumulates in renal failure172 and 
may worsen renal function.173 Spironolactone is readily 
absorbed and circulates bound to plasma proteins. Its  
intrinsic half-life is short, but it is metabolized to active 
compounds with considerably prolonged actions. Spi-
ronolactone is metabolized to canrenones (t1/2 = 16 hr) 
and to sulfur-containing metabolites, predominantly 7 
alpha-thiomethylspirolactone (t1/2 = 13 hr).174 Canrenones 
are metabolized by the cytochrome P-4503A system.175 Clini-
cally, spironolactone has a t1/2 of approximately 20 hours. It 
takes 10 to 48 hours to become maximally effective.176 It is 
lipid soluble and enters distal renal tubules from the 
plasma.177 Eplerenone has fewer antiandrogenic and proes-
trogenic effects.178,179 However, it is metabolized with a half-
life of 3 hours and therefore should be given twice daily.180

CLINICAL INDICATIONS
Distal K+-sparing agents are used to prevent or treat hypo-
kalemic alkalosis, especially in combination with a thiazide 
diuretic.181 Amiloride can prevent amphotericin-induced 
hypokalemia and hypomagnesemia.182 Spironolactone is 
indicated as a first-line agent for ECV expansion in the 
setting of cirrhotic ascites, in which it is more effective than 
daily furosemide.183-185 It is indicated for heart failure associ-
ated with systolic dysfunction, in which its effects may 
include renal and extrarenal mineralocorticoid receptor 
blockade186 and recommended doses are limited to 25 and 
50 mg/day, respectively. Spironolactone is also used com-
monly to treat hypertension associated with hyperaldoste-
ronism and for resistant hypertension,165,187,188 and it may 
reduce proteinuria and progressive loss of kidney function 
in CKD189,190 (however, see the following discussion of 
adverse effects). Eplerenone is indicated to prevent cardiac 
remodeling and systolic dysfunction in the setting of recent 
myocardial infarction.191,192 Preliminary experimental data 
suggest that spironolactone may help prevent the develop-
ment of CKD after ischemic AKI (“AKI-induced CKD”).193

ADVERSE EFFECTS AND DRUG INTERACTIONS
Hyperkalemia is the most common complication of the 
distal K+-sparing diuretics. The risk is dose dependent and 
increases considerably in patients with CKD or in those 
receiving K+ supplements, angiotensin-converting enzyme 
(ACE) inhibitors, angiotensin receptor blockers (ARBs), 
NSAIDs, β-blockers, heparin, or ketoconazole.194 The inci-
dence of hyperkalemia-associated morbidity and mortality 
in Canada rose sharply after the publication of the Random-
ized Aldactone Evaluation Study (RALES), which demon-
strated the efficacy of spironolactone in improving outcome 
in heart failure, and may relate to the consequent wide-
spread use of this agent in patients with congestive heart 
failure and impaired renal function.195 It is important to 
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DIURETIC BRAKING PHENOMENON

The first dose of a diuretic normally produces a reassuring 
diuresis. However, in normal subjects a new equilibrium is 
attained within 1 day, when body weight stabilizes and daily 
fluid and electrolyte excretion no longer exceeds intake.117 
This reaction is called the “diuretic braking phenomenon.” 
The effects of dietary salt intake on the diuretic braking phe-
nomenon during 3 days of loop diuretic administration to 
normal human subjects are shown in Figure 51.10.117,219-221 
During high Na+ intake (270 mmol/24 hours), the first dose 
of furosemide (F1) causes a large negative Na+ balance over 
the ensuing 6 hours (blue bars in Figure 51.10A) followed by 
18 hours during which Na+ excretion is reduced well below 
intake (postdiuresis salt retention), which results in positive 
Na+ balance (light green areas in Figure 51.10A) that offsets the 
preceding negative Na+ balance. The natriuresis caused by 
the third daily dose of furosemide (F3) is comparable to that 
caused by the first dose and also is followed by a restoration 
of Na+ balance. Consequently, at high levels of Na+ intake, 
subjects regain neutral Na+ balance within 24 hours of each 
dose of furosemide and maintain their original body weight. 
A similar diuretic braking phenomenon occurs during estab-
lished furosemide therapy.77 During severe dietary Na+ 
restriction (20 mmol/24 hours; Figure 51.10C), the first dose 
of furosemide produces a blunted natriuresis. However, Na+ 
balance cannot be restored because of the low level of dietary 
Na+ intake. Consequently, virtually all the Na+ lost during the 
diuretic phase is represented as negative Na+ balance for the 
day. Unlike in the high-salt protocol, tolerance manifests as a 
40% reduction in the natriuretic response to the drug over 3 
days. However, despite a blunted initial response and the devel-
opment of tolerance, all subjects lose Na+ and body weight. A 
loop diuretic given during a Na+ intake of 120 mmol/
24 hours (equivalent to a salt-restricted diet) causes Na+ loss, 
but the loss is curtailed by a combination of postdiuretic renal 
salt retention and diuretic tolerance (Figure 51.10B).221

Furosemide kinetics and GFR are unchanged over 3 days 
of furosemide administration. What, then, mediates diuretic 
tolerance? During a low NaCl intake, the curve representing 
the relationship between natriuresis and furosemide excre-
tion on a graph is shifted to the right by the third day of 
diuretic administration (see Figure 51.8), indicating a blunt-
ing of diuretic responsiveness.

One month of furosemide therapy for hypertension 
reduces the natriuretic response to a test dose of furosemide 
by 18%.77 This tolerance cannot be ascribed to aldosterone, 
nor to a fall in plasma or ECV, because tolerance to furose-
mide is not prevented by spironolactone and does not 
develop during thiazide therapy, which causes similar reduc-
tions in body fluids. In fact, the natriuretic response to a test 
dose of a thiazide is augmented during furosemide therapy. 
Thus, tolerance to furosemide is class specific and depends 
on increased NaCl reabsorption at a downstream, thiazide-
sensitive nephron site.

Furosemide activates the r RAAS and the sympathetic 
nervous system (SNS). However, postdiuretic Na+ retention 
is not blunted by doses of an ACE inhibitor, which prevents 
any changes in plasma angiotensin II or aldosterone con-
centrations,219,222,223 or by prazosin, which blocks adrenergic 
receptors even when an ace inhibitor and prazosin are given 
in combination.220

effectively raised serum sodium and helped correct hypona-
tremia. In addition, a positive effect on some secondary end 
points was observed in patients with heart failure, including 
improved mental condition and reductions in body weight, 
dyspnea, and ascites.209–211 However, the Efficacy of Vasopres-
sin Antagonist in Heart Failure Outcome Study with Tolvap-
tan (EVEREST), which involved 4133 patients hospitalized 
for heart failure (with or without hyponatremia), did not 
show a beneficial effect of tolvaptan on the primary outcome 
of death and rehospitalization for heart failure.210 Thus, 
vasopressin receptor antagonists appear effective in the cor-
rection of hyponatremia but have not yet shown an effect on 
primary outcomes.

ADENOSINE TYPE I RECEPTOR ANTAGONISTS
Aminophylline is an adenosine receptor antagonist that 
inhibits NaCl reabsorption in the proximal tubule and  
diluting segments and causes a modest increase in GFR.212 
Highly selective adenosine I (A1) receptor antagonists are 
natriuretic213 and antihypertensive, and they potentiate 
furosemide-induced natriuresis in normal humans214 and in 
patients with diuretic-resistant heart failure. A1 antagonists 
disrupt glomerulotubular balance and TGF, thereby decreas-
ing proximal reabsorption and increasing GFR.213 Several A1 
receptor antagonists have been tested in patients with acute 
heart failure, but a large trial with the drug rolofylline did 
not show improvement in survival, heart failure status, or 
kidney function.215

UREA CHANNEL INHIBITORS
Urea channel inhibitors are a new class of diuretics that 
induce an osmotic diuresis by inhibiting urea reabsorption 
in the renal medulla. They are currently undergoing pre-
clinical testing. An inhibitor of the urea channel UT-B 
(SLC14A1), increased urine output in rats without com-
mensurate urinary sodium and potassium loss.216 A small 
molecule screen recently also identified selective inhibitors 
of UT-A1 (SLC14A2).217

NESIRITIDE
Nesiritide is the recombinant form of B-type natriuretic 
peptide, which can be administered intravenously in  
acute decompensated congestive heart failure (see later dis-
cussion of clinical uses of diuretics in congestive heart 
failure). By stimulating cyclic guanosine monophosphate, 
this agent causes both a natriuresis and relaxation of smooth 
muscle.

NEPRILYSIN INHIBITORS
Neprilysin inhibitors prevent the breakdown of natriuretic 
peptides, and therefore contribute to natriuresis. The com-
bined use of an ARB and neprilysin inhibitor (LCZ696) has 
been shown to reduce rates of cardiovascular death and 
hospitalization for heart failure in patients with class II, III, 
or IV heart failure.218

ADAPTATION TO DIURETIC THERAPY

Diuretics entrain a set of homeostatic mechanisms that limit 
their fluid-depleting actions and contribute to both resis-
tance to these agents and their adverse effects.
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sufficient fluid, Na+, K+, and Cl− to prevent any losses, elimi-
nation of the load is prevented.234 Thus, diuretics can entrain 
an ECV-independent NaCl retention; this is apparent when 
distal delivery is enhanced, as during high NaCl intake. Even 
a single dose of loop diuretic can cause a Cl− depletion 
“contraction” alkalosis, which may contribute to diuretic 
tolerance and the braking phenomenon.64 In a study of 
normal subjects in whom mild metabolic alkalosis was pro-
duced by equimolar substitution of NaHCO3 for NaCl, 
bumetanide-induced natriuresis was reduced during alkalo-
sis despite enhanced delivery of bumetanide to the urine 
(Figure 51.11).110 This finding implies a profound defect in 
tubular responsiveness to the diuretic. Several mechanisms 
may contribute. First, the Na-K-2Cl cotransporter has affini-
ties for Na+, K+, and Cl− of 7.0, 1.3, and 67 mM, respectively. 
Thus, the [Cl−] of tubular fluid may be low enough during 
Cl− depletion alkalosis to limit reabsorption by this trans-
porter and thereby to limit the responsiveness to loop 
diuretics. Second, alkalosis causes glycosylation of the 
bumetanide-sensitive cotransporter, which could alter its 
transport function.57 Third, thiazide-sensitive cotransporters 
in the rat DCT are increased by 40% during NaHCO3 
administration.235

Findings of these studies have several clinical implications 
(Table 51.1). First, dietary salt intake must be restricted, 
even in subjects receiving powerful loop diuretics, to obviate 
postdiuretic salt retention and to ensure the development 
of a negative NaCl balance. Second, during prolonged 
diuretic administration, subjects may be particularly respon-
sive to another class of diuretic. Third, diuretic therapy 
should not be stopped abruptly unless dietary salt intake is 
curtailed, because the adaptive mechanisms limiting salt 

Micropuncture studies have shown that the blunted natri-
uretic response to furosemide during repeated administra-
tion can be attributed to three factors: (1) reduced NaCl 
delivery to the site of furosemide action; (2) limited inhibi-
tion of NaCl reabsorption by furosemide in the loop of 
Henle; and (3) enhanced ability of the distal tubule to reab-
sorb the extra NaCl load delivered during furosemide’s 
upstream action.224

Rats receiving prolonged infusions of loop diuretics have 
considerable structural hypertrophy of the DCT, connecting 
tubule, and intercalated cells of the CD225 that is partially 
dependent on angiotensin II.226 The DCT and CD have a 
large increase in mRNA for insulin-like growth factor–
binding protein-1227 and increases in both Na+-K+-ATPase228 
and H+-ATPase.229 The Na+-K+-ATPase activity of rat cortical 
CD segments increases abruptly following an increase in 
cellular [Na+], owing to mobilization of a latent pool of 
enzyme.230 There is doubling of NCC expression in the distal 
tubules of rats adapted to diuretics.231 Microperfusion 
studies of rats adapted to prolonged diuretic infusion have 
shown enhanced, aldosterone-independent distal Na+ and 
Cl− absorption and K+ secretion.232 Therefore, diuretics 
induce structural and functional adaptations of downstream 
nephron segments, apparently in response to increased 
rates of NaCl delivery and to some extent to RAAS activa-
tion. Nephronal adaptation could underlie the inappropri-
ate renal Na+ retention that can persist for up to 2 weeks 
after abrupt cessation of diuretic therapy.233

Normal subjects fully eliminate a modest (100 mmol) 
NaCl load over 2 days.234 However, when these subjects are 
challenged with the same NaCl load delivered after admin-
istration of bumetanide during simultaneous infusion of 

Figure 51.10  Effects of dietary salt intake on diuretic braking phenomenon. Renal Na+ excretion (mmol/6 hours) for 24 hours before and 
after the first (F1) and third (F3) daily doses of (A and C) furosemide (40 mg intravenously) and (B) bumetanide (B1, B3, 1 mg intravenously) in 
groups of 8 to 10 normal subjects equilibrated to fixed daily Na+ intakes. The average level of Na+ intake (mmol/6 hours) is shown by broken 
horizontal lines. Negative Na+ balance is indicated by blue bars and positive Na+ balance by  light green areas. The mean ± standard error of 
the mean (SEM) values for diuretic-induced increases in Na+ excretion above baseline values (ΔUNaV) for 6 hours after the administration of the 
diuretic are shown at the top. (Redrawn from data in Wilcox CS, Mitch WE, Kelly RA, et al: Response of the kidney to furosemide. J Lab Clin Med 
102:450, 1983.)
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nervous system (SNS) and is related to inhibition of NaCl 
reabsorption at the macula densa.242 Loop diuretics also 
stimulate renal prostacyclin release, which promotes renin 
secretion.243 Later, renin secretion depends on ECV deple-
tion and the SNS.

Activation of the RAAS in patients treated with diuretics 
and salt restriction for edema limits the natriuresis.244 In a 
study of patients with heart failure (HF), ACE inhibition 
potentiated the diuretic and natriuretic responses to furo-
semide despite a drop in blood pressure.245 However, severe 
volume depletion and azotemia can complicate overzealous 
therapy with ACE inhibitors, particularly in patients with HF 
who are receiving high doses of diuretics or in those with 
stenosis of both renal arteries or the artery to a single or 
dominant kidney.246 Thus, the combination of diuretics and 
ACE inhibitors can be highly effective but requires careful 
surveillance.

During stimulation of the RAAS by severe dietary salt 
restriction, further diuretic-induced increases in serum 
aldosterone concentration promote renal K+ losses.247 ACE 
inhibitors counter diuretic-induced increases in serum  
aldosterone concentration and blunt diuretic-induced 
hypokalemia.240

EICOSANOIDS
Prostaglandin E2, acting on luminal prostaglandin receptor 
type 4 (EP4), inhibits NaCl reabsorption via the NKCC2248 
and inhibits free water and Na+ reabsorption in the CDs via 
changes in cAMP (Figure 51.12).249 Loop diuretics, thia-
zides, triamterene, and spironolactone increase prostaglan-
dins substantially.250 Inhibition of PG synthesis by NSAIDs 
can diminish the natriuresis and diuresis induced by furo-
semide,251 hydrochlorothiazide,252 spironolactone,250 or tri-
amterene (see Figure 51.12).253 Microperfusion of the loop 
segment with PGE2

116 restores the response to furosemide 
in indomethacin-treated rats. Indomethacin also blunts 
furosemide-induced renal254 and capacitance vessel vaso-
dilation255 and stimulation of renin.256 The blunting of 
furosemide-induced natriuresis by NSAIDs is potentiated by 
salt depletion257 and is prominent in edematous patients.251 
The NSAIDs ibuprofen, naproxen, and sulindac blunt 

excretion persist for days after diuretic use. Fourth, selec-
tion of a diuretic with a prolonged action, or more frequent 
administration of the diuretic, will enhance NaCl loss by 
limiting the time available for postdiuretic salt retention. 
Indeed, a continuous infusion of a loop diuretic is some-
what more effective than the same dose given as a bolus 
injection in volunteers236 and in patients with chronic kidney 
disease237 despite a similar delivery of diuretic to the urine. 
Although a previous study showed that a continuous infu-
sion is also more effective in cardiac disease,238 a later study 
showed similar efficacy.239 Fifth, prevention or reversal of 
diuretic-induced metabolic alkalosis may enhance diuretic 
efficacy.

There are similar patterns of furosemide-induced K+ loss 
followed by renal K+ retention240 associated with an increase 
in the transtubular K+ gradient.241 In contrast, loop diuretics 
induce ongoing renal K+ losses during severe salt restriction 
due to hyperaldosteronism240 that can be countered by 
distal, K+-sparing diuretics.241

HUMORAL AND NEURONAL MODULATORS OF 
THE RESPONSE TO DIURETICS

RENIN ANGIOTENSIN ALDOSTERONE SYSTEM
Diuretic therapy increases plasma renin activity and serum 
aldosterone concentrations, as described previously. The 
initial rise in plasma renin activity with loop diuretics is 
independent of volume depletion or the sympathetic 

Figure 51.11  Mean ± standard error of the mean (SEM) values for plasma bicarbonate concentration, increase in Na+ excretion with bumetanide 
(1 mg intravenously), and rate of bumetanide excretion in normal subjects (n = 8) after equilibration to equivalent diets containing 100 mmol/24 
hours of NaCl (control, blue bars), NH4Cl (mild metabolic acidosis, pink bars), or NaHCO3 (mild metabolic alkalosis, green bars). Compared with 
control: *P <.05; **P <.01.  (Redrawn from Loon NR, Wilcox CS: Mild metabolic alkalosis impairs the natriuretic response to bumetanide in normal 
human subjects. Clin Sci [Colch] 94:287, 1998.)
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Table 51.1 Strategies to Overcome Diuretic 
Braking

1.  Restrict dietary salt to prevent postdiuretic salt retention.
2.  Consider adding another class of diuretic.
3.  Consider multiple daily dosing or a diuretic with prolonged 

action.
4.  Do not stop diuretic therapy abruptly.
5.  Prevent or reverse diuretic-induced metabolic alkalosis.

http://www.myuptodate.com


 CHAPTER 51 — DIuRETICS 1717

CATECHOLAMINES AND SYMPATHETIC  
NERVOUS SYSTEM
The first dose of furosemide raises the heart rate and 
plasma catecholamine concentrations.110,220 Blockade of α2-
adrenergic receptors with prazosin does not modify the 
ensuing renal salt retention220 but blockade of these 
receptors blunts the renin release.242 Short-term, furosemide-
induced ECV depletion in the conscious rat activates sym-
pathetic nerve activity that stabilizes the blood pressure.268

ATRIAL NATRIURETIC PEPTIDE
Diuretics are often used to treat patients who have an 
expanded blood volume and elevated levels of ANP. Admin-
istration of furosemide to dogs with congestive heart  
failure (CHF) reduces ANP levels.269 Infusion of ANP in this 
dog model promotes furosemide-induced natriuresis and 
blunts both activation of the RAAS and the fall in GFR. Thus, 
a drop in ANP contributes to postdiuretic renal NaCl 
retention.269

DIURETIC RESISTANCE

Diuretic resistance implies an inadequate clearance of 
edema despite a full dose of diuretic. The principal causes 
are summarized in Table 51.2. The first step is to select the 
appropriate target response (e.g., a specific body weight) 
and to ensure that the edema is due to inappropriate renal 
NaCl and fluid retention rather than to lymphatic or venous 
obstruction or redistribution (Figure 51.13). Diuretics do 
not prevent edema caused by dihydropyridine calcium 

furosemide-induced natriuresis similarly. A COX-2 inhibitor 
blocks furosemide-induced renin secretion but not natriure-
sis, although other studies show an effect of COX-2 inhibi-
tion on Na+ reabsorption.258 It is COX-1 that facilitates 
natriuresis in the distal nephron.259 Salt-sensitive hyperten-
sive subjects have a blunted natriuretic response to furose-
mide that may be related to a paradoxical reduction in renal 
excretion of 20-HETE. Thus, COX-1 products mediate a 
part of furosemide-induced natriuresis, whereas COX-2 
products mediate renin secretion. 20-HETE may be an 
important positive modulator of salt excretion.

Loop diuretics also increase the excretion of the throm-
boxane A2 (TXA2) metabolite TxB2. Inhibition of TXA2 syn-
thesis or receptors in the rat increases furosemide diuresis260 
and diminishes the renal vasodilation.261 Thus, TxA2 may 
antagonize the actions of loop diuretics.

ARGININE VASOPRESSIN
AVP increases after administration of furosemide.262 This 
may be a response to a reduced blood volume. Plasma AVP 
is increased in many edematous states, such as HF and liver 
cirrhosis,263 especially in those who demonstrate hyponatre-
mia during thiazide treatment.264 AVP stimulates K+ secre-
tion in the rat distal tubule.265 Diuretic-induced AVP release 
contributes to hypokalemia, because the kaliuretic response 
to furosemide is reduced by 40% in subjects whose AVP 
release is suppressed by a water load.247 In addition, despite 
its classic role as a water balance hormone, AVP has been 
shown to increase the activity of both NCC and ENaC,  
possibly compounding sodium retention in edematous 
states.266,267

Figure 51.12  Mean ± standard error of the mean (SEM) values for 
change in Na+ excretion for 11 normal subjects given 40 mg of furo-
semide intravenously after placebo or after each of three nonsteroidal 
anti-inflammatory  drugs:  ibuprofen,  600 mg/6 hr  for  3  doses; 
naproxen, 375 mg/12 hr for 2 doses; or sulindac, 200 mg/12 hr for 2 
doses.  (Drawn from data from Brater DC, Anderson S, Baird B, et al: 
Effects of ibuprofen, naproxen, and sulindac on prostaglandins in men. 
Kidney Int 27:66-73, 1985. Printed with permission.)
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Table 51.2 Common Causes of Diuretic 
Resistance

Incorrect diagnosis (e.g., venous or lymphatic edema)
Inappropriate NaCL or fluid intake
Inadequate drug reaching tubule lumen in active form  

because of:
Noncompliance
Dose inadequate or too infrequent
Poor absorption (e.g., due to uncompensated HF)
Decreased renal blood flow (e.g., due to HF or cirrhosis  

of liver, or in elderly patient)
Decreased functional renal mass (e.g., due to AKI or  

CKD, or in elderly patient)
Proteinuria (e.g., due to nephrotic syndrome)

Inadequate renal response because of:
Low glomerular filtration rate (e.g., due to AKI, CKD)
Decreased effective extracellular fluid volume (e.g., due to 

edematous conditions)
Activation of renin angiotensin aldosterone system (e.g., due 

to edematous conditions)
Nephron adaptation (e.g., due to prolonged diuretic  

therapy)
Nonsteroidal antiinflammatory drugs (e.g., indomethacin, 

aspirin)

AKI, Acute renal failure; HF, heart failure; CKD, chronic kidney 
disease.
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Figure 51.13  Diagrammatic representation of an approach to the management of a patient with resistance to a loop diuretic. 
CD, Collecting duct diuretic  (e.g.,  amiloride,  triamterene, or  spironolactone); DCT, distal  convoluted  tubule diuretic  (e.g.,  thiazide); NSAIDs, 
nonsteroidal antiinflammatory drugs; PT, proximal tubule diuretic (e.g., acetazolamide). (From Ellison DH, Wilcox CS: Diuretics: use in edema and 
the problem of resistance. In Brady HR, Wilcox CS, editors: Therapy in nephrology and hypertension, 2nd ed, London, 2003, Elsevier Science.)
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channel blockers.270 The next step is to exclude noncompli-
ance, severe blood volume depletion, and concurrent 
NSAID use. Thereafter, dietary NaCl intake should be quan-
titated. In the steady state, this can be assessed from mea-
surements of 24-hour Na+ excretion. For patients with mild 
edema or hypertension, a daily Na+ intake of 100 to 
120 mmol may be sufficient. For patients with diuretic resis-
tance, the help of a dietitian is usually necessary to reduce 
daily Na+ intake to 80 to 100 mmol. In patients who are not 
in steady state (e.g., patients with worsening heart failure), 
urine sodium will decrease, a step that may be used as an 

indication to intensify diuretic therapy.271 The diuretic dose 
must be above the natriuretic threshold (the steep part of 
the dose-response curve in Figure 51.8). Outpatients should 
be able to detect an increase in urinary volume within 4 
hours of an administered dose; urine volume can be mea-
sured directly in patients who are hospitalized. If a diuresis 
does not occur, the next step is to double the dose until an 
effective dose or the maximum safe dose is reached. The 
next step is to give two daily doses of the diuretic. Furose-
mide and bumetanide act for only 3 to 6 hours. Two daily 
half-doses, by interrupting postdiuretic salt retention, 
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output in patients with heart failure (e.g., use of vasodilators 
or elimination of cardiac depressant drugs), by improving 
hepatic function in patients with cirrhosis and ascites (e.g., 
stopping alcohol intake), or by diminishing proteinuria in 
patients with the nephrotic syndrome (e.g., administration 
of ACE inhibitors or ARBs). Although the GFR is not 
reduced by low-dose diuretic therapy in normal subjects, it 
can be reduced in those with CKD or if there is an abrupt 
fall in BP, especially if this is complicated by orthostatic 
hypotension. Moreover, overzealous diuresis decreases the 
cardiac output, BP, and renal function, and stimulates  
the RAAS, the SNS, prostaglandins, and AVP, all of which 
may compromise the desired hemodynamic and renal 
responses.283 Therefore, diuretic therapy for edema should 
be initiated with the lowest effective dose. Additional drugs 
can be used to counteract unwanted actions. For example, 
ACE inhibitors, ARBs, or MRAs can prevent the expression 
of an activated RAAS and enhance fluid losses, yet diminish 
K+ depletion (see Figure 51.20). The use of a second diuretic 
can have a synergistic action, whereas the use of a distal 
K+-sparing agent may counteract unwanted hypokalemia, 
alkalosis, or Mg2+ depletion (see “Adaptation to Diuretic 
Therapy”).

Dietary Na+ intake should be restricted to 2.5 to 3 g daily 
(corresponding to 107 to 129 mmol/24 hours) in patients 
with mild edema. Increasingly severe Na+ restrictions to 2 
grams daily (86 mmol/24 hours) are required for patients 
with refractory edema.

Some resistance to diuretic therapy should be anticipated 
in all patients with CKD and those with more than mild 
edema (Figure 51.15).

CONGESTIVE HEART FAILURE
Congestive heart failure is classified as systolic and diastolic 
heart failure (i.e., symptomatic heart failure with preserved 
ejection fraction). The therapeutic approach to cardiac 
failure depends on the cause and whether there is acute 
decompensation or a compensated chronic state.284,285 This 
section first reviews the role of diuretics in acute decompen-
sated heart failure in general and as secondary to acute 
coronary syndrome, then discusses the role of diuretics as 
maintenance therapy in systolic and diastolic heart failure. 
The reader is referred to the joint guidelines published by 
the American College of Cardiology and American Heart 
Association for more detailed recommendations and an 
overview of the level of evidence for each treatment.286

Acute Decompensated Heart Failure

In the absence of obvious causes such as acute coronary 
syndrome and valve abnormalities, acute decompensated 
heart failure (ADHF) often results from an imbalance in the 
neurohumoral systems that regulate cardiac and renal func-
tion.287 Therefore, it is rational to target these mechanisms 
with selective therapy. After initial stabilization, the mainstay 
of treatment is vasodilator and diuretic therapy. Intravenous 
vasodilators such as nitroglycerine, nitroprusside, and 
nesiritide counteract the effects of baroreceptor-dependent 
increases in sympathetic tone, angiotensin II and aldoste-
rone, endothelin, and AVP. Vasodilators are usually com-
bined with intravenous loop diuretics (e.g., furosemide 
40 mg, bumetanide 1 mg, torsemide 10-20 mg). For 
example, a study in patients with severe heart failure showed 

produce a greater response than the same total dose given 
once daily, as long as both are above the diuretic threshold. 
Concurrent disease may impair absorption of the diuretic. 
Thus, a more bioavailable diuretic, such as torsemide, may 
be preferable to furosemide.106 Diuretic resistance is often 
accompanied by a pronounced metabolic alkalosis,110 which 
may be reversed by administration of KCl or addition of a 
distal K+-sparing diuretic.

A progressive increase in diuretic dosage may produce an 
inadequate reduction in body fluids because of activation of 
NaCl-retaining mechanisms. ACE inhibitors can sometimes 
restore a diuresis in resistant patients with HF,244 but a fall 
in blood pressure often limits the response. Adaptive 
changes in downstream nephron segments during pro-
longed diuretic therapy77,225 provide a rational basis for com-
bining diuretics (see the following section). Highly resistant 
patients can be admitted for a trial of intravenous infusion 
of loop diuretic or ultrafiltration.272

DIURETIC COMBINATIONS

Full doses of more than one diuretic acting on the same 
transport mechanism are less than additive, whereas use of 
several diuretics acting on a separate mechanism may be 
synergistic.5,273

LOOP DIURETICS AND THIAZIDES
A loop diuretic and a thiazide or thiazide-like drug (e.g., 
hydrochlorothiazide or metolazone) are synergistic in 
normal subjects and in subjects with edema or renal 
insufficiency.273-277 Metolazone is equivalent to bendroflua-
zide in enhancing NaCl and fluid losses in furosemide-
resistant subjects with heart failure or the nephrotic 
syndrome.278 During prolonged furosemide therapy, the 
responsiveness to a thiazide is augmented.77 Patients with 
advanced CKD (GFR < 30 mL/min) that is unresponsive to 
thiazide alone show a marked natriuresis when a thiazide is 
added to loop diuretic therapy,276 probably by blockade of 
enhanced distal tubular Na+ reabsorption.279 However, such 
combination therapy should be initiated under close surveil-
lance because of a high associated incidence of hypokale-
mia, excessive ECV depletion, and azotemia.280

LOOP DIURETICS OR THIAZIDES AND DISTAL 
POTASSIUM-SPARING DIURETICS
Amiloride or triamterene increases furosemide natriuresis 
only modestly but curtails the excretion of K+ and net acid63 
and preserves total body K+.281 Distal K+-sparing agents are 
generally contraindicated in renal failure because they may 
cause severe hyperkalemia and acidosis.

CLINICAL USES OF DIURETICS

A general algorithm for diuretic therapy in the treatment 
of renal insufficiency, nephrotic syndrome, liver cirrhosis, 
and heart failure is shown in Figure 51.14.282

EDEMATOUS CONDITIONS

The first aim in the treatment of edema is to reverse the 
primary cause by restoring hemodynamics and cardiac 
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patients with HF randomly assigned to receive torsemide 
rather than furosemide.106 There is decreased plasma clear-
ance in decompensated HF because of a decreased RBF.292 
Together, these effects can limit the peak diuretic concen-
tration in the tubular fluid to the foot of the dose-response 
curve and thereby diminish the response (see Figure 51.15).

Nesiritide is a recombinant human B-type natriuretic 
peptide (BNP) that was approved by the U.S. Food and 
Drug Administration (FDA) for the treatment of acute 
decompensated heart failure.295 Studies of mice deficient in 
natriuretic peptide receptor A mice implicate this system in 
the natriuretic response to blood volume expansion296 and 
provide a rationale for BNP in the treatment of ADHF. 
Nesiritide given short term to patients with decompensated 
HF can reduce pulmonary capillary wedge pressure.297 
However, some subsequent studies have shown that nesirit-
ide is not a diuretic in patients with heart failure and, in 
comparison with placebo, may be associated with higher 
risks of death and worsening renal function.298–300 Con-
versely, other studies indicate a potential role for nesiritide 

that therapy with vasodilators and diuretics aimed at improv-
ing overall hemodynamic status led to rapid neurohumoral 
improvement when central filling pressure declined.288 
Another study found that although “aggressive deconges-
tion” during ADHF was associated with worsening renal 
function, survival was actually improved.289 In a carefully 
performed randomized trial, no differences between con-
tinuous dosing and bolus dosing of furosemide were 
observed; furthermore, no differences in global symptom 
improvement were observed between a low dose (equivalent 
of oral dose) and a high dose (2.5 times the oral dose).239 
It should be noted, however, that this trial did not study 
patients shown to be diuretic resistant. Longer-acting loop 
diuretics, such as torsemide290 and azosemide,291 produce 
less neurohumoral activation and may be preferable.

Diuretic kinetics are impaired in decompensated HF.292,293 
The bioavailability of furosemide, unlike that of bumetanide 
or torsemide, is erratic in HF.294 This feature, and a longer 
duration of action, may account for the finding of a 50% 
reduction in the requirement for readmission to hospital in 

Figure 51.14  Algorithm for diuretic therapy in patients with edema due to renal, hepatic, or cardiac disease. bid, Twice a day; ClCr, 
creatinine clearance; HCTZ, hydrochlorothiazide. (From Brater DC: Diuretic therapy. N Engl J Med 339:387-395, 1989, with permission.)
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to counter the increase in left ventricular end-diastolic pres-
sure, which enhances wall tension and O2 usage, and the 
accumulation of pulmonary edema without further curtail-
ing the cardiac output. Judicious use of diuretics may meet 
these requirements. In one study, intravenous furosemide 
for left ventricular failure (LVF) complicating acute AMI 
reduced the left ventricular filling pressure from 20 to 
15 mm Hg within 5 to 15 minutes and increased the venous 
capacitance by 50%.306 This rapid venodilation is blocked by 
NSAIDs255 and ACE inhibitors.307 The ensuing diuresis 
reduces left ventricular end-diastolic pressure further.

A study of first-line therapy for 48 patients with acute LVF 
following AMI compared the responses to intravenous furo-
semide, a venodilator (isosorbide dinitrate), an arteriolar 
dilator (hydralazine), and a positive inotrope (prenal-
terol).308 The venodilator and furosemide both reduced left 
ventricular filling pressure while maintaining the cardiac 
index and heart rate. The investigators concluded that these 
were the best first-line agents but that they should be com-
bined with an arteriolar vasodilator. In contrast, a study 
randomly assigned 110 patients with acute LVF to receive 
either high-dose isosorbide dinitrate (3 mg intravenously 
every 5 minutes) or high-dose furosemide (80 mg intrave-
nously every 15 minutes).309 An adverse end point occurred 
more frequently in those receiving furosemide (46%) than 
in those receiving nitrate (25%). The investigators cau-
tioned against the use of high-dose furosemide in acute LVF. 
Although intravenous furosemide decreases left ventricular 
filling pressure in patients with LVF, the shape of the Frank-
Starling ventricular function curve predicts little change in 
cardiac output at elevated filling pressures. Nevertheless, 
most investigators recommend a trial of loop diuretics after 
ECV depletion and preload-dependent right heart failure 
have been ruled out by targeted volume boluses.310

Furosemide can be given as an IV bolus of up to 100 mg 
or as a short-term infusion to limit the risk of ototoxicity. 

in the perioperative treatment of patients with left ventricu-
lar dysfunction who are undergoing cardiac surgery. In this 
context, these agents may improve renal function and pos-
sibly even survival.301,302 Current guidelines recommend 
nesiritide for alternative vasodilator therapy in patients  
with ADHF without hypotension and with volume overload 
who remain dyspneic despite receiving intravenous loop 
diuretics.286,303

In the past few years, there has been substantial interest 
in venovenous ultrafiltration as treatment for ADHF. Never-
theless, a randomized trial conducted by the Heart Failure 
Clinical Research Network, comparing diuretic therapy with 
ultrafiltration, found that creatinine rose more in the ultra-
filtration group than in the diuretic group, despite similar 
volume losses.304 It should be emphasized, however, that this 
trial specifically excluded individuals in whom dialysis, in 
addition to volume removal, was indicated. Thus a role for 
pure ultrafiltration in treating HF remains to be established. 
The supplementary material in this publication304 also pro-
vides protocols that have been widely promulgated by the 
Heart Failure Clinical Research Network for volume reduc-
tion in decompensated CHF.

Finally, the intravenous inotropes dobutamine and milri-
none are reserved for situations in which ADHF is compli-
cated by unresponsiveness to standard therapies, diminished 
peripheral perfusion, end-organ dysfunction, and/or hypo-
tension (“low-output syndrome”). One trial has shown no 
added benefit of low-dose dopamine or nesiritide in either 
decongestion or kidney function.305

ACUTE DECOMPENSATED HEART FAILURE IN ACUTE 
CORONARY SYNDROME
Patients with acute myocardial infarction (AMI) require the 
rapid establishment of coronary reperfusion (e.g., by throm-
bolysis and percutaneous coronary intervention) and treat-
ment of arrhythmias. The aim of concomitant treatment is 

Figure 51.15  Dose-response curve for loop diuretics. A, The fractional Na+ excretion (FENa) as a function of plasma loop diuretic concen-
tration. Compared with normal subjects, patients with chronic kidney disease  (CKD) show a  rightward shift  in  the curve owing  to  impaired 
diuretic secretion. The maximal response is preserved when expressed as FENa, but not when expressed as absolute Na+ excretion. Patients 
with congestive heart failure (HF) demonstrate a rightward and downward shift, even when expressed as FENa, and thus are relatively diuretic 
resistant. B, Comparison of the response to intravenous and oral doses of loop diuretics. In a normal individual, an oral dose may be as effec-
tive as an intravenous dose because the time during which this individual is above the natriuretic threshold (indicated by the Normal threshold 
line) are approximately equal. If the natriuretic threshold increases (as indicated by the Threshold in HF line), then the oral dose may not provide 
a high enough plasma level to elicit natriuresis. 
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guidelines.195 The guidelines exclude men with creatinine 
concentrations higher than 2.5 mg/dL (221 µmol/L) and 
women with creatinine concentrations higher than 2.0 mg/
dL (177 µmol/L).320 However, within guidelines, both MRAs 
and loop diuretics are important because they can improve 
ventricular remodeling.321,322 In patients with preserved ejec-
tion fraction, spironolactone may improve left ventricular 
diastolic dysfunction but it has been found not to improve 
symptoms and outcome.323,324

Despite these options, heart failure often progresses and 
introduces a vicious circle. Decompensated HF stimulates 
the RAAS and AVP,325 predisposing to hypokalemia, hypo-
magnesemia, hyponatremia, and arrhythmias. Hypokalemia 
potentiates the binding of digitalis to cardiac myocytes,326 
decreases its renal elimination,327 and enhances its cardiac 
toxicity.328 Although this circle can be curtailed by higher 
doses of diuretics or continuous intravenous infusion of a 
loop diuretic,329 the risks of volume depletion, azotemia, 
and electrolyte abnormalities increase sharply.330 Continu-
ous infusion should be tried in patients known to show 
response to maximum bolus doses of diuretics, because 
bolus therapy results in higher initial serum concentrations 
and therefore higher initial rates of urinary diuretic excre-
tion than continuous infusion. If the patient has received 
one or more intravenous boluses within the previous few 
hours, then an infusion can be started without a loading 
dose.

Infusion rates of up to 240 mg/hour are reported in the 
literature. The risk of ototoxicity and other side effects asso-
ciated with these infusion rates must be weighed against 
alternative strategies, such as the addition of a thiazide-type 
diuretic or fluid removal via ultrafiltration.

Therefore, new therapies are required, because a decre-
ment in renal function predicts a bad outcome in patients 
treated for HF.331 Renal dysfunction can be ameliorated by 
an ARB, provided that blood pressure is maintained. The 
combination of an ARB with a neprilysin inhibitor, which 
prevents the breakdown of natriuretic peptides, may be 
especially advantageous in terms of cardiovascular and renal 
outcomes, according to one study.218 In the scenario in 
which deteriorating heart failure worsens kidney function, 
often referred to as the cardiorenal syndrome, therapy must 
be aimed at improving cardiac function (if possible) and 
treating congestion with diuretics, β-blockers, ACE inhibi-
tors, or ARBs and MRAs.332

Right Ventricular Failure

The requirement for diuretic therapy in patients with pure 
right heart failure or cor pulmonale is not compelling. A 
decrease in venous return induced by vigorous diuresis may 
worsen right heart function. Furosemide administration 
increases angiotensin II–induced hypoxic pulmonary vascu-
lar resistance.328 Therefore, the emphasis should be on 
reversal of chronic hypoxemia.

CIRRHOSIS OF THE LIVER
Most patients with cirrhotic ascites and peripheral edema 
have expansion of the ECV owing to arteriolar underfilling, 
caused by peripheral vasodilation and impaired cardiac 
function.333-335 Studies in patients with cirrhosis also demon-
strate increases in proximal reabsorption in response to a 
diminished effective arterial blood volume.336 Finally, 

Although controversial, an intermittent infusion produces 
a slightly greater natriuresis in most comparative studies.311 
Ideally, lower doses are used initially and titrated up to a 
good effect, for instance, a pulmonary capillary wedge pres-
sure of 16 mm Hg.311 Hemodynamic and biochemical 
parameters should be monitored frequently during loop 
diuretic therapy, especially because patients with AMI are 
usually also treated with β-blockers, ACE inhibitors, or 
vasodilators.

Chronic Heart Failure

Diuretics are extremely useful in the long-term manage-
ment of chronic, systolic HF. Avid renal NaCl and fluid 
retention leads to pulmonary edema that limits ventilation. 
Cardiac dilation limits cardiac function and increases wall 
tension and O2 usage. This combination can create a spiral 
of decreasing oxygenation and cardiac output. In a study of 
13 patients with severe edema due to HF, furosemide therapy 
increased stroke volume by 15% and decreased peripheral 
vascular resistance despite reducing body weight by an 
average of 10 kg.312 In another study, combined therapy 
using a diuretic and a vasodilator reduced left and right 
atrial volumes, corrected atrioventricular valvular regurgita-
tion, and improved stroke volume by 64%.308 A meta-analysis 
of trials for HF concluded that odds ratios were reduced to 
0.25 for mortality and 0.31 for hospitalization for subjects 
randomly selected to receive diuretics.313 These remarkable 
data strongly support the use of diuretics in HF.

On the other hand, the failing heart has a decreased 
capacity to regulate its contractility in response to changes 
in venous return, so if diuretic therapy is too abrupt  
or severe, the patient suffers from a decreased effective 
blood volume (orthostatic hypotension, weakness, fatigue, 
decreased exercise ability, and prerenal azotemia). This is 
especially true for patients with diastolic dysfunction, an 
increasingly recognized form of symptomatic heart failure 
with preserved ejection fraction.314 Therefore, salt-depleting 
therapy requires continual reassessment and judicious use 
of other measures (e.g., vasodilators, ACE inhibitors, ARBs, 
or MRAs). Mild HF often responds to dietary Na+ restriction 
(100-120 mmol/day) and low doses of a thiazide diuretic. 
As cardiac failure progresses, larger, more frequent doses  
of loop diuretics and tighter control of dietary salt 
(80-100 mmol/day) are required. It is important to empha-
size that diuretic responsiveness is impaired in patients with 
advanced HF, as shown by a shift to the right in the 
natriuresis/excretion relationship of diuretics (see Figure 
51.15).293 For the refractory patient, the addition of a second 
diuretic acting at the proximal tubule (e.g., acetazolamide) 
or a downstream site (e.g., a thiazide) can produce a  
dramatic diuresis, even in individuals with impaired  
renal function.315,316 For example, additional therapy 
with metolazone317 or hydrochlorothiazide318 can increase 
fluid losses by an average of 7 to 8 kg. Although drug therapy 
for chronic heart failure should be individualized, a sug-
gested step-up algorithm consists of diuretics and ACE 
inhibitors or ARBs as the first agents, β-blockers second, and 
MRAs or hydralazine-isosorbide dinitrate (in blacks) third, 
with digoxin, cardioverter-defibrillator, and resynchroniza-
tion devices being saved as final resorts.319 The lesson from 
the excess morbidity from hyperkalemia observed during 
trials of spironolactone therapy is to use MRAs within 
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Controlled trials in patients with refractory ascites have 
shown that large-volume paracentesis is more effective than 
diuretic therapy in reducing hospital stay and electrolyte 
complications but does not influence mortality.348 Even 
repeated, large-volume paracenteses (4-6 L/day) are safe if 
intravenous albumin (40 g with each procedure) is admin-
istered.348 Most investigators, however, recommend paracen-
tesis only for cases that are relatively resistant to diuretics 
and dietary Na+ restriction (Figure 51.16).349

Patients with mild cirrhosis of the liver have a normal  
or reduced natriuretic response to furosemide with little 
change in diuretic kinetics.2 However, in those with advanced 
disease, furosemide absorption is slowed,350 its volume of 
distribution is increased because of hypoalbuminemia and 
an expanded ECV, and its elimination is delayed because of 
hypoalbuminemia, which limits proximal tubule diuretic 
secretion, and a low RBF, which limits renal clearance.2 
Resistance to loop diuretics in early cirrhosis is largely due 

patients with liver cirrhosis have increases in both the natri-
uretic response to a thiazide and serum aldosterone concen-
trations.337 Thus, diuretics acting on the distal nephron and 
MRAs are rational for cirrhosis and are usually well toler-
ated.164 The American Association for the Study of Liver 
Disease practice guidelines suggest that first-line treatment 
of patients with cirrhosis and ascites should consist of 
sodium restriction (2000 mg or 88 mmol daily) and diuret-
ics (oral spironolactone with or without oral furosemide).338 
The guideline suggests an initial regimen of 40 mg furose-
mide and 100 mg spironolactone, with titration upwards 
maintaining the same diuretic ratio.338 Maximally recom-
mended doses are 400 mg of spironolactone and 160 mg of 
furosemide.

Patients with cirrhosis and ascites cannot normally toler-
ate ACE inhibitors or ARBs because of a fall in blood pres-
sure.339 Mild edema without ascites can be treated with 
dietary restriction of Na+ (100 mmol/day). Dietary fluid 
restriction is not necessary in most patients with cirrhotic 
ascites. The guideline does not recommend fluid restriction 
in patients with cirrhosis and ascites, unless serum sodium 
falls below 125 mmol/L.338 Although it has never been shown 
that treating hyponatremia in liver disease improves progno-
sis, hyponatremia by itself has been a consistent predictor of 
poor prognosis.340 Ascitic fluid is largely cleared by the lym-
phatics. Diuretics increase thoracic duct lymph flow.341 Thus, 
diuretics decrease ascites formation by decreasing venous 
and portal hydraulic pressures, concentrating the plasma 
proteins,342 and increasing ascites absorption.341,343

The maximal daily ascites drainage into the systemic cir-
culation is limited to 300 to 900 ml.344 Therefore the 
maximum daily weight loss in nonedematous patients should 
not exceed 0.3 to 0.5 kg. In patients with ascites and edema, 
daily diuretic-induced weight losses of 1 to 3 kg do not 
perturb the plasma volume or renal function.345 The same 
diuretic regimen maintained after the peripheral edema 
has cleared, however, or given to nonedematous patients 
reduces plasma volume by as much as 24% and raises the 
risks of hyponatremia, alkalosis, and azotemia. Further-
more, the reduced serum albumin and an increased portal 
venous pressure coupled with preexisting diuretic use can 
lead to true “underfill edema.” Diuretic therapy for patients 
with these findings is complicated by hypotension, azote-
mia, and electrolyte dysfunction. Thus a diuretic prescrip-
tion that is initially safe must be reviewed continuously. In 
addition, patients with ascites but without peripheral edema 
seem more prone to development of the side effects of 
diuretics.345

The most common problems with furosemide in cirrhosis 
are electrolyte disturbances and volume depletion. Hypoka-
lemia, which is related to preexisting K+ depletion and 
hyperaldosteronism, can be countered with the use of  
spironolactone, eplerenone, or a distal K+-sparing agent, 
as noted previously. However, hyperkalemic metabolic aci-
dosis can develop in patients with cirrhosis who are given 
spironolactone.346 More severe diuretic resistance requires 
paracentesis. It is important, however, to differentiate 
diuretic resistance from noncompliance with NaCl restric-
tion. This can be done by determining 24-hour NaCl excre-
tion or by using a spot urine Na/K ratio (higher ratios 
suggest noncompliance, lower ratios diuretic resistance; the 
optimal cutoff varies among studies, between 1 and 2.5347). 

Figure 51.16  Comparison of clinical and biochemical character-
istics and responses in patients with nephrotic syndrome and 
underfill edema versus overfill edema.  ANP,  Atrial  natriuretic 
peptide; AVP, arginine vasopressin; ↓ECV, decrease  in extracellular 
fluid volume; GFR, glomerular filtration rate; PA, plasma aldosterone; 
PRA,  plasma  renin  activity. ↑,  increase; ↓,  decrease; ↔,  no  effect; 
+, potential side-effect  (Based on Schrier RW, Fassett RG: A critique 
of the overfill hypothesis of sodium and water retention in the nephrotic 
syndrome. Kidney Int 53:1111, 1998.)

Underfill
group

Overfill
group

Diuretic therapy

↓ ECV

Blood volume

Blood pressure

GFR

Serum albumin

PRA

PA

AVP

Catecholamines

ANP

↓

↓ ←

↓

↓ ↓

↑

↑

↑

↑

↓

→ ↑

→ ↑

   

↓

↓

↓

↓

↓

↑

Azotemia

Electrolyte
abnormalities

Orthostasis

Diuretic
resistance

↔

↔

↔

↔

+

+

+

+

↔

http://www.myuptodate.com


1724 SECTION VII — HYPERTENSION AND THE KIDNEY

NEPHROTIC SYNDROME
Renal albumin losses and reduced hepatic synthesis in the 
nephrotic syndrome eventually lead to hypoalbuminemia. 
The ensuing fall in plasma oncotic pressure increases the 
flux of fluid into the interstitial spaces, leading to underfill 
edema.354,355 Additionally, a primary renal salt retention can 
lead to overfill edema (Figure 51.17). Patients with minimal 
change disease often have contracted plasma volume  
and stimulated RAAS, whereas those with diabetes and 
hypertension usually have expanded plasma volume  
and suppressed RAAS.356 Micropuncture studies of sodium-
retaining animal models of the nephrotic syndrome  
demonstrate pronounced NaCl reabsorption in the distal 

to decreased responsiveness to the drug, which correlates 
with elevated serum aldosterone.164 With the development 
of ascites, a further decrease in natriuretic response corre-
lates with decreased delivery of furosemide to the urine351 
and with further stimulation of the RAAS.164

Diuretic resistance is common in advanced cirrhosis. In 
addition to the usual causes (see Table 51.2), it may herald 
the development of infection, bleeding, or a critical drop in 
cardiac output. Patients whose disease is refractory and who 
are disabled by recurrent paracentesis may show response 
to body compression352 or a transjugular intrahepatic porto-
systemic shunt.353 Intravenous loop diuretics are generally 
discouraged, because they may precipitate the hepatorenal 
syndrome.

Figure 51.17  Treatment algorithm for management of fluid  retention  in patients with hepatic cirrhosis and ascites. CV, Cardiovascular;  IV, 
intravenous; SNa, serum Na+ concentration; TIPS, transjugular intrahepatic portosystemic shunt.  (From Ellison DH, Wilcox CS: Diuretics: use in 
edema and the problem of resistance. In Brady HR, Wilcox CS, editors: Therapy in nephrology and hypertension, 2nd ed. London, 2003, Elsevier 
Science.)
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eplerenone is effective in some patients.355 Decreasing renal 
function262 or administration of indomethacin251 causes 
marked resistance to loop diuretics in these patients. The 
combination of a thiazide diuretic with furosemide dissi-
pates edema but at the expense of marked kaliuresis.375 Data 
suggest that primary sodium retention in nephrotic syn-
drome is related to the presence of plasma proteinases in 
nephrotic urine, such as plasmin, which can activate the 
epithelial sodium channel.376 Although this suggestion 
would provide a rationale for treatment with amiloride or 
triamterene, clinical studies are lacking.

IDIOPATHIC EDEMA
Idiopathic edema affects women predominantly. It causes 
fluctuating salt retention and edema, exacerbated by ortho-
stasis.377 The effects of diuretic withdrawal during controlled 
salt intake were studied in 10 such patients.378 Although 
their body weight increased by 0.5 to 5.0 kg within 2 to 8 
days, 7 returned to their original weight by 3 weeks without 
reinstitution of diuretic therapy. The investigators con-
cluded that diuretic abuse could cause idiopathic edema. 
However, this conclusion has been challenged.379 Remark-
ably, 83% of habitual furosemide abusers who consume high 
doses over prolonged periods demonstrate medullary neph-
rocalcinosis and tubulointerstitial fibrosis.380 Patients with 
idiopathic edema are best treated with salt restriction.

NONEDEMATOUS CONDITIONS

HYPERTENSION
Hypertension is discussed in Chapters 47 to 50.

ACUTE KIDNEY INJURY
A review of 11 randomized trials of loop diuretics or man-
nitol for prophylaxis or treatment of established AKI found 
no benefit.381 Diuretics can be used to convert oliguric to 
nonoliguric AKI. One study involving 58 patients found that 
sustained diuresis can be provoked in most patients given 
1 g furosemide orally three times daily, but this very large 
dose produced deafness in 2 patients, which was permanent 
in 1,382 and therefore cannot be recommended. Older 
observational and randomized studies have indicated that 
furosemide does not improve the prognosis of AKI,383-385 and 
some have suggested that diuretics worsen the prognosis.386 
Evidence of adverse effects of ECF volume overload in criti-
cally ill patients has been growing. The Fluid and Catheter 
Treatment Trial was a randomized trial comparing treat-
ment strategies in patients with respiratory distress syn-
drome. A post hoc analysis of patients within this trial in 
whom AKI developed suggested that patients randomly 
assigned to lower central venous pressure (CVP) targets 
exhibited lower mortality. These patients received substan-
tially higher diuretic doses than those randomly assigned to 
higher CVP targets. Because this approach eliminated the 
confounding by indication that has complicated other 
studies, it provides substantial evidence that loop diuretics 
can be used safely in this population.387 Furosemide can 
reduce the need for dialysis by diminishing hyperkalemia, 
acidosis, or fluid overload.381 One protocol is to give 40 mg 
of furosemide, 1 mg of bumetanide, or 25 mg of torsemide 
intravenously and to double the dose every 60 minutes if 
there is no response, up to a total daily dose of 1 g of 

nephron and TAL.357,358 The proteinuric kidney of a rat 
model of unilateral nephrotic syndrome has an enhanced 
Na+ reabsorption in the CDs359 and a diminished response 
to ANP.360 Hyperaldosteronism reinforces NaCl reabsorp-
tion at these sites. Renin and aldosterone levels are highly 
variable in patients with the nephrotic syndrome.361 Hypo-
albuminemia reduces the binding of furosemide to plasma 
proteins and thereby enlarges its volume of distribution.362 
Whereas one study reported that premixing furosemide 
with albumin in the syringe prior to intravenous injection 
enhanced the diuresis of patients with the nephrotic syn-
drome,91 this finding has not been confirmed.92,363,364 Indeed, 
two studies have shown that patients with a serum albumin 
level of 2 g/dL can deliver normal quantities of furosemide 
into the urine.362,365 Iso-oncotic plasma volume expansion 
with albumin in patients with the nephrotic syndrome fails 
to induce negative NaCl balance366 or to enhance the 
response to furosemide363 and so is not generally recom-
mended for treatment of resistant nephrotic syndrome.363,367 
One study found that a fractional sodium excretion of 0.2% 
differentiated volume-contracted from volume-expanded 
nephrotic syndrome in children; treatment with diuretics 
alone proved effective and safe for the volume-expanded 
group.368

A more logical approach to diuretic resistance is to limit 
albuminuria with an ACE inhibitor or ARB or both, which 
also may combat the associated coagulopathy, dyslipidemia, 
edema, and progressive loss of renal function. The addition 
of a loop diuretic to an ACE inhibitor or an ARB reduces 
proteinuria further but increases the serum creatinine 
concentration.369

The secretion of CAIs17 and loop diuretics112 by the S2 
segment of the proximal tubule depends on albumin. 
However, in the rabbit, the uptake of loop diuretics into the 
S1 portion of the proximal tubule, where furosemide is 
inactivated by glucuronidation, is inhibited by albumin (see 
Figure 51.7).113,370 Albumin infusion into nephrotic patients 
does indeed increase renal furosemide excretion, whereas 
hypoalbuminemia enhances its metabolic clearance.371

The interaction of furosemide with its receptor in the 
lumen of the TAL is restricted by binding to filtered 
albumin.372 Addition of albumin to the tubular perfusate of 
the loop of Henle attenuates the response to perfused  
furosemide because of binding to albumin and is reversed 
by coperfusion with warfarin, which displaces it from its 
albumin-binding site.373 However, Agarwal and colleagues 
found that displacing furosemide from albumin via coad-
ministration of sulfisoxazole did not affect natriuresis in 
patients with the nephrotic syndrome.374 This study’s results 
are not definitive, however, because subjects did not have 
diuretic resistance.

Animal studies demonstrate five mechanisms that could 
impair the responsiveness to loop diuretics in patients  
with the nephrotic syndrome: decreased delivery and/or 
decreased tubular secretion of the diuretic, increased renal 
metabolism, decreased blockade by the diuretic, and 
increased NaCl reabsorption by other nephron segments. 
Clinical studies confirm that nephrotic patients have an 
impaired tubular response to loop diuretics.

Nephrotic edema is best managed with dietary salt and 
fluid restriction. Most patients show initial response to a 
loop diuretic when it is required. Spironolactone or 
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RENAL TUBULAR ACIDOSIS
Furosemide increases the distal delivery of NaCl and fluid 
and stimulates aldosterone secretion and phosphate elimi-
nation, which enhance acid elimination.398 In addition, a 
direct effect of both furosemide and thiazide on distal acidi-
fication with increased abundance of the H+-ATPase B1 
subunit has been demonstrated.399 Hence, furosemide can 
be used in patients with hyperkalemic (type IV) renal 
tubular acidosis to increase renal acid excretion.400,401 
Because hyperkalemic renal tubular acidosis is usually due 
to hypoaldosteronism, mineralocorticoid therapy is also 
often indicated.402

HYPERCALCEMIA
Ca2+ excretion is increased by osmotic or loop diuretics but 
decreased by thiazides and distal agents. Hypercalcemia 
activates the Ca2+-sensing receptor403,404 that inhibits fluid 
and NaCl reabsorption in the TAL and impairs renal con-
centration. The ensuing ECV depletion further limits Ca2+ 
excretion by reducing the GFR and enhancing proximal 
fluid and Ca2+ reabsorption. Therefore, the initial therapy 
for hypercalcemia is volume expansion with saline with or 
without bisphosphonates or steroids, depending on the 
cause. Loop diuretics may help prevent or treat fluid over-
load, but there is little evidence to support a role in the 
treatment of hypercalcemia.405

NEPHROLITHIASIS
Thiazides reduce stone formation in hypercalciuric and 
even normocalciuric patients by reducing excretion of Ca2+ 
and oxalate.406 Some patients continue to form stones and 
require additional citrate therapy.407 Ca2+ excretion can be 
enhanced by the addition of amiloride408 or a low-salt diet. 
KHCO3 produces a greater reduction in Ca2+ excretion than 
KCl when given with hydrochlorothiazide.409

OSTEOPOROSIS
Bone cells express an Na+-Cl− cotransporter410 that, when 
blocked by a thiazide, enhances bone Ca2+ uptake.411 Thia-
zides inhibit osteocalcin, an osteoblast-specific protein that 
retards bone formation,412 and directly stimulate the pro-
duction of the osteoblast differentiation markers runt-
related transcription factor 2 (runx2) and osteopontin.413 

furosemide or the equivalent.381 Bumetanide and torsemide 
are metabolized by the liver and so may be preferred to 
furosemide, which is metabolized by the kidney and there-
fore accumulates to a greater degree in patients with renal 
insufficiency (see Figure 51.6).

CHRONIC KIDNEY DISEASE
In subjects who are in balance, the fractional reabsorption 
of NaCl and fluid by the renal tubules is reduced in propor-
tion to the fall in GFR. The renal clearance of loop diuretics 
falls in parallel with the GFR because of a decreased renal 
mass and the accumulation of organic acids that compete 
for proximal secretion.388 Thus, although the maximal 
increase in fractional excretion of Na+ produced by furose-
mide is maintained quite well in CKD,5,389,390 the absolute 
response to diuretics is limited by reductions in absolute 
rate of NaCl reabsorption and in delivery of the diuretic to 
its target (see Figure 51.15). Although CKD decreases proxi-
mal reabsorption, there is enhanced fractional reabsorption 
in the loop segment, distal tubule, and CDs391 with a relative 
increase of threefold to fourfold per residual nephron in 
the expression of the NKCC2 in the TAL and the NCC in 
the DCT.392 Torsemide has the greatest oral bioavailability 
in CKD.103 For refractory cases, a loop diuretic infusion 
(e.g., bumetanide, 1 mg/hour for 12 hours) produces a 
greater natriuresis and less myalgia than two bolus injec-
tions.238 Thiazides when used alone become relatively inef-
fective in patients with creatinine clearance below 35 mL/
min. When used in combination with a loop diuretic that 
increases NaCl delivery and reabsorption at the distal tubule, 
larger doses of thiazides are effective in patients with moder-
ate azotemia, although at the cost of a sharp further rise in 
the serum creatinine and blood urea concentrations and a 
high incidence of hypokalemia and electrolyte disorders.280 
Moreover, high plasma levels of furosemide can cause oto-
toxicity.393 Therefore, care should be taken not to exceed 
the ceiling dose (Table 51.3).389,390 Epidemiologic studies 
have correlated diuretic use with end-stage CKD,394 but this 
may be an epiphenomenon.395 In fact, continuing diuretics 
in patients undergoing dialysis who have residual renal func-
tion was associated with lower interdialytic weight gain, less 
hyperkalemia, and lower cardiac-specific mortality.396 Refer-
ences 4 and 397 are recommended for further reading on 
diuretics in CKD.

Table 51.3 Ceiling Doses (in mL) of Loop Diuretics

Condition

Furosemide

Bumetanide, IV or PO Torsemide, IV or POIV PO

Chronic renal insufficiency:
Moderate (GFR 20-50 mL•min−1) 80-160 160 6 50
Severe (GFR < 20 mL•min−1) 200 240 10 100
Nephrotic syndrome with normal GFR 120 240 3 50
Cirrhosis with normal GFR 40-80 80-160 1 20
Heart failure with normal GFR 40-80 80-160 1 20

GFR, Glomerular filtration rate; IV, intravenous; PO, oral.
Data from references 5, 7, and 8.
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principal cell, where it can downregulate the water channel 
AQP2 via glycogen synthase kinase 3.430

ADVERSE EFFECTS OF DIURETICS

Although diuretic therapy is generally well tolerated, a 
Medical Research Council trial showed that the following 
adverse effects occurred more frequently with thiazide than 
with placebo: impaired glucose tolerance, gout, impotence, 
lethargy, nausea, dizziness, headache, and constipation.431 
However, the withdrawal rate of those receiving a thiazide 
was similar to that for a β-blocker, and the dose of thiazide 
was higher than that used currently.

FLUID AND ELECTROLYTE ABNORMALITIES

EXTRACELLULAR VOLUME DEPLETION  
AND AZOTEMIA
Diuretics normally do not decrease the GFR.77,432 However, 
renal failure can be precipitated by vigorous diuresis in 
patients with impaired renal function, severe edema, or cir-
rhosis and ascites. A rise in the ratio of blood urea nitrogen 
to creatinine suggests ECV depletion. This change can be 
ascribed to decreased renal urea clearance because of 
greater urea reabsorption in the distal nephron433 and to 
increased urea appearance due to greater arginine uptake 
by the liver with metabolism by arginase.434-436 In addition, 
combining diuretics with ACE inhibitors and NSAIDs raises 
the risk of AKI.437

HYPONATREMIA
Several mechanisms may play a role. One, illustrated in a 
self-experiment by McCance (Figure 51.18) of severe salt 
depletion by a salt-free diet and forced perspiration, shows 
that the loss of the first 2 L of body fluid occurs isotoni-
cally.438 However, further obligated NaCl losses are not 
accompanied by corresponding fluid losses, leading to pro-
gressive hyponatremia, likely a consequence of AVP release 

They inhibit bone reabsorption414 and augment bone min-
eralization, independent of parathyroid hormone.415 Thus, 
thiazides may promote bone mineralization both by reduc-
ing renal Ca2+ excretion and through direct effects on bone. 
These biologic effects are supported by epidemiologic 
studies. Thiazide therapy is associated with an increase in 
bone mineral density and a reduction in hip fractures in 
elderly persons.416,417 In a placebo-controlled trial in post-
menopausal women,418 hydrochlorothiazide (50 mg/day) 
slowed cortical bone loss significantly. Surprisingly, despite 
having opposite effects on Ca2+ excretion, a thiazide and a 
loop diuretic both enhance bone formation in postmeno-
pausal women, at least in the short term.419 However, loop 
diuretics alone have been associated with hip bone loss in 
older men, increased risk of fractures in postmenopausal 
women, and increased risk of revision following primary 
total hip arthroplasty in men and women.420-422

GITELMAN’S SYNDROME
In addition to potassium supplementation, potassium-
sparing diuretics may be used in Gitelman’s syndrome  
to treat hypokalemia. Spironolactone (200 to 300 mg/day) 
was shown to be more effective than amiloride (10 to 30  
mg/day).423 In a later study, the efficacy of indomethacin 
(75 mg/day), amiloride (30 mg/day), and eplerenone 
(150 mg/day) in correcting hypokalemia was compared in 
a crossover trial.424 Although all three drugs significantly 
increased plasma potassium, indomethacin was most effec-
tive but also was associated with the most adverse effects.

DIABETES INSIPIDUS
Thiazides can reduce urine flow by up to 50% in patients 
with central or nephrogenic diabetes insipidus.425 This para-
doxic effect is related to decreased GFR, enhanced water 
reabsorption in the proximal and distal nephron,426,427 and 
an increase in papillary osmolarity leading to distal water 
reabsorption. A small placebo-controlled crossover trial and 
an animal study have shown that amiloride prevents lithium-
induced polyuria.428,429 This effect is attributed to blockage 
by amiloride of the entry of lithium via ENaC in the 

Figure 51.18  Data from normal volunteers subjected to progressive salt depletion over 12 days (followed by 3 days of salt repletion) 
caused by a zero salt intake and forced perspiration. Results shown are for changes in total body Na+  (Δ TBNa), body weight (Δ Wt), and 
plasma sodium concentration (Δ PNA), and serum urea nitrogen (SUN). (Drawn from data in McCance RA: Experimental sodium chloride deficiency 
in man. Proc R Soc Lond B Biol Sci 119:245-268, 1936.)
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with concurrent hypokalemia, liver disease, or malnutrition 
may be more susceptible to osmotic demyelination.451

Despite the importance of diuretic-induced hyponatre-
mia (and hypokalemia, see later) for individual cases, these 
side effects are relatively mild on a population basis and 
should therefore not discourage prescription of these effec-
tive drugs. For example, a study among 3000 patients start-
ing antihypertensive monotherapy, serum sodium and 
potassium values were only marginally lower in thiazide 
users, with more than 90% of patients maintaining normal 
levels.452

HYPOKALEMIA
Four mechanisms have been identified that increase renal 
K+ elimination during therapy with thiazides or loop diuret-
ics (Figure 51.20): increased tubular flow, secretion of AVP 
and aldosterone, and alkalosis. Flow-dependent K+ secretion 
by the distal nephron provides a universal mechanism for 
increased K+ secretion in response to diuretics that act more 
proximally.157 The basal and flow-dependent components of 
K+ secretion have been shown to be largely mediated by 
distinct channels. Whereas basal secretion traverses ROMK 
(see previous discussion) channels, flow-dependent K+ 
secretion is mediated by calcium-activated maxi or big K+ 
(BK) channels.453,454 Normally, a flow-dependent rise in 
K+ secretion during increased water intake is offset by a drop 
in AVP concentration that diminishes distal K+ secretion. 
Diuretic therapy, however, is unusual because it combines 
increased distal tubule flow with maintained or increased 
AVP release due to nonosmotic stimulation, the second 
mechanism contributing to kaliuresis. Indeed, inhibition of 
AVP release in normal human subjects undergoing a furo-
semide diuresis inhibits the kaliuresis.247 Nonosmotic AVP 
release is common in edematous subjects.447 Therefore, 
enhanced release of AVP and increased distal tubule fluid 
delivery combine to promote ongoing K+ losses during 
diuretic therapy for edema. Diuretic-induced aldosterone 
secretion also promotes distal K+ secretion and provides a 
further mechanism for K+ secretion.157,265,455 The effects of 
flow and aldosterone on distal K+ secretion are normally 
counterbalanced during changes in salt intake, just as are 
the effects of flow and AVP induced by changes in water 
intake (see Figure 51.20). Diuretic treatment, however, 
uncouples the two because it enhances the secretion of 
aldosterone and AVP but increases distal flow, thereby 
accounting for the particular importance of aldosterone 
and AVP in promoting K+ loss with diuretics.247 Finally, 
diuretic-induced alkalosis enhances distal secretion of K+.157

The serum potassium concentration in patients not 
receiving KCl supplements falls by an average of 0.3 mmol/L 
with furosemide and by 0.6 mmol/L with thiazides.456 This 
20% fall in serum potassium is accompanied by a fall in total 
body K+ that averages less than 5%.456 Moreover, in normal 
subjects receiving daily doses of loop diuretics, there is no 
detectable change in K+ balance despite a reproducible fall 
in serum potassium of about 0.5 mmol/L.247 This finding 
implies that the primary cause of hypokalemia during 
diuretic administration is a redistribution of K+ into cells, 
likely related to the accompanying metabolic alkalosis.64,110

Mild diuretic-induced hypokalemia (serum potassium 
3.0-3.5 mmol/L) increases the frequency of ventricular 
ectopy.457 Some writers have shown that thiazide-induced 

in response to severe plasma volume depletion. Despite salt 
depletion, the hyponatremia is mild.

A second mechanism is illustrated in the study of Clark 
and colleagues.439 They showed that older age and thiazide 
diuretics are additive in impairing maximal free water excre-
tion following a water load (Figure 51.19). This effect is 
relatively specific for thiazides, which inhibit urinary dilu-
tion, whereas loop diuretics inhibit urinary concentration 
and dilution.440 Indeed, thiazides are 12-fold more likely 
than loop diuretics to cause hyponatremia.441 Thiazide-
induced hyponatremia usually entails inappropriate fluid 
intake and expanded total body water.441,442 Estradiol 
enhances the expression of the thiazide-sensitive cotrans-
porters in the DCT.443 Eighty percent of thiazide-induced 
hyponatremia occurs in females,444 most of whom are 
elderly.445 As noted previously, thiazide diuretics also increase 
both AVP-independent water reabsorption along the medul-
lary collecting duct and AQP2 expression when adminis-
tered long term.148,149 Hyponatremia can develop during 
rechallenge with a thiazide.442,446 It often develops within the 
first 2 weeks of thiazide therapy.441,446 Mild hyponatremia can 
be treated by withdrawal of diuretics, restriction of the daily 
intake of free water to 1.0 to 1.5 liter, restoration of any K+ 
and Mg2+ losses, and replenishment of NaCl if the patient is 
clearly volume-depleted.441,447

It is becoming increasingly clear that even mild hypona-
tremia can produce symptoms. Renneboog and associates 
showed that patients in whom hyponatremia had been clas-
sified as chronic and asymptomatic actually had various neu-
rologic deficits when analyzed more closely.448 These deficits 
included attention deficits and gait disturbances leading to 
more frequent falls. Therefore, the development of diuretic-
induced hyponatremia should probably be regarded as a 
contraindication to continue using the agent responsible. 
Severe, symptomatic hyponatremia complicated by seizures 
or coma is an emergency requiring intensive treatment.449 
Conversely, osmotic demyelination has been related to over-
correction of hyponatremia or to a rapid correction of 
serum sodium by more than 12 and more than 18 mmol/L 
in the first 24 and 48 hours, respectively.444,447,450 Patients 

Figure 51.19  Mean ± standard error of the mean (SEM) values 
for positive free water clearance during water loading.  Data 
shown compare values in younger and older normal volunteers given 
placebo or hydrochlorothiazide. Note that both older age and thiazide 
diuretics impair free water excretion. (Redrawn from Clark BA, Shannon 
RP, Rosa RM, Epstein FH: Increased susceptibility to thiazide-induced 
hyponatremia in the elderly. J Am Soc Nephrol 5:1106, 1994.)

500

400

300

200

100

0
Placebo

F
re

e 
w

at
er

 c
le

ar
an

ce
 (

m
L/

m
in

)

Younger (n = 11)

Older (n = 8)

P < .05

P < .05

Hydrochlorothiazide

http://www.myuptodate.com


 CHAPTER 51 — DIuRETICS 1729

Na+-K+-ATPase, thereby exaggerating its actions on the 
heart. Fourth, hypokalemia stimulates renal ammoniagen-
esis. This effect is dangerous for patients with cirrhosis and 
ascites who are prone to development of hepatic encepha-
lopathy due to hyperammonemia. Moreover, the accompa-
nying diuretic-induced alkalosis partitions ammonia into 
the brain. Fifth, catecholamines partition K+ into cells and 
lower serum potassium. Myocardial infarction provokes suf-
ficient catecholamine release to lower serum potassium by 
approximately 0.5 mmol/L, which is potentiated in patients 
who have received prior thiazide therapy.464 Sixth, hypoka-
lemia impairs insulin release and predisposes to hyperglyce-
mia.465 Seventh, hypokalemia limits the antihypertensive 
action of thiazides.466 In a placebo-controlled study of hypo-
kalemic subjects receiving thiazide diuretics, coadministra-
tion of KCl that restored serum potassium also reduced 
blood pressure significantly.466

Diuretic-induced hypokalemia can be easily prevented, 
and the adverse consequences can be clinically significant. 
Therefore, it is prudent to prevent even mild degrees of 
hypokalemia. Hypokalemia can be prevented by increasing 
intake of K+ with Cl− (see Figure 51.20) but doing so often 
requires 40 to 80 mmol daily. Moreover, in the presence of 
alkalosis, hyperaldosteronism, or Mg2+ depletion, hypokale-
mia is quite unresponsive to dietary KCl. A more effective, 
convenient, and predictable strategy is to prescribe a com-
bined therapy with a distal K+-sparing agent such as amiloride 
or triamterene, which maintains serum potassium during 
short- or long-term hydrochlorothiazide therapy (see Figure 

hypokalemia does not pose a risk of clinically significant 
cardiac dysrhythmia even in large populations of hyperten-
sive patients.343,458 In contrast, others report a dose-
dependent risk of cardiac arrest in patients receiving 
thiazides that is prevented by therapy with a K+-sparing 
diuretic such as amiloride.459 In one study in rats, thiazide-
induced hypokalemia was associated with hypomagnesemia, 
hypertriglyceridemia, insulin resistance, hyperaldosteron-
ism, and renal injury, all of which were absent in rats with a 
similar degree of hypokalemia due to a dietary potassium 
depletion.460 Although of concern, these data may be species 
specific and may also be ascribed to the dose given (10 mg/
kg).461 In a large population-based study of older adults, 
chlorthalidone was shown to be as effective in reducing 
cardiovascular outcomes as hydrochlorothiazide but more 
often resulted in hospitalization for hypokalemia or 
hyponatremia.462

Adverse effects of hypokalemia are clearly important in 
certain circumstances. First, severe hypokalemia (serum 
potassium < 3.0 mmol/L) requires treatment because it is 
associated with a doubling of serious ventricular dysrhyth-
mias, muscular weakness, and rhabdomyolysis.463 Second, 
mild hypokalemia can precipitate dangerous dysrhythmias 
in patients with cardiac dysfunction due to left ventricular 
hypertrophy, coronary ischemia, HF, prolonged QT inter-
val, anoxia, or ischemia as well as in patients with known 
dysrhythmias. Third, hypokalemia enhances the toxicity of 
cardiac glycosides by diminishing the renal tubule secretion 
of digoxin and by enhancing its binding to cardiac 

Figure 51.20  Diagrammatic representation of mechanisms that increase (↑) K+ excretion by the collecting ducts or partition K+ into cells during 
therapy  with  a  thiazide  or  loop  diuretic,  and  strategies  for  prevention  or  treatment  (dashed lines)  with  direct  renin  inhibitors,  angiotensin-
converting enzyme  inhibitors  (ACEIs), angiotensin  receptor blockers  (ARBs), mineralocorticoid  receptor antagonists  (MRAs; e.g., spironolac-
tone), epithelial Na+ channel (ENaC) blockers (amiloride or triamterene), or KCl supplements. Diuretics stimulate the renin angiotensin aldosterone 
system (RAAS),  increase distal  tubule flow and release of arginine vasopressin, and generate a metabolic alkalosis, all of which enhance K+ 
secretion in the collecting ducts. Two distinct mechanisms are responsible for K+ secretion in the collecting ducts, one mediated by the renal 
outer medulla K+ (ROMK) channels, and the other by big K+ (BK) channels. 
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with underlying pulmonary insufficiency, in whom the alka-
losis diminishes ventilation.479 The generation of metabolic 
alkalosis with loop diuretics results from contraction of the 
extracellular HCO3

− space by the excretion of a relatively 
HCO3

−-free urine.64,480 The maintenance of metabolic alka-
losis involves increased net acid excretion in response to 
hypokalemia-induced ammoniagenesis and mineralocorti-
coid excess during continued Na+ delivery and reabsorption 
at the distal nephron sites of H+ secretion.481 Diuretic-
induced metabolic alkalosis is best managed with adminis-
tration of KCl, but a distal K+-sparing diuretic482 or, 
occasionally, a CA inhibitor should be considered.18 Meta-
bolic alkalosis impairs the natriuretic response to loop 
diuretics110 (see Figure 51.11) and may thereby contribute 
to diuretic resistance.

CA inhibitors produce metabolic acidosis. Spironolac-
tone, eplerenone, amiloride, and triamterene can cause 
hyperkalemic metabolic acidosis, especially in elderly 
patients, patients with renal impairment, and those receiv-
ing KCl supplements.

METABOLIC ABNORMALITIES

HYPERGLYCEMIA
Diuretic therapy, especially with thiazides, impairs carbohy-
drate tolerance and occasionally precipitates diabetes melli-
tus.431,483,484 The increase in blood glucose concentration 
is greatest during initiation of therapy. In one study,  
hydrochlorothiazide given to patients with non–insulin-
dependent diabetes mellitus increased the fasting serum 
glucose concentration by 31% at 3 weeks. This increase was 
attributed to decreased hepatic utilization of glucose.485 
Hyperglycemia persists486 but is reversed rapidly after diuretic 
discontinuation, even after 14 years of thiazide therapy.487 
The increase in blood glucose provoked by thiazides is wors-
ened by concurrent β-adrenergic-receptor blockade.485

Thiazides impair glucose uptake into muscle488,489 and 
liver.485 This effect is more pronounced during initiation of 
therapy. It has been ascribed to a diuretic-induced reduc-
tion in cardiac output with reflex activation of the SNS and 
catecholamine secretion, which lead to reductions in hepatic 
glucose uptake, muscle blood flow, and muscle glucose 
uptake (Figure 51.21). During sustained thiazide therapy, 
there is decreased insulin release, which can be corrected 
by reversal of hypokalemia with KCl,490 hypomagnesemia 
with magnesium oxide,491 or administration of spironolac-
tone. Experimental K+ deficiency causes glucose intolerance 
and impairs insulin secretion in the absence of diuretics.492 
Hydrochlorothiazide and ACE inhibitors have opposite 
effects on glucose disposal, which are attributed to their 
opposing effects on serum potassium.489 The increase in 
serum glucose levels that occurs with thiazide therapy is 
more pronounced in obese patients and correlates with a 
fall in intracellular [K+] or [Mg2+].493 It can be prevented by 
reducing the thiazide dosage465 or by KCl replacement.490 
Therefore, care should be taken to monitor blood glucose 
during thiazide therapy, particularly in obese or diabetic 
patients, and to prevent hypokalemia.

Thiazide-induced hyperglycemia should be anticipated 
and prevented. Measures include coadministration of a 
distal K+-sparing diuretic, MRA, ACE inhibitor, or ARB, pre-
scribing extra KCl, or reducing the thiazide dosage.494 

51.20).467 It also prevents diuretic-induced alkalosis and pro-
vides further natriuresis and antihypertensive efficacy. An 
alternative strategy is to administer an ACE inhibitor, ARB, 
or MRA to counter angiotensin II–induced hyperaldoste-
ronism, which would promote distal K+ secretion. The fall 
in blood pressure and the beneficial cardiovascular actions 
of these agents are clearly a further advantage. Finally, a 
small study showed that combining torsemide with hydro-
chlorothiazide led as expected to a synergistic increase in 
sodium excretion but surprisingly reduced urinary potas-
sium and magnesium losses in comparison with hydrochlo-
rothiazide alone,468 possibly owing to the antialdosteronic 
effects of torsemide.469

HYPERKALEMIA
Diuretics acting in the ASDN decrease K+ secretion and 
predispose to hyperkalemia.455,470 As noted previously, this 
complication was observed more frequently after increased 
use of distal K+-sparing diuretics in Canada,195 although a 
later report from Scotland was not able to reproduce these 
findings.471 The risk of hyperkalemia may rise, especially 
when spironolactone is combined with other drugs that 
interfere with renal potassium secretion, such as 
trimethoprim-sulfamethoxazole.472

HYPOMAGNESEMIA
Loop diuretics inhibit Mg2+ reabsorption in the TAL71,74 by 
reducing the transepithelial voltage that drives Mg2+ and 
Ca2+ paracellularly (see Figure 51.4).473 Thiazides first 
enhance Mg2+ uptake in the DCT, but during prolonged 
therapy, there is enhanced renal Mg2+ excretion.144 Although 
this greater excretion has been attributed to a fall in cellular 
[Na+] that stimulates basolateral Na+-Mg2+ exchange,473 later 
molecular data suggest that long-term thiazide use leads to 
downregulation of TRPM6, the predominant apical Mg2+ 
channel of the distal nephron.141 Distal K+-sparing agents 
and spironolactone diminish Mg2+ excretion. During pro-
longed therapy with thiazides and loop diuretics, serum 
Mg2+ concentration falls by 5% to 10%. Diuretic-induced 
hyponatremia and hypokalemia cannot be reversed fully 
until any Mg2+ deficit is replaced.474 Mg2+-depleted rats 
secrete K+ inappropriately into the distal tubule and inde-
pendent of aldosterone,475 possibly because a decrease in 
intracellular magnesium releases the magnesium-mediated 
inhibition of ROMK channels.476

HYPERCALCEMIA
Thiazides increase the serum concentrations of total and 
ionized calcium but rarely result in frank hypercalcemia. 
During established thiazide treatment, parathyroid hormone 
concentrations are inversely related to ionized serum 
calcium.477 The increased serum calcium can be ascribed 
primarily to enhanced Ca2+ reabsorption (the mechanism 
is discussed previously). Persistent hypercalcemia should 
prompt a search for a specific cause, for example, an 
adenoma of the parathyroid glands.477,478

ACID-BASE CHANGES
Metabolic alkalosis induced by thiazides or loop diuretics is 
an important adverse factor in patients with hepatic cirrho-
sis and ascites, in whom the alkalosis may provoke hepatic 
coma by partitioning ammonia into the brain, and in those 
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HYPERURICEMIA

Prolonged thiazide therapy for hypertension increases the 
serum urate concentration by approximately 35%. Renal 
urate clearance falls because of competition for secretion 
between urate and the diuretic,75 and ECV depletion–
induced urate reabsorption (see Figure 51.5).76 Hyperurice-
mia is dose-related and can lead to gout. A very long-term 
outcome analysis of 3693 patients detected no adverse 
effects of diuretic-induced hyperuricemia in hypertensive 
subjects who did not have gout.501 However, later studies 
have correlated raised serum urate with higher cardiovascu-
lar death rate.502 One possibility is to combine diuretic treat-
ment with ARB losartan, which has weak uricosuric 
properties.503

OTHER ADVERSE EFFECTS

IMPOTENCE
In the Medical Research Council trial involving 15,000 
hypertensive subjects, impotence was much higher in those 
receiving a thiazide.431 In the Treatment of Mild Hyperten-
sion Study, erection problems were twice as high in subjects 
receiving a thiazide as in those who were not.504 A controlled 

Thiazide diuretics are not contraindicated in patients with 
diabetes mellitus. Indeed, diuretics produce an even greater 
reduction in the absolute risk for cardiovascular events in 
hypertensive patients who are diabetic.495 Therefore, diabe-
tes mellitus is an indication for close surveillance and atten-
tion to coadministration of agents designed to prevent 
hypokalemia (see Figure 51.21).

HYPERLIPIDEMIA
Administration of loop diuretics or thiazides raises the 
plasma concentrations of total cholesterol, triglycerides, 
and low-density lipoprotein cholesterol, but reduces the 
concentration of high-density lipoprotein cholesterol. These 
adverse changes average 5% to 20% during initiation of 
therapy.496 The mechanism is uncertain; it may relate to ECV 
depletion, because severe dietary NaCl restriction has 
similar metabolic effects497 whereas increasing NaCl intake 
lowers serum cholesterol. Alternatively, it may relate to 
hypokalemia, which impairs insulin secretion.490,493 Impor-
tantly, most studies have shown that serum cholesterol 
returns to baseline over 3 to 12 months of thiazide 
therapy.496,498 In fact, when combined with lifestyle manage-
ment, 4 years of thiazide therapy for hypertension is associ-
ated with a modest improvement in lipid profile.499,500

Figure 51.21  Hypothesis for the hyperglycemic actions 
of thiazide diuretics.  ACEI,  Angiotensin-converting 
enzyme  inhibitor;  ARB,  angiotensin  receptor  blocker;  
ECV, extracellular fluid volume; SNS, sympathetic nervous 
system;  ↑,  increase(d);  ↓,  decrease(d).  (From Wilcox CS: 
Metabolic and adverse effects of diuretics. Semin Nephrol 
19:557-568, 1999.)
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suggestion of a higher risk of cancer or cancer-related death 
with use of any antihypertensive drugs.525

ADVERSE DRUG INTERACTIONS
Hyperkalemia in patients receiving distal K+-sparing diuret-
ics, spironolactone, or eplerenone can be precipitated by 
concurrent therapy with KCl, ACE inhibitors, ARBs, heparin, 
ketoconazole, trimethoprim, or pentamidine. Therefore, 
these drugs should not normally be prescribed in combina-
tion, especially in patients with impaired renal function or 
diabetes. ACE inhibitors increase the risk of severe hyperka-
lemia in patients with decompensated HF receiving spirono-
lactone.526,527 Loop diuretics and aminoglycosides potentiate 
ototoxicity and nephrotoxicity.508,528 Diuretic-induced hypo-
kalemia increases digitalis toxicity fourfold.529 Plasma lithium 
concentrations rise during loop diuretic therapy530 because 
of increased proximal lithium reabsorption.531 NSAIDs may 
impair the diuretic, natriuretic, antihypertensive, and veno-
dilating responses to diuretics and predispose to renal vaso-
constriction and a drop in GFR (see earlier discussion 
“Adaptation to Diuretic Therapy”). Used together, indo-
methacin and triamterene may precipitate renal failure.532

Complete reference list available at ExpertConsult.com.
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trial demonstrated the efficacy of sildenafil in reversing 
impotence in hypertensive patients receiving multiple anti-
hypertensive agents including diuretics.505

OTOTOXICITY
Loop diuretics can cause deafness that may occasionally be 
permanent.506 The risk is greater with ethacrynic acid than 
with other loop diuretics and is also greater when a loop 
diuretic is combined with another ototoxic drug (e.g., an 
aminoglycoside).507 It is especially common during high-
dose bolus intravenous therapy in patients with renal failure, 
in whom plasma levels are increased, and in hypoalbumin-
emic subjects.508 In a crossover trial, no ototoxicity was noted 
in patients with severe HF when they were given an infusion 
of 250 to 2000 mg of furosemide over 8 hours, whereas 
reversible deafness occurred in 25% when the same dose 
was given as a bolus.318

HAZARDS IN PREGNANCY AND NEWBORNS
Diuretics do not prevent preeclampsia. They have little 
effect on perinatal mortality.509 Thiazide therapy can be con-
tinued during pregnancy in patients whose hypertension 
has been controlled by these agents or used to treat pulmo-
nary edema.510

Intensive therapy with loop diuretics for neonates with 
respiratory distress syndrome increases the prevalence of 
patent ductus arteriosus because of increased generation of 
prostaglandins,511 cholelithiasis, secondary hyperparathy-
roidism, bone disease, and drug fever.512 Prolonged furose-
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calcification.513 Diuretics can be transferred from the mother 
to the infant in breast milk,513 in whom they can cause 
serious fluid and electrolyte abnormalities.514

B VITAMIN DEFICIENCY
Diuretics increase the excretion of water-soluble vitamins.515 
Long-term diuretic therapy for HF reduces folate and 
vitamin B1 (thiamine) levels516 and increases plasma homo-
cysteine. Thiamine can improve left ventricular function in 
some patients with HF being treated with furosemide.517

DRUG ALLERGY
A reversible photosensitivity dermatitis occurs rarely during 
thiazide or furosemide therapy.518 High-dose furosemide in 
renal failure can cause bullous dermatitis.519 Diuretics may 
cause a more generalized dermatitis, sometimes with eosino-
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a necrotizing vasculitis or anaphylaxis.520 Acute allergic reac-
tions to sulfonamides are mediated via immunoglobulin E, 
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antibodies to specific protein epitopes.521 Severe necrotizing 
pancreatitis is a rare complication.522 Acute interstitial 
nephritis with fever, rash, and eosinophilia may develop 
abruptly some months after initiation of therapy with a thia-
zide or, less often, furosemide.523,524 Ethacrynic acid is chem-
ically dissimilar from other loop diuretics and can be a 
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MALIGNANCY
Although previous epidemiologic studies suggested associa-
tions between diuretic use and cancer (renal cell carcinoma 
and colon carcinoma), a 2011 meta-analysis has refuted the 
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The introduction of a classification system for chronic 
kidney disease (CKD) by the National Kidney Foundation 
Kidney Disease Outcomes Quality Initiative (KDOQI) and 
its adoption worldwide have made a valuable contribution 
to raising awareness of the problem of CKD.1 Importantly, 
the division of the spectrum of CKD into stages has empha-
sized the progressive nature of CKD and facilitated the 
development of stage-specific strategies for slowing the pro-
gression of CKD, as well as treating the complications of 
CKD. These developments highlight the importance of 
understanding the mechanisms that contribute to CKD 

progression in order to inform strategies for slowing such 
progression. Central to these mechanisms are the adapta-
tions observed in the kidney when nephrons are lost.

The kidney’s primary function of maintaining constancy 
of the extracellular fluid (ECF) volume and composition is 
remarkably well preserved until late in the course of CKD. 
When nephrons are lost through disease or surgical abla-
tion, those remaining or least affected undergo remarkable 
physiologic responses resulting in hypertrophy and hyper-
function that combine to compensate for the acquired loss 
of renal function. Effective kidney function requires close 
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increase in function of the remaining kidney, detectable 3 
days after nephrectomy, such that the GFR achieved a 
maximum of 70% to 85% of the previous two-kidney value 
after 2 to 3 weeks. Observations in conscious rats have 
reported a maximal increase of approximately 50% in  
GFR of a single kidney at 8 days after uninephrectomy and 
a 300% increase in GFR of the remnant kidney at 16 days 
after 5/6 nephrectomy (Figure 52.1).4 As no new nephrons 
are formed in mature rodents, the observed rise in GFR 
represents an increase in the filtration rate of remaining 
nephrons.

Detailed study of glomerular hemodynamics was facili-
tated by the identification of a rat strain, Munich-Wistar, 
which is unique in regularly bearing glomeruli on the 
kidney surface. This allowed micropuncture of the glomeru-
lus and direct measurement of intraglomerular pressures as 
well as sampling of blood from afferent and efferent arteri-
oles. These techniques made possible the study of mecha-
nisms underlying the compensatory rise in GFR after renal 
mass ablation. Increases in whole-kidney GFR at 2 to 4 weeks 
after unilateral nephrectomy were attributable to an increase 
in SNGFR averaging 83%, achieved in large part by a rise in 
glomerular plasma flow rate (QA), which in turn resulted 
from dilation of afferent and, to a lesser extent, efferent 
arterioles. Although systemic blood pressure was not ele-
vated, glomerular capillary hydraulic pressure (PGC) and the 
glomerular transcapillary pressure difference (ΔP) were 
increased significantly post uninephrectomy, accounting for 
an estimated 25% of the rise in SNGFR.5 The glomerular 
ultrafiltration coefficient, Kf (the product of glomerular 
hydraulic permeability and surface area available for filtra-
tion) was unaltered at this stage but may become elevated 
later.6

With more extensive nephron loss, even greater compen-
satory increases in SNGFR were observed. In Munich-Wistar 
rats studied 7 days after unilateral nephrectomy and 

integration of glomerular and tubular functions. Indeed, 
the preservation of glomerulotubular balance seen until the 
terminal stages of CKD is fundamental to the intact nephron 
hypothesis of Bricker, which essentially states that as CKD 
advances, kidney function is supported by a diminishing 
pool of functioning (or hyperfunctioning) nephrons, rather 
than relatively constant numbers of nephrons, each with 
diminishing function. This concept has important implica-
tions for the mechanisms of disease progression in CKD.

Several decades ago, clinical studies of patients with CKD 
established that once GFR fell below a critical level, a relent-
less progression to end-stage kidney disease (ESKD) inevita-
bly ensued, even when the initial disease activity had abated. 
The rate of decline of GFR in a given individual followed  
a near-constant linear relationship with time, enabling 
remarkably accurate predictions of the date at which ESKD 
would be reached and renal replacement therapy required. 
Among patients with diverse kidney diseases, the slope of 
the GFR/time relationship was found to be a characteristic 
of individual patients rather than typical of their specific 
kidney disease. This observation suggested that the progres-
sive nature of kidney disease could be attributed to a final 
“common pathway” of mechanisms, independent of the 
primary cause of nephropathy.2 Within this framework, 
Brenner and colleagues formulated a unifying hypothesis 
for kidney disease progression based on the physiologic 
adaptations observed in experimental models of CKD.3 The 
central tenets of the common pathway theory state that CKD 
progression occurs, in general, through focal nephron loss 
and that the adaptive responses of surviving nephrons, 
although initially serving to increase single nephron GFR 
(SNGFR) and offset the overall loss in clearance, ultimately 
prove detrimental to the kidney. Over time, glomeruloscle-
rosis and tubular atrophy further reduce nephron number, 
fueling a self-perpetuating cycle of nephron destruction cul-
minating in uremia.

In this chapter we describe in detail the functional and 
structural adaptations observed in remaining nephrons fol-
lowing substantial reductions in functioning renal mass and 
the mechanisms thought to be responsible for them. We 
then consider how these changes may in time prove mal-
adaptive and contribute to the progressive renal injury 
described earlier. Given the growing worldwide burden of 
CKD that causes substantial morbidity and mortality in indi-
viduals and threatens to overburden health care systems, it 
could be argued that the further elucidation of the mecha-
nisms of CKD progression resulting in more effective inter-
ventions to slow its advance should remain among the 
highest priorities for nephrologists and health care systems 
today.

STRUCTURAL AND FUNCTIONAL 
ADAPTATION OF THE KIDNEY TO 
NEPHRON LOSS

ALTERATIONS IN GLOMERULAR PHYSIOLOGY

Glomerular hemodynamic responses to nephron loss have 
been studied largely in animals subjected to surgical abla-
tion of renal mass. It was recognized several decades ago 
that unilateral nephrectomy in rats resulted in a rapid 

Figure 52.1  Glomerular filtration rate (GFR) in conscious rats before 
and  after  sham  operation  (SO),  uninephrectomy  (UNX),  or  5/6 
nephrectomy  (5/6NX). Values are means ± standard error of means 
(SEM). (Used with permission from Chamberlain RM, Shirley DG: Time 
course of the renal functional response to partial nephrectomy: mea-
surements in conscious rats. Exp Physiol 92:251-262, 2007.)
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complex interactions of several factors, each having specific, 
and sometimes opposing actions on the various determi-
nants of glomerular ultrafiltration. Several vasoactive sub-
stances, including angiotensin II (Ang II), aldosterone, 
natriuretic peptides (NPs), endothelins (ETs), eicosanoids, 
and bradykinin, have been implicated. Moreover, sustained 
increases in SNGFR also require resetting of the autoregula-
tory mechanisms that normally govern GFR and RPF. For a 
detailed discussion of vasoactive peptides in the kidney, see 
Chapter 13.

RENIN ANGIOTENSIN ALDOSTERONE SYSTEM
Ang II appears to play a critical role in the development of 
glomerular capillary hypertension following renal mass 
ablation and may also contribute to changes in Kf. Acute 
infusion of Ang II in normal rats results in a rise in PGC, due 
to a greater increase in efferent than afferent resistance, and 
reductions in QA and Kf.15,16 Chronic administration of Ang 
II for 8 weeks resulted in systemic hypertension and lowered 
single-kidney GFR and, with the exception of Kf, elicited 
similar glomerular hemodynamic changes to those observed 
after acute infusion in both normal and uninephrectomized 
rats.6 The importance of the influence of endogenous Ang 
II on glomerular hemodynamics in remnant kidneys  
was revealed by studies with pharmacologic inhibitors of  
the renin angiotensin aldosterone system (RAAS). Chronic 
treatment of 5/6 nephrectomized rats with either an 
angiotensin-converting enzyme inhibitor (ACEI)17,18 or Ang 
II subtype 1 receptor blocker (ARB1)19,20 results in normal-
ization of PGC through reduction in systemic blood pressure 
and dilation of both afferent and efferent arterioles. SNGFR, 
however, remains elevated due to an increase in Kf. Further-
more, acute infusion of an ACEI or saralasin, a peptide 
analogue receptor antagonist of Ang II, was found to nor-
malize PGC in 5/6 nephrectomized rats through efferent 
arteriolar dilation, without affecting mean arterial pressure 
(MAP).9,21 It is unclear why these findings could not be 
confirmed with the ARB1, losartan.22

These effects of RAAS inhibition imply that there is 
increased local activity of endogenous Ang II, yet plasma 
renin levels show only a transient increase following 5/6 
nephrectomy.8,23 This suggests differential regulation of the 
systemic versus intrarenal RAAS and that Ang II is formed 
locally. Detailed studies have identified that all components 
of the RAAS are expressed in the kidney.24 Renin messenger 
RNA (mRNA) and protein levels are both increased in 
glomeruli adjacent to the infarction scar in 5/6 nephrecto-
mized rats.25-27 Furthermore, renal renin mRNA levels are 
increased at day 3 and 7 after renal mass ablation by infarc-
tion but not when renal mass is excised surgically, suggesting 
that renal infarction activates the RAAS by creating a margin 
of ischemic tissue around the organizing infarct and explain-
ing the greater severity of hypertension as well as glomeru-
losclerosis associated with the infarction model.8 Detailed 
studies of intrarenal Ang II levels following 5/6 nephrec-
tomy achieved by infarction have confirmed these findings 
by showing higher Ang II levels in the periinfarct portion 
of the kidney than the intact portion at all time points.23 On 
the other hand, the studies also showed that the rise in 
intrarenal Ang II following 5/6 nephrectomy was transient. 
Whereas Ang II levels in the periinfarct portion were ele-
vated compared to sham-operated controls at 2 weeks after 

infarction of 5/6 of the contralateral kidney, SNGFR in the 
remnant was more than double that of two-kidney controls. 
This increment was again attributable to large increases in 
QA, and a substantial rise in PGC. Efferent and afferent arte-
riolar resistances were reduced, but the decrease in afferent 
arteriolar resistance was again proportionately greater, 
accounting for the observed rise in PGC.7 Comparison of 
renal infarction versus surgical excision models of 5/6 
nephrectomy subsequently found that changes in arteriolar 
resistance were similar but that PGC was significantly more 
elevated in the infarction model, indicating that glomerular 
transmission of elevated systemic blood pressure (absent in 
the surgical excision model) also contributes to the increase 
in PGC.8 Changes in Kf after extensive renal mass ablation 
appear to be time dependent, with a decrease reported at 
2 weeks after surgery,9 and an increase at 4 weeks.10 Further 
studies indicated that glomerular hemodynamic responses 
to nephron loss seem to be similar between the superficial 
cortical and juxtamedullary nephrons.11 The rise in SNGFR 
associated with renal mass ablation is often referred to as 
glomerular hyperfiltration, and the elevated PGC is termed glo-
merular hypertension. Together these terms encompass the 
central concepts underlying the hemodynamic adaptations 
in the remnant kidney.

Glomerular hemodynamic adaptations to nephron loss 
may show interspecies variation. In dogs, increases in SNGFR 
observed 4 weeks after 3/4 or 7/8 nephrectomy were attrib-
utable largely to increases in QA and Kf. In contrast to the 
findings in rodents, ΔP was only modestly elevated. After 
ablation of 7/8 of their renal mass, dogs developed a signifi-
cant rise in PGC independent of arterial pressure, again as a 
result of relatively greater relaxation of afferent versus effer-
ent arterioles.12

In humans, the effects of nephron loss on the physiology 
of the remnant kidney have been studied mainly in healthy 
individuals undergoing donor nephrectomy for kidney 
transplantation. Inulin clearance studies of the earliest 
kidney donors revealed that total GFR in the donor’s remain-
ing kidney had increased to 65% to 70% of the previous 
two-kidney value by 1 week post nephrectomy. A meta-
analysis of data from 48 studies that included 2988 living 
kidney donors estimated that GFR decreased, on average, 
by only 17 mL/min after uninephrectomy.13 These observa-
tions imply that single-kidney GFR (and therefore also the 
average SNGFR) increases by 30% to 40% after uninephrec-
tomy in humans. There is currently no method for measur-
ing SNGFR or PGC in humans, but detailed studies in 21 
healthy kidney donors have reported that the observed 
increase in single-kidney GFR could be accounted for by the 
observed increase in renal plasma flow (RPF) and a rise in 
Kf resulting from glomerular hypertrophy without need for 
an increase in PGC.14

MEDIATORS OF THE GLOMERULAR 
HEMODYNAMIC RESPONSES TO NEPHRON LOSS

The factors that are sensed after renal mass ablation and 
serve as signals to initiate the adjustments in glomerular 
hemodynamics responsible for the increase in remnant 
kidney GFR remain to be identified. However, the effector 
mechanisms have been studied extensively, and the hemo-
dynamic changes can be attributed to the net effects of 
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contradictory, possibly reflecting different experimental 
conditions. Despite some differences, most studies in intact 
animals reported greater increases in efferent than afferent 
arteriolar resistance resulting in an increase in PGC. The 
ultrafiltration coefficient (Kf) was significantly reduced, and 
thus, SNGFR was unchanged or was decreased.41-44 On the 
other hand, observations in microperfused arterioles found 
that ET caused greater constriction of the afferent than 
efferent arteriole. Studies with selective ET-A and ET-B 
receptor antagonists and ET-B receptor knockout mice were 
somewhat contradictory, suggesting a complex interaction 
between ET-A and ET-B receptors in determining the 
response.45,46 In short-term studies of human subjects with 
CKD, ET receptor antagonists increased renal blood flow 
but had little effect on GFR due to a decrease in filtration 
fraction, observations consistent with a greater vasodilatory 
effect on the efferent arteriole.47,48 Interestingly, these obser-
vations were made in subjects already receiving treatment 
with an ACEI or ARB1. The potential interaction between 
ETs and other vasoactive molecules is further illustrated by 
observations that chronic infusion of Ang II results in 
increased production of ET49 and that endothelin-1 (ET-1) 
transgenic mice are not hypertensive but evidence induc-
tion of inducible nitric oxide synthase (iNOS) resulting in 
increased NO production as a probable counterregulatory 
mechanism to maintain normal blood pressure.50 Further-
more, some of the glomerular hemodynamic effects of ET 
appear to be modulated by prostaglandins.44 Detailed micro-
puncture studies to elucidate the role of ETs in remnant 
kidney hemodynamics have not yet been published. These 
studies should be facilitated by the ongoing development of 
specific ET-A and ET-B receptor antagonists.

NATRIURETIC PEPTIDES
Atrial natriuretic peptide (ANPs) and other structurally 
related NPs mediate, in large part, the functional adapta-
tions in tubular sodium reabsorption that maintain sodium 
excretion in 5/6 nephrectomized rats51 but also exert impor-
tant hemodynamic effects. Circulating ANP levels are ele-
vated in 5/6 nephrectomized rats, and acute administration 
of an NP antagonist elicited profound decreases in GFR and 
RPF in 5/6 nephrectomized rats on high-salt (but not low-
salt) diet, indicating that NPs play an important role in the 
observed hemodynamic responses to 5/6 nephrectomy.52 In 
another study brain natriuretic peptide (BNP) levels were 
found to be elevated after 3/4 nephrectomy in the absence 
of cardiac dysfunction or upregulation of myocardial BNP 
gene expression.53 Further insights into the renal hemody-
namic effects of NP were gained from observations in 
normal rats infused with a synthetic ANP. Whole-kidney GFR 
and SNGFR increased by approximately 20% due entirely 
to a rise in PGC, resulting from significant afferent arteriolar 
dilation and efferent arteriolar constriction.54 In these 
experiments some residual elevation in remnant kidney 
GFR appeared to persist even after the NP system was sup-
pressed by sodium restriction or an NP receptor antagonist, 
suggesting that factors other than NP make contributions 
to glomerular hyperfiltration following renal mass ablation. 
The potential interaction between NP and other vasoactive 
molecules is illustrated by the observation that ANP infusion 
in normal rats induced an increase in renal nitric oxide 
synthase (NOS) activity.55

surgery, they were not statistically different at 5 or 7 weeks. 
In the intact portion of the remnant kidney, Ang II levels 
were similar to controls at 2 and 5 weeks and were lower at 
7 weeks.23 Sustained increases in intrarenal Ang II levels are 
therefore not required to maintain the hypertension and 
progressive renal injury characteristic of this model. Never-
theless, subsequent studies have shown that the renoprotec-
tive effects of ACEI and ARB1 treatment are associated with 
a reduction in intrarenal Ang II levels in both the periinfarct 
and intact portions of the remnant kidney.28 In contrast, 
treatment with the dihydropyridine calcium antagonist, 
nifedipine, did not reduce proteinuria despite lowering 
blood pressure to the same levels as the RAAS antagonist, 
and was associated with an increase in intrarenal Ang II.28 
Thus intrarenal Ang II appears to play a central role in  
the pathogenesis of hypertension and renal injury in this 
model even in the absence of sustained increases in Ang II 
levels. Further research is required to fully explain these 
findings. It could be argued that apparently normal intrare-
nal Ang II levels are inappropriately high in the context of 
the hypertension and ECF volume expansion seen in these 
animals or that the average intrarenal Ang II levels mea-
sured may have failed to detect important local elevations 
of Ang II.

Later attention focused on the potential role of aldoste-
rone in progressive renal injury. In addition to evidence that 
aldosterone may exert profibrotic effects in the kidney (see 
later), observations suggest that it may also have important 
glomerular hemodynamic effects. Previous observations 
that the deoxycorticosterone-salt model of hypertension is 
associated with glomerular capillary hypertension prompted 
detailed studies of microperfused rabbit afferent and effer-
ent arterioles that found dose-dependent constriction of 
both arterioles in response to nanomolar concentrations of 
aldosterone, with greater sensitivity observed in efferent 
arterioles.29 These effects were not inhibited by spironolac-
tone and were still present with albumin-bound aldoste-
rone, indicating that they may be mediated by specific 
membrane receptors rather than the intracellular receptors 
responsible for most of the actions of aldosterone. Interest-
ingly, aldosterone may also counteract rabbit afferent arte-
riolar vasoconstriction via a nitric oxide (NO)-dependent 
pathway, an action that would also be expected to increase 
PGC.30,31

ENDOTHELINS
ETs are potent vasoconstrictor peptides that act via at least 
two receptor subtypes, ET type A (ET-A) and ET type B 
(ET-B). ET receptors have been identified throughout the 
body and are most abundant in the lungs and kidneys. ET-A 
receptors are primarily located on vascular smooth muscle 
cells and mediate vasoconstriction as well as cellular prolif-
eration. ET-B receptors are expressed on vascular endothe-
lial and renal epithelial cells and appear to play a role as 
clearance receptors as well as mediating endothelium-
dependent vasodilation via NO.32-34 Renal production of ETs 
is increased after 5/6 nephrectomy, raising the possibility 
that they may also contribute to the observed glomerular 
hemodynamic adaptations.35,36 Acute and chronic infusion 
of ET elicits dose-dependent reductions in RPF and GFR in 
normal rats.37-40 Observations regarding the relative effects 
of ET on afferent and efferent arterioles are to some extent 
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GFR,66 whereas chronic treatment with aminoguanidine, an 
inhibitor of iNOS, had no effect on GFR, RPF, or PGC.65 
Similarly, greater increases in blood pressure and protein-
uria were observed after 5/6 nephrectomy in eNOS knock-
out versus wild-type mice.67 On the other hand, renal NOS 
expression and activity are increased early after unilateral 
nephrectomy, and pretreatment of rats with a subpressor 
dose of L-NAME prevents the early increase in RBF and 
decrease in renal vascular resistance usually observed after 
unilateral nephrectomy.68,69 It therefore appears that NO 
plays a role in early hemodynamic adaptations to nephron 
loss resulting in an increase in RBF, but in the longer term 
NO retains a tonic influence on systemic and renal hemo-
dynamics without being a specific determinant of the adap-
tive changes in glomerular hemodynamics.

BRADYKININ
Bradykinin is a potent vasodilatory peptide that is elevated 
in the remnant kidney23 and may therefore contribute to 
hemodynamic adaptations after nephron loss. Acute and 
chronic infusion of bradykinin results in increased RPF but 
has no effect on GFR.70,71 Micropuncture studies in intact 
animals are lacking, but studies of isolated perfused afferent 
arterioles have shown that bradykinin induces a biphasic 
response with vasodilation at low concentrations and vaso-
constriction at higher concentrations. Both effects appear 
to be mediated by products of COX.72 Similar experiments 
with efferent arterioles found dose-dependent vasodilation 
(no biphasic response) that was dependent on cytochrome 
P450 metabolites but independent of COX products or 
NO.73 When glomeruli were perfused with bradykinin, vaso-
dilation of efferent arterioles was again observed but was 
inhibited by a COX inhibitor, indicating that bradykinin 
induces glomerular production of COX metabolites (pros-
taglandins) that also contribute to efferent arteriolar dila-
tion.61 Further studies are required to elucidate the role of 
bradykinin after nephron loss.

UROTENSIN II
Urotensin II (U-II) is the most potent vasoconstrictor identi-
fied to date, but its actions appear to vary in different vas-
cular territories, and in some vessels it may even produce 
vasodilation. Infusion of exogenous U-II has been reported 
to increase or decrease GFR in normal rodents in different 
experiments (see Chapter 13). U-II is produced in the 
kidney, and urotensin receptors have been localized on glo-
merular arterioles.74 Increased renal expression of mRNA 
for urotensin-related protein (which also binds to the uro-
tensin receptor) and urotensin receptor has been reported 
in rats after 5/6 nephrectomy,75 but the potential role of 
U-II in the hemodynamic adaptations that follow nephron 
loss has yet to be investigated.

ADJUSTMENTS IN RENAL  
AUTOREGULATORY MECHANISMS
After extensive renal mass ablation, there is a marked read-
justment of the autoregulatory mechanisms that control 
RPF and GFR.76-78 The role of myogenic mechanisms is 
uncertain, but detailed studies of afferent arteriolar myo-
genic responses suggest that their primary role is to protect 
the glomerulus from elevations in systolic blood pressure 
(SBP).79 The tubuloglomerular feedback system is reset 

EICOSANOIDS
Eicosanoids, another family of potent vasoactive molecules 
present in abundance in the kidney, may also play a role in 
mediating glomerular hyperfiltration. Urinary excretion 
per nephron of both vasodilator and vasoconstrictor prosta-
glandins is increased in rats and rabbits after renal mass 
ablation.56-58 Infusion of prostaglandin E2 (PGE2), prostacy-
clin (PGI2), or 6-keto-PGE1 into the renal artery elicits sig-
nificant renal vasodilation.59 Whereas acute inhibition of 
prostaglandin synthesis by infusion of the cyclo-oxygenase 
(COX) inhibitor, indomethacin, had no effect on GFR or 
glomerular hemodynamics in normal rats, indomethacin 
lowered both SNGFR and QA after 3/4 or 5/6 nephrec-
tomy.56,57 On the other hand, chronic treatment with a selec-
tive COX-2 inhibitor attenuated the systemic and glomerular 
hypertension observed in 5/6 nephrectomized rats but had 
no effect on GFR.60 The relative effects of prostaglandin 
synthesis inhibitors on afferent and efferent arterioles may 
vary with time post nephrectomy. Afferent arteriolar con-
striction was the predominant finding reported at 24 hours 
post surgery, whereas constriction of both afferent and effer-
ent arterioles was observed at 3 to 4 weeks.56,57 Some contri-
bution of thromboxanes to glomerular hemodynamic 
adjustments after 5/6 nephrectomy in rats is suggested by 
the increase in GFR seen after acute infusion of a selective 
thromboxane synthesis inhibitor.58 Thus, different eico-
sanoids appear to exert opposite effects, but the general 
impression is that the combined effects of vasodilator pros-
taglandins outweigh those of the vasoconstrictors. This 
interaction is illustrated by the observation that perfusion 
of isolated glomeruli with bradykinin resulted in vasodila-
tion of the efferent arteriole that was completely blocked by 
indomethacin but that this blockade was reversed by a spe-
cific antagonist of 20-hydroxyeicosatetraenoic acid (20-
HETE), a vasoconstrictor eicosanoid, indicating that the 
glomerulus produced both vasodilator and vasoconstrictor 
eicosanoids.61

NITRIC OXIDE
The extremely short half-life of NO precludes direct mea-
surement of NO levels or administration of exogenous NO 
in experimental models. The actions of NO have thus been 
inferred from experiments with inhibitors of NOS. Intrave-
nous infusion of NOS inhibitors results in systemic and 
renal vasoconstriction as well as a reduction in GFR in 
normal rats.62,63 Thus NO appears to exert a tonic effect on 
the physiologic maintenance of systemic blood pressure and 
renal perfusion under resting conditions. It is unclear, 
however, whether NO plays a specific role in the adaptive 
hemodynamic changes that follow renal mass ablation. 
Indeed, renal expression of NOS and renal NO generation 
are reduced in 5/6 nephrectomized rats, whereas systemic 
production of NO is increased.64,65 MAP and renal vascular 
resistance increased, whereas renal blood flow (RBF) and 
GFR decreased to a similar extent after acute infusion of an 
endothelial NOS (eNOS) inhibitor, NG-monomethyl-L-
arginine (L-NMMA), irrespective of whether given to normal 
rats or 3 to 4 weeks after unilateral or 5/6 nephrectomy.63 
Chronic NOS inhibition with NG-nitro-L-arginine methyl 
ester (L-NAME) produced elevations in systemic blood pres-
sure and PGC in 5/6 nephrectomized rats without affecting 
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RENAL HYPERTROPHIC RESPONSES TO 
NEPHRON LOSS

The notion that a single kidney enlarges to compensate for 
the loss of its partner has been entertained since antiquity. 
Aristotle (384-322 BC) noted that a single kidney was able to 
sustain life in animals, and that such kidneys were enlarged. 
In preparation for the first human nephrectomy in 1869 a 
German surgeon, Gustav Simon uninephrectomized dogs 
and noted a 1.5-fold increase in the size of the remaining 
kidney at 20 days.86 Compensatory renal hypertrophy has 
been studied in a variety of species, including toads, mice, 
rats, guinea pigs, rabbits, cats, dogs, pigs, and baboons. The 
majority of experimental work has been conducted  
in rodents subjected to uninephrectomy, but hypertro-
phic responses have also been studied in response to unilat-
eral ureteric obstruction (UUO) or after nephrotoxin 
administration.87

WHOLE-KIDNEY HYPERTROPHIC RESPONSES
Among the earliest responses to unilateral nephrectomy are 
biochemical changes that precede cell growth. Increased 
incorporation of choline, a precursor of cell membrane 
phospholipid, has been detected as early as 5 minutes and 
increased choline kinase activity at 2 hours after nephrec-
tomy. Activity of ornithine decarboxylase, the enzyme cata-
lyzing the first step of polyamine synthesis, is elevated at 45 
to 120 minutes, and polyamine levels peak at 1 to 2 days 
post nephrectomy. Early alterations in mRNA metabolism 
have also been observed. Although there is no change in 
the half-life or cytoplasmic distribution of mRNA, a near 
25% increase in the fraction of newly synthesized 
poly(adenylic acid)–deficient mRNA occurs within 1 hour 
of uninephrectomy, and total RNA synthesis in the kidney 
increases by 25% to 100% relative to that in the liver. Ribo-
somal RNA synthesis is increased by 40% to 50% at 6 hours. 
The rate of protein synthesis is increased at 2 hours and is 
nearly doubled at 3 hours. Data on cyclic nucleotide levels, 
which are thought to affect cell growth and proliferation, 
are conflicting. Some studies report elevated levels of cyclic 
guanosine monophosphate (cGMP) in the remaining 
kidney as early as 10 minutes after surgery, whereas others 
have found no consistent changes in cyclic adenosine mono-
phosphate (cAMP) or cGMP levels.87 Genomewide analysis 
of gene expression using cDNA microarrays in remaining 

after renal mass ablation to permit and sustain the eleva-
tions in SNGFR and PGC described earlier.80,81 Resetting 
appears to occur as early as 20 minutes after unilateral 
nephrectomy,82 in proportion to the extent of renal 
ablation. The adjustments observed after uninephrectomy 
are of lesser magnitudes than those seen after 5/6 
nephrectomy.80

INTERACTION OF MULTIPLE FACTORS
As is readily appreciated from the earlier discussion, the 
adjustments in glomerular hemodynamics seen after renal 
mass ablation represent the net effect of several endogenous 
vasoactive factors. NPs and vasodilator prostaglandins dilate 
the preglomerular vessels, whereas bradykinin dilates both 
afferent and efferent arterioles. On the other hand, Ang II, 
vasoconstrictor prostaglandins, and possibly ETs constrict 
both afferent and efferent arterioles with a greater effect on 
the latter. A net fall in preglomerular vascular resistance is 
observed, whereas efferent arteriolar resistance decreases to 
a lesser extent. Together with greater transmission of the 
raised systemic blood pressure to the glomerular capillary 
network, these alterations in microvascular resistances  
result in the observed elevations in QA, PGC, ΔP, and SNGFR 
(Table 52.1). The importance of multiple vasoactive factors 
is illustrated by the observation that treatment of 5/6 
nephrectomized rats with omapatrilat, an inhibitor of both 
angiotensin-converting enzyme (ACE) and neutral endo-
peptidase that results in reduced Ang II production as well 
as increased NP and bradykinin levels, lowered PGC more 
than ACE inhibition alone.83 The complexity of factors 
involved is further illustrated by observations that other 
molecules involved in the modulation of progressive renal 
injury may exert hemodynamic effects by influencing  
the mediators discussed earlier. Acute infusion of hepato-
cyte growth factor (HGF) has been shown to induce a 
decline in blood pressure and GFR, an effect that is medi-
ated by a short-term increase in ET-1 production.84 In iso-
lated perfused preparations, platelet-activating factor (PAF) 
at picomolar concentrations has been shown to induce  
glomerular production of NO, resulting in dilation of pre-
constricted efferent arterioles, whereas at nanomolar con-
centrations, PAF constricts efferent arterioles through local 
release of COX metabolites.85 The potential role of other 
identified vasoactive molecules such as U-II remains to be 
elucidated.

Table 52.1 Hemodynamic Effects of Vasoactive Molecules Mediating Glomerular Hemodynamic Adaptations 
After Partial Renal Mass Ablation

RA RE PGC QA Kf SNGFR RPF GFR

Angiotensin II ↑ ↑↑ ↑ ↓ ↓↔ ↓↔ ↓ ↔
Aldosterone ↑ ↑↑ ↑ ? ? ? ? ?
Endothelins ↑↔ ↑ ↑↔ ↓ ↓↔ ↓↔ ↓ ↓↔
Natriuretic peptides ↓ ↑ (?) ↑ ↔ ↔ ↑ ↑↔ ↑
Prostaglandins ↓ ↓ ↔ ↑ ↑ ↑ ↑ ↑
Bradykinin ↓↑ ↓ ? ? ? ? ↑ ↔
Observed changes after partial renal ablation ↓↓ ↓ ↑ ↑ ↑↓ ↑ — ↓

GFR, Glomerular filtration rate; Kf, glomerular ultrafiltration coefficient; PGC, glomerular capillary hydraulic pressure; QA, glomerular plasma flow 
rate; RA, afferent arteriolar resistance; RE, efferent arteriolar resistance; RPF, renal plasma flow; SNGFR, single nephron GFR.
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studies, an increase of 30% to 53% in renal cross-sectional 
area.90,91 Contrast-enhanced CT has been used to measure 
renal parenchymal volume post unilateral nephrectomy. 
One study reported increases of 12.1% and 8.9% at 1 week 
and 6 months, respectively. The degree of hypertrophy cor-
related positively with the function of the kidney removed 
and negatively with patient age.92 One relatively large study 
of living kidney donors observed a 27.6 ± 9.7% increase in 
the remaining kidney volume at 6 months post donor 
nephrectomy,93 and a detailed study reported an increase in 
renal cortical volume of 27% at a median of 0.8 years post 
nephrectomy that increased to 35% after a median of 6.1 
years.14 The relatively small number of subjects included, 
wide variation in the time intervals between nephrectomy 
and assessment of renal size, and differing indications for 
nephrectomy make interpretation of these results difficult.

GLOMERULAR ENLARGEMENT
The principal morphometric change observed in glomeruli 
after uninephrectomy is an increase in volume. Glomerular 
enlargement appears to parallel whole-kidney growth and 
has been detected as early as 4 days after surgery.94 The 
degree of enlargement of superficial and juxtamedullary 
glomeruli is similar. Proportionally similar increases in 
number and size of all cell types occur, with preservation of 
the relative volumes of different glomerular cells.87 There is 
consensus that glomerular capillaries increase in length and 
number (i.e., more branching), but most studies show that 
diameter or cross-sectional surface area of the glomerular 
capillaries remains constant or increases only minimally.95,96 
Transplantation of hypertrophied kidneys into uninephrec-
tomized recipients has demonstrated regression of glomeru-
lar hypertrophy within 3 weeks, yet the increase in capillary 
length was maintained.96

Glomerular hypertrophy, as evidenced by elevated RNA/
DNA and protein/DNA ratios, as well as by increased glo-
merular volume (VG) on electron microscopy, has been 
detected at 2 days after 5/6 nephrectomy.97 The initial 
increase in VG was due, almost entirely, to increases in vis-
ceral epithelial cell volume, whereas at 14 days the increase 
in VG was largely accounted for by mesangial matrix expan-
sion. Although several studies report glomerular capillary 
lengthening after 5/6 nephrectomy, few have detected any 
increase in cross-sectional area or diameter of the glomeru-
lar capillaries.98-101 These observations should, however, be 
considered in the light of important technical consider-
ations. In vitro perfusion of isolated glomeruli demonstrates 
that VG increases as perfusion pressure is raised through 
physiologic and pathophysiologic ranges. Moreover, glo-
merular capillary “compliance” in these studies was a func-
tion of the baseline VG, and glomeruli obtained from 
remnant kidneys post 5/6 nephrectomy had a higher com-
pliance than those from control animals.102 These findings 
have two important implications. First, although glomerular 
pressures are only minimally elevated after uninephrec-
tomy, the glomerular capillary hypertension associated with 
more extensive renal ablation is likely to contribute signifi-
cantly to the increase in VG. Second, estimates of VG in 
tissues that have not been perfusion fixed at the appropriate 
blood pressure should be interpreted with caution. Direct 
comparison of VG in perfusion-fixed versus immersion-fixed 
kidney from the same rats yielded estimates of VG in 

rat kidneys up to 72 hours after uninephrectomy has 
revealed the dominant response to be suppression of genes 
responsible for inhibition of growth and apoptosis.88

Early biochemical changes are followed by a period of 
rapid growth. DNA synthesis is increased at 24 hours, and 
increased numbers of mitotic figures are evident at 28 to 36 
hours. Both reach a maximum increase of 5- to 10-fold at 
40 to 72 hours. In rats, kidney weight is increased at 48 to 
72 hours after uninephrectomy and achieves a 30% to 40% 
gain at 2 to 3 weeks (Figure 52.2).69,87 As nephron number 
is fixed shortly before birth in most species, this gain in 
kidney weight is attributable to increased nephron size. 
Growth is thought to occur largely through cell hypertro-
phy, accounting for 80% of the increase in renal mass seen 
in adult rats and, to a lesser extent, through hyperplasia. 
Renal mass continues to rise for 1 to 2 months until a 40% 
to 50% increase is achieved. The degree of compensatory 
growth is a function of the extent of renal ablation. Unine-
phrectomy has been shown to provoke an 81% increase of 
residual renal mass at 4 weeks compared to an increase of 
168% after 70% renal ablation. Normal controls gained 
31% in kidney weight over the same period. Age diminishes 
renal hypertrophic responses: after uninephrectomy, greater 
increases in kidney weight and more extensive hyperplasia 
were observed in 5-day-old versus 55-day-old rats, and aging 
rats exhibited gains in kidney weight of only one third to 
three quarters of those seen in younger controls.87

In humans, assessment of renal hypertrophy after 
nephrectomy is dependent on radiologic studies. Ultrasono-
graphic studies have reported increases of 19% to 100% in 
kidney volume,89 and in computed tomography (CT) 

Figure 52.2  Rate  of  compensatory  renal  growth  after  unilateral 
nephrectomy (circles) and ureter ligation (squares). (Reproduced with 
permission from Dicker SE, Shirley DG: Compensatory hypertrophy of 
the contralateral kidney after unilateral ureteral ligation. J Physiol [Lond] 
220:199-210,1972.)
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findings that some of the early biochemical changes associ-
ated with hypertrophy precede increases in glomerular fil-
tration or sodium reabsorption argue against a causal 
association of hypertrophy and increased solute load. It is, 
however, possible to offer alternative explanations for each 
of the earlier observations. Despite these conflicting data, 
there is nevertheless considerable evidence of an association 
between GFR and proximal tubule hypertrophy that may 
play a role in stimulating renal growth in the remnant 
kidney.86

RENOTROPIC FACTORS
Failure of the solute load hypothesis to explain all of the 
experimental data led others to propose instead that the 
primary stimulus for renal hypertrophy was a change in 
renal mass and that renal growth was under the control of 
specific growth and/or inhibitory factors. Evidence in 
support of this theory was derived from three types of exper-
iment. In the first, a stable connection was established 
between the extracellular space and microcirculation of two 
animals (parabiosis), and the effects of renal mass ablation 
in one animal were assessed in the intact kidneys of its 
partner. Despite some inconsistencies due to variations in 
methodology, these experiments generally found that uni-
nephrectomy in one animal resulted in hypertrophy of the 
contralateral kidney and, to a lesser extent, of both kidneys 
of the parabiotic partner. Bilateral nephrectomy in one 
partner or triple nephrectomy produced incremental 
degrees of hypertrophy in the remaining kidney(s). Further-
more, the hypertrophy was rapidly reversed following cessa-
tion of cross circulation.86

A second strategy was to inject serum or plasma from 
uninephrectomized animals into intact subjects and then 
assess renal hypertrophy by radiolabeled thymidine uptake 
or mitotic count. Although results of studies using single 
small intraperitoneal or subcutaneous doses were negative, 
the administration of repeated, large doses by intraperito-
neal or intravenous routes elicited renal hypertrophy in 
most subjects studied.86

The data that most consistently supported the existence 
of a renotropic factor were derived from in vitro experi-
ments in which renal tissues were incubated in the presence 
or absence of plasma or serum from rats subjected to renal 
mass ablation. Evidence for hypertrophy was generally 
assessed by incorporation of radiolabeled thymidine or 
uridine into DNA or RNA, respectively. In general these 
experiments showed increased uptake of radiolabeled 
nucleotides after incubation with serum from uninephrec-
tomized animals. This effect appeared to be organ but not 
species specific. That a tissue factor produced by kidneys 
and upregulated after nephrectomy may be required for the 
activity of a circulating “renotropin,” was suggested by 
experiments in which kidney extract from rats taken 20 
hours after uninephrectomy, in the presence of normal rat 
serum, was found to stimulate tritiated thymidine (3H thy-
midine) incorporation in normal renal cortex, but addition 
of the same extract in the absence of the serum tended to 
depress 3H thymidine uptake. Serum taken from bilaterally 
nephrectomized animals lacked renotropic effects, but 
these were restored after dialysis of the serum, suggesting 
the presence of renotropin inhibitory factors that accumu-
lated in the absence of renal function. Although the specific 

immersion-fixed samples that were 61% lower than those 
from perfusion-fixed kidneys.103

MECHANISMS OF RENAL HYPERTROPHY

Despite more than a century of research that identified a 
large number of mediators or modulators of renal hypertro-
phy, the identities of the specific factors that regulate hyper-
trophy and the stimuli to which these factors respond 
remained elusive. Renal innervation does not appear to play 
a role as kidneys transplanted into bilaterally nephrecto-
mized rats exhibit the same degree of hypertrophy after 3 
weeks as kidneys remaining after uninephrectomy.104 The 
absence of any reduction in renal hypertrophy when rats  
are treated with an ACEI after uninephrectomy indicates 
that the RAAS also does not play a major role.105 Several 
hypotheses were advanced to account for the observed 
changes associated with renal hypertrophy and have been 
discussed in detail in other publications86,87; they are sum-
marized next.

SOLUTE LOAD
The notion that hypertrophy after uninephrectomy is stimu-
lated by the need for the remaining kidney to excrete larger 
amounts of metabolic waste products, necessitating more 
excretory “work,” was proposed by Sacerdotti in 1896. Sub-
sequently, it became apparent that urea excretion is largely 
a function of glomerular filtration, whereas the main energy-
requiring function of the renal tubules is reabsorption of 
filtered electrolytes (principally sodium) and water. The 
hypothesis was therefore modified to view hypertrophy as a 
response to the increased demand for water and solute 
reclamation imposed by increased SNGFR (“solute load 
hypothesis”). Several lines of evidence supported the con-
cepts underlying the solute load hypothesis. After unine-
phrectomy RBF increased by 8% in the remaining kidney 
and preceded hypertrophy, but treatment with a subpressor 
dose of the NOS inhibitor L-NAME prevented the rise in 
RBF and substantially attenuated increases in renal weight 
as well as glomerular and proximal tubule area at 7 days post 
nephrectomy.69 In the remnant kidney, proximal tubule 
sodium absorption increased in parallel with GFR (glomeru-
lotubular balance), and tubules continued to display 
enhanced fluid reabsorption in vitro, implying that the 
adaptive changes were intrinsic to the tubular epithelial 
cells. In chronic glomerulonephritis, a lesion characterized 
by marked heterogeneity in SNGFR, there is preservation of 
the SNGFR to proximal fluid reabsorption ratio and a close 
correlation between glomerular and proximal tubule hyper-
trophy. Moreover, sustained increases in GFR in the absence 
of renal mass ablation result in renal hypertrophy in some 
conditions, including pregnancy (in some but not all 
studies) and diabetes mellitus.86

On the other hand, experimental maneuvers dissociating 
renal solute load from hypertrophy appear to contradict the 
solute load hypothesis. Total diversion of urine from one 
kidney into the peritoneum by ureteroperitoneostomy is 
associated with an increase in GFR in the contralateral 
kidney of similar magnitude to that seen after uninephrec-
tomy, but no increase in renal mass or mitotic activity. In 
another example, potassium depletion results in renal 
hypertrophy without any increase in GFR. Moreover, the 

http://www.myuptodate.com


1744 SECTION VIII — THE CONSEQUENCES OF ADVANCED KIDNEy DISEASE

nephrectomy, which was still present on day 60.111 That 
IGF-1 may be induced independent of GH in the setting of 
renal hypertrophy is illustrated by preservation of the 
increase in renal IGF-1 in hypophysectomized115 and 
GH-deficient rats.116 Other molecules related to IGF 
function are also upregulated: renal IGF-1 receptor gene 
expression was increased 2- to 4-fold in female rats  
after uninephrectomy,106 IGF-1 binding protein mRNA was 
upregulated in the remnant kidney at 2 weeks after 5/6 
nephrectomy,117 and analysis of the genomewide transcrip-
tional response to unilateral nephrectomy identified insulin-
like growth factor-2 (IGF-2)-binding protein as one of the 
few activated genes.88 Further evidence suggests that IGF-1 
may in turn promote production of vascular endothelial 
growth factor (VEGF), implying that VEGF may be a down-
stream mediator of IGF-1 effects, at least in the pathogenesis 
of diabetic retinopathy.118 That VEGF is important for com-
pensatory renal hypertrophy is confirmed by the observa-
tion that treatment of mice with VEGF antibodies after 
uninephrectomy completely prevented glomerular hyper-
trophy and inhibited renal growth at 7 days.112 Epidermal 
growth factor (EGF) in the remaining kidney is increased 
on day 1 in mice119 and by day 5 in rats.120 In addition, EGF 
has been shown to induce IGF-I mRNA production in col-
lecting duct cells in vitro, suggesting the existence of a local 
paracrine system.121 Increased mRNA levels for both HGF 
and its receptor, c-Met, have been demonstrated in the 
remaining kidney as early as 6 hours after uninephrec-
tomy.122,123 In another study the rise in HGF message was 
found to be nonspecific, occurring in both liver and kidney 
and also in sham-operated rats, whereas the increase in 
mRNA for c-Met was specific for the outer renal medulla.124 
Despite these associations, the timing of the changes in 
growth factor levels remains unclear. Whereas some investi-
gators report early increases,119,125 several others report 
changes only at time points when significant hypertrophy is 
already present, thus failing to provide convincing evidence 
that they represent the proximal effectors in a renotropic 
system.111,120

MESANGIAL CELL RESPONSES:  
A UNIFYING HYPOTHESIS
Mesangial cells play a central role in glomerular function, 
modulating glomerular capillary blood flow and ultrafiltra-
tion surface area. In addition, mesangial cells are both a 
source of and target for vasoactive molecules, growth factors, 
cytokines, and extracellular matrix (ECM) proteins. Evi-
dence suggests that they also play a major role in compensa-
tory renal hypertrophy. In vitro experiments found that 
when mesangial cells from a remaining kidney after unine-
phrectomy were cultured with serum obtained from rats 
after uninephrectomy, they induced hypertrophy in tubular 
cells.126 Uninephrectomy induces significant transient pro-
liferation of mesangial cells, reaching a peak at 24 hours 
and ceasing within 72 hours. This proliferation occurs in an 
environment of increased circulating as well as renal growth 
factors and cytokines such as GH, IGF-1, and interleukin-10 
(IL-10), as well as reduced levels of antiproliferative factors 
such as transforming growth factor-β (TGF-β) and ANP. 
The reduction in mesangial cell proliferation occurs in par-
allel with the onset of tubular cell hypertrophy. IL-10 and 
TGF-β have been identified as the major mediators of the 

identity of renotropin remained elusive, several lines of evi-
dence suggested that it was a small protein. Retention of 
activity after ultrafiltration, dialysis, and removal of albumin 
from serum implied that renotropin was a molecule of 12 
to 25 kDa with no significant binding to albumin.86,87

Several hypotheses were advanced to reconcile the earlier 
observed effects and operation of a putative renotropic 
system. It was variously proposed that (1) renotropin was a 
circulating substance normally catabolized or excreted by 
the kidneys; (2) renal growth was regulated by a specific 
renotropin-producing tissue that was inhibited by a factor 
produced by normal kidneys; or (3) renal growth was toni-
cally inhibited by a substance produced by normal kidneys, 
a decrease in the levels of which induced an enzyme in the 
renal cortex that cleaved a circulating precursor of renotro-
pin to produce the active molecule.86,87

ENDOCRINE EFFECTS
Several of the major endocrine systems influence renal 
growth, but each lacks selective effects on the kidney. There 
is little evidence that any of these systems represent the 
specific mediators of compensatory renal hypertrophy. 
Whereas early experiments suggested that hypophysectomy 
inhibits compensatory hypertrophy after uninephrectomy, 
later studies that controlled for the reduction in renal mass 
that usually accompanies hypopituitarism found a degree of 
hypertrophy comparable to that seen in normal rats. Never-
theless, specific renotropic activity has been identified in a 
subfraction of ovine pituitary extract associated with a 
lutropin-like substance.86,87 Uninephrectomy is accompa-
nied by a transient increase in the pulsatile release of growth 
hormone (GH) in male but not female rats, suggesting a 
role for this hormone in the early phase of hypertrophy in 
males.106 When the increase in GH was prevented by admin-
istration of an antagonist to GH-releasing factor or the 
effects of GH are blocked by a GH-receptor blocker, renal 
hypertrophy is significantly attenuated.107,108 Adrenal hor-
mones appear to play little role in renal hypertrophy. Adre-
nalectomy does not inhibit compensatory growth after 
uninephrectomy. Whereas renal weight relative to body 
weight is reduced in hypothyroidism and increased by excess 
thyroid hormone, compensatory hypertrophy still occurs in 
thyroidectomized rats. Progesterone and estradiol in excess 
or ovariectomy have little effect on renal weight, but testos-
terone appears to play a role, as evidenced by a fall in 
kidney/body weight after orchidectomy and an increase in 
kidney weight with excess testosterone. Whereas orchidec-
tomy does not inhibit hypertrophy after uninephrectomy, 
exogenous testosterone did increase the degree of hypertro-
phy observed, in some, but not all studies.86,87

GROWTH FACTORS
Of the numerous growth factors and their receptors that 
have been localized in the kidney, at least four are associated 
with renal hypertrophy.109,110 Several lines of evidence 
suggest a role for insulin-like growth factor-1 (IGF-1). Renal 
IGF-1 levels were elevated at 1 to 5 days after uninephrec-
tomy and started to decline within days in some111,112 but not 
all studies.113 In one study the level of renal IGF-1 expression 
was significantly correlated with the extent of renal mass 
ablation.114 On the other hand, Shohat and colleagues 
found an increase in serum IGF-1 levels only at 10 days post 
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mesangial regulation of tubular cell hypertrophy. Mesangial 
cells are the main source of IL-10 in the kidney, where it 
acts as an autocrine growth factor and induces expression 
of TGF-β.127 Mesangial cells are the only resident renal cells 
known to produce and activate TGF-β, a process that is regu-
lated by multiple factors, including Ang II, IGF-1, HGF, basic 
fibroblast growth factor, tumor necrosis factor-α (TNF-α), 
EGF, and platelet-derived growth factor (PDGF), all of 
which are produced by mesangial cells. IL-10 expression 
starts to increase in the remaining kidney within hours of 
uninephrectomy, peaks at 24 hours, and returns to normal 
within several days. In contrast, circulating and renal TGF-β 
levels fall in the first 24 hours after nephrectomy and start 
to rise from 72 hours, reaching a peak at 1 week.127 The 
importance of IL-10 was confirmed by experiments in which 
inhibition of IL-10 production resulted in lower TGF-β 
levels and reduced tubular hypertrophy, resulting in a 20% 
to 25% reduction in the weight of the remaining kidney.127 
IL-10 has no direct effect on tubular cells, whereas TGF-β 
has been identified as an important mediator of tubular cell 
hypertrophy.128 The data presented are therefore consistent 
with the hypothesis that hyperfiltration after unilateral 
nephrectomy induces mesangial cell proliferation, as well as 
production of IL-10 and other growth factors that induce 
expression and activation of TGF-β in mesangial cells. TGF-β 
in turn stimulates tubular cell hypertrophy129 (Figure 52.3). 
This hypothesis goes a long way to unifying the components 
of the solute load and renotropin hypotheses into a single 
paradigm to explain the mechanisms of compensatory renal 
hypertrophy.

TUBULAR CELL RESPONSES
Detailed investigation of cellular responses to renal mass 
reduction has begun to elucidate some of the mechanisms 

Figure 52.3  Possible mechanisms  involved  in compensatory renal 
growth after unilateral nephrectomy. AngII, Angiotensin II; EGF, epi-
dermal  growth  factor;  IGF-1,  insulin-like  growth  factor-1;  IL-10, 
interleukin-10.  (Used with permission from Sinuani I, Beberashvili I, 
Averbukh Z, et al: Mesangial cells initiate compensatory tubular cell 
hypertrophy. Am J Nephrol 31:326-331, 2010.)
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involved in compensatory hypertrophy at the cellular level. 
Renal hypertrophy is achieved by modulation of the cell 
cycle, which becomes arrested in the late G1 phase and 
therefore does not progress to the S phase, resulting in cell 
hypertrophy instead of hyperplasia. This is achieved through 
activation of cyclin-dependent kinase (CDK) 4/cyclin D 
without subsequent engagement of CDK 2/cyclin E, a 
process thought to be regulated by TGF-β and CDK inhibi-
tor proteins p21Waf1, p27kip1, and p57kip2. Activity of CDK 4/
cyclin D complexes increases at 4, 7, and 10 days post 
nephrectomy, and CDK 2/cyclin E increases at days 2, 4, and 
7 to 14, implying that p21Waf1, p27kip1, and p57kip2 may play 
an important role in regulating tubular cell hypertrophy.130-132 
The required increase in RNA and protein synthesis appears 
to be mediated by mammalian target of rapamycin (mTOR), 
a protein kinase that controls protein synthesis as well as cell 
growth and metabolism. In cells, mTOR exists in two dis-
tinct multiprotein complexes, mTORC1 and mTORC2. 
mTORC1 acts through multiple mediators to regulate 
protein synthesis and cell size. Two important downstream 
effectors of mTORC1 are 4E-binding protein 1 and ribo-
somal protein S6 kinase 1 (S6K1). The importance of 
mTORC1 is confirmed by the observation that pretreatment 
of rats with rapamycin, an inhibitor of mTORC1, inhibited 
renal hypertrophy after uninephrectomy.133 Furthermore, 
experiments in S6K1 knockout mice found inhibition of 
60% to 70% of the hypertrophy observed after uninephrec-
tomy, indicating that S6K1 plays a major role in compensa-
tory hypertrophy.134

ADAPTATION OF SPECIFIC TUBULE 
FUNCTIONS IN RESPONSE TO  
NEPHRON LOSS

As noted earlier, the bulk of the increase in renal mass fol-
lowing uninephrectomy is due to hypertrophy of the proxi-
mal nephron. The more distal nephron segments also 
enlarge, but to a lesser extent. In uninephrectomized rats 
the proximal convoluted tubule is increased on average by 
17% in luminal diameter and 35% in length, yielding a 96% 
increase in total volume; the distal convoluted tubule is 
enlarged by 12% in luminal diameter and 17% in length, 
yielding a 25% increase in total volume.135 Maintenance 
of homeostasis for various solutes in the face of a declining 
GFR requires highly integrated responses from each tubule 
segment. Whereas some solutes, including creatinine  
and urea, are chiefly cleared by glomerular filtration and 
therefore rise gradually in plasma with declining GFR, for 
others, the tubule solute handling adapts so that plasma 
levels remain constant, virtually until ESKD is reached 
(Figure 52.4).

ADAPTATION IN PROXIMAL TUBULE  
SOLUTE HANDLING

In renal ablation models, as with the increase in remnant 
kidney SNGFR, the extent to which the proximal tubule 
enlarges is inversely proportional to the remnant kidney 
mass. Proximal tubule enlargement is associated with an 
increase in proximal fluid reabsorption. In studies of both 
animals and humans with reduced renal mass, the increase 
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process, it is not surprising that in uninephrectomized 
rabbits the increase in proximal tubule volume was accom-
panied by a proportional increase in mitochondrial 
volume.141 The observation that the increase in renal mass 
is outstripped by the rise in GFR in models of progressive 
nephron loss implies that renal energy consumption per 
unit of remnant renal mass increases as renal function 
declines.135

The rise in SNGFR that occurs in the remnant kidney 
presents increased loads of glucose, amino acids, and other 
solutes that would normally be reabsorbed entirely in the 
proximal tubule, provided that the maximal transport 
capacity was not exceeded. Maximal proximal tubular reab-
sorptive capacities for glucose and amino acids have been 
shown to increase in proportion to tubule mass after partial 
renal ablation.142 Some metabolic functions of proximal 
tubules are also augmented in the remnant kidney, so as to 
maintain adequate plasma levels of important metabolites, 
including citrulline, arginine, and serine.143 Other proximal 
tubule functions, however, are not adjusted in proportion 
to proximal tubule mass: fractional phosphate reabsorption 
is decreased, whereas ammoniagenesis increases.142,144,145 
These adaptations are appropriate homeostatic responses 
that permit continued excretion of daily phosphate and 
acid loads, respectively, as the number of functioning neph-
rons declines.

LOOP OF HENLE AND DISTAL NEPHRON

Although there is little change in cross-sectional area in the 
thick ascending limb of the loop of Henle, fluid reabsorp-
tion in this segment also increases in proportion to 
SNGFR.135 In contrast, both the distal tubule and the corti-
cal collecting duct enlarge in response to nephron loss.135 
Unlike the proximal tubule, however, where the increased 
reabsorptive capacity is chiefly due to increased tubule 
dimensions, the increased reabsorptive capacity observed in 
the distal segments is far greater than would be expected 
for the corresponding increase in tubule volume, implying 
a major adaptive increase in active solute transport.135 Levels 
of mRNA for the Na+/myo-inositol cotransporter (SMIT) 
and Na+/Cl−/betaine-γ-amino-N-butyric acid transporter 
(BGT-1) are increased in the cortex and outer medulla of 
remnant kidneys from 5/6 nephrectomized rats.146 Like-
wise, potassium secretion by the distal nephron increases in 
compensation for nephron loss, facilitated by an increased 
basolateral surface area of cortical collecting duct principal 
cells and an increase in Na+-K+-ATPase activity.147,148

GLOMERULOTUBULAR BALANCE

Micropuncture studies have confirmed that proximal fluid 
reabsorption remains proportional to glomerular filtration 
over a wide range of SNGFR in both glomerular and tubu-
lointerstitial diseases.149,150 This glomerulotubular balance is 
critical to the physiologic integrity of remnant nephron 
function and hence ECF homeostasis. Compensatory 
increases in SNGFR in surviving nephrons must be accom-
panied by similar increases in proximal tubule solute and 
water reabsorption, so as to avoid overwhelming the distal 
nephron transport capacity and disrupting its regulation of 
the volume and composition of the final urine. Conversely, 

in proximal fluid reabsorption observed was found to be 
proportional to both the increase in remnant kidney GFR 
and the increase in tubular volume.136 Similarly, in proximal 
tubules isolated from remnant kidneys, the observed 
increase in transtubular fluid flux was proportional to  
the increases in size and protein content of the tubular 
epithelial cells.137,138 Folding of the basolateral membrane 
of the proximal tubule epithelium was also found to increase, 
resulting in augmentation of the basolateral surface area,  
in proportion to the increase in cell volume.139 This increase 
in surface area was accompanied by an increase in  
activity of sodium-potassium adenosine triphosphatase (Na+-
K+-ATPase), the membrane pump that generates the main 
driving force for proximal tubule solute and water 
transport.139

Increases in proximal tubule size and surface area are 
not, however, the only determinants of increased transport 
activity in this nephron segment. Fluid reabsorption in iso-
lated proximal tubule segments increases within 24 hours 
of nephrectomy (i.e., when GFR is already increasing, but 
well before significant hypertrophy occurs), implying an 
intrinsic tubular epithelial cell adaptation to nephron 
loss.140 This observation also raises the possibility that the 
increases in proximal fluid reabsorption occurring in 
response to nephron loss are driven by the increase in 
SNGFR.86,87 As solute reclamation is an energy-requiring 

Figure 52.4  Representative  patterns  of  adaptation  for  different 
types of solutes in body fluids in chronic kidney disease. Pattern A, 
rise  in serum concentration with each permanent  reduction  in GFR 
(e.g., creatinine); pattern B, rise in serum concentration only after GFR 
falls below a critical value due to adaptive increases in tubular secre-
tion (e.g., phosphate); pattern C, serum concentration remains normal 
through  almost  entire  period  of  progression  of  renal  failure  (e.g., 
sodium).  GFR,  Glomerular  filtration  rate.  (Modified from Bricker NS, 
et al: In Brenner BM, Rector FC, editors: The kidney, ed 2, Philadelphia, 
1981, WB Saunders.)
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SODIUM EXCRETION AND EXTRACELLULAR FLUID 
VOLUME REGULATION

In CKD, ECF volume is often maintained very close to 
normal until end-stage failure is reached.155 This remarkable 
feat is accomplished by an increase in fractional sodium 
excretion (FENa) in inverse proportion to the decline in 
GFR.156 Many studies have been carried out in an attempt 
to identify which nephron segments are responsible for the 
decrease in sodium reabsorption: micropuncture studies in 
uninephrectomized rats have shown that tubule fluid transit 
times, as well as the half-time for reabsorption of a stationary 
saline droplet in the proximal tubule lumen, were not dif-
ferent from controls135; in remnant kidneys of rats receiving 
high-, normal-, or low-sodium diets, absolute sodium reab-
sorption was found to increase, but fractional sodium and 
fluid reabsorption were found to decrease in all groups157; 
micropuncture studies in dogs and rats have failed to detect 
significant reductions in fractional proximal tubule fluid 
and sodium reabsorption158; distal sodium delivery was 
found to be markedly increased in the rat remnant kidney157; 
increased solute transport activity has been demonstrated in 
the distal tubule of uninephrectomized rats135; and under 
conditions of hydropenia and salt loading, sodium reab-
sorption by the medullary collecting duct of the rat remnant 
kidney was markedly reduced.159 Taken together, these data 
suggest that proximal fractional reabsorption remains 
largely unchanged, and that in the setting of renal insuffi-
ciency, adjustments in sodium excretion occur predomi-
nantly in the loop and distal nephron segments.160 These 
physiologic observations were supported by studies investi-
gating changes in sodium transporters after 5/6 nephrec-
tomy. At 4 weeks after surgery a substantial increase in 
abundance of the Na+-K+-2Cl− and Na+-Cl− cotransporters 
(expressed chiefly in the loop of Henle and distal tubule, 
respectively) was observed, whereas marked decrease was 
observed in both at 12 weeks. Expression of epithelial 
sodium channel-α increased throughout the observation 
period.161

In addition to load-dependent tubular adaptations in 
sodium handling, sodium excretion is also modulated by 
hormonal influences. Levels of NPs are elevated in CKD as 
a result of reduced clearance and in response to alterations 
in sodium and volume status.52,162 In rats with extensive renal 
mass ablation, plasma ANP levels may be restored toward 
normal levels by dietary sodium restriction, but, in response 
to increases in sodium intake, they rise progressively along 
with sodium excretion.163 The notion that ANP plays an 
important role in mediating adaptive changes in sodium 
excretion in the setting of renal ablation is confirmed by 
observations that administration of an NP receptor antago-
nist reduced both FENa and GFR in 5/6 nephrectomized rats 
receiving either normal or high-salt diets but did not alter 
these variables in rats fed low-salt diets.164 Significantly, NPs 
not only modulate sodium excretion but may also contrib-
ute to the attendant glomerular hyperfiltration and thereby 
further exacerbate renal injury (see earlier).

Systemic hypertension has also been proposed by Guyton 
and associates as a contributor to the increase in FENa 
observed with renal insufficiency.165 Their hypothesis states 
that a constant sodium intake in the face of a reduced 
number of functioning nephrons leads to positive sodium 

reductions in SNGFR in damaged nephrons must be 
matched by similar reductions in proximal fluid reabsorp-
tion so as to maintain adequate solute and water delivery to 
the distal tubule, again permitting excretion of urine of 
appropriate volume and composition.

Glomerulotubular balance is maintained as follows. The 
degree of single-nephron hyperfiltration occurring as a con-
sequence of nephron loss determines the passive Starling 
forces operating in the postglomerular microcirculation, 
which in turn govern net transtubular solute reabsorption.151 
Increases in SNGFR associated with an increased filtration 
fraction result in elevated postglomerular capillary protein 
concentrations, which determine nonlinear increases in 
oncotic pressure, ΠE, the major determinant of peritubular 
capillary reabsorptive force (Pr). Reductions in SNGFR, in 
contrast, result in a lowered peritubular oncotic pressure, 
thereby reducing Pr. Thus SNGFR and proximal fluid reab-
sorption remain in direct proportion to one another. Pre-
vention of hyperfiltration by dietary protein restriction has 
been shown to abrogate the increase in proximal fluid reab-
sorption in the remnant kidney, underscoring the depen-
dence of proximal tubular function on the level of glomerular 
filtration.151 In the remnant kidney of rats subjected to exten-
sive renal mass ablation, absolute fluid reabsorption was 
found to be markedly increased in proximal portions of both 
superficial and juxtamedullary nephrons, yet fluid delivery 
to the more distal segments of the nephron was also some-
what increased.152 In the setting of nephron loss, sodium 
reabsorption by the loop of Henle has been shown to remain 
proportional to sodium delivery to that segment, indicating 
preservation of tubulotubular balance, a mechanism that 
maintains appropriate distal solute and water delivery in the 
face of progressive nephron loss. Until the adaptive capaci-
ties of these mechanisms are finally exhausted, the operation 
of glomerulotubular balance and tubulotubular balance 
ensures that the distal tubule mechanisms that determine 
final urine volume and composition are not overwhelmed by 
unregulated distal delivery of water and solute.153 In keeping 
with these physiologic observations, morphologic studies 
have shown that within the same kidney, nephrons associ-
ated with damaged glomeruli are usually atrophic and pre-
sumably hypofunctioning or nonfunctioning, whereas those 
associated with healthier glomeruli are usually hypertrophic 
and hyperfunctioning.154

In order to maintain homeostasis in the face of continued 
food and water intake, specific mechanisms that enhance 
single-nephron water and solute excretion must come into 
play, in addition to the adjustments in SNGFR and tubular 
reabsorption that occur in response to nephron loss. These 
mechanisms are not unique to the setting of renal insuffi-
ciency, however, and are also engaged when the normal 
kidney is challenged to excrete extraordinary loads of solute 
and water. In general, the adaptive physiology of the chroni-
cally injured kidney is adequate to preserve homeostasis for 
many solutes under baseline conditions, but the adaptive 
capacity may easily become overwhelmed by fluctuations in 
fluid intake and especially by increases in electrolyte and 
acid loads. Patients with CKD are therefore susceptible to 
developing volume overload, volume loss, hyperkalemia, 
and acidosis when the excretory capacity of the kidney is 
challenged by relatively modest increases in excretory 
demands.
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reduced to approximately 400 mOsm/L.171 A normal indi-
vidual can therefore excrete the obligatory daily 600 mOsm 
in as little as 0.5 L of urine, whereas the patient with a GFR 
of 15 mL/min can excrete the same load in a minimum of 
1.5 L. Part of the defect in urinary concentration observed 
with renal damage may be attributed to the high solute load 
imposed per surviving nephron. In patients with CKD, 
however, the osmotic effect of urea was shown to be inade-
quate to account fully for the reduction in maximal urine 
concentration, indicating that factors other than osmotic 
diuresis contribute to reduction in urinary concentrating 
ability in these patients.171 Furthermore, in patients with 
chronic glomerulonephritis, reduction in urine concentrat-
ing capacity was found to correlate significantly with the 
degree of medullary fibrosis on renal biopsy,172 suggesting 
that disruption of the medullary architecture, with the con-
sequent loss of medullary hypertonicity, may result in dis-
proportionate impairment of urinary concentrating ability 
at any given level of GFR. Consistent with this observation, 
patients with primary tubulointerstitial injury (e.g., analge-
sic nephropathy and sickle cell disease) have markedly 
impaired urinary concentrating abilities, even early in the 
course of their illness.171,173,174 Similarly, in animal experi-
ments, surgical exposure of the renal papilla in intact hydro-
penic rats was found to lead to reduction in urinary 
osmolality because of the accompanying alterations in vasa 
recta flow and ensuing washout of medullary solutes.175 
Interestingly, similar exposure of papillae in rats with 
remnant kidneys did not affect urinary osmolality, presum-
ably because medullary solute washout had already occurred 
due to the adaptive responses to nephron loss.

Urinary concentration also depends on water reabsorp-
tion in the distal nephron segments of the remnant nephron. 
Reduction in water reabsorption may be the result of several 
mechanisms in the failing kidney. Defective cAMP-mediated 
response to AVP may render the cortical collecting duct 
resistant to the effects of AVP, resulting in increased water 
delivery to the papillary collecting duct.176 Urinary osmolal-
ity is inversely proportional to fractional water delivery to 
the papillary collecting duct in 5/6 nephrectomized rats, 
despite an increase in absolute water reabsorption per func-
tioning collecting tubule when compared with controls.175 
Patients with renal insufficiency are therefore prone to 
volume depletion in the presence of water deprivation or 
impaired thirst mechanisms. More commonly, the inability 
to concentrate urine becomes manifest as nocturia, which 
develops as renal function deteriorates. Urinary concentrat-
ing and diluting mechanisms are discussed in further detail 
in Chapters 10 and 11.

POTASSIUM EXCRETION

In order to maintain potassium homeostasis in the face of 
continued dietary intake and a reduced number of func-
tioning nephrons, potassium excretion per nephron must 
increase. In both normal and diseased kidneys, almost all of 
the filtered potassium is reabsorbed in the proximal tubule 
and loop of Henle. Potassium excretion is therefore deter-
mined predominantly by distal secretion,160 although a 
reduction in potassium reabsorption by the loop of Henle 
has been shown to contribute to increased potassium excre-
tion in rats with reduced renal mass.177 In both normal and 

balance as a result of reduced excretory capacity. Positive 
sodium balance leads to an increase in ECF volume and a 
rise in systemic blood pressure that in turn leads to an 
increase in FENa and reestablishes the steady state. In support 
of this hypothesis, salt intake has been shown to be critical 
to the development of hypertension in subtotally nephrec-
tomized dogs,166 and uremic patients have been found to 
exhibit marked sodium retention when treated with vasodi-
lating antihypertensive agents.167 On the other hand, a 
lowered salt intake in 5/6 nephrectomized rats does not 
prevent the development of systemic hypertension,100 sug-
gesting that sodium excretion and hypertension are not 
always interdependent in the setting of extensive renal mass 
ablation. Sodium conservation, on the other hand, is also 
impaired with renal insufficiency, and, in response to an 
acute reduction in sodium intake, most patients were unable 
to reduce sodium excretion below 20 to 30 mEq/day.168 The 
“salt-losing” tendency associated with CKD appears to be 
dependent upon the salt load per nephron and may there-
fore be reversible with adequate dietary sodium restriction. 
Other factors modulating FENa in the setting of renal insuf-
ficiency include changes in sympathetic nervous system 
activity, aldosterone, prostaglandins, and parathyroid 
hormone (PTH) levels.160,169 Sodium homeostasis and 
volume regulation are discussed in further detail in Chap-
ters 6 and 10.

URINARY CONCENTRATION AND DILUTION

ECF homeostasis is usually well maintained until renal insuf-
ficiency is far advanced, when the ability of the kidney to 
excrete a volume load becomes significantly reduced.160 
Normal generation of solute-free water is approximately 
12 mL per 100 mL of GFR and is dependent on dilution of 
tubule fluid in the thick ascending limb, maintenance of 
low water permeability in the distal nephron segments in 
the absence of antidiuretic hormone (arginine vasopressin 
[AVP]), and decreased hypertonicity of the medullary inter-
stitium during water diuresis. Although the single nephron 
capacity to excrete free water per milliliter of GFR is not 
reduced in patients with advanced kidney disease,170 the 
absolute reduction in GFR reduces the overall capacity of 
the kidney to excrete a water load. Patients with CKD there-
fore cannot adequately dilute their urine and are prone to 
water intoxication and hyponatremia. Hypothetically, in 
addition to excretion of the equivalent of 2 L of “isotonic 
urine” per day (obligatory excretion of 600 mOsm/day), 
normal kidneys, with a GFR of 150 L/day, can excrete up to 
18 L of free water, whereas failing kidneys, with a GFR of 
15 L/day, can excrete only approximately 1.8 L of free 
water per day. The minimum urinary osmolality achievable 
by normal kidneys would therefore approach 30 mOsm/L 
(600 mOsm/20 L), whereas that of diseased kidneys would 
be 160 mOsm/L (600 mOsm/3.8 L).

Urinary concentration is also impaired in renal insuffi-
ciency. Normal urinary concentration requires preservation 
of the countercurrent mechanism to maintain hypertonicity 
of the medullary interstitium and normal water transport 
across the distal nephron segments in response to AVP. 
Maximal urinary osmolality in normal subjects is approxi-
mately 1200 mOsm/L. As GFR decreases, however, maximal 
urinary osmolality falls and with a GFR of 15 mL/min is 
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concentration gradient as a result of structural injury may 
impair ammonia trapping and therefore reduce ammonium 
excretion.145 Bicarbonate reabsorption by the nephron 
occurs predominantly in association with sodium reclama-
tion in the proximal tubule and is dependent upon genera-
tion of a proton gradient in the distal nephron. Conflicting 
data with respect to bicarbonate reabsorption in remnant 
kidneys may reflect species differences. In dogs with remnant 
kidneys, bicarbonate reabsorption was increased at both 
proximal and distal micropuncture sampling sites com-
pared to intact controls.184 In contrast, bicarbonate reab-
sorption per unit GFR is reduced in both humans and rats 
with CKD,160 and some patients with renal failure demon-
strate bicarbonate wasting until serum bicarbonate drops 
below 20 mEq/L.185 Bicarbonate reabsorption is also 
reduced in the setting of hyperkalemia, increased ECF 
volume, and hyperparathyroidism, all of which may be 
present in patients with CKD.186-188 Distal urinary acidifica-
tion tends to be relatively well preserved in patients with 
CKD, and urinary pH, although higher than in normal 
individuals with experimental acidosis, is usually approxi-
mately 5.189 Urinary excretion of titratable acid is also gener-
ally well preserved in the setting of nephron loss, as a 
consequence of increased fractional phosphate excre-
tion.142,145 As renal failure progresses, acid excretion becomes 
more dependent on excretion of titratable acid. Renal acidi-
fication mechanisms are discussed more comprehensively 
in Chapters 9 and 17.

CALCIUM AND PHOSPHATE

Derangements of calcium and phosphate metabolism occur-
ring with renal insufficiency are not only the result of 
impaired urinary excretion of these solutes, but also of asso-
ciated abnormalities in vitamin D metabolism and PTH 
secretion. With progressive renal dysfunction, 1-hydroxylation 
of vitamin D by the kidney decreases, calcium absorption 
from the gut decreases, serum calcium level tends to 
decrease, serum phosphate level tends to increase, and PTH 
secretion increases. In response to increased PTH, calcium 
is mobilized from bone, renal phosphate excretion is 
enhanced, and the steady state becomes reestablished, with 
secondary hyperparathyroidism as the “trade-off.”190 In 
CKD, serum phosphate level does not increase until GFR 
falls below 20 mL/min, and phosphate balance is main-
tained predominantly by an increase in fractional phos-
phate excretion.191 With moderate renal failure, therefore, 
filtered phosphate is not greatly increased, and the increase 
in phosphate excretion must be achieved by a reduction in 
phosphate reabsorption per nephron.192 With more severe 
reductions in GFR, however, phosphate excretion is main-
tained by an increase in serum phosphate level as well as 
reduced reabsorption per nephron. Sodium-dependent 
phosphate transport measured in proximal tubular brush 
border membrane vesicles prepared from the remnant 
kidneys of dogs was shown to be decreased when compared 
to that in vesicles derived from normal dogs.142 Interestingly, 
however, this decrease was abolished if the partially nephrec-
tomized dog had also undergone parathyroidectomy, indi-
cating that PTH plays an important role in proximal tubular 
adaptation to phosphate excretion. Studies of isolated prox-
imal tubules from euparathyroid uremic rabbits showed a 

partially nephrectomized dogs, urinary potassium excretion 
was found to correlate directly with serum potassium con-
centration.178 Similarly, in intact and uninephrectomized 
rats, net potassium secretion in the distal convoluted tubule 
occurred only during potassium infusion, whereas potas-
sium secretion by cortical collecting tubules (CCTs) 
occurred under all conditions and was greater after unine-
phrectomy.179 Other studies have confirmed that the CCT is 
an important site of potassium secretion in the remnant 
kidney.147,159 Secretion of potassium by CCTs isolated from 
remnant kidneys of rabbits fed normal or high-potassium 
diets was shown to persist in vitro and to be directly related 
to the dietary potassium content,147 indicating an intrinsic 
tubular adaptation to potassium load. This adaptation was 
absent in CCTs from rabbits in which dietary potassium had 
been reduced in proportion to the amount of renal mass 
lost. In addition to variation with dietary potassium load, the 
increase in potassium secretion by remnant CCTs was also 
found to correlate with plasma aldosterone levels, but not 
with intracellular potassium concentration or Na+-K+-ATPase 
activity.147 In contrast, however, others have reported an 
increase in cortical and outer medullary Na+-K+-ATPase 
activity in homogenates from rat remnant kidneys that was 
abrogated when potassium intake was reduced in propor-
tion to the reduction in GFR.180 Finally, the frequent occur-
rence of hyperkalemia in patients with CKD after treatment 
with an aldosterone antagonist or an ACEI suggests that 
“normal” aldosterone levels are required to maintain ade-
quate potassium excretion in this population.181 In general, 
therefore, the increase in potassium secretion by surviving 
nephrons appears to be predominantly determined by the 
rise in plasma potassium level after potassium ingestion and 
by intrinsic tubular adaptation to the increased filtered 
potassium load.178,179 In both dogs and patients with CKD, 
however, the kaliuretic response to an oral potassium load 
is attenuated compared to normals despite higher serum 
potassium levels.178,182 The eventual, complete excretion of 
a potassium load therefore occurs at the expense of a sus-
tained increase in serum potassium level. Control of potas-
sium excretion is discussed further in Chapters 6 and 18.

ACID-BASE REGULATION

Reduction of GFR in patients with CKD is associated with 
the development of systemic metabolic acidosis, due to a 
reduction in serum bicarbonate concentration. Normal 
acid-base balance requires reabsorption of filtered bicar-
bonate, excretion of titratable acid, ammonia generation, 
and acidification of tubular luminal fluid by the distal 
nephron.160 In CKD, acidosis develops as a result of varying 
degrees of impairment in each of these processes.183

Reduction in renal ammonia synthesis is the greatest limi-
tation to acid excretion in CKD. Low serum bicarbonate 
levels result in maintenance of acid urine, which stimulates 
proximal tubule ammoniagenesis and also protonates 
ammonia, resulting in its entrapment as ammonium in  
the tubule lumen. Net ammonia production per hypertro-
phied proximal tubule has been shown to increase in 
response to nephron loss.176 With decreasing GFR, however, 
this increase becomes inadequate to compensate for further 
nephron loss, and absolute ammonia excretion falls.145 In 
addition, disruption of the tubulomedullary ammonium 
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compared to nonparathyroidectomized controls.203 Renal 
calcium clearance is increased in patients with tubulointer-
stitial disease and in rats with surgical papillectomy, suggest-
ing that regulation of calcium reabsorption depends on 
intact medullary structures, and that regulation of calcium 
excretion may be largely modulated by the distal nephron 
segments.160 The potential contribution of calcium and 
phosphate to kidney disease progression is discussed later. 
Calcium and phosphate metabolism are also discussed in 
greater detail in Chapters 7 and 19.

LONG-TERM ADVERSE CONSEQUENCES 
OF ADAPTATIONS TO NEPHRON LOSS

The functional and structural adaptations to nephron loss 
described earlier may be regarded as a beneficial response 
that minimizes the resultant loss of total GFR. It has been 
appreciated for several decades, however, that rats subjected 
to partial nephrectomy subsequently develop hypertension, 
albuminuria, and progressive renal failure. Detailed histo-
pathologic studies in rat remnant kidneys after 5/6 nephrec-
tomy revealed mesangial accumulation of hyaline material 
that progressively encroached on capillary lumina, obliterat-
ing Bowman’s space and finally resulting in global sclerosis 
of the glomerulus. These findings, together with the obser-
vation that sclerosed glomeruli are a common finding in 
human CKD of diverse causes, led to the hypothesis that 
glomerular hyperfiltration ultimately results in damage to 
remaining glomeruli and contributes to a vicious cycle of 
progressive nephron loss. The 5/6 nephrectomy model has 
been extensively studied, and considerable progress has 
been made in elucidating how the physiologic adaptations 
of remaining nephrons that initially permit greatly aug-
mented function per nephron ultimately produce a complex 
series of adverse effects that eventuate in progressive renal 
injury and an inexorable decline in function.7

HEMODYNAMIC FACTORS

As early as 1 week after extensive renal mass ablation, glo-
merular hyperfiltration and glomerular capillary hyperten-
sion were associated with morphologic changes, including 
visceral epithelial cell cytoplasmic attenuation, protein reab-
sorption droplets and foot process fusion, mesangial expan-
sion, and focal lifting of endothelial cells from the basement 
membrane (Figures 52.5 and 52.6).7 Evidence that these 
morphologic changes were a consequence of the glomeru-
lar hemodynamic alterations was provided by studies in rats 
fed a low-protein diet after 5/6 nephrectomy. This interven-
tion prevented the hemodynamic changes, effectively nor-
malizing QA, PGC, and SNGFR, and abrogated the structural 
lesions observed in rats on standard diet.7 Similar findings 
were subsequently described in a variety of animal models 
of CKD, including diabetic nephropathy204,205 and deoxycor-
ticosterone acetate (DOCA)-salt hypertension.206 Together, 
these observations led Brenner and colleagues to propose 
that the hemodynamic adaptations following renal mass 
ablation ultimately prove injurious to glomeruli and initiate 
processes that eventuate in glomerulosclerosis. The result-
ing obliteration of further glomeruli would induce hyperfil-
tration in remaining, less affected glomeruli, thereby 

reduction in net phosphate flux per unit of reabsorptive 
surface area and an increase in sensitivity to PTH.144 The 
authors postulated that the number of PTH receptors per 
tubule must increase in the remnant kidney, concomitant 
with tubular hypertrophy. The levels of mRNA encoding  
the sodium-coupled phosphate transporter, Na+-PO4

3−-
exchanger type 2 (NaPi-2), are reduced by approximately 
50% in remnant kidneys from 5/6 nephrectomized rats.193 
In contrast, tubules from hyperparathyroid uremic rabbits 
demonstrated reduced PTH sensitivity, consistent with 
downregulation or persistent occupancy of the PTH recep-
tors. On the other hand, studies in animals with reduced 
renal mass subjected to parathyroidectomy have shown that 
fractional excretion of phosphate remains inversely propor-
tional to the reduction in GFR,194 indicating that phosphate 
excretion is not entirely dependent on the presence of PTH. 
Fibroblast growth factor 23 (FGF-23) has been identified as 
a major mediator of increased phosphaturia after nephron 
loss.195 First identified as the primary mediator of autosomal 
dominant hypophosphatemia, increased FGF-23 expression 
has been shown in transgenic models to increase urinary 
phosphate excretion through downregulation of NaPi-2a 
expression in proximal tubules.196 Further experiments uti-
lizing gene deletion models found that decreased expres-
sion of NaPi-2a and NaPi-2c by exogenous FGF-23 was 
mediated predominantly by FGF receptor 1.197 Activation of 
FGF receptors by FGF-23 is critically dependent on binding 
with its coreceptor, Klotho.195 Circulating levels of FGF-23 
become elevated early in the course of CKD, with levels 
rising once GFR falls below 70 mL/min in humans.195 That 
FGF-23 is important in mediating increased phosphaturia 
after nephron loss has been demonstrated by experiments 
in which administration of neutralizing anti–FGF-23 anti-
bodies after renal mass reduction resulted in decreased  
fractional excretion of phosphate and increased serum 
phosphate level.198 Whereas most of the reduction in phos-
phate reabsorption is achieved in the proximal tubule, there 
is also some evidence of increased fractional phosphate 
excretion by the distal tubule in uremic dogs and rats.199 As 
renal failure advances, renal 1-hydroxylation of vitamin D 
decreases, and as a result, calcium absorption from the  
gut is reduced.200 In addition to its effects on renal phos-
phate excretion, FGF-23 inhibits renal 1α-hydroxylase activ-
ity, thereby reducing levels of 1,25-dihydroxyvitamin D 
(1,25[OH]2D).196,198 In renal failure, fractional intestinal 
calcium absorption is inversely proportional to blood urea 
nitrogen level.200 Calcium excretion, on the other hand, 
varies widely in patients with kidney disease, probably due 
to differences in diet, heterogeneity of vitamin D produc-
tion, and predominance of glomerular versus tubulointer-
stitial injury.201 In normal individuals, calcium excretion is 
mediated by suppression of PTH-induced reabsorption in 
the distal nephron and by suppression of PTH-independent 
mechanisms in the thick ascending limb. In patients with 
CKD, fractional calcium excretion remains unchanged until 
GFR falls below 25 mL/min, when fractional excretion 
increases due to the obligatory solute diuresis.160 Absolute 
calcium excretion, however, remains low. Hypocalciuria  
in patients with CKD has been shown to be due in part  
to the attendant hyperparathyroidism.202 Similar findings 
were obtained in rats with reduced renal mass, in which 
parathyroidectomy resulted in increased calcium excretion 
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Figure 52.6  Scanning electron micrographs of glomerular capillaries. A, Normal endothelial appearance. B, Rats post 5/6 nephrectomy. 
Scattered endothelial blebs (arrows) are often present in this group (×18,000.). (Reproduced with permission from Hostetter TH, Olson JL, Rennke 
HG, et al: Hyperfiltration in remnant nephrons: a potentially adverse response to renal ablation. Am J Physiol 241: F85-F93, 1981.)

A B

Figure 52.5  Scanning electron micrograph of a glomerulus from a 
rat following 5/6 nephrectomy. View from urinary space. Cytoplasmic 
blebs (arrows), numerous microvilli (arrowhead), focal obliteration (O) 
and coarsening (C) of foot processes are seen (×3600). (Reproduced 
with permission from Hostetter TH, Olson JL, Rennke HG, et al: Hyper-
filtration in remnant nephrons: a potentially adverse response to renal 
ablation. Am J Physiol 241:F85-F93, 1981.)
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establishing a vicious cycle of progressive nephron loss. 
These mechanisms constituted a “common pathway” for 
renal damage that could account for the inexorable pro-
gression of CKD, regardless of the cause of the initial renal 
injury.3 The hypothesis also explained the finding of both 
atrophic and hypertrophic nephrons typically encountered 

in chronically diseased kidneys. Further evidence supportive 
of the “hyperfiltration hypothesis” was gleaned from the 
study of experimental diabetic nephropathy in which glo-
merular hyperfiltration was also found to be a forerunner 
of glomerular pathologic processes.7,205 Maneuvers such as 
unilateral nephrectomy, which exacerbates hyperfiltration 
in the remaining kidney, were also found to exacerbate 
diabetic renal injury.207 Furthermore, when the kidney was 
shielded from elevated perfusion pressure and from glo-
merular capillary hypertension by creating unilateral renal 
artery stenosis, the ipsilateral kidney was protected against 
the development of diabetic injury, which progressed 
unabated in the contralateral kidney.208 In addition, when 
glomerular hyperfiltration was reversed in 5/6 nephrecto-
mized rats by transplantation of an isogeneic kidney, hyper-
tension and proteinuria were ameliorated, and glomerular 
injury was limited.209 Similarly, augmenting renal mass in the 
Fisher-to-Lewis rat transplant model normalized PGC and 
greatly reduced the development of chronic renal allograft 
injury.210,211 Direct evidence that similar mechanisms may 
operate in human kidneys is derived from a study of 14 
patients with solitary kidneys who had undergone varying 
degrees of partial nephrectomy of the remaining kidney for 
malignancy.212 Before renal-sparing surgery, proteinuria was 
absent in all patients. Although serum creatinine level 
remained stable after an initial rise of 50% in 12 patients, 
the 2 patients subjected to the most extensive nephrectomy 
(75% and 67%, respectively) developed progressive renal 
failure and required long-term dialysis. Moreover, among 
the remaining patients, 7 developed proteinuria, the levels 
of which were inversely related to the amount of renal tissue 
preserved. Renal biopsy specimens in 4 patients with  
moderate-to-severe proteinuria showed focal segmental  
glomerulosclerosis (FSGS),212 which later morphometric 
analysis revealed to involve virtually all glomeruli exam-
ined.213 The importance of renal mass in humans is further 
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the effects of omapatrilat, a vasopeptidase inhibitor. Micro-
puncture studies after 5/6 nephrectomy showed even 
greater lowering of PGC with omapatrilat than with ACEI 
treatment, despite equivalent effects on systemic blood pres-
sure. In subsequent chronic studies, omapatrilat produced 
more effective renoprotection than the ACEI.83 Thus, 
among the determinants of glomerular hyperfiltration, glo-
merular capillary hypertension has been identified as a criti-
cal factor in the initiation and progression of glomerular 
injury.

MECHANISMS OF HEMODYNAMICALLY  
INDUCED INJURY

MECHANICAL STRESS
Several mechanisms have been proposed whereby elevated 
PGC may result in glomerular cell injury. Experiments in 
isolated perfused rat glomeruli have reported significant 
increases in VG with increases in perfusion pressure over the 
normal and relevant abnormal range.102 These increases in 
wall tension and VG can be predicted to result in stretching 
of glomerular cells. Experimental evidence suggests that 
such stretching may have adverse consequences for all three 
major cell types in the glomerulus. Furthermore, advances 
in the study of cellular responses to mechanical stress raise 
the possibility that glomerular hyperperfusion may also 
promote the development of glomerulosclerosis through 
more subtle and complex pathways that induce profibrotic 
phenotypic alterations in glomerular cells.237

ENDOTHELIAL CELLS
The vascular endothelium serves multiple complex func-
tions, including acting as a dynamic barrier to leukocytes 
and plasma proteins, secretion of vasoactive factors (PGI2, 
NO, and ET), conversion of Ang I to Ang II, and expression 

illustrated by an observational study of 749 patients who 
underwent either radical nephrectomy or nephron-sparing 
surgery for removal of a renal mass. Those who had nephron-
sparing surgery evidenced a significantly lower incidence of 
reduced GFR (16.0% versus 44.7%) and proteinuria (13.2% 
versus 22.2%).214 Similarly, a large meta-analysis that 
included data from 31,729 people who had a radical 
nephrectomy and 9281 people who had a partial nephrec-
tomy for cancer found a 61% reduction in risk for develop-
ing CKD stages 3 to 5 after partial nephrectomy.215 Finally, 
whereas unilateral donor nephrectomy is associated with an 
excellent prognosis in the majority, two case-controlled 
studies have reported a small absolute increase in long-term 
risk for ESKD.216,217 One detailed study in 51 living donors 
has reported that hypertension in kidney donors older than 
50 years was associated with a lower estimated number of 
functioning nephrons per kidney, and it is therefore possi-
ble that donors with low nephron number are at increased 
risk for subsequent kidney damage.218

The importance of glomerular hemodynamic factors in 
the development of progressive renal injury was further 
illustrated by studies that reported dramatic protective 
effects against the development of glomerulosclerosis after 
chronic inhibition of the RAAS with either ACEI or ARB 
treatment in 5/6 nephrectomized rats.17-20 Micropuncture 
studies showed that like the low-protein diet, the renopro-
tective effects of RAAS inhibition were associated with near 
normalization of the PGC, yet, in contrast to the effects of 
dietary protein restriction, SNGFR remained elevated.219 
This suggested that glomerular capillary hypertension, 
rather than hyperfiltration per se, was the key factor in the 
initiation and progression of glomerular injury. Confirma-
tion of this view came from an experiment in which rats 
were treated with a combination of reserpine, hydralazine, 
and hydrochlorothiazide (“triple therapy”) to lower arterial 
pressure to levels similar to those obtained with an ACEI. In 
contrast to the glomerular hemodynamic effects of the 
ACEI, however, triple therapy did not alleviate glomerular 
hypertension or proteinuria, and glomerular injury pro-
gressed unabated18,19 (Figure 52.7). Interestingly, within the 
context of pharmacologic inhibition of the RAAS, the level 
to which systemic blood pressure is reduced remains a criti-
cal determinant of the extent of the renal protection con-
ferred.220 The effectiveness of both ACEI and ARB in 
lowering glomerular pressure and ameliorating glomerular 
injury has since been observed in several other animal 
models of CKD, including diabetic nephropathy,204,221,222 
hypertensive kidney disease,223,224 experimental chronic 
renal allograft failure (a model that lacks systemic hyperten-
sion but exhibits glomerular capillary hypertension),225-227 
age-related glomerulosclerosis,228,229 and obesity-related glo-
merulosclerosis.230 It is noteworthy that the phase of transi-
tion from an acute, nonhypertensive experimental injury 
induced by puromycin aminonucleoside (PAN) administra-
tion to a chronic nephropathy characterized by proteinuria 
and glomerulosclerosis is also associated with the develop-
ment of glomerular capillary hypertension.231 That similar 
mechanisms are relevant in human CKD progression has 
been strongly suggested by the results of clinical trials 
showing substantial renoprotective effects with ACEI and 
ARB treatment.232-236 The importance of glomerular capil-
lary hypertension has been further illustrated by studies of 

Figure 52.7  Proteinuria  levels  following  5/6  nephrectomy  in 
untreated  rats  (NX)  versus  treatment  with  triple  therapy  (reserpine, 
hydralazine, and hydrochlorothiazide  [TRx]),  (NX + TRX) or enalapril 
(NX + CEI). Despite equivalent levels of blood pressure control, enala-
pril therapy almost completely prevented proteinuria and glomerulo-
sclerosis, whereas triple therapy afforded no renoprotection. *P <0.05 
versus Nx. (Reproduced with permission from Anderson S, Rennke HG, 
Brenner BM: Therapeutic advantage of converting enzyme inhibitors in 
arresting progressive renal disease associated with systemic hyperten-
sion in the rat. J Clin Invest 77:1993-2000,1986.)
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MESANGIAL CELLS
Mesangial cells are closely associated with the capillaries in 
the glomerulus and are therefore also exposed to mechani-
cal forces. Evidence from in vitro studies indicates that 
mesangial cells respond to changes in these mechanical 
forces in ways that may promote inflammation and fibrosis. 
Subjecting mesangial cells to cyclical stretch or strain has 
been shown to induce proliferation249 and synthesis of ECM 
constituents.250,251 Cyclical stretch also activates the tran-
scription factor nuclear factor κ light-chain enhancer of 
activated B cells (NF-κB),252 stimulates synthesis of intercel-
lular cell adhesion molecule-1 (ICAM-1),253 monocyte 
chemoattractant protein-1 (MCP-1),253 TGF-β254 and its 
receptor,255 as well as connective tissue growth factor 
(CTGF).256 Cyclical stretch also activates the RAAS in cul-
tured mesangial cells,257 and Ang II in turn may induce 
TGF-β synthesis.258 In vitro studies have identified several 
signaling pathways responsible for stretch-induced signal 
transduction in mesangial cells. Cyclical stretch activates the 
serine/threonine kinase Akt through a mechanism requir-
ing phosphatidylinositol-3-kinase and transactivation of EGF 
receptor and is necessary for the increased synthesis of col-
lagen α1I observed in the mesangial cells. Furthermore, Akt 
activation was observed in remnant kidney glomeruli, indi-
cating that these mechanisms are also present in vivo.259 The 
actin cytoskeleton is an important transmitter of mechanical 
signals, and the GTPase RhoA, a central regulator of the 
cytoskeleton, is activated by cyclical stretch. Stretch-induced 
activation of the mitogen-activated protein kinase ERK, 
linked to increased matrix production, is dependent on 
activation of RhoA.260 Mesangial cells cultured at ambient 
pressures of 50 to 60 mm Hg (i.e., levels corresponding to 
glomerular capillary hypertension) also show enhanced syn-
thesis and secretion of ECM when compared with cells 
grown at “normal” pressures of 40 to 50 mm Hg.261 Expo-
sure of mesangial cells to barostress, achieved by culture 
under increased barometric pressure, stimulates expression 
of cytokines, including platelet-derived growth factor-B 
(PDGF-B)262 and MCP-1.263 Transduction of mechanical 
forces by mesangial cells has been associated with tyrosine 
phosphorylation264 and protein kinase C–induced increases 
in S6 kinase activity.265

PODOCYTES
A growing body of evidence attests to the importance of 
podocyte injury in a variety of kidney diseases and in CKD 
progression.266 Podocytes display morphologic evidence 
of injury as early as 1 week after 5/6 nephrectomy7 and 6 
months after uninephrectomy.267 Increased numbers of 
podocytes have been observed in the urine from rats  
after 5/6 nephrectomy and in human CKD.266 In 5/6 
nephrectomized rats the number of podocytes correlated 
with the severity of proteinuria as well as mean arterial blood  
pressure, suggesting that podocyte loss may contribute to 
CKD progression.268 The importance of podocyte injury in 
CKD progression is further supported by the observation 
that amelioration of glomerular damage in 5/6 nephrecto-
mized rats treated with 1,25(OH)2D3 is associated with pres-
ervation of podocyte number as well as prevention of 
podocyte hypertrophy and injury.269 Detailed in vitro studies 
have shown that early podocyte injury is associated with 

of cell adhesion molecules. It is also the first cellular struc-
ture in the kidney that encounters the mechanical forces 
imparted by glomerular hyperperfusion. After 5/6 nephrec-
tomy, endothelial cells are activated or injured, resulting in 
detachment and exposure of the basement membrane. This 
in turn may induce platelet aggregation, deposition of fibrin, 
and intracapillary microthrombus formation.7,238 It has been 
recognized for some time that segmental glomerulosclerosis 
is associated with focal obliteration of capillary loops239 and 
that interstitial fibrosis is associated with loss of peritubular 
capillaries.240 Furthermore, it has been shown that this loss 
of capillaries in the remnant kidney is associated with a 
decrease in endothelial cell proliferation and reduced con-
stitutive expression of VEGF by podocytes and renal tubular 
cells, as well as increased expression of the antiangiogenic 
factor, thrombospondin-1, by the renal interstitium.241 Since 
VEGF is an important endothelial cell angiogenic, survival, 
and trophic factor, these findings suggest that capillary loss 
may be due in part to failure of recovery from hemodynami-
cally mediated endothelial cell injury. Indeed, inhibition of 
endothelial and mesangial cell proliferation by treatment 
with everolimus after 5/6 nephrectomy resulted in increased 
proteinuria, glomerulosclerosis, and interstitial fibrosis  
associated with reduced glomerular expression of VEGF.242 
Furthermore, short-term treatment of rats with VEGF ame-
liorated both glomerular and peritubular capillary loss after 
5/6 nephrectomy.243 This preservation of capillaries was asso-
ciated with a trend toward less glomerulosclerosis and sig-
nificantly less interstitial deposition of collagen III, as well as 
better preservation of renal function. Further evidence of 
the importance of endothelial cells in the preservation of 
function after nephron loss is provided by experiments in 
which bone marrow–derived endothelial progenitor cells 
(EPCs) were administered to mice after 5/6 nephrectomy. 
EPC-treated mice evidenced better preservation of renal 
function, less proteinuria, and relatively preserved renal 
structure, as well as decreased expression of proinflamma-
tory molecules and restored levels of the angiogenic mole-
cules VEGF, VEGF receptor 2, and thrombospondin-1.244 
Long-term studies are required to evaluate further the 
potential benefit of improving renal angiogenesis in the 
setting of progressive renal injury.

Endothelial cells bear numerous receptors that allow 
them to detect and respond to changes in mechanical 
forces. Thus exposure of endothelial cells to changes in 
shear stress, cyclic stretch, or pulsatile barostress that result 
from glomerular hyperperfusion may induce changes in 
expression of genes involved in inflammation, cell cycle 
control, apoptosis, thrombosis, and oxidative stress.245 The 
in vitro responses of endothelial cells to mechanical forces 
have largely been studied in the context of vascular remod-
eling and atherosclerosis, but it can readily be appreciated 
that similar responses may impact the development of 
inflammation and fibrosis within the remnant kidney. Of 
particular interest are observations that shear stress can 
stimulate endothelial expression of adhesion molecules246 
and proinflammatory cytokines.247 It is clear from this dis-
cussion why biomechanical activation has emerged as an 
important paradigm in endothelial cell biology,248 but 
further studies focusing on glomerular endothelial responses 
to mechanical stress are required to elucidate the role of 
such mechanisms in progressive renal injury.
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capsule.281 Further studies are required to identify whether 
impaired podocyte hypertrophy contributes to proteinuria 
and glomerulosclerosis in human kidney diseases associated 
with glomerular enlargement such as diabetic nephropathy, 
obesity-related glomerulopathy, and oligomeganephronia.

CELLULAR INFILTRATION IN REMNANT KIDNEYS
Despite the lack of an obvious immune stimulus, an inflam-
matory cell infiltrate composed predominantly of macro-
phages and smaller numbers of lymphocytes is observed in 
remnant kidneys after 5/6 nephrectomy.282 Interestingly, 
similar observations have been reported in a rat model of 
spontaneous renal agenesis associated with a 60.2% reduc-
tion in nephron endowment.283 As discussed earlier, it is 
possible that the glomerular hemodynamic adaptations to 
nephron loss may provoke an inflammatory cell response 
through the effects of mechanical forces on endothelial and 
mesangial cells. Thus upregulation of renal endothelial 
adhesion molecules may facilitate egress of leukocytes from 
the circulation into the mesangium, where they may partici-
pate in further renal injury. The recruited cellular infiltrate 
may constitute an abundant source of potent pleiotropic 
cytokine products that in turn influence other infiltrating 
leukocytes, dendritic cells, and kidney cells, stimulating  
cell proliferation, elaboration of ECM components, and 
increased endothelial adhesiveness.284 Evidence is now 
emerging that these proposed mechanisms, based largely 
on in vitro observations, are indeed relevant in vivo. In the 
two-kidney–one-clip model of renovascular hypertension, 
upregulated expression of adhesion molecules and TGF-β, 
as well as cell infiltration, is observed only in the nonclipped 
kidney that is exposed to the hypertensive perfusion pres-
sure.285,286 In the 5/6 nephrectomy model, coordinated 
upregulation of a variety of cell adhesion molecules, cyto-
kines, and growth factors in association with macrophage 
infiltration has been observed at time points that precede 
the development of severe glomerulosclerosis.287,288 Further-
more, the renoprotection afforded by ACEI or ARB treat-
ment in this model was associated with inhibition of cytokine 
upregulation and prevention of renal infiltration by 
macrophages.288,289

Infiltrating macrophages, although present in the glom-
eruli of remnant kidneys, are chiefly distributed in the tubu-
lointerstitial regions,282,288 suggesting that they play a role in 
the development of the tubulointerstitial fibrosis (TIF) that 
accompanies glomerulosclerosis. Further analysis of the cel-
lular infiltrate has also identified mast cells in close proxim-
ity to areas of TIF.290 It is possible that interstitial infiltrates 
are recruited as the result of tubulointerstitial cell activation 
by the downstream effects of cytokines released in the glom-
eruli. Alternatively it has been proposed that excessive 
uptake of filtered proteins by tubular epithelial cells stimu-
lates expression of cell adhesion and chemoattractant mol-
ecules that recruit macrophages and other monocytic cells 
to tubulointerstitial areas291 (see later for further discus-
sion). The chemokine C-C motif receptor 1 (CCR1) has 
been shown to be important in interstitial but not glomeru-
lar recruitment of leukocytes. Treatment with a nonpeptide 
CCR1 antagonist has been shown to reduce interstitial  
macrophage infiltration and ameliorate interstitial fibrosis 
in the UUO model but data are still lacking in the 5/6 
nephrectomy model.292 Furthermore, antagonism of MCP-1 

dysregulation of calcium homeostasis and disruption of the 
actomyosin contractile apparatus. The Rho family of small 
guanosine triphosphatases plays a key role in this process. 
Calcium influx via transient receptor potential cation 
channel (TRPC) type 5 results in activation of Ras-related C3 
botulinum toxin substrate 1 (Rac1) and is associated with 
increased podocyte migration and proteinuria, whereas 
calcium influx via TRPC type 6 activates RhoA, resulting in 
preservation of stress fibers, prevention of podocyte migra-
tion, and maintenance of the filtration barrier.270 As podo-
cytes are attached to the outer aspect of the glomerular 
basement membrane, it is reasonable to expect that they 
would be exposed to increased mechanical forces resulting 
from glomerular hypertension. Confirmation that podocytes 
respond to such physical forces is derived from several in 
vitro experiments that examined podocyte responses to 
stretching. Activation of voltage-sensitive potassium chan-
nels was observed in response to stretching of the podocyte 
cell membrane,271 and culture of podocytes under constant 
stretch induced activation of the protein kinases ERK1/2 
and c-Jun N-terminal kinase (JNK) via the EGF receptor as 
well as other changes in cell signaling.272 Mechanical stretch 
inhibited podocyte proliferation273 and (in common with 
TGF-β) reduced α3β1-integrin expression and podocyte 
adhesion in vitro.274 Exposure to cyclical stretching that 
mimics pulsatile strain within the glomerulus has been 
shown to cause reorganization of the actin cytoskeleton,275 
upregulation of COX-2, and E-prostanoid 4 (EP4) receptor 
expression276 as well as podocyte hypertrophy.277 Subsequent 
experiments utilizing mice with podocyte-specific depletion 
or overexpression of EP4 receptors found that PGE2 acting 
via EP4 receptors contributes to the development of protein-
uria after 5/6 nephrectomy and therefore probably contrib-
utes to podocyte injury.278 In another experiment, cyclical 
stretching of podocytes was associated with increased pro-
duction of Ang II and TGF-β, as well as upregulation of 
angiotensin subtype 1 receptors (AT1Rs), resulting in 
increased Ang II–dependent apoptosis.279 Cyclical stretch of 
podocytes also resulted in a 50% reduction of nephrin (a key 
component of the slit diaphragm) mRNA and protein levels 
via an Ang II–dependent mechanism that was inhibited by 
the peroxisome proliferator–activated receptor γ (PPARγ) 
agonist, rosiglitazone, which prevented AT1R upregula-
tion.280 Taken together, these data suggest that stretch-
induced podocyte injury is a further mechanism whereby 
glomerular hypertension contributes to glomerular injury.

Detailed studies of podocyte hypertrophy have found that 
impaired podocyte hypertrophy in response to glomerular 
enlargement is a further mechanism that may contribute to 
the development of proteinuria and FSGS. Using a trans-
genic rat model (dominant negative AA-4E-BP1 transgene) 
that resulted in impaired podocyte hypertrophy, the inves-
tigators observed a remarkable linear relationship between 
gain in body weight, proteinuria, and glomerulosclerosis 
that was accelerated after uninephrectomy. Dietary caloric 
restriction that prevented weight gain and glomerular 
enlargement also prevented the proteinuria. Analysis of the 
kidneys from rats with proteinuria demonstrated a mis-
match between glomerular tuft volume and total podocyte 
volume, and electron microscopy revealed pulling apart of 
podocyte foot process, resulting in exposed areas of glo-
merular basement membrane and adhesions to Bowman’s 
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factor that also inhibits leukocyte recruitment as well as neu-
trophil and macrophage migration, was associated with inhi-
bition of macrophage and T cell infiltrates in glomeruli as 
well as the interstitium, reduced MCP-1 expression and 
attenuation of glomerulosclerosis as well as interstitial fibro-
sis.310 Taken together, these findings strongly support the 
hypothesis that in addition to direct glomerular cell injury, 
glomerular hemodynamic adaptations to nephron loss 
provoke a complex series of proinflammatory and profi-
brotic responses that further contribute to renal damage. 
Treatments that antagonize the mediators of these responses 
may therefore be of benefit in slowing the rate of CKD 
progression.

NONHEMODYNAMIC FACTORS IN THE 
DEVELOPMENT OF NEPHRON INJURY 
FOLLOWING EXTENSIVE RENAL MASS ABLATION

The weight of evidence in support of the hypothesis that 
glomerular hemodynamic adaptations are central to pro-
gressive renal injury does not exclude the possibility that  
the kidney may also be affected by a variety of factors not 
directly attributable to hemodynamic changes. These non-
hemodynamic factors have been extensively studied and 
may offer new therapeutic targets for future renoprotective 
interventions.

TRANSFORMING GROWTH FACTOR-β
TGF-β is associated with chronic fibrotic states throughout 
the body, including CKD.311 In vitro TGF-β elicits overpro-
duction of ECM constituents by mesangial cells, and its 
expression is increased in several experimental models of 
kidney disease, including diabetic nephropathy,312 anti–Thy-1 
glomerulonephritis,313 doxorubicin (Adriamycin)-induced 
nephropathy,314 and chronic allograft nephropathy,315 as 
well as in human glomerulonephritis,316,317 human immuno-
deficiency virus (HIV) nephropathy,318 diabetic nephropa-
thy,319 and chronic allograft nephropathy.320 The role of 
TGF-β in renal fibrosis is further illustrated by experiments 
in which transfection of the gene for TGF-β into one renal 
artery produced ipsilateral renal fibrosis.321 In 5/6 nephrec-
tomized rats a 2- to 3-fold increase in remnant kidney mRNA 
levels for TGF-β was observed, and in situ hybridization 
revealed elevations in TGF-β mRNA throughout glomeruli, 
tubules, and interstitium. Treatment with an ACEI or an 
ARB resulted in substantial renal protection and prevented 
upregulation of TGF-β.288,289 Furthermore, in rats treated 
with an ACEI or an ARB the extent of glomerulosclerosis 
correlated closely with remnant kidney TGF-β mRNA 
levels.220 Several interventions that inhibit the effects of 
TGF-β have been shown to afford renoprotection in animal 
models of kidney disease: Transfection of the gene for 
decorin, a naturally occurring inhibitor of TGF-β, into skel-
etal muscle limited the progression of renal injury in anti–
Thy-1 glomerulonephritis322; administration of anti–TGF-β 
antibodies to salt-loaded Dahl–salt sensitive rats ameliorated 
the hypertension, proteinuria, glomerulosclerosis, and 
interstitial fibrosis typical of this model323; treatment with 
tranilast (N-[3,4-dimethoxycinnamoyl] anthranilic acid), an 
inhibitor of TGF-β–induced ECM production, significantly 
reduced albuminuria, macrophage infiltration, glomerulo-
sclerosis, and interstitial fibrosis in 5/6 nephrectomized 

signaling through gene therapy–induced production of a 
mutant form of MCP-1 by skeletal muscle resulted in reduced 
interstitial macrophage infiltration and amelioration of 
interstitial fibrosis in mice after UUO.293 The identification 
of renal tubular cells expressing α-smooth muscle actin after 
5/6 nephrectomy raised the possibility that tubular cells 
may undergo transdifferentiation to a myofibroblast pheno-
type that contributes to interstitial fibrosis.294 Furthermore, 
the renoprotection observed with mycophenolate treatment 
in 5/6 nephrectomized rats is associated with reductions in 
interstitial myofibroblast infiltration and collagen III deposi-
tion.295 There is, however, ongoing debate regarding the 
origin of interstitial myofibroblasts in CKD. Fate mapping 
studies have indicated that mesenchymal cells called peri-
cytes are the predominant source of myofibroblasts and that 
epithelial to mesenchymal transdifferentiation is not a 
source of myofibroblasts or accounts for only a small minor-
ity.296 Other cells that may give rise to interstitial myofibro-
blasts include resident fibroblasts, endothelial cells, and 
bone marrow–derived cells.297,298

Several lines of evidence suggest that this cellular infiltrate 
contributes to renal injury and is not merely a consequence 
of it.299 In one study, multiple linear regression analysis 
identified glomerular macrophage infiltration in the 
remnant kidney as a major determinant of mesangial matrix 
expansion and adhesion formation between Bowman’s 
capsule and glomerular tufts.282 Furthermore, depletion of 
leukocytes in rats by irradiation delayed the onset of glo-
merular injury after renal ablative surgery.300 Several studies 
have reported amelioration of the cellular infiltrate and 
renal injury in the 5/6 nephrectomy model following treat-
ment with the immunosuppressive agent mycophenolate 
mofetil.301-304 One study found that mycophenolate also 
lowers PGC, which may account for some of its renoprotective 
effects.305 Several other antiinflammatory interventions have 
been shown to ameliorate renal injury after 5/6 nephrec-
tomy: treatment with the antiinflammatory agent nitroflur-
biprofen, also an NO donor, was associated with moderate 
renoprotection.306 Rats treated with a PPARγ agonist evi-
denced significant attenuation of the proteinuria and glo-
merulosclerosis observed in untreated rats, despite the 
failure of treatment to lower blood pressure. This renopro-
tection was observed in association with marked reductions 
in glomerular cell proliferation, glomerular macrophage 
infiltration, and renal expression of plasminogen activator 
inhibitor-1 (PAI-1) as well as TGF-β.307 The authors speculate 
that some of these effects may have resulted from the known 
actions of PPARγ activation to antagonize the activities of 
the transcription factors activating protein-1 (AP-1) and 
NF-κB. Administration of a sphingosine-1 phosphate recep-
tor (S1PR) agonist, a novel immunosuppressant that inhibits 
egress of T cells and B cells from lymph nodes, attenuated 
the increase in chemokine receptor expression observed in 
untreated rats, and tended to normalize RANTES (regulated 
on activation, normal T expressed, and secreted) and MCP-1 
gene expression. Glomerular and interstitial inflammation 
and fibrosis were also reduced.308 Overexpression of the 
antiinflammatory cytokine IL-10 in rats was associated with 
reduced interstitial inflammation and lower levels of MCP-1, 
RANTES, interferon-γ, and IL-2 expression, as well as attenu-
ation of proteinuria, glomerulosclerosis, and TIF.309 Finally, 
overexpression of the gene for angiostatin, an anti-angiogenic 
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smooth muscle cells, suggesting multiple potential actions of 
Ang II within the kidney.332 Experimental studies have 
revealed several nonhemodynamic effects of Ang II that may 
be important in CKD progression (Figure 52.8). In isolated, 
perfused kidneys, infusion of Ang II results in loss of glo-
merular size permselectivity and proteinuria, an effect that 
has been attributed to both hemodynamic effects of Ang II 
resulting in elevations in PGC and a direct effect of Ang II on 
glomerular permselectivity.333 Furthermore, overexpression 
of AT1Rs on podocytes resulted in albuminuria and FSGS in 
the absence of hypertension in transgenic rats.334 In vitro 
Ang II has been shown to stimulate mesangial cell prolifera-
tion and induce expression of TGF-β, resulting in increased 
synthesis of ECM.258 In vivo transfection of rat kidneys with 
human genes for renin and angiotensinogen resulted in 
glomerular ECM expansion within 7 days.335 Ang II also 
stimulates production of PAI-1 by endothelial cells and vas-
cular smooth muscle cells336-338 and may therefore further 
increase accumulation of ECM through inhibition of ECM 
breakdown by matrix metalloproteinases (MMPs) that 
require conversion to an active form by plasmin. Other 
reports indicate that Ang II may directly induce the tran-
scription of a variety of cell adhesion molecules and cyto-
kines, as well as activating the transcription factor NF-κB339-341 
and directly stimulating monocyte activation.342 Ang II infu-
sion provoked upregulation of COX-2 expression in rats  
that was not dependent on blood pressure elevation,343 and 
5/6 nephrectomized rats evidenced Ang II–dependent 
upregulation of interstitial COX-2 expression.344 In other 
experiments Ang II infusion has been shown to induce inter-
stitial macrophage infiltration and increased expression of 
MCP-1 and TGF-β that were sustained for up to 6 days after 

rats324; transfer of an inducible gene for Smad 7, which 
blocks TGF-β signaling by inhibiting Smad 2/3 activation, 
inhibited proteinuria, fibrosis, and myofibroblast accumula-
tion after 5/6 nephrectomy325; and 2 weeks of treatment 
with a polyamide compound designed to suppress transcrip-
tion of the TGF-β gene, significantly reduced proteinuria 
and prevented upregulation of TGF-β, CTGF, collagen I 
α1, and fibronectin mRNA in the renal cortex, as well as 
suppressing urinary TGF-β excretion and staining for TGF-β 
by immunofluorescence in salt-loaded Dhal–salt sensitive 
rats.326 Another fibrogenic molecule, CTGF, has also been 
observed to be overexpressed in kidney biopsy specimens 
from patients with a variety of kidney diseases.327 The spe-
cific induction of CTGF expression by exogenous TGF-β in 
mesangial cells256,328 and fibroblasts,329 together with the 
finding that blocking antibodies to TGF-β inhibited 
increased CTGF expression in mesangial cells exposed  
to high-glucose concentrations,328 suggests that CTGF may 
serve as a downstream mediator of the profibrotic effects  
of TGF-β.330 Further experiments have shown that the 
fibrotic effects of TGF-β in the remnant kidney are mediated 
at least in part by induction of the microRNA miR-192 via 
Smad 3. In vitro overexpression of miR-192 promotes but 
inhibition of miR-192 attenuates TGF-β–induced produc-
tion of collagen I in rat tubular cells.331

ANGIOTENSIN II
As discussed earlier, Ang II plays a central role in the glo-
merular hemodynamic adaptations observed after renal 
mass ablation. AT1Rs are, however, distributed on many cell 
types within the kidney, including mesangial, glomerular 
epithelial, endothelial, tubular epithelial, and vascular 

Figure 52.8  Scheme depicting the central role of angiotensin II, through hemodynamic and nonhemodynamic effects, in the pathogenesis of 
progressive  renal  injury  and  fibrosis  following  nephron  loss.  ECM,  Extracellular  matrix;  mφ,  macrophage;  PAI-1,  plasminogen  activator 
inhibitor-1;  PGC,  glomerular  capillary  hydraulic  pressure;  TGF-β,  transforming  growth  factor-β.  (Reproduced with permission from Taal MW, 
Brenner, BM: Renoprotective benefits of RAS inhibition: from ACEI to angiotensin II antagonists. Kidney Int 57:1803-1817, 2000.)
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fully assess the potential benefits of these treatments in 
CKD, and their use in CKD is currently limited by the associ-
ated risk for hyperkalemia.372

HEPATOCYTE GROWTH FACTOR
Investigations have shed light on the role of HGF as a poten-
tial antifibrotic factor in CKD. Initial studies focused on the 
property of HGF to ameliorate tubular cell injury in models 
of renal ischemia,373,374 but studies in models of CKD suggest 
that HGF may also ameliorate CKD through its mitogenic, 
motogenic, morphogenic, and antiapoptotic actions.375 As 
discussed earlier, HGF is upregulated in the remaining 
kidney after uninephrectomy and may play a role in com-
pensatory renal hypertrophy.122 Further studies have con-
firmed that HGF and its receptor, c-Met, are also upregulated 
in the remnant kidney after 5/6 nephrectomy.376 Further-
more, blockade of HGF action with anti-HGF antibodies 
resulted in a more rapid decline in GFR and more severe 
renal fibrosis that was associated with increased ECM accu-
mulation and a greater number of myofibroblasts in the 
interstitium and tubules. Other studies have identified mul-
tiple mechanisms whereby HGF may contribute to renopro-
tection, including the following: amelioration of podocyte 
injury and apoptosis as well as proteinuria377; increased 
apoptosis of myofibroblasts378; decreased ECM accumula-
tion associated with increased expression of MMP-9 and 
decreased expression of endogenous inhibitors of MMPs, 
tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2 
in proximal tubular cell cultues376; disruption of NF-κB sig-
naling in tubular cells379,380 and suppression of TGF-β–
induced CTGF expression in tubular cells.381 Multiple 
experiments have confirmed the renoprotective effects of 
HGF. The renoprotective effects of ACEI and ARB treat-
ment were associated with increased renal expression on 
HGF mRNA.382 Treatment with anti-HGF antibodies resulted 
in increased TGF-β levels in a mouse model of chronic 
glomerulonephritis.383 HGF treatment ameliorated the 
progression of chronic allograft nephropathy in a renal 
transplant model.384 HGF blocked the TGF-β–induced trans-
differentiation of tubular epithelial cells to myofibroblasts.385 
Exogenous HGF administration385 or HGF overexpression386 
blocked myofibroblast activation and prevented interstitial 
fibrosis in the UUO model. HGF gene transfer into skeletal 
muscle ameliorated glomerulosclerosis and interstitial fibro-
sis after 5/6 nephrectomy.387 HGF treatment suppressed 
CTGF expression and attenuated renal fibrosis after 5/6 
nephrectomy.388 In contrast, other studies have reported 
adverse renal effects associated with excess HGF exposure. 
Transgenic mice that overexpressed HGF developed pro-
gressive kidney disease characterized by tubular hypertrophy, 
glomerulosclerosis, and cyst formation,389 and HGF admin-
istration resulted in more rapid deterioration of creatinine 
clearance as well as increased albuminuria in obese db dia-
betic mice.390 Available evidence thus suggests that HGF may 
play a role in ameliorating CKD, but inappropriate or exces-
sive exposure to HGF may have adverse renal effects.

BONE MORPHOGENETIC PROTEIN-7
Bone morphogenetic protein 7 (BMP-7), also termed osteo-
genic protein-1, is a bone morphogen involved in embry-
onic development and tissue repair. Preliminary evidence 
suggests that BMP-7 may also play a role in renal repair. 

cessation of the infusion.345 Finally, Ang II may have fibro-
genic effects via mineralocorticoids (see later). Interestingly, 
Ang II may also have antifibrotic effects via the angiotensin 
subtype 2 receptor (AT2R). Ang II appears to upregulate 
AT2R expression via an AT2R-dependent mechanism after 
5/6 nephrectomy, and treatment with an AT2R antagonist 
exacerbated renal damage346 and increased renal PAI-1 
expression.347 Furthermore, overexpression of AT2R in trans-
genic mice was associated with reduced albuminuria as well 
as decreased glomerular expression of PDGF-BB chain and 
TGF-β after 5/6 nephrectomy.348

ALDOSTERONE
Observations that aldosterone stimulates collagen synthesis 
in the myocardium and that spironolactone treatment 
affords survival benefit in addition to that achieved with 
ACEI alone in heart failure patients349 gave impetus to 
studies investigating the potential role of aldosterone in 
renal fibrosis. In the remnant kidney model, adrenal hyper-
trophy and markedly elevated plasma aldosterone levels 
have been reported. Furthermore, administration of exog-
enous aldosterone during inhibition of the RAAS with com-
bination ACEI and ARB therapy in the 5/6 nephrectomy 
model negates the renal protective effects of the latter.350 
Further evidence of the role of aldosterone was provided by 
experiments in which rats subjected to adrenalectomy after 
5/6 nephrectomy received replacement glucocorticoid but 
not mineralocorticoid therapy, resulting in less severe renal 
injury than in rats with intact adrenal glands.351 Mechanisms 
whereby aldosterone may contribute to renal damage 
include the following: hemodynamic effects (see earlier); 
mesangial cell proliferation,352 apoptosis,353 hypertrophy, 
and transdifferentiation354; podocyte injury and apoptosis 
associated with reduced expression of nephrin and podocin, 
resulting in proteinuria355-357; proximal tubular cell transdif-
ferentiation and increased production of collagen III and 
IV358; and increased renal production of reactive oxygen 
species (ROS),355,357 PAI-1,359,360 TGF-β,361 and CTGF.362,363 
Early experimental use of aldosterone receptor blockers in 
5/6 nephrectomized rats yielded only modest renoprotec-
tive effects,350,364 but other studies have found significant 
amelioration of glomerulosclerosis in 5/6 nephrectomized 
rats treated with spironolactone, alone or in combination 
with triple antihypertensive therapy or an ARB.359,365,366 In 
some rats spironolactone was associated with apparent 
regression of glomerulosclerosis. Furthermore, the observed 
renoprotection was associated with inhibition of PAI-1 
mRNA expression in the renal cortex.359 In another experi-
ment renoprotection achieved with combination ACEI and 
spironolactone treatment was associated with abrogation of 
increase in mesangial cells and decrease in podocytes 
observed in untreated rats. Combination treatment also 
attenuated the increase in expression of collagen IV, TGF-β, 
and desmin.365 Spironolactone has also been shown to ame-
liorate renal damage in other experimental models, includ-
ing diabetic nephropathy,362,367 Ren2 transgenic rats,368 
radiation nephritis,369 and stroke-prone hypertension.370 
Several small clinical trials have reported additional reduc-
tion of proteinuria by 15% to 54%, blood pressure by 
approximately 40%, and GFR by approximately 25% when 
aldosterone receptor blockers were added to ACEI or ARB 
treatment,371 but large randomized trials are required to 
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high-density lipoprotein, apolipoprotein A-I, and thiols.408 
Adverse consequences of oxidative stress that may contrib-
ute to CKD progression include hypertension (due to inac-
tivation of NO and oxidation of arachidonic acid to generate 
vasoconstrictive isoprostanes),409 inflammation (due to acti-
vation of NF-κB),407 fibrosis, and apoptosis,408 as well as glo-
merular filtration barrier damage.410 Inflammation may in 
turn increase oxidative stress due to generation of ROS by 
activated leukocytes, thus establishing a vicious cycle of oxi-
dative stress and inflammation.405 Other factors that may 
contribute to increased ROS production in CKD include 
Ang II,411 reduced production of NO,67 and hypertension.412 
The importance of ROS in the progression of CKD has been 
shown by experiments in which antioxidant therapies, 
including melatonin,413 niacin,414 and ω-3 fatty acids,415 have 
reduced oxidative stress and ameliorated renal damage in 
the 5/6 nephrectomy model. On the other hand, treatment 
with tempol, a SOD-mimetic, reduced plasma malondialde-
hyde levels and the number of superoxide-positive cells but 
did not reduce overall renal oxidative stress, inflammation, 
or renal damage.416

ACIDOSIS
As GFR declines, the ability of kidneys to excrete hydrogen 
ions becomes impaired, and a new steady state is achieved 
that allows excretion of acid at the cost of a persistent meta-
bolic acidosis (see “Acid-Base Regulation” section). Acidosis 
is present in the majority of patients when GFR falls below 
20% to 25% of normal.417 Chronic metabolic acidosis has 
multiple adverse consequences, including increased protein 
catabolism, increased bone turnover, induction of inflam-
matory mediators, insulin resistance, and increased produc-
tion of corticosteroids as well as PTH.417,418 These observations 
make it reasonable to consider whether acidosis may also 
contribute to progressive renal damage in CKD. Early exper-
iments found no persisting renal damage after dietary acid 
loading in rats with normal renal function and no renopro-
tection associated with sodium bicarbonate treatment in the 
5/6 nephrectomy model, suggesting that acidosis did not 
initiate or exacerbate renal damage.419 Later experiments, 
however, found that an acid-generating diet of casein 
protein induced tubulointerstitial injury in rats with normal 
renal function, whereas a non–acid-inducing diet of soy 
protein did not. Furthermore, dietary acid supplementation 
with ammonium sulfate ([NH4]2SO4) in soy protein–fed rats 
was associated with tubulointerstitial injury.420 Similarly in 
the 5/6 nephrectomy model, a casein-rich diet was associ-
ated with metabolic acidosis and a progressive decline in 
GFR and increasing albuminuria, whereas a soy protein diet 
was not. Dietary acid supplementation with (NH4)2SO4 in 
soy protein–fed rats provoked a decline in GFR and albu-
minuria. Treatment with sodium bicarbonate or calcium 
bicarbonate (Ca[HCO3]2) but not sodium chloride was 
renoprotective in the casein-fed rats but only if the resultant 
hypertension (in sodium bicarbonate- but not Ca[HCO3]2-
treated rats) was adequately treated.421 Furthermore, when 
rats were subject to 2/3 rather than 5/6 nephrectomy, a 
level of renal mass reduction not associated with metabolic 
acidosis, microdialysis identified tissue acid accumulation  
in muscle and kidney that correlated with subsequent  
GFR decline. Amelioration of tissue acid accumulation by 
low acid–generating diet or alkali supplementation was 

BMP-7 is downregulated after acute renal ischemia,391 early 
in the course of experimental diabetes,392 and after 5/6 
nephrectomy.393 Furthermore, administration of exogenous 
BMP-7 increased tubular regeneration after 5/6 nephrec-
tomy,393 attenuated interstitial inflammation and fibrosis 
after UUO,394 and ameliorated glomerulosclerosis in rats 
with diabetic nephropathy.395 In one model of diabetic 
nephropathy BMP-7 was noted to be most effective at inhib-
iting tubular inflammation and TIF.396 In vitro experiments 
have identified several potential renoprotective effects 
attributable to BMP-7, including inhibition of proinflamma-
tory cytokine as well as ET expression in tubular cells 
exposed to TNF-α,397 reversal of renal tubular epithelial to 
mesenchymal cell transdifferentiation,398 antagonism of the 
fibrogenic effects of TGF-β in mesangial cells,399 and protec-
tion from injury in podocytes exposed to high levels of 
glucose.400 The renoprotective effect is further illustrated by 
the observation that expression of a transgene for BMP-7 in 
podocytes and proximal renal tubular cells was associated 
with prevention of podocyte dropout as well as amelioration 
of albuminuria, glomerulosclerosis, and interstitial fibrosis 
after induction of diabetes.401 Further studies evaluating the 
effects of chronic treatment with BMP-7 or small molecule 
BMP-7 agonists are still awaited.

MicroRNAs
Attention has focused on the potential role of microRNAs 
(miRNAs) in promoting renal fibrosis. These are small, non-
coding RNAs that have been shown to have important post-
transcriptional gene regulatory function. MiRNAs miR-21 
and miR-214 have been shown to be upregulated in several 
experimental models of CKD,402,403 and miR-21 has been 
reported to be upregulated in human transplant kidneys with 
nephropathy.402 Deletion of miR-21 or treatment with anti–
miR-21 oligonucleotides were each associated with ameliora-
tion of interstitial fibrosis in animal models.402 Similarly, 
deletion of miR-214 and treatment with anti–miR-214 were 
each associated with attenuation of interstitial fibrosis in the 
UUO model. Importantly, the effects of miR-214 appear to be 
independent of TGF-β signaling, and TGF-β blockade had 
additive antifibrotic effects with miR-214 deletion.404

OXIDATIVE STRESS
CKD is associated with increased oxidative stress that likely 
contributes to the progression of renal damage as well as 
the pathogenesis of the associated cardiovascular disease.405 
Superoxide is the primary ROS that accounts for oxidative 
stress. Its major source is production by nicotinamide 
adenine dinucleotide phosphate-oxidase (NADPH-oxidase), 
and it is removed (by conversion to hydrogen peroxide)  
by superoxide dismutase (SOD). Following 5/6 nephrec-
tomy, significant upregulation of NADPH-oxidase and 
downregulation of SOD were observed in the liver and 
kidneys, indicating that the increase in superoxide is due  
to a combination of increased production and decreased 
removal.406 Blood pressure was elevated, and nitrotyrosine 
levels were increased, whereas urine NO metabolites  
were decreased, observations consistent with increased NO 
inactivation by superoxide. The effects of increased levels  
of ROS are further compounded by reduced abundance 
and activity of antioxidant enzymes (catalase, glutathione 
peroxidase, glutathione),407 as well as reduced levels of 
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suggests that hypertrophy may play a direct role in patho-
genesis of glomerulosclerosis. Several clinical observations 
also support an association between glomerular hypertro-
phy and renal injury. Oligomeganephronia, a rare congeni-
tal condition with a nephron number 25% of normal or less, 
is characterized by marked hypertrophy of the remaining 
glomeruli and development of proteinuria and renal failure 
in adolescence, with FSGS as the typical renal biopsy 
finding.438 In children with minimal change disease, a glo-
merulopathy generally associated with spontaneous remis-
sion and lack of progression to renal failure, investigators 
noted an association between glomerular size and the risk 
for developing FSGS and renal failure.439

Several interventions have been employed in experiments 
to interrupt the development of glomerular hypertrophy 
after renal mass reduction and thereby assess its role in 
kidney disease progression but have produced contradictory 
results. Rats subjected to 5/6 nephrectomy were compared 
to rats in which two thirds of the left kidney was infarcted 
and the right ureter drained into the peritoneal cavity (an 
intervention that apparently results in decreased renal clear-
ance without compensatory renal hypertrophy). Micropunc-
ture studies confirmed similar degrees of elevation of PGC 
and SNGFR in both models. At 4 weeks, however, the 
maximal planar area of the glomerulus was significantly less 
and glomerular injury, as assessed by sclerosis index, signifi-
cantly reduced in ureteroperitoneostomized rats versus 5/6 
nephrectomized controls. Accordingly, the authors con-
cluded that glomerular hypertrophy was more important 
than glomerular capillary hypertension in the progression 
of glomerular injury in this model.436 Dietary sodium restric-
tion has also been utilized to inhibit renal hypertrophy after 
5/6 nephrectomy. Although sodium restriction had no 
effect on glomerular hemodynamics, VG was significantly 
reduced in 5/6 nephrectomized rats fed low- versus normal-
sodium diets. Moreover, urinary protein excretion was lower 
and glomerulosclerosis was less severe in rats on restricted 
sodium intake.100 These findings were extended by another 
study in which the effect of sodium restriction in preventing 
glomerular hypertrophy and ameliorating glomerular injury 
was confirmed, but which also found that these benefits 
were overcome by administration of an androgen that  
stimulated glomerular hypertrophy despite sodium restric-
tion. Glomerular hemodynamics were similar among the 
groups.440 On the other hand, treatment with seliciclib, a 
cyclin-dependent kinase inhibitor, reduced renal hypertro-
phy by 45% after 5/6 nephrectomy but had no effect on 
kidney damage.441

Glomerular hypertrophy may contribute to glomerulo-
sclerosis through a number of different mechanisms. 
According to Laplace’s law, the increase in VG could result 
in an increase in capillary wall tension only if the capillary 
wall diameter was also increased (Figure 52.9). Cyclic stretch 
would then exert stress capable of damaging epithelial, 
mesangial, and endothelial cells as described earlier. Alter-
natively, glomerulosclerosis may be viewed as a maladaptive 
growth response following loss of renal mass and resulting 
in excessive mesangial proliferation and ECM production.436 
The identification of TGF-β as a key mediator of renal 
hypertrophy as well as an important promoter of renal fibro-
sis provides an obvious link between renal hypertrophy and 
fibrosis.129

associated with abrogation of GFR decline, whereas dietary 
acid supplementation was associated with exacerbation of 
GFR decline.422 Treatment with calcium citrate has also been 
shown to improve acidosis and reduce glomerular as well as 
interstitial injury in the 5/6 nephrectomy model.423 Mecha-
nisms whereby acidosis may contribute to renal damage 
after nephron loss include activation of the alternative com-
plement pathway by increased ammoniagenesis,424 increased 
plasma and kidney Ang II,425 and induction of ET as well as 
aldosterone production.426 Observational clinical studies 
have identified acidosis as an independent risk factor for 
CKD progression,427,428 but to date only small studies have 
investigated the renoprotective potential of alkali supple-
mentation in human subjects. In the first randomized study 
in adults with creatinine clearance of 15 to 30 mL/
min/1.73 m2, randomization to treatment of acidosis (serum 
bicarbonate 16 to 20 mmol/L) with sodium bicarbonate was 
associated with less decline in creatinine clearance (1.88 
versus 5.93 mL/min/1.73 m2) and lower incidence of ESKD 
(6.5% versus 33%). The authors concede, however, that the 
study was not blinded or placebo controlled.429 In a second 
nonrandomized study, treatment of 30 subjects with sodium 
citrate was associated with reduced urinary excretion of ET-1 
and N-acetyl- β-D-glucosaminidase (a marker of tubulointer-
stitial injury), as well as a lower rate of estimated GFR 
decline, than observed in 29 untreated controls who were 
unwilling or unable to take sodium citrate.430 One study has 
reported renoprotective effects following sodium bicarbon-
ate treatment in early CKD. In a randomized, placebo-
controlled trial in subjects with a mean estimated GFR of 
75 mL/min/1.73 m2, treatment with sodium bicarbonate 
for 5 years was associated with a slower reduction in esti-
mated GFR (derived from plasma cystatin C measurements) 
than placebo or treatment with sodium chloride.431 Further 
studies have reported that correction of acidosis with a diet 
rich in fruits and vegetables was as effective in ameliorating 
kidney damage in early (CKD stage 1 to 2)432 and more 
advanced (CKD stage 4) disease.433 In one trial, people with 
CKD stage 3 and serum bicarbonate level of 22 to 24 mmol/L 
were randomized to oral bicarbonate supplementation, diet 
rich in fruits and vegetables, or “usual care.” All participants 
received treatment with RAAS inhibitor (RAASi), and SBP 
was controlled to less than 130 mm Hg. Both interventions 
achieved an increase in serum bicarbonate level and were 
associated with a decrease in urinary angiotensinogen level. 
After 3 years, both interventions were associated with less 
albuminuria and GFR decline than the “usual care” group.434 
Bicarbonate supplementation is already recommended for 
patients with levels below 22 mEq/L, but further studies are 
required to further investigate whether it is beneficial in the 
setting of less severe acidosis.435

HYPERTROPHY
The consistent observation of renal and in particular glo-
merular hypertrophy after renal mass reduction has 
prompted investigators to propose that processes involved 
in or resulting from hypertrophy may contribute to progres-
sive renal injury in CKD.436 The well-documented observa-
tion that renal and glomerular hypertrophy precede  
the development of diabetic nephropathy and the finding 
of a positive association between glomerular size and early 
sclerosis in rats subjected to renal mass ablation437 further 
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in nephrin expression when podocytes were exposed to 
cyclical stretching.280 A direct role for Ang II in modulating 
glomerular capillary permselectivity is suggested by the 
observation of marked increases in urinary protein excre-
tion during infusion of Ang II in normal rats. While some 
investigators have attributed this to a direct effect of Ang II 
on the cellular components of the glomerular filtration 
barrier, resulting in opening of interendothelial junctions 
and epithelial cell disruption, others have shown that the 
increase in proteinuria may be accounted for almost com-
pletely by the associated hemodynamic changes, principally 
a reduction in QA and an increase in filtration fraction.444 
On the other hand, the notion that Ang II may mediate 
changes in glomerular permselectivity independent of its 
effects on glomerular hemodynamics is supported by studies 
in an isolated perfused rat kidney preparation in which 
infusion of Ang II augmented urinary protein excretion and 
enhanced the clearance of tracer macromolecules indepen-
dent of any change in filtration fraction.333 Furthermore, 
Ang II and aldosterone have been shown to reduce nephrin 
expression in podocytes and may therefore directly affect 
glomerular permselectivity.280,357,445

Proteinuria, long considered simply a marker of glomeru-
lar injury, has also been implicated as an effector of injury 
processes involved in kidney disease progression, especially 
those resulting in TIF.446 In rats with aminonucleoside-
induced nephrotic syndrome, the proteinuric phase of the 
disease was associated with an acute interstitial nephritis,  
the intensity of which correlated closely with the severity of 
the proteinuria.291 Furthermore, in an overload proteinuria 
model induced by daily intraperitoneal administration of 
bovine serum albumin to uninephrectomized rats, proximal 
tubular cell injury and interstitial infiltration of macro-
phages and lymphocytes were evident after 1 week.447 The 
severity of the proteinuria showed a positive correlation with 
the intensity of the infiltrate. At 4 weeks, focal areas of 
chronic interstitial inflammation were noted.447 Other 
experiments have identified mast cells as a component of 
the inflammatory infiltrate observed after protein overload. 
The number of mast cells correlated with the severity of 
interstitial inflammation as well as with levels of stem cell 
factor and TGF-β.448 A causative association between exces-
sive proteinuria and interstitial inflammation has been sug-
gested by in vitro studies of proximal tubule epithelial cells 
cultured in media supplemented with high concentrations 
of albumin, immunoglobulin (Ig) G, or transferrin. Cellular 
uptake of these proteins by endocytosis was observed to 
increase secretion of ET-1,449 MCP-1,450 RANTES,451 IL-8,452 
and fractaline.453 Electrophoretic mobility shift assay of cell 
nucleus extracts revealed intense activation of the transcrip-
tion factor NF-κB that was dependent on the concentration 
of protein in the medium.451 Furthermore, the liberation of 
these molecules was noted to be predominantly from the 
basolateral aspect of the cells. This would be in keeping with 
secretion into the renal interstitium in vivo, thereby contrib-
uting to the development of tubulointerstitial inflammation 
and fibrosis. On the other hand, secretion of TGF-β by 
tubular cells in response to albumin was not inhibited by 
inhibitors of endocytosis, implying that a different mecha-
nism must be responsible.454 Exposure of tubular cells to 
albumin has also been shown to result in increased levels of 
intracellular ROS and activation of the signal transducer 

PROTEINURIA
Abnormal excretion of protein in the urine is the hallmark 
of experimental and clinical glomerular disease. Whereas 
immune complex deposition and resulting inflammation 
account for abnormal permeability of the glomerular filtra-
tion barrier to proteins in glomerulonephritis, studies in 
rats subjected to extensive renal ablation have shown loss of 
glomerular barrier function to proteins of similar molecular 
size, yet in the apparent absence of primary immune-
mediated renal injury or inflammatory response. Sieving 
studies using dextrans and other macromolecules in rats 7 
or 14 days after 5/6 nephrectomy revealed loss of both size- 
and charge-selectivity of the glomerular filtration barrier. 
Ultrastructural examination of the remnant kidneys revealed 
detachment of glomerular endothelial cells and visceral epi-
thelial cells from the glomerular basement membrane. In 
addition, protein reabsorption droplets and attenuation of 
cytoplasm resulting in bleb formation was observed in podo-
cytes. The authors concluded that the altered permselectiv-
ity may be due in part to separation of endothelial cells from 
the glomerular basement membrane, allowing access of 
macromolecules, and in part to loss of anionic sites in the 
lamina rara externa, resulting in both loss of charge selectiv-
ity and detachment of podocytes.442 Studies have identified 
decreased nephrin expression in podocytes as a further 
mechanism contributing to proteinuria after 5/6 nephrec-
tomy,443 and in vitro studies have reported a 50% reduction 

Figure 52.9  Illustration of the synergistic effects of changes in trans-
capillary hydrostatic pressure difference (ΔP; mm Hg) and mean glo-
merular capillary radius (µm) on the calculated capillary wall tension 
(dynes/cm). (Reproduced with permission from Bidani AK et al. Absence 
of progressive glomerular injury in a normotensive rat remnant kidney 
model. Kidney Int 38:28-38, 1990.)
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apoptosis in proximal tubular cells.466 High-density lipopro-
tein (HDL) and low-density lipoprotein (LDL) have been 
identified in the urine, renal interstitium, and tubular cells 
in renal biopsies of patients with nephrotic syndrome. In 
vitro, cultured human proximal tubule epithelial cells take 
up LDL and HDL.467 Oxidized LDL may cause tubular cell 
injury and exposure of tubular epithelial cells to HDL is 
associated with increased synthesis of ET-1.467,468 A role has 
also been proposed for other compounds bound to filtered 
proteins such as IGF-1, which has been detected in increased 
amounts in the proximal tubule fluid of rats with doxorubi-
cin (Adriamycin) nephrosis. Proximal tubular cells cultured 
in the presence of proximal tubule fluid from nephrotic rats 
exhibit enhanced cell proliferation and increased secretion 
of collagen I and IV. Both effects were inhibited by neutral-
izing IGF-1 receptor antibodies.469 Other growth factors in 
plasma, including HGF and TGF-β, may also appear in glo-
merular ultrafiltrate with proteinuria and exert effects on 
tubular cells.470 Furthermore, cytokines produced in injured 
glomeruli may have downstream proinflammatory effects. 
Whereas complement components are normally absent 
from tubule fluid, C3 and C5b-9 neoantigen were observed 
along the luminal border of tubular epithelial cells in the 
protein-overload proteinuria model. To examine the role of 
filtered complement in renal injury, rats with puromycin 
aminonucleoside nephrosis were subjected to complement 
depletion with cobra venom factor or inhibition of comple-
ment activation by administration of soluble recombinant 
human complement receptor type 1, before the onset of 
proteinuria. In control rats, proximal tubular degeneration, 
interstitial leukocyte infiltrate, and renal impairment (as 
assessed by inulin and p-aminohippurate clearances) 
occurred at 7 days, together with positive staining for C3 
and C5b-9 along the proximal tubule brush border. Both 
interventions were associated with significantly less tubu-
lointerstitial pathologic processes and greater clearance of 
p-aminohippurate but not inulin, whereas the severity of the 
proteinuria was unaffected, suggesting that filtered comple-
ment plays a significant role in the tubulointerstitial injury 
associated with proteinuria.471 A more selective approach, 
using recombinant complement inhibitory molecules tar-
geted to proximal tubular cells with carrier antibodies to 
brush border antigen resulted in significant reduction of 
interstitial fibrosis in the same model.472 Similarly, mice with 
C3 deficiency were protected against interstitial inflamma-
tion after protein overload, and wild-type kidneys trans-
planted into C3-deficient mice were protected, whereas 
kidneys from C3-deficient mice were not protected when 
transplanted into wild-type mice, implying that filtered 
rather than locally synthesized C3 is important in the  
pathogenesis of interstitial inflammation associated with 
proteinuria.473

In experimental models of proteinuric renal disease, fil-
tered proteins have also been found to accumulate in the 
glomerular mesangium442 and may therefore contribute 
to glomerular as well as tubulointerstitial injury. Further 
support for this notion is derived from a meta-analysis of 57 
studies of experimental CKD that found a consistent posi-
tive correlation between the severity of proteinuria and the 
extent of glomerulosclerosis.474 Lipoproteins, in particular, 
accumulate in the glomeruli of patients with glomerulone-
phritis.475,476 Furthermore, LDL stimulates mesangial cells to 

and activator of transcription (STAT) signaling pathway.455 
The STAT pathway in turn mediates a variety of cellular 
responses, including proliferation and induction of cyto-
kines as well as growth factors. Preliminary evidence sug-
gests that exposure of tubular cells to albumin may also 
induce apoptosis.456 Other experiments have found apopto-
sis in tubular cells exposed to high-molecular-weight plasma 
proteins but not smaller proteins.457 Albumin and transfer-
rin exposure also induced complement activation in tubular 
cells and reduced binding of factor H, a natural inhibitor 
of the alternative complement pathway.458 The involvement 
of immune cells in the processing of absorbed proteins has 
been shown in studies in which tubular cells were found to 
cleave albumin into an N-terminal 24–amino acid peptide 
that was further processed by dendritic cells into antigenic 
peptides with binding sites for major histocompatibility 
complex (MHC) class I molecules that were capable of acti-
vating CD8+ T cells. After 5/6 nephrectomy dendritic cells 
were found in the interstitium, peaking at 1 week and 
decreasing at 4 weeks, coinciding with their appearance in 
renal lymph nodes. Dendritic cells from the lymph nodes 
were able to activate CD8+ T cells in culture.459

Despite this evidence, other investigators have raised con-
cerns regarding the interpretation of these observations.460 
They point out that the concentrations of plasma proteins 
used in vitro were nonphysiologic and far exceeded those 
observed in proximal tubule fluid from experimental 
models of nephrotic syndrome. Furthermore, many of the 
experiments were performed in cells that were routinely 
cultured in the presence of high concentrations of protein 
(serum) that may significantly alter their phenotype. Not all 
investigators have been able to confirm the observations 
described earlier. In particular, some have found prolifera-
tive or profibrotic responses when proximal tubular cells are 
exposed to serum or serum fractions, but no response after 
exposure to purified forms of albumin or transferrin, sug-
gesting that factors other than albumin or transferrin may 
be involved.461,462 Furthermore, experiments in mice with 
tubules deficient in megalin, the key molecule responsible 
for the endocytosis of filtered proteins by tubular cells, have 
reported that tubulointerstitial inflammation was not inhib-
ited in the absence of megalin, implying that it was not 
dependent on endocytosis.463 They propose instead that 
tubulointerstitial inflammation is provoked by misdirection 
of protein-rich glomerular filtrate into the interstitium due 
to formation of adhesions between the glomerular tuft and 
Bowman’s capsule or, in the case of crescentic glomerulo-
nephritis, encroachment of the crescent onto the proximal 
tubule, resulting in occlusion and tubule degeneration.464 
Moreover, they propose that the increase in cytokine and 
adhesion molecule production observed in tubular cells 
that have endocytosed excess protein may in fact be a pro-
tective response.463

Several lines of evidence suggest that filtered molecules 
other than albumin or immunoglobulin may play a role in 
the progression of chronic nephropathies. It has been pro-
posed that free fatty acids (FFAs) bound to albumin may 
play an important role provoking a proinflammatory 
response in tubular cells. In one experiment albumin-bound 
fatty acids stimulated macrophage chemotactic activity 
whereas delipidated albumin did not.465 Albumin-bound 
FFA has also been shown to activate PPARγ and induce 
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was responsible for the final loss of function in these neph-
rons. The authors speculate that the absorption of excess 
filtered protein may play an important role in this tubular 
injury.486 Finally, evidence is accumulating for the role of 
proteinuria in the development of interstitial damage in 
human CKD. Among 215 patients with CKD, urine albumin 
to creatinine ratio (ACR) correlated with urinary MCP-1 
levels and interstitial macrophage numbers. Furthermore, 
urine ACR and interstitial macrophage number indepen-
dently predicted renal survival.487

Establishing a cause-and-effect relationship between pro-
teinuria and kidney damage in humans is difficult, but 
several clinical studies provide evidence in support of this 
notion. A meta-analysis of 17 clinical studies of CKD revealed 
a positive correlation between the severity of proteinuria 
and the extent of biopsy-proven glomerulosclerosis,474 and 
data from a meta-analysis that included over 1 million par-
ticipants identified albuminuria as a strong independent 
risk factor of progression to ESKD.488 Observations from the 
Modification of Diet in Renal Disease (MDRD) trial also 
suggest that proteinuria is an independent determinant of 
CKD progression. Greater levels of baseline proteinuria 
were strongly associated with more rapid declines in GFR; 
reduction of proteinuria, independent of reduction in 
blood pressure, was associated with lesser rates of decline in 
GFR. Furthermore, the degree of benefit achieved by lower-
ing blood pressure below usual target levels was highly 
dependent on the level of baseline proteinuria.489 The sever-
ity of proteinuria at baseline has been shown to be the most 
important independent predictor of renal outcomes in ran-
domized trials of ACEI or ARB treatment in diabetic 
nephropathy490 and nondiabetic CKD.233 Furthermore, the 
percentage reduction in proteinuria over the first 3 to 6 
months and the absolute level of proteinuria at 3 or 6 
months are strong independent predictors of the subse-
quent rate of decline in GFR among patients with diabetic 
nephropathy490 and nondiabetic CKD.491 A meta-analysis 
that included data from 1860 patients with nondiabetic 
CKD confirmed these findings and showed that during anti-
hypertensive treatment the current level of proteinuria was 
a powerful predictor of the combined end point of doubling 
of baseline serum creatinine level or onset of ESKD (relative 
risk [RR], 5.56 for each 1.0 g/day protein level).492 Similarly 
a meta-analysis of 21 randomized trials of drug treatment in 
CKD that included 78,342 participants found that for each 
30% initial reduction in albuminuria on treatment, the risk 
for ESKD decreased by 23.7% (95% confidence interval 
[CI], 11.4% to 34.2%), independent of the class of drug 
used for treatment.493 The Renoprotection of Optimal Anti-
proteinuric Doses (ROAD) study has provided the most 
direct evidence of the clinical benefit of proteinuria reduc-
tion to date. Subjects with proteinuric CKD were random-
ized to standard therapy with an ACEI or ARB (separate 
groups) or to ACEI or ARB therapy titrated to the maximum 
antiproteinuric dose (two further groups). Despite compa-
rable blood pressure control, subjects in the groups ran-
domized to maximum antiproteinuric doses evidenced 51% 
and 53% relative risk reductions in the combined primary 
end point of creatinine level doubling, ESKD, or death.494 
Taken together, the evidence from experimental and clini-
cal studies provides support for the hypothesis that impaired 
glomerular permselectivity results in excessive filtration of 

proliferate in vitro477,478 and enhances mesangial cell synthe-
sis of the ECM protein fibronectin.479 LDL exposure is also 
associated with increased mesangial cell mRNA levels  
for MCP-1479 and PDGF.478 Oxidation of LDL by mesangial 
cells or macrophages may enhance its toxicity.477 Thus accu-
mulation of proteins in the mesangium may stimulate a 
number of different mechanisms that contribute to 
glomerulosclerosis.

The relevance of these findings to the processes occur-
ring in vivo has been borne out by studies in rats. In the 
protein-overload model the development of proteinuria at 
1 week was associated with significant increases in TGF-β at 
both protein and mRNA levels, in interstitial as well as proxi-
mal tubular cells.447 Similarly, renal cortical mRNA levels 
encoding the macrophage chemoattractant, osteopontin, 
were increased on day 4, and immunofluorescence localized 
increased osteopontin staining to cortical tubules at day 7. 
MCP-1 and osteopontin mRNA and protein levels were ele-
vated at 2 and 3 weeks. Furthermore, a significant effect of 
proteinuria on molecules involved in ECM protein turnover 
was observed. Although mRNA levels for various renal 
matrix proteins were variable, staining for the proteins in 
the cortical interstitium increased progressively. Levels of 
mRNA for the protease inhibitors PAI-1 and TIMP-1 were 
elevated at 2 weeks, at which time significant renal fibrosis 
was present.447 Gene expression profiling has identified over 
100 genes that are upregulated in the proximal tubular cells 
of mice exposed to overload proteinuria.480 Consistent with 
the hypothesis that protein-bound FFAs are important, rats 
receiving FFA-replete bovine serum albumin developed 
more severe tubulointerstitial injury and more extensive 
macrophage infiltration than those receiving FFA-depleted 
bovine serum albumin.481,482 In other models of proteinuric 
renal disease, including 5/6 nephrectomy and passive Hey-
mann’s nephritis, accumulation of albumin and IgG by 
proximal tubular cells occurred before infiltration of the 
interstitium by macrophages and MHC-II positive mono-
nuclear cells. The infiltrates localized to areas where proxi-
mal tubular cells stained positive for intracellular IgG, or 
where luminal casts were present. Furthermore, proximal 
tubular cells that stained positive for IgG also showed evi-
dence of increased osteopontin production.483 The IgG 
staining in proximal tubular cells was subsequently associ-
ated with peritubular accumulation of macrophages and 
α-smooth muscle actin–positive cells as well as upregulation 
of TGF-β mRNA in the tubular and infiltrating cells.484 The 
importance of inflammatory factors in the development of 
interstitial fibrosis is illustrated by the observation that treat-
ment of rats with experimental membranous nephropathy 
with rapamycin was associated with reduced expression of 
profibrotic and proinflammatory genes as well as ameliora-
tion of interstitial inflammation and fibrosis.485 Further 
studies in the 5/6 nephrectomy model have suggested that 
tubulointerstitial injury may play an important role in the 
decline of GFR, especially in the late stages of progressive 
renal injury.486 By examining serial sections of remnant 
kidneys, the investigators were able to show that in associa-
tion with a doubling in serum creatinine level, there was a 
substantial increase in the proportion of glomeruli no 
longer connected to glomeruli (atubular glomeruli) or con-
nected to atrophic tubules. The majority of these glomeruli 
were not globally sclerosed, implying that the tubular injury 
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ischemia that promotes apoptosis.507 Further capillary loss is 
attributable to an imbalance between proangiogenic and 
antiangiogenic factors508,509 or loss of peritubular endothe-
lial cells through endothelial-mesenchymal transdifferentia-
tion.501 Tissue hypoxia results from rarefaction of peritubular 
capillaries, as well as accumulation of ECM, requiring 
oxygen to diffuse over greater distances to reach cells. 
Hypoxia contributes to TIF by promoting EMT and apop-
tosis of tubular cells as well as fibroblast activation and ECM 
production.510,511 The importance of hypoxia in provoking 
interstitial (and glomerular) injury has been demonstrated 
by studies in which induction of hypoxia-inducible factor, a 
key mediator of protective responses to hypoxia, was associ-
ated with amelioration of proteinuria, glomerulosclerosis, 
and TIF as well as decreased macrophage infiltration, 
expression of collagen IV, and osteopontin.512,513 Tubuloin-
terstitial inflammation and fibrosis are discussed in more 
detail in Chapter 36.

A UNIFIED HYPOTHESIS OF CHRONIC KIDNEY 
DISEASE PROGRESSION

In the past there has tended to be a dichotomy of viewpoints 
regarding the relative importance of hemodynamic and 
nonhemodynamic factors in the pathogenesis of glomeru-
losclerosis and TIF after nephron loss.436,514 Proponents of 
the “hypertrophy hypothesis” pointed out that in some 
experiments a disassociation between glomerular hemody-
namic changes and glomerulosclerosis has been observed 
and that in one study, antihypertensive therapy was renopro-
tective without lowering PGC.436 On the other hand, those 
favoring the “hemodynamic hypothesis” noted that treat-
ment with an ACEI18 or ARB20 in 5/6 nephrectomized rats 
resulted in renoprotection without preventing renal or glo-
merular hypertrophy and that many of the studies purport-
ing to show a positive association between glomerular 
hypertrophy and sclerosis failed to report glomerular hemo-
dynamic data. Furthermore, rats subjected to ureteroperito-
neostomy developed significantly more glomerulosclerosis 
than sham-operated controls despite a lack of increase in 
glomerular size.514 Several other observations suggest that 
hemodynamic factors override the potential role of hyper-
trophy in progressive renal damage. The renoprotection 
achieved after 5/6 nephrectomy by a low-protein diet (asso-
ciated with prevention of glomerular hypertrophy) can be 
reversed by treatment with calcium channel blockers that 
inhibit renal autoregulation but have no effect on glomeru-
lar size.515 Comparison of rats subjected to 5/6 nephrectomy 
by excision versus infarction of two-thirds of the remaining 
kidney shows similar increases in VG, but the infarction 
model is associated with more severe glomerular hyperten-
sion and glomerulosclerosis.8 Despite these apparently con-
flicting views, it is clear from the earlier discussion that 
hemodynamic and nonhemodynamic mechanisms often 
overlap. For example, Ang II, a key mediator of glomerular 
hemodynamic adaptations after nephron loss, also exerts 
multiple nonhemodynamic deleterious effects. Further-
more, the inflammatory and profibrotic mechanisms that 
eventuate in glomerulosclerosis and TIF may be provoked 
by both hemodynamic and nonhemodynamic stimuli. A 
growing appreciation of the complexity of the multiple 
adaptations that follow nephron loss has facilitated the 

proteins and/or protein-bound molecules that contribute 
to kidney damage, but many questions regarding the tubu-
lotoxic potential of filtered plasma proteins and the identity 
of the specific molecules involved remain unanswered. 
Despite these uncertainties, the close association between 
the severity of proteinuria and renal prognosis implies that 
reduction of proteinuria should be regarded as an impor-
tant independent therapeutic goal in clinical strategies 
seeking to slow the rate of progression of CKD. The mecha-
nisms and consequences of proteinuria are discussed further 
in Chapter 53.

TUBULOINTERSTITIAL FIBROSIS
Together with secondary FSGS, TIF constitutes a major com-
ponent of the progressive renal injury observed in CKD. 
Several of the mechanisms that are proposed to initiate TIF 
have been discussed earlier, but here we review briefly the 
downstream mechanisms of fibrosis. TIF is characterized by 
inflammatory cell and fibroblast infiltration, accumulation 
of ECM, tubular cell loss, and rarefaction of peritubular 
capillaries. Fibrogenesis starts at small sites of inflammation 
and then expands if a profibrotic milieu persists. The 
inflammatory infiltrate is composed of lymphocytes, macro-
phages, dendritic cells, and mast cells.495 Lymphocytes are 
recruited early in the process, and their importance is high-
lighted by the protection from fibrosis observed in Rag2 null 
mice, which lack B and T lymphocytes.496 Monocytes are 
recruited and transdifferentiate into macrophages. The pro-
fibrotic role of macrophages is illustrated by observations 
that the extent of macrophage accumulation correlates 
closely with the severity of fibrosis,497 and macrophage 
depletion attenuates fibrosis.498 Nevertheless it has been 
proposed that alternatively activated M2 macrophages exert 
antiinflammatory actions, and infusion of cells enriched for 
M2 macrophages has been shown to reduce renal fibrosis 
in mice.499 Myofibroblasts are the chief source of ECM pro-
duction, and the accumulation of interstitial myofibroblasts 
is central to the pathogenesis of TIF. There is considerable 
ongoing controversy regarding the cellular origins of inter-
stitial myofibroblasts in TIF. Different investigators have 
identified resident fibroblasts,500 transdifferentiation from 
tubular epithelial cells and endothelial cells,501,502 bone 
marrow–derived fibrocytes,503 and pericytes296 as possible 
sources.298 Fate mapping studies have indicated that peri-
cytes are the predominant source of myofibroblasts and that 
epithelial to mesenchymal transdifferentiation is not a 
source of myofibroblasts or accounts for only a small minor-
ity.296 The excessive ECM is composed largely of collagen I 
and II as well as fibronectin. Matrix accumulation is pro-
posed to commence with the appearance of collagen nucle-
ators in the interstitial fluid that act as a scaffold for the 
deposition of fibrillar collagens. Fibroblasts use collagen 
fibrils as a scaffold to move through damaged tissue along 
chemoattractant gradients. Fibrogenesis is promoted by the 
expression of key growth factors, principally TGF-β.504 The 
role of tissue proteases in TIF is complex and has not been 
fully characterized. Whereas MMP-2 and MMP-9 degrade 
collagen IV (and possibly collagen I and III) in vitro, they 
do not consistently abrogate TIF in vivo.505,506 Indeed, in 
some models MMPs appear to exert profibrotic effects.506 
Rarefaction of peritubular capillaries is a hallmark of TIF. 
In the early stages, capillaries may be damaged by transient 
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may afford additional renoprotection.520,521 More complete 
inhibition of the RAAS with combination ACEI and ARB 
treatment was associated with additional lowering of pro-
teinuria in several small clinical studies.522 However, the 
largest randomized study of combination ACEI and ARB 
treatment versus monotherapy in CKD was unfortunately 
withdrawn due to serious concerns regarding the integrity 
of the data.523 A large trial of combination therapy in patients 
with hypertension and increased cardiovascular risk 
reported no additional benefit with respect to cardiovascu-
lar outcomes, but combination therapy was associated with 
greater reductions in proteinuria than monotherapy. 
However, the trial reported an increase in the combined 
end point of creatinine level doubling, ESKD, or death  
with combination therapy, indicating that combination 
ACEI and ARB therapy may be associated with adverse out-
comes in some patient groups.524 It should be noted, 
however, that subjects were selected on the basis of cardio-
vascular risk profile and that the majority did not have 
reduced GFR or proteinuria. A similar study in 1448 people 
with type 2 diabetes and urine ACR of 300 mg/g or higher 
also found no benefit with respect to the primary outcome 
of CKD progression, ESKD, or death in participants ran-
domized to combination ACEI and ARB therapy versus 
monotherapy, but those receiving combination therapy  
evidenced a significantly higher incidence of acute kidney 
injury (AKI) and hyperkalemia.525 Thus in two large 

development of a consensus view that continues to regard 
raised glomerular capillary pressure as a central factor in 
initiating glomerulosclerosis but also acknowledges that 
other nonhemodynamic pathogenetic mechanisms may act 
in concert with hemodynamic factors in a complex interplay 
that eventuates in a vicious cycle of progressive renal damage 
(Figure 52.10).

INSIGHTS FROM MODIFIERS OF CHRONIC 
KIDNEY DISEASE PROGRESSION

PHARMACOLOGIC INHIBITION OF THE RENIN 
ANGIOTENSIN ALDOSTERONE SYSTEM

Experimental evidence showing a central role for Ang II in 
mechanisms of CKD progression through hemodynamic 
and nonhemodynamic effects has been borne out in ran-
domized clinical trials of ACEI and ARB treatment in 
patients with all forms of CKD. ACEI treatment has been 
shown to be renoprotective in patients with microalbumin-
uria and type 2 diabetes mellitus,516 type 1 diabetes and overt 
nephropathy,232 and nondiabetic CKD.233,236,517,518 Treatment 
with an ARB affords renoprotection in patients with type 2 
diabetes and microalbuminuria519 or overt nephropa-
thy.234,235 Evidence is also accumulating that ARB treatment 
at doses higher than the maximum antihypertensive dose 

Figure 52.10  Schema illustrating the hypothesized  interaction of multiple hemodynamic and nonhemodynamic factors  in the pathogenesis 
of progressive nephron injury in chronic kidney disease. Ang II, Angiotensin II. 
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be central to treatment strategies for slowing CKD progres-
sion.537 The role of RAASi treatment in achieving optimal 
renoprotection is discussed further in Chapter 62.

ARTERIAL HYPERTENSION

Malignant hypertension frequently leads to renal injury,  
but whether or not less severe forms of hypertension  
cause “hypertensive nephrosclerosis” remains a subject of 
debate.538,539 An increased risk for developing progressive 
renal failure with higher levels of blood pressure has been 
observed in several population-based studies540-543 and is 
exemplified by findings from the Multiple Risk Factor Inter-
vention Trial (MRFIT).544 In a population of 332,544 men 
there was a strong, graded relationship between blood pres-
sure and the risk for developing or dying with ESKD over a 
15- to 17-year follow-up period. Renal function was not 
assessed at screening or during follow-up, however, so it is 
not possible to establish with any certainty whether higher 
blood pressure initiated kidney disease or accelerated a 
nephropathy that was already present. In one study the 
importance of hypertension as a risk factor for ESKD was 
further illustrated by the observation that lowering SBP by 
20 mm Hg reduced the risk for ESKD by two thirds.541 Even 
small increases in blood pressure, below the threshold 
usually used to define hypertension, are associated with an 
increased risk for ESKD.540,542,545 Hypertension has also been 
identified as a risk factor for developing albuminuria or 
renal impairment among patients with type 2 diabetes 
mellitus.546

Whereas the role of hypertension in initiating kidney 
disease requires further clarification, there is clear evidence 
that hypertension accelerates the rate of progression of pre-
existing kidney disease, most likely through transmission of 
raised hydraulic blood pressure to the glomerulus resulting 
in exacerbation of glomerular capillary hypertension associ-
ated with nephron loss.2 Among patients with diabetic 
nephropathy and nondiabetic CKD, the initiation of antihy-
pertensive therapy results in significant reductions in rates 
of GFR decline, implying that hypertension, an almost uni-
versal consequence of impaired renal function, also contrib-
utes to the progression of CKD.547 The potential impact of 
hypertension on the kidney is exemplified by case reports 
of patients with unilateral renal artery stenosis who mani-
fested diabetic nephropathy or FSGS only in the nonste-
notic kidney, and not in the stenotic side that was shielded 
from the hypertension.548,549 Analysis of data from the 
Chronic Renal Insufficiency Cohort (CRIC) study has 
emphasized the importance of blood pressure control over 
time. Time-updated SBP above 130 mm Hg was more 
strongly associated with increased risk for CKD progression 
than a single baseline measurement.550

Uncertainty remains, however, as to what level of blood 
pressure lowering is required to achieve optimal renoprotec-
tion. Several randomized trials have sought to resolve this 
issue. In the MDRD study patients with predominantly non-
diabetic CKD were randomized to a target MAP of less than 
92 mm Hg (equivalent to < 125/75 mm Hg) versus a target 
MAP of less than 107 mm Hg (equivalent to 140/90 mm Hg). 
Whereas there was no difference between the overall rate of 
change in GFR during a mean of 2.2 years follow-up, patients 
randomized to the low blood pressure target evidenced an 

randomized trials, combination ACEI and ARB therapy did 
not confer additional benefit and was associated with 
increased risk for adverse effects. Combination therapy 
should therefore not be used in the patient groups included 
in these studies. Further studies are required to assess the 
risks versus benefits of combination therapy in people with 
proteinuric, nondiabetic CKD. The development of direct 
renin inhibitors (DRIs) made it possible to inhibit the RAAS 
at its rate-limiting step (the conversion of angiotensinogen 
to angiotensin I) and thereby to achieve more complete 
blockade. DRIs were effective as antihypertensive agents and 
reduced proteinuria in animal models.526,527 Two early ran-
domized trials reported additional lowering of albuminuria 
in subjects with diabetic nephropathy receiving combina-
tion DRI and ARB therapy versus ARB therapy alone.528,529 
However, a large randomized trial that included 8561 people 
with type 2 diabetes and albuminuria or cardiovascular 
disease was stopped prematurely after the second interim 
efficacy analysis. Despite greater lowering of blood pressure 
and albuminuria with combination DRI and ARB therapy, 
no benefit was observed with respect to the composite 
primary end point of cardiovascular event, CKD progres-
sion, ESKD, or death versus ARB monotherapy, but combi-
nation therapy was associated with a higher incidence of 
hyperkalemia and hypotension.530 Taken together, pub-
lished data from large randomized trials have to date failed 
to show additional renoprotective benefit with combination 
RAASi therapy, and all have reported increased adverse 
effects. This implies that near-complete blockade of the 
RAAS may be undesirable in many patient groups, but this 
does not exclude the possibility that it may be beneficial in 
selected patients who are at high risk for CKD progression, 
resistant to monotherapy, and at low risk for the reported 
adverse effects. Further studies are required to investigate 
this possibility before combination RAASi therapy can be 
recommended in clinical practice.

One meta-analysis has called into question the impor-
tance of RAAS inhibition,531 but it should be noted that this 
study was dominated by data from the Antihypertensive and 
Lipid-Lowering Treatment to Prevent Heart Attack Trial 
(ALLHAT), which found no difference in fatal coronary 
heart disease or nonfatal myocardial infarction among 
hypertensive patients with at least one cardiovascular risk 
factor randomized to treatment with a thiazide diuretic, a 
calcium channel blocker, or an ACEI.532 In a post hoc analy-
sis there was also no difference in the secondary outcome 
of ESKD or greater than 50% decrement in GFR, but 
patients with serum creatinine level above 2 mg /dL were 
specifically excluded, resulting in only a minority of patients 
(5662 of 33,357) having kidney disease (estimated GFR < 
60 mL/min/1.73 m2). Furthermore, there was no assess-
ment of proteinuria.533 Thus inclusion of the ALLHAT data 
was inappropriate and significantly affected the results of 
the meta-analysis.534 Other meta-analyses that did not 
include ALLHAT data have shown significant renoprotec-
tive benefit in patients receiving ACEI treatment.535,536 In 
summary, there is now evidence from multiple randomized 
trials showing significant renoprotection associated with 
pharmacologic inhibition of the RAAS in a wide variety of 
forms of CKD, confirming that Ang II is a critical mediator 
of mechanisms of CKD progression in humans and provid-
ing support for the consensus that RAAS inhibition should 
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prolonged follow-up, some reduction in the risk for the 
primary end point was observed among those with baseline 
urine protein to creatinine ratio above 0.22 mg/mg.554 Thus 
the MDRD and AASK study results support the notion that 
lower blood pressure targets afford additional renoprotec-
tion in patients with more severe proteinuria. Since not all 
the patients in the MDRD study received ACEI treatment, it 
remained unclear to what extent the level of blood pressure 
attained is important in CKD patients receiving ACEI or ARB 
treatment. Experimental studies have found SBP to be a 
major determinant of glomerular injury in rats receiving 
either ACEI or ARB treatment.220,555 Moreover, among 
patients with type 1 diabetes and established nephropathy 
receiving ACEI treatment, randomization to a low (MAP < 
92 mm Hg) versus “usual” (MAP of 100 to 107 mm Hg) 
blood pressure target was associated with significantly lower 
levels of proteinuria after 2 years, although there was no 
significant difference in GFR decline.556 Furthermore, sec-
ondary analysis of data from the Irbesartan in Diabetic 
Nephropathy Trial (IDNT) did show greater renoprotection 
among patients who achieved lower blood pressure targets 
such that achieved SBP above 149 mm Hg was associated 
with a 2.2-fold increased risk for developing ESKD or a dou-
bling of serum creatinine level versus achieved SBP of less 
than 134 mm Hg.557 Importantly, the relationship between 
improved outcomes and lower achieved SBP persisted 
among those patients treated with irbesartan. Similarly, in a 
meta-analysis of data from 1860 patients without diabetes 
with CKD the lowest risk for CKD progression was observed 
in patients with SBP of 110 to 129 mm Hg.558 The Effect of 
Strict Blood Pressure Control and ACE Inhibition on the 
Progression of CRF in Pediatric Patients (ESCAPE) trial 
investigated the optimal level of blood pressure control for 
renoprotection in the setting of ACEI treatment. The study 
found that among children with CKD receiving treatment 
with an ACEI, those randomized to a lower blood pressure 
target evidenced a significantly reduced risk for reaching 
ESKD or doubling of serum creatinine level.559 Another trial 

early rapid decrease in GFR, likely due to associated renal 
hemodynamic effects, that obscured a later significantly 
slower rate of GFR decline. Furthermore, the effect of blood 
pressure control was strongly modulated by the severity of 
proteinuria. Among patients with a urine protein level above 
3 g/day at baseline, randomization to the low blood pressure 
target was associated with a significantly slower rate of GFR 
decline.551 Secondary analysis also revealed significant cor-
relations between the rate of GFR decline and achieved blood 
pressure, an effect that was more marked among those with 
greater baseline proteinuria.552 In study 1 (patients with GFR 
of 25 to 55 mL/min/1.73 m2), rates of GFR decline increased 
above a MAP of 98 mm Hg among patients with baseline 
urine protein level of 0.25 to 3.0 g/day, and above 92 mm Hg 
in those with baseline urine protein level higher than 3.0 g/
day. In study 2 (patients with GFR of 13 to 24 mL/min/m2), 
higher achieved blood pressure was associated with greater 
rates of GFR decline at all levels among patients with base-
line urine protein level above 1 g/day (Figure 52.11). That 
the benefits of lower blood pressure may become evident 
only over a longer period is illustrated by the observation 
that further follow-up (mean 6.6 years) of patients from the 
MDRD study revealed a significant reduction in the risk for 
ESKD (adjusted hazard ratio [HR], 0.68; 95% CI, 0.57 to 
0.82) or a combined end point of ESKD or death (adjusted 
HR, 0.77; 95% CI, 0.65 to 0.91) among patients randomized 
to the low blood pressure target even though treatment and 
blood pressure data were not available beyond the 2.2 years 
of the original trial.553 In contrast, in the African American 
Study of Kidney Disease and Hypertension (AASK) no sig-
nificant difference in the rate of GFR decline was observed 
between patients randomized to MAP goals of 92 mm Hg or 
less versus 102 to 107 mm Hg. Even after prolonged follow-up 
of the randomized groups, no difference in the combined 
end point of creatinine level doubling, ESKD, or death was 
observed.554 It should be noted, however, that patients in 
AASK generally had low levels of baseline proteinuria (mean 
urine protein level 0.38 to 0.63 g/day),518 and after 
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Figure 52.11  The interaction of blood pressure reduction and proteinuria at baseline on the rate of decline in glomerular filtration rate (GFR). 
MAP, Mean arterial pressure; MDRD, Modification of Diet in Renal Disease. (Reproduced with permission from Peterson JC, Adler S, Burkart JM, 
et al: Blood pressure control, proteinuria, and the progression of renal disease. The Modification of Diet in Renal Disease Study. Ann Intern Med 
123:754-762,1995.)
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to a protein load is a function of renal reserve. In patients 
with renal insufficiency some studies have shown that the 
percentage increase in GFR in response to a protein meal is 
reduced in those with a lower baseline GFR.567 In contrast, a 
study comparing the renal response to an oral protein load 
in patients with moderate and advanced renal failure found 
a similar percent increase in GFR over baseline in both 
groups, demonstrating that even with advanced kidney 
disease, some renal reserve is still present and that elevated 
intake of dietary protein may have undesirable effects on 
glomerular hemodynamics at all levels of renal function.568

To understand the mechanisms whereby protein loading 
acutely augments renal function, various components of 
protein diets have been examined individually. Administra-
tion of equivalent quantities of urea, sulfate, acid, and veg-
etable protein to dogs or humans all failed to reproduce a 
meat protein–induced rise in GFR.569-571 In contrast, feeding 
or infusion of mixed or individual amino acids (e.g., glycine, 
l-arginine) was shown to effect increases in GFR of similar 
magnitude to those seen with meat ingestion.572,573 Micro-
puncture experiments demonstrated that amino acid infu-
sion resulted in increases in glomerular plasma flow and 
transcapillary hydraulic pressure difference, thereby raising 
SNGFR without affecting the ultrafiltration coefficient.572 
Interestingly, however, perfusion of the isolated kidney with 
an amino acid mixture resulted in only a modest increase 
in GFR.574 Taken together, these observations suggest that 
amino acids themselves do not have a major direct effect on 
renal hemodynamics, but their effects appear to be medi-
ated by an intermediate compound generated only in the 
intact organism. Glucagon, the secretion of which is stimu-
lated by protein feeding, has been proposed as such a medi-
ator. GFR and renal blood flow increase in response to 
glucagon infusion in dogs.573 Furthermore, administration 
of the glucagon antagonist, somatostatin, consistently blocks 
amino acid–induced augmentation in renal function both 
in humans and rats.572,575 Large protein meals are also rich 
in minerals, potassium, phosphate, and acids. Indeed, after 
feeding a protein meal to dogs, the excretions of sodium, 
potassium, phosphorus, and urea were found to increase in 
parallel to the increase in GFR.569 On the other hand, 
sodium chloride reabsorption in the proximal tubule and 
loop of Henle was found to be increased in rats maintained 
on a high-protein diet.576 As result, less sodium and chloride 
would be delivered to the macula densa, thereby inhibiting 
tubuloglomerular feedback and adding a further stimulus 
to renal hyperemia. Since dietary protein does not affect 
systemic blood pressure,572 other factors have been sug-
gested to contribute to the renal hemodynamic changes 
following a protein load. Administration of the NO inhibi-
tor l-NMMA or nonsteroidal antiinflammatory agents has 
been shown to blunt the renal hyperemic response to an 
oral protein load in both rats and humans, invoking a role 
for NO and prostaglandins.576,577 In addition, Ang II and ET 
have been proposed as mediators of protein-induced renal 
injury as low-protein diets have been shown to reduce renal 
ET-1, ET receptors A and B, and AT1R mRNA expression in 
PAN-injected and normal rats.578,579

It has been proposed that the augmented renal function 
induced by dietary protein may be an evolutionary adapta-
tion of the kidney to the intermittent heavy protein intake 
of the hunter-gatherer.3 Renal hyperfunction following a 

has reported significant benefit associated with a lower blood 
pressure target in young (age < 50 years) people with auto-
somal dominant polycystic kidney disease and GFR  
above 60 mL/min/1.73 m2. Participants randomized to a 
low blood pressure target (110/75 to 95/60 mm Hg) in  
addition to RAASi treatment evidenced a slower rate of 
increase in kidney volume as well as a greater decrease in 
albuminuria and left ventricular mass index than those  
randomized to usual blood pressure control (120/70 to 
130/80 mm Hg),560 but these findings cannot be applied to 
patients who do not meet the inclusion criteria for this study. 
On the other hand, additional blood pressure reduction 
with a calcium channel blocker in patients with nondiabetic 
CKD on ACEI treatment failed to produce additional reno-
protection, but the degree of additional blood pressure 
reduction was modest (4.1/2.8 mm Hg) and may have been 
insufficient to improve outcomes in patients already receiv-
ing optimal ACEI therapy.561 Several lines of evidence have 
drawn attention to the possibility that aggressive lowering of 
blood pressure may be associated with adverse effects in 
some patients. In the IDNT study achieved SBP of less than 
120 mm Hg was associated with increased all-cause mortality 
and no further improvement in renal outcomes,557 and in 
the meta-analysis described earlier, achieved SBP of less than 
110 mm Hg was associated with a higher risk for CKD pro-
gression.558 Furthermore, secondary analysis of data from 
the Ongoing Telmisartan Alone and in combination with 
Ramipril Global EndpoinT (ONTARGET) trial found that 
subjects who achieved a SBP of less than 120 mm Hg had a 
significantly higher cardiovascular mortality than those who 
achieved a SBP of 120 to 129 mm Hg.562 Similarly, the 
ACCORD study reported no additional benefit with respect 
to cardiovascular end points among patients with diabetes 
randomized to achieve a SBP below 120 mm Hg (versus con-
ventional control to < 130/80 mm Hg), but the lower blood 
pressure target was associated with more treatment-related 
adverse events and a greater decline in GFR.563 Whereas the 
results of randomized trials comparing “low” and “usual” 
blood pressure targets among CKD patients have not yielded 
unequivocal results, the overall picture is one of lower  
blood pressure targets being associated with more effective 
renoprotection among those with more severe proteinuria. 
These observations have led to a consensus that blood pres-
sure should be lowered to less than 130/80 mm Hg in all 
patients with diabetic or proteinuric CKD and less than 
140/90 mm Hg in patients without these risk factors,564 
though the strength of the evidence supporting these spe-
cific recommendations has been called into question.565 It is 
hoped that the ongoing Systolic Blood Pressure Intervention 
Trial (SPRINT; NCT01206062 at www.clinicaltrials.gov), 
which randomized more than 9000 subjects, including 
approximately one third with nondiabetic CKD, to SBP 
targets of less than 140 mm Hg or 120 mm Hg, will yield new 
data to guide future recommendations.566

DIETARY PROTEIN INTAKE

Increased dietary protein intake and intravenous protein 
loading in animals or humans with intact kidneys are associ-
ated with increases in renal mass, renal blood flow, and GFR, 
as well as a decrease in renal vascular resistance. The magni-
tude of the increases in GFR and renal blood flow in response 
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(HR, 1.92; CI, 1.15 to 3.20).582 Despite inconclusive findings 
in several of the individual studies, three meta-analyses have 
each concluded that dietary protein restriction is associated 
with a reduced risk for ESKD (odds ratio of 0.62 and 0.67, 
respectively),583,584 as well as a modest reduction in the rate 
of estimated GFR decline (0.53 mL/min/yr).585 Whereas 
the renoprotective benefit of dietary protein restriction in 
humans appears modest, such dietary restriction is associ-
ated with other benefits, including improvement in acidosis 
as well as reduction in phosphorus and potassium load. 
Thus comprehensive dietary intervention with a moderate 
restriction in dietary protein intake should remain an 
important part of the management of patients with CKD.586 
The interaction of diet and kidney disease is discussed 
further in Chapter 61.

GENDER

Laboratory studies indicate that male animals appear to be 
at greater risk for developing kidney disease and for disease 
progression than females. Age-associated glomerulosclero-
sis is much more pronounced in male than in female rats, 
and it is notable that the male propensity for age-related 
glomerulosclerosis can be prevented by castration.587 This 
gender difference was found to be independent of PGC or 
glomerular hypertrophy, suggesting a role for the sex hor-
mones as modulators of renal injury. Ovariectomy, on the 
other hand, had no effect on the development of glomeru-
lar injury seen in nonovariectomized female rats, implying 
that the presence of androgens, and not the lack of estro-
gens promotes renal injury.587,588 In contrast, in the hyper-
cholesterolemic Imai rat the development of spontaneous 
glomerulosclerosis in males can be significantly reduced by 
castration or by administration of exogenous estrogens.589,590 
These data again suggest an important role for androgens 
in the development of renal injury and raise the possibility 
that estrogens may to some extent counteract the adverse 
effects of androgens. In an apparently conflicting observa-
tion, female Nagase analbuminemic rats (NARs) develop 
renal injury of greater severity than males, a characteristic 
that is ameliorated by ovariectomy.591 These rats may be 
unique, however, in that triglyceride levels, which are higher 
in females, may have an independent and overriding  
effect on kidney disease propensity. Glomerulosclerosis also 
develops to a significantly greater extent in male versus 
female rats subjected to extensive renal ablation.592 This 
difference was independent of blood pressure and glomeru-
lar hypertrophy, but the degree of glomerulosclerosis and 
the extent of mesangial expansion each were found to cor-
relate significantly with an increased expression of glomeru-
lar procollagen α1(IV) mRNA in males. Similarly, in aging 
Munich-Wistar rats, glomerular metalloproteinase activity 
was found to decrease with age in males but not in females 
or castrated rats, suggesting that suppression of metallopro-
teinase activity by androgens could account for the gender 
difference in disease susceptibility.593 Finally, estrogens, but 
not androgens, possess antioxidant activity and have been 
shown to inhibit mesangial cell LDL oxidation,594 a property 
that may contribute to renoprotection.

Clinical studies suggest that humans also evidence a 
gender difference with respect to CKD progression. Data 
from the United States Renal Data System show a 

protein load would serve to facilitate excretion of the waste 
products of protein catabolism and other dietary compo-
nents, thereby achieving homeostasis in the face of an 
abrupt increase in consumption in times of nutritional 
plenty; the subsequent decline of GFR to baseline during 
the intervals between meals would then favor mechanisms 
suited to conservation of fluid and electrolytes in times of 
scarcity. Persistent renal hyperfunction due to continuous 
excessive protein intake, however, leads to renal injury in 
experimental models. Laboratory animals with intact 
kidneys and ingesting food ad libitum become proteinuric 
and develop glomerulosclerosis with age.3,151,580 This pro-
gression was significantly attenuated by feeding animals on 
alternate days only.151 Furthermore, aging rats fed a high-
protein diet ad libitum showed marked acceleration and 
increased severity of renal injury compared to rats receiving 
a normal-protein diet, whereas rats fed a low-protein diet 
were protected from renal injury.580 Similarly, in diabetic 
rats, progression of nephropathy was markedly accelerated 
in the setting of a high-protein diet and substantially attenu-
ated by a low-protein diet.205 In this study, kidney weight in 
high protein–fed diabetic rats was significantly greater than 
in diabetic rats receiving normal-protein diets, suggesting 
that protein-induced renal hypertrophy may itself contrib-
ute to acceleration of renal functional deterioration. As 
discussed earlier, the renoprotective effects of dietary 
protein restriction in experimental animals are associated 
with virtual normalization of PGC and SNGFR.7

Despite unambiguous evidence from experimental 
studies, confirmation of a beneficial effect of protein restric-
tion in clinical trials has proved elusive. Following the pub-
lication of several smaller studies that generally suggested a 
beneficial effect from protein restriction but that suffered 
from deficiencies in design or patient compliance, a large, 
multicenter, randomized study, the MDRD study, was con-
ducted to resolve the issue.551 In this study, 585 patients with 
moderate CKD (GFR of 25 to 55 mL/min/1.73 m2) were 
randomized to “usual” (1.3 g/kg/day) or “low” (0.58 g/kg/
day) protein diet (study 1), and 255 patients with severe 
CKD (GFR of 13 to 24 mL/min/1.73 m2) to “low” (0.58 g/
kg/day) or “very low” (0.28 g/kg/day) protein diet. All 
causes of CKD were included, but patients with diabetes 
mellitus requiring insulin therapy were excluded. Patients 
were also assigned to different levels of blood pressure 
control. After a mean of 2.2 years’ follow-up, the primary 
analysis revealed no difference in the mean rate of GFR 
decline in study 1 and only a trend toward a slower rate of 
decline in the very low protein group in study 2. Secondary 
analyses of the MDRD data, however, revealed that dietary 
protein restriction probably did achieve beneficial effects. 
In study 1 low-protein diet was associated with an initial 
reduction in GFR that likely resulted from the functional 
effects of decreased protein intake and not from loss of 
nephrons. This initial reduction in GFR obscured a later 
reduction in the rate of GFR decline that was evident after 
4 months in the low-protein group and that may have 
resulted in more robust evidence of renoprotection had 
follow-up been continued for a longer period.581 Disappoint-
ingly, long-term follow-up of 255 participants in study 2 of 
the MDRD trial found no renoprotective benefit associated 
with randomization to very low-protein diet in the original 
study but did report a higher risk for death in this group 

http://www.myuptodate.com


 CHAPTER 52 — ADAPTATION TO NEPHRON LOSS AND MECHANISMS OF PROGRESSION IN CHRONIC KIDNEy DISEASE 1769

progressive renal damage. Thus CKD should be viewed as a 
“multi-hit” process in which the first “hit” may be reduced 
nephron endowment.606 Nephron endowment is discussed 
in detail in Chapter 23.

ETHNICITY

Data from the United States Renal Data System show a con-
sistent and substantially higher incidence of ESKD among 
African Americans, Hispanics, and Native Americans versus 
whites. In 2012 the incidence rate was 3.3 times higher in 
African Americans and 1.8 times higher in Native Americans 
than in whites. In Hispanics the incidence rate was 1.5 times 
that in non-Hispanics (Figure 52.12).607 Similarly, the preva-
lence of ESKD in 2008 was higher among minority groups: 
African Americans, 5671 per million population (pmp); 
Native Americans, 2600 pmp; Hispanics, 2932 pmp; Asians, 
2272 pmp; whites, 1432 pmp.607 The reasons for this obvious 
discrepancy are complex and include both social and bio-
logic factors.608,609 Interestingly, data from the Reasons for 
Geographic and Racial Differences in Stroke (REGARDS) 
cohort study show a lower prevalence of estimated GFR of 
50 to 59 mL/min/1.73 m2 among African American versus 
white subjects but a higher prevalence of estimated GFR of 
10 to 19 mL/min/1.73 m2, suggesting that African Ameri-
cans have a lower risk for developing CKD but a higher risk 
for progression of CKD to ESKD.610

African Americans appear to be more susceptible to 
FSGS. One retrospective analysis of 340 routine kidney biop-
sies detected a significantly higher prevalence of FSGS and 
a significantly lower prevalence of membranous glomerulo-
nephritis, IgA, and immunotactoid nephropathies among 
black versus white patients.611 Similarly, among pediatric 
transplant recipients a higher proportion of African 

substantially higher incidence of ESKD among males (413 
per million population in 2003) versus females (280 per 
million population),595 and several studies have reported 
worse renal outcomes in males. In a Japanese community-
based mass screening program the risk for developing ESKD 
(if baseline serum creatinine level was greater than 1.2 mg/
dL for males or 1 mg/dL for females) was almost 50% 
higher in men than in women.596 In a large population-
based study in the United States, male gender was associated 
with a significantly increased risk for ESKD or death associ-
ated with CKD.542 Similarly, in France, studies of factors 
influencing development of ESKD in patients with moder-
ate and severe kidney disease found that disease progression 
was accelerated in males versus females, especially in those 
with chronic glomerulonephritis or autosomal dominant 
polycystic kidney disease (ADPKD). Furthermore, the effect 
of hypertension as a risk factor for CKD progression 
appeared to be greater in males.597,598 Other studies of 
patients with CKD have reported a lower risk for ESKD 
among female patients with CKD stage 3599 and a shorter 
time to renal replacement therapy among male patients 
with CKD stages 4 and 5.600 One meta-analysis of 68 studies 
that included 11,345 patients with CKD reported a higher 
rate of decline in renal function in men,601 but another 
meta-analysis of individual patient data from 11 randomized 
trials evaluating the efficacy of ACEI treatment in CKD did 
not show an increased risk for doubling of serum creatinine 
level or ESKD, or ESKD alone among men.602 On the con-
trary, after adjustment for baseline variables, including 
blood pressure and urinary protein excretion, women evi-
denced a significantly higher risk for these end points than 
men.602 One limitation of these studies is that the meno-
pausal status of the women was often not documented. In 
general, the prevalence of hypertension and uncontrolled 
hypertension is higher among men, men tend to consume 
more protein than women, and the prevalence of dyslipid-
emias is greater in men than in premenopausal women. All 
of these factors may contribute to the increased severity of 
kidney disease observed in men, but they do not explain all 
of the differences.603,604 The role of gender in kidney disease 
is reviewed in more detail in Chapters 20 and 21.

NEPHRON ENDOWMENT

Experimental and clinical studies have shown that the 
number of nephrons per kidney is variable and may be 
influenced by several factors during development in utero. 
Furthermore, low nephron endowment predisposes indi-
viduals to hypertension and CKD. This has been confirmed 
in studies using a rat model of spontaneous renal agenesis. 
Rats born with a single kidney had 19% fewer nephrons per 
kidney than their two-kidney littermates, resulting in a 
60.2% reduction in nephron endowment that was associ-
ated with subsequent renal and glomerular hypertrophy, 
proteinuria, glomerular sclerosis, and TIF.283 It has been 
proposed that reduced nephron endowment results in an 
increase in SNGFR and therefore a reduction in renal 
reserve.605 Whereas the glomerular hemodynamic changes 
associated with mild-to-moderate congenital nephron defi-
ciencies may not in themselves be sufficient to provoke renal 
injury, they could be predicted to compound the effects of 
an acquired nephron loss and predispose the individual to 

Figure 52.12  Incident rates for end-stage kidney disease by race in 
the  U.S.  population,  adjusted  for  age  and  gender.  The  standard 
population was the U.S. population in 2011. Af Am, African American; 
N  Am,  Native  American.  (Reproduced with permission from United 
States Renal Data System: 2014 Annual data report: epidemiology of 
kidney disease in the United States, Bethesda, Md, 2014, National 
Institutes of Health, National Institute of Diabetes and Digestive and 
Kidney Diseases.)
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Several potential factors contributing to the different 
prevalence and severity of kidney disease among population 
groups have been analyzed. Adjustment for socioeconomic 
factors reduces, but does not eliminate, the increased risk 
for African Americans to develop ESKD.609,617,620 African 
Americans have lower birth weights than their white coun-
terparts and may therefore have programmed or genetically 
determined deficits in nephron number, rendering them 
more susceptible to hypertension and subsequent ESKD.621,622 
Finally, 40% of African American patients with hypertensive 
ESKD and 35% with type 2 diabetes–associated ESKD have 
a first-, second-, or third-degree relative with ESKD, imply-
ing a strong familial susceptibility to ESKD and therefore a 
genetic predisposition.623 Evidence of a genetic explanation 
for the high incidence of ESKD observed in African Ameri-
cans was provided by research that identified a strong asso-
ciation between ESKD and two coding variants of the gene 
for apolipoprotein L1 (APOL1).624 These gene variants 
confer resistance to infection with Trypanosoma brucei rhode-
siense, which causes sleeping sickness, providing an explana-
tion for how selection likely resulted in a high prevalence 
of these variants in the population.625 Subsequent studies 
have identified associations between APOL1 risk variants 
and several renal pathologic processes, including FSGS, 
HIV-associated nephropathy, sickle cell kidney disease, and 
severe lupus nephritis. APOL1 risk variants have also been 
associated with HIV nephropathy in black South Africans.626 
Moreover, cohort studies have reported associations between 
APOL1 risk variants and risk for progression to ESKD. Risk 
for progression was the lowest in European Americans (with 
no risk variants), intermediate in African Americans with no 
or one risk variant, and highest in African Americans with 
two risk variants.627 It is estimated that APOL1 variants 
account for 40% of disease burden due to CKD in African 
Americans. The biologic role of APOL1 in the progression 
of CKD remains to be elucidated. The APOL1 protein is 
expressed in the kidney but is also secreted and is bound to 
circulating HDL particles. Current evidence suggests that it 
is the locally expressed form of APOL1 that is involved in 
CKD pathogenesis.628 Despite the strong association between 
inheritance of two APOL1 risk variants and ESKD, only the 
minority of people with this genotype actually develop 
kidney disease, suggesting that the action of a second factor 
is required to cause disease in genetically susceptible indi-
viduals. HIV is one example of such a “second hit,” but it 
has been proposed that other viruses and other gene vari-
ants may also be important.625 Other ethnic groups, includ-
ing Asians,546,629 Hispanics,630 Native Americans,631 Mexican 
Americans,632 and Aboriginal Australians,633 have also been 
found to be at increased risk for developing CKD and ESKD. 
See Chapters 20 and 21 for further discussion of ethnicity 
and the epidemiology of CKD and Chapter 43 for a detailed 
discussion of genetic factors in the pathogenesis of CKD.

OBESITY AND METABOLIC SYNDROME

Obesity may directly cause a glomerulopathy characterized 
by proteinuria and histologic features of FSGS,634 but it is 
likely that it also exacerbates progression of other forms of 
CKD. Micropuncture studies have confirmed that obesity is 
another cause of glomerular hypertension and hyperfiltra-
tion that may contribute to the progression of CKD.635,636 

American and Hispanic children had FSGS as a primary 
diagnosis versus whites.612 The same investigators found that 
despite similar treatment modalities and similar durations 
of nephrotic syndrome, black children with FSGS reached 
ESKD almost twice as frequently as white children.612

More significant in terms of patient numbers and morbid-
ity, however, are the racial discrepancies in the incidence of 
ESKD due to hypertensive and diabetic nephropathies. One 
longitudinal study that examined data from 1,306,825 Medi-
care beneficiaries reported substantially increased risks for 
developing ESKD in black versus white subjects in all catego-
ries: among diabetic subjects 2.4- to 2.7-fold increased, 
among hypertensive subjects 2.5- to 2.9-fold increased, and 
among subjects with neither hypertension nor diabetes 3.5-
fold increased.613 MDRD study data showed the prevalence 
of hypertension to be higher in blacks versus whites among 
patients with CKD, despite a higher mean GFR in the black 
patients.604 Hypertensive patients were found to have had 
more rapid progression of kidney disease before entry into 
the study, suggesting that the higher prevalence of hyperten-
sion in black patients is likely to be a significant contributor 
to accelerated progression of CKD. On the other hand, both 
higher MAP and black race were independent predictors of 
a faster decline in GFR in the MDRD study.614 In a large 
community-based epidemiologic study, black patients were 
found to have a 5.6 times higher unadjusted incidence of 
hypertensive ESKD with respect to the entire study popula-
tion.615 This increased incidence was directly related to the 
prevalence of hypertension, severe hypertension, and diabe-
tes in the study population and inversely related to age at 
diagnosis of hypertension and socioeconomic status. After 
adjustment for these factors the risk for hypertensive ESKD 
remained 4.5 times greater among blacks compared to 
whites, providing further evidence that black patients have 
an increased susceptibility to kidney disease beyond that 
attributable to their increased prevalence of hypertension 
and diabetes. Salt-sensitive hypertension, in particular, is 
more prevalent in the black population than in the white 
population.616 Comparing renal responses to a high sodium 
intake in salt-sensitive versus salt-resistant patients, renal 
blood flow was found to decrease in the face of an increased 
filtration fraction (implying an increased PGC) in salt-
sensitive patients, whereas the converse occurred in salt-
resistant patients.538 These observations are consistent with 
the notion that salt loading injures the glomerulus through 
glomerular capillary hypertension and that salt-sensitive 
individuals, and blacks in particular, are at added risk for 
this form of injury. The incidence of ESKD due to diabetic 
nephropathy is fourfold higher among African Americans 
than among white Americans.617 It is notable that after con-
trolling for the higher prevalence of diabetes and hyperten-
sion, as well as age, socioeconomic status, and access to 
health care, the excess incidence of ESKD due to diabetes 
in blacks versus whites was confined to patients with type 2 
diabetes.618 Among patients with type 1 diabetes, blacks were 
not found to be at higher risk than whites. Indeed, the 
majority of blacks with diabetic ESKD (77%) had type 2 
diabetes, whereas the majority of whites with diabetic ESKD 
(58%) had type 1 diabetes.619 Black race was also found to 
be associated with a threefold higher risk for early renal 
function decline (increase in serum creatinine level of 
0.4 mg/dL or higher) among adults with diabetes.620
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been identified as a risk factor for incident CKD among 
Native Americans650 and in Taiwan.651 Patient waist-to-hip 
ratio (WHR), a marker of central fat distribution and insulin 
resistance, was independently associated with impaired 
renal function even in lean individuals (BMI < 25 kg/m2) 
among a population-based cohort of 7676 subjects.652 Fur-
thermore, analysis of data from the Atherosclerosis Risk in 
Communities (ARIC) study found that WHR but not BMI 
was associated with an increased risk for incident CKD and 
mortality,653 suggesting that accumulation of visceral fat is 
more important as a risk factor than obesity per se. The 
effect of obesity on progression in cohorts of patients with 
established CKD is less well documented. In one study, 
increased BMI was an independent predictor of CKD pro-
gression among 162 patients with IgA nephropathy,654 and 
BMI was independently associated with more rapid CKD 
progression in a cohort of CKD subjects (predominantly 
CKD stage 3).655 On the other hand, obesity may be less 
relevant to progression in more advanced stages of CKD as 
evidenced by the observation that BMI was unrelated to the 
risk for ESKD among a cohort of patients with CKD stage 4 
and 5.600 The association of obesity with CKD and increased 
risk for CKD progression suggests that weight loss may rep-
resent an important intervention for achieving renoprotec-
tion. Sustained weight loss is notoriously difficult to achieve, 
but a meta-analysis of several small, short-duration studies 
found that weight loss achieved through diet or medication 
was associated with a reduction in proteinuria and blood 
pressure. Surgical procedures to achieve weight loss in the 
morbidly obese were associated with normalization of glo-
merular hyperfiltration and reductions in microalbumin-
uria and blood pressure.656 A systematic review analyzed the 
effects of weight loss achieved by bariatric surgery, medica-
tion, or diet in 31 studies and found that in the majority of 
studies weight loss was associated with reductions in protein-
uria. In people with glomerular hyperfiltration, GFR tended 
to decrease with weight loss, and in those with reduced GFR 
it tended to increase.657

SYMPATHETIC NERVOUS SYSTEM

Overactivity of the sympathetic nervous system has been 
observed in patients with CKD, and several lines of evidence 
suggest that this may be another factor that contributes to 
progressive renal injury.658 The kidneys are richly supplied 
with afferent sensory and efferent sympathetic innervation 
and may therefore act as both a source and target of sym-
pathetic activation. That the former is true is suggested  
by a study that compared postganglionic sympathetic  
nerve activity (SNA) measured via microelectrodes in the  
peroneal nerve in normal individuals and patients undergo-
ing hemodialysis subdivided into those who retained  
their native kidneys and those who had undergone bilateral 
nephrectomy.659 SNA was 2.5 times higher in nonnephrec-
tomized patients undergoing dialysis compared to both 
normals and nephrectomized patients, in whom SNA  
was similar. Furthermore, increased SNA was associated  
with increased vascular tone and MAP in nonnephrecto-
mized patients. SNA did not vary as a function of age, blood 
pressure, antihypertensive agents, or body fluid status.  
The authors speculated that intrarenal accumulation of 
uremic compounds stimulates renal afferent nerves 

Griffin and associates have pointed out that whereas obesity 
is widespread, only a minority of obese individuals develop 
obesity-related glomerulopathy. They propose that low 
nephron endowment (associated with an increased risk for 
later life obesity in low-birth-weight babies) or acquired 
nephron loss constitute a necessary additional factor that 
increases glomerular hypertrophy as well as preglomerular 
vasodilation and transmission of elevated systemic blood 
pressure to the glomerulus, eventuating in glomerulosclero-
sis.637 Detailed investigation of adipocyte function has 
revealed that adipocytes are not merely storage cells but 
produce a variety of hormones and proinflammatory mol-
ecules that may contribute to progressive renal damage.638,639 
In addition, adiponectin, an adipokine produced by adipo-
cytes, may exert a protective effect on podocyte function. 
Adiponectin levels are reduced in obesity and are inversely 
correlated with the magnitude of albuminuria.640 Moreover, 
adiponectin knockout mice develop albuminuria associated 
with podocyte foot process effacement that is corrected by 
administration of exogenous adiponectin.641 Obesity is also 
associated with increased production of aldosterone and 
expanded extracellular volume, both of which may contrib-
ute to progressive renal damage.642

In humans, severe obesity is associated with increased 
RPF, glomerular hyperfiltration, and albuminuria, abnor-
malities that are reversed by weight loss.643 Several large 
population-based studies have identified obesity as an inde-
pendent risk factor for developing CKD,543,644 and one study 
has found a progressive increase in relative risk for develop-
ing ESKD associated with increasing body mass index (BMI) 
(relative risk [RR], 3.57; CI, 3.05 to 4.18 for BMI 30.0 to 
34.9 kg/m2 versus BMI 18.5 to 24.9 kg/m2) among 320,252 
subjects with no evidence of CKD at initial screening.645 On 
the other hand, analysis of data from the Framingham Heart 
Study confirmed an increased risk for developing CKD stage 
3 associated with obesity but found that this was no longer 
significant after adjustment for known cardiovascular risk 
factors. Nevertheless the increased risk for incident protein-
uria persisted in multivariable models.646 Change in body 
weight has also been identified as a risk factor for incident 
CKD. In one study of 8792 previously healthy men, an 
increase in body weight of 0.75 kg/yr or more (and a 
decrease of less than 0.75 kg/yr) was associated with an 
increased risk for developing CKD in previously obese and 
nonobese subjects.647 The metabolic syndrome (insulin 
resistance), defined by the presence of abdominal obesity, 
dyslipidemia, hypertension, and fasting hyperglycemia, is 
also associated with an increased risk for developing CKD. 
Analysis of the Third National Health and Nutrition Exami-
nation Survey (NHANES) data revealed a significantly 
increased risk for CKD and microalbuminuria in subjects 
with the metabolic syndrome as well as a progressive increase 
in risk associated with the number of components of the 
metabolic syndrome present.648 Furthermore, a longitudinal 
study of 10,096 patients without diabetes or CKD at baseline 
identified metabolic syndrome as an independent risk factor 
for the development of CKD over 9 years (adjusted odds 
ratio [OR], 1.43; 95% CI, 1.18 to 1.73). Again there was a 
progressive increase in risk associated with the number of 
traits of the metabolic syndrome present (OR, 1.13; 95% CI, 
0.89 to 1.45 for one trait versus OR, 2.45; 95% CI, 1.32 to 
4.54 for five traits).649 The metabolic syndrome has also 
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moxonidine significantly lowered albumin excretion rates 
without affecting blood pressure.673 In other studies, chronic 
treatment with an ACEI or ARB, of proven benefit in reno-
protection, was associated with reduction but not normaliza-
tion of sympathetic overactivity.674-676 In contrast, treatment 
with amlodipine was associated with increased SNA. Since 
ACEIs and ARBs do not readily enter the central nervous 
system, it is possible that RAAS inhibition modulates neu-
rotransmitter release in the kidney and reduces afferent 
signaling. Several questions remain to be answered regard-
ing the role of increased SNA in CKD progression. Whereas 
the renoprotective effects of sympatholytic drugs appear to 
be independent of effects on systemic blood pressure, it is 
as yet unknown what effect they have on glomerular hemo-
dynamics. Further studies are also required to determine 
the extent to which chronic inhibition of sympathetic over-
activity may be beneficial in a variety of forms of human 
CKD and whether or not this benefit is additive to that 
derived from inhibition of the RAAS.

DYSLIPIDEMIA

Moorhead and colleagues advanced the hypothesis that 
abnormalities in lipid metabolism may contribute to the 
progression of CKD.677 Glomerular injury, accompanied by 
an alteration in basement membrane permeability, was 
envisaged as the initiator of a vicious cycle of hyperlipidemia 
and progressive glomerular injury. They proposed that 
urinary losses of albumin and lipoprotein lipase activators 
result in an increase in circulating LDLs, which in turn bind 
to the glomerular basement membrane, further impairing 
its permselectivity; filtered lipoproteins accumulate in the 
mesangium, stimulating ECM synthesis and mesangial cell 
proliferation; and filtered LDL is taken up and metabolized 
by the tubules, leading to cell injury and interstitial disease. 
Notably, this hypothesis did not propose hyperlipidemia as 
an initiating factor in renal injury, but rather as a participant 
in a self-sustaining mechanism of disease progression.

Several lines of experimental evidence confirm the asso-
ciation between dyslipidemia and renal injury. Both intact 
and uninephrectomized rats with dietary-induced hyper-
cholesterolemia developed more extensive glomeruloscle-
rosis than their normocholesterolemic controls, and the 
severity of glomerulosclerosis correlated with serum choles-
terol levels678; aging female NARs have endogenous hyper-
triglyceridemia and hypercholesterolemia and develop 
proteinuria and glomerulosclerosis by 9 and 18 months of 
age, respectively, whereas male NARs have lower lipid levels 
and have no glomerulosclerosis by 22 months of age.591 
Interestingly, ovariectomy in female NARs lowers triglycer-
ide levels and reduces their renal injury. In seeming contra-
diction, however, young and aging male Sprague-Dawley rats 
developed more extensive glomerulosclerosis than age- and 
sex-matched NAR, despite increased cholesterol levels in 
the NAR.679 Triglyceride levels, however, were lower in the 
NARs, again suggesting an independent role for triglycer-
ides in lipid-mediated renal injury. Whereas data regarding 
the role of lipids in initiating kidney disease are conflicting, 
several studies support the notion that dyslipidemia may 
promote renal damage. Cholesterol feeding has been shown 
to exacerbate glomerulosclerosis in uninephrectomized 
rats, prediabetic rabbits, rats with PAN nephropathy, and in 

via chemoreceptors, leading to reflex activation of efferent 
sympathetic nerves and increased SNA. Other studies, 
however, have observed increased SNA in the absence of 
uremia in patients with renovascular disease,660 hypertensive 
ADPKD,661 and nondiabetic CKD662 or increased noradrena-
line secretion in patients with nephrotic syndrome663 and 
ADPKD.661,664 Furthermore, correction of uremia by renal 
transplantation does not abrogate the increased SNA.665 
Interestingly, investigation of eight living kidney donors 
found no increase in SNA after donor nephrectomy, sug-
gesting that the rise in SNA is related to renal damage rather 
than nephron loss.662 Together, these findings suggest that 
a variety of forms of renal injury may provoke increased SNA 
and that uremia is not required for this response.

Evidence from experimental studies indicates that sympa-
thetic overactivity resulting from kidney disease may also 
accelerate renal injury. Ablation of afferent sensory signals 
from the kidneys by bilateral dorsal rhizotomy in 5/6 
nephrectomized rats prevented the expected rise in sys-
temic blood pressure, attenuated the rise in serum creati-
nine level, and reduced the severity of glomerulosclerosis in 
the remnant kidneys when compared with sham-rhizotomized 
controls.666 Moreover, the renoprotective effects of rhizot-
omy were found to be additive to that of ACEI treatment.667 
To further investigate whether the benefits of rhizotomy 
were solely attributable to the prevention of hypertension, 
5/6 nephrectomized rats were treated with nonhypotensive 
doses of the sympatholytic drug moxonidine.668 Despite the 
lack of effect on blood pressure, moxonidine treatment was 
associated with lower levels of proteinuria and less severe 
glomerulosclerosis than untreated rats. In a similar study, 
5/6 nephrectomized rats were treated with the α-blocker 
phenoxybenzamine, the β-blocker metoprolol, or a combi-
nation.669 As in the previous study, the doses used did not 
lower blood pressure, but all three treatments significantly 
lowered albuminuria and almost normalized the reductions 
in capillary length density (an index of glomerular capillary 
obliteration) and podocyte number. Metoprolol and combi-
nation therapy significantly lowered the glomerulosclerosis 
index versus untreated controls. Taken together, these 
results indicate that increased SNA accelerates renal injury 
independent of its effect on blood pressure, and that the 
adverse effects are not mediated by sympathetic cotransmit-
ters but by catecholamines. Furthermore, sympathetic nerve 
overactivity has been proposed to contribute to the develop-
ment of tubulointerstitial injury by reducing peritubular 
capillary perfusion to the extent that tubular and interstitial 
ischemia result.670

Preliminary evidence suggests that sympathetic overactiv-
ity may also be important in the progression of human CKD. 
Among patients with type 1 diabetes mellitus and protein-
uria, evidence of parasympathetic dysfunction (which 
permits unopposed sympathetic tone) was associated with 
an increase in serum creatinine level over the next 12 
months.671 Analysis of data from the ARIC study found that 
higher resting heart rate and reduced heart rate variability, 
markers of autonomic dysfunction, were each indepen-
dently associated with an increased risk for developing 
ESKD or a CKD-related hospital admission during 16 years 
of follow-up.672 Several drug treatments may improve sym-
pathetic overactivity in CKD patients. Among 15 normoten-
sive patients with type 1 diabetes, 3 weeks’ treatment with 
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progression.700 In the CRIC study, no association was 
observed between levels of total or LDL cholesterol and the 
risk for ESKD or 50% reduction in estimated GFR (eGFR).701 
Interpretation of these data is complicated by the fact that 
in patients with renal insufficiency, dyslipidemias do not 
occur in isolation and are associated with other factors that 
also affect kidney disease progression, including hyperten-
sion, hyperglycemia, and proteinuria. Levels of serum cho-
lesterol and triglycerides have been found to correlate with 
blood pressure and circulating Ang II levels in patients with 
type 1 and type 2 diabetes with kidney disease and to rise 
with increasing proteinuria in patients with nephrotic 
syndrome.688

The possible mechanisms whereby hyperlipidemia may 
contribute to renal injury have not been fully elucidated. 
Cholesterol feeding has been associated with an increase in 
mesangial lipid content,678 glomerular macrophages, and 
TGF-β as well as fibronectin mRNA levels.702,703 Further-
more, reduction of glomerular macrophages by whole-body 
x-irradiation in the setting of nephrotic syndrome signifi-
cantly reduced albuminuria without affecting serum lipid 
levels, indicating that macrophages play a central role in 
hyperlipidemic glomerular injury.703 Mesangial cells express 
receptors for LDL, and uptake is stimulated by vasoconstric-
tor and mitogenic peptides such as ET-1 and PDGF.478 
Metabolism of LDL by mesangial cells leads to increased 
synthesis of fibronectin and MCP-1, which may contribute 
to mesangial matrix expansion and recruitment of cir-
culating macrophage/monocytes into the glomerulus.479 
Moreover, triglyceride-rich lipoproteins (very low-density 
lipoprotein [VLDL] and intermediate-density lipoprotein) 
induce mesangial cell proliferation and elaboration of IL-6, 
PDGF, and TGF-β in vitro.704 Mesangial cells, macrophages, 
and renal tubular cells all have the capacity to oxidize LDL 
via formation of ROS, a step that may be inhibited by anti-
oxidants and HDL.467,705,706 Oxidized LDL may induce dose-
dependent mesangial cell proliferation or mesangial cell 
death as well as production of TNF-α, eicosanoids, mono-
cyte chemotaxins, and glomerular vasoconstriction. These 
pathways, together with free radicals generated during LDL 
oxidation, may each contribute to renal inflammation and 
injury.704,705 Hyperlipidemia is also associated with elevated 
PGC, raising the possibility of a further pathway to glomeru-
losclerosis via hemodynamic injury.678 The elevated PGC 
appears to be mediated, in part, by an increase in renal 
vascular resistance that occurs in the context of increased 
plasma viscosity. In patients with diabetes, circulating Ang 
II levels have been found to correlate with serum cholesterol 
levels,707 and both oxidized LDL and lipoprotein (a) have 
been shown to stimulate renin production by juxtaglomeru-
lar cells in vitro.706 Moreover, oxidized LDL has been found 
to reduce NO synthesis by endothelial cells706 raising the 
possibility that alterations in activity of the RAAS and NO 
metabolism could also contribute to the increase in PGC 
observed with hyperlipidemia.

It would follow that if hyperlipidemia exacerbates renal 
injury, interventions designed to lower serum lipid levels 
should ameliorate disease progression. Treatment with a 
3-hydroxy-3-methylglutaryl–coenzyme A (HMG-CoA) reduc-
tase inhibitor (statin) or clofibric acid in the obese  
Zucker rat (a strain with endogenous hyperlipidemia and 
spontaneous glomerulosclerosis) and 5/6 nephrectomized 

the unclipped kidney of rats with two kidney–one clip hyper-
tension. When hypertension and dyslipidemia are superim-
posed, a synergistic effect that dramatically accelerates  
renal functional deterioration is observed.680,681 In the 5/6 
nephrectomy model, progressive renal damage is associated 
with renal tissue accumulation of lipids, as well as upregula-
tion of pathways involved in tubular reabsorption of protein-
bound lipids and downregulation of pathways involved in 
lipid catabolism.682

In humans the role of lipids in initiation and progression 
of kidney disease remains unclear. At autopsy a highly  
significant correlation was found between the presence of 
systemic atherosclerosis and the percentage of sclerotic 
glomeruli in normal individuals, fostering speculation that 
the development of glomerulosclerosis may be analogous to 
that of atherosclerosis.683 A study designed to identify the 
clinical correlates of hypertensive ESKD found a strong asso-
ciation between atherosclerosis and hypertensive ESKD 
among older white patients.684 Furthermore, dyslipidemia 
has been identified in several large studies as a risk factor 
for subsequent development of CKD in apparently healthy 
individuals.543,685,686 The common forms of primary hyper-
cholesterolemia are not associated with an increased inci-
dence of kidney disease in the general population, but renal 
injury has been described in association with rare inherited 
disorders of lipoprotein metabolism.687,688

Whereas primary lipid-mediated renal injury is rare 
among patients with CKD, the latter is frequently accompa-
nied by elevations in serum lipid levels, as a result of urinary 
loss of albumin and lipoprotein lipase activators, defective 
clearance of triglycerides, modification of LDL by advanced 
glycation end products, reduced plasma oncotic pressure, 
adverse effects of medication, and underlying systemic dis-
eases.689,690 Among a cohort of adult patients with CKD, the 
most frequent lipid abnormalities noted were hypertriglyc-
eridemia, low HDL levels, and increased apolipoprotein 
levels.691 Furthermore, in a study of 631 routine renal biop-
sies, lipid deposits were detected in nonsclerotic glomeruli 
in 8.4% of kidneys, and staining for apolipoprotein B was 
positive in approximately one quarter of biopsies, suggest-
ing that lipid deposition is not infrequent in diverse kidney 
diseases.475 Several epidemiologic studies have found a 
strong association between CKD progression and dyslipid-
emia. In the MDRD study, low serum HDL cholesterol level 
was found to be an independent predictor of more rapid 
rates of decline in GFR.692 Elevated total cholesterol, LDL 
cholesterol, and apolipoprotein B levels have been found to 
correlate strongly with GFR decline in CKD patients.693 
Hypercholesterolemia was shown to be a predictor of  
loss of renal function in patients with type 1 and type 2 
diabetes.694,695 Among patients without diabetes, CKD 
advanced more rapidly in patients with hypercholesterol-
emia and hypertriglyceridemia, independent of blood pres-
sure control.696 Among patients with IgA nephropathy, 
hypertriglyceridemia was independently predictive of pro-
gression.697 However, not all studies confirm these findings. 
In MRFIT, dyslipidemias were not associated with a decline 
in renal function.698 After 10 years of follow-up in the MDRD 
study, measures of dyslipidemia were not predictive of car-
diovascular events or ESKD.699 In a retrospective analysis of 
patients with nephrotic syndrome, hypercholesterolemia at 
diagnosis was not found to be a predictor of kidney disease 
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was associated with a reduction in proteinuria but no 
improvement in creatinine clearance.718 Whereas these 
renoprotective effects were associated with cholesterol low-
ering, it is possible that they may also be due to the direct 
pleiotropic effects of HMG-CoA reductase inhibitors. This 
notion is further supported by the observation that lipid 
lowering with fibrates was not associated with preservation 
of renal function,719,720 although one study did show reduced 
progression to microalbuminuria among patients with type 
2 diabetes receiving fenofibrate.721 The Study of Heart and 
Renal Protection (SHARP) investigated the cardiovascular 
and renoprotective effects of lipid lowering with simvastatin 
and ezetimibe in 9438 subjects with CKD and ESKD. Whereas 
the treatment arm evidenced a mean reduction of 43 mg/
dL in LDL cholesterol and a 17% reduction in major ath-
erosclerotic events, no significant effect was observed on the 
incidence of the renal end points ESKD (risk ratio [RR], 
0.97; 95% CI, 0.89 to 1.05) and ESKD or creatinine  
doubling (RR, 0.93; 95% CI, 0.86 to 1.01).722 It should be 
noted, however, that the subjects with CKD had relatively 
advanced disease (mean eGFR 27 ± 13 mL/min/1.73 m2), 
and these observations therefore do not exclude the possi-
bility that lipid lowering may have renoprotective effects  
in less advanced CKD. However, a meta-analysis of 38  
studies that included 37,274 participants with CKD found 
that statin therapy was associated with a reduction in mortal-
ity and cardiovascular events but no clear effect on CKD 
progression.723

CALCIUM AND PHOSPHATE METABOLISM

As is the case with many of the adaptations that follow 
nephron loss, evidence is accumulating that alterations in 
calcium and phosphate metabolism may also contribute to 
progressive renal damage. A retrospective analysis of 15 
patients with nonprogressing CKD (GFR 27 to 70 mL/min, 
followed for up to 17 years) revealed that the single feature 
common to all these patients was an enhanced capacity to 
excrete phosphate when compared to patients with similar 
GFR but progressive kidney disease.724 In all of the nonpro-
gressors, serum phosphate and calcium levels remained 
within normal limits without use of phosphate binders, 
calcium supplementation, or vitamin D. It is not yet clear 
which factors are most important, but evidence suggests that 
hyperphosphatemia, renal calcium deposition, hyperpara-
thyroidism, and activated vitamin D deficiency may each 
play a role. FGF-23 has been identified as a key mediator of 
bone mineral and vitamin D metabolism in CKD and may 
emerge as the dominant factor.

HYPERPHOSPHATEMIA
Uninephrectomized rats receiving a high-phosphate diet 
(1%) developed renal calcium and phosphate deposition 
and tubulointerstitial injury within 5 weeks of nephrec-
tomy.192 Similar changes were observed in a proportion of 
intact rats fed a 2% phosphate diet. Phosphate excess, there-
fore, does appear to have some intrinsic nephrotoxicity that 
is enhanced in the setting of reduced nephron number. A 
high-phosphate diet has also been associated with the devel-
opment of parathyroid hyperplasia and hyperparathyroid-
ism in remnant kidney rats.725 Conversely, in both animals 
and humans with renal insufficiency, dietary phosphate 

rats (which develop hyperlipidemia secondary to renal 
insufficiency) resulted in lowering of serum lipid levels, 
reduction in albuminuria, reduction in mesangial cell DNA 
synthesis, and attenuation of glomerulosclerosis, despite a 
lack of effect on either systemic blood pressure or PGC.10,708 
Indeed, statin treatment resulted in additional lowering of 
proteinuria, regression of glomerulosclerosis, normaliza-
tion of podocyte number, and abrogation of tubulointersti-
tial injury when added to combination ACEI and ARB 
treatment.709 In rats in the nephrotic phase of PAN nephrop-
athy, statin treatment resulted in reduction of albuminuria 
and serum cholesterol levels, reduction of MCP-1 mRNA 
expression, and a 77% reduction in glomerular macrophage 
accumulation.710 The statins may therefore exert beneficial 
effects on kidney disease progression, not only by reducing 
serum lipid levels, but also by inhibiting mesangial cell pro-
liferation and mechanisms for the recruitment of macro-
phages due to decreased expression of chemotactic factors 
and cell adhesion molecules.711 Cholesterol-fed rats with 
PAN nephropathy treated with the antioxidants probucol or 
vitamin E showed significant reductions in proteinuria and 
glomerulosclerosis compared to untreated controls.712 Fur-
thermore, plasma VLDL and LDL from the treated animals 
were less susceptible to in vitro oxidation, and less renal 
lipid peroxidation was evident, implying that lipid peroxida-
tion plays an important role in renal injury associated with 
hyperlipidemia. Niacin treatment after 5/6 nephrectomy 
resulted in lower blood pressure, less proteinuria, less renal 
tissue accumulation of lipids, and attenuation of tubuloint-
erstitial injury, indicating that lipid lowering through strate-
gies other than statins may also be renoprotective.713

In some clinical studies, dietary or pharmacologic lower-
ing of serum lipid levels has also been associated with a 
reduction in proteinuria and lower rates of decline in renal 
function, but other studies have failed to demonstrate sig-
nificant beneficial effects of lipid-lowering therapy on pro-
teinuria or decline of renal function, despite adequate 
therapeutic reductions in serum lipid levels. A meta-analysis 
of 13 small studies that included both diabetic and nondia-
betic kidney disease found that lipid-lowering therapy sig-
nificantly reduced the rate of decline in GFR (mean 
reduction of 1.9 mL/min/yr).714 Several secondary analyses 
of data from clinical trials suggest that lipid-lowering therapy 
may slow progression in human CKD, but these data should 
be interpreted with caution. Secondary analysis of data from 
a randomized trial of pravastatin treatment for patients with 
a history of myocardial infarction found that pravastatin 
slowed the rate of GFR decline in patients with eGFR of less 
than 40 mL/min/1.73 m2, an effect that was also more pro-
nounced in those with proteinuria.715 Similarly, patients with 
previous cardiovascular disease or diabetes randomized to 
simvastatin treatment in the Heart Protection Study evi-
denced a smaller increase in serum creatinine level than 
those who received placebo.716 In a placebo-controlled 
open-label study, atorvastatin treatment in patients with 
CKD, proteinuria, and hypercholesterolemia was associated 
with preservation of creatinine clearance, whereas those 
receiving placebo evidenced a significant decline.717 In a 
meta-analysis of studies in which patients with CKD before 
dialysis were randomized to therapy with a statin, analysis  
of data from a relatively small subgroup in which renal  
end points were available found that statin therapy 
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high-protein diet.740 In the other, calcimimetic treatment 
and parathyroidectomy after 5/6 nephrectomy each abro-
gated TIF and glomerulosclerosis.741 Interpretation of these 
data are, however, complicated by the observation in the 
latter study that both interventions also lowered blood 
pressure.

ACTIVATED VITAMIN D DEFICIENCY
It is perhaps not surprising that vitamin D, normally 
1-hydroxylated in the kidney and therefore reduced in CKD, 
has several potentially beneficial effects on the kidney. 
Several experiments have reported amelioration of renal 
damage in rats treated with 1,25(OH)2D3 or vitamin D ana-
logue after 5/6 nephrectomy.742-744 Interestingly, a further 
study found that 1,25(OH)2D3 treatment also preserved 
podocyte number, volume, and structure after 5/6 nephrec-
tomy.269 In other experimental models, vitamin D or vitamin 
D analogues have been shown to abrogate interstitial inflam-
mation by promoting sequestration of NF-κB signaling,745 
inhibit renal hypertrophy after uninephrectomy,746 reduce 
renin729,747 as well as TGF-β expression,744 and restore glo-
merular filtration barrier structure as well as slit diaphragm 
protein expression.747 Several small trials have reported 
reductions in proteinuria among patients with diabetic748 
and nondiabetic CKD749,750 randomized to treatment with 
the vitamin D analogue paricalcitol, but larger long-term 
studies are required to further evaluate the potential reno-
protective effects of vitamin D replacement.

FIBROBLAST GROWTH FACTOR 23
FGF-23 has been identified as a key regulator of the bone 
mineral and vitamin D changes observed in CKD and may 
also mediate some of the adverse cardiovascular conse-
quences, as well as contributing to CKD progression. It is 
produced by osteoblasts and osteocytes, and levels rise early 
in the course of CKD. FGF-23 is stimulated chiefly by 
1,25(OH)2D3 and dietary phosphate intake.751 Its chief 
actions are to reduce phosphate reabsorption in the proxi-
mal tubule by downregulating sodium-phosphate cotrans-
porters and to reduce 1,25(OH)2D3 levels by inhibiting 
renal 25(OH)D3 1α-hydroxylase as well as stimulating the 
catabolic 25(OH)D3 24-hydroxylase.751 Thus decreased 
phosphate excretion early in the course of CKD stimulates 
FGF-23 production, which increases phosphate excretion to 
prevent hyperphosphatemia until late in the course of CKD. 
This response is achieved at the expense of low 1,25(OH)2D3 
levels, which in turn facilitate the development of secondary 
hyperparathyroidism.198,752 In addition to the role of FGF-23 
in bone mineral metabolism, longitudinal studies have iden-
tified FGF-23 as an independent risk factor for mortality in 
patients undergoing hemodialysis753,754 and an independent 
risk factor for progression of CKD in patients with diabe-
tes755 as well as those without diabetes,756 including African 
Americans.757 Whether FGF-23 contributes directly to CKD 
progression or is simply a risk marker remains to be eluci-
dated. Indeed, overexpression of mutant FGF-23 in the 
Thy-1 model of glomerulonephritis resulted in lowering of 
serum phosphate levels and amelioration of glomeruloscle-
rosis.758 Possible mechanisms whereby FGF-23 may contrib-
ute to CKD progression include aggravation of 1,25(OH)2D3 
deficiency and secondary hyperparathyroidism (Figure 
52.13; see earlier sections).

restriction or treatment with oral phosphate binders has 
been associated with reductions in proteinuria and glomer-
ulosclerosis and attenuation of disease progression as well 
as prevention of hyperparathyroidism.726-729 A further mech-
anism whereby hyperphosphatemia may contribute to 
kidney damage is suggested by the observation that high-
phosphate diet increased and phosphate binder therapy 
decreased renal expression of ACE after 5/6 nephrec-
tomy.730 Dietary phosphate restriction, however, almost inev-
itably also imposes dietary protein restriction. It is therefore 
not clear whether the benefit was derived directly from 
reduced phosphate intake or indirectly from protein restric-
tion. One study in humans has reported additional renopro-
tection when phosphate restriction was superimposed on 
protein restriction.731

RENAL CALCIUM DEPOSITION
Calcium-phosphate deposition is a frequent histologic 
finding in end-stage kidney biopsies, irrespective of the 
underlying cause of renal failure.200,732 Calcium levels in 
end-stage kidneys have been found to be approximately 
nine times greater than levels in control kidneys.732 Histo-
logically, deposits were seen in cortical tubular cells, base-
ment membranes, and the interstitium.732,733 Furthermore, 
the severity of renal parenchymal calcification has been 
found to correlate with the degree of renal dysfunction, 
implicating calcium-phosphate deposition in disease pro-
gression.726,734 To determine whether the calcium deposits 
observed in end-stage kidneys precede or follow renal 
parenchymal fibrosis, investigators maintained rats with 
reduced renal mass on a high-phosphate diet, thus ensuring 
a high calcium-phosphate product. A subgroup was treated 
with 3-phosphocitrate, an inhibitor of calcium-phosphate 
deposition.734 Treatment with 3-phosphocitrate led to a sig-
nificant reduction in renal injury compared to controls, 
indicating that calcium-phosphate deposition within the 
kidney occurs during the evolution of renal injury and may 
exacerbate nephron loss. Calcium deposition in the renal 
parenchyma is associated with ultrastructural evidence of 
mitochondrial disorganization and calcium accumulation733 
and may therefore contribute to renal injury via uncoupling 
of mitochondrial respiration and generation of ROS.735 
Mitochondrial calcium deposition was reduced by dietary 
protein restriction or calcium channel blocker therapy.733,735 
Other potential roles for cellular calcium in kidney disease 
progression include effects on vascular smooth muscle tone, 
mesangial cell contractility, cell growth and proliferation, 
ECM synthesis and immune cell modulation.736

HYPERPARATHYROIDISM
Podocytes express a unique transcript of PTH receptor, and 
PTH has been shown to have several effects on the kidney, 
including decreasing SNGFR (without change in QA, PGC, or 
ΔP), lowering Kf, and stimulating renin production.729 Fur-
thermore, increased PTH levels may exacerbate renal 
damage through effects on blood pressure,737 glucose intol-
erance, and lipid metabolism.738,739 Two experimental studies 
have provided evidence that PTH may contribute to CKD 
progression. In the first, parathyroidectomy was shown to 
improve survival, reduce the increase in renal mass as well 
as renal calcium content, and attenuate the rise in serum 
creatinine level observed in 5/6 nephrectomized rats fed a 
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anemia is associated with glomerular hyperfiltration that 
eventuates in proteinuria, hypertension, and ESKD.764,765 
Furthermore, reduced hemoglobin level was an indepen-
dent predictor of increased risk for developing ESKD among 
patients with diabetic nephropathy in the Reduction of End-
points in NIDDM with the Angiotensin II Antagonist Losar-
tan (RENAAL) trial.766 Several longitudinal studies of 
patients with other forms of CKD have identified lower 
hemoglobin level as a risk factor for progression.767,768 
Further confirmation that anemia has an adverse effect on 
CKD progression is derived from two small randomized 
studies that have reported renoprotective benefit when 
anemia is corrected with erythropoietin. Among patients 
without diabetes with serum creatinine level of 2 to 6 mg/
dL, early treatment (started when hemoglobin level < 
11.6 g/dL) with erythropoietin alpha was associated with a 
60% reduction in the risk for doubling serum creatinine 
level, ESKD, or death versus delayed treatment (started 
when hemoglobin level < 9.0 g/dL),769 and in patients with 
serum creatinine level of 2 to 4 mg/dL and hematocrit 
below 30%, erythropoietin treatment was associated with 
significantly improved renal survival.770 On the other hand, 
two other studies that had effect on left ventricular mass as 
their primary end point,771,772 as well as the Trial to Reduce 
Cardiovascular Events with Aranesp Therapy (TREAT),773 
found no effect of high versus low hemoglobin target on 
rate of decline in GFR, and in the Cardiovascular Risk 
Reduction by Early Anemia Treatment with Epoetin Beta 
(CREATE) study, randomization to a higher hemoglobin 
target (13 to 15 mg/dL) was associated with a shorter time 
to initiation of dialysis than the lower target (10.5 to 
11.5 mg/dL).774

The reasons for the apparent contradiction between the 
beneficial hemodynamic effects of anemia in experimental 
models and the identification of anemia as a risk factor for 
CKD progression in clinical studies are unknown. It is pos-
sible that the benefit of the hemodynamic effects is out-
weighed by other factors such as increased renal hypoxia 
and ROS formation that may contribute to progressive renal 
damage.775 Nevertheless, several studies indicate that nor-
malization of hemoglobin level in CKD may be associated 
with several serious adverse effects, including increased risk 
for stroke773 and death.776 Issues related to the treatment of 
anemia in CKD are discussed further in Chapter 57.

TOBACCO SMOKING

Smoking produces acute sympathetic nervous system activa-
tion resulting in tachycardia and an increase in SBP of up 
to 21 mm Hg.777 Vasoconstriction occurs in several vascular 
beds, including the kidneys. Among healthy, nonsmoking 
volunteers, acute exposure to cigarette smoke caused an 
11% increase in renovascular resistance accompanied by a 
15% reduction in GFR and an 18% decrease in filtration 
fraction. These effects appear to be mediated, at least in 
part, by nicotine, since similar responses were observed after 
chewing nicotine gum.778 The renal hemodynamic effects of 
smoking can be blocked by pretreatment with a β-blocker, 
indicating that β-adrenergic stimulation is also involved.779 
The effects of chronic smoking on the normal kidney are 
less well defined. RPF but not GFR is reduced in chronic 
smokers, and plasma ET levels are elevated. In one 

ANEMIA

Anemia is a frequent consequence of CKD but may also 
influence its progression. Both acute and chronic anemia 
are associated with reversible increases in renal vascular 
resistance and a normal or reduced filtration fraction in 
animals and humans. Conversely, an increase in hematocrit 
is associated with an increase in filtration fraction. Thus 
hematocrit may influence renal hemodynamics and thereby 
affect the rate of progression of CKD. The effects of anemia 
on glomerular hemodynamics have been studied in rats 
subjected to 5/6 nephrectomy, DOCA-salt hypertension, 
and diabetes.759-761 Irrespective of the model, anemia was 
associated with significant amelioration of glomerulosclero-
sis and a reduction in PGC. Reduced PGC resulted predomi-
nantly from reductions in efferent arteriolar resistance in 
rats with renal ablation, lowered SBP in DOCA-salt rats, and 
increased afferent arteriolar resistance in diabetic rats. Simi-
larly, in the Munich-Wistar-Frömter/Ztm rat, which devel-
ops spontaneous glomerulosclerosis with age, anemia 
induced by dietary iron deficiency was associated with lower 
blood pressure, reduced urinary protein excretion, and less 
extensive glomerulosclerosis compared with controls fed a 
diet of normal iron content.762 In contrast, prevention of 
anemia by administration of erythropoietin to remnant 
kidney rats to maintain a normal hematocrit resulted in 
increased systemic and glomerular blood pressures as well 
as markedly increased glomerulosclerosis.759 In another 
apparently contradictory study, treatment with epoetin delta 
after 5/6 nephrectomy was associated with slower rates of 
decline in renal function, decreased renal fibrosis, and less 
interstitial macrophage accumulation. Interestingly, these 
effects were observed at subhemopoietic doses, indicating 
that they may have resulted from direct actions of the 
epoetin, rather than anemia correction.763

Despite the apparently favorable hemodynamic effects of 
anemia in experimental models of CKD, human studies 
suggest that anemia may in fact accelerate CKD progression. 
In patients with inherited hemoglobinopathies, chronic 

Figure 52.13  Schema to explain the possible interactions between 
phosphate, vitamin D (1,25[OH]2D), fibroblast growth factor 23 (FGF-
23), and parathyroid hormone  (PTH)  in  regulating serum phosphate 
and  calcium  after  nephron  loss.  (Reproduced with permission from 
Gutierrez OM: Fibroblast growth factor 23 and disordered vitamin D 
metabolism in chronic kidney disease: updating the “trade-off” hypoth-
esis. Clin J Am Soc Nephrol 5:1710-1716, 2010.)
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and direct tubulotoxocity.803 Furthermore, nicotine admin-
istration in Thy-1 rats increased mesangial cell accumula-
tion, and in vitro nicotine increased COX-2 expression and 
mesangial cell proliferation.804 Similarly, in a mouse model 
of diabetic nephropathy, nicotine increased proteinuria, 
glomerular hypertrophy, and mesangial area. NADPH-
oxidase 4, nitrotyrosine, and Akt were also increased. In 
vitro nicotine and high glucose levels were found to have 
additive effects in stimulating generation of ROS and Akt 
phosphorylation in mesangial cells.805 Nicotine administra-
tion after 5/6 nephrectomy in rats was associated with a 
small increase in blood pressure as well as increased pro-
teinuria (but not albuminuria). Glomerular injury score at 
12 weeks was exacerbated by nicotine in association with 
increased expression of fibronectin, NADPH-oxidase, and 
TGF-β.806 Among patients with CKD the hemodynamic 
effects of smoking were variable, but smoking was associated 
with a consistent increase in urine ACR.778 Analysis of urine 
from smokers and nonsmokers has revealed significantly 
higher excretions of thromboxane- and PGI2-derived prod-
ucts in smokers.807 The authors suggest that increased syn-
thesis of thromboxanes and PGI2 may have pathologic 
importance for vascular injury given the biologic effects of 
these compounds on platelets and smooth muscle cells. An 
important role for sympathetic nervous system activation 
was suggested by an experimental study in which sympa-
thetic denervation abrogated renal injury induced by expo-
sure to cigarette smoke condensate.808 A growing body of 
evidence thus supports the notion that the kidney is yet 
another organ that is adversely affected by smoking and that 
smoking cessation may contribute to slowing the rate of 
progression of CKD.809,796

ACUTE KIDNEY INJURY

A growing body of evidence indicates that recovery from 
AKI is associated with a substantially increased risk for CKD, 
and AKI superimposed on CKD has been proposed as a 
previously underappreciated mechanism for CKD progres-
sion. Following publication of several individual cohort 
studies, a meta-analysis of 13 studies reported a significantly 
increased risk for developing CKD and ESKD in patients 
who had survived an episode of AKI versus participants 
without AKI (pooled adjusted HR for CKD, 8.8; 95% CI, 3.1 
to 25.5) (pooled HR for ESKD, 3.1; 95% CI, 1.9 to 5.0).810 
Studies in animal models of AKI have identified failure of 
dedifferentiation of tubular cells as a key mechanism associ-
ated with progressive TIF after AKI. After acute tubular 
necrosis, regeneration of tubules is achieved by dedifferen-
tiation of remaining tubular cells followed by proliferation 
to replace lost cells and redifferentiation. If this process 
fails, tubule cells become arrested in the dedifferentiated 
state and continue to produce proinflammatory and profi-
brotic cytokines that drive progressive interstitial fibrosis. 
Activation of pericytes results in differentiation into myofi-
broblasts that contribute to fibrosis. The loss of pericytes 
contributes to loss of endothelial integrity and capillary rar-
efaction that exacerbates tissue hypoxia and fibrosis.811 The 
specific factors that provoke progressive kidney damage 
after AKI remain to be elucidated. It is proposed that a 
single episode of AKI normally heals without progressive 
kidney damage but that repeated episodes of AKI, a single 

population-based study, chronic smoking was associated 
with a small increase in creatinine clearance, implying that 
smoking may cause glomerular hyperfiltration.780 That these 
functional abnormalities may result in structural changes to 
blood vessels is suggested by the observation of abnormal 
intrarenal vasculature in smokers.781,782 Moreover, epidemio-
logic studies have found smoking to be an important predic-
tor of albuminuria in the general population.780,783 In one 
study, heavy smoking (>20 cigarettes per day) was associated 
with a relative risk for albuminuria of 1.92.783 Furthermore, 
in other epidemiologic studies, smoking has been identified 
as a significant risk factor for CKD543,784,785 and the develop-
ment of ESKD.542 On the other hand, smoking was associ-
ated with an increased risk for developing glomerular 
hyperfiltration (eGFR ≥ 117 mL/min/1.73 m2; OR, 1.32 
versus nonsmokers) as well as proteinuria (OR, 1.51 versus 
nonsmokers) in one longitudinal study of 10,118 middle-
aged Japanese workers.786 Two other similar longitudinal 
studies from Japan confirmed that smoking is associated 
with an increased risk for developing proteinuria but with 
a higher mean eGFR than in nonsmokers.787,788 In one of 
the studies, smoking was associated with a reduced risk for 
developing CKD stage 3.788

Whereas more studies are required to elucidate the 
effects of smoking on healthy kidneys, a growing body of 
evidence attests to the role of smoking as an important risk 
factor for disease progression in a variety of forms of CKD. 
The first published studies focused on diabetic nephropa-
thy. Among patients with type 1 diabetes, smoking has been 
found to be a significant risk factor for the development of 
microalbuminuria and overt nephropathy.789,790 Further-
more, smoking was associated with more rapid progression 
from microalbuminuria to overt nephropathy791 and with 
almost double the rate of decline in GFR in nonsmokers.792 
Similar observations have been made among patients with 
type 2 diabetes,793-795 and smoking cessation was associated 
with less progression to macroalbuminuria and a slower rate 
of GFR decline than continued smoking.796 Several studies 
have also reported associations between smoking and accel-
erated CKD progression among nondiabetic forms of CKD. 
Among men with ADPKD or IgA nephropathy, a dose-
dependent association between smoking and ESKD was 
observed, with an odds ratio of 5.8 for those with more than 
15 pack years versus those with less than 5 pack years.797 The 
median time to ESKD was almost halved in smokers versus 
nonsmokers in patients with lupus nephritis.798 Among 295 
patients with a primary glomerulonephritis, those with a 
serum creatinine level above 1.7 mg/dL were significantly 
more likely to be smokers than those with a normal creati-
nine level.799 Similarly, among 73 patients with primary renal 
disease, the rate of decline in GFR was doubled in heavy 
smokers versus nonsmokers.800 Smoking was the most pow-
erful predictor of a rise in serum creatinine level among 
patients with severe essential hypertension.801 In the CRIC 
study, nonsmoking was associated with a reduced risk for 
CKD progression (HR, 0.68; 95% CI, 0.55 to 0.84), athero-
sclerotic cardiovascular events (HR, 0.55; 95% CI, 0.40 to 
0.75), and mortality (HR, 0.45; 95% CI, 0.34 to 0.60).802

Mechanisms whereby cigarette smoking may result in 
renal injury are the subject of ongoing research but are 
thought to include sympathetic nervous system activation, 
glomerular capillary hypertension, endothelial cell injury, 
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FUTURE DIRECTIONS

The development of pharmacologic inhibitors of the RAAS 
provided powerful and incisive tools to explore renal hemo-
dynamic and other associated adaptations in the setting of 
progressive renal injury. These insights paved the way for 
clinical studies that have now provided clear evidence for 
the use of ACEI and ARB treatment as the mainstay of reno-
protective strategies. Nevertheless, these studies have shown 
at best a halving of the rate of CKD progression. Ongoing 
research involving cell biology and molecular cloning, as 
well as genomics and proteomics, continues to yield novel 
insights into the mechanisms of progressive renal injury that 
promise to direct researchers to potential new molecular 
targets for renoprotective interventions. The development 
of the means to specifically inhibit molecular targets may 
provide new forms of therapy for those with CKD and enable 
physicians to realize the ultimate goal of achieving remis-
sion of progressive renal injury in the majority of patients 
and even regression of renal damage in some.
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very severe episode of AKI, or AKI superimposed on preex-
isting CKD may provoke these mechanisms.812 The interac-
tion between AKI and CKD progression is demonstrated by 
a study of 39,805 patients with eGFR of less than 45 mL/
min/1.73 m2 before hospitalization. Those who survived an 
episode of AKI that required dialysis had a very high risk for 
developing ESKD within 30 days of hospital discharge (i.e., 
nonrecovery of AKI) that was related to preadmission eGFR. 
For eGFR of 30-44 mL/min/1.73 m2 the incidence of ESKD 
was 42%, and for eGFR of 15 to 29 mL/min/1.73 m2 it was 
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after hospital discharge without ESKD, the incidence of 
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AKI was associated with a 30% increase in long-term risk for 
death or ESKD (adjusted HR, 1.30; 95% CI, 1.04 to 1.64).813 
The interaction between AKI and CKD has been explored 
further in rats subjected to renal ischemia 2 weeks after 3/4 
nephrectomy, uninephrectomy, or sham operation. Despite 
comparable acute injury, ischemia after 3/4 nephrectomy 
was associated with a sustained increase in serum creatinine 
level and more tubules that failed to redifferentiate associ-
ated with more severe capillary rarefaction and TIF. Further-
more, rats that were initially normotensive after 3/4 
nephrectomy developed hypertension and proteinuria at 2 
to 4 weeks after ischemia.814 The investigators propose that 
loss of autoregulation results in greater transmission of ele-
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erbates glomerular damage and contributes to CKD 
progression.812 Proposed interactions between mechanisms 
of kidney injury post AKI and mechanisms of CKD progres-
sion are illustrated in Figure 52.14.

Figure 52.14  Failed tubule differentiation and loss of renal mass after acute kidney injury (AKI) lead to hemodynamic abnormalities that cause 
chronic kidney disease  (CKD) progression. Schematic diagram  illustrating  the effects of AKI  that  lead  to  tubulointerstitial  fibrosis,  the  renal 
mass reduction that retards recovery of tubules regenerating after AKI, and the resulting disproportionate further reduction of renal mass that 
triggers  hemodynamic  mechanisms  of  renal  disease  progression.  (Reproduced with permission from Venkatachalam MA, et al: Failed tubule 
recovery, AKI-CKD transition, and kidney disease progression. J Am Soc Nephrol pii:ASN.2015010006. Epub Mar 25, 2015.)
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MECHANISMS OF PROTEINURIA

One of the most common features of glomerular diseases is 
an abnormal excretion of plasma proteins in the urine. 
Proteinuria is the cause and effect of several complications 
not only at the kidney but also at the systemic level. Complex 
changes in the structure and function of the glomerular 
capillary, as well as the entire nephron, are responsible for 
the final elevation in urine protein concentration in several 
kidney disorders. In this chapter, before the consequences 
of proteinuria are described, the pathophysiology of protein 
excretion is reviewed.

Functional properties of the glomerular filtration barrier, 
tubular interaction with filtered proteins, and the mecha-
nisms of proteinuria have been reviewed in detail,1 and 
characterization of structural molecules relevant to the fil-
tration barrier in glomerular endothelial cells and in par-
ticular on podocytes has been reported.2,3 There are in 
principle two distinct phenomena that can result in protein-
uria. The first is elevation of glomerular filtration of circulat-
ing plasma proteins that are almost completely retained in 
the circulating plasma in physiologic conditions; the second 
is a defective or incomplete reabsorption of proteins by the 
proximal tubule. The two phenomena are interrelated, and 
likely are both present in so-called glomerular proteinuria, 
in which proteins in the urine are the size of albumin and 

larger. Despite several experimental and clinical observa-
tions investigating the structural and molecular alterations 
involved in kidney diseases that result in proteinuria,4 the 
precise nature of the functional changes responsible and 
their quantification remain the subject of numerous ongoing 
investigations.5

STRUCTURE AND FUNCTION OF THE 
GLOMERULAR CAPILLARY WALL

The function of the glomerular capillary is to allow a large 
amount of water and small solute filtration while efficiently 
restricting glomerular passage of protein macromolecules 
within the blood circulation. This selective function is spe-
cific to the glomerular capillary membrane, which is far 
more permeable to water than any other capillary mem-
brane in the body. With the development of glomerular 
diseases the capillary membrane structure at molecular 
and/or cellular level may be altered, resulting in loss of 
hydraulic permeability, reduction in surface area available 
for filtration, and consequent reduction in glomerular filtra-
tion rate (GFR). Despite the reduction in permeability to 
water, the capillary membrane often becomes more perme-
able to circulating macromolecules. Experimental research 
has elucidated a number of glomerular structural and 
molecular alterations that are responsible for these func-
tional changes.
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characterized by the three-layer composition consisting of 
endothelial cells, glomerular basement membrane (GBM), 
and epithelial cells. The structure and function of this 
highly differentiated arrangement of cells and matrix are 
presented in Chapter 2. Mechanisms whereby structural and 
functional changes may result in abnormal protein filtration 
and ultimately to proteinuria are reviewed later.

According to the classic concept, hydraulic resistance and 
macromolecule retention are functions of the so-called fil-
tering surface of the glomerular capillary membrane, but 
newer evidence indicates that the entire structure of the 
epithelial cells and the relative position of capillary mem-
brane within the tuft may also affect water and macromol-
ecule filtration. As reported by Neal and coworkers, a large 
fraction of the filtration membrane is actually covered by 
epithelial cell bodies or by the presence of adjacent epithe-
lial cells.11 The three-dimensional spaces created by these 
structures have been called subpodocyte space (SPS) and 
interpodocyte space (IPS), respectively. Theoretical analysis 
of the transport of both water and macromolecules through 
the SPS indicates that structural organization of this com-
partment induces significant resistance to water flow from 
the filtration membrane to the urinary space.12 This resis-
tance appears to be not insignificant in comparison with 
that of the three-layer membrane structure. Macromolecule 
transport may also be influenced by the SPS.13

Specific evaluations of the structural changes that charac-
terize SPS and IPS, and their functional consequence in 
experimental models of kidney disease or in patients with 
renal dysfunction, are not yet available. The difficulties in 
obtaining such quantitative evaluations derive from the het-
erogeneous nature of these three-dimensional structures. In 
addition, they can be visualized only with use of electron 
microscopy, both transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM), but their quanti-
fication is not easy because they are located in the inner 
portion of the glomerular capillary tuft.14

ULTRASTRUCTURE OF THE GLOMERULAR  
CAPILLARY MEMBRANE
Endothelial Cell Layer

Glomerular endothelial cells are the most fenestrated in  
the circulation, with a pore area in the peripheral zone  
that occupies from 20% to 50% of the cell surface.15 The 
surface of endothelial cells has been considered to have 
negative electric charge because of the presence of the  
electrical charges of glycoproteins, glycosaminoglycans, and 
membrane-associated proteoglycans (glycocalyx).16 These 
negative charges are expected to act as a barrier to the 
interaction of anionic circulating proteins such as albumin. 
Thus, even if endothelial fenestrae are much larger than 
albumin (about 60 nm in diameter, in comparison with a 
diameter of 7.2 nm for albumin), negatively charged circu-
lating macromolecules stay away from the endothelial 
surface because of electrical repulsion and remain within 
the circulation. It is now evident that the first restriction to 
albumin filtration across glomerular membrane consists in 
the endothelial surface layer and that its role is to substan-
tially decrease protein concentration in the fluid that enters 
the GBM layer.1 Endothelial cell glycocalyx expression is 
significantly affected by fluid shear stress.17 Increased shear 

GLOMERULAR CAPILLARY WALL ORGANIZATION

Morphologic studies available in the literature describe in 
detail the complex organization of the glomerular capillary 
and the capillary membrane (see Chapter 2); however, the 
interpretation of filtration barrier function has been largely 
based on major simplifications. Thus, although the glomer-
ular capillary comprises numerous branching segments, the 
glomerular capillary organization has usually been consid-
ered a simple capillary segment or a set of several uniform 
segments in parallel. Similarly, the capillary membrane  
has been considered a uniform three-layer structure. As 
described later, investigations now allow a better under-
standing of the functional effects of geometric and spatial 
organization of the glomerular capillary as well as of specific 
features of cell organization and interactions at the capillary 
membrane level. These aspects have revealed some new 
insights into the mechanisms responsible for glomerular 
capillary dysfunction.

Glomerular Capillary Network

According to classic optical microscopy observations of 
kidney tissue sections, the capillary network is composed of 
a number of capillary segments connecting afferent and 
efferent arterioles within a tuft that, in humans, has a mean 
diameter of 120 to 150 µm. More realistic and direct visual-
izations of the capillary organization are usually derived 
from scanning electron microscopy, but this technique 
allows predominantly views only from the outer surface of 
the capillary. Specific investigations with reconstructions 
from serial sections6 or confocal microscopy7 allow investiga-
tion of capillary segment organization and, in particular, 
calculation of blood flow distribution and water filtration 
along the network.8 Owing to the large number of capillary 
segments, around 200 in the rat, and their apparent uniform 
size, the blood flow is expected to be uniformly distributed 
along the network with lower blood velocity than that in 
afferent arterioles. This hemodynamic arrangement allows 
the blood to remain in close contact with the filtration 
membrane. However, more detailed geometric reconstruc-
tions of the glomerular capillary show that the network has 
some heterogeneity. The size of some capillary segments 
(with a diameter less than 3-4 µm)6 would suggest that they 
are perfused only by plasma, excluding red blood cell 
transit, and may represent a sort of shunt in the network to 
decrease overall network pressure. This finely organized 
geometry is the result of cellular organization and remodel-
ing and seems to be importantly affected by disease pro-
cesses, which result in simplification of the capillary network 
and changes in local pressure and flow distribution, ulti-
mately leading to capillary obliteration in areas of segmental 
sclerosis.9 These local hemodynamic changes affect the fil-
tration function of the capillary network, because elevation 
of blood flow and hydraulic pressure is expected to occur 
in some capillary segments, leading to abnormal filtration 
of circulating proteins.10

Glomerular Capillary Wall

On a smaller scale the organization of the glomerular capil-
lary membrane is rather heterogeneous. The arrangement 
that is generally described usually refers to the portion of 
the capillary wall that is considered the filtering surface, 
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in the gene encoding laminin β2 (LAMB2) cause Pierson’s 
syndrome, a congenital nephrotic syndrome with associ-
ated extrarenal manifestations.27 Studies using knockout 
mouse models of Alport’s and Pierson’s syndromes have 
documented that GBM lacking these specific compo-
nents is more permeable to ferritin or albumin than the 
normal GBM, indicating it has a role in glomerular 
permselectivity.28,29

Epithelial Filtration Slits

A large amount of experimental and clinical research has 
been generated in the last few decades on the molecular 
and structural composition of the epithelial junctional 
complex, known as filtration slits. The characterization of 
several molecular components of this structure has allowed 
detailed definition of the proteins that compose the filtra-
tion slits (Figure 53.1)30; however, detailed information on 
the ultrastructure of this intracellular junction is still under 
investigation.5 The original observations by Rodewald and 
Karnowsky31 suggested a zipper-like structure of the epithe-
lial filtration slit, with 4-nm by 14-nm rectangular openings. 
These dimensions are in contrast with the observation that 
a limited amount of albumin can traverse the filtration 
barrier in physiologic conditions,1 because the mean molec-
ular radius of albumin is 3.6 nm. Observations with high-
resolution SEM and three-dimensional (3D) electron 
microscopy reconstruction suggest that the filtration slits 
are perforated by larger openings of the size of albumin, 
with more complex geometry.32 The morphology of the fil-
tration slit has been further imaged with high-resolution 
SEM, providing evidence of a new ultrastructure composed 
of circular pores of different sizes with an average radius of 
12 nm (Figure 53.2).33 Despite the small size of filtration slit 
openings, a large amount of plasma water is filtered because 
of the high filtration slit length per unit surface area. As 

stress is associated with glycocalyx formation and reorgani-
zation on the cell surface in contact with fluid flow, with 
lower expression in static conditions. Thus, pathologic con-
ditions in which changes in glomerular capillary flow may 
occur are expected to decrease glycocalyx formation and 
consequently reduce the retention of anionic proteins 
within the bloodstream.

It has been demonstrated that disruption of the endothe-
lial glycocalyx increases glomerular albumin filtration even 
in the presence of only minor changes in both the GBM and 
glomerular epithelial cells.18 The role of the glomerular 
polysaccharide-rich endothelial surface layer (ESL) to act as 
a filtration barrier for large molecules such as albumin has 
been confirmed in C57BL/6 mice given long-term infusions 
of hyaluronidase, a hyaluronan-degrading enzyme that dis-
rupts the endothelial glycocalyx proteoglycans.19,20 An elec-
tron microscopy technique that allows visualization of the 
ESL and albumin transport within the entire glomerular 
section at nanometer resolution was used in this set of 
experiments.21 The study showed that glomerular fenestrae 
are filled with dense negatively charged polysaccharide 
structures that are largely removed in the presence of circu-
lating hyaluronidase, leaving the polysaccharide surfaces of 
other glomerular cells intact.19 Both retention of cationic 
ferritin in the GBM and systemic blood pressure were unal-
tered. In hyaluronidase-treated animals, however, albumin 
passed across the endothelium in 90% of glomeruli, whereas 
this process could not be observed in untreated control 
animals. Nevertheless, there was no net albuminuria because 
of binding and uptake of filtered albumin by the podocytes 
and parietal epithelium. The ESL structure and function 
completely recovered after cessation of hyaluronidase infu-
sion. Thus the polyanionic ESL component hyaluronan is a 
key component of the glomerular endothelial permeability 
barrier whose reduction facilitates albumin passage across 
the endothelial layer and the GBM toward the epithelial 
compartment.

Organization of the Glomerular  
Basement Membrane

The basement membrane layer that characterizes the capil-
lary wall (see Chapter 2) has been shown to make an impor-
tant contribution to protein retention by the capillary wall. 
The molecular composition and organization of this base-
ment membrane suggest a sieving function based on both 
size and charge.22 Structural proteins such as collagen type 
IV and laminin, as well as heparan sulfate proteoglycans, 
represent not only a steric hindrance but also exert a charge 
effect on the filtration of circulating molecules. In vivo and 
in vitro studies indicate that small neutral and charged 
solutes are freely filtered across this extracellular matrix 
layer but an important restriction is observed for macromol-
ecules the size of albumin or larger.23 Thus, changes in 
composition and/or organization of GBM molecules are 
expected to reduce water filtration and retention of circulat-
ing macromolecules.24 The role of the GBM in glomerular 
permselectivity is highlighted by the discovery of mutations 
affecting genes encoding GBM components in humans and 
mouse models.25 Mutations in the COL4A3, COL4A4, 
or COL4A5 genes that encode collagen type IV α3, α4, and 
α5 chains, respectively, cause Alport’s syndrome, a heredi-
tary glomerular, auditory, and ocular disease.26 Mutations 

Figure 53.1  Hypothetical model of the podocyte slit diaphragm. 
See  text  for  discussion.  CD2AP,  CD  (cluster  of  differentiation  2)–
associated protein; GBM, glomerular basement membrane; NEPH1, 
a nephrin-like protein; ZO-1,  tight  junction protein-1.  (From Jalanko 
H: Pathogenesis of proteinuria: lessons learned from nephrin and 
podocin, Pediatr Nephrol 18:487-491, 2003.)
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Figure 53.2  Visualization of epithelial filtration slits obtained 
using scanning electron microscopy and an in-lens detector to 
enhance electron detection.  The  sample  was  obtained  from  a 
Wistar rat and dehydrated with a critical point dryer. The ultrastruc-
ture of the filtration slit appears different from the model convention-
ally proposed in the literature (see Rodewald and Karnovsky31). The 
radius of the circular pores averages 12 nm. (From Gagliardini E, Conti 
S, Benigni A, et al: . Imaging of the porous ultrastructure of the glomeru-
lar epithelial filtration slit, J Am Soc Nephrol 21: 2081-2089, 2010).

mentioned earlier, under physiologic conditions about 20% 
of peripheral capillary filtering surface is directly in com-
munication with Bowman’s space, and the epithelial slits are 
the last resistance encountered by water and filtered 
solutes.11 In the remaining portion of the glomerular mem-
brane water and solutes, after passing through the filtration 
slits, must traverse the SPS and the IPS before arriving in 
Bowman’s capsule.11

THEORETICAL MODELS OF  
GLOMERULAR PERMSELECTIVITY
In addition to structural investigation, functional evalua-
tions of the glomerular capillary wall have been extensively 
used to characterize physiologic conditions and to quantify 
the effect of pathologic changes. These studies are based on 
the estimation of filtration of endogenous plasma mole-
cules, such as albumin, immunoglobulin G (IgG) and other 
proteins, or on the use of test macromolecules of different 
size, either neutral or electrically charged. Macromolecule 
filtration depends on convective and diffusive transport, 
which is influenced by glomerular hemodynamic conditions 
(flow and pressure) and water filtration. As described later, 
several investigators developed theoretical models to derive 
intrinsic sieving properties of the capillary wall from estima-
tion of macromolecule filtration in both experimental and 
human studies.

Heteroporous Models of Glomerular 
Size-Selectivity

The most widely used theoretical models of glomerular size-
selective function are based on the assumption that water-

filled pores of different sizes are functional equivalents of 
the glomerular membrane. The passage of water is calcu-
lated along the network by taking into account the balance 
between hydraulic pressure and oncotic pressure as well as 
membrane hydraulic permeability.9,34 For the calculation of 
solute filtration, convective and diffusive transport are taken 
into account, whereas pore resistance to solute filtration is 
based on steric and hydrodynamic hindrance.10,34 The use 
of these models indicated that glomerular hypothetical 
pores have mean radius of 4.5 to 5.0 nm in humans, and a 
statistical distribution of pore size log normally distributed 
around the mean. However, the best simulation of experi-
mental measurements has been obtained on the assumption 
that in parallel to restrictive pores, there is a nonselective 
shunt pathway.35

Application of these theoretical models clearly showed 
that in several proteinuric conditions the increased  
glomerular filtration of neutral test macromolecules was 
associated not with important change in the size of  
restrictive pores but rather with changes in the nonselective 
shunt pathway.36 This finding suggests that in normal 
conditions the small amount of albumin present in the 
urine may be the result of a small amount of protein  
filtration that takes place in some focal area of the epithe-
lial junction, while most of the filtration slits retain the 
protein.

Fiber Models of Glomerular Size-Selectivity

Fiber models of solute filtration across the glomerular mem-
brane have also been developed and used.1 Similar to porous 
models, the fiber models allow separation of the effect of 
glomerular hemodynamic changes from those related to 
intrinsic changes of glomerular membrane selective proper-
ties. The advantage of the fiber model is that, in addition 
to steric hindrance, the effect of membrane and protein 
electrical charge can be embedded in the model, allowing 
estimation of changes in membrane properties in terms  
of both molecular structural organization and electrical 
charge.37 This modeling approach indicates that filtration 
of albumin is significantly affected by electrical charge, 
whereas on the basis of size-selectivity alone the molecule 
could easily escape the capillary membrane.

Multilayer Membrane Models

The structural complexity of the glomerular capillary wall 
suggested a need to develop more complex theoretical 
models to more reliably simulate the resistance to water  
and solute movement across the membrane. These models 
have been developed and tested by Edwards and colleagues22 
with the aim of estimating the role of individual layers on 
the filtration of water and solutes. In these models the resis-
tance of endothelial cells, GBM, and epithelial cells is 
assumed to act in series. In normal conditions hydraulic 
resistance of endothelial layer is negligible, and GBM and 
epithelial resistances are comparable. The contribution of 
the three layers to solute hindrance has been considered 
and the major contribution to membrane selectivity is 
exerted by the filtration slit.38 Although these models 
describe in detail the physical interaction of water and mac-
romolecules with the membrane structure, their application 
is difficult because they require extensive measurement of 
structural parameters.
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interstitial space and peritubular capillaries). The protein 
concentration in the urinary space was estimated to range 
from 10 to 25 µg/mL.41,42 In a later study, direct in vivo 
imaging of fluorescent albumin by two-photon microscopy 
has been used to directly estimate albumin concentration 
in Bowman’s capsule fluid.43 It has also been demonstrated 
that reliable measurements of albumin fractional clearance, 
the ratio between urinary space and plasma albumin con-
centration, allow estimation of an albumin concentration of 
about 60 µg/mL in Bowman’s capsule under normal condi-
tions in the rat,44 corresponding to a fractional clearance 
of 0.002. Once filtered at glomerular level, albumin and 
smaller proteins are almost entirely reabsorbed at the proxi-
mal tubular level. In pathologic conditions, when the fil-
tered load overwhelms the reabsorptive capacity, proteins 
are detected in the urine.

THEORETICAL MODELS OF TUBULAR REABSORPTION
The process of albumin reabsorption by proximal tubular 
cells has been modeled to allow a quantitative assessment of 
the relationship between albumin ultrafiltration at glomeru-
lar level, proximal tubular uptake, and final excretion in the 
urine.45 In this model the process of diffusion of albumin 
across the microvillar space and the uptake of the protein 
by tubular cell receptors are taken into consideration. The 
amount of albumin that is reabsorbed during proximal 
tubule passage is simulated, with the presence of a high-
affinity site for binding and internalization of albumin at 
the base of tubular cell microvilli assumed. According to in 
vitro and ex vivo data, these receptors are assumed to be 
half-saturated at concentrations similar to those mentioned 
for albumin in Bowman’s capsule (20-30 µg/mL). The 
effect of the assumption of different values for the maximum 
absorptive capacity (Vmax) on the albumin concentration 
along the proximal tubule is reported in Figure 53.5. This 
modeling approach showed that the transport of albumin 

Models of Glomerular Charge-Selectivity

As mentioned previously, the fact that negative electrical 
charges are present in the glomerular membrane (in the 
glycocalyx of endothelial cells, the negatively charged 
heparan sulfate of the GBM, and the glycoproteins of the 
cell membrane of podocytes) strongly suggests that circulat-
ing proteins that are negatively charged, like albumin, are 
restricted within the circulation not only for their size but 
also for electrical charges. The use of theoretical models for 
the simulation of the charge-selective function of the glo-
merular membrane allowed estimation of the amount of 
electrical charge present within the membrane.10 These 
studies indicated that electrical charge is an important com-
ponent of glomerular permselective function and that 
changes in membrane electrical charge can explain abnor-
mal albumin filtration even without changes in membrane 
structural parameters such as pore size, fiber size, and 
length per unit volume. However, the use of these models 
to investigate glomerular membrane charge is limited by the 
difficulties in measuring glomerular filtration of charged 
test solutes that interfere with circulating macromolecules 
and are not filtered simply on the basis of their molecular 
shape and electric charge alone.39

PROTEIN REABSORPTION BY THE  
PROXIMAL TUBULE

PROXIMAL TUBULE STRUCTURE AND FUNCTION
The glomerular ultrafiltrate, once flowing inside the proxi-
mal tubule, undergoes important changes in composition 
owing to processes of water and solute reabsorption. In 
addition to small solutes and electrolytes, proteins such as 
albumin are reabsorbed.39 Thus, final urinary excretion of 
proteins depends largely on the interaction of proteins with 
proximal tubular epithelial cells. These cells form a compact 
epithelial layer with a basal side in contact with tubular base-
ment membrane, an intercellular junction, and a luminal 
surface in contact with tubular fluid. They are characterized 
by large number of mitochondria, an index of important 
metabolic activity, and a prominent layer of microvilli 
(Figure 53.3) that results in the extension of the luminal 
cell surface area.

The microvillar membrane is the site for receptor-
mediated endocytosis of low-density lipoprotein and nega-
tively charged proteins. Albumin in the proximal tubule 
undergoes specific binding to the extracellular domain of a 
membrane receptor complex, megalin-cubilin receptor40 
(Figure 53.4), and following that, internalization of the 
protein by membrane vesicles. These vesicles are then pro-
cessed for protein degradation, amino acid transport to 
basal membrane of tubular cells, and release into the inter-
stitial space and ultimately into the peritubular capillaries. 
Receptors are recycled to luminal cell membrane by dense 
apical tubules.

The amount of filtered albumin at glomerular level and 
that reabsorbed by proximal tubular cells are not easy to 
quantify. Ideally one would have to sample the early proxi-
mal tubule and quantify albumin concentration in the  
microsamples. Despite technical difficulties, micropunc-
ture techniques have been used to avoid sample contamina-
tion with plasma present very near the puncture site (in 

Figure 53.3  Scanning electron microscopy of proximal tubular 
cells. The inner cell membrane is covered by microvilli of the brush 
border. In order to be taken up by cell receptors, albumin must diffuse 
through the dense layer of microvilli. 
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Figure 53.4  Pathways of albumin degradation in the proximal tubule. Albumin is filtered in the glomeruli (1) and reabsorbed by the proximal 
tubular cells by  receptor-mediated endocytosis  (2a).  Internalization by endocytosis  is  followed by  transport  into  lysosomes  for degradation. 
Some intact albumin may escape tubular reabsorption (3), the amount being greater as the glomerular filtration fraction of albumin increases 
or tubular function is compromised. The upper right shows a schematic representation of the intracellular pathways following endocytic uptake 
of albumin and possible associated substances. After binding to the receptors, cubilin or megalin, the receptor-albumin complex is directed 
into coated pits for endocytosis. The complex dissociates following vesicular acidification, most likely also leading to the release of any bound 
substances. Albumin is transferred to the lysosomal compartment for degradation (2b). Some albumin may be degraded within a late endocytic 
compartment and recycled as fragments to be released at the luminal surface (2c). Alternatively, albumin fragments may be recycled from the 
lysosomal compartment by a yet unknown route. Receptors  recycle  through dense apical  tubules, whereas released substances carried by 
albumin may be released into the cytosol or transported across the tubular cell. (From Birn H, Christensen EI: Renal albumin absorption in physiol-
ogy and pathology, Kidney Int 69:440-449, 2006.)

Figure 53.5  Theoretical calculation of albumin concentration 
along the proximal tubule. Predictions of bulk albumin concentra-
tion  (Cb)  vs.  axial  position  (z)  in  rats  for  maximum  uptake  rate  at 
receptor saturation (Vmax) ranging from 0.001 to 0.2 ng/sec/mm2. The 
curve that most closely corresponds to normal rats is that for Vmax = 
0.086 ng/sec/mm2.  (From Lazzara MJ, Deen WM: Model of albumin 
reabsorption in the proximal tubule, Am J Physiol Renal Physiol 292:430-
439, 2007.)
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across the microvillar space has a modest effect on the value 
of Vmax needed to fit micropuncture data.

The two most important parameters that determine the 
fraction of reabsorption of albumin are the single-nephron 
GFR (SNGFR) and the bulk albumin concentration in the 
filtrate fluid (Cb). A 50% increase in SNGFR is predicted to 
cause a fourfold to fivefold increase in albumin excretion 
in the rats and humans. For large increases in Cb, such as 
those measured by micropuncture,46 there is a threshold 
above which the reabsorption of albumin is overwhelmed, 
and the protein appears in the urine. According to theoreti-
cal analysis, this value corresponds to an albumin fractional 
clearance of approximately 0.001.45 The combination of 
increased SNGFR and elevation in filtrate albumin concen-
tration is shown to have important additive effects.

PROTEINURIA OF GLOMERULAR ORIGIN

Changes in glomerular protein filtration and/or defects in 
tubular reabsorption cause the appearance of proteins in 
the urine. At values exceeding 300 mg per day, or 200 mg/L, 
the condition is termed proteinuria. Smaller amounts of 
protein may appear in the urine in the early stages of pro-
gressive diseases, such as diabetic nephropathy. Albumin 
excretion between 30 and 300 mg/day (20-200 mg/L) was 
previously termed microalbuminuria.47 Proteinuria is consid-
ered severe or in the “nephrotic range” when protein 
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endothelial cell glycocalyx would reinforce this evidence.56 
Thus, abnormal elevation of glomerular protein filtration 
may derive from selective changes in ultrastructure and 
function of membrane components.

TUBULAR HANDLING OF EXCESSIVE  
FILTERED PROTEINS

EFFECTS OF PROTEIN FILTRATION ON  
PROXIMAL TUBULAR CELLS
An excessive increase in albumin and other plasma protein 
filtration may result from defective glomerular capillary 
membrane and/or increase in SNGFR. Both conditions, 
and their combination, result in elevated protein concentra-
tion in the ultrafiltrate. These filtered proteins are expected 
not to be entirely reabsorbed by proximal tubular cells, 
because protein reabsorption is believed to operate near 
maximum under physiologic conditions.

The presence of high protein concentration within the 
renal tubule may influence the progression of disease pro-
cesses. At least two phenomena are expected to occur. The 
first is related to the fact that if albumin is still present in 
tubular fluid at the end of the proximal tubule, its concen-
tration increases substantially along the remaining portion 
of the nephron because of water reabsorption. Thus, protein 
concentration in distal tubule and collecting duct can reach 
very high values even for a small amount of protein filtered 
at glomerular level, with the possibility that these proteins 
may precipitate and form protein casts.57 Tubular obstruc-
tion may then occur and the entire nephron function is lost, 
with complete loss of glomerular water filtration.

In addition, structural changes are expected to occur with 
tubular atrophy, disconnection of the tubule from Bow-
man’s capsule, and structural changes in the glomerular 
capillary tuft. This condition is frequently observed in pro-
teinuric kidney diseases at experimental and clinical level.58

Even before tubular obstruction, important functional 
changes are expected to occur in proximal tubular cells 
exposed to abnormal protein concentrations. The protein 
overload of these cells exposes them to increased workload, 
which can lead to loss of reabsorptive capacity due to loss 
of receptor activity.59 In this condition the elevated protein 
concentration along the proximal tubule further increases 
owing to the lower level of absorption and the concomitant 
water reabsorption. Thus a vicious circle develops, inducing 
further damage in tubular cells and progressively higher 
protein concentration along the entire nephron. The con-
sequences of this abnormal glomerular filtration of plasma 
proteins at both organ and systemic levels are discussed in 
the following sections.

RENAL CONSEQUENCES OF PROTEINURIA

GLOMERULAR DAMAGE

Data from animal models have shown that a wide variety of 
insults results in a common pathway of glomerular capillary 
hypertension, increased permeability with excess passage of 
proteins across the glomerular capillary wall, and progres-
sive glomerular injury60 (Figure 53.6). The key glomerular 
lesion is sclerosis, characterized by accumulation of 

excretion is greater than 3.5 g/day.1 When proteins in the 
urine have high molecular weight, they are considered to 
have glomerular origin. For proteins with low molecular 
weight, there is evidence that the defect causing proteinuria 
is likely related to abnormal proximal tubular reabsorption, 
often related to toxic damage of tubular cells.48 Proteinuria 
associated with progressive kidney disease is predominantly 
of glomerular origin and mainly composed of plasma 
albumin. Mechanisms responsible for glomerular protein-
uria are discussed in the next section.

GLOMERULAR PERMSELECTIVE DYSFUNCTION
As mentioned previously, abnormal plasma protein filtra-
tion at the glomerular level may be caused by a defect in 
both size-selectivity and charge-selectivity. Glomerular size-
selective dysfunction has been extensively investigated in 
several kidney diseases with the use of neutral test macro-
molecules, usually neutral dextrans.36,49 These studies dem-
onstrated that in most cases there are statistically significant 
changes in fractional clearance of the largest test macromol-
ecules while the fractional clearance (sieving coefficient) of 
molecules the size of albumin is unaltered. These data con-
sistently indicate that permselectivity defects that are respon-
sible for albumin filtration must be focal and probably due 
to changes in glomerular cell components, most likely the 
podocytes. These proteinuric conditions are frequently asso-
ciated with podocyte foot process effacement and simplifica-
tion, and likely with defective intercellular junctions.50

Quantification of the contribution of defects in charge-
selectivity to proteinuria is more difficult. A few experimen-
tal and clinical investigations clearly indicate that proteinuria 
is indeed associated with abnormal filtration of charged 
macromolecules,51,52 but these data have been questioned 
because electrically charged test or endogenous macromol-
ecules in the circulation are expected to interfere with other 
circulating charged solutes and cell membranes.1 This inter-
ference would result in the failure of measured fractional 
clearance to represent effective transport of probe macro-
molecules. However, even without direct evidence that  
glomerular membrane charge distribution is altered in pro-
teinuric conditions, the evidence that glomerular albumin 
filtration is increased without important changes in the frac-
tional clearance of test macromolecules of the same size 
strongly suggests a role for a charge-selectivity defect in 
proteinuria of glomerular origin.36,52

Experimental and clinical research has allowed identifi-
cation of molecular defects underlying some genetic disor-
ders associated with nephrotic syndrome. In Finnish-type 
nephropathy a defect in the nephrin gene NPHS1 is respon-
sible for glomerular dysfunction, proteinuria, and end-stage 
renal disease.3,53 Similarly defects in other genes (NPHS2, 
LMX1B, and several others) have been shown to result in 
defective structure and function of filtration slit proteins or 
glomerular epithelial cells.54

Another condition in which proteinuria is manifest is 
ischemia-reperfusion injury.55 Studies in kidney transplanta-
tion and in experimental settings suggest that abnormal 
elevation of proteins in the urine in this condition occurs 
without major changes in glomerular capillary membrane 
structure. The evidence indicates that ischemia is per se 
responsible for loss of glomerular endothelial glycocalyx, 
and the previously mentioned effect of fluid shear stress on 

http://www.myuptodate.com


 CHAPTER 53 — MECHAnISMS AnD COnSEquEnCES OF PROTEInuRIA 1787

Increased capillary hydraulic pressure and flow, as well as 
activation of local tissue renin angiotensin system in podo-
cytes,68 eventually impairs the size-selective function of the 
glomerular capillary wall, allowing excess plasma protein to 
move into the urinary space.69

Besides being affected by mechanical stress, podocytes 
are damaged by excessive protein load resulting from altera-
tions of glomerular permeability to macromolecules. Protein 
uptake by podocytes may occur through binding to megalin, 
a receptor for albumin and immunoglobulin light chains 
that is endocytosed after ligand binding, as shown in cul-
tured murine podocytes.70 Mice with protein overload 
proteinuria induced by repeated injections of bovine  
serum albumin demonstrated podocyte injury followed  
by glomerulosclerosis.71-73 Evidence of a causal link between 
podocyte protein overload and podocyte damage is pro-
vided by studies showing that in rats with renal mass reduc-
tion, protein accumulation in podocytes preceded cell 
dedifferentiation and injury, as characterized by loss of syn-
aptopodin and an increase in desmin expression.74

Podocyte abnormalities were accompanied by upregula-
tion of transforming growth factor-β (TGF-β) messenger 
RNA (mRNA) and enhanced production of the related 
protein.74 In vitro, albumin loading of immortalized mouse 
podocytes promoted actin-cytoskeleton rearrangement and 
upregulation of intracellular transduction signals, such as 
activating protein-1 (AP-1), which is a known stimulus of 
TGF-β1 synthesis.75

extracellular matrix and obliteration of the capillary tuft 
leading to the loss of renal function.

PODOCYTES: CHANGES IN FUNCTION  
AND CELL NUMBER
Podocytes show a fairly uniform pattern of response to 
damage. The intercellular junction and cytoskeletal struc-
ture of the foot processes are altered, and the cell shows a 
simplified, effaced phenotype.61,62 These alterations result in 
the disappearance of the typical slit diaphragm structures 
and the development of proteinuria. Although podocyte 
effacement is a hallmark of podocyte disease and nephrotic 
syndrome, damage to these cells may manifest as very subtle 
changes that are difficult to quantify.63 Major advances in 
the field of live imaging have allowed the investigation of 
podocyte biology in unprecedented detail.64-66 These new 
tools are likely to facilitate the next stage in gaining insights 
into podocyte responses to injury. So far there is evidence 
that experimental models of chronic proteinuria as well  
as their human counterparts (that is, minimal change  
glomerulopathy, focal and segmental sclerosis, diabetic 
nephropathy, and membranous nephropathy) have in 
common ultrastructural findings of severe glomerular  
epithelial cell damage that include vacuolization, fusion of 
foot processes, and focal detachment of epithelial cells from 
the underlying basement membrane.67 These changes 
appear to be the consequence mainly of persistent abnor-
malities in intraglomerular capillary hemodynamics. 

Figure 53.6  Mechanisms of progressive glomerular injury. A reduction in the number of nephrons as a consequence of various glomerular 
diseases results in compensatory glomerular hemodynamic changes that are ultimately detrimental. In particular, by mechanical stretching, the 
increased glomerular capillary pressure directly  injures glomerular cells. Glomerular hypertension also  impairs  the glomerular capillary size-
selective function, which causes excessive protein ultrafiltration and, eventually, podocyte injury and proteinuria. Ang II, angiotensin II; TGF-β, 
transforming growth factor-β; , increased. 
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nicotinamide mononucleotide (NMN), a suggestion that 
might have implications for persistent podocyte dysfunction 
in proteinuric diseases.90 In a mouse model, diabetes 
induced downregulation of Sirtuin 1 (Sirt1), a highly con-
served protein deacetylase in proximal tubules.91 The low 
Sirt1 expression reduces the release of NMN by tubular 
cells, eventually decreasing local NMN concentrations. In 
vitro studies have shown that in the absence of NMN the 
expression of the tight junction protein claudin-1 in podo-
cytes is no longer silenced.90 Claudin-1 is reported to 
activate the intracellular β-catenin–Snail pathway92 that 
eventually leads to glomerular barrier dysfunction through 
downregulating synaptopodin or podocin expression in 
podocytes.93

MESANGIAL CELLS: PROLIFERATION AND 
DEPOSITION OF EXTRACELLULAR MATRIX
Because it is close to the capillary lumen, the mesangium 
may be exposed to macromolecules crossing the endothelial 
layer, although under normal conditions they do not accu-
mulate.94 However, in rats having undergone unilateral 
nephrectomy95 or in puromycin-aminoglycoside–induced 
nephrosis,96 intravenous infusion of colloidal carbon leads 
to the accumulation of the macromolecular tracer in the 
mesangial space. To prevent accumulation of proteins, 
mechanisms exist for their effective removal. These include 
transport along the mesangial stalk in cleftlike spaces as well 
as phagocytosis and degradation by mesangial cells.97

It has been shown that IgG and IgA can be taken up by 
both receptor-independent and receptor-mediated pro-
cesses.98 Another important factor for clearance of immu-
noglobulins from the mesangium may be complement 
factor D, a serine protease essential for activation of the 
complement system through the alternative pathway, which 
is constitutively expressed within the glomerulus.99 Interest-
ingly, in mice deficient in complement factor D, a mesangial 
immune complex deposition disease associated with albu-
minuria develops spontaneously.100 This development indi-
cates that complement factor D is necessary to prevent 
mesangial accumulation of immunoglobulin deposits.

Whether abnormal local accumulation of proteins  
promotes mesangial cell proliferation and mesangial  
matrix deposition remains, however, ill-defined. Neverthe-
less, the significance of the protein-clearing function of the 
mesangial cells has been illustrated by the deleterious con-
sequences of mesangial immune complex accumulation—
complement activation and generation of mediators of 
inflammation, such as reactive oxygen species, prostanoids, 
and cytokines such as tumor necrosis factor-α (TNF-α) and 
interleukin-6 (IL-6).101

The mesangial cell is a critical part of the glomerular 
functional unit, interacting closely with endothelial cells 
and podocytes.99 Alterations in one cell type can produce 
changes in the others. As such, key survival factors for 
mesangial cells, including platelet-derived growth factor-B 
(PDGF-B) are generated by endothelial cells, and mesan-
giolysis has been shown in knockout mice lacking endothe-
lial PDGF-B.99 Whether cytokines generated by podocytes 
also influence mesangial cells has yet to be clearly defined, 
but the observation that podocyte injury frequently results 
in mesangial cell proliferation supports the existence of 
such cytokine crosstalk.99

Podocytes possess a complex contractile structure com-
posed of F-actin microfilaments, which are most abundant 
in the foot process, connected with adaptor molecules that 
anchor the slit diaphragm proteins and α3β1 integrins, trans-
membrane proteins that form focal adhesion complexes 
and mediate podocyte-GBM matrix interaction.76,77 In vitro, 
actin filament disorganization, as occurs after albumin 
loading of mouse podocytes,75 is closely associated with 
changes in podocyte shape that affect cell adhesion to the 
extracellular matrix. Podocyte detachment from the GBM 
likely underlies the decrease in podocyte number in pro-
teinuric glomerular diseases that has been demonstrated in 
many experimental and clinical studies.78,79

Apoptosis is considered an additional cause of podocyte 
loss in proteinuric glomerulopathies. Once detached from 
the GBM, podocytes become extremely susceptible to apop-
tosis.61 Furthermore, apoptosis may be promoted by locally 
produced proapoptotic factors. Studies have demonstrated 
that exogenous TGF-β1–induced apoptosis in cultured 
podocytes via the p38 mitogen–activated protein kinase 
(MAPK) and classic caspase-3 pathways.80 This effect 
occurred only in wild-type, not in p21-null cultured podo-
cytes, indicating that the cyclin-dependent kinase (CDK) 
inhibitor p21 is required for TGF-β1–induced apoptosis.81 
Of note, like TGF-β1, p21 is increased in podocytes in experi-
mental models of membranous nephropathy82 and diabetic 
nephropathy.83 In summary, protein accumulation in podo-
cytes induces TGF-β1 production, leading to podocyte 
apoptosis.

Evidence now indicates that angiotensin II (Ang II) con-
tributes to perpetuate podocyte injury in proteinuric 
nephropathies, eventually promoting progression to end-
stage kidney disease.84 Mechanical strain increases Ang II 
production and expression of angiotensin II type 1 (AT1) 
receptors in podocytes,68 potentially contributing to further 
sustaining the glomerular hypertension–induced damage in 
chronic kidney disease. However, there is also evidence that, 
independent of its hemodynamic effect, Ang II may directly 
impair the glomerular barrier sieving function, possibly 
through inhibition of podocyte expression of nephrin, the 
essential protein component of the glomerular slit dia-
phragm.85,86 This observation has been confirmed in studies 
in diabetic animals showing that blockade of Ang II 
synthesis/activity preserved the expression of nephrin in 
the glomeruli and prevented overt proteinuria.87,88 Thus, at 
least in diabetes, a pathogenetic relationship between Ang 
II and early proteinuria via functional podocyte alteration 
through modulation of nephrin protein level has been sug-
gested. Moreover, in the setting of diabetes, after the initial 
insult of hyperglycemia and intraglomerular hypertension, 
Ang II plays a relevant role in sustaining glomerular injury 
via persistent activation of the transmembrane receptor 
Notch1 and upregulation of the transcription factor Snail 
in podocyte, eventually resulting in persistent downregula-
tion of nephrin expression.89 The consistency of these find-
ings in Zucker diabetic fatty (ZDF) rats with overt 
nephropathy and in patients with type 2 diabetes and estab-
lished nephropathy provides robust reason to infer an 
important role for the Ang II Notch1/Snail axis in perpetu-
ating podocyte damage.

A crosstalk with proximal tubular cells has been suggested 
to contribute to podocyte function through the release of 
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Bowman’s space as a common response to damage,111 as 
shown in several human proliferative glomerulonephritides. 
Although extracapillary proliferation is a relatively straight-
forward pathologic change to recognize, determining its 
cellular components has been more controversial. The tra-
ditional concepts, largely from immunoistochemical studies, 
indicate that the multilayered cellular lesions are a mixture 
of glomerular parietal epithelial cells, macrophages, and 
myofibroblasts,112-114 the proportion of such cells in the 
lesion being variable. In both animal models and human 
tissues, parietal epithelial cells predominate when Bow-
man’s capsule is intact. A heterogeneous population of 
renal progenitor cells, previously identified in normal 
human Bowman’s capsule,115 has been documented in 
hyperplastic lesions of human crescentic glomerulonephri-
tis.116 The extracapillary lesions could therefore be the 
result of dysregulated proliferation of renal progenitor cells 
in response to the injured podocytes.116 This possibility is 
supported by findings in Munich Wistar Frömter rats, which 
are genetically programmed to undergo renal damage char-
acterized by excessive migration and proliferation of pro-
genitor cells, leading to their accumulation into cellular 
lesions and glomerulosclerosis.117

Parietal epithelial cells expressing the progenitor cell 
marker CD133+CD24+ have also been reported to proliferate 
and accumulate into the multilayered cellular lesions in 
patients with glomerulonephritides characterized by extra-
capillary proliferation but not in nonproliferative nephrop-
athies such as membranous or diabetic nephropathies.118 
Upregulation of the CXCR4 chemokine receptor on these 
progenitor cells was found to be accompanied by high 
expression of its ligand, SDF-1, in podocytes.118 Moreover, 
parietal epithelial cell proliferation was associated with 
increased expression of the Ang II subtype 1 receptor. Renin 
angiotensin system blockade normalized CXCR4 and Ang 
II subtype 1 receptor expression on parietal progenitor cells 
concomitant with regression of crescentic lesions. Together 
these findings suggest that the glomerular hyperplastic 
lesions derive from the proliferation and migration of renal 
progenitors in response to injured podocytes, and that the 
Ang II/AT1 receptor pathway may contribute, together with 
SDF-1/CXCR4 axis, to the dysregulated response of parietal 
epithelial cell precursors.

Parietal epithelial cell activation is increasingly recog-
nized and seems to be present also in most forms of focal 
segmental glomerulosclerosis (FSGS), characterized by 
nephrotic syndrome and often leading to a progressive 
decline in renal function.119 A lineage tagging approach in 
mice has documented that activated parietal epithelial  
cells invade the affected segment of the capillary tuft  
and initiate glomerular and epithelial basement membrane 
adhesion and glomerulosclerosis.120 Notch signaling 
pathway has been proposed to play a role in orchestrating 
parietal epithelial cell phenotypic changes in FSGS.121 This 
possibility rests on in vitro evidence that in cultured mouse 
parietal epithelial cells, TGF-β enhanced Notch mRNA 
expression, leading to a significant upregulation of  
target genes associated with mesenchymal cell phenotype, 
such as SMA, vimentin, and Snail.121 Concurrent inhibition 
of Notch signaling with the γ-secretase inhibitor DBZ 
blocked both epithelial-to-mesenchymal transition gene 
expression changes and cell migration in response to  

Growth factors besides PDGF-B shown to influence 
mesangial cell proliferation and mesangial matrix accumu-
lation include PDGF-C, fibroblast growth factor, hepatocyte 
growth factor, epidermal growth factor (EGF), connective 
tissue growth factor, and TGF-β.99 Effects of vasoactive hor-
mones such as Ang II on mesangial cell proliferation may 
be mediated indirectly through the generation of growth 
factors such as EGF.102 In rats with renal mass ablation, glo-
merular TGF-β1 upregulation is associated with phenotypic 
transformation of mesangial cells.74 In vitro exposure of 
cultured murine mesangial cells to TGF-β induced a scleros-
ing phenotype, as shown by α-smooth muscle actin (SMA) 
expression, which was blocked by anti–TGF-β1 antibodies.74 
Moreover, the transfection of the TGF-β1 gene into normal 
kidneys in rats or the transgenic TGF-β expression in mice 
increased extracellular matrix accumulation in the mesan-
gial space.103

ENDOTHELIAL CELLS: APOPTOSIS
Glomerular endothelial injury is a common feature of many 
human diseases, such as diabetic nephropathy, hyperten-
sion, thrombotic microangiopathy, and preeclampsia. Evi-
dence has been provided that there is close crosstalk of 
podocytes with glomerular endothelial cells, a key interac-
tion for the normal function of the glomerular capillary 
barrier.104 The final steps in glomerular endothelial cell dif-
ferentiation involve the formation of fenestrae, plasma 
membrane–lined circular pores that perforate the flattened 
glomerular endothelium.105 The fenestrated phenotype 
of glomerular endothelial cells is induced by vascular endo-
thelial growth factor (VEGF), a molecule constitutively 
expressed and secreted by podocytes.104,105 That VEGF regu-
lates fenestra formation was suggested by the observation 
that mature fenestrated endothelium is typically located 
adjacent to podocytes expressing high levels of VEGF 
mRNA.106 There is also in vitro evidence that VEGF types A 
and C regulate glycosaminoglycan synthesis, its charge, and 
its shedding by glomerular microvascular endothelial cell 
glycocalyx.107 Moreover, deletion of the podocyte-specific 
transcription factor LMX1B in mice, which results in the 
loss of many features of podocyte differentiation, including 
VEGF-A expression, is associated with failure of glomerular 
endothelium to differentiate and develop fenestrae.108 Thus, 
loss of podocytes secondary to protein-induced cell injury 
may lead to reduced VEGF production, influencing glo-
merular endothelial fenestra formation and eventually 
leading to endothelial cell apoptosis.109 How VEGF reaches 
endothelial cells against the urine flow is not yet known, 
however. Conversely, in vitro evidence has shown that block-
ade of VEGF in glomerular endothelial cells enhanced the 
release of endothelin-1 (ET-1), which induced nephrin 
shedding from podocytes,110 leading to further dysfunction 
of glomerular protein permeability.

Taken together, these studies indicate that the toxic 
effects of excess plasma ultrafiltered proteins on podocytes 
may alter podocyte-endothelial interaction, thereby further 
enhancing glomerular permeability to proteins through a 
complex interplay of molecular signaling.

PARIETAL EPITHELIAL CELLS: ACTIVATION
Glomerular injury from multiple etiologies can lead to acti-
vation and accumulation of parietal epithelial cells within 
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hypoxia-dependent pimonidazole protein adducts has 
shown that renal tissue hypoxia is present early in the course 
of the disease.125 Moreover, blood oxygen–dependent mag-
netic resonance imaging has shown hypoxia in diabetic 
nephropathy.126 Although data from animal models provide 
a compelling argument for postglomerular hypoxia in pro-
teinuric diseases as a primary mediator of progressive renal 
scarring, data in humans are scarce. Nevertheless, that 
hypoxia-related injury also applies to humans may be 
deduced by the finding that there is increased expression 
of hypoxia-inducible factor (HIF)—a key regulator of the 
adaptive response to hypoxia controlling expression of hun-
dreds of genes127—in biopsy specimens from patients with 
diabetic nephropathy, IgA nephropathy, and chronic 
allograft nephropathy.128

TUBULAR DAMAGE

Glomerular ultrafiltration of excessive amounts of plasma 
protein–associated factors incites tubulointerstitial damage 
and further promotes the effects of glomerular disease on 
the tubular compartment. The noxious substances in the 
proteinuric ultrafiltrate may set off tubular epithelial injury 
with tubular apoptosis, secondary generation of inflamma-
tory mediators, and peritubular inflammation.4 The mecha-
nisms whereby increased urinary protein concentration 
leads to nephrotoxic injury are multifactorial and involve 
complex interactions among numerous pathways of cellular 
damage (Figure 53.7).

TGF-β, demonstrating a dependence on Notch signaling 
for induction of mesenchymal gene marker activation in  
the parietal epithelial cell line.122 Moreover, in LMB-2 
antibody–treated NEP25 transgenic mice, a model of col-
lapsing FSGS,123 Notch inhibition in vivo significantly 
decreased parietal epithelial cell lesions, pointing to the 
role of Notch-mediated cell activation in the formation of 
such lesions.121

LOSS OF GLOMERULAR CAPILLARIES: 
POSTGLOMERULAR HYPOXIA
Irrespective of the underlying process leading to glomerular 
endothelial damage, such as increased intracapillary pres-
sure and/or podocyte loss, the net result is rarefaction of 
glomerular capillaries. Loss of glomerular capillary loops 
translates into diminished postglomerular blood flow from 
affected glomeruli and downstream injury of the peritubu-
lar capillary network. Microvascular dysfunction causes pro-
gressive scarring of renal tissue by creating a hypoxic 
environment, which triggers a fibrotic response in tubuloin-
terstitial cells.124 This, in turn, has an impact on adjacent 
unaffected capillaries and glomeruli, further extending the 
hypoxic area and leading to a vicious circle of progressive 
destruction of the kidney and decline of renal function to 
end-stage organ failure.

Indeed, in animal models of proteinuric chronic kidney 
disease, including anti-Thy1 glomerulonephritis, 5/6 
remnant kidney, diabetic nephropathy, and Adriamycin-
induced nephrosis, the immunohistochemical detection of 

Figure 53.7  Mechanisms of tubulointerstitial damage induced by proteins. Protein overload of proximal tubular cells as a consequence 
of  increased glomerular permeability  to proteins activates  intracellular signals  that promote cell apoptosis or cause  increased production of 
inflammatory and vasoactive mediators and of growth factors. These substances are released into the interstitium, inducing progressive inflam-
mation  and  injury.  ECM,  extracellular  matrix;  EGF,  epidermal  growth  factor;  EMT,  epithelial-to-mesenchymal  transdifferentiation;  ET-1, 
endothelin-1;  FGF,  fibroblast  growth  factor.;  MCP-1,  monocyte  chemoattractant  protein-1;  PDGF,  platelet-derived  growth  factor;  RANTES, 
regulated upon activation, normal T cell expressed and secreted; TGF-β, transforming growth factor-β. 
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polarized proximal tubular cells to assess the effect of apical 
exposure to proteins. Collectively, they show that protein 
overload induces a proinflammatory phenotype.140-143 
Indeed upregulation of inflammatory and fibrogenic genes 
and production of related proteins have been reported fol-
lowing a challenge of proximal tubular cells with plasma 
proteins. They include cytokines and chemokines such as 
monocyte chemoattractant protein-1 (MCP-1), RANTES 
(regulated upon activation, normal T cell expressed and 
secreted), IL-8, and fractalkine.140-143 Moreover, levels of the 
profibrogenic cytokine TGF-β and its type I receptor,144 
tissue inhibitors of metalloproteinase TIMP-1 and TIMP-2, 
as well as membrane surface expression of the αvβ5 integ-
rin145 were also highly increased in vitro upon stimulation 
by plasma proteins.

Investigations of the molecular mechanisms underlying 
chemokine and growth factor upregulation in proximal 
tubular cells on protein challenge have focused on the acti-
vation of transcription factor nuclear factor kappaB (NF-
κB).140 Other studies confirmed this pathway146,147 and 
revealed reactive oxygen as a second messenger.142,148

Extrapolation from such in vitro data to the human situ-
ation may be difficult in light of the conflicting data observed 
with different proteins in different cell systems149 as well as 
the reported changes in the expression of several genes of 
unknown function.150 However, the in vitro observations 
have been confirmed through transcription analysis by com-
plementary DNA (cDNA) microarray of renal proximal 
tubule epithelial cells isolated by laser capture microdissec-
tion from patients with proteinuric nephropathies.151 More 
than 160 genes, including those encoding for signal trans-
duction, transcription and translation, and apoptotic and 
inflammatory proteins, were identified as being regulated 
differently from those in proximal tubular cells from control 
subjects.

Evidence implicates megalin as a central element of the 
signaling pathway linking protein reabsorption and gene 
regulation in proximal tubular cells.152 Megalin is subjected 
to regulated intramembrane proteolysis (RIP), an evolu-
tionarily conserved process linking receptor function with 
transcriptional regulation.153 Through RIP megalin is 
subjected to protein kinase C–regulated, metalloprotease-
mediated ectodomain shedding, which produces a mem-
brane-associated C-terminal fragment (MCTF).152 The 
MCTF in turn forms the substrate for γ-secretase, which 
releases the C-terminal cytosolic domain. The latter translo-
cates to the nucleus, where it interacts with other proteins 
to regulate expression of specific genes. This function may 
explain the phenotypic change in proximal tubules in pro-
teinuric kidney disease.

As previously described, that megalin contributes to  
the early activation of proximal tubular cells in nonse-
lective proteinuria has been documented in megalin-
knockout/NEP25 mice given immunotoxin LMB-2, a model 
for nephrotic syndrome, focal segmental glomerulosclero-
sis, and tubulointerstitial injury.154 Megalin-deficient proxi-
mal tubular cells reabsorbed fewer proteins in vivo and 
expressed fewer tubular injury markers, such as MCP-1 and 
heme oxygenase 1.154

The proteinuric ultrafiltrate may also activate TLRs and 
promote an innate inflammatory immune response.155 
Besides being expressed by cells of the immune system, such 

TUBULAR CELLS: APOPTOSIS AND 
TUBULOGLOMERULAR DISCONNECTION
Emerging evidence suggests that proteinuria causes tubular 
cell apoptosis. In cultured proximal tubular cells, de-lipidated 
albumin induced apoptosis in a dose- and time-dependent 
manner,129 as characterized by internucleosomal DNA frag-
mentation, morphologic changes including cell shrinkage 
and nuclear condensation, and plasma membrane altera-
tions.129 Kidneys of rats with albumin-overload proteinuria130 
or with passive Heymann nephritis58 showed increased 
numbers of terminal deoxynucleotidyl transferase (dUTP) 
nick-end labeling–positive apoptotic cells in the tubuloint-
erstitial compartment. In tubules, most of the positive cells 
expressed Ang II subtype 2 (AT2) receptors.130 Findings of 
reduced phosphorylation of extracellular signal–regulated 
kinase (ERK) and Bcl-2 suggested an AT2 receptor–mediated 
mechanism underlying tubular cell apoptosis.130

Apoptotic cells expressing both proximal and distal 
tubular phenotypes were detected in biopsy specimens from 
patients with primary FSGS.131 A strong positive correlation 
was found between proteinuria and incidence of tubular 
cell apoptosis.131

Renal proximal tubular cells have a remarkable ability to 
reabsorb large quantities of albumin through clathrin- and 
megalin receptor–mediated endocytosis.59 Megalin is the 
sensor that determines whether cells will be protected from 
or injured by albumin. It has been shown that megalin binds 
the serine/threonine kinase protein kinase B (PKB), which 
is crucial for the phosphorylation of Bad, the Bcl-2-associated 
death promoter.132 Low concentrations of albumin lead to 
activated PKB and phosphorylation of the Bad protein, 
which inhibits apoptosis.133 On the other hand, overload of 
albumin leads to a decrease in megalin expression on the 
plasma membrane of proximal tubular cells that is associ-
ated with reduction of PKB activity and Bad phosphoryla-
tion.134 The result is albumin-induced apoptosis.

Proximal tubular cell apoptosis was found to contribute to 
tubuloglomerular disconnection and atrophy in response  
to proteinuria in animal models of proteinuric nephropa-
thies.58 Injured or dying cells release molecules that serve as 
danger signals.135 Danger molecules trigger inflammation 
by engaging pattern recognition receptors such as Toll-like 
receptors (TLRs)136 and nucleotide-binding domains, 
leucine-rich repeat-containing proteins (NLRs),137 and are 
thus referred to as danger-associated molecular patterns 
(DAMPs).138 Through TLRs, DAMPs signal cytokine and 
chemokine production and upregulate the expression of cell 
adhesion molecules. When DAMPs interact with NLRs, they 
stimulate NLRs to complex with apoptosis-associated speck-
like proteins to form macromolecular complexes, the inflam-
masomes that cleave proinflammatory cytokines to their 
mature forms.139 Thus, besides promoting tubuloglomerular 
disconnection, proximal tubular cell apoptosis contributes 
to create a local proinflammatory microenvironment.

TUBULAR CELLS: ACTIVATION
Receptor-mediated endocytosis of excessive proteins at the 
apical pole of the proximal tubular cells is also associated 
with phenotypic changes characteristic of an activated state.

Insights into specific mechanisms linking protein uptake 
to cell activation have come from in vitro studies using 
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Furthermore, proximal tubular cells are able to synthesize 
C3 and other complement factors169 and to upregulate C3 
in response to serum proteins in vitro.170

The injurious role of plasma-derived C3, as opposed  
to tubular cell–derived C3, has been documented in 
C3-deficient kidneys transplanted into wild-type mice.167 
Protein overload led to the development of glomerular 
injury, accumulation of C3 in proximal tubules, and tubu-
lointerstitial changes. Conversely, when wild-type kidneys 
were transplanted into C3-deficient mice, protein overload 
led to a milder disease and abnormal C3 deposition was not 
observed. Thus, ultrafiltered C3 contributes more to tubu-
lointerstitial damage induced by protein overload than 
locally synthesized C3.

INTERSTITIAL INFLAMMATION AND INJURY

In proteinuric kidney disease, progressive inflammation and 
injury to the renal interstitium are secondary events follow-
ing glomerular or vascular injury. Tubular epithelial cells 
synthesize cytokines and chemokines and accumulate com-
plement components that recruit inflammatory cells and 
lymphocytes into the interstitium causing progressive 
fibrosis.

RESIDENT MONOCYTE/DENDRITIC CELLS
The interstitium of normal kidneys contains numerous resi-
dent monocytic myelocytes, which express dendritic cell 
(DC) markers and can indeed present antigens.171 DCs have 
been described to form an immune sentinel network 
through the entire kidney, where they probe the environ-
ment in search of antigens.172 An inflammatory environ-
ment converts the tolerogenic status of resident DCs into an 
immunogenic one, favoring recruitment of T cells. It is 
known that cross-presentation by DCs is a major mechanism 
for the immune surveillance of tissue against foreign anti-
gens.173 In this process professional antigen-presenting cells, 
such as DCs, acquire proteins from other tissue cells through 
endocytic mechanisms, especially phagocytosis or macropi-
nocytosis. The internalized antigen can then be processed 
and presented on major histocompatibility complex (MHC) 
class I molecules to the extracellular environment.174 The 
outcome of cross-presentation with regard to immunity 
depends on the expression of immunostimulatory signals 
after the uptake of the antigen.173

In the past, the role of resident DCs that accumulate in 
the renal parenchyma of non–immune-mediated protein-
uric nephropathies remained poorly understood. Later 
studies, however, provided new insights into the activation 
of DCs in the setting of proteinuria. Administration of 
ovalbumin—which is freely filtered by the glomerulus—to 
normal mice leads to concentration of the protein princi-
pally in proximal tubules and to its transfer to DCs in the 
kidney and renal lymph nodes.175 Here, ovalbumin is pre-
sented to CD8+ T cells, thereby inducing proliferation of 
these cells.

The importance of kidney DC activation to renal injury 
has been demonstrated by the fact that in transgenic NOH 
mice (which selectively express the model antigens ovalbu-
min and hen egg lysozyme in podocytes), DC depletion 
resolved established periglomerular mononuclear infil-
trates.176 In vitro experiments have also shown that exposure 

as macrophages, dendritic cells, neutrophils, B cells, and 
natural killer cells, TLRs are expressed by nonimmune cells, 
including renal tubule epithelial cells.155 The cellular effects 
of TLR include the production of proinflammatory cyto-
kines and chemokines that contribute to local inflammation 
and leukocyte accumulation. It has been demonstrated that 
proximal tubule epithelial cells were sites of robust expres-
sion of TLR9 mRNA and protein—a receptor for CpG 
DNA—in (NZB × NZW)F1 lupus mice with overt nephropa-
thy.156 Upregulation of TLR9 expression was accompanied 
by the development of proteinuria and correlated with  
tubulointerstitial damage. Furthermore, abundant TLR-9 
staining in proximal tubular cells of patients with lupus 
nephritis correlated with tubulointerstitial damage. Thus, 
tubular TLR activation may occur as a result of filtration of 
plasma proteins, which include immune complexes contain-
ing DNA enriched in CG motifs.157,158

The proximal tubule bears other receptors for ultrafil-
tered proteins, such as cytokines and growth factors.4 Usually 
these molecules are present in high-molecular-weight pre-
cursor forms or bound to specific binding proteins that 
regulate their biologic activity. They can be found in 
nephrotic tubular fluid. In experimental proteinuria in rats 
there is translocation of insulin-like growth factor-1 (IGF-1) 
from plasma into tubular fluid (primarily as the 50-kDa 
complex).159 Similarly, hepatocyte growth factor (HGF) is 
present in early proximal tubular fluid from rats with 
streptozotocin-induced diabetic nephropathy and excreted 
in the urine of diabetic animals.160 Under physiologic condi-
tions the high molecular weight of TGF-β complexes pre-
vents glomerular ultrafiltration of this pluripotent cytokine. 
However, in proteinuric glomerular diseases, TGF-β is 
present in early proximal tubular fluid and at least a portion 
is bioactive.160 IGF-1, HGF, and TGF-β are also present in the 
urine of patients with proteinuric diseases.161

Collectively the tubular response to these growth factors 
can be described as activation or as a moderate change 
toward a cell phenotype resembling cell injury, which 
includes a moderate increase in collagen type I and IV pro-
duction in response to IGF-1159 and upregulation of the 
expression of fibronectin by HGF.162 TGF-β also increases 
the transcription in proximal tubular cells of the genes 
encoding collagen α1III (Col3A1) and collagen α2I (Col1A2) 
as well as fibronectin.

With proteinuria, a putative key factor in tubular cell 
activation and damage is the excess glomerular filtration of 
serum-derived complement C3, the central molecule in the 
complement system that exerts proinflammatory poten-
tial.163 Renal tubule epithelial cells appear most susceptible 
to luminal attack by the C5b-9 membrane attack complex 
because of the relative lack of membrane-bound comple-
ment regulatory proteins, such as membrane cofactor 
protein (CD46), decay-accelerating factor (CD55), and 
CD59 on the apical surface.164 In rats with severely reduced 
renal mass165,166 or with protein overload proteinuria,167 C3 
co-localized with proximal tubular cells engaged in high 
protein uptake. By limiting the transglomerular passage of 
proteins, treatment with angiotensin-converting enzyme 
(ACE) inhibitors was an effective maneuver to reduce the 
C3 load of tubular cells in remnant kidneys.165 C3 and other 
complement proteins are also found in proximal tubules in 
renal biopsy material from patients with nephrosis.163,168 
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tion of CD20+ B cells has been described in membranous 
nephropathy.183 Furthermore, CD20+ B cells formed a prom-
inent part of the infiltrating cells in renal biopsy specimens 
from patients with IgA nephropathy and chronic interstitial 
nephritis.184 Together with CD3+ T cells, the CD20+ B cells 
formed large nodular structures, like tertiary lymphatic 
organs in inflamed tissues.185

The level of mRNA expression of the chemokine CXCL13 
was increased and correlated with CD20+ mRNA in the tubu-
lointerstitial space. The localization of enhanced CXCL13 
immunoreactivity to the nodular infiltrates and that of the 
corresponding receptor CXCR5 to B cells in the infiltrates 
point to a role for CXCL13-CXCR5 in B-cell recruitment 
into the lymphoid follicle–like structures. In the intersti-
tium, B cells may release proinflammatory cytokines and 
chemokines, present antigens, and activate T cells as well as 
play a role in the development of tissue fibrosis.185

BONE MARROW–DERIVED FIBROCYTES
In proteinuric renal disease, chemokines generated in the 
inflammatory milieu may contribute to the recruitment of 
bone marrow–derived fibrocytes to the renal interstitium.186 
Fibrocytes are circulating connective tissue cell progenitors 
with a high capacity for collagen I synthesis. In progressive 
kidney fibrosis induced by unilateral ureteral obstruction in 
mice, fibrocytes infiltrated the interstitium, and the number 
of these cells increased with the progression of fibrosis.187 
In addition, the number of infiltrating fibrocytes correlates 
well with the extent of interstitial fibrosis in several human 
kidney diseases.186 Although fibrocytes isolated from mice 
and humans express chemokine receptors, including CCR2, 
CCR3, CCR5, CCR7, and CXCR4,186 the specific chemokine 
and receptor pair involved in the recruitment of these cells 
in the damaged tubulointerstitium remains uncertain.

FIBROBLASTS: ACTIVATION AND DEPOSITION OF 
EXTRACELLULAR MATRIX
The process of tubulointerstitial fibrosis involves the loss of 
renal tubules and the accumulation of myofibroblasts and 
extracellular matrix (ECM) proteins.188 Resident interstitial 
fibroblasts and myofibroblasts proliferate in response to 
macrophage-derived profibrogenic cytokines, and their 
number correlates with the subsequent formation of a 
scar.189 These cells may be derived from transdifferentiated 
tubular epithelial cells or pericytes of peritubular capillar-
ies, a process promoted by profibrogenic cytokines, includ-
ing TGF-β expressed by macrophages.190,191

During the developmental stage embryonic epithelia of 
different organs, including the collecting duct epithelium 
of the kidney, may give rise to mesenchymal cells, a process 
known as epithelial-to-mesenchymal transition (EMT).192 
EMT has been suggested as a process that contributes to 
interstitial fibrosis in chronic kidney diseases through trans-
formation of injured renal tubular cells into mesenchymal 
cells.192 However, the evidence for EMT in the adult kidneys 
and in chronic renal disease is controversial, and there are 
no solid data supporting EMT as an in vivo process in kidney 
fibrosis. The most supportive data have come from a study 
in a model of unilateral ureteral obstruction.193 With the use 
of genetically tagged proximal tubule epithelial cells, it has 
been demonstrated that up to 36% of all matrix-producing 
cells within the tubulointerstitial space may be of tubular 

of rat proximal tubular cells to excess autologous albumin, 
as in the case of proteinuric nephropathies, results in the 
formation of the N-terminal 24-residue fragment of albumin 
(ALB1-24).177 This peptide is taken up by DCs, where it is 
further processed by proteasomes into antigen peptides. 
These peptides were shown to have the binding motif for 
MHC class I and to be capable of activating CD8+ T cells. 
Moreover, in vivo, in the rat 5/6 nephrectomy model,  
accumulation of DCs in the renal parenchyma peaked  
1 week after surgery and decreased thereafter, concomitant  
with their appearance in the renal draining lymph  
nodes. DCs from renal lymph nodes loaded with the 
albumin peptide ALB1-24–activated syngeneic CD8+ T cells 
in primary culture.177 Thus inflammatory stimuli released 
from damaged tubules after protein overload may represent 
danger signals that, in the presence of albumin peptides, 
alert DCs to promote local immunity via CD8+ T cells, which 
are activated in regional lymph nodes and recruited in the 
renal interstitium.

MACROPHAGES AND LYMPHOCYTES
The interstitial infiltrate in most human chronic renal dis-
eases consists of a number of different effector cells, includ-
ing macrophages and CD4+ and CD8+ T cells.178 In animal 
models, macrophages are the dominant infiltrating cells in 
both the early and later stages of chronic renal injury. More 
specifically, tubulointerstitial macrophage accumulation in 
chronic nephropathies correlates with the severity of the 
glomerular and interstitial lesions and the degree of renal 
dysfunction.178 Direct damage to resident cells is caused by 
reactive oxygen species (ROS), nitric oxide (NO), comple-
ment factors, and proinflammatory cytokines generated by 
macrophages.179 Macrophages can also affect the supporting 
matrix and vasculature through the expression of metallo-
proteinases and vasoactive peptides.

Macrophages are only one component of the cellular 
infiltrate that characterizes inflammation in the renal inter-
stitium. Models of overload proteinuria have emphasized 
the importance of tubulointerstitial infiltration with mono-
nuclear cells. Indeed, helper T cells and cytotoxic T cells as 
well as macrophages are observed in the tubulointerstitial 
infiltrate 2 weeks after protein overload.180 T-cell depletion 
with intraperitoneal administration of anti–T cell monoclo-
nal antibodies did not modify macrophage infiltration, indi-
cating that the influx of these cells was independent of 
lymphocytes180 and more likely resulted from local tubular 
cell expression of osteopontin, MCP-1, and the cellular 
adhesion molecules vascular CAM (VCAM) and intercellu-
lar CAM (ICAM).

T lymphocytes are also abundantly present in the tubu-
lointerstitial infiltrate early after renal mass ablation in rats 
and remain there in significant numbers for the following 
weeks.181 Although the infiltration of macrophages is part of 
a nonspecific inflammatory reaction, the presence of lym-
phocytes within lesions indicates that their recruitment and 
activation are mediated by an antigen-specific immune 
response. Their role is to maintain and amplify the inflam-
matory response in the renal interstitium.

Because B cells are considered to be important mostly in 
lymph nodes and spleen, and in humoral immune responses, 
little attention has been paid to their potential role as intra-
renal infiltrating cells.182 However, a prominent accumula-
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tubular atrophy and loss. Under these conditions, the 
remaining tubules are subjected to functional hypermetabo-
lism with increased oxygen consumption, which in turn 
creates an even more severely hypoxic environment in the 
renal interstitium. In vitro, such hypoxia stimulates fibro-
blast proliferation and ECM production by tubular epithe-
lial cells.209

ENDOGENOUS SYSTEMS OF TISSUE REPAIR

PROTECTIVE MACROPHAGES
Much remains to be learned about macrophages in tubu-
lointerstitial injury. The role of interstitial macrophages was 
elucidated in mice with progressive Adriamycin-induced 
nephropathy.210 Treatment of mice with the monoclonal 
antibody ED7 directed against the CD11b/CD18 integrin, 
which is expressed by macrophages, reduces renal cortical 
macrophages (ED1-positive cells) by almost 50%, whether 
ED7 was administered before or after Adriamycin adminis-
tration.211 However, ED7 reduced renal structural and func-
tional injury only when treatment was started prior to 
Adriamycin administration.211

Among several possible explanations for these observa-
tions is a temporal change in the predominant macrophage 
phenotype. If pathogenic macrophages predominated early 
and protective macrophages later in the course of the 
disease, then only early antimacrophage treatment would 
be expected to protect against progression. Indeed, macro-
phages can exhibit distinctly different functional pheno-
types and can be polarized toward proinflammatory  
(M1 macrophages) or tissue-reparative (M2 macrophages) 
phenotype.212 In the peritubular interstitium macrophages 
have been shown to mediate tissue repair in response to 
acute kidney injury by adopting an M2 phenotype and pro-
ducing a cytokine environment that supports tubular repair 
and proliferation rather than inflammation.213 Colony-
stimulating factor-1 (CSF-1) signaling mediated M2 
macrophage–induced recovery from renal injury, because 
pharmacologic blockade of CSF-1 decreased M2 polariza-
tion and eventually inhibited tissue repair.214

Further observations also support the importance of mac-
rophage phenotype. For example, in mice with unilateral 
ureteric obstruction reconstituted with bone marrow from 
Ang II subtype 1 receptor gene knockout or wild-type mice, 
infiltrating macrophages were shown to play a beneficial 
antifibrotic role.215

Other studies have demonstrated marked macrophage 
heterogeneity and context specificity, depending on  
the nature of the injury and location within the kidney.216 
Evidence is available that macrophages perform both  
injury-inducing and repair-promoting tasks in different 
models of inflammation. This feature has been shown in a 
reversible model of liver injury, in which the injury and 
recovery phases are distinct.217 Macrophage depletion 
when liver fibrosis was advanced resulted in reduced scar-
ring and fewer myofibroblasts. Macrophage depletion 
during recovery, by contrast, led to a failure of matrix deg-
radation.217 These findings provide clear evidence that func-
tionally distinct subpopulations of macrophages exist in the 
same tissue.

Further studies on possible temporal variations in the 
phenotype, activation status, and net effect on injury of 

origin.193 However, the contribution of EMT to the forma-
tion of myofibroblasts is less in other models.194,195 Moreover, 
using cell fate–tracing techniques in the unilateral ureteral 
obstruction model, other investigators did not find any evi-
dence for a contribution of EMT to renal fibrosis.196 This 
result is in line with the finding that after the onset of pro-
teinuria in the remnant kidney model in rats, SMA, a marker 
of transdifferentiation to myofibroblasts, was initially 
expressed by nonepithelial cells in the peritubular compart-
ment. Also, peritubular pericytes have been identified as  
the source of myofibroblasts in this transdifferentiation 
process.196

Activated renal fibroblasts may secrete chemokines that, 
in turn, may further attract macrophages and perpetuate 
tubulointerstitial injury.155 Eventually activated fibroblasts 
produce interstitial matrix components that contribute to 
interstitial collagen deposition and fibrosis. Increased tubu-
lointerstitial fibrosis is a common feature of kidney injury 
and results from accumulation of ECM structural proteins. 
It is maintained by continuous remodeling through the 
proteolytic action of matrix metalloproteinases (MMPs) and 
the synthesis of new proteins.

MMPs are inhibited by tissue inhibitors of matrix metal-
loproteinases (TIMPs). Therefore, the balance between 
TIMPS and MMPs determines the ECM integrity. Among 
the four members of the TIMP family, TIMP-3 is unique in 
that it is ECM bound and is highly expressed in the kidney.197 
TIMP-3−/− mice had more interstitial fibrosis, increased syn-
thesis and deposition of type I collagen, increased activation 
of fibroblasts, and greater activation of MMP-2 after unilat-
eral obstruction than wild-type mice.198 TIMP-3 levels are 
upregulated in patients with diabetic and chronic allograft 
nephropathy.198

CHRONIC HYPOXIA
One of the most important contributors to the development 
of tubulointerstitial fibrosis is chronic ischemia.199 Produc-
tion of Ang II and inhibition of production of NO underlie 
chronic vasoconstriction, which may contribute to tissue 
ischemia and hypoxia.200 In that regard histologic studies of 
biopsy specimens from animal models and human kidneys 
have documented that there is often a loss of peritubular 
capillaries in areas of tubulointerstitial fibrosis.192 Downreg-
ulation of vascular endothelial growth factor (VEGF) may 
be functionally implicated in the progressive attrition of 
peritubular capillaries and tissue hypoxia, as shown in 
mouse folic acid nephropathy.201

Pericytes play a critical role in the stabilization and pro-
liferation of peritubular capillaries via interaction with 
endothelial cells.202-204 This process is mediated by several 
angioregulatory factors, including angiopoietin-1, produced 
by pericytes, and angiopoietin-2, produced by activated 
endothelial cells.204-206 Renal ischemia, as it occurs in chronic 
kidney disease due to microvascular rarefaction,207 promotes 
an imbalance in angiopoietins that, besides leading to pro-
liferation of pericytes, may induce interstitial fibrosis in the 
long term.208

Moreover, given that the size of the interstitial compart-
ment determines the diffusion distance between peritubular 
capillaries and tubular cells, interstitial fibrosis further 
impairs tubular oxygen supply. Focal reduction of capillary 
blood flow leading to starvation of tubules may underlie 
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the urinary pole and vascular pole of Bowman’s capsule—
which expressed both progenitor and podocyte markers 
(CD24+CD133+PDX+cells)—were shown to differentiate 
into podocytes by losing stem cell markers and expressing 
markers indicative of a podocyte phenotype while progress-
ing from the urinary pole to the surface of the glomerular 
tuft.227

Experimental evidence indicates that intravenous injec-
tion of human progenitor cells harvested from Bowman’s 
capsule into SCID mice with Adriamycin-induced nephropa-
thy reduced proteinuria and mitigated chronic glomerular 
damage.227 Even more intriguing from the clinical perspec-
tive is the finding that ACE inhibition induces glomerular 
repair in the Munich Wistar Frömter (MWF) rat, a model 
of spontaneous glomerular injury.228 In these proteinuric 
animals, besides halting age-related podocyte loss, lisinopril 
increased the number of glomerular podocytes above base-
line, a change associated with an increased number of pro-
liferating Wilms’ tumor-1 (WT)-1 positive cells, loss of 
cycling-dependent kinase inhibitor p27 expression, and an 
increased number of parietal podocytes. This finding indi-
cates that remodeling of Bowman’s capsule epithelial cells 
contributes to the ACE inhibitor–induced restructuring of 
the damaged glomerular capillary, primarily by restoring 
the podocyte population.

Similarly, glomerular repair was augmented when gluco-
corticoid treatment was given to mice with experimental 
FSGS at a time when podocyte number was already 
decreased.229 Prednisone increased podocyte number in 
correlation with reductions in proteinuria and glomerulo-
sclerosis. This result could be the result of direct biologic 
effects on glomerular epithelial cells by reducing podocyte 
apoptosis and by enhancing podocyte regeneration through 
an increase in the number of parietal epithelial cell 
precursors.

Along with ACE inhibitors,117,118 and prednisone,229 Notch 
inhibitors,230 blockers of chemokine stromal cell–derived 
factor-1231 and retinoids232 can be added to the list of agents 
that improve podocyte regeneration by augmenting the 
number of parietal epithelial cell progenitors. Indeed, in 
vitro exposure of human renal progenitor cells to human 
serum albumin inhibited their differentiation into podo-
cytes by sequestering retinoic acid and preventing retinoic 
acid response element (RARE)–mediated transcription  
of podocyte-specific genes.233 Similarly, in vivo in mice 
with Adriamycin-induced nephropathy, a model of human  
FSGS, blocking endogenous retinoic acid synthesis 
increased proteinuria and exacerbated glomerulosclero-
sis.233 This effect was related to a reduction in podocyte 
number. In RARE-lacZ transgenic mice, albuminuria reduced 
retinoic acid bioavailability and impaired RARE activation 
in renal progenitors, inhibiting their differentiation into 
podocytes.233 Treatment with retinoic acid restored RARE 
activity and induced the expression of podocyte markers  
in renal progenitors, decreasing proteinuria and increas-
ing podocyte number, as demonstrated in serial biopsy 
specimens.233

Together these experimental studies suggest that restor-
ing the capacity of parietal epithelial progenitor cells to 
differentiate into podocytes could promote the regenera-
tion of podocytes and potentially result in the regression of 
glomerular disease.

macrophages should yield a better understanding of the 
complex role of macrophages in tubulointerstitial injury 
and repair of chronic renal disease, particularly in the pro-
teinuric setting.

REGULATORY T CELLS
CD4+ T cells constitute a critical component of the adaptive 
immune system and are typified by their capacity to help 
both humoral and cell-mediated responses. However, there 
is a substantial functional diversity among CD4+ T cells, and 
it is clear that certain subpopulations hinder rather than 
help the immune response. The best-characterized example 
of an inhibitory subpopulation is the CD4+CD25+ cells, 
which appear to play an active role in downregulating 
pathogenic autoimmune responses.218 CD4+CD25+ T cells 
are potent immunoregulatory cells that suppress T-cell pro-
liferation in vitro and have the capacity to suppress immune 
responses to autoantigens, alloantigens, tumor antigens, 
and infectious antigens in vivo.219

The regulatory activity of these cells in the setting of 
chronic renal diseases is highlighted by studies in SCID 
(severe combined immunodeficiency) mice reconstituted 
with CD4+CD25+ T cells after induction of Adriamycin 
nephrosis.211 Mice reconstituted with these regulatory cells 
had significantly reduced glomerulosclerosis, tubular injury, 
and interstitial expansion in comparison with unreconsti-
tuted mice with Adriamycin-induced nephrosis.

Findings of a study utilizing the green fluorescence 
protein (GFP)–Foxp3 mouse suggest that Foxp3 expression 
identifies the regulatory T-cell population.220 In the murine 
model of Adriamycin nephropathy, the adoptive transfer of 
Foxp3-transduced T cells protected against renal injury. 
Urinary protein excretion and serum creatinine were 
reduced, and there were significant decreases in glomeru-
losclerosis, tubular damage, and interstitial infiltrates.221

KIDNEY-DERIVED PROGENITOR CELLS
In chronic proteinuric renal disease, regression of glomeru-
lar structural changes is associated with remodeling of the 
glomerular architecture.222 Instrumental to this discovery 
were three-dimensional reconstruction studies of the glo-
merular capillary tuft, which allowed the quantification of 
sclerosis volume reduction and of capillary regeneration 
upon treatment.222 The reversal of early glomerular damage 
in animal models and humans223 argues for the existence of 
a regenerative mechanism that promotes glomerular repair. 
However, mature podocytes are post-mitotic cells with 
limited capacity to divide in situ and therefore are unable 
to regenerate.223 A potential mechanism for podocyte 
replacement by bone marrow–derived stem cells was 
described in the Alport mouse model as well as in kidney 
transplants.224,225 Nevertheless, most studies concluded that 
regeneration occurs predominantly from resident renal 
progenitors,50,61 although the source of these cells remains 
ill-defined.

A study using a triple-transgenic mouse model that 
allowed permanent marking of glomerular parietal cells and 
their progeny upon administration of doxycycline showed 
that the parietal epithelial cells of Bowman’s capsule possess 
the capability to migrate into the glomerular tuft via the 
vascular stalk, where they differentiate into podocytes.226 
Similarly, in the adult human kidney, cells localized between 
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sufficient cause in most patients with nephrotic syndrome, 
because the rate of hepatic albumin synthesis can increase 
by at least threefold, thereby compensating for urinary 
albumin loss.235 Enhanced loss of albumin in the gastroin-
testinal tract has also been proposed to contribute to hypo-
albuminemia, but there is little evidence for this hypothesis.236 
Therefore, for hypoalbuminemia to develop there must be 
either an insufficient increase in hepatic synthetic rate or 
an increase in albumin catabolism.

Normally the rate of hepatic albumin synthesis may 
increase by as much as 300%. However, studies of nephrotic 
syndrome in animal models and in humans with hypoalbu-
minemia demonstrate that the rate of albumin synthesis is 
at or only slightly above the upper limit of normal as long 
as dietary protein is adequate,237 indicating an inadequate 
synthetic response to hypoalbuminemia by the liver.

Oncotic pressure of the plasma perfusing the liver is one 
major regulator of protein synthesis.174 Experimental 
evidence in rats that are genetically deficient in circulating 
albumin showed a twofold higher hepatic transcription  
rate of the albumin gene than in normal rats.174 However, 
in the deficient rats the increase in hepatic albumin synthe-
sis was inadequate to compensate for the degree of hypoal-
buminemia, indicating an impaired synthetic response.174 
Similarly, in nephrotic patients, reduced oncotic pressure is 
unable to enhance the liver’s albumin synthesis rate enough 
to restore plasma albumin concentration.237 There is also 
evidence in normal subjects that hepatic interstitial albumin 
regulates albumin synthesis.238 Because in nephrotic syn-
drome the hepatic interstitial albumin pool is not depleted, 
the albumin synthetic response is normal or slightly 
increased, but it remains inadequate relative to the level of 
hypoalbuminemia.238

Dietary protein intake further contributes to the synthesis 
of albumin. Hepatic synthesis of albumin mRNA and 
albumin was not increased in nephrotic rats when fed a low-
protein diet, but increased when they were given a high-
protein diet.239 However, serum albumin levels were not 
altered because hyperfiltration resulting from increased 
protein intake led to higher albuminuria.

The contribution of renal albumin catabolism to hypoal-
buminemia in nephrotic syndrome is controversial. Some 
investigators have argued that renal tubular albumin trans-
port capacity is already saturated at physiologic levels of 
filtered albumin and that any increase in filtered protein, 
instead of being absorbed and catabolized, is simply excreted 
in the urine.240 Studies in isolated perfused proximal tubules 
in rabbits, however, demonstrated a dual transport system 
for albumin uptake.241 In addition to a low-capacity system 
that became saturated when the protein load exceeded 
physiologic levels, a high-capacity low-affinity system was also 
present that allowed the tubular absorptive rate for albumin 
to increase as the filtered load rose. Thus, an increase in the 
fractional catabolic rate may occur in nephrotic syndrome.

This hypothesis is supported by the positive correlation 
between fractional albumin catabolism and albuminuria in 
rats with puromycin aminonucleoside (PAN)–induced 
nephrosis.242 Nevertheless, because total body albumin 
stores are substantially decreased in nephrotic syndrome, 
absolute catabolic rates may be normal or even reduced.236 
This outcome is affected by nutritional state, as documented 
by the fact that absolute albumin catabolism was reduced in 

SYSTEMIC CONSEQUENCES OF 
NEPHROTIC-RANGE PROTEINURIA

Nephrotic-range proteinuria is accompanied by a cluster of 
abnormalities that is known collectively as nephrotic syn-
drome. It is characterized by systemic complications that 
result from profound alterations in the composition of the 
body protein pool, a state of sodium retention, dyslipid-
emia, abnormalities of coagulation factors, and a variable 
degree of renal insufficiency.

HYPOALBUMINEMIA

Clinical manifestations of nephrotic syndrome become 
evident in patients with levels of proteinuria in excess of 
3.5 g/day. Proteinuria in overtly nephrotic subjects usually 
exceeds this lower bound by a factor of 2 to 3, however. 
Immunochemical analysis shows that albumin accounts for 
more than 80% of the excreted proteins.234 The second 
most abundantly excreted protein is immunoglobulin, 
which after albumin is the next most abundant protein in 
plasma. One of the most common systemic abnormalities 
associated with nephrotic proteinuria is hypoalbuminemia, 
which develops in most patients.

PATHOGENESIS OF HYPOALBUMINEMIA
Under normal conditions, albumin production by the liver 
is 12 to 14 g/day (130-200 mg/kg). Production equals  
the amount catabolized, predominantly in extrarenal  
locations.235 However, about 10% is catabolized in the proxi-
mal tubule of the kidney after reabsorption of filtered 
albumin.235 In patients with nephrotic syndrome hypoalbu-
minemia results from excessive urinary loss, decreased 
hepatic synthesis, and increased rates of albumin catabolism 
(Figure 53.8).

Urinary albumin loss is an important contributor to the 
development of hypoalbuminemia. However, it is not a 

Figure 53.8  Schematic representation of mechanisms leading 
to nephrotic hypoalbuminemia.  Compensatory  mechanisms  such 
as increases in albumin synthesis and decreases in albumin catabo-
lism are insufficient to correct the hypoalbuminemia. 
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is counterbalanced by faster metabolism. Furthermore, 
because protein binding may enhance tubular drug secre-
tion, diminished protein binding in nephrotic syndrome 
may delay renal excretion of some drugs.251 Although the 
clinical consequences of altered protein binding may be 
difficult to predict, higher levels of free drug may be toxic, 
as shown with prednisolone.252

The case of diuretics is intriguing. Resistance to a loop 
diuretic, which often occurs in patients with nephrotic syn-
drome, may be due to reduced delivery of the diuretic to its 
site of action secondary to hypoalbuminemia. Anecdotal 
reports suggest that the administration of furosemide with 
small amounts of albumin (6-20 g) can enhance the response 
to furosemide in nephrotic patients.253 These observations 
are not conclusive, because other reports did not show a 
difference in excretion of intravenous furosemide in urine 
between nephrotic patients and normal controls.254 On the 
other hand, excessive amounts of filtered albumin in the 
tubule may bind furosemide and make it less effective.255

In animals, the inhibition of fractional loop Cl− reabsorp-
tion by furosemide was blunted by the presence of albumin 
in the proximal tubule, and prevention of albumin-
furosemide binding with warfarin and sulfisoxazole partially 
restored the response to the diuretic.255 However, these find-
ings were not confirmed in nephrotic patients given sulfi-
soxazole, raising doubt about the importance of excessive 
albumin-bound furosemide at the active tubular site in resis-
tance to diuretics.256 Sodium-retaining mechanisms, such as 
low effective arterial blood volume and activation of neuro-
humoral factors, may be relatively more important.

Many binding proteins are lost in the urine in nephrotic 
syndrome.257 Consequently, in patients with the disease, 
the plasma levels of many ions (iron, copper, and zinc), 
vitamins (vitamin D metabolites), and hormones (thyroid 
and steroid hormones) are low, because the level of protein-
bound ligands is reduced. Urinary loss of protein-bound 
ligands can theoretically cause depletion, but there is little 
convincing clinical evidence for such a theory, with the pos-
sible exception of vitamin D.258 Indeed one of the proteins 
lost in the urine of patients with nephrotic syndrome is 
cholecalciferol-binding globulin (also known as vitamin D–
binding protein [DBP]), which is a 59-kDa protein easily fil-
tered by nephrotic glomeruli.259 25-Hydroxycholecalciferol 
[25-(OH)D3] circulates as a complex with DBP, there also is 
an associated urinary loss of 25-(OH)D3 in nephrotic syn-
drome.260 The oral administration of 3H-labeled cholecalcif-
erol indicated that the serum half-life of 25-(OH)D3 was 
reduced and urinary excretion increased in nephrotic syn-
drome.261 Nevertheless, in general, nephrotic patients have 
normal to decreased plasma levels of 1,25-dihydroxychole-
calciferol [1,25-(OH)2D3].260

Although the hypocalcemia of nephrotic syndrome was 
once attributed solely to the reduction in protein-bound 
calcium secondary to hypoalbuminemia, a subset of patients 
has been noted in whom hypocalcemia is out of proportion 
to the hypoalbuminemia. In these patients ionized serum 
calcium is decreased.262 Secondary hyperparathyroidism is 
seen in some patients, even in the absence of renal failure, 
as are changes in bone histology consistent with mixed 
osteomalacia and osteitis fibrosa cystica bone disease.263 Not 
all investigators, however, have observed abnormalities in 
calcium homeostasis in nephrotic syndrome.264 Why only a 

nephrotic rats nourished with a low-protein diet, but not in 
those with normal dietary protein intake.243

In summary, hypoalbuminemia in nephrotic syndrome 
results from multiple alterations in albumin homeostasis 
that are not sufficiently compensated for by hepatic 
albumin synthesis and by decreased renal tubular albumin 
catabolism.

CONSEQUENCES OF HYPOALBUMINEMIA
Impairment of kidney function is the rule in patients with 
nephrotic hypoalbuminemia and usually manifests in two 
ways. One is the inability of the kidney to maintain sodium 
and fluid homeostasis. The other is loss of intrinsic ultrafil-
tration capacity of glomerular capillary walls, a phenome-
non that leads, in turn, to reduction in GFR.244

When viewed in physiologic terms, the GFR can be 
defined as the net rate of water flux across the walls of the 
capillaries in the glomerular tufts of the kidney. It is deter-
mined by the product of the net pressure for ultrafiltration 
and the ultrafiltration coefficient—Kf—a measure of intrin-
sic ultrafiltration capacity, derived from the product of the 
available filtering surface area (s) and the hydraulic perme-
ability of the glomerular capillary wall (k). Estimating GFR 
and its determinants in humans has been shown that a 
reduced GFR in some forms of nephrotic syndrome 
(minimal change and membranous nephropathy) is exclu-
sively a consequence of profoundly lowered hydraulic per-
meability.245 In nephrotic syndrome associated with lupus 
nephritis, idiopathic focal and segmental glomerulosclero-
sis, and diabetic nephropathy, both reduction of the surface 
area available for filtration and impairment of hydraulic 
permeability contribute to Kf depression.246,247

The principal cause of impaired hydraulic permeability 
in nephrotic disorders is broadening and effacement of 
epithelial foot processes.245 These changes lower the fre-
quency of interpodocytic slit diaphragms through which 
water must pass to gain access to Bowman’s space, thereby 
increasing the resistance to water flow. The low Kf is partially 
offset by an increase in net ultrafiltration pressure, which is 
largely due to a substantial lowering of the intraglomerular 
capillary oncotic pressure. As a result the drop in GFR is not 
proportional to the decrease in Kf. This compensatory ele-
vation in net ultrafiltration pressure explains why reduced 
values of SNGFR are not consistently observed in all experi-
mental nephrosis models.248

The low ultrafiltration capacity induced by glomerular 
disease and protein depletion makes the nephrotic patient 
particularly vulnerable to acute exacerbations of hypofiltra-
tion and renal insufficiency.249 Because the prevailing level 
of GFR depends heavily on ultrafiltration pressure in the 
presence of a low Kf, any maneuver that lowers the glomeru-
lar capillary perfusion pressure can, therefore, cause a pre-
cipitous fall in the GFR. The susceptibility of nephrotic 
patients to episodes of acute kidney injury should thus be 
borne in mind when one is prescribing drugs that can com-
promise the ultrafiltration pressure, such as diuretics, cyclo-
oxygenase inhibitors, and cyclosporine.

An additional consequence of hypoalbuminemia is the 
potential for enhanced drug toxicity.250 Indeed, many drugs 
are bound to albumin. Hypoalbuminemia reduces the 
number of available binding sites and raises the proportion 
of circulating free drug, but in the steady state this process 

http://www.myuptodate.com


1798 SECTIOn VIII — THE COnSEquEnCES OF ADVAnCED KIDnEY DISEASE

colloid oncotic pressure triggers a cascade of events that 
signal the kidney to retain the filtered sodium and water.269 
Thus hypovolemia is the afferent stimulus of a complex 
pathway of responses mediated by low- and high-pressure 
baroreceptors in the cardiac atria, carotid arteries, and aorta 
that activate the sympathetic nervous system and the renin 
angiotensin system. Moreover, hypovolemia also promotes 
excessive nonosmotic secretion of arginine vasopressin 
(AVP), which further contributes to water retention by the 
kidneys.269

The homeostatic response of renal sodium and water 
retention that serves to restore intravascular volume also 
exacerbates hypoalbuminemia, thereby sustaining transuda-
tion of plasma fluid into the interstitial space. The fact that 
salt retention may be the consequence of an underfilled 
circulation is consistent with the finding that head-out water 
immersion, a maneuver that raises plasma volume, is fol-
lowed by a natriuretic and diuretic response in some 
nephrotic patients.270

This mechanistic scenario of edema formation in 
nephrotic syndrome would also imply consistently reduced 
plasma volume271 as well as an elevated plasma renin activity 
(PRA)272 and increased plasma and urinary levels of cate-
cholamines.273 However, in one study, only a minority of 
nephrotic patients had a low plasma volume273; in fact, 
approximately 70% of patients had normal or even high 
values in some studies.274 In some cases plasma volume was 
lower during remission than during the acute phase of the 

subset of patients is predisposed to alterations in calcium, 
vitamin D, and parathyroid hormone homeostasis has not 
been determined, but it has been suggested that factors 
such as age, duration of disease, renal function, degree of 
proteinuria, serum albumin concentration, and corticoste-
roid therapy might be involved.258

Finally, hypoalbuminemia may play a role in platelet 
hyperaggregability.265 Because albumin normally binds ara-
chidonic acid, thus limiting its conversion to thromboxane 
A2 by platelets, hypoalbuminemia might allow increased 
platelet arachidonate metabolism to take place, and platelet 
hyperreactivity may result.265

EDEMA FORMATION

The clinical manifestation that most frequently brings the 
nephrotic patient to medical attention is the formation of 
edema. This development represents an increase in the size 
of the interstitial fluid compartment. The interstitial fluid 
accumulates most readily in dependent areas, where tissue 
pressure is low. It thus manifests as periorbital edema upon 
awakening in the morning and pedal edema at the end of 
the day. Even when edema is generalized and massive, a 
condition referred to as anasarca, it remains most marked 
in the lower extremities. Not infrequently, anasarca is also 
accompanied by large effusions into the peritoneal, pleural, 
and pericardial spaces. The mechanisms responsible for 
extravascular fluid accumulation in nephrotic patients are 
complex and only partially understood.

REDUCED PLASMA ONCOTIC PRESSURE
Low oncotic pressure as a result of hypoalbuminemia favors 
the movement of water from the intravascular to the inter-
stitial space. Under normal conditions, edema formation is 
halted by expansion and proliferation of lymphatics that 
increase lymphatic flow and by reduction of interstitial 
oncotic pressure due to accumulation of protein-free fluid. 
In addition the increase in hydraulic pressure in the inter-
stitium due to fluid accumulation lowers the transcapillary 
pressure gradient, further reducing the transudation of 
plasma fluid into the interstitial space. However, there is no 
clear evidence of alterations in these normal defense mech-
anisms against edema formation in nephrotic patients.266 
For example, comparable changes in interstitial and plasma 
oncotic pressure have been documented during relapse and 
remission phases in patients with nephrotic syndrome.266 
Moreover, the capillary hydraulic conductivity is elevated in 
nephrotic patients,267 possibly because of disruption of the 
intercellular macromolecular complex between endothelial 
cells, which enhances capillary filtration capacity and may 
lead to sustained edema formation.268 These observations 
suggest that hypoalbuminemia per se may not be the primary 
determinant of the severity of edema formation and that 
intrarenal mechanisms may have a prominent contributory 
role.

ALTERATIONS IN BLOOD VOLUME
According to the traditional view, lowering of the plasma 
albumin concentration eventually induces renal sodium 
and fluid retention in nephrotic syndrome by causing hypo-
volemia, the so-called underfill mechanism (Figure 53.9). 
Indeed, hypovolemia as a consequence of reduced plasma 

Figure 53.9  The “underfill” mechanism of edema formation. 
Hypovolemia,  as  a  consequence  of  reduced  plasma  oncotic  pres-
sure,  is  the  key  event  that  signals  the  kidney  to  retain  the  filtered 
sodium and water. ADH, vasopressin; RAAS, renin angiotensin aldo-
sterone system. 
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has been illustrated in a unilateral model of PAN-induced 
nephrosis in rat.280 In such a model, in which albumin con-
centration in the systemic circulation is normal, only the 
proteinuric kidney (not the contralateral intact one) 
retained excessive amounts of sodium and water. This 
finding indicates that abnormal sodium retention by the 
proteinuric kidney is brought about by intrarenal rather 
than circulating or systemic factors.

These findings can be partly explained by a lowered fil-
tered sodium load, a consequence of the diminished GFR 
that frequently accompanies nephrotic-range proteinuria. 
However, because the fractional sodium excretion is low, 
enhanced tubular sodium reabsorption appears to be the 
predominant cause of sodium retention in nephrotic syn-
drome. Analysis of segmental sodium transport in nephrotic 
rats has identified the collecting duct as the major site of 
enhanced sodium reabsorption.280 Refractoriness to the 
natriuretic action of ANP (which increases urinary sodium 
and water excretion) in experimental281 and clinical282 
studies further indicates the distal segments of the nephron 
as the likely site of sodium retention in nephrotic syndrome. 
Indeed, the inner medullary segment of the collecting duct 
is the tubule segment most richly endowed with receptors 
for ANP.283

The crucial observation was that natriuretic and diuretic 
responses to intravenously infused atrial extract (from 
normal or nephrotic rats) or synthetic ANP were markedly 
lower in nephrotic than in normal rats.284 In a rat model of 
unilateral glomerulopathy, the blunted natriuretic and 
diuretic responses to ANP were confined to the “nephrotic“ 
kidney as opposed to the contralateral normal kidney, 
despite a comparable increase in GFR.281 Moreover, both 
enhanced release of endogenous ANP during water 

disease.273,274 However, methodologic issues have been raised 
about the measurement of plasma volume in nephrotic 
patients that may limit the interpretation of the findings of 
these studies.275

Measurement of vasoactive hormones, which are respon-
sive to low plasma volume and can be taken as surrogate 
markers of the intravascular volume, also documented that 
only 50% of nephrotic patients have higher than normal 
PRA and plasma as well as urinary aldosterone levels.276 
Moreover, pharmacologic blockade of the renin angiotensin 
aldosterone system (RAAS) in nephrotic patients with high 
PRA values does not change sodium excretion.277 Similarly, 
plasma levels of norepinephrine, AVP, and atrial natriuretic 
peptide (ANP) are near normal or inconsistently changed.278 
The diuretic and natriuretic responses to hyperoncotic 
plasma or albumin infusions279 or to central volume expan-
sion with head-out water immersion also vary widely from 
patient to patient.279 Evidence that PRA often increases 
rather than decreases after steroid-induced remission of 
nephrotic syndrome is an additional, albeit indirect argu-
ment that argues against a key role for hypovolemia in 
edema formation in most nephrotic patients.276

INTRARENAL MECHANISMS
Alternatively, the “overfill” theory hypothesizes that there is 
a dominant mechanism by which the kidneys retain sodium 
independent of circulating plasma volume, leading to 
hypervolemia (Figure 53.10).269 Examination of the edema-
forming, nephrotic patient during consumption of a known 
amount of sodium reveals a positive sodium balance. This 
results in increased blood volume, which by altering Star-
ling’s forces across the capillary wall leads to plasma leakage 
into the interstitium and overflow edema. This mechanism 

Figure 53.10  The “overfill” mechanism of edema formation. The abnormal renal sodium retention is the consequence of blunted natriuretic 
response to atrial natriuretic peptide (ANP) and  increases  in activity of epithelial sodium channel  (ENaC) and Na+/K+-ATPase, and  is the key 
event of the process. The resulting hypervolemia alters Starling’s forces across the capillary wall at local tissue level, leading to overflow edema. 
cGMP, cyclic guanosine monophosphate; RAAS, renin angiotensin aldosterone system. 

Plasma leakage
in the interstitium

Altered Starling’s forces
at local tissue level

Increased blood
pressure

Suppression
of RAAS

Increased blood
volume

Increased ENaC
activity

Increased Na�, K��
ATPase activity

Low renal
corin

Primary renal
sodium retention

Accelerated breakdown
of cGMP at tubular level

Blunted natriuretic
response to ANP

Reduced local
ANP production

Edema

http://www.myuptodate.com


1800 SECTIOn VIII — THE COnSEquEnCES OF ADVAnCED KIDnEY DISEASE

corticosteroid, clamped aldosterone plasma levels, sodium 
retention persisted even when ENaC recruitment to the 
apical membrane was inhibited.297 Conversely, the transport 
activity of sodium-potassium-adenosine triphosphatase (Na+-
K+-ATPase), the ubiquitous sodium pump localized exclu-
sively on the basolateral membrane, was increased.297 These 
findings indicate that increased Na+-K+-ATPase activity is the 
driving force behind enhanced sodium reabsorption in 
nephrotic syndrome, an observation confirmed by several 
studies in the cortical collecting ducts in nephrotic rats.298

Because the Na+-K+-ATPase pump in the basolateral mem-
brane promotes secondary passive sodium entry from the 
lumen through the ENaC, Na retention in the collecting 
duct of nephrotic rats can result from the coordinated over-
activity of these tubular sodium transporters. A role for the 
proximal tubule in the avid sodium retention of nephrotic 
syndrome has been proposed on the basis of the observation 
that in PAN-nephrotic rats, increased sodium reabsorption 
was associated with a shift of the apical Na+-H+ exchanger 
isoform 3 (NHE3) from an inactive to an active pool.299 The 
increase in NHE3-specific activity may be a response to the 
increased albumin load presented to the proximal tubule, 
as indicated by the correlation between albumin exposure 
and enhanced NHE3 abundance and activity in opossum 
kidney (OKP) cells.300

An additional hypothesis concerning intrarenal mecha-
nisms of nephrotic edema proposes that interstitial inflam-
mation of the kidney plays a major role in the pathogenesis 
of primary sodium retention.301 The generation of vasocon-
strictor and the reduction of vasodilator substances in the 
interstitium, driven by the inflammatory cell infiltrate, can 
lead to a reduction in Kf and SNGFR. These glomerular 
hemodynamic changes that reduce filtered sodium load 
combine with the increased net tubular sodium reabsorp-
tion induced by mediators released from the inflammatory 
cell infiltrate, leading to primary sodium retention, an 
“overfilled” intravascular volume, and increased capillary 
hydrostatic pressure. The decrease in plasma oncotic pres-
sure again promotes fluid movement out of the vascular 
compartment, thereby buffering the changes in blood 
volume induced by primary sodium retention. A renal 
inflammatory infiltrate is, however, minimal or absent in 
most children with minimal change nephrotic syndrome. 
Thus, the nephrotic edema may derive from a combination 
of primary sodium retention and relative arterial underfill-
ing. The predominance of one or the other mechanism is 
perhaps in accordance with the pathogenesis of nephrotic 
syndrome or the stage of the disease.

Deranged renal water handling is also a cardinal feature 
of nephrotic syndrome. Defects in both urinary diluting 
ability302 and concentrating capacity302 have been docu-
mented in nephrotic patients. The cause of the concentrat-
ing defect has been explored in experimental models of 
nephrotic syndrome. The extensive downregulation of the 
expression of the water channels aquaporins 1, 2, and 3 in 
the collecting duct303 and of the urea transporter304 as well 
as a marked decrease in the abundance of thick ascending 
limb Na+ transporters, represent an appropriate renal 
response to the extracellular volume expansion observed in 
nephrotic syndrome despite increased circulating vasopres-
sin, but may occur at the expense of decreased urinary 
concentrating capacity.

immersion and infusion of exogenous ANP failed to promote 
an appropriate natriuretic response in nephrotic patients.282

Taken together, these findings support a role for ANP in 
intrarenal sodium retention in nephrotic syndrome. In 
addition, it can be inferred that alterations in the intrinsic 
transport properties of the collecting duct render this 
tubule segment unresponsive to the natriuretic action of 
ANP.

In some studies, increased activity of efferent sympathetic 
nerves has been related to the blunted ANP natriuretic 
response.285 More consistent evidence points to enhanced 
phosphodiesterase activity in collecting duct cells from 
nephrotic animals, leading to accelerated breakdown of 
normally produced cyclic guanosine monophosphate 
(cGMP), which is important for intracellular signaling after 
ANP binding to its specific receptors.286

With the discovery of corin, a 1042–amino acid trans-
membrane serine protease that converts proANP and pro–
brain natriuretic peptide (proBNP) into the active forms 
ANP and BNP,287,288 understanding of the pathogenesis of 
edema formation in nephrotic syndrome has been revised. 
Beside being initially localized in the heart,287 corin has 
been shown to be also expressed in renal tissue.289 Through 
the use of immunohistochemical analysis, co-localization of 
corin and ANP in renal tissue has been documented.289 It is 
noteworthy that kidneys of corin−/− mice displayed larger 
amounts of renal β-epithelial Na+ channel (ENaC), 
phosphodiesterase-5 (PDE5), and protein kinase G II than 
wild-type mice. Induction of nephrotic syndrome by PAN or 
of glomerulonephritis by anti-Thy1 antibody induced con-
comitant increase in proANP and decrease in ANP in the 
kidney in association with low renal immunoreactive levels 
of corin.289,290 Upregulation of PDE5 and kinase G II resulted 
in reduced cGMP in the collecting duct and, subsequently, 
in increased ENaC abundance in both nephrotic syndrome 
and glomerulonephritis.290 These findings suggest that corin 
deficiency might be involved in the primary salt retention 
seen in edematous glomerular diseases by lowering locally 
produced ANP.291 In this regard, reduced urinary corin 
levels have been reported in patients with chronic kidney 
disease.292

In the kidney, the ultimate regulation of sodium reab-
sorption occurs in the collecting duct through the low-
conductance ENaC,293 located on the apical membrane of 
principal cells. Evidence is also available that the proteolytic 
removal of an inhibitory domain from the γ-subunit of 
ENaC by the serine protease plasmin can activate ENaC.294 
Plasmin, present in the urine of nephrotic rats and humans, 
has been shown to activate ENaC via this mechanism.295 
Additionally, urokinase-type plasminogen activator present 
in the rat and human kidney can convert inactive plasmino-
gen (which is filtered by the nephrotic kidney) to the active 
form plasmin.295 In the rat PAN nephrosis model, amiloride 
increased urine sodium excretion and reduced ascites 
volume. This effect was attributed to the ability of amiloride 
to inhibit both ENaC and urokinase-type plasminogen acti-
vator and thus to reduce the amount of active plasmin 
present.295

ENaC is also regulated by aldosterone.293 In rat models of 
nephrotic syndrome, activation of ENaC together with ele-
vated plasma aldosterone levels has been reported.296 Nev-
ertheless, in puromycin-induced nephrosis in rats with 
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hypoalbuminemia associated with nephrotic syndrome.310 
Hepatic activity of hydroxymethylglutaryl CoA reductase, 
the rate-limiting step for hepatic synthesis of cholesterol, is 
elevated.274 In general, serum cholesterol levels are inversely 
proportional to serum albumin levels,274 and cholesterol 
levels generally normalize upon remission. Conversely, tri-
glyceride synthesis does not appear to be increased.

It has been suggested that lipoprotein synthesis increases 
in parallel with albumin synthesis because they have a 
common secretory pathway.311 This hypothesis was sup-
ported by studies showing that infusion of albumin partially 
corrected nephrotic hyperlipidemia. It has also been 
reported that apo B secretion by cultured hepatocytes can 
be reduced by a rise in the oncotic pressure of the culture 
medium.

Most evidence still indicates that reduced extracellular 
albumin concentration and/or reduced extracellular 
oncotic pressure in some way regulates apolipoprotein syn-
thesis and lipogenesis by the liver. Although hepatic apoli-
poprotein synthesis is increased in nephrotic syndrome, not 
all apolipoproteins are affected to the same degree, and 
mechanisms causing greater synthesis of the various apoli-
poproteins are also different. Secretion of apo A is increased 
approximately sixfold,311 whereas synthesis of apo B and E 
is increased by only twofold, and synthesis of the apo C is 
not increased.

Apo A-I mRNA is increased at the transcriptional level in 
the livers of nephrotic and analbuminemic rats,312 suggest-
ing that reduced plasma oncotic pressure or albumin con-
centration is responsible for the change in apo A-I gene 
expression. Although plasma levels of apo B and E are both 
increased in nephrotic and analbuminemic rats, there is 
little or no change in transcription rates. Thus, if greater 
synthesis is causing higher levels of these apolipoproteins in 
plasma, the mechanisms involved are most likely posttran-
scriptional, at the level of translational or protein process-
ing, in contrast to the mechanism affecting apo A-I.

In addition to greater synthesis, studies in animals and 
humans have determined alterations in the catabolism of 
lipids in the syndrome. The clearance of chylomicrons and 

HYPERLIPIDEMIA

Both quantitative and qualitative changes in lipid metabo-
lism occur in nephrotic syndrome, with virtually all plasma 
lipid and lipoprotein fractions being elevated.305 Blood 
levels of cholesterol are almost always increased and con-
tinue to rise as the severity of nephrotic syndrome 
increases.305 Total cholesterol and cholesterol esters are all 
increased.306 Levels of triglycerides are more variable and in 
many patients do not increase, except when the nephrotic 
state is very severe.305 Plasma levels of free fatty acids are 
within normal limits in nephrotic syndrome, although a 
smaller than normal fraction is bound to plasma albumin.305 
Levels of very low-density lipoprotein (VLDL), intermediate-
density lipoprotein (IDL), and low-density lipoprotein 
(LDL) have been found to increase early in nephrotic syn-
drome305,307; data on high-density lipoprotein (HDL) are less 
clear. Plasma levels of HDL are usually normal, but may 
decrease due to HDL excretion in the urine in severely 
proteinuric patients.305

The composition of the lipoprotein molecules is also 
abnormal. Greater than usual amounts of cholesterol and 
triglycerides are present in VLDL, IDL, and LDL. Moreover, 
an alteration in the specific type and quantity of various 
apolipoprotein moieties in the lipoprotein molecules has 
been described, with reduced apolipoprotein C (apo C) 
despite elevations in apo B, apo C-II and apo E, and an 
increased ratio of apo C-III to apo C-II.308 These abnormali-
ties return to normal fairly promptly when nephrotic syn-
drome remits.

PATHOGENESIS OF NEPHROTIC HYPERLIPIDEMIA
Two mechanisms contribute to nephrotic dyslipidemia: 
overproduction and impaired catabolism/clearance of 
serum lipids and lipoproteins (Figure 53.11). There is 
general agreement that hepatic synthesis of both lipids and 
apolipoproteins is increased and that the clearance of chy-
lomicrons (CMs) and VLDL309 is reduced in nephrotic syn-
drome. Cholesterol synthesis has been shown to increase 
both in animals and humans in response to the 

Figure 53.11  Pathophysiology of nephrotic 
hyperlipidemia.  All  abnormalities  of  lipid 
profile  originate  from  alterations  in  low-density 
lipoprotein  (LDL),  very  low-density  lipoprotein 
(VLDL), high-density lipoprotein (HDL), and cho-
lesterol metabolism as well as increased synthe-
sis  of  lipoprotein(a).  CETP,  cholesterol  ester 
transfer protein; LCAT,  lecithin-cholesterol acyl 
transferase. 
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HDL. Cholesterol ester transfer protein (CETP) catalyzes 
the transfer of the cholesterol ester–rich core of HDL2 to 
VLDL remnant particles, creating LDL and thereby increas-
ing LDL cholesterol at the expense of HDL cholesterol. 
CETP is increased in the plasma of nephrotic patients and 
correlates positively with VLDL cholesterol and negatively 
with HDL cholesterol.324

The enzyme lecithin-cholesterol acyl transferase (LCAT) 
catalyzes the esterification of cholesterol and its incorpora-
tion into HDL particles and promotes the conversion of 
HDL3 to HDL2. The observation that HDL3 is preserved in 
plasma from nephrotic patients at the apparent expense of 
HDL2 suggests that the LCAT reaction is reduced in 
nephrotic syndrome.325 However, increased activity of CETP 
could also explain this pattern of HDL distribution because 
it rapidly may cycle the core of HDL2 to VLDL remnant 
particles, thus increasing the flux of cholesterol from the 
surface of nascent HDL into the core of LDL. Furthermore, 
mature HDL also transports a number of apolipoproteins 
that serve as co-factors. One of these apolipoproteins, Apo 
C-II, is an endogenous activator of LPL activity. Apo C-II is 
normally transported by HDL2 to nascent VLDL and chylo-
microns. Apo C-II may be lost in the urine of nephrotic 
patients, either as free protein or bound to HDL.326 Addi-
tionally, an inhibitor of Apo C-II, Apo C-III, is increased in 
nephrotic syndrome; with the resulting decreased Apo C-II 
to Apo C-III ratio, the activity of LPL is also significantly 
decreased.

CLINICAL CONSEQUENCES OF HYPERLIPIDEMIA
The most important consequence of hyperlipidemia is its 
potential for inducing cardiovascular disease. The changes 
that occur in blood lipoprotein composition in nephrotic 
syndrome—reduced HDL2 cholesterol, a relative increase in 
HDL3 cholesterol, and a massive increase in total choles-
terol, mostly found in the LDL, IDL, and VLDL fractions307—
are likely to raise the risk of atherosclerotic disease. 
Nevertheless, the presence of additional risk factors for ath-
erosclerosis in nephrotic patients, notably hypertension, 
hypercoagulability and chronic renal failure, makes it dif-
ficult to determine the individual contribution of hyperlip-
idemia to the rise in risk.

Given the natural history of atherosclerosis, one would 
predict that the patient with a protracted form of nephrotic 
syndrome has the highest risk of dying from premature 
cardiovascular disease.327 Accelerated atherosclerosis has 
been reported in patients with proteinuria and hyperlipid-
emia and, in some studies, has been associated with a 
strongly increased incidence of cardiovascular disease and 
stroke.327 One study reported an 85-fold increase in the 
incidence of ischemic heart disease in nephrotic patients.328 
In another retrospective analysis of 142 patients with pro-
teinuria greater than 3.5 g/day, the relative risk of myocar-
dial infarction was found to be 5.5, and the risk of cardiac 
death 2.8 in comparison with age- and sex-matched 
controls.327

A number of studies have indicated a potential role for 
hyperlipidemia in the progression of chronic kidney disease. 
It was proposed that filtered lipoproteins might accumulate 
in the mesangium and promote sclerosis.329 In animals, lipo-
genic diets have been shown to induce focal sclerosis, and 
the extent of glomerular damage correlates with the serum 

VLDL is reduced following the onset of proteinuria but is 
normal in rats with hereditary analbuminemia,311,313 suggest-
ing that urinary loss of a lipo-regulatory substance, and not 
reduced albumin concentration or oncotic pressure, plays 
a role in defective lipolysis.

One possible explanation for the defective removal of 
lipoproteins is a decrease in the activity of lipoprotein lipase 
(LPL), which hydrolyzes triglycerides in VLDL and chylomi-
crons, releasing free fatty acids. LPL activity is reduced in 
nephrotic rats, providing a potential mechanism for delayed 
lipolysis.311 In one study, chylomicron catabolism in hearts 
isolated from nephrotic rats was decreased in vitro and the 
LPL pool bound to vascular endothelium was reduced by 
approximately 90%; LPL activity not bound to the vascular 
endothelium, and hence unable to interact with large lipo-
proteins, was normal.313 Thus, a specific reduction in LPL 
attached to the vascular endothelium may be involved in the 
reduced catabolism of chylomicrons and VLDL in nephrotic 
syndrome.

The relationship between decreased endothelium-bound 
LPL activity and reduced catabolism of chylomicrons and 
VLDL is by no means clear. VLDL and chylomicron catabo-
lism by analbuminemic rats is normal despite a marked 
reduction in heparin-releasable LPL activity.314 Moreover, it 
has been reported that HDL isolated from normal animals 
corrects defective lipolysis of VLDL isolated from nephrotic 
rats, whereas HDL isolated from nephrotic animals may be 
dysfunctional. Indeed, HDL isolated from nephrotic animals 
has been found to be structurally abnormal.315 Thus multi-
ple separate defects in the peripheral catabolism of 
triglyceride-rich lipoproteins may be responsible for delayed 
lipolysis.

Studies in patients with nephrotic syndrome have not 
been as detailed as in the rat; however, when comparable 
studies are evaluated, the two groups exhibit similar distur-
bances in lipid metabolism. The fractional turnover rate of 
triglycerides is reduced in nephrotic subjects compared to 
controls, and the half-life of triglycerides in VLDL is pro-
longed from 4 to 11 hours.316 Not only is VLDL catabolism 
decreased, but the concentration curve over time has an 
unusual shape, presumably as a result of a delay in the con-
version of VLDL into LDL.317

It has been suggested that the delay in lipolysis in humans, 
as in rats, is due to a decrease in LPL activity. Support of 
this hypothesis comes from the finding that LPL activity is 
reduced in children with nephrotic syndrome and increases 
after remission. Furthermore, there is a strong inverse  
correlation between LPL activity and the concentration of 
triglycerides in the VLDL fraction,318 although not all inves-
tigators report decreased LPL activity in nephrotic patients.319

LDL catabolism has been shown to be either normal or 
reduced320 in patients with nephrotic syndrome and only 
marginally reduced in nephrotic rats.321 Decreased receptor-
mediated LDL clearance has been reported in some clinical 
studies,322 which may account in part for elevations in LDL. 
A defect in LDL receptor translation or enhanced receptor 
protein turnover has been hypothesized, because normal 
LDL receptor mRNA was found in the nephrotic rat despite 
marked reduction in LDL receptor protein expression in 
the liver.323

Nephrotic syndrome is also associated with abnormalities 
in the activity of enzymes required for effective function of 
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in both coagulation and fibrinolysis. The numerous coagu-
lation abnormalities that occur in nephrotic syndrome are 
summarized in Figure 53.12. Alterations in the concentra-
tions of almost every coagulation factor, including zymogens 
(factors II, V, VII, IX, X, XI, and XII), co-factors (factors V 
and VIII), and fibrinogen, can occur.335 Plasma proteins lost 
in the urine in patients with nephrotic syndrome include 
factors IX, X, and XII, which become deficient because the 
increase in the synthetic rates that occurs is insufficient.335 
In contrast, proteins of higher molecular weight, including 
factors V and VIII and fibrinogen, accumulate because of 
increased synthesis.334 Levels of factor VIII typically increase 
as much as twofold to threefold.334 However, because factor 
VIII is also an acute phase reactant, high factor VIII levels 
may be an epiphenomenon rather than a causal factor in 
the development of venous thrombosis.

There is an inverse correlation between serum albumin 
and fibrinogen levels in nephrotic syndrome.336 The fibrino-
gen elevations in plasma likely result from increased hepatic 
synthesis, because catabolism is normal.337 Hyperfibrinogen-
emia may contribute to the procoagulant state by providing 
more substrate for fibrin formation and by promoting plate-
let hyperaggregability, increased blood viscosity, and red 
blood cell aggregation. Greater fibrin deposition, however, 
may also occur as a result of increased thrombin formation 
by the higher levels of factors V and VIII.338

Nephrotic patients exhibit abnormalities in endogenous 
coagulation inhibitors, including antithrombin III, which is 
deficient in 40% to 80% of patients.339 Plasma levels of anti-
thrombin III correlate negatively with proteinuria and posi-
tively with serum albumin levels as a result of urinary losses 
of this factor.339 Antithrombin III deficiency has been associ-
ated with serum albumin levels less than 2.0 g/dL340 and 
correlates with deep vein thrombosis (DVT) and pulmonary 
embolism in some studies,340 but not in others.341

Alterations in other endogenous anticoagulants may also 
occur in patients with nephrotic syndrome, but the findings 
are conflicting. Although plasma levels of total protein S are 
increased, the active free fraction level is reduced as a con-
sequence of urinary loss, accounting for the decrease in 
activity of this coagulation inhibitor.342 Results for protein C 
have been contradictory.342 Levels of tissue factor pathway 
inhibitor (TFPI) were increased in patients with nephrotic 

cholesterol; in the obese Zucker rat, focal sclerosis corre-
lates with hyperlipidemia and can be ameliorated by lipid-
lowering drugs.330 Similarly, free and esterified cholesterol 
was found in the glomeruli of nephrotic rats, and a close 
correlation was noted between plasma cholesterol levels and 
the number of sclerosing glomerular lesions.331

Whether hyperlipidemia also plays a role in the progres-
sion of chronic kidney disease in human nephrotic syn-
drome has yet to be determined. There is no specific 
indication to treat the qualitative abnormalities that charac-
terize the lipid disorder of nephrotic syndrome, but if the 
duration of hyperlipidemia is anticipated to be prolonged, 
it is wise to initiate therapy. Treatment of nephrotic patients 
with ACE inhibitors332 results in a decline in both protein-
uria and blood lipid levels even if plasma albumin concen-
tration does not increase. The decline in blood lipid levels 
includes decreases in total cholesterol, lipoprotein(a), and 
VLDL and LDL cholesterol as well as in the activities of 
CETP and LCAT.333

It is prudent to restrict dietary cholesterol and saturated 
lipids in patients with nephrotic syndrome. The long-term 
effects of dietary supplementation with fish oil (rich in 
omega-3 polyunsaturated fatty acids) are as yet unknown, 
and it cannot be recommended as standard treatment 
except within the context of a controlled investigative trial. 
If reduction of proteinuria and dietary fat restriction do not 
effectively reduce hyperlipidemia, a variety of lipid-lowering 
drugs, including the 3-hydroxy-3-methyl-glutaryl coenzyme 
A reductase inhibitors, antioxidants, and fibric acid deriva-
tives, may be useful.

HYPERCOAGULABILITY

Urinary loss of some of the proteins involved in the coagula-
tion cascade and the adaptive increased synthesis of others 
can induce a hypercoagulable state.334 Although arterial 
thrombosis has been reported, it is venous thrombosis that 
occurs with a particularly high incidence in nephrotic 
subjects.335

PATHOGENESIS OF HYPERCOAGULABILITY
In nephrotic syndrome, there are widespread alterations in 
synthesis, turnover, and urinary losses of proteins involved 

Figure 53.12  Mechanisms in the patho-
physiology of hypercoagulability in nephrotic 
syndrome. Alterations in levels and activity of 
factors in the intrinsic and extrinsic coagulation 
cascades, levels of antithrombotic and fibrino-
lytic  components  of  plasma,  platelet  count  
and  function, and other  factors,  such as ste-
roids and diuretics, are  the numerous abnor-
malities that contribute to hypercoagulability in 
nephrotic syndrome. 
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thrombotic complications in membranous glomerulopathy. 
The identification of circulating immune complexes in 
patients with membranous glomerulopathy with renal vein 
thrombosis, but not in those without thrombosis, supports 
this possibility.335 The use of steroids has been also suggested 
to predispose patients to thromboembolic complications,335 
but other studies have reported a high incidence of throm-
boembolic complications in the absence of steroid therapy 
as well.353

Thus, abnormalities in any of the steps that promote 
coagulation—activation and termination of the coagu-
lation cascade, fibrinolysis, and platelet activation and 
aggregation—may contribute to the hypercoagulable state 
seen in nephrotic syndrome. The specific role of each of 
these alterations remains ill-defined.

CLINICAL CONSEQUENCE OF HYPERCOAGULABILITY
Thromboembolic events are serious complications of 
nephrotic syndrome. The most common site of thrombosis 
is the renal vein. Retrospective and prospective studies have 
shown an incidence of renal vein thrombosis (RVT) in 
nephrotic syndrome ranging from 5% to 62%.335 Nephrotic 
syndrome is associated with RVT regardless of the underly-
ing disease. Observational studies evaluated patients who 
underwent renal venography.354,355 These studies show 
that the prevalence of RVT is highest in patients with mem-
branous nephropathy, on average 37%. However, the risk is 
still clinically important in other primary glomerular  
diseases, particularly in membranoproliferative glomerulo-
nephritis and minimal change disease. Furthermore, the 
risk for development of RVT may have been underestimated 
in these largely cross-sectional studies, because the compli-
cation may have developed subsequently in patients  
who were initially found not to have it. In the largest  
prospective study, which assessed RVT in 151 patients  
with nephrotic syndrome, the cumulative incidence of RVT 
was 22%.354

RVT manifests clinically in two ways,354 acute and chronic. 
Acute RVT is usually unilateral and characterized by acute 
flank pain, flank tenderness, macroscopic hematuria, and 
some deterioration of renal function. Chronic RVT is usually 
asymptomatic and occurs in the elderly. Selective renal 
venography is the gold standard for the diagnosis of RVT, 
and demonstration of venous collaterals establishes chronic-
ity. However, renal venography is invasive and associated 
with complications that include pulmonary embolism due 
to clot dislodgement, inferior vena cava perforation, and 
contrast agent–induced acute kidney injury.356 Consequently, 
noninvasive diagnostic tests are preferred, such as intrave-
nous pyelography, computed tomography, and magnetic 
resonance imaging.356 Nevertheless, there is need for further 
studies because the usefulness of these latter techniques in 
the diagnosis or exclusion of acute RVT remains unproven. 
Doppler ultrasonography appears to be inferior to renal 
venography in establishing the diagnosis of RVT and cannot 
be recommended on the basis of current data.357

Early data on the prognosis of nephrotic patients with 
RVT suggested a dismal outcome. Later it became clear that 
in the presence of anticoagulation therapy, symptomless 
chronic RVT is benign.354 DVT of the lower extremities is 
also observed in nephrotic syndrome and can occur in isola-
tion in up to 15% of patients355 or in association with RVT.354

syndrome in one study even though this inhibitor is of rela-
tively low molecular weight.343 Two additional factors that 
may predispose to thrombosis in nephrotic patients are 
elevations in serum values of thrombin-activatable fibrinoly-
sis inhibitor (TAFI) and reductions in levels of protein Z.344

A number of factors may lead to a reduction in plasmin-
induced fibrinolysis in nephrotic syndrome; much of the 
work has focused on plasminogen, the precursor for plasmin, 
and two major regulators of plasmin formation, plasmino-
gen activator inhibitor (PAI -1) and tissue plasminogen acti-
vator (t-PA). Several studies noted decreased plasminogen 
levels in nephrotic syndrome that correlated with the mag-
nitude of proteinuria.345 Furthermore, hypoalbuminemia 
itself has been postulated to negatively affect fibrinolysis. 
Albumin is a co-factor for the binding of plasminogen  
to fibrin and their interaction with t-PA. One study dem-
onstrated suppressed glomerular fibrinolytic activity in 
nephrotic syndrome, because there was a sixfold increase in 
PAI-1 but not t-PA levels in patients with membranous glo-
merulopathy compared with levels in controls.346

Maintenance of hemostasis also involves the formation of 
platelet plugs through platelet activation and aggregation. 
Studies examining platelet abnormalities have suggested a 
role for enhanced platelet-vessel wall interaction and plate-
let aggregation in the development of thromboembolism in 
nephrotic syndrome. Thrombocytosis, decreased red blood 
cell deformability, and increased von Willebrand factor level 
all favor platelet transport towards the vessel wall and 
increased platelet adhesion,347 and all are observed in 
nephrotic syndrome.

In vitro studies have demonstrated greater platelet aggre-
gation in nephrotic patients.347 In addition to platelet hyper-
aggregability, markers of platelet activation, including 
plasma P-selectin levels and circulating CD62P-positive 
platelets, were higher in nephrotic patients than in healthy 
controls. Increased CD62P expression was found in pediat-
ric patients during the nephrotic episodes but not during 
remission.348

Platelet hyperaggregability is associated with hypoalbu-
minemia, hypercholesterolemia, and hyperfibrinogen-
emia.348 Hypoalbuminemia results in greater availability of 
normally albumin-bound arachidonic acid, leading to 
increased formation of thromboxane A2 in platelets, which 
promotes platelet aggregation.349 Elevations of LDL choles-
terol may increase platelet aggregation, as suggested by the 
observation that lipid-lowering therapy reverses the sponta-
neous platelet hyperaggregability seen in such patients.350 
This effect, however, has not been conclusively shown in the 
general population.351

To date, observations suggest that platelet activation and 
aggregation may play a role in the increased risk of throm-
boembolism in patients with nephrotic syndrome. However, 
attempts to correlate in vitro functional tests with clinically 
overt thromboembolic events have had conflicting results.341 
Other clinical features of the nephrotic state, such as intra-
vascular volume depletion and exposure to steroids, also 
contribute to hypercoagulability. Increased blood viscosity 
is associated with hemoconcentration and enhanced by the 
use of diuretics352 and by hyperfibrinogenemia.334 The 
nature of the underlying immunologic injury may also play 
a role and may account for the predilection of thrombosis 
for the renal vein and for the higher incidence of 
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SUSCEPTIBILITY TO INFECTION

Loss of high filtered protein load through both urinary 
excretion and tubular catabolism,361 as well as a reduced rate 
of synthesis,362 may result in concurrent deficiencies of IgG 
and components of the alternative complement pathway, 
including factor B. Indeed, patients with nephrotic syn-
drome have low serum levels of various IgG subclasses. Also, 
IgA levels are decreased in nephrotic syndrome, whereas 
IgM level is usually increased, particularly in patients with 
minimal change disease and normal renal function.363 Fur-
thermore, defective cell-mediated immunity has been 
reported in nephrotic syndrome,364,365 including reduced 
number of total circulating T lymphocytes and blunted blas-
togenic response by lymphocytes to the mitogens concana-
valin A and phytohemagglutinin.

The defects in both humoral and cell-mediated immunity 
renders the nephrotic patient highly susceptible to infec-
tion.366 The organisms most frequently encountered are 
Streptococcus pneumoniae and Escherichia coli. Although such 
susceptibility to infection is generalized, there seems to be 
a particular vulnerability to local infection at the sites of 
edema formation. Splits in the skin caused by edema and 
malnutrition may predispose nephrotic patients to cellu-
lites.274 Peritonitis has been reported in patients who have 
ascites.366 It also occurred in approximately 6% of children 
with nephrotic syndrome, who suffered one or more epi-
sodes of the infection.366

The unusual susceptibility of children to infections with 
encapsulated microorganisms is associated with urinary 
losses of the alternative pathway complement components, 
particularly factor B, or C3 pro-activator, and D, which are 
essential for the destruction of encapsulated bacteria in  
the absence of specific antibody.361 The capacity to opsonize 
the encapsulated bacteria can be restored to normal by 
addition of pure factor B to nephrotic serum.361 Fungemia 
due to Candida lusitaniae has been also reported in low-
birth-weight premature infants with congenital nephrotic 
syndrome.367

New potent antibiotics have contributed to considerably 
decrease the incidence of fatal infections in nephrotic syn-
drome. However, prophylactic measures, such as pneumo-
coccal vaccine, are recommended in adults with severely 
depressed immunoglobulin levels and nephrotic children 
more than 2 years of age, especially when early remission of 
nephrotic syndrome is not anticipated.368
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prophylactic anticoagulant therapy should be initiated only 
if the risk of thromboembolic events is considered high.
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The word uremic is generally used to describe those ill effects 
of kidney failure that we cannot yet explain. Hypertension 
caused by volume overload, tetany caused by hypocalcemia, 
and anemia caused by erythropoietin deficiency were once 
considered uremic signs, but were removed from this cate-
gory as their causes were discovered. Uremia may thus now 
be defined as the illness that would remain if the extracel-
lular volume and inorganic ion concentrations were kept 
normal and the known renal synthetic products were 
replaced in patients without kidneys (Table 54.1).

Some features of uremia, thus defined, could reflect the 
lack of unidentified renal synthetic products. We presume, 
however, that uremia is caused largely by the accumulation 
of organic waste products that are normally cleared by the 
kidneys. In general, the study of renal organic waste removal 
lags far behind the study of inorganic ion excretion. A major 
problem is the multiplicity of waste solutes. The most com-
prehensive reviews to date, prepared by the European 
Uremic Toxin Work Group (EUTox1,2), list more than 80 
uremic solutes, and new studies are adding to this number.3-5 
With so many substances to study, it is hard to establish 
which ones are toxic. Bergstom6 has suggested criteria for 
identifying uremic toxins that are analogous to Koch’s pos-
tulates for identifying infectious agents. According to these 
criteria, a uremic toxin must have a known chemical struc-
ture and the following features:

• Its plasma and/or tissue concentrations should be higher 
in patients with kidney failure than in normal persons.

• The high concentrations should be related to specific 
uremic symptoms that are ameliorated when the concen-
tration is reduced.

• The effects observed in uremic patients should be repli-
cated by raising the solute concentration to similar levels 
in normal persons, experimental animals, or in vitro 
systems.

No uremic solute has so far been shown to satisfy these 
criteria. Given the complexity of uremia, it is unlikely that 
the accumulation of a single solute in isolation could reca-
pitulate uremia or that removal of the same could eliminate 
uremia; therefore, progress in uremia research has been 
relatively slow. Most solutes that accumulate with advanced 
chronic kidney disease (CKD) are probably not toxic. Others 
that are toxic may exert their ill effects only when adminis-
tered in combination. The difficulty imposed by the multi-
plicity of solutes is compounded by the multiplicity of ill 
effects encountered in uremia. Investigators of uremic tox-
icity thus face the daunting task of matching a solute or 
group of solutes to an appropriate end point. Many of the 
effects of uremia are hard to quantify, which makes the 
problem even more difficult. This is particularly true of 
major uremic symptoms. such as fatigue, anorexia, and 
diminished mental acuity.

A related problem encountered in studies of uremia is 
distinguishing the effects of uremia from those of related 
conditions. Paradoxically, the widespread availability of dial-
ysis has made uremia somewhat more difficult to study. The 
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SOLUTES CLEARED BY THE KIDNEY AND 
RETAINED IN UREMIA

The long list of solutes retained in uremia has been assem-
bled in two ways. Initially, biochemists would find a sub-
stance in the urine and then look for it in the blood of 
uremic patients. Several dozen uremic solutes were identi-
fied in this way as the biochemical pathways of intermediary 
metabolism were worked out. Beginning about 1970, 
improved analytic techniques, including gas chromatogra-
phy, mass spectroscopy, and high-performance liquid chro-
matography, were used to identify additional uremic 
solutes.3,8 Recent technical advances, including proteomic 
and metabolomic screening methods, are lengthening the 
list of putative uremic solutes. However, the problem of 
determining which solutes are toxic remains. In general,  
the compounds that are present in the highest concentra-
tions, and were therefore identified first, have been studied 
most extensively. Experiments showing that uremic signs 
and symptoms can be replicated by raising solute levels in 
normal persons or animals to equal those observed in 
uremic patients are lacking. When attempted, such experi-
ments have generally shown that the solutes being studied 
are more toxic than urea, but that the levels required to 
produce toxic effects are higher than those measured in 
patients. Because so little is known about their toxicity,  
the discussion of uremic solutes is usually organized on the 
basis of their structure and not necessarily their contribu-
tion to disease.

INDIVIDUAL UREMIC SOLUTES

UREA
Urea is quantitatively the most abundant solute excreted by 
the kidney, and levels rise higher than those of any other 
solute when the kidney fails. Early studies indicated that 
urea causes only a minor part of uremic illness.9-11 In the 
most often cited of these studies, Johnson and colleagues10 
dialyzed patients with kidney failure against bath solutions 
containing urea. They found that initiation of hemodialysis 
improved uremic symptoms, including weakness, fetor, and 
gastrointestinal upset, even when urea was added to the 
dialysate to maintain the blood urea nitrogen (BUN) level 
at approximately 90 mg/dL. In patients already on dialysis, 
increasing the BUN level to 140 mg/dL did not cause recur-
rence of uremic symptoms. Increasing the BUN level above 
140 mg/dL caused nausea and headaches, and increasing 
the BUN level above 180 mg/dL caused weakness and leth-
argy. However, symptoms in dialyzed patients whose BUN 
values were increased to these levels were less severe than 
symptoms in undialyzed patients with similar BUN values. 
Studies in patients without kidney failure suggest that urea 
by itself does not cause uremia. Uremic symptoms have not 
been observed in patients in whom BUN levels are main-
tained at approximately 60 mg/dL by high protein intake 
or increased tubular urea absorption.12-14 Similarly, patients 
on high-dose glucocorticoids or those with heart failure, 
conditions commonly seen in modern medical practice,  
do not experience uremia when kidney function, estimated 
by other solutes (typically serum creatinine), is not severely 
impaired.

severity of the classic uremic symptoms is attenuated, and 
patients now suffer from a new illness, which Depner7 has 
aptly named the residual syndrome, comprised of partially 
treated uremia and the side effects of dialysis. In most 
patients, features of the residual syndrome are further com-
bined with the effects of age and of systemic diseases respon-
sible for kidney failure. Disturbances of inorganic ion 
metabolism, including acidemia and hyperphosphatemia, 
although excluded from our definition of uremia, undoubt-
edly also contribute to untoward clinical manifestations of 
kidney failure. Given these difficulties, it is not surprising 
that although we have identified many uremic solutes, we 
know relatively little about their toxicity. In a few cases, 
uremic abnormalities have been reproduced by the transfer 
of uremic serum or plasma to normal animals or addition 
of these factors to the media of cultured cells (Table 54.2). 
However, the role of particular solute(s) in causing the 
abnormalities remains uncertain.

Table 54.1  Metabolic Effects, Symptoms, and 
Signs of Uremia

Metabolic

Increased oxidant levels
Reduced resting energy expenditure
Reduced body temperature
Insulin resistance
Muscle wasting
Amenorrhea and sexual dysfunction

Neural and Muscular

Fatigue
Loss of concentration ranging to coma and seizures
Sleep disturbances
Restless legs
Peripheral neuropathy
Anorexia and nausea
Diminution in taste and smell
Itching
Cramps
Reduced muscle membrane potential

Other

Serositis (including pericarditis)
Hiccups
Granulocyte and lymphocyte dysfunction
Platelet dysfunction
Shortened erythrocyte lifespan
Albumin oxidation

Table 54.2  Uremic Abnormalities Transferable 
with Uremic Serum or Plasma

Inhibition of Na+-K+-ATPase
Inhibition of platelet function
Leukocyte dysfunction
Loss of erythrocyte membrane lipid asymmetry
Insulin resistance

ATPase, Adenosine triphosphatase.
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carbamylation (Figure 54.1).18-22 Isocyanate can also combine 
reversibly with –OH and –SH groups of amino acids, and 
the various isocyanate-induced alterations in structure could 
impair protein function.

D–AMINO ACIDS
In comparison to urea, we know much less about most other 
potential uremic toxins. The D–amino acids exemplify this 
problem. Aggregate plasma concentrations of D–amino 
acids increase as kidney function declines.23,24 However, the 
source, clearance, and toxicity of the D–amino acids found 

The finding that uremia is not replicated by an isolated 
elevation of the plasma urea concentration does not mean 
that urea has no toxic effects.15 The full expression of uremia 
may require accumulation of urea plus other solutes. 
Johnson and associates10 noted that patients dialyzed against 
solutions of urea exhibited increased bleeding, and subse-
quent studies suggested that urea promotes bleeding by 
promoting synthesis of guanidinosuccinic acid (GSA), 
which in turn impairs platelet function.16,17 Increased plasma 
urea concentrations may cause other ill effects by increasing 
isocyanate concentration and thereby promoting protein 

Figure 54.1 Generation of potential uremic toxins. The substances in the right column of each panel are metabolites that are normally excreted 
by the kidney and therefore accumulate in the extracellular fluid when kidney function is lost. The left column shows the substances from which 
these potential “uremic toxins” are derived. In some cases, the biochemical derivation of the potential toxins is uncertain. For example, it is 
not known what fraction of the dimethylamine normally excreted is derived from choline, and the source of 3-carboxy-4-methyl-5-prophy-2-
furanpropanoic acid (CMPF) is obscure. See text for details. ADMA, Asymmetric dimethyl arginine. 
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to 10 kDa from the circulation.40 The relative importance of 
renal to extrarenal clearance has not been defined for most 
substances in this size range. The extent to which circulating 
levels of such peptides are increased in kidney failure is 
therefore unpredictable. Even less is known about the 
kidneys’ contribution to the clearance of peptides in the 
range of 500 Da to 5 kDa.

Although the aggregate peptide levels in kidney failure 
remain ill defined, we have some knowledge of individual 
peptides that are retained in uremia. The best known are 
small proteins or fragments of large proteins for which 
immunoassays have been developed.41-53 Table 54.3 provides 
a partial list of these substances. Retinol-binding protein, 
α1-microglobulin, and β-trace protein are members of the 
lipocalin superfamily, and future studies may identify ele-
vated levels of other proteins of this group. Studies using 
proteomic techniques have yielded a more complete 
picture.54-56 These studies have shown that as expected, 
uremic plasma contains a vast array of protein fragments 
that are normally cleared by the kidney. Many of these are 
derived from fibrinogen and the complement cascade.56,57 
One study has identified more than 1000 peptides with 
molecular weights from 800 Da to 10 kDa in the plasma of 
patients undergoing dialysis.58 The central question, of 
course, is whether any of these substances are toxic. It has 
been widely speculated that retained peptides can cause 
inappropriate activation of various hormone or cytokine 
receptors. For example, retained complement protein D 
(molecular weight [MW], 24 kDa) could contribute to the 
systemic inflammation and accelerated vascular disease 
observed in patients receiving dialysis.59 Such hypotheses 
remain largely unproven, however, and β2-microglobulin is 
the only retained peptide that has been convincingly shown 
to cause disease.

GUANIDINES
Among the compounds most frequently considered uremic 
toxins are guanidines, which, like urea, are derived from 
arginine (see Figure 55.1).60-62 One group of guanidines that 
accumulate in uremia includes creatinine and its break-
down products. Creatinine is produced by nonenzymatic 
degradation of creatine, which in turn is made from gua-
nidinoacetic acid (GAA).63 Creatinine itself appears non-
toxic, and levels have been increased transiently to more 

in the plasma are not well defined. D–Amino acids can be 
synthesized by mammalian cells, as well as derived from 
food, or produced by colonic bacteria.25 Circulating D–
amino acids are filtered by the glomerulus and then, in 
varying proportion, reabsorbed intact, degraded by D–
amino acid oxidase (DAO) or D–aspartic acid oxidase in the 
proximal straight tubule, or excreted unaltered in the 
urine.26,27 The liver can also clear D–amino acids, but 
the relative importance of renal and hepatic clearance is 
unknown. Aggregate D–amino acid concentrations have 
been found to increase almost in proportion to the serum 
creatinine level in kidney failure, suggesting that renal clear-
ance predominates.23,28,29 However, concentrations of indi-
vidual D–amino acids measured so far, including D-serine, 
increase less than the creatinine.28,29 This discrepancy 
remains unexplained. It is tempting to speculate that D–
amino acids are cleared rapidly from the extracellular fluid 
(ECF) because they have toxic effects. Also, it has long been 
presumed that high levels of D–amino acids could impair 
protein synthesis or function.25 D–Amino acid accumulation 
could also interfere with the effects of endogenous D-serine 
and D-alanine on neuronal function,30 but no major ill 
effects of D–amino acid accumulation have been observed 
in DAO-deficient mice, which have higher D–amino acid 
levels than humans with impaired kidney function.31,32 Exog-
enous D–amino acids have so far been shown to be toxic 
only when administered in large quantities.31,33

PEPTIDES AND PROTEINS
The kidney clears circulating dipeptides and tripeptides, 
which may comprise a significant portion of the extracel-
lular amino acid pool.34 Filtered dipeptides and tripeptides 
can be broken down by brush border peptidases and reab-
sorbed as amino acids or reabsorbed by a brush border 
peptide transporter and then hydrolyzed within proximal 
tubule cells.35 Peritubular uptake, again followed by hydro-
lysis to amino acids, makes the renal clearance of many 
peptides higher than the glomerular filtration rate (GFR).34,36 
Small peptides are also taken up by other organs and gener-
ally do not accumulate in kidney failure. Peptides contain-
ing altered amino acids, which are normally cleared by the 
kidney, may be an exception to this rule.36

The kidney plays a proportionally larger role in the clear-
ance of larger peptides. Proteins with a molecular weight of 
10 to 20 kDa, such as β2-microglobulin and cystatin C, are 
normally filtered by the glomerulus and then endocytosed 
and hydrolyzed in the lysozomes of proximal tubular 
cells.37,38 Their plasma concentrations therefore rise in par-
allel with the plasma creatinine level as kidney function 
declines. Indeed, the plasma concentration of cystatin C, 
which is released at a near-constant rate by nucleated cells, 
may yield a more reliable estimate of GFR than the concen-
tration of creatinine.39 The role of the kidney in the removal 
of peptides with molecular weight between 500 Da and 
10 kDa is less well-defined. Peptides in this range are also 
filtered by the glomerulus and then hydrolyzed by brush 
border peptidases or endocytosed, depending on their size 
and structure. Biologically active peptides such as insulin 
may also be cleared by peritubular uptake. Studies in 
patients with inherited dysfunction of proximal tubular 
endocytosis suggest that the normal kidney clears approxi-
mately 350 mg/day of peptides with molecular weights of 5 

Table 54.3  Low-Molecular-Weight Proteins 
and Protein Fragments That 
Accumulate in Uremia

α1-Microglobulin
β2-Microglobulin
β-Trace protein
Clara cell protein
Chromogranin A
Cystatin C
Free immunoglobulin light chains
Retinol-binding protein
Transcobalamin
Leptin
Ghrelin
Resistin
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with an increased risk for cardiovascular disease and death 
in patients with CKD.74 It should be noted that differences 
in assay methods and reported reference ranges for ADMA 
greatly complicate the interpretation of these studies.

PHENOLS AND OTHER AROMATIC COMPOUNDS
Phenols are compounds that have one or more hydroxyl 
groups attached to a benzene ring. In discussions of uremia, 
phenols are usually considered together with other aro-
matic compounds, such as hippurates, and the term phenols 
is sometimes used loosely to include these other substances. 
The aromatic compounds normally found in ECF are for 
the most part derived from the amino acids tyrosine and 
phenylalanine or from aromatic compounds contained in 
vegetable foods. Medications provide an additional source 
in patients. The compounds in ECF are mostly metabolites; 
these are derived from their parent compounds by a com-
bination of methylation, dehydroxylation, oxidation, reduc-
tion, and/or conjugation. Many of these reactions take 
place in colonic bacteria. The final step, which is usually 
conjugation with sulfate, glucuronic acid, or an amino acid, 
may take place in the liver, intestinal wall or, to a lesser 
extent, kidney.77,78 In general, conjugation tends to make 
the aromatic compounds at once less toxic and more polar, 
which facilitates their excretion by various organic ion trans-
port systems.

The metabolic processes described earlier produce a 
bewildering array of aromatic compounds that are normally 
excreted in the urine or feces. The aggregate urinary excre-
tion of aromatics is about 1000 mg/day and varies widely 
with the diet. The compounds normally excreted by the 
kidney accumulate in uremia and contribute to elevation of 
the anion gap, because most aromatic conjugates are nega-
tively charged.79 The concentration of individual aromatic 
compounds in uremic patients ranges from barely detect-
able up to 500 µm.1,80-82 The relatively few compounds that 
have been studied extensively, including the examples 
described later, are among those found in the highest con-
centration. Interest in the contribution of phenols and 
other aromatic compounds to uremic toxicity has been 
encouraged by reports that uremic symptoms are better 
correlated with plasma concentration of these compounds 
than with those of other solutes.11,83-85 Evidence obtained so 
far on the toxicity of individual aromatic compound is 
incomplete.

The most extensively studied aromatic uremic solute is 
hippurate (see Figure 54.1). Because it is the aromatic waste 
compound normally excreted in the largest quantity, the 
concentration of free hippurate rises higher than those of 
other aromatic solutes in the plasma of patients with kidney 
failure. Hippurate is the glycine conjugate of benzoate, 
derived largely from vegetable foods, with only a small 
amount formed endogenously from the amino acid phenyl-
alanine.86,87 Diet therefore determines hippurate produc-
tion, and hippurate excretion in aboriginal people eating 
vegetable diets may exceed hippurate excretion in people 
from industrialized nations by many-fold.88 In persons with 
normal kidneys, active tubular secretion maintains a plasma 
hippurate concentration much lower than it would be if 
hippurate were cleared solely by glomerular filtration. Hip-
purate, however, is not toxic. The plasma hippurate concen-
tration in a normal person can be increased to equal that 

than 100 mg/dL in subjects undergoing clearance studies. 
Instead, interest has been focused on the potential toxicity 
of various creatinine metabolites, including creatol and 
methylguanidine in particular.64,65 The production of these 
substances increases as plasma creatinine concentrations 
rise and may be stimulated by increased levels of intracel-
lular oxidants.61,63,64 Methylguanidine is also produced by 
colonic bacteria, and its production may be increased by 
increasing the dietary intake of protein or creatinine.66 
Another guanidine that has attracted interest is GSA, a sub-
stance formed not from creatinine but from the urea cycle 
intermediate, argininosuccinate.67,68 Rising plasma urea 
concentrations impede the conversion of argininosuccinate 
to urea and increase the production of GSA. The produc-
tion of GSA thus depends on dietary protein intake as well 
as on kidney function, and may also be stimulated by 
increased concentrations of intracellular oxidants.68,69

Creatol, methylguanidine, and GSA share the interesting 
property that their plasma concentrations rise out of pro-
portion to urea and creatinine levels as the GFR declines. 
This is because they are cleared largely by the kidney, and 
their production rates increase when plasma creatinine and 
urea concentrations are elevated.61,63,64 In addition, large 
volumes of distribution, combined with restricted intercom-
partmental diffusion, limit the removal of creatol, methyl-
guanidine, and GSA by intermittent hemodialysis.60 In 
patients undergoing conventional hemodialysis, these com-
pounds therefore exhibit high concentrations relative to 
normal.1 The finding that they are present in relatively high 
concentrations does not prove that they are toxic. However, 
the evidence for toxicity of various guanidines, although 
incomplete, is stronger than that for most other solutes. 
Administration of methylguanidine aggravates uremic 
symptoms in dogs, whereas GSA contributes to uremic plate-
let dysfunction, and a number of guanidines impair neutro-
phil function.16,70,71 In addition, various guanidines have 
been shown to accumulate in the brain and cerebrospinal 
fluid in uremia and may contribute to central nervous 
system dysfunction.72

The methylated arginines, asymmetric dimethyl arginine 
(ADMA) and symmetric dimethyl arginine (SDMA) also 
accumulate in kidney failure (see Figure 54.1). The metabo-
lism of methylated arginines is quite different from that of 
the other uremic guanidines. ADMA and SDMA are formed 
by the methylation of arginine residues in nuclear proteins 
and released when these proteins are degraded. Interest has 
focused largely on ADMA because it inhibits nitric oxide (a 
potent local vasodilator) synthesis, whereas SDMA is rela-
tively inactive.73,74 The urinary clearance of ADMA is similar 
to that of creatinine, but most plasma ADMA is taken up 
and degraded in various tissues, including the kidney.73,75 
The increase in plasma ADMA concentrations observed in 
patients with impaired kidney function has therefore gener-
ally been attributed to a reduction in extrarenal clearance, 
although there may also be some increase in production. 
The mechanism responsible for reducing the extrarenal 
clearance of ADMA is unknown. It is notable that ADMA 
levels may rise to approximately twice normal very early in 
the course of CKD and then do not increase much further 
as patients advance to end-stage renal disease (ESRD).75,76 
Increases in plasma ADMA concentration, although modest 
in proportion to other uremic solutes, has been associated 
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manner reminiscent of the production of p-cresol sulfate 
from tyrosine and phenylalanine. Gut bacteria convert tryp-
tophan to indole, which is then oxidized to indoxyl and 
conjugated with sulfate in the liver. There is evidence that 
indoxyl sulfate is toxic in vitro, but early studies of indoxyl 
sulfate infusion failed to replicate uremic symptoms.11,105-107 
Like p-cresol sulfate, indoxyl sulfate is extensively bound to 
plasma albumin. It has also been suggested that indoxyl 
sulfate is toxic to renal tubular cells, and that higher plasma 
indoxyl sulfate concentrations accelerate the loss of remnant 
nephrons in kidneys that have been damaged by disease.108

Other indoles that accumulate in uremia include indole-
acetic acid, indoleacrylic acid, and 5-hyroxyindoleacetic 
acid.1,109,110 As with the phenols, indoles are structurally 
related to potent neuroactive substances, including sero-
tonin and (famously) d-lysergic acid diethylamide (d-LSD). 
This structural similarity has stimulated interest in the 
potential role of indoles as neurotoxins, but few uremic 
indoles have been administered to normal animals, and 
none have convincingly been shown to alter CNS function 
at the levels encountered in patients with kidney failure.

Only a minor portion of dietary tryptophan is excreted 
as indoles. Most is metabolized by the kynurenine pathway, 
which allows tryptophan to be converted to glutarate and 
oxidized or, when necessary, used in the synthesis of nico-
tinamide. Kidney failure causes members of the kynurenine 
pathway, including l-kynurenine and quinolinic acid, to 
accumulate in the plasma.111,112 Knowledge that these sub-
stances play a physiologic role in the modulation of CNS 
function has stimulated interest in their possible contribu-
tion to uremic toxicity. As usual, however, evidence that they 
are toxic at the levels encountered in patients has not been 
obtained.

ALIPHATIC AMINES
The methylamines monomethylamine (MMA), dimethyl-
amine (DMA), and trimethylamine (TMA) are among the 
simplest compounds that have been considered to be uremic 
toxins. Reported serum levels are two- to threefold higher 
in patients with ESRD compared to persons with normal or 
near-normal kidney function.113,114 However, available data 
and predictions based on their chemistry suggest that the 
methylamines are poorly removed by dialysis, and limited 
data suggest that they may even be produced in excess in 
those with uremia.113-115

A large volume of distribution may contribute to poor 
removal of the methylamines by dialysis. These compounds 
are bases, with a pH ranging from 9 to 11. Thus, they exist 
as positively charged species at a physiologic pH. The lower 
intracellular pH compared to extracellular pH should lead 
to their preferential intracellular sequestration, with 
volumes of distribution exceeding total body water. Indeed, 
measurements in experimental animals and humans have 
confirmed these predictions for DMA and TMA.114,116,117

Because they circulate as small organic compounds that 
are not protein-bound, these three amines are likely freely 
filtered. However, because they exist as organic cations, they 
also have the potential to be secreted by one or another of 
the family of organic cation transporters and also may also 
travel through Rh channels.118,119 Hence, they may achieve 
clearances that are in fact higher than the GFR. The chemi-
cally similar exogenous compound, tetraethyl ammonium, 

of a uremic patient, without apparent ill effect.89 Moreover, 
increasing the hippurate concentration by benzoate feeding 
in a patient with kidney failure does not aggravate uremic 
symptoms.90

Another extensively studied aromatic compound is 
p-cresol. In contrast to hippurate, which is derived from 
aromatic compounds in plants, p-cresol is formed by the 
action of colonic bacteria on tyrosine and phenylalanine. 
The portion of amino acids that escapes absorption in the 
small intestine may be increased in uremic patients, leading 
to increased production of p-cresol and other bacterial 
metabolites.91,92 Studies have shown that p-cresol circulates 
almost exclusively as p-cresol sulfate, and reports of 
unconjugated p-cresol in the plasma of uremic patients now 
appear to have been the result of inadvertent hydrolysis of 
p-cresol sulfate during sample processing.93,94 p-Cresol sulfate 
binds avidly to serum albumin, and the effect of different 
renal replacement therapies on albumin-bound solutes has 
often been tested by measuring plasma p-cresol sulfate 
concentrations.95-97 High concentrations of p-cresol sulfate 
(often measured as p-cresol) have been associated with car-
diovascular death in patients undergoing hemodialysis, and 
p-cresol sulfate has been related to indices of endothelial 
injury, including endothelial microparticle production.98,99 
These results, along with evidence that p-cresol sulfate can 
injure endothelial cells and impair neutrophil function in 
vivo, have increased the focus on p-cresol sulfate as a poten-
tial uremic toxin.99,100

Other aromatic uremic solutes have been identified  
in great numbers but studied less extensively.6,81,82 Metabo-
lites of tyrosine and phenylalanine, which accumulate in 
uremia, include phenylacetylglutamate, parahydroxyphen-
ylacetic acid, and 3,4-dihydroxybenzoic acid, as well as 
p-cresol.101-103 The structural relationship of these aromatic 
amino acid metabolites to neurotransmitters has stimulated 
interest in their potential role as uremic toxins. So far, 
3,4-dihydroxybenzoate has been shown to cause central 
nervous system (CNS) dysfunction in rats, but only at levels 
higher than those encountered in patients with kidney 
failure.102 The work of testing the toxicity of other aromatic 
uremic solutes is daunting, and little progress has been 
made.

INDOLES AND OTHER TRYPTOPHAN METABOLITES
Indoles are compounds containing a benzene ring fused to 
a five-membered nitrogen containing a pyrrole ring (see 
Figure 54.1). Many similarities are encountered when con-
sidering the indoles and phenols in uremia. As with phenols, 
some indoles are derived from plant foods, and others are 
produced endogenously. However, the endogenous indoles 
are derived mostly from tryptophan, whereas the phenols 
are derived from phenylalanine and tyrosine. As with the 
phenols, minor chemical modifications in various combina-
tions yield a remarkable variety of structures, with more 
than 600 indoles derived from tryptophan.104 Those with 
known physiologic function include the neurotransmitter 
5-hydroxytryptamine (serotonin) and melatonin. Other 
indoles are considered to be waste products and are often 
conjugated prior to urinary excretion. These uremic indoles 
accumulate when kidney function is impaired.

The most extensively studied of the uremic indoles is 
indoxyl sulfate; this is produced from tryptophan in a 
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along with those of its precursor molecules, xanthine and 
hypoxanthine. Other nucleic acid metabolites excreted by 
the kidney are produced in much lesser quantities. Many 
are derived from the modified nucleosides contained in 
transfer RNAs (tRNAs).137 They appear to be cleared largely 
by filtration and to accumulate in the plasma as the GFR 
falls. It has been suggested that pseudouridine, which is the 
most abundant of these substances, contributes to insulin 
resistance and altered CNS development but, as usual, the 
demonstration of its toxicity is not conclusive.137,138

Oxalate is also excreted by the kidney and accumulates 
in kidney failure. Oxalate is derived from catabolism of 
endogenous substances, including vitamin C, as well as from 
plant foods.139,140 The potential for oxalate deposition in 
tissues may limit our ability to maintain normal plasma 
vitamin C concentrations in patients receiving dialysis.141,142 
Additional substances excreted by the kidney that  
accumulate in kidney failure include various pteridines, 
dicarboxylic acids, isoflavins, and furancarboxylic acids, 
including 3-carboxy-4-methyl-5-prophy-2-furanpropanoic 
acid (CMPF).96,137,143-146 Recently completed studies continue 
to add new solutes to the list, and the number reported will 
likely soon rise above 1000, including many compounds that 
are at present identified only by their molecular mass and 
do not appear in standard databases of human metabolites 
as yet. The possibility of toxicity is invariably considered 
when new solutes are identified, but experiments to test the 
solute toxicity are rarely performed.

SOLUTE REMOVAL BY DIFFERENT FORMS OF 
RENAL REPLACEMENT THERAPY

Although investigators have not succeeded in replicating 
uremic illness by administering uremic solutes to normal 
humans or animals, reversing illness by removing solutes has 
become a part of everyday practice. Because renal replace-
ment therapies remove solutes indiscriminately, the improve-
ment they effect cannot be attributed to removal of specific 
compounds. However, different forms of renal replacement 
therapy do clear solutes at different rates based on some 
characteristics, including molecular size, protein binding, 
and sequestration within cells or other body compartments. 
The demonstration that different therapies have different 
effects on some features of uremia might therefore reveal 
properties of the responsible toxin(s).

ORIGINAL MIDDLE MOLECULE HYPOTHESIS
The suggestion that the nature of uremic toxins could be 
deduced by comparing the effects of different renal replace-
ment methods was first advanced by Babb and colleagues.147 
In the 1960s, hemodialysis was performed with membranes 
that provided very limited clearance of solutes with molecu-
lar weight larger than 1000 Da. Treatment with these  
membranes wakened patients from coma, relieved vomit-
ing, and partially reversed other uremic symptoms. This 
provided evidence, which remains convincing, that some 
important uremic toxins are small. Babb and coworkers 
were impressed that patients on peritoneal dialysis were 
generally healthier than patients on hemodialysis who had 
the same plasma urea and creatinine concentrations. They 
further observed that increasing the dialysis duration from 
6.5 to 9 hours three times weekly prevented neuropathy. 

has long been a prototype test solute for organic cation 
secretion and is cleared at rates up to (and in one study 
higher than) the renal plasma flow.120,121 Although formal 
renal clearances of DMA and TMA are not available, the 
total metabolic clearance of DMA and TMA by plasma disap-
pearance of labeled compounds in rats approaches that of 
renal plasma flow.116 On the other hand, the urinary clear-
ance of MMA in normal subjects is about one third that of 
creatinine, indicating no net secretion for this amine.115

The biochemical pathways leading to MMA, DMA, and 
TMA are not well delineated. Both the host’s mammalian 
tissues and resident gut flora have been thought to contrib-
ute to the net appearance of these amines. However, plasma 
MMA and DMA concentrations were not different among 
patients with ESRD with and without colons.122 The dietary 
precursors for MMA, DMA, and TMA include choline and 
trimethylamine oxide (TMAO).123-125 Production of these 
compounds may actually be increased with kidney failure, 
perhaps caused by overgrowth of intestinal bacteria.115,117,126 
Thus, data support the possibility that in ESRD, production 
of aliphatic amines may be increased in the face of impaired 
renal removal.

Incomplete data also implicate the amines as toxic. MMA 
may be the most toxic in the class, and its effects include a 
variety of neural toxicities, hemolysis, and inhibition of lyso-
somal function.127 MMA is a potent anorectic agent when 
administered into the cerebrospinal fluid in mice.128 Despite 
toxicities in cells and animals, however, MMA and DMA 
were not associated with all-cause mortality in a cohort of 
patients with ESRD.129 Although of utmost importance, mor-
tality is obviously a blunt metric of uremic toxicity. Other 
signs of toxicity of MMA and DMA should be explored.

The uremic fetor or fishy breath noted in uremic patients 
is attributable to TMA.130 Although the malodor may be of 
no major consequence in itself, the potentially important 
and well-described diminutions in taste (dysgeusia) and 
smell (dysosmia) among patients with kidney failure (which 
may contribute to poor nutritional status) may also be 
related to the amines. Plasma MMA concentrations were not 
related to olfactory defects in ESRD.131 TMA can be both a 
precursor to TMAO and, as noted, a product of dietary 
TMAO.132 TMAO has been identified as a risk factor for 
cardiovascular disease in persons with normal renal func-
tion, and its levels are markedly elevated in patients with 
ESRD.132,133 Whether the high risk for cardiovascular disease 
in ESRD is in some degree related to TMAO is unknown.

OTHER UREMIC SOLUTES
A wide variety of other compounds accumulate in kidney 
failure. One group is the polyols, of which the most exten-
sively studied is myoinositol (see Figure 54.1).134,135 Myoino-
sitol is different from most other uremic solutes in that it is 
normally oxidized by the kidney. Its accumulation in uremia 
therefore reflects impaired degradation and not impaired 
excretion. Evidence that myoinositol causes nerve damage, 
although stronger than most of the evidence for the toxicity 
of uremic solutes, is far from conclusive.136

The purine metabolite uric acid is the only known organic 
substance with a plasma level actively regulated by variation 
of its renal excretion. With advanced chronic kidney disease, 
the capacity of the kidney to increase the fractional excre-
tion of uric acid is exceeded, and uric acid levels increase, 
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hemodialysis or by combining a high hemofiltration rate 
with dialysis in hemodiafiltration treatment.153,154 The aggre-
gate toxicity of protein-bound solutes could thus theoreti-
cally be assessed by comparing the effects of different renal 
replacement prescriptions, but this has not been attempted 
in large-scale clinical trials or in practice. Peritoneal dialysis 
clears protein-bound solutes at a very low rate, and the total 
clearance of protein-bound solutes in patients maintained 
on peritoneal dialysis therefore depends heavily on the level 
of residual kidney function.155,156 Surprisingly, however, 
plasma concentrations of the bound solutes p-cresol sulfate 
and indoxyl sulfate are not much higher in patients under-
going peritoneal dialysis patients without residual kidney 
function than in those with residual kidney function, sug-
gesting that production of these solutes may diminish as 
residual kidney function is lost.156

SEQUESTERED SOLUTES
Some solutes are sequestered, or held in compartments 
where their concentration does not equilibrate rapidly with 
that of the plasma.157 Application of a high dialytic clearance 
may rapidly lower the plasma concentration of such solutes 
while removing only a small portion of the total body 
content. When this happens, intermittent dialysis treatment 
will be followed by a rebound in the plasma solute concen-
tration toward predialysis levels.60,158 Theoretically, the con-
tribution of sequestered solutes to uremic toxicity, like the 
contribution of large solutes or protein-bound solutes, 
could be assessed by comparing the efficacy of different 
dialysis prescriptions. When treatment is intermittent, the 
removal of sequestered relative to freely equilibrating 
solutes can be increased by lengthening the treatment while 
simultaneously reducing the plasma clearance. It has been 
suggested that this effect may be responsible in part for the 
exceptional results reported with slow, thrice-weekly 
hemodialysis.159

EFFECTS OF DIET AND  
GASTROINTESTINAL FUNCTION

It may be possible to identify uremic toxins by comparing 
the effect of different diets as well as by comparing the effect 
of different renal replacement therapies. Patients with 
kidney failure tend to reduce their intake of protein spon-
taneously.160 Before dialysis was available, physicians found 
that the protein restriction could ameliorate uremic symp-
toms.161 These findings suggest that important uremic toxins 
are derived from protein catabolism. They call into question 
current recommendations that patients undergoing dialysis 
ingest a higher protein intake than what has been recom-
mended for the general population.162 Uremic solutes whose 
production depends on protein intake include urea, meth-
ylguanidine, GSA, and the indoles and phenols produced 
by the action of gut bacteria on tryptophan, phenylalanine, 
and tyrosine.69,80,163-165 This group overlaps with the large 
group of uremic solutes made by colon microbes.122 The 
production of such solutes may depend not only on dietary 
intake but on gut function. Impaired small bowel function 
may increase the delivery of peptides to the colon in uremia, 
and the composition of the colon microbiome may also be 
altered.166,167 If colonic bacteria produce uremic toxins, 
uremic symptoms could theoretically be relieved by altering 

These observations led them to conclude that important 
toxins were larger than 300 Da because, as compared to 
contemporary hemodialysis membranes, the peritoneal 
membrane afforded greater relative permeability in this size 
range and because increasing the hemodialysis session 
length was expected to reduce the plasma concentration of 
larger molecules more than the concentrations of creati-
nine and urea. Based on their further impression that no 
additional benefit was obtained using membranes that pro-
vided superior clearance for solutes larger than 2000 Da, 
they concluded that some important toxins were “middle 
molecules,” with a molecular weight greater than 300 Da 
but less than 2000 Da.148

LARGE SOLUTES—CHANGING DEFINITION OF 
“MIDDLE MOLECULES”
Studies during the 1970s provided only equivocal evidence 
that increasing the clearance of solutes with a molecular 
weight between 350 and 2000 Da improved the health of 
uremic patients.147 The proposition that no benefit could be 
obtained by increasing the clearance of solutes with molecu-
lar weight greater than 2000 Da was never prospectively 
tested. The original middle molecule hypothesis was thus 
never proven to be correct. And, although the phrase middle 
molecules remains in use, its meaning has gradually shifted 
to include larger solutes. The 2003 report of the EUTox 
work group1 thus defined middle molecules as those with a 
size ranging from 500 Da to less than 60,000 Da, with the 
larger molecule nearly the size of albumin. In practice, the 
adoption of new membrane materials, which was in part a 
response to the original middle molecule hypothesis, has 
squelched investigation of the relative toxicity of solutes that 
fall into different parts of the size range less than 1000 Da. 
The question of whether solutes with molecular weight 
greater than 1000 Da exert toxic effects remains under 
investigation. Henderson and colleagues149 showed that 
such solutes can be cleared more effectively by hemofiltra-
tion than by hemodialysis. The results of recent large trials 
combining hemofiltration with hemodialysis to increase the 
clearance of large solutes have been equivocal. One problem 
may be that the concentration of hypothetical high-
molecular-weight toxins may not decline in proportion to 
the increase in clearance during treatment because they 
move slowly from the interstitial fluid to the extracellular 
fluid during treatment and because they are cleared by 
extrarenal mechanisms at a significant rate.150

PROTEIN-BOUND SOLUTES
Other solutes that are poorly removed by standard hemodi-
alysis include those that bind to albumin.96,151 Their dialytic 
clearance is low, not because they are large molecules, but 
because only the free, unbound solute concentration con-
tributes to the gradient-driving solute across the dialysis 
membrane. In the normal kidney, the combination of 
protein binding and tubular secretion allows molecules to 
be excreted while keeping their concentrations in the extra-
cellular fluid very low.5 This presumably represents an 
evolutionary adaption to excrete toxic substances, and there 
is indeed suggestive evidence that some important uremic 
toxins are protein-bound.152 The clearance of protein-bound 
solutes can be increased by raising dialysate flow and  
membrane size above the levels used in conventional 
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intact proteins containing oxidized amino acids.177,178 The 
accumulation of these larger markers of oxidation cannot 
be attributed to reduced renal clearance. Further potential 
evidence of oxidative stress in uremia is the loss of extracel-
lular reducing substances. The extracellular compartment 
is normally provided with several reducing substances, of 
which the reduced forms of ascorbic acid and plasma 
albumin are considered to be the most important. In 
uremia, the portion of ascorbic acid and albumin circulat-
ing in the oxidized form is increased. The case of albumin, 
which undergoes oxidation at its single free cysteine thiol 
(SH) group, is particularly interesting. Plasma albumin in 
patients with kidney failure is rapidly restored to the reduced 
form during hemodialysis.179 The shift to oxidized albumin 
in untreated uremia is associated with the accumulation of 
cystine, which is the oxidized form of the thiol amino acid 
cysteine, and the shift back to reduced albumin during 
hemodialysis is associated with a lowering of cystine levels 
toward normal. One explanation for these phenomena is 
that normal kidney function is required to accomplish the 
steady reduction of cystine and albumin, which must take 
place to offset normal oxidant production.

The major ill effect of increased oxidant activity in uremia 
is thought to be modification of proteins. Proteins are modi-
fied not only by direct oxidation of amino acids but by the 
combination of amino acid side chains with carbonyl (C=O) 
compounds. The terminology in this area is confusing. The 
first carbonyl compounds shown to react with proteins were 
sugars, and the modified proteins formed after several reac-
tion steps were therefore referred to as advanced glycosyl-
ation end products, or AGEs. Elevated sugar concentrations 
could account for the increased concentrations of AGEs 
found in persons with diabetes mellitus, but not for the 
subsequent findings of similarly increased AGE concentra-
tions in patients with ESRD. Studies have shown that the 
high levels of active nonsugar carbonyls are responsible for 
the increased production of these modified proteins when 
renal function is reduced.180 The active carbonyls have not 
been fully characterized, but they include compounds such 
as glyoxal (see Figure 54.1), which can be produced by 
oxidation of sugars and lipids. It has therefore been sug-
gested that the protein end products of carbonyl modifica-
tion in uremia should be referred to not as advanced 
glycosylation end products but as advanced glycoxidation 
and lipoxidation end products. Terminology aside, interest 
in both directly oxidized and carbonyl-modified proteins 
has centered on the possibility that alterations in protein 
structure contribute to uremia.181,182 The hypothesis that 
oxidant stress contributes to adverse health consequences 
in ESRD has prompted trials of various antioxidants. So far, 
administration of vitamin C, various forms of vitamin E, 
folate, and α-lipoic acid has failed to reverse plasma indices 
of oxidant stress in patients undergoing dialysis.183-186

EFFECTS OF UREMIA

ON RESTING ENERGY EXPENDITURE
Resting energy expenditure has been reported as increased, 
decreased, and normal in patients with kidney failure.187-191 
The choice of control populations and other methodologic 
issues, such as corrections for altered body composition, 
have probably contributed to this uncertainty. The effect of 

the delivery of substrates to the colon, modifying colonic 
flora, or adding sorbents to the diet. Only limited studies of 
such maneuvers have so far been performed.168,169 Histori-
cally, once hemodialysis became widely available, attempts 
to modify uremic solute production were largely aban-
doned. However, interest in this area may be revived by the 
imperfect efficacy of conventional dialysis and by the rela-
tively disappointing results to date of trials evaluating more 
intensive dialysis treatment.92

SOLUTE CLEARANCE BY ORGANIC  
TRANSPORT SYSTEMS

The cloning of transporters, which move organic solutes 
into the lumen of the proximal tubule, has provided a 
potential new means to identify potential uremic toxins. To 
the extent that uremia is caused by accumulation of organic 
solutes, knocking out these transporters would be expected 
to recapitulate uremic symptoms. To date, knocking out 
individual transporters has been found not to cause detect-
able illness, likely because of redundancy of the transport 
systems.170,171 The accumulation of uremic solutes may inter-
fere with organic solute transport important for detoxifica-
tion at other sites, most notably the liver and blood-brain 
barrier.172,173

METABOLIC EFFECTS OF UREMIA

The loss of kidney function has numerous metabolic effects. 
Some of the most prominent are listed in Table 54.1. A few 
can be related to the loss of specific renal processes, such 
as the hydroxylation of vitamin D. However, most have no 
clear cause, and can at present only be attributed to the 
retention of uremic solutes.

OXIDANT STRESS AND THE MODIFICATION OF 
PROTEIN STRUCTURE

Studies have suggested that loss of kidney function increases 
oxidant stress.174 The term oxidant stress is acknowledged to 
be vague, although a wealth of evidence points to increased 
oxidant effects in uremia. Increased levels of primary oxi-
dants cannot be documented because they are evanescent 
species, which act locally, such as superoxide anion, hydro-
gen peroxide, hydroxyl radical, and hypochlorous acid. The 
accumulation of various products of oxidant reactions is 
therefore taken as evidence of increased oxidant activity. 
Although the accumulation of these markers of oxidant 
activity is well documented, there is at present no explana-
tion as to why the production of oxidants should be increased 
in uremia. Leukocyte activation leading to increased pro-
duction of hypochlorous acid has been described in patients 
undergoing dialysis and may be especially prominent when 
uremia is accompanied by systemic inflammation.175

Among the most commonly measured markers of oxidant 
activity have been oxidized amino acids and related com-
pounds and substances that react with thiobarbituric acid, 
including malondialdehyde.176 The accumulation of these 
low-molecular-weight compounds could reflect reduced 
renal clearance as well as increased production. More con-
vincing evidence of oxidant stress is the accumulation of 
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activity of this enzyme as well as insulin resistance. The 
insulin resistance associated with 11-β-hydroxysteroid dehy-
drogenase can be mitigated with an inhibitor of the enzyme, 
all suggesting a role for this steroid pathway in insulin resis-
tance.205 The cause for increased enzymatic activity is 
unknown. Resistin is a protein capable of inducing insulin 
resistance, and its levels are high when kidney function is 
impaired. However, the plasma concentrations of resistin 
are not associated with insulin resistance if the GFR is taken 
into account.52 Retinol-binding protein is also associated 
with insulin resistance (and also rises in ESRD) but is not 
related to markers of glucose control.206 Finally, physical 
inactivity and deconditioning may contribute to insulin 
resistance. Exercise programs have been shown to mitigate 
insulin resistance but must be relatively protracted and 
intensive to be effective.207,208

Insulin resistance may have several adverse effects. Most 
importantly, it has been recognized as a risk factor for car-
diovascular disease.209 The connections between insulin 
resistance and vascular disease are not clear. A tendency to 
hyperglycemia is one presumably toxic effect. Some investi-
gators have suggested that the sodium retentive effect of 
insulin on the kidney remains intact, whereas other tissues 
become insulin-resistant in uremia. Increased plasma insulin 
concentrations could thus contribute to arterial hyperten-
sion in patients with impaired kidney function.210,211 Outside 
of vascular disease, the loss of insulin’s anabolic action may 
contribute to uremic muscle wasting.197,212

Even though insulin resistance is the rule in uremia, 
hypoglycemia can be a significant effect of renal insuffi-
ciency.213 Hypoglycemia is likely to occur, despite insulin 
resistance, for two main reasons. First, the kidney is a major 
site of insulin catabolism. Patients with diabetes mellitus 
treated with insulin, or insulin secretagogues (e.g., sulfonyl-
ureas) frequently become hypoglycemic if doses are not 
adjusted downward as the GFR declines. Second, the kidney 
is a major site of gluconeogenesis.213 The liver produces the 
bulk of glucose in postabsorptive and starvation states, but 
even in these situations, the kidney produces some glucose. 
With prolonged fasting, the kidney is responsible for 
approximately half of the total glucose production.214,215 
Thus, advanced CKD may predispose to hypoglycemia, both 
by prolonging insulin action and by reducing gluconeogen-
esis. These effects may become particularly apparent when 
other hypoglycemic factors, such as ethanol ingestion or 
liver disease, are also evident.

ON LIPID METABOLISM
Nephrotic syndrome and even lower-grade proteinuria  
are regularly associated with hyperlipidemia.216 However, 
lipid abnormalities are modest when kidney function is 
impaired without significant proteinuria.217 Indeed, total 
cholesterol falls on average as the GFR drops below about 
30 mL/min/1.73 m2.160 Metabolite profiling in plasma of 
patients with ESRD using liquid chromatography and 
tandem mass spectrometry has revealed that lipid products 
deviate from normal levels far less than polar compounds. 
However, lower-molecular-weight triacylglycerols were gen-
erally decreased, and an increase in intermediate-weight 
triacyl glycerols was observed.3 The causes and consequences 
of these changes in lipids are uncertain. However, demon-
stration that uremic serum induces lipolysis in cultured 

dialysis treatment, which may transiently increase energy 
expenditure, must also be considered. Uremia apart from 
dialysis likely reduces resting energy expenditure.189,191 
Lower energy expenditure accords with observations of 
lower body temperatures in those with uremia, although 
additional factors may be at play in thermoregulation.11 
However, dialysis treatment may itself speed metabolism and 
increase energy expenditure.190 Effects of inflammation in 
patients with ESRD add further complexity to the assess-
ment of energy requirements.192

Alterations in metabolic rate in uremia likely reflect the 
cumulative result of multiple changes. Lean body mass 
tends to be diminished with CKD and ESRD and is a major 
determinant of energy expenditure.191 Reduced food intake 
and body weight may also tend to reduce basal metabolic 
rates.193 The normal kidneys consume appreciable energy, 
given their high filtration rate and attendant transport work. 
Loss of this basal kidney function presumably tends to 
reduce total energy use with kidney failure.189,194 Finally, 
early studies have suggested that retained uremic solute(s) 
reduce oxygen consumption.195

New knowledge of the physiologic control mechanisms 
for appetite and energy expenditure has rekindled interest 
in uremic energy metabolism. Recent studies have focused 
on the signaling molecules ghrelin, produced by the 
stomach, and leptin, produced by adipose tissue along with 
other adipose tissue–derived hormones (adipokines). Levels 
of these small proteins tend to rise in kidney failure because 
of reduced clearance by the kidney and possibly because of 
increased production.51,196

ON CARBOHYDRATE METABOLISM
Insulin resistance is the most conspicuous derangement in 
uremic carbohydrate metabolism.197 The defect is clearly 
present in ESRD but, in cross-sectional studies, impairment 
can be detected when the GFR falls below 50 mL/
min/1.73 m2, with a graded relation to GFR.198,199 There are 
probably several causes of this phenomenon.200 However, 
some obvious possibilities do not seem to contribute. Insulin 
binds normally to its receptor in uremia, and the receptor 
density is unchanged.201,202 Moreover, excess levels of gluca-
gon or fatty acids do not account for the disorder.197 As is 
the case with overall energy metabolism, interest has recently 
focused on the contribution of adipokines, including leptin, 
resistin, and adiponectin to insulin resistance. Adipose 
tissue has also been identified as a source of inflammatory 
cytokines that impair insulin action in various experimental 
systems and circulate at increased levels in many patients 
with advanced renal insufficiency. However, correlations 
among levels of individual substances with measures of 
insulin resistance are poor, and the extent to which adipose 
tissue products contribute to uremic insulin resistance 
remains uncertain.52,197,203

Because dialysis, transplantation, and low-protein diets 
tend to restore insulin responsiveness, it has also been sug-
gested that unidentified nitrogenous product(s) mediate 
insulin resistance.197 Acidosis has been shown to provoke 
insulin resistance and accumulation of acid, as well as 
nitrogenous wastes, may contribute to insulin resistance  
in uremia.204 11-β-Hydroxysteroid dehydrogenase type 1 
provokes insulin resistance by regenerating glucocorticoids. 
In experimental uremia, liver and fat tissue express increased 
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seems to be an important step in proteolysis, which is fol-
lowed by disposal of protein cleavage fragments through the 
proteasome.230 In addition to these effects, acidosis contrib-
utes to insulin resistance and thereby attenuates protein 
anabolic actions of insulin. Base supplements can mitigate 
the catabolic effects of acidosis, but a long-term study estab-
lishing the value of normalizing bicarbonate levels in 
patients with impaired is lacking (although several studies 
are ongoing).204,231-233

Inflammation may be an even more important contribu-
tor to protein wasting than acidosis in patients with kidney 
failure. Muscle loss in patients with ESRD has been linked 
to an inflammatory state, characterized by increased serum 
concentrations of C-reactive protein and various cytokines. 
How these inflammatory mediators trigger net protein deg-
radation in muscle and other tissues remains to be eluci-
dated, although their presence is regularly accompanied by 
muscle loss. High levels of inflammatory mediators are also 
associated with lower serum albumin concentrations, which 
have been attributed largely to reduced hepatic production 
of albumin. Both muscle loss and reduced albumin concen-
tration predict early death. The exact cause(s) of inflamma-
tion remains elusive. In some cases, inflammation can be 
ascribed to known episodes of infection or other intercur-
rent illness although, in most cases, no cause can be identi-
fied. Occult inflammatory stimuli in these cases may include 
subclinical infection at hemodialysis catheter or arteriove-
nous graft sites, exposure to dialysate and various synthetic 
materials, and accelerated vascular injury that is common 
in ESRD.234-236 Oxidant stress has also often been invoked. 
Attempts to reduce inflammation with free radical scaven-
gers have been unsuccessful.237 An interesting possibility is 
that organic solutes retained in kidney failure, although 
they do not regularly trigger inflammation over the short 
term, cause the late appearance of inflammation in a subset 
of patients with ESRD. Some evidence has suggested that 
accumulation of proteins modified by glycation and oxida-
tion can trigger a self-perpetuating inflammatory loop in 
these cases.238,239

Another factor contributing to muscle wasting is dialysis 
inactivity. Johansen and associates have shown that self-
reported physical activity in patients starting dialysis is at or 
below the first percentile for population reference range,240 
and lower levels of physical activity are strongly associated 
with mortality.241 In these patients, inactivity may be caused 
by fatigue and loss of energy, which are invariable although 
difficult-to-measure features of uremia, and by depression 
and other comorbid illnesses,242 which are common in the 
ESRD population.

OVERALL NUTRITION

As emphasized by Depner,7 the condition of patients under-
going dialysis reflects a combination of residual uremia, side 
effects of dialysis mixed with the effects of comorbid condi-
tions, and increasing age. Most patients starting on dialysis 
in Europe and the United States are overweight. This 
reflects population-wide overeating, which can contribute 
to, and accelerate the progression of, CKD. The protein 
wasting exhibited by a subset of patients undergoing dialysis 
is thus not malnutrition in the sense of limited nutrient 
availability. It is often accompanied by anorexia and reduced 

adipocytes may bear on some of these findings.218 With 
respect to conventionally recognized hazardous changes in 
plasma lipid levels, falls in high-density lipoprotein (HDL) 
levels, and rises in triglyceride levels have been described. 
Low-density lipoprotein (LDL) concentrations are usually 
not elevated and may be less than in normal controls.216 The 
causes for these trends are unclear, although the decline in 
total cholesterol is taken to reflect, at least in part, progres-
sive reduction in food intake. Numerous hypotheses have 
been advanced to account for the finding that atherosclero-
sis is accelerated but lipid levels are not markedly elevated 
in renal failure. Although total lipid levels are not signifi-
cantly elevated, there may be an increase in oxidized forms 
due to oxidant stress and reduced lipoprotein clearance 
rates.219 The high prevalence of cardiovascular disease 
patients with ESRD has prompted several randomized clini-
cal trials of statin agents. The largest trials performed to 
date have identified no clear benefit of statins in patients 
on dialysis, in sharp contrast to persons with normal or near-
normal kidney function and, in one study,220 to patients with 
advanced, non–dialysis-requiring CKD.221-223 These trials are 
discussed in more detail in the chapter on cardiovascular 
disease (Chapter 56).

ON AMINO ACID AND PROTEIN METABOLISM
The normal kidney participates in the metabolism of several 
amino acids.6,224-227 For example, the kidney converts citrul-
line to arginine. Loss of this function likely contributes to 
the increasing ratio of citrulline to arginine as the GFR 
declines below 50 mL/min/1.73 m2.225,226 Similarly, reduced 
renal production of serine from glycine probably underlies 
the rise in the plasma glycine-to-serine ratio. Increased con-
centrations of the sulfur-containing amino acids—cystine, 
taurine, and homocysteine—are especially intriguing. 
Cystine and homocysteine accumulate in the oxidized form, 
consistent with the concept that uremia is a state of oxidant 
stress, and homocysteine levels have been associated with 
the progression of cardiovascular disease.225,226,228 Adminis-
tration of folate to lower homocysteine levels neither 
restores the plasma redox state toward normal nor reduces 
the frequency of cardiovascular events.185,229 The mechanism 
responsible for the accumulation of oxidized cystine and 
homocysteine remains unclear, but this change can be 
detected as the GFR drops below roughly half of normal and 
becomes more extreme at ESRD approaches.

Tissue protein loss reflected by muscle wasting is a major 
concern in patients with kidney failure. Factors that predis-
pose to protein wasting include reduced appetite, along 
with insulin resistance and altered amino acid metabolism, 
as described earlier. Dialysis also results in some protein loss, 
with amino acids lost in the hemodialysate and plasma pro-
teins and amino acids lost in the peritoneal dialysate. In the 
absence of other complications, the effect of uremia on 
protein metabolism at the levels now seen clinically is usually 
modest, at least over the short term.212 Patients with advanced 
CKD can maintain nitrogen balance on low-protein diets as 
long as acidosis and inflammation are absent. Several factors 
may combine with defects in insulin resistance and altered 
amino acid and adipose metabolism to produce muscle 
wasting. The best studied of these is acidosis, which has been 
shown to stimulate the ubiquitin-proteasome pathway of 
intracellular protein degradation. Activation of caspase-3 

http://www.myuptodate.com


1818 SECTION VIII — THE CONSEQUENCES OF ADVANCED KIDNEY DISEASE

of the National Kidney Foundation Kidney Disease Out-
comes Quality Initiative (NKF KDOQI) guidelines have con-
cluded that notable reductions in well-being appear when 
the GFR is less than 60 mL/min. Dialysis undoubtedly 
imposes a burden on patients. Interestingly, however, com-
parisons of HRQOL in patients on dialysis and patients with 
advanced CKD who are not on dialysis have yielded discor-
dant results.245-248 Other, often neglected features of treat-
ment, such as pill burden, may also contribute to reduction 
in the quality of life.249 Patients with ESRD are on average 
more depressed than healthy controls. However, it is diffi-
cult to distinguish the extent to which depression is caused 
by uremic solutes as compared to the effects of comorbid 
disease and the knowledge of ill health and limited life 
expectancy. Not surprisingly, transplantation has rather con-
sistently been found to improve quality of life.250

Physical functioning in patients treated with dialysis is 
decidedly below normal. The self- reported activity of people 
initiating dialysis is below the fifth percentile for healthy 
people.240 Treatment of anemia improves this situation but 
does not normalize it.251,252 The most detailed studies have 
identified multiple defects that are associated with fatigabil-
ity.253 These include muscle energetic failure and neural 
defects. The degree to which they are attributable to the 
uremic environment itself, deconditioning, and/or comor-
bid conditions such as diabetes mellitus is difficult to estab-
lish. Even highly functional patients on dialysis display 
notable physical limitations. Blake and O’Meara254 have 
reported that middle-aged patients undergoing dialysis, 
with good nutrition and no significant comorbidities, 
exhibit a wide range of quantifiable deficiencies. For 
example, balance, walking, speed, and sensory function in 
these patients were clearly below those of matched 
controls.

NEUROLOGIC FUNCTION

A particularly interesting group of uremic signs and systems 
reflects altered nerve function. Classic descriptions empha-
sized that uremic patients could appear alert, despite defects 
in memory, planning, and attention.11,255 As kidney function 
worsened, patients progressed to coma or catatonia, which 
could be relieved by dialysis. Today, patients maintained  
on dialysis exhibit more subtle cognitive defects.256 A diffi-
culty in identifying the effects of uremia in these patients is 
that the hemodialysis procedure and/or associated factors 
(e.g., hypotension) may transiently impair cognitive func-
tion.257 Studies in patients with CKD have suggested that 
cognitive impairment can be detected when the GFR falls 
below 60 mL/min/1.73 m2 and worsens as the GFR 
declines.258-260 As with other signs and symptoms of uremia, 
the degree to which cognition is influenced by uremia, as 
opposed to other comorbidities, especially cerebrovascular 
disease, is difficult to ascertain. The population studies cited 
earlier have identified cognitive impairment in chronic 
kidney disease independent of clinically recognized vascular 
disease and other comorbidities. Imaging studies suggest 
that subclinical cerebrovascular disease is common in CKD, 
and its role in poor cognition needs further defini-
tion.256,261,262 The finding that kidney transplantation 
improves cognitive function suggests, however, that at least 
some of the impairment observed in ESRD patients is due 

food intake, particularly when inflammation is prominent. 
It cannot, however, be reversed simply by increasing food 
intake.243 Other measures of restoring body protein and 
muscle mass toward normal, including exercise, appetite 
stimulants, and newer anabolic and antiinflammatory 
agents, are under study.244

SIGNS AND SYMPTOMS OF UREMIA

Frequently identified signs and symptoms of uremia are 
listed in Table 54.1. That a fundamental metabolic distur-
bance such as uremia should have such a wide variety of 
consequences is not remarkable. The complications of 
untreated diabetes or hyperthyroidism are similarly exten-
sive. However, uremia is different in that we cannot trace all 
its complications to dysregulation of a single key compound. 
And, except for renal transplantation, current therapy for 
uremia cannot return patients as close to normal as thyroid 
hormone or insulin replacement.

The level of renal function at which uremia can be said 
to appear is obscure. Furthermore, the diminution of  
functions other than solute clearance likely contributes to 
the symptoms and signs of uremia. In general, these  
other functions, such as ammoniagenesis, erythropoietin, 
and 1,25-dihydroxyvitamin D synthesis, urine-concentrating 
capacity, and tubular secretion, tend to decline in parallel 
with GFR, but not always. Nevertheless, defining the level of 
kidney function solely by GFR may be misleading. For 
example, certain potentially toxic solutes depend more on 
tubular secretion than glomerular filtration for their excre-
tion, and renal synthetic processes are probably linked to 
GFR only by virtue of the loss of functioning renal tissue. 
However, until particular renal dysfunctions are attached to 
specific aspects of the uremic syndrome, GFR will remain 
the principal index of kidney function.

Most of the clinical and biochemical characteristics of 
uremia have been defined in ESRD or at a level of GFR very 
near to ESRD. Thus, as noted at the beginning of this 
chapter, uremic characteristics may be hard to dissect from 
complications of the dialysis procedure. Other morbidities 
considered separate from the uremia also commonly inter-
act with it. For example, the cardiovascular disease suffered 
especially by patients with diabetes and hypertension 
appears to be accelerated by CKD. However, the myocardial 
infarctions, strokes, and peripheral vascular diseases suf-
fered by these patients have not traditionally been consid-
ered features of the uremic syndrome. These conditions 
nevertheless add to patients’ disabilities in ways that are 
often not easily distinguishable from uremia or the residual 
syndrome of ESRD. Similarly, the peripheral neuropathy 
and gastroparesis of diabetes are difficult to disentangle 
from uremic neuropathy and uremic anorexia, nausea, and 
vomiting.

WELL-BEING AND PHYSICAL FUNCTION

Given the list of signs and symptoms in Table 54.1, it is not 
surprising that health-related quality of life (HRQOL) tends 
to decline in patients with CKD. The point in the course of 
CKD at which quality of life begins to decline has not been 
dissected in great detail, but some data exist. The authors 
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uremic serum.279 The evidence for a circulating inhibitor 
includes the findings that dialysis reduces the inhibitory 
activity and uremic plasma can acutely suppress the pump 
activity.279 However, the factor or factors have remained 
elusive. A number of candidates have been considered. 
Much attention has focused on digitalis-like substances. 
Several such compounds have been found in excess in 
humans with ESRD. These include marinobufagenin and 
telocinobufagin, which have a structure related to that of 
digitalis.

WHY IS THE GLOMERULAR FILTRATION RATE  
SO LARGE?

Glomerular filtration, the initial step in urine formation, is 
quantitatively huge, with a volume equaling that of the 
entire extracellular fluid filtered every 2 hours. At rest, 
approximately 10% of the body’s energy consumption is 
devoted to reabsorption of valuable solutes and water neces-
sitated by this massive filtration rate. The rate of fluid pro-
cessing clearly exceeds that required to rid the body of the 
daily intake of water and inorganic ions. Theoretically, the 
large tubular flow rate provided by the GFR could supply a 
sink into which organic solutes are secreted more favorably 
than at lower tubular flows. This hypothesis accounts for the 
presence of a large GFR, but leaves unanswered the ques-
tion of which solutes must be handled by secretion and 
thereby maintained at a low level in the ECF.

Homer Smith recognized that the mammalian GFR was 
large in proportion to the kidney’s known functions. He 
suggested that our high GFR was an evolutionary residual 
of the mechanism that allowed early vertebrates living in 
fresh water seas to excrete large volumes of water. If this 
were correct, the superfluity of GFR would constitute an 
expensive vestige in land-dwelling mammals, and the value 
of tubular secretion would remain unaccounted for. An 
alternate explanation for the apparent superfluity of kidney 
function is that it provides a safety factor, similar to the 
capacity of bone to withstand greater than usual mechanical 
loads. In the case of the kidney, the ingestion of toxins could 
constitute an analogous increase in load. It is noteworthy, 
however, that the proportion of GFR and kidney size to 
metabolic rate appears to be nearly constant across mam-
malian species, including herbivores and carnivores.280,281 
This suggests that the substances with excretion that neces-
sitate a large kidney are products of common metabolic 
pathways rather than specific foodstuffs. The remarkable 
ability of bears to reduce kidney function and net protein 
breakdown to near zero during winter denning further sug-
gests that these substances are end products of protein 
catabolism.282,283

We can further suppose that kidney capacity appears 
excessive because our clinical criteria are too coarse to 
detect the consequences of mild impairment in kidney func-
tion. Fitness in an evolutionary sense may require the con-
centrations in body water of some excreted solutes to be 
maintained below the levels at which we detect disease. That 
is, our clinical criteria for uremic illness may be too coarse 
to detect the consequences of mild impairment of renal 
function. One might speculate that disturbances in an 
important but sensitive parameter, perhaps fertility, growth 
in children or peak physical performance, would occur with 

to solute accumulation.263,264 A further reflection of altered 
CNS function in uremia is impaired sleep.265,266 Sleep is 
fragmented by brief arousals and apneic episodes, which are 
often associated with bursts of repetitive leg movement. 
When awake, patients may feel a need to move their legs 
continuously, termed the restless legs syndrome.267

Sensorimotor neuropathy was a recognized component 
of the uremic syndrome decades ago.11 Studies of conduc-
tion velocity and other nerve functions have since repeat-
edly found that most patients with uremia have peripheral 
neuropathy, albeit often subclinical.255,268,269 Morphologic 
studies have shown that these functional changes are  
associated with axonal loss. The extent to which peripheral 
nerve function is impaired earlier in the course of chronic 
kidney disease is not certain. Autonomic neuropathy  
also develops in ESRD, but has been less extensively  
studied than peripheral neuropathy.269 As with other 
uremic disturbances, the cause of neuropathy is unknown. 
Parathyroid hormone, multiple retention solutes, and  
more recently potassium have been associated with  
peripheral neuropathy, but without definitive proof of 
causality.255,268

APPETITE, TASTE, AND SMELL

Loss of appetite is a common uremic symptom and presum-
ably contributes to malnutrition in patients with advanced 
renal failure. A large number of causes have been proposed. 
Acidosis and inflammatory cytokines, including tumor 
necrosis factor (TNF) and various interleukins, have been 
identified as contributing factors.270 As with the uremic 
defects in energy metabolism, attention has been focused 
on the accumulation of small proteins produced by the gut 
and adipose tissue and act on the brain to regulate appetite 
in normal people.271,272 Levels of leptin, an anorexigen pro-
duced by adipose tissue, are elevated in ESRD. Antagonism 
of leptin in mice with experimental CKD attenuates a 
number of the molecular markers of proteolysis.273 An inter-
esting feature of uremic anorexia that remains to be 
explained is a disproportionate reduction in the intake of 
protein.160 Along with overall loss of appetite, erosion of 
taste and smell has long been recognized in the ESRD popu-
lation.274,275 As with most defects, transplantation reverses 
the blunted smell.274 Some studies have reported that odor 
threshold declines gradually with creatinine clearance, 
whereas others have found that even in patients undergoing 
dialysis, odor detection remains normal unless malnutrition 
is present.131,274 Taste acuity has been reported as lower in 
patients undergoing dialysis than in those with renal insuf-
ficiency, and self-reported altered taste is associated with 
poor nutritional status.276,277 The factors responsible for 
these defects are again unknown.

CELLULAR FUNCTIONS

The most general cellular abnormality reported has been 
the inhibition of sodium-potassium adenosine triphospha-
tase (Na+-K+-ATPase). Decreased Na+-K+-ATPase activity in 
red cells of uremic patients was reported in 1964.278 In 
general, subsequent reports have confirmed the observa-
tion, noted the same effect in other cell types, and empha-
sized that the inhibition was attributable to some factor in 
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less than a twofold increase of some retained toxin. A par-
ticularly interesting finding has been the identification of 
similar transport systems in the kidney tubule and blood-
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In persons with healthy kidneys, normal serum levels of 
phosphorus and calcium are maintained through the inter-
action of three hormones: parathyroid hormone (PTH), 
1,25(OH)2 (1,25-dihydroxyvitamin D; calcitriol), which is 
the active metabolite of vitamin D, and fibroblast growth 
factor 23 (FGF-23). Circulating or soluble klotho also plays 
a role in mineral homeostasis. These hormones act on four 
primary target organs: bone, kidney, intestine, and parathy-
roid glands. The kidneys play a critical role in the regulation 
both of normal serum calcium and phosphorus concentra-
tions and of the three hormones. Thus derangements are 
common in patients with chronic kidney disease (CKD). 
Abnormalities begin early in the course of CKD and are 
nearly universally observed at a glomerular filtration rate 
(GFR) less than 30 mL/min. With progression of CKD, the 
body attempts to maintain normal serum concentrations of 
calcium and phosphorus by altering the production of cal-
citriol, PTH, FGF-23, and klotho. Eventually this compensa-
tory response becomes unable to maintain normal mineral 
homeostasis, resulting in (1) altered serum levels of calcium, 
phosphorus, PTH, calcitriol, FGF-23, and klotho, (2) distur-
bances in bone remodeling and mineralization (renal osteo-
dystrophy) and/or impaired linear growth in children, and 
(3) extraskeletal calcification in soft tissues and arteries. In 
2006, the term chronic kidney disease–mineral and bone 
disorder (CKD-MBD) was developed to describe this triad 
of abnormalities in biochemical measures, skeletal abnor-
malities, and extraskeletal calcification (Table 55.1).1 These 

abnormalities that constitute CKD-MBD are interrelated in 
both the pathophysiology of the disease and the response 
to treatment. All three components of CKD-MBD are associ-
ated with increased risk of fractures, cardiovascular disease, 
and mortality in patients with CKD stages 4 through 5D. 
However, to enhance understanding of the complex integra-
tion of these abnormalities in CKD, each component is first 
discussed independently.

PATHOPHYSIOLOGY OF CKD-MBD

PHOSPHORUS AND CALCIUM HOMEOSTASIS

PHOSPHORUS BALANCE AND HOMEOSTASIS
Inorganic phosphorus is critical for numerous physiologic 
functions, including skeletal development, mineral metabo-
lism, cell membrane phospholipid content and function, 
cell signaling, platelet aggregation, and energy transfer 
through mitochondrial metabolism. Because of its impor-
tance, normal homeostasis maintains serum phosphorus 
concentrations between 2.5 and 4.5 mg/dL (0.81 and 
1.45 mmol/L). Levels are highest in infants and decrease 
throughout growth, reaching adult levels in the late teens. 
Total adult body stores of phosphorus are approximately 
700 g, of which 85% is contained in bone in the form of 
hydroxyapatite [(Ca)10(PO4)6(OH)2]. Of the remainder, 
14% is intracellular, and only 1% is extracellular. Of this 
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Table 55.1  Kidney Disease: Improving Global 
Outcomes (KDIGO) Classification of 
Chronic Kidney Disease–Mineral 
Bone Disease (CKD-MBD) and Renal 
Osteodystrophy

Definition of 
CKD-MBD

A systemic disorder of mineral and 
bone metabolism due to CKD 
manifested by one or a combination 
of the following:
Abnormalities of calcium, 

phosphorus, parathyroid hormone, 
or vitamin D metabolism

Abnormalities in bone turnover, 
mineralization, volume, linear 
growth, or strength

Vascular or other soft tissue 
calcification

Definition of renal 
osteodystrophy

Renal osteodystrophy is an alteration of 
bone morphology in patients with 
CKD. It is one measure of the 
skeletal component of the systemic 
disorder of CKD-MBD that is 
quantifiable by histomorphometry of 
bone biopsy.

Moe S, Drüeke T, Cunningham J, et al: Definition, evaluation, 
and classification of renal osteodystrophy: a position statement 
from Kidney Disease: Improving Global Outcomes (KDIGO). 
Kidney Int 2006;69:1945-1953, 2006.

extracellular phosphorus, 70% is organic (phosphate) and 
contained within phospholipids, and 30% is inorganic. The 
inorganic fraction is 15% protein bound, and the remaining 
85% is either complexed with sodium, magnesium, or 
calcium or circulates as the free monohydrogen or dihydro-
gen form. It is this inorganic fraction that is freely circulat-
ing and measured. At a pH of 7.4, it is in a ratio of about 
4 : 1 HPO4

–2 to H2PO–1. For that reason, the phosphorus level 
is usually expressed in mmol/L rather than mEq/L. Thus, 
serum measurements reflect only a minor fraction of total 
body phosphorus and therefore do not accurately reflect 
total body stores in the setting of the abnormal homeostasis 
that occurs in CKD. Furthermore, there is considerable 
diurnal variation in serum phosphorus levels in both healthy 
individuals2 and in those with advanced CKD.3 The terms 
phosphorus and phosphate are often used interchangeably, 
but strictly speaking, phosphate means the inorganic freely 
available form (HPO4

–2 and H2PO–1). However, most labora-
tories report phosphate, the measurable inorganic com-
ponent of total body phosphorus, as “phosphorus.” For 
simplicity we use the abbreviation Pi to represent phosphate 
and/or phosphorus throughout this chapter.

Pi is contained in almost all foods and is generally associ-
ated with a food’s protein content or the addition of addi-
tives. In most commonly ingested foods without additives, 
the mean Pi content ranges from 9.0 to 14.6 mg per gram 
of protein, with many foods having up to a 28% higher Pi 
content because of additives and preservatives.4 Although 
the recommended daily allowance (RDA) for Pi is 800 mg/
day, the average American diet contains approximately 1000 
to 1400 mg Pi and that amount does not necessarily include 

the inorganic Pi that is added as a preservative, a common 
practice.5 The source of Pi has a significant impact on bio-
availability. Pi in the form of preservatives or additives is 
nearly 100% bioavailable, whereas Pi bound to phytate, as 
in legumes, is less bioavailable owing to the lack of the 
enzyme phytase in humans.6 In studies, the source of Pi 
directly affects Pi homeostasis.3 As a result, it is challenging 
to balance dietary Pi restriction against the need for ade-
quate protein intake in patients with CKD, especially with 
malnutrition present in up to 50% of patients undergoing 
dialysis. Pi balance in earlier stages of CKD (stage 3 to 4) is 
generally neutral because of the phosphaturic effects of 
PTH and FGF-237; as these compensatory mechanisms begin 
to fail and/or patients became anuric, however, positive Pi 
balance likely ensues.

Sixty percent to 70% of dietary Pi is absorbed by the  
gastrointestinal tract, predominantly in the small intestine, 
although transport can occur in all intestinal segments.  
Pi absorption occurs via passive sodium-independent  
transport and active sodium-dependent transport. Although 
it can vary depending on the study and experimental  
design, active transport is approximately 50% of total trans-
port (Figure 55.1).8 Passive transport occurs down electro-
chemical gradient through paracellular tight junctions; 
claudins and occludins appear to be involved and to control 
transport rates and ion specificity.9 Active absorption 
occurs via the epithelial brush border type II (solute carrier 
A34 [SLCA34]) transporters, specifically the sodium-Pi 
cotransporter (NaPi-IIb) utilizing energy from the basolat-
eral sodium-potassium ATPase transporter. Complete abla-
tion of the NaPi-IIb gene in mice demonstrates that this 
transporter is responsible for 90% of sodium-dependent 
transport but only 50% of total intestinal Pi transport.10 In 
animals with CKD induced by adenine, ablation of the NaPi-
IIb gene lowers serum Pi, with additional lowering by the Pi 
binder sevelamer, suggesting that both active transport and 
passive transport are important in CKD.11 The NaPi-IIb 
transporter is predominantly stimulated by high dietary  
Pi and 1,25(OH)2D.8 In addition, studies suggest that the 
phosphatonins matrix extracellular phosphoglycoprotein 
(MEPE)12 and FGF-2313 may play a role in intestinal trans-
port. However, dietary Pi appears the most important regu-
lator of intestinal absorption.

The kidneys are responsible for maintaining Pi balance 
by excreting the net amount of Pi that is absorbed (see 
Chapter 7). Most inorganic Pi is freely filtered by the glom-
erulus with approximately 70% to 80% reabsorbed in the 
proximal tubule, which serves as the primary regulated site 
of the kidney. The remaining 20% to 30% is reabsorbed in 
the distal tubule. Pi transport across the apical lumen occurs 
via an active transport process that is driven by active sodium 
transport on the basolateral side by the sodium-potassium 
adenosine triphosphatase (Na+-K+-ATPase). The primary 
transporters on the luminal surface are NaPi-IIa (SLC34A1) 
and NaPi-IIc (SLC34A3), with a minor component via  
the type III sodium-dependent Pi cotransporter Pit-2 
(SLC20A2). PTH and FGF-23 both downregulate these NaPi 
transporters, but through different signaling mechanisms. 
FGF-23 stimulates endocytosis of the transporters after  
signaling through the FGF receptor–klotho complex 
described later. PTH, after binding to PTHR1 receptor, 
leads to increased cyclic adenosine monophate/protein 
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Figure 55.1 Intestinal phosphate transport. Approximately 50% of phosphate (Pi) transport is sodium (Na+) dependent, due to active trans-
port, and regulated by a number of factors. The remaining phosphate transport is sodium independent and due to paracellular or transcellular 
transport. FGF-23, Fibroblast growth factor 23; MEPE, matrix extracellular phosphoglycoprotein; Na+/K+ ATPase, sodium-potassium adenosine 
triphosphatase; NaPi-IIb, the sodium Pi cotransporter. (Reprinted with permission from Lee GJ, Marks J: Intestinal phosphate transport: a thera-
peutic target in chronic kidney disease and beyond? Pediatr Nephrol 30:363-371, 2015.)
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kinase A (cAMP/PKA) signaling with the scaffolding protein 
Na+-H+ exchanger regulatory factors 1 and 3 (NHERF1 and 
NHERF3) playing an important role. FGF-23 also decreases 
1,25(OH)2D production by reducing the conversion of 
25(OH)D to 1,25(OH)2D and increasing the catabolism of 
1,25(OH)2D. This, in turn, further reduces intestinal phos-
phate absorption.

CALCIUM BALANCE AND HOMEOSTASIS
Serum calcium concentrations are normally tightly con-
trolled within a narrow range, usually 8.5 to 10.5 mg/dL 
(2.1 to 2.6 mmol/L). However, the serum calcium concen-
tration is a poor reflection of overall total body calcium, 
because serum levels are less than 1% of total body calcium. 
The remainder of total body calcium is stored in bone. 
Ionized calcium, generally 40% of total serum calcium, is 
physiologically active, whereas the non-ionized calcium is 
bound to albumin or anions such as citrate, bicarbonate, 
and Pi. In the presence of hypoalbuminemia, there is a rela-
tive increase in the ionized calcium relative to the total 
calcium; thus total serum calcium measurement may under-
estimate the physiologically active (ionized) serum calcium. 
A commonly utilized formula for estimating the ionized 
calcium from the total calcium value is to add 0.8 mg/dL 

for every 1-mg decrease in serum albumin below 4 mg/dL. 
However, in a study in patients with CKD stages 3 to 5 not 
undergoing dialysis, total calcium concentration and 
albumin-corrected total calcium values failed to correctly 
classify 20% of patients as either hypocalcemic or hypercal-
cemic whose state was documented by ionized calcium mea-
surement.14 The sensitivity to detect true hypocalcemia or 
hypercalcemia was only 40% and 21% for total calcium 
concentration, and 36% and 21% for albumin-corrected 
total calcium value, respectively.14 The primary causes of this 
discordance are albumin, PTH, and pH, although the last 
has been questioned.15 Thus, whenever possible, ionized 
calcium measurement should be utilized. Serum levels of 
ionized calcium are maintained in the normal range by the 
secretion of PTH as discussed later.

In normal individuals, the net calcium balance (intake—
output) varies with age. Children and young adults are 
usually in a slightly positive net calcium balance to enhance 
linear growth; beyond ages 25 to 35 years, when bones stop 
growing, the calcium balance tends to be neutral. Normal 
individuals have protection against calcium overload by 
virtue of their ability to increase renal excretion of calcium 
and reduce intestinal absorption of calcium through the 
actions of PTH and 1,25(OH)2D. However, in CKD the 
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ability to maintain normal homeostasis, including a normal 
serum ionized calcium level and appropriate calcium 
balance for age, is lost. Two studies in patients with CKD 
stages late 3 to 4 demonstrate that 1000 mg per day of 
dietary or calcium supplement/binder leads to near-neutral 
calcium balance (reviewed in Chapter 19).7,16

Calcium absorption across the intestinal epithelium 
occurs via a vitamin D–dependent, saturable (transcellular) 
pathway and a vitamin D–independent, nonsaturable (para-
cellular) pathway. In states of adequate dietary calcium, the 
paracellular mechanism prevails, but the vitamin D–
dependent pathways are critical in calcium-deficient states. 
The transcellular absorption occurs via three steps: (1) 
calcium enters from the lumen into the cells via transient 
receptor potential vanilloid (TRPV) channels, of which 
TRPV6 is most important in the intestine17; (2) the intracel-
lular calcium associates with calbindin-D9K to be “ferried” 
to the basolateral membrane; and (3) calcium is removed 
from the enterocytes predominantly via the calcium-ATPase, 
with the Na+-Ca2+ exchanger playing a minor role. The 
duodenum is the major site of calcium absorption, although 
the other segments of the small intestine and the colon  
also contribute to net calcium absorption. All of the key 
regulatory components of active calcium transport—TRPV, 
calbindin, the Ca2+-ATPase (PMCA1b), and the Na+-Ca2+ 
exchanger (NCX1)—are upregulated by 1,25(OH)2D.18 
However, mice with intestinal knockdown of the vitamin D 
receptor (VDR) are still able to maintain normal calcium 
levels because of increased bone resorption; in contrast, 
global knockdown of VDR leads to hypocalcemia. However, 
this state can be corrected with either a high-calcium diet 
(and presumed intestinal paracellular calcium transport) or 
the administration of 1,25(OH)2D.19 Thus bone and kidney 
can compensate for impaired responsiveness of the intesti-
nal VDR, and diet alone can compensate for a total lack of 
vitamin D. The 1α-hydroxylase enzyme (CYP27B1) is also 
located throughout the intestine; to date, however, conver-
sion of 25(OH)D to 1,25(OH)2D3 has been identified only 
in the colonic epithelial cells in inflammation.20

The renal transport of calcium is further detailed in 
Chapter 7. In the kidney, the majority (60% to 70%) of 
calcium is reabsorbed passively in the proximal tubule, a 
process driven by a transepithelial electrochemical gradient 
that is generated by sodium and water reabsorption. In the 
thick ascending limb, another 10% of calcium is reabsorbed 
via paracellular transport. Calcium-sensing receptor (CaSR) 
activation in this segment inhibits calcium absorption. This 
paracellular reabsorption also requires the specific protein 
paracellin-1, and genetic defects in paracellin-1 lead to  
a syndrome of hypercalciuria and hypomagnesemia.21 
However, the more regulated aspect of calcium reabsorp-
tion occurs via transcellular pathways in the distal convo-
luted tubule and connecting tubule (Figure 55.2). The 
mechanism is similar to intestinal transport: Calcium enters 
these cells via TRPV5 calcium channels down electrochemi-
cal gradients. In the cells, calcium binds with calbindin-
D28k and is transported to the basolateral membrane, 
where calcium is actively reabsorbed by the NCX1 and/or 
PMCA1b. As in the intestinal epithelial cell, 1,25(OH)2D 
upregulates all of these transport proteins.22 Parathyroid 
hormone has an indirect effect on renal calcium handling 
via its action on 1,25(OH)2D synthesis and increases TRPV5 

activity.22a The enzymatic activity of circulating klotho has 
been shown to cleave the extracellular domain of TRPV5 
channels, keeping these channels at the cell membrane and 
thereby facilitating calcium reasbsorption.23

CALCIUM-SENSING RECEPTOR
Physiologic studies in animals and humans in the 1980s dem-
onstrated the rapid release of PTH in response to small 
reductions in blood ionized calcium, lending support to the 
existence of a CaSR in the parathyroid gland that was cloned 
in 1993.24 The CaSR was shown to belong to the super family 
of G protein–coupled receptors and is a glycosylated protein 
with a very large extracellular domain, seven membrane–
spanning segments, and a relatively large cytoplasmic 
domain. The primary ligand for the CaSR is Ca2+, but it also 
senses other divalent and polyvalent cations, including Mg2+, 
Be2+, La3+, Gd3+, and polyarginine.25 Extracellular calcium 
binds to multiple sites, leading to conformational changes 
that result in activation of phospholipases C, A2, and D as 
well as inhibition of cAMP production.26 Activation of the 
CaSR stimulates phospholipase C, leading to an increase in 
inositol 1,4,5-triphosphate (IP3), which mobilizes intracel-
lular calcium and decreases PTH secretion (Figure 55.3). In 
contrast, inactivation of the CaSR reduces intracellular 
calcium and increases PTH secretion. CaSR messenger RNA 
(mRNA) is widely expressed in multiple tissues, including 
organs responsible for CKD-MBD (parathyroid, kidney, 
thyroid, bone, intestine, vasculature). Studies have demon-
strated a diverse role for the CaSR in disease, including in 
the gastrointestinal tract, where it regulates gastrin, glucagon-
like peptide-1 (GLP-1), acid, and hormone secretion and is 
involved in taste, gastrointestinal fluid transport, and cell 
turnover.27

CaSR–/– mice die shortly after birth owing to hypercalce-
mia, hypocalciuria, and hyperparathyroidism. If the Pth 
gene is also ablated, the mice survive and most organs 
appear histologically normal, with healing of bone mineral-
ization defects but no change in hypocalciuria.29 However, 
these CaSR–/–/PTH–/– mice demonstrate hypercalcemia in 
response to oral calcium, infusion of PTH, or administra-
tion of 1,25(OH)2D, whereas the CaSR+/+/PTH–/– mice are 
able to decrease gastrointestinal calcium absorption and 
increase renal calcium excretion to maintain normal levels 
of serum calcium.30,31 These data indicate that CaSR activa-
tion corrects hypocalcemia by increasing PTH, whereas in 
hypercalcemia, the CaSR acts independent of PTH by 
increasing renal calcium excretion. In uremic animals, the 
expression of CaSR in the parathyroid gland is downregu-
lated by a high-Pi diet and upregulated by magnesium32 and 
calcimimetics. In parathyroid glands from patients with sec-
ondary hyperparathyroidism, the expression of the CaSR is 
downregulated in comparison with expression in nonuremic 
patients33 but can be upregulated with the administration of 
cinacalcet.34

The CaSR is expressed throughout the kidney, where it  
is found in diverse locations and performs multiple physio-
logic functions: podocyte (cytoskeleton changes), proximal 
tubule (phosphate reabsorption, 1,25[OH]2D3 synthesis, 
acidification/fluid reabsorption), macula densa (renin 
secretion), thick ascending loop of Henle (calcium, sodium, 
potassium, and chloride handling), distal convoluted tubule/
connecting tubule (calcium transport), and connecting duct 
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Data also suggest a role for the CaSR in vascular calcifica-
tion. Immunohistochemical staining demonstrates expres-
sion of CaSR on normal human arteries with downregulation 
in areas of calcification.42 The CaSR is expressed on cul-
tured vascular smooth muscle cells, and calcimimetics 
inhibit in vitro calcification.42,43 The calcimimetic R-568 
reverses calcitriol-induced arterial calcification44 and inhib-
its proliferation of both vascular smooth muscle cells 
(VSMCs) and endothelial cells in the nephrectomy rat 
model.45 Calcimimetics also retards uremia-enhanced vascu-
lar calcification and atherosclerosis in the ApoE–/– mouse46 
and prevents arterial and myocardial calcification in the 
Cy/+ model of slowly progressive CKD-MBD.47 Calcimimet-
ics also upregulate a potential local inhibitor of arterial 
calcification, matrix gla protein.48 A trial in humans with 
end-stage kidney disease (ESKD) showed an amelioration in 
calcification.49 These data support a role for the CaSR in all 
three components of CKD-MBD.

HORMONAL REGULATION OF CKD-MBD

PARATHYROID HORMONE
The primary function of PTH is to maintain calcium  
homeostasis (Figure 55.4) by (1) increasing bone mineral 

(acid/base, water handling).35 The diverse functions in the 
kidney signify how important calcium homeostasis is to 
normal renal function and vice versa. Furthermore, many of 
these functions avoid renal calcium precipitation. Most 
notably, activation of the luminal CaSR in the collecting duct 
by elevated calcium values leads to urinary acidification and 
polyuria,36 a common clinical symptom in hypercalcemia, 
and prevents calcium-Pi precipitation.

There is some disagreement as to the role of the CaSR in 
bone and whether or not this role depends on PTH. Clearly 
bone cells respond to calcium. The CaSR is important in 
fetal bone development; conditional deletion of the CaSR 
in early osteoblasts leads to altered bone phenotype, 
although the results vary depending on the construct used.37 
Studies suggest that the CaSR modulates both bone resorp-
tion and bone formation induced by PTH.38 In vitro, 
mesenchymal stem cells appear to require CaSR for differ-
entiation,39 but in more differentiated cells, calcium chan-
nels appear more involved in calcium transport.40 An initial 
report found that calcium also regulates FGF-23 synthesis in 
bone, although it does not appear to be mediated via the 
CaSR.41 Calcimimetics, allosteric activators of the CaSR, are 
used to treat secondary hyperparathyroidism as discussed in 
Chapter 63.

Figure 55.2 Epithelial calcium active transport. The late part of the distal convoluted tubule (DCT) and connecting tubule (CNT) play an 
important role in fine-tuning renal excretion of Ca2+. The epithelial Ca2+ channel (TRPV5) is primarily expressed apically in these segments and 
co-localizes with calbindin-D28K (28K), Na+/Ca2+ exchanger (NCX1), and the plasma membrane adenosine triphosphatase (ATPase) (PMCA1b). 
Upon entry via TRPV5, Ca2+ is buffered by 28K and diffuses to the basolateral membrane, where it is released and extruded by a concerted 
action of NCX1 and PMCA1b. In addition, the basolateral membrane exposes a parathyroid hormone receptor (PTHR) and the Na+/K+-ATPase 
consisting of the α-, β-, and γ-subunits. PTHR activation by PTH stimulates TRPV5 activity, and entered Ca2+ can subsequently control the 
expression level of the Ca2+ transporters. At the apical membrane, there is a bradykinin receptor (BK2) that is activated by urinary tissue kal-
likrein (TK) to activate TRPV5-mediated Ca2+ influx. In the cell, entered Ca2+ acts as a negative feedback on channel activity, and 28K plays a 
regulatory role by association with TRPV5 under low intracellular Ca2+ concentrations. Extracellular urinary klotho directly stimulates TRPV5 at 
the apical membrane by modification of the N-glycan, whereas intracellular klotho enhances Na+/K+-ATPase surface expression, which in turn 
activates NCX1-mediated Ca2+ efflux. ADP, Adenosine diphosphate; DCT1, early part of distal convoluted tubule; PT, proximal tubule; TAL, 
thick ascending limb of Henle. (From Boros S, Bindels RJM, Hoenderop JGJ: Active Ca2+ reabsorption in the connecting tubule. Pflügers Arch–Eur 
J Physiol. 458:99-109, 2009.)
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dissolution, thus releasing calcium and Pi, (2) increasing 
renal reabsorption of calcium and excretion of Pi, (3) 
increasing the activity of the renal CYP27B1 enzyme to 
convert 25(OH)D to 1,25(OH)2D, and (4) enhancing the 
gastrointestinal absorption of both calcium and Pi indirectly 
through its effects on the synthesis of 1,25(OH)2D. In 
healthy subjects, the increase in serum PTH concentration 
in response to hypocalcemia effectively restores serum 
calcium levels and maintains serum Pi levels. The kidneys 
are critical to this normal homeostatic response, and thus 
patients with more severe CKD may not be able to appro-
priately maintain calcium homeostasis.

PTH is cleaved to an 84–amino acid protein in the para-
thyroid gland, where it is stored as fragments in secretory 
granules for release. Once released, the circulating 1-84 
amino acid protein has a half-life of 2 to 4 minutes and is 
further metabolized in the liver and kidney. PTH secretion 
occurs in response to hypocalcemia, hyperphosphatemia, 
elevated FGF-23 levels, and 1,25(OH)2D deficiency. The 
extracellular concentration of ionized calcium is the most 
important determinant of minute-to-minute secretion of 
PTH from stored secretory granules. The rapid response, 
occurring within seconds, in response to changes in ionized 
calcium concentration is mediated by the CaSR. Inactivating 
mutations have been associated with neonatal severe hyper-
parathyroidism and benign familial hypocalciuric hypercal-
cemia. Affected patients have asymptomatic elevations of 
serum calcium in the presence of nonsuppressed PTH. Acti-
vating mutations have been found in patients with autoso-
mal dominant hypocalcemia resulting in inhibition of  
PTH secretion at relatively lower serum calcium. PTH is 
released as both an intact (1-84) protein and as carboxy 
(C)–terminal fragments (often called PTH(7-84); see Figure 
55.3). C-terminal PTH has the opposite effect on calcium 
release from bone in animals and cultured calvariae from 
that of PTH with an intact N terminus.50 In addition, the 
C-terminal PTH inhibits apoptosis in osteoblasts, whereas 
the N-terminal PTH induces apoptosis.50 Regulators of PTH 
secretion act by changing the proportion of intact 1-84 and 
C-terminal fragments.

PTH binds to the PTH1 receptor (PTH1R), which is a 
member of the G protein–linked seven membrane–spanning 
receptor family and is widely expressed. PTH-related peptide 
(PTHrp) shares homology with the first few amino acids of 
PTH and also binds the PTH1R. Activation of the PTH1R 
stimulates heterodimeric G proteins Gs (leading to stimula-
tion of cAMP and protein kinase A signaling), and Gαq 
(leading to activation of IP3 and protein kinase C), ulti-
mately resulting in changes in intracellular calcium.51 
PTH1R activation may vary in response to time exposure, 
secondary conformational changes after binding, and which 
cell signaling mechanism is preferentially activated. In 
general the effects of PTH are systemic and those of PTHrp 
are autocrine.

The interrelationship of calcium, Pi, FGF-23, and calcitriol 
in the development of secondary hyperparathyroidism in 
CKD is complex and nearly impossible to fully evaluate  
in humans, because changes in one leads to rapid changes in 
the others. The response to a decrease in ionized calcium 
mediated by the CaSR is likely the most potent stimulus for 
PTH release. Pi increases PTH production by enhancing the 
stability of PTH mRNA.52 FGF-23 directly stimulates PTH 

Figure  55.3 Calcium-sensing  receptor  (CaR). Activation of the 
CaR by calcium stimulates phospholipase C, leading to increased 
inositol 1,4,5-triphosphate (IP3), which mobilizes intracellular calcium 
and inhibits parathyroid hormone (PTH) synthesis. A decrease in 
serum calcium (Ca2+) inhibits intracellular signaling, leading to 
increased PTH synthesis and secretion. ER, Endoplasmic reticulum. 
(From Friedman PA, Goodman WG: PTH(1-84)/PTH(7-84): a balance of 
power. Am J Physiol Renal Physiol. 290:F975-F984, 2006.)
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Figure 55.4 Normalization of serum calcium by multiple actions 
of parathyroid hormone (PTH). Serum levels of ionized calcium (Ca) 
are maintained in the normal range by induction of increases in the 
secretion of PTH. PTH acts to increase bone resorption, renal calcium 
reabsorption, and the conversion of 25(OH)D to 1,25(OH)2D in the 
kidney, thereby increasing gastrointestinal calcium absorption. The 
green boxes indicate processes that are abnormal in chronic kidney 
disease (CKD), leading to altered calcium homeostasis. PO4, Phos-
phate. (From Moe SM: Calcium, phosphorus, and vitamin D metabolism 
in renal disease and chronic renal failure. In Kopple JD, Massry SG, 
editors: Nutritional management of renal disease, Philadelphia, 2004, 
Lippincott Williams & Wilkins, pp 261-285.)
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This reaction is facilitated by ultraviolet light (UVB) and 
increased temperature, and is therefore reduced in indi-
viduals with high skin melanin content and inhibited by 
sunscreen containing sun protection factor (SPF) 8 or 
higher. In addition, there are dietary sources of vitamin D2 
(ergocalciferol) and vitamin D3 (cholecalciferol). The dif-
ference between D2 (plant source) and D3 (animal source) 
compounds is the presence of a double bound (D2) between 
carbon numbers 22 and 23 in the side chain. Once in  
the blood, both D2 and D3 bind with vitamin D–binding 
protein (DBP) and are carried to the liver, where they are 
hydroxylated by CYP27A1 (25-hydroxylase) in an essentially 
unregulated manner to yield 25(OH)D, often called cal-
cidiol. Once they are converted to calcidiol, there appears 
to be no difference between the biologic activities of D2 
and D3. Calcidiol is then converted in the kidney (or other 
cells) to 1,25(OH)2D by the action of CYP27B1. This 
active metabolite is also degraded by other kidney enzymes, 
24,25-hydroxylase (CYP24A1), and CYP3A4, providing the 
primary metabolism of the active compound.

Vitamin D–binding protein is a 58-kDa protein synthe-
sized in the liver. Its serum levels in humans are between 4 
and 8 mM, and the protein has a half-life of 3 days. Both 
the parent vitamin D, 25(OH)D and 1,25(OH)2D are carried 

release in a klotho-independent manner.53 1,25(OH)2D sup-
presses PTH release via the VDR to lead to direct suppression 
of the gene. Other vitamin D compounds that bind to the 
VDR with lower affinity still reduce PTH release if given in 
high enough quantities.54 Although PTH-induced signaling 
predominantly affects mineral metabolism, there are also 
many extraskeletal manifestations of PTH excess in CKD. 
These include encephalopathy, anemia, extraskeletal calcifi-
cation, peripheral neuropathy, cardiac dysfunction, hyper-
lipidemia, pain, pruritus, and impotence.55

In the kidney, PTH facilitates calcium reabsorption and 
Pi excretion, as noted earlier. In bone, PTH receptors are 
located on osteoblasts, with a time-dependent effect. PTH 
administered long term inhibits osteoblast differentiation 
and mineralization. In contrast, the administration of PTH 
to osteoblasts in a pulse rather than a continuous manner 
stimulates osteoblast proliferation, forming the basis for the 
administration of PTH as an anabolic therapy for osteopo-
rosis. Parathyroid hormone also interacts with wnt/β-catenin 
signaling, as discussed later in the bone section.

VITAMIN D
Cholesterol is synthesized to 7-dehydrocholesterol, which in 
turn is metabolized in the skin to vitamin D3 (Figure 55.5). 

Figure 55.5 Overview of vitamin D metabolism. Vitamin D is obtained from dietary sources and is metabolized via ultraviolet light (UVB) 
from 7-dehydrocholesterol in the skin. Both sources (diet and skin) of vitamin D2 and vitamin D3 bind to vitamin D–binding protein (VDBP) and 
circulate to the liver. In the liver, vitamin D is hydroxylated by CYP27A1 (25-hydroxylase) to 25(OH)D, commonly referred to as calcidiol. Calcidiol 
is then further metabolized to calcitriol by the 1α-hydroxylase enzyme (CYP27B1) at the level of the kidney. The active metabolite 1,25(OH)2D 
(calcitriol) acts principally on the target organs of intestine, parathyroid (PTH) gland, bone cell precursors, and the kidney. Calcitriol is metabo-
lized to the inert 1,24,25(OH)3D through the action of the 24,25-hydroxylase enzyme (CYP24). Calcidiol is similarly hydroxylated to 24,25(OH)2D. 
(Adapted from Moe SM: Renal osteodystrophy. In Pereira BJG, Sayegh M, Blake P, editors: Chronic kidney disease: dialysis and transplantation, 
2nd ed, Philadelphia, 2004, Elsevier Saunders).
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analogs. Degradation of calcitriol is believed to occur prin-
cipally in the kidney, from side cleavage and oxidation, to 
form 24,25(OH)2D.57

It is generally accepted that the major source of the cir-
culating levels of 1,25(OH)2D is the kidney, but there is also 
evidence that both 25(OH)D and 1,25(OH)2D have local 
tissue effects because the VDR, CYP27B1, and CYP24A1 are 
found in many cells throughout the body.58 There is 
also evidence for extrarenal conversion of 25(OH)D to 
1,25(OH)2D in multiple other organs, with evidence for 
CYP27B1 expression and/or activity in both normal and 
abnormal cells. These include osteoblasts, breast epithelial 
cells (normal and cancerous), prostate gland (normal and 
cancerous), alveolar and circulating macrophages, pancre-
atic islet cells, synovial cells, and arterial endothelial cells. 
Some of these cells may directly take up 1,25(OH)2D, and 
others may endocytose the DBP–25(OH)D complex in a 
megalin-mediated manner (Figure 55.6), after which the 
25(OH)D is hydroxylated by CYP27B1 to act on that specific 

in the circulation by DBP, but its greater affinity is for 
25(OH)D. Targeted gene disruption studies show that DBP-
null mice have a marked reduction in both circulating and 
tissue distributions of 1,25(OH)2D and yet are normocalce-
mic, indicating that the primary role of DBP is to maintain 
stable serum stores of vitamin D metabolites.56 At the cel-
lular level, both 25(OH)D and 1,25(OH)2D are endocy-
tosed. Inside the cell, 1,25(OH)2D can be inactivated 
by mitochondrial 24-hydroxylase (CYP24A1) or can bind  
to the VDR in the cytoplasm. Once the VDR-ligand binding 
has occurred, the VDR translocates to the nucleus, where  
it heterodimerizes with the retinoid X receptor (RXR).  
This complex binds the vitamin D response element  
(VDRE) of target genes and recruits transcription factors 
and co-repressors/coactivators that modulate the transcrip-
tion.57 These co-repressors and coactivators appear to be 
specific for the ligand, and thus different forms and analogs 
of vitamin D may produce different effects at each tissue, 
forming the basis for the pharmacologic development of 

Figure 55.6 Concept of  the  role of  the extrarenal 1α-hydroxylase. The metabolism of vitamin D in the context of the cells involved is 
shown. Upper right, Proximal tubular cell showing the key elements in the uptake of 25(OH)D3 and its conversion to 1α,25(OH)2D3. Megalin/
cubilin are cell surface receptors that execute endocytosis of the vitamin D–binding protein (DBP–25(OH)D3 complex, and CYP27B1 is the main 
component of the 1α-hydroxylase, responsible for making 1α,25(OH)2D3. Middle left, Simple target cell that takes up 1α,25(OH)2D3 as the free 
ligand originally ferried to the target cell bound to DBP. The picture shows the key elements of the transcriptional machinery as well as some 
representative gene products, including the cell division protein p21, the bone matrix protein osteopontin, the calcium transport protein calbi-
ndin, and the autoregulatory protein CYP24A1. Lower right, Target cell expressing extrarenal 1α-hydroxylase, which possesses megalin/cubilin 
machinery to take up the DBP/25(OH)D3 complex and also expresses CYP27B1, enabling it to make 1α,25(OH)2D3 intracellularly and also to 
respond in a likewise manner to the simple target cell because it also possesses the vitamin D receptor (VDR) and other transcriptional machin-
ery. The expectation is that cells involved in cell differentiation or in control of cell division require higher concentrations of 1α,25(OH)2D3 in 
order to modulate a different set of genes, and that the CYP27B1 boosts local production to augment “circulating” 1α,25(OH)2D3 arriving from 
the kidney in the bloodstream. With normal physiologic processes, locally produced 1α,25(OH)2D3 would not enter the general circulation, 
although in pathologic conditions (e.g., sarcoidosis) it might. At this time, it is not clear how many cell types can be considered simple target 
cells and how many possess the CYP27B1 and megalin/cubilin to allow for local production of hormone. mRNA, Messenger RNA; RXR, retinoid 
X receptor. (Reprinted with permission from Jones G: Expanding role for vitamin D in chronic kidney disease: importance of blood 25-OH-D levels 
and extra-renal 1α-hydroxylase in the classical and nonclassical actions of 1α,25-dihydroxyvitamin D3. Semin Dial 20:316-324, 2007.)
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for PTH in appositional bone growth and for vitamin D in 
endochondral bone formation. Thus, the 1,25(OH)2D/
VDR system has anabolic bone effects that are necessary for 
bone formation and are supplemental to the effect of PTH.62

FGF-23 AND KLOTHO
Phosphatonins are circulating factors that regulate urinary Pi 
excretion. Three main phosphatonins have been described: 
FGF-23, secreted frizzled-related protein 4 (sFRP-4), and 
matrix extracellular phosphoglycoprotein (MEPE). Various 
forms of rickets have now all been found to be due to abnor-
malities in FGF-23. Autosomal dominant hypophosphatemic 
rickets (ADH) is rare and is associated with a mutation that 
limits normal degradation of FGF-23. Autosomal recessive 
hypophosphatemic rickets is also rare and is due to a muta-
tion in dentin matrix protein (DMP), a locally produced 
inhibitor of FGF-23. X-linked hypophosphatemic rickets is 
the most common form of rickets due to a mutation in 
PHEX (phosphate-regulating gene with homologies to 
endopeptidases located on the X chromosome). Mutations 
in PHEX have been found to degrade FGF-23 in the osteo-
cyte, leading to inappropriate levels of FGF-23.63 Thus, what 
previously was thought to be disorders of different etiologies 
are now all linked back to FGF-23.

FGF-23 is a 251–amino acid hormone predominantly pro-
duced from bone cells (osteocytes and osteoblasts) during 
active bone remodeling, but its mRNA is also found in  
heart, liver, thyroid/parathyroid, intestine, and skeletal 
muscle.64 FGF-23 production in the osteocyte is stimulated 
by PTH65 and inhibited by 1,25(OH)2D.66 Elevated Pi or Pi 
load and hypercalcemia may also stimulate FGF-23 but this 
stimulation appears to be indirect. In the osteocyte, both 
DMP1 and PHEX protein degrade FGF-23 such that muta-
tions in their corresponding genes lead to excess FGF-23.63 
In turn, 1,25(OH)2D increases PHEX and FGF-23 inhibits 
1,25(OH)2D, completing a feedback loop. FGF-23 regulates 
NaPi-IIa independently of PTH; FGF-23 also inhibits the 
conversion of 25(OH)D to 1,25(OH)2D by inhibition of 
CYP27B1 in the renal tubules67 and at extrarenal sites,59 and 
increases catabolism of 1,25(OH)2D by activation of CYP24,67 
leading to hypophosphatemia and inappropriately normal 
or low 1,25(OH)2D levels. An overview of the FGF-klotho 
axis is shown in Figure 55.7.

FGF-23 is a member of a diverse family of 18 FGFs that 
bind to one of four receptors (FGFRs) via a heparan sulfate 
co-factor or klotho co-receptor–dependent manner, leading 
to diverse biologic effects.68 Identification of klotho as a 
co-receptor for FGF-23 was due to nearly identical pheno-
types of the knockout mice, including hyperphosphatemia, 
hypercalcemia, and excess 1,25(OH)2D levels associated 
with early mortality, growth retardation, vascular calcifica-
tion, cardiac hypertrophy, and osteopenia.69 Klotho was 
originally identified as an aging suppressor gene. α-Klotho 
is expressed in the kidney and parathyroid gland and forms 
complexes with FGFR1 and FGFR4 to enhance FGF-23 sig-
naling. β-klotho is expressed in the liver and fat, forms 
complexes with FGFR1 and FGFR4, and supports FGF-
15/19 and FGF-21 signaling. γ-klotho increases FGF-19 activ-
ity and is expressed in the eye, fat, and kidney. All  
three klothos are transmembrane proteins, with short  
intracellular domains and large extracellular domains that 
have β-glucosidase cleavage sites. In animals, α-klotho 

cell. The presence of CYP24A1 in cells also indicates that 
the metabolism of 1,25(OH)2D may be regulated at a cel-
lular level. The circulating levels of 25(OH)D are 1000 times 
greater than those of 1,25(OH)2D, and thus 25(OH)D will 
have a local, or autocrine/paracrine effect on many cell 
types.58

Circulating 1,25(OH)2D mediates its cellular function via 
both nongenomic and genomic mechanisms. 1,25(OH)2D 
facilitates the uptake of calcium in intestinal and renal epi-
thelium by increasing the activity of the voltage-dependent 
calcium channels TRPV5 and TRPV6. Calcitriol then 
enhances the transport of calcium through and out of the 
cells, by upregulating the calcium transport protein calbin-
din (calbindin-D9k in intestine, and calbindin-D28k in 
kidney) and the basolateral calcium-ATPase as detailed 
earlier in this chapter. The CYP27B1 in the kidney is the site 
of regulation of 1,25(OH)2D synthesis by numerous other 
factors, including low calcium, low Pi, estrogen, prolactin, 
growth hormone, FGF-23, and 1,25(OH)2D itself. Studies 
show that FGF-23 and inflammatory mediators such as inter-
feron regulate CYP27B1 at nonrenal sites.59 In vitamin D 
knockout animals, parathyroid gland hyperplasia is consis-
tently observed despite normalization of serum calcium 
level. However, gland growth can be blunted by exogenous 
administration of calcitriol even in the absence of VDR, 
demonstrating a role for 1,25(OH)2D in regulation of para-
thyroid gland growth.60 In vivo in the rat, a single small dose 
of 1,25(OH)2D decreases PTH secretion by nearly 100%. 
Studies in the 1970s demonstrated that oral 1,25(OH)2D, 
but not the precursor hormone vitamin D3, suppressed PTH 
in patients undergoing dialysis, leading to widespread use 
of calcitriol or its analogs. However, later studies in animals 
have demonstrated efficacy of 25(OH)D in suppression of 
PTH, but the levels required are much greater than levels 
of 1,25(OH)2D. Studies in humans have shown efficacy of 
25(OH)D in suppressing PTH in patients with advanced 
CKD, but direct comparison studies are lacking.61

1,25(OH)2D has multiple effects on many cells that are 
important in bone remodeling; therefore it is not surprising 
that bone defects are well described in vitamin D–deficient 
states. However, the direct effects of the vitamin D system 
on bone have been difficult to differentiate from the sec-
ondary effects of hypocalcemia and hyperparathyroidism in 
vitamin D–deficient models. However, transgenic animals, 
including 1α-hydroxylase–/–/VDR–/–, and 1α-hydroxylase–/–/
VDR–/–, have impaired bone mineralization. In these 
animals, mineralization can be corrected with normaliza-
tion of serum calcium level; even exogenous calcitriol does 
not fully correct mineralization in the 1α-hydroxylase–/– 
animals unless calcium levels are also restored. Studies eval-
uating bone remodeling also demonstrate an important 
role for the 1,25(OH)2D/VDR system. If hypocalcemia is 
not corrected (leading to secondary hyperparathyroidism), 
there is increased osteoblast activity and bone formation 
from the anabolic effects of PTH. The activation of osteo-
clasts by PTH is blunted, suggesting a synergistic effect of 
vitamin D and PTH. Supporting this suggestion is the 
finding that when calcium levels are corrected by “rescue” 
diets and secondary hyperparathyroidism is prevented, 
osteoblast numbers, mineralization activity, and bone 
volume are still reduced. Comparison studies of 1α -hydrox-
ylase–/– and PTH–/– mice demonstrate a predominant role 
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Figure 55.7 The bone-kidney-parathyroid endocrine axes mediated by fibroblast growth factor 23 (FGF-23) and klotho. Active form of 
vitamin D (1,25-dihydroxyvitamin D3) binds to vitamin D receptor (VDR) in the bone (osteocytes). The ligand-bound VDR forms a heterodimer 
with a nuclear receptor (RXR) and transactivates expression of the FGF-23 gene. FGF-23 secreted from bone acts on the klotho-FGF receptor 
(FGFR) complex expressed in the kidney (the bone-kidney axis) and parathyroid gland (the bone-parathyroid axis). In the kidney, FGF-23 sup-
presses synthesis of active vitamin D by downregulating expression of the Cyp27b1 gene and promotes its inactivation by upregulating expres-
sion of the Cyp24 gene, thereby closing a negative feedback loop for vitamin D homeostasis. In the parathyroid gland, FGF-23 suppresses 
production and secretion of parathyroid hormone (PTH). PTH binds to the PTH receptor (PTHR) expressed on renal tubular cells, leading to 
upregulation of Cyp27b1 gene expression. Thus, suppression of PTH by FGF-23 reduces expression of the Cyp27b1 gene and serum levels 
of 1,25-dihydroxyvitamin D3. This step closes another long negative feedback loop for vitamin D homeostasis. (Reprinted with permission from 
Kuro-o M: Overview of the FGF23-Klotho axis. Pediatr Nephrol. 25:583-590, 2010.)
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expressed in the distal tubule can be cleaved to release the 
extracellular domain into the circulation. Further, alterna-
tive splicing of the α-klotho gene leads to only the extracel-
lular domain that is released from cells and is called 
circulating or soluble klotho.69 The soluble α-klotho acts as 
a co-receptor at nonrenal sites, and prevents FGF23 induced 
cardiac hypertrophy.70 The kidney regulates both renal pro-
duction of soluble klotho and renal excretion.69 

In the kidney, tissue klotho is downregulated early in 
CKD69 and FGF-23 is upregulated early in the course of 
CKD.71 Klotho is shed from the distal convoluted tubule 
to serve as a co-receptor with FGF-23 on the proximal 
tubule, where it inhibits excretion of Pi that is regulated by 
NaPi-IIa, NaPi-IIc, and Pit-1 (similar to PTH but via different 
signaling mechanisms), and suppresses CYP27B1 to inhibit 
1,25(OH)2D3 production (opposite of PTH).72 Klotho also 
increases calcium reabsorption by stimulating TRPV5,73 
decreases potassium excretion through effects on the 
ROMK1 (renal outer medullary potassium 1) channel,74 
protects against kidney injury and fibrosis,75 and decreases 
insulin resistance.72 Table 55.2 demonstrates the parallel 
changes in klotho deficiency and CKD.

In addition to klotho’s role in mineral metabolism, it  
and FGF-23 are implicated in cardiovascular disease. FGF-23  
can induce cardiac hypertrophy and increases intra-
cellular calcium in a klotho-independent manner.70,76,77 

Klotho is localized in the heart at the sinoatrial node, and 
klotho deficiency may lead to arrhythmias.78 Klotho sup-
presses cardiomyocyte apoptosis79 and downregulates TRPC6 
(transient receptor potential cation 6) calcium channel in 
the cardiomyocyte.80 Both klotho and FGFR1 and FGFR3, 
but not FGF-23 and FGFR4, are expressed in human arter-
ies.81,82 In human arteries from patients with CKD, both 
klotho and FGFR1 and FGFR3 are downregulated in the 
presence of calcification. VDR activators upregulate klotho, 
leading to an anticalcific effect on FGF-23–induced calcifica-
tion.82 Decreased klotho impairs endothelial function.83 Acti-
vation of the renin angiotensin aldosterone system (RAAS) 
reduces renal klotho expression.84 The pace of discovery of 
the systemic effects of FGF-23 and klotho has revolutionized 
our understanding of CKD-MBD.

BONE BIOLOGY

The majority of the total body stores of calcium and Pi is 
located in bone and therefore bone plays an integral role 
in homeostasis. Trabecular (cancellous) bone is located pre-
dominantly in the epiphyses of the long bones, is 15% to 
25% calcified, and serves a metabolic function, with a  
relatively short turnover time as shown by calcium45 studies. 
In contrast, cortical (compact) bone is located in the  
shafts of long bones and is 80% to 90% calcified. This bone 
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Table 55.2  Comparison of Phenotypes of Klotho 
Deficiency and Chronic Kidney 
Disease (CKD)

Klotho 
Deficiency

Chronic Kidney 
Disease

Blood chemistry:
 Phosphate ↑↑↑↑ ↑ or ↑↑↑*
 Calcium ↑ ↔ or ↓↓
 Creatinine ↑ ↑↑↑
 1,25 vitamin D3 ↑↑↑ ↓↓↓
 Parathyroid hormone ↔ or ↓ ↑↑
 Fibroblast growth 

factor 23
↑↑↑ ↑↑

 Klotho ↓↓↓ or 
disappears

↓↓ at ESKD†

Gross phenotypes:
 Body weight ↓↓↓ ↓↓
 Growth retardation ↓↓↓↓ ↓↓ in children
 Physical activity ↓↓↓ ↓
 Fertility ↓↓↓↓ ↓↓
 Life span ↓↓↓↓ ↓↓
Cardiovascular disease:
 Cardiac hypertrophy ↑↑ ↑↑↑
 Cardiac fibrosis ↑↑ ↑↑↑
 Vascular calcification ↑↑↑↑ ↑↑
 Atherosclerosis ↑↑ ↑↑↑
 Blood pressure ↑ ↑↑↑↑
 Hematocrit levels ↓ ↓↓↓↓
 Bone disease ↓↓↓ ↓↓↓

ESKD, End-stage kidney disease; ↓, decreases; ↑, increases; ↔, 
unchanged.

*During early chronic kidney disease, blood phosphate level is in 
the normal range.

†Blood klotho may be increased in early CKD.
Modified from Hu MC, Kuro-o M, Moe OW: Renal and 

extrarenal actions of Klotho. Semin Nephrol. 33:118-129, 
2013.

serves primarily a protective and mechanical function and 
has a calcium turnover time of months. Bone consists prin-
cipally (90%) of highly organized cross-linked fibers of type 
I collagen; the remainder consists of proteoglycans and 
“non-collagen” proteins such as osteopontin, osteocalcin, 
osteonectin, and alkaline phosphatase. Hydroxyapatite—
Ca10(PO4)6(OH)2—is the primary bone crystal.

The cellular components of bone are cartilage cells, 
which are critical to bone development; osteoblasts, which 
are the bone-forming cells; and osteoclasts, which are the 
bone-resorbing cells. Osteoblasts are derived from progeni-
tor mesenchymal cells located in the bone marrow. They are 
then induced to become osteoprogenitor cells, then endos-
teal or periosteal progenitor cells, then mature osteoblasts. 
The control of this differentiation pathway is complicated 
and involves integration of circulating hormones, locally 
produced factors from the mesenchymal-hematopoietic  
cell niche, and transcription factors. Once bone formation 
is complete, osteoblasts may undergo apoptosis or may 
become quiescent cells trapped within the mineralized 
bone in the form of osteocytes.85 The osteocytes are 

interconnected through a series of canaliculi and serve as 
mechanoreceptors. Osteocytes detect and respond to 
mechanical loading and initiate bone remodeling by regu-
lating local osteoclastogenesis via paracrine signals. Osteo-
clasts are derived from hematopoietic precursor cells that 
differentiate and are signaled to arrive at a certain place in 
the bone through the OPG/RANKL system detailed later. 
Once there, they fuse to form the multinucleated cells 
known as osteoclasts, which become highly polarized, reab-
sorbing bone through the release of derivative enzymes. 
These cells move along a resorption surface via changes in 
the cytoskeleton. PTH, cytokines, and 1,25(OH)2D are all 
important in inducing the fusion of the committed osteo-
clast precursors.

The control of bone remodeling is highly complex, but 
appears to occur in very distinct phases, as follows: (1) osteo-
blast activation, (2) osteoclast recruitment resorption, (3) 
pre-osteoblast migration and differentiation, (4) osteoblast 
deposition of matrix (osteoid or unmineralized bone), (5) 
mineralization, and (6) quiescence. At any one time,  
less than 15% to 20% of the bone surface is undergoing 
remodeling, and this process in a single bone remodeling 
unit can take 3 to 6 months.86 How a certain piece of bone 
is chosen to undergo a remodeling cycle is not completely 
clear. The three main systems that interact to regulate 
remodeling are OPG/RANKL, sclerostin/Wnt/β-catenin, 
and PTH/PTHR1, which are discussed separately.

The identification of the osteoprotegerin (OPG) and 
RANK (receptor activator of nuclear factor κB) system in 
the 1980s shed new light on the control of osteoclast func-
tion and the long observed coupling of osteoblasts and 
osteoclasts. RANK is located on osteoclasts, and RANK 
ligand (RANKL) is secreted by osteoblasts. Osteoblasts also 
synthesize the decoy protein OPG, which can bind to OPG 
ligand (OPGL) on osteoblasts and inhibit the subsequent 
binding of OPGL to RANK on osteoclasts, thus inhibiting 
bone resorption (Figure 55.8). Alternatively, if OPG produc-
tion is decreased, RANKL can bind with RANK on osteo-
clasts and induce osteoclastic bone resorption. This control 
system is regulated by nearly every cytokine and hormone 
thought important in bone remodeling, including PTH, 
1,25(OH)2D, estrogen, glucocorticoids, interleukins, prosta-
glandins, and members of the transforming growth factor-β 
(TGF-β) superfamily of cytokines.87 OPG has been success-
ful in preventing bone resorption in models of osteoporosis 
as well as hormone- and cytokine-induced bone resorp-
tion,87 and denosumab, an anti-RANKL antibody, is an 
approved anabolic drug for the treatment of osteoporosis.88 
Interestingly, abnormalities in the OPG/RANKL system 
have been found in kidney disease,89 and early animal 
models suggest that treatment with OPG may have a protec-
tive role in hyperparathyroid bone disease.90 Initial studies 
in patients undergoing dialysis have demonstrated hypocal-
cemia as a severe adverse effect of this agent.91 More infor-
mation is required to understand how this system regulates 
bone remodeling in the context of CKD.

Genetic defects in the gene SOST have been identified 
in rare bone disorders. Sclerostin, the protein product of 
this gene, binds to low-density lipoprotein (LDL) receptor–
related proteins 5 and 6 (LRP5/LRP6) on the osteocyte to 
competitively inhibit the binding of the protein wnt (Figure 
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not regulated by sclerostin or dkk-1. There are also differ-
ences in responses to continuous and intermittent PTH 
exposures. Mice expressing a constitutively active PTH1R or 
animals receiving continuous infusion of PTH(1-84) (analo-
gous to secondary hyperparathyroidism) also have wnt-
dependent remodeling with increased osteoclast bone 
resorption via the OPG/RANKL system, leading to osteo-
blast activation and β-catenin activation.100,101 Hyperphos-
phatemia also activates β-catenin signaling.102 Thus, 
in CKD with hyperphosphatemia and secondary hyperpara-
thyroidism there is activation of β-catenin by PTH-mediated 
inhibition of circulating inhibitors of wnt signaling (scleros-
tin and dkk-1), PTH-mediated effects independent of  
wnt signaling, and phosphorus-mediated effects. They all 
lead to enhanced mesenchymal differentiation to osteo-
blasts, increased RANKL-induced osteoclast activation, and 
increased bone resorption.

PATHOPHYSIOLOGY OF  
VASCULAR CALCIFICATION

Vascular disease may be due to a variety of different patho-
logic processes in different arterial segments, all of which 
can be calcified. Atherosclerotic disease is characterized by 
fibro-fatty plaque formation, and on the basis of autopsy 
data and animal models, calcification had been thought to 
occur late in the disease course. These plaques can protrude 
into the arterial lumen, leading to a filling defect on angi-
ography (Figure 55.10A). However, advances in imaging, 

55.9). Normally, wnt binding to LRP5/LRP6 leads to stabi-
lization of β-catenin (canonical pathway) and regulation of 
normal bone accrual via osteoblast differentiation. In the 
presence of sclerostin, the β-catenin is degraded and mes-
enchymal stem cell differentiation to mature bone cells is 
inhibited. In animal models sclerostin deletion enhances 
bone accrual,92 and in early human trials treatment with an 
antibody to sclerostin was found to be anabolic.93,94 Given 
that sclerostin values are elevated in both blood and bone 
of patients with CKD95 and bone in animals with CKD,96 the 
anabolic agent anti-sclerostin antibody may be efficacious in 
the treatment of renal osteodystrophy. However, initial 
studies in animals found that anti-sclerostin antibody was 
not efficacious in the setting of elevated PTH, although it 
did improve bone volume when PTH was suppressed.97 
Dickkopf-related protein 1 (dkk-1) also inhibits wnt binding 
to LRP5/LRP6, and an antibody to this circulating inhibitor 
of wnt signaling improved bone remodeling in a model of 
early CKD.98 In osteocytes, PTH directly suppresses scleros-
tin and dkk-1 secretion65,99 and thus inhibits the production 
of circulating inhibitors of wnt signaling.

In bone, PTH binds to its receptor, PTH1R, and activates 
β-catenin signaling via multiple mechanisms (see Figure 
55.9): (1) direct activation through cAMP signaling, (2) 
indirect activation via osteoclast activation, which then 
increases β-catenin activity in osteoblasts, and (3) by binding 
to LRP6 to activate LRP5/LRP6 signaling even in the 
absence of wnt ligands.92 Thus, PTH can activate β-catenin 
through non–wnt-mediated pathways and through pathways 

Figure 55.8 Role of OPG/RANKL in bone remodeling. Mechanisms of action for OPG (osteoprotegerin), RANKL (receptor activator of nuclear 
factor kappaB ligand), and RANK (receptor activator of nuclear factor kappaB) is depicted in this diagram. RANKL is produced by osteoblasts, 
bone marrow stromal cells, and other cells under the control of various proresorptive growth factors, hormones, and cytokines. Osteoblasts 
and stromal cells produce OPG, which binds to and thereby inactivates RANKL. The major binding complex is likely to be a single OPG 
homodimer interacting with high affinity with a single RANKL homotrimer. In the absence of OPG, RANKL activates its receptor, RANK, found 
on osteoclasts and preosteoclast precursors. RANK-RANKL interactions lead to preosteoclast recruitment, fusion into multinucleated osteo-
clasts, osteoclast activation, and osteoclast survival. Each of these RANK-mediated responses can be fully inhibited by OPG. CFU-M, Mac-
rophage colony-forming unit. (From Kearns AE, Khosla S, Kostenuik PJ: Receptor activator of nuclear factor kappaB ligand and osteoprotegerin 
regulation of bone remodeling in health and disease. Endocr Rev. 29:155-192, 2008.)
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medial layer that is most commonly found in elastic arteries 
(Figure 55.10B). In addition to the larger elastic arteries, 
the smaller elastic arteries may be affected by medial  
thickening and calcification, classically described as Möncke-
berg’s calcification, or medial calcinosis. This disease  

especially intravascular ultrasonography, have demonstrated 
that atherosclerosis can also be a circumferential lesion 
(without an obstructed lumen) with calcification earlier in 
the course of the disease.103 The medial layer may also be 
affected in arteriosclerosis, leading to thickening of the 

Figure  55.9 Parathyroid  hormone  (PTH)  and  β-catenin  signaling  in  bone  remodeling. Osteocytes control bone formation through the 
secretion of the WNT antagonists sclerostin (SOST) and Dickkopf WNT signaling pathway inhibitor 1 (dkk-1), the expression of which is regu-
lated by mechanosignals and by signaling of PTH and bone morphogenetic protein (BMP). PTH represses expression of these antagonists, 
whereas BMP signaling, which is mediated by BMP receptor 1A (BMPR1A), induces their expression. Moreover, WNT signaling in osteocytes 
controls the production of osteoprotegerin (OPG), which is the decoy receptor for the key osteoclast differentiation factor RANKL (receptor 
activator of nuclear factor kappaB ligand). Osteoblast-expressed WNT5a stimulates differentiation of osteoclast precursors as a result of binding 
to the FZD–ROR2 (frizzled and receptor tyrosine kinase–like orphan receptor 2) receptor complex. In a feedback loop for bone remodeling, 
osteoclasts stimulate the local differentiation of osteoblasts at the end of the resorption phase by secreting WNT ligands. In addition, activation 
of parathyroid hormone 1 receptor (PTH1R)–mediated signaling in osteoblasts and osteocytes leads to stabilization of β-catenin and, thus, 
activation of WNT signaling. LRP5/6, Low-density lipoprotein (LDL) receptor–related proteins 5 and 6; PKA, protein kinase signaling. (Reprinted 
with permission from Baron R, Kneissel M: WNT signaling in bone homeostasis and disease: from human mutations to treatments. Nat Med. 19:179-
192, 2013.)
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knockout mice fail to form a skeleton.106 Genetic techniques 
have confirmed that VSMCs give rise to osteochondrogenic-
like cells in calcified blood vessels (as opposed to circulating 
cells).107 Osteoclast-like cells can also be seen, more com-
monly in intimal lesions, and as in bone, they appear to arise 
from circulating precursors.108

In vitro, VSMCs upregulate Runx-2 in response to ele-
vated Pi mediated by the type III sodium-dependent Pi 
cotransporters Pit-1 and Pit-2.109 In addition, VSMCs incu-
bated with uremic serum (pooled from anuric patients 
undergoing dialysis), in comparison with normal serum, 
express Runx-2 and its downstream protein osteopontin via 
a non–Pi-mediated mechanism.110 Excess calcium can also 
induce mineralization in vitro, and the effects of calcium 
are additive to those of increased Pi.111 Lastly, FGF-23 
enhances Pi-induced vascular calcification in rat aortic rings 
and rat aorta VSMCs by promoting osteoblastic differentia-
tion.112 Numerous traditional and nontraditional cardiovas-
cular risk factors in CKD can induce the transformation of 
VSMCs into osteoblast-like cells, with subsequent calcifica-
tion in vitro (see Figure 55.12). Given these data, it is not 
surprising that arterial calcification is so common in patients 
with CKD.

In animal models of CKD, secondary hyperparathyroid-
ism develops spontaneously with loss of kidney function and 
can be associated with vascular calcification.47,113,114 Unfortu-
nately, it is difficult to distinguish between the effects of Pi 
and PTH. However, one study found that vascular calcifica-
tion developed in nephrectomized animals achieving  
supraphysiologic PTH levels by infusion, regardless of  
the Pi intake.115 In a similar study, Runx-2 was upregulated 
in animals in three of the four Pi/PTH intake groups—
those fed normal PTH + high Pi, high PTH + high Pi, 
and high PTH + low Pi—indicating that both Pi and PTH 
may lead to Runx-2 upregulation in arteries. However, the 

is more common in patients with diabetes, kidney disease,  
and advanced aging and is associated with increased all-
cause and cardiovascular mortality in diabetic patients 
without CKD as well as in patients with CKD with or without 
diabetes.

Although initially believed to be due to spontaneous pre-
cipitation, vascular calcification is now known to be a tightly 
regulated process that resembles mineralization in bone, a 
process kept “in check” through the actions of inhibitors of 
calcification. The current hypothesis accepted by most 
investigators is that VSMCs dedifferentiate or transform to 
osteocyte/chondrocyte–like cells (Figure 55.11). These cells 
then lay down an extracellular matrix of collagen and non-
collagenous proteins and make matrix vesicles that attach 
to the extracellular matrix to initiate and propagate miner-
alization. This process is regulated by the cells, the extracel-
lular matrix proteins, and inhibitors that may act locally or 
systemically. In advanced CKD, there is abnormal bone 
remodeling and reduced renal clearance of phosphate, gen-
erating a positive calcium and Pi balance that “feeds” the 
mineral composition of matrix vesicles and augments the 
ability of existing calcification to expand. The evidence for 
each of these steps is discussed.

CELLULAR TRANSFORMATION
VSMCs, osteoblasts, chondrocytes, and adipocytes differen-
tiate from mesenchymal precursors with normal differentia-
tion and in transformation (de-differentiation), which are 
controlled by various transcription factors (Figure 55.12) 
Expression of the osteoblast differentiation factor core 
binding factor α-1 (Cbfα1), now called Runx-2, has been 
identified in the inferior epigastric artery of adults undergo-
ing kidney transplantation104 and in sections from the bra-
chial arteries of children undergoing dialysis.105 Runx-2 is 
critical in normal bone development, in that Runx-2 

Figure  55.10 Arterial  calcification. Histologic differences between atherosclerotic, or intimal calcification (A) and medial calcification 
(B). Int., internal. 
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released into the extracellular space from the cell surface 
via polarized budding with subsequent attachment to extra-
cellular matrix proteins. Matrix vesicles are characterized by 
both their appearance as small (50-200 nm), electron-dense 
spherical particles on electron microscopy and the bio-
chemical presence of calcium and Pi, alkaline phosphatase, 
and the membrane protein annexins. Matrix vesicles have 
been identified in nearly all forms of mineralization/
calcification in human tissues, including bone, cartilage, 
tendon, calciphylaxis, and atherosclerosis. Cultured VSMCs 
incubated with elevated concentrations of calcium and Pi 
release matrix vesicles into the media, and the presence of 
fetuin-A (AHSG or α-2-Heremans-Schmid glycoprotein), 
the circulating inhibitor of mineralization (see later), 
decreases calcium uptake of the matrix vesicles.124 Collage-
nase digestion of VSMCs has been found to lead to two 
populations of matrix vesicles, a secreted form in the media 
that had high fetuin-A and low annexin II content and could 
not mineralize type I collagen, and cellular matrix vesicles 

animals given high PTH + low Pi did not demonstrate arte-
rial calcification,116 suggesting that Pi is needed to provide 
the substrate for calcification to progress.

There is also a relationship of bone and arterial calcifica-
tion. In animal models of excessive bone resorption, treat-
ments aimed at decreasing bone remodeling by inhibition of 
osteoclast activity (i.e., bisphosphonates, calcimimetics) 
have been found helpful in preventing vascular calcification 
in some117-119 but not all studies.120 Correction of low-turnover 
bone disease also appears to improve arterial calcification in 
animals.121,122 The role of vitamin D has been controversial, 
but data now suggest that it is only when the circulating levels 
of calcitriol are increased (and thus induce hypercalcemia 
or hyperphosphatemia) that calcification is observed.123 
Treatment studies in humans are reviewed in Chapter 63.

MATRIX VESICLES AND APOPTOSIS
In chondrocytes and osteoblasts, normal mineralization  
is believed to be initiated when matrix vesicles are  

Figure 55.11 Overview of  the pathophysiology of vascular calcification. Normally, mesenchymal stem cells differentiate to adipocytes, 
osteoblasts, chondrocytes, and vascular smooth muscle cells (VSMCs). In the setting of chronic kidney disease (CKD), diabetes, aging, inflam-
mation, and the presence of multiple other toxins, these VSMCs can dedifferentiate or transform to chondrocyte/osteoblast–like cells by 
upregulation of transcription factors such as runt-related transcription factor 2 (RUNX-2) and homeobox protein MSX2. These transcription 
factors are critical for normal bone development, and thus their upregulation in VSMCs is indicative of a phenotypic switch. These osteocyte/
chondrocyte–like VSMCs then become calcified in a process similar to bone formation. The cells lay down collagen and noncollagenous proteins 
in the intima or media and incorporate calcium (Ca) and phosphorus (Pi) into matrix vesicles to initiate mineralization and further grow the 
mineral into hydroxyapatite. The overall positive calcium and phosphorus balance of most patients undergoing dialysis feeds both the cellular 
transformation and the generation of matrix vesicles (MVs). In addition, the extremes of bone turnover in CKD (low and high turnover or ady-
namic and hyperparathyroid bone, respectively) increases the available calcium and phosphorus by altering the bone content of these minerals. 
Ultimately, whether an artery calcifies or not depends on the strength of the army of inhibitors (Is) standing by in the circulation (fetuin-A) and 
in the arteries—for example, pyrophosphate (PPI), matrix gla protein (MGP), and osteopontin (OP). (Reprinted with permission from Moe SM, 
Chen NX: Mechanisms of vascular calcification in chronic kidney disease. J Am Soc Nephrol. 19:213-216, 2008.)
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series) of patients undergoing dialysis have no vascular cal-
cification and continue to have no calcification on follow-up 
despite risk factors similar to those in patients who do have 
calcification. These data support the concept of calcification 
inhibitors. Knockout animal models have demonstrated 
that selective deletion of many genes leads to vascular calci-
fication.133 These studies imply that mineralization (or cal-
cification) of arteries will occur, at least in some species or 
individuals, unless inhibited. This concept, that the regula-
tion of calcification in blood vessels occurs principally via 
inhibition rather than promotion, may also be true in 
bone.134 Inhibitors can be circulating or locally produced 
and site specific. Three inhibitors that have been well char-
acterized in the arterial calcification of CKD are fetuin-A, 
matrix gamma-carboxyglutamate (Gla) protein (MGP), and 
OPG.

Many other inhibitors of calcification exist. In aggregate, 
the data discussed in this section support the diversity and 
abundance of naturally occurring inhibitors of calcification. 
Thus, vascular calcification in CKD represents a state of 
increased procalcific factors and decreased calcification 
inhibitors.

Fetuin-A

Fetuin-A is a circulating inhibitor of calcification that is 
abundant in the plasma and mainly produced by the liver 
in adults. The transcription and synthesis of fetuin-A are 
downregulated during inflammation and thus it is also a 
reverse acute phase reactant, like serum albumin and other 
hepatic proteins. Fetuin-A binds to both calcium and Pi in 

that had low fetuin-A and high annexin II content and could 
mineralize.125 Matrix vesicles are similar to exosomes, which 
are known to transfer microRNAs from cell to cell and thus 
may play a role in calcification.126 MicroRNAs have been 
found to regulate the phenotypic switch from contractile to 
synthetic VSMCs127 and are involved in the regulation of 
arterial calcification in vitro in animal models.126,128 These 
results suggest that the cellular regulation of the content of 
matrix vesicles may regulate the type and mineralizing 
capacity of the vesicle.

In addition to matrix vesicles, apoptotic bodies can induce 
calcification in vitro in VSMCs. Apoptotic bodies stimulated 
by calcium-Pi crystals of approximately 1 µm or less in diam-
eter cause a rapid rise in intracellular calcium concentration 
and apoptosis, an effect triggered by lysosomal degrada-
tion.129 Apoptosis has been identified in arterial segments 
with calcification obtained from children with ESKD.105 Acti-
vation of the DNA damage response by prelamin A acceler-
ates arterial calcification.130 Autophagy, a regulated process 
of cell survival, counteracts Pi-induced calcification by 
reducing matrix vesicle release.131 In contrast, atorvastatin 
protects against calcification by inducing autophagy via sup-
pression of the β-catenin pathway.132 Thus, cells appear to 
guard against calcification when able via a number of 
pathways.

INHIBITORS OF VASCULAR CALCIFICATION
Vascular calcification, although prevalent in patients with 
CKD and particularly in patients undergoing dialysis, is not 
uniform. Approximately 20% (depending on the published 

Figure  55.12 Factors  that  regulate  pathways  involved  in  the  pathogenesis  of  vascular  calcification. Multiple factors regulate each 
step of extraskeletal calcification. ACE, Angiotensin-converting enzyme; AII, Angiotensin II; Ca, calcium; LRP5, low-density lipoprotein (LDL) 
receptor–related protein 5; MGP, matrix gamma-carboxyglutamate (Gla) protein; miRNA, microRNA; OPG, osteoprotegerin; Pi, phosphate; PPi, 
pyrophosphate; RAGE, advanced glycosylation end product receptor; RANKL, receptor activator of nuclear factor kappaB ligand; ROS, reactive 
oxygen species; Runx2, runt-related transcription factor 2; TGF-β, transforming growth factor β; VSMCs, vascular smooth muscle cells; 
Wnt, wingless-type MMTV integration site family member. (Reprinted with permission from Wu M, Rementer C, Giachelli CM: Vascular calcification: 
an update on mechanisms and challenges in treatment. Calcif Tissue Int. 93:365-373, 2013.)
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dialysis.149 Progression of coronary calcification was greater 
in individuals taking warfarin.150 Supplementation of vitamin 
K2 in patients undergoing dialysis can restore carboxylated 
MGP levels,151 and studies to determine whether such 
supplementation improves calcification and cardiovascular 
events are under way.147

Pyrophosphate

Another naturally occurring inhibitor of mineralization is 
pyrophosphate, which inhibits the formation of calcium-Pi 
crystals in vitro. Pyrophosphate is produced by vascular 
smooth muscle cells and inhibits arterial calcification. Pyro-
phosphate is inhibited by tissue-nonspecific alkaline phos-
phatase (TNAP), and TNAP activity is increased in calcified 
arteries from uremic animals152 and patients with stage 5 
CKD.105 Pyrophosphate is also inhibited by another enzyme, 
ectonucleotide pyrophosphate/phosphodiesterase I (NPPI). 
Children deficient in NPPI have infantile arterial calcifica-
tion.153 Circulating levels of pyrophosphate are decreased in 
patients undergoing dialysis154 and are negatively associated 
with arterial calcification in patients with CKD.155 The intra-
peritoneal administration of pyrophosphate reduced vascu-
lar calcification in a rodent model of CKD.156

Osteoprotegerin

Osteopenia and arterial calcification develop in mice null 
for OPG, implying that OPG is an important direct inhibitor 
of vascular calcification, but it was not clear whether this 
development was due to abnormalities in bone157 or a direct 
arterial effect. Studies in the low-density lipoprotein recep-
tor null mice, a model of atherogenesis, demonstrated that 
the administration of OPG did not prevent atherosclerotic 
lesions but did prevent calcification of those lesions.158 Both 
bone marrow and vessel wall OPG reduces atherosclerosis 
and calcification,159 via regulation of the procalcific effects 
of RANKL on VSMCs.160 Such procalcific effects appear 
related to inflammation161 and may explain mechanisms of 
calcification in areas of macrophage-laden atherosclerotic 
plaques.

INTEGRATED REGULATION OF PHOSPHORUS  
AND CALCIUM
The four hormones PTH, FGF-23, 1,25(OH)2D, and Klotho 
work together to maintain normal Pi and calcium homeo-
stasis to achieve appropriate balance in the blood and urine 
of these ions so as to avoid extraskeletal calcification and 
ensure adequate availability of these ions for bone that  
is growing (modeling) or remodeling. A summary of the 
integrated physiologic response to hyperphosphatemia is 
depicted in Figure 55.13. This response is a very complex 
system of multiple integrated feedback loops and is easier 
to understand if broken into loops that regulate 1,25(OH)2D, 
Pi, and calcium.

PTH–FGF-23–1,25(OH)2D Loop

PTH and FGF-23 have similar effects in stimulating Pi excre-
tion. However, these hormones differ in their effects on the 
vitamin D axis. PTH stimulates CYP27B1 activity, thus 
increasing the production of 1,25(OH)2D, which in turn 
negatively feeds back on the parathyroid gland to decrease 
PTH secretion. In contrast, FGF-23 inhibits CYP27B1 and 
stimulates CYP24, thereby decreasing the production of 

the serum, forming small “calciparticles” that are removed 
through the reticuloendothelial system. Fetuin-A inhibits 
the de novo formation and precipitation of the apatite pre-
cursor mineral basic calcium-Pi but does not dissolve it once 
the basic calcium-Pi is formed.135 Therefore, fetuin-A could 
be viewed as acting as a host defense to clean the blood of 
unwanted calcium and Pi and to prevent undesirable calci-
fication in the circulation without causing bone demineral-
ization. Fetuin-A has been found in matrix vesicles from 
VSMCs, and its presence renders the vesicles incapable of 
mineralization.125,136 Fetuin-A is abundant in serum and is a 
major factor in the calcification propensity of serum,137 a 
measure of which has been shown to reflect overall mortality 
in patients with CKD.138

Targeted disruption of fetuin-A leads to diffuse and pro-
found soft tissue calcification and to arteriole calcification 
of muscle, kidney, and lung but not large arteries.139 When 
Ahsg−/− mice were crossed with ApoE−/− mice, the latter 
known to have increased cholesterol and atherosclerosis, 
both aorta and coronary artery calcification developed in 
the double-deficient Ahsg−/−/ApoE−/− mice with high-Pi diet 
alone and was further increased by CKD.140 Thus, extensive 
and multisite arterial calcification in this animal model 
required genetic predisposition to atherosclerosis (Apo 
E−/−), a genetic defect in an inhibitor of mineralization 
(Ahsg−/−), and hyperphosphatemia that was further acceler-
ated by CKD. These data support the redundancy of the 
inhibitor system, in which multiple local regulators compen-
sate for the absence of the circulating inhibitor fetuin-A. In 
patients with ESKD low fetuin-A levels are associated with 
mortality.141,142 Serum levels of fetuin-A in individual patients 
undergoing dialysis were found to be inversely correlated 
with coronary artery calcification assessed by spiral com-
puted tomography (CT),143 with carotid artery plaques,144 
and, in children undergoing dialysis, arterial stiffness.105 
Fetuin-A deficiency in CKD is likely due to chronic inflam-
mation. However, gene polymorphisms may also play a role. 
It is also possible that there is inappropriate upregulation, 
leading to a relative deficiency of fetuin-A in the setting of 
elevated calcium and Pi.

MATRIX GAMMA-CARBOXYGLUTAMATE  
(Gla) PROTEIN
MGP is a vitamin K–dependent protein expressed in a 
number of tissues but highly expressed in arteries and bone, 
where it acts predominantly as a local regulator of vascular 
calcification. MGP knockout mice have excessive cartilage 
and growth plate mineralization and arterial medial calcifi-
cation, resulting in early mortality.145 In MGP-deficient mice, 
calcification depends on elastin fragmentation due to 
increased elastase production.146 Warfarin use and/or nutri-
tional vitamin K deficiency results in undercarboxylation of 
MGP and impaired function.147 Warfarin use is also a known 
risk factor for calciphylaxis and can induce calcification in 
an animal model of CKD.148 The administration of vitamin 
K can prevent calcification, although definitive trials are 
underway in CKD.147 Serum levels of carboxylated MGP 
were found to be nearly undetectable in patients undergo-
ing dialysis and in patients with atherosclerotic disease.147 
Furthermore, lower levels of carboxylated MGP were associ-
ated with increased coronary artery calcification, arterial 
stiffness, and high serum Pi in patients undergoing 
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decreased intestinal calcium absorption, renal reabsorp-
tion, and bone resorption.

DIAGNOSIS OF CKD-MBD

MEASUREMENT OF THE BIOCHEMICAL 
ABNORMALITIES IN CKD-MBD

The measurement of calcium and Pi were discussed earlier 
in this chapter. Table 55.3 summarizes currently measured 
biomarkers used for the diagnosis and management of 
CKD-MBD.

PARATHYROID HORMONE
PTH concentration in plasma or serum serves not only as 
an indicator of abnormal mineral metabolism in CKD-MBD 
but also as a noninvasive biochemical sign for the initial 
diagnosis of renal osteodystrophy, the bone component of 
CKD-MBD. PTH measurement also can be a useful index 
for monitoring the evolution of renal osteodystrophy and 
can serve as a surrogate measure of bone turnover in patients 
with CKD. Although the sensitivity and specificity of PTH as 
a marker of bone remodeling are not ideal, it is the best 
marker available at the current time.166 However, the defini-
tive method for establishing the specific type of renal osteo-
dystrophy in individual patients requires bone biopsy, an 
invasive diagnostic procedure, and access to specialized 
laboratory personnel and equipment capable of providing 
assessments of bone histology as described later.

PTH circulates not only in the form of the intact 84–
amino-acid peptide but also as multiple fragments of the 
hormone, particularly from the middle and C-terminal 
regions of the PTH molecule. These PTH fragments arise 
from direct secretion from the parathyroid gland as well as 
from metabolism of PTH(1-84) by peripheral organs, espe-
cially liver and kidney. The biologically active hormone pro-
duced (PTH[1-84]) exerts its effects through the interaction 
of its first 34 amino acids with PTHR1. PTH(1-84) has a 
plasma half-life of 2 to 4 minutes. In comparison, the half-
life of C-terminal fragments, which are cleared principally 
by the kidney, is five to ten times longer with normal kidney 
function and even longer in the presence of CKD. There is 
also a diurnal variation in the secretion of PTH and the 
release is oscillatory, further complicating measurement.

The assays for PTH have undergone a number of improve-
ments over the years (Figure 55.14). In the early 1960s 
radioimmunoassays were developed for measurement of 
PTH. However, these assays proved not to be reliable owing 
to different characteristics of the antisera used and are 
referred to as “first-generation” assays; consequently, two-
site immunometric assays (IMAs) are referred to as “second- 
and third-generation” assays. The typical second-generation 
IMAs (known as intact PTH assays) measure PTH(1-84) and 
other large C-terminal PTH fragments because the antibod-
ies do not bind to amino acid 1. These assays are most com-
monly used in clinical practice. In contrast, third-generation 
assays (bioactive, whole, or biointact PTH assays) use capture 
antibody similar to that of the intact PTH assays but also use 
detection antibodies directed against epitopes at the 
extreme N-terminal end (epitopes 1-4) of the molecule, and 
therefore are believed to detect exclusively the biologically 

1,25(OH)2D and feeding back to limit further secretion of 
FGF-23—as normally 1,25(OH)2D stimulates FGF-23 
production.

Pi–PTH–FGF-23 Loop

As Pi levels increase (or more likely there is a long-term Pi 
load), both PTH and FGF-23 are increased, the latter from 
bone. Both the elevated PTH and FGF-23 increase urinary 
Pi excretion through downregulation of NaPi transporters. 
The effect of FGF-23 in the kidney is klotho dependent. 
PTH increases renal calcium reabsorption, minimizing the 
possibility of high calcium and Pi concentrations in urine at 
a time when there is a desire to increase Pi urinary excre-
tion. PTH stimulates the secretion of FGF-23 from osteo-
cytes, and increased FGF-23 inhibits PTH by decreasing 
both PTH gene expression and PTH secretion.162,163

Calcium–PTH–FGF-23 Loop

Hypocalcemia, a potent stimulator of PTH, blunts FGF-23 
release.164 The latter would therefore “remove” both the 
FGF-23 inhibition of PTH and the FGF-23 inhibition of 
1,25(OH)2D synthesis during times of hypocalcemia. This 
process would maximize both the PTH effects to increase 
renal calcium reabsorption, increase bone resorption, and 
enhance 1,25(OH)2D stimulation of intestinal calcium 
absorption with the goal of normalizing calcium levels. High 
calcium has opposing effects: It stimulates FGF-23165 (which 
reduces PTH and 1,25[OH]2D synthesis) and directly inhib-
its 1,25(OH)2D synthesis and PTH secretion. The result is 

Figure 55.13 Regulation of serum phosphorus  levels. As phos-
phorus levels increase (or there is a long-term phosphorus load), 
levels of both parathyroid hormone (PTH) and fibroblast growth factor 
23 (FGF-23) are increased. Both of these elevations in turn increase 
urinary Pi excretion. The two hormones differ in respect to their 
effects on the vitamin D axis. PTH stimulates 1α-hydroxylase activity, 
thereby increasing the production of 1,25(OH)2D, which in turn nega-
tively feeds back on the parathyroid gland to decrease PTH secretion. 
In contrast, FGF-23 inhibits 1α-hydroxylase activity, thereby decreas-
ing the production of 1,25(OH)2D, thereby feeding back to stimulate 
further secretion of FGF-23. FGF-23 and PTH also regulate each 
other. Finally, low calcium levels stimulate PTH, whereas high calcium 
levels stimulate FGF-23. Lastly, there is some evidence that FGF-23 
also inhibits PTH secretion. 
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Figure 55.14 PTH assays. Schematic presentation of PTH(1-84) and the relationship between parathyroid hormone (PTH) assays, PTH assay 
epitopes, and PTH molecular forms detected in the circulation. The upper panel depicts the structure of human PTH and the epitopes detected 
by various PTH assays. First-generation PTH assays detect full-length PTH (1-84) in addition to PTH fragments. These assays include radioim-
munoassays (RIAs) that use antisera specific to the amino-terminal (N-RIA), middle (MID-RIA), or carboxyl-terminal (C-RIA) regions of PTH. 
Second-generation “intact PTH” assays detect full-length PTH (1-84) and non(1-84)–PTH fragments. Third-generation PTH assays (biointact 
PTH) detect only full-length PTH (1-84). The bottom panel depicts PTH molecular forms present in the circulation. IMA, Immunometric assay; 
N-PTH, amino-terminal PTH; term., terminal. (From Henrich LM, Rogol AD, et al: Persistent hypercalcemia after parathyroidectomy in an adolescent 
and effect of treatment with cinacalcet HCl. Clin Chem. 52:2286-2293, 2006.)
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Table 55.3  Biomarkers for Chronic Kidney Disease–Mineral Bone Disease (CKD-MBD)*

Affected by 
Sample 
Processing Assay Validity

Renally 
Excreted

Diurnal 
Variation

Seasonal 
Variation

Variation 
with Meals

Variation with 
Dialysis Time

Parathyroid hormone Yes No; some assays pick up 
fragments

No Yes No No Yes

25(OH)D (calcidiol) No Good (uncertain 
importance of 
differentiating D2 
from D3)

No No Yes No No

1,25(OH)2D (calcitriol) No Good No Yes No No ?
Fibroblast growth 

factor 23
No Intact vs. C-terminal No ? ? Yes No

Soluble α-klotho ? Uncertain Yes ? ? ? ?
Sclerostin ? Uncertain, likely valid No ? ? ? ?
Bone alkaline 

phosphatase 
(BALP)

No Good No No No ? No

*Assay validity indicates that the measurement is of the biologically active hormone or marker, not fragments.
? indicates insufficient data.

active PTH(1-84) (see Figure 55.14). This difference may be 
important because C-terminal fragments (lacking small or 
large portions of the N terminus) are most abundant, rep-
resenting approximately 80% of circulating PTH in healthy 
individuals and 95% in patients with CKD.167 This finding 

may in part explain why PTH levels are “normal” in CKD 
yet are increased in comparison with values in patients 
without CKD. The second-generation intact assays are com-
monly used on automated platforms. Although each assay 
has a reasonable coefficient of variation, the standards for 
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FGF-23
FGF-23 is currently measured primarily with two different 
assays (Figure 55.15). The first uses two antibodies directed 
against the C-terminal end and thus measures the intact as 
well as C-terminal fragments (results are reported in RU/
mL). The second assay uses one antibody directed against 
an epitope within the N-terminal region and a second anti-
body directed against an epitope within the C-terminal 
region of the molecule, and thus detects intact molecules 
(results are reported in picograms per milliliter). Although 
these two assays appear comparable in the association with 
clinical events at this time, they have poor agreement 
because of differences in FGF-23 fragment detection, anti-
body specificity, and calibration. Such analytical variability 
does not permit direct comparison of FGF-23 measurements 
made with different assays, a fact that probably, at least in 
part, accounts for some of the inconsistencies noted among 
observational studies.172 From a clinical perspective, more 
data are required prior to the use of FGF-23 measurements 
for routine clinical management.

SOLUBLE KLOTHO
It is unclear whether the circulating or soluble α-klotho 
levels reflect tissue level expression of klotho. Some studies 
have found that low circulating levels were associated with 
progression of CKD,173 but other studies have failed to 
confirm this finding.174 Klotho can be detected in urine,175 

the commercially available assays are not uniform and the 
detection antibodies do not all bind at the same sites. Thus, 
the kit-to-kit variability can be high.168 This is the reason the 
Kidney Disease: Improving Global Outcomes (KDIGO) 
guidelines recommended using the same assay every time 
and evaluating trends rather than targeting precise levels.169

VITAMIN D
Calcidiol levels are generally measured by immunoassays, 
although the gold standard for calcidiol measurement is 
high-performance liquid chromatography (HPLC), which is 
not widely available clinically. Unlike in PTH assays, the 
sample handling in calcidiol IMAs has little impact on 
results. However, vitamin D circulates as both D2 and D3, 
and some laboratory kits measure only D2, others measure 
only D3, and still others measure both (expressed as 
25-hydroxyvitamin D). The rationale for distinguishing  
D2 from D3 is controversial, because it is unclear how dif-
ferentiating the forms of vitamin D affects management or 
patient level outcomes. As with PTH, there is some assay-to-
assay variability, which could affect the classification of 
insufficiency/deficiency or sufficient levels of calcidiol.170 
Fortunately, current initiatives are under way to standardize 
these assays.171 The half-life of calcidiol is long and thus 
represents total body stores.

In contrast, 1,25(OH)2D levels are generally measured 
only in the setting of hypercalcemia. The half-life is compara-
tively short, and the assay more expensive and difficult.

Figure 55.15 FGF-23 assays. A, Fibroblast growth factor 23 (FGF-23) O-glycosylation site and epitopes recognized by antibodies used in 
current assays. B, Spectrum of serum FGF-23 levels in early chronic kidney disease and end-stage kidney disease (ESRD) compared with the 
normal reference range and levels associated with different disorders affecting FGF-23. ADHR, Autosomal dominant hypophosphatemic rickets; 
ARHP, autosomal recessive hypophosphatemia; TIO, tumor-induced osteomalacia; XLH, X-linked hypophosphatemia. (Reprinted with permission 
from Block GA, Ix JH, Ketteler M, et al: Phosphate homeostasis in CKD: report of a scientific symposium sponsored by the National Kidney Founda-
tion. Am J Kidney Dis. 62:457-473, 2013.)

Immutopics assay

Kainos assay
O-linked

sugar

25 176–9 251

~8 kDa~15 kDa

A

0 100

Normal

XLH/ADHR/ARHP

TIO

Early kidney disease

ESRD

500 1,000 10,000

Spectrum of FGF23 levels

100,000

B

http://www.myuptodate.com


1842 sECTioN Viii — THE CoNsEQUENCEs oF ADVANCED KiDNEy DisEAsE

to determine the amount of bone between administrations 
of the two tetracycline labels, or that formed in the interval. 
This dynamic parameter assessed with bone biopsy is the 
basis for evaluating bone turnover, which is key in discern-
ing types of renal osteodystrophy. In addition to dynamic 
indices, bone biopsies can be analyzed by quantitative his-
tomorphometry for static parameters as well. The nomen-
clature for these assessments has been standardized.184

Clinically, bone biopsies are most useful for differentiat-
ing bone turnover as well as bone volume and mineraliza-
tion. However, with the advent of several new markers of 
bone turnover, the use of bone biopsy has been reserved 
primarily for the diagnosis of renal osteodystrophy and for 
research purposes. Sherrard and colleagues proposed a clas-
sification system for renal osteodystrophy that utilized the 
parameters of osteoid (unmineralized bone) area as a per-
centage of total bone area and fibrosis.185 These two static 
parameters, together with the dynamic bone turnover 
assessed by bone formation rate or activation frequency, 
have been used to distinguish the various forms of renal 
osteodystrophy over the past 30 years185; however, this evalu-
ation has been replaced by the KDIGO TMV system (see 
later).1

Figure 55.17 illustrates bone histology utilizing the origi-
nal classification scheme. Normal bone is illustrated in 
Figure 55.17A. The histologic features of high-turnover 
disease (predominant hyperparathyroidism or osteitis 

suggesting its levels may be altered by residual renal func-
tion. The different assay kits give variable results.69,176

SCLEROSTIN
Circulating sclerostin levels are elevated in CKD177 and rise 
with progressive disease. However, sclerostin does not 
appear to be renally excreted,178 suggesting that the rising 
levels reflect underlying biology. The role of sclerostin in 
clinical diagnosis of CKD remains exploratory, although 
elevated sclerostin values are associated with arterial calcifi-
cation179 and increased osteoblast number in human bone 
biopsy specimens.180

BONE-SPECIFIC ALKALINE PHOSPHATASE
Bone specific alkaline phosphatase (BALP) is not cleared 
renally. BALP concentration has relatively good correlation 
with bone formation in CKD and may be additive to the 
interpretation of PTH measurements.169 However, its 
concentration has limited ability as an independent 
measurement.166,181

COLLAGEN-BASED BONE BIOMARKERS
Osteoblasts secrete C- and N-terminal cleavage products of 
type I procollagen called secreted procollagen type IN pro-
peptide (s-PINP) and secreted procollagen type IC propep-
tide (s-PICP), which are markers for bone formation. In 
contrast, serum C-terminal cross-linking telopeptide of type 
1 collagen (s-CTX) and serum N-terminal cross-linking telo-
peptide of type I collagen (s-NTX) are measured as frag-
ments of cross-links that are released when bone is resorbed. 
With the exception of the S-PICP, all of these markers are 
renally excreted, making interpretation of their measure-
ments difficult.182 In cross sectional analyses, higher levels 
are associated with increased odds of fracture.182a

TARTRATE-RESISTANT ACID PHOSPHATASE 5b
Tartrate-resistant acid phosphatase 5b (TRAP5b) is released 
by osteoclasts during bone resorption and thus may be a 
good marker of bone resorption.183 However, studies relat-
ing this biomarker to bone in patients with CKD-MBD are 
limited.182

BONE BIOPSY ASSESSMENT OF BONE  
IN CKD-MBD

Abnormalities of bone quality and quantity are common in 
CKD-MBD (Figure 55.16), leading to fractures and impaired 
growth in children. Renal osteodystrophy is defined as an alter-
ation of bone morphology in patients with CKD that is 
quantifiable by bone histomorphometry.1

HISTOMORPHOMETRY IN PATIENTS WITH CKD
The clinical assessment of bone remodeling is best per-
formed with a bone biopsy of the trabecular bone, usually 
at the iliac crest. The patient is given a tetracycline derivative 
approximately 3 to 4 weeks prior to the bone biopsy and a 
different tetracycline derivative 3 to 5 days prior. Tetracy-
cline binds to hydroxyapatite and emits fluorescence, 
thereby serving as a label for the bone. A core of predomi-
nantly trabecular bone is collected and embedded in a 
plastic material, and then sectioned. The sections can be 
visualized with special stains under fluorescent microscopy 

Figure 55.16 Determinants of bone strength. Bone strength com-
prises both bone density and bone quality. Bone quality refers to 
bone turnover, microarchitecture, microfractures, and mineralization 
as well as the composition of the mineral matrix. Trabecular microar-
chitecture involves trabecular thickness, the ratio of plates and rods, 
and their connectivity and spacing. Cortical microarchitecture con-
sists of cortical thickness, porosity, and bone size. Composition of 
the mineral matrix includes changes in the cross-linking of type I 
collagen and alterations in the size and structure of bone mineral. 
Bones accumulate microfractures over time even with normal physi-
cal activity. The ability to repair them affects bone quality. BMD, Bone 
mineral density. (Reprinted with permission from Moorthi R, Moe S: 
Recent advances in the noninvasive diagnosis of renal osteodystrophy. 
Kidney Int. 84:866-894, 2013.)
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and the country in which the study was performed.186 Two 
large analyses of patients undergoing long-term dialysis 
revealed a relatively high incidence of low bone turnover; 
one study of 489 biopsy specimens in predominantly Cau-
casian subjects revealed low turnover in 59%,166 whereas in 
another study of 630 patients, low turnover disease was 
noted in 62% of Caucasian but only 32% of African Ameri-
can subjects.187 The prevalence of mineralization defect or 
osteomalacia was relatively low at only 3%.187 Thus, these 
data demonstrate that histologic abnormalities of bone 
begin very early in the course of CKD and that differences 
in bone turnover may be based on racial differences.

In contrast, low-turnover bone disease has diverse patho-
physiology. In the 1980s, aluminum-induced osteomalacia 
was common. The potential toxicity of aluminum was ini-
tially recognized by Alfrey, who identified a fatal neurologic 
syndrome in dialysis patients consisting of dyspraxia, sei-
zures, and electroencephalographic abnormalities in asso-
ciation with high brain aluminum levels on autopsy.188 The 
source of aluminum in these severe cases was believed to be 
elevated concentrations in dialysate water. Subsequently, 
aluminum-containing phosphate binders were also identi-
fied as a source. The additional symptoms of fractures, 
myopathy, and microcytic anemia were described several 
years after the initial reports of the neurologic syn-
drome.188,189 Fortunately, exposure to aluminum is greatly 
limited, and the incidence of aluminum bone disease is 
relatively rare. However, the diagnosis of aluminum-induced 
bone disease can be difficult, because aluminum toxicity is 
due to tissue burden, not serum levels. Thus, if aluminum 
bone disease is suspected, bone biopsy remains the gold 
standard for making the diagnosis.190,191

In adynamic bone disease, there is a paucity of cells with 
resultant low bone turnover (Figure 55.17C). Unlike in 
osteomalacia, in adynamic bone there is no increase in 
osteoid or unmineralized bone. The lack of bone cell activ-
ity led to the initial description of the disease as “aplastic” 
bone disease. Early investigators believed that the disease 
was due to aluminum, but it was later identified in the 
absence of aluminum. The etiology of adynamic bone 
disease is likely multifactorial, and major contributory 
factors include diabetes, aging, and malnutrition.192

Proposed pathophysiologic mechanisms of low bone 
turnover are listed in Table 55.4. Increases in both sclerostin 
and Dickkopf-1 (dkk-1), which are soluble inhibitors of wnt 
signaling that inhibit osteoblastic bone formation, likely 
play a role in development of adynamic bone disease.95,193,194 
Circulating fragments of PTH (7-84 amino acid fragments) 
may also be antagonists to PTH,195 resulting in an effective 
resistance to 1-84 amino acid at the level of bone. There is 
evidence that markedly elevated concentrations of FGF-23 
may be associated with decreased osteoblastic activity.196 
Also, abnormal regulation of cell differentiation in the  
presence of renal failure may explain, in part, the relative 
paucity of cells in adynamic bone, although this possibility 
remains to be proven. In rats, the administration of bone 
morphogenic protein-7 (BMP-7) can restore normal cell 
function, supporting that a failure of normal cell differentia-
tion, likely due to a number of causes, may be critical.197 
Although most patients with low-turnover bone disease are 
asymptomatic, they are at increased risk of fracture owing 
to impaired remodeling196,198,199 and at risk of vascular 

fibrosa cystica) are characterized by increased rate of bone 
formation, increased bone resorption, extensive osteoclastic 
and osteoblastic activity, and progressive increase in endos-
teal peritrabecular fibrosis (Figure 55.17B). High osteoblast 
activity is manifested by an increase in unmineralized bone 
matrix. The number of osteoclasts is also increased as well 
as the total resorption surface. There may be numerous 
dissecting cavities through which the osteoclasts tunnel into 
individual trabeculae. In osteitis fibrosa cystica, the align-
ment of strands of collagen in the bone matrix has an 
irregular woven pattern, unlike the normal lamellar (paral-
lel) alignment of strands of collagen in normal bone. 
Although woven bone may appear to be thicker, the disor-
ganized collagen structure may render the bone physically 
more vulnerable to stress.

The histologic features of low-turnover (adynamic) bone 
disease (Figure 55.17C) is characterized histologically by 
absence of cellular (osteoblast and osteoclast) activity, 
osteoid formation, and endosteal fibrosis. It appears to be 
essentially a disorder of decreased bone formation accom-
panied by a secondary decrease in bone mineralization. 
Although low-turnover disease is common in the absence of 
aluminum, it was initially described as a result of aluminum 
toxicity. Aluminum bone disease is diagnosed with special 
staining that demonstrates the presence of aluminum 
deposits at the mineralization front (Figure 55.17D). Fre-
quently, aluminum disease is associated with osteomalacia. 
Osteomalacia is characterized by an excess of unmineralized 
osteoid, which manifests as wide osteoid seams and a mark-
edly decreased mineralization rate (Figure 55.17E). The 
presence of increased unmineralized osteoid per se does 
not necessarily indicate a mineralizing defect, because 
greater quantities of osteoid appear in conditions associated 
with high rates of bone formation when mineralization lags 
behind the increased synthesis of matrix. Other features of 
osteomalacia are the absence of cellular activity and the 
absence of endosteal fibrosis.

Mixed uremic osteodystrophy is the term that has been used 
to describe bone biopsies that have features of secondary 
hyperparathyroidism together with evidence of a mineral-
ization defect (Figure 55.17F). There is extensive osteoclas-
tic and osteoblastic activity and increased endosteal 
peritrabecular fibrosis coupled with more osteoid than 
expected, and tetracycline labeling uncovers a concomitant 
mineralization defect. Unfortunately, mixed uremic osteo-
dystrophy, in particular, as well as high- and low-turnover 
bone diseases, have been inconsistent and poorly defined.

THE SPECTRUM OF BONE  
HISTOMORPHOMETRY IN CKD
The prevalence of different forms of renal osteodystrophy 
has changed over the past decade. Whereas osteitis fibrosa 
cystica due to severe hyperparathyroidism had previously 
been the predominant lesion, the prevalence of mixed 
uremic osteodystrophy and adynamic bone disease has 
increased. However, the overall percentage of patients with 
high bone formation compared to low bone formation has 
not changed dramatically over the last 20 to 30 years, 
although osteomalacia has been essentially “replaced” by 
adynamic bone disease. There are differences in prevalence 
of mixed uremic osteodystrophy in patients not yet under-
going dialysis, which appears to depend on the level of GFR 
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Figure 55.17 Bone histology. A, Normal bone. B, Hyperparathyroid bone (increased osteoclast and osteoblasts and fibrosis). C, Adynamic 
bone (no cellular activity and no osteoid). D, Aluminim bone disease (left aluminum staining at mineralization front) and right two panels show 
accumulation of osteoid (orange-red stain). E, Osteomalacia (increased unmineralized osteoid in pink/red). F, Mixed uremic osteodystrophy 
presence of increase osteoid (orange red) indicating mineralization defect, and increased osteoclast activity. (A, B, D [right], and E, Courtesy 
S.L. Teitelbaum, MD; D [left], courtesy D. J. Sherrard, MD.)
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Table 55.4  Causes and Proposed Mechanisms of 
Decreased Bone Formation in 
Patients with Chronic Kidney Disease

Mechanism of Decreased 
Osteoblast Activity

Low serum 1,25-vitamin 
D

↓Osteoblast differentiation
↓Osteoblast life span

Metabolic acidosis ↓1,25-vitamin D production
↓Collagen synthesis

High serum phosphate ↓1,25-vitamin D production
Calcium loading/

hypercalcemia
↓1,25-vitamin D production and 
↑1,25-vitamin D degradation 
(mediated by calcium-sensing 
receptor)

High serum interleukins 1 
and 6, tumor necrosis 
factor

↓Osteoblast life span

Low serum insulin-like 
growth factor-I (IGF-I) 
activity

↓IGF-I and IGF binding protein 5 
(IGFBP5) levels

↑Inhibitory IGFBP (2, 4, 6) levels
↓Osteoblast life span

Sclerostin ↓Wnt/β-catenin signaling
↓Osteoblastic activity

Dickkopf-1 (dkk-1) ↓Wnt/β-catenin signaling
↓Osteoblastic activity

Malnutrition, proteinuria ↓IGF-I; 25-hydroxyvitamin D 
levels

Diabetes ↓25-hydroxyvitamin D and 
1,25-vitamin D levels

↑ Advanced glycation 
end products (AGEs)

↓Osteoblast life span
Age-related ↑AGEs

↓Osteoblast life span
Hypogonadal
Women (↓ estrogen and 
↑ sex hormone–binding 
globulin (SHBG)

↓Osteoblast life span

Men (↓ testosterone and 
↑SHBG)

↓Osteoblast life span

Uremic toxins (uric acid) ↓1,25-vitamin D production
↓Vitamin D receptor (VDR) 

activity
↓Osteoblast proliferation

Aluminum toxicity ↓Osteoblast activity

↓, Decreased; ↑, increased.

calcification because of the inability of bone to buffer a 
sudden calcium load.196,200,201

TMV CLASSIFICATION
As previously mentioned, the KDIGO recommends that  
the definition of renal osteodystrophy be limited to describ-
ing the alterations of bone morphology in patients  
with CKD and is one measure of the skeletal component of 
the systemic disorder of CKD-MBD that can be quantifiable 
by histomorphometry.1 Historically, renal osteodystrophy 
often included disorders of bone mineral metabolism in 
addition to histomorphometric changes in bone. As our 

understanding of bone biology progresses, there is greater 
appreciation of the diverse physiologic processes leading to 
similar bone biopsy findings. In addition, information on 
bone volume as an independent parameter is available.202 
Thus, the previous classification was updated by KDIGO to 
use three key histologic descriptors—bone turnover, miner-
alization, and volume (TMV system), with any combination 
of each of the descriptors possible in a given specimen 
(Table 55.5).1 The TMV classification scheme provides a 
clinically relevant description of the underlying bone pathol-
ogy as assessed by histomorphometry, which in turn helps 
define the pathophysiology and thereby guide therapy.

Turnover reflects the rate of skeletal remodeling, which 
is normally the coupled process of bone resorption and 
bone formation. It is assessed with histomorphometry by 
dynamic measurements of osteoblast function using 
double-tetracycline labeling, as previously described. Bone 
formation rate (BFR) and activation frequency (Ac.f) rep-
resent acceptable parameters for assessing bone turnover. 
Bone turnover is affected mainly by hormones, cytokines, 
mechanical stimuli, and growth factors that influence the 
recruitment, differentiation, and activity of osteoclasts and 
osteoblasts. It is important to clarify that although bone 
formation rate is frequently similar to bone resorption rate, 
which cannot be measured directly, it is not always so. Imbal-
ance in these processes can affect bone volume. For example, 
if resorption exceeds formation, negative bone balance and 
decreased bone volume result.

Mineralization reflects how well bone collagen becomes 
calcified during the formation phase of skeletal remodeling. 
It is assessed with histomorphometry by static measurements 
of osteoid volume and osteoid thickness and by dynamic, 
tetracycline-based measurements of mineralization lag time 
and osteoid maturation time. Causes of impaired mineral-
ization include inadequate vitamin D nutrition, mineral 
(calcium or Pi) deficiency, acidosis, and bone aluminum 
toxicity.

Volume indicates the amount of bone per unit volume of 
tissue. It is assessed with histomorphometry by static mea-
surements of bone volume in cancellous bone. Determi-
nants of bone volume include age, gender, race, genetic 
factors, nutrition, endocrine disorders, mechanical stimuli, 
toxicities, neurologic function, vascular supply, growth 
factors, and cytokines.

Table 55.5  TMV Classification System for Renal 
Osteodystrophy

Turnover Mineralization Volume

Low Low
Normal

Normal Normal
Abnormal

High High

From Moe S, Drüeke T, Cunningham J, et al: Definition, 
evaluation, and classification of renal osteodystrophy: a 
position statement from Kidney Disease: Improving Global 
Outcomes (KDIGO). Kidney Int 69:1945-1953, 2006.
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levels such that BMD provides poor fracture discrimination 
in individuals. Since the publication of KDIGO guidelines, 
studies have demonstrated fracture prediction value of 
DEXA in CKD subjects at least equivalent to that in the 
general population.206,207 These data therefore support that 
DXA can predict fracture risk in patients with CKD. DXA is 
an inexpensive and widely available technique that can be 
easily standardized among sites, so it may be a good tool in 
longitudinal CKD research studies for the serial assessment 
of BMD in response to interventions. Unfortunately, to date, 
treatment studies utilizing DXA as an end point in patients 
with CKD are limited.

QUANTITATIVE COMPUTERIZED  
TOMOGRAPHY TECHNIQUES
Quantitative CT (QCT) allows three-dimensional (3D) 
imaging of cross sections of the central and axial skeleton 
to provide spatial or volumetric bone mineral density 
(vBMD). It also allows distinction between cortical and tra-
becular compartments. In CKD, QCT measures of trabecu-
lar bone density at the spine have been correlated with 
trabecular bone volume histomorphometry.208 Peripheral 
QCT (pQCT) avoids the large dose of ionizing radiation 
exposure for patients by focusing on the tibia and distal 
radius, and in one study, it was predictive of fracture.209 
Although from a single study, these results are in line with 
expected associations between loss of bone quality and frac-
ture risk in patients undergoing dialysis.

High-resolution peripheral computerized tomography 
(HRpQCT) has greater resolution than pQCT and allows 
evaluation of trabecular microarchitecture (bone volume 
fraction, trabecular thickness, separation, and number). 
HRpQCT of the radius and tibia was found to be able to 
discriminate between patients with CKD with and without 
fracture.210,211 However, the power of the various HRpQCT 
parameters to individually discriminate between those with 
and without fractures by receiver operating curve (ROC) 
analyses was less than 0.75. When patients with the longest 
duration of CKD were considered, the area under the 
receiver operating curve improved to more than 0.8 for 
multiple parameters, including radial cortical thickness, 
radial total vBMD, and cortical vBMD. Interestingly, aBMD 
by DXA of the ultra-distal radius performed similarly in its 
ability to discriminate prevalent fractures in this subpopula-
tion with the longest duration of kidney disease.212 In 
another study areal BMD by DXA at the ultra-distal radius 
was superior to HRpQCT measures for fracture discrimina-
tion.213 Therefore, high-resolution CT techniques do provide 
assessment of bone architecture, but their use at this time 
is limited to research centers and their additive value over 
distal radius DXA has not yet been proven.

MICRO–COMPUTED TOMOGRAPHY AND MICRO–
MAGNETIC RESONANCE IMAGING
Resolution of micro-techniques is as low as 8 mm, compared 
with about 100 µm for HRpQCT, thus providing spatial reso-
lution almost that of an actual bone biopsy. Micro-CT was 
used to assess the effects of severe high-turnover renal osteo-
dystrophy on trabecular and cortical architecture in growing 
rats. The technique demonstrated irregular trabecular 
thickening and loss of trabecular connectivity in the femoral 
neck and greater endocortical porosity in the femoral shaft, 

The KDIGO classification is consistent with the classically 
used classification system185 but provides more information 
on parameters other than turnover. Two large-scale analyses 
utilizing the updated TMV system revealed that this classifi-
cation system provides clinically relevant information.166,187 
Low bone volume and low bone turnover are more common 
than heretofore appreciated, whereas defective mineraliza-
tion is relatively rare in adult patients with CKD stage 5.

Clinically, serum PTH concentration is used as a surro-
gate biomarker to predict bone turnover. However, as 
detailed earlier, studies evaluating the ability of the serum 
concentration of intact PTH to predict both low- and high-
turnover bone diseases have been disappointing. The ability 
to reliably predict the presence of high-turnover bone 
disease is poor until intact PTH levels become greater than 
500 pg/mL. Primarily on the basis of earlier studies utilizing 
the Allegro intact PTH assay, the K/DOQI guidelines rec-
ommend a target intact PTH level of 150 to 300 pg/mL.189 
Unfortunately, these studies that correlate intact PTH con-
centration with bone histology were performed with an 
assay no longer available. Use of the currently available 
assays have shown that the intact PTH value between 150 to 
300 pg/mL is not predictive of underlying bone histology.203 
However, an analysis of 610 biopsy specimens found that 
although the intact PTH value could not predict underlying 
bone histology, it was able to discriminate low-turnover from 
non–low-turnover bone diseases and high-turnover from 
non–high-turnover bone diseases.166

NONINVASIVE ASSESSMENT OF BONE

DUAL-ENERGY X-RAY ABSORPTIOMETRY
Dual-energy x-ray absorptiometry (DXA) measures areal 
bone mineral density (aBMD) in g/cm2 using minimal radi-
ation and rapid scan times. BMD assessment by DXA has 
good reproducibility (<1%-2% coefficient variation) and 
reliable reference ranges for age, gender, and race. In the 
general population, aBMD measured by DXA can be used 
clinically to define osteoporosis and is an accepted surro-
gate end point after prospective studies demonstrated an 
age-dependent predictive value of DXA for fractures.204 
However, the discordance between changes in DXA findings 
and antifracture efficacies of drugs has led to appreciation 
of the importance of bone quality, which is not assessed  
by DXA. This observation has forced the use of fractures as 
end points for approval of new therapeutics for the treat-
ment of osteoporosis.

The KDIGO CKD-MBD guideline recommends DXA to 
assess fracture risk in patients with stage 1 through early 
stage 3 CKD, as long as biochemical testing does not suggest 
CKD-MBD.169 However, for patients with CKD stages 3b 
through 5, the guideline did not recommend DXA owing 
to the lack of definitive data demonstrating that DXA pre-
dicts fracture in CKD-MBD. A meta-analysis was performed 
to determine whether DXA measurements at the femoral 
neck, spine, and radius were associated with spine and/or 
non-spine fractures in patients undergoing dialysis.205 On 
the basis of results of six studies with 683 subjects, lower 
BMD levels in the spine and distal radius, but not in the 
femoral neck, were associated with fractures. Although 
BMD levels may have been lower in patients with CKD and 
a history of fracture, there is considerable overlap in BMD 
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mortality in patients with CKD. Bellasi and Raggi analyzed 
multiple such studies and calculated the positive predictive 
value to be between 19% and 52% and the negative predic-
tive value to be between 68% and 100%.221 The addition of 
the clinical variables age and dialysis vintage to abdominal 
calcification, called the cardiovascular calcification index 
(CCI), was linearly associated with death, with a 12% 
increase in hazard ratio for each point increase in the 
CCI.222

CLINICAL CONSEQUENCES OF THE 
ABNORMALITIES IN CKD-MBD

BIOCHEMICAL ABNORMALITIES

PHOSPHORUS AND CALCIUM
Epidemiologic data suggest that serum Pi levels above the 
normal range are associated with increases in morbidity and 
all-cause and cardiovascular mortality in patients with CKD. 
These studies differ in their sample size, analyses, and 
chosen reference ranges, and most evaluate only patients 
undergoing dialysis. In patients with CKD stages 2 to 5, 
higher levels of serum Pi, even within the normal range, 
have been associated with increased risk of all-cause or car-
diovascular mortality in one study223 but not in other 
studies.224,225 However, in patients undergoing dialysis, nearly 
all studies demonstrate an association of elevated Pi with 
mortality, although there are slight differences in the inflec-
tion point or range at which Pi becomes significantly associ-
ated with increased all-cause mortality. Furthermore, several 
studies have demonstrated that treatment of patients under-
going dialysis with Pi binders is associated with a 20% to 
40% lower risk of death.226-228 In patients with CKD stages 3 
to 5, there are no data to support an increased risk of mor-
tality or fracture with rising serum calcium concentrations. 
However, as with Pi, there are several studies in dialysis 
recipients demonstrating rising mortality with hypercalce-
mia and in patients with very low calcium levels.

PARATHYROID HORMONE
Although PTH has long been considered a surrogate 
marker for bone disease, it also has systemic effects, includ-
ing effects on endothelial, cardiac, and skeletal health. As 
with other biochemical measures of CKD-MBD, observa-
tional studies have found an association of all-cause mortal-
ity with various levels of PTH, with inflection points 
ranging from more than 400 to 600 pg/mL. On the basis 
of these observational data and the assay limitations, the 
KDIGO guidelines consider levels of intact PTH less than 
2 and more than 9 times the upper limit of normal for 
the PTH assay (<130 and >585 pg/mL for most kits 
with an upper normal limit of 65 pg/mL) are abnormal 
and that values within that range should be interpreted 
by evaluation of trends. Intervention should occur if the 
trends are consistently going up or down.169 However, it is 
important to recognize that there are no randomized clini-
cal trials demonstrating that treatment to achieve specific 
PTH level results in improved outcomes, with the excep-
tion of the Evaluation Of Cinacalcet Hydrochloride (HCl) 
Therapy to Lower CardioVascular Events (EVOLVE) trial 
discussed in Chapter 63.

consistent with biopsy findings in high-turnover osteodystro-
phy.214 Unfortunately, this technique is currently limited to 
in vitro studies. In an evaluation of 17 patients undergoing 
hemodialysis who had secondary hyperparathyroidism, 
micro–magnetic resonance imaging (MRI) demonstrated 
disruptions of the distal tibial trabecular network.215 There 
have not been subsequent confirmatory studies or studies 
comparing this technique with other imaging methods in 
the ability to predict fractures in CKD.

ASSESSMENT OF VASCULAR CALCIFICATION

Arterial calcification can be detected in humans through a 
number of techniques. Plain radiographs can be used to 
assess the presence or absence, and thus prevalence, of 
vascular calcification. Scoring methods utilizing the number 
of aorta segments calcified along the lumbar spine can also 
allow reproducible quantification during longitudinal 
follow-up,216 although the sensitivity is less than with 
CT-based imaging. Although some distinction can be made 
between medial and intimal calcification on plain radio-
graphs,217 the reproducibility among multiple research sites 
of this method for differentiation of calcification type has 
not been evaluated. Ultrasonography of the carotid arteries 
can be used to assess intimal-medial thickness, which cor-
relates well with atherosclerosis and cardiovascular events. 
In a later study, intravascular ultrasonography of the coro-
nary arteries was found to be able to detect atherosclerotic 
lesions and calcification. This technique, although invasive, 
can detect circumferential lesions, and external remodeling 
of atherosclerosis—lesions that invade the internal elastic 
artery into the medial layer rather than protrude into the 
vessel lumen. The latter luminal lesion is all that is detected 
on angiography, leading some to question the use of angi-
ography as the “gold standard.”218 Finally, technologic 
advances have led to ultra-fast CT scans—electron beam CT 
(EBCT) and multi-slice CT (MSCT)—that use electrocardi-
ography gating to allow imaging only in diastole, thus avoid-
ing motion artifact of the heart. These techniques have 
allowed reproducible quantification of coronary artery and 
aorta calcification and therefore serve as excellent research 
end points. Unfortunately, these techniques do not allow 
differentiation of medial from intimal calcification, and the 
radiation dose with their use is large.

A study in each of 140 prevalent patients undergoing 
hemodialysis compared a lateral radiograph of the lumbar 
abdominal aorta, an echocardiogram, and measurement of 
pulse pressure with EBCT results.219 Calcification of the 
abdominal aorta was scored as 0 through 24 divided into 
tertiles, echocardiograms were graded as 0 through 2 for 
absence or presence of calcification of the mitral and aortic 
valves, and pulse pressure was divided in quartiles. The 
researchers found that the likelihood ratio (95% confidence 
interval [CI]) of coronary artery calcification score on 
EBCT of 100 or higher was 1.79 (1.09 to 2.96) for calcifica-
tion of either valve on echocardiography and 7.50 (2.89 to 
19.5) for participants with a lateral abdominal radiographic 
score greater or equal to 7. Verbeke and colleagues con-
firmed this predictive value of lateral abdominal radio-
graphs in more than 1000 dialysis recipients.220

On the basis of observational studies, calcification 
detected on all of these imaging studies is predictive of 
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25(OH)D. In the general population, calcidiol levels are 
accepted as the standard measures of nutritional uptake 
because they correlate best with end-organ effects. The con-
version of vitamin D2 and vitamin D3 to 25(OH)D by 
CYP27A1 is essentially unregulated, and therefore levels of 
25(OH)D are a reliable indicator of the vitamin D status  
of a given individual. However, controversy exists as to  
what constitutes adequate stores. Although there is no  
absolute level of calcidiol that defines deficiency, a level less 
than 10 ng/mL (25 nmol/L) is typically used, because it is 
associated with rickets in children and osteomalacia in 
adults. The term vitamin D insufficiency has been used to 
describe less severe calcidiol-deficient states. Although  
controversial, the typical range of “insufficient” calcidiol 
levels is 10 to 30 ng/mL (25 to 75 nmol/L). In contrast to 
the severity of bone disease observed with deficiency,  
insufficiency is associated with elevated PTH and osteopo-
rosis.244 Unfortunately, despite supplementation of calcif-
erol in various foods such as milk, calcidiol insufficiency  
is relatively common in the general population, particularly 
in some at-risk groups such as African Americans, hospital-
ized patients, nursing home residents, and people living  
in northern climates.245 The Institute of Medicine convened 
a panel whose report, released in November 2010, recom-
mended that vitamin D levels of 20 ng/mL are adequate 
and that the adult recommended dietary allowance is 
600 IU/day, with an upper level intake of 4000 IU/ day.246 
The Endocrine Society has subsequently recommended  
a vitamin D level higher than 30 ng/mL, further suggesting 
that 40 to 60 ng/mL is ideal and that up to 100 ng/mL  
is safe.247 Either vitamin D2 or vitamin D3 can be used 
for vitamin D supplementation. Although there has been 
controversy regarding the use of D3 or D2 for achieving 
and maintaining higher serum vitamin D levels, most analy-
ses have found them to be equally effective in raising and 
maintaining serum vitamin D levels in patients without 
CKD.248

The importance of vitamin D in health and disease is 
suggested by a number of studies, with the effects of local 
cellular (autocrine) conversion thought responsible for the 
nonendocrine effects. Vitamin D deficiency (<20 ng/mL) is 
likely to be an important etiologic factor in the pathogenesis 
of many chronic diseases, including autoimmune diseases 
(e.g., multiple sclerosis, type 1 diabetes), inflammatory 
bowel disease (e.g., Crohn’s disease), infections, immune 
deficiency, cardiovascular diseases (e.g., hypertension, heart 
failure, sudden cardiac death), cancer (e.g., colon cancer, 
breast cancer, non-Hodgkin’s lymphoma), and neurocogni-
tive disorders (e.g., Alzheimer’s disease).247,249-254 Two rela-
tively large cohort studies demonstrated increased mortality 
with low vitamin D levels. Using data from the third National 
Health and Nutrition Examination Survey (NHANES III), 
the investigators found that in comparison with subjects 
with vitamin D levels in the highest quartile, those with the 
lowest quartile (< 17.8 ng/mL) had a 26% higher rate of 
all-cause mortality, with a population-attributable risk per-
centage of 3.1%.249 Similarly, analysis of a German cohort of 
about 10,000 women and men aged 50 to 74 years showed 
that vitamin D deficiency significantly increased general and 
cardiovascular mortality during a median follow-up of 9.5 
years. The vitamin D levels and overall mortality demon-
strated a pronounced nonlinear inverse association, with 

A Cochrane meta-analysis found that Pi and calcium 
levels, but not PTH level, were associated with cardiovascu-
lar and all-cause mortality.229

COMBINATION OF ABNORMALITIES OF CALCIUM, 
PHOSPHORUS, AND PARATHYROID HORMONE
The relationship of calcium, Pi, and PTH with outcomes is 
further complicated by the clinical reality that these labora-
tory parameters do not move in isolation from one another, 
but rather change depending on the levels of other param-
eters and treatments. For example, Stevens and colleagues 
assessed various biochemical combinations and found that 
the relative risk for mortality was greatest when serum levels 
of calcium and Pi were elevated and the PTH level was low 
and was lowest when serum levels of calcium and Pi were 
normal and the PTH level was high.230 In addition, duration 
of dialysis significantly impacted the results. A Dialysis Out-
comes and Practice Patterns Study (DOPPS) trial also  
evaluated combinations of serum parameters of mineral 
metabolism and reached slightly different conclusions.231 
The researchers found that in the setting of an elevated 
serum PTH (>300 pg/mL), hypercalcemia (>10 mg/dL) 
was associated with increased mortality risk even with normal 
serum Pi levels. Block and associates, analyzing average 
values over 4 months from more than 26,000 patients under-
going dialysis, categorized them according to whether 
serum levels of calcium, Pi, and PTH were below, within, or 
above target ranges. In only 20% of subjects were all three 
variables within reference ranges. Those patients with high 
PTH (>300 pg/mL) and high calcium had consistently 
higher mortality.232 It is important to remember that abnor-
malities in mineral metabolism are common. Ultimately, we 
need prospective randomized controlled trials that demon-
strating that treatments or combinations of treatments to 
achieve specific biochemical end points affect mortality in 
patients undergoing dialysis.

FIBROBLAST GROWTH FACTOR 23
Elevations of FGF-23 (greater than 100 RU/mL) were 
observed in 70% and 100% of patients with estimated GFRs 
of 50 and less than 20 mL/min, respectively, in the Chronic 
Renal Insufficiency Cohort study.71 FGF-23 levels continue 
to rise throughout progressive CKD, presumably to main-
tain normal levels of Pi and calcium. In CKD, elevations of 
FGF-23 are associated with death,233 progression of CKD,233,234 
left ventricular hypertrophy,76,235,236 and cardiovascular 
events,237,238 independent of Pi and PTH levels. Once patients 
need dialysis, levels of FGF-23 can be 1000-fold greater, and 
such levels have been associated with poor survival in inci-
dent patients in some studies239 but not in smaller 
studies.240,241 In prevalent patients undergoing dialysis, 
FGF-23 was also associated with increases in mortality242 and 
left ventricular mass index.241 In a secondary analyses of 
nearly 2000 hemodialysis patients treated with cinacalcet, a 
reduction of FGF-23 by 30% or greater was associated with 
reduced cardiovascular events.243

NUTRITIONAL VITAMIN D DEFICIENCY

Although, traditionally the term vitamin D has been used to 
indicate the active metabolite, 1,25(OH)2D, the correct use 
of the term is for the precursor molecule, calcidiol or 
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interleukin-6, as well as improved cardiac function, as 
reflected by lower brain natriuretic peptide levels and 
decreased left ventricular mass index.278,279 In a prospective 
placebo-controlled study in patients who have not started 
dialysis, paricalcitol failed to demonstrate a reduction in 
ventricular mass index at the end of 48 weeks in patients 
with mild to moderate left ventricular hypertrophy. There 
was, however, a decrease in hospitalizations, a secondary 
end point.280 The lack of effect may have been a function of 
the relatively high dose of paricalcitol, which may have 
further raised FGF-23 levels, because multiple studies have 
shown a link between FGF-23 and left ventricular hypetro-
phy.76,235,281 Further studies evaluating whether treatment 
with vitamin D leads to improvement in clinical outcomes 
are still required.

FRACTURE

In patients with CKD not yet on dialysis, there is an increased 
incidence of fractures.169,282-284 The incidence of fractures 
has been found to rise as CKD progresses,285 suggesting that 
kidney disease is associated with progressive bone deteriora-
tion. However, another study did not confirm increased 
rates of hip, wrist, and vertebral fractures in patients with 
CKD independent of age and sex.286

In patients undergoing dialysis, the studies are very con-
sistent and demonstrate a higher prevalence of hip fracture 
in patients undergoing dialysis than in the general popula-
tion in all age groups.198,287 Dialysis recipients in their 40s 
have a relative risk of hip fracture 80-fold higher than the 
relative risk in age- and sex-matched controls.287 Patients 
undergoing hemodialysis may have a 50% higher rate of hip 
fractures than patients undergoing peritoneal dialysis.288 
Furthermore, hip fractures in patients on dialysis were 
found to be associated with a doubling of the mortality 
observed in hip fractures in patients not on dialysis.198,289 
Depending on the study, 10% to 52% of prevalent patients 
undergoing dialysis have fractures.169 Unfortunately, most of 
these studies are of cross-sectional design or were cohort 
studies with limited follow-up.

Elevated PTH values are known to cause abnormal bone 
remodeling, especially of cortical bone. HRpQCT shows a 
rapid decline in cortical bone in patients on dialysis.290 In 
prevalent patients undergoing dialysis who have secondary 
hyperparathyroidism, clinical fractures are predominantly 
cortical in location.290a However, the association of PTH with 
fracture has been inconsistent,169 perhaps because both 
high and low PTH values are associated with fractures. 
Other risk factors associated with CKD include older age, 
female sex, low serum albumin, prior kidney transplanta-
tion, and peripheral vascular disease.291-294 Falls are also 
increased in patients with CKD and predispose to fracture. 
The increased falls in patients undergoing dialysis may be 
due to peripheral vascular disease,287 low muscle strength, 
impaired neuromuscular function,295 and the administra-
tion of psychoactive medications.292

In summary, the abnormalities of bone, in terms of both 
quality and quantity, variable biochemical abnormalities, 
and multiple comorbid conditions likely all contribute to 
the pathogenesis of fractures in ESKD. This complexity also 
may limit generalizability of therapies routinely used in the 
general population to patients with the disease.

increased mortality risk beginning at vitamin D levels below 
30 ng/mL. Vitamin D deficiency was also associated with 
significantly higher rates of death due to cancer and respira-
tory diseases.254

The results of randomized trials demonstrating efficacy 
of vitamin D supplementation on fractures and falls have 
been mixed. One of the reasons is the concomitant use of 
calcium in most studies, and another is the wide differences 
in dose of vitamin D utilized. According to the latest update 
of the Cochrane Review analysis of vitamin D and vitamin D 
analogs for prevention of fractures in postmenopausal 
women and older men, vitamin D alone is unlikely to 
prevent fractures in the doses and formulations tested so 
far. However, supplements of vitamin D and calcium may 
prevent hip or any type of fracture. A small but significant 
increase in gastrointestinal symptoms and renal disease was 
associated with vitamin D and calcium. The researchers 
found no evidence of an increased risk of death from taking 
calcium and vitamin D.255

Vitamin D deficiency (<20 ng/mL) and insufficiency 
(<30 ng/mL) are common in patients with CKD, only 29% 
and 17% of those with stage 3 and 4 disease, respectively, 
having sufficient levels in one study.256 This prevalence of 
deficiency and insufficiency in an ambulatory CKD popula-
tion is similar to that in non-CKD nursing home residents, 
hospitalized patients, and elderly women with hip fractures. 
However, the prevalences of frank deficiency (<10 mg/mL) 
were 14% and 26% in patients with stage 3 and 4 CKD, 
respectively.256 Several other investigators have similarly 
found widespread vitamin D insufficiency in patients with 
CKD, although not all investigators have identified a rela-
tionship with CKD stage.256-259

Evidence from epidemiologic studies suggests that vitamin 
D deficiency as well as supplementation of vitamin D plays 
a role in survival outcomes in patients with CKD regardless 
of dialysis status.260-265 A meta-analysis of prospective studies 
demonstrated a significant decrease, 14%, in mortality risk 
for every 10–ng/mL increase in vitamin D level.266 Further-
more, the survival benefit with vitamin D supplementation 
appears to be independent of changes in serum calcium, Pi, 
and PTH levels. Although there is no direct explanation for 
the apparent survival benefits associated with vitamin D, 
indirect supportive evidence can be derived from studies 
showing an association of low levels of vitamin D and cal-
citriol with cardiovascular risk factors, including higher 
renin activity, hypertension, left ventricular hypertrophy, 
inflammation, insulin resistance, diabetes mellitus, and 
albuminuria.267-269

In animal studies, activated vitamin D inhibits renin pro-
duction.270,271 Human studies have demonstrated an inverse 
relationship between the level of vitamin D and degree  
of albuminuria.272,273 Several trials in patients with CKD 
reported that the use of an active vitamin D analog, parical-
citol, resulted in a significant reduction in proteinuria.274-276 
Evaluation of patients with CKD not undergoing dialysis 
found a correlation between decreasing vitamin D levels 
and worsening brachial artery flow-mediated dilation as a 
marker of endothelial dysfunction.277 Other studies have 
demonstrated that patients undergoing hemodialysis who 
have received cholecalciferol supplements have decreased 
inflammatory parameters, as indicated by increased serum 
albumin and reduction of both C-reactive protein and 
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function and angiographically proven coronary artery 
disease.300 Nearly 50% to 60% of patients starting hemodi-
alysis have evidence of coronary artery calcification,301 with 
higher prevalence in patients with diabetes.302 The preva-
lence of detectable coronary or peripheral artery calcifica-
tion is 51% to 93% in prevalent patients undergoing dialysis 
and 47% to 83% in patients with CKD stages 3 through 5. 
Valvular calcification is similarly common, occurring in 20% 
to 47% of patients on dialysis.169 Studies that have evaluated 
the natural history of coronary calcification demonstrate 
that once it is present, the course is progressive. In contrast, 
many patients without calcification remain free of it for 
several years.169,303,304 The presence of calcification in the 
coronary arteries, valves, and peripheral arteries is associ-
ated with increased mortality.221 Given the high prevalence 
of calcification, it is currently uncertain whether routine 
imaging offers clinical utility or whether it can help stratify 
patients whose calcification will and will not respond to 
specific therapies.

There is an inverse relationship between bone mineraliza-
tion and vascular calcification in patients on dialysis. There 
are several different, not mutually exclusive, mechanisms by 
which disturbances in the bone metabolism may cause or 
accelerate vascular calcification.300,305 Interestingly, it appears 
to be low-turnover bone disease that leads to greatest risk of 
vascular calcification. London and colleagues evaluated 
patients on hemodialysis who underwent assessment of vas-
cular calcification by ultrasonography with semiquantitative 
scoring and by bone biopsy with histomorphometry. Those 
patients with lowest bone formation rates and decreased 
osteoblast surfaces had the greatest degree of peripheral 
artery calcification, and this relationship held true in patients 
with and without previous parathyroidectomy.306 Another 
study found that patients with low-turnover bone disease on 
biopsy were more likely to have progression of coronary 
artery calcification over 1 year as assessed by serial multislice 
CT than those with high-turnover bone disease.203 Abnor-
malities in both cortical and trabecular bone on HRpQCT 
were associated with coronary artery calcification.307 The 
likely mechanism for these findings is that adynamic bone 
cannot incorporate an acute calcium load, whereas actively 
remodeling bone can, as demonstrated by Kurz and associ-
ates using radiolabeled calcium.200 In contrast to evidence in 
low-turnover bone disease, data are less robust as to the 
effects of high-turnover bone disease on vascular calcifica-
tion, perhaps because the treatments for high-turnover bone 
disease confound the effects of calcification.

CKD-MBD IN KIDNEY  
TRANSPLANT RECIPIENTS

Bone and mineral disorders are universal complications in 
patients with CKD prior to transplantation. Ideally, all of 
these complications would be improved with successful 
kidney transplantation. Unfortunately, in many cases, kidney 
transplantation achieves milder forms of CKD (as opposed 
to normal kidney function), and thus transplant recipients 
still suffer from disorders associated with CKD-MBD. In 
addition, disorders of mineral metabolism occur following 
successful transplantation, including the effects of medica-
tions (steroids and calcineurin inhibitors), persistence of 

EXTRASKELETAL CALCIFICATION

Arterial calcification has a multitude of clinical manifesta-
tions. Intimal calcification (in association with atheroscle-
rotic disease) can lead to myocardial infarction from stenosis 
and acute thrombus or to ischemia in both coronary and 
peripheral arteries. Medial calcification (or circumferential 
calcification) can lead to arterial stiffening, with reduced 
compliance of the artery and an inability to appropriately 
dilate in the setting of increased stress. In the coronary 
arteries, similar symptoms of ischemia can develop, and in 
theory could lead to arrhythmias and sudden death. In the 
larger arteries such as the aorta, calcification can lead to 
increased pulse wave velocity and elevated pulse pressure 
and is commonly associated with systolic hypertension in the 
elderly, a known risk factor for cardiovascular disease in the 
general population. In addition, the premature return of 
wave reflections during systole (instead of diastole) can lead 
to altered coronary perfusion with subsequent left ventricu-
lar hypertrophy. Lastly, calcification of the arterioles of the 
skin and other organs can lead to localized infarction and 
ischemia, including ischemic bowel and calciphylaxis.

VASCULAR CALCIFICATION IN PATIENTS WITH CKD
The high prevalence of vascular calcification in patients 
with CKD is not a new observation. In 1979, Ibels and col-
leagues demonstrated that both renal and internal iliac 
arteries of patients undergoing renal transplantation had 
greater atherogenic/intimal disease and increased calcifica-
tion (detected by biochemical methods) than transplant 
donors.296 In addition, the medial layer was thicker and 
more calcified in uremic patients than in the donors.296 
A study comparing histologic changes in coronary  
arteries from patients undergoing dialysis at autopsy were 
compared with non-dialysis, age-matched patients who had 
died from a cardiac event, found similar magnitudes of 
atherosclerotic plaque burden and intimal thickness, but 
with more calcification in the dialysis recipients.297 In addi-
tion, morphometry of the arteries demonstrated increased 
medial thickening.297 When these same investigators evalu-
ated more distal segments of the coronary arteries, they 
found medial calcification.298 Studies of the inferior epigas-
tric artery of patients undergoing kidney transplantation 
demonstrated calcification in 31% of patients, with histol-
ogy demonstrating isolated medial calcification without evi-
dence of atherosclerotic or intimal changes, and both 
medial and intimal calcification in the same artery without 
disruption of the internal elastic lamina.299 Thus, there is 
histologic evidence of (1) increased arterial calcification in 
coronary, renal, and iliac arteries of patients who undergo 
dialysis than in those who do not and (2) the presence of 
both intimal and medial calcification in patients undergo-
ing dialysis, and this can occur independently of each other 
suggesting unique inciting factors. As noted previously, it is 
likely that calcification of plaque (atherosclerosis) and cal-
cification of medial layer occur by similar mechanisms. 
However, the initiating event is clearly different.

Braun and colleagues first demonstrated that coronary 
artery calcification as detected by EBCT increased with 
advancing age in patients on dialysis and that the calcifica-
tion scores were twofold to fivefold higher in patients on 
dialysis than in age-matched individuals with normal renal 

http://www.myuptodate.com


 CHAPTER 55 — CHRoNiC KiDNEy DisEAsE–MiNERAl BoNE DisoRDER 1851

fracture developed in 22.5% within 5 years.316 In a study of 
first-time kidney transplant recipients between 1997 and 
2010, the incidence of hip fracture was 3.8 per 1000 person-
years. The risk of fracture in 2010 was 0.56 (95% confidence 
interval, 0.47 to 0.77) in comparison with that in 1997, indi-
cating a decrease over the 13-year period, presumably due 
to changes in immunosuppression therapy.317 Factors associ-
ated with greater fracture risk during the first 5 years 
included female gender, age greater than 45 years, Cauca-
sian race, recipient of a deceased donor kidney, increased 
human leukocyte antigen mismatches, diabetes, pretrans-
plantation dialysis, steroid use, and an aggressive induction 
regimen.316 Importantly, even with the use of steroid-sparing 
regimens, total (all sites) fractures have occurred in up to 
50% of kidney transplant recipients at 6 years.317,318 In con-
trast, a recent study from Canada evaluated 4821 kidney 
transplant recipients and found the 10-year cumulative inci-
dence of hip fracture was 1.7%.318a 

Studies evaluating bone histology in recipients of kidney 
transplants are limited. The main alteration is an uncou-
pling of bone remodeling, which results in a decrease of 
bone formation with persistent bone resorption and net 
bone loss. In a small cohort of young patients who under-
went transplantation prior to the initiation of dialysis and 
were treated predominantly with corticosteroids, bone  
biopsies revealed a mineralization defect as early as 6  
months after transplantation.319 Another study evaluating 
the early histologic changes after transplantation revealed 
that osteoid volume, osteoid thickness, osteoid resorption 
surface, and osteoclast surface were above the normal range 
before transplantation and remained increased approxi-
mately 35 days afterwards. However, osteoid and osteoblast 
surfaces, which also were increased before transplantation, 
were significantly decreased approximately 35 days after 
transplantation.320 Both bone formation and mineralization 
were also inhibited after transplantation. An important 
observation was that although none of the pretransplanta-
tion biopsy specimens showed evidence of apoptosis, 45% 
of posttransplantation specimens showed significant apop-
tosis after an average of only 35 days. Thus, early posttrans-
plantation apoptosis and a decrease in osteoblast number 
and osteoblast surface play a role in the pathogenesis of 
posttransplantation bone disease that may be related directly 
to the use of glucocorticoids.320 The few evaluations that 
examined the longer-term effect of transplantation on bone 
histology generally demonstrate low bone turnover and his-
tology consistent with adynamic bone disease.321,322 Lehmann 
and colleagues performed a retrospective study of 57 
patients after approximately 54 months after kidney trans-
plantation.322 Seven histologic subgroups were identified: 
normal, osteitis fibrosa cystica, mild osteitis fibrosa, mixed 
uremic bone disease, osteomalacia, adynamic bone disease, 
and osteoporosis. Given the limited number of patients in 
the study, no significant correlations were observed. 
However, this study did show a variable degree of histologic 
abnormalities following transplantation that could not have 
been predicted by biochemical testing and confirmed that 
preexisting bone disease lesions persist in the posttransplan-
tation period.

The effect of other immunosuppressive agents on bone 
histology has also been examined. Bone biopsies performed 
approximately 10 years after transplantation in patients 

underlying disorders (hyperparathyroidism and vitamin D 
deficiency), development of hyperphosphaturia with hypo-
phosphatemia, and the recurrence of varying degrees of 
CKD, which, unfortunately persists after transplantation.

BIOCHEMICAL CHANGES AFTER 
TRANSPLANTATION

Biochemical changes of mineral metabolism are common 
in patients after kidney transplantation.308-311 Decreased cal-
cidiol levels are common in kidney transplant recipients, 
with reported prevalence of up to 81%.309 The causes are 
multifactorial, and may include nutritional deficiency, mal-
absorption, and decreased sun exposure. However, the 
improvement in kidney function results in an increase in 
CYP27B1 activity, resulting in greater conversion of calcidiol 
to calcitriol, which subsequently causes a gradual decrease 
in PTH concentrations during the first 3 to 6 months after 
transplantation. However, persistent hyperparathyroidism 
exists in about 33% and 20% of patients at 6 and 12 months, 
respectively.312 FGF-23 concentrations decrease immediately 
after transplantation, although they remain inappropriately 
elevated for the prevailing serum Pi concentration. By about 
3 months after transplantation, FGF-23 concentrations  
are reduced by 89%, and at 12 months FGF-23 concentra-
tions appear to be similar to those in patients without trans-
plantation who have comparable stages of CKD.309 The 
elevated FGF-23 inhibits CYP27B1 and contributes to the 
low calcitriol concentrations observed in the early post-
transplantation period, likely contributing to the persistent 
hyperparathyroidism seen after transplantation. The ele-
vated FGF-23 and PTH concentrations combined with the 
low calcitriol concentrations likely contribute to hypophos-
phatemia observed in many transplant recipients.312,313

Serum calcium levels typically drop very early after trans-
plantation, as a result of cessation of therapy with calcitriol 
and its analogs and/or calcium-containing phosphate 
binders. After that initial drop, however, calcium concentra-
tions progressively increase, with hypercalcemia developing 
in a substantial number of patients during the first to third 
month after transplantation. Hypercalcemia can be tran-
sient, resolving by 6 to 8 months in some cases but lasting 
for many years in others. Hypercalcemia is typically associ-
ated with hyperparathyroidism and results from enhanced 
renal tubular reabsorption of calcium under the influence 
of PTH in the functioning allograft, the effects of calcitriol 
on the gastrointestinal absorption of calcium, and, poten-
tially, a direct effect of PTH in causing calcium efflux from 
bone. Low bone turnover with relatively low PTH may also 
result in hypercalcemia because the bone is not able to act 
as a buffer for the circulating calcium pool.308,309

BONE CHANGES AFTER TRANSPLANTATION

These disorders of mineral metabolism and the associated 
bone disease lead to the development of fractures following 
transplantation, which occur after up to 44% of successful 
transplantations.308 This fracture risk appears to be less than 
that observed with other solid organ transplants.308 The 
combination of a kidney-pancreas transplantation raises 
fracture risk above that associated with kidney transplanta-
tion alone.314,315 In a retrospective analysis of 68,814 patients, 
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cardiovascular events and all-cause mortality. Unfortunately 
there are few studies of the impact of vascular calcification 
in transplant recipients. Although preexisting calcifications 
progress after transplantation, they appear to do so at a 
much slower rate than prior to transplantation.328,329 A 
review of 13 clinical studies of the impact of vascular calci-
fications on kidney transplant recipients shows that as in the 
CKD population, the association of both traditional and 
nontraditional risk factors is variable in patients who have 
undergone transplantation.330 There is a strong association 
between baseline coronary artery calcification score and 
progression. A significant improvement in secondary hyper-
parathyroidism after transplantation favorably affects the 
progression of coronary artery calcification. Independent 
risk factors of coronary artery calcification include low levels 
of calcidiol, fetuin-A, and MGP. Although diabetes is a risk 
factor for the presence of coronary artery calcification in 
transplant recipients, it has not been independently associ-
ated with progression of coronary artery calcification. The 
data on the effects of immunosuppressive drugs as factors 
in progression are few and inconclusive; however, it does 
appear that mycophenolate mofetil may have a beneficial 
effect because its antiproliferative action may inhibit smooth 
muscle cell proliferation, thus having a favorable effect on 
endothelial cell activity.330 In the general population and in 
patients with ESKD, there is an inverse relationship between 
coronary artery calcification and bone density. This associa-
tion has not been shown in kidney or kidney-pancreas trans-
plant recipients.331

SUMMARY

In summary, kidney transplantation results in persistence of 
some abnormalities of CKD-MBD. With changing immuno-
suppressive protocols and persistence of CKD of varying 
degrees, the treatment is difficult. Later reviews have high-
lighted the importance of treatment before transplantation 
to ensure better outcomes and have called for more studies 
in both children and adults.310,311,332

Complete reference list available at ExpertConsult.com.

KEY REFERENCES
1. Moe S, Drueke T, Cunningham J, et al: Definition, evaluation, and 

classification of renal osteodystrophy: a position statement from 
Kidney Disease: Improving Global Outcomes (KDIGO). Kidney Int 
69:1945–1953, 2006.

7. Hill KM, Martin BR, Wastney ME, et al: Oral calcium carbonate 
affects calcium but not phosphorus balance in stage 3-4 chronic 
kidney disease. Kidney Int 83:959–966, 2013.

22. Bindels RJ: 2009 Homer W. Smith Award: Minerals in motion: 
from new ion transporters to new concepts. J Am Soc Nephrol 
21:1263–1269, 2010.

25. Brennan SC, Thiem U, Roth S, et al: Calcium sensing receptor 
signalling in physiology and cancer. Biochim Biophys Acta 
1833:1732–1744, 2013.

32. Rodriguez-Ortiz ME, Canalejo A, Herencia C, et al: Magnesium 
modulates parathyroid hormone secretion and upregulates para-
thyroid receptor expression at moderately low calcium concentra-
tion. Nephrol Dial Transplant 29:282–289, 2014.

49. Raggi P, Chertow GM, Torres PU, et al: The ADVANCE study: a 
randomized study to evaluate the effects of cinacalcet plus low-
dose vitamin D on vascular calcification in patients on hemodialy-
sis. Nephrol Dial Transplant 26:1327–1339, 2011.

55. Sprague SM, Moe SM: The case for routine parathyroid hormone 
monitoring. Clin J Am Soc Nephrol 8:313–318, 2013.

whose treatment included cyclosporine monotherapy, aza-
thioprine and prednisone, or triple therapy revealed no 
differences among the immunosuppressant regimens.323,324 
A subgroup analysis of 21 patients with normal PTH levels 
showed that cyclosporine monotherapy was associated with 
a more pronounced decrease in bone thickness than the 
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alizing surface. Predictive factors for eroded bone surface 
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Initial studies examining bone mineral content by densi-
tometry show severe and rapid bone loss.319 However, later 
studies have not found the dramatic decrease initially 
described, perhaps because of the current practice of using 
lower steroid dosages or steroid-free immunosuppression 
regimens.308,325 The use of corticosteroids is the major deter-
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VASCULAR CALCIFICATION CHANGES  
AFTER TRANSPLANTATION

Most transplant recipients enter their posttransplant course 
with a preexisting burden of vascular calcification; as in 
patients with CKD, vascular calcification strongly predicts 

http://www.ExpertConsult.com
http://www.myuptodate.com


 CHAPTER 55 — CHRoNiC KiDNEy DisEAsE–MiNERAl BoNE DisoRDER 1853

dialysis patients: a prospective study. Am J Kidney Dis 52:1139–1150, 
2008.

212. Nickolas TL, Stein E, Cohen A, et al: Bone mass and microarchi-
tecture in CKD patients with fracture. J Am Soc Nephrol 21:1371–
1380, 2010.

217. London GM, Guerin AP, Marchais SJ, et al: Arterial media calcifi-
cation in end-stage renal disease: impact on all-cause and cardio-
vascular mortality. Nephrol Dial Transplant 18:1731–1740, 2003.

222. Bellasi A, Block GA, Ferramosca E, et al: Integration of clinical 
and imaging data to predict death in hemodialysis patients. Hemo-
dial Int 17:12–18, 2013.

229. Palmer SC, Hayen A, Macaskill P, et al: Serum levels of phospho-
rus, parathyroid hormone, and calcium and risks of death and 
cardiovascular disease in individuals with chronic kidney disease: 
a systematic review and meta-analysis. JAMA 305:1119–1127, 2011.

233. Isakova T, Xie H, Yang W, et al: Fibroblast growth factor 23 and 
risks of mortality and end-stage renal disease in patients with 
chronic kidney disease. JAMA 305:2432–2439, 2011.

239. Gutierrez OM, Mannstadt M, Isakova T, et al: Fibroblast growth 
factor 23 and mortality among patients undergoing hemodialysis. 
N Engl J Med 359:584–592, 2008.

246. Ross AC, Manson JE, Abrams SA, et al: The 2011 report on dietary 
reference intakes for calcium and vitamin D from the Institute of 
Medicine: what clinicians need to know. J Clin Endocrinol Metab 
96:53–58, 2011.

259. Levin A, Bakris GL, Molitch M, et al: Prevalence of abnormal 
serum vitamin D, PTH, calcium, and phosphorus in patients with 
chronic kidney disease: Results of the study to evaluate early 
kidney disease. Kidney Int 71:31–38, 2007.

265. Zheng Z, Shi H, Jia J, et al: Vitamin D supplementation and mor-
tality risk in chronic kidney disease: a meta-analysis of 20 observa-
tional studies. BMC Nephrol 14:199, 2013.

276. de Zeeuw D, Agarwal R, Amdahl M, et al: Selective vitamin D 
receptor activation with paricalcitol for reduction of albuminuria 
in patients with type 2 diabetes (VITAL study): a randomised 
controlled trial. Lancet 376:1543–1551, 2010.

290. Nickolas TL, Stein EM, Dworakowski E, et al: Rapid cortical bone 
loss in patients with chronic kidney disease. J Bone Miner Res 
28:1811–1820, 2013.

294. Nickolas TL, Cremers S, Zhang A, et al: Discriminants of preva-
lent fractures in chronic kidney disease. J Am Soc Nephrol 22:1560–
1572, 2011.

298. Gross ML, Meyer HP, Ziebart H, et al: Calcification of coronary 
intima and media: immunohistochemistry, backscatter imaging, 
and x-ray analysis in renal and nonrenal patients. Clin J Am Soc 
Nephrol 2:121–134, 2007.

309. Alshayeb HM, Josephson MA, Sprague SM: CKD-mineral and 
bone disorder management in kidney transplant recipients. Am J 
Kidney Dis 61:310–325, 2013.

310. Haffner D, Schuler U: Metabolic bone disease after renal trans-
plantation. Curr Opin Pediatr 26:198–206, 2014.

317. Sukumaran Nair S, Lenihan CR, Montez-Rath ME, et al: Temporal 
trends in the incidence, treatment and outcomes of hip fracture 
after first kidney transplantation in the United States. Am J Trans-
plant 14:943–951, 2014.

327. Iyer SP, Nikkel LE, Nishiyama KK, et al: Kidney transplantation with 
early corticosteroid withdrawal: paradoxical effects at the central 
and peripheral skeleton. J Am Soc Nephrol 25:1331–1341, 2014.

330. Cianciolo G, Capelli I, Angelini ML, et al: Importance of vascular 
calcification in kidney transplant recipients. Am J Nephrol 39:418–
426, 2014.

332. Sgambat K, Moudgil A: Optimization of bone health in children 
before and after renal transplantation: current perspectives and 
future directions. Front Pediatr 2:13, 2014.

58. Jones G: Extrarenal vitamin D activation and interactions between 
vitamin D(2), vitamin D(3), and vitamin D analogs. Annu Rev Nutr 
33:23–44, 2013.

59. Chanakul A, Zhang MY, Louw A, et al: FGF-23 regulates CYP27B1 
transcription in the kidney and in extra-renal tissues. PLoS One 
8:e72816, 2013.

69. Hu MC, Shi M, Zhang J, et al: Renal production, uptake, and 
handling of circulating α klotho. J Am Soc Nephrol 2015 May 14. 
[Epub ahead of print.]

71. Isakova T, Wahl P, Vargas GS, et al: Fibroblast growth factor 23 is 
elevated before parathyroid hormone and phosphate in chronic 
kidney disease. Kidney Int 79:1370–1378, 2011.

72. Hu MC, Kuro-o M, Moe OW: Renal and extrarenal actions of 
Klotho. Semin Nephrol 33:118–129, 2013.

76. Faul C, Amaral AP, Oskouei B, et al: FGF23 induces left ventricu-
lar hypertrophy. J Clin Invest 121:4393–4408, 2011.

84. de Borst MH, Vervloet MG, ter Wee PM, et al: Cross talk between 
the renin-angiotensin-aldosterone system and vitamin D-FGF-23-
klotho in chronic kidney disease. J Am Soc Nephrol 22:1603–1609, 
2011.

92. Baron R: Kneissel M: WNT signaling in bone homeostasis and 
disease: from human mutations to treatments. Nat Med 19:179–
192, 2013.

101. Rhee Y, Lee EY, Lezcano V, et al: Resorption controls bone anabo-
lism driven by parathyroid hormone (PTH) receptor signaling in 
osteocytes. J Biol Chem 288:29809–29820, 2013.

133. Giachelli CM: The emerging role of phosphate in vascular calci-
fication. Kidney Int 75:890–897, 2009.

141. Ketteler M, Bongartz P, Westenfeld R, et al: Association of low 
fetuin-A (AHSG) concentrations in serum with cardiovascular 
mortality in patients on dialysis: a cross-sectional study. Lancet 
361:827–833, 2003.

147. Ketteler M, Rothe H, Brandenburg VM, et al: The K-factor in 
chronic kidney disease: biomarkers of calcification inhibition and 
beyond. Nehrol Dial Transplant 29:1267–1270, 2014.

163. Lavi-Moshayoff V, Wasserman G, Meir T, et al: PTH increases 
FGF23 gene expression and mediates the high-FGF23 levels of 
experimental kidney failure: a bone parathyroid feedback loop. 
Am J Physiol Renal Physiol 299:F882–F889, 2010.

164. Rodriguez-Ortiz ME, Lopez I, Munoz-Castaneda JR, et al: Calcium 
deficiency reduces circulating levels of FGF23. J Am Soc Nephrol 
23:1190–1197, 2012.

166. Sprague SM, Bellorin-Font E, Jorgetti V, et al: Diagnostic accuracy 
of bone turnover markers and bone histology in patients with 
chronic kidney disease treated by dialysis. Am J Kidney Dis 2015 
(in press).

169. Bellorin-Font E, Ambrosoni P, Carlini RG, et al: KDIGO Clinical 
Practice Guidelines for the diagnosis, evaluation, prevention, and 
treatment of chronic kidney disease-mineral and bone disorder 
(CKD-MBD). Kidney Int 76:S1–S130, 2009.

182. Moorthi R, Moe S: Recent advances in the non-invasive diagnosis 
of renal osteodystrophy. Kidney Int 84:886–894, 2013.

185. Sherrard DJ, Hercz G, Pei Y, et al: The spectrum of bone disease 
in end-stage renal failure—an evolving disorder. Kidney Int 
43:436–442, 1993.

188. Alfrey AC: Aluminum and renal disease. Contrib Nephrol 102:110–
124, 1993.

189. National Kidney Foundation: K/DOQI clinical practice guide-
lines for bone metabolism and disease in chronic kidney disease. 
Am J Kidney Dis 42:S1–S201, 2003.

196. Ott SM: Bone disease in CKD. Curr Opin Nephrol Hypertens 21:376–
381, 2012.

203. Barreto DV, Barreto Fde C, Carvalho AB, et al: Association of 
changes in bone remodeling and coronary calcification in hemo-

http://www.myuptodate.com


 CHAPTER 55 — CHRoNiC KiDNEy DisEAsE–MiNERAl BoNE DisoRDER 1853.e1

REFERENCES
1. Moe S, Drueke T, Cunningham J, et al: Definition, evaluation, and 

classification of renal osteodystrophy: a position statement from 
Kidney Disease: Improving Global Outcomes (KDIGO). Kidney Int 
69:1945–1953, 2006.

2. Portale AA, Halloran BP, Morris RC, Jr: Dietary intake of phos-
phorus modulates the circadian rhythm in serum concentration 
of phosphorus: implications for the renal production of 
1,25-dihydroxyvitamin D. J Clin Invest 80:1147–1154, 1987.

3. Moe SM, Zidehsarai MP, Chambers MA, et al: Vegetarian com-
pared with meat dietary protein source and phosphorus homeo-
stasis in chronic kidney disease. Clin J Am Soc Nephrol 6:257–264, 
2011.

4. Sherman RA, Mehta O: Phosphorus and potassium content of 
enhanced meat and poultry products: implications for patients 
who receive dialysis. Clin J Am Soc Nephrol 4:1370–1373, 2009.

5. Leon JB, Sullivan CM, Sehgal AR: The prevalence of phosphorus-
containing food additives in top-selling foods in grocery stores.  
J Renal Nutr 23:265–270, e262, 2013.

6. Calvo MS, Moshfegh AJ, Tucker KL: Assessing the health impact 
of phosphorus in the food supply: issues and considerations. Adv 
Nutr 5:104–113, 2014.

7. Hill KM, Martin BR, Wastney ME, et al: Oral calcium carbonate 
affects calcium but not phosphorus balance in stage 3-4 chronic 
kidney disease. Kidney Int 83:959–966, 2013.

8. Lee GJ, Marks J: Intestinal phosphate transport: a therapeutic 
target in chronic kidney disease and beyond? Pediatr Nephrol 
30:363–371, 2015.

9. Amasheh S, Milatz S, Krug SM, et al: Tight junction proteins as 
channel formers and barrier builders. Ann N Y Acad Sci 1165:211–
219, 2009.

10. Sabbagh Y, O’Brien SP, Song W, et al: Intestinal npt2b plays a 
major role in phosphate absorption and homeostasis. J Am Soc 
Nephrol 20:2348–2358, 2009.

11. Schiavi SC, Tang W, Bracken C, et al: Npt2b deletion attenuates 
hyperphosphatemia associated with CKD. J Am Soc Nephrol 
23:1691–1700, 2012.

12. Marks J, Churchill LJ, Debnam ES, et al: Matrix extracellular 
phosphoglycoprotein inhibits phosphate transport. J Am Soc 
Nephrol 19:2313–2320, 2008.

13. Khuituan P, Wongdee K, Jantarajit W, et al: Fibroblast growth 
factor-23 negates 1,25(OH)2D3-induced intestinal calcium trans-
port by reducing the transcellular and paracellular calcium fluxes. 
Arch Biochem Biophys 536:46–52, 2013.

14. Gauci C, Moranne O, Fouqueray B, et al: Pitfalls of measuring 
total blood calcium in patients with CKD. J Am Soc Nephrol 
19:1592–1598, 2008.

15. Glendenning P: It is time to start ordering ionized calcium more 
frequently: preanalytical factors can be controlled and postanalyti-
cal data justify measurement. Ann Clin Biochem 50:191–193, 2013.

16. Spiegel DM, Brady K: Calcium balance in normal individuals and 
in patients with chronic kidney disease on low- and high-calcium 
diets. Kidney Int 81:1116–1122, 2012.

17. Woudenberg-Vrenken TE, Lameris AL, Weissgerber P, et al: Func-
tional TRPV6 channels are crucial for transepithelial Ca2+ absorp-
tion. Am J Physiol Gastrointest Liver Physiol 303:G879–G885, 2012.

18. Bronner F: Recent developments in intestinal calcium absorption. 
Nutr Rev 67:109–113, 2009.

19. Masuyama R: Role of local vitamin D signaling and cellular 
calcium transport system in bone homeostasis. J Bone Miner Metab 
32:1–9, 2014.

20. Liu N, Nguyen L, Chun RF, et al: Altered endocrine and autocrine 
metabolism of vitamin D in a mouse model of gastrointestinal 
inflammation. Endocrinology 149:4799–4808, 2008.

21. Hoorn EJ, Zietse R: Disorders of calcium and magnesium balance: 
a physiology-based approach. Pediatr Nephrol 28:1195–1206, 2013.

22. Bindels RJ: 2009 Homer W. Smith Award: Minerals in motion: 
from new ion transporters to new concepts. J Am Soc Nephrol 
21:1263–1269, 2010.

22a. de Groot T, Kovalevskaya NV, Verkaart S, et al: Molecular mecha-
nisms of calmodulin action on TRPV5 and modulation by para-
thyroid hormone. Mol Cell Biol 31(14):2845–2853, 2011.

23. Leunissen EH, Nair AV, Bull C, et al: The epithelial calcium 
channel TRPV5 is regulated differentially by klotho and sialidase. 
J Biol Chem 288:29238–29246, 2013.

24. Brown EM, Gamba G, Riccardi D, et al: Cloning and characteriza-
tion of an extracellular Ca(2+)-sensing receptor from bovine para-
thyroid. Nature 366:575–580, 1993.

25. Brennan SC, Thiem U, Roth S, et al: Calcium sensing receptor 
signalling in physiology and cancer. Biochim Biophys Acta 
1833:1732–1744, 2013.

26. Conigrave AD, Ward DT: Calcium-sensing receptor (CaSR): phar-
macological properties and signaling pathways. Best Pract Res Clin 
Endocrinol Metab 27:315–331, 2013.

27. Brennan SC, Davies TS, Schepelmann M, et al: Emerging roles of 
the extracellular calcium-sensing receptor in nutrient sensing: 
control of taste modulation and intestinal hormone secretion. Br 
J Nutr 111(Suppl 1):S16–S22, 2014.

28. de Groot T, Kovalevskaya NV, Verkaart S, et al: Molecular mecha-
nisms of calmodulin action on TRPV5 and modulation by para-
thyroid hormone. Mol Cell Biol 31:2845–2853, 2011.

29. Kos CH, Karaplis AC, Peng JB, et al: The calcium-sensing receptor 
is required for normal calcium homeostasis independent of para-
thyroid hormone. J Clin Invest 111:1021–1028, 2003.

30. Egbuna O, Quinn S, Kantham L, et al: The full-length 
calcium-sensing receptor dampens the calcemic response to 
1alpha,25(OH)2 vitamin D3 in vivo independently of parathyroid 
hormone. Am J Physiol Renal Physiol 297:F720–F728, 2009.

31. Kantham L, Quinn SJ, Egbuna OI, et al: The calcium-sensing 
receptor (CaSR) defends against hypercalcemia independently of 
its regulation of parathyroid hormone secretion. Am J Physiol Endo-
crinol Metab 297:E915–E923, 2009.

32. Rodriguez-Ortiz ME, Canalejo A, Herencia C, et al: Magnesium 
modulates parathyroid hormone secretion and upregulates para-
thyroid receptor expression at moderately low calcium concentra-
tion. Nephrol Dial Transplant 29:282–289, 2014.

33. Latus J, Lehmann R, Roesel M, et al: Analysis of alpha-klotho, 
fibroblast growth factor-, vitamin-D and calcium-sensing receptor 
in 70 patients with secondary hyperparathyroidism. Kidney Blood 
Press Res 37:84–94, 2013.

34. Sumida K, Nakamura M, Ubara Y, et al: Cinacalcet upregulates 
calcium-sensing receptors of parathyroid glands in hemodialysis 
patients. Am J Nephrol 37:405–412, 2013.

35. Tyler Miller R: Control of renal calcium, phosphate, electrolyte, 
and water excretion by the calcium-sensing receptor. Best Pract Res 
Clin Endocrinol Metab 27:345–358, 2013.

36. Renkema KY, Velic A, Dijkman HB, et al: The calcium-sensing 
receptor promotes urinary acidification to prevent nephrolithia-
sis. J Am Soc Nephrol 20:1705–1713, 2009.

37. Riccardi D, Brennan SC, Chang W: The extracellular calcium-
sensing receptor, CaSR, in fetal development. Best Pract Res Clin 
Endocrinol Metab 27:443–453, 2013.

38. Xue Y, Xiao Y, Liu J, et al: The calcium-sensing receptor comple-
ments parathyroid hormone-induced bone turnover in discrete 
skeletal compartments in mice. Am J Physiol Endocrinol Metab 
302:E841–E851, 2012.

39. Gonzalez-Vazquez A, Planell JA, Engel E: Extracellular calcium 
and CaSR drive osteoinduction in mesenchymal stromal cells. Acta 
Biomater 10:2824–2833, 2014.

40. Sun X, Kishore V, Fites K, et al: Osteoblasts detect pericellular 
calcium concentration increase via neomycin-sensitive voltage 
gated calcium channels. Bone 51:860–867, 2012.

41. David V, Dai B, Martin A, et al: Calcium regulates FGF-23 expres-
sion in bone. Endocrinology 154:4469–4482, 2013.

42. Alam MU, Kirton JP, Wilkinson FL, et al: Calcification is associated 
with loss of functional calcium-sensing receptor in vascular 
smooth muscle cells. Cardiovasc Res 81:260–268, 2009.

43. Henaut L, Boudot C, Massy ZA, et al: Calcimimetics increase  
CaSR expression and reduce mineralization in vascular smooth 
muscle cells: mechanisms of action. Cardiovasc Res 101:256–265, 
2014.

44. Lopez I, Aguilera-Tejero E, Mendoza FJ, et al: Calcimimetic R-568 
decreases extraosseous calcifications in uremic rats treated with 
calcitriol. J Am Soc Nephrol 17:795–804, 2006.

45. Koleganova N, Piecha G, Ritz E, et al: A calcimimetic (R-568), but 
not calcitriol, prevents vascular remodeling in uremia. Kidney Int 
75:60–71, 2009.

46. Ivanovski O, Nikolov IG, Joki N, et al: The calcimimetic R-568 
retards uremia-enhanced vascular calcification and atherosclero-
sis in apolipoprotein E deficient (apoE-/-) mice. Atherosclerosis 
205:55–62, 2009.

http://www.myuptodate.com


1853.e2 sECTioN Viii — THE CoNsEQUENCEs oF ADVANCED KiDNEy DisEAsE

47. Moe SM, Chen NX, Seifert MF, et al: A rat model of chronic 
kidney disease-mineral bone disorder. Kidney Int 75:176–184, 
2009.

48. Ciceri P, Elli F, Brenna I, et al: The calcimimetic calindol prevents 
high phosphate-induced vascular calcification by upregulating 
matrix GLA protein. Nephron Exp Nephrol 122:75–82, 2012.

49. Raggi P, Chertow GM, Torres PU, et al: The ADVANCE study: a 
randomized study to evaluate the effects of cinacalcet plus low-
dose vitamin D on vascular calcification in patients on hemodialy-
sis. Nephrol Dial Transplant 26:1327–1339, 2011.

50. Divieti P, John MR, Juppner H, et al: Human PTH-(7-84) inhibits 
bone resorption in vitro via actions independent of the type 1 
PTH/PTHrP receptor. Endocrinology 143:171–176, 2002.

51. Vilardaga JP, Romero G, Friedman PA, et al: Molecular basis of 
parathyroid hormone receptor signaling and trafficking: a family 
B GPCR paradigm. Cell Mol Life Sci 68:1–13, 2011.

52. Nechama M, Ben-Dov IZ, Silver J, et al: Regulation of PTH mRNA 
stability by the calcimimetic R568 and the phosphorus binder 
lanthanum carbonate in CKD. Am J Physiol Renal Physiol 296:F795–
F800, 2009.

53. Olauson H, Lindberg K, Amin R, et al: Parathyroid-specific dele-
tion of Klotho unravels a novel calcineurin-dependent FGF23 
signaling pathway that regulates PTH secretion. PLoS Genet 
9:e1003975, 2013.

54. Ritter CS, Brown AJ: Direct suppression of Pth gene expression 
by the vitamin D prohormones doxercalciferol and calcidiol 
requires the vitamin D receptor. J Mol Endocrinol 46:63–66, 
2011.

55. Sprague SM, Moe SM: The case for routine parathyroid hormone 
monitoring. Clin J Am Soc Nephrol 8:313–318, 2013.

56. Zella LA, Shevde NK, Hollis BW, et al: Vitamin D-binding protein 
influences total circulating levels of 1,25-dihydroxyvitamin D3 but 
does not directly modulate the bioactive levels of the hormone in 
vivo. Endocrinology 149:3656–3667, 2008.

57. Dusso AS: Update on the biologic role of the vitamin D endocrine 
system. Curr Vasc Pharmacol 12:272–277, 2014.

58. Jones G: Extrarenal vitamin D activation and interactions between 
vitamin D(2), vitamin D(3), and vitamin D analogs. Annu Rev Nutr 
33:23–44, 2013.

59. Chanakul A, Zhang MY, Louw A, et al: FGF-23 regulates CYP27B1 
transcription in the kidney and in extra-renal tissues. PLoS One 
8:e72816, 2013.

60. Hendy GN, Hruska KA, Mathew S, et al: New insights into mineral 
and skeletal regulation by active forms of vitamin D. Kidney Int 
69:218–223, 2006.

61. Nigwekar SU, Tamez H, Thadhani RI: Vitamin D and chronic 
kidney disease-mineral bone disease (CKD-MBD). Bonekey Rep 
3:498, 2014.

62. Demay MB: Physiological insights from the vitamin D receptor 
knockout mouse. Calcif Tissue Int 92:99–105, 2013.

63. Feng JQ, Clinkenbeard EL, Yuan B, et al: Osteocyte regulation of 
phosphate homeostasis and bone mineralization underlies the 
pathophysiology of the heritable disorders of rickets and osteo-
malacia. Bone 54:213–221, 2013.

64. Shimada T, Mizutani S, Muto T, et al: Cloning and characteriza-
tion of FGF23 as a causative factor of tumor-induced osteomalacia. 
Proc Natl Acad Sci U S A 98:6500–6505, 2001.

65. Bellido T, Saini V, Pajevic PD: Effects of PTH on osteocyte func-
tion. Bone 54:250–257, 2013.

66. Kolek OI, Hines ER, Jones MD, et al: 1alpha,25-Dihydroxyvitamin 
D3 upregulates FGF23 gene expression in bone: the final link in 
a renal-gastrointestinal-skeletal axis that controls phosphate trans-
port. Am J Physiol Gastrointest Liver Physiol 289:G1036–G1042, 2005.

67. Quarles LD: Role of FGF23 in vitamin D and phosphate metabo-
lism: implications in chronic kidney disease. Exp Cell Res 318:1040–
1048, 2012.

68. Belov AA, Mohammadi M: Molecular mechanisms of fibroblast 
growth factor signaling in physiology and pathology. Cold Spring 
Harbor Perspect Biol 5:2013.

69. Hu MC, Shi M, Zhang J, et al: Renal production, uptake, and 
handling of circulating α klotho. J Am Soc Nephrol 2015 May 14. 
[Epub ahead of print.]

70. Hu MC, Shi M, Cho HJ, et al: Klotho and phosphate are modula-
tors of pathologic uremic cardiac remodeling. J Am Soc Nephrol 
26:1290–1302, 2015.

71. Isakova T, Wahl P, Vargas GS, et al: Fibroblast growth factor 23 is 
elevated before parathyroid hormone and phosphate in chronic 
kidney disease. Kidney Int 79:1370–1378, 2011.

72. Hu MC, Kuro-o M, Moe OW: Renal and extrarenal actions of 
Klotho. Semin Nephrol 33:118–129, 2013.

73. Chang Q, Hoefs S, van der Kemp AW, et al: The beta-glucuronidase 
klotho hydrolyzes and activates the TRPV5 channel. Science 
310:490–493, 2005.

74. Cha SK, Hu MC, Kurosu H, et al: Regulation of renal outer medul-
lary potassium channel and renal K(+) excretion by Klotho. Mol 
Pharmacol 76:38–46, 2009.

75. Satoh M, Nagasu H, Morita Y, et al: Klotho protects against mouse 
renal fibrosis by inhibiting Wnt signaling. Am J Physiol Renal Physiol 
303:F1641–F1651, 2012.

76. Faul C, Amaral AP, Oskouei B, et al: FGF23 induces left ventricu-
lar hypertrophy. J Clin Invest 121:4393–4408, 2011.

77. Touchberry CD, Green TM, Tchikrizov V, et al: FGF23 is a novel 
regulator of intracellular calcium and cardiac contractility in addi-
tion to cardiac hypertrophy. Am J Physiol Endocrinol Metab 
304:E863–E873, 2013.

78. Takeshita K, Fujimori T, Kurotaki Y, et al: Sinoatrial node dysfunc-
tion and early unexpected death of mice with a defect of klotho 
gene expression. Circulation 109:1776–1782, 2004.

79. Song S, Gao P, Xiao H, et al: Klotho suppresses cardiomyocyte 
apoptosis in mice with stress-induced cardiac injury via downregu-
lation of endoplasmic reticulum stress. PLoS One 8:e82968, 2013.

80. Xie J, Cha SK, An SW, et al: Cardioprotection by Klotho through 
downregulation of TRPC6 channels in the mouse heart. Nat 
Commun 3:1238, 2012.

81. Donate-Correa J, Mora-Fernandez C, Martinez-Sanz R, et al: 
Expression of FGF23/KLOTHO system in human vascular tissue. 
Int J Cardiol 165:179–183, 2013.

82. Lim K, Lu TS, Molostvov G, et al: Vascular Klotho deficiency 
potentiates the development of human artery calcification and 
mediates resistance to fibroblast growth factor 23. Circulation 
125:2243–2255, 2012.

83. Moe SM: Klotho: a master regulator of cardiovascular disease? 
Circulation 125:2181–2183, 2012.

84. de Borst MH, Vervloet MG, ter Wee PM, et al: Cross talk between 
the renin-angiotensin-aldosterone system and vitamin D-FGF-23-
klotho in chronic kidney disease. J Am Soc Nephrol 22:1603–1609, 
2011.

85. Bonewald LF: The amazing osteocyte. J Bone Miner Res 26:229–238, 
2011.

86. Parfitt AM: Targeted and nontargeted bone remodeling: relation-
ship to basic multicellular unit origination and progression. Bone 
30:5–7, 2002.

87. Kearns AE, Khosla S, Kostenuik PJ: Receptor activator of nuclear 
factor kappaB ligand and osteoprotegerin regulation of bone 
remodeling in health and disease. Endocr Rev 29:155–192, 2008.

88. Jamal SA, Ljunggren O, Stehman-Breen C, et al: Effects of deno-
sumab on fracture and bone mineral density by level of kidney 
function. J Bone Miner Res 26:1829–1835, 2011.

89. Doumouchtsis KK, Kostakis AI, Doumouchtsis SK, et al: Associa-
tions between osteoprotegerin and femoral neck BMD in hemo-
dialysis patients. J Bone Miner Metab 26:66–72, 2008.

90. Padagas J, Colloton M, Shalhoub V, et al: The receptor activator 
of nuclear factor-kappaB ligand inhibitor osteoprotegerin is a 
bone-protective agent in a rat model of chronic renal insufficiency 
and hyperparathyroidism. Calcif Tissue Int 78:35–44, 2006.

91. Block GA, Bone HG, Fang L, et al: A single-dose study of deno-
sumab in patients with various degrees of renal impairment. J Bone 
Miner Res 27:1471–1479, 2012.

92. Baron R, Kneissel M: WNT signaling in bone homeostasis and 
disease: from human mutations to treatments. Nat Med 19:179–
192, 2013.

93. McColm J, Hu L, Womack T, et al: Single- and multiple-dose 
randomized studies of blosozumab, a monoclonal antibody 
against sclerostin, in healthy postmenopausal women. J Bone Miner 
Res 29:935–943, 2014.

94. McClung MR, Grauer A, Boonen S, et al: Romosozumab in post-
menopausal women with low bone mineral density. N Engl J Med 
370:412–420, 2014.

95. Cejka D, Herberth J, Branscum AJ, et al: Sclerostin and Dickkopf-1 
in renal osteodystrophy. Clin J Am Soc Nephrol 6:877–882, 2011.

http://www.myuptodate.com


 CHAPTER 55 — CHRoNiC KiDNEy DisEAsE–MiNERAl BoNE DisoRDER 1853.e3

96. Sabbagh Y, Graciolli FG, O’Brien S, et al: Repression of osteocyte 
Wnt/beta-catenin signaling is an early event in the progression of 
renal osteodystrophy. J Bone Miner Res 27:1757–1772, 2012.

97. Moe SM, Chen NX, Newman CL, et al: Anti-sclerostin Antibody 
treatment of renal osteodystrophy. J Bone Miner Res 30:
499–509, 2015.

98. Fang Y, Ginsberg C, Seifert M, et al: CKD-induced wingless/
integration1 inhibitors and phosphorus cause the CKD-mineral 
and bone disorder. J Am Soc Nephrol 25:1760–1773, 2014.

99. Guo J, Liu M, Yang D, et al: Suppression of Wnt signaling by Dkk1 
attenuates PTH-mediated stromal cell response and new bone 
formation. Cell Metab 11:161–171, 2010.

100. Jilka RL, O’Brien CA, Bartell SM, et al: Continuous elevation of 
PTH increases the number of osteoblasts via both osteoclast-
dependent and -independent mechanisms. J Bone Miner Res 
25:2427–2437, 2010.

101. Rhee Y, Lee EY, Lezcano V, et al: Resorption controls bone anabo-
lism driven by parathyroid hormone (PTH) receptor signaling in 
osteocytes. J Biol Chem 288:29809–29820, 2013.

102. de Oliveira RB, Graciolli FG, dos Reis LM, et al: Disturbances of 
Wnt/beta-catenin pathway and energy metabolism in early CKD: 
effect of phosphate binders. Nephrol Dial Transplant 28:2510–2517, 
2013.

103. Ibanez B, Badimon JJ, Garcia MJ: Diagnosis of atherosclerosis by 
imaging. Am J Med 122:S15–S25, 2009.

104. Moe SM, Duan D, Doehle BP, et al: Uremia induces the osteoblast 
differentiation factor Cbfa1 in human blood vessels. Kidney Int 
63:1003–1011, 2003.

105. Shroff RC, McNair R, Figg N, et al: Dialysis accelerates medial 
vascular calcification in part by triggering smooth muscle cell 
apoptosis. Circulation 118:1748–1757, 2008.

106. Ducy P, Zhang R, Geoffroy V, et al: Osf2/Cbfa1: a transcriptional 
activator of osteoblast differentiation [see comments]. Cell 
89:747–754, 1997.

107. Speer MY, Yang HY, Brabb T, et al: Smooth muscle cells give rise 
to osteochondrogenic precursors and chondrocytes in calcifying 
arteries. Circ Res 104:733–741, 2009.

108. Heath JM, Sun Y, Yuan K, et al: Activation of AKT by O-linked 
N-acetylglucosamine induces vascular calcification in diabetes 
mellitus. Circ Res 114:1094–1102, 2014.

109. Crouthamel MH, Lau WL, Leaf EM, et al: Sodium-dependent 
phosphate cotransporters and phosphate-induced calcification of 
vascular smooth muscle cells: redundant roles for PiT-1 and PiT-2. 
Arterioscler Thromb Vasc Biol 33:2625–2632, 2013.

110. Chen NX, Duan D, O’Neill KD, et al: The mechanisms of uremic 
serum-induced expression of bone matrix proteins in bovine vas-
cular smooth muscle cells. Kidney Int 70:1046–1053, 2006.

111. Shanahan CM, Crouthamel MH, Kapustin A, et al: Arterial calci-
fication in chronic kidney disease: key roles for calcium and phos-
phate. Circ Res 109:697–711, 2011.

112. Jimbo R, Kawakami-Mori F, Mu S, et al: Fibroblast growth factor 
23 accelerates phosphate-induced vascular calcification in the 
absence of Klotho deficiency. Kidney Int 85:1103–1111, 2014.

113. Katsumata K, Kusano K, Hirata M, et al: Sevelamer hydrochloride 
prevents ectopic calcification and renal osteodystrophy in chronic 
renal failure rats. Kidney Int 64:441–450, 2003.

114. Cozzolino M, Dusso AS, Liapis H, et al: The effects of sevelamer 
hydrochloride and calcium carbonate on kidney calcification in 
uremic rats. J Am Soc Nephrol 13:2299–2308, 2002.

115. Neves KR, Graciolli FG, dos Reis LM, et al: Vascular calcification: 
contribution of parathyroid hormone in renal failure. Kidney Int 
71:1262–1270, 2007.

116. Graciolli FG, Neves KR, dos Reis LM, et al: Phosphorus overload 
and PTH induce aortic expression of Runx2 in experimental 
uraemia. Nephrol Dial Transplant 24:1416–1421, 2009.

117. Price PA, June HH, Buckley JR, et al: SB 242784, a selective inhibi-
tor of the osteoclastic V-H+ATPase, inhibits arterial calcification 
in the rat. Circ Res 91:547–552, 2002.

118. Lomashvili KA, Monier-Faugere MC, Wang X, et al: Effect of 
bisphosphonates on vascular calcification and bone metabolism 
in experimental renal failure. Kidney Int 75:617–625, 2009.

119. Moe SM, Seifert MF, Chen NX, et al: R-568 reduces ectopic  
calcification in a rat model of chronic kidney disease-mineral 
bone disorder (CKD-MBD). Nephrol Dial Transplant 24:2371–2377, 
2009.

120. Allen MR, Chen NX, Gattone VH, 2nd, et al: Skeletal effects of 
zoledronic acid in an animal model of chronic kidney disease. 
Osteoporos Int 24:1471–1481, 2013.

121. Davies MR, Lund RJ, Mathew S, et al: Low turnover osteodystro-
phy and vascular calcification are amenable to skeletal anabolism 
in an animal model of chronic kidney disease and the metabolic 
syndrome. J Am Soc Nephrol 16:917–928, 2005.

122. Fang Y, Ginsberg C, Sugatani T, et al: Early chronic kidney disease-
mineral bone disorder stimulates vascular calcification. Kidney Int 
85:142–150, 2014.

123. Lomashvili KA, Wang X, O’Neill WC: Role of local versus systemic 
vitamin D receptors in vascular calcification. Arterioscler Thromb 
Vasc Biol 34:146–151, 2014.

124. Reynolds JL, Joannides AJ, Skepper JN, et al: Human vascular 
smooth muscle cells undergo vesicle-mediated calcification in 
response to changes in extracellular calcium and phosphate con-
centrations: a potential mechanism for accelerated vascular calci-
fication in ESRD. J Am Soc Nephrol 15:2857–2867, 2004.

125. Chen NX, O’Neill KD, Chen X, et al: Annexin-mediated matrix 
vesicle calcification in vascular smooth muscle cells. J Bone Miner 
Res 23:1798–1805, 2008.

126. Goettsch C, Hutcheson JD, Aikawa E: MicroRNA in cardiovascular 
calcification: focus on targets and extracellular vesicle delivery 
mechanisms. Circ Res 112:1073–1084, 2013.

127. Chen NX, Kiattisunthorn K, O’Neill KD, et al: Decreased 
microRNA is involved in the vascular remodeling abnormalities 
in chronic kidney disease (CKD). PLoS One 8:e64558, 2013.

128. Mackenzie NC, Staines KA, Zhu D, et al: miRNA-221 and miRNA-
222 synergistically function to promote vascular calcification. Cell 
Biochem Funct 32:209–216, 2014.

129. Ewence AE, Bootman M, Roderick HL, et al: Calcium phosphate 
crystals induce cell death in human vascular smooth muscle cells: 
a potential mechanism in atherosclerotic plaque destabilization. 
Circ Res 103:e28–e34, 2008.

130. Liu Y, Drozdov I, Shroff R, et al: Prelamin A accelerates vascular 
calcification via activation of the DNA damage response and 
senescence-associated secretory phenotype in vascular smooth 
muscle cells. Circ Res 112:e99–e109, 2013.

131. Dai XY, Zhao MM, Cai Y, et al: Phosphate-induced autophagy 
counteracts vascular calcification by reducing matrix vesicle 
release. Kidney Int 83:1042–1051, 2013.

132. Liu D, Cui W, Liu B, et al: Atorvastatin protects vascular smooth 
muscle cells from TGF-beta1-stimulated calcification by inducing 
autophagy via suppression of the beta-catenin pathway. Cell Physiol 
Biochem 33:129–141, 2014.

133. Giachelli CM: The emerging role of phosphate in vascular calci-
fication. Kidney Int 75:890–897, 2009.

134. Murshed M, Harmey D, Millan JL, et al: Unique coexpression in 
osteoblasts of broadly expressed genes accounts for the spatial 
restriction of ECM mineralization to bone. Genes Dev 19:1093–
1104, 2005.

135. Schinke T, Amendt C, Trindl A, et al: The serum protein  
alpha2-HS glycoprotein/fetuin inhibits apatite formation in vitro 
and in mineralizing calvaria cells: a possible role in mineralization 
and calcium homeostasis. J Biol Chem 271:20789–20796, 
1996.

136. Reynolds JL, Skepper JN, McNair R, et al: Multifunctional roles 
for serum protein fetuin-A in inhibition of human vascular 
smooth muscle cell calcification. J Am Soc Nephrol 16:2920–2930, 
2005.

137. Herrmann M, Kinkeldey A, Jahnen-Dechent W: Fetuin-A function 
in systemic mineral metabolism. Trends Cardiovasc Med 22:197–
201, 2012.

138. Smith ER, Ford ML, Tomlinson LA, et al: Serum calcification 
propensity predicts all-cause mortality in predialysis CKD. J Am Soc 
Nephrol 25:339–348, 2014.

139. Schafer C, Heiss A, Schwarz A, et al: The serum protein alpha 
2-Heremans-Schmid glycoprotein/fetuin-A is a systemically  
acting inhibitor of ectopic calcification. J Clin Invest 112:357–366, 
2003.

140. Westenfeld R, Schafer C, Kruger T, et al: Fetuin-A protects against 
atherosclerotic calcification in CKD. J Am Soc Nephrol 20:1264–
1274, 2009.

141. Ketteler M, Bongartz P, Westenfeld R, et al: Association of low 
fetuin-A (AHSG) concentrations in serum with cardiovascular 

http://www.myuptodate.com


1853.e4 sECTioN Viii — THE CoNsEQUENCEs oF ADVANCED KiDNEy DisEAsE

mortality in patients on dialysis: a cross-sectional study. Lancet 
361:827–833, 2003.

142. Scialla JJ, Kao WH, Crainiceanu C, et al: Biomarkers of vascular 
calcification and mortality in patients with ESRD. Clin J Am Soc 
Nephrol 9:745–755, 2014.

143. Moe SM, Reslerova M, Ketteler M, et al: Role of calcification 
inhibitors in the pathogenesis of vascular calcification in chronic 
kidney disease (CKD). Kidney Int 67:2295–2304, 2005.

144. Stenvinkel P, Wang K, Qureshi AR, et al: Low fetuin-A levels are 
associated with cardiovascular death: impact of variations in the 
gene encoding fetuin. Kidney Int 67:2383–2392, 2005.

145. Luo G, Ducy P, McKee MD, et al: Spontaneous calcification of 
arteries and cartilage in mice lacking matrix GLA protein. Nature 
386:78–81, 1997.

146. Beazley KE, Lima F, Borras T: Nurminskaya, M: Attenuation of 
chondrogenic transformation in vascular smooth muscle by 
dietary quercetin in the MGP-deficient mouse model. PLoS One 
8:e76210, 2013.

147. Ketteler M, Rothe H, Brandenburg VM, et al: The K-factor in 
chronic kidney disease: biomarkers of calcification inhibition and 
beyond. Nehrol Dial Transplant 29:1267–1270, 2014.

148. McCabe KM, Booth SL, Fu X, et al: Dietary vitamin K and  
therapeutic warfarin alter the susceptibility to vascular calcifica-
tion in experimental chronic kidney disease. Kidney Int 83:835–
844, 2013.

149. Cranenburg EC, Brandenburg VM, Vermeer C, et al: Uncarboxyl-
ated matrix Gla protein (ucMGP) is associated with coronary 
artery calcification in haemodialysis patients. Thromb Haemost 
101:359–366, 2009.

150. Schurgers LJ, Joosen IA, Laufer EM, et al: Vitamin K-antagonists 
accelerate atherosclerotic calcification and induce a vulnerable 
plaque phenotype. PLoS One 7:e43229, 2012.

151. Westenfeld R, Krueger T, Schlieper G, et al: Effect of vitamin K2 
supplementation on functional vitamin K deficiency in hemodi-
alysis patients: a randomized trial. Am J Kidney Dis 59:186–195, 
2012.

152. Lomashvili KA, Garg P, Narisawa S, et al: Upregulation of alkaline 
phosphatase and pyrophosphate hydrolysis: potential mechanism 
for uremic vascular calcification. Kidney Int 73:1024–1030, 2008.

153. Rutsch F, Ruf N, Vaingankar S, et al: Mutations in ENPP1 are 
associated with ‘idiopathic’ infantile arterial calcification. Nat 
Genet 34:379–381, 2003.

154. Lomashvili KA, Khawandi W, O’Neill WC: Reduced plasma pyro-
phosphate levels in hemodialysis patients. J Am Soc Nephrol 
16:2495–2500, 2005.

155. O’Neill WC, Sigrist MK, McIntyre CW: Plasma pyrophosphate and 
vascular calcification in chronic kidney disease. Nephrol Dial Trans-
plant 25:187–191, 2009.

156. de Oliveira RB, Louvet L, Riser BL, et al: Peritoneal delivery of 
sodium pyrophosphate blocks the progression of pre-existing vas-
cular calcification in uremic apolipoprotein-E knockout mice. 
Calcif Tissue Int 97:179–192, 2015.

157. Min H, Morony S, Sarosi I, et al: Osteoprotegerin reverses osteo-
porosis by inhibiting endosteal osteoclasts and prevents vascular 
calcification by blocking a process resembling osteoclastogenesis. 
J Exp Med 192:463–474, 2000.

158. Morony S, Tintut Y, Zhang Z, et al: Osteoprotegerin inhibits vas-
cular calcification without affecting atherosclerosis in ldlr(-/-) 
mice. Circulation 117:411–420, 2008.

159. Callegari A, Coons ML, Ricks JL, et al: Bone marrow- or vessel 
wall-derived osteoprotegerin is sufficient to reduce atheroscle-
rotic lesion size and vascular calcification. Arterioscler Thromb Vasc 
Biol 33:2491–2500, 2013.

160. Callegari A, Coons ML, Ricks JL, et al: Increased calcification in 
osteoprotegerin-deficient smooth muscle cells: dependence on 
receptor activator of NF-kappaB ligand and interleukin 6. J Vasc 
Res 51:118–131, 2014.

161. Deuell KA, Callegari A, Giachelli CM, et al: RANKL enhances 
macrophage paracrine pro-calcific activity in high phosphate-
treated smooth muscle cells: dependence on IL-6 and TNF-alpha. 
J Vasc Res 49:510–521, 2012.

162. Ben-Dov IZ, Galitzer H, Lavi-Moshayoff V, et al: The parathyroid 
is a target organ for FGF23 in rats. J Clin Invest 117:4003–4008, 
2007.

163. Lavi-Moshayoff V, Wasserman G, Meir T, et al: PTH increases 
FGF23 gene expression and mediates the high-FGF23 levels of 

experimental kidney failure: a bone parathyroid feedback loop. 
Am J Physiol Renal Physiol 299:F882–F889, 2010.

164. Rodriguez-Ortiz ME, Lopez I, Munoz-Castaneda JR, et al: Calcium 
deficiency reduces circulating levels of FGF23. J Am Soc Nephrol 
23:1190–1197, 2012.

165. Moe SM, Chen NX, Newman CL, et al: A comparison of calcium 
to zoledronic acid for improvement of cortical bone in an animal 
model of CKD. J Bone Miner Res 29:902–910, 2014.

166. Sprague SM, Bellorin-Font E, Jorgetti V, et al: Diagnostic accuracy 
of bone turnover markers and bone histology in patients with 
chronic kidney disease treated by dialysis. Am J Kidney Dis 2015 
(in press).

167. D’Amour P: Circulating PTH molecular forms: what we know and 
what we don’t. Kidney Int Suppl 102:S29–S33, 2006.

168. Sturgeon CM, Sprague SM, Metcalfe W: Variation in parathyroid 
hormone immunoassay results—a critical governance issue in the 
management of chronic kidney disease. Nephrol Dial Transplant 
26:3440–3445, 2011.

169. Bellorin-Font E, Ambrosoni P, Carlini RG, et al: KDIGO Clinical 
Practice Guidelines for the diagnosis, evaluation, prevention, and 
treatment of chronic kidney disease-mineral and bone disorder 
(CKD-MBD). Kidney Int 76:S1–S130, 2009.

170. Hollis BW: Measuring 25-hydroxyvitamin D in a clinical environ-
ment: challenges and needs. Am J Clin Nutr 88:507S–510S, 
2008.

171. Sempos CT, Vesper HW, Phinney KW, et al: Vitamin D status as 
an international issue: national surveys and the problem of stan-
dardization. Scand J Clin Lab Invest Suppl 243:32–40, 2012.

172. Smith ER, McMahon LP, Holt SG: Fibroblast growth factor 23. 
Ann Clin Biochem 51:203–227, 2014.

173. Kim HR, Nam BY, Kim DW, et al: Circulating alpha-klotho levels 
in CKD and relationship to progression. Am J Kidney Dis 61:899–
909, 2013.

174. Seiler S, Wen M, Roth HJ, et al: Plasma Klotho is not related to 
kidney function and does not predict adverse outcome in patients 
with chronic kidney disease. Kidney Int 83:121–128, 2013.

175. Akimoto T, Shiizaki K, Sugase T, et al: The relationship  
between the soluble Klotho protein and the residual renal func-
tion among peritoneal dialysis patients. Clin Exp Nephrol 16:442–
447, 2012.

176. Heijboer AC, Blankenstein MA, Hoenderop J, et al: Laboratory 
aspects of circulating alpha-Klotho. Nephrol Dial Transplant 
28:2283–2287, 2013.

177. Thambiah S, Roplekar R, Manghat P, et al: Circulating sclerostin 
and Dickkopf-1 (DKK1) in predialysis chronic kidney disease 
(CKD): relationship with bone density and arterial stiffness. Calcif 
Tissue Int 90:473–480, 2012.

178. Cejka D, Marculescu R, Kozakowski N, et al: Renal elimination of 
sclerostin increases with declining kidney function. J Clin Endocri-
nol Metab 99:248–255, 2014.

179. Brandenburg VM, Kramann R, Koos R, et al: Relationship between 
sclerostin and cardiovascular calcification in hemodialysis patients: 
a cross-sectional study. BMC Nephrol 14:219, 2013.

180. Cejka D, Jager-Lansky A, Kieweg H, et al: Sclerostin serum levels 
correlate positively with bone mineral density and microarchitec-
ture in haemodialysis patients. Nephrol Dial Transplant 27:226–230, 
2012.

181. Bakkaloglu SA, Wesseling-Perry K, Pereira RC, et al: Value of the 
new bone classification system in pediatric renal osteodystrophy. 
Clin J Am Soc Nephrol 51:1860–1866, 2010.

182. Moorthi R, Moe S: Recent advances in the non-invasive diagnosis 
of renal osteodystrophy. Kidney Int 84:886–894, 2013.

182a. Nickolas TL, Cremers S, Zhang A, et al: Discriminants of preva-
lent fractures in chronic kidney disease. J Am Soc Nephrol 22:1560–
1572, 2011.

183. Yamada S, Inaba M, Kurajoh M, et al: Utility of serum tartrate-
resistant acid phosphatase (TRACP5b) as a bone resorption 
marker in patients with chronic kidney disease: independence 
from renal dysfunction. Clin Endocrinol (Oxf) 69:189–196, 2008.

184. Dempster DW, Compston JE, Drezner MK, et al: Standardized 
nomenclature, symbols, and units for bone histomorphometry: a 
2012 update of the report of the ASBMR Histomorphometry 
Nomenclature Committee. J Bone Miner Res 28:2–17, 2013.

185. Sherrard DJ, Hercz G, Pei Y, et al: The spectrum of bone disease 
in end-stage renal failure—an evolving disorder. Kidney Int 
43:436–442, 1993.

http://www.myuptodate.com


 CHAPTER 55 — CHRoNiC KiDNEy DisEAsE–MiNERAl BoNE DisoRDER 1853.e5

186. Sprague SM, Ho LT: Oral doxercalciferol therapy for secondary 
hyperparathyroidism in a peritoneal dialysis patient. Clin Nephrol 
58:155–160, 2002.

187. Malluche HH, Mawad HW, Monier-Faugere MC: Renal osteodys-
trophy in the first decade of the new millennium: analysis of 630 
bone biopsies in black and white patients. J Bone Miner Res 
26:1368–1376, 2011.

188. Alfrey AC: Aluminum and renal disease. Contrib Nephrol 102:110–
124, 1993.

189. National Kidney Foundation: K/DOQI clinical practice guide-
lines for bone metabolism and disease in chronic kidney disease. 
Am J Kidney Dis 42:S1–S201, 2003.

190. National Kidney Foundation: K/DOQI clinical practice guide-
lines for bone metabolism and disease in chronic kidney disease. 
Am J Kidney Dis 42:S1–S201, 2003.

191. Jorgetti V: Review article: Bone biopsy in chronic kidney disease: 
patient level end-point or just another test? Nephrology 14:404–407, 
2009.

192. Andress DL: Adynamic bone in patients with chronic kidney 
disease. Kidney Int 73:1345–1354, 2008.

193. Moester MJ, Papapoulos SE, Lowik CW, et al: Sclerostin: current 
knowledge and future perspectives. Calcif Tissue Int 87:99–107, 
2010.

194. Ferreira JC, Ferrari GO, Neves KR, et al: Effects of dietary phos-
phate on adynamic bone disease in rats with chronic kidney 
disease—role of sclerostin? PLoS One 8:e79721, 2013.

195. Slatopolsky E, Finch J, Clay P, et al: A novel mechanism for skeletal 
resistance in uremia. Kidney Int 58:753–761, 2000.

196. Ott SM: Bone disease in CKD. Curr Opin Nephrol Hypertens 21:376–
381, 2012.

197. Lund RJ, Davies MR, Brown AJ, et al: Successful treatment of an 
adynamic bone disorder with bone morphogenetic protein-7 in a 
renal ablation model. J Am Soc Nephrol 15:359–369, 2004.

198. Coco M, Rush H: Increased incidence of hip fractures in dialysis 
patients with low serum parathyroid hormone. Am J Kidney Dis 
36:1115–1121, 2000.

199. Ott SM: Bone histomorphometry in renal osteodystrophy. Semin 
Nephrol 29:122–132, 2009.

200. Kurz P, Monier-Faugere MC, Bognar B, et al: Evidence for abnor-
mal calcium homeostasis in patients with adynamic bone disease. 
Kidney Int 46:855–861, 1994.

201. London GM, Marchais SJ, Guerin AP, et al: Association of bone 
activity, calcium load, aortic stiffness, and calcifications in ESRD. 
J Am Soc Nephrol 19:1827–1835, 2008.

202. Barreto FC, Barreto DV, Moyses RM, et al: Osteoporosis in hemo-
dialysis patients revisited by bone histomorphometry: a new 
insight into an old problem. Kidney Int 69:1852–1857, 2006.

203. Barreto DV, Barreto Fde C, Carvalho AB, et al: Association of 
changes in bone remodeling and coronary calcification in hemo-
dialysis patients: a prospective study. Am J Kidney Dis 52:1139–1150, 
2008.

204. Hui SL, Slemenda CW, Johnston CC, Jr: Age and bone mass as 
predictors of fracture in a prospective study. J Clin Invest 81:1804–
1809, 1988.

205. Jamal SA, Hayden JA, Beyene J: Low bone mineral density and 
fractures in long-term hemodialysis patients: a meta-analysis. Am 
J Kidney Dis 49:674–681, 2007.

206. Ambrus C, Almasi C, Berta K, et al: Vitamin D insufficiency and 
bone fractures in patients on maintenance hemodialysis. Int Urol 
Nephrol 43:475–482, 2011.

207. Yenchek RH, Ix JH, Shlipak MG, et al: Bone mineral density and 
fracture risk in older individuals with CKD. Clin J Am Soc Nephrol 
7:1130–11362, 2012.

208. Torres A, Lorenzo V, Gonzalez-Posada JM: Comparison of histo-
morphometry and computerized tomography of the spine in 
quantitating trabecular bone in renal osteodystrophy. Nephron 
44:282–287, 1986.

209. Jamal SA, Gilbert J, Gordon C, et al: Cortical pQCT measures are 
associated with fractures in dialysis patients. J Bone Miner Res 
21:543–548, 2006.

210. Cejka D, Patsch JM, Weber M, et al: Bone microarchitecture in 
hemodialysis patients assessed by HR-pQCT. Clin J Am Soc Nephrol 
6:2264–2271, 2011.

211. West SL, Jamal SA: Determination of bone architecture and 
strength in men and women with stage 5 chronic kidney disease. 
Semin Dial 25:397–402, 2012.

212. Nickolas TL, Stein E, Cohen A, et al: Bone mass and microarchi-
tecture in CKD patients with fracture. J Am Soc Nephrol 21:1371–
1380, 2010.

213. Jamal S, Cheung AM, West SL, et al: Bone mineral density by DXA 
and HR pQCT can discriminate fracture status in men and women 
with stages 3 to 5 chronic kidney disease. Osteoporos Int 23:2805–
2813, 2012.

214. Hopper TA, Wehrli FW, Saha PK, et al: Quantitative microcom-
puted tomography assessment of intratrabecular, intertrabecular, 
and cortical bone architecture in a rat model of severe renal 
osteodystrophy. J Comput Assist Tomogr 31:320–328, 2007.

215. Wehrli FW, Leonard MB, Saha PK, et al: Quantitative high-
resolution magnetic resonance imaging reveals structural implica-
tions of renal osteodystrophy on trabecular and cortical bone.  
J Magnetic Reson Imaging 20:83–89, 2004.

216. Kauppila LI, Polak JF, Cupples LA, et al: New indices to classify 
location, severity and progression of calcific lesions in the abdomi-
nal aorta: a 25-year follow-up study. Atherosclerosis 132:245–250, 
1997.

217. London GM, Guerin AP, Marchais SJ, et al: Arterial media calcifi-
cation in end-stage renal disease: impact on all-cause and cardio-
vascular mortality. Nephrol Dial Transplant 18:1731–1740, 2003.

218. Joshi SB, Okabe T, Roswell RO, et al: Accuracy of computed tomo-
graphic angiography for stenosis quantification using quantitative 
coronary angiography or intravascular ultrasound as the gold 
standard. Am J Cardiol 104:1047–1051, 2009.

219. Bellasi A, Ferramosca E, Muntner P, et al: Correlation of simple 
imaging tests and coronary artery calcium measured by computed 
tomography in hemodialysis patients. Kidney Int 70:1623–1628, 
2006.

220. Verbeke F, Van Biesen W, Honkanen E, et al: Prognostic value of 
aortic stiffness and calcification for cardiovascular events and mor-
tality in dialysis patients: outcome of the Calcification Outcome 
in Renal Disease (CORD) study. Clin J Am Soc Nephrol 6:153–159, 
2011.

221. Bellasi A, Raggi P: Vascular imaging in chronic kidney disease. 
Curr Opin Nephrol Hypertens 21:382–388, 2012.

222. Bellasi A, Block GA, Ferramosca E, et al: Integration of clinical 
and imaging data to predict death in hemodialysis patients. Hemo-
dial Int 17:12–18, 2013.

223. Kestenbaum B, Sampson JN, Rudser KD, et al: Serum phosphate 
levels and mortality risk among people with chronic kidney 
disease. J Am Soc Nephrol 16:520–528, 2005.

224. Menon V, Greene T, Pereira AA, et al: Relationship of phosphorus 
and calcium-phosphorus product with mortality in CKD. Am J 
Kidney Dis 46:455–463, 2005.

225. Mehrotra R, Peralta CA, Chen SC, et al: Kidney Early Evaluation 
Program, I: No independent association of serum phosphorus 
with risk for death or progression to end-stage renal disease in a 
large screen for chronic kidney disease. Kidney Int 84:989–997, 
2013.

226. Isakova T, Gutierrez OM, Chang Y, et al: Phosphorus binders and 
survival on hemodialysis. J Am Soc Nephrol 20:388–396, 2009.

227. Lopes AA, Tong L, Thumma J, et al: Phosphate binder use and 
mortality among hemodialysis patients in the Dialysis Outcomes 
and Practice Patterns Study (DOPPS): evaluation of possible con-
founding by nutritional status. Am J Kidney Dis 60:90–101, 2012.

228. Cannata-Andia JB, Fernandez-Martin JL, Locatelli F, et al: Use of 
phosphate-binding agents is associated with a lower risk of mortal-
ity. Kidney Int 84:998–1008, 2013.

229. Palmer SC, Hayen A, Macaskill P, et al: Serum levels of phospho-
rus, parathyroid hormone, and calcium and risks of death and 
cardiovascular disease in individuals with chronic kidney disease: 
a systematic review and meta-analysis. JAMA 305:1119–1127, 2011.

230. Stevens LA, Djurdjev O, Cardew S, et al: Calcium, phosphate, and 
parathyroid hormone levels in combination and as a function of 
dialysis duration predict mortality: evidence for the complexity of 
the association between mineral metabolism and outcomes. J Am 
Soc Nephrol 15:770–779, 2004.

231. Tentori F, Blayney MJ, Albert JM, et al: Mortality risk for dialysis 
patients with different levels of serum calcium, phosphorus, and 
PTH: the Dialysis Outcomes and Practice Patterns Study (DOPPS). 
Am J Kidney Dis 52:519–530, 2008.

232. Block GA, Kilpatrick RD, Lowe KA, et al: CKD-mineral and bone 
disorder and risk of death and cardiovascular hospitalization in 
patients on hemodialysis. Clin J Am Soc Nephrol 8:2132–2140, 2013.

http://www.myuptodate.com


1853.e6 sECTioN Viii — THE CoNsEQUENCEs oF ADVANCED KiDNEy DisEAsE

233. Isakova T, Xie H, Yang W, et al: Fibroblast growth factor 23 and 
risks of mortality and end-stage renal disease in patients with 
chronic kidney disease. JAMA 305:2432–2439, 2011.

234. Fliser D, Kollerits B, Neyer U, et al: Fibroblast growth factor 23 
(FGF23) predicts progression of chronic kidney disease: the Mild 
to Moderate Kidney Disease (MMKD) study. J Am Soc Nephrol 
18:2600–2608, 2007.

235. Gutierrez OM, Januzzi JL, Isakova T, et al: Fibroblast growth factor 
23 and left ventricular hypertrophy in chronic kidney disease. 
Circulation 119:2545–2552, 2009.

236. Smith K, deFilippi C, Isakova T, et al: Fibroblast growth factor 23, 
high-sensitivity cardiac troponin, and left ventricular hypertrophy 
in CKD. Am J Kidney Dis 61:67–73, 2013.

237. Seiler S, Reichart B, Roth D, et al: FGF-23 and future cardiovas-
cular events in patients with chronic kidney disease before initia-
tion of dialysis treatment. Nephrol Dial Transplant 25:3983–3989, 
2010.

238. Nakano C, Hamano T, Fujii N, et al: Intact fibroblast growth factor 
23 levels predict incident cardiovascular event before but not after 
the start of dialysis. Bone 50:1266–1274, 2012.

239. Gutierrez OM, Mannstadt M, Isakova T, et al: Fibroblast growth 
factor 23 and mortality among patients undergoing hemodialysis. 
N Engl J Med 359:584–592, 2008.

240. Olauson H, Qureshi AR, Miyamoto T, et al: Relation between 
serum fibroblast growth factor-23 level and mortality in incident 
dialysis patients: are gender and cardiovascular disease confound-
ing the relationship? Nephrol Dial Transplant 25:3033–3038, 2010.

241. Hsu HJ, Wu MS: Fibroblast growth factor 23: a possible cause of 
left ventricular hypertrophy in hemodialysis patients. Am J Med Sci 
337:116–122, 2009.

242. Jean G, Terrat JC, Vanel T, et al: High levels of serum fibroblast 
growth factor (FGF)-23 are associated with increased mortality in 
long haemodialysis patients. Nephrol Dial Transplant 24:2792–2796, 
2009.

243. Moe SM, Chertow GM, Parfrey PS, et al: Cinacalcet, fibroblast 
growth factor-23, and cardiovascular disease in hemodialysis: the 
Evaluation of Cinacalcet HCl Therapy to Lower Cardiovascular 
Events (EVOLVE) Trial. Circulation 132:27–39, 2015.

244. Dawson-Hughes B, Heaney RP, Holick MF, et al: Estimates of 
optimal vitamin D status. Osteoporos Int 16:713–716, 2005.

245. Holick MF: Vitamin D status: measurement, interpretation, and 
clinical application. Ann Epidemiol 19:73–78, 2009.

246. Ross AC, Manson JE, Abrams SA, et al: The 2011 report on dietary 
reference intakes for calcium and vitamin D from the Institute of 
Medicine: what clinicians need to know. J Clin Endocrinol Metab 
96:53–58, 2011.

247. Holick MF, Binkley NC, Bischoff-Ferrari HA, et al: Endocrine, S: 
Evaluation, treatment, and prevention of vitamin D deficiency: an 
Endocrine Society clinical practice guideline. J Clin Endocrinol 
Metab 96:1911–1930, 2011.

248. Hossein-nezhad A, Holick MF: Vitamin D for health: a global 
perspective. Mayo Clin Proc 88:720–755, 2013.

249. Melamed ML, Michos ED, Post W, et al: 25-hydroxyvitamin D 
levels and the risk of mortality in the general population. Arch 
Intern Med 168:1629–1637, 2008.

250. Grant WB, Tangpricha V: Vitamin D: Its role in disease preven-
tion. Dermatoendocrinology 4:81–83, 2012.

251. Mohr SB, Gorham ED, Alcaraz JE, et al: Does the evidence for an 
inverse relationship between serum vitamin D status and breast 
cancer risk satisfy the Hill criteria? Dermatoendocrinology 4:152–157, 
2012.

252. Zittermann A, Iodice S, Pilz S, et al: Vitamin D deficiency and 
mortality risk in the general population: a meta-analysis of pro-
spective cohort studies. Am J Clin Nutr 95:91–100, 2012.

253. Pludowski P, Holick MF, Pilz S, et al: Vitamin D effects on muscu-
loskeletal health, immunity, autoimmunity, cardiovascular disease, 
cancer, fertility, pregnancy, dementia and mortality—a review of 
recent evidence. Autoimmun Rev 12:976–989, 2013.

254. Schottker B, Haug U, Schomburg L, et al: Strong associations of 
25-hydroxyvitamin D concentrations with all-cause, cardiovascu-
lar, cancer, and respiratory disease mortality in a large cohort 
study. Am J Clin Nutr 97:782–793, 2013.

255. Avenell A, Mak JC, O’Connell D: Vitamin D and vitamin D ana-
logues for preventing fractures in post-menopausal women and 
older men. Cochrane Database Syst Rev (4):CD000227, 2014.

256. LaClair RE, Hellman RN, Karp SL, et al: Prevalence of calcidiol 
deficiency in CKD: a cross-sectional study across latitudes in the 
United States. Am J Kidney Dis 45:1026–1033, 2005.

257. Elder GJ, Mackun K: 25-Hydroxyvitamin D deficiency and diabe-
tes predict reduced BMD in patients with chronic kidney disease. 
J Bone Miner Res 21:1778–1784, 2006.

258. Gonzalez EA, Sachdeva A, Oliver DA, et al: Vitamin D insuffi-
ciency and deficiency in chronic kidney disease: a single center 
observational study. Am J Nephrol 24:503–510, 2004.

259. Levin A, Bakris GL, Molitch M, et al: Prevalence of abnormal 
serum vitamin D, PTH, calcium, and phosphorus in patients with 
chronic kidney disease: results of the study to evaluate early 
kidney disease. Kidney Int 71:31–38, 2007.

260. Wolf M, Shah A, Gutierrez O, et al: Vitamin D levels and early 
mortality among incident hemodialysis patients. Kidney Int 
72:1004–1013, 2007.

261. Wang AY, Lam CW, Sanderson JE, et al: Serum 25-hydroxyvitamin 
D status and cardiovascular outcomes in chronic peritoneal dialy-
sis patients: a 3-y prospective cohort study. Am J Clin Nutr 87:1631–
1638, 2008.

262. Shoben AB, Rudser KD, de Boer IH, et al: Association of oral 
calcitriol with improved survival in nondialyzed CKD. J Am Soc 
Nephrol 19:1613–1619, 2008.

263. Teng M, Wolf M, Ofsthun MN, et al: Activated injectable vitamin 
D and hemodialysis survival: a historical cohort study. J Am Soc 
Nephrol 16:1115–1125, 2005.

264. Melamed ML, Eustace JA, Plantinga L, et al: Changes in serum 
calcium, phosphate, and PTH and the risk of death in incident 
dialysis patients: a longitudinal study. Kidney Int 70:351–357, 
2006.

265. Zheng Z, Shi H, Jia J, et al: Vitamin D supplementation and mor-
tality risk in chronic kidney disease: a meta-analysis of 20 observa-
tional studies. BMC Nephrol 14:199, 2013.

266. Pilz S, Iodice S, Zittermann A, et al: Vitamin D status and mortality 
risk in CKD: a meta-analysis of prospective studies. Am J Kidney Dis 
58:374–382, 2011.

267. Li YC, Kong J, Wei M, et al: 1,25-Dihydroxyvitamin D(3) is a nega-
tive endocrine regulator of the renin-angiotensin system. J Clin 
Invest 110:229–238, 2002.

268. Xiang W, Kong J, Chen S, et al: Cardiac hypertrophy in vitamin 
D receptor knockout mice: role of the systemic and cardiac renin-
angiotensin systems. Am J Physiol Endocrinol Metab 288:E125–E132, 
2005.

269. Bucharles S, Barberato SH, Stinghen AE, et al: Hypovitaminosis 
D is associated with systemic inflammation and concentric myo-
cardial geometric pattern in hemodialysis patients with low iPTH 
levels. Nephron Clin Pract 118:c384–c391, 2011.

270. Freundlich M, Quiroz Y, Zhang Z, et al: Suppression of renin-
angiotensin gene expression in the kidney by paricalcitol. Kidney 
Int 74:1394–1402, 2008.

271. MRC/BHF Heart Protection Study of cholesterol lowering with 
simvastatin in 20,536 high-risk individuals: a randomised placebo-
controlled trial. Lancet 360:7–22, 2002.

272. de Boer IH, Ioannou GN, Kestenbaum B, et al: 25-Hydroxyvitamin 
D levels and albuminuria in the Third National Health and Nutri-
tion Examination Survey (NHANES III). Am J Kidney Dis 50:69–77, 
2007.

273. Isakova T, Gutierrez OM, Patel NM, et al: Vitamin D deficiency, 
inflammation, and albuminuria in chronic kidney disease: 
complex interactions. J Renal Nutr 21:295–302, 2011.

274. Agarwal R, Acharya M, Tian J, et al: Antiproteinuric effect of oral 
paricalcitol in chronic kidney disease. Kidney Int 68:2823–2828, 
2005.

275. Fishbane S, Chittineni H, Packman M, et al: Oral paricalcitol in 
the treatment of patients with CKD and proteinuria: a random-
ized trial. Am J Kidney Dis 54:647–652, 2009.

276. de Zeeuw D, Agarwal R, Amdahl M, et al: Selective vitamin D 
receptor activation with paricalcitol for reduction of albuminuria 
in patients with type 2 diabetes (VITAL study): a randomised 
controlled trial. Lancet 376:1543–1551, 2010.

277. Chitalia N, Recio-Mayoral A, Kaski JC, et al: Vitamin D deficiency 
and endothelial dysfunction in non-dialysis chronic kidney disease 
patients. Atherosclerosis 220:265–268, 2012.

278. Matias PJ, Jorge C, Ferreira C, et al: Cholecalciferol supplementa-
tion in hemodialysis patients: effects on mineral metabolism, 

http://www.myuptodate.com


 CHAPTER 55 — CHRoNiC KiDNEy DisEAsE–MiNERAl BoNE DisoRDER 1853.e7

inflammation, and cardiac dimension parameters. Clin J Am Soc 
Nephrol 5:905–911, 2010.

279. Bucharles S, Barberato SH, Stinghen AE, et al: Impact of  
cholecalciferol treatment on biomarkers of inflammation and 
myocardial structure in hemodialysis patients without hyperpara-
thyroidism. J Renal Nutr 22:284–291, 2012.

280. Thadhani R, Appelbaum E, Pritchett Y, et al: Vitamin D therapy 
and cardiac structure and function in patients with chronic kidney 
disease: the PRIMO randomized controlled trial. JAMA 307:674–
684, 2012.

281. Canziani ME, Tomiyama C, Higa A, et al: Fibroblast growth factor 
23 in chronic kidney disease: bridging the gap between bone 
mineral metabolism and left ventricular hypertrophy. Blood Purif 
31:26–32, 2011.

282. Nickolas TL, McMahon DJ, Shane E: Relationship between mod-
erate to severe kidney disease and hip fracture in the United 
States. J Am Soc Nephrol 17:3223–3232, 2006.

283. Leonard MB: A structural approach to skeletal fragility in chronic 
kidney disease. Semin Nephrol 29:133–143, 2009.

284. Nitsch D, Mylne A, Roderick PJ, et al: Chronic kidney disease and 
hip fracture-related mortality in older people in the UK. Nephrol 
Dial Transplant 24:1539–1544, 2009.

285. Naylor K, McArthur E, Leslie W, et al: The three-year incidence 
of fracture in chronic kidney disease. Kidney Int 86:810–818, 
2014.

286. Elliott MJ, James MT, Quinn RR, et al: Estimated GFR and frac-
ture risk: a population-based study. Clin J Am Soc Nephrol 8:1367–
1376, 2013.

287. Alem AM, Sherrard DJ, Gillen DL, et al: Increased risk of hip 
fracture among patients with end-stage renal disease. Kidney Int 
58:396–399, 2000.

288. Chen YJ, Kung PT, Wang YH, et al: Greater risk of hip fracture in 
hemodialysis than in peritoneal dialysis. Osteoporos Int 25:1513–
1518, 2014.

289. Danese MD, Kim J, Doan QV, et al: PTH and the risks for hip, 
vertebral, and pelvic fractures among patients on dialysis. Am J 
Kidney Dis 47:149–156, 2006.

290. Nickolas TL, Stein EM, Dworakowski E, et al: Rapid cortical bone 
loss in patients with chronic kidney disease. J Bone Miner Res 
28:1811–1820, 2013.

290a. Moe SM, Abdalla S, Chertow GM: Evaluation of cinacalcet, HTtL-
CETI: effects of cinacalcet on fracture events in patients receiving 
hemodialysis: the EVOLVE trial. J Am Soc Nephrol 26:1466–1475, 
2015.

291. Stehman-Breen CO, Sherrard DJ, Alem AM, et al: Risk factors for 
hip fracture among patients with end-stage renal disease. Kidney 
Int 58:2200–2205, 2000.

292. Jadoul M, Albert JM, Akiba T, et al: Incidence and risk factors for 
hip or other bone fractures among hemodialysis patients in the 
Dialysis Outcomes and Practice Patterns Study. Kidney Int 70:1358–
1366, 2006.

293. Kaji H, Suzuki M, Yano S, et al: Risk factors for hip fracture in 
hemodialysis patients. Am J Nephrol 22:325–331, 2002.

294. Nickolas TL, Cremers S, Zhang A, et al: Discriminants of preva-
lent fractures in chronic kidney disease. J Am Soc Nephrol 22:1560–
1572, 2011.

295. West SL, Jamal SA, Lok CE: Tests of neuromuscular function are 
associated with fractures in patients with chronic kidney disease. 
Nephrol Dial Transplant 27:2384–2388, 2012.

296. Ibels LS, Alfrey AC, Huffer WE, et al: Arterial calcification and 
pathology in uremic patients undergoing dialysis. Am J Med 
66:790–796, 1979.

297. Schwarz U, Buzello M, Ritz E, et al: Morphology of coronary 
atherosclerotic lesions in patients with end-stage renal failure. 
Nephrol Dial Transplant 15:218–223, 2000.

298. Gross ML, Meyer HP, Ziebart H, et al: Calcification of coronary 
intima and media: immunohistochemistry, backscatter imaging, 
and x-ray analysis in renal and nonrenal patients. Clin J Am Soc 
Nephrol 2:121–134, 2007.

299. Moe SM, O’Neill KD, Duan D, et al: Medial artery calcification in 
ESRD patients is associated with deposition of bone matrix pro-
teins. Kidney Int 61:638–647, 2002.

300. Braun J, Oldendorf M, Moshage W, et al: Electron beam 
computed tomography in the evaluation of cardiac calcification 
in chronic dialysis patients. Am J Kidney Dis 27:394–401, 1996.

301. Block GA, Spiegel DM, Ehrlich J, et al: Effects of sevelamer and 
calcium on coronary artery calcification in patients new to hemo-
dialysis. Kidney Int 68:1815–1824, 2005.

302. Mehrotra R, Budoff M, Christenson P, et al: Determinants of coro-
nary artery calcification in diabetics with and without nephropa-
thy. Kidney Int 66:2022–2031, 2004.

303. Block GA, Raggi P, Bellasi A, et al: Mortality effect of coronary 
calcification and phosphate binder choice in incident hemodialy-
sis patients. Kidney Int 71:438–441, 2007.

304. Bellasi A, Kooienga L, Block GA, et al: How long is the warranty 
period for nil or low coronary artery calcium in patients new to 
hemodialysis? J Nephrol 22:255–262, 2009.

305. Hutchison AJ, Whitehouse RW, Boulton HF, et al: Correlation  
of bone histology with parathyroid hormone, vitamin D3, and 
radiology in end-stage renal disease. Kidney Int 44:1071–1077, 
1993.

306. London GM, Marty C, Marchais SJ, et al: Arterial calcifications 
and bone histomorphometry in end-stage renal disease. J Am Soc 
Nephrol 15:1943–1951, 2004.

307. Cejka D, Weber M, Diarra D, et al: Inverse association between 
bone microarchitecture assessed by HR-pQCT and coronary 
artery calcification in patients with end-stage renal disease. Bone 
64C:33–38, 2014.

308. Sprague SM, Josephson MA: Bone disease after kidney transplan-
tation. Semin Nephrol 24:82–90, 2004.

309. Alshayeb HM, Josephson MA, Sprague SM: CKD-mineral and 
bone disorder management in kidney transplant recipients. Am J 
Kidney Dis 61:310–325, 2013.

310. Haffner D, Schuler U: Metabolic bone disease after renal trans-
plantation. Curr Opin Pediatr 26:198–206, 2014.

311. Molnar MZ, Naser MS, Rhee CM, et al: Bone and mineral disor-
ders after kidney transplantation: therapeutic strategies. Trans-
plant Rev 28:56–62, 2014.

312. Sprague SM, Belozeroff V, Danese MD, et al: Abnormal bone and 
mineral metabolism in kidney transplant patients—a review. Am J 
Nephrol 28:246–253, 2008.

313. Trombetti A, Richert L, Hadaya K, et al: Early post-transplantation 
hypophosphatemia is associated with elevated FGF-23 levels. Eur 
J Endocrinol 164:839–847, 2011.

314. Ramsey-Goldman R, Dunn JE, Dunlop DD, et al: Increased risk of 
fracture in patients receiving solid organ transplants. J Bone Miner 
Res 14:456–463, 1999.

315. Chiu MY, Sprague SM, Bruce DS, et al: Analysis of fracture preva-
lence in kidney-pancreas allograft recipients. J Am Soc Nephrol 
9:677–683, 1998.

316. Nikkel LE, Hollenbeak CS, Fox EJ, et al: Risk of fractures after 
renal transplantation in the United States. Transplantation 
87:1846–1851, 2009.

317. Sukumaran Nair S, Lenihan CR, Montez-Rath ME, et al: Temporal 
trends in the incidence, treatment and outcomes of hip fracture 
after first kidney transplantation in the United States. Am J Trans-
plant 14:943–951, 2014.

318. Edwards BJ, Desai A, Tsai J, et al: Elevated incidence of fractures 
in solid-organ transplant recipients on glucocorticoid-sparing 
immunosuppressive regimens. J Osteoporos 2011:591793, 2011.

318a. Naylor KL, Jamal SA, Zou G, et al: Fracture incidence in adult 
kidney transplant recipients. Transplantation 2015 Jul 3. [Epub 
ahead of print.]

319. Julian BA, Laskow DA, Dubovsky J, et al: Rapid loss of vertebral 
mineral density after renal transplantation. N Engl J Med 325:544–
550, 1991.

320. Rojas E, Carlini RG, Clesca P, et al: The pathogenesis of osteodys-
trophy after renal transplantation as detected by early alterations 
in bone remodeling. Kidney Int 63:1915–1923, 2003.

321. Monier-Faugere MC, Mawad H, Qi Q, et al: High prevalence of 
low bone turnover and occurrence of osteomalacia after kidney 
transplantation. J Am Soc Nephrol 11:1093–1099, 2000.

322. Lehmann G, Ott U, Stein G, et al: Renal osteodystrophy after 
successful renal transplantation: a histomorphometric analysis in 
57 patients. Transplant Proc 39:3153–3158, 2007.

323. Cueto-Manzano AM, Konel S, Crowley V, et al: Bone histopa-
thology and densitometry comparison between cyclosporine a  
monotherapy and prednisolone plus azathioprine dual immuno-
suppression in renal transplant patients. Transplantation 75:2053–
2058, 2003.

http://www.myuptodate.com


1853.e8 sECTioN Viii — THE CoNsEQUENCEs oF ADVANCED KiDNEy DisEAsE

324. Cueto-Manzano AM, Konel S, Hutchison AJ, et al: Bone loss in 
long-term renal transplantation: histopathology and densitometry 
analysis. Kidney Int 55:2021–2029, 1999.

325. Josephson MA, Schumm LP, Chiu MY, et al: Calcium and calcitriol 
prophylaxis attenuates posttransplant bone loss. Transplantation 
78:1233–1236, 2004.

326. Akaberi S, Simonsen O, Lindergard B, et al: Can DXA predict 
fractures in renal transplant patients? Am J Transplant 8:2647–
2651, 2008.

327. Iyer SP, Nikkel LE, Nishiyama KK, et al: Kidney transplantation 
with early corticosteroid withdrawal: paradoxical effects at the 
central and peripheral skeleton. J Am Soc Nephrol 25:1331–1341, 
2014.

328. Moe SM, O’Neill KD, Reslerova M, et al: Natural history of vascu-
lar calcification in dialysis and transplant patients. Nephrol Dial 
Transplant 19:2387–2393, 2004.

329. Oschatz E, Benesch T, Kodras K, et al: Changes of coronary calci-
fication after kidney transplantation. Am J Kidney Dis 48:307–313, 
2006.

330. Cianciolo G, Capelli I, Angelini ML, et al: Importance of vascular 
calcification in kidney transplant recipients. Am J Nephrol 39:418–
426, 2014.

331. Chau K, Martinez G, Elder GJ: Vascular calcification in patients 
undergoing kidney and simultaneous pancreas-kidney transplan-
tation. Nephrology 19:275–281, 2014.

332. Sgambat K, Moudgil A: Optimization of bone health in children 
before and after renal transplantation: current perspectives and 
future directions. Front Pediatr 2:13, 2014.

http://www.myuptodate.com


1854

Cardiovascular Aspects of 
Kidney Disease
Richard Haynes | David C. Wheeler | Martin J. Landray | Colin Baigent

56 

CHAPTER OUTLINE

THE SPECTRUM OF CARDIOVASCULAR 
PATHOLOGIC PROCESSES IN PATIENTS WITH 
CHRONIC KIDNEY DISEASE, 1855
Arterial Disease, 1855
Cardiac Disease, 1857
Clinical Manifestations of Cardiovascular 
Disease in Chronic Kidney Disease, 1859
EPIDEMIOLOGY OF CARDIOVASCULAR 
DISEASE IN CHRONIC KIDNEY 
DISEASE, 1860
Association Between Kidney Function and 
Cardiovascular Disease, 1860
Association Between Albuminuria and 
Cardiovascular Disease, 1860
DOES KIDNEY DISEASE CAUSE 
CARDIOVASCULAR DISEASE? 1861
Blood Pressure, 1861
Dyslipidemia, 1863
Other Direct Risk Factors, 1863
INDIRECT RISK FACTORS: CAUSES OF BOTH 
KIDNEY AND CARDIOVASCULAR 
DISEASE, 1865

Diabetes Mellitus, 1865
Obesity, 1865
CARDIOVASCULAR RISK PREDICTION, 1866
Basic Risk Prediction Scores, 1866
Role of Estimated Glomerular Filtration Rate in 
Risk Prediction, 1866
Use of Imaging and Other Assessments of 
Cardiovascular Function in Risk 
Prediction, 1866
CARDIOVASCULAR RISK PREVENTION, 1867
Smoking Cessation, 1867
Blood Pressure Reduction, 1867
Reduction of Low-Density Lipoprotein 
Cholesterol Level, 1868
Tight Glycemic Control, 1871
Correction of Anemia, 1871
Reduction of Homocysteine Level, 1872
Correction of Chronic Kidney Disease–
Mineral Bone Disorder, 1872
Antiplatelet Therapy, 1873
CONCLUSIONS, 1873

The expanding availability of dialysis and kidney transplan-
tation in developed countries has led to improvements in 
the prognosis of patients with end-stage kidney disease 
(ESKD). However, the life expectancy of patients receiving 
such renal replacement therapy (RRT) remains consider-
ably lower than that of age- and sex-matched healthy con-
trols with normal or near normal kidney function, and the 
risks for both cardiovascular and noncardiovascular causes 
of mortality are increased at all ages.1 This chapter will focus 
on the pathology, epidemiology, and treatment of cardiovas-
cular disease in patients with chronic kidney disease (CKD).

The first description of a link between diseases of the 
kidneys and the cardiovascular system is attributable to 
Richard Bright, who described cardiac hypertrophy in 
patients with small kidneys at postmortem examination over 
170 years ago.2 The problem became more obvious with the 
advent of dialysis, since patients survived long enough after 
ESKD to develop clinical manifestations of cardiovascular 
disease. In the early 1970s, clinicians were alarmed at the 
high incidence of cardiovascular events in young patients 

receiving RRT and presumed that either kidney disease or 
the dialysis process itself led to “accelerated atherosclero-
sis”.3 Twenty years later, a task force report published by the 
U.S. National Kidney Foundation focused the attention of 
the nephrology community on the problem of increased 
cardiovascular disease risk associated with CKD.4 Research 
over the last 10 years or so has improved our understanding 
of the cardiovascular consequences of impaired kidney 
function and has helped to suggest appropriate treatment 
strategies. For example, the nature of the cardiac and arte-
rial changes that complicate CKD are now better described. 
Although atherosclerosis contributes to arterial pathologic 
processes, in advanced CKD, nonatherosclerotic changes, 
including arterial wall thickening and calcification, are the 
dominant pathologic feature.5 While an increased risk for 
cardiovascular events associated with atherosclerotic plaque 
rupture is recognized in patients with CKD,6 the clinical 
consequences of structural heart disease (heart failure and 
sudden dysrhythmic death) appear to be a more important 
cause of morbidity and mortality than are the complications 
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population. It is likely that any associations between a given 
risk factor and particular cardiovascular pathologic changes 
will vary in their strength (and possibly direction), so careful 
phenotyping of cardiovascular outcomes is essential in epi-
demiologic studies.

ARTERIAL DISEASE

The term “arteriosclerosis” (derived from the Greek 
meaning “hardening of the arteries”) is generally used to 
describe a range of pathologic processes. Strictly, arterio-
sclerosis encompasses three different lesions: atherosclero-
sis, arteriolosclerosis, and Mönckeberg’s medial calcific 
sclerosis (or Mönckeberg’s sclerosis).16 Atherosclerosis, a 
word derived from the Greek “atheroma” (gruel-like mate-
rial), is characterized by the development of lipid-enriched 
plaques in the intimal layer of the artery. Calcification is an 
important feature of atherosclerosis, and its presence or 
absence is relevant in determining the stage of the lesion.17 
Distinct from atherosclerosis, the phenomenon of noncalci-
fied, nonatheromatous stiffening of smaller muscular arter-
ies was first described in patients with Bright’s disease in 
1868 and soon came to be known as “arteriolosclerosis.” 
Thirty-five years later, in 1903, Mönckeberg reported what 
he considered to be a third distinct form of arterial disease 
involving the media of the artery and characterized by 
medial thickening and heavy calcification without the pres-
ence of atheroma.18

Patients with CKD may exhibit all these features of arte-
riosclerosis. The exact nature of arterial disease in any given 
individual patient is likely to depend on multiple factors, 
including the patient’s age and exposure to risk factors and 
the duration of CKD. For example, a patient with preexist-
ing atherosclerosis who develops CKD as a result of athero-
sclerotic renovascular disease may have a rather different 
spectrum of arterial pathologic changes than a patient with 
a similar level of kidney function due to kidney damage 
from glomerulonephritis. The various structural and func-
tional arterial abnormalities associated with CKD are covered 
in more detail later.

ARTERIAL WALL THICKENING
One of the few autopsy studies examining arterial patho-
logic processes in ESKD reported that there was more 

of atherosclerotic disease.7 However, our understanding 
remains incomplete.

Although the problem of premature cardiovascular 
disease was first recognized in dialysis populations, patients 
with lesser degrees of impaired kidney function are also at 
increased risk for cardiovascular events.8 Numerous studies 
have shown an inverse association between estimated glo-
merular filtration rate (eGFR) and cardiovascular risk.9 The 
nature of both cardiac and arterial disease may change with 
declining kidney function, and this might have implications 
for the development of optimal management strategies. It 
has also become clear that albuminuria is associated with an 
increased risk for cardiovascular disease, whether or not 
GFR is reduced.9,10

It follows that assessment and management of cardiovas-
cular diseases should start early in the course of CKD in an 
effort to reduce morbidity and mortality, bearing in mind 
that most patients in whom CKD is diagnosed early do not 
progress to ESKD. Those who do may have well-established 
structural cardiac and vascular damage by the time they 
commence RRT.11,12 This is particularly important when con-
sidering a patient’s suitability for transplantation, and most 
clinicians will screen such patients (or at least those they 
consider to be at high risk) for cardiovascular disease before 
transplant listing in an effort to reduce perioperative mor-
bidity and mortality and to optimize the results of organ 
allocation.13 Despite such screening strategies, patients who 
receive a kidney transplant remain at higher risk than age- 
and sex-matched controls without kidney disease.4

At present, there is much uncertainty about how to reduce 
cardiovascular risk in patients with CKD. Epidemiologic rela-
tions among recognized cardiovascular risk factors and par-
ticular clinical outcomes are often confounded by other 
factors associated with ill health in CKD, such as inflamma-
tion and malnutrition,14,15 and it may not be possible to 
account for them accurately or completely. Consequently, it 
may be more appropriate to approach the problem of pre-
venting cardiovascular disease in CKD by defining the types 
of pathologic conditions observed in patients with CKD and 
then considering what is known about the treatment or pre-
vention of such pathologic conditions from studies among 
individuals without CKD (which provide more reliable infor-
mation on the effectiveness of particular drugs in specific 
disease processes). Another possible strategy, which is appli-
cable where treatments that modify a particular risk factor 
are available, is to conduct randomized trials of such treat-
ments, which can yield unconfounded and less biased assess-
ments of the causal relevance of that risk factor for particular 
types of cardiovascular disease.

THE SPECTRUM OF CARDIOVASCULAR 
PATHOLOGIC PROCESSES IN PATIENTS 
WITH CHRONIC KIDNEY DISEASE

Cardiovascular changes observed in patients with CKD can 
be divided broadly into those that involve the blood vessels 
(specifically the arteries) and those that involve the heart 
(Table 56.1). Although a wide spectrum of cardiovascular 
pathologic changes is recognized in CKD, much less is 
known about the association between particular pathologic 
processes and specific cardiovascular risk factors in the CKD 

Table 56.1  Characteristics of Cardiovascular 
Diseases in Chronic Kidney Disease

Arteries

Increased wall thickness
Arterial stiffness
Endothelial dysfunction
Arterial calcification

Heart

Altered cardiac geometry
Myocardial fibrosis
Left ventricular dysfunction
Valvular disease
Dysrhythmia and conduction defects
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protects against the development of arterial disease by 
inhibiting vascular smooth muscle cell proliferation, plate-
let aggregation, and monocyte adhesion.37 Production of 
nitric oxide is stimulated by hypoxia, increased sheer stress, 
or by locally released mediators such as acetylcholine.

Endothelial function can be measured by assessing the 
vasodilatory response of an artery to endothelial stimula-
tion. This can be achieved by directly infusing compounds 
into an artery (usually the brachial) or by monitoring the 
response to reactive hyperemia following temporary arterial 
occlusion. Arterial vasodilation can be assessed by measur-
ing changes in forearm size using strain-gauge plethysmog-
raphy (which works on the principle that the rate of 
distension of a forearm is proportional to the rate of arterial 
inflow) or by measuring the diameter of the arterial lumen 
using high-resolution ultrasonography.38

Studies in patients with stage 4 or 5 CKD have consistently 
demonstrated impairment of endothelial function using 
invasive39 and noninvasive approaches.40 One possible 
mechanism for endothelial dysfunction in the context of 
CKD is the accumulation of asymmetric dimethyl arginine 
(ADMA), an endogenous inhibitor of the enzyme nitric 
oxide synthetase.41 ADMA inhibits nitric oxide synthetase 
and thereby limits the bioavailability of nitric oxide, which 
is essential for normal endothelial function.42 Blood concen-
trations of ADMA are elevated in CKD, are inversely propor-
tional to GFR,41,43 and also appear to be associated with an 
increased risk for cardiovascular disease in the general pop-
ulation in some, but not all, studies.44 At present there is no 
intervention that can selectively reduce ADMA concentra-
tions, so the causal relationship (and clinical relevance) of 
this risk factor remains unclear.

ARTERIAL CALCIFICATION
Arterial calcification is a recognized feature of two of the 
pathologic processes that are prevalent in patients with 
CKD, namely atherosclerosis17 and Mönckeberg sclerosis 
(see “Arterial Disease” section).18 The pattern observed in 
atherosclerosis is of patchy intimal calcification in associa-
tion with lipid deposits, whereas in Mönckeberg disease 
there is a linear pattern of medial calcium deposition 
(Figure 56.1).45 Both are closely linked to disturbances in 
calcium and phosphate homeostasis and to associated 
abnormalities in bone metabolism (see Chapter 55).

Autopsy studies have indicated a greater degree of arterial 
calcification in patients with ESKD than controls with known 
coronary artery disease.5 In life, calcification can be detected 
by both ultrasonographic and x-ray–based techniques.46 
Studies using electron beam computerized tomography, a 
technique that allows rapid image acquisition, thereby 
“freezing” the heart during diastole,47 have indicated that, 
compared to patients known to have cardiovascular disease, 
patients undergoing dialysis have much higher calcification 
scores.48 Furthermore, calcification develops at a younger 
age in CKD than in non-CKD populations,49 being detect-
able even in children and adolescents.50

Some investigators have attempted to distinguish the two 
patterns of arterial calcification on the basis of imaging 
studies.51 Although they may represent a continuum of the 
same pathologic process,52 patchy calcium deposition (sug-
gestive of an atherosclerotic pattern) was more common in 
older patients with a clinical history of cardiovascular events 

pronounced medial thickening in sections of coronary 
artery than in equivalent sections from age- and gender-
matched non-CKD patients known to have had coronary 
artery disease.5 Thickening of the arterial wall can be mea-
sured noninvasively by assessing the combined width of the 
intima and media of the carotid artery on ultrasonography 
(carotid intima-media thickness [CIMT]) and has been 
found to be increased in populations at high risk for cardio-
vascular disease such as older adults19 and patients with type 
2 diabetes mellitus.20 Studies in patients receiving hemodi-
alysis dating back to the mid-1990s have indicated higher 
arterial intima-media thickness values for carotid and 
femoral sites as compared to healthy controls.21 More recent 
studies suggest increased CIMT is also found in patients with 
less advanced CKD and indicate that eGFR independently 
predicts carotid diameter (which increases wall stress).22 
CIMT has also been shown to be a strong predictor of death 
from cardiovascular causes in patients with CKD, indepen-
dent of other risk factors.23,24

ARTERIAL STIFFENING
Stiffening is thought to be a functional consequence of 
artery wall thickening (and calcification) and is readily 
assessed noninvasively by measuring the velocity of propaga-
tion of a pulse wave through the arterial tree (pulse wave 
velocity).25 Stiffening may represent an early feature of CKD-
associated arterial disease and can be detected in pediatric 
populations receiving dialysis as early as the first decade of 
life.26 Stiffness has prognostic significance: both carotid27 
and aortic28 stiffness independently predict death in adult 
patients on hemodialysis, as in other high-risk groups such 
as patients with diabetes mellitus29 and older adults.30

Another method of measuring arterial stiffness is to assess 
the pulse waveform in an accessible artery (e.g., the carotid 
artery). A parameter derived from the pulse waveform, the 
augmentation index, provides a measure of the interaction 
between outgoing and reflected pulse waveforms at the 
point of measurement and in part reflects the stiffness of 
the arterial tree.31 Augmentation index assessed at the 
common carotid artery has been found to predict mortality 
in one study of ESKD32 but not another.33 A further study 
comparing different methods of measuring arterial stiffness 
found that higher pulse wave velocity, but not augmentation 
index, predicted an increased risk for cardiovascular disease 
outcomes in patients with CKD.34

A third method, measurement of carotid artery stiffness 
parameter β, which is determined by monitoring pulsatile 
changes in the artery during echo-tracking sonography,35 
was used in a prospective cohort study examining the inde-
pendent predictive value of arterial stiffness in 423 patients 
receiving hemodialysis. This measurement of stiffness inde-
pendently predicted cardiovascular events even after adjust-
ments had been made for arterial thickness, possibly 
implicating distinct roles for stiffening and thickening in 
the development of arterial complications in patients with 
CKD.36

ENDOTHELIAL DYSFUNCTION
The vascular endothelium plays a key role in maintaining 
arterial tone, predominantly through the continuous pro-
duction of nitric oxide. Nitric oxide is a vasoactive com-
pound that contributes to the resting tone of the artery and 
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changes may eventually lead to functional impairment, 
including reduced compliance of the left ventricular wall 
during diastole (diastolic dysfunction) and impaired myo-
cardial contractility (systolic dysfunction), or both.58 In addi-
tion to these changes in left ventricular geometry, histologic 
changes such as fibrosis and calcification occur in the myo-
cardium,59 and valvular calcification is also frequently 
observed.60

ALTERED CARDIAC GEOMETRY
Left ventricular hypertrophy is generally classified accord-
ing to the predominant pattern of abnormality on echocar-
diogram. In one study of 3487 patients with CKD, the 
prevalence of left ventricular hypertrophy was 32%, 48%, 

before starting dialysis.51 The physiologic consequences of 
arterial calcification may include stiffening of the artery,53 
but it is unclear whether calcification has a positive or nega-
tive impact on plaque stability.54

CARDIAC DISEASE

Echocardiographic studies performed in the mid-1990s 
indicated a high prevalence of structural heart abnormali-
ties in patients starting dialysis, with 74% having increased 
left ventricular mass in one study.11 Left ventricular remodel-
ing occurs well before the initiation of dialysis55 and is 
detectable even in patients with stage 2 or 3 CKD.56,57 
Although adaptive in the early stages, such structural 

Figure  56.1 Arterial  calcification  in  CKD. Cross sections of medium-sized arteries from a patient with chronic kidney disease showing 
deposition of calcium (black) in the intima (A) and media (B) in association with atherosclerosis (von Kossa stain). Calcium deposits may be 
visible on computed tomographic scanning of the heart as depicted in C, where calcification is visible in the left anterior descending and left 
circumflex coronary artery as well as the descending aorta. (Courtesy of Professor A.J. Howie.)
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cardiomyopathy in patients with advanced CKD.63 
Gadolinium-based contrast studies have shown that over 
two thirds of patients have left ventricular hypertrophy with 
preserved systolic volume and function, which is associated 
with diffuse myocardial fibrosis. Left ventricular dilation 
and impaired systolic function were observed in another 
15% of patients, but, by contrast, this was associated strongly 
with traditional atherosclerotic risk factors and a higher 
burden of coronary artery disease on angiography.63 
However, the recognition of gadolinium-induced nephro-
genic systemic fibrosis has meant such studies can no longer 
be conducted until a safer contrast agent is identified.

MYOCARDIAL FIBROSIS
In the longer term, excess myocyte work leads to cell death 
and interstitial cardiac fibrosis.59 Such maladaptive changes 
may be exacerbated by ischemia. Even in the absence of 
occlusive coronary artery lesions, there may be a reduction 
in capillary density to hypertrophied cardiac myocytes, 
which exacerbates local hypoxia.64 Furthermore, stiffening 
of conduit arteries leads to a fall in diastolic pressure, which 
in turn may compromise coronary artery perfusion during 
diastole. Finally, it is possible that repetitive myocardial isch-
emia induced by hemodialysis exacerbates myocyte injury.65 
A mismatch in oxygen supply and demand to the myocar-
dium might explain the well-recognized clinical observation 
that patients receiving dialysis are prone to develop angina, 
even in the absence of occlusive lesions in the major epicar-
dial coronary arteries (i.e., “demand ischemia”).66

An alternative explanation for the changes described 
earlier is that patients develop a distinct uremic cardiomy-
opathy, defined as a primary disease of cardiac muscle asso-
ciated with CKD and causing systolic dysfunction.67 
Characteristic histologic changes include interstitial myo-
cardial fibrosis. Such pathologic changes may occur early in 

57%, and 75% for eGFR categories 60 or higher, 45 to 59, 
30 to 44, and less than 30 mL/min/1.73 m2.56 After adjust-
ment for numerous potential confounders, the odds of 
having left ventricular hypertrophy were more than double 
among patients with eGFR of less than 30 mL/min/1.73 m2 
compared to those with eGFR of 60 mL/min/1.73 m2 or 
higher (odds ratio [OR], 2.2; 95% confidence interval [CI], 
1.4 to 3.4). Recognizing that categorization is complicated 
by volume changes related to dialysis, Foley and associates 
found that 44% of patients had predominantly left ventricu-
lar wall thickening (concentric hypertrophy) and 30% pre-
dominantly increased cavity volume (eccentric hypertrophy) 
in a study of patients starting dialysis.11 Such changes are 
likely to represent adaptations to volume and pressure over-
load.61 Volume overload increases left ventricular filling 
pressure and thereby stretches the ventricular wall. The 
heart adapts by lengthening existing myocytes, thus enlarg-
ing the internal dimensions of the left ventricular cavity. 
This process is usually accompanied by wall thickening, a 
further adaptive response that reduces wall stress. Thus 
volume overload results in a ventricle with a thickened wall 
and enlarged cavity, but with a normal ratio of wall thickness 
to internal diameter (eccentric hypertrophy). In contrast, 
pressure overload increases wall stress during systole, leading 
to myocyte proliferation and wall thickening with preserva-
tion or reduction of cavity volume (concentric hypertrophy; 
Figure 56.2). These adaptive responses, which may be 
reversible in the early stages, are essentially beneficial, at 
least initially. Dilation permits increased cardiac output for 
a similar level of energy expenditure, while wall thickening 
redistributes increased tension over a larger area and 
reduces energy consumption per myocyte.62

Cardiac magnetic resonance studies have allowed the 
geometry of the heart to be assessed in a volume-independent 
manner. Such studies have identified two major types of 

Figure 56.2 Myocardial disease  in CKD. Postmortem cross section of a heart from a patient with long-standing chronic kidney disease 
showing concentric left ventricular hypertrophy (A). Histologic analysis (B) often reveals myocardial fibrosis (pale staining) disrupting the normal 
architecture of cardiac myocytes. (A, Courtesy of Professor A.J. Howie; B, Courtesy of Dr. M. Rubens.)
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critically ill patients80 and infarct survivors81 an eGFR of less 
than 60 mL/min/1.73 m2 has been consistently associated 
with 2- to 3-fold increases in the risk for arrhythmias such 
as atrial fibrillation, ventricular tachycardia, and ventricular 
fibrillation. The contribution that these abnormalities make 
to the increased risk for sudden death among patients 
undergoing dialysis and after transplantation is not known.

Most of the studies of electrophysiology in patients with 
CKD have been conducted in the population receiving 
hemodialysis and therefore represent one extreme of the 
CKD phenotype. Hemodialysis is associated with particular 
risk factors that are known to trigger dysrhythmias, such as 
large changes in extravascular volume and rapid electrolyte 
shifts.82 The excess of deaths around the first dialysis session 
of the week (i.e., after the typical longer interdialytic inter-
val) also suggest these hemodialysis-specific factors are 
important,83 but perhaps not generalizable to other patients 
with CKD. However, other findings in this population do 
suggest that features associated with CKD per se, such as the 
presence of autonomic neuropathy and reduced heart rate 
variability,84,85 predispose to dysrhythmias.

Atrial fibrillation is also more common among patients 
with CKD.86,87 The development of atrial fibrillation can 
reduce cardiac output in patients with left ventricular hyper-
trophy (who may rely on atrial contraction to fill the left 
ventricle). Furthermore, CKD is also a risk factor for throm-
boembolic complications of atrial fibrillation.88 However, 
there is uncertainty about anticoagulation because the abso-
lute excess of bleeding events is larger, so the risk/benefit 
balance is unproven. Furthermore, synthesis of matrix Gla 
protein (an important endogenous calcification inhibitor) 
is vitamin K dependent; thus, vitamin K antagonists may 
lead to excess vascular calcification.87

CLINICAL MANIFESTATIONS OF 
CARDIOVASCULAR DISEASE IN  
CHRONIC KIDNEY DISEASE

Whereas coronary artery disease explains over half of car-
diovascular mortality in the general population,89 studies 
have shown that coronary artery disease accounts for less 
than one fifth of cardiovascular mortality in patients under-
going dialysis.90-92 At some point, therefore, in the natural 
history of CKD, nonatherosclerotic cardiovascular disease 
evolves to become the dominant pathologic process.

As GFR falls there is an increasing burden of arterial stiff-
ness and structural heart disease.56,61,93 The clinical picture 
in patients with structural heart disease but normal kidney 
function includes heart failure, arrhythmias, and sudden 
cardiac death (SCD).94 Similar syndromes are also observed 
in patients with advanced CKD. Data from the United States 
suggest that the annual incidence of SCD in the CKD popu-
lation is 2.8%, which is five times that in the general popula-
tion.95 In the U.S. dialysis population, SCD accounts for over 
half of all cardiac mortality.95,96 Strategies that target non-
atherosclerotic disease are required, and randomized trials 
of these should be a high priority.

Although atherosclerotic disease may account for a 
smaller proportion of cardiovascular events among persons 
with advanced CKD, the absolute risk for atherosclerotic 
events is high: the risk for myocardial infarction among such 
patients is around 2% to 3% per annum.90,91 Strategies that 

the course of CKD68 and could be the result of metabolic 
changes, rather than a response to changes in left ventricu-
lar geometry.69

CHANGES TO LEFT VENTRICULAR FUNCTION
In the early stages of left ventricular remodeling, indices of 
systolic function may be preserved by the Starling mecha-
nism and increased sympathetic activity.59 However, in the 
longer term, impaired myocardial contractility ensues, 
together with a reduction in ejection fraction (or systolic 
dysfunction). Echocardiographic studies suggest that sys-
tolic dysfunction is present in approximately 20% of patients 
on maintenance dialysis.70 The disease is clinically silent in 
the early stages, but in due course patients may develop 
symptoms suggestive of congestive cardiac failure. Further-
more, symptoms may result from diastolic dysfunction (see 
later) in patients with a well-preserved ejection fraction.71 
Severe systolic dysfunction may lead to a fall in systolic blood 
pressure in a previously hypertensive patient, a phenome-
non that may help to explain the association between lower 
systolic pressure and mortality in patients undergoing dialy-
sis (see the “Blood Pressure” section under “Does Kidney 
Disease Cause Cardiovascular Disease?”).72 Observational 
studies suggest that systolic dysfunction improves following 
successful kidney transplantation, even in patients with 
severe disease.73 Thus, the practice of excluding such indi-
viduals from transplant waiting lists should be questioned, 
particularly if prolonged dialysis or CKD exacerbates myo-
cardial dysfunction.74

The histologic changes to the myocardium described 
earlier undoubtedly contribute to diastolic dysfunction, 
which is characterized by impaired ventricular relaxation 
and reduced ventricular compliance. Compared to systolic 
dysfunction, diastolic dysfunction is more likely to lead to 
clinical manifestations—typically heart failure. A patient 
with a stiff left ventricle may be particularly sensitive to 
tachyarrhythmia (e.g., atrial fibrillation) or an increase in 
intravascular volume and pulmonary edema, while intravas-
cular volume depletion results in reduced ventricular filling 
(with a risk for syncope) and hemodynamic instability on 
dialysis.75 Diastolic dysfunction is more common than sys-
tolic dysfunction in patients undergoing dialysis, being 
present in approximately 50% of prevalent patients,76 and 
may be associated with an even worse prognosis than systolic 
dysfunction.77

VALVULAR DISEASES
Calcification of the mitral and/or aortic valve is four times 
more common in patients receiving dialysis than in matched 
controls and is associated with increased intima-media thick-
ening and arterial calcification, perhaps suggesting a 
common pathogenic mechanism.60 Consequences of valvu-
lar calcification include acceleration of aortic sclerosis (and 
possible progression to symptomatic aortic stenosis and con-
sequent pressure overload of the left ventricle)78 and incom-
petence of the mitral valve (exacerbated by left ventricular 
dilation), which further contributes to volume overload of 
the left ventricle.

DYSRHYTHMIA
CKD is associated with impaired intracardiac conduction, 
manifest as prolongation of the PQ and QRS intervals.79 In 
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disease, heart failure, and cardiac arrhythmia. A community-
based prospective study from Iceland demonstrated an 
inverse relation between eGFR and coronary artery disease 
specifically, but few participants had CKD, and if present it 
was mild (mean eGFR in CKD group 58.7 mL/
min/1.73 m2).103 Such information will be essential if we are 
to develop a better understanding of the reasons why 
reduced kidney function is associated with an excess risk for 
the aggregate of deaths from any cardiovascular cause.

ASSOCIATION BETWEEN ALBUMINURIA AND 
CARDIOVASCULAR DISEASE

Data from the Chronic Kidney Disease Prognosis Consor-
tium indicate that among persons without known kidney 
disease, a higher level of albuminuria is associated with an 
increased risk for cardiovascular disease, and there is no 
apparent threshold below which lower albuminuria is not 
associated with lower risk.9 In another meta-analysis of 26 
cohorts with over 7000 coronary events, there was a continu-
ous association between the degree of albuminuria and risk 
for coronary artery disease.105 Compared to “normal” levels 
of albuminuria (i.e., < 2.5 mg/mmol in men or < 3.5 mg/
mmol in women), microalbuminuria (i.e., < 30 mg/mmol) 
was associated with a 50% increase in risk for coronary 
artery disease (HR, 1.47; 95% CI, 1.30 to 1.66) and macro-
albuminuria (≥30 mg/mmol) was independently associated 
with a doubling of risk (HR, 2.17; 95% CI, 1.87 to 2.52). 
The association between albuminuria and cardiovascular 
risk appears to be independent of GFR.9,10,106

Since leakage of albumin into the extravascular space may 
occur due to endothelial dysfunction, it has been suggested 
that some albuminuria may represent a renal manifestation 
of progressive, diffuse arterial disease.107,108 If true, this could 
imply that some or all of the observed association between 
albuminuria and cardiovascular disease is attributable to 
residual “confounding by disease,” in which unmeasured 
vascular disease (manifest as endothelial dysfunction) is 
both a cause of albuminuria and of cardiovascular events. 
Since available treatments that reduce albumin leakage also 
exert other salutary effects on cardiovascular risk, it is 
unlikely that the multiple benefits of these therapies could 
be disentangled. It therefore remains unclear whether 
reducing albuminuria per se will reduce the risk for vascular 

target atherosclerotic disease may therefore be effective at 
reducing the burden of cardiovascular disease in advanced 
CKD.95

EPIDEMIOLOGY OF CARDIOVASCULAR 
DISEASE IN CHRONIC KIDNEY DISEASE

Although the association between CKD and cardiovascular 
disease first became apparent from observations in young 
patients undergoing dialysis, it is now recognized that the 
increased risk starts much earlier in the natural history of 
CKD.

ASSOCIATION BETWEEN KIDNEY FUNCTION 
AND CARDIOVASCULAR DISEASE

Numerous studies have shown that there is an inverse asso-
ciation between kidney function (at least as measured by 
GFR or an estimate thereof) and cardiovascular risk.8,97-103 
Studies that have assessed the relation between kidney  
function and cardiovascular risk generally fall into three 
categories: community-based prospective epidemiologic 
studies, observational data from randomized controlled 
trials, and analyses of health care management databases. 
Despite differences in the populations studied and adjust-
ment for confounding variables, the results are surprisingly 
consistent. A meta-analysis of 19 creatinine-based studies 
(including over 160,000 events) has shown that for each 
20 mL/min/1.73 m2 reduction in eGFR, the risk for major 
vascular events (which includes both nonfatal and fatal 
events) increases by approximately 50% (hazard ratio [HR], 
1.49; 95% CI, 1.38 to 1.61).104

The Chronic Kidney Disease Prognosis Consortium com-
bined the results of 19 studies in the general population.9 
After adjustment for age, sex, ethnicity, diabetes, blood pres-
sure, total cholesterol level, smoking, and history of cardio-
vascular disease, lower eGFR was associated with an increased 
risk for death from any cardiovascular cause as compared 
to the reference group (eGFR 90 to 104 mL/min/1.73 m2) 
(Figure 56.3).

However, very few of the available studies have sought to 
assess the nature of any associations between reduced eGFR 
and particular types of cardiac events, such as coronary artery 

Figure 56.3 Association between estimated glomerular filtration rate (eGFR) (left) and albuminuria (right) and cardiovascular mortality. This 
meta-analysis included data from 1,234,182 participants in 21 cohorts from the general population. Albumin to creatinine ratio (ACR) was 
available from 14 studies of 105,872 participants. Diamonds represent reference group (eGFR 95 mL/min/1.73 m2 and ACR 5 mg/g [0.6 mg/
mmol], respectively); circles represent statistically significant; and triangles represent not significant. CI, Confidence interval; HR, hazard ratio. 
(From Matsushita K, van der Velde M, Astor BC, et al: Association of estimated glomerular filtration rate and albuminuria with all-cause and cardio-
vascular mortality in general population cohorts: a collaborative meta-analysis. Lancet 375:2073-2081, 2010.)
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effect.15 Paradoxically, therefore, it may be more appropri-
ate to rely chiefly on epidemiologic studies performed in 
nonrenal populations when assessing the potential rele-
vance of particular risk factors to the etiology of the various 
types of cardiovascular disease observed in CKD.

BLOOD PRESSURE

The kidney is centrally involved in blood pressure regula-
tion. Even relatively mild kidney damage can raise blood 
pressure, mediated by salt and water retention (and hence 
intravascular volume expansion), sympathetic overactivity, 
activation of the renin angiotensin aldosterone system and 
accumulation of endogenous vasopressors.111 In turn, hyper-
tension can damage the kidneys further, leading to a vicious 
cycle of rising blood pressure (with arterial hyalinosis and 
vascular stiffening) and declining GFR. Evidence from 
kidney donors (who are selected for being healthy and in 
particular having preserved kidney function) suggests that 
a 10 mL/min reduction in GFR leads directly (i.e., causally) 
to a 5 mm Hg increase in systolic blood pressure (which 
may be an underestimate because elevations in blood pres-
sure are likely to be treated in this population).106

Hypertension is strongly associated with several different 
types of cardiovascular disease in the general population. 
Prospective epidemiologic studies have indicated that there 
is a log-linear association between higher blood pressure 
and an increased risk for coronary artery disease, ischemic 
and hemorrhagic stroke, and congestive heart failure. The 
Prospective Studies Collaboration showed in a meta-analysis 
of 61 prospective studies (which included a total of 1,000,000 
adults without prior cardiovascular disease with roughly 
56,000 cardiovascular deaths) that a prolonged 20 mm Hg 
increment in usual systolic blood pressure was associated 
with a more than twofold higher risk for stroke-related 
death, and a twofold higher risk for death due to coronary 
artery disease and of death due to heart failure.112

That these associations are causal has been established 
reliably by randomized trials showing that lowering systolic 
blood pressure reduces the risk for stroke, coronary artery 
disease, and other cardiovascular diseases, with every 
5 mm Hg reduction associated with a reduction of approxi-
mately one fifth in risk.113 The results are broadly similar for 
different classes of antihypertensive treatment, although 
there is some evidence to suggest that inhibitors of the renin 
angiotensin aldosterone system may have particularly ben-
eficial effects on the risk for heart failure.114

Since hypertension appears very early in the natural 
history of CKD, a patient who has progressed to stage 3 CKD 
will generally have been exposed to a prolonged increase in 
blood pressure, which, depending on the degree of treat-
ment received, would be expected to contribute substan-
tially to his or her subsequent risk for both nonatherosclerotic 
and atherosclerotic cardiovascular disease. For example, a 
5 mm Hg difference resulting from a mild reduction in GFR 
(e.g., from 90 to 80 mL/min) could translate into an 
increase of approximately one quarter for the risk for stroke 
death and one fifth for the risks of coronary artery disease–
associated death and other cardiovascular death. These rela-
tive risks may be substantially larger in younger individuals 
(in whom the association between blood pressure and car-
diovascular death is stronger than in older individuals).112

disease. Indeed, trials of more-intensive versus less-inten-
sive albuminuria reduction strategies (such as adding 
angiotensin-converting enzyme or direct renin inhibitors to 
angiotensin receptor blockers) have not shown additional 
cardiovascular protection (although their statistical power 
to do so was limited).109,110

DOES KIDNEY DISEASE CAUSE 
CARDIOVASCULAR DISEASE?

As described in earlier chapters, the kidneys are responsible 
for a wide variety of physiologic processes including clear-
ance of metabolic waste products, salt and water balance, 
blood pressure regulation, and hormone production. Even 
mild kidney disease has direct effects on the regulation of 
these processes and could therefore potentially lead to dis-
turbed function and metabolism in other systems, including 
the cardiovascular system. It is of considerable interest 
therefore to consider to what extent the excess risk for car-
diovascular disease in CKD could be explained by such 
disturbances.

In this section and the next, we suggest a framework for 
considering the evolution of cardiovascular risk in CKD, as 
illustrated in Figure 56.4. We consider two main types of risk 
factors:

1. Direct risk factors (e.g., hypertension) that arise as a direct 
consequence of kidney damage and are associated with 
one or more types of cardiovascular disease (this section) 
(Table 56.2)

2. Indirect risk factors (e.g., diabetes mellitus, obesity) that 
cause both kidney disease and one or more types of car-
diovascular disease

In general, observational studies of particular risk factors 
among persons with kidney disease may not provide quan-
titatively reliable information about any associations that 
might exist because of the difficulty of adjusting for con-
founding by disease, also known as “reverse causality”.15 For 
example, reduced left ventricular function among patients 
undergoing dialysis may lead to lower blood pressure, yield-
ing an apparent association between lower blood pressure 
and cardiovascular mortality which is not one of cause and 

Figure  56.4 The  relationship  between  chronic  kidney  disease 
and cardiovascular disease mediated by direct and indirect risk 
factors. *Indirect risk factors are those that cause both renal disease 
and one or more types of cardiovascular disease. †Direct risk factors 
are those that arise as a direct consequence of kidney damage and 
are associated with one or more types of cardiovascular disease. BP, 
Blood pressure. 
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Table 56.2  Direct Risk Factors Linking Chronic Kidney Disease and Cardiovascular Disease

Risk Factor

Estimated 
Change for 
Each 10 mL/
min/1.73 m2 
lower eGFR*

Approximate 
Stage of CKD 
at Which 
Abnormality 
Manifests

Approximate 
Relative 
Risk† Causal? Comment

Coronary Artery Disease

Systolic blood 
pressure

↑5 mm Hg 1-2 1.2 Yes Reliable data from large-scale observational 
studies112 and RCTs113 support causal 
relationship.

HDL 
cholesterol

↓0.2-
0.4 mmol/L

3 1.2 Possible Large-scale observational studies support inverse 
association with coronary disease.120 Genetic 
studies and randomized trials inconclusive.

Lipoprotein (a) ↑0.2-
0.4 µmol/L

3 <1.5 Possible Genetic studies support causal association with 
coronary disease.128 Requires confirmation in 
trials.

Phosphate ↑0.3 mmol/L 3b-4 1.4 Possible Observational studies in general population158 
suggest possible causal link. Requires 
confirmation in trials.

PTH ↑3 pmol/L 3 1.3 Possible Observational studies in general population 
suggest possible causal link.177,187

Anemia ↓0.2-0.5 g/dL 3b-4 — No RCTs in CKD population do not show that 
correcting anemia improves cardiac 
outcomes.188

Homocysteine ↑0.5 µmol/L 3 <1.5 No RCTs do not demonstrate reduced CHD risk with 
reduction in homocysteine.149

Congestive Heart Failure

Systolic blood 
pressure

↑5 mm Hg 1 1.2 Yes Reliable data from large-scale observational 
studies112 and RCTs113 support causal 
relationship.

Phosphate ↑0.3 mmol/L 3b-4 1.4 Possible Observational studies in general population158 
suggest possible causal link. Requires 
confirmation in trials.

PTH ↑3 pmol/L 3 1.3 Possible Observational studies in general population 
suggest possible causal link.177,187

Anemia ↓0.2-0.5 g/dL 3b-4 — No Although observational data support link between 
anemia and structural heart disease,135 
randomized trials do not show that correcting 
anemia improves cardiac outcomes.188

FGF-23 ↑10-30 RU/mL 1-2 <1.5 Possible Supportive experimental and observational data 
in CKD and general population.168

Stroke

Systolic blood 
pressure

↑5 mm Hg 1-2 1.3 Yes Reliable data from large-scale observational 
studies112 and RCTs113 support causal 
relationship.

HDL 
cholesterol

↓0.2-
0.4 mmol/L

3 1.1 Possible Weak inverse association in observational 
studies.120

Phosphate ↑0.3 mmol/L 3b-4 1.4 Possible Observational studies in general population158 
suggest possible causal link.

Anemia ↓0.2-0.5 g/dL 3b-4 — No No supportive observational data in general 
population.189 RCTs in CKD population suggest 
that correcting anemia with ESA may cause 
stroke.190

Homocysteine ↑0.5 µmol/L 3 <1.5 No RCTs do not demonstrate reduced stroke risk 
with reduction in homocysteine.149

The table shows typical differences in risk factors for coronary artery disease, stroke, and congestive heart failure between patients with mild 
renal impairment and middle-aged healthy general population.

*See text for justification of change in risk factor assumed. Relative risk estimated from observational studies (where available) of association 
between long-term exposure to risk factor and outcome. Estimates for congestive heart failure based on data for coronary artery disease if 
specific data not available.

†Associated with change in risk factor induced by 10 mL/min reduction in GFR.
CHD, Coronary heart disease; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; ESA, erythropoietin-stimulating agent; 

FGF-23, fibroblast growth factor 23; HDL, high-density lipoprotein; PTH, parathyroid hormone; RCT, randomized controlled trial; RU, rat unit.
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DYSLIPIDEMIA

The characteristic lipid profile resulting from impaired 
kidney function beyond approximately stage 3 CKD is an 
accumulation of partially catabolized triglyceride-rich very 
low-density lipoprotein and intermediate-density lipopro-
tein, leading to an elevated serum triglyceride concentra-
tion, with lower high-density lipoprotein (HDL) cholesterol 
concentrations. Low-density lipoprotein (LDL) cholesterol 
concentration in CKD is similar to or lower than the popula-
tion average, except that nephrotic-range proteinuria leads 
to an increase in LDL cholesterol level.115 Cholesterol con-
tinues to be progressively removed from these particles and 
triacylglycerol is added, leading to an excess of small dense 
LDL particles that may be more atherogenic.116 HDL func-
tion may also be impaired in CKD.117 In addition, lipopro-
tein (a) (Lp[a]) concentrations are increased in association 
with CKD (and, again, this abnormality is a direct result of 
impaired kidney function since it can be normalized by 
kidney transplantation).118,119

Based on what is known from epidemiologic studies in 
persons without CKD, it remains unclear whether the typical 
dyslipidemia seen in CKD would be expected to result in a 
large increase in the risk for atherosclerotic events in 
patients with (nonnephrotic) CKD. Although it is clear from 
epidemiologic studies89,120 and large-scale randomized 
trials121 that elevated LDL cholesterol level is a contributing 
cause of atherosclerotic events, the observed incidence of 
atherosclerotic events in CKD cannot be caused chiefly by 
increased LDL cholesterol concentrations because such an 
abnormality occurs in a minority of patients, usually in asso-
ciation with severe proteinuria. Similarly, it is unlikely that 
hypertriglyceridemia contributes much to an increase in the 
risk for atherosclerotic events, since a meta-analysis of pro-
spective studies has shown that, once proper adjustment is 
made for HDL cholesterol level and other confounders, 
there is no clear association between higher triglyceride 
levels and atherosclerotic events such as myocardial infarc-
tion and ischemic stroke.120

On the other hand, HDL cholesterol level is generally 
reduced in CKD. In one study, for example, patients on hemo-
dialysis had a mean HDL cholesterol level of 0.89 mmol/L 
compared to 1.4 mmol/L in healthy controls.122 Prospective 
studies have shown that a 0.4-mmol/L (15-mg/dL) higher 
HDL cholesterol level is associated with a one-fifth reduction 
in coronary events (HR, 0.78; 95% CI, 0.74 to 0.82),120 while 
the association with ischemic stroke is less clear.120,123 However, 
trials of drugs that can raise HDL cholesterol level have so far 
not shown clear benefit, and genetic studies have also been 
inconclusive.124-127 Thus, it remains unclear whether reduced 
HDL cholesterol level is of causal relevance in either the 
general or the CKD population.

It is also possible that elevated Lp(a) level might contrib-
ute to an increase in risk. Modest reductions in GFR are 
associated with an increase of 0.2 to 0.4 µmol/L in Lp(a) 
concentrations,118 and genetic data strongly suggest that 
there is a causal association between Lp(a) concentration 
and coronary artery disease in the general population.128 
However, it is difficult to predict the effect of CKD-induced 
changes in Lp(a) concentration because the distribution is 
very skewed and very dependent on the subpopulation of 
patients with CKD being studied.119

In summary, it is unclear whether the dyslipidemia typi-
cally found in association with CKD contributes materially 
to the excess risk for atherosclerotic cardiovascular disease 
that is observed in CKD. However, in the general popula-
tion, reducing LDL cholesterol level reduces the risk for 
atherosclerotic events even among people with average or 
low LDL cholesterol levels,121 and this strategy has also 
proven effective in reducing atherosclerotic risk in CKD 
(see the “Reduction of Low-density Lipoprotein Cholesterol 
Level” section under “Cardiovascular Risk Prevention”).

OTHER DIRECT RISK FACTORS

In addition to increased blood pressure, which has an estab-
lished association with cardiovascular disease in the general 
population, several other metabolic disturbances caused by 
kidney disease may contribute to some of the increased risk 
for cardiovascular disease.

COAGULATION DEFECTS
CKD is associated with raised fibrinogen concentrations, 
which in turn would increase plasma viscosity and modulate 
coagulation in a procoagulant direction.129,130 CKD also 
increases factor VIII and von Willebrand factor concentra-
tions.131 Although increases in fibrinogen concentrations 
are not well characterized in CKD, a 1-g/L increase in fibrin-
ogen concentration has been reported in one study.131 Epi-
demiologic studies in the general population suggest that, 
after adjustment for potential confounders, such an increase 
is associated with a 1.8-fold excess risk for coronary disease, 
stroke, and other cardiovascular events.132 However, the lack 
of an association between genetic variants that determine 
fibrinogen concentrations and cardiovascular risk make it 
less plausible that raised fibrinogen concentration itself is a 
cause of atherosclerotic disease, so the relevance of any such 
increase in CKD is uncertain.133

ANEMIA
Anemia in CKD is caused by a combination of factors that 
include erythropoietin deficiency, functional iron defi-
ciency, and chronic inflammation (see Chapter 57). The 
effects of chronic anemia on the cardiovascular system are 
not well studied in the general population because anemia 
is generally associated with disease. In CKD, however, 
anemia is associated with left ventricular hypertrophy. In 
one study a 0.5-g/dL lower hemoglobin concentration was 
associated with a 30% higher frequency of increased left 
ventricular mass (defined as 20% greater than baseline),134 
while in another study of patients undergoing dialysis each 
1-g/dL decrease in hemoglobin level was associated with a 
50% increased risk for left ventricular dilation and a 25% 
increased risk for cardiac failure.135

Although some small nonrandomized studies have sug-
gested that partial correction of anemia reduces left ven-
tricular mass index in patients with CKD,136,137 randomized 
trials have not shown that complete correction of anemia 
(compared to partial correction) leads to a reduction in left 
ventricular mass.138-140 It is therefore unclear whether anemia 
is a cause of structural heart disease in CKD, but, since it 
does not appear until a significant amount of kidney func-
tion is lost (e.g., eGFR below approximately 40 mL/
min/1.73 m2),141 it seems unlikely that it could contribute 
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associated with increased vascular stiffness153,154 and calcifica-
tion,155,156 perhaps because hyperphosphatemia can induce 
vascular smooth muscle cells to develop an osteoblastic phe-
notype.157 Such vascular stiffness could plausibly increase the 
risk for structural heart disease and thereby for heart failure 
and cardiac arrhythmias.71

At least within the range of concentrations observed in 
the general population there is an association between 
higher serum phosphate concentration and increased risk 
for cardiovascular events and mortality.158,159 In the Framing-
ham Offspring Study, for example, a 1-mg/dL (0.32-mmol/
L) increment in serum phosphate concentration was 
associated with an increase in the risk for cardiovascular 
disease (namely, coronary artery disease, stroke, peripheral 
arterial disease, or heart failure) of approximately one third 
(HR, 1.30; 95% CI, 1.05 to 1.63) after adjustment for con-
ventional cardiovascular risk factors and eGFR.158 However, 
there were too few events to allow the association with heart 
failure to be assessed separately from typical atherosclerosis-
related events.

Randomized trials of treatments that lower serum phos-
phate concentration (such as phosphate binders) are 
required to determine whether hyperphosphatemia, or the 
counterregulatory processes that are activated in CKD, are 
causally related to cardiovascular disease. The issue is com-
plicated by the possibility of adverse effects of calcium-
containing phosphate binders, which may contribute to 
vascular calcification by inducing a positive calcium balance, 
which results in deposition of calcium in the vasculature 
rather than bone.160

Fibroblast Growth Factor 23

Fibroblast growth factor 23 (FGF-23) concentrations rise 
earlier in CKD than the serum concentrations of phosphate 
or even PTH161 and help maintain a normal serum phos-
phate concentration via a phosphaturic effect. The associa-
tion of FGF-23 with mortality was first demonstrated in 
patients undergoing maintenance hemodialysis,162 and since 
then, other studies have found associations between FGF-23 
concentrations and subsequent all-cause and cardiovascular 
mortality in patients with CKD.163-165 More recently, FGF-23 
was studied in a population without prior cardiovascular 
disease and over 10 years’ follow-up; in this study it was again 
independently associated with all-cause mortality (HR per 
doubling, 1.25; 95% CI, 1.14 to 1.36) and incident heart 
failure events (697 events; HR, 1.41; 95% CI, 1.23 to 1.61) 
but not incident atherosclerotic events (797 events; HR, 
1.12; 95%, CI 0.98 to 1.29).166

Unlike phosphate concentrations, serum FGF-23 concen-
trations do not correlate with arterial calcification.167 Experi-
mentally FGF-23 has been shown to induce left ventricular 
hypertrophy in the absence of its coreceptor Klotho; fur-
thermore, FGF-23 and left ventricular mass are positively 
associated among patients with CKD and those with normal 
renal function.168,169 Assuming these associations are causal, 
the biologic mechanisms linking FGF-23 with cardiovascular 
diseases may be different from those for serum phosphate.

Vitamin D

As discussed in more detail in Chapter 55, vitamin D is 
activated (via 1α-hydroxylation) by the kidney, and there-
fore fully active 1,25-dihydroxyvitamin D concentrations 

substantially to the excess risk for cardiovascular disease 
observed among those with higher eGFR. The results of 
randomized trials of treatments to increase hemoglobin 
concentration that involved assessment of cardiovascular 
end points are discussed later in the “Correction of Anemia” 
section.

HOMOCYSTEINE
The observation that homocystinuria (which results in a 
very large increase in plasma homocysteine concentrations) 
is associated with premature cardiovascular disease led to 
interest in whether more moderate increases in homocyste-
ine might be associated with an increased risk for coronary 
artery disease.142 Homocysteine concentrations have a strong 
inverse association with GFR, and, since they are reduced 
by kidney transplantation, the rise in homocysteine concen-
tration is a direct result of impaired kidney function.143 
However, the mechanism(s) underlying hyperhomocystein-
emia in CKD are complex and not fully understood. They 
are not attributable to reduced clearance, because renal 
homocysteine excretion accounts for less than 1% of its 
elimination, so they must instead involve metabolic distur-
bances in remethylation and transsulfuration pathways.144 
Moderate reductions in GFR are associated with a 5-µmol/L 
increase in total plasma homocysteine concentration.145

A meta-analysis of prospective observational studies 
showed that a 25% lower than usual homocysteine concen-
tration (approximately 3 µmol/L) was associated with an 
11% lower risk for coronary disease and a 19% lower risk 
for stroke.146 The earliest genetic studies of mutations in 
the methylenetetrahydrofolate reductase gene (MTHFR) 
appeared consistent with this association being causal,147 but 
subsequent meta-analysis of all available genetic data has 
indicated that such an association is unlikely to reflect cau-
sality.148 Large-scale randomized trials of folate and B vita-
mins, which reduce plasma homocysteine concentration, 
have also failed to demonstrate a benefit of lowering homo-
cysteine concentration (see the “Homocysteine” section 
under “Cardiovascular Risk Prevention”).149-151

CHRONIC KIDNEY DISEASE–MINERAL  
BONE DISORDER
Impaired kidney function causes a complex disorder of 
calcium and phosphate metabolism, including effects on 
vitamin D and parathyroid hormone (PTH) (see Chapter 
55 for a detailed description), which becomes especially 
marked after stage 3b CKD. Since such abnormalities are 
uncommon in persons without CKD, the information we 
have available to us is derived mostly from observational 
studies conducted in patients with CKD, which, because of 
the likelihood of residual confounding, severely limits their 
interpretation.

Phosphate

Serum phosphate concentrations rise once the kidney’s 
ability to excrete the dietary phosphate load is exceeded.141 
Multiple homeostatic processes are in place to maintain 
serum phosphorus concentrations in the normal range 
despite diminished excretion with impaired kidney function, 
and hence a serum phosphate concentration within the ref-
erence range does not necessarily imply normal phosphate 
metabolism.152 Higher serum phosphate concentrations are 
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antioxidant vitamins (vitamins A [β-carotene], C, and E) are 
inversely related to cardiovascular disease incidence and 
mortality,181 but randomized trials of antioxidant treatments 
indicate that, at least in the doses studied, use of these drugs 
does not reduce the risk for cardiovascular disease.182

Patients with CKD have increased measures of inflammation 
compared to age- and sex-matched controls.129 Genetic data 
from the general population suggest that inflammation is caus-
ally associated with coronary disease, although the mechanism 
remains unclear.183,184 Trials of antiinflammatory therapies are 
ongoing in the general population, which will help to clarify 
the potential utility of such therapies in CKD.185,186

INDIRECT RISK FACTORS: CAUSES  
OF BOTH KIDNEY AND 
CARDIOVASCULAR DISEASE

DIABETES MELLITUS

Diabetes mellitus is a common disease that affects approxi-
mately 150 million people worldwide. The overall preva-
lence is increasing—driven in part by a rise in the prevalence 
of obesity and an aging population—and it has been esti-
mated that there will be over 300 million persons globally 
with type 2 diabetes by 2025.191

Diabetic nephropathy is caused by glycation of structural 
proteins within the kidney, beginning with the glomerular 
basement membrane but later causing mesangial and inter-
stitial matrix expansion (see Chapter 39). Approximately 
40% of patients new to dialysis in the United States have dia-
betic nephropathy, and diabetes mellitus is present as a 
comorbid illness in an additional 10% of patients (in other 
words, diabetes mellitus is present but is thought not to be 
the primary cause of ESKD).95 Strict glycemic control and 
blood pressure control (with renin angiotensin aldosterone 
system inhibitors) both appear to retard the progression 
(and perhaps development) of diabetic nephropathy.192-196 
Patients with diabetes (either type 1 or type 2) are at increased 
risk for mortality, and approximately two thirds of deaths can 
be attributed to cardiovascular causes.197 Prospective data 
from a meta-analysis of 102 studies with information on fatal 
and nonfatal outcomes demonstrated that the presence of 
diabetes mellitus doubled the risk for coronary heart disease 
(HR, 2.00; 95% CI, 1.83 to 2.19).198 The risk for ischemic 
stroke was increased by approximately half (HR, 1.56; 95% 
CI, 1.56 to 2.09), hemorrhagic stroke by around four fifths 
(HR, 1.84; 95% CI, 1.54 to 2.13), and other vascular deaths 
(including heart failure) by approximately three quarters 
(HR, 1.73; 95% CI, 1.51 to 1.98). These estimates were not 
significantly affected by adjustment for traditional cardiovas-
cular risk factors (e.g., lipids and blood pressure) but were 
also unaffected by adjustment for kidney function.198 Among 
patients with CKD, therefore, the presence of diabetes mel-
litus seems likely to contribute additional risk over and above 
any risk arising from direct risk factors associated with 
impaired kidney function (see Figure 56.4).

OBESITY

In the general population, observational studies have shown 
that obesity is associated with an increased risk for 

decline early in the progression of CKD.141,170 In addition, 
rising FGF-23 concentrations also inhibit activation of 
vitamin D. There is also an association between “native” 
vitamin D (usually measured as 25-hydroxyvitamin D) con-
centration and GFR.170 However, this may reflect poorer 
nutrition in patients with chronic disease. Vitamin D defi-
ciency (and subsequent hypocalcemia) removes negative 
feedback from the parathyroid glands, and PTH concentra-
tions therefore rise as GFR falls.141

Some observational studies in the general population 
have suggested that there is an inverse association  
between 25-hydroxyvitamin D concentrations and subse-
quent cardiovascular events, whereas others have not.171 A 
meta-analysis demonstrated inverse associations between 
25-hydroxyvitamin D and all-cause mortality (and its com-
ponents, including vascular, cancer, and other nonvascular 
causes).172 Randomized trials of vitamin D supplementation 
in the general population have not demonstrated a reduc-
tion in cardiovascular events.171 However, it is possible that 
these trials used doses of vitamin D that were too low to 
induce a potent enough effect. Some studies have suggested 
that vitamin D deficiency predisposes patients to diabetes 
mellitus and raises blood pressure, but again these data are 
not conclusive.171 It is unclear whether disturbed vitamin D 
metabolism could plausibly contribute to the observed 
excess risk for cardiovascular disease in CKD.

Parathyroid Hormone

PTH concentrations rise as a direct result of declining GFR 
early in the progression of CKD; secondary hyperparathy-
roidism (sHPT) can be found in one fifth of patients with 
CKD stage 1 or 2.141 PTH level rises because of lack of nega-
tive feedback from declining 1,25-hydroxyvitamin D and 
calcium concentrations and rising concentrations of serum 
phosphate (even within the population reference range). 
PTH has been implicated in atherogenesis (and in calcifica-
tion of atherosclerotic lesions) and also in modifying cardiac 
fibrosis in animal models.173,174 There are case reports of 
improved myocardial metabolism and structure after para-
thyroidectomy, suggesting that high concentrations of PTH 
may damage the heart.175 There does not appear to be a 
clear association between PTH and all-cause and cardiovas-
cular mortality in patients with CKD.176 However, studies in 
the general population (which may be less prone to con-
founding) have suggested that there is an independent asso-
ciation between elevated PTH concentrations and both fatal 
and nonfatal cardiovascular disease.177 A meta-analysis of 12 
such studies showed that the risk for cardiovascular disease 
was 50% (HR, 1.50; 95% CI, 1.18 to 1.92) higher among 
patients in the groups with highest PTH concentration com-
pared to those in the lowest.177

OXIDATIVE STRESS AND INFLAMMATION
Oxidative stress is defined as tissue injury resulting from  
an excess of oxidant compounds and is important in pro-
tecting against infection and tissue repair. Oxidative stress 
leads to a reduction in nitric oxide bioavailability and thus 
to endothelial dysfunction178 and may also contribute to left 
ventricular remodeling and fibrosis, and oxidation of lipo-
proteins.179 CKD is associated with oxidative stress,180 
although precise quantification is difficult. In the general 
population, dietary intake or plasma concentrations of 
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determinants of creatinine and other filtration markers 
such as cystatin C may improve cardiovascular risk predic-
tion,206 as they incorporate information on other cardiovas-
cular risk factors such as diabetes mellitus.207 Indeed, 
combining filtration markers may provide better risk 
prediction.208

USE OF IMAGING AND OTHER  
ASSESSMENTS OF CARDIOVASCULAR  
FUNCTION IN RISK PREDICTION

Blood markers of myocardial damage and dysfunction, such 
as cardiac troponin and brain (“B-type”) natriuretic peptide, 
strongly predict cardiovascular risk among patients with 
CKD,209 including those undergoing dialysis.210,211 Further-
more, numerous studies have demonstrated that echocar-
diographic measures can provide useful prognostic 
information. This includes both static measures (e.g., left 
ventricular mass) and dynamic measures (dobutamine stress 
echocardiography). For example, left ventricular mass pre-
dicts mortality in patients undergoing dialysis,67,212-214 and 
the presence of systolic dysfunction can provide further 
information.215 Echocardiography is therefore recom-
mended for routine use in patients undergoing dialysis,216 
but its additional value over more simple risk stratification 
tools has not been studied in detail.

CIMT has been used in the general population to predict 
risk for cardiovascular events, but variation in the technique 
used makes comparison of studies difficult. Although CIMT 
appears to predict risk for coronary and cerebrovascular 
events in the general population, it does not appear to 
provide additional prognostic information to a standard 
score such as that derived from the Framingham equa-
tion.217 In the CKD population it is unclear whether CIMT 
provides independent prognostic information: one study of 
203 Chinese patients with stage 3 or 4 CKD found that CIMT 
was independently associated with outcome,218 whereas 
another study of 315 patients with stage 4 or 5 CKD did not 
find this relation.34

Vascular calcification can also be assessed using x-ray–
based methods, and its presence is independently associated 
with subsequent cardiovascular events.219,220 However, in the 
general population the value of coronary calcification scores 
is uncertain because they may not usefully add information 
to traditional scores.221 The incremental predictive value of 
calcium scoring has not been studied in detail in CKD popu-
lations. Similarly, the functional equivalent of calcification 
(i.e., vascular stiffness) independently predicts risk for sub-
sequent cardiovascular events in some studies,34 but the 
method used may be important (see “Arterial Stiffening” 
section).

The purpose of risk prediction is to identify a high-risk 
group of patients who will benefit most from interventions. 
It is important to note that treatment decisions should not 
be based solely on the risk factor that will be modified by 
the treatment in question. For example, decisions on 
whether to lower LDL cholesterol level should not be based 
on measured LDL cholesterol level, but rather on a holistic 
risk assessment that considers all available data. Treatment 
decisions based on single risk factors would lead to the 
undertreatment of the highest-risk patients. The next 
section will discuss the available evidence from randomized 

cardiovascular disease above a body mass index (BMI) of 
25 kg/m2, with each 5 kg/m2 associated with an increase in 
risk for cardiovascular mortality of approximately 40% (HR, 
1.41; 95% CI, 1.37 to 1.45).199 This association is probably 
causal and mediated by the known adverse effects of  
adiposity on blood pressure, lipoproteins, and glucose 
intolerance.

Obesity is also known to increase the risk for death from 
nonneoplastic kidney disease by approximately 60% (HR, 
1.59; 95% CI, 1.27 to 1.99) per 5 kg/m2 above a BMI of 
25 kg/m2.199 A systematic review indicates that, as compared 
to a BMI between 18 and 25 kg/m2, being overweight (BMI 
≥ 25 < 30 kg/m2) is associated with a 40% (HR, 1.40; 95% 
CI, 1.30 to 1.50) increase in the risk for kidney disease, while 
being obese (BMI ≥ 30 kg/m2) is associated with an 80% 
increased risk (HR, 1.83; 1.57 to 2.13).200 This association 
may be mediated by effects on blood pressure and diabetes, 
but kidney biopsies of overweight individuals (without dia-
betes or hypertension) can show typical signs of hyperfiltra-
tion, a known cause of premature decline in kidney 
function.201 Furthermore, weight loss can reduce blood pres-
sure and proteinuria.202

CARDIOVASCULAR RISK PREDICTION

Risk prediction models in the CKD population are desirable 
because they may help to target therapies to those most at 
risk. Most people with stage 4 or 5 CKD are at high risk for 
atherosclerotic disease and so would be suitable candidates 
for effective treatments, but at earlier stages of CKD the risk 
for cardiovascular events may be lower, and so models are 
needed to assess whom to treat. Models that involve demo-
graphic variables (e.g., age and sex), basic clinical measure-
ments (e.g., blood pressure, anthropometric measurements), 
and simple blood and urine biomarkers (e.g., lipid frac-
tions, albuminuria) have now been developed, and there 
are also versions that incorporate imaging or other measure-
ments (such as pulse wave velocity).

BASIC RISK PREDICTION SCORES

Equations have been developed in the general population 
that can be used to predict cardiovascular events based on 
knowledge of a few basic parameters. For example, the 
Framingham risk score requires knowledge of the patient’s 
age, sex, smoking status, total and HDL cholesterol levels, 
and systolic blood pressure.203,204 However, such equations 
are inaccurate and generally underestimate the incidence 
of cardiovascular events in patients with CKD.205

ROLE OF ESTIMATED GLOMERULAR FILTRATION 
RATE IN RISK PREDICTION

Estimated GFR equations were developed to assess kidney 
function without the need for invasive direct measurements. 
Since their introduction the association between eGFR and 
cardiovascular risk has been the subject of much research. 
The most widely used filtration marker is creatinine, but its 
inadequacies in terms of measuring kidney function are well 
recognized (including dependence on muscle mass and sig-
nificant tubular secretion at low GFR). However, nonrenal 
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reduction in the risk for stroke in subjects with CKD (HR, 
0.65; 95% CI, 0.50 to 0.83), which was similar to the risk 
reduction observed in the whole study population. Because 
subjects with CKD had a higher background risk for cardio-
vascular events, the absolute treatment effect was 1.7-fold 
greater than for patients without CKD.231 Similarly, in a post 
hoc analysis of the Heart Outcomes and Prevention Evalu-
ation (HOPE) study, 980 patients with impaired kidney 
function (serum creatinine level > 124 µmol/L or 1.4 mg/
dL) were studied,232 and the proportional reduction in car-
diovascular death, myocardial infarction, and stroke result-
ing from allocation to ramipril 10 mg daily was similar in 
patients with impaired kidney function and those without 
(HR, 0.79 versus HR, 0.80, P > 0.2 for heterogeneity). An 
individual patient data meta-analysis of 26 trials, which 
included 152,290 participants, showed that the benefits of 
reducing blood pressure among patients with eGFR of less 
than 60 mL/min/1.73 m2 were similar to those among 
patients with higher eGFR.233 However, most participants 
with CKD had stage 3a, and only 1% of participants had 
eGFR of less than 30 mL/min/1.73 m2.

Less information is available about the effects of lower-
ing blood pressure on cardiovascular outcomes among 
patients with more advanced CKD, with most studies involv-
ing CKD stages 3b to 5 and primarily assessing kidney 
end points. The Irbesartan Diabetic Nephropathy Trial 
compared the effects of irbesartan 300 mg daily, amlo-
dipine 10 mg daily, and placebo among 1715 subjects with 
type 2 diabetes mellitus and serum creatinine level 1.0 to 
3.0 mg/dL in women and 1.2 to 3.0 mg/dL in men, 
principally to assess the effects of each regimen on CKD 
progression. Irbesartan was shown to be effective at pre-
venting the composite kidney outcome of doubling of 
serum creatinine level, dialysis, or death.195 However, 
neither irbesartan nor amlodipine was superior to placebo 
in preventing the composite cardiovascular outcome of 
cardiovascular death, myocardial infarction, congestive 
heart failure, stroke, or coronary revascularization, despite 
a 6/3 mm Hg reduction in blood pressure in the irbe-
sartan group and a 4/3 mm Hg reduction in the amlo-
dipine group.195 Similarly, the Reduction in Endpoints in 
NIDDM with the Angiotensin II Antagonist Losartan 
(RENAAL) study failed to demonstrate a reduction in 
cardiovascular morbidity and mortality (defined as myo-
cardial infarction, stroke, first hospitalization for unstable 
angina or heart failure, arterial revascularization, or car-
diovascular death).196 Both of these studies had limited 
power for detecting moderate effects on cardiovascular 
outcomes, but additional information on the effects of 
lowering blood pressure among people with advanced CKD 
is available from meta-analyses of trials conducted exclu-
sively among patients undergoing dialysis, with one includ-
ing a total of 1202 patients from five trials234 and the 
other, 1679 patients from eight trials.235 Both analyses 
concluded that blood pressure lowering–therapy reduced 
cardiovascular event rates and cardiovascular death in 
patients receiving dialysis when compared to controls. In 
the more complete meta-analysis, a reduction of 4 to 
5 mm Hg in mean systolic and 2 to 3 mm Hg in diastolic 
blood pressure was associated with a 29% reduction in 
both cardiovascular events and cardiovascular mortality 
when compared to control regimens (HR, 0.71; 95% CI, 

trials of treatments for cardiovascular disease in the CKD 
population.

CARDIOVASCULAR RISK PREVENTION

In general, individual treatments for the prevention of car-
diovascular events are at best only moderately effective, 
yielding relative risk reductions of at most a quarter, and so 
the detection of such effects can only be reliably achieved 
through large-scale randomized trials.222 Observational 
studies are prone to at least moderate biases that may 
obscure or mimic treatment effects.223 Since the pathophysi-
ology of cardiovascular disease may be qualitatively different 
once patients reach stages 3 to 5 CKD, with a higher propor-
tion of events attributable to structural heart disease, extrap-
olation of the results of trials conducted in the general 
population may not be appropriate. It is necessary therefore 
to consider what information is available from subgroup 
analysis of large trials, as well as from trials conducted exclu-
sively among patients with CKD, before determining whether 
to extrapolate results obtained in studies in the general 
population to patients with varying stages of CKD.

SMOKING CESSATION

In the general population, cigarette smoking is associated 
with an increased risk for cardiovascular disease,224 and the 
beneficial effects of smoking cessation provide strong evi-
dence that the association is one of cause and effect.204,225 
Substantial numbers of patients with CKD smoke 
tobacco,226,227 and data demonstrate that the hazards are 
similar in patients with CKD to the general population.228 
As a consequence, the absolute excess cardiovascular (and 
noncardiovascular) risks attributable to smoking are likely 
to be greater in smokers with CKD than in similarly aged 
smokers without CKD, and therefore the potential benefits 
of cessation are substantial.

BLOOD PRESSURE REDUCTION

Among persons without CKD, randomized trials have shown 
clearly that lowering blood pressure reduces the risk for 
subsequent cardiovascular events.113 Although there may be 
subtle differences in efficacy among different antihyperten-
sive regimens, the major determinant of benefit is the abso-
lute magnitude of any blood pressure reduction that is 
achieved.114 After standardizing for the amount of blood 
pressure reduction, the relative reduction in risk appears to 
be approximately independent of the initial blood pressure 
level, suggesting that antihypertensive treatments will reduce 
the risk for cardiovascular events in people even without 
obviously elevated blood pressure, but who are at increased 
risk for other reasons.229

Information about the effects of lowering blood pressure 
among persons with CKD stages 1 to 3 is available from trials 
conducted largely in people without known kidney disease. 
For example, the Perindopril Protection Against Recurrent 
Stroke Study (PROGRESS) included 1757 participants with 
stage 3 or higher CKD among the 6105 participants with 
prior cerebrovascular disease who had been enrolled.230 
Assignment to active therapy was associated with a 35% 
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140 mm Hg) who frequently are undertreated and there-
fore left at unnecessary risk.242

REDUCTION OF LOW-DENSITY LIPOPROTEIN 
CHOLESTEROL LEVEL

Other than in the presence of nephrotic-range proteinuria, 
blood LDL cholesterol concentration is not normally raised 
in patients with CKD. Nevertheless, randomized trials in the 
general population have clearly shown that reducing LDL 
cholesterol level reduces the risk for myocardial infarction 
or death from coronary artery disease, ischemic stroke, and 
coronary revascularization even among people with average 
or low blood cholesterol levels.121 Therefore, even though 
dyslipidemia is probably not the main contributor to an 
increased risk for atherosclerosis in CKD as compared to 
persons without CKD (see the “Dyslipidemia” section under 
“Does Kidney Disease Cause Cardiovascular Disease?”), 
reducing blood LDL cholesterol level may be an effective 
strategy for reducing such risk, and a number of random-
ized trials have addressed this hypothesis.

Among persons without established kidney disease, post 
hoc analyses of randomized trials conducted in the general 
population have shown that the proportional reduction in 
the risk for a myocardial infarction or coronary artery 
disease death, stroke, or coronary revascularization is inde-
pendent of kidney function.121 As discussed in the “Epide-
miology of Cardiovascular Disease in Chronic Kidney 
Disease” section, however, by the time patients reach stages 
4 and 5 CKD the pathophysiology of cardiovascular disease 
may have been modified by the “uremic” milieu, and, as well 
as an increased risk for atherosclerotic events, there is an 
increased risk for cardiac arrhythmia and heart failure 
related to arteriosclerosis.

Two randomized trials have examined the effects of low-
ering LDL cholesterol level with statin therapy on cardiovas-
cular outcomes, specifically among patients receiving 
dialysis. In the Die Deutsche Diabetes Dialyse Studie (4D) 
randomized trial of atorvastatin, 20 mg daily versus placebo 
among 1255 patients on maintenance hemodialysis with 
type 2 diabetes, lowering LDL cholesterol level by an average 
of approximately 39 mg/dL (1.0 mmol/L) for a median of 
4 years yielded a nonsignificant 8% reduction in the pre-
specified primary outcome of cardiac death, nonfatal myo-
cardial infarction, or stroke.91 In A Study to Evaluate the Use 
of Rosuvastatin in Subjects on Regular Hemodialysis: An 
Assessment of Survival and Cardiovascular Events (AURORA) 
randomized trial of rosuvastatin 10 mg daily versus placebo 
among 2776 patients on maintenance hemodialysis (with 
and without type 2 diabetes mellitus), lowering LDL choles-
terol level by an average of approximately 43 mg/dL 
(1.1 mmol/L) for a median of 4 years yielded a nonsignifi-
cant 4% reduction in the primary outcome of cardiovascu-
lar death, nonfatal myocardial infarction, or stroke.90 A high 
proportion of cardiac deaths in these trials were not attribut-
able to coronary artery disease, and there was no evidence 
in either trial of a reduction in the risk for such deaths 
(Figure 56.5).90,91 However, although lowering LDL choles-
terol level with statin therapy among patients with ESKD did 
not yield statistically significant reductions in the primary 
outcomes in these trials, there were promising proportional 
reductions of 18% (RR, 0.82; 95% CI, 0.68 to 0.99; P = 0.03) 

0.55 to 0.92),235 which is comparable to the effect that 
would be expected from a blood pressure reduction of 
this magnitude in the general population.

Although a number of randomized controlled trials of 
blood pressure lowering–interventions have been con-
ducted in kidney transplant recipients, these have almost 
exclusively examined transplant-related outcomes such as 
graft loss, change in GFR, and proteinuria and have not 
assessed cardiovascular end points.236

Thus, based on our present knowledge, it is sensible 
to treat hypertension in patients with CKD, although there 
is still much to be learned about the optimal timing of 
blood pressure measurements, the thresholds for treat-
ment, and the safest method to achieve the largest possible 
reduction in blood pressure.237 Older guidelines, including 
those published by the U.S. National Kidney Foundation, 
recommend a target blood pressure of less than 
130/80 mm Hg in patients with CKD.238 However, since 
there are few studies that have addressed the optimal 
blood pressure goal in CKD, this target is largely based 
on data from other high-risk groups, such as patients with 
diabetes mellitus or congestive heart failure. A systematic 
review of 11 trials that assessed different targets in patients 
with advanced CKD suggests that achieving a blood pres-
sure of less than 140/90 mm Hg may be adequate in 
patients without proteinuria with no additional outcome 
benefits associated with tighter blood pressure control.239 
The results of the Action to Control Cardiovascular Risk 
in Diabetes (ACCORD) blood pressure trial,240 in which 
few patients with CKD were enrolled, did not identify a 
significant benefit on a cardiovascular composite outcome 
when targeting systolic blood pressure to 120 mm Hg 
rather than 140 mm Hg, although there was a significant 
reduction in the risk for stroke (a secondary outcome) 
and an increased risk for adverse effects with the 
120 mm Hg target. That trial lacked statistical power, 
however, and an ongoing trial (the Systolic Blood Pressure 
Intervention Trial [SPRINT]) is comparing the same sys-
tolic blood pressure targets (120 versus 140 mm Hg) in 
approximately 9300 patients without diabetes mellitus, 
polycystic kidney disease, or a history of stroke, approxi-
mately 30% of whom have stage 3 CKD.241 In observational 
studies, current targets are achieved in fewer than half of 
CKD patients, possibly in part because more intensive 
blood pressure control is associated with an increased 
number of adverse events.242

An international guideline published by Kidney Disease: 
Improving Global Outcomes (KDIGO) in 2012 recom-
mends aiming for a blood pressure of less than 140/ 
90 mm Hg in patients without proteinuria with CKD who 
are not receiving dialysis.243 If proteinuria (>3 mg/mmol) 
is present, the guideline recommends a lower blood pres-
sure target of less than 130/80 mm Hg, although this is 
based on post hoc analysis and long-term follow-up of 
cohorts previously randomized to different blood pressure 
targets. Data from the general population support more 
intensive blood pressure lowering and suggest that the 
potential benefits among patients with CKD are substantial. 
Therefore, the uncertainty surrounding the optimal target 
should not distract nephrologists from making efforts to 
reduce blood pressure in patients (especially the very large 
number of patients with systolic blood pressures well above 
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[7.6%]; RR, 0.79; 95% CI, 0.68 to 0.93; P = 0.0036). Alloca-
tion to ezetimibe/simvastatin was not associated with a sig-
nificant excess risk for myopathy, hepatitis, or gallstones, 
and there were no significant excesses of any type of cancer, 
death from cancer, or death from other noncardiovascular 
causes.

SHARP did not have sufficient power to assess the effects 
on major atherosclerotic events separately in the 3000 
patients receiving dialysis and 6000 patients not receiving 
dialysis at baseline, but within the SHARP trial there was no 
evidence to suggest that the proportional benefit on the 
composite outcome differed significantly in these two 
groups of patients. Observational studies have suggested 
that the association between LDL cholesterol level and coro-
nary disease risk weakens as kidney function worsens,248 but 
SHARP found no evidence of a trend toward smaller pro-
portional benefits among patients with lower eGFR.

At first sight, the findings of SHARP might appear to be 
inconsistent with the findings of 4D and AURORA, as well 
as the nonsignificant reduction in the primary end point of 
the Assessment of Lescol in Renal Transplantation (ALERT) 
trial among kidney transplant recipients.249 However, the 
proportional effects on particular cardiovascular outcomes 
in these three trials and SHARP were statistically compatible 
for nonfatal myocardial infarction, for nonfatal hemor-
rhagic stroke, for coronary revascularization (which was not 
part of the primary outcomes of the 4D and AURORA 
trials), and for any cardiovascular death (heterogeneity tests 
all showed a nonsignificant P value) (Figure 56.7).

Moreover, the effects on particular cardiovascular out-
comes in these four renal trials were compatible with those 
observed in the trials of statin therapy in nonrenal popula-
tions that were included in the meta-analysis of the Choles-
terol Treatment Trialists’ Collaboration.121 Hence, the 
failure to achieve statistical significance in the previous trials 
involving patients undergoing dialysis and kidney transplant 
recipients may derive from both the much smaller number 
and the much smaller proportion of modifiable cardiovas-
cular events in the respective primary composite outcomes: 

in major cardiac events in the 4D trial and of 16% (RR, 0.84; 
95% CI, 0.64 to 1.11; P = 0.2) in nonfatal myocardial infarc-
tion in the AURORA trial.90,91 These findings raised the 
possibility of small, but meaningful, proportional benefits 
on atherosclerotic outcomes among patients receiving 
dialysis.

Subsequently, the Study of Heart and Renal Protection 
(SHARP) trial assessed the safety and efficacy of reducing 
LDL cholesterol level among patients with stages 3 to 5 
CKD, including many who were receiving dialysis. In order 
to achieve an average reduction in LDL cholesterol level of 
approximately 1 mmol/L without using high statin doses 
(which are associated with an increased risk for myopathy,244 
especially in patients with impaired renal function245), a low 
dose of a statin (simvastatin 20 mg daily) was combined with 
a cholesterol-absorption inhibitor9 (ezetimibe 10 mg daily); 
the biochemical efficacy and tolerability of this regimen was 
first confirmed in the United Kingdom Heart and Renal 
Protection (UK-HARP) pilot studies.246,247

Overall, 9270 patients were randomized to ezetimibe/
simvastatin versus placebo, and allocation to ezetimibe/
simvastatin yielded an average LDL cholesterol level differ-
ence of 0.85 mmol/L (with approximately two-thirds adher-
ence) during a median follow-up of 4.9 years, and produced 
a 17% proportional reduction in major atherosclerotic 
events (526 [11.3%] ezetimibe/simvastatin versus 619 
[13.4%]; RR, 0.83; 95% CI, 0.74 to 0.94; log-rank P = 0.0021; 
Figure 56.6).92

There was a nonsignificant reduction in nonfatal myocar-
dial infarction or coronary death (213 [4.6%] versus 230 
[5.0%]; RR, 0.92; 95% CI, 0.76 to 1.11; P = 0.37), and sig-
nificant reductions in nonhemorrhagic stroke (131 [2.8%] 
versus 174 [3.8%]; RR, 0.75; 95% CI, 0.60 to 0.94; P = 0.01) 
and revascularization procedures (284 [6.1%] versus 352 

Figure 56.5 Causes of death in individuals with and without end-
stage  kidney  disease. A group of patients without overt kidney 
disease recruited into trials of statin therapy (Cholesterol Treatment 
Trialists’ Collaboration [CTT]96) compared to patients with end-stage 
kidney disease as recorded by the United States Renal Data System 
(USRDS)95 or recruited into the Die Deutsche Diabetes Dialyse Studie 
(4D)91 or A Study to Evaluate the Use of Rosuvastatin in Subjects on 
Regular Hemodialysis: An Assessment of Survival and Cardiovascular 
Events (AURORA).90 Note the declining contribution of coronary artery 
disease and increasing proportion of other cardiac disease in the 
end-stage kidney disease population. 

CTT USRDS

AURORA4D

Nonvascular
Coronary heart disease
Other cardiac
Stroke

Figure  56.6 Life table plot of effects of allocation to ezetimibe/
simvastatin (Eze/simv) on major atherosclerotic events in the Study 
of Heart and Renal Protection (SHARP).92 CI, Confidence interval. 
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Figure 56.7 Effects of therapy to lower low-density lipoprotein cholesterol (LDL-C) on particular vascular outcomes in four trials among patients 
with chronic kidney disease and 23 trials among other types of patients. ALERT, Assessment of Lescol in Renal Transplantation; AURORA, A 
Study to Evaluate the Use of Rosuvastatin in Subjects on Regular Hemodialysis: An Assessment of Survival and Cardiovascular Events; CI, 
Confidence interval; 4D, Die Deutsche Diabetes Dialyse Studie; MI, myocardial infarction; SHARP, Study of Heart and Renal Protection. 
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whereas over half of the primary outcomes in 4D and 
AURORA were cardiovascular deaths (for which there were 
nonsignificant benefits), approximately three quarters in 
SHARP were nonfatal atherosclerotic events (for which 
there were significant benefits). Several meta-analyses of the 
effects of statins in patients with CKD have been published 
since then, and, although all agree there is good evidence 
of benefit among patients not receiving dialysis, their con-
clusions differ on the efficacy of statins among patients 
undergoing dialysis.250-252 An international guideline pub-
lished by KDIGO in 2013 recommends using statins or 
statin-based lipid-lowering regimens in patients with stages 
3 to 5 CKD over 50 years of age and in those under 50 years 
with additional risk factors.253 However, the guideline does 
not recommend initiating statin therapy in patients receiv-
ing dialysis (although such therapy should be continued if 
started before dialysis).253 Even if the relative risk reduction 
is slightly smaller among patients receiving dialysis, the very 
high absolute risk among such patients means that even 
modest relative risk reductions would translate into substan-
tial absolute benefits.

Guidelines have emphasized the importance of treating 
overall risk rather than individual risk factors.253,254 Given 
the safety and current costs of generic statin-based therapy, 
the risk threshold at which LDL-lowering therapy should be 
considered has fallen (to 7.5% over 10 years in American 
guidelines254). Although most risk calculators have not been 
validated in CKD populations, most patients with CKD will 
have an atherosclerotic risk that warrants treatment, even if 
their LDL cholesterol level is average or even below average. 
The potential benefits are substantial and suggest that wide-
spread use of LDL-lowering therapy in patients with CKD 
would result in a worthwhile reduction in cardiovascular 
disease complications.

TIGHT GLYCEMIC CONTROL

Among patients without established CKD, strict glycemic 
control has been shown in randomized trials to reduce the 
risk for microvascular disease outcomes (including develop-
ment of albuminuria). In type 1 diabetes, a strategy of more 
intensive glycemic control reduced the development of 
microalbuminuria by 39% (95% CI, 21 to 52).192 In type 2 
diabetes the use of a gliclazide-based strategy to reduce 
hemoglobin A1c (HbA1c) below 6.5% was associated with a 
reduction in the development of nephropathy (HR, 0.79; 
95% CI, 0.66 to 0.93; P = 0.003).193 Individual trials in the 
general population have not shown a clear benefit in terms 
of cardiovascular risk reduction with stricter glycemic 
control in either type 1 or type 2 diabetes, and indeed some 
have even suggested a hazard.255 However, a meta-analysis of 
the available randomized trials supported the hypothesis 
that stricter glycemic control (with HbA1c lower, on average, 
by 0.9%) reduces the risk for cardiovascular events (OR, 
0.85; 95% CI, 0.77 to 0.93), albeit modestly.256

It is very likely that the existing trials included a signifi-
cant proportion of patients with diabetic kidney disease, but 
the results among such patients have not been reported as 
a specific subgroup analysis. Therefore the available data 
suggest that it would be reasonable to aim for tight glucose 
control among patients with CKD, but with due regard for 
the potential hazards of too rapid a reduction in HbA1c and 

hypoglycemia,255 as well as the altered pharmacokinetics of 
hypoglycemic agents in CKD.257

CORRECTION OF ANEMIA

Four large trials have assessed the impact on mortality and 
cardiovascular events of partial or full correction of anemia. 
The first three of these studies investigated the effect of two 
different erythropoietin regimens, normalization of hemo-
globin level versus partial correction, on cardiovascular out-
comes. Only the Trial to Reduce Cardiovascular Events with 
Aranesp Therapy (TREAT) trial (see later) was placebo 
controlled.

The first study randomized 1233 patients undergoing 
hemodialysis with clinical features suggestive of ischemic 
heart disease or heart failure. The trial was stopped early 
(after a median follow-up of 14 months) predominantly 
because of an excess risk for vascular access thrombosis with 
higher hemoglobin concentrations. At this point, 33% of 
patients had died or experienced a nonfatal myocardial 
infarction in the group randomized to a hemoglobin target 
of 14.0 g/dL as compared to 27% of those randomized to 
the 10.0 g/dL target (RR, 1.3; 95% CI, 0.9 to 1.9).258

Results of the Correction of Hemoglobin and Outcomes 
in Renal Insufficiency (CHOIR) study, which recruited 1432 
patients with CKD not receiving dialysis and naive to 
erythropoietin-stimulating agent (ESA) therapy, supported 
this observation. The trial was terminated because patients 
randomized to achieve a hemoglobin level of 13.5 g/dL 
were more likely to reach a primary end point (death, myo-
cardial infarction, hospitalization to treat heart failure) than 
those in the 11.3 g/L target group (HR, 1.34; 95% CI, 1.03 
to 1.74).259 The findings of the Cardiovascular Risk Reduc-
tion by Early Anemia Treatment with Epoetin Beta 
(CREATE) trial conducted among patients with stage 3 or 
4 CKD were similar. No benefit was demonstrated for target-
ing a normal hemoglobin level (13.0 to 15.0 g/dL) com-
pared to a subnormal hemoglobin level (10.5 to 11.5 g/dL), 
and numerically more cardiovascular events occurred in the 
normal hemoglobin level group, although the primary com-
posite end points in the two trials differed, as did the distri-
bution of events.260 It has long been recognized that ESAs 
can increase blood pressure and blood viscosity (particularly 
when hemoglobin changes are rapid), and it was predicted 
over 20 years ago that hemodynamic and rheologic effects 
may offset cardiovascular benefits of correcting anemia.261 
Thus in TREAT, the first large randomized controlled trial 
to compare an ESA to placebo, the protocol was designed 
to avoid rapid changes to hemoglobin concentrations.190 In 
this study, 4038 patients with type 2 diabetes, CKD, and 
anemia received either darbepoietin alfa in an effort to 
achieve a target hemoglobin level of 13 g/dL or placebo 
with “rescue” therapy if hemoglobin level fell below 9 g/dL. 
The primary end point of death or nonfatal cardiovascular 
event occurred in 31.4% of patients assigned to the active 
treatment and 29.7% of patients assigned to placebo (HR, 
1.05; 95% CI, 0.94 to 1.17). There was a twofold increase in 
the risk for stroke in darbepoietin alfa–treated group, which 
was nominally significant (101 versus 53 strokes; HR, 1.92; 
95% CI, 1.38 to 2.68).

Taken together, the results of these four key trials do not 
support the concept that correction of anemia using ESAs 
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in urinary phosphate excretion) may be larger than sug-
gested by serum phosphate concentration alone.265

The most widely used phosphate binders are calcium 
based, and there are some data to suggest that their use 
contributes to vascular calcification. Patients with advanced 
CKD and ESKD taking calcium-based phosphate binders are 
in positive calcium balance; only such patients with ample 
residual kidney function on loop diuretic agents remain in 
neutral or possibly negative calcium balance. The availabil-
ity of non–calcium-based phosphate binders (e.g., sevelamer, 
lanthanum, and newer iron-based compounds) has allowed 
this hypothesis to be tested, but trials designed to assess 
whether sevelamer retards the progression of vascular calci-
fication as compared to calcium-based phosphate binders 
have yielded conflicting results.160,266-268 A relatively large out-
comes trial was fraught with high patient dropout and 
missing data; while there were some signals indicating 
potential benefit, results were decidedly inconclusive.267 It is 
therefore unclear whether to treat elevated serum phospho-
rus concentrations and, if so, with what agent and to what 
target.

Reducing serum phosphate concentrations might be 
expected to reduce FGF-23 concentrations. However, a ran-
domized trial comparing sevelamer, lanthanum, and 
calcium-based phosphate binders found that, overall (i.e., 
data pooling all binders [“active therapy”] versus placebo), 
reducing serum phosphate concentration by 0.3 mg/dL 
had no effect on FGF-23 concentration.265 However, whereas 
FGF-23 concentration increased in patients assigned 
calcium-based binders (median increase 28 pg/mL; P = 
0.03), it decreased in patients assigned sevelamer (median 
decrease 24 pg/mL) and was unchanged in patients assigned 
lanthanum.

Niacin also reduces serum phosphate concentration by 
approximately 0.4 mg/dL via inhibition of the intestinal 
sodium-phosphate transporter.269 However, randomized 
trials have shown that niacin does not reduce cardiovascular 
risk despite multiple potentially beneficial effects (lipid 
modification and blood pressure reduction in addition to 
effects on phosphate balance) and indeed has a number of 
harmful effects.126,270 These trials do not therefore support 
the use of niacin for reducing serum phosphate concentra-
tion or for other indications to reduce cardiovascular risk 
in CKD or ESKD.

VITAMIN D
1,25-Dihydroxyvitamin D (calcitriol) and its synthetic ana-
logues (collectively termed “active” vitamin D derivatives) 
have been used to correct vitamin D deficiency in the 
context of CKD for many years. These compounds replenish 
calcitriol, which is produced by the kidney and suppress 
levels of PTH, preventing the development of sHPT.271 More 
recently, attention has focused on deficiency of parent 
vitamin D (usually measured indirectly as 25-hydroxyvitamin 
D [25(OH)D], the hydroxylated compound produced in 
the liver). Over 80% of patients with CKD have vitamin D 
insufficiency or frank deficiency.272 In patients not receiving 
dialysis, low levels of 25(OH)D are more strongly associated 
with progression to ESKD and death than calcitriol 
(1,25[OH]2D) levels.273 To date, no trials of vitamin D (in 
any form) have been designed specifically to investigate 
clinical outcomes such as fractures, cardiovascular events, 

reduces cardiovascular risk in patients with CKD—whether 
receiving or not receiving dialysis.188 However, the current 
data do not exclude the possibility that small corrections in 
hemoglobin level (e.g., fixed low-dose ESAs) are beneficial 
in the context of CKD. The use of ESAs probably improves 
health-related quality of life among patients with debilitat-
ing symptoms of anemia (although the trials to date are 
inconclusive on this188) and, by reducing transfusion require-
ments, also reduces the risk for sensitizing potential trans-
plant recipients to nonself HLA antigens (discussed in more 
detail in Chapters 57 and 71).

REDUCTION OF HOMOCYSTEINE LEVEL

Randomized trials of folate and B vitamins in both the 
general population and patients with CKD have shown that 
reducing homocysteine level does not reduce the risk for 
cardiovascular events.149 The Homocysteinemia in Kidney 
and End Stage Renal Disease (HOST) trial randomized 
2056 adults with an eGFR of less than 30 mL/min/1.73 m2 
(n = 1305) or ESKD (n = 751) to a regimen of folic acid and 
B group vitamins or placebo.262 Despite a 25.5% reduction 
in plasma homocysteine level, there was no difference in 
mortality (448 deaths in the treated group versus 436 in the 
placebo) (HR, 1.04; 95% CI, 0.91 to 1.18), nor was there a 
reduction in cardiovascular events, including myocardial 
infarction, stroke, and amputation of the lower extremity, 
which were all components of the secondary end point.

In addition, the Folic Acid for Vascular Outcome Reduc-
tion in Transplantation (FAVORIT) trial randomized 4110 
kidney transplant recipients with elevated homocysteine 
levels and an eGFR of 30 mL/min/1.73 m2 or greater to 
either a multivitamin tablet containing folic acid, vitamin 
B6, and vitamin B12 or to a low-dose vitamin B6/B12 regimen.263 
Despite the expected reduction in homocysteine levels in 
the treated group, there was no difference in a composite 
cardiovascular end point (adjusted HR, 1.0). A meta-analysis 
of all trials of folic acid in CKD populations found a similar 
null result.151 These results are consistent with the totality of 
evidence in the general population.149

CORRECTION OF CHRONIC KIDNEY DISEASE–
MINERAL BONE DISORDER

Although interventions aimed at correcting the biochemical 
and endocrinologic manifestations of CKD-MBD were ini-
tially driven by the need to prevent the associated debilitat-
ing bone pathologic processes, the suggestion that there 
might be a link between bone and vascular health in CKD 
has led to a greater focus on assessing the effects of interven-
tions on cardiovascular outcomes.

REDUCING SERUM PHOSPHATE LEVEL
Numerous observational studies have demonstrated a link 
between raised serum phosphate level and mortality. 
However, there have been no placebo-controlled trials inves-
tigating the benefits of lowering phosphate level.264 It is 
therefore impossible to know whether current guideline 
recommendations to maintain serum phosphate concentra-
tions below certain targets are beneficial or harmful. Current 
therapies only reduce serum phosphate modestly, although 
the effects on phosphate balance (as indicated by changes 
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so it is unclear whether the balance of benefit and hazard 
remains beneficial among such patients. The meta-analysis 
by the Antithrombotic Trialists’ Collaboration of trials of 
antiplatelet therapy among patients at high risk for occlu-
sive vascular disease included 14 trials conducted among 
2632 patients on maintenance hemodialysis after placement 
of a dialysis graft or fistula. Overall, antiplatelet therapy 
yielded a 41% proportional reduction in the risk for nonfa-
tal myocardial infarction, nonfatal stroke, or vascular death, 
which was consistent with the proportional benefit observed 
among other high-risk patients studied, but there were 
insufficient data on bleeding risk to assess safety.279 Based on 
event rates among patients receiving dialysis in SHARP (and 
applying the summary risk ratios for aspirin from the meta-
analysis by the Antithrombotic Trialists’ Collaboration),281 
treating 1000 patients receiving dialysis with vascular disease 
with aspirin for 5 years is projected to cause an additional 
19 intracranial bleeds and 53 serious extracranial bleeds. 
There is, therefore, substantial uncertainty about the rela-
tive benefits and harms of antiplatelet therapy in ESKD.

There have been no appropriately sized trials of aspirin 
with clinical end points in the population with CKD that 
does not require dialysis. Among patients with early-stage 
CKD, post hoc analysis of the Hypertension Optimal Treat-
ment trial showed that the benefits of aspirin were similar 
in the 470 patients with a serum creatinine concentration 
above117 µmol/L (1.5 mg/dL) to those with a lower serum 
creatinine concentration but did not report information on 
any additional bleeding risks.282 However, there is very little 
information about the effects of aspirin on those with more 
severe CKD. One pilot study has demonstrated that aspirin 
increases the risk for minor bleeding in patients with CKD, 
but there was no detectable increase in the risk for major 
bleeding.246,279 Randomized trials will be required to evalu-
ate the relative risks and benefits of antiplatelet therapy at 
different stages of CKD.

CONCLUSIONS

Patients with CKD are at increased risk for both atheroscle-
rotic and nonatherosclerotic heart disease, as well as stroke 
and peripheral arterial disease. The increased risk for car-
diovascular disease begins early in the natural history of 
CKD, so an understanding of that excess risk should begin 
with an assessment of the magnitude of any early changes 
in known causal risk factors. Hypertension seems likely to 
be the most important such risk factor as its control is dis-
turbed early in the development of CKD. With CKD progres-
sion, other abnormalities, including disorders of mineral 
metabolism (elevated levels of FGF-23 and PTH and altered 
calcium and phosphate metabolism) appear and may con-
tribute to the rising risk for cardiovascular disease, but there 
is a lack of evidence about the mechanism by which these 
processes might occur.

Observational studies of particular risk factors among 
patients with advanced CKD cannot be expected to produce 
reliable information, because, as in other sick populations 
(such as very old patients), the observed associations are 
distorted by confounding and may yield findings that are 
misleading. For example, there are numerous observational 
studies suggesting that cholesterol level is inversely 

or mortality among patients with CKD, and a meta-analysis 
of 76 randomized trials of vitamin D found that insufficient 
data were available on cardiovascular outcomes to assess any 
possible reduction in the risk for such events.274 Despite 
observational data suggesting that vitamin D supplementa-
tion may be beneficial, there is no randomized trial evi-
dence to support recommending such treatment for the 
reduction of cardiovascular events among patients with 
CKD.

CALCIMIMETICS
Calcimimetic treatment reduces serum PTH and calcium 
concentrations.275 The Evaluation of Cinacalcet Hydrochlo-
ride Therapy to Lower Cardiovascular Events (EVOLVE) 
trial compared a cinacalcet-based regimen with a non–
cinacalcet-based regimen (including a placebo) in 3883 
patients receiving hemodialysis with moderate to severe 
sHPT.276 The primary composite outcome was time to death, 
nonfatal myocardial infarction, hospitalization for unstable 
angina, heart failure, or a peripheral vascular event. In the 
intention-to-treat analysis, allocation to cinacalcet was asso-
ciated with a nonsignificant 7% reduction in the primary 
outcome (HR, 0.93; 95% CI, 0.85 to 1.02; P = 0.11).277 
However, the randomization process was only stratified for 
country and diabetes status, and by chance the two groups 
were imbalanced for age (median age 55.0 years among 
those allocated cinacalcet versus 54.0 years among those 
allocated placebo). After adjustment for age, allocation to 
cinacalcet was associated with a nominally significant reduc-
tion in the primary outcome (HR, 0.88; 95% CI, 0.79 to 
0.97; P = 0.008) and all-cause mortality alone (HR, 0.86; 
95% CI, 0.78 to 0.96; P = 0.006).

The treatment effect was similar on all components of the 
primary outcome and on both vascular and nonvascular 
mortality. Taking all fatal and nonfatal cardiovascular events 
combined, randomization to cinacalcet was associated with 
a 16% (95% CI, 4 to 26) lower hazard of nonatherosclerotic 
cardiovascular events. While the hazard of atherosclerotic 
events was also numerically lower in patients randomized to 
cinacalcet (95% CI, −1 to 24), this difference was not sig-
nificant. Although derived from post hoc analysis, these data 
support the hypothesis that mineral bone disease distur-
bances contribute to nonatherosclerotic cardiovascular 
disease.

Cinacalcet reduces PTH level in patients with CKD not 
undergoing dialysis.278 However, the associated reduction in 
serum calcium concentration is more marked than in 
patients receiving dialysis (with 62% of those assigned cina-
calcet having a serum calcium concentration of less than 
8.4 mg/dL compared to 6% of those assigned placebo), 
leading to safety concerns that have limited the provision of 
cinacalcet to patients undergoing dialysis, or rarely to 
patients with other parathyroid disorders (e.g., parathyroid 
carcinoma, primary HPT in a patient unsuitable for 
surgery).278

ANTIPLATELET THERAPY

Antiplatelet therapy reduces the risk for occlusive cardiovas-
cular disease among patients at high risk for such disease, 
and these benefits greatly outweigh any risks for bleeding,279 
but patients with CKD are at increased risk for bleeding,280 
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associated with major outcomes among patients receiving 
dialysis, and yet in the randomized SHARP trial an uncon-
founded assessment of the effects of reducing cholesterol 
levels has indicated that reducing LDL cholesterol level is 
beneficial. For many of the risk factors considered in this 
chapter, whether they are established as causal (e.g., hyper-
tension) or are of uncertain relevance (e.g., disorders of 
mineral metabolism), there are no adequately powered ran-
domized trials that assess whether currently available (and 
often widely used) treatments that modify these abnormali-
ties can safely reduce the risk for cardiovascular events. 
Studies such as SHARP, TREAT, and EVOLVE have shown 
that international collaboration can yield really large and 
informative trials, but many more of comparable size are 
now needed if effective strategies for reducing the risk for 
cardiovascular disease are to be identified.
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ANEMIA OF KIDNEY DISEASE

Reduced erythrocyte mass, or anemia, is one of the regular 
consequences of chronic kidney disease (CKD) because of 
the central role played by erythropoietin (EPO) in the regu-
lation of erythropoiesis. Anemia can manifest itself early in 
the course of CKD, and its severity and prevalence go pari 
passu with the progression of kidney disease. Given the sig-
nificant effect of severe anemia on quality of life among 
patients with kidney failure, anemia is considered one of the 
most clinically significant complications of this disease. Nev-
ertheless, the direct consequences of CKD-related anemia 
and the degree to which anemia should be corrected in 
patients with CKD remain controversial.

DEFINITION AND PREVALENCE OF ANEMIA IN 
CHRONIC KIDNEY DISEASE

Anemia is a state characterized by a reduced mass of red 
blood cells (RBCs) and hemoglobin (Hgb) concentration 
in blood, resulting in reduced oxygen-carrying capacity and 
delivery to the body’s tissues and organs.1-3 Because direct 
measurements of red cell mass are cumbersome and not 
readily available, anemia is defined as a reduction below the 
normal range for Hgb concentration and hematocrit (Hct); 
these values depend on sex, race, and age with an increased 
prevalence of anemia in the elderly population.4-7 The defi-
nition of anemia is somewhat arbitrary. The World Health 
Organization (WHO) defines anemia as an Hgb concentra-
tion below 13.0 g/dL for adult men and below 12.0 g/dL 

for adult women.8 This definition has been adopted in the 
clinical practice guideline for anemia in CKD developed by 
Kidney Disease: Improving Global Outcomes (KDIGO),9 
whereas previous guidelines have proposed a slightly higher 
threshold in men (13.5 g/dL).10,11 Persons living at higher 
altitudes are characterized by a larger red blood cell mass 
and reduced Hgb oxygen affinity, compensatory changes 
required to maintain tissue oxygen delivery in the reduced 
ambient oxygen tension at such altitudes.12-18

The prevalence of anemia in patients with CKD has been 
widely studied. In general, anemia is more frequent at lower 
levels of kidney function, becoming almost universal in  
end-stage kidney disease (ESKD) (Figures 57.1 and 57.2).19,20 
The prevalence reported in different studies depends on 
the definition of anemia and the target population. The 
most useful analyses are those that were community based, 
avoiding biases inherent in studies of clinic-based popula-
tions. Hsu and coworkers studied 12,055 adult ambulatory 
subjects from health clinics in Boston, using the Cockcroft-
Gault equation to estimate creatinine clearance and the 
Modification of Diet in Renal Disease (MDRD) formula to 
estimate the glomerular filtration rate (GFR) indexed to 
body surface area.21 They found that mean Hct values were 
progressively lower with creatinine clearance below 60 mL/
min in men and below 40 mL/min in women. Moderately 
severe anemia (Hct < 33%) was present in more than 20% 
of patients when GFR was below 30 mL/min in women and 
below 20 mL/min in men.21 Similar results have been 
obtained in different populations: In Japan, a study of 
54,848 subjects identified an estimated GFR (eGFR) 
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threshold of 60 mL/min per 1.73 m2 for both sexes, below 
which anemia prevalence increased significantly, and a 
threshold of 45 mL/min for the association of anemia with 
complications.22

Hsu and coworkers conducted a second study, using the 
third National Health and Nutrition Examination Survey 
(NHANES III) (1988-1994) of 15,971 adults aged over 18 
years, with measurements of serum creatinine, Hgb, and 
iron indices. Creatinine clearance was estimated using the 
Cockcroft-Gault formula.23 A statistically significant lower 
mean Hgb was found in men and women with creatinine 
clearances below 70 mL/min and 50 mL/min, respectively, 
than in those with creatinine clearances greater than 
80 mL/min. However, a mean decrease of 1.0 g/dL was 
found only for those with creatinine clearances less than 
30 mL/min. Astor and colleagues studied the same NHANES 
III data as Hsu and coworkers but restricted analysis to a 
different age range, selecting 15,419 participants 20 years 
and older.20 Anemia according to the WHO definition was 
present in 7.3% of all participants (see Figure 57.1). Func-
tional iron deficiency and absolute iron deficiency were 
found to be important predictors of anemia.20 Another 
study on the same dataset showed that Hgb values below 
11 g/dL were present in 42.2% of subjects with eGFRs below 
30 mL/min/1.73 m2 and in 3.5% of subjects with eGFRs 
between 30 and 60 mL/min/1.73 m2 (MDRD formula).24 
Stauffer and Fan, using the 2007-2008 and 2009-2010 
NHANES dataset, estimated that 14.0% of the U.S. adult 
population had CKD, with anemia having a twofold greater 
prevalence in CKD than in the general population (15.4% 
vs. 7.65%).25

The worldwide prevalence of anemia associated with CKD 
rose from 1990 to 2010, and CKD is currently the sixth 
leading cause of anemia in women and the ninth in men 
worldwide.26

Anemia is more common among women and non-
Hispanic blacks: In the latter population, the risk for anemia 
was generally more than twice that in non-Hispanic whites 
in one study. 23 Another study reported a 3.3-fold higher 
prevalence of anemia in blacks than in whites, with CKD 
being less common in anemic blacks than in anemic whites 
(22% vs. 34%), suggesting a higher prevalence of non–CKD-
related anemia as well.27 The investigators extrapolated the 
data to the general U.S. population and estimated that 
approximately 1,590,000 Americans with creatinine clear-
ances less than 50 mL/min are anemic, with Hgb concen-
trations lower than 12 g/dL.23 A targeted community-based 
screening program for CKD has confirmed a threefold 
higher likelihood of anemia in African Americans than in 
whites, as well as a twofold higher prevalence of anemia in 
this higher-risk population than in NHANES population 
surveys (see Figure 57.2).28 The same study reported a lower 
prevalence of anemia in smokers than in nonsmokers (see 
Figure 57.2), which has been attributed to an enhanced 
stimulation of erythropoiesis due to relative hypoxia. It has 
been advocated that the traditionally accepted eGFR thresh-
old of 60 mL/min to define “CKD” should be modified to 
higher levels in African Americans, in whom metabolic 
abnormalities and anemia are more common and present 
at higher eGFR values than in whites.29 In a large retrospec-
tive analysis, anemia was associated equally among African 
Americans and whites with ESKD.30 However, in patients on 

Figure 57.1  Prevalence of hemoglobin  (Hgb)  level  less  than 11 g/
dL, 12 g/dL, and 13 g/dL among men  (A) and women  (B) 20 years 
and older  from the Third National Health and Nutrition Examination 
Survey (NHANES III) (1988-1994). All values are adjusted to the age 
of 60 years. C, Predicted prevalence of chronic kidney disease (CKD) 
(defined  as  estimated  glomerular  filtration  rate  [eGFR],  1-59 mL/
min/1.73 m2) using different GFR-estimating methods in U.S. adults 
age  20  years  or  older  by  hemoglobin.  Estimated  GFR  are  based 
separately on serum creatinine  (SCr), serum cystatin C  (CysC), and 
combined serum creatinine and cystatin C  (SCr and CysC). Preva-
lence curves are truncated when the number of relevant participants 
is  less than 30.  (A and B adapted from Astor B, Muntner P, Levin A, 
et al: Association of kidney function with anemia. Arch Intern Med. 
162:1401-1408, 2002; C from Estrella MM, Astor BC, Köttgen A, et al: 
Prevalence of kidney disease in anaemia differs by GFR-estimating 
method: the Third National Health and Nutrition Examination Survey 
[1988-94]. Nephrol Dial Transplant 25:2542-2548, 2010.)
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(KEEP), a community-based screening initiative for patients 
at high risk for kidney disease.41 Anemia was more prevalent 
among patients with diabetes and developed earlier than in 
patients without diabetes mellitus. In patients with CKD 
stage G3 (GFR 30-59 mL/min), 22.2% of those with diabe-
tes were anemic; in patients with CKD stage G4 (GFR 
15-29 mL/min/1.73 m2), the prevalence was 52.4%. The 
difference among patients with and without diabetes was 
most prominent in patients with CKD stage G3, in which the 
prevalence of anemia was nearly threefold greater among 
those with diabetes. Men with diabetes were particularly 
prone to anemia, more so than women.

The prevalence of anemia in persons with diabetes and 
normal kidney function can be as high as 32%, with aggra-
vating factors being advanced age and thiazolidinedione 
(“glitazone”) therapy.43 Symeonidis and coworkers explored 
the mechanism for anemia in diabetes by studying 694 
anemic individuals, of whom 237 had diabetes.42 Serum 

dialysis, the Hgb threshold below which higher mortality 
rates are observed is higher in African Americans than in 
whites (11 g/dL vs. 10 g/dL).31 In any case, observations on 
race/ethnicity cannot be interpreted in isolation but must 
take into consideration socioeconomic status as well as cul-
tural and behavioral differences. 32

For people with eGFRs of 30 to 59 mL/min/1.73 m2, low 
concentrations of 25-hydroxyvitamin D [25(OH)D] and 
elevations in C-reactive protein (CRP) were independently 
associated with Hgb concentrations below 12 g/dL.33 Other 
studies have also reported an independent association of 
high-sensitivity CRP results with anemia in patients with 
eGFRs less than 60 mL/min/m2.34

Anemia develops earlier in the course of CKD, and its 
magnitude tends to be more severe, in patients with diabetes 
mellitus than in patients without diabetes.7,35-42 El-Achkar 
and colleagues studied 5380 community-dwelling patients 
surveyed as part of the Kidney Early Evaluation Program 

Figure 57.2  A, Prevalence of anemia by stage of chronic kidney disease (CKD) in the Kidney Early Evaluation Program (KEEP). B, Prevalence 
of anemia by smoking status. K/DOQI, Kidney Disease Outcomes Quality Initiative; NHANES, National Health and Nutrition Examination Survey; 
WHO,  World  Health  Organization.  C,  Age-specific  prevalence  of  anemia  in  CKD  according  to  estimated  glomerular  filtration  rate  (eGFR). 
D, Rates of microcytic, normocytic, and macrocytic anemia for each stage of CKD. MCV, Mean corpuscular volume. (A and B from McFarlane 
SI, Chen SC, Whaley-Connell AT, et al: Prevalence and associations of anemia of CKD: Kidney Early Evaluation Program [KEEP] and National Health 
and Nutrition Examination Survey [NHANES] 1999-2004. Am J Kidney Dis. 51[Suppl]:S46-S55, 2008; C and D from Dmitrieva O, de Lusignan S, 
Macdougall IC, et al: Association of anaemia in primary care patients with chronic kidney disease: cross sectional study of quality improvement in 
chronic kidney disease [QICKD] trial data. BMC Nephrol 14:24, 2013.)
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EPO concentrations were found to be lower in subjects with 
diabetes, particularly in relation to the degree of anemia 
present, with a significant inverse correlation between 
serum EPO and the fraction of glycosylated Hgb. Thomas 
and associates studied the contribution of proteinuria to 
anemia among 315 Australian patients with type 1 diabe-
tes.40 The prevalence of anemia was found to be higher in 
patients with macroalbuminuria than in those with microal-
buminuria or with no albuminuria (52% vs. 24% vs. 8%, 
respectively). A large study of 79,985 adults with diabetes 
mellitus showed a higher risk of anemia in black subjects 
and a lower one in Asian subjects in comparison with white 
subjects.44

With aging, kidney function tends to progressively decline. 
The interaction of aging and loss of kidney function might 
be expected to raise the prevalence of anemia. In actuality, 
the relation is more complex. Men with CKD tend to have 
higher prevalence of anemia with older age, but among 
women with CKD, anemia is more frequent at younger 
ages.23 It is likely that the high prevalence of iron deficiency 
in menstruating women accounts for this difference. If anal-
ysis is limited to older men and women, the association 
between older age and anemia is clearer. Ble and colleagues 
studied 1005 community-living elderly in Italy (InCHIANTI 
study).45 The prevalence of anemia was found to increase 
with age in both sexes. By multivariate analysis, much of the 
risk for anemia segregated to individuals with creatinine 
clearance less than 30 mL/min, who also had lower mean 
serum EPO concentrations. Another InCHIANTI analysis 
showed that lower than normal total and bioavailable testos-
terone concentrations resulted in significantly higher risk 
for development of anemia at 3-year follow-up for both men 
and women.46 In a study of 6200 nursing home residents 
(mostly Caucasian women), prevalences of anemia and CKD 
were 60% and 43%, respectively. 47 Age was an important 
determinant of anemia in the absence of CKD, whereas this 
effect was lost in the presence of CKD, which became the 
strongest determinant of anemia.47,48 One third of the 
anemias found in elderly adults (older than 65 years) may 
be unexplained, but significant associations are present 
between anemia and low EPO concentrations and low lym-
phocyte counts.49 In this setting, RBC distribution width 
(RDW) becomes a very powerful predictor of mortality.50

Hemoglobin values in patients with advanced CKD are 
frequently confounded by the use of erythropoiesis-
stimulating agents (ESAs; see later) and iron. Although 
there had been an increase in ESA use before initiation of 
dialysis and in patients on dialysis in the past, this trend has 
reversed after publication of the results of randomized con-
trolled trials (RCTs), changes in prescribing instructions, 
and new guidelines (see later). In fact, there has now been 
a steady decline in the use of ESAs before initiation of dialy-
sis (Figure 57.3). The Hgb concentration at initiation of 
dialysis has been declining since 2007, and in half of patients 
beginning hemodialysis in the United States Hgb is now 
below 10 g/dL51:

Taken together, the findings of the studies discussed pre-
viously led to the following conclusions regarding the preva-
lence of anemia in CKD:

1. Anemia is relatively uncommon in earlier stages (stages 
G1-3) of CKD.

2. The prevalence of anemia begins to increase significantly 
with eGFR below 60 mL/minute/1.73 m2 but anemia is 
generally not a frequent or severe complication of CKD 
until GFR is below 30 mL/min × 1.73 m2.

3. Anemia is a more significant problem for younger 
women, older men, and African Americans.

4. Anemia occurs earlier in the course of disease and is 
often more severe among patients with CKD and diabetes 
mellitus.

5. Screening for anemia (measurement of Hgb) should 
generally begin at CKD stage G3.

PATHOBIOLOGY OF ANEMIA IN CHRONIC 
KIDNEY DISEASE

NORMAL ERYTHROPOIESIS
The delivery of oxygen to peripheral tissues is a highly regu-
lated process: A crucially important determinant is red 
blood cell mass, which is determined by the dynamic balance 
between the removal of older cells from the circulation and 
the production of newer cells by the bone marrow. Under 
normal conditions, approximately 1% of the circulating 
erythrocytes is replaced daily, corresponding to about 250 
billion erythrocytes, with 2.5 to 3.0 million erythrocytes 
being produced each second.52 The control of red blood 
cell mass is based on a classic negative feedback loop medi-
ated by changes in the production of the hormone EPO. 
EPO is mainly produced in the kidney and regulates the 
production of erythrocytes by interaction with specific EPO 
receptors (EPO-R) on bone marrow erythroid progenitors. 
For this mechanism, to function properly, several other 
cofactors, like iron, vitamin B12 and folic acid, are also 
required.

Erythropoietin

EPO, the major regulatory hormone of erythrocyte produc-
tion, is a 30.4-kDa glycoprotein. Its production in the kidney 
is modulated by the delivery of oxygen from the circulating 
erythrocytes. When the mass of the circulating erythrocytes 
decreases, from decreased production, enhanced destruc-
tion, or loss of erythrocytes, the reduction in oxygen delivery 
results in increased production of this hormone. The first 
recognition of the linkage between hypoxia and erythrocyte 
quantity arose from astute nineteenth-century observations 
on the effects of living at higher altitude.53,54 Carnot and 
Deflandre first postulated that a humoral factor (a “hemo-
poietin”) might regulate erythropoiesis.55 They injected 
serum from anemic rabbits into normal animals, resulting in 
increased reticulocyte counts, and these investigators termed 
the circulating factor hematopoietin. However, in retro-
spect, their observation was probably an artifact, because the 
amount of serum transferred was too low and attempts to 
confirm their results were unsuccessful.56

Forty-four years later, Reissmann rekindled interest in the 
field with ingenious experiments in parabiotic rats (i.e., 
artificial conjoined animals).57 In this model, rats were 
joined by skin and muscle, ear to tail, living for 3 months in 
parabiosis. When one animal breathed air with low oxygen 
tension and the other breathed normal air, both animals 
demonstrated increased bone marrow erythropoiesis. This 
finding provided strong evidence that a humoral factor was 
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Figure 57.3  Anemia and treatment in end-stage kidney disease (ESKD). A, Trend in hemoglobin (Hgb) levels among incident patients with 
ESKD, 1995-2012 . B, Clinical indicators: percentage distribution of achieved mean hemoglobin (Hgb) among prevalent patients on hemodialysis 
(HD) and peritoneal dialysis (PD). C, Trend in the percentage of patients who received pre-ESRD erythropoiesis-stimulating agent (ESA) treat-
ment, among incident ESKD patients, 1995-2012 .D, Percentage of adult patients receiving HD with one or more claims for a red blood cell 
(RBC) transfusion in a month (from Medicare claims data, by race: monthly time trend from 2010-2012). E, Percentage of patients on PD 18 
years or older with one or more claims for RBC transfusion in a month (from Medicare claims data, by race: monthly time trend from 2010-
2012). F-H, Geographic variations in the percentage of patients with at least one transfusion, by Health Service Area (HSA). The ESKD bundled 
Prospective Payment System (PPS) was implemented in January, 2011, and appears to have directly affected the use of erythropoietin (EPO) 
and other injectable therapeutics. In 2011 (G), for example, the transfusion rate for dialysis patients was 2.9% nationwide and averaged 3.5% 
in the upper quintile, which included patients residing in Texas, Louisiana, and the eastern third of the country. In 2012 (1 year after implemen-
tation of the bundle) (H), the likelihood of a transfusion event was far more widespread geographically, averaging 3.0% nationwide and 3.4% 
in the upper quintile, which included the eastern two thirds of the nation as well as parts of Arizona, Nevada, and California. ESA, Erythropoiesis-
stimulating agents. (A through E from United States Renal Data System: 2014 Annual data report: an overview of the epidemiology of kidney disease 
in the United States, Bethesda, MD, 2014, National Institutes of Health, National Institute of Diabetes and Digestive and Kidney Diseases; F through 
H from United States Renal Data System: 2013 USRDS annual data report: atlas of chronic kidney disease and end-stage renal disease in the United 
States, Bethesda, MD, 2013, National Institutes of Health, National Institute of Diabetes and Digestive and Kidney Diseases.)
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cortex but appeared also throughout the renal cortex when 
the anemia was particularly severe.68,69 Epo production is 
regulated by a specific hypoxia-sensing mechanisms that is 
based on transcription factors stabilized by hypoxia, called 
hypoxia-inducible factors (HIFs, Figure 57.4).70 This regulatory 
mechanism is not unique to EPO and is based on the  
capability of two separate helix-loop-helix components, 
HIF-α and HIF-β, to bind as a complex to specific hypoxia-
responsive DNA elements, which regulate the transcription 
of hypoxia-inducible genes.71 The concentrations of the 
β-subunit do not respond to hypoxia.72,73 The α-subunits 
(1α, 2α, and 3α) are produced constitutively but are rapidly 
degraded in the presence of oxygen by the ubiquitin-
proteasome system.74-78 In hypoxic conditions, degradation 
of the α-subunits is inhibited, leading to rapid increases in 
HIF-α concentrations and to the formation of the HIF tran-
scription complex. For EPO regulation HIF-2 appears to be 
the important HIF isoform.79-84 Renal HIF-2 is required for 
hypoxia-driven EPO production; in the absence of renal 
HIF-2, hepatic HIF-2 becomes the main regulator of EPO 
production.70,79 HIF-2α, together with HIF-β, hepatocyte 
nuclear factor-4 (HNF-4), and p300, binds to a 120–base 
pair (bp) enhancer located at the 3′ end of the human EPO 
polyadenylation signal.52,73,85-87 This interaction results in 

the stimulus for erythropoiesis. In 1953, Erslev definitively 
demonstrated the erythropoietic role of the serum factor, 
now termed erythropoietin.58 He infused 100 to 200 mL of 
plasma from bled anemic rabbits into normal rabbit recipi-
ents. Reticulocyte count increased rapidly, with a fourfold 
rise in cell count within 4 days of infusion.58,59 In 1957, 
Jacobson and coworkers provided indirect evidence to 
suggest that the kidneys were the primary source of EPO.60 
After demonstrating that removal of a variety of different 
organs did not affect EPO production after phlebotomy, 
they showed that nephrectomized rats and rabbits failed to 
increase EPO production (incorporation of iron-Fe 59 into 
erythrocytes) after blood loss.60 Further studies by Koury 
and associates and Lacombe and associates demonstrated 
that the cells responsible for EPO production were peritu-
bular interstitial cells,61,62 which were subsequently identi-
fied as peritubular fibroblasts, located within the renal 
cortex.63-65 Although the nature of these cells has still not 
been fully clarified, they have been suggested to be derived 
from the neural crest66 and share characteristics of 
pericytes.67

It has also been shown that with growing severity of 
anemia, the number of EPO-producing peritubular cells 
increases. This recruitment was found mostly in the inner 

Figure 57.4  Schematic presentation of hypoxia-inducible factor (HIF) signaling and the oxygen-dependent control of erythropoietin 
(EPO) gene expression. HIF consists of one of two oxygen-dependent α-subunits (HIF-1α and HIF-2α) and a constitutive β-subunit. For EPO 
regulation, HIF-2α is the relevant isoform. In the presence of oxygen (normoxia), HIF-α is hydroxylated at two prolyl and one asparagyl residues 
through  prolyl-hydroxylases  (PHDs  1-3)  and  an  asparagyl-hydroxylase  (factor-inhibiting  HIF  [FIH]),  enzymes  that  require  oxoglutarate  as  a 
cosubstrate. Hydroxylation of  the asparagyl-residue  inhibits binding of  the  transcriptional  coactivator p300 and hydroxylation of  the prolyl-
residues  enables  binding  to  the  von  Hippel–Lindau  protein,  which  represents  the  recognition  component  of  an  E3  ubiquitin  ligase.  Thus, 
hydroxylated HIF-α is targeted for proteasomal destruction, and hydroxylated HIF that escapes destruction is not transcriptionally active. Under 
hypoxia, there is no substrate (oxygen) for the hydroxylation reactions and, thus, HIF-α is stabilized, can bind to hypoxia-responsive elements 
of its target genes, and can induce or enhance their transcription. The hypoxia response element (HRE) of the EPO gene is located at 5′ of the 
gene; other  regulatory elements determine  the  tissue specificity of  its expression,  limiting EPO expression mainly  to  liver and kidneys.  ind., 
Inducible; reg., regulatory. 
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with different numbers of sialic acid residues: Isoforms with 
higher sialic content have a prolonged half-life in the circu-
lation and induce greater stimulation of erythropoiesis 
despite having a lower affinity for the EPO receptor (EPO-
R).118 A hyperglycosylated recombinant EPO, called novel 
erythropoiesis-stimulating protein (NESP) or darbepoetin, 
carries two additional N-linked carbohydrate chains with up 
to 22 sialic acid residues; the endogenous EPO has a 
maximum of 14.119 Despite a lower (approximately fivefold) 
affinity for the EPO-R, NESP exhibits a halflife in the circu-
lation approximately three times longer than that of 
EPO.120,121 Gross and Lodish have developed an in vitro 
model accounting for the prolonged bioactivity of NESP.118 
They found that NESP and EPO have similar rates of inter-
nalization when bound to the EPO-R, with similar degrada-
tion and re-secretion, but that EPO dissociates at a much 
slower rate from the EPO-R than NESP, so more EPO is 
internalized and degraded.

EPO is produced primarily by the liver in the fetal period; 
after birth, the kidneys become the major source of produc-
tion.63,64,108,122-125 Clearance of circulating EPO occurs by 
mechanisms that have not yet been fully elucidated. The 
liver, kidneys, and bone marrow have all been studied as 
possible sources of EPO elimination. A small fraction of 
either endogenous or exogenous EPO appears to be cleared 
by filtration into the urine.126 EPO degradation products 
can be found in urine, but the location and mechanisms 
responsible for this degradation are not known.113

An important determinant of the fate of the circulating 
EPO is its binding to the EPO-R on erythroid cells127; the 
relative abundance of erythroid precursors (i.e., the size of 
the pool of erythroid progenitors) is known to modulate 
serum EPO concentrations.128 The EPO-R is a 55-Da trans-
membrane protein that belongs to the cytokine receptor 
superfamily.129-134 It is present on erythroid progenitors from 
the colony-forming unit–erythroid (CFU-E) stage to late 
basophilic erythroblasts.129 The number of receptors has 
been estimated to be around 1000 per cell. The molecular 
signaling cascade activated upon binding of EPO to EPO-R 
has been studied in great detail. The first event seems to be 
the homodimerization of the receptor, which also under-
goes a conformational change. This is followed by the gen-
eration of the intracellular signal by clathrin-mediated 
endocytosis and proteolysis of the whole ligand-receptor 
complex, which ultimately determines the clearance of EPO 
from the circulation.118,135-140

Rather than intrinsic enzymatic activity, the EPO-R signal 
transduction pathway depends on the activation of Janus 
tyrosine kinases-2 (JAK2), which are physically associated 
with the receptor and become phosphorylated when the 
conformation of the receptor is changed by the binding of 
EPO.141-148 Activated JAK2 phosphorylates several of the 
eight tyrosine molecules of the cytoplasmic side of the 
EPO-R, exposing SH2 (src homology 2) binding sites for key 
signaling proteins.149,150 The result is a cascade of signal 
transduction, with activation of multiple pathways, includ-
ing Ras/MAP kinase, JNK/p38 MAP kinase, JAK/STAT, the 
p85 regulatory subunit of phosphoinositide 3-kinase (PI3K), 
and AKT.151-156 Both JAK2 and the tyrosines on the cytoplas-
mic portion of the EPO-R seem to play a role in the inter-
nalization process:157 Familial/genetic forms of polycythemia 
due to truncations in the EPO-R with absence of key 

rapid EPO transcription followed by translation and secre-
tion of the EPO glycoprotein.88-91

The rapid degradation of HIF-α in the presence of oxygen 
depends on binding of the tumor suppressor protein von 
Hippel–Lindau (VHL), a process that results in tagging of 
the molecule for proteasomal degradation via polyubiqui-
tination by ubiquitin ligase.92,93 This regulatory mechanism 
is based on the hydroxylation of two proline residues, which 
are critical for the recognition of HIF-α by VHL, and an 
additional hydroxylation of one asparagine residue is 
required for HIF binding with p300.94-98 Hydroxylation at 
these three sites depends on the presence of oxygen as 
molecular substrate for specific hydroxylase enzymes, 
placing these enzymes in a central role for sensing oxygen 
and detecting hypoxia. A mutation in the VHL protein that 
impairs the degradation of HIF-α and increases EPO pro-
duction causes so-called Chuvash congenital polycythemia, 
an autosomal recessive disorder endemic in the mid–Volga 
River region.99 HIF-2α but not HIF-1α displays a typical iron 
response element (IRE) in its 5′ untranslated region (UTR), 
which has been shown in mice to constitute an important 
regulatory loop for HIF-2α messenger RNA (mRNA) trans-
lation in the presence of either hypoxia or iron loading.100 
This regulatory system in conditions of reduced iron avail-
ability would allow iron response protein 1 (IRP1) to bind 
with high affinity to IRE, inhibit mRNA translation, and 
decrease HIF-2α synthesis and EPO production. When cel-
lular iron is abundant, IRP1 loses its RNA-binding activity 
and becomes a cytosolic aconitase, resulting in de-repression 
of mRNA translation, which increases both HIF-2α synthesis 
and EPO production.

Purification and identification of EPO is credited to 
Miyake and coworkers.101 From 2550 L of urine from 
patients with aplastic anemia and using multiple isolation 
steps, they obtained a small quantity of pure glycoprotein.101 
Purification of human EPO led to successful cloning of the 
gene, reported in 1985 by Lin and associates.102 They found 
that the gene encodes a protein of 193 amino acids, includ-
ing a 27–amino acid leader sequence and a terminal single 
amino acid that are cleaved during processing, resulting in 
a 165–amino acid, mature EPO molecule. When these inves-
tigators introduced the gene into Chinese hamster ovary 
cells, EPO with full biologic activity was produced.102 These 
findings were confirmed by an almost simultaneous report 
by Jacobs and colleagues.103 These findings led in short 
order to the development of techniques to produce recom-
binant human EPO (rhEPO). By 1989, clinical trials of 
rhEPO had demonstrated its remarkable efficacy,104-107 
leading to regulatory approval and routine clinical use of 
EPO as replacement treatment.

EPO itself is a member of the family of class 1 cytokines.108 
The carbohydrate moiety is important for molecular stabil-
ity, whereas the 165–amino acid protein component is criti-
cal for receptor binding.109-111 There are four discrete 
carbohydrate chains, three N-linked, and one O-linked, each 
of them having two to four branches, most of which end 
with a negatively charged sialic acid.109,112-116 The physiologic 
role of the carbohydrate chains is complex: They seem to 
be required for the in vivo biologic activity of EPO but are 
not essential for in vitro receptor binding or growth stimula-
tion of cells in culture.117 There is considerable heterogene-
ity in the glycosylation of EPO, resulting in multiple isoforms 
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erythroid progenitors and precursors, in particular the 
CFU-E,162 and at the same time in the activation of parallel 
molecular pathways that eventually suppress the signaling 
of the receptor via tyrosine phosphatases, which dephos-
phorylate and inactivate JAK2, downregulate the EPO-R on 
the cell surface, and induce negative regulators such as  
CIS/SOCS (cytokine-inducible SH2-containing protein/
suppressor of cytokine signaling).163-171

An important aspect of the overall mechanism of  
action of EPO has been elucidated by Koury and associ-
ates, who demonstrated that EPO does not directly  
stimulate erythroid proliferation but, rather, prevents the 
programmed death (apoptosis) of the erythroid progenitors 
(Figure 57.5).162,172-174 Burst-forming units–erythroid (BFU-
Es), named for their capacity to generate multiclustered 
colonies of cells, are the earliest cell type exclusively com-
mitted to the erythrocyte line.175 It is believed that these cells 

tyrosines such as Y429 and Y431 have been shown to result 
in defective internalization of the EPO-R complex, pro-
longed signal transduction, and increased EPO sensitivity.157 
The EPO-R endocytic machinery is critically dependent on 
a Cb1/p85/epsin-1 pathway, which ultimately leads to recep-
tor downregulation.158

The interaction of JAK2 with important intermediaries in 
signal transduction, STATs (signal transducers and activa-
tors of transcription), has been extensively studied. After 
phosphorylation, STAT5 becomes activated and undergoes 
homodimerization and may translocate to the nucleus, 
where it activates EPO-inducible genes.159 In transgenic 
mice lacking both STAT5a and STAT5b, fetal anemia devel-
ops, with increased apoptosis of erythroid progenitors due 
to decreased survival of early erythroblasts.160,161

The signaling induced by the binding of EPO to the 
EPO-R eventually results in an increased number of 

Figure 57.5  Model of erythropoiesis based on suppression of programmed cell death (apoptosis) by erythropoietin (EPO) and het-
erogeneity in EPO dependence among erythroid cells. A, Normal erythropoiesis with an average survival rate of 40% in each of the EPO-
dependent generations. Normal erythropoiesis produces about 250 billion new erythrocytes daily even though a minority of all potential erythroid 
cells survive the EPO-dependent period. B, Elevated EPO levels as found after acute blood loss or hemolysis increase average survival rates 
to 57% in each EPO-dependent generation. Daily erythrocyte production increases to three times the normal amount. C, Decreased EPO levels 
as found in renal failure decrease average survival rate to 28% in each EPO-dependent generation. Daily erythrocyte production is one third 
of normal. D,  Ineffective erythropoiesis with high EPO levels  increases rates of apoptosis caused by a pathologic process such as folate or 
vitamin B12 deficiency. High EPO levels are  the response to decreased erythrocyte production and expand surviving cells  in  the early EPO-
dependent  generation,  but  the  increased  rates  of  apoptosis  in  the  late  EPO-dependent  and  post–EPO-dependent  stages  decrease  daily 
erythrocyte production to one-third normal. E, Iron-deficient erythropoiesis with elevated EPO levels, resulting in a similar increase to an average 
of 57% survival as seen in B, but in the post–EPO-dependent period, when hemoglobin is synthesized, heme-regulated inhibitor (HRI) prevents 
apoptosis by inhibiting protein synthesis. The inhibited protein synthesis decreases the size of the erythrocytes produced and reduces daily 
erythrocyte production to three fourths of the normal numbers. (From Koury M: Red cell production and kinetics. In Simon T, Snyder EL, Solheim 
BG, et al, editors: Rossi’s principles of transfusion medicine, Hoboken, NJ, 2009, Blackwell Publishing.)
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It has become apparent that erythropoiesis does not 
happen in a vacuum and thus critically depends on the 
interaction of erythroblasts with the macrophages at the 
center of the erythroblastic island in the marrow. A still 
undetermined fraction of basal and EPO-stimulated eryth-
ropoiesis requires the contact between erythroblasts and 
central macrophages.195,196 Macrophages play a role not only 
in the proliferation and final enucleation of erythroblasts 
but also possibly in supplying ferritin and iron to the eryth-
roblast.197 In chronic inflammatory conditions, negative 
regulation of erythropoiesis may be mediated locally by 
macrophage-produced cytokines such as tumor necrosis 
factor-α (TNF-α), transforming growth factor-β (TGF-β), 
interferon-γ (INF-γ), and interleukin-6 (IL-6). Osteoblasts 
are another important component of the hematopoietic 
microenvironment in bone. They are able to produce EPO, 
and this local production can modulate the response to 
systemic anemia.198

The Role of Iron, Folate, and Vitamin B12 
in Erythropoiesis

Because of the continuous proliferative activity of the ery-
throid tissue and the associated production of large amounts 
of hemoglobin, adequate nutritional supplies of folate, 
vitamin B12, and iron are essential for proper erythropoietic 
function. If any of these three components is inadequate, 
erythropoiesis becomes unable to meet both baseline and 
stimulated demands.

Inefficient erythropoiesis is a distinguishing feature of 
megaloblastic anemias, with the inability of erythroid pro-
genitors to progress through the cell cycle and escape apop-
tosis, owing to impaired DNA synthesis and repair. Work by 
Koury and associates has shown that the erythroid differen-
tiation stage most affected by either folate or B12 deficiency 
is the one coinciding with the end of the EPO-dependent 
effects and the initiation of Hgb synthesis.199,200 The expan-
sion of erythroid progenitors induced by EPO creates a 
large pool of progenitors (CFU-Es and pro-erythroblasts), 
which are extremely susceptible to apoptosis. The ineffi-
cient erythropoiesis of megaloblastic anemias is character-
ized by a reduced number of reticulocytes and increased 
serum bilirubin and lactic dehydrogenase (LDH), and 
accelerated iron turnover. In the case of B12 deficiency, thy-
midine and purine synthesis are impaired because of 
unavailability of methylenetetrahydrofolate and formyltetra-
hydrofolate, respectively, and the trapping of folate as 
methyltetrahydrofolate. 201 Folate deficiency affects several 
key coenzymes that are involved in the transfer of single 
carbon units for synthesis of pyrimidines and purines and 
for amino acid metabolism.

A regulated iron supply capable of matching the iron 
needs of the erythroid marrow is key for proper erythropoi-
esis. Intracellular availability of iron, heme, and globin 
chains have to be perfectly matched, because excess of any 
of these constituents is toxic for the cell. One mg of iron 
can be adsorbed daily from the intestine, approximately 5% 
to 10% of the 14 mg of iron contained in the average  
daily Western diet. The large majority of iron used for eryth-
ropoiesis comes from recycling of iron contained in  
aged RBCs via macrophages. Each milliliter of blood con-
tains on average 0.5 mg of iron. Small, long-term blood 
losses result eventually in the depletion of body iron stores 

are produced stochastically from pluripotent stem cells. 
Only a minority of BFU-Es, 10% to 20%, are in cell cycle at 
any given time; the rest remain an inert reserve of progeni-
tor cells. Cells then begin to take on the characteristics of 
CFU-Es.176 BFU-Es contain only small quantities of GATA-1, 
a key transcription factor for erythroid development, 
whereas CFU-Es have much higher concentrations.177,178 
CFU-Es begin to express some attributes of mature erythro-
cytes, including blood group and Rh antigens.179,180 It is at 
the CFU-E stage that EPO exerts its greatest influence; 
CFU-E cells express the highest surface concentration of 
EPO-Rs of any erythrocyte precursor.175,181,182 Without EPO 
present, these cells are rapidly lost to programmed cell 
death.183-185 EPO is an essential survival factor for erythroid 
progenitors from the CFU-E stage all the way to basophilic 
erythroblasts. There is substantial heterogeneity in the 
responsiveness of erythroid progenitors to EPO within a 
certain tissue and differentiation stage, possibly related to 
the number of EPO-Rs, their functional status, or both.186 
This diversity in EPO responsiveness corresponds to the 3 
log units’ range of serum EPO concentrations that can be 
measured in human patients.

The quantity of EPO is traditionally expressed in units, 
with 1 unit representing the same erythropoietic effect in 
animals as occurs after stimulation with 5 mmol cobalt chlo-
ride.108 Steady-state production of small amounts of EPO 
maintains the serum EPO concentration at approximately 10 
to 30 U/L, enough to stimulate sufficient production of 
erythrocytes to replace those lost to senescence.85,108 When 
anemia or hypoxia is present, serum EPO concentrations 
increase rapidly to as much as 10,000 U/L.88-90 Human studies 
indicate a sustained increase in serum EPO concentrations 
after phlebotomy, with values remaining elevated for several 
weeks.187,188 With chronic anemia, as occurs with pure red cell 
aplasia (PRCA) and aplastic anemia, serum EPO remains 
chronically elevated, with values as much as 1000-fold higher 
than normal in very severe aplastic anemias.189-193

Koury and associates have incorporated these basic physi-
ologic concepts into a model that explains how EPO regu-
lates erythropoiesis in a variety of pathologic conditions (see 
Figure 57.5).52,162,194 The EPO-dependent phase of erythro-
poiesis encompasses in this model three generations (from 
CFU-E through early erythroblasts), with each generation 
having a certain proportion of surviving cells and the 
remaining cells being lost by apoptosis. Owing to their 
reduced EPO responsiveness (or greater EPO dependence) 
most of the cells at the CFU-E become victims of apoptosis, 
so the erythropoietic production flow in a normal subject is 
produced by a relatively small fraction of progenitors that 
have escaped apoptosis. When EPO concentrations increase 
in response to hypoxia, blood loss, or hemolysis, additional 
progenitors are allowed to escape apoptosis, and resulting 
in the generation a few days later of an increased absolute 
number of reticulocytes and ultimately of RBCs. If this 
response is sufficient to compensate for the decreased 
oxygen-carrying capacity of blood, EPO concentrations 
decline and so does erythropoiesis. When EPO production 
is impaired, such as in CKD, a much greater number of cells 
become apoptotic, and EPO concentrations are insufficient 
to maintain an adequate pool of differentiating progenitors, 
resulting in impaired reticulocyte production and ultimately 
anemia.
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excretory and endocrine function.227 Fehr and associates 
studied 395 patients undergoing coronary angiography, 
84% of whom had reduced creatinine clearance values.228 
Like Radtke and colleagues, Fehr and associates found that 
serum EPO concentrations were higher in patients with 
lower Hgb, except when creatinine clearance was below 
40 mL/min.227,228

Why EPO production by diseased kidneys is inadequately 
low remains incompletely understood. Some evidence sug-
gests that EPO production is reduced because of the trans-
formation of peritubular fibroblasts into myofibroblasts.229,230 
On the other hand, it has been demonstrated that pharma-
cologic stabilization of HIF with inhibitors of the prolyl-
hydroxylases results in significant EPO secretion from renal 
and extrarenal tissues even in patients undergoing dialy-
sis.231 On the basis of these findings and other circumstantial 
evidence, it appears that a disturbed oxygen-sensing mecha-
nism rather than destroyed production capacity for EPO is 
the primary cause of renal anemia. In fact, despite the 
severely diminished EPO response with advanced CKD, 
some degree of sustained feedback remains. Radtke and 
colleagues found that during the 6 months prior to the start 
of dialysis, as anemia worsened, serum EPO concentrations 
increased, and that in the 6 months after the start of dialysis, 
the opposite occurred.227 This continued response to anemia 
in patients with advanced CKD was also demonstrated by 
Walle and coworkers, who found that serum EPO increased 
after hemorrhage and declined after blood transfusion in 
patients on dialysis.232 Other workers also reported that 
hypoxia can increase EPO production significantly in 
anemic patients with CKD.233,234 Consistent with such obser-
vations and a relevant capacity for endogenous EPO secre-
tion in patients with CKD, a large analysis in the United 
States revealed that with increasing altitude—and thus lower 
blood oxygen content for any given Hgb concentration—
higher achieved Hgb was observed even though lower doses 
of ESA were used.235

Taken together, studies in the literature indicate that in 
patients with CKD:

1. Serum EPO concentrations are generally equal to or 
higher than those in patients without CKD.

2. Mean serum EPO concentrations increase with worsen-
ing anemia in mild-to-moderate CKD (although to an 
insufficient degree).

3. Mean serum EPO concentrations become more a func-
tion of GFR than of Hgb concentration when the GFR 
drops below around 40 mL/min.

4. Even with advanced CKD, the ability to produce EPO is 
preserved and some responsiveness to lower Hgb is 
retained.

The pronounced breakdown of EPO production in 
response to anemia when creatinine clearance is below 
40 mL/min fits well with the observation that clinically rel-
evant anemia becomes common only with moderate-to-
advanced CKD (see earlier discussion and Figures 57.1 and 
57.2).20,23

SHORTENED RED BLOOD CELL SURVIVAL
Although there are several published reports on reduced 
RBC survival in CKD,19,209,236 it is not clear how much it 

and development of iron-deficient erythropoiesis and 
anemia. Iron deficiency suppresses HIF-2alpha synthesis 
which in turn reduces EPO production, resulting in 
decreased erythropoiesis and inappropriately low reticulo-
cyte counts for the degree of anemia.201a,201b Heme-regulated 
eIF-2α (eukaryotic initiation factor 2 eIF-2α) kinase (HRI) 
is a key master controller of globin synthesis based on iron/
heme availability.202 In iron-sufficient states, free heme binds 
to HRI and inhibits the phosphorylation of eIF-2α, allowing 
globin synthesis to proceed. In iron-deficient states, HRI 
phosphorylates eIF-2α, which in turn decreases protein syn-
thesis and erythropoiesis, with production of microcytic 
erythrocytes without ineffective erythropoiesis. In macro-
phages, HRI acts as a positive modulator of cytokine and 
hepcidin production, thus affecting both inflammation and 
iron metabolism.203

ANEMIA OF CHRONIC KIDNEY DISEASE

Anemia in CKD can develop because of any of the diseases or 
deficiencies that may affect individuals without kidney disease 
such as iron deficiency, vitamin B12

204,205 or folic acid defi-
ciency,204 and chronic blood loss.206 But the form of anemia 
most common in CKD is a normocytic, normochromic or 
slightly hypochromic207 anemia with insufficient production 
of erythrocytes (see Figure 57.2).208-211 The etiology is multi-
factorial, contributors such as relative EPO deficiency, iron 
deficiency, blood loss, hemolysis, chronic inflammation, 
drugs like nonsteroidal antiinflammatory drugs (NSAIDs), 
and other factors, which may include circulating inhibitors 
of erythropoiesis.211-214 The preponderance of evidence dem-
onstrates that EPO deficiency is the major cause of anemia in 
CKD.215-218 Ultimately, the greatest proof of the primacy of 
EPO deficiency in the pathogenesis of renal anemia has been 
the consistent success of treatment with rhEPO or its deriva-
tives. Other contributing causes to anemia should be consid-
ered if the severity of anemia is much greater than expected, 
if higher than usual doses of rhEPO are needed, and in the 
presence of leukopenia or thrombocytopenia.

ERYTHROPOIETIN PRODUCTION AND  
KIDNEY DISEASE
In normal persons, serum EPO concentrations rise in 
response to a reduction in red cell mass, in other words, 
anemia. In patients with CKD, EPO concentrations are inap-
propriately low for the degree of anemia but may still be 
similar to or even higher than those in normal, nonanemic 
subjects.219-223 The adequacy of EPO production in response 
to anemia appears to decline in rough proportion to the 
degree of reduction in nephron mass.224-226 Radtke and 
coworkers measured serum EPO in 135 patients with CKD 
and 59 normal subjects.227 At all stages of CKD, serum EPO 
values were found to be higher than in nonanemic normal 
subjects, but the relation between Hgb and serum EPO 
depended on the severity of CKD. Among patients with 
mild-to-moderate CKD, the correlation was inverse, with 
lower Hgb concentrations being associated with higher 
serum EPO concentrations. However, among patients with 
creatinine clearances below 40 mL/min, mean serum EPO 
concentrations were severely depressed and uncorrelated 
with the degree of anemia, but directly correlated with cre-
atinine clearance, indicating a parallel loss of renal 
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availability or absorption.257 No significant reduction in the 
dose of ESAs used to manage anemia was observed for 
patients undergoing frequent hemodialysis (six times per 
week) in comparison with those on the conventional three 
times per week schedule.258

IRON METABOLISM, HEPCIDIN, AND ANEMIA OF 
CHRONIC DISEASE
Patients with CKD are in negative iron balance due to 
increased blood loss (see earlier), which frequently cannot 
be adequately compensated. In the absence of chronic 
inflammation, blood loss leads to a reduction of serum fer-
ritin and serum iron, and a progressive increase in the 
desaturation of transferrin, below the 16% threshold that 
guarantees a normal supply of iron to the erythroid marrow.259 
Some studies have reported reduced intestinal iron absorp-
tion in patients on maintenance dialysis,260,261 mostly due to 
the concomitant inflammation. However, other studies have 
shown it to be upregulated by EPO administration and not 
substantially impaired in comparison with that in normal 
subjects.262,263 The chronic inflammatory state frequently 
accompanying CKD creates additional constraints to the 
proper absorption and utilization of iron.257

The identification of hepcidin as a key regulator of iron 
homeostasis in normal conditions and in ACD has redefined 
our understanding of iron homeostasis in CKD (Figure 
57.6).264-271 Hepcidin, a 25–amino acid peptide produced 
and secreted by the liver,272 modulates iron availability by 
promoting the internalization and degradation of ferropor-
tin,273 a key iron transporter (so far the only identified 
mammalian iron exporter) that is essential for both iron 
absorption in the duodenum and recycling of iron/iron 
efflux by macrophages.274,275 High hepcidin concentrations 
turn off both duodenal iron absorption and release of iron 
from macrophages; low hepcidin concentrations promote 
iron absorption and heme iron recycling/iron mobilization 
from macrophages. Thus, hepcidin concentrations are 
expected to be high in iron overload states and diminished 
in iron deficiency states. In normal subjects, an oral iron 
load produces a measurable increase in hepcidin concentra-
tions.276 A hepcidin knockout mice model shows increased 
iron absorption, increased liver iron concentration, and 
decreased reticuloendothelial iron stores.265 Hepcidin over-
expression in mice leads to severe iron deficiency.277 Some 
of the genetic forms of hemochromatosis, like juvenile 
hemochromatosis, are caused by mutations in the hepcidin 
gene.278 Hepcidin production can be induced by type II 
acute inflammatory reactions, which are mediated by IL-6 
but not IL-1 or TNF-α,279,280 thus providing a mechanism for 
inflammation to affect iron availability and causing the 
ACD. Anemia, EPO administration, and hypoxia increase 
iron absorption and mobilization by decreasing hepcidin 
production, 281,282 although hepcidin is not a direct target 
gene of HIF.283 Erythroferrone (ERFE) has been identified 
as the key mediator of the erythropoietic regulation of iron 
metabolism: ERFE production rises with increased erythro-
poietic activity, leading to hepcidin suppression and mobi-
lization of the iron stores.284,285

Urinary and serum concentrations of hepcidin have been 
measured with mass spectrometry.286-288 An immunoassay for 
serum human hepcidin has been developed, with a lower 
limit of detection of 5 ng/mL, yielding a normal range for 

contributes to the anemia of CKD. Several abnormalities 
have been described in uremic erythrocytes, which may 
result in their increased premature destruction. An abnor-
mal externalization of phosphatidylserine (PS), a phospho-
lipid normally present only on the inside of the RBC 
membrane, has been associated with increased erythropha-
gocytosis and anemia in CKD. 237 Uremic RBCs have been 
reported to become more fragile in response to osmotic 
stimuli,238 although this finding was not confirmed in pedi-
atric patients undergoing peritoneal dialysis.239 The rheo-
logic properties of uremic erythrocytes are altered owing to 
changes in RBC shape and decreased deformability.240 
Uremic erythrocytes may not be able to mount an effective 
response to oxidative stress,241-243 possibly because of gluta-
thione deficiency,244 and may benefit from the antioxidant 
effects of vitamin E bound to dialysis membranes.243,245 Car-
nitine deficiency may also contribute to the reduced survival 
of uremic erythrocytes.246,247 An abnormal deposition of 
complement onto erythrocytes in CKD could also play a role 
in their premature removal from the circulation.248 Because 
the contribution to shortened RBC life span of each of these 
factors is variable from patient to patient and not easily 
quantifiable, and because there are no simple, reliable 
methods to measure RBC survival, it is extremely difficult to 
identify anemic patients who are particularly affected, unless 
they have a preexisting RBC disorder.

BLOOD LOSS
Excessive bleeding has long been recognized as a common 
and significant complication of CKD. The coagulopathy of 
CKD, discussed in the final section of this chapter, is thought 
to play a major role in the occult blood loss via gastrointes-
tinal bleeding of patients with CKD.249 In addition, blood 
loss due to the dialysis procedure and associated laboratory 
studies is also significant. A classic paper published 30 years 
ago estimated the blood loss due to hemodialysis to be 
between 1 and 3 liters per year.250 Subsequent improvements 
in dialysis techniques and clinical laboratory testing meth-
odology have reduced this loss considerably. Later estimates 
of the blood lost within the whole extracorporeal circuit for 
each dialysis session vary from a range of 0.5 to 0.6 mL 251 
to a median of 0.98 mL (range 0.01 to 23.9 mL).252 Each 
milliliter of blood contains approximately 0.5 mg of iron, so 
an important consequence of blood loss is the loss of iron 
and the development of iron deficiency (see later).

UREMIC “INHIBITORS” OF ERYTHROPOIESIS
Although a variety of uremic toxins have been identified in 
CKD,253,254 including some with hematologic effects such as 
quinolinic acid255 and N-acetyl-seryl-aspartyl-lysyl-proline 
(AcSDKP),256 there is no convincing demonstration that any 
of them plays a significant role in the anemia of CKD. Nev-
ertheless, the response to ESAs can be improved with dialy-
sis, and the EPO doses used to treat patients with anemia in 
CKD are much greater than the amounts endogenously 
produced in normal individuals, indicating reduced respon-
siveness. Apart from factors associated with anemia, it is 
likely that inhibition of erythropoiesis in CKD also occurs 
through the concomitant chronic inflammatory state, which 
is characteristic for the anemia of chronic disease (ACD). 
Contributing factors include decreased EPO production or 
responsiveness plus hepcidin-induced reduction in iron 
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CKD have been found to be associated with elevated ferritin 
and/or CRP concentrations and with stage 5 CKD.276,298 
Serum hepcidin assessment by surface-enhanced laser 
desorption/ionization–time-of-flight (SELDI-TOF) mass 
spectrometry did not seem to offer any advantage as predic-
tor of iron needs over the established, traditional markers 
for adult patients on hemodialysis and maintenance ESA 
therapy.299 Serum hepcidin concentrations are reduced fol-
lowing dialysis treatment.300,301 Hepcidin concentrations also 
may vary in patients on hemodialysis owing to the presence 
of concomitant HFE mutations, the presence of which 
results in reduced hepcidin production.302 Other studies 
have reported normal concentrations of hepcidin in CKD 
but did not address the caveats mentioned previously.300,303 
Although it has been suggested that hepcidin may improve 
the identification of iron deficiency in CKD prior to trans-
plantation,304 more work is needed to define the role of 
hepcidin in the assessment of iron status in CKD. In iron-
deficient persons without CKD, elevated hepcidin levels 
have been shown to predict nonresponsiveness to oral iron 
therapy.305

Given the central role played by hepcidin in ACD, phar-
macologic modulation of its production or bioavailability 
has potential as a new therapeutic modality. 306 In particular, 
the use of anti-hepcidin compounds may restore iron avail-
ability in ACD and improve the effectiveness of ESA 
therapy.307 Strategies targeting hepcidin production, neu-
tralizing hepcidin with specific peptides, or interfering with 
the binding of hepcidin to ferroportin or with the hepcidin-
induced endocytosis of ferroportin are under consider-
ation.306 For conditions of iron overload, hepcidin mimetics 
(mini-hepcidin) have shown effectiveness in vivo in animal 
models,308 and stimulators of hepcidin production are also 
under study.

serum hepcidin of 29 to 254 ng/mL in men and 16 to 
288 ng/mL in women.276 The assay has enough sensitivity 
to detect changes in serum hepcidin due to diurnal varia-
tion and in response to oral iron. Measurements of prohep-
cidin, the precursor of the biologically active 25–amino  
acid hepcidin, seem to be poorly correlated with those of 
hepcidin and are unresponsive to known hepcidin regula-
tors.289 Several studies have measured hepcidin concentra-
tions in CKD but have at times produced conflicting 
results.290 A proper interpretation of these studies’ findings 
must consider the following caveats: First, in the presence 
of anemia, hepcidin concentrations are reduced in persons 
with normal kidney function; thus, a normal hepcidin con-
centration in CKD can be still inappropriately high for the 
level of anemia. Second, hepcidin concentrations in healthy 
persons are reduced by 70% to 75% 24 hours after EPO 
administration.291

Residual kidney function, iron stores, erythropoiesis 
status, and inflammation all seem to be related to the hep-
cidin concentrations observed in CKD.292 Hepcidin concen-
trations were found in one study to be elevated in patients 
on dialysis but were not correlated with either IL-6 concen-
trations or responsiveness to treatment, although they 
decreased after initiation of EPO therapy.293 Progression or 
severity of anemia in patients with non-dialysis requiring 
CKD (ND-CKD) seems to be associated with higher serum 
hepcidin concentrations.294,295 Elevated serum hepcidin has 
also been observed in anemic patients with combined renal 
(GFR 20-70 mL/min) and cardiac failure296 and in associa-
tion with both fatal and nonfatal cardiovascular events in 
patients receiving maintenance hemodialysis.297 EPO 
therapy leads to a reduction in serum hepcidin that corre-
lates with the bone marrow response.296 Elevated serum hep-
cidin concentrations in pediatric and adult patients with 

Figure 57.6  Hepcidin is a central regulator of systemic iron homeostasis. Serum iron concentrations are determined by the balance of 
iron  entry  from  intestinal  absorption;  macrophage  iron  recycling;  and  mobilization  of  hepatocyte  stores  versus  iron  utilization,  primarily  by 
erythroid cells in the bone marrow. A peptide hormone secreted by the liver, hepcidin controls iron release into the plasma by downregulating 
cell-surface expression of the iron export protein ferroportin (FPN) on absorptive enterocytes, macrophages, and hepatocytes. Hepcidin pro-
duction is inhibited by erythropoietic drive and hypoxia to ensure iron availability for erythropoiesis. Hepcidin production is stimulated by iron 
(through human hemochromatosis protein [HFE], hemojuvelin [HJV], and transferrin receptor 2 [TFR2]) as a negative feedback loop to maintain 
steady-state iron concentrations. Hepcidin production also is stimulated by inflammation, thereby sequestering iron from invading pathogens 
in the setting of infection but also causing the hypoferremia of anemia of chronic disease. FE2-Tf, Transferrin-bound iron; RBC, red blood cell. 
(From Babitt JL, Lin HY: Molecular mechanisms of hepcidin regulation: implications for the anemia of CKD. Am J Kidney Dis 55:726-741, 2010.)
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[MCH] from baseline) are helpful in identifying folate defi-
ciency states in patients on dialysis.331,332

Vitamin D deficiency is an independent predictor of 
anemia in early CKD33,333 as well as in normal subjects,334 but 
whether vitamin D directly affects erythroid proliferation335 
or is just a marker remains to be demonstrated.336 Vitamin 
D supplementation (50,000 IU/month) in patients on dialy-
sis did not result in changes in Hgb concentrations in one 
study, although a possible EPO-sparing effect was reported.337

Low plasma zinc (Zn) concentration has been reported 
with variable incidence in patients undergoing hemodialy-
sis.338-340 A zinc supplementation trial showed measurable 
improvements in Hgb concentrations.341

ALUMINUM OVERLOAD
In past years, aluminium was commonly used in patients on 
dialysis for its effects as a potent intestinal binder of phos-
phate. Although calcium-containing and non–calcium- 
containing phosphate binders have largely supplanted 
aluminium, the effects of aluminium toxicity on hematopoi-
esis are of historical interest. Parenteral aluminium expo-
sure, either via dialysate contamination342 or through other 
routes,343 is still observed. The erythropoietic effects of 
aluminum toxicity are characterized by altered iron metabo-
lism,344 direct inhibition of erythropoiesis,345,346 and disrup-
tion of RBC membrane function and rheology.347-349 In 
dialyzed patients, the most notable hematologic effect  
of aluminum overload is microcytic anemia,350,351 which 
improves with either the use of deionized water to reduce 
the aluminum content of the dialysate352 or chelation 
therapy with desferrioxamine.353 EPO responsiveness is 
reduced in patients receiving dialysis who have higher 
serum aluminum concentrations either at baseline or after 
a desferrioxamine challenge354 and can be restored with 
desferrioxamine treatment.355 Improvement of anemia has 
also been shown in patients with the use of chelation therapy 
with desferrioxamine even in the absence of overt alumi-
num toxicity.356,357 Interestingly, HIF destabilization requires 
iron as a cofactor, and iron chelation with desferrioxamine 
can induce HIF, providing a possible alternative explanation 
for an improvement in anemia.

HORMONES, PARATHYROID HORMONE,  
AND MARROW FIBROSIS
The inhibitory effects of parathyroid hormone (PTH) on 
erythropoiesis are primarily indirect and a consequence of 
myelofibrosis.358 Secondary hyperparathyroidism is associ-
ated with diminished responsiveness to EPO.359 Moreover, 
PTH levels were identified as effect modifiers of the eryth-
ropoietic response to EPO in adult CKD patients on hemo-
dialysis.360 However, in pediatric patients no association was 
found between serum intact PTH and Hgb concentra-
tions.361 An increase in EPO levels and improvement in 
anemia have been reported after parathyroidectomy.362,363

DRUGS
Use of renin angiotensin aldosterone system (RAAS) inhibi-
tors may induce or worsen anemia364 for several reasons. 
Angiotensin II has direct facilitating effects on erythroid 
progenitor cells, which are inhibited by these compounds.365 
N-acetyl-seryl-lysyl-proline (AcSDKP), an endogenous inhib-
itor of erythropoiesis, accumulates in patients treated with 

Another regulator of iron homeostasis, growth differen-
tiation factor 15 (GDF15), is induced by hypoxia and iron 
depletion ,309 and down modulates hepcidin, thus contribut-
ing to iron overload in conditions with significant expan-
sions of the bone marrow and inefficient erythropoiesis, 
such as severe β-thalassemias.310 However, in patients 
with ACD, there seems to be no association between  
GDF15 and hepcidin concentrations, suggesting that this 
regulatory loop may not be active in the presence of 
inflammation.310

Transmembrane serine protease 6 (TMPRSS6) may act as 
a cell membrane sensor of iron deficiency, which in turn 
suppresses hepcidin production and allows increased intes-
tinal absorption of iron.311 Mutations in TMPRSS6 have 
been associated with iron-refractory iron deficiency anemia 
(IRIDA),312 and population studies have identified a 
TMPRSS6 allele associated with lower serum iron and Hgb 
concentrations.313-317 It is likely that iron metabolism in 
patients with CKD may be similarly affected by genetic poly-
morphism of TMPRSS6.

INFLAMMATION AND ANEMIA OF  
CHRONIC DISEASE
Inflammation may also impact on erythropoiesis indepen-
dent of its effects on iron metabolism and RBC survival. 
Responsiveness to EPO declines in patients with CKD in the 
presence of acute inflammation, bacterial infections, and 
cancer.318 A chronic inflammatory state with elevated serum 
cytokine concentrations and decreased lymphocytes and 
CD4+ T cell counts has been described in patients on dialy-
sis.319 Serum CRP has been used to monitor or predict the 
hematologic consequences of inflammation.320 Inflamma-
tory cytokines can induce anemia either via impaired pro-
duction of EPO, via impaired erythropoietic response to 
EPO with suppression of erythroid progenitor differentia-
tion, and proliferation and possibly also via reduced RBC 
survival. TNF-α is known to directly inhibit erythropoiesis321 
as well as to reduce EPO production322: Antibody-mediated 
blockade of TNF-α produces an improvement of anemia in 
rheumatoid arthritis323 and in inflammatory bowel disease.324 
Cytokines such as TNF-α, IL-1, IL-8, IL-12, and INF-γ may 
impair erythroid proliferation via multiple mechanisms, 
including cytokine-induced apoptosis,325 downregulation of 
EPO-Rs, impaired production of other factors such as stem 
cell factor, and direct toxic effects on progenitors.326,327 It 
has also been proposed that inflammation may promote  
the release of soluble EPO-Rs, which may inhibit EPO  
signaling and increase EPO resistance.328 Sotatercept, a 
novel therapeutic agent that targets activin A and possibly 
other receptors of the TGF-β superfamily, is currently under 
investigation for both prevention of vascular calcification 
and improvement of anemia in CKD.329

FOLIC ACID, VITAMIN D, AND ZINC DEFICIENCIES
A net loss of folate is associated with dialysis, although the 
deficit is typically compensated for by a normal diet and/or 
routine supplementation of water-soluble vitamins. Folate 
status is best assessed by measuring RBC folate, because the 
plasma assay is affected by recent dietary intake and overes-
timates the true prevalence of folate deficiency.330 Changes 
in RBC parameters (increases in mean corpuscular/cell 
volume [MCV] and mean corpuscular/cell hemoglobin 
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odds of death in comparison with those for Hgb concentra-
tions between 10 and 11 g/dL; several laboratory parameters 
related to iron status and nutrition as well as dose of dialysis 
were also associated with Hgb concentrations.207 There was 
no association with mortality when Hgb was above 11 g/dL 
in this cohort study, but other studies suggested that the 
relationship among Hgb, comorbidities, and outcomes 
extends into the normal range of Hgb, leading to the hypoth-
esis that normalization of Hgb might be associated with best 
outcomes. However, RCTs failed to confirm this suggestion 
(see later). Therefore, although it is undisputable that 
anemia is a sensitive risk marker for adverse outcomes, its 
role as a causal risk factor has not been established.

ERYTHROCYTOSIS OF PATIENTS WITH  
KIDNEY DISEASE

Although anemia is a typical complication of advanced 
CKD, irrespective of its etiology, there are few circumstances 
under which disorders of renal structure and function can 
also result in abnormally high rates of RBC production,  
that is, erythrocytosis. The pathogenesis of these disorders 
remains incompletely understood but they probably all 
result from increased production of renal EPO.

(POLY)CYSTIC KIDNEY DISEASE
The degree of anemia in patients with autosomal dominant 
polycystic kidney disease (ADPKD) is usually somewhat less 
severe than for other etiologies of CKD, although patients 
with ADPKD on dialysis usually require treatment with ESAs. 
Occasionally patients with ADPKD may become polycythe-
mic.387 Erythrocytosis may also develop in patients on hemo-
dialysis with acquired renal cysts and single cysts.388,389 Serum 
EPO concentrations in patients with ADPKD are, on average, 
up to twofold greater than in patients with CKD from other 
causes,234,390,391 and significant arteriovenous concentration 
differences for EPO have been found in polycystic kidneys.392 
In the cyst walls of patients with ADPKD, interstitial cells 
have been shown to express EPO mRNA, and cysts derived 
from proximal but not distal tubules contain increased con-
centrations of bioactive erythropoietin.392 In a later study, 
continuous activation of HIF was demonstrated in cyst walls 
of patients with ADPKD and in a rat model of cystic kidney 
disease.393 The physiologic distinction between HIF-1α 
expression in tubular cells and HIF-2α expression in peritu-
bular cells is maintained in the cyst walls. The genetic 
defects underlying ADPKD do not lead to HIF activation. 
However, cyst expansion results in pericystic hypoxia, and 
hypoxic stimulation of pericystic angiogenesis is believed to 
play an important role in cyst progression.394,395 Therefore, 
the enhanced production of EPO in cystic kidneys is prob-
ably due to local hypoxia and mediated via HIF activation. 
It is possible that factors other than EPO, induced through 
this pathway, contribute to cyst growth. Regional hypoxia 
also appears to stimulate cyst growth, primarily via increased 
fluid secretion into the cyst lumen.396

POSTTRANSPLANTATION ERYTHROCYTOSIS
Kidney transplantation is usually followed by full correc-
tion of renal anemia.374,397,398 Interestingly, a regular 
increase in EPO production is not related to the presence 
of the transplant but does correlate with the onset of graft 

angiotensin-converting enzyme (ACE) inhibitors.256 Endog-
enous EPO production may also be reduced through  
the hemodynamic effects of angiotensin II inhibition. 
Because angiotensin II leads to preferential constriction  
of efferent glomerular arterioles, it increases the ratio  
of filtered sodium—the main determinant of renal oxygen 
consumption—to peritubular blood flow and thus  
oxygen supply, thereby presumably lowering peritubular 
oxygen tension. RAAS inhibitors reverse these effects and 
therefore have the potential to mitigate renal hypoxia and 
the signal for EPO production.366 It has also been postulated 
that RAAS inhibitors may promote anemia and EPO resis-
tance via a reduction in testosterone serum concentrations 
in men younger than 60 years.367 Myelosuppressive effects 
of immunosuppressants may further contribute to anemia, 
especially in the posttransplantation setting.368-370

ASSOCIATION OF ANEMIA WITH  
ADVERSE OUTCOMES

The availability of rhEPO greatly increased interest in the 
role that anemia plays with respect to health-related quality 
of life (HRQOL) and prognosis of patients with CKD. A 
large number of observational studies have consistently 
shown that even modest reductions in Hgb concentrations 
are associated with adverse outcomes. This statement applies 
to mortality in patients on dialysis10,371 and patients with 
CKD not on dialysis372 as well as individuals in the general 
population373 or with other complex chronic diseases, such 
as heart failure.374 A large study of 159,720 patients undergo-
ing hemodialysis and receiving epoetin therapy showed that 
the duration of anemia, rather than the Hgb concentration 
per se, was the most powerful predictor of short-term mor-
tality, with Hgb concentrations less than 11g/dL for 3 
months or longer being associated with an increased risk of 
death.375,376 However, there is no agreement on how to best 
study Hgb variability effects on mortality, with various 
methods having been applied to describe Hgb variability377 
and with significant confounding attributable to variations 
in Hgb concentrations among dialysis centers378 and the 
effects of ESA dosing and iron therapy.379

A systematic review supported the notion that Hgb con-
centrations below an a priori established reference range 
(Hgb 9-10 g/dL in some studies and 11-12 g/dL in others) 
are generally associated with increased all-cause mortality in 
dialysis recipients. Similar findings have been reported in 
pediatric patients on peritoneal dialysis.380 In patients with 
ND-CKD, the severity of anemia is also associated with the 
rate of decline in kidney function,381 consistent with the 
concept that anemia may aggravate intrarenal hypoxia.382,383 
Moreover, anemia was found to be a strong risk factor for 
the development of left ventricular hypertrophy,384,385 an 
established surrogate for mortality and cardiovascular 
events. An increase in cardiac output as part of the compen-
satory mechanisms that maintain oxygen delivery in anemia 
has been considered as a possible reason for the link between 
anemia and cardiac geometry.384

Other specific complications, such as proliferative reti-
nopathy in patients with diabetes, were found to be associ-
ated with anemia.386 In a relatively large (21,899) cohort of 
dialyzed patients in the United States, Hgb concentrations 
below 8 g/dL were associated with a twofold increase in the 
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tumor-associated erythrocytosis is caused by renal cancer.417 
Conflicting data have been reported concerning serum 
EPO concentrations in patients with renal tumors, but at 
least in some patients, raised EPO concentrations have been 
found.418 Furthermore, overexpression of EPO mRNA has 
been demonstrated in renal tumors.419 In situ hybridization 
revealed that accumulation of EPO mRNA occurs in epithe-
lial tumor cells but not in interstitial cells of the tumor 
stroma.419 The majority of clear cell renal carcinomas—the 
most frequent type of renal cancer—are associated with 
mutations of the VHL gene that interfere with its ability to 
target HIF for proteasomal degradation (see earlier).420 
Indeed, clear cell renal carcinomas contain high concentra-
tions of HIF.421-424 Although stabilized HIF in renal tumors 
appears to be functionally active in inducing HIF target 
genes, it is yet unclear why overexpression of EPO is con-
fined to about one third of these tumors.425 Although activa-
tion of HIF appears necessary for EPO gene expression in 
renal cell carcinoma, it is clearly not the only determinant. 
The fact that erythrocytosis occurs far less frequently than 
overexpression of EPO in renal cancer is probably due to a 
variety of mechanisms causing anemia in patients with 
cancer, which include inhibition of the effect of EPO and 
reduced iron availability. There is some albeit controversial 
evidence suggesting that EPO has autocrine or paracrine 
tumor growth promoting effects.426,427

TREATMENT OF RENAL ANEMIA

ERYTHROPOIESIS-STIMULATING AGENTS
Recombinant human erythropoietin was developed in the 
1980s with support from an orphan drug program. At that 
time it was unclear to what extent the anemia of patients 
with kidney disease could be influenced by application of 
the hormone as well as how many patients might benefit 
from this kind of therapy. The initial clinical studies revealed 
an unexpected efficacy in patients receiving dialysis, with 
both high response rates and evidence that hemoglobin 
concentrations could not just be increased to some extent 
but virtually be normalized.105,107 In the subsequent years, 
the use of recombinant EPO in patients on maintenance 
dialysis became routine in most parts of the world. The 
indication was subsequently extended to the much larger 
group of patients with ND-CKD as well as to several other 
patient groups with anemia, including those whose cancer 
was treated with chemotherapy. Over the years, efficacy of 
the therapy and presumed benefits led to a gradual increase 
in Hgb concentrations in virtually all patient groups that 
were treated (see Figure 57.3). Data from the U.S. Renal 
Data System indicate a substantial increase in the use of 
these agents (as well as intravenous [IV] iron and blood 
transfusion) in older (>67 years) adults with ESKD.428 Not 
surprisingly the expanded clinical use resulted in an extraor-
dinary commercial success. Although investigators origi-
nally intended to copy the endogenous molecule as closely 
as possible, patent and marketing considerations together 
with concepts for improving patient management resulted 
in the development of a number of derivatives of the EPO 
molecule with altered pharmacokinetic properties and, 
later, the development of different molecules that can 
directly or indirectly stimulate the EPO-R. Discussions about 
the appropriate terminology for all these compounds have 

function,399 providing further evidence for the role of 
excretory kidney function in EPO regulation. Some 10% to 
20% of patients manifest overcorrection and demonstrate 
erythrocytosis, usually within the first 6 months following 
transplantation.400-402 Graft failure is associated with anemia, 
and therefore polycythemia is more likely to occur in 
patients with normal kidney function.374,390

Increased plasma EPO concentrations have been reported 
in patients with posttransplantation erythrocytosis.403 Selec-
tive venous catheterization studies and the response to 
removal of the native kidneys suggest that the native kidneys 
are the main source of increased EPO production.403,404 
Although this suggestion clearly indicates that a sufficient 
production capacity for EPO may be preserved in diseased 
kidneys, it is unclear how the secretion rate is enhanced 
after transplantation. Improvement of the uremic state has 
been speculated to play a role. Moreover, given that inflam-
matory cytokines can inhibit erythropoietin production, the 
application of immunosuppressive agents could theoreti-
cally enhance EPO formation. Interestingly, the prevalence 
of posttransplantation erythrocytosis seems to be elevated 
in combined kidney and pancreas transplantation,405 but 
whether the erythrocytosis is related to enhanced EPO for-
mation or to insulin-stimulated pathways remains unclear. 
In some patients with posttransplantation polycythemia, the 
circulating EPO concentrations are normal or reduced, and 
it may be that in these cases there is an increased sensitivity 
of the erythroid progenitor cells to EPO or loss of other 
feedback control mechanisms.

The most effective therapy of posttransplantation eryth-
rocytosis consists of agents blocking the RAAS.401,406-408 There 
is no evidence that angiotensin acts directly on EPO-
producing cells, but there are several ways through which 
RAAS blockade may inhibit erythropoiesis (see earlier). 
Alternative therapeutic strategies to reduce increased RBC 
concentrations after transplantation include the discontinu-
ation of diuretics, application of theophylline,407 and phle-
botomies, which, however, can lead to iron deficiency.

RENAL ARTERY STENOSIS
Although renal artery stenosis reduces the oxygen supply to 
the kidneys it is only rarely associated with erythrocytosis.409-412 
The data on EPO production in this situation are contradic-
tory. In experimental animals enhancement of EPO produc-
tion after renal artery stenosis has been demonstrated by 
some, but not all, investigators.413 A study performed in rats 
showed that graded reduction of renal blood flow to 10% 
of the control value caused a maximal threefold increase in 
serum EPO concentrations.414 Therefore, renal EPO pro-
duction appears rather insensitive to changes in renal blood 
flow. Because the ratio of oxygen demand and delivery 
determines local oxygen tension in the area of EPO-
producing cells, it is possible that the two are equally 
reduced after a reduction in renal blood flow, thus not 
resulting in sufficient hypoxia to stimulate EPO gene expres-
sion. It has been argued that the indirect coupling of oxygen 
demand to supply makes the kidney an ideal site for the 
oxygen sensing that controls RBC production.415

RENAL TUMORS
Up to 5% of patients with renal carcinomas have eryth-
rocytosis,416 and conversely, approximately a third of 
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HD patients in the United States was below 10,000 units per 
week (Figure 57.7).

A number of additional epoetin preparations have  
been developed all over the world. Some have distinct dif-
ferences in the production process—for example, epoetin 
delta was produced in a human cell line through increased 
transcription of the endogenous EPO gene,440 but this 
product is currently not being distributed. Other epoetins 
are so-called bio-similars, generic drugs that are designed as 
copies of epoetin alfa or beta and are being licensed on the 
basis of a more limited clinical trial program after expira-
tion of the patents for the originator compounds in 
Europe.441 Additional epoetins are available in other parts 
of the world but are not necessarily produced to the same 
regulatory standards as the preparations marketed in the 
United States and Europe and may show variable product 
characteristics.442

The importance of the formulation of epoetins was high-
lighted in 2002 with an upsurge in cases of antibody-
mediated PRCA in association with the SC use of epoetin 
alfa marketed outside the United States after a change to 
an albumin-free formulation. Patients affected by this com-
plication develop neutralizing antibodies against both 
rhEPO and the endogenous hormone, resulting in severe 
anemia and transfusion dependence.443 The cause of this 
serious complication remains obscure, although circum-
stantial evidence suggested that rubber stoppers of prefilled 
syringes used for the albumin-free epoetin alfa formulation 
may have released organic compounds that acted as immu-
nologic adjuvants.444 Factors such as breach of the cold 
storage chain may also have played a role. In anti-EPO anti-
body cases observed so far, the subcutaneous application 
route was usually a prerequisite. Although the unfortunate 
combination of adverse factors leading to a temporary 
increase in antibody-induced PRCA was specific for one 
product, a low baseline rate of PRCA also occurs with use 
of epoetin beta and darbepoetin alfa (see later).

Darbepoetin Alfa

Darbepoetin alfa is an EPO derivative with a further two 
N-linked glycosylation sites, created by site-directed muta-
genesis in order to prolong its plasma survival time (as dis-
cussed earlier).119 Each of these glycosylation sites can carry 
an additional four sialic acid residues. Thus, this molecule 
(called darbepoetin alfa or novel erythropoiesis-stimulating 
protein [NESP]) contains five N-linked and one O-linked 
glycosylation chains, and has the capacity to carry up to 22 
sialic acid residues, compared with a maximum of 14 sialic 
acid residues for original rhEPO. The additional glycosyl-
ation on darbepoetin alfa results in a molecule weighing 
37.1 kDa, compared with 30.4 kDa for epoetin. As intended, 
darbepoetin alfa has a longer half-life in vivo than rhEPO: 
25.3 hours versus 8.5 hours after IV administration.121 The 
elimination half-life after SC administration is around 48 
hours, which is approximately twice that previously reported 
for epoetin alfa or beta. A number of studies have examined 
once-weekly and every-other-week dosing.445 Darbepoetin 
alfa can both correct and maintain Hgb at these dosing 
frequencies, and its side effect profile is very similar to that 
of epoetin alfa or beta.431,446 Several “conversion” studies 
suggested that an appropriate conversion factor for switch-
ing patients on epoein alfa or beta to darbepoetin alfa is 

not been settled, but erythropoiesis-stimulating agents 
(ESA) is increasingly used to describe the heterogeneous 
class of drugs that stimulate erythropoiesis through stimula-
tion of the erythropoietin receptor.

Epoetin

The term epoetin is usually applied to rhEPO preparations, 
produced by means of overexpression of the human EPO 
gene in mammalian cell lines. Production in mammalian 
cells rather than bacteria is required, because EPO is a 
highly glycosylated molecule and bacteria lack the ability to 
generate glycoproteins. Epoetin alfa and epoetin beta are 
the two compounds first developed by two different compa-
nies. Both are produced in Chinese hamster ovary (CHO) 
cells and show a high degree of similarity, with identical 
protein backbones of 165 amino acids and one O-linked and 
three N-linked glycosylation sites each, but with subtle dif-
ferences in their carbohydrate composition.429 Although the 
amino acid sequence unequivocally determines glycosyl-
ation sites, the precise composition of the sugar side chains 
is also determined by the repertoire and activity of glycating 
enzymes, which may vary among cell lines and under differ-
ent tissue culture conditions. Glycosylation of the EPO mol-
ecule is not required for binding or activation of its 
receptor117; in fact the in vitro activity of deglycosylated 
erythropoietin is enhanced.430 However, in vivo deglycosyl-
ated EPO is inactive owing to rapid clearance from the 
circulation, and the carbohydrate chains are thus responsi-
ble for its pharmacokinetic properties.

Early clinical trials in patients on hemodialysis used IV 
epoetin administered thrice weekly; subsequently the intra-
peritoneal (IP), subcutaneous (SC), and intradermal routes 
of administration were also investigated.431,432 After IV 
administration, plasma EPO concentrations decay mono-
exponentially, with an elimination half-life of approximately 
4 to 11 hours.433 The apparent volume of distribution of 
EPO is about one to two times the plasma volume, and the 
total body clearance is lower than for other protein hor-
mones, such as insulin, glucagon, and prolactin. The IP 
route was investigated as a potential means of administering 
EPO to patients on peritoneal dialysis, but the bioavailability 
of intraperitoneal epoetin is disappointingly low, at 3% to 
8%. This application has therefore not been pursued.431,434,435

With SC. administration, peak serum concentrations of 
about 4% to 10% of an equivalent IV dose are obtained at 
around 12 hours, and thereafter they decay slowly such that 
concentrations greater than baseline are still present at 4 
days.432,433 The bioavailability of SC epoetin is around 20% 
to 25%. Nevertheless, SC application is even more efficient 
than IV application, allowing a dose reduction of approxi-
mately 30% to maintain the same hemoglobin concentra-
tion.436,437 Presumably, the early peak concentrations of 
epoetin after IV injection are inefficient, and the more pro-
longed elevation of hormone concentrations following SC 
application allows a more sustained stimulation of RBC pro-
duction. Thrice-weekly administration has remained the 
most popular dosage frequency for both IV and SC admin-
istration, although once-weekly,438 twice-weekly, and seven-
times-weekly (once-daily) dosing have all been used.439 With 
IV epoetin, once-weekly administration is associated with 
much lower efficacy, and twice- or thrice-weekly dosing is 
required. In 2012, the mean weekly dose of EPO in adult 
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Figure 57.7  Anemia, erythropoiesis-stimulating agents (ESAs) and intravenous (IV) iron in patients undergoing hemodialysis and 
peritoneal dialysis. A, Distribution of monthly hemoglobin (Hgb) (g/dL) levels in ESA-treated adult patients on hemodialysis (HD) for 90 days 
or more. B, Distribution of monthly Hgb (g/dL) levels in ESA-treated adult (≥18 years of age) patients on peritoneal dialysis (PD) for 90 days or 
more. C, Mean monthly Hgb level and mean weekly erythropoietin (EPO) dose (monthly average, expressed in units/week) in adult patients on 
HD for 90 days or more. D, Mean monthly Hgb level and mean weekly EPO dose (monthly average, expressed in units/week) in adult patients 
on PD for 90 days or more. E, Monthly percentage of adult HD patients receiving IV iron for 90 days or more. F, Monthly percentage of adult 
PD patients receiving IV iron for 90 days or more. (From United States Renal Data System: 2014 annual data report: an overview of the epidemiol-
ogy of kidney disease in the United States, Bethesda, MD, 2014, National Institutes of Health, National Institute of Diabetes and Digestive and Kidney 
Diseases.)
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transcriptional activity, respectively (as discussed earlier).70 
The HIF stabilizers, therefore, cause an increase in endoge-
nous EPO production.462 These drugs are orally active. They 
have been shown to effectively stimulate erythropoiesis in 
monkeys463 and are currently being tested in phase 2 and 3 
studies in patients with CKD.464,465 A phase 1/2 single-dose 
study comparing erythropoietin formation in small groups 
of patients on dialysis with native kidneys and after bilateral 
nephrectomy provided evidence that EPO production can 
be stimulated in both extrarenal sites (presumably the liver) 
and the diseased, nonfunctioning, fibrotic kidneys.231 These 
data provide proof for the concept that a disturbance of  
the renal oxygen-sensing mechanism rather than a loss of 
EPO-producing cells is the main cause of renal anemia. 
There is much discussion about whether HIF stabilizers 
upregulate not only EPO gene expression but also other HIF 
target genes, such as those involved in iron metabolism and 
neoangiogenesis. Although some of these effects may facili-
tate an increase in hemoglobin concentrations, the long-
term consequences—good or bad—of these other effects 
have not been established. Interestingly, genetic causes of 
impaired degradation of HIF, potentially comparable to 
long-term pharmacologic inhibition of HIF degradation, 
have been identified as causes of rare polycythemias.99,466,467

Initiation and Maintenance of Therapy

Following commencement of regular therapy with ESAs, a 
significant increase in the reticulocyte count to around two 
to three times baseline is usually evident at 1 week, and an 
increase in Hgb concentration is seen by 2 to 3 weeks. The 
increase is dose dependent, and most physicians aim for an 
increment of not more than 1 g/dL/month in order to 
minimize the risk of adverse effects. In the majority of 
patients, ESA therapy is initiated at the outset of dialysis 
therapy, and according to the U.S. Renal Data System report, 
peak doses of ESA are being administered at month 2 after 
initiation of dialysis.

The increase in Hgb concentration following ESA therapy 
is associated with an increase in RBC count. No significant 
changes in either leukocyte or platelet counts are usually 
seen, although a moderate increase in the platelet count has 
been documented in some studies. There is usually a marked 
decline in the serum ferritin concentration and/or the 
transferrin saturation value after start of ESA therapy, unless 
iron stores are being replenished in parallel, because large 
quantities of iron are used up in the manufacture of new 
RBCs (see later).

Radioisotopic blood volume studies confirmed that there 
is an increase in RBC mass after treatment with ESAs and it 
is associated with a compensatory reduction in plasma 
volume so that the whole blood volume remains unchanged. 
Early ferrokinetic studies indicated that epoetin therapy 
induces a twofold increase in marrow erythropoietic activity, 
as evidenced by a doubling of marrow and RBC iron turn-
over.233,468 There is little or no change in mean RBC life span 
after epoetin therapy; thus the increased RBC mass is largely 
accounted for by the production of greater numbers of 
RBCs rather than any significant change in their survival.

IRON MANAGEMENT
Iron is the fourth most common element—after oxygen, 
silicon, and aluminium—in the Earth’s crust and the most 

200 units of epoetin to 1 µg of darbepoetin alfa. In contrast 
to epoetin alfa or beta, the dose requirements for darbepo-
etin alfa do not differ significantly between IV and SC 
administration routes.

Methoxypolyethylene Glycol Epoetin Beta

Alternative bioengineering techniques to prolong the half-
life of EPO further resulted in the development of methoxy-
polyethylene glycol epoetin beta (also called continuous 
erythropoietin receptor activator [CERA]), which is a 
PEGylated derivative of epoetin beta with an elimination 
half-life of around 130 hours when administered either IV 
or SC.447-449 A methoxypolyethylene glycol polymer chain is 
integrated through amide bonds between the N-terminal 
amino group or the ε-amino group of lysine (predominantly 
lysine-52 or lysine-45), with a single succinimidyl butanoic 
acid linker. The molecular weight of CERA is twice that of 
epoetin (approximately 60 kDa). Phase III studies showed 
that, because of the longer half-life time of CERA, less fre-
quent injections were sufficient to maintain stable hemoglo-
bin concentrations. CERA given IV once every 2 weeks was 
found to be as safe and effective as epoetin given thrice 
weekly for correcting anemia in patients on hemodialysis.450 
A larger study also showed that CERA given at 4-week dosing 
intervals was not inferior to epoetin given thrice weekly in 
terms of maintaining Hgb concentrations.451

Other Erythropoiesis-Stimulating Agents

Several other ESAs have been developed or are currently in 
clinical development.452-454 These include EPO polymers, 
EPO fusion proteins, EPO-mimetic molecule, and the 
so-called HIF stabilizers, which induce endogenous EPO 
formation. The ability of molecules, which are structurally 
unrelated to EPO, to dimerize the EPO-R and activate the 
intracellular signaling cascade was first described 20 years 
ago.455 Peginesatide is an EPO-mimetic peptide that was sub-
sequently developed for treatment of anemia. Its amino acid 
sequence is completely unrelated to that of native or rhEPO 
although it shares the same properties with EPO with respect 
to EPO-R activation.456,457 The potential advantages of this 
compound included greater ex vivo stability, allowing storage 
at room temperature; prolonged pharmacodynamic action, 
allowing once-monthly administration; and a simple manu-
facturing process involving synthetic peptide chemistry. In 
addition, because peginesatide is structurally unrelated to 
EPO, it does not cross-react with anti-EPO antibodies, allow-
ing effective treatment of anti–EPO antibody–mediated 
PRCA.458 Two phase 3 studies demonstrated that peginesa-
tide was not inferior to conventional epoetin in correcting 
anemia in CKD.459,460 However, for reasons that remain 
unclear, peginesatide increased the risk of a combined car-
diovascular end point in patients with ND-CKD. 459 Accord-
ingly, it was approved in the United States for use in patients 
on dialysis only. Only slightly more than 6 months after its 
introduction, the drug was recalled as a result of postmarket-
ing reports of serious hypersensitivity reactions—including 
fatal reactions in approximately 0.02% of patients—that 
occurred within 30 minutes of the first IV dose and had not 
been reported during clinical trials.461

The HIF stabilizers are competitive inhibitors of HIF 
prolyl-hydroxylases and asparaginyl-hydroxylase, enzymes 
involved in the degradation of HIF and suppression of its 
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iron deficiency was reported to be 90% for a ferritin cutoff 
of 300 µg/L and 100% for 500 µg/L.477,478 Concerns about 
iron toxicity/overload have resulted in several guidelines 
setting an upper limit for ferritin of 500 µg/L,9-11,476 above 
which IV iron is not recommended. However, this recom-
mendation is not evidence based.479 Additional factors that 
elevate serum ferritin are hyperthyroidism, liver disease 
(associated with hepatitis C virus [HCV] and other condi-
tions), alcohol consumption, and oral contraceptives, 
whereas vitamin C deficiency and hypothyroidism decrease 
ferritin concentrations.480

Serum Iron, Transferrin, and Transferrin Saturation. The 
biochemical markers serum iron, transferrin, and transfer-
rin saturation (TSAT) are routinely used in the diagnosis of 
iron deficiency states but have some important limitations: 
Serum iron concentrations and TSAT values are sensitive to 
diurnal variations and to dietary intake, with serum iron 
concentrations being higher early in the day, increased by 
greater iron intake with food or dietary supplements, and 
decreased in the presence of infection and inflammation.481 
Some of the biochemical methods used to measure iron are 
sensitive to hemolysis and produce falsely elevated iron 
values,482 whereas other serum iron assays have been shown 
to perform poorly in patients on dialysis.483 Serum transfer-
rin can be elevated by the use of oral contraceptives and 
reduced with inflammation or infection. Several studies 
have shown that these traditional biochemical iron param-
eters perform poorly in CKD and are inferior to some of 
the newer hematologic parameters described later.484-487 
However, a lower serum iron concentration has been shown 
to be an independent predictor of mortality and hospitaliza-
tion in dialysis recipients,488 and a higher TSAT value has 
been associated with lower mortality.489 A TSAT of 20% is 
generally considered a threshold value below which iron 
therapy is indicated.10,11 In one study using data from the 
National Health and Nutritional Examination Survey 
(NHANES), more than 50% of the non-institutionalized 
adult U.S. population were found to have values below  
the “CKD thresholds” for ferritin (100 ng/mL) and TSAT 
(20%).490 Overall, women were far more likely to have 
laboratory-based evidence of iron deficiency. Men with CKD 
had higher prevalence of iron deficiency than men without 
CKD, whereas the prevalences in women with and without 
CKD were similar (Figure 57.8). Serum transferrin and total 
iron-binding capacity (TIBC) are dual markers of iron status 
as well as of nutritional status and protein balance: Lower 
baseline TIBC value or its decrease over time in dialyzed 
patients is associated with higher mortality and with the 
presence of protein-energy wasting and inflammation.491

Serum Transferrin Receptor. Serum transferrin receptor 
(sTfR) concentration is a marker of iron status that has 
shown promise in the evaluation of iron deficiency in 
patients with CKD. Transferrin receptors are shed from the 
membrane of maturing erythroblasts and reticulocytes, 
either in soluble form or as vesicles.492-494 Concentration of 
sTfR is abnormally elevated in iron deficiency states and has 
been shown to be a valuable parameter in several different 
clinical conditions, including ACD.495-499 Although sTfR con-
centration is not affected by inflammation, it is an expres-
sion of the size of the pool of maturing erythroblasts; also, 

abundant transitional metal in the human body. Although 
it plays an essential role in multiple biologic processes, such 
as transport of oxygen, transfer of electrons, DNA synthesis, 
and heme-based enzymatic reactions, iron is also highly 
susceptible to undergoing transition from the ferrous state 
(Fe2+) to the ferric (Fe3+) state and to generate reactive 
oxygen species (ROS) via the Haber-Weiss-Fenton reaction, 
thus requiring the presence of multiple systems to prevent 
or control this potentially harmful transition.469

The metabolism of iron is geared toward conservation 
and recycling, with the gastrointestinal absorption of iron 
in adults being tightly regulated to compensate for the daily 
losses and keep the total iron pool in the body constant in 
the range of 35 to 45 mg per kg body weight. Of the iron 
pool, approximately two thirds is contained in the RBC pool 
as Hgb, with the remaining fraction stored in macrophages 
and the reticuloendothelial system (RES), liver, and muscle 
(myoglobin).

Multiple factors induce a negative iron balance in patients 
with CKD, including reduced intake/absorption, chronic 
losses due to occult and overt blood loss, and reduced bio-
availability of iron due to the chronic inflammatory state 
and increased hepcidin production (see earlier). Iron losses 
in patients with CKD can be up to 5 to 6 mg iron daily (1 mg 
iron daily in normal subjects) and cannot be adequately 
compensated with oral iron supplements, because gastroin-
testinal absorption is limited by the chronic inflammatory 
state and hepcidin. In addition, in patients with CKD treated 
with ESAs, insufficient amounts of iron are released from 
the body stores to meet the greater demand of ESA-driven 
erythropoiesis.470 Similar evidence was provided for normal 
subjects when erythropoiesis was increased by an intensive 
blood donation schedule and EPO, or EPO alone, despite 
concomitant oral iron supplementation.471-473

Markers of Iron Status

When hematologic signs of iron-deficient erythropoiesis—
reduced Hgb with abnormally low MCV and MCH, inade-
quate reticulocyte response, and low reticulocyte Hgb 
content—are associated with biochemical markers of low 
iron stores (abnormally low serum ferritin), the diagnosis 
of absolute iron deficiency is straightforward. However, 
straightforward determination of iron deficiency is the 
exception rather than the rule in patients with CKD, in 
whom iron may be present in storage form but not readily 
available for erythropoiesis and serum ferritin concentra-
tions are increased owing to the concomitant inflammatory 
state. Thus, the diagnosis of iron deficiency in CKD must 
rely on a variety of markers both biochemical and hemato-
logic and, in the most challenging cases, on the erythroid 
response to IV iron (see later for the significant limitations 
of bone marrow biopsy). These markers are determined in 
individual patients over time: markers with high biologic/
analytical variability, such as transferrin saturation and fer-
ritin, are less suitable to assess iron status than markers with 
low variability, such as Hgb, Hct, and reticulocyte Hgb 
content. 474,475

Serum Ferritin. Serum ferritin values higher than 200 µg/L 
are recommended for patients on dialysis,10,11 and values of 
100 µg/L should be considered the lower limit of normal 
for patients with ND-CKD.476 The sensitivity for ruling out 
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independently of iron status, this parameter increases in 
hyperproliferative anemias and with the use of ESAs.

The STfR assay is not yet widely available, and a single 
reference standard has been established only recently,500 
with different methods still reporting different units and 
normal ranges. A study in patients on dialysis with anemia 
showed that sTfR concentrations lower than 6 mg/L (which 
rule out iron deficiency; normal value 3.8-8.5) were associ-
ated with responsiveness to initiation of EPO therapy.501 
However, because increased erythropoiesis by itself raises 
the sTfR concentration, sTfR measurement could not reli-
ably detect functional iron deficiency in patients on main-
tenance EPO therapy. Other studies have failed to show a 
predictive value for sTfR in CKD anemia management. 502,503 
A decline in sTfR concentration may reflect increases in 
iron availability when IV ascorbic acid is used to mobilize 
iron stores.504 Race-ethnicity, smoking, alcohol consump-
tion, and body mass index have been shown to be associated 
with sTfR values.505,506 One can correct the sTfR for the value 
of iron stores by also accounting for serum ferritin: The 
sTfR/ferritin ratio provides an accurate assessment of iron 
status and of the need for iron supplementation.493,507,508 
However, to date, there is limited evidence to support the 
clinical use of this or similar ratios in patients on dialysis.509-511

Erythrocyte Ferritin Concentration. Some studies in the 
1990s had suggested a potential value for using erythrocyte 
ferritin concentration as a marker of iron status in patients 
on dialysis.478,512-514 Although this assay can be run on auto-
mated analyzers using the regular serum ferritin methodol-
ogy,515 the method is cumbersome, requires complete 
removal of white blood cells to avoid measuring leukocyte 
ferritin,516 is insensitive to dynamic changes in iron status, 
and is rarely available to clinicians.

Erythrocyte Zinc Protoporphyrin Concentration. The deter-
mination of erythrocyte zinc protoporphyrin (ZPP) concen-
trations had shown some promise to identify patients on 
maintenance dialysis who require iron replacement 
therapy.517-520 This marker is elevated in the presence of iron-
deficient erythropoiesis, with Zn replacing iron in the heme 
precursor protoporphyrin.521 Erythrocyte ZPP concentration 
is also elevated in the presence of lead poisoning. However, 
the diagnostic value of erythrocyte ZPP concentration 
appears to be inferior to that of RBC or reticulocyte param-
eters.485,522 In addition, because whole blood ZPP concentra-
tion is falsely elevated in patients undergoing dialysis and in 
the presence of bilirubin and various drugs, careful washing 
of the RBCs is required to remove these interferences, ren-
dering this assay not suitable for routine clinical care.523,524

Percentage of Hypochromic Red Blood Cells. A distin-
guishing characteristic of iron-deficient erythropoiesis is the 
production of hypochromic, microcytic erythrocytes. Iron-
deficient erythropoiesis results in an increase in the percent-
age of hypochromic erythrocytes (%HYPO), defined as the 
percentage of erythrocytes with mean corpuscular hemoglo-
bin concentration (MCHC) lower than 28 g/dL, for hema-
tology analyzers produced by Siemens Medical Solutions.525,526 
Similar parameters (low hemoglobin density [LHD%] and 
DF-Hypo XE, respectively) are available in Beckman-Coulter 
and Sysmex instruments, respectively.527,528 A classic study by 

Figure 57.8  Mean  (A)  serum  ferritin  and  (B)  transferrin  saturation 
(TSAT) as a function of creatinine clearance (CrCl) for the combined 
National Health and Nutrition Examination Survey (NHANES) cohorts 
(error bars are standard deviation [SD]). The trend for both TSAT and 
ferritin  is not significant (NS) for men, but for women, P <  .0001 for 
serum ferritin and P < .02 for TSAT. National Kidney Foundation (NKF) 
chronic  kidney  disease  (CKD)  stages  relative  to  CrCl  (mL/min)  are 
stage 5, 0 to 14.99; stage 4, 15 to 29.99; and stage 3, 30 to 59.99. 
Patients with CrCl 60 to 90 mL/min and patients with CrCl > 90 mL/min 
may have CKD stage 1 or 2, respectively, if other renal abnormalities 
are present. C, Percentage of individuals defined as iron deficient with 
the use of different threshold combinations of serum ferritin (SF) and 
TSAT. The NKF Kidney Disease Outcomes Quality Initiatives (KDOQI) 
thresholds of serum ferritin 100 ng/mL and TSAT 20% are different 
from indices of  iron deficiency in the non-CKD population,  in which 
lower  thresholds  are  generally  used.  The  green bars  indicate  AND 
logic, both test results below the specified threshold, and the yellow 
bars indicate OR logic, with either test result being below the threshold. 
(From Fishbane S, Pollack S, Feldman HI, et al: Iron indices in chronic 
kidney disease in the National Health and Nutritional Examination Survey 
1988-2004. Clin J Am Soc Nephrol 4:57-61, 2009.)
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iron and rhEPO in dialysis recipients. Fishbane and col-
leagues randomly assigned 157 patients to two different IV 
iron management strategies: one based on CHr, in which IV 
iron was started if CHr fell below 29 pg/cell, and one in 
which IV iron was started if the serum ferritin concentration 
fell below 100 ng/mL or the TSAT value below 20%.486 A 
significant reduction in exposure to IV iron was obtained  
in the CHr-based management, with no differences in 
weekly EPO dosing between the two groups.486 Tessitore and 
coworkers485 compared the diagnostic precision of a variety 
of hematologic and biochemical markers to identify subjects 
who exhibit an increase in Hgb in response to IV iron. A 
combination of %HYPO higher than 6% and CHr less than 
29 pg/cell showed the best diagnostic efficiency for iron 
deficiency (80%) based on the Hgb response to IV iron. 
Other studies have provided additional confirmation of the 
diagnostic value of CHr,544,545 although one has questioned 
its superiority to TSAT,546 and only one study showed that 
use of IV iron in patients with low CHr resulted in decreased 
weekly usage of rhEPO.547

Several studies have also validated reticulocyte Hgb mea-
surements (RET-He and Ret-Hb) generated by analyzers 
produced by Sysmex.474,528,548-550 The current availability of 
the reticulocyte Hgb parameter on several analytical plat-
forms may allow a wider utilization of this parameter. 
However, reticulocyte Hgb cannot be used to assess iron 
availability in the presence of either thalassemia traits (alpha 
or beta) or megaloblastic erythropoiesis.

Bone Marrow Iron. Although iron staining of a bone 
marrow biopsy is regarded as the gold standard method of 
assessing iron stores, widely divergent estimates of the preva-
lence of iron deficiency have been generated by this inva-
sive, potentially painful procedure.551-554 A study in 100 
patients with ND-CKD showed that evaluation of iron stores 
by iron staining of a bone marrow sternal aspirate was no 
better than either TSAT or ferritin in correctly identifying 
“responders” to IV iron therapy.555 Some patients with CKD 
have been found to have no stainable iron evident on sternal 
bone marrow biopsy, despite the presence of normal to 
elevated serum ferritin concentrations.554,556 Bone marrow 
studies also have no value in identifying patients at risk for 
development of functional iron deficiency with EPO therapy.

Liver Magnetic Resonance Imaging. Hepatic magnetic reso-
nance imaging (MRI) provides a noninvasive tool to esti-
mate liver iron deposition and is regarded as the gold 
standard methodology for monitoring patients with iron 
overload disorders. However, the number of studies apply-
ing this technology in CKD is still very limited.557-559 In the 
largest of these studies, conducted in 119 patients undergo-
ing hemodialysis and receiving IV iron in a single center 
according to current guidelines, 84% had evidence of 
hepatic iron deposition and 30% had hepatic MRI findings 
consistent with severe iron overload.559 These data raise con-
cerns that the use of IV iron and current thresholds for 
laboratory parameters may be too liberal, especially consid-
ering the increased use of IV iron in the United States since 
2011 (see Figure 57.7). On the other hand, it has not yet 
been demonstrated that the observed increases in hepatic 
iron are of any functional significance and/or associated 
with clinically relevant adverse outcomes.

Macdougall and colleagues showed that functional iron 
deficiency induced by epoetin treatment and the response 
to IV iron could be detected by changes in %HYPO.470 
Several studies have confirmed that an increased %HYPO 
is a sensitive and early indicator of iron deficiency.485,529-533 A 
European study found %HYPO to be the only independent 
predictor of mortality among various iron status parameters, 
with a twofold higher mortality risk for values higher than 
10% than for values lower than 5%.534 According to the 
European Best Practice Guidelines for the Management of 
Anaemia in Patients with Chronic Renal Failure, patients 
with %HYPO values higher than 6% are most likely to show 
response to IV iron therapy.476 A clinical study tested the 
previous European Best Practice Guidelines for anemia 
management, which recommended a %HYPO target of less 
than 10%, by prospectively raising the delivered dose of IV 
iron to 228 patients to achieve a %HYPO value lower than 
2.5% and a serum ferritin concentration of 200 to 500 ng/
mL.533 In this study, the median %HYPO value decreased 
from 8% to 4%, median serum ferritin concentration 
increased from 188 to 480 ng/mL, and median rhEPO dose 
decreased from 136 to 72 IU/kg/wk, showing that a strategy 
aimed at achieving %HYPO values much lower than 10% 
could be cost-effective, but it also resulted in serum ferritin 
values in some patients much higher than those recom-
mended by guidelines.

Contrary to the European studies, North American 
studies have failed to show value for %HYPO in assessing 
iron availability in dialysis recipients.535,536 The reasons for 
this discrepancy are not clear. It is worth noting that %HYPO 
progressively increases with storage of the blood sample, 
owing to the concomitant increase in MCV and reduction 
in MCHC, and is therefore best measured within 4 hours. 
In addition, %HYPO increases with reticulocytosis, because 
reticulocytes have lower MCHCs than mature RBCs.537

Reticulocyte Hemoglobin Content. After being released 
from the marrow, reticulocytes spend 18 to 36 hours in the 
circulation before becoming mature erythrocytes. Studies of 
the cellular characteristics of reticulocytes thus provide a 
real-time assessment of the functional state of the bone 
marrow. Automated analyzers can determine with great pre-
cision not only the absolute number of reticulocytes but also 
their size and Hgb concentration and content.538,539 The 
reticulocyte Hgb content (CHr or RetHe), expressed in pg/
cell, has been extensively studied, especially in patients 
treated with rhEPO.540,541 A reduction in CHr is the most 
sensitive indicator of functional iron deficiency: Healthy 
subjects with normal iron stores who were treated with 
rhEPO produced a substantial fraction of hypochromic, 
low–Hgb content reticulocytes when their baseline serum 
ferritin levels were below 100 µg/L.472 When IV iron was 
used in conjunction with EPO in normal subjects, the pro-
duction of hypochromic reticulocytes was abolished.542 
Several small studies have described the value of CHr in 
identifying iron deficiency in dialysis recipients, mostly 
based on the subsequent response to IV iron.487,535,536,543 A 
sensitivity of 100% and specificity of about 70% to 80% were 
reported in one study,536 although other studies reported 
lower values.487,543

These initial studies led to additional large clinical trials 
that tested the values of CHr in managing the dosing of IV 

http://www.myuptodate.com


1896 SECTION VIII — THE CONSEQUENCES OF ADVANCED KIDNEY DISEASE

of free iron, which has vasoactive effects and can produce 
hypotensive and/or anaphylactoid reactions. This risk 
involves mainly semilabile iron-sugar complexes like iron 
sucrose and iron gluconate, and not more stable complexes 
like ferric carboxymaltose, ferumoxytol, and iron dextran.

Several preparations of IV iron are meanwhile available 
in the United States and European market (Table 57.1):

Lower-molecular-weight iron dextran, produced by PharmaCos-
mos, Holbaek, Denmark, is in use both in the United 
States (INFeD, Actavis, Dublin) and Europe (Cosmofer, 
Pharmacosmos, Holbaek, Denmark; Ferrisat, H.A.C. 
Pharma, Caen, France); it has a significantly better toler-
ability and fewer side effects than the higher-molecular-
weight product, which has now been removed from U.S. 
and European markets.567-573

Iron sucrose (Venofer, produced by Vifor, St. Gallen, Switzer-
land, and marketed in the United States by American 
Regent Laboratories, Inc., Shirley, NY) is used worldwide 
in the treatment of renal anemia and is the most used 
parenteral iron preparation in the United States.574 Aller-
gic reactions have been reported in less than 1/100,000 
infusions. IV injection into rats of three different com-
mercial preparations of iron sucrose resulted in different 
degrees of inflammation and oxidative stress, suggesting 
that the stability of the iron complex may differ from one 
iron sucrose preparation to another.575

Ferric gluconate (Ferrlecit, marketed in the United States by 
Sanofi Aventis US, Bridgewater, NJ) is the second most 
commonly prescribed IV iron preparation in the United 
States and is frequently used worldwide in patients on 
hemodialysis.576

Ferric carboxymaltose (Ferinject, Vifor; Injectafer, American 
Regent Inc., Luitpold Pharmaceuticals, Shirley, NY) is the 
newest iron preparation registered in both Europe and 
the United States. 577 A significant advantage of this prepa-
ration is the possibility of infusing up to 750 mg of iron 
in a short time (15 min) with minimal side effects.578,579 
Transient hypophosphatemia has been reported in 
patients without CKD and in those with ND-CKD treated 
with ferric carboxymaltose, possibly mediated by a 
decreased tubular reabsorption of phosphate.580,581

Ferumoxytol (Feraheme, AMAG Pharmaceuticals, Inc., Lex-
ington, MA) is an iron oxide nanoparticle with polyglu-
cose sorbitol carboxymethylether coating designed to 
minimize immunologic sensitivity and release of free 
iron, allowing a rapid injection (17 to 60 sec, currently 
approved infusion time >15 min) of a large dose (510 mg) 
of iron, which can be repeated after 3 to 8 days.582-585 
Efficacy and adverse events in patients with CKD were 
found to be similar to those of iron sucrose.586 Ferumoxy-
tol is the only IV iron preparation possessing super mag-
netic properties, similar to MRI contrast agents, which 
may alter MRI findings for up to 3 months owing to its 
uptake into the reticuloendothelial system.583 On the 
basis of the studies used for FDA registration, 0.2% of 
treated subjects experienced anaphylaxis or anaphylac-
toid reactions, and 3.7% had hypersensitivity-type reac-
tions (pruritus, rash, urticaria, or wheezing); 1.9% of 
patients had hypotension, and 3 patients experienced 
serious hypotensive reactions.583 The development of 
nephrogenic systemic fibrosis following gadolinium use 

Iron Balance Considerations. As already mentioned, 
1 mL of blood normally contains 0.5 mg of iron and pro-
portionately less when the Hgb concentration is reduced. 
An estimated annual blood loss of 2 L in a dialysis recipient 
with moderate anemia (20% reduction in Hgb) therefore 
roughly corresponds to 0.8 g of iron loss. Irrespective of all 
parameters of iron metabolism, IV iron supplementation in 
excess of this amount results in positive iron balance unless 
blood loss (and thereby iron loss) is more pronounced than 
anticipated. When patients were categorized according to 
their level of hepatic iron deposition, the average monthly 
iron dose was 150 mg and 283 mg in those with signs of mild 
and moderate iron overload, respectively, compared with 
100 mg in those without.559

Intravenous Iron Therapy

There is general agreement that oral iron therapy is insuffi-
cient to properly support the functional needs of EPO-
stimulated erythropoiesis in patients with ESKD. A systematic 
review and meta-analysis have shown that the Hgb response 
is much more potent with IV iron than with oral iron, with 
this effect being more substantial in patients on dialysis  
and of a lower magnitude in patients with ND-CKD.560,561 
Similar data were obtained in a systematic Cochrane  
analysis, which identified significant associations of IV iron 
therapy with increased Hgb, ferritin, and transferrin satura-
tion values as well as reduced ESA requirements, with no 
differences in mortality.562 Cost-effectiveness of IV iron 
therapy has also been demonstrated under the assumption 
that a higher mortality risk is associated with Hgb levels less 
than 9.0 g/dL.563

Nevertheless, oral iron may be effective in patients with 
ND-CKD. The FIND CKD (Ferinject assessment in patients 
with iron deficiency anemia and Non-Dialysis-dependent 
Chronic Kidney Disease) study compared the efficacy and 
safety of oral iron with IV administration of ferric carboxy-
maltose targeting two different serum ferritin ranges, 100 
to 200 µg/L and 400 to 600 µg/L.564 Although the IV therapy 
targeting the higher ferritin range showed greater efficacy, 
there was no difference in Hgb concentration or the need 
to switch to other anemia therapy between the IV arm tar-
geting the lower ferritin range and the oral iron therapy 
arm.565 Ferric citrate (Zerenex, Keryx Biopharmaceuticals, 
New York, NY) a newly developed iron-containing phos-
phate binder, was shown to reduce serum phosphate and 
increase TSAT values and to moderately increase Hgb levels 
in comparison with placebo in patients with ND-CKD, pro-
viding support for the potential use of this product as an 
oral iron supplement in this patient group.566 However, the 
U.S. Food and Drug Administration (FDA) has approved 
the product only as a phosphate binder and placed a safety 
warning for a potentially excessive elevation of iron stores.

Several IV iron preparations are available for clinical use, 
most of them containing iron associated with a carbohy-
drate shell. The strength or lability of this association is 
crucial for dosing, with the most stable preparations, like 
iron dextran, being suitable for large dose replacements, 
and the more labile preparations, like iron gluconate, 
requiring multiple dosing with a single-dose maximum of 
approximately 100 mg. Intravenous iron infusion may lead 
to some immediate binding of the infused iron to transfer-
rin, resulting in its complete saturation and the generation 
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powered studies comparing adverse events rates between 
lower-molecular-weight iron dextran and iron sucrose.595 
The amount of labile iron, which differs among the various 
IV iron preparations, is likely an important determinant of 
possible oxidative and nitrosative stress.596

Infection Risk and Intravenous Iron Therapy. In vitro data 
seem to support the notion that iron can promote bacterial 
growth and at the same time impair leukocyte func-
tion.522,597-600 IV injection of iron sucrose in dialyzed patients 
has been associated with the dose-dependent appearance of 
markers of oxidant damage in lymphocytes and a decrease 
in plasma ascorbate and alpha tocopherol in some studies601 
but not in others.602-604 In addition, studies have not 
accounted for the fact that the capability of leukocytes to 
cope with oxidant damage is markedly affected by polymor-
phisms in glutathione S-transferase M1.605 Although there is 
indirect and inconclusive evidence for an association 
between iron stores and bacteremia,597 most studies have 
failed to show an association of IV iron therapy with an 
increased risk of infection in dialyzed patients.522,599-600 Many 
studies attempting to link iron status and risk of bacterial 
infection have used serum ferritin, an unreliable marker of 
iron status in CKD, as discussed previously.597,606-610 One 
study showed that in patients receiving more than 10 vials 
of 100 mg iron dextran over 6 months, there was an 
increased risk of death and hospitalization.611 One uncon-
trolled retrospective study reported a higher incidence of 
bacteremia with iron sucrose than with ferric gluconate.612 
Other studies have failed to show a significant effect of IV 
iron dosing or iron status (using serum ferritin) on bacte-
remia, mortality, infection, or hospitalization.522,600,613,614 On 
the other hand, a later observational study using a very  
large database found that bolus administration of higher 
doses of IV iron was associated with higher risks for infection-
related hospitalizations and death, particularly in patients 
undergoing dialysis with catheters rather than arteriovenous 
fistulas or grafts.615 Despite the lack of proof of significant 
effects on the rates of infections, cardiac events, and mortal-
ity, long-term toxicities and, in particular, the possible con-
sequences of oxidant damage due to free radical generation 
are still a concern.604,616 Unfortunately no large outcome 
studies have been performed so far to prospectively test the 
efficacy and safety of iron replacement strategies, either in 
the short or the long term.617 An ongoing trial in the United 
Kingdom, comparing proactive high-dose IV iron therapy 
with reactive low-dose therapy in 2080 patients new to dialy-
sis, will assess the impact of both regimens on mortality and 
cardiovascular events.618

Iron Therapy in Patients with CKD. Iron therapy in CKD 
should be guided by iron status test results and clinical 
considerations and needs to take into account the potential 
benefits of avoiding or minimizing blood transfusions, ESA 
use, and anemia-related symptoms against the risk of poten-
tial harm (Table 57.2).9 Iron tests should be performed 
monthly in the initial phase of ESA treatment and every 3 
months thereafter.10,11 As discussed in detail previously, a 
target of serum ferritin concentration higher than 200 ng/
mL and TSAT value greater than 20% or a CHr value higher 
then 29 pg/cell has been used for patients on dialysis.10,11 
The KDIGO guideline recommends using IV iron if an 

has prompted the use of ferumoxytol as an alternative 
MRI contrast agent in patients with CKD stage 4 or 5, and 
in dialysis-dependent CKD.587,588

Ferric isomaltoside (Monofer, Pharmacosmos A/S) is based on 
a nonbranched carbohydrate, which does not form the 
typical spheroidal iron carbohydrate nanoparticle like 
other IV iron preparations and seems to be associated 
with lower immunogenic potential. Monofer can be 
administered in a single dose, with dosages up to 20 mg/
kg. Monofer is currently approved and marketed in 28 
countries, including 21 European Union members, but 
not in the United States.

A study on IV iron use for the period 1994 through  
2002 in the United States indicated that iron sucrose and 
ferric gluconate were the predominant forms of IV iron 
used in CKD, with 84.4% of hemodialysis and 19.3 of peri-
toneal dialysis patients having some form of IV iron 
therapy.589

Parenteral iron administration has increased substantially 
in the United States, most likely because of a shift in reim-
bursement practices toward a bundled/capitated model 
(see Figure 57.7). Data from the Dialysis Outcomes  
and Practice Patterns Study (DOPPS) show IV iron use 
increasing from 55% to 66% to 68% of patients on hemo-
dialysis between 2010 and 2012.590 Similar trends have been 
reported for European countries, Japan, Australia, and New 
Zealand.591 A ferritin threshold of 800 ng/mL is now com-
monly used for prompt withholding of IV iron therapy in 
patients on maintenance dialysis.

Side Effects of IV Iron. Iron sucrose, lower-molecular-
weight iron dextran, and ferric carboxymaltose have excel-
lent track records for both safety and tolerability. 
Hypersensitivity reactions (erythematous rash and urticaria) 
are rare and their intensity is usually mild or moderate. Lack 
of recurrence after rechallenge indicates that most of these 
events are not due to immunologic reactions. Severe  
life-threatening allergic reactions are a major problem with 
the higher-molecular-weight iron dextran, prompting its 
removal from European and U.S. markets. The use of a test 
dose is still required for iron dextran in the United States, 
but the European Medicines Agency no longer recom-
mends it.592 A retrospective study by Chertow and colleagues 
examining more than 50 million doses of IV iron demon-
strated the higher risk of reactions with higher-molecular-
weight iron dextran and found that rates of serious events 
associated with lower-molecular-weight iron dextran were 
similar to those seen with the other forms of IV iron 
(≈1/200,000).568,569 A study from the FDA,593 using data 
obtained from the administration’s Adverse Event Report-
ing System (AERS) and other U.S. databases, was unable to 
provide firm data on the relative safety of the four IV prepa-
rations marketed in the United States owing to incomplete 
brand information on these reports, but it did confirm that 
allergic reactions have been reported for all brands.594 
Chertow and colleagues estimated absolute rates of life-
threatening reaction per million doses of 0.6 for iron 
sucrose, 0.9 for sodium ferric gluconate complex, 3.3 for 
lower-molecular-weight iron dextran and 11.3 for higher 
molecular weight iron dextran.569 However, a later system-
atic review highlighted the lack of properly conducted and 
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Table 57.2 Current Anemia Guidelines and Position Statements Regarding Iron Administration

KDIGO Clinical Practice 
Guideline (International)

2.1.1: When prescribing iron therapy, balance the potential benefits of avoiding or minimizing blood 
transfusions, ESA therapy, and anemia-related symptoms against the risks of harm in individual 
patients (e.g., anaphylactoid and other acute reactions, unknown long-term risks). (Not Graded)

2.1.2: For adult CKD patients with anemia not on iron or ESA therapy we suggest a trial of IV iron (or 
in CKD ND patients alternatively a 1-3 month trial of oral iron therapy) if (2C):
•  An increase in Hb concentration without starting ESA treatment is desired* and
•  TSAT is ≤30% and ferritin is ≤500 ng/mL (≤500 µg/L)

2.1.3: For adult CKD patients on ESA therapy who are not receiving iron supplementation, we suggest 
a trial of IV iron (or in CKD ND patients alternatively a 1-3 month trial of oral iron therapy) if (2C):
•  An increase in Hb concentration† or a decrease in ESA dose is desired‡ and
•  TSAT is ≤30% and ferritin is ≤500 ng/mL (≤500 µg/L)

KDOQI Commentary (United 
States)

•  We believe that the degree of caution expressed by KDIGO is not supported by the available 
evidence and could have negative effects, such as sustained iron deficiency anemia, higher ESA 
dose requirements, and increased blood transfusions.

•  We therefore believe that a therapeutic trial of IV iron could be considered when TSAT is low 
(≤30%), even if ferritin concentration is above 500 ng/mL.

•  There is insufficient evidence upon which to base a recommendation for an upper ferritin limit 
above which IV iron must be withheld.

•  A decision to administer iron in the setting of high ferritin would require weighing potential risks 
and benefits of persistent anemia, ESA dosage, comorbid conditions, and health-related QoL. In 
accordance with KDIGO recommendations, Hb response to iron therapy, TSAT, and ferritin 
should be monitored closely and further iron therapy titrated accordingly.

CSN Commentary (Canada)§ •  There is good evidence (1B) to support the administration of iron in adult CKD patients when the 
TSAT and ferritin thresholds are above 20% and 200 ng/mL. A therapeutic trial of iron can be 
considered in those where an increase in Hb or reduction of ESA or avoidance of ESA and 
transfusion is desired, while recognizing that an increase in hemoglobin is less likely when TSATs 
are >30% and ferritins are >500 ng/mL.

•  However, as opposed to the KDIGO anemia guideline, the CSN anemia work group feels the 
current evidence does not permit a clear delineation for an upper limit of TSAT or ferritin levels.

*Based on patient symptoms and overall clinical goals, including avoidance of transfusion, improvement in anemia-related symptoms, and 
after exclusion of active infection.

†Consistent with Recommendations #3.4.2 and 3.4.3.
‡Based on patient symptoms and overall clinical goals including avoidance of transfusion and improvement in anemia-related symptoms, and 

after exclusion of active infection and other causes of ESA hyporesponsiveness.
§Quoted material is excerpted to focus on hemodialysis; ferritin units for CSN commentary converted to ng/mL.
CKD, Chronic kidney disease; CKD ND, non–dialysis-dependent CKD; CSN, Canadian Society of Nephrology; ESA, erythropoiesis-

stimulating agent; Hb, hemoglobin; IV, intravenous; KDIGO, Kidney Disease: Improving Global Outcomes; KDOQI, Kidney Disease 
Outcomes Quality Initiative; QoL, quality of life; TSAT, transferrin saturation.

From Weiner DE, Winkelmayer WC: Commentary on “The DOPPS practice monitor for US dialysis care: update on trends in anemia 
management 2 years into the bundle”: iron(y) abounds 2 years later. Am J Kidney Dis.62:1213-1220, 2013; quoted material from 
Kidney Disease Improving Global Outcomes (KDIGO) Anemia Work Group: KDIGO clinical practice guideline for anemia in chronic 
kidney disease. Kidney Int Suppl. 2:279-335, 2012; Kliger AS, Foley RN, Goldfarb DS, et al: KDOQI US Commentary on the 2012 
KDIGO clinical practice guideline for anemia in CKD. Am J Kidney Dis. 62:849-859, 2013; and Moist LM, Troyanov S, White CT, et al: 
Canadian Society of Nephrology commentary on the 2012 KDIGO clinical practice guideline for anemia in CKD. Am J Kidney Dis 62: 
860-873, 2013.

increase in Hgb concentration or a decrease in ESA require-
ments is aimed for, if serum ferritin < 500 ng/mL and TSAT 
< 30%.9 For patients with ND-CKD and patients undergoing 
peritoneal dialysis, target values of more than 100 ng/mL 
for serum ferritin and higher than 20% for TSAT should be 
used. The objective of iron therapy in CKD is to abolish 
overt and/or functional iron deficiency, because it reduces 
erythropoietic response to and effectiveness of ESAs. The 
response to ESAs can be optimized by the simultaneous use 
of IV iron, which enables a significant reduction in ESA 
dosing.619 Several studies conducted in the early and late 
1990s demonstrated that IV iron therapy is associated with 
significant ESA dose reductions.562,603,620-628 The DRIVE (Dial-
ysis Patients Response on IV Iron with Elevated Ferritin) 

studies showed that an intensive IV iron administration pro-
tocol (125 mg ferric gluconate with each of eight hemodi-
alysis sessions) can significantly reduce ESA dosing 
requirements.629,630 A Cochrane systematic review has pro-
vided additional support to the ESA-sparing effects of IV 
iron.562 Shirazian and associates have noted that ESA-sparing 
effects of IV iron could easily be demonstrated when there 
was a high prevalence of iron deficiency and low usage of 
IV iron.619 However, they suggest that most of the benefits 
of IV iron in reducing ESA use have already been achieved, 
given that 60% to 80% of patients on dialysis in the United 
States are being treated with IV iron and that it is not clear 
how much additional ESA dose reduction could be obtained 
with more intensive IV iron regimens.
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resolved, and patients could easily be maintained at Hgb 
values above those that had to be accepted when rRBC 
transfusions were the only viable option of anemia manage-
ment. Androgen therapy, which had been associated with 
significant side effects, could also be abolished. Because of 
these obvious benefits, the use of epoetin soon became 
routine and the workup for anemia is considered part of the 
management program of patients in all stages of CKD 
(Figure 57.9). If the workup reveals no reasons for anemia 
other than EPO deficiency associated with CKD and in par-
ticular has ruled out iron deficiency, ESA therapy provides 
an option to correct anemia in almost all patients. However, 
despite the apparent advantages, formal evidence of a posi-
tive long-term benefit has never been established.

Several lines of indirect evidence suggested that correct-
ing or ameliorating anemia could reduce or at least mitigate 
the rate of left ventricular hypertrophy, a frequent complica-
tion in CKD clearly associated with poor prognosis (see 
preceding discussion). Together with the apparent lack of 
adverse effects of ESA therapy and the contention that 
higher Hgb concentrations might lead to improved HRQOL 
and physical function, this evidence led to an increase in 
Hgb target values. In addition, treatment was expanded to 
those patients not yet on dialysis, in whom anemia is  
generally less severe than in those on dialysis, because avoid-
ance of anemia rather than late correction was intuitively 
considered the most appropriate strategy to improve  
prognosis and quality of life. Unfortunately, however, for a 
long time the true nature of the relationship between  
long-term reductions in Hgb concentrations and adverse 
outcomes was not adequately tested in prospective interven-
tional trials. Few studies have actually compared ESAs 
against placebo, and those trials testing two different Hgb 
target ranges have usually been inadequately powered.598 

Given the potential adverse effects of ESAs (see later) the 
latest KDIGO anemia guideline mentions explicitly that the 
desire to avoid or minimize ESAs can influence the deci-
sions about iron use9 (see Table 57.2).9

As shown in Table 57.1, several forms of IV iron are avail-
able worldwide. Although they have important differences 
in formulation and dosing, no convincing evidence has 
been provided about superiority of one form over the others 
in the setting of CKD. The REPAIR-IDA trial demonstrated 
that a regimen of two doses of 750 mg of ferric carboxymalt-
ose in 1 week was not inferior to up to five infusions of iron 
sucrose in 14 days for anemic subjects with ND-CKD.581 Use 
of larger doses of IV iron rather than lower maintenance 
doses does not appreciably affect cardiovascular morbidity 
and mortality in hemodialyzed patients.631

Some studies have suggested that the addition of ascorbic 
acid to the therapeutic regimen of patients treated with ESA 
and iron has beneficial effects, although none was rigor-
ously conducted to provide definitive evidence.632,633 Limited 
evidence suggests that ascorbic acid may be pro-oxidant  
and may increase cytokine levels.634 A systematic review and 
meta-analysis concluded that there is evidence, in a limited 
number of small studies, that use of ascorbic acid results in 
increased Hgb concentrations, improves transferrin satura-
tion, and reduces EPO utilization.635 However, use of ascor-
bic acid is not recommended in either the KDOQI or 
KDIGO guidelines.10

EFFICACY AND SAFETY OF ANEMIA MANAGEMENT 
WITH ESAS AND IRON
The change in the condition of patients on maintenance 
dialysis following the advent of rhEPO was impressive and 
obviously advantageous. Transfusion requirements declined, 
iron overload due to previous RBC transfusions gradually 

Figure 57.9  Flowchart for the evaluation of 
the patient with chronic kidney disease (CKD) 
and anemia.  CBC,  Complete  blood  count;  Fe, 
iron;  Hb,  hemoglobin;  TIBC,  total  iron-binding 
capacity;  TSAT,  transferrin  saturation.  (Modified 
from Lankhorst CE, Wish JB: Anemia in renal 
disease: diagnosis and management. Blood Rev 
24:39-47, 2010. Adapted from K/DOQI clinical 
practice guidelines and clinical practice recommen-
dations for anemia in chronic kidney disease in 
adults. Am J Kidney Dis 47[Suppl 3]:S1-145, 2006.)
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better 36-Item Short Form Health Survey (SF-36) vitality 
score in the higher Hgb than in the lower Hgb group. 
Adverse event rates were also similar, except that rates of 
skeletal pain, surgery, and dizziness were higher in the lower 
arm, whereas those of headache and cerebrovascular events 
were slightly higher in the higher arm.

Thus, neither trial provided any evidence in favor of nor-
malization of hemoglobin concentrations in patients on 
dialysis. However, because the prognosis, extent of comor-
bidities, and hemodynamic and metabolic milieu of patients 
receiving dialysis are so different from those of patients with 
ND-CKD, the benefit of anemia correction was further 
tested in ND-CKD in three other studies.

The CREATE (Cardiovascular Risk Reduction by Early 
Anemia Treatment with Epoetin Beta) trial was conducted 
in Europe, Mexico, and Taiwan.640 It enrolled approximately 
600 patients with an eGFR of 15 to 35 mL/min and an Hgb 
concentration of 11 to 12.5 g/dL. Patients were randomly 
assigned to a treatment arm in which epoetin beta therapy 
was started immediately to achieve Hgb concentrations of 
13 to 15 g/dL or to an arm in which treatment with epoetin 
was not initiated before Hgb had dropped to below 10.5 g/
dL; the target Hgb in this second arm was 10.5 to 11.5 g/
dL. The primary end point was a composite of eight  
cardiovascular events, which included “the time to a first 
cardiovascular event, including sudden death, myocardial 
infarction, acute heart failure, stroke, transient ischemic 
attack, angina pectoris resulting in hospitalization for 24 
hours or more or prolongation of hospitalization, complica-
tion of peripheral vascular disease (amputation or necro-
sis), or cardiac arrhythmia resulting in hospitalization for 24 
hours or more.”640 The study did not show a significant dif-
ference in the time to event between the treatment arms. 
Some dimensions of HRQOL were improved in the arm 
with earlier treatment and higher target, but unexpectedly, 
time to dialysis was significantly shorter in this treatment 
arm. One of the limitations of the trial was that the observed 
event rate was much lower than the anticipated event rate, 
yielding lower than expected statistical power.

The CHOIR (Correction of Hemoglobin and Outcomes 
in Renal Insufficiency) study, conducted in the United 
States, had a similar design but enrolled patients with more 
comorbid disease and yielded different conclusions.641 More 
than 1400 patients with eGFR values 15 to 50 mL/min and 
Hgb concentrations below 11 g/dL were randomly allo-
cated to receive epoetin alfa to achieve one of two different 
target Hgb values, 13.5 or 11.3 g/dL. The primary end point 
was a composite of death, myocardial infarction, hospitaliza-
tion for congestive heart failure, and stroke. The trial was 
terminated when significantly more patients in the higher 
Hgb arm experienced at least one cardiovascular event. 
Separate analysis of the four components of the combined 
end point revealed trends for more frequent hospitaliza-
tions for heart failure and more frequent deaths but no 
difference in the rates of myocardial infarction or stroke. In 
addition, there was a trend toward more rapid progression 
of kidney disease in the higher Hgb target group. However, 
a meta-analysis of available studies support an effect of ESA 
on the progression of CKD.642 Unlike in the CREATE trial, 
twofold to threefold higher doses of epoetin were needed 
in the CHOIR study to achieve and maintain similar Hgb 
values. Interestingly, a post hoc analysis showed that the risks 

Meanwhile, evidence from several larger RCTs became 
available,635a suggesting that normalization of Hgb concen-
trations with ESAs is associated with limited benefit and 
relevant harm.

Trial Overview

Since 1989 slightly more than 25 RCTs using ESAs in patients 
with CKD have been published, in which either different 
target Hgb concentrations were compared or ESA treat-
ment was compared with placebo. Approximately half of 
these trials were conducted in patients on dialysis, the other 
half in patients with ND-CKD. Overall approximately 11,000 
patients have been enrolled in these trials, more than 4000 
of whom were involved in one study, the Trial to Reduce 
Cardiovascular Events with Aranesp Therapy (TREAT).636 
The number of patients in the other trials varied between 
fewer than 20 to approximately 1400.10,11 Several small trials 
conducted until 1997 compared ESA therapy with placebo. 
Thereafter, only treatment strategies testing two different 
ESA regimens were performed until TREAT was designed 
as the first large trial to compare ESA therapy with placebo 
in patients with diabetes and CKD who were not undergoing 
dialysis.

Large Randomized Controlled Trials. The U.S. Normal 
Hematocrit Trial was the first to test whether normalization 
of hemoglobin concentrations improves the prognosis of 
patients on dialysis.637 It was hypothesized that any presumed 
benefit would be most obvious in patients with cardiac 
disease and, therefore, the trial enrolled slightly more than 
1200 hemodialysis recipients who had congestive heart 
failure or ischemic heart disease. The target hematocrit in 
the higher arm was 42%, and in the lower arm 30%. The 
primary end point was a composite of death and first nonfa-
tal myocardial infarction. The study was terminated early 
after 29 months because more patients in the higher arm 
had reached the primary end point. Although the difference 
did not reach statistical significance, study termination was 
recommended because it was obvious that the original 
hypothesis, that the higher hematocrit target was of benefit, 
could not be proven. In addition, the incidence of vascular 
access thrombosis was significantly higher in the higher 
target hematocrit arm. Self-reported physical function score 
improved at higher hematocrits, but importantly there was 
no significant difference between the two treatment arms for 
this parameter. A later analysis, which included end point 
events that the data safety monitoring committee had not yet 
considered when recommending termination of the study, 
also did not reveal a significant difference, and the rates of 
events occurring during 1-year of follow-up after study termi-
nation were similar in the two treatment arms.638

A second large trial in ESKD included almost 600 patients 
new to hemodialysis without symptomatic heart disease  
and left ventricular dilation.639 Patients were randomly 
assigned in a double-blind fashion to an Hgb treatment 
target of either 13.5 to 14.5 g/dL or 9.5 to 11.5 g/dL. The 
primary end point was a change in left ventricular volume 
index, on the assumption that raising the Hgb concentra-
tion would prevent the progression of left ventricular hyper-
trophy. However, changes in left ventricular volume index 
were similar for the two treatment groups. The only differ-
ence among a number of secondary outcomes was a 
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Any benefit of higher Hgb for HRQOL appears modest 
on average once Hgb concentrations above about 10 g/dL 
are reached. Transfusion rates are lower with higher 
Hgb,648,649 but it is also clear that attempts to normalize Hgb 
by no means eliminate transfusion requirements. Moreover, 
the actual benefit from avoiding RBC transfusions is difficult 
to determine in individual patients, although the risk of 
sensitization in prospective transplant recipients should be 
strongly considered.650

Whether the balance of the risks and benefits of ESA 
therapy depends on the patient’s responsiveness remains 
unclear. In treatment protocols driven by a target Hgb 
range, hyporesponsiveness leads to the use of higher doses 
and is associated with a greater likelihood of adverse events, 
but whether ESAs play a causal role remains unclear. A 
secondary analysis of the CHOIR study suggested that high 
ESA doses rather than high Hgb concentrations are associ-
ated with poor outcomes.379,643 In the TREAT, the response 
to the first two weight-based doses of darbepoetin was a 
significant predictor of poor prognosis, with patients in the 
lowest quartile of ESA responsiveness having higher rates of 
the composite cardiovascular end point or death.651 However, 
because “hyporesponders” could be identified only among 
the treated patients, it is unclear whether their poor prog-
nosis was affected by ESA therapy.

The global KDIGO guideline for anemia in CKD takes 
these considerations into account.9 Careful balancing of the 
risks and benefits of ESA and iron therapy is an overarching 
recommendation. In patients not undergoing dialysis the 
guideline recommends that a drop of Hgb value to less than 
9 g/dL be avoided by initiation of ESA when the Hgb is 
between 9 and 10 g/dL. In general, ESA should not be used 
to maintain Hgb concentrations above 11.5 g/dL, and there 
is a strong recommendation against intentionally raising the 
Hgb above 13 g/dL. However, individualization appears 
appropriate, as some patients may have improvements in 
quality of life with Hgb values above 11.5 g/dL and are 
prepared to accept an increased risk.

In the United States, a major change in payment for 
dialysis and related services has resulted in bundling of  
payments for laboratory services and IV medications  
and their oral equivalents. Together with the previously 
mentioned results from clinical trials and subsequent 
changes in drug labeling from the FDA, these payment 
changes have produced measurable reductions in the  
use of ESAs and Hgb levels and have resulted in higher rates 
of transfusion in patients on maintenance dialysis.652 The 
U.S. experience may not be directly applicable to other 
countries.653

RED BLOOD CELL TRANSFUSION
When large RCTs questioned the safety and overall benefit 
of ESAs and of targeting higher Hgb concentrations, an 
appreciable increase was observed in the proportion of 
patients having Hgb values less than 10 g/dL, which, in 
conjunction with stable transfusion rates for this patient 
subgroup, translated into an increase in the absolute 
number of transfusions.648 As shown in Figures 57.3and 
57.10, transfusion rates for U.S. patients on maintenance 
dialysis were 2.9% in 2011 and 3.0% in 2012. Interestingly, 
transfusion rates in patients with ND-CKD also rose signifi-
cantly from 2002-2003 to 2008 (see Figure 57.10).649

associated with the higher Hgb target were not apparent 
among subgroups with higher mortality risk.643

In contrast to the other four large trials, the TREAT (Trial 
to Reduce Cardiovascular Events with Aranesp Therapy) was 
designed to test the effect of ESA in comparison with 
placebo in a sufficiently powered study. More than 4000 
patients with CKD (eGFR 20 to 60 mL/min/1.73 m2) and 
type 2 diabetes, and an Hgb concentration below 11 g/dL 
were randomly assigned to receive either darbepoetin with 
a treatment target of 13 g/dL or placebo.636 In order to 
avoid development of severe anemia in the placebo-treated 
group, a rescue protocol was established, according to which 
darbepoietin was administered when Hgb fell below 9 g/dL. 
The study was double blinded. There were two primary end 
points, a cardiovascular composite end point and a renal 
composite end point, including death or initiation of main-
tenance dialysis. The trial showed no difference in the com-
posite renal or cardiovascular end points, but analysis of the 
components of the primary end point revealed a significant, 
twofold higher risk of stroke in the darbepoetin arm. As an 
additional safety signal, the number of deaths attributed to 
cancer tended to be higher in the treatment arm, albeit not 
significantly, and in a subgroup of approximately 350 
patients with a history of malignancy, all-cause mortality 
tended to be higher and significantly more deaths were 
attributed to cancer. These findings were consistent with 
some findings in ESA RCTs in patients with cancer, which 
showed higher mortality and more rapid progression of 
malignancy in patients treated with ESA for chemotherapy-
related anemia.644 Patients in the darbepoetin arm of the 
TREAT received fewer transfusions and showed a larger 
mean change in the Functional Assessment of Cancer 
Therapy: Fatigue (FACT-F) score.

Risk/Benefit Relationship and Target Hemoglobin Recom-
mendations. In summary, evidence from well-designed, 
larger RCTs indicate that raising Hgb to normal or near-
normal values with ESAs does not enhance survival or reduce 
the rate of cardiovascular events in patients with ND-CKD or 
ESKD but is associated with risk for harm.645 These results are 
consistent also with another large trial in patients with heart 
failure, many of whom had CKD.646 Almost all studies showed 
increased rates of thromboembolic events, but for unknown 
reasons, other risks are not consistent across different 
studies. Although the CHOIR study, for example, suggested 
a mortality risk,641 this finding was not confirmed in TREAT.636 
Also, a negative impact on the time to dialysis, as found in 
the CREATE trial,640 was not found in the TREAT. The 
TREAT, on the other hand, found an increased incidence of 
stroke,639 and although another study had previously 
reported a slightly higher number of strokes in a higher Hgb 
treatment arm,646 neither the CREATE trial nor the CHOIR 
study found differences in stroke rates.640,641 These inconsis-
tencies may point toward important yet unrecognized factors 
that determine the side effect profile of ESAs. Despite inten-
sive investigation, it has not been possible so far to identify 
characteristics that distinguish patients in whom stroke 
developed during ESA therapy in the TREAT.647 Whether 
any of the observed adverse events are related to the actual 
achieved Hgb values, to indirect effects of an increase in 
erythropoiesis, or to direct, hemoglobin-independent effects 
of ESAs is unknown.643
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receive transfusions. We agree with the current consensus 
that blood transfusion should be avoided if possible.650 
Because transplantation waiting times exceed life expec-
tancy throughout most of the United States and much of 
the developed world, patients can ill afford a procedure 
(i.e., transfusion) that offers modest if any benefit and that 
can further lower the likelihood of ever receiving a kidney 
transplant.

Relatively common complications of RBC transfusions  
are febrile or urticarial/allergic (immediate hypersensitiv-
ity) reactions. Less common complications include acute 
and delayed hemolytic transfusion reactions, hypotensive 

Transfusion is associated with development of alloanti-
bodies and HLA sensitization,654 which has important nega-
tive consequences for donor matching of patient candidates 
for renal transplantation. HLA sensitization also increases 
graft rejection and diminishes graft survival. It is unlikely 
that blood transfusion has any benefit on subsequent 
allograft function. Although the published literature seems 
to have mixed results, patients who received transfusions 
and who developed alloantibodies were less likely to undergo 
transplantation. It is unreasonable and potentially mislead-
ing to compare patients who received transfusions and did 
not develop alloantibodies with all patients who did not 

Figure 57.10  Red blood cell transfusion in chronic kidney disease (CKD). A, Proportion of patients with  a  single monthly or  3-month 
average hemoglobin (Hb) concentration of ≤10 g/dL, 1999-2010. B, Unadjusted and adjusted (for age, sex, race, primary cause of end-stage 
kidney disease, hospitalization days, and dose of erythropoiesis-stimulating agent) 6-month transfusion rates for patients with Hb levels less 
than 10 and equal  to or greater  than 10 g/dL  (1999-2010). C, Annual  red blood cell  transfusion rates per 100 person-years  (2002–2008)  for 
patients with CKD; patients with CKD and diagnosed anemia, and patients with CKD transitioning to end-stage renal disease (ESRD) during 
each follow-up year.  (A and B from Gilbertson DT, Monda KL, Bradbury BD, et al: RBC transfusions among hemodialysis patients (1999-2010): 
influence of hemoglobin concentrations below 10 g/dL. Am J Kidney Dis. 62:919-928, 2013; C from Gill KS, Muntner P, Lafayette RA, et al: Red 
blood cell transfusion use in patients with chronic kidney disease. Nephrol Dial Transpl 28:1504-1515, 2013.)
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Several factors contribute to increase the risk of bleeding 
in patients with CKD (Figure 57.11).662 It has long been 
noted that bleeding in uremic patients occurs despite 
normal or elevated circulating values of coagulation 
factors.655 This observation suggested that platelet abnor-
malities are the primary cause of the bleeding diathesis. The 
function of platelets is often impaired (thrombasthenia) 
whereas the number of circulating platelets is generally 
normal, with perhaps a tendency to decrease the longer 
patients have been undergoing dialysis.663 Thrombopoietin 
values are elevated in patients who are on maintenance 
hemodialysis and being treated with rhEPO but do not cor-
relate with platelet counts.663,664 Evidence for platelet dys-
function includes elevated bleeding time,655 diminished 
aggregation response to ADP and epinephrine,665 reduced 
ristocetin-induced platelet agglutination,666 and prolonged 
closure time with the Platelet Function Analyzer (PFA, 
Siemens Medical Solutions).667,668

The most consistent abnormality in platelet function in 
uremia is an impaired interaction of platelets with the vascu-
lar subendothelium.655 As a result, platelet adhesion and 
aggregation are hindered. The cause of this dysfunction is 
incompletely understood and could be related to abnormali-
ties of the vessel wall, platelets, or plasma constituents. As for 
the vessel wall, it appears that its function may be altered in 
uremia. In particular, endothelial production of NO, a pow-
erful platelet inhibitor, has been noted to be increased,669-671 
resulting in higher concentrations of cyclic guanosine mono-
phosphate and reduction of platelet responsiveness. In 
uremic rats, treatment with an NO inhibitor partially restores 
platelet function.672 Interestingly, guanidinosuccinic acid, 
long postulated to play a role in uremic platelet dysfunction, 
has been found to upregulate NO production by the vascular 
endothelium.673 Prostaglandin I2 (PGI2), which is released by 
endothelium, is increased in patients with CKD and increases 
bleeding times674 and probably plays a role in reducing plate-
let aggregability.674

The platelet itself is intrinsically altered in uremia. For 
example, the content of serotonin and ADP is reduced in 
uremic platelet granules.665 Secretion of mediators may also 
be impaired, although this effect may be a function of 
repeated activation during hemodialysis.675 Platelet recep-
tors that play a critical role in adhesion to the vessel wall 
and aggregation, like those for GP1b and GPIIb-IIIa, are 
probably not significantly reduced in quantity in uremia.676 
However, interaction of the receptors with vessel wall pro-
teins may be abnormal.677 In particular, activation of 
GPIIb-IIIa to facilitate its adhesion to vWF may be impaired.678 
The platelet cytoskeleton may be altered, with diminished 
actin incorporation and suboptimal intracellular trafficking 
of molecules.679-681

Although the platelet itself is not entirely normal in 
uremia, it appears that a more important pathogenic factor 
in platelet dysfunction may be the effect that uremic plasma 
has on platelet responsiveness. Platelets from normal indi-
viduals develop impaired adhesive function on exposure to 
uremic plasma.682 In contrast, platelets from uremic subjects 
regain some function on exposure to normal plasma.682 
Certain molecules with molecular weights that preclude 
adequate clearance with hemodialysis accumulate in uremia 
and may contribute to platelet dysfunction.683 A variety of 
toxins, including quinolinic acids and guanidine substances, 

transfusion reactions, transfusion-associated dyspnea,  
transfusion-associated circulatory overload, transfusion-
related acute lung injury, posttransfusion purpura, and 
transfusion-associated graft-versus-host disease. Additional 
complications of RBC transfusion include potential trans-
mission of known and unknown infectious agents, and iron 
overload.

DISORDERS OF HEMOSTASIS IN CHRONIC 
KIDNEY DISEASE

BLEEDING AND CHRONIC KIDNEY DISEASE

Excessive bleeding has long been recognized as an impor-
tant complication of the uremic state.655-657 This was particu-
larly true prior to the advent of dialysis and the availability 
of rhEPO. Events may be as minor as epistaxis, excessive 
bleeding with tooth brushing, and easy bruisability. More 
severe, clinically relevant bleeding episodes tend to occur 
with trauma or after invasive procedures rather than spon-
taneously.658 Before the availability of routine dialysis, cata-
strophic gastrointestinal hemorrhage was the major cause 
of death with uremia.655 Bleeding is frequently a predictor 
of increased mortality risk or complications.659

PATHOPHYSIOLOGY
Traumatic disruption of the endothelial lining of blood 
vessels results in a complex and coordinated response aimed 
to maintain vascular integrity and prevent bleeding. The first 
line of defense in hemostasis is represented by platelets, 
which specifically interact with ligands exposed as a conse-
quence of endothelial damage. These ligands, which include 
collagen, fibronectin, laminin, thrombospondin, and von 
Willebrand factor (vWF), promote the adhesion of platelets 
to subendothelium and their activation. Activated platelets 
further release adhesive ligands stored in their α-granules, 
such as vWF, fibrinogen, thrombospondin, fibronectin, and 
vitronectin, and promote the activation of additional plate-
lets by releasing aggregating agents such as thromboxane A2 
(TXA2) and adenosine diphosphate (ADP). An occlusive 
plug is eventually formed by deposition of platelets on col-
lagen fibers. The surfaces of platelets play an essential role 
in supporting the coagulation cascade in plasma, which 
results in the activation of thrombin, conversion of fibrino-
gen to fibrin, and formation of the fibrin plug, which is sta-
bilized by factor XIIIa. Generation of thrombin further 
enhances the activation of platelets and upregulates glyco-
protein (GP) receptors like those for GPIb-IX-V and 
GPIIb-IIIa. Several systems play an important role in limiting 
the extent of coagulation activation and thrombus forma-
tion. Nitric oxide (NO) and prostacyclin limit the activation 
of platelets. Tissue factor pathway inhibitor (TFPI), the 
protein C and S system, and antithrombin turn off activated 
coagulation factors at various steps of the coagulation 
cascade. The fibrinolytic system is also crucial in both limit-
ing the growth of thrombi and promoting their organization 
and removal. Fibrin digestion is mediated by plasmin, which 
is circulating in plasma as plasminogen, an inactive precur-
sor. Conversion of plasminogen to plasmin is promoted by 
tissue plasminogen activator (t-PA) and inhibited by plas-
minogen activator inhibitors (PAI-1 and PAI-2).660,661
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Anemia is an important contributor to uremic platelet 
dysfunction.693 During normal circulation, erythrocytes tend 
to force the flow of platelets radially, away from the center 
of flow and toward the endothelial surfaces. When vascular 
injury occurs, platelets are in closer apposition to the vessel 
wall, facilitating platelet adherence and activation by vessel 
wall constituents such as collagen. With anemia, more plate-
lets circulate in the center of the vessel, further from endo-
thelial surfaces, hindering efficient platelet activation.693 In 
addition, anemia may contribute to platelet dysfunction 
because release of ADP by erythrocytes normally stimulates 
platelet interaction with collagen.694,695 Treatment of anemia 
may help reverse platelet dysfunction, as both transfusion 
of blood693,696 and ESA therapy697 have been found to be 
beneficial.

The plasma content of the major adhesive proteins, vWF 
and fibrinogen, are normal in uremia. One study showed a 
normal distribution of VWF multimers666 while another one 
reported a reduction in high-molecular-weight VWF multi-
mers.698 The functional properties of vWF are altered, 
however, mostly at the level of the interaction with the 

have been implicated.655 In addition, a role for hyperpara-
thyroidism has been suggested. Benigni and colleagues 
found parathyroid hormone to impair platelet aggregation 
induced by a variety of substances.684 Hyperparathyroidism 
may affect platelet function by elevating intracellular 
calcium concentrations via channels that are sensitive to 
calcium channel blockers like nifedipine.685

It is generally accepted that dialysis reduces uremic plate-
let dysfunction and the risk for bleeding. But dialysis does 
not completely eliminate the problem. Moreover, hemodi-
alysis may induce a transient worsening in platelet function. 
Sloand and Sloand measured a variety of indicators of plate-
let function immediately before and after treatments and 
noted a transient decrease of platelet membrane expression 
of GPIb after hemodialysis. Ristocetin responsiveness was 
impaired after hemodialysis and normalized the day after 
treatment.686 Other potential detrimental consequences of 
hemodialysis might include the enervating effect of repeated 
platelet activation,687,688 removal of younger platelets with 
greater function,689-691 and impairment of platelet function 
from a secondary effect of activated leukocytes.692

Figure 57.11  Factors involved in the increased risk of bleeding in patients with renal failure. Roman numerals with/without lower case 
letters indicate clotting factors; ADP, adenosine diphosphate; AT, Anti-thrombin; Ca++, calcium ion; E, endothelium; GP, glycoprotein; NO, nitric 
oxide; PIG2, prostaglandin  I 2; T,  thrombocyte;  tPA,  tissue-type plasminogen activator; V, vessel; vWF, von Willebrand factor.  (From Lutz J, 
Menke J, Sollinger D, et al: Haemostasis in chronic kidney disease. Nephrol Dial Transpl 29:29-40, 2014.)
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expression of GPIb,655,713 and repaired platelet signal 
transduction.714

Desmopressin (1-deamino-8-d-arginine vasopressin, 
DDAVP) is a synthetic form of antidiuretic hormone that is 
often used to treat uremic bleeding. The drug has little vaso-
pressor activity and only rarely induces hyponatremia. The 
mechanism of improved platelet function is not completely 
known, but enhanced release of larger vWF multimers by 
endothelial cells probably plays an important role.715,716 
Other factors may include improved platelet aggregation on 
contact with collagen and increased concentrations of plate-
let glycoprotein Ib/IX.717 Given the unreliability of the 
bleeding time, it is not a surprise that IV infusion of 0.3 mcg/
kg desmopressin (or 3.0 mcg/kg subcutaneously) produced 
inconsistent results.715,718-720 DDAVP infusion improves plate-
let function in vitro and increases plasma concentrations for 
both VWF and Factor VIII.667 DDAVP may also be adminis-
tered by the intranasal route, at a dose approximately tenfold 
greater than that given intravenously.721-723 Repeated admin-
istrations of DDAVP may result in a diminished response 
with development of tachyphylaxis, caused by the depletion 
of the endothelial stores of vWF multimers.724,725

Other treatments for uremic bleeding include infusion of 
cryoprecipitate, a plasma product rich in vWF and fibrino-
gen.726,727 There is very little published evidence to support 
the use of cryoprecipitate, and response appears to be 
highly variable. In one study of five patients with active 
bleeding, only two had normalization of bleeding time and 
a favorable clinical outcome after treatment.728 Cryoprecipi-
tate use should be reserved for life-threatening bleeding 
due to the risk for infectious complications and limited 
availability.

Estrogens improve platelet function in both men and 
women.729-731 After IV infusion, Livio and associates found 
the beneficial effect of conjugated estrogens to begin early 
and last for up to 2 weeks.732 The mechanism of action of 
estrogen treatment is not fully known, but it may be related 
to inhibition of vascular NO production, by decreasing pro-
duction of its precursor, l-arginine.733

Short-term (6 days) and long-term (3 months) treatments 
with the fibrinolytic inhibitor tranexamic acid were associ-
ated with a reduction in the bleeding time and improved 
platelet function.734,735 Tranexamic acid may also be benefi-
cial in the treatment of acute upper gastrointestinal bleed-
ing episodes.736

HYPERCOAGULABILITY AND CHRONIC  
KIDNEY DISEASE

Although bleeding is the most clinically relevant manifesta-
tion of the effects of advanced CKD on hemostasis,  
several lines of evidence indicate the presence of a pro-
thrombotic, hypercoagulable state, which may play a role in 
the atherosclerotic/cardiovascular complications. Deep 
venous thrombosis (DVT) seems to affect predominantly 
CKD patients in younger age, of African American or His-
panic background, in association with cardiovascular disease 
and prior surgical interventions.737 The incidence of symp-
tomatic venous thromboembolism is moderately increased 
in mild-to-moderate CKD (based on eGFR and albumin-
uria) as shown by a study pooling three European and two 
U.S.-based community-based cohorts,738,739 as well as by a 

GPIb-IX-V platelet receptors, a key step in the signaling 
pathways, which ultimately lead to TxA2 production.699-702

Platelet-derived procoagulant microparticles have been 
described in CKD,703,704 but owing to inconsistent and unreli-
able methodologies to measure microparticles in plasma, it 
is not possible at this time to determine their clinical 
relevance.

DIAGNOSTIC STUDIES
Despite abundant evidence that the bleeding time is an 
unreliable test which has limited value in predicting  
bleeding complications,705 use of this test is still reported 
in CKD.662 More reliable tests are available, such as 
platelet aggregation and platelet function analyzer (PFA), 
although their value in predicting and managing bleeding 
complications is not yet proven. Thrombin generation 
assays may help in assessing both hypo- and hyper-coagulable 
states, but there are so far only limited studies in patients 
with CKD.706

TREATMENT
The treatment of patients with renal failure experiencing 
bleeding episodes requires (1) an assessment of the severity 
of blood loss, (2) hemodynamic stabilization, (3) replace-
ment of blood products as needed, (4) identification of the 
bleeding source and etiology, and (5) correction of platelet 
dysfunction and other factors contributing to the bleeding 
diathesis (Figure 57.12). The first four aspects are routine 
components of clinical care and are not discussed further 
here; the fifth extends from the previous discussion on the 
pathobiology of uremic bleeding. It should be clear, however, 
that the intensity of interventions to correct uremic platelet 
dysfunction hinges on the degree of bleeding severity.

The first aspect of treatment to correct uremic platelet 
dysfunction is provision of adequate dialysis. Initiation of 
dialysis will lead to some improvement in thrombasthenia 
and bleeding risk.665,707 The PFA closure time improves in 
25% of patients after a dialysis session.708 No studies have 
fully elucidated the relative effectiveness of hemodialysis 
versus other dialytic modalities, but platelet activation mea-
sured by CD62 expression was increased by hemodiafiltra-
tion while PLT degranulation products were increased in 
hemodialysis.709 In any case anticoagulation must be mini-
mized. The relation of dose of dialysis with improvement of 
platelet function has not been well studied.

Treatment of anemia with ESAs may be the most effective 
treatment of uremic platelet dysfunction (see above). Cases 
and associates found that treatment with epoetin alfa, 40 U/
kg intravenously resulted in improvement in several param-
eters of platelet function as the Hgb rose.710 Others have 
found the same salutary effect of ESA treatment.105,697 
Improved platelet function following EPO treatment is most 
likely related to the associated changes in blood flow, with 
platelets moving closer to the vessel walls. However, it is also 
possible that EPO treatment itself may directly affect plate-
let function. Tassies and colleagues found that platelet func-
tion improved in some patients after epoetin treatment was 
initiated, before Hgb values increased.711 The authors attrib-
uted this effect to an increase in young circulating forms of 
platelets, with improved functional characteristics. Other 
potential direct beneficial effects of ESA include improved 
platelet intracellular calcium mobilization,712 increased 
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erythrocyte membrane phosphatidylserine externalization 
possibly playing a role in this procoagulant state.746-749 Phos-
phatidylserine externalization may be mediated by uremic 
toxins, since it improves after dialysis treatment.750 Despite 
the functional platelet defects described above, abnormalities 
in the soluble coagulation cascade and in some of the natural 
anticoagulant systems like fibrinolysis generate a hypercoagu-
lable state which may facilitate cardiovascular and thro\mbotic 
complications in dialyzed patients.751,752 Complement activa-
tion may take place during dialysis, with increased expression 
of tissue factor on peripheral neutrophils and increased pro-
duction of granulocyte colony-stimulating factor (G-CSF) 
resulting in a hypercoagulable state.753

PHARMACOLOGIC INTERVENTIONS
Treatment of hypercoagulability may expose patients to 
additional bleeding complications. A systematic review of 
bleeding rates in patients with CKD treated with antiplatelet 
drugs showed that these agents are effective in reducing 
arteriovenous fistula and central venous catheter, but not 

large population-based study in Denmark.740 The incidence 
of pulmonary embolism in CKD and ESKD is not precisely 
known (it may be particularly common after vascular access 
procedures—see Chapter 65), but mortality rates for pulmo-
nary embolism are substantially higher in patients on  
dialysis than in the general population.741 As described 
above ESA therapy may further increase thromboembolic 
complications.

EVIDENCE FOR HYPERCOAGULABILITY IN CKD
As outlined in Figure 57.13, several pathways are altered 
toward hypercoagulability and increased risk of thrombosis 
in CKD.662 Activated/hypercoagulable platelets have been 
reported in patients with impaired or declining kidney  
function,742,743 while other studies have shown increases 
in soluble markers of activated coagulation and fibrinoly-
sis.744,745 Several markers for thrombin activation (prothrom-
bin fragment F1.2 and thrombin-antithrombin complex) 
and fibrinolysis (D-dimer and plasmin-antiplasmin complex) 
are abnormally elevated in dialyzed CKD patients, with 

Figure 57.12  Algorithm for the management of patients with uremic platelet dysfunction. If at any stage in the algorithm the patient with 
uremic platelet dysfunction starts  to actively bleed,  the clinician should  return  to  the  top of  the algorithm. This algorithm  is not  intended to 
replace sound clinical  judgment or prevent additional consideration of patient  factors  that could  influence management decisions. DDAVP, 
desmopressin (1-deamino-8-D-arginine vasopressin; single doses of 0.3-0.4 µg/kg body weight intravenous); EPO, erythropoietin. (From Hedges 
SJ, Dehoney SB, Hooper JS, et al: Evidence-based treatment recommendations for uremic bleeding. Nat Clin Pract Nephrol 3:138-153, 2007.)
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myocardial infarction (MI) was associated with lower mor-
tality and lower incidence of MI and ischemic stroke with 
no substantial higher risk of bleeding complications.758 A 
Danish registry study has shown that in high-risk CKD 
patients treatment of atrial fibrillation with warfarin resulted 
in measurable reductions in all-cause mortality and in hos-
pitalization for stroke/bleeding.759

Novel oral anticoagulants have been approved for use in 
the general population with studies including a variable 
fraction (7 to 21%) of subjects with impaired kidney func-
tion (eGFR < 50 mL min-1).760 A systematic review and meta-
analysis showed no significant differences in either 
thrombo-embolic or hemorrhagic complications in CKD 
patients treated with either warfarin or novel anticoagu-
lants.761 A similar study showed significant reduction (com-
pared with warfarin) for bleeding complications in patients 
with impaired renal function only for agents with lower 
renal excretion (<50%, i.e. apixaban, rivaroxaban and 
edoxaban).760 However, until properly controlled, random-
ized trials are conducted in patients with end stage renal 

arteriovenous graft thrombosis.754 No firm conclusions 
could be reached about possible increases in bleeding rates 
in patients treated with a single agent, while there was  
an apparent increase in bleeding risk for combination 
therapy.754 In patients treated for ischemic stroke, presence 
of CKD was associated with a two-fold increased frequency 
of clopidogrel resistance (by VerifyNow P2Y12 Assay).755

Atrial fibrillation is a relatively common occurrence in 
patients with CKD and ESKD. The optimal approach to 
prevention of stroke and other embolic complications is 
unknown. There are concerns that chronic treatment with 
vitamin K antagonists may worsen vascular calcification.756 
Warfarin dosing is complicated in CKD and ESKD by drug-
drug interactions, variability in dietary intake and frequent 
administration of antibiotics. The risk-benefit balance of 
warfarin for stroke prevention in advanced CKD and ESKD 
is unknown. A recent study showed no reduction in the risk 
of stroke and higher bleeding risk in dialyzed CKD patients 
with atrial fibrillation treated with warfarin.757 However, war-
farin use to treat atrial fibrillation in patients with CKD post 

Figure 57.13  Factors involved in the increased risk of thrombosis in patients with renal failure. Roman numerals with/without lower case 
letters  indicate  clotting  factors;  AT,  Anti-throbin;  E,  endothelium;  G,  sub-endothelial  connective  tissue;  IL-1,  interleukin-1;  MMP-9,  matrix 
metalloproteinase 9; NO, nitric oxide; PAC-1, monoclonal antibody specific for the activated form of GPIIb-IIIa; PAI-1, plasminogen activator 
inhibitor-1; T, thrombocytes; TNF, tumor necrosis factor; tPA, tissue-type plasminogen activator; vWF, von Willebrand factor; ↓, decreased; ↑, 
increased. (From Lutz J, Menke J, Sollinger D, et al: Haemostasis in chronic kidney disease. Nephrol Dial Transpl 29:29-40, 2014.)
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state. Activation of platelets adhering to dialysis membranes 
may contribute to leukocyte activation and production of 
reactive oxygen species (ROS).783-789 Different types of syn-
thetic dialysis membranes have been shown to induce dif-
ferent degrees of oxidative stress (measured in serum with 
the surrogate marker malondialdehyde).790

LEUKOCYTE (MONOCYTE) ACTIVATION

Several studies have shown elevations in markers of leuko-
cyte and monocyte activation in patients receiving dialy-
sis,788,791-793 as well as increased heterotypic aggregation for 
both leukocytes and lymphocytes.794 Advanced oxidation 
protein products (AOPP) carried mostly by serum albumin 
have been identified in the serum of patients receiving dialy-
sis.795 These AOPPs are believed to be end-products of 
protein oxidation, whose concentrations are correlated with 
the severity of uremia, the extent of monocyte activation 
(assessed by serum neopterin)796,797 and to the generation 
of myeloperoxidase by neutrophils in dialysis patients but 
not in predialysis conditions.798 AOPP can trigger neutro-
phil activation and respiratory burst, which can be reduced 
in vitro by N-acetylcysteine.799 Leukocyte 8-hydroxy-2′-
deoxyguanosine (8-OHdG) is a marker of oxidant-induced 
DNA damage, which is particularly elevated in patients car-
rying a Glutathione S-transferase M1 (GST M1) polymor-
phic dysfunctional variant.605

Evidence for leukocyte activation and ROS generation 
has also been found in patients with ND-CKD.800 Degran-
ulation of neutrophils results in release of a variety of 
enzymes and proinflammatory mediators:801,802 some of 
these mediators, such as heparanase,803 an endoglycosidase 
involved in the degradation of extracellular matrix, have 
been linked to the generation of atherosclerotic lesions; 
others, like myeloperoxidase generate hypochlorous acid 
potent microbicidal and oxidant compound. Hypochlo-
rous acid may play a role in activating monocytes, which 
produce a whole array of inflammatory cytokines (IL-6, 
TNF-α, and IL-1β).

LEUKOCYTE FUNCTIONAL IMPAIRMENT

Granulocytes of patients receiving hemodialysis exhibit 
impaired adhesion to fibronectin, which is more prominent 
in conditions of malnutrition.804 Prominent apoptosis is 
observed in monocytes of patients with CKD,805 and changes 
in monocyte subpopulations (CD16+) are associated with 
increased soluble proinflammatory markers such as chemo-
kine (C-X3-C motif) ligand 1, or CX(3)CL1.806 Increased 
production of ROS and accumulation of toxic products 
associated with uremia253,254 are likely but not yet proven 
culprits in the generation of a dysfunctional immune 
response in patients with CKD. Enhanced susceptibility to 
bacterial or viral infections on the one hand and reduced 
response to hepatitis B vaccine on the other have been 
described.807 Functional abnormalities in monocytes and T 
lymphocytes808-810 as well as in natural killer cells811 have been 
reported. It has been suggested that such abnormalities may 
be representative of a myeloid shift of erythropoiesis similar 
to that observed with aging.812 New dialysis membranes 
designed to reduce immune dysfunction are being devel-
oped, with encouraging but still preliminary results.813

disease, it seems premature to recommend replacing warfa-
rin therapy with these newer agents.762

Dabigatran,763 a direct thrombin inhibitor, apixaban764 
and rivaroxaban,765 two factor Xa inhibitors, have been 
used in patients with CKD. Limited experience is available 
for newer agents, like the indirect factor Xa inhibitor 
fondaparinux.766,767 While low molecular weight (LMW) and 
unfractionated heparin (UFH) can be reversed with  
administration of protamine sulphate, newer agents like 
fondaparinux have no specific antidotes, although recombi-
nant factor VIIA and antithrombin have been used to 
reverse novel anticoagulant overdoses.768-770

The safety of omitting heparinization when dialyzing 
patients on chronic anticoagulation therapy with vitamin K 
antagonists has recently been demonstrated.771

HEPARIN-INDUCED THROMBOCYTOPENIA

HIT can be seen in patients receiving hemodialysis due to 
their repeated and frequent exposure to heparin.772,773 The 
presence of antibodies to the platelet factor 4-heparin 
(PF4-H) complex has been associated with arterial and 
venous thrombosis and increased mortality,774,775 but other 
studies have found no correlation between the presence of 
these antibodies and either reduction in platelet counts,776 
or clinical complications,773,777 or vascular access thrombo-
sis.778 An acute thrombotic event in a thrombocytopenic 
patient on maintenance hemodialysis or unexpected occlu-
sions of the extracorporeal circuit,779 should prompt a 
search for possible HIT. However, the isolated presence of 
PF4-H antibodies should not by itself lead to either a diag-
nosis of HIT or institution of specific anti-HIT therapies. 
The presence of oversulfated chondroitin sulfate as a pur-
poseful contaminant of heparins produced in China, which 
resulted in a large number of adverse events, has also been 
associated with increased prevalence of PF4-H antibodies 
but no thrombocytopenia.780 If the presence of HIT is con-
firmed based on established criteria,773 all heparin-based 
therapies should be discontinued and the use of direct 
thrombin inhibitors (pelirudin and argatroban) or factor 
Xa inhibitors (danaparoid) should be considered. Warfarin 
should not be considered until the resolution of thrombo-
cytopenia and neither should be prophylactic platelet 
transfusions.

WHITE CELL FUNCTION IN CHRONIC 
KIDNEY DISEASE

CKD is accompanied by a chronic inflammatory state of 
complex pathogenesis, which is believed to be at least in 
part due to an increased generation of oxygen radicals  
and associated activation of monocytes. Uremic toxins  
have been blamed as a likely cause of this dysfunctional 
state, however with no specifically proven connec-
tions.253,254,781,782 For more specific information on the bio-
logical significance of uremic toxins, see Chapter 54, or the 
European Uremic Solutes database (EUTox-db): http://
eutoxdb.odeesoft.com/index.php. The use of particular 
dialyzers and dialysates has been associated with intradia-
lytic leukocyte activation and enhanced oxidant stress, 
which exacerbate the underlying activated inflammatory 
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The kidney is a potent endocrine organ, a key modula-
tor of endocrine function, and an important target for 
hormonal action. Thus, alterations in signal-feedback 
mechanisms and in production, transport, metabolism, 
elimination, and protein binding of hormones occur rather 
commonly in conditions affecting the kidney. As a direct 
consequence, chronic kidney disease (CKD), end-stage 
kidney disease (ESKD), and kidney transplantation are 
all associated with abnormalities in the synthesis or action 
of many hormones. The purpose of this chapter is to 
overview specific endocrine abnormalities that manifest 
as a consequence of kidney disease.

PANCREATIC HORMONAL DISORDERS: 
INSULIN RESISTANCE

Insulin resistance (IR) is a common feature of CKD—
regardless of underlying etiology—that describes a clinical 
condition in which there is a reduced biologic effect for any 
given blood concentration of insulin.1 The body’s resistance 
to the actions of insulin results in a compensatory increase 
in production and secretion of insulin by the pancreas and 

leads to hyperinsulinemia in order to maintain euglycemia. 
If there is a concomitant inadequate secretion of insulin, 
this condition is manifested as abnormal glucose tolerance 
and if severe as diabetes mellitus. In CKD, both hyperpara-
thyroidism and vitamin D deficiency may mediate insulin 
secretory abnormalities. Indeed, treatment of hyperparathy-
roidism2 and pharmacologic doses of vitamin D3 have been 
reported to correct glucose tolerance. The “gold standard” 
for determining IR is the euglycemic hyperinsulinemic 
clamp method.4 However, because the clamp method is 
complex, expensive, and impractical to perform in large 
population studies, several surrogate methods (such as the 
homeostasis model assessment [HOMA]) have been devel-
oped. Unfortunately, all surrogate methods of determining 
insulin resistance suffer important limitations, including 
poor precision, and oral glucose tolerance test (OGTT)–
derived insulin sensitivity indices may be preferred to fasting 
samples–derived indices.5 Insulin resistance is seen as the 
common denominator for a number of metabolic distur-
bances, including hyperinsulinemia, impaired glucose toler-
ance, fatty liver, abdominal obesity, hyperuricemia, elevated 
triglycerides, low high-density lipoprotein (HDL) choles-
terol, and hypertension.6
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sensitivity.12 As in the general population without kidney 
disease, fat mass seems to be an important risk factor 
for IR in CKD.14 Considering the obesity epidemic, the 
possible role of high fructose intake in the development 
of metabolic syndrome, and possibly CKD, definitely needs 
to be highlighted. Later evidence suggests that fructose 
not only induces metabolic syndrome, hyperuricemia, and 
weight gain15 but also exerts direct adverse effects on 
renal tubular cells.16

Persistent inflammation and protein-energy wasting 
(PEW) are two frequent and interrelated features of 
advanced CKD that also may mediate IR. Loss of skeletal 
muscle mass results in abnormal glucose disposal, so it 
seems logical that treatment of PEW with intravenous nutri-
tion improved IR in a study of surgical patients.17 Elevated 
circulating proinflammatory cytokine values may also 
mediate IR.18 Indeed, metabolic syndrome seems associated 
with inflammatory markers19 and leukocyte count20 in 
patients with CKD. Among inflammatory mediators, tumor 
necrosis factor (TNF) (partially produced by fat tissue) espe-
cially influences the ability of insulin to stimulate glucose 
transport.21 Blockade of interleukin-1 (IL-1) with anakinra 
(an IL-1 receptor antagonist) in patients with type 2 diabetes 
is associated not only with less inflammation but also 
improved glycemic control.22 It has been shown that the 
suppressors of cytokine signaling (SOCS) family of proteins 
not only exacerbate IR but also inhibit insulin signaling and 
insulin-like growth factor (IGF) signaling.23 On the basis of 
these findings, and from the fact that SOCS-1 knockout 
mice have a low blood glucose level and increased insulin 
signaling,23 the SOCS proteins have been suggested to rep-
resent an important link between elevations of cytokines 
and IR. Indeed, in patients with type 2 diabetes, high (IL-6) 
levels are associated with increased SOCS-3 expression in 
skeletal muscle, and IL-6–induced SOCS-3 expression inhib-
its insulin signaling in human differentiated myotubes 
grown in vitro.24 In CKD, few studies have yet examined the 
links between inflammation and IR. However, an inflamma-
tory response during hemodialysis (HD) is linked to ele-
vated SOCS-3 values and IR.25

In uremic mice, urea-induced generation of reactive 
oxygen species (ROS) has been suggested to induce IR,26 
although the mechanism thereof remains to be proven in 
humans. Additional factors that may contribute to uremic 
IR include physical inactivity and anemia. Correction of 
anemia by erythroid-stimulating agents (ESAs) was reported 
to reverse IR in patients undergoing HD independently of 
iron overload.27 Furthermore, a small study in nonobese, 
nondiabetic, stable patients undergoing dialysis demon-
strated the beneficial effect of ESA treatment on IR.28 The 
observation that IR is associated with reduced responsive-
ness to ESA in patients receiving dialysis may, in part, be 
attributed to the presence of persistent inflammation in 
both conditions.29

Finally, IR in patients receiving peritoneal dialysis (PD) 
merits discussion because the dialysis procedure itself, in 
addition to the uremic state, appears to modulate the 
magnitude of IR.30 IR may be exacerbated by the intra-
peritoneal presence of glucose-containing dialysate.31,32 PD 
has significantly higher IR than HD, which may reflect 
the presence of glucose-based dialysate in the peritoneal 
cavity.33,34

CAUSES OF UREMIC INSULIN RESISTANCE

The seminal study by DeFronzo and colleagues demon-
strated that impaired tissue sensitivity to insulin is the 
primary cause of insulin resistance in uremia, implying a 
post-receptor defect in peripheral skeletal muscle.7 Still, the 
molecular site of the post-receptor defect in humans has not 
been clearly established.8 A reduced level of insulin receptor 
phosphorylation mediated by inflammation has been 
observed, both in animal models of diabetes and in patients 
with type 2 diabetes.9 Whether the same mechanism is oper-
ative in CKD is unknown. Studies in animal models of 
uremia have reported failure of insulin to activate pyruvate 
dehydrogenase,10 downregulation of insulin receptor sub-
strate 1 (IRS-1)–associated phosphoinositol 3-kinase (PI3K), 
and upregulation of the IRS-2–associated PI3K activity.11 In 
the uremic milieu, the etiology of IR is likely multifactorial, 
and many metabolic alterations may contribute concur-
rently (Table 58.1).

One hallmark of advanced CKD is low levels of 
1,25-dihydroxyvitamin D (1,25[OH]2 D), a pleiotropic 
vitamin with multiple noncalcemic functions. Evidence 
of an important role for vitamin D in uremic IR was 
provided in an international study of patients receiving 
dialysis in whom 1,25(OH)2 D infusion corrected glucose 
intolerance and IR in the absence of changes in para-
thyroid hormone (PTH).12 Although many studies in the 
general population have demonstrated that low serum 
25-hydroxyvitamin D concentrations are associated with 
IR and diabetes risk,13 the precise mechanism(s) by which 
vitamin D supplementation improves IR is unknown. 
Metabolic acidosis is another common complication in 
advanced CKD, also associated with IR, and 2 weeks of 
oral sodium bicarbonate supplementation in patients 
receiving dialysis have been found to improve insulin 

Table 58.1  Multiple Causes and Consequences 
of Insulin Resistance and 
Abnormalities of Insulin Secretion in 
Chronic Kidney Disease

Causes Insulin secretion abnormalities:
Hyperparathyroidism
Vitamin D deficiency

Insulin resistance:
Uremic toxins
Anemia
Metabolic acidosis
Inflammation
Oxidative stress
Muscle loss
Increased fat mass
Physical inactivity

Consequences Dyslipidemia
Sodium retention
Vascular calcification
Muscle wasting
Hyperuricemia
Renin activation
Hypertension and cardiovascular disease
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general population, IR and ensuing hyperinsulinemia may 
be independent risk factors for cardiovascular complica-
tions in patients with ESKD. Hyperinsulinemia promotes 
tubular sodium retention,40 decreases urinary uric acid 
clearance, and upregulates the RAAS,41 all established 
risk factors for hypertension. Another atherogenic link 
between IR and CVD is uremic dyslipidemia, which is 
typically characterized by hypertriglyceridemia, reduced 
HDL cholesterol, increased very low-density lipoprotein 
(VLDL), and small dense low-density lipoprotein (LDL) 
particles. Of note, uremic lipid abnormalities improved 
concomitantly with the correction of IR and glucose 
intolerance after intravenous administration of 1,25(OH)2 
D therapy.12

Because insulin accelerates calcium deposition in human 
vascular smooth muscle cells,42 it has been speculated that 
although the beneficial metabolic and vasomotor effects of 
insulin are impaired in IR, the mitogenic signals are 
enhanced, and the resulting imbalance can promote vascu-
lar calcification.43 Finally, the role of insulin in protein turn-
over merits attention, particularly given that altered protein 
turnover may have a role in CKD, cardiovascular disease 
(CVD), and PEW. Animal models of insulin deficiency 
suggest that the effect of insulin on protein turnover is 
mediated through the activation of the ubiquitin protea-
some pathway.44 In accordance, patients with ESKD and type 
2 diabetes who are undergoing dialysis have increased skel-
etal muscle protein breakdown in comparison with their 
nondiabetic counterparts.45

TREATMENT OF INSULIN RESISTANCE IN CKD

Management of IR in uremia should be multifaceted. In 
addition to attention to and treatment of the many uremic 
metabolic alterations that may lead to IR and/or impaired 
insulin secretion, other more specific treatment options 

INSULIN RESISTANCE IS A RISK FACTOR FOR 
CHRONIC KIDNEY DISEASE

Whether IR (and the metabolic syndrome) is an antecedent 
of CKD or merely a consequence of impaired kidney func-
tion has been debated. Large population-based studies have 
shown that the metabolic syndrome is associated with an 
increased risk for incident CKD.35,36 A “dose-response” rela-
tionship was documented between the number of metabolic 
syndrome traits and the prevalence of microalbuminuria.36 
Furthermore, a smaller-scale study of nondiabetic patients 
with CKD showed that IR estimated by HOMA was more 
than 2.5 times more prevalent in patients with CKD than in 
controls. Finally, a Japanese study in nondiabetic patients 
with hypertension and stage 3 CKD showed that IR (esti-
mated by both HOMA and IR index) is a significant  
risk factor for the deterioration of kidney function.37 The 
cross-sectional design of these studies precludes causal infer-
ences, and mechanistic/intervention studies are needed to 
resolve whether the metabolic syndrome is a cause or a 
consequence (or both) of CKD. However, insulin has potent 
growth-stimulating properties and may have proliferative 
effects on glomerular and mesangial cells, and it also stimu-
lates transforming growth factor β (TGF-β) and the renin 
angiotensin aldosterone system (RAAS). Although insulin 
may also promote fibrosis,38 it is not clear whether therapy 
directed to tackle the metabolic syndrome will delay, or even 
halt, the progression of CKD.

INSULIN RESISTANCE AND  
CARDIOVASCULAR RISK

In a prospective observational study of nondiabetic patients 
with ESKD, IR was associated with cardiovascular mortality 
(Figure 58.1) independent of Quételet’s (body mass) index 
(BMI), hypertension, and dyslipidemia.39 Thus, as in the 

Figure 58.1 Kaplan-Meier curves showing the association between the homeostasis model assessment (HOMA)–estimated insulin resistance 
(HOMA-IR) and mortality in 183 nondiabetic patients with end-stage kidney disease (ESKD) treated with maintenance hemodialysis. (Redrawn 
from Shinohara K, Shoji T, Emoto M, et al: Insulin resistance as an independent predictor of cardiovascular mortality in patients with end-stage renal 
disease. J Am Soc Nephrol 13:1894-1900, 2002.)
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HYPOTHALAMO-PITUITARY AXIS

THYROID HORMONAL ALTERATIONS

Although thyroid hormones are necessary for growth and 
development of the kidney and for the maintenance of 
water and electrolyte homeostasis, the kidney is involved in 
the metabolism and clearance of these hormones. Thus, a 
decline of kidney function is accompanied by a characteris-
tic disturbance in thyroid physiology (Table 58.2).

CAUSES OF THYROID HORMONE  
DISTURBANCES IN CKD
The kidney contributes to the clearance of iodide. Plasma 
iodide retention in CKD favors thyroidal iodide uptake and 
potentially blocks thyroid hormone production by a nega-
tive feedback mechanism.55,56 Serum free triiodothyronine 
(T3) concentrations in uremia may be additionally low, 
serving as an appropriate compensatory response aimed at 
reducing energy expenditure and minimizing protein catab-
olism in the presence of PEW.57 Metabolic acidosis58,59 and 
systemic inflammation60-62 are additional features of uremia 
that can further contribute. Medications that are able to 
suppress thyroid hormone metabolism include corticoste-
roids, amiodarone, propranolol, and lithium.63,64

Serum thyrotropin (thyroid-stimulating hormone [TSH]) 
concentrations are usually normal or elevated in CKD, but 
the response to TSH-releasing hormone (TRH) is generally 
diminished.65 Both TSH circadian rhythm and TSH glyco-
sylation are altered in CKD. The latter may compromise 
TSH bioactivity. Because serum TSH concentrations are  
frequently in the normal range, uremic patients are often 
considered euthyroid. Free and total thyroxine (T4) concen-
trations may be normal or slightly reduced, mainly as a 
result of impaired hormone binding to serum carrier pro-
teins. Circulating thyroid hormones are normally bound to 
thyroid hormone-binding globulin (TBG) and, to a lesser 
extent, to prealbumin (transthyretin) and albumin. Retained 

should be discussed with the patient. Regular exercise 
should be an integral part of the management of IR, 
although a small interventional trial in patients receiving 
HD did not show IR improvements after 3 months of aerobic 
exercise training.46 As angiotensin-converting enzyme 
(ACE) inhibitor treatment appears to improve insulin sen-
sitivity and may reduce the risk of type 2 diabetes mellitus 
in patients with essential hypertension,47 the effect of ACE 
inhibitors or angiotensin receptor blockers (ARBs) on IR 
needs to be tested in patients with advanced CKD. The 
Diabetes REduction Assessment with ramipril and rosigli-
tazone Medication (DREAM) trial,48 involving participants 
without CVD but with impaired levels of fasting glucose, 
showed that ramipril did not reduce the incidence of dia-
betes or death but that it did facilitate regression of glucose 
elevations to normoglycemia.

In a later evaluation of new users of oral hypoglycemic 
medication monotherapy in patients with type 2 diabetes 
mellitus, higher risk of mortality was associated with glib-
enclamide, glipizide, and rosiglitazone than with metfor-
min.49 Because rosiglitazone was found to substantially 
reduce the incidence of type 2 diabetes mellitus and also 
increased the likelihood of regression to normoglyemia,50 
thiazolidinedione (“glitazone”) treatment was thought to 
be an attractive treatment option for patients with CKD. 
However, subsequent studies provided conflicting results. 
A cross-sectional evaluation showed significantly higher 
(>38%) cardiovascular and all-cause mortality in rosigli-
tazone users,51 consistent with a systematic review of trials 
in patients with type 2 diabetes mellitus that showed 
increased risk of myocardial infarction and a borderline 
increased risk of death from cardiovascular causes.52 In any 
case, thiazolidinedione treatment in ESKD cannot currently 
be advocated until its efficacy has been demonstrated in 
randomized controlled trials. A later randomized clinical 
trial in patients with CKD showed that short-term rosigli-
tazone therapy reduced IR but had no effect on arterial 
function and stiffness.53

The insulin sensitizer metformin is associated with both 
attenuation of the metabolic syndrome and cardiovascular 
protection. However, metformin is cleared by the kidneys 
so there is a risk of metformin accumulation and associ-
ated lactic acidosis in CKD. Clinical practice guidelines 
suggest that the drug should be used with caution when 
estimated glomerular filtration rate (eGFR) is less than 
60 mL/min and stopped when eGFR falls below 30 mL/
min. Some writers believe, however, that there is a dispro-
portionate fear surrounding the safety of metformin in 
CKD that may not be valid if patients are counseled and 
monitored carefully. A retrospective comparative effective-
ness study of oral antidiabetic drugs showed that in com-
parison with metformin, treatment with sulfonylureas 
increased the risks of a decline in eGFR, ESKD, and death.54 
Many of the sulfonylureas should be avoided in CKD owing 
to the risk of hypoglycemia; others should be used with 
caution. Newer approaches to improving IR, such as the 
provision of sodium glucose cotransporter 2 (SGLT-2) 
inhibitors and/or incretin-based therapies, could provide 
novel potential strategies to prevent excess mortality in 
this patient group. Although dipeptidyl peptidase IV inhibi-
tors are well tolerated in general, dosage adjustments 
according to kidney function are needed to avoid side 
effects.

Table 58.2  Thyroid Abnormalities in Chronic 
Kidney Disease

Hypothalamus Normal or high TSH
Altered TSH circadian rhythm
Altered TRH and TSH clearance

Pituitary gland Increased thyroid volume
Higher prevalence of goiter and 

hypothyroidism
Low or normal total T3 and total T4

Low or normal free T3 and free T4

Impaired T3 conversion from T4

Normal total rT3 and elevated free rT3

Alteration in binding proteins
Elevated serum iodine due to reduced 

renal excretion
Cell Reduced thyroid hormone cell uptake

Impaired binding of thyroid hormone 
receptor to DNA

rT3, Reverse triiodothyronine level; T3, triiodothyronine; T4, 
thyroxine; TRH, TSH-releasing hormone; TSH, thyroid-
stimulating hormone.
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Two observational studies with longitudinal design in 
patients with subclinical hypothyroidism and preexisting 
CKD showed that thyroxine supplementation attenuated 
the decline in kidney function over time.77,78 The previously 
mentioned studies may be limited by confounding by indi-
cation, but their findings justify the need to explore this 
interesting possibility.

Subclinical hypothyroidism or the low T3 syndrome may 
instead constitute an intermediate link between the inflam-
matory stress, subsequent PEW, and impaired cardiovascu-
lar response in CKD. A number of studies have consistently 
shown that low T3 concentrations are inversely correlated 
with markers of systemic inflammatory response and are an 
independent predictor of mortality in euthyroid patients 
with ESKD (Figure 58.2)79 and in dialysis populations,80-82 
having a stronger association with cardiovascular death.83 
Low T3 has been additionally linked to impaired cardiac 
function and geometry,84,85 coronary artery calcification,86,87 
increased intima-media thickness,87 flow-mediated vasodila-
tation (FMD),88 and measures of systemic arterial stiffness.89 
Low T3 levels before kidney transplantation are associated 
with decreased graft survival.90 The observational nature of 
the studies reporting these results emphasizes the impor-
tance of verifying whether uremic patients without primary 
thyroid dysfunction would benefit from thyroid hormone 
therapy. So far, there is insufficient evidence to recommend 
routine provision of thyroid hormone replacement in CKD 
with low T3 alone. Because of potential unfavorable effects 
of thyrotoxicosis, such as tachycardia and loss of skeletal 
muscle and bone, the key therapeutic approach for the suc-
cessful management of nonthyroidal illness in CKD might 
be to simply restore thyroid hormone deficiencies and 
maintain thyroid hormones within the normal range.

GROWTH HORMONE

The growth hormone (GH)/insulin-like growth factor-I 
(IGF-I) system is of key importance for anabolism, body 
growth, and body composition. It regulates a range of 

substances in CKD may inhibit hormone binding to these 
proteins. For example, urea, creatinine, indoles, and 
phenols all strongly inhibit protein binding of T4. The tran-
sient elevation in plasma T4 levels that occurs during the 
HD procedure may be due to the effect of heparin used to 
prevent clotting in the hollow-fiber dialyzer and associated 
tubing, because heparin inhibits binding of T4 to its binding 
proteins.66 Most patients with ESKD have decreased plasma 
levels of free T3 (low T3 syndrome), which primarily reflects 
diminished conversion of T4 (thyroxine) to T3 in the periph-
ery.67 This peculiar hormonal profile, however, is not associ-
ated with increased conversion of T4 to the metabolically 
inactive reverse T3 (rT3) because plasma rT3 levels are typi-
cally normal in uremia. Such finding differentiates the 
uremic patient from patients with other chronic illnesses.

In addition, bioavailability and cell uptake of thyroid hor-
mones may be partially blunted in uremia, leading to a state 
of thyroid resistance. This possibility is important to take 
into consideration because serum TSH may not be an accu-
rate measure of the cellular action of thyroid hormone. In 
normal rat hepatocytes, treatment with serum from uremic 
patients reduced T4 uptake by 30%.68 Uremic plasma from 
patients undergoing HD inhibited the binding of thyroid 
hormone receptor to DNA and impaired T3-dependent 
transcriptional activation.69 Because dialysis per se corrected 
these abnormalities, the investigators suggested that a dia-
lyzable substance was involved.69

As a consequence, CKD is associated with a higher preva-
lence of primary hypothyroidism, mainly subclinical, but 
not with hyperthyroidism.70,71 The prevalence of the low T3 
syndrome (reduced T3 in the presence of normal levels of 
TSH and T4) is in comparison remarkably high, being 
reported in more than 70% of patients with ESKD.72,73

CLINICAL IMPLICATIONS AND CONSEQUENCES OF 
THYROID HORMONE ALTERATIONS IN CKD
Because kidney function in hypothyroid patients was 
reported to be maintained or improved after thyroid 
hormone supplementation,74-76 it has been speculated that 
thyroid disorders may impair kidney function and vice versa. 

Figure 58.2 Thyroid alterations and outcome of chronic kidney disease (CKD). The “low T3 syndrome” is linked to a survival disadvantage 
in the end-stage kidney disease (ESKD) population. The figures represent mortality risk, for all causes (left) and cardiovascular (CVD) causes 
(right), according to the presence or absence of low triiodothyronine (T3) values in a cohort of euthyroid patients with ESKD. (Redrawn from 
Carrero JJ, Qureshi AR, Axelsson J, et al: Clinical and biochemical implications of low thyroid hormone levels (total and free forms) in euthyroid 
patients with chronic kidney disease. J Intern Med 262:690-701, 2007.)
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(Figure 58.3). Although the effects of GH may vary accord-
ing to whether the patient is fasting or fed, GH reduces 
hepatic glucose uptake and promotes gluconeogenesis and 
lipolysis, thereby opposing the glucose-lowering actions of 
insulin. GH released from the pituitary acts in an endocrine 
fashion on hepatic GH receptors to trigger the synthesis and 
release of IGF-I from the liver. IGF-1 circulates free (biologi-
cally active) or bound to proteins (IGF-binding proteins 
[IGFBPs] 1-6). The binding of IGF-I to specific muscle 
receptors induces muscle synthesis, inhibits muscle prote-
olysis, promotes the delivery of amino acids and glucose to 
myocytes, and stimulates myoblast proliferation.91-93 Distur-
bances in the GH/IGF-I system may therefore contribute 
to many complications in CKD, such as growth retardation, 
PEW/sarcopenia, and progression (i.e., loss of kidney func-
tion in CKD); GH deficiency is associated with decreases in 
GFR and renal plasma flow. Low circulating levels of IGF-I 
are associated with increased mortality in patients with  
CKD stage 5 at the time of dialysis initiation.94 Whereas 
therapeutic use of GH to promote growth in growth-retarded 

metabolic processes that are needed for the growth of cells 
and tissues in the body during all phases of life but with the 
most profound effects during childhood. The metabolism 
and secretion of GH, a 22-kDa 191–amino acid protein pro-
duced in the pituitary gland, are inhibited by somatostatin 
and stimulated by GH-releasing hormone, but many other 
factors are also involved, such as fatty acids and other nutri-
ents and factors linked to nutrient intake, such as ghrelin, 
leptin, and neuropeptide Y. In general, nutrient intake regu-
lates GH secretion so that body protein stores rather than 
fat tissue are preserved, especially during energy restriction. 
Fasting as well as insulin-induced hypoglycemia increases 
GH secretion, whereas a glucose load decreases circulating 
GH by reducing somatostatin release. On the other hand, 
supply of protein and amino acids, especially arginine, 
increases GH secretion. During CKD many of these path-
ways may be disturbed.91-93

Growth hormone is an anabolic hormone stimulating 
protein synthesis, bone growth, calcium retention, bone 
mineralization, and lipolysis with decrease in body fat 

Figure 58.3 Deranged somatotropic axis in chronic renal failure. The growth hormone/insulin-like growth factor-I (GH/IGF-I) axis in chronic 
kidney disease (CKD) is markedly different from the normal axis. In CKD, the total concentrations of the hormones in the GH/IGF-I axis are not 
reduced, but there is reduced effectiveness of endogenous GH and IGF-I, which probably plays a major role in reducing linear bone growth. 
The reduced effectiveness of endogenous IGF-I likely is due to decreased levels of free, bioactive IGF-I as levels of circulating inhibitory IGF 
binding proteins (IGFBPs) are increased. ALS, Acid-labile subunit protein; GFR, glomerular filtration rate; GHRH, growth hormone–releasing 
hormone; SRIF, somatotropin release-inhibiting factor. (Redrawn from Roelfsema V, Clark RG: The growth hormone and insulin-like growth factor 
axis: its manipulation for the benefit of growth disorders in renal failure. J Am Soc Nephrol 12:1297-1306, 2001.)
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of growth, pubertal stage, nutritional state, funduscopic 
examination (to detect papilledema due to intracranial 
hypertension), and blood examination should occur every 
3 to 4 months, to determine whether growth is adequate 
and whether dose adjustments are needed. In patients 
younger than 3 years, the head circumference should be 
routinely monitored as well. Later studies have shown that 
rhGH treatment is most effective when started at an early 
age and that the growth response is affected by the degree 
of impairment of kidney function.109

Even though rhGH has been shown to improve “catch-up” 
growth, the final adult height may still be below the genetic 
target. After kidney transplantation, growth retardation may 
persist because of multiple factors, such as corticosteroid 
use, decreased kidney function, and an abnormal GH/
IGF-I axis.92 Although there have been concerns that long-
term therapy with rhGH may have various adverse effects, 
rhGH is generally very well tolerated and does not seem 
to be associated with increased incidence of glucose intol-
erance, pancreatitis, progressive deterioration of kidney 
function, acute allograft rejection, or fluid retention.110,111 
Newer formulations of rhGH are undergoing experimental 
testing, with the hope that adverse effects could be reduced, 
efficacy increased, and the administration schedule might 
be more convenient in comparison with currently available 
formulations.

GROWTH HORMONE TREATMENT IN ADULT 
PATIENTS WITH CKD

Many studies have explored a possible therapeutic role of 
rhGH and rhIGF-I therapy in the CKD population.112 Among 
patients receiving dialysis, evidence suggests that rhGH 
stimulates protein synthesis, decreases urea generation, and 
improves nitrogen balance,100 effects that appear to be dose 
dependent.113 IGF-I enhances intracellular transport of 
glucose and amino acids, stimulates protein synthesis, sup-
presses protein degradation, and stimulates bone growth 
and enlargement of many organs.93,114 Whereas the use of 
rhGH or rhGH plus rhIGF-I in patients receiving dialysis  
has been generally well tolerated113-115 and long-term GH 
replacement may even improve cardiovascular mortality 
and morbidity in GH-deficient adults,116,117 rhGH treatment 
in patients with an acute critical illness may result in 
increased mortality.118 Among reported adverse reactions to 
GH treatment are a higher risk of benign intracranial hyper-
tension, hyperglycemia, and fluid retention. In obese adults, 
rhGH therapy leads to a decrease in visceral adiposity and 
increase in lean body mass as well as beneficial changes in 
the lipid profile, without inducing weight loss, despite 
increases in fasting plasma glucose and insulin levels.119

THE GH/IGF-I SYSTEM AND KIDNEY FUNCTION

Receptors for GH and IGF-I are expressed in the kidney and 
influence kidney structure and function,95 and short-term 
rhGH treatment in CKD is linked to a general improvement 
of capillary blood flow.120 Regarding kidney function, GH 
may increase renal hemodynamics and filtration rate, 
whereas rhIGF-I can enhance GFR and renal plasma flow 
when administered short-term to humans with ESKD.96 In 
connection with this, GFR and renal plasma flow rates are 

children with advanced CKD is an accepted therapy, admin-
istration of GH or IGF-I might also improve nutritional 
status in adults with CKD. Furthermore, increased circulat-
ing levels of GH and IGF-I may acutely improve kidney 
function in children and adults.95-97 However, it should be 
noted that experimental studies in mice suggest that GH 
and IGF-I may increase the risk of glomerular sclerosis and 
thereby could contribute to progression of CKD.98,99

RESISTANCE TO GROWTH HORMONE IN CKD

Because growth retardation is common even though serum 
GH concentrations are normal or even elevated in children 
with CKD, a state of GH resistance and possibly also IGF-I 
resistance has been proposed.91,100,101 Insensitivity to GH is 
the consequence of multiple defects in the GH/IGF-I system 
including, at the molecular level, a defect in JAK/STAT 
phosphorylation that may be due in part to concurrent 
inflammation.102,103 One clinical implication of this resis-
tance to GH and IGF-I is that children with advanced CKD 
whose growth has been impaired often require very large 
doses of GH to achieve normal or near-normal body growth.

Resistance to the actions of GH and IGF-I is typically 
present also in adult patients with advanced CKD.92 It may 
be due to decreased GH receptors and/or post–GH recep-
tor defects as well as to decreased IGF-I synthesis. Evidence 
also suggests that IGF-I bioavailability may be reduced, 
because of (1) reduced synthesis of IGF-I receptors in the 
muscle104; (2) inactivation of IGF-I due to increased binding 
to IGFBPs; and (3) increased hepatic production of IGFBPs 
(IGFBP-1 and IGFBP-2) and reduced excretion of IGFBPs 
in general, leading to a larger proportion of inactive IGF-I 
despite normal total serum IGF-I concentrations.105,106 Newer 
treatment modalities targeting GH resistance with recombi-
nant human IGF-I (rhIGF-I), recombinant human IGFBP3 
(rhIGFBP3), and IGFBP displacers may prove to be more 
effective in treating growth failure in CKD.92 Finally, it was 
elegantly shown that resistance to pharmacologic doses of 
GH may be related not to uremia per se but rather to an 
increased inflammatory state associated with uremia.107 
Abnormalities in the interaction of these pathways with 
those that involve other molecules, such as ghrelin, myo-
statin, and the SOCS family, may also be important.91

GROWTH FAILURE IN CHILDREN WITH CKD

Recombinant human GH (rhGH) is an approved treatment 
for growth failure in children with kidney failure that has 
proved to be safe and efficacious. Identifying and address-
ing growth failure early on is an important component in 
the treatment of children with CKD. Treatment with rhGH 
is used in approximately 15% of all children undergoing 
dialysis in the United States.108 Unfortunately many children 
with CKD and growth retardation still do not receive  
adequate GH treatment for their growth failure. Growth 
hormone therapy should be considered in children with 
CKD who have a height less than two standard deviations 
(SD) below the mean. Unusual causes for poor growth, such 
as hypothyroidism, should be investigated. Early institution 
of GH therapy is likely to improve the final achieved height. 
Recombinant human GH is administered as a daily subcu-
taneous injection. Once treatment is initiated, monitoring 
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Advancement in the understanding of prolactin physiology 
reveals additional functions such as a regulation of the 
immune system and serving as a growth and anti-apoptotic 
factor. As a growth factor, prolactin influences hematopoi-
esis, angiogenesis, and blood clotting. Prolactin modulates 
the inflammatory response, stimulates the adhesion of 
mononuclear cells to endothelium, and enhances vascular 
smooth muscle cell proliferation.131-134 Prolactin also 
induces regional vasoconstriction through the β2-adrenergic 
and nitric oxide mechanisms.135 Some small studies have 
evaluated the effects of bromocriptine therapy in CKD, 
describing a reduction in blood pressure and the regres-
sion of left ventricular hypertrophy in patients receiving 
dialysis.136-138 Another randomized-controlled trial in 
patients with diabetes mellitus and stage 4 CKD tested 
bromocriptine supplementation for 6 months versus 
placebo,139 observing a decrease in blood pressure and left 
ventricular mass index. Whether these effects were, at least 
partly, mediated by prolactin reduction is unknown.

ADRENAL GLANDS

Because symptoms of hypercortisolism and hyperaldostero-
nemia are common in CKD, it has been proposed that the 
hypothalamic-pituitary-adrenal (HPA) axis may be upregu-
lated.140 This proposal is plausible, given that both glucocor-
ticoid and aldosterone metabolites are excreted by the 
kidneys and that cortisol metabolism is partly regulated by 
the kidneys. Nonetheless, few studies to date have addressed 
adrenal gland disorders in CKD, an issue in part hampered 
by the prescription of medication interfering with the RAAS 
and cortisol system.

ADRENOCORTICOTROPIC HORMONE

Adrenocorticotropic hormone (ACTH) was used 60 years 
ago for the treatment of nephrotic syndrome in children 
but was gradually replaced by synthetic glucocorticoid 
analogs. In addition to its role in controlling steroidogen-
esis, ACTH stands as a physiologic agonist of the melano-
cortin system. Clinical and experimental evidence suggests 
that ACTH may have antiproteinuric, lipid-lowering, and 
renoprotective properties, which are not fully explained by 
its steroidogenic effects.141,142

ALDOSTERONE AND CORTISOL

Over and above the classical effect on sodium reabsorption, 
aldosterone may exert other effects on renal and cardiovas-
cular damage. Aldosterone increases oxidative stress and 
promotes vascular inflammation143,144 and impairs vascular 
reactivity by limiting the bioavailability of nitric oxide.145 In 
the presence of salt overload, aldosterone causes hypertro-
phy and fibrosis in the heart, both of which are prevented 
by the administration of mineralocorticoid receptor (MR) 
antagonists.146 The MR binds aldosterone and cortisol with 
similar affinities. Under normal conditions cortisol is inca-
pable of activating the MR because cortisol is converted into 
the inactive metabolite cortisone by 11β-hydroxysteroid 
dehydrogenase type 2 (11β-HSD2).147 Thus, it may be 
hypothesized that the beneficial effects of MR antagonists 

elevated in patients with acromegaly, whereas kidney func-
tion is usually low in GH-deficient states. GH increases GFR 
with a delay of many hours up to a day, consistent with 
induction of IGF-I synthesis. Endogenous IGF-I may contrib-
ute to the physiologic regulation of GFR.121 Several studies 
have assessed the potential of rhGH and/or rhIGF-1 admin-
istration to improve kidney function: Whereas GH resulted 
in no or only a modest and transitory increase of GFR in 
adults with advanced CKD and in children with growth 
failure,95 IGF-I produced a more sustained increase in GFR 
and renal plasma flow.96 A regimen using rhIGF-I in patients 
with advanced CKD was well tolerated and resulted in a 
sustained improvement in kidney function.97 Transgenic 
mice expressing GH developed increased mesangial prolif-
eration followed by progressive mesangial sclerosis, which 
was not seen in transgenic mice expressing IGF-I98,99 and 
there has been a concern that GH/IGF-I therapy could 
contribute to progression of CKD. However, prolonged 
treatment with GH in children with CKD has not been 
reported to lead to more rapid progression of CKD.110,111

PROLACTIN

Prolactin’s normal function in women is to promote lacta-
tion, but its function in men is not fully established. Serum 
prolactin concentrations are usually elevated in patients 
with CKD, and the prevalence of hyperprolactinemia in 
ESKD ranges between 30% and 65%.122-124 Hyperprolac-
tinemia in CKD is understood as a consequence of both 
reduced renal clearance124 and increased production due to 
suppressed dopaminergic activity.125 Thus, antidopaminer-
gic medications (such as neuroleptics, metoclopramide, or 
cimetidine), which can further stimulate prolactin produc-
tion, should be minimized or avoided if possible. The con-
sequences of hyperprolactinemia in CKD and ESKD are 
reflected in the commonly observed reproductive abnor-
malities resulting from the associated inhibition of gonado-
tropin secretion: Hyperprolactinemic patients eventually 
experience galactorrhea and infertility due to the inhibition 
of gonadotropin secretion; in women amenorrhea may 
concur, whereas in men erectile dysfunction and hypogo-
nadism often appear concomitantly. Although bromocrip-
tine treatment has proved to decrease prolactin levels in 
uremic men and women,126 the previously mentioned symp-
toms do not fully disappear, suggesting that other factors 
may contribute in parallel. Therapy with erythropoiesis-
stimulating agents (ESAs) has been suggested to decrease 
serum prolactin levels127 and to improve sexual function.128 
Thus, it has been postulated that prolactin may contribute 
to the severity of anemia associated with CKD.

It is possible that prolactinemia may have previously 
underrecognized effects independent of its effects on the 
gonads. Studies in patients with CKD report a strong asso-
ciation between prolactinemia, endothelial dysfunction, 
arterial stiffness and cardiovascular outcomes, in men and 
women.129 These associations may be explained as a con-
sequence of (1) the inhibition of gonadotropic hormones, 
which may link per se to increased cardiovascular risk 
(discussed later); (2) decreased dopaminergic activity; (3) 
other risk factors affecting prolactin production such as 
hypercytokinemia130; or (4) yet unknown mechanisms. 
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patient is diagnosed with ESKD. The menstrual cycle typi-
cally remains irregular after the initiation of dialysis. Ovarian 
dysfunction in women undergoing dialysis is characterized 
by the absence of cyclic gonadotropin and estradiol release, 
which results in the lack of progestational changes in the 
endometrium.155 Midcycle LH surge cannot be mitigated 
with endogenous administration of estrogen, confirming a 
central hypothalamic derangement.156 As a consequence, 
anovulation and subsequent infertility are probably the 
major menstrual abnormalities in uremic women, together 
with decreased libido and reduced ability to reach orgasm.157 
Therefore, successful conception with pregnancy is rare  
in ESKD. Pathologic endometrium morphology is very 
common in uremic women of reproductive age undergoing 
HD, with proliferative changes in 30% and atrophic changes 
in almost 25%. However, it seems that the endometrium has 
preserved normal reactivity to circulating estrogens.158

CLINICAL MANIFESTATIONS
Young uremic women usually experience premature meno-
pause, approximately 4.5 years earlier on average than their 
healthy counterparts. Hypogonadism in women has been 
linked with sleep disorders, depression, urinary inconti-
nence, and, in the long term, with osteoporosis, impaired 
cognitive function, and increased cardiovascular risk.159 
Up to 65% of women undergoing dialysis report problems 
with sexual function, and up to 40% no longer engage in 
sexual intercourse.160 Loss of libido may also contribute to 
infertility.

Finally, megestrol acetate has successfully been used in 
patients with ESKD as an effective therapy to treat PEW.161-164 
This finding, together with the observation of an attenua-
tion of the symptoms associated with uremic anorexia in 
women in comparison with men,165 suggests the existence 
of a yet uncharacterized pleiotropic role for sex hormones 
in the regulation of nutrient homeostasis in uremia.

TREATMENT
General principles of treatment include education about 
sexual function in the setting of CKD, adequate dialysis 
delivery, and treatment of underlying depression. Changes 
in lifestyle, such as smoking cessation, strength training, and 
aerobic exercises, may decrease depression, enhance body 
image, and have positive effects on sexuality.156 Limited evi-
dence indicates that CKD alters the pharmacokinetics of 

may result from blocking the action of both aldosterone and 
cortisol. In an observational analysis in patients with type 2 
diabetes mellitus undergoing maintenance HD,148 the joint 
presence of high serum aldosterone and high serum cortisol 
concentrations was associated with sudden cardiac death. 
Whether the use of MR antagonists decreases the risk of 
sudden death in such patients must be examined in future 
trials.

ADRENAL ANDROGENS

Dehydroepiandrosterone (DHEA) and dehydroepiandros-
terone sulfate (DHEA-S) are secreted from the zona reticu-
laris of the adrenal gland. DHEA and DHEA-S are 
interconverted, and DHEA serves as a precursor of sex hor-
mones. In a population-based study of young adults, serum 
DHEA concentrations were inversely associated with kidney 
function.149 Low circulating serum concentrations of 
DHEA-S were also associated with the progression of glo-
merular injury in men with type 2 diabetes mellitus.150 This 
finding is in line with those of two studies showing that 
serum DHEA-S was significantly reduced in male patients 
on maintenance HD and was associated with all-cause and 
CVD-related mortality.151,152 Like concentrations of other 
hormones, the reduced DHEA-S concentration may be a 
surrogate of disease severity, being suppressed in critical 
illness. However, DHEA-S may have protective functions 
against atherosclerosis and CVD, given that DHEA supple-
mentation improves endothelial function and insulin sensi-
tivity in men.153 DHEA-S may have other functions as a 
peroxisome proliferator–activated receptor α (PPARα) acti-
vator that can modulate immune function, inflammation, 
and oxidative stress.154 Finally, one should not forget that 
DHEA-S may be an intermediate in the pathways of both 
prolactin (upstream) and testosterone (downstream), thus 
mediating the risk.

GONADAL DYSFUNCTION

Disturbances in the hypothalamic-pituitary-gonadal axis are 
common in patients with CKD and play an important role 
in the development of sexual dysfunction (Table 58.3). 
Sexual dysfunction in these patients should be thought of 
as a multifactorial problem that is affected by a variety of 
physiologic and psychological factors as well as comorbid 
conditions. In addition to a number of endocrine altera-
tions described later, diabetes and vascular disease, for 
instance, can interfere with the ability of the male patient 
to achieve an erection and the female patient to achieve 
sexual arousal. Various psychological factors, such as depres-
sion, can significantly and adversely affect sexual function 
in both sexes.

IN WOMEN

ENDOCRINE ABNORMALITIES
Elevated serum concentrations of prolactin (see earlier dis-
cussion), follicle-stimulating hormone (FSH), and luteiniz-
ing hormone (LH) are usual findings in uremic women. 
Disturbances in menstruation and fertility are commonly 
encountered, usually leading to amenorrhea by the time the 

Table 58.3  Endocrine Abnormalities Leading to 
Sexual Dysfunction in Chronic 
Kidney Disease

Men Decreased production of testosterone
Blunted increase in serum luteinizing 

hormone (LH)
Decreased amplitude of LH secretory burst
Variable increase in follicle-stimulating 

hormone (FSH)
Increased prolactin

Women Anovulatory menstrual cycles
Lack of midcycle surge in LH
Increased prolactin
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IN MEN

ENDOCRINE ABNORMALITIES
The occurrence of testosterone deficiency is estimated to 
vary from 6% to 9.5% in community-dwelling men aged 40 
to 75 years, rising to 15% to 30% in diabetic or obese 
men.185,186 In CKD this prevalence is much higher, ranging 
between 50% and 75%.187-190 This deficiency is true for both 
free and total serum testosterone, although the binding 
capacity and levels of sex hormone-binding globulin seem 
within normal range. Causes of hypogonadism in CKD  
are multiple and must be sought within hyperprolactinemia 
(see preceding discussion), comorbid conditions (such as 
PEW, obesity, diabetes mellitus, and hypertension), and 
medications that may influence gonadal function (such  
as ACE inhibitors/angiotensin receptor blockers, spirono-
lactone, ketoconazole, and glucocorticoids, statin, and 
cinacalcet).

The plasma concentration of LH is typically elevated in 
men with uremia, mainly owing to changes in the pulsatile 
release of gonadotropin-releasing hormone and LH itself, 
diminished feedback inhibition of LH production (because 
of low testosterone levels), and impaired renal clearance. 
FSH secretion is also increased in men with CKD, although 
to a more variable degree such that the LH/FSH ratio is 
typically increased. Feedback inhibition of FSH is impaired 
because of a decrease in the peptide inhibin, which is pro-
duced by the Sertoli cells.156 All of these disturbances can 
be detected with only moderate reductions in GFR and 
progressively worsen in parallel with progression of CKD. 
These disorders rarely normalize with initiation of dialysis. 
Instead, they often progress. A well-functioning kidney 
transplant is likely to restore normal sexual activity, although 
some features of reproductive function may remain 
impaired.

CLINICAL MANIFESTATIONS
Symptoms and signs of hypogonadism in men depend on 
the stage in life at which hypogonadism develops and its 
duration. In adults with ESKD, hypogonadism, low testoster-
one levels, and hyperprolactinemia are likely responsible for 
decreased libido, erectile dysfunction, oligospermia and 
infertility, osteopenia, and to some extent osteoporosis and 
anemia. Erectile dysfunction has been reported in 70% to 
80% of men with CKD and ESKD.191 Additional risk factors 
that increase the probability of erectile dysfunction are 
advanced age, diabetes, hypertension, dyslipidemia, 
smoking, and anxiety. Semen analysis typically shows a 
decreased volume of ejaculate, either low sperm count or 
complete azoospermia, and a low percentage of motility. 
Medications frequently used in treating patients with CKD, 
such as diuretics, antihypertensive and antidepressant 
agents, and histamine H2 blockers, can contribute to erec-
tile dysfunction. Other drugs, such as spironolactone, keto-
conazole, glucocorticoids, and cimetidine, can interfere 
directly with the synthesis of sex hormones.192 Autonomic 
nervous system dysfunction, a frequent finding in patients 
with CKD (especially those with diabetes mellitus), likely 
also contributes to sexual abnormalities in CKD.193 Distur-
bances in the pelvic autonomic nervous system can decrease 
sensation and arousal of stimuli during sexual activity. Auto-
nomic neuropathy can also interfere with the complex 

estradiol. Free and total estradiol plasma concentrations are 
higher in women with ESKD after an oral estradiol dose, but 
no change occurs in estrone concentrations. Neither estra-
diol nor estrone is removed in the dialysate.166 Steady-state 
pharmacokinetics of oral estradiol shows that women with 
ESKD should receive approximately 50% of the typically 
prescribed dosages.167 No information is available on the 
pharmacokinetics of any of the progestins in CKD.

Chronic anovulation and lack of progesterone secretion 
in uremic women may be treated with oral progesterone. 
Because ongoing menses can contribute to the anemia 
of CKD, particularly in patients with menorrhagia, admin-
istration of progesterone at the end of the menstrual 
cycle is preferred. At present, it is not clear whether 
unopposed estrogen stimulation (due to anovulatory cycles) 
predisposes women with CKD to endometrial hyperplasia 
or endometrial cancer. Thus, routine gynecologic follow-up 
is recommended in such patients. Low estradiol levels in 
amenorrheic women undergoing dialysis can lead to vaginal 
atrophy and dyspareunia; topical estrogen cream and 
vaginal lubricants may be helpful in these patients. Uremic 
women who are menstruating normally should be encour-
aged to use birth control. Estradiol hormonal replacement 
therapy was able to restore regular menses and improve 
sexual function in premenopausal estrogen-deficient 
women undergoing dialysis168 and to improve bone his-
tomorphometry in animal models of uremia.169 Estrogen 
administration may positively affect sexual desire and 
prevent bone mass loss in postmenopausal women with 
ESKD.170,171 Hypoactive sexual desire disorder is the most 
commonly reported sexual problem in women with CKD, 
and testosterone replacement therapy has shown effective-
ness in patients without renal disease.172,173 Nonetheless, 
successful kidney transplantation is clearly the most effec-
tive means to restore normal sexual desire in women 
with CKD.

FEMALE SEX HORMONES AND PROGRESSION  
OF CKD
Because the progression rate of renal disease is in general 
faster for men than for women,174 it has been suggested that 
this sex dimorphism may be explained by the interaction of 
circulating steroids with specific receptors in the kidney.  
In experimental animal models, endogenous estrogens  
have shown antifibrotic and anti-apoptotic effects in the 
kidney,175,176 and exogenous estradiol in ovariectomized rats 
attenuated glomerulosclerosis and tubulointerstitial fibro-
sis177 by protecting podocytes against injury through upregu-
lation of estrogen receptor β.178 A direct extrapolation from 
these animal studies would suggest that exogenous estrogen 
administration may slow CKD progression. However, clinical 
evidence in this regard is elusive, with evidence suggesting 
that both estrogen replacement therapy and oral contracep-
tives are associated with albuminuria, increased creatinine 
clearance, and loss of kidney function.179-183 The implica-
tions of these studies need to be carefully considered in the 
context of their observational and, in the majority of the 
cases, retrospective nature. It should also be noted that in 
general, hormone replacement therapy is prescribed less 
frequently to postmenopausal patients with ESKD than to 
the general population,184 possibly incurring a selection and 
underrepresentation bias.
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Finally, hypogonadism in men with non–dialysis-requir-
ing CKD has been associated with arterial stiffness, endothe-
lial dysfunction, and risk of cardiovascular events.207 In 
patients receiving dialysis, hypogonadism has also been 
linked to increased mortality risk190,195,208 (Figure 58.4), arte-
rial stiffness,209 worse quality of life,187 and heightened 
inflammation.189 The links between testosterone and cardio-
vascular complications may be explained by its association 
with risk factors such as dyslipidemia, obesity, diabetes mel-
litus, and metabolic syndrome, which may per se contribute 
to endothelial dysfunction and atherosclerosis. However, 
testosterone may also have direct atheroprotective effects  
in the cardiovascular system.100 Transdermal testosterone 
therapy improved exercise-induced myocardial ischemia 
during an exercise stress test in men with stable angina,101 
and men with prostate cancer undergoing androgen depri-
vation therapy experienced an increase in central arterial 
pressure.102 In animal models, testosterone supplementa-
tion inhibits neointimal plaque development,103 stimulates 
endothelial progenitor cells,104 increases nitric oxide release 
from vascular endothelial cells,105 and enhances myocardial 
perfusion.106,107

The gonadal axis is suppressed by inflammatory cyto-
kines,210,211 and therefore any inflammatory disease may 
induce testosterone deficiency. Thus, low testosterone could 
be considered a biomarker of chronic inflammatory disease. 
In support of this contention, studies depict a strong inverse 
association between endogenous testosterone and surro-
gates of inflammation in various CKD populations.189,195,208,209 
However, it is also possible that testosterone has immuno-
modulatory actions per se, as suggested by the suppression 
of cytokine production in hypogonadal men with diabetes 
mellitus, coronary heart disease, and metabolic syndrome 
after supplementation with testosterone.212-214

TREATMENT
General principles of treatment of hypogonadism in men 
include optimal delivery of dialysis and adequate nutritional 
intake, as well as screening for depressive symptoms. A study 
compared the pharmacokinetics of a testosterone patch in 
patients with ESKD and in hypogonadal men with normal 
kidney function.215 The researchers found that the half-life 
of testosterone after withdrawal of the patch was not differ-
ent between the groups, nor was the minimum or maximum 

neurologic axis that is necessary for achievement of an ade-
quate erection.

Uremic hypogonadism may contribute to sarcopenia. In 
physiologic conditions, testosterone is an anabolic hormone 
that plays an important role in inducing skeletal muscle 
hypertrophy by promoting nitrogen retention, stimulating 
fractional muscle protein synthesis, inducing myoblast dif-
ferentiation, and augmenting the efficiency of amino acid 
reuse by the skeletal muscle.194 Consequently, positive asso-
ciations between serum free and total testosterone levels 
with creatinine and handgrip strength have been reported 
in men receiving dialysis,195 and endogenous testosterone in 
men with CKD stages 3 to 4 emerged as an important deter-
minant of both muscle mass and strength.196 Interventional 
studies with nandrolone decanoate (a testosterone synthetic 
agonist) in dialysis populations have shown significant 
improvements in muscle mass and strength as well as in 
nutritional status.197,198

Testosterone is known to exert a stimulatory effect on 
erythropoiesis199 by inducing the growth of differentiated 
stem cells and enhancing the sensitivity of erythroid pro-
genitors to circulating erythropoietin (EPO).200,201 Because 
CKD is more common in the elderly, it is likely that both an 
age-associated decline in testosterone and the endocrine 
CKD abnormalities that encompass male hypogonadism 
contribute to some extent to a decline in erythroid mass and 
may contribute to anemia. For this reason, testosterone defi-
ciency was proposed as an additional cause of anemia in 
ESA-naïve nondialyzed male patients with CKD and as an 
additional cause of resistance to ESAs in men treated with 
ESA undergoing HD.202 Before the clinical introduction of 
recombinant human EPO (rhEPO) in 1989, androgens 
were the main pharmacologic intervention for correcting 
the anemia of ESKD. Reciprocally, anemia in patients with 
ESKD has been associated with a reduction of libido and 
endothelial dysfunction,203 and rhEPO therapy has led to an 
increase in sexual desire and performance and an improve-
ment in erectile function in some but not all patients.204,205 
Correction of anemia, improved sense of well-being, and 
direct endocrine effects may play a role in this result.157 In 
addition, studies evaluating change in health-related quality 
of life in response to rhEPO therapy have noted significant 
improvements in physical and social functioning, overall 
mental health, and satisfaction with sexual activity.206

Figure 58.4 Sex-hormone alterations and outcome of chronic kidney disease (CKD). Reduced testosterone levels in male patients under-
going hemodialysis have been linked to increased mortality risk, especially that from cardiovascular causes. (Redrawn from Carrero JJ, Qureshi 
AR, Parini P, et al: Low serum testosterone increases mortality risk among male dialysis patients. J Am Soc Nephrol 20:613-620, 2009.)
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antagonize testosterone, raising the risk of damage to the 
glomerulus. An additional explanation for the role of hypo-
gonadism on kidney injury was demonstrated in male rats 
subjected to renal ischemia followed by reperfusion.226 In 
this setting, testosterone concentrations decreased dramati-
cally after only 3 hours. Infusion of testosterone 3 hours 
after reperfusion attenuated the 24-hour increase in plasma 
creatinine and urinary kidney injury molecule-1 (KIM-1), 
prevented the reduction in outer medullary blood flow, and 
attenuated the 48-hour increase in intrarenal inflammation. 
Castration caused greater rises in plasma creatinine and 
KIM-1, and treatment with anastrozole (an aromatase inhib-
itor) plus testosterone almost normalized these markers.226

VITAMIN D, PARATHYROID HORMONE, 
AND KIDNEY DISEASE

The endocrine system of vitamin D and parathyroid 
hormone (PTH) is crucial for the homeostasis of calcium 
and phosphorus and for maintaining a healthy bone status. 
Altered levels of serum phosphate, calcium, vitamin D, 
PTH, and fibroblast growth factor 23 (FGF-23) contribute 
to the complex multiorgan syndrome of CKD–mineral and 
bone disorder (CKD-MBD), which leads to osteoporosis, 
fractures, CVD, and other complications.227-229 Whereas 
abnormalities in PTH and the consequences of hyperpara-
thyroidism are well recognized clinical problems in the 
management of CKD-MBD,230 the awareness of the impor-
tance of vitamin D deficiency has also increased.227-229 
Indeed, the expression of vitamin D receptors (VDRs) by 
many different tissues and cells suggests a multifaceted 
role for this system.231,232 Physiology and management of 
these hormonal alterations are discussed in more detail 
in Chapter 55.

VITAMIN D AND PARATHYROID HORMONE: 
METABOLISM AND ACTIONS IN CKD

The vitamin D family includes the biologically inert fat-
soluble prohormones—vitamin D2 (or ergocalciferol) and 
vitamin D3 (or cholecalciferol). These prohormones are 
obtained mainly from sun exposure (by photochemical  
conversion of 7-dehydrocholesterol in the skin), food  
(especially fatty fish), and nutritional supplements. These 
prohormones are converted by hydroxylation in the liver to 
25-hydroxyvitamin D, and by a second hydroxylation step 
(performed by the 1α-hydroxylase) to its active form, 
1,25-dihydroxyvitamin D (calcitriol). The kidney is the most 
abundant source (but not exclusive) of 1α-hydroxylase in 
the body, and therefore CKD coincides with natural defi-
ciencies in calcitriol.228,229

In normal conditions, the renal production of calcitriol 
is tightly regulated by PTH and by serum calcium and phos-
phorus levels. FGF-23, which is secreted from the bone, 
suppresses calcitriol synthesis, as does metabolic acidosis. 
Extrarenal calcitriol is converted in other tissues, including 
the skin, colon, prostate, and macrophages, but the regula-
tory processes for this conversion are not well understood. 
Calcitriol has a half-life of only 4 to 6 hours, and the circulat-
ing levels are low. Calcitriol, which is transported to various 
target organs by the vitamin D–binding protein (VDBP), 

serum testosterone concentration during the period of 
patch application. Thus, it is likely that usual doses of tes-
tosterone replacement can be used in men with ESKD, with 
the usual monitoring of serum testosterone concentrations 
with dose adjustments as needed. Data on the use of testos-
terone in ESKD are limited; some studies suggest that erec-
tile function in ESKD does not improve with testosterone 
supplementation,216 and others indicate that normalization 
of endogenous testosterone by topical gels in hypogonadal 
men with advanced CKD improve sexual function.217 Daily 
administration of 100 mg of 1% testosterone gel for 6 
months in 40 hypogonadal men with CKD neither increased 
serum testosterone concentrations nor had an effect on ESA 
requirements.218 It is possible that higher testosterone 
dosages may be required to achieve a clinical benefit in this 
patient group. Alternative modes of administration, such as 
intramuscular injection, may ease compliance and bioavail-
ability. The response of testosterone in this setting may be 
modulated by the patient’s nutritional status, activity level, 
and GH (and GH-binding protein) status. Because psycho-
social factors may also take part in the pathophysiology of 
erectile dysfunction, nocturnal penile tumescence testing 
may be used to differentiate organic and psychological 
causes of impotence.

Whether testosterone deficiency may constitute a new 
pathophysiologic pathway in CKD-related complications 
such as anemia, PEW, and cardiovascular risk deserves 
further attention. Androgen therapy in supraphysiologic 
dosages has been linked to adverse effects.25,137 Isolated cases 
of increase in blood pressure and clinically significant 
edema in healthy older men have been reported25,128,129 as 
has fluid retention in men undergoing HD.65 Treated 
patients must be closely monitored, but again, restoration 
of deficiencies and maintenance of total and free testoster-
one concentrations within the normal range may be the key 
to successful treatment.

MALE SEX HORMONES AND PROGRESSION OF CKD
In line with the finding that CKD progression is faster in 
men than in women, animal models of kidney injury have 
shown that orchidectomy attenuates glomerular and tubular 
damage, kidney fibrosis, and proteinuria.219,220 Furthermore, 
animal studies describe proinflammatory, proapoptotic, and 
profibrotic effects of supraphysiologic dosages of testoster-
one during acute and chronic kidney injury.176,221,222 On the 
other hand, it is difficult to reconcile such experimental 
findings with clinical observations, given that testosterone 
production decreases with progressive CKD and that both 
incidence and progression of CKD occur mainly in the 
elderly, who have lower testosterone concentrations on 
average. In line with this thinking, a population-based study 
of men reported that impaired kidney function and low 
serum testosterone concentrations were additive (and inde-
pendent) mortality risk factors.223 Thus, evidence has accu-
mulated suggesting that testosterone may be protective to 
the kidney. A large case-control study involving more than 
10,000 men newly diagnosed with nonmetastatic prostate 
cancer demonstrated that androgen deprivation therapy 
increased the risk of acute kidney injury.224 Potential protec-
tive mechanisms include inducing vasodilation in renal 
vessels and enhancing the production of nitric oxide.225 
Thus, the use of androgen deprivation therapy might  
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1,25-Dihydroxyvitamin D assay should not be used to detect 
vitamin D deficiency in CKD because 25-dihydroxyvitamin 
D levels are usually low as a consequence of reduced 
1α-hydroxylase activity in this disease, but they could also 
be normal, or even elevated, as a result of secondary 
hyperparathyroidism.

VITAMIN D SUPPLEMENTATION IN CKD

Providing children and adults with at least 800 IU of 
25-hydroxyvitamin D3 per day or its equivalent should guar-
antee vitamin D sufficiency. Unless a person eats oily fish 
frequently, it is difficult to provide that much vitamin D3 
on a daily basis from dietary sources. Thus, moderate sun 
exposure and/or provision of supplements are needed to 
fulfill the vitamin D requirement in patients with CKD.242 
Pharmacologic doses of vitamin D can be administered in 
the form of nutritional supplements or active vitamin D 
agents. The National Kidney Foundation Kidney Disease 
Outcomes Quality Initiative (K/DOQI) guidelines recom-
mends starting with nutritional vitamin D supplements before 
using activated vitamin D derivatives in those patients with 
concurrent hyperparathyroidism associated with vitamin D 
insufficiency.242,246 Although epidemiologic studies have 
generally indicated a survival benefit associated with the 
provision of activated vitamin D derivatives in all CKD 
stages242,248-251 and 27% lower associated mortality risk has 
been found in patients receiving calcitriol or analogs,252 the 
studies are subject to confounding by indication, and rec-
ommendations regarding nutritional vitamin D supple-
ments are thus largely opinion based. There are no large 
interventional studies testing the effects of nutritional 
vitamin D supplementation on outcomes in CKD.242
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mobilizes calcium into the bloodstream by promoting 
absorption of calcium and phosphorus from food in the 
intestines, and reabsorption of calcium in the kidneys. Cal-
citriol also promotes bone mineralization, bone growth, and 
bone remodeling by osteoblasts and osteoclasts, and pre-
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to multiple disorders, including growth retardation, skeletal 
abnormalities (osteopenia, osteoporosis, and increased risk 
of fractures), muscle weakness, left ventricular hypertrophy, 
as well as increased susceptibility to cancer, diabetes, and 
autoimmune and infectious diseases.230,233-235 In the kidney, 
vitamin D may be important for maintaining podocyte func-
tion, preventing epithelial-to-mesenchymal transformation, 
and suppressing renin gene expression and inflamma-
tion.236 Vitamin D also appears to be protective in models 
of diabetic nephropathy through targeting of the RAAS and 
the nuclear factor-kappaB (NF-κB) pathway.237

Parathyroid hormone has a key role in calcium and phos-
phate homeostasis. It stimulates excretion of phosphate by 
the renal tubular cells and indirectly modulates intestinal 
calcium absorption by stimulating the activation of calcitriol 
synthesis. As vitamin D deficiency progresses, the parathy-
roid glands are maximally stimulated, causing secondary 
hyperparathyroidism. Thus, levels of 25-hydroxyvitamin D 
are inversely associated with PTH levels, and calcitriol inhib-
its PTH expression. PTH increases the metabolism of 
25-hydroxyvitamin D to calcitriol, further exacerbating the 
vitamin D deficiency. Hyperparathyroidism has been impli-
cated in left ventricular hypertrophy as well as in the meta-
bolic syndrome contributing to impaired glucose tolerance 
and dyslipidemia.238 Parathyroid hormone and serum phos-
phate are well-established biomarkers of CKD-MBD, and 
FGF-23 is gaining increased attention.239 However, the value 
of PTH240 as well as FGF-23,241 among others, in clinical 
monitoring has been questioned owing to their wide (and 
assay-dependent) biologic variability.

VITAMIN D DEFICIENCY IN CKD

Insufficient to deficient levels of 25-hydroxyvitamin D have 
been reported in the majority of individuals with CKD, 
including patients undergoing maintenance dialysis and 
others with non–dialysis-requiring CKD.242,243 Vitamin D 
deficiency seems to be more pronounced in black individu-
als.244 The circulating levels of 25-hydroxyvitamin D and 
calcitriol decrease with diminishing kidney function.243,245 
Because 25-hydroxyvitamin D has a longer half-life than 
calcitriol (approximately 3 weeks), it is considered the best 
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D levels lower than 30 ng/mL, whereas deficiency starts at 
the threshold of less than 15 ng/mL. Although there are 
known seasonal, geographic, ethnic, and age-related varia-
tions, the desirable level of vitamin D in patients with CKD 
has not yet been defined; nevertheless, it is recommended 
to maintain serum concentrations of 25-hydroxyvitamin  
D above 30 ng/mL.230 Most commercial assays for 
25-hydroxyvitamin D are thought to be acceptable for 
detecting vitamin D deficiency.228 However, it should be 
noted that there are considerable between-laboratory and 
interassay variations in assays for measurement of circulat-
ing concentrations of 25-hydroxyvitamin D and PTH.247 
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Neurologic aspects of chronic kidney disease (CKD) encom-
pass a diverse spectrum of clinical disorders and syndromes. 
Indeed, clinical uremia was first described principally as a 
neurologic illness manifested by disturbances of cognitive, 
somatosensory, neuromuscular, and autonomic dysfunc-
tion.1 Renal replacement therapy attenuates these features 
of the uremic syndrome, suggesting a central role for a 
retained solute (or solutes) in the pathogenesis of the neu-
rologic manifestations of uremia. However, identification of 
the responsible solute(s) has proven difficult, in part due to 
the vast array of solutes that are retained in CKD. Earlier 
recognition and treatment of CKD and aging of the CKD 
population has changed the clinical presentation of neuro-
logic illness in kidney disease, further complicating efforts 
to identify the causative factors. Dialysis therapy itself is also 
associated with neurologic complications, including dialysis 
dysequilibrium, a syndrome of delirium associated with the 
initiation of dialysis therapy, and dialysis dementia, a pro-
gressive disorder linked to aluminum toxicity. Fortunately, 
these disorders have sharply decreased in incidence.

Cerebrovascular disease, now recognized as a major  
cause of morbidity and mortality in patients with CKD, is  
an equally important part of the spectrum of neurologic 
illness associated with CKD. Stroke rates are increased  
6- to 10-fold and stroke mortality 2- to 3-fold in patients on 
dialysis. While there has been substantial progress in the 
identification, treatment, and prevention of stroke in the 
general population, evidence-based treatment strategies for 
patients with CKD are still lacking. Interestingly, subclinical 

cerebrovascular disease is not only a major risk factor for 
stroke and a marker for future cardiovascular events; it may 
also play an important role in the cognitive manifestations 
of CKD.

This chapter reviews the epidemiology, pathophysiology, 
and treatment approach for stroke, disorders of cognitive 
function and sleep, and neuropathy in patients with kidney 
disease.

STROKE

Stroke is the third leading cause of death and a major cause 
of disability in the United States.2 Acute stroke is character-
ized by a sudden onset of focal neurologic symptoms, such 
as dysphasia, dysarthria, hemianopia, weakness, ataxia, 
sensory loss, and neglect, resulting from an interruption in 
blood supply to a corresponding area of the brain. Symp-
toms are typically unilateral, and consciousness is generally 
preserved except in the case of some posterior circulation 
strokes. By convention, neurologic deficits persisting longer 
than 24 hours are classified as stroke, whereas deficits per-
sisting less than 24 hours are classified as transient ischemic 
attack (TIA). With widespread use of brain imaging, it is 
now apparent that 15% to 20% of persons with symptoms 
lasting less than 24 hours have evidence of a brain infarct; 
thus, some authorities have proposed modifying the TIA 
definition to clinical symptoms lasting less than 1 hour and 
without evidence of infarction.3 Over 30% of persons with 
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TIA subsequently suffer from stroke, most occur within 
weeks of the TIA event.4

Strokes can be classified as ischemic, resulting from occlu-
sion of a blood vessel, and hemorrhagic, resulting from 
rupture of a blood vessel. In the U.S. and European general 
population, 80% of strokes are caused by ischemia, and 20% 
of strokes are caused by hemorrhage.5 It is useful to classify 
ischemic strokes based on the mechanism of injury—large 
artery atherosclerosis, cardiogenic embolism, small vessel 
occlusive disease, and other or undetermined cause,6 and 
the location of infarct—anterior circulation versus posterior 
circulation, since these distinctions have important thera-
peutic implications. In the general population, cardiogenic 
embolism accounts for 25% of ischemic stroke, followed by 
large artery atherosclerosis and small vessel occlusive disease; 
however, these rates vary by sex and race/ethnicity. Men and 
whites are reported to have a higher incidence of large 
artery atherosclerosis as compared to women and blacks, 
respectively.7-9 Hemorrhagic stroke can also be divided into 
two subtypes: intracerebral hemorrhage, accounting for the 
majority of hemorrhagic strokes, and subarachnoid hemor-
rhage. Intracerebral hemorrhage is most frequently attrib-
uted to hypertension, amyloid angiopathy, septic embolism, 
mycotic aneurysm, and bleeding diatheses, while subarach-
noid hemorrhage is most often due to rupture of an arterial 
aneurysm or vascular malformation.

The presence of CKD, defined as an estimated glomeru-
lar filtration rate (eGFR) of less than 60 mL/min/1.73 m2, 
has several important implications for the detection, man-
agement, and prevention of stroke. Persons with CKD have 
a different risk factor profile and stroke epidemiology com-
pared to persons in the general population, and they are at 
higher risk for stroke events and stroke-related mortality. 
Furthermore, several stroke detection, management, and 
prevention strategies may have lower efficacy and/or safety 
in patients with CKD.

EPIDEMIOLOGY OF STROKE IN CHRONIC 
KIDNEY DISEASE, DIALYSIS, AND THE 
TRANSPLANT POPULATION

Stroke is the third leading cause of cardiovascular disease 
death among persons with end-stage kidney disease (ESKD) 
on dialysis.10 As compared with the general population, 
stroke event rates and stroke mortality rates are increased 
6- to 10-fold among patients on dialysis (Figure 59.1).11,12 As 
in the general population, ischemic stroke is more common 
than hemorrhagic stroke.11,13 Among U.S. patients on dialy-
sis, cardioembolic stroke is most common, followed by small 
vessel occlusion, and then by large artery stroke (Table 
59.1).12 Among Japanese patients, small vessel occlusion is 
more common, followed by cardioembolic stroke.13 Poste-
rior circulation strokes involving the vertebrobasilar system 
occur more commonly in patients on dialysis than in the 
general population.13 This distribution pattern suggests 
screening for carotid artery disease may not be as effective 
as stroke prevention strategy in patients on dialysis relative 
to the general population. Kidney transplantation is associ-
ated with 30% lower risk for stroke or TIA compared with 
patients remaining on the transplant waiting list, whereas 
allograft failure increases the risk for stroke or TIA by 
150%.14

Figure 59.1  Excess  rate  of  stroke  hospitalization  in  patients  on 
dialysis  compared  to  the  general  population  (per  10,000  person-
years). (Adapted with permission from Seliger SL, Gillen DL, Longstreth 
WT, Jr, et al: Elevated risk of stroke among patients with end-stage renal 
disease. Kidney Int 64:603-609, 2003.)
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Table 59.1 Stroke Subtypes in the General 
Population and in the Incident 
Dialysis Population

Stroke Subtype

U.S. 
General 

Population

U.S. Incident Dialysis 
Population
(N = 176)

Prevalence 
(%)

Prevalence 
(%)

Case 
Fatality 
Rate 
(%)

Ischemic stroke 80 87 28
Large artery 7-18 10 29
Cardioembolism 15-27 24 36
Small vessel 

occlusion
11-21 17 17

Multiple causes 3-7 16 41
Other/undetermined 35-42 20 19
Hemorrhagic stroke 20 13 90

Data from U.S. general population adapted from references 7, 
8, and 9. Data from incident dialysis population adapted 
from reference 12.

The extent to which less advanced stages of CKD increase 
stroke risk independent of traditional risk factors remains 
unclear, and most guidelines from professional societies do 
not include CKD as a stroke risk factor. For example, in a 
pooled analysis of U.S. community-based studies, CKD was 
not significantly associated with an increased risk for all-
cause stroke after adjustment for traditional risk factors, 
such as diabetes mellitus, hypertension, hypercholesterol-
emia, smoking, and alcohol use.15 However, other studies 
have reached different conclusions.16-18 In a meta-analysis of 
33 cohort studies, CKD was associated with a 1.4-fold higher 
risk for stroke.19 One limitation of this analysis is that it did 
not account for proteinuria. Some, but not all, studies have 
reported racial variation in stroke risk, with CKD being 
associated with a heightened risk for stroke among blacks 
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cumulative risk factor exposure and severity of vascular 
injury, and this may explain the inconsistency of epidemio-
logic findings. Conversely, the risk factor profile for stroke 
may differ in patients with CKD. The relationship of tradi-
tional stroke risk factors such as hypertension and hyperlip-
idemia may be altered by CKD or confounded by the 
presence of protein energy wasting, heart failure, and other 
comorbid conditions. In addition, kidney disease may 
directly contribute to cerebrovascular disease through a 
number of novel mechanisms listed in Table 59.2 and dis-
cussed later.

HYPERTENSION
Hypertension is a major risk factor for both ischemic and 
hemorrhagic stroke. In the general population, stroke risk 
doubles for each 20 mm Hg increase in systolic blood pres-
sure or 10 mm Hg increase in diastolic blood pressure 
above 115/75 mm Hg.31 In the dialysis population, each 
10 mm Hg increase in mean blood pressure is associated 
with an 11% increased risk for stroke.32 A J-shaped associa-
tion of systolic blood pressure with stroke incidence has 
been reported in some, but not all, studies of CKD and 
ESKD.32-34 For example, in a community-based sample of 
persons with CKD, systolic blood pressure of less than 
120 mm Hg was associated with a doubling of stroke risk as 
compared to individuals with systolic blood pressure of 120 
to 129 mm Hg (Figure 59.2A).33 However, this finding was 
not replicated in analyses of the Perindopril Protection 
Against Recurrent Stroke Study (PROGRESS).34 In these 
post hoc analyses, blood pressure lowering with an 
angiotensin-converting enzyme inhibitor (ACEI) was associ-
ated with a 25% risk reduction for stroke events among the 
subgroup of persons with CKD (Figure 59.2B). These find-
ings were consistent for both systolic and diastolic blood 
pressure lowering and for both ischemic and hemorrhagic 

more so than among whites.20 Relative to the general popu-
lation, CKD is associated with a 2- to 3-fold increase in the 
risk for death and disability following stroke.21

Neuroimaging studies suggest that persons with CKD and 
ESKD have a substantial burden of cerebrovascular disease 
even in the absence of clinical stroke. For example, up to 
50% of patients receiving dialysis without a history of clinical 
stroke have evidence of an infarct with brain magnetic reso-
nance imaging (MRI), and these patients are at increased 
risk for future cardiovascular events.22,23 Brain white matter 
lesions, a marker of small vessel disease, are also highly 
prevalent among patients on dialysis,24,25 as well as among 
patients with mild or moderate CKD not requiring 
dialysis.26-28 Among patients who experienced an intracere-
bral hemorrhage, patients with CKD had a 2- to 3-fold 
higher likelihood of cerebral microbleeds, a marker of lipo-
hyalinosis or amyloid angiopathy, compared to patients 
without CKD.29 This association was stronger among blacks 
than among whites.

RISK FACTORS FOR STROKE IN  
CHRONIC KIDNEY DISEASE AND  
END-STAGE KIDNEY DISEASE

The vascular beds of the kidney and the brain are quite 
similar—both are low-resistance end organs that receive a 
high blood volume.30 The pathologic correlates of brain 
white matter disease (or microbleeds) and nondiabetic 
CKD, namely arteriolar intima-media thickening and  
hyalinosis, are also quite similar. Thus the high prevalence 
of cerebrovascular disease in CKD may reflect a shared  
risk factor or factors and the similarity of their vascular 
supply. Epidemiologic studies have attempted to account for 
many shared risk factors, notably hypertension and preva-
lent cardiovascular disease, but may not sufficiently reflect 

Table 59.2 Modifiable Stroke Risk Factors and Prevention Strategies in Chronic Kidney Disease, End-Stage 
Kidney Disease, and Kidney Transplant Recipients

Risk Factor

Cohort Studies Randomized Trials

CKD ESKD Transplant CKD ESKD Transplant

Traditional Risk Factors

Hypertension + + ND + ND ND
Diabetes + + + ND ND ND
Smoking − − + ND ND ND
Cardiovascular disease + + + ND ND ND
Dyslipidemia + − ND + +/− +/−
Carotid stenosis ND ND ND + ND ND
Atrial fibrillation + + ND ND ND ND

Nontraditional Risk Factors

Proteinuria + NA ND ND NA ND
Malnutrition or 

inflammation
+ +/− ND ND ND ND

Anemia + + ND − − ND
Hyperhomocysteinemia + + ND − − ND
Hemodialysis NA +/− NA NA ND NA

+, Significant association or positive trial result; −, nonsignificant association or negative trial result; CKD, chronic kidney disease; ESKD, 
end-stage kidney disease; NA, not applicable; ND, no data.
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Figure 59.2  A, Adjusted hazard ratio of  incident stroke according to systolic blood pressure and chronic kidney disease (CKD) status  in a 
community sample of 20,358 individuals. B, Age- and sex-adjusted incidence rate of total stroke, according to follow-up blood pressure levels 
and CKD status in the Perindopril Protection Against Recurrent Stroke Study. (A adapted with permission from Weiner DE, Tighiouart H, Levey 
AS, et al: Lowest systolic blood pressure is associated with stroke in stages 3 to 4 chronic kidney disease. J Am Soc Nephrol 18:960-966, 2007; 
B adapted with permission from Ninomiya T, Perkovic V, Gallagher M, et al: Lower blood pressure and risk of recurrent stroke in patients with chronic 
kidney disease: PROGRESS trial. Kidney Int 73:963-970, 2008.)

AGE- AND SEX-ADJUSTED INCIDENCE RATE

<120 ≥160120–129 130–139 140–159

Systolic blood pressure (mm Hg)

H
az

ar
d 

ra
tio

A

0

1

2

3

4

5

6

7

8

9

CKD

Non-CKD

CKD

Non-CKD

<120 120–139 140–159

Achieved systolic blood pressure
levels (mm Hg)

≥160 

In
ci

de
nc

e 
ra

te
 (

10
00

 p
er

so
n-

ye
ar

s)

B

0

20

40

60

80

100

CKD: P trend = 0.004
Non-CKD: P trend < 0.0001

<70 70–79 80–89

Achieved diastolic blood pressure
levels (mm Hg)

≥90
0

20

40

60

80

100

CKD: P trend = 0.001
Non-CKD: P trend < 0.0001

stroke. Thus, available evidence currently supports blood 
pressure lowering in high-risk individuals with CKD to 
prevent cerebrovascular disease events.

DIABETES MELLITUS
Diabetes mellitus increases the risk for a first stroke by 
roughly 2- to 6-fold in the general population,2 and this 
relationship appears to be similar in the CKD and ESKD 
populations. For example, in analyses of a community-based 
sample of U.S. adults, diabetes was associated with an 89% 
increased risk for stroke among persons with CKD.35 In 
patients starting dialysis, diabetes was associated with a 35% 
increased risk for stroke.32 No studies to date have evaluated 

the association of glycemic control with stroke risk in 
patients with CKD and ESKD.

ATRIAL FIBRILLATION
In the general population, atrial fibrillation is a potent risk 
factor for stroke, especially among older adults. The pres-
ence of nonvalvular atrial fibrillation increases the risk for 
stroke by 2.5- to 4.5-fold.36 In patients with atrial fibrillation 
associated with valvular heart disease, stroke risk and pre-
vention strategies depend on the underlying type of valvular 
lesion. The prevalence and incidence of atrial fibrillation 
are increased in the setting of CKD and ESKD, with preva-
lence rates ranging from 7% to 27% and incidence rates 
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HOMOCYSTEINE
Numerous observational studies in the general population 
have identified hyperhomocysteinemia as a risk factor for 
stroke.52-54 A single-nucleotide polymorphism in the gene 
methylenetetrahydrofolate reductase (MTHFR) reduces 
activity of the enzyme that metabolizes homocysteine, result-
ing in an increase in serum homocysteine concentration 
and a corresponding increase in stroke risk among persons 
with the homozygous genotype.2 Homocysteine levels are 
increased in the setting of CKD, and up to 90% of patients 
on dialysis have elevated serum homocysteine concentra-
tions.55 The causes for elevated homocysteine levels in CKD 
and ESKD are thought to be altered homocysteine metabo-
lism (either renal or nonrenal) and folate deficiency, as 
renal elimination of homocysteine appears to have a minor 
contribution to plasma concentrations.55,56 Epidemiologic 
data in patients on dialysis have demonstrated strong asso-
ciations of hyperhomocysteinemia with cardiovascular 
events, including stroke,56-58 although genetic association 
studies have produced conflicting results.59,60

DIALYSIS-ASSOCIATED FACTORS
A number of dialysis-associated factors have been speculated 
to increase the risk for stroke. Even absent intradialytic 
hypotension, hemodialysis has been shown to cause cerebral 
hypoperfusion and may predispose to stroke. Overcorrec-
tion of anemia, especially in the setting of ultrafiltration, 
may lead to vascular stasis and thrombosis. Conversely, anti-
coagulation used for hemodialysis has also been speculated 
to contribute to hemorrhagic stroke risk during dialysis. 
Clinical evidence supporting these hypotheses is conflicting. 
Some studies note an increased risk for stroke during or 
immediately after hemodialysis treatments,13 and one study 
found an increased rate of stroke during the months imme-
diately before and after dialysis initiation compared to the 
prior year.61 However, others have found no association 
between hemodialysis treatments and timing of stroke 
events12 or the type of stroke events. Similarly, there is a 
paucity of data regarding dialysis modality and stroke risk.

STROKE PREVENTION

HYPERTENSION
Treatment of hypertension in the general population 
reduces stroke risk by an average of 40%; this benefit has 
been confirmed in a number of large randomized con-
trolled trials.2,62-64 Several antihypertensive drug classes, 
including ACEIs, angiotensin receptor blockers (ARBs), 
β-blockers, calcium channel blockers, and thiazide diuretics 
reduce stroke risk.65 However, there are few data comparing 
drug classes head to head. In the Losartan Intervention for 
Endpoint Reduction in Hypertension Study (LIFE), which 
included 9193 subjects with hypertension and left ventricu-
lar hypertrophy, the relative risk for stroke was reduced by 
26% (95% confidence interval [CI], 0.63 to 0.88) compar-
ing losartan to atenolol, despite similar reductions in blood 
pressure.66 Aside from the isolated findings observed in 
the LIFE trial, there is a lack of compelling evidence favor-
ing one drug class over another vis-à-vis stroke reduction. 
Thus other indications should be taken into account when 
choosing initial therapy. For example, ACEIs or ARBs are 

ranging from 13 per 1000 person-years among patients of 
all ages on dialysis, up to 148 per 1000 person-years among 
patients over age 65 on dialysis.37 Among transplant recipi-
ents the incidence of atrial fibrillation is approximately 6 
per 1000 person-years.38-42 In the United States the risk for 
stroke associated with atrial fibrillation in patients receiving 
dialysis appears to have diminished over the last decade, 
though reasons for this remain unclear.37

PROTEINURIA
In a meta-analysis of stroke cohort studies involving more 
than 140,000 participants from several continents, protein-
uria was associated with a 50% to 70% increased risk for 
stroke, independent of traditional stroke risk factors such as 
hypertension and diabetes.43 The link between proteinuria 
and stroke was consistently observed across categories of sex, 
ethnicity, and diabetes subgroups, and for stroke subtypes. In 
a later study of 30,000 black and white adults in the United 
States, albuminuria was associated with an increased risk for 
incident stroke among blacks but not among whites. This 
relationship was independent of traditional stroke risk factors 
and present at levels of albuminuria below 30 mg/g.44 In two 
studies, proteinuria, but not eGFR, was associated with an 
increased risk for stroke.44,45 Furthermore, in one study, pro-
teinuria largely explained the higher risk for death and dis-
ability following stroke among patients with CKD.46 Thus, the 
presence and degree of proteinuria may be a more important 
determinant of stroke risk than solute clearance.

NUTRITIONAL FACTORS
In the general population, higher sodium and lower potas-
sium intakes are linked to a heightened risk for stroke in 
epidemiologic studies. These associations appear to be 
mediated in part by blood pressure, as higher sodium intake 
tends to increase blood pressure in a dose-dependent 
manner, while higher potassium intake blunts the pressor 
effects of sodium.47-49 Some evidence suggests that dietary 
sodium and potassium intake affect stroke risk through 
blood pressure–independent mechanisms.50

In addition to specific dietary factors, the syndrome of 
malnutrition and inflammation is strongly linked with ath-
erosclerosis and cardiovascular events in patients on dialysis, 
but the association of malnutrition or inflammation syn-
dromes with stroke is not as clear. For example, in a large 
sample of U.S. patients on dialysis, subjective assessment of 
malnutrition was associated with an increased risk for hem-
orrhagic and ischemic stroke,32 while serum albumin con-
centration and body weight have not yielded consistent 
associations with stroke risk. In a large community sample 
of adults with CKD, lower serum albumin concentration, 
lower body weight, and other markers of inflammation were 
associated with a significantly higher risk for stroke.35

ANEMIA
Anemia is a common complication of CKD and linked with 
increased risk for cardiovascular events, including stroke, in 
many epidemiologic studies of CKD. One study noted a 
fivefold increased risk for stroke in CKD when accompanied 
by anemia; conversely, stroke risk was modestly and not 
significantly increased in CKD in the absence of anemia.51 
In another study of patients on dialysis, anemia was associ-
ated with a 22% increased risk for stroke.32
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cardiovascular composite end point as compared with 
placebo, despite lowering low-density lipoprotein choles-
terol by an average of 42%.82 There was a twofold increase 
in fatal stroke events in the atorvastatin group (relative risk 
[RR], 2.03; 95% CI, 1.03 to 3.93), primarily attributable to 
an increase in ischemic stroke events. There was no differ-
ence in the rate of nonfatal strokes. In A Study to Evaluate 
the Use of Rosuvastatin in Subjects on Regular Hemodialy-
sis: An Assessment of Survival and Cardiovascular Events 
(AURORA), a trial of 2776 subjects on hemodialysis, rosu-
vastatin yielded no benefit in reducing the composite car-
diovascular end point compared with placebo,83 despite 
favorable changes in lipid and inflammatory surrogate 
markers. Unlike the 4D study, there was no increase in the 
incidence of stroke in AURORA; however, a marginal 
increase in the risk for hemorrhagic stroke was noted among 
subjects with diabetes mellitus.

In the Study of Heart and Renal Protection (SHARP), 
involving over 9000 persons with CKD, including approxi-
mately one third who were receiving dialysis, treatment with 
ezetimibe plus simvastatin resulted in a statistically signifi-
cant 17% reduction in the primary composite cardiovascu-
lar end point, incidence of first major vascular event, and a 
28% reduction in the incidence of ischemic stroke, one of 
the secondary end points.84 There was a nonsignificant 
increase in the rate of hemorrhagic stroke. In a trial of 2102 
kidney transplant recipients treated with fluvastatin or 
placebo, active treatment yielded a trend toward benefit on 
the primary composite cardiovascular end point (RR, 0.83; 
95% CI, 0.64 to 1.06).85 There was no statistically significant 
(or nominally significant) benefit for stroke reduction.

ANTIPLATELET AGENTS
In patients with noncardioembolic stroke or TIA, guidelines 
recommend antiplatelet agents to reduce the risk for recur-
rent stroke. Four antiplatelet agents have been approved by 
the U.S. Food and Drug Administration (FDA) for this 
indication—aspirin, dipyridamole plus aspirin, ticlopidine, 
and clopidogrel. Guidelines for the general population rec-
ommend aspirin for primary prevention of stroke when the 
risk for stroke is sufficiently high (10-year incidence > 6%) 
such that benefits outweigh risks of treatment.2 Studies of 
aspirin for secondary prevention of stroke indicate relative 
risk reductions of 20% to 30%.86 High and low doses of 
aspirin appear to have similar efficacy, though higher doses 
have increased rates of adverse events.

The Kidney Disease: Improving Global Outcomes 
(KDIGO) 2012 guidelines on management of CKD recom-
mend offering antiplatelet agents to adults with CKD at risk 
for atherosclerotic events unless there is an increased risk 
for bleeding. These recommendations are based on post 
hoc analysis of the Hypertension Optimal Treatment trial. 
In this analysis it was estimated that for every 1000 persons 
with eGFR of less than 45 mL/min/1.73 m2 treated with 
aspirin for 3.8 years, 54 all-cause deaths and 76 major car-
diovascular events would be prevented, while 27 excess epi-
sodes of major bleeding would occur.87

Similarly, in one observational study of patients with 
ESKD, aspirin use was associated with an 18% reduction in 
cerebrovascular events88 and no significant increase in the 
risk for hemorrhagic complications.88,89 Short-term studies 
of aspirin use in the setting of acute coronary syndromes 

preferred in the setting of proteinuria, reduced ejection 
fraction, or diabetes. To achieve blood pressure targets, 
most patients with CKD will require treatment with two or 
more agents.67

Dietary modification is an overlooked but efficacious 
strategy for lowering blood pressure. For example, the 
Dietary Approaches to Stop Hypertension (DASH) diet, 
rich in vegetables, fruits, and low-fat dairy products, when 
combined with reduced sodium intake, lowers blood  
pressure by an average of 11.5 mm Hg systolic in hyperten-
sive subjects.47 In persons without CKD, the Institute of 
Medicine and clinical practice guidelines recommend less 
than 2300 mg sodium (5.8 g sodium chloride) intake.68 
Whether intake of sodium should be lower (<1500 mg 
sodium [3.8 g sodium chloride]) in subpopulations with 
salt-sensitive hypertension, including persons with CKD, is 
controversial.69

DIABETES
In patients with diabetes, a number of studies support the 
benefits of blood pressure lowering to reduce stroke risk.70,71 
Multicomponent interventions targeting hypertension, dys-
lipidemia, proteinuria, and behavioral risk factors also 
reduce stroke risk in persons with diabetes by 50%.72 While 
intensive glycemic control conclusively reduces microvascu-
lar complications, a similar benefit has not been demon-
strated for macrovascular diseases, including stroke, a 
conclusion confirmed by two large randomized trials in sub-
jects with type 2 diabetes comparing standard glycemic 
control (glycosylated hemoglobin [HbA1c] 7% to 7.9%) to 
more intensive glycemic control (HbA1c < 6% to 6.5%).70,73-75 
Notably, fewer than 30% of participants in these studies had 
CKD, and most with CKD had moderate reductions in glo-
merular filtration rate (GFR) (stage 3).

DYSLIPIDEMIA
In patients with preexisting cerebrovascular or coronary 
artery disease, 3-hydroxy-3-methylglutaryl–coenzyme A 
(HMG-CoA) reductase inhibitor (statin) therapy reduces 
the risk for stroke by 25% to 30%.76-78 Many of the large 
randomized trials of lipid lowering for primary or secondary 
prevention of cardiovascular events largely excluded, or 
attempted to exclude, individuals with CKD.79 Nevertheless, 
some patients with CKD were included in these trials, since 
exclusion was typically based on serum creatinine rather 
than eGFR criteria. A subsequent meta-analysis of statin 
trials evaluating results in patients with moderate (stage 3) 
CKD concluded that statins appear to have a beneficial 
effect for reducing cardiovascular event rates in patients 
with CKD, with no greater risk for adverse events such as 
elevated liver enzyme levels or rhabdomyolysis.80 Stroke 
event rates were not analyzed separately. Nonstatin lipid-
lowering agents such as niacin or gemfibrozil appear to have 
similar benefits as in the general population,81 though there 
are fewer data regarding use of these agents for stroke 
prevention.

Since these studies were published, results from several 
randomized trials in patients with CKD or ESKD or in kidney 
transplant recipients have been reported. In the Die 
Deutsche Diabetes Dialyse Studie (4D study) of 1255 sub-
jects with type 2 diabetes on maintenance hemodialysis, 
atorvastatin resulted in no difference in the primary 
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dialysis reported that stroke risk was higher with higher INR 
levels and among those who did not receive INR monitoring 
in the first 90 days of dialysis.102 Third, warfarin use in the 
setting of ESKD is associated with a theoretical risk for vas-
cular calcification, owing to inhibition of matrix Gla protein 
and growth arrest–specific gene 6 (GAS6).106 The magnitude 
of this risk is unknown. Clinicians have begun to prescribe 
some of the novel oral anticoagulant agents, though safety 
and efficacy are not yet established in the ESKD or advanced 
CKD population.107,108

CAROTID ENDARTERECTOMY
In the general population, carotid endarterectomy (CEA) 
has been demonstrated to be beneficial in patients with 
symptomatic atherosclerotic carotid stenosis of 70% or 
greater.109-111 Uncertainty exists about the benefits of CEA 
among patients with symptomatic stenosis of 50% to 69%, 
and several studies indicate no benefit of surgery in patients 
with stenosis of less than 50%. In a post hoc analysis of the 
North American Symptomatic Carotid Endarterectomy 
Trial, which randomized patients with symptomatic high-
grade stenosis (70% to 99%), including 524 patients with 
CKD, to CEA versus medical management; event rates were 
higher in patients with CKD relative to those without CKD. 
Notably, the risk for ipsilateral stroke was reduced by 82% 
in patients with CKD who underwent CEA. Perioperative 
stroke and death risk were not increased. In analyses of U.S. 
veterans undergoing CEA, veterans with CKD had increased 
risks for cardiovascular and pulmonary complications fol-
lowing CEA surgery compared to persons without CKD, as 
well an increased risk for postoperative mortality among 
those with stage 4 CKD. A limitation is that postoperative 
stroke rates were not reported.112 Thus, CEA should be con-
sidered for most patients with CKD with symptomatic severe 
carotid stenosis after optimization of their cardiac risk 
factors.

B VITAMIN SUPPLEMENTATION
Despite substantial encouraging data in observational 
studies, clinical trials of homocysteine lowering with B 
vitamin supplementation have produced disappointing 
results. In the Vitamin Intervention for Stroke Prevention 
(VISP) trial conducted in patients with a previous stroke, 
high-dose vitamin B failed to reduce the risk for recurrent 
stroke.113 In three trials involving patients with CKD, includ-
ing two trials among patients receiving dialysis and one 
among kidney transplant recipients, homocysteine lowering 
with B vitamin supplementation did not reduce mortality or 
cardiovascular events,114,115 including analyses limited to 
stroke events. Thus, high-dose folic acid and vitamin B in 
patients with CKD and ESKD with hyperhomocysteinemia is 
not recommended to reduce stroke risk.

ERYTHROPOIETIN
While there are epidemiologic data to support a role  
for anemia as a risk factor for stroke in persons with CKD, 
in several large randomized controlled trials in patients  
with CKD and anemia (including those on and not on dialy-
sis), complete or partial correction of anemia with erythro-
poietin increased adverse events and did not reduce 
mortality or cardiovascular events, including in subgroup 
analyses of stroke events.116-118 Similarly, in a trial comparing 

also seem to confirm the safety of aspirin in patients with 
CKD and ESKD.90,91 Nevertheless, prescription rates for 
aspirin among patients with ESKD and a previous cerebro-
vascular event are relatively low (19% to 30%).88

In the Clopidogrel versus Aspirin in Patients at Risk for 
Ischaemic events (CAPRIE) trial, clopidogrel reduced the 
risk for recurrent vascular events with a similar or better 
safety profile compared to aspirin92; however, patients with 
CKD were not included in this trial. In post hoc analyses of 
patients receiving clopidogrel versus placebo after percuta-
neous coronary intervention, subjects with CKD receiving 
clopidogrel had no increased risk for bleeding compared to 
subjects with normal kidney function, but also no benefit.93 
In a study of clopidogrel plus aspirin for prevention of arte-
riovenous graft thrombosis in patients with ESKD, combina-
tion therapy increased the risk for bleeding by twofold.94 In 
a subsequent larger study of clopidogrel alone versus 
placebo to facilitate maturation of arteriovenous fistulas, 
treatment with clopidogrel did not increase the risk for 
hemorrhage.95 The combination of dipyridamole plus 
aspirin has been evaluated in several studies for stroke pre-
vention. Combination therapy reduces the rate of recurrent 
stroke by 23% to 38% when compared to either agent alone 
or to placebo.96 In a study of dipyridamole plus aspirin 
versus placebo for prevention of graft thrombosis in persons 
with ESKD, active therapy did not increase the risk for 
adverse events97; thus, this combination appears to be rela-
tively safe for use in patients with ESKD. American Stroke 
Association guidelines recommend selection of antiplatelet 
agents for stroke prevention based on evaluation of indi-
vidual risk factors and comorbid conditions. For persons 
with CKD or ESKD, aspirin alone because of its low cost, 
safety, and over-the-counter availability is a reasonable 
choice. Aspirin plus dipyridamole may be considered in 
high-risk patients, and clopidogrel may be considered for 
those intolerant to aspirin or with a recent acute coronary 
syndrome or stenting.

ANTICOAGULATION FOR ATRIAL FIBRILLATION
A number of prospective clinical trials have demonstrated 
that high-risk patients with nonvalvular atrial fibrillation 
treated with warfarin have a reduced risk for stroke and a 
relatively low risk for bleeding (approximately one to three 
events per 100 patient-years of warfarin exposure) when 
targeting an international normalized ratio (INR) of 2.0 to 
3.0.98-100 The CHADS2 score is a clinical prediction rule for 
estimating stroke risk in patients with nonvalvular atrial 
fibrillation and can be used to determine appropriate 
therapy (i.e., aspirin versus warfarin),101 and one study sug-
gests that the CHADS2 score may be useful for predicting 
stroke risk in patients on dialysis.102 Many factors complicate 
decision making regarding warfarin use in patients with 
advanced CKD and atrial fibrillation. First, the efficacy of 
warfarin for stroke prevention in this population is unclear, 
and observational data in patients with CKD or ESKD are 
conflicting, ranging from substantial benefit to substantial 
harm associated with warfarin use.40,102-104 Second, patients 
on dialysis experience higher risks for bleeding associated 
with warfarin use compared to the general population. In a 
systematic review of warfarin use in ESKD, the risk for bleed-
ing was estimated at 10 to 54 events per 100 patient-years of 
warfarin exposure.105 Another study of patients new to 
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for brain tumors or infection. In these cases the risk for 
radiocontrast media–associated nephropathy must be 
weighed against the potential benefits, and prophylactic 
measures should be considered (see Chapter 28). The 
American Stroke Association recommends that candidates 
for thrombolytic therapy have a completed CT scan within 
25 minutes of arrival at the emergency department.124

Standard MRI techniques are not sufficiently sensitive to 
detect the acute changes of ischemic stroke, and therefore 
MRI is not usually indicated in routine evaluation. Imaging 
of the cerebral vasculature with angiography, CT angiogra-
phy, or MR angiography is not usually a standard part of the 
initial evaluation but may become more common if intraar-
terial thrombolysis is more widely adopted. In these cases 
the risks for radiocontrast media–associated nephropathy 
associated with intravenous radiocontrast media or nephro-
genic systemic fibrosis associated with gadolinium-enhanced 
MR angiography must be carefully weighed against the 
potential benefits of the imaging procedure. If these imaging 
procedures are utilized in patients with CKD or ESKD, 
appropriate procedures to reduce risk should be instituted. 
For intravenous radiocontrast media administration, this 
should include administration of intravenous saline or 
bicarbonate before the procedure. For gadolinium admin-
istration, this should include minimization of the contrast 
media volume and consideration for immediate postproce-
dure hemodialysis in patients with vascular access.125

INTRAVENOUS THROMBOLYSIS
In carefully selected patients in the general population 
treated within 3 hours of symptom onset, intravenous 
administration of recombinant tissue plasminogen activator 
(rt-PA) improves stroke outcomes124; however, the safety, 
efficacy, and practicality of thrombolytic therapy in the 
setting of CKD and ESKD remain unclear. Despite frequent 
contact of patients on dialysis with health care professionals, 
the median time from symptom onset to presentation 
among patients on dialysis is 8 hours, thus precluding con-
sideration for thrombolytic therapy for most patients.12 In 
trials of thrombolytic therapy conducted in the setting of 
acute myocardial infarction, patients with CKD were two to 
four times as likely to experience major bleeding, including 
intracranial hemorrhage, compared to those without CKD, 
with hemorrhage rates of 3% to 4% depending on the sever-
ity of CKD.126,127 Similar findings have been noted in patients 
with stroke who received thrombolytic therapy.128,129 The 
same study noted a high rate of recurrent ischemic stroke 
among patients with CKD receiving rt-PA, calling into ques-
tion the efficacy of intravenous thrombolytics for acute isch-
emic stroke in this setting. Based on these findings, caution 
should be exercised before considering thrombolysis in a 
patient with advanced CKD or ESKD. If utilized, anticoagu-
lants or antiplatelet agents should be withheld for 24 hours 
following rt-PA administration.

SUPPORTIVE CARE
Hypertension is common preceding and following  
acute stroke, but optimal management remains unclear. 
While there are theoretical reasons to treat hypertension 
following acute stroke, overly aggressive treatment of hyper-
tension may lead to reduced perfusion and infarct expan-
sion. In patients without CKD, hypertension typically resolves 

darbepoetin versus placebo in patients with type 2 diabetes, 
CKD, and hemoglobin level of less than 11 g/dL, darbepo-
etin resulted in no difference in the primary composite 
cardiovascular outcome and a twofold increase in the risk 
for stroke, one of the secondary outcomes.119 Post hoc analy-
sis failed to identify factors associated with the increase in 
stroke events, including blood pressure, dose of darbepoe-
tin, or hemoglobin levels. An observational study of U.S. 
veterans found that a higher risk for stroke among patients 
with CKD starting erythropoietin was primarily observed 
among patients with cancer, who required significantly 
higher doses of erythropoietin compared to patients with 
CKD without cancer.120 Based on these data, KDIGO 2012 
guidelines recommend using erythropoietin-stimulating 
agents with caution, if at all, in patients with CKD with a 
history of stroke.121

MANAGEMENT OF ACUTE STROKE IN  
CHRONIC KIDNEY DISEASE AND END-STAGE 
KIDNEY DISEASE

INITIAL EVALUATION
The first step in the diagnostic evaluation of stroke is to 
confirm that the patient’s symptoms are due to stroke, and 
not another systemic or neurologic illness, and to distin-
guish ischemic from hemorrhagic stroke. Presentation with 
severe headache, vomiting, coma, a systolic blood pressure 
above 220 mm Hg, or history of warfarin use is associated 
with a higher likelihood of hemorrhage,122 but symptoms 
alone do not have sufficient diagnostic accuracy, and brain 
imaging is warranted to definitively distinguish hemorrhagic 
stroke from ischemic stroke. The next step is to determine 
the appropriateness of thrombolytic therapy. Timing of 
symptom onset, history of recent medical events (especially 
any history of trauma, surgery, or cardiovascular events), 
and use of antiplatelet agents or anticoagulants should be 
ascertained. The National Institutes of Health Stroke Scale 
can be used to estimate prognosis and determine the risk 
for hemorrhage with thrombolytic therapy, although it 
should be recognized that the scale has not been validated 
in patients on dialysis and therefore may underestimate 
hemorrhage risk.123

NEUROIMAGING
Neuroimaging plays a central role in the acute management 
of stroke in the era of thrombolytic therapy. Neuroimaging 
provides information on the size, location, and vascular 
distribution of the infarction, as well as the presence of 
bleeding, and, depending on the technique used, may also 
provide information on the degree of reversibility and the 
integrity of intracranial vessels. Non–contrast media–
enhanced computed tomography (CT) of the brain is the 
most common neuroimaging modality used for the initial 
diagnostic evaluation because it can usually be performed 
urgently, it reliably distinguishes infarction from hemor-
rhage, and it identifies other causes for neurologic symp-
toms, with the caveat that CT is relatively insensitive for 
detecting small cortical or subcortical infarctions, especially 
in the posterior fossa. Intravenous contrast media adminis-
tration is usually unnecessary for acute stroke evaluation but 
in some cases may be indicated if there is a high suspicion 
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UREMIC ENCEPHALOPATHY
Clinical Features

Uremic encephalopathy is a syndrome of delirium seen in 
untreated or inadequately treated ESKD. It is characterized 
by lethargy and confusion in early stages and can progress 
to seizures and/or coma. It may be accompanied by other 
neurologic signs, such as tremor, myoclonus, or asterixis. 
Electroencephalographic abnormalities correspond with 
clinical symptoms and improve with treatment of uremia.1,130 
Conversely, the degree of azotemia alone correlates poorly 
with the presence or degree of encephalopathy.

Radiologic and pathologic studies in the setting of uremic 
encephalopathy are sparse. While the available studies 
report white matter lesions suggestive of small vessel cere-
brovascular disease (see previous section), it is unclear 
whether these pathologic abnormalities play a role in the 
development of uremic encephalopathy since most studies 
did not conduct simultaneous neurophysiologic or neuro-
psychiatric testing. In a study of 30 patients on hemodialysis 
and controls without CKD, cognitive impairment was associ-
ated with more extensive enlargement of the third ventricle 
and temporal horns, but not with the presence of cerebro-
vascular disease lesions.24 Brain perfusion studies have dem-
onstrated reduced perfusion in the frontal cortex among 
patients on hemodialysis compared with controls, although 
these findings did not correlate with cognitive perfor-
mance.131 MRI studies utilizing diffusion-weighted imaging 
to detect changes in brain water have noted findings consis-
tent with brain edema in uremic encephalopathy.132,133

Pathophysiology

A number of biochemical changes have been reported in 
acute and chronic uremic encephalopathy, including altera-
tions in water transport and brain edema, disturbances  
of the blood-brain barrier, and changes in cerebral 
metabolism.134-139 The significance of these changes on neu-
rotransmitter release and neuronal function are unclear.

Studies contrasting animal models of uremic encepha-
lopathy in acute kidney injury with hepatic encephalopathy 
have demonstrated an increase in brain inflammation in 
conjunction with an increase in vascular permeability in 
uremic encephalopathy.140 Kidney injury may activate cyto-
kines that cross the blood-brain barrier or activate other 

spontaneously; however, spontaneous resolution of hyper-
tension may be less likely to occur in patients with CKD,  
as hypertension in patients with CKD tends to be more 
severe and difficult to control than in persons with normal 
or near normal kidney function. In patients who are not 
candidates for thrombolytic therapy, consensus guidelines 
recommend blood pressure lowering for systolic blood pres-
sure above 220 mm Hg or diastolic blood pressure above 
120 mm Hg, or if there is other evidence for end-organ 
damage.124 The threshold for treatment is lowered to above 
185 mm Hg systolic or above 110 mm Hg diastolic in candi-
dates for thrombolytic therapy. When indicated, the use of 
parenteral agents that can be titrated easily, such as nicar-
dipine or labetalol, is recommended. The timing of hemo-
dialysis treatments in the setting of acute stroke should be 
individualized based on consideration of fluid and meta-
bolic control. It seems prudent to avoid aggressive ultrafil-
tration during hemodialysis or to consider slower rates of 
ultrafiltration if fluid overload is present in the acute stroke 
period. Dialysis-related anticoagulation should be held after 
hemorrhagic stroke and held or minimized following isch-
emic stroke.

DISORDERS OF COGNITIVE FUNCTION

Changes in modern ESKD epidemiology and practice have 
greatly altered the presentation, significance, and risk factor 
profile for cognitive disorders among persons with ESKD. 
Neurocognitive symptoms were among the first described 
symptoms of the uremic syndrome and were later proposed 
as sensitive indicators of dialysis adequacy or, in some cases, 
side effects of dialysis therapy. However, with the aging of 
the population with ESKD and changes in dialysis practice, 
including earlier initiation of dialysis and elimination of 
aluminum contamination of dialysate water, the relation 
between neurocognitive disorders and uremia per se is less 
clear. Patients with neurocognitive disorders are at higher 
risk for death, hospitalization, and dialysis withdrawal. 
These disorders are also likely to reduce health-related 
quality of life and hinder adherence with the complex 
dietary and medication regimens prescribed to patients with 
CKD. This section will review the evaluation and manage-
ment of delirium, dementia, and chronic cognitive impair-
ment among persons with CKD and ESKD.

DELIRIUM SYNDROMES

Delirium is an acute confusional state characterized by a 
recent onset of fluctuating awareness, impairment of 
memory and attention, and disorganized thinking that can 
be attributable to a medical condition, intoxication, or med-
ication side effect. Delirium is typically precipitated by an 
acute or subacute event such as a neurologic disorder, infec-
tion, electrolyte disorder, or intoxication (Table 59.3). 
Older patients with cognitive or sensory impairment, 
chronic diseases, or those taking multiple medications are 
thought to be most vulnerable for delirium; thus, it is not 
surprising that delirium would occur commonly in patients 
with ESKD. Several syndromes of delirium specific to 
patients with ESKD are described in more detail in the fol-
lowing section.

Table 59.3 Differential Diagnosis of Delirium in 
End-Stage Kidney Disease

•  Cerebrovascular disorder (stroke, subdural hematoma, 
hypertensive encephalopathy)

•  Seizure
•  Infection (sepsis, meningitis)
•  Electrolyte disorder (hypoglycemia, hyponatremia or 

hypernatremia, hypercalcemia)
•  Intoxication (alcohol, drugs, aluminum, star fruit, 

sugihiratake mushrooms)
•  Alcohol withdrawal
•  Nutritional deficiency (thiamine)
•  Hepatic encephalopathy
•  Uremic encephalopathy or inadequate dialysis
•  Dialysis disequilibrium
•  Dialysis-associated hypotension
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several dialysis treatments. It is most likely to occur in pedi-
atric or older adult patients, patients with severe azotemia, 
and patients undergoing high-efficiency hemodialysis; 
however, it has also been reported in patients undergoing 
peritoneal dialysis and maintenance hemodialysis.158,159 Dial-
ysis dysequilibrium is characterized by symptoms of head-
ache, visual disturbance, nausea, or agitation, and, in severe 
cases, delirium, lethargy, seizures, and even coma. The inci-
dence and severity of this syndrome are felt to be declining 
because of earlier initiation of dialysis and institution of 
preventative measures in high-risk patients, including reduc-
ing the efficiency dialysis, increasing the dialysate sodium 
concentration, and administering mannitol.160 Symptoms 
are usually self-limited.

Pathophysiology

The clinical features of dialysis dysequilibrium syndrome 
are primarily attributable to brain edema, although the 
nature and cause of the edema remain uncertain. Two 
hypotheses have been suggested to explain the develop-
ment of brain edema. In the first, rapid removal of urea 
(and other water-soluble, rapidly diffusible solutes) by dialy-
sis leads to a solute gradient between the blood and brain, 
in turn leading to influx of water into the brain. This theory 
is supported by animal studies in which the brain-to-plasma 
urea gradient induced by rapid hemodialysis accounted for 
the increase in brain water.161 In the second theory, a 
decrease in intracellular pH and formation of idiogenic 
osmoles (osmolytes) within the brain contributes to the 
development of edema when an osmolar gradient is devel-
oped during dialysis.134

SYNDROMES OF CHRONIC  
COGNITIVE IMPAIRMENT

Dementia is a chronic confusional state characterized by 
impairment in memory and at least one other cognitive 
domain, such as language, orientation, reasoning, or execu-
tive functioning. The impairment in cognitive function 
must represent a decline from the patient’s baseline level of 
cognitive function and must be severe enough to interfere 
with daily activities and independence. “Dialysis dementia” 
is a term reserved to describe a syndrome of progressive 
dementia related to aluminum intoxication and first 
described several decades ago in the setting of aluminum 
contamination of dialysate. While aluminum-based phos-
phate binders were often blamed for this syndrome, the 
aluminum moiety is so inefficiently absorbed, only paren-
teral exposure was likely relevant. There is growing aware-
ness that many patients with CKD have a syndrome of 
chronic cognitive impairment unrelated to aluminum intox-
ication. This entity has various names in the literature, 
including “mild cognitive impairment,” “subclinical demen-
tia,” “residual syndrome,”162 and “chronic dialysis-dependent 
encephalopathy,” reflecting an unknown but probable mul-
tifactorial origin.

DIALYSIS DEMENTIA
Dialysis dementia was first described in the 1970s, and 
among adults it occurred almost exclusively among patients 
on hemodialysis rather than peritoneal dialysis.163,164 Epi-
demic, sporadic, and childhood forms of dialysis dementia 

messengers that contribute to neuronal dysfunction. Alter-
natively, the retention of uremic solutes may trigger both 
the inflammatory reaction and neuronal dysfunction. A 
large number of solutes are retained in uremia (Chapter 
54), and several may have direct neurotoxicity or contribute 
indirectly to the pathogenesis of uremic encephalopathy by 
altering the blood-brain barrier. For example, the guanidine 
compounds are low-molecular-weight solutes with deleteri-
ous effects on immune and neurologic function in vivo. 
Levels of guanidinosuccinic acid and methylguanidine are 
increased 100-fold in uremic brain tissue and cerebrospinal 
fluid,141 and several guanidine compounds, including gua-
nidinosuccinic acid, methylguanidine, and homoarginine, 
induce seizures, possibly through their effects on N-methyl-d- 
aspartate (NMDA) receptors and/or by modulating calcium 
channels.142-144 Another guanidine compound, asymmetric 
dimethyl arginine (ADMA), is a potent endogenous inhibi-
tor of nitric oxide synthesis and causes cerebral vasoconstric-
tion by impairing endothelial relaxation.145 Human studies 
have noted associations of ADMA with cerebral small vessel 
disease and dementia.146-148 Phenolic compounds, such as 
quinolinic acid and the indole indoxyl sulfate, have also 
been linked with direct neuronal damage in vivo.149,150

In addition to uremic retention solutes, anemia and sec-
ondary hyperparathyroidism may play distinct roles in the 
pathogenesis of uremic encephalopathy. Epidemiologic 
studies link anemia with impaired cognitive function in 
persons with ESKD and in other chronic conditions, includ-
ing heart failure and cancer.151 Further, in uncontrolled 
short-term studies, administration of erythropoietin is asso-
ciated with improved performance on cognitive function 
and electrophysiologic testing.152-154 Parathyroid hormone is 
known to have central nervous system effects in persons with 
primary hyperparathyroidism,155 and cognitive function has 
been reported to improve after parathyroidectomy in 
persons with primary hyperparathyroidism and normal 
kidney function.156,157 Animal models of uremia have noted 
an increase in brain calcium content and electroencephalo-
graphic abnormalities with administration of parathyroid 
hormone, a finding that can be prevented by parathyroid-
ectomy.138 These alterations in brain calcium content may 
in turn disrupt cerebral function by interrupting neu-
rotransmitter release or cerebral metabolism.

Treatment

Once other causes of delirium have been ruled out, prompt 
treatment of uremic encephalopathy with initiation or 
intensification of renal replacement therapy is indicated. 
Resolution of symptoms typically occurs within days. Correc-
tion of anemia may also be of benefit. Dietary protein 
restriction is another adjunctive measure used to delay the 
development of uremic symptoms, though there are few 
published data supporting its use for the purpose of improv-
ing cognitive function. Nevertheless, with proper instruc-
tion and follow-up, modest dietary protein restriction may 
be appropriate in certain settings.

DIALYSIS DYSEQUILIBRIUM
Clinical Features

This syndrome of delirium is attributable to the dialysis 
procedure itself and seen during or shortly after the first 
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risk for cognitive decline among patients with normal 
creatinine-based eGFR.179 In some studies, albuminuria, but 
not eGFR, has been associated with an increased risk for 
cognitive decline.177

Risk Factors and Mechanisms

Microvascular disease appears to be a major contributing 
factor to chronic cognitive impairment in CKD. Patients 
with CKD and ESKD have a high prevalence of subclinical 
stroke, white matter hyperintensities (thought to represent 
chronic ischemia), and cerebral microbleeds identified by 
neuroimaging. In the general population these lesions are 
linked with a higher risk for dementia and cognitive decline. 
Among patients with CKD or ESKD, stroke and symptoms 
of stroke have been linked to poorer cognitive func-
tion.169,172,180 Finally, changes in kidney function appear to 
parallel changes in cognition,177 suggesting shared risk 
factors for the decline in kidney function and cognition 
(Figure 59.4).

Novel factors may also contribute to chronic brain isch-
emia and cognitive decline in patients with CKD. For 
example, anemia, vitamin D deficiency, vascular calcifica-
tion, inflammation, and oxidative stress are common among 
patients with CKD and have been linked with cognitive 
decline in the general population, though further study is 
needed to confirm their importance in patients with 
CKD.181-183

Retention of uremic solutes may contribute to chronic 
cognitive impairment despite the fact that dialysis appears 
“adequate” by conventional criteria (usually urea kinetics). 
Support for the “uremic solute” hypothesis comes from 
studies demonstrating improvement in cognitive function 
among children and middle-aged adults who undergo  
transplantation compared to matched patients on the 
transplant waiting list.184,185 Recurrent brain ischemia from 
circulatory stress induced by the hemodialysis process has 
also been implicated as a contributing factor to chronic 
cognitive impairment. Some, though not all, studies have 
found that cognitive function varies according to the 
weekly dialysis schedule among patients requiring hemo-
dialysis, but not among patients requiring peritoneal dialy-
sis. One study reported reduced cerebral blood flow 
among patients requiring hemodialysis compared to 
healthy controls; however, intradialytic measurements were 
not reported.131 These observations suggest a potential role 
for frequent hemodialysis to attenuate cognitive decline in 
patients with ESKD. In a randomized clinical trial of fre-
quent in-center hemodialysis, frequent dialysis resulted in 
no significant improvement in most cognitive domains 
relative to thrice-weekly hemodialysis over the course of 
12 months, including in the primary and secondary  
cognitive function measures. Improvements were noted in 
domains of memory and verbal fluency, but the signifi-
cance of these findings remains to be determined. A  
trial of frequent home-based nocturnal hemodialysis  
found no improvement in several cognitive domains; 
however, these negative results are possibly confounded by 
sleep disturbance.186

Evaluation

History taking, ideally from the patient and caregiver, should 
focus on the duration and severity of cognitive and 

have been reported. Epidemic forms occur in geographic 
clusters and are strongly associated with aluminum contami-
nation of dialysate. The relation of aluminum intoxication 
to the sporadic and childhood forms of dialysis dementia  
is less clear. Some early studies revealed an increase in  
brain aluminum content 11-fold higher than in healthy 
persons and 3- to 4-fold higher than in patients requiring 
hemodialysis without dementia165 and speculated that use of 
aluminum-containing phosphate binders might be involved. 
Clinical manifestations include a variety of neuropsychiatric 
symptoms, osteomalacia, myopathy, and anemia. Symptoms 
may be exacerbated by hemodialysis or by administration of 
deferoxamine or desferrioxamine, presumably due to mobi-
lization and redistribution of tissue aluminum into the 
brain. If aluminum intoxication is confirmed, the dialysate 
should be checked for aluminum contamination, and any 
other sources of parenteral aluminum exposure should be 
explored. Chelation therapy is indicated despite the caveats 
noted earlier because there is no other effective method for 
removal of aluminum.166

CHRONIC COGNITIVE IMPAIRMENT
Epidemiology

The epidemiology of chronic cognitive impairment among 
patients with CKD remains only partly defined, owing to  
the lack of a standard definition of cognitive impairment 
and relatively few longitudinal studies of cognition. Fukuni-
shi and associates were among the first investigators to 
describe an increased incidence of dementia in ESKD. In 
this study the annual incidence of dementia was 2.5% 
among patients with ESKD, double that of the general popu-
lation.167 Among U.S. patients the incidence of dementia is 
estimated at 1% to 2% for patients under age 65 years, 
reaching up to 6% to 8% for patients over age 85 years.168 
The prevalence of moderate-to-severe cognitive impairment 
based on neurocognitive testing ranges from 16% to 38% 
depending on the sample and the definition of impairment 
(Figure 59.3A).169-172

The incidence and prevalence of cognitive impairment 
are also increased among patients with CKD that does not 
require dialysis. The prevalence of cognitive impairment 
rises relatively early in the course of CKD and is higher at 
lower eGFR, reaching 20% for persons with an eGFR of less 
than 20 mL/min/1.73 m2 (Figure 59.3B).173 Neurocognitive 
deficits have also been described among children with CKD 
and ESKD. For example, among children with CKD that 
does not require dialysis, 21% to 40% fall below normative 
values for academic achievement, attention regulation, and 
executive function, though GFR is not a consistent correlate 
of cognitive performance.174 In a cohort of community-
dwelling older adults, CKD was associated with a 37% 
increased risk for dementia, attributable to an increased 
incidence of vascular dementia.175 Similarly, several other 
studies, primarily in older adult cohorts, have described  
an independent association between CKD and cognitive 
decline.176 However, not all studies have confirmed such an 
association.177,178 Whether this is due to differences in cohort 
risk for dementia, misclassification of CKD, or confounding 
factors, such as proteinuria, remains unclear. For example, 
cystatin C, a purportedly more sensitive marker of CKD in 
patients with low muscle mass, is associated with an increased 
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Figure 59.3  A, Frequency of cognitive impairment in 101 hemodialysis patients (HDP) and 101 nonhemodialysis patients (Non-HDP) according 
to age group. Yellow bars indicate normal to mild impairment, red bars indicate moderate impairment, and blue bars indicate severe cognitive 
impairment. B, Unadjusted prevalence of cognitive impairment in 23,405 black and white U.S. adults, according to estimated glomerular filtra-
tion rate (eGFR). (A adapted from Murray AM, Tupper DE, Knopman DS, et al: Cognitive impairment in hemodialysis patients is common. Neurology 
67:216-223, 2006; B adapted with permission from Kurella Tamura M, Wadley V, Yaffe K, et al: Kidney function and cognitive impairment in US 
adults: the Reasons for Geographic and Racial Differences in Stroke [REGARDS] Study. Am J Kidney Dis 52:227-234, 2008.)

behavioral deficits, as well as use of medications that might 
interfere with cognitive function such as antihistamines, 
antipsychotics, and anticholinergics. The value of routine 
screening for dementia in the general population is contro-
versial. Given the high prevalence of cognitive impairment 
in the CKD population and its implications for disease man-
agement, screening for cognitive impairment in older 
patients with CKD seems warranted. A large number of 
screening tests are available with a range of administration 
times and diagnostic accuracy; thus, there is no single best 
screening test. The Mini-Mental State Examination (MMSE) 
is perhaps the best known cognitive test for dementia screen-
ing and requires 7 to 10 minutes to administer, but it may 
miss impairments in executive function. Other cognitive 
tests that can be administered in 5 minutes or less, such as 
the clock-drawing task, the Mini-Cog (consisting of the 
clock-drawing task plus uncued recall of three words), or 

the Short Portable Mental Status Questionnaire, have similar 
performance characteristics in the general population.187 
Impairments in executive function, which can be assessed 
by the clock-drawing task, may be particularly important to 
identify, since impairments in this domain are strongly 
linked with adherence to therapy, functional status, and 
ability to live independently. Screening tests of cognitive 
function may also be useful for identifying patients who  
lack capacity to provide informed consent for medical 
procedures.

Delirium and depression frequently coexist with demen-
tia; however, it is important to exclude these conditions as 
the sole cause of cognitive impairment before establishing 
a diagnosis of dementia. In practice, differentiating  
delirium and depression from dementia can be difficult, 
since unresolved uremia and subtle dialysis dysequilib-
rium can contribute to temporal fluctuations in cognitive  
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Figure 59.4  Proposed  mechanisms  of  chronic  cognitive  impairment  in  chronic  kidney  disease.  (Adapted from Kurella Tamura M, Yaffe K: 
Dementia and cognitive impairment in ESRD: diagnostic and therapeutic strategies. Kidney Int 79 (1):14-22, 2011.)
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function.188,189 As such, the optimal timing of cognitive func-
tion testing for patients on hemodialysis is unknown. Neu-
ropsychologic testing on a nondialysis day can be useful if 
the diagnosis is uncertain or when testing is performed to 
establish capacity or potential reversibility (e.g., before 
kidney transplantation). In addition to cognitive function 
testing, laboratory testing for vitamin B12 deficiency and 
hypothyroidism is recommended for all patients with sus-
pected dementia. In patients with ESKD, inadequate dialy-
sis, severe anemia, and aluminum toxicity should be ruled 
out. There are conflicting recommendations from guideline 
panels regarding the routine use of structural neuroimaging 
in the work-up of chronic cognitive impairment.190 The role 
of testing for genetic markers of dementia risk (e.g., apoli-
poprotein E variants) is controversial.

Management

The management of patients with CKD and ESKD with 
chronic cognitive impairment not meeting criteria for 
dementia is uncertain. While kidney transplantation is 
optimal therapy for most patients with ESKD, many patients 
with chronic cognitive impairment may not be eligible for 
transplantation due to coexisting illness. Further, the extent 
to which transplantation reverses cognitive impairment, 
especially in frail patients with coexisting illness, is uncer-
tain. Some studies report improvements in cognitive func-
tion after transplantation among young or middle-aged 
patients,191 but a few cross-sectional studies note high rates 
of cognitive impairment even after transplantation.184 Inten-
sification of the dialysis regimen is not routinely recom-
mended due to nondefinitive findings from two clinical 
trials. There may be a subset of patients with cognitive 

impairment who benefit from these strategies, such as those 
without underlying microvascular disease; however, this 
remains speculative. Homocysteine lowering with B vitamin 
supplementation has failed to show benefit for reducing the 
risk for cognitive decline in the general population and in 
CKD or ESKD.192

For patients with dementia, two classes of medications are 
now available for treatment of both Alzheimer’s type and 
vascular dementia. Cholinesterase inhibitors are approved 
for treatment of mild-to-moderate dementia, while meman-
tine, an NMDA receptor antagonist, is approved for treat-
ment of moderate-to-severe Alzheimer’s dementia and may 
also have some efficacy in treatment of vascular dementia. 
The clinical benefit of both classes of agents appears to be 
modest, and the effect of treatment on long-term outcomes 
such as nursing home placement remains unclear. There 
are no published data on safety or efficacy of these agents 
in patients on dialysis; thus, therapy decisions should be 
individualized.

Behavioral symptoms such as agitation or hallucinations 
should be treated with a stepped approach, beginning with 
nonpharmacologic approaches such as removal of precipi-
tating factors (e.g., pain, excessive noise), followed by psy-
chosocial interventions (e.g., caregiver education), and 
pharmacologic therapy as a last step. A key aspect of demen-
tia management is the assessment of patient safety and 
ability to perform self-care functions, comply with medical 
regimens, and participate in medical decision making. 
Patients on dialysis with dementia have a higher incidence 
of all-cause mortality and withdrawal from dialysis193; there-
fore, goals of care should be discussed early in the course 
of disease when possible.
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sleep complaints are present in more than 80% of patients 
on dialysis.199 Disruption of the sleep-wake cycle is a char-
acteristic feature of uremia, with both excessive daytime 
sleepiness and insomnia noted in clinical studies.200,201 Com-
plaints of daytime sleepiness are present in 30% to 67% of 
patients on dialysis,199,202,203 while complaints of insomnia 
are reported in 50% to 73%.202,204 Using multiple sleep 
latency testing, an objective measure of daytime sleepiness, 
the prevalence of daytime sleepiness is lower than preva-
lence estimates using sleep questionnaires, but still abnor-
mally elevated.202-204 Sleep disorders (e.g., sleep apnea, RLS, 
and periodic limb movements of sleep [PLMS]) have been 
correlated with complaints of excessive daytime sleepiness 
in some but not all studies, and therefore, other factors 
associated with uremia, such as altered melatonin metabo-
lism or disrupted regulation of body temperature related 
to use of dialysate, have been suggested as potential etio-
logic mechanisms.205

SLEEP APNEA

Sleep apnea is characterized by the repetitive cessation 
of respiration during sleep, resulting in oxygen desatura-
tion and arousal. Apnea associated with continued respi-
ratory effort is classified as obstructive, whereas apnea 
associated with an absence of respiratory effort is clas-
sified as central. Clinical symptoms include loud snoring, 
repetitive awakening from sleep with feelings of breath-
lessness, nocturia, excessive daytime sleepiness, and cog-
nitive impairment.

EPIDEMIOLOGY
Utilizing polysomnography to diagnose sleep apnea, the 
prevalence of this disorder in the ESKD population is esti-
mated at 50%, substantially higher than the recently esti-
mated 10 to 20% in the U.S. population.206 Some of this 
difference is explained by differences in age and other 
chronic diseases that predispose to sleep apnea. In one 
study the prevalence of sleep apnea was fourfold higher 
in patients on dialysis compared with age-, sex-, race-, and 
body mass index–matched controls, suggesting factors spe-
cific to ESKD may be implicated in the pathogenesis of 
this condition.207 While obstructive sleep apnea is the pre-
dominant presentation in the general population, the pre-
sentation varies in patients with ESKD with a broad 
distribution of obstructive, central, and mixed types of 
apnea.

PATHOPHYSIOLOGY
Based on the distribution of apnea subtypes in this popula-
tion, both upper airway occlusion and disturbances of 
central ventilatory control have been implicated in the 
pathophysiology of sleep apnea in ESKD. Pharyngeal nar-
rowing has been demonstrated in patients on dialysis com-
pared with healthy controls, which in turn may predispose 
to upper airway occlusion.208 Upper airway occlusion has 
been attributed to pharyngeal water content and rostral 
overnight fluid shifts, as well as to impaired upper airway 
muscle tone resulting from uremic neuropathy.209 Impair-
ment of central ventilatory control may be a consequence 
of hypocapnia resulting from adaptation to chronic meta-
bolic acidosis. In a study of 58 patients requiring hemodialy-
sis, patients with sleep apnea demonstrated augmented 

NEUROPATHY

UREMIC POLYNEUROPATHY

Uremic neuropathy is a distal, symmetric, mixed sensorimo-
tor polyneuropathy. It typically involves the lower extremi-
ties more than the upper extremities, and sensory symptoms 
typically precede motor symptoms. Motor involvement 
usually indicates advanced disease. Some authorities con-
sider restless legs syndrome (RLS) part of the clinical spec-
trum of uremic polyneuropathy. Differentiating uremic 
polyneuropathy from other systemic diseases that contrib-
ute to ESKD and also affect nerve function, such as diabetes, 
amyloidosis, and systemic lupus erythematosus, can be dif-
ficult. Abnormalities in motor nerve conduction velocity 
parallel the decline in GFR and improve substantially after 
kidney transplantation.194,195 Nerve conduction abnormali-
ties have been reported in up to 60% of patients receiving 
dialysis.196 Other manifestations of uremic polyneuropathy 
include symmetric muscle weakness, areflexia, and loss of 
vibratory sense. Similar to uremic encephalopathy, reten-
tion of a number of uremic solutes, including parathyroid 
hormone, myoinositol, and other “middle molecules,” have 
been correlated with motor nerve conduction velocity. 
Nerve excitability studies demonstrate alterations in mem-
brane potential and have suggested that hyperkalemic depo-
larization may underlie the development of uremic 
neuropathy rather than middle molecules.197

MONONEUROPATHY

Mononeuropathy syndromes typically involve compression 
or ischemia of the ulnar or median nerves and are most 
often attributable to dialysis-related (β2-microglobulin) amy-
loidosis or ischemic mononeuropathy associated with an 
arteriovenous fistula.

AUTONOMIC NEUROPATHY

The existence of an autonomic neuropathy attributable to 
uremia is controversial. Manifestations include orthostatic 
or dialysis-associated hypotension and impotence. A study 
of 25 patients with ESKD who were not on dialysis and 8 
healthy controls conducted extensive testing of autonomic 
function. Function of the efferent sympathetic pathway was 
similar in patients with ESKD who were not on dialysis and 
controls. In contrast, function of the efferent parasympa-
thetic pathway and baroreceptor sensitivity were abnormal 
in patients with ESKD who were not on dialysis compared 
to controls.198 Among the 8 patients who initiated hemodi-
alysis, autonomic function was unchanged after 6 weeks of 
dialysis. In contrast, among the 12 patients who underwent 
kidney transplantation, autonomic function improved a 
mean of 24 weeks after transplantation.

SLEEP DISORDERS

PREVALENCE OF SLEEP COMPLAINTS

Sleep complaints are common among patients on dialysis 
with and without associated sleep disorders. In some series, 
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dopamine production in certain brain regions, and iron 
deficiency has been implicated as an important contributing 
factor. Comorbid conditions, immobility, and specific medi-
cations may also contribute to the development of RLS in 
patients with ESKD. To date, no specific uremic risk factors 
have been identified.

For patients with mild or moderate symptoms, lifestyle 
modification, such as the practice of good sleep hygiene 
and elimination of exacerbating substances such as antide-
pressant medications, caffeine, nicotine, and alcohol, is 
recommended. For patients with more severe symptoms, 
dopaminergic therapy is recommended as first-line therapy. 
Levodopa and the dopamine receptor agonists pramipexole 
or ropinirole are effective in reducing symptoms of RLS.221 
These agents appear to be safe and effective in short-term 
studies of patients on dialysis,222-225 although side effects such 
as daytime worsening of symptoms may occur with continu-
ous use. Anticonvulsants, such as carbamazepine or gabap-
entin, and benzodiazepines may be second-line agents for 
RLS treatment but, with the exception of gabapentin, have 
not been studied as extensively. Intravenous iron infusion 
is associated with improvement in RLS symptoms in 
ESKD.226,227 Kidney transplantation and short daily hemodi-
alysis, but not conventional dialysis, appear to have a benefi-
cial effect on symptoms.228,229 Finally, in a clinical trial of 25 
patients requiring hemodialysis, RLS symptoms were 
reduced with intradialytic exercise.230

PERIODIC LIMB MOVEMENTS OF SLEEP

PLMS are characterized by sudden and repetitive jerking 
movements of the lower extremities during sleep. This dis-
order is diagnosed by sleep testing. Like other sleep disor-
ders, PLMS is common among patients on dialysis and 
associated with daytime sleepiness, low quality of life, and, 
in one study, an increased risk for mortality.231 The patho-
genesis of PLMS remains unknown; however, kidney trans-
plantation has been reported to reduce the frequency of 
PLMS and improve symptoms of daytime sleepiness.232
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responsiveness of central and peripheral chemoreflexes, 
which in turn may destabilize ventilatory control.210 Infusion 
of branched-chain amino acids, which are depleted in 
ESKD, may improve ventilation and sleep architecture.211

TREATMENT
In the general population, continuous positive airway pres-
sure (CPAP) is the primary therapy for sleep apnea, and 
small studies suggest this therapy has similar efficacy in 
patients with ESKD.212 CPAP therapy improves symptoms 
of daytime sleepiness, quality of life, and hypertension and 
may also attenuate other cardiovascular risk factors in the 
general population213,214; however, compliance with CPAP is 
often less than optimal, and up to one third of patients will 
not tolerate CPAP. Nonpharmacologic approaches, such as 
weight loss, have noted limited success. Several clinical 
studies have suggested nocturnal hemodialysis or kidney 
transplantation may have salutary effects on sleep apnea. For 
example, in a study of 14 patients requiring hemodialysis 
before and after conversion from conventional thrice-weekly 
dialysis to nocturnal dialysis, sleep apnea severity improved 
substantially.215 Subsequent studies have suggested that 
improvements in sleep apnea severity associated with noctur-
nal dialysis are associated with improvements in pharyngeal 
narrowing and chemoreflex responsiveness.216,217

RESTLESS LEGS SYNDROME

RLS is characterized by an urge to move the legs associated 
with feelings of discomfort or paresthesias. Symptoms occur 
during periods of inactivity and are alleviated by movement. 
The diagnosis of RLS is based on clinical criteria (Table 
59.4). The reported prevalence of RLS in ESKD varies 
widely.199,204,218,219 The clinical consequences are substantial. 
RLS impairs health-related quality of life and is associated 
with an increased risk for all-cause mortality and dialysis 
withdrawal.219,220

The pathogenesis of RLS is associated with disrupted 
dopaminergic function in the brain. Iron is a cofactor for 

Table 59.4 The International Restless Legs 
Syndrome Study Group Criteria

1.  An urge to move the legs, usually accompanied or caused 
by uncomfortable and unpleasant sensations in the legs.

2.  The urge to move or unpleasant sensations begin or 
worsen during periods of rest or inactivity, such as lying or 
sitting.

3.  The urge to move or unpleasant sensations are partially or 
totally relieved by movement, such as walking or stretching, 
for at least as long as the activity continues.

4.  The urge to move or unpleasant sensations are worse in 
the evening or night than during the day or only occur in 
the evening or night.

All four criteria are required for the diagnosis.
From Allen RP, Picchietti D, Hening WA, et al: Restless legs 

syndrome: diagnostic criteria, special considerations, and 
epidemiology. A report from the restless legs syndrome 
diagnosis and epidemiology workshop at the National 
Institutes of Health. Sleep Med 4:101-119, 2003.
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Most, if not all, patients with end-stage renal disease (ESRD) 
have associated skin manifestations.1,2 In addition, skin find-
ings may specifically direct an astute clinician to check for 
concomitant renal dysfunction. This chapter summarizes 
different dermatologic conditions that may be seen in 
patients with kidney disorders. Because of the large number 
of diseases falling into this category (see Tables 60.1 to 
60.6), emphasis is placed on the more commonly encoun-
tered entities.

SKIN MANIFESTATIONS SECONDARY TO 
KIDNEY DYSFUNCTION (Table 60.1)

SIGNS AND SYMPTOMS

PRURITUS

Pruritus is more common in patients with ESRD disease 
than in those with acute kidney injury (AKI). Up to 90% of 
patients undergoing hemodialysis may experience pruritus, 
and patients receiving hemodialysis are more commonly 
affected than patients receiving peritoneal dialysis.2 Sleep 
and mood are negatively affected.3 Patients with severe pru-
ritus have a poor outcome compared with patients undergo-
ing hemodialysis without severe pruritus.4

Patients complaining of pruritus may or may not have 
skin changes. Pruritus can be defined as at least three  
episodes of itch in a 2-week period that cause difficulty  
for the patient, or as itch that occurs over a 6-month period 
in a regular pattern.3 Pruritus can be localized or general-
ized.5 When present, skin manifestations are secondary, with 

excoriations (Figure 60.1) being the main finding. Licheni-
fied skin, prurigo nodularis, and koebnerization may also 
be seen. Pruritus tends to be prolonged, frequent, and 
intense.3 Exacerbating factors include heat, nighttime, dry 
skin, and sweat.3

The cause of pruritus in renal failure is unclear and may 
be multifactorial. Risk factors include male gender and high 
levels of blood urea nitrogen, β2-microglobulin, calcium, 
and phosphate.4,6 Patients treated with angiotensin-convert-
ing enzyme inhibitors are more likely to have pruritus than 
those receiving furosemide.3 Decreasing urine output, sec-
ondary hyperparathyroidism, abnormal levels of magne-
sium and aluminum, increased levels of histamine and 
vitamin A, increased numbers of mast cells,7 xerosis,8 and 
iron deficiency anemia are other proposed factors.9,10

Pruritus is transmitted through C fibers in the skin.11 
Known stimulants of C fibers include cytokines, histamine, 
serotonin, prostaglandins, neuropeptides,5 and enzymes.12 
Because cytokines can stimulate nerve fibers,12 one major 
theory regarding the pathogenesis of pruritus in renal failure 
is that it involves systemic inflammation.13 Markers of inflam-
mation, such as C-reactive protein and interleukin-6, show 
elevated levels in pruritus associated with renal disease.13,14 
An imbalance of inflammatory proteins may somehow lead 
to pruritus. This theory is supported by the fact that ultravio-
let light treatments, which can decrease the levels of inflam-
mation markers,15 often ameliorate pruritus.

Another major theory focuses on the opioid system. 
Opioids can stimulate C fibers.12 Central µ-opioid receptor 
stimulation in mice leads to scratching, and this can be 
prevented by central κ-opioid receptor stimulation.16 
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Table 60.1  Skin Manifestations Secondary 
to Renal Disease

Nonspecific

Pruritus
Xerosis
Acquired ichthyosis
Pigmentary alteration

Pallor (secondary to anemia)
Hyperpigmentation
Dyspigmentation (yellow tint)

Infections (fungal, bacterial, viral)
Purpura

Somewhat Specific

Acquired perforating dermatosis
Calciphylaxis
Metastatic calcification
Blistering disorders

Porphyria cutanea tarda
Pseudoporphyria

Eruptive xanthomas
Pseudo–Kaposi’s sarcoma

Specific

Nephrogenic systemic fibrosis
Dialysis-associated steal syndrome
Metastatic renal cell carcinoma
Dialysis-related amyloidosis
Arteriovenous shunt dermatitis
Uremic frost

Figure  60.1 Pruritus. Patient with linear excoriations. (Courtesy 
Oscar Colegio, MD.)

Figure 60.2 Xerosis and dyspigmentation. (Courtesy Marcus McFer-
ren, MD.)

Successful treatment of patients with opioid antagonists also 
supports the involvement of the opioid system in pruritus.17-19

Treatment of pruritus must be tailored to the individual 
patient. In general, antihistamines are not effective.20 Any 
condition that can exacerbate pruritus, like xerosis, should 
be treated.21 Symptoms may be alleviated by optimization of 
hemodialysis1 and administration of erythropoietin.22 For 
more localized areas of pruritus, topical corticosteroids, 
pramoxine,23 and capsaicin5,24 may be used. In addition, 
twice-weekly ultraviolet light phototherapy is effective.25 
Oral treatments include naltrexone,17,18 cholestyramine,26 
gabapentin,27,28 thalidomide,29 and activated charcoal.30 
Opioid κ-receptor agonists like nalfurafine may be helpful.19 
Kidney transplantation may effectively “cure” patients,31 as 
may parathyroidectomy.32

A therapeutic ladder has been proposed, based on effi-
cacy and safety considerations.31 The first rung of the ladder 
consists of emollients and capsaicin. If pruritus is not 
relieved, ultraviolet light treatments can be added. If light 
treatments fail or are not feasible for the patient, oral gaba-
pentin or intravenous nalfurafine may be considered.

XEROSIS
Xerosis, or “dry skin,” is quite common in the general popu-
lation. The skin appears dry, rough, or shiny. It may be scaly 
or fissured with a cracked appearance. Xerotic skin may or 
may not be pruritic.21 If it is pruritic, there may be excoria-
tions. Skin involvement may be diffuse but is often most 

prominent over the extensor surfaces of the lower extremi-
ties (Figure 60.2).1

The cause of xerosis is unknown. Decreased stratum 
corneum hydration21 and abnormal eccrine gland func-
tion33 are two proposed mechanisms. The mainstay of treat-
ment is hydration of the skin. For pruritic cases, direct 
treatment of the pruritus may be helpful.

ACQUIRED ICHTHYOSIS
Ichthyosis is related to xerosis but is more than just dry skin, 
because the skin develops patterned scale. Histopathologic 
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diabetes.1,36 Other associations include hepatitis and hypo-
thyroidism.39 Patients who are otherwise healthy may also 
develop acquired perforating dermatosis.39 Treatment of 
this disorder is difficult, with some relief afforded by topical 
steroids, keratolytics, lubrication, and topical or oral reti-
noids.38 Narrowband ultraviolet B light may also be helpful.40 
Patients with severe and generalized pruritus may benefit 
from treatments specifically directed at pruritus.

CALCIPHYLAXIS (CALCIFIC UREMIC ARTERIOLOPATHY)
Calciphylaxis is most often seen in patients with ESRD  
who are on hemodialysis, generally with associated hyper-
parathyroidism or an elevated calcium phosphate product. 
An incidence of approximately 4% of patients per year at 
one dialysis center has been reported.41 Morbidity and mor-
tality are high, especially once ulceration develops.41 Involve-
ment of the trunk and buttocks is associated with high 
mortality.42 Importantly, in the absence of ESRD and hyper-
parathyroidism, other risk factors include female gender,41 

features include hyperkeratosis and occasionally epidermal 
hypogranulosis. The pathogenesis of acquired ichthyosis in 
renal failure is unknown. Treatment consists of hydration of 
the skin.

PIGMENTARY ALTERATION
Seventy percent or more of patients undergoing dialysis may 
have pigmentary changes of the skin.2,34 The most common 
alteration is the development of a yellowish tint. This is 
more common among patients undergoing hemodialysis 
than those on peritoneal dialysis.2 Hyperpigmentation may 
be secondary to increased melanin production as a result of 
elevated levels of β-melanocyte–stimulating hormone.35 
Pallor of the skin secondary to anemia has also been 
described.1

MANIFESTATIONS SOMEWHAT SPECIFIC TO 
KIDNEY DISEASE

ACQUIRED PERFORATING DERMATOSIS
Acquired perforating dermatosis is an umbrella term for perfo-
rating disorders in adults with kidney dysfunction and/or 
diabetes mellitus. This term is often used in place of older 
nomenclature (e.g., perforating folliculitis, Kyrle’s disease, 
reactive perforating collagenosis). Pruritus is generally 
severe.36 Lesions are distributed predominantly on the legs 
and arms, although the trunk and head may also be involved. 
Individual lesions are crateriform, umbilicated, or centrally 
hyperkeratotic papules and nodules (Figure 60.3). They 
may develop in crops and commonly resolve with scarring 
after 6 to 8 weeks. Histopathologic evidence of extrusion of 
dermal material through an epidermal channel is necessary 
for the diagnosis (Figure 60.4).

The pathogenesis of this disorder is unknown but may be 
related to increased fibronectin,37 pruritus and scratching,36 
epidermal dysmaturation, and dermal deposition of sub-
stances not excreted in renal failure.38,39 Patients with 
diabetes and renal failure are more likely to manifest 
acquired perforating dermatosis than are patients without  

Figure  60.3 Acquired perforating dermatosis. (Courtesy the Yale 
Residents’ Collection.)

Figure 60.4 Acquired perforating dermatosis. There is an epidermal channel with extrusion of dermal elastic material and inflammatory 
cells. (Left, Hematoxylin and eosin stain, ×40; right, elastic van Gieson stain, ×100.) 
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low-calcium dialysate and non–calcium-based phosphate 
binders may also have a positive effect.51 Intravenous sodium 
thiosulfate, a calcium chelator, is reportedly successful.52 
Bisphosphonates may also be useful.53 Many of these treat-
ments focus on lowering calcium and phosphate levels. 
Because elevated calcium and phosphate levels are not the 
root cause of calciphylaxis, however, optimal treatment may 
be to focus on other possible mechanisms, such as reduction 
of vascular thrombosis with anticoagulation.47

METASTATIC CALCIFICATION
An abnormal calcium phosphate product, with or without 
hyperparathyroidism, can lead to metastatic calcification of 
the skin. Clinically, lesions are hard, yellow to bluish papules 
and nodules, which most commonly affect periarticular 
areas and the fingertips.51 A biopsy specimen from a nodule 
should reveal calcium deposits in the tissue. Importantly, 
not all calcification in the skin is secondary to metastatic 
calcification. Trauma may result in so-called dystrophic cal-
cification. Some systemic diseases, such as dermatomyositis, 

diabetes,41 obesity, hypoalbuminemia,43 malignancy, admin-
istration of systemic steroids, warfarin use,43 chemotherapy, 
systemic inflammation, hepatic cirrhosis, rapid weight loss, 
protein C or S deficiency, and infection.44

The precise mechanism of calciphylaxis is unclear. The 
classical model, as described by Selye in rats, hypothesized 
a predisposing factor with a secondary, inciting factor.45 This 
model has been criticized as not being fully reflective of 
calciphylaxis in humans, because Selye’s rats displayed only 
soft tissue calcification and not skin necrosis.46,47 Although 
the calcium phosphate product level is elevated in most 
patients, it is not by itself sufficient to cause disease.47 Some 
suggest that an imbalance of inhibitors and inducers of 
vascular calcification leads to calciphylaxis. Evidence for this 
hypothesis includes the observation of elevated levels of 
osteopontin and bone morphogenic protein 2 (inducers of 
calcification) and decreased levels of matrix Gla protein, 
fetuin-A, and pyrophosphate (inhibitors of calcification)48 
among those affected. The final common pathway seems to 
involve nuclear factor-κB.47 Abnormal metal deposition, 
especially of aluminum, may also be a factor in inciting 
inflammation.47

Clinically calciphylaxis most commonly affects the fatty 
areas of the thighs, abdomen, and buttocks symmetrically. 
Lesions may also affect the lower extremities.41 Early lesions 
may be firm with a pink or mottled color or retiform purpura 
(Figure 60.5). These may progress to painful ulcers with a 
black eschar (Figure 60.6). Occasionally bullae, plaques, 
and nodules may be seen. Surrounding the ulcers, there 
may be skin mottling with reticulate dyspigmentation. The 
skin may be tender. Histopathologic findings supportive of 
calciphylaxis include calcification of medium-sized vessels 
(Figure 60.7) with intimal hyperplasia and thrombosis. 
Radiographic studies may also show linear calcium deposits 
in the skin.

Supportive and preventive measures are the mainstay of 
treatment, including hyperbaric oxygen therapy,49 debride-
ment, wound care, and antibiotic therapy. For nonulcerated 
lesions, systemic steroids may lead to rapid healing.41 Para-
thyroidectomy is helpful in resolving lesions in some 
patients.41,46 If parathyroidectomy is not possible, oral cina-
calcet and phosphate binders may be helpful.50 Use of 

Figure  60.5 Calciphylaxis. Early lesion with retiform purpuric 
appearance. 

Figure  60.6 Calciphylaxis. Ulcerated lesion with black eschar. 
(Courtesy the Yale Residents’ Collection.)

Figure  60.7 Calciphylaxis. Medium-sized vessels with extensive 
calcium deposition. (Hematoxylin and eosin stain, ×40.) 
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PSEUDOPORPHYRIA
In pseudoporphyria, patients have a presentation that is 
similar to that in porphyria cutanea tarda, with noninflamed 
blisters on the extremities, especially the hands and fore-
arms and other sun-exposed areas. Milia, scarring, and 
hyperpigmentation may result.55 Hypertrichosis is seen in a 
minority of patients.55 Plasma uroporphyrin and red blood 
cell protoporphyrin levels may be elevated.54 The separation 
of pseudoporphyria from porphyria cutanea tarda is clearer 
when these levels are normal.55 Concomitant use of drugs 
such as tetracycline, furosemide, naproxen, amiodarone, 
and nalidixic acid may be involved in the development of 
pseudoporphyria.55 Histologic findings are similar to those 
of porphyria cutanea tarda.55 Although the pathogenesis of 
pseudoporphyria is unclear, elevated aluminum levels were 
found in a small study.54

ERUPTIVE XANTHOMAS
Eruptive xanthomas are yellowish-orange smooth papules 
and plaques (Figure 60.9) that rapidly appear on the but-
tocks and proximal extremities. Histopathologic examina-
tion of a lesion reveals extracellular lipid and foamy 
macrophages (Figure 60.10). These lesions are associated 
with hyperlipidemia, either familial or due to other causes 

may be associated with calcification of the skin. Calcification 
may also be idiopathic.

Treatment of metastatic calcification focuses on normal-
izing calcium and phosphate levels. If hyperparathyroidism 
is present, parathyroidectomy may be beneficial. Use of 
phosphate binders and reduction of dietary phosphate are 
important. Foods that should be avoided include milk  
and milk products, certain vegetables (broccoli, brussels 
sprouts), oysters, salmon, beer, nuts, and wheat germ.51 If 
particular lesions are symptomatic, surgical removal may be 
considered.

PORPHYRIA CUTANEA TARDA
Up to 18% of patients with renal failure may have porphyria 
cutanea tarda, with a deficiency of uroporphyrinogen decar-
boxylase. These patients have elevated levels of urinary uro-
porphyrin (if not anuric) and fecal isocoproporphyrin. The 
pathogenesis of porphyria cutanea tarda in renal patients  
is unclear. Serum aluminum level may be a contributing 
factor.54 Other risk factors for the development of porphyria 
cutanea tarda include hepatitis B and C, estrogen adminis-
tration, excess alcohol intake, and human immunodefi-
ciency virus infection.

Cutaneous findings include noninflamed blisters, ero-
sions, and crusts (Figure 60.8), especially those involving the 
dorsal hands and forearms. Blisters may heal with scarring 
or milia. There may be notable hypertrichosis on the face. 
Hyperpigmentation and sclerodermoid plaques have also 
been described. A biopsy specimen from a blister in por-
phyria cutanea tarda shows a subepidermal cleft with 
minimal inflammation. There may be festooning of the pap-
illary dermis at the base of the cleft. Thickened vessel walls 
may be present. Direct immunofluorescent studies in por-
phyria cutanea tarda show granular to linear staining of 
immunoglobulin G (IgG) and C3 at the dermoepidermal 
junction and sometimes around vessels.

Treatment includes sun avoidance and sun protection. 
Concomitant exacerbating factors (alcohol, estrogens, iron, 
hepatitis) should be avoided or treated. Because iron over-
load can exacerbate the disease, small-volume phlebotomy 
may be helpful, although anemia needs to be carefully mon-
itored. Deferoxamine, an iron chelator, is also sometimes 
used. If a patient is not anuric, chloroquine may be used 
cautiously.51

Figure 60.8 Porphyria cutanea tarda. Eroded blisters and crusts. 
(Courtesy the Yale Residents’ Collection.)

Figure 60.9 Eruptive xanthomas. Small yellowish-orange papules 
over the knees. (Courtesy the Yale Residents’ Collection.)

Figure 60.10 Eruptive xanthoma. Lipid-containing foamy macro-
phages within the dermis. (Hematoxylin and eosin stain, ×40.) 
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Figure  60.11 Iododerma. Translucent papules and crusted 
plaques on the elbow. (Courtesy Oscar Colegio, MD, and Christine 
Warren, MD.)

Figure  60.12 Iododerma. Epidermal hyperplasia with intraepider-
mal pustules. (Hematoxylin and eosin stain, ×200.) 

such as hypothyroidism and nephrotic syndrome. In 
nephrotic syndrome the xanthomas are likely secondary to 
various lipid abnormalities, including elevated levels of  
cholesterol and triglycerides, elevated lipoprotein synthe-
sis, diminished level of lipoprotein lipase, and elevated apo-
lipoprotein B-100 level with diminished hepatic uptake of 
lipoproteins.56 Generally, eruptive xanthomas resolve spon-
taneously once lipid levels are normalized.

PSEUDO–KAPOSI’S SARCOMA
Very rarely, patients may develop a vascular proliferation 
that mimics Kaposi’s sarcoma near or over an arteriovenous 
shunt.57

IODODERMA
Often in the setting of renal insufficiency/failure, patients 
who receive iodide in the form of intravenous contrast may 
develop translucent papulonodular or vegetative lesions of 
iododerma (Figure 60.11).58 Histopathologically there is 
marked epidermal hyperplasia with intraepidermal pustules 
of neutrophils and sometimes eosinophils (Figure 60.12). 
Clinical and histopathologic exclusion of infectious causes 
is required.

MANIFESTATIONS SPECIFIC TO KIDNEY  
DISEASE (Table 60.2)

NEPHROGENIC SYSTEMIC FIBROSIS
The first case of nephrogenic systemic fibrosis (NSF), originally 
described under various terms, including scleromyxedema-like 
changes in renal failure and nephrogenic fibrosing dermopathy,59 
was identified in 1997. Although the cause of NSF was long 
debated, exposure to gadolinium-based magnetic resonance 
imaging contrast agents in patients with abnormal renal 

function is now considered the precipitating factor.60,61 Gad-
olinium, an element highly toxic to tissues in its unbound 
state, is present in a chelated form in contrast agents such 
as Omniscan (GE Healthcare, United Kingdom) and Magne-
vist (Bayer HealthCare Pharmaceuticals, Berlin, Germany). 
Impaired excretion of gadolinium-based contrast may allow 
more time for gadolinium atoms to dissociate from their 
proprietary ligand molecule. Unbound gadolinium is theo-
rized to bind to other available anions (chiefly phosphates) 
and deposit peripherally, perhaps inducing long-standing 
effects on local tissue fibroblasts and/or circulating matrix 
stem cells termed circulating fibrocytes. Gadolinium has been 
detected in tissues of patients with NSF and in in vivo animal 
studies, findings that corroborate the postulated effects of 
prolonged gadolinium exposure.62

Clinically, patients with NSF have bound-down, indurated 
skin on the extremities (Figure 60.13), although truncal 
involvement is also reported. The skin may have a cobble-
stone appearance (Figure 60.14). Early in NSF, patients may 
have edema and erythema that mimics cellulitis. Joint con-
tractures (Figure 60.15; see Fig. 60-13) and yellow scleral 
plaques (Figure 60.16) are common. Histopathologically, 
increased dermal and/or subcutaneous fibroblast-like cells 
are seen ( Figure 60.17). The cells stain with procollagen I 
and CD34 by immunohistochemical methods. It is postu-
lated that these cells are circulating fibrocytes.63 Mucin 
deposition may also be observed. The clinical and histo-
pathologic differentials are broad, and overlap with some 
more common entities, such as lipodermatosclerosis and 
morphea. Clinicopathologic correlation is essential to reach 
an accurate diagnosis.64

Table 60.2  Post–Renal Transplantation 
Skin Conditions*

Lymphoproliferative disease
Infections
Squamous cell carcinoma and other skin cancers

*See Chapter 72.
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DIALYSIS-ASSOCIATED STEAL SYNDROME

Dialysis-associated steal syndrome is a rare complication  
of fistula construction.66 This syndrome most commonly 
involves the brachial area in patients with diabetes. There 
may be associated pallor or a reticulated pink to blue dis-
coloration of the skin surrounding necrosis, ulceration, or 
gangrene (Figure 60.18). Altered hemodynamics secondary 
to the fistula result in decreased distal perfusion. Associated 
risk factors are diabetes, vascular stenosis, neuropathic 
disease, and calcifying sclerosis. Effective treatment involves 
fistula ligation and/or banding.

Figure 60.13 Nephrogenic systemic fibrosis. Lower leg with indu-
rated, bound-down skin and contractures of the toes. (From Cowper 
SE, Rabach M, Girardi M: Clinical and histological findings in nephro-
genic systemic fibrosis. Eur J Radiol 66[2]:191-199, 2008; courtesy 
Michael Girardi, MD.)

Figure  60.14 Nephrogenic  systemic  fibrosis. Legs with cobble-
stone appearance of indurated skin. (From Girardi M: Nephrogenic 
systemic fibrosis: a dermatologist’s perspective, J Am Coll Radiol 
5[1]:40-44, 2008; courtesy Michael Girardi, MD.)

Prevention of NSF by avoiding the administration of 
gadolinium-containing agents to patients with renal failure 
is key, because there is no reliable treatment for the disease. 
Changes in the labeling of gadolinium-containing contrast 
agents and careful screening of patients for underlying 
kidney disease have been successful preventive measures. In 
patients who develop the disorder, renal transplantation is 
sometimes helpful in halting progression and occasionally 
reverses the disease. Extracorporeal photopheresis may  
also be useful. Physical therapy may ameliorate some symp-
toms for patients. Reports of imatinib treatment are 
encouraging.65

Figure  60.15 Nephrogenic  systemic  fibrosis. Joint contracture. 
(From Girardi M: Nephrogenic systemic fibrosis: a dermatologist’s 
perspective, J Am Coll Radiol 5[1]:40-44, 2008; courtesy Michael 
Girardi, MD.)

Figure  60.16 Nephrogenic  systemic  fibrosis. Scleral plaque. 
(From Cowper SE, Rabach M, Girardi M: Clinical and histological findings 
in nephrogenic systemic fibrosis. Eur J Radiol 66[2]:191-199, 2008; 
courtesy Michael Girardi, MD.)
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and the more common presentations involve carpal tunnel 
syndrome and destructive arthropathy. However, there are 
rare reports of immobile dermal nodules secondary to  
β2-microglobulin deposition, most often affecting the 
buttocks.69,70

ARTERIOVENOUS SHUNT DERMATITIS
In one study, 7 of 88 patients on long-term hemodialysis 
developed an irritant contact dermatitis over their shunts.71 
None of the patients had an allergic component to the rash. 
Substituting normal saline for the cleansers (soaps, disinfec-
tants, and alcohol) used to clean the skin before hemodialy-
sis was helpful in alleviating the skin rash. Use of a mild 
topical steroid was also helpful.

NAIL CHANGES ASSOCIATED WITH 
KIDNEY DISEASE (Table 60.3)

LINDSAY’S (HALF-AND-HALF) NAIL

Up to 40% of patients with renal dysfunction have half-
and-half nails (Figure 60.19).2 The condition may resolve 
spontaneously and is likely secondary to melanin deposition 
in the nail bed and plate. Fingernails are affected more 

METASTATIC RENAL CELL CARCINOMA
Although approximately 4.6% of cutaneous metastases orig-
inate from the kidney, only 3% to 4% of renal cell carcino-
mas metastasize to the skin.67 Metastases may occasionally 
precede the diagnosis of the primary tumor, but often they 
are a late manifestation.68 The prognosis is poor, with a 
5-year survival of less than 5%. Common cutaneous sites for 
metastatic renal cell carcinoma are the trunk and scalp.68 
Nodules may be flesh colored, violaceous, or pink-red. His-
topathologic examination often shows a tumor with clear 
cells and prominent hemorrhage.

DIALYSIS-RELATED AMYLOIDOSIS
Dialysis-related amyloidosis is secondary to β2-microglobulin 
deposition. Unlike amyloid L, skin involvement is unusual, 

Figure 60.17 Nephrogenic systemic fibrosis. Increased numbers 
of fibroblast-like cells, preserved elastic tissue, and increased space 
between collagen bundles, suggestive of mucin deposition. (Hema-
toxylin and eosin stain, ×200.) 

Figure  60.18 Dialysis-associated  steal  syndrome. Ulcer with 
overlying crust with surrounding erythema, distal pallor, and nail 
atrophy. (From Kravetz JD, Heald P: Bilateral dialysis-associated steal 
syndrome, J Am Acad Dermatol 58:888-891, 2008.)

Figure 60.19 Lindsay’s (half-and-half) nail. (From Butler DF: Pruritus. 
In Schwarzenberger K, Werchniak A, Ko C, editors: General dermatol-
ogy, Requisites in dermatology series, Philadelphia, 2009, Saunders, pp 
17-22; courtesy David F. Butler, MD.)

Table 60.3  Nail Changes Associated with 
Kidney Disease

Lindsay’s (half-and-half) nail
Triangular lunulae (nail-patella syndrome)
Splinter hemorrhages
Onychomycosis
Koilonychia
Onycholysis
Mees’ lines
Muehrcke’s lines
Beau’s lines
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perivascular and periadnexal lymphocytic infiltrate as well. 
Mucin may be increased. Direct immunofluorescent testing 
may show a discontinuous linear band of IgG, C3, IgA, and/
or IgM at the dermoepidermal junction.

The pathogenesis of lupus erythematosus involves auto-
antibodies that can form immune complexes that deposit 
in end organs, causing damage.72 Animal models of lupus 
suggest that inhibition of oxidative stress and production of 
nitric oxide via inactivation of the nuclear factor-κB pathway 
may be important in modulating disease.73

Currently the skin findings of lupus erythematosus are 
treated with steroids (oral or topical), antimalarials, and/or 
other immunosuppressants.

LEUKOCYTOCLASTIC VASCULITIS

Leukocytoclastic vasculitis, clinically known as palpable 
purpura, may be seen in a variety of clinical situations. Char-
acteristically the lesions are found on the lower extremities 
as nonblanching to partially blanching papules and plaques 
(Figure 60.21). Histopathologically there is leukocytoclasia, 
fibrin thrombi within vessels, extravasated erythrocytes, and 
swollen endothelial cells. If direct immunofluorescence 
testing is performed on the skin, deposits of IgG, IgM, and/
or C3 may be seen around the vessels.

Associated diseases include Henoch-Schönlein purpura, 
infections (streptococcal, mycoplasmal, viral), systemic vas-
culitis (granulomatosis with polyangitis [formally designated 
Wegener’s granulomatosis], eosinophilic granulomatosis 
with polyangiitis [formally designated Churg-Strauss syn-
drome], polyarteritis nodosa), inflammatory bowel disease, 
and malignancy.74 Lesions may also be drug induced. In 

commonly than toenails. The nails have a white to normal 
proximal half and a red-brown distal half.

SELECTED CONDITIONS WITH SKIN AND 
RENAL INVOLVEMENT (Table 60.4)

LUPUS ERYTHEMATOSUS

The skin manifestations of lupus erythematosus are varied. 
Acute skin changes include the classic malar rash. Annular 
plaques and papules with scale and erythema are typical of 
subcutaneous lupus erythematosus. These lesions generally 
resolve without scarring. In discoid lupus erythematosus, 
coin-shaped to oval plaques heal with dyspigmentation and 
scarring. There is often adherent scale within the lesions 
that, when lifted off, has a “carpet tack” appearance on the 
underside. Such discoid lesions in the conchal bowl of the 
ear are characteristic of lupus erythematosus (Figure 60.20). 
Neonates with lupus erythematosus may occasionally have 
annular, erythematous plaques in sun-exposed areas. In 
addition to these skin lesions, patients may complain of 
photosensitivity, oral ulcers, or alopecia.

The different skin manifestations of lupus look  
similar histopathologically. There are vacuolar changes  
at the dermoepidermal junction with a variable infiltrate  
of lymphocytes. There is often a superficial and deep 

Figure 60.20 Discoid lupus erythematosus. (Courtesy the Yale Resi-
dents’ Collection.)

Table 60.4  Selected Conditions with Concurrent 
Skin and Renal Involvement

More Common

Lupus erythematosus
Leukocytoclastic vasculitis
Henoch-Schönlein purpura
Mixed cryoglobulinemia
Diabetes mellitus
Systemic vasculitis

Less Common

Nail-patella syndrome
Hemolytic-uremic syndrome
Toxic shock syndrome
Mixed connective tissue disease
Dermatomyositis
Rheumatoid arthritis
Sjögren’s syndrome
Dermatitis herpetiformis
Sarcoidosis
Systemic sclerosis
Ulcerative colitis
Amyloidosis
Toxic epidermolysis
Hypothyroidism
Graves’ disease
Fabry’s disease
Neurofibromatosis
Hurler’s syndrome
Castleman’s disease
Infectious endocarditis
Staphylococcal scalded skin syndrome (in adults)

http://www.myuptodate.com


 CHAPTER 60 — DERMAToLogIC CoNDITIoNS IN KIDNEy DISEASE 1951

renal function generally returns to normal with treatment,79 
but in a cohort of 250 adults, 11% developed ESRD and 
another 27% developed chronic moderate to severe renal 
insufficiency.78 A retrospective study of patients with Henoch-
Schönlein purpura showed increased renal morbidity to be 
associated with nephrotic syndrome, decreased factor XIII 
levels, hypertension, and certain biopsy findings (crescents, 
mesangial macrophages, and tubulointerstitial disease). 
Kidney biopsy specimens generally show glomerulonephri-
tis, often with IgA deposits in the mesangium and vessel 
walls.80 The association of IgM deposition in the skin with 
renal involvement in adults is unclear.81,82

The pathogenesis of Henoch-Schönlein purpura is 
unknown. In one series, 62% of affected children had 
increased serum IgA levels.77 Abnormal antigenic stimula-
tion, possibly due to an infectious agent, may be a factor.77 
Elevated levels of vascular endothelial growth factor and 
endothelin have been reported,83,84 as have decreased levels 
of factor XIII.85 Abnormal cytokine levels (elevated tumor 
necrosis factor-α and interleukin-1β) have been described.86 
High titers of IgA anti–endothelial cell antibodies are seen 
in patients with more severe renal involvement.87

Most patients do not need treatment because the  
disease is self-limited. Joint pain may be ameliorated with 
analgesics. Severe gastrointestinal pain may benefit from 
systemic steroid treatment. Plasmapheresis and administra-
tion of steroids, intravenous immunoglobulin, and other 
immunosuppressants may decrease morbidity from renal 
involvement.76,77

GENODERMATOSES (Table 60.5)

Several genodermatoses have prominent skin and renal 
findings. In Birt-Hogg-Dubé syndrome,88,89 patients have 
numerous flesh-colored to slightly tan, smooth papules  

Henoch-Schönlein purpura the skin lesions are often seen 
in association with gastrointestinal pain, joint pain, and 
renal involvement. Mixed cryoglobulinemia is another dis-
order that can present with palpable purpura in the skin 
and a membranoproliferative glomerulonephritis.75 Other 
skin manifestations include ulcers and dyspigmentation. 
Many cases of mixed cryoglobulinemia are associated with 
hepatitis C infection; however, a variety of other infections, 
systemic diseases, or lymphoproliferative processes may also 
be associated.

HENOCH-SCHÖNLEIN PURPURA

Henoch-Schönlein purpura classically involves the skin 
(Figure 60.22), the joints, the gastrointestinal tract, and the 
kidneys.76 Children between the ages of 3 and 10 years are 
most commonly affected. In one series, 82% of affected 
children had joint pain, 63% had abdominal pain, 33% had 
gastrointestinal bleeding, and 40% had nephritis.77 In a 
cohort of 250 adults, 61% had arthritis, 48% had gastroin-
testinal involvement, and 32% had renal insufficiency (indi-
cated by proteinuria or hematuria).78

Skin involvement is manifested as palpable purpura 
involving the lower extremities and occasionally the upper 
extremities, buttocks, and trunk. Biopsy specimens from 
skin lesions show leukocytoclastic vasculitis, and direct 
immunofluorescence testing may reveal deposits of IgA,  
and sometimes C3 and IgG, within vessel walls. The skin 
findings generally fade without treatment. Ankles and knees 
tend to be more painful than other joints. Pain, nausea, 
vomiting, melena, and hematochezia herald gastrointestinal 
involvement.

Kidney involvement may manifest only as microscopic 
hematuria and proteinuria, although some patients develop 
nephrotic syndrome. Renal involvement can be the most 
severe aspect of Henoch-Schönlein purpura.77 In children, 

Figure  60.21 Leukocytoclastic vasculitis. (Courtesy the Yale Resi-
dents’ Collection.)

Figure 60.22 Henoch-Schönlein purpura. Nonblanchable macules 
and papules distributed over the buttocks and lower extremities. 
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Figure 60.23 Birt-Hogg-Dubé syndrome. Multiple whitish smooth-
surfaced papules (identified as fibrofolliculomas on biopsy) are 
present on the face. (Courtesy the Yale Residents’ Collection.) Figure 60.24 Multiple piloleiomyomas in a patient with Reed’s syn-

drome. (Courtesy the Yale Residents’ Collection.)

Table 60.5  Genodermatoses with Associated 
Skin and Kidney Tumors

Syndrome Skin Findings Renal Findings

Birt-Hogg-Dubé 
syndrome

Fibrofolliculoma
Trichodiscoma
Skin tag–like lesion

Renal cell 
carcinoma

Cysts
Tuberous sclerosis Adenoma 

sebaceum
Angiomyolipoma

Cysts
Von Hippel–Lindau 

syndrome
Port-wine stain Clear cell renal 

cell carcinomaCysts
Muir-Torre 

syndrome
Sebaceous 

neoplasia
Genitourinary 

carcinoma, 
including renal

Hereditary 
leiomyomatosis 
and renal cell 
carcinoma 
syndrome

Leiomyoma Carcinoma

on the face (Figure 60.23) that histopathologically are fibro-
folliculomas or trichodiscomas. Skin tag–like lesions may 
also be seen in the axillary areas.90 Angiofibromas and 
perifollicular fibromas are other potential cutaneous 
lesions.91 This autosomal dominant disorder is associated 
with renal cell carcinoma (chromophobe, hybrid, oncocytic, 
and rarely clear cell types) and cysts, with a defect in  
folliculin, a product of the BHD gene on chromosome 
17. Folliculin likely functions as a tumor suppressor, and 
haploinsufficiency may be sufficient to lead to skin tumor 
formation.92 Other manifestations include spontaneous 
pneumothorax.

In tuberous sclerosis,93 another autosomal dominant dis-
order that is sometimes sporadic, there are also numerous 
facial papules clustered in the nasolabial areas and over the 
nose—so-called adenoma sebaceum or angiofibromas. 
Lesions are erythematous and smooth and may resemble 
acne. These lesions have histopathologic features similar  
to those of fibrous papules of the nose, with dilated vessels, 
stellate fibroblasts, and onion-skin fibrosis around vessels 
and adnexal structures. Other skin findings include ash 

leaf–shaped hypopigmented macules and patches; small, 
hypopigmented macules in a confetti-like pattern in the axil-
lary areas; and periungual fibromas. Renal angiomyolipo-
mas, cysts, or carcinoma may be seen. Patients may also have 
seizures or mental retardation. Genetic mutations are found 
in tuberin and hamartin, tumor suppressor proteins.

In von Hippel–Lindau syndrome, port-wine stains of the 
skin (seen in a minority of patients) are associated with 
ocular, cerebellar, medullary, and spinal hemangioblasto-
mas, clear cell renal cell carcinoma and cysts, pheochromo-
cytoma, pancreatic tumors and cysts, and testicular cysts. 
The disease has an autosomal dominant inheritance pattern, 
and ocular evaluation should begin at birth. Neurologic, 
otologic, and endocrine evaluation with abdominal ultraso-
nographic screening may be initiated at age 8, or earlier if 
symptoms are present. The defective gene is VHL, a tumor 
suppressor gene on chromosome 3.94 The VHL protein 
regulates hypoxia-inducible factors 1α and 2α, and dysregu-
lation leads to vascular proliferation.

In hereditary leiomyomatosis and renal cell carcinoma 
syndrome, cutaneous (Figure 60.24) and uterine leiomyo-
mas are associated with an aggressive renal cell carcinoma. 
Inheritance may be autosomal dominant, and mutations are 
in fumarate hydratase, a Krebs cycle enzyme that, when 
defective, may lead to dysregulation of the same hypoxia-
inducible factors as in von Hippel–Lindau syndrome.95

In Fabry’s disease,96 numerous bright red, sometimes 
hyperkeratotic, papules are seen distributed in the bathing 
suit–trunk area. Such lesions may also be a manifestation of 
other genetic disorders such as fucosidosis and other lipid 
storage disorders. Histopathologically these lesions, termed 
angiokeratomas, are composed of dilated vessels that abut the 
undersurface of the epidermis. Other associated findings 
include paroxysmal pain, cornea verticillata, strokes, sei-
zures, heart disorders, and chronic kidney failure. The 
defect is in α-galactosidase A, a product of the GAL gene on 
the X chromosome.

In Muir-Torre syndrome, multiple keratoacanthomas or 
a single sebaceous neoplasm (adenoma, carcinoma, or epi-
thelioma) is associated with an internal malignancy. Most 
commonly, patients have a colorectal carcinoma, but carci-
nomas of the renal pelvis, ureter, and bladder are also asso-
ciated. Muir-Torre syndrome is an autosomal dominant 
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disorder with mutations described in MSH2, MSH1, and 
rarely MSH6.97

Alport’s syndrome is the association of hematuric 
nephropathy, hearing defects, and ocular abnormalities. 
Although there are no skin findings, it is important to note 
that a simple skin biopsy can aid in the diagnosis. In Alport’s 
syndrome there are mutations in the genes encoding type 
IV collagen. An absence of collagen IV may be seen in skin 
biopsy specimens from patients with X-linked Alport’s 
syndrome.98

DERMATOLOGIC CONDITIONS THAT MAY 
LATER INVOLVE THE KIDNEYS (Table 60.6)

IMPETIGO/STREPTOCOCCAL SKIN INFECTION

Although poststreptococcal glomerulonephritis is more 
commonly associated with a preceding streptococcal phar-
yngitis, streptococcal skin infections can be the initiating 
event. The renal symptoms may present 2 to 3 weeks or 
more after the skin infection, by which time the skin find-
ings have generally resolved.
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JUSTIFICATION OF DIETARY SUPPORT 
DURING CHRONIC KIDNEY DISEASE

There is evidence from the United States, as well as the well-
known increase in diabetes throughout the world, that the 
incidence of chronic kidney disease (CKD) continues to 
rise. What can be done about this frightening future and 
why are nutritional considerations so important for the 
management of patients with CKD? Obviously, if we do 
nothing, patients die or begin dialysis therapy. However, 
patients with CKD generally also have high blood pressure 

and inadequate treatment of hypertension, which can lead 
to diffuse vascular complications. Even if patients take the 
recommended first step in treating hypertension (i.e., 
diuretic therapy) but do not reduce their salt intake, the 
blood pressure–lowering effect of diuretics will be lost.1 
Patients with CKD accumulate waste products arising from 
the metabolism of protein, and these compounds exert 
toxic effects. This is relevant because it is well established 
that controlling protein intake will help reduce metabolic 
abnormalities.2,3 Finally, it was reported that the beneficial 
influence of inhibiting the renin angiotensin aldosterone 
system (RAAS) on the progression of CKD is eliminated if 
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and it has been shown that simply correcting the serum 
bicarbonate level improves protein and calcium metabolism 
in patients with CKD; there is even evidence that reducing 
dietary acid generation slows the progression of CKD.14-19 
Therefore, attention to the diet of patients with CKD is not 
just an intellectual exercise but can produce rapid and sus-
tained benefits for patients as long as attention is taken to 
ensure overall adequacy of the diet.20

As an example of the importance of dietary manipula-
tion, consider the Mediterranean diet. This diet is rich in 
fruit, vegetables, fish, and olive oil and includes limited red 
wine consumption with meals. The diet is also low in red 
meat and animal fat; its benefits include reduced suscepti-
bility to cardiovascular disease (CVD), with increased lon-
gevity. There is now accumulating evidence that this diet 
might be involved in producing other protective actions. 
For example, despite marked differences in dietary prefer-
ences in countries such as those in Latin America, China, 
and India, meat consumption has been associated with a 
higher risk of dementia, and substituting fish for meat in 
the diet may prevent dementia.21 In addition to meat, the 
Mediterranean diet possesses antiinflammatory properties 
that could be of value for patients with diabetes and/or 
obesity.22 For example, olive oil consumption is associated 
with a reduction in the carotid artery intima-media thick-
ness that carries a high risk of developing CVD, in part 
because the diet reduces levels of C-reactive protein and 
oxidized low-density lipoprotein (LDL) cholesterol.23,24 In 
fact, a systematic review of more than 500,000 adults has 
shown that adherence to a Mediterranean diet reduces 
overall mortality by 9%, cardiovascular mortality by 9%, 
mortality from cancer by 6%, and Parkinson’s and Alzheim-
er’s diseases by 13%.25 Positive benefits also occur with an 
increased intake of fish. He and colleagues have reported 
that for each increase in fish intake of 20 g/day, there is a 
7% reduction in the risk of cardiovascular mortality.26 In 
contrast, an increase in red meat and/or processed meat 
consumption in the United States is associated with an 
increase in overall mortality, including a rise in the mortality 
from cancer and/or CVD by 10% to 30% (comparing the 
lowest with the highest quintile of meat intake).27-29 In an 
analysis of the Nurse’s Health Study in the United States, 
patients who had preexisting CVD and were switched to a 
Mediterranean-style diet had lower all-cause mortality.28 
Similar beneficial effects have been reported from results 
obtained from a Swedish cohort of older men: eating a 
Mediterranean-style diet was associated with a lower likeli-
hood of developing CKD and, for patients with preexisting 
CKD, survival was enhanced.29 Together, these findings dem-
onstrate how important nutrient choices can be in terms of 
improvement in the health of patients with and without 
CKD. In this chapter, we will address how a specialized renal 
diet may protect patients with CKD from the consequences 
of metabolic abnormalities and progressive loss of kidney 
function. We also will address methods of monitoring com-
pliance and safety of the diets.

The need to manipulate the diet and the approaches 
used to accomplish this goal will depend on the patient’s 
level of renal insufficiency or CKD stage. This raises  
the question of how to measure or assess the degree of  
CKD. The most widely used classification was developed by 
the National Kidney Foundation (NKF) Kidney Disease 

intakes of phosphate and salt are unrestricted.4,5 Again, suc-
cessful treatment of CKD patients requires knowledge of 
dietary factors and controlling their excesses. The goal of 
this chapter is to provide the reader with an understanding 
of the metabolic aberrations associated with CKD and 
provide insights about how to manage these issues. We will 
provide the reader with concrete demonstrations that con-
trolling protein intake is an effective step in treating prob-
lems associated with CKD.

There remains uncertainty about the influence of dietary 
modification on the progressive loss of kidney function that 
is characteristic of CKD.6 However, arresting or slowing pro-
gression is not the sole reason to design and implement a 
practical and efficacious diet for patients with CKD. Other 
reasons include correcting acidosis, reducing the loss of 
protein stores, suppressing uremic bone disease, improving 
the treatment of hypertension, and reducing the accumula-
tion of waste products derived from foods being eaten or 
arising from the breakdown of protein in muscle and other 
organs. In short, dietary modification may or may not slow 
the loss of the glomerular filtration rate (GFR) but design-
ing a diet and providing instruction about dietary manipula-
tion reduces the accumulation of waste products, which 
alone could delay the start of dialysis.

How does selective nutritional intervention affect health 
and disease? There are countries and regions of the world 
that have a long history of expertise in cuisine and a well-
developed history of education about diet and its role in 
health and disease. In other countries, there is minimal 
attention to dietary education. For example, individuals in 
some countries manifest little interest in the control of accu-
mulation of phosphates, which is paramount for the devel-
opment of uremic bone disease, even though there has 
been a dramatic increase in phosphate additives to pro-
cessed food over the past 10 years.7-11 Similarly, there has 
been a lack of attention to the addition of sodium (salt) to 
foods, even though blood pressure in patients with CKD is 
poorly controlled and there are ongoing challenges in man-
aging hypertension, despite the availability of a panoply of 
medications.12 In addition, there is an undeniable link 
between the consumption of specific diets and mortality but 
limited attention to nutritional regimens that could protect 
patients. For example, the French paradox and the Mediter-
ranean diet are among the dietary patterns demonstrated 
to exert positive nutritional benefits, yet these diets are 
understudied in terms of elucidating mechanisms that 
could positively affect the health of the population.13 Other 
examples of a protective effect of diets include a limited but 
daily intake of certain wines and so-called anticancer nutri-
ents. We do not know whether or how these factors lower 
the risk of mortality and whether this benefit will extend to 
patients with different types of diseases. Can we develop 
diets that take advantage of the mechanisms underlying 
these problems? For example, in patients with CKD,  
there is strong evidence that the excretion of uremic waste 
products is impaired and that these waste products accumu-
late, producing uremic symptoms. This problem can be 
addressed because high levels of these metabolic products 
are sharply reduced by simply limiting dietary protein. Even 
more easily understood are the beneficial effects of correct-
ing metabolic acidosis. It arises because meat-rich diets gen-
erate acid, which is poorly excreted by the damaged kidney, 
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kidney disease.35-39 Hemodynamic responses to changes in 
dietary protein have been attributed to a number of mecha-
nisms that increase GFR, induce and/or increase protein-
uria, and lead to glomerulosclerosis and renal insufficiency. 
Among the potential determinants involved are hormones 
(e.g., glucagon, insulin, insulin-like growth factor-1, angio-
tensin II [Ang II]), cytokines (e.g., prostaglandins), and 
kinins.40-43 Intrarenal sodium transport may also be involved 
via the proximal Na–amino acid cotransporter; the activity 
of this transporter is enhanced in response to increases in 
filtered amino acids, and this stimulates tubuloglomerular 
feedback, with an increase in GFR.44 Alternatively, dietary 
protein restriction in rats reduces or corrects many of the 
changes in glomerular hemodynamics observed after 5/6 
nephrectomy.45 This is relevant because micropuncture 
studies have provided evidence that the increase in the 
single-nephron glomerular filtration rate and increase in 
glomerular capillary and transcapillary pressures found with 
CKD explain the acceleration of the glomerular lesion.45 
Studies in rats with smaller degrees of renal ablation have 
shown that a low-protein diet consistently reduces hyperfil-
tration and delays the onset of proteinuria and glomerular 
fibrosis.38,46 The proposed mechanism for this response is 
that a diet with only 6% protein reduces glomerular hyper-
tension via constriction of the afferent arteriole, resulting 
in decreased glomerular plasma flow and the degree of 
proteinuria.

DIETARY PROTEIN, RENAL INFLAMMATION,  
AND OXIDANT STRESS

Protein intake and protein trafficking through the kidney 
cause hypermetabolism and oxidant stress.47,48 Dietary 
restriction to 12% protein decreases oxygen consumption 
and ammonia production by about 50% compared to a diet 
consisting of 40% protein.48,49 This response has been attrib-
uted to a decrease in net sodium reabsorption. In the 
kidney, a low-protein diet has the potential to exert an anti-
fibrotic effect. For example, Nakayama and associates have 
reported that the expression of fibronectin and transform-
ing growth factor-β (TGF-β) in the kidneys of adriamycin-
treated rats is dramatically reduced when the diet is 6% 
protein compared to results from littermate rats eating the 
standard 20% protein diet.50

TGF-β, a potent profibrotic agent, is decreased by feeding 
a low-protein diet. In addition, it was reported that an 
l-arginine supplement augmented the propensity of a low-
protein diet (6%) to reduce the glomerular expression  
of TGF-β, fibronectin, and plasminogen activator inhibitor 
1 (PAI-1) in a model of immune glomerulonephritis.51 
Notably, this response occurred independently of nitric 
oxide metabolism. Moreover, maximal Ang II blockade with 
angiotensin-converting enzyme inhibitors (ACEIs) or Ang 
II receptor antagonists caused only a 45% decrease in TGF-β 
gene expression and urinary protein, while a low-protein 
diet caused a further 20% reduction in TGF-β expression 
and production.51 There was a similar decrease in fibronec-
tin and PAI-1 expression and activation. Thus, a reduction 
in profibrotic mediators is associated with a concomitant 
decrease in proteinuria.

Tovar-Palacio and coworkers studied obese Zucker rats to 
determine the effects of different amounts and types of 

Outcomes Quality Initiative (KDOQI) Committee (Table 
61.1). Notably, even individuals who have a low risk of devel-
oping progressive CKD can develop some of its complica-
tions.30 Baseline results from the multicenter Modification 
of Diet in Renal Disease (MDRD) study were reviewed to 
develop a method of assessing the degree of kidney damage 
in patients with CKD. First, kidney damage was defined as 
persistent abnormal albuminuria on two occasions; second, 
it became necessary to measure GFR or estimate it from 
equations based on results of the MDRD study or derived 
from creatinine or even cystatin C.31,32 The variables used to 
estimate GFR are based on equations that account for dif-
ferences in measured GFR by age, serum creatinine, gender, 
and race, but the accuracy of this method improves sharply 
when the estimated GFR (eGFR) is less than 60 mL/
min/1.73 m2.32 While this staging approach is useful, it has 
several limitations. First, the equation was derived from indi-
viduals in the United States with established kidney disease, 
so it might not apply to patients in other regions of the 
world. For example, it was shown to be inaccurate when 
Chinese patients were examined.33,34 Second, the accuracy 
of the MDRD equation is poor for eGFR values of 60 mL/
min/1.73 m2 or higher. Third, the boundaries for the stages 
of CKD in the categories are somewhat arbitrary. Like other 
continuous biologic functions, such as blood pressure, there 
is no absolute threshold. Fourth, certain treatments may 
acutely reduce the eGFR (e.g., starting a diuretic to treat 
hypertension), yielding an inaccurate determinant of the 
stage of CKD for the patient, even though there has been 
no long-term damage to the kidney. Nonetheless, the NKF 
KDOQI classification system is easy to use and should help 
identify individuals for whom interventions, including 
dietary modification, might lead to an improvement in their 
overall health outcomes.

DIETARY INFLUENCES OF PROTEIN ON  
KIDNEY FUNCTION

There is ample evidence that increasing protein intake or 
amino acid infusion alters renal hemodynamics, which 
could impair kidney function in animals with experimental 

Table 61.1  Stages of Kidney Dysfunction

CKD Stage Description
GFR (mL/
min/1.73 m2)

1 Kidney damage (e.g., 
albuminuria) with normal or 
increased GFR

≥90

2 Kidney damage (e.g., 
albuminuria) with mildly 
reduced GFR

60-89

3 Moderately reduced GFR 30-59
4 Severely reduced GFR 15-29
5 Kidney failure <15

CKD, Chronic kidney disease; GFR, glomerular filtration rate.
Adapted from National Kidney Foundation: K/DOQI clinical 

practice guidelines for chronic kidney disease: evaluation, 
classification, and stratification. Am J Kidney Dis 39(Suppl 
1):S1-S266, 2002.

http://www.myuptodate.com


 CHAPTER 61 — DIETARy APPROACHES TO KIDNEy DISEASES 1959

metabolism throughout the body. It is calculated as the dif-
ference between the intake and excretion of nitrogen in 
subjects with normal kidney function. In patients with CKD, 
however, the accumulation of nitrogen-containing products 
in body fluids must also be measured. These products are 
not converted into proteins but can accumulate in the body, 
causing uremic symptoms, a conclusion supported by the 
observation that reducing waste product accumulation by 
restricting dietary protein or by dialysis results in symptom-
atic improvement.58 Thus, CKD is a state of protein intoler-
ance because symptom-producing waste products are 
generated by the catabolism of dietary protein and/or body 
protein stores.

UREA

Urea is the major waste product accumulating in patients 
with CKD.59 Once produced, urea (or other waste products) 
has three fates—it is excreted, it accumulates in body fluids, 
or it is degraded. Since protein intake is directly and closely 
correlated with the production of urea, the severity of 
uremia can be estimated from the steady-state serum con-
centration of urea nitrogen (BUN [blood urea nitrogen]).60 
BUN is calculated by rearranging the clearance formula in 
the following fashion. The production of urea minus its 
degradation yields the steady-state BUN when the difference 
is divided by the urea clearance.61 Alternatively, the steady-
state BUN can be estimated from dietary protein. This is 
possible because protein is 16% nitrogen (average value). 
If the nonurea nitrogen (0.031 g N/kg/day) is subtracted 
from dietary nitrogen, the difference, divided by urea clear-
ance, yields the steady-state BUN.61 The calculation assumes 
that urea clearance is independent of the plasma concentra-
tion, which is a reasonable assumption for CKD.

The steady-state BUN is useful because it expresses the 
severity of impaired kidney function in terms of accumu-
lated nitrogenous waste products. The key concept is that 
the steady-state concentration in blood of any nitrogen-
containing waste product (derived from dietary protein or 
protein catabolism) will increase in parallel to the increase 
in BUN.59,61-63 Since urea nitrogen excretion by normal 
persons varies directly with protein intake, the net produc-
tion of urea or the urea appearance rate is the principal 
quantity to consider when prescribing a diet for patients 
with CKD (Figure 61.1). In this figure, nitrogen balance and 
urinary urea are presented as functions of nitrogen intake 
in patients with CKD fed varying quantities of dietary 
protein, from about 12 to 90 g protein/day. Patients who 
were fed less than 4 g of nitrogen/day were determined as 
being in neutral or negative nitrogen balance. In patients 
fed more than 4 g of nitrogen/day, the steady-state urea 
nitrogen excretion is equal to the increment in nitrogen 
intake above the amount required to achieve neutral nitro-
gen balance.

Urea appearance is calculated as the sum of urea excreted 
and accumulated.59,61-63 It provides a method for estimating 
the intake of nitrogen (principally protein) in persons with 
or without kidney disease. For patients undergoing dialysis, 
urea turnover has been labelled as urea generation or 
protein catabolic rate (PCR).64 It is calculated as the sum of 
urea excreted and removed by dialysis plus changes in the 
body pool of urea. These factors are similar to those of the 

protein intake on kidney function.52 For 2 months, rats with 
normal kidney function were fed casein or soy protein in 
amounts of 20%, 30%, or 45% of their food intake. Urine 
excretion of hydrogen peroxide, a marker of oxidative 
stress, increased parallel to increases in protein intake. For 
the same amount of dietary protein, changes in kidney func-
tion were consistently lower with vegetable sources of 
protein versus animal-derived dietary proteins. Proteinuria 
was lowest in the 20% soy protein diet, and renal expression 
of genes involved in inflammation (e.g., interleukin-6 [IL-6], 
tumor necrosis factor-α [TNF-α]), lipid metabolism (e.g., 
sterol regulatory element–binding protein-1 [SREBP-1], 
fatty acid synthase [FAS]), matrix accumulation (e.g., type 
IV collagen), and fibrosis (e.g., transforming growth factor-β 
[TGF-β]) were at the lowest level with the 20% soy diet and 
highest in the 45% casein diet. These results strongly 
support the deleterious effects of a high casein intake and 
a nephroprotective impact occurring in response to low 
dietary protein from vegetable sources.52

RESPONSES OF KIDNEY FUNCTION TO 
DIFFERENT SOURCES OF DIETARY PROTEINS

Based on the observation that vegetarians have lower GFRs 
than omnivores, Margetts, Wiseman, and Williams and col-
leagues tested different sources of protein of animal or 
vegetable origin (casein or soy) in rats with stable kidney 
function.53-55 Both regular (24%) and moderately low (12%) 
protein intakes of each protein source was studied. After 3 
months, glomerulosclerosis and tubular dilation were found 
to be significantly more pronounced in the casein- versus 
the soya-fed rats. The degree of proteinuria was greatest 
with the 24% and 12% casein diets but lower in the 24% 
soya group and lowest in the 12% soya-fed rats. There were 
no significant differences in the severity of the proteinuria 
or histologic lesions in the 24% versus the 12% soya groups.55 
Although these results are convincing, there are differences 
in the digestibility of protein, making it possible that the 
absorption of vegetable proteins was simply less (≈10% 
lower) in rats fed that diet. This would reduce the true 
amount of protein compared with the results with the 
casein-based diets. Digestibility and fiber content from veg-
etarian diets in humans may also change phosphorus 
absorption, phosphorus excretion, and serum levels of 
fibroblast growth factor 23 (FGF-23), factors that may cause 
renal impairment, as shown by Moe and associates.56 This is 
also relevant to problems of patients with CKD because the 
fiber content of the diet may be related to systemic inflam-
mation. Participants in the National Health and Nutrition 
Evaluation Survey III (NHANES III) with CKD were found 
to have a high intake of dietary fiber and, importantly, a 
reduction in all-cause mortality.57

TURNOVER OF NITROGENOUS 
PRODUCTS IN CHRONIC UREMIA

By definition, adults in neutral protein balance have equal 
rates of protein synthesis and protein degradation, while 
growing children have a positive protein balance, so their 
protein synthesis exceeds protein degradation. Nitrogen 
balance therefore provides information about protein 
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15N-urea. With these techniques, the rate of urea production 
exceeds the steady-state rate of urea excretion in normal 
and uremic subjects. The difference is due to degradation 
of urea by bacterial ureases in the gastrointestinal tract.69 
Interestingly, the rate of urea degradation in normal adults 
eating a diet of about 90 g protein/day averages 3.6 g/day 
of nitrogen, a value similar to that in patients with CKD. 
Another means of evaluating urea degradation is to express 
it as extrarenal urea clearance, which is calculated as the 
rate of urea degradation divided by the plasma concentra-
tion of urea. Notably, for normal adults, the extrarenal urea 
clearance averages about 24 L/day.69,70 If the same value of 
clearance were present in patients with a high BUN, the 
amount of ammonia derived from urea production would 
be very high. High values of ammonia do not occur in CKD 
(see below).71 This means that the extrarenal clearance of 
urea in patients with CKD must be greatly reduced. For 
example, in patients being treated with low-protein diets 
supplemented with amino acids or their α-keto or α-hydroxy 
analogues, the extrarenal clearance averages less than 4 L/
day.71,72 Since the amount of nitrogen available from urea 
degradation is not large, chronic uremia presumably 
changes the gut mucosa and limits access of urea to the 
bacterial ureases. It remains possible that a rapid elevation 

urea appearance rate. The protein catabolic rate is a mis-
leading term, however, because the rate of protein catabo-
lism is far greater than the urea appearance rate. Specifically, 
the daily processes of protein synthesis and degradation in 
cells amounts to 45 to 55 g of nitrogen/day.65,66 This amount 
of protein is equivalent to the synthesis and degradation of 
280 to 350 g/day of protein or more than 1 kg of muscle 
(muscle is assumed to be 20% protein). Thus, PCR does not 
measure whole-body protein catabolism, even though the 
principle of conservation of mass indicates that the nitrogen 
arising from dietary nitrogen plus the difference between 
whole-body protein synthesis and degradation yields the 
amount of waste nitrogen produced each day. In addition 
to protein in the diet, factors influencing urea metabolism 
include volume depletion with diuretics, which produces 
passive reabsorption of urea.67 Second, sodium depletion 
causes urea appearance to rise in animals and humans.67,68 
The mechanism for stimulation of urea production with 
sodium depletion is unknown but apparently it does not 
require glucocorticoids.68

UREA PRODUCTION AND DEGRADATION
Accurate rates of urea production and degradation require 
measurement of the plasma disappearance of 14C- or 

Figure 61.1 Nitrogen balance and urinary urea as a function of nitrogen intake in chronically uremic subjects fed varying quantities of dietary 
protein. All subjects receiving less than 4 g of nitrogen/day were in neutral or negative nitrogen balance, and urea excretion tends to plateau at 
a low value. In subjects receiving more than 4 g of nitrogen/day, the steady-state urea nitrogen excretion is equal to the increment in nitrogen 
intake above the amount required to achieve neutral nitrogen balance. (From Cottini EP, Gallina DK, Dominguez JM: Urea excretion in adult humans 
with varying degrees of kidney malfunction fed milk, egg, or an amino acid mixture: assessment of nitrogen balance. J Nutr 102:11-10, 1973.)

24

20

16

12

8

4

0

2

1

0

1

Nitrogen intake g/day

Nitrogen balance

g/
da

y
g/

da
y

�

�

y =�4.40�(2.08.x)

Urinary 
urea

14 12 10 8 6 4 2 0

http://www.myuptodate.com


 CHAPTER 61 — DIETARy APPROACHES TO KIDNEy DISEASES 1961

urea, was directly correlated with serum creatinine and cre-
atinine production.80 Notably, the rate of extrarenal creati-
nine clearance we measured averaged only 0.039 L/kg/day, 
explaining why creatinine metabolism becomes clinically 
important only when the serum creatinine concentration is 
high. A low extrarenal clearance also could explain why 
creatinine degradation has not been detected in humans or 
animals with normal serum creatinine levels and creatinine 
clearance values.

Physiologically, the finding that creatinine is degraded, 
and that there is a decline in creatinine excretion in patients 
with CKD, means that creatinine excretion is not a reliable 
index of lean body mass in patients with CKD. The slow 
turnover rate has another physiologically important conse-
quence. It means that conclusions about the influence of 
the diet on changes in progression of CKD are invalid when 
they are based on serum creatinine concentration unless at 
least 4 months (three half-lives of creatine turnover) have 
elapsed following changes in dietary protein.84

URIC ACID

The fractional clearance of uric acid rises markedly at GFR 
values below 15 mL/min/1.73 m2 because there is increased 
secretion and reduced reabsorption of urate.85 In addition 
to this adaptation, the steady-state level of uric acid excre-
tion by patients with advanced CKD falls to about 100 to 
300 mg/day (normal rate, 400 to 600 mg/day). If produc-
tion is constant, this finding should be accompanied by a 
major increase in the serum uric acid level. However, a 
serum uric acid level above 10 mg/dL is unusual in patients 
with CKD and, as with urea and creatinine, the explanation 
for these findings is that there is extrarenal degradation of 
uric acid.86

For example, Sorensen87 has reported results of uric acid 
turnover experiments following intravenous injection of 
radiolabelled uric acid. It was calculated that extrarenal 
urate clearance accounts for as much as 65% of uric acid 
produced by patients with renal insufficiency. Intestinal bac-
teria are probably responsible for uric acid degradation 
because the fraction of urate degraded was reduced from 
22% to 3% in patients given oral doses of neomycin and 
streptomycin.87 Since many compounds are produced 
during uric acid degradation (e.g., ammonia, urea, allan-
toin), extrarenal clearance of urate or other compounds 
does not eliminate nitrogen but simply results in the accu-
mulation of other compounds.88 Degradation of urate, 
however, does contribute to the fact that there is a low inci-
dence of gouty arthritis or nephropathy (defined as urate 
deposits surrounded by inflammatory cells and fibrous 
tissue) in the kidneys of patients with CKD. These deposits 
are mainly found in the renal medulla of patients with long-
standing CKD. There is inferential evidence that a high  
uric acid concentration contributes to a progressive loss of 
kidney function, mainly based on experimental studies in 
rodents.89 However, the efficacy of long-term allopurinol 
therapy as a method of slowing the progression of CKD in 
patients with hyperuricemia is still unsettled. Early studies 
found no benefit while other studies observed slower pro-
gression with the administration of allopurinol.90,91 This 
finding might be linked to a pathogenic role of uric acid in 
producing vascular disease.92

of plasma urea, as occurs in patients with acute kidney 
failure, might increase the rate of urea degradation.

CREATININE

Creatinine is formed by a nonenzymatic process that dehy-
drates creatine and creatine phosphate to form creatinine. 
The major pool of creatine and creatine phosphate is in 
muscle, and it is large because creatine is accumulated intra-
cellularly by an active transport system. Since creatinine 
production is a nonenzymatic process, the turnover rate of 
the creatine pool is only 1.7%/day. Practically, this means 
that a change in the rate of creatinine production does not 
reach a new steady state for 41 days.73,74 The slowness of the 
turnover of the creatine–creatine phosphate is a major 
reason why the 24-hour creatinine excretion rate serves as 
an index of lean body mass. For unknown reasons, however, 
the rate of creatinine excretion is highly variable. For 
example, it was necessary to obtain three consecutive 
24-hour collections of urine for measuring creatinine excre-
tion before a reliable estimate of lean body mass was 
obtained.75-77 Another reason for the variation in calculation 
of lean body mass by creatinine excretion is that meat in the 
diet changes creatinine excretion: with creatine-free diets, 
creatinine excretion falls about 15%.77 Interestingly, creati-
nine excretion does not decrease even more than 15% with 
meat-free diets because creatine production is stimulated by 
diets that are low in creatine content.78

In addition to dietary creatine-creatinine and variations 
in lean body mass, age is an important factor affecting cre-
atinine excretion in normal adults.79 In order of descending 
importance, the relationship between age and creatinine 
excretion results from reduced lean body mass and  
muscle as a fraction of weight (aging is associated with 
increased body fat) and from a decrease in meat intake  
with aging.77 Notably, patients with advanced CKD have a 
creatinine excretion rate that is lower than predicted by 
changes in their lean body mass. This deficit is caused by 
creatinine degradation.74,80,81 However, this ignores creati-
nine degradation and, when the rate of creatinine produc-
tion was formally measured in patients with CKD, it was 
found to be virtually the same as that predicted for normal 
subjects of the same age, gender, and weight.80 Thus, the 
difference between normal creatinine production and 
decreased creatinine excretion is due to degradation of 
creatinine.

Definitive evidence for creatinine degradation was 
reported by Jones and Burnett, who measured the disap-
pearance of 14C-labeled creatinine in uremic patients.82 
They detected radioactivity in products of creatinine  
metabolism, including sarcosine (N-methylglycine), N-meth-
ylhydantoin, creatine, and carbon dioxide. The breakdown 
of creatinine is most likely due to its degradation by intesti-
nal bacteria since it has been demonstrated that flora 
obtained from the intestines of normal subjects or patients 
with CKD readily degrade creatinine.83 We measured creati-
nine metabolism in uremic subjects given oral antibiotics 
and found no suppression of creatinine degradation.80 
Thus, the site of creatinine degradation is controversial.80

There is evidence that creatinine degradation is corre-
lated with serum creatinine levels. In fact, in patients with 
CKD, we found that creatinine degradation, like that of 
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tions, or abscesses.98,99 Fortunately, these metabolic disor-
ders are unusual.

OTHER NITROGENOUS COMPOUNDS IN URINE

The difference between total urinary nitrogen and urea 
nitrogen in urine is termed nonurea nitrogen, and it includes 
the nitrogen in uric acid, peptides, protein, and creati-
nine.61,63 In patients with proteinuria, albumin clearance 
expressed as a fraction of GFR varies from 0.3% to 3.0% or 
more and, in general, protein clearance falls as GFR 
decreases, but other factors can change this ratio (e.g.,  
glomerular damage).100-102 For example, raising dietary 
protein intake tends to increase proteinuria in patients with 
nephrotic syndrome, while dietary protein restriction 
reduces proteinuria.101,103-106 Drugs also affect the degree of 
proteinuria; proteinuria generally falls when blood pressure 
is reduced, especially with ACEIs or angiotensin receptor 
blockers.104-112

FECAL NITROGEN

Patients with CKD frequently develop occult intestinal blood 
loss; in one study, it averaged 6 mL/day, and values this low 
may be difficult to detect by guaiac testing.113 Other causes 
for a change in fecal nitrogen in normal adults include 
variations in dietary roughage, fermentable carbohydrates, 
and nitrogen.61,114,115 Maroni and colleagues made extensive 
measurements and concluded that fecal nitrogen varies with 
body weight but not with protein intake.61 Masud and associ-
ates reported on 52 adult patients with CKD who were not 
being dialyzed and were eating various diets.63 In these 
patients, there was no relationship between dietary nitrogen 
and fecal nitrogen excretion.

TOTAL NONUREA NITROGEN EXCRETION

Nonurea nitrogen excretion consists of the nitrogen in feces 
plus all other forms of nitrogen excreted in urine except 
urea (e.g., urinary creatinine, uric acid, ammonium, pep-
tides). Maroni and coworkers measured the average nonurea 
nitrogen excretion of 19 patients with CKD who were in 
neutral or nearly neutral nitrogen balance.61 These patients 
were eating diets with as much as 94 g protein/day or low-
protein diets supplemented with ketoacids. Despite the wide 
range of dietary protein intake, nonurea nitrogen was 
related to body weight (BW), averaging 0.031 g/kg/day of 
nitrogen. Using this value, Maroni and colleagues found 
that the estimated nitrogen balance did not differ statisti-
cally from the measured nitrogen balance. Interestingly, 
0.031 g/kg/day of nitrogen (Figure 61.2) is similar to the 
value for nonurea urinary nitrogen plus fecal nitrogen 
excreted by normal subjects or patients on dialysis. Thus, 
the major factor for planning the protein content of dietary 
therapy is the urea nitrogen. Protein intake can be esti-
mated as the sum of urea nitrogen appearance (see below) 
plus the estimated nonurea nitrogen excretion of 0.031 g 
nitrogen/kg BW/day.61

The relationships among dietary protein, urea nitrogen 
appearance, and nonurea nitrogen can be used to assess 
adherence to the amount of prescribed dietary protein. 
Kopple and associates have reported that fecal nitrogen is 

Johnson and coworkers92 have report that humans have 
a higher serum uric acid concentration than other animals 
because people have a null mutation in the uricase gene 
(uricase initiates uric acid degradation). Experimentally, 
the investigators demonstrated that a higher uric acid level 
is associated with the development of hypertension of the 
salt-sensitive type and that it leads to vascular disease.93,94 
When the investigators treated rats with oxonic acid, which 
blocked uricase activity, the serum uric acid level increased 
to about 2 mg/dL, and the rats developed progressive renal 
insufficiency, which was linked to the development of glo-
merular hypertrophy and pathologic changes in arterioles 
of the kidney. These pathologic changes were substantially 
ameliorated by the administration of allopurinol or treat-
ment with a uricosuric diuretic. From these results, it is 
interesting to note that Fessel eliminated patients with 
severe hypertension when he analyzed the effects of high 
levels of uric acid.95 In the remaining subjects, the clinical 
course of 113 patients with asymptomatic hyperuricemia 
and 168 patients with gout were examined, some of whom 
had mild renal insufficiency. Only when the serum uric acid 
level exceeded 10 mg/dL in women or 13 mg/dL in  
men was there a loss of residual kidney function. It is still 
undetermined whether patients with hypertension develop 
vascular damage and progressive CKD because of a hyper-
uricemia or whether hypertension or CKD causes hyperuri-
cemia. A recent meta-analysis of 11 randomized controlled 
trials, with a total of 753 patients with hyperuricemia, led 
the investigators to conclude that lowering serum uric acid 
levels by prescribing benzbromarone, losartan, allopurinol, 
febuxostat, rasburicase, or pegloticase is associated with a 
decrease in serum creatinine levels or other measures of 
improved renal function. Consequently, the potential for a 
beneficial influence of treating hyperuricemia in patients 
with CKD will have to be confirmed in adequately powered, 
randomized controlled trials (RCTs).96

Other problems associated with hyperuricemia are rela-
tively uncommon in patients with CKD. For example, uric 
acid stones occurred in only 1.0% to 2.6% of 113 patients 
with normal kidney function, despite asymptomatic hyper-
uricemia during at least 8 years.95 Based on these data, the 
widespread use of allopurinol cannot be recommended 
until more data have demonstrated that treatment with allo-
purinol slows the progression of CKD.

AMMONIA

The loss of renal mass reduces the capacity to excrete 
ammonia, even in response to metabolic acidosis (see 
Chapter 17). A major source of blood ammonia is the bacte-
rial degradation of urea, amino acids, peptides, and protein 
in the intestine; there also is conversion of glutamine to 
ammonia in small intestinal mucosal cells. Fortunately, the 
intestine-derived ammonia is readily converted to urea in 
the liver, so blood ammonia levels in patients with CKD 
should be normal. Occasionally, a slightly high blood level 
of ammonia has been reported, but the mechanism for this 
finding and its clinical importance are unknown.97 Isolated 
cases of hyperammonemia occurring in patients with CKD 
and apparently normal liver function could result from 
problems such as partial defects in urea cycle enzymes or 
other inherited disorders, high-dose chemotherapy, infec-
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the metabolic consequences of PCS accumulation is insulin 
resistance, which has been documented in adipocyte cul-
tures exposed to PCS and in normal rats injected with PCS 
to reach levels at roughly the concentration found in 
patients with CKD.117 Introduction of a low-protein diet or 
possibly changing the intestinal flora with probiotics could 
reduce PCS generation, thus improving insulin resistance.

SUMMARY

Nitrogen excretion by normal or uremic subjects can be 
categorized as urea nitrogen appearance plus all other 
forms of nitrogen, known as nonurea nitrogen. The produc-
tion of urea nitrogen is closely related to protein intake 
while the excretion of nonurea nitrogen is related to body 
weight. These categories of nitrogen excretion can be used 
to estimate dietary protein intake, with the caveats that the 
patient should be in neutral or in near-neutral nitrogen 
balance and not receiving intravenous hyperalimentation.

FACTORS INCREASING DIETARY  
PROTEIN REQUIREMENTS

METABOLIC ACIDOSIS

Metabolic acidosis exerts adverse metabolic responses and 
may even affect the progression of CKD.19,118-120 Acidosis 
stimulates the catabolism of amino acids and protein in 
normal adults as well as in patients with CKD and aggravates 
bone disease. The adverse responses to metabolic acidosis 
are relevant because they block the ability of normal adults 
or patients with CKD to adapt successfully to a decrease in 
protein intake, resulting in a loss of protein stores. The 
activating mechanism involves stimulation of cellular signal-
ing pathways, which increases the activity of branched- 
chain ketoacid dehydrogenase and the ubiquitin-proteasome 
system (UPS) in muscle. Acidosis not only increases the 
activity of both pathways but also stimulates transcription of 
the genes encoding components of the pathways. There is 
evidence that eliminating these responses will benefit the 
nutritional status of the patient with CKD in the following 
manner: (1) when the acidosis of CKD is corrected, there is 
decreased elimination of branched-chain amino acids and 
they are used in protein synthesis and other metabolic path-
ways121,122; (2) correction of metabolic acidosis in patients 
with CKD or patients being treated by dialysis also decreases 
the degradation of proteins, thus preserving muscle 
protein.14,123,124 The most persuasive proofs of a benefit for 
correcting acidosis included results of a randomized, year-
long clinical trial of eliminating acidosis in patients treated 
with continuous ambulatory peritoneal dialysis (CAPD); 
patients experienced significant weight gain and an increase 
in muscle mass.125 Using a similar design in a study of shorter 
duration, correction of acidosis was shown to increase levels 
of mRNA encoding ubiquitin in muscle, consistent with 
activity of the UPS being suppressed.126 Since nutritional 
therapy with low-protein diets prevents metabolic acidosis, 
amelioration of acid production is one mechanism whereby 
dietary modification can improve amino acid and protein 
metabolism.127,128 Experimentally, the association between 
excess dietary protein and development of acidosis is 

directly correlated with nitrogen intake, but also noted that 
total nonurea nitrogen excretion does not increase with 
higher dietary protein intake or BW.62 They concluded that 
nonurea nitrogen excretion was roughly the same for all 
persons and proposed an equation for dietary protein equal 
to 1.204 times the urea appearance value plus 1.74 g 
nitrogen/day. We examined 80 nitrogen balance measure-
ments performed on 52 patients with CKD while the patients 
were ingesting varying levels of dietary protein.61,63 Neither 
fecal nitrogen nor nonurea nitrogen was associated with 
nitrogen intake, and nonurea nitrogen excretion averaged 
0.031 g nitrogen/kg BW/day. The formulas of Kopple’s 
group were similar to Maroni and coworkers’ method, 
exhibiting a somewhat lower error in documenting protein 
intake.61-63 Importantly, estimates of protein intake are based 
on the assumption that the patient is in neutral nitrogen 
balance—that is, nitrogen excretion equals nitrogen intake. 
In patients who are highly catabolic or are receiving intra-
venous hyperalimentation or totally digestible diets, the esti-
mates of nonurea nitrogen excretion are incorrect, and the 
method only yields estimates of protein intake.116

SKIN NITROGEN LOSSES

In otherwise normal adults, the average loss of nitrogen 
from skin and other unmeasured sources averages 0.5 g 
nitrogen/day. This amount should be used when calculat-
ing nitrogen balance. In addition, the concentration of urea 
in sweat is proportional to the plasma urea concentration, 
so there can be increased nitrogen losses in uremic patients 
who perspire heavily.

OTHER MIDDLE MOLECULES AND 
GASTROINTESTINAL MICROBIOTA

A product of the metabolism of the amino acid tyrosine by 
gut bacteria, p-cresol, is rapidly absorbed, leading to conju-
gation with sulfates to form p-cresyl sulfate (PCS). Unfortu-
nately, this compound cannot be eliminated by the failing 
kidney, resulting in excessive accumulation of PCS. Among 

Figure 61.2 Calculated values of total nonurea nitrogen excretion 
(NUN) in normal subjects ( , , ) and patients with chronic renal 
failure being treated with nutritional therapy ( , , ) or by hemodi-
alysis or continuous ambulatory peritoneal dialysis ( ). (From Maroni 
BJ, Steinman TI, Mitch WE: A method for estimating nitrogen intake of 
patients with chronic renal failure. Kidney Int 27:58-65, 1985.)
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contrast, much is known about the mechanism whereby 
insulin/IGF-1 signaling changes muscle protein loss. First, 
insulin resistance can be detected at moderate stages of 
CKD.147 Second, impaired insulin and IGF-1 signaling results 
in decreased activity of insulin receptor substrate-1 (IRS-1)–
associated PI3K, which stimulates the breakdown of muscle 
protein.148 Third, the increase in endogenous glucocorti-
coid production present in CKD impairs IRS-1–associated 
PI3K activity.141,149 These catabolic responses stimulate the 
expression and activity of enzymes that break down muscle 
protein. To avoid these problems, acidosis should be cor-
rected in all patients with stages 3 to 5 CKD.

UBIQUITIN-PROTEASOME SYSTEM

The UPS has been identified as the pathway that degrades 
the bulk of protein in all cells; the importance of this  
function was recognized when the 2004 Nobel Prize was 
awarded to Hershko, Ciechanover, and Rose “for the discov-
ery of ubiquitin-mediated protein degradation” (http://
nobelprize.org/chemistry/laureates/2004). Regarding the 
influence of CKD on the UPS, it is well known that a sharp 
rise in UPS activity occurs in muscles of animal models of 
many catabolic conditions, including CKD.66,150 The rise in 
UPS activity in muscle occurs in response to certain compli-
cations of CKD, including metabolic acidosis, decreased 
insulin and IGF-1 signaling, inflammation, and high levels 
of Ang II.118,142,151-155 In addition, evidence for activation of 
the UPS has also been found in muscles of patients who 
have accelerated muscle atrophy from CKD, cancer, trauma, 
sepsis, or other catabolic events.150

Three enzymes sequentially link ubiquitins (Ubs) to pro-
teins destined for degradation: a single Ub-activating enzyme 
(E1); one of at least 40 Ub carrier or conjugating proteins 
(E2); and one of a group of 500 to 1000 Ub-protein ligase 
enzymes (E3). The E3 enzymes are the key to specificity of 
the degradation of proteins because each E3 enzyme recog-
nizes a specific protein or a specific class of proteins and 
catalyzes the transfer of the activated Ub to these substrate 
proteins. These steps not only require specific enzymes  
but also adenosine triphosphate (ATP).150 Following con-
jugation of four or five Ubs to the substrate protein, the 
Ub-protein complex is recognized by the proteasome. The 
proteasome is a very large structure that not only recog-
nizes the chain of Ubs conjugated to a protein but the 
proteasome also removes the Ubs, linearizes the substrate 
protein, and injects it into the proteasome, where the 
protein is degraded. The specificity of the degradation of 
proteins depends on the activity of the E3 Ub-ligases and 
not the proteasome. Thus, the sequence of events from the 
recognition of a protein that is to be degraded to conjuga-
tion of Ub to the substrate protein and, ultimately, to its 
degradation in the proteasome results in loss of muscle 
proteins.135,156

The activity of the UPS affects critical functions of organs 
because the UPS regulates the expression of proteins  
with short half-lives (e.g., regulatory enzymes, transcrip-
tion factors), immune surveillance processes, and the  
regulation of long-lived proteins, including muscle pro-
teins.66,150 However, the UPS also affects other functions. For 
example, an inhibitor of the UPS was found to cause benefi-
cial responses in patients with multiple myeloma and, 

well-established. After subtotal nephrectomy, rats were fed 
diets containing 6% protein, 17% protein, or an excess of 
protein (30%). The most efficient use of dietary protein for 
growth was achieved with 8% protein while the most robust 
growth was in rats fed 17% protein; rats with CKD fed 30% 
protein developed acidosis and had poor growth plus low 
plasma values of branched-chain amino acids.129

Proposed mechanisms for the catabolic responses to aci-
dosis include changes in intracellular pH and abnormal 
response to hormones. Bailey and coworkers used nuclear 
magnetic resonance (NMR) to measure the intracellular pH 
in muscle of rats.130 Rats were made acidotic by intravenous 
infusion of acid or by subtotal nephrectomy and, in both 
cases, the serum bicarbonate level and blood pH fell sharply, 
but the pH in muscle cells scarcely changed. Moreover, 
there was no abnormality in the recovery of muscle cell pH 
in rats with CKD following nerve stimulation to produce 
tetany and reduce the cell pH. In rats fed a high-acid diet 
for 5 days, there was a small decrease in muscle cell pH, and 
no mechanisms were uncovered to explain the changes in 
metabolism induced by acidosis.

One factor causing acidosis-induced loss of protein stores 
(as with other catabolic conditions) is an increase in gluco-
corticoid production. In normal animals, pharmacologic 
doses of glucocorticoids will suppress protein synthesis  
and accelerate muscle protein breakdown.131,132 In contrast, 
physiologic levels of glucocorticoids do not cause catabo-
lism. The status of glucocorticoids is discussed because May 
and Bailey and colleagues noted that muscle protein break-
down in rats with metabolic acidosis and normal kidney 
function required an increase in glucocorticoid production; 
the same dose of glucocorticoids alone did not increase 
muscle protein breakdown.133-135 The relevance to CKD is 
that with or without metabolic acidosis, rats with CKD have 
increased rates of glucocorticoid production.134,135 Experi-
mentally, a similar interaction between acidification and 
glucocorticoids raises the activity of branched-chain keto-
acid dehydrogenase to break down branched-chain amino 
acids.136,137 Thus, one of the complications of CKD, acidosis, 
increases glucocorticoid production, which exerts a permis-
sive effect to degrade protein and essential amino acids 
(EAAs).138-140

The mechanism for the permissive effect of glucocorti-
coids has been identified. When physiologically relevant 
doses of glucocorticoids activate the glucocorticoid  
receptor, insulin, and insulin-like growth factor 1 (IGF-1), 
intracellular signaling is reduced because the activated  
glucocorticoid receptor directly interacts with phosphati-
dylinositol-3-kinase (PI3K). The sequestration of PI3K away 
from the cell membrane prevents normal insulin and IGF-1 
signaling, which would lead to suppression of protein break-
down in muscle. Therefore, glucocorticoids are required for 
stimulating muscle protein loss.141,142

In addition to stimulating glucocorticoid production, aci-
dosis can influence the activity of other hormones. For 
example, acidosis impairs the ability of growth hormone to 
stimulate the release of IGF-1, the major mediator of growth 
hormone action.143 Acidosis also reduces thyroid hormone 
levels and stimulates parathyroid hormone release while 
impairing the activation of 1,25(OH)2 vitamin D3.16,144-146 
How these changes in hormone activity specifically change 
muscle protein metabolism has not been determined. In 
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potentially, other types of cancer.150 In CKD, however, activa-
tion of the UPS causes muscle protein loss. This occurs 
because the loss of muscle mass from kidney failure in 
experimental animals or humans results in only a small 
decrease in protein synthesis but a sharp increase in rates 
of protein degradation.135,157 This is relevant because 
the rate of protein turnover in humans is very high (3.5 to 
4.5 g protein/kg/day) and, consequently, even a small 
increase in proteolysis causes muscle atrophy; most of the 
protein loss occurs because there is activation of the 
UPS.66,126,135 For example, in rodent models of CKD, the UPS 
is activated, causing accelerated muscle proteolysis—a 
response that is associated with higher levels of mRNAs 
encoding certain components of the UPS. Notably, similar 
changes signaling activation of the UPS occur in rodent 
models of starvation, diabetes, cancer, or muscle denerva-
tion.158,159 Similarly, humans afflicted with catabolic condi-
tions also activate the UPS in muscle, as determined by 
increases in the mRNAs encoding Ubs and proteasome sub-
units.126,160-162 The protein degradation occurs principally in 
muscle, indicating that there is specificity to the mechanism 
that causes muscle atrophy. The specificity of muscle protein 
losses occurs because there is activation of two critical E3 
Ub-ligases, atrogin-1 (also known as MAFbx) and MuRF-1. 
The expression of these enzymes in muscle increases dra-
matically (8- to 20-fold) in catabolic states. This is relevant 
because an increase of atrogin-1/MAFbx in muscle results 
in the loss of proteins that regulate muscle protein synthesis 
while an increase in MuRF-1 catalyzes the breakdown of 
myofibrillar proteins in muscle.163 In short, expression of 
these E3 enzymes in muscles impairs protein synthesis and 
accelerates protein degradation, causing muscle atrophy. In 
experimental animals, the development of muscle atrophy 
can be blocked with inhibitors of the proteasome.135,151,164 
Therefore, there are two potential strategies for blocking 
muscle wasting—suppression of the pathways that activate 
the UPS and direct inhibition of the proteasome. Studies 
have suggested that the pathway leading to activation of the 
UPS can be suppressed and, hence, there is a potential 
method for preventing muscle wasting by the UPS (see 
later).

CASPASE-3 AND MUSCLE PROTEIN LOSSES

Myofibrillar proteins are attacked by the UPS only slowly 
and, since there is loss of muscle protein, other proteases 
must initially disassemble the myofibril into its component 
proteins (actin, myosin, troponin, or tropomyosin). When 
these proteins are cleaved by another protease, they can be 
rapidly degraded by the UPS. We have shown that caspase-3 
is at least one protease that performs this initial cleavage of 
the complex structure of proteins in muscle. Caspase-3 in 
muscle has been found to be activated in several catabolic 
conditions. The pathway activating caspase-3 can include 
circulating TNF-α and other inflammatory cytokines, as well 
as the development of insulin resistance.165-167 Specifically, 
we found that caspase-3 cleaves actomyosin in vitro and 
when it is activated in cultured muscle cells. The initial 
cleavage of muscle proteins by caspase-3 produces substrates 
that are rapidly degraded by the UPS. Interestingly, the 
initial cleavage of muscle proteins in catabolic conditions 
can be monitored by examination of muscle biopsies. This 

is possible because the cleavage of muscle proteins by 
caspase-3 leaves a footprint of its action, a 14-kDa fragment 
of the C terminus of actin, which is accumulated in the 
insoluble fraction of muscle cells.168 In rodent models of 
muscle wasting due to CKD, diabetes, or Ang II–induced 
hypertension, there is accumulation of the 14-kDa actin 
fragment. Also, in patients, the development of muscle 
atrophy caused by inflammation from osteodystrophy or 
muscle wasting related to hemodialysis or burn injury, the 
14-kDa action fragment accumulates in muscle. It accumu-
lates in proportion to the rate of protein degradation; in 
patients undergoing hemodialysis, the level of the 14-kDa 
actin fragment decreases in response to a successful exercise 
program (e.g., stationary cycling).169

In addition to the interaction between caspase-3 and 
muscle proteolysis via the UPS, there is another link to 
muscle protein breakdown. Wang and associates have found 
that the process of accelerated muscle protein degradation 
in the UPS includes an increase in the activity of the 26S 
proteasome.170 We determined that this response is medi-
ated by caspase-3–induced cleavage of specific subunits of 
the 19S proteasome, leading to accelerated muscle protein 
degradation in the UPS. This increase in proteasome activity 
acts as a feed-forward mechanism to degrade large amounts 
of protein in muscles.153,154,169,171

SIGNALS TRIGGERING MUSCLE ATROPHY

Complications of CKD that trigger proteolytic activity of the 
UPS in muscle include metabolic acidosis, impaired insulin 
action, increased glucocorticoids, high levels of Ang II, and 
inflammation.135,151,154,155,172 As noted, the process of protein 
degradation involves coordinated changes in the expression 
of a set of genes in muscle, which suggests that there is a 
common cellular signaling pathway involving the UPS and 
caspase-3.158,159 The regulation of signaling pathways involves 
decreases in protein synthesis with increases in proteolysis 
in muscle, and these responses are linked through decreased 
PI3K and Akt.150,173 Specifically, a decrease in PI3K activity 
suppresses the activity of the serine-threonine kinase Akt, 
and this in turn leads to reduced rates of muscle protein 
synthesis (Figure 61.3). In addition, suppressed activity of 
Akt reduces forkhead transcription factors (FOXO); the 
dephosphorylated FOXO transcription factors enter the 
nucleus to stimulate the expression of the E3 Ub ligases 
atrogin-1/MAFbx and MuRF-1.150 As noted above, the sub-
strates for atrogin-1/MAFbx include regulators of protein 
synthesis while substrates of MuRF1 include myofibrillar 
proteins.163 Decreased protein synthesis and increased 
protein degradation cause muscle atrophy.174

Another CKD-induced defect in muscle protein metabo-
lism, impaired activity of satellite cells, has been determined. 
Satellite cells are present under the sarcolemmal membrane 
of myofibers and, in response to muscle injury, they prolifer-
ate and fuse with myofibers to repair the injury.175 They also 
promote muscle growth and recovery from muscle atrophy 
by increasing the production of myofibrillar proteins. We 
found that satellite cell function is markedly impaired by 
CKD, and this abnormality can be improved in a model of 
resistance exercise.176 The decrease in satellite function that 
contributes to muscle atrophy in CKD is similar to changes 
induced by defective IGF-1 signaling.177 Abnormalities in the 
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Figure 61.3 Myostatin-activin signaling and muscle protein (P) loss. Myostatin or activin binds to type IIB activin receptors (ActRIIB) on the 
muscle membrane, forming dimers. The dimers recruit and activate the activin receptors transmembrane kinases, ALK4 or ALK5. The kinases 
phosphorylate Smad2 and Smad3 and recruit Smad4 to form a Smad complex that translocates into the nucleus and stimulates transcription 
of genes, which results in muscle wasting. Activated ActRIIB receptors also reduce AKT activity and consequently reduce the phosphorylation 
of FOXO. Dephosphorylated FOXO transcription factors enter the nucleus and activate transcription of atrophy-specific E3 ligases, MuRF1, 
atrogin-1/MAFbx, and other atrogenes, resulting in muscle protein wasting via activation of the ubiquitin-proteasome system or autophagy. 
(From Han HQ, Zhou X, Mitch WE, Goldberg AL: Myostatin/activin pathway antagonism: molecular basis and therapeutic potential. Int J Biochem 
Cell Biol 45:2333-2347, 2013.)
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family of secreted proteins and is predominantly expressed 
in skeletal muscle, although cardiac muscle and adipose 
tissues contain low levels of myostatin. In skeletal muscle, 
the parent molecule is prepromyostatin, which is cleaved  
to produce promyostatin and an inactive, latent protein 
complex that contains myostatin. Myostatin is released from 
the promyostatin complex by proteolysis or in response to 
free radicals. Myostatin can then bind to ActRIIB, the high-
affinity, type IIB activin A receptor that is present on muscle 
membranes (see Figure 61.3). The interaction leads to the 
activation of serine kinases, ALK4 or ALK5, which phos-
phorylate Sma- and Mad-related (SMAD) proteins 2 and 3. 
Following activation, SMADs translocate into the nucleus  
to bind to specific DNA elements and change gene 
transcription.190,191

The importance of myostatin is that it regulates skeletal 
muscle mass and functions. For example, in mice, deletion 
of the myostatin gene results in a dramatic increase in the 
size and number of skeletal muscle fibers.192,193 Similarly, 
transgenic mice that overexpress a dominant negative 
receptor for myostatin or the presence of proteins that 
block myostatin function produce phenotypes with huge 
amounts of muscle tissue that is almost exclusively protein-
based.191 Specifically, a massive increase in muscle mass asso-
ciated with the absence or dysfunction of myostatin has 
been observed in cattle, sheep, dogs, horses, and at least one 
child. Based on these interactions, it is not surprising that 
the inhibition of myostatin has been shown to increase 
muscle mass in animal models of catabolic disorders, includ-
ing CKD and cancer.194,195 Parenthetically, deletion of one 
copy of the myostatin gene improves athletic performance. 
In dog races, whippets bearing a single copy of the mutated 
myostatin gene are among the fastest dogs, but those with 
two mutated copies have such massive muscles that they are 
barely mobile.191 Thoroughbred race horses with myostatin 
polymorphism also exhibit a strong association between 
decreased expression of myostatin and exercise tolerance—
loss of one gene leads to increased physical performance 
while loss of both genes produces muscle hypertrophy.

Catabolic Conditions Activate Myostatin in Muscles

Myostatin and the myostatin-activin signaling pathway are 
upregulated in muscle wasting conditions, which include 
aging, responses to prolonged bed rest or to AIDS, CKD, or 
heart failure.191,196,197 Moreover, in animal models of cancer 
cachexia, glucocorticoid administration, burn injury, and 
mechanical unloading of muscles, as well as responses to 
outer space flight, myostatin expression is increased in 
muscle and is associated with loss of muscle mass. Similarly, 
administration of myostatin or activin A experimentally 
leads to about a 30% decrease in muscle mass, documenting 
its importance as a catabolic factor in muscle.191,192

To examine if inhibition of myostatin might have clinical 
utility by improving muscle mass, three strategies have been 
used: (1) administration of antibodies to myostatin, includ-
ing a peptibody (a genetically engineered myostatin-
neutralizing peptide fused to a humanized Fc fragment); 
(2) administration of the myostatin propeptide to bind myo-
statin; or (3) administration of soluble ActRIIB receptors to 
soak up or block the influence of myostatin on its mem-
brane receptor. With each strategy, muscle mass is increased 
in normal animals.191

function of isolated satellite cells are largely corrected by 
treatment with IGF-1.

Abnormalities in insulin–IGF-1 signaling occur frequently 
in CKD and are linked to abnormalities in carbohydrate and 
protein metabolism in muscle.178,179 Experimentally, insulin 
deficiency or the induction of insulin resistance activates the 
UPS to degrade muscle proteins.151,153,153 Thus, two events 
cause an increase in muscle proteolysis—resistance to 
insulin (or diabetes) causing impaired insulin–IGF-1 signal-
ing and the presence of physiologic levels of glucocorti-
coids.141 The importance of these two events was highlighted 
in results from a study of the inflammation induced by Ang 
II infusion.155 In response to Ang II, there was an increase 
in the endogenous production of glucocorticoids, which 
stimulated the degradation of IRS-1 to impair insulin–IGF-1 
signaling. Interestingly, the response to Ang II was aug-
mented by an increase in the production of serum amyloid 
A (SAA), an acute phase reactant protein. The rise in SAA 
levels potentiated the increase in muscle protein degrada-
tion, indicating that acute phase reactant proteins can  
have a physiologic role beyond serving as indicators of 
inflammation.

A potentially important factor causing loss of protein 
stores in patients with CKD is their sedentary lifestyle. 
Although the hormonal and cellular signaling mechanisms 
causing muscle atrophy in the absence of exercise are not 
clear, Davis and colleagues have found that exercise training 
of rats with CKD leads to an increase in the sensitivity of 
muscle to insulin, thereby improving glucose uptake and 
suppressing muscle protein breakdown.180 In patients with 
CKD, Storer and associates have found that endurance 
training (e.g., stationary bicycling) improves muscle func-
tion and cardiopulmonary measures in patients requiring 
dialysis.181 In contrast, Johansen and coworkers have 
reported that resistance training improves the cross-sectional 
area of muscles from patients on hemodialysis, although 
they did not find an increase in lean body mass.182 We rec-
ommend exercise training because it could suppress the 
activation of caspase-3 and the UPS and a reduction in the 
activities of PI3K and Akt.169,171,183,184

Indirect evidence has suggested that a high level of  
glucagon could stimulate muscle catabolism.185 For 
example, administration of glucagon to fasting obese sub-
jects increased urinary ammonia levels and, possibly, urea 
excretion.186,187 Experimentally, muscle proteolysis is unaf-
fected by glucagon, except at unphysiologically high levels.188 
Thus, the role of hyperglucagonemia in augmenting nitro-
gen requirements in uremia is uncertain.

The possibility that abnormalities in the metabolism of 
fatty acids can stimulate protein breakdown in muscle was 
evaluated by Li and Wassner.189 They found no abnormali-
ties in muscle protein turnover of rats with CKD but an 
increase in muscle loss with fasting.189 The latter resulted 
from the breakdown of myofibrillar muscle proteins, which 
were inversely correlated with body fat stores. There was no 
change in protein synthesis, and the pathway responsible 
for the degradation of muscle protein was not identified.

MYOSTATIN
Myostatin, also known as growth differentiating factor 8, 
suppresses the genesis of new myofibrils, preventing the 
growth of muscle mass. Myostatin is a member of the TGF-α 
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Hyperparathyroidism can also inhibit insulin release, and 
low levels of insulin cause muscle protein degradation in 
vivo. Still, evidence for a direct effect of PTH on protein 
metabolism has not be established.

ASSESSMENT OF PROTEIN STORES IN 
CHRONIC KIDNEY DISEASE

In treating patients with CKD, the goal of minimizing the 
accumulation of potentially toxic waste products and ions 
must be balanced against the need to supply enough EAAs 
to build protein and prevent loss of body protein. Conse-
quently, the optimal diet is one in which protein synthesis 
equals protein degradation. In this case, the urea appear-
ance rate approaches zero. and hence the accumulation of 
nitrogen-containing waste products will be minimal. The 
daily rates of protein synthesis and degradation are very 
high, so even a small increase in protein degradation or 
decrease in protein synthesis persisting for several weeks can 
cause a marked loss of lean body mass.60,66,205,206 The gold 
standard for evaluating protein stores is determination of 
nitrogen balance, but this is difficult to calculate, requiring 
careful measurement of food eaten and of all the nitrogen 
that is excreted and accumulated. Notably, results of mea-
sured nitrogen balance do not identify whether protein 
synthesis or degradation is abnormal nor does it give insights 
into mechanisms that can cause loss of protein stores. Con-
sequently, plasma proteins and indirect indices have been 
used to assess protein stores. Hypoalbuminemia is among 
the most frequently cited indicator of decreased protein 
stores, but the serum albumin concentration can be con-
founded by many factors. Thus, the serum albumin level is 
reduced by inflammation, acidosis, and urinary or other 
losses of albumin, but the presence of a low serum albumin 
level does not elucidate which fraction of the protein stores 
has been lost.207,208 Other serum proteins such as prealbu-
min have similar shortcomings.

NITROGEN BALANCE

Nitrogen balance is calculated as the difference between 
nitrogen intake and excretion plus accumulation of non-
protein nitrogen, principally urea. The half-life of urea dis-
appearance in a normal adult is about 7 hours, so even a 
large load of urea (e.g., in gastrointestinal bleeding) is virtu-
ally completely excreted over 24 hours. For this reason, 
changes in the urea pool of normal adults can be ignored 
when their nitrogen balance is being calculated. This is not 
the case for patients with CKD because the half-life of urea 
is prolonged, and a response to changes in the diet, or even 
gastrointestinal bleeding, may not reach equilibrium for 
several days. Consequently, the accumulation or loss of urea 
nitrogen in the body must be taken into account in the 
calculation of the nitrogen balance of patients with CKD. 
Fortunately, changes in the pool of urea nitrogen can be 
estimated because the concentration of urea is equal 
throughout body water, and it can be assumed that the urea 
space is equivalent to 60% of BW (body water in nonedema-
tous persons averages 60% of BW61,209). When body water 
(in liters) is multiplied by BUN (in g/L), the result is the 
size of the urea nitrogen pool. Notably, the precision of 

Blocking Myostatin in Chronic Kidney Disease 
Improves Muscle Mass

As detailed in the preceding discussion, CKD and its compli-
cations cause progressive loss of muscle mass and increases 
in circulating markers of inflammation plus impaired 
insulin–IGF-1 signaling.192 The development of insulin–
IGF-1 resistance is due to a decrease in p-Akt.135,148 Specifi-
cally, the low level of p-Akt suppresses phosphorylation of 
the forkhead transcription factors FOXO1 and FOXO3, 
allowing them to enter the nucleus, stimulating the expres-
sion and activity of the UPS and resulting in loss of muscle 
mass. Bailey and Thomas and colleagues studied a mouse 
model of CKD (subtotal nephrectomy followed by feeding a 
high-protein diet) using a pair feeding regimen.148,149 One 
mouse of each pair was injected subcutaneously with the 
antimyostatin peptibody every other day; the paired mouse 
was injected with the diluent. The peptibody reduced myo-
statin in muscles and prevented the loss of BW and muscle 
mass that occurs with CKD.195 The mechanisms for the 
improvement in muscle mass included an increase in protein 
synthesis and a decrease in protein degradation. The myo-
statin peptibody also increased p-Akt and led to improve-
ments in satellite cell function. Finally, the inhibition of 
myostatin in mice with CKD suppressed circulating levels of 
inflammatory cytokines, including IL-6. These results formed 
the basis for initial trials in patients with CKD.

EXTERNAL LOSSES OF PROTEIN

Digestion of proteins following gastrointestinal bleeding will 
lead to reabsorption of amino acids and augmentation of 
urea production, plus depletion of body stores of hemoglo-
bin and plasma proteins.113 The impact of the nephrotic 
syndrome on body protein stores is discussed subsequently.

ALTERED ELECTROLYTE BALANCE

In patients with advanced CKD, defects in ion transport in 
blood cells have been demonstrated, and there is an increase 
in intracellular sodium in muscle. In rats with CKD, there 
are defects in cation transport in skeletal mass and adipo-
cytes but the mechanism whereby acidification or other 
transport abnormalities directly stimulate catabolism is 
unknown.198 For example, depletion of potassium in muscle 
occurs in patients with CKD, even in those with a normal or 
increased serum potassium concentration.199 This is relevant 
because potassium deficiency and hyperkalemia are inter-
twined with abnormalities in intracellular acid-base changes 
as well as abnormalities in the metabolic responses to insulin 
or IGF-1.200,201 It is possible that these abnormalities could 
increase nitrogen catabolism but, to date, the connection 
between hyperkalemia and catabolism has not been con-
vincingly demonstrated.

HYPERPARATHYROIDISM

Parathyroid hormone (PTH) administration has been 
reported to augment urea production in normal subjects 
and in patients with hyperparathyroidism.202 However, 
not all investigators found that adding PTH to isolated 
muscle increases the rate of protein degradation.203,204 
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Although a surfeit or deficiency of dietary protein or calo-
ries may influence serum albumin levels, this is not suffi-
cient to diagnose malnutrition. Malnutrition is defined as a 
complex of abnormalities due to an inadequate or unbal-
anced diet.212 In addition to diet, however, there are many 
CKD-induced metabolic abnormalities that contribute to 
the uremic syndrome. This syndrome includes symptoms 
such as fatigue plus a loss of lean body mass and a decrease 
in serum albumin and other plasma protein levels. The fol-
lowing factors must be considered before concluding that a 
patient with CKD and a low serum albumin level has mal-
nutrition. First, there are the metabolic abnormalities of 
uremia (e.g., metabolic acidosis, impaired insulin–IGF-1 sig-
nalling, inflammation), which stimulate losses of protein 
stores. Second, in the absence of these metabolic abnormali-
ties, a poor diet (or even starvation in the short term) does 
not cause a meaningful change in serum albumin. Third, 
correcting a low serum albumin level by increasing dietary 
protein and calories has been difficult to establish.212 For 
example, when patients with anorexia nervosa were com-
pared with age- and height-matched subjects, the serum 
albumin concentrations of patients were not statistically dif-
ferent, even though patients with anorexia nervosa had an 
approximately 34% lower BW and 22% lower values of 
muscle mass.215 In summary, the serum albumin level is 
affected by several factors other than an inadequate diet.

Notably, many of the abnormalities associated with the 
loss of protein stores in CKD are ameliorated, not exacer-
bated, by restricting dietary protein (e.g., acidosis, insulin 
resistance)128,216:

1. Low-protein diets were found to cause minimal evidence 
of malnutrition in participants of the MDRD study; on 
average, those prescribed the lowest amount of dietary 
protein had a small but statistically significant increase in 
their serum albumin level.217

2. Patients eating very low-protein diets supplemented with 
ketoacids and EAAs over periods of at least 1 year had 
normal serum albumin levels.3,127,128,218

3. The serum albumin level responds relatively slowly to 
changes in protein stores because it has a half-life of 
about 20 days; thus, its use in identifying malnourished 
patients is compromised during trials of protein 
refeeding.219

Inflammation in patients with CKD is frequent and can 
be detected by high circulating values of acute phase reac-
tant proteins. In fact, chronic inflammation is a major cause 
of morbidity and mortality in dialysis patients. Kaysen and 
coworkers207 have shown that albumin synthesis falls sharply 
in patients on hemodialysis with inflammatory illnesses (i.e., 
albumin functions as a negative acute phase reactant). 
Second, there is an association between the presence of 
hypoalbuminemia in patients on dialysis and higher serum 
concentrations of the acute phase reactant proteins SAA 
and C-reactive protein (CRP).220 It is not clear that the 
changes in serum albumin levels and nutritional status are 
linked. For example, Kaysen and colleagues reported that a 
high level of CRP in one month did not predict a decrease 
in the serum albumin level in the subsequent month.207 The 
group did find, however, that there is a relationship between 
an increase in the blood levels of longer-lived acute phase 

measuring BUN can dominate the nitrogen balance calcula-
tion; a change in BUN from 140 to 150 mg/dL, which may 
be within the coefficient of variation of the BUN measure-
ments, represents about 4 g of nitrogen in a 70-kg person. 
Because a change in BW or in the BUN affects calculation 
of the nitrogen balance, it is more accurate to estimate the 
urea space on a given day and then calculate the urea pool 
size each day (i.e., BUN times the body water plus any 
change in BW).61,63 The average change in the size of the 
urea pool is added to the amount of urea nitrogen excreted 
plus the excretion of all other nitrogen-containing com-
pounds. The calculation assumes that water accounts for all 
changes in BW during short periods. It is more precise to 
measure the urea space using 15N- or 14C-labeled urea. If the 
urea space is subtracted from BW, the calculated value is an 
estimate of solid tissues.61,72,210

Other sources of nonprotein nitrogen that may accumu-
late in patients with CKD, such as creatinine, can be ignored 
because they are a small fraction of retained nitrogen. When 
the serum creatinine level rises from 10 to 15 mg/dL, the 
retained nitrogen increases by only 0.3 g in a 70-kg adult.80 
Unfortunately, the volumes of distribution of many nitrogen-
containing compounds are unknown; hence, the degree of 
accumulation or excess cannot be calculated.

UREA NITROGEN APPEARANCE RATE

Since the major nonprotein source of nitrogen in the body 
is urea, the urea nitrogen appearance rate should be calcu-
lated and included in estimates of nitrogen balance. The 
urea appearance equals the sum of urinary urea nitrogen 
excretion plus its accumulation (positive or negative). In 
patients with CKD, the urea appearance rate provides a 
quantitative measurement of the parameter that nutritional 
therapy seeks to minimize—that is, the accumulation of 
nitrogen-containing compounds. Stated explicitly, the most 
efficient use of protein in the diet of patients with CKD is 
associated with the lowest value of the urea appearance rate. 
Cottini and associates demonstrated this relationship when 
they assessed the nitrogen balance of patients with CKD.59 
They found that a diet containing 3 to 4 g nitrogen/day was 
associated with neutral nitrogen balance in patients with 
CKD and, at the same time, was associated with the lowest 
value of urea nitrogen excretion (see Figure 61.1).

SERUM ALBUMIN AND MALNUTRITION

A low serum albumin concentration is widely used to support 
a diagnosis of malnutrition.211 This is largely incorrect 
because the serum albumin level arises from the balance 
between synthesis and degradation of albumin plus albumin 
losses (e.g., in nephrotic syndrome) and dilution of albumin 
by changes in body water.212 Careful measurements of 
albumin turnover in patients on hemodialysis have revealed 
that serum albumin is directly correlated with BW, suggest-
ing that variations in albumin synthesis are the critical factor 
controlling serum albumin levels.207 Subsequent studies 
have shown that an even more important determinant of 
the serum albumin concentration is variability in albumin 
catabolism related to evidence of inflammation.207,213 Others 
have reported that metabolic acidosis will decrease serum 
albumin levels.214
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resistance who are not obese but exhibit mild-to-moderate 
weight excess may also benefit from caloric restriction and 
other dietary modifications. Medications that can reduce 
hypertriglyceridemia include a supplement of ω-3 fatty 
acids, fibric acid derivatives, and nicotinic acid. The optimal 
dose of ω-3 fatty acids for patients with CKD is unknown, 
however, and a high intake of ω-3 fatty acids (e.g., up to 6 g/
day) should be avoided as it can lead to increased oxidant 
stress, even though the plasma lipid profile may improve. 
Fibrates undergo altered pharmacokinetics in patients with 
CKD; the dose must be reduced to avoid muscle cramps or 
even rhabdomyolysis.

If elevated LDL cholesterol levels are not normalized by 
dietary counselling (i.e., above 100 mg/dL or the upper 
limit of normal values), or if there is proteinuria (a  
condition independently associated with an increased car-
diovascular risk), a 3-hydroxy-3-methylglutaryl-coenzyme A 
(HMG-CoA) reductase inhibitor (statin) may be added.224 
These drugs have been associated with important reduc-
tions in cardiovascular morbidity and mortality in the 
general population. On the other hand, statin administra-
tion to patients on dialysis may not be useful because large 
randomized trials have not revealed a beneficial influence 
on survival in hemodialysis patients, including patients with 
and without type 2 diabetes mellitus.225-229 Fibrates should 
not be used in conjunction with most statins owing to a 
heightened risk of rhabdomyolysis.

Notably, prescription of a low-protein diet normally 
includes a reduction of protein from animals (e.g., meat 
and dairy products); this in turn leads to a reduced intake 
of saturated lipids and potentially, a healthier serum lipid 
profile. For example, a reduction in protein intake from 1.1 
to 0.7 g/kg/day induced an increase in serum apolipopro-
tein AI (apo AI) and the apo AI/apo B ratio over a 3-month 
period.230 Initiation of a low-protein diet improved oxidative 
status as marked by decreasing red cell malondialdehyde 
content and increasing plasma polyunsaturated fatty acid 
concentrations, particularly C22:4 and C22:5.231 In an 
RCT over 18 months, Nanayakkara and associates evalu-
ated responses to combining pravastatin, vitamin E, and 
homocysteine-lowering vitamins. A 25% decrease in serum 
LDL cholesterol levels were observed in the treatment 
group, and there was an improvement in carotid intima-
media thickness, arterial vasodilation properties, and pro-
teinuria.232 As detailed below, institution of a low-protein 
diet can exert a secondary benefit on the lipid pattern 
because it will reduce the degree of proteinuria (see later), 
an independent risk factor for the development of CVD.

In the general population, a high plasma homocysteine 
level is associated with the development of atherosclerosis 
and mortality.233,234 Similarly, an increase in plasma homo-
cysteine levels has been linked to accelerated atherosclerosis 
in patients with CKD,235 although randomized trials of 
homocysteine-lowering therapies have proven ineffective at 
lowering mortality or cardiovascular events.236

SERUM TRANSFERRIN, PREALBUMIN, 
COMPLEMENT, AND INSULIN-LIKE  
GROWTH FACTOR-1

Serum transferrin has been used as a marker of protein 
nutrition because its level decreases with dietary protein 

reactant proteins (e.g., ceruloplasmin, α1-acid glycoprotein) 
and a decrease in serum albumin levels.213 Specifically, their 
results showed that high serum concentrations of the  
longer-lived acute phase reactant proteins present in one 
month could be used to predict the development of a lower 
serum albumin level in the succeeding month. Changes in 
dietary protein estimated by urea kinetics have indicated 
that changes in the diet protein have minimal impact on 
changes in serum albumin levels. The authors concluded 
that responses to inflammatory cytokines but not changes 
in dietary protein were the major factors producing hypoal-
buminemia in patients undergoing hemodialysis.207

The other reason to assess acute phase reactant proteins 
in patients with CKD and low serum albumin concentrations 
is that high levels of circulating inflammatory cytokines are 
associated with the presence of atherosclerosis.172,220,221 The 
association between high levels of inflammatory cytokines 
and atherosclerosis in patients with CKD was designated  
a syndrome of malnutrition, inflammation, and atheroscle-
rosis—the MIA syndrome.172 From the foregoing discussion, 
it is clear that malnutrition (reduced levels of dietary protein) 
is not necessarily the dominant cause of hypoalbuminemia. 
Instead, inflammatory cytokines and acute phase reactant 
proteins can actually initiate loss of muscle protein.155 For 
example, it is well known that Ang II levels are frequently 
high in patients with CKD. It also has been found that Ang 
II activates the UPS and caspase-3 to cause muscle wasting. 
Activation of muscle proteolysis was shown to occur because 
Ang II increased the production of IL-6 SAA, which blocked 
insulin–IGF-1 intracellular signalling. Since feeding more 
protein or calories does not eliminate inflammation or 
reduce atherosclerosis in patients with CKD, the designation 
of the MIA syndrome should be discarded.212,222

DIET, LIPIDS, AND CARDIOVASCULAR RISK

A search for the mechanisms underlying the high incidence 
of CVD in patients with CKD has indicated that many 
patients with CKD exhibit an increase in serum total triglyc-
eride levels, subnormal concentrations of high-density lipo-
protein (HDL) cholesterol, and increased very LDL (VLDL) 
and intermediate-density lipoprotein (IDL) cholesterol frac-
tions, along with abnormalities in serum apoproteins. Since 
the prevalence of CVD in patients on dialysis is high, these 
abnormalities have been vigorously treated in some settings, 
but evidence of a treatment benefit is limited.223

In patients with CKD, especially those with hyper-
cholesterolemia or low HDL cholesterol concentrations,  
the National Cholesterol Education Program (NCEP)– 
American Heart Association step 1 diet can be instituted. 
With this diet, 30% of total calories from fat is recom-
mended; saturated fat should not exceed 20% of total calo-
ries, and cholesterol intake should be below 300 mg/day. If 
high levels of triglycerides are present, the exclusion of puri-
fied sugars should be reduced in the diet and the patient 
should be evaluated for type 2 diabetes and/or insulin resis-
tance. For patients with persistently high serum LDL, VLDL, 
or IDL cholesterol or very high serum triglyceride levels, a 
more aggressive dietary restriction is needed. This should 
include withdrawal of alcohol and intake of complex carbo-
hydrates instead of purified sugars. Weight reduction is 
obligatory for obese patients; many patients with insulin 
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attributing them to malnutrition is questionable, particu-
larly when tissue hydration may strongly confound anthro-
pometric results.212,225-257

EARLY INITIATION OF DIALYSIS

Some have suggested that dialysis should be initiated early 
to avoid malnutrition in patients with CKD while improving 
their prognosis.258,259 There are several reasons to reject this 
suggestion. Most importantly, when the influence of early 
dialysis on mortality was analyzed, it was concluded that 
early dialysis does not prolong life.128,260,261 In fact, patients 
with more advanced CKD when they began dialysis tended 
to have a lower mortality, even after correcting for age, 
gender, BW, diabetes, leukocyte count, dialysis type, or dialy-
sis access. Moreover, it was proposed that patients with CKD 
have a decrease in protein intake that causes malnutrition, 
but long-term results of patients eating low-protein diets 
have indicated that BW and serum protein and blood bio-
chemistry levels are well maintained, even when kidney 
function is very low.3,127,128,218 Thus, a well-planned diet does 
not cause malnutrition and can actually improve the bio-
chemical markers used to estimate nutritional status.20

FREE PLASMA AMINO ACID AND  
KETOACID LEVELS

During fasting, patients with CKD have many abnormali-
ties of plasma amino acids, including an increase in 
3-methylhistidine and 1-methylhistidine, apparently caused 
by reduced renal clearance of these amino acids. Plasma 
valine is usually low, and leucine and isoleucine levels are 
lower, but to a more modest extent.262-265 At least two mecha-
nisms contribute to low levels of branched-chain amino 
acids (BCAAs). A low protein intake can reduce plasma 
concentrations of BCAAs and can lead to impaired gastro-
intestinal absorption.266 Unfortunately, the contribution of 
the diet to changes in plasma amino acid levels is unpredict-
able; rats with experimental CKD fed excess protein had  
the most abnormal BCAAs in blood.129 In addition, a high-
protein diet causes metabolic acidosis, which can accelerate 
BCAA catabolism.136,267-269 Not surprisingly, there is a correla-
tion between plasma bicarbonate levels and free valine 
content in skeletal muscle of patients on hemodialysis.14,121,122 
Importantly, correction of metabolic acidosis increased the 
concentrations of all three BCAAs in the muscles of patients 
on hemodialysis.121

Other abnormalities in plasma amino acids include an 
increased citrulline concentration, attributable to impaired 
conversion of citrulline to arginine by the diseased kidney. 
Alternatively, experiments in cultured cells or rats with 
experimental CKD have indicated that the mechanism 
underlying high citrulline levels is probably more complex.270 
There also are unexplained increases in cystine, homocyste-
ine, and aspartate levels, decreased tyrosine level, reflecting 
impaired hydroxylation of phenylalanine, high glycine level, 
and low or low-normal serine level, perhaps related to 
diminished production of serine from glycine by the dis-
eased kidney.271 The free tryptophan level is normal but 
total tryptophan is low because of reduced plasma protein 
binding.272 Threonine and lysine concentrations are low for 
unknown reasons. Thus, the EAAs, with some exceptions, 

deficiency and because it has a shorter half-life (≈10 days) 
than albumin. However, serum transferrin levels change in 
response to nondietary factors; the serum transferrin level 
rises when iron stores are depleted and, with chronic inflam-
matory disorders, transferrin can decrease by as much as 
50%, producing artificially low values in patients with 
inflammation. Interestingly, erythropoietin therapy causes 
no significant change in serum transferrin concentrations, 
at least in patients on dialysis, nor does it change nutritional 
status in terms of serum albumin levels, anthropometry, or 
muscle protein content.237,238

Prealbumin (also known as transthyretin) has a half-life 
of about 2 days, and it changes more rapidly than serum 
albumin when there are variations in nutritional status.239 
Unfortunately, factors that change serum albumin (e.g., 
inflammation) also affect serum prealbumin, so its utility in 
evaluating nutritional status is at best controversial.

IGF-1 is the major hormone that mediates the effects of 
growth hormone. Changes in IGF-1 levels have been studied 
in uremic patients for three reasons. First, administration of 
growth hormone is associated with a remarkable improve-
ment in the growth of children, and preliminary results have 
indicated that growth hormone may improve the nutritional 
status of hemodialysis and CAPD patients.240-242 Second, 
IGF-1 administration has been proposed as a means of aug-
menting kidney function in patients with advanced CKD.243 
Finally, administration of IGF-1 has been proposed as  
a means of inhibiting catabolism of muscle protein.244 
Reduced mRNA levels of IGF-1 can be found in models of 
uremia but normal or increased levels of IGF-1 and IGF-II 
were found in muscle biopsies obtained from patients on 
hemodialysis.245 This is relevant because acute administra-
tion of IGF-1 can improve muscle protein synthesis in 
normal or uremic patients, suggesting that there is reduced 
responsiveness to IGF-1 in patients on hemodialysis, possibly 
due to a postreceptor defect in the action of IGF-1.246-248 
This is a complicated area of research because the action of 
IGF-1 is influenced not only by the concentration of IGF-
binding proteins, but also by the circulating levels of amino 
acids.249-251 Evidence that circulating IGF-1 levels are influ-
enced by nutritional status, which includes the report that 
a diet containing an insufficient amount of protein reduces 
IGF-1 levels, as does the presence of chronic malnutrition.251 
In uremic patients, IGF-1 levels change minimally when 
protein intake is reduced by as much as 40%.249 Thus, it is 
difficult to link IGF-1 to nutritional status. However, serum 
IGF-1 concentrations do decrease in response to acidosis 
and there is evidence that a low serum IGF-1 level is associ-
ated with poor outcomes in patients on hemodialysis.143,252,253 
Clearly, more work is needed to understand the metabolic 
implications of variations in serum IGF-1 levels.

ANTHROPOMETRICS

Evaluation of anthropometry in patients with CKD has 
limited utility because most reports are based on a single 
evaluation, and the results are compared to those from 
normal adults.60 For example, it is difficult to interpret 
reports that serum protein levels are normal but that anthro-
pometric measurements demonstrate loss of muscle mass.254 
Not surprisingly, there is a high incidence of anthropomet-
ric abnormalities in cross-sectional studies of patients but 
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fluid, except for values in erythrocytes or cerebrospinal 
fluid.262,279-282 Bergstrom and coworkers280 measured the 
intracellular concentration of amino acids in muscle of 
patients with non–dialysis-requiring CKD and found abnor-
malities that differed somewhat from those seen in plasma 
(Figure 61.5); levels of BCAA were subnormal and ornithine 
was low, as were histidine, threonine, lysine, and arginine. 
In an evaluation of controls and patients with non–dialysis-
requiring CKD patients, Divino Filho and colleagues 
reported that the BCAAs valine, isoleucine, and leucine in 
muscle were normal.283 The authors pointed out that meta-
bolic acidosis was almost absent, so they did not expect that 
the levels would be low, as found in patients on dialysis with 
metabolic acidosis.121,122

Metabolites of amino acids, including those containing 
sulfur as well as a number of small peptides and amines 
(e.g., polyamines, guanidines, other nitrogenous com-
pounds), accumulate in the blood.81,284 Abnormalities in 
amino acid metabolites are not reviewed because the genesis 
of these abnormalities is largely unknown, and there is no 
specific therapy for them. Generally, their concentrations 
decrease when protein intake is reduced and urea appear-
ance falls (see Chapter 54).

It should be emphasized that without proper dietary edu-
cation, the prognosis for patients with CKD is bleak. In one 
report, patients who had a serum creatinine level above 
5 mg/dL also were found to have serum bicarbonate con-
centrations below 15 mmol/L, serum phosphorus levels 
above 7 mg/dL, and BUN values above 120 mg/dL.285 To 
emphasize one troubling aspect of this report, consider the 
acidosis. Because the degree of acidosis is related to creati-
nine clearance and intake of protein, it is not surprising to 
find the serum bicarbonate level so low unless it is properly 
addressed by restricting the amount of protein in the diet 
or by supplementation with oral sodium bicarbonate.286 Cor-
recting acidosis is not a trivial concern because many of the 
metabolic abnormalities caused by CKD can be ameliorated 

tend to be reduced in plasma, whereas some of the nones-
sential amino acids tend to be increased (Figure 61.4). 
Decreased EAAs are similar to the pattern seen in patients 
with protein malnutrition, but in patients with CKD eating 
an adequate diet, the same abnormalities can persist after a 
large meal of meat.264,273 Thus, there is evidence that the low 
levels of BCAAs, decreased essential/nonessential and 
valine/glycine ratios, as well as the degree of increase in 
cystine, citrulline, and methylhistidine concentrations, are 
all inversely correlated with GFR, suggesting that they result 
from metabolic defects caused by CKD.

There is growing evidence that the concentrations of 
sulfur-containing amino acids (e.g., methionine, cysteine, 
cystine, taurine, homocysteine) are very abnormal in uremic 
patients, but the mechanisms accounting for these abnor-
malities have not been defined.274 This is relevant because 
patients with CKD can have very high levels of homocyste-
ine, which is associated with atherosclerosis (see earlier). 
One abnormality is that binding of homocysteine to albumin 
seems be abnormal, while abnormal intracellular levels of 
free sulfur-containing amino acids can aggravate the high 
plasma levels of these amino acids.274,275

CKD is also associated with changes in the disposal of 
amino acids; after an intravenous infusion of amino acids to 
patients on hemodialysis, the removal of valine and phenyl-
alanine were found to be subnormal, while histidine removal 
was increased.276 It is not known whether this observation 
contributes to the high plasma levels of histamine found in 
uremic patients, especially those with pruritus.277

In general, the degree of abnormalities in amino acids is 
inversely correlated with GFR, and more severe abnormali-
ties tend to be associated with uremic symptoms.278 Although 
the degree of abnormalities tends to worsen with an inad-
equate protein intake (e.g., there is a direct correlation 
between the valine/glycine ratio and protein intake), there 
are also abnormalities in the breakdown of amino acids  
and in their distribution between cells and extracellular 

Figure  61.4 Plasma amino acids in patients with chronic renal 
failure treated by protein restriction alone. Results are calculated as 
percentages of normal values. A logarithmic scale is used, so 
decreases are emphasized as much as increases. The most abnormal 
values are shown on the left. Statistical significance cannot be evalu-
ated in view of the variety of sources of the data. Note that not all 
essential amino acids are subnormal. 
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from that of normal subjects.292 However, other investigators 
have reported that energy expenditure on dialysis and non-
dialysis days was 7% higher in patients undergoing hemodi-
alysis compared to adults without CKD.293 This latter report 
suggests that uremia per se increases energy expenditure 
because CKD-induced metabolic factors that impair energy 
utilization (e.g., insulin resistance) could reduce the ability 
of patients with CKD to improve protein metabolism when 
caloric intake is limited. For example, even modest CKD 
(serum creatinine ≅ 2.4 mg/dL) or the presence of obesity 
or metabolic acidosis contributes to insulin resistance and 
impairs energy utilization.147,166,294,295 Fortunately, a low-
protein diet does not complicate the task of consuming 
sufficient calories because low-protein diets improve insulin 
resistance and hence the efficiency of using calories.2,3,296,297 
Rigalleau and coworkers297 found that insulin responses of 
patients with CKD eating 0.3 g protein/kg/day plus a sup-
plement of EAAs and ketoacids led to lower plasma glucose 
and insulin levels plus an improvement in glucose oxidation 
and nonoxidative disposal (mainly glycogen synthesis). 
Results from the MDRD study and other reports have indi-
cated that patients with CKD frequently have energy intakes 
below the recommended levels of 30 to 35 kcal/kg/day and 
may even reach 21 kcal/kg/day.217,257,288 When interpreting 
these data, it is important to note that energy intake in the 
MDRD study was estimated using dietary interviews and 
diaries, which may underestimate caloric intake.298,299

There is no simple remedy for patients with CKD who 
have low caloric intake. One possibility is to increase the 
pasta content of meals as these are complex carbohydrates 
and will not aggravate diabetes as much as increasing simple 
sugars. There also needs to be careful monitoring because 
providing extra calories may only create more body fat 
rather than increase protein stores.300 Ensuring that calories 
do reach the recommended levels is beneficial, and Hyne 
and colleagues have noted that the nitrogen balance of 
uremic patients fed a diet of 20 g/day of high-quality protein 
improved as caloric intake was raised.301 This finding is 
similar to a study that found that normal adults eating a diet 
with only barely adequate amounts of EAAs experienced an 
improvement in nitrogen balance and hence protein stores 
when caloric intake was increased.302 Bergstrom and associ-
ates studied patients with CKD who were eating 16 to 20 g/
day of protein plus a supplement of EAAs and found no 
deficits in nitrogen balance when energy intake was varied 
between 22 and 50 kcal/kg/day.303 The authors concluded 
that caloric intake is not critical unless nitrogen and EAA 
intakes are barely adequate. Not all reports are in agree-
ment. Kopple and coworkers304 fed six CKD patients a con-
stant, minimal protein intake of 0.55 to 0.6 g/kg/day and 
measured the nitrogen balance while the caloric intake was 
varied from 15 to 45 kcal/ kg/day.304 By extrapolation of the 
measurements, they concluded that nitrogen equilibrium 
was present when each of the six patients was eating 35 kcal/
kg/day (Figure 61.6). We believe that the caloric intake of 
patients with CKD who are below their ideal BW or are 
eating a protein-restricted diet should be 35 kcal/kg/
day.304,305 However, overweight patients should have their 
calories restricted because a caloric intake in excess of 
energy requirements causes obesity, which aggravates insulin 
resistance and impairs the utilization of protein and 
calories.295,299,300

by dietary protein restriction, and correcting metabolic  
acidosis can reduce the progressive loss of kidney func-
tion.19,120 There are also serious consequences of tolerating 
high serum phosphorus levels (see Chapter 54). The impor-
tant point is that many consequences of CKD are correct-
able by providing education about dietary factors. Obviously, 
this is most easily accomplished via consultation with a 
dietician.

SPECIFIC DIETARY CONSTITUENTS  
AND KIDNEY DISEASE

ENERGY

Energy intake and energy requirements of patients with 
chronic CKD are important considerations.

ENERGY INTAKE
In patients entering dialysis therapy, anthropometric abnor-
malities, including suboptimal BW, are frequently present 
and could result from inadequate intake of energy-rich 
foods.287-289 The dietary energy requirement can be esti-
mated by measuring the energy expended during a patient’s 
average activity and adding this amount to the patient’s 
resting energy expenditure (REE). The energy required 
during daily activities is measured by indirect calorimetry 
over relatively brief periods and then extrapolating the 
result to 24 hours. This yields a factor that when multiplied 
by the REE accounts for an individual’s activities. The 1981 
recommendations for energy intake by the Food and Agri-
culture Organization of the United Nations (FAO), World 
Health Organization (WHO), and United Nations Univer-
sity (UNU) were based on approximately 11,000 REE deter-
minations in healthy subjects.290 The regression equations 
used to derive energy requirements had considerable vari-
ability, and there is a potential source of error from estimat-
ing the time spent in various physical activities and intensity 
of the activities. Notably, healthy subjects adapt to an inad-
equate nutrient intake by decreasing the value of REE.291 In 
otherwise normal, semistarved adults, the REE was found to 
decrease by about 15% over 3 weeks, leading to a loss of 
lean body mass.290 For well-nourished adults, energy balance 
can be obtained with only 50% of the usual caloric intake 
as long as physical activity is decreased, but this may result 
in loss of lean body mass.289

ENERGY REQUIREMENTS OF PATIENTS WITH 
CHRONIC KIDNEY DISEASE
There have been few evaluations of the caloric requirements 
of patients with CKD and the capacity of these individuals 
to adapt to a reduced-calorie intake. Monteon and associ-
ates examined the energy expenditures of normal controls 
and patients with CKD during rest and exercise and found 
no differences between the groups.292 However, when caloric 
intake was reduced, energy expenditure did not decrease in 
either group, indicating that patients with CKD do not 
respond with the normal adaptive responses to calorie 
restriction. This leads to the development of calorie malnu-
trition and possibly negative nitrogen balance, with loss of 
protein stores. The authors concluded that on average, the 
energy expenditure of patients on dialysis is no different 
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should seek low-sodium food (and, in particular, should be 
encouraged to prepare foods at home) rather than be 
hounded about use of the salt shaker.308,309

A daily intake of 2 g of sodium is equivalent to about 
84 mEq of sodium, while a so-called no-added-salt diet con-
tains about 4 g, or 168 mEq of sodium. Consequently, a diet 
based on no added salt will often exacerbate hypertension 
and cause edema in patients with moderate-to-advanced 
CKD. The recommended sodium intake for hypertensive 
patients with CKD is approximately 2 g/day, a diet that can 
be reasonably easily achieved with appropriate dietary plan-
ning. This recommendation comes from WHO and the 
Joint National Commission on Prevention, Detection, Evalu-
ation, and Treatment of High Blood Pressure (JNC) in their 
recommendations for the treatment of patients with pre- or 
established hypertension.308 Unfortunately, processed foods 
and fast foods contain substantial amounts of salt, and a 
skilled dietitian is needed to achieve the recommended salt 
intake.

Patients with hypertension and CKD frequently have  
salt sensitivity, detected as an increase in blood pressure of 
more than 10% when a low-salt diet is switched to a high 
salt intake. The frequency of salt-sensitive hypertension  
is rather high, especially in African Americans, and the 
frequency increases with age, especially when kidney func-
tion declines.309,310 Most patients with advanced CKD are 
salt sensitive, with the possible exception of those with 
primary tubulointerstitial disease, because these patients 
can excrete salt more readily and tend to have normal blood 
pressure.311 With CKD, hypertension is closely related to the 
progression of CKD, especially in patients with protein-
uria.311 Unfortunately, relying on diuretics to reduce salt 
accumulation is often futile. For example, with furosemide 
treatment, normal adults experience a sharp increase in 
sodium excretion, producing an initial negative sodium 
balance. However, over the remaining 18 to 20 hours, 
dietary salt and fluid are retained, counteracting the effec-
tiveness of the diuretic.1 Patients who consume excess salt 
experience no net loss of sodium, despite furosemide-
induced natriuresis. We recommend that diuretic therapy 
must be accompanied by restricting salt intake to 2 g 
sodium/day. Salt restriction is especially important for 
hypertensive or CKD patients because antihypertensive 
agents (with the possible exception of calcium channel 
blockers) are less effective in reducing blood pressure unless 
salt intake is restricted.312 Drug-resistant hypertension is 
almost always due to a high level of salt intake. For example, 
the effectiveness of ACEIs or angiotensin receptor blockers 
(ARBs) declines sharply unless dietary salt is controlled; 
these agents are also less effective in suppressing protein 
excretion.312 The ideal sodium intake for healthy normoten-
sive individuals is 80 to 120 mmol (i.e., 2 to 3 g sodium/
day). If there is hypertension, daily salt intake should be less 
than 100 mmol (<2.5 g sodium) and, if edema or protein-
uria is present, the restriction should be 84 mmol/day of 
sodium (~2 g sodium). Since 95% of sodium ingested is 
excreted by the kidneys, a 24-hour sodium excretion is the 
best indicator of sodium intake. Other estimates are less 
accurate because sodium excretion fluctuates widely during 
the day. Consequently, a spot urine to measure the sodium/
creatinine ratio is not useful for assessing salt intake. With 
fever, strenuous exercise, or diarrhea, and especially for 

DIETARY FACTORS

SALT
The ability to achieve salt balance rapidly permits normal 
subjects to maintain an extracellular fluid volume that 
changes by less than 1 L (1 kg of BW) and a change in blood 
pressure of less than 10%, despite wide variations in daily 
salt intake. If blood pressure rises when the salt intake 
increases, a patient is labelled salt-sensitive, and he or she 
will achieve neutral salt balance more slowly. In contrast, 
persons who are salt-resistant rapidly excrete additional salt 
and do not have an increase in blood pressure. This is rel-
evant because salt sensitivity has several negative features, 
such as the following: (1) it precedes established hyperten-
sion; (2) constitutes a cardiovascular risk factor; (3) compli-
cates antihypertensive therapy; and (4) contributes to 
progressive loss of kidney function by exacerbating protein-
uria and diminishing antiproteinuric responses.306,307 For 
these reasons, managing salt intake is an essential compo-
nent of the treatment of patients with hypertension, CKD, 
and/or cardiovascular risk factors. It should also be empha-
sized that treatment with diuretics alone will fail if salt intake 
is unrestricted because the excess salt will overcome the 
effectiveness of the diuretic.1 Unfortunately, managing salt 
intake is difficult because so much salt is added to foods: it 
is estimated that at least 75% or more of the daily sodium 
intake is included in prepared foods, indicating that patients 

Figure  61.6 Correlation between nitrogen balance and energy 
intake in six clinically stable, nondialyzed, chronically uremic patients. 
The open circle represent the patient who had the lowest resting 
energy expenditure. The solid line is the regression line derived from 
the individual results. (From Kopple JD, Monteon FJ, Shaib JK: Effect 
of energy intake on nitrogen metabolism in nondialyzed patients with 
chronic renal failure. Kidney Int 29:734-742, 1986.)
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constant levels. Compared to the control diet, the mean 
reductions in systolic and diastolic blood pressures associ-
ated with the combination diet were 5.5 and 3.0 mm Hg, 
respectively. For the 133 subjects who were hypertensive, the 
results were more pronounced; systolic and diastolic pres-
sures were lowered by 11.4 and 5.5 mm Hg, respectively. 
The blood pressure–lowering effects of the DASH diet were 
more pronounced in black participants (systolic and dia-
stolic BP reductions of 6.9 and 3.7 mm Hg) than in whites 
(3.3 and 2.4 mm Hg).316 While this type of study does not 
directly demonstrate that high potassium intake is benefi-
cial, it does demonstrate that a potassium-rich diet is 
beneficial.

Regarding the amount of dietary potassium for patients 
with CKD, the NKF’s expert panel recommended potassium 
restriction to 2 g/day or less for individuals with advanced 
CKD (e.g., stage 4 CKD and estimated GFR values < 30 mL/
min/1.73 m2).317 Unfortunately, for patients with more 
advanced CKD, potassium stores are low, even though the 
serum potassium level is high.318,319 When dealing with 
patients who have a high serum potassium concentration, 
the initial search should be for nondietary causes of hyper-
kalemia before restricting dietary potassium. This is recom-
mended because a diet restricted in potassium and sodium 
is difficult to achieve. Thus, drugs that reduce potassium 
excretion should be eliminated, acidosis should be cor-
rected, and constipation should be relieved (the gut 
becomes an alternative organ removing potassium in 
patients with CKD). Clearly, more studies are needed to 
determine the usefulness and dangers of increasing (or 
limiting) dietary potassium in patients with CKD.

PROTEIN
Protein Intake

Nitrogen balance (NB) is the gold standard for assessing 
dietary protein requirements because a neutral or positive 
NB indicates that the body’s protein stores are being  
maintained or increased. Unfortunately, measuring NB is 
time consuming and technically demanding, so there have 
been few examinations of NB as a method for examining 
protein requirements of patients with CKD. For healthy 
adults who are engaging in moderate amounts of physical 
activity and are consuming sufficient calories, NB measure-
ments indicate that the average protein requirement is 
approximately 0.6 g protein/kg ideal BW/day. This level of 
dietary protein is recommended because it was derived from 
subjects who were fed variable amounts of protein; there-
fore, by extrapolation, WHO investigators determined that 
the average protein intake required to maintain neutral NB 
was 0.6 g protein/kg BW/day. This level of diet protein plus 
2 SDs (standard deviations) of the measurements led to a 
recommended level of 0.75 g protein/kg BW/day; this 
value was designated as the safe level of intake and meets 
the dietary protein requirements of 97.5% of healthy 
adults.290

There are two caveats. First, this amount of dietary protein 
is not needed by all subjects as some will require less than 
this amount and others require more. In adults, eating more 
than this amount does not improve body protein stores 
because the catabolic pathways described earlier stimulate 
losses of protein stores. Instead, dietary protein in excess of 

patients with an ileostomy, there can be significant extrare-
nal sodium losses. It is important to note that patients accus-
tomed to a high salt intake can experience salt craving when 
they begin reducing salt intake; this lasts about 2 weeks, so 
patients should be reassured that the craving will disappear 
with time.308,313 Salt substitutes may be judiciously used in 
the absence of hyperkalemia or treatment with RAAS 
inhibitors.

In summary, a cornerstone of designing diets for CKD 
patients is to establish appropriate goals for blood pressure 
and salt intake. Optimally, home blood pressure recording 
or ambulatory 24-hour blood pressure recordings should be 
obtained to assess the effectiveness of therapy. Treatment 
must include plans for altering dietary salt intake, and the 
effectiveness of the plan should be assessed by a 24-hour 
urine collection for sodium excretion. The same collection 
can be used to determine creatinine clearance and estimate 
protein intake and the excretion of microalbumin and 
other minerals. Once the goals of dietary salt and blood 
pressure have been met, blood pressure values and periodic 
measurements of 24-hour sodium excretion are necessary 
to assess long-term compliance. If sodium excretion is exces-
sive and blood pressure increases, visits to the nutritionist 
and repeating measurements of 24-hour urine sodium 
excretion will make dietary planning easier.

POTASSIUM
Guidelines from the Institute of Medicine have recom-
mended that the general population should have a daily 
intake of potassium of 4.7 g/day.314 With advanced renal 
insufficiency, acidosis, or other chronic conditions, the 
ability to excrete potassium can be impaired because of loss 
of functional nephron mass (indicated by a decrease in 
GFR), possibly abnormal responses to protective hormones 
(e.g., aldosterone), and impairment in function that occurs 
with inhibitors of RAAS (e.g., ACEIs), ARBs, and mineralo-
corticoid antagonists. Counteracting these problems are 
adaptations that increase the excretion of potassium via the 
kidney and gut.209 This is fortunate because patients with 
progressive kidney disease find it difficult to comply with 
both sodium and potassium restriction.

There is substantial evidence that diets rich in potassium, 
particularly when the intake of fruits and vegetables is high, 
have a reduced likelihood of developing chronic diseases 
such as coronary heart disease and diabetes. Clinically 
important reductions in blood pressure have also been doc-
umented in subjects with normal blood pressures or mild 
hypertension, as long as they consume a potassium-rich diet. 
Results of a key randomized trial, the DASH (Dietary 
Approaches to Stop Hypertension) study, concentrated on 
modifying the diet to raise potassium intake. In this study, 
459 subjects with a systolic blood pressure lower than 160 
mm Hg and diastolic blood pressure of 80 to 95 mm Hg 
were randomly assigned to different diets.315 Initially, all 
subjects were fed a control diet that was low in fruits, vege-
tables, and dairy products but with a typical fat content. 
Subsequently, subjects were randomly assigned to one of 
three diets for 8 weeks: (1) the control diet, rich in fruits 
and vegetables; (2) a combined diet, rich in fruits and veg-
etables, with limited dairy products; and (3) a diet with 
reduced content of saturated and total fats. For all three 
groups, sodium intake and body weight were maintained at 
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Second, when protein or amino acid intakes are barely suf-
ficient, neutral NB is achieved by a postprandial suppression 
of whole-body protein degradation; there may be an accom-
panying increase in protein synthesis. However, if protein 
(or amino acid) intakes are inadequate, these compensatory 
response(s) cannot fully compensate for the inadequate 
diet, and a negative NB causes loss of lean mass. When 
considering low-protein diets for diabetic patients, some 
caution is needed because there are reports that diabetic 
patients cannot activate the adaptive changes to dietary 
protein restriction that occur in normal adults and CKD 
patients. These dietary protein requirements are summa-
rized in Table 61.2.

Patients with Nephrotic Syndrome

Patients with hypercholesterolemia, edema, and more than 
3 g urinary protein/day (i.e., patients with the nephrotic 

the safe level of intake is converted to waste, including 
potential by-products of metabolism (sometimes referred to 
as toxins) that are excreted by patients with normal kidney 
function.66 Even with a diet containing more than 1 g 
protein/kg BW/day, the daily rates of protein synthesis and 
degradation are much greater than protein intake, empha-
sizing the dynamic metabolic processes occurring through-
out the day.66 For example, in response to fasting, there is a 
reduction in the level of plasma insulin, and body protein 
stores (principally skeletal muscle) are degraded to amino 
acids, which are converted to glucose in the liver. A princi-
pal modulator of changes in protein turnover in patients 
with diabetes or CKD is insulin because it suppresses protein 
degradation in normal or diabetic subjects.320,321 The impor-
tant role of insulin in determining protein metabolism (and 
hence NB) is emphasized because insulin resistance occurs 
in patients with CKD, even when the serum creatinine level 
is as low as 2.4 mg/dL; insulin resistance also occurs with 
complications of CKD, such as metabolic acidosis.147,166 In 
summary, healthy adults successfully adapt to dietary protein 
restriction by suppressing catabolism of EAAs and by sup-
pressing protein degradation while stimulating protein  
synthesis. The principal anabolic factor, insulin, mediates 
metabolic responses to eating and fasting and, since CKD is 
associated with insulin resistance, the initiation of CKD-
induced losses of protein stores could be linked to insulin 
resistance.

PROTEIN REQUIREMENTS
Patients with Chronic Kidney Disease

Patients with advanced but uncomplicated CKD are remark-
ably efficient in adapting to dietary protein restriction, even 
when the estimated GFR is 5 to 15 mL/min/1.73 m2.322 Spe-
cifically, the subjects reduce amino acid oxidation and 
protein degradation, just as that which occurs in normal 
adults who restrict their dietary protein from 1.0 to 0.6 g/
kg/day. Similarly, these adaptive metabolic responses  
occur when the diet is restricted to only 0.3 g/kg/day  
and a supplement of EAAs or their nitrogen-free analogues 
(ketoacids). Both these diets can maintain neutral NB and 
indices of adequate nutrition for more than 1 year of obser-
vation.218,323,324 The specific metabolic adaptations that occur 
with dietary protein restriction include a stimulation of the 
oxidation of amino acids, resulting in a lower requirement 
for and more efficient utilization of EAAs (Figure 61.7). 

Figure 61.7 Relationships between different levels of dietary protein 
and rates of leucine oxidation in normal subjects and chronic kidney 
disease patients during fasting (open circles) and feeding (closed 
circles). There is a significant correlation between the amount of 
dietary protein and leucine oxidation during fasting and feeding, 
showing the adaptive response to dietary protein changes. (From Tom 
K, Young VR, Chapman T, et al: Long-term adaptive responses to 
dietary protein restriction in chronic renal failure. Am J Physiol 268:E668-
E677, 1995.)
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Table 61.2  Dietary Requirements for Patients with Chronic Kidney Disease

Patients Protein Requirement Comments

Normal adults or those with 
uncomplicated CKD

RDA, 0.8 g protein/kg/day 30-35 kcal/kg/day needed to use 
dietary protein efficiently

Symptomatic CKD patients, those with 
complications

Minimum, 0.6 g protein/kg/day or 0.3 g/kg/day + 
ketoacids or a mixture of essential amino acids

Adjustments for specific problems (e.g., 
diabetes, hyperphosphatemia)

CKD patients with loss of muscle mass 0.8 g protein/kg/day
CKD patients with proteinuria <0.8 g protein/kg/day + 1 g protein/g proteinuria This is the maximum needed. Even less 

dietary protein may be sufficient.

CKD, Chronic kidney disease; RDA, recommended daily allowance.
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bone disorder]) but there are at least two reasons for reeval-
uating the influence of phosphate intake and CKD. First, 
phosphates are added to prepared or processed foods to 
prevent spoilage.9,10,341 Second, there are complex relation-
ships among protein and phosphorus intakes and excretion, 
plus the influences of changes in serum phosphorus levels, 
parathyroid hormone status, and bone metabolism. The 
responses to FGF-23 have added yet another level of com-
plexity to our understanding of the complicated metabolic 
pathways regulating calcium and phosphate metabolism 
and bone disease.57 Even the terminology is confusing. 
There are different types of phosphate anions, and the pro-
portions of these anions depend critically on the blood pH 
and other factors, making the interpretation of the plasma 
phosphates complex. Because of the marked influence of 
pH on the different types of phosphates, clinical laborato-
ries do not report phosphate concentrations but report the 
serum concentration of phosphorus, which represents the 
concentration of all types of phosphates. Therefore, patients 
and physicians concentrate on regulating the amount of 
phosphorus in the diet, even though all physiologically 
important reactions are based on phosphate metabolism.

The intake of phosphates is linked to dietary protein by 
a predictable relationship—approximately 1 g of protein 
contains 13 mg of phosphate—and, consequently, varia-
tions in the amount of protein eaten will predictably change 
phosphorus intake. The serum phosphorus level, therefore, 
is influenced by the amount of protein in the diet as well as 
processes that regulate phosphate metabolism, including 
the intestinal absorption of dietary phosphates, excretion  
of phosphates by renal tubules, and changes in bone 
metabolism.

In CKD, it is axiomatic that phosphorus retention initi-
ates the well-established metabolic disturbances described 
in Chapter 55. A rise in the serum phosphate concentration 
is often recognized at a late stage of CKD because there are 
physiologic adaptations in earlier stages of CKD that prevent 
excessive phosphorus retention. Perhaps the most promi-
nent adaptation is the stimulation of PTH release because 
this hormone increases phosphate excretion (or, more accu-
rately, reduces phosphate absorption) by proximal tubule 
cells. The epidemiology of the relationships among a loss of 
kidney function (measured as a decrease in 51Cr-EDTA clear-
ance), the retention of phosphorus, and a compensatory 
increase in PTH levels has been examined in more than 
1000 CKD patients.342 At eGFR values below 49.5 mL/
min/1.73 m2, a rise in serum PTH levels above 60 pg/mL 
was detectable, but serum phosphate concentrations more 
than 4.3 mg/dL (1.38 mmol/L) were not observed until 
eGFR values were less than 37 mL/min/1.73 m2. This 
finding suggests that phosphate retention is not a promi-
nent reason for the development of secondary hyperpara-
thyroidism (see Chapters 55), but there are flaws in this 
suggestion. The serum phosphorus level is generally mea-
sured after an overnight fast, so the absence of a protein- 
and phosphorus-rich meal plus the phosphaturia induced 
by the response to a higher PTH level yields normal or even 
low values of serum phosphorus. Nevertheless, it is generally 
agreed that the pathophysiology of hyperparathyroidism 
depends on phosphate retention due to lost kidney func-
tion. Moranne and colleagues have found other associa-
tions. First, the likelihood that PTH would be increased in 

syndrome) have an increased risk for developing loss of 
body protein stores. Notably, the defect cannot be corrected 
by giving nephrotic patients a protein-rich diet. In fact, such 
a diet increases proteinuria in patients with nephrotic syn-
drome and patients with many other disorders causing 
CKD.103,325 A well-designed, low-protein diet (LPD) can 
decrease proteinuria and often can increase serum albumin 
levels relative to a higher protein diet, especially when 
examined in patients with heavy proteinuria. Because the 
degree of proteinuria is closely related to the risk for pro-
gressive kidney and cardiovascular diseases, the initiation of 
an LPD might be used to counteract the risks associated with 
progressive loss of kidney function. Regarding safety of 
protein restricted diets, patients with the nephrotic syn-
drome who were fed adequate calories and an LPD (0.8 g/
kg/day plus 1 g/day of protein for each gram of urinary 
protein excreted over 5 g/day) had a neutral NB and 
improved components of protein turnover when compared 
to responses of patients with nephrotic syndrome who were 
fed a diet containing 1.6 g protein/kg BW/day, plus the 
same supplement for excess proteinuria and 35 kcal/kg/
day. Moreover, patients with nephrotic syndrome fed a 
modest LPD suppressed amino acid oxidation and protein 
degradation, leading to neutral or positive NB.206 Notably, 
there is evidence that an LPD (<0.6 g/kg BW/day) does not 
increase the risk of protein wasting in patients with the 
nephrotic syndrome.109 In summary, patients with uncom-
plicated CKD, including those with nephrotic-range pro-
teinuria, activate normal compensatory responses to dietary 
protein restrictions by suppressing EAA oxidation and 
reducing protein degradation. Consequently, NB is neutral 
and lean body mass is maintained during long-term dietary 
therapy.

BENEFICIAL RESPONSES TO REDUCED DIETARY 
PROTEIN IN CHRONIC KIDNEY DISEASE OR AFTER 
KIDNEY TRANSPLANTATION
To determine if the decreased loss of kidney function found 
in animals fed LPDs also occurs in humans, clinical trials 
have examined the benefits of reducing dietary protein on 
nutritional status and the progressive loss of kidney function 
in patients with CKD. Unfortunately, some of the published 
studies are of low methodologic quality because they were 
retrospective studies with only a small number of patients 
or serious design flaws. Based on standards of adequate 
quality, we examined more than 80 trials from which 10 
RCTs326-335 and five meta-analyses336-340 were identified. With 
these data, we addressed the question of whether dietary 
protein restriction slows the progression of CKD.339 In dis-
cussing these reports, we will use the more general term 
slowed progression of kidney disease rather than slowed the loss of 
kidney function. The GFR (the gold standard of kidney func-
tion) was determined in just a few studies. Instead, out-
comes in reported trials were based on estimating differences 
in changes in serum creatinine levels or the degree of 
proteinuria.

PROTEINS, PHOSPHATES, AND FIBROBLAST 
GROWTH FACTOR-23

It is well known that hyperphosphatemia contributes to 
bone disease (and, more broadly, CKD-MBD [mineral and 
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directly affects FGF-23 expression.349 The responses of 
patients with CKD to dietary phosphorus restriction differ 
somewhat because phosphate loading causes an increase in 
FGF-23, even if the FGF-23 level is already high.344 Still, these 
reports must be considered as preliminary because the high 
levels of FGF-23 found in CKD may represent partially 
degraded FGF-23 proteins that are recognized by the anti-
body (similar to the different forms of PTH in serum; see 
Chapter 55).

A discussion about the control of phosphorus retention 
is relevant to CKD because of the associated risk of cardio-
vascular disease in subjects with phosphorus retention, a 
phenomenon that has been recognized even in adults with 
normal or near-normal kidney function.350 First, dietary 
phosphate was shown to be positively associated with left 
ventricular hypertrophy in the Multi-Ethnic Study of Ath-
erosclerosis.351 Second, an association between serum phos-
phate level and mortality was found in a review of data from 
the Framingham Study. Over a 16-year period of observa-
tion, it was found that healthy adults with serum phosphate 
concentrations above 3.5 mg/dL experienced a graded 
increase in the risk of cardiovascular morbidity and mortal-
ity.350 Those persons who were in the highest quartile of 
serum phosphorus had a 55% higher risk of cardiovascular 
events when compared to those in the lowest quartile. 
Notably, an even higher mortality risk was observed in CKD. 
In a retrospective analysis of 7000 Veterans’ Affairs patients 
with CKD, Kestenbaum and associates found that each 
1-mg/dL increase in the serum phosphate concentration 
was associated with a 23% increase in mortality.352 They also 
found that when the eGFR values fell below 30 mL/
min/1.73 m2, serum phosphorus levels increased, as did 
mortality. Menon and coworkers analyzed the associations 
of serum phosphate levels and mortality in patients who had 
enrolled in the MDRD study, a prospective RCT of the influ-
ence of different prescriptions of dietary protein and differ-
ent degrees of hypertension control of progression of CKD 
(among other outcomes; see earlier discussion).353 Although 
there was a trend toward an increase in mortality for subjects 
with higher serum phosphorus concentrations, the differ-
ences were not statistically significant. It was also noted that 
the mortality rate extrapolated over a 10-year period after 
the MDRD study was stopped was remarkably low; variations 
in serum phosphorus levels did not explain this observation. 
In a retrospective analysis of CKD patients by the Veterans 
Administration, 985 patients evaluated between 1995 and 
2005 were examined to determine the frequency of a com-
posite outcome, which included end-stage kidney disease 
(ESKD) and doubling of serum creatinine levels.354 After 
making multiple adjustments, the authors concluded there 
was a 29% higher hazard ratio (HR) for the loss of kidney 
function when the serum phosphorus level increased by 
1 mg/dL, which was above the reference level (3.3 mg/dL). 
This increase in risk was also present when variations  
in the calcium-phosphate product were examined. These 
results are similar to those provided by Voormolen and  
colleagues, who studied 448 patients with advanced  
CKD (stages 4 and 5) in a prospective evaluation of  
outcomes between 1999 and 2003.355 The patients with 
more severely impaired kidney function (mean eGFR = 13 
± 5 mL/min/1.73 m2) had a 60% increase in the HR for 
mortality for each increase of 1 mg/dL of serum 

patients with CKD was 70% higher in black patients com-
pared to white patients.342 Secondly, hyperphosphatemia 
was somewhat more likely to be present in patients with 
tubulointerstitial diseases compared to patients with CKD 
caused by other types of kidney disorders. The reasons for 
these associations were not identified.

Another factor affecting serum phosphorus levels is 
FGF-23, a phosphatonin synthesized by osteoblasts.343 When 
the FGF-23 level is increased, especially in the presence of 
Klotho (a FGF-23 co-factor), there is a brisk phosphaturia. 
Activation of the proximal tubule receptor by FGF-23  
and Klotho also suppresses activity of the 1-α-hydroxylase, 
blocking synthesis of calcitriol in the proximal tubule. 
Therefore, FGF-23 will reduce serum phosphorus levels 
despite CKD because there are two counteracting 
mechanisms—phosphate excretion is stimulated and cal-
citriol production is reduced, resulting in the suppression 
of intestinal phosphate absorption. The physiologic rele-
vance of these reactions in CKD is suggested by the finding 
that serum levels of FGF-23 are high, even before the serum 
PTH level rises. There is much to learn about FGF-23 and 
any adverse effects it generates. Presumably, the toxic 
responses to FGF-23 arise in patients with CKD because of 
the very high levels of FGF-23. In the serum of 6 healthy 
adults, FGF-23 was reported to be 40 U/mL while in 20 CKD 
patients, FGF-23 values were as high as 2000 U/mL. In 33 
hemodialysis patients, the levels were as high as 60,000 U/
mL.344 Notably, it is reported that very high levels of serum 
FGF-23 are associated with an increased risk of mortality, 
which is seemingly independent of the serum phosphorus 
level.345 We recognize that these associations are difficult to 
interpret because such patients are also very likely to have 
high PTH levels and manifest problems arising from the 
accumulation of uremic toxins. Since phosphorus accumu-
lation is linked to protein intake in CKD patients, and since 
uremic toxins are mainly derived from dietary protein, high 
serum phosphorus and FGF-23 levels are usually found in 
patients eating excessive amounts of protein.346 This conclu-
sion is supported by the finding that even high levels of 
FGF-23 do not correct hyperphosphatemia in patients with 
advanced CKD. The inability to stimulate phosphate excre-
tion sufficiently to avoid phosphate accumulation occurs 
when the eGFR is less than 35 mL/min/1.732, despite the 
phosphaturic action of FGF-23 and PTH.342 At this stage of 
CKD, phosphorus intake must be limited or adverse conse-
quences will occur, including secondary hyperparathyroid-
ism, renal bone disease, and soft tissue calcification.347

How do dietary phosphates influence the regulation of 
the FGF-23 and PTH? In healthy adults, FGF-23 expression 
can be directly regulated by varying dietary phosphate 
levels.348 When otherwise normal adults were given 1 g phos-
phate daily for 5 days, serum FGF-23 levels increased by 
about 30% while serum PTH levels did not change. However, 
the increase in FGF-23 led to a higher value of urinary 
phosphates plus a decrease in serum calcitriol levels.349 
There are data highlighting the fact that FGF-23 concentra-
tions are influenced by the restriction of dietary phospho-
rus.349 Also, in healthy men, the FGF-23 concentration 
responds to dietary phosphorus intake. For example,  
reducing the dietary phosphorus intake of 13 healthy  
men from 1500 to 625 mg/day yielded a 32% decrease in 
serum FGF-23 levels, suggesting that phosphorus intake 
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RANDOMIZED CONTROLLED TRIALS

NONDIABETIC CHRONIC KIDNEY DISEASE
Locatelli and the Northern Italian Cooperative Study Group 
analyzed 456 patients designated as stage 3 or 4 CKD during 
a period of at least 2 years.330 Patients were randomly pre-
scribed 0.6 g/kg/day (LPD) or 1 g/kg/day (control group); 
the actual amount of dietary protein was determined from 
urea nitrogen excretion.61,63 The control group ingested an 
average of 0.90 g protein/kg/day while the low-protein 
group ingested an average of 0.78 g/kg/day; there also was 
substantial overlap in dietary protein ingested by the two 
patient groups. Obviously, the trial did not test the hypoth-
esis that eating a low-protein diet will slow the loss of kidney 
function. Not surprisingly, the primary outcome of renal 
survival, as defined as the start of dialysis or the doubling of 
serum creatinine levels during the study, had only a border-
line difference between control and LPD groups (P = 0.059). 
Slightly fewer patients assigned to the LPD group reached 
the end point.

The MDRD study reported the effects of different levels 
of protein intake and two levels of blood pressure control 
in a 2 × 2 factorial design.331 In study A (stage 3 or 4 CKD), 
585 patients were randomly assigned to a standard diet of 
more than 1 g protein/kg/day or a diet containing 0.6 g 
protein/kg/day, with targeted mean arterial blood pres-
sures of 105 or 92 mm Hg, respectively. In study B, 255 
patients with stage 4 CKD were randomly assigned to diets 
including 0.6 or 0.3 g protein/kg/day supplemented with a 
ketoacid-EAA mixture; blood pressure goals were the same 
as in study A. The average actual protein intakes based on 
urea nitrogen excretion were 1.11 or 0.73 g protein/kg/day 
in study A patients and 0.69 or 0.46 g protein/kg/day in 
study B patients, respectively (plus the ketoacids-EAAs pro-
vided to one group of study B patients).61,63 It was concluded 
that there was no difference in the rate of loss of GFR 
between the two groups in study A. In study B patients, the 
average rate of GFR loss was slightly higher in the group 
ingesting 0.69 g protein/kg/day compared to the rate of 
loss function in subjects assigned to eat 0.46 g protein/kg/
day plus ketoacids and EAAs (P = 0.07). At first glance, these 
results indicate a negative intervention, but there are caveats 
to this conclusion. First, during the first 4 months in study 
A, there was an initial decrease in GFR in the group assigned 
to the restricted protein intake. It was ascribed to a physi-
ologic reduction in glomerular hemodynamics, which is a 
well-documented effect of dietary protein restriction.357 Sub-
sequently, there was a slower loss of GFR in patients in the 
LPD group compared to those with the higher intake (1.11 g 
protein/kg/day). Consequently, calculating the rate of loss 
of GFR from the initial 4 months until the last measure-
ments of GFR would have yielded a significantly lower value 
in patients assigned to the protein-restricted group; there 
also was a significant improvement in kidney survival (P = 
0.009). Second, the rate of loss of GFR was lower than pre-
dicted; additional follow-up time might have resulted in 
greater separation of kidney function curves. Consider the 
Diabetes Control and Complications Trial (DCCT), which 
examined the influence of strict blood glucose control on 
kidney function. Initially, there was no protective effect of 
intensive insulin therapy on the progression of kidney 
disease. After 2 years of observation, a benefit began to 

phosphorus (P = 0.04). It was also found that an increase in 
the serum phosphorus level was associated with a faster rate 
of loss of kidney function (P < 0.001) compared to results 
from patients who did not experience an increase in their 
serum phosphorus level.

One important point is the contribution of protein struc-
ture to phosphorus metabolism. Although dietary phospho-
rus is strongly linked to dietary protein, phosphorus can be 
bound in larger molecules, such as phytates, in vegetable 
proteins. The human intestine does not express the phytase 
enzyme to digest the accompanying phosphates. Therefore, 
phosphorus from vegetable protein is less readily absorbed 
compared with phosphorus from animal protein. This issue 
was recently illustrated by Moe and associates, who con-
ducted a short, randomized crossover study of patients with 
stage 3 CKD. Study subjects received two 800-mg/day phos-
phorus diets, one from vegetable sources and one from 
casein.56 There was a lower degree of phosphaturia and 
lower serum phosphorus level in subjects during the vege-
table protein phase, suggesting that intestinal phosphorus 
absorption was lower. Interestingly, serum FGF-23 levels 
varied in opposite directions from baseline—serum FGF-23 
concentrations decreased during the vegetable protein 
phase and increased during the casein phase, underlining 
the importance of dietary intake in FGF-23 metabolism.

Klotho, the FGF-23 co-receptor responsible for tubular 
phosphate reabsorption, is an important molecule that has 
been linked to longevity. Circulating Klotho gradually 
decreases during CKD progression. The primary decrease 
in Klotho expression observed during CKD may be partly 
responsible for a reduction in FGF-23 activity and thus of 
the subsequent well-described FGF-23 elevation. Although 
there are few data on the relationship between Klotho and 
dietary intake as of yet, a recent experimental study has 
shown that reducing phosphorus intake in mice can partly 
restore the decline in Klotho observed in the CKD mouse 
model.356

Another important point about phosphorus and diet 
relates to phosphate additives. Until recently, there has been 
a sustained, industry-wide trend to add inorganic phospho-
rus during food processing.341 There are many reasons 
for this addition—phosphorus extends product shelf life, 
enhances taste and color, and increases water content of 
food by 10% to 15%, the latter facilitating higher pricing. 
There is no incentive for manufacturers to disclose added 
inorganic phosphates. While the generally recommended 
daily phosphorus intake for patients with moderate-to-
advanced CKD is roughly 800 mg/day, it is noteworthy that 
inorganic phosphates added to processed foods can add 
1000 mg/day or more to the daily intake, thwarting other 
well-intentioned dietary restrictions.

This discussion emphasizes why it is important to control 
the dietary habits of patients with CKD. Specifically, the key 
to achieving a goal of maintaining serum phosphate levels 
within the population reference range must include a 
phosphorus-restricted diet. The amount of dietary phospho-
rus should be no more than roughly 800 mg phosphorus/
day, a level that will permit enough dietary variety while 
preventing excessive phosphate accumulation or the trig-
gering of a CKD-MBD biochemical spiral (e.g., rising FG-F23, 
PTH levels) that may contribute to bone disease, vascular 
and valvular heart disease and, potentially, death.
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versus 0.79 g/kg/day. In those assigned to the very low-
protein diet plus ketoacids, only 2 patients had to begin 
dialysis compared to 7 subjects in the higher dietary  
protein group (P < 0.05). Erythropoietin responsiveness 
improved in subjects prescribed the very low protein–
ketoacid regimen; this improvement was inversely related to 
the serum PTH level and to decreased phosphorus intake 
or a decrease in the serum phosphate concentration.333

Ihle and coworkers329 studied 72 Australian patients with 
stage 4 or 5 CKD. They were randomly assigned to a diet of 
unlimited protein or 0.4 g protein/kg/day for 18 months. 
Actual protein intakes based on urea excretion were 0.6 g/
kg/day for the dietary protein–restricted group and 0.8 g/
kg/day for the control group. The GFR (51Cr-EDTA clear-
ance) was measured every 6 months and demonstrated a 
progressive decline only in the control patients. The number 
of patients who had to begin dialysis was higher in those 
assigned to the unrestricted dietary protein group (P < 
0.05).329

Malvy and colleagues studied a very low protein–restricted 
intake diet (0.3 g protein/kg/day) supplemented with keto-
analogues (Ketosteril; 0.17 g/kg/day) in comparison with a 
diet containing 0.65 g protein/kg/day; 50 stage 4 or 5 CKD 
patients were randomly assigned one of two diets.332 The 
design included measuring the time until a patient’s creati-
nine clearance decreased below 5 mL/min/1.73 m2 or until 
a patient had to begin dialysis. The authors found no sig-
nificant difference in renal survival between the two diets. 
They did report that patients in the very low protein–
ketoacid group lost 2.7 kg during the 3-year study, and that 
weight loss included a loss of fat and lean body mass. Weight 
loss and changes in body composition were not found in 
patients prescribed the 0.65 g–protein/kg/day diet. The 
half-life until renal death was 9 months in the diet of 0.65 g 
protein/kg/day but 21 months for those eating the more 
restricted diet (0.3 g protein/kg/day).

Mircescu and associates observed the clinical course of 53 
patients with stage 4 or 5 CKD over a period of 60 weeks335; 
26 patients were randomly assigned to a diet of 0.6 g protein/
kg/day and 27 were assigned to a diet containing only  
0.3 g protein/kg/day supplemented with ketoacids. Actual 
protein intakes were estimated to be 0.59 ± 0.08 and 0.32 ± 
0.07 g protein/kg/day, respectively. There were no deaths, 
and 7 of the 26 patients assigned to the 0.6 g–protein/kg/
day diet reached the point of requiring dialysis compared to 
only 1 of 27 in the very low protein–ketoacid group (P = 
0.06). Serum phosphate concentrations decreased from an 
initial value of 1.91 ± 0.68 to 1.45 ± 0.66 mM (P < 0.05) in 
patients eating the very low protein–ketoacid diet.

Rosman and coworkers evaluated the influence of dietary 
protein restriction in 247 stages 3 to 5 CKD patients and 
reported the outcomes after 2 or 4 years of observation.326,360 
The control group ate an unrestricted diet while patients 
with stage 3 CKD had a protein intake of 0.90 to 0.95 g/kg/
day; patients with stage 4 or 5 CKD had a diet of 0.70 to 
0.80 g protein/kg/day. After 2 years of follow-up, there was 
significant slowing of the loss of kidney function but only in 
male patients and, again, patients with polycystic kidney 
disease received no measurable benefit to the protein-
restricted diet. After 4 years of follow-up, there was a survival 
improvement in patients treated with the protein-restricted 
diet calculated as kidney survival and/or the percentage of 

emerge, and after 4 years of strict glycemic control, the 
development of microalbuminuria or macroalbuminuria 
was significantly reduced.

Secondary analyses of the MDRD trial, although arguably 
less robust, have suggested slowing of progression with 
dietary protein restriction.358 For example, when the results 
were analyzed according to the measured (rather than pre-
scribed) protein intake, an LPD reduced the rate of loss of 
GFR in study B patients (P = 0.011) and reduced the fre-
quency of renal death (death or initiation of dialysis; P = 
0.001).359 For every reduction in 0.2 g/kg/day of protein 
intake, a 1.15-mL/min/year reduction in the rate of loss of 
GFR was documented. There also was a 49% reduction in 
the frequency of renal deaths. These secondary results from 
the MDRD study suggest that there may be a benefit of 
reducing the dietary protein on progression of CKD.

Another caveat in the interpretation of the MDRD study 
is that no apparent benefit of restricting dietary protein or 
controlling blood pressure occurred in patients with poly-
cystic kidney disease. This raises questions about the inter-
pretation of results of the MDRD study since patients with 
polycystic kidney disease constituted about 25% of patients 
in the MDRD study. Thus, it is possible that the inclusion of 
results from this group may have obscured beneficial 
responses on the progression of CKD in patients with other 
types of kidney disease.331

In a smaller study lasting only 18 months, Williams and 
coworkers analyzed the effects of three dietary interventions 
in 95 patients with stage 4 or 5 CKD.328 Patients were ran-
domly prescribed one of three diets: 0.6 g protein/kg/day 
and 800 mg phosphate intake; 1000 mg phosphate/day 
plus phosphate binders; and no specified dietary protein 
level or a combined protein and phosphate unrestricted 
diet. Compliance assessments revealed protein intake as  
0.7, 1.02, and 1.14 g protein/kg/day plus 815, 1000, and 
1400 mg phosphorus/day, respectively. There was a minor 
weight loss in the low-protein and low-phosphate groups 
(−1.3 and −1.6 kg for the LPD and low-phosphate groups, 
respectively), but no differences in the decline in creatinine 
clearance among the three groups.

Cianciaruso and colleagues studied two different levels of 
protein intake, 0.55 versus 0.80 g/kg/day in patients with 
stage 4 or 5 CKD during 18 months.334 In this study, 212 
patients were randomly assigned to receive the lower protein 
intake and 211 patients were prescribed the higher level of 
dietary protein. Based on urea excretion, the protein-
restricted group ate 0.72 g protein/kg/day; the higher 
protein group ate an average of 0.92 g protein/kg/day  
(P < 0.05).61 Urinary excretion of urea, sodium, and phos-
phate were all reduced in subjects assigned to the low-
protein diet group. Importantly, the authors found no 
alteration in body composition or nutritional indices (prin-
cipally, serum albumin) in either group. When the results 
were evaluated using an intention to treat analysis, 13 
patients assigned to 0.8 g protein/kg/day versus 9 patients 
assigned to 0.55 g protein/kg/day died or had to begin 
dialysis during the study.

Di Iorio and associates evaluated how a very low protein 
intake supplemented with ketoacids might affect the effi-
ciency of erythropoietin therapy in 20 patients over 2 
years.333 Actual protein intakes of two randomly chosen 
groups were 0.49 g/kg/day plus a supplement of ketoacids 
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(iothalamate clearance); actual protein intake, based on 
urea excretion, were 1.08 g versus 0.72 g protein/kg BW/
day. The low-protein dietary regimen induced a significant  
(P < 0.02) reduction in the rate of decrease in GFR in patients 
with a GFR higher than 45 mL/min/1.73 m2 compared to 
results with those on the control diet.

Hansen and coworkers reported results from the longest 
randomized trial of patients with type 1 diabetes and CKD.363 
Patients were prescribed their usual protein intake or 
assigned to a diet containing 0.6 g protein/kg/day during 
a 4-year trial. Actual protein intakes over the duration of the 
trial were 1.02 versus 0.89 g/kg/day. The degree of protein-
uria was no different but the frequency of renal death 
(ESKD) was 36% lower in patients consuming the moder-
ately protein-restricted diet. When renal deaths were ana-
lyzed to adjust for CVD by Cox analysis, the benefits of the 
low-protein diet were also statistically significant (P = 0.01).

META-ANALYSES OF LOW-PROTEIN DIETS AND 
PROGRESSION OF CHRONIC KIDNEY DISEASE

In a meta-analysis examining the impact of low-protein diets 
on renal function, Kasiske and colleagues pooled trials 
based on results from more than 1900 patients to determine 
if there was a renal protective effect for patients assigned to 
a low-protein diet. It was concluded that the protein restric-
tion prevented a loss of 0.53 mL/min GFR/year (P < 
0.05).338

Following a meta-analysis of a subgroup of patients with 
diabetes, Pedrini and associates showed that a combined 
outcome measure of microalbuminuria and renal function 
was improved by 44% (P < 0.001) in patients assigned to 
low-protein diets.337 Pan and coworkers analyzed eight ran-
domized trials that included 519 patients, 253 in the low-
protein diet group and 266 in the control group.340 Changes 
in GFR or creatinine clearance, hemoglobin A1c (HbA1c) 
levels, degree of proteinuria, and serum albumin levels were 
recorded but no definitive outcome about differences in 
death or dialysis were uncovered. The dietary protein gradi-
ent between control and reduced protein intakes was 
0.35 g/kg/day (1.27 to 0.91 g protein/kg/day; P = 0.04). 
Proteinuria did decrease significantly (P = 0.003). Glycosyl-
ated hemoglobin improved in seven of eight studies (mean 
reduction, 0.31%; P = 0.005). These results confirm that 
reducing protein intake in patients with diabetes and CKD 
improves insulin sensitivity, decreases HbA1c, and reduces 
proteinuria and independent factors associated with renal 
protection.

We performed a meta-analysis based on 10 randomized 
controlled trials of low-protein diets in nondiabetic CKD 
patients.339 The gender of patients and the types of their 
kidney diseases were equally distributed between the control 
and diet-restricted patient groups. Our results are shown in 
Figure 61.9. The outcomes of 1002 patients assigned to 
dietary protein restriction were compared to the outcomes 
of 998 patients assigned to higher protein intakes. In the 
low-protein groups, 113 renal deaths occurred compared to 
168 in patients in the control group. These outcomes lead 
to a 0.68 odds ratio for renal death in the low-protein group 
compared to the control group; the 95% confidence inter-
val (CI) was 0.55 to 0.84 (P < 0.001). The interpretation of 
this analysis is that a low-protein diet can result in a 32% 

patients who did not require dialysis (60% vs. 30%; P < 
0.025).326 The authors concluded that compliance to the 
diets was fairly good and was sustained but did not cause 
signs of protein energy wasting.326

Brunori and colleagues examined 56 older Italian patients 
with stage 5 CKD who were randomly assigned to begin 
dialysis therapy or to be treated with a very low-protein diet 
(0.3 g protein/kg/day) supplemented with ketoacids.361 
After 1 year of observation, the survival rate was 83.7% and 
87.3% in the dialysis and low-protein diet groups, respec-
tively (P = 0.6). By an intention to treat analysis, the inves-
tigators found a continuous benefit of the protein-restricted 
diet. Patients assigned to dialysis had a 50% higher degree 
of hospitalization. The authors concluded there was no  
difference in the life span of subjects assigned to the  
low-protein diet plus ketoacids versus those treated by main-
tenance dialysis (Figure 61.8).

DIABETIC KIDNEY DISEASE
In patients with CKD and diabetes mellitus, the benefits 
achieved by dietary protein restriction are less clear. This 
was because most clinical trials of patients with CKD and 
diabetes mellitus assigned to different dietary regimens 
were too brief to identify differences in renal survival of 
patients prescribed the control versus experimental diets. 
Consequently, the analyses were largely based on surrogate 
criteria to determine the efficacy of protein-restricted diets 
in terms of progression of CKD or changes in nutritional 
factors. Surrogate outcomes used included a reduction in 
the degree of microalbuminuria or proteinuria and/or 
changes in creatinine clearance or serum creatinine (con-
verted into eGFR). Unfortunately, in many of the early trials, 
ACEIs were not distributed equally and there were impor-
tant differences in blood pressure control.

Zeller and associates compared a diet containing 1 or 0.6 g 
protein/kg/day in 36 type 1 diabetic CKD patients during a 
follow-up period averaging 35 months.362 The outcome 
included measured changes in creatinine clearance and GFR 

Figure  61.8 Survival of older CKD patients (stage V) who were 
randomly assigned at month 0 to begin dialysis treatment or to eat a 
very low-protein diet supplemented with ketoanalogues. As analyzed, 
the adjusted Cox model revealed a difference in survival (P = 0.01). 
(From Brunori G, Viola BF, Parrinello G, et al: Efficacy and safety of a 
very-low-protein diet when postponing dialysis in the elderly: a prospec-
tive randomized multicenter controlled study. Am J Kidney Dis 49:569-
580, 2007.)
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Figure 61.9 Meta-analysis of results from randomized controlled studies of the influence of low-protein diets in delaying progression of chronic 
kidney disease (CKD). A square denotes the odds ratio (treatment, control) for each trial, and the diamond indicates the combined results of 
all the trials; 95% confidence intervals are represented by horizontal lines. The designation 1.1.1 is from three studies. including a moderately 
reduced protein intake (0.6 g protein/kg/day) and a higher protein intake compared to self-selected diets. The designation 1.1.2 is the result 
of seven studies that included a more reduced protein intake (0.3 to 0.6 g protein/kg/day) compared to a greater amount of dietary protein or 
a free diet. Overall, the common odds ratio = 0.68 (95% CI, 0.55 to 0.84; P = 0.0002). (From Fouque D, Laville M: Low protein diets for chronic 
kidney disease in nondiabetic adults. Cochrane Database Syst Rev 3:CD001892, 2009, with permission.)
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reduction for death or the need to start dialysis therapy 
when compared to unlimited protein intake.339

Results summarized in the preceding discussion provide 
insights into the potential benefits of protein-restricted diets 
but cannot be considered as demonstrating a cause and 
effect relationship. The levels of protein intake were differ-
ent among the studies. but the finding that the analysis 
uncovers significant benefits indicates that the main thera-
peutic benefit is due to a gradient of protein intake, so that 
the lower protein intake is more likely to yield slowing of 
the loss of kidney function. In the foregoing analyses, only 
two studies actually measured GFR; those of Ihle and col-
leagues uncovered a protective effect while Klahr and associ-
ates concluded that a protein-restricted diet had only a 
slightly significant benefit (P = 0.07).329,331

NUTRITIONAL IMPACT AND SAFETY OF 
MODIFIED DIETS IN CHRONIC KIDNEY DISEASE

A critical issue in the evaluation of outcomes with long-term 
dietary modification is whether a low-protein diet is nutri-
tionally sound and safe for patients with CKD. The MDRD 
study enrolled 840 patients with different stages of CKD, 
providing the largest number of patients to study to address 

this question.331 Patients were examined for an average of 
2.2 years, and a large number of measurements of nutri-
tional status (e.g., body weight and anthropometrics, serum 
protein levels, dietary adherence) were obtained. Kopple 
and coworkers evaluated these results and assessed the 
safety of the different dietary regimens.217 Their analysis led 
to the conclusion that there was some decrease in estimated 
protein intake in subjects with advanced kidney disease, and 
there appeared to be a decrease in caloric intake (the latter 
may be inaccurate because the analysis depended on col-
lecting diet histories).298,299 Importantly, only 2 of the 840 
participants had to stop participating in the MDRD study 
because of concerns about their nutritional status.

In contrast to these rather positive outcomes from the 
MDRD study, Menon and colleagues reported outcomes 
based on an analysis of results from the U.S. Renal Data 
System (USRDS).364 They compiled the numbers of patients 
entering dialysis or receiving a transplant and studied all-
cause mortality following the 2.2 years of the MDRD study. 
They concluded that assignment to a very low-protein diet 
plus ketoacid therapy was associated with an increased risk 
of death. Unfortunately, they provided no information 
about compliance of patients during the MDRD study nor 
about dietary factors after the study ended. There also was 
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some micronutrients; these will be considered because of 
the paucity of well-controlled studies in CKD patients. Meats 
and dairy products are rich in these nutrients but these 
foods are frequently restricted for CKD patients.370

Regarding individual micronutrients, long-term adminis-
tration of supplemental vitamin B6 and folate reportedly 
improve the responses to erythropoietin.371,372 Diuretic 
therapy or hemodialysis can accelerate vitamin B1 (thia-
mine) deficiency but it is unlikely that patients with CKD 
will develop beriberi from thiamine deficiency. However,  
there have been no long-term evaluations of providing thia-
mine supplements. Thiamine deficiency can mimic some of 
the cardiovascular and neurologic symptoms in patients 
with CKD, so we recommend a daily supplement containing 
the RDA of the water-soluble vitamins (vitamins B1, B6, B12, 
and C, folate, and niacin).373

Riboflavin is necessary to maintain flavin mononucleo-
tide and flavin adenine dinucleotide levels, which partici-
pate in numerous energy pathways. It is present in meats 
and dairy products but these are often restricted in the diet 
of patients with CKD. Riboflavin is a water-soluble vitamin 
that when deficient, produces sore throat, stomatitis and 
glossitis, which may be mistaken for uremic symptoms. Folic 
acid is required for the synthesis of nucleic acids and carbon 
transfer reactions, including those involved in amino acid 
metabolism (e.g., homocysteine).370 Folic acid is found in 
fruits and vegetables but cooking can destroy it, leading to 
folate deficiency, which impairs erythropoietin therapy. 
Vitamin B6 (pyridoxine) is necessary for amino acid metabo-
lism via transaminase-catalyzed reactions. It is contained in 
meats, vegetables, and cereals, and restricted diets may lead 
to deficiency, with symptoms of peripheral neuropathy. 
Vitamin B12 is required for the transfer of methyl groups 
among different metabolic compounds and is necessary for 
the synthesis of nucleic acids. The major sources of vitamin 
B12 are meat and dairy products. Deficiency is unusual 
because vitamin B12 is stored in the liver, is protein bound, 
and its gastrointestinal absorption is carefully regulated by 
gastric production of intrinsic factor.370 Vitamin C (ascorbic 
acid) protects tissues against antioxidant reactions and is 
involved in hydroxylation of proline during the formation 
of collagen. Symptoms of vitamin C deficiency are subtle 
and include poor wound healing and periodontal disease, 
similar to symptoms of uremia. Since high doses of vitamin 
C are metabolized to oxalate, which precipitates in soft 
tissues (including the kidney), vitamin C supplements 
should be limited to supplying the RDA.

The remaining water-soluble vitamins—biotin, niacin, 
and pantothenic acid—have been less well studied. Biotin 
functions as a coenzyme in bicarbonate-dependent carbox-
ylation reactions and is produced by intestinal microorgan-
isms. Consequently, a deficiency state is unusual. Niacin 
(nicotinic acid) is an essential component of the nicotin-
amide adenine dinucleotide phosphate coenzyme. It is  
synthesized from the EAA tryptophan; a deficiency state 
produces diarrhea, dermatitis, or increased triglycerides. 
Niacin supplements have been used to treat hyperlipidemic 
conditions that include a high LDL level, but this may be 
difficult to accomplish because niacin supplements can  
be associated with flushing symptoms. Pantothenic acid  
is involved in the function of coenzyme A and, hence, in  
the metabolism of fatty acids, steroid hormones, and 

no information about the effect of issues such as other ill-
nesses, dialysis-related factors, or treatments following the 
end of the study. The authors speculated that patients may 
have persistently remained with a protein-restricted diet 
after beginning dialysis or there may have been an unidenti-
fied toxin from the ketoacid therapy. Regarding the former, 
it has been reported that patients trained in low-protein 
diets can have a delay of 3 months after initiation of dialysis 
therapy before their dietary protein increases.365

On the other hand, investigators with extensive experi-
ence with dietary manipulation found no delay in increasing 
protein intake after dialysis therapy begins.366 Regarding the 
possibility that the increased risk of death resulted from 
accumulation of an unidentified toxin, no such substance 
was identified and, more importantly, the ketoacid supple-
ments were discontinued at the end of the MDRD study, 
making it unlikely that toxic factors persisted for many years 
despite withdrawal of the ketoacid supplement. Other prob-
lems with the analysis of Menon’s group have been detailed.367 
In contrast to this report, the results compiled by Chauveau 
and associates detailed the long-term survival of 220 stage 4 
or 5 CKD patients who had been treated with 0.3 g protein/
kg/day plus a mixture of ketoacids.3 These patients had been 
treated for an average of 33 months (range, 4 to 230 months) 
before starting dialysis or undergoing transplantation. The 
authors analyzed patient survival and compared it to a larger 
cohort of patients who were not treated with a low-protein 
diet but were treated concurrently by the same investigators. 
At 1 year after beginning dialysis, they concluded that the 
survival of dialysis patients was 97% and, after 5 years, it was 
60%. For the transplanted patients, the survival at 5 and 10 
years was 97% and 95%, respectively. When compared to the 
survival of U.S. patients, these results are excellent.368 Since 
the number of patients treated and analyzed by Chauveau 
and Menon and coworkers are similar, these widely disparate 
results are unexplained. Because details of treatment and 
outcomes are provided in Chauveau and colleagues’ report 
but absent in the analysis by Menon and associates, it may be 
concluded that in selected patients who are carefully exam-
ined, a ketoacid-supplemented, very low-protein diet is 
neither harmful nor does it increase mortality in patients 
who progress to the degree of functional kidney loss requir-
ing replacement therapy.

VITAMINS AND TRACE ELEMENTS IN UREMIA

The micronutrients—vitamins and trace elements—are 
required for energy production, organ function, and cell 
growth and protection (e.g., from oxygen free radicals) but 
only small amounts are needed; hence, the term micronutri-
ents.2,20,369 In addition to an insufficient amount of vitamins 
and minerals in the diet, micronutrient deficiency can occur 
in nephrotic patients because of losses of protein-bound 
elements or decreased intestinal absorption of micronutri-
ents, impaired cellular metabolism, circulating inhibitors, 
or increased losses during dialysis treatments.370 Since many 
factors can change the requirements for micronutrients, 
and since there are serious methodologic difficulties in mea-
suring these vitamins and trace minerals, there is very little 
information about the minimum requirements or recom-
mended daily allowance (RDA) for these nutrients in CKD 
patients. Evaluations of the effects of dialysis are present for 
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disorders that participate in the syndrome of uremia. We 
highlighted the importance of integrating nutritional prin-
cipals in the care of patients with CKD and presented 
detailed methods for monitoring compliance with pre-
scribed diets. Since the failing kidney cannot eliminate 
metabolic waste products efficiently, prevention of compli-
cations of CKD should be attacked by limiting an excessive 
intake of nutrients to reduce the generation of toxic metab-
olites (e.g., uric acid, nitrogen-containing compounds, 
phosphates, sodium, potassium). We have discussed how the 
role of these potential toxins is altered with kidney disease 
because of impaired metabolic processes, such as creatinine 
production, urea metabolism, amino acid and protein 
metabolism, responses to accumulation of waste products, 
and generation of inflammation.

An important conclusion is that these metabolic disorders 
and the symptoms they produce will not be overcome or 
corrected simply by increasing the size of meals. Instead, 
there has been evidence for at least 145 years that manipu-
lating the intake of dietary factors such as protein, salt, and 
phosphates can reduce or eliminate the consequences of 
CKD.58 However, this requires repeated monitoring of nutri-
tion, just as managing hypertension requires attention to 
different drugs. For example, a patient may view dietary 
change as an unwanted form of restriction, especially when 
terms such as protein-restricted diet are used. A more appropri-
ate approach is to emphasize how a dietary change can 
benefit metabolism and relieve the complications of CKD, 
which is likely to be more successful. Specifically, the 
approach should be to work with a patient and the dietician 
or nutritionist to provide an optimal renal diet (Figure 
61.10). We recognize that this approach is difficult, in part 
because of the difficulty in achieving dietary compliance. 
The strategy is difficult because diets of U.S. CKD patients 
generally include 1 g or more of protein/kg/day, even 
when they reach stage 5 CKD.384 Nevertheless, a well-planned 
diet can avoid some of the complications of CKD. Moreover, 
adherence to the diet can delay the time until dialysis or 
transplantation becomes necessary. Patients with CKD 
should be offered this option to delay the time to dialysis.

A second factor that can make it easier for patients to 
make necessary adaptations to their diet is the need to 
change dietary requirements when it is necessary to begin 
dialysis or during the stages of kidney transplantation. The 
concentration cannot be only on adjusting dietary protein 
but should include training in, for example, the risks of  
salt intake with hypertension and dyslipidemia following 
transplantation. Moreover, the dietician or nutritionist  
and nephrologist will have to adjust the diet to focus on 
nutrients that are spontaneously reduced with anorexia, 
including energy sources and calcium, plus some vitamins 
and trace elements. An important role is played by the 
dietitian who specializes in kidney disease but this individ-
ual, like the nephrologist, will have to include continuous 
education so the patient can understand and develop the 
expertise needed to combat the consequences of lost kidney 
function.

Finally, additional basic and clinical investigations are 
needed to understand more fully the role of dietary factors 
in producing or ameliorating the complications of kidney 
disease. Recently published clinical trials and meta-analyses 
with a high level of methodologic evidence have indicated 

cholesterol. Because so little is known about the efficacy and 
consequences of prescribing these vitamins, the use of sup-
plements should be reserved for identified deficiency states 
and should not contain more than the RDA amount.

The requirements for fat-soluble vitamins have not been 
established, and these vitamins might generate complica-
tions of CKD. Thus, fat-soluble vitamins should be given 
only when there is a well-defined indication, and multivita-
min preparations should not be prescribed unless there is 
evidence for a deficiency condition. For example, plasma 
vitamin A (retinol) levels are usually increased in patients 
with CKD because the level of retinol-binding protein is 
high. This makes it likely that vitamin A tissue levels are 
normal or increased, even if the unbound or free retinol in 
plasma is within a normal range.370 The danger of excess 
vitamin A is based on its contribution to anemia, dry skin, 
pruritus, and especially hepatic dysfunction in uremic 
patients.374

The requirements for vitamin E also are not established. 
Based on a potential for suppressing oxidative injury, vitamin 
E was given to experimental models of CKD; it reduced 
renal injury in rats with experimental immunoglobulin A 
(IgA) nephropathy or subtotal nephrectomy or diabetes.375-378 
However, there is no evidence for a similar benefit in 
patients with progressive CKD.370 Vitamin E may combat the 
lipid peroxidation and oxidant stress but more information 
is needed before prescribing vitamin E to patients with 
CKD.379 For the complex relationships between vitamin D 
and CKD, see Chapters 19 and 55.

Recommendations for prescribing supplements of trace 
elements for uremic patients are even more controversial. 
There are several reasons for caution—it is very difficult to 
determine if body stores are sufficient or excessive or to 
prove that symptoms are reversed solely by providing more 
trace elements.370 For example, plasma and leukocyte zinc 
levels are reported to be decreased and associated with 
endocrine abnormalities, such as high plasma prolactin 
levels.380 Supplements of zinc have been suggested to 
increase B lymphocyte counts, granulocyte motility, and 
taste and sexual dysfunction.370 However, these improve-
ments have not been tested in a controlled trial. The influ-
ences of the trace element aluminum have been studied 
more extensively because aluminum-containing antacids 
have been used to control serum phosphorus and bone 
uremic disease (see Chapters 19 and 55). In patients with 
stable CKD, the administration of aluminum-based antacids 
were shown to accumulate and even affect serum iron levels, 
contributing to resistance to erythropoietin therapy.381-383 
The metabolism and metabolic effects of other trace ele-
ments have been studied very little in CKD patients, and we 
do not recommend giving supplements of trace elements 
unless there is documentation (or at least a high degree of 
suspicion) that trace element deficiency is responsible for a 
complication. The exception would be patients requiring 
long-term parenteral or enteral nutrition because they can 
develop deficiencies of vitamins and minerals.

CONCLUSION

The primary conclusion we reached in this chapter is that 
CKD causes a large variety of metabolic and nutritional 
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Chronic kidney disease (CKD) is a collective term covering 
a number of primary disease processes that result in  
structural or functional kidney abnormalities, or both, 
persisting for at least 3 months. Abnormal urinalysis results 
with proteinuria or hematuria and abnormal kidney  
structure or histologic features, with or without a decreased 
glomerular filtration rate glomerular filtration rate (GFR) 
< 60 mL/min/1.73 m2, are the defining manifestations.1 
CKD is subdivided into five stages according to the GFR 
(Table 62.1), which reflects the observation that in the 
majority of cases, CKD progresses slowly through the stages 
before reaching end-stage kidney disease (ESKD) that 
necessitates renal replacement therapy (RRT). The CKD 
staging system has two important implications: First, it  
suggests that if CKD is detected at an early stage, interven-
tion may be possible to prevent or slow progression to more 
advanced stages.2 Second, it reflects the observation 

that as GFR declines, the risk profile of patients and associ-
ated complications changes. Thus, the staging system pro-
vides a useful framework for structuring therapy and 
prioritizing interventions to produce a comprehensive 
strategy for the management of CKD. The CKD classifica-
tion system was revised in 2012 to include categories for 
albuminuria to reflect a growing body of evidence that 
albuminuria is important for risk stratification (Figure 
62.1; see “Stratifying Risk in Patients with Chronic Kidney 
Disease” section).3,4

This chapter describes in detail the interventions that 
should be used at early stages of CKD to reduce the risk of 
CKD progression, as well as the risk of cardiovascular disease, 
and the interventions that become more salient when CKD 
reaches more advanced stages. This description is followed 
by discussion of a stepped care approach with priorities 
determined by the stage.
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Table 62.1  Overview of Chronic Kidney Disease Management by Stage

Features Stages 1 and 2 Stage 3a Stage 3b Stage 4 Stage 5

Estimated GFR ≥60 mL/min/1.73 m2 
+ albuminuria or 
hematuria or 
structural kidney 
damage

45-59 mL/
min/1.73 m2

30-44 mL/
min/1.73 m2

15-29 mL/
min/1.73 m2

<15 mL/min/1.73 m2

Laboratory testing Annual electrolytes and estimated GFR
Annual urine ACR (or other estimate of proteinuria)
Baseline anemia and mineral and bone profiles
Glucose, lipids, and HbA1c

See Table 62.3 for causes of AKI after initiation of ACE inhibitor or ARB therapy.

Check electrolytes and 
estimated GFR 1 week 
after new use or higher 
doses of ACE inhibitors or 
ARBs; otherwise, assess 
electrolytes/estimated 
GFR, mineral and bone, 
and anemia profiles every 
3 to 6 months, depending 
on GFR decline.

Blood pressure 
targets

BP target <130/80 mm Hg with proteinuria
BP target <140/90 mm Hg without proteinuria if no clinical or radiologic evidence 

of ARVD or previous episodes of AKI

Risk of AKI is increased in 
elderly patients (>75 
years), those with CHF, 
and those with ARVD; 
140/90 may be more 
appropriate for these 
groups.

Blood pressure 
agents

ACE inhibitor or ARB if urine ACR ≥30 mg/g
Most patients need two to four agents in total to achieve these targets, in a 

combination of ACE inhibitors or ARBs and one or more of the following: a 
diuretic (all classes), a calcium channel blocker, and a β-blocker.

The use of dual RAAS-inhibiting agents or spironolactone can help reduce 
proteinuria, but careful monitoring of GFR and potassium is required.

Loop diuretics are now 
usually required for BP 
and edema control.

Cardiovascular 
prevention

Statin if CVD risk ≥20% over 10 years
HbA1c < 7.0% unless at risk for severe hypoglycemia

Consider statin for all 
patients.

Both the benefits and 
bleeding risks of aspirin 
increase as the GFR falls.

Bone and anemia 
complications

If PTH level rises progressively, commence phosphate restriction and then 
consider therapy with vitamin D or analog.

If anemia is out of keeping with GFR, confirm or rule out gastrointestinal blood 
loss

Give intravenous iron before 
ESA if hemoglobin count 
<10 g/dL.

Maintain target hemoglobin 
count of 10 to 11.5 g/dL.

Lifestyle and 
nutritional 
management

Smoking cessation
Moderate exercise up to 30 to 60 min/day 4 to 7 days/wk
Target weight with BMI < 25 kg/m2

Reduced salt intake as per DASH diet <5 g/day

Limit dietary potassium 
excess.

Weigh at each clinic and 
assess fluid overload, 
anorexia, physical 
function.

Specific RRT 
planning steps

Education regarding progression and role of 
conservative management with regard to blood 
pressure targets and specific primary renal disease 
treatment if indicated

Hepatitis B vaccination if risk of progression is high

Education on RRT 
types and palliative 
care if CKD is 
progressing or 
patient is at high 
risk of progression

Hepatitis B 
vaccination

AVF creation
PD catheter insertion
Enter on list for transplant.

Referral guidance 
from primary 
care physician 
to nephrologist

Progressive or abrupt fall in estimated GFR
Proteinuria (urine protein levels >0.5 g/day; ACR 

> 300 mg/g or >30 mg/mmol)

Refer unless patient 
is terminally ill.

Refer unless patient is 
terminally ill.

ACE, Angiotensin-converting enzyme; ACR, albumin to creatinine ratio; AKI, acute kidney injury; ARB, angiotensin receptor blocker; ARVD, 
atherosclerotic renovascular disease; AVF, arteriovenous fistula; BMI, body mass index; BP, blood pressure; CHF, congestive heart failure; 
CKD, chronic kidney disease; CVD, cardiovascular disease; DASH, Dietary Approaches to Stop Hypertension; ESA, erythropoietin-
stimulating agent; GFR, glomerular filtration rate; HbA1c, hemoglobin A1c; PD, peritoneal dialysis; PTH, parathyroid hormone; RAAS, renin 
angiotensin aldosterone system; RRT, renal replacement therapy.
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for want of a more easily interpreted test of kidney function 
than that of an elevated serum creatinine level.5-7 In multi-
ple studies, patients referred later had persistently higher 
rates of morbidity and even mortality than did patients 
whose condition was diagnosed at least 6 to 12 months 
before dialysis initiation.8

Although there was widespread acceptance of the consen-
sus statements from Kidney Disease: Improving Global Out-
comes (KDIGO) regarding CKD, there remained some 
criticism of the use of eGFR; specifically, it was recognized 
that in many patients, stage 3 CKD did not progress further. 
Some commentators questioned the utility of CKD staging, 
suggesting that the high prevalence of CKD reflects a normal 
aging process.9,10 Despite this, the CKD staging system origi-
nally proposed by Kidney Disease Outcomes Quality Initia-
tive (KDOQI), was accepted by nephrology societies across 
the world, in recognition that the need to identify patients 
with early CKD overrides these caveats. Furthermore, there 
is emerging evidence that since the introduction of this 
staging system, late presentation of CKD—just before or 
even when dialysis is needed—has been reduced.11

An additional issue with the KDOQI classification was that 
CKD stage was not related to primary underlying renal 
disease, to age, or to severity of proteinuria.12 Regardless 
of age, sex, and degree of proteinuria or albuminuria,  
all patients with CKD were considered to have moderate  

Within this context, there are four broad aims:

1. Attenuate GFR decline and thus prevent or delay  
the need for dialysis. It is perhaps self-evident, but  
the earlier that CKD progression can be halted, the 
greater is the possibility of maintaining kidney func-
tion as close to normal as possible.

2. Prevent premature cardiovascular death at all stages 
of CKD.

3. Recognize and manage complications of CKD as they 
arise, particularly in stages 4 and 5 CKD.

4. Plan for RRT or conservative palliative care.

Before the management of patients with CKD is consid-
ered, it is important to place in context the role of estimated 
glomerular filtration rate (eGFR) testing, as well as the 
natural history of CKD and the associated risks.

ESTIMATED GLOMERULAR FILTRATION 
RATE AND STAGING OF CHRONIC 
KIDNEY DISEASE: CAVEATS AND 
IMPLICATIONS FOR STEPPED CARE

Before the use of eGFR, a high proportion of patients 
treated with dialysis had been referred late to nephrologists 

Figure  62.1 Current classification system and nomenclature proposed by Kidney Disease: Improving Global Outcomes (KDIGO) in 2012. 
Chronic kidney disease (CKD) is defined as abnormalities of kidney structure or function, present for 3 months, with implications for least 3 
months with implications for health. CKD is classified based on cause, glomerular filtration rate (GFR) category, and albuminuria category. 
(Reproduced with permission from Kidney Disease: Improving Global Outcomes CKD Work Group: KDIGO 2012 clinical practice guideline for the 
evaluation and management of chronic kidney disease. Kidney Int 3(Suppl):1-150, 2013.)
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(British Columbia CKD Registry).16 The authors have 
produced an electronic risk calculator and smartphone  
app (available free at www.qxmd.com/calculate-online/
nephrology/kidney-failure-risk-equation) that reports an 
estimated risk of ESKD at 2 and 5 years. Further external 
validation of this risk equation was conducted by indepen-
dent investigators from the Multifactorial Approach and 
Superior Treatment Efficacy in Renal Patients with the Aid 
of Nurse Practitioners (MASTERPLAN) study. In a cohort 
of 595 people from the Netherlands with stages 3, 4, and 5 
CKD, the model again performed well with the eight-
variable equation giving an area under the ROC curve of 
0.89.17 Further research is required to evaluate the perfor-
mance of this risk prediction tool in diverse populations, 
but there is already sufficient evidence to support its use in 
secondary care populations with CKD. For further discus-
sion of risk factors in CKD, see Chapter 22.

Unfortunately, risk prediction tools for cardiovascular 
events developed for use in the general population tend to 
underestimate risk in patients with CKD, and new tools that 
take CKD into account are urgently required. Because rela-
tively large numbers of people are affected by CKD, efforts 
to reduce renal and cardiovascular risk factors should be 
directed at patients at high risk. On the other hand, patients 
at low risk should be spared the anxiety and unnecessary 
cost of intensive intervention or specialist referral.

INTERVENTIONS FOR SLOWING 
PROGRESSION OF CHRONIC  
KIDNEY DISEASE

MECHANISMS OF DISEASE PROGRESSION AND 
THE RATIONALE FOR INTERVENTIONS TO 
ACHIEVE RENOPROTECTION

It has long been appreciated that regardless of the primary 
renal disease, kidney damage tends to progress toward 
ESKD, especially if more than half of glomeruli have been 
lost. This suggests that a common pathway of mechanisms 
may promote kidney damage and establish a vicious circle 
of nephron loss. In research efforts since the 1960s, investi-
gators have identified glomerular hemodynamic factors 
(glomerular hypertension and hyperfiltration), multiple 
effects of angiotensin II, proteinuria, and proinflammatory 
and profibrotic molecules as key elements of this pathway 
(discussed in detail in Chapter 52). A common pathway 
underlies progressive kidney damage from kidney diseases 
of diverse causes, and recognition of this pathway has been 
vital in informing strategies to achieve renoprotection. 
Thus, the interventions to slow CKD progression discussed 
in the following sections are each aimed at attenuating 
mechanisms of progression. In view of the redundancy that 
is characteristic of most biologic systems, it has become clear 
that in order to achieve optimal renoprotection, attempts 
should be made to inhibit the vicious circle of common 
pathway mechanisms at multiple points (Figure 62.2).

LIFESTYLE INTERVENTIONS

All national guidelines support healthy lifestyle advice for 
patients with CKD, citing the substantial literature that 

disease when GFR was 59 to 30 mL/min/1.73 m2. An impor-
tant limitation of this broad definition, lacking specific clini-
cal characteristics, is that in the major trials of relevance to 
patients with CKD, the subjects were defined by clinical crite-
ria such as primary renal disease (e.g., diabetes) or creatinine/
albuminuria–based degrees of renal function; few trials had 
clear definitions of GFR that translate easily into the classifica-
tion system. In addition, the evidence base for CKD manage-
ment includes a majority of trials with age inclusion criteria. 
Thus, this evidence must be appl\ied with caution to older 
patients (>75 years in general), who make up the majority of 
those affected by CKD in population-based studies.

Despite these caveats, we, along with many other nephrol-
ogists, believe that the utility of eGFR and a CKD staging 
system far outweigh the perceived risks of labeling of 
patients, over-referral, and overtreatment of some.

STRATIFYING RISK IN PATIENTS WITH  
CHRONIC KIDNEY DISEASE: THE IMPORTANCE 
OF RISK FACTORS

It is clear from the results of large cohort studies that CKD is 
a heterogeneous condition and that outcomes with regard to 
progression to ESKD or death vary widely, depending on 
baseline characteristics. For example, in a cohort of 10,184 
Canadian subjects aged 66 years or older, the decline in 
kidney function was assessed and adjusted for age, sex, pres-
ence of diabetes mellitus, and comorbidity. Subjects with 
diabetes mellitus had the largest average annual decline in 
eGFR, of 2.1 and 2.7 mL/min/1.73 m2 in women and men, 
respectively. The average rates of eGFR decline for women 
and men without diabetes mellitus were 0.8 and 1.4 mL/
min/1.73 m2 per year. Women and men with stage 4 CKD 
experienced the largest annual decline in eGFR: 3.0 and 
4.3 mL/min/1.73 m2, respectively. The annual declines were 
larger for both women and men with diabetes mellitus and 
stage 4 CKD: 6.5 and 5.0 mL/min/1.73 m2, respectively.13

It is therefore critical that the approach to managing a 
patient with CKD include an assessment of the individual’s 
risk of CKD progression, as well as cardiovascular risk. One 
weakness of the CKD classification system originally pro-
posed by KDOQI was that it did not necessarily reflect an 
individual’s risk status. Based on a large body of evidence 
that identified albuminuria and GFR as independent risk 
factors for adverse outcomes in people with CKD,14 KDIGO 
therefore modified the system to add categories for albu-
minuria. As shown in Figure 62.1, the categories in the 
KDIGO CKD classification system reflect an individual’s risk 
status, and the system therefore provides a first step in risk 
stratification to guide initial priorities in management.3,4 In 
addition, considerable progress has been made in identify-
ing a relatively small number of additional risk factors for 
CKD progression that can be combined into a risk predic-
tion tool.15 In the largest of these studies, progression from 
stages 3 to 5 CKD to ESKD was predicted with a remarkable 
90% accuracy in patients attending Canadian nephrology 
outpatient clinics. The risk prediction equation included 
age, male sex, eGFR, albuminuria, serum calcium, serum 
phosphate, serum bicarbonate, and serum albumin (area 
under receiver operating characteristic [ROC] curve, 
0.917). External validation was performed with data from a 
separate cohort of 4942 patients with stages 3, 4, and 5 CKD 
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stroke, respectively.19,20 Whereas many national guidelines 
mention the role of smoking cessation, the continued high 
rate of smoking in many dialysis populations suggests that 
there are still gains to be made from a focus on this area, 
particularly in patients with CKD who do not require dialysis 
and in patients with diabetes, who carry the highest risks.21 
For example, in the UK Renal Registry data, the smoking rate 
among patients receiving RRT was 21.3% in 2001 and fell 
slowly to 14.5% in 2008.22 In persons with no known coronary 
heart disease (CHD), there is consistent reduction in cardio-
vascular event rates associated with smoking cessation, in the 
range of 7% to 47%. In addition, patients who have a cardio-
vascular event benefit from smoking cessation, with reduced 
rates of mortality after myocardial infarction.23 In a meta-
analysis of 12 studies in the general population, the combined 
odds ratio for death after myocardial infarction in those who 
quit smoking was 0.54; all studies demonstrated benefits, 
ranging from 15% to 61% in risk reduction. The number 
needed to quit smoking to save one life is 13, if the mortality 
rate among continuing smokers is assumed to be 20%.24

Evidence that smoking cessation helps prevent CKD pro-
gression is emerging.25 In the Multiple Risk Factor Interven-
tion Trial (MRFIT), smoking was significantly associated 
with an increased risk for ESKD26; in the Prevention of Renal 
and Vascular End-stage Disease (PREVEND) study, the rate 
of urine albumin excretion was correlated with the number 
of cigarettes smoked.27 Smoking has been identified as a risk 
factor for the development of microalbuminuria and overt 
proteinuria and for the progression of CKD in patients with 
type 1 and type 2 diabetes.21,28,29 In a large Swedish study, 
the risk for disease-specific types of CKD among smokers 
was compared with that among people who had never 
smoked. Overall, the association was modest, but an impor-
tant finding was that the risk increased with high daily 

exists largely for the general population. The benefit/risk 
ratio for pharmaceutical agents is a major factor in this 
recommendation, and it underlies the idea that if patients 
can change diet, smoking, and exercise habits, they may, 
over many years, substantially lessen their risks of CKD pro-
gression and of cardiovascular events. A major issue for 
nephrologists and physicians managing CKD is that the 
available randomized controlled trials (RCTs) of the effect 
of lifestyle interventions rarely enrolled patients with CKD. 
Moreover, lifestyle changes require considerable effort from 
patients and may take years to be effective. In the prospec-
tive observational Chronic Renal Insufficiency Cohort 
(CRIC) Study, regular physical activity, nonsmoking, and a 
body mass index (BMI) 25 kg/m2 or higher were associated 
with lower risk of adverse outcomes, including a 50% 
decrease in eGFR or ESKD, atherosclerotic events, and all-
cause mortality,18 but there are potential biases in such 
observational studies because cardiovascular diseases and 
CKD may themselves result in low physical activity (reverse 
causality). Evidence does exist for the value of lifestyle inter-
vention with regard to treating hypertension and preventing 
cardiovascular events. Although specific studies of lifestyle 
interventions in patients with CKD are still lacking, it is 
reasonable to assume that a similar relative (and greater 
absolute) benefit might be gained.

SMOKING CESSATION
Tobacco use is the most common cause of avoidable cardio-
vascular mortality worldwide; therefore, not surprisingly, 
smoking cessation is one of the most popular methods  
in management of cardiovascular risk in the general popula-
tion and in patients with CKD. Smoking is estimated to  
contribute as much as 36% and 19% of the population-
attributable fraction or risk for myocardial infarction and 

Figure 62.2 A common pathway of mechanisms that result in a vicious circle of nephron loss in chronic kidney disease (CKD). Interventions 
(in red) for achieving renoprotection are directed at inhibiting the common pathway at multiple points to slow CKD progression. ACEI, 
Angiotensin-converting enzyme inhibitor; Ang II, angiotensin II; ARB, angiotensin receptor blocker; FSGS, focal segmental glomerulosclerosis; 
PGC, glomerular capillary hydraulic pressure; SNGFR, single nephron glomerular filtration rate; TIF, tubulointerstitial fibrosis. 
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Epidemiologic studies have identified obesity as a risk 
factor for CKD,38,39 and in one study, obesity was an inde-
pendent risk factor for progression of IgA nephropathy.40 
Furthermore, the largest such study to assess risk of CKD in 
association with obesity demonstrated a very strong biologic 
gradient: increasing BMI was associated with increasing risk 
of ESKD. In comparison to patients with an “ideal” BMI 
(18.5 to 24.9 kg/m2), the relative risk of ESKD was 3.6-fold 
for those with a BMI of 30 to 34.9 kg/m2, sixfold for those 
with BMI of 35 to 39.9 kg/m2, and seven-fold for those with 
BMI of 40 kg/m2 or higher. Controlling for baseline blood 
pressure and presence of diabetes attenuated the associa-
tions, but the gradient between increasing body size and 
ESKD risk remained strong.41

Because these components are major factors in the initia-
tion and progression of CKD, respectively, patients with 
CKD would probably benefit from weight loss and reversal 
of the features of the metabolic syndrome, as observed in 
the general population.42 Results of early studies support 
this assertion, inasmuch as weight loss in humans with 
obesity demonstrated reversal of glomerular hyperfiltration 
and albuminuria.43

Moreover, there is evidence that weight loss of as little as 
10 lbs (4.5 kg) reduces blood pressure, prevents hyperten-
sion, or does both in a large proportion of overweight 
persons, although the ideal is to maintain normal body 
weight.44 In the Framingham Heart Study, weight loss of 5 
lbs (2.25 kg) or more was associated with reductions in 
cardiovascular risk of about 40%45 for both men and women 
and thus should be a clear goal for patients with CKD who 
are overweight. It also appears that the degree of weight 
loss, regardless of method (lifestyle changes or bariatric 
surgery), dictates the benefits of lowering of blood pressure 
and reduction in glycemic markers.46 However, according to 
longer term studies of lifestyle modification and of patients 
after bariatric surgery, the blood pressure–lowering benefits 
regress somewhat over time, although the vascular outcomes 
continue to be better than those in control groups.42,47,48

Renoprotective effects associated with weight loss inter-
ventions (dietary caloric restriction, exercise, anti-obesity 
medications, and bariatric surgery) were reported in a meta-
analysis of data from 522 subjects in five controlled and 
eight uncontrolled trials.49 In patients undergoing interven-
tion to lose weight, persons with proteinuria had a mean 
reduction of urine protein levels of 1.7 g/day; even among 
persons with microalbuminuria, mean reduction of urinary 
albumin excretion was 14 mg/day. Although these reduc-
tions were modest in comparison to those in patients with 
overt proteinuria, results of other studies of blood pressure 
and glycemic control interventions in microalbuminuria 
suggest that they will have long-term benefit in such patients. 
Each 1-kg weight loss was associated with a corresponding 
110-mg decrease in proteinuria and a 1.1-mg decrease in 
microalbuminuria, which were independent of blood pres-
sure changes.49 In other small studies, researchers have 
reported improvement or stabilization of kidney function50 
or reduction in proteinuria51 after bariatric surgery in 
persons with CKD. A further systematic review of 31 studies 
analyzed the effects of weight loss achieved by bariatric 
surgery, medication, or diet and found that in the majority 
of studies, weight loss was associated with reductions in 
proteinuria. In people with glomerular hyperfiltration, GFR 

consumption (>20 cigarettes/day), long duration (>40 
years), and a high cumulative “dose” (>30 pack-years) in 
comparison to subjects who had never smoked. Smoking 
increased risk most strongly for patients with CKD classified 
as nephrosclerosis and also glomerulonephritis.30

Smoking has been described as a risk factor for progres-
sion in various forms of nondiabetic CKD. Of patients with 
adult polycystic kidney disease, immunoglobulin A (IgA) 
nephropathy, and lupus nephritis, those who were smokers 
had a substantially increased risk of progression to ESKD in 
comparison with nonsmokers.29,31 RCTs on the effect of 
smoking cessation on CKD progression have yet to be pub-
lished, and few prospective data are available, but in one 
study of patients with diabetes, smoking cessation was associ-
ated with less progression to macroalbuminuria (protein-
uria) and a slower rate of GFR decline in comparison to 
patients who continued smoking.32 Further prospective 
studies are required, but the evidence just described strongly 
suggests that the kidney is another organ that may be 
adversely affected by smoking.

Smoking is the largest risk factor for the development of 
peripheral artery disease of the lower extremity in the 
general population.33 Because peripheral artery disease is 
five times more prevalent among the population with CKD 
than among the general population, the well-established 
benefits of smoking cessation for prevention of cardiovascu-
lar and malignant disease must be a major focus for manag-
ing patients with CKD.

Pharmacotherapy to assist in smoking cessation is now 
well established. A meta-analysis of RCTs in the general 
population (69 trials involving a total of 32,908 patients) 
showed that varenicline, bupropion, and five nicotine 
replacement therapies were all more efficacious than 
placebo at promoting smoking abstinence at 6 and 12 
months. In comparison with patients taking placebo, persons 
treated with these agents were 1.5 to 2.5 times more likely 
to quit smoking, depending on the specific agent.23 Indeed, 
combining varenicline and a nicotine replacement patch 
achieved an impressive higher continuous abstinence rate 
at 12 weeks (55.4% versus 40.9%) and 6-month point preva-
lence abstinence rate of 65.1% versus 46.7% compared with 
varenicline treatment alone.34 An important finding is that 
people who smoke are more likely to stop smoking if offered 
a combination of interventions, such as behavioral support 
and pharmacotherapy. Multicomponent interventions are 
now part of many public health guidelines. We see no reason 
to exclude people with CKD from this advice.

WEIGHT LOSS
Obesity is the dominant risk factor for type 2 diabetes and 
is also a major risk factor for hypertension and progression 
of CKD. Evidence linking the metabolic syndrome and CKD 
has emerged; each element of the metabolic syndrome is 
associated with increased prevalence of CKD and microal-
buminuria. In animal models (obese Zucker rats with type 
2 diabetes), early progressive podocyte damage and macro-
phage infiltration is associated with hyperlipidemia and 
antedates both the development of glomerulosclerosis and 
tubulointerstitial damage.35,36 In humans, there was a graded 
relationship between the number of components of the 
metabolic syndrome present and the corresponding preva-
lence of CKD or microalbuminuria.37
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Whereas the protocol aimed to restrict dietary salt intake to 
less than 50 mEq/day (1.2 g of sodium or 3 g of sodium 
chloride), these impressive results were observed with 
achieved sodium restriction of only 92 mEq/day.62 Further-
more, a post hoc analysis of data from the first and second 
Ramipril Efficacy in Nephropathy (REIN) trials found that 
medium and high sodium intake were associated with sig-
nificant increases in the incidence of ESKD versus low 
sodium intake. Each 100-mEq/g increase in 24-hour urinary 
sodium/creatinine excretion was associated with a 1.61-fold 
(95% confidence interval [CI], 1.15 to 2.24) higher risk of 
ESKD, independent of blood pressure.63 In a small random-
ized placebo-controlled crossover study (achieved using low 
sodium diet of 60 to 80 mmol/day plus sodium chloride 
tablets [120 mmol/day] or placebo) in 20 people with stage 
3 or stage 4 CKD, low sodium intake was associated with an 
average 10/4 mm Hg reduction in blood pressure as well as 
reductions in albuminuria and proteinuria.64 Further long-
term randomized trials are needed to define the role of 
sodium restriction in renoprotective strategies, but even the 
incomplete evidence available supports a recommendation 
for moderate dietary sodium restriction to less than 5 g/day 
of salt in patients with CKD.

Food processing drastically changes the cationic content 
of natural foods, increasing sodium content and decreasing 

tended to decrease with weight loss, and in those with 
reduced GFR, it tended to increase.52

Further large interventional studies of weight loss in 
patients with CKD are required because gastric bypass 
surgery is associated with renal risks,53 and treatment with 
orlistat is associated with acute kidney injury (AKI) as well 
as CKD.54 On the basis of the available data, we recommend 
weight loss in obese patients with CKD through a combina-
tion of increased exercise and reduced caloric intake.

SODIUM RESTRICTION
There is substantial evidence from epidemiologic, migra-
tion, intervention, genetic, and animal studies that salt 
intake plays an important role in regulating blood pressure. 
Essential hypertension is observed primarily in societies in 
which the average sodium intake exceeds 100 mEq/day 
(2.3 g sodium or ≈6 g sodium chloride) and is rare in societ-
ies in which the average sodium intake is less than 50 mEq/
day (1.2 g sodium or 3 g sodium chloride).55 This relation-
ship between sodium intake and population levels of hyper-
tension is strong and consistent. Of importance is that 
sodium restriction produces a significant reduction in blood 
pressure.56,57 Salt (sodium chloride) intake in many coun-
tries is 9 to 12 g/day. The World Health Organization’s 
current recommendation for adults is to reduce salt intake 
to 5 g/day or less.

A meta-analysis of RCTs with a duration of at least 4 weeks 
concluded that reducing salt intake by 3 g/day is predictive 
of a linear fall in blood pressure of, on average, 3.6 to 
5.6 mm Hg (systolic blood pressure [SBP]) and 1.9 to 
3.2 mm Hg (diastolic blood pressure [DBP]) in hyperten-
sive patients and of 1.8 to 3.5 mm Hg (SBP) and 0.8 to 
1.8 mm Hg (DBP) in normotensive subjects.58 The effect 
may be doubled with a 6 g/day reduction, and estimates 
suggest that reducing salt intake by 9 g/day (e.g., from 12 
to 3 g/day) would reduce strokes by approximately 33% 
and ischemic heart disease by 25%. Weight loss and reduced 
sodium intake are particularly beneficial in older people. In 
the Trial of Nonpharmacologic Interventions in the Elderly 
(TONE), reducing sodium intake to 80 mEq (2 g) per day 
reduced blood pressure over 30 months, and about 40% of 
subjects on the low-salt diet were able to discontinue their 
antihypertensive medications.59

In many patients with CKD, especially those with glo-
merular disease and severe proteinuria, the disease behaves 
in a salt-sensitive manner. Several small studies have been 
conducted to investigate the effect of dietary sodium intake 
on CKD progression. One systematic review of 16 studies 
concluded that marked heterogeneity between the studies 
precluded meta-analysis.60 Nevertheless, the general trend 
observed was that increasing sodium intake is associated 
with worsening albuminuria. Only two studies reported no 
benefit from reducing dietary sodium, but both were of low 
methodologic quality.

High dietary sodium intake has also been shown to negate 
the antiproteinuric effects of treatment with angiotensin-
converting enzyme (ACE) inhibitors.61 In a prospective, ran-
domized, placebo-controlled crossover study, dietary sodium 
restriction increased the antihypertensive and antiprotein-
uric effects of therapy with angiotensin receptor blockers 
(ARBs), as monotherapy or in combination with a thiazide 
diuretic, in patients with nondiabetic CKD (Figure 62.3). 

Figure  62.3 Results of a prospective randomized crossover trial 
showing the effect of dietary sodium restriction on the antihyperten-
sive (A) and antiproteinuric (B) effects of treatment with an angioten-
sin receptor blocker as monotherapy or in combination with a thiazide 
diuretic.*P < 0.05 versus all periods; #P < 0.05 versus same treatment 
on high-salt diet (effect of low-salt diet); †P < 0.05 versus losartan 
treatment on same diet (effect of hydrochlorothiazide [HCT]); ‡P < 
0.05 versus placebo on same diet. (From Vogt L, Waanders F, 
Boomsma F, et al: Effects of dietary sodium and hydrochlorothiazide on 
the antiproteinuric efficacy of losartan. J Am Soc Nephrol 19[5]:999-
1007, 2008.)
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pooled the results of 13 RCTs (1919 patients) and found 
that dietary protein restriction reduced the rate of decline 
in eGFR by 0.53 mL/min/yr.

Larger effects were observed in subjects with diabetes, 
and so the findings of a more recent meta-analysis of low-
protein diet in patients with diabetes are important. In this 
study, Pan and colleagues73 assessed eight RCTs. In contrast 
to a previous meta-analysis, they found that in comparison 
with a normal-protein diet, treatment with a low-protein diet 
was not associated with a significant improvement in kidney 
function (assessed by GFR). However, in only two of these 
trials, there was a significant but marginal decrease in pro-
teinuria or albuminuria in the subjects following the low-
protein diet. Of importance was that patients following the 
low-protein diet had lower serum albumin levels and poorer 
glycemic control, both of which are relevant to outcomes 
and their assessment.

Finally, Fouque and Laville74 performed a Cochrane Data-
base systematic review of all randomized studies, comparing 
two different levels of protein intake in adult patients suf-
fering from moderate to severe CKD. A total of 2000 non-
diabetic patients were identified in 10 studies (of a total of 
40 studies) in which follow-up lasted at least 1 year. There 
were 281 renal deaths (progression to ESKD) recorded, 113 
among subjects following the low-protein diet and 168 
among those following the higher protein diet (RR, 0.68; 
95% CI, 0.55 to 0.84; P = 0.0002). The authors concluded 
that reducing protein intake in patients with CKD reduces 
the occurrence of renal death by 32% in comparison with 
higher or unrestricted protein intake.

The caveats for these low-protein trials are that most trials 
were of short duration, the largest trial (MDRD) mostly 
excluded patients with diabetes, and compliance with low-
protein diets was a factor in interpretation in some of the 
results. In addition to possible renoprotective effects, dietary 
protein restriction results in reduced intake of sodium, 
phosphate, and acid; reductions of all of these may be ben-
eficial in CKD.75 Although these results do not rule out the 
possibility that a low-protein diet is beneficial for patients 
with diabetes, the benefit with regard to kidney function 
does not seem to be strong, and the potential for harm from 
malnutrition should not be ignored. The risk of malnutri-
tion associated with dietary protein restriction is particularly 
important because protein-energy wasting is evident in 
more than 50% of patients with stages 3, 4, and 5 CKD.76 
The early signs of muscle wasting (sarcopenia) are associ-
ated with other comorbid conditions (and so may not be 
causally related to CKD per se); however, in view of the 
strength of the associations among parameters of nutri-
tional status and outcomes in dialysis,77 we believe that the 
risk/benefit ratio of low-protein diets must be considered 
carefully on an individual basis and with the assistance of a 
trained renal dietitian.

The benefits are more apparent in patients with protein-
uria, and the risks are greater in those at risk of malnutri-
tion, such as elderly patients (age >75 years); those with 
below-average BMI (<20 kg/m2), muscle wasting, or myo-
pathic symptoms; and those with evidence of protein-energy 
wasting. The 2012 KDIGO guidelines recommend reducing 
dietary protein intake to less than 0.8 g/kg/day in adults 
with stages 4 and 5 CKD, and avoiding a high-protein diet 
(>1.3 g/kg/day) in adults with CKD who are considered to 

potassium content. On average, approximately 10% of 
dietary sodium chloride originates naturally in foods, 
whereas approximately 80% is the result of food processing, 
the remainder being discretionary (added during cooking 
or at the table). We advocate assessment of salt intake in 
individuals with CKD and advise reducing salt intake with 
the assistance of a dietitian to less than 5 g/day (<90 mmol/
day of sodium) as recommended by KDIGO.3

DIETARY PROTEIN RESTRICTION
Dietary protein restriction is based on the notion that reduc-
ing the excretory burden on the kidneys would slow the rate 
of progressive injury. Accordingly, dietary protein restriction 
was among the first interventions proposed to slow CKD 
progression. Experimental studies showed that a low-protein 
diet normalized glomerular hemodynamics in the remnant 
kidney model65 and resulted in effective long-term renopro-
tection.66 Unfortunately, clinical studies to date have failed 
to provide unambiguous evidence to support the use of 
protein restriction in human CKD. The proposal of nomen-
clature and diagnostic criteria for protein-energy wasting in 
AKI and CKD was an important step in planning future 
studies.67 The suggested criteria for diagnosing protein-
energy wasting include the presence of reduced body mass 
(specifically muscle mass) and serum evidence of low 
albumin, prealbumin, or cholesterol levels.

The Modification of Diet in Renal Disease (MDRD) study 
was designed to provide a definite answer to the question 
of whether dietary protein restriction slows the progression 
of CKD. The study had two components: In study A, 585 
patients with mostly nondiabetic CKD (GFR, 25 to 55 mL/
min/1.73 m2) were randomly assigned to follow either a 
diet with “usual” protein levels (1.3 g/kg/day) or a diet 
“low” in protein (0.58 g/kg/day); in study B, 255 patients 
with GFRs of 13 to 24 mL/min/1.73 m2 were randomly 
assigned to follow either a diet “low” in protein (0.58 g/kg/
day) or a diet “very low” in protein (0.28 g/kg/day). After 
a mean follow-up period of 2.2 years, there was no differ-
ence in the rate of GFR decline in study A and only a trend 
toward slower decline in the “very low” protein group in 
study B.68 Further analysis indicated, however, that the 
desired protein intake was not achieved in the randomized 
groups, and secondary analysis based on achieved dietary 
protein intake demonstrated that a reduction in protein 
intake of 0.2 g/kg/day was correlated with a 1.15-mL/min/
yr reduction in the rate of GFR decline, equivalent to a 29% 
reduction in mean rate of GFR decline.69 In addition, a post 
hoc two-slope analysis, in which presumptive acute effects 
of dietary protein restriction were taken into account, sug-
gested a modest long-term benefit. Long-term follow-up of 
the cohort in MDRD study A has also yielded disappoint-
ingly inconclusive results.70

This issue was also examined in two meta-analyses of 
smaller randomized studies. Pedrini and associates71 sum-
marized findings on 1413 patients with nondiabetic CKD 
from five studies (including those from study A of the 
MDRD trial). Low-protein diet was associated with a relative 
risk (RR) of 0.67 (95% CI, 0.50 to 0.89) for ESKD or death. 
Similarly, among 108 patients with type 1 diabetes from five 
studies, low-protein diet significantly slowed the increase in 
albuminuria or the decline in GFR or creatinine clearance 
(RR, 0.56; 95% CI, 0.40 to 0.77). Kasiske and colleagues72 
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misinterpreted by some as implying that the choice of anti-
hypertensive drug does not affect renal outcomes in patients 
with CKD. It is important to note that ALLHAT was designed 
to investigate the effect of antihypertensive drugs on cardio-
vascular rather than renal outcomes in patients who had 
hypertension and at least one cardiovascular risk factor. 
There was no significant difference in the incidence of the 
primary outcome of fatal or nonfatal myocardial infarction 
among patients randomly assigned to receive treatment with 
a thiazide diuretic, a calcium channel blocker, or an ACE 
inhibitor.87 Whereas a post hoc analysis also showed no dif-
ference in the secondary outcome of ESKD or more than a 
50% decrease in GFR, patients with serum creatinine levels 
exceeding 2 mg/dL (>170 µmol/L) were specifically 
excluded from the study, and therefore only a minority 
(5662 of 33,357) had CKD, mostly in stages 1 to 3. Further-
more, the presence of proteinuria was not assessed.88 In 
contrast, a large body of evidence supports the use of ACE 
inhibitors or ARB agents as first-line antihypertensive 
therapy in patients with CKD (see the “Pharmacologic Inhi-
bition of the Renin Angiotensin Aldosterone System” section 
under “Interventions for Slowing Progression of Chronic 
Kidney Disease”).

Despite the importance of ACE inhibition and ARB 
therapy in achieving renoprotection, thiazide and other 
diuretics are valuable and sometimes essential as additional 
antihypertensive agents to achieve optimal blood pressure 
control. Studies have shown that high dietary sodium intake 
may abrogate the antiproteinuric effect of ACE inhibitor 
treatment, but addition of a thiazide diuretic restores the 
antiproteinuric effect despite ongoing high sodium intake.61 
Similarly, addition of a thiazide diuretic to ARB treatment 
reduced blood pressure and proteinuria in patients with IgA 
nephropathy.89 We therefore recommend a thiazide diuretic 
as second-line antihypertensive therapy in patients who have 
not achieved adequate blood pressure control with an ACE 
inhibitor or an ARB alone. In patients with advanced CKD, 
thiazide diuretics are considered less likely to be effective, 
although a recent review of published literature suggests 
that they may still be beneficial in stage 4 CKD.90 In those 
who do not respond to a thiazide diuretic, a loop diuretic 
should be considered instead.

There is some evidence that, despite their efficacy as 
antihypertensive drugs, dihydropyridine calcium channel 
blockers (DCCBs) may have adverse effects with regard to 
CKD progression. In experimental studies, DCCB treatment 
was observed to allow greater transmission of systemic blood 
pressure to glomerular capillaries and was associated with 
more rapid progression of renal injury than was ACE inhibi-
tor treatment in the 5/6 nephrectomy model.91 Whereas 
one relatively small study revealed no difference between 
the renoprotective effects of the DCCB nifedipine and the 
ACE inhibitor captopril,92 two larger studies demonstrated 
adverse outcomes associated with the use of DCCB agents.

A secondary analysis of data from the Ramipril Efficacy 
In Nephropathy (REIN) study revealed that among partici-
pants not randomly assigned to receive ACE inhibitor treat-
ment who failed to achieve a MAP of less than 100 mm Hg, 
the DCCB agents nifedipine and amlodipine were associ-
ated with a higher magnitude of proteinuria and more rapid 
GFR decline than were other antihypertensives.93 Observa-
tions from the African American Study of Kidney Disease 

be at risk of progression.3 For further discussion of dietary 
aspects in kidney disease, see Chapter 61.

GLYCEMIC CONTROL IN PATIENTS WITH DIABETES
The role of glycemic control in protecting the kidneys in 
patients with diabetes is discussed fully in Chapter 39. In 
summary, the benefit of tight glycemic control in ameliorat-
ing diabetic nephropathy seems to decrease as CKD pro-
gresses; the greatest benefits are observed in stages 1 and 2 
CKD. In addition to the renoprotective effects, however, 
there is clear evidence that improving glycemic control can 
reduce the risk of developing other microvascular and mac-
rovascular complications such as blindness and cardiovascu-
lar disease.78 Of importance is that these benefits were 
maintained for up to 10 years after the trial, even though 
intensive control regressed to standard control levels.79 
Achieving optimal glycemic control should therefore be  
an important goal for all patients with diabetes and CKD 
but should be balanced against the risk of developing  
hypoglycemia, which may be increased in the elderly and 
those with CKD. The KDIGO guidelines recommend a 
target hemoglobin A1c of 7.0% (53 mmol/mol) to prevent 
or delay progression of microvascular complications, includ-
ing diabetic kidney disease, unless patients have multiple 
comorbidities, have reduced life expectancy, or are at risk 
of hypoglycemia.3

ANTIHYPERTENSIVE THERAPY

Interventions to slow the progression of kidney disease and 
thus prevent the need for dialysis have been the major focus 
in CKD initiatives around the world.80 The treatment of 
systemic hypertension was the first intervention shown to 
significantly slow the rate of CKD progression and remains 
fundamental in renoprotective strategies. Mogensen81 and 
Parving and colleagues82 pioneered the role of blood pres-
sure control in studies of patients with type 1 diabetes, in 
whom the initiation of antihypertensive therapy significantly 
slowed the rate of GFR decline.

Similar observations were subsequently reported among 
patients with nondiabetic forms of CKD.83-85 In one of the 
earliest meta-analyses in nephrology, Kasiske and col-
leagues86 studied 100 controlled and uncontrolled studies 
that provided data on kidney function, proteinuria, or both 
before and after treatment with an antihypertensive agent 
in people with diabetes. Multiple linear regression analysis 
indicated that ACE inhibitors decreased proteinuria inde-
pendently of changes in blood pressure, treatment dura-
tion, type of diabetes or stage of nephropathy, and study 
design (P < 0.0001). Reductions in proteinuria from other 
antihypertensive agents could be attributed entirely to 
changes in blood pressure. Furthermore, blood pressure 
reduction was associated with a relative increase in GFR 
(3.70 ± 0.92 mL/min for each 10-mm Hg reduction in mean 
arterial pressure [MAP]; P = 0.0002), but in comparison 
with other agents, ACE inhibitors had an additional favor-
able effect on GFR that was independent of blood pressure 
changes (3.41 ± 1.71 mL/min; P = 0.05).

ANTIHYPERTENSIVE DRUGS
Data from the Antihypertensive and Lipid-Lowering Treat-
ment to Prevent Heart Attack Trial (ALLHAT) have been 
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probably as a result of associated renal hemodynamic effects, 
that obscured a later slower rate of GFR decline. Further-
more, secondary analysis did show benefit associated with 
the lower blood pressure target among patients with more 
severe baseline proteinuria (urine protein level >1 g/day). 
Further secondary analysis revealed that lower achieved 
blood pressure was also associated with a slower GFR decline, 
an effect that was more marked among patients with more 
severe baseline proteinuria.68 The authors concluded by rec-
ommending a blood pressure goal of less than 125/75 mm 
Hg (MAP, 92 mm Hg) for patients with CKD whose urine 
protein levels exceed 1 g/day, and a goal of less than 
130/80 mm Hg (MAP, 98 mm Hg) for those with urine 
protein levels of 0.25 to 1.0 g/day.99

Findings of prolonged follow-up of the patients in the 
MDRD study suggest that the benefits of lower blood pres-
sure may become evident only over a longer period. Analysis 
after almost 10 years revealed a significant reduction in either 
the risk of ESKD (adjusted hazard ratio [HR], 0.68) or a 
combined end point of ESKD or death (adjusted HR, 0.77) 
among patients randomly assigned to achieve the lower 
blood pressure targets. The only caveat is that treatment and 
blood pressure data were not available beyond the 2.2 years 
of the original trial.100 In AASK, no significant difference in 
the rate of GFR decline was observed among subjects ran-
domly assigned to achieve a MAP goal of 92 mm Hg or lower 
versus a goal of 102 to 107 mm Hg. One possible explanation 
for this outcome is that subjects in AASK generally had 
milder baseline proteinuria (mean urine protein excretion, 
0.38 to 0.63 g/day).101 The results are therefore consistent 
with those of the MDRD study, which showed benefit only in 
patients with significant proteinuria. Likewise, in the REIN-2 
trial, additional blood pressure reduction (total blood pres-
sure of <130/80 mm Hg versus DBP of <90 mm Hg, regard-
less of SBP) failed to produce additional renoprotection in 
patients with nondiabetic CKD who were already receiving 
ACE inhibitor treatment.95 Possible explanations are that the 
degree of additional blood pressure reduction was modest 
(4.1/2.8 mm Hg) and that in the group undergoing inten-
sive blood pressure reduction, the number of subjects with 
moderate to heavy proteinuria was small.

Because not all the patients in the MDRD or AASK study 
received ACE inhibitor treatment, it remained unclear how 
important the level of blood pressure attained was in patients 
with CKD who were receiving an ACE inhibitor or an ARB. 
Several studies have sought to address this issue. Among 
patients with type 1 diabetes and established nephropathy 
who were receiving ACE inhibitor treatment, attainment of 
a “low” (MAP, 92 mm Hg) versus “usual” (MAP, 100 to 
107 mm Hg) target blood pressure was associated with sig-
nificantly milder degrees of proteinuria after 2 years, but 
there was no significant difference in GFR.102 The Effect of 
Strict Blood Pressure Control and ACE Inhibition on the 
Progression of Chronic Renal Failure in Pediatric Patients 
(ESCAPE) trial was conducted to investigate the role of 
blood pressure control in children with CKD who were 
receiving treatment with an ACE inhibitor. Attainment of a 
lower blood pressure target was associated with a signifi-
cantly reduced risk of reaching ESKD or doubling of serum 
creatinine concentration.103 This is an important trial inas-
much as the primary end point (time to 50% decline in GFR 
or progression to ESKD) was not as affected by the 

and Hypertension (AASK) provoked even greater concern.94 
In this study, patients with CKD and hypertension were 
randomly assigned to receive either treatment with an ACE 
inhibitor or amlodipine (DCCB) or treatment with a 
β-blocker and diuretic in combination. The amlodipine arm 
of the study was stopped prematurely because recipients 
exhibited a more rapid decline in GFR than did subjects 
receiving the β-blocker or ACE inhibitor, particularly among 
those with urine protein levels higher than 1 g/day. The 
Ramipril Efficacy In Nephropathy 2 (REIN-2) study revealed 
no additional renoprotection when a DCCB was added  
to ACE inhibitor treatment in patients with nondiabetic 
CKD, but there was also no adverse effect.95 In contrast, 
treatment with nondihydropyridine calcium channel block-
ers (NDCCBs) ameliorated glomerular hypertension, 
reduced proteinuria, and afforded renoprotection in some 
experimental studies.96 In one clinical study, the combina-
tion of ACE inhibition and NDCCB treatment resulted in 
greater reduction of proteinuria than did either of these 
treatments alone in patients with type 2 diabetes and overt 
nephropathy.97 Furthermore, a meta-analysis of data from 
28 RCTs revealed a 2% increase in proteinuria with DCCB 
treatment, in contrast to a 30% reduction with NDCCB 
treatment, despite similar effects on blood pressure in 
hypertensive patients with proteinuria.98

On the basis of the evidence just described, we recom-
mend that DCCBs be avoided in patients with CKD unless 
they are used in combination with ACE inhibition or ARB 
treatment to achieve adequate blood pressure control. If 
possible, NDCCBs should be used in preference over 
DCCBs. Most of the trials in patients with CKD have estab-
lished that between two and four agents is the median 
number of antihypertensive agents required for the respec-
tive target blood pressures. Therefore, third-line agents are 
needed by a substantial proportion of patients with CKD. 
We recommend that the choice of third- and fourth-line 
agents be based on factors other than renoprotection. 
Therefore, after blockade of the renin angiotensin aldoste-
rone system (RAAS), diuretic therapy, and NDCCBs, we 
suggest use of β-blockers, α-blockers, and central nervous 
system agents, depending on other comorbid conditions, 
side effect profile, convenience, and cost.

INTENSIVE VERSUS USUAL BLOOD PRESSURE–
LOWERING TRIALS
Despite the importance of blood pressure control in achiev-
ing renoprotection, the optimal blood pressure remains 
uncertain, particularly in elderly patients and those with 
mild proteinuria. In several RCTs, researchers have investi-
gated whether blood pressure targets lower than previously 
recommended afford greater renoprotection than “usual” 
blood pressure control, but these studies have not provided 
a conclusive answer. In the MDRD study, primary analysis 
showed no significant difference in the rate of GFR decline 
between (1) patients randomly assigned to achieve a target 
MAP of less than 92 mm Hg (equivalent to less than 
125/75 mm Hg), or less than 98 mm Hg for subjects aged 
61 years or older, and (2) those assigned a MAP target of 
less than 107 mm Hg (equivalent to 140/90 mm Hg), or 
MAP less than 113 mm Hg for subjects aged 61 years or 
older. Subjects assigned to achieve the lower blood pres-
sures, however, evidenced an early rapid decrease in GFR, 

http://www.myuptodate.com


 CHAPTER 62 — A STEPPED CARE APPROACH TO THE MANAGEMENT OF CHRONIC KIDNEY DISEASE 1997

those undergoing standard therapy. Patients undergoing 
intensive therapy demonstrated a slightly lower stroke rate 
(annual rates of 0.32% vs. 0.53%) but a higher rate of 
treatment-related adverse events (3.3% vs. 1.3%). Specifi-
cally, there were significantly more instances of an eGFR of 
less than 30 mL/min/1.73 m2 among patients receiving 
intensive therapy than among those receiving standard 
therapy (99 vs. 52 events; P < 0.001) and no difference in the 
primary cardiovascular composite outcome.107

The randomized trials in which “low” and “usual” blood 
pressure targets were compared among patients with CKD 
have not yielded unequivocal results, but overall, lower 
blood pressure targets were associated with more effective 
renoprotection, particularly among patients with significant 
proteinuria. Due to the lack of unequivocal evidence, guide-
lines differ somewhat in their recommendations for blood 
pressure targets. The KDIGO guidelines recommend an 
SBP of 140 mm Hg or less and DBP of 90 mm Hg or less 
for diabetic and nondiabetic adults with CKD and urine 
albumin excretion of less than 30 mg/day (or equivalent). 
For adults with diabetic or nondiabetic CKD and albumin 
excretion of at least 30 mg/day, the target values are 130 mm 
Hg or lower and 80 mm Hg or lower for SBP and DBP, 
respectively.3 The Joint National Committee (JNC8) con-
cluded that adults with CKD should be treated to reach the 
goal of SBP lower than 140 mm Hg and DBP lower than 
90 mm Hg. They were unable to make a recommendation 
for a BP goal for people aged 70 years or older with GFR 
less than 60 mL/min/1.73m2 due to the lack of evidence 
and the fact that estimating equations for GFR were not 
developed in populations with significant numbers of 
people older than 70 years.108

Care should be taken to avoid potentially dangerous 
hypotension, and SBP should not be lowered below 120 mm 

competing mortality effects that complicate studies in older 
patients. A total of 30% of the patients who received intensi-
fied treatment for blood pressure control reached the 
primary end point, in comparison with 42% of those who 
received conventional treatment for blood pressure control 
(HR, 0.65; 95% CI, 0.44 to 0.94; P = 0.02). Urine protein 
excretion gradually rebounded during ongoing ACE inhibi-
tion after an initial 50% decrease, despite persistently good 
blood pressure control. Achievement of blood pressure 
targets and a decrease in proteinuria were significant inde-
pendent predictors of delayed progression of CKD.

Results of secondary analyses of other studies also indi-
cate that lower blood pressure is associated with more effec-
tive renoprotection in patients receiving ACE inhibitors or 
ARB treatment. In the Irbesartan in Diabetic Nephropathy 
Trial (IDNT), greater renoprotection was observed in 
patients who achieved lower blood pressure: An achieved 
SBP greater than 149 mm Hg was associated with a 2.2-fold 
increased risk of developing ESKD or of serum creatinine 
doubling, in comparison with an achieved SBP less than 
134 mm Hg, independent of ARB treatment.104 Progressive 
lowering of SBP to 120 mm Hg was associated with improved 
renal outcome and improved rates of patient survival, an 
effect independent of baseline GFR. However, the lower 
blood pressure observed was not a primary aim of these 
studies, and it cannot be assumed that this observed associa-
tion (between lower blood pressure and improved renal and 
patient outcomes) is causative. Nonetheless, in a meta-
analysis of 11 randomized trials (1860 patients), the lowest 
risk of progression of nondiabetic CKD with persistent pro-
teinuria (levels exceeding 1 g/day) was associated with an 
achieved SBP of 110 to 129 mm Hg, independently of ACE 
inhibitor treatment (Figure 62.4).105 This interpretation 
remains the best available until other investigators examine 
different blood pressure targets in a randomized manner, 
particularly in elderly patients, as well as those with milder 
proteinuria, for whom the risks of lower blood pressure 
targets may outweigh benefits in some subgroups.

Several sources indicate that excessive lowering of blood 
pressure may be associated with adverse effects in patients 
with CKD. In the meta-analysis just mentioned,105 an achieved 
SBP lower than 110 mm Hg was associated with an increased 
risk of CKD progression (RR, 2.48; 95% CI, 1.07 to 5.77) (see 
Figure 62.4), and in IDNT, an achieved SBP lower than 
120 mm Hg was associated with increased rates of all-cause 
mortality and no further improvement in renal outcomes.104 
In addition, secondary analysis of data from the Ongoing 
Telmisartan Alone and in Combination with Ramipril Global 
Endpoint Trial (ONTARGET) revealed that hypertensive 
patients with risk factors for cardiovascular disease who 
achieved an SBP of less than 120 mm Hg had a significantly 
higher rate of cardiovascular mortality than did those who 
achieved an SBP of 120 to 129 mm Hg.106 Similarly, the 
Action to Control Cardiovascular Risk in Diabetes (ACCORD) 
blood pressure study reported no difference in primary car-
diovascular outcomes (nonfatal myocardial infarction, non-
fatal cerebrovascular accident, or cardiovascular death) 
among patients with diabetes randomly assigned to achieve 
an SBP target of less than 120 mm Hg, in comparison with a 
conventional control target of less than 140/80 mm Hg. 
During follow-up, the mean SBP was 119.3 mm Hg in the 
patients undergoing intensive therapy and 133.5 mm Hg in 

Figure 62.4 Results of a meta-analysis of 11 randomized trials that 
included 1860 patients with nondiabetic chronic kidney disease 
(CKD), showing the relationship between relative risk for kidney 
disease progression (doubling of serum creatinine level or end-stage 
kidney disease [ESKD]) and achieved systolic blood pressure in two 
groups according to the magnitude of proteinuria. (From Jafar TH, 
Stark PC, Schmid CH, et al: Progression of chronic kidney disease: the 
role of blood pressure control, proteinuria, and angiotensin-converting 
enzyme inhibition: a patient-level meta-analysis. Ann Intern Med 
139[4]:244-252, 2003.)
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inhibitors of the RAAS as an essential component of any 
strategy aiming to achieve maximal renoprotection in 
patients with CKD (Table 62.2).

ANGIOTENSIN-CONVERTING ENZYME INHIBITORS
Diabetic Nephropathy

In 1993 the Captopril Collaborative Study Group published 
results of the first large prospective RCT to clearly show 
specific renoprotection attributable to ACE inhibitor treat-
ment, a landmark event in the development strategies for 
achieving renoprotection in patients with diabetes and 
CKD.113 Patients (N = 409) with type 1 diabetes and estab-
lished nephropathy (urine protein excretion > 0.5 g/day; 
serum creatinine levels < 2.5 mg/dL) were randomly 
assigned to receive captopril or placebo, and a blood pres-
sure goal of less than 140/90 mm Hg was set for both 
groups. After a median follow-up period of 3 years, captopril 
treatment was associated with a 50% reduction in the risk 
of the combined end point of death, dialysis, and renal 
transplantation and a 48% reduction in the risk of serum 
creatinine doubling (Figure 62.5). Because blood pressure 
control was not statistically different between the groups, 
the additional renoprotection was not attributable simply to 
the antihypertensive effects of ACE inhibitors.

These results prompted several further studies to investi-
gate whether ACE inhibitors may also benefit patients with 
early-stage nephropathy characterized by microalbumin-
uria. A meta-analysis of 12 such studies, including 689 

Hg, particularly in elderly patients with labile blood pres-
sure or atherosclerosis, which result in decreased vascular 
compliance. In particular, the association of excess cardio-
vascular mortality with a low DBP (e.g., 60 to 70 mm Hg), 
indicative of a wide pulse pressure, should be kept in mind 
when patients with coronary atherosclerosis are treated. In 
most studies whose data are used for hypertension guide-
lines, recruited patients were predominantly younger than 
75 years, and, in addition, exclusion criteria were strict.109 
Although the benefits of blood pressure reduction on car-
diovascular events are pronounced in elderly patients, as 
demonstrated in the Systolic Hypertension in the Elderly 
Program (SHEP) and Hypertension in the Very Elderly Trial 
(HYVET),110,111 concerns remain because these and other 
trials excluded patients with moderate CKD. It is hoped that 
further data to inform blood pressure targets in CKD will 
be provided by the Systolic Blood Pressure Intervention 
Trial (SPRINT; NCT01206062 at www.clinicaltrials.gov), an 
RCT modeled after the ACCORD study, in which SBP targets 
of 120 and 140 mm Hg are being compared. It is projected 
that 4300 of the planned 9250 subjects will be persons with 
stage 3 or early stage 4 CKD. Patients with diabetes, polycys-
tic kidney disease, and a history of stroke are excluded.112

PHARMACOLOGIC INHIBITION OF THE RENIN 
ANGIOTENSIN ALDOSTERONE SYSTEM

A large number of published clinical trials and meta-analyses 
provide clear evidence to support the use of pharmacologic 

Table 62.2  Summary of Studies Showing the Renoprotective Effects of Angiotensin-Converting Enzyme 
Inhibitors and Angiotensin Receptor Blockers in Diabetic and Nondiabetic Patients with Chronic 
Kidney Disease

CKD Type Trial Outcome Reference

Angiotensin-Converting Enzyme Inhibitors

Type 1 DM + CKD ↓ Risk of dialysis or death Lewis et al113

Lindholm and Davies321

Mathiesen et al324

Type 1 DM + microalbuminuria ↓ Risk of overt nephropathy Lewis et al113

Mathiesen et al324

Laffel et al325

Viberti et al326

Type 1 DM + normoalbuminuria No significant benefit Ravid et al126

EUCLID Study Group327

Type 2 DM + CKD Benefit in 1 study only Bakris et al115

Type 2 DM + microalbuminuria ↓ Risk of overt nephropathy Ravid et al122,123,125

Ahmad et al124

Type 2 DM + normoalbuminuria ↓ Risk of developing microalbuminuria Ravid et al125,126

Nondiabetic CKD ↓ Doubling of creatinine level/ESKD Ruggenenti et al328

Angiotensin Receptor Blockers

Type 1 DM + normoalbuminuria Small ↑ in albuminuria or no benefit Bilous et al146

Type 2 DM + normoalbuminuria ↓ Risk of developing microalbuminuria (small ↑ rate of cardiovascular 
mortality)

Sano et al119

Trevisan and Tiengo120

Agardh et al121

Type 2 DM + microalbuminuria ↓ Risk of overt nephropathy Parving et al145

Type 2 DM + CKD ↓ Risk of doubling of creatinine level Yusuf et al141

↓ Risk of ESKD Brenner et al143

CKD, Chronic kidney disease; DM, diabetes mellitus; ESKD, end-stage kidney disease.

http://www.clinicaltrials.gov
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patients, the addition of ACE inhibitor treatment to vera-
pamil was associated with a lower incidence of microalbu-
minuria than was placebo plus verapamil.127 On the other 
hand, one relatively large study demonstrated no renopro-
tective benefit of ACE inhibitors over β-blocker treatment 
among hypertensive patients with type 2 diabetes with nor-
moalbuminuria or microalbuminuria,128 and another 
revealed no reduction in the incidence of microalbumin-
uria in patients with type 1 diabetes randomly assigned to 
receive treatment with an ACE inhibitor versus placebo.129

Three meta-analyses were conducted to investigate the 
effect of ACE inhibitor treatment in patients with diabetic 
nephropathy. One analysis included only studies of type 2 
diabetes with albuminuria or proteinuria as an outcome; it 
revealed statistically significant reductions in albuminuria in 
association with ACE inhibitor treatment versus placebo.130 
A second, larger analysis combined data from studies of type 
1 and type 2 diabetes and revealed weak evidence of a 
reduced risk of serum creatinine doubling (RR, 0.60; 95% 
CI, 0.34 to 1.05) or reduced incidence of ESKD (RR, 0.64; 
95% CI, 0.40 to 1.03) and stronger evidence of reduced risk 
of progression of microalbuminuria to macroalbuminuria 
(RR, 0.45; 95% CI, 0.28 to 0.71) with ACE inhibitor treat-
ment versus placebo. All-cause mortality was significantly 
reduced in patients receiving ACE inhibitors (RR, 0.79; 95% 
CI, 0.63 to 0.99).131 The third meta-analysis involved data 
from 16 studies of the effect of ACE inhibitor treatment on 
reducing the risk of microalbuminuria in type 1 and type 2 
diabetes. This meta-analysis revealed a significantly reduced 
risk of developing microalbuminuria with ACE inhibitors in 
comparison with placebo (RR, 0.60; 95% CI, 0.43 to 0.84) 
or calcium channel blocker treatment (RR, 0.58; 95% CI, 
0.40 to 0.84).132

On the basis of the data just described, we recommend 
ACE inhibitor treatment as first-line therapy for all patients 
with type 1 diabetes and microalbuminuria or overt 
nephropathy. At present, data are insufficient to support the 
use of ACE inhibitors to prevent nephropathy in normoal-
buminuric patients with type 1 diabetes, but it seems reason-
able to recommend them as the treatment of choice in 
those with hypertension. There is, however, sufficient evi-
dence to recommend the use of ACE inhibitors to reduce 
progression to overt nephropathy in patients with type 2 
diabetes and microalbuminuria or to prevent microalbu-
minuria in those with hypertension. There is no clear evi-
dence of specific benefit associated with ACE inhibitors in 
slowing the progression of overt nephropathy in patients 
with type 2 diabetes; this lack of evidence may be ascribable 
to the lack of adequately powered studies. Finally, because 
cardiovascular disease is the most common cause of morbid-
ity and mortality among patients with type 2 diabetes, ACE 
inhibitor treatment should be considered for the reduction 
of cardiovascular risk. The KDIGO guidelines recommend 
treatment with an ACE inhibitor or ARB in all adults with 
diabetes and urine albumin excretion 30 mg/day or more 
(or equivalent).3 For further discussion of the management 
of diabetic nephropathy, see Chapter 39.

Nondiabetic Chronic Kidney Disease

After reports of renoprotection with ACE inhibitor treat-
ment in diabetic nephropathy, researchers in further studies 
sought to investigate the renoprotective potential of ACE 

patients with type 1 diabetes who were monitored for at  
least 1 year, revealed that ACE inhibitor treatment was  
associated with a significant reduction in the risk of pro-
gression to overt nephropathy (odds ratio [OR], 0.38) and 
three times the incidence of normalization of the 
microalbuminuria.114

Data regarding the renoprotective effects of ACE inhibi-
tors in patients with type 2 diabetes are, to some extent, 
equivocal. Comparisons of ACE inhibitors and other antihy-
pertensives among patients with overt nephropathy have 
included relatively small numbers of patients, and only 
one115 demonstrated greater reduction in GFR decline in 
association with ACE inhibitor treatment.116-118 Evidence of 
renoprotective benefit at earlier stages of nephropathy is 
more consistently supportive. Several studies, including the 
diabetic subgroup analysis of the Heart Outcomes Preven-
tion Evaluation (HOPE) study, demonstrated beneficial 
effects of ACE inhibitor treatment among patients with type 
2 diabetes in decreasing microalbuminuria119-121 or in reduc-
ing the number of patients progressing from microalbumin-
uria to overt proteinuria (risk reduction, 24% to 67%).122-125 
In addition, the HOPE study reported a 25% reduction in 
the combined primary end point of myocardial infarction, 
stroke, or cardiovascular death in ramipril-treated patients 
with type 2 diabetes and risk factors for cardiovascular 
disease.

Two studies revealed a beneficial role for ACE inhibitor 
treatment in primary prevention of nephropathy in patients 
with type 2 diabetes. Among 156 normotensive, normoalbu-
minuric patients, ACE inhibitor treatment was associated 
with a 12.5% absolute risk reduction for microalbumin-
uria,125,126 and in 1204 hypertensive normoalbuminuric 

Figure 62.5 Results of the first randomized controlled trial to show 
the renoprotective effects of angiotensin-converting enzyme inhibitor 
treatment, independent of blood pressure lowering. Patients with type 
1 diabetes and nephropathy were randomly assigned to receive treat-
ment with captopril or placebo, and blood pressure was matched 
between the groups. The graph shows that the cumulative incidence 
of the primary end point, doubling of serum creatinine level, was 
significantly lower in the patients who received captopril treatment. 
(From Lewis EJ, Hunsicker LG, Bain RP, et al: The effect of angiotensin-
converting-enzyme inhibition on diabetic nephropathy. N Engl J Med 
329:1456-1462, 1993.)
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the study, patients who had received placebo were switched 
to ACE inhibitors, and those taking ACE inhibitors contin-
ued treatment. In a finding consistent with those of the first 
phase of the study, there was a significant reduction in the 
rate of decline in GFR of patients switched to ACE inhibi-
tors. In addition, patients continuing with ACE inhibitor 
treatment showed a further reduction in the rate of GFR 
decline. Patients who had received ACE inhibitors from the 
start of the REIN study had a significantly lower risk of 
reaching ESKD than did those who switched to ACE inhibi-
tors after the initial phase (for placebo recipients, RR, 1.86; 
95% CI, 1.07 to 3.26). In fact, from 36 to 54 months of 
follow-up, no additional patients in the former group expe-
rienced ESKD.136 Of interest is that a small number of 
patients who continued taking ACE inhibitors exhibited an 
increase in GFR after prolonged treatment.137

One RCT confirmed that the renoprotective benefits of 
ACE inhibitor treatment may be observed even in advanced 
stages of CKD. Among 244 patients with a serum creatinine 
level of 3.1 to 5.0 mg/dL at baseline, random assignment to 
ACE inhibitor treatment was associated with a 52% reduc-
tion in urine protein levels and a 43% reduction in the risk 
of the primary end point (serum creatinine doubling, ESKD, 
or death).138 A meta-analysis of 11 studies that included 1860 
patients with nondiabetic CKD139 revealed that ACE inhibi-
tor treatment was associated with significantly lower risks of 
ESKD (RR, 0.69; 95% CI, 0.51 to 0.94) and with the compos-
ite end point of serum creatinine doubling or ESKD (RR, 
0.70; 95% CI, 0.55 to 0.88). Moreover, the benefits of ACE 
inhibitor treatment were greater in patients with more severe 
baseline proteinuria but were inconclusive in patients with 
urine protein levels of less than 0.5 g/day. A further analysis 
restricted to patients with autosomal dominant polycystic 
kidney disease showed greater reduction in proteinuria with 
ACE inhibitor treatment, but overall evidence of slowing 
CKD progression was inconclusive and was limited to patients 
with more severe proteinuria.140

In addition to the renoprotective benefits of ACE inhibi-
tor treatment, the HOPE study reported substantial reduc-
tions in overall mortality (RR, 0.84) and cardiovascular 
mortality (RR, 0.74) among 9297 participants who were at 
increased risk of cardiovascular disease receiving an ACE 
inhibitor versus placebo.141 Although the HOPE study did 
not include large numbers of patients with nondiabetic 
CKD, cardiovascular disease remains the most widespread 
cause of morbidity and mortality among these patients, and 
the data therefore provide further support for the use of 
ACE inhibitor therapy in patients with CKD.

In view of the unequivocal data regarding renoprotection 
and the probable reduction in cardiovascular risk, we rec-
ommend ACE inhibitor treatment for all patients with CKD 
and urine protein levels greater than 0.5 g/day (albumin to 
creatinine ratio [ACR] > 30 mg/mmol; protein to creati-
nine ratio [PCR] > 50 mg/mmol) unless there are specific 
contraindications. The KDIGO guidelines recommend 
treatment with an ACE inhibitor or ARB in adults with CKD 
and urine albumin excretion exceeding 300 mg/day (or 
equivalent).3

ANGIOTENSIN RECEPTOR BLOCKERS
ARBs inhibit the RAAS by blocking angiotensin II subtype 
1 (AT1) receptors. Although ACE inhibitors and ARBs differ 

inhibitors in nondiabetic forms of CKD. One early study 
demonstrated a 53% reduction in risk of the composite end 
point (serum creatinine doubling or ESKD) in association 
with ACE inhibitor treatment, but a significantly lower 
blood pressure in patients receiving ACE inhibitors versus 
placebo made it impossible to separate the beneficial effects 
of lowering blood pressure from any unique effects of ACE 
inhibitor treatment.133 In contrast, in the REIN study of 352 
patients with nondiabetic CKD and urine protein levels 
exceeding 1 g/day, similar control of blood pressure was 
achieved in the patients randomly assigned to receive an 
ACE inhibitor or placebo. Among patients with at least 3 g/
day of urine protein at baseline, the study was stopped early 
because the rate of decline in GFR in patients receiving the 
ACE inhibitor was significantly lower (0.53 vs. 0.88 mL/
min/month)134; further analysis showed a significantly lower 
risk of the combined end point (serum creatinine doubling 
or ESKD) in the subjects taking ACE inhibitors (RR, 1.91 
for the placebo recipients; Figure 62.6).

One hundred eighty-six patients from the REIN study 
who had less than 3 g/day of urine protein were monitored 
for a median of 31 months after randomization. In findings 
similar to those of patients with more severe proteinuria, 
ACE inhibitor treatment significantly reduced the incidence 
of ESKD (for placebo recipients, RR, 2.72; 95% CI, 1.22 to 
6.08), particularly among those with a GFR of less than 
45 mL/min at baseline.135 After the randomized phase of 

Figure 62.6 Kaplan-Meier plot showing the cumulative incidence of 
the primary end point of doubling of serum creatinine level or end-
stage kidney disease in patients with nondiabetic chronic kidney 
disease and urine protein (UP) levels exceeding 3 g/day. Patients 
were randomly assigned to receive treatment with ramipril (squares) 
or placebo (triangles); the graph shows improved renal survival in the 
ramipril recipients. (From Gruppo Italiano di Studi Epidemiologici in 
Nefrologia [GISEN]: Randomised placebo-controlled trial of effect of 
ramipril on decline in glomerular filtration rate and risk of terminal renal 
failure in proteinuric, non-diabetic nephropathy. Lancet 349:1857-1863, 
1997.)
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with placebo and amlodipine, but this reduction was not 
statistically significant (Figure 62.8). Of importance is that 
close matching of achieved blood pressure between groups 
in both these trials implies that, as with the ACE inhibitor 
studies, the additional renoprotective effects of ARB treat-
ment could not be attributed merely to their antihyperten-
sive effects.

In a third study, investigators examined the renoprotec-
tive effects of an ARB (irbesartan) in 590 patients with type 
2 diabetes, hypertension, and microalbuminuria.145 Patients 
were randomly assigned to receive irbesartan at one of two 
different dosages (300 or 150 mg/day) or placebo. After 2 
years, there were significant differences in the incidence of 
overt proteinuria (5.2%, 9.7%, 14.9%), and the higher dose 
of irbesartan was associated with substantial reduction in the 
risk of overt nephropathy (HR, 0.30; 95% CI, 0.14 to 0.61) 
in comparison with placebo. This dose-dependent effect 
indicates that when ARBs are used to treat diabetic micro-
albuminuria, the dose should be titrated up to the maximum 
antihypertensive dose.

A meta-analysis confirmed the results of individual  
trials by showing significant reductions in the risk of ESKD 
(RR, 0.78; 95% CI, 0.67 to 0.91) and in doubling of serum 

significantly in their effects on the RAAS in ways that may 
be therapeutically relevant, experimental studies indicate 
that both treatments produce similar changes in glomerular 
hemodynamics (for a given blood pressure change) and 
afford equivalent renoprotection in a variety of CKD 
models.142 Three large RCTs published simultaneously 
established a clear role for ARB therapy in achieving reno-
protection for patients with type 2 diabetes. In the Reduc-
tion of Endpoints in NIDDM with the Angiotensin II 
Antagonist Losartan (RENAAL) trial, 1513 patients with 
overt diabetic nephropathy were randomly assigned to 
receive ARB treatment or placebo and were monitored for 
a mean of 3.4 years.143 ARB treatment was associated with 
significant reductions in the incidence of serum creatinine 
doubling (relative risk reduction, 25%) and in ESKD (rela-
tive risk reduction, 28%) (Figure 62.7).

In IDNT, 1715 patients with overt diabetic nephropathy 
were randomly assigned to receive treatment with the ARB 
irbesartan, amlodipine, or placebo.144 After a mean of 2.6 
years, the risk of serum creatinine doubling was 33% lower 
with irbesartan than with placebo and 37% lower with irbe-
sartan than with amlodipine. ARB treatment was associated 
with a 23% reduction in the risk of ESKD in comparison 

Figure 62.7 Kaplan-Meier curves showing the incidence of doubling 
of serum creatinine level (A) and the incidence of end-stage kidney 
disease (B) in patients with type 2 diabetes and nephropathy who 
were randomly assigned to receive treatment with losartan or placebo. 
(From Brenner BM, Cooper ME, de Zeeuw D, et al: Effects of losartan 
on renal and cardiovascular outcomes in patients with type 2 diabetes 
and nephropathy. N Engl J Med 345[12]:861-869, 2001.)
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Figure 62.8 Kaplan-Meier curves showing the incidence of doubling 
of serum creatinine levels (A) and end-stage kidney disease (B) in 
patients with type 2 diabetes and nephropathy who were randomly 
assigned to receive treatment with irbesartan, amlodipine, or placebo. 
(From Lewis EJ, Hunsicker LG, Clarke WR, et al: Renoprotective effect 
of the angiotensin-receptor antagonist irbesartan in patients with 
nephropathy due to type 2 diabetes. N Engl J Med 345:851-860, 2001.)
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receive treatment with an ACE inhibitor and those assigned 
to receive an ARB.150 On the other hand, in the RASS trial, 
ARB treatment was associated with a higher incidence of 
microalbuminuria than was placebo in patients with type 1 
diabetes, whereas ACE inhibitors were not significantly dif-
ferent from placebo in this regard.129

Most national and international guidelines therefore rec-
ommend ACE inhibitor or ARB treatment for all forms of 
diabetic and nondiabetic CKD and leave the choice to indi-
vidual physicians. One advantage of ARBs over ACE inhibi-
tors is their more favorable side effect profile.151 In clinical 
trials, ARBs have been reported to have side effect profiles 
similar to those of placebo152,153 and, in particular, are not 
associated with the cough that may occur in up to 20% of 
patients receiving an ACE inhibitor. Among patients who 
switched from ACE inhibitors to ARB therapy, cough 
recurred significantly less often than in patients rechal-
lenged with an ACE inhibitor.154,155

In choosing between ACE inhibitor and ARB therapy for 
patients with type 2 diabetes and diabetic nephropathy, phy-
sicians have to consider evidence of proven renoprotection 
with ARB treatment versus a mortality benefit associated 
with ACE inhibitor treatment (in patients without estab-
lished diabetic nephropathy). One meta-analysis suggested 
a modestly increased risk of new cancer occurrence in 
patients on ARB treatment; this finding has created some 
controversy.156 However, two long-term antihypertensive 
cohort studies linked to cancer registries, which can explore 
competing risk, showed no increased cancer risk from long-
term hypertension therapy and RAAS blockade.157,158 A large 
network meta-analysis of 70 RCTs of antihypertensive 
therapy in 324,168 patients recorded no difference in risk 
of cancer between the subjects receiving treatment (includ-
ing ARBs) and control subjects.159

Another meta-analysis called into question the value of 
RAAS inhibition for renoprotection. Data from trials of ACE 
inhibitor and ARB treatment were pooled, and when studies 
of diabetic and nondiabetic CKD were considered together, 
the analysis revealed a benefit in reducing the risk of ESKD 
(RR, 0.87; 95% CI, 0.75 to 0.99) and albuminuria (mean 
urine albumin level, −15.7 mg/day; 95% CI, −24.7 to 
−6.7 mg/day) but no significant benefit in reducing the risk 
of serum creatinine doubling (RR, 0.71; 95% CI, 0.49 to 
1.04). When data from studies of diabetic and nondiabetic 
CKD were considered separately, no significant benefits 
were evident with regard to incidence of ESKD or serum 
creatinine doubling, but the benefit for albuminuria reduc-
tion persisted. The authors concluded that the renoprotec-
tive effects of ACE inhibitor or ARB therapy probably result 
only from their antihypertensive effects.160 This meta-analysis 
is, however, flawed in our opinion, and its conclusions have 
been rejected by many other investigators.161 The principal 
weaknesses were inclusion of data from the large ALLHAT 
study, in which only a minority of patients (5662 of 33,357) 
actually had CKD88; heterogeneity across trials that should 
not have been pooled; and lack of patient-level data.162

COMBINATION TREATMENT WITH ANGIOTENSIN-
CONVERTING ENZYME INHIBITORS AND 
ANGIOTENSIN RECEPTOR BLOCKERS
The differing mechanisms of ACE inhibitors and ARBs on 
the RAAS imply that in combination, they may have additive 

creatinine level (RR, 0.79; 95% CI, 0.67 to 0.93), as well as a 
reduction in risk of progression from microalbuminuria to 
macroalbuminuria (RR, 0.49; 95% CI, 0.32 to 0.75) among 
diabetic patients treated with ARB versus placebo.131 Of 
interest is that there was no reduction in all-cause mortality.

Several RCTs have been conducted to investigate the 
potential role of ARB treatment to prevent the development 
of microalbuminuria in patients with diabetes. In the Renin 
Angiotensin System Study (RASS), normotensive patients 
with type 1 diabetes randomly assigned to receive treatment 
with losartan evidenced a significantly higher incidence of 
microalbuminuria than did the subjects receiving placebo 
(17% vs. 6%; P = 0.01),129 and in the Diabetic Retinopathy 
Candesartan Trials (DIRECT), mainly normotensive patients 
with type 1 or type 2 diabetes randomly assigned to receive 
treatment with candesartan evidenced no reduction in the 
incidence of microalbuminuria in comparison with subjects 
receiving placebo.146 On the other hand, when hypertensive 
patients with type 2 diabetes were studied in the Randomized 
Olmesartan and Diabetes Microalbuminuria Prevention 
(ROADMAP) trial, those who received treatment with olmes-
artan evidenced a 23% delay in the time to onset of microal-
buminuria in comparison with subjects who received placebo. 
A small but significantly higher incidence of death from car-
diovascular causes was observed, however, particularly in 
patients with a previous history of cardiovascular disease and 
in those with the greatest reduction in blood pressure.147

In summary, there is sufficient evidence to support the 
use of ARB treatment to achieve renoprotection in patients 
with type 2 diabetes and overt nephropathy. ARB treatment 
is also effective in preventing progression from microalbu-
minuria to overt diabetic nephropathy in patients with type 
2 diabetes. Data from the ROADMAP trial show that ARB 
treatment delays the onset of microalbuminuria in hyper-
tensive patients with type 2 diabetes, but the associated 
increase in death from cardiovascular disease remains a 
concern. It seems reasonable to recommend ARB treatment 
for hypertensive patients with type 2 diabetes in the absence 
of cardiovascular disease. On the other hand, no renopro-
tective benefit is associated with ARB treatment in normo-
tensive patients with type 1 or 2 diabetes. The KDIGO 
guidelines recommend treatment with an ACE inhibitor or 
ARB in all adults with diabetes and urine albumin excretion 
30 mg/day or higher (or equivalent).3

ANGIOTENSIN-CONVERTING ENZYME  
INHIBITORS VERSUS ANGIOTENSIN RECEPTOR 
BLOCKER TREATMENT
Despite differences in their mode of action, the renoprotec-
tive effects of ACE inhibitors and ARB treatment have been 
directly compared in few studies. In a mixed group of 
patients with type 2 diabetes and microalbuminuria or mac-
roalbuminuria, there was no significant difference between 
ACE inhibitors and ARB treatment in the primary outcome 
of change in GFR or a secondary outcome of urine ACR.148 
According to a meta-analysis of small trials in which ACE 
inhibitors were compared with ARB treatment in patients 
with diabetic CKD, benefits were similar with regard to inci-
dence of ESKD, serum creatinine doubling, and progres-
sion of microalbuminuria to macroalbuminuria.149 Similarly, 
in ONTARGET, there was no difference in cardiovascular 
or renal end points between patients randomly assigned to 
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2.4 events per 1000 patients per month; adjusted HR = 2.36; 
95% CI, 1.51 to 3.71). The incidence of hyperkalemia was 
also higher with combination therapy (2.5 vs. 0.9 events per 
1000 patients per month; adjusted HR, 2.42; 95% CI, 1.36 
to 4.32).169 A further study in 1448 people with type 2 dia-
betes and urine ACR of at least 300 mg/g also found no 
benefit with respect to the primary outcome of CKD pro-
gression, ESKD, or death in participants randomized to 
combination ACE inhibitor and ARB therapy versus mono-
therapy, but those receiving combination therapy evidenced 
a significantly higher incidence of AKI and hyperkalemia.170 
In a meta-analysis of 59 RCTs comparing the efficacy and 
safety of combination versus single RAAS inhibitor therapy 
in CKD, combination therapy was associated with significant 
improvement in urine albumin and protein excretion as 
well as blood pressure control. These beneficial effects, 
however, were associated with a net 1.8 mL/min/1.73 m2 
decline in GFR, a significant increase in serum potassium 
level (3.4% higher rate of hyperkalemia), and a 4.6% higher 
rate of hypotension. There was no effect on doubling of the 
serum creatinine level, hospitalization, or mortality.171 The 
KDIGO guidelines do not recommend the use of combina-
tion ACE inhibitor and ARB therapy for renoprotection,3 
but further RCTs with hard renal end points are necessary 
to investigate the role of combination ACE inhibitor and 
ARB therapy in achieving optimal renoprotection in pro-
teinuric, nondiabetic CKD.

ALDOSTERONE ANTAGONISM
Aldosterone has been identified as an important mediator 
of progressive renal injury through hemodynamic and pro-
fibrotic actions. Treatment with spironolactone and other 
aldosterone antagonists has produced renoprotective effects 
in experimental172 and small clinical studies.173 One meta-
analysis of their use in comparison with other RAAS-
inhibiting agents included data from 10 trials and 845 
patients. In comparison with ACE inhibitor or ARB plus 
placebo, nonselective aldosterone antagonists added to ACE 
inhibitor or ARB treatment significantly reduced protein-
uria (weighted mean difference, −0.80 g/day; 95% CI, −1.23 
to −0.38) and blood pressure, but these developments did 
not translate into an improvement in GFR (weighted mean 
difference, −0.70 mL/min/1.73 m2; 95% CI, −4.73 to 3.34). 
There was a significant increase in the risk of hyperkalemia 
with the addition of an aldosterone antagonist (RR, 3.06; 
95% CI, 1.26 to 7.41).173b A further meta-analysis of 27 
studies also found that treatment with an aldosterone antag-
onist alone or in combination with an ACE inhibitor or ARB 
was associated with reduction in proteinuria and blood pres-
sure but no clear evidence of reduction in cardiovascular 
events or ESKD.174 Further studies are therefore required to 
evaluate the long-term effects of these agents on renal out-
comes, mortality, and safety.

DIRECT RENIN INHIBITORS
Direct renin inhibitors inhibit the RAAS at its rate-limiting 
step (the conversion of angiotensinogen to angiotensin I) 
and may therefore achieve more complete blockade of the 
RAAS than do ACE inhibitors or ARBs. Direct renin inhibi-
tors are effective antihypertensive drugs and reduced pro-
teinuria in experimental models of CKD175,176 and RCTs.177,178 
However, a large randomized trial that included 8561 people 

or synergistic effects. The added antihypertensive effects of 
combination therapy have, however, made it difficult to 
separate the benefits of additional blood pressure lowering 
from added renoprotection directly attributable to dual 
blockade of the RAAS. In several small studies, researchers 
reported additional lowering of urine protein excretion 
with combination therapy of ACE inhibitors and ARBs, in 
comparison with monotherapy; when pooled in three meta-
analyses, all data indicate that there is greater antiprotein-
uric effect with combination RAAS inhibition therapy.163-165 
Only one RCT yielded results indicating benefit associated 
with ACE inhibitor and ARB combination therapy in CKD 
with respect to serum creatinine doubling or ESKD inci-
dence. Publication of that study was, however, withdrawn 
because of concerns about the conduct of the study and 
integrity of the data.166

Furthermore, the results of the ONTARGET trial cast 
doubt on the benefit of dual therapy.150 In ONTARGET, 
25,620 patients with hypertension and additional cardiovas-
cular risk factors were randomly assigned to receive therapy 
with an ACE inhibitor alone, an ARB alone, or a combina-
tion of both. The primary aims were to determine whether 
ARB treatment was inferior to ACE inhibitor treatment and 
whether combination therapy was superior in preventing 
vascular events.167 The primary analysis revealed no differ-
ence in cardiovascular events between the randomized 
groups, but the number of events for the composite renal 
outcome—need for dialysis, doubling of serum creatinine 
level, and death150—was increased with combination therapy 
(n = 1233, or 14.5%; HR, 1.09; 95% CI, 1.01 to 1.18; P = 
0.037) versus monotherapy (ARB: n = 1147, or 13.4%; ACE 
inhibitor: n = 1150, or 13.5%). This excess was attributable 
predominantly to more acute dialysis and to the combina-
tion of all types of dialysis and serum creatinine doubling. 
In addition, hyperkalemia (K > 5.5 mmol/L) was more fre-
quent with combination therapy (ACE inhibitor, 3.2%; ARB, 
3.3%; combination, 5.6%; P < 0.001 for combination versus 
ACE inhibitor). However, subjects were recruited on the 
basis of cardiovascular risk profile, and the majority did  
not have reduced GFR (mean baseline eGFR, 74 mL/
min/1.73 m2) or proteinuria (13% had microalbuminuria 
and 4% had macroalbuminuria; geometric mean of urine 
ACR ranged from 0.81 to 0.83 mg/mmol). In addition,  
participants were elderly (mean age 66.5 years) and pre-
dominantly male (73%). They had substantial vascular 
disease: coronary artery disease (75%), previous myocardial 
infarction (50%), angina (35%), unstable angina (15%), 
and peripheral vascular disease (13%). Angiographic 
studies168 suggest that approximately 10% to 15% of this 
cohort would be expected to have atheromatous renal vas-
cular disease in large vessels, and many more would have 
small vessel disease.

The ONTARGET results support a recommendation that 
combination ACE inhibitor and ARB therapy should not be 
used by older patients with risk factors for cardiovascular 
disease or previous cardiovascular disease. This recommen-
dation is further supported by data from a population-based 
observational study that revealed a significantly higher inci-
dence of the combined end point of serum creatinine dou-
bling, ESKD, or death in elderly patients (older than 65 
years) receiving combination therapy with ACE inhibitors 
and ARBs than among those receiving monotherapy (5.2 vs. 
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from 2% to 39% and is higher among younger patients  
and those with diabetes.189 As the patient approaches ESKD, 
the plasma bicarbonate concentration tends to stabilize 
between 15 and 20 mEq/L. Chronic metabolic acidosis has 
multiple adverse consequences, including increased protein 
catabolism, increased bone turnover, induction of inflam-
matory mediators, insulin resistance, and increased produc-
tion of corticosteroids and parathyroid hormone. Several 
observational studies, including the CRIC study, have identi-
fied low serum bicarbonate as a risk factor for CKD 
progression.190

The first study to show convincing renoprotection with 
bicarbonate supplementation was from a single center and 
involved 134 patients with advanced CKD (creatinine clear-
ance rates between 15 and 30 mL/min/1.73 m2) and base-
line serum bicarbonate concentrations of 16 to 20 mEq/L. 
The patients were randomly assigned to receive treatment 
with oral bicarbonate or no treatment.191 After 2 years of 
follow-up, there was a lower mean rate of decline in creati-
nine clearance (1.88 vs. 5.93 mL/min/1.73 m2) and a lower 
risk of ESKD among the patients who received the bicarbon-
ate treatment than among the controls (6.5% vs. 33%). A 
subsequent study reported similar renoprotective benefits 
in early CKD. In a randomized, placebo controlled trial in 
subjects with a mean eGFR of 75 mL/min/1.73 m2, treat-
ment with sodium bicarbonate for 5 years was associated 
with a slower rate of decline in eGFR (derived from plasma 
cystatin C measurements) compared with placebo or treat-
ment with sodium chloride.192 Western diets are typically 
acid producing, but the addition of significant portions of 
fruits and vegetables can move this to a base-producing 
state. Further studies have reported that correction of aci-
dosis with a diet rich in fruits and vegetables was as effective 
as sodium bicarbonate in ameliorating kidney damage in 
early (stage 1 or 2 CKD)193 and more advanced (stage 4 
CKD) disease.194 Furthermore, a recent trial has reported 
benefit even in people with mild acidosis. People with stage 
3 CKD and serum bicarbonate 22 to 24 mmol/L were ran-
domized to oral bicarbonate supplementation, a diet rich 
in fruits and vegetables, or “usual care.” All participants 
received treatment with an RAAS inhibitor, and SBP was 
controlled to lower than 130 mm Hg. Both interventions 
achieved an increase in serum bicarbonate and were associ-
ated with a decrease in urinary angiotensinogen. After 3 
years, both interventions were associated with less albumin-
uria and GFR decline than the “usual care” group.195 The 
KDIGO guidelines recommend bicarbonate supplementa-
tion for patients with levels below 22 mEq/L,3 but further 
studies are required to further investigate whether this may 
also be beneficial in the setting of less severe acidosis.

PROTEINURIA AS A THERAPEUTIC TARGET

Proteinuria is a marker of glomerular filtration barrier 
integrity, and the magnitude of proteinuria has therefore 
been used as an indicator of the severity of glomerulopathy. 
This view has been confirmed by several observations that 
the severity of proteinuria at baseline is the most important 
independent predictor of renal outcomes in randomized 
trials of patients with diabetic nephropathy196,197 and nondia-
betic nephropathy.14,198,199 In addition, it has been proposed 
that proteinuria per se contributes to progressive renal 

with type 2 diabetes and albuminuria or cardiovascular 
disease was stopped prematurely after the second interim 
efficacy analysis. Despite greater lowering of blood pressure 
and albuminuria with combination direct renin inhibitor 
and ARB therapy, no benefit was observed with respect to 
the composite primary end point of cardiovascular event, 
CKD progression, ESKD, or death versus ARB monotherapy, 
but combination therapy was associated with a higher inci-
dence of hyperkalemia and hypotension.179,180 There is cur-
rently therefore no evidence that direct renin inhibitor 
therapy, alone or in combination with ACE inhibitor therapy, 
affords more effective renoprotection than ACE inhibitor 
or ARB therapy alone.

HYPERURICEMIA

A number of studies have highlighted the fact that an ele-
vated level of uric acid is a risk factor for the development 
and progression of CKD.181,182 It has also been associated 
with excess cardiovascular risk and hypertension in a cohort 
of community-based patients.183 Whether it is an indepen-
dent risk factor for these outcomes in CKD or a marker of 
more severe renal and cardiovascular outcomes is an issue 
of ongoing debate.184 In animal studies, an elevated level of 
uric acid decreases nitric oxide production, which provokes 
endothelial dysfunction, increases blood pressure, promotes 
fibrosis, and causes the release of proinflammatory cyto-
kines and thereby results in T cell activation. A meta-analysis 
of eight small trials investigating the potential benefits of 
lowering uric acid in CKD with allopurinol included data 
from 476 participants. In three studies that reported serum 
creatinine levels, allopurinol treatment was associated with 
a lower creatinine level than was placebo, but in five studies 
that reported eGFR, there was no significant difference 
between groups treated with allopurinol or placebo. In five 
trials that measured proteinuria, no benefit was observed. 
Progression to ESKD was reported in only two studies and 
was not different between treatment groups, although the 
incidence was too low to allow robust conclusions to be 
made.185 One randomized trial of allopurinol in 113 patients 
with CKD (included in the above meta-analysis) reported a 
47% reduction in risk of CKD progression (defined as 
decrease in eGFR of >0.2 mL/min/month) in participants 
treated with allopurinol after multivariable Cox propor-
tional hazards analysis, as well as a 71% reduction in risk of 
new cardiovascular events and 62% reduction in risk of 
hospitalization.186 Long-term follow-up of these participants 
reported further benefit with a 68% reduction in risk of a 
renal event (initiation of RRT or 50% reduction in GFR or 
doubling of serum creatinine) and a 57% reduction in risk 
of cardiovascular event.187 Nevertheless, in the absence of 
larger trials, uric acid–lowering therapy should not rou-
tinely be used in people with CKD unless there is clinical 
evidence of gout.

TREATMENT OF METABOLIC ACIDOSIS

As the number of functioning nephrons declines, CKD 
leads to net retention of hydrogen ions, which begins  
when GFR falls below 40 to 50 mL/min/1.73 m2.188 Among 
patients in whom GFR decreases from 90 to less than 20 mL/
min/1.73 m2, the prevalence of metabolic acidosis rises 
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instance) the effects are observed more promptly and tend 
to parallel the time course and fall in blood pressure.204

MONITORING AND SAFETY CONSIDERATIONS

Regular monitoring is essential for optimizing therapeutic 
interventions to slow CKD progression and ensure safety. 
Kidney function is best assessed with the use of eGFR, 
derived from a serum creatinine measurement with the 
MDRD equation or Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) equation, recommended by 
KDIGO.3 This strategy allows direct monitoring of the rate 
of GFR decline and assessment of the therapeutic goal to 
reduce this decline to less than 1 mL/min/yr, a rate associ-
ated with normal aging. The majority of laboratories now 
facilitate this monitoring by reporting eGFR with every 
serum creatinine measurement. In addition, monitoring 
allows for the detection of side effects of drug treatment 
and, in particular, of electrolyte disorders (hyperkalemia 
and hyponatremia), as well as acute changes in kidney func-
tion related to volume depletion.

Renal Dysfunction and Hyperkalemia Induced  
by Inhibitors of the Renin Angiotensin  
Aldosterone System

The appropriate frequency for monitoring of subjects with 
CKD should depend on the CKD stage, previous rate of GFR 
decline, risk of future GFR decline, and use of medication 
that may cause acute deteriorations in GFR or electrolyte 
disorders (especially RAAS inhibitors and diuretics). Despite 
clear trial evidence of the renoprotective and cardioprotec-
tive effects of ACE inhibitors and ARBs, some physicians 
remain cautious about prescribing these drugs to patients 

injury200 and that amelioration of proteinuria should there-
fore be viewed as a therapeutic goal.

Support for this hypothesis is derived from a number of 
sources. In the MDRD study, reduction in urine protein 
levels, independent of blood pressure, was associated with 
slower progression of CKD, and the degree of benefit 
achieved through blood pressure lowering was dependent 
on the extent of baseline proteinuria.99 Furthermore, several 
other investigators have observed that the percentage reduc-
tion in urine protein level after initiation of ACE inhibitor 
or ARB treatment and the magnitude of proteinuria during 
treatment (residual proteinuria) are strong independent 
predictors of the subsequent rate of decline in GFR among 
patients with diabetic and nondiabetic CKD.196,197 A meta-
analysis that included data from 1860 patients with nondia-
betic CKD confirmed these findings and showed that  
during antihypertensive treatment, the achieved level of 
urine protein was a powerful predictor of the combined end 
point of serum creatinine doubling or onset of ESKD (RR, 
5.6 for each 1.0-g/day increase in achieved level of protein-
uria).139 A further meta-analysis of 21 randomized trials of 
drug treatment in CKD that included 78,342 participants 
found that for each 30% initial reduction in albuminuria 
on treatment, the risk of ESKD decreased by 23.7% (95% 
CI, 11.4% to 34.2%) independent of the class of drug used 
for treatment.201

One RCT provided direct evidence that the extent to 
which proteinuria is lowered determines subsequent prog-
nosis. In the Renoprotection of Optimal Antiproteinuric 
Doses (ROAD) study, 360 nondiabetic patients with protein-
uria and CKD were randomly assigned to receive a conven-
tional dosage of benazepril (10 mg/day), a conventional 
dosage of losartan (50 mg/day), an upward titration of 
benazepril (range of 10 to 40 mg/day), or an upward titra-
tion of losartan (range of 50 to 200 mg/day).202 In upward 
titration, the dosage of the RAAS-inhibiting agent was 
increased to maximize the antiproteinuric effect. After a 
median of 3.7 years, titration of benazepril and losartan to 
the maximum antiproteinuric dose, in comparison with the 
fixed conventional dosages, reduced the risk of serum cre-
atinine doubling by 49% and 50%, respectively, and the risk 
of ESKD by 47% in both groups (Figure 62.9). Both agents 
provided similar overall relative risk reductions at optimal 
antiproteinuric dosages. Reduction of urine protein levels 
at 3 months (approximately 50% decrease with the upward-
titration strategy) was closely correlated with the subsequent 
rate of GFR decline. Subjects in all conditions of the study 
had similar reductions in blood pressure. Regardless of 
whether proteinuria contributes directly to renal injury, the 
strong association between achieved reduction in urine 
protein and renoprotection in clinical studies implies that 
amelioration of proteinuria should be regarded as an impor-
tant therapeutic goal in renoprotective strategies. We rec-
ommend a goal of reducing proteinuria to less than 0.5 g/
day (equivalent urine ACR of ≈300 mg/g or 30 mg/mmol).

TIME COURSE FOR PROTEINURIA RESPONSE

In most patients, the reduction of proteinuria takes several 
weeks to achieve its maximal effect, which should be con-
sidered when dosages are titrated.203 In patients in earlier 
stages of CKD (with diabetes and microalbuminuria, for 

Figure  62.9 Kaplan-Meier curves showing the incidence of the 
combined end point of doubling of serum creatinine level or end-
stage kidney disease in patients with nondiabetic chronic kidney 
disease and urine protein levels exceeding 1 g/day. Patients in group 
1 were randomly assigned to receive standard doses of angiotensin-
converting enzyme (ACE) inhibitors; those in group 3 received stan-
dard doses of angiotensin receptor blockers (ARBs); those in group 
2 received ACE inhibitors titrated upward to the maximum antipro-
teinuric levels; and those in group 4 received ARBs titrated upward 
similarly. (From Hou FF, Xie D, Zhang X, et al: Renoprotection of Optimal 
Antiproteinuric Doses [ROAD] study: a randomized controlled study of 
benazepril and losartan in chronic renal insufficiency. J Am Soc Nephrol 
18:1889-1898, 2007.)
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As evidence for this, patients in the second Evaluation of 
Losartan in the Elderly (ELITE II) study of heart failure 
(average age of 73.5) showed relatively high rates of creati-
nine elevation during the 50-week follow-up period.207 The 
incidence of persistent renal dysfunction did not differ 
between the losartan and captopril recipients (both 10.5%), 
and less than 2% of patients discontinued the RAAS agent 
for this reason. However, slightly more than 25% of the 
losartan and captopril recipients experienced at least one 
rise in creatinine level of 26.5 µmol (0.3 mg); this finding 
indicates that vigilance is needed for older patients with 
other comorbid conditions.

It is important to appreciate that an initial increase in 
serum creatinine probably results from the renal hemody-
namic effects of ACE inhibitors or ARBs and in fact is pre-
dictive of greater renoprotective efficacy, particularly in 
patients with proteinuria and the most benefit to gain.208 
Thus, if the increase is less than 30% and is not progressive, 
an initial rise in serum creatinine should not be regarded 
as an indication for discontinuing ACE inhibitor therapy.

The dosage of ACE inhibitor or ARB should be started at 
a low level and titrated upward, with monitoring of creati-
nine and potassium levels 5 to 7 days after each dosage 
increase. To avoid compromise from intravascular volume 
depletion, patients should be counseled to omit ACE inhibi-
tor or ARB treatment during vomiting or diarrheal illnesses 
and to seek medical advice if these illnesses do not resolve 
within 48 hours. Likewise, it is important to ensure adequate 
hydration, to omit or reduce diuretics for 48 to 72 hours if 
clinically appropriate, and to avoid nonsteroidal antiinflam-
matory drugs (NSAIDs) before starting a RAAS inhibitor. In 
general, we strongly advise discontinuation of NSAIDs 
because these are potent causes of AKI in patients with CKD.

Discontinuation of therapy because of uncontrolled 
hyperkalemia has been reported in only up to 4% of patients 
with CKD in trials, and the overall incidence was no differ-
ent from that among patients taking ACE inhibitors versus 
non–ACE inhibitor treatment when data from six studies 
were combined.209 However, the subjects were highly selected 
patients in trials with lower AKI risk than is observed in the 
general population. This important issue was highlighted by 
the observation of higher rates of hyperkalemia after  
publication of results of the Randomized Aldactone Evalu-
ation Study (RALES), in which spironolactone was used  
in addition to ACE inhibitors for heart failure.210,211 The 
discontinuation of potassium supplements, avoidance of 
potassium-sparing diuretics, and dietary advice to avoid 
high-potassium foods may all help reduce the incidence of 
hyperkalemia.

STRATEGY FOR MAXIMAL  
RENOPROTECTION: AIMING FOR REMISSION  
OF CHRONIC KIDNEY DISEASE

The earlier that interventions to slow CKD progression start, 
the more kidney function there is to protect and preserve. 
The best chance of achieving maximal renoprotection is 
therefore when therapy is established as early as possible, 
preferably in stage 1 or 2 disease. The concepts of “remis-
sion” and “regression” have been applied to renoprotection. 
Remission indicates that therapy has been optimized to the 
point that there is no evidence of active disease and GFR 

with stages 3 and 4 CKD. This caution results from concerns 
about renal dysfunction induced by these drugs, with a 
potential rise in serum creatinine or potassium level 
(reviewed by Schoolwerth et al205 and Palmer206). General 
guidance on risk factors for AKI and frequency of monitor-
ing are given in Table 62.1 and Table 62.3.

The initiation of therapy with RAAS inhibition may 
provoke an acute decline in GFR or hyperkalemia in patients 
with CKD, particularly in those with volume depletion, those 
with poor cardiac status, elderly patients, those with stage 4 
or 5 disease, and any patient with or at risk for atheroscle-
rotic renovascular disease. GFR and electrolytes should 
therefore be checked before and 1 week after treatment is 
started or a dosage is increased. A rapid rise in serum cre-
atinine level or a more gradual increase of greater than 30% 
should prompt discontinuation of therapy and consider-
ation of further investigation to exclude renovascular 
disease (see Chapter 48).

However, it should be remembered that AKI can occur 
even if RAAS inhibition therapy has been successful for 
months or years, usually when provoked by factors such as 
volume depletion or nephrotoxic medications. In the 
Studies of Left Ventricular Dysfunction (SOLVD), impaired 
kidney function (defined as a rise in serum creatinine level 
of 0.5 mg/dL [44 µmol/L] from baseline) was noted in 
16% of patients randomly assigned to receive enalapril, in 
comparison with 12% of patients receiving placebo. This 
absolute 4% excess of GFR decline was associated with older 
age, diuretic therapy, and diabetes. Of note was that 
β-blocker therapy and a higher ejection fraction were reno-
protective. A progressive rise in serum creatinine level is 
much less common in younger patients (younger than 70 
years) and in those without renovascular disease. 

Table 62.3  Causes of Acute Kidney Injury 
after Initiation of Therapy  
with Angiotensin-Converting  
Enzyme Inhibitor or Angiotensin 
Receptor Blocker

Blood pressure insufficient for adequate renal perfusion
Poor cardiac output
Low systemic vascular resistance (e.g., as in sepsis)
Volume depletion (gastrointestinal loss, poor oral intake, 

excess diuretic use)
Presence of renal vascular disease*

Bilateral renal artery stenosis
Stenosis of dominant or single kidney
Afferent arteriolar narrowing (caused by hypertension, 

cyclosporine)
Diffuse atherosclerosis in smaller renal vessels

Vasoconstrictor agents (NSAIDs, cyclosporine)

*Clinical features of renal vascular disease include vascular bruits 
(areas of the epigastric, femoral, and carotid arteries), prior rise 
in serum creatinine level of more than 30%, fall in estimated 
glomerular filtration rate (eGFR) of more than 20% after 
beginning of treatment with an angiotensin-converting enzyme 
(ACE) inhibitor or angiotensin receptor blocker (ARB), and a 
history of flash pulmonary edema.

NSAID, Nonsteroidal antiinflammatory drug.
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Figure 62.10 Results from a prospective observational cohort study 
in which 301 consecutive patients with type 1 diabetes and diabetic 
nephropathy were monitored with isotopic glomerular filtration rate 
(GFR) measurements annually and who underwent aggressive lower-
ing of blood pressure. Thirty patients (10%) remained normotensive 
(blood pressure <140/90) during this period and did not receive pro-
longed antihypertensive agents. Seventeen percent of the patients 
received monotherapy; 47% received two agents, 30% three agents, 
and 6% four or more agents. Remission was defined in this study as 
urine albumin levels lower than 200 µg/min sustained for at least 1 
year and a decrease of at least 30% from levels before remission 
(surrogate end point). Regression was defined as a rate of decline in 
GFR equal to that in the natural aging process: less than 1 mL/min/
yr during the entire observation period (principal end point). Remis-
sion and regression may have occurred in the same patients. (Modi-
fied from Hovind P, Rossing P, Tarnow L, et al: Remission and regression 
in the nephropathy of type 1 diabetes when blood pressure is controlled 
aggressively. Kidney Int 60:277-283, 2001.)
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declines by no more than expected with aging. Regression 
implies that there is recovery of renal function with improv-
ing GFR.

The fact that remission of kidney disease can be achieved 
was demonstrated in one of the first follow-up studies from 
the Captopril Collaborative Study Group in 1994.212 Of the 
409 patients recruited into that study, 108 had nephrotic-
range proteinuria (urine protein levels > 3.5 g/day) at study 
entry. Remission of nephrotic-range proteinuria occurred 
in 7 of 42 patients randomly assigned to receive captopril 
(16.7%) and in 1 of 66 patients randomly assigned to receive 
placebo (1.5%). Of importance is that over the follow-up 
period, those achieving remission had the largest fall in 
mean urine protein levels (from 5.0 g/day to 0.9 g/day, in 
contrast to 6.2 to 5.1 g/day in subjects who did not reach 
remission), lower SBP (135 to 119 mm Hg in the patients 
in remission; 145 to 143 mm Hg in those not in remission), 
and stable serum creatinine levels (baseline vs. final serum 
creatinine measurement: 1.5 mg/dL to 1.6 mg/dL for 
patients in remission; 1.5 to 3.2 mg/dL for those not in 
remission). Similarly, Hovind and colleagues213 reported 
remission in 31% and regression (in this case, defined as 
GFR decline similar to that in normal aging) in 22% of 301 
consecutive patients with type 1 diabetes and nephropathy 
who were monitored with annual measurements of isotopic 
GFR for 7 years. Hovind and colleagues also reported 
increasing prevalence of remission and regression with 
lower achieved blood pressure (Figure 62.10).

Nevertheless, it is clear that even in the setting of a ran-
domized trial, treatment with the most active agents (RAAS 
inhibition therapy) is no guarantee that remission will 
occur; each renoprotective intervention discussed slows  
the rate of CKD progression by 50% at best. In order to 
achieve maximal long-term renoprotection, it is therefore 
necessary to use a comprehensive strategy with multiple 
interventions directed at different aspects of the pathogen-
esis of progressive renal injury (see Figure 62.2).214-216 More-
over, once treatments have been introduced, frequent 
monitoring of blood pressure, proteinuria, and GFR is 
essential so that therapy can be escalated until therapeutic 
goals have been achieved (see Tables 62.1 and 62.4). In this 
regard, our approach is analogous to that applied in modern 
oncology chemotherapeutic strategies, in which multiple 
agents are used and treatment is directed toward correcting 
all signs of disease activity until the patient is said to be in 
“remission.”

Data from a small number of patients suggest that if 
remission can be maintained over the long term, some 
recovery of kidney function or regression of kidney disease 
may be achieved.137 Limited data indicate that significant 
improvements in renoprotection can be achieved with this 
strategy. Among 160 patients with type 2 diabetes and micro-
albuminuria, intensive therapy resulted in a marked reduc-
tion in the risk of overt nephropathy (OR, 0.27).216-218 
Similarly, 26 of 56 patients with resistant nephrotic-range 
proteinuria and CKD who were referred to a “remission 
clinic” achieved reduction of urine protein levels to less 
than 1 g/day and stabilization of renal function after appli-
cation of a similar intensive therapy protocol. Furthermore, 
the rate of GFR decline was significantly slower than that 
observed in 56 matched historical controls, and only 3.6% 
reached ESKD, in contrast to 30.4% of the controls.219 This 

strategy is based on currently available interventions, and 
the measurements required for monitoring are already 
widely used. Thus, a comprehensive approach to renopro-
tection is an achievable goal for all patients with CKD. 
Although it has been argued that there is a need for new 
renoprotective agents, it is also true that these available 
therapies are not yet applied to all patients with CKD.220,221 
If widely implemented, a comprehensive renoprotective 
strategy may not only delay the need for dialysis in many 
patients but may also substantially reduce the number of 
patients progressing to ESKD.

The different incidence rates of ESKD across the similarly 
developed nations Norway and the United States,222 despite 
similar CKD prevalence rates, suggest that lower rates of 
progression to ESKD is a realistic goal of CKD treatment. 
The risk for progression in general was higher for U.S. white 
patients than for Norwegians. Of a population of 100,000 
with stage 3 or 4 CKD, 610 progress to ESKD in the United 
States and 240 in Norway, a 2.5-fold excess that, after adjust-
ment, was twofold higher among nondiabetic U.S. patients 
and 2.8-fold higher among diabetic U.S. patients with stages 
3 and 4 CKD. In addition, white U.S. patients were referred 
later to a nephrologist. These results also underscore the 
need for public health systems to target or screen popula-
tions at high risk. In the United Kingdom, a pay-for-perfor-
mance system for primary care family physicians has had 
dramatic impacts on the screening and management of 
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Table 62.4  Comprehensive Strategy and 
Therapeutic Goals for Achieving 
Maximal Renoprotection in Patients 
with Chronic Kidney Disease

Intervention Goals

ACE inhibitor or 
ARB treatment

Urine protein level < 0.5 g/day
GFR decline < 1 mL/min/yr

Additional 
antihypertensive 
therapy

BP < 130/80 if urine albumin excretion 
> 30 mg/day

BP < 140/90 if urine albumin excretion 
< 30 mg/day

Weight loss if 
patient is obese

Aim for 5% weight loss

Dietary salt 
restriction

<5 g/day (equivalent to 90 mEq 
sodium/day)

Dietary protein 
restriction

Avoid high protein intake >1.3 g/kg/day
In stages 4 and 5 CKD, consider 

reducing intake to 0.8 g/kg/day
Tight glycemic 

control
HbA1c < 7.0% unless considered high 

risk for hypoglycemia
Smoking cessation Complete cessation
Lipid-lowering 

therapy
Total cholesterol <200 mg/dL 

(5.2 mmol/L)
LDL cholesterol <100 mg/dL 

(2.6 mmol/L)

BP, Blood pressure; ACE, angiotensin-converting enzyme; ARB, 
angiotensin receptor blocker; CKD, chronic kidney disease; 
GFR, glomerular filtration rate; HbA1c, hemoglobin A1c; LDL, 
low-density lipoprotein.

diabetes; both levels of care for diabetes and testing rates 
for nephropathy have increased.223,224 In addition, pay for 
performance was associated with improved control of blood 
pressure in patients with CKD.225 Patient self-management 
is a further strategy that should be pursued, as highlighted 
by an RCT showing improved blood pressure control in 
participants with hypertension and cardiovascular disease, 
diabetes, or CKD randomized to self-management versus 
usual care.226 Reports of a decline in the incidence of new 
patients starting dialysis therapy in the United States indi-
cate that strategies to improve renoprotection may be start-
ing to have an effect227,228 (Table 62.4).

INTERVENTIONS TO REDUCE 
CARDIOVASCULAR RISK ASSOCIATED 
WITH CHRONIC KIDNEY DISEASE

ASSOCIATION BETWEEN CHRONIC KIDNEY 
DISEASE AND CARDIOVASCULAR DISEASE

It has long been recognized that there are excess cardiovas-
cular deaths among patients on maintenance dialysis. In a 
seminal study in the early 1970s, Lindner and colleagues229 
described accelerated atherosclerosis in patients receiving 
maintenance hemodialysis, which caused CHD. This  
observation was prescient, inasmuch as the relationship 
between kidney disease and excess cardiovascular disease 
has remained an important focus of research. Increased 

cardiovascular mortality is expressed early in the course of 
CKD—for example, in the setting of microalbuminuria in 
patients with diabetes230 and when the GFR starts to decline231 
in stage 3 CKD. Furthermore, the rate of mortality associ-
ated with CKD is substantial, so that reduced eGFR has 
gained a reputation of being an effective marker of prema-
ture cardiovascular disease, not dissimilar to that associated 
with a diagnosis of diabetes.

In a longitudinal U.S. study, the outcome of 27,998 
patients with eGFR of less than 90 mL/min/1.73 m2 was 
assessed over a 5-year period. RRT was initiated in 1.1%, 
1.43%, and 19.9% of subjects with baseline stages 2, 3, and 
4 CKD, respectively.232 In contrast, the mortality rates were 
19.5%, 24.3%, and 45.7% for these stages, indicating that 
for many people with CKD, the risk of premature mortality 
substantially outweighs the risk of ESKD. In the largest meta-
analyses to date, baseline eGFR and albuminuria were 
related to mortality in 1,128,310 participants with almost 5 
million person-years of follow-up.233 The median age of par-
ticipants was approximately 61 years. Risk of mortality was 
lowest among those with an eGFR in the range of 75 to 
105 mL/min/1.73 m2 and was increased at lower eGFRs. In 
comparison with a reference eGFR of more than 95 mL/
min/1.73 m2, the hazard ratios for all-cause mortality were 
1.18 for eGFR less than 60 mL/min/1.73 m2, 1.57 for eGFR 
less than 45 mL/min/1.73 m2, and 3.14 (2.39 to 4.13) for 
eGFR less than 15 mL/min/1.73 m2.

Similar findings were observed for cardiovascular and 
noncardiovascular mortality. The risk for all-cause mortality 
became significant at an eGFR of less than 45 mL/
min/1.73 m2, and the risk for cardiovascular mortality 
became significant at an eGFR of less than 60 mL/
min/1.73 m2 (Figure 62.11). A rapid decline in kidney func-
tion may confer an increased risk for CHD that is indepen-
dent of baseline kidney function and age. According to data 
from the Atherosclerosis Risk in Communities (ARIC) study, 
individuals with the greatest decline in eGFR (annual 
decline > 5.65%) were at greater risk for CHD and all-cause 
mortality than were those with a more modest decline of 
0.33 to 0.47%.234 Likewise, in an analysis of the Cardiovas-
cular Health Study, a rapid decline in kidney function 
during the first 7 years of the study was associated with 
increased risk for heart failure, myocardial infarction, and 
peripheral arterial disease during a subsequent 8-year 
follow-up period. Both these studies revealed this effect 
even after adjustment for baseline kidney function, age, and 
other traditional cardiovascular risk factors.235

These observations suggest that risk factors shared 
between early kidney disease and cardiovascular disease 
account for much of the future cardiovascular risk observed 
in patients with CKD. The classic risk factors for CHD are 
highly prevalent in patients with CKD. The so-called big 
three risk factors for CHD in the general population (high 
total cholesterol, high blood pressure, and cigarette 
smoking) accounted for at least 80% of major CHD  
events in middle-aged men when analyses were adjusted for 
regression dilution bias.236 Hypertension was the most 
important risk factor with regard to stroke, contributing 
35% of population-attributable risk, and the third most 
important with regard to acute myocardial infarction (18% 
population-attributable risk) in the INTERSTROKE20 and 
INTERHEART19 studies, respectively. In addition to a high 
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morbidity and mortality rates.240 In an interesting parallel, 
the reduction in proteinuria by the intervention was predic-
tive of the cardiovascular benefit as well as the renoprotec-
tive effect (Figure 62.12).

ANTIHYPERTENSIVE AGENTS AND 
CARDIOVASCULAR PROTECTION

Blood pressure targets for reducing cardiovascular risk are 
generally the same as those for achieving optimal renopro-
tection (see previous discussion). According to a growing 
body of evidence, however, the target blood pressure recom-
mended for preventing cardiovascular events and CKD pro-
gression may need to be revised for older patients, for whom 
the evidence base is much less secure. For example, a post 
hoc analysis of the International Verapamil-Trandolapril 
Study (INVEST) trial, in which different blood pressure 
agents were administered to 22,576 patients with known 
CHD, revealed that in the elderly patients (2180 older than 
80 years), there was an increased risk of death in association 
with lower blood pressures; the SBP associated with the 
lowest mortality rate was 140 mm Hg (Figure 62.13).241

prevalence of these traditional risk factors for cardiovascular 
disease, it is increasingly recognized that CKD is associated 
with a number of nontraditional risk factors for cardiovas-
cular disease, including arterial stiffness and calcification, 
elevated levels of asymmetric dimethyl arginine, and accu-
mulation of advanced glycation end products.237 Whether 
these risk factors are modifiable and whether their modifica-
tion is effective in reducing cardiovascular risk must be 
further investigated with RCTs.237 Nontraditional risk factors 
become more important as CKD progresses to more 
advanced stages, and traditional risk factors remain the 
most important factors in stages 1 to 3 CKD.

CKD as evidenced by reduced GFR is now considered to 
be a CHD risk equivalent by both the National Kidney Foun-
dation and the American College of Cardiology/American 
Heart Association. Proteinuria appears to confer additional 
risk.238,239 Not surprisingly, then, several intervention studies 
with blood pressure–lowering agents that ameliorate CKD 
progression also show proportional benefit in preventing 
cardiovascular events. In the RENAAL trial, ARB treatment 
provided protection against heart failure along with reno-
protection, but there was no effect on overall cardiovascular 

Figure 62.11 All-cause and cardiovascular mortality associated with estimated glomerular filtration rate (eGFR) and albuminuria. Hazard ratios 
(HRs) and 95% confidence intervals (CIs) for all-cause and cardiovascular mortality according to spline eGFR and urine albumin to creatinine 
ratio (ACR). Hazard ratios and 95% CIs (shaded areas) are shown according to eGFR (A, C) and ACR (B, D), adjusted for each other, age, sex, 
ethnic origin, history of cardiovascular disease, systolic blood pressure, diabetes, smoking, and total cholesterol. The references (diamond) 
were eGFR of 95 mL/min/1.73 m2 (A,  C) and ACR of 5 mg/g (0.6 mg/mmol) (B,  D). Circles represent statistical significance, and triangles 
represent nonsignificance. ACR plotted in milligrams per gram (to convert to milligrams per millimoles, multiply by 0.113). Approximate conver-
sions to milligrams per millimoles are shown in parentheses. (From Chronic Kidney Disease Prognosis Consortium: Association of estimated 
glomerular filtration rate and albuminuria with all-cause and cardiovascular mortality in general population cohorts: a collaborative meta-analysis. 
Lancet 375[9731]:2073-2081, 2010.)
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cardiovascular disease was compared in 147 randomized 
trials.242 The five main classes of blood pressure–lowering 
drugs (thiazides, β-blockers, ACE inhibitors, ARBs, and 
calcium channel blockers) were similarly effective in pre-
venting CHD events and strokes, except that calcium 
channel blockers had a greater preventive effect on stroke 
(RR, 0.92; 95% CI, 0.85 to 0.98). The percentages of reduc-
tions in CHD events and stroke were similar in people with 
and without cardiovascular disease and regardless of blood 
pressure before treatment (down to 110 mm Hg SBP and 
70 mm Hg DBP).242

With regard to dose, the same investigators assessed the 
value of low-dose combination treatment with blood 
pressure–lowering drugs in an analysis of 354 randomized 
trials.243 All five categories mentioned previously produced 
similar reductions in blood pressure (9.1 mm Hg in SBP 
and 5.5 mm Hg in DPB) at standard dosage and 20% less 
reduction at half the standard dosage (7.1 mm Hg in SBP 
and 4.4 mm Hg in DBP). The drugs reduced blood pressure 
from all pretreatment levels, more so from higher levels, so 
that for each initial blood pressure 10 mm Hg higher, the 
reduction was 1.0 mm Hg (SBP) and 1.1 mm Hg (DBP) 
greater. The blood pressure–lowering effects of different 
categories of drugs were additive. In terms of tolerance, 
symptoms attributable to thiazides, β-blockers, and calcium 
channel blockers were strongly dose related, whereas symp-
toms caused by ACE inhibitors (mainly cough) were not 
dose related. ARBs caused no excess of symptoms.243

There are few data regarding the relative efficacy of dif-
ferent combinations of antihypertensive drugs. In the Avoid-
ing Cardiovascular Events through Combination Therapy in 
Patients Living with Systolic Hypertension (ACCOMPLISH) 
trial, patients with hypertension and risk factors for cardio-
vascular disease were randomly assigned to receive combina-
tion therapy with an ACE inhibitor and calcium channel 
blocker. These patients evidenced a significantly lower inci-
dence of major cardiovascular events than did those ran-
domly assigned to receive combination therapy with ACE 
inhibitor plus thiazide diuretic.244 Subsequent analysis also 

In choosing which antihypertensive agent or agents to use 
for preventing cardiovascular disease, clinicians should take 
account of the efficacy, side effects, and convenience of 
these medications because they usually need to be taken for 
many years. In one large meta-analysis, the use of different 
blood pressure–lowering drugs in the prevention of 

Figure 62.12 Benefits of reduced proteinuria on outcomes. Composite illustration shows the correspondence of cardiovascular (CV) and renal 
risk reduction in relation to antiproteinuric effect in the Reduction of Endpoints in NIDDM with the Angiotensin II Antagonist Losartan (RENAAL) 
study. Kaplan-Meier curves of risk for cardiovascular end points (left) and end-stage kidney disease (ESKD) (right), according to change in 
urine protein levels at 6 months after baseline measurements. (Adapted with permission from de Zeeuw D, Remuzzi G, Parving HH, et al: Pro-
teinuria, a target for renoprotection in patients with type 2 diabetic nephropathy: lessons from RENAAL. Kidney Int 65:2309-2320, 2004.)
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Figure 62.13 Blood pressure and mortality in very old patients with 
hypertension and coronary artery disease: determination of achieved 
blood pressures associated with lowest mortality. Adjusted hazard 
ratio for mortality as a function of age (in 10-year increments), systolic 
blood pressure (SBP), and diastolic blood pressure (DBP). The refer-
ence SBPs and DBPs for hazard ratio are 140 and 90 mm Hg, respec-
tively. Blood pressures (BPs) shown are the on-treatment average of 
all post-baseline recordings. The quadratic terms for both SBPs and 
DBPs were statistically significant in all age groups (P < 0.001, except 
for DBP in subjects aged 60 to 70, for whom P < 0.006). The adjust-
ment was based on sex, race, history of myocardial infarction, heart 
failure, peripheral vascular disease, diabetes, stroke/transient isch-
emic attack, renal insufficiency, and smoking. (From Denardo SJ, 
Gong Y, Nichols WW, et al: Blood pressure and outcomes in very old 
hypertensive coronary artery disease patients: an INVEST substudy. Am 
J Med 123:719-726, 2010.)
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Events (CARE), West of Scotland Coronary Prevention 
Study (WOSCOPS), and Long-Term Intervention with 
Pravastatin in Ischaemic Disease (LIPID).260 ACE inhibitor 
use and blood pressure at baseline and follow-up were 
similar in the subjects taking pravastatin and those taking 
placebo. The overall rate of decline of GFR was reduced by 
34% (absolute difference of 0.2 mL/min/yr) in the pravas-
tatin recipients. These benefits were most evident in those 
with lower GFR and more severe proteinuria at baseline.

Strippoli and colleagues261 performed a meta-analysis and 
a meta-regression analysis, using data from 50 trials and 
slightly more than 30,000 patients. Eleven of these trials 
were performed with patients on dialysis, 26 with patients 
who had nondialysis-requiring CKD, and 17 on kidney trans-
plant recipients. The reported GFR in the CKD studies were 
wide ranging, but the majority of patients had eGFRs higher 
than 60 mL/min/1.73 m2. Only one study recruited patients 
with lower GFRs (mean, <30 mL/min/1.73 m2). In com-
parison with placebo, statins significantly reduced total  
cholesterol (weighted mean difference, −42.28 mg/dL 
[−1.10 mmol/L]) and LDL cholesterol (weighted mean dif-
ference, −43.12 mg/dL [−1.12 mmol/L]). Statin treatment 
was associated with reductions in cardiovascular events, 
both fatal (RR, 0.81) and nonfatal (RR, 0.78). Meta-
regression analysis showed that treatment effects did not 
vary significantly with stage of CKD. The side effect profile 
of statins was similar to that of placebo. Most of the available 
studies were small and of suboptimal quality; mortality data 
were provided only by a few large trials.

These results suggest that the effects of statins may be 
specific to patients with less advanced CKD or more severe 
proteinuria. In support of this is the lack of effect of statin 
treatment in two randomized trials performed with patients 
on dialysis. Die Deutsche Diabetes Dialyse Studie (the 4D 
study), which enrolled only patients with type 2 diabetes, 
showed no significant reduction in cardiovascular events 
(RR, 0.92; 95% CI, 0.77 to 1.10).262 Similarly, the A Study to 
Evaluate the Use of Rosuvastatin in Subjects on Regular 
Hemodialysis: An Assessment of Survival and Cardiovascular 
Events (AURORA) trial demonstrated effective reduction in 
serum cholesterol (as did the 4D study), but there was no 
reduction in the composite primary end point of death from 
cardiovascular causes, nonfatal myocardial infarction, or 
nonfatal stroke.263

The Study of Heart and Renal Protection (SHARP), the 
largest CKD-specific trial to date, involved 9438 participants 
aged 40 or older with CKD (3191 of whom were dialysis 
dependent) recruited from 380 hospitals in 18 countries. 
Participants were randomly assigned to receive either 
cholesterol-lowering therapy with ezetimibe, 10 mg daily, 
and simvastatin, 20 mg daily or placebo, for an average of 5 
years. In the treatment group, LDL cholesterol was lowered 
by a mean of 32% from baseline, and this lowering was 
associated with a 17% reduction in the relative risk of major 
atherosclerotic events.264 Lipid-lowering therapy was not, 
however, associated with any reduction in the incidence of 
ESKD.265 Pending the results of further trials in patients with 
CKD, these data support a policy of active dietary and drug 
intervention to correct dyslipidemia in patients with earlier 
stages of CKD to the levels recommended for other patients 
at high cardiovascular risk (LDL cholesterol level < 100 mg/
dL [<2.6 mmol/L]).

revealed a lower incidence of serum creatinine doubling or 
ESKD in the subjects who received ACE inhibitors plus 
calcium channel blockers.245 However, commentators have 
pointed out that this outcome was largely driven by the 
serum creatinine doubling component of the end point, 
which in turn was attributable to an initial increase in GFR 
in the subjects who took ACE inhibitors plus calcium 
channel blockers, in contrast to an initial decline in GFR in 
the subjects who took ACE inhibitors plus thiazide. The 
subsequent rates of decline in GFR were similar between the 
groups.246

These data accord well with observational studies in 
which the proportion of patients continuing ARB treatment 
was larger than those taking other agents.247-250 In these 
studies, the next highest rate of persistence was observed 
with ACE inhibitors. In a large U.K.-based study of 109,454 
patients, the overall rate of antihypertensive drug discon-
tinuation was 20.3% at 6 months and 28.5% at 1 year. The 
median time to discontinuation of antihypertensive class 
was longest for ARBs (2.90 years), followed by ACE inhibi-
tors (2.24 years), calcium channel blockers (1.86 years), 
β-blockers (1.50 years), thiazides (1.50 years), α-antagonists 
(1.35 years), potassium-sparing diuretics (0.40 year), and 
miscellaneous (0.39 year). One-year discontinuation rates 
ranged from 29.4% (95% CI, 28.0 to 30.7) for ARBs to 
64.1% (95% CI, 62.1 to 66.3) for potassium-sparing diuret-
ics.250 Of importance is that patients with CKD have a sig-
nificant medication “burden”; most investigators have noted 
a median of more than three antihypertensive agents. This, 
coupled with the higher blood pressure that patients with 
CKD experience, is a major factor contributing to the lack 
of control of blood pressure that has been documented in 
population-based studies.251

TREATMENT OF DYSLIPIDEMIA

CKD is commonly associated with abnormalities of plasma 
lipids characterized by elevated levels of the triglyceride-rich 
low-density lipoprotein (LDL) and very low-density lipopro-
tein and by reduced levels of high-density lipoprotein.252 In 
addition to increasing the risk of cardiovascular disease in 
patients with CKD, these lipid abnormalities may also accel-
erate the progression of CKD. In the MDRD study, low 
serum level of high-density lipoprotein cholesterol was an 
independent predictor of more rapid decline in GFR199; in 
another study, elevated levels of triglyceride-rich apolipo-
protein B were correlated significantly with the rate of dete-
rioration of kidney function.253 Hypercholesterolemia has 
been associated with more rapid progression among patients 
with diabetic CKD126,254,255 and nondiabetic CKD.256

Early clinical intervention studies demonstrated conflict-
ing results regarding whether statin treatment resulted in a 
reduction in proteinuria.257,258 According to a meta-analysis 
of 15 placebo-controlled trials in which the effect of statins 
on proteinuria were specifically examined, there was an 
overall beneficial effect among 440 patients with urine 
albumin levels of 30 mg/day or higher.259 In relation to 
placebo, there was a 48% reduction in urine albumin levels 
with statins, an effect noted with or without concurrent 
RAAS inhibition. The Prospective Pravastatin Pooling 
project combined data from three trials in which pravastatin 
was compared with placebo: Cholesterol and Recurrent 
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risks of myocardial infarction (RR, 1.21; P = 0.01) and 
cardiac events (RR, 1.08; P < 0.01) in the whole cohort of 
28,320 patients on dialysis, as well as in a subgroup with 
previous coronary artery disease. There was no increase in 
gastrointestinal bleeding.

Chan and colleagues271 reviewed the association of mor-
tality with use of warfarin, clopidogrel, or aspirin, or a com-
bination of these, in 41,425 patients with incident disease 
who were on hemodialysis. All agents were associated with 
increased mortality rates, but this observation should be 
interpreted with caution because this study was observa-
tional and there was probably substantial confounding by 
indication for therapy despite various maneuvers to adjust 
for this.

These studies further reflect the need for randomized 
trials to determine definitively the risk and benefit of these 
medications. The uncertainty translates into a wide variation 
in the use of aspirin in dialysis patients: from 8% of Japanese 
patients to 41% of Australian/New Zealand patients. Bleed-
ing rates in patients on dialysis are hard to associate with 
aspirin directly, but in one detailed review of 255 patients 
on hemodialysis, an overall incidence of major bleeding 
episodes was reported to be 2.5% per person per year. The 
incidence was increased among patients administered war-
farin (3.1% per person-year), aspirin (4.4%), and the com-
bination of aspirin plus warfarin (6.3%).272 Further RCTs 
are needed to assess the safety and efficacy of aspirin treat-
ment in patients with CKD.

Clopidogrel is an alternative treatment with an effect 
similar to that of aspirin in patients with ischemic cerebro-
vascular disease. The side effect profile of clopidogrel is 
more favorable than that of aspirin, with a lower frequency 
of gastric upset or gastrointestinal bleeding. This makes it a 
potentially attractive alternative for patients with CKD, who 
may be regarded as being higher risk for bleeding episodes 
than is the general population. However, a post hoc analysis 
of results of the Clopidogrel for the Reduction of Events 
During Observation (CREDO) trial suggests that this benefit 
was lost in patients with mild CKD (eGFR = 60 to 89 mL/
min) and moderate CKD (eGFR < 60 mL/min) in compari-
son with those with normal GFR.273 Bleeding risk was similar 
across the three groups.

More recently, a post hoc analysis of results of the Clopi-
dogrel for High Atherothrombotic Risk and Ischemic Stabi-
lization, Management, and Avoidance (CHARISMA) trial 
showed that clopidogrel might actually be more harmful 
than placebo (increased cardiovascular and overall mortal-
ity) in patients with diabetic nephropathy; this finding rein-
forces the need for additional studies to investigate this 
possible interaction.274 Because of the higher rates of mor-
tality in the cross-sectional dialysis study mentioned previ-
ously,271 it is apparent that the use of clopidogrel, like that 
of aspirin, should be evaluated in RCTs in patients with 
CKD. Such evaluation may be considered more pressing in 
view of the results of the Dialysis Access Consortium (DAC) 
Fistula study,275 which suggested that clopidogrel might 
increase the likelihood of short-term patency of arteriove-
nous fistulas, a high priority for patients and providers.

In summary, there is a shortage of RCTs concerning the 
efficacy and safety of interventions to reduce risk of cardio-
vascular disease in patients with CKD. Available evidence 
supports recommendations that patients with CKD should 

ANTIPLATELET THERAPY

Aspirin used in dosages of 75 to 150 mg/day produces sta-
tistically significant and clinically important reductions 
(22% relative risk reduction) in the risk of subsequent myo-
cardial infarction, stroke, and vascular death in many 
patients who have survived an occlusive cardiovascular 
disease event (secondary prevention).266 Many commenta-
tors have correctly asserted that the risk of cardiovascular 
events in patients with stages 3 to 5 CKD is so high that such 
patients should be considered to be in the highest risk cat-
egory (i.e., a CHD equivalent).267 Nevertheless, because 
results of studies have cast doubt on the role of aspirin in 
primary prevention of cardiovascular events in patients with 
diabetes—in whom the assumption was that the benefits 
must outweigh risks—it has become important to establish 
the role of aspirin in primary prevention in patients with 
CKD.268 There are, however, only limited data regarding the 
benefits and risks of aspirin in patients with CKD.

Inconsistent findings have been noted in post hoc analy-
ses and in retrospective studies. In a secondary analysis of 
the Hypertension Optimal Treatment (HOT) trial, in which 
patients with diastolic hypertension were randomly assigned 
to receive aspirin or placebo, the benefit afforded by aspirin 
was significantly greater for subjects with low eGFR.269 Risk 
reductions for major cardiovascular events were 9% (HR, 
0.91; 95% CI, 0.76 to 1.09) for patients whose eGFR was 
higher than 60 mL/min/1.73 m2; 15% (HR, 0.85; 95% CI, 
0.61 to 1.17) for those whose eGFR was 45 to 60 mL/
min/1.73 m2; and 66% (HR, 0.34; 95% CI, 0.17 to 0.67) for 
those whose eGFR was lower than 45 mL/min/1.73 m2 (for 
the interaction, P = 0.03). Risk reductions for mortality also 
increased with decreasing eGFR: 0% (95% CI, −20% to 
17%) for patients whose eGFR was higher than 60 mL/
min/1.73 m2; 11% (95% CI, −31% to 40%) for patients 
whose eGFR was 45 to 60 mL/min/1.73 m2; and 49% (95% 
CI, 6% to 73%) for patients whose eGFR was lower than 
45 mL/min/1.73 m2 (for the trend, P = 0.04). The inci-
dence of adverse events was also related to GFR and there 
was a nonsignificant trend toward a greater risk of major 
bleeding with lower eGFR: HR, 1.52 (95% CI, 1.11 to 2.08) 
for patients whose eGFR was higher than 60 mL/
min/1.73 m2; HR, 1.70 (95% CI, 0.74 to 3.88) for patients 
whose eGFR was 45 to 60 mL/min/1.73 m2; and HR, 2.81 
(95% CI, 0.92 to 8.84) for patients whose eGFR was lower 
than 45 mL/min/1.73 m2 (for the trend, P = 0.30). Among 
patients whose eGFR was less than 45 mL/min/1.73 m2, the 
risks versus benefits were such that for every 1000 people 
treated for 3.8 years, 76 major cardiovascular events and 54 
all-cause deaths would be prevented, but 27 excess major 
bleeding episodes would occur.

In the first U.K. Heart and Renal Protection (UK-HARP-
1) study, patients with CKD were randomly assigned to 
receive 1 year of treatment with aspirin, 100 mg/day, or 
placebo, primarily to assess safety. There was no difference 
in risk of major bleeding between the groups (2% vs. 3%, 
respectively) but aspirin treatment was associated with a 
threefold excess of minor bleeding episodes (15% vs. 5%; 
P = 0.001).270 A retrospective observational analysis from the 
Dialysis Outcomes and Practice Patterns Study (DOPPS) 
reported that aspirin treatment was associated with a 
decreased risk of stroke (RR, 0.82; P < 0.01) but increased 
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described in patients on dialysis.277 In addition, anemia may 
influence the progression of CKD. The effects of anemia on 
glomerular hemodynamics have been studied in various rat 
models of CKD.278 In each of these models, anemia was 
associated with a reduction in hydraulic pressure in the 
glomerular capillaries (PGC) and amelioration of glomeru-
losclerosis. In contrast, prevention of anemia in the remnant 
kidney model by administration of erythropoietin resulted 
in increased systemic and glomerular blood pressures and 
markedly increased glomerulosclerosis (see Chapter 52 for 
more detailed discussion).

Despite the apparently favorable hemodynamic effects of 
anemia in experimental models of CKD, some human 
studies suggest that anemia may in fact accelerate CKD 
progression. In patients with inherited hemoglobinopa-
thies, chronic anemia is associated with glomerular hyper-
filtration that eventuates in proteinuria, hypertension, and 
ESKD.279 In several longitudinal studies, lower hemoglobin 
value was identified as a risk factor for CKD progression280,281 
and ESKD.282 Whether this reflects more severe occult 
kidney disease in patients with lower hemoglobin values or 
more rapid progression secondary to low hemoglobin value 
and oxygen carriage per se is unclear.

Two small randomized studies revealed renoprotective 
benefit when anemia was corrected with erythropoietin.283,284 
On the other hand, enthusiasm for the normalization of 
hemoglobin has been tempered by the results of several 
large RCTs that revealed no benefit or adverse effects. In 
two studies in which effect on left ventricular mass was the 
primary end point, as well as the Trial to Reduce Cardiovas-
cular Events with Aranesp Therapy (TREAT),285 there was 
no effect of higher versus lower hemoglobin target on rate 
of decline in GFR.286,287 Moreover, in the Cardiovascular Risk 
Reduction by Early Anemia Treatment with Epoetin Beta 
(CREATE) study, achievement of a higher hemoglobin 
target (13 to 15 mg/dL) was associated with a shorter time 
to initiation of dialysis than was achievement of the lower 
target (10.5 to 11.5 mg/dL).288 Further concern was pro-
voked by serious adverse effects associated with higher 
hemoglobin targets, including increased rate of mortality289 
and increased risk of stroke.285 Current KDIGO recommen-
dations are therefore to treat symptomatic anemia in CKD 
with erythropoietin or iron supplementation, or both, to 
partially correct the hemoglobin and achieve a range of 10 
to 11.5 mg/dL.290 Hemoglobin value should not exceed 
13 g/dL.290 The pathogenesis and treatment of anemia in 
CKD are discussed further in Chapter 57.

MINERAL AND BONE DISORDER

Numerous cohort studies have shown strong associations 
between disorders of mineral metabolism and fractures, car-
diovascular disease, and mortality (reviewed by the KDIGO 
CKD-MBD work group291) (see also Chapter 55). A number 
of caveats are relevant here. Most of the studies describing 
observational data and relationships between individual 
parameters and clinical outcomes have been performed in 
dialysis populations. The limited data regarding the preva-
lence of biochemical and hormonal abnormalities in stages 
3 to 5 CKD often do not include analyses by primary disease, 
which can influence the natural history of mineral and bone 
disorder. Furthermore, the studies are often based on data 

stop smoking, achieve excellent blood pressure control (but 
avoid an SBP less than 120 mm Hg), and receive statin 
therapy for dyslipidemia. The results of the SHARP study 
suggest that all patients with CKD may benefit from lipid-
lowering therapy. Further RCTs are required to determine 
the relative safety and efficacy of aspirin and other platelet 
inhibitors.

The benefit of a combined approach to minimizing car-
diovascular risk through multiple interventions was also 
shown in the Steno study, in which patients with type 2 dia-
betes and microalbuminuria were randomly assigned to 
receive an intensive program of cardiovascular risk reduc-
tion (blood pressure control to <130/80 mm Hg, RAAS 
inhibitors for all, total cholesterol controlled to <5 mmol/L, 
aspirin for those with a history of cardiovascular disease, 
smoking cessation, dietary advice to reduce fat intake, 
regular exercise, vitamin supplements) or to receive stan-
dard therapy. After a mean of almost 8 years’ follow-up, 
patients who received intensive management evidenced a 
53% reduction in the incidence of major cardiovascular 
events (HR, 0.47; 95% CI, 0.24 to 0.73), as well as significant 
reductions in the incidence of nephropathy (HR, 0.39; 95% 
CI, 0.17 to 0.87), retinopathy (HR, 0.42; 95% CI, 0.21 to 
0.86), and autonomic neuropathy (HR, 0.37; 95% CI, 0.18 
to 0.79).218 This benefit persisted after the trial had been 
completed, and it translated into a 46% reduction in all-
cause mortality (HR, 0.54; 95% CI, 0.32 to 0.89; P = 0.02), 
a 57% reduction in risk of death from cardiovascular causes 
(HR, 0.43; 95% CI, 0.19 to 0.94; P = 0.04), and a 59% reduc-
tion in risk of all major cardiovascular events (HR, 0.41; 95% 
CI, 0.25 to 0.67; P < 0.001) in the patients who had originally 
received intensive intervention more than 13 years later.216 
The mechanisms that contribute to the pathogenesis of 
cardiovascular disease in patients with CKD as well as man-
agement are discussed in greater detail in Chapter 56.

INTERVENTIONS TO MANAGE 
COMPLICATIONS OF CHRONIC  
KIDNEY DISEASE

ANEMIA

The anemia of CKD results principally from reduced renal 
erythropoietin production (a presumed reflection of the 
reduction in functioning renal mass) and, to a lesser  
degree, from shortened red blood cell survival and func-
tional iron deficiency. Anemia—defined as a hemoglobin 
count lower than 13 g/dL in men and lower than 12 g/dL 
in women3—can develop well before the onset of uremic 
symptoms. Among over 15,000 participants in the Third 
National Health and Nutrition Examination Survey 
(NHANES III), the prevalence of anemia increased from 
1% at an eGFR of 60 mL/min/1.73 m2 to 9% at an eGFR 
of 30 mL/min/1.73 m2 and to 33% to 67% at an eGFR of 
15 mL/min/1.73 m2.276

If left untreated, the anemia of CKD is associated with 
several adverse effects. These include deterioration in 
cardiac function, decreased cognition and mental acuity, 
and fatigue. In cross-sectional studies, associations between 
anemia and an increased risk of morbidity and mortality, 
caused principally by cardiac disease and stroke, have been 
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reported to reduce albuminuria in patients with diabetic 
nephropathy already receiving treatment with an ACE 
inhibitor or an ARB,299 but further studies are needed to 
investigate the renoprotective potential of vitamin D thera-
pies. Detailed discussion of the pathogenesis and treatment 
of mineral and bone disorder in CKD, which is beyond the 
scope of this chapter, is presented in Chapters 55 and 63.

A STEPPED CARE APPROACH TO 
CHRONIC KIDNEY DISEASE

For a summary of the stepped care approach, see Table 62.1.

STAGES 1 AND 2

At these stages of CKD, the diagnosis is based on the pres-
ence of albuminuria, hematuria or structural kidney disease, 
and an eGFR above 60 mL/min/1.73 m2. Stage 1 disease is 
defined by a GFR greater than 90 mL/min/1.73 m2 (5.7% 
of the total U.S. population) and stage 2 by a GFR between 
60 and 89 mL/min/1.73 m2 (5.4% of the U.S. popula-
tion).300 These statistics indicate that CKD of all stages 
affected an estimated 16.8% of adults aged 20 years during 
the period 1999 to 2004, an increase from the recalculated 
NHANES III (1988 to 1994) estimate of 14.5%.301

Patients with stages 1 and 2 disease do not have specific 
symptoms or complications of renal failure such as renal 
anemia or metabolic renal or bone disease. Patients with 
symptoms may have a multisystem disease with secondary 
glomerular or interstitial disease (see Chapters 33 and 36). 
The majority of patients with stages 1 and 2 CKD are 
detected by routine or health care insurance–mandated 
screening and are visiting primary care or other physicians; 
in many countries only a small proportion are ever evalu-
ated by a nephrologist. With increased access to radiologic 
imaging, more patients are now identified with structural 
abnormalities such as polycystic kidney disease or single 
kidney.

The emphasis at these early stages should be on identifi-
cation of specific renal diseases when present, appropriate 
referral to a nephrologist, and reduction of cardiovascular 
risk. A detailed family history is important because patients 
with a positive family history need more detailed investiga-
tion to allow early detection of inherited renal disease and, 
in particular, adult polycystic kidney disease. The following 
initial investigations are appropriate for assisting with risk 
assessment and for informing decisions about referral to a 
nephrologist or urologist (see also Chapters 25 and 26):

1. Estimation of urinary albumin or protein excretion  
is of paramount importance. We recommend a 
random measurement of ACR or PCR because it is 
quick to perform and the findings are predictive  
of outcomes as well as, if not better than, timed  
collections.18 Patients with a urine protein measure-
ment equivalent to 0.5 g/day (ACR, 300 mg/g or 
30 mg/mmol) should be referred for investigation by 
a nephrologist.3

2. Further urinalysis is needed to detect hematuria. For 
painless but visible hematuria, serious urologic 
causes—such as bladder, renal cell, and, less often, 

from referred populations, which probably differ from data 
from those not referred yet in terms of age; the major effects 
are on fracture and cardiovascular risk.

Changes in mineral metabolism and bone structure  
are detectable much earlier in CKD than had previously 
been considered. There is a slow decline in levels of 
1,25-dihydroxyvitamin D and 25-hydroxyvitamin D, starting 
once the GFR is in the range of 60 to 70 mL/min. 1,25- 
Dihydroxyvitamin D values were correlated positively  
with GFR and negatively with the log of plasma parathy-
roid hormone and serum phosphorus concentrations. The 
plasma parathyroid hormone concentration rises later in 
the progression of CKD but more exponentially when GFR 
falls below 45 mL/min/1.73 m2.292 Calcium and phospho-
rus values do not generally become abnormal until GFR falls 
below 40 mL/min/1.73 m2, and this occurs more com-
monly below 20 mL/min/1.73 m2.293

In the community-based Kidney Early Evaluation Program 
(KEEP) and NHANES cohorts, there is evidence that para-
thyroid hormone levels increased early in patients with stage 
3 CKD, typically while calcium and phosphorus levels 
remained normal.293,294 These findings highlight the impor-
tance of monitoring parathyroid hormone along with 
calcium and phosphorus in individuals with eGFR less than 
60 mL/min/1.73 m2. Investigators have also described an 
earlier biomarker of altered mineral and bone disorder in 
patients with CKD. Fibroblast growth factor 23 (FGF-23) 
regulates phosphorus metabolism and is associated with 
mortality in patients on dialysis.295 High levels of this growth 
factor, defined as being above 100 reference units (RU)/
mL, were more common than secondary hyperparathyroid-
ism and hyperphosphatemia at all levels of eGFR in a cohort 
of almost 4000 patients with stages 2 to 4 CKD.296 Further 
analysis in the same cohort identified elevated FGF-23 levels 
as an independent risk factor for progression to ESKD and 
mortality.297 However, testing for this early marker is not 
routinely available, and so we recommend monitoring 
according to the KDIGO guidelines.298

Thus, monitoring of serum levels of calcium, phosphorus, 
and parathyroid hormone and of alkaline phosphatase activ-
ity should begin in stage 3 CKD. Few patients with mineral 
and bone disorder in CKD develop symptomatic disease 
until they have stage 5 CKD; therefore, the main reason for 
monitoring is to implement early preventive treatment to 
suppress secondary hyperparathyroidism. In the majority of 
patients with CKD who do not require dialysis, treatment of 
mineral and bone disorder is based initially on dietary phos-
phate restriction, followed by oral phosphate binders in 
order to maintain phosphorus in the normal range, although 
there is no evidence from RCTs that this affects clinical 
outcomes.

In patients with stages 3 to 5 CKD who are not on dialysis, 
the optimal level of parathyroid hormone is unknown. 
However, it is suggested that patients with levels of intact 
parathyroid hormone above the upper normal limit of the 
assay be first evaluated for hyperphosphatemia, hypocalce-
mia, and vitamin D deficiency.1 If parathyroid hormone 
level is progressively rising and remains persistently above 
the upper limit of normal for the assay despite correction 
of modifiable factors, we suggest treatment with calcitriol or 
vitamin D analogs (once phosphate is under control). Treat-
ment with the vitamin D analog paricalcitol has been 
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remain undetected until GFR declines) and because many 
of the complications start to manifest once the GFR drops 
below 45 mL/min/1.73 m2. In addition, the rate of cardio-
vascular mortality increases substantially among patients 
with a GFR lower than 45 mL/min/1.73 m2.231,304 Some 
national guidelines and the KDIGO guidelines have there-
fore split this stage into two: 3A, defined by reduced GFR 
of 45 to 59 mL/min/1.73 m2, and 3B, defined by reduced 
GFR of 30 to 44 mL/min/1.73 m2.3,305,306 Stage 3 CKD may 
be appropriately managed by a collaboration of primary 
care with a nephrology service. The aims of management at 
this stage are to identify specific renal disease, correct revers-
ible causes of renal dysfunction, prevent or slow the progres-
sion of CKD, reduce cardiovascular risk, and treat the 
complications of CKD (usually in stage 3B CKD). Referral 
criteria are the same as for earlier stages of CKD, with the 
addition of anemia and mineral and bone disorder, which 
may necessitate specialist treatment. Monitoring of blood 
pressure, eGFR, and serum biochemistry profile, as well as 
complete blood cell count and evaluation for proteinuria, 
should be performed every 3 to 12 months, depending on 
risk profile and clinical circumstances (Table 62.5).

STAGE 4

Patients with stage 4 CKD have a high cumulative risk of 
cardiovascular death and progression to ESKD. Almost 66% 
of such patients experience either a renal or a cardiovascu-
lar event over the 5 years after diagnosis. In a population-
based study,232 the proportions of patients who needed RRT 
over the 5-year observation period were 1.1%, 1.3%, and 
19.9%, respectively, for stages 2, 3, and 4, and the respective 
mortality rates were 19.5%, 24.3%, and 45.7%. Not surpris-
ingly, patients with stage 4 disease often make up a large 
proportion of those attending outpatient nephrology clinics. 
Achieving renoprotection remains an important goal to 
delay the onset of RRT for as long as possible, as does mini-
mizing cardiovascular risk. Blood pressure, eGFR, and 
serum biochemistry profile, including level of parathyroid 
hormone as well as complete blood cell count, should be 
monitored every 3 to 6 months.

As the GFR declines to below 20 mL/min/1.73 m2, the 
focus should change to treating the complications of CKD 
and planning for RRT.307 Effective preparation for RRT 

prostatic cancers—must be confirmed or ruled out. 
Patients older than age 50, smokers, and those with a 
family history of renal tract malignancy need particu-
lar attention. They should generally be assessed by a 
urologist or nephrologist who has experience in 
screening for these conditions. Painless microscopic 
hematuria (nonvisible hematuria) is much more likely 
to be caused by glomerular disease, but referral to a 
urologist may be necessary to confirm or rule out 
renal tract malignancy in patients at increased risk.302 
There are several national guidelines for the investiga-
tion of hematuria.302,303 Initial blood tests include mea-
surements of creatinine, eGFR, urea, electrolytes (Na+, 
K+, HCO3

−,Cl−), bone and liver profiles, blood glucose, 
glycosylated hemoglobin, blood cell count, erythro-
cyte sedimentation rate, and (in men) prostate-specific 
antigen. Serologic screening for underlying myeloma, 
antineutrophil cytoplasmic antibody (ANCA)–associ-
ated vasculitis, anti–glomerular basement membrane 
disease, and systemic lupus erythematosus may be 
indicated, depending on symptoms and the results of 
other investigations.

3. Abdominal ultrasonography to exclude structural 
abnormalities and determine the bipolar diameter of 
the kidneys is indicated if urinalysis results are abnor-
mal, if there is a strong family history of CKD, or if there 
is significant hypertension. Asymmetry with regard to 
renal size may be suggestive of atherosclerotic renovas-
cular disease, and angiography (computed tomogra-
phy or magnetic resonance angiography) may therefore 
be helpful if this is suspected.

In general, patients with stages 1 and 2 CKD, who do not 
have a specific renal disease or significant proteinuria, 
require only annual monitoring of blood pressure, eGFR, 
and proteinuria. Those who develop an abrupt or sustained 
decline in GFR should be referred to a nephrologist for 
further investigation and optimization of therapy.3

STAGE 3

In stage 3 CKD, GFR is between 30 and 59 mL/min/1.73 m2. 
This is a significant stage because it represents the majority 
of patients in whom CKD is identified (stages 1 and 2 often 

Table 62.5  Recommended Frequency of Monitoring* by Stage of Chronic Kidney Disease

Variable Stage 1 and 2 Stage 3 Stage 4 Stage 5

GFR and electrolytes Every 12 months Every 3-12 months Every 3-6 months Every 1-3 months
Proteinuria with ACR or PCR testing Every 12 months Every 3-12 months Every 3-6 months Every 3-6 months
Blood pressure Each visit Each visit Each visit Each visit
Calcium and phosphate levels Every 12 months Every 12 months Every 3-6 months Every 3 months
Parathyroid hormone level — Every 12 months Every 3-6 months Every 3-6 months†

Hemoglobin Every 12 months Every 12 months Every 3-6 months Every 1-3 months†

*Monitoring should be individualized according to previous rate of GFR decline, risk assessment of future GFR decline (particularly high if 
heavy proteinuria, >1 g/day or equivalent), and current drug therapy.

†Monitoring of parathyroid hormone and anemia should depend on the previous results and specific treatment, if any, for these conditions. 
Stable values with no specific treatment require less monitoring as indicated.

ACR, Albumin to creatinine ratio; GFR, glomerular filtration rate; PCR, protein to creatinine ratio.
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mechanism is unclear, but this finding is consistent with the 
observed increased immunogenicity of other vaccinations 
after intradermal administration in patients with CKD and 
the rare cases of pure red blood cell aplasia after subcutane-
ous administration of recombinant erythropoietin.316,317

PREEMPTIVE RENAL TRANSPLANTATION
Assessment and preparation for possible renal transplanta-
tion should be undertaken before initiation of dialysis. The 
increase in death rates among waitlisted patients in com-
parison with transplant recipients is consistent although still 
debated in view of methodologic issues, such as lead-time 
bias and unmeasured differences confounding these analy-
ses.318 There are clear benefits to the recipients beyond the 
medical gains and significant economic drivers to planning 
more preemptive transplantation. Many countries and 
centers now permit donation and surgery when the recipi-
ent’s GFR is less than 15 to 20 mL/min/1.73 m2 and if renal 
function has decreased progressively over the previous 6 to 
12 months.319 The optimal timing of preemptive kidney 
transplantation remains unclear. Neither higher nor lower 
pretransplantation GFR appears to be associated with supe-
rior allograft survival.320

STAGE 5

Once GFR declines to below 15 mL/min/1.73 m2, priorities 
include maintaining optimal health and function as well as 
achieving a planned and uncomplicated initiation of RRT. 
If patients have been referred in a timely manner, prepara-
tion for RRT should already be complete, but ongoing psy-
chosocial support is often necessary as patients come to 
terms with the imminent need to start therapy. The optimal 
time to initiate RRT remains a topic of debate.321 A retro-
spective analysis of data from 896,546 patients commencing 
dialysis revealed a higher mortality rate among those com-
mencing dialysis “early” (GFR > 15 mL/min/1.73 m2) and 
a lower mortality rate among those commencing “late” 
(GFR < 5 mL/min/1.73 m2), although the authors con-
ceded that the results may have been affected by unac-
counted confounding and selection, as well as lead-time 
bias.322 In a landmark RCT, patients with stage 5 CKD were 
randomly assigned to “early” (GFR = 10 to 14 mL/
min/1.73 m2) or “late” (GFR = 5 to 7 mL/min/1.73 m2) 
initiation of dialysis. After a median of 3.59 years of follow-up, 
there was no difference in rate of survival or adverse events 
(cardiovascular events, infections, or complications of dialy-
sis) between the groups.323

We therefore recommend that the initiation of RRT 
should be individualized but in general should occur when 
the GFR falls below 10 mL/min/1.73 m2 but before signifi-
cant uremic symptoms or malnutrition occurs. In order to 
facilitate this timing, the frequency of monitoring of GFR, 
serum biochemistry, and hemoglobin, together with clinical 
assessment, should increase to every 1 to 3 months. Patients 
who decline RRT should continue to be treated for compli-
cations of CKD to optimize their quality of life and, if neces-
sary, be referred to a palliative care service to allow adequate 
planning of their care once they develop symptomatic 
uremia.

Complete reference list available at ExpertConsult.com.

requires input from multiple staff disciplines (medical, 
nursing, pharmacy, dietetics, psychology, and social work) 
and is best delivered in a multidisciplinary clinic. There is 
emerging evidence that patients prefer this approach to 
preparation and that such clinics are associated with better 
outcomes, at least in observational studies.308,309

It is clear that late referral (less than 3 months before 
initiation of dialysis) for dialysis preparation is associated 
with significantly higher rates of mortality7 and lower quality 
of life.310 Results of a Canadian study also indicated that 
even when referral was appropriately timed, there was a 53% 
higher rate of reaching the composite end point of death, 
need for transfusion, or subsequent hospitalization in those 
without an optimal start to RRT.311

The need for timely preparation for dialysis is clear and 
is emphasized in the majority of national guidelines. 
However, not all patients with stage 4 CKD progress to stage 
5, and unnecessary preparation may do harm. Patients with 
stage 4 CKD should therefore undergo a formal assessment 
of their risk of progression to ESKD (see the “Stratifying 
Risk in Patients with Chronic Kidney Disease” section under 
“Kidney Disease: Caveats and Implications for Stepped 
Care”). Preparation for initiation of dialysis requires multi-
ple interventions to deal with both medical and psychosocial 
aspects. Patients require adequate counseling to assist them 
in the choice of dialysis modality and in coping with the 
psychosocial effects of starting dialysis. Elderly patients are 
often more accepting of dialysis than are younger patients, 
who may still be working or have family commitments. One 
large U.S. study confirmed that social support is important 
for patients on hemodialysis and peritoneal dialysis in terms 
of greater satisfaction, higher quality of life, and fewer hos-
pitalizations.312 Timely formation of vascular access, ideally 
a forearm arteriovenous fistula, is important to allow ade-
quate maturation, modification if necessary, and repeat 
surgery in case of primary site failure. Peritoneal catheter 
insertion requires less maturation time but should be per-
formed early enough to allow time for adequate training for 
peritoneal dialysis. See Chapters 65, 66, and 70 for further 
discussion of preparation for dialysis and vascular access.

HEPATITIS B VACCINATION
Patients on hemodialysis have a small but significantly 
increased risk of exposure to hepatitis B and other blood-
borne viruses. Severe outbreaks of hepatitis B in hemodialy-
sis units have resulted in considerable morbidity and even 
mortality among susceptible patients and staff. Therefore, 
patients with CKD in whom dialysis is anticipated should be 
screened for hepatitis B and C, as well as human immuno-
deficiency virus (HIV) infection. Patients who are seronega-
tive for hepatitis B surface antigen and hepatitis B surface 
antibody should be immunized and their antibody levels 
measured after vaccination. Because seroconversion rates 
decrease with GFR,313 immunization should ideally occur in 
stage 3 in patients with a high risk of progression; however, 
in view of the large number of patients and lack of precision 
in predicting outcomes, it is usually delayed until stage 4. 
Seroconversion rates are low once dialysis has commenced, 
particularly in elderly patients.314 Results of a meta-analysis 
of 12 studies indicated that increased seroconversion 
rates can be achieved by administering multiple doses of 
vaccine and preferably by the intradermal route.315 The 
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MULTISYSTEM ABNORMALITIES 
UNDERLYING THE PATHOGENESIS OF 
DISORDERED MINERAL METABOLISM

Overviews of the physiology and pathophysiology of disor-
dered mineral metabolism in chronic kidney disease (CKD) 
have been presented elsewhere (see Chapters 19 and 55). 
Abnormalities in mineral homeostasis occur early in CKD 
(Figure 63.1). CKD results in reduced clearance of  
phosphate and abnormalities in hormonal and cytokine 
pathways that lead to disturbances in mineral metabolism, 
including hypocalcemia, hyperphosphatemia, hyperpara-
thyroidism, elevated circulating fibroblast growth factor  
23 (FGF-23) concentrations, and reductions in 25-hydroxyvi-
tamin D (25[OH]D) and 1,25 dihydroxyvitamin D (1,25 
[OH]2D3) concentrations. Increases in circulating levels of 
parathyroid hormone (PTH), a key calcemic and phospha-
turic hormone, and FGF-23, another phosphaturic hormone 
that suppresses 1,25(OH)2D production, are early adaptive 
responses in the course of CKD. Simplistically, loss of kidney 
function results in a positive phosphate balance and adap-
tive increments in FGF-23, leading to enhanced renal phos-
phate excretion and suppression of 1,25(OH)2D3, which 
limits gastrointestinal calcium and phosphate absorption.1 
The negative calcium balance in turn leads to secondary 

increments in PTH, which attempts to increase serum 
calcium level and further enhance phosphate excretion2 
(see Figure 63.1). Thus both PTH and FGF-23 have phos-
phaturic actions. PTH and FGF-23 have opposite effects on 
the activity of cytochrome P450 enzymes 27B1 and 24A1 
(CYP27B1 and CYP24A1). Parathyroid hormone stimulates 
the production of 1,25(OH)2D3 and inhibits its degradation, 
whereas FGF-23 inhibits 1,25(OH)2D3 production3-5 and 
increases its degradation.4

Both FGF-23 and PTH increase progressively in an effort 
to maintain normal calcium and phosphorus levels and 
balance, unless treatment is initiated, and contribute to the 
abnormalities in bone and vitamin D metabolism observed 
in CKD.1,6,7 The clinical hallmarks of disordered mineral 
metabolism in CKD are the following: (1) parathyroid gland 
disease, which manifests initially by increased secretion of 
PTH (i.e., secondary hyperparathyroidism), but chronically 
by the insidious hyperplasia that can lead to autonomous 
gland function and tertiary hyperparathyroidism; (2) meta-
bolic bone disease, ranging from high- to low-turnover  
states and impaired mineralization; (3) additional hormonal 
abnormalities, including elevated FGF-23 and decreased 
25(OH)D and 1,25(OH)2D3 concentrations; (4) extraskele-
tal calcification; (5) derangements of immune and cardio-
vascular functions; and (6) activation of the oxidative stress 
response pathways that are associated with these myriad 
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GUIDING THERAPEUTIC PRINCIPLES

When viewed from the physiologic perspective of restoring 
phosphate, calcium, and vitamin D homeostasis in CKD, 
there are three major classes of drugs used to manage CKD-
MBD. These include phosphate-binding agents, vitamin D 
analogs, and calcimimetic agents. Treatments are directed 
toward specific molecular targets (Table 63.1).16,17 Vitamin 
D sterols and calcimimetic agents thus interact with  
the vitamin D receptor (VDR) and the calcium-sensing 
receptor (CaSR), respectively, to elicit predictable biologic 
responses.16,17 Other therapeutic measures, such as phos-
phate-binding agents and oral calcium supplements, are less 
specific, and they affect mineral metabolism more broadly 
with divergent biologic effects, some of which are adverse 
(see Table 63.1). To a considerable extent, the safety and 
efficacy of strategies to manage bone disease and mineral 
metabolism among patients with CKD are determined not 
only by their therapeutic specificity but also by the fre-
quency and severity of untoward side effects. Table 63.1 
summarizes the differences among the various therapeutic 
agents. Disordered mineral metabolism in CKD cannot be 
cured, short of successful kidney transplantation, but it can 
be managed, through successful pharmacologic treatments 
that target multiple components of the disorder pathways. 
Drug combinations are typically needed to manage the mul-
tiple abnormalities of CKD-MBD, including concomitant 
administration of phosphate binders, vitamin D analogs, 
calcium, and calcimimetics.

Ideally, therapeutic decisions should be based on evi-
dence derived from prospective, randomized controlled 
trials. At present, critical trials comparing the different  
treatment paradigms involving various combinations of 
phosphate binders, vitamin D analogs, calcimimetic agents, 
and frequency and duration of dialysis are limited. There 
are prospective trials comparing different phosphate binders 
and other randomized studies comparing use of high-dose 
vitamin D analogs to regimens using cinacalcet and low-dose 
vitamin D analogs. These studies are insufficient to reach a 
consensus on the optimal treatment strategies. Several clini-
cal observations, however, have established important 
guiding concepts that can be used to make predictions 
about therapy with vitamin D analogs, phosphate binders, 
and calcimimetics.

There is also a general agreement that bone disease,  
vascular calcifications, and mortality are interconnected. 
There is a U-shaped relationship between bone remodeling 
and serum calcium and phosphate levels related to the 
ability of remodeling bone to buffer calcium and phosphate 
loads, on the one hand, and release calcium and phosphate, 
on the other. Consequently, low bone remodeling states  
that occur in adynamic bone disease result in the inability 
to tolerate calcium loads. In this regard, patients with  
adynamic bone disease have a higher prevalence of vascular 
calcifications. Conversely, high bone remodeling states, as 
occur in osteitis fibrosa cystica caused by high PTH levels, 
can lead to a bone-mediated increase in serum calcium  
and phosphate levels. In this setting, parathyroidectomy or 
use of calcimimetic agents can lower the serum calcium  
and phosphate concentrations. Although the ability to  
accurately diagnose adynamic bone disease is lacking, 
patients with low bone mineral density, evidence of vascular 

Figure 63.1  Alterations  in  serum  fibroblast  growth  factor  23 
(FGF-23),  parathyroid  hormone  (PTH),  1,25-dihydroxyvitamin  D 
(1,25[OH]2D3), calcium, and phosphorus as a function of chronic kidney 
disease  (CKD)  stage.  Results  represent  a  theoretical  time  course 
derived from cross-sectional studies in humans and serial analysis in 
animal models of CKD. (Adapted from Martinez I, Saracho R, Montene-
gro J, et al: The importance of dietary calcium and phosphorus in the 
secondary hyperparathyroidism of patients with early renal failure. Am J 
Kidney Dis 29:496-502, 1997.)
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metabolic, inflammatory, and mineral homeostatic disor-
ders.8,9 CKD-mineral bone disorder (CKD-MBD) has been pro-
posed as a term to describe this complex pathologic 
spectrum.10

The initial adaptive increments in FGF-23 and PTH levels 
become maladaptive as the CKD progresses. Increments in 
FGF-23 level are associated with greater severity of hyper-
parathyroidism,11 progression of CKD,12 and increased mor-
tality in end-stage kidney disease (ESKD).13 Increments in 
PTH are also associated with increased mortality (levels  
> 600 pg/mL), metabolic bone disease (high-turnover 
renal osteodystrophy), and fractures and reflect progres-
sive disease of the parathyroid glands because of hypertro-
phy and hyperplasia, ultimately leading to adenomatous 
transformation and in some individuals, so-called tertiary 
hyperparathyroidism requiring parathyroidectomy. Hyper-
phosphatemia and hypocalcemia develop late in stage 5 
CKD (see Figure 63.1), when these adaptive mechanisms are 
inadequate to compensate for the loss of kidney function, 
with ensuing positive phosphate balance and extraskeletal 
calcifications. Several reports have linked disturbances in 
phosphorus metabolism to adverse clinical outcomes, 
including cardiovascular disease and death among patients 
undergoing maintenance dialysis.14,15

Complex and poorly understood pathogenic pathways 
link disordered vitamin D and mineral metabolism, cardio-
vascular disease, inflammation, and oxidative stress in CKD. 
The primary focus of this chapter is to review the therapeu-
tic options for managing these disorders among patients 
with CKD, which currently focus predominantly on correct-
ing the abnormal phosphate and vitamin D homeostasis, 
and to discuss the specific objectives of treatment, including 
their benefits and risks.
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transport in the intestine, although antibodies and drugs  
to block the intestinal phosphate transporter are being 
explored. Niacin (nicotinic acid) and its metabolite nicotin-
amide, which have been shown to inhibit intestinal phos-
phate transport via inhibition of the NaPi-IIb transporter in 
animal models, have been shown to reduce serum phos-
phate levels, increase high-density lipoprotein levels, and 
induce thrombocytopenia in patients undergoing hemodi-
alysis.26 The magnitude of the effect of niacin or nicotin-
amide on serum phosphate concentrations is small. In 
addition, tenapanor, which inhibits intestinal Na+-H+-
exchanger isoform 3 (NHE3), reduces serum phosphate 
concentrations through mechanisms that remain to be 
established.27 Therefore phosphate-binding agents, which 
diminish intestinal phosphate absorption by forming poorly 
soluble complexes with phosphorus in the intestinal lumen, 
are the mainstay of therapy.

Prevention of a positive phosphate balance by the use of 
drugs that bind to and prevent the absorption of dietary 
phosphorus remains a major goal of therapy in CKD, 
although the optimal type of phosphate binder remains 
controversial. Phosphate binders are most effective when 
ingested with meals to permit admixture with foods and to 
optimize phosphorus binding. Phosphate binders are used 
in combination with dietary phosphate restriction, the latter 
of which is difficult, given the variable bioavailability of 
phosphate in foods.28 Studies have confirmed the efficacy of 
phosphate binders to reduce serum phosphorus concentra-
tions in CKD, but when data from multiple phosphate 
binders were pooled in one pilot trial, active therapy with 
phosphate binders (compared to placebo) increased  
vascular calcification and did not decrease serum FGF-23 
level.29 All phosphate binders may have the capacity to 
increase calcium absorption by increasing the bioavailability 
of diffusible calcium in the gastrointestinal tract, which is 
greater with the use of calcium-containing binders and con-
comitant treatment with active vitamin D analogs. Meta-
analyses also found no difference in coronary artery calcium 

calcifications, underlying diabetes mellitus, or serum 
calcium concentrations that are increased without treat-
ment, and low PTH concentrations may be at risk from 
calcium-based binders.

There is a general consensus that hyperphosphatemia 
must be treated because elevations of serum phosphorus 
level are associated with decreased survival.18,19 The mecha-
nisms responsible for the excess in cardiovascular disease 
associated with hyperphosphatemia are not understood 
fully, but they may involve the process of vascular calci-
fication, which is quite common among patients with  
CKD, and/or linkage between elevated phosphate levels 
and FGF-23 and inflammation.9,20 The concept that high 
dietary phosphorus intake and hyperphosphatemia in CKD 
increases mortality has been further validated and extended 
to persons without CKD, where phosphate intake exceeding 
1400 mg/day is associated with increased mortality.21 
New ideas supporting a role of calciproteins, consisting of 
calcium-phosphate crystals bound to fetuin A,22 and the 
propensity of serum to promote formation of calciproteins 
provide new mechanisms whereby hyperphosphatemia stim-
ulates vascular calcifications and inflammatory responses in 
CKD.23

GASTROINTESTINAL  
PHOSPHATE-BINDING AGENTS

Phosphate is absorbed in the small intestines by passive  
diffusion and by active transport mediated by the sodium-
dependent phosphate transporter NaPi-IIb. Intestinal phos-
phate absorption is potently stimulated by 1,25(OH)2D3,24 
and concurrent treatment with vitamin D analogs con-
founds the management of hyperphosphatemia in ESKD.25 
The ability to restrict dietary phosphate is limited to approx-
imately 900 mg/day to provide adequate protein and nutri-
tion; such restriction is difficult to achieve because of low 
adherence. Presently there are no approved agents to 
inhibit either the passive or active transepithelial phosphate 

Table 63.1 Therapeutic Interventions for Treating Chronic Kidney Disease–Mineral Bone Disorder

Effects on Serum Biochemistries

Agent Target PTH FGF-23 Calcium Phosphorus Cost Risk

Calcium-based binders
Calcium carbonate Lowest Hypercalcemia
Calcium acetate Low Vascular calcifications
Calcium-free binders
Sevelamer HCl Intestinal High Acidosis

Phosphate GI intolerance
Sevelamer carbonate Absorption High GI intolerance
Lanthanum carbonate High Lanthanum retention*
Aluminum hydroxide Low Aluminum retention
Aluminum carbonate
Vitamin D sterols† VDR High Hypercalcemia
Cinacalcet HCl CaSR Highest Hypocalcemia

Nausea/vomiting

*No toxicities have been demonstrated.
†Vitamin D sterols, calcitriol, paricalcitol, and so on.
CaSR, Calcium-sensing receptor; FGF-23, fibroblastic growth factor 23; GI, gastrointestinal; PTH, parathyroid hormone; VDR, vitamin D 

receptor.
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calcium as a phosphate-binding agent has been associated 
with evidence of soft tissue and vascular calcification among 
patients undergoing long-term dialysis.38-40 Calcium binder 
use may also be a risk factor for the syndrome of calciphy-
laxis and for progressive vascular calcification among 
patients receiving maintenance dialysis.41,42 Treatment with 
calcium-containing compounds in patients with adynamic 
renal osteodystrophy (which is characterized by abnormally 
low bone remodeling rates) may be problematic because of 
the more limited buffering capacity. However, the continu-
ous administration of large amounts of calcium to patients 
with stage 5 CKD can lower plasma PTH concentrations and 
diminish bone remodeling. Although the fractional absorp-
tion of calcium is limited in patients with ESKD with low 
endogenous 1,25(OH)2D3 concentrations, and patients 
with high bone remodeling have a high capacity to buffer 
calcium, current guidelines recommend avoiding exposure 
to large doses of calcium-containing binders.

Based on these observations, alternative phosphate-
binding strategies that limit total calcium intake to 1500 to 
2000 mg/day from both dietary and medicinal sources have 
been proposed.42

ALUMINUM AND LANTHANUM SALTS
Aluminum-containing binders, such as aluminum hydrox-
ide and aluminum carbonate, are the most potent phosphate-
binding compounds, but their long-term use led to 
aluminum retention and aluminum toxicity (including 
encephalopathy and osteomalacia) because of ongoing 
intestinal aluminum absorption and (more importantly) 
concomitant exposure to aluminum-contaminated dialy-
sate.43 Although no studies have assessed the risk for alumi-
num toxicity in the era of more carefully monitored and 
uniformly mixed dialysate, aluminum-based agents are used 
sparingly to manage phosphorus retention in patients with 
CKD because of the fear of aluminum toxicity. When used, 
the duration of treatment is typically limited to periods  
of 2 to 3 months, the doses kept as low as possible, and 
concurrent administration of citrate-containing compounds 
avoided.36,44 Plasma aluminum concentrations should be 
monitored regularly in patients who are given aluminum-
containing phosphate binders.

Lanthanum carbonate is a potent phosphate-binding 
agent available for clinical use among patients undergoing 
dialysis.45 The capacity of this compound to bind phosphorus 
in vitro is similar to that of aluminum hydroxide and appears 
to be more potent than calcium acetate, calcium carbonate, 
and sevelamer.46 Clinical trials with lanthanum carbonate 
using doses as high as 3000 mg/day demonstrate its efficacy 
in lowering serum phosphate concentrations among patients 
undergoing dialysis.47-50 A very small fraction of ingested lan-
thanum is absorbed from the gastrointestinal tract, and trace 
amounts are detectable in various tissues, including liver and 
bone. Histologic studies of bone in biopsy specimens obtained 
after 1 year of treatment with lanthanum carbonate show no 
adverse effects on skeletal mineralization or on bone remod-
eling.51 Safety and efficacy have been documented among 
patients treated for as long as 3 years.50

PHOSPHATE-BINDING RESINS
Resins are becoming the preferred phosphate binders in 
CKD and currently consist of sevelamer (linked with either 

progression30 or a significant decrease in all-cause mortality, 
hospitalizations, or end-of-treatment serum calcium-
phosphate product levels with sevelamer compared to 
calcium binders.31 The risk for hypercalcemia was reduced 
with sevelamer and increased with calcium-binder treat-
ment, but calcium binders were more effective than 
sevelamer in suppressing serum PTH. There were more 
pronounced gastrointestinal side effects associated with 
sevelamer use compared to calcium binders. Lanthanum 
carbonate resulted in similar end-of-treatment phosphorus 
levels compared to other binders but is reported to require 
a lower pill burden compared to sevelamer.32 Several trials 
deserve special mention. Dialysis Clinical Outcomes Revis-
ited (DCOR), which was a multicenter, randomized, open-
label, parallel design trial in 2103 patients receiving 
hemodialysis that compared the effects of sevelamer and 
calcium-based binders, found no significant difference in 
all-cause and cause-specific mortality (cardiovascular, infec-
tion, and other) between the sevelamer and calcium-binder 
groups.33 The Calcium Acetate Renagel Evaluation-2 (CARE-
2) study randomized 203 prevalent patients on hemodialysis 
with hyperphosphatemia to receive calcium acetate plus 
atorvastatin or sevelamer without atorvastatin for 12 months. 
This study found no difference in the progression of calci-
fication between the calcium binder and sevelamer groups 
provided that serum lipid levels were kept within the same 
range.34

There are three major classes of phosphate binders cur-
rently in use, including calcium-containing binders, resin 
binders, and noncalcium-nonresin binders, such as lantha-
num carbonate, aluminum-containing binders, magnesium 
salts, and iron compounds. Currently available oral phos-
phate binders vary in cost, phosphate-binding efficacy, and 
side effect profiles, but available data from limited random-
ized controlled trials do not show the superiority of any one 
binder over the other with regard to control of serum phos-
phate level or effects on mortality or other outcomes.32

CALCIUM-CONTAINING BINDERS
Calcium-containing salts are effective in lowering serum 
phosphorus concentrations among patients with advanced 
CKD, but large, potentially unsafe, doses are typically 
required.17 Calcium-based binders (acetate and carbonate) 
are effective (in terms of lowering serum phosphate concen-
tration) and relatively inexpensive, but their administration 
results in positive calcium balance and hypercalcemia,  
especially when coadministered with vitamin D analogs, and 
exacerbates the progression of vascular calcification.35 
Calcium acetate is more effective in binding intestinal phos-
phate, per millimole of administered elemental calcium, 
than calcium carbonate, but the clinical significance of this 
difference is not certain. Calcium carbonate costs consider-
ably less than calcium acetate, and no study has demon-
strated a clinical advantage of one over the other. Calcium 
citrate has also been used as a phosphate-binding agent, but 
citrate can enhance intestinal calcium, as well as aluminum 
absorption,36,37 and therefore is used infrequently as a phos-
phate binder (and more often as a calcium supplement in 
patients without CKD).

A major concern regarding use of calcium binders is the 
potential for cumulative positive calcium balance and soft 
tissue calcifications. The use of very large oral doses of 
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binder sevelamer compared to calcium-based binders in 
randomized clinical trials, and all phosphate binders may 
increase intestinal calcium absorption to some degree,67 
most treatment regimens minimize the use of calcium-based 
binders.

The limitation of phosphate binders has led to new ways 
to prevent gastrointestinal phosphate absorption. Phos-
phate restriction or using agents to reduce gastrointestinal 
phosphate absorption, however, are by themselves not suf-
ficient to normalize circulating FGF-23 or PTH concentra-
tions in either animal models or clinical studies of CKD. 
Thus differing views are emerging regarding the inciting 
factors in CKD-MBD and what combinations of drug thera-
pies are best used to treat this disorder (Figure 63.2).

CALCIUM, VITAMIN D RECEPTOR 
AGONISTS, AND CALCIUM-SENSING 
RECEPTOR ALLOSTERIC MODULATORS 
(CALCIMIMETIC AGENTS)

Three approaches are used to lower PTH concentration in 
ESKD: the administration of calcium to increase serum 
calcium level, vitamin D analogs to both raise serum calcium 
level and activate VDR-dependent gene regulation, and cal-
cimimetic agents to directly target the CaSR without raising 
serum calcium level. Calcium is the natural ligand, and 
calcimimetic agents are allosteric modulators of CaSR in 
parathyroid chief cells, which suppresses PTH secretion, 
production, and hyperplasia. Vitamin D analogs directly 
target the VDR in the parathyroid gland to predominately 
suppress PTH production, and through their effects on the 
gastrointestinal tract to increase serum calcium level,  
which secondarily activates CaSR. There are several gener-
alizations that can be made regarding these agents.

CALCIUM SUPPLEMENTS

Calcium is effective in suppressing PTH but results in a posi-
tive calcium balance, which has potential for adverse effects. 
Thus the current practice is to limit the amount of calcium 
supplementation, although little is known about whether 
calcium supplementation alone, in the absence of concomi-
tant therapy with vitamin D analogs, can be safely adminis-
tered to correct abnormalities in bone and mineral 
metabolism.68

TREATMENT WITH VITAMIN D ANALOGS

Like the preference for noncalcium phosphate binders  
to treat hyperphosphatemia, and in spite of the intro-
duction of calcimimetics (see later), vitamin D analogs 
remain the drug most often used to treat secondary 
hyperparathyroidism.

1,25(OH)2D3 functions systemically as a calcium-
regulating hormone, acting primarily through genomic 
mechanisms. The classical genomic actions of vitamin D are 
initiated by the binding of 1,25(OH)2D to its receptor in the 
cytoplasm of cells expressing the VDR.69,70 The ligand-bound 
VDR subsequently localizes to the cell nucleus, where it 
forms a heterodimer with the retinoid X receptor that binds 
to vitamin D response elements (VDREs) in target gene 

hydrochloride or carbonate), a hydrogel of cross-linked 
poly-allylamine, and colestilan, a 2-methylimidazole con-
taining synthetic polymers that bind phosphorus within  
the lumen of the gastrointestinal tract and reduce its 
absorption.52-55 Compared with other binders, sevelamer 
hydrochloride has a relatively low affinity for phosphate 
anions, thereby requiring a high pill burden. In longer-term 
studies, total daily doses averaging 5 to 6 g were sufficient 
to maintain serum phosphorus levels at approximately 5.8 
to 6.0 mg/dL, or 1.8 to 2.0 mmol/L, among patients under-
going maintenance hemodialysis.56 Larger doses may be 
required to achieve the more stringent therapeutic targets 
for serum phosphorus levels outlined in the National Kidney 
Foundation Kidney Disease Outcomes Quality Initiative 
(NKF KDOQI) guidelines. Plasma bicarbonate concentra-
tions decrease modestly during treatment with sevelamer 
hydrochloride, a biochemical change that is probably caused 
by the release of protons from the resin during phosphate 
binding57; the carbonate compound ameliorates this 
problem.58 Sevelamer also binds several drugs, including 
furosemide, cyclosporine, and tacrolimus, rendering them 
less effective.59 Interestingly, the serum concentrations of 
total cholesterol and low-density lipoprotein cholesterol 
decrease by 20% to 30% during treatment with sevelamer 
or colestilan, whereas high-density lipoprotein levels tend to 
increase.52,56,60 These biochemical changes represent poten-
tially favorable side effects of therapy in patients at high 
cardiovascular risk. Colestilan also has glucose-lowering 
effects.61

OTHER PHOSPHATE-BINDING AGENTS  
(MAGNESIUM AND IRON)
Magnesium-containing medications have also been used as 
phosphate binders in patients undergoing hemodialysis, but 
these agents are limited by diarrhea and hypermagnese-
mia.62 Polymeric complexes of iron and starch have also 
been shown to bind phosphate and reduce serum phos-
phate concentrations in patients on hemodialysis.63

The most recent advance is the emergence of other iron-
based phosphate binders, including sucroferric oxyhydrox-
ide and ferric citrate, agents approved for treatment of 
hyperphosphatemia in adult patients receiving dialysis. A 
trial comparing sucroferric oxyhydroxide with sevelamer 
carbonate found equal efficacy in reducing serum phos-
phate concentrations, but differences in side effect profiles, 
with sucroferric oxyhydroxide associated with diarrhea and 
discolored stools, and sevelamer carbonate associated with 
nausea and constipation.64 Treatment with sucroferric oxy-
hydroxide does not yield substantial iron absorption, 
whereas ferritin and transferrin saturation increases signifi-
cantly after treatment with ferric citrate; the choice of one 
of these iron-based phosphate binders should take labora-
tory parameters and co-interventions (especially the use of 
intravenous iron and erythropoietin-stimulating agents) 
into account.65,66

Currently there are insufficient data to establish the com-
parative superiority of non–calcium-based binding agents 
over calcium-containing phosphate binders. Nevertheless, 
concern remains regarding the potential of calcium over-
load and consequent exacerbation of vascular calcification 
with the use of calcium-based binders. Although no survival 
advantage has been demonstrated with the use of the resin 
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Figure 63.2  Alternative paradigms to explain secondary hyperparathyroidism (SHPT) in chronic kidney disease (CKD). A, Traditional 
paradigm: (1) primary decrease in 1,25-dihydroxycholecalciferol (1,25[OH]2D3) occurs because of loss of functional kidney mass and concomitant 
cytochrome P450 enzyme 27B1 (CYP27B1) activity; (2) reductions in 1,25-dihydroxyvitamin D (1,25[OH]2D3) cause development of SHPT both 
indirectly, by decreased gastrointestinal calcium absorption, and directly, by loss of suppressive effect on the parathyroid glands; (3) increased 
parathyroid hormone (PTH) levels target the kidney to increase CYP27B1 activity, increase renal calcium reabsorption, decrease renal phosphate 
reabsorption,  and  also  target  the  bone  to  increase  calcium  and  phosphate  efflux;  the  net  effect  is  to  preserve  serum  calcium  levels  while 
reducing serum phosphate  levels. B, Alternative paradigm:  (1) primary decrease  in  renal phosphate excretion caused by  loss of  functioning 
kidney mass; (2)  increased fibroblast growth factor 23 (FGF-23) secretion from bone; (3)  increased FGF-23 levels target the kidney to inhibit 
renal  phosphate  reabsorption  and  reduce  1,25(OH)2D3  production;  (4)  phosphate  homeostasis  restored  by  the  effects  of  both  decreased 
1,25(OH)2D3  levels,  which  diminish  gastrointestinal  absorption,  and  increased  FGF-23  levels,  which  increase  renal  phosphate  excretion; 
(5)  reductions  in 1,25(OH)2D3  lead to  increased PTH as  in  the  traditional paradigm, but as a  late event; FGF-23 suppresses PTH during  the 
earlier  phases  of  CKD.  (Modified from Wetmore JB, Quarles LD: Calcimimetics or vitamin D analogs for suppressing parathyroid hormone in 
end-stage renal disease: time for a paradigm shift? Nat Clin Pract Nephrol 5:24-33, 2009.)

promoters (see Figure 63.2).71-73 Key target tissues that par-
ticipate in the regulation of calcium metabolism and that 
are affected directly by 1,25(OH)2D3 include kidney, intes-
tine, bone, and parathyroid. In response to hypocalcemia, 
increased PTH stimulates 1,25(OH)2D3 production, which 
in turn acts as a hormone that principally targets the small 

intestines to increase active calcium and phosphate absorp-
tion but also has direct effects on bone and parathyroid 
glands to regulate mineral homeostasis.

There are several noteworthy caveats regarding therapy 
with vitamin D. First, there appear to be no clinically impor-
tant differences in either efficacy or side effects of the 
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or phosphorus. Such findings are notable and potentially 
important, but they are limited by residual confounding 
(indication bias).

The potential benefit of vitamin D supplementation 
remains unproven. While there is an association with treat-
ment with vitamin D analogs and survival in patients with 
ESKD, benefits have not been confirmed in prospective 
studies. Moreover, a meta-analysis of 76 clinical trials pro-
vides an opposing viewpoint on the use of vitamin D therapy 
in patients with CKD,84 finding that vitamin D compounds 
do not reduce the risk for death or vascular calcification, 
and that 1,25[OH]2D3, when compared with placebo, 
increased the risks for hypercalcemia and hyperphosphate-
mia while inconsistently reducing PTH levels. Most disap-
pointing, in a randomized trial, patients with CKD that did 
not require dialysis who were treated with paricalcitol for up 
to 48 weeks did not show improvement of cardiac structure, 
function, or left ventricular mass, compared to patients 
treated with placebo.85 Thus justification for use of vitamin 
D analogs to prevent cardiovascular complications in CKD 
patients not yet on hemodialysis is lacking. In addition, 
active vitamin D analogs have been shown to increase 
FGF-23 concentrations in patients with ESKD,86 and studies 
have found that elevated FGF-23 concentration is an inde-
pendent predictor of mortality in patients with ESKD.13

Although the benefits from replacing vitamin D have not 
been established in patients with CKD taking 1,25[OH]2D3 
or other vitamin D analogs, Kidney Disease: Improving 
Global Outcomes (KDIGO) recommends measuring 
25(OH)D levels to identify and treat superimposed nutri-
tional vitamin D deficiency in ESKD. This recommendation 
is primarily based on the safety and low cost of nutritional 
vitamin D supplementation and the possibility that provid-
ing the substrate for 1α-hydroxylase will lead to the local 
production of 1,25(OH)2D3 in peripheral tissues, where it 
may have a salutary effect on organ function. Studies indi-
cate that cholecalciferol doses of 20,000 IU per week for  
9 months achieved recommended levels of 25(OH)D  
greater than 75 nmol/L in only 57% of patients with ESKD, 
suggesting higher doses may be required than in the general 
population.87 There are several studies indicating that 
cholecalciferol or ergocalciferol supplementation has  
biologic effects in ESKD, either through residual produc-
tion and systemic effect of 1,25(OH)2D3 produced by the 
kidney or through effects derived from local production of 
1,25(OH)2D3 in peripheral tissues.88 Aggressive treatment 
with active vitamin D analogs may lead to hypercalcemia and 
hyperphosphatemia. Thus high-dose nutritional vitamin D 
supplements or use of activated vitamin D analogs for the 
treatment of secondary hyperparathyroidism in patients 
with CKD may have risks that offset potential benefits. Addi-
tional prospective clinical trials are needed to determine the 
optimal use of vitamin D in CKD.89

Finally, economic considerations influence the manage-
ment of patients with ESKD. For example, intravenous  
synthetic vitamin D analogs administered three times a week 
are commonly used in the United States, whereas oral 
vitamin D analogs are more commonly used in other coun-
tries.90 The End-Stage Renal Disease Prospective Payment 
System by the Centers for Medicare and Medicaid Services, 
which includes both oral and intravenous medications in a 
bundled payment system, has fostered the greater use of 

available active vitamin D analogs in CKD.74 Indeed, in a 
randomized trial paracalcitol and 1,25(OH)2D3 were found 
to be equivalent with respect to both suppressing PTH levels 
and increasing serum calcium and phosphate concentra-
tions.75 Reviews of available randomized controlled trials of 
different vitamin D analogs, including 1,25(OH)2D3, alfacal-
cidol, doxercalciferol, and paricalcitol, found no data to 
support the use of one agent over the other.10,76,77

Second, the pharmacokinetics of administered vitamin D, 
however, may influence hormonal responses. While oral 
and intravenous administrations appear to be equally effec-
tive, there may be a trend for induction of less hypercalce-
mia and hyperphosphatemia by some of the newer analogs 
at low doses. These differences, however, disappear at doses 
required to suppress PTH long-term, and most, if not all, 
vitamin D analogs have the potential to cause hypercalcemia 
and hyperphosphatemia and to increase FGF-23 concentra-
tions in patients with ESKD. A possible exception is a slow-
release form of calcifediol that can suppress circulating PTH 
without increasing FGF-23 concentrations.78

Third, although abnormalities in vitamin D metabolism 
are a key feature of CKD-MBD, it is not clear if the observed 
changes in 25(OH)D and 1,25(OH)2D3 circulating concen-
trations, which are both decreased in advanced CKD, solely 
represent primary deficiencies, due to poor nutrition in the 
case of low circulating 25(OH)D and renal parenchyma loss 
of function that leads to decreased 1,25(OH)2D3 synthesis.2 
Increased catabolism due to excess FGF-23 stimulation of 
CYP24A1 activity may contribute to this decrease in 25(OH)
D and 1,25(OH)2D3 circulating concentrations, especially in 
early CKD. Nevertheless, replacement with cholecalciferol 
can lower PTH levels in early-stage CKD where residual 
activity of vitamin D metabolizing enzymes remains, while 
cholecalciferol does not lower PTH levels significantly in 
ESKD.79

Fourth, low circulating levels of 1,25(OH)2D3 are associ-
ated with increased mortality, likely caused by effects on 
innate immunity and cardiovascular function and possibly 
other effects unrelated to its function to regulate mineral 
metabolism.80,81 VDR is expressed in nearly all cell types, and 
at least 500 genes have been identified with VDREs, suggest-
ing that multiple genes in many tissues are regulated by 
vitamin D. Calcitriol thus serves as an important modifier of 
gene transcription even in tissues that are not involved 
directly in maintaining calcium homeostasis. These nonclas-
sical actions are important in regulating cell proliferation 
and differentiation, as well as other functions, such as innate 
immunity, insulin sensitivity, and bone and cardiovascular 
health. There is a resurgence of diagnosis and treatment of 
vitamin D deficiency in the general population with normal 
kidney function, as well as evidence that treatment with 
active vitamin D analogs improves survival of patients with 
ESKD undergoing hemodialysis.82,83 In one report, mortality 
rates after 3 years of follow-up were lower among patients 
with CKD undergoing hemodialysis who were given parical-
citol compared to 1,25[OH]2D3.82 In another report, sur-
vival after 2 years was higher among patients who received 
paricalcitol during the first 12 months of treatment with 
hemodialysis as compared with those who received no 
vitamin D during this interval.83 In multivariable analyses, 
the association of paricalcitol treatment with survival per-
sisted irrespective of the serum concentrations of calcium 
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development of adynamic renal osteodystrophy.102 Use of 
vitamin D analogs can also increase the requirement for 
phosphate binders. Thus doses of vitamin D sterols that can 
be given safely to control plasma PTH levels are determined 
by monitoring serum calcium and phosphorus concentra-
tions during therapy. Values often increase during treat-
ment, and these biochemical changes often necessitate a 
reduction in the dose of vitamin D analogs.

The NKF KDOQI guidelines advise against initiating 
treatment with vitamin D sterols or continuing vitamin D 
therapy when serum calcium levels exceed 9.5 to 10.0 mg/
dL or when serum phosphate concentrations exceed 5.5 
mg/dL. Although definitive evidence to support these rec-
ommendations is not available, data from epidemiologic 
studies of patients undergoing maintenance hemodialysis 
indicate that mortality risk increases progressively as serum 
calcium and phosphate concentrations rise above these 
values14,103; however, KDIGO recommendations raise the 
upper limit of calcium concentration to that of the general 
population but more stringently control serum phosphate 
concentration (2.5 to 4.5 mg/dL).

Downward adjustments to the concentration of calcium 
in dialysate have been used to permit treatment with larger 
oral doses of calcium-containing compounds to control 
serum phosphate concentrations or to allow the continued 
use of vitamin D sterols to manage SHPT among patients 
with persistently elevated serum calcium concentra-
tions.104,105 There is little evidence to support these mea-
sures. Dialysate calcium concentrations below the normal 
physiologic concentration of ionized calcium in blood will 
provoke PTH secretion during each hemodialysis session 
and thus provide ongoing and recurrent stimuli for PTH 
secretion and parathyroid gland hyperplasia. As such, the 
use of dialysis solutions containing calcium concentrations 
lower than 2.5 mEq/L, or 1.25 mmol/L, may aggravate 
SHPT among patients receiving hemodialysis.106

CALCIUM-SENSING RECEPTOR ALLOSTERIC 
MODULATORS (CALCIMIMETIC AGENTS)

Calcimimetic agents are small organic molecules that func-
tion as allosteric activators of the CaSR, the molecular mech-
anism that mediates calcium-regulated PTH secretion by 
parathyroid cells.107,108 Cinacalcet hydrochloride is the only 
approved member of this new class of agents to be available 
to treat SHPT among patients undergoing dialysis. Calcimi-
metic agents bind reversibly to the membrane-spanning 
portion of the CaSR and lower the threshold for receptor 
activation by extracellular calcium ions.109 In parathyroid 
tissue, activation of CaSR inhibits PTH secretion directly 
and lowers plasma PTH levels by a mechanism distinct from 
that of the vitamin D sterols.110,111 Cinacalcet hydrochloride 
is a hydrophobic compound that is absorbed rapidly from 
the gastrointestinal tract after oral administration.112 Peak 
plasma levels are attained 60 to 90 minutes after oral doses, 
and these correspond temporally to the maximum biologic 
effect, as judged by reductions in plasma PTH.112-114

There is evidence that the calcimimetic target CaSR  
is more important than VDR in regulating parathyroid 
gland function. CaSR regulates PTH secretion, PTH  
gene transcription,108,115 and parathyroid cell prolifera-
tion.116 In humans with severe congenital neonatal 

oral medications, as well as shift to home-based dialysis. The 
implications are several. First, increased frequency of dialy-
sis results in a greater cumulative phosphate removal,  
possibly reducing the need for phosphate binders to main-
tain neutral phosphate balance. For example, a standard 
dialysis treatment removes approximately 900 mg of phos-
phate.91 Studies found that the total weekly phosphorus 
removal with nocturnal hemodialysis six times per week is 
more than twice that removed by in-center hemodialysis 
done three times per week.92 Indeed, nocturnal dialysis per-
formed six times per week results in lowering of the serum 
phosphate level and discontinuation of phosphate binder 
therapy compared to patients on standard hemodialysis 
administered three times a week.93 Second, these new rules 
will place greater emphasis on the cost-effectiveness and 
clinical trials comparing the relative effectiveness of differ-
ent treatments.

The removal of financial incentives for the use of high-
dose intravenous vitamin D analogs has resulted in a shift 
to less expensive oral forms of active vitamin D administra-
tion in ESKD.94,95

SPECIFIC VITAMIN D STEROLS
1,25(OH)D and the prodrug alfacalcidol, as well as synthetic 
vitamin D analogs, including paricalcitol, doxercalciferol, 
and maxacalcitol, have all been shown to lower plasma  
PTH concentrations in patients with secondary hyperpara-
thyroidism (SHPT) receiving dialysis. Among patients 
undergoing maintenance hemodialysis, intravenous doses 
given three times a week during each dialysis session  
are used most often. Treatment with daily oral doses of 
alfacalcidol or 1,25(OH)2D3 is utilized more frequently 
outside the United States. The estimated equivalent doses 
of 1,25(OH)2D3, paricalcitol, and doxercalciferol are 0.5 
mg, 2 mg, and 1 mg, respectively.96 Studies to assess the dif-
ferences in the efficacy of daily oral, intermittent oral, or 
intravenous doses of any of these agents have not demon-
strated major differences between the routes of administra-
tion on measurable outcomes other than compliance. Thus 
the evidence supporting the common practice of large 
intermittent intravenous doses of vitamin D sterols over oral 
therapies of 1,25(OH)2D3 derivatives for managing SHPT 
among patients with ESKD is limited.97-100 Although short-
term controlled studies suggested that paricalcitol and dox-
ercalciferol may have a greater therapeutic window for 
lowering PTH level without raising serum calcium and phos-
phate concentrations, later studies suggest that all vitamin 
D analogs have the potential to cause hypercalcemia and 
hyperphosphatemia.

Parenteral vitamin D therapy is generally started using 
small initial doses, assuming that serum calcium and phos-
phate concentrations are not elevated. Doses are raised  
subsequently in increments to lower plasma PTH level.  
The use of larger initial doses of paricalcitol has been sug-
gested to be a safe alternative among patients with severe 
disease and markedly elevated plasma PTH level.101 Among 
patients who respond favorably to treatment, plasma PTH 
concentrations decline progressively over several months. 
The primary therapeutic objective is to maintain plasma 
PTH concentrations within a range of 150 to 300 pg/mL. 
Lowering plasma PTH level further increases the likelihood 
of episodes of hypercalcemia, and it can lead to the 
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hyperplasia, since discontinuation of cinacalcet results in 
rapid rebound of serum PTH concentrations to pretreat-
ment levels.

Apart from reducing plasma PTH concentrations, treat-
ment with calcimimetic agents lowers serum calcium con-
centrations.126 Therefore cinacalcet should not be started 
unless the serum calcium concentration is greater than 8.4 
mg/dL. Pooled analysis for phase III clinical studies found 
that serum calcium levels less than 8.4 mg/dL developed in 
66% of patients treated with cinacalcet.133 Serum total and 
blood ionized calcium levels decrease during the first 12 to 
24 hours after treatment is begun, changes that temporally 
follow an abrupt initial decline in plasma PTH level as 
described previously.124 Such findings thus underscore the 
crucial role of short-term variations in PTH secretion by  
the parathyroid glands in maintaining the level of ionized 
calcium in blood. Reductions in serum calcium concentra-
tion are thus a predictable, physiologic response to treat-
ment with calcimimetic agents.

To minimize the effects of hypocalcemia, the initial dose 
of cinacalcet is 30 mg/day, and subsequent doses are 
increased every 2 to 3 weeks in 30-mg increments until a 
maximum dose of 180 mg/day is achieved.15,110 The safety 
of this approach has been documented in large clinical trials 
in which symptomatic hypocalcemia did not occur.15 All of 
these studies have found that calcimimetic agents suppress 
PTH and optimize serum calcium and phosphate concen-
trations in patients resistant to standard therapy alone.15,123,134 
The effects of cinacalcet are independent of concomitant 
vitamin D analog therapy, and later studies have demon-
strated that cinacalcet can be used in treatment paradigms 
that reduce the dosage of vitamin D analogs.135,136 Concomi-
tant treatment with active vitamin D analogs, however, typi-
fies most clinical trials and may attenuate hypocalcemia. 
Thus combination treatment is the standard of care for  
most patients with moderate to severe SHPT. The seminal 
Evaluation of Cinacalcet Hydrochloride Therapy to Lower 
Cardiovascular Events (EVOLVE) study confirmed that 
treatment regimens that include the calcimimetic agent 
result in better control of secondary hyperparathyroidism 
and lead to a reduction in the incidence of parathyroidec-
tomy. The primary analysis of the trial—an unadjusted 
intention-to-treat approach—showed no significant effect of 
cinacalcet on mortality or a composite end point of death 
or major cardiovascular events. Analyses adjusting for base-
line factors (there was an imbalance in age across random-
ized groups) showed nominally significant reductions in the 
primary composite end point as well as mortality.137 Treat-
ment with vitamin D sterols or calcium supplements rather 
than cinacalcet is recommended for patients with hypocal-
cemia owing to the calcium-lowering effect of calcimimetic 
agents.110 Patients should be monitored for signs of hypocal-
cemia (i.e., tetany), and cinacalcet should be used with 
caution in subjects with a preexisting seizure disorder. The 
most frequent side effects of cinacalcet are nausea and 
vomiting.

In summary, vitamin D analogs and cinacalcet, which 
have different molecular targets (namely the VDR and 
CaSR, respectively), have different potency for suppression 
of PTH (cinacalcet more than vitamin D analogs) and dif-
ferent effects on calcium (cinacalcet decreases and vitamin 
D analogs increase) and phosphate (cinacalcet a neutral 

hyperparathyroidism117 and in the analogous homozygous 
Casr knockout mice,118 there are increases in serum PTH 
and calcium concentrations, and hyperplasia of the parathy-
roid gland, in spite of marked elevations in circulating 
1,25(OH)2D3 concentrations. Ablation of the VDR in mice 
also results in SHPT and parathyroid gland hyperplasia, but 
normalization of serum calcium level is sufficient to fully 
correct abnormal parathyroid gland function in this model, 
unlike in the Casr knockout mice or in cases of severe neo-
natal hyperparathyroidism.119 The fact that 1,25(OH)2D3 is 
ineffective in suppressing PTH production in the absence 
of CaSR, but calcium is sufficient to normalize parathyroid 
gland function in the absence of VDR, indicates that CaSR 
is the dominant regulator of parathyroid gland func-
tion.110,120-122 The principal direct function of the VDR in the 
parathyroid gland, then, is to suppress PTH gene transcrip-
tion; in addition, the VDR has an indirect action on the 
parathyroid gland through stimulation of gastrointestinal 
calcium absorption and elevation of serum calcium levels, 
which serves to affect parathyroid gland function via the 
CaSR.

Cinacalcet is a very effective agent for reducing serum 
PTH concentrations in patients with ESKD without raising 
serum calcium concentrations.123 Plasma PTH concentra-
tions fall abruptly after single oral doses of cinacalcet in 
patients with SHPT receiving hemodialysis, reaching a nadir 
after 2 to 4 hours. The magnitude of the initial decrease in 
plasma PTH concentration is largely dose dependent.124 
Although plasma PTH concentrations decrease invariably 
following the administration of calcimimetic agents,125 the 
degree of suppression correlates with the severity of 
SHPT.113,114,126,127 Cinacalcet treatment causes PTH values to 
decrease by 80% when baseline PTH values are between 300 
and 500 pg/mL, by 60% when baseline PTH values are 500 
to 880 pg/mL, and 22% when baseline PTH values are 
greater than 800 pg/mL.112 Plasma PTH concentrations 
increase subsequently, however, toward predose concentra-
tions during the remainder of the day as the concentration 
of cinacalcet in plasma decreases and as the level of CaSR 
activation diminishes.112,124 Because plasma PTH concentra-
tions decrease substantially but increase subsequently after 
oral doses of cinacalcet, variations in the interval between 
drug administration and the collection of blood samples for 
measurements of plasma PTH levels will affect the values 
obtained.110 In this regard, all clinical trials reported thus 
far among patients with CKD have used plasma PTH con-
centrations obtained 24 hours after the preceding dose of 
cinacalcet to assess the biochemical efficacy of treatment 
and to guide decisions about dosage adjustments.15,110,125,128 
When using cinacalcet for the clinical management of 
patients with SHPT, it is generally recommended that plasma 
PTH levels be measured at least 12 hours after the preced-
ing dose. Such an approach thus provides biochemical 
information similar to that used in published clinical trials 
to guide decisions about dosage adjustments and to judge 
therapeutic efficacy.15,110 Adequate calcium-dependent sig-
naling through the CaSR may be particularly important in 
preventing the development of SHPT and in retarding the 
progression of parathyroid gland hyperplasia.129-131 Indeed, 
treatment with cinacalcet was associated with reductions in 
the rate of parathyroidectomy in patients with ESKD.132 
Cinacalcet may not cause regression of parathyroid gland 

http://www.myuptodate.com


2028 SECTION IX — CONSERVATIVE MANAGEMENT OF KIDNEY DISEASE

low bone turnover rates and reduce fracture risks); (4) 
provide adequate vitamin D supplementation to optimize 
innate immune functions and other biologic actions of 
vitamin D not related to mineral metabolism functions; and 
(5) reduce the morbidity and mortality risks associated with 
disordered mineral metabolism.

The 2009 and 2012 KDIGO guidelines and the 2010 
KDOQI have made recommendations regarding the optimal 
timing of assessment and desirable range for biochemical 
markers of CKD-MBD (Table 63.2).138 Monitoring of serum 
calcium, phosphorus, PTH, 25(OH)D, and alkaline phos-
phatase activity is recommended when the estimated glo-
merular filtration rate (GFR) is less than 45 mL/min/1.73 
m2 (GFR category G3b) In CKD before initiating dialysis 
(i.e., G3b to G4), it is recommended to maintain serum 
phosphate concentrations in the normal range and to treat 
PTH concentrations above the normal range by correcting 
hyperphosphatemia, hypocalcemia, and/or vitamin D defi-
ciency. There are currently no recommendations to pre-
scribe phosphate binders or vitamin D supplements or 
analogs in the absence of hyperphosphatemia or docu-
mented vitamin D deficiency.

In patients with ESKD, it is recommend that calcium and 
phosphorus be measured at 1 to 3 months, PTH at 3 to 6 
months, and 25(OH)D at the initiation of dialysis. Moreover, 
achieving a serum PTH range, from the previously recom-
mended (KDOQI) range of 150 to 300 pg/mL to the more 
“relaxed” KDIGO recommended range of approximately 
two to nine times the upper limit of the assay (or roughly 130 
to 600 pg/mL), is desirable as is following trends in serum 
PTH concentrations and intervening to prevent progressive 
increases in PTH values within this range. A serum phos-
phate level from the previously recommended range of 3.5 
to 5.5 mg/dL to “toward the reference range” has been rec-
ommended to permit greater flexibility, and a calcium level 
from between 8.4 and 9.5 mg/dL to maintaining calcium 
within the normal reference range. The more “relaxed” 
KDIGO guidelines, along with the ESKD prospective 
payment system in the United States, which bundled the 
payment for intravenous drugs used in dialysis that had oral 

effect and vitamin D analogs increase serum phosphate). 
Vitamin D analogs, cinacalcet, or combinations of vitamin 
D analogs and cinacalcet can be used to suppress PTH in 
ESKD. Serum calcium and phosphate concentrations, as 
well as the severity of PTH elevation, may influence the drug 
selection (e.g., cinacalcet would be used preferentially over 
vitamin D analogs in patients with elevated calcium and 
phosphate concentrations).

OVERVIEW OF CLINICAL MANAGEMENT 
OF CHRONIC KIDNEY DISEASE–MINERAL 
BONE DISORDER

Clinical management of CKD-MBD is based on repeated 
measurement of circulating laboratory values, specifically 
PTH, calcium, and phosphorus concentrations, and thera-
peutic interventions using combinations of phosphate 
binders, cholecalciferol and 1,25(OH)2D3 and vitamin D 
analogs, and calcimimetic agents that are dose adjusted to 
keep these biochemical parameters within specific target 
ranges, while minimizing potential side effects of the various 
therapies. Treatment considerations also depend on the 
stage of CKD, the mechanism of action and targets of the 
various therapeutic agents, potential toxicities associated 
with various treatments, and cost and reimbursement of the 
various therapies. Finally, successful treatment involves 
patient education and a multidisciplinary approach involv-
ing nephrologists, dietitians, and nurses.

THERAPEUTIC GOALS

The overall goals of therapy are to (1) regulate serum PTH 
concentrations within an acceptable range and prevent the 
progression of parathyroid hyperplasia to autonomous para-
thyroid gland function (i.e., prevent tertiary hyperparathy-
roidism); (2) prevent hyperphosphatemia and hypercalcemia 
and minimize vascular calcifications by maintaining neutral 
phosphate and calcium balance; (3) maintain normal bone 
remodeling and bone health (i.e., prevent both high and 

Table 63.2 Recommended Ranges for Selected Biochemical Parameters According to Stage of Chronic 
Kidney Disease (CKD) as Summarized in the NKF KDOQI and KDIGO Clinical Practice Guidelines 
for Bone Metabolism and Disease in CKD—Recommended Serum Values

CKD Stage
GFR Range  
(mL/min/1.73 m2) Phosphorus (mg/dL)

Calcium 
(Corrected)(mg/dL) Ca × P Intact PTH (pg/mL)

3 30-59 2.7-4.6 8.4-10.2 35-70
KDOQI KDIGO Same range as general population
4 15-29 2.7-4.6 8.4-10.2 70-110
KDOQI KDIGO Same range as general population
5 <15, dialysis 3.5-5.5 8.4-9.5 <55 150-300
KDOQI KDIGO Normal range Normal range

Avoid hyperphosphatemia
Normal range
Avoid hypercalcemia

Use not 
endorsed

Avoid PTH < 2 or >9 
times the upper 
normal limit

Ca, Calcium; GFR, glomerular filtration rate; KDIGO, Kidney Disease: Improving Global Outcomes; KDOQI, Kidney Disease Outcomes Quality 
Initiative; NKF, National Kidney Foundation; P, phosphorus; PTH, parathyroid hormone.

Modified from National Kidney Foundation: DOQI kidney disease outcomes quality initiative. Am J Kidney Dis 43:S1-S201, 2004; and 
National Kidney Foundation and Kidney Disease: Improving Global Outcomes (KDIGO).
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equivalents, has resulted in an increase in mean PTH con-
centrations by approximately 30%. The U.S. Dialysis Out-
comes and Practice Patterns Study (DOPPS) Practice 
Monitor found that the percentage of facilities reporting an 
upper PTH target level of 600 pg/mL or higher and serum 
calcium level greater than 10.5 mg/dL increased from less 
than 7% before 2011 to 40% in 2012 and from less than 26% 
before 2011 to 37% in 2012. The phosphorus target exceeded 
5.5 mg/dL with no clear trend over time.95

TREATMENT OF CHRONIC KIDNEY 
DISEASE–MINERAL BONE DISORDER IN 
END-STAGE KIDNEY DISEASE

The goals of therapy are to prevent the progression of para-
thyroid disease, optimize bone health, normalize phosphate 
balance, minimize the risk for vascular calcifications, and 
reduce the mortality risks attributed to disordered mineral 
metabolism. This requires the use of these agents in various 
combinations that differ as a function of severity of CKD.

For patients with ESKD on dialysis, either hemodialysis or 
peritoneal dialysis, therapy consists of a combination of 
dietary phosphate restriction, calcium-containing and non–
calcium-containing phosphate binders, nutritional and 
active vitamin D analog supplementation, and calcimimetic 
agents. There are many factors that influence the approaches 
used to treat disordered mineral metabolism in ESKD. A 
variety of treatment combinations are possible, which 
include use of a phosphate binder to treat hyperphosphate-
mia and either titration of vitamin D analogs or cinacalcet 
to suppress PTH (Figure 63.3). Efforts to control serum 
phosphate concentrations with dietary phosphate restric-
tion (with adequate protein intake) and phosphate binders 
to maintain serum phosphate between 3.5 and 5.5 mg/dL 
are common to all approaches. Because there are no pro-
spective outcome studies to separate the different binders, 
one can choose from among calcium-, resin-, lanthanum-, 
or iron-based binders.

Correcting hyperphosphatemia with phosphate-binding 
agents may lower plasma PTH concentrations modestly 
among patients with SHPT, but this does not represent a 
definitive and reliable pharmacologic intervention for con-
trolling the disorder. Vitamin D sterols that target the VDR 
and calcimimetic agents that target the CaSR are the two 
pharmacologic interventions currently available that act 
specifically to modify parathyroid gland function and lower 
plasma PTH concentrations definitively. Either or both can 
be used to treat SHPT when plasma PTH concentrations 
remain elevated after measures have been implemented to 
control serum phosphate concentrations and optimize 
calcium balance.

Use of escalating doses of vitamin D analogs to suppress 
PTH typically requires the provision of noncalcium phos-
phate binders to minimize hyperphosphatemia, whereas use 
of cinacalcet in combination with vitamin D analogs may 
allow more liberal use of calcium-based binders to prevent 
hypocalcemia. At present, titration of vitamin D analogs and 
noncalcium phosphate binders is the most commonly used 
treatment strategy in ESKD, with cinacalcet added in 
approximately 30% of the patients due to progression of 
SHPT.139 Algorithms comparing high-dose vitamin D analogs 

with low-dose active vitamin D analogs in combination with 
cinacalcet as first-line combined therapy found better 
control of serum phosphate in the combination group.140

Combined use of vitamin D analogs and cinacalcet is 
necessary to optimally treat CKD-MBD. The Open-Label, 
Randomized Study Using Cinacalcet to Improve Achieve-
ment of KDOQI Targets in Patients with End-Stage Renal 
Disease (OPTIMA)141 found more pronounced reductions 
in mean intact PTH levels and a higher percentage of 
patients achieving target serum phosphate concentrations 
(<5.5 mg/dL) in the cinacalcet-treated group compared to 
the unrestricted conventional care group. The ACHIEVE 
study in patients with PTH concentrations of more than 300 
pg/mL and serum calcium concentrations of 8.4 mg/dL or 
higher, however, found no difference between paricalcitol 
and cinacalcet-based therapies in attaining the primary end 
point of suppressing PTH to a target range of 150 to 300 
pg/mL.142 In the Improved Management of iPTH with 
Paricalcitol-Centered Therapy versus Cinacalcet Therapy 
with Low-Dose Vitamin D in Hemodialysis Patients with  
Secondary Hyperparathyroidism (IMPACT SHPT) study, 
patients receiving hemodialysis with SHPT were random-
ized to receive either intravenous or oral paricalcitol versus 
cinacalcet first-line therapy. Paricalcitol treatment yielded 
more suppression of PTH and favorable changes in bone 
turnover markers, but increased FGF-23 levels compared to 
cinacalcet-centered therapy.143 Thus at present there are 
insufficient data to support one treatment approach over 
another. Regardless of which paradigm is initiated, most 
patients will ultimately require combinations of calcium and 
noncalcium phosphate binders, vitamin D analogs, and 
cinacalcet to optimally manage the biochemical abnormali-
ties present in ESKD. Either starting cinacalcet or increasing 
vitamin D analog dose can improve control of PTH levels; 
starting cinacalcet and decreasing the dose of active vitamin 
D analogs can achieve better control of serum phosphorus 
concentrations.144

Recognizing that there are no high-quality trials showing 
either net beneficial or harmful effects of any of these thera-
pies, it seems reasonable to use these agents at doses that 
minimize their recognized toxicities, namely, hypercalcemia 
and hyperphosphatemia with vitamin D analogs, and hypo-
calcemia and a tendency to oversuppress PTH with calcimi-
metic agents, while taking advantage of their different 
molecular targets and biologic actions (e.g., cinacalcet 
targets CaSR and is a more potent suppressor of PTH, 
whereas vitamin D analogs target the widely expressed VDR, 
which has potential effects on both mineral homeostasis and 
other biologic processes, such as innate immunity and car-
diovascular function).

TREATMENT OF PATIENTS WITH STAGES 
2, 3, AND 4 CHRONIC KIDNEY DISEASE

GENERAL CONSIDERATIONS

Stages 2, 3, and 4 CKD represent a progressive magnitude 
of reductions in GFR (60 to 89, 30 to 59, and 15 to 29 mL/
min/1.73 m,2 respectively). Because the patients have resid-
ual kidney function and because the severity of SHPT, vas-
cular calcifications, and bone disease is typically less severe, 
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Figure 63.3  Algorithm for management of chronic kidney disease–mineral bone disorder (CKD-MBD) in stage 5 chronic kidney disease (CKD). 
Restricting dietary phosphate intake and normalizing serum 25-hydroxyvitamin D (25[OH]D) by administration of ergocalciferol is the initial step in man-
agement. The next step is the administration of oral phosphate binders to limit the absorption of dietary phosphate. The major modalities that are currently 
available are calcium salts, which are preferred in patients with low serum calcium level and the non–calcium-containing phosphate binders for patients 
with higher serum calcium levels. At present, there are no data evaluating clinically important outcomes that clearly favor non–calcium-containing phos-
phate binders over calcium-containing binders or that favor sevelamer over lanthanum. The next step is to choose between titration of active vitamin D 
analogs or cinacalcet to reduce parathyroid hormone (PTH) levels. Use of escalating doses of active vitamin D analogs (traditional approach) is limited 
by hyperphosphatemia and hypercalcemia. Upward adjustments of noncalcium phosphate binders and reductions of vitamin D analog doses are based 
on the changes in serum biochemical values in accord with the National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF KDOQI) 
guidelines. There are no clinical data showing clinically important differences between calcitriol, paricalcitol, and doxercalciferol. Use of escalating doses 
of cinacalcet and fixed physiologic dose of active vitamin D analogs is more effective than the traditional approach in attaining control of serum biochemi-
cal values but is more expensive. Cinacalcet doses are titrated up to a daily dose of 180 mg. Side effects are hypocalcemia and nausea and vomiting, 
which may limit therapy. Concomitant vitamin D analog and phosphate-binder doses are adjusted to attain target ranges for calcium, phosphorus, and 
PTH (see Table 63.2). Ca, Calcium; IV, intravenously; P, phosphorus; PO, orally; PTH, parathyroid hormone. 

Measure serum calcium,
phosphorus, 25(OH)D, and PTH

Restrict dietary phosphate to 900 mg/day
25(OH) <30 nmol/L administer ergocalciferol

P >5.5 mg/dL,
Ca <9.5 mg/dL

P >5.5 mg/dL,
Ca >9.5 mg/dL

Titrate calcium-based
phosphate binders

Titrate calcium-free
phosphate binders

Keep P between
3.5 and 5.5 mg/dL

Limit dose to <2 g elemental
calcium/day if vascular calcifications

or low bone turnover

PTH >300 pg/mL or showing serial and progressive increments
>65 pg/mL and 8.4 mg/dL < Ca < 10.2 mg/dL

Preferred if
Ca <9.5 mg/dL

Preferred if
Ca > 9.5 mg/dL

Titrate active vitamin D
analog (Flexible D)

Titrate cinacalcet and administer
physiologic fixed doses of
active vitamin D analogs

OR

Calcitriol analog
treatment paradigm

Calcimimetic and
fixed calcitriol analog
treatment paradigm

Titrate dose active vitamin D
Paricalcitol
Doxercalciferol
Calcitriol

2 to 18 µg IV 3x/week
1 to 18 µg IV 3x/week
0.5 to 8 µg IV 3x/week

Cinacalcet HCl
30 mg PO q day

Titrate at 2-week intervals
to next highest dose
(up to 180 mg/day)

Fixed low-dose active vitamin D
Paricalcitol
Doxercalciferol
Calcitriol

2 µg IV 3x/week
1 µg IV 3x/week
0.5 µg IV 3x/week

PTH <150
pg/mL

Reduce
vitamin D

analog

PTH 150–300
pg/mL

PTH >300
pg/mL

PTH <150
pg/mL

PTH 150–300
pg/mL

PTH >300 pg/mL
on cinacalcet
180 mg/day

Ca <9.5 and
P <5.5 mg/dL

Ca >8.4 and
P >5.5 mg/dL or
Ca >9.5 mg/dL

Ca <8.4 and
P >5.5 mg/dL

Maintain
vitamin D

analog

Reduce
vitamin D

analog

Start cinacalcet
if PTH increases

Increase
phosphate

binders

Start
cinacalcet
if Ca >8.4

mg/dL

Reduce
vitamin D

analog
if Ca >8.4

and P >5.5 or
Ca >9.5 mg/dL

Ca >8.4
mg/dL

Ca <8.4
mg/dL

Reduce
vitamin D

analog

Reduce
cinacalcet

Stop
cinacalcet

Ca <9.5 and
P <5.5 mg/dL

Maintain
vitamin D

analog

Ca >8.4 and
P >5.5 mg/dL or
Ca >9.5 mg/dL

Reduce
vitamin D

analog

Increase
phosphate

binders

Ca <8.4 and
P >5.5 mg/dL

Ca <9.5 and
P <5.5 mg/dL

Ca >9.5 and
P <5.5 mg/dL

Increase
phosphate

binders

Increase
vitamin D

analog
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and fractional excretion of phosphate and calcium, may be 
needed to guide the timing and intensity of therapy.

Although theoretically there may be a justification for and 
more flexibility in choice of phosphate binder in patients 
with residual kidney function, use of phosphate binders in 
patients with CKD who are not receiving maintenance dialy-
sis is controversial. On the one hand, urinary calcium con-
centration is lower in patients with CKD, and the patients 
exhibit inappropriate postprandial calciuria,158 suggesting 
that they may have greater tolerance for calcium-based phos-
phate binders. Calcium-based phosphate binders are effec-
tive in lowering serum phosphorus levels and can be used as 
the initial binder therapy in stages 2, 3, and 4 CKD. In addi-
tion, oral doses of calcium in such patients may thus serve to 
maintain serum calcium concentrations, correct overt hypo-
calcemia, and avert compensatory secretory responses by the 
parathyroid glands to maintain calcium homeostasis as 
kidney function declines. The efficacy of such an approach 
has not been examined critically, however, in prospective 
clinical trials among patients with mild to moderate CKD. 
Calcium excretion in the urine should be measured periodi-
cally among patients treated with oral calcium supplements, 
and doses should be adjusted to avoid hypercalciuria. 
Although hyperphosphatemia is uncommon among patients 
with mild to moderate CKD, plasma PTH level is often ele-
vated.80,145 The PTH-lowering effect of calcium-containing 
compounds in this clinical context is caused, in part, by 
increases in intestinal calcium absorption and increases in 
overall calcium balance. Additional effects mediated indi-
rectly through enhancements in renal 1,25[OH]2D3 synthe-
sis as intestinal phosphorus absorption diminishes and 
through phosphorus-dependent changes in PTH messenger 
RNA stability probably also contribute.153,159,160

On the other hand, sevelamer hydrochloride resulted in 
a lower rate of progression of coronary artery calcifications 
in patients with CKD compared to treatment with phos-
phate restriction and calcium-based binders.161,162 In con-
trast, phosphate binder administration to CKD patients, 
although lowering serum and urinary phosphorus excre-
tion, increased coronary artery calcification.29 Currently, 
phosphate-binding agents are not approved for CKD stages 
2, 3, or 4 (or stage 5 not requiring dialysis), although off-
label use is fairly common.163

VITAMIN D STEROLS

The use of vitamin D analogs in stages 3 and 4 CKD needs 
to undergo more careful scrutiny, in light of potential con-
flicting beneficial effects of nutritional vitamin D replace-
ment for low circulating 25(OH)D levels and adverse effects 
of active vitamin D analogs to enhance phosphate balance 
and stimulate FGF-23. The dietary intake of vitamin D alone 
is not sufficient to sustain serum 25(OH)D levels in many 
groups, including chronically ill patients with CKD.164,165 
The new KDIGO guidelines recommend correction of 
vitamin D deficiency and insufficiency using treatment strat-
egies recommended for the general population. If 25(OH)
D levels are low, treatment with ergocalciferol or cholecal-
ciferol should be considered to restore adequate vitamin D 
nutrition. Progress has been made in understanding the 
role of FGF-23 in suppressing 1,25(OH)2D3 production and 
increasing 25(OH)D and 1,25(OH)2D3 degradation in early 

interventions in this group differ from those in patients with 
ESKD.145-147

Treatment approaches differ among patients with ESKD, 
who are receiving renal replacement therapy, and patients 
with stages 3 to 5 CKD, who have sufficient residual kidney 
function. For patients with stages 3 to 5 CKD, use of phos-
phate binders and correction of nutritional vitamin D defi-
ciency are the major interventions, with the possible addition 
of active vitamin D analogs or calcimimetic agents in patients 
demonstrating a progressive increase in serum PTH 
concentration.

It is not clear whether patients with stage 2 CKD (i.e., GFR 
between 60 and 89 mL/min/1.73 m2) require treatment, 
but consideration should be given to dietary phosphate 
restriction and/or phosphate binders, because adaptive 
changes in FGF-23 and PTH concentrations are already 
occurring with mild decrements in GFR. Serum calcium, 
phosphate, PTH, 25(OH)D, and possibly urinary calcium 
and FGF-23 levels should be monitored yearly in stage 3 
CKD and more frequently (every 3 to 6 months) as kidney 
function declines. The goal of therapy in stages 3 to 4 CKD 
is to maintain serum biochemical values in the same range 
as the general population and to prevent positive phosphate 
balance. There are several differences in the conceptual 
framework for treating earlier stages of CKD compared to 
patients with ESKD

PHOSPHATE-BINDING AGENTS

Dietary phosphorus restriction and the use of phosphate-
binding agents are the first therapeutic interventions  
recommended by the KDOQI guidelines for achieving reduc-
tions in plasma PTH concentrations among patients with 
stages 2 to 4 CKD, even when serum phosphorus concentra-
tions remain within the normal range.148 Frank hypocalcemia 
and hyperphosphatemia occur late in the course of CKD. 
Phosphorus-restricted diets mandate that the intake of dairy 
products be limited substantially. The calcium content of 
such diets is often in the range of 500 to 600 mg. Calcium 
excretion in the urine is reduced in most patients with stage 
3 or 4 CKD, a finding that reflects an overall decrease in the 
efficiency of intestinal calcium absorption.149,150 Calcium 
balance tends to be positive in most patients with stage 3 or 4 
CKD.151 The regular provision of loop diuretics augments 
calciuria and can result in negative calcium balance leading 
to, or increasing the severity of, SHPT.152

Phosphate restriction is of greater importance, because 
phosphate restriction per se, especially in stages 2 and 3 
CKD, can increase endogenous production of 1,25(OH)2D3 
and delay the development of SHPT.153 Several reports indi-
cate that serum phosphate concentrations are directly asso-
ciated with mortality risk among persons with CKD who do 
not require dialysis.154,155

Dietary phosphate restriction should be started early, cer-
tainly in stage 3 CKD but possibly in late stage 2 CKD. The 
Modification of Diet in Renal Disease equation is frequently 
used to estimate GFR, but it tends to underestimate GFR in 
the early stages of CKD; the Chronic Kidney Disease Epide-
miology Collaboration equation may yield more accurate 
estimates of GFR in these ranges.156,157 Greater attention to 
measurement of early serum markers, including elevations 
of FGF-23 (possibly the earliest) and PTH concentrations 
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with SHPT associated with stages 3 and 4 CKD.149,150 Results 
from clinical studies in humans and from work in experi-
mental animal models suggest that these compounds are 
less potent than 1,25(OH)2D3 in promoting intestinal 
calcium and phosphorus absorption and in raising serum 
calcium and phosphorus concentrations.178-181 Both doxer-
calciferol and paricalcitol effectively lower plasma PTH 
levels when used to treat SHPT among patients with stages 
3 and 4 CKD.149,150 The effect of treatment with either agent 
on bone histology has yet to be reported, and the effect of 
treatment with either doxercalciferol or paricalcitol on 
bone mass among patients with mild to moderate CKD has 
not yet been determined. In contrast, the use of daily oral 
doses of alfacalcidol as compared with placebo controlled 
plasma PTH levels and was associated with higher bone 
mass, as measured by DXA, after 18 months of follow-up 
among patients with stages 3 to 5 CKD.182 Additional work 
is needed to characterize adequately the skeletal response 
to treatment with vitamin D analogs among patients with 
mild to moderate CKD.

CALCIMIMETIC AGENTS

Unlike in ESKD, where cinacalcet has been shown to be 
effective in suppressing PTH, calcimimetic agents are not 
approved for treating SHPT in patients with stages 3 and 4 
CKD, where experience with this therapeutic approach is 
quite limited. Treatment with cinacalcet in patients with 
stages 3 and 4 CKD has been shown to effectively lower 
plasma PTH levels, but serum phosphorus concentrations 
increase and serum calcium concentrations are lowered, 
thus the resulting hypocalcemia may limit the doses that can 
be used safely to control SHPT.133,183,184 As such, concurrent 
treatment with phosphate-binding compounds may be 
required to control serum phosphorus levels adequately. 
The opposing effects of cinacalcet and vitamin D sterols on 
serum calcium concentrations may permit the use of  
cinacalcet in patients receiving therapy with active vitamin 
D analogs. At present, however, cinacalcet should be  
considered for patients with CKD that does not require 
dialysis only when severe secondary hyperparathyroidism is 
present that is refractory to therapy with vitamin D analogs, 
calcium supplements, and phosphate binders. Cinacalcet 
may also be used in kidney transplant recipients with hyper-
calcemia caused by persistent, posttransplantation hyper-
parathyroidism. In this population, treatment with cinacalcet 
corrected hypercalcemia and increased serum phosphate 
concentration.185

Complete reference list available at ExpertConsult.com.

KEY REFERENCES 
1. Quarles LD: Endocrine functions of bone in mineral metabolism 

regulation. J Clin Invest 118(12):3820–3828, 2008.
2. Wetmore JB, Quarles LD: Calcimimetics or vitamin D analogs for 

suppressing parathyroid hormone in end-stage renal disease: time 
for a paradigm shift? Nat Clin Pract Nephrol 5(1):24–33, 2009.

3. Krajisnik T, Bjorklund P, Marsell R, et al: Fibroblast growth factor-
23 regulates parathyroid hormone and 1alpha-hydroxylase expres-
sion in cultured bovine parathyroid cells. J Endocrinol 195(1):125–131, 
2007.

4. Shimada T, Hasegawa H, Yamazaki Y, et al: FGF-23 is a potent regu-
lator of vitamin D metabolism and phosphate homeostasis. J Bone 
Miner Res 19(3):429–435, 2004.

CKD; however, reduction in 25(OH)D and 1,25(OH)2D3 in 
CKD may be mediated by FGF-23 and designed to attenuate 
the effects of vitamin D to increase phosphate accumula-
tion.79 Indeed, cholecalciferol treatment of patients with 
CKD with low 25(OH)D and elevated FGF-23 concentra-
tions resulted in increases in serum 25(OH)D concentra-
tions that were less than in subjects with normal renal 
function and were associated with elevated degradative 
24,25(OH)D2 levels.79 Also, the fact that 1,25(OH)2D3 stimu-
lates FGF-23 and the emerging data that elevated FGF-23 
concentration may have untoward effects, including pro-
gression of CKD,12 severity of hyperparathyroidism,11 cardiac 
function,166 and increased mortality,13 suggest that use of 
high-dose vitamin D analogs in this setting should be limited 
to patients who have failed phosphate-binder therapy. Also, 
proteinuria, which results in ongoing losses of vitamin D–
binding protein together with vitamin D in the urine, 
increases the likelihood of vitamin D deficiency among 
patients with CKD. Serum 25(OH)D levels are thus often 
reduced markedly in patients with nephrotic-range protein-
uria, particularly among patients with diabetes, who may 
have substantial urinary losses of protein.167,168

Ergocalciferol (vitamin D2) and Cholecalciferol (vitamin 
D3) are derived from plants and animals, respectively. 
Although there is some data that ergocalciferol is less bioac-
tive, these differences are not clinical relevant. A possible 
treatment regimen in CKD consists of ergocalciferol at 
50,000 IU/wk for 12 weeks and then once monthly for a 
total of 6 months.169 With this approach 25(OH)D concen-
trations are reported to significantly increase (mean con-
centrations from 16 to 27 ng/mL), while plasma PTH levels 
decrease (mean concentrations from 231 to 192 ng/dL) in 
patients with stage 3 CKD. After initiating treatment, serum 
calcium and phosphorus levels should be monitored quar-
terly to test for possible overtreatment. In addition, treat-
ment should continue for 6 months, and continued need 
for supplementation with ergocalciferol should be reevalu-
ated annually.

In patients with persistent SHPT despite phosphate 
binders and nutritional vitamin D supplementation, consid-
eration can be given to low-dose therapy with active vitamin 
D analogs. The comparative effects of the different active 
oral vitamin D analogs in patients with CKD that does not 
require dialysis have not been studied; consequently there 
are no data to support use of one of the available active oral 
agents over another (1,25[OH]2D3, alfacalcidol, doxercalcif-
erol, or paricalcitol).

Daily doses of 0.25 to 0.5 µg of 1,25(OH)2D3 have gener-
ally proven to be safe.170 Marked clinical and biochemical 
improvements were observed during treatment with 
1,25(OH)2D3 among patients with mild to moderate CKD. 
Bone pain often diminished, muscle strength improved, 
and plasma PTH concentrations decreased.171-173 Histologic 
features of hyperparathyroidism in bone improved,174,175 
and the rate of bone loss from the appendicular skeleton 
diminished as measured by dual-energy x-ray absorptiome-
try (DXA).175 Similar favorable biochemical and histologic 
responses were reported during treatment with daily oral 
doses of 1α-hydroxyvitamin D3, or alfacalcidol, which under-
goes 25-hydroxylation in the liver to form 1,25(OH)2D3.176,177

Treatment with oral doses of doxercalciferol or paricalci-
tol is an alternative to 1,25(OH)2D3 therapy among patients 

http://ExpertConsult.com
http://www.myuptodate.com


 CHAPTER 63 — THERAPEuTIC APPROACH TO CHRONIC KIDNEY DISEASE–MINERAl BONE DISORDER 2033

28. Gutierrez OM, Wolf M: Dietary phosphorus restriction in advanced 
chronic kidney disease: merits, challenges, and emerging strate-
gies. Semin Dial 23(4):401–406, 2010.

29. Block GA, Wheeler DC, Persky MS, et al: Effects of phosphate 
binders in moderate CKD. J Am Soc Nephrol 23:1407–1415, 2012.

30. Zhang Q, Li M, Lu Y, et al: Meta-analysis comparing sevelamer and 
calcium-based phosphate binders on cardiovascular calcification in 
hemodialysis patients. Nephron 115:c259–c267, 2010.

31. Navaneethan SD, Palmer SC, Craig JC, et al: Benefits and harms of 
phosphate binders in CKD: a systematic review of randomized 
controlled trials. Am J Kidney Dis 54(4):619–637, 2009.

32. Hutchison AJ: Oral phosphate binders. Kidney Int 75(9):906–914, 
2009.

33. Suki WN, Zabaneh R, Cangiano JL, et al: Effects of sevelamer and 
calcium-based phosphate binders on mortality in hemodialysis 
patients. Kidney Int 72(9):1130–1137, 2007.

34. Qunibi W, Moustafa M, Muenz LR, et al: A 1-year randomized trial 
of calcium acetate versus sevelamer on progression of coronary 
artery calcification in hemodialysis patients with comparable lipid 
control: the Calcium Acetate Renagel Evaluation-2 (CARE-2) study. 
Am J Kidney Dis 51(6):952–965, 2008.

35. Delmez JA, Slatopolsky E: Hyperphosphatemia: its consequences 
and treatment in patients with chronic renal disease. Am J Kidney 
Dis 19(4):303–317, 1992.

36. Molitoris BA, Froment DH, Mackenzie TA, et al: Citrate: a major 
factor in the toxicity of orally administered aluminum compounds. 
Kidney Int 36(6):949–953, 1989.

37. Bakir AA, Hryhorczuk DO, Berman E, et al: Acute fatal hyperalu-
minemic encephalopathy in undialyzed and recently dialyzed 
uremic patients. ASAIO Trans 32(1):171–176, 1986.

38. Goodman WG, Goldin J, Kuizon BD, et al: Coronary-artery calcifi-
cation in young adults with end-stage renal disease who are under-
going dialysis. N Engl J Med 342(20):1478–1483, 2000.

39. Guerin AP, London GM, Marchais SJ, et al: Arterial stiffening and 
vascular calcifications in end-stage renal disease. Nephrol Dial Trans-
plant 15(7):1014–1021, 2000.

40. Sperschneider H, Gunther K, Marzoll I, et al: Calcium carbonate 
(CaCO3): an efficient and safe phosphate binder in haemodialysis 
patients? A 3-year study. Nephrol Dial Transplant 8(6):530–534, 
1993.

41. Zacharias JM, Fontaine B, Fine A: Calcium use increases risk of 
calciphylaxis: a case-control study. Perit Dial Int 19(3):248–252, 
1999.

42. Block GA, Port FK: Re-evaluation of risks associated with hyper-
phosphatemia and hyperparathyroidism in dialysis patients:  
recommendations for a change in management. Am J Kidney Dis 
35(6):1226–1237, 2000.

43. Coburn JW, Norris KC, Nebeker HG: Osteomalacia and bone 
disease arising from aluminum. Semin Nephrol 6(1):68–89, 1986.

44. Froment DP, Molitoris BA, Buddington B, et al: Site and mecha-
nism of enhanced gastrointestinal absorption of aluminum by 
citrate. Kidney Int 36(6):978–984, 1989.

45. Joy MS, Finn WF: Randomized, double-blind, placebo-controlled, 
dose-titration, phase III study assessing the efficacy and tolerability 
of lanthanum carbonate: a new phosphate binder for the treatment 
of hyperphosphatemia. Am J Kidney Dis 42(1):96–107, 2003.

46. Hutchison AJ: Calcitriol, lanthanum carbonate, and other new 
phosphate binders in the management of renal osteodystrophy. 
Perit Dial Int 19(Suppl 2):S408–S412, 1999.

47. Al-Baaj F, Speake M, Hutchison AJ: Control of serum phosphate by 
oral lanthanum carbonate in patients undergoing haemodialysis 
and continuous ambulatory peritoneal dialysis in a short-term, 
placebo-controlled study. Nephrol Dial Transplant 20(4):775–782, 
2005.

48. Hutchison AJ, Maes B, Vanwalleghem J, et al: Efficacy, tolerability, 
and safety of lanthanum carbonate in hyperphosphatemia: a 
6-month, randomized, comparative trial versus calcium carbonate. 
Nephron Clin Pract 100(1):C8–C19, 2005.

49. Finn WF, Joy MS: A long-term, open-label extension study on the 
safety of treatment with lanthanum carbonate, a new phosphate 
binder, in patients receiving hemodialysis. Curr Med Res Opin 
21(5):657–664, 2005.

50. Hutchison AJ, Maes B, Vanwalleghem J, et al: Long-term efficacy 
and tolerability of lanthanum carbonate: results from a 3-year 
study. Nephron Clin Pract 102(2):C61–C71, 2006.

5. Perwad F, Zhang MY, Tenenhouse HS, et al: Fibroblast growth 
factor 23 impairs phosphorus and vitamin D metabolism in vivo 
and suppresses 25-hydroxyvitamin D-1alpha-hydroxylase expres-
sion in vitro. Am J Physiol Renal Physiol 293(5):F1577–F1583, 2007.

6. Larsson T, Nisbeth U, Ljunggren O, et al: Circulating concentra-
tion of FGF-23 increases as renal function declines in patients  
with chronic kidney disease, but does not change in response to 
variation in phosphate intake in healthy volunteers. Kidney Int 
64(6):2272–2279, 2003.

7. Imanishi Y, Inaba M, Nakatsuka K, et al: FGF-23 in patients with 
end-stage renal disease on hemodialysis. Kidney Int 65(5):1943–
1946, 2004.

8. Goodman WG: The consequences of uncontrolled secondary 
hyperparathyroidism and its treatment in chronic kidney disease. 
Semin Dial 17(3):209–216, 2004.

9. Goodman WG, London G, Amann K, et al: Vascular calcification 
in chronic kidney disease. Am J Kidney Dis 43(3):572–579, 2004.

10. Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD 
Work Group: KDIGO clinical practice guideline for the diagnosis, 
evaluation, prevention, and treatment of chronic kidney disease-
mineral and bone disorder (CKD-MBD). Kidney Int Suppl 113:S1–
S130, 2009.

11. Nakanishi S, Kazama JJ, Nii-Kono T, et al: Serum fibroblast growth 
factor-23 levels predict the future refractory hyperparathyroidism 
in dialysis patients. Kidney Int 67(3):1171–1178, 2005.

12. Fliser D, Kollerits B, Neyer U, et al: Fibroblast growth factor 23 
(FGF23) predicts progression of chronic kidney disease: the Mild 
to Moderate Kidney Disease (MMKD) study. J Am Soc Nephrol 
18(9):2600–2608, 2007.

13. Gutierrez OM, Mannstadt M, Isakova T, et al: Fibroblast growth 
factor 23 and mortality among patients undergoing hemodialysis. 
N Engl J Med 359(6):584–592, 2008.

14. Block GA, Hulbert-Shearon TE, Levin NW, et al: Association of 
serum phosphorus and calcium x phosphate product with mortal-
ity risk in chronic hemodialysis patients: a national study. Am J 
Kidney Dis 31(4):607–617, 1998.

15. Block GA, Martin KJ, de Francisco AL, et al: Cinacalcet for second-
ary hyperparathyroidism in patients receiving hemodialysis. N Engl 
J Med 350(15):1516–1525, 2004.

16. Martin KJ, Gonzalez EA: Strategies to minimize bone disease in 
renal failure. Am J Kidney Dis 38(6):1430–1436, 2001.

17. Goodman WG: Recent developments in the management of  
secondary hyperparathyroidism. Kidney Int 59(3):1187–1201, 
2001.

18. Block G: Association of serum phosphorus and calcium x phospho-
rus product with mortality risk in chronic hemodialysis patients: a 
national study. Am J Kidney Dis 31:607–617, 1998.

19. Yamada S, Tokumoto M, Tatsumoto N, et al: Phosphate overload 
directly induces systemic inflammation and malnutrition as well as 
vascular calcification in uremia. Am J Physiol 306:F1418–F1428, 
2014.

20. Kovesdy CP, Quarles LD: The role of fibroblast growth factor-23 in 
cardiorenal syndrome. Nephron 123:194–201, 2013.

21. Chang AR, Lazo M, Appel LJ, et al: High dietary phosphorus intake 
is associated with all-cause mortality: results from NHANES III. Am 
J Clin Nutr 99:320–327, 2014.

22. Kuro-o M: Calciprotein particle (CPP): a true culprit of phospho-
rus woes? Nefrologia 34:1–4, 2014.

23. Smith ER, Ford ML, Tomlinson LA, et al: Serum calcification pro-
pensity predicts all-cause mortality in predialysis CKD. J Am Soc 
Nephrol 25:339–348, 2014.

24. Williams KB, DeLuca HF: Characterization of intestinal phosphate 
absorption using a novel in vivo method. Am J Physiol Endocrinol 
Metab 292(6):E1917–E1921, 2007.

25. Tentori F, Hunt WC, Stidley CA, et al: Mortality risk among hemo-
dialysis patients receiving different vitamin D analogs. Kidney Int 
70(10):1858–1865, 2006.

26. Shahbazian H, Zafar Mohtashami A, Ghorbani A, et al: Oral nico-
tinamide reduces serum phosphorus, increases HDL, and induces 
thrombocytopenia in hemodialysis patients: a double-blind ran-
domized clinical trial. Nefrologia 31(1):58–65, 2011.

27. Labonte ED, Carreras CW, Leadbetter MR, et al: Gastrointestinal 
inhibition of sodium-hydrogen exchanger 3 reduces phosphorus 
absorption and protects against vascular calcification in CKD. J Am 
Soc Nephrol 26:1138–1149, 2015.

http://www.myuptodate.com


 CHAPTER 63 — THERAPEuTIC APPROACH TO CHRONIC KIDNEY DISEASE–MINERAl BONE DISORDER 2033.e1

REFERENCES
1. Quarles LD: Endocrine functions of bone in mineral metabolism 

regulation. J Clin Invest 118(12):3820–3828, 2008.
2. Wetmore JB, Quarles LD: Calcimimetics or vitamin D analogs for 

suppressing parathyroid hormone in end-stage renal disease: time 
for a paradigm shift? Nat Clin Pract Nephrol 5(1):24–33, 2009.

3. Krajisnik T, Bjorklund P, Marsell R, et al: Fibroblast growth  
factor-23 regulates parathyroid hormone and 1alpha-hydroxylase 
expression in cultured bovine parathyroid cells. J Endocrinol 
195(1):125–131, 2007.

4. Shimada T, Hasegawa H, Yamazaki Y, et al: FGF-23 is a potent 
regulator of vitamin D metabolism and phosphate homeostasis.  
J Bone Miner Res 19(3):429–435, 2004.

5. Perwad F, Zhang MY, Tenenhouse HS, et al: Fibroblast growth 
factor 23 impairs phosphorus and vitamin D metabolism in vivo 
and suppresses 25-hydroxyvitamin D-1alpha-hydroxylase expres-
sion in vitro. Am J Physiol Renal Physiol 293(5):F1577–F1583, 
2007.

6. Larsson T, Nisbeth U, Ljunggren O, et al: Circulating concentra-
tion of FGF-23 increases as renal function declines in patients with 
chronic kidney disease, but does not change in response to varia-
tion in phosphate intake in healthy volunteers. Kidney Int 
64(6):2272–2279, 2003.

7. Imanishi Y, Inaba M, Nakatsuka K, et al: FGF-23 in patients with 
end-stage renal disease on hemodialysis. Kidney Int 65(5):1943–
1946, 2004.

8. Goodman WG: The consequences of uncontrolled secondary 
hyperparathyroidism and its treatment in chronic kidney disease. 
Semin Dial 17(3):209–216, 2004.

9. Goodman WG, London G, Amann K, et al: Vascular calcification 
in chronic kidney disease. Am J Kidney Dis 43(3):572–579, 2004.

10. Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD 
Work Group: KDIGO clinical practice guideline for the diagnosis, 
evaluation, prevention, and treatment of chronic kidney disease-
mineral and bone disorder (CKD-MBD). Kidney Int Suppl 113:S1–
S130, 2009.

11. Nakanishi S, Kazama JJ, Nii-Kono T, et al: Serum fibroblast growth 
factor-23 levels predict the future refractory hyperparathyroidism 
in dialysis patients. Kidney Int 67(3):1171–1178, 2005.

12. Fliser D, Kollerits B, Neyer U, et al: Fibroblast growth factor 23 
(FGF23) predicts progression of chronic kidney disease: the Mild 
to Moderate Kidney Disease (MMKD) study. J Am Soc Nephrol 
18(9):2600–2608, 2007.

13. Gutierrez OM, Mannstadt M, Isakova T, et al: Fibroblast growth 
factor 23 and mortality among patients undergoing hemodialysis. 
N Engl J Med 359(6):584–592, 2008.

14. Block GA, Hulbert-Shearon TE, Levin NW, et al: Association of 
serum phosphorus and calcium x phosphate product with mortal-
ity risk in chronic hemodialysis patients: a national study. Am J 
Kidney Dis 31(4):607–617, 1998.

15. Block GA, Martin KJ, de Francisco AL, et al: Cinacalcet for sec-
ondary hyperparathyroidism in patients receiving hemodialysis. N 
Engl J Med 350(15):1516–1525, 2004.

16. Martin KJ, Gonzalez EA: Strategies to minimize bone disease in 
renal failure. Am J Kidney Dis 38(6):1430–1436, 2001.

17. Goodman WG: Recent developments in the management of sec-
ondary hyperparathyroidism. Kidney Int 59(3):1187–1201, 2001.

18. Block G: Association of serum phosphorus and calcium x phos-
phorus product with mortality risk in chronic hemodialysis 
patients: a national study. Am J Kidney Dis 31:607–617, 1998.

19. Yamada S, Tokumoto M, Tatsumoto N, et al: Phosphate overload 
directly induces systemic inflammation and malnutrition as well 
as vascular calcification in uremia. Am J Physiol 306:F1418–F1428, 
2014.

20. Kovesdy CP, Quarles LD: The role of fibroblast growth factor-23 
in cardiorenal syndrome. Nephron 123:194–201, 2013.

21. Chang AR, Lazo M, Appel LJ, et al: High dietary phosphorus 
intake is associated with all-cause mortality: results from NHANES 
III. Am J Clin Nutr 99:320–327, 2014.

22. Kuro-o M: Calciprotein particle (CPP): a true culprit of phospho-
rus woes? Nefrologia 34:1–4, 2014.

23. Smith ER, Ford ML, Tomlinson LA, et al: Serum calcification 
propensity predicts all-cause mortality in predialysis CKD. J Am Soc 
Nephrol 25:339–348, 2014.

24. Williams KB, DeLuca HF: Characterization of intestinal phos-
phate absorption using a novel in vivo method. Am J Physiol Endo-
crinol Metab 292(6):E1917–E1921, 2007.

25. Tentori F, Hunt WC, Stidley CA, et al: Mortality risk among hemo-
dialysis patients receiving different vitamin D analogs. Kidney Int 
70(10):1858–1865, 2006.

26. Shahbazian H, Zafar Mohtashami A, Ghorbani A, et al: Oral nico-
tinamide reduces serum phosphorus, increases HDL, and induces 
thrombocytopenia in hemodialysis patients: a double-blind ran-
domized clinical trial. Nefrologia 31(1):58–65, 2011.

27. Labonte ED, Carreras CW, Leadbetter MR, et al: Gastrointestinal 
inhibition of sodium-hydrogen exchanger 3 reduces phosphorus 
absorption and protects against vascular calcification in CKD.  
J Am Soc Nephrol 26:1138–1149, 2015.

28. Gutierrez OM, Wolf M: Dietary phosphorus restriction in advanced 
chronic kidney disease: merits, challenges, and emerging strate-
gies. Semin Dial 23(4):401–406, 2010.

29. Block GA, Wheeler DC, Persky MS, et al: Effects of phosphate 
binders in moderate CKD. J Am Soc Nephrol 23:1407–1415, 2012.

30. Zhang Q, Li M, Lu Y, et al: Meta-analysis comparing sevelamer 
and calcium-based phosphate binders on cardiovascular calcifica-
tion in hemodialysis patients. Nephron 115:c259–c267, 2010.

31. Navaneethan SD, Palmer SC, Craig JC, et al: Benefits and harms 
of phosphate binders in CKD: a systematic review of randomized 
controlled trials. Am J Kidney Dis 54(4):619–637, 2009.

32. Hutchison AJ: Oral phosphate binders. Kidney Int 75(9):906–914, 
2009.

33. Suki WN, Zabaneh R, Cangiano JL, et al: Effects of sevelamer and 
calcium-based phosphate binders on mortality in hemodialysis 
patients. Kidney Int 72(9):1130–1137, 2007.

34. Qunibi W, Moustafa M, Muenz LR, et al: A 1-year randomized trial 
of calcium acetate versus sevelamer on progression of coronary 
artery calcification in hemodialysis patients with comparable lipid 
control: the Calcium Acetate Renagel Evaluation-2 (CARE-2) 
study. Am J Kidney Dis 51(6):952–965, 2008.

35. Delmez JA, Slatopolsky E: Hyperphosphatemia: its consequences 
and treatment in patients with chronic renal disease. Am J Kidney 
Dis 19(4):303–317, 1992.

36. Molitoris BA, Froment DH, Mackenzie TA, et al: Citrate: a major 
factor in the toxicity of orally administered aluminum com-
pounds. Kidney Int 36(6):949–953, 1989.

37. Bakir AA, Hryhorczuk DO, Berman E, et al: Acute fatal hyperalu-
minemic encephalopathy in undialyzed and recently dialyzed 
uremic patients. ASAIO Trans 32(1):171–176, 1986.

38. Goodman WG, Goldin J, Kuizon BD, et al: Coronary-artery calci-
fication in young adults with end-stage renal disease who are 
undergoing dialysis. N Engl J Med 342(20):1478–1483, 2000.

39. Guerin AP, London GM, Marchais SJ, et al: Arterial stiffening and 
vascular calcifications in end-stage renal disease. Nephrol Dial 
Transplant 15(7):1014–1021, 2000.

40. Sperschneider H, Gunther K, Marzoll I, et al: Calcium carbonate 
(CaCO3): an efficient and safe phosphate binder in haemodialysis 
patients? A 3-year study. Nephrol Dial Transplant 8(6):530–534, 
1993.

41. Zacharias JM, Fontaine B, Fine A: Calcium use increases risk of 
calciphylaxis: a case-control study. Perit Dial Int 19(3):248–252, 
1999.

42. Block GA, Port FK: Re-evaluation of risks associated with hyper-
phosphatemia and hyperparathyroidism in dialysis patients: rec-
ommendations for a change in management. Am J Kidney Dis 
35(6):1226–1237, 2000.

43. Coburn JW, Norris KC, Nebeker HG: Osteomalacia and bone 
disease arising from aluminum. Semin Nephrol 6(1):68–89, 1986.

44. Froment DP, Molitoris BA, Buddington B, et al: Site and mecha-
nism of enhanced gastrointestinal absorption of aluminum by 
citrate. Kidney Int 36(6):978–984, 1989.

45. Joy MS, Finn WF: Randomized, double-blind, placebo-controlled, 
dose-titration, phase III study assessing the efficacy and tolerability 
of lanthanum carbonate: a new phosphate binder for the treat-
ment of hyperphosphatemia. Am J Kidney Dis 42(1):96–107, 2003.

46. Hutchison AJ: Calcitriol, lanthanum carbonate, and other new 
phosphate binders in the management of renal osteodystrophy. 
Perit Dial Int 19(Suppl 2):S408–S412, 1999.

47. Al-Baaj F, Speake M, Hutchison AJ: Control of serum phos-
phate by oral lanthanum carbonate in patients undergoing  

http://www.myuptodate.com


2033.e2 SECTION IX — CONSERVATIVE MANAGEMENT OF KIDNEY DISEASE

haemodialysis and continuous ambulatory peritoneal dialysis  
in a short-term, placebo-controlled study. Nephrol Dial Transplant 
20(4):775–782, 2005.

48. Hutchison AJ, Maes B, Vanwalleghem J, et al: Efficacy, tolerability, 
and safety of lanthanum carbonate in hyperphosphatemia: a 
6-month, randomized, comparative trial versus calcium carbon-
ate. Nephron Clin Pract 100(1):C8–C19, 2005.

49. Finn WF, Joy MS: A long-term, open-label extension study on the 
safety of treatment with lanthanum carbonate, a new phosphate 
binder, in patients receiving hemodialysis. Curr Med Res Opin 
21(5):657–664, 2005.

50. Hutchison AJ, Maes B, Vanwalleghem J, et al: Long-term efficacy 
and tolerability of lanthanum carbonate: results from a 3-year 
study. Nephron Clin Pract 102(2):C61–C71, 2006.

51. D’Haese PC, Spasovski GB, Sikole A, et al: A multicenter study on 
the effects of lanthanum carbonate (Fosrenol) and calcium car-
bonate on renal bone disease in dialysis patients. Kidney Int Suppl 
85:S73–S78, 2003.

52. Chertow GM, Burke SK, Lazarus JM, et al: Poly[allylamine hydro-
chloride] (RenaGel): a noncalcemic phosphate binder for the 
treatment of hyperphosphatemia in chronic renal failure. Am J 
Kidney Dis 29(1):66–71, 1997.

53. Burke SK, Slatopolsky EA, Goldberg DI: RenaGel, a novel calcium- 
and aluminium-free phosphate binder, inhibits phosphate absorp-
tion in normal volunteers. Nephrol Dial Transplant 12(8):1640–1644, 
1997.

54. Goldberg DI, Dillon MA, Slatopolsky EA, et al: Effect of RenaGel, 
a non-absorbed, calcium- and aluminium-free phosphate binder, 
on serum phosphorus, calcium, and intact parathyroid hormone 
in end-stage renal disease patients. Nephrol Dial Transplant 
13(9):2303–2310, 1998.

55. Slatopolsky EA, Burke SK, Dillon MA: RenaGel, a nonabsorbed 
calcium- and aluminum-free phosphate binder, lowers serum 
phosphorus and parathyroid hormone. The RenaGel Study 
Group. Kidney Int 55(1):299–307, 1999.

56. Chertow GM, Burke SK, Dillon MA, et al: Long-term effects of 
sevelamer hydrochloride on the calcium x phosphate product and 
lipid profile of haemodialysis patients. Nephrol Dial Transplant 
14(12):2907–2914, 1999.

57. Gallieni M, Cozzolino M, Brancaccio D: Transient decrease of 
serum bicarbonate levels with sevelamer hydrochloride as the 
phosphate binder. Kidney Int 57(4):1776–1777, 2000.

58. Pai AB, Shepler BM: Comparison of sevelamer hydrochloride and 
sevelamer carbonate: risk of metabolic acidosis and clinical impli-
cations. Pharmacotherapy 29(5):554–561, 2009.

59. Sevelamer reduces the efficacy of many other drugs. Prescrire Int 
18(102):164–165, 2009.

60. Wilkes BM, Reiner D, Kern M, et al: Simultaneous lowering of 
serum phosphate and LDL-cholesterol by sevelamer hydrochlo-
ride (RenaGel) in dialysis patients. Clin Nephrol 50(6):381–386, 
1998.

61. Locatelli F, Dimkovic N, Spasovski G: Efficacy of colestilan in the 
treatment of hyperphosphataemia in renal disease patients. Expert 
Opin Pharmacother 15:1475–1488, 2014.

62. Spiegel DM: Magnesium in chronic kidney disease: unanswered 
questions. Blood Purif 31(1–3):172–176, 2011.

63. Block GA, Brillhart SL, Persky MS, et al: Efficacy and safety of 
SBR759, a new iron-based phosphate binder. Kidney Int 
77(10):897–903, 2010.

64. Floege J, Covic AC, Ketteler M, et al: A phase III study of the 
efficacy and safety of a novel iron-based phosphate binder in 
dialysis patients. Kidney Int 86:638–647, 2014.

65. McIntyre CW, Pai P, Warwick G, et al: Iron-magnesium hydroxy-
carbonate (fermagate): a novel non-calcium-containing phos-
phate binder for the treatment of hyperphosphatemia in chronic 
hemodialysis patients. Clin J Am Soc Nephrol 4(2):401–409, 2009.

66. Lewis JB, Sika M, Koury MJ, et al: Ferric citrate controls phospho-
rus and delivers iron in patients on dialysis. J Am Soc Nephrol 
26(2):493–503, 2015.

67. Suki WN, Zabaneh R, Cangiano JL, et al: Effects of sevelamer and 
calcium-based phosphate binders on mortality in hemodialysis 
patients. Kidney Int 72:1130–1137, 2007.

68. Indridason OS, Quarles LD: Comparison of treatments for mild 
secondary hyperparathyroidism in hemodialysis patients. Durham 
Renal Osteodystrophy Study Group. Kidney Int 57(1):282–292, 
2000.

69. Dusso AS, Brown AJ, Slatopolsky E: Vitamin D. Am J Physiol 
289(1):F8–F28, 2005.

70. Jurutka PW, Whitfield GK, Hsieh JC, et al: Molecular nature of 
the vitamin D receptor and its role in regulation of gene expres-
sion. Rev Endocr Metab Disord 2(2):203–216, 2001.

71. Rosen ED, Beninghof EG, Koenig RJ: Dimerization interfaces of 
thyroid hormone, retinoic acid, vitamin D, and retinoid X recep-
tors. J Biol Chem 268(16):11534–11541, 1993.

72. MacDonald PN, Dowd DR, Nakajima S, et al: Retinoid X receptors 
stimulate and 9-cis retinoic acid inhibits 1,25-dihydroxyvitamin 
D3-activated expression of the rat osteocalcin gene. Mol Cell Biol 
13(9):5907–5917, 1993.

73. Russell J, Ashok S, Koszewski NJ: Vitamin D receptor interactions 
with the rat parathyroid hormone gene: synergistic effects between 
two negative vitamin D response elements. J Bone Miner Res 
14(11):1828–1837, 1999.

74. Palmer SC, Strippoli GF, McGregor DO: Interventions for pre-
venting bone disease in kidney transplant recipients: a systematic 
review of randomized controlled trials. Am J Kidney Dis 45:638–
649, 2005.

75. Coyne DW, Goldberg S, Faber M, et al: A randomized multicenter 
trial of paricalcitol versus calcitriol for secondary hyperparathy-
roidism in stages 3-4 CKD. Clin J Am Soc Nephrol 9:1620–1626, 
2014.

76. Palmer SC, Strippoli GF, McGregor DO: Interventions for pre-
venting bone disease in kidney transplant recipients: a systematic 
review of randomized controlled trials. Am J Kidney Dis 45(4):638–
649, 2005.

77. Strippoli GF, Tong A, Palmer SC, et al: Calcimimetics for second-
ary hyperparathyroidism in chronic kidney disease patients. 
Cochrane Database Syst Rev (4):CD006254, 2006.

78. Petkovich M, Melnick J, White J, et al: Modified-release oral cal-
cifediol corrects vitamin D insufficiency with minimal CYP24A1 
upregulation. J Steroid Biochem Mol Biol 2014.

79. Alshayeb H, Showkat A, Wall BM, et al: Activation of FGF-23 medi-
ated vitamin D degradative pathways by cholecalciferol. J Clin 
Endocrinol Metab 99:E1830–E1837, 2014.

80. Martinez I, Saracho R, Montenegro J, et al: The importance of 
dietary calcium and phosphorous in the secondary hyperparathy-
roidism of patients with early renal failure. Am J Kidney Dis 
29(4):496–502, 1997.

81. Reichel H, Deibert B, Schmidt-Gayk H, et al: Calcium metabolism 
in early chronic renal failure: implications for the pathogenesis 
of hyperparathyroidism. Nephrol Dial Transplant 6(3):162–169, 
1991.

82. Teng M, Wolf M, Lowrie E, et al: Survival of patients undergoing 
hemodialysis with paricalcitol or calcitriol therapy. N Engl J Med 
349(5):446–456, 2003.

83. Teng M, Wolf M, Ofsthun MN, et al: Activated injectable vitamin 
D and hemodialysis survival: a historical cohort study. J Am Soc 
Nephrol 16(4):1115–1125, 2005.

84. Palmer SC, McGregor DO, Macaskill P, et al: Meta-analysis: 
vitamin D compounds in chronic kidney disease. Ann Intern Med 
147(12):840–853, 2007.

85. Thadhani R, Appelbaum E, Pritchett Y, et al: Vitamin D therapy 
and cardiac structure and function in patients with chronic kidney 
disease: the PRIMO randomized controlled trial. JAMA 307:674–
684, 2012.

86. Nishi H, Nii-Kono T, Nakanishi S, et al: Intravenous calcitriol 
therapy increases serum concentrations of fibroblast growth 
factor-23 in dialysis patients with secondary hyperparathyroidism. 
Nephron Clin Pract 101(2):C94–C99, 2005.

87. Tokmak F, Quack I, Schieren G, et al: High-dose cholecalciferol 
to correct vitamin D deficiency in haemodialysis patients. Nephrol 
Dial Transplant 23(12):4016–4020, 2008.

88. Jean G, Terrat JC, Vanel T, et al: Daily oral 25-hydroxycholecalciferol 
supplementation for vitamin D deficiency in haemodialysis 
patients: effects on mineral metabolism and bone markers. Nephrol 
Dial Transplant 23(11):3670–3676, 2008.

89. Drueke TB, McCarron DA: Paricalcitol as compared with calcitriol 
in patients undergoing hemodialysis. N Engl J Med 349(5):496–
499, 2003.

90. Tentori F, Albert JM, Young EW, et al: The survival advantage for 
haemodialysis patients taking vitamin D is questioned: findings 
from the Dialysis Outcomes and Practice Patterns Study. Nephrol 
Dial Transplant 24(3):963–972, 2009.

http://www.myuptodate.com


 CHAPTER 63 — THERAPEuTIC APPROACH TO CHRONIC KIDNEY DISEASE–MINERAl BONE DISORDER 2033.e3

91. Indridason OS, Quarles LD: Hyperphosphatemia in end-stage 
renal disease. Adv Ren Replace Ther 9(3):184–192, 2002.

92. Kooienga L: Phosphorus balance with daily dialysis. Semin Dial 
20(4):342–345, 2007.

93. Mucsi I, Hercz G, Uldall R, et al: Control of serum phosphate 
without any phosphate binders in patients treated with nocturnal 
hemodialysis. Kidney Int 53(5):1399–1404, 1998.

94. Hirth RA, Turenne MN, Wheeler JR, et al: The initial impact of 
Medicare’s new prospective payment system for kidney dialysis. 
Am J Kidney Dis 62:662–669, 2013.

95. Tentori F, Fuller DS, Port FK, et al: The DOPPS practice monitor 
for US dialysis care: potential impact of recent guidelines and 
regulatory changes on management of mineral and bone disorder 
among US hemodialysis patients. Am J Kidney Dis 63:851–854, 
2014.

96. Zisman AL, Ghantous W, Schinleber P, et al: Inhibition of para-
thyroid hormone: a dose equivalency study of paricalcitol and 
doxercalciferol. Am J Nephrol 25(6):591–595, 2005.

97. Bacchini G, Fabrizi F, Pontoriero G, et al: “Pulse oral” versus 
intravenous calcitriol therapy in chronic hemodialysis patients. A 
prospective and randomized study. Nephron 77(3):267–272, 1997.

98. Caravaca F, Cubero JJ, Jimenez F, et al: Effect of the mode of 
calcitriol administration on PTH-ionized calcium relationship  
in uraemic patients with secondary hyperparathyroidism. Nephrol 
Dial Transplant 10(5):665–670, 1995.

99. Liou HH, Chiang SS, Huang TP, et al: Comparative effect of oral 
or intravenous calcitriol on secondary hyperparathyroidism in 
chronic hemodialysis patients. Miner Electrolyte Metab 20(3):97–
102, 1994.

100. Fischer ER, Harris DC: Comparison of intermittent oral and intra-
venous calcitriol in hemodialysis patients with secondary hyper-
parathyroidism. Clin Nephrol 40(4):216–220, 1993.

101. Martin KJ, Gonzalez E, Lindberg JS, et al: Paricalcitol dosing 
according to body weight or severity of hyperparathyroidism: a 
double-blind, multicenter, randomized study. Am J Kidney Dis 38(5 
Suppl 5):S57–S63, 2001.

102. Goodman WG, Ramirez JA, Belin TR, et al: Development of  
adynamic bone in patients with secondary hyperparathyroidism 
after intermittent calcitriol therapy. Kidney Int 46(4):1160–1166, 
1994.

103. Young EW, Akiba T, Albert JM, et al: Magnitude and impact of 
abnormal mineral metabolism in hemodialysis patients in the 
Dialysis Outcomes and Practice Patterns Study (DOPPS). Am J 
Kidney Dis 44(5 Suppl 2):34–38, 2004.

104. Argiles A, Kerr PG, Canaud B, et al: Calcium kinetics and the 
long-term effects of lowering dialysate calcium concentration. 
Kidney Int 43(3):630–640, 1993.

105. Sanchez C, Lopez-Barea F, Sanchez-Cabezudo J, et al: Low vs stan-
dard calcium dialysate in peritoneal dialysis: differences in treat-
ment, biochemistry and bone histomorphometry. A randomized 
multicentre study. Nephrol Dial Transplant 19(6):1587–1593, 2004.

106. Fernandez E, Borras M, Pais B, et al: Low-calcium dialysate stimu-
lates parathormone secretion and its long-term use worsens sec-
ondary hyperparathyroidism. J Am Soc Nephrol 6(1):132–135, 1995.

107. Nemeth EF, Steffey ME, Hammerland LG, et al: Calcimimetics 
with potent and selective activity on the parathyroid calcium 
receptor. Proc Natl Acad Sci U S A 95(7):4040–4045, 1998.

108. Brown EM, MacLeod RJ: Extracellular calcium sensing and extra-
cellular calcium signaling. Physiol Rev 81(1):239–297, 2001.

109. Hammerland LG, Garrett JE, Hung BC, et al: Allosteric activation 
of the Ca2+ receptor expressed in Xenopus laevis oocytes by NPS 
467 or NPS 568. Mol Pharmacol 53(6):1083–1088, 1998.

110. Goodman WG: Calcimimetics: a remedy for all problems of excess 
parathyroid hormone activity in chronic kidney disease? Curr Opin 
Nephrol Hypertens 14(4):355–360, 2005.

111. Goodman WG: Calcimimetic agents and secondary hyperparathy-
roidism: rationale for use and results from clinical trials. Pediatr 
Nephrol 18(12):1206–1210, 2003.

112. Harris RZ, Padhi D, Marbury TC, et al: Pharmacokinetics, phar-
macodynamics, and safety of cinacalcet hydrochloride in hemodi-
alysis patients at doses up to 200 mg once daily. Am J Kidney Dis 
44(6):1070–1076, 2004.

113. Silverberg SJ, Bone HG, III, Marriott TB, et al: Short-term inhibi-
tion of parathyroid hormone secretion by a calcium-receptor 
agonist in patients with primary hyperparathyroidism. N Engl J 
Med 337(21):1506–1510, 1997.

114. Antonsen JE, Sherrard DJ, Andress DL: A calcimimetic agent 
acutely suppresses parathyroid hormone levels in patients with 
chronic renal failure. Rapid communication. Kidney Int 53(1):223–
227, 1998.

115. Brown EM: Clinical lessons from the calcium-sensing receptor. Nat 
Clin Pract Endocrinol Metab 3(2):122–133, 2007.

116. Silver J, Levi R: Regulation of PTH synthesis and secretion rele-
vant to the management of secondary hyperparathyroidism in 
chronic kidney disease. Kidney Int Suppl 95:S8–S12, 2005.

117. Pollak MR, Brown EM, Chou YH, et al: Mutations in the human 
Ca(2+)-sensing receptor gene cause familial hypocalciuric 
hypercalcemia and neonatal severe hyperparathyroidism. Cell 
75(7):1297–1303, 1993.

118. Ho C, Conner DA, Pollak MR, et al: A mouse model of human 
familial hypocalciuric hypercalcemia and neonatal severe hyper-
parathyroidism. Nat Genet 11(4):389–394, 1995.

119. Li YC, Amling M, Pirro AE, et al: Normalization of mineral ion 
homeostasis by dietary means prevents hyperparathyroidism, 
rickets, and osteomalacia, but not alopecia in vitamin D receptor-
ablated mice. Endocrinology 139(10):4391–4396, 1998.

120. Drueke T, Martin D, Rodriguez M: Can calcimimetics inhibit para-
thyroid hyperplasia? Evidence from preclinical studies. Nephrol 
Dial Transplant 22(7):1828–1839, 2007.

121. Kos CH, Karaplis AC, Peng JB, et al: The calcium-sensing receptor 
is required for normal calcium homeostasis independent of para-
thyroid hormone. J Clin Invest 111(7):1021–1028, 2003.

122. Tu Q, Pi M, Karsenty G, et al: Rescue of the skeletal phenotype in 
CasR-deficient mice by transfer onto the Gcm2 null background. 
J Clin Invest 111(7):1029–1037, 2003.

123. Quarles LD: Cinacalcet HCl: a novel treatment for secondary 
hyperparathyroidism in stage 5 chronic kidney disease. Kidney Int 
Suppl 96:S24–S28, 2005.

124. Goodman WG, Hladik GA, Turner SA, et al: The calcimimetic 
agent AMG 073 lowers plasma parathyroid hormone levels in 
hemodialysis patients with secondary hyperparathyroidism. J Am 
Soc Nephrol 13(4):1017–1024, 2002.

125. Lindberg JS, Moe SM, Goodman WG, et al: The calcimimetic 
AMG 073 reduces parathyroid hormone and calcium x phospho-
rus in secondary hyperparathyroidism. Kidney Int 63(1):248–254, 
2003.

126. Goodman WG, Frazao JM, Goodkin DA, et al: A calcimimetic 
agent lowers plasma parathyroid hormone levels in patients with 
secondary hyperparathyroidism. Kidney Int 58(1):436–445, 2000.

127. Shoback DM, Bilezikian JP, Turner SA, et al: The calcimimetic 
cinacalcet normalizes serum calcium in subjects with primary 
hyperparathyroidism. J Clin Endocrinol Metab 88(12):5644–5649, 
2003.

128. Quarles LD, Sherrard DJ, Adler S, et al: The calcimimetic AMG 
073 as a potential treatment for secondary hyperparathyroidism 
of end-stage renal disease. J Am Soc Nephrol 14(3):575–583, 2003.

129. Wada M, Furuya Y, Sakiyama J, et al: The calcimimetic compound 
NPS R-568 suppresses parathyroid cell proliferation in rats with 
renal insufficiency. Control of parathyroid cell growth via a 
calcium receptor. J Clin Invest 100(12):2977–2983, 1997.

130. Colloton M, Shatzen E, Miller G, et al: Cinacalcet HCl attenuates 
parathyroid hyperplasia in a rat model of secondary hyperpara-
thyroidism. Kidney Int 67(2):467–476, 2005.

131. Wada M, Nagano N, Furuya Y, et al: Calcimimetic NPS R-568 
prevents parathyroid hyperplasia in rats with severe secondary 
hyperparathyroidism. Kidney Int 57(1):50–58, 2000.

132. Cunningham J, Danese M, Olson K, et al: Effects of the calcimi-
metic cinacalcet HCl on cardiovascular disease, fracture, and 
health-related quality of life in secondary hyperparathyroidism. 
Kidney Int 68(4):1793–1800, 2005.

133. Moe SM, Chertow GM, Coburn JW, et al: Achieving NKF-K/DOQI 
bone metabolism and disease treatment goals with cinacalcet HCl. 
Kidney Int 67(2):760–771, 2005.

134. Moe SM, Cunningham J, Bommer J, et al: Long-term treatment 
of secondary hyperparathyroidism with the calcimimetic cinacal-
cet HCl. Nephrol Dial Transplant 20(10):2186–2193, 2005.

135. Block GA, Zeig S, Sugihara J, et al: Combined therapy with cina-
calcet and low doses of vitamin D sterols in patients with moderate 
to severe secondary hyperparathyroidism. Nephrol Dial Transplant 
23(7):2311–2318, 2008.

136. Chertow GM, Blumenthal S, Turner S, et al: Cinacalcet hydrochlo-
ride (Sensipar) in hemodialysis patients on active vitamin D 

http://www.myuptodate.com


2033.e4 SECTION IX — CONSERVATIVE MANAGEMENT OF KIDNEY DISEASE

derivatives with controlled PTH and elevated calcium x phos-
phate. Clin J Am Soc Nephrol 1(2):305–312, 2006.

137. Evolve Trial Investigators, Chertow GM, Block GA, et al: Effect of 
cinacalcet on cardiovascular disease in patients undergoing dialy-
sis. N Engl J Med 367:2482–2494, 2012.

138. Uhlig K, Berns JS, Kestenbaum B, et al: KDOQI US commentary 
on the 2009 KDIGO Clinical Practice Guideline for the Diagnosis, 
Evaluation, and Treatment of CKD-Mineral and Bone Disorder 
(CKD-MBD). Am J Kidney Dis 55:773–799, 2010.

139. Kilpatrick RD, Newsome BB, Zaun D: Evaluating real-world use of 
cinacalcet and biochemical response to therapy in US hemodialy-
sis patients. Am J Nephrol 37:389–398, 2013.

140. Spiegel DM, McPhatter L, Allison A, et al: A computerized treat-
ment algorithm trial to optimize mineral metabolism in ESRD. 
Clin J Am Soc Nephrol 7:632–639, 2012.

141. Messa P, Macario F, Yaqoob M, et al: The OPTIMA study: assessing 
a new cinacalcet (Sensipar/Mimpara) treatment algorithm for 
secondary hyperparathyroidism. Clin J Am Soc Nephrol 3(1):36–45, 
2008.

142. Fishbane S, Shapiro WB, Corry DB, et al: Cinacalcet HCl and 
concurrent low-dose vitamin D improves treatment of secondary 
hyperparathyroidism in dialysis patients compared with vitamin D 
alone: the ACHIEVE study results. Clin J Am Soc Nephrol 3(6):1718–
1725, 2008.

143. Cozzolino M, Ketteler M, Martin KJ, et al: Paricalcitol- or 
cinacalcet-centred therapy affects markers of bone mineral disease 
in patients with secondary hyperparathyroidism receiving haemo-
dialysis: results of the IMPACT-SHPT study. Nephrol Dial Transplant 
29:899–905, 2014.

144. Fukuma S, Kurita N, Fukagawa M, et al: Impact of cinacalcet 
introduction on MBD management: the MBD-5D study in Japan. 
Kidney Int Suppl 3:436–441, 2013.

145. Hsu CY, Chertow GM: Elevations of serum phosphorus and potas-
sium in mild to moderate chronic renal insufficiency. Nephrol Dial 
Transplant 17(8):1419–1425, 2002.

146. Block GA: Prevalence and clinical consequences of elevated Ca x 
P product in hemodialysis patients. Clin Nephrol 54(4):318–324, 
2000.

147. Young EW, Albert JM, Satayathum S, et al: Predictors and  
consequences of altered mineral metabolism: the Dialysis Out-
comes and Practice Patterns study. Kidney Int 67(3):1179–1187, 
2005.

148. K/DOQI clinical practice guidelines for cardiovascular disease in 
dialysis patients. Am J Kidney Dis 45(3 Pt 2):16–153, 2005.

149. Coburn JW, Maung HM, Elangovan L, et al: Doxercalciferol safely 
suppresses PTH levels in patients with secondary hyperparathy-
roidism associated with chronic kidney disease stages 3 and 4. Am 
J Kidney Dis 43(5):877–890, 2004.

150. Coyne D, Acharya M, Qiu P, et al: Paricalcitol capsule for the 
treatment of secondary hyperparathyroidism in stages 3 and 4 
CKD. Am J Kidney Dis 47(2):263–276, 2006.

151. Spiegel DM, Brady K: Calcium balance in normal individuals and 
in patients with chronic kidney disease on low- and high-calcium 
diets. Kidney Int 81(11):1116–1122, 2012.

152. de Boer IH, Gorodetskaya I, Young B, et al: The severity of second-
ary hyperparathyoidism in chronic renal insufficiency is GFR-
dependent, race-dependent, and associated with cardiovascular 
disease. J Am Soc Nephrol 13(11):2762–2769, 2002.

153. Portale AA, Booth BE, Halloran BP, et al: Effect of dietary phos-
phorus on circulating concentrations of 1,25-dihydroxyvitamin D 
and immunoreactive parathyroid hormone in children with mod-
erate renal insufficiency. J Clin Invest 73(6):1580–1589, 1984.

154. Tonelli M, Sacks F, Pfeffer M, et al: Relation between serum phos-
phate level and cardiovascular event rate in people with coronary 
disease. Circulation 112(17):2627–2633, 2005.

155. Kestenbaum B, Sampson JN, Rudser KD, et al: Serum phosphate 
levels and mortality risk among people with chronic kidney 
disease. J Am Soc Nephrol 16(2):520–528, 2005.

156. Levey AS, Coresh J, Greene T, et al: Using standardized serum 
creatinine values in the modification of diet in renal disease study 
equation for estimating glomerular filtration rate. Ann Intern Med 
145(4):247–254, 2006.

157. Inker LA, Schmid CH, Tighiouart H, et al: Estimating glomerular 
filtration rate from serum creatinine and cystatin C. N Engl J Med 
367(1):20–29, 2012.

158. Isakova T, Gutierrez O, Shah A, et al: Postprandial mineral metab-
olism and secondary hyperparathyroidism in early CKD. J Am Soc 
Nephrol 19(3):615–623, 2008.

159. Llach F, Massry SG: On the mechanism of secondary hyperpara-
thyroidism in moderate renal insufficiency. J Clin Endocrinol Metab 
61(4):601–606, 1985.

160. Moallem E, Kilav R, Silver J, et al: RNA-protein binding and post-
transcriptional regulation of parathyroid hormone gene expres-
sion by calcium and phosphate. J Biol Chem 273(9):5253–5259, 
1998.

161. Russo D, Miranda I, Ruocco C, et al: The progression of coronary 
artery calcification in predialysis patients on calcium carbonate or 
sevelamer. Kid Int 72:1255–1261, 2007.

162. Di Iorio B, Bellasi A, Russo D, et al: Mortality in kidney disease 
patients treated with phosphate binders: a randomized study. Clin 
J Am Soc Nephrol 7:487–493, 2012.

163. Kovesdy CP, Kuchmak O, Lu JL, et al: Outcomes associated with 
phosphorus binders in men with non-dialysis-dependent CKD. Am 
J Kidney Dis 56(5):842–851, 2010.

164. Malabanan A, Veronikis IE, Holick MF: Redefining vitamin D 
insufficiency. Lancet 351(9105):805–806, 1998.

165. Hollis BW: Circulating 25-hydroxyvitamin D levels indicative of 
vitamin D sufficiency: implications for establishing a new effective 
dietary intake recommendation for vitamin D. J Nutr 135(2):317–
322, 2005.

166. Mirza MA, Larsson A, Lind L, et al: Circulating fibroblast growth 
factor-23 is associated with vascular dysfunction in the community. 
Atherosclerosis 205(2):385–390, 2009.

167. Gonzalez EA, Sachdeva A, Oliver DA, et al: Vitamin D insuffi-
ciency and deficiency in chronic kidney disease. A single center 
observational study. Am J Nephrol 24(5):503–510, 2004.

168. Ishimura E, Nishizawa Y, Inaba M, et al: Serum levels of 
1,25-dihydroxyvitamin D, 24,25-dihydroxyvitamin D, and 
25-hydroxyvitamin D in nondialyzed patients with chronic renal 
failure. Kidney Int 55(3):1019–1027, 1999.

169. Al-Aly Z, Qazi RA, Gonzalez EA, et al: Changes in serum 
25-hydroxyvitamin D and plasma intact PTH levels following treat-
ment with ergocalciferol in patients with CKD. Am J Kidney Dis 
50(1):59–68, 2007.

170. Goodman WG, Coburn JW: The use of 1,25-dihydroxyvitamin D3 
in early renal failure. Annu Rev Med 43:227–237, 1992.

171. Coburn JW, Elangovan L: Prevention of metabolic bone disease 
in the pre-end-stage renal disease setting. J Am Soc Nephrol 9(Suppl 
12):S71–S77, 1998.

172. Nordal KP, Dahl E: Low dose calcitriol versus placebo in patients 
with predialysis chronic renal failure. J Clin Endocrinol Metab 
67(5):929–936, 1988.

173. Przedlacki J, Manelius J, Huttunen K: Bone mineral density evalu-
ated by dual-energy X-ray absorptiometry after one-year treatment 
with calcitriol started in the predialysis phase of chronic renal 
failure. Nephron 69(4):433–437, 1995.

174. Coen G, Mazzaferro S, Bonucci E, et al: Treatment of secondary 
hyperparathyroidism of predialysis chronic renal failure with low 
doses of 1,25(OH)2D3: humoral and histomorphometric results. 
Miner Electrolyte Metab 12(5–6):375–382, 1986.

175. Bianchi ML, Colantonio G, Campanini F, et al: Calcitriol and 
calcium carbonate therapy in early chronic renal failure. Nephrol 
Dial Transplant 9(11):1595–1599, 1994.

176. Pierides AM, Ellis HA, Simpson W, et al: Variable response to 
long-term 1alpha-hydroxycholecalciferol in haemodialysis osteo-
dystrophy. Lancet 1(7969):1092–1095, 1976.

177. Kanis JA, Henderson RG, Heynen G, et al: Renal osteodystrophy 
in nondialysed adolescents. Long-term treatment with 1alpha-
hydroxycholecalciferol. Arch Dis Child 52(6):473–481, 1977.

178. Gallagher JC, Bishop CW, Knutson JC, et al: Effects of increasing 
doses of 1 alpha-hydroxyvitamin D2 on calcium homeostasis in 
postmenopausal osteopenic women. J Bone Miner Res 9(5):607–
614, 1994.

179. Takahashi F, Finch JL, Denda M, et al: A new analog of 1,25-
(OH)2D3, 19-nor-1,25-(OH)2D2, suppresses serum PTH and 
parathyroid gland growth in uremic rats without elevation of intes-
tinal vitamin D receptor content. Am J Kidney Dis 30(1):105–112, 
1997.

180. Finch JL, Brown AJ, Slatopolsky E: Differential effects of 
1,25-dihydroxy-vitamin D3 and 19-nor-1,25-dihydroxy-vitamin D2 

http://www.myuptodate.com


 CHAPTER 63 — THERAPEuTIC APPROACH TO CHRONIC KIDNEY DISEASE–MINERAl BONE DISORDER 2033.e5

on calcium and phosphorus resorption in bone. J Am Soc Nephrol 
10(5):980–985, 1999.

181. Weber K, Goldberg M, Stangassinger M, et al: 1Alpha-
hydroxyvitamin D2 is less toxic but not bone selective relative to 
1alpha-hydroxyvitamin D3 in ovariectomized rats. J Bone Miner Res 
16(4):639–651, 2001.

182. Rix M, Andreassen H, Eskildsen P, et al: Bone mineral density and 
biochemical markers of bone turnover in patients with predialysis 
chronic renal failure. Kidney Int 56(3):1084–1093, 1999.

183. Charytan C, Coburn JW, Chonchol M, et al: Cinacalcet hydrochlo-
ride is an effective treatment for secondary hyperparathyroidism 

in patients with CKD not receiving dialysis. Am J Kidney Dis 
46(1):58–67, 2005.

184. Chonchol M, Locatelli F, Abboud HE, et al: A randomized, 
double-blind, placebo-controlled study to assess the efficacy and 
safety of cinacalcet HCl in participants with CKD not receiving 
dialysis. Am J Kidney Dis 53(2):197–207, 2009.

185. Evenepoel P, Cooper K, Holdaas H, et al: A randomized study 
evaluating cinacalcet to treat hypercalcemia in renal transplant 
recipients with persistent hyperparathyroidism. Am J Transplant 
14:2545–2555, 2014.

http://www.myuptodate.com


2034

Drug Dosing Considerations 
in Patients with Acute 
Kidney Injury and Chronic 
Kidney Disease
Gary R. Matzke | Frieder Keller

64 

CHAPTER OUTLINE

EFFECTS OF AKI AND CKD ON DRUG 
DISPOSITION, 2035
Absorption,  2035
Distribution,  2036
Metabolism,  2037
PHARMACOGENOMICS, 2039
PHARMACODYNAMICS, 2040
ASSESSMENT OF KIDNEY FUNCTION, 2041
Pediatrics,  2043
Acute Kidney Injury,  2043

Patients Receiving Dialysis,  2044
DRUG DOSING CONSIDERATIONS, 2044
Patients with Chronic Kidney Disease,  2044
Patients with Acute Kidney Injury,  2046
Patients Undergoing Hemodialysis,  2046
Patients Receiving Continuous Renal 
Replacement Therapy,  2048
Patients Undergoing Peritoneal  
Dialysis,  2049
CLINICAL BOTTOM LINE, 2049

Acute kidney injury (AKI) and chronic kidney disease 
(CKD) can affect multiple organ systems, and these physi-
ologic changes have been associated with profound altera-
tions in the pharmacokinetics (PK) and pharmacodynamics 
(PD) of many drugs.1,2 Clinicians must assess kidney func-
tion and consider how kidney function alters the disposition 
of drugs and their active or toxic metabolites. The number 
of patients with AKI and CKD and end-stage kidney disease 
(ESKD) has increased in the last 10 years.3,4 Independent of 
injury or disease, kidney function tends to decrease with 
age, and older patients constitute an ever-increasing group 
for whom the optimization of drug therapy is crucial.5 The 
widespread use of alternative renal replacement therapies 
for treating AKI (e.g., continuous venovenous hemodiafil-
tration) and ESKD (frequent and/or nocturnal hemodialy-
sis or hemodiafiltration) during the last decade mandate an 
understanding of their influences on drug disposition.6 
When comparing outcomes of different dialytic modalities, 
rarely has the effect on drug disposition been considered.3,6-8 
Although innovation in peritoneal dialysis has been more 
modest, few studies have examined the effects of newer 
adequacy targets, or the use of nondextrose-containing peri-
toneal dialysates on drug disposition.

Data on the use of many drugs in patients with CKD, as 
well as the impact of dialysis, are often limited or absent at 

the time of regulatory approval. Patients with moderate to 
advanced CKD are typically excluded from participation in 
major safety and efficacy studies required for drug registra-
tion. Although regulatory authorities now require a pediat-
ric investigation plan as a routine part of drug development, 
they have not yet responded to the challenge of ensuring 
robust data for patients with impaired kidney function.1 
Indeed, significant differences exist with respect to the 
means of assessment and classification of the degree of 
impaired kidney function.9 Thus, some recommendations 
are not concordant as to whether drug dose adjustment is 
necessary at all.10 The availability of robust and readily appli-
cable information to guide prescribing for patients with 
kidney disease remains imprecise and relies on interpola-
tion, extrapolation, and estimation.11,12 Optimization of 
CKD and AKI patient care is dependent on the clinician’s 
knowledge of basic biochemical and physiologic under-
standing of drug disposition as well as individual experience 
with the effects of renal replacement therapies (RRTs) on 
drug and metabolite removal.

In the 1970s, with the advent of specific and sensitive 
analytic techniques, the pharmaceutical industry began to 
investigate the relationship of kidney function to the  
pharmacokinetics and pharmacodynamics of the drugs they 
had in development. Until the 1990s, there remained no 

http://www.myuptodate.com


 CHAPTER 64 — DRUg DosIng ConsIDERATIons In PATIEnTs wITH ACUTE KIDnEy InjURy AnD CHRonIC KIDnEy DIsEAsE  2035

concentration. This decrease occurs as the drug distributes 
from the plasma into the extravascular space and beyond. 
During the terminal elimination phase, drug concentra-
tions in plasma are in equilibrium with concentrations in 
body tissues (Figure 64.1). The rate and extent of drug 
absorption and distribution and rate of drug elimination 
may be ascertained by mathematical analysis of the serum 
or plasma concentration data collected over an appropriate 
time interval. The terminal elimination half-life of a drug is 
the time required for the plasma concentration to decline 
by 50%; this it can be determined from the slope of the 
elimination phase of the plot of serum or plasma drug con-
centration versus time after the drug is ingested or injected. 
By comparing PK data from patients with normal kidney 
function with data from patients with impaired kidney func-
tion, rational drug dosing regimens may be proposed.11-13

ABSORPTION

Drugs given IV enter the central circulation directly and 
generally have a rapid onset of action. Drugs given by other 
routes must first pass through important organs of elimina-
tion before entering the systemic circulation; thus, a smaller 
proportion of the drug reaches the systemic circulation. In 
many cases, only a fraction of the administered dose may 
reach the circulation and become available at the site of 
drug action. Even drugs given IV and by inhalation must 
pass though the lungs before reaching arterial blood. 
Similar to other organs, the lungs remove substantial 
amounts of some agents. For drugs administered orally, the 
rate and extent of gastrointestinal (GI) absorption are 
important considerations. Absorption has been character-
ized by determining the maximum attained serum or plasma 
concentration (Cmax), as well as the time after ingestion 
when the Cmax was observed (Tmax). Differences in these two 
parameters among patient groups were historically consid-
ered evidence of altered GI absorption when actually  
the bioavailability may have been unchanged.14 The bio-
availability of a drug depends on the extent of metabo-
lism during its first pass through the GI tract and liver 
before reaching the systemic circulation. The absolute bio-
availability is determined by comparing the area under the 
serum/plasma concentration-time curve (AUC) after oral 
administration to that observed after IV administration. 

regulatory guidance or clinical consensus for when investi-
gations should be conducted and with what degree of rigor. 
Thus, much of the data on the PK of drugs in patients with 
kidney disease was the result of clinician-initiated, postmar-
keting studies. These resulted in the publication of incon-
sistent and, in some cases, conflicting recommendations 
regarding adjustments in drug dose or frequency of admin-
istration.1 Critical issues include characterization of the 
degree of impact of AKI or CKD on a drug’s disposition, 
pharmacodynamics, and/or dependence on pharmacoge-
netics, identification of the most reliable index of kidney 
function for drug dosing, determination of the desired 
therapeutic endpoints, significance of risks associated with 
the accumulation of drug and/or metabolite concentra-
tions, predictive performance of various methodologies to 
calculate the desired dosage regimen, and quantification of 
the influence of RRTs on drug disposition.

In this chapter, the influence of AKI and CKD on drug 
pharmacokinetic properties is characterized, and a guide 
for individualizing drug therapy in patients with AKI and 
CKD is presented, along with dosage recommendations for 
many commonly used drugs. The role of pharmacodynamic 
measures alone or in combination with pharmacokinetics, 
as well as pharmacogenetic testing in drug dosage regimen 
design, is discussed. The impact of maintenance dialysis for 
ESKD and continuous RRT (CRRT) for patients with AKI 
on drug disposition are discussed, and dosage recommenda-
tions for most critical drugs are presented.

EFFECTS OF AKI AND CKD ON  
DRUG DISPOSITION

Pharmacokinetics describes the time course of drug absorp-
tion, distribution, metabolism, and elimination. Pharmaco-
dynamics provides a characterization of the complex 
interaction of drug concentrations, receptor-drug interac-
tions, mechanism of action, and clinical factors, such as 
concurrent diseases and degree of organ dysfunction on 
patients’ response to drug therapy. The combination of PK 
and PD drug characteristics allows clinicians with founda-
tional information to make rational prescribing decisions.

When given intravenously (IV), a rapid decrease in  
the plasma concentration follows an initial high drug 

Figure 64.1  Distribution and elimination of a drug after intravenous administration. 
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one of the most important and complicated factors to quan-
tify in patients with AKI. There is a fine balance between 
detrimental fluid overload and adequate hydration to pre-
serve and optimize perfusion and function. Critically ill 
patients should be managed in a slightly negative fluid 
balance after initial adequate fluid resuscitation has been 
achieved.25-29 If patients are volume-expanded, the adminis-
tration of the usual doses of many drugs will result in inad-
equately low plasma concentrations.

The distribution volume of drugs may be altered by fluid 
removal during dialysis.30 Changes in body cell mass (nonfat, 
nonwater, nonbone mineral mass) commonly occur over 
time in patients on dialysis,31 resulting in sarcopenia. Failure 
to detect a reduction in body cell mass may lead to inap-
propriate maintenance of the same dry weight and drug 
dosage regimen, despite a real increase in total body water32 
(and thus the distribution volume of several drugs).

Finally, the method used to calculate the volume of dis-
tribution may be influenced by impaired kidney function. 
The three most commonly used volume of distribution 
terms are volume of the central compartment (Vc), volume 
of the terminal phase (Vß and Varea), and volume of distribu-
tion at steady state (Vss). The Vc for many drugs approxi-
mates extracellular fluid volume and thus may be increased 
or decreased by acute changes. Oliguric acute renal failure 
is often accompanied by fluid overload and a resultant 
increased Vc for many drugs. The Varea or Vβ represents the 
proportionality constant between plasma concentrations in 
the terminal elimination phase and the amount of drug 
remaining in the body. Vβ is affected by distribution charac-
teristics and by the terminal elimination rate constant. Vβ 

When this measure of bioavailability was assessed, there 
were very few drugs shown to be affected by the presence 
of CKD or AKI.15

First-pass biotransformation may also occur in the gut; 
bioflavonoids in grapefruit juice can inhibit cytochrome P 
450 (CYP) 3A4 and noncompetitively inhibit the metabo-
lism of drugs metabolized by this enzyme. This grapefruit 
juice–CYP3A4 interaction was first noted with the calcium 
channel blocker felodipine.16 This interaction also increases 
the bioavailability of cyclosporine by as much as 20%.17 A 
wide variety of other drugs are similarly affected, including 
several medications used for depression and anxiety (e.g., 
selective serotonin reuptake inhibitors [SSRIs], serotonin-
norepinephrine reuptake inhibitors [SNRIs]) and statins.18 
Herbal medicine (e.g., hypericin) can activate the adenos-
ine triphosphate (ATP)–binding cassette (ABC) transporter 
or P-glycoprotein (multidrug resistance) transporter in gut 
mucosa, leading to reduced drug absorption.19

Although GI symptoms are common in patients with 
ESKD, little specific information about alimentary function 
is available. The salivary concentration of urea increases 
when urea accumulates in plasma. Ammonia forms from 
urea in the presence of gastric urease and buffers gastric 
acid, increasing gastric pH. The ammonia is absorbed and 
converted to urea again by the liver. The gastric alkalinizing 
effect of this internal urea-ammonia cycle decreases the 
absorption of drugs that are best absorbed in an acidic 
environment. Drug malabsorption may be further aggra-
vated by the increased use of various therapies to reduce 
gastric acidity and/or reduce phosphate absorption, espe-
cially in patients who are dialysis-dependent.14,20,21 The resul-
tant chelation and formation of nonabsorbable complexes 
reduce the bioavailability of some drugs, including several 
antibiotics and digoxin.

The processes of GI drug absorption are complex, may 
be saturable and dose-dependent, and are more variable in 
patients with ESKD than in those with normal kidney func-
tion.22 Gastroparesis, commonly observed in patients with 
diabetes mellitus, many of whom also have CKD, prolongs 
gastric emptying and delays drug absorption; that is, Tmax is 
observed to be delayed. Conversely, diarrhea decreases gut 
transit time (Tmax is shortened and diminishes drug absorp-
tion by the small bowel). Gut mucosal integrity becomes 
impaired across the spectrum of CKD, as evidenced by 
increasing levels of circulating translocated endotoxins.23

DISTRIBUTION

The volume of distribution of a drug does not necessarily 
correspond to a specific anatomic space. Rather, the volume 
of distribution is a mathematical construct based on the 
plasma concentration achieved following the IV administra-
tion of a given dose of a drug. Agents that are highly protein-
bound and those that are water-soluble tend to be restricted 
to the vascular compartment and extracellular fluid (ECF) 
space, respectively, and thus have volumes of distribution 
less than 0.20 L/kg. Highly lipid-soluble drugs and those 
extensively bound to tissues often exhibit volumes of distri-
bution in excess of 1 L/kg. The drug distribution volume 
of highly water-soluble or protein-bound drugs may be 
increased in patients with AKI or CKD if edema and/or 
ascites is present (Table 64.1).2,5,13,15,24 Drug distribution is 

Table 64.1 Volume of Distribution of Selected 
Drugs in Patients with Normal Kidney 
Function and Those on Dialysis

Drug
Normal 
(L/kg)

Stage 5 
CKD (L/kg)

Change from 
Normal (%)

Increased

Amikacin 0.20 0.29 45
Cefazolin 0.13 0.17 31
Cefoxitin 0.16 0.26 63
Ceftriaxone 0.28 0.48 71
Cefuroxime 0.20 0.26 30
Doripenem 0.25 0.47 88
Dicloxacillin 0.08 0.18 125
Erythromycin 0.57 1.09 91
Furosemide 0.11 0.18 64
Gentamicin 0.20 0.32 60
Isoniazid 0.6 0.8 33
Minoxidil 2.6 4.9 88
Phenytoin 0.64 1.4 119
Trimethoprim 1.36 1.83 35
Vancomycin 0.64 0.85 33

Decreased

Chloramphenicol 0.87 0.60 −31
Digoxin 7.3 4.0 −45
Ethambutol 3.7 1.6 −57

Data from references 2, 5, 13, and 15.
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results in more unbound drug being available at the site of 
drug action or toxicity, the distribution volume is increased, 
resulting in lower plasma concentrations after a given dose. 
More unbound drug is available for metabolism and excre-
tion, which increases the clearance and decreases the half-
life of the drug in the body. Drugs with decreased protein 
binding in patients on dialysis are listed in Table 64.2.

METABOLISM

The disposition of drugs metabolized by the liver may be 
altered by changes in plasma protein binding. The systemic 
clearance of a highly protein-bound drug with a low hepatic 
extraction ratio depends on the simultaneous effects of AKI 
or CKD on protein binding and intrinsic metabolic drug 
clearance. Because the effects of severe CKD on these two 

Figure 64.2  Protein-binding defect  in uremia. Displacement of the 
drug  from  its binding  site by  an accumulation of  undefined  uremic 
toxins or a uremia-induced conformational change in the binding site 
geometry results in more free drug in the plasma. 

PROTEIN BINDING DEFECT IN UREMIA

Normal Uremia

and Vss will often be similar in magnitude, with Vβ being 
slightly larger. Because Vss has the advantage of being inde-
pendent of drug elimination, it is the most appropriate 
volume term to use when it is desirable to compare drug 
distribution volumes between patients with renal insuffi-
ciency and those with normal renal function.33

Alterations of plasma protein binding in patients with 
CKD can also affect drug action. The volume of distribution 
of a drug, quantity of unbound drug available for action, 
and degree to which the agent is eliminated by hepatic or 
renal excretion are all influenced by protein binding. Drugs 
that are protein-bound attach reversibly to albumin or α1-
glycoprotein in plasma (Figure 64.2). Whereas organic acids 
bind to a single binding site, organic bases probably have 
multiple sites of attachment.34,35

Protein-bound organic acids such as hippuric acid, 
indoxyl sulfate, and 3-carboxy-4-methyl-5-propyl-2-furanpro-
pionic acid (CMPF) accumulate in advanced CKD and 
decrease the protein binding of many acidic drugs.36-38 A 
combination of decreased serum albumin concentration 
and reduction in albumin affinity for the drug reduces 
protein binding in dialysis-dependent patients. Even when 
the plasma albumin concentration is normal, the protein-
binding defect of some drugs correlates directly with the 
level of azotemia and may be corrected with dialysis.5,8,34 
Binding affinity is influenced by changes in the structural 
orientation of the albumin molecule or by the accumulation 
of endogenous inhibitors of protein binding that compete 
with drugs for their binding sites.34

The unbound fraction of several acidic drugs are increased 
in CKD because of impaired plasma protein binding. Toxic-
ity can occur if the total plasma concentration of these drugs 
is pushed into the therapeutic range by increasing the dose, 
wherein the free (active) concentration may be in the supra-
therapeutic range. For such drugs, unbound plasma con-
centrations should be measured to guide therapy. The need 
to measure unbound drug concentrations applies especially 
to drugs with very narrow therapeutic ranges, such as phe-
nytoin.39 Predicting the clinical consequences of altered 
protein binding is difficult. Although decreased binding 

Table 64.2 Unbound Fraction of Selected Drugs 
in Patients with Normal Kidney 
Function and End-Stage Kidney 
Disease (ESKD)

Drug
Normal 
Patient

ESKD 
Patient

Change from 
Normal (%)

Acidic Drugs

Abecarnil 4 15 275
Azlocillin 62.5 75 20
Cefazolin 16 29 81
Cefoxitin 27 59 119
Ceftriaxone 10 20 100
Clofibrate 3 9 200
Dicloxacillin 3 9 200
Diflunisal 12 44 267
Doxycycline 12 28 133
Furosemide 4 6 50
Methotrexate 57.2 63.8 12
Metolazone 5 10 100
Moxalactam 48 64 33
Pentobarbital 34 41 21
Phenytoin 10 21.5 115
Salicylate 8 20 150
Sulfamethoxazole 34 58 71
Valproic acid 8 23 188
Warfarin 1 2 100

Basic Drugs

Decreased

Bepridil 0.3 0.1 −67
Clonidine 55.6 47.6 −14
Disopyramide 32 28 −13
Propafenone 3.4 2.4 −29

Increased

Amphotericin B 3.5 4.1 17
Chloramphenicol 45 64 42
Clonazepam 13.9 16 15
Diazepam 2 8 300
Fluoxetine 5.5 6.5 18
Ketoconazole 1 1.5 50
Prazosin 6 10.1 68
Rosiglitazone 0.16 0.22 38
Triamterene 19 43 126
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Table 64.3 Drugs with Pharmacologically Active Metabolites that May Affect Efficacy or Toxicity in Patients 
with Severe Chronic Kidney Disease

Parent Drug Metabolite Pharmacologic Activity of Metabolites

Acetaminophen N-Acetyl-p-benzo-
quinoneimine

Responsible for hepatotoxicity

Allopurinol Oxipurinol Metabolite primarily responsible for suppression of xanthine oxidase
Azathioprine Mercaptopurine All immunosuppressive activity resides in the metabolite.
Cefotaxime Desacetyl cefotaxime Similar antimicrobial spectrum, but 10% to 25% as potent
Chlorpropamide 2-Hydroxychlorpropamide Similar in vitro insulin-releasing activity
Clofibrate Chlorophenoxyisobutyric acid Primarily responsible for hypolipidemic effect and direct muscle toxicity
Codeine Morphine-6-glucuronide Possibly more active than parent compound; may contribute to prolonged narcotic 

effect in renal failure patients
Imipramine Desmethylimipramine Similar antidepressant activity
Ketoprofen Ketoprofen glucuronide Accumulation of acyl glucuronide may worsen toxic effects (GI disturbances, 

impairment of kidney function)
Meperidine Normeperidine Less analgesic activity than parent, but more central nervous system stimulatory 

effects, epileptogenic
Morphine Morphine-6-glucuronide Possibly more active than parent compound; may contribute to prolonged narcotic 

effect in ESKD
Mycophenolic 

acid
Mycophenolic acid 

glucuronide
Lacks pharmacologic activity but may be associated with dose-limiting (GI) side 

effects
Procainamide N-Acetyl procainamide Distinct antiarrhythmic activity; mechanism different from that of parent compound
Sulfonamides Acetylated metabolites Devoid of antibacterial activity; elevated concentrations associated with increased 

toxicity
Theophylline 1,3-Dimethyl uric acid Cardiotoxicity has been demonstrated.
Zidovudine Zidovudine triphosphate Primarily responsible for antiretroviral activity

factors offset each other in terms of total systemic clearance, 
the lowest total systemic clearance is not seen in patients 
with ESKD but rather occurs in patients with moderate to 
severe CKD. The systemic clearance of drugs with a high 
hepatic extraction ratio is not thought to be as susceptible 
to the effect of CKD as that of drugs with a low extraction 
ratio.40

Many active or toxic metabolites depend on the kidneys 
for their removal from the body. The accumulation of these 
metabolites in patients with impaired kidney function (AKI 
and CKD) can explain in part the high incidence of adverse 
drug reactions in this patient population. For example, 
although the liver usually rapidly metabolizes morphine, it 
is excreted mainly in the urine because its active metabo-
lites, morphine-3-glucuronide (M3G) and morphine-6- 
glucuronide (M6G) readily cross the blood-brain barrier 
and bind to opiate receptors, exerting strong analgesic 
effects. In patients with CKD, morphine itself is metabolized 
more slowly, and these active metabolites increase, making 
prolonged narcosis and respiratory depression more 
likely.41,42 Similarly, the biotransformation of meperidine 
results in the production of normeperidine, a more polar 
metabolite that is normally rapidly excreted in the urine. 
Normeperidine has little to no analgesic activity but lowers 
the seizure threshold. In patients with impaired kidney func-
tion, repeated doses of meperidine may result in the accu-
mulation of this potentially toxic metabolite, with resultant 
seizures.43 Table 64.3 lists some drugs that form active or 
toxic metabolites in CKD patients and have been associated 
with adverse outcomes.

ALTERATIONS OF CYTOCHROME P450  
ENZYME ACTIVITY
A decrease in the renal clearance of drugs in patients with 
CKD is well appreciated. However, there is now preclinical 
and emerging clinical evidence suggesting that advanced 
CKD (stages 4 and 5) may lead to reductions in the nonre-
nal clearance of many medications as the result of altera-
tions in the activities of uptake and efflux transporters,  
as well as CYP enzymes, in the liver and other organs  
(Table 64.4).35,44-49 The effect(s) of AKI and CKD on nonre-
nal drug clearance appear to depend on whether the reduc-
tion in renal function is acute or chronic in nature—and 
likely stronger in CKD.

Preservation of nonrenal metabolic clearance has been 
observed early in the course of AKI,50-53 and thus drug dosing 
schemes extrapolated from those with stable CKD may 
therefore result in ineffectively low drug concentrations. 
Furthermore, failure to appreciate that changes in serum 
creatinine levels are not an accurate marker of the glomeru-
lar filtration rate (GFR) early in AKI may lead to further 
dosing errors. The first reports of nonrenal clearance of 
drugs being affected by AKI came from the observation that 
the residual nonrenal clearances for vancomycin, merope-
nem, and imipenem were higher in patients with AKI com-
pared to patients with CKD, who had comparable creatinine 
clearance (CrCl).51-53

Most of the direct evidence on metabolism in the pres-
ence of AKI has been derived from investigations in animal 
models. A number of drugs have been studied in a variety 
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transport systems.49,59-61 Renal transport systems have been 
broadly classified on the basis of substrate selectivity  
into anionic and cationic renal transport systems, which  
are responsible for the transport of a number of organic 
acidic and basic drugs, respectively.35,49 Several drugs 
are actively secreted by one or more of these transporter 
families, including organic cationic (e.g., famotidine, trim-
ethoprim, dopamine), organic anionic (e.g., ampicillin, 
cefazolin, furosemide), nucleoside (e.g., zidovudine), and 
P-glycoprotein transporters (e.g., digoxin, vinca alkaloids, 
steroids).52,60 Alterations in filtration, secretion, or reabsorp-
tion secondary to CKD may have a dramatic effect on drug 
disposition. For drugs that are primarily filtered, a reduc-
tion in GFR will result in a proportional decrease in renal 
drug clearance.

PHARMACOGENOMICS

Over the last 2 decades, genome-wide analyses have identi-
fied genetic variants that are associated with the risk of 
several diseases,62,63 although most confer a very low relative 
risk and have low discriminatory and predictive values.64,65 
The variability in how patients respond to drug treatments 
is a consequence of alterations in pharmacokinetics and 
pharmacodynamics, as outlined in this chapter, as well as 
differences in their genotypes and/or phenotypes.63,66-72 The 
validity of phenotyping cocktails and their correlation  
with genotyping data are still in need of clarification.73 
Genotyping information is becoming more widely available 
than phenotyping data by clinicians and patients and this  
is bringing in demands for a more individualized approach 
to pharmacotherapy. Genotypic characterization now  
serves as the basis for dosing recommendations for some 
drugs,74-77 and more than 120 U.S. Food and Drug Admin-
istration (FDA)–approved drugs have pharmacogenomic 

of AKI models. AKI is a heterogenous insult that is often 
part of multisystem failure of cellular respiration and can 
have in various consequences.54-57 CYP enzymes are affected 
by AKI, and the extent of these effects may depend on the 
mechanism of experimental AKI. Definitive conclusions on 
the pharmacokinetics of metabolized medications in AKI 
remain hampered by the clinical complexity and potential 
confounders; hypoxia, decreased protein synthesis, com-
petitive inhibition from concomitant medications, and 
decreased hepatic perfusion could also contribute to the 
reduced clearance.

In humans with CKD, the activities of CYPs appear to be 
relatively unaffected.46,49,58 It has been reported that CYP3A4 
activity is reduced,45-47,49 but recent studies have indicated 
that organic anion transporting polypeptide (OATP) uptake 
activity is decreased. Thus, the perceived changes in CYP3A4 
activity were likely due to altered transporter activity, not to 
an alteration in CYP activity. The reduction of nonrenal 
clearance of several drugs that exhibit overlapping CYP and 
transporter substrate specificity in patients with stage 4 or 5 
CKD supports this premise. These studies must be inter-
preted with caution, however, because concurrent drug 
intake, age, smoking status, and alcohol intake were often 
not taken into consideration. Furthermore, pharmacoge-
netic variations in drug-metabolizing enzymes that may have 
been present in the individual before the onset of AKI or 
CKD must also be considered.

RENAL EXCRETION
Renal clearance (ClR) of a drug is the composite of the GFR, 
tubular secretion, metabolism, and reabsorption [(ClR = 
(GFR × fu) + (Clsecretion + Clmetabolism − Clreabsorption)], where fu is 
the fraction of the drug unbound to plasma proteins. Drug 
elimination by filtration occurs by a pressure gradient, 
whereas tubular secretion and reabsorption are bidirec-
tional processes that involve carrier-mediated renal 

Table 64.4 Major Pathways of Nonrenal Drug Clearance (ClNR)

ClNR Pathway Selected Substrates

Oxidative Enzymes

CYP1A2 Polycyclic aromatic hydrocarbons, caffeine, imipramine, theophylline
CYP2A6 Coumarin
CYP2B6 Nicotine, bupropion
CYP2C8 Retinoids, paclitaxel, repaglinide
CYP2C9 Celecoxib, diclofenac, flurbiprofen, indomethacin, ibuprofen, losartan, phenytoin, tolbutamide, S-warfarin
CYP2C19 Diazepam, S-mephenytoin, omeprazole
CYP2D6 Codeine, debrisoquine, desipramine, dextromethorphan, fluoxetine, paroxetine, duloxetine, nortriptyline, 

haloperidol, metoprolol, propranolol
CYP2E1 Ethanol, acetaminophen, chlorzoxazone, nitrosamines
CYP3A4/5 Alprazolam, midazolam, cyclosporine, tacrolimus, nifedipine, felodipine, diltiazem, verapamil, fluconazole, 

ketoconazole, itraconazole, erythromycin, lovastatin, simvastatin, cisapride, terfenadine

Conjugative Enzymes

UGT Acetaminophen, morphine, lorazepam, oxazepam, naproxen, ketoprofen, irinotecan, bilirubin
NAT Dapsone, hydralazine, isoniazid, procainamide

Data from references 35, 44-49.
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This is because of the prolonged elimination half-life, which 
results in an increased area under the concentration-time 
curve. Only rarely has there been evidence of an alteration 
in the concentration effect relation in patients with AKI or 
CKD; pharmacokinetic changes predominantly contribute 
to the need for a modified dosing regimen.

The concentration (C) is the primary driving force that 
obligates altered dosage regimens to achieve the desired 
pharmacodynamic targets. The actual effect is a function of 
the maximum effect and the concentration producing the 
half-maximum effect. The Hill coefficient (H) is a measure 
of the sigmoidicity of the effect-concentration correlation:

E
E
CE

C

H=
− 





max

1 50  

From this equation, the threshold concentration, which 
produces 5% of the maximum effect, and the ceiling  
concentration, which is associated with 95% of the maximum 
effect, can be derived. The higher the Hill coefficient,  
the higher the threshold concentration and the narrower is 
the range of lower and upper target concentrations; this is 
because the ceiling concentration comes down close to  
the concentration producing the half-maximum effect 
(Figure 64.3):

CE CEH
05

1

5019= •
−

CE CEH
95

1

5019= •

The difference between the ceiling and threshold con-
centrations can be measured by multiples of the respective 
elimination half-life. The ceiling concentration is the upper 
limit of the targeted peak concentration (Cpeak < CE95), 
whereas the threshold concentration marks the lower limit 

information in their labeling, including fluoropyrimidines, 
codeine, SSRIs, tricyclic antidepressants, β-blockers, opiates, 
neuroleptics, antiarrhythmic agents, and statins.78 However, 
the promise of pharmacogenomics has not always translated 
into improvements in patient care because of the inaccuracy 
of results and the complexities involved.79,80 In late 2013, 
FDA approved four diagnostic, high-throughput, gene-
sequencing devices, which represents a significant step 
forward in the ability to generate genomic information that 
will ultimately improve patient care.81 As Collins and 
Hamburg from the National Institutes of health (NIH) and 
FDA have stated, “There are many challenges ahead before 
personalized medicine can be considered truly embedded 
in health care. We need to continue to uncover variants 
within the genome that can be used to predict disease onset, 
affect progression, and modulate drug response.”80 New 
genomic findings need to be validated before they can be 
integrated into medical decision making. Physicians and 
other health care professionals will need support in inter-
preting genomic data, integrating it into clinical decision 
making, and applying the results to individual patients. With 
the right information and support, patients will be able to 
participate with their physicians in making more informed 
decisions.

As an example of the complexity of individualizing drug 
therapy on the basis of genomic information, the commonly 
prescribed anticoagulant, warfarin, may be considered. Two 
recently published trials raise significant questions regard-
ing the value of genomic data to guide the initial dosing of 
this agent.82,83 A genotype-guided approach to warfarin 
dosing failed to improve anticoagulation control during the 
first 4 weeks of treatment, according to the first of the 
articles.82 Among 1015 patients assigned to usual care or 
usual care plus genotype, international normalized ratio 
(INR) results showed that the mean percentage of time in 
the therapeutic range at 4 weeks was 45.2% in the genotype-
guided group and 45.4% in the usual care group. Moreover, 
rates of the combined outcome of any INR of 4 or more, 
major bleeding, or thromboembolism did not differ signifi-
cantly according to dosing strategy.

The second study reported conflicting results in that 
pharmacogenetic-based dosing was associated with a slightly 
but significantly higher percentage of time in the therapeu-
tic INR range, with significantly fewer incidences of exces-
sive anticoagulation (INR ≥ 4.0) in the genotype-guided 
group. Thus, at present, there are insufficient data indicat-
ing a therapeutic benefit related to genomic information in 
persons with normal kidney function, much less those with 
CKD or AKI.84

PHARMACODYNAMICS

The fundamental concept of pharmacodynamics is described 
by the Hill equation. This model has been extensively used 
to optimize the effects of most antimicrobial agents.85 The 
principles are applicable to guide the dosing of medications 
in patients with CKD, as well as those with normal kidney 
function. In the patient with CKD, the concentration time 
profile of many drugs is altered, so the dosage regimen 
predicted will likely be different than the normal regimen. 

Figure 64.3  Threshold  concentration,  CE05,  producing  5%  of  the 
maximum effect and ceiling concentration, CE95, producing 95% of 
the maximum effect. With a Hill coefficient of H = 1.0, CE05 = 0.5 and 
CE95 = 190, whereas for H = 4.0, the threshold is higher, with CE05 = 
6.0, but the ceiling is much less, with CE95 = 21 mg/L. 
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the half-maximum effect (MIC ≪ CE50). Consequently, it 
might be more reasonable to compare the bacteriologic 
MIC with the pharmacodynamic parameter of a threshold 
concentration:

CE CE MICthreshold = =05

From the Hill coefficient, one can postulate that the time-
dependent action and concentration-dependent action  
are only the extreme positions of a continuum. Every drug 
can be considered as concentration-dependent and time-
dependent. To overcome resistance, a higher dose might be 
necessary, because relative resistance can be seen in cases in 
which a high concentration is required to produce the half-
maximum effect. The potency is the inverse concentration 
producing the half-maximum effect:

Potency
CE

= 1

50

This concept distinguishes a relative resistance from an 
absolute drug resistance. A pathogen with a relative resis-
tance can be made sensitive by increasing the dose.90-92 Thus, 
for example, it has been recommended to treat severe infec-
tions with resistant strains by increasing the standard 
meropenem dose to 2000 mg/day, three times daily,93 or the 
daptomycin dose to more than 8 mg/kg/day,94 with careful 
monitoring of side effects.

ASSESSMENT OF KIDNEY FUNCTION

The standard measure of kidney function for decades has 
been the GFR.61 The GFR can be measured using many 

of effective trough concentration (Ctrough > CE05). For a drug 
with a short half-life (t 1

2
) and a high Hill coefficient, the 

therapeutic range of target concentrations can be very small 
(see Figure 64.3):
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For the β-lactam ceftazidime, with a short half-life of 2.1 
hours in patients with normal kidney function but with a 
high Hill coefficient of 3.7,86 the peak to trough or ceiling 
to threshold time of 5 hours indicates that ceftazidime 
should be given at least every 6 hours to maximize efficacy. 
In contrast, and in agreement with the postulated postanti-
biotic effect, the maximum peak to trough time is estimated 
as 13 hours for gentamicin, with a half-life of 2 hours but a 
Hill coefficient of 1.3.86

The most important progress in anti-infective dosing  
has been achieved with the differentiation of drugs  
with time-dependent actions from drugs with concen-
tration-dependent actions.87,88 Specific examples are the 
β-lactam-antibiotics and antiviral drugs with a known time-
dependent effect, whereas aminoglycosides and quinolones 
have a concentration-dependent activity. The threshold and 
ceiling concentrations are specific functions of the concen-
tration producing the half-maximum effect and the Hill 
coefficient. Both explain the observation that anti-infective 
drugs with a time-dependent effect have a significantly 
higher Hill coefficient than those with a concentration-
dependent action.86 A high Hill coefficient is associated with 
a high threshold concentration but, simultaneously, with a 
relatively low ceiling concentration. Thus, it makes no sense 
to increase the dose of time-dependent anti-infective drugs 
above the ceiling concentration. In contrast, a low Hill coef-
ficient is associated with a high ceiling concentration and 
low threshold concentration. Thus, it might increase the 
effect of concentration-dependent anti-infective drugs to 
give a high single dose but it is not so critical to extend the 
administration interval, as proposed for aminoglycosides.89 
Practically, it is necessary to administer anti-infective drugs 
with a time-dependent action more frequently, whereas anti-
infective drugs with a concentration-dependent action 
should be given with a higher maintenance dose to increase 
efficacy (Figure 64.4).

Usual measures of the antimicrobial effect, such as the 
time over minimal inhibitory concentrations (MICs),  
AUC over MIC, time over MIC, or peak over MIC, can be 
unified to the following concept. The target concentration 
should not be less than the threshold concentration  
for time-dependent effects, but the target concentration 
could be as high as the ceiling concentration for 
concentration-dependent effects. A close correlation of the 
MIC and concentration producing the half-maximum effect 
has been shown.86 It was obvious, however, that for 
concentration-dependent antimicrobial action, the MIC 
could fall considerably below the concentration producing 

Figure 64.4  Although  the  average  steady-state  concentrations 
(Cave)  are  identical  regardless  of  which  dosage  adjustment  strategy 
one decides  to use,  the concentration-time profile will be markedly 
different  if one changes the dose and maintains  the dosing  interval 
(τ)  constant  (Scenario  A),  versus  changing  the  dosing  interval  and 
maintaining  the dose constant  (Scenario B) or changing both  (Sce-
nario C). 

0

Scenario B

Scenario A

Cave

Scenario C

Scenario Dose � Cmax Cmin Cave

A 0.67 12 3.6 2.6 3.1
B 5 90 7.2 0.8 3.1
C 2.66 48 5.2 1.6 3.1

100 200
Time (hours)
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mass spectroscopy (IDMS).96,103 It is now estimated that most 
laboratories currently report creatinine values traceable to 
this reference method. The use of IDMS creatinine assays 
will likely lead to less variation in kidney function estimates 
and theoretically more consistent drug dosing recommen-
dations across institutions and clinical settings. Estimated 
GFRs based on current creatinine assays are likely to  
yield different drug dosage recommendations from those 
intended by the original study, even if the same estimating 
equation is used due to this change in analytic methodology. 
It is not possible or practical to repeat all the PK studies with 
standardized creatinine-determined eCrCl or eGFR, and 
therefore it is still reasonable to use drug dosing adjust-
ments that appear in FDA- and European Medicines Agency 
(EMA)–approved product labeling.

Traditionally, drug dosing was based on estimation of 
creatinine clearance (eCrCl) using the Cockcroft and Gault 
(CG) formula.9,100 For implementation in the chemical labo-
ratory report, the CG equation is not suitable because body 
weight is usually not available in the electronic health 

exogenous substances; however, the administration of exog-
enous substances is not practical for routine individual drug 
dose calculations in clinical practice because the procedures 
are not timely and not uniformly available.

Although GFR has been estimated based on the mea-
sured urinary clearance of creatinine (mCrCl) derived from 
a 24-hour urine collection, estimated creatinine clearance 
(eCrCl) or estimated GFR (eGFR; Table 64.5) are the means 
predominantly determined in clinical practice from the 
serum creatinine (sCr) and/or cystatin C (CysC) concentra-
tions and patient factors.95-101 The advantage of these 
methods are that timely results are available for routine 
clinical practice and that for most people, they provide an 
acceptable assessment of measured GFR (mGFR) or mCrCl, 
respectively. The variation in sCr assays led to differences in 
reported serum creatinine values among as well as within 
laboratories.102 To address this issue, in 2005, the National 
Institute of Standards and Technologies released materials 
that are traceable to the certified reference materials for 
creatinine whose value was assigned using isotope dilution 

Table 64.5 Equations for Estimation of Creatinine Clearance or Glomerular Filtration Rate in Adults with 
Stable Renal Function

Reference Equation

Cockcroft and Gault (1976) Men: CrCl = (140 − age)IBW/(sCr × 72)
Women: CrCl × 0.85

Jelliffe (1973) Men: CrCl = 98 − [0.8 (age − 20)]/sCr
Women: CrCl × 0.9

MDRD6 (1999) eGFRCr = 170 × (sCr)−0.999 × (age)−0.176 × (0.762 if patient is female) × (1.180 if patient is 
black) × (BUN)−0.170 × (Alb)0.318

MDRD4 (2000) eGFRCr = 186 × (sCr)−1.154 × (age)−0.203 × (0.742 if patient is female) × (1.210 if patient is 
black)

MDRD4-IDMS (2007) eGFRCr = 175 × (sCr)−1.154 × (age)−0.203 × (0.742 if patient is female) × (1.210 if patient is 
black)

CKD-EPI (2009) eGFRCr = 141 × min(sCr/κ, 1)α × max(sCr/κ, 1)−1.209 × 0.993age × (1.018 if patient is female) 
× (1.159 if patient is black)

•  κ is 0.7 for females and 0.9 for males.
•  α is −0.329 for females and −0.411 for males..
•  min is the minimum of sCr/κ or 1.
•  max is the maximum of sCr/κ or 1.

Larsson et al (2004) eGFRCys = 77.24 × (CysC [in mg/L])−1.2623

Macdonald et al (2006) Log10 eGFRCys = 2.222 + (−0.802 ×  CysC in
mg
L

) + (0.009876 × LM)

CKD-EPI cystatin C equation (2012) eGFRcys = 133 × min(sCys/0.8, 1) − 0.499 × max
(sCys/0.8, 1) − 1.328 × 0.996age (× 0.932 if female)
•  sCys is serum cystatin C.
•  min is the minimum of sCys/0.8 or 1.
•  max indicates the maximum of sCys/0.8 or 1.

CKD-EPI creatinine-cystatin C equation 
(2012)

eGFRCr-Cys = 135 × min(sCr/κ, 1)α × max(sCr/κ, 1) − 0.601 × min(sCys/0.8, 1) − 0.375 × 
max(sCys/0.8, 1) − 0.711 × 0.995age (× 0.969 if female) (× 1.08 if black)

•  κ is 0.7 for females and 0.9 for males.
•  α is −0.248 for females and −0.207 for males.
•  min indicates the minimum of sCr/κ or 1.
•  max indicates the maximum of sCr/κ or 1.

Alb, Albumin; CrCl, creatinine clearance in mL/min; IBW, ideal body weight (kg); LM, lean mass; sCr, serum or plasma creatinine (mg/dL). 
For SI conversion purposes, serum or plasma creatinine is converted from µmol/L to mg/dL by multiplying by 0.0113; conversion from 
creatinine clearance conventional units of mL/min to SI units of mL/s requires multiplication by 0.0167

Equations compiled from references 95-107.
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of 349 children (age 1-19 years) with mild to moderate  
CKD enrolled in the Chronic Kidney Disease in Children 
(CKid) study:

GFR length in cm sCr in mg dL= ×0 41. ( )

Lee and associates118 have recently reported that this new 
Schwartz equation performed better than the original 
Schwartz equation for patients with moderate CKD, but was 
less accurate in patients with mild CKD. In pediatric patients, 
methods incorporating cystatin C have several advantages 
for evaluating kidney function.119 The most recent eGFR 
equation evaluated in pediatrics includes use of cystatin C, 
blood urea nitrogen (BUN), serum creatinine level (in mg/
dL) and demographic data derived from over 600 pediatric 
patients enrolled in the CKiD study120:

eGFR mL min m
ht m sCr cystatin C

( . )
. ( [ ] ) ( . ). .

1 73
39 8 1 8

2

0 456 0 418= × ×
×× × ×( ) . ( [ ] . ). .30 1 076 1 40 079 0 179BUN ht mmale

This equation had the highest R2 value (0.863) and highest 
frequency of values within 30% of iohexol-measured GFR 
(91.3%) when compared to seven other GFR estimating 
equations.

ACUTE KIDNEY INJURY

At present, the staging of acute kidney injury is based on 
sequential measurement of the serum creatinine level and 
urine output.121-125 Because the GFR is inferred from the 
serum creatinine or cystatin C, all estimates of kidney func-
tion lag the real-time GFR. Although several methods have 
been proposed to estimate GFR in this patient population, 
none have been rigorously evaluated, and their use in clini-
cal practice is extremely limited.119,126-129 The latest proposed 
method to estimate GFR in patients with AKI is the kinetic 
GFR (kinetGFR), which is based on age (years), weight (kg), 
and serum creatinine (µmol/L) and holds true for increas-
ing and decreasing kidney function.130

kinetGFR
age years weight kg

Cr mol L

Cr Cr
t

= − •

• − −

[ ( )] ( )
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−−
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t

hours
mol L1
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This approach is based on an estimate of the creatinine 
production similar to the CG equation.95 The kinetic 
eGFR incorporates changing creatinine values over speci-
fied time intervals as well as the actually measured serum 
creatinine values, similar to the earlier approaches of  
Jelliffe,127 Brater,126 and Chiou and Hsu.128 It relates the 
increase in serum creatinine within a specified time interval 
to the maximum increase in creatinine level in 1 day. 
Because creatinine excretion in the urine corresponds to 
creatinine production, the maximum increase in sCr is 
about 200 µmol/L if the patient’s actual GFR is 0. Thus, 
the kinetic eGFR predicts what subsequently will be measur-
able but in fact is already the case with kidney function. The 

record. The Modification of Diet in Renal Disease (MDRD) 
equations, which do not require body weight, were devel-
oped from an extensive sample of patients with CKD, all of 
whom had a measured GFR (i.e., iothalamate clearance) of 
less than 90 mL/min/1.73 m2).98,104 They were initially used 
by clinical laboratories, although they were only validated 
for patients with a GFR less than 60 mL/min. Therefore, 
the new CKD-EPI equation was developed to allow estima-
tion of GFR throughout the full range of the chronic kidney 
disease.99 The CKD-EPI (Chronic Kidney Disease Epidemiol-
ogy Collaboration) eGFR equation has recently replaced the 
MDRD equation as the primary index for the staging of 
CKD, and values are now reported throughout the GFR 
range by Quest and LabCorp, the two largest laboratory 
service providers in the United States. For classifying kidney 
function into one of the five stages of chronic kidney disease, 
the standardized CKD-EPI formula is currently preferred.105 
Both the MDRD and CKD-EPI equations estimate the GFR 
for a standard 1.73 m2 body surface area (BSA); thus, for an 
individual patient, the BSA must be determined separately 
so that the eGFR can be expressed in milliliters per minute 
(mL/min).

Serum cystatin C has been proposed as an alternative 
marker to estimate GFR, rather than serum creatinine. Mul-
tiple equations have been proposed to estimate GFR from 
age, weight, gender, race, and muscle mass based on serum 
cystatin C measurements.106 The combined use of both 
serum markers, cystatin C and creatinine, allows an even 
more accurate estimate of kidney function than either of 
them alone.107 Adjusting drug doses based on the measure-
ment of cystatin C appears to be an effective and valid tool 
in the limited number of applications (mainly relating to 
chemotherapy and antibiotic dosing) for which it has been 
studied.108-111

Few studies have examined the role of alternative GFR 
estimating equations on drug dosing. In general, when con-
sidered against chromium-EDTA measurement of GFR, the 
MDRD formula tends to underestimate GFR relative to the 
CG formula.112-115 Gill and colleagues114 demonstrated that 
in a multiethnic and older CKD population, these equations 
were not interchangeable for the calculation of drug dosing. 
Discordance between the CG and MDRD equations occurred 
in 60% of older patients. When MDRD was used instead of 
CG, 20% fewer patients qualified for a reduction in the dose 
of amantadine, potentially resulting in an inappropriately 
high cumulative dose.114

PEDIATRICS

The original equation to estimate GFR, as described by 
Schwartz and colleagues,116 is dependent on the child’s age 
and length:

GFR length cm k sCr in mg dL= ×( [ ] ) ( )

where k is defined by age group: infant (1 to 52 weeks) = 
0.45; child (1 to 13 years) = 0.55; adolescent male = 0.7; and 
adolescent female = 0.55. The serum creatinine level in 
µmol/L can be converted to mg/dL by multiplication using 
0.0113 as the conversion factor. A newer version of the 
Schwartz equation117 was developed from a population 
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DRUG DOSING CONSIDERATIONS

PATIENTS WITH CHRONIC KIDNEY DISEASE

Despite the availability of numerous guidelines regarding 
drug dosing for patients with impaired kidney function, 
there is insufficient evidence as to which, if any, is pre-
ferred.5,13,35,133-135 Occasionally, recommendations derived 
from postmarketing studies conflict with the information in 
these reports, as well as the official FDA or EMA product 
labeling. Prior to 1998, there were no official guidelines 
regarding when and how to characterize the relationship 
between the pharmacokinetics and pharmacodynamics of a 
drug and kidney function. The FDA guidelines issued in 
May 1998136 and the 2010 proposed revision,137 and the EMA 
guidelines of 2004,138 have provided frameworks for which 
drugs should be evaluated and guidance regarding study 
design, data analysis, interpretation of study results, and 
recommendations for the incorporation of data into product 
labeling.

GOALS OF THERAPY
The desired goal is typically the maintenance of a similar 
peak, trough, or average steady-state drug concentration  
or, for antibiotics, an optimized pharmacodynamic measure, 
such as the time above the MIC or the ratio of the drug  
area under the AUC to the MIC, as would be optimal for 
persons with normal kidney function8,86,139 (see earlier, 
“Pharmacodynamics,” for more detail). When there is a 
significant relationship between drug concentration and 
clinical response86 (e.g., aminoglycosides) or toxicity39 
(e.g., phenytoin), attainment of the specific target values 
becomes critical. If, however, no specific PK or PD target 
values have been reported, a regimen goal of attaining and 
maintaining the same average steady-state concentration 
may be appropriate.

INDIVIDUALIZATION OF THE DRUG  
DOSAGE REGIMEN
Most dosage adjustment guidelines have proposed the use 
of a fixed dose or interval for patients with broad ranges of 
kidney function.35,134,135,140-143 The mild, moderate, and severe 
CKD categories vary among reference sources, so the rec-
ommended regimen may not be optimal for all patients 
whose kidney function lies within the range, especially for 
agents with a narrow therapeutic index.9 The approach to 
developing drug dosage adjustment recommendations for 
the patient with CKD is predicated on attainment of the 
desired exposure goal at steady state. To achieve the desired 
goal in a timely fashion, a stepwise approach that includes 
multiple considerations (Table 64.6) for each individual 
drug should be considered.135 The following considerations 
may help guide individualization of therapy.

The initial or loading dose (LD), which in many patients 
with AKI will be larger than the typical maintenance dose, 
should be calculated to achieve the desired Cmax therapeutic 
drug concentration. An LD should be used for most patients 
with stage 4 or 5 CKD to achieve the desired steady-state 
concentration rapidly and in which the volume of distribu-
tion (VD) of a drug is significantly increased in patients with 
AKI and CKD relative to those with normal kidney function. 

kinetic eGFR solves the problem that there is always a  
delay between rapidly changing kidney function and  
measurable variables, namely sCr or urine output. The cal-
culation of a patient’s kinetic eGFR may allow one to use 
the eCrCl- or eGFR-based dose adjustment recommenda-
tions derived from patients with CKD and applicable in part 
for those with AKI.130 Rigorous independent studies will be 
needed to confirm its validity and utility in clinical 
practice.

PATIENTS RECEIVING DIALYSIS

Some patients on dialysis or on continuous renal replace-
ment therapy (CRRT) have residual kidney function that 
substantially contributes to the elimination of drugs and 
their metabolites. Unfortunately, estimating residual  
kidney function in patients undergoing dialysis is challeng-
ing because the serum creatinine concentration reflects  
not only residual kidney function, but also the efficiency of 
dialysis and role of muscle mass on creatinine generation. 
Creatinine clearance measurements are less reliable as a 
measure of GFR in patients on hemodialysis (HD) or  
CRRT than in those with earlier stages of CKD because  
of the following: (1) the volume of urine output is  
heavily influenced by changing hydration status during the 
cyclic changes that are inherent as a result of intermittent 
ultrafiltration; (2) the serum creatinine concentration 
changes over the duration of the clearance measurement; 
and (3) tubular secretion of creatinine contributes to its 
clearance. Estimation of residual kidney function in patients 
on HD or CRRT is often done by calculating the mean of  
a measured urea and creatinine clearance. Measuring  
the elimination of iohexol after an IV dose has been  
reported to be an accurate and safe measure of residual 
kidney function in patients on dialysis and can inform drug 
dosing.131

Which one of the many eCrCl or eGFR equations should 
be used to determine the degree of adjustment of drug 
dosage regimens for patients with AKI or CKD? The pros 
and cons of the various GFR estimating equations have been 
extensively reviewed.112-115 Moreover, there is a body of evi-
dence on drug dosing methodology that has been derived 
based on measured creatinine clearance or eCrCl using the 
CG equation.132 The MDRD and CKD-EPI equations signifi-
cantly overestimated CrCl (mCrCl and CG) in older indi-
viduals.114 This has led to dose calculation errors for many 
drugs, particularly in individuals with severe CKD. Thus, we 
have concluded that eGFR equations should not be substi-
tuted in place of the CG equation in older adults for the 
purpose of renal dosage adjustments.

It is the advantage of the CG equation that body weight 
is considered as a determinant of drug distribution volume. 
The choice of the optimal GFR estimating equation is of 
utmost importance for drugs with a narrow therapeutic 
index for which dosing individualization is often continuous 
rather than categoric. Finally, because most pharmacoki-
netic studies in patients with CKD conducted over the last 
40 years have used estimated or measured CrCl as the esti-
mate of GFR, the CG method in adults and the latest 
Schwartz method in children remain the criteria to be used. 
However, for patients with AKI, there is no obvious best 
choice for GFR estimation to guide drug dosing.
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Table 64.6 Stepwise Approach to Adjust Drug Dosage Regimens for Patients with Impaired Kidney Function

Step Process Assessment

1 Obtain history and relevant 
demographic and clinical 
information.

Record demographic information, obtain past medical history. including history of renal 
disease, and record current laboratory information (e.g., serum creatinine).

2 Estimate creatinine clearance. Use Cockcroft-Gault equation to estimate creatinine clearance, or calculate creatinine 
clearance from timed urine collection.

3 Review current medications. Identify drugs for which individualization of the treatment regimen will be necessary
4 Calculate individualized treatment 

regimen.
Determine treatment goals (see text); calculate dosage regimen based on 

pharmacokinetic characteristics of the drug and patient’s renal function.
5 Monitor. Monitor parameters of drug response and toxicity; monitor drug levels if available or 

applicable.
6 Revise regimen. Adjust regimen based on drug response or change in patient status (including renal 

function), as warranted.

Adapted from Mohammad RA, Matzke GR. Drug dosing in renal failure. In DiPiro J, Talbert R, Yee G, et al, editors: Pharmacotherapy: a 
pathophysiologic approach, ed 9, New York, 2014, McGraw-Hill.

If the relationship between VD and CrCl has been character-
ized, then the VD should be estimated from that relation-
ship. If no LD is prescribed, four half-lives of the drug must 
pass before the desired steady-state plasma concentration is 
achieved; however, doing so may contribute to therapeutic 
failure. The proportion of the LD given affects the magni-
tude of the steady-state plasma concentration and how 
rapidly plasma concentrations are achieved. An LD equiva-
lent to the dose given to a patient with normal kidney func-
tion should be given to patients with impaired kidney 
function if the drug’s half-life is especially long and if the 
physical examination suggests normal ECF volume. If the 
patient has marked volume expansion or evidence indicates 
that the VD of the drug is larger in patients with CKD, then 
a higher dose can be calculated from the following 
expression:

LD V C IBWD= × ×max

where VD is the drug’s volume of distribution (in liters per 
kilogram of IBW in those with CKD), IBW is the patient’s 
ideal body weight (in kilograms), and Cmax is the desired 
steady-state maximum plasma drug concentration.

The primary reference for information regarding the 
maintenance dose for patients with CKD should be the FDA 
and/or EMA official product labeling. If no official drug 
dosing guidance is available, one may need to search the 
literature to find a recommendation strategy derived from 
nonregulatory or postmarketing clinical investigations. If no 
such resource is found, one can consult online or published 
tertiary references that have developed dosing recommen-
dations based on the Dettli or Tozer method, initially  
published in 1974.11,12 They used similar foundational 
PK characteristics and approaches to calculate the mainte-
nance dose for a patient with a given eCrCl. In essence, 
either the dose (D) should be reduced or the interval (τ) 
extended. When the dose is reduced, the Cmax will be lower 
and the trough concentrations will be higher than those 
observed in persons with normal kidney function. When the 
administration interval is extended, the peak and trough 

concentrations are kept constant but the dosing frequency 
decreases (see Figure 64.4).

To maintain the normal dose interval in patients with 
impaired kidney function, the amount of each dose after 
the loading dose can be estimated from the following 
equation:

D D Qf n= ×

where Df is the dose for the patient with impaired kidney 
function to be given at the normal dosing interval, Dn is the 
normal dose, and Q is the dosage adjustment factor. The 
dosage adjustment factor (Q) can be calculated as:

Q f KFe= − −1 1( [ ])

where fe is the fraction of the drug eliminated unchanged 
renally in a patient with normal renal function, KF is the 
ratio of the patient’s CrCl or GFR to the assumed normal 
value of 120 mL/min (equivalent to 2.00 mL/sec). Thus, 
for a drug that is 85% eliminated unchanged by the kidneys, 
the Q factor in a patient who has a CrCl of 10 mL/min 
(0.17 mL/sec) would be as follows:

Q = − −
= −
= −
=

1 0 85 1
1 0 85 0 92
1 0 78
0 22

10
120( . [ ])

( . [ . ])
.

.

If one desires to give the same maintenance dose, a factor 
that may be required because of the limited availability of 
alternative formulations, the dosing interval at which the 
normal dose should be administered can be calculated as 
follows:

τ τf n Q=

The decision to extend the dosing interval beyond a 
24-hour period should be based on the need to maintain 
therapeutic peak or trough levels. The dosing interval may 
be prolonged if the peak level is most important. Prolonging 
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rates vary from 70% in intensive care unit (ICU) patients151 
to 35% in other hospitalized patients.152

The potential effects of AKI on drug dosing are of major 
consequence because AKI patients are often critically ill and 
require multiple drug therapies, some of which may be 
nephrotoxic or require dose modification in the setting of 
AKI. The pharmacokinetic changes in absorption, distribu-
tion, metabolism, and excretion presented earlier in this 
chapter and in other sources are foundational to optimal 
patient care.26,153 The clinician needs to appreciate these 
factors and realize that they may worsen and improve over 
the period of evolution or recovery of the AKI episode. 
Critically ill patients with AKI typically have minimal oral 
intake of food and liquids and commonly require parenteral 
administration of drugs otherwise given orally (e.g., antihy-
pertensives, immunosuppressives).

There is a paucity of dosing algorithms to guide pharma-
cotherapy, derived from investigations of the PK and PD of 
medications in patients with AKI. Most of the critical care 
literature and almost all FDA or EMA product labeling 
contain drug dosage recommendations derived from obser-
vations of patients with CKD and ESKD. The limited data 
available in the setting of AKI have predominantly been 
developed by clinicians; rarely is this information incorpo-
rated into official product labeling. The principles of drug 
dosage regimen modification described earlier for use in 
CKD thus remain the foundation for therapy optimization 
in patients with AKI.

LOADING DOSE
Many patients with AKI are overhydrated, and the distribu-
tion volume is much larger than under normal conditions. 
Thus, the LD may need to be higher than the normal start-
ing dose for persons with normal kidney function. Because 
the VD of many drugs, especially hydrophilic antibiotics, 
including β-lactams, cephalosporins, and carbapenems, are 
significantly increased in the presence of AKI, the adminis-
tration of proactive loading doses (25% > normal) are 
highly recommended.

MAINTENANCE DOSE
Forecasting the degree and rate of change in kidney func-
tion and fluid volume status is extremely challenging. Thus, 
maintenance dosing regimens for many drugs, especially 
antimicrobial agents, should be initiated at normal or near-
normal dosage regimens and adjustments made based on 
the relationship between drug pharmacokinetic character-
istics and kidney function, as described earlier. Prospective 
measurement of serum drug concentrations and analysis 
using state of the art PK and PD approaches should be used 
whenever possible.

PATIENTS UNDERGOING HEMODIALYSIS

The optimization of pharmacotherapy for patients  
receiving maintenance hemodialysis and emergent hemodi-
alysis are both critically dependent on the availability of 
reliable information from well-designed pharmacokinetic 
studies.154-157 The impact of hemodialysis on drug therapy is 
dependent on the drug characteristics and dialysis prescrip-
tion. Drug-related factors include molecular weight (MW) 

the dose interval in patients on dialysis is frequently a con-
venient method to modify the drug dosage regimen. This 
method is particularly useful for drugs with a long plasma 
half-life. In general, drugs removed by dialysis given once 
daily should be given after the dialysis treatment, with ami-
noglycosides a notable exception.144-146

A third alternative that is especially helpful when the 
calculated dose or dosing interval is impractical is to select 
the administration interval according to the target trough 
concentration while the peak is kept constant:

τtarget peak trough-targett C C= ( ) ×1
2

0 693. ln( )

D LD C Ctrough-target peak= × −( )1

Alternatively, one can calculate the adjusted dose (Dp) 
to be given at the predetermined practical dosage interval 
(τp or τptarget) as follows:

D D Qp n p n= × ×( )τ τ

where τf is the estimated dosing interval, as calculated from 
the above equation for τptarget, or the clinically practical value 
for the renally impaired patient (e.g., 12, 18, 24, 36, 48 
hours). These approaches, which use a combination of the 
dose reduction and interval prolongation methods, are 
often the most clinically practical. When in doubt, clinicians 
should consult an experienced pharmacist, preferably one 
with extensive experience in evaluating patients with CKD 
and altered body composition (e.g., fluid overload).

MEASUREMENT OF THERAPEUTIC DRUG LEVELS
Measuring drug concentrations is one way to optimize ther-
apeutic regimens and account for changes among and 
within individuals. Therapeutic drug monitoring requires 
availability of rapid, specific, and reliable assays and  
known correlations of drug concentration to therapeutic 
and toxic outcomes. Hypoalbuminemia may influence inter-
pretation of drug concentrations because the total drug 
concentration may be reduced, even when the active 
unbound drug concentration generally is not. Unbound 
drug concentrations are often not clinically available, so 
clinicians must empirically consider the influence of hypo-
albuminemia in their interpretation of measured total drug 
concentrations, as in the case of phenytoin and several anti-
biotics (e.g., daptomycin).39,147,148

PATIENTS WITH ACUTE KIDNEY INJURY

Critically ill patients frequently develop AKI; depending on 
the definition, from 5% to 15% of all non–same-day hospi-
talization care is complicated by AKI.25,149 In most cases, 
drug dosing is based on drug disposition information 
derived from studies in stable patients with CKD. Unfortu-
nately, there are large gaps in knowledge of drug metabo-
lism and disposition in patients with AKI; thus, patients may 
be at significant risk for underdosing as well as overdosing. 
More than 30 definitions of AKI have been published in the 
literature.121-125 The lack of a consensus definition and clas-
sification of AKI reflects the wide range of causes and sever-
ity with which it presents. The presentation can vary from 
part of multiorgan dysfunction in critically ill patients to 
isolated AKI.150 As a result, AKI-related, in-hospital mortality 
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volumes that might arise in the setting of acute septic 
shock.164,147 One of the other effects of prolonged HD 
appears to be a reduction in rebound of drug concentra-
tions after the termination of dialysis.165,166 This is probably 
because the rate of transfer from the peripheral to central 
compartment relative to the rate of diffusive removal is 
lower.

There were more than 100 different dialysis or hemofil-
ters available in the United States in 2013, and at least four 
distinct variants of hemodialysis are currently being used.6 
The effect of hemodialysis or hemofiltration on the disposi-
tion of a drug may vary markedly and, because dialyzer or 
hemofilter clearance is rarely evaluated more than once, 
clinicians have to extrapolate data from one procedure to 
another.167,168 The enhanced efficiency of twenty-first century 
dialyzers means that most of the literature for medications 
developed prior to 2000 probably reflects an underestima-
tion of the impact of hemodialysis.1,155 Consequently, the 
dosage may need to be empirically increased by 25% to 
50%. Therapeutic drug monitoring should be used for 
drugs with narrow therapeutic indices to optimize safety and 
efficacy.

ASSESSMENT OF THE IMPACT OF HEMODIALYSIS
The most commonly used means for assessing the effect of 
hemodialysis is to calculate the dialyzer clearance of a drug 
(Clp

D) from plasma, as follows:

Cl Q A V Ap
D p p p p= −([ ] )

where Qp is plasma flow through the dialyzer, Ap is the con-
centration of drug in plasma going into the dialyzer, and Vp 
is the plasma concentration of drug leaving the dialyzer.135,166 
This equation tends to underestimate hemodialysis clear-
ance for drugs that readily partition into and out of eryth-
rocytes. In addition, venous plasma concentrations may be 
artificially high if extensive ultrafiltration is performed, so 
thus Clp

D will be lower than it really is. Because of these 
limitations, the recovery clearance approach remains the 
benchmark for the determination of dialyzer clearance and 
can be calculated as follows135:

Cl R AUCr
D -t= 0

where R is the total amount of drug recovered unchanged 
in the dialysate and AUC0-t is the area under the predia-
lyzer plasma concentration-time curve during the period 
of time that the dialysate was collected. The hemodialysis 
clearance values reported in the literature may vary sig-
nificantly, depending on which of these methods were 
used.135,156

It is common practice in most hemodialysis units to 
administer drugs after dialysis to minimize the loss of drug 
that would result from the additional clearance during 
hemodialysis. However, performing hemodialysis immedi-
ately after dosing might be a good option for removal of 
toxic antibiotics139,144-146,164,169 and high-dose, anticancer 
therapy. For anticancer drugs, the predialysis administration 
of a normal dose makes sense when the patient undergoes 
hemodialysis 2 to 12 hours later. This strategy delivers  
the desired maximum plasma concentration effect while 
minimizing the toxic drug or metabolic effects170-183 (Table 

or size, degree of protein binding, and distribution 
volume.135 The vast majority of hemodialysis filters in use up 
until the mid-1990s were generally impermeable to drugs 
with a molecular weight greater than 1 kDa.155-157 Dialysis 
membranes in the twenty-first century are predominantly 
composed of semisynthetic or synthetic materials, which 
have larger pore sizes, and this allows the ready passage of 
drugs that have a MW up to 20 kDa.

Drug clearance during dialysis can occur by three differ-
ent processes.6,156,157 Drug removal by conventional HD 
occurs primarily by diffusion down a concentration gradient 
from the plasma to the dialysate. Removal of low-MW drugs 
is enhanced by increasing blood and dialysate flow rates and 
by using large surface area dialyzers. Larger molecules 
require more porous membranes for increased removal. 
The clearance of a drug by conventional HD can be esti-
mated from the unbound fraction (fu) and the following 
relationship:

Cl f Cl MWHD u urea drug= × ×( )60

where ClHD is the drug’s clearance by HD, Clurea is the dialyzer 
clearance of urea, and MWdrug is the MW of the drug. The 
urea clearance for most conventional dialyzers varies between 
150 and 200 mL/min and is markedly less than values 
reported with high-flux hemodialyzers.157 With high-flux 
hemodialysis, the volume of distribution and degree of 
protein binding of the drug become more important deter-
minants of dialyzer clearance. The hemodialyzer clearance 
of drugs that are not highly protein-bound and have rela-
tively small volumes of distribution runs in parallel to urea 
clearance, despite their large molecular mass.158-160 The con-
vective transport and removal of drugs during high-flux HD 
depends primarily on filtration pressure gradient, treatment 
time, blood, and dialysate flow rates. Despite the widespread 
adoption of high-flux hemodialysis in certain parts of the 
world, there are sparse quantitative data on drug clearance.

Small solute removal is more efficient if the frequency of 
hemodialysis is increased. Daily and nocturnal dialysis thera-
pies yield different clearance values compared with thrice-
weekly, high-flux, in-center hemodialysis, and also differ 
from each other. There has been very little investigation of 
the effects of frequent or more intensive hemodialysis regi-
mens on drug disposition or comparison among modalities. 
As a result, drug dosing in patients should be guided by 
drug level monitoring when possible. One of the few studies 
to investigate drug clearance by one of these variants focused 
on the aminoglycoside antibiotic gentamicin. Slow noctur-
nal dialysis required a significant increase in gentamicin 
dosage to achieve therapeutic levels compared with conven-
tional thrice-weekly dialysis.161 The variability in drug clear-
ance was high and did not correlate with small solute 
clearance. Drugs with a molecular size of 500 to 5000 Da 
appear to be particularly likely to have an increased clear-
ance with this modality. Studies of modeled clearance have 
suggested that frequent hemodialysis regimens would be 
associated with enhanced clearance (and the potential of 
underdosing) of daptomycin.147,148,162,163 This enhanced 
clearance was confirmed in the setting of AKI when the PK 
associated with extended daily dialysis were investigated. 
These findings should be transferable to maintenance HD, 
with a degree of caution about the effects on distribution 
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vancomycin were increased by 15% to 25% by the predilu-
tion modality.190-192

CRRT clearances have been noted to decline because the 
time the hemofilter has been in use increases due to the 
accumulation of protein on the dialysis membrane. Clotting 
within the hemofilter’s hollow fibers also reduces the overall 
surface area for clearance. Although these factors have 
received little direct investigation, it appears that they do 
affect drug clearance.192

Drug protein binding also affects how much is removed 
during CRRT because only unbound drug is available for 
elimination by CRRT. Protein binding of more than 80% 
provides a substantial barrier to drug removal by convection 
or diffusion. During continuous venovenous hemofiltration, 

64.7). Emerging PK and PD considerations suggest that 
administration after hemodialysis may not be the optimal 
approach for several other agents, such as aminoglycosides 
and vancomycin.139,144-146,164,169 High-bolus dosing immedi-
ately before or during the last hour of dialysis has been 
proposed for some antibiotics, but there have been few clini-
cal studies.

If the drug is given after dialysis, the postdialysis dose 
(DHD) should first replace the amount eliminated during 
the interval between dialysis sessions (Dfail) that is the result 
of clearance by the patient’s residual renal function and 
nonrenal clearance. Also, the fraction of drug removed by 
hemodialysis (FR) should be estimated and a supplemen-
tary dose calculated (Dsuppl). The dose the patient should 
receive after HD would thus be the sum of these two doses 
(Figure 64.5):

D D D D FR D FHD fail suppl fail start fail= + = + × −( ( )

PATIENTS RECEIVING CONTINUOUS RENAL 
REPLACEMENT THERAPY

CRRT and hybrid RRTs are commonly used to manage 
patients with AKI in ICUs.184 CRRT seems to provide less of 
a challenge for drug dosing than intermittent HD because 
its continuous nature is analogous with drug removal by 
native kidneys and potentially amenable to the use of stan-
dard, first-order drug clearance equations to calculate 
dosing. However, in practice, CRRT rarely proves as continu-
ous as planned. The CRRT modality and details of the 
therapy prescription can also have significant effects on 
drug clearance. MW, membrane characteristics (highly vari-
able between systems), blood flow rate, and dialysate flow 
rate determine the rate and extent of drug removal.185-189 
Because most drugs are less than 1.5 kDa, drug removal by 
CRRT does not depend greatly on MW. The use of higher 
hemofiltration volumes, especially if infused prefilter, can 
also affect clearance. The removal of urea, creatinine, and 

Figure 64.5  To maintain  therapeutic  target concentrations, a sup-
plementary  dose  must  be  given  after  hemodialysis  to  replace  the 
removed fraction of the dose. The dose after dialysis (DHD) combines 
both, the adjusted maintenance dose (Dfail) and supplementary dose 
(Dsuppl). 
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Table 64.7 Drugs Best Administered Prior to Hemodialysis

Drug Class Examples
Drug Fraction Removed by 
One Dialysis Session (FR) Reference

Anticancer Carboplatin 20% Chatelut et al170; Kamata et al171; Yoshida et al172; 
Oguri et al173

Cisplatin 85% Watanabe et al174

Oxaliplatin 65% Katsumata et al175

Cyclophosphamide 22% (M % unknown) Haubitz et al176

Ifosphamide 70% to 87% (M, 72% to 77%) Carlson et al177

Capecitabine (FBAL) 50% Walko and Lindley178

Gemcitabine (dFdU) 50% Koolen et al179

Methotrexate 36% Garlich and Goldfarb180

Cytosine arabinoside 39% (M, 52% to 63%) Radeski et al181

Topotecan 50% Herrington et al182

Aminoglycoside Gentamicin 75% Veinstein et al164

Tobramicin 80% Kamel et al146

Contrast agent Gadolinium 65% to 74% Rodby183

M, Metabolite.
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peritoneal dialysis does not enhance drug removal to a 
degree that would require a special dosage regimen 
modification.199-202 Thus, oral or IV drug therapy recommen-
dations for patients with an eCrCl or eGFR less than 15 mL/
min are likely clinically useful.

Intraperitoneal drug administration is well accepted  
for the treatment of peritoneal dialysis–associated perito-
nitis and other infections.203-205 Administration intervals 
depend on the half-life of the drug, which is mainly deter-
mined by residual renal and extrarenal metabolic clearance. 
Long-standing experience with intermittent antibiotic 
administration exists for the glycopeptides vancomycin and 
teicoplanin, which can be administered at 5- to 7-day inter-
vals, as well as for aminoglycosides and cephalosporins, 
which are suitable for once-daily dosing.204,206

Patients treated by automated peritoneal dialysis (APD), 
with frequent short-dialysis cycles, may achieve higher 
plasma concentrations as compared to antibiotic loading in 
a single extended dwell period in patients on continuous 
ambulatory peritoneal dialysis (CAPD). Conversely, the 
higher dialysate flow and small-molecule clearance achieved 
with APD regimens may lead to a greater peritoneal clear-
ance of antibiotic in the intervals between dosing.204

Because most pharmacokinetic studies establishing peri-
toneal antibiotic doses have used 4- to 8-hour loading 
periods, it is recommended to perform antibiotic loading 
by an extended cycle both in CAPD and APD patients. For 
intermittent maintenance dosing, a long nighttime dwell 
time should be used in CAPD patients and a long daytime 
dwell time in APD patients. In clinical practice, intraperito-
neal antibiotic dosing has not been unequivocally successful 
in eradicating bacterial growth, partially questioning the 
concept of antibiotic back diffusion into the peritoneal 
cavity.

CLINICAL BOTTOM LINE

Recommendations for dosing selected drugs in patients 
with CKD and AKI are given in Table 64.8. These are meant 
only as a guide and do not imply the safety or efficacy of a 
recommended dose in an individual patient. A loading dose 
equivalent to the usual dose in patients with normal kidney 
function should be considered for drugs with half-lives 
longer than 12 hours. No controlled clinical trials have 
established the efficacy of these dosage recommendations. 
The effect on drug removal of HD, ambulatory peritoneal 
dialysis, and CRRT is variable and the values in the table are 
more qualitative than quantitative. Most of these recom-
mendations were established before high-efficiency HD 
treatments were practical, continuous cycling nocturnal 
peritoneal dialysis was common, and diffusion was added to 
hemofiltration in CRRT.

Complete reference list available at ExpertConsult.com.

drug clearance generally approximates the ultrafiltration 
rate. The addition of diffusion by continuous venovenous 
hemodiafiltration increases drug clearance and is depen-
dent on the ultrafiltration and dialysate flow rates. As is the 
case during high-flux dialysis, drug removal often parallels 
the removal of urea and creatinine. Thus, the simplest 
method for estimating drug removal during CRRT is to 
estimate urea or creatinine clearance.8,154,190-192

Hybrid RRTs, including sustained or slow low-efficiency 
dialysis (SLED), extended daily dialysis (EDD), continuous 
SLED (c-SLED), slow low-efficiency daily dialysis (SLEDD), 
and slow low-efficiency daily hemodiafiltration (SLEDD-f), 
which use higher dialysate flow rates and shorter treatment 
periods (6 to 12 hours in duration), are frequently used as 
well.193-198 To date, hybrid RRT pharmacokinetic data have 
been published for fewer than 20 drugs.1 The improvement 
of RRT machines and filters has rendered old dosing  
guidelines for drugs, especially antibiotics, obsolete and 
potentially hazardous. Although there are only a few FDA 
or EMA official drug dosing recommendations for patients 
receiving CRRT, several published dosing guidelines are 
widely used.8,168,190-192 Unfortunately, these recommenda-
tions have generally not been prospectively evaluated, and 
their influence on patient outcomes is largely unknown.

In the absence of FDA or EMA recommendations, tertiary 
reference sources, or any published studies relating to the 
handling of a drug by CRRT (common with agents that are 
new to the market), may be necessary for the clinician to 
formulate a dosing regimen using the PK principles pre-
sented in this chapter. If the volume of distribution is large 
(>1 L/kg), there is a low likelihood that CRRT will substan-
tially remove it. The use of a high-flux dialyzer or hemofilter 
allows for drugs with a MW below 20 kDa to be readily 
removed. If the clearance of the drug by CRRT or hybrid 
RRT is less than 25% of the patient’s estimated total body 
clearance, a dosing adjustment is probably unnecessary. On 
the other hand, if CRRT or hybrid RRT results in an aug-
mentation of drug clearance by 25% to 50%, an LD based 
on the patient’s estimated volume status should be given, 
and maintenance doses similar to that given to a patient 
with a CrCl of 30 to 50 mL/min can be used. Such estimates 
obviously have to take into account changing volume status 
and be supplemented by regular drug concentration mea-
surements, if technically feasible.

PATIENTS UNDERGOING PERITONEAL DIALYSIS

Peritoneal dialysis, as practiced in 2014, is very unlikely to 
enhance total body clearance of any drug by more than 
10 mL/min because most typical peritoneal dialysis pre-
scriptions can achieve a urea clearance of about 10 mL/min 
or lower. Because most drugs are larger than urea, their 
clearance is even less; thus, it is very likely to be from 5 to 
7.5 mL/min or less. Many studies performed in the 1970s 
and 1980s showed that drug clearances by peritoneal dialysis 
were in this very low range, so one can conclude that 
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Figure 65.1  A, Incidence of end-stage kidney disease (ESKD) in the United States with time. B, Incidence rate of ESKD had risen until 2002, 
leveled off from 2002 to 2006, and declined from 2006 through 2011. (Adapted from U.S. Renal Data System: USRDS 2010 annual data report: 
atlas of chronic kidney disease and end-stage renal disease in the United States, Bethesda, MD, 2010, National Institutes of Health, National Institute 
of Diabetes and Digestive and Kidney Diseases.)
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Hemodialysis (HD) sustains life for more than 2.6 million 
people worldwide. Without it, most would die within a few 
weeks.1,2 The life sustaining nature of the treatment requires 
caregivers to possess detailed technical knowledge of the 
dialysis procedure itself in addition to an understanding of 
the pathophysiology of the uremic state (see Chapter 54). 
This chapter reviews the history of dialysis; the epidemiol-
ogy of the HD patient population; the physical, chemical, 
and clinical principles of HD as they relate to the treatment 
of patients with uremia; and the complications associated 
with this treatment.

HD has been applied routinely to preserve life in patients 
with end-stage kidney disease (ESKD) for only the past 40 
years. Several early pioneers laid the foundation. Graham 
(1805-1869), a Scottish professor of chemistry, invented the 
fundamental process of separating solutes in vitro using 
semipermeable membranes and coined the term dialysis.3 In 
1916, Abel dialyzed rabbits and dogs with a “vividiffusion” 
device using celloidin membranes and a leech extract, 
hirudin, as an anticoagulant.4 He was the first to dialyze a 
living organism and to use the term artificial kidney. In 
1924, in Germany, Haas was the first to dialyze a human,5 
but he was only marginally successful because of toxicity 
from his crude anticoagulant.

In 1944, Willem Kolff and colleagues succeeded in using 
extracorporeal dialysis to support patients with acute kidney 
failure.6 Their success was partly attributable to the inven-
tion of cellophane, the discovery of antibiotics, and the 
availability of heparin. Kolff was often called the “father  
of hemodialysis,” and his method became the standard  
for temporary replacement of kidney function in patients 
with short-lived acute renal failure.7,8 However, HD could 
not support patients with prolonged or permanent loss of 
kidney function because of the difficulty with vascular 
access, which was subsequently solved by the creation of the 
arteriovenous (AV) fistula (see “Vascular Access” section).

Although it had become technically feasible, HD remained 
expensive and inefficient and was offered only to those  

who were free of comorbid conditions, gainfully employed, 
and better educated. Because dialysis was so successful in 
preventing death from kidney failure, the U.S. Congress, 
after much debate, passed a law in 1973 approving public 
funding for dialysis and kidney transplantation regardless of 
a patient’s means, education, employment, and comorbidi-
ties.9 This law paved the way to life-sustaining kidney replace-
ment for virtually all U.S. patients.

THE HEMODIALYSIS POPULATION

INCIDENCE AND PREVALENCE

According to the U.S. Renal Data System (USRDS), 615,899 
patients in the United States had ESKD at the end of 2011, 
the latest year of data reporting.10 Of these patients, 30% 
had functioning transplants, and the remainder were 
managed with maintenance dialysis, 93% with HD. Although 
the prevalent number of patients with ESKD has continued 
to grow from 535,166 in 2008, the 1-year growth rate of 3.4% 
at the end of 2011 represents the smallest in 30 years. In 
2011, ESKD developed in 115,643 U.S. patients, 91% were 
started on HD, and 2.5% underwent preemptive transplan-
tation. Figure 65.1A shows that the incidence of ESKD in 
the United States steadily increased from 1987 to 2002, most 
likely as a result of aging of the population and growing 
acceptance of dialysis for older patients as part of their 
Medicare entitlement. However, later USRDS data revealed 
a leveling off of the incidence of ESKD from 2002 through 
2006 and a decline since 2006, with the largest decrease, 
3.8%, in 2011 (see Figure 65.1B). Both the prevalence and 
the incidence of ESKD vary widely with age (Figure 65.2), 
sex (Figure 65.3), and ethnicity (Figure 65.4), with a predi-
lection for older age, men, African Americans, Latinos, and 
Native Americans. However, over the past few years, the 
incidence of ESKD has declined in persons older than 45 
(Figure 65.2B), and in African Americans, Latinos, and 
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of their populations also may have a higher prevalence rate 
partly because more patients survive to have ESKD. Longi-
tudinal follow-up data from patients with chronic kidney 
disease (CKD) in the United States show that most do not 
survive to have ESKD.10

CAUSES OF END-STAGE KIDNEY DISEASE

The causes of ESKD in the United States are listed in Table 
65.1. Beginning in 1980, the percentage of patients with 
diabetic kidney disease increased, from near 0% to 44% of 
patients starting dialysis in 2011 (Figure 65.5), primarily 
because of greater acceptance of patients with diabetes into 
dialysis programs. Although the incidence rate of ESKD 
from diabetes in 2011 was 9.3% lower than that in 2006 
(172.9/million population in 2006 compared with 156.8/
million in 2011) (see Figure 65.5), diabetes remains the 
most common cause of ESKD in the United States and in 
many other countries,10 exceeding 40% of cases in Israel, 
the Republic of Korea, Hong Kong, Taiwan, the Philippines, 
Japan, the United States, and New Zealand and reaching as 
high as 60% in Singapore, Mexico, and Malaysia. In com-
parison with patients without diabetes, mortality rates for 
dialysis recipients with diabetic kidney disease tend to be 
higher and worsen with time on dialysis (Figure 65.6).

MORTALITY

The survival of dialysis recipients in the United States has 
slowly improved in the past 20 years despite increasing 
comorbidity (Figure 65.7). If 1-year mortality rates of inci-
dent patients (those beginning dialysis) in 2000 and 2010, 
all-cause mortality has declined by 22%, cardiovascular  
mortality by 38%, and death due to infections by 50%.10 
Similarly, the overall mortality rate for prevalent patients 
receiving HD has decreased by 26% since 1985 and by 21% 
since 2000.10 However, mortality remains very high. Patients 
starting hemodialysis in 2006 had 76% 1-year, 63% 2-year, 
and 36% 5-year survival rates (see Figure 65.7).10 Compared 
with age-matched persons without kidney disease, patients 
with ESKD or undergoing dialysis have a sixfold to eightfold 

Native Americans (Figure 65.4B). The high ratio of inci-
dence to prevalence reflects a high mortality rate, especially 
in older age groups.

Worldwide in 2011, Mexico had the highest incidence 
rate for ESKD, at 527 per million population, followed 
closely by the United States, Taiwan, and Japan at 362,361 
(2010 data), and 295 per million population, respectively.10 
The highest prevalence rate for ESKD is found in Taiwan, 
at 2584 per million population (2010 data), followed by 
Japan and the United States (prevalence rates of 2309  
and 1924 per million population, respectively). These high 
numbers reflect the policies of these nations to provide 
open access to maintenance dialysis therapy and nearly uni-
versal health care for patients with ESKD. However, the 
worldwide prevalence of ESKD varies greatly, with the lowest 
rate reported in the Philippines, at 159 per million popula-
tion. The broad ranges of reported ESKD prevalence likely 
result from variable access to treatment. Countries that offer 
preventive and maintenance health care to a larger segment 

Figure 65.2  Prevalence (A) and incidence (B) of end-stage kidney disease (ESKD) with age. (Adapted from U.S. Renal Data System: USRDS 
2010 annual data report: atlas of chronic kidney disease and end-stage renal disease in the United States, Bethesda, MD, 2010, National Institutes 
of Health, National Institute of Diabetes and Digestive and Kidney Diseases.)
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Figure 65.3  Prevalence and incidence of end-stage kidney disease 
(ESKD) according to gender. (Adapted from U.S. Renal Data System: 
USRDS 2010 annual data report: atlas of chronic kidney disease and 
end-stage renal disease in the United States, Bethesda, MD, 2010, 
National Institutes of Health, National Institute of Diabetes and Digestive 
and Kidney Diseases.)
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Figure 65.4  Prevalence  (A)  and  incidence  (B)  of  end-stage  kidney  disease  (ESKD)  according  to  ethnicity.  (Adapted from U.S. Renal Data 
System: USRDS 2010 annual data report: atlas of chronic kidney disease and end-stage renal disease in the United States, Bethesda, MD, 2010, 
National Institutes of Health, National Institute of Diabetes and Digestive and Kidney Diseases.)
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Figure 65.5  Causes  of  end-stage  kidney  disease  (ESKD)  in  the 
United States.  (Adapted from U.S. Renal Data System: USRDS 2010 
annual data report: atlas of chronic kidney disease and end-stage renal 
disease in the United States, Bethesda, MD, 2010, National Institutes 
of Health, National Institute of Diabetes and Digestive and Kidney 
Diseases.)
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Table 65.1 Causes of End-Stage Kidney Disease 
in Incident and Prevalent Patients in 
the United States in 2011

Primary Kidney 
Disease

Incident 
Patients

Prevalent 
Patients

N % Total N % Total

Diabetes mellitus 49,603 42.9 228,114 37
Hypertension 31,831 27.5 151,317 24.6
Glomerulonephritis 7215 6.2 86,307 14
Cystic kidney 

disease
2502 2.2 28,932 4.7

Other 24,492 21.2 121,229 19.7
Total 115,643 100 615,899 100

Data from USRDS; excerpts from U.S. Renal Data System: 
USRDS 2013 annual data report: atlas of chronic kidney 
disease and end-stage renal disease in the United States, 
Bethesda, MD, 2013, National Institutes of Health, National 
Institute of Diabetes and Digestive and Kidney Diseases.

higher mortality (Figure 65.8A) and markedly reduced life 
expectancy (Figure 65.8B). At age 60 years, a healthy person 
can expect to live for about 20 years, but the average life 
expectancy of a 60-year-old patient starting HD is closer to 
4 or 5 years (see Figure 65.8B).10 Remarkably, mortality of 
patients with ESKD is higher than that of patients with heart 
failure and most types of cancer (Figure 65.8C).

Causes of death are listed in Table 65.2. Not surprisingly, 
mortality rates increase with age, but the relative contribu-
tions of different causes to mortality appear to be similar 
across the age groups except for withdrawal from dialysis. 
About 40% of deaths are attributed to cardiovascular disease, 
compared with 50% a few years ago, but the relative contri-
butions from the uremic milieu, coexisting medical ill-
nesses, and/or dialysis itself to cardiovascular disease remain 
unclear (see Chapter 56). Infections account for another 
10% to 20% of deaths.11 Overall, voluntary withdrawal from 

dialysis because of failure to thrive, intervening medical 
complications, or poor quality of life accounts for another 
10% of deaths, with disproportionate representation from 
older patients. Sixteen percent of deaths in patients older 
than 75 years of age were due to withdrawal from dialysis, 
compared with 6% and 11% in patients 45 to 64 and 65 to 
74 years of age, respectively (see Table 65.2),10 likely reflect-
ing the burden of comorbidities and decreased reserve, 
resulting in more medical complications and poorer quality 
of life, in older patients. In addition, insufficient explora-
tion of goals of care in the elderly prior to embarking on 
maintenance hemodialysis may be a major contributor to 
the higher withdrawal rate.12,13

The cause of the higher ESKD-related mortality docu-
mented in the United States than in other countries remains 
incompletely understood. Although more liberal accep-
tance of patients for dialysis, including those with diabetes 
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Figure 65.6  Survival rates for patients undergoing hemodialysis. 
Compared  to  patients  without  diabetes,  survival  rates  tend  to  be 
lower for patients with diabetes (DM). GN, Glomerulonephritis; HTN, 
hypertension.  (Adapted from U.S. Renal Data System: USRDS 2010 
annual data report: atlas of chronic kidney disease and end-stage renal 
disease in the United States, Bethesda, MD, 2010, National Institutes 
of Health, National Institute of Diabetes and Digestive and Kidney 
Diseases.)
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Figure 65.7  Probability of survival for patients undergoing 
hemodialysis. The likelihood of survival of patients on hemodialysis 
has  improved slightly  from 1998  to 2006.  (Adapted from U.S. Renal 
Data System: USRDS 2010 annual data report: atlas of chronic kidney 
disease and end-stage renal disease in the United States, Bethesda, 
MD, 2010, National Institutes of Health, National Institute of Diabetes 
and Digestive and Kidney Diseases.)
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Figure 65.8  All-cause mortality rates for patients with end-
stage kidney disease (ESKD) in 2010. Patients with ESKD or on 
dialysis have a higher mortality rate (A) and a markedly reduced life 
expectancy  (B)  in comparison with the general population. These 
patients’  mortality  rate  is  even  higher  than  that  of  patients  with 
cancer and heart failure (C). (Adapted from U.S. Renal Data System: 
USRDS 2010 annual data report: atlas of chronic kidney disease and 
end-stage renal disease in the United States, Bethesda, MD, 2010, 
National Institutes of Health, National Institute of Diabetes and Diges-
tive and Kidney Diseases.)
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Table 65.2 Causes of Death for Prevalent Patients on Hemodialysis 2009-2011

Cause of Death

Mortality Rates per 1000 Patient-Years at Risk and Percentage  
of Total Mortality by Patient Age Range

45-64 Years 65-74 Years 75+ Years

Cardiac arrest 38.7 26.5% 59.7 24.4% 84.4 21.7%
Acute myocardial infection 7.4 5% 11.9 4.9% 15.9 4.1%
Cardiac arrhythmia 4.9 3.3% 7.3 3% 11.1 2.9%
Other cardiac 4.6 3.1% 9.4 3.8% 16.7 4.3%
Cerebrovascular 5.2 3.6% 7.1 2.9% 9.3 2.4%
Infection 16.3 11.1% 25 10.2% 37.1 9.6%
Malignancy 5.9 4% 11.3 4.6% 13.7 3.5%
Cachexia 1.7 1.2% 4.3 1.8% 11.2 2.9%
Withdrawal from dialysis 9.5 6.5% 26 10.6% 62.9 16.2%
Other causes 52.2 35.7% 82.3 33.8% 125.8 32.4%
All cause 146.4 100% 244.3 100% 388.1 100%

Data from USRDS; excerpts from U.S. Renal Data System: USRDS 2013 annual data report: atlas of chronic kidney disease and 
end-stage renal disease in the United States, Bethesda, MD, 2013, National Institutes of Health, National Institute of Diabetes and 
Digestive and Kidney Diseases.

and advanced age, remains a potential contributor, other 
contributors appear to be the lower use of AV fistulas as 
vascular access, later referral to nephrologists, shorter dura-
tion of HD sessions with resultant higher ultrafiltration 
rates, less frequent and shorter nephrologist-patient contact 
time, decreased patient adherence to treatment recommen-
dations, and international and regional differences in back-
ground health and cardiovascular mortality of the general 
population.14-22

TRANSITION FROM CHRONIC KIDNEY  
DISEASE STAGE 5

The high mortality of patients receiving HD results in part 
from the many comorbid conditions, including cardiovascu-
lar disease and diabetes. These comorbid conditions extract 
a toll on patients with CKD before ESKD develops and they 
require dialysis. The relative risk of death is two to three 
times higher in patients with CKD, diabetes, and cardiovas-
cular disease than in patients without these conditions, 
those with CKD stage 4 to 5 having the highest mortality 
risk.10 A patient with stage 4 to 5 CKD who has an acute 
myocardial infarction (MI) has a 2-year mortality rate of 
70%, compared with 43% in those without CKD.10 Reducing 
the burden of comorbid disease is critical in caring for 
patients with CKD (see Chapters 56 and 62).

In addition, close attention to replacing hormone deficien-
cies such as erythropoietin (see Chapter 57) and calcitriol 
(see Chapters 55 and 63) and preventing complications of 
uremia such as malnutrition (see Chapter 61) and renal osteo-
dystrophy (see Chapters 55 and 63) are essential. Another 
critical element in preparing the patient with CKD for ESKD 
care is preemptive planning for potential transplantation as 
well as for a permanent vascular access to support HD (see 
later), beginning when the estimated glomerular filtration 
rate (GFR) has declined to 20 to 25 mL/min.

Psychologic support is another important but often  
overlooked and poorly understood part of caring for a 
patient on HD. About 25% to 44% of patients experience 

depression,23-25 and another 60% to 90% experience fatigue, 
which is frequently disabling.26,27 Severe restless leg syn-
drome, leg cramps, insomnia, anxiety, and prolonged recov-
ery time from dialysis also occur commonly.28-33 These 
symptoms are associated with poorer quality of life, with 
persistent depression, and with increased comorbidities, 
including malnutrition, anemia, poor sleep quality, low level 
of physical function, presence of inflammation, and impaired 
immune function23,24,30,32 as well as hospitalization34-40 and 
death.24,33-37,39-43 Although depression is associated with sig-
nificant morbidity and mortality, fewer than one third of 
depressed patients undergoing dialysis receive treatment.25,39 
Later studies suggest that certain serotonin-selective  
reuptake inhibitors,44,45 daily HD,44,46,47 cognitive behavior 
therapy,44,48-50 and exercise44,51 may be effective in reducing 
depressive symptoms, sleep disturbances, and postdialysis 
recovery time and improving quality of life.

Because of the multifaceted care required before the start 
of HD, timely referral to a nephrologist is important. Studies 
have documented higher rates of hospitalization,52 symp-
toms of depression,53 morbidity,52,54,55 and mortality52,56-59 
when referral of patients with CKD to nephrologists is 
delayed, although these results may be confounded by the 
reasons underlying late referral, such as patient nonadher-
ence, multiple comorbidities, and advanced age.60,61 Later 
studies demonstrate that even with earlier referral, initiation 
of dialysis may still be suboptimal, which is defined as a need 
for hospitalization or use of a central venous catheter, both 
of which are associated with a higher 6-month mortality 
rate.62,63 Not meeting the Kidney Disease Outcomes Quality 
Initiative (KDOQI) guideline goals—use of AV fistula or 
graft, hemoglobin (Hgb) 11 g/dL or higher, and/or serum 
albumin goal (4 g/dL or higher with bromcresol green 
assay, 3.7 g/dL or higher with bromcresol purple assay)—at 
dialysis initiation has also been found to result in a higher 
1-year mortality.64 Clinical practice guidelines and practical 
recommendations are now available internationally with the 
ultimate goal of improving the quality of life and reducing 
mortality for patients with CKD.65-69
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Current clinical practice guidelines suggest that dialysis 
be initiated when patients become symptomatic from 
uremia, a change that often occurs at an estimated GFR 
between 5 and 10 mL/min/1.73 m2.69 In some patients, 
volume overload and hyperkalemia not responsive to con-
servative medical management with diuretics and dietary 
potassium restriction and unexplained progressive decline 
in nutritional status despite aggressive dietary intervention 
may dictate earlier initiation of dialysis. The goal for patients 
with kidney failure is a smooth transition from CKD to 
ESKD, avoiding the complications of overt uremia. The 
results of several later studies support these clinical practice 
guidelines.70-73 The IDEAL (Initiating Dialysis Early and 
Late) study,70 the only randomized controlled trial, reported 
comparable survival and clinical outcomes in patients ran-
domly assigned to “early start” (estimated GFR higher than 
10 mL/min/1.73 m2 by the Cockcroft-Gault equation) and 
“late start” of dialysis (GFR 5 to 7 mL/min/1.73 m2). Of 
note, 75% of the late-start patients initiated dialysis when 
the estimated GFR was above 7 mL/min/1.73 m2 because 
of intervening symptoms suggestive of uremia, volume over-
load, or nutritional decline. A potential weakness of the 
study is the use of the Cockcroft-Gault equation to estimate 
GFR, although secondary analysis of the data using the 
MDRD (Modification of Diet in Renal Disease) and the 
CKD-EPI (Chronic Kidney Disease–Epidemiology) formulas 
to estimate GFR also demonstrated no effect of timing of 
dialysis initiation on survival.74 Earlier initiation of dialysis 
is not cost effective75 and may potentially be harmful.76-78 
Potential explanations for the higher mortality in patients 
who start dialysis early are an accelerated loss of residual 
kidney function, more frequent use of dialysis catheters, 
myocardial stunning, depression, and provider inexperi-
ence at a time when life-saving benefits from dialysis are 
low.78,79 Until the risks leading to increased mortality are 
better understood and can be modified, trends toward 
earlier start of dialysis in the absence of uremic complica-
tions should be discouraged.

VASCULAR ACCESS

BACKGROUND

Innovative techniques in vascular surgery truly paved the 
way for the availability of maintenance HD as a viable 
approach to the management of ESKD. Although the exter-
nal AV device, the Quinton-Scribner shunt (named for the 
designers), led in 1960 to a more viable tool for access to 
the circulation for HD, thrombosis and infection limited the 
longevity of the device, and the placement procedure 
required permanent sacrifice of major arteries and veins.80 
Brescia and colleagues developed the procedure to create 
an endogenous AV fistula in 1966, ushering in the viability 
of HD as a long-term therapy for ESKD.81 Described in detail 
later, this procedure was relatively simple, totally subcutane-
ous, and preserved arterial flow to the hand. The advent of 
procedures using vein grafts allowed the patient with ESKD 
who was not a candidate for the Brescia-Cimino fistula to 
receive a subcutaneous access.82,83 The 1970s brought the 
development of artificial material made of expanded 
polytetrafluoroethylene (ePTFE), which took the place of 

natural vein grafts and greatly expanded the use of AV 
access for patients on maintenance HD. Unfortunately, the 
use of synthetic graft material does not provide the same 
success as the Brescia-Cimino procedure or other proce-
dures to create an autogenous AV fistula with respect to 
duration of function and incidence of complications (see 
later). The arm is clearly the preferred site for fistulas or 
grafts; however, in some patients, the leg becomes a neces-
sary alternative.84 The radiocephalic AV (Brescia-Cimino) 
fistula to this day remains by far the access of choice for 
patients with ESKD anticipating or receiving HD.

Procedures that allowed safe placement of wide-bore 
catheters in large-diameter veins such as the femoral were 
developed in the 1970s. First single-lumen and then double-
lumen catheters led to the use of these devices to support 
patients on maintenance HD who lacked AV access. The 
creation of more flexible plastics and the advent of cuffed 
catheters inserted through subcutaneous tunnels led to the 
use of so-called permanent catheters, which offer longevity 
of use that makes them practical for maintenance HD. In 
the United States, the availability of these catheters has 
allowed patients to receive maintenance HD despite inad-
equate vasculature to support endogenous AV access. 
However, there is growing concern that these catheters are 
used inappropriately.

A list of qualifications for the “ideal vascular access” has 
been proposed (Table 65.3), and the failure to meet these 
qualifications in the creation of an access continues to make 
vascular access the Achilles’ heel for maintenance HD.85 
Complications of access alone continue to account for a 
major portion of the morbidity and mortality within the HD 
population. There are well-recognized associations between 
type of vascular access and the mortality and cost in patients 
with ESKD.86 Data from the USRDS 2008 Annual Report 
demonstrate the relationship of total health care costs per 
patient per year to the type of vascular access (Figure 65.9). 
As the role of more frequent hemodialysis treatments is fully 
established, there is some evidence that this practice will 
pose even greater challenges for maintaining vascular 
access.87

TYPES OF VASCULAR ACCESS

ARTERIOVENOUS FISTULAS
The AV fistula, the preferred type of vascular access, is 
created by connecting a vein to an artery, which requires 
that the two vessels be in proximity to each other. Both 
artery and vein must have adequate lumens for the 

Table 65.3 Characteristics of an Ideal 
Vascular Access

High blood flow rates
Instant usability
No needles
Long survival
Low thrombosis rates
Low infection rates
Patient comfort
Minimal cosmetic effect
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rates, including smaller women and people with diabetes 
and obesity.88 Systematic use of preoperative ultrasono-
graphic imaging (“vein mapping”) to examine both arterial 
and venous anatomy may increase the success rate of AV 
fistulas.89,90

The upper arm veins provide alternatives when a distal 
fistula has failed or when distal vessels are inadequate. Both 
the cephalic and the basilic veins lend themselves to fistula 
creation; however, the basilic vein requires an additional 
procedure of transposition because it courses the upper arm 
in deep fascia. The brachiobasilic fistula can be performed 
in stages, a feature that is particularly advantageous in chil-
dren, with anastomosis first followed by the transposition 
surgery after the vein has matured.91 Even in adults, this 
procedure appears to have advantages over an AV graft.92 
The basilic vein has also been transposed to the forearm 
with successful outcomes.93

Focus on the superiority of fistulas over other forms of 
access appears to be increasing the prevalence of fistulas in 
the United States. In Europe, the prevalence of fistulas for 
maintenance HD has long been higher than that in the 
United States. Data from the Dialysis Outcomes and Practice 
Patterns Study (DOPPS) have demonstrated a marked dif-
ference in the training of surgeons in Europe and the 
United States.94 The much higher number of procedures 
completed by European surgeons in training may lead to 
greater expertise or facility in performing fistula proce-
dures. However, a meta-analysis of more than 12,000 patients 
found that the failure rate for fistulas may be increasing, 
causing concern about overly aggressive “fistula first” 
approaches.95 New approaches to improve primary patency 
of AV fistulas include balloon-assisted maturation and local-
ized far infrared exposure of new fistulas.96,97

ARTERIOVENOUS GRAFTS
Vascular access using ePTFE has become the most promi-
nent type of AV vascular access in the United States. The 
high prevalence of ePTFE accesses or AV grafts is at least 

Figure 65.9  Health care costs vary depending on the type of 
dialysis access. Total health care costs per person per year (pppy) 
vary with the type of dialysis access, peritoneal dialysis (PD) catheters 
being the most economical and arteriovenous (AV) grafts and dialysis 
catheters being the most expensive to maintain.  (Adapted from U.S. 
Renal Data System: USRDS 2010 annual data report: atlas of chronic 
kidney disease and end-stage renal disease in the United States, 
Bethesda, MD, 2010, National Institutes of Health, National Institute of 
Diabetes and Digestive and Kidney Diseases.)
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Figure 65.10  Types of autogenous fistulas. AVF, Arteriovenous. (Reproduced with permission from Pereira B, Sayegh M, Blake P, editors: Chronic 
kidney disease, dialysis, and transplantation, 2nd ed, Philadelphia, 2005, Saunders, p 344.)
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procedure to be successful. The original procedure 
described by Brescia and colleagues was a side-to-side AV 
fistula using the radial artery and the cephalic vein at the 
wrist; and has become the preferred access when these 
vessels are adequate (Figure 65.10).81 The advantage of the 
side-to-side anastomosis and the alternative end-to-side con-
nection, in which the vein is transected, is the maintenance 
of distal flow in the artery. An additional advantage of the 
end-to-side procedure is the avoidance of venous hyperten-
sion, which can occur distally with the side-to-side approach. 
Data supporting the benefit of a fistula have raised the ques-
tion of whether some radiocephalic fistulas are being 
unwisely attempted in patients with known higher failure 
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restenosis and maintain patency. Whether drug-eluting 
stents will have a role in AV graft survival has yet to be deter-
mined. Use of drug elution from graft material itself is also 
under investigation in animals and may offer promise in the 
future.102 Later work has redefined the concept of grafts by 
constructing a totally biologic graft, using artificial materials 
as the initial skeleton for a conduit over which autologous 
fibroblasts are grown, after which the lumen is seeded with 
autologous endothelial cells.103 This technology may eventu-
ally offer biologic grafts that are less vulnerable to thrombo-
sis and infection.

MAINTENANCE OF VASCULAR  
ACCESS FUNCTION

After some form of vascular access is achieved, the goal  
of maintaining adequate function becomes paramount. 
Numerous strategies have been explored to accomplish this 
goal. Cannulation methods have received some attention, 
with speculation that methods such as the buttonhole tech-
nique might provide advantages over other methods. One 
nonrandomized study compared the rope-ladder technique 
(70 patients), in which cannulation occurs along the entire 
length of the fistula, with the buttonhole procedure (75 
patients), in which repeated cannulation occurs in the  
exact spot, over 9 months.104 Unsuccessful cannulation 
occurred more frequently in the buttonhole group, but  
this group had fewer complications, including hematoma 
and aneurysm formation, than the rope-ladder group.  
Data from a later study suggest that the buttonhole tech-
nique is associated with a higher rate of infection of the 
fistula without evidence of improved fistula survival.105 
Guidelines for needle insertion were created through  
the National Kidney Foundation’s effort to develop manage-
ment standards, but these guidelines do not include  
definitive recommendations regarding this question of can-
nulation methodology.69

Other strategies are generally divided into the following 
basic approaches: (1) methods of monitoring the access for 
early signs of potential failure, (2) treatments to prevent 
access loss, and (3) interventions to fix problems such as 
occlusion after they have occurred. There is an accepted 
nomenclature for access failure that categorizes access as 
having primary or secondary patency. The definition of 
primary access patency is an access capable of supporting ade-
quate HD without any intervention since the time of origi-
nal placement. After an intervention has occurred for any 
reason (reduced flow or total thrombosis), secondary patency 
is then invoked to characterize the status of the vascular 
access.

MONITORING AND SURVEILLANCE
The natural history of vascular access loss suggests that 
observable and physiologic changes in access venous pres-
sure or total blood flow occur before and predict impending 
loss of function. If detectable change in either pressure or 
flow were observed reliably, intervention to prevent emer-
gency loss of access function would be theoretically possible. 
The question is whether salvaging the access before total 
loss of function offers any advantage. Currently, vascular 
access pressure can be monitored by measuring either static 
or dynamic venous pressure with several methods, and 

partly attributable to the ease of placement and the short 
time required between the placement of an AV graft and 
initiation of cannulation. Placement of an AV graft is per-
ceived as advantageous by many nephrologists and surgeons 
because it does not require an adequate vein in the forearm 
yet provides a forearm site for access placement (Figure 
65.11). Although the recognized low thrombosis rate for 
grafts is an early advantage, this low rate does not persist, 
and the primary patency rate at 12 months is only around 
50%.98 The graft material has a high risk for development 
of infection, although an infected graft can occasionally be 
salvaged by resection of the infected section and replace-
ment with new graft material. Other approaches to place-
ment are available when vascular anatomy or previous access 
prohibits placement in the forearm. The thigh often 
becomes the only remaining site for graft placement but is 
thought to pose too great a risk of infection; however, one 
report suggests that a thigh graft may be a better alternative 
than a tunneled catheter.99 A new device for patients with 
very limited vascular access options uses typical graft mate-
rial at the arterial end and throughout the length of poten-
tial needle cannulation sites but then attaches to catheter 
material that is tunneled to achieve central venous drainage: 
the Hemodialysis Reliable Outflow (HeRO) system.100

A complex biologic response develops within the lumen 
and in the distal native vein after an AV graft is surgically 
placed. A host of immune responses occur in addition to 
cellular growth, which develops within the lumen itself and 
distally. The resulting hyperplasia leads to a high incidence 
of stenosis, which is the leading cause of graft failure.101 The 
vast majority of stenoses that develop are at the venous 
anastomosis or beyond. As discussed later, the high inci-
dence of stenosis certainly is a rationale for monitoring graft 
flow in hopes of preventing eventual thrombosis. The docu-
mented inflammatory response and hyperplasia within 
grafts have focused attention on devices and drugs that may 
prevent or reduce the eventual stenosis. In addition to 
angioplasty, stents are frequently used as tools to prevent 

Figure 65.11  Configuration  for  typical  forearm  loop  graft.  Arrow 
indicates direction of blood flow  (arterial  to  venous).  (Modified from 
Kapoian T, Kaufman JL, Nosher J, Sherman RA: Dialysis access and 
recirculation. In Henrich WL, editor: Dialysis as treatment of end-stage 
renal disease, vol 5, Philadelphia, 1999, Current Medicine & Blackwell 
Science.)
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application.115,116 The DAC Study Group graft study pro-
vided support for the use of dipyridamole and low-dose 
aspirin started immediately after placement of an AV graft,117 
although the incremental extension of time with a func-
tional graft was modest and relatively few patients are treated 
with these agents currently.

The myointimal proliferation and resulting stenosis that 
occur particularly with AV grafts has also been a focus of 
prevention, especially because the process may be the ulti-
mate source of access failure.118 Strategies to prevent this 
cellular proliferation have resulted from focus on this 
process in other vascular diseases, such as cardiac disease. 
For example, a retrospective study using angiotensin-
converting enzyme (ACE) inhibitors in patients with AV 
grafts suggested a lower risk for graft loss in such patients 
than in patients not receiving this class of medication.119 
Interventions that have been shown to reduce proliferation 
in other vascular diseases are being studied. Brachytherapy 
has been used for some time and has been shown to be safe 
and to have promise in reducing stenosis in AV grafts.120 
Far-infrared therapy, which improves endothelial function, 
was shown in a randomized trial to improve patency rates 
of new AV fistulas when administered repeatedly96 and may 
become a tool to improve AV graft survival in the future.121 
Experimental grafts created by biologic, autologous materi-
als, as already described, may eventually provide one solu-
tion for access maintenance.

Finally, personalized medicine may eventually become 
part of vascular access protocols as genetic studies uncover 
possible predictors of higher risk for access loss. One such 
study has suggested that polymorphism in the methylenetet-
rahydrofolate reductase gene (C677T) may be a predictor of 
access thrombosis, presumably through the impact on 
homocysteine.122 Another study suggests that the complex 
relationship between transforming growth factor β1 and 
polymorphisms in the plasminogen activator inhibitor type 
1 gene may identify patients at risk for access thrombosis.123 
Advance knowledge of genetic determinants may allow tai-
lored prophylactic therapy to be administered in the future 
to patients at risk.

HEMODIALYSIS CATHETERS

Technology has greatly advanced the use of external con-
nections for HD, providing HD with venous access alone 
and removing the need to sacrifice an artery as required 
with the use of shunts. Initially, large, single-lumen catheters 
supported HD through single veins. Later, improved plastic 
materials allowed the construction of large double-lumen 
catheters that greatly improved HD efficiency over that with 
single-lumen catheters. Further advances resulted in cathe-
ters made of softer material, and the development of the 
cuff provided catheters that could be used for markedly 
longer durations. Clearly, this technology has been a bless-
ing and a curse, because the ease of insertion and the dura-
tion of use have resulted in the cuffed catheter’s being a 
viable access for patients on maintenance HD. Some patients 
would face death from kidney failure without the availability 
of this catheter technology. However, the data suggest an 
inappropriately high utilization of catheters as a means of 
vascular access. In fact, DOPPS data have suggested that the 
high prevalence of catheter use in the United States may 

equipment now exists that allows routine measurement of 
actual blood flow within an access.

Despite this theoretic gain with monitoring, the impact 
of aggressive surveillance programs on maintenance of vas-
cular access is controversial.106 A nonrandomized report of 
a comparison of three monitoring schemes in a single dialy-
sis program demonstrated significant improvement in short-
term graft and fistula survival with use of blood flow 
monitoring over either dynamic pressure monitoring or no 
monitoring.107 In addition to access survival, fewer HD ses-
sions were missed and overall patient costs were reduced 
when the blood flow monitoring protocol was used. The 
overall goal of surveillance protocols, however, is to prolong 
duration of function of the AV access. The unfortunate 
natural history of access failure, especially with AV grafts, is 
the occurrence of restenosis after intervention procedures 
such as angioplasty. There may be no difference in eventual 
access survival whether the approach is preemptive inter-
vention or responding to a thrombosis event when it occurs. 
A detailed review of surveillance trials does not support 
routine monitoring of HD access.108

Whether the additional intervention of stent placement 
improves access survival has received a great deal of atten-
tion. A randomized trial of 190 patients undergoing HD 
provides evidence that use of a stent is superior to balloon 
dilation alone with stenosis at the venous end of an AV 
graft.109 New materials for manufacturing stents are under 
investigation, and the place for drug-eluting stents, although 
well studied in other vascular systems, needs to be addressed 
in AV access.106 Likely in relation to the frequency of access 
failures and the need for timely treatment, a new field has 
emerged in renal medicine, interventional nephrology. 
With support of the specialty from the creation of the Amer-
ican Society of Diagnostic and Interventional Nephrology, 
reports have documented the quality and safety of the care 
delivered by interventional nephrologists.110,111 These physi-
cians are reporting experience with AV access as well as 
additional experience with other related arterial diseases, 
such as subclavian and renal artery stenosis, and peripheral 
vascular disease.112 See Chapter 70 for a further discussion 
of interventional nephrology.

PROPHYLACTIC THERAPY FOR  
ACCESS MAINTENANCE
Access loss occurs from the combined pathologic events of 
thrombosis and hyperplasia leading to stenosis. Strategies to 
prevent both of these pathologic processes have been used 
with the goal of prolonging access survival, so far with no 
clear prevention regimen established. Thrombosis may be 
the final pathway to access failure, but so far, agents well 
known to prevent thrombosis in other vascular diseases have 
not affected access survival consistently. In fact, a large, 
multicenter trial in the Veterans Administration Heath 
System with the newer agent clopidogrel plus aspirin had to 
be discontinued because of bleeding problems in the treat-
ment group.113 The Dialysis Access Consortium (DAC) Study 
Group reported that although clopidogrel reduced the 
early thrombosis rate of new AV fistulas, it did not increase 
the number of usable fistulas.114 Some small randomized 
trials have suggested that the use of agents such as fish oils 
may be effective in reducing thrombosis in grafts, but this 
approach has yet to receive further study and widespread 
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the patient is symptom free (so-called line holiday).132-134 
When there is evidence for an isolated exit site infection or 
when the tunnel is thought not to be involved, studies 
suggest that catheter exchange can be successfully under-
taken. Attempting to treat infected catheters with antibiotics 
alone usually results in failure, although infection with some 
organisms (e.g., Staphylococcus epidermidis) may clear with 
that approach. The combined use of antibiotic installation 
into catheters and systemic antibiotics may increase success 
in preserving the existing catheter.

Several approaches to prevention of infection with cath-
eters have demonstrated potential promise. The use of 
mupirocin ointment at the exit site may reduce the inci-
dence of infection.135,136 Locking catheters with antibiotic-
containing solutions may be helpful also in reducing the 
incidence of catheter-related infections.134,136,137 Use of cath-
eters impregnated with antibacterial agents so far has not 
been as promising in preventing infection.138

Even if the thrombosis and infection problems could be 
solved, catheters generally yield less efficient solute clear-
ance in comparison with fistulas and grafts and may not 
provide “adequate” dialysis in a sizable fraction of patients. 
In the end, the catheter must remain an interim solution or 
the access of last resort for the patient undergoing mainte-
nance HD.

GENERAL PRINCIPLES OF HEMODIALYSIS: 
PHYSIOLOGY AND BIOMECHANICS

Therapeutic HD removes solutes principally by diffusion 
and to a lesser extent by convection across a semipermeable 
membrane. The driving force for solute diffusion is the 
transmembrane concentration gradient (Figure 65.12A), 
and the driving force for convection, commonly called ultra-
filtration, is the transmembrane hydrostatic pressure (see 
Figure 65.12B). Selective removal of solutes is achieved by 
restricting the pore size in the membrane to admit small 
molecules and reject large molecules and by including 

explain a major portion of the higher mortality rate in the 
US HD population than in similar patients in Europe.124 A 
report of a large cohort of incident patients in 2007 dem-
onstrated continued high prevalence of catheters in the 
United States.125 Hence, the elevated mortality risk and fre-
quent complications associated with catheters create major 
challenges for nephrologists.126

Thrombosis with loss of catheter function is a frequent 
complication leading to the need for intervention. No 
uniform solution to prevent these events has been estab-
lished. Catheters are routinely “locked” with installation of 
high-dose heparin solutions injected into both lumens, but 
this procedure does not completely prevent the problem. 
The use of heparin for locking may occasionally result in 
bleeding through an error in dose or failure to remove the 
heparin solution before use. Even the addition of systemic 
therapy with low-dose warfarin did not prevent thrombosis 
in a clinical trial setting and led to an increase in complica-
tions.127 Some small studies have explored alternatives to 
heparin, such as locking catheters with citrate-containing or 
other solutions.128 One such study demonstrated that locking 
the catheter with recombinant tissue plasminogen activating 
factor once a week and heparin the other 2 days, in com-
parison with heparin 3 days a week, reduced thrombosis and 
also the incidence of bacteremia.129,130 Infection isolated to 
the catheter itself or systemic infection with the catheter as 
a source is a substantial complication of catheter use, result-
ing in morbidity and costly hospitalizations as well as mortal-
ity. The frequency of bacteremia associated with HD 
catheters has been estimated to be 2 to 4 episodes per 1000 
patient-catheter days,131 a frequency 10- to 20-fold higher 
than estimated rates of infection in patients with AV fistulas. 
These catheter-related infections can result in more complex 
infections, such as osteomyelitis, endocarditis, and septic 
arthritis, despite antibiotic therapy.

Careful management of catheter-related infection is criti-
cal, including an adequate duration of antibiotic treatment 
(3-week minimum) and an aggressive approach to catheter 
removal and replacement, with replacement delayed until 

Figure 65.12  Diffusion versus convection. A, Diffusion across a semipermeable membrane. The driving force for solute diffusion is the trans-
membrane concentration gradient. Small solutes with higher concentrations  in  the blood compartment, such as potassium, urea, and small 
uremic toxins, diffuse through the membrane into the dialysate compartment. Dialysis dissipates this concentration gradient (i.e., the molecular 
concentration gradient decreases with dialysis). Larger solutes and low-molecular-weight proteins such as albumin diffuse poorly across the 
semipermeable membrane. B, Convection (hemofiltration) across a semipermeable membrane. The driving force for convection, commonly called 
ultrafiltration, is the transmembrane hydrostatic pressure. When applied to the blood compartment, solvent flows across the membrane into the 
dialysate compartment, bringing along solutes. For solutes with a sieving coefficient close to 1, there is no change in concentrations in the blood 
compartment with time. (Reproduced with permission from Meyer TW, Hostetter TH: Uremia. N Engl J Med 357:1316-1325, 2007.)
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minimum surface area for proximal reabsorption of approx-
imately 3 m2 (if one ignores microvilli). The native kidneys 
also perform several known and probably other unknown 
synthetic functions such as the regulated synthesis of eryth-
ropoietin and activation of vitamin D.

For endogenous solutes, the first pathway on the route to 
elimination is diffusion through intracellular and extracel-
lular pathways, including passive or facilitated diffusion 
across membranes. Thus, diffusion is a vital transport mech-
anism for the function of both native and artificial kidneys. 
Because removal of small solutes appears to be the major 
function of both excretory methods, dialyzer clearance of 
small solutes can be compared with similar clearances by the 
native kidney as a reasonable first step toward assessing 
hemodialyzer adequacy.

CLEARANCE

The goals of dialysis are straightforward: removal of accu-
mulated fluid and by-products of metabolism, sometimes 
referred to as “toxins.” With respect to toxins, the ultimate 
goal is to maintain concentrations below the threshold at 
which uremic symptoms and signs begin to appear. However, 
the levels of retained toxic solutes are not used as perfor-
mance measures for dialysis because their identities are 
unknown and because their generation rates probably vary 
from patient to patient and from time to time (see later). 
Instead, performance of dialysis is judged from the clearance 
of representative solutes.

As already noted, the most representative solutes are small. 
Small solute clearance can be used to measure the most 
important dialyzer function, which is to lower the concentra-
tion of small toxic solutes in the patient. This is an inescap-
able conclusion based on the observation that dialysis works 
extremely well to rapidly reverse life-threatening uremia. 
The mechanism for this life-giving property of dialysis is not 
mysterious; it is simply the result of solute removal by diffu-
sion across the semipermeable dialysis membrane. Although 
effective in reversing uremia, earlier cellulose-based dialyzer 
membranes removed solutes with molecular weights above 
3000 Da very poorly, so small solutes are the obvious main 
culprits accounting for the uremic syndrome and the primary 
targets for dialyzer clearance. It is therefore reasonable to use 
the clearance of a representative small solute as a measure of 
this fundamental dialysis function.

Clearance is recognized as the best measure of first-order 
processes such as diffusion and filtration. A zero-order 
process such as urea generation by the liver is uninfluenced 
by the solute concentration, but first-order removal processes 
use the concentration as the driving force for diffusion, ren-
dering the removal rate directly proportional to the concen-
tration. Clearance (K) is the proportionality constant:

 K Removal rate Concentration=  (1)

K has value as an expression of first-order processes that 
is independent of either the solute removal rate or its con-
centration. For intermittent dialysis, the main advantage of 
the clearance expression is that it tends to remain constant 
despite rapid changes in both the solute concentration and 
the removal rate during the procedure.

In a simple flowing system, the removal rate is the differ-
ence between the inflow concentration (Cin) and the outflow 

desirable solutes in the dialysate, effectively preventing their 
removal.

NATIVE KIDNEY VERSUS ARTIFICIAL KIDNEY

Separation of solutes based on molecular size appears to be 
a major function of native kidneys, and the dialyzer attempts 
to mimic that function. Most of the soluble large molecules 
found in the blood are the products of complex intracel-
lular synthetic energy-requiring processes. Most continue to 
be active, serving to signal and regulate processes in distant 
organs. Their loss by filtration through the kidneys would 
be a liability best avoided. Loss is first prevented by the 
bilipid cell membrane barrier, which keeps many of the 
most precious molecules in a sequestered intracellular loca-
tion. Those that are secreted or leak out of the cell are often 
bound to serum macromolecules, most notably serum 
albumin, a well-known transport protein. Although the glo-
merular membrane is highly permeable in comparison with 
cell membranes in general, albumin and its bound ligands 
as well as other macromolecules are poorly filtered and thus 
are protected from loss. Small proteins and peptides that 
leak through the filter are efficiently reabsorbed by the 
proximal tubule, where they are broken down and their 
subunits reutilized.

Smaller molecules are often end products of metabolism 
or ingested intruders that the kidney effectively eliminates 
by filtration without reabsorption. Precious small molecules 
are reclaimed after filtration by selective reabsorptive mech-
anisms in the renal tubules. Dialyzers lack the latter vital 
functions, so losses are prevented by including some of 
these measurable small solutes in the dialysate, effectively 
eliminating the gradient for diffusive loss. Fortunately, most 
of these small solutes are abundant and can be relatively 
inexpensively added to the dialysate.

Although both the native or natural kidney and the arti-
ficial kidney are excretory “organs” and both use semiper-
meable membranes to separate small from large particles, 
they operate on different principles. The natural kidney is 
a selective filtration or convection device driven by blood 
pressure generated by the heart with highly selective reab-
sorption and secretion downstream. In contrast, the dialyzer 
separates molecular species primarily by simple diffusion 
without the need for pressure generation or reabsorption. 
Urea, for example, is highly reabsorbed after filtration by 
the glomerulus, but selective reabsorption plays no role 
within hemodialyzers. The rapid equilibration of urea across 
red blood cell (RBC) membranes facilitates urea removal 
during dialysis but plays no role during glomerular filtra-
tion. In contrast, creatinine and most other water-soluble 
compounds are poorly reabsorbed by the native kidney and 
exhibit slow or no transport across RBC membranes within 
the short time frame that blood transits through the dia-
lyzer. As a consequence, native kidney clearance rates of 
creatinine are higher and dialyzer clearance rates are lower 
than their clearances of urea.

The artificial hollow-fiber kidney contains 8000 to 10,000 
fibers, each approximately 200 µm in diameter and 250 mm 
in length, providing a surface area for exchange of about 
1.5 m2. Each of the 1 to 2 million functioning nephrons in 
the two native kidneys has a proximal tubule diameter of 
about 40 µm and a length of about 14 mm, providing a 
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solute and is therefore independent of the concentration. 
Two substances may have the same clearance, but if one is 
present at half the concentration of the other, the one’s 
removal rate will also be half the other’s. In practical terms, 
it is impossible to compare dialyzers by measuring removal 
rates alone because removal depends on the solute concen-
tration. Measurement of clearance eliminates this require-
ment, allowing use of a single term to make valid comparisons 
among purgative instruments.

Similarly, finding a lower concentration of a solute within 
a patient does not indicate that the clearance is higher; it 
may simply reflect a lower generation rate. If a steady state 
exists in which input equals output, the removal rate of a 
substance is simply a measure of its generation rate, reveal-
ing little about the effectiveness of the dialyzer. If the clear-
ance decreases and the generation rate does not change, 
the patient’s solute concentration increases until a new 
steady state is reached, at which point the removal rate again 
matches the generation rate.

SERUM UREA CONCENTRATION VERSUS  
UREA CLEARANCE

The serum urea concentration has proved to be a poor sur-
rogate for uremic toxicity. The determinants of urea con-
centration are generation and clearance. Whereas urea 
clearance by the dialyzer should correlate with the clearance 
of other small (dialyzable) solutes that are presumably 
responsible for uremic toxicity, the generation of urea as an 
end product of protein catabolism correlates poorly with 
uremic toxicity. In fact, patients with higher urea generation 
rates have better outcomes, probably as a reflection of better 
appetite and higher protein intake.141 It is difficult to dissect 
the clearance factor from the generation factor in a single 
blood urea nitrogen (BUN) measurement, but as explained 
later, this dissection can be accomplished by modeling the 
change in BUN during a dialysis treatment. For purposes of 
measuring the dose of dialysis and dialysis adequacy, only 
the relative change in urea concentration during dialysis is 
used to model clearance; the absolute concentrations are 
ignored. Thus, despite urea’s lack of intrinsic toxicity and 
the poor correlation with overall uremic toxicity, urea mea-
surements during dialysis can be used to assess dialysis effec-
tiveness and adequacy. The change in urea concentration 
during dialysis, which reflects its clearance, is used as a  
surrogate for the clearance of other small easily dialyzed 
solutes, some of which must be toxic or dialysis would not 
reverse the life-threatening component of uremia. This 
logic justifies use of urea clearance as an index of dialysis 
adequacy while acknowledging that isolated urea concentra-
tions cannot be used for this purpose.

FACTORS THAT AFFECT CLEARANCE IN A 
FLOWING SYSTEM

Diffusive clearance in a flowing system depends on the  
rates of blood and dialysate flow as well as the targeted sol-
ute’s membrane permeability. The biomaterials used to 
make the hollow-fiber dialyzer, together with the pore size 
and thickness of the membrane, determine its clearance, or 
the membrane permeability constant (K0), for a given solute. 
Multiplying K0 by the surface area for diffusion (A) yields the 

concentration (Cout) multiplied by flow (Q). From equation 
1, clearance can also be expressed as the extraction ratio (E) 
multiplied by flow:

 E C C Cin out in= −( )  (2)

 K Q E= ⋅  (3)

For a constant-flow system, the extraction ratio is also 
constant over time despite marked changes in concentra-
tion. E is the fraction of total inflow (Q), and K is the abso-
lute flow that is completely cleared of the solute; both tend 
to remain constant during dialysis. Clearance is affected by 
the flow of both blood and dialysate as well as other variables 
such as the convective filtration rate (see later) but is inde-
pendent of concentration.

Although clearance is independent of solute concentra-
tion, the converse is not true (i.e., concentrations depend 
on clearance, and solute concentrations are used to measure 
clearance). During a period of steady-state kinetics, in which 
generation equals removal, if the generation rate of a solute 
is fixed, its concentration is inversely proportional to its 
clearance. Because dialysis is simpler than native kidney 
function and removes solutes primarily by diffusion, the 
calculation of clearance is nearly the same for all easily 
dialyzed substances if one assumes that these solutes are 
distributed in a single mixed pool within the patient. Appli-
cation of this principle allows selection of an easily mea-
sured solute (e.g., urea) to assess dialyzer performance, with 
the expectation that the measured clearance will correlate 
inversely with patient levels of similar easily dialyzed solutes. 
The measured solute need not be toxic, but it must behave 
like the toxic solutes. Generation rates of various solutes 
differ, but if each is relatively constant from week to week 
(e.g., creatinine generation), then the measured clearance 
of a representative solute can be used to reflect the effective-
ness of the dialysis for clearing all easily dialyzed solutes. 
This principle, which forms the basis of established stan-
dards for measuring and prescribing HD, has logical merit, 
but its applicability has been challenged and may require 
modification for solutes that are strongly sequestered in 
remote body compartments (see later).68,69,139,140 In addition, 
after adjustment for body size and possibly gender (see 
later), all patients appear to require the same weekly clear-
ance. Furthermore, the dose requirement or need for dialy-
sis does not seem to vary from time to time in the same 
(anuric) patient, provided that a minimum threshold clear-
ance is delivered during each treatment.

Native kidneys appear to clear small solutes at a rate far 
above the minimum required to sustain life. For example, 
removal of a kidney for transplantation can be done without 
adverse consequences in the donor. Although the reason for 
this surplus function is unknown, it helps to explain how 
modern intermittent HD, which achieves a continuous 
equivalent small solute clearance that is only about 10% to 
15% of the normal GFR, is able to sustain life (see “Continu-
ous Equivalent Clearance” section).

CLEARANCE VERSUS REMOVAL RATE

The clearance of a solute must be distinguished from its 
absolute removal rate. Clearance is best envisioned as a 
measure of removal expressed as a fraction of the remaining 
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results from bulk movement of solute across the membrane 
driven by hydrostatic pressure. Simultaneous filtration 
across the same membrane used for dialysis removes addi-
tional solute, but the amount removed is inversely related 
to the efficiency of the dialysis. For example, if the dialyzer 
removes solute very efficiently by diffusion, with an extrac-
tion ratio approaching 100%, addition of ultrafiltration 
adds very little or nothing to the removal rate, which cannot 
exceed 100% of the inflow. The effect of ultrafiltration on 
clearance is expressed as follows143:

 K Q C C C Q C Cd b in out in f out in= − +( ) ( )  (6)

where Qb is the blood inflow rate, Cin is the inflow concen-
tration, Cout is the outflow concentration, and Qf is the 
ultrafiltration rate in millimeters per minute. As Cout 
approaches zero, the dialysis component of clearance maxi-
mizes, and the Qf component extinguishes.

DIALYSANCE

For peritoneal dialysis (PD), after the infusion of fresh dialy-
sate, solute begins to accumulate in the peritoneal fluid. As 
the level increases, the concentration gradient from blood 
to dialysate decreases, causing the removal rate and the 
clearance to decrease, both eventually falling to zero as 
equilibrium is reached. However, the flux of solute per unit 
of concentration gradient, also known as dialysance (D), 
remains constant:

 D Removal rate Concentration gradient= ( ) ( )  (7)

Dialysance can be formulated as the initial clearance 
when the dialysate concentration is zero or, in a flowing HD 
system, as the solute removal rate per mean solute gradient 
along the membrane (blood minus dialysate concentration) 
and is equivalent to the dialyzer’s K0A for the measured 
solute.

permeability or mass transfer area coefficient (K0A) of an entire 
dialyzer. K0A is expressed in milliliters per minute and, like 
clearance, is independent of solute concentration. The pre-
dictable exponential decline in concentration gradient 
along the dialyzer membrane from blood inflow to outflow 
(Figure 65.13) is the basis for calculation of K0A from the 
blood and dialysate flow rates and is widely used in mathe-
matical models of solute kinetics. For countercurrent dialy-
sate and blood flow,142 where Kd is dialyzer clearance:
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Analogous to clearance, which expresses the dialyzer 
removal rate normalized to the inflow solute concentration, 
K0A is an expression of dialyzer performance normalized to 
blood and dialysate flow rates (Qb and Qd, respectively). 
K0A, which is sometimes called the “intrinsic clearance” of 
a dialyzer, can be viewed as the maximum clearance possible 
for a particular solute and dialyzer at infinite Qb and Qd. 
Note that K0A is both dialyzer specific and solute specific. It 
is the best parameter for comparing dialyzers, with higher 
values indicating more efficient solute removal.

A useful rearrangement of Equation 4 provides a measure 
of clearance at any blood and dialysate flow rate, as follows:
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The preceding expression of clearance does not include 
the contribution of convective solute removal by ultrafiltra-
tion (Qf) during therapeutic HD. Convective clearance 

Figure 65.13  Flow-limited clearance. A logarithmic decline in solute concentrations, indicated by the arrows on either side of the membrane, 
is depicted from dialyzer inlet on the left to blood outlet on the right. This predictable decline is attributable to relatively rapid diffusion of solute 
across the membrane and forms the basis for Equation 5. Flux is equal to the product of membrane-solute mass transfer area coefficient (K0A) 
and the log mean gradient. Solute flux and removal are maximized by countercurrent flow of blood and dialysate. 
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clearance for larger solutes may occur at the same time 
within a dialyzer. The relationship between flow and clear-
ance is shown graphically in Figure 65.15 for both limiting 
scenarios.

The molecular activity of a solute determines its capacity 
for movement across the dialysis membrane. Because water-
soluble solutes are active only in the water phase of the 
blood, only the water component (≈90% of normal blood 
volume) participates in the dialysis process. Blood flow 
through the dialyzer for water-soluble solutes (nearly all) 
should be expressed as blood water flow or about 90% of 
whole blood flow. Similarly, blood concentrations should be 
expressed as blood water concentrations, which are about 
7% higher than whole serum concentrations. Note that 
BUN is a misnomer; serum urea nitrogen is actually mea-
sured. For charged molecules, the Donnan effect acts in the 
opposite direction, reducing the effective blood activity.144 
Correcting for this reduced activity, the effective sodium 
concentration on the blood side of the membrane is about 
3 mEq/L lower than its actual concentration. The Donnan 
effect for blood equilibrated with dialysate is attributable  
to nondialyzable plasma proteins, mostly albumin, which 
has a net negative charge (≈17 mEq/mmol albumin). The 
asymmetric charge distribution across the membrane effec-
tively “captures” a small fraction of the positively charged 
sodium ions on the plasma side, reducing their potential for 
diffusion.

The size of the molecule is the most important intrinsic 
physical feature governing its removal (Figure 65.16). In 
general, the rate of movement or flux (J) of smaller mole-
cules is higher than the flux of larger molecules. Other 
factors, such as binding to plasma proteins, shape, charge, 
and sequestration in the intracellular compartment, must 
be considered in the prediction of clearance (see Figure 
65.16).

DIALYZER CLEARANCE VERSUS WHOLE  
BODY CLEARANCE

A distinction must be made between clearance across the 
dialyzer and clearance across the patient. For each of these, 
the removal rate (Equation 1) is the same, but the 

DETERMINANTS OF CLEARANCE

A number of variables affect clearance during dialysis (Table 
65.4). Solute-related variables include the physical and 
chemical properties of the substance to be removed and its 
distribution in the body. Treatment-related variables include 
the permeability of the membrane to solutes of various sizes, 
dialysis treatment time, membrane surface area, and flow 
rates of blood and dialysate (see preceding equations).

Molecular size and membrane permeability together 
limit the rate of movement for individual molecular species. 
In flowing systems, the concentrations of larger molecules 
tend to remain constant along the length of the dialyzer, 
uninfluenced by blood and dialysate flow. Their clearances, 
which are low because of their large size, are limited by the 
size and permeability of the membrane alone and are inde-
pendent of flow rates (Figure 65.14). Smaller molecules 
tend to be cleared at the proximal end of the dialyzer, 
leaving the more distal end for further enhancement of 
clearance as flow is increased (see Figure 65.13). In this situ-
ation, clearance is said to be flow limited. Note that flow-
limited clearance for small solutes and membrane-limited 

Table 65.4 Factors Influencing Effective 
Clearance

Solute-related Molecular size
Molecular charge
Macromolecular binding
Body distribution and 

sequestration
Treatment-related (in order of 

importance):
  Small molecules Blood and dialysate flow

Membrane surface area
Treatment time
Membrane permeability

  Large molecules Membrane permeability
Treatment time
Membrane surface area
Blood and dialysate flow

Figure 65.14  Membrane-limited clearance. The diffusive force is the solute concentration gradient. Solute concentrations along the mem-
brane from dialyzer  inflow to outflow for both blood and dialysate are relatively constant because transport across the membrane is  limiting 
and relatively low. 
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the body. The average “whole-body concentration” is substi-
tuted for dialyzer inflow concentration in the denominator 
of the standard clearance formula (Equation 1). Whole-
body concentrations are higher than serum concentrations 
during dialysis because of solute disequilibrium, so whole-body 
clearances are always lower than dialyzer clearances. Higher 
concentrations throughout the body result from solute 
sequestration or a delay in diffusive movement of solute from 
remote body compartments to the patient’s blood, which is 
the immediately dialyzed compartment.

Typical solutes that exhibit disequilibrium distribute pref-
erentially in the intracellular compartment and diffuse 
slowly across the cell membrane to the extracellular com-
partment. Such solutes are sometimes labeled as “difficult 
to dialyze.” For example, therapeutic dialysis is not recom-
mended for removal of digoxin in patients with digoxin 
intoxication145 even though the substance is water soluble 
and easily removed in vitro with a high clearance across the 
dialyzer membrane. Removal in vivo, however, is limited by 
sequestration in remote tissue compartments. Solutes such 
as digoxin have an apparent large distribution, often larger 
than total body water volume.

Even urea, one of the most diffusible solutes, exhibits 
disequilibrium during HD. Whole-body urea clearance can 
be calculated by substituting the equilibrated postdialysis 
BUN (Figure 65.17) for the immediate postdialysis BUN in 
the modeling equations. Experience has shown that urea 
sequestration can be predicted from the rapidity or rate of 
solute removal. This observation led to development of sim-
plified equations to estimate the equilibrated Kt/V (eKt/V) 
from single-pool Kt/V (spKt/V),146,147 where Kt/V is dialyzer 
clearance × time over volume:

Figure 65.15  Flow-limited versus membrane-limited clearances. 
Flow  limits  clearance  when  the  membrane  is  not  fully  exposed  to 
inflow solute concentrations (see Figure 65.13). This typically occurs 
for small, easily dialyzed solutes.  In contrast,  larger solutes  tend to 
saturate  the  membrane  along  its  entire  length  at  lower  blood  (or 
dialysate) flow rates (see Figure 65.14). For these less easily dialyzed 
solutes, further increases in flow have no influence on clearance. K0A, 
Mass transfer area coefficient. 
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Figure 65.16  Effect of protein binding, molecular weight, and 
sequestration on solute concentrations in hemodialysis (HD) 
recipients.  Conventional  thrice-weekly  dialysis  is  very  effective  at 
removing blood urea nitrogen (BUN), resulting in an average urea level 
of  about  four  times  the  normal  value  in  a  patient  undergoing  HD. 
Binding  of  p-cresol  to  albumin  and  the  large  molecular  size  of β2-
microglobulin  limit  their  removal with conventional dialysis,  so  their 
levels are about 10 and 20 times normal, respectively. Plasma guan-
idinosuccinic  acid  levels  are  even  higher  (about  40  times  normal) 
because  of  increased  production  in  kidney  failure  and  intracellular 
sequestration, making it difficult to remove during dialysis. Although 
the plasma levels of these other solutes are several orders of magni-
tude higher  than normal,  their absolute  levels are much  lower  than 
that of urea, and it is unclear whether they exert any toxicity. (Adapted 
from Meyer TW, Hostetter TH: Uremia. N Engl J Med 357:1316-1326, 
2007.)
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Figure 65.17  Equilibrated postdialysis blood urea nitrogen 
(BUN), the basis for estimated dialysis efficiency (eKt/V). Precise 
measurements  of  BUN  every  15  minutes  during  a  typical  patient’s 
2.5-hour hemodialysis shows a logarithmic decrease in concentration 
during the treatment and a rapid rebound that is complete approxi-
mately 1 hour  later. The double-pool model  shown  in Figure 65.22 
and the solid line in the graph predict the concentrations accurately. 
The equilibrated postdialysis BUN is an extrapolated value shown as 
the large solid circle. 
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denominator differs. Dialyzer clearance is an expression of 
solute removal as a fraction of the blood concentration 
(adjusted for blood water content) at the dialyzer inflow 
port. In contrast, whole-body clearance is an expression of 
removal as a fraction of average concentrations throughout 
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 eKt V spKt V spK V= − +0 6 0 03. .  (8)

 eKt V spKt V t t= +[ ( )]35  (9)

When eKt/V is the chosen standard of care, these equa-
tions allow its calculation without requiring the patient to 
wait 30 to 60 minutes after dialysis has stopped for the 
equilibrated BUN to be measured.

EFFECT OF RED BLOOD CELLS PASSING THROUGH 
THE DIALYZER
Within the blood compartment, solutes may diffuse slowly 
or not at all out of RBCs during transit through the  
dialyzer.148,149 For example, creatinine and uric acid are 
small molecules with clearances similar to that of urea  
when measured in a saline solution in vitro. Measured in 
vivo, however, their clearances are lower than urea clear-
ance because their movement out of the RBC as it passes 
through the dialyzer is much slower than urea’s movement, 
being limited by lack of specific urea-like transporters in the 
RBC membrane.150-152

Sequestration in Remote Compartments

Other solutes such as potassium and phosphorus are cleared 
easily in vitro, but their removal is limited by cellular and 
bone sequestration within patients, explaining the need for 
dietary restriction and for use of phosphate binders to control 
the toxic effects of these solutes. Phosphorus is rapidly 
removed from the intravascular compartment, causing hypo-
phosphatemia during HD in most conventionally treated 

Figure 65.18  Effect of sequestration on serum phosphate levels and removal during dialysis. Measurements of serum inorganic phos-
phorus concentrations were taken at 15-minute intervals during both high-flux and standard hemodialysis. The rapid flux of phosphorus due 
to its relatively high mass transfer area coefficient caused levels to fall into the hypophosphatemic range (below the lower dotted line) during 
most of  the 4-hour dialysis. A marked  rebound continued  for 4 hours after dialysis ended. The  two dotted lines  indicate  the normal serum 
phosphate range. (Adapted from DeSoi CA, Umans JG: Phosphate kinetics during high-flux hemodialysis. J Am Soc Nephrol 4:1214-1218, 1993.)
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patients. However, for 2 to 4 hours after dialysis, the serum 
phosphorus concentration increases relatively rapidly, 
returning to near predialysis levels (Figure 65.18). Thus, 
sequestration and its consequent postdialysis rebound 
account for the failure of conventional HD alone to normal-
ize interdialysis levels of this easily dialyzed molecule. Low 
blood phosphate levels generated during dialysis may also 
account for at least part of the postdialysis disequilibrium 
syndrome, discussed elsewhere in this chapter. Extrapolating 
further, one can speculate that the magnitude of sequestra-
tion of the toxic solutes responsible for the reversible life-
threatening aspect of uremia cannot be as great as for 
phosphorus; otherwise, HD would not be successful.

COMPONENTS OF THE  
EXTRACORPOREAL CIRCUIT

The HD system for a single patient in the 1940s was about 
the size of a twin bed. Modern HD machines are about the 
size of a three- to four-drawer filing cabinet. Central to the 
dialysis delivery system is the artificial kidney or dialyzer, 
which acts as the point of exchange between blood and 
dialysate. The system is designed to deliver blood and prop-
erly constituted dialysate to the dialyzer, where diffusion and 
convection occur. Technologic advances have allowed the 
development of online monitors that accurately monitor 
and regulate the blood flow and dialysate flow rates, circuit 
pressures, and dialysate composition and temperature. 
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the dialyzer membrane or disconnect the blood circuit, 
leading to an abrupt decrease in pressure in the blood 
circuit. The automatic shutoff of the blood pump in this 
circumstance is potentially lifesaving.

Two additional safety devices, the venous air trap and the 
air detector, are located in the blood line distal to the dialyzer. 
Air may enter the blood circuit through loose connections, 
improper arterial needle position, or the saline infusion 
line. The venous air trap prevents any air that may have 
entered the blood circuit from returning to the patient. If 
air is still detected in the venous line after the air trap, the 
machine alarms, and a relay switch turns off the blood 
pump. Excessive foaming of blood also triggers the air 
detector. These safety features prevent air embolism, which 
carries a high mortality rate, especially if not immediately 
recognized.157 If air embolism is suspected, additional inter-
ventions must include clamping the venous line leading 
back to the patient and placing the patient immediately in 
the Trendelenburg position with the left side down, seques-
tering the air in the right ventricle and allowing it to be 
reabsorbed. However, microbubbles formed during dialysis 
may escape detection and lodge in organs such as the brain 
and lungs, possibly contributing to the higher incidence of 
pulmonary hypertension and cognitive decline observed in 
dialysis recipients.158,159 Ensuring a high blood level in the 
venous air trap may reduce such microemboli.160

HEMODIALYZERS

A hemodialyzer, or dialyzer, is often called an “artificial kidney.” 
Its configuration allows blood and dialysate to flow, prefer-
ably in opposite directions, through individual compart-
ments separated by a semipermeable membrane. By 
convention, blood entering the hemodialyzer is designated 
arterial, and blood leaving the hemodialyzer is venous. The 
many available hemodialyzers differ mainly in the composi-
tion, configuration, and surface area of the membrane. 
Hemodialyzers influence the efficiency and the quality of 
dialysis through their membranes, which determine their 
K0A value, and through the blood and dialysate flow rates, 
which determine the clearance values (see also Factors that 
Affect Clearance in a Flowing System) (Table 65.5).

Virtually all of the commercial dialyzers available in the 
United States are hollow-fiber dialyzers. Such hemodialyzers 
are constructed with a cylindrical plastic casing (usually 
polycarbonate) that encloses several thousand hollow-fiber 
semipermeable membranes stretched from one end to the 
other and anchored at each end by a plastic potting com-
pound, usually polyurethane. The blood compartment or 
fiber bundle volume of the hollow fiber dialyzer ranges from 
60 to 150 mL, and in contrast to that in older dialyzer 
designs, does not expand during dialysis. Each fiber has an 
inside diameter of approximately 200 µm. Along with the 
semipermeable membrane, the potting compound sepa-
rates the blood compartment from the dialysate compart-
ment, where dialysate flows between and around each fiber. 
Blood flows to or from the open end of each fiber through 
a removable header attached to the blood tubing. Apart from 
lowering blood priming volume, the hollow-fiber design 
also improves the efficiency of solute exchange by increas-
ing the contact area between blood and dialysate. Addi-
tional maneuvers to maximize surface area include insertion 

Additional advances include automated safety mechanisms 
designed to detect blood leaks and air in the circuit and 
online devices that monitor vascular access, hematocrit, and 
dialysis adequacy during each treatment.

BLOOD CIRCUIT

During dialysis, the steady flow of blood required may be 
obtained from a central venous catheter or from an AV 
fistula or graft. If a catheter is used, blood enters the extra-
corporeal circuit from the ports along the sides of the 
double-lumen catheter (“arterial” lumen) and returns 
through the port at the distal tip (“venous” lumen). Alter-
natively, the graft or fistula is cannulated with two needles, 
with blood flowing from the “arterial” needle into the blood 
tubing and dialyzer and returning to the patient through 
the “venous” needle. The driving force for the blood circuit 
is a peristaltic roller pump, which sequentially compresses 
the pump segment of the tubing against a curved rigid 
track, forcing blood from the tubing. Elastic recoil refills the 
pump tubing after the roller has passed, readying it for the 
next roller. Because of the elastic recoil and because most 
pumps have only two or three rollers, blood flow through 
the dialyzer is pulsatile. Increasing the number of rollers 
makes the flow less pulsatile but increases the risk of hemo-
lysis and damage to the pump segment.

An alternative configuration of the dialysate delivery 
system allows the use of a single needle in the vascular access 
or a single-lumen catheter for dialysis.153,154 This arrange-
ment uses either one blood pump and two pressure-
controlled blood-line clamps or two pressure-controlled 
blood pumps. The advantage is less trauma to the vascular 
access, especially during initial cannulation of a new fistula, 
and potentially reduced dialysis catheter use after surgical 
revision of a vascular access.154 However, recirculation and 
hemolysis may be increased and the efficiency of solute 
clearance may be compromised.153,155,156 Raising the effective 
blood flow rate to 250 mL/min, increasing the length of the 
dialysis session, or using a larger dialyzer may improve the 
efficiency of solute clearance, but careful monitoring of 
“adequacy” and for complications remains essential.155

Pressure monitors are located proximal to the blood 
pump and immediately distal to the dialyzer. The proximal 
or arterial pressure monitor guards against excessive suction on 
the vascular access site by the blood pump. Accepted ranges 
for arterial inflow pressures are −20 to −80 mm Hg, but may 
be as low as −200 mm Hg when blood flow rate (Qb) is high. 
The distal or venous pressure monitor gauges the resistance to 
blood return in the vascular access, and acceptable values 
range from +50 to +200 mm Hg. When the upper or lower 
limits of arterial or venous pressures are exceeded, an alarm 
sounds, and the blood pump turns off. Excessively low arte-
rial pressures may be caused by kinks in the tubing, improper 
arterial needle position, hypotension, or arterial inflow ste-
nosis. Blood clotting in the dialyzer, kinking or clotting  
in the venous blood lines, improperly positioned venous 
needles, infiltration of a venous needle, or venous outflow 
stenosis can cause high venous pressures. Accurate measure-
ments of both the arterial and venous pressures are essential 
to determining the transmembrane pressure (TMP), which 
partly determines the ultrafiltration rate. Excessively high 
pressures anywhere in the blood compartment may rupture 
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such as β2-microglobulin (β2M), can be removed more 
efficiently.166-168 Some membranes, such as those of polyac-
rylonitrile, polyamide, and polymethylmethacrylate, have 
low hydrophilicity, providing significant protein adsorption 
and enhancing protein removal.169 Synthetic membranes 
also are more biocompatible.168,169 Since the cost of synthetic 
hemodialyzers has declined, they are increasingly preferred 
for the preceding reasons.

MEMBRANE BIOCOMPATIBILITY
Dialyzer membranes may interact with blood components 
during dialysis to activate WBCs, platelets, and the comple-
ment cascade via the alternative pathway with generation of 
the anaphylatoxins C3a and C5a.168-171 The degree to which 
the membrane activates blood components determines its 
biocompatibility. Through activation of WBCs, platelets, and 
the complement cascade, bioincompatible membranes may 
cause allergic reactions, hypoxemia, transient neutropenia, 
altered immunity, tissue damage, anorexia, protein catabo-
lism, or an inflammatory state. Because dialysis is repetitive, 
the effects of low-grade subclinical membrane interactions 
during each treatment may be cumulative, eventually result-
ing in adverse clinical outcomes such as infection, acceler-
ated atherosclerosis, frequent hospitalization, and death.

In addition to the capacity of the membrane to activate 
blood elements, its absorptive capacity can influence its bio-
compatibility. Some synthetic membranes, such as polyacry-
lonitrile, are more hydrophobic, bind proteins to a greater 
extent, and may ameliorate bioincompatible inflammatory 
reactions through their ability to bind anaphylatoxins such as 
C3a and C5a and cytokines.168,169 Therefore, measurements 
of these elements in blood may not accurately reflect the true 
capacity of a membrane for inciting the complement cascade, 
producing cytokines, and inducing an inflamed state.168 In 
general, however, synthetic membranes and modified or 
substituted cellulose membranes are more biocompatible 
than unmodified cellulose membranes.

Because bacterial contaminants in product water also can 
activate complement and leukocytes if they come in contact 
with blood (see “Water Treatment” section), it is difficult  
to determine the relative contributions of bioincompatible 
membrane and contaminated water to the inflamed state 
seen in dialysis recipients. With increasing use of modified 
cellulose and synthetic membranes and closer attention  
to water quality, the distinction has become even more dif-
ficult. Studies evaluating the relative biocompatibility of 
substituted cellulose versus synthetic membranes reported 
no difference.165,172,173 Ongoing efforts to improve biocom-
patibility include coating the membrane with heparin or 
vitamin E.174,175

MEMBRANE PERMEABILITY AND SURFACE AREA
Dialyzers perform two important functions: elimination of 
unwanted solutes and removal of excess fluid. The thick-
ness, porosity, composition, and surface area of a membrane 
determine its ability to clear solutes and remove water. In 
general, the thinner and more porous the membrane, the 
more efficient is the transport of solutes and fluid across it. 
The urea K0A (or clearance) of the dialyzer describes its 
ability to eliminate low-molecular-weight substances; the 
vitamin B12 and β2-microglobulin (β2M) K0A (or clearance), 
its capacity to remove higher-molecular-weight substances; 

of spacer yarns between fibers and wavy moiré configuration 
of the fibers to prevent loss of surface area through fiber-to-
fiber contact.161 Arterial port design also influences the dis-
tribution of blood flow through the hollow fibers and can 
reduce dialysis efficiency.162 Thrombosis and the need for 
potting compound are major disadvantages of the hollow-
fiber design. The potting compound absorbs chemicals 
used to disinfect newly manufactured dialyzers (e.g., ethyl-
ene oxide) or reprocessed dialyzers (e.g., formaldehyde, 
peracetic acid, glutaraldehyde) and acts as a reservoir for 
these chemicals, allowing them to leach out slowly during 
dialysis into the patient’s blood.163

MEMBRANE COMPOSITION
The biomaterials used to make the hollow-fiber dialyzer 
dictate its clearance and ultrafiltration characteristics as well 
as its biocompatibility. Two major classes of membrane 
material are available commercially: (1) cotton fiber, or 
cellulose-based membranes, and (2) synthetic membranes. KDOQI 
guidelines discourage the use of unmodified cellulose-based 
membranes because they contain many free hydroxyl 
groups, which are thought to be responsible for their bio-
incompatibility and propensity to activate WBCs, platelets, 
and serum complement via the alternate pathway (see 
later).68 Treating the cellulose polymer with acetate and 
tertiary amino compounds improves membrane biocompat-
ibility, presumably through covalent binding of the hydroxyl 
groups to form acetylated cellulose and aminated cellulose 
(such as hemophane).164,165

The major polymers in synthetic membranes are polyac-
rylonitrile, polysulfone, polycarbonate, polyamide, poly-
ethersulfone, and polymethylmethacrylate. Although these 
membranes are thicker, they can be rendered more perme-
able than the cellulose membranes, yielding greater fluid 
and solute removal. Because the pore sizes in the synthetic 
membranes are larger, higher-molecular-weight substances, 

Table 65.5 Key Factors That Affect the Solute 
Clearance of a Hemodialyzer

Key Factors
Effect on 
Clearance

Properties of the 
membrane

Membrane porosity ↑
Membrane thickness ↓
Membrane surface area ↑
Membrane charge Varies
Membrane hydrophilicity ↑

Properties of the 
solute

Molecular weight and size ↓
Charge Varies
Lipid solubility ↓
Protein binding ↓

Blood side Unstirred blood layer ↓
Blood flow ↑

Dialysate side Dialysate channeling and 
unstirred layer

↓

Dialysate flow ↑
Countercurrent direction of 

flow
↑

↑, Increases; ↓, decreases.
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advent of more permeable dialyzer membranes, improved 
techniques to reduce bacteriologic contamination of bicar-
bonate dialysate (see later), more precise ultrafiltration 
control, and more reliable vascular access to achieve ade-
quate blood flow, treatment times decreased to 2 to 3 hours 
three times weekly in the United States. These substituted 
cellulose and synthetic membranes ushered in the era of the 
high-efficiency and high-flux dialysis.

The distinction between high-efficiency and high-flux dialyz-
ers is imprecise, and sometimes these terms are used inter-
changeably. In essence, both types of dialyzers have improved 
solute and fluid clearance over that with standard hemodia-
lyzers and take advantage of higher blood and dialysate flow 
rates to reduce dialysis time while maintaining an adequate 
dose. High-efficiency dialyzers have a higher K0A and a 
higher clearance of small molecules, such as urea, than 
standard dialyzers (see Table 65.6). High-flux dialyzers have 
a highly permeable membrane for larger molecules, such as 
vitamin B12 and β2M, and have a higher Kf than high-
efficiency dialyzers, but not necessarily high urea clearances 
(see Table 65.6). As evident from the foregoing discussion, 
the two dialyzer designs frequently overlap, hence the 
imprecision (see Table 65.6).

High-efficiency and high-flux dialyzers contain either sub-
stituted cellulose or a synthetic membrane. Both mem-
branes improve dialyzer permeability because substituted 
cellulose membranes can be made thinner to increase 
porosity and surface area, and synthetic membranes can be 
manufactured with more and larger pores. Both high-
efficiency and high-flux types of dialysis require the use  
of bicarbonate dialysate and volume-controlled filtration. 
When acetate was used as a base, its rate of diffusion into 
blood exceeded the metabolic capacity of the body, leading 
to acidosis, vasodilation, and intradialytic hypotension (see 
“Dialysate Composition” section). The high Kf of these dia-
lyzers creates the potential for hemodynamic collapse with 
pressure-controlled filtration because it is less precise in 
controlling volume removal (see “Dialysate Circuit” section).

Because of their greater porosity, high-flux dialyzers can 
remove larger molecules such as β2M that are not removed at 
all by standard cellulosic dialyzers.166-168 Removal of β2M 
reduces the risk of carpal tunnel syndrome in patients under-
going long-term dialysis.166,178,179 Initial results suggested that 
removal of other large molecules might offer additional ben-
efits such as a greater response to erythropoietin180; a higher 
leptin removal, possibly leading to a better appetite181; and 
perhaps lower mortality and hospitalization rates.179,182 
However, potential adverse consequences include more thor-
ough removal of amino acids,183 albumin,184 and drugs such 
as vancomycin.185 Theoretically, the backfiltration that occurs 
during high-flux dialysis can increase the exposure of patients 
to endotoxin from the dialysate, but this theoretical concern 
has not been verified clinically.186,187

Despite early promise, randomized controlled or cross-
over trials comparing high-flux with standard hemodialysis 
found no difference in the incidence of hypotension and 
intra-dialysis symptoms,166,188 control of blood pressure,189 
neuropsychological function,190 Hgb concentration and use 
of erythropoiesis-stimulating agents (ESAs),191-193 or markers 
of inflammation, oxidative stress and nutritional status.192 
Three large randomized controlled trials, the Hemodialysis 
(HEMO) Study,194,195 the Membrane Permeability Outcome 

and the ultrafiltration coefficient (Kf), its ability to remove 
water (Table 65.6).

Most hemodialyzers have a membrane surface area of 0.8 
to 2.1 m2. The desirable increase in solute transport associ-
ated with larger membranes can be achieved by increasing 
the length, increasing the number, or decreasing the diam-
eter of the hollow fiber,176 but each maneuver has undesir-
able effects when carried too far. Lengthening the fiber 
increases the shear rate and resistance to blood flow, mag-
nifying the pressure decrease between blood entering and 
exiting the dialyzer. Increasing the shear rate can damage 
RBCs, and the higher pressure can raise the ultrafiltration 
rate. However, the higher filtration rate at the arterial inflow 
end of the dialyzer is partially offset by the dissipation of 
pressure at the venous end, reducing the contribution of 
ultrafiltration to solute clearance and offsetting this poten-
tial advantage of greater surface area.161 Increasing the 
number of hollow fibers enlarges surface area but expands 
the extracorporeal blood volume, a change that can  
compromise the patient’s hemodynamic stability. Smaller-
diameter fibers can offset this disadvantage, but as the fiber 
diameter decreases, resistance to blood flow increases, 
enhancing not only filtration but also backfiltration and 
clotting.177 As fibers become thrombosed, the effective 
surface area for diffusion decreases and solute clearances 
decrease. Because of these adverse effects, the minimal 
acceptable internal fiber diameter is 180 µm.177 The design 
and geometry of the hollow-fiber dialyzer represent a deli-
cate balance among these factors.

HIGH-EFFICIENCY AND HIGH-FLUX DIALYZERS
Historically, low dialyzer membrane permeability limited 
the efficiency of HD, requiring more than 6 hours for each 
treatment. As dialyzer design improved, treatment times 
were shortened progressively. In the late 1980s, with the 

Table 65.6 Characteristic Values for 
Standard, High-Efficiency,  
and High-Flux Dialyzers*

Standard
High 
Efficiency

High 
Flux

Blood flow rate (mL/
min)

250 ≥350 ≥350

Dialysate flow rate 
(mL/min)

500 ≥500 ≥500

K0A urea 300-500 ≥600 Variable
Urea clearance (mL/

min)
<200 >210 Variable

Urea clearance/body 
weight (mL/min/kg)

<3 >3 Variable

Vitamin B12 clearance 
(mL/min)

30-60 Variable >100

β2-microglobulin 
clearance (mL/min)

Ultrafiltration 
coefficient (mL/hr/
mm Hg)

<10

3.5-5.0

Variable

Variable

>20

>20

Membrane Cellulose Variable Variable

*See text.

http://www.myuptodate.com


2078 SECTION X — DIAlySIS AND EXTRACORPOREAl THERAPIES

monitors. Some clinics use a central multipatient delivery 
system. In this design, either the dialysate is mixed in an area 
separate from patient care and then piped to each patient 
station or the concentrate is piped to each station before 
mixing. These centralized systems lower patient care costs 
and reduce staff back injuries from carrying the individual 
concentrate jugs. However, a major disadvantage is the inabil-
ity to modify the dialysate concentration of electrolytes such 
as calcium and potassium for individual patients.

The dialysis machine warms purified water to physiologic 
temperatures and then deaerates it under vacuum. Because 
the patient is exposed to 100 to 200 L of dialysate during 
each treatment, the dialysate must be warmed to avoid  
hypothermia. In practice, the dialysate temperature is  
maintained at 35° to 37° C. If the dialysate is too hot, protein 
denaturation (>42° C) and hemolysis (>45° C) occur. To 
ensure safety, the temperature monitor within the dialysate 
circuit alarms and a bypass valve diverts the dialysate directly 
to the drain, automatically bypassing the dialyzer if the dialy-
sate temperature is outside of the limits of 35° to 42° C. 
Without deaeration, dissolved air would come out of solution 
as negative pressure is applied during dialysis, creating air 
bubbles in the dialysate, which would lead to malfunction 
of the blood leak detector and the conductivity detector, 
increased channeling, masking of parts of the membrane, 
and reduced effective membrane surface area.

The heated and deaerated product water is then mixed 
proportionately with the concentrate to produce dialysate. 
Improperly proportioned dialysate may cause severe electro-
lyte disturbances in the patient and lead to death. Because 
the primary solutes in the dialysate are electrolytes, the 
electrical conductivity of the dialysate varies directly with  
the concentration of solutes. On the basis of this principle, 
the conductivity monitor downstream from the proportioning 
pump continuously measures the electrical conductivity of 
the product solution to ensure proper proportioning. This 
monitor has a narrow range of tolerance, is usually redun-
dant, and must be calibrated periodically with use of  
standardized solutions or by laboratory measurements of 
electrolytes in the dialysate. Changes in temperature, the 
presence of air bubbles, or malfunction of the sensor 
(usually an electrode) can alter the dialysate conductivity.

The dialysate pump, located downstream from the dialyzer, 
controls dialysate flow and dialysate pressure. Although 
many dialyzers require a negative dialysate pressure for fil-
tration, the circuit also must be able to generate positive 
dialysate pressures within the dialyzer because positive pres-
sure is required to limit filtration with use of dialyzers with 
high Kf or under conditions that increase pressure in the 
blood compartment. The dialysate circuit regulates the pres-
sure by controlled constriction of the dialysate outflow 
tubing while maintaining a constant flow rate. In addition, 
the dialysate delivery system controls the filtration rate, 
either indirectly by altering the TMP (pressure-controlled ultra-
filtration) or directly by modifying the actual filtration  
rate (volume-controlled ultrafiltration). Earlier systems used 
manual pressure-controlled filtration, requiring dialysis per-
sonnel to calculate and enter the TMP, closely monitor  
the filtration rate, and recalculate and adjust the TMP as 
needed. For dialyzers with Kf greater than 6 mL/hr/mm 
Hg, dialysate delivery systems with built-in balance cham-
bers and servomechanisms that accurately control the 

(MPO) Study,196 and the EGE Study (Multiple Interventions 
Related to Dialysis Procedures in Order to Reduce Cardio-
vascular Morbidity and Mortality in HD Patients),197 detected 
no significant difference in mortality or morbidity between 
patients treated with standard and high-flux membranes. 
Post hoc subgroup analyses demonstrated that high-flux dial-
ysis reduced cardiovascular events in patients with longer 
dialysis vintage in the HEMO Study,194,195 enhanced survival 
in patients with low serum albumin concentrations (<4.0 g/
dL) and diabetes in the MPO Study,196 and decreased 
cardiovascular mortality in patients with an arteriovenous 
fistula or diabetes in the EGE study.197 A meta-analysis of 
available data concluded that high-flux hemodialysis may 
reduce cardiovascular mortality by 15% but does not alter 
infection-related or all-cause mortality.198

Convection versus Diffusion

Further increases in dialyzer flux may not improve middle 
molecule clearance or outcomes because some solutes that 
accumulate in kidney failure are protein bound or seques-
tered inside the cell.199 Because of slow diffusion caused by 
low free concentrations of protein-bound solutes and 
delayed diffusion across cell membranes, the removal of 
such solutes remains time dependent. Initial experience 
suggested that hemofiltration (HF) and hemodiafiltration 
(HDF) may augment removal of larger molecules and 
protein-bound solutes through increased convective 
clearance.199-201 However, randomized controlled studies 
comparing HF and HDF with HD found no difference in 
Hgb level or ESA resistance,202,203 phosphate level,204 health-
related quality of life,205 cardiovascular parameters such as 
left ventricular mass and pulse-wave velocity,206 or intradia-
lytic hypotension,207,208 although some studies reported 
less intradialytic hypotension with HDF.209,210 Two of the 
three largest randomized controlled studies, the Convective 
Transport Study (CONTRAST)211 and the Turkish Online 
Haemodiafiltration (OL-HDF) Study,208 reported no differ-
ence in cardiovascular and all-cause mortality, but subgroup 
analyses suggested a benefit in patients treated with larger 
convective and replacement volumes (>22 L and 17.4 L, 
respectively, so-called high-efficiency HDF). The ESHOL 
(Estudio de Supervivencia de Hemodiafiltracion On-Line) 
Study,210 which achieved about 23 L of convective volume 
per session, reported lower rates of cardiovascular mortality, 
all-cause mortality, and hospitalization in patients randomly 
assigned to receive HDF. The latest meta analyses conclude 
that convective therapies may reduce intradialytic hypoten-
sion201,212,213 and cardiovascular mortality,201,213 but additional 
high-quality randomized and controlled studies addressing 
the effect of convective volume on outcomes are needed.

DIALYSATE CIRCUIT

Another major function of the HD system is the preparation 
and delivery of dialysate to the dialyzer. Most dialysis clinics 
use a single-pass delivery system, which discards the dialysate 
after a single passage through the dialyzer, and a single-patient 
delivery system, which prepares dialysate individually and 
continuously at each patient station by mixing liquid concen-
trates with a proportionate volume of purified water. To 
ensure that the dialysate concentrates are diluted safely  
and accurately, the delivery system has many built-in safety 
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protein concentration226 or an optical measure of Hgb or 
hematocrit concentration.215,218,219,227 Of these, the optical 
technique is more widely available. In theory, patients 
treated with dialysis who are prone to hypotension and 
cramping may benefit from online monitoring of hemato-
crit because their symptoms are often caused by a decrease 
in circulating blood volume when the ultrafiltration rate 
exceeds intravascular refilling from the interstitium and the 
intracellular space.215,218,219,227,228 The degree of hemocon-
centration reflects the magnitude of intravascular volume 
depletion and allows determination of changes in blood 
volume, or relative blood volume. Theoretically, monitoring 
the hematocrit online and altering the filtration rate during 
dialysis to minimize excessive hemoconcentration may 
reduce the occurrence of symptoms during dialysis and opti-
mize the dry weight.215,219,229 In practice, using just the rela-
tive blood volume to guide filtration rate has not been very 
successful in ameliorating symptoms,215,219,227,228,230,231 likely 
because of inaccuracies in the measurements, the varied 
compensatory cardiovascular response to volume depletion 
within and among individual patients, and a dialysis-induced 
reduction in arteriolar tone and left ventricular function 
(myocardial stunning).227,228,232-235 Online determination of 
relative blood volume varies significantly among devices and 
underestimates the true decline in blood volume because 
of “intravascular translocation” of blood from the microcir-
culation (capillaries and venules), which has a lower hema-
tocrit, to the larger vessels.227,228 Because of these limitations, 
identifying the pattern of the relative blood volume decline 
and using a computer-controlled biofeedback system to 
modify the filtration rate continuously during dialysis (see 
later), in combination with clinical assessments such as 
symptoms and bioelectrical impedance analysis (BIA), have 
shown more promise.215,218,219,236-238 The absolute or total 
blood volume may be more predictive of intradialytic symp-
toms, but automated online monitoring of this parameter 
is not available currently, although mathematical models 
may allow derivation of total blood volume from relative 
blood volume.228,239,240

COMPUTER CONTROLS
Solute removal during HD reduces plasma osmolarity,  
favoring fluid shift into the cells and thwarting efforts to 
achieve net fluid removal.241 Raising the dialysate sodium 
concentration (sodium ramping) helps preserve plasma 
osmolarity and may allow continued fluid removal but leads 
to increased thirst, excessive interdialytic weight gain 
(IDWG), and hypertension,218,242-247 although the last is not 
a consistent finding.248-250 Computer-controlled sodium 
modeling changes the dialysate sodium concentration auto-
matically during dialysis, usually starting at 150 to 155 mEq/L 
and stepping down to 135 to 140 mEq/L near or at the end 
of dialysis, and offers the theoretic benefit of fewer intradia-
lytic symptoms (hypotension and cramps) while minimizing 
thirst, IDWG, and hypertension. In practice, however, thirst, 
increased IDWG, and hypertension persist because of pre-
dialysis hyponatremia (on average, 134 to 136 mEq/L) and 
an overall positive sodium balance during dialysis despite 
the stepdown.218,242-244,251,252 Instead, individualizing dialysate 
sodium to maintain a sodium gradient of 0 to −2 mEq/L 
with respect to predialysis plasma sodium concentration 
results in less thirst, lower IDWG, improved blood pressure 

volume of the fluid removed during dialysis (volume-
controlled filtration)214 are mandatory to prevent excessive 
fluid gain or removal.

When blood is detected in the dialysate, the blood leak 
monitor located in the dialysate outflow tubing sounds an 
alarm and shuts off the blood pump. Presence of blood in 
the dialysate usually indicates membrane rupture and may 
be caused by a TMP exceeding 500 mm Hg or by damage 
to a dialyzer membrane from the bleach or heat disinfection 
used to reprocess dialyzers for repeated use. Although a rare 
complication, membrane rupture can be life threatening 
because it allows blood to come into contact with nonsterile 
dialysate.

ONLINE MONITORING

In addition to delivering dialysate to the dialyzer and the 
many built-in safety features described previously, modern-
day dialysis machines also are able to record and store such 
varied, real-time data as patient vital signs, blood and dialy-
sate flows, arterial and venous pressures, delivered dialysis 
dose, plasma volume, thermal energy loss, and access  
recirculation. Linking computerized medical information 
systems with dialysis delivery systems can facilitate and 
improve patient care by allowing integration of patient data 
while maintaining treatment records.

MONITORING CLEARANCE
Online monitoring of clearance may provide the best assess-
ment of dialysis adequacy.215-219 Online monitors record urea 
clearances by measuring urea concentration in the dialysate 
either continuously or periodically215,220,221; dialyzer sodium 
clearance by pulsing the dialysate with sodium and measur-
ing dialysate conductivity at the dialyzer inlet and outlet 
(ionic dialysance) (Gambro, Stockholm, Sweden; Fresenius, 
Bad Homburg, Germany),215,217,222,223; or clearance of uremic 
solutes by measuring ultraviolet light absorbance of spent 
dialysate (Hospal, Medolla, Italy).215,224 Most online methods 
for monitoring urea or sodium kinetics provide Kt/V on the 
basis of whole-body clearance in addition to dialyzer clear-
ance.217,222 Online urea monitoring has not gained popular-
ity possibly because of the need for repeated calibration and 
the added expense for additional disposable supplies. 
Online clearance monitoring removes the expense and risks 
of blood sampling, reduces dialysis personnel time, allows 
more frequent determination of delivered dose, and pro-
vides real-time measurements for instant feedback.217-219 
However, reported clearance values may differ depending 
on the online equipment used and adjustments applied  
by the instrument’s software to more closely match urea 
Kt/V.223,224 Drawbacks of online clearance monitoring 
include the need for multiple measurements of Kd to obtain 
an average for the entire dialysis, accurate monitoring of 
treatment time, the need still for blood urea sampling to 
allow determination of protein catabolic rate (a marker of 
nutrition), and the need to measure or estimate V to allow 
calculation of Kt/V from the online Kd measurements.225

MONITORING HEMATOCRIT AND RELATIVE  
BLOOD VOLUME
The hematocrit can be measured online during dialysis  
with the use of an ultrasound determination of plasma 
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DIALYSATE

During HD, blood flows in the blood compartment in one 
direction, and isosmotic dialysate flows in the opposite 
direction in the dialysate compartment (see Figure 65.12A). 
This countercurrent flow optimizes the concentration gradi-
ent for solute removal. Preparation of the dialysate and its 
composition is critical to the success of dialysis. The solution 
must be prepared from properly treated water (see later) 
that includes reducing the concentration of endotoxin to 
prevent pyrogenic reactions in the patient. Sterility is not 
required because the semipermeable membrane excludes 
large particles such as bacteria and viruses. The concentra-
tions of vital solutes added to the dialysate reflect those 
normally maintained in the body by the native kidneys 
(Table 65.7). The dialysate is essentially a physiologic salt 
solution that creates a gradient for removal of unwanted 
solutes and maintains a constant physiologic concentration 
of extracellular electrolytes (see later).

WATER TREATMENT

Because patients receiving HD are exposed to as much as 
600 L of dialysate water a week, treating the water used to 
generate dialysate is essential to avoid exposure to harmful 
substances such as aluminum, chloramines, fluoride, endo-
toxin, and bacteria.262-266 Technical advances such as high-
flux dialyzers, reuse or reprocessing of dialyzers, and 
bicarbonate-based dialysate have made high water quality 
even more imperative. To avoid these complications, tap 
water is softened, exposed to charcoal to remove contami-
nants such as chloramine, filtered to remove particulate 
matter, and then filtered under high pressure (reverse 
osmosis) to remove other dissolved contaminants (Figure 
65.19). A complete review of this topic is beyond the scope 
of this chapter, and readers are referred to reviews on the 
topic.262-266 Highlights are discussed here.

HAZARDS ASSOCIATED WITH DIALYSIS WATER
Improperly treated water contains potentially harmful sub-
stances and can cause injury or death.262-268 Accumulation of 
aluminum in the body may cause osteomalacia, microcytic 
anemia, and dialysis-associated encephalopathy (dialysis 
dementia and movement disorders).269-271 Treating water to 
keep aluminum levels below 10 mg/L has markedly reduced 
aluminum-associated diseases.272 Chlorine is added to 

control, and perhaps fewer intradialytic symptoms because 
of lower ultrafiltration requirements.242-244,249 Such individu-
alization may be accomplished through the use of online 
conductivity monitoring242-244 or by estimating each patient’s 
inherent plasma sodium concentration (sodium set point)252 
using an average predialysis sodium concentration, either 
measured with direct potentiometry or mathematically  
corrected for the Gibbs-Donnan effect (unavailability of 
sodium for diffusion because of trapping by negatively 
charged proteins).242-244 To complicate matters further, 
data from DOPPS suggest a differential effect of dialysate 
sodium on outcome: HD recipients with the lowest predi-
alysis plasma levels have lower mortality when they undergo 
dialysis against a high dialysate sodium, despite an increase 
in IDWG.246 Given our incomplete understanding of the 
effects of altering dialysate sodium on morbidity and mor-
tality, indiscriminate use of dialysate sodium ramping  
and sodium modeling in its current form should be aban-
doned, and individualization of dialysate sodium employed 
cautiously.235,253,254

Ultrafiltration modeling, like sodium modeling, provides a 
variable rate of fluid removal during dialysis according to a 
preprogrammed profile (linear decline, stepwise changes, 
or exponential decline of ultrafiltration rate with time). 
Theoretically, altering the ultrafiltration rate during dialysis 
allows time for the blood compartment to refill from the 
interstitial compartment, leading to less hypotension and 
cramping. Also like sodium modeling, stand-alone ultrafil-
tration modeling is crude, and altering the ultrafiltration 
rate in response to blood volume monitoring may be of 
more benefit (see “Monitoring Hematocrit and Relative 
Blood Volume” section). The effects of sodium modeling 
and ultrafiltration modeling may be difficult to separate 
because they are often used together, although the latter 
does not result in positive sodium balance.215,218,219,251

Technological advances include the development of dialy-
sis machines with biofeedback systems, allowing for computer-
controlled adjustments of treatment parameters based on 
real-time input from the online monitors. The most common 
system in use monitors the blood volume (see earlier) and 
adjusts the ultrafiltration rate and dialysate conductivity  
to prevent it from decreasing below a preset value during 
dialysis.215,218,219,236 Small studies have demonstrated that this 
device ameliorates symptoms in both patients who are prone 
to hypotension and those who are not.215,218,219,236,244,255 
Although the ability to monitor plasma conductivity through-
out dialysis may ensure sodium balance despite constant 
modifications of the dialysate conductivity and may reduce 
the problem of thirst, IDWG, and hypertension,215 most 
authorities advise against sodium modeling even with a feed-
back control system (see preceding discussion).68,218,219,244,256 
Instead, automated control of dialysate temperature to 
maintain isothermic dialysis (constant body temperature) 
shows promise and is superior to thermoneutral dialysis 
(using lower but constant dialysate temperature) in reduc-
ing intradialytic hypotension without incurring a sodium 
load.215,219,257-259 Although these online monitors and auto-
mated biofeedback systems are expensive, they have the 
potential to reduce hypotension, detect vascular access dys-
function,260,261 and increase dialysis efficiency while minimiz-
ing blood sampling. By improving patient care, they may 
prove to be cost effective in the long run.

Table 65.7 Solutes Present in the Dialysate

Solute Concentration (mEq/L)

Sodium 135-145
Potassium 0-4.0
Chloride 102-106
Bicarbonate 30-39
Acetate 2-4
Calcium 0-3.5
Magnesium 0.5-1.0
Dextrose 11
pH 7.1-7.3

http://www.myuptodate.com


 CHAPTER 65 — HEMODIAlySIS 2081

affinity for organic material, but if not serviced properly or 
exchanged frequently, it can be contaminated with bacteria. 
Downstream, the water is then filtered through a 5-µm car-
tridge filter to prevent carbon particles from fouling up the 
reverse osmosis pump and membrane. Finally, the water is 
delivered to the reverse osmosis unit, which applies high 
hydrostatic pressure to force water through a highly selec-
tive semipermeable membrane that rejects 90% to 99% of 
monovalent ions, 95% to 99% of divalent ions, and micro-
biologic contaminants larger than 200 Da. The water exiting 
the reverse osmosis unit is termed the permeate or product 
water and, in most clinics, can be used safely for dialysis.

When there is heavy ionic contamination of feed water, 
however, the product water from the reverse osmosis unit is 
further “polished” with a mixed-bed ion-exchange system (deion-
ization system) and then passed through an ultrafilter to 
remove any bacterial contamination from the ion exchanger. 
The cationic resin exchanges hydrogen ions for other 
cations in descending order of affinity: calcium, magne-
sium, potassium, sodium, and then hydrogen. The anionic 
resin exchanges hydroxyl ions for other anions in descend-
ing order of affinity: nitrites, sulfates, nitrates, chloride, 
bicarbonate, hydroxyl, and fluoride. When the resin is 
exhausted, previously adsorbed ions, especially those of 
lower affinity, can elute into the effluent, resulting in levels 
that are more than 20 times their usual concentration in tap 
water and cause severe toxicity and even death.276,280 Because 
of this danger, the deionization system is rarely used alone 
in treating water for dialysis and requires stringent monitor-
ing of product water.

MICROBIOLOGY OF HEMODIALYSIS SYSTEMS
Despite municipal treatment of tap water and the extensive 
water treatment system described previously, water used  
for dialysis still can become contaminated with bacteria  
and endotoxins,262,263,265-268,281-283 principally with water-borne 
gram-negative bacteria and nontuberculous mycobacteria. 
Such contamination arises because the system removes the 

municipal water as a bactericidal agent and interacts with 
organic material in the water to form chloramines. Alterna-
tively, chloramine may occur naturally or may be added 
directly to municipal water as a bactericidal agent. Unfortu-
nately, unlike the beneficial effects of chlorine, direct expo-
sure of the blood to chloramine causes acute hemolysis and 
methemoglobinemia.265,266,273-275 Fluoride can cause cardiac 
arrhythmias and death in the short term276,277 and osteoma-
lacia over the long term.278 Excess calcium and magnesium 
have been linked to the “hard water syndrome,” consisting 
of a constellation of symptoms including nausea, vomiting, 
weakness, flushing, and labile blood pressures.279 Close com-
munication between the dialysis center and water suppliers 
is critical to anticipate changes in feed water quality from 
added chemicals, environmental conditions such as flood-
ing, or contamination, because alterations in the water puri-
fication process may be required.265,267 With the advent of 
large-pore high-flux membranes, efforts at improving water 
purity have focused on further reducing bacterial endo-
toxin, which can cause febrile reactions, hypotension, and 
chronic inflammation (see later).263,265-267

ESSENTIAL COMPONENTS OF WATER PURIFICATION
Temperature-blending valves proportion incoming supplies of 
hot and cold tap water to yield a water temperature of about 
77° F, the optimal temperature for the carbon tank and most 
reverse osmosis membranes. Water temperatures below 77° 
F reduce the flow rate and thus the efficiency of the reverse 
osmosis system, and temperatures above 100° F may damage 
the membrane. Multimedia depth filters then remove particu-
late matter from the water (see Figure 65.19). Using cation-
exchange resins that contain sodium, the water softener then 
removes calcium, magnesium, and other polyvalent cations 
from the feed water, preventing these cations from deposit-
ing on and damaging the reverse osmosis membrane. Next, 
granular activated carbon in the carbon filtration tank absorbs 
chlorine, chloramines, and other organic substances from 
the water. Activated carbon is very porous and has a high 

Figure 65.19  Schematic of the typical configuration of a reverse osmosis water treatment system. Tap water undergoes filtration  to 
remove gross particulate matter and then is softened before exposure to charcoal (in carbon tanks) to remove contaminants such as chloramine. 
A  second filtration process  removes particulate matter  as well  as microbiologic organisms. Finally, water  is  filtered under high pressure  to 
remove dissolved contaminants such as aluminum (reverse osmosis). Product water is then either stored in a water tank or piped directly to 
each dialysis station. 
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blood compartment during reprocessing.163,292,294,295 In the 
absence of reuse, pyrogenic reactions are rare and occur 
only with high-level bacterial contamination of the dialysate 
or bicarbonate. Although the larger pore size in hi-flux 
dialyzers may increase backfiltration and allow endotoxins 
to enter the blood compartment from the dialysate, syn-
thetic membranes also adsorb endotoxin, thereby attenuat-
ing the effect of moderately contaminated dialysate.163,262,282 
However, even in the absence of pyrogenic reactions, low 
levels of dialysate contamination with microbes may result 
in chronic inflammation, manifested as higher C-reactive 
protein levels, increased oxidative stress, lower albumin and 
Hgb levels, and ESA resistance,291 which can be reversed by 
use of ultrapure dialysate (see earlier).

MONITORING WATER QUALITY
Because of the potential complications that can occur when 
improperly treated water is used for dialysis, monitoring of 
water quality is crucial. The source water and the product 
water must be assayed routinely to ensure that product water 
meets standards for heavy metal and other ionic contami-
nants. In the United States, the AAMI has adopted ISO 
water standards for dialysis, as already discussed. The fre-
quency of scheduled testing depends on the quality of the 
water source, the type of water treatment system used, and 
the seasonal variation in chemicals added to municipal 
water to ensure its potability.

At least monthly, samples of source water, water obtained 
from critical points in the water treatment system, product 
water, dialysate, and bicarbonate solution must be cultured 
to ensure that bacterial contamination is below the limits 
set forth by AAMI standards. In addition, water is tested with 
the Limulus amoebocyte lysate (LAL) assay to determine 
the degree of endotoxin contamination. Although the most 
common test used, the LAL assay may not detect endotoxin 
fragments that are small enough to cross even low-flux mem-
branes to cause pyrogenic reactions. The cytokine induction 
assay using mononuclear cells may allow improved detec-
tion of these low-molecular-weight substances.263,282,296

HEMODIALYSIS ADEQUACY

HISTORICAL PERSPECTIVES

In 1973, when Medicare in the United States began to fund 
dialysis for any citizen regardless of age, little attention was 
paid to the adequacy of dialysis. If the patient was awake and 
functioning at any level, the dialysis was deemed successful. 
As dialysis evolved and its prophylactic aspect was better 
appreciated, concern raised about adequacy led to a meeting 
in Monterey, California in 1974 that served to launch the 
National Cooperative Dialysis Study (NCDS) to provide 
guidelines for clinicians.297 Sponsored by the National Insti-
tutes of Health (NIH), this first clinical trial of HD adequacy 
aimed to control the average BUN at 50 mg/dL versus 
100 mg/dL, but the ultimate finding was a strong correla-
tion between Kt/V and outcome.298 Subsequent observa-
tional studies have repeatedly confirmed the higher risk of 
mortality when the fractional clearance during each dialysis, 
expressed as Kt/V, falls below 1.2.299-301 Another controlled 
trial of dialysis dose and adequacy sponsored by the NIH in 

normally protective chlorine and chloramine as already 
described and then low-flow and stagnation points in the 
water treatment circuit predispose to biofilm deposition. 
Although nontuberculous mycobacteria do not produce 
endotoxins, they are more resistant to germicides than 
gram-negative bacteria and can survive and multiply in 
product water that contains little organic matter.284-287 In 
1984, the U.S. Centers for Disease Control and Prevention 
(CDC) found nontuberculous mycobacteria in the water of 
83% of surveyed dialysis centers.285

In addition to treating water to remove potentially 
harmful chemicals, routine disinfection and surveillance of 
the water treatment equipment, product water, and dialy-
sate are critically important to optimize dialysis water 
quality.262,265-268,282 Because of dialyzer reprocessing and the 
use of high-flux dialyzers, the patient may be exposed to 
bacterial and endotoxin contaminants in improperly 
handled product water either through direct contact of 
product water with the blood compartment during repro-
cessing or through backleak of endotoxin into the blood 
compartment during dialysis. Therefore, stricter standards 
for water quality as well as high-level disinfection to kill all 
microorganisms (except bacterial spores) are necessary. 
The Association for the Advancement of Medical Instru-
mentation (AAMI) adopted the International Organization 
for Standardization (ISO) guidelines for dialysis water 
quality in 2009, recommending a lower maximal level of 100 
colony-forming units per milliliter (CFU/mL) for bacteria 
and a maximal concentration of less than 0.25 endotoxin 
units per milliliter (EU/mL) for endotoxin (compared with 
200 CFU/mL and 2 EU/mL previously), with action levels 
(levels at which corrective measures must be taken to 
prevent adverse outcomes) of 25 CFU/mL and 0.125 EU/
mL, respectively.288,289 In addition to routine scheduled dis-
infection, the water treatment equipment and system and 
affected dialysis machines must be disinfected when action 
levels are detected on scheduled monitoring. For ultrapure 
dialysate, even more stringent criteria are in place, including 
a bacterial count less than 0.1 CFU/mL and an endotoxin 
level less than 0.03 EU/mL.290 A meta-analysis reported that 
use of ultrapure dialysate is associated with less inflamma-
tion and oxidative stress, higher serum albumin and Hgb 
levels, and lower ESA requirement.291 The only randomized 
controlled trial to evaluate the effect of ultrapure dialysate 
on fatal and nonfatal cardiovascular events found no benefit, 
although the power of the study to detect a difference may 
have been reduced by a lower than expected endotoxin 
level (0.15 ± 0.22 EU/mL) in the conventional dialysate 
group.197

Water contaminated with bacteria and endotoxin can 
lead to pyrogenic reactions, characterized by shaking chills, 
fever, and hypotension in a previously afebrile and asymp-
tomatic patient.262,264,266,282,292 Headache, myalgia, nausea, 
and vomiting also may be present. Typically, the symptoms 
begin 30 to 60 minutes into the dialysis treatment. The 
source of the reaction is unlikely to be the microorganisms 
per se, because they are too large to cross an intact dialyzer 
membrane. Instead, bacterial pyrogens such as lipopolysac-
charide, peptidoglycans, exotoxin, and their fragments are 
thought to be the culprits.262,264,266,282,293 Pyrogenic reactions 
are typically seen in association with reprocessing of dialyz-
ers because contaminated water gains direct access to the 
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the immediate life-threatening aspect of uremia is a toxic 
state caused by small-molecule accumulation because it is 
rapidly reversed by HD, a process that does little else than 
to remove small solutes by diffusion across a semipermeable 
membrane.

MEASURING HEMODIALYSIS ADEQUACY

As noted in the discussion of the general principles of 
hemodialysis, measuring dialyzable solute levels in the blood 
as a method for assessing the effectiveness or adequacy of 
dialysis treatments has been replaced by measuring the 
clearance of the marker solute urea. Clearance can be mea-
sured instantaneously across the dialyzer or as an integrated 
parameter over time. For native kidney function, the latter 
is achieved by collecting timed urine specimens. For inter-
mittent HD, collection of dialysate is impractical, so advan-
tage is taken of the perturbations in serum urea levels that 
allow estimation of the urea clearance simply through the 
sampling of blood before and after dialysis. The magnitude 
of the reduction in urea concentrations during each HD 
session can be translated to a urea clearance much like the 
decrease in drug levels after a loading dose can be used to 
measure the drug’s clearance. Application of well-established 
pharmacokinetic principles to urea kinetics provides an esti-
mate of the elimination constant for urea (K/V), which  
is essentially the slope of the decrease in concentration 
expressed on a logarithmic scale, as shown in Figure 65.20. 
K is the urea clearance and V is the volume of urea distribu-
tion, which is the patient’s total body water volume. If one 
incorporates the treatment time element and ignores fluid 
removal and generation of urea during dialysis, the log ratio 

the late 1990s showed no further benefit from increasing 
the dialyzer single-pool Kt/V above 1.3 per treatment three 
times weekly195 and showed that previously reported benefits 
from doses above 1.3 observed in uncontrolled studies were 
subject to bias from regression to the mean and from a 
newly recognized “dose targeting bias.”302-304 Failure to 
achieve the targeted dose is apparently a risk factor in itself, 
independent of the actual dose. Together, these findings led 
the medical community and the Medicare sponsor to issue 
guidelines for HD adequacy that have become standards of 
care in the United States and later in other countries.66,67,305,306 
The persistently high mortality rates in the dialysis  
population, although often unrelated to the dialysis itself,  
have spurred interest in dialysis adequacy and its methods 
of measurement over the years. This section reviews the 
rationale and methods for measuring dialysis adequacy, 
focusing on mathematical models of solute kinetics that 
have been effectively put into clinical practice in nearly all 
HD clinics.

In light of discussions about the scope of dialysis ade-
quacy, it is important to distinguish the adequacy of the 
treatment itself (i.e., removal of accumulated solutes and 
water) from global kidney replacement therapy. The clini-
cian must treat the whole patient, including giving such 
treatments as psychotherapy for depression, management 
of anemia, nutrition, blood cholesterol, and application of 
new methods for prophylaxis and treatment of cardiovascu-
lar risk factors. However, it is important to put proper 
emphasis on the primary reason for the patient’s attendance 
at the dialysis clinic, the dialysis itself. Although it remains 
possible that some aspects of the dialysis (e.g., high-
molecular-weight solute flux) may impact factors that oth-
erwise seem independent of the dialysis itself (e.g., anemia 
or cardiovascular disease) and may therefore be considered 
part of dialysis adequacy, erythropoietin replacement or 
parathyroidectomy cannot cure uremia. Similarly, replace-
ment of activated vitamin D, although certainly a vital part 
of kidney replacement therapy, is not dialysis. The focus of 
the following discussion is on solute and water removal; 
standards established for other aspects of kidney replace-
ment are discussed in the section “Management of Patients 
on Maintenance Hemodialysis.”

UREMIA: THE SYNDROME REVERSED BY  
DIALYSIS THERAPY

The clinical syndrome resulting from kidney failure is a 
toxic state caused by accumulation of solutes normally 
excreted by the kidney (see also Chapter 54). The relation-
ship between the syndrome and kidney disease was not 
obvious in antiquity, and even after the relationship was 
known, loss of non-excretory functions of the kidney could 
be equally implicated as the cause, especially because urine 
volume and content, which reflect oral intake, differ little 
from normal as the disease progresses. When urea was dis-
covered more than 200 years ago, investigators began to find 
elevated concentrations of urea and other organic solutes 
in the patients’ serum that are normally found in urine. This 
development confirmed suspicions of an accumulation 
disease, but it was not until dialysis reversed the syndrome 
that this hypothesis could be considered proven. Similar to 
fulfilling Koch’s postulates, clinicians can be confident that 

Figure 65.20  Intradialysis urea kinetics: origin of Kt/V. Left, The 
nonlinear decrease in blood urea nitrogen during dialysis (solid line) 
becomes  a  straight  line  when  plotted  on  a  log  scale  (dashed line). 
The fractional rate of decrease is a constant, k = K/V, where k is the 
elimination constant, K is the clearance, and V is the urea distribution 
volume.  Right,  The  solution  to  the  equation  describing  first-order 
kinetics shows that delivered Kt/V primarily depends on the predialy-
sis and postdialysis blood urea nitrogen values (see text and legend 
for Figure 65.21 for definition of variables shown). This oversimplified 
equation is expanded in Figure 65.21 to include the other important 
variables. 
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(see Figure 65.20). Predialysis sampling of blood is straight-
forward, but the postdialysis BUN is a moving target, and 
measurement errors are more significant when the BUN is 
low.310,311 Although it decreases more slowly toward the end 
of dialysis, the BUN rebounds rapidly as soon as the blood 
pump is stopped. The early rapid phase of upward rebound 
is determined by both access recirculation and cardiopul-
monary recirculation. Efforts should be made to sample 
after access-related rebound is complete but before cardio-
pulmonary rebound begins. KDOQI guidelines recommend 
slowing the blood pump to 100 mL/min for 10 seconds (to 
permit access rebound) and then stopping the pump before 
sampling.68 Access recirculation dilutes the postdialysis 
BUN, causing a falsely high Kt/V, which can endanger the 
patient because of inadequate dialysis. Sampling after car-
diopulmonary rebound has begun gives a falsely low Kt/V.

SOLUTE GENERATION
In addition to measuring the dose of dialysis, urea modeling 
allows measurement of two patient parameters that inde-
pendently influence the patient’s risk of mortality: urea gen-
eration (G) and the patient’s volume of urea distribution 
(V). Accumulation of urea in the patient results from both 
amino acid catabolism, a measure of protein nutrition, and 
failure of renal excretion. Although these dual effects on 
urea concentrations complicate interpretation of any single 
measured level, mathematical modeling of urea mass 
balance allows both separation of the two and an estimate 
of urea distribution volume. Both higher urea generation 
rates and higher urea volumes have been associated with 
lower patient mortality.312,313 For patients who undergo dialy-
sis three times weekly, diurnal variations in urea generation 
have little effect, but for nocturnal dialysis, the reduction in 
urea generation at night can cause a significant error, an 
overestimation of Kt/V, and underestimation of V if G is 
modeled as a constant.314

of the predialysis to postdialysis BUN values can be simply 
translated to Kt/V, as shown in Figure 65.20.

Because substantial volumes of fluid are removed as part 
of therapeutic HD and a significant amount of urea is gener-
ated especially during longer treatments, a more formal 
model of urea mass balance, shown in Figure 65.21, is 
required to accurately measure Kt/V. In addition to the 
change in urea volume and urea generation, this model can 
be extended to include the interdialysis interval and the 
effects of residual kidney function (Kr). The latter, in con-
trast to the dialyzer clearance, is a continuous clearance that 
has little effect during dialysis but provides a marked benefit 
between treatments when the dialyzer clearance is zero. 
Solute sequestration or delayed transport of dialyzed solutes 
within the patient during dialysis, as discussed before, causes 
postdialysis rebound (see Figure 65.17) and can be incor-
porated in the model if a second compartment is included 
as shown in Figure 65.22. The single-compartment model 
shown in Figure 65.21, however, remains the standard for 
measuring dialysis in most dialysis clinics, primarily because 
of the complexities of the two-compartment model that 
requires numerical analysis to solve, but also because the 
errors in the single-compartment model caused by ignoring 
two-compartment effects tend to cancel one another.143 The 
two models give similar results for Kt/V in the usual clinical 
range of Kt/V when dialysis is provided three times 
weekly.143,307 A two-compartment model with formal numeri-
cal analysis has been made available on the Internet and 
may become useful for measuring nonstandard dialysis 
schedules such as daily or nocturnal dialysis or for more 
prolonged treatments given three times weekly.308,309

IMPORTANCE OF THE POSTDIALYSIS 
CONCENTRATION
Accurate measures of predialysis and postdialysis BUN are 
required to reliably measure the delivered dose of dialysis 

Figure 65.21  Single-pool model of urea mass balance in a 
hemodialysis (HD) recipient. When the patient is not receiving dialy-
sis (most of the time for conventional HD), Kd is zero, and removal is 
determined solely by Kr. V is the urea distribution volume, equated to 
body water space, C is urea concentration, and dV is the rate of fluid 
gain (negative during dialysis, positive between dialyses). During HD, 
total  clearance  (K)  is  the  sum  of  Kd  and  Kr.  An  explicit  solution  is 
available  to  the differential equation  that describes  the  rate of urea 
accumulation or loss (dVC/dt) as the difference between generation 
(G) and removal (KC). 
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Figure 65.22  Double-pool model of urea mass balance in a 
hemodialysis recipient. Addition of  a  second compartment  to  the 
diffusion model of urea mass balance shown in Figure 65.21 accounts 
for  the postdialysis  rebound  in urea concentration  shown  in Figure 
65.17 and in general is considered a more accurate model. KC is the 
coefficient  of  mass  transfer  between  compartments,  analogous  to 
dialyzer K0A. Solution of the differential equation requires numerical 
analysis and is not commonly applied in dialysis clinics. 
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higher clearances and are therefore at higher risk for under-
dialysis. However, correction for the favorable influence of 
large size on mortality tends to mitigate this risk, as shown 
in Figure 65.24.313 Figure 65.24 also shows that Kt/V is a 
more powerful predictor of mortality than body size and 
that correction of Kt/V for the independent (and oppos-
ing) risk associated with body size renders it an even more 
powerful predictor of mortality.

The HEMO Study uncovered a potential size-independent 
effect of gender on the response to higher doses of Kt/V. 
Although mortality was not affected by administering a 
higher dialysis dose for the 1846 randomized patients as a 
whole, when women were analyzed separately, a borderline 
significant improvement in mortality and secondary out-
comes was seen at the higher dose.329 The counterbalancing 
effect was a nonsignificant higher mortality in men, espe-
cially African American men. However, gender was difficult 
to separate from size because the two are so closely linked, 
especially with regard to V. If body surface area is considered 
the more appropriate denominator for dosing of dialysis,330 
women would clearly require more dialysis than men when 
the dose is measured as Kt/V,331,332 as shown in Figure 
65.25.333 Similarly, malnourished patients who lose weight 
have an automatic increase in Kt/V unrelated to the effort 
of dialysis but simply because the denominator in the Kt/V 
expression decreases. This dose increase in patients at 
higher risk of death may explain the reverse J-shaped  
relationship between Kt/V and survival in observational 
studies.334

TREATMENT TIME
Attempts by patients to shorten their HD treatments reflect 
the discomfort they experience toward the end of the pro-
cedure. Muscle cramps, fatigue, and general malaise increase 
in intensity as more fluid and solute are removed. Paradoxi-
cally, shortening the treatment accentuates these symptoms 
because the rate of removal must increase if the patient is 
to remain in solute and water balance. Extending treatment 
time (Td) or increasing the dialysis frequency tends to alle-
viate these symptoms. Many hours have been spent by 
nephrologists and dialysis nurses in attempts, often unsuc-
cessful, to persuade patients that extending Td would be 
beneficial. Sometimes a temporary trial of either an 
extended Td or increased frequency is sufficient to per-
suade the patient.

Although the NCDS showed only a borderline significant 
effect of Td, most population studies have shown that longer 
Td is associated with longer survival time.335-338 Like the 
NCDS, the HEMO Study failed to show a significant benefit 
for longer Td but it, too, did not specifically target Td, and 
the range of treatment times within the study was limited.195 
No clinical trials specifically targeting long versus short  
conventional treatments has been done, but prospective 
observational studies and clinical experience favor more 
prolonged and slower treatments, including slower ultrafil-
tration rates.304,337,339-341

ALTERNATIVE MEASURES OF DIALYSIS

UREA REDUCTION RATIO
The U.S. Centers for Medicare and Medicaid Services 
requires that participating dialysis clinics report urea 

Toxic solute concentration levels are the net effect of 
solute generation and elimination. If one attributes uremic 
toxicity to the concentrations of accumulated solutes 
(concentration-dependent toxicity), then it might seem 
logical that the clearance (Kt/V) should sufficiently balance 
the generation rate to maintain a safe low concentration. 
However, during the NCDS, attempts to demonstrate this 
relationship by reducing the dose of dialysis in patients who 
ate poorly caused an unfortunate vicious circle of uremia-
induced anorexia and malnutrition that eventually led to 
early discontinuation of the study.315,316 Similarly, observa-
tional studies have consistently shown an improved survival 
in patients who eat more, even when Kt/V is held constant, 
and patients who generate more creatinine have a similar 
improved survival.141,317 It appears that the relationship 
between diet and uremic toxin generation/elimination is 
complex and poorly understood. Control of solute concen-
trations by dialysis clearly improves outcomes, but control 
by limiting of dietary intake is often ill advised. Consuming 
a vegetarian or high-fiber diet may alter intestinal flora and 
reduce the generation of gut-derived toxins.318-323

UREA VOLUME
Urea modeling essentially provides a measure of the urea 
elimination constant, which can be considered the frac-
tional rate of urea disappearance during HD (K/V). To 
calculate K, one must know V or vice versa. Because the 
prescribed K should be the same as the delivered K, and 
prescribed K can be determined from Equation 5, modeled 
V is easily determined. By convention, V is expressed after 
dialysis because it is less variable. Comparison of modeled 
V from dialysis to dialysis can be used as a quality assurance 
measure, and values should not differ by more than 
15%.143,324 Causes of a discrepancy include access recircula-
tion, dialyzer malfunction (e.g., from clotting), blood pump 
variances, and blood sampling and measurement errors.325,326

Several studies have shown that various measures of body 
size, including V, correlate independently with patient  
mortality (Figure 65.23).312,313,327,328 Survival rates in larger 
patients are higher than in smaller patients for reasons that 
are not entirely clear but may be related to nutrition and 
the caloric buffer afforded by muscle and fat. Because body 
size expressed as V is the size-normalizing factor for urea 
clearance in the Kt/V expression, larger patients require 

Figure 65.23  Risk of death as a function of dialysis dose and 
body size.  The  risk  of  death  in  patients  undergoing  hemodialysis 
decreases  with  increased  dialysis  dose  (Kt/V)  and  may  be  further 
stratified by urea volume as a measure of body size. Larger patients 
in general have a lower death risk. 
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Figure 65.24  Risk of mortality related to body size as well as dialysis dose. These data were obtained from a large observational study 
of 43,334 patients. A, Hazard ratio analysis was adjusted for case mix. B, Hazard ratio analysis included an interaction term between Kt and 
body mass index and was adjusted for case mix. BSA, Body surface area; L/Rx, liters per treatment. (From Lowrie EG, Li Z, Ofsthun N, et al: 
Body size, dialysis dose and death risk relationships among hemodialysis patients. Kidney Int 62:1891-1897, 2002.)
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reduction ratios (URRs), as defined here, monthly for each 
patient:

 URR C C C= −( )0 0  (10)

where C0 is the predialysis BUN and C is the postdialysis 
BUN.

URR has the advantage of simplicity, but it is the least 
accurate measure of HD. For example, as the frequency of 
dialysis increases and presumably its efficiency improves, 
URR diminishes. It is not possible to add URR values to 
show a cumulative weekly effect, and as the frequency 
extends to continuous dialysis, URR extinguishes to zero. 
URR is also reduced by interdialysis fluid accumulation, 
urea generation, and residual renal function, and the addi-
tional clearance afforded by fluid removal during dialysis is 

not incorporated in URR. On the positive side, however, in 
addition to its simplicity, URR has a curvilinear relationship 
with Kt/V, as shown in Figure 65.26, paralleling the relation-
ship between outcome and Kt/V. For example, if Kt/V 
doubles from 1.5 to 3.0 per dialysis three times a week, URR 
increases only from 0.75 to 0.85.

Although efforts have been made to convert Kt/V to a 
URR equivalent342 or to use the solute removal index, a 
more reliable index of dialysis dose,343 these approaches 
have not been popular. Other efforts to report the recipro-
cal of Kt/V as a concentration equivalent,344 targeting 
low concentrations instead of high clearances, has not  
been applied, partly because Kt/V has become ingrained in 
the practice of dialysis quantification. Although mathemati-
cally inexact, because URR is the ratio of postdialysis to 

http://www.myuptodate.com


 CHAPTER 65 — HEMODIAlySIS 2087

BUN, as explained previously. The instantaneous clearance 
of small solutes is also easily measured from the dialyzer  
inlet and outlet BUN values, but it can also be derived from 
measurement of the change in electrical conductivity of 
dialysate before and after an abrupt change in the dialysate 
concentration (conductivity clearance).345,346 Because the 
major electrically conducting ion in the dialysate is sodium, 
conductivity clearance is primarily a measure of sodium 
clearance, which is equivalent to urea clearance. This method 
requires multiple measurements during the dialysis to obtain 
the treatment average, as well as an adjustment for cardiopul-
monary recirculation, but it has the advantage that no blood 
specimens are required and the result is available immedi-
ately. The clearance is expressed in milliliters per minute and 
must be adjusted to body size through the use of either an 
estimate of V for comparison with Kt/V or an estimate of 
surface area.330,331,347,348 Surface area as a denominator is 
more consistent with measures of native kidney clearance 
and may reduce or eliminate the potential gender error 
already discussed.328,332,333

COMPARISON OF HEMODIALYSIS AND 
PERITONEAL DIALYSIS DOSES

The minimum recommended weekly dose of PD expressed 
as Kt/V is 1.7 (see Chapter 66 for discussion of PD ade-
quacy). This dose compares with a cumulative 3.6 per week 
for HD (1.2/dialysis three times per week). Although the 
minimum HD dose is more than twice the minimum PD 
dose, outcomes are similar or better even when adjusted for 
the lower average comorbidity in PD recipients.349-351 Fur-
thermore, solute kinetic analyses have shown that the dialy-
sis efficiency improves with increased frequency of treatments 
(Figure 65.27). These observations, together with acknowl-
edgment of little or no benefit from more intense or more 
prolonged intermittent dialysis,195 have led to the conclu-
sion that intermittent treatments are less efficient than con-
tinuous treatments and have stimulated efforts to define a 
continuous equivalent clearance expression for HD.

Figure 65.25  A, Standard Kt/V in the conventional and high-dose Hemodialysis (HEMO) Study subjects by gender. B, Surface area–normalized 
standard Kt/V in the conventional and high-dose HEMO Study subjects by gender. Conversion to surface area was based on an anthropometric 
estimate of V in each patient (see references 333 and 347). (From Daugirdas JT, Greene T, Chertow GM, Depner TA: Can rescaling dose of dialysis 
to body surface area in the HEMO study explain the different responses to dose in women versus men? Clin J Am Soc Nephrol 5:1628-1636, 2010.)
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Figure 65.26  Curvilinear relationship between urea reduction 
ratio (URR) and Kt/V, stratified by degree of ultrafiltration during 
dialysis. Whereas the urea reduction ratio (see text) falls with increas-
ing  fluid  removal  during  dialysis  (ΔWt)  from  0%  to  10%  of  body 
weight, Kt/V increases. The latter more appropriately accounts for the 
increase  in  clearance  caused  by  ultrafiltration.  Curves  are  derived 
from formal urea modeling. 
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predialysis BUN values (URR = 1 – Cpost/Cpre), instead of 
predialysis to postdialysis values, it correlates better than 
Kt/V with small (toxic) solute concentrations, and its rela-
tionship with outcome is more linear.

Conductivity Clearance

The average clearance of small (dialyzable) solutes is easily 
derived from measurement of the predialysis and postdialysis 
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Because urea is relatively nontoxic, peak levels probably 
do not mediate uremic toxicity, so an alternative explana-
tion for the inefficiency of infrequent HD was developed on 
the basis of sequestration of compartmentalized solutes 
other than urea. A two-compartment model that accounts 
for sequestration gives a pattern of average clearances that 
closely match standard Kt/V values,356 as shown in Figure 
65.28, providing further theoretical support for the clinical 
application of standard Kt/V in recipients of frequent 
dialysis.

NOCTURNAL HEMODIALYSIS

In an approach intended to provide HD treatments more 
frequently than three times per week while controlling the 
cost and patient burden, patients have been trained to 
dialyze themselves at home each night while sleeping (noc-
turnal HD).357-361 This approach allows the patient freedom 
during the day to conduct normal life activities unfettered 
by dialysis and symptoms of disequilibrium. Several studies 
have shown improvements in blood pressure, nutrition, 
stamina, and quality of life, which are presumably respon-
sible for patient acceptance of a procedure that places  
considerably more burden on the patient than standard 
in-center HD.358,362,363 Later controlled studies have con-
firmed improvements in left ventricular mass, blood pres-
sure, need for phosphate binders, and some aspects of 
quality of life with nocturnal HD.362,364-366 However, recruit-
ment of patients for home training was difficult, more vas-
cular access interventions were required, and the nocturnal 
group of patients in the study experienced a more rapid 
decline in residual kidney function.359,365-367

SHORT DAILY HEMODIALYSIS

The incentive to shorten the treatment time (Td) is often 
patient-generated, as noted previously, but when shortened 
Td is combined with an increase in frequency, outcomes 
might be improved, as suggested in Figure 65.28. Controlled 
studies of short daily dialysis have shown improvements  
in cardiac hypertrophy, quality of life, and cardiac func-
tion.362,364,365 All studies of short daily dialysis have shown 
decreases in interdialysis weight gain and predialysis blood 
pressure, but such changes are to be expected when the 
interdialysis treatment time is shortened to nearly half that 
of thrice-weekly dialysis. The NIH daily in-center HD study, 

STANDARD CLEARANCE AND STANDARD KT/V

These efforts have produced a continuous equivalent 
expression for urea clearance as G/TAC,143,352 where TAC is 
the time-averaged urea concentration, and a more pro-
found adjustment defined as “standard K” and “standard 
Kt/V.”343,353 The latter redefines clearance as the removal rate 
factored for the predialysis concentration, placing more 
emphasis on the predialysis BUN as a risk factor for uremia. 
Because the predialysis BUN is always higher than the mean 
BUN, standard Kt/V is always lower than the continuous 
urea clearance and is comparable to fractional clearances 
achieved with continuous PD. Despite its somewhat arbi-
trary definition, the matching of doses with PD has gener-
ated interest in standard Kt/V (stdKt/V) as an expression 
of dialysis dose that is independent of frequency. Increasing 
interest in clinical applications of HD given more frequently 
than three times per week has generated a need for quan-
tification that accounts for the improved efficiency of more 
frequent treatments. For patients in a steady state of urea, 
mass balance in which generation equals removal and dia-
lyzed according to any schedule of treatments, standard 
Kt/V is defined as follows:

 

stdKt V Urea removal rate
Peak concentration

G
Average predia

=

=
llysis BUN

 
(11)

G is the patient’s urea generation rate, derived from 
formal urea modeling. KDOQI guidelines call for a 
minimum stdKt/V of 2.0 per week, significantly higher than 
the minimum PD dose but considered safe in the absence 
of controlled trials of dialysis frequency.68 An explicit math-
ematical formula for calculating standard Kt/V based on 
spKt/V has greatly simplified the calculation,354 and subse-
quent refinements allow inclusion of the effects of ultrafil-
tration during dialysis and the patient’s residual native 
kidney clearance, as follows355:
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where N is the number of dialysis treatments per week.

Figure 65.27  Effect of frequency on peak and average solute concentrations. Two-compartment formal kinetic modeling of a solute with 
low Kc predicts that both peak and mean concentrations decrease significantly as the frequency of treatments increases even though there is 
no change in the weekly dialyzer clearance × treatment time (Kt). 
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of Kr when stdKt/V is calculated from the predialysis and 
postdialysis BUN values.355

Alternatively, Kr can be inflated to add to Kd as originally 
described by Gotch368 and later outlined in the KDOQI 
guidelines.68

Residual kidney function confers a survival advantage  
far in excess of that associated with the dialyzer’s urea  
clearance.369 Despite near complete destruction by the 
patient’s disease, the native kidney continues to eliminate 
by secretion solutes that are eliminated poorly if at all by 
dialysis, helps maintain salt and water balance, and may 
supply reduced synthetic functions.370-372 Preservation of 
Kr is therefore an important goal of kidney replacement 
therapy.

THE DIALYSIS PRESCRIPTION

GOALS OF HEMODIALYSIS

The goal of HD is to replace the kidneys’ excretory func-
tion. To accomplish this goal, blood and dialysate are circu-
lated in opposite directions (countercurrent) on opposite 
sides of a semipermeable membrane in the dialyzer (see 
Figure 65.12A), allowing unwanted solutes such as potas-
sium, urea, and phosphorus to diffuse from the blood into 
the dialysate and permitting addition of solutes such  
as bicarbonate and calcium from the dialysate into blood. 
The concentrations of the solutes added to the dialysate 
mirror those normally maintained in the body by the native 
kidneys (see Table 65.7). An additional goal is the elimina-
tion of excess extracellular water volume via ultrafiltration, 
accomplished by controlling the hydrostatic pressure gradi-
ent across the semipermeable membrane (see “Dialysate 
Circuit” section).

A secondary goal of HD is the replacement of hormones 
normally produced by the kidney. The failing kidneys 
produce lower levels of 1,25-dihydroxyvitamin D (calcitriol), 
an activated form of vitamin D produced by the renal  
proximal tubular cells, resulting in osteomalacia, secondary 
hyperparathyroidism, and renal osteodystrophy (see Chap-
ters 55, 58 and 63 and later discussion). Erythropoietin, a 
hormone uniquely synthesized by the kidneys and respon-
sible for activation of bone marrow erythroid precursors, is 
also deficient in kidney failure, leading to the anemia of 
kidney failure (see Chapter 57 and later). Replacing vitamin 
D with calcitriol, its analogs, or calcimimetic agents has 
allowed nephrologists to prevent or ameliorate CKD bone 
and mineral disorder and to suppress parathyroid hormone 
(PTH) levels without causing hypercalcemia. Administering 
erythropoietin synthesized with recombinant DNA technol-
ogy and its analogs (or ESAs) has markedly diminished 
transfusion dependency for nearly all patients and improved 
health-related quality of life for most patients, at least in part 
by raising the average blood Hgb concentration, although 
later studies raise concern about increased morbidity and 
mortality with high doses (see later).

Nutritional counseling is also important, primarily to 
prevent malnutrition, a major yet potentially reversible risk 
for morbidity and mortality. Counseling on limiting fluid 
intake helps limit fluid gains between dialysis sessions, 
potentially reducing risks for hypertension and heart failure. 

the largest randomized and controlled trial to date, showed 
improvements in left ventricular mass, self-reported physical 
health, predialysis phosphorus concentration, and predialy-
sis systolic blood pressure in comparison with conventional 
thrice-weekly dialysis.365 However, the study was unable to 
demonstrate improvements in mortality, hospitalization 
rates, predialysis albumin, or erythropoietin dose.

ACCOUNTING FOR NATIVE KIDNEY FUNCTION

Clearance of small solutes, the principal metric of dialyzer 
function, is augmented by clearance of the same solutes by 
the patient’s remnant native kidney. Addition of the two 
urea clearances (Kd and Kr) seems reasonable except in 
intermittent dialysis recipients, in whom the two clearances 
do not occur simultaneously. Because, as noted previously, 
continuous clearances are more efficient than intermittent 
clearances, an adjustment is required before the two clear-
ances can be added. This adjustment consists either of infla-
tion of Kr or deflation of Kd. As noted previously, conversion 
to stdKt/V effectively deflates Kd to the equivalent of a con-
tinuous clearance, allowing simple addition. For example, 
if the patient’s stdKt/V determined by Equation 12 is 2.2/
week, the native kidney urea clearance is 4 mL/min, and 
the patient’s urea volume is 35 L, the two can be added, as 
follows:

2 2 35 000 10 080 4
11 6

. , ( , min ) min
.

week mL week mL
mL min continuou
× +

= ss urea clearance  (13)

or

 
4 10 080 35 000

2 2 3 4
mL week mL

week week stdKt V
min ( , min ) ,

. .
×

+ =  (14)

If the dialyzer stdKt/V is determined by formal urea mod-
eling, care must be taken to avoid inappropriate deflation 

Figure 65.28  Effect of increased dose versus increased fre-
quency on effective clearance. The effective clearance, expressed 
as  “standard  Kt/V”  on  the  vertical axis,  tends  to  plateau  despite 
increases in dialyzer clearance, expressed as “single pool (sp) Kt/V” 
on the horizontal axis. Two different models of solute kinetics show 
similar diminishing returns as the delivered dose increases. A marked 
increase  in  effective  clearance  can  be  achieved  only  by  increasing 
the frequency of treatments. 
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section).373,374,377-383 Longer or more frequent dialysis allows 
the accumulated fluid to be removed over a longer time and 
may reduce intradialytic symptoms such as nausea, vomiting, 
cramping, and hypotension (see “Complications of Dialysis” 
section); decreases postdialysis fatigue; improves blood pres-
sure control; and ameliorates myocardial stunning.364-366,384 
Sequestered solutes such as phosphate have more time  
to equilibrate among the various volume compartments, 
leading to improved total removal and lower serum concen-
trations. More frequent dialysis also may mitigate the higher 
cardiovascular morbidity and mortality rate observed at the 
end of the long interdialytic interval in patients receiving 
conventional thrice-weekly dialysis.378,385-387

The Frequent Hemodialysis Network (FHN) study, the 
largest randomized controlled study to compare thrice-
weekly in-center HD with 6-day-a-week in-center HD, con-
firmed that more frequent dialysis improved blood pressure 
and phosphate control, decreased left ventricular mass and 
left ventricular end-diastolic volume, and reduced the com-
posite end points of death with either increase in left ven-
tricular mass or decline in self-reported physical health.365,384 
However, more frequent dialysis did not improve cognitive 
function, measures of depression, or serum albumin con-
centrations or reduce the need for, or dose of, ESAs. The 
FHN and Canadian studies comparing frequent nocturnal 
HD with thrice-weekly HD, hampered by the relatively small 
number of study subjects, demonstrated only a beneficial 
effect on blood pressure and phosphate control and possi-
bly left ventricular mass.364,366

Because of the increased cost and greater use of resources 
with longer or more frequent HD sessions, the inability of 
randomized controlled trials to demonstrate improved sur-
vival and quality of life, and the adverse effect of more  
frequent HD on vascular accesses and residual kidney func-
tion,87,367 the common practice in the United States is to 
prescribe dialysis three times a week for 3 to 4 hours each 
session.373 Longer session length or more frequent dialysis 
is employed currently for large patients, patients with severe 
hypertension not responding to maximal antihypertensive 
treatment, and patients with volume overload and intradia-
lytic hypotension preventing fluid removal. Extending 
session length to more than 3 hours and switching to 
alternate-day HD to eliminate the long interdialytic period 
may be the most cost-effective and least disruptive way to 
improve dialysis therapy for our patients, reaping benefit 
from a slight improvement in frequency and duration 
without incurring the potential costs of declining residual 
kidney function and vascular access dysfunction.373,374

DIALYZER CHOICE

In the choice of a dialyzer, the most important determinants 
are (1) its capacity for solute clearance, (2) its capacity for 
fluid removal, and (3) the potential of the dialyzer mem-
brane to interact with components of the blood, or the 
degree of biocompatibility.164 The ideal hemodialyzer mem-
brane would have high clearance of low-molecular-weight 
and middle-molecular-weight uremic toxins, adequate ultra-
filtration, high biocompatibility, and a low blood volume 
compartment to maximize the efficiency of and reduce the 
adverse metabolic and hemodynamic effects of the HD 
procedure.

Dietary phosphate restriction is critical in controlling hyper-
phosphatemia and the attendant risks for renal osteodystro-
phy and vascular calcification because phosphate is 
sequestered intracellularly and is removed poorly by con-
ventional HD. Limiting potassium ingestion reduces the 
life-threatening risk of hyperkalemia.

The rate of accumulation of solutes and fluid in each 
patient varies and depends on his or her nutritional and 
metabolic status and adherence with dietary restrictions. 
The response to calcitriol, its analogs, a calcimimetic agent, 
and ESAs also varies among patients. Thus, the HD prescrip-
tion must be individualized to achieve these goals for each 
patient. The separate components of the HD prescription 
that may be manipulated on the basis of the clinical assess-
ment are listed in Table 65.8.

DIALYSIS DURATION AND FREQUENCY

The clearance of any solute, such as urea, can be increased 
by extending the dialysis session length or increasing session 
frequency. After optimization of blood and dialysate flows 
and selection of a dialyzer with a large mass transfer coeffi-
cient, the dialysis session can be lengthened to augment 
solute clearance. However, because diffusive solute clear-
ance depends on solute concentration on the blood side, the 
efficiency of solute removal declines over the course of the 
dialysis procedure, leading to “diminishing returns” for total 
solute removal as measured by urea concentrations, with 
dialysis treatments longer than 4 to 5 hours (see “Dialysis 
Adequacy” section). Conversely, shortening treatment times 
to less than 3 hours accentuates the effects of intermittence, 
exacerbates solute disequilibrium (see “Dialyzer Clearance 
versus Whole Body Clearance” section and Figure 65.18), 
reduces clearance of larger molecules such as β2M for 
which removal is more time dependent, increases the ultra-
filtration rate, and raises the potential for hypotension and 
myocardial stunning.166,167,188,373-377 Providing dialysis more 
frequently lessens the impact of declining solute concentra-
tions and improves clearance but involves greater expense 
and use of resources, higher chance of vascular access dys-
function, and, potentially, patient “burnout.”87,373,374

Additional benefits of longer or more frequent hemo-
dialysis sessions include optimal volume homeostasis  
and improved removal of high-molecular-weight, seques-
tered, or protein-bound solutes (see “Dialysis Adequacy” 

Table 65.8 Components of the Dialysis 
Prescription

Duration
Frequency
Vascular access
Dialyzer (membrane, configuration, surface area, sterilization 

method)
Blood flow rate
Dialysate flow rate
Ultrafiltration rate
Dialysate composition (see Table 65.7)
Anticoagulation
Dialysate temperature
Intradialytic medications
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and Table 65.5). When flows are in the same direction 
(cocurrent), small solute clearance decreases by about 10%. 
Increasing the dialysate flow (Qd) reduces the accumulation 
of waste products in the dialysate and provides a higher 
solute gradient between blood and dialysate for optimal 
diffusion. Higher Qd also decreases boundary layers and 
streaming effects in the dialysate. Dialysate flowing along the 
membrane tends to adhere to it to create an unstirred layer, 
or boundary layer, reducing the rate of diffusion across the 
membrane.169,394 Dialysate also tends to move along the path 
of least resistance or channel (streaming effect), resulting in 
non-uniform flow and bypassing some of the membrane 
area. As dialysate flow increases or turbulence is produced 
at the membrane surface, the unstirred layer becomes 
thinner, channeling is minimized,395 and K0A increases,396 
although the in vivo effect is less than the in vitro effect.397,398 
These findings prompted an increase in Qd from 500 to 
800 mL/min when dialyzer blood flow rate (Qb) was pre-
scribed at 350 to 500 mL/min. Advances in hemodialyzer 
technology led to modification of hollow fiber shape and 
insertion of inert spacer yarns, reducing channeling and 
unstirred layers and further improving dialyzer perfor-
mance.161,399 With these newer dialyzers, raising Qd above 
600 mL/min has yielded minimal increases in urea, phos-
phate, and β2M clearance400,401 but may still have a signifi-
cant impact on clearance of protein-bound solutes.402,403

Dialyzer blood flow (Qb) is driven by a roller pump 
and usually ranges from 200 to 500 mL/min, depending on 
the type of vascular access. Blood flow influences the  
efficiency of solute removal (see Table 65.5). As Qb rises, 
more solute is presented per minute to the membrane  
and solute removal increases. Urea removal increases steeply 
as Qb rises to 300 mL/min, but the rate of increase is less 
steep as Qb approaches 400 to 500 mL/min because of 
greater resistance to and turbulence of flow within the 
hollow fibers, resulting in nonlinear flow and reduced  
clearance. Unlike dialysate, the boundary layer and stream-
ing effects are less prominent on the blood side of hollow 
fibers because of the geometric advantages of flow within 
hollow fibers, the scrubbing effects of RBCs, and less vari-
ance in Qb. For larger molecules, sequestered solutes, and 
protein-bound solutes, removal is slower and more time 
dependent than flow dependent because of limited diffu-
sion across the membrane and protein binding, as discussed 
previously.372-374,381-383

ANTICOAGULATION

Blood clotting during dialysis results in patient blood loss 
and reduces solute clearance through decreasing dialyzer 
surface area.404 To prevent clotting, an anticoagulant is 
usually delivered into the blood circuit before the dialyzer 
via a peristaltic pump or syringe pump.

Heparin, the most commonly used anticoagulant, may be 
given as a bolus at the start of dialysis (1000-5000 U or 50 U/
kg bolus) followed by a continuous infusion (1000-1500 
units/hr) until 15 to 60 minutes before the end of dialysis 
or as intermittent boluses as needed during dialysis.404-407 
Disadvantages of the bolus method include longer nursing 
time and episodic over-anticoagulation and under-anticoag-
ulation. In patients at risk of bleeding (Table 65.9), low-dose 
heparin (500-1000 U bolus followed by 500-750 U/hr), 

In the evaluation of dialyzer solute clearance characteris-
tics, urea is the solute most often used because of its rele-
vance to kinetic models of dialysis adequacy (see earlier). In 
clinical practice, physicians rely on industry-derived deter-
minations of in vitro dialyzer clearance of low-molecular-
weight and middle-molecular-weight solutes. Gibbs-Donnan 
effects, membrane adsorption of solute, protein binding of 
solute, and solute aggregation are not taken into account in 
determining in vitro dialyzer clearances and will reduce in 
vivo clearances. The variable relationship between the dif-
fusive and the convective clearances of a solute further com-
plicates the determination of solute clearance of different 
dialyzers. Solutes larger than 300 daltons have lower diffu-
sive clearance than smaller solutes such as urea and potas-
sium and may rely primarily on convective clearance. For 
patients with large interdialytic weight gains requiring more 
ultrafiltration during each dialysis session, simple compari-
sons of the in vitro diffusive solute clearances may be 
misleading.

Another factor in the selection of a hemodialyzer is its 
ultrafiltration coefficient, which describes the capacity of a 
dialyzer to remove fluid and is expressed in units of mL/
min/mm Hg. As with solute clearances, the manufacturer 
performs in vitro tests to determine the ultrafiltration coef-
ficient of each dialyzer model. In vivo values may vary by as 
much as 10% to 20%.

As already discussed, dialyzer membranes vary in their 
capacity to activate the coagulation cascade and formed 
blood elements, with synthetic membranes, in general, 
being the most “inert” and hence the most biocompati-
ble,165,168-171 but even synthetic membranes vary in degree of 
biocompatibility.388,389 In addition to the issues of biocom-
patibility and cytokine release, activated thrombin adsorbs 
on the dialyzer membrane, creating a nidus for platelet 
adhesion and further thrombin deposition.390 The propen-
sity of a dialyzer for thrombogenesis may be another impor-
tant factor in selection of a dialyzer, especially when 
anticoagulation during dialysis is not feasible. It is unclear 
whether dialyzers bonded with heparin will reduce the inci-
dence of thrombosis during heparin-free dialysis. A random-
ized crossover study suggested that such dialyzers are 
superior to both saline flushes and infusion in preventing 
intradialytic thrombosis,391 but other studies found compa-
rable thrombotic rates with use of saline flushes and a poly-
sulfone membrane.392,393

An additional consideration in hemodialyzer selection is 
whether it will be reused for subsequent dialysis sessions, 
because the chemicals used in reprocessing dialyzers may 
damage some of the membranes.163 Bleach, which is com-
monly used to strip protein off the membrane and to 
improve the appearance of the dialyzer, may increase the 
pore size of some synthetic membranes after repeated use, 
resulting in loss of plasma proteins during each dialysis 
session that rivals the loss seen in nephrotic patients. Heat 
disinfection may result in cracks in the headers of the 
dialyzers.

BLOOD AND DIALYSATE FLOW RATES

Configuring the dialysate flow countercurrent to blood flow 
maximizes the concentration gradient between the two 
throughout the length of the dialyzer (see Figure 65.12A 
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During anticoagulation-free dialysis, several strategies 
may help to prevent clotting: (1) rinsing the circuit before 
dialysis with heparinized saline, (2) using a less thrombo-
genic dialyzer, (3) flushing the circuit with 100 to 200 mL 
of 0.9% sodium chloride every 30 minutes during dialysis, 
(4) avoiding blood and platelet transfusions through the 
circuit, (5) maintaining a high blood flow rate to decrease 
sludging of blood in the hollow fibers, and (6) limiting 
ultrafiltration as feasible because hemoconcentration  
within the hollow fibers increases thrombotic risk. In a 
patient with a hypercoagulable state or the situation in 
which higher blood flow rates and limited ultrafiltration  
are not possible, these measures are unlikely to prevent 
clotting. Remaining options, then, are regional citrate anti-
coagulation and the use of heparin-coated dialyzers,407,417 
although the latter may be inferior to the former in reduc-
ing dialyzer clotting.393,417

Alternatives to anticoagulation with heparin and citrate 
include low-molecular-weight heparin (LMWH),407,418-420 
hirudin, prostacyclin, dermatan sulfate, and argatro-
ban.406,407,421-423 Of these, LMWH is becoming widely used in 
Europe,407,420 but the complexity of use, expense, lack of 
sufficient experience, and equivalency to heparin have 
deterred the widespread use of the other anticoagulants. 
For the rare patient with confirmed heparin-induced throm-
bocytopenia, LMWH, lepirudin, bivalirudin, argatroban, 
and citrate anticoagulation are viable alternatives.407,423,424 
Finally, substituting citric acid for acetic acid in the dialysate 
may augment the effect of heparin use, improve clearance, 
and increase dialyzer reuse, presumably because of decreased 
clotting.425-427

DIALYSATE COMPOSITION

The composition of dialysate is crucial to attaining the 
desired blood purification and to achieving body fluid and 
electrolyte homeostasis.243,428,429 To accomplish these end 
points, dialysate contains the solutes listed in Table 65.6 in 
concentrations comparable to those in plasma. Addition of 
electrolytes and glucose to the dialysate reduces or elimi-
nates their concentration gradients and prevents excessive 
removal during dialysis. Potassium, calcium, and bicarbon-
ate concentrations may be individualized, but most other 
solute concentrations in the dialysate are fairly standard 
(see Table 65.7). Because dialysate glucose concentration is 
comparable to plasma glucose concentration, osmotic forces 
do not drive fluid removal, unlike in PD. Reducing the 
dialysate concentration of potassium provides a gradient for 
its removal from blood, and providing bicarbonate or a 
bicarbonate precursor at higher concentrations enhances 
its accumulation in the patient and corrects the acidosis of 
kidney failure.

SODIUM
Because sodium is the major determinant of tonicity of 
extracellular fluids, dialysate sodium concentration influ-
ences cardiovascular stability during HD. Historically, the 
dialysate sodium concentration was kept lower than blood 
sodium concentration (130 to 135 mEq/L) to facilitate  
diffusive sodium loss during dialysis and to prevent interdia-
lytic hypertension, exaggerated thirst, and excessive inter-
dialytic weight gain.241,243 However, with the advent of 

regional anticoagulation, dialyzers coated with heparin, or 
no anticoagulation may be appropriate.404,406,407

In regional anticoagulation, the anticoagulant is infused 
into the blood circuit (arterial line) before the hemodia-
lyzer, followed by infusion of a neutralizing agent into the 
venous line (after the dialyzer). Regional citrate anticoagu-
lation, a common strategy in the acute dialysis setting, uses 
citrate as the anticoagulant and calcium as the neutralizing 
agent, with the dialysate being calcium free.406-409 Citrate 
binds calcium in the blood, an important cofactor in the 
coagulation cascade, thereby inhibiting clotting in the dia-
lyzer. Infusion of calcium after the dialyzer restores the 
ability of blood to clot. Regional anticoagulation also may 
be accomplished with heparin as the anticoagulant and 
protamine as the reversing agent.410,411 Both methods are 
labor intensive and prone to error in inexperienced hands, 
requiring frequent monitoring of ionized calcium level with 
the citrate-calcium combination or of partial thromboplas-
tin time, with the heparin-protamine combination. Citrate 
anticoagulation also may result in hypocalcemia and death 
if calcium replacement is inadequate and in metabolic alka-
losis as citrate is metabolized.407-409 However, in intermittent 
short-duration HD, metabolic alkalosis may not be an 
issue.408 Rebound in anticoagulation may be seen after the 
completion of dialysis with regional heparinization because 
heparin has a longer half-life than protamine. Because of 
the close monitoring required and the risk of serious com-
plications, regional anticoagulation is not commonly used 
in the outpatient dialysis setting, being employed more in 
the intensive care unit for continuous renal replacement 
therapy. However, if a simplified treatment protocol can be 
perfected,412 regional citrate anticoagulation may become 
more feasible and desirable in the outpatient setting,409,413 
because citrate may reduce inflammation,409,414 lower bleed-
ing risk, and improve clearance because of less dialyzer 
clotting in comparison with heparin.415,416 Currently, low-
dose heparin and anticoagulation-free dialysis remain the 
more commonly used strategies in outpatients.

Table 65.9 Guidelines for Anticoagulation in 
Hemodialysis Recipients at High Risk 
for Serious Bleeding

Anticoagulation for 
Hemodialysis Clinical Condition

No anticoagulation or 
regional 
anticoagulation

Actively bleeding
Significant risk for bleeding
Major thrombostatic defect
Major surgery within 7 days
Intracranial surgery within 14 days
Biopsy of visceral organ within 72 

hours
Pericarditis

Low-dose heparin Major surgery beyond 7 days
Biopsy of visceral organ beyond 

72 hours
Minor surgery 8 hours prior
Minor surgery within 72 hours

Low-dose heparin or no 
anticoagulation

Major surgery 8 hours prior
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Two large epidemiologic studies found an increased risk 
for sudden death when HD patients undergo dialysis against 
a low dialysate potassium concentration, variably defined as 
less than 2 mEq/L by Pun and colleagues using the DaVita 
database438 and less than 3 mEq/L by Jadoul and associates 
with DOPPS data,387 especially in patients with predialysis 
serum potassium levels less than 6 mEq/L and 5 mEq/L  
in the respective studies. To add to the complexity,  
Kovesdy and associates reported that predialysis hyperkale-
mia (≥5.6 mEq/L), alone and in concert with a higher 
dialysate potassium, is associated with higher mortality  
even after adjustments for comorbidities.439 The optimal 
predialysis potassium level was 4.6 to 5.3 mEq/L in this 
study, and the effect of dialysate potassium on mortality for  
patients with predialysis potassium concentration lower 
than 5.6 mEq/L was not explored. Individualizing dialysate 
potassium concentration for the unique situation of each 
patient may be crucial in navigating between increased mor-
tality from predialysis hyperkalemia and sudden death from 
hypokalemia in the 12 hours during and after each dialysis 
session.433-435

Prescribed dialysate potassium concentration, then, is 
guided by the serum concentration before dialysis and the 
preceding considerations.433-435 Because of the higher inci-
dence of sudden death during and after dialysis, presumably 
due to rapid decline in serum potassium levels, dialysate 
concentrations of 0 mEq/L should be abandoned. Most 
patients should undergo dialysis against a dialysate potas-
sium of 2 to 3 mEq/L. Patients with increased total body 
potassium from diet, medications, hemolysis, tissue break-
down, catabolism, or gastrointestinal bleeding may require 
a lower dialysate potassium concentration. Because of the 
higher risk of arrhythmias and death, however, concentra-
tions of 1 mEq/L are used only when a compelling reason 
exists and only after all efforts targeting dietary potassium 
restriction have been exhausted and medications that inter-
fere with aldosterone production and gastrointestinal  
elimination of potassium (e.g., ACE inhibitor, angiotensin 
receptor blocker, aldosterone antagonist) have been discon-
tinued. Use of oral sodium polystyrene sulfonate to control 
hyperkalemia remains controversial, although an analysis of 
DOPPS data suggests that it may be safe and effective, associ-
ated only with increased IDWG and higher serum bicarbon-
ate and phosphorus levels.440 In particular, patients taking 
digoxin must undergo dialysis against a dialysate potassium 
of at least 2 mEq/L because of the greater propensity for 
digoxin toxicity and death in the setting of predialysis potas-
sium levels lower than 4.3 mEq/L441 and intradialytic hypo-
kalemia. Potassium modeling with gradual stepdown in 
dialysate potassium concentration, thus keeping the blood-
to-dialysate potassium gradient constant, during each dialy-
sis session may optimize potassium removal and minimize 
the risk of arrhythmias.243,428,433-435,442 However, experience 
with and data in favor of this approach are scant and consist 
of small studies using the electrocardiogram (ECG) to 
monitor for conduction abnormalities or to determine the 
presence of dispersion of action potential (e.g., prolonged 
QT interval or QT dispersion) as a surrogate marker for 
sudden death. Also, the validity of these tools as surrogate 
markers for life-threatening arrhythmias have been called 
into question in the cardiology literature.435,443,444 Large ran-
domized studies are needed.

high-flux dialyzers and more efficient solute removal, head-
aches, nausea, vomiting, seizures, hypotension, and cramps 
became more common and were attributed to the hyponat-
ric dialysate,241,243,428,430 although they were more likely due to 
use of acetate as a source of base (see later). This develop-
ment prompted the progressive increase in sodium concen-
tration in dialysate first to that in plasma and subsequently 
to higher than that in plasma, with an improvement in symp-
toms.241,243,428,431 The pendulum now has swung back, and 
high-sodium dialysate has resulted in thirst with polydipsia, 
increased weight gains, and hypertension, leading to a resur-
gent interest in reducing dialysate sodium concentrations 
and abandoning the use of sodium modeling or “ramping” 
(see earlier) in most patients.243-247,428,432 A computer-
controlled biofeedback system using conductivity to lower 
plasma sodium to 135 mEq/L or routine monitoring of pre-
dialysis serum sodium concentration to individualize dialy-
sate sodium and reduce the dialysate-to-plasma sodium 
gradient may offer the added benefits of decreased extracel-
lular water, improved blood pressure control, and lower 
interdialytic weight gains without sacrificing hemodynamic 
stability.242,249,432 However, these methods add complexity 
and/or increase demand on staff time; a reasonable alterna-
tive may be to apply a constant dialysate sodium of 137 to 
138 mEq/L to achieve the same ends, because many dialysis 
recipients tend to be hyponatremic.252

POTASSIUM
Unlike sodium, only 2% of the 3000 to 3500 mEq of  
potassium is distributed in the extracellular space. In 
patients with ESKD, potassium accumulates in the plasma 
in between dialysis treatments and can become life threaten-
ing. Use of a dialysate potassium concentration lower than 
that of plasma removes excess potassium during dialysis, 
mainly through diffusion down its concentration gradi-
ent.218,243,428,433-435 However, potassium flux from the intracel-
lular to the extracellular compartment is usually slower than 
the efflux of potassium into the dialysate, potentially creat-
ing significant intradialytic hypokalemia followed by a 30% 
rebound in the potassium concentration 3 to 4 hours after 
completion of dialysis.433,436 Life-threatening levels of intra-
dialytic hypokalemia typically occur during the first 2 hours 
of dialysis, when a high predialysis potassium level favors 
efficient removal and a precipitous decline in its concentra-
tion, leading to arrhythmias through QT prolongation and 
increase in ventricular late potentials.243,428,433-435

Minimizing the risk for intradialytic hypokalemia and 
postdialysis rebound is made even more complex by the 
highly variable efficiency of potassium removal among 
patients (≤70% variability) and between treatments for each 
patient (≤20%) despite an identical dialysis prescription.437 
The intracellular distribution of potassium leads to a vari-
able volume of distribution such that the greater the total 
body potassium content, the lower the volume of distribu-
tion and the higher the fractional decline in potassium 
concentration during dialysis. During dialysis, amelioration 
of acidosis, stimulation of insulin release by dialysate glucose, 
release of catecholamines in response to hemodynamic 
events, and decline of plasma tonicity all favor the shift of 
potassium into cells, thus reducing the gradient for its 
removal.243,428,433-435 The extent to which each of these factors 
is present varies considerably among patients.
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most dialysis clinics use a dialysate magnesium concentra-
tion of 0.5 to 1 mEq/L because magnesium-free dialysate is 
associated with severe muscle cramps and intradialytic 
hypotension.428,429,450

BICARBONATE
Correction of metabolic acidosis during dialysis is achieved 
through an increase in the dialysate concentration of a base 
equivalent to promote its diffusion into the blood. Histori-
cally, bicarbonate was introduced into the dialysate by  
bubbling carbon dioxide through it to lower pH and to 
prevent the precipitation of calcium and magnesium 
salts.6,428 In the 1960s, acetate was introduced as a source 
of base and became the standard for two decades.243,428 
Acetate offered the advantages of a low incidence of  
bacterial contamination, a lack of precipitation with  
calcium and magnesium, and ease of storage. However, it 
became a hemodynamic stressor when high-efficiency and 
high-flux dialysis was introduced in the 1980s because the 
higher rate of acetate diffusion into blood exceeded the 
metabolic capacity of the liver and skeletal muscle.243,428 
Acetate accumulation led to acidosis, vasodilation, and 
hypotension. These complications prompted the resur-
gence of bicarbonate-based dialysate.

The major complications of bicarbonate dialysate are bac-
terial contamination and precipitation of calcium and  
magnesium salts. Gram-negative halophilic rods thrive in 
bicarbonate dialysate because they require sodium chloride 
or sodium bicarbonate to grow.451,452 With regular disinfec-
tion of bicarbonate containers, these bacteria have a latency 
period of 3 to 5 days, an exponential growth phase at 5 to 
8 days, and maximal growth rate at 10 days,451 which compare 
favorably with a latency of 1 day, exponential growth at 2 to 
3 days, and maximal growth by 4 days in a contaminated 
container. Therefore, disinfecting the containers and 
mixing the bicarbonate daily help prevent bacterial con-
tamination. Use of commercially available dry powder car-
tridges offers an alternative solution to this problem.451,452 
Recognizing the risks of microbiologic contamination and 
taking steps to prevent bacterial contamination have greatly 
reduced the incidence of pyrogenic reactions reported with 
early high-flux dialysis. Although the risk for pyrogenic reac-
tions is increased theoretically by backfiltration during high-
flux dialysis, during which contaminants from the dialysate 
can diffuse into blood, few reports of this complication have 
appeared.186,453

To minimize formation of insoluble calcium and magne-
sium salts with bicarbonate, bicarbonate and the acid con-
centrate, which contains all solutes other than bicarbonate, 
are separated until use.428 The acid concentrate derives its 
name from the small amount of acetic acid (typically 
4 mEq/L in the final dilution) used to ensure the solubility 
of divalent cations. The dialysate delivery system draws up 
the two components separately and mixes them proportion-
ately with purified water to form the final dialysate. This 
technologic advance allowed the widespread reintroduction 
of bicarbonate as a dialysate buffer in the 1970s. Because 
some precipitation of calcium and magnesium salts still 
occurs, the dialysate delivery system must be rinsed periodi-
cally with an acid solution to eliminate any buildup.

In many dialysis centers, the bicarbonate concentration 
is fixed at 35 or 39 mEq/L to accommodate the use of a 

CALCIUM
Historically, patients with ESKD underwent dialysis against 
a higher calcium concentration (3 to 3.5 mEq/L) to help 
control hyperparathyroidism and to prevent calcium  
and subsequent bone mineral loss.428,429,445 However, the 
increased use of calcium-containing phosphate binders and 
vitamin D analogs, the resulting hypercalcemia, and the 
subsequent recognition that these medications are associ-
ated with accelerated vascular calcification in dialysis recipi-
ents have prompted the KDOQI to recommend a dialysate 
calcium concentration of 2.5 to 2.6 mEq/L (1.25 to 
1.3 mmol/L).428,429 In contrast, international guidelines 
recommend a concentration of 2.5 to 3 mEq/L (1.25 to 
1.5 mmol/L).445,446 The differing opinions reflect the 
poor understanding of calcium mass balance in dialysis 
recipients.445-448 Scant data suggest that 2.5 mEq/L is the 
“fulcrum” for dialysate calcium concentration, below which 
calcium is removed from the patient and above which 
calcium diffuses into the patient during dialysis, although 
there is wide variability among patients. In the few studies 
available, interdialytic calcium balance is not accounted for, 
and a calcium kinetic model suggests that interdialytic 
calcium mass balance is positive in most patients undergo-
ing dialysis, especially when they are treated with calcium-
containing phosphate binders and vitamin D analogs.448 
Thus, raising the dialysate calcium concentration as sug-
gested by KDIGO guidelines may result in positive calcium 
balance and further acceleration of vascular calcification as 
well as adynamic bone disease.447,448

The dialysate calcium concentration may also affect 
hemodynamic stability during dialysis through lowering 
ionized calcium levels and thus impairing left ventricular 
contractility and peripheral vasoconstriction.243,428,445,447,449 A 
large observational study reported that a dialysate calcium 
concentration less than 2.5 mEq/L or a larger serum-to-
dialysate calcium gradient is associated with an increased 
risk of intradialytic hypotension as well as sudden death.449 
In patients who are prone to hypotension or at risk for 
sudden death, then, raising the dialysate calcium concentra-
tion to 3 to 3.5 mEq/L may ameliorate the hypotension, 
although this approach is largely opinion driven. Further 
validation of the calcium kinetic model may render it a 
useful tool for individualizing dialysate calcium and taking 
into account the myriad factors already described—the use 
of differing phosphate binders and vitamin D analogs, the 
type of renal osteodystrophy, the serum calcium concentra-
tion, the degree of vascular calcification, and the propensity 
for arrhythmias and intradialytic hypotension.447,448 In the 
absence of such a tool, the goal should be to maintain 
neutral calcium mass balance,447 and the most commonly 
employed dialysate calcium concentrations in the United 
States currently are 2.25 to 2.5 mEq/L (1.12 to 1.25 mmol/L).

MAGNESIUM
As with potassium, only 1% to 2% of magnesium is in the 
extracellular compartment.428 Because two thirds is in 
bone, magnesium flux during HD is difficult to predict. 
Conventional dialysis with magnesium-free dialysate removes 
about 10 mmol of magnesium each session, an amount 
lower than the daily dietary intake of 10 to 15 mmol of 
magnesium on the average North American diet.428 However, 
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of hydrostatic pressure to enhance ultrafiltration, use of a 
glucose-free dialysate or a lower glucose dialysate concentra-
tion, 100 to 200 mg/dL, has become the current stan-
dard.428,429 Most nondiabetic and non–insulin-dependent 
diabetic patients tolerate glucose-free dialysis well despite 
losing 25 to 30 g of glucose during each dialysis. However, this 
glucose loss may result in subclinical hypoglycemia and stim-
ulate protein catabolism during dialysis, thereby increasing 
the intradialytic loss of free amino acids. Physiologic dialysate 
glucose concentrations (100 to 200 mg/dL) have few adverse 
effects but may aggravate hyperglycemia and induce insulin 
production, the latter in nondiabetic patients.428,461

DIALYSATE TEMPERATURE

Dialysate temperature is generally maintained between 35° 
and 37° C at the inlet of the dialyzer (see “Dialysate Circuit” 
section). If dialysate temperature is kept constant at 37° C 
or at the patient’s core body temperature at the start of 
dialysis (“thermoneutral” dialysis, in which no heat energy 
is transferred through the dialysis circuit), the patient’s core 
temperature rises during dialysis. The reason behind this 
rise is incompletely understood, but may in part be reduced 
heat loss from the skin through vasoconstriction in response 
to fluid removal and blood volume contraction.256,257,259,462 
With progressive heat accumulation, a reflex dilation of  
the peripheral blood vessels occurs, leading to a reduced 
peripheral vascular resistance and intradialytic hypotension. 
Arbitrary lowering of dialysate temperature to 35° to 36° C 
may keep patients “isothermic” (no intradialytic change in 
core temperature) and lead to improved hemodynamic sta-
bility in hypotension-prone patients,256,257,259 although true 
isothermic dialysis requires use of a blood temperature 
monitor with computer-controlled modulation of dialysate 
temperature.463 Computer-controlled isothermic dialysis has 
an effect similar to that of sodium modeling and high dialy-
sate sodium concentration in maintaining hemodynamic 
stability without the undesirable side effects of positive 
sodium balance and may reduce the shivering and com-
plaints of coldness seen with empiric lowering of the dialy-
sate temperature.215,219,259,462 It also allows for further cooling 
of core temperature by 0.5° C during dialysis, which may 
contribute to better maintenance of central blood volume 
and hemodynamic stability.463

ULTRAFILTRATION RATE AND DRY WEIGHT

Another main goal of HD is to maintain fluid balance, 
accomplished through establishing a dry weight and apply-
ing ultrafiltration during each dialysis to remove the inter-
dialytic weight gain. Ultrafiltration is a process of convection, 
in which fluid moves across the dialyzer membrane because 
of positive pressure in the blood compartment of the dia-
lyzer combined with “negative” subatmospheric pressure 
created within the dialysate compartment. These two sepa-
rate pressures combine to create the TMP, which can 
approach 400 mm Hg. Adjusting the amount of negative 
pressure within the dialysate compartment controls the total 
level of TMP, and the higher the TMP, the higher the ultra-
filtration rate.

Traditionally, dry weight is defined as the lowest body 
weight a patient can tolerate without becoming hypotensive, 

central bicarbonate delivery system in which the bicarbon-
ate concentrate is piped from a centrally located tank to the 
individual patient stations. The advantage of a centralized 
delivery system is fewer back injuries among the dialysis 
personnel, but a major disadvantage is the inability to  
individualize dialysate bicarbonate concentration. As  
already mentioned, dry powder cartridges placed in line at 
each patient station or individual bicarbonate containers at 
each station allow individualized dialysate bicarbonate 
prescriptions.428

Although correction of metabolic acidosis is desirable to 
reduce protein catabolism, bone demineralization, inflam-
mation, and insulin resistance, overcorrection to generate 
metabolic alkalosis during dialysis could theoretically pre-
dispose patients to hemodynamic instability, reduced cere-
bral blood flow, paresthesias, muscle twitching, and 
cramping, possibly through alkalosis-induced lowering of 
serum potassium and ionized calcium concentrations as well 
as increased calcium phosphate deposition in tissues.428,454,455 
Several large observational studies reported that very low 
(<17 mEq/L) and very high (>27 mEq/L) predialysis serum 
bicarbonate concentrations were associated with increased 
rates of mortality and hospitalization, but after adjustment 
for case-mix and markers of inflammation and malnutri-
tion, only the association between very low bicarbonate con-
centrations and adverse outcomes remained.454,456-458 Patients 
with moderate acidosis (serum bicarbonate 20 to 23 mEq/L) 
appear to have the best survival, presumably because mild 
acidosis reflects better nutritional status.455-459 Although low-
ering dialysate bicarbonate concentrations for patients with 
predialysis hyperbicarbonatemia is prudent, intervention 
should target malnutrition and inflammation.455,459 Whether 
patients with very low serum bicarbonate concentrations 
benefit from raising dialysate bicarbonate concentrations is 
unclear, because analysis of the DOPPS database demon-
strated that high dialysate bicarbonate concentration is asso-
ciated with higher mortality and hospitalization rates, even 
in patients with very low predialysis serum bicarbonate con-
centrations.454,460 The validity of this finding has been ques-
tioned, however, because the increased deaths were from 
infectious and not cardiovascular causes as would be 
expected if potassium and ionized calcium changes were 
responsible; and because inaccurate reporting of comor-
bidities, and variability of serum bicarbonate measurements, 
may have influenced the data analysis.460 It may be that the 
increased mortality risk is related to a high dialysate-to-
blood bicarbonate gradient and that abrupt changes in 
serum bicarbonate levels are detrimental, as speculated for 
potassium and sodium (discussed previously). Until a defini-
tive answer is available, oral bicarbonate supplementation 
may be preferable to raising the dialysate bicarbonate to 
correct very low predialysis serum bicarbonate concentra-
tions (<17 mEq/L).

GLUCOSE
Historically, dialysate glucose concentrations were high 
(>320 mg/dL) to provide osmotic pressure for fluid removal 
and to prevent hypoglycemia. However, high dialysate 
glucose concentrations can lead to hyperglycemia and can 
reduce potassium removal through stimulation of insulin 
production and consequent potassium shift to the intracel-
lular space.428 With technologic advances to allow alteration 
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extracellular volume during dialysis, and the calf more 
closely resembles a cylinder (an assumption made in the 
measurement) than the body. Dry weight is achieved when 
there is no further reduction in extracellular volume despite 
ultrafiltration.464,466,468,469

Current strategies to determine dry weight rely on clinical 
evaluation, with periodic empiric challenge of the patient’s 
end-dialysis weight by 0.2 to 1 kg when evidence for weight 
loss is present. In hypotension-prone patients, the following 
actions may be beneficial: use of ultrafiltration modeling; 
avoiding intradialytic hypocalcemia, hypomagnesemia, and 
alkalosis; lowering dialysate temperature; increasing the 
duration or frequency of dialysis; and, possibly, separating 
ultrafiltration from diffusive clearance during dialysis.256,467 
Sequential ultrafiltration and diffusive clearance provide 
initial isolated ultrafiltration with isoosmotic removal of 
fluid followed by diffusive clearance with or without addi-
tional fluid removal. Maintaining constant plasma osmolar-
ity during ultrafiltration prevents further depletion of the 
blood volume from fluid shifts into the interstitial and intra-
cellular spaces, although sequential ultrafiltration was found 
to be inferior to sodium modeling and dialysate cooling in 
preventing intradialytic hypotension.470

Two randomized controlled studies involving 156 and 131 
patients have demonstrated that multifrequency BIA is 
superior to clinical evaluation in determining physiologic 
dry weight, as evidenced by improvements in blood pressure 
control, left ventricular mass index and arterial stiffness, 
and lower mortality with use of the method.471,472 Instances 
of intradialytic hypotension and access thrombosis were 
comparable in the BIA and clinical evaluation groups, but 
the percentage of patients with residual kidney function 
declined from 20% to 10% in the BIA group.471 Although 
this method is promising, the potentially deleterious effects 
from loss of residual kidney function require further study.473

REUSE

Initially, hemodialyzers were reprocessed for repeated use 
(reuse) because of the potential benefits of improving bio-
compatibility. Subsequently, the higher cost of better-quality 
dialyzers continued to provide an impetus for this prac-
tice.163,474 Automated devices that reprocess the dialyzers are 
safer and result in lower incidences of febrile reactions than 
manual reprocessing.163 During the cleaning process, bleach 
or hydrogen peroxide is used to improve its aesthetics, but 
bleach also strips proteins off the dialyzer membrane and 
negates the improved biocompatibility afforded by the 
protein-coated membrane. After cleaning, dialyzer integrity 
is assessed by measurement of the volume of the fiber 
bundle in the blood compartment (fiber bundle volume) 
and pressurizing of the dialyzer to ensure the fibers are 
structurally intact (pressure test). For a dialyzer to be 
accepted for reuse, the fiber bundle volume must be greater 
than 80% of the initial value, and the dialyzer should hold 
greater than 80% of the maximal operating pressure.

After being deemed suitable for reuse, the dialyzer is 
packed with chemical disinfectants such as peracetic  
acid, formaldehyde, or glutaraldehyde. Over the past  
four decades,peracetic acid has gained popularity over 
formaldehyde in centers that practice reuse, increasing 
from being used in 5% of such centers in 1983 to 72% in 

with clinical examination and evaluation used as a crude 
estimate.464,465 A more rigorous definition is the body 
weight at which extracellular volume is physiologic,464 
because both volume depletion and volume overload are 
associated with significant morbidity and mortality.464,466 
However, a physiologically appropriate extracellular volume 
and body weight are difficult to assess clinically, especially 
because patients requiring HD vary widely in the response 
to fluid removal.

Most patients can tolerate up to 0.35 mL/min/kg of fil-
tration (1.5 L/hr in a 70-kg person) without experiencing 
nausea, cramping, or hypotension.376 Although healthy indi-
viduals can tolerate a loss of 20% of their circulating blood 
volume before becoming hypotensive, the tolerance of 
patients undergoing dialysis is highly variable, with some 
able to tolerate up to a 29% decline of their blood volume 
but others becoming symptomatic with as little as a 2% 
decline.256 This wide patient variability results from the dif-
fering response to blood volume depletion and the dispa-
rate rate of vascular refilling from the interstitial and 
intracellular spaces.256 Autonomic dysfunction, diastolic dys-
function, increased core temperature, intradialytic hypocal-
cemia, hypokalemia, alkalosis (see earlier), and myocardial 
stunning may all lead to impairment of both cardiac 
response and constriction of resistance and capacitance 
vessels during volume depletion.256 Dialytic removal of 
solutes, malnutrition, and inflammation may retard vascular 
refilling through decreased osmotic pressure, reduced 
oncotic pressure, and increased vascular permeability.256 
Hence, a patient undergoing HD may become symptomatic 
before his or her physiologic weight is reached, and clini-
cally determined “dry weight” is an unreliable measure of 
physiologic weight. The presence or absence of pedal edema 
and hypertension are unreliable tools to assess “dry weight” 
because they correlate poorly with volume status measured 
by multifrequency BIA.467

Newer technologies to help determine optimal dry weight 
and to improve tolerance of dialysis include continuous 
online blood volume determination during dialysis coupled 
with computer-controlled ultrafiltration rates (see “Online 
Monitoring” section), ultrafiltration modeling (see “Online 
Monitoring” section), and BIA.464-468 Although continuous 
blood volume determination may reduce hypotensive epi-
sodes during dialysis, it is unable to accurately assess the 
extracellular volume compartment or to identify patients 
with impaired vascular refilling and therefore is less useful 
for determining an optimal dry weight.465 BIA shows promise 
in establishing dry weight and in reducing intradialytic 
symptoms but is not widely used because of the underlying 
complex principles and the lack of a gold standard method 
of determining dry weight to allow its full validation.466 In 
this evaluation, an electrical current is applied to the body 
and the resistance (opposition to flow of the current) and 
reactance (opposition to passage of the current) are mea-
sured. The resistance is used to estimate the volume of 
extracellular fluid, and the reactance is used to estimate  
the volume of intracellular compartments. Data from a 
euvolemic population (typically derived from a nonuremic 
population) is required to interpret the results.466,469 Seg-
mental multifrequency BIA of the calf may be the best 
method because it does not require normative values for 
interpretation, it continuously monitors changes in the calf 
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indoxyl sulfate demonstrates the complexity of the problem 
because these solutes are of a size that could be cleared by 
HD but protein binding markedly reduces their clear-
ance.372,477 HD remains a lifesaving therapy but is far from 
full renal replacement. Thus, kidney transplantation should 
be considered as a superior therapeutic option in most 
patients with ESKD.

ANEMIA

The kidney is the major source of endogenous erythropoi-
etin. (See Chapters 57 and 62 for a full discussion of anemia 
in advancing CKD and its management. In this chapter, we 
focus on the management of anemia in patients undergoing 
maintenance HD.) Before the advent of recombinant  
erythropoietin, severe anemia with Hgb below 7 g/dL was 
common in HD recipients, leading to frequent transfusions 
and iron overload in many. Now, with erythropoietin and 
optimal management of CKD, patients should begin HD 
therapy with Hgb concentrations in the targeted range.

PRINCIPLES OF ERYTHROPOIETIN USE
Before the advent of erythropoietin in 1989, initiation of 
HD only partially corrected anemia, presumably by improv-
ing erythrocyte survival and reducing erythropoietin resis-
tance. Recombinant human erythropoietin was extremely 
effective in raising Hgb concentrations in the vast majority 
of patients,478 but controversy remains regarding the optimal 
Hgb concentration (see later and Chapter 57). The positive 
clinical effects of higher Hgb concentrations are numerous: 
enhanced exercise capability, presumably in part from 
improved cardiac function with reduction in ventricular 
hypertrophy479-484; a better quality of life with improved phys-
ical performance, work capacity, and cognitive capacity485-487; 
improved sexual function488; and reduced rates of hepatitis 
and iron overload because of fewer transfusions.

The original preparation of human erythropoietin 
(epoetin) was produced by recombinant methods in Chinese 
hamster ovary cells. It differed from the endogenous protein 
in glycosylation, which may explain the development of 
neutralizing antierythropoietin antibodies and pure red cell 
aplasia (PRCA) in a small number of patients. Reports of 
PRCA first surfaced in 1998, peaked in 2002, and continue 
to appear periodically.489,490 Its cause remains elusive despite 
extensive investigations. The most promising theory sug-
gests that substituting polysorbate 80 for albumin during 
manufacturing destabilized the epoetin and, in conjunction 
with prolonged and improper storage and exposure to con-
taminants such as tungsten, lead to increased epoetin aggre-
gation, resulting in antibody production with subcutaneous 
administration.489,490 Unfortunately, these neutralizing anti-
bodies react to epoetin (native erythropoietin) as well as to 
darbepoetin-α.489,490 Affected patients are treated with with-
drawal of erythropoietin and immunosuppression,489,490 
and they may tolerate rechallenge with novel ESAs such  
as epoetin-ζ and peginesatide, a synthetic, peptide-based 
erythropoietin receptor agonist.489,491-493 Studies report that 
these new preparations of ESAs do not appear to induce or 
to cross react with neutralizing antibodies to erythropoie-
tin,491,492 although drug-specific antibodies to peginesatide 
did develop in 12 patients (≈1%) with some evidence for 
ESA resistance in 10 patients.491

2002. Formaldehyde fell from use from 95% to 20% of such 
centers by 2002.306 A small percentage of clinics use heat 
disinfection with or without citrate.

Close scrutiny of the safety of dialyzer reuse practices has 
yielded conflicting results in comparisons of reuse and non-
reuse and evaluations of the various disinfectants, largely 
because the studies were nonrandomized and uncon-
trolled.163,474,475 Overall, however, the data suggest that the 
various disinfectants are comparable when their use com-
plies with AAMI standards and that facilities that reuse dia-
lyzers have a risk-adjusted mortality rate similar to that of 
facilities not reusing dialyzers.163,474,475 Concerns remain that 
long-term exposure to chemical disinfectants and the poten-
tial for infectious or pyrogenic reactions may be detrimental 
to the health of both patients and health care staff,163,474 
prompting a decline in the relatively stable prevalence of 
reuse, from 76% to 80% during 1997 to 2001 to 60% in 
2002, with an even lower estimate of 40% by 2005.474 This 
sharp decline in the prevalence of reuse is largely attribut-
able to a change in practice patterns in some large dialysis 
chain providers favoring single use. A further impetus for 
the decline in reuse comes from the wide availability and 
lower cost of dialyzers constructed with synthetic mem-
branes, rendering the medical and financial justification for 
dialyzer reuse to improve biocompatibility while controlling 
cost less compelling.163,474 However, the amount of dialyzer-
related polymer waste has been estimated at more than 
10,000 tons per year if none of the U.S. dialysis facilities were 
to employ reuse compared with 500 tons per year if all facili-
ties reused each dialyzer 20 times.474 Research on best man-
agement of the medical waste associated with dialysis is 
needed, especially with the decline in reuse and the poten-
tial rise in more frequent dialysis.

MANAGEMENT OF PATIENTS ON 
MAINTENANCE HEMODIALYSIS

END-STAGE KIDNEY DISEASE

End-stage kidney disease (ESKD) is considered the level of 
kidney function at which a patient should initiate renal 
replacement therapy. If HD is the therapy of choice, the 
patient begins a therapy that, as described in detail in this 
chapter, removes numerous solutes and water. In some 
aspects, the process of HD can be viewed as the glomerular 
component of kidney function, during which water and 
smaller solutes cross a membrane, limited in part by its 
molecular size. Unfortunately, the analogy ends because the 
filtering surface in HD is only an artificial membrane with 
no biologic function (e.g., charge discrimination). Further-
more, dialysis lacks a tubular component to reclaim or 
further excrete specific solutes as well as the “metabolic” 
capacity of the kidneys to synthesize critical proteins. There-
fore, HD is a complex therapy in which beneficial solutes 
such as amino acids cross the dialysis membrane and are 
“excreted” but larger substances that may be toxic are not 
removed at all. Some of the renally synthesized proteins can 
be replaced (e.g., erythropoietin), but others cannot or may 
not as yet be recognized. The long hunt for the “uremic 
toxin” continues, but the evidence is clear that there is not 
just a single agent.372,476,477 Focus on p-cresol sulfate and 
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in patients on dialysis. A multicenter trial demonstrated that 
in patients with anemia despite ESAs, serum ferritin levels 
higher than 700 ng/mL and transferrin saturation values of 
25% or less, intravenous (IV) iron replacement raises Hgb 
levels.507

Post hoc analysis of the Normal Hematocrit Cardiac Trial 
and observational data suggested that administration of sub-
stantial doses of iron may lead to increased rates of hospi-
talization.497,508 Theoretically, IV iron may raise the risk 
of cardiovascular disease and infection by exacerbating  
oxidative stress, enhancing bacterial growth, and impairing 
phagocytic cell function.509-511 However, whether these 
effects translate into clinically relevant events is unknown.512 
Observational data suggest that IV doses of up to 400 mg 
per month are actually associated with better survival than 
no iron.513 Even in anemia secondary to cancer and chemo-
therapy with no evidence for iron deficiency, iron adminis-
tration improved response to ESAs without higher rates of 
adverse events.514 However, none of these studies was ran-
domized or controlled.

Resistance to ESAs may be due to inadequate iron stores, 
presence of inflammation, secondary hyperparathyroidism, 
inadequate dialysis, nutrient deficiencies, or underlying 
bone marrow diseases.515,516 Inflammation states may inter-
fere with erythropoiesis and response to ESAs beyond their 
impact on iron availability.517 Serum albumin is strongly 
associated with the responsiveness to ESAs, likely because it 
serves as a marker of inflammation. Maneuvers that reduce 
inflammation, such as use of ultrapure water (see earlier), 
may improve response to ESAs.516 Although more frequent 
dialysis was thought to improve ESA response in early trials, 
a later randomized trial did not confirm this finding.518

NUTRITION

The complex relationship between protein metabolism and 
body composition in kidney disease is discussed elsewhere. 
Nutritional status in patients undergoing dialysis are influ-
enced by factors related to kidney failure and the HD treat-
ment itself (Table 65.10). There is strong evidence that 
nutritional status affects overall morbidity and mortality in 
the dialysis population, highlighting the need to evaluate 
patients for malnutrition and devise strategies to improve 
their nutritional status. Growing evidence suggests the 
problem is not simply protein malnutrition but protein 
energy wasting (PEW), similar to the cachexia seen with 

The optimal route of administration of ESAs remains 
controversial. Original studies in patients on HD used  
the intravenous (IV) route solely. As their use broadened  
to include patients receiving PD as well as patients  
with advanced, non–dialysis-requiring CKD, subcutaneous 
administration gained interest, but this route may increase 
the risk for development of neutralizing erythropoietin anti-
bodies.489,490 Studies have demonstrated that ESA bioavail-
ability with subcutaneous dosing may be reduced, but the 
overall pharmacodynamics are more favorable.494

HEMOGLOBIN TARGET
The therapeutic goal for Hgb concentrations in patients 
with ESKD has received substantial attention since the 
advent of ESAs. The initial Hgb goal was 10 to 11 g/dL, 
which increased to 11 to 12 g/dL by the mid-1990s. Obser-
vational studies suggested that higher Hgb targets were asso-
ciated with improvements in a variety of physiologic and 
cognitive functions, prompting the nephrology community 
to consider normalizing Hgb levels to 14 g/dL. Although 
smaller studies demonstrated that normalization of Hgb 
resulted in an improved health-related quality of life with 
neutral effects on cardiovascular morbidity,495,496 a large ran-
domized trial of more than 1200 HD recipients with under-
lying cardiovascular disease was terminated because of safety 
concerns about a higher mortality rate in the higher hema-
tocrit group (42% vs. 30%), as well as significantly higher 
rates of vascular access thrombosis.497 Three large random-
ized controlled studies in the predialysis CKD population 
reported that in comparison with Hgb less than 11.5 g/dL, 
normalization of Hgb may improve health-related quality of 
life, but increases headaches, hypertension, and risk for 
cardiovascular events.498-500 Careful reviews concluded that 
in patients on HD, no data supported an Hgb goal above 
12 g/dL and that normalization of Hgb is associated with 
an increased risk of stroke, hypertension, and vascular 
access thrombosis, and probably with increased risk of death 
and serious cardiovascular events as well.501-503 These conclu-
sions led KDIGO to recommend 11.5 g/dL as the preferred 
Hgb goal.503 Results of a large metaregression analysis of 
more than 12,000 patients suggest that higher doses of ESAs 
may increase mortality risk independent of the Hgb level.504

IRON THERAPY
The role of iron in the management of anemia for patients 
on maintenance HD has been a fascinating saga. Before 
ESAs, frequent transfusion requirements in severely anemic 
patients resulted in iron overload and hemosiderosis,  
requiring iron chelation with desferoxamine to prevent 
hemochromatosis and other complications. The complex 
protocols required to ensure intradialytic removal of the 
chelated iron and the greater risk of infection further com-
plicated the delivery of dialysis.505 However, the widespread 
use of ESAs has completely transformed the problem from 
a risk of iron overload to one of insufficient iron stores to 
respond to ESAs.

Patients undergoing HD who are receiving ESAs have 
substantial requirements for iron.503 The challenge is to 
identify the markers that would indicate most accurately the 
need for iron replacement.506 Serum iron and total iron-
binding capacity, the accepted markers in otherwise healthy 
persons with iron deficiency, lack sensitivity and specificity 

Table 65.10 Factors Causing Malnutrition*

Inadequate protein or calorie intake
Increased energy expenditure
Metabolic acidosis
Hormonal alterations
Comorbidities or hospitalizations
Dialytic nutrient losses
Dialysis-induced catabolism
Infection

*For a comprehensive discussion on the factors causing 
malnutrition, see Chapter 61.
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establishing an optimal dry weight (see also “Ultrafiltration 
and Dry Weight” section).468,469

MANAGEMENT OF PROTEIN ENERGY WASTING
The management of HD recipients in whom PEW develops 
is unclear because the many markers previously described 
are also influenced by inflammation. In addition, cytokine 
release during inflammation can lead to muscle wasting, 
anorexia, and cachexia, which are difficult if not impossible 
to distinguish from poor nutritional status with our current 
tools. Nevertheless, if PEW is present, it should respond to 
increased nutritional support. Use of the enteral route to 
provide nutrition in patients with adequate gastrointestinal 
function can improve serum albumin or prealbumin levels 
and measures of overall function such as the subjective 
global assessment,521,539,540 even in those with inflamma-
tion541 and when oral supplements are provided only during 
dialysis.542,543 When oral enteral supplementation is unsuc-
cessful, tube feeding has been attempted in some cases, 
especially in younger patients for whom nutrition is so criti-
cal for growth and development.543,544 Parenteral nutrition 
has been considered in patients on HD when enteral feeding 
is not possible, mainly during each dialysis session to ame-
liorate the obvious challenge of large fluid volume require-
ments. Providing intradialytic parenteral nutrition to 
patients with hypoalbuminemia increased serum albumin in 
some study subjects.543,545 Whether any of these approaches 
has a salutary effect in the long term has yet to be answered 
with a large randomized study, especially when PEW is inter-
twined with inflammation.521,539,543,546

Pharmacologic intervention to reverse the anorexia so 
often seen in patients on maintenance HD has received 
increased attention.543 Agents such as megestrol acetate, 
used in other settings of chronic disease, led to weight gain 
and an improved ability to exercise in a small pilot study.547 
Providing specific replacement of deficient branched-chain 
amino acids or ghrelin may also improve appetite and nutri-
tional status.529,548,549 Unfortunately, no large clinical trials to 
guide optimal treatment of PEW in patients on HD have 
been conducted.543,549

VITAMINS AND TRACE ELEMENTS
Vitamin supplementation for patients on maintenance HD 
is a complex issue. Vitamin D is covered in detail in Chapters 
55 and 63, along with the complex interactions among the 
kidney, bone, and calcium and phosphorus metabolism. 
Retrospective studies suggest that vitamin D deficiency may 
be associated with cardiovascular mortality and is a growing 
problem in the general population as well as in patients on 
HD,550,551 but it is not clear whether vitamin D supplementa-
tion or repletion will reduce cardiovascular mortality.

Because most trace elements are excreted by the kidneys, 
their levels rise as kidney function declines and may  
contribute to uremic toxicity. Exceptions are selenium and  
zinc, which have the most consistently low levels.450,552,553 
Selenium is an important cofactor in certain antioxidant 
enzymes, and its deficiency is associated with cardiovascular 
disease in patients without kidney disease. Zinc deficiency 
is associated with immune deficiency, anorexia, dysgeusia, 
and impotence. No clear data exist that zinc supple-
ments are beneficial in dialysis recipients,554,555 but they 
may improve appetite and nutritional status.556 Selenium 

inflammation.519-521 Hence, simply adding protein supple-
ments will not reverse the wasting.

MARKERS OF NUTRITIONAL STATUS
No single assessment of nutritional status seems to be 
optimal. Serum albumin concentration is a strong predictor 
of mortality in observational studies, but it is influenced by 
both protein intake and acute illness and inflammation, in 
opposite directions.522-524 Because of its shorter half-life, 
serum prealbumin, an important transport protein, has 
been suggested as another potential marker of overall nutri-
tional status. However, the kidneys are the primary source 
of clearance for prealbumin, rendering interpretation of its 
level difficult in the setting of CKD.520 Prealbumin may 
be an even stronger predictor of overall mortality than 
albumin.520

Another potential marker for PEW in patients on main-
tenance HD is insulin-like growth factor-1 (IGF-1). IGF-1 is 
produced primarily in the liver and found in the circulation. 
Its levels are lower in settings of protein malnutrition and, 
in patients on maintenance HD, decline along with other 
markers of malnutrition.525,526 In 207 incident HD patients 
in one study, low serum IGF-1 concentrations at initiation 
and 1 year were a marker of body composition and were 
associated with mortality.527 Ghrelin, a hunger-stimulating 
peptide produced in the gut, is also associated with PEW528 
and increased appetite when administered daily to 12 mal-
nourished dialysis recipients.529 BUN and serum creatinine 
are also affected by the level of dietary protein intake and 
overall nutrition but, as individual measures, are insufficient 
reflections of nutritional status. On the other hand, using 
urea concentrations to calculate the protein catabolic rate 
(PCR) (also known as protein nitrogen appearance, or 
PNA) yields a useful marker of dietary protein intake.530,531

Anthropometric techniques may be useful in assessing 
nutritional status. These measurements appear deceptively 
easy to perform but must be taken carefully and may be 
inaccurate in patients on HD owing to varying tissue hydra-
tion and because standardization was undertaken in healthy 
volunteers.532,533 Therefore, changes over time may be more 
reliable than isolated values. Additional methodologies to 
measure or estimate body composition, such as dual-energy 
x-ray absorptiometry (DEXA) and BIA are available.534-536 
However, DEXA does not differentiate intracellular from 
extracellular water, and extracellular fluid is “counted” as 
part of the lean (nonfat) body mass, potentially overestimat-
ing lean body mass in edematous patients. In addition, 
DEXA is relatively expensive and usually requires traveling 
to larger centers with access to the technology.

Although BIA has been available for years, it remains 
mainly a research tool. As the technology has progressed 
from single-frequency to dual-frequency and now multifre-
quency, its accuracy in estimating total body water and lean 
body mass has improved, but equipment cost and complex-
ity have increased as well, making multifrequency BIA less 
practical.535 Results obtained with BIA correlate with DEXA 
results536 but, as with other body composition technologies, 
are most reliable when completed after dialysis.537 The 
increased use of BIA in clinical trials may eventually inform 
its optimal use in the clinical setting.472,538 Protocols using 
multifrequency BIA to estimate changes in extracellular 
fluid in the calf during HD may become a tool for 
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associated with systolic blood pressure, predialysis pulse 
pressure, and calcium × phosphorus product.575

NONTRADITIONAL CARDIOVASCULAR RISK FACTORS
Inflammation has gained growing appreciation as an impor-
tant factor in cardiovascular disease in both the CKD and 
general populations.558,576,577 Plasma levels of C-reactive 
protein (a marker of inflammation) and interleukin-6 (a 
proinflammatory cytokine) are strong predictors of cardio-
vascular and all-cause mortality in the ESKD population.578-580 
Numerous factors predispose patients on HD to the burden 
of endogenous inflammation compared with the general 
population: Kidney failure, the dialysis process, genetic pre-
disposition, chronic periodontitis, type of vascular access, 
and other as yet unidentified factors all act in concert to 
contribute to oxidative stress, endothelial dysfunction, car-
bonyl stress, and accumulation of advanced glycation end 
products.86,558,578,581 The critical role that inflammation plays 
in cardiovascular disease led to the hope that statins, which 
lower lipid levels and reduce vascular inflammation,582 
would ameliorate cardiovascular risk in dialysis recipients, 
but several large randomized controlled studies have yielded 
disappointing results (see “Diagnosis and Treatment” 
section).583,584

Homocysteine concentrations are elevated in patients 
undergoing HD and correlate with cardiovascular risk,585-587 
presumably through induction of endothelial dysfunction 
and a prothrombotic state. Because homocysteine is largely 
protein bound, poor nutritional status may confound the 
relationship, leading to the findings that HD recipients with 
cardiovascular disease paradoxically had lower homocyste-
ine concentrations than those without.587 An alternative 
explanation for this paradox may be that malnutrition and 
inflammation are more important cardiovascular risk factors 
than hyperhomocysteinemia. Although small studies in the 
HD population have suggested a potential benefit from folic 
acid and methylcobalamin administration to lower homo-
cysteine levels and cardiovascular risk,586,588 the bulk of data 
in both the general population589,590 and patients on HD591,592 
suggests that lowering homocysteine levels with folic acid 
and B vitamins does not reduce the risk of cardiovascular 
events. However, the power of individual studies to detect a 
benefit may have been reduced by the widespread pre-study 
folic acid fortification in dialysis recipients, because a meta-
analysis of seven trials involving around 3800 patients sug-
gested a benefit to folic acid supplementation and lowering 
of homocysteine levels.593 Regardless, prescribing folic acid 
to HD recipients to prevent nutritional deficiency and to 
facilitate hematopoiesis is still advocated.

Oxidative stress from kidney failure or the dialysis process 
itself may contribute to the high risk of cardiovascular 
disease.594,595 Biomarkers of oxidative stress (thiobarbituric 
acid–reactive substances, protein carbonyl content, and the 
ratio of nitrite to nitrate levels) in patients on HD are dif-
ficult to quantify accurately but seem to correlate with 
carotid intimal media thickness (CIMT), a surrogate marker 
for cardiovascular disease.596 Increased oxidation of LDL 
results and promotes the production of foam cells, an early 
event in the atherosclerotic process. Strategies to reduce 
oxidative stress include oral administration of antioxidants 
such as d-tocopherol and N-acetylcysteine, which reduced 
the rate of cardiac events but not all-cause mortality in small 

supplementation is controversial because it has a narrow 
therapeutic index and may result in selenosis with nausea, 
vomiting, peripheral neuropathy, and loss of hair or 
nails.450,552 Water-soluble vitamins are recommended for 
patients undergoing HD because dietary intake of these 
vitamins is low as a result of dietary potassium restriction 
and because the dialysis process itself removes these vita-
mins, especially folic acid.557 The antioxidant effects of vita-
mins C and E have generated interest regarding their ability 
to reduce oxidative injury (see later).

CARDIOVASCULAR DISEASE

TRADITIONAL CARDIOVASCULAR RISK FACTORS
Cardiovascular disease is the number one cause of mortality 
in patients undergoing dialysis, accounting for roughly half 
of the deaths. The complex relations among CKD and vas-
cular and cardiac complications are described in detail in 
Chapter 56. The high prevalence of traditional cardiac risk 
factors (e.g., diabetes, hypertension, lipid abnormalities) in 
patients with CKD and their interactions with nontradi-
tional cardiac risk factors, such as inflammation, oxidative 
stress, retained metabolites to include advanced glycation 
end products, and PEW, combine to lead ultimately  
to severe cardiomyopathy, ischemic heart disease, and 
death.558,559 In the general population, intervention to ame-
liorate cardiac risk factors such as hyperlipidemia, inflam-
mation, diabetes, hypertension, smoking, sedentary lifestyle, 
and obesity reduces cardiovascular morbidity and mortality. 
However, in the HD population, the classic risk factors  
do not have the same predictive value and seem to lead to 
paradoxical findings: Obesity is “protective” and high  
levels of low-density lipoproteins (LDLs) do not predict 
mortality.558,560-562

Of the multiple lipid abnormalities in patients on main-
tenance HD, low levels of high-density lipoprotein (HDL) 
and elevated levels of lipoprotein (a) [Lp(a)] are key pre-
dictors of cardiovascular disease.560,563 A complex relation 
exists between the level of Lp(a) and the size of the constitu-
ent glycoprotein, apolipoprotein (a) [Apo(a)], which is 
determined by genetic polymorphisms. The larger the 
Apo(a), the lower the level of Lp(a), and both low Apo(a) 
and high Lp(a) levels predict mortality in HD recipients, 
with Apo(a) isoform exerting a stronger estimated 
effect.560,563-565 An in vivo turnover study suggests that ions of 
Lp(a) in the HD population are caused by decreased clear-
ance rather than overproduction.566

Left ventricular hypertrophy (LVH) is a risk factor for 
cardiovascular events in the general population.567 It is prev-
alent in the majority of patients on HD and may represent 
a major risk factor for cardiac events not specifically related 
to traditional atherosclerosis.568,569 Multiple factors have 
been invoked for the high prevalence of LVH in the HD 
population, including anemia, hypoalbuminemia, volume 
expansion, and systolic hypertension.570 AV access with pro-
longed and severe high output may also contribute to the 
frequency of left ventricular disease,571,572 although this issue 
is debated.573 Cardiac magnetic resonance imaging (CMRI) 
may be better for measuring left ventricular mass than tra-
ditional echocardiography in patients undergoing HD, 
because it abrogates confounding of findings by volume 
overload574,575; and LVH demonstrated by CMRI was 
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atherosclerotic disease per se, account for the largest pro-
portion of cardiovascular deaths in dialysis recipients.625-627 
A myriad of factors contribute to the risk for sudden death, 
including ischemic cardiomyopathy, peridialytic electrolyte 
shifts, LVH and diabetes with subendocardial ischemia, diva-
lent cation abnormalities, hyperkalemia, volume overload, 
increased sympathetic activity, inflammation, and dialysis-
induced myocardial stunning.235,377,628,629 Elevated TnT value, 
then, may serve as an indicator of non–atherosclerosis- 
mediated myocardial injury. In fact, elevated TnT values 
during and after dialysis correlate with echocardiographic 
evidence of regional wall motion abnormalities that develop 
during dialysis235,629 and seem to be markers of dialysis-
induced myocardial ischemia and stunning. The value of 
measuring any of the cardiac troponins routinely in patients 
on hemodialysis remains unclear.

Unlike clinical trials in the prevention of cardiovascular 
disease in the general population, trials in patients on dialy-
sis are limited in size and number. Of the trials that do 
explore therapeutic interventions in the HD population, 
many have surrogate end points that may not truly reflect 
an effect on mortality. Randomized controlled trials that 
have been undertaken have often had disappointing conclu-
sions. For example, despite the promise of statins to potently 
reduce LDL cholesterol concentrations and perhaps inflam-
mation in the HD population, two large randomized 
placebo-controlled trials of statin use in patients on mainte-
nance HD reported no improvement in rates of cardiovas-
cular deaths and nonfatal cardiovascular events despite a 
42% to 43% reduction in LDL cholesterol concentra-
tions.583,630,631 Subsequent reviews of these trials highlighted 
the presence of underlying cardiomyopathy in patients on 
HD, the increased incidence of sudden death, and the 
altered lipid profile with higher levels of Lp(a) and modi-
fied LDL particles—all of which may, in part, explain the 
lack of benefit from statins in this population.632,633

As mentioned previously, sudden cardiac death appears to 
be the leading cause of death among patients receiving 
hemodialysis.625-627 A myriad of factors may increase the 
risk for arrhythmias and sudden death in patients on dialysis 
(see earlier),235,377,628,629,634 with the presence of LVH being 
one of the most prominent635 and coronary artery disease 
playing a minor role. Reducing the rate of LVH remains a 
major therapeutic focus (see later), but without clear evi-
dence that doing so would improve survival. The dialysis 
prescription itself poses additional risks for sudden death 
(see also “Dialysis Duration and Frequency” and “Dialysate 
Composition” sections), including short treatment time, 
large ultrafiltration volume, and low dialysate potassium, 
which are potentially modifiable practices that may improve 
outcomes.387 The timing of sudden death appears to cluster 
around the long interdialytic interval in patients undergoing 
dialysis three times per week or less (either Monday or 
Tuesday),385,387 a pattern not seen with more frequent therapy 
or peritoneal dialysis.636 The high incidence of sudden death 
has focused attention on the role of implantable defibrilla-
tors to improve survival in the dialysis population, but indica-
tions for implantation may differ from those in the general 
public, risks may be higher, and benefit is uncertain.627,637,638

In the general population, LVH is a cardiovascular risk 
factor that may be modified by treatment to reduce ventricu-
lar mass, such as with an ACE inhibitor.639,640 For the HD 

controlled trials.594,597-599 Impregnating the dialysis mem-
brane with vitamin E to reduce intradialytic oxidative stress 
lowered biomarkers of oxidative stress and improved CIMT 
in a small number of patients,175,600,601 but did not improve 
response to ESAs in a large randomized study.602 Use of 
ultrapure dialysate or a process of “electrolyte reduction” to 
treat the water reduced markers of inflammation and oxida-
tive stress.291,603,604 Advances in treating oxidative stress are 
hampered by the difficulty in quantifying oxidative stress 
and the lack of large randomized controlled trials.

Novel biomarkers such as the proteins paraoxonase 
(PON1) and fibroblast growth factor 23 (FGF-23) also  
are associated with cardiovascular disease. HDL-associated 
PON1 protects LDLs against oxidation. Reduced PON1 
activity, determined by genetic factors in concert with several 
environmental factors to include smoking, correlates 
inversely with markers of inflammation and cardiovascular 
mortality in patients undergoing HD.605,606 Elevations of 
FGF-23 in CKD may directly influence LVH and cardiovas-
cular risk, independent of the factor’s relationship to 
phosphorus.607

Sleep apnea appears to be four times more common in 
patients undergoing HD than in the general population, 
affecting up to 70% of HD recipients.608,609 Small studies in 
the CKD population suggest that sleep apnea alters muscu-
lar composition, reduces physical functional capacity,610 
impairs cognitive function,611 and may increase oxidative 
stress and the risk for cardiovascular disease.612,613 Because 
patients on HD tend to have more sleep disturbances despite 
fewer stereotypical symptoms (snoring, witnessed apnea 
during sleep, unrefreshing sleep, and morning headaches) 
and a lower body mass index,31,614 a high index of suspicion 
for this condition is crucial.

DIAGNOSIS AND TREATMENT
Unique factors in the HD population complicate the diag-
nosis and treatment of cardiovascular disease. A classic 
example is the reduced rate of symptoms, especially in 
patients with diabetes, despite substantial angiographic  
evidence of coronary disease.615,616 Conflicting data exist 
regarding the utility of the various screening tests for coro-
nary artery disease in HD recipients.616-618 In general, tests 
that require the patient to exercise or that rely on electro-
cardiographic (ECG) findings for diagnosis are less reliable 
because of reduced exercise tolerance and abnormal resting 
ECG findings in HD recipients. Various pharmacologic 
stress imaging tests, such as dobutamine stress echocardiog-
raphy and dipyridamole exercise thallium imaging, have 
better sensitivity and specificity.

Elevated plasma values of several different measures of 
troponin can be found even in asymptomatic patients on 
HD and are associated variably with cardiovascular risk,619 
LVH and subsequent mortality,620 and increased risk for 
an acute coronary event in the subsequent 3 years.621 
Studies suggest that cardiac troponin T (TnT) may be the  
most accurate prognostic indicator of future cardiovascular 
events in patients on HD,622 but TnT and to a lesser extent 
troponin I levels poorly predict obstructive coronary  
artery disease and acute coronary syndrome.623,624 The 
seeming discrepancy in the predictive value of TnT for 
future cardiovascular events but not coronary artery disease 
may be explained by the observation that arrhythmias, not 
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progress in understanding the natural history of this disease 
through all the stages of CKD. Part of the reason for the 
lack of success in preventing cardiovascular deaths in this 
population may be that the vast burden of disease already 
exists at initiation of HD. Another contribution is the 
complex interplay among inflammation, oxidative stress, 
malnutrition, retention of uremic solutes, the dialysis 
process itself, and cardiovascular disease that remains poorly 
understood but renders traditional cardiac risk factors  
and treatment less effective in predicting and ameliorat-
ing cardiovascular mortality and morbidity in the HD  
population.583,632,658,659 Finally, the transition from atheroscle-
rosis-induced cardiovascular events in patients with CKD  
for which traditional therapies such as statins do improve 
outcomes to the predominance of sudden cardiac deaths  
in dialysis recipients likely accounts in part for the persis-
tently high cardiovascular mortality once patients are on 
dialysis. For now, applying established therapeutic 
approaches to amelioration of traditional risk factors earlier 
in the course of CKD while awaiting more evidence to 
support alterations in management of HD and treatment  
of nontraditional risk factors in the HD population  
would seem prudent. Increasing frequency of dialysis, pro-
longing treatment times, limiting rapid ultrafiltration, and 
modifying dialysate potassium, bicarbonate, and calcium 
concentrations may reduce the rate of intradialytic myocar-
dial stunning and the risk for sudden death (also see 
earlier).364,376,384,669,670

MINERAL METABOLISM–RELATED ISSUES

The complex influence of kidney disease on bone and 
mineral metabolism is covered in detail in Chapters 55 and 
63. Although maintaining a normal or near-normal serum 
phosphorus concentration may be one of the most challeng-
ing goals for patients on maintenance HD (see Chapter 63), 
growing evidence suggests its importance, because serum 
phosphorus concentrations correlate highly with mortal-
ity.671 Several complications thought to be related to calcium 
and phosphorus perturbations in kidney failure present par-
ticular challenges in managing patients on HD and are 
highlighted here briefly.

VASCULAR CALCIFICATION
Although atherosclerosis is a major cause of cardiovascular 
mortality in the general population, growing evidence sug-
gests that diffuse vascular calcification may be an equally or 
more important contributor to cardiovascular mortality and 
morbidity in the HD population. Vascular calcification in 
advanced CKD appears to differ from “garden variety” ath-
erosclerosis and disproportionately involves the medial 
portion of the vessel in association with disorganized vascu-
lar smooth muscle cells (VSMCs) and expression of bone 
matrix protein.672-674 This process is evident even in young 
children on dialysis.675 The molecular mechanisms under-
pinning vascular calcification involve a complex balance 
among inhibitors and potentiators of calcification.673,676-680 
Inhibitors of calcification, such as fetuin-A and matrix G1a 
protein, are reduced or inactivated in vessel walls.676,681 A 
careful study of blood vessels in patients with CKD and 
ESKD suggests that although significant calcium loading of 
vessels is present in patients with CKD, dialysis appears to 

population, an extensive review found very limited evidence 
to support the use of pharmacologic treatment for cardio-
protection.641 The only reported controlled trial for ACE 
inhibitors in patients on HD demonstrated improved blood 
pressure control but no reduction of risk.642 Patients on HD 
with a recent MI may benefit more specifically from classic 
cardioprotective medications such as ACE inhibitors and 
β-blockers.641 More frequent HD reduces LVH signifi-
cantly,364,384 but whether this effect translates into lower mor-
tality is not clear.

The growing emphasis on health has focused attention 
on behavioral interventions that may reduce cardiovascular 
risk by modifying traditional risk factors. For example, 
smoking is a risk predictor even in the HD population.247,643 
However, little is known regarding the impact of smoking 
cessation on cardiovascular risk in patients on HD, as the 
only data available in this patient population explored  
only the pharmacokinetics of various smoking cessation  
aids in the setting of kidney impairment.644 Exercise has 
received growing attention, especially intradialytic exercise, 
which may improve adherence and appears to improve  
self-reported physical function measures645 and cardiac 
functional measures such as aerobic capacity, heart rate vari-
ability, late potentials, and T-wave alternans.646 Although 
physical activity is associated with survival in observational 
studies,647,648 evidence that increasing exercise lowers mor-
tality is still lacking. However, in patients on HD who have 
undergone cardiac intervention such as coronary artery 
bypass grafting (CABG), exercise through a cardiac rehabili-
tation program is beneficial and cost effective.649 Finally, 
substantial epidemiologic data link poor oral health and the 
presence of periodontal disease to systemic inflammation 
and cardiovascular risk in the general population,650 and 
some data for the link exist in patients on HD,581,651,652 but 
causality has not been established. Whether diminishing 
periodontal disease burden would reduce mortality remains 
to be seen.651

Data suggest that patients undergoing HD in whom acute 
coronary syndromes develop are managed less aggressively 
than members of the general population. They are less 
likely to receive thrombolytic therapy653,654 and to undergo 
diagnostic coronary angiogram and revascularization655 
despite epidemiologic data suggesting that revascularization 
improves survival.654,656 Optimal management of HD recipi-
ents with coronary artery disease remains controversial657,658 
because of the propensity of patients on dialysis to present 
with atypical symptoms and nondiagnostic ECG find-
ings,657,659 their higher early mortality after CABG than in 
the general population (9%-12% vs. 2%-3%),660-662 the lack 
of randomized studies comparing percutaneous interven-
tion with CABG in this population,663 and their markedly 
elevated 5-year mortality rate after coronary revasculariza-
tion in comparison with patients without CKD (>50% vs. 
10%).658,664 Several epidemiologic studies and meta-analyses 
have suggested better outcomes (lower risks of late cardiac 
deaths, sudden death, myocardial infarction, and repeat 
coronary revascularization) with surgery than with a percu-
taneous approach,661,662,664-667 although drug-eluting stents 
placed percutaneously may be superior to metal stents and 
comparable to CABG in the HD population.667,668

Cardiovascular disease remains the number one cause  
of death in patients undergoing HD despite substantial 
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to the same degree in patients with and without CUA, sug-
gesting that other factors are at play. Analysis of pathologic 
specimens from a small number of patients with CUA dem-
onstrated deposits of iron and aluminum in the lesions but 
none in adjacent normal tissue or in tissue from CKD con-
trols, suggesting a potential role for metal deposition in the 
pathogenesis.702,703 Histologic studies have also revealed the 
presence of an active osteogenic process in CUA lesions, to 
include increased expression of bone morphogenic protein 
2 and osteopontin.672,704

Therapy for CUA is focused on reducing serum calcium 
and phosphate concentrations and controlling high PTH 
levels,694-697 although the role of parathyroidectomy remains 
controversial.693,695,699,701 Discontinuing or avoiding calcium-
containing phosphate binders and vitamin D seems prudent. 
When ulcerations occur, aggressive local wound care and 
antibiotics to prevent wound infections are important. Case 
reports and small case series have introduced novel thera-
pies that may aid in healing: hyperbaric oxygen,701,705,706 
cinacalcet,700,707,708 bisphosphonates,695,708 and sodium thio-
sulfate,700,706,707,709-711 with many writers advocating a “multi-
modal” treatment approach to include more frequent 
dialysis.705 Sodium thiosulfate therapy appears to be the 
most promising and may offer benefit through both chela-
tion of calcium and amelioration of inflammation.700,706,711

HYPERTENSION

The complex relationship between blood pressure and the 
kidneys and the management of hypertension are discussed 
in detail in Section VII. It is important to provide a brief 
discussion here of the unique challenges of blood pressure 
evaluation and management in patients on maintenance 
HD. Paradoxically, low blood pressure in the HD popula-
tion, as opposed to high blood pressure, is associated 
strongly with risk of death.562 Explanation for this paradox 
is that low blood pressure acts as a potential indicator of 
underlying cardiac disease and poor nutritional status. To 
add further complexity, patients on dialysis whose systolic 
blood pressures rose from less than 120 mm Hg before 
dialysis by more than 10 mm Hg during dialysis had a higher 
mortality rate.712 Pulse pressure (the difference between sys-
tolic and diastolic pressure), in contrast to absolute blood 
pressure levels, may be a better predictor of mortality in the 
HD population.713

The management of blood pressure in the HD popula-
tion is complicated by the vast variation in predialysis, intra-
dialytic, postdialysis, and interdialytic blood pressures in any 
given patient and their clinical significance.714,715 Peridialysis 
blood pressures are influenced significantly by volume 
status and correlate less well with mortality risks than inter-
dialytic blood pressures. Ambulatory blood pressure moni-
toring may yield a more realistic picture of blood pressure 
control and offer more prognostic information,716,717 but 
because of its cost and inconvenience to patients, combin-
ing intradialytic blood pressure values with both predialysis 
and postdialysis blood pressure measures may be a good 
predictor of overall blood pressure status.718

The pharmacologic approach to management of blood 
pressure has been presented and applies to the HD popula-
tion, although a small randomized study comparing antihy-
pertensives administered thrice weekly in HD patients with 

trigger an increased rate of apoptosis of VSMCs, which then 
leads to vascular calcification.682

The exact signals responsible for inducing VSMC apop-
tosis have yet to be identified. Serum phosphorus, calcium, 
and PTH concentrations correlate with the degree of vascu-
lar calcification, making control of phosphorus and PTH 
levels and avoidance of calcium logical targets for reducing 
cardiovascular risk.674,678 Use of calcium-free phosphorus 
binders ameliorated vascular calcification in some 
studies683,684 but not others,685,686 and did not appear to be 
associated with lower rates of all-cause or cause-specific 
(infectious or cardiovascular) mortality in HD patients than 
calcium-containing binders.687,688 In addition, a prospective 
cohort study of more than 10,000 patients found that those 
who received phosphorus binders during the first 90 days 
of HD therapy had a lower 1-year all-cause mortality than 
those not taking binders689 regardless of the type of binder 
and the serum phosphate concentration. Similarly, improved 
control of hyperparathyroidism with cinacalcet in patients 
on dialysis690 and with paracalcitol in patients with CKD691 
did not significantly reduce mortality or morbidity, although 
off-protocol use of the study drug in control subjects may 
have reduced the power of these studies to detect significant 
differences.692 Clearly, additional controlled trials address-
ing the effect of phosphate and/or PTH control with differ-
ent classes of phosphate binders and PTH-lowering agents 
on hard clinical end points are needed.

CALCIFIC UREMIC ARTERIOLOPATHY
Calcific uremic arteriolopathy (CUA), previously referred 
to as “calciphylaxis,” is a devastating condition characterized 
by painful ischemia of the skin and subcutaneous tissues, 
manifesting as symmetric, violaceous patches early on and 
progressing more commonly to subcutaneous plaques as a 
result of infarction693 and less so to necrotizing, nonhealing 
skin ulcers.694-697 The name suggests a connection to substan-
tial kidney impairment, but rarely, cases are seen in non-
uremic patients.698 Lesions tend to occur in areas of high 
adipose content and more commonly involve the abdomi-
nal wall, breasts, buttocks, and thighs, but they can develop 
on the calves and forearms as well as the hands, feet, and 
face. When the lesions are isolated to more distal sites, the 
prognosis may be better than with predominant involve-
ment of proximal areas.699,700 Pathologically, subcutaneous 
calcification with ischemic epidermolysis is the common 
lesion but it must be distinguished from conditions that 
cause necrosis with secondary calcification. The presence of 
diffuse calcification of the media and internal elastic lamina 
of small to medium-sized arteries and arterioles with atrophy 
of smooth muscle cells is an important diagnostic finding; 
only rarely are the vessels totally occluded.694,695,697,701 Because 
of the poor healing associated with CUA, disagreement 
exists over the indications for skin biopsy.693

The pathogenesis of CUA is controversial.694-697 Recog-
nized risk factors include type 2 diabetes mellitus, obesity, 
female sex, white race, hyperphosphatemia, use of calcium-
containing phosphate binders and vitamin D, hyperparathy-
roidism, and the use of vitamin K antagonists (e.g., warfarin). 
The extent to which disorders of mineral metabolism con-
tribute to CUA is unclear, because severe cases appear to 
resolve after parathyroidectomy in some reports but not 
others, and PTH and phosphate values seem to be elevated 
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methods of treating water to allow detection and removal 
of these impurities.282,291,296

UREMIA-INDUCED IMMUNE DISORDER
The uremic milieu gives rise to both immune activation and 
immune deficiency, which contribute to the high risk and 
severity of infections, the reduced response to vaccines, a 
state of chronic inflammation, and, indirectly, cardiovascu-
lar disease.727-729 Both innate and adaptive immune systems 
are altered. Monocytes, neutrophils, and dendritic cells 
exhibit decreased endocytosis and impaired maturation  
but enhanced production of interleukin-12p70 (a T cell–
stimulating factor) and allogeneic T-cell proliferation.730 
The expression of Toll-like receptor 4, which detects lipo-
polysaccharides (LPSs) from gram-negative bacteria and 
leads to activation of the innate immune system, is reduced 
constitutively in infection-prone patients with CKD not yet 
on HD.731 Monocytes from these patients, when challenged 
with LPSs, demonstrate reduced synthesis of tumor necrosis 
factor-α and several interleukins. This relative acquired 
immune deficiency state from chronic immune activation 
leads to inflammation and also may explain the high failure 
rates of vaccinations in the HD population as well as the 
viral infections endemic in this population.728,729,732

INFECTIONS AND RESPONSE TO VACCINATION
Hepatitis viruses have presented management challenges in 
the HD population since maintenance therapy became 
available. The risk of hepatitis B transmission has been 
greatly reduced by less need for blood transfusions, common 
isolation procedures, and vaccination, although the hepati-
tis vaccine is less effective than in the general population, 
especially if administration is delayed until after initiation 
of dialysis.728,729,733 With the wane of hepatitis B, hepatitis C 
has been a major concern in HD clinics since the discovery 
that this virus explained much of the non-A, non-B hepatitis 
in patients on HD. The prevalence of hepatitis C is extremely 
variable depending on the location of the dialysis clinic and 
ranges from 4% to 70% worldwide.734 The natural history 
of the disease is also variable and depends on the severity 
of underlying liver disease and the presence or absence of 
known complications, such as hepatocellular carcinoma. In 
a large meta-analysis, the presence of anti–hepatitis C anti-
bodies was associated independently with a 34% increase in 
all-cause mortality.735 Treatment of hepatitis C in patients 
on HD is complicated by reduced renal excretion of the 
drugs used and their side effects. Although treatment with 
pegylated interferon and ribavirin has been controversial in 
HD recipients, later studies have demonstrated the critical 
importance of these two agents as well as some success.736-738 
Current recommendations to control hepatitis C transmis-
sion in the dialysis clinic include strict adherence to univer-
sal precautions, careful attention to hygiene and sterilization 
of dialysis machines, and routine serologic testing and sur-
veillance for hepatitis C infection, but they do not require 
isolation of the affected patient or dialysis machine.739

The prevalence of human immunodeficiency virus (HIV) 
in the HD population remains unknown because routine 
screening is not practiced. Estimates published in 2000  
by the CDC of rates of HIV infection and acquired immu-
nodeficiency syndrome (AIDS) in patients on HD were 
about 1.5% and 0.4%, respectively.740 There is substantial 

LVH suggested that atenolol was superior to lisinopril in 
reducing cardiovascular morbidity and all-cause hospitaliza-
tion.719 The role of volume regulation in controlling blood 
pressure complicates hypertension management in the HD 
population, and the challenge for nephrologists is to deter-
mine the optimal dry weight for each patient at which the 
blood pressure is controlled with the fewest medications 
and the patient can tolerate the ultrafiltration required to 
achieve that goal weight.720 Achieving optimal dry weight 
through more frequent HD treatments per week365 or 
through gradual, protocol-driven reduction in weight for 
patients receiving conventional thrice-weekly HD721 mark-
edly improves blood pressure control and supports volume 
regulation as a critical element in blood pressure manage-
ment (see also “Dialysis Duration and Frequency” section). 
Blood pressure control continues to be important, although 
the best method for establishing dry weight, the optimal use 
of antihypertensives, the target for blood pressure control, 
and the observed blood pressure “paradox” in dialysis 
require further research.714,715,720

IMMUNE DISORDERS AND INFECTION

Infection is the second leading cause of death and hospital-
ization for patients on maintenance HD, after cardiovascu-
lar disease, accounting for nearly one quarter of deaths and 
one third of hospitalizations.722,723 The mortality rate from 
sepsis may be as high as 300 times that of the general popu-
lation.724,725 One fifth of the infections are access related, 
with pulmonary, soft tissue, and genitourinary infections 
accounting for the rest.722,723 Likely reasons for the increased 
infection risk can be divided into two categories, those 
related to the HD treatment itself and those endogenous to 
the patient and the uremic milieu.

ROLE OF THE VASCULAR ACCESS AND 
HEMODIALYSIS PROCEDURE
Leading the factors related to the HD treatment is the uni-
versal presence of some form of vascular access. As discussed 
earlier, the use of catheters is a significant cause of sepsis in 
the HD population (see “Vascular Access” section).135,722 
Biofilm, which seems to develop on all indwelling artificial 
surfaces, appears to play an important role in the pathogen-
esis of these infections.726 Although indwelling catheters are 
clearly the major source of vascular access infection, the 
repeated percutaneous needle insertions required with AV 
access also contribute, with AV grafts implicated more fre-
quently than AV fistulas.86 Infections in AV grafts often 
require removal of the ePTFE graft.

The HD treatment itself presents a risk of bacterial or 
viral infection from the dialysis machine, the dialyzer, or the 
dialysate because of exposure to nonsterile water in the 
dialysate and through reuse (see “Water Treatment” section). 
In addition, microbe-generated impurities such as endotox-
ins in water may cross the dialyzer membrane and stimulate 
an endogenous inflammatory response. As discussed previ-
ously, strict standards have been established for purifying 
water, disinfecting HD machines, and handling dialyzers, 
particularly if reuse is practiced. Growing evidence suggests 
that impurities in the water may be a significant cause of the 
inflammatory responses in patients on HD,268 and efforts are 
under way to find more sensitive assays and improved 
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section).37,40,43 Hence, depression is another important 
health care issue that should be addressed by the primary 
care physician, the nephrologist, or, optimally, both. It is 
paramount that nephrologists know whether each patient 
has a primary care physician and communicate regularly 
with this physician.

COMPLICATIONS FOR PATIENTS ON 
MAINTENANCE HEMODIALYSIS

In light of the physiologic events occurring during a routine 
3- to 4-hour HD treatment and the more than 300,000 
patients undergoing 50 million treatments per year in the 
United States alone, the severe adverse events that actually 
develop during treatments are remarkably infrequent. The 
safety of the treatment is largely attributable to improved 
water treatment, more physiologic dialysate, and improve-
ments in the equipment and procedures used to perform 
HD. Despite the obvious absence of readily available techni-
cal help, home HD is safe with infrequent adverse events, 
but when adverse events occur, careful re-evaluation of poli-
cies and procedures is important.752

HYPOTENSION

To maintain sodium and water balance, excess fluid must 
be removed during HD. The amount of fluid to be removed 
depends largely on residual urine output and interdialytic 
sodium and fluid intake and contributes to the frequency 
of hypotensive events, in conjunction with female gender, 
older age, and compromised heart function. Depending on 
the definition used, the population studied, and the era of 
the report,467,753 hypotensive events may occur in 15% to 
30% up to 50% of treatments. Additional discussion of this 
topic from a more technical perspective is available in  
the “The Dialysis Prescription” and “Computer Controls” 
sections.

ULTRAFILTRATION
For successful ultrafiltration, vascular refilling of the intravas-
cular compartment from the extravascular space must occur. 
To avoid hypotension, both heart rate and total systemic 
vascular resistance increase during fluid removal. Both of 
these processes may be affected adversely by the diffusion 
that also occurs during HD, acting to reduce intravascular 
osmolarity (see later) and transfer heat from dialysate to the 
patient. A physiologic response to heat transfer is vasodila-
tion, which counteracts the corrective response to intravas-
cular volume reduction.

DIALYSATE FACTORS
As discussed in the “Dialysate Composition” section, tech-
nologic advances that allow replacement of acetate with 
bicarbonate as a source of base in the dialysate reduced 
hypotension during HD. However, debate continues as to 
the appropriate sodium and calcium concentrations in 
dialysate.

During HD, solute removal decreases the plasma osmolal-
ity and favors a shift in volume from the intravascular to the 
extravascular space. This volume loss is additive to the loss 
from ultrafiltration and may be reduced by using a dialysate 

experience with the treatment of HIV and AIDS in the HD 
population,741 and the survival of patients on HD who are 
infected with HIV improved significantly during the latter 
half of the 1990s.742

Pneumonia is a particularly common infection in the HD 
population, with an incidence of 21% within 12 months of 
starting dialysis in an analysis of more than 289,000 incident 
patients.743 More than 80% of patients diagnosed with pneu-
monia have no specified microbial etiology, and nearly half 
die over the subsequent 12 months.743,744 Although the con-
tribution of pneumococcal pneumonia to the incidence and 
mortality of pneumonia in HD patients is unclear, adminis-
tering the pneumococcal vaccine to such patients may be 
prudent in light of the very high mortality rate. However, 
because of the reduced acquired immunity, patients on HD 
may have an impaired antibody response to vaccines, and 
measurable antibody levels may wane quickly,745 raising the 
question about the best approach for revaccination.

Current recommendations are for all patients on dialysis 
to receive the full vaccine series for hepatitis B, the  
pneumococcal vaccine, the appropriate seasonal influenza 
vaccine, and the H1N1 flu vaccine when recommended by 
the CDC. Although impaired immunity may contribute to 
the low rate of seroconversion and the need for revaccina-
tion, studies also reveal a low rate of adherence to vaccina-
tion recommendations. For example, in a survey of 683 
dialysis clinics, only 44% of the patients had received the 
pneumococcal vaccine.746 The low adherence rate may be 
due to the paucity of data supporting the efficacy of vaccina-
tions in the HD population.747 The observed poor response 
rate to hepatitis B vaccine in the HD population mandates 
vaccination as early in the course of CKD as possible, careful 
follow-up, and revaccination when indicated. Appropriate 
surveillance for hepatitis B should continue, with booster 
vaccination for low titers of anti–hepatitis B surface antigen. 
Vaccination for herpes zoster infection is now available to 
minimize the impact of zoster infections, particularly in 
elderly adults,748 although its use has been limited world-
wide even in the general population.749 New approaches to 
vaccination and to prevention of infections in the HD popu-
lation are needed, because mortality and morbidity in the 
HD population from infections remain high with current 
practice.

PRIMARY CARE MANAGEMENT

In providing care for patients on HD, nephrologists must 
address numerous management issues related to the disease 
or the treatment itself. However, patients on HD need 
routine preventive health care just like the general popula-
tion, including routine surveillance services such as colonos-
copy. Of 158 patients surveyed in a suburban HD clinic, only 
56 had a primary care physician, and patients just starting 
HD were more likely to have a primary care physician than 
those who had been receiving HD for more than a year.750 
A Canadian survey demonstrated the importance of com-
munication among family physicians, nephrologists, and 
patients, because duplication or omission of important 
health care services was common.751

Serious clinical depression is an underrecognized illness 
in HD patients and correlates strongly with mortality  
and morbidity (see also “Transition from CKD Stage 5” 
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prolonging treatment duration, and providing more fre-
quent dialysis756,757 also may ameliorate intradialytic hypo-
tension, especially in the hypotension-prone patient. In 
addition to offering greater hemodynamic stability during 
dialysis, lowering the dialysate temperature may reduce 
dialysis-induced left ventricular dysfunction and myocardial 
stunning.258,758 Patients with persistent hypotension despite 
these maneuvers or with autonomic insufficiency may have 
a response to midodrine, an oral α1-adrenergic agonist, at a 
dose of 5 to 10 mg given 30 to 60 minutes before HD. 
However, the risk for supine hypertension has led the U.S. 
Food and Drug Administration (FDA) to place an interim 
“black-box” warning on midodrine’s packaging; its eventual 
fate will depend on the results of ongoing trials to deter-
mine its efficacy.755,759

Antihypertensive and pain medications render patients 
more susceptible to hypotension during HD,467 especially 
the shorter-acting antihypertensive medications, which 
should be avoided before HD if possible. Longer-acting anti-
hypertensive medications are preferred and should be taken 
daily at the same time, to coincide with time after dialysis 
on treatment days. The challenge is to control the blood 
pressure while allowing a safe HD treatment.

Other tools to improve ultrafiltration tolerance include 
sequential ultrafiltration470,760 and computer-controlled 
ultrafiltration modeling. Separating filtration from diffu-
sion may improve hemodynamic tolerability760 but is diffi-
cult to achieve in the outpatient setting because of time 
constraints. Advances in technology now allow continuous 
monitoring of intravascular volume and/or sodium concen-
tration with automated control of ultrafiltration rate but  
as yet have not solved this complication in HD, because  
most methods monitor relative and not absolute blood 
volume.227,228,230,237,761

DIALYSIS DISEQUILIBRIUM SYNDROME

The occurrence of severe dialysis disequilibrium syndrome, 
characterized by mental status changes, generalized sei-
zures, and coma, has declined, in part because of earlier 
initiation of maintenance HD.762,763 A milder form of the 
syndrome, with much less dramatic symptoms including 
nausea and vomiting, headaches, fatigue, and restlessness, 
is still evident.

The etiology for the disequilibrium syndrome is likely 
multifactorial, but the major suspect is the rapid reduction 
in solute levels over a relatively short time.763,764 Animal 
studies suggest that a transient urea concentration gradient 
may be created between plasma and the cerebrospinal fluid 
(CSF) during dialysis,762,763 which is exacerbated in uremia 
because of a reduced expression of urea transporters com-
bined with an increased expression of aquaporins in the 
brain.765 The resulting delay in urea egress and enhance-
ment of water uptake increase water influx into brain cells 
during dialysis and promote brain swelling. In addition, 
provision of bicarbonate in the dialysate may lead to para-
doxic acidosis in the CSF through diffusion of carbon 
dioxide across the blood-brain barrier, further compromis-
ing the ability of the brain to regulate solute and water 
transport.762,763

Awareness of the potential for disequilibrium is critical 
when patients are started on maintenance HD. As noted, 

sodium of 140 mEq/L. With this approach, however, most 
patients complete dialysis with a higher sodium level, espe-
cially because the predialysis serum sodium levels tend to 
be lower than 140 mEq/L consistently, leading to thirst, 
greater fluid gains, and more intradialytic symptoms. 
Sodium modeling protocols, with the dialysate sodium pro-
grammed to start high and decrease throughout the treat-
ment, were designed to prevent a positive sodium balance 
but still resulted in higher interdialytic weight gains and 
hypertension.244,248,249,251,252,754 A more individualized dialysis 
prescription with dialysate sodium approximating the 
endogenous sodium level may be preferred.244

Dialysate calcium concentration is no less controversial. 
A dialysate calcium concentration of 3.5 mEq/L may 
improve cardiac function and reduce hypotension during 
HD but may also accelerate vascular calcification. In the 
United States, dialysate calcium concentration is typically set 
at 2.25 to 2.5 mEq/L, but some authorities have recom-
mended an individualized approach to dialysate calcium 
prescription to include modeling protocols.447,448

MANAGEMENT
The first approach to managing hypotension during HD is 
to establish the pattern of the hypotensive episodes. Isolated 
episodes of hypotension may not require any alteration in 
the dialysis prescription other than treating the acute event. 
Modest declines in blood pressure are addressed by tempo-
rary reduction in the ultrafiltration rate alone or in combi-
nation with placing the patient in a supine or Trendelenburg 
position. For significant hypotension, the preceding maneu-
vers should be combined with fluid replacement, usually 
100 to 250 mL of normal saline and sometimes albumin or 
mannitol. In most patients the response is quick, but if 
blood pressure does not improve after several minuets or 
continues to decrease, a second saline bolus should be 
given. When an episode does not reverse quickly, the dialysis 
staff must consider more complex causes for the event such 
as myocardial injury or pericardial disease, administer 
oxygen, and reduce the blood flow. Persistent hypotension 
requires discontinuation of the treatment.

Preventing further episodes of hypotension becomes the 
goal after the acute episode has resolved. The timing of the 
episode within the treatment may provide some insight into 
a prevention strategy. Hypotension that occurs late in the 
treatment may reflect a fluid removal goal that is either 
incorrect or excessive, and the patient should be carefully 
evaluated to reassess the ideal postdialysis weight. No simple 
method exists to determine the ideal dry weight, and the 
utility of the physical examination for this purpose is ques-
tioned.467 More technical tools that estimate total body water 
are not readily available and do not yield an exact dry 
weight, although BIA shows promise and may become easier 
to use and more accurate in the future.

Not infrequently, the target weight may be correct but  
the interdialytic fluid gain is too large to remove during 
 a single treatment in the time allotted. In this circumstance, 
the hypotensive episode may occur earlier in the treatment 
because vascular refilling cannot match the required  
ultrafiltration rate. The focus in such a case must be reduc-
tion of sodium and water intake, although lowering  
the dialysate sodium concentration to prevent a positive 
sodium balance,244 reducing dialysate temperature,257,259,755 

http://www.myuptodate.com


 CHAPTER 65 — HEMODIAlySIS 2107

in serum calcium, magnesium, and pH may also contribute 
(see “Dialysate Composition” section). The challenge 
resides in the need to remove sufficient potassium while 
avoiding critical reductions in extracellular potassium and 
is complicated further with the use of digoxin to manage 
patients with arrhythmias or congestive heart failure. In 
patients at risk, programmed potassium removal during 
dialysis (potassium “modeling”) may be advantageous.442

Cardiac arrest may be the most concerning occurrence in 
an outpatient HD clinic. One center reported 102 cardiac 
arrests over a 14-year period with the vast majority occurring 
during treatment; 72 of the episodes were related to ven-
tricular tachycardia.770 Although the availability of easy-to-
use external defibrillators may have a positive impact on the 
outcomes of such arrests, the 1-year survival rate is poor, at 
15%.770 Internal defibrillators still leave HD recipients with 
a 2.7-fold higher risk of death than patients in the general 
population with the devices.771,772

In addition to ventricular arrhythmias, atrial arrhythmias 
and frank cardiac ischemia may occur during HD. Atrial 
fibrillation is common in patients on HD with a prevalence 
rate of 13% to 27%. Compared with the general population, 
patients receiving dialysis could theoretically benefit more 
from anticoagulation because of the higher risk of stroke 
from atrial fibrillation, but they also experience more bleed-
ing complications, complicating management decisions and 
requiring individualized risk/benefit analysis.773 Ischemia 
occurs during dialysis even in the absence of chest pain, as 
demonstrated by the release of troponin during HD, the 
onset of regional left ventricular dysfunction on echocardio-
gram, and reduced myocardial blood flow on positron emis-
sion tomography.235,628,629,768,774 Ultimately, such alterations in 
myocardial blood flow lead to myocardial stunning, and the 
HD procedure itself may contribute significantly to overall 
cardiac mortality.

PERICARDIAL DISEASE
Pericardial disease is a well-recognized complication in 
patients with ESKD. Before the availability of renal replace-
ment therapy, Bright found postmortem evidence for peri-
cardial disease in 8% of patients with uremia and concluded 
that pericarditis is a complication of terminal uremia.775 
Occasionally, pericarditis develops in patients with stage 5 
CKD before they start dialysis, likely because of an inappro-
priate delay in therapy. Pericarditis that occurs within 8 
weeks of initiation of dialysis is considered “uremic” disease 
and requires intensification of dialysis.776 Pericarditis in 
patients on maintenance HD is likely multifactorial and may 
not be directly attributable to uremia because most patients 
are receiving sufficient solute clearance to avoid uremic 
complications. However, some patient characteristics (e.g., 
catheter as vascular access, recirculation within a graft or 
fistula, larger body size, poor adherence or early “sign-off”) 
are associated with pericarditis in spite of the provision of 
hemodialysis; in these patients, an intensification of hemo-
dialysis (i.e., longer session length or more frequent ses-
sions) is reasonable. In other patients receiving dialysis, 
pericarditis does not respond to more frequent dialysis and 
is likely related to another condition (e.g., viral infection or 
autoimmune disease).777 Complications of pericarditis in 
patients receiving dialysis include cardiac tamponade and 
constrictive disease. Approaches to treating pericarditis that 

timely initiation of dialysis is the key to preventing this syn-
drome. Several maneuvers can be used to reduce clearance 
and hence the risk for disequilibrium during the first two 
or three HD treatments: (1) using a dialyzer with a small 
surface area; (2) maintaining a low blood flow rate through-
out the treatment; and (3) reducing or using cocurrent  
(vs. countercurrent) dialysate flow. Increasing dialysate 
sodium concentration or administering mannitol may also 
help prevent disequilibrium.762,763 If an acute, serious event 
with significant mental status changes or seizures occurs, 
immediate termination of treatment and use of mannitol 
are recommended.

MUSCLE CRAMPS

Unfortunately, muscle cramps occur frequently during HD 
as well as in the interdialytic period, are quite painful, and 
reduce health-related quality of life. The cause is not well 
understood. Cramps occurring during HD may be related 
to excessive or too rapid fluid removal with or without simul-
taneous hypotension but may also be triggered by electro-
lyte shifts. Accumulation of as yet unidentified uremic 
solutes may predispose to interdialytic muscle cramps.

No clear method or agent universally prevents or reduces 
the frequency of painful cramping during HD, but strategies 
targeting ultrafiltration rate may be effective in reducing 
cramps, depending on the pattern of onset. When muscle 
cramps precede or occur during hypotensive episodes, 
giving careful attention to ultrafiltration rates, reassessing 
dry weight, increasing the frequency or duration of dialysis, 
or educating the patient to reduce interdialytic fluid gains 
can prevent cramps in some cases. A variety of agents may 
reverse intradialytic muscle cramps, including normal saline 
as a bolus, hypertonic (23%) saline infusion in small 
volumes, and 50% dextrose solution, with normal saline 
being the most commonly used. l-Carnitine deficiency has 
been proposed as a cause of intradialytic muscle cramping, 
and a meta-analysis suggested that administration of 
l-carnitine may be beneficial.766 Quinine was often pre-
scribed in maintenance HD recipients to treat intradialytic 
as well as nocturnal cramps in past years, but the occurrence 
of adverse events and controversy over its effectiveness led 
the FDA to remove quinine from the over-the-counter 
market, restrict its availability, and place a “black box” 
warning against its use for muscle cramps on its packaging. 
Vitamin E has been suggested as a viable alternative despite 
its variable efficacy.767

CARDIAC EVENTS

ARRHYTHMIA, MYOCARDIAL STUNNING,  
AND DEATH
Underlying cardiac disease with LVH, coronary vascular 
disease, and disordered calcium and phosphate metabolism 
with possible calcific deposits in the conduction system pre-
dispose patients to arrhythmias and even cardiac arrest 
during HD.768,769 The high propensity for arrhythmias is 
partly attributable to the HD-induced shifts in solute from 
cellular and extracellular fluid, especially when the removal 
rate exceeds the ability of the solutes to diffuse out of the 
intracellular compartment. Alterations in serum potassium 
during dialysis may be the major factor, although changes 
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with nonsterile dialysate, and pyrogenic reactions may 
ensue. The HD machine is designed to detect such blood 
leaks, signal an alarm, and turn off the blood pump to stop 
dialysis. The dialysis staff must test the dialysate directly to 
confirm the blood leak, because administration of cyanoco-
balamin may trigger the blood leak alarm in some dialysis 
machines.782

Intradialytic hemolysis likely occurs to some degree 
during every HD treatment because of mechanical trauma 
to RBCs.783 More profound acute hemolysis during dialysis 
may result from mechanical problems such as defective 
dialysis tubing and roller pumps,784 which lead to excessive 
RBC fragmentation; improper proportioning of the dialy-
sate concentrate, which leads to osmotically induced hemo-
lysis; overheating of the dialysate; and contamination of 
dialysate from chemicals such as formaldehyde, chlora-
mines, bleach, and copper. This degree of hemolysis will 
likely trigger the blood alarm, and patients may experience 
chest tightness, back pain, and shortness of breath with 
acute pigmentation of the skin.785 In such an event, 
treatment should be discontinued immediately without 
returning the blood to the patient, and serum potassium 
concentration should be determined. The diagnosis can be 
confirmed by assaying for free Hgb and examining the 
peripheral smear. The dialysate should be screened for con-
taminants, and the blood tubing inspected to determine the 
proximate cause.

THE FUTURE OF RENAL  
REPLACEMENT THERAPY

HD has been called the most successful medical treatment 
to be introduced during the past century. In contrast to 
antibiotics, considered by some to be equal to or greater in 
scope and success, HD always works. It gives indefinite and 
useful life to anephric persons otherwise facing certain 
death, usually within a few days. Were it not for the onus of 
unending dependency on a machine, dialysis therapy would 
have been considered an unequivocal winner in this best 
therapy contest. The real and psychologic burden of treat-
ment has been greatly relieved over the past four decades 
but not eliminated, and in later years, the real burden has 
actually increased for those seeking the benefits of more 
frequent treatments. For many of these patients, improve-
ment in health-related quality of life and overall well-being 
seem to outweigh the increased burden, leading investiga-
tors to pursue more objective evidence to sway providers of 
dialysis therapy. In addition to reducing the burden, the 
challenges of the future include controlling the accessible 
risks—including reducing cardiovascular disease, prevent-
ing vascular access infections, and managing the legacy of 
comorbid conditions that affect every patient as he or she 
initiates long-term dialysis therapy. These conditions differ 
for each patient, and most require additional and varied 
treatments that cannot be delivered in the dialysis clinic 
itself. The physician must partner with multiple specialists, 
including primary care physicians, who must not be afraid 
to manage the special needs of dialysis recipients.

One of the challenges is the sheer number of patients in 
need of kidney replacement. The ever-growing population 
with CKD in the United States and worldwide who are likely 

does not improve with intensification of dialysis range from 
antiinflammatory medication (both systemic and intraperi-
cardial) to surgery when pericardial disease leads to hemo-
dynamic compromise.777

REACTIONS TO DIALYZERS

Historically, reactions to hemodialyzer membranes or resid-
ual sterilants frequently occurred during the HD treatment. 
The classic “first-use” syndrome occurs early in the treatment 
when a dialyzer is used for the first time, resembles an ana-
phylactic episode, and can result in profound hypotension 
and death. These reactions are likely caused by immuno-
globulin E (IgE) antibodies to ethylene oxide, a sterilizing 
agent that leaches out slowly from the potting compound, 
which acts as a reservoir (see also “Hemodialyzers” section).778

The advent of more biocompatible membrane material, 
careful rinsing of the dialyzer before each dialysis session, 
and availability of nonchemical methods to sterilize dialyz-
ers has greatly reduced the frequency of these events. Newer 
synthetic membrane materials such as polyacrylonitrile and 
polysulfone cause less complement activation and are better 
tolerated. However, one specific membrane, polyacryloni-
trile (AN69), confers a unique risk when used in patients 
receiving ACE inhibitors. Bradykinin that is stimulated by 
AN69-induced activation of Hageman factor accumulates in 
the presence of ACE inhibitors (ACE degrades bradykinin) 
and predisposes to episodes of hypotension.779,780 The dif-
ferential diagnosis for reactions to dialyzers includes sensi-
tization to sterilants with IgE antibodies directed against 
ethylene oxide or formaldehyde and exposure to contami-
nated water used to reprocess the dialyzer or to prepare the 
dialysate (see “Water Treatment and Reuse” section). Treat-
ment of patients with any severe suspected dialyzer reaction 
includes saline for hypotension, epinephrine for severe 
reductions in blood pressure, urgent cessation of HD 
without blood return, and possibly corticosteroid use.

OTHER COMPLICATIONS

Hypoglycemia is a rare event during HD because of the 
common use of dialysate with a glucose concentration of 
100 to 200 mg/dL. When it is observed, reduction of predi-
alysis insulin dose may be warranted. Studies now suggest 
that dialysate glucose concentrations greater than 100 mg/
dL predispose to hyperglycemia and increased vagal tone in 
patients with diabetes, possibly contributing to intradialytic 
hypotension.461,781

Hemorrhage during dialysis is an obvious risk, given the 
need for anticoagulation in most patients. When hemor-
rhage occurs, the high blood flow rates necessary for HD 
further raise the risk of a serious event. Mechanical events 
such as blood tubing disconnection and needle displace-
ment are usually detected by safety technology within the 
HD machine (see “Components of the Extracorporeal 
Circuit” section) but rarely may be recognized too late, 
resulting in fatal blood loss. Exposure of the access during 
HD should be the practice in every clinic, increasing the 
likelihood that dialysis staff will promptly identify and 
address bleeding from the vascular access or blood circuit.

When the dialyzer membrane separating blood from 
dialysate is disrupted, the patient’s blood is contaminated 
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HD recipients. Sorting out the relative roles of solute toxic-
ity, fluid balance, and unrelated comorbidities remains a 
major challenge for the next generation.
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PERITONEAL MEMBRANE ANATOMY  
AND STRUCTURE

The peritoneum, a serous, semipermeable membrane com-
posed of a thin layer of connective tissue covered by a meso-
thelial cell monolayer covers most of the abdominal wall 
and intraabdominal organs. This mesothelium derives from 
mesenchymal cells that form a basement membrane and 
develop tight junctions and desmosomes.1 At the peritoneal 
cavity side, the mesothelial cells have abundant cytoplasmic 
extensions (microvilli), which have anionic fixed charges, 
and play a role in the transmembrane transfer of small 
charged molecules as well as plasma proteins.1-5 The surface 
area of the human adult peritoneum is variable and ranges 
from 1.6 to 2.0 m2, yet mesothelial microvilli seem to 

increase effective peritoneal surface up to 40 m2.6 Loss of 
microvilli is a common morphologic change of the perito-
neal membrane in patients receiving peritoneal dialysis 
(PD). When the peritoneal membrane is injured and  
mesothelial cells are undergoing apoptosis, surface anionic 
charges are reduced.7

The peritoneal microvessels and mesothelium are thought 
to function by either a two- or three-pore size model of 
capillary permeability.8-10 The three-pore model pore sizes 
are: more than 150 Å for large pores, up to 40 to 45 Å for 
small pores, and 2 to 5 Å for ultra-small pores. The main 
pathway for exchanges across the microvascular wall is the 
junctions between capillary endothelial cells.

Mesothelial cells of the peritoneum have glucose trans-
porters that play an active role in solute transport.11 In addi-
tion, mesothelial cells express aquaporin channels, which 
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endothelial level, transcellular water transport was con-
firmed, and a significant proportion of water transport is 
now known to flow through these ultra-small transcellular 
pores.35,36

PERITONEAL TRANSPORT PHYSIOLOGY

In PD, solute transport occurs through both diffusion and 
convection. Diffusion takes place from the presence of a 
concentration gradient across a semipermeable membrane. 
The first law of Fick (the transfer rate of a solute is  
determined by the diffusive permeability of the membrane 
to that solute, the surface area available for transport,  
and the concentration) governs diffusion across the perito-
neal membrane. A second mechanism that plays a role in 
solute transport is convection, which takes place during 
ultrafiltration. This type of transport is determined by  
the mean concentration of the solute, water flux, and the 
specific solute reflection coefficient of the membrane.37 
An important factor that influences transport across the 
peritoneal membrane is the effective surface area available 
for this process to happen, which is strongly determined  
by the number of capillaries and the proportion of the 
peritoneal membrane in contact with the dialysate. In addi-
tion, the peritoneal membrane has a defined intrinsic per-
meability, which determines the ability of solutes to be 
transported.38,39

The peritoneum poses several barriers to solute trans-
port.40,41 Peritoneal capillaries are the main barrier. A two-
pore theory proposed the presence of abundant small 
pores, 40 to 50 Å, and few larger pores, up to 150 Å.42 
The presence of transcellular (endothelial cells) ultra-small 
pores (aquaporin-1 channels, 3 to 5 Å), through which 
around 50% of the transcapillary ultrafiltration occurs, has 
been confirmed.36,43 This development led to the proposal 
of a three-pore model, in which around 50% of the trans-
capillary ultrafiltration occurs through aquaporin-1 chan-
nels and the remaining mostly through small pores.44-46 The 
interstitium constitutes a significant barrier to water and 
solute transport across the peritoneal membrane.47-49 
In order to describe the kinetics of water and solute move-
ment during PD, several distributed models have been 
proposed.48,50-53

Solute transport over time is highly dependent on the 
ultrastructural characteristics of peritoneal capillaries. 
Transport of low-molecular-weight (LMW) and medium-
molecular-weight (MMW) solutes depends mostly on their 
size and the surface area available for transport and to a 
lesser degree on changes in the permeability of the perito-
neum.54,55 Transport of larger molecules is size-selective; 
therefore it depends on several variables, including effective 
membrane surface area, permeability of the membrane 
itself, and importantly, the molecular size of the solute.44,56 
Although in animal models the anionic negative charge  
at the peritoneal barrier may restrict macromolecular  
clearance, this finding has not been demonstrated in 
humans.4,56-58 In order to calculate the mass transfer area 
coefficient (MTAC), which is the theoretical instantaneous 
maximal clearance at time 0 without ultrafiltration, models 
of variable complexity have been proposed.53,59 For PD clini-
cal practice, simple procedures that correlate appropriately 

correspond physiologically to the ultra-small pores. These 
channels may be modulated by diverse types of stimuli,  
both osmotic and non-osmotic.10 Desmosomes have also 
been observed near the cellular luminal front and gap 
junctions.12,13

Mesothelial cells with stomata of 4 to 12 µm that com-
municate between the abdominal cavity and the submeso-
thelial diaphragmatic lymphatics have been demonstrated.14-16 
Transport through this pathway of very large particles, as 
large as red blood cells (RBCs), malignant cells, bacteria, 
and others, have been demonstrated.17,18 Actin-like fila-
ments of stomatal mesothelial cells, their channels, and lym-
phatic endothelial cells induce cell contraction and allow 
the passage of macromolecules and cells.

Under the mesothelial cell layer of the peritoneum there 
is a monolayered structure called the basement membrane, 
which has anionic charges along both the lamina rara 
externa and lamina rara interna.1,3,19 After long-term treat-
ment with PD this submesothelial basement membrane may 
be duplicated; this phenomenon may also be induced by 
cell death and by a local environment exposed to a high 
glucose concentration.20,21

The peritoneal interstitium (variable in thickness from  
1 to 30 µm) is composed mainly of fibroblasts, collagen 
fibers, and an amorphous proteinaceous substance (glycos-
aminoglycans, mainly hyaluronic acid) that displays anionic 
charges. Additionally, macrophages and mast cells are often, 
and monocytes rarely, present in this structure.3,22 Solute 
transport across the interstitial tissue is modified by diverse 
factors including thickness of the interstitium in that spe-
cific site as well as molecular weight, shape, and electric 
charge of the molecule.23,24 To modulate the flow of water 
from plasma to lymph and to prevent interstitial edema, the 
local interstitial pressure is usually low and, at times, nega-
tive (0 to −4 mm Hg).25,26 Transfer of small solutes along the 
interstitium is in general diffusive, and convective transport 
contributes in the parietal peritoneum.27 Intraabdominal 
pressure plays an important role in the movement of fluid 
from the cavity to the interstitium. During PD, a positive 
intraabdominal pressure between 4 and 10 cm H2O drives 
fluid and solutes from the cavity to the interstitium,  
and fluid loss is directly proportional to intraabdominal 
pressure.28

A thin basement membrane of the endothelial capillaries 
separates them from the connective tissue of the intersti-
tium. Capillaries with fenestra are present in the perito-
neum, and these structures as well as intercellular junctions 
play an important role in their permeability.29,30 Tight junc-
tions (zonula occludens) link the endothelial cells in a 
monolayer structure.31 In addition, the arteriolar endothe-
lium typically exhibits gap junctions. There is significant 
controversy about which is the main pathway for water as 
well as for small and large solutes across the peritoneal 
membrane. Although some writers consider the intercellu-
lar cleft the main pathway, others believe that tight junctions 
offer a paracellular barrier that regulates movement of 
water, solutes, and even immune cells between the intersti-
tial space and the microvascular compartment.32-34

When the presence of aquaporin-1 channels was  
demonstrated, it was clear that water transport occurs 
through several pathways. In addition to its transport via the 
paracellular pathway through intercellular junctions at the 
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there is a large interindividual variability in the efficiency of 
transfer of solutes and water across the peritoneal barrier 
and that in a significant proportion of individuals the effi-
ciency changes over time with exposure to PD solutions.61,68 
Hence, it is imperative to characterize the peritoneal solute 
and water transfer rate to individualize the dialysis prescrip-
tions. This is often done at the time of start of PD and is 
repeated if clinically indicated.

Several approaches have been developed to characterize 
the rate of solute and water transfer in patients undergoing 
PD. These include the peritoneal equilibration test (PET), 
the standard permeability analysis (SPA), the peritoneal 
dialysis capacity (PDC) measurement, and the dialysis ade-
quacy and transport test (DATT).61,67,69,70 Each of these tests 
allow for a standardized assessment of solute transfer and 
ultrafiltration capacity of the peritoneum, information that 
is critical to fashioning effective PD prescription (Table 
66.1). Often, this capacity as assessed by each of these tests 
is not the same as a precise measure of diffusion and convec-
tion across the peritoneum. Common to each of these 
approaches is that each step of the procedure is performed 
in a standardized way. This standardization is critical in 
ensuring the reproducibility of the results essential for its 
clinical application.

The PET is the most widely used assessment of peritoneal 
solute and water transfer rates because of overall ease of use 
and interpretation in day-to-day clinical practice. The key 
elements of the process that were standardized when the 
test was first described included having a long preceding 
overnight exchange (8-12 hours), method to completely 
drain the overnight exchange prior to start of test (sitting 
position, over 20 minutes), volume and concentration of 
dialysate instilled (2 L of 2.5% dextrose), rate of infusion 
(400 mL per 2 minutes; total infusion time, 10 minutes), 
total dwell time (240 minutes), timing of collection of dialy-
sate (0, 30, 60, 120, 180, and 240 minutes), time for veni-
puncture (120 minutes), and the way the results of the test 
are expressed (4-hour dialysate creatinine concentration to 
2-hour plasma creatinine concentration [D/P creatinine], 
and similar for other solutes; 4-hour to 0-hour dialysate 
glucose concentrations [D4/D0 glucose]; and ultrafiltration 

with MTAC have been developed. For example, a 24-hour 
clearance or a 4-hour dialysate/plasma (D/P) ratio of LMW 
solutes is clinically used to evaluate dialysis efficiency.60 
As described previously, diffusive transport accounts for 
removal of the large majority LMW solutes (e.g., potassium, 
urea, and creatinine), and convection represents a small 
proportion of solute transport.61,62

Peritoneal water transport is driven mostly through an 
osmotic gradient artificially generated by additives of the PD 
solution, such as glucose and icodextrin. The normal peri-
toneal membrane also presents a small and continuous 
amount of transcapillary ultrafiltration to the peritoneal 
cavity through differences in hydrostatic and colloid osmotic 
pressures and via small and ultra-small pores. Coupled to 
this transcapillary ultrafiltration is reabsorption of water 
from the peritoneal cavity through transcapillary back-
filtration and peritoneal lymphatics.63 Given these physio-
logic pathways of water transport, the net ultrafiltration 
achieved in a PD exchange is the balance between the trans-
capillary ultrafiltration into the cavity and back absorption 
through capillaries and lymphatics.

As already described, the osmotic reflection coefficient of 
a given dialysate solution determines its effectiveness to 
induce ultrafiltration. Large molecules such as proteins are 
not permeable and have a reflection coefficient of 1, whereas 
very small solutes have a reflection coefficient of 0 or close 
to 0. The reflection coefficient may differ according to the 
size of the pores; therefore that for glucose through “small 
pores” is very low and close to 0, while that through 
aquaporin-1’s ultra-small pores is very high (value of 1 and 
impermeable).64-66

Water transport during a standard glucose-based dialy-
sate can be described as follows61,63: When the dialysate is 
infused (time 0), glucose concentration in the dialysate is 
the highest and therefore, crystalloid osmotic pressure and 
ultrafiltration rate are also highest. Glucose is absorbed 
from the dialysate over time (almost two thirds of glucose 
content of a solution over a 4-hour period), and the crystal-
loid pressure and ultrafiltration diminish.67 Ultrafiltration 
volume accumulates within the peritoneal cavity and peaks 
at the time of osmotic equilibrium between serum and dialy-
sate. This diminution takes place along with a progressive 
reduction in transcapillary ultrafiltration rate, to the point 
at which it is equal to the lymphatic rate and back absorp-
tion rate of the capillaries. From then on and if the lym-
phatic and back absorption rates exceed the transcapillary 
ultrafiltration rate, intraperitoneal volume diminishes. 
Patients display individualized transport characteristics that 
can be explored with a clinical peritoneal transport test (see 
following section).61

EVALUATION OF PERITONEAL  
TRANSFER RATE

In patients with end-stage kidney disease (ESKD), mainte-
nance dialysis allows for the removal of solutes and water 
that would otherwise be excreted by the kidneys. The effi-
ciency of solute and water removal depends, in part, on the 
characteristics of the dialysis membrane. In patients treated 
with PD, the naturally occurring peritoneal barrier serves as 
the dialysis membrane. It has long been recognized that 

Table 66.1  Parameters Obtained from 
Standardized Tests to Evaluate 
Peritoneal Membrane Function

Test Solute Fluid Removal

Peritoneal 
equilibration test

D/P creatinine,  
Dt/D0 glucose

Drain volume

Standard permeability 
analysis

Mass transfer 
area coefficient, 
creatine

Drain volume
D/P sodium

Peritoneal dialysis 
capacity

Area parameter Ultrafiltration 
coefficient

Dialysis adequacy 
and transport test

24-hour D/P 
creatinine

24-hour drain 
volume

Dt/D0, ratio between dialysate concentrations of a solute at a 
particular dwell time (t) and zero dwell time; D/P, ratio of 
dialysate concentration to plasma concentration for a solute.

http://www.myuptodate.com


2114 SECTION X — DIALYSIS AND EXTRACORPOREAL THERAPIES

dwell times with a cycler at night and extreme care in limit-
ing long dwells with dextrose-based solutions. The long 
dwells can be optimized with either complete or partially 
“dry” days in individuals with significant residual kidney 
function (RKF), or with addition of day exchange or icodex-
trin in individuals without RKF.

In addition, a large number of studies have examined the 
association of peritoneal solute transfer rate with meaning-
ful patient outcomes. The preponderance of evidence 
seems to suggest that patients with a higher peritoneal 
solute transfer rate have a higher risk of death.90-95 The evi-
dence for other meaningful outcomes, such as risk of trans-
fer to hemodialysis or protein-energy wasting, is inconsistent. 
Several hypotheses have been put forth to explain the 
higher risk of death in high/fast transporters; they include 
a higher prevalence of protein-energy wasting from greater 
protein losses and/or suppression of appetite from greater 
absorption of glucose, systemic inflammation, or comorbid 
condition. However, there is an emerging consensus that 
the higher risk for death in high/fast transporters is from 
inadequate ultrafiltration with conventional PD prescrip-
tions, particularly with CAPD.96 Even though the risk is miti-
gated with use of automated PD with shorter nighttime 
dwells, it is not completely abrogated.97 Thus, care must be 
observed in the design of prescriptions that optimize fluid 
removal in high/fast transporters.

THE PERITONEAL CATHETER AND ACCESS

Successful PD therapy depends on permanent and safe 
access to the peritoneal cavity. A good catheter provides 
obstruction-free access to the peritoneum; additionally, it 
should not be a source of peritoneal infection. Mechanical 
catheter problems cause transfer to hemodialysis in nearly 
20% of prevalent PD recipients; peritoneal infections, which 
are often catheter-related, are responsible for another 30% 
to 50% of PD technique failures.98,99 Therefore, proper cath-
eter selection and placement are imperative to the success 
of PD.

Globally, the most widely used catheter is the standard 
Tenckhoff catheter, followed by the swan neck catheter.100 
Catheters are made of either polyurethane or silicone 
rubber. Polyurethane is a stronger material than silicone 
rubber that allows creation of a thinner catheter wall, result-
ing in a larger catheter lumen, which in turn allows faster 
flow rates (3.1 mm internal diameter for polyurethane vs. 
2.6 mm for traditional silicone). Some manufacturers have 
begun offering larger-diameter silicone catheters in some 
countries (e.g., Flex-neck catheter, Cardiomed). Polyure-
thane catheters, which are most often found outside the 
United States, can degrade with the routine use of oint-
ments and povidone-iodine at the exit site, whereas silicone 
catheters have been reported to degrade with exposure to 
povidone-iodine but not ointments such as mupirocin.101

PD catheters have essentially three segments: intraperito-
neal, tunneled, and extraperitoneal. The intraperitoneal 
segment is the portion of the catheter that resides inside the 
peritoneal cavity; side holes along its length deliver and 
drain dialysate. The extraperitoneal segment passes through 
a subcutaneous tunnel within the abdominal wall (intramu-
ral), exits through the skin, and has an external (outside 

volume).61 Since the first description of the test, the 
standardized test has been modified for collection of dialy-
sate at 0, 120, and 240 minutes (modified PET). A large 
number of other variations of this initial description of the 
modified PET have been described—variation in length of 
preceding exchange, dwell time (60 minutes), or tonicity of 
dialysate (4.25% dextrose), or the use of biocompatible PD 
solutions.71-77 Yet, the overwhelming majority of patients 
starting treatment still undergo the modified PET with 2 L 
2.5% dextrose.

As mentioned earlier, there is large interindividual vari-
ability in the rate of transfer of solute and water across the 
peritoneum, which is the primary reason for the need to 
assess peritoneal function in each patient. Even though the 
PET can describe the rate of transport of virtually any solute, 
the 4-hour D/P creatinine is most widely used for both clini-
cal and research purposes. Large population-based studies 
suggest that, on average, the concentration of creatinine in 
the dialysate at 4 hours is about two thirds that in the blood 
(or 4-hour D/P creatinine is 0.67).61 It is conventional to 
assign patients a “transport” type based on the results of the 
PET as being low, low-average, high-average, or high (or 
slow, slow-average, fast-average, and fast) transporters.61 
Individuals assigned as having an average transport are the 
ones that are within one standard deviation of the mean, 
and the ones with slow or fast transport are more than one 
standard deviation below or above the mean, respectively.

The variability in the peritoneal solute transfer rate likely 
reflects, for the most part, the density of peritoneal capillar-
ies per unit surface area. Simplistically speaking, the 4-hour 
D/P creatinine value could be considered a measure of the 
effective peritoneal surface area. The reason for the large 
interindividual variability in peritoneal solute transfer  
rate is not clear. Demographic and clinical variables (age, 
gender, race, diabetes, cardiovascular disease [CVD]) 
explain only a very small fraction of this variability.78 Prelimi-
nary studies indicate that some of the variability is, in  
part, genetically determined.79-85 There also is compelling 
evidence that intraperitoneal inflammation, as measured by 
dialysate interleukin-6 (IL-6) levels, is an important deter-
minant of peritoneal solute transfer rate; this may, in part, 
also be genetically determined.79,86,87 Large population-
based genome-wide association studies are currently  
underway that could help clarify the genetic underpinnings 
in the variability of peritoneal solute transfer rate; this clari-
fication, in turn, could help us better understand peritoneal 
biology and pathobiology.

The information obtained from a PET could be used as 
a guide to optimize PD prescription; several validated soft-
ware programs based on urea kinetic modeling have been 
developed that use the data from the PET to optimize pre-
scriptions.88,89 The slower the peritoneal solute transfer rate, 
the greater the challenge with solute removal, particularly 
in large, muscular anuric individuals; inadequate ultrafiltra-
tion is rarely, if ever, a concern. Individuals with slower rates 
need longer dwell times to achieve adequate solute removal, 
which can be done with either continuous ambulatory PD 
(CAPD) or automated PD (APS). In contrast, the faster the 
solute transport is, the greater the challenge with fluid 
removal, particularly with loss of residual renal function; 
achieving an adequate dose of dialysis is rarely, if ever, a 
concern. Individuals with faster rates generally need shorter 
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segments of the tunnel can easily be directed downwards. 
The preformed angle between cuffs keeps rubber “shape 
memory” from causing the catheter to straighten over time, 
thus potentially reducing the risk for catheter tip migration 
and external cuff extrusion. Swan neck catheters are avail-
able with three different intraperitoneal configurations: 
straight, coiled, and straight with two intraperitoneal sili-
cone disks (also called the Toronto Western Hospital or 
Oreopoulos-Zellerman catheter). The coiled and silicone-
disk configurations were each developed to help reduce 
omental wrapping and to maintain catheter position in the 
pelvis. The Toronto Western Hospital and Missouri cathe-
ters also differ from the Tenckhoff catheter in that they 
replace the internal cuff with a felt disk–silicone bead com-
bination; the disk, which is sutured to the rectus muscle just 
outside the peritoneum, serves as an anchor for the catheter 
and the bead, which is placed just inside the peritoneum, 
serves as a physical barrier to prevent peritoneal fluid 
leakage. All of the aforementioned catheters are available 
with the traditional subcutaneous cuff that is optimally 
placed 2 cm proximal to the catheter exit site.

Presternal catheters, another modification of catheter 
design, enter the peritoneum in the traditional location and 
are then tunneled subcutaneously up to the chest wall, 
where they finally exit the skin. The unique design of the 
presternal catheter offers several benefits over standard 
abdominal catheters in certain settings. Presternal exit sites 
are easily visible even in the obese patient with a large 
pannus or other obstruction to visualizing the lower abdom-
inal skin. Patients with limited flexibility who cannot easily 
bend to see a traditional exit site also benefit from the easy 
visibility of a presternal exit site. The presternal catheter 
allows patients with abdominal ostomies and pediatric 
patients in diapers to utilize PD without risk of exit site 
cross-contamination. Presternal catheters potentially reduce 
the risk of catheter trauma (a risk factor for exit site infec-
tion) because the chest is a rather rigid structure with 
minimal wall motion. A long catheter tunnel, combined 
with three cuffs, may reduce pericatheter bacterial contami-
nation of the peritoneal cavity and hence lower the chance 
of peritonitis.105

The presternal catheter is composed of two silicone 
rubber tubes, cut to an appropriate length and connected 
end to end at the time of implantation. The intraperitoneal 
tube is available in the dual cuff or the Missouri catheter 
configuration, whereas the upper tube is a variation on the 
swan neck catheter. A titanium connector connects the two 
components at the time of implantation. The catheter 
should be tunneled ipsilaterally to the peritoneal insertion 
point so that implantation directly over the sternum is 
avoided, thereby preventing catheter damage during any 
cardiac surgery that necessitates sternotomy. Outcomes with 
the presternal catheter have been favorable in experienced 
hands.105

The Moncrief-Popovich (embedded) catheter is a modi-
fied swan neck coiled catheter with a longer subcutaneous 
cuff (2.5 cm instead of 1 cm) that is implanted normally 
except that the external portion of the catheter is buried 
subcutaneously at the time of placement. This catheter is 
inserted months before it is needed, typically before the 
patient requires dialysis. The embedded catheter heals in a 
sterile environment so there is low risk for early bacterial 

the body) segment. The catheter may contain one or  
two polyester cuffs, typically 1 cm long, referred to as the 
internal (preperitoneal) and external (subcutaneous) cuffs. 
Figure 66.1 shows different intraperitoneal and extraperito-
neal designs of currently available peritoneal catheters.

The straight double-cuff Tenckhoff catheter is available 
in variable lengths but is most often used in either the 42-cm 
or 47-cm length, with an intraperitoneal segment length of 
15 cm in the former and 20 cm in the latter; each has  
an intramural segment about 5 to 7 cm long, and an exter-
nal segment about 20 cm long.102,103 The intraperitoneal 
segment has multiple 0.5-mm side openings along its course, 
which measures 10 to 15 cm depending on the total cath-
eter length. The coiled Tenckhoff catheter is also available 
in variable lengths between 57 cm and 72 cm with a coiled, 
perforated intraperitoneal end that is 19.5 cm long in all 
coiled catheters. It is important to select the proper catheter 
length for each patient individually to avoid malposition  
of the catheter in the peritoneum; too-short catheters pose 
the risk for incomplete drainage and entrapment from 
hanging omentum, whereas too-long catheters can cause 
inflow pain most often in the rectal or perineal region. Most 
Tenckhoff catheters have a barium-impregnated radiopaque 
stripe throughout the catheter length to assist in radiologic 
visualization.

There are also several other different configurations of 
peritoneal catheters. The swan neck catheter, a modified 
Tenckhoff catheter, features a preformed 180-degree bend 
between the two cuffs.100,104 This catheter can be placed in 
an arcuate tunnel such that both external and internal 

Figure 66.1 Intraperitoneal and extraperitoneal designs of currently 
available peritoneal catheters. 

Standard Tenckhoff catheter

Coil catheter Toronto Western Hospital
catheter

Swan neck Missouri catheter
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provide additional benefits at the time of catheter place-
ment and in experienced hands have resulted in a 2-year 
catheter survival rate of 99.5%.114 The details of these inser-
tion techniques are beyond the scope of this chapter.115,116

CATHETER-RELATED COMPLICATIONS

The most common complications of PD catheters are exit 
site and tunnel infection, impaired flow, external cuff extru-
sion, dialysate leaks, and infusion pain. Catheter-related 
infections can result from improper catheter placement, 
poor wound healing at the exit site, external catheter 
trauma, interference of the normal healing process during 
and after catheter placement, and inadequate routine exit 
site care. Exit site infections have been shown to be a result 
of sinus tract bacterial colonization, so it is imperative that 
a new exit site be allowed to heal in a sterile environment 
as long as possible. One way to achieve this goal is by keeping 
the original postoperative dressing in place for 5 to 7 days 
after catheter placement, removing it only in the case of 
frank bleeding or drainage; trained PD personnel should be 
the first to uncover the original catheter dressing, and they 
should always wear masks while inspecting the exit site in 
this perioperative period. After the exit site is well healed, 
trauma to the external segment of the catheter predisposes 
to infection by allowing bacterial colonization of the  
sinus tract and exit site and impairing normal tissue 
regeneration.117-120 Certain cleansing agents (e.g., iodine, 
bleach, alcohol) can also impair normal skin cell turnover 
and should be avoided.

Impaired dialysate flow can be seen during drainage, 
inflow, or both. Impaired catheter drainage is often associ-
ated with constipation, when stool-filled bowel loops either 
obstruct catheter side holes or cause loculated fluid collec-
tions that are not readily accessible for drainage. A success-
ful laxative regimen, imposed over the course of 1 day, is 
often successful in restoring proper catheter drainage; 
abdominal radiographs can confirm constipation when the 
clinical picture is unclear. Abdominal radiographs are also 
useful to detect PD catheter tip migration, which is another 
cause of impaired dialysate drainage. Catheter reposition-
ing can be attempted noninvasively with the use of guide-
wire manipulation under fluoroscopic guidance; if it is 
unsuccessful, laparoscopic catheter repositioning typically 
succeeds in improving catheter function when performed 
by an experienced surgeon. As described earlier, the swan 
neck catheter configuration may reduce the risk of catheter 
migration over time.121

Entrapment, or “capture,” of the catheter by the active 
omentum may cause outflow obstruction in the post-
implantation period. Omental “capture” as a late event is 
rare. From time to time in some patients, drainage slows as 
a result of catheter translocation, obstruction by omentum, 
or fibrin clot formation. Laxatives or addition of heparin, 
500 U per liter of dialysis solution, or both may be successful 
in restoring good dialysate flow. In other patients, catheters 
have migrated out of the true pelvis. If the catheter contin-
ues to function appropriately, repositioning is not necessary. 
If the catheter fails to function after simple maneuvers are 
implemented, however, more aggressive measures (e.g., 
laxatives, forced flushing) may be tried. When these 

catheter colonization, in turn reducing the risk of exit site 
or peritoneal infection.106,107 When dialysis is needed, the 
external portion of the catheter is exteriorized and con-
nected to an external catheter extender in a short outpa-
tient procedure. Full inflow volumes can be used immediately 
without increased risk of catheter leak because the catheter 
has healed fully over the preceding months while embed-
ded. A futility rate of approximately 10% has been reported 
with embedded catheters (futility due to transplantation, 
death, or treatment with hemodialysis instead of PD). Nev-
ertheless, embedded catheters that are needed tend to work 
well. Early catheter drain problems have been reported to 
occur in 5% to 29% of exteriorized embedded catheters, 
are most often due to fibrin, and can be readily corrected 
without catheter removal.108-111

Other catheters in use include the T-fluted catheter; the 
self-locating catheter; the Cruz catheter; the Ash (Life) cath-
eter; the column disc catheter; and the Gore-Tex peritoneal 
catheter.100

Rigid catheters for acute dialysis, rarely used in developed 
nations, are still used in some countries. Complications of 
rigid catheter insertion include minor bleeding, leakage of 
dialysis solution, extravasation of fluid into the abdominal 
wall particularly in patients who have had a previous abdom-
inal operation or multiple catheter insertions, and inade-
quate drainage as a result of omental wrapping, loculation, 
or misplacement of the catheter in the upper abdomen. 
Loss of a part or all of rigid catheter after manipulation of 
a poorly functioning rigid catheter has been reported. The 
incidence of peritonitis varies widely with rigid catheters; 
the rate may depend on the duration of dialysis and the 
history of catheter manipulation, among other factors.112,113

For long-term use, standard nonrigid PD catheters can be 
inserted by nonsurgical or surgical methods. PD catheter 
placement can occur promptly at the patient’s bedside with 
the Seldinger technique (blind insertion); however, this 
method incurs a nontrivial risk of bowel trauma. Peritoneo-
scopic assisted catheter placement, often used by nephrolo-
gists, allows visualization of the peritoneum before catheter 
insertion, thus limiting the risk of bowel trauma but  
does not allow simultaneous visualization while the catheter 
is physically inserted. A modified percutaneous approach 
using fluoroscopic and ultrasound guidance at the time of 
catheter placement allows both avoidance of bowel and con-
firmation of catheter placement. An experienced nephrolo-
gist, interventional radiologist, or surgeon should be the 
operator in such approaches.

Surgical catheter placement has historically been per-
formed using open surgical techniques (minilaparotomy), 
but technologic advances have led to increased utilization of 
laparoscopic catheter placement techniques, which offer the 
advantage of direct peritoneal visualization. Basic laparo-
scopically guided PD catheter placement allows proper cath-
eter placement in the lower pelvis. Surgical placement via 
open mini-laparotomy has also been increasingly replaced 
by surgical laparoscopic catheter placement because the 
latter allows visualization and correction of hernias, adhe-
sions, and low-hanging omentum at the time of catheter 
insertion; additionally, laparoscopy ensures correct cath-
eter tip placement in the pelvis.114 Advanced laparoscopic 
techniques such as rectus sheath tunneling, selective prophy-
lactic omentopexy, and selective prophylactic adhesiolysis 
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formulation comprises dextrose as an osmotic agent (1.5%, 
2.5%, or 4.25%), lactate as the buffer (usually 40 mEq/L), 
and a physiologic concentration of calcium (2.5 mEq/L), at 
a pH of 5.4. Even though several decades of use support the 
general efficacy and safety of conventional PD solutions for 
the long-term treatment of ESKD, concerns about the for-
mulation’s limitations or about each of its components has 
driven the quest for better solutions.

Conventional PD solutions contain dextrose (or glucose 
monohydrate) as the osmotic agent; three different strengths 
of solution are commercially available, at 1.5%, 2.5%,  
or 4.25% dextrose (or 1.36%, 2.25%, and 3.86% glucose, 
respectively). The supraphysiologic concentration of glucose 
in PD solutions exerts a high osmotic force across the peri-
toneal barrier to generate brisk ultrafiltration.63 Yet there 
are two major limitations. First, glucose is absorbed across 
the peritoneum, thereby reducing the osmotic force driving 
ultrafiltration over the course of an intraperitoneal  
dwell. Hence, ultrafiltration volume is often inadequate 
with glucose-based PD solutions with longer dwell times, 
such as the overnight dwell in patients undergoing CAPD 
or the day dwell in patients treated with APD.122 Second, a 
wide range of glucose degradation products form during 
heat sterilization of glucose-based PD solutions.123,124 Many 
of these degradation products (GDPs) either are directly 
cytotoxic or accelerate the formation of advanced glycosyl-
ation end products and are thought to underlie the struc-
tural and functional changes seen in the peritoneum with 
long-term PD.125 These limitations have led to development 
of solutions that contain either an osmotic agent better 
suited for longer dwell times (such as icodextrin) or glucose-
based solutions with undetectable concentrations of GDPs 
(biocompatible PD solutions).

Lactate is the most commonly used buffer in PD solutions. 
During PD, bicarbonate in the blood moves into the dialy-
sate, and lactate is absorbed systemically, each along its con-
centration gradient. Lactate is metabolized in the liver into 
bicarbonate, resulting in correction of uremic metabolic 
acidosis. There are few, if any, adverse consequences of the 
use of lactate as a buffer. However, with the recognition that 
lactate is not a physiologic buffer, bicarbonate-based solu-
tions have been developed. Such solutions have two  
compartments that separate calcium and magnesium from 
bicarbonate; this arrangement precludes precipitation of 
bicarbonate salts during heat sterilization of PD solutions. 
The two compartments are separated by a thin membrane 
that is disrupted prior to infusion of dialysate into the peri-
toneal cavity. The resultant solution has a physiologic pH, 
unlike the dextrose- or icodextrin-based solutions in single-
chamber bags.

Conventional PD solutions also have a combination of 
other electrolytes, such as sodium, calcium, magnesium, and 
chloride. The concentration of sodium in PD solutions 
(132 mEq/L) is lower than in the dialysate used for  
hemodialysis (138-142 mEq/L), allowing for a somewhat 
greater diffusive removal of sodium. In order to further 
enhance sodium removal, PD solutions with significantly 
lower concentrations of sodium have been tested. Such  
low-sodium PD solutions require higher concentration of 
glucose to ensure an adequate osmotic force across the 
peritoneal barrier and achieve greater sodium removal with 
resultant better control of blood pressure than conventional 

measures fail, laparoscopic repositioning of the catheter tip 
back to the true pelvis and anchoring may be necessary. The 
Toronto Western Hospital catheter has two silicone discs in 
the intraperitoneal segment that hinder the free movement 
of catheter tip out of the pelvis after placement.117

The catheter tip, as it rests against the pelvic wall or 
intraabdominal organs, may cause localized pain from irrita-
tion.119 The jet effect of rapidly flowing dialysis solution may 
also cause abdominal pain. In some rare instances, compart-
mentalization from adhesion formation around the cathe-
ter may cause severe abdominal pain.116 Coiled catheters are 
designed to reduce infusion-related abdominal pain by 
avoiding a direct jet effect of solution against the bowel.

Extrusion of the external synthetic cuff can be prevented 
by creating the tunnel in a shape similar to that of the cath-
eter and placing this cuff approximately 2 to 3 cm under 
the skin. In the absence of catheter infection, shaving off 
the extruded external cuff may help prolong the life of the 
catheter.115

Insertion of the deep cuff into the center of the rectus 
muscle, as opposed to midline placement, has significantly 
reduced the incidence of early leakage of pericatheter dialy-
sis solution.117,119 Pericatheter leaks are rare with catheters 
that have a bead and polyester flange at the deep cuff 
(Toronto Western Hospital catheter, swan neck Missouri 
catheter, swan neck presternal peritoneal catheter). In con-
trast to early leaks, which are usually external, late leaks 
infiltrate the abdominal wall through prior healed incisions. 
PD catheters may make minor tears in small vessels or, on 
occasion, may erode into the mesenteric vessels, leading to 
hemoperitoneum. In rare cases, a peritoneal catheter 
damages the internal organs, causing intraabdominal bleed-
ing. Transvaginal leakage of peritoneal fluid is rare, but the 
possibility should be considered in an appropriate clinical 
setting.117,119

PERITONEAL DIALYSIS SOLUTIONS

The dialysate used to perform PD can be considered to have 
three components: (1) an osmotic agent to induce ultrafil-
tration; (2) a buffer to correct uremic metabolic acidosis; 
and (3) a combination of electrolytes to optimize diffusive 
removal of solutes. The various options for each of these 
components among the solutions that are commercially 
available are listed in Table 66.2. The most widely used 

Table 66.2  Components of Different Peritoneal 
Dialysis Solutions Available 
Commercially

Osmotic 
Agent Buffer pH

Conventional Dextrose Lactate 5.2
Low-glucose 

degradation 
product

Dextrose Lactate or 
bicarbonate

7.0-7.4

Dextrose Lactate and 
bicarbonate

7.4

Icodextrin Icodextrin Lactate 5.2
Amino acids Amino acids Lactate 6.4
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clinical trial has demonstrated that diabetic patients treated 
with icodextrin have a lower probability for transfer to 
in-center hemodialysis.136 Finally, an observational study 
has shown a lower risk of death in patients treated with 
icodextrin.143

On the basis of the accumulated body of evidence, it is 
recommended that icodextrin be used in a single exchange 
during the long dwell in patients in whom ultrafiltration is 
inadequate with dextrose-based solutions—most likely in 
individuals with high-average and high transport. At least 
two studies have examined the use of two daily exchanges 
with icodextrin and demonstrated a higher ultrafiltration 
volume and improvement in other clinically relevant param-
eters.144,145 However, such use remains investigational. 
Hybrid solutions containing both icodextrin and glucose 
have also been tested and shown to have substantially higher 
ultrafiltration volumes; however, no hybrid solutions are 
commercially available.146

Rash is the most commonly reported adverse effect of the 
use of icodextrin.133,140 The rash is typically an exfoliating 
one that involves the palms and soles, is reported to occur 
2 to 3 weeks after the start of exposure to the solution, and 
resolves completely after cessation of exposure. In addition, 
glucometers that use glucose dehydrogenase pyrroloquino-
line quinone overestimate the blood glucose levels second-
ary to the accumulation of maltose.147 Care needs to be 
exercised to ensure that a diagnosis of hypoglycemia is not 
missed. Episodes of aseptic peritonitis have also been 
reported in patients treated with icodextrin. This complica-
tion has been traced to the presence of peptidoglycan in the 
solution from hydrolysis of corn starch, and the problem 
has been substantially minimized with changes in manufac-
turing processes such that the commercially available solu-
tion does not have any detectable peptidoglycan.148

GLUCOSE-BASED SOLUTIONS LOW IN GLUCOSE 
DEGRADATION PRODUCTS

A dual-chamber PD solution commercially available in some 
parts of the world comprises glucose as the osmotic agent 
and lactate as the buffer but has a physiologic pH and unde-
tectable levels of GDPs. A large number of clinical trials have 
examined the potential clinical benefits with such biocom-
patible solutions, but the evidence base consists of studies 
with heterogeneous results.149-160

The primary impetus for the development of these solu-
tions was laboratory studies demonstrating that glucose deg-
radation products contributed to damage to the integrity 
and long-term health of the peritoneum and precluded 
long-term treatment with PD. Post hoc analyses of data from 
the balANZ trial suggest that the peritoneal solute transfer 
rate does not change over time in patients treated with these 
solutions, in contrast to the progressive increase in the trans-
fer rate and the associated decrease in ultrafiltration capac-
ity seen in patients treated with conventional PD solutions.161 
However, there is no evidence that this steady solute transfer 
rate translates into a clinically meaningful benefit, such as 
lower risk of transfer to in-center hemodialysis in patients 
treated with these solutions.159

An early crossover study demonstrated that patients had 
a higher urine volume when treated with this biocompatible 
PD solution, which decreased upon restart of treatment with 

PD solutions.126 The older formulation of PD solutions con-
tained a higher concentration of calcium (3.5 mEq/L). 
This put patients, particularly those treated with calcium-
containing phosphate binders or activated vitamin D, at risk 
for hypercalcemia and oversuppression of parathyroid hor-
mones. In order to mitigate this risk, most of the PD solu-
tions used in contemporary clinical practice contain 
physiologic concentrations of calcium (2.5 mEq/L).127,128

The following sections provide an overview of three  
different PD solutions (icodextrin, low-GDP solution, and 
bicarbonate-based solution) and the role for glucose-sparing 
regimens; the clinical experience with amino acid solutions 
is discussed along with other considerations for manage-
ment of protein-energy wasting.

ICODEXTRIN PERITONEAL DIALYSIS SOLUTION

Icodextrin is a polymer in which molecules of glucose are 
linked by α-(1-4) bonds.129 It is derived from hydrolysis of 
corn starch, each chain has variable number of molecules 
of glucose, and the average molecular weight is about 16,000 
Da.129 It is available commercially as a 7.5% solution with 
lactate as a buffer, calcium concentration of 3.5 mEq/L, and 
pH of 5.4. The solution is isosmotic to normal plasma, and 
icodextrin exerts oncotic pressure across the peritoneum to 
induce ultrafiltration. Given the high molecular weight, ico-
dextrin is not absorbed across the peritoneal barrier but is 
removed slowly from the peritoneal cavity via the lymphat-
ics. Only about one third of the icodextrin is absorbed, on 
an average, over 12 hours. This proportion, in turn, main-
tains the oncotic pressure for ultrafiltration for longer dwell 
periods and is optimally suited for use during either the 
overnight dwell of patients treated with CAPD or day dwell 
for patients undergoing nighttime APD.130 The icodextrin 
that is absorbed is metabolized by circulating amylase into 
oligosaccharides of varying length, with maltose being the 
dominant circulating compound in patients treated with 
icodextrin-based dialysate.131 Maltose readily enters the cells 
and is metabolized by maltase, found in lysozymes of many 
cells, into glucose.

A large number of clinical trials have tested the efficacy 
of icodextrin.132-139 In patients with high-average or high 
transport, icodextrin generates greater ultrafiltration 
volume than either 2.5% or 4.25% dextrose during the  
long dwells of either CAPD or APD.132,133,137 This volume is 
associated with higher ultrafiltration efficiency and a  
larger volume per gram of absorbed carbohydrate.132,137 The 
greater ultrafiltration volume results in a reduction in total 
body water and a higher likelihood of euvolemia than 
dextrose-based solutions.138 Perhaps as a result of achieving 
euvolemia, patients undergoing CAPD with icodextrin have 
been shown to have regression of left ventricular hypertro-
phy in comparison with 1.5% dextrose.134 Despite a reduc-
tion in total body water, treatment with icodextrin has no 
significant effect on RKF.140 In addition to improvement in 
hypervolemia, there is evidence for potential benefits with 
the use of icodextrin in metabolic milieu, such as improved 
glycemic control as well as lipid levels.141 An observational 
study has also demonstrated potentially beneficial effects on 
maintenance of peritoneal membrane function in compari-
son with the increase in peritoneal solute transport rate over 
time with conventional PD solutions.142 Moreover, a small 
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treated with these regimens,141 which is thought to result 
from a greater risk of volume overload with reduction in 
glucose exposure. Moreover, it remains unclear whether 
glucose-sparing regimens will reduce the cardiovascular risk 
of patients treated with PD.174 Given the higher cost of 
glucose-sparing regimens, the decision to use them should 
be made on a case-by-case basis.

PERITONEAL DIALYSIS MODALITIES

PD allows flexibility in regimen such that the prescription 
can be individualized to meet the lifestyle considerations  
of each patient while reducing the burden of treatment. 
Broadly speaking, PD prescriptions (1) can be continuous 
or intermittent and (2) can either involve manual exchanges 
or be automated using a cycler. Continuous regimens  
are the ones in which there is intraperitoneal dialysate  
24 hours a day, 7 days a week. Continuous regimens may 
involve either only manual exchanges (CAPD and continu-
ous cyclic peritoneal dialysis [CCPD]). The most widely 
used intermittent regimens involve the use of a cycler to 
deliver PD for a part of the day—either at night (nocturnal 
intermittent PD [NIPD]) or day (diurnal intermittent PD). 
Such intermittent regimens are appropriate only for indi-
viduals with significant RKF.175 Rarely, intermittent PD is 
delivered by performing frequent exchanges over 10 to 36 
hours every few days. It is used either as a bridge for indi-
viduals in the immediate postoperative period (such as 
“urgent start” PD) or as palliative therapy as part of end-of-
life care.176,177

Arguably, patients with slower peritoneal solute transfer 
rates (slow or low transporters) would require longer dwell 
times, as are typical with CAPD regimens for adequate solute 
removal. Similarly, patients with faster peritoneal solute 
transfer rates (fast or high transporters) could benefit with 
shorter nighttime dwells to optimize daily ultrafiltration. 
However, most patients can be successfully treated with 
either CAPD or APD, particularly if they have RKF.

A large number of observational studies have examined 
the potential effects of treatment with CAPD or APD on 
clinically meaningful outcomes, and the evidence has been 
summarized in a narrative review.178 In the early days of PD, 
use of the cycler involved fewer connections and disconnec-
tions during the course of the day than with CAPD. Studies 
from this period showed a lower risk of peritonitis in patients 
treated with APD. However, there has been a widespread 
adoption of flush-before-fill, twin-bag systems as well as of 
disconnect systems for APD, and in contemporary practice, 
there is no difference in risk for peritonitis between patients 
treated with CAPD and those treated with APD.178

Concern has been raised that the total daily sodium and 
water removal may not be adequate in patients treated with 
APD.179-182 This has been attributed to sieving of sodium 
during short nighttime dwells and reabsorption of fluid 
during the long daytime dwell that are typical for APD pre-
scriptions. However, such comparative studies have typically 
not taken into account the overfill for the flush-before-fill 
step that is common in bags used for CAPD.183 As a result, 
the studies may have overestimated sodium and water 
removal with CAPD. This possibility is consistent with the 
observation that there is no difference in the prevalence of 

conventional PD solutions.162 Even though some writers 
have proposed a hemodynamic effect of such solutions with 
lower ultrafiltration volume and consequent volume expan-
sion leading to natriuresis, the mechanism for higher urine 
volume with biocompatible PD solutions is currently not 
known.163 The results of the studies examining the effects of 
this solution on RKF are heterogenous, but the summary 
evidence seems to suggest a higher urine volume particu-
larly with long-term treatment.159

At least one large clinical trial has shown a significantly 
lower risk for peritonitis in patients treated with a PD  
solution with a low concentration of GDPs155; however, 
this finding has not been validated in any other clinical 
trial.157,160,164-166 Even though observational studies have 
shown a lower risk of death in patients treated with biocom-
patible PD solution, no such benefit in terms of risk for 
death is evident in a systematic review of clinical trials.159,167 
This finding may, in part, be related to small sample sizes 
and short follow-up periods in the clinical trials performed 
to date. Nevertheless, there is no evidence for harm with the 
use of this solution, and the decision to use it is dictated by 
both the availability and the cost of the solution.

BICARBONATE-BASED PERITONEAL  
DIALYSIS SOLUTION

The bicarbonate-based PD solution, a dual-chamber PD 
solution commercially available in some parts of the world, 
contains glucose as the osmotic agent and bicarbonate as 
the buffer and has a physiologic pH and low concentrations 
of GDPs. The development of this solution was also driven 
by the laboratory evidence demonstrating risk to the health 
and integrity of the peritoneum with the use of bioincom-
patible PD solutions. There is no evidence for better  
preservation of structural or functional integrity of the peri-
toneum in humans treated with a bicarbonate-based solu-
tion. However, this solution results in a more complete 
correction of metabolic acidosis and reduces infusion 
pain.168,169 There is no evidence that this solution reduces 
the risk for transfer of PD patients to hemodialysis. An 
observational study has demonstrated a lower risk for death 
in patients treated with this solution,143 but no clinical trial 
has validated this finding. The use of this solution, thus, is 
dictated by its availability and cost, as there is no clear-cut 
evidence for any clinically meaningful benefit.

GLUCOSE-SPARING REGIMENS

A large number of studies have raised concern about the 
local and systemic effects of glucose in patients treated with 
PD.170 There have, thus, been studies that have examined 
the efficacy and safety of PD regimens that systematically 
reduce the exposure to glucose with PD solutions through 
the course of the day. Central to such glucose-sparing regi-
mens is substitution of one glucose-based exchange with 
icodextrin for the long dwell. The glucose exposure can be 
further reduced by substituting a second glucose-based 
exchange with amino acid solution. Such glucose-sparing 
regimens have been shown to result in improvement in 
glycemic control in individuals with diabetes treated with 
PD, along with improvement in lipid parameters.139,141,171-173 
However, there is a higher risk for adverse events in patients 
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above which an increase does not justify the greater burden 
of treatment.196,197

INDICATORS TO EVALUATE DIALYSIS ADEQUACY

The amount of dialytic treatment prescribed is widely based 
on the presence or absence of symptoms related to uremia 
(e.g., nausea, vomiting, dysgeusia, sleeping disorders).198 
Nevertheless, this procedure is highly subjective and prone 
to dosage underestimation. Although clinical indicators 
should not be ignored, therapeutic decisions should not be 
based solely on them.199 Clearance of urea is now typically 
used as marker of dialysate dosage. In PD, the preservation 
of RKF in addition to the peritoneal clearance obtained by 
the dialytic procedure itself is of utmost importance, because 
RKF usually tends to be maintained in PD for a longer 
period than in hemodialysis and may account for a signifi-
cant proportion of the total clearance.197,200,201

Urea is the traditional solute to quantitate dialysis because 
its concentration is increased in chronic kidney disease and 
it has a low molecular weight (60 kDa), which allows rapid 
diffusion between body compartments and therefore appli-
cation of a single-pool model for approximation. In addi-
tion, its volume of distribution is the total body water, it 
easily diffuses across the dialysis membrane, and it is easy to 
measure.201 After results of the National Cooperative Dialysis 
Study (NCDS) were published in the early 1980s, the urea 
kinetic model took on a prominent role in dosage prescrip-
tion in PD, notwithstanding the fact that it was created for 
hemodialysis and that its application to PD was accom-
plished only through inferences and analogies.202

The fractional clearance of urea is expressed as Kt/Vurea, 
which is the clearance of urea (K) per time unit (t) in rela-
tion to its volume of distribution or total body water (V). 
Peritoneal Kt is calculated by collecting a 24-hour amount 
of effluent dialysate and determining its urea concentration 
(Durea); this in turn is divided by the plasma urea concentra-
tion (D/Purea). To compare clearance values among patients, 
these values are normalized to a function of patient size: For 
urea, the metric is typically the volume of urea distribution 
(V). In PD practice, Kt/Vurea can be expressed as a total (sum 
of peritoneal Kt/Vurea [pKt/Vurea] and renal urea clear-
ances) or as each of its fractions independently. Renal Kt is 
calculated similarly, with a 24-hour urine collection.

Creatinine clearance (both peritoneal and residual renal) 
has also been used for dosage prescription in PD; this value 
is also obtained from a 24-hour collection of dialysate, to 
which is added the average of the renal creatinine and urea 
nitrogen clearances. Kt/Vurea and creatinine clearance may 
be expressed as daily values but are usually multiplied by 7 
and expressed as weekly values. This change was made to 
allow comparisons between PD and hemodialysis delivered 
dosages; yet these comparisons are not useful, given the 
intermittent nature of hemodialysis and the continuous 
nature of PD (Table 66.4).203,204 The urea kinetic model, 
which has been repeatedly validated for hemodialysis pre-
scription, has been applied to PD, but its validity is question-
able. If the same dosing principles employed for hemodialysis 
were used for CAPD, patients on PD would be considered 
grossly underdialyzed because their Kt/Vurea values would be 
much lower in absolute numbers, but this is clearly not the 
case: Most patients undergoing PD do not have more uremic 

volume overload or blood pressure control between patients 
treated with CAPD and those treated with APD.184

Despite the reduction in burden of treatment, there is no 
evidence that patients treated with APD have a better health-
related quality of life or lower risk for transfer to in-center 
hemodialysis.185-189 Similarly, there is no consistent evidence 
for a difference in the risk for death between patients 
treated with these two PD modalities.186-188 Hence, there is 
no evidence of a meaningful difference in any clinically 
relevant outcome between patients treated with CAPD and 
those treated with APD.178 The differential use of the two 
PD modalities is likely to continue to be driven by lifestyle 
and cost considerations, with a likely greater use of APD in 
many countries such as United States and those in Western 
Europe.

The use of PD for acute kidney injury (AKI) is outside 
the scope of the present chapter, yet it is important to point 
out that such use is becoming increasingly important, par-
ticularly in some environments where patients have limited 
access to hemodialytic therapies.190

DIALYSIS ADEQUACY

The concept of an optimal or adequate dialysis dose for PD 
has evolved in the last decade. What we currently consider 
an “adequate” PD dialysis dose has been strongly influenced 
by results of randomized controlled trials and a better 
understanding of the multiplicity of factors affecting PD 
patients with little or no RKF.191-193 Before the Adequacy of 
Peritoneal Dialysis in Mexico (ADEMEX) study and the 
Hemodialysis (HEMO) study, there was a generally accepted 
notion that an increase in small solute clearances would 
lead to increased survival and better clinical results.191,192,194 
The current concept of adequate dialysis now encompasses 
attention to a multiplicity of clinical variables, including 
RKF, cardiovascular effects of blood pressure control, ultra-
filtration and volume overload, mineral metabolism, nutri-
tion, and individual psychologic as well as quality-of-life 
indicators (Table 66.3).191,194

Adequate dialysis is defined as the administration of an 
effective dosage of dialysis solution capable of keeping a 
patient clinically asymptomatic and active and maintaining 
a good enough correction of the altered metabolic and 
homeostatic components secondary to the loss of kidney 
function.195 Optimal dialysis is defined as either (1) the dose 
capable of reducing morbidity and mortality associated with 
ESKD and with the dialytic procedure itself or (2) the dose 

Table 66.3  Considerations for Adequate Dialysis

Clinical manifestations: fluid balance, systemic blood pressure 
control, and cardiovascular risk

Residual kidney function
Acid-base homeostasis
Nutritional status
Calcium-phosphorous metabolism homeostasis
Inflammation
Small solute clearance
Middle molecule clearance
Psychologic and quality-of-life indicators
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formula, but these formulas may underestimate total body 
water in patients on dialysis and potentially overestimate 
dialysate dosage.207,208 An equation has specifically been 
developed for patients undergoing maintenance dialysis 
and has been validated to provide superior prediction of 
total body water in patients on hemodialysis and, potentially, 
also in patients on PD.209

Peritoneal Transport Type

Figure 66.2 displays the ratio between dialysate and plasma 
creatinine concentrations (D/PCr) plotted against dwell 
time of a dialytic exchange in conditions of high and low 
peritoneal transport. The D/PCr equilibrium (ratio of 1.0) 
is achieved earlier in high peritoneal transport; therefore, 
a shorter dwell time is preferred for patients with higher 
peritoneal transport rates, and a longer dwell time is 
required to augment solute clearance in patients with lower 
transport rates (Figure 66.3). In comparison, patients with 
lower peritoneal transport achieve higher ultrafiltration 
volumes, whereas patients with higher peritoneal transport 
rates reabsorb larger quantities of glucose, an occurrence 
that reduces the gradient to ultrafiltration and generates 
net fluid reabsorption with longer dwell times (see Figure 
66.3).61,112 Patients with higher peritoneal transport rates 
obtain better ultrafiltration and adequate clearance of small 
molecules with techniques that involve short dwell times, 
such as APD, prescribed with multiple short exchanges. In 
contrast, patients with lower transport rates benefit from 
longer exchange dwell times to augment removal of small 
molecules while preserving the ultrafiltration capability. Of 
importance is that most patients have intermediate trans-
port rates, so individualized evaluation is required to pre-
scribe the best regimen.61,112

In addition to the discussed relationship between trans-
port type with ultrafiltration and solute clearance, it is 
important to consider that the smaller the solute, the faster 
the diffusive equilibrium reached. Urea, with a molecular 
weight of 60 Da, reaches equilibrium much faster than cre-
atinine, with a molecular weight of 112 Da. These condi-
tions influencing small-molecule solute clearance may not 

manifestations, higher rates of morbidity, or higher rates of 
mortality than patients on hemodialysis.

DETERMINANTS OF SOLUTE CLEARANCE AND 
FLUID REMOVAL IN PERITONEAL DIALYSIS

The initial PD prescription is defined empirically; a series of 
factors that influence clearance of solutes and fluid removal 
are taken into account. Some of these factors are modifiable 
and others are nonmodifiable (Table 66.5).204-206

PATIENT-RELATED FACTORS
RKF contributes significantly to fluid removal and variably 
to solute clearance in PD patients. In these patients, RKF is 
best estimated by measuring the weekly renal component of 
the Kt/Vurea. Each milliliter per minute of urea clearance 
accounts for the addition of 0.25 L to the total weekly Kt/
Vurea.

198 Estimation of RKF enables physicians to plan the PD 
prescription, but during follow-up, RKF should be evaluated 
periodically because it tends to diminish over time; the 
dialysis prescription should be modified to compensate.

VOLUME OF DISTRIBUTION AND BODY  
SURFACE AREA
The volume of distribution of urea is equivalent to the total 
body water, which can be estimated by the Watson or Hume 

Table 66.4  Calculations for Dosage of 
Dialysis Solution

Fractional urea 
clearance (Kt/
Vurea)

Daily total Kt/Vurea = peritoneal Kt/Vurea 
+ renal Kt/Vurea

Weekly Kt/Vurea = 7 × {[(24-hr urea D/P 
× 24-hr EV)/V] + [(Uurea/Purea) × 24-hr 
UV)]}

Total body water 
(Watson’s 
formula)*

Male: V = 2.447 − (0.3362 × weight) 
− (0.1074 × height) − (0.09516 × age)

Female: V = −2.097 + (0.2466 × weight) 
+ (0.1069 × height)

*In Watson’s formulas, age is in years, height is in centimeters, 
and weight is in kilograms.

D/P, Ratio of dialysate concentration to plasma concentration for 
a solute; EV, dialysate effluent volume; Kt, clearance of urea 
(K) per time unit (t); Purea, plasma urea; Uurea, urine urea; V, total 
body water volume of distribution; Vurea, volume of distribution 
for urea.

Table 66.5  Determinants of Solute 
Clearance and Fluid Removal in 
Peritoneal Dialysis

Patient-related factors Renal residual function
Body mass index
Peritoneal transport type

Prescription-related factors Dialytic modality
Frequency of exchanges per day
Volume of each exchange
Dwell time
Dialysis fluid tonicity

Figure 66.2 The ratio of dialysate-to-plasma ratio for creatinine (D/
PCr) plotted against dwell time of a dialytic exchange in conditions of 
high and low peritoneal transport. 
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Figure 66.3 Differences in ultrafiltration and net fluid reabsorption 
between patients with lower peritoneal transport (red line) and 
patients with higher peritoneal transport (blue line). CAPD, Continu-
ous ambulatory peritoneal dialysis; CCPD, continuous cycling perito-
neal dialysis; DAPD, daytime ambulatory peritoneal dialysis; DE, 
daytime exchanges; NE, nocturnal exchanges; NIPD, nocturnal inter-
mittent peritoneal dialysis; NTPD, nightly tidal peritoneal dialysis. 
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be relevant to clearance of large-molecule, charged, or 
protein-bound solutes. A more detailed discussion of uremic 
solutes and the limitations of using urea as a solute marker 
is provided in Chapter 54.

PRESCRIPTION-RELATED FACTORS
The main factors in PD prescription that can be modified 
to attain recommended goals are frequency of exchanges, 
volume of PD fluid exchanges, and tonicity of solutions.

Frequency of Exchanges

Traditional CAPD prescription is based on a four exchanges 
of 1.5 to 3.0 L every day. Yet some patients with small body 
surface area or significant RKF may start their treatment 
with three or fewer exchanges per day; this modality has 
been defined as incremental, because with time patients are 
expected to require an increase in dosage. Creatinine is a 
larger molecule than urea, so an increase in exchange fre-
quency is less effective than an increase in fluid volume per 
exchange for removal of creatinine, particularly in patients 
with low transport rates.198 In APD, an increase in frequency 
of exchanges also induces an increase in solute clearance 
because the concentration gradient between dialysate and 
blood is maximized, but this increase in exchange frequency 
in a given period may require that a large proportion of the 
total treatment time be dedicated to infusion and drainage. 
Therefore, there is a point at which the number of exchanges 
may be counterproductive in relation to both clearance 
attained and costs. This “break even” point is variable from 
patient to patient and is related in part to the peritoneal 
transport rate.204

The best way to increase clearance in NIPD is to add a 
daytime exchange, which increases Kt/Vurea by 25%. The 
main drawback is that a long daytime exchange often leads 
to net fluid reabsorption, particularly in patients with high 
and high-average peritoneal transport rates. A way to avoid 
this problem is to individually tailor the daily exchange time 

for each patient according to the clinical behavior.192 In 
some patients, additional clearance may be obtained by 
adding a second or third daytime exchange or by switching 
to CAPD.

Increase in Volume Exchange

An increase in fill volume is a more effective means of 
increasing small-molecule solute clearance than an increase 
in exchange frequency. Therefore, it is one of the main 
prescription actions to achieve goals for CAPD as well as for 
APD. Volume exchange is limited to peritoneal cavity size, 
body surface area, patient tolerance of and risk for compli-
cations with PD fluid leaks and hernias.204-206

Increase in Solution Osmolality

A dialysate with a higher tonicity, which induces an increase 
in ultrafiltration volume, is employed mainly to avoid or 
control the hypervolemia often observed in patients without 
RKF independent of their transport type, in patients with 
high and high-average transport rates, and in nonadherent 
patients who ingest large amounts of salt or water. These 
dialysates may also induce a convection-driven, quantifiable 
increase in solute clearance. It is important to point out  
that use of hypertonic glucose solutions has potential 
adverse metabolic consequences: hyperglycemia, dyslipid-
emia, obesity, and long-term peritoneal membrane injury. 
The use of polyglucose solutions (icodextrin) allows greater 
ultrafiltration with a lower risk of inducing metabolic 
complications.204

CLEARANCE TARGETS AND  
CLINICAL OUTCOMES

When outcomes of patients on PD were assessed in the 
prospective Canada-USA cohort study of adequacy in PD 
(CANUSA), there was an inverse correlation between  
Kt/Vurea and mortality.200 This finding led to the implemen-
tation of “evidence-based” recommendations by the  
Kidney Disease Outcomes Quality Initiative (KDOQI) that 
the weekly dose of CAPD achieve a Kt/Vurea of at least 2.0 
for all patients and that the total creatinine clearance rate 
be at least 60 L/week/1.73 m2 for those with high and high-
average transport rates and 50 L/week/1.73 m2 for those 
with low and low-average transport rates.198 In a reanalysis 
of their data, the CANUSA investigators noted that one 
conclusion was erroneous210: In the first analysis of CANUSA, 
the equivalence of renal and peritoneal clearances was 
assumed, and therefore they were merely added. For every 
5-L/week/1.73 m2 increase in residual creatinine clearance, 
there was a 12% decrease in the relative risk of death; no 
such association with peritoneal creatinine clearance was 
evident. The observed survival advantage with higher small-
solute clearances could be accounted for by RKF.210 This fact 
was further supported by the findings of other investigators 
who have stressed the utmost importance of RKF.

Other studies were unsuccessful in evaluating the effect 
of peritoneal clearance on patient.211-213 As previously men-
tioned, the ADEMEX study was a prospective, randomized 
clinical trial to evaluate the effect of an increase in perito-
neal clearance on patient survival.191 The study involved 960 
patients with incident and prevalent renal disease (>50% 
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anuric) who were receiving CAPD with four 2-L exchanges 
and had peritoneal creatinine clearance rates less than 
60 L/week/1.73 m2 at 24 centers in Mexico. Subjects were 
monitored for more than 2 years. A control group received 
a standard prescription (four 2-L exchanges), and for the 
experimental group, the prescription was changed to 
achieve a peritoneal creatinine clearance of 60 L/week by 
increasing dwell volumes and, when necessary, adding a fifth 
automated night exchange. The control group achieved a 
peritoneal creatinine clearance rate of 46 L/week/1.73 m2 
and a peritoneal Kt/Vurea of 1.62 per week, whereas the 
experimental group achieved a peritoneal creatinine clear-
ance rate of 56 L/week/1.73 m2 and a Kt/Vurea of 2.13 per 
week. No differences were observed between the two groups 
in primary (risk of death) and secondary (technique failure, 
hospitalization, nutritional status) outcomes.191 These 
results support the hypothesis that increases in creatinine 
and urea clearance with higher PD dosage, within the 
studied ranges, do not enhance patient survival.

Data from several subgroups—including younger and 
older subjects, those with or without RKF, those with or 
without diabetes, and those with larger and smaller body 
surface areas—were analyzed and, again, showed no differ-
ences in mortality or other outcomes by randomized group 
among these subgroups. Control subjects were more likely 
to drop out of the study because of uremia. The results of 
the ADEMEX study may not be generalizable, however, as 
the participants were smaller in size, younger, and appar-
ently more undernourished that other PD populations.214 
However, these arguments do not preclude the external 
validity of the study, inasmuch as comorbid conditions, 
general survival rates, and causes of mortality were similar 
to those observed in all other studies, including the CANUSA 
study.200

Results of the ADEMEX study were supported by those of 
Lo and colleagues in a randomized clinical trial of 320 
patients with incident renal disease who were receiving 
CAPD and whose baseline renal Kt/Vurea values were less 
than 1.0.193 Patients were randomly assigned to three target 
groups: In group A, Kt/Vurea ranged from 1.5 to 1.7; in group 
B, Kt/Vurea ranged from 1.7 to 2.0; and in group C, Kt/Vurea 
exceeded 2.0. Total Kt/Vurea values of the three groups were 
significantly different, and this difference was mostly attrib-
utable to peritoneal Kt/Vurea. There were no differences in 
patient survival, serum albumin level, or hospitalization 
rates among the three groups; however, more patients from 
group A required erythropoietin and were withdrawn from 
the study by their physicians. Thus, patients with total Kt/
Vurea values below 1.7 had more anemia and clinical compli-
cations, and yet there was no difference in survival or other 

Table 66.6  Adequacy Targets in Peritoneal Dialysis (PD)

Index Measure

Adequacy Index

European Renal 
Association (2005)

Kidney Disease Dialysis 
Outcomes Quality Initiative (2006)

International Society of 
Peritoneal Dialysis (2006)

Total urea clearance (Kt/Vurea)

Continuous ambulatory PD 1.7 1.7 1.7
Automated PD 1.7 1.7 1.7

outcomes for groups B and C, with Kt/Vurea either between 
1.7 and 2.0 or above 2.0. Results of this and the ADEMEX 
study support the notion that a total Kt/Vurea of 1.7 or higher 
is an appropriate target. Lo and colleagues did not recom-
mend reduction in dialysate dosage for patients who 
achieved higher clearance rates, but they did demonstrate 
that within the studied ranges, there were no significant 
differences among groups in mortality and in most other 
secondary end points.193 In addition, these investigators per-
formed a 10-year retrospective survival analysis of 150 anuric 
patients on PD, according to the baseline peritoneal Kt/Vurea 
at time of documentation of anuria and of the latest PD 
prescription (based on Kt/Vurea).215 Baseline Kt/Vurea was not 
an independent risk factor overall; nevertheless, patients 
with peritoneal Kt/Vurea values lower than 1.67 had poorer 
survival rates. Survival rates did not differ among patients 
with Kt/Vurea either higher or lower than 1.80. The survival 
rate was best among female patients with Kt/Vurea values of 
1.67 to 1.86, followed by those with Kt/Vurea higher than 
1.86, and was lowest in those with Kt/Vurea lower than 1.67. 
Peritoneal Kt/Vurea below 1.67 was consistently associated 
with lower survival rates. Reliable information linking dialy-
sis dose in APD with survival is scarce, and controlled trials 
are required.

In the last few years, clinical practice guidelines for PD 
prescription have been adjusted on the basis of the available 
evidence. According to most of these documents, Kt/Vurea is 
still the best available index of “adequacy” and a value of 
total Kt/Vurea of 1.7 or more can be considered adequate 
(Table 66.6).202,205,206,216 Overemphasis on urea kinetic mod-
eling has resulted in the neglect of several relevant issues. 
Long-term overhydration has major negative consequences, 
and CVD is the most frequent cause of morbidity and mor-
tality in patients with ESKD in general and in those on PD 
specifically.217 The adverse effects of overhydration may 
trump the marginal benefits of enhanced solute clearance 
if the latter is attended to in lieu of the former. Salt and 
water overload have to be closely monitored and corrected, 
through dietary restrictions, dialysis ultrafiltration, pharma-
cologic interventions, or a combination of these measures.

Renal clearance is not equivalent to peritoneal clearance, 
inasmuch as the kidney provides benefits that are not 
achieved with PD, including better middle-molecule  
clearance, volume control, and metabolic and endocrine 
benefits. Hyperphosphatemia and other abnormalities of 
mineral metabolism are strong predictors of cardiovascular 
morbidity and mortality.217 Protein-energy wasting should 
also receive close attention because it is present in many 
patients with chronic kidney disease (see Chapter 61). 
Protein-energy wasting, a negative prognostic indicator to 
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is 35 kcal per kilogram of body weight per day for those 
younger than 60 years and 30 to 35 kcal/kg/day for those 
60 years or older.229 Nevertheless, the presence of obesity 
may modify our prescription accordingly, because in some 
PD recipients a reduced intake is preferred in order to limit 
overweight increase or even to induce weight loss. Energy 
intake in patients on PD, in addition to dietary intake, 
should take in account glucose absorbed from the dialysate, 
which depends on factors such as peritoneal transport, 
volume, dwell time, and glucose concentration. Energy 
from dialysate on average is around 20% of the total energy 
intake, corresponding to 3 to 13 kcal/kg/day.238 In relation 
to protein intake, no less than 1.2 g/kg (≥50% of proteins 
with high biologic value) is the daily recommendation for 
adults on PD, and in some specific instances of severe 
protein-energy wasting it should be higher.229 It is important 
to point out that actual protein and energy intake of PD 
recipients is often considerably lower than recommended 

be considered even before the need of dialysis, is also dis-
cussed in the “Nutritional Counseling and Nutrient Supple-
ments” section of this chapter. Attention to nontraditional 
risk factors, particularly inflammation, almost always present 
in patients with renal disease, is important; inflammation is 
also discussed in more detail in the “Inflammation and 
Peritoneal Dialysis” section. Social and psychologic factors 
are also important for the care of the patient on PD.

At present, it is clear that volume status constitutes a 
major determinant of PD patient survival and of an ade-
quate prescription. Volume overload has a major impact on 
cardiovascular morbidity as well as mortality in PD recipi-
ents. Therefore, it is of upmost importance to consider 
normovolemia as a major target of dialysis adequacy.205,206,218 
Determination of optimal volume status is a complex issue, 
and studies with bioimpedance spectroscopy have proven 
useful for this purpose.219,220

NUTRITION AND PERITONEAL DIALYSIS

Protein-energy wasting is often present in patients on PD 
and correlates directly with time on PD.221-224 A deficient 
nutritional status in the PD recipient is strongly associated 
with morbidity and mortality.225-228 Multiple variables are 
employed to assess the nutritional status of the patient on 
PD, including serum albumin level, prealbumin level, lean 
body mass, total body nitrogen level, creatinine excretion, 
anthropometric indices, subjective global assessment, and 
composite nutritional scores. In order to better evaluate and 
monitor the nutritional status of a PD recipient, the use of 
multiple tools is required, as no single measure provides a 
complete evaluation.229

The cause of protein-energy wasting in patients on PD is 
multifactorial and complex (Table 66.7). Nutrient losses 
during dialysis, low nutrient intake, comorbid conditions, 
chronic inflammation, metabolic acidosis, loss of RKF, 
uncorrected uremia, and a variety of endocrine disorders 
contribute to the deficient nutritional status.230-233 Some 
studies have shown that patients with high peritoneal mem-
brane permeability could be at higher risk for protein-
energy wasting; however, association studies between 
peritoneal transport rate and nutritional status have shown 
contradictory results.234,235 It has been long said that patients 
on dialysis may have at least two different types of protein-
energy wasting.236 The first type is related to low nutrient 
intake, and a second type is associated with inflammation 
and CVD. These types of protein-energy wasting often 
coexist in the clinical setting.

A diversity of therapeutic strategies has been suggested to 
treat or prevent improper nutritional status in the PD recipi-
ent. They include nutritional counseling for adequate nutri-
ent intake, treatment of reversible causes of anorexia, and 
correction of catabolic factors (inflammation, correctable 
comorbidities, uremia, and acidosis; see Table 66.7).

NUTRITIONAL COUNSELING AND  
NUTRIENT SUPPLEMENTS

Nutritional counseling is the first-line intervention to 
achieve adequate nutrient intake.237 The usually recom-
mended daily energy intake for patients on maintenance PD 

Table 66.7  Etiology of Protein-Energy Wasting 
in Patients on Peritoneal Dialysis

Causes of Malnutrition
Possible Management 
Strategies

Nutrient losses:
 Amino acids Nutritional counseling
 Peptides 30-35 kcal/kg/day
 Proteins 1.2 g of protein/kg/day
 Water-soluble vitamins Nutrient and vitamin supplements
 Other bioactive 

compounds
Dialysis solutions with amino 

acids
Low nutrient intake:
 Anorexia Treatment of reversible causes of 

anorexia
 Impaired gastric 

emptying
Increasing the dosage of dialysis 

solution
 Altered taste sensation Prokinetic agents
 Unpalatable diet Nutritional counseling
 Inadequate clearance 

of anorexigens
30-35 kcal/kg/day

 Intercurrent illness 1.2 g of protein/kg/day
 Emotional distress Nutrient and vitamin supplements
 Impaired ability to 

procure, prepare, or 
ingest food

Dialysis solutions with amino 
acids

 Comorbidity Treatment of comorbid illnesses
 Chronic inflammation Extracellular fluid volume control

Antiinflammatory drugs (in the 
future)

Metabolic acidosis Correction of acidosis
Loss of residual kidney 

function
Renin angiotensin aldosterone 

system inhibitors
High-dose furosemide (urine 

volume)
Avoidance of nephrotoxins

Conditions with possible 
role(s):

 Endocrine disorders of 
uremia

Recombinant growth hormone

 Fast peritoneal 
membrane transport

Correction of anemia and 
comorbid conditions

 Occult gastrointestinal 
bleeding
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effective in improving nutritional parameters in short-term 
studies and seems to be particularly appealing for children; 
however, its use is limited by cost and the development of 
hyperglycemia and other side effects.249 Similar results have 
been observed with the use of insulin-like growth factor-1.250 
In addition, in small randomized trials, androgenic (ana-
bolic) steroids have been shown to improve some parame-
ters of nutritional status, yet significant risks and side effects 
preclude their use in clinical practice.251 Ghrelin is a protein 
hormone synthesized by gastric endocrine cells and involved 
in regulation of food ingestion and energy metabolism. 
Patients on PD have lower ghrelin concentrations than 
patients on hemodialysis or controls.252 Although ghrelin, 
administered subcutaneously, enhances short-term food 
intake in patients with mild to moderate protein-energy 
wasting, further studies are necessary to determine the ther-
apeutic role of this hormone.253 Other hormones and cyto-
kines, such as leptin, tumor necrosis factor-α (TNF-α), and 
IL-6, all of which have been found to be elevated in patients 
undergoing maintenance dialysis, could participate in the 
loss of appetite present in patients on PD.254

L-CARNITINE

Advanced chronic kidney disease is associated with abnor-
mal L-carnitine metabolism. Although results of some 
studies have suggested that L-carnitine has an erythropoietin-
sparing effect in the management of anemia in patients on 
hemodialysis, data demonstrating a salutary effect of 
L-carnitine on nutritional status are insufficient.255-257 In the 
case of PD, it is currently unclear whether the abnormalities 
in L-carnitine metabolism have a role in the genesis or treat-
ment of protein-energy wasting. DeVecchi and associates 
review the role of L-carnitine in PD as a nutritional supple-
ment and offer extensive discussion of its role as a potential 
osmotic agent.258

INFLAMMATION AND  
PERITONEAL DIALYSIS

An inflammatory phenomenon evidenced by increased  
proinflammatory cytokines and acute phase reactants is 
observed in 12% to 65% of patients with chronic kidney 
disease before they start dialysis, and it is aggravated  
with both PD and hemodialysis.259,260 Systemic inflammation 
is strongly related to atherosclerosis and protein-energy 
wasting.259 Local intraperitoneal inflammation induces 
important structural alterations, including thickening and 
cubic transformation of mesothelial cells, fibrin deposition, 
fibrous capsule formation, perivascular bleeding, and inter-
stitial fibrosis, and is associated with peritoneal solute trans-
fer rate.87 These structural alterations induce clinical 
and functional changes, including ultrafiltration failure, 
which can occur in a large proportion of patients on long-
standing PD.261

In the stable patient on PD without active peritonitis or 
other infection, several conditions may be implicated in  
the origin of systemic inflammation, including the use of 
bioincompatible dialysis solutions.262 Additional factors, 
such as rapid peritoneal membrane transport, reduced  
RKF, and overhydration, have also been associated with 

and that anorexia and dysgeusia could be contributing to 
this situation.229

Intensive nutritional support may be of value during 
hypercatabolic conditions, including episodes of perito-
nitis. However, the effect of counseling on the nutritional 
status of affected patients remains largely untested. One 
report suggested that nutritional counseling, as an isolated 
measure, may maintain nutritional status despite a decrease 
in RKF and higher rates of systemic inflammation.239 Admin-
istration of oral nutritional supplements may contribute  
to improvement of nutritional status; however, published 
data are scarce, and very few controlled clinical trials  
have involved commercially available supplements or dry 
egg albumin–based supplements as a nutritional inter-
vention.240-243 Major drawbacks of commercial oral nutrient 
supplements are the cost and difficulty to ensure sus-
tained adherence, which may preclude their long-term and 
broad use.

DIALYSIS SOLUTIONS WITH AMINO ACIDS

Management of protein-energy wasting with the available 
PD solutions has been poorly explored and seems to require 
a personalized prescription.244 The use of amino acids has 
been explored, and in few randomized trials conducted to 
date, anthropometric and biochemical measures have been 
better preserved in some but not all treated patients.245 The 
potential benefits of amino acid–based dialysate may be 
greater when it is combined with provision of sources of 
energy, either orally or with glucose in dialysate. However, 
hard end points such as technique survival, hospitalization, 
and quality of life have yet to be studied in well-designed 
trials.

REVERSIBLE CAUSES OF ANOREXIA

Increasing the dosage of dialysis solution to correct anorexia 
is an approach often attempted but found to be ineffective 
in large randomized trials.191,213,221 Gastroparesis is a fre-
quent complication in patients on PD, particularly, but not 
exclusively among those with diabetes246; correction of gas-
troparesis may increase dietary intake and reduce nausea 
and vomiting. The use of prokinetic agents (e.g., metoclo-
pramide, erythromycin) has been reported to increase 
serum albumin concentration in hypoalbuminemic patients 
on dialysis with delayed gastric emptying.247

METABOLIC ACIDOSIS
Given that acidosis induces protein catabolism, correction 
of acidosis with oral alkali has been a measure to improve 
nutritional status (see Chapter 61). In a randomized trial 
conducted among patients on PD, oral sodium bicarbonate 
supplementation resulted in a significant increase in the 
plasma bicarbonate concentration along with improve-
ments in some anthropometric measurements and nutri-
tional status (evaluated by subjective global assessment); this 
response in turn was associated with shorter hospitalization 
period and reduced morbidity.248

ANABOLIC HORMONES
An anabolic strategy is to administer recombinant growth 
hormone. Its administration has been reported to be 

http://www.myuptodate.com


2126 SECTION X — DIALYSIS AND EXTRACORPOREAL THERAPIES

hypertrophy, and congestive heart failure, all of which are 
considered surrogate end points for survival.283,284 The 
improved survival observed in PD recipients with better-
preserved RKF has been postulated to result from several 
factors, including renal clearance of circulating proinflam-
matory cytokines and middle molecular weight uremic 
toxins (e.g., p-cresol) that are otherwise poorly removed 
with dialysis alone; improved anemia management due to 
persistent endogenous erythropoietin production; and pre-
served renal salt and water excretion, which allows better 
maintenance of euvolemia and normotension.283,284 Addi-
tionally, preserved RKF allows for better maintenance of 
normal bone mineral metabolism; RKF loss in PD recipients 
is associated with higher serum phosphate concentrations 
and higher serum fibroblast growth factor 23 (FGF-23) 
levels (independent of serum phosphorus), both of which 
have been implicated in increased arterial stiffening and 
valvular calcification and, hence, increased cardiovascular 
mortality.285 Loss of RKF per se is associated with greater 
valvular calcification and cardiac hypertrophy.286

Nutritional status, which is strongly related to the pres-
ence of inflammation, is better maintained in the presence 
of RKF.232,287 Appetite and intake of both macronutrients 
and micronutrients are linked to better-preserved RKF.232,267 
Moreover, anuric patients seem to have higher resting 
energy expenditure than patients with RKF, which may par-
tially explain the superior nutritional status seen in the 
latter group.288 Better nutrition has been linked to a stron-
ger immune system, and indeed, incident PD recipients with 
RKF have been shown to have lower rates of peritonitis and 
peritonitis-related mortality than anuric patients.287,289 The 
strategy of preferentially using PD as the initial dialysis 
modality in patients with RKF is intriguing and deserves 
additional investigation; small studies seem to show a sur-
vival advantage for some patients who initiate PD therapy 
and subsequently transfer to hemodialysis therapy in com-
parison with matched hemodialysis-only patients.290-292

MEASURES TO PRESERVE  
RESIDUAL KIDNEY FUNCTION

The effect of PD modality (i.e., CAPD versus APD) on RKF 
preservation has been investigated in numerous studies.178 
Although some reports suggest that APD is associated with 
a more rapid decline of RKF than CAPD, in spite of similar 
peritoneal ultrafiltration volumes, the preponderance of 
evidence suggests that PD modality has no effect on RKF.178

High-dose furosemide has been shown to preserve urinary 
volume, increase sodium removal, and decrease weight gain 
better than placebo, without an independent effect on RKF 
per se.293 On the other hand, hypovolemia and hypotension 
have been shown to be independent risk factors for the RKF 
loss; thus special care is needed to achieve a safe balance 
between extracellular fluid volume overload and the hypo-
volemia caused by overzealous diuresis and ultrafiltration.

Biocompatible PD fluids have been hypothesized to be 
less glomerulotoxic than conventional glucose-based solu-
tions because they contain fewer GDPs and lead to less 
formation of advanced glycosylation end products (AGEs) 
than traditional PD solutions. Circulating GDPs and their 
byproducts, AGEs, are mediators of inflammation, fibrosis, 
and glomerular injury in diabetic nephropathy and a similar 

inflammation.86,263,264 The interaction among uremia, 
protein-energy wasting, CVD, and loss of RKF and perito-
neal membrane function, however, continues to be incom-
pletely understood.265 It is clear, and there is a universal 
consensus, that systemic inflammation, independently or  
in combination with all the variables mentioned previ-
ously, is an important factor in predicting morbidity and 
mortality.232,262,266,267

There is a strong association among fluid overload, 
cardiac natriuretic hormones, and proinflammatory cyto-
kines.268 Adequate control of the hypervolemia may reduce 
a heightened inflammatory state, particularly in patients 
with high transport rates. When hypervolemia was amelio-
rated by NIPD in PD recipients with high and high-average 
transport rates, a reduction of serum C-reactive protein and 
IL-6 was observed.269

Results of small studies indicate that agents such as  
thiazolidinediones and statins may have relevant antiinflam-
matory effects, but the effect is modest.270,271 Angiotensin-
converting enzyme (ACE) inhibitors may suppress C-reactive 
protein and oxidized low-density lipoprotein (LDL) choles-
terol in patients with diabetes, but they do not appear to 
reduce inflammation in patients on hemodialysis.272,273 In 
contrast, some evidence has been generated to support the 
idea that inhibition of the renin angiotensin aldosterone 
system (RAAS) may have an antiinflammatory effect on the 
peritoneal membrane.274

At present, there are no studies testing the impact of 
treatment for chronic non–dialysis-related infections (Chla-
mydia pneumoniae, Helicobacter pylori, dental-gingival infec-
tions, and viral hepatitis) on the inflammatory status of PD 
recipients. The development of drugs targeting specific 
mediators of the inflammatory response, such as IL-6 and 
TNF, may hold promise for the future.

RESIDUAL KIDNEY FUNCTION AND 
PERITONEAL DIALYSIS

PD is associated with preservation of RKF and has been 
consistently shown to preserve RKF longer than hemodialy-
sis.275 PD may be better at preserving RKF in part because, 
in comparison with hemodialysis, PD is associated with less 
hemodynamic instability and less frequent volume deple-
tion, and its use avoids the extracorporeal system of hemo-
dialysis that serves as sources of systemic inflammation, 
oxidative stress, and subsequent kidney injury. The use of 
ultrapure dialysate and biocompatible membranes in hemo-
dialysis may reduce sources of inflammation during hemo-
dialysis and are two strategies that could be employed to 
help attenuate the decline in RKF observed in hemodialy-
sis.276 Some factors that have been associated with a loss of 
RKF in PD are female sex, presence of diabetes mellitus, and 
nonwhite race; the associated comorbid conditions include 
congestive heart failure, poorly controlled hypertension, 
coronary artery disease, and, probably, long-term aminogly-
coside use.277-280

Multiple cohort studies have confirmed a positive associa-
tion between the presence and degree of RKF and survival 
in patients on PD.210,281,282 Subsequent studies have consis-
tently shown an association between loss of RKF and 
increased risk for volume overload, left ventricular 
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dysfunction, activation of the sympathetic nervous system, 
wasting, carbamylation of proteins, epigenetic changes), 
and genetic factors.304 Additionally, there are factors specific 
to PD that increase cardiovascular risk. For example, hypo-
kalemia (more common with PD than hemodialysis) has 
been demonstrated to confer an increased risk of death in 
PD recipients; similarly, overhydration and loss of RKF have 
each been associated with increased risk for CVD in patients 
on PD.94,191,210,281,306,307

MANAGEMENT OF CARDIOVASCULAR DISEASE 
IN PERITONEAL DIALYSIS

Hypertension is a well-recognized risk factor for CVD in the 
general population. The relationship between hypertension 
per se and CVD in dialysis recipients is complex owing to 
the myriad comorbidities seen in the ESKD population. 
Although short-term studies have found a weak or even 
inverse relationship between hypertension and CVD in 
ESKD, longer-term studies have found benefit in control of 
hypertension in PD recipients.308,309 Volume overload is a 
major cause of hypertension in such patients, particularly 
when ultrafiltration capacity is insufficient to maintain nor-
motension after RKF declines. It is thus of utmost impor-
tance to routinely monitor urine volumes over time and to 
adjust PD prescriptions promptly when needed to compen-
sate for loss of RKF. Patients with high peritoneal membrane 
transport rates should be evaluated for cycler therapy and/
or icodextrin use during the long dwell time, to reduce the 
risk of volume overload.

Glucose-containing PD solutions contribute to CVD both 
by increasing a patients’ exposure to GDPs (and hence,  
circulating AGEs) and by possibly inducing insulin resis-
tance, which is associated with greater cardiovascular mor-
bidity.310,311 Thiazolidinediones can be used to modulate 
insulin resistance, but the published evidence in favor  
of their use is still scarce.312 Exercise including strength 
training may improve glucose tolerance in ESKD with 
impaired glucose tolerance.313,314 Non-glucose PD solutions 
are another potential solution to this problem: lower serum 
insulin levels and increased insulin sensitivity have been 
reported with Icodextrin.315,316 The role of glucose-sparing 
regimens is discussed earlier in the chapter.

Hyperlipidemia due to systemic glucose absorption and 
peritoneal protein losses potentially contribute to the obser-
vation of higher levels of total and LDL cholesterol, apoli-
poprotein B, lipoprotein (a), and triglycerides and lower 
levels of high-density lipoprotein (HDL) cholesterol in 
patients on PD than in patients on hemodialysis.317 As in the 
general population, statins safely decrease cholesterol levels 
in dialysis but their efficacy in reducing the cardiovascular 
mortality rate has not yet been proven.318 However, the 
Study of Heart and Renal Protection (SHARP) included 
patients who were undergoing treatment with PD at the 
time of enrollment or initiated therapy with the modality 
during the course of the trial.319 The study demonstrated a 
lower risk for cardiovascular events in patients treated with 
simvastatin-ezetimibe but no effect on cardiovascular mor-
tality.319 Further studies should provide more insight about 
the efficacy of statins in reducing mortality among dialysis 
recipients, particularly in those on PD, for whom virtually 
no information is available.

process is thought to induce kidney injury in PD recipients 
who are exposed to GDP-containing glucose-based PD solu-
tions. When intraperitoneal GDPs and AGEs lead to 
increased levels of circulating AGEs, kidney injury and RKF 
decline follow.294 Several studies comparing low-GDP/
neutral pH PD solutions with standard PD solutions found 
higher renal clearance rates and higher urine volumes in 
patients exposed to the former. Importantly, three of these 
studies reported less peritoneal ultrafiltration with the 
low-GDP than with the standard PD solution, suggesting 
that increased urine volumes in the former resulted from 
hypervolemia, which in turn resulted from decreased peri-
toneal ultrafiltration volumes.162,164,295 The results of the 
studies examining the effects of this solution on RKF are 
heterogenous, but the summary evidence seems to suggest 
a higher urine volume, particularly with long-term treat-
ment.159 The impact of icodextrin on RKF is less controver-
sial, in that summary evidence suggested no effect of 
treatment with this solution on RKF.140

In patients with chronic kidney disease, RAAS blockade 
has an established role in slowing progression of renal 
disease. In prevalent patients on PD, two small randomized 
controlled trials have shown that use of ACE inhibitors and 
angiotensin receptor blockers (ARBs) promote preservation 
of RKF in comparison with control conditions.296,297 Avoid-
ance of nephrotoxins such as nonsteroidal antiinflammatory 
drugs and aminoglycosides seems logical for maintenance of 
RKF. One small prospective observational study showed a 
greater decline in RKF after at least 3 days of aminoglycoside 
use for peritonitis treatment, in comparison with no amino-
glycoside.298 A subsequent observational study in a larger 
group of patients was unable to find any significant differ-
ence in RKF decline between those patients who did and did 
not receive an aminoglycoside for peritonitis treatment299; 
similarly, no adverse effect of aminoglycosides on RKF was 
found in a randomized control trial of netilmicin versus 
ceftazidime for the treatment of peritonitis.280 Studies on the 
effect of intravenous contrast dye on RKF in PD patients have 
also shown limited evidence for harm to RKF.300

CARDIOVASCULAR DISEASE IN 
PERITONEAL DIALYSIS

Cardiovascular disease—including new-onset cardiac failure, 
peripheral vascular disease, ischemic heart disease, sudden 
cardiac death, and stroke—is common among patients with 
ESKD.301 Moreover, patients on PD have a remarkably high 
risk of dying from myocardial infarction, arrhythmias, and 
valvular disease and for sudden cardiac death.302 Vascular 
and valvular calcification, volume overload with resultant 
left ventricular hypertrophy, inflammation, and accelerated 
atherosclerosis all contribute to cardiovascular mortality in 
patients with ESKD.303

The interplay of many pathways may underlie the devel-
opment of CVD in patients on PD. These pathways include 
traditional risk factors (diabetes mellitus, hypertension, dys-
lipidemia, sedentary lifestyle, left ventricular hypertrophy, 
smoking, male sex, insulin resistance), uremia-specific 
factors (anemia, phosphate retention, vascular calcification, 
uremic toxins, volume overload, hyperparathyroid), novel 
risk factors (inflammation, oxidative stress, endothelial 
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genital tract. The incubation period of a peritonitis episode 
varies depending on the route of infection and the specific 
organism; for example, touch contamination has been 
reported to cause symptoms between 6 and 48 hours later.336 
The severity of clinical manifestations is also variable and 
may be related to the specific causal agent. Staphylococcus 
epidermidis infections in general cause milder symptoms 
than infections with gram-negative organisms, S. aureus, and 
mycotic organisms.325,337 Unlike surgical or spontaneous 
peritonitis, PD-related peritonitis is rarely associated with 
bacteremia.

Bacterial peritonitis typically manifests as a peritoneal 
effluent leukocyte count exceeding 100 cells/mm3 with a 
leukocyte predominance (effluent neutrophils account for 
more than 50% of the total leukocyte count). Adequate 
cultures of peritoneal effluent samples should yield positive 
results in more than 80% of cases. If a high rate of culture-
negative peritonitis is present in a dialysis center, peritoneal 
culture methods should be reviewed and optimized. The 
simplest way to obtain peritoneal fluid cultures is by inocu-
lating 5 to 10 mL of effluent directly into a blood culture 
bottle; the sample should be sent to the laboratory within 6 
hours or less for best results. Another culture method 
involves inoculating 50 mL of centrifuged dialysate into a 
solid culture media; conflicting reports are unable to 
confirm which method leads to lower rates of culture-
negative peritonitis.338-340

Gram stain preparations of PD effluent are notoriously 
insensitive methods of detecting bacteria, being useful 
mainly for early identification of yeast (see later discussion 
of fungal peritonitis).336 Inadequate effluent collection can 
cause low leukocyte counts despite clinical symptoms of 
peritonitis; this occurrence is more common in APD owing 
to short dwell times. If indicative symptoms are present 
without effluent leukocytosis, cultures and cell counts 
should be repeated after a dwell period of at least 2 hours. 
The differential diagnosis of culture-negative peritonitis 
with dialysate leukocytosis includes inadequate sample col-
lection or laboratory processing, previous antibiotic treat-
ment, and the presence of fungi or mycobacteria.325

In spite of double-bag systems substituting for spike con-
nections, the most prevalent organism in most reported 
series is still gram-positive bacteria, particularly S. epidermidis 
acquired through touch contamination. Pathogenic flora 
may vary significantly according to geographic and other 
environmental circumstances.334,341,342 The second most fre-
quent bacterial cause of PD peritonitis is S. aureus, often 
associated with tunnel or exit site infection; compared with 
peritonitis due to S. epidermidis, that due to S. aureus may 
cause more severe disease and more often lead to catheter 
loss and the need to transfer temporarily or permanently to 
hemodialysis.343,344 Enterococci are the third most com-
monly encountered agents of gram-positive peritonitis; they 
typically respond to antimicrobial treatment, but care must 
be taken to review bacterial sensitivity patterns because 
vancomycin-resistant strains are not uncommon.345 Consti-
pation and other bowel pathology may predispose to entero-
coccal infections, which frequently cause recurrent and 
relapsing peritonitis.346

Although gram-positive organisms are the most common 
cause of PD peritonitis, the proportion of infections due to 
gram-negative organisms has increased over the past 20 

Vascular calcification, affecting the arterial media, athero-
sclerotic plaques, myocardium, and heart valves, is a 
common feature in patients with ESKD and is associated 
with CVD and mortality in patients on dialysis, including 
those treated with PD.320 Moreover, cardiac valve calcifica-
tions are more frequent in patients on PD who have inflam-
mation and are associated with a sixfold higher risk of 
cardiovascular death.321 In patients on hemodialysis, therapy 
with sevelamer, a non-calcium phosphate binder, results in 
smaller increases in vascular calcification scores in compari-
son with calcium-based binders, although the long-term 
effect on patient survival is uncertain.322

Genetic factors may also affect the risk of vascular com-
plications and outcome in the PD population. Examples are 
(1) the finding that a single nucleotide polymorphism in 
the IL-6 gene is associated with higher plasma levels of IL-6, 
higher diastolic blood pressure, and higher left ventricular 
mass and (2) the finding that non–BB allele variants of the 
BsmI polymorphism of the vitamin D receptor gene are 
associated with increased risk of hypercalcemia.323,324 The 
clinical relevance of these associations, however, remains 
uncertain at this time.

PERITONITIS

DEFINITION, DIAGNOSIS, AND  
CLINICAL COURSE

The presence of a cloudy peritoneal effluent is often the 
earliest sign of peritonitis, although abdominal pain pre-
cedes it in some patients. A diagnosis of peritonitis in the 
patient on PD can be established when at least two of the 
following manifestations are present: abdominal pain, posi-
tive result of a peritoneal fluid culture, and more than 100 
white blood cells (leukocytes) per mm3 of the dialysis efflu-
ent.325,326 Although turbid effluent is not always associated 
with peritonitis, its presence should always be considered a 
sign of possible infection until proven otherwise. When the 
peritoneal fluid culture result is negative and the effluent 
leukocyte count is normal, other causes for the cloudy efflu-
ent should be considered, including fibrin, chylous ascites, 
malignancy, chemical or eosinophilic peritonitis, and a spec-
imen taken from a dry peritoneum.326-331 The presence of 
more than 10% eosinophils in a cloudy effluent is diagnostic 
of eosinophilic peritonitis. The condition may manifest 
early after catheter placement or may be associated with 
mycotic infections, allergic reactions, and exposure to drugs 
such as vancomycin.332,333

The most common pathway for invasion of the peritoneal 
cavity by infectious agents is through the catheter’s lumen; 
the next most common is the periluminal route.334 Trans-
mural bacterial migration has been implicated as another 
cause of PD-related peritonitis in patients with constipation, 
diarrhea, recent colonoscopy, diverticulitis, or other bowel 
pathology. Carriage of Staphylococcus aureus in the nasal 
mucosa and skin is linked to exit site and catheter-related 
infections.335 When purulent exudate is present at the exit 
site, a swab culture should be performed. Other less common 
routes of infection are hematogenous spread, due to either 
active bacteremia or transient bacteremia after periodontal 
procedures, and ascending bacterial spread from the female 
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bacterial sensitivity patterns should be taken into consider-
ation in the choice of antimicrobial therapy. Cloudy effluent 
and abdominal pain usually improve early in the course of 
treatment and may disappear within 48 to 72 hours. Persis-
tent clinical manifestations of peritonitis may indicate a 
nonresponding bacterial organism, necessitating prompt 
change in antibiotic treatment or consideration of catheter 
removal.325 Follow-up effluent cell counts are useful tools to 
evaluate treatment response because prolonged peritoneal 
fluid leukocytosis is associated with a higher rate of treat-
ment failure and need for catheter removal.359-361

INITIAL EMPIRICAL THERAPY
Ideal empirical peritonitis treatment should provide  
broad antimicrobial coverage for the most common causes, 
should be convenient to administer, and should not  
favor the development of resistant organisms.362 Such a 
perfect regimen does not exist. Selection of empirical 
therapy should be center-specific, depending on the local 
history of sensitivities of organisms. Empirical antibiotics 
must cover both gram-positive and gram-negative organ-
isms. The latest international guidelines, based on evidence 
when available, include a regimen containing a cephalospo-
rin or vancomycin for gram-positive bacteria together  
with either a third-generation cephalosporin, such as cef-
tazidime or cefepime, or an aminoglycoside; the latter may 
be preferable in patients with no RKF because the nephro-
toxic effects of aminoglycosides may be a concern, although 
some reports suggest that short-term may not harm RKF 
(see preceding section on RKF).325 Vancomycin is highly 
effective against most gram-positive bacteria, but its use has 
raised discussions about whether it favors the appearance  
of vancomycin-resistant staphylococci and enterococci.363 
Drug-resistant S. aureus and Enterococcus strains may 
necessitate administration of newer agents, such as line-
zolid, quinupristin/dalfopristin, imipenem/cilastatin, and 
daptomycin.364

Changing microbiologic features, toxic effects of drugs, 
or difficulties administering therapy may lead individual 
groups to tailor the initial antimicrobial regimen to their 
own patients’ needs. There is evidence from several pro-
spective studies that monotherapy with different agents 
(aztreonam, oral quinolones, cefepime) may be efficacious, 
but results are controversial.364

Antibiotic dosages should be determined from the 
patient’s weight and RKF; when dosages are not adjusted for 
these factors, there is a considerable risk for underdosing 
with resulting treatment failure.

ROUTE AND SCHEDULE OF ADMINISTRATION
Antibiotics can be administered by different routes (e.g., 
oral, intraperitoneal, intravenous). Intraperitoneal (IP) 
administration is preferred to intravenous (IV) infusion; IP 
administration produces a greater concentration of antibiot-
ics locally at the infection site, is easy to administer, and has 
been demonstrated to be superior in a meta-analysis of ran-
domized controlled trials (Table 66.8).364 According to this 
analysis, intermittent administration (once a day in a long 
dwell of at least 6 hours) and continuous administration 
(dosage with each exchange) of antibiotics are equally effica-
cious in CAPD, and there is no benefit for routine peritoneal 
lavage or use of urokinase.365 Antibiotic dosing and interval 

years.347,348 A variety of organisms derived from bowel, skin, 
urinary tract, water sources, and animal contact have been 
reported to cause gram-negative peritonitis. Escherichia coli 
strains and other Enterobacteriaceae such as Klebsiella and 
Proteus species pose a serious problem, particularly in devel-
oping nations, but in most cases they respond to antibiotic 
regimens. Pseudomonas peritonitis accounts for approxi-
mately 8% to 10% of gram-negative peritonitis cases and 
frequently necessitates catheter removal. Early catheter 
removal, temporary transfer to hemodialysis with peritoneal 
cavity rest, and dual-antipseudomonal antibiotic coverage 
are all associated with better outcomes. Pseudomonas species 
are also commonly associated with exit site and tunnel 
infections.336,349-351

Multiorganism gram-negative peritonitis should prompt 
consideration of a primary abdominal pathologic process, 
such as diverticulitis or an intraabdominal abscess; however, 
most patients with polymicrobial peritonitis do not have an 
underlying abdominal catastrophe.352 In cases of bowel per-
foration, fecal effluent may be evident and anaerobes are 
often present. The mortality rate in cases secondary to an 
abdominal catastrophe may be as high as 50% and is cor-
related with the primary event as well as with delays in 
diagnosis and surgery.353

Fungal peritonitis occurs rarely but is always feared 
because of high mortality rates; early removal of the perito-
neal catheter is required.354 The species most frequently 
involved is Candida albicans; the concurrent presence of 
bowel obstruction and abdominal pain portend worse out-
comes. It has been postulated that current or recent anti-
bacterial treatment may increase the risk for fungal 
peritonitis; systemic antibiotics (for peritonitis or even 
non-PD infections) are thought to suppress normal bowel 
flora, allowing intestinal overgrowth of fungi; fungal perito-
nitis then results in some patients after fungal mural trans-
migration into the peritoneum.355

Peritonitis due to mycobacteria is very rare; in most 
instances, it is initially diagnosed as culture-negative perito-
nitis. Diagnosis requires adequate culture techniques and a 
high index of suspicion. In mycobacterial infections, leuko-
cyte counts may exhibit a predominance of monocytes or 
lymphocytes in the peritoneal effluent.325,356 Acid-fast smear 
preparations are notoriously insensitive, and mycobacterial 
cultures require days to weeks of incubation time. Poly-
merase chain reaction techniques have been useful in 
detecting tuberculous gene products in peritoneal fluid, 
and there are reports of retrospective diagnosis either after 
peritoneal biopsy (at the time of catheter removal) or after 
empirical antimycobacterial therapy led to a clinical resolu-
tion of the infection. In areas that are endemic for tubercu-
losis, tuberculosis peritonitis may account for up to 4% of 
all infections and carries a high morbidity, particularly in 
patients with protein-energy wasting.357,358

TREATMENT

Empirical antibiotic treatment should be started as soon as 
infectious peritonitis is diagnosed. Peritoneal fluid leukocy-
tosis is sufficient cause to initiate antimicrobial therapy, and 
treatment should start without delay even if culture results 
are pending.325 Antibiotic regimens should be tailored to 
culture and sensitivity reports once available; center-specific 
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Table 66.8  Intraperitoneal Antibiotic 
Dosing Recommendations  
for Patients on Continuous 
Ambulatory Peritoneal Dialysis*

Drug

Intermittent (per 
Exchange, Once 
Daily)

Continuous 
(mg/L†; All 
Exchanges)

Aminoglycosides

Amikacin 2 mg/kg LD 25, MD 12
Gentamicin, 

netilmicin, or 
tobramycin

0.6 mg/kg LD 8, MD 4

Cephalosporins

Cefazolin, 
cephalothin, or 
cephradine

15 mg/kg LD 500, MD 125

Cefepime 1000 mg LD 500, MD 125
Ceftazidime 1000-1500 mg LD 500, MD 125
Ceftizoxime 1000 mg LD 250, MD 125

Penicillins

Amoxicillin ND LD 250-500, MD 
50

Ampicillin, oxacillin, 
or nafcillin

ND MD 125

Azlocillin ND LD 500, MD 250
Penicillin G ND LD 50,000 U, 

MD 25,000 U

Quinolones

Ciprofloxacin ND LD 50, MD 25

Other Antibacterials

Aztreonam ND LD 1000, MD 
250

Daptomycin117 ND LD 200, MD 20
Linezolid41 Oral 200-300 mg qd
Teicoplanin 15 mg/kg LD 400, MD 20
Vancomycin 15-30 mg/kg every 

5-7 days
LD 1000, MD 25

Antifungals

Amphotericin NA 1.5
Fluconazole 200 mg 

intraperitoneally 
every 24-48 hours

Combinations

Ampicillin/sulbactam 2 g every 12 hours LD 1000, MD 100
Imipenem/cilastatin 1 g bid LD 250, MD 50
Quinupristin/

dalfopristin
25 mg/L in alternate 

bags‡

Trimethoprim/
sulfamethoxazole

Oral 960 mg bid

*For dosing of drugs with renal clearance in patients with residual 
renal function (defined as >100 mL/day urine output), dosage 
should be empirically increased by 25%.

†Except as noted.
‡Given in conjunction with 500 mg intravenously twice daily.
LD, Loading dose; MD, maintenance dose; NA, not applicable; 

ND, no data.
From Li PK-T, Szeto CC, Piraino B, et al: Peritoneal dialysis-

related infections recommendations: 2010 update, Perit Dial 
Int. 30:393-423, 2010.

Table 66.9  Intermittent Administration 
of Antibiotics in Automated 
Peritoneal Dialysis

Drug Intraperitoneal Dosage

Cefazolin 20 mg/kg every day, in long daytime dwell69

Cefepime 1 g in one exchange per day
Fluconazole 200 mg in one exchange per day every 

24-48 hours
Tobramycin Loading dose, 1.5 mg/kg in long dwell; then 

0.5 mg/kg each day in long dwell69

Vancomycin Loading dose, 30 mg/kg in long dwell; 
repeat 15 mg/kg in long dwell every 3-5 
days (aim to keep serum trough levels 
above 15 µg/mL)

of administration in APD have not been sufficiently studied 
for all available regimens. The latest guidelines acknowledge 
the lack of evidence for adequate antibiotic prescription in 
APD, and guidelines are available for intermittent dosing of 
antibiotics for APD recipients (Table 66.9); nevertheless, 
they propose continuous dosing particularly of cephalospo-
rins for this modality.325 Cephalosporins and aminoglyco-
sides could be administered intermittently in the long-dwell 
daytime exchange.366,367 Vancomycin is administered inter-
mittently every 3 to 6 days according to the patient’s own 
drug metabolism, and blood levels may be monitored to 
guide therapy. Because vancomycin efficacy is time depen-
dent, care should be taken to keep therapeutic blood levels 
above the bacteria’s minimum inhibitory concentration 
(MIC) for as long as possible during the entire dosing inter-
val. Researchers recommend keeping the peak blood drug 
value at five to eight times the MIC and the trough blood 
drug value one to two times the MIC.368

SPECIFIC ANTIBIOTIC TREATMENT
Once the results of the peritoneal effluent culture are 
known, if the initial empirical treatment is inadequate, it 
should be adjusted and the response monitored.

Gram-Positive Bacteria

Coagulase-negative staphylococci usually respond rapidly to 
treatment and are adequately eradicated with the initially 
prescribed cefazolin or vancomycin administered for 2 
weeks.325 Treatment of S. aureus peritonitis can continue with 
a first-generation cephalosporin if the organism is methicillin 
sensitive, or with vancomycin if it is methicillin resistant. In the 
rare occurrence of vancomycin-resistant S. aureus, linezolid, 
daptomycin, or quinupristin/dalfopristin should be pre-
scribed. S. aureus infections should be treated for 3 weeks, 
even if a clinical response is seen early in the infection’s 
course. In the presence of an exit site infection by the same 
microorganism, the catheter often must be removed.325,343-345 
If enterococcal peritonitis is diagnosed, intraperitoneal ampi-
cillin and an aminoglycoside are indicated, or vancomycin in 
the case of ampicillin-resistant enterococci.325

Gram-Negative Bacteria

Nonpseudomonal gram-negative enterobacteria usually 
respond to third-generation cephalosporins or aminoglyco-
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CATHETER REMOVAL

In addition to fungal peritonitis, intraabdominal disease, and 
refractory tunnel and/or exit site infections, two other condi-
tions warrant catheter removal: (1) relapsing peritonitis, 
defined as an episode with the same organism that caused  
the preceding episode of peritonitis, or one sterile peritonitis 
within 4 weeks after the end of the initial course of antibiot-
ics, and (2) refractory peritonitis, defined as the failure to 
respond within 5 days of appropriate antibiotics. Catheter 
removal with simultaneous placement of a new catheter is 
most successful for exit site or tunnel infections and for 
relapsing infections but should not be done in refractory 
peritonitis or severe peritoneal infections.371 Success is most 
common in infections that do not involve S. aureus, Pseudomo-
nas, mycobacteria, or fungi; in these cases the patient should 
undergo hemodialysis until peritonitis is resolved (usually 3 
to 4 weeks), and a new catheter placed at that time.325

PREVENTION

Adequate catheter placement is relevant for peritonitis pre-
vention. Exit site placement and prophylactic antibiotic 
therapy at the time of placement, usually with a first-
generation cephalosporin, is used to prevent postoperative 
infections. Postoperative care of the exit site is also impor-
tant. Only when the exit site is healed should the patient 
take over its care. Mupirocin cream applied to the exit site 
has proved useful in preventing local S. aureus infection. 
Mupirocin applied to the nares 5 days a month is also effec-
tive in reducing S. aureus exit site infection. The use of local 
gentamicin has been shown to reduce rates of Pseudomonas 
and other gram-negative infections at the exit site as well as 
of peritonitis.372 Adequate patient training is very important 
in preventing peritonitis episodes. The training of patients 
should include teaching them how to identify contamina-
tion and notify the dialysis facility that it has occurred; epi-
sodes of contamination can be managed with a change of 
peritoneal dialysis transfer set with or without administra-
tion of prophylactic antibiotics.373 The use of double-bag 
systems in ambulatory patients and a flush-before-fill step 
after connection of the tubing to the solution bags in auto-
mated procedures are highly efficacious in preventing peri-
tonitis episodes.373-377

NONINFECTIOUS COMPLICATIONS OF 
PERITONEAL DIALYSIS

MECHANICAL COMPLICATIONS
Intraperitoneal instillation of dialysate causes an increase in 
intraabdominal pressure, and the amount of intraabdomi-
nal pressure varies according to several factors, including 
age, body mass index, volume of dialysate, and patient posi-
tion (intraabdominal pressure is greatest in the sitting posi-
tion, less when standing, and least in the supine position).378,379 
Additionally, certain maneuvers, such as coughing, straining 
during defecation, and lifting, may further raise intraab-
dominal pressure. The major risks associated with increased 
intraperitoneal pressure are the development of hernias, 
pericatheter leaks, diaphragmatic leaks, restriction of pul-
monary expansion with resultant dyspnea, gastroesophageal 
reflux, abdominal discomfort, and pain.380

sides; dual-antibiotic coverage may reduce the relapse and 
recurrence rate of certain gram-negative peritoneal infec-
tions.349,351 Pseudomonas aeruginosa peritonitis should be 
treated with two antibiotics for 3 weeks; if clinical improve-
ment is not seen promptly, catheter removal is indicated. In 
individuals with coexisting exit site infection with the same 
organism, catheter removal is recommended because of a 
high incidence of relapse even if there is clinical improve-
ment with antibiotics alone.325 Intraperitoneal aminoglyco-
sides and third-generation cephalosporins, oral quinolones, 
and intravenous piperacillin have been employed with 
success in pseudomonal peritonitis.353

Polymicrobial Peritonitis

In the presence of multiple enteric organisms, catastrophic 
intraabdominal pathologic processes such diverticulitis and 
appendicitis should be considered, and if any is diagnosed, 
surgery should be performed.353 Antibiotic treatment should 
include an aminoglycoside, a third-generation cephalospo-
rin or carbapenem, and anaerobic coverage with metroni-
dazole or clindamycin. Treatment should continue for at 
least 3 weeks.

Fungal Peritonitis

Fungal peritonitis is a highly lethal infection that responds 
poorly to antifungal agents if the catheter is not removed 
because the organism easily forms biofilm on the catheter, 
thus resulting in a permanent reservoir for the fungus.354,355 
Occasionally, patients with fungal peritonitis may be too ill 
for surgery or may refuse catheter removal. Small case 
reports describe successful treatment of fungal peritonitis 
without catheter removal through the use of a combination 
of systemic and IP antifungal therapy plus continuous high-
dose intracatheter amphotericin B.369 With regard to selec-
tion of antifungal agents, a combination of flucytosine  
and amphotericin B has traditionally been recommended; 
development of resistance is high with flucytosine so this 
agent should never be used alone. Newer and less toxic 
antifungal agents (e.g., voriconazole, fluconazole, and 
caspofungin) may be successful when chosen according to 
fungal culture results and antifungal sensitivity reports; 
infectious disease consultation can be helpful in choosing 
proper antifungal therapy in complicated situations.325,355 
Treatment typically continues for 2 weeks if the catheter is 
removed, or longer if the catheter is not removed.325 Intra-
peritoneal abscess and adhesion formation are the most 
common reasons patients cannot return to PD after micro-
biologic cure.370 Some authorities have advocated keeping 
the catheter in place for a short period to reduce the chance 
of adhesion formation.

Mycobacterial Peritonitis

Treatment of mycobacterial peritonitis requires a complex 
antibiotic regimen consisting of isoniazid, pyrazinamide, 
ofloxacin, and intraperitoneal rifampicin. Catheter removal 
may be required, and treatment with the four agents 
should commence as soon as possible, but definitely within 
4 to 6 weeks of initial presentation, to produce the best 
outcomes. Treatment should continue for 6 to 9 months, 
incorporating an initial intense treatment with four drugs 
followed by a maintenance period with two antimycobacte-
rial agents.356,357
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high levels of LDL cholesterol and apolipoprotein B;  
this lipid profile may be atherogenic and may potentially 
contribute to the high cardiovascular mortality among 
patients on PD, although direct evidence of a link is 
lacking.393 Patients may be treated with fibrates if hypertri-
glyceridemia is severe; statins are also used to lower levels 
of LDL cholesterol.394 Combined use of these two agents 
is usually not recommended because of risk for rhabdo-
myolysis and hepatotoxicity, frequent side effects in patients  
with ESKD.

Mineral metabolism abnormalities are present in patients 
on PD, as in all patients with ESKD, but there are some dif-
ferences in calcium and phosphate handling between 
patients on PD and those on hemodialysis. Hypercalcemia 
may occur in PD because of vitamin D use, high calcium 
levels in some peritoneal fluids (i.e., 3.5 mEq/L), and inges-
tion of calcium-based phosphate binders; this in turn may 
induce suppression of parathyroid hormone secretion, 
resulting in adynamic bone disease, a condition that has 
been reported to occur more frequently in PD than in 
hemodialysis.370,395,396 The increased use of lower calcium 
dialysate (i.e., 2.5 mEq/L) and the use of non-calcium phos-
phate binders appears to have reduced the incidence of 
hypercalcemia in later PD cohorts. Phosphate control tends 
to be better in PD than in hemodialysis, probably because 
of better adherence to diet and/or binders in patients  
who have additionally assumed the responsibility for their 
own dialysis, the continuous nature of the dialytic proce-
dure, and prolonged maintenance of RKF.395-397 Neverthe-
less, similar associations between hyperphosphatemia  
and mortality are observed among patients on PD and 
hemodialysis.398

Among all dialysis recipients, patients on PD uniquely 
experience the complication of hypokalemia. Hypokalemia 
is not uncommon owing to the continuous nature of PD and 
the use of potassium-deficient dialysate; additionally, some 
clinicians advocate that low potassium intake and/or high 
doses of loop diuretics in PD recipients with RKF also con-
tribute to hypokalemia. Hypokalemia has been identified as 
an adverse prognostic factor in patient survival and there-
fore should be corrected.305,399 Fortunately, nearly all patients 
on PD can achieve normal serum potassium levels by increas-
ing dietary intake of potassium-containing foods and/or 
oral potassium supplements. Hyperkalemia is less com-
monly encountered in PD than hypokalemia and is usually 
related to RAAS blockade, missed dialysis, or dietary excess. 
It is usually self-limited and not severe, as long as the patient 
is compliant with the dialysis prescription.

Hyponatremia is a common finding in patients on PD, 
partly because of fluid overload and the low dialysate sodium 
concentration, usually 132 mmol/L. Severe hyponatremia 
is infrequent and may be associated with hyperglycemia, 
protein-energy wasting, or water overload.400,401 Hypernatre-
mia is very rarely observed but may be present in older 
patients who have lost the sense of thirst or have limited 
access to water; a long series of frequent exchanges with very 
short dwell times using hypertonic dialysate can also lead to 
hypernatremia through the mechanism of sodium sieving, 
discussed earlier. This complication is easily avoided by 
allowing some longer dwell times throughout the 24-hour 
cycle, thus allowing sodium to reequilibrate between blood 
and dialysate.

Hernias occur in more than 10% of peritoneal dialysis 
patients and are related to increased intraperitoneal pres-
sure of PD. Many hernias, particularly in the inguinal or 
periumbilical region, are present prior to start of PD and 
become more apparent with the intraperitoneal instillation 
of dialysate. There are several different types of hernias: 
umbilical, abdominal (ventral), incisional, and indirect 
inguinal. A preexisting but previously undetected patent 
processus vaginalis can suddenly become apparent as an 
inguinal hernia after initiation of PD owing to new dialysate 
flow into the hernia, causing genital swelling.381 New hernias 
can form de novo at the catheter incision site, umbilicus, 
ventral abdominal wall, or inguinal area. Most hernias 
require surgical repair; however, a conservative treatment 
may be indicated for some, particularly in elderly patients. 
Surgical repair may be performed without temporary trans-
fer to hemodialysis if the patient can be treated with low-
volume supine exchanges; however, the need for surgery 
must be judged and decided on an individual basis.381-383

Pericatheter leaks may occur after dialysis initiation and 
are more common in obese patients. They may manifest as 
an external dialysate leak or as abdominal or genital edema. 
Conservative treatment, often successful, consists of reduc-
tion of inflow volume per exchange, NIPD, temporary PD 
postponement, and, if needed, temporary transfer to hemo-
dialysis.380,381,383-387 If leakage recurs, the catheter may require 
reinsertion.383,351 A 3- to 4-week break-in period, defined as the 
time between catheter insertion and initial use, significantly 
reduces the risk of pericatheter leaks.380,383

Diaphragmatic leaks, due to preexisting diaphragmatic 
stoma, are uncommon and typically become clinically appar-
ent soon after initiation of PD. The diagnosis of pleuroperi-
toneal fistula may be made with imaging techniques whereby 
contrast dye or radioactive isotope is instilled into the dialy-
sate solution and is later found in the pleural space. Upright 
daytime-only dialysis (with an empty peritoneum at night) 
can be performed for very temporary relief, but ultimately, 
surgical correction or pleurodesis is needed to continue PD.

METABOLIC COMPLICATIONS
The most relevant metabolic complications associated  
with PD are related to the consequences of systemic glucose 
absorption. Absorption of glucose from PD solutions  
may provide 500 to 800 kcal/day.387-391 Glucose absorption 
may induce hyperglycemia in previously nondiabetic PD 
patients with impaired glucose tolerance.391 Treatment of 
hyperglycemia may be a complex clinical problem. Bigua-
nides are contraindicated, as in all patients with ESKD, but 
other hypoglycemic agents, including some sulfonylureas 
and thiazolidinediones, may be used.389 The latter have 
been associated with reduction of fibrosis through inhibi-
tion of inflammation and regulation of the transforming 
growth factor/SMAD signaling pathway.392 Intraperitoneal 
insulin has been used in diabetic patients with CAPD 
because it appears convenient and physiologically benefi-
cial, but it poses an important risk of contamination in the 
process of bag injection. Use of non–dextrose-containing 
PD fluids has been associated with improved glycemic 
control, as previously discussed in the section “Glucose-
Sparing Regimens.”

A second metabolic condition highly prevalent in patients 
on PD is the presence of hyperlipidemia, accompanied by 
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promising therapeutic option in EPS is the antifibrotic 
agent tamoxifen.416 More than 14 published reports provide 
most of the available information regarding tamoxifen use 
in EPS but the majority of these are small case series417; 
randomized controlled trials are clearly needed although 
difficult to perform owing to the infrequency with which 
EPS occurs.417 Prevention of EPS is not yet possible because 
clinicians do not understand the process that leads to this 
condition; nevertheless, early identification may be of great 
importance because early intervention is more effective 
than treatment later in the disease process.409,412,414,415

PATIENT OUTCOMES WITH  
PERITONEAL DIALYSIS

Optimal comparison of two therapies, such as hemodialysis 
and PD, requires adequately powered randomized con-
trolled clinical trials. One such trial was attempted in the 
Netherlands but had to be abandoned because more than 
90% of eligible patients refused to undergo randomization 
to different modalities.418 Currently there is an ongoing 
clinical trial comparing the outcomes with these two  
dialysis modalities in China (clinicaltrials.gov identifier: 
NCT01413074). Until the results of this trial are available, 
the information available is based mainly on retrospective 
registries and a few prospective cohorts from around the 
world.419-429

Results of these studies are not conclusive, and discrepan-
cies can be attributed to multiple factors, including meth-
odologic issues such as use of intent-to-treat versus as-treated 
analysis, level of case-mix adjustments, use of proportional 
versus nonproportional hazards models, and assessment of 
prevalent versus incident patients.430-432 In general, when 
these differences are accounted for, similar results for the 
two modalities are found among registry studies and, to a 
lesser degree, among prospective cohort studies.426,428,429

Nondiabetic and younger patients treated with PD have 
an equal or lower risk for death than those treated with 
hemodialysis; among older diabetic patients, results vary by 
country.430 For example, the Canadian registry shows no 
difference in risk for death between PD and hemodialysis 
among older diabetic patients, whereas in the United States, 
older diabetic patients treated with hemodialysis have a 
lower risk for death than those treated with PD.426 In Danish 
populations, one study demonstrates a lower risk for patients 
undergoing PD, which could be related to a cohort effect 
and to the mode of dialysis initiation.433 In a large population-
based study performed in Korea, patients with ESKD and 
CVD or diabetes who were treated with PD had a lower 
survival rate than those undergoing hemodialysis.434 A 
recently published analysis of the French Renal Epidemiol-
ogy and Information Network (REIN) Registry demon-
strated that patients with congestive heart failure treated 
with hemodialysis had a lower risk for death than the ones 
treated with PD.435 Similarly, the study of Wang and cowork-
ers demonstrated that PD was associated with poorer sur-
vival among patients with ESKD and either CVD or diabetes 
mellitus in comparison with hemodialysis.434 Despite the 
disparate findings, it remains unclear whether the differ-
ences in risk for death are a result of differences in patients 
treated with the two modalities or of a direct benefit (or 

ENCAPSULATING PERITONEAL SCLEROSIS
Encapsulating peritoneal sclerosis (EPS), one of the most 
feared complications of PD, is an uncommon but serious 
entity that is most often associated with longer time on PD; 
the cumulative incidence varies between 0.5% and 4.4%.402,403 
In this condition, massive sclerosis of the peritoneal mem-
brane ensues, resulting in encapsulation of the intestines. 
Encapsulating peritoneal sclerosis is responsible for severe 
disturbances of intestinal function, manifesting as motility 
disorders that cause impaired nutrient absorption, obstruc-
tive ileus, hemorrhagic ascites, anorexia, weight loss, and 
progressive clinical deterioration. Systemic inflammation is 
usually present, manifested by low-grade fever, hypoalbu-
minemia, elevations of serum C-reactive protein, and  
other inflammatory markers. The diagnosis requires both 
clinical features of intestinal obstruction or disturbed gas-
trointestinal function and either radiologic or pathologic 
evidence of bowel encapsulation. Computed tomography 
(CT) has emerged as a reliable tool that in experienced 
hands can be used to confirm a diagnosis of EPS in an 
appropriate clinical setting.404-408 Pathologic confirmation is 
available when patients are subjected to surgery for treat-
ment or catheter removal.409-411 However, care should be 
exercised because accidental injury to bowel may result in 
the formation of enterocutaneous fistula.

The cause of EPS is unknown, but a number of factors 
that may contribute or predispose to its development have 
been identified. Contributing factors can be divided into 
those directly related to PD (time on PD, peritonitis, plasti-
cizers, bio-incompatible dialysate, discontinuation of PD) 
and those that are not (idiopathic, β-blockers, autoimmune 
diseases, cancer, talc or other particulate substances, genetic 
predisposition).409,410 Unknown factors render patients 
more susceptible, inasmuch as the disease never develops in 
some patients even after continuous exposure to multiple 
predisposing conditions. The reported incidence is higher 
in some countries, particularly Japan and Australia, and an 
apparent increase in incidence has been reported in the 
European Union.409,410,412 This increase may be related to 
ethnic or genetic factors, greater longevity of PD technique 
in certain areas, longer waiting times for kidney transplanta-
tion, or improved diagnosis and awareness of the disease. 
Among patients with a confirmed diagnosis, the mortality 
rate is very high, varying from 20% to more than 90%.410,412 
However, the survival in later cohorts appears considerably 
higher than in earlier reports.403 This difference may be 
related to a greater recognition of the disease entity and 
diagnosis at an earlier stage than in previous years.

Treatment for EPS is often not successful and could even 
be described as ineffective, particularly if it is not imple-
mented early in the course of the disease. There is no 
defined treatment of choice. Surgical treatment, which 
involves releasing or lysing adhesions of the small bowel, 
requires precision and expertise to avoid morbid outcomes 
such as enterocutaneous fistula.413 Medical treatments are 
either supportive or therapeutic, the latter aimed at amelio-
rating the inflammatory and profibrotic processes in EPS. 
Total parenteral nutrition and discontinuation of PD with 
subsequent transfer to hemodialysis are often required; in 
some (but not all) instances, such treatment may induce 
regression of the pathogenic process.409,410,412,414,415 One 
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regarded as a limitation of PD, because in an appropriate 
renal replacement therapy program, patients must be able 
to be readily transferred from one modality (PD, hemodi-
alysis, or transplantation) to another according to medical 
and other needs.

In summary, to date there is no conclusive evidence that 
one modality is superior to the other in terms of survival 
rate for all patients with ESKD, yet some subpopulations 
seem to perform better with PD and others in general with 
hemodialysis. It is important to point out that an individual-
ized and educated decision is of importance in choosing a 
renal replacement modality and may play a role in sur-
vival.447 Appropriate clinical judgment, consideration of cul-
tural factors, and informed patient’s choice are factors that 
should be always taken into account in the choice of dialytic 
modality.

ECONOMICS AND COST-EFFECTIVENESS 
OF PERITONEAL DIALYSIS

ESKD is a growing global health concern, the treatment of 
which constitutes a financial challenge even for the devel-
oped world. According to the 2011 USRDS report, the 
overall Medicare expenditure for CKD treatment reached 
$34.3 billion.430 The economics of dialysis is very complex, 
and dialysis cost may become or already is a threat to the 
health care systems of many countries.448 In the industrial-
ized world, PD has been shown to be less expensive than 
hemodialysis.449-451 Most of the studies are either limited cost 
analyses or consider costs in relation to survival. Some 
studies have also shown that the cost-utility ratio is most 
favorable for PD.452 In general, the cost continuum, from 
most to least expensive, is as follows: in-center hemodialysis, 
out-of-center hemodialysis (satellite, or self-care hemodialy-
sis) similar to APD, home hemodialysis, and CAPD.

Several reasons may explain the lower cost of PD, includ-
ing the fact that the patient or a helper administers dialysis, 
whereas hemodialysis must be performed by trained staff, 
which is relatively expensive. In addition, PD requires fewer 
physical resources than hemodialysis. Therefore, in coun-
tries with predominantly public dialysis providers, such as 
government-run hospitals (Great Britain, Canada, New 
Zealand, Hong Kong, and Mexico), the use of PD is much 
higher than in countries with mainly private providers, such 
as physicians’ offices and franchise dialysis centers (United 
States, France, Germany, and Japan), in order to constrain 
ESKD expenditure.

Following are additional questions which may have a deci-
sive economicaly based clinical impact. If PD is less costly, 
why do private providers prescribe it in a small percentage 
of cases? A number of factors may explain this phenome-
non, but the underlying argument is that the economic 
drivers of modality selection in countries with mainly private 
providers are determined by the local economic features of 
the system and not by actual costs (hemodialysis is better 
reimbursed and more profitable).453 In this situation, it is 
important to consider the following: (1) Once a hemodialy-
sis unit is set up, there is economic pressure to maximize its 
efficiency by operating it at full capacity; (2) PD may cost 
less, but the payer (frequently the government) may reim-
burse expenses at a correspondingly lower level; and (3) in 

harm) of the therapy itself.431,432 Hence, these survival studies 
should inform but should not be central to the selection of 
dialysis modality for a particular patient.436

Multiple studies have demonstrated a time-dependent 
trend in the relative risk of death, whereby PD is generally 
associated with equivalent or better survival rates during the 
first 1 or 2 years of dialysis. An interesting European study 
has reported that PD recipients have a survival advantage 
during the first year and hemodialysis recipients have this 
advantage in the next 2 years of dialysis, yet the overall sur-
vival rates in the two groups were similar and influenced by 
age, presence or absence of diabetes mellitus, and dialysis 
center size.437 Results of later studies seem to suggest that 
some of these differences occur from bias. Many patients 
who start treatment with hemodialysis have had inadequate 
preparation for dialysis, which in turn, is an independent 
risk factor for death.438 When this source of bias is accounted 
for in data analysis, there does not seem to be significant 
differences in early survival between patients treated with 
PD and those treated with hemodialysis.426,439,440

In relation to long-term survival, results vary according to 
the nature of the study and to different subgroups within 
studies. Although subgroup analyses in the cohort studies 
have the advantages of being prospective and providers of 
more clinical and laboratory details, they are usually limited 
by smaller numbers of patients in comparison with larger 
registry-based studies.423,441,442 On the other hand, large 
registry-based studies, although offering adequate statistical 
power for subgroup analyses, may be “overpowered” for 
detecting differences between the whole population of sub-
jects on PD and those on hemodialysis. For instance, the 
overall relative risk of death in PD versus hemodialysis was 
1.04 (95% confidence interval [CI], 1.03 to 1.06; P < 0.001) 
for U.S. Medicare recipients who initiated dialysis between 
1995 and 2000420; this difference was statistically significant, 
in being powered by nearly 400,000 patients studied. 
However, this relative risk of 1.04 translates into an adjusted 
3-year survival difference between hemodialysis and PD of 
only 1 month.430 A general improvement in survival among 
patients with renal replacement therapy has been observed; 
these improvements seem to be greater for patients under-
going PD than for those treated with hemodialysis.425,443 
According to the United States Renal Data System (USRDS) 
Annual Data Report 2013, there is a continued trend to an 
improvement in survival in patients who began either hemo-
dialysis or PD in comparison with those beginning therapy 
between 1993 and 1997 as well as for those beginning 
therapy between 1998 and 2002.444 Data from other coun-
tries, in particular Japan those in Europe, have demon-
strated better survival than data from the USRDS, results 
that were initially attributed to higher quality of treatment; 
however, multiple factors, including patients’ comorbidities, 
age, and other factors, undoubtedly play an important role 
in these differences, making comparisons quite difficult.

In relation to technique failure, it is clear that this situa-
tion is more common in PD than in hemodialysis. Accord-
ing to data not accounting for transplantation and death, 
7% to 15% of prevalent patients on PD experienced  
technique failure annually, most often because of peritoni-
tis, catheter malfunction, “burn-out,” and, in some long-
term patients, ultrafiltration failure; such patients are 
transferred to hemodialysis.445,446 This fact should not be 
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many countries with mainly private providers, hemodialysis 
offers more opportunity to bill for additional procedures 
(e.g., provision and administration of intravenous erythro-
poietin, vitamin D analogs, and iron).453 An analysis of reim-
bursement policies and regulations in seven developed 
nations gives further insight into the complexity and diver-
sity of factors that may influence dialysis modality selection 
and further stresses the need for better research in this 
area.454 Changes in ESKD reimbursement policies in the 
United States, in which a system is in place that provides a 
bundled payment per person, per treatment, are expected 
to encourage an increase in the use of PD.455

An additional factor that significantly reduces the use of 
PD in some regions is a lack of adequate PD education and 
training in some nephrology programs, as a result of lack of 
expertise, interest, or economic incentive to promote PD 
growth. This situation has been reported as a significant 
factor that is limiting the development of PD in the United 
States.456

The economics of dialysis in developing nations differs 
from that of industrialized nations.448 The lack of well-
conducted economic evaluations in these countries makes 
it difficult to accurately understand the real basis of dialysis 
modality distribution. In developing nations, where labor is 
relatively inexpensive and the cost of imported equipment 
and solutions is high, PD may be more expensive than 
hemodialysis. A further negative aspect for PD therapy in 
developing nations is that treatment may still entail out-
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even reused, with the consequent high rates of peritonitis, 
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treatment may be less expensive than hemodialysis in devel-
oping nations457; in fact, the local production of PD fluids 
and competition between different providers may influence 
the lowering of PD costs. Thus, the perception that PD is 
not a viable option for developing countries may be inap-
propriate. In countries where the cost of PD is lower than 
that of hemodialysis, an increased use of clinically appropri-
ate PD provides an opportunity to substantially lower the 
overall cost of ESKD treatment, as is being demonstrated in 
some nations.458,459
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Studies now suggest that 25% to 40% of patients in intensive 
care units (ICUs) have acute kidney injury (AKI).1-3 A 
substantial fraction have severe AKI that requires renal 
replacement therapy (RRT). Short-term mortality among 
critically ill patients with acute AKI who require RRT is in 
excess of 50%,4 and among survivors, quality of life is 
poor.5 AKI, as well as electrolyte and acid-base abnormali-
ties, may occur in the setting of a number of different types 
of critical illness. In some cases, the management of the 
underlying disease itself has important renal implications. 
In this chapter, we first discuss AKI in the context of a 
number of different types of critical illness: sepsis, the  
acute respiratory distress syndrome, acute liver failure, and 
acute decompensated heart failure. We then review RRT  
for AKI in critically ill patients and some of the special  
considerations that distinguish RRT in this setting from the 
setting of chronic kidney disease. Of note, we do not  
discuss acute brain injury, which is typically associated with 
dysnatremias (including the syndrome of inappropriate 
secretion of antidiuretic hormone, cerebral salt wasting,  
and central diabetes insipidus) but not AKI. The reader is 
referred to Chapters 15 and 16 for further discussion of 
these disorders.

ACUTE KIDNEY INJURY IN THE CONTEXT 
OF CRITICAL ILLNESS

SEPSIS

AKI, a common complication of sepsis, occurs through mul-
tiple mechanisms, including hypotension leading to hypo-
perfusion, inflammation, and oxidative stress.6,7 There are 
no specific treatments for AKI or for sepsis itself (apart from 
source control and treatment with appropriate antimicro-
bial agents) at present. With regard to inflammatory media-
tors in sepsis, there has been significant interest in the use 
of high-volume hemofiltration to remove proinflammatory 
cytokines, but studies to date have not shown any benefit.8 
Later studies have focused on the use of adsorptive (poly-
myxin B) columns to enhance cytokine removal,9 and mul-
ticenter randomized clinical trials are ongoing.10

The role of fluid management in the management of 
patients with sepsis has been a topic of controversy. After 
the publication of the pivotal study by Rivers and col-
leagues,11 there has been a major shift in clinical practice 
towards early goal-directed therapy in which inotropes and 
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this is an area of ongoing research, and further studies are 
needed.

In addition to the amount of fluid, there is significant 
interest in the type of fluid administered and its impact on 
renal function. It has been suggested that chloride-rich solu-
tions may be associated with greater renal vasoconstriction 
and exacerbation of medullary hypoxia.23 In a small cross-
over study of human volunteers, administration of chloride-
rich solutions was associated with greater fluid retention 
and reduced renal perfusion than administration of bal-
anced salt solutions.24 A number of observational studies 
have suggested that the use of chloride-rich solutions is 
associated with higher risk of AKI than balanced salt solu-
tions.25,26 The largest of these studies was a single-center, 
prospective, open-label sequential study.26 During the 
control period, patients received normal saline or chloride-
rich colloids for resuscitation. During the intervention 
period that followed, patients received Plasmalyte or 
chloride-restricted colloids for resuscitation. During the 
intervention period, the incidence of Risk, Injury, Failure, 
Loss and End-stage kidney disease (RIFLE) stage I and stage 
F27 AKI decreased (from 14% to 8.4%; P < 0.001). Chal-
lenges to the interpretation of these findings include the 
larger than expected effect size, concurrent changes made 
to other aspects of fluid management, and other practice 
changes that may have reduced the risk of AKI. For example, 
the use of RRT in this study dropped from 10% to 6.3% (P 
= 0.005) in the intervention period; one explanation for this 
difference is that the concomitant hyperchloremic meta-
bolic acidosis from chloride-rich fluid administration may 
lead to an earlier requirement for RRT to control metabolic 
acidosis. On the other hand, the use of RRT continued to 
decline over the next several years in the study experience 
described, suggesting the presence of a secular trend that 
may not have been related to the change in the content of 
intravenous solutions.

AKI IN THE CONTEXT OF PULMONARY 
DYSFUNCTION

In the context of acute lung injury and the acute respiratory 
distress syndrome (ARDS), a fluid, conservative manage-
ment strategy has been associated with improved outcomes 
and no adverse renal consequences.28 The mainstay of sup-
portive care for patients with ARDS is low tidal volume, 
lung-protective ventilation, which has led to a significant 
reduction in mortality and is associated with decreased 
levels of proinflammatory cytokines.29 As part of the lung-
protective ventilation strategy, permissive hypercapnia is 
encouraged to minimize ventilator-associated lung injury. In 
the setting of normal renal function, compensatory meta-
bolic alkalosis will ensue. However, in the setting of renal 
dysfunction (either acute or chronic), the metabolic acido-
sis that arises and the inability to compensate for the respira-
tory acidosis associated with permissive hypercapnia may 
trigger the initiation of RRT for correction of the acid-base 
imbalance or the use of boluses of sodium bicarbonate. In 
patients with severe ARDS in whom ventilation is markedly 
impaired because of alveolar injury (as reflected by a high 
dead space fraction and impaired respiratory carbon dioxide 
excretion), bolus doses of bicarbonate may paradoxically 
worsen arterial pH through an abrupt increase in PaCO2 and 

packed red blood cell transfusions are used in addition to 
early volume resuscitation and vasopressors in patients with 
septic shock. However, results of a clinical trial suggested no 
benefit of early goal-directed therapy, which included early 
recognition of sepsis and timely antibiotic administration, 
over standard therapy.12 The ProCESS (Protocol-Based 
Care for Early Septic Shock) trial randomly allocated 1341 
patients to protocol-based early goal-directed therapy, 
protocol-based standard therapy, or usual care. There was 
no difference in 60-day, 90-day, or 1-year mortality between 
the treatment arms (60-day mortality 21% in the protocol-
based early goal-directed therapy arm, 18.2% in the protocol-
based standard therapy arm, and 18.9% in the usual care 
arm). Patients in the protocol-based standard therapy and 
usual care arm received fewer packed red blood cell transfu-
sions and less dobutamine than patients in the other two 
arms, suggesting that these interventions are of limited 
benefit in a general population with sepsis.

FLUID MANAGEMENT AND ITS IMPACT ON AKI

Indeed, studies of fluid management in critically ill patients 
have suggested that fluid overload may be in and of itself 
deleterious, particularly in the context of AKI. Fluid over-
load is associated with a number of adverse consequences, 
including decreased gastrointestinal absorption and 
impaired wound healing.13 In patients with AKI, fluid over-
load has been independently associated with an increased 
risk of new sepsis as well as with an increased short- and 
long-term risk of death.14-17 However, many of these studies 
are observational in nature and therefore subject to con-
founding (e.g., patients who are sicker are more likely to be 
hypotensive and receive fluid boluses and consequently 
more likely to become fluid overloaded). Furthermore, total 
body fluid overload may dilute serum creatinine concentra-
tion and consequently mask AKI.18,19

An adverse consequence of fluid overload that has gained 
significant interest is intraabdominal hypertension and the 
abdominal compartment syndrome.20 Intraabdominal hyper-
tension is defined as an intraabdominal pressure greater 
than 12 mm Hg. This pressure is typically measured by 
instilling a fixed volume of water (30 mL) into the urinary 
bladder via Foley catheter and using pressure tubing  
to transduce a bladder pressure from the Foley catheter 
tubing. The abdominal compartment syndrome is defined as 
an intra-abdominal pressure greater than 20 mm Hg and 
the presence of end-organ dysfunction. AKI results from 
intraabdominal hypertension via two mechanisms. The 
main mechanism of renal dysfunction is thought to be com-
pression of the inferior vena cava, which results in impaired 
venous return and venous stasis throughout the abdominal 
cavity, including the renal veins.21,22 In addition, impaired 
venous return leads to decreased cardiac output and 
increased sympathetic and renin angiotensin aldosterone 
system signaling, resulting in renal artery vasoconstriction. 
The result is a functional prerenal state, characterized by 
low urinary sodium concentration and oliguria. Decompres-
sion of the abdominal compartment (typically via a surgical 
approach) may be required, and newer guidelines suggest 
that consideration should be given to decompression in 
patients with intraabdominal hypertension before the 
abdominal compartment syndrome develops.20 However, 
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function as renal venous hypertension in particular 
improves. However, over-diuresis and volume depletion may 
lead to AKI and can result in significant electrolyte and 
acid-base abnormalities.

There has been significant interest in the optimal man-
agement of volume overload in the context of acute decom-
pensated heart failure. Several studies have compared the 
use of continuous versus intermittent bolus dosing of loop 
diuretics,43,44 on the basis of the hypothesis that continuous 
infusion results in more effective diuresis by avoiding 
periods of “rebound” sodium retention between bolus 
doses. However, no clear benefit to continuous infusions 
over bolus dosing has been demonstrated to date.

Extracorporeal ultrafiltration has been proposed as an 
alternative to diuretic management for volume overload in 
acute decompensated heart failure and has been tested in 
a number of randomized clinical trials. The Cardiorenal 
Rescue Study in Acute Decompensated Heart Failure 
(CARESS-HF) trial compared the safety and efficacy of ultra-
filtration (with a target fluid removal of 200 mL/hour) to 
stepped pharmacologic therapy (target urine output of 
3-5 L/day) in patients with acute CRS type 1 (Figure 67.1).45 
The primary end point was the bivariate change from base-
line in serum creatinine level and body weight. The trial was 
terminated early owing to a lack of benefit in the ultrafiltra-
tion group (serum creatinine increased slightly in compari-
son with a slight decrease in the pharmacologic group, and 
change in weight was the same in the two groups), com-
bined with an increased risk of adverse events, including 
bleeding and catheter-related complications. On the basis 
of this experience, ultrafiltration is no longer favored as a 
first-line therapy for patients with acute decompensated heart 
failure and cardiorenal syndrome. Nonetheless, ultrafiltra-
tion may be required in patients with acute decompensated 
heart failure that fails to respond to intravenous diuretics 
and other pharmacotherapy, particularly in the presence of 
CKD and/or AKI.

RENAL REPLACEMENT THERAPY IN THE 
INTENSIVE CARE UNIT

GOALS OF CARE

Regardless of etiology, when severe AKI develops, the con-
sideration of RRT arises. Broadly speaking, optimal renal 
support in critically ill patients revolves around manage-
ment of the fluid and metabolic abnormalities of AKI in a 
manner that facilitates and promotes recovery from the 
underlying illness. RRT should ideally be performed with 
minimal complications of and disruption to the broader 
care that the patient is receiving. Philosophically, one may 
debate whether RRT is merely supportive or confers an 
additional therapeutic benefit that may enhance survival. 
Specifically, with the exception of dialysis dose, it remains 
unclear whether modulating various aspects of the RRT 
prescription can improve survival. A further goal of RRT is 
maximizing the likelihood of kidney recovery among surviv-
ing patients. This goal is associated with the growing recog-
nition that AKI survivors are at high risk for CKD.46,47 RRT 
protocols should be designed to minimize iatrogenic injury 
to the kidney (e.g., injury due to hypotension and/or hypo-
volemia) in the hope that dialysis independence can be 

conversion to carbonic acid.30 Therefore, continuous RRT 
(CRRT) may be the preferred modality to slowly correct pH 
and compensate for respiratory acidosis.

Studies in animal models suggest there is significant cross-
talk between the kidney and the lung—that is, injury to one 
organ results in injury to the other.31-34 For example, kidney 
injury is associated with elevations of proinflammatory cyto-
kines and worse lung injury in mice35; in one study, concen-
trations of interleukin-6 and interleukin-8 were higher in 
children with AKI after cardiopulmonary bypass surgery 
than in controls (children without AKI) and were associated 
with a longer duration of mechanical ventilation.36

AKI IN THE CONTEXT OF LIVER DYSFUNCTION

In the setting of acute liver failure, a major cause of death 
is cerebral edema resulting in elevated intracranial pressure 
and brainstem herniation.37 Elevated intracranial pressure 
occurs in up to 35% of patients with grade III encephalopa-
thy (stupor, incoherent speech, sleeping but wakes with 
stimulation) and 75% of patients with grade IV encepha-
lopathy (coma, unresponsiveness).38 Thus, a significant 
component of the management of acute liver failure is pre-
vention and management of cerebral edema. Patients with 
acute liver failure are at risk for AKI from either hepatorenal 
syndrome or acute tubular necrosis. Acute tubular necrosis 
may be caused by hypotension, sepsis (a common complica-
tion of acute liver failure), or ingestion of a substance that 
is both hepatotoxic and nephrotoxic (for example, acet-
aminophen, Amanita mushrooms). CRRT is often used for 
meticulous control of volume status in these patients, given 
the high risk of cerebral edema and frequent high obligate 
intake in the form of infusions (N-acetylcysteine, vasopres-
sors, and blood products, including fresh-frozen plasma). 
Hyponatremia is a common complication of liver failure 
and may further exacerbate cerebral edema.

AKI IN THE SETTING OF CARDIAC DYSFUNCTION

Finally, it is clear that cardiac function affects renal function 
and vice versa. The following five clinical subtypes of the 
cardiorenal syndrome (CRS) have been proposed39,40:

Acute CRS (type 1), in which acute worsening of heart func-
tion leads to AKI

Chronic CRS (type 2), in which chronic abnormalities in 
heart function result in kidney dysfunction

Acute renocardiac syndrome (type 3), in which AKI pre-
cedes cardiac dysfunction

Chronic renocardiac syndrome (type 4), in which CKD 
leads to cardiac dysfunction

Secondary CRS (type 5), in which systemic conditions such 
as sepsis result in simultaneous cardiac and renal 
dysfunction

With type 1 CRS in particular, volume overload and  
consequent venous congestion may result in renal dysfunc-
tion via several mechanisms, including renal venous hyper-
tension, development of ascites with intraabdominal 
hypertension, and perhaps inflammation.41,42 Consequently, 
the use of diuretics to improve volume overload in acute 
decompensated heart failure may actually improve renal 
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systematic review of early versus later initiation of renal 
support in critically ill patients suggested a 55% reduction 
in 28-day mortality (odds ratio [OR], 0.45; 95% confidence 
interval [CI], 0.28 to 0.72) with early initiation but no sig-
nificant association with kidney recovery.51 One multicenter 
cohort study in the United States showed that patients who 
started RRT with a serum blood urea nitrogen concentra-
tion higher than 76 mg/dL, which was considered to reflect 
later RRT initiation, had a twofold higher risk of death.52 
On the other hand, results of a study comparing patients 
with AKI who started RRT matched with nondialyzed 
patients with AKI suggested that RRT conferred a survival 
benefit only when serum creatinine exceeded 3.8 mg/dL at 
dialysis initiation.53

Virtually all of the completed studies in this area are 
subject to confounding by indication, and the definitions 
around timing of RRT are variable and arbitrary. For 
example, whether higher urea or creatinine concentrations 
are appropriate surrogates of AKI duration, and hence can 
be used as barometers of timing, is debatable, particularly 
because these measures are also influenced by CKD, muscle 
mass, and nutritional status. The only significant clinical 
trial in this area randomly assigned 106 critically ill patients 
with oliguric AKI to either initiation of RRT within 12 hours 
or deferral of RRT until a clinical complication was appar-
ent.54 Although patients in the late initiation arm started 
RRT about 36 hours after those in the early RRT arm, there 
was no significant survival difference; however, the trial was 
underpowered and hence the results inconclusive.54

An aggressive approach to RRT initiation has conceivable 
shortcomings. Spontaneous renal recovery is frequently 
observed, and the widespread adoption of earlier RRT could 
result in the unnecessary exposure of patients to the risks 
associated with vascular access placement and the RRT pro-
cedure itself (e.g., hypotension, arrhythmia, electrolyte 
abnormalities, and compromised antibiotic concentration). 
At present, a more aggressive approach to RRT initiation is 
limited by the inability to predict which patients will have 
progressive AKI. Optimally, a clinical prediction rule applied 
during the early phases of AKI, possibly enhanced by novel 
biomarkers, would permit the targeted initiation of renal 
support in those who are most likely to have progressive 
disease and therefore more likely to experience benefit.

RENAL REPLACEMENT MODALITY

A variety of RRT modalities are available for the treatment 
of critically ill patients, each with a unique set of advantages 
and shortcomings (Table 67.1). However, no single modality 
has been shown to confer improved survival. As a result, 
logistic factors such as costs, local availability, and staff 
expertise can be justified as factors that determine the avail-
ability of RRT modalities. Furthermore, there may be center-
to-center variation in the application of each modality, 
although practice guidelines now established may stimulate 
more standardized care.55

INTERMITTENT HEMODIALYSIS

Intermittent hemodialysis (IHD) is classically defined as  
the application of technology designed for patients with 

achieved, as well, ideally, as an eventual return to the level 
of kidney function that preceded the acute illness. At 
present, no specific maneuvers have been shown to enhance 
kidney recovery after an episode of AKI.

INDICATIONS FOR COMMENCING RENAL 
REPLACEMENT THERAPY

The decision to initiate RRT is unambiguous when AKI is 
complicated by hyperkalemia or pulmonary congestion 
refractory to medical maneuvers or in the setting of a con-
comitant intoxication with a dialyzable toxin.48 However, in 
the absence of a life-threatening complication, the timing 
of RRT initiation is more controversial. Proponents of early 
or preemptive initiation of RRT have suggested progressive 
volume overload and the toxicity of uncontrolled uremia  
as arguments to commence RRT.49,50 A meta-analysis and 

Figure 67.1  Role of ultrafiltration in decompensated heart 
failure. Changes from baseline in (A) serum creatinine and (B) body 
weight at various  time points, according  to  treatment group. The P 
values were calculated with the use of a Wilcoxon test. (Reproduced 
with permission from Bart BA, Goldsmith SR, Lee KL, et al: Heart Failure 
Clinical Research Network: Ultrafiltration in decompensated heart failure 
with cardiorenal syndrome. N Engl J Med. 367:2296-2304, 2012.)
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lower ultrafiltration volume per session, thereby enabling 
the achievement of euvolemia with less hemodynamic 
instability.

CONTINUOUS RENAL REPLACEMENT THERAPY

CRRT enables the slow removal of fluid and solutes using 
dialysis and hemofiltration, in isolation or in combination 
(see later section on clearance mode). In comparison  
with IHD on a unit-time basis, CRRT is an inefficient form 
of RRT and thus would not be considered optimal when  
the goal is the rapid removal of a dangerous solute (e.g., 
potassium, ingested toxin). The efficacy of CRRT, and its 
putative benefits, is thus realized only when it is applied 
throughout the 24-hour period with minimal interruption. 
Technical factors (e.g., frequent clotting) and time away 
from the ICU for procedures may hamper CRRT delivery. 
Clinical practice guidelines from Kidney Disease/Improving 
Global Outcomes (KDIGO) suggest using CRRT and  
intermittent forms of RRT in a complementary fashion.55 
Although this recommendation opens the door to flexibility 
in clinical practice, the general approach is to employ  
CRRT for patients who are hemodynamically unstable  
and IHD for patients who are more stable, with the under-
standing that variability in hemodynamics will affect the 
modality used.

The administration of CRRT must be highly protocolized. 
Ordering clinicians must determine the optimal intensity of 
RRT to be administered (see later section on dose/intensity). 
Fluid balance is frequently managed on an hourly basis; 
because volume overload is virtually ubiquitous in the criti-
cally ill patient with AKI, achievement of a net fluid removal 
mandates that hourly ultrafiltration exceed the patient’s 
overall fluid balance during the preceding hour. As an 
example, one may consider a net ultrafiltration goal of 
50 mL/hour being prescribed to an anuric patient. If the 
patient received 30 mL from parenteral nutrition and 
40 mL from a variety infusions and lost 30 mL from a variety 
of postoperative drains (net balance + 40 mL), the actual 
ultrafiltration volume needs to be 90 mL. CRRT offers the 
unique flexibility of altering ultrafiltration volumes on an 
hourly basis according to the variability of intake/losses and 
the patient’s ability to tolerate ultrafiltration, which may be 
of significant benefit because volume overload is virtually 
ubiquitous in critically ill patients with AKI.

end-stage kidney disease to patients with AKI. However, 
some modifications are needed for the ICU. Water purifica-
tion is generated by portable reverse osmosis machines. Due 
to the lower blood flow rates typically achieved with tempo-
rary dialysis catheters and the high catabolic rates of  
critically ill patients, session durations up to 5 hours may  
be required.56 Heparin is often omitted owing to the bleed-
ing risks that are frequently seen in critically ill patients  
(see later discussion of anticoagulation). Blood flow ranges 
from 200 to 400 mL/min, with lower blood flows used in 
initial sessions for patients who are believed to be at risk  
for dialysis disequilibrium. In hemodynamically unstable 
patients, a hypertonic dialysate sodium (e.g., 145 mmol/L) 
may promote stability by enhancing fluid movement  
from the extracellular to intracellular space. Although 
hyperkalemia is often a trigger for RRT initiation, excessive 
potassium removal may result in hypokalemia and may  
precipitate arrhythmias. The goal of acute RRT should be 
reducing serum potassium to the safe range (<5.5 mmol/L) 
rather than complete normokalemia, and hence, a dialysate 
potassium concentration less than 2 mmol/L should be  
prescribed with caution. Critically ill patients may become 
hypophosphatemic, especially after receiving prolonged 
RRT, which may be associated with additional complica-
tions in this population, including weakness. Critically ill 
patients may have an array of risks for hypoglycemia, thereby 
mandating the uniform inclusion of dextrose in the 
dialysate.

In order to achieve euvolemia in a population that is 
generally fluid overloaded,15,17 the prescribed ultrafiltration 
volume must address the patient’s expected intake from 
infusions and nutrition while achieving net fluid removal. 
The key challenge of IHD is the need to ultrafilter relatively 
large volumes in a short time in the patient with hemody-
namic compromise, who has a tendency to poor refilling 
from the interstitium. In addition to modification of the 
dialysate sodium concentration, intradialytic hypotension 
can be prevented by lowering the dialysate temperature  
or initiating or escalating the doses vasopressors. However, 
if a patient requires escalating doses of vasopressors to  
tolerate fluid removal via IHD, modalities that permit a 
slower pace of fluid removal should be considered, as 
described in the next two sections. The application of more 
frequent IHD sessions (e.g., daily versus alternate day) or 
exclusive ultrafiltration alternating with IHD may permit a 

Table 67.1 Advantages and Shortcomings of Renal Replacement Therapy Modalities

Intermittent Hemodialysis
Sustained Low-Efficiency 
Dialysis Continuous Renal Replacement Therapy

Advantages Familiarity to nursing staff
Widespread availability
Low cost of disposables
Delivery with no 

anticoagulation feasible

Low cost of disposables
Delivery with no anticoagulation 

feasible
Reasonable hemodynamic 

tolerability

Greater hemodynamic tolerability
Ability to rapidly adjust prescription to 

evolving patient needs
Possibility of improved kidney survival 

among survivors
Shortcomings Challenges with hemodynamic 

instability
Limitations of fluid removal

Limited data on appropriate dosing 
of antimicrobials

Lack of random controlled trials 
comparing efficacy with that of 
other modalities

High cost of disposables
Greater logistic complexity
Challenging to administer without 

anticoagulation
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(target 12 hours/session) or CRRT.69 The primary outcome 
of 90-day mortality did not differ between the groups (49.6% 
vs. 55.6% in SLED and CRRT recipients, respectively; P = 
0.43). However, inferences from these results are limited by 
the small sample size and limited statistical power of this 
trial. Furthermore, the mean duration of SLED treatments 
was longer than expected (15 hours), and the mean dura-
tion of CRRT sessions was shorter than expected (16 hours). 
Two studies evaluated SLED recipients in comparison  
with historical controls (patients treated with CRRT); in  
one study, the introduction of SLED was associated with 
improved outcomes,70 and in the other, outcomes were com-
parable.71 Thus, the available data suggest that SLED is well 
tolerated by critically ill patients with hemodynamic com-
promise and appears safe, but whether or not there is any 
benefit (beyond potential cost savings) is unknown.

MODE OF CLEARANCE

As in long-term RRT, solute removal in patients with AKI 
may be mediated by diffusive and/or convective mecha-
nisms. The relative contributions of diffusive clearance and 
convective clearance to the administered therapy may vary 
and ultimately define the clearance mode (hemodialysis, 
hemofiltration, or hemodiafiltration). In hemodialysis, a 
concentration gradient is generated by the countercurrent 
flow of dialysate and blood across a semipermeable mem-
brane. The diffusive clearance that ensues is the essence of 
hemodialysis. However, solutes may also be removed as a 
consequence of convective clearance, whereby the ultrafil-
tration of large volumes of plasma water down a pressure 
gradient forces concomitant “drag” of solutes across the 
membrane pores. In hemofiltration, a balanced electrolyte 
solution devoid of the unwanted solutes then replaces  
the ultrafiltrate in an isovolemic fashion. Hemodialysis  
and hemofiltration are equally effective in the removal of  
low-molecular-weight substances (e.g., creatinine, urea, 
electrolytes). However, because diffusion is size-related, 
slower-moving, larger molecules are less efficiently cleared 
by dialysis. With hemofiltration, in contrast, clearance of any 
substance of interest is related to the size of the molecule 
in relation to the size of the membrane’s pores. Depending 
on the porosity of the membrane, larger molecules, which 
include potentially toxic cytokines, might be better removed 
by hemofiltration than by hemodialysis.

Hemofiltration may be provided in tandem with hemodi-
alysis (hemodiafiltration) or as the exclusive mode of clear-
ance. It can be applied in the context of continuous (as in 
continuous venovenous hemofiltration [CVVH] or continu-
ous venovenous hemodiafiltration [CVVHDF]) or intermit-
tent forms of RRT.72 Despite its theoretical benefits, there is 
no evidence that hemofiltration ameliorates clinical out-
comes.73 The largest trial to date on this topic, a comparison 
of CVVH and CVVHD, enrolled only 75 patients and did 
not find a difference in 60-day mortality rates.74

INTENSITY OF RENAL  
REPLACEMENT THERAPY

Small clinical trials suggested that the escalation of RRT 
intensity or dose, defined as increased effluent volume in 

SUSTAINED LOW-EFFICIENCY DIALYSIS

Sustained low-efficiency dialysis (SLED), also known as 
extended daily dialysis (EDD) and prolonged intermittent 
renal replacement therapy (PIRRT), is a hybrid modality 
that utilizes conventional hemodialysis devices with an 
extension of therapy to 8 to 12 hours in the hopes of achiev-
ing the putative hemodynamic benefits of continuous dialy-
sis. SLED has gained currency owing to the absence of 
mortality benefit with CRRT (see later), the high costs asso-
ciated with the application of CRRT,57,58 and the concomi-
tant desire to provide safe RRT to hemodynamically unstable 
patients. Initial reports showed that SLED was generally 
associated with reasonable solute control and an achieve-
ment of planned ultrafiltration goals.59-61 SLED was also asso-
ciated with hemodynamic stability comparable to that of 
CRRT.61-63 Further practical advantages of SLED include the 
delivery of therapy without anticoagulation and administra-
tion during nighttime hours in order to minimize interrup-
tions by clinical procedures.

THE IMPACT OF MODALITY ON  
CLINICAL OUTCOMES

CONTINUOUS RRT VERSUS  
INTERMITTENT HEMODIALYSIS
Despite the theoretical benefits attributed to CRRT, ran-
domized trials have not demonstrated enhanced survival in 
comparison with IHD. The largest of such trials, randomly 
allocated 360 patients (the vast majority of whom were 
catecholamine-dependent and mechanically ventilated) to 
IHD or CRRT and demonstrated a 60-day survival of approx-
imately 32% in both groups.64 A Cochrane review involving 
seven clinical trials showed no benefit for CRRT over IHD 
with respect to short-term hospital mortality (risk ratio 
[RR], 1.01; 95% CI, 0.92 to 1.12) or RRT independence 
(RR, 0.99; 95% CI, 0.92 to 1.07).65

If the putative benefits of CRRT are in hemodynamics 
and the prevention of iatrogenic renal ischemia, one would 
expect that benefits to kidney function would be observed 
in survivors of the acute phase of illness. A meta-analysis of 
predominantly observational studies demonstrated a lower 
risk of dialysis dependence among CRRT recipients.66 A 
study from Ontario, Canada, showed that among patients 
who survived to 90 days after initiation of acute RRT, the 
risk of long-term dialysis dependence over 2 years of 
follow-up was 25% lower among CRRT recipients than in 
matched controls whose initial modality was IHD.67 The 
possible nephroprotective benefits seen with CRRT, if borne 
out by clinical trials, are potentially relevant because the cost 
utility of applying RRT in AKI is closely tied to patients who 
achieve dialysis independence and survive for longer than 
1 year.68 Although the in-hospital costs of CRRT are higher 
than for IHD, this initial cost increment may be neutralized 
if CRRT reduces the risk of long-term dialysis among surviv-
ing patients.57

CONTINUOUS RRT VERSUS SUSTAINED LOW-
EFFICIENCY DIALYSIS
The emergence of SLED has been accompanied by limited 
evidence. A single-center trial randomly assigned 232 
patients with AKI admitted to a surgical ICU to either SLED 
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Kt/V (treatment adequacy) was measured per protocol and 
the IHD prescription was altered as needed to target a Kt/V 
of 1.2. The intensive RRT strategy was not associated with 
lower mortality at 60 days (53.6% versus 51.5% in the less 
intensive arm) or a higher likelihood of kidney recovery. 
The Randomized Evaluation of Normal Versus Augmented 
Level of Replacement Therapy (RENAL) was conducted in 
Australia and New Zealand during roughly the same period 
and compared CVVHDF given at 40 and 25 mL/kg/hr.77 
Higher CRRT intensity did not lead to improved survival  
at 90 days. No specific advantage of intensive therapy  
was observed in either study with respect to pre-specified 
patient subgroups such as those with sepsis. Studies of  
ultra-high CRRT doses (i.e., up to 70-85 mL/kg/hr) have 
also shown no benefit.8,78 Ultimately, it remains unclear 

CRRT75 or increased session frequency in IHD,76 could lead 
to enhanced survival. These findings stimulated two large-
scale trials to definitively address whether dialysis intensifi-
cation could improve survival in AKI. The American Acute 
renal failure Trials Network (ATN) trial randomly assigned 
1124 critically ill patients with AKI to two strategies of RRT 
intensity; in this study, modality of therapy varied within 
each group depending on a patient’s evolving hemodynam-
ics (Figure 67.2).56 Intensive therapy consisted of CVVHDF 
at 35 mL/kg/hr or SLED 6 days/week when the patient was 
hemodynamically unstable and IHD 6 days/week when the 
patient was hemodynamically stable; the less intensive strat-
egy was CVVHDF at 20 mL/kg/hr or SLED 3 days/week 
during hemodynamic instability and IHD 3 days/week 
during hemodynamic stability. For patients receiving IHD, 

Figure 67.2  Effect of intensity of renal support in critically ill patients with acute kidney injury. Kaplan–Meier plot of cumulative probabili-
ties of death  (A)  and odds  ratios  for death at 60 days, according  to baseline characteristics  (B)  from  the VA/NIH Acute Renal Failure Trial 
Network. A shows the cumulative probability of death from any cause in the entire study cohort. B shows odds ratios (and 95% confidence 
intervals [CIs]) for death from any cause by 60 days in the group receiving the intensive treatment strategy in comparison with the group receiv-
ing the less intensive treatment strategy, as well as P values for the interaction between the treatment group and baseline characteristics. P 
values were calculated with  the use of  the Wald statistic. Higher Sequential Organ Failure Assessment  (SOFA) scores  indicate more severe 
organ dysfunction. There was no significant interaction between treatment and subgroup variables, as defined according to the prespecified 
threshold level of significance for interaction (P = 0.10). (Reproduced with permission from Palevsky PM, Zhang JH, O’Connor TZ, et al: Intensity 
of renal support in critically ill patients with acute kidney injury. N Engl J Med. 359:7-20, 2008.)
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Though heparin is traditionally the default anticoagulant 
in SLED and IHD, RRT with both modalities can be readily 
administered without anticoagulation. The risk of clotting 
may be mitigated by administering a continuous saline infu-
sion that is added to blood entering the dialyzer, thereby 
lowering intradialyzer blood viscosity. Accelerating the 
blood flow also reduces the risk of clotting. RCA protocols 
have been successfully deployed in patients treated with 
SLED or IHD who experience frequent clotting without 
anticoagulation and in whom systemic heparinization is 
contraindicated.87,88

FLUID BALANCE, ULTRAFILTRATION,  
AND MAINTENANCE OF  
HEMODYNAMIC STABILITY

The achievement of euvolemia is one of the central goals of 
any RRT strategy, especially in light of emerging data suggest-
ing the harms of fluid overload.13 Extracellular volume 
expansion is often substantial at RRT initiation and has been 
associated with adverse outcomes.14-17 In addition, persistent 
fluid overload while patients are receiving RRT is associated 
with higher mortality. Although the relationship between 
fluid overload and death is likely confounded by a host of 
factors, an effective ultrafiltration strategy may have many 
benefits, including reduction in pulmonary edema (which 
may facilitate ventilator weaning) and mitigation of periph-
eral edema (which might help the mobilization process).

The achievement of effective ultrafiltration presents two 
challenges. The first is performing a valid assessment of  
the patient’s volume status. Standard physical examination 
maneuvers (assessment of the jugular venous pressure, 
chest auscultation, peripheral edema) may be difficult to 
apply in the critical care setting and may be complemented 
by a search for pulmonary congestion on chest radiograph 
or information gleaned from a transduced central venous 
pressure. However, given the limitations of all these tools,89,90 
emerging technologies such as bedside point-of-care ultra-
sonography (for assessment of lung fluid91 and inferior vena 
cava diameter92,93) and bioelectric impedance analysis94 may 
prove to be useful adjuncts to standard volume assessment 
techniques.

In the setting of volume overload, the clinician is pre-
sented with the challenge of achieving net fluid removal 
while avoiding iatrogenic RRT-associated hypotension. Such 
hypotension occurs, even in patients with bona fide extracel-
lular volume expansion, through inadequate refilling of the 
intravascular space from the interstitium to compensate for 
fluid that was removed. The proclivity for hypotension is 
further enhanced by impairment of vascular tone, which 
may result from the underlying illness, medications, or 
dialysis-induced rise in core body temperature.95 Continu-
ous therapies have been advocated in patients with hemo-
dynamic instability who might benefit from the low yet 
consistent ultrafiltration rate afforded by this modality. For 
patients receiving intermittent modalities, modifications to 
the dialysate prescription as described previously might 
mitigate iatrogenic hypotension.96 In addition, novel bio-
feedback technology, including blood volume monitoring, 
appears promising but has not been definitively proven to 
reduce intradialytic hypotension.97

whether the improved control of harmful solutes afforded 
by high-intensity RRT is counterbalanced by the removal 
of beneficial solutes such as essential nutrients, endogenous 
antiinflammatory cytokines, and antibiotics.

The results of the aforementioned trials have prompted 
clinical practice guidelines to recommend a target RRT 
dose of 20 to 25 mL/kg/hr in CRRT and a Kt/V of 3.9/
week in patients receiving SLED or IHD.55 The recommen-
dations for SLED and IHD are extrapolated from the long-
term dialysis setting and the ATN trial.56 With regard to 
CRRT, a provocative observational study did not demon-
strate inferior outcomes among patients receiving a mean 
CRRT dose of 14 mL/kg/hr in comparison with those 
receiving a mean dose of 20 mL/kg/hr,79 highlighting that 
the lowest safe dose remains unknown. However, pending 
further data on “low-dose CRRT,” a target RRT dose of 20 
to 25 mL/kg/hr is recommended for routine clinical 
practice.

ANTICOAGULATION

Anticoagulation of the extracorporeal circuit is widely 
prescribed in order to counter the propensity of blood to 
clot when it comes in contact with an artificial membrane. 
Other factors that must be considered in the selection  
of an anticoagulant for RRT include the presence of  
parallel indications for anticoagulation, the patient’s pro-
pensity for bleeding and thrombosis, and the chosen RRT 
modality.

For patients who require anticoagulation for alternative 
indications (e.g., mechanical heart valves, deep vein throm-
bosis), systemically infused unfractionated heparin provides 
adequate anticoagulation of the RRT circuit. In patients 
with heparin-induced thrombocytopenia, systemically 
infused argatroban is an appropriate alternative.80

However, in the common scenario in which systemic anti-
coagulation is contraindicated or undesirable, regional 
citrate anticoagulation (RCA) has emerged as an effective 
and safe anticoagulation strategy.81,82 When infused into the 
extracorporeal circuit, citrate chelates calcium, a required 
cofactor in the clotting cascade, and extracorporeal hypo-
calcemia (0.25-0.45 mmol/L) prevents circuit clotting. Sys-
temic calcium level is maintained in the normal range 
through a concurrent calcium infusion. In comparison with 
use of unfractionated heparin, RCA confers a lower risk of 
bleeding.83 Because citrate is converted to bicarbonate in 
the liver, RCA strategies often lead to metabolic alkalosis, 
which can be corrected by modifying the bicarbonate 
content of the replacement solution or dialysate. In the 
setting of impaired hepatic function, citrate accumulation 
may occur, theoretically manifesting as a wide anion gap 
metabolic acidosis and hypocalcemia. With judicious moni-
toring, however, RCA can be safely used in patients with 
hepatic failure.84 Although RCA is recommended by the 
KDIGO guidelines, it remains unclear whether, in the 
absence of a higher bleeding propensity, RCA is the pre-
ferred anticoagulation strategy for CRRT recipients.55 
Some trials have reported a longer filter survival time with 
RCA,85,86 but this finding was not borne out in a meta-analysis 
of six trials that compared RCA and use of unfractionated 
heparin.83
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component of any AKI management strategy. Nephrotoxic 
agents that are frequently used in the ICU include  
antimicrobials such as aminoglycosides and amphotericin  
B, phosphate-based enemas, and radiocontrast agents.106 
Later trials have highlighted the potential nephrotoxicity  
of hydroxyethyl starches used as volume expanders.107,108 
Alternative agents and imaging modalities should be 
considered.

As glomerular filtration rate (GFR) changes during AKI, 
otherwise safe drugs may accumulate, with adverse conse-
quences.109 When the serum creatinine concentration 
rises rapidly, the absence of a steady state limits the applica-
bility of GFR estimating equations.109 If the serum creatinine 
concentration is increasing, the GFR calculated from an 
estimating equation would overestimate GFR. In contrast,  
if AKI is improving, the calculated GFR would underesti-
mate GFR.

Specific medications that may accumulate with acute or 
chronic kidney function impairment include morphine, 
which has a metabolite that accumulates in the setting of a 
decreased GFR. Hydromorphone is preferable in this setting 
owing to decreased renal metabolism.110 Novel oral antico-
agulants such as dabigatran may rapidly accumulate in the 
setting of AKI, with dangerous implications for bleed-
ing.111,112 The accumulation of sulfonylurea may precipitate 
hypoglycemia, and metformin might contribute to lactic 
acidosis.113 Finally, the accumulation of gabapentin and pre-
gabalin can cause sedation and myoclonus.114,115

Dosing adjustments in the setting of AKI are fraught with 
challenges because much of the available data about such 
adjustments are from patients with stable CKD. Even in the 
setting of a comparable GFR, critical illness and AKI have 
unique implications for pharmacokinetics. Volume over-
load may markedly inflate the volume of distribution, neces-
sitating higher loading doses. Once a drug is in the 
bloodstream, its concentration may be altered by fluctua-
tions in hepatic and renal metabolism. Finally, drug excre-
tion, predominantly of water-soluble drugs, is impaired in 
the setting of AKI. Thus, although published recommenda-
tions can be used as a starting point for drug dosing, careful 
monitoring, by following drug levels when available or by 
clinical assessment for evidence of toxicity, is warranted.

When RRT is initiated, dosing strategies must further 
account for the extracorporeal clearance of medications. 
Drug characteristics (e.g., volume of distribution, molecular 
weight, extent of protein binding), RRT prescription (e.g., 
blood flow, session duration, proportion of convective and 
diffusive clearances) and dialyzer features (e.g., porosity or 
flux, surface area) are important determinants of medica-
tion clearance. In some instances, RRT may have a more 
subtle impact on drug clearance by enhancing extrarenal 
drug metabolism, perhaps through the removal of uremic 
toxins.109 For recipients of intermittent dialysis, medications 
should be administered after dialysis whenever feasible with 
consideration of a supplemental dose. With the current 
predominant use of high-flux filters, which enhance drug 
clearance, dosing recommendations that were derived for 
use with low-flux filters typically need to be increased by 
25% to 50%.109

The advent of SLED poses a further challenge because 
extracorporeal clearance is augmented by this modality for 
an extended time, resulting in a longer period of increased 

VASCULAR ACCESS CONSIDERATIONS

The initiation of acute RRT mandates placement of a dedi-
cated dual-lumen central venous catheter with the goal of 
sustaining an adequate blood flow with minimal recircula-
tion in order to ensure adequate solute clearance. To maxi-
mize RRT efficiency, the distal catheter tip should reside in 
a large vein, necessitating the use of a catheter with an 
adequate length. An internal jugular catheter tip should be 
at the atriocaval junction, thereby requiring a catheter 
length of 15 to 20 cm; a catheter placed in the femoral veins 
must reach the inferior vena cava and so have an optimal 
length of at least 20 to 25 cm.98 To minimize mechanical 
and infectious complications of central venous catheters, 
ultrasound-guided insertion99 and adherence to strict aseptic 
technique100 are recommended.

Though subclavian catheters may be associated with a 
lower rate of infection,101 they are generally avoided, owing 
to the associated higher rate of central vein stenosis, which 
might preclude the future creation of a permanent vascular 
access in the ipsilateral arm among individuals who will 
require permanent dialysis.102,103 Stenosis is believed to result 
from contact of the catheter with the vessel wall, and the 
tortuosity of the vessel makes it more prone to stenosis; this 
is most problematic when catheters are placed in the sub-
clavian or the left internal jugular vein.

A randomized clinical trial showed similar rates of cath-
eter colonization among those receiving internal jugular 
and femoral catheters overall, and no difference in catheter 
associated-bacteremia.104 A secondary analysis of these data 
suggested a trend for less catheter dysfunction among cath-
eters placed in the right internal jugular vein than in the 
femoral vein; however, the rate of dysfunction was highest 
for catheters in the left internal jugular vein.105 Accordingly, 
the KDIGO Clinical Practice Guidelines for AKI suggest the 
right internal jugular vein (which flows in a direct line with 
the superior vena cava) as the preferred access site for 
patients with AKI, followed by the femoral veins, the left 
internal jugular vein, and, as a last resort, the subclavian 
vein on the dominant side.55 Because of their ease of inser-
tion at the bedside, temporary noncuffed catheters are pre-
ferred in critically ill patients with AKI. However, it would 
seem reasonable that even well-functioning nontunneled 
catheters should be replaced with cuffed tunneled cathe-
ters, which are associated with a lower risk of infection, if 
the need for RRT appears to be prolonged.

DRUG DOSING CONSIDERATIONS

In critically ill patients with AKI, medications must be 
reviewed frequently and meticulously. There are three prin-
cipal issues of concern: (1) the perpetuation of kidney 
injury through the administration of nephrotoxins; (2) the 
administration of agents that accumulate and cause extra-
renal toxicity in the setting of impaired kidney function; and 
(3) drug dosing considerations when patients are receiving 
RRT. Consultation with the ICU pharmacist and updated 
medication compendia are recommended.

In patients with established AKI, irrespective of cause, 
avoidance of nephrotoxic medications is a fundamental 
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drug clearance during which blood concentrations of some 
vital drugs might become inadequate. To date, drug dosing 
guidance with SLED is available for only a few agents.116 As 
a general rule, drug doses should probably be higher than 
those administered to patients receiving standard IHD, and 
where feasible, their use should be accompanied by careful 
drug level monitoring.117 In patients receiving CRRT, total 
effluent flow and the relative breakdown of convective and 
diffusive therapy will affect drug removal and subsequent 
dosing changes. The initiation of CRRT at usual doses, 
assuming that there are no interruptions to the therapy, will 
begin to approximate endogenous kidney function, and 
more frequent drug dosing is generally required than with 
IHD or SLED. For a more detailed discussion of this topic, 
the reader is referred to Chapter 64.
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The therapeutic plasma exchange (TPE) or plasmapheresis 
(PE) procedure involves the therapeutic removal of macro-
molecules from the plasma of patients with various medical 
conditions. This chapter will review the history of plasma-
pheresis and the major conditions (renal and nonrenal) for 
which it has therapeutic benefit and concludes with techni-
cal aspects and details of the plasmapheresis process.

HISTORICAL PERSPECTIVE

The term plasmapheresis is derived from the Greek word 
apheresis, which means “taking away,“ or removal. It is unclear 
when the notion of therapeutic removal of blood compo-
nents first originated, but it was flourishing even before 
Hippocrates in the fifth century BC. Bloodletting to remove 
evil humors was commonplace in medical practice, in part 
due to lack of understanding of disease processes and the 
paucity of effective therapies. By the Middle Ages, surgeons 
and barbers were specializing in this bloody and often 
painful practice and, even as late as the nineteenth century, 
bloodletting was used for nearly every infectious and malig-
nant malady afflicting patients in the United States and 
Europe.1 The first true plasmapheresis procedure involving 

the removal of so-called bad blood and replacement with a 
clean solution was performed in 1914 by Abel, Rowntree, 
and Turner at the Johns Hopkins Hospital. The procedure 
was termed vivi-diffusion and demonstrated the principle 
that the blood of a living animal could be dialyzed outside 
the body and then returned to the circulation.2,3 In 1960, 
Schwab and Fahey performed the first therapeutic manual 
plasmapheresis to reduce elevated globulin levels in a 
patient with macroglobulinemia.4

In the early days, the utility of plasmapheresis was based 
on anecdotal or uncontrolled studies. In recent years, the 
number of clinical indications for plasmapheresis has been 
growing. However, the number of clinical conditions that 
have been rigorously studied with prospective randomized 
controlled trials remains small, and decisions about the 
implementation of plasmapheresis (an invasive and poten-
tially dangerous procedure) often still rests on anecdotal 
experience and uncontrolled studies.

GENERAL PRINCIPLES

The mechanism for the clinical improvement of kidney dis-
eases by plasmapheresis depends on the pathophysiologic 
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features of the underlying disease. Plasmapheresis should 
be considered when the pathogenic factor is a substance 
with a large molecular weight or when the patient has a 
deficiency of a plasma component. However, hemodialysis 
and hemofiltration are more efficient procedures for the 
removal of small molecules and toxins with large volumes 
of distribution. In treating any disease characterized by the 
accumulation of toxic proteins or antibodies, the success of 
plasmapheresis depends on the interaction of two general 
variables: (1) the rate of production of the abnormal protein 
or antibody; and (2) the efficiency of removal by plasma-
pheresis. This balance determines whether an abnormal 
component can be removed rapidly enough to provide clini-
cal benefit, typically assessed by the prevention of, or 
improvement in, end-organ damage. The ultimate benefit 
of the procedure is strongly dependent on a rapid and effi-
cient reduction in plasma levels of the toxic substance. As a 
result, plasmapheresis is rarely used in isolation but is most 
often used with other immunosuppressive strategies to 
decrease abnormal protein or antibody production and 
reduce inflammation.

Table 68.1 lists the pathologic factors that may be removed 
with plasmapheresis. The molecular weight complexes  
suitable for plasmapheresis are usually abnormal proteins 
(typically autoantibodies present in numerous diseases), 
monoclonal immunoglobulins present in plasma cell dyscra-
sias, and potentially high-grade immune complexes present 
in some forms of acute glomerulonephritis. In addition to 
removal of toxic proteins or replacement of deficient ones 
with plasma exchange, there may be additional benefits, 
including reversal of impaired splenic function to remove 
immune complexes,5 removal of fibrinogen, and replace-
ment of humoral factors.

PLASMAPHERESIS APPLICATIONS IN 
KIDNEY DISEASE

The clinical indications for plasmapheresis in the treatment 
of kidney diseases are summarized in Table 68.2.

ANTI–GLOMERULAR BASEMENT  
MEMBRANE DISEASE

Anti–glomerular basement membrane (anti-GBM) disease 
is a disorder in which circulating antibodies are directed 
against the noncollagenous domain (NC1) of the α3 chain 
of type IV collagen, resulting in rapidly progressive glomeru-
lonephritis (RPGN). Goodpasture’s syndrome is classically 

Table 68.1  Pathologic Factors Removed by 
Plasmapheresis

ADAMTS 13 (metalloproteinase)
Autoantibodies
Complement products
Cryoglobulins
Immune complexes
Lipoproteins
Myeloma proteins
Protein-bound toxins

Table 68.2  Summary of Renal Diseases Treated 
with Plasmapheresis

Disease Category*

Anti–glomerular basement membrane disease I
Rapidly progressive glomerulonephritis II
Hemolytic uremic syndrome III
Thrombotic thrombocytopenia purpura I
Renal transplant rejection IV
Desensitization for renal transplantation II
Recurrent focal and segmental glomerulosclerosis III
Cryoglobulinemia II
Systemic lupus erythematosus III

*Category I, standard primary therapy; category II, supportive 
therapy; category III, when evidence of benefit is unclear; 
category IV, when there is no current evidence of benefit or for 
research protocols.

defined by the triad of pulmonary hemorrhage, RPGN, and 
circulating anti-GBM antibodies. More than 90% of patients 
have circulating anti-GBM antibodies, and the titer of circu-
lating antibodies correlates with disease activity.6,7 Approxi-
mately 60% to 70% of patients will have pulmonary disease 
in addition to RPGN and, rarely, a patient may present with 
pulmonary hemorrhage and no renal involvement. Before 
the use of current therapies, the mortality rate exceeded 
90%, with a mean survival time of less than 4 months. Cur-
rently, with the combination of plasmapheresis, corticoste-
roids, and cyclophosphamide, the mortality rate has been 
reduced to less than 20%. The role of plasmapheresis in 
anti-GBM diseases is rapid removal of the pathogenic anti-
bodies, whereas the cyclophosphamide and corticosteroids 
are essential to prevent additional antibody synthesis and 
reduce inflammation. A rapid reduction in anti-GBM anti-
body levels is necessary in view of the speed of glomerular 
damage, which cannot be achieved by drug therapy alone.

Plasmapheresis was first used for the treatment of anti-
GBM disease in 1975,8 and numerous uncontrolled studies 
and case series published in the last 30 years have suggested 
the beneficial effects of plasmapheresis on overall survival 
and preservation of kidney function. Some of the major 
studies are summarized in Table 68.3 and, although none 
were prospective randomized trials, the use of plasmapher-
esis is now considered standard therapy. In an early uncon-
trolled study of 20 patients with anti-GBM disease,9 8 patients 
were treated with plasmapheresis and immunosuppression, 
4 patients with immunosuppression alone, and 8 patients 
with nonspecific therapy. The patients treated with plasma-
pheresis had less severe renal failure, shorter duration of 
alveolar hemorrhage, and a lower rate of mortality. In the 
only randomized trial published, Johnson and colleagues10 
compared the effect of therapy with immunosuppression 
alone with that of immunosuppression plus plasmapheresis 
on the clinical course in 17 patients with anti-GBM disease. 
Only 2 of 8 patients who received plasmapheresis became 
dependent on dialysis, in comparison with 6 of 9 who 
received immunosuppression alone; thus, the addition of 
plasmapheresis showed a trend toward a better outcome. 
However, the initial serum creatinine level and number of 
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Table 68.3  Renal Recovery in Patients with Anti–Glomerular Basement Membrane Antibody Disease*

Study (Year)

No. of 
Patients 
in Study

Patients with Independent Renal Function  
at 1 Year

Treatment
Initial Cr Concentration 
<5.7 mg/dL

Initial Cr Concentration 
≥5.7 mg/dL†

Bouget et al (1990)171 13 50% 0% Most patients received PE.
Herody et al (1993)172 29 93% 0% Most patients received PE.
Merkel et al (1994)173 32 64% 3% 25 patients received PE.
Andrews et al (1995)174 15 NA 7% All patients had Cr concentration 

≥600 mmol/L; only 8 patients 
received treatment.

Daly et al (1996)175 40 20% 0% 23 patients received PE.
Levy et al (2001)11 71 94% 15% All patients received PE, C, and 

CFM.
Saurina et al (2003)176 32 71% 18% 24 patients received treatment with 

C, CFM, and PE.

*According to initial creatinine concentration.
†Or dialysis-dependent.
C, Corticosteroids; CFM, cyclophosphamide; Cr, creatinine; PE, plasmapheresis.

fibrocellular crescents were also major factors associated 
with outcome.

The largest study to date was uncontrolled and reported 
long-term outcomes in 71 patients with anti-GBM disease.11 
All patients received a standard immunosuppressive regimen 
of plasmapheresis, oral prednisolone, and oral cyclophos-
phamide. Plasma exchange (50 mL/kg up to a maximum 
of 4 L) was performed with a centrifugal cell separator daily 
for at least 14 days or until anti-GBM antibody levels were 
undetectable. Human albumin (5%) with added calcium 
and potassium was used as replacement fluid, and fresh-
frozen plasma (FFP; 150 to 300 mL at the end of the 
exchange) was used in patients who had recently undergone 
surgery or kidney biopsy and in those with pulmonary  
hemorrhage. Patients who had a creatinine concentration 
less than 5.7 mg/dL (n = 19) had 100% patient survival 
and 95% renal survival at 1 year. In patients who had a cre-
atinine concentration higher than 5.7 mg/dL (n = 13) but 
did not require immediate dialysis, patient and renal  
survival were 83% and 82% at 1 year, respectively. In patients 
who presented with dialysis-dependent renal failure (n = 
39), patient and renal survival were 65% and 8% at 1 year, 
respectively. All patients who required immediate dialysis 
and who had 100% crescents on renal biopsy remained 
dialysis-dependent.

The conclusion was that all patients with anti-GBM anti-
body disease and severe renal failure who do not require 
immediate dialysis should be treated with an aggressive 
immunosuppressive regimen and intensive plasmapheresis. 
Because pulmonary hemorrhage is associated with a high 
risk of mortality, plasmapheresis should be initiated in such 
patients, regardless of the severity of the kidney failure.

Outcomes with kidney transplantation after anti-GBM 
disease have been excellent. Most patients with anti-GBM 
disease have no recurrence of the disease in the allograft, 
although up to 50% may show linear immunoglobulin G 
(IgG) staining of the glomerular basement membrane.12 
The delay of kidney transplantation for 12 or more months 

after the disappearance of anti-GBM antibodies and the 
degree of the immunosuppression necessary to maintain a 
functioning allograft are thought to be the main reasons 
why recurrences are very rare.13

RAPIDLY PROGRESSIVE GLOMERULONEPHRITIS

RPGN is characterized by rapid deterioration in kidney 
function occurring over a period ranging from a few days 
to a few weeks. Untreated RPGN usually leads to end-stage 
kidney disease (ESKD). RPGN is characterized by severe 
inflammation and necrosis of most glomeruli and, fre-
quently, by fibrocellular crescents (crescentic glomerulone-
phritis). There are three major subgroups of RPGN: (1) 
anti-GBM disease and Goodpasture’s syndrome (discussed 
above); (2) immune complex–mediated processes in  
which immune deposition occurs, usually as a result of auto-
immune diseases (e.g., systemic lupus erythematosus, 
postinfectious processes, mixed cryoglobulinemia, IgA 
nephropathy); and (3) pauci-immune diseases that are 
usually (in about 80% of patients) associated with antineu-
trophil cytoplasmic antibody (ANCA), including granulo-
matosis with polyangiitis (GPA; formerly known as Wegener’s 
granulomatosis) or microscopic polyangiitis (MPA). A ther-
apeutic role for plasmapheresis in anti-GBM disease is dis-
cussed above, although its role in immune complex– 
mediated processes is still uncertain (see below).

ANTINEUTROPHIL CYTOPLASMIC ANTIBODY–
ASSOCIATED VASCULITIS
Crescentic glomerulonephritis induced by ANCA is associ-
ated with progressive impairment of kidney function and 
often involves other organs. Aggressive treatment is required 
to avoid end-organ damage and potentially fatal complica-
tions.14 The rationale for using plasmapheresis in pauci-
immune ANCA-associated diseases (GPA and MPA) was 
initially based on similarities in renal histopathology between 
these disorders and anti-GBM disease. The first use of 
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first 16 days). Again, there was no demonstrable benefit of 
plasmapheresis in the non–dialysis-dependent patients; 
however, a nonsignificant trend in benefit was seen in the 
dialysis-dependent patients, with 3 of 4 patients receiving 
plasmapheresis coming off dialysis compared with only 2 of 
7 in the control group.26 In 62 patients with Churg-Strauss 
syndrome or polyarteritis nodosa, there was no additional 
benefit seen in patients who received plasmapheresis in 
addition to cyclophosphamide and steroids.27 Zauner and 
associates28 performed a prospective, randomized multi-
center study that compared 39 patients with RPGN treated 
with immunosuppression alone or immunosuppression and 
plasmapheresis. They found that the addition of plasma-
pheresis had no significant effect on renal or patient sur-
vival independent of age, gender, or serum creatinine 
concentration at the time of diagnosis.

There is little evidence for the use of plasmapheresis for 
those with other causes of RPGN, although there has been 
one report of benefit in children with RPGN from Henoch-
Schönlein purpura (HSP).29,30 One study has suggested that 
plasmapheresis may be beneficial in kidney transplant  
recipients with recurrent HSP nephritis, but there are no 
prospective studies or protocols indicating the optimal ther-
apeutic regimen for these patients.31

LUPUS NEPHRITIS

Acute and chronic kidney disease are common and poten-
tially serious complications of systemic lupus erythematosus 
(SLE). Traditionally, active lupus nephritis was treated with 
corticosteroids, azathioprine, and intravenous cyclophos-
phamide, but safer and more effective therapies have been 
sought. More recent studies have shown that mycopheno-
late mofetil32 is an alternative to intravenous cyclophospha-
mide in patients with active proliferative disease. Although 
promising in uncontrolled studies, the role of rituximab in 
treating lupus nephritis remains to be determined.33

The use of plasmapheresis for patients with proliferative 
lupus nephritis was first reported in the 1970s, but it was not 
until 1992 that the Lupus Nephritis Collaborative Study 
Group undertook a randomized study to examine systemati-
cally the safety and efficacy of plasmapheresis. The Lupus 
Nephritis Collaborative Study Group34 was a large, random-
ized, controlled multicenter trial comparing a standard-
therapy regimen of prednisone and cyclophosphamide with 
a regimen of standard therapy plus plasmapheresis in 
patients with severe lupus nephritis. In this study, 46 patients 
were randomly assigned to receive standard therapy, and 40 
were randomly assigned to receive plasmapheresis. Histo-
logic categories included lupus nephritis types III, IV, and 
V. Plasmapheresis was carried out three times per week for 
4 weeks, and drug therapy was standardized. The mean 
follow-up period was 136 weeks. Although patients treated 
with plasmapheresis experienced more rapid reduction of 
antibodies to double-stranded DNA and cryoglobulins, the 
addition of plasmapheresis did not improve clinical out-
comes. Of the 46 patients who received standard therapy, 8 
(17%) developed kidney failure and 6 (13%) died; in com-
parison, of the 40 patients who received plasmapheresis, 10 
(25%) developed kidney failure and 8 (20%) died. Results 
were similar in magnitude and direction after an extended 
follow-up of 277 weeks. Another small trial confirmed these 

plasmapheresis for the treatment of GPA-associated RPGN 
was reported in 1977, when the combination of plasmapher-
esis, oral prednisolone, and cyclophosphamide was associ-
ated with rapid recovery of kidney function in five of nine 
patients.15

In an early controlled trial of 48 patients with focal nec-
rotizing glomerulonephritis, 25 patients received plasma-
pheresis and drug therapy (prednisolone, cyclophosphamide, 
azathioprine), and 23 patients received drug therapy alone. 
The number of plasmapheresis exchanges was determined 
by the clinical response, and a mean of nine exchanges were 
performed (range, 5 to 25). Replacement fluid was with 5% 
albumin. In patients not requiring dialysis, the response to 
immunosuppressive therapy alone was excellent; the addi-
tion of PE provided no additional benefit, nor did it prevent 
some patients from progressing to the need for dialysis. 
However, this study was the first to suggest that some patients 
who were dialysis dependent might be able to discontinue 
dialysis after treatment of the vasculitis, and the proportion 
of patients coming off dialysis was higher in the PE group 
(10 of 17 vs. 3 of 8 in the drug therapy–alone group).16

More recent studies have suggested that plasmapheresis 
improves prognosis in patients with ANCA-associated  
glomerulonephritis. Frasca and colleagues17 retrospectively 
analyzed 26 patients with acute renal failure due to ANCA 
vasculitis. They reported that patients who received immu-
nosuppressive treatment plus plasmapheresis experienced a 
more favorable outcome than patients who received immu-
nosuppressive treatment alone. Results from the multi-
center European Vasculitis Study Group have supported this 
conclusion.18,19 In this study, 137 patients with ANCA-
associated systemic vasculitis (kidney biopsy–confirmed) 
and serum creatinine level higher than 5.7 mg/dL were 
randomized to receive seven plasmapheresis exchanges  
(n = 70) or 3 g of methylprednisolone in divided doses 
(n = 67). Both groups received oral cyclophosphamide and 
oral prednisolone as maintenance therapy. Dialysis indepen-
dence at 3 months was the primary end point; 33 of 67 of 
methylprednisolone-treated patients (49%) were alive and 
independent of dialysis compared with 48 of 70 patients 
(69%) who received plasmapheresis (P = 0.02). When com-
pared with methylprednisolone, plasmapheresis was associ-
ated with a reduction in risk for progression to ESKD of 24% 
at 1 year. A meta-analysis summarizing nine trials with 387 
patients has shown that PE confers a significant benefit to 
patients with RPGN by reducing the number of patients 
requiring dialysis at 12 months from diagnosis. It has been 
estimated that the number of patients requiring dialysis may 
be reduced by 50% with this intervention.20,21 Therefore, 
plasmapheresis is the best complement to immunosuppres-
sive therapy for patients with ANCA vasculitis and advanced 
kidney disease.22 Some patients present with antibodies to 
both ANCA and GBM. Plasmapheresis is recommended in 
such cases in addition to any patient with either of these 
disorders who also has diffuse pulmonary hemorrhage.23-25

IDIOPATHIC RAPIDLY PROGRESSIVE 
GLOMERULONEPHRITIS AND OTHER VASCULITIDES
The Canadian Apheresis Study Group randomized 32 
patients with idiopathic RPGN to receive intravenous meth-
ylprednisolone, followed by oral prednisolone and azathio-
prine, with or without plasmapheresis (10 exchanges in the 
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deposition of immune complexes, and the renal manifesta-
tions range from isolated proteinuria to overt nephritic or 
nephrotic syndrome, with variable progression toward 
ESKD.41 The use of plasmapheresis for cryoglobulinemia 
has not been studied in randomized controlled trials. 
However, the hypothesis that plasmapheresis may remove 
pathogenic cryoglobulins is rational, and numerous anec-
dotal case reports and uncontrolled studies have demon-
strated that plasmapheresis may benefit patients with severe 
active disease manifested by progressive kidney failure, 
severe or malignant hypertension, purpura, and advanced 
neuropathy.42,43 In the treatment of severe acute flares of 
cryoglobulinemia with glomerulonephritis or vasculitis, one 
approach is combination antiviral therapy with peginter-
feron (pegylated interferon alfa-2a) and ribavirin for 48 
weeks, plus corticosteroids and cyclophosphamide as needed 
to control severe symptoms. In the most severe cases, the 
addition of plasmapheresis (exchanges of 3 L of plasma 
three to four times per week for 2 to 3 weeks) can be helpful. 
In uncontrolled studies with more than five patients, plas-
mapheresis induced rapid reduction in the cryocrit, 
improved kidney function in 55% to 87% of patients, and 
improved survival (≈25% mortality rate) in comparison to 
historical data (≈55% mortality rate).44 It is unclear whether 
there will be a role for plasmapheresis in the management 
of hepatitis C–related cryoglobulinemia with newer  
treatment regimens for hepatitis C, including sofosbuvir, 
and combination regimens of sofosbuvir-ledipasvir or 
dasabuvir-ombitasvir-ritonavir.

Due to the unique characteristics of cryoglobulins, the 
plasmapheresis technique has been modified to enhance 
their removal. Cryofiltration cools the plasma in an extra-
corporeal circuit, allowing for more efficient removal of the 
pathogenic proteins. However, this technique is most effi-
ciently performed by a continuous process that requires a 
specialized machine designed for this purpose. An alterna-
tive protocol is a two-step procedure in which the patient’s 
own plasma can be reinfused after incubation in the cold to 
cause the abnormal proteins to precipitate out.45

KIDNEY FAILURE ASSOCIATED WITH  
MULTIPLE MYELOMA AND OTHER  
HEMATOLOGIC DISORDERS

Kidney disease is a common finding in multiple myeloma; 
in 20% to 50% of affected patients, the plasma creatinine 
concentration exceeds 1.5 mg/dL (133 µmol/L). Kidney 
injury is a serious complication associated with a poor prog-
nosis. The mechanisms of injury are thought to be mediated 
by the toxic and inflammatory effects of monoclonal free 
light chains (FLCs) on kidney proximal tubule cells and by 
the formation of intratubular casts through interaction  
with Tamm-Horsfall proteins. Other factors frequently 
implicated in myeloma-associated kidney failure include 
hypercalcemia, hyperuricemia, amyloidosis, hyperviscosity, 
infections, and chemotherapeutic agents (Figure 68.1).46,47

Although trials of plasma exchange to remove the neph-
rotoxic light chains have shown a disappointing lack of 
benefit, high cutoff dialysis removes larger quantities of 
light chains; therefore, some studies have been investigating 
whether this approach can improve the renal prognosis 
independently of chemotherapy.48,49 An early study of 29 

findings. Wallace and coworkers35 randomly assigned 9 
patients to receive 6 months of intravenous cyclophospha-
mide and prednisone and 9 patients to receive plasmapher-
esis before each infusion of cyclophosphamide. In each 
group, 2 patients developed ESKD, and 3 patients achieved 
renal remission at 24 months. Together, the results of these 
studies indicate that addition of plasmapheresis to conven-
tional treatment for lupus nephritis does not appear to 
improve the prognosis of lupus nephritis, despite more 
rapid reduction in circulating autoantibodies.

Despite these results, other small studies have suggested 
that plasmapheresis is beneficial in a select group of patients 
with aggressive lupus nephritis. Euler and Guillevin36 admin-
istered plasmapheresis and pulse intravenous cyclophospha-
mide, followed by oral cyclophosphamide and prednisone, 
in an uncontrolled study of 14 patients with severe SLE and 
lupus nephritis. All 14 patients responded, and 8 were able 
to discontinue therapy for 5 to 6 years. One patient had a 
major relapse, and 2 others had a minor relapse at 2 and 3 
years. The main adverse effects were herpes zoster, and 4 
women developed irreversible amenorrhea. Danieli and col-
leagues37 compared two groups of patients with proliferative 
lupus nephritis at 4 years of follow-up. The first group (12 
patients) received synchronized therapy with plasmaphere-
sis and cyclophosphamide, whereas the second group (16 
patients) received intermittent cycles of cyclophosphamide. 
At the end of the follow-up period, patients who received 
synchronized plasmapheresis and cyclophosphamide 
therapy achieved remission faster than patients who received 
intermittent cycles of cyclophosphamide alone, although 
renal outcomes were not superior at longer-term follow-up. 
Yamaji and associates38 reported a retrospective analysis of 
38 patients; they found that synchronized therapy with plas-
mapheresis and cyclophosphamide might be superior to 
plasmapheresis or cyclophosphamide alone in achieving 
complete remission of lupus nephritis and in minimizing 
the risk of relapse. However, the proportion of patients with 
class IV disease differed among the three groups—
synchronized therapy, 39%; cyclophosphamide alone, 69%; 
and plasmapheresis alone, 0%.

Thus, the available published evidence does not support 
the addition of plasmapheresis to immunosuppressive 
therapy for lupus nephritis. As a result, the American Society 
for Apheresis has considered plasmapheresis as a category 
IV treatment (no evidence) for use of plasmapheresis for 
lupus.39 However, most studies have included patients with 
classes III, IV, and V lupus nephritis, so it remains unknown 
whether there may be a narrow role for plasmapheresis in 
refractory class IV patients. Immunoadsorption with protein 
A, protein C1q, or dextran sulfate cellulose columns may 
hold future promise; a small case series has shown benefit 
in treating refractory lupus nephritis.40

MIXED CRYOGLOBULINEMIA

Cryoglobulinemia is the presence of serum proteins that 
precipitate at temperatures below 37° C and redissolve  
on rewarming. More than 80% of patients with mixed  
cryoglobulinemia are infected by hepatitis C virus, and  
cryoglobulinemia can often be found in patients with mem-
branoproliferative glomerulonephritis related to this virus. 
The glomerular injury is the consequence of the glomerular 
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Figure 68.1 Factors that influence free light chain (FLC) concentra-
tion and outcome in myeloma kidney. (From Cockwell P, Cook M: The 
rationale and evidence base for the direct removal of serum-free light 
chains in the management of myeloma kidney. Adv Chronic Kidney Dis 
2012;19:324-332.)
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Table 68.4  Randomized Controlled Trials of Plasmapheresis (PE) in Treatment of Multiple Myeloma

Study (Year)
Renal 
Biopsy

No. of 
Patients

Dialysis 
(%)

PE 
Sessions Chemotherapy Outcome Results

Zucchelli et al 
(1988)177

17 29 82.8 5-7 Melphalan and 
PDN or VAD

Recovery—renal function 13/15 PE group
2/14 control group

Johnson et al 
(1990)51

21 21 57.1 3-12 Melphalan and 
PDN

Recovery—if dialysis- 
independent

3/7 PE group
0/5 control group

Clark et al 
(2005)52

Not Stated 104 29.9 5-7 Melphalan and 
PDN or VAD

Death or dialysis at 6 mo 33/57 PE group
27/39 control group

CFM, Cyclophosphamide; PDN, prednisone; VAD, vincristine, adriamycin, dexamethasone.

patients with multiple myeloma and acute kidney injury 
included 24 patients on dialysis and an additional 5 with 
serum creatinine concentrations higher than 5 mg/dL. The 
patients were randomly assigned to one of two groups; 15 
patients received plasmapheresis plus standard therapy, and 
14 patients received standard therapy alone. Of the 15 
patients who received plasmapheresis, 13 patients recovered 
kidney function (serum creatinine concentration < 2.5 mg/
dL), in contrast to only two of the 14 who received standard 
therapy.50 However, in a study of 21 patients who were ran-
domly assigned to receive plasmapheresis plus chemother-
apy or chemotherapy alone, Johnson and coworkers51 
reported no difference in patient survival or in recovery of 
kidney function. The mortality rate at 6 months was 20% in 
each group, which increased to 60% to 80% at 12 months.

In the largest study to date, 104 patients (of whom 97 
completed follow-up) with multiple myeloma and acute 
kidney injury (kidney biopsies were not used to confirm cast 
nephropathy) were randomly assigned to receive conven-
tional therapy alone or conventional therapy plus five to 
seven plasma exchanges (5% human serum albumin) of 
50 mL/kg of body weight for 10 days. The primary end 
point (death, dialysis, or glomerular filtration rate < 30 mL/
min) occurred in 33 of 58 patients (56.9%) who received 
plasmapheresis and in 27 of 39 control subjects (69.2%).52 
This lack of efficacy may not be surprising; light chains are 
small proteins (25 to 50 kDa) that equilibrate between 

intravascular and extravascular compartments so that the 
intravascular compartment may contain only 20% of the 
total body burden. Therefore, a standard series of 3.5-L 
plasma exchanges might only remove 65% of intravascular 
free light chains and therefore have little impact on the total 
body burden. Together, the results of these studies leave the 
role of plasmapheresis in the management of cast nephrop-
athy unresolved. Questions remain about subgroups of 
patients who may benefit; in general, these results suggest 
that caution should be used when plasmapheresis is consid-
ered for patients with acute kidney injury in association with 
multiple myeloma (Table 68.4).53

High-cutoff dialyzers have been tested in patients with 
myeloma kidney. These dialyzers have membranes with very 
large pores through which light chains can pass. An early 
analysis of this method has suggested that up to 90% of light 
chains could be removed during 3 weeks of extended daily 
dialysis. However, this success rate is dependent on the 
plasma cell clone responding to chemotherapy. Hutchison 
and colleagues studied the efficacy of immunoglobulin free 
light chain removal by high-cutoff hemodialysis as an adju-
vant treatment to chemotherapy in 67 patients with kidney 
injury and multiple myeloma; 32 of 38 (85%) patients who 
had undergone kidney biopsy had cast nephropathy.54 The 
median number of high-cutoff dialyzer sessions was 11 
(range, 3 to 45), and two thirds of those in the study had a 
sustained reduction in serum free light chain concentra-
tions by day 12. In total, 63% of patients became indepen-
dent of dialysis; the most important factors that predicted 
independence from dialysis were the degree of free light 
chain reduction and the time to initiation of high-cutoff 
hemodialysis.

Waldenström’s macroglobulinemia is a B cell disorder 
resulting from the accumulation of clonally related IgM-
secreting lymphoplasmacytic cells. The morbidity associated 
with Waldenström’s macroglobulinemia is typically medi-
ated by tissue infiltration by neoplastic cells and by the 
physicochemical and immunologic properties of the mono-
clonal IgM. Due to the large molecular weight of IgM 
(>950 kDa), hyperviscosity can be a major issue. In affected 
patients with symptomatic hyperviscosity, cryoglobulinemia, 
or moderate-to-severe cytopenia as a result of bone marrow 
infiltration by lymphoplasmacytic cells, the burden of 
plasma paraproteins should be reduced rapidly and, in 
these cases, plasmapheresis should be performed. Typically, 
two to three sessions of plasmapheresis are necessary to 
reduce serum IgM levels by 30% to 60%. Treatment should 
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(HUS) cases in Germany. Most patients with HUS (87%) 
underwent plasmapheresis, and the mean number of ses-
sions was 6.3/patient. Analysis of the outcomes of this  
outbreak found that mortality was higher in patients  
who received supportive care without plasmapheresis 
(10.6%) when compared to patients treated with plasma-
pheresis (3.7%) or plasmapheresis plus eculizumab (2.6%).60 
Although this was not a controlled study, this large outbreak 
has given additional support to the recommendation for the 
use of plasmapheresis in Shiga toxin–producing, E. coli–
related HUS. The role of plasmapheresis for Shiga toxin–
producing, E. coli–related HUS in children is not clear. In 
the 2011 German outbreak, only 12% of patients were in 
children. Loos and associates reported the outcomes of 90 
children with HUS; only 1 patient (1.1%) died in the acute 
phase.61 Most patients (67 of 90 [74%]) received supportive 
care only. Renal replacement therapy was required in 64 of 
90 (71%) children. Neurologic complications, mainly sei-
zures and altered mental status, were present in 23 of 90 
patients (26%). Ten patients received plasmapheresis, 6 
eculizumab, and 7 a combination of both. Plasmapheresis 
was performed in 17 of 90 patients (19%), mainly for neu-
rologic complications (n = 16), but also for severe renal 
involvement (n = 1). Exchange was done with albumin (n = 
12) or FFP (n = 5), with a median of four exchanges (range, 
two to seven). Treatment with plasmapheresis included 7 
patients with neurologic complications for whom additional 
subsequent treatment with the anti-C5 antibody eculizumab 
was used.

Atypical hemolytic uremic syndrome (aHUS) is a rare 
form of thrombotic microangiopathy associated with genetic 
or acquired disorders that leads to dysregulation of the 
alternative pathway of complement. Atypical HUS is strongly 
associated with mutations or polymorphism in proteins 
implicated for activation or regulation of the alternative 
pathway of complement, with factor H heterozygous muta-
tions representing the major cause of aHUS. Plasmapheresis 
has been recommended by the Apheresis Guidelines for the 
treatment of aHUS and in guidelines produced in 2009 by 
the European Pediatric Study Group for HUS. They recom-
mended “urgent and empirical” plasma exchange once 
Shiga toxin enterocolitis and invasive pneumococcus have 
been excluded.62 Dragon-Durey and coworkers reported the 
outcome of 45 patients with aHUS; 15 received plasmapher-
esis alone and 3 were treated with immunosuppressive treat-
ments (steroids plus cyclophosphamide or mycophenolate 
mofetil).63 None of the 3 patients treated by plasmapheresis 
and immunosuppression relapsed, and all of them fully 
recovered without relapse at up to 12 months of follow-up. 
Late-relapsing patients were treated conservatively (2 of 6; 
33%), FFP infusion (5 of 6; 83.3%), or plasmapheresis alone 
(6 of 15; 40%). Sinha and colleagues studied a multicenter 
cohort of 138 Indian children with anticomplement factor 
H antibody–associated HUS (aHUS) and found that prompt 
use of immunosuppressive agents and plasmapheresis are 
useful for improving outcomes and renal survival.64,65

The mechanism of TTP is now partially understood and 
reveals why plasmapheresis with plasma exchange is benefi-
cial. Genetic studies of congenital TTP have led to the iden-
tification of defects in the metalloproteinase, von Willebrand 
factor (vWF)–cleaving protease (ADAMTS13—a disintegrin-
like and metalloprotease with thrombospondin type 1 

be initiated as soon as possible with a regimen that includes 
bortezomib, dexamethasone, and rituximab to achieve 
more rapid disease control.55

Plasmapheresis has been widely used in hematologic and 
oncologic diseases; however, only the following disorders 
are considered category I (standard primary therapy) by  
the American Society for Apheresis: (1) leukocytosis and 
thrombocytosis (cytapheresis); (2) thrombotic thrombocy-
topenic purpura (TTP; see next section); (3) posttransfu-
sion purpura (plasmapheresis); (4) sickle cell disease (red 
blood cell exchange); (5) ABO-incompatible bone marrow 
transplantation (red blood cell removal from the marrow; 
plasmapheresis in the recipient to eliminate ABO antibod-
ies is considered category II [supportive therapy]); (6) 
hyperviscosity in monoclonal gammopathies; and (7) cuta-
neous T cell lymphoma (photopheresis; see Table 68.2).56

HEMOLYTIC UREMIC SYNDROME AND 
THROMBOTIC THROMBOCYTOPENIC PURPURA

TTP and hemolytic uremic syndrome (HUS) share a spec-
trum of abnormalities in numerous organ systems and are 
characterized by the presence of thrombocytopenia and 
microangiopathic hemolytic anemia. In HUS, the promi-
nent features are hemolytic anemia, thrombocytopenia, and 
advanced acute or chronic kidney disease. The finding of 
neurologic symptoms with fever and perhaps less severe 
kidney failure is classically considered TTP. However, these 
designations are artificial, and both syndromes are charac-
terized by pathologic changes of endothelial injury and 
platelet microthrombi. With two exceptions, the causes  
for these disorders remain unknown and can be viewed as 
complications of drug therapy (mitomycin, cyclosporine, 
ticlopidine), autoimmune disorders (SLE, antiphospho-
lipid antibody syndrome), and pregnancy.57 Shiga toxin–
producing–O157:H7 enterohemorrhagic Escherichia coli 
(STEC/EHEC) is one of the most common causes of HUS; 
however, the 2011 outbreak in Northern Europe was the 
first to be caused by the serotype O104:H4. In this disease, 
the enterotoxin induces colonic vascular injury, which leads 
to systemic absorption and activation of numerous signaling 
pathways and results in endothelial cell damage over several 
days. Platelet microthrombi are particularly prominent in 
the glomerular capillaries and often cause severe renal 
failure. Infection with E. coli O157:H7 can be asymptomatic 
or may manifest as nonbloody diarrhea, hemorrhagic colitis, 
HUS, thrombocytopenia, and death.58

Treatment of infection with enterohemorrhagic E. coli 
strains, including E. coli O157:H7, is mainly based on sup-
portive therapy, particularly rehydration. The use of antimo-
tility agents, which inhibit peristalsis and delay clearance of 
the organism, may worsen HUS. The disease is often self-
limited in children, and a role for plasmapheresis is not 
clear. However, in adults and in patients with severe or per-
sistent disease, plasmapheresis is often used. One of the first 
uncontrolled trials for plasmapheresis in E. coli–associated 
HUS was in 22 patients in Scotland with confirmed E. coli 
O157:H7 infection. Plasmapheresis was performed in 16 
patients, of whom 5 (31%) died, compared to 5 of 6 patients 
(83%) who did not receive plasmapheresis.59 In 2011, there 
was an outbreak of Shiga toxin–producing E. coli STEC 
O104:H4, with 855 confirmed hemolytic–uremic syndrome 
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dialysis, but many patients have residual chronic kidney 
disease. When a normal platelet count has been achieved, 
plasma exchange may be gradually tapered by increasing 
the interval between treatments. Many patients (one third 
to one half) abruptly develop recurrent thrombocytopenia 
and increased evidence of hemolysis when daily plasma 
exchanges are tapered or stopped. Some of these patients 
may benefit from the addition of prednisone or some other 
immunosuppressive therapy (e.g., cyclosporine, rituximab) 
although data in support of these strategies are sparse.57

KIDNEY TRANSPLANTATION

Plasmapheresis has been used in several different clinical 
scenarios involving kidney transplantation. These include 
recurrent focal glomerulosclerosis (FSGS) in the transplant, 
ABO blood group–incompatible transplants, positive T cell 
cross-match, and acute humoral rejection.

RECURRENT FOCAL SEGMENTAL 
GLOMERULOSCLEROSIS

FSGS is a relatively common cause of ESKD, and recurrent 
primary FSGS occurs at a rate of 20% to 30% in kidney 
transplant recipients. The risk of relapse is particularly high 
(80% to 90%) in patients with a prior history of allograft 
loss resulting from recurrent FSGS. Additional factors asso-
ciated with an increased risk of recurrence are rapid pro-
gression to ESKD, mesangial hypercellularity, and younger 
age. The time on dialysis and the immunosuppressive 
regimen are not proven risk factors. The mechanisms of 
recurrent FSGS after kidney transplantation are unclear, but 
the early reappearance of proteinuria suggests that a circu-
lating factor that alters glomerular permeability may be 
present.77,78 Removal of a circulating factor by immunoad-
sorption or plasma exchange may account for the remission 
of the disease in some patients.79 The potential circulating 
factor may be a nonimmunoglobulin protein with a molecu-
lar weight less than 100 kDa, although there are discrepan-
cies in the characteristics of this permeability factor.77-79 An 
alternative hypothesis is that nephrotic patients lack one or 
more factors necessary for the maintenance of normal glo-
merular permeability, and a factor in normal serum (e.g., 
clusterin) may be lost or diminished.80-82 However, at this 
time, the mechanisms of recurrent proteinuria and FSGS 
remain unknown. New advances in understanding FSGS 
include identification of the soluble podocyte urokinase 
receptor (sPAR) as a circulating factor leading to the devel-
opment and recurrence of FSGS after transplantation.83 
However, it remains to be determined whether plasmapher-
esis will be proved clinically effective in patients with sPAR 
as a circulating factor.84

The currently available treatments for recurrent FSGS  
are immunosuppressive drugs (e.g., cyclophosphamide, 
methylprednisolone), plasmapheresis and, according to 
some reports, rituximab.85 However, the management of 
patients with recurrent FSGS is difficult and controversial, 
and none of the multiple approaches currently available  
has been shown to be consistently beneficial. Zimmerman86 
first reported a 38-year-old patient with recurrent FSGS who 
was successfully treated with plasmapheresis. Cochat and 

repeats).66 TTP can result from the accumulation of ultra-
large vWF. Multimers of vWF normally accumulate on the 
endothelial cell membrane and are rapidly cleaved into 
normal-sized multimers by the ADAMTS13 protease. In 
some patients, ADAMTS13 deficiency leads to the accumu-
lation of ultra-large vWF multimers, resulting in platelet 
microthrombus formation and subsequent microangio-
pathic hemolytic anemia. An inhibitory autoantibody to the 
ADAMTS13 metalloproteinase has been found at varying 
titers in a high percentage of patients with the idiopathic 
form of this disease.67,68 By removing autoantibodies to 
ADAMTS13 and replacing with normal plasma (containing 
ADAMTS13 activity), plasmapheresis can reverse the TTP 
syndrome caused by ADAMTS13 deficiency. However, 
ADAMTS13 deficiency may be necessary but is not sufficient 
to account for many cases of TTP. Furthermore, enzyme 
activity is significantly reduced in numerous other condi-
tions, including infection, cancer, cirrhosis, uremia, SLE, 
and disseminated intravascular coagulation.

Before the introduction of plasma infusion and plasma-
pheresis, the disease rapidly progressed and was almost  
uniformly fatal (90% mortality).69 In 1977, it was discovered 
that infusion of FFP or plasmapheresis with FFP replace-
ment could reverse the course of disease.70,71 The efficacy 
of plasma exchange in the treatment of TTP-HUS in adults 
was demonstrated in two trials that included 210 patients.72,73 
Plasma exchange with FFP was more effective than  
plasma infusion alone. At 6 months, the remission rate was 
78% versus 31% and the survival rates with these two pro-
cedures were 78% and 50%, respectively. Patients treated 
with plasma exchange received approximately three times 
as much plasma as those treated with plasma infusion alone 
(the amount of plasma administration was limited by the 
risk of volume overload). Therefore, it is possible that  
the benefit observed with plasma exchange may have 
resulted from infusion of more plasma rather than from  
the removal of a toxic substance. There is also evidence 
from a single report of 60 patients that plasmapheresis 
improves outcomes with ticlodipine-associated HUS-TTP 
(24% mortality vs. 50% in patients not treated with  
plasmapheresis).74 However, there is no evidence for a ben-
eficial role of plasmapheresis in patients with HUS-TTP 
secondary to cancer chemotherapy or bone marrow 
transplantation.75

The optimal duration of plasmapheresis in HUS-TTP is 
not known but, in our opinion, it should be performed daily 
until the platelet count has risen to near normal and  
evidence for hemolysis (schistocytes, lactate dehydroge-
nase [LDH] elevation) has resolved. A wide range of 
exchanges (3 to 145) have been reported; on average, 7 to 
16 daily exchanges are generally necessary to induce remis-
sion.69,72,73,75 The American Association of Blood Banks has 
recommended daily plasmapheresis until the platelet count 
is above 150,000/L for 2 to 3 days, and the American Society 
for Apheresis has recommended daily plasmapheresis until 
the platelet count is above 100,000/L and the serum LDH 
level is nearly normal.76 When present, neurologic symp-
toms rapidly improve, and the serum LDH level tends to 
improve over the first 1 to 3 days. The platelet count may 
not rise for several days, and improvements in kidney func-
tion often take longer. Patients requiring dialysis at presen-
tation may be able to recover enough function to discontinue 
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and anti-ABO antibodies. Pediatric patients with posttrans-
plantation lymphoproliferative disorder and recurrent 
FSGS have been reported to achieve remission of nephrotic 
syndrome after treatment with rituximab. However, the role 
of rituximab in recurrent FSGS to induce remission of 
nephrotic syndrome in pediatric patients is still controver-
sial. Yabu and colleagues95 administered rituximab to four 
consecutive patients with early recurrent FSGS refractory to 
or dependent on plasmapheresis; none of the patients 
treated with rituximab achieved remission in proteinuria, 
and one patient experienced early graft loss. Meyer and 
associates96 reported one case in which addition of ritux-
imab to plasmapheresis induced remission of proteinuria, 
and Hickson and coworkers97 reported four pediatric 
patients in whom rituximab was effective in inducing remis-
sion. To date, the literature supporting the use of rituximab 
in recurrent FSGS is limited, and reports of success have 
tended to involve younger patients.

In summary, the duration and intensity of treatment with 
plasmapheresis in patients with recurrent FSGS has not 
been studied rigorously. In most reports, plasmapheresis has 
shown promise for reducing proteinuria, although there is 
concern for publication bias that excludes negative studies. 
The role of other adjuvant therapies for this condition 
remains to be established.98

ABO-INCOMPATIBLE KIDNEY TRANSPLANTATION
The ABO blood group antigen system was discovered on red 
blood cells by Landsteiner in 1901. These antigens are 
expressed throughout the body and, in the kidney, they are 
found in the distal tubules, collecting tubules, and vascular 
endothelium of peritubular and glomerular capillaries. 
ABO antibodies (isoagglutinins) are produced in the first 
years of life by sensitization to environmental substances 
such as food, bacteria, and viruses and are usually of the 
IgM type.99 These antibodies against ABO antigens generally 
preclude kidney transplantation across ABO barriers and 
are the key mediators of antibody-mediated rejection. In the 
early days of kidney transplantation, results with ABO-
incompatible (ABOi) organs were disappointing. In 1981, 
Slapak and colleagues100 described a patient with blood 
group O who inadvertently received a mismatched kidney 
from a donor of blood group A; 2 days after transplantation, 
the patient experienced acute rejection, which was treated 
successfully with plasmapheresis. Twenty months after trans-
plantation, the patient had normal kidney function. From 
1982 to 1989, Squifflet and associates101 performed 39 ABO-
incompatible kidney transplantations and were the first 
group to attempt renal transplantation with ABO incompat-
ibilities. The protocol to prepare the living donor recipient 
included two to five plasmapheresis sessions, pretransplan-
tation immunosuppressive treatment, and splenectomy to 
remove antibodies. Graft survival rates appeared to be better 
among the group of patients younger than 15 years (89% 
at 5 years) than in those older than 15 years (77% at 5 
years).

In Japan, ABO-incompatible kidney transplantation flour-
ished in the 1990s, and the outcomes to date have been 
excellent. Takahashi and coworkers102 reported the out-
comes of 441 ABO-incompatible kidney transplantations 
performed at 55 centers across Japan from 1989 to 2001. 
The rates of graft survival were 84% in the first year and 

associates87 studied 3 patients with recurrent FSGS in a pro-
spective uncontrolled trial in which early plasmapheresis 
was used in combination with methylprednisolone pulses 
and cyclophosphamide over a 2-month period. All 3 patients 
achieved remission within 12 to 24 days, which suggests that 
plasma exchange instituted early in the course of recurrent 
nephrotic syndrome may be beneficial in some patients with 
FSGS. Dantal and coworkers88 treated 9 patients within 1 
week of the onset of proteinuria; 7 had a mean reduction 
in protein excretion from 11.5 to 0.8 g/day, and these 
remissions were sustained for up to 27 months. Deegens and 
colleagues analyzed data from 23 patients with recurrent 
FSGS, of whom 13 were treated with plasmapheresis and 10 
were historical controls.89 After a median follow-up of 3.5 
years, 2 patients (15%) who had been treated with plasma-
pheresis had lost their allografts in comparison with all 10 
controls. In patients with recurrent proteinuria, FSGS 
recurred within 4 weeks after transplantation (77%), and 
plasmapheresis was initiated within 14 days of recurrence 
(85%). In most studies, researchers reported a remission 
rate between 70% and 80%, but 33% of patients relapsed 
after the end of the treatment.90 Nevertheless, retrospective 
evaluations of patients managed without plasmapheresis 
have indicated that early rates of graft failure were as high 
as 80%; therefore, plasmapheresis is indicated as initial 
therapy for recurrent FSGS.

Beneficial results have also been reported in children 
with recurrent FSGS after kidney transplantation who were 
treated with plasmapheresis and cyclophosphamide. In a 
study of 11 children with recurrent FSGS posttransplanta-
tion, 9 were treated with plasmapheresis (6 to 10 times over 
15 to 24 days) and 7 had a persistent remission after a 
follow-up of 32 months.91 Similarly, Cheong and associates 
reported the treatment of 6 children with recurrent FSGS 
with plasmapheresis plus cyclophosphamide, treatment 
which resulted in complete or partial remissions in all 6 
patients.92 Some reports have suggested that for high-risk 
individuals, preemptive treatment with plasmapheresis in 
the pretransplantation or perioperative period may alter or 
even prevent disease recurrence. Ohta and associates93 
reported on 15 patients who received preoperative plasma-
pheresis; FSGS recurred in 5, whereas in the 6 who did not 
receive preoperative plasmapheresis, 4 developed recur-
rence. Gohh and coworkers94 reported on 10 patients at 
high risk for FSGS recurrence because of rapid progression 
to renal failure (n = 4) or prior posttransplantation recur-
rence of FSGS (n = 6). Patients underwent a course of eight 
plasmapheresis treatments in the perioperative period. 
Seven patients, including all 4 with first grafts and 3 of 6 
with prior recurrence, were free of recurrence at follow-up 
(238 to 1258 days), and the final serum creatinine concen-
tration in the 8 patients with functioning kidneys averaged 
1.53 mg/dL. Therefore, the use of preoperative and pro-
phylactic postoperative plasmapheresis may be warranted in 
patients at high risk, but the optimal approach is unknown. 
Given such poor results in untreated patients, randomized 
trials with and without plasmapheresis are unlikely to be 
performed at this juncture.

Rituximab is an anti-CD20 monoclonal antibody approved 
for the treatment of B cell lymphoma that has also been 
used to treat autoimmune disorders. Increasingly, rituximab 
is being used in transplant recipients to decrease anti-HLA 
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with which the serum of the patient had positive T cell cross-
matches. This is commonly referred to as the panel reactive 
antibody status, or PRA. Those patients with PRA persis-
tently higher than 50% are generally considered highly  
sensitized; primary sensitization results from exposure to 
foreign HLA antigens through transplantation, transfusion, 
or pregnancy, although infection and other conditions can 
also alter sensitization status. Patients with preformed anti-
bodies against HLA antigens have a lower probability of 
receiving a matched kidney from a deceased or living donor. 
Furthermore, presensitized recipients experience less favor-
able outcomes after deceased-donor kidney transplantation 
and are at increased risk for hyperacute or acute antibody-
mediated rejection and graft loss. Successful transplantation 
in these patients often requires a protocol of desensitization 
(either to a specific donor or more generally) to reduce the 
risk of hyperacute rejection and immediate graft loss.109 The 
general approach is to reduce HLA antibodies with the use 
of high-dose IgG and plasmapheresis. Plasmapheresis is per-
formed to remove anti-HLA antibodies and is followed by 
infusion of low doses of IgG during hemodialysis. The ratio-
nale is that low-dose IgG has beneficial immunomodulating 
effects. Concurrently with plasmapheresis initiation, patients 
are treated with tacrolimus, mycophenolate mofetil, ste-
roids, and antimicrobial prophylaxis. Plasmapheresis is con-
tinued three times weekly until the T cell cross-match is 
negative, and transplantation usually takes place within 24 
hours. Plasmapheresis and low-dose IgG are usually repeated 
several times during the first 2 weeks after transplantation 
to remove any rebounding antibody. Plasmapheresis-based 
protocols are usually not suitable for highly sensitized 
patients awaiting deceased-donor transplantation because 
the availability of suitable organs is unpredictable, and plas-
mapheresis is difficult and very expensive to continue indef-
initely; if plasmapheresis is stopped, anti-HLA antibody 
titers rebound.110,111

ACUTE HUMORAL REJECTION
Acute humoral rejection is characterized by severe allograft 
dysfunction in association with the presence of circulating 
donor-specific antibodies. Very poor outcomes are observed 
with acute humoral rejection, and treatment with pulse ste-
roids and antilymphocyte therapy is often ineffective.112 
Removal of the donor-specific antibodies with plasmapher-
esis has been successful when this treatment is combined 
with tacrolimus and mofetil mycophenolate.113 It has been 
proposed that the combination of plasmapheresis and IVIG 
may lead to short-term recovery from acute antibody-
mediated rejection in more than 80% of cases.114,115 Ritux-
imab and the proteasome inhibitor bortezomib have been 
used in some studies as a rescue treatment when patients 
failed to respond to plasmapheresis and IVIG.116

PLASMAPHERESIS AND  
NONRENAL DISEASE

According to several national registries, TTP, myasthenia 
gravis, chronic inflammatory demyelinating polyneuropa-
thy, Waldenström’s macroglobulinemia, and Guillain- 
Barré syndrome are the most frequent indications for 
plasmapheresis; results of randomized controlled trials have 

59% at 9 years of follow-up; these survival rates were not 
statistically different in comparison with historical controls 
(recipients of ABO-compatible living donor organs). The 
therapy used to prepare the recipient consisted of four 
components: (1) extracorporeal immunomodulation with 
plasmapheresis or immunoadsorption to remove AB anti-
bodies before transplantation; (2) use of immunosuppres-
sive drugs; (3) splenectomy; and (4) anticoagulation therapy. 
The goal was to decrease pretransplantation serum AB titers 
by 8- to 16-fold. Antibody removal was usually not performed 
after transplantation. The same group treated 876 patients 
from 2001 to 2007 and achieved a relatively high graft sur-
vival rate of 86% at 5 years after transplantation.64

The Japanese literature had emphasized the need for 
splenectomy at the time of transplantation, but the Johns 
Hopkins group established a preconditioning protocol  
of plasmapheresis, cytomegalovirus (CMV) hyperimmune 
globulin (CMVIg), and anti-CD20 (rituximab) to enable the 
success of ABO-incompatible renal transplantation without 
splenectomy. The treatment protocol requires four to five 
preoperative sessions of plasmapheresis to remove anti-A or 
anti-B antibodies, and each session is followed by the admin-
istration of CMVIg. After achieving a pretransplantation A or 
B antibody titer less than 1 : 16, a single dose of rituximab is 
given 1 or 2 days prior to transplantation. Thereafter, immu-
nosuppression with tacrolimus and mycophenolate mofetil 
is initiated, followed by steroids and daclizumab after trans-
plantation. Postoperative treatment included another three 
sessions of plasmapheresis and CMVIg on days 1, 3, and  
5. The 5-year graft survival rate for a cohort of 60 consecutive 
patients was 88.7%.103,104 Recently, Lawrence and col-
leagues105 reported the experience of an ABO-incompatible 
kidney transplantation program to define the likelihood of 
achieving transplantation dependent on ABO antibody 
titers. Transplantation proceeded when the ABO titer 
reached 1 : 4 or lower, and 51 of 56 patients (91%) under-
went transplantation after 8.3 ± 5 plasmapheresis sessions. 
However, 5 patients with high ABO titers were not trans-
planted, despite extensive plasmapheresis procedures.

OTHER APPLICATIONS OF PLASMAPHERESIS  
IN TRANSPLANTATION
Plasmapheresis has been used with methylprednisolone for 
the treatment of acute antibody-mediated rejection in 
patients with ABO-incompatible renal transplants. Gloor 
and associates treated five patients with acute antibody-
mediated rejection after ABO-incompatible kidney trans-
plantation with plasmapheresis and steroids, and three 
demonstrated improvement in renal function.106,107

In another study, investigators compared high-dose intra-
venous immune globulin (IVIG) desensitization with two 
plasmapheresis protocols and found that among patients 
who received plasmapheresis, cross-matches were more 
likely to be negative.108 However, the number of patients was 
small (13 to 32 in each group), the study was not random-
ized, and other differences in treatment limited compari-
sons among the groups.

POSITIVE T CELL CROSS-MATCH
High sensitization to HLA indicates positive T cell cross-
matches, with multiple potential donors. The degree of sen-
sitization is quantified as the percentage of the donor pool 
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pivotal symptom in the diagnosis of this disease. CIDP is 
associated with impaired sensation, absence or diminish-
ment of tendon reflexes, an elevated protein level in cere-
brospinal fluid, demyelinating nerve findings in conduction 
studies, and signs of demyelination in nerve biopsy speci-
mens. The presence of autoantibodies against various pro-
teins and glycolipids of the peripheral nerve in samples of 
serum and cerebrospinal fluid from patients with CIDP may 
provide a rationale for the therapeutic use of plasmapher-
esis. The treatments most widely used for CIDP consist of 
IVIG, plasmapheresis, and corticosteroids. According to 
published data, there appears to be no difference in efficacy 
among these three main therapies. Therapy should be initi-
ated early in the course of the disease to prevent continued 
demyelination and secondary axonal loss, which lead to 
permanent disability.122,123 Nephrologists should be particu-
larly aware of CIDP, as it may be easily confused for uremic 
neuropathy and vice versa.

MYASTHENIA GRAVIS

Myasthenia gravis is an autoimmune-mediated disorder  
of the neuromuscular junction, clinically characterized by 
fluctuating muscle weakness and fatigability. The most 
common variant of the disease is mediated by circulating 
autoantibodies against the nicotinic acetylcholine receptor 
(AChR). Mechanisms responsible for loss of functional nic-
otinic AChR that compromise neuromuscular transmission 
include the degradation of the receptor, complement-
mediated lysis of the receptor, and interference with neu-
rotransmitter binding. In subgroups of patients negative for 
nicotinic AChR antibody, antibodies against the receptor 
tyrosine kinase can be detected.124 The treatment of myas-
thenia gravis includes thymectomy, acetylcholine esterase 
inhibitors, corticosteroids, immunosuppressive agents, plas-
mapheresis, and IVIG. It is presumed that by eliminating 
circulating nicotinic AChR antibodies and other humoral 
factors, plasmapheresis leads to the observed beneficial 
effects.

Indications for plasmapheresis include situations that 
necessitate rapid clinical improvement, such as myasthenic 
crisis, impending crisis, and preoperative stabilization; 
patients for whom long-term control of symptoms is subop-
timal with other forms of therapy also benefit from plasma-
pheresis. On occasion, patients require long-term outpatient 
exchange to achieve adequate control of myasthenia gravis 
symptoms. Treatment consists of four to six exchanges, each 
removing 3 to 5 L of plasma, performed daily or every other 
day. Plasmapheresis provides major improvement in symp-
toms for up to 2 to 3 weeks in 65% of cases, and any degree 
of improvement lasts less than 3 months in 68% of cases. 
Sometimes patients enjoy a more prolonged response.125-127

CATASTROPHIC ANTIPHOSPHOLIPID  
ANTIBODY SYNDROME

Catastrophic antiphospholipid antibody syndrome (CAPS) 
is a rapidly progressive and life-threatening disease that 
results in thrombosis in multiple organs in the presence of 
antiphospholipid antibodies. Rapid-onset thromboses in 
multiple organs and extensive involvement of small and 
medium-sized vessels in atypical locations are the general 

shown benefit for patients with these disorders.117 There are 
now almost 100 rational indications for plasmapheresis and, 
in 2013, the American Society for Apheresis published an 
exhaustive review of the experimental data supporting the 
different indications for plasmapheresis.56 In many clinical 
settings, the nephrologist is asked to initiate plasmapheresis. 
Therefore, it is essential that nephrologists be generally 
familiar with the literature supporting the use of plasma-
pheresis for these conditions.

Plasma exchange is a well-established therapeutic proce-
dure commonly used for many neurologic disorders of auto-
immune origin. It is thought that the beneficial effects of 
plasmapheresis occur through the removal of inflammatory 
mediators, including autoantibodies, complement compo-
nents, and cytokines. Guillain-Barré syndrome, myasthenia 
gravis, chronic inflammatory demyelinating polyneuropa-
thy, and demyelinating polyneuropathy with IgG-IgA are 
considered category I indications by the American Society 
for Apheresis.56

GUILLAIN-BARRÉ SYNDROME

Guillain-Barré syndrome has become the most frequently 
occurring clinical paralytic disorder, with an annual inci-
dence of 2 cases/100,000 persons. Guillain-Barré syndrome 
is dangerous; 10% to 23% of affected patients require 
mechanical ventilation, and up to 1 in 20 patients may die 
from complications of the disease. In about 60% of cases, 
Guillain-Barré syndrome develops shortly after an infection, 
usually caused by Campylobacter jejuni. A large number of 
diverse antibodies against different glycolipids, including 
GM1, GD1a, and GQ1b, have been described.118 The disor-
der is characterized by symmetric weakness, paralysis, and 
distal paresthesias that usually start with the lower limbs, 
followed by rapid progression to the proximal limbs and 
trunk over several days. A typical diagnostic feature is the 
finding of an increased concentration of cerebrospinal fluid 
protein in the absence of pleocytosis.119 Plasmapheresis is a 
well-established treatment for Guillain-Barré syndrome. The 
advantages over supportive care have been demonstrated in 
two large randomized, controlled, nonblinded, multicenter 
trials. Substantial benefit has been documented for the time 
to recover the ability to ambulate with assistance, reduction 
of the proportion of patients who needed assisted mechani-
cal ventilation, more rapid recovery of motor function, and 
time to recover the ability to walk with and without assis-
tance. The French Cooperative Group on Plasma Exchange 
in Guillain-Barré Syndrome120 has established the optimal 
number of plasmapheresis sessions for the treatment of this 
disease—two sessions for patients with mild disability and 
four for patients with moderate or severe disability. Plasma-
pheresis is considered as efficacious as IVIG therapy, but 
combined treatment of plasmapheresis and IVIG does not 
seem to yield additional benefit.121

CHRONIC INFLAMMATORY DEMYELINATING 
POLYNEUROPATHY

Chronic inflammatory demyelinating polyneuropathy 
(CIDP) has an estimated prevalence of about 1 to 2/100,000 
adults. Symmetric weakness in proximal and distal muscles 
that progressively increases for more than 2 months is the 
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and theophylline, as well as heavy metals, are effectively 
removed by plasmapheresis, but the overall change in total 
body toxin level is usually not clinically significant. Because 
of the lack of controlled studies, it is difficult to make rec-
ommendations with respect to plasmapheresis for the treat-
ment of poisonings and overdoses.135,136

PREGNANCY AND PLASMAPHERESIS

Plasmapheresis can be performed safely during pregnancy, 
and introduction of plasmapheresis during pregnancy for 
appropriate disorders has improved maternal and fetal sur-
vival rates. Plasmapheresis has been safely carried out in 
patients with myasthenic crisis, Guillain-Barré syndrome, 
anti-GBM disease, acute fatty liver of pregnancy, and TTP. 
Plasmapheresis has been tried with varied degrees of success 
in acute hypertriglyceridemia-induced pancreatitis in preg-
nancy and also as a prophylactic measure for the prevention 
of pancreatitis in pregnant women with known hypertriglyc-
eridemia. Until the effectiveness of plasmapheresis was rec-
ognized, the rate of mortality from TTP was 95%; in cases 
of pregnancy-related TTP, maternal survival was rare, and 
the fetal mortality rate approached 80%. Since 1990, numer-
ous reports have revealed the efficacy of plasma exchange, 
and TTP has become a curable disease, with a response rate 
of about 80% and minimal or no sequelae.

Hemolytic disease of the fetus and newborn (HDFN) 
occurs when maternal plasma contains an alloantibody 
against a red blood cell antigen carried by the fetus. Mater-
nal IgG crosses the placenta and causes hemolysis of the 
fetal red blood cells, leading to fetal anemia and, if severe, 
possible fetal death (hydrops fetalis). Usually, HDFN is sec-
ondary to Rh incompatibility (anti-D) disease (Rh-positive 
fetus and Rh-negative mother), but it can also be caused by 
a variety of red blood cell alloantibodies (e.g., anti-K, anti-C, 
anti-PP1Pk, anti-E). Plasmapheresis removes the maternal 
red blood cell alloantibody that causes HDFN. By decreas-
ing the maternal antibody titer, the amount transferred to 
the fetus is reduced, and the magnitude of HDFN is reduced. 
In severe cases of HDFN treated with plasmapheresis, IVIG, 
or both before intrauterine transfusion, the rate of survival 
is about 70%.

Plasmapheresis can result in premature delivery due to 
the removal of essential hormones needed to maintain preg-
nancy. Other complications can result from hypovolemia, 
allergy, transitory cardiac arrhythmias, nausea, and impaired 
vision. During the exchanges, hypotension must be carefully 
monitored and corrected and, in the second or third trimes-
ter, it is preferable to place the patient on her left side to 
avoid compression of the inferior vena cava by the gravid 
uterus.137-139

TECHNICAL ASPECTS

The plasmapheresis technique involves the withdrawal of 
venous blood through a peripheral or central venous cath-
eter to allow separation of blood cells from plasma by cen-
trifugation or membrane filtration. The separated cells plus 
autologous plasma or another replacement solution are 
reinfused. For most conditions, the goal of the procedure 

characteristics of CAPS. Treatment with anticoagulation, 
corticosteroids, and plasmapheresis or IVIG can be initi-
ated. Plasmapheresis can remove pathologic antiphospho-
lipid antibodies, as well as cytokines, tumor necrosis 
factor-α, and complement products. Although plasmapher-
esis improves outcomes in patients with CAPS, most reports 
have used FFP as the replacement fluid. FFP contains natural 
anticoagulants (e.g., antithrombin III, protein C), as well as 
clotting factors, so it is unknown whether plasmapheresis 
per se or the FFP replacement provides the benefits to 
patients with CAPS. No randomized controlled studies of 
plasmapheresis use in this condition are available, and none 
are currently under way.128,129

FAMILIAL HYPERCHOLESTEROLEMIA

Familial hypercholesterolemia has been successfully treated 
with plasmapheresis. The first report in 1975 was followed 
by additional studies showing that long-term repetitive plas-
mapheresis had a beneficial effect on aortic and coronary 
atherosclerosis and significantly prolonged survival in  
comparison with untreated siblings. However, although 
plasmapheresis is still used in some centers to treat severe 
hypercholesterolemia, low-density lipoprotein (LDL) apher-
esis is now accepted as the treatment of choice for patients 
with homozygous familial hypercholesterolemia and for het-
erozygotes with cardiovascular disease refractory to lipid-
lowering drug therapy. Current methods of LDL apheresis 
use immunoadsorption with columns containing polyclonal 
sheep antibodies to human apolipoprotein B100 (apoB100) 
coupled with agarose (Sepharose 4B gel) or adsorption to 
dextran sulfate-cellulose, which covalently and selectively 
binds very LDL and LDL but not high-density lipoprotein 
(HDL).130

LDL apheresis is indicated for patients with homozygous 
familial hypercholesterolemia from the age of 7 years unless 
their serum cholesterol level can be reduced by more than 
50% or decreased to less than 9 mmol/L (350 mg/dL) by 
drug therapy. It is also indicated for individual patients with 
heterozygous familial hypercholesterolemia or family history 
of premature cardiac death and progressive coronary 
disease. In addition, patients in whom LDL cholesterol 
remains higher than 5.0 mmol/L or is decreased by less 
than 40% with maximal drug therapy should be treated with 
LDL apheresis. Apheresis is also occasionally indicated for 
patients with severe, progressive coronary disease and whose 
lipoprotein (a) and LDL cholesterol levels are higher than 
60 mg/dL (150 nmol/L) and 3.2 mmol/L (124 mg/dL), 
respectively, despite maximal drug therapy.131,132

REMOVAL OF TOXINS

Plasmapheresis has also been used to remove toxins, depend-
ing on the effective clearance, plasma protein binding, and 
volume of distribution of the toxic substance. Plasmapher-
esis is used to treat mushroom intoxication by Amanita phal-
loides, but some reports have suggested that forced diuresis 
is the treatment of choice.133,134 There is controversy about 
the beneficial effect of plasmapheresis in the treatment of 
life-threatening intoxications with tricyclic antidepressants, 
benzodiazepines, quinine, and phenytoin. Other drugs, 
such as L-thyroxine, verapamil, diltiazem, carbamazepine, 
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to the patient in a continuous manner. This method is faster 
and more suitable for hemodynamically unstable patients; 
however, it is more costly and requires two venipunctures or 
insertion of a dual-lumen central venous catheter.

MEMBRANE FILTRATION
The membrane filtration technique uses a synthetic mem-
brane filter composed of different pore sizes. Similar to a 
hemodialysis filter, the plasmapheresis filter is composed of 
many hollow fiber tubes made of a membrane material with 
a relatively large pore size (0.2 to 0.6 µm in diameter) and 
arranged in parallel. Blood is pumped through the hollow 
fiber tubes; the large pores are sufficient to allow passage of 
plasma (proteins and plasma water) while retaining cells 
within the hollow fiber lumen. The plasma is drained off 
while the cells are returned to the patient through a typical 
hemodialysis circuit. This technique can be done using con-
ventional or continuous hemodialysis equipment, with a 
blood flow rate of 100 ± 20 mL/min and an optimal trans-
membrane pressure of less than 70 mm Hg. Plasma is 
removed at a rate of 30 to 50 mL/min; the infusion rate of 
replacement fluid is adjusted to maintain intravascular 
volume. Potential disadvantages of membrane filtration 
include activation of complement and leukocytes by the 
artificial membrane, and the need for a central catheter to 
obtain adequate blood flow rates. If severe acute renal 
failure is also present, and dialysis is required, the mem-
brane filtration method can be done in combination with 
conventional hemodialysis.

Both centrifugation and membrane filtration are safe and 
efficient plasmapheresis techniques; the main differences 
lie in the cost and expertise needed to operate.141-143 The 
double-filtration plasmapheresis technique (DFPP; also 
called cascade filtration) is another variation of membrane 
plasmapheresis; the plasma that has been separated by the 
membrane flows again through membranes with different 
pore diameters and filtration and adsorption characteristics. 
High-molecular-weight proteins are discarded and small-
molecular-weight substances, including valuable albumin, 
are returned to the patient. Small amounts of substitution 
fluid such as albumin may be added.144

OTHER SEPARATION MODALITIES
In recent years, these basic techniques have been modified 
and/or coupled to other separation modalities. Cytapher-
esis is the removal of leukocytes or platelets in hemato-
logic conditions with hyperleukocytosis or thrombocytosis. 
Cytapheresis can also be performed for sickle cell crisis; in 
this setting, the goal is the removal of more than 50% of 
hemoglobin S and replacement with normal allogenic red 
cells. When the plasma filtration is done above normal phys-
iologic temperature, the process is termed thermofiltration. 
This technique is performed on patients with severe dyslip-
idemia, whereas cryofiltration is used when the procedure 
is done with the temperature below normal; it is used to 
remove immunoglobulin and immune complexes (cryo-
globulins; see above). Alternatively, absorption columns for 
plasma or immunoglobulins can be used for separation. For 
example, protein A, binds and removes IgG antibodies and 
immune complexes. Chemical affinity columns such as 
dextran sulfate have negative charges and are used to 
remove antibodies or other positively charged plasma 

is the removal of pathologic autoantibodies or toxins; the 
initial treatment target is to exchange 1 to 1.5 times the 
plasma volume per plasmapheresis procedure. This will 
lower plasma macromolecule levels by 60% to 75%, respec-
tively. The following formula can be used to estimate plasma 
volume in an adult140:

Estimated plasma volume L weight kg
hematocrit H

( ) . ( )
( [

= ×
× −
0 07

1 cct])

The ultimate clinical success of the procedure depends 
on the abundance of the abnormal protein in plasma and 
its rate of production. Unless the removal of the protein  
by plasmapheresis is combined with additional therapies 
(usually immunosuppressive or cytotoxic) to eliminate or 
reduce the source of the abnormal protein(s), the proce-
dure is unlikely to provide clinical benefit. The time required 
to suppress abnormal protein production can take several 
weeks, thus necessitating daily (or almost daily) apheresis 
for prolonged periods.

PLASMA SEPARATION TECHNIQUES

The two major modalities to separate the plasma from the 
blood during a plasmapheresis procedure are centrifuga-
tion and membrane filtration (Figure 68.2).

CENTRIFUGATION
The centrifugation method uses centrifugal force to sepa-
rate whole blood into plasma and cellular fractions accord-
ing to their density. The centrifugation process can be 
intermittent or continuous.

Intermittent Centrifugation

In intermittent centrifugation, sequential volumes of whole 
blood are removed and centrifuged; the cellular fraction is 
returned to the patient, and the process is repeated until 
the desired volume of plasma is removed. The blood is 
pumped from the patient at a flow rate of up to 100 mL/
min into the processing unit, which consists of a bell-shaped 
bowl that rotates at high speed. The denser cellular blood 
components are centrifuged against the lateral walls while 
the plasma is removed through a central outlet on the top 
of the bowl. Each cycle removes about 500 to 700 mL of 
plasma, and usually it is necessary to perform the process 
five or six times to achieve the goal of 2.5 to 4.0 L (1 to 1.5 
plasma volumes) during a session. At the conclusion of each 
segment, the packed cells are emptied from the bowl and 
returned to the patient. The advantages of intermittent cen-
trifugation include the relative simplicity of operation, por-
tability of machines, and convenience of a single-needle 
peripheral venipuncture. The disadvantages include the 
time involved (the procedure typically takes more than 4 
hours) and relatively large extracorporeal volume removed 
each time.

Continuous Flow Centrifugation

In the continuous flow centrifugation system, the blood is 
pumped continuously into a rapidly rotating bowl, where 
plasma and cells are separated. Plasma is removed at a speci-
fied rate, and the cells plus replacement fluid are returned 
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especially the possibility for long-term venous access and 
type of plasmapheresis being used, are important factors to 
consider in deciding whether to use peripheral or central 
venous access. A peripheral vein allows a maximum flow of 
about 50 to 90 mL/min, so a single venous access is ade-
quate for intermittent centrifugation. Continuous centrifu-
gation techniques require two venous access sites; for 

substances, such as LDL and very low-density lipoproteins 
(VLDLs).145

VENOUS ACCESS

Successful implementation of the plasmapheresis proce-
dure requires reliable venous access. The clinical scenario, 

Figure 68.2 Centrifugal separator (A) and membrane filtration systems (B) for plasma exchange. A, Blood is pumped into the separator con-
tainer. As the centrifuge revolves, different blood components are separated into discrete layers, which can be harvested separately. Plasma 
is pumped out of the centrifuge into a collection chamber. Red blood cells, leukocytes, and platelets are returned to the donor, along with 
replacement fluid. B, Blood is pumped into a biocompatible membrane that allows the filtration of plasma while retaining cellular elements. 
(From Madore F, Lazarus JM, Brady HR: Therapeutic plasma exchange in renal diseases, J Am Soc Nephrol 7:367-386, 1996.)
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also lack coagulation factors and immunoglobulins. They 
have never been associated with transmission of hepatitis 
viruses or HIV.152 FFP contains complement and coagulation 
factors and is the replacement fluid of choice for patients 
with TTP because the infusion of normal plasma may con-
tribute to the replacement of the deficient plasma factor 
ADAMTS13 (see above). Plasma may also be preferable 
when there is a heightened risk of bleeding (e.g., in patients 
with liver disease, disseminated intravascular coagulation, or 
after kidney biopsy), or when intensive therapy is required 
(e.g., daily exchanges for several weeks) because frequent 
replacements with albumin solution eventually result in 
postplasmapheresis coagulopathy and a large net loss of 
immunoglobulins. The disadvantages of using FFP include 
the risk of infectious disease transmission and potential for 
citrate overload.

Replacement fluid using colloidal starch is well tolerated, 
interaction with other drugs is minimal, the potential for 
disease transmission is absent, and it is cost-effective in com-
parison with human albumin.153 Hydroxyethyl starch is a 
polysaccharide colloid widely used as an agent for plasma 
volume expansion and for enhancement of granulocyte 
yields during leukapheresis. Its pharmacologic and safety 
profiles have been well established. When used in moderate 
amounts in humans and animals, hydroxyethyl starch pro-
duces relatively minor changes in coagulation, and overt 
bleeding is rare. Although the mechanisms leading to 
changes in coagulation are unknown, it has been ascribed, 
at least in part, to hemodilution. In plasmapheresis, the 
effects of hydroxyethyl starch on coagulation factor levels 
and activity are comparable with those of other replacement 
fluids. Hydroxyethyl starch can be used safely for short-term 
plasmapheresis in patients with an albumin level higher 
than 30 g/dL154; longer exposure to hydroxyethyl starch 
(130 L within 20 months) can lead to adverse side effects 
(e.g., sensory polyneuropathy, weight loss) and diffuse tissue 
infiltration with hydroxyethyl starch–laden foamy macro-
phages. Excessive exposure to hydroxyethyl starch in 
patients with impaired kidney function can result in acquired 
lysosomal storage disease; thus, hydroxyethyl starch should 
be avoided in chronic plasmapheresis procedures. Contra-
indications for using starches in plasmapheresis are conges-
tive heart failure, renal or liver failure, coagulopathy, 
hyperviscosity, allergic reactions to starches, pregnancy, and 
breast feeding and in pediatric patients.155,156

COMPLICATIONS

Plasmapheresis is a generally well-tolerated and relatively 
safe procedure. Although adverse events are common, most 
are modest and death is rare, occurring in less than 0.1% of 
all procedures.157 There are fewer adverse reactions when 
albumin is administered as volume replacement than with 
procedures using FFP (1.4% vs. 20%). Risk factors for devel-
oping an adverse event during plasmapheresis include hypo-
tension, active bleeding, severe bronchoconstriction, severe 
anemia, pregnancy, and conditions requiring continuous 
nursing support.158 Table 68.5 summarizes the most common 
complications related to the plasmapheresis procedure. The 
Swedish registry of therapeutic apheresis has reported more 
than 14,000 procedures from 1996 to 1999. Adverse events 

short-term procedures, this may be adequate, but recurrent 
use of intravenous catheters and phlebotomy in chronically 
ill patients can lead to loss of venous access. If long-term 
plasmapheresis (>1 to 2 weeks) is planned, a central venous 
catheter should be used. When the membrane filtration 
technique is used, a central venous catheter is necessary to 
sustain blood flows higher than 70 mL/min. Central venous 
access can be achieved through the femoral, internal jugular, 
or subclavian vein; the femoral vein should be avoided if the 
patient will be ambulatory during treatment.146 In patients 
who require lifelong therapy such as LDL apheresis, an 
arteriovenous fistula or arteriovenous graft should be con-
sidered. Central venous catheters are associated with numer-
ous long-term complications, including catheter thrombosis, 
catheter infection, pneumothorax, central vein thrombosis, 
and vein stenosis.

ANTICOAGULATION

To prevent activation of the coagulation system within the 
extracorporeal circuit, the plasmapheresis procedure 
requires anticoagulation. For centrifugation procedures, a 
solution of citric acid, sodium citrate, and dextrose in water 
(one ninth the volume of solute per volume of solution), 
given as a continuous intravenous infusion, is the anticoagu-
lant most frequently used. The infusion rate is adjusted 
according to the blood flow rate (target ratios range from 
1 : 10 to 1 : 25). When the venous flux and infusion rate of 
citrate are slow, the risk for catheter clotting is increased. In 
this circumstance, heparin (if not contraindicated) can be 
used alone or in combination with citrate. For membrane 
filtration plasmapheresis, the use of standard unfraction-
ated heparin is preferred, and the required dose of heparin 
is about twice that needed for hemodialysis because a sig-
nificant amount of infused heparin is removed along with 
the plasma. However, heparin may enhance systemic antico-
agulation more than is expected because of the additional 
effect of dilution of clotting factors by the nonplasma 
replacement solutions. The initial loading dose of heparin 
(40 U/kg) is usually administered intravenously, followed 
by a continuous infusion (20 U/kg/hr), adjusted to main-
tain adequate anticoagulation in the circuit.141,142 For 
patients who are receiving standard oral anticoagulants, 
additional low-dose anticoagulation should be achieved by 
regional anticoagulation—within the plasmapheresis circuit 
only, not systemically—with citrate or heparin. The heparin 
dose can usually be reduced by at least 50% in this situa-
tion.147 In critically ill patients with coagulation abnormali-
ties, the use of regional citrate is preferred.148 Hirudin and 
lepirudin (thrombin inhibitors) are effective and safe alter-
natives for patients at increased risk for thrombosis but who 
have contraindications to heparin administration.149,150

REPLACEMENT FLUID

The choice of replacement fluid includes 5% albumin, FFP 
(or other plasma derivatives [e.g., cryosupernatant]), crys-
talloids (e.g., 0.9% saline, Ringer’s lactate), and synthetic 
plasma expanders (e.g., hydroxyethyl starch).151 Albumin is 
the replacement most commonly used in plasmapheresis 
and is generally combined with 0.9% saline in a 1 : 1 ratio. 
Albumin solutions do not contain calcium or potassium and 
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Table 68.5  Complications of Plasmapheresis

Modality Complications

Vascular access Hematomas
Pneumothorax
Catheter infections

Replacement fluids Anaphylactoid reactions to fresh-frozen 
plasma

Coagulopathies
Transmission of viral infections
Hypocalcemia
Hypokalemia

Other modalities Hypotension
Dyspnea
Thrombocytopenia
Removal of erythropoietin and drugs 

bound to plasma proteins

occurred in 4.2% of procedures, and no fatalities were 
reported; 1% of all the apheresis procedures had to be inter-
rupted due to an adverse event. The most common adverse 
effects reported were paresthesias (0.52%), hypotension 
(0.5%), urticaria (0.34%), shivering, and nausea. Events 
were most frequent in patients with Goodpasture’s syndrome 
(12.5%), TTP-HUS (10.5%), and Guillain-Barré syndrome 
(11.0%).159 Kiprov and coworkers160 reported on 17,940 
procedures performed on 3,583 patients; adverse events 
occurred in 3.9% of all procedures. The following adverse 
reactions were documented: reactions related to citrate tox-
icity (3%); vasovagal reactions and hypotension (0.5%);  
vascular access–related complications (0.15%); reactions 
related to FFP (0.12%); hepatitis B from FFP (0.06%); 
arrhythmias (0.01%); hemolysis due to inappropriate dilu-
tion of 25% albumin (0.01%); and one death (from underly-
ing disease) during plasmapheresis (0.006%). No significant 
bleeding complications were observed, and patients receiv-
ing FFP had significantly higher rates of adverse reactions 
than patients receiving other exchange fluids.

One of the most frequent complications of plasmapher-
esis is hypocalcemia related to citrate infusion as anticoagu-
lant for the extracorporeal system or in the FFP administered 
as a replacement fluid. Citrate binds to free calcium to form 
soluble calcium citrate, thereby lowering the free but not 
total serum calcium concentration. Hypocalcemia is mani-
fested by perioral and distal extremity paresthesias. Symp-
toms can be prevented by administration of intravenous or 
oral calcium if the plasmapheresis therapy will last longer 
than 1 hour. The administration of oral calcium carbonate 
or addition of calcium gluconate to the infused fluids is a 
useful maneuver to prevent hypocalcemia. The incidence of 
hypocalcemic symptoms is reduced with the prophylactic 
administration of calcium; without calcium prophylaxis, the 
incidence of symptoms was 9.1% (6 in 66 treatments), 
whereas with calcium prophylaxis, the incidence was 
reduced to 1% (6 in 633 treatments).161,162 Marques and 
colleagues163 reported a 3% incidence of hypocalcemia 
when calcium gluconate was infused in 5% albumin. Another 
complication of citrate administration is the development 
of metabolic alkalosis, but critical levels of serum bicarbon-
ate higher than 35 mmol/L are rarely seen. Risk factors are 
use of FFP and patients with concurrent acute or chronic 

renal failure. The excess citrate generates bicarbonate in 
the setting of normal liver function, and excretion of the 
bicarbonate is limited when kidney function is absent  
or severely impaired. Replacement regimens using saline 
and albumin solutions can result in a 25% reduction in  
the plasma potassium concentration in the postapheresis 
period; hypokalemia can be minimized by adding 4 mEq/L 
potassium to the infused fluids. Hypokalemia is also a con-
sequence of metabolic alkalosis.163

Plasmapheresis can lead to a reduction in blood pressure 
that is usually due to a decrease in intravascular volume. As 
the volume of extracorporeal whole blood is higher with 
intermittent centrifugation techniques, episodes of hypo-
tension are more common than with continuous modalities. 
Hypotension can also occur in response to complement-
mediated reactions to the membrane filter or sensitivity to 
the ethylene oxide that is used to sterilize the membrane. 
FFP is also associated with anaphylactoid reactions, but 
rarely resulting in death. FFP reactions are usually charac-
terized by fever, rigors, urticaria, wheezing, and hypoten-
sion. The development of dyspnea suggests the presence of 
pulmonary edema due to fluid overload; noncardiogenic 
edema can rarely occur as a component of anaphylactic 
reactions. Another cause of acute-onset dyspnea is the pres-
ence of massive pulmonary emboli; this has been reported 
when the reinfused blood components are not adequately 
anticoagulated.

Plasma exchange with albumin replacement produces a 
predictable decrease in clotting factors that may predispose 
to bleeding (Table 68.6). A single plasma volume exchange 
increases the prothrombin time by 30% and the partial 
thromboplastin time by 100%; these changes return toward 
normal within several hours but, with repeated plasmapher-
esis sessions, these abnormalities can persist. The most sig-
nificant change reported is on fibrinogen levels164; Keller 
and associates165 have reported that fibrinogen levels were 
lowered to 25% of preapheresis levels and recovered to 
baseline after 2 to 3 days. Therefore, 1 L or more of FFP (3 
to 4 U/L) should be substituted as the replacement fluid 
each week or sooner in patients at risk for bleeding. Throm-
bocytopenia is also a consequence of large-volume plasma 
removal. The mean platelet reduction following a plasma-
pheresis procedure ranges from 9.4% to 52.6%. Clinical 
bleeding associated with plasmapheresis is rarely reported 
and, when plasmapheresis-related hemorrhage is present, it 
is more likely a consequence of thrombocytopenia or inad-
equate heparin neutralization.166,167

Removal of immunoglobulins and complement could 
result in an immunodeficient state. However, in a random-
ized controlled trial of plasmapheresis in patients with lupus 
nephritis, TTP, or multiple myeloma, patients receiving plas-
mapheresis were not more prone to infection than the other 
patients.168 Nevertheless, repeated apheresis treatments with 
albumin replacement will deplete the patient’s reserve of 
immunoglobulins for several weeks. If an infection occurs, 
a single infusion of 100 to 400 mg/kg of intravenous 
immune globulin will restore the plasma immunoglobulin 
concentration toward normal. Although estimates for the 
risk of viral transmission by the use of FFP are low, the large 
volumes from multiple donors increase the risk in patients 
receiving long-term plasmapheresis therapy. Use of large-
volume plasma units collected from a single donor and use 
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of hepatitis B vaccine may reduce the risk of virally transmit-
ted infections.

Flushing, hypotension, abdominal cramping, and other 
gastrointestinal symptoms have been reported during plas-
mapheresis in patients receiving angiotensin-converting 
enzyme inhibitors (ACEIs). In one report of 299 consecutive 
patients undergoing plasmapheresis, these atypical symp-
toms occurred in all 14 patients receiving an ACEI versus 
only 7% of those not treated with these agents.169 The 
administration of an ACEI may prolong the half-life of bra-
dykinin, which permits a clinically significant concentration 
in the plasma to be reached. It is recommended to withhold 
ACEIs 24 hours prior to plasmapheresis.170 Finally, substan-
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phamide and azathioprine are removed to some extent. By 
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CONCLUSION
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eases has expanded significantly since the 1990s. In some 
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with caution, the risk/benefit ratio of plasmapheresis in 
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quite favorable.
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Poisonings are a major contributor to morbidity and mortal-
ity, in addition to being responsible for significant health 
care expenditure worldwide. According to the National 
Poison Data System data compiled by the American Associa-
tion of Poison Control Centers, nearly 2.2 million human 
exposures to poisoning were reported in the United States 
in 2013.1 Approximately 75% of reported cases were unin-
tentional (e.g., food poisoning, therapeutic error), 15% 
were intentional (e.g., suicide, abuse), and 3% were adverse 
reactions. Despite the majority of reported exposures having 
occurred in the pediatric population, the majority of fatali-
ties involve adults. The classes of drugs accounting for the 
majority of fatal cases were sedatives, cardiovascular agents, 
opioids, antidepressants, and stimulants. Table 69.1 presents 
the 2013 U.S. statistics of the incidence and outcomes 

related to various poisons that may require the care of a 
nephrologist.

All toxic exposures should initially be considered life-
threatening. The general approach to the poisoned patient 
necessitates prompt resuscitation and stabilization, clinical 
and laboratory evaluation, antidote administration, and gas-
trointestinal decontamination if appropriate; these are 
reviewed extensively elsewhere.2,3 In certain clinical circum-
stances, poison elimination can be enhanced through 
various techniques. Elimination enhancement modalities 
can be divided between corporeal treatments, occurring 
inside the body, and extracorporeal treatments (ECTRs), 
occurring in a circuit outside the body.4 Because the prog-
nosis for most toxic exposures remains excellent with sup-
portive measures, only a small minority of poisonings benefit 
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Figure 69.1  Use of elimination enhancement  techniques  in  the United States  from 1983 to 2013. The y-axis  is a  logarithmic scale. ECTR, 
Extracorporeal treatment; MDAC, multiple-dose activated charcoal. 
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Table 69.1 Exposures to Common Dialyzable 
Toxins (2013)

Poison Total Exposures* Deaths

Ethylene glycol 6,600 16
Methanol 1,988 8
Isopropanol 16,944 3
Lithium 6,744 6
Valproic acid 7,776 2
Carbamazepine 3,946 1
Phenytoin 2,850 1
Gabapentin 13,163 3
Barbiturates 2,127 3
Theophylline 210 0
Paraquat 96 5
Salicylates 40,461 31
Acetaminophen 188,267 188
Metformin 8,229 12

*Includes co-ingestions and mixed formulations.
Data from Mowry JB, Spyker DA, Cantilena LR Jr, et al: 2013 

Annual report of the American Association of Poison Control 
Centers’ National Poison Data System (NPDS): 31st annual 
report. Clin Toxicol 52(10):1032-1283, 2014.

from active elimination enhancement. The frequency of use 
of elimination enhancement techniques in poisonings is 
outlined in Figure 69.1.

Because of the inherent difficulties of studying poisoned 
patients (heterogeneous baseline characteristics, urgent 
condition, consent issues) and because of the ethical  
problems limiting study of ECTRs to control, evidence-
based treatment recommendations from randomized trials 
are lacking. Current evidence is mostly derived from  
animal studies, cohort observations plagued by confound-
ers, and human case reports. Fortunately, consensus-based 

recommendations derived from available data and endorsed 
by international toxicology and nephrology societies are 
now becoming available for both corporeal5,6 and extracor-
poreal treatments.7-16 The treating physician must have a 
working knowledge of the characteristics of a poison, its 
clinical effects, its pharmacokinetics, and its potential 
removal by various techniques. The purpose of this chapter 
is to review fundamental concepts of poison elimination, to 
review available elimination enhancement modalities, and 
to present poisonings that the nephrologist is most likely to 
encounter in practice.

OVERVIEW OF CORPOREAL  
TREATMENTS FOR ENHANCED 
ELIMINATION OF POISONS

FORCED DIURESIS

The physiologic mechanisms involved in the elimination of 
xenobiotics by the kidney include (1) glomerular filtration, 
(2) active secretion in the proximal tubule, and (3) passive 
reabsorption in the distal tubule. Historically, forced diure-
sis through volume expansion with isotonic fluids (0.9% 
NaCl or lactated Ringer’s solution), with or without con-
comitant diuretics, has been used to enhance renal elimina-
tion of poisons. Unfortunately, results of early studies failed 
to show any significant benefit of forced diuresis but rather 
showed that it is associated with complications such as 
volume overload, pulmonary edema, cerebral edema, and 
electrolyte disturbances (e.g., hyponatremia, hypokalemia). 
At present, forced diuresis is not recommended in the man-
agement of acute poisonings. However, aggressive volume 
repletion remains warranted for some poisons, to correct 
hypotension and/or to overcome proximal tubular reab-
sorption of some offending agents (e.g., lithium) during 
volume contraction (explained later).
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normokalemia is a prerequisite for urine alkalinization to 
be effective; in the setting of hypokalemia, potassium is 
reabsorbed at the distal tubule in exchange for a hydrogen 
ion. Therefore, if hypokalemia remains uncorrected during 
urine alkalinization, not only is the nephron unable to 
produce alkaline urine, but the patient is also at higher risk 
for the development of alkalemia. Carbonic anhydrase 
inhibitors (e.g., acetazolamide) can alkalinize urine but at 
the serious expense of exacerbating systemic metabolic aci-
dosis and thus are never recommended.

In the past, urinary acidification (goal of urinary pH  
< 6.0) was used to enhance renal elimination of weak bases 
such as amphetamines, phencyclidine, and quinine but no 
longer has a role in poisoning because of lack of efficacy 
and potential complications.

FECAL ELIMINATION ENHANCEMENT

Activated charcoal, when given in multiple doses, can 
enhance elimination of certain poisons. Multiple-dose acti-
vated charcoal (MDAC) promotes clearance of poisons by 
interrupting their enterohepatic circulation and by promot-
ing passive diffusion down a concentration gradient from 
the intestinal capillaries to the intraluminal gut space, a 
process often referred to as “gut dialysis.” Multiple regimens 
exist for MDAC: it can be given every 4 hours at a dose of 
1 g/kg or every 2 hours at 0.5 g/kg until improvement in 
clinical status. Ideal properties of poisons amenable to 
MDAC include a small volume of distribution (Vd), a pro-
longed half-life, and a low intrinsic clearance. Contraindica-
tions to MDAC include an altered level of consciousness 
with an unprotected airway, protracted vomiting unrespon-
sive to antiemetic therapy, and intestinal occlusion. Compli-
cations such as aspiration pneumonitis, appendicitis, or 
charcoal bezoar with MDAC are infrequently reported, and 
their incidence increases with the amount of activated 
carbon doses given. Present guidelines recommend MDAC 
for poisoning due to theophylline, dapsone, carbamaze-
pine, phenobarbital, and quinine,5 although there may also 
be some benefit of use in poisoning from oleander seed17 
and phenytoin (see Table 69.2).18

Ion-exchange resins may also attract poisons from the gut 
capillaries to the lumen. Sodium polystyrene sulfonate 
(Kayexalate) has long been used for the treatment of hyper-
kalemia, and there is current evidence that it can also 
reduce the half-life of lithium.19 Prussian blue can be used 

MANIPULATION OF URINARY pH

Manipulation of urinary pH can enhance renal elimination 
of selected poisons. The underlying mechanism is based on 
the concept of ion trapping; because cell membranes 
are generally more easily permeated by non-ionized mole-
cules, the goal of manipulating urinary pH is to favor  
the formation of an ionized form in the tubular lumen  
that cannot be passively reabsorbed. The ionized poison 
becomes “trapped” in the tubular lumen and is then elimi-
nated in the urine. The dissociation of a weak acid or base 
into its ionized state is determined by its dissociation con-
stant (Kd) (i.e., the pH at which it is 50% ionized and 50% 
non-ionized). For example, the Kd of salicylic acid is 3, that 
is, when the urinary pH is 3, salicylate exists in a 1 : 1 ratio 
of the ionized to non-ionized forms. Alkalinization of the 
urine to a pH of 7.4 increases the ratio to 20,000 : 1 in favor 
of the ionized form, which is more readily eliminated in 
urine.

The clinical efficacy of urine alkalinization is dependent 
on the relative contribution of kidney clearance to the total 
body clearance of active poison; if only 1% of the ingested 
poison is excreted unchanged in the urine, even a 10-fold 
increase in renal elimination will have no clinically signifi-
cant effect.6 Criteria that determine whether a poison is 
amenable to urinary alkalinization are as follows: (1) it is 
eliminated unchanged by the kidneys, (2) it is distributed 
primarily in the extracellular fluid compartment, and (3) it 
is weakly acidic (i.e., with a Kd of 3.0 to 7.0). Urine alkalini-
zation enhances kidney excretion of xenobiotics such as 
salicylates, phenobarbital, chlorpropamide, 2,4-dichloro-
phenoxyacetic acid, methylchlorophenoxypropionic acid, 
diflunisal, fluoride, and methotrexate (Table 69.2).6

Urine alkalinization can be achieved with intravenous 
administration of sodium bicarbonate, beginning with a 
1-ampule bolus (50 mEq), followed by 5% dextrose in water 
with 2 to 3 ampules of sodium bicarbonate added to each 
liter at 250 mL/hr, although the rate of infusion should be 
adapted to the volume status of the patient. During urine 
alkalinization, serum electrolyte levels and urinary pH must 
be closely monitored every 2 to 3 hours; the target pH range 
for urine is between 7.5 and 8.5. Complications can include 
hypokalemia, hypernatremia, fluid overload, pulmonary 
edema, cerebral edema, and alkalemia. The degree of hypo-
kalemia may be profound because of both intracellular 
potassium shifts and urinary potassium losses. Moreover, 

Table 69.2 Poisons Whose Elimination May Be Enhanced by Corporeal Techniques

Urine Alkalinization Multiple-Dose Activated Charcoal Sodium Polystyrene Sulfonate Prussian Blue

Salicylates
Fluoride
Phenobarbital
Chlorpropamide
2,4-Dichlorophenoxyacetic acid
Mecoprop
Diflunisal
Methotrexate

Theophylline
Dapsone
Quinine
Phenobarbital
Carbamazepine
Salicylates
Phenytoin
Oleander seed

Potassium
Lithium

Thallium
Radiocesium
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the presence of different pathologic states.23 For example, 
as a result of hypoalbuminemia, less protein is available for 
binding, and accumulation of organic acids in uremia leads 
to a reduction in binding sites for some xenobiotics (e.g., 
salicylates, warfarin, and phenytoin). Furthermore, in toxic 
concentrations, there may be saturation of the protein 
binding sites (e.g., valproic acid), increasing the fraction of 
unbound in relation to its total concentration, which then 
provides a larger pool of poison that is removable by ECTR.

VOLUME OF DISTRIBUTION
The Vd of a drug is the apparent volume into which it is 
distributed at equilibrium and before metabolic clearance 
begins. Vd may be calculated by dividing the total drug in 
the body by its concentration. This mathematical relation-
ship assumes that the body is a single compartment of 
homogeneous water into which the drug is distributed.

Drugs that distribute extensively in tissue (e.g., tricyclic 
antidepressants) have a high Vd; conversely, drugs that dis-
tribute in total body water (e.g., methanol) have a Vd of 
0.6 L/kg. Poisons exclusively confined to the blood com-
partment (e.g., rituximab) have a Vd of approximately 
0.06 L/kg. Because ECTRs only remove poisons from the 
intravascular space, the elimination of poisons with a high 
Vd will not be significantly enhanced. For example, due to 
its low protein binding (25%) and relatively low molecular 
size (780 Da), digoxin easily crosses the dialyzer; however, 
because of its high Vd (7 L/kg), less than 5% of total body 
burden of digoxin will be removed in a 6-hour dialysis 
session. Many publications still erroneously conclude that a 
poison with a high Vd is amenable to extracorporeal clear-
ance solely based on a high clearance or a rapid reduction 
of serum concentrations.24,25

ECTR may be considered for very toxic xenobiotics 
despite a high Vd (e.g., thallium) if a patient presents early 
after exposure; in these cases, it is anticipated that the 
poison has not yet distributed into various tissues and may 
be successfully removed by dialysis.9

ENDOGENOUS CLEARANCE
Extracorporeal removal will not be useful if endogenous 
clearance of a poison (via metabolism and native elimina-
tion routes) far outweighs that which can be obtained via 
ECTR (usually < 200 mL/min).26 This explains why HD is 
not indicated for poisons like cocaine or toluene. Similarly, 
the decisional threshold to initiate dialysis will certainly be 
lower if there is presence of kidney impairment in a patient 
poisoned by a toxin exclusively eliminated by kidneys (e.g., 
lithium).

EXTRACORPOREAL  
TREATMENT–RELATED FACTORS

Factors specific to the ECTR that affect poison elimination 
include the process of poison removal, characteristics of the 
dialysis membrane (i.e., material, surface area, porosity), 
concentration gradient across the membrane, and blood/
dialysate/ultrafiltration flow rates. Some hemoperfusion 
(HP) cartridges become saturated after a few hours and 
need to be replaced.27 These characteristics are discussed 
later in this chapter, where the different extracorporeal 
modalities will be further described.

to enhance fecal elimination of radiocesium and thallium 
(see Table 69.2).20

PRINCIPLES AND FACTORS INFLUENCING 
POISON REMOVAL DURING 
EXTRACORPOREAL TREATMENTS

The elimination of a poison depends on its physicochemical 
and pharmacologic properties as well as the extracorporeal 
technique chosen. Extracorporeal elimination of a poison is 
only possible if all of the following are present: (1) it can  
be extracted from the plasma compartment, (2) a significant 
proportion of its body stores can be eliminated, and  
(3) extracorporeal clearance contributes to a significant 
extent to total clearance. The first condition is dependent on 
the molecular size and protein binding of the poison, and it 
is correlated to the extraction ratio (ER) and extracorporeal 
clearance (CLECTR). ER can be calculated as (A-V)/A, where 
A represents the inflow (or prefilter) plasma concentration 
and V represents the outflow (or postfilter) plasma concen-
tration. An extraction ratio of 1.0 implies complete elimina-
tion of a substance from the plasma after a single pass 
through the extracorporeal circuit (i.e., V = 0). Extracorpo-
real plasma clearance may be calculated as: CLECTR = QB × (1 
− Hct) × ER, where QB is the blood flow and Hct the hemato-
crit. CLECTR can also be calculated by quantifying poison in 
spent ultrafiltrate and/or dialysate and dividing by averaged 
plasma concentration of the poison over time. The second 
condition relates to its Vd, and the third depends on its 
endogenous clearance (explained later).

Therapy-specific factors to consider include the process 
of poison removal (e.g., diffusion, adsorption, convection), 
as well as the parameters chosen for a specific technique 
such as the dialysis membrane (dialyzer surface area, mem-
brane pore structure), characteristics of the filter or car-
tridge, rate of blood flow, and rate of effluent flow.21

POISON-RELATED FACTORS

MOLECULAR SIZE
Poisons with a molecular size below 1000 Da will be removed 
by any of the three processes but best by diffusion. Solutes 
in excess of 1000 Da will be better removed by convection 
or adsorption,22 although present-day hemodialysis (HD) is 
usually capable of clearing poisons with an upper limit of 
approximately 10,000 Da. Hemofiltration can remove 
poisons up to 50,000 Da. Poisons with very high molecular 
sizes (>100,000 Da) can be removed only by adsorption or 
by centrifugation/separation.

PROTEIN BINDING
The extent of a poison’s binding to plasma proteins will also 
determine its removal. Hemofiltration and HD can only 
remove unbound poison, because the poison-protein 
complex size exceeds the capacity of the hemofilter or dia-
lyzer. Hemoperfusion, however, may be more effective in 
these cases, inasmuch as the adsorbent (activated carbon or 
resin) competes with plasma proteins and is dependent 
purely on the affinity of the adsorbent for the poison.

The degree of protein binding can be influenced by 
alterations in plasma poison or protein concentration and 
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filtration, the true incidence of dialytic hypotension  
in the toxicology setting is unknown but is more likely 
related to the effect of the poison rather than the treatment 
itself.

HEMOPERFUSION

During HP, blood circulates through an extracorporeal 
circuit equipped with a charcoal or a resin cartridge onto 
which poison can be adsorbed.31 Unlike diffusion, adsorp-
tion is not as limited in regard to molecular size, lipid solu-
bility, or protein binding of the poison. Alcohols and most 
metals, however, are poorly adsorbed to HP columns. 
Although certain exchange resins (XAD-4) are effective in 
the removal of organic solutes and nonpolar, lipid-soluble 
drugs, they are no longer available in the United States.

Current HP devices have improved their biocompatibility 
over the years; coating of the sorbent material minimizes 
direct contact between the adsorbent and the blood con-
stituents, thereby greatly reducing the risk for embolization, 
without impairing their adsorptive capacity. The circuit 
requires more generous systemic anticoagulation than dialy-
sis. Blood flows are limited to less than 350 mL/min to 
minimize the risk for hemolysis.32

Complications of HP are mostly related to the nonselec-
tive adsorption of certain cells and important molecules, in 
particular a fall in the concentration of platelets (≈30% to 
50%), white blood cells (≈10%), serum fibrinogen, fibro-
nectin, calcium, or glucose.33,34 Although these complica-
tions are reversible and were more common with earlier 
devices, HP still carries a higher risk for complications than 
does HD.35 Furthermore, a cartridge costs several-fold 
higher than a performant dialyzer and needs to be replaced 
every 2 to 4 hours, as it becomes saturated.

Although clearances for many poisons were superior with 
HP compared to dialysis 20 years ago, with the technologic 
advancements of dialysis, this is no longer necessarily true. 
For example, the clearances for both theophylline and phe-
nobarbital, poisons for which HP was historically considered 
superior to dialysis, are now considered comparable.31,35,36 
In addition, HP does not allow for rapid correction of elec-
trolyte or acid-base disturbances, cannot remove fluid, and 
is less readily available. For these reasons, HD is generally 
preferred in almost all settings where HP is indicated.31 
These considerations are reflected by the trends in ECTR 
choice for poisonings (see Figure 69.1).37-39

HEMOFILTRATION

During hemofiltration, solute and solvent are removed by 
solvent drag, a process known as convection, and replaced 
by a physiologic solution. Ultrafiltration is dependent on 
the sieving coefficient of the membrane. The sieving coef-
ficient is the ratio of the solute filtrate concentration to the 
respective solute plasma concentration. A sieving coefficient 
of 1 indicates unrestricted transport, whereas there is no 
transport at all at when the coefficient is 0. Drug elimination 
by hemofiltration is dependent on factors comparable to 
HD (diffusion) with a few differences; convective transport 
allows removal of toxins with larger molecular size (<50,000 
Da) but performs slightly worse for smaller molecules.29 
Because most poisons possess a low molecular size (<1000 

AVAILABLE EXTRACORPOREAL 
TREATMENTS TO ENHANCE ELIMINATION 
OF POISONS

Numerous techniques exist to facilitate removal of poison. 
These can usually be classified by their process: diffu-
sion (HD, peritoneal dialysis), convection (hemofiltra-
tion), adsorption (HP), centrifugation/separation (plasma 
exchange).28,29

HEMODIALYSIS

During HD, poison diffuses from the blood compartment 
to a dialysate flowing in a countercurrent direction, sepa-
rated by a semipermeable dialysis membrane. The same 
principles that dictate solute removal in HD also apply  
to poison elimination (see Chapter 65 for a detailed  
discussion). Characteristics of a xenobiotic that favor effi-
cient poison removal by HD are low molecular size (10,000 
Da), low Vd (2 L/kg), low protein binding (<80%), low 
endogenous clearance (<4 mL/min/kg), and high water 
solubility/low lipid solubility.

Specific components of the dialysis system will affect 
poison clearance; these include membrane type, its surface 
area, and blood and dialysate flow rates (Table 69.3). Poison 
elimination is limited by the pore size of the dialysis mem-
brane. However, even if the poison size is below that of the 
membrane’s cutoff, larger molecules do not diffuse as freely 
as smaller ones. The advent of newer synthetic high-flux 
membranes and catheters now permit removal of larger 
poisons that were considered nondialyzable 20 years ago.22 
Increasing both the rates of dialysate and especially blood 
flow result in greater diffusion and elimination of the poison 
and should therefore always be maximized in poisoning 
situations.29

HD has several distinct advantages over other extracorpo-
real modalities in the management of acute poisonings30: 
Both poison and volume removal occur rapidly, and dialysis 
also corrects complications associated with severe 
poisonings—acute kidney injury (AKI), volume overload, 
acid-base abnormalities, electrolyte disturbances, and even 
hypothermia.

The most common acute complication of HD is systemic 
hypotension, and this is most prevalent in patients with AKI 
or end-stage kidney disease (ESKD) who require fluid 
removal. Because poisoned patients rarely require net ultra-

Table 69.3 Factors That May Enhance Poison 
Clearance during Hemodialysis

Larger surface area of dialysis membrane
High-flux dialyzer
High blood and dialysate flow
Increased ultrafiltration rate (with replacement solution)
Increased time on dialysis
A vascular site that has less recirculation
Two dialyzers in series
Two distinct extracorporeal circuits
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Da), hemofiltration does not offer any advantage over HD 
for the majority of poisonings.

COMBINATION THERAPY

Clinicians sometimes combine more than one mechanism 
for poison removal. For example, adsorption and diffusion 
(HD and HP) are sometimes used concurrently, in series, 
to maximize poison clearance. Although there is evidence 
that this combination approach may yield the best results, 
the kinetic benefits of two procedures are usually not addi-
tive and may also increase the incidence of complications. 
Diffusion and convection (hemodiafiltration) are also com-
monly combined.

CONTINUOUS RENAL REPLACEMENT THERAPY

Most ECTRs can be offered intermittently or continuously. 
Continuous renal replacement therapies (CRRTs) are par-
ticularly popular in the critical care setting in the manage-
ment of AKI, and they are available in various forms  
(see Chapters 31 and 65): continuous arteriovenous hemo-
dialysis, continuous venovenous hemodialysis, continuous 
arteriovenous hemofiltration, continuous venovenous 
hemofiltration, continuous arteriovenous hemodiafiltra-
tion, and continuous venovenous hemodiafiltration. Their 
role in the management of acute poisonings remains uncer-
tain.40 The solute clearance with continuous modalities is 
usually much lower than those with intermittent ones 
because of lower blood, dialysate, and ultrafiltrate flow rates. 
Continuous modalities present an advantage in AKI, in 
which rapid fluid and solute fluxes may be undesirable in 
hemodynamically unstable patients. However, in poisoned 
patients, because net fluid removal is rarely required, and 
because removal of the offending agent is urgent, intermit-
tent therapies are usually favored. Although it has been 
suggested that CRRT may be preferred to avoid the sudden 
increase in poison concentration seen after discontinuation 
of intermittent therapies (“rebound”), the benefit of this 
remains uncertain (see later).

Sustained low-efficiency dialysis (SLED) is a hybrid tech-
nique that is described as an alternative to intermittent HD 
and CRRT.41,42 Although used in anecdotal reports,43 the 
same reservations described for CRRT apply (i.e., lower 
poison clearance).

PERITONEAL DIALYSIS

There is little role for peritoneal dialysis in acute poison-
ing. It is an inefficient method of toxin elimination, achiev-
ing a maximum clearance of 10 to 15 mL/min (less than 
one-tenth of that achievable by HD).28 Peritoneal dialysis 
has no advantages over the other ECTRs in poisoning 
situations.

THERAPEUTIC PLASMA EXCHANGE  
AND PLASMAPHERESIS

Plasmapheresis is a process in which plasma is separated 
either by filtration or centrifugation from withdrawn blood, 
and formed elements are retransfused back to the patient. In 
therapeutic plasma exchange (TPE), the removed plasma is 

discarded and replaced by 5% albumin, fresh-frozen plasma, 
cryoprecipitate-poor plasma, or stored plasma. Clearance 
during TPE is limited by the plasma removal rate, which 
cannot readily exceed 50 mL/min.28,44 The role of TPE in the 
treatment of acute poisoning is not well defined, but this 
method should only be considered for poisons that are very 
highly protein bound (>95%) or in very large poisons that 
are over the cutoffs accepted for hemofiltration or HP 
(>50,000 Da), such as rituximab.45-47 Adverse outcomes from 
TPE involve complications associated with placement of the 
vascular access, bleeding, hypocalcemia, and hypersensitivity 
reactions to the replacement plasma proteins.48,49

EXCHANGE TRANSFUSION

Exchange transfusion is a treatment in which apheresis is 
used to remove the patient’s red blood cells and replace 
them with transfused blood products. Its role in poisoning 
is unclear but may be considered in poisons that cause 
massive hemolysis (e.g., sodium chlorate) or in infants, 
because it is technically less cumbersome to use than HD in 
this population.

EXTRACORPOREAL LIVER ASSIST DEVICES 
(ALBUMIN DIALYSIS)

Albumin dialysis is a relatively new ECTR and is sometimes 
used for liver replacement in the context of severe acute 
hepatitis and cirrhosis. Theoretically, these devices  
can remove albumin-bound xenobiotics and endogenous 
substances (bile acids, bilirubin) better than classical  
diffusive and convective techniques. However, preliminary 
clearance data do not show any superiority of these tech-
niques in poisonings from theophylline, valproic acid, or 
phenytoin50-52; the application of extracorporeal liver assist 
devices in poisoning appears most pertinent for toxin-
induced hepatotoxicity, especially to Amanita mushrooms 
and acetaminophen.53-56 The advantages of albumin dialysis 
are more apparent for its liver replacement support, espe-
cially as a bridge to liver transplantation or remission, rather 
than for its capacity to eliminate poison.

Many devices exist, but the following are among the 
better known:

• Single-pass albumin dialysis (SPAD) is a technique similar 
to HD but with the added difference that albumin is 
supplemented in the dialysate, which is thereafter dis-
carded after its contact with the filter.

• The Molecular Adsorbent Recirculating System (MARS) is 
identical to SPAD, but the albumin-enhanced dialysate 
(with the adsorbed xenobiotics) is recycled after going 
through a dialysis filter, a resin, and a charcoal cartridge.

• The Prometheus system combines albumin adsorption 
with high-flux HD after selective filtration of the albumin 
fraction through a polysulfone filter.

Whether these expensive (>$8000 per treatment in the 
United States), complicated, and nonspecific procedures 
would offer any advantage over HD, HP, or TPE is not cur-
rently known.

Table 69.4 summarizes the various ECTRs available for 
poison removal.
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Table 69.4 Summary of Extracorporeal Treatments

Process
Molecular Size 
Cutoff (Da)

Protein-Binding 
Cutoff

Relative 
Cost Complications Comments

Hemodialysis Diffusion <10,000 <80% + + Correction of uremia and 
acid-base/E+ disorders

Hemoperfusion Adsorption <50,000 <95% ++ +++ Saturation of cartridge
Hemofiltration Convection <50,000 <80% ++ + Correction of uremia and 

acid-base/E+ disorders
Plasma 

exchange
Centrifugation/

separation, filtration
<1,000,000 None +++ +++

Albumin 
dialysis

Diffusion, adsorption <300,000 <95% ++++ ++ Liver replacement 
support

Exchange 
transfusion

Centrifugation/
separation, filtration

None None ++ ++ Easier in neonates
Correction of hemolysis

Peritoneal 
dialysis

Diffusion <5,000 <80% ++ ++

All extracorporeal treatments in the table are less likely to be useful for poisons that have a high Vd or a high endogenous clearance.
E+, Electrolyte; Vd, volume of distribution.

GENERAL INDICATIONS FOR 
EXTRACORPOREAL REMOVAL  
OF POISONS

The EXTRIP (EXtracorporeal TReatments In Poisoning, 
http://www.extrip-workgroup.org/) workgroup7,8 is cur-
rently drafting guidelines for the use of blood purification 
for 16 key toxins.9-14,16 These recommendations should help 
to standardize management for patients exposed to these 
toxins and propose future research direction.8 The decision 
to initiate any form of blood purification must take into 
account the patient’s clinical status, the benefit expected 
from ECTRs, and poison-related factors.

Absolute indications for ECTR include the following (all 
must be present)30:

1. The poisoning exposure must be severe. The exposure 
to a specific poison must be significant enough to warrant 
the complications and cost associated with ECTR. Obvi-
ously, a patient with life-threatening clinical signs 
(repeated seizures, respiratory depression, dysrhythmias) 
will be classified as severe. A proper risk assessment of 
the exposure, which includes close collaboration with a 
poison control center, may help estimate the risk for any 
specific patient. In rare cases a poison may produce 
delayed effects (methanol, paraquat); monitoring of 
levels might therefore predict future clinical compromise 
and would prompt prophylactic ECTR (i.e., before the 
appearance of toxic symptoms).

2. There must be an absence of life-saving alternatives. 
Rarely, an antidote may either amend or prevent the 
apparition of toxic symptoms related to a poison. ECTR 
then becomes less crucial or indicated. This is the case 
for acetaminophen poisoning, when N-acetylcysteine 
(NAC) is available. Because ECTR is somewhat invasive 
and may require transfer to a specialized center, its 
benefit and cost should be weighed against those of the 
antidote.

3. The ECTR must be capable of removing the poison from 
the blood compartment. The poison should permeate 
readily through the dialysis membrane or the column. 
This relates to a high extraction ratio and a high extra-
corporeal clearance (see earlier).

4. ECTR must be expected to significantly contribute to 
total body clearance. As shown previously, if a poison is 
mostly confined outside of the intravascular space (high 
Vd), or if it is extensively and rapidly metabolized by 
endogenous routes, ECTR will likely not be removing 
poison from the body to a proportion that justifies its 
initiation.

To decide whether blood purification is indicated for a 
specific poisoning, the clinician must anticipate which ben-
efits are expected from the procedure; some exposures can 
cause death (e.g., salicylates at high ingestions, paraquat), 
whereas others may cause irreversible tissue damage (e.g., 
blindness for methanol). The advantages of ECTR in those 
circumstances would largely outweigh the complications 
and costs of the procedure. In other situations, the poison-
ing itself may not cause irreversible injury, but the patient 
may be subjected to prolonged coma and immobilization, 
requiring mechanical ventilation and tight surveillance in 
the intensive care unit. This is the case for poisons that can 
produce central nervous system (CNS) depression (e.g., 
barbiturates, anticonvulsants). Finally, there may be situa-
tions in which ECTR will likely not affect outcome but may 
reduce hospitalization and associated costs (e.g., dialysis 
versus fomepizole in a methanol-poisoned patient without 
metabolic acidosis).57,58 The clinician should therefore 
assess the risk of the specific exposure and consider the 
cost/benefit ratio of ECTR in this context. Complications 
associated with ECTR are minimal and are usually limited 
to the traumatic insertion of a vascular access (which can be 
minimized with ultrasonographic guidance)59; more rarely, 
ECTR can potentiate elimination of certain antidotes60 and 
precipitate withdrawal symptoms if drug levels fall below the 
therapeutic range.61 Costs of a single dialysis, including 
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prophylactic transfer to one may be required, even if the 
patient does not yet meet criteria for blood purification. 
Because significant delay may occur between the time a 
decision is made to perform ECTR and the time when it 
is initiated, a dialysis nurse should be rapidly contacted 
and a temporary dialysis catheter installed as early as pos-
sible. Logistics and clinical status may require transfer of 
the patient to the intensive care unit.30

Rebound: Rebound is defined as a sudden increase in 
poison concentration after discontinuation of the ECTR, 
and it occurs more typically after intermittent therapies. 
Rebound may be either due to redistribution of poison 
from deep compartments (e.g., tissues and intracellular 
space) to the plasma (such as seen with lithium67 and 
methotrexate68), especially in poisons with a large Vd, or 
due to ongoing absorption of the poison. It is important 
for the clinician to identify which of these is causing the 
rise. In the former case, the elevation of the serum con-
centration comes at the expense of a concomitant 
decrease in poison concentration from the toxic compart-
ments, a phenomenon that would therefore not be wor-
risome but rather even desirable,69 and that would present 
an added opportunity to remove more poison with a 
subsequent treatment. In the situation of ongoing absorp-
tion of the poison, the increase in serum concentration 
can cause recurrence of toxic symptoms. To address 
rebound, clinicians may choose to repeat a session, switch 
to a continuous therapy, or extend the intermittent 
therapy longer than the typical 4- to 6-hour treatment 
duration without added risk.70 Following ECTR, serial 
poison concentration and clinical status should be moni-
tored for a period long enough to account for redistribu-
tion or ongoing absorption (≈12 to 24 hours). The 
catheter should remain in place until the physician is 
convinced that additional sessions are unnecessary.

POISONS AMENABLE TO 
EXTRACORPOREAL ELIMINATION

In the large majority of poisoning cases, ECTRs are not 
required. In fact, the drugs or poisons that are most com-
monly responsible for poisoning-related fatalities (e.g., tri-
cyclic antidepressants, short-acting barbiturates, stimulants, 
and “street drugs”) are not effectively amenable to extracor-
poreal removal. The remainder of this chapter focuses on 
the clinical characteristics of intoxicants that may be respon-
sive to extracorporeal removal.

THE TOXIC ALCOHOLS: ETHYLENE GLYCOL, 
METHANOL, ISOPROPANOL

Toxic alcohols share many similar molecular characteristics 
and toxicity and will therefore be grouped within this 
section. In its pure form, ethylene glycol is colorless, odor-
less, syrupy, and sweet-tasting, which makes it attractive to 
young children. It is commonly found in antifreeze, radiator 
fluid, solvents, hydraulic brake fluid, deicing solutions, 
detergents, lacquers, and polishes. Methanol, also known as 
wood alcohol, is the simplest of alcohols. It is a light, volatile, 
flammable liquid with a distinctive odor similar to ethanol. 

equipment and nursing and physician fees, are minor com-
pared to the cost of a day in the intensive care unit. In the 
absence of any clinical outcome data, studies should dem-
onstrate, at a minimum, significant drug removal.

TECHNICAL CONSIDERATIONS

Patients presenting with poisonings are different from 
patients with AKI or ESKD; it is therefore normal that the 
prescription of any ECTR for the purpose of poison removal 
reflects these differences.

Vascular access: A double-lumen central catheter is required 
for administering most forms of ECTR. Because time is 
usually a concern, a temporary catheter is preferred, 
using ultrasonographic guidance to limit complications 
and ensure patency.62 The femoral line is simpler for 
insertion and does not require radiographic placement 
confirmation but has more recirculation than subclavian 
or jugular insertion sites.63 There has been some experi-
ence in the use of dual catheter sites and circuits to maxi-
mize poison clearance.64,65

Choice of hemodialyzer/filter/adsorber: For dialysis, high-
flux, high-efficiency dialyzers with the largest surface area 
should be used. The dialyzer or hemofilter should have 
a molecular size cutoff above that of the poison that needs 
to be removed. With respect to HP, the only column avail-
able in the United States is the Gambro Adsorba 300C, a 
coated activated charcoal cartridge.31

Heparinization: Heparinization of the dialysis circuit is 
usually done with unfractionated heparin or low-
molecular-weight heparin to prevent clotting and main-
tain patency of the circuit. In patients at high risk for 
bleeding, saline flushes can be substituted for heparin. 
For HP, heparin is also used to reduce the risk for hemo-
lysis32 and is usually required in greater quantities than 
for HD.

Blood, dialysate, and effluent flow: They should all be maxi-
mized according to the capabilities of the machine to 
maximize clearance.29

Dialysate composition: As mentioned earlier, poisoned 
patients may not share the same metabolic characteristics 
as those with renal failure. Bicarbonate, sodium, calcium, 
and magnesium levels need to be adjusted in the dialysate 
bath (or replacement fluid) to the requirement of the 
poisoned patient to avoid dangerous imbalances. Phos-
phate may also be added to the bath to avoid hypo-
phosphatemia. It is also recommended that periodic 
measurement of serum biochemistry be performed and 
the content of the dialysate be adapted if needed.

Duration of ECTR: A single 6-hour ECTR will usually suffice 
to substantially lower blood levels of most xenobiotics. 
When significant toxicity is present or suspected to be 
prolonged, there is little risk in extending this for several 
more hours (HP cartridges may need to be replaced 
because of saturation). Obviously, more time will be 
required if a less efficient therapy (CRRT, peritoneal 
dialysis, SLED) is used.

Patient disposition: Many poisoned patients die before ini-
tiation of dialysis.66 If the risk analysis on a suspected toxic 
exposure suggests that a patient may require dialysis, 
prompt communication with a dialysis unit and even 
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is precipitated by systemic calcium oxalate deposition in 
various tissues such as the kidneys.

Methanol is metabolized principally by alcohol dehydro-
genase (85%) to formaldehyde in the presence of NAD+ and 
then quickly oxidized by formaldehyde dehydrogenase to 
formic acid. Small amounts are excreted unchanged by the 
lungs (10%) and the kidneys (5%). In a folate-dependent 
step, formic acid is then transformed to water and carbon 
dioxide (see Figure 69.2B). Methanol follows zero-order 
kinetics elimination at low serum concentration and first-
order kinetics at higher concentration, which may relate to 
pulmonary clearance.77

Formic acid is the metabolite most responsible for the 
toxic symptoms of methanol, because it inhibits cytochrome 
c oxidase in the cell mitochondria, interferin with cellular 
oxidative metabolism.78 Energy production is shifted toward 
anaerobic glycolysis with production of lactate. There is also 
a shift of the NAD+/NADH ratio when methanol is con-
verted to formaldehyde, which promotes further the conver-
sion of pyruvate to lactate. As the cellular pH falls, inhibition 
of cytochrome c oxidase by formic acid is increased, exac-
erbating the acidosis, eventually leading to cell hypoxia and 
cell death.79

The metabolism of isopropanol is illustrated in  
Figure 69.2. Approximately 80% is metabolized to acetone 
via alcohol dehydrogenase, and the remainder is eliminated 
unchanged in urine, with very small amounts excreted by 
the lungs.80 Isopropanol displays first-order elimination 
kinetics with an elimination half-life of 3 to 8 hours,81,82 
whereas that of acetone is 10 hours.83,84 Alcohol dehydroge-
nase inhibitors markedly increase the half-life of isopropa-
nol but have little effect on that of acetone.85 Most of the 
CNS depressant effects are attributed to isopropanol, 
whereas acetone likely has a minor effect.81

Any pure ethylene glycol ingestion over 0.1 mL/kg 
requires medical treatment. The lethal dose of ethylene 
glycol is approximately 1.4 mL/kg, but deaths have been 
reported with ingestions as low as 30 mL. The minimum 
lethal dose of methanol is estimated at 10 mL, although this 

It is used as a solvent, as an intermediate of chemical syn-
thesis during various manufacturing processes, or as an 
octane booster in gasoline. The solvents that contain metha-
nol include windshield- or glass-cleaning solutions, enamels, 
printing solutions, stains, dyes, varnishes, thinners, fuels, 
and antifreeze additives for gasoline. Isopropanol (i.e., iso-
propyl alcohol or 2-propanolol) is a clear, colorless and  
volatile liquid with a faint odor of acetone and bitter taste. 
It is commonly found in “rubbing alcohol,” skin lotion,  
hair tonics, aftershave lotion, denatured alcohol, solvents, 
cements, cleaning products, and the manufacturing process 
of acetone and glycerin. Although the parent alcohols them-
selves cause minor toxicity (usually no more than moderate 
inebriation), their metabolites can induce life-threatening 
toxicity.

TOXICOCOLOGY AND TOXICOKINETICS
Molecular characteristics of major xenobiotics, including 
toxic alcohols, are shown in Table 69.5. Ethylene glycol, 
methanol, and isopropanol are all small molecules, unbound 
to protein, and distribute in total body water (Vd = 0.6 L/
kg). Intoxication of these alcohols occurs rapidly after expo-
sure and usually results from oral ingestion, although inha-
lation of vapors71,72 and cutaneous absorption have been 
reported, especially in children.73,74

Approximately 20% of ethylene glycol is excreted unme-
tabolized by the kidney. The remaining 80% is oxidized to 
glycoaldehyde by alcohol dehydrogenase in the liver and 
then rapidly converted to glycolic acid by aldehyde dehydro-
genase, which is followed by the slow conversion of glycolic 
acid to glyoxylic acid, the rate-limiting step (Figure 69.2A). 
The final end products include oxalic acid, glycine, and 
oxalomalic acid. Metabolic acidosis is caused by the forma-
tion and accumulation of glycolic acid, glycoaldehyde, and 
glyoxylic acid.75,76 Lactic acidosis may also be present, as the 
decrease in the ratio of oxidized nicotinamide adenine 
dinucleotide (NAD+) to reduced nicotinamide adenine 
dinucleotide (NADH) promotes the reduction of pyruvate 
to lactate. The remainder of the toxicity of ethylene glycol 

Table 69.5 Physiochemical Characteristics and Toxicokinetics of Various Poisons

Molecular Size (Da) Protein Binding Volume of Distribution (L/kg)
Endogenous Clearance in 
Healthy Adults (mL/min/kg)

Methanol 32 0% 0.6 0.7
Ethylene glycol 62 0% 0.6 1.8
Isopropanol 60 0% 0.6 1.2
Theophylline 180 60% 0.5 0.7
Lithium 7 0% 0.8 0.4
Salicylic acid 138 80%* 0.2 1.5
Valproic acid 144 90%* 0.2 0.1
Metformin 166 5% 5 10
Phenytoin 252 90% 0.6 0.4
Carbamazepine 236 75% 1.2 1.3
Acetaminophen 151 20% 1 5
Phenobarbital 232 40% 0.7 0.2
Paraquat 186 5% 1.0 8
Methotrexate 454 50% 0.8 1.5

*Protein binding saturation occurs at high concentration.
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Figure 69.2  A, Metabolism of ethylene glycol. The broken arrow points to site of action of ADH inhibitors; the asterisk denotes the rate-limiting 
step. In the presence of the electron acceptor, NAD+, ethylene glycol is oxidized to glycoaldehyde by alcohol dehydrogenase. Aldehyde dehy-
drogenase then rapidly converts glycoaldehyde to glycolic acid, which is followed by the slow conversion of glycolic acid to glyoxylic acid (the 
rate-limiting step). The final end products include oxalic acid, glycine, and oxalomalic acid, which are all effectively removed by hemodialysis. 
B,  Metabolism  of  methanol.  The  broken arrow  points  to  site  of  action  of  ADH  inhibitors;  the  asterisk  denotes  the  rate-limiting  step. 
C, Metabolism of  isopropanol. 4-MP, Fomepizole; NAD+, oxidized nicotinamide adenine dinucleotide; NADH,  reduced nicotinamide adenine 
dinucleotide; TCA, tricarboxylic acid. 
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is highly variable.86 The lethal dose of pure isopropanol is 
100 to 250 mL.87

CLINICAL PRESENTATION
Following ingestion, the symptoms of ethylene glycol poi-
soning follow a three-stage progression, the severity of which 
depends on certain factors, such as the ingested dose, con-
current ingestion of ethanol, and timing of treatment.88

Stage 1 is the neurologic stage, which occurs 30 minutes to 
12 hours after ingestion and is due to the parent alcohol 

causing inebriation, similar to ethanol but without the 
typical breath. Altered consciousness may progress to coma 
and seizures. Cerebral edema, nystagmus, ataxia, myoclonic 
jerks, and hyporeflexia have been described. New onset of 
cranial nerve defects (in particular the seventh) should 
make a clinician suspect ethylene glycol ingestion. Gastro-
intestinal irritation may lead to vomiting, hematemesis, and 
aspiration pneumonia.

Stage 2 is the cardiopulmonary stage, occurring 12 to 24 
hours after ingestion, and results from the accumulation of 
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DIAGNOSTIC TESTING
Because specific measurement of toxic alcohols (by colori-
metric and enzymatic assays or chromatographic methods) 
is not widely available, treatment should begin immediately 
if exposure to toxic alcohols is suspected.95 Ethylene glycol 
and methanol poisoning should be considered in any 
patient presenting with a high anion gap metabolic acidosis 
and a high osmolar gap, even in the absence of symptoms.96 
Because toxic alcohols are osmotically active compounds, 
the osmolal gap, calculated as the difference between mea-
sured osmolality (by freezing point depression) and calcu-
lated osmolality, can be used as an approximation of the 
toxic alcohol concentration (in mmol/L), which can then 
be converted to mg/dL (Table 69.6). This estimation can 
be monitored serially during admission and especially 
during dialysis, when precise serum levels are unavail-
able.97,98 The calculated osmolality is based on the concen-
trations of sodium, glucose, blood urea nitrogen (BUN), 
and ethanol (if co-ingested), as follows:

Toxic alcohol concentration mmol L
Osmolal gap ethanol
Osm

( )
≅ −
= oolality Osmolality ethanol mmol L

Osmolality
meas calc

meas

− −
= −

( )
(( [ ( )]

( ) ( ) . )
( )

2
18 2 8
4

Na mEq L
glucose mg dL BUN mg dL
ethanol mg dL

+ +
− ..6

The normal osmolal gap is less than 10 to 12 mOsm/kg 
H2O. An osmolal gap over 25 mOsm/kg suggests the pres-
ence of ethylene glycol, methanol, ethanol, isopropanol, 
propylene glycol, or acetone.99 In isopropanol poisoning, 
both isopropanol and acetone contribute to the osmolal 
gap.100 However, it is important to recognize that a normal 
osmolal gap does not exclude the diagnosis of toxic alcohol 
poisoning, if the patient presents late after ingestion, once 
the parent alcohol already has undergone oxidation (gly-
colic acid and formic acid do not contribute to the osmolal 
gap).101,102

Similarly, the anion gap can be used to estimate the gly-
colic acid and formic acid concentrations. The anion gap is 
the difference between measured cations (Na+ and K+) and 
measured anions (Cl− and HCO3

−), representing the differ-
ence between unmeasured anions and unmeasured cations, 
all values being in mmol/L. Lactate can also contribute to 
the anion gap (AG) and needs to be factored in the follow-
ing equation:

newly formed organic acids. During this stage, calcium 
oxalate crystals deposit in the vasculature, myocardium,  
and lungs.89 Hypertension or hypotension, dysrhythmias, 
myocarditis, pneumonitis, and noncardiogenic pulmonary 
edema have all been reported as potential cardiopulmonary 
complications. This phase is also associated with severe high 
anion gap metabolic acidosis. Most deaths occur during this 
stage.

Stage 3 is the renal stage, occurring 24 to 72 hours after 
ingestion, and develops as calcium oxalate crystals precipi-
tate in the kidney, resulting in flank pain, hematuria, crystal-
luria, and AKI. The pathogenesis of AKI is unclear but may 
relate to interstitial nephritis, cortical necrosis, direct renal 
cytotoxicity, or obstruction. However, because the degree of 
renal injury does not correlate with the extent of calcium 
oxalate deposition in the kidney, it has been suggested that 
glycolic acid or other metabolites may be primarily respon-
sible for the development of AKI.90 In addition, low calcium 
concentrations in the blood may occur and cause overactive 
muscle reflexes and QT-interval prolongation.

Methanol intoxication should always be suspected in a 
patient presenting with neurologic, visual, and gastrointes-
tinal symptoms in the presence of high anion gap metabolic 
acidosis with increased osmolal gap. CNS presentation may 
include inebriation, headaches, dizziness, nausea, and sei-
zures and may progress to cerebral edema. Methanol can 
produce Parkinson-like syndrome by damage to putamen 
and subcortical white matter of the basal ganglia.91,92 Gastro-
intestinal symptoms include anorexia, nausea, vomiting, 
gastritis, and abdominal pain from acute pancreatitis. Meta-
bolic acidosis, caused by accumulation of formate and 
lactate, can be severe. Visual changes are the hallmark of 
methanol poisoning and usually occur 6 to 30 hours after 
exposure, depending on whether ethanol is co-ingested; 
symptoms may include blurred vision (flashes or snow-
storm), central scotoma, impaired papillary response to 
light, decreased visual acuity, photophobia, visual field 
defect, and progression to complete blindness.93,94 The 
mechanisms of visual defects are not very well understood 
but are thought to be caused by the inhibition of mitochon-
drial function in the optic nerve. Because the optic nerve 
cells possess few mitochondria and low cytochrome oxidase 
levels, they are extremely susceptible to the toxic effects of 
formic acid. Visual abnormalities are permanent in one-
fourth of cases. Death is usually caused by cardiovascular 
shock and respiratory arrest.

The diagnosis of isopropanol overdose should be sus-
pected in any patient with altered sensorium, a “fruity” 
acetone breath, an increased osmolal gap without an 
increase in anion gap, and the presence of acetonemia or 
acetonuria in the absence of hyperglycemia, glycosuria, or 
acidosis. Isopropanol poisoning mainly affects the CNS, 
with symptoms ranging from mild inebriation to lethargy, 
stupor, respiratory depression, and even coma. Isopropanol 
is also a gastrointestinal tract irritant and can cause nausea, 
vomiting, gastritis, and abdominal pain. Finally, isopropanol 
is directly toxic to myocytes and can induce severe hypoten-
sion, which is the strongest predictor of mortality in isopro-
panol overdose.86 AKI may develop because of severe 
hypotension or myoglobinuria. Other systemic findings 
include hypoglycemia from impaired gluconeogenesis, 
hypothermia, and hemolytic anemia.

Table 69.6 Conversion of Toxic Alcohol 
Concentration from mmol/L  
to mg/dL

Toxic Alcohol Conversion from mmol/L to mg/dL

Ethanol ×4.61
Ethylene glycol ×6.21
Isopropanol ×6.01
Methanol ×3.20
Diethylene glycol ×10.61
Propylene glycol ×7.61
Acetone ×5.81
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penetrate end-organ tissues (retina and kidney) and more 
likely to be excreted by the kidneys. An initial intravenous 
bolus (1 to 2 mEq/kg), followed by a perfusion if necessary, 
should be given to maintain an arterial pH no less than 7.35. 
Asymptomatic hypocalcemia is not routinely treated in the 
setting of ethylene glycol poisoning because it can poten-
tially exacerbate calcium oxalate crystal formation and 
deposition.

Pyridoxine, thiamine, and magnesium are co-factors in 
the metabolism of ethylene glycol, and their supplementa-
tion is recommended in patients who may be malnourished 
(e.g., alcoholics) or in those with known deficits.96 Because 
the rate-limiting step of methanol metabolism is mediated 
by 10-formyltetrahydrofolate synthetase, which is folic acid 
dependent, folic acid supplementation is recommended in 
methanol poisoning. The suggested dose is 50 mg intrave-
nously every 4 hours for five doses and then once daily.

The cornerstone of the treatment of ethylene glycol or 
methanol poisoning is to delay their metabolism into toxic 
metabolites by use of antidotal agents (ethanol or fomepi-
zole), which inhibit the actions of alcohol dehydrogenase.

Indications for use of these antidotes are as follows96,108:

1. Serum concentration of ethylene glycol above 20 mg/dL 
or methanol above 20 mg/dL

2. Documented recent (hours) ingestion of toxic amount 
of ethylene glycol or methanol and osmolal gap higher 
than 10 mOsm/L

3. A history or strong clinical suspicion of ethylene glycol 
or methanol poisoning, and at least two of the following: 
arterial pH less than 7.3, serum bicarbonate less than 
20 mEq/L, osmolal gap greater than 10 mOsm/L, or 
presence of oxalate crystal in the urine

Antidote treatment is not recommended in isopropanol 
poisoning because the metabolite acetone does not cause 
metabolic acidosis and is eliminated by endogenous routes; 
if fomepizole were used, the CNS depressant effect of iso-
propanol could be prolonged.109 Because alcohol dehydro-
genase has greater affinity for ethanol than for either 
methanol or ethylene glycol, it has been the traditional 
antidote to prevent the formation of toxic metabolites. 
Ethanol can be given orally, intravenously, or via the dialy-
sate. The intravenous formulation has the advantages of 
immediate bioavailability and avoiding gastrointestinal dis-
tress. Target serum ethanol concentrations for alcohol dehy-
drogenase competition are between 100 and 150 mg/dL110; 
below this concentration, alcohol dehydrogenase inhibition 
would not maximally inhibit metabolite formation, whereas 
above this range, CNS and respiratory depression might 
appear.108 More predictable serum ethanol concentrations 
can be obtained during HD by adding 475 mL of 65% 
ethanol in the 4.5 L–acid bath of the dialysate.110

Fomepizole (4-methylpyrazole, Antizol) is a newer U.S. 
Food and Drug Administration (FDA)–approved antidote 
for both ethylene glycol and methanol poisoning. Com-
pared to ethanol, fomepizole has multiple advantages: (1) 
more potent alcohol dehydrogenase inhibition, (2) simple 
dosing, (3) predictable pharmacokinetics, (4) no blood 
monitoring, (5) few side effects and no CNS depression, and 
(6) longer duration of action. Its main drawback is the cost 
($5000 in the United States). Whichever antidote is chosen, 
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Studies have showed a good correlation between the level 
of metabolites and the anion gap.99 The absence of an anion 
gap suggests either early presentation after ethylene glycol 
or methanol exposure (before metabolism), co-ingestion of 
ethanol, or the presence of another alcohol (isopropanol, 
propylene glycol).

Urinalysis can provide supporting evidence of ethylene 
glycol exposure; calcium oxalate crystals (monohydrate and 
dihydrate forms) may be present in the urine sediment and 
are birefringent when viewed under polarized light. These 
crystals appear 4 to 8 hours after ingestion and are found 
in approximately 50% of patients.103,104 The presence of the 
monohydrate form is not specific for ethylene glycol poison-
ing because it is also seen in individuals who ingest large 
amounts of vitamin C or food containing high levels of 
oxalate. The dihydrate form, which is octahedral, or tent 
shaped, is present only under conditions of high urinary 
calcium and oxalate levels, therefore more specific for eth-
ylene glycol poisoning. Urine that fluoresces under Wood 
lamp illumination is another unique feature of ethylene 
glycol poisoning. Many types of antifreeze contain sodium 
fluorescein, a fluorescent dye used as a marker to detect 
radiator leaks. For up to 6 hours after ingestion, sodium 
fluorescein can be detected in the urine.105,106 Other labora-
tory abnormalities commonly found are hypocalcemia, leu-
kocytosis, and elevated protein level in cerebral spinal fluid.

Characteristic test findings of isopropanol exposure 
include increased osmolality, the absence of metabolic aci-
dosis (except if lactic acidosis is present), ketonemia, keto-
nuria, and normoglycemia. Acetonemia or acetonuria can 
be suspected by a positive sodium nitroprusside reaction in 
plasma or urine. Low concentration of serum ketones 2 
hours after isopropanol ingestion (in the absence of alcohol 
dehydrogenase inhibition) generally excludes substantial 
ingestion.81 Ketoacidosis from starvation, alcoholism, or dia-
betes mellitus can be differentiated from isopropanol poi-
soning by the presence of metabolic acidosis.

TREATMENT
In case of toxic alcohol poisoning, rapid decision making is 
critical because most clinicians have to proceed without a 
drug level confirmation. Management can be divided into 
supportive care, correction of the metabolic acidosis, anti-
dotal therapy, and enhanced elimination with ECTRs.

Initial management, as for all poisonings, is directed 
toward stabilization and providing appropriate supportive 
care, which may include airway management, volume  
resuscitation, seizure management, and vasopressors. High 
minute ventilation should be maintained if significant aci-
demia is present. Because toxic alcohols are rapidly absorbed 
from the gastrointestinal tract, and because mucosal irrita-
tion is often present, gastrointestinal decontamination is 
seldom performed in this context.

Acidemia should be corrected with the administration of 
intravenous sodium bicarbonate,107 which enhances depro-
tonation of acid metabolites, making them less likely to 
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serial monitoring of alcohol concentration or osmolal gap 
is recommended to confirm the estimation. HD should be 
continued until the parent alcohol levels are less than 
20 mg/dL and metabolic acidosis is corrected. Other 
modalities, such as CRRT, would not offer comparable clear-
ance but may be considered if intermittent dialysis is 
unavailable.116

HD can also effectively remove both isopropanol and 
acetone, although it is only indicated when the isopropanol 
level is above 400 mg/dL or there is prolonged coma,  
hypotension, myocardial depression, tachydysrhythmias, or 
AKI.117-119 Other modalities would not offer comparable 
clearances.120

Phosphate addition in the dialysate is often required 
during HD. The use of heparin should be minimized or 
altogether avoided in methanol-poisoned patients, because 
they are at higher risk for intracerebral hemorrhage.

SALICYLIC ACID

Salicylates are widely used as analgesics and antiinflamma-
tory medications. Salicylic acid produces its antiinflamma-
tory effects by suppressing the expression of cyclo-oxygenase 
(COX), which induces the production of proinflammatory 
mediators such as prostaglandins. Salicylic acid also uncou-
ples oxidative phosphorylation, which leads to increased 
ratios of adenosine diphosphate to adenosine triphosphate 
and adenosine monophosphate to adenosine triphosphate 
in cells. Aspirin (acetylsalicylic acid) is commonly prescribed 
as an antiplatelet therapy. Salicylic acid is used as a topical 
keratolytic agent and wart remover; bismuth subsalicylate 
(Pepto-Bismol; 236 mg of salicylate per 15 mL) is used for 
reflux disease, and methyl salicylate (oil of wintergreen; 
98% salicylate; 1 teaspoon contains 7 g of salicylates) is used 
for pain relief and as a flavoring agent.121,122 Because many 
over-the-counter formulations exist and because serious tox-
icity can occur with relatively minor exposures, salicylates 
are among the substances most commonly involved in 
human poisoning.1 Because of modification in packaging 
and availability of nonsteroidal antiinflammatory alterna-
tives, fewer exposures to salicylates are reported yearly in 
the United States.

TOXICOLOGY AND TOXICOKINETICS
Salicylates in general are rapidly absorbed by the gastroin-
testinal tract. Peak serum concentrations are reached within 

it is usually continued until ethylene glycol or methanol 
levels are below 20 mg/dL and the patient is asymptomatic 
with a normal arterial pH. Table 69.7 presents dosage of 
ethanol and fomepizole during toxic alcohol poisonings.

ECTRs, especially HD, are extremely efficient at remov-
ing alcohols and their toxic metabolites, as well as rapidly 
correcting acidosis. When dialysis parameters are optimized 
(see earlier), clearance of alcohols and metabolites can 
reach 250 mL/min.

The increasing availability of fomepizole has modified the 
indications and pertinence of ECTR because of its great 
efficacy at preventing new formation of metabolites. For 
example, patients who are poisoned with ethylene glycol, 
but who neither are acidotic nor have renal impairment, 
may be treated with fomepizole alone, whatever the con-
centration of ethylene glycol.58,111 The same applies for 
methanol; however, endogenous clearance of methanol is 
extremely low when fomepizole is used. Assuming a metha-
nol half-life of 54 hours under fomepizole,112 a patient with 
an initial methanol concentration of 320 mg/dL would 
need to be hospitalized 9 days for methanol concentration 
to be considered safe (under 20 mg/dL). Dialysis might 
therefore be instituted to reduce hospitalization costs and 
antidote requirement for patients poisoned with either eth-
ylene glycol or methanol.57,113 The situation is altogether 
different if either a metabolic acidosis or an increased anion 
gap, both suggestive of accumulation of toxic metabolites, 
is present. In these cases, alcohol dehydrogenase inhibition 
should not be used alone but in association with some form 
of extracorporeal purification.

Indications for HD for ethylene glycol and methanol poi-
soning are the following14,52,56:

1. Serum ethylene glycol or methanol concentration above 
50 mg/dL if fomepizole is not used

2. Metabolic acidosis (pH less than 7.2) or an anion gap 
greater than 24 mEq/L

3. Coma or seizures
4. Visual changes secondary to methanol
5. AKI or chronic kidney disease

The expected duration of dialysis can be estimated using 
this formula: T(hours) = [−V ln (5/A)/0.06 k], where V is 
the total water in liters, A is the initial alcohol concentration 
in mmol/L, and k is 80% of the dialyzer urea clearance in 
mL/min at the observed blood flow rate.114,115 However, 

Table 69.7 Antidote Dosage during Toxic Alcohol Poisoning

Absolute Ethanol 10% Intravenous Ethanol* Fomepizole

Loading dose† 600 mg/kg 7.6 mL/kg 15 mg/kg IV
Maintenance dose 66 mg/kg/hr (nondrinker)

154 mg/kg/hr (chronic drinker)
0.83 mL/kg/hr (nondrinker)
1.96 mL/kg/hr (chronic drinker)

10 mg/kg q12hr × 4 doses, then 
15 mg/kg q12hr

Maintenance dose 
during HD

169 mg/kg/hr (nondrinker)
257 mg/kg/hr (chronic drinker)

2.13 mL/kg/hr (nondrinker)
3.26 mL/kg/hr (chronic drinker)

Same dose but q4hr or a constant 
infusion of 1.0-1.5 mg/kg/hr

*Equivalent to 7.9 g ethanol per deciliter.
†Assumes initial ethanol concentration is zero; dose is independent of chronic drinking status.
HD, Hemodialysis; IV, intravenous.
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Salicylates cause a variety of central nervous system effects, 
either directly or through the selective reduction of brain 
glucose concentration. Cerebral edema, perhaps secondary 
to capillary leak, may also play a role in alterations in mental 
status.134 Neurologic manifestations include tinnitus, central 
hyperthermia, vertigo, altered mental status (hyperactivity, 
agitation, delirium, hallucination), or coma.135,136 As stupor 
progresses, there may be blunting of the respiratory 
response, which may decrease pH and increase salicylate 
entry in the CNS.130,137 Tinnitus occurs at salicylate concen-
tration of 30 mg/dL and may lead to decreased auditory 
acuity and even deafness.138 Early salicylate poisoning may 
present with hyperglycemia resulting from glycogenolysis, 
gluconeogenesis, and decreased peripheral use. Hypoglyce-
mia occurs later with heightened cellular energy demand 
and uncoupling of oxidative phosphorylation.139

Chronic poisoning may be seen in patients who are treated 
on prolonged salicylate therapy (for chronic disease), often 
in the setting of reduced kidney clearance. Symptoms in this 
setting are often more prominent than after an acute inges-
tion for a same salicylate concentration; such patients are 
often misdiagnosed as having delirium, encephalopathy, or 
fever of unknown origin, and they have a high mortality.140,141 
Noncardiogenic pulmonary edema, a classical albeit rare 
finding, may occur as a result of local release of vasoactive 
peptides and increased capillary permeability, which further 
limits the application of urine alkalinization.142,143

The diagnosis of salicylate intoxication is usually sus-
pected from the history, classical clinical findings, and meta-
bolic abnormalities described earlier. An elevated anion gap 
with concomitant respiratory alkalosis should prompt con-
firmation of salicylate exposure. Bedside urine ferric chlo-
ride testing can confirm the presence of salicylate exposure 
but is not specific for poisoning. Quantitative serum salicy-
late levels can generally be obtained rapidly in many centers. 
Because absorption may be erratic or prolonged, serial mea-
surements (every 2 to 4 hours) are required. The magnitude 
of the level is less important in patients with significant 
symptoms because treatment will be initiated regardless. In 
these cases the salicylate level is most useful for monitoring 
the effectiveness and determining the duration of therapy. 
The Done nomogram, which was an attempt to correlate 
salicylate levels with toxicity, is no longer in clinical use 
because of its poor predictive value.144

TREATMENT
General principles of poisoning management apply to salic-
ylates. Special consideration should be geared toward respi-
ratory support. Patients are dependent on maintaining a 
high minute ventilation and a higher serum pH to prevent 
salicylate entry into the CNS. Endotracheal intubation 
should therefore be performed only if absolutely necessary 
and by an experienced clinician to avoid prolonged  
periods of apnea, during which many deaths are reported.145 
Ventilator settings should try to replicate the patient’s respi-
ratory pattern before intubation, although this is usually 
difficult because of auto–positive end-expiratory pressure 
(auto-PEEP).

Once the patient is stabilized, further therapy is aimed 
toward decreasing absorption and increasing elimination  
of salicylates. Activated charcoal remains the preferred 
decontamination technique.146,147 MDAC can enhance 

an hour, unless enteric-coated products are used. In acute 
overdose, bezoar formation and pylorospasm may delay 
appearance of symptoms.123,124

Within the therapeutic range, salicylic acid (molecular 
size, 138.1 Da; Vd, 0.2 L/kg) is 90% protein bound and 
undergoes first-order hepatic metabolism. Salicylate and 
aspirin are rapidly hydrolyzed by the liver to salicylic acid 
and subsequently oxidized or conjugated to glucuronic acid 
or glycine. Normally, less than 10% of salicylate is excreted 
unchanged by the kidneys, and its elimination half-life is 
between 2 and 4 hours.125,126 In acute overdose, the protein 
binding falls to 50%, the Vd increases, and major pathways 
of metabolism become saturated; elimination kinetics 
change from first order to zero order, and more salicylic 
acid is eliminated by the kidneys. Salicylic acid is filtered at 
the glomerulus, actively secreted in the proximal tubule, 
and reabsorbed passively in the distal tubules. These modi-
fications result in a major increase in the elimination half-
life (>30 hours).127-129

Salicylic acid is a weak acid with a Kd of 3.0. It exists in an 
ionized and a non-ionized state in the plasma:

H Sal HSal+ −+ �

Uncharged particles, such as non-ionized salicylic acid, 
cross the blood-brain barrier and other tissues more easily. 
Acidemia drives this reaction to the right, therefore causing 
more CNS toxicity.130 Elimination is similarly influenced by 
urinary pH; an increase in tubular lumen pH drives the 
reaction toward the ionized form and limits its uptake by 
renal tubular cells and favors its elimination in urine. This 
provides the rationale for urinary alkalinization to enhance 
elimination of salicylates.

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Salicylate poisoning can be acute or chronic. Acute inges-
tions over 150 mg/kg usually present with mild-to-moderate 
toxicity; over 300 mg/kg, patients usually have severe clini-
cal features, and exposures over 500 mg/kg are potentially 
lethal. The therapeutic range is 10 to 30 mg/dL. In concen-
trations greater than 40 mg/dL, toxic symptoms may appear. 
Concentrations over 75 mg/dL are associated with signifi-
cant severity.

Acute salicylate ingestion often causes nausea and vomit-
ing as a result of gastritis and direct stimulation of the 
chemoreceptor trigger zone in the medulla. Hemorrhagic 
ulcers, decreased gastric motility, and pylorospasm are also 
seen. A variety of acid-base abnormalities may occur with 
salicylate poisoning, but the classical finding is mixed respi-
ratory alkalosis and high anion gap metabolic acidosis. 
Salicylate stimulates the respiratory center in the brainstem 
independently of the aortic and carotid chemoreceptors, 
leading to an early fall in carbon dioxide pressure and respi-
ratory alkalosis.131-133 Metabolic acidosis is induced by a 
variety of factors but is primarily caused by the accumulation 
of organic acids (the salicylate anion itself has a minor effect 
on the anion gap). Increased minute ventilation promotes 
lactic acid production.131,134 In addition, salicylates uncouple 
mitochondrial oxidative phosphorylation and interrupt 
glucose and fatty acid metabolism in the Krebs cycle, leading 
to an increase in the production of tissue carbon dioxide, 
lactic acid, and ketoacids.134
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in soft-drinks preparation. Its use became widespread in the 
1950s, when it became a first-line therapy for the treatment 
of bipolar disorder.165

Although generally considered a safe drug, lithium has a 
narrow therapeutic range (0.7 to 1.2 mmol/L) and can 
induce major side effects when serum levels become supra-
therapeutic. Lithium may also cause long-term metabolic 
and renal effects, such as dysthyroidism, hyperparathyroid-
ism, nephrogenic diabetes insipidus, and progressive decline 
of glomerular filtration rate (GFR), which are beyond the 
scope of this chapter.166

The mechanism of action and toxic effects of lithium are 
incompletely understood; lithium is thought to stabilize cell 
membranes, reduce neural excitation, and reduce synaptic 
transmission. Potential mechanisms include depletion of 
CNS inositol,167 inhibition of intracellular signaling path-
ways involved in neuroprotection,168,169 and modulation of 
nitric oxide, glutamate, and other neurotransmitters.170

TOXICOLOGY AND TOXICOKINETICS
The pharmacokinetic parameters of lithium are well known. 
Lithium is a 7-Da monovalent cation, orally administered as 
a carbonate (capsule) or citrate (liquid). Oral absorption is 
rapid and complete, and its bioavailability is not affected by 
food. Peak blood levels are reached within 1 to 2 hours for 
immediate-release formulation and within 4 to 6 hours for 
the sustained-release form, but these can be extended 
several-fold in poisoning. Lithium is unbound to proteins 
and has a Vd of 0.7 to 0.8 L/kg. Its distribution into tissues 
is variable—lithium diffuses into the liver and kidneys 
rapidly, but its transfer into bone, muscle, and brain is much 
slower, which explains the delay in peak CNS levels after an 
acute overdose.171 Lithium also predominantly distributes 
into the intracellular compartments by active transport. 
Lithium is eliminated almost exclusively by the kidney, 
where it is freely filtered; 80% of filtered lithium is reab-
sorbed (three-fourths in the proximal tubule, one-fourth  
in the distal tubule). Total body clearance is therefore 
approximately 20% of GFR. Lithium reabsorption follows 
that of sodium, and therefore sodium-avid states (e.g., 
volume depletion, nonsteroidal antiinflammatory drug use, 
congestive heart failure, cirrhosis) markedly increase lithium 
retention. The half-life of lithium is approximately 18 to 24 
hours for normal subjects but can be prolonged in older 
patients, chronic lithium users, and patients with impaired 
GFR.172,173

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Lithium overdose may be defined as “acute” when it occurs 
after a single massive exposure and as “chronic” when it 
occurs after adjustments in dosing or in situations in which 
lithium clearance becomes impaired.174 Severity of symp-
toms does not correlate closely with serum lithium concen-
tration; acutely poisoned patients may be completely 
asymptomatic at lithium concentrations of 4.0 mmol/L, 
whereas there may be evident clinical signs in chronic poi-
sonings with levels near the therapeutic range.173,175 Acute 
poisoning is predominantly manifested by gastrointestinal 
symptoms (nausea, vomiting, or diarrhea) and with nonspe-
cific cardiac conduction delay, although life-threatening 
dysrhythmias are uncommon. Neurologic findings are 

elimination of salicylates, but it is considered less efficacious 
and more cumbersome to perform than urine alkaliniza-
tion.5,6,148,149 Nevertheless, MDAC should be considered, 
especially in patients who may still have a significant burden 
of unabsorbed salicylate in the gastrointestinal tract.

Serum and urine alkalinization is a crucial component of 
treatment. As mentioned previously, alkalinization will  
drive salicylate to be dissociated, which will prevent both its 
diffusion through the blood-brain barrier and its tubular 
reabsorption (ion trapping). Because Kd is a logarithmic 
function, small changes in urine will have a large effect on 
salicylate elimination.150 Urinary clearance of salicylate is 
enhanced several-fold with alkalinization when compared to 
forced diuresis alone; in one small series the percentage of 
the salicylate dose excreted in urine increased from 2% 
under acidic conditions to 30% under alkaline conditions.151 
The bicarbonate infusion is titrated to reach a urinary pH 
of 7.5 or until salicylate concentration is below 30 mg/dL. 
Because an alkaline urine cannot be produced in the pres-
ence of severe hypokalemia (kidney reabsorption of potas-
sium occurs via the H+-K+-exchange pump in the distal 
tubule), potassium levels should be monitored and aggres-
sively corrected. Alkalinization may be contraindicated in 
patients with AKI or pulmonary edema; in these cases HD 
may be preferred over the risk for precipitating respiratory 
failure and requirement of mechanical ventilation. Acet-
azolamide is absolutely contraindicated because it lowers 
arterial pH and promotes salicylate movement into the CNS 
and other tissues.

The first article ever published on diffusion-based tech-
niques showcased removal of salicylates from animal sub-
jects in 1913 by Abel and colleagues.152 Salicylate displays 
properties of a highly dialyzable compound because of its 
low Vd, small molecular size, and low protein binding at high 
concentration.153-155 HD is the best ECTR because it can 
remove salicylate while correcting the acid-base and volume 
status of patients with salicylate poisoning. Although perito-
neal dialysis,156,157 exchange transfusion,144 HP,158-160 and 
CRRT161-163 all provide interesting clearances, none of them 
match the efficacy of intermittent HD. HD remains under-
utilized in salicylate poisoning; the availability of alternative 
treatments (MDAC, urinary alkalinization) may lure the cli-
nician into a false sense of security, and so most deaths still 
occur before ECTR is initiated.66

Indications for ECTR include neurologic symptoms (con-
fusion, coma), pulmonary edema, pH below 7.20, AKI, clini-
cal deterioration despite appropriate treatment, and serum 
salicylate levels above 100 mg/dL in acute poisoning. 
Patients chronically poisoned are more toxic at lower salicy-
late concentration; they usually present with symptoms that 
will prompt HD and are therefore not as reliant on an abso-
lute serum concentration for ECTR initiation. Extracorpo-
real purification should be maintained until salicylate levels 
are below 20 mg/dL. Although some authors suggest con-
tinuing urinary alkalinization during ECTR, dialysis would 
likely alkalinize a patient much more quickly and more reli-
ably than an intravenous perfusion of bicarbonate.164

LITHIUM

Lithium, the lightest metal on the periodic table, was used 
therapeutically for gout in the nineteenth century and later 
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The threshold for dialysis initiation should be lower in 
patients who cannot tolerate volume repletion.172,194

VALPROIC ACID

Valproic acid is used for the treatment of absence seizures, 
complex partial seizures, migraine, and mood disorders. 
Although acute valproic acid intoxication generally results 
in mild, self-limited CNS depression, serious toxic effects 
and death are reported.195

TOXICOLOGY AND TOXICOKINETICS
Valproic acid (molecular size = 144.21 Da, Vd = 0.2 L/kg) is 
available in immediate- and sustained-release formulations, 
both of which have high bioavailability. Serum concentra-
tions typically peak 1 to 13 hours after ingestion, depending 
on the preparation.196 Therapeutic serum concentrations 
range from 50 to 100 µg/mL.

Protein binding of valproic acid depends on its concentra-
tion; typically 90% is protein bound to albumin at therapeu-
tic concentration, but progressively decreases to 35% when 
concentrations reach 300 µg/mL.197 Liver disease, renal 
impairment, human immunodeficiency virus infection, and 
hyperlipidemia can also decrease protein binding.198,199

Valproic acid is rapidly metabolized by the liver. It under-
goes glucuronic acid conjugation (70%) and β- and 
ω-oxidation to various metabolites, whereas less than 3% is 
normally excreted unchanged in the urine.197 In overdose, 
more of its metabolism undergoes cytochrome P450 (CYP)–
mediated ω-oxidation, the metabolites of which are thought 
to be responsible for some of the toxic effect of valproic 
acid, such as 5-OH-VPA and 4-en-VPA.

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Most toxic valproic acid exposures are well tolerated. Toxic-
ity only becomes evident in ingestions over 200 mg/kg.200,201 
Acute poisoning is typically manifested by gastrointestinal 
distress (nausea, vomiting, diarrhea), CNS abnormalities 
(confusion, obtundation, coma with respiratory failure), 
hypotension, and elevated transaminase levels. Free and 
total valproic acid serum concentrations are poorly corre-
lated with severity of intoxication, but most patients with 
levels greater than 180 µg/mL develop some degree of CNS 
depression.202

Hyperammonemia is commonly seen at therapeutic and 
toxic valproate concentrations,203 and although it is usually 
asymptomatic, when severe, it can cause encephalopathy, 
cerebral edema, and death. The mechanism by which val-
proic acid leads to hyperammonemia is incompletely under-
stood; inhibition of carbamoyl phosphate synthetase and 
carnitine-dependent β-oxidation, both leading to inhibition 
of the urea cycle, are postulated theories.203

At very high serum levels (>1000 µg/mL), complications 
include high anion gap metabolic acidosis, elevated osmo-
lality (valproic acid levels greater than 1500 µg/mL may 
raise the osmolar gap by 10 mOsm/L or more), hypernatre-
mia, hypocalcemia, pancreatitis, noncardiogenic pulmo-
nary edema, bone marrow suppression, and AKI.204,205 
Diagnosis of valproic acid intoxication is based on history 
of exposure, typical toxic symptoms, and confirmation with 
determination of the serum valproate level.

especially prominent in chronic poisoning and may range 
from mild symptoms (e.g., coarse tremor or dysarthria) to 
more severe presentation such as lethargy, seizures, hyper-
thermia, coma, and death.176,177 A protracted neurologic 
course is sometimes seen after severe poisoning,172 and 
some patients develop a syndrome of irreversible lithium-
effectuated neurotoxicity, which may last years.178

TREATMENT
Therapy should be guided not only by lithium levels but also 
by symptoms, underlying kidney function, and a proper 
patient-specific risk assessment.175

Initial supportive care should target the specific manifes-
tations of lithium toxicity, including treatment of hyperther-
mia, dysrhythmias, and seizures. Volume contraction favors 
proximal lithium reabsorption and should therefore be 
promptly corrected. Although isotonic saline (0.9%) is pre-
ferred, it may need to be replaced by hypotonic solutions or 
free water with 5% dextrose if lithium-induced nephrogenic 
diabetes insipidus and hypernatremia become a concern.

Gastrointestinal decontamination may be required in 
massive oral ingestions, although oral activated charcoal 
does not bind lithium and therefore has no role in isolated 
lithium poisoning.179 Whole-bowel irrigation with polyeth-
ylene glycol can be considered for sustained-release  
formulations.180 Oral sodium polystyrene sulfonate, a cation-
exchanger commonly used for the treatment of hyperkale-
mia, has been shown to bind unabsorbed lithium from the 
gastrointestinal tract and enhance elimination of absorbed 
lithium in both animals and humans.19,181,182 It should be 
considered in patients who have mild-to-moderate symp-
toms for whom dialysis is delayed or is not considered as a 
treatment option.19

Lithium has ideal properties for extracorporeal removal 
(small size, negligible protein binding, small Vd, low endog-
enous clearance). However, it is unknown if enhancement 
of lithium removal by ECTR translates into clinical benefit; 
in one retrospective underpowered comparative study, clini-
cal outcome was similar in one group that received HD to 
another that did not, although cohorts were not compara-
ble at baseline.183

Intermittent HD is the modality of choice when extracor-
poreal elimination is required. Clearances in excess of 
180 mL/min can be obtained with modern filters.184-187 
Serum lithium levels often rebound after HD termina-
tion,172,188 but, as mentioned earlier, this may not be con-
cerning, because lithium CNS levels actually decrease during 
redistribution,69 unless there is ongoing absorption of 
lithium from the gut. CRRT provides inferior clearance and 
removal rates compared to intermittent HD.185,189-191 Lithium 
clearance with peritoneal dialysis is even inferior to that of 
functioning kidneys.192,193

Despite the controversies, accepted indications for HD 
include the following16:

1. The presence of severe neurologic features (central 
hyperthermia, seizures, and/or depressed conscious-
ness)

2. A serum lithium concentration higher than 5 mmol/L 
regardless of the clinical status

3. The presence of kidney impairment
4. The presence of life-threatening dysrhythmias
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carbamazepine.215 The therapeutic concentration range of 
carbamazepine is 4 to 12 µg/mL. Carbamazepine is lipo-
philic and has a Vd of 1.2 L/kg, with a protein binding 
of approximately 75%, which does not decrease much in 
overdose.216 It undergoes hepatic metabolism, mainly 
through CYP3A4 into many metabolites, the most important 
being carbamazepine-10,11-epoxide, which is active. Carba-
mazepine induces its own metabolism with chronic use.

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Carbamazepine toxicity frequently presents with neurologic, 
cardiovascular, and anticholinergic symptoms, which may be 
delayed in onset because of its erratic absorption. Mild toxic-
ity (≈30 µg/mL) presents as drowsiness, nystagmus, tachycar-
dia, hyperreflexia, or dysmetria. In more severe exposures 
(>40 µg/mL), lethargy, seizure, coma, QRS prolongation, 
hypotension, and pronounced anticholinergic symptoms 
(especially ileus) may develop. Agranulocytosis and syn-
drome of inappropriate antidiuretic hormone secretion are 
associated with chronic use and are not typically seen in acute 
poisonings. Death remains unusual.

The diagnosis of carbamazepine toxicity relies on the 
presence of typical clinical findings, as well as drug testing. 
Serum carbamazepine concentrations should be followed 
serially because time to peak concentration may be signifi-
cantly delayed. Levels should be obtained every 4 to 6 hours 
until a definite downward trend is seen.

TREATMENT
Most patients poisoned with carbamazepine can be managed 
with supportive care alone, including ventilatory support, 
benzodiazepines for seizure control, vasopressors for hypo-
tension, and sodium bicarbonate for sodium channel block-
ade. Gastrointestinal decontamination may be required if 
the patient presents early after ingestion or if a large bulk 
of carbamazepine is thought to remain in the gastrointesti-
nal tract, but it is contraindicated if ileus is present. No 
antidote exists to reverse the toxicity of carbamazepine. 
MDAC can enhance carbamazepine clearance and may 
even reduce the duration of coma and need for mechanical 
ventilation.217 MDAC is recommended by the latest guide-
lines for carbamazepine toxicity,5 but again its efficacy is 
reduced by decreased gastrointestinal motility.5,217-220

Severe carbamazepine poisonings can be managed by 
ECTRs, which can provide better and more predictable 
clearance than MDAC.221-223 Historically, charcoal or resin 
HP was the ECTR of choice because of extensive protein 
binding by carbamazepine. However, with high-flux filters, 
high blood flows, and larger catheters, carbamazepine clear-
ance with HP and HD are comparable and can both exceed 
100 mL/min.222-230 Because of the greater availability, lower 
cost, and lower complication rate, HD is therefore pre-
ferred. There are limited data on the ECTR clearance of the 
toxic metabolite carbamazepine-10,11-epoxide, but it also 
appears to be dialyzable because its protein binding is  
inferior to that of carbamazepine (50% versus 75% to 
90%).216,227,231,232 CRRT, TPE, and albumin dialysis have been 
used in carbamazepine poisoning but do not provide com-
parable removal rates.233,234 Indications for ECTR include 
prolonged coma, seizures, cardiovascular instability, symp-
toms unresponsive to supportive care, rising concentrations 

TREATMENT
Treatment consists of initial stabilization of respiratory  
and cardiovascular function. Gastrointestinal decontamina-
tion should be administered if the patient presents within  
1 hour of exposure. Because the excretion of valproic acid 
by the kidney is limited, urine elimination enhancement  
is ineffective. Patients with hyperammonemic-induced 
encephalopathy may respond to L-carnitine; in one retro-
spective study of severe valproate-induced hepatotoxic 
effects, patients who received intravenous carnitine therapy 
had a marked survival advantage.206 If used, intravenous 
L-carnitine should be administered with a loading dose of 
100 mg/kg followed by 15 mg/kg every 4 hours, up to a 
maximum of 6 g/day.

The small molecular size and low Vd of valproic acid are 
conducive for extracorporeal elimination. Although HD has 
little effect on the elimination of valproic acid at usual 
serum concentrations because of its extensive protein 
binding, significant clearance can be obtained at supra-
therapeutic drug levels when plasma proteins become satu-
rated.196,207 HD has the added advantage of clearing ammonia 
and reversing metabolic acidosis.196 In a multicenter study, 
patients with peak valproic acid concentrations exceeding 
850 µg/mL were more likely to develop coma, respiratory 
depression, or metabolic acidosis; therefore current recom-
mendations support the early initiation of HD in these 
cases.208 Rebound of valproic acid levels is often observed 5 
to 13 hours following high-flux dialysis cessation, requiring 
additional sessions.197 Charcoal HP has been successfully 
used in cases but is limited by early column saturation.195 
Tandem, or “in-series” HD-HP, may be the most effective 
technique but probably offers marginal advantage over HD 
to offset the added cost of the technique.209 Intermittent 
hemodiafiltration has been used successfully in two 
reports,210,211 but there is insufficient evidence to determine 
whether this technique offers additional benefit over HD 
alone. Continuous renal replacement techniques, however, 
appear considerably less effective than intermittent alterna-
tives and should only be used if HD is unavailable.212 Albumin 
dialysis, slow low-efficiency dialysis with filtration, TPE, and 
peritoneal dialysis are inferior therapeutic options in valpro-
ate poisoning and are not recommended.213,214

CARBAMAZEPINE

Carbamazepine is a widely used anticonvulsant agent that is 
also used increasingly for pain management and bipolar 
disorders.

TOXICOLOGY AND TOXICOKINETICS
The structure of carbamazepine (molecular size = 236 Da) 
is similar to tricyclic antidepressants. The therapeutic  
effect of carbamazepine results from binding to sodium 
channels, inhibiting neuronal depolarization and decreas-
ing glutamate release. It also has anticholinergic effects  
at high concentration. Carbamazepine is available in various 
immediate- and modified-release formulations. Its rate of 
dissolution is slow, resulting in erratic and incomplete 
absorption, which is worsened in overdose because of the 
formation of pharmacobezoars and potentiated by the pres-
ence of ileus secondary to the anticholinergic properties of 
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patient is naive or not to barbiturates and whether the level 
follows an acute ingestion or not. Specific serum sampling 
of most barbiturates other than phenobarbital are not sys-
tematically available.

TREATMENT
Supportive measures, including passive rewarming, hydra-
tion, and vasopressors, are usually sufficient to manage most 
barbiturate poisoning. Patients may be profoundly coma-
tose and require prolonged mechanical ventilation. There 
is no direct antidote for barbiturate overdose.

If an airway is secured, MDAC can facilitate clearance of 
phenobarbital.243 Because barbiturates are weak acids, 
urinary alkalinization can also increase phenobarbital renal 
clearance at least 2- to 3-fold.244,245 However, because renal 
clearance of phenobarbital is already low (<3 mL/min), 
alkalinization would have little effect on total body clear-
ance.244 MDAC has a greater impact on clearance than alka-
linization.245,246 Surprisingly, the duration of coma was shown 
to be reduced by urine alkalinization in one study247 but not 
by MDAC in a small randomized trial.248 Nevertheless, 
MDAC is preferred to urine alkalinization in the latest 
recommendations.5,6

An animal study has shown a very significant and clear 
decrease in mortality in dogs and rats that underwent HP 
after a lethal phenobarbital infusion153 compared to those 
who did not. No studies have evaluated the effect of ECTR 
in humans, although the mortality rate appeared lower in 
an uncontrolled group that underwent HP.249 HP and HD 
are particularly appealing for toxicity to long-action barbi-
turates, because endogenous clearance for these drugs is 
low, especially in those patients who are naive to barbitu-
rates and have no autoinduction.235 Endogenous half-life for 
short-acting barbiturates is short and therefore would not 
benefit as much from extracorporeal removal. Patients pre-
senting with severe hepatic and/or renal dysfunction or 
chronic respiratory disease are particularly susceptible to 
toxicity. Modern high-flux dialyzers provide clearances at 
least equal to HP. Indications for ECTR include coma, respi-
ratory depression, hypotension, and an inefficiency of 
MDAC at reducing the concentration of the barbiturate.10,235 
Clinical deterioration following initial improvement from 
ECTR may occur when ECTR is terminated, because of drug 
redistribution into the central circulation.250-253 This may be 
minimized by repeating treatment sessions or by using con-
tinuous techniques.250,254-257

A particular concern in the use of ECTR is the risk for 
precipitating barbiturate withdrawal in chronic users when 
concentrations fall below the therapeutic range, which can 
manifest as seizures and/or delirium after approximately 48 
to 72 hours.61,258-260 Consequently, ongoing monitoring of 
patients undergoing ECTR to promptly detect rebound tox-
icity or withdrawal is essential, especially for short-acting 
barbiturates and chronic users.

PHENYTOIN

Phenytoin is an anticonvulsant drug used as a first-line treat-
ment of epilepsy, both for status epilepticus and for seizure 
prevention. Phenytoin toxicity is relatively frequent consid-
ering its narrow therapeutic range, although phenytoin-
related deaths are rare.

despite MDAC, and the carbamazepine concentration is 
higher than 45 µg/mL.13

BARBITURATES

Barbiturates are CNS depressants and are used as sedatives, 
hypnotics, anxiolytics, and anticonvulsants. They are all 
derived from barbituric acid. Barbiturates were extremely 
popular agents until the arrival of benzodiazepines in the 
1960s. Although their use has steadily decreased over the 
years, barbiturates, especially those that are long acting, are 
still a concern.1 Phenobarbital is by far the most commonly 
available barbiturate worldwide and is most often implicated 
in poisoning, although others are seen in developing 
countries.235

TOXICOLOGY AND TOXICOKINETICS
Barbiturates are weak acids. Their two principal mecha-
nisms of action are potentiating the effect of the 
γ-aminobutyric acid (GABA) receptor and blocking 
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptor (a subtype of glutamate receptor); both 
contribute to the CNS effects.236 They are usually catego-
rized by their duration of action: short-acting (>3 to 4 hours; 
pentobarbital, secobarbital), intermediate-acting (>4 to 6 
hours; amobarbital, butabarbital), or long-acting (≥ 6 to 12 
hours; barbital, primidone, phenobarbital).235 Absorption is 
variable and is influenced by the dose ingested, ileus, and 
concomitant ingestion of other drugs. The ability of a par-
ticular barbiturate to penetrate the blood-brain barrier will 
determine its clinical effects. Barbiturates are small mole-
cules with a protein binding usually below 50%, although 
long-acting barbiturates are less protein bound than short-
acting ones. The metabolism of barbiturates is mostly 
hepatic, but there may be renal excretion for those that are 
less lipophilic. There may be enzymatic induction and 
higher barbiturate clearance for patients who are chroni-
cally taking these medications. The following discussion will 
focus only on phenobarbital, although it shares many prop-
erties similar to other long-acting and short-acting barbitu-
rates. Recommendations also apply to primidone because it 
is metabolized to phenobarbital.237 An oral dose of 1 g of 
most barbiturates will cause serious toxicity in most adults, 
whereas death can result with ingestions of over 2 g,238 or 
with a concentration above 80 µg/mL.239

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Phenobarbital has a slow onset of action, but its clinical 
effects can be prolonged.240,241 In mild exposures, toxicity 
usually manifests as altered level of consciousness. Moderate 
poisonings will produce apnea and circulatory collapse. 
More severe cases present as areflexia, cutaneous bullae, 
hypotension, hypothermia, and coma.235,238 Concomitant 
AKI, cardiac disease, or pulmonary disease may increase the 
clinical sensitivity to barbiturates.242 Early deaths after bar-
biturate ingestion are caused by respiratory and cardiovas-
cular arrest, whereas delayed deaths are caused by acute 
lung injury, ventilator-acquired pneumonia, cerebral edema, 
or multiorgan system failure. Although positive results of 
serum screening for barbiturates may confirm recent expo-
sure, a specific level is difficult to interpret as to whether a 
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considered in cases where serum phenytoin levels escalate 
or remain elevated, if the airway is protected.5

Experience with ECTRs remains anecdotal. In theory, 
given the high protein binding of phenytoin, HP or TPE 
have been historically favored, and they both have been 
used successfully in this context.269-276 Surprisingly, despite 
phenytoin’s high protein binding, there is some evidence 
that HD may also enhance its elimination, perhaps because 
of its low dissociation constant to albumin, which ensures a 
constant pool of freely diffusible unbound phenytoin.277,278 
This finding is attributable to newer high-flux, high-
efficiency dialyzers—older obsolete dialysis apparatus did 
not have any effect on phenytoin clearance.279

The combination of HP and HD could potentially maxi-
mize clearance and has been used in a few reports,275,280,281 
although it remains unclear if the combination is superior 
to either technique used alone. Neither peritoneal dialysis 
nor CRRT have any role in phenytoin poisoning,282-285 
whereas the data are still uncertain for albumin dialysis.51 In 
summary, the outcome of most phenytoin poisonings is 
inconsequential and favorable. Supportive care alone is 
usually sufficient. In the rare case of prolonged neurologic 
toxicity, HD or HP can be considered.

METFORMIN

Metformin, a biguanide, is a first-line drug for the treatment 
of type 2 diabetes, particularly in overweight patients. Met-
formin improves insulin sensitivity and decreases insulin 
resistance in patients and is now the most popular antidia-
betic drug in the world. The related biguanide, phenfor-
min, was withdrawn in 1978 because of the high incidence 
of lactic acidosis.

TOXICOLOGY AND TOXICOKINETICS
Metformin is a small molecule (165 kDa) and unbound to 
proteins but has a large Vd (3 L/kg) because of its ability 
to diffuse into the intracellular compartment and bind to 
microsomes. Its bioavailability is incomplete. It does not 
undergo hepatic metabolism and is eliminated unchanged 
by renal tubular secretion (renal clearance ≅ 500 mL/min), 
hence the concern in patients with kidney impairment. The 
toxic dose is not well established but can be seen over 
100 mg/kg.

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Toxicity to metformin can manifest itself in various ways: 
gastrointestinal symptoms (e.g., abdominal pain, diarrhea, 
nausea and vomiting), lactic acidosis, hypotension, and 
respiratory failure are the hallmarks of metformin intoxica-
tions. Hypoglycemia, hypothermia, altered mental status, 
and acute pancreatitis have also been reported.286,287 
Metformin-associated lactic acidosis (MALA) usually occurs 
in the presence of underlying conditions, particularly acute 
or chronic kidney disease. MALA is defined as an arterial 
pH of 7.35 or less and lactate concentration above 5 mmol/
L288,289 and can happen with acute or chronic toxicity. There 
is controversy about the association between metformin and 
lactic acidosis; some sources claim that the association is 
coincidental and due to other factors such as sepsis and 
heart failure,290,291 whereas others suggest that metformin 

TOXICOLOGY AND TOXICOKINETICS
Phenytoin stabilizes neuronal membranes and decreases 
seizure activity possibly by producing a voltage-dependent 
blockade of membrane sodium channels implicated in the 
action potential leading to seizures.261 Phenytoin has a 
molecular size of 252 Da and a high protein binding (90% 
to 95%), which decreases to 70% in the presence of renal 
failure or hypoalbuminemia, although surprisingly remains 
almost unchanged in overdose. Only the unbound fraction 
of phenytoin has biologic effect.

Phenytoin is available in various forms and has erratic 
bioavailability,262 especially in overdose.263 Most of the 
metabolism of phenytoin consists of hepatic hydroxylation 
through CYP2C9. Phenytoin is then eliminated in the bile 
as an inactive metabolite, reabsorbed from the intestinal 
tract, and excreted in the urine. Elimination is of the first 
order at low serum concentration and becomes zero order 
at higher concentrations. The elimination half-life of oral 
preparations ranges between 14 and 22 hours. Therapeutic 
serum levels range between 10 and 20 mg/L. The lethal 
dose in adults is estimated at 2 to 5 g.

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Most of the toxic manifestations of phenytoin are neuro-
logic, the severity of which are loosely correlated with its 
serum concentration; between 20 and 40 mg/L, symptoms 
include nystagmus, ataxia, dysarthria, and mild CNS depres-
sion.264 Over 40 mg/L, lethargy, confusion, hypotension, 
coma, and seizures may be observed. Death is usually caused 
by respiratory or circulatory depression but is rare. Cardio-
vascular toxicity is unusual with oral formulations, but atrio-
ventricular delays and bradycardia may be occasionally seen 
with rapid intravenous infusion,264 possibly due to the 
diluent propylene glycol.

Total serum phenytoin concentration should be obtained 
in all suspected overdose cases. There are conditions that 
may alter protein-binding capacity, such as hypoalbumin-
emia, uremia, extremes of age, or concomitant use of agents 
that displace phenytoin from its albumin binding site (e.g., 
salicylates, sulfonamides, tolbutamide, and valproic acid). 
Free phenytoin fraction should therefore be obtained in 
such cases, if available (toxicity is apparent at levels above 
2.1 mg/L).265 Because hepatic function may alter phenyto-
in’s toxicokinetics, and because elevation of liver enzymes 
is an independent variable for morbidity in phenytoin toxic-
ity,266 this parameter should also be monitored.

TREATMENT
Treatment of phenytoin poisoning is mostly supportive 
because most patients have an excellent outcome. Further-
more, there is a concern that an abrupt lowering of serum 
phenytoin level may precipitate withdrawal symptoms and 
rebound seizures in epileptic patients.

Benzodiazepines can be given for seizures. Gastrointesti-
nal decontamination can limit the systemic burden of phe-
nytoin. There exists no specific antidote to phenytoin 
toxicity. MDAC has been shown to significantly reduce the 
elimination half-life of phenytoin in healthy and poisoned 
patients,18,267,268 although improvement in morbidity and 
mortality has yet to be demonstrated. MDAC can be 

http://www.myuptodate.com


 CHAPTER 69 — ELIMInATIOn EnHAnCEMEnT OF POISOnS 2185

Hourly metformin clearance during CRRT is much lower 
than during intermittent HD64; lactate removal is also 
greater during a 6-hour session of HD than during 24 hours 
of continuous venovenous hemodiafiltration,306 although it 
is likely that ECTR lactate removal remains negligible com-
pared to endogenous production.307 Optimal surrogate 
markers for ECTR cessation should be complete normaliza-
tion of pH and lactate. Shortened sessions can result in 
life-threatening rebound in MALA.308 Occasionally an initial 
high-efficiency intermittent dialysis session followed by sub-
sequent CRRT can be performed.309 HP should never be 
used without HD in MALA, because it will not correct the 
patient’s acid-base imbalance.309

PARAQUAT

Paraquat (1,1′ dimethyl-4-4′-bipyridinium dichloride) is 
among the most commonly used herbicides in the world. It 
is available in various formulations, is nonselective, and fast 
acting and becomes biologically inactive on contact with 
soil, making it an extremely convenient weed killer.

Because it is generally not absorbed across intact skin, 
and because the droplets generated from the aerosol spray 
are large, toxicity from direct contact or inhalation is rarely 
problematic. However, accidental or intentional oral inges-
tion of paraquat is extremely toxic with high rate of morbid-
ity and mortality (50% to 90%). The use of paraquat is 
restricted in the United States and European countries but 
remains a major health issue in many Third World and the 
Asia-Pacific countries.310

TOXICOLOGY AND TOXICOKINETICS
Paraquat (molecular size, 186 Da; protein binding, 5%) has 
an oral bioavailability that is less than 30%. Peak concentra-
tions are generally reached 2 hours after ingestion, but 
maximal tissue distribution occurs during the next 6 
hours.311,312 Paraquat distributes to most organs, especially 
the lungs, kidney, and liver, with a Vd of approximately 
1.0 L/kg. Most of its elimination is via the kidneys; elimina-
tion half-life is 12 hours if renal function is intact, but it can 
increase to more than 48 hours as GFR fails.312,313

Paraquat catalyzes the formation of reactive oxygen 
species, more specifically the superoxide free radical, by 
oxidation-reduction cycling. It is reduced by an electron 
donor such as reduced nicotinamide adenine dinucleotide 
phosphate and later oxidized by an electron receptor such 
as dioxygen. Because this process can be sustained by the 
extensive supply of electrons and oxygen in the lungs, the 
resultant oxidative stress causes cell injury and a profound 
inflammatory reaction.311,314,315

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
The presentation and the clinical course of a patient with 
paraquat poisoning depend largely on the dose ingested 
and timing of presentation to a health care facility after 
exposure. Ingestions of less than 20 mg/kg may not cause 
symptoms other than oral ulceration, vomiting, and diar-
rhea. Ingestions between 20 and 40 mg/kg will usually cause 
multiple organ failure with death occurring between 1 week 
and several weeks after exposure. Patients who ingest over 
40 mg/kg usually die within 3 days from accelerated 

itself directly causes lactic acidosis. The finding of asymp-
tomatic patients who develop toxicity shortly after an acute 
toxic ingestion of metformin appears to give credence to 
the latter hypothesis,292-294 which is occasionally named 
metformin-induced lactic acidosis. The true prevalence of 
MALA and metformin-induced lactic acidosis is unknown, 
but severe life-threatening acidosis is estimated at 0.05 cases 
per 1000 patient-years.295

The physiopathology of MALA is not entirely understood 
but seems to be related to the suppressing of hepatic gluco-
neogenesis impairment of lactate utilization. Mitochondrial 
binding of metformin membranes in overdose can shift 
energy use toward anaerobic metabolism, which in turn 
yields large quantities of lactate.296 The increase in lactic 
acid production is often compounded by a defect in lactate 
clearance by kidneys or liver.

Because serum metformin measurements are not usually 
available in a clinically useful time frame, the diagnosis of 
metformin poisoning must be suspected in every patient 
presenting with severe metabolic lactic acidosis. There is 
evidence that the clinical outcome is correlated with the 
metformin concentration, the lactate concentration, serum 
pH, or a combination of these.290

TREATMENT
Given the absence of a specific antidote to metformin,  
the established mainstay of management for metformin tox-
icity is supportive care—more specifically, normalizing  
the acid-base imbalance, eliminating the offending medica-
tion, and treating concomitant and exacerbating condi-
tions. Decontamination with activated charcoal should  
be considered after a large ingestion of metformin. Patients 
who develop lactic acidosis, hypoglycemia, or other signs  
of metformin toxicity should be admitted to an intensive 
care unit.

Severely acidotic patients (pH ≤ 7.1) should receive intra-
venous sodium bicarbonate in bolus and/or perfusion. 
However, treatment is often limited by hypernatremia, 
volume overload, and AKI. Dichloroacetate acts by stimulat-
ing pyruvate dehydrogenase and has been used to treat type 
A lactic acidosis.297-299 It has been shown to improve pH and 
lactate levels without increasing patient survival,300 although 
there are no data concerning its use in MALA.

Renal replacement therapies often become necessary to 
control volume overload and uremia. Furthermore, ECTRs 
can correct acidosis much more quickly than intravenous 
bicarbonate and can also help clear lactate. In fact, the 
dramatic improvement described in some acutely poisoned 
patients within moments of dialysis initiation suggests that 
the benefit might be attributed more to pH correction than 
metformin removal.301 One study compared patients who 
underwent dialysis to those who did not, and the mortality 
rate did not differ between the two groups (although the 
HD group was sicker at baseline).288 There is some evidence 
that ECTRs can remove metformin, especially when kidney 
function is impaired302-304: in AKI, metformin distributes in 
a smaller apparent volume305 and is thus more available for 
extracorporeal removal. Indications for ECTR include a 
lactate concentration over 135 mg/dL (15 mmol/L), an 
arterial pH less than 7.1, failure of supportive therapy, or 
the presence of cardiac instability, impaired kidney func-
tion, or coma.
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Several other treatments have been tried with variable 
degrees of success, including antioxidants (vitamin C or E, 
superoxide dismutase, deferoxamine, selenium, niacin, NAC, 
sulfite, thiosulfate), salicylate, colchicine, d-propranolol, cor-
ticosteroids, cyclophosphamide, and radiotherapy.

Of note, the combination of cyclophosphamide and cor-
ticosteroids is no longer recommended, because a large 
randomized controlled trial failed to report a statistical 
benefit.337 The palliative care team should also be preco-
ciously integrated in the treatment plan given the disastrous 
outcome of most patients.

THEOPHYLLINE

Theophylline (1,3-dimethylxanthine) is a methylxanthine 
bronchodilator traditionally used in the treatment of 
asthma, chronic obstructive pulmonary disease, and infant 
apnea. Its use has dramatically declined over the years in 
favor of inhaled corticosteroids, anticholinergics, and β2-
adrenergic agonists.1

TOXICOLOGY AND TOXICOKINETICS
Theophylline (molecular size = 180.2 Da, protein binding 
= 40%) acts as a nonselective inhibitor of phosphodiesterase 
and a nonselective antagonist of the adenosine receptor. 
This results in smooth muscle relaxation, catecholamine 
release, bronchodilation, and peripheral vasodilatation, as 
well as inotropic and chronotropic activation.338

Theophylline is available in immediate- and slow-release 
formulations and is completely absorbed by the gastrointes-
tinal tract. It distributes in a volume smaller than that of 
water (0.5 L/kg). Theophylline is metabolized by the liver, 
primarily by the isozyme CYP1A2 of CYP, whereas only 10% 
is excreted by the kidneys.

The pharmacokinetics and metabolism of theophylline 
are influenced by age, sex, body weight, concurrent illness 
(e.g., congestive heart failure, liver disease, infection), ciga-
rette smoking, and medication affected by the CYP1A2 
isozyme.339 Endogenous metabolism is slow. At therapeutic 
range (10 to 20 µg/mL), theophylline exhibits first-order 
kinetics; however, at toxic levels, the kinetics change to zero 
order, and a small increase in dosage can lead to a dramatic 
increase in serum concentration.340

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Theophylline intoxication may result from acute ingestion 
(from attempted suicide or medication error) or chronic 
use (when theophylline clearance decreases from impair-
ment in its metabolism). For the same serum theophylline 
level, symptoms of chronic toxicity are more severe than 
those following acute intoxication.341 Caffeine, which is an 
active metabolite of theophylline, shares many of its toxic 
effects. The therapeutic index is very narrow; even at thera-
peutic concentrations, nearly one-third of patients may 
exhibit signs of mild intoxication. At serum concentrations 
between 20 and 30 µg/mL, more than 50% of affected 
patients are likely to demonstrate symptoms, and at serum 
concentrations over 30 µg/mL, more than 90% are clini-
cally toxic.

Early symptoms of toxicity consist of transient caffeine-
like effects such as nausea, vomiting, diarrhea, irritability, 

multiorgan failure and/or from the corrosive effects of 
paraquat.316-319

Most paraquat-related deaths are caused by respiratory 
failure. Type I and II alveolar epithelial cells take up para-
quat via an energy-dependent polyamine transporter.311,320 
Patients develop a presentation similar to that of acute respi-
ratory distress syndrome, which ultimately progresses to 
irreversible pulmonary fibrosis. In the kidneys, paraquat 
causes acute tubular necrosis. Other clinical manifestations 
include severe upper gastrointestinal tract ulcerations, 
hepatic injury, and shock. Paraquat does not readily cross 
the blood-brain barrier and therefore does not typically 
cause CNS effects.

Serum paraquat concentration predicts the mortality risk, 
and nomograms have been validated to correlate with clini-
cal outcome.321,322 Unfortunately, few laboratories have the 
ability to perform quantitative paraquat assay.323-326 A rapid 
and inexpensive qualitative test for urine paraquat can be 
obtained by adding sodium dithionite to urine. If the color 
of urine changes from yellow to blue, it confirms the pres-
ence of recent paraquat exposure (the more intense the 
blue, the higher the paraquat exposure). A negative test 
result rules out significant paraquat ingestion.

TREATMENT
The dismal prognosis related to paraquat poisoning has 
prompted the use of several experimental treatments. Alas, 
none of them has proven to alter the outcome significantly. 
Any suspected paraquat exposure warrants prompt assess-
ment and aggressive management. After initial stabilization, 
volume resuscitation should be aggressively provided. 
Oxygen should be used only if required for hypoxemic 
patients, because it may promote further cellular damage 
induced by the oxidation-reduction cycling. Paraquat is 
absorbed quickly, which limits the efficacy of usual decon-
tamination techniques, especially because there may be 
paraquat-induced caustic injury present. Many paraquat for-
mulations already contain a pro-emetic and an alginate to 
reduce its absorption.327 Forced diuresis does not increase 
the renal clearance of paraquat,313 and no antidote is 
available.

Because paraquat is a small molecule, is unbound to 
protein, and has a reasonably small Vd, its content in 
plasma is removable by standard ECTRs (clearance in 
excess of 120 mL/min). However, paraquat distributes 
quickly to tissues, especially lungs, a compartment from 
which paraquat does not easily diffuse back to the blood. 
Furthermore, once the toxicodynamic process involving 
free-radical generation is initiated, it is unlikely that any 
elimination enhancement could blunt its progression.  
This concept has been confirmed in animal studies: half 
of the dogs exposed to a lethal dose of paraquat survived 
with HP when it was initiated 2 hours after exposure, 
whereas 100% mortality occurred when it was initiated at 
12 hours.328

HD or HP is mostly reserved for patients presenting early 
after ingestion, especially within 4 hours, after confirmation 
from a urine dithionite test.329 In that scenario, all resources 
should be pooled to initiate ECTR as quickly as possible.330 
Other ECTRs, including peritoneal dialysis, are of no 
utility.313 Rebound is usually observed following ECTR 
treatment.313,331-336
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ACETAMINOPHEN

Acetaminophen (N-acetyl-p-aminophenol) is an analgesic 
and antipyretic, which has been available in the United 
States since 1955. Because it is available without prescription 
in various forms and combinations, acetaminophen is a 
major contributor to acute voluntary poisoning.

TOXICOLOGY AND TOXICOKINETICS
The actions of acetaminophen remain incompletely under-
stood but appear to predominantly inhibit COX activity, 
primarily COX-2. Analgesic and antipyretic activity occur at 
serum acetaminophen levels between 10 and 20 µg/mL.358 
Acetaminophen is available in immediate- and extended-
release preparations and has high oral bioavailability. Serum 
concentrations, even in overdose, usually peak within 4 
hours of ingestion.

Protein binding (≈20%) and Vd (0.8 L/kg) of acetamino-
phen do not change in overdose. Once absorbed, acetamin-
ophen is extensively metabolized (90%) by the liver through 
conjugation to form inactive metabolites, with an irrelevant 
fraction excreted unchanged in urine and the remaining 
fraction oxidized mostly by CYP2E1 into N-acetyl-p-
benzoquinoneimine (NAPQI). Glutathione combines with 
NAPQI to form a nontoxic complex that is eliminated in 
the urine. In overdose, however, glutathione becomes 
depleted and NAPQI accumulates; NAPQI is very reactive 
and will covalently bind vital proteins and nucleic acids in 
hepatocytes, leading to cellular injury and subsequent liver 
cell necrosis.359 The lowest toxic dose is considered to be 
7.5 g for adults and 150 mg/kg for children.360

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
Acetaminophen poisoning cases are difficult to recognize at 
early stages. Patients can remain clinically asymptomatic up 
to a day after ingestion, and initially only nonspecific symp-
toms, including nausea, vomiting, anorexia, malaise, or 
abdominal pain, are evident. Hepatic injury typically occurs 
approximately 24 hours after ingestion, by which time initia-
tion of antidotal treatment will have diminished efficacy. 
The severity of the injury can vary and is most commonly 
detected by elevation of serum transaminase level, which 
generally peaks 2 to 3 days after ingestion. Hepatotoxicity is 
defined as peak serum transaminase level above 1000 IU/L.361 
More severe cases can evolve to fulminant liver failure with 
encephalopathy, coagulopathy, hypoglycemia, and death for 
those who cannot receive a liver transplant. AKI may also 
occur because of tubular susceptibility to NAPQI by various 
possible mechanisms, which include the CYP pathway, pros-
taglandin synthetase, and N-deacetylase enzymes.362

The assessment of the risk associated with acute acet-
aminophen poisoning can be largely estimated by timing 
the exposure to a serum acetaminophen concentration and 
plotting this on the Rumack-Matthew nomogram.363 A point 
below the “treatment line” can reliably prognosticate that a 
patient will not develop hepatotoxicity. This nomogram has 
been validated as such for over 30 years, despite some limita-
tions, which are outside the scope of this chapter. For 
example, a serum acetaminophen concentration of 160 µg/
mL at 4 hours after ingestion indicates the need for NAC 
treatment.

tremor, headache, insomnia, and tachycardia. Patients with 
moderate intoxication may be lethargic and disoriented, 
and they may develop supraventricular tachycardia and  
frequent premature ventricular contractions. Severe  
intoxication includes life-threatening symptoms such as 
seizure activity, hyperthermia, hypotension, ventricular 
tachycardia, rhabdomyolysis, and AKI. Irreversible brain 
injury may follow seizures if not addressed promptly. Death 
is most often the result of cardiorespiratory collapse or 
hypoxic encephalopathy following cardiac dysrhythmias or 
generalized seizures.341-343 Hypokalemia, caused by β2-
adrenergic receptor–induced transcellular potassium shifts, 
can be severe and is most often seen following acute 
overdose.342,344

TREATMENT
Aggressive supportive measures are required in severe the-
ophylline poisoning. Hypotension usually responds to 
volume repletion and vasopressors. Tachycardia can be cor-
rected by β-adrenergic antagonists, such as propranolol or 
esmolol, but should be used with caution in patients suscep-
tible to bronchospasm.345,346 Theophylline-associated sei-
zures can be particularly difficult to control; benzodiazepines 
are first-line therapy, but propofol, barbiturates, and neuro-
muscular paralysis may be required in refractory cases. 
Multiple-dose oral activated charcoal increases clearance of 
theophylline but is sometimes limited by profound and 
intractable emesis in severely intoxicated patients.347-349

Because of its small molecular size, low protein binding, 
low endogenous clearance, and low Vd, theophylline is an 
ideal candidate for extracorporeal elimination. There  
are numerous reports of successful treatment with HP  
and HD; in one observational retrospective cohort study, a 
group treated with HP or HD had a significantly shorter 
duration of clinical toxicity compared to a group only 
managed with supportive care, despite being sicker at pre-
sentation.350 Extracorporeal clearances can surpass 150 mL/
min.351-353 HD has been shown to provide clearances compa-
rable to HP with fewer complications in one retrospective 
study35; because of this and because of its usual advantages 
over HP (including correction of hypokalemia), HD is 
preferred.

Continuous techniques have also been reported in the 
management of theophylline intoxication with acceptable 
results despite the inferior clearances they provide.354,355 
Peritoneal dialysis and TPE are not useful alternatives. 
Exchange transfusion is an option for neonates.356

Indications for ECTR can be summarized as follows:

1. Serum theophylline level greater than 100 µg/mL
2. Chronic poisoning with serum theophylline concentra-

tion greater than 60 µg/mL
3. The presence of refractory seizures, shock, life-threatening 

dysrhythmias, incapacity to administer charcoal because 
of intractable vomiting, or extremes of age (<6 months 
or >60 years)341,342,350,357

The ECTR should be continued until clinical improve-
ment is achieved and the serum level is less than 15 µg/mL. 
Rebound is usually minor (levels may re-increase up  
to 10 µg/mL) and must be monitored after blood 
purification.
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predictive of renal, gastrointestinal, mucosal, and bone 
marrow toxicity in patients receiving chemotherapy. Metho-
trexate levels in patients being treated for indications other 
than cancer should not surpass 0.01 µmol/L.376

CLINICAL PRESENTATION AND  
DIAGNOSTIC TESTING
At high concentrations, methotrexate and its metabolites 
can precipitate in renal tubules, causing crystal nephropa-
thy and AKI. Methotrexate can also cause bone marrow 
suppression, mucositis and stomatitis, liver damage, and 
neurotoxicity. The onset of the toxicity is generally rapid; 
nausea and vomiting typically begin 2 to 4 hours after high-
dose therapy (>1000 mg/m2). Mucositis and pancytopenia 
will manifest approximately 1 to 2 weeks after exposure. 
CNS toxicity usually follows approximately 12 hours after 
high-dose intravenous methotrexate therapy or intrathecal 
administration.

TREATMENT
Gastrointestinal decontamination should be performed if a 
patient presents within 1 hour after an oral overdose. Cho-
lestyramine can interrupt the enterohepatic circulation of 
methotrexate,377 but MDAC has no role for enhancing its 
elimination.5,378

Aggressive hydration is indicated for patients presenting 
with methotrexate toxicity. Because methotrexate is a weak 
acid (Kd = 5), and because it is eliminated largely unchanged 
in the urine, urinary alkalinization with intravenous sodium 
bicarbonate (target urine pH ≅ 8) will enhance methotrex-
ate elimination and may help to prevent AKI.6,379

Leucovorin (folinic acid; an active form of folate) can 
limit the bone marrow and gastrointestinal toxicity of meth-
otrexate by bypassing its effect on dihydrofolate reductase. 
Leucovorin “rescue” is most beneficial when administered 
promptly after methotrexate exposure and should always be 
given to patients after high doses. Other supportive mea-
sures include transfusion of blood components, antiemetics, 
and nutritional support for stomatitis. Dose recommenda-
tions and precise application are covered elsewhere.380

Carboxypeptidase G2 (glucarpidase), a recombinant bac-
terial enzyme, is also a rescue agent that catabolizes metho-
trexate to inactive metabolites; it is used in combination 
with leucovorin because it cannot access intracellular stores 
of methotrexate. It decreases serum methotrexate concen-
tration within 1 hour following administration. This FDA-
approved antidote is available for use only in patients with 
a serum methotrexate concentration of more than 1 µmol/L 
with delayed methotrexate clearance (AKI) or under inves-
tigational protocol for intrathecal overdoses (100 mg intra-
thecal methotrexate). Because it is expensive (>$50,000) 
and either unavailable or restricted in most countries, its 
precise application remains uncertain.

Intrathecal overdoses of methotrexate may require special 
measures, including cerebrospinal fluid drainage and 
exchange, and administration of corticosteroids in addition 
to leucovorin/glucarpidase. Methotrexate can be removed 
by ECTRs; high clearances can be achieved by various 
modalities, especially charcoal HP and high-flux HD.374 
CRRT, as usual, provides lesser removal rates,381 and perito-
neal dialysis and TPE are ineffective.382-384 ECTR clearance 
is usually below endogenous clearance in patients with 

TREATMENT
A comprehensive management of acetaminophen toxicity 
is reviewed elsewhere.364 The majority of cases are evaluated 
and treated in the emergency department in collaboration 
with the regional poison control center and intensivists, 
without the involvement of a nephrologist. Most of the spe-
cific management of acetaminophen toxicity is centered on 
the timely administration of the antidote, NAC.365 NAC 
serves as a glutathione precursor and substitute, increasing 
its availability, therefore increasing the capacity to detoxify 
NAPQI and limiting its formation.366 It is most efficacious 
when initiated within 8 hours of an acute overdose. NAC is 
usually prescribed if there is evidence of hepatic injury or if 
acetaminophen concentration is above the treatment line 
on the Rumack-Matthew nomogram.

Although acetaminophen is amenable to extracorporeal 
removal (low Vd, small molecule, low protein binding), 
ECTR is rarely necessary, given the safety, low cost, efficacy, 
and availability of NAC. HD or CRRT can be considered for 
patients developing AKI or occasionally in those presenting 
following massive ingestions with a pattern of mitochondrial 
toxicity (i.e., coma, lactic metabolic acidosis, and cardiovas-
cular instability).12,367,368 These patients can be distinguished 
by early-onset presentation (as opposed to the delayed 
hepatic features described earlier). In these cases the poten-
tial removal of NAC by ECTR can be overcome by at least 
doubling its perfusion.60 Liver replacement therapies like 
MARS and SPAD have been used for liver support as bridges 
to liver transplantation or pending native liver recovery.369-373 
However, limited availability of these techniques, as well as 
major bleeding complications associated with them and 
their high cost, warrant further investigation.

METHOTREXATE

Methotrexate is a folate analogue used to treat a variety of 
cancers and rheumatologic and dermatologic diseases. 
Methotrexate inhibits dihydrofolate reductase, an enzyme 
necessary for the synthesis and replication of RNA and 
DNA.

TOXICOLOGY AND TOXICOKINETICS
The oral absorption of methotrexate is limited by a satura-
ble intestinal absorption mechanism for doses over 30 mg/
m2; high serum concentrations are therefore best achieved 
by parenteral administration. Methotrexate does not suffi-
ciently penetrate the blood-brain barrier with oral or paren-
teral administration and must therefore be given intrathecally 
to achieve CNS penetration. Methotrexate (molecular size 
= 454 Da) has a small Vd (0.4 to 0.8 L/kg) and is 50% bound 
to plasma proteins, regardless of serum concentration. 
Methotrexate is primarily excreted unchanged (80% to 
90%) in the urine by passive glomerular filtration and active 
tubular secretion; renal clearance varies greatly and 
decreases at higher doses. It undergoes hepatic and intracel-
lular metabolism to active metabolites.

In the presence of renal failure, methotrexate can rapidly 
accumulate in the serum and tissue cells. A toxic concentra-
tion of methotrexate is defined as greater than 5 to 
10 µmol/L at 24 hours, 1 µmol/L at 48 hours, and 
0.1 µmol/L at 72 hours.374,375 These concentrations are 
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intact kidney function and is therefore most beneficial for 
patients with AKI. The indication for ECTR, especially with 
the arrival of carboxypeptidase G2, remains to be defined 
but may be related to cost and availability factors. ECTR 
seems to be indicated if serum methotrexate levels are above 
the following: 1600 to 2200 µmol/L at the end of infusion, 
30 to 300 µmol/L at 24 hours, 3 to 30 µmol/L at 48 hours, 
and over 0.3 µmol/L at 72 hours. ECTR protocols are 
usually continued until methotrexate concentrations are 
below 0.1 µmol/L.385 Rebound in serum methotrexate 
concentration, attributable to redistribution, often follows 
ECTR.

OTHERS

There are other conditions and poisoning situations in 
which extracorporeal elimination enhancement may reduce 
the duration of toxicity. Although space restriction does not 
permit presenting them in detail, there are reports of suc-
cessful extracorporeal removal of the following poisons: 
propylene glycol,386 diethylene glycol,387 gabapentin,388 
pregabalin,389 isoniazid,390 metronidazole,391 dapsone,392 
gentamycin,393 vancomycin,394 cefepime,395 aluminum,396 
thallium,397 cibenzoline,398 baclofen,399 bromate,400 Amanita 
phalloides,401 barium,402 fluoride,403 carambola,404 iodine,405 
and dabigatran.406,407

CONCLUSION

General supportive care is sufficient to manage most poi-
soned patients. In a small selection of cases, extracorporeal 
blood purification, usually consisting of intermittent HD, 
can reduce the toxic effects of a poison. An understanding 
of poison toxicokinetics can help a clinician discern the 
timely conditions and circumstances when ECTRs are most 
likely to be beneficial.
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OVERVIEW OF VASCULAR ACCESS AND 
EPIDEMIOLOGY FOR DIALYSIS

Most patients with end-stage kidney disease (ESKD) use 
hemodialysis as their renal replacement modality of choice 
three times weekly to optimize their survival, minimize 
medical complications, and enhance quality of life.1 Thus, 
the hemodialysis vascular access is the lifeline for the patient 
receiving hemodialysis care. A reliable and durable vascular 
access is a critical requirement for providing adequate hemo-
dialysis. The ideal vascular access would be easy to place, 
ready to use as soon as it is placed, deliver high blood flows 
indefinitely, and be free of complications. None of the exist-
ing types of vascular access achieves this ideal. Among the 
three types of vascular access currently available, native arte-
riovenous (AV) fistulas are superior to AV grafts, which in 

turn are superior to dialysis catheters. Recognizing the rela-
tive merits of the vascular access types, the 2006 Kidney 
Disease Outcomes Quality Initiative (KDOQI) guidelines for 
vascular access recommended placement of AV fistulas in at 
least 65% and catheter use in only 10% of prevalent patients.2 
The Dialysis Outcomes and Practice Patterns Study (DOPPS), 
an international observational study, reported that fistulas 
from 2005 to 2007 were used by only 47% of U.S. patients 
receiving hemodialysis.3 In comparison, prevalent fistula 
rates were 91% in Japan, 83% in Italy, 80% in Germany, 74% 
in France, 70% in Spain, 67% in England, 57% in Belgium, 
59% in Sweden, and 77% in Australia and New Zealand.3 
However, the proportion of patients receiving hemodialysis 
in the United States using a fistula has increased pro-
gressively from 2003 to 2012; this has been in response  
to the KDOQI guidelines and the Fistula First initiative  
of the Centers for Medicare & Medicaid Services (CMS) 
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of last resort in patients who have exhausted all or almost 
all fistula or graft options.12,13 As compared to patients who 
continue to dialyze with catheters, those who switch from a 
catheter to a fistula or graft have a substantially lower mor-
tality risk,14 as well as improvements in serum albumin level 
and erythropoietin responsiveness.15

Even with ongoing efforts to meet KDOQI guideline 
targets, it is likely that all three types of vascular access will 
remain in use for the foreseeable future. Thus, substantially 
more clinical research will be necessary to learn how to 
minimize complications of, and optimize outcomes associ-
ated with, each type of vascular access. Basic research studies 
will also be needed to elucidate the pathophysiology of 
vascular access dysfunction failure with each respective vas-
cular access and develop novel and targeted therapies.

RATIONALE FOR  
INTERVENTIONAL NEPHROLOGY

Patients with advanced chronic kidney disease (CKD) are 
regularly seen by their nephrologist and referred to differ-
ent subspecialists, including vascular surgeons and interven-
tional radiologists, for vascular access placement for 
hemodialysis or peritoneal dialysis. For patients who choose 
hemodialysis, a vascular access plan becomes a very impor-
tant aspect of care, ideally completed well before hemodi-
alysis initiation. The goal is to have a functioning fistula in 
the large majority of patients at the time of hemodialysis 
initiation. However, many patients undergo frequent place-
ment of temporary or tunneled hemodialysis catheters, revi-
sion of a permanent access, surgical or percutaneous 
thrombectomy, and other related endovascular procedures 

(Figure 70.1).4 Unfortunately, there has been only a modest 
improvement in catheter reduction, from 27% in 2003 to 
20% in 2012, well above the KDOQI target of 10% of 
patients.4 More recently, Fistula First has increased the bar to 
a target of 66% fistulas. The distribution of vascular accesses 
from April 2012 among prevalent hemodialysis patients in 
the United States was approximately 61% fistulas, 19% grafts, 
and 20% dialysis catheters (see Figure 70.1).4 However, 
despite substantial improvements in prevalent fistula rates, 
rates in patients new to dialysis have not improved in a 
similar fashion. The current distribution of vascular accesses 
from April 2012 among patients new to dialysis is 18% fistu-
las, 10% grafts, and 72% catheters.4

Vascular access procedures and their subsequent compli-
cations represent a major cause of morbidity, hospitaliza-
tion, and cost for patients on maintenance hemodialysis.5-9 
More than 20% of hospitalizations in these U.S. patients are 
vascular access–related, and the annual cost of vascular 
access morbidity is close to $1 billion.8 AV grafts are prone 
to recurrent stenosis and thrombosis and often require mul-
tiple interventions to ensure their long-term patency. AV 
fistulas have a much lower incidence of stenosis and throm-
bosis than grafts and require fewer interventions to main-
tain long-term patency for dialysis.8-10 Incorporating data 
from the Dialysis Access Consortium (DAC) Fistula Trial, 
Dember and colleagues reported that U.S. fistula nonmatu-
ration rates were approximately 60%,11 even among centers 
of excellence participating in a high-profile, National Insti-
tutes of Health (NIH)–sponsored clinical trial. Tunneled 
dialysis catheters have the highest frequency of infection 
and thrombosis but are a necessary evil, either as a bridge 
device in patients waiting for a fistula to mature or a graft 
to heal, and as access for emergent dialysis, or as an access 

Figure 70.1  Impact of Fistula First Breakthrough  Initiative  (FFBI). Since  the  initiation of FFBI,  there has been an  increase  in AV fistula use 
(AVF) and reduction in AV graft (AVG) use. However, there has been only a modest reduction in central venous catheter (CVC) use.  (Adapted 
from Fistula First Breakthrough Initiative Dashboard. Available at: www.fistulafirst.org. Accessed December 1, 2013.)
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procedures necessary to provide an immediate dialysis 
access (such as insertion of dialysis catheters), thus eliminat-
ing delays resulting from scheduling difficulties. On the 
other hand, a nephrology group practice may designate one 
or two nephrologists to be fully trained to perform a spec-
trum of interventional procedures.

At present, it is not uncommon to find well-trained 
nephrologists in community and academic settings actively 
involved in performing various imaging and interventional 
dialysis procedures. Depending on the degree and depth of 
their training, interventional nephrologists may provide a 
range of procedures, including placement of dialysis cathe-
ters, ultrasonography, and biopsy of kidneys, preoperative 
vascular mapping, and postoperative interventions for the 
maintenance of long-term patency of the vascular access. A 
decrease in hospitalizations for vascular access–related com-
plications and missed outpatient hemodialysis sessions 
has been documented at one dialysis center when nephrolo-
gists performed interventional access procedures.24 Further-
more, interventional nephrologists in the United States have 
also begun creating native AV fistulas in outpatient centers 
where vascular access procedures are performed.29,30

At the University of Alabama at Birmingham (UAB), a 
unique multidisciplinary model has been adopted to stream-
line vascular access management. This model consists of a 
joint interventional radiology and nephrology program, 
with interventional nephrologists and interventional radi-
ologists sharing the same radiology suites and working side 
by side to perform all dialysis access procedures. This 
program has been successful by using all existing technical, 
clinical, imaging, and surgical talents at the same institu-
tion. Recent publications from other academic medical 
centers have also highlighted the opportunity of interven-
tional nephrology to serve as a model for training, research, 
and patient care.31-33

A key element of any successful interventional program, 
whether it involves radiologists or nephrologists, is to have 
actively involved nephrology and dialysis program directors 
tracking the outcomes of the procedures and implementing 
timely quality improvement initiatives to improve outcomes. 
This can be best accomplished by having dedicated vascular 

during the course of their vascular access history. For many 
years, nephrologists took a passive role in this critically 
important area of dialysis care. However, during the past 
decade, nephrologists have strived to improve the quality 
and timely provision of these services. As a consequence, 
there has been a growing interest in having such procedures 
performed by appropriately trained nephrologists who 
know the patients extremely well and are focused on these 
procedures without being obligated to attend to other major 
vascular (e.g., aortic repair) or interventional radiology–
directed procedures.16 In response to this clinical need, 
organizations such as the American Society of Diagnostic 
and Interventional Nephrology (ASDIN) were founded and 
provide guidelines for training, quality assurance, and cer-
tification in what is known as interventional nephrology.17

Vascular access treatment and research were largely 
neglected in the past. Interventional techniques were unde-
rused, and care of the dysfunctional access was primarily 
surgical. However, this topic has received growing promi-
nence during the last decade since publication of the initial 
KDOQI guidelines in 1997 and its subsequent updates. 
Several nephrologists became directly involved in providing 
vascular access procedures for their patients. Interventional 
nephrology was pioneered by Gerald Beathard18 and 
subsequently adopted by nephrologists at other medical 
centers.19-24 The approval of a number of devices (e.g., 
mechanical thrombectomy devices, angioplasty balloons, 
hemodialysis catheters) over the past 25 years has expanded 
the repertoire of percutaneous interventions for vascular 
access.25 Charles O’Neill pioneered an academic program 
to train nephrologists in the use of ultrasonography for the 
diagnosis of kidney diseases and facilitate safe and successful 
kidney biopsies.26 Finally, Prabir Roy-Chaudhury has been a 
pioneer in investigating the biology and pathobiology of 
vascular access dysfunction.27

In 2000, a group of interventional nephrologists and radi-
ologists, under the leadership of Dr. Beathard, formed the 
ASDIN. This organization provides certification to interven-
tional nephrologists and accreditation to the institutions 
involved in the practice and teaching of interventional pro-
cedures in the nephrology specialty.22 Certification and 
accreditation are given for diagnostic ultrasonography, peri-
toneal dialysis insertion, and endovascular procedures on 
AV fistulas and grafts and central venous catheters for hemo-
dialysis. Comprehensive training is required to achieve dex-
terity and knowledge. The ASDIN has been actively involved 
in teaching and promoting the performance of vascular, 
peritoneal, and ultrasound procedures by well-trained 
nephrologists, with the goal of providing optimal vascular 
and peritoneal care to patients receiving dialysis.28 Several 
academic and nonacademic centers in the United States 
already train practicing nephrologists and nephrology 
fellows in the techniques and procedures pertinent to inter-
ventional nephrology. These training centers are located in 
a freestanding interventional facility or in a hospital-based 
radiology suite.

A comprehensive list of procedures typically performed 
by interventional nephrologists is provided in Table 70.1. A 
given interventional nephrology program may provide only 
a subset of these procedures, depending on the local needs 
and arrangements with other medical and surgical subspe-
cialties. A solo nephrologist may decide to perform selected 

Table 70.1 Procedures Performed by 
Interventional Nephrologists

Diagnostic renal ultrasonography
Percutaneous renal biopsy
Placement of nontunneled and tunneled dialysis catheters
Exchange of tunneled dialysis catheters
Implantation of subcutaneous dialysis devices
Preoperative vascular mapping
Surveillance for stenosis
Diagnostic fistulograms of grafts and fistulas
Angioplasty of peripheral and central stenosis
Deployment of endoluminal stents for peripheral and central 

stenosis
Thrombectomy of grafts and fistulas
Sonographic and angiographic assessment of immature 

fistulas
Salvage procedures for immature fistulas
Placement of peritoneal dialysis catheters
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in AV fistula nonmaturation, inadequate vasodilation 
(inward remodeling), in addition to neointimal hyperplasia, 
plays an important role in AV fistula maturation.36,41,42

The pathogenesis of neointimal hyperplasia after AV 
fistula creation or graft creation placement involves a 
cascade of events that are best divided into upstream and 
downstream events. Upstream events are characterized as 
the initial injuries to the vascular endothelium and smooth 
muscle cells and include the following36,39,41; (1) surgical 
trauma at the time of AV access creation; (2) hemodynamic 
sheer stress at the vein-artery or vein-graft anastomosis; (3) 
inflammatory response to the polytetrafluoroethylene 
(PTFE) grafts; (4) injury from vessel cannulation; (5) effects 
of uremia on the veins and arteries, leading to endothelial 
dysfunction; and (6) angioplasty-related injury. Downstream 
events represent the vascular biologic response to these 
upstream vascular injuries. An inappropriate downstream 
response will lead to activation, proliferation, and migration 
of fibroblasts, smooth muscle cells, and myofibroblasts,  
ultimately leading to the development of neointimal hyper-
plasia.36,39,41,42 In AV fistulas, vasodilation is a necessary down-
stream response for maturation in addition to the inhibition 
of neointimal hyperplasia.41,42

Recent investigations from experimental models have 
provided valuable insight into the downstream biology of 
AV fistula nonmaturation. These studies have shown that 
the proper balance of expression of protective factors, such 
as heme oxygenase 1 (HO-1) and nitric oxide synthase 
(endothelial nitric oxide synthase [eNOS] and inducible 
nitric oxide synthase [iNOS]), and inhibition of chemo-
kines and mediators, such as monocyte chemoattractant 
protein-1 and matrix metalloproteinases 1 and 2 (MMP-2 
and MMP-9), are crucial to increasing fistula blood flow and 
vasodilation and inhibiting venous neointimal hyperplasia 
and stenosis after AV fistula creation.43-45 From clinical 
studies, gene polymorphisms in HO-146 and factor V Leiden47 
have been found to be associated with AV fistula failure.

In recent years, the health of the vein and artery at the 
time of access creation and its impact on AV graft and fistula 
outcomes has been an area of emerging interest. Several 
studies have shown that preexisting venous neointimal and 
arterial neointimal hyperplasia are present in the large 
majority of vessels collected at the time of new vascular 
access surgery.48-51 Preexisting arterial intimal hyperplasia 
and arterial microcalcification have been associated with 
early AV fistula failure.51,52 However, no studies to date have 
reported an association of preexisting venous neointimal 
hyperplasia and AV fistula outcomes. In fact, a recent study 
by Allon and coworkers has demonstrated that preexisting 
venous neointimal hyperplasia was not associated with early 
postoperative AV fistula stenosis.53 This suggests the possibil-
ity that outward remodeling after AV fistula creation plays a 
more important role in the maturation process.

PROCEDURES INVOLVING 
ARTERIOVENOUS GRAFTS

SURVEILLANCE FOR GRAFT STENOSIS

About 80% of AV graft failures are due to thrombosis, 
whereas 20% are due to infection.54,55 Thus, improving AV 

access coordinators who maintain prospective computer-
ized records of all procedures performed.34

RADIATION AND PERSONAL SAFETY

Understanding basic radiation safety is very important to 
protect the patient, physician, and staff involved in the care 
of the patient. Unnecessary radiation exposure is harmful 
and can be easily prevented. The U.S. Food and Drug 
Administration (FDA) oversees the rules and regulations for 
the use of x-ray equipment. The Occupational Safety and 
Health Administration (OSHA) regulates the radiation 
exposure of workers. Each state has its own regulatory office 
to ensure that workers do not exceed a predetermined radi-
ation dose.

Exposure is the amount of ionizing radiation reaching a 
subject, and is measured in roentgen units (R). The amount 
of energy absorbed by a material when exposed to ionizing 
radiation is measured as rad units. The absorbed dose is 
always lower than the exposure because the tissue does not 
absorb all the energy from the radiation. An absorbed dose 
equivalent is used to relate the amount of biologic damage; 
it is measured in rem units. The OSHA occupational dose 
limit for the whole body is 1.25 rem/calendar quarter; for 
the extremities it is 18.75 rem/calendar quarter. A dosim-
eter must be worn at all times on the outside of the lead 
apron, and the absorbed dose is measured monthly. To 
protect against radiation, the interventionist should mini-
mize the time of exposure to radiation, minimize the use of 
magnification imaging, use collimators and field filters 
properly, maximize the distance between the source of radi-
ation and personnel involved with the procedure, minimize 
the use of cineangiography and continuous fluoroscopy, 
and use proper shielding, including lead aprons, thyroid 
collars, leaded glasses, and lead shields.

Knowledge of these facts and the application of appropri-
ate safeguards is particularly important in hemodialysis 
access procedures, especially those involving vascular access 
interventions in the upper extremity. The operator’s prox-
imity to the x-ray tube and difficulty in shielding increases 
his or her radiation exposure

BIOLOGY AND PATHOGENESIS OF 
VASCULAR ACCESS STENOSIS IN 
ARTERIOVENOUS FISTULAS AND 
ARTERIOVENOUS GRAFTS

The most common cause of vascular access dysfunction in 
AV grafts is development of venous neointimal hyperplasia 
at the vein-graft anastomosis.35,36 In AV grafts, the stenosis 
usually results from progressive development of venous neo-
intimal hyperplasia and is characterized by myofibroblasts 
and extracellular matrix components within the neointima.35 
Furthermore, angiogenesis within the adventitia and a mac-
rophage layer lining the perigraft region that is also present 
develops in AV grafts.35

In AV fistulas, neointimal hyperplasia has been shown to 
be the most common histology in early and late fistula fail-
ures; the predominant cellular phenotypes present within 
the neointima are myofibroblasts36-40 (Figure 70.2). However, 
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fundamental issues: (1) identifying a variety of noninvasive 
methods to screen for AV graft stenosis; and (2) evaluating 
whether stenosis surveillance and prophylactic angioplasty 
improved AV graft outcomes.

A variety of methods have been validated for detection of 
hemodynamically significant AV graft stenosis (Table 70.2). 
Clinical monitoring consists of using information that is 
readily available from physical examination of the AV graft, 
abnormalities experienced during the dialysis sessions (dif-
ficult cannulation or prolonged bleeding from the needle 
puncture sites), or unexplained decreases in the dose of 
dialysis, urea reduction ratio (URR), or volume-indexed 
clearance-time product (Kt/V).56,57,60 AV graft surveillance 
uses noninvasive tests requiring specialized equipment or 
technician training that are not determined as part of the 
routine dialysis treatment. These include measurement of 
static dialysis venous pressure (normalized for the systemic 
pressure),61,62 measurement of the access blood flow,63-66 and 
Duplex ultrasonography to evaluate for evidence of stenosis 
directly.67-70 Each of these monitoring or surveillance tools 
has been reported to have a positive predictive value for AV 
graft stenosis from 70% to 100% (Table 70.3). The negative 
predictive value has not been studied systematically because 
it would require obtaining routine angiograms (fistulo-
grams, or “graft-o-grams”) in patients whose screening test 
was negative. However, the negative predictive value can be 
inferred from the proportion of AV graft thromboses not 
preceded by abnormalities of AV graft surveillance (~25%).66

graft longevity requires implementing measures to reduce 
the frequency of AV graft thrombosis. Reports from the U.S. 
Renal Data System (USRDS) have shown that the number 
of angioplasties and thrombectomies (“declots”) for AV 
grafts has substantially increased, from 0.49 to 1.10 and 0.15 
to 0.48 (rate/patient-year), respectively, from 1998 to 2007.1 
When thrombosed AV grafts are referred for thrombectomy, 
a significant underlying stenosis is frequently observed, 
usually at the venous anastomosis, recipient or draining 
vein, or central veins.56-58 This observation suggests that pro-
phylactic angioplasty of hemodynamically significant AV 
graft stenosis may reduce the frequency of AV graft throm-
bosis, thereby increasing cumulative AV graft survival.

A seminal study by Schwab and associates was the first to 
provide evidence supporting this approach.59 They per-
formed measurements of dynamic venous pressures during 
consecutive hemodialysis sessions under carefully standard-
ized conditions. They discovered that a persistent elevation 
in venous pressure measured at a low blood flow was associ-
ated with hemodynamically significant stenosis. They then 
instituted a program of clinical monitoring for AV graft 
stenosis, with referral for prophylactic angioplasty if there 
was a suspicion of AV graft stenosis. As compared to the 
historical control period, a regimen of stenosis monitoring 
and prophylactic angioplasty reduced the frequency of AV 
graft thrombosis by about two thirds, from approximately 
0.6 to 0.2 events/year. This landmark study stimulated a 
large volume of subsequent clinical research directed at two 

Figure 70.2  Venous neointimal hyperplasia. Shown are hematoxylin and eosin (A), smooth muscle actin (SMA; B), vimentin (C), and desmin 
(D) stains on sequential sections of the venous segment of an AV fistula with maturation failure (A-D magnification, ×20). Note the very signifi-
cant degree of neointimal hyperplasia (black double-headed arrows), with relatively less medial hypertrophy (white double-headed arrow). Note 
also  that although most of  the cells within  the  region of neointimal hyperplasia appear  to be SMA-positive,  vimentin-positive, and desmin-
negative myofibroblasts, there are also some SMA-positive, desmin-positive contractile smooth muscle cells present within the neointima (small 
black arrows  in D).  (Adapted from Roy-Chaudhury P, Arend L, Zhang J, et al: Neointimal hyperplasia in early arteriovenous fistula failure. Am J 
Kidney Dis 50:782-790, 2007.)
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Table 70.2 Methods of Stenosis Monitoring

Clinical Monitoring

Physical examination (abnormal bruit, absent thrill, distal 
edema)

Dialysis abnormalities (prolonged bleeding from needle sites, 
difficult cannulation)

Unexplained decrease in Kt/V

Surveillance

Static dialysis venous pressure (adjusted for systemic 
pressure)

Access blood flow
Qa < 600 mL/min
Qa decreased by >25% from baseline

Doppler ultrasonography

Kt/V, Volume-indexed clearance-time product; Qa, arterial blood 
flow.

Table 70.3 Positive Predictive Value 
of Monitoring Methods for  
Graft Stenosis

Surveillance Method 
and Reference

No. of 
Measurements

Positive 
Predictive 
Value (%)

Clinical Monitoring

Cayco et al, 199873 68 93
Robbin et al, 199869 38 89
Safa et al, 199660 106 92
Maya et al, 200457 358 69
Robbin et al, 200670 151 70

Static Venous Pressure

Besarab et al, 199561 87 92

Flow Monitoring

Schwab et al, 200184 35 100
Moist et al, 200378 53 87

Ultrasonography

Robbin et al, 200670 122 80

In contrast, the predictive value of surveillance methods 
for AV graft thrombosis is much less impressive. Thus, when 
AV grafts with abnormal monitoring criteria suggestive of 
stenosis are observed without preemptive angioplasty, only 
about 40% of the AV grafts clot over the next 3 months.71,72 
In practice, this means that in any program of AV graft 
monitoring, about 50% of preemptive angioplasties per-
formed may be unnecessary. Unfortunately, there are no 
reliable tests to distinguish between the subset of AV grafts 
with stenosis that will progress to thrombosis from those that 
will remain patent without any intervention.

Several observational studies have documented that the 
introduction of a monitoring or surveillance program for 
AV graft stenosis with preemptive angioplasty lowers the 
frequency of AV graft thrombosis by 40% to 80%, as com-
pared to the historical control period during which there 
was no monitoring program (Table 70.4).34,59-61,73,74 The 
promising findings from multiple observational studies have 
led the KDOQI work group to recommend implementing a 
programs of graft surveillance and preemptive angioplasty 
in all dialysis centers, with the goal of reducing the fre-
quency of AV graft thrombosis.75

Only in the last few years has the value of AV graft stenosis 
surveillance been subjected to rigorous testing in random-
ized clinical trials. To date, there have been six such trials 
evaluating surveillance with access flow monitoring, static 
dialysis venous pressure, or ultrasonography (Table 70.5). 
Only one of the six randomized trials has demonstrated a 
benefit of ultrasound AV graft surveillance67; the other five 
studies showed no benefit of surveillance, despite a substan-
tial increase in the frequency of preemptive angioplasty in 
the surveillance group.68,70,76-78 For example, one study ran-
domized patients with grafts to standard clinical monitoring 
alone or to a combination of clinical monitoring and ultra-
sound surveillance for stenosis. The patients in the ultra-
sound group underwent a 66% higher frequency of 
preemptive angioplasty, yet there was no difference between 
the two randomized groups in terms of frequency of AV 
graft thrombosis, time to first thrombosis, or likelihood of 
AV graft failure (Figure 70.3).70 Because the randomized 
trials were relatively small in size, it is possible that they were 
inadequately powered to detect a modest benefit of AV graft 
surveillance. However, a meta-analysis of the randomized 
studies has suggested that the benefit of surveillance with 
preemptive angioplasty, if present, is likely to be quite small, 
with a reduction of AV graft thrombosis not exceeding 23% 
and a reduction in AV graft failure no greater than 17%.79 

Table 70.4 Effect of Surveillance on Graft Thrombosis: Observational Studies

Reference Surveillance Method

Thrombosis Rate (per graft-yr)

Historical Control Surveillance Period Reduction (%)

Schwab et al, 198959 Dynamic dialysis venous pressure 0.61 0.20 67
Besarab et al, 199561 Static dialysis venous pressure 0.50 0.28 64
Safa et al, 199660 Clinical monitoring 0.48 0.17 64
Allon et al, 199834 Clinical monitoring 0.70 0.28 60
Cayco et al, 199873 Clinical monitoring 0.49 0.29 41
McCarley et al, 200174 Flow monitoring 0.71 0.16 77
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Table 70.5 Randomized Clinical Trials of Graft Surveillance

Reference
Surveillance 
Method

No. of 
Subjects PTA/yr

Thrombosis-
free Survival 

(at 1 yr)

Cumulative 
Survival (at 

1 yr)

con surv con surv con surv con surv

Lumsden et al, 1997245 Doppler US 32 32 0 1.5 0.51 0.47 N/A N/A
Ram et al, 200368 Access flow

Doppler US
34 32

35
0.22 0.34

0.65
0.45 0.52

0.70
0.72 0.80

0.80
Moist et al, 200378 Access flow 53 59 0.61 0.93 0.74 0.67 0.83 0.83
Dember et al, 200476 Static DVP 32 32 0.04 2.1 N/A N/A 0.74 0.56
Malik et al, 200567 Doppler US 92 97 N/A N/A N/A N/A 0.73 0.93
Robbin et al, 200670 Doppler US 61 65 0.64 1.06 0.57 0.63 0.83 0.85

con, Control: DVP, dialysis venous pressure; PTA, percutaneous transluminal angioplasty; surv, surveillance; US, ultrasonography.

Figure 70.3  A, Comparison of cumulative graft survival between randomized patients with clinical monitoring versus clinical monitoring plus 
regular ultrasound surveillance of grafts (P = 0.93 by the log rank test). B, Comparison of thrombosis-free graft survival between randomized 
patients with clinical monitoring versus clinical monitoring plus regular ultrasound surveillance of grafts (P = 0.33 by the log rank test). (Repro-
duced with permission from Robbin ML, Oser RF, Lee JY, et al: Randomized comparison of ultrasound surveillance and clinical monitoring on 
arteriovenous graft outcomes. Kidney Int 69:730-735, 2006.)
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A large-scale, multicenter study trial, which takes into 
account multiple factors involved in access thrombosis, 
would be required to provide a definitive answer to this 
controversial question. In the meantime, the value of sur-
veillance of AV graft stenosis and preemptive angioplasty in 
improving graft outcomes remains controversial.80-83

If underlying AV graft stenosis is an important predictor 
of AV graft thrombosis, why is preemptive angioplasty not 
more successful in reducing AV graft thrombosis? The fun-
damental problem appears to be the short-lived efficacy of 
angioplasty to relieve AV graft stenosis. When serial access 
blood flows have been used as a surrogate marker of suc-
cessful angioplasty, 20% of AV grafts were found to have 
recurrent stenosis within 1 week of angioplasty and 40% 
within 1 month of angioplasty.78,84 In another study, the 
mean vascular access blood flow following angioplasty 
increased from 596 to 922 mL/min. However, 3 months 
later, the mean flow had decreased to 672 mL/min.85 In 
addition, there is published evidence suggesting that the 
injury from balloon angioplasty can actually accelerate neo-
intimal hyperplasia, thereby resulting in recurrent steno-
sis.86 Not surprisingly, patients undergoing angioplasty for 

AV graft stenosis require frequent re-interventions because 
of recurrent stenosis. The median intervention-free patency 
following AV graft stenosis is only about 6 months.56,57

Finally, AV graft surveillance is likely to be most useful in 
new AV grafts (within 3 months of their creation).87 Unfor-
tunately, a large proportion of AV grafts fail before there 
has been adequate opportunity for surveillance to be per-
formed and for hemodynamically significant stenosis to be 
detected and treated.88 A recent study has evaluated drug-
coated balloon angioplasty with paclitaxel to evaluate the 
effects of minimizing endothelial injury.89 Initial results 
from this study have shown that cumulative target patency 
at 6 months, defined as angiographic evidence of a patent 
lesion or circuit with less than 50% angiographic restenosis 
and without requiring any repeat procedures during the 
follow-up period, was significantly higher in the drug-coated 
balloon group (70% in the drug-coated balloon group vs. 
25% in the standard balloon angioplasty group).89

The pathophysiology of AV graft stenosis involves prolif-
eration of vascular smooth muscle cells (neointimal hyper-
plasia), with progressive encroachment of the lesion into 
the AV graft lumen.90 To improve the patency of AV grafts 
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vein stenosis as compared with other stenotic locations. In 
one study, the primary patency at 6 months was only 29% 
for central vein stenosis as compared with 67% for stenosis 
at the venous anastomosis.58 Most studies have documented 
progressively shorter patency after each consecutive angio-
plasty, although one investigator found a comparable 
primary patency for the first and subsequent AV graft 
angioplasties.58

The primary patency of AV grafts following elective angio-
plasty is not affected by patient age, race or ethnicity, diabe-
tes, or peripheral vascular disease.57 However, the patency 
tends to be shorter in women than in men.57 The primary 
patency after angioplasty is also not influenced by the loca-
tion of the AV graft or number of concurrent stenotic 
lesions found.56

The technical success of an angioplasty procedure may 
be assessed in several ways. The first is visual inspection of 
the fistulogram before and after the procedure to deter-
mine whether the magnitude of the stenosis (percent steno-
sis relative to the normal vessel diameter) has been reduced. 
The degree of stenosis of each lesion can be quantified with 
calipers or electronic quantitative vascular angiography 
(QVA) or graded semiquantitatively using the following 
scale: grade 1, no stenosis (<10%); grade 2, mild stenosis 
(10% to 49%); grade 3, moderate stenosis (50% to 69%); 

following angioplasty, some investigators have attempted 
stent deployment. The rationale is that the rigid scaffold of 
the stent helps keep the vascular lumen open.91 There has 
also been ongoing interest in pharmacologic approaches to 
the prevention of neointimal hyperplasia. Two small, single-
center, randomized clinical trials have documented a ben-
eficial effect of dipyridamole and fish oil in preventing AV 
graft thrombosis.92,93 A multicenter, randomized, double-
blinded study compared clopidogrel plus aspirin to placebo 
for the prevention of AV graft thrombosis. The study was 
terminated early due to an excess of bleeding complications 
in the intervention group; there was no difference in the 
rate of AV graft thrombosis between the two randomized 
groups.94 Similarly, a randomized clinical trial found that 
low-intensity warfarin posed a substantial risk of major hem-
orrhagic complications without reducing the frequency of 
AV graft thrombosis.95

The Dialysis Access Consortium was a larger multicenter, 
randomized, double-blinded clinical trial comparing long-
acting dipyridamole plus low-dose aspirin (Aggrenox) to 
placebo for the prevention of AV graft failure.88 There was 
a modest but statistically significant improvement in primary 
unassisted AV graft survival in patients receiving dipyridamole-
aspirin as compared with those treated with placebo (28% 
vs. 23%, at 1 year; P = 0.03). Cumulative AV graft survival 
did not differ between the two treatment arms. Most recently, 
a double-blinded, randomized controlled study evaluating 
fish oil on polytetrafluoroethylene (PTFE) AV graft patency 
and cardiovascular outcomes has reported that fish oil does 
not decrease loss of native patency (time from creation to 
first intervention) of AV grafts at 12 months, but overall AV 
graft patency and cardiovascular outcomes show improve-
ment.96 A more detailed discussion of pharmacologic 
approaches to prophylaxis of AV graft stenosis and throm-
bosis is beyond the scope of this chapter, but has been 
reviewed rather recently.97

ANGIOPLASTY OF ARTERIOVENOUS  
GRAFT STENOSIS

As just described, patients with patent AV grafts are fre-
quently referred for elective angioplasty when hemodynami-
cally significant stenosis is detected by clinical monitoring 
or by one of several methods of AV graft surveillance. The 
goal of elective angioplasty is to correct the stenotic lesion 
that impairs optimal delivery of dialysis and hopefully delay 
AV graft thrombosis. The most common location of the 
stenosis by angiography is the venous anastomosis, followed 
by the peripheral draining vein, central vein, and intragraft 
(Table 70.6). Inflow (arterial anastomosis) stenosis has been 
rare (<5%) in most series. However, one study, using retro-
grade angiography with manual occlusion of the venous 
limb, documented an inflow stenosis (>50%) in 29% of 
grafts referred for diagnostic angiography, although all 
these patients also had venous anastomosis stenosis.98

A number of published series have documented the 
short-lived primary patency (time to next radiologic or sur-
gical intervention) of AV grafts following elective angio-
plasty (Table 70.7), with only 50% to 60% patent at 6 months 
and 30% to 40% patent at 1 year. This means that on 
average, each AV graft requires two angioplasties per year. 
The primary patency is shorter after angioplasty of central 

Table 70.6 Location of Stenosis in Patients with 
Grafts Undergoing Angioplasty

Reference

No. of All Stenotic Lesions (%)

VA VO CV IG AA

Beathard, 199258 42 34 4 20 0
Lilly et al, 200156 

(elective PTA)
55 22 15 6 2.5

Lilly et al, 200156 
(thrombectomy)

60 14 9 10 7

Maya et al, 200457 62 16 8 12 1.5

AA, Arterial anastomosis; CV, central vein; IG, intragraft; PTA, 
percutaneous transluminal angioplasty; VA, venous 
anastomosis; VO, venous outflow.

Table 70.7 Primary Graft Patency after 
Elective Angioplasty

Reference
No. of 
Procedures

Primary Patency at

3 mo 6 mo 12 mo

Beathard et al, 
199258

536 79 61 38

Kanterman et al, 
1995246

90 63 41

Safa et al, 199660 90 70 47 16
Turmel-Rodrigues 

et al, 2000150
98 85 53 29

Lilly et al, 200156 330 71 51 28
Maya et al, 

200457
155 79 52 31
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routinely used.99 The patient’s intragraft and systemic pres-
sures are measured before and immediately after the inter-
vention. In addition to angiographic findings, we rely on a 
reduction of intragraft-to-systemic pressure ratio to confirm 
technical success and hemodynamic improvement. If a 
residual stenosis (>30%) is found, prolonged angioplasty 
(5-minute inflation), higher pressure balloons (up to 30 
atm), and occasionally stent or covered stent deployment 
may be required to treat these lesions.

The major complication of this procedure is vessel extrav-
asations and rupture of the vessel after the angioplasty treat-
ment. Deploying a covered stent (endograft) can treat these 
complications. Surgical repair is indicated if the rupture is 
not corrected by stent placement.

THROMBECTOMY OF GRAFTS
Most graft failures are due to thrombosis, which usually 
occurs in the context of underlying stenosis at the venous 
anastomosis.55,56 For this reason, successful graft thrombec-
tomy requires resolution of the clot and correction of the 
underlying stenotic lesion. The primary patency of AV grafts 
after thrombolysis or thrombectomy and angioplasty (Table 
70.8) ranges from 30% to 63% at 3 months and 11% to 39% 
at 6 months. These outcomes are considerably worse than 
the primary patency observed after elective angioplasty (see 
Table 70.7), which is 71% to 85% at 3 months and 47% to 
63% at 6 months.

The primary AV graft patency is similar for mechanical 
thrombectomy and pharmacomechanical thrombectomy.100 
A large series comparing the outcomes of both types of 
radiologic procedures at one institution found that the 
primary patency was only 30% at 3 months for clotted AV 
grafts, as compared with 71% for patent AV grafts undergo-
ing elective angioplasty (Figure 70.6A).56 The discrepancy 
was still apparent when the analysis was restricted to the 
subset of procedures in which there was no residual stenosis, 
with a median primary patency of 2.5 months after throm-
bectomy, as compared with 6.9 months after elective angio-
plasty (see Figure 70.6B).56

and grade 4, severe stenosis (70% to 99%).56,57 A second 
approach is to measure the intragraft pressure before and 
after the procedure, and normalize it for the systemic blood 
pressure. A third approach is to measure the change in 
access blood flow before and after the procedure. Each of 
these measures has been shown to be predictive of the 
primary patency of AV grafts following elective angioplasty. 
In one large series, following elective angioplasty, the 
median intervention-free survival of AV graft with no resid-
ual stenosis was 6.9 months as compared with 4.6 months of 
any degree of residual stenosis.56 Similarly, the median 
primary patency of AV grafts following angioplasty was 
inversely related to the intragraft-to-systemic pressure 
ratio—7.6, 6.9, and 5.6 months—when this ratio was less 
than 0.4, 0.4 to 0.6, and more than 0.6, respectively.56 Finally, 
a failure to increase the access blood flow significantly after 
angioplasty is observed in 20% of AV grafts at 1 week and 
in 40% by 1 month,78,84 confirming the short-lived benefit 
of this intervention.

Measurements of the degree of stenosis are not always 
feasible, nor are they entirely objective. Caliper measure-
ment or eyeballing are, to various degrees, subjective. Even 
QVA is not reliable in detecting the various densities and 
edges of the normal vessels and requires operator adjust-
ment of detected vascular edges (a subjective intervention). 
AV graft loops originating from the brachial artery and 
anastomosis at a 90-degree angle with the basilic vein are 
hardest to image in profile, which is necessary to obtain an 
accurate measurement of stenosis. We routinely perform 
intragraft pressure measurement during angiography and 
percutaneous transluminal angioplasty (PTA) to add a 
hemodynamic parameter to the visual assessment of 
fistulograms.

TECHNICAL PROCEDURE: PERCUTANEOUS  
GRAFT ANGIOPLASTY
The AV graft is accessed with a micropuncture single needle 
at the arterial limb of the AV graft toward the venous outflow. 
The needle is exchanged for a 4-Fr introducer. A digitally 
subtracted antegrade angiogram is taken through the cath-
eter to visualize the venous limb of the AV graft, draining 
vein, and central vessels. After applying pressure to the 
venous outflow, retrograde angiography is performed to 
visualize the arterial anastomosis. The presence or absence 
of stenotic lesions and their number and location, arterial 
anastomosis, intragraft, venous anastomosis, draining vein, 
and central vein are reported. The degree of stenosis of 
each lesion is quantified with calipers or graded semiquan-
titatively.56,57 Lesions with at least 50% stenosis are consid-
ered to be hemodynamically significant and undergo 
angioplasty. If a stenotic lesion is encountered, then the 4-Fr 
catheter is exchanged for a 6-Fr sheath. An angioplasty 
balloon is introduced through the sheath. Balloon sizes vary 
from 7 to 12 mm in diameter to 20 to 80 mm in length, 
depending on the vessel to be treated. The chosen balloon 
is usually selected to be 1 mm larger than the size of the AV 
graft or vessel to be treated. The balloon is placed within 
the stenotic lesion and inflated to its nominal pressure for 
30 to 90 seconds (Figures 70-4 and 70-5). Most anastomotic 
lesions require higher pressure than that required for 
peripheral arterial angioplasty. Therefore, high-pressure 
balloons, with minimal burst pressure more than 15 atm are 

Table 70.8 Primary Graft Patency After 
Thrombectomy

Reference
No. of 
Procedures

Primary 
Patency at

3 mo 6 mo

Valji et al, 1991247 121 53 34
Trerotola et al, 1994248 34 45 19
Beathard, 1994100 55 mech

48 pharm
37
46

Cohen et al, 1994249 135 33 25
Sands et al, 1994250 71 11
Beathard, 1995251 425 50 33
Beathard et al, 1996252 1176 52 39
Trerotola et al, 1998253 112 40 25
Turmel-Rodrigues 

et al, 2000150
58 63 32

Lilly et al, 200156 326 30 19

mech, Mechanical; pharm, pharmacomechanical.
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The balloon is removed and a mechanical thrombectomy 
can be achieved by one of several methods: manual aspira-
tion of the clots; infusion of a thrombolytic agent (tissue 
plasminogen activator [t-PA]; Urokinase); use of a clot 
buster device (e.g., Angiojet, Arrow-Trerotola, Cragg throm-
bolytic brush, Hydrolyser, Prolumen, Amplatz thrombec-
tomy device); or a combination of any of these (Figure 
70.7). Pure mechanical thrombectomy is sufficient, and 
thrombolysis is rarely necessary. The AV graft is accessed for 
a second time with a single-wall needle at the venous limb 
of the AV graft, toward the arterial anastomosis. The needle 
is exchanged over a wire for a 6-Fr catheter sheath. A guide-
wire is passed into the arterial circulation. A Fogarty balloon 
is passed beyond the arterial anastomosis and pulled back 
to dislodge the arterial plug, if present. Aspiration of the 
clots through both sheaths is performed; the clot bluster 
device is used again to clear all residual debris from the AV 
graft. Once blood flow in the AV graft is restored, as assessed 
by physical examination, small amounts of contrast are 
injected to check for residual clots and flows. Finally, ante-
grade and retrograde angiograms of the AV graft are 
obtained to assess for patency and look for other stenotic 
lesions. Angioplasty of any residual hemodynamically 

The duration of AV graft patency following thrombec-
tomy does not appear to differ among patients with and 
without diabetes mellitus. AV graft patency is also generally 
unrelated to the graft location or number of concurrent AV 
graft stenoses found.56 However, similar to the observations 
obtained after elective angioplasty, the primary patency of 
AV grafts after thrombectomy is inversely proportional to 
the magnitude of residual stenosis at the end of the 
procedure.56

TECHNICAL PROCEDURE: PERCUTANEOUS 
ARTERIOVENOUS GRAFT THROMBECTOMY
The AV graft is initially accessed with a single-wall needle at 
the level of the arterial limb of the graft. A guidewire is 
passed up to the venous outlet, and the needle is exchanged 
for a 6-Fr sheath. A catheter is placed beyond the clotted AV 
graft, and venography of the venous outflow and central 
circulation is performed. Extreme caution is exercised not 
to pressure-inject contrast into the AV graft because it can 
dislodge a clot and cause arterial emboli. Because more 
than 60% of stenotic lesions are located at the venous anas-
tomosis, an angioplasty balloon, usually 8 × 40 mm, is placed 
at that site and inflated to its nominal pressure (15 atm). 

Figure 70.4  A, Left upper arm AV graft angiogram showing a severe  (95%) stenotic  lesion at  the  level of  the venous anastomosis. B, Left 
upper arm AV graft stenotic lesion at the venous anastomosis with the angioplasty balloon partially inflated. C, Left upper arm AV graft stenotic 
lesion at the venous anastomosis with the angioplasty balloon fully inflated. D, Final postangioplasty left upper arm AV graft angiogram showing 
a treated lesion with minimal residual stenosis. 

A B

C D
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Figure 70.5  A, Digital  subtraction angiography  (DSA) of  a  left 
upper  arm  AV  graft  showing  a  moderate  stenotic  lesion  at  the 
level  of  the  arterial  limb  of  the  graft.  B,  Spot  film  showing  the 
stenotic lesion being angioplastied. C, Final postangioplasty DSA 
image showing excellent results. 

A B

C

Figure 70.6  A, Intervention-free graft survival following elective angioplasty (solid line) or thrombectomy plus angioplasty (dotted line). Graft 
survival was calculated from the date of  the  initial  intervention to the date of  the next  intervention  (angioplasty, declot, or surgical  revision).  
B, Intervention-free graft survival following elective angioplasty (circles) or thrombectomy plus angioplasty (squares) in the subset of procedures 
with no residual stenosis. Graft survival was calculated from the date of the initial intervention to the date of the next intervention (angioplasty, 
declot, or surgical revision). P < 0.001 for the comparison between the two groups. (From Lilly RZ, Carlton D, Barker J, et al: Clinical predictors 
of arteriovenous graft patency following radiologic intervention in hemodialysis patients. Am J Kidney Dis 37:945-953, 2001.)
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significant stenotic lesion in the vascular access circuit is 
performed. Intra-access pressure and systemic pressure 
(measured inside the AV graft by occluding the venous 
outflow) are measured. The ratio is calculated to confirm 
acceptable angioplasty results. High intragraft pressures 

indicate residual venous anastomotic obstruction, whereas 
extreme low pressures indicate obstruction at the arterial 
inflow.

Major complications of the thrombectomy procedure are 
vessel extravasations (Figure 70.8) and rupture of the vein, 
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have been very few published studies evaluating the  
frequency of pulmonary embolism following thrombec-
tomy. One study has reported that pulmonary embolism  
is common (~35%) in patients undergoing AV graft 
thrombectomy.102

DEPLOYMENT OF STENTS FOR ARTERIOVENOUS 
GRAFT STENOSIS AND THROMBOSIS

As noted, the primary patency of AV grafts following angio-
plasty is short-lived, and there is evidence that the vascular 
injury from angioplasty may actually accelerate neointimal 
hyperplasia.86 In view of these considerations, there has 
been considerable interest in technical modifications to 
improve the patency of AV grafts following angioplasty. 
Endoluminal stents work by forming a rigid scaffold, which 
prevents elastic recoil and helps keep the vascular lumen 
open. Therefore, although neointimal hyperplasia recurs, 
layering a thickness of 1 mm on the wall of a stent is less 
likely to cause significant stenosis of the vascular lumen of 
an 8-mm stent. Stent placement has been attempted for the 
treatment of rapidly recurrent stenosis. A stenosis that is 
highly resistant to balloon angioplasty and cannot be 
expanded with a balloon is a contraindication for stent 
placement because the stent will be as narrow as the original 
stenosis. On rare occasions, when trying to overcome such 
resistant stenoses with very high pressure, angioplasty may 
result in venous rupture and extravasation. Surgery is not 
necessary in these situations because the complication can 
be converted to success by using stents or stent grafts 
(endograft).

The KDOQI Clinical Practice Guidelines for Vascular 
Access have recommended stent deployment only when 
there is acute elastic recoil of the vein (>50% stenosis) 

either because of wire manipulation or as a result of the 
angioplasty. Small extravasations are self-limited and may be 
observed; otherwise, stent deployment is the treatment of 
choice. Arterial emboli distal to the arterial anastomosis may 
occur and, if encountered, intervention or surgical embo-
lectomy is required. One interventional method to treat this 
complication is back bleeding; this refers to an occlusion of 
the artery before its anastomosis to the AV graft, causing 
retrograde blood flow that brings the clot into the AV graft. 
A Fogarty balloon to remove the clot and thrombolytic 
agents can also be used to treat this complication.101 There 

Figure 70.7  A,  Percutaneous  mechanical  thrombectomy.  A  left  upper  arm  AV  graft  site  is  prepped  and  two  6-Fr  sheaths  are  in  place. 
B, Percutaneous mechanical thrombectomy. This spot film shows the use of a percutaneous thrombectomy device (PTD; Arrow-Trerotola). 

A B

Figure 70.8  Mechanical thrombectomy complication—extravasation 
of contrast at the middle portion of the arteriovenous graft. 
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P = 0.16).114 Future studies should help resolve the question 
of whether a DES is truly superior to balloon angioplasty in 
managing vascular graft failure.

Finally, stent grafts, which consist of a metallic stent 
covered with graft material, have been used successfully to 
treat and exclude large pseudoaneurysms in the AV graft 
and complications such as rupture and extravasation. 
However, a multicenter, randomized clinical trial allocated 
190 patients with more than 50% AV graft stenosis at the 
venous anastomosis to treatment with stent grafts or balloon 
angioplasty, with follow-up protocol angiography performed 
at 2 and 6 months.115 AV graft patency at 6 months was sig-
nificantly higher in patients randomized to stent grafts, but 
AV graft thrombosis was no different in the two treatment 
arms. Despite the cost of these endografts or covered stents, 
they may become quite valuable if long-term patency proves 
superior to angioplasty and bare metal stents.

TECHNICAL PROCEDURE: PERCUTANEOUS 
DEPLOYMENT OF STENT
Percutaneous mechanical thrombectomy is carried out as 
described in the previous section. If a severe elastic recoil is 
seen on the final angiogram, or a large residual stenosis 
(>30%) is seen at the level of the original stenotic lesion, a 
stent could be deployed.101 Self-expanding stent sizes vary 
from 6 to 14 mm in diameter, and 10 to 80 mm in length. 
The most commonly used stents are nitinol or nitinol 
covered with expanded PTFE (e-PTFE). The appropriate 
size and length are determined by grading the stenotic 
lesion at the time of placement. Usually, the stent is selected 
to be 1 mm larger than the size of the AV graft or the vessel 
to be treated, and the length is 5 mm longer than the ste-
notic lesion on each side. The stent comes already mounted 
in a device that is inserted through the sheath located at the 
arterial limb of the AV graft. A “road map” contrast injection 
of the stenotic lesion is performed. The stent is placed at 
the site of the stenotic lesion and deployed under fluoro-
scopic guidance (Figure 70.9). A postdeployment angio-
plasty with an appropriate-sized balloon is usually necessary 
to re-expand recoiled lesions. A final angiogram is obtained 
to assess for patency and proper placement of the stent.

Complications of stent deployment include those related 
to angioplasty. In addition, underestimation of the required 
stent size may result in stent migration to the systemic cir-
culation. If the stent is placed at a site where another  
vessel joins the main venous outlet, that vessel may be com-
pletely or partially occluded. The stent can fracture (Figure 
70.10) and occasionally thrombose (Figure 70.11). Finally, 
a potential long-term complication is intrastent restenosis 
or thrombosis, which may require multiple and frequent 
re-interventions.

PROCEDURES INVOLVING 
ARTERIOVENOUS FISTULAS

PREOPERATIVE VASCULAR MAPPING

The need to increase placement of native AV fistulas has 
been highlighted by the KDOQI guidelines75 and by the 
Fistula First initiative (www.fistulafirst.org). There is wide-
spread consensus among nephrologists and surgeons about 

after angioplasty, when stenosis recurs within a 3-month 
period, or to treat vascular rupture complicating the 
angioplasty.103

Several small series have reported outcomes following 
stent deployment for refractory vascular access stenosis.104-110 
Most of these studies have been limited by retrospective data 
collection, absence of a suitable control group, lumping 
together of patent and thrombosed accesses, and combin-
ing grafts with fistulas.111 A small randomized study compar-
ing stents with conventional angioplasty found no difference 
in primary graft patency following the intervention.105 
However, this study enrolled a mixture of clotted and patent 
grafts, and the stenotic lesions were at a variety of locations, 
thus limiting the interpretation of the findings.

Because primary AV graft patency is particularly short-
lived in clotted AV grafts undergoing thrombectomy, those 
AV grafts may experience better patency after stent deploy-
ment. One series reported the outcomes of 34 clotted AV 
grafts undergoing thrombectomy with stent placement at 
the venous anastomosis.108 The primary patency following 
intervention in this homogeneous group of AV grafts was 
63% at 6 months. Although there was no matched control 
group treated with angioplasty alone, the primary graft 
patency was much higher than that reported previously 
(11% to 39% at 6 months; see Table 70.8). A nonrandom-
ized study comparing outcomes of clotted AV grafts treated 
with thrombectomy and stent placement at the venous  
anastomosis with matched control patients treated with  
only thrombectomy and angioplasty found a significantly 
longer primary patency in AV grafts treated with a stent as 
compared with those treated with angioplasty alone.112 Simi-
larly, a retrospective study of 48 patients found longer AV 
graft patency after elective treatment of stenosis with stent 
deployment as compared with angioplasty alone.113 A defini-
tive randomized clinical trial is warranted to evaluate 
whether the patency of AV grafts following thrombectomy 
is enhanced by stent deployment.

There are a number of stent types available, including 
covered and noncovered stents and balloon- or self-
expandable stents. Balloon-expandable stents are suscepti-
ble to be crushed under pressure if used peripherally and 
may only be used centrally. A variety of self-expanding, 
nitinol-based stents are available for use outside the coro-
nary circulation. Although they appear similar, there are 
subtle differences that may favor one stent over another in 
a particular circulation. However, there have been no pub-
lished clinical trials comparing the outcomes among stent 
types used for dialysis access. The use of a drug-eluting stent 
(DES) in the coronary circulation has significantly reduced 
recurrent stenosis from 20% to 23% to less than 10%. DESs 
were implicated in cases of acute and late thrombosis, which 
led to the routine and obligatory administration of anti-
platelet agents (aspirin and Clopidogrel) for at least 1 year 
from stent implantation. It is also possible that the admin-
istration of antiplatelet agents after stent placement, use of 
a DES (e.g., sirolimus), or both may further improve the 
primary patency of AV grafts following angioplasty and/or 
thrombectomy but, again, there are no definitive data avail-
able at this time. However, a pilot study in 32 patients with 
graft dysfunction randomly assigned to a paclitaxel DES or 
standard balloon angioplasty reporting a trend toward 
improvement in mean primary patency (163 vs. 104 days;  

http://www.fistulafirst.org
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fistula, adequate maturation of new AV fistulas, and success-
ful cannulation of the AV fistula for dialysis.9 In the past, the 
surgeon’s decision about the type and location of vascular 
access was determined by physical examination of the 
extremity, with and without a tourniquet. This approach 
had the potential for substantial errors. The surgeon may 
not be able to visualize the veins in obese patients ade-
quately. As a result, the surgeon might place an AV graft 
when an AV fistula could have been feasible. In other 
patients, the surgeon may decide to place a radiocephalic 
AV fistula after visualizing a large-diameter cephalic vein at 
the wrist. However, an unsuspected stenosis or thrombosis 
in a proximal portion of that vein could doom the outcome 
of such an AV fistula.

The use of preoperative sonographic vascular mapping 
has been shown to increase substantially the proportion of 
patients receiving an AV fistula rather than an AV graft. A 
prospective pilot study at UAB compared the surgeon’s deci-
sion about access placement in 70 consecutive patients with 
CKD before and after the results of preoperative vascular 
mapping were provided to the surgeon.116 In almost one 
third of the patients, the surgeon changed her or his mind 
about the intended access procedure after receiving the 
mapping results. In most of these cases, the surgeons 
decided to place an AV fistula rather than an AV graft or 
changed their mind about the location of the AV fistula.116 
On the basis of these promising results, a program of routine 
preoperative vascular mapping was implemented. The 
results were dramatic; as compared to the historical control 
period, the proportion of patients having an AV fistula 

the importance of maximizing functional AV fistula preva-
lence in patients undergoing hemodialysis. Achieving this 
goal, however, requires overcoming a number of obstacles, 
including timely referral of the patient with CKD to the 
nephrologist and access surgeon, timely placement of an AV 

Figure 70.9  A,  Angiogram  demonstrating  a  severe  stenotic 
lesion  at  the  level  of  the  venous  anastomosis  and  the  draining 
vein  of  a  left  forearm  AV  graft.  The  stenotic  lesion  was  graded 
before stent deployment. B, The stent is fully deployed. C, Digital 
subtraction angiography (DSA) image of the left forearm AV graft 
shows excellent results after stent deployment 

A B

C

Figure 70.10  Fracture stent at the level of the right subclavian vein 
and right innominate vein. 
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Figure 70.11  A, Thrombosed and  fractured stent at  the  level of  the  right subclavian vein and  right  innominate vein. B, Angioplasty of  the 
stenotic intrastent lesion, which caused the thrombosis of the access circuit. C, Restoration of blood flow of the thrombosed stent. 

A B

C

placed increased from 34% to 64%. Moreover, the propor-
tion of patients dialyzing with an AV fistula doubled, from 
16% to 34%.117 Similar increases in AV fistula placement 
following the introduction of preoperative vascular mapping 
have been documented by other investigators (Table 70.9), 
although a reduction in primary AV fistula failure has not 
been a consistent finding in all studies.117-121 Two random-
ized clinical trials have compared outcomes of new AV fis-
tulas placed after preoperative ultrasound vascular mapping 
to those placed after clinical evaluation alone. In a Turkish 
study of 70 patients, the two treatment groups had similar 
primary and secondary AV fistula survival.122 In a British 
study of 218 patients, the patients undergoing a preopera-
tive sonogram had a lower incidence of immediate AV 
fistula failure (4% vs. 11%; P = 0.03). Primary (intervention-
free) AV fistula survival was no different between the two 
groups (65% vs. 56%; P = 0.081), but the assisted primary 
(thrombosis-free) AV fistula survival was superior in the 
group undergoing preoperative ultrasound mapping (80% 
vs. 65%; P = 0.01).123

Although most centers have used sonographic vascular 
mapping, some have used conventional venography.124 In 
patients with stage 4 CKD who have not yet started dialysis, 
there is a theoretical concern of radiocontrast-associated 
nephropathy precipitating the need for initiation of dialysis. 
However, in a series of 25 patients with a mean glomerular 
filtration rate of 13 mL/min, none developed acute renal 
failure after undergoing angiography with 10 to 20 mL of 

low-osmolality contrast material.125 Another potential risk of 
venography is that direct venography may injure the very 
veins required for future AV fistula creation. One advantage 
of venography is the ability to image the central vessels to 
exclude central vein stenosis. Venipuncture should be per-
formed in the hand veins, if at all possible, and the cephalic 
vein should be avoided. Prospective studies are needed to 
define further which preoperative vascular mapping tech-
niques are most useful in optimizing fistula maturation and 
to delineate specific situations.

TECHNICAL PROCEDURE: SONOGRAPHIC 
PREOPERATIVE VASCULAR MAPPING
Vascular measurements are performed with the patient in a 
seated position, with the arm resting comfortably on a Mayo 
stand. All measurements are performed in the anteroposte-
rior dimension in the transverse plane (Figure 70.12). The 
minimum vein diameter for a native arteriovenous fistula is 
2.5 mm.126 The minimum vein diameter for graft placement 
is 4.0 mm.126 The minimum arterial diameter for fistula or 
graft placement is 2.0 mm.126 Veins are assessed for stenosis, 
thrombus, and sclerosis (thickened walls).

First, the radial artery diameter at the wrist is measured. 
A tourniquet is then placed at the mid to upper forearm. 
The veins above the wrist are percussed for 2 minutes, with 
special emphasis on the cephalic vein area. Sequential mea-
surements are made of the cephalic vein at the wrist and 
mid and cranial forearm. Any other dorsal or volar veins at 
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5. Forearm loop, AV graft
6. Upper arm, straight AV graft
7. Upper arm loop, AV graft (axillary artery to axillary vein)
8. Thigh, AV graft

SALVAGE OF IMMATURE  
ARTERIOVENOUS FISTULAS

As compared with AV grafts, AV fistulas require a much 
lower frequency of intervention (angioplasty or thrombec-
tomy) to maintain their long-term patency for dialysis.126 
However, AV fistulas have a substantially higher primary 
failure rate (AV fistulas that are never usable for dialysis). 
Similar to AV grafts, the rate of angioplasty use (from 
USRDS data) has increased from 0.16 to 0.47 (rate/patient-
year) from 1998 to 2007,1 likely due to the increasing fre-
quency of treating primary AV fistula failures. The proportion 
of AV fistulas with primary failure has ranged from 20% to 
50% in multiple recent series, even when routine preopera-
tive vascular mapping was used.9 A landmark multicenter 
randomized controlled trial reported a primary AV fistula 
failure rate of 60% in the United States.11 Primary AV fistula 
failures fall into two major categories, early thrombosis and 

the wrist are also measured and followed up the arm, accord-
ing to established diameter criteria. The tourniquet is 
sequentially moved up the arm and cephalic, basilic, and 
brachial vein diameters are measured.

After the tourniquet is removed, the subclavian and 
jugular veins are assessed for stenosis and thrombus. Evi-
dence of a more central stenosis is determined by analysis 
of the spectral Doppler waveform for respiratory phasicity 
and transmitted cardiac pulsatility. If there is a clinical or 
sonographic suspicion of central vein stenosis, venography 
or magnetic resonance venography (MRV) is performed.

Measurements are recorded on a worksheet. The sono-
graphic measurements are used by the surgeon to select the 
most appropriate vascular access on the basis of the follow-
ing (agreed on by nephrologists, radiologists, and vascular 
surgeons), from most desirable to least desirable126:

1. Nondominant forearm, cephalic vein AV fistula
2. Dominant forearm, cephalic vein AV fistula
3. Nondominant or dominant upper arm, cephalic vein AV 

fistula
4. Nondominant or dominant upper arm, basilic vein trans-

position AV fistula

Figure 70.12  A, Venous mapping. This venous sonogram shows a transverse section of a cephalic vein being measured (0.36 cm). B, Venous 
mapping. Doppler flow measurements and color Doppler sonogram show a  longitudinal section of a  left  forearm radial artery that  is 1.3 cm 
deep and 1.5 mm in diameter. 

0.36 cm

–1

+

+

A
B

Table 70.9 Effect of Preoperative Vascular Mapping on Vascular Access Outcomes

Reference

No. of Fistulas  
Placed (%)

No. of Primary Fistula 
Failures (%)

Prevalence of Fistula 
Use (%)

Pre-VM Post-VM Pre-VM Post-VM Pre-VM Post-VM

Silva et al, 1998120 14 63 36 8 8 64
Ascher et al, 2000118 0 100 N/A 18 5 68
Gibson et al, 2001119 11 95 18 25 N/A N/A
Allon et al, 2001117 34 64 54 46 16 34
Sedlacek et al, 2001254 N/A 62 N/A 25 N/A N/A
Mihmanli et al, 2001255 25 6
Miller et al, 1997256 N/A 76
Kakkos et al, 2011121 12 53 32 18

N/A, Not available; VM, preoperative vascular mapping.
From Allon M, Robbin ML. Increasing arteriovenous fistulas in hemodialysis patients: problems and solutions. Kidney Int 62:1109-1124, 

2002.
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dialysis. In contrast, when neither criterion was met, only 
33% of the AV fistulas achieved adequacy for dialysis. The 
likelihood of AV fistula adequacy for dialysis was intermedi-
ate (~70%) when only one of the two criteria was met.

Failure of an AV fistula to mature can be related to one 
of several anatomic defects, which can be identified by 
sonography or angiography.134 Stenosis at the anastomosis 
or in the draining vein is one such problem. Another pos-
sibility is that the draining vein has one or more large side 
branches. With these tributary veins, the arterial blood flow 
is distributed among two or more competing veins, thereby 
limiting the increase in blood flow in each vein. A third 
scenario may be observed in obese patients, in whom the 
fistula has adequate caliber and blood flow but is simply too 
deep to be cannulated safely by the dialysis staff. In most 
patients, these anatomic problems can be corrected by 
radiologic or surgical intervention. Stenotic lesions can be 
treated by angioplasty or surgical revision. Superficial side 
branches can be ligated by a suture through the skin; deeper 
branches can be embolized. Finally, the surgeon can super-
ficialize fistulas that are too deep to be cannulated safely.

In immature AV fistulas with one or more of these ana-
tomic lesions, specific interventions to correct the underly-
ing lesion may promote subsequent AV fistula maturation. 
Several published series have evaluated the ability to salvage 
immature AV fistulas to those that are subsequently usable 
for dialysis. A number of studies using only radiographic 
procedures (e.g., angioplasty of stenotic lesions, oblitera-
tion of side branches) in immature AV fistulas have had a 
high success rate (Table 70.10).124,135-139 An initial salvage 
(ability to use the AV fistula for dialysis) was accomplished 
in 80% to 90% of patients, with a subsequent 1-year primary 
patency of 39% to 75%. In another study using a combina-
tion of radiologic and surgical salvage procedures in an 
unselected dialysis population, the salvage rate was more 
modest, at 44%.129 Of interest, the frequency of a salvage 
procedure for immature AV fistulas in that study was twice 
as high in women than in men. A retrospective study has 
found that immature AV fistulas with an anatomic abnor-
mality that was corrected percutaneously or surgically are 
much more likely to achieve suitability for dialysis, as com-
pared with similar fistulas that did not undergo a salvage 
procedure.140 A novel approach to enhance AV fistula matu-
ration, balloon-assisted maturation (BAM), has been 

failure to mature.127-129 Early thrombosis refers to AV fistulas 
that thrombose within 3 months of their creation, before 
they have been used for dialysis. Failure to mature refers to 
AV fistulas that never develop adequately to be cannulated 
reproducibly for dialysis. Nonmaturation is less common 
with upper arm than forearm AV fistulas.9 Among upper 
arm AV fistulas, nonmaturation is less likely with transposed 
brachiobasilic AV fistulas than with brachiocephalic AV 
fistulas.130

Native AV fistulas are created by performing a direct anas-
tomosis between a high-pressure artery and a low-pressure 
vein. Exposure of the vein to the high arterial pressure 
causes it to dilate and increase its blood flow. To be used 
reproducibly for dialysis, a fistula must have a large enough 
diameter to be safely cannulated with large-bore dialysis 
needles and a sufficiently high-access blood flow to permit 
a blood flow rate of 350 mL/min or more. It also must be 
superficial enough for the landmarks to be easily appreci-
ated by the dialysis staff performing the cannulation. 
Increases in blood flow and draining vein diameter occur 
fairly rapidly following AV fistula creation. Whereas blood 
flow in a normal radial artery is only 20 to 40 mL/min, it 
increases more than 10-fold within a few weeks of fistula 
creation. In one study, the mean access blood flow in suc-
cessful AV fistulas was 634 mL/min 2 weeks postopera-
tively131; in a second study, it was 650 mL/min 12 weeks 
following AV fistula creation.132 Moreover, the mean access 
blood flows and AV fistula diameters are not significantly 
different in the second, third, and fourth months following 
AV fistula creation.133 This implies that determination of 
whether a new AV fistula is likely to be used successfully for 
dialysis should be possible within 4 to 6 weeks of the initial 
surgery.

In some patients, maturation of the AV fistula can  
be easily assessed by clinical evaluation by the nephrolo-
gist, surgeon, or an experienced dialysis nurse. In less 
straightforward cases, duplex ultrasonography may be useful 
in predicting whether a new AV fistula can be used success-
fully for hemodialysis. One pilot study used a combination 
of two simple sonographic criteria to assess AV fistula matu-
ration, AV fistula diameter and access blood flow.133 When 
the sonogram documented a draining vein diameter of 
4 mm or more and an access blood flow of 500 mL/min or 
more, 95% of the AV fistulas were subsequently usable for 

Table 70.10 Effect of Salvage Procedures on Immature Fistulas

Reference No. of Patients Type of Intervention
No. Usable for 
Dialysis (%)

Primary Patency 
at 1 yr

Beathard et al, 1999135 63 PTA, vein ligation 82 75
Turmel-Rodrigues et al, 2001137 69 PTA, vein ligation 97 39
Miller et al, 2003129 41 PTA, vein ligation, surgical revision 44 N/A
Beathard et al, 2003136 100 PTA, vein ligation 92 68
Asif et al, 2005124 24 PTA, vein ligation 92 N/A
Nassar et al, 2006138 119 PTA, vein ligation 83 65
Singh et al, 2008140 32 PTA, vein ligation, surgical revision 78 NA
Han et al, 2013139 141 PTA 87 72

N/A, Not available; PTA, percutaneous transluminal angioplasty.
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proximal part of the venous outlet near the anastomosis are 
amenable to balloon angioplasty and sometimes may require 
several follow-up interventions.

Immature AV fistulas are by definition small and could be 
difficult to access; therefore, it is best if evaluation can be 
done with high-resolution sonographic guidance to avoid 
several stick, extravasation, and vein damage. The AV fistula 
is initially accessed at its most proximal portion with a 
21-gauge micropuncture needle. A Cope mandril wire is 
passed into the venous circulation, and a 4-Fr catheter  
sheath is exchanged for the needle. Subtracted digital 
angiograms of the venous outlet and central circulation and  
a reflux retrograde arteriogram are obtained. Once the 
lesion is identified, the proper technique is selected. This 
initial fistulogram could be skipped altogether if reliable 
information is obtained from a surveillance sonogram indi-
cating the presence of a stenosis near or at the arterial 
anastomosis.

If the lesion is at the juxta-arterial anastomosis, a second 
access is achieved by inserting a micropuncture needle from 
the most distal portion of the AV fistula toward the AV anas-
tomosis. The needle is exchanged for a 5-Fr catheter sheath; 
a wire (0.014 to 0.018 inch) is passed into the AV fistula and 
through the arterial anastomosis into the arterial circula-
tion. An arteriogram of the arteriovenous anastomosis is 
obtained, and the stenotic lesion is evaluated and graded. 
Depending on the severity of the stenosis, a balloon is 
selected that is 2 to 6 mm in diameter and 10 to 40 mm in 
length. The balloon is introduced into the stenotic lesion 
and inflated carefully up to its nominal pressure. Subse-
quent angiograms are performed for a postangioplasty 
grading of the lesion (Figure 70.14). Intrafistular and sys-
temic pressures are taken before and after the angioplasty, 
and the corresponding ratios are calculated. At UAB, 
patients are brought back to the intervention suite 2 to 4 
weeks later for a second-look angiogram of the AV fistula.

If the lesion is located in the proximal part of the AV 
fistula or at the central vessels, the initial venous access is 
appropriate. The initial 4-Fr catheter is exchanged for a 4- to 
6-Fr sheath, and a guidewire is passed into the central 
venous circulation. The balloon is selected depending on 
the severity of the lesion and its location. Sizes can be from 
4 to 8 mm in the peripheral venous circulation and up to 
14 mm in the central circulation. Once the angioplasty is 
completed, digitally subtracted angiograms are obtained for 
postangioplasty grading of the lesion. Intrafistular and sys-
temic pressures are measured. Patients are followed at their 
local dialysis center and, if the AV fistula does not mature 
or the nursing personnel are still having problems cannulat-
ing the AV fistula, a second-look angiogram of the AV fistula 
is indicated.

Ligation of Accessory Veins

Accessory veins can be treated by surgical ligation or endo-
vascular coil deployment. Treatment of these lesions requires 
a well-trained interventionist because of the difficult techni-
cal approach to these lesions. Accessory veins are treated 
depending on their size, location, and number (Figure 
70.15). Some interventionists advocate percutaneous liga-
tion of superficial accessory veins at the time of the initial 
angiography of the AV fistula.145 If the accessory vein is deep 
and has a good lumen size, surgical ligation is indicated. If 

described.141 In this procedure, repeated long-segment 
angioplasty procedures are used to dilate the perianasto-
motic venous segment sequentially, converting it at times 
into a collagen tube.141 Other recent articles have described 
the use of intraoperative primary balloon angioplasty at the 
time of surgery, with or without BAM, which could allow for 
AV fistulas to be created in patients with small arteries and 
veins (artery <2 mm; vein <2.5 mm).142,143 None of these 
studies evaluated their techniques with a control group, and 
all suggested that a large number of postmaturation angio-
plasties are needed to maintain patency.

In summary, aggressive percutaneous or surgical interven-
tions are worthwhile because they can often convert imma-
ture AV fistulas to those that are suitable for dialysis. 
However, there are no randomized studies comparing  
different types of interventions or different timing of  
interventions in terms of their effect on AV fistula matura-
tion. Finally, a recent study has observed that immature AV 
fistulas requiring two or more interventions to achieve 
maturity have significantly shorter cumulative patency and 
require more interventions to maintain patency as com-
pared with AV fistulas achieving maturation with no or one 
intervention(s) (Figure 70.13).144

TECHNICAL PROCEDURE: SALVAGE OF IMMATURE 
ARTERIOVENOUS FISTULAS
Angioplasty of Stenotic Lesions

The stenosis at the juxta-arterial anastomosis can be treated 
with sequential balloon dilations. This requires two to five 
treatments until the size of the anastomosis is appropriate. 
Long segments of stenotic lesions at the level of the most 

Figure 70.13  Interventions to promote AV fistula maturation. Cumu-
lative survival, defined from the time of access cannulation to perma-
nent failure, is shorter in patients receiving two or more interventions 
before AVF maturation compared with those with zero interventions 
(hazard ratio [HR], 2.07; 95% confidence interval [CI], 1.21 to 2.94; P 
= 0.0001).  (From Lee T, Ullah A, Allon M, et al: Decreased cumulative 
access survival in arteriovenous fistulas requiring interventions to 
promote maturation. Clin J Am Soc Nephrol 6:575-581, 2011, with 
permission from the American Society of Nephrology.)
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to ascertain proper coil deployment and occlusion of all 
collateral veins.

PERCUTANEOUS TRANSLUMINAL ANGIOPLASTY 
OF ARTERIOVENOUS FISTULAS

Although the frequency of interventions is several-fold 
lower in AV fistulas than grafts,9 fistulas are also susceptible 
to developing stenosis and thrombosis. Most studies have 
documented a comparable primary patency of fistulas and 
grafts following elective PTA (Table 70.11), although one 
study observed a higher primary patency in fistulas.146 As is 
the case with angioplasty of grafts, the primary patency of 
AV fistulas following PTA is inversely related to the magni-
tude of postangioplasty stenosis, as well as the magnitude of 
the postangioplasty intra-access-to-systemic pressure ratio.57 
It should be noted that highly matured and developed AV 
fistulas dilate and elongate significantly over the years, 
forming aneurysmal dilation. With fixed points at the wrist 
and elbow or elbow and shoulder, they become tortuous, 
and significant kinks develop at certain points between 
dilated segments at certain intervals, which appear as 

the accessory vein is deep but has a small lumen size, a coil 
deployment should be considered (Figure 70.16).

The AV fistula is accessed and, depending on its size, an 
appropriate sheath is introduced. A selective catheter is 
introduced in each accessory vein, and an appropriate-sized 
coil is deployed. A final angiogram of the AV fistula is taken 

Figure 70.14  A, Fistula salvage. This digital subtraction angiography (DSA) image of a radiocephalic AV fistula shows a severe stenotic lesion 
at  the  level  of  the  juxta-arterial  anastomosis  (arrows).  B,  Fistula  salvage.  This  postangioplasty  DSA  image  of  a  radiocephalic  fistula  shows 
radiologic improvement of the stenotic lesion at the level of the juxta-arterial anastomosis. 

A B

Figure 70.15  Digital subtraction angiography (DSA) image of a left 
radiocephalic AV fistula showing multiple collaterals. There is a metal-
lic plate from a prior open reduction and internal fixation of a radius 
bone fracture. 

Figure 70.16  Coil  deployed  in  a  collateral  vein  of  an  upper  arm 
arteriovenous fistula. 

Table 70.11 Primary Patency after Elective 
Angioplasty: Fistulas versus Grafts

Reference

Primary Access 
Patency at 6 mo (%)

Grafts Fistulas

Safa et al, 199660 43 47
Turmel-Rodrigues et al, 2000150 53 67
McCarley et al, 200174 37 34
Van der Linden et al, 2002146 25 50
Maya et al, 200457 52 55
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PERCUTANEOUS MECHANICAL  
THROMBECTOMY AND THROMBOLYSIS  
OF ARTERIOVENOUS FISTULAS

Dealing with thrombosed AV fistulas is one of the most chal-
lenging aspects in interventional nephrology.147 Thrombec-
tomy of aneurysmally dilated AV fistulas is the most 
technically difficult. The most common cause of fistula 
thrombosis is an underlying stenotic lesion in the venous 
outflow circulation (peripherally or centrally). Less common 
causes include needle infiltration,148 excessive manual pres-
sure for hemostasis at the needle insertion site, and severe 
and prolonged hypotension. Successful restoration of 
patency in a thrombosed AV fistula requires expeditious 
thrombectomy. Several series have reported on the out-
comes of radiologic thrombectomy of AV fistulas.147,149-156 
The immediate technical success has been fairly high, 
ranging from 73% to 93%. The primary patency of these AV 
fistulas following thrombectomy has ranged from 27% to 
81% at 6 months and 18% to 70% at 1 year (Table 70.12). 
In one study, the primary patency following thrombectomy 
was lower in upper arm AV fistulas as compared to those in 
the forearm.150 However, with additional interventions, the 
secondary patency of these AV fistulas has been 44% to 93% 
at 1 year. A recent study over a 2-year period evaluated 140 
consecutive patients with thrombosed immature AV fistulas 
who underwent attempts at salvage via thrombectomy pro-
cedures.157 All AV fistulas had thrombosed following access 
creation and had never been used for hemodialysis. Throm-
bectomy was successful in 119 immature clotted AV fistulas 
(85%), and hemodialysis adequacy was achieved in 111 AV 
fistulas (79%). The average maturation time from throm-
bectomy to cannulation for dialysis was 46.4 days, with an 
average of 2.64 interventions per patient. There were five 
cases of angioplasty-induced rupture (3.5%), all of which 
were treated with stent placement. Clinically significant 
pseudoaneurysm formation occurred in four patients 

significant stenoses. Many of these are not flow-limiting; 
however, some are truly flow-limiting but are unlikely to 
respond to PTA and may require surgical intervention. Age, 
race, presence of diabetes mellitus or peripheral vascular 
disease, access location, and number of stenotic sites have 
not been associated with the likelihood of vascular access 
patency after PTA.57

TECHNICAL PROCEDURE: ANGIOPLASTY  
OF ARTERIOVENOUS FISTULAS
The AV fistula is accessed at its most proximal portion with 
a 21-gauge micropuncture needle. A Cope mandril wire is 
passed into the venous circulation. The needle is exchanged 
for a 4-Fr catheter. An initial digitally subtracted angiogram 
of the AV fistula is obtained, including the venous outlet 
and central circulation. Lesions with more than 50% steno-
sis are considered to be hemodynamically significant and 
undergo angioplasty. Once the stenotic lesion has been 
identified and graded, a guidewire is introduced to the 
central circulation and the catheter exchanged for a 6-Fr 
catheter sheath. An angioplasty balloon is introduced 
through the catheter sheath. Balloon sizes vary, depending 
on the vessel to be treated. The balloon is placed at the level 
of the stenotic lesion and inflated to its nominal pressure 
for 30 to 90 seconds. High pressures (>20 atm) are fre-
quently needed in AV fistulas.99 A final digitally subtracted 
angiogram is obtained to assess for residual stenosis and 
further treatment of the stenotic lesion (Figure 70.17). The 
patient’s intrafistular pressure and systemic pressure are 
measured before and immediately after the intervention, 
and a reduction in the intrafistular-to-systemic pressure ratio 
is used to confirm hemodynamic improvement.

The major complications of this procedure are vessel 
extravasations and rupture of the vessel after the angioplasty 
(Figure 70.18). Deploying a covered stent can treat these 
complications. Surgical repair is indicated if the rupture is 
not corrected by stent placement.
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Figure 70.17  A,  Digital  subtraction  angiography  (DSA)  image 
of a left radiocephalic AV fistula showing a long severe segment  
of stenosis distal to the arterial anastomosis, followed by a pseu-
doaneurysm of the fistula. B, Spot film of a left radiocephalic AV 
fistula  showing  the  segment  of  stenosis  being  angioplastied.  
C, Postangioplasty DSA image showing a successful treatment. 
The pseudoaneurysm is unchanged. 
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blind or by guided ultrasonography. A guidewire is intro-
duced, and a catheter is placed over the guidewire. A throm-
bolytic agent, 2 to 4 mg of tissue plasminogen activator 
(t-PA, Alteplase), is infused and left to dwell in the AV fistula 
for 1 hour. The patient is taken back to the intervention 
suite, the guidewire is reinserted into the arterial circula-
tion, and the catheter is replaced with a conventional 6-Fr 
sheath. A percutaneous thrombectomy over-the-wire device 
can be used (e.g., Angiojet). After a successful thrombolysis 
of the AV fistula, a Fogarty balloon is passed beyond the 
arterial anastomosis and pulled back to dislodge the plug-
ging clot. Once the thrombus is cleared and blood flow 
re-established, a digitally subtracted angiogram of the AV 
fistula is taken to evaluate for stenotic lesions along the 
venous outlet track or central circulation. If a lesion is 
encountered in the upstream or central circulation, a 
second access is placed, and the lesion is angioplastied.

Manual aspiration without the use of thrombolytic agents 
is another approach. A sheath is placed to gain access to the 
venous outflow. A guide catheter with a large lumen is intro-
duced through the sheath. The aspiration is performed with 
a 50-mL syringe connected to the guide catheter while the 
catheter is removed with back-and-forth movements. The 
contents of the syringe are flushed, and the aspiration 
maneuver is repeated several times to remove all the throm-
bus. A second sheath is introduced toward the arterial anas-
tomosis, and the same aspiration technique is performed to 
aspirate the rest of the thrombus located between the intro-
ducer and anastomosis. A Fogarty balloon is passed beyond 
the arterial anastomosis and pulled back to dislodge the 
arterial plug clot. Digitally subtracted anterograde angio-
grams of the AV fistula are obtained to assess for patency 
and look for stenotic lesions. Angioplasty of any hemody-
namically stenotic lesion in the vascular access circuit is 
performed. A final digitally subtracted angiogram of the AV 
fistula is obtained and the patient’s intra-access and systemic 

Figure 70.18  A, Angioplasty complication. This digital subtraction angiography (DSA)  image shows a rupture of  the  left cephalic vein after 
aggressive percutaneous transluminal angioplasty. There is a coexisting stenosis of the left subclavian. B, Angioplasty complication. This DSA 
image shows salvage and correction of the complication by deploying a covered stent (wall graft). 
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Table 70.12 Primary Fistula Patency after 
Thrombectomy*

Reference
No. of 
Procedures

Primary 
Patency at

6 mo 12 mo

Haage et al, 2000149 54 27
Turmel-Rodrigues et al, 

2000150
54 forearm
9 upper arm

74
27

47
27

Rajan et al, 2002154 30 28 24
Liang et al, 2002153 42 81 70
Shatsky et al, 2005155 44 38 18
Jain et al, 2008156 41 20 —
Miller et al, 2011157 140 — 59

*Series with fewer than 25 procedures not included.

(2.8%). At 12 months, secondary access patency of salvaged 
accesses was 90%. Considering that the alternative would be 
to abandon the thrombosed fistula and proceed with place-
ment of a new AV fistula, concerted efforts to salvage throm-
bosed AV fistulas are extremely worthwhile.

TECHNICAL PROCEDURE: PERCUTANEOUS 
THROMBECTOMY OF ARTERIOVENOUS FISTULAS
Although more challenging than graft thrombectomy, AV 
fistulas can also be declotted successfully. There are few 
contraindications, including concurrent infection, fistula 
immaturity, and very large aneurysms. The technical chal-
lenges include difficulty in the initial cannulation of a 
thrombosed fistula, complete removal of large thrombi, and 
successful treatment of recalcitrant stenotic lesions.

The AV fistula is accessed at its most distal portion toward 
the arterial anastomosis with an 18-gauge needle, either 
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LOCAL PERIVASCULAR MODALITIES

Some investigations have evaluated prophylaxis of access 
stenosis in animal models by using local perivascular drug 
delivery to the site of neointimal hyperplasia. Antiprolifera-
tive drugs are injected locally during access creation or 
introduced by DESs or wraps. These novel pharmacologic 
therapies remain investigational, but offer promise for the 
future. Detailed discussion of these potential therapies is 
beyond the scope of this chapter, but this topic has been 
reviewed.27,97

CENTRAL VEIN STENOSIS

Central vein stenosis is a frequent occurrence in patients on 
hemodialysis.13,162 Acute or chronic trauma of the central 
vessels by temporary or permanent dialysis catheters is the 
major cause.163 Stenosis leads to impairment of venous 
return on the ipsilateral extremity and, in turn, might result 
in malfunction or thrombosis of the vascular access. 
Although it may be asymptomatic, patients with central vein 
stenosis usually present with ipsilateral upper extremity 
edema. In some patients, a previously unappreciated central 
vein stenosis becomes evident clinically following the cre-
ation of an ipsilateral AV fistula or graft. The diagnosis can 
be confirmed by angiography, ultrasonography, or MRV.

The most commonly encountered location of central vein 
stenosis is at the junction of the cephalic vein with the sub-
clavian vein (not catheter injury–related). Other central 
veins that may be affected (often related to injury from a 
previous catheter injury) include the subclavian vein, bra-
chiocephalic vein, and superior vena cava (Figure 70.19). In 
patients with tunneled femoral catheters, central vein 

pressures are measured before and immediately after the 
intervention. The pressure ratio is calculated to confirm 
improvement in blood flow, as noted earlier.

The major complications of this procedure are vessel 
extravasations and rupture of the vessel after the angio-
plasty. Pulmonary embolism is generally of greater concern 
with AV fistula thrombectomy as compared with AV graft 
thrombectomy due to the larger volume of thrombus. 
Finally, arterial emboli distal to the AV anastomosis may 
occur with higher frequency than for AV grafts.

NOVEL TECHNIQUES FOR TREATMENT  
OF SEVERE STENOTIC LESIONS

CUTTING BALLOON

Despite the use of angioplasty with high-pressure balloons 
and prolonged inflations, some lesions remain severely ste-
notic. The use of cutting balloons has been advocated as a 
tool to treat these lesions by creating a controlled rupture 
of the vessel wall. The cutting balloon catheter is a balloon 
with four blades arranged along the balloon. When the 
balloon is inflated, it exposes the blades to the offending 
lesion; this will create a controlled rupture of the intima or 
hyperplastic fibrous tissue. A regular angioplasty balloon 
can be used afterward to shape the vessel and expand it to 
the desired diameter. It has been used in lesions at all levels, 
from intragraft to central lesions. Preliminary reports have 
suggested that cutting balloons may result in superior out-
comes as compared with conventional angioplasty.158,159 In 
one series of nine patients, grafts with a high-grade venous 
anastomosis stenosis were treated with a cutting balloon plus 
stent deployment.158 The patients maintained a functional 
graft during short-term follow-up (up to 20 months in one 
patient). However, a multicenter randomized clinical trial 
comparing use of the cutting balloon with conventional 
angioplasty for treatment of AV graft stenosis observed no 
advantage to use of the cutting balloon. The primary patency 
at 6 months was 48% in grafts treated with a cutting balloon 
as compared with 40% for AV grafts treated with angioplasty. 
Device-related complications occurred in 5% of the patients 
in the cutting balloon group (primarily vein rupture or dis-
section) as compared with none of the patients whose AV 
grafts were treated with angioplasty alone.160 The consider-
able additional cost of cutting balloons is substantial and 
precludes their routine use.

CRYOPLASTY BALLOON

Cryotherapy with the cryoballoon is a novel therapy for 
patients with intractable stenoses at the venous anastomosis 
of AV grafts. This technique uses cold temperatures at the 
balloon site to cause apoptosis of the intima layer. Rifkin 
and coworkers reported the outcomes of five patients with 
recurrent stenotic lesions at the venous anastomosis who 
were treated with the cryoballoon. The primary patency 
increased from 3 weeks after angioplasty alone to more than 
16 weeks after cryoplasty.161 There have been no published 
randomized trials comparing the outcomes of AV graft ste-
nosis treated with cryoplasty compared with angioplasty 
alone.

Figure 70.19  Digital subtraction angiography (DSA) image showing 
a severe stenosis of the left innominate vein. There are multiple ipsi-
lateral  and  across  the  neck  collaterals  draining  into  a  normal  right 
innominate vein. 
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stenosis may occur in the external iliac vein, common iliac 
vein, or inferior vena cava (Figure 70.20), resulting in ipsi-
lateral lower extremity edema. The stenotic lesion is an 
aggressive neointimal proliferation or there is clot and 
fibrin sheath formation around indwelling dialysis catheters 
that is organized and incorporated into the vessel wall. 

Figure 70.20  Digital subtraction angiography (DSA) image showing 
a severe stenosis of the intrahepatic portion of the inferior vena cava 
with some intrahepatic collaterals. 

Perm cath: RED PORT

Figure 70.21  Digital subtraction angiography (DSA) image showing 
a complete occlusion of the left innominate vein. 

Figure 70.22  A, Digital subtraction angiography (DSA) image showing complete occlusion of the left innominate vein, with severe enlargement 
of the left internal jugular, and multiple ipsilateral and across the neck collaterals draining into a normal right innominate vein. B, DSA image 
of the same patient showing the drainage of the left internal jugular to the right internal jugular across the cavernous veins. 
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These may progress over time to complete occlusion of the 
venous circulation (Figure 70.21). If left untreated, central 
vein stenosis will cause increased retrograde pressure and 
formation of venous collaterals (Figure 70.22). In some 
patients, the collaterals are sufficiently well developed to 
permit adequate venous drainage, which prevents the for-
mation of edema (Figure 70.23).

The treatment of choice of symptomatic central vein ste-
nosis is PTA of the stenotic lesion.77,164-170 Unfortunately, the 
long-term success of PTA of central venous stenosis is poor 
because of a combination of elastic recoil and aggressive 
neointimal hyperplasia. In one study, the primary patency 
was substantially shorter after angioplasty of a central vein 
stenosis as compared to stenoses at more peripheral 
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locations.58 As a result, patients with central vein stenosis 
may require multiple angioplasties to treat recurrent lesions.

Stent placement has been attempted in the management 
of refractory central vein stenosis caused by elastic recoil 
(Figure 70.24). Several small series have reported the out-
comes of stent placement for refractory central venous ste-
notic lesions. These studies have been limited by their 
retrospective study design, small numbers of patients, and 
absence of a control group. In two uncontrolled series, the 
primary patency following stent deployment for central vein 
stenosis was 42% to 50% at 6 months and only 14% to 17% 
at 1 year.77,164 Although there have been no published ran-
domized studies comparing stent deployment with angio-
plasty of central vein stenosis, the primary patency using 
stents appears no better than that achieved with angioplasty 
alone.171 In patients with ipsilateral vascular access and per-
sistent upper extremity edema despite attempted angio-
plasty, the only recourse may be ligation of the vascular 
access, creation or placement of a contralateral arteriove-
nous access, transition to peritoneal dialysis, or urgent 
kidney transplantation.

ACCESS-INDUCED HAND ISCHEMIA

The clinical manifestations of access-induced hand ischemia 
can vary widely, ranging from mild (hand pain) to severe 
(tissue necrosis, with loss of digits). Vascular accesses have 
a normal retrograde blood flow, which does not cause hand 
ischemia. There are three recognized mechanisms for 
access-induced hand ischemia: (1) true arterial steal (with 
complete retrograde blood flow toward the graft or fistula); 
(2) arterial stenosis distal to the arterial anastomosis; and 
(3) generalized arterial calcification (usually seen in patients 
with diabetes mellitus),with distal digital occlusions (Figure 
70.25). Because all three mechanisms may coexist in a single 
patient, distal hypoperfusion ischemic syndrome is the preferred 
term.172 Other causes of hand pain, such as carpal tunnel 
syndrome, arthropathies, diabetic neuropathy, ischemic 
monomelic neuropathy, and reflex sympathetic dystrophy 

Figure 70.23  A, Digital subtraction angiography (DSA) image showing complete occlusion of the superior vena cava, with severe augmenta-
tion of the azygos vein. B, DSA image of the same patient showing the drainage of the azygos vein into the lumbar and intercostal vein. 
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syndrome, should be excluded before making a definitive 
diagnosis of vascular access–induced hand ischemia.

Physical examination is the most important tool to diag-
nose access-induced hand ischemia. Pale cold digits during 
and between hemodialysis sessions are seen in almost 90% 
of cases. There are several additional diagnostic tools, 
including digital brachial index measurement, digital pleth-
ysmography, duplex ultrasonography, and transcutaneous 
oxygen saturation. If these noninvasive tests are suggestive 
of access-induced hand ischemia, a complete angiogram of 
the vascular access, including the feeding artery, should be 
obtained.

Management of access-induced hand ischemia is directed 
at alleviating the underlying cause. Treatment options range 
from angioplasty of the stenosis distal to the anastomosis to 
ligation of the vascular access. Other interventions that have 
been successful in relieving the ischemia while maintaining 
patency of the AV fistula include banding or plication of the 
AV fistula, graft interposition, and distal revascularization 
with interval ligation (DRIL).173

INDWELLING HEMODIALYSIS CATHETERS

NONTUNNELED TEMPORARY  
HEMODIALYSIS CATHETERS

Temporary hemodialysis catheters are indicated for acute 
dialysis treatments. They are made of polyurethane, polyeth-
ylene, or PTFE, have a double lumen, and are semirigid and 
relatively easy to place in the internal jugular (preferably on 
the right side), femoral and, rarely, subclavian veins. Each 
site has its advantages and disadvantages, but if they are 
placed in the femoral vein, the catheter should not be left 
for longer than 72 hours, and the internal jugular vein 
catheters not longer than 1 week, because of the high risk 
of bacteremia with longer dwell times.174 The subclavian 
vein is generally used only if there is no other access avail-
able because it is more difficult and a higher risk stick 
(pneumothorax); also, there is increased risk for central 
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Figure 70.24  A, Digital subtraction angiography (DSA) image showing a severe stenotic lesion of the left subclavian vein. There is also a stent 
in the left cephalic vein. B, DSA image showing a stent deployed at the severe stenotic lesion of the left subclavian vein, with excellent initial 
results. C, DSA  image  taken 12 months after  the  initial placement of  a  stent  in  the  left  subclavian vein  showing  intrastent  stenosis due  to 
significant myointimal hyperplasia. 

A

B

C

venous stenosis and occlusion of the central vessels, which 
can compromise creation or placement of future AV fistulas 
or grafts.163 If the upper vessels are used, the catheter should 
be long enough to have its tip at the junction of the right 
atrium and superior vena cava; if the femoral vein is used, 
the catheter’s tip should be located in the inferior vena cava. 
If the patient is expected to remain catheter-dependent for 
a longer period, a tunneled catheter should be placed. Tem-
porary hemodialysis catheters can be placed blindly or by 
sonographic or fluoroscopic guidance. A chest radiograph 
should always be obtained immediately following placement 
of a central vein dialysis catheter in the chest before hemo-
dialysis is initiated; it is not needed after placement of a 
femoral dialysis catheter.

TECHNICAL PROCEDURE: INSERTION OF TEMPORARY 
DIALYSIS CATHETERS
The procedure is usually performed at the patient’s bedside, 
but occasionally done in the interventional suite. Strict 

sterile technique and use of local anesthesia are indicated. 
Access to the femoral or internal jugular vein may be  
done blindly or by real-time ultrasound guidance. Real- 
time ultrasonography is highly recommended because it 
decreases the number of attempts at vein cannulation and 
minimizes the risk of inadvertent arterial cannulation. An 
18-gauge needle is generally used for initial access to the 
vein. Once the vein has been cannulated, a J-wire is intro-
duced through the needle and advanced into the venous 
circulation. The needle is exchanged for a series of dilators 
and a temporary dialysis catheter (13 to 20 cm in length) is 
introduced and sutured in place. The lumens are flushed 
and generally filled with heparin or another lock solution.

Potential complications at the time of placement at the 
upper vessels include pneumothorax, vein or arterial perfo-
ration, mediastinal or pericardial perforation (with the pos-
sibility of hemothorax and cardiac tamponade), air 
embolism, and local hematoma, with possible extension 
into the soft subcutaneous tissue of the neck and external 
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catheter itself or to immobilization related to prescribed 
bed rest), local hematomas, exit site infections, and bacte-
remia are other important complications.

TUNNELED HEMODIALYSIS CATHETERS

Tunneled hemodialysis catheters are also commonly used 
for temporary vascular access in patients waiting for matura-
tion of a permanent vascular (AV fistula or graft). They are 
also required for long-term access in patients who have 
exhausted the options for placement of a permanent access 
in all four extremities. Tunneled dialysis catheters are 
usually placed in a central vein in the chest, usually through 
the internal jugular vein and rarely in the subclavian vein. 
They have the same characteristics as temporary catheters, 
but are longer and have a Dacron cuff located in the tun-
neled portion of the catheter in the subcutaneous tissue. An 
inflammatory response around the cuff results in scar tissue, 
creating a mechanical barrier that prevents the introduction 
of infection from the exit site into the bloodstream. As a 
result, the frequency of catheter-related bacteremia is lower 
with tunneled dialysis catheters as compared with acute non-
tunneled catheters.175,176

TECHNICAL PROCEDURE: INSERTION OF TUNNELED 
HEMODIALYSIS CATHETERS
Strict sterile technique, topical local anesthesia (1% lido-
caine [Xylocaine]), and conscious sedation are used. Access 
to the internal jugular vein is guided by real-time ultraso-
nography (Figure 70.26). A 21-gauge micropuncture needle 
is used for access. Once the vein has been cannulated, a 
0.018-inch guidewire is introduced through the needle and 
advanced under fluoroscopic guidance. The needle is 
removed and exchanged for a 4-Fr catheter. The guidewire 
and inner dilator are removed, and a stiff 0.035-inch wire is 
passed through the catheter, down into the inferior vena 
cava (IVC), under fluoroscopic guidance. A skin pocket of 
about 1 cm is created at this location. The permanent 
indwelling hemodialysis catheter is attached to a tunneler 
device and a tunnel is created laterally, down and approxi-
mately 5 to 7 cm from the initial needle insertion. The 
catheter is pulled through and buried under the skin 
(Figure 70.27). At this point, the tunneler device is 

Figure 70.25  A, Angiogram of a right upper arm fistula demonstrat-
ing  an  arterial  steal  syndrome  in  a  patient  with  generalized  arterial 
disease. B, Spot film of the same patient showing a calcified brachial 
artery.  C,  Spot  film  of  the  same  patient  showing  a  calcified  ulnar 
artery. 
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Figure 70.26  Access  to  the  right  internal  jugular  vein  guided  by 
real-time ultrasonography. 

obstruction of the airways. Long-term complications include 
development of stenotic lesions along the trajectory of  
the catheter, which may preclude the use of the ipsilateral 
limb for future creation of a vascular access. If the patient 
already has a documented stenotic lesion of the central 
vessels, placement of an indwelling catheter may cause  
life-threatening acute central vessel occlusion. Exit site 
infections and catheter-related bacteremia are frequent 
complications of temporary dialysis catheters. Development 
of catheter-related bacteremia requires the institution of 
systemic antibiotics and removal of the nontunneled dialysis 
catheter.

The complications at the femoral site are less dramatic, 
but vein or arterial perforation and formation of an AV 
fistula are possible. Deep vein thrombosis (related to the 
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Figure 70.27  Catheter tunneled from the upper part of the chest to 
the internal jugular site entrance. 

Figure 70.28  Catheter  is  introduced  into  the opening of  the peel-
away  sheath  and  fed  up  to  the  junction  of  the  superior  vena  cava 
(SVC) and right atrium. 

discarded and a series of dilators are passed over the wire 
under fluoroscopic guidance, leaving a peel-away catheter 
sheath and inner dilator in place. The inner dilator and wire 
are removed, leaving the peel-away sheath behind. The tip 
of the catheter is introduced into the opening of the sheath 
and fed up to the junction of the superior vena cava (SVC) 
and right atrium (Figure 70.28). The peel-away sheet is then 
removed. A final radiograph is taken to assess for kinks of 
the catheter and for placement (Figure 70.29). Sutures are 
placed at the initial skin incision and at the entry site of the 
catheter. The catheter lumens are filled with heparin. The 
catheters are 14.5- or 15-Fr, with lengths of 24 cm for the 
right internal jugular, 28 cm for the left internal jugular, 
and 36 to 42 cm for femoral veins.

Figure 70.29  Spot film of appropriate placement of a right internal 
jugular vein–tunneled chronic dialysis catheter. 

Figure 70.30  Tunneled  catheter  complication.  A  fibrin  sheath  is 
around the left internal jugular vein catheter. 

LAO:

Complications at the time of placement are similar to 
those associated with temporary catheters (Figures 70.30 to 
70.33). Internal jugular thrombosis develops in about 25% 
of tunneled catheters, but is usually asymptomatic.177 Other 
long-term complications include dysfunction due to intralu-
minal thrombosis or fibrin sheaths, exit site infections, 
tunnel infections, and catheter-related bacteremia.13
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The primary patency of tunneled femoral catheters is sig-
nificantly worse than that of tunneled internal jugular cath-
eters.178 Presumably, some failures are due to kinking of 
the catheter in the groin when the thigh is flexed. However, 
the frequency of catheter-related bacteremia is similar  
for patients with femoral and internal jugular dialysis cath-
eters. The likelihood of catheter-related bacteremia is pro-
portionate to the duration of catheter use.180 There is a 
high frequency (~25%) of symptomatic ipsilateral deep vein 
thrombosis after placement of a tunneled femoral cathe-
ter.178 Fortunately, this complication can be treated with 
long-term anticoagulation, thereby permitting continued 
use of the catheter. In patients on hemodialysis in whom the 
central veins in the chest and groin have been exhausted, 
the placement of tunneled dialysis catheters at unconven-
tional sites (e.g., translumbar, transhepatic) has been 
described. Catheters at these locations should be consid-
ered as last resort options because they are associated with 
a substantial risk for complications.

For translumbar catheters, there are essentially two 
tunnels. One tunnel extends from the access site in the back 
toward the IVC and the second from the abdomen to the 
access site in the back. The patient is placed on the angiog-
raphy table in a lateral position, with his or her left side 
down. The initial access site is in the right lower back pos-
terolaterally, just above the iliac wing. The needle is directed 
toward the inferior vena cava under fluoroscopic guidance; 
once venous access is achieved, a guidewire is placed. A 
tunnel is created from a lower abdominal site approximately 
10 cm from the initial needle access around the waist toward 
the initial needle access. The permanent hemodialysis cath-
eter is advanced through the tunnel and the cuff is buried 
into the adjacent subcutaneous tissue (Figure 70.35).181,182 
Dilation followed by peel-away sheath insertion is done from 
the back access to the IVC. The dialysis catheter is then 
inserted through the sheath to the IVC, preferably over the 
guidewire, which is passed in a retrograde fashion all the 

LESS COMMON LOCATIONS FOR TUNNELED 
HEMODIALYSIS CATHETERS

If prolonged use of an upper extremity dialysis catheter 
leads to bilateral central vein occlusion, it becomes neces-
sary to place a tunneled catheter in the femoral vein.178,179 
The procedure for placement of a tunneled femoral cath-
eter is similar to that for a tunneled internal jugular vein 
catheter, except that a longer catheter (36 to 42 cm) is 
required, and the catheter tip is placed in the proximal 
inferior vena cava or right atrium (Figure 70.34).178 The 
subcutaneous tunnel is created in the anterior upper thigh. 

Figure 70.31  Tunneled  catheter  complication.  The  catheter  was 
placed in the right carotid artery, with the tip near the aortic valves. 
Contrast demonstrates the aortic arch. 

Figure 70.32  Tunneled catheter complication—left  internal  jugular 
vein catheter with its tip located in the pericardial sac. Contrast dem-
onstrates the outer lining filling defect that corresponds to the lower 
part of the adventitia of the superior vena cava and upper part of the 
pericardium. 

Figure 70.33  Tunneled  catheter  complication.  Shown  is  a  foreign 
body (metallic wire) that was left behind after an attempt for internal 
jugular vein catheter placement. 
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Interventional radiologists at some centers have placed 
transhepatic catheters. The right upper quadrant is prepped 
and draped in the usual manner; a 21-gauge needle is 
placed halfway through the liver in a direction parallel to 
the right of the middle hepatic veins under fluoroscopic 
guidance, contrast material is injected through the needle, 
and the needle withdrawn until a hepatic vein is visualized. 
Once a suitable vein is accessed, a guidewire is placed and 
advanced to the right atrium. A subcutaneous tunnel is 
created inferiorly to the insertion site, and a dual-lumen 
cuffed hemodialysis catheter is placed.183-185 The major com-
plications are bleeding and perihepatic hematoma. Hepatic 
vein thrombosis is likely, and dislodgment of the catheter 
because of liver excursion movement with breathing is fre-
quent. Stavropoulos and colleagues have reported a series 
of 36 transhepatic dialysis catheters placed in 12 patients.184 
The mean survival of these catheters was only 24 days. The 
thrombosis rate was 2.40 per 100 catheter-days, with the 
poor catheter patency rates being associated with a high rate 
of late thrombosis.

EXCHANGE OF TUNNELED  
HEMODIALYSIS CATHETERS

There are two major indications for catheter exchange, dys-
function and infection. Catheter dysfunction is diagnosed 
when blood cannot be aspirated from the catheter lumen 
at the time of dialysis initiation or, more commonly, if it  
is not possible to achieve consistently a blood flow required 
to yield sufficient urea and other solute clearance (>250 mL/
min). In catheters that were previously delivering an  
adequate blood flow, intraluminal thrombus was the  
most common cause for dysfunction, although a fibrin 
sheath may be the culprit in some patients. This problem is 
usually treated empirically in the dialysis unit by instilling 
t-PA into the catheter lumens186; t-PA instillation is successful 
in about 70% to 80% of catheters, but problems with poor 

way through the catheter. The access site is sutured, and the 
catheter is secured in place.

Placement of tunneled translumbar hemodialysis cathe-
ters requires higher expertise in interventional techniques 
than jugular or femoral access, especially because ultra-
sound guidance is not possible. The risk of bleeding  
and retroperitoneal hematoma is considerably higher than 
that associated with tunneled femoral vein catheters. The 
most common complication of translumbar catheters in  
one series of 10 patients was partial dislodgment of the 
catheters.182

Figure 70.34  A, B, Spot films of appropriate placement of a left femoral vein–tunneled chronic dialysis catheter. 

A B

Figure 70.35  Spot film of appropriate placement of a translumbar-
tunneled chronic dialysis catheter. 
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Enterococcus infections, and lowest for Staphylococcus aureus 
infections.202,203,205-207 Catheter-related candidemia always 
requires catheter exchange in conjunction with antifungal 
therapy.208 The catheter should be removed or exchanged 
over a guidewire in patients with persistent fever or bacte-
remia despite a trial of an antibiotic lock.12

The thrombus inside the catheter may act as a nidus for 
the catheter biofilm. Heparin coating of the catheters may 
prevent bacterial adherence.209 Two randomized clinical 
trials with short-term, nontunneled central vein catheters 
found a lower rate of CRB in patients with heparin-coated 
catheters than in those with noncoated catheters.209,210 A 
recent retrospective study observed fewer infections in 
patients with heparin-coated catheters as compared with 
those using a coated catheter.211 However, a randomized 
clinical trial is needed to confirm this benefit. A recent study 
by Hemmelgarn and colleagues has reported that instilla-
tion of recombinant t-PA (rt-PA) instead of heparin into the 
dialysis catheter lumen once weekly, as compared with the 
standard use of heparin locks three times a week, signifi-
cantly reduces the incidence of catheter malfunction and 
bacteremia,212 suggesting that rt-PA may prevent thrombosis 
and biofilm development.

TECHNICAL PROCEDURE: EXCHANGE OF TUNNELED 
HEMODIALYSIS CATHETERS
Patients are brought to the interventional suite for the 
exchange of permanent indwelling hemodialysis catheters. 
Strict sterile technique, topical local anesthesia (1% lido-
caine), and conscious sedation are provided. Under fluoro-
scopic guidance, an extra-stiff 0.03-inch wire is passed 
through one of the lumens of the catheter and advanced  
to the inferior vena cava. The catheter cuff located near  
the exit site in the subcutaneous tissue is dissected, and the 
catheter is pulled out, leaving behind the wire. The exit  
site and wire are cleaned and wiped with antibacterial soap. 
The operators’ gloves are exchanged. A new, permanent 
hemodialysis catheter is then prepped and advanced over 
the wire into place. The tip of the catheter is advanced  
to the inferior vena cava for the femoral catheter or to  
the junction of the SVC and right atrium for the internal 
jugular vein. Finally, the wire is removed, and the catheter 
is sutured in place. The lumens of the catheter are filled 
with heparin.

PERITONEAL DIALYSIS  
CATHETER PROCEDURES

Peritoneal dialysis (PD) is an alternative to hemodialysis in 
patients with ESKD. Although it is widely used in many 
countries, fewer than 10% of the U.S. dialysis population is 
treated by this modality.213 Peritoneal catheters can be 
placed into the abdominal cavity by surgeons,214-216 interven-
tional radiologists,217 or interventional nephrologists.218 
There are several techniques, such as the blind (Seld-
inger),219 peritoneoscopic,220 laparoscopic,221 and Moncrief-
Popovich techniques,222 surgical placement,214 and 
fluoroscopic insertion.218 Incorporation of PD catheter 
placement in an established interventional nephrology 
program increases the utilization of this dialysis modality.223 
A modified fluoroscopic technique, which adds real-time 

flow frequently recur within 2 or 3 weeks. If the thrombo-
lytic agent does not improve the catheter flow, the patient 
is referred for catheter exchange.

An exit site infection usually resolves with topical antimi-
crobial agents or oral antibiotics and is not usually an indica-
tion for catheter removal. However, if the patient has a 
tunnel track infection, catheter removal is mandatory.

Finally, catheter-related bacteremia (CRB) is a common 
indication for catheter replacement.12 In one series, the 
cumulative risk of CRB among catheter-dependent patients 
was 35% at 3 months and 48% at 6 months.180 CRB is sus-
pected when a catheter-dependent patient experiences 
fever or chills and is confirmed by blood cultures from the 
catheter and a peripheral vein growing the same organism.12 
When a single set of blood cultures is positive, CRB is still 
the most likely diagnosis in the absence of clinical evidence 
of an alternative source of infection.

The clinical management of CRB has evolved in the past 
few years.12 In the subset of patient whose fever persists after 
48 to 72 hours of appropriate systemic antibiotics (~10% to 
15% of patients with CRB), removal of the infected catheter 
is mandatory. For the remaining patients, there are several 
management options. The first is to continue systemic anti-
biotics without removal of the infected catheter. Unfortu-
nately, infection is infrequently eradicated with this 
approach—once the course of systemic antibiotics has been 
completed, bacteremia recurs in 63% to 78% of patients.187-191 
Moreover, delays in removing an infected catheter may 
result in metastatic infection, such as endocarditis, septic 
arthritis, or epidural abscess.192 Prompt removal of the cath-
eter removes the source of infection. However, to continue 
delivering dialysis to the patient, it is necessary to place a 
temporary (nontunneled) dialysis catheter. Once the bacte-
remia has resolved, a new tunneled catheter is placed. In an 
effort to reduce the number of required access procedures, 
a number of investigators have evaluated the strategy of 
exchanging the infected catheter for a new one over a 
guidewire. Several reports have documented the safety and 
efficacy of this approach.190,193-196

In the past few years, there has been a growing recogni-
tion of the central role of bacterial biofilms in causing CRB. 
Biofilms develop on the inner surface of the lumens of 
central vein catheters in as little as 24 hours and are rela-
tively refractory to conventional plasma concentrations of 
antibiotics.197-199 Instillation of a concentrated antibiotic 
solution into the catheter lumen after each dialysis session 
(termed antibiotic lock) can frequently kill the bacteria in the 
biofilm. This approach can potentially remove the source 
of the infection (the biofilm) while permitting catheter 
salvage. The use of antibiotic locks, in conjunction with 
systemic antibiotics, has been shown to eradicate infection 
and salvage the catheter in about two thirds of patients.12,200-203 
This strategy is not associated with an increased risk of meta-
static infections as compared to prompt catheter removal or 
exchange of the infected catheter over a guidewire. At  
our institution, implementation of an antibiotic lock  
protocol has dramatically reduced the frequency of catheter 
exchanges caused by infection. The overall success rate  
of an antibiotic lock in curing an episode of CRB is  
about 70%.204 However, it varies considerably depending on 
the bacterial organism, being highest for gram-negative 
infections, intermediate for Staphylococcus epidermidis and 
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ready for PD. It appears that the Montcrief modification 
may lower the risk of initial infection of the tract.222

A major complication during placement of the PD cath-
eter is bowel perforation. It is infrequent with all techniques 
except for blind placement but, once identified, requires 
bowel rest, intravenous (IV) antibiotic therapy and, rarely, 
surgical exploration.214,223 Tip migration is a very common 
late complication (up to 35%), which could cause problems 
with draining of the PD fluid. It can be fixed with radiologic 
or surgical manipulation.235,236 PD leaks around the catheter 
have been reported to be as high as 10%, but the use of 
double-cuff, swan neck catheters has decreased the likeli-
hood of migration.237 Perioperative infection and bleeding 
are very rare; prophylactic antibiotics are usually given.236

TECHNICAL PROCEDURE: INSERTION OF  
PERITONEAL CATHETERS BY FLUOROSCOPIC  
AND ULTRASOUND TECHNIQUES
The abdomen is prepped and draped in a sterile fashion. 
Conscious sedation is administered with midazolam hydro-
chloride and fentanyl citrate. A nurse obtains vital signs and 
administers conscious sedation during the procedure. The 
insertion site is selected to be 2 cm to the left or right and 
below the umbilicus. An ultrasound machine with a 5- to 
12-MHz transducer and a sterile cover is used to guide a 
21-gauge needle into the peritoneum. Under ultrasound 
guidance, the needle penetrates through the skin, subcuta-
neous tissue, outer fascia of rectus muscle, muscle fibers, 
inner fascia, and parietal layer of peritoneum. Radiocon-
trast, 3 to 5 mL, is injected into the peritoneal cavity under 
fluoroscopic guidance to ensure the correct location; a 
radiologic pattern of outer bowel delineation is indicative 
of good placement. A Cope mandril wire, 0.018 inch, is 
introduced through the needle. The needle is exchanged 
for a 6-Fr catheter sheath. A 2-cm incision is made on the 
skin, and the subcutaneous tissue is digitally dissected up to 
the rectus muscle. A series of dilators (8-, 12-, and 14-Fr) are 
passed over a stiff guidewire, and an 18-Fr peel-away sheath 
is placed. A double-cuff, swan neck, Tenckhoff peritoneal 
dialysis catheter is introduced over the stiff guidewire into 
the peritoneal cavity. The coiled intraperitoneal portion is 
placed in the lower intraabdominal area. The inner cuff is 
pushed into the muscle before removing the peel-away 
sheath. Alternatively, the tunnel can be created before cath-
eter insertion into the peritoneum. A tunnel is created with 
an exit site located distally, laterally, and below the initial 
incision, with the outer cuff buried in the subcutaneous 
tissue. A final fluoroscopic image is obtained to verify place-
ment of the Tenckhoff catheter (Figure 70.36). Inflow and 
outflow of the PD catheter are tested with 500 mL of normal 
saline. The PD catheter is flushed with 10 to 15 mL of 
heparin. The subcutaneous tissue and skin are sutured, and 
the site is dressed.

TECHNICAL PROCEDURE: INSERTION OF PERITONEAL 
CATHETERS BY PERITONEOSCOPIC TECHNIQUE
Peritoneal catheters placed peritoneoscopically are 
implanted through the rectus muscle using a percutaneous 
laparoscopic (Y-TEC) technique. It has the same initial 
preparation as for the fluoroscopic or ultrasound technique. 
Under local anesthesia, a 2-cm skin incision is made. The 
subcutaneous tissue is dissected up to the rectus muscle. A 

ultrasound visualization, avoids the risk of inadvertent epi-
gastric artery injury.224

Peritoneal catheters are made of silicone rubber or poly-
urethane. The Tenckhoff catheter is still the most common 
type of PD catheter placed. The intraperitoneal portion of 
the catheter can be straight, coiled, or T-fluted or with a sili-
cone disc.225 The extraperitoneal portion of the catheter 
may be straight or have a swan neck design, with single or 
double inner cuffs or a combination of a single cuff and sili-
cone disc. The most widely used PD catheter is the double- 
cuff, swan neck, coiled Tenckhoff design. This design has 
been shown to decrease mechanical complications (e.g., 
inflow and outflow problems). The coiled catheter design 
also decreases pain during infusion and is less likely to 
migrate. The swan neck design was introduced to avoid cuff 
extrusions.226 The intraperitoneal portion of the catheter 
should be placed between the visceral and parietal perito-
neum, near the pouch of Douglas. The inner cuff should 
be inserted in the abdominal wall musculature (rectus 
muscle) to prevent leaks. The outer cuff should be located 
in the subcutaneous tissue to create a dead space in between 
the two cuffs, which is thought to prevent the migration of 
infections coming from the exit site. The subcutaneous tract 
and exit site should face downward and laterally to avoid 
exit site infection. The exit site should be determined and 
marked prior to the insertion while the patient is in the 
upright position. The belt line, prior surgical sites, and 
abdominal midline should be avoided. Postoperative cath-
eter care is very important. The catheter should be covered 
with a nonocclusive dressing and should not be used for 10 
to 14 days. The catheter should be flushed at least two or 
three times per week with saline or dialysate solution until 
the patient is ready to start PD.227 Usually, PD is started 
between 2 to 4 weeks after placement of the catheter to 
allow for wound healing and securing of the catheter cuff. 
Providing sufficient time for healing helps avoid leaks, 
which can increase the risk of infection and are discourag-
ing to patients. Low-volume PD may be attempted within 24 
hours of catheter placement if no other dialysis access is 
available.228

Two studies comparing swan neck and straight Tenckhoff 
catheters have shown a similar risk for peritonitis and exit 
infection, but less cuff extrusion with the swan neck design. 
The lower incidence of cuff extrusion enhances the survival 
of swan neck catheters.229-231 A modified technique, which 
places the swan neck catheter in a presternal exit site loca-
tion, has been reported by Twardowski and associates232,233 
and has shown an increase in access survival up to 95% at 2 
years. The presternal exit site modification has been shown 
to decrease the incidence of peritonitis and exit site infec-
tion. They advocated the use of the presternal catheters in 
obese patients, patients with ostomies, and children wearing 
diapers and/or with fecal incontinence. Gadallah and 
coworkers demonstrated that placement of PD catheters by 
a peritoneoscopic approach had a longer survival rate (sur-
vival defined as inflow-outflow obstruction, persistent dialy-
sate leak, and persistent peritonitis, or exit site or tunnel 
infection requiring catheter removal) than those placed 
surgically, and that the rates of exit infection and leak were 
lower.234 Moncrief and colleagues described a technique in 
which the extraperitoneal portion of the catheter is buried 
in the abdominal subcutaneous tissue until the patient is 
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has a swan neck design and two cuffs. The exit site is located 
lateral to the midsternal line.

PERCUTANEOUS KIDNEY BIOPSY  
(see also Chapter 29)

A percutaneous kidney biopsy is an important procedure in 
the diagnosis of acute and chronic kidney disease. The 
results of a kidney biopsy are helpful in guiding medical 
therapy and providing a prognosis. The goal of a kidney 
biopsy should be to maximize the yield of adequate tissue 
while minimizing the risk of complications. Percutaneous 
kidney biopsies have evolved from a blind procedure to a 
real-time, ultrasound-guided needle biopsy. At some institu-
tions, radiologists perform kidney biopsies under computed 
tomography (CT) guidance. Although some nephrologists 
still use the Franklin-Silverman and Tru-Cut needles for 
blind biopsy, several authors have documented that the use 
of real-time ultrasonography, along with the use of an auto-
matic biopsy gun, minimizes complications and provides a 

catheter guide is inserted into the abdomen, and the Y-TEC 
peritoneoscope is inserted into the catheter to assess initial 
entry to the peritoneal cavity. The scope is removed, and 
500 mL of air is infused into the cavity. The scope is again 
replaced and advanced to the pelvic area. This area is 
inspected for adhesions and bowel loops. The scope is again 
removed, and the peritoneal catheter is introduced through 
the catheter with the help of a stainless steel stylette. The 
catheter is advanced to the pelvic area. The stylette is 
removed, and the inner cuff is buried into the musculature. 
The exit location is determined, and the catheter is tun-
neled to that location.

TECHNICAL PROCEDURE: INSERTION OF PERITONEAL 
CATHETERS BY PRESTERNAL CATHETER PLACEMENT
The peritoneal catheter implantation technique is the same 
as peritoneoscopic insertion, except that the PD catheter 
has a straight design instead of a swan neck. After the PD 
catheter is placed, a second catheter is tunneled from the 
midabdomen up to the chest wall. The two catheters are 
connected by a titanium joint piece. The second catheter 

Figure 70.36  A, Spot film demonstrating free flow of contrast 
injection  into  the  peritoneal  cavity.  B,  Spot  film  showing  a 
peel-away sheath in place during insertion of a Tenckhoff cath-
eter. C, Spot film showing appropriate placement of a Tenckhoff 
catheter. 

A B

C
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nephrectomy. However, selective renal arteriography with 
embolization of the bleeding arteriole can often stop the 
bleeding in most cases. A review article reported major 
complications in only 0.3% of cases, with death in fewer 
than 0.1% among 9595 percutaneous kidney biopsies per-
formed over the last 50 years.

For patients at high risk of bleeding complications or liver 
disease with coagulopathy for whom a kidney biopsy is indi-
cated, a transjugular kidney biopsy may be performed by an 
interventional radiologist or nephrologist. Thompson and 
colleagues have reported 91% adequate tissue retrieval, with 
an average of nine glomeruli for light microscopy, in 23 
patients undergoing transjugular renal biopsy. A capsular 
perforation was encountered in 17 patients (74%), of whom 
six (26%) required coil embolization of the bleeding vessel. 
Two major complications were reported—one arteriocaly-
ceal system fistula and one renal vein thrombosis 6 days after 
the biopsy.243 Abbott and associates have reported a series 
of nine patients who had a transjugular renal biopsy. Ade-
quate tissue was obtained from all patients. Capsular perfo-
ration occurred in 90% of patients, and two patients 
developed gross hematuria requiring transfusion.244 The 
very high rate of capsular perforation casts real doubts on 
any advantage of transjugular over percutaneous kidney 
biopsy.

A bleeding disorder is an absolute contraindication to 
performing a percutaneous kidney biopsy. However, if it  
can be corrected medically, and if the potential benefit of 
doing a biopsy outweighs the potential risk, the biopsy  
can still be performed. Relative contraindications to kidney 
biopsy include a solitary kidney, pyelonephritis, perineph-
ric abscess, uncontrolled hypertension, hydronephrosis, 
polycystic kidney disease, severe anemia, pregnancy, renal 
masses, and renal artery aneurysms.

TECHNICAL PROCEDURE: PERCUTANEOUS 
KIDNEY BIOPSY UNDER REAL-TIME  
ULTRASOUND GUIDANCE

A complete blood count, prothrombin time, and partial 
thromboplastin time are checked before the procedure. 
The patient is taken to the ultrasound suite and placed in 
the prone position. An initial ultrasound examination is 
performed to confirm the presence of two kidneys. Sterile 
technique is observed, and a sterile cover is placed over the 
ultrasound probe. The lower pole of the left kidney is pre-
ferred for right-handed operators. The skin and subcutane-
ous tissue are anesthetized with 1% lidocaine. A small 
incision is made with a scalpel at the site of needle insertion. 
Under real-time ultrasound guidance, a biopsy needle gun 
is advanced up to the capsule of the kidney (Figure 70.37AB). 
The patient is asked to hold her or his breath, and the 
spring-loaded gun is activated. The gun is retrieved, and the 
specimen is placed in a container with media. There are 
different types of needle biopsy guns—full-core, half-core, 
and 3

4 of a core. Sizes vary from 14- to 18-Fr, with lengths 
from 10 to 20 cm. Also, the throw of the device (amount of 
tissue that the gun can obtain) can be adjusted from 13 to 
33 mm. Usually, two or three biopsy pieces are taken in one 
setting to provide enough tissue for light microscopy, immu-
nofluorescence, and electron microscopy studies. After the 
biopsy is completed, a second-look ultrasound examination 

high yield of adequate tissue for pathologic diagnosis (Table 
70.13). Cozens and coworkers238 retrospectively compared a 
15-gauge, Tru-Cut renal biopsy with ultrasound localization 
and marking to the use of an 18-gauge, spring-loaded gun 
renal biopsy under real-time ultrasound guidance. They 
reported a 79% yield of adequate renal tissue with the blind 
technique (15 gauge) as compared with 93% with real-time 
ultrasound guidance (18 gauge). Similarly, two other studies 
reported a higher mean number of glomeruli from biopsies 
obtained under real-time ultrasonography as compared to 
those performed blindly.239,240

Major complications of kidney biopsies, including gross 
hematuria or retroperitoneal hematoma requiring blood 
transfusion, invasive procedure, or surgical intervention, 
have been reported in fewer than 1% of biopsies in some 
series and 5% to 6% by others (see Table 70.13). The likeli-
hood of major complications was not associated with patient 
age, blood pressure, or serum creatinine level in one large 
series.239 In patients with major complications, the time 
interval from biopsy to diagnosis of the complication was 4 
hours or less in 52%, 8 hours or less in 79%, and 12 hours 
or less in 100% of patients.239 Thus, the minimal period of 
observation following a renal biopsy should be 12 hours. A 
recent prospective study of 100 consecutive patients has 
shown that outpatient, real-time, ultrasound-guided percu-
taneous renal biopsy is safe and minimizes the need for 
postbiopsy hospitalization.241 Minor complications, includ-
ing transient gross hematuria and perinephric hematoma 
not requiring transfusion or intervention, occurred after 
6.6% of biopsies in one series.239 Ultrasonigraphy or CT 
can be used to diagnose perinephric hematomas.242 Most 
hematomas resolve spontaneously within a few weeks, with 
no significant sequelae. Major bleeding complications that 
do not resolve with conservative measures require further 
intervention. In the past, this entailed urgent surgical 

Table 70.13 Adequacy of Kidney Tissue 
Retrieval and Complications*

Reference
No. of 
Biopsies

Adequate 
Tissue (%)

Major 
Complications 
(%)†

Dowd et al, 
1991257

23 95.5 <0.5

Doyle et al, 
1994258

86 99 0.8

Hergesell et al, 
1998259

1090 98.8 <0.5

Donovan et al, 
1991260

192 97.8 <1

Burstein et al, 
1993240

200 97.5 5.6

Cozens et al, 
1992238

93 N/A

Marwah et al, 
1996239

394 6.6

Maya et al, 
2007261

65 100 0

*By real-time, ultrasound-guided percutaneous renal biopsy.
†Definitions of major complications differed among studies.
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Figure 70.37  A, Operator showing the technique of a real-time ultrasound kidney biopsy. B, Kidney ultrasound image showing a biopsy needle 
located at the lower pole of the kidney. 

A B

L-Kidney
POST BX

Figure 70.38  Postbiopsy kidney ultrasound image of a perinephric 
hematoma. 

Figure 70.39  Postbiopsy  kidney  color  Doppler  ultrasound  image 
showing active bleeding. 

is performed to assess for perinephric hematomas (Figure 
70.38). A color Doppler ultrasound postbiopsy surveillance 
imaging examination would also be helpful to localize any 
active bleeding (Figure 70.39). Vital signs are obtained fre-
quently in the first hour and then every 2 to 4 hours. Hema-
tocrit levels are checked every 6 hours for the next 24 hours.

Complete reference list available at ExpertConsult.com.
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CHARACTERISTICS OF THE ALLOGENEIC 
IMMUNE RESPONSE

The term allogeneic refers to the genetic relationship between 
two individuals of the same species, in contrast to xenogeneic 
for different species, and syngeneic for human monozygous 
twins or completely inbred animals of the same genetic 
background or strain. The immune system evolved to 
protect us from invading microorganisms. It appears also to 
play a protective role in surveillance for altered normal 
cells, such as ones that have undergone malignant transfor-
mation or those that become reactive to self-tissue such as 
in autoimmune diseases. The components of the immune 
system that are recruited when there is a threat to body 

integrity are multiple, and they vary according to the nature 
of the threat (e.g., viral versus bacterial) and the anatomic 
location of the insult (e.g., skin or gastrointestinal tract). 
Many important components of immunity that are ancient 
in evolutionary time are described as components of natural 
or innate immunity. These include phagocytic cells, natural 
killer (NK) cells, complement, and some cytokines and che-
mokines. Tissue injury from any cause can activate the 
innate immune system. In contrast, immune reactants that 
specifically recognize foreign molecules or antigens from 
the microbial world are generated as a result of an adaptive 
immune response. The main components of such antigen-
specific adaptive immunity are immunoglobulins, which are 
made by B cells, and (thymus-dependent) T cells. In trans-
plantation immunity, recognition of donor antigens is 
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components. First, the immune system must not respond to 
any self-antigens, which it does principally through the 
mechanisms of self-tolerance. Second, nonself (foreign) 
antigens derived from numerous sources, including patho-
gens and tumor cells, must be effectively recognized to 
prevent infection and malignancy. In this paradigm, the 
immune system simply recognizes transplanted tissues as 
nonself, causing allograft rejection. In reality, it now seems 
that auto recognition of self-antigens is not uncommon, but 
only rarely results in autoimmune disease. The key resides 
in an effective immunoregulatory system that is more 
complex than was previously imagined. The ultimate goal 
of clinical transplantation is to develop protocols to induce 
specific tolerance to the graft, so that the immune system is 
regulated to accept the allograft as self without maintenance 
immunosuppression.

ANTIGEN RECOGNITION

T and B cells are capable of recognizing a foreign antigen 
through antigen-specific receptors—and B cell antigen 
receptor (BCR), respectively. While the TCR recognizes 
peptide fragments of processed antigen only when they are 
bound to MHC molecules expressed on the surface of 
antigen-presenting cells (APCs), immunoglobulins or the  
B cell receptor can bind directly to peptide fragments or to 
the same peptide sequences in the intact native molecule. 
In the early days of study of MHC antigens, investigators 
wondered why hematopoietic cells, especially B cells, den-
dritic cells, and monocyte-macrophages, have high expres-
sion of MHC molecules. It is now quite clear that the true 
role of the MHC is to present potentially immunogenic 
peptides of foreign antigens to T lymphocytes. Whereas the 
T cell response to a conventional antigen can be experimen-
tally detected only after previous immunization, an alloge-
neic response, as assayed in a mixed lymphocyte culture in 
vitro, can be readily detected in previously unimmunized 
(naive) lymphocytes. At least part of the basis for the greater 
magnitude of the allogeneic response is the increased fre-
quency of responding cells. For example, the frequency of 
specific T cells to conventional antigens is approximately 1 
in 104 to 105, whereas the frequency responding during 
allogeneic stimulation can be as high as 1%. The allograft, 
which includes donor bone marrow–derived APCs, usually 
expresses several class I and class II MHC molecules that 
differ from the recipient’s MHC molecules and can directly 
stimulate recipient T cells (direct allorecognition). Alterna-
tively, donor antigens can be processed and peptide frag-
ments presented by the host MHC molecules on self-APCs, 
indirectly stimulating the recipient T cells (indirect 
allorecognition) by way of the same pathway used for 
responses to microbial antigens (see “T-Cell–Antigen-
Presenting Cell Interactions” section). Relevant to clinical 
transplantation, the greater intensity of an allogeneic 
response can produce vigorous episodes of acute allograft 
rejection that can be difficult to control and may require 
large doses of immunosuppressive agents (see Chapter 72).

IMMUNE TOLERANCE

Immune tolerance is a state of unresponsiveness to specific 
antigens derived from either self-proteins or nonself-proteins. 

crucial in developing antigen-specific clones of T and B 
cells, which then direct an even larger array of cellular and 
humoral responses, many of which do not use specific 
antigen receptors in the effector phase. Fundamentally, the 
“firestorm” of allograft rejection does not occur in the 
absence of cell-mediated immune responses initiated by spe-
cific T lymphocytes, but the full force of the rejection uses 
components of both innate and adaptive immunity. The 
innate immune response, initially triggered by ischemia-
reperfusion injury associated with transplantation, is capable 
of driving immune cells to the target injury site and aug-
menting the antigen-specific immune response, thus con-
tributing ultimately to graft destruction.

The first successful kidney transplantation was performed 
in 1954 at the Peter Bent Brigham Hospital in Boston, Mas-
sachusetts, between identical twins. In the 1960s, recognition 
of the immunosuppressive properties of azathioprine in 
combination with corticosteroids made it possible to success-
fully perform transplant surgeries between nonidentical 
donors and recipients. Improvements in surgical techniques 
and the development of newer immunosuppressive agents, 
including cyclosporine, tacrolimus, mycophenolic acid 
(MPA), and mammalian target of rapamycin (mTOR) inhib-
itors, as well as polyclonal and specific monoclonal antibod-
ies, have reduced the incidence and intensity of acute 
rejection, but the problem of chronic allograft dysfunction 
has remained as a persistent obstacle. Because transplanta-
tion was a very rare event until modern times, the immune 
system clearly did not evolve to mediate allograft rejection. 
It was the investigation of the alloimmune response to trans-
planted tissues that led to the identification of the major 
histocompatibility complex (MHC) molecules, also called 
HLA antigens. This investigation, in turn, provided crucial 
insights into the process of immune recognition, leading to 
the discovery that MHC molecules play a central role in  
presenting foreign antigenic peptides molecules to T cells in 
a way that they can be recognized by the antigen-specific T 
cell receptors (TCRs). MHC molecules exhibit a large degree 
of polymorphism between different individuals and there-
fore become an important target for immune recognition by 
the recipient upon transplantation. Although there are 
many similarities between immune recognition of conven-
tional antigen and the recognition of allogeneic transplanta-
tion antigens, the major difference is the markedly increased 
frequency of responding T cells against donor MHC mole-
cules in the allogeneic response. T cells do not contact allo-
MHC or foreign MHC molecules during development in the 
thymus and thus escape the deletion (negative selection) 
imposed by interaction with self-MHC. The molecular basis 
for the high frequency of T cells responding to an allogeneic 
stimulus remains incompletely understood; however, the 
high frequency of alloantigen-specific T cells contributes to 
the vigorous nature of the immune response that causes 
early acute allograft rejection, and it is the major initial 
obstacle to successful organ transplantation.

TOLERANCE AND IMMUNITY:  
SELF-NONSELF DISCRIMINATION

The principal tenet of immune recognition is that the 
immune system must discriminate self from nonself. This 
process has been viewed as being dependent on two 
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TRANSPLANTATION ANTIGENS

Normal persons maintain a state of self-tolerance to self-
tissues. Allografts, however, express nonself antigens to 
which the recipient is not tolerant, and they cause an anti-
allograft immune response that initiates rejection. Several 
types of transplantation antigens have been characterized, 
including the MHC molecules, minor histocompatibility 
antigens, ABO blood group antigens, and monocyte and 
endothelial cell antigens. The antigenic stimulus for initia-
tion and progression of the rejection response to allografted 
tissue is provoked by cell surface molecules that are poly-
morphic (i.e., vary in structure from individual to individual 
and are treated as foreign intruders that the body must 
recognize and destroy). The most important transplanta-
tion antigens are those of the MHC (Figures 71.1 and 71.2), 
which can trigger a strong immune response without 
priming. In animals and humans, this series of linked genes 
provides the strongest incompatibilities for any sort of tissue 
and organ transplantation. The MHC antigens were origi-
nally discovered during tumor transplants between different 
inbred strains of mice, but their evolutionary conservation 
is based on defense against the microbial world. The minor 
histocompatibility antigens are processed antigens in the 
form of small peptides that are presented by MHC mole-
cules but are not derived from the MHC molecules. T cells 
recognize a combination of the antigen and MHC com-
plexes through a trimolecular interaction involving the 
TCR, MHC molecule, and processed antigen in the form of 
a short peptide. The minor histocompatibility antigens 
require priming and can be detected only in a secondary 
immune response.

From numerous studies it is clear that maintenance of 
immune tolerance to self-antigens involves multiple mecha-
nisms. First, tolerance can occur at the level of either T or B 
lymphocytes.1 Second, tolerance can be induced in either 
immature lymphocytes during the early steps of differentia-
tion or in mature lymphocytes after they have migrated to the 
peripheral lymphoid tissues, including lymph nodes and 
spleen.2 Third, tolerance, or immune unresponsiveness, can 
be mediated by several mechanisms, including clonal dele-
tion of antigen-specific lymphocytes, anergy (inactivation of 
lymphocytes that nevertheless remain viable), and suppres-
sion involving regulatory processes among different subsets 
of lymphocytes. Evidence from human studies and animal 
models indicates that maintenance of self-tolerance involves 
many, if not all, of these mechanisms.

The major mechanism of self-tolerance is the elimination 
of potentially autoreactive T cells at an immature stage of 
development during maturation in the thymus by a process 
called “negative selection.”3 It is estimated that more than 
95% of thymocytes die because of a high-affinity encounter 
with self-MHC before they migrate to the peripheral lym-
phoid organs.4 Thymocyte clones that are positively selected 
for differentiation into mature peripheral T lymphocytes 
have receptors that are less avid for self-MHC and also 
possess the necessary repertoire to recognize a large number 
of peptide configurations when bound to self-MHC, and by 
cross reaction (molecular mimicry), to the intact surfaces 
of allo-MHC. Although negative selection is a major mecha-
nism for maintaining self-tolerance, the process of negative 
selection is not complete, and potentially self-reactive T cells 
are able to escape and emigrate to the periphery. The 
immune system has therefore evolved mechanisms to main-
tain tolerance in the periphery.5

Figure 71.1  Schematic map of the HLA region on the short arm of chromosome 6.  Distances  are  shown  in  kilobases  derived  from 
sequencing of DNA nucleotides. The centromere is to the left (5′). The boxes along the central line represent coding regions for the HLA poly-
peptides expressed on cell surfaces. GLO is a polymorphic red blood cell enzyme more than 4000 kilobases from HLA. On the right are the 
HLA-A, HLA-B, and HLA-C loci for the three sets of class I heavy chains, and on the left are the loci for the three sets of class II molecules, 
HLA-DP, HLA-DQ, and HLA-DR. The  latter are composed of  two chains, α and β, each  the product of  linked genes of  the DP, DQ, or DR 
subregions. The DRA gene,  for example, encodes  the α-chain, and several DRB genes encode  the β-chains, of  the heterodimeric HLA-DR 
molecules. In the case of DR, DRA is not polymorphic, so all the antigenicity lies with DRB. As shown in the expansion at the bottom, each 
subregion contains tandem sets of exons for one or more α- and β-chains. The gene for DR private specificities is HLA-DRB1; the more public 
HLA-DR51, HLA-DR52, and HLA-DR53 are encoded by the other B genes (see text). Pseudogenes, which are not expressed on the cell surface, 
are shown as white boxes. The HLA-DP and HLA-DQ molecules are also heterodimers, and both the α- and β-chains are polymorphic. Genes 
involved in proteolysis of proteins and the intracellular transport of peptides to meet up with class I molecules are in the class II region near 
DQ (shown as P/T). Between the class I and II loci are genes for the complement components C2, BF (factor B), and C4. The genes for tumor 
necrosis factor-α (TNF-α) and tumor necrosis factor-β (TNF-β), and heat shock protein 70 (hsp70), have been mapped between the comple-
ment  region and HLA-B.  (From Carpenter CB: Histocompatibility systems in man. In Ginns LC, Cosimi AB, Morris PJ, editors: Transplantation, 
Boston, 1999, Blackwell Science, p 61.)
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Figure 71.2  Class I and class II HLA molecules on a cell membrane 
as seen from the side of the molecules. In the class I HLA molecule, 
the 44-kDa α-chain is inserted through the lipid bilayer of the membrane 
and has three domains (α1, α2, α3) formed in part by disulfide bonding. 
β2-Microglobulin, encoded by a gene on chromosome 15, is noncova-
lently bound and is not membrane inserted. The α2 and α1 domains from 
the β-strands and α-helices form the base and sides, respectively, of 
the groove that binds a potentially immunogenic peptide. The variable 
amino acids that confer the antigenic differences between individual 
HLA types are arrayed along this groove. Class II molecules consist of 
one  α-chain  (34 kDa)  and  one  β-chain  (28 kDa),  each  having  two 
domains, and each  is membrane  inserted. A similar peptide-binding 
groove is formed by the α1 and β1 domains. (From Carpenter CB: Histo-
compatibility systems in man. In Ginns LC, Cosimi AB, Morris PJ, editors: 
Transplantation, Boston, 1999, Blackwell Science, p 62.)
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THE MAJOR HISTOCOMPATIBILITY COMPLEX

The MHC was first defined in the mouse as the agent of 
rapid rejection of tumor transplants between inbred strains 
of mice.6,7 This antigen system was called H-2 and was found 
to function in rejection of normal tissues as well. Rejection 
elicits serum antibodies that are used for typing of H-2 anti-
gens. It was subsequently shown that cytotoxic T cells also 
arise in response to H-2 differences and that the H-2 genes 
are all clustered in a single region on chromosome 17.8 
Except for some details of the ordering of genes, the human 
(HLA) and rat (RT1) MHC regions are quite homologous 
to H-2 of the mouse.9 The species’ chromosome numbers 
are different only because they have not been numbered in 
a manner that reflects the locations of actual genes. Trans-
plants compatible for the MHC antigens can still be rejected 
because of minor antigen (e.g., H-1, H-3, H-4) incompati-
bilities, but not with the same intensity as with MHC-
incompatible allografts. Modification of rejection by drugs 
or other means is more readily accomplished when the 
donor and recipient MHC antigens are matched. Extensive 
work in the mouse skin allograft model with a large number 
of different major (H-2) and minor incompatibilities has 
shown that, in general, the sum total of multiple non–H-2 
(minor) incompatibilities, once the recipient has become 
immunized to such antigens, can be equal to the strength 
of the H-2 barrier alone in the unimmunized, or first-set, 
rejection response.10 For both MHC and non-MHC barriers, 
placement of a second allograft from the same donor is 
rejected at an accelerated rate (second-set rejection). The 
distinction of first- and second-set rejection phenomena in 
humans was first made by Holman in 1924 with skin allografts 
in patients with burns.11 During World War II, the problem 
of extensive burn injuries prompted fundamental studies of 
skin allografting by Medawar12 and laid the groundwork for 

the development of clinical transplantation in the second 
half of the twentieth century.

The ability to produce an efficient immune response to 
many antigens is inherited in a mendelian autosomal domi-
nant fashion, and the controlling genes, called “Ir” (for 
immune response), are of the MHC. In fact, the failure to 
mount a response to a peptide antigen may be attributed to 
a genetically determined inability to bind properly the anti-
genic fragment to MHC molecules.13 The complex of 
antigen and MHC provides an efficient mode of presenta-
tion to clones of T lymphocytes that bear the appropriate 
antigen receptors. Indeed, it is clear that the TCR recog-
nizes the total configuration of self-MHC plus the antigen 
fragment (peptide), and not antigen alone. Many experi-
mental systems have demonstrated this MHC restriction 
phenomenon; that is, T cells, in order to respond, must 
share MHC antigens with the APCs. The combined recogni-
tion of self-MHC plus antigen (self plus X hypothesis) has 
been visualized at the molecular level (see later).

The HLA region on the short arm of chromosome 6 (see 
Figure 71.1) contains more than three million nucleotide 
base pairs. It encodes two structurally distinct classes of cell 
surface molecules, termed class I and II (see Figure 71.2). 
The term MHC antigen has been traditionally applied to the 
product of a given locus that displays polymorphism in a 
population of individuals. Now that the sequence and struc-
ture of molecules bearing MHC antigens have been exten-
sively elucidated, it is known that the polymorphic, or 
antigenic, portions of MHC molecules are, indeed, quite 
small, often involving only one to four amino acid substitu-
tions in regions of sequence hypervariability. In an MHC 
molecule, the specific substituted area that causes a change 
in antigenicity is called an epitope. Normal pregnancy induces 
antibodies against the HLA antigens of the fetus derived 
from the father’s genes. The first appreciation of the HLA 
system came from the studies of Dausset on blood transfu-
sion reactions caused by antileukocyte antibodies.9 Subse-
quent studies showed that such antibodies marked a 
codominantly expressed antileukocyte system that segre-
gated in a mendelian distribution in families. International 
workshops on the HLA system began in 1962, and today 
they continue to accelerate progress in the definition and 
technical aspects of typing for the polymorphic antigens of 
this chromosome region.

Class I and II molecules show some structural homology 
to immunoglobulins, the T cell antigen receptor, and to 
molecules bearing the T cell differentiation antigens CD4 
and CD8 (see later). The latter are part of the system whereby 
T cells interact preferentially with class II or class I mole-
cules, respectively, on APCs or on cells that are targets for 
immune destruction. This family of cell surface and extracel-
lular recognition and interaction structures may have evolved 
from the same progenitor gene, diversifying by duplication 
and mutation, and in the process the new genes have moved 
to multiple chromosome sites. All mammalian species 
studied thus far have structural and functional representa-
tions of this “immunoglobulin supergene” family.

HLA MOLECULES: CLASS I

Class I HLA molecules consist of two polypeptide chains in 
noncovalent association on cell surfaces. The heavy chain 
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were recognized by serologically typing, identifying HLA 
antigens through their reactivity to defined anti-HLA anti-
bodies. More recently HLA alleles have been defined by 
DNA typing, which will likely become the standard for tissue 
typing in the near future.

Currently over 8000 class I alleles have been defined by 
DNA techniques, although the majority of these may not be 
clinically relevant in solid organ transplantation, as they are 
not expressed or are expressed at low levels on the cell 
surface or are of low antigenicity.

The first MHC molecule to be crystallized was HLA-A2, 
and the structure of this class I allele was determined by 
x-ray diffraction studies to a resolution of 3.5 Å (Figure 
71.3). This accomplishment afforded visualization of how 
the amino acid sequence relates to the folding of the chains 
into a three-dimensional structure. The two distal mem-
brane domains, α1 and α2, form a groove along the top 
surface of the molecule facing away from the cell mem-
brane. The margins of the groove are formed by α-helices, 
and the base is floored by a series of eight parallel β-strands, 
with the α1 and α2 domains contributing more or less equally 

(44 kDa) is inserted into the plasma membrane and con-
tains the antigenic portions. The light chain (12 kDa) is 
β2-microglobulin, encoded by a gene on chromosome 15. 
There are three domains of the class I heavy chain, formed 
in part by disulfide bonding to make loops (see Figure 
71.2). The amino acid sequence variable regions are on the 
first (α1) and second (α2) domains. Class I molecules are 
expressed on almost all nucleated body cells, including the 
endothelium of blood vessels. Tissue typing is performed on 
peripheral blood, lymph node, or spleen lymphocytes, all of 
which strongly express HLA class I. Platelets are not com-
monly used for typing, but they are useful for absorbing 
anti–class I antibodies from serum, as they do not express 
class II antigens. Some organ-specific anatomic variations 
occur in endothelial expression, and in states of active 
inflammation the density of class I can be locally increased. 
There are three class I heavy chain loci, HLA-A, HLA-B, and 
HLA-C (see Figure 71.1). Each locus product in a given 
individual bears a unique—so-called private—antigenic 
epitope plus additional public epitopes that are shared more 
widely among the population. Traditionally HLA epitopes 

Figure 71.3  The structure of the HLA-A2 molecule derived from x-ray crystallographic study. A, The flat ribbons represent the β-sheets 
or β-strands, and the spiral areas at the top (membrane distal) are the α-helices, which form the sides of a groove approximately 10 Å wide 
and 25 Å long. The floor of the groove is formed by eight parallel β-sheets. The COOH-terminal end of the α3 domain is inserted in the mem-
brane. B, This view looks down on the top of the molecule, so that the groove goes from left to right. Diagrammed is the core structure of the 
amino acid sequence, consecutively numbered from 1 (bottom left) to 180 (center left). The symbols show the variable amino acid substitutions 
that have been identified in different human or mouse haplotypes as relating to sites of reactivity to alloreactive T cells (squares) or to mono-
clonal antibodies (circles). Sites that relate to both are shown as dual symbols. Whereas the antibody sites are on the external surface of the 
helices, many of the T cell sites are at the base of the groove. The variable sites determine which peptide sequences can be bound by a given 
major histocompatibility complex allele (see text). (A from Bjorkman P, Saper M, Samroui B, et al: Structure of the human class I histocompatibility 
antigen, HLA-A2, Nature 329:506-512, 1987; B modified from Bjorkman P, Saper M, Samroui B, et al: The foreign antigen binding site and T cell 
recognition regions of class I histocompatibility antigens, Nature 329:512-518, 1987.)
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HLA-DRB chains: HLA-DRB1 encodes the private DR anti-
gens 1 to 21, and HLA-DRB3, HLA-DRB4, and HLA-DRB5 
encode α-chains for HLA-DR52, HLA-DR53, and HLA-
DR51. The HLA-DQ subregion contains the genes HLA-
DQA1, HLA-DQB1, HLA-DQA2, and HLA-DQB2. The latter 
two are nonexpressed pseudogenes; the products of the first 
two, DQα and DQβ, are both polymorphic. HLA-DP is simi-
larly organized and has polymorphisms on both chains. 
Study by the Southern blot technique to determine restric-
tion fragment length polymorphisms (RFLPs) of DNA 
digested with various nucleases and hybridized to comple-
mentary DNA probes specific for the HLA genes has proved 
to be an alternative detection technique that has been par-
ticularly informative for class II genes.17 More rapid and 
precise detection of actual DNA sequences can now be 
accomplished by selective polymerase chain reaction ampli-
fication of polymorphic gene regions, followed by hybridiza-
tion with short oligonucleotide probes specific for a given 
HLA sequence or by RFLP analysis of the amplified product.8 
Comparative studies in ongoing workshops have demon-
strated a strong correlation between serologically defined 
polymorphisms and those identified by T cell clones reactive 
to class II molecules.

Analysis of crystals of class II HLA-DR1 shows a remark-
able similarity to class I molecules in the peptide-binding 
region (see Figure 71.3). The α-helical and β-stranded core 
structures of class I and II are virtually superimposable. The 
main difference is at the ends of the groove, which in class 
II are more open, allowing for binding of longer peptides. 
Typically, the length of eluted peptides from class II mole-
cules is 13 to 26 residues, and there is protrusion of the 
linearly arrayed peptide at both ends of the groove.18,19 Class 
II antigens are limited in expression to B lymphocytes, 
monocytes and macrophages, dendritic cells, and activated 
T lymphocytes. Human endothelium generally does not 
express class II, but inflammation in the vicinity can result 
in endothelial expression of class II antigens. In addition, 
epithelial cells of skin, intestine, and renal proximal tubule 
can synthesize and express class II molecules in response to 
injury and inflammation.

Peptides bound to class II molecules are derived from 
proteolysis in acidic endosomal compartments and repre-
sent endocytosed proteins or microorganisms coming from 
outside the APC. Thus the extracellular compartment, in 
contrast to the intracellular compartment for class I, is the 
responsibility of the typical class II–positive APC. When 
foreign polypeptide antigens are added to cultured APCs, 
peptide fragments appear on class II (but not on class I) 
molecules in a matter of minutes. Peptide fragments of self-
MHC classes I and II are found in the eluates from class II 
molecules,19 indicating that there is representation of intra-
cellularly synthesized products on class II at the cell surface 
or that secreted molecules reenter the cell by the endocytic 
pathway.

INHERITANCE OF HLA

Because chromosomes are paired, each person has two sets 
of HLA antigens, one set from each parent. The genetically 
linked antigens of the entire HLA region inherited from 
one parent collectively are called a haplotype, and, according 
to the rules of simple mendelian dominant inheritance, any 

to each side of the structure. In the crystallographic study, 
the groove, approximately 25 Å long and 10 Å wide, con-
tained an unidentified molecule that in subsequent studies 
was shown to represent the bound peptide fragment, eight 
to nine amino acids long. These peptides have an extended 
linear core structure, and binding is to a large measure 
determined by side-chain interactions. When the locations 
of amino acid variations, already known from study of 
sequences and interactions with antibodies or cytotoxic T 
cells, are related to the crystal structure, it is remarkable that 
the HLA variable sites lie along the α-helical and β-strand 
surfaces that form the margins of the groove (see Figure 
71.3). In other words, the polymorphisms serve to define 
the shape of the binding groove on MHC molecules and 
thus determine which peptides will be bound and recog-
nized by T cells. The sites that determine whether or not a 
given peptide binds may also confer a conformational 
change on the fragment. The result is that the TCR binds 
to the unique topography of the MHC surface formed by a 
given MHC and peptide combination.14 The TCR has two 
chains, α and β, which form a heterodimer. The membrane 
distal surface of the assembled TCR has six variable loops, 
called CDRα1, CDRα2, and CDRα3, and CDRβ1, CDRβ2, and 
CDRβ3, which provide the specificity of binding to the MHC 
α-helices and bound-peptide antigen.15 Additional human 
and mouse class I molecules have been crystallized, and the 
hypothesis that allelic polymorphisms determine binding of 
different peptide sequences has been confirmed. Peptides 
found in eluates from class I crystals or purified molecules 
are usually eight or nine residues in length. Their origin is 
in the intracellular pool of polypeptides derived from meta-
bolic turnover of housekeeping proteins or intracellular 
infections such as viruses. There is selective proteolysis and 
transmembrane transport from lysosomal compartments 
into the Golgi, where octamer or nonamer peptides are 
placed in class I binding sites before transport to the cell 
surface. Some of the genes that control this process are in 
the class II region of the MHC (see Figure 71.1).16

HLA MOLECULES: CLASS II

Class II HLA molecules consist of two membrane-inserted 
and noncovalently associated glycosylated polypeptides, 
called α (34 kDa) and β (28 kDa) (see Figure 71.2). Each 
of these chains has two domains, and, again, the polymor-
phic regions are mostly on the outer, NH2-terminal domains. 
The region of HLA encompassing class II genes is generally 
referred to as HLA-D. More than 2000 alleles can be identi-
fied using DNA-typing techniques. Although three class II 
molecules, HLA-DP, HLA-DQ, and HLA-DR, are generally 
recognized on cell surfaces, the situation is not entirely 
analogous to class I because the α- and β-chains of each class 
II molecule are encoded by separate, closely linked genes 
(see Figure 71.1). Although α- and β-chains of different 
parental haplotypes can associate, such hybrid associations 
are restricted to products of the same DP, DQ, or DR subre-
gion. The naming of HLA-D–region genes is based on 
knowledge of the biochemistry of expressed antigens and 
on the growing database of DNA nucleotide sequencing. 
The gene that encodes the HLA-DR α-chain, for example, 
is called DRA. It has no sequence variation (i.e., it is mono-
morphic). All the variability of different alleles lies in the 
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they were inherited from a common and relatively recent 
ancestor. When alleles of adjacent loci of the HLA region 
(e.g., B and DR) are in linkage disequilibrium, the possibility 
exists that selective pressures were exerted over many genera-
tions to sustain the coexpression of a combination that favors 
defense against infectious diseases. Review of the associations 
of HLA alleles with a number of diseases is beyond the 
purpose of this chapter,20 but the existence of linkage dis-
equilibrium is relevant to considerations of HLA antigen 
distribution throughout the general population, a matter of 
direct concern when matching donors for transplantation.

HLA TYPING

Traditionally the main sources of antibodies for typing come 
from large-scale screenings of thousands of serum samples 
from multiparous women. Immunizations among humans 
yield the most highly specific antibodies to private HLA 
determinants. Anti–class I (HLA-A, HLA-B, HLA-C) anti-
bodies react with both B and T lymphocytes, whereas anti–
class II antibodies react with B, but not T, cells. Generally, a 
positive reaction is marked by cell lysis in the presence of 
rabbit complement. In addition, more broadly reactive anti-
sera, originally thought to contain several antibodies in 
mixture, may have reactivity to the public determinants.  
For example, HLA-B molecules contain at least three 
immunogenic regions, one for private and two for public 
polymorphisms. Monoclonal antibodies derived from the 

sibling pair has a 25% chance of inheriting the same two 
parental haplotypes, a 50% chance of sharing one haplo-
type, and a 25% chance of having two completely different 
haplotypes (Figure 71.4). The main evidence that HLA is 
the major transplantation barrier in humans originally came 
from the observation that, in kidney transplantation, HLA-
identical sibling donor kidneys provided the best long-term 
transplant survival and required the least aggressive immu-
nosuppression. In the absence of a recombination (cross-
over), the entire HLA-A to HLA-DP region is expressed with 
each inherited haplotype. Recombination rates within the 
region are in the vicinity of less than 1%; thus, generally, it 
is not necessary to “type” for the expressed products of all 
the loci to identify haplotypes within a family. Rarely, when 
recombination has occurred or when several common anti-
gens are present on both sides of a family, complete molecu-
lar typing of HLA may be necessary.

The distribution of HLA antigens in the general popula-
tion is not random. Some are more common than others, and 
racial and ethnic patterns are well known. Furthermore, 
within a given racial or ethnic group, certain HLA haplotypes 
or portions thereof are likely to be found with higher fre-
quency than one would predict by random distribution. For 
example, HLA-A1, HLA-B8, and HLA-DR3 very often occur 
on the same haplotype in northern Europeans. These alleles 
are not in equilibrium and thus are said to be in “linkage 
disequilibrium.” When entire, so-called extended haplotypes 
are found in apparently unrelated persons, it is likely that 

Figure 71.4  Inheritance of HLA haplotypes. The HLA-A, HLA-Cw, HLA-B, and HLA-DR genes are shown to  represent  the entire  region. 
Children  inherit one of each of  the parental HLA haplotypes, and they are  inherited as a block unless a recombination has occurred during 
meiosis of an ovum or sperm, shown here as an arrow between B and DR in the mother. Such events occur less than 1% of the time for HLA. 
The chances of an HLA-identical sibling or an entirely nonmatching pair in a family is 1 : 4. Haploidentical siblings occur with odds of 1 : 2, and 
all children are haploidentical with each parent. 
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evidence of the role of HLA phenotypic matching in the 
success of deceased donor kidney transplantation.

There is rather strong evidence that long-term allograft 
survival is improved by avoiding HLA mismatches. Log-
linear plots of allograft survival always show a straight-line 
decline after the first year, which makes it possible to calcu-
late a half-life and to project survival rates over time. The 
rate of allograft survival at 5 years is higher for zero HLA 
antigen mismatch compared to six-antigen mismatch 
kidneys for living (88% vs. 79%), deceased standard criteria 
donor (75% vs. 66%), and deceased extended criteria donor 
(60% vs. 55%), respectively23 (Figure 71.5). Avoiding isch-
emic and storage injury of organs from living donors cer-
tainly enhances outcomes as compared with those from 
deceased donors.

There is considerable opportunity both for matching 
more cases and for avoiding completely mismatched 
allografts. It is worth noting that current projections give 
the same, or better, 10-year allograft survival rates to 
deceased donor organs that are not mismatched with recipi-
ents for HLA-A, HLA-B, and HLA-DR as with HLA 
haplotype–identical family donors. It is for this reason that 
the United Network for Organ Sharing (UNOS) has a man-
datory share policy for zero-mismatched deceased donor 
kidneys. Because of the size of the national pool available, 
approximately 15% to 20% of deceased donor kidneys are 
now shared on this basis.

RELATIVE STRENGTHS OF HLA LOCI

Clinical data do not support the simple assumption that 
each mismatch for antigens of various loci has equal weight 

immunization of mice or rats with human lymphocytes only 
occasionally bind to the same antigenic sites defined by 
human antibodies. Although there are several examples of 
monoclonal antibodies that may substitute for human anti-
sera, a large number of monoclonal antibodies react in a 
“public” fashion, but not necessarily in the same patterns 
that human antisera do.

The mixed lymphocyte reaction (MLR) occurs when  
lymphocytes of one individual are cultured with those  
of another. Proliferation occurs over 5 to 7 days and is  
measured by the incorporation rate of 3H-thymidine into 
newly replicated DNA.21 Usually one population of cells is 
irradiated to prevent proliferation; then the readout repre-
sents the response of nonirradiated helper T (TH) cells to 
the class II antigens present on stimulator B cells or macro-
phages or dendritic cells. Genetic identity for HLA yields a 
negative, nonproliferating MLR; similarity is revealed by 
weak proliferation. Before the HLA-DP, HLA-DQ, and 
HLA-DR subregions were clearly defined, incompatibility 
for the MLR was attributed entirely to “HLA-D.” The MLR 
is rarely used now as a clinical test, because the complexity 
of HLA-D can be fully assessed by typing. HLA-DR determi-
nants provide the strongest MLR stimulus, whereas DQ plays 
a lesser role, although it is increasingly recognized as  
the target for anti-HLA antibodies involved in antibody-
mediated rejection in kidney transplantation. HLA-DP is 
recognized only by primed (i.e., previously immunized) 
cells. The MLR itself is a complex series of cellular responses. 
Helper cell clones are first activated to proliferate but then 
induce the proliferative burst of CD8+ cytotoxic T cells. The 
latter are generally directed to class I incompatibilities and 
injure appropriate target cells after direct cell-to-cell contact 
is initiated by T cell–antigen receptors. When cytotoxic T 
cells are tested against a large number of individuals typed 
by classical serologic techniques, a good, but not perfect, 
correlation is observed overall. Some antigenic sites, or epi-
topes, recognized by T cells are actually different from those 
on the same class I molecule that are recognized by antibod-
ies. This is explained by the fact that immunoglobulins can 
recognize small epitopes on intact whole molecules with 
tertiary structures, whereas T cells “see” only the complex 
surface made up of a peptide fragment bound in the MHC-
binding groove. Further, there is more than one diversity 
site per HLA molecule that provides targets for rejection. 
The private specificities are, by definition, most immuno-
genic in the human antihuman alloresponse, but a given 
specificity usually involves a composite of small amino acid 
differences at more than one site in an HLA molecule.

The marked superiority of HLA haplotype–identical 
sibling donors for organ and bone marrow transplantation 
has been demonstrable since the early 1970s.22 The technol-
ogy of HLA typing need not be absolutely accurate for selec-
tion of HLA-identical sibling donors, but, conversely, true 
definition of a zero-mismatched cadaver donor for HLA-A, 
HLA-B, and HLA-DR may require molecular DNA typing. It 
is fair to say that widespread competency in both class I and 
class II serologic typing has been achieved only in the past 
decade, but it is still imperfect, and there is direct evidence 
that technical difficulties with HLA serologic methods can 
account for poor correlations with grafting results. Pooled 
information from a large number of collaborating centers, 
and that include tens of thousands of cases, provides strong 

Figure 71.5  Long-term graft survival as a function of donor 
source and HLA matching. Data are from the Scientific Registry of 
Transplant  Recipients.  Recipients  of  living  kidney  transplants  have 
improved short- and  long-term outcomes compared with recipients 
of  deceased  donor  grafts,  indicating  the  influence  of  the  ischemic 
insult that deceased donor kidneys are exposed to during harvesting 
and  transportation. The survival  for  randomly matched  living-donor 
kidneys (Living all) is still superior to zero HLA-mismatched deceased 
donor kidneys (Deceased 0 MM). (Survival curves drawn from Scientific 
Registry of Transplant Recipients data, www.srtr.org.)
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short-term survival rates. Alternatively, the rejection tempo 
may be intrinsically more powerful with more mismatched 
antigens.

The question of defining intrinsic responsiveness remains 
open. Failure to reject may reflect the patient’s susceptibility 
to immunosuppressive agents, or it may be related to differ-
ent donor-recipient histocompatibility combinations. One 
example would be a patient who does well with a second 
transplantation after vigorously rejecting a first allograft, 
with different HLA antigens.

The use of cross-reactive groups (CREGs) (for serologi-
cally cross-reacting groups) has been suggested as an alter-
native to exact HLA matching to increase the potential pool 
of donors for any given recipient. CREGs classify HLA anti-
gens more broadly into families of structurally related HLA 
antigens that share public antigenic sites. In addition, novel 
findings in HLA epitope matching have suggested that this 
technique may permit identifying mismatches with greater 
potential to trigger an immune response, including anti-
body production, which therefore could be avoided during 
organ allocation.

NON-HLA ANTIGENS

Occasionally allografts undergo hyperacute rejection, 
despite appropriate ABO matching and negative cross-
matches for HLA antibodies. Some of these rejection epi-
sodes have been attributed to additional non-HLA antigens, 
and the importance of these antigens in triggering rejection 
and alloantibody production has been increasingly recog-
nized. These antigenic targets are expressed on cells of the 
allograft, including endothelium and epithelium, and are 
classified as alloantigens, such as the MHC class I chain–
related gene A (MICA) or B (MICB), or tissue-specific auto-
antigens such as vimentin, cardiac myosin, collagen V, and 
angiotensin II receptor type 1 (AT1R). The presence of anti-
bodies against AT1R has been associated with a higher rate of 
antibody-mediated kidney graft rejection and worse graft 
survival. In addition, patients with both anti-AT1R and donor-
specific antibodies had lower graft survival than those with 
donor-specific antibodies alone. Therefore it seems that a 
break in self-tolerance may be elicited after transplantation, 
leading to the generation of these autoantibodies. On the 
other hand, MICA and MICB are highly polymorphic genes 
that are located near the HLA-B locus and are strongly impli-
cated in innate immunity. They are expressed on the cell 
surface of a restricted number of cell types, including endo-
thelial cells, epithelial cells, fibroblasts, dendritic cells, and 
activated T and B lymphocytes. An association of anti-MICA 
antibodies with graft loss has been reported, though few 
studies have questioned this finding. Lastly, some specific 
assays looking at anti–endothelial cell antibodies using 
donor-derived endothelial cells are under development with 
the promise of expanding the cross-match to non-HLA endo-
thelium antigens and helping better risk stratify patients.

ABO BLOOD GROUP ANTIGENS

The ABO blood group antigens were initially identified as 
the cause of transfusion reactions during red blood cell 
transfusions. The A and B groups are glycosylated differen-
tially, whereas group O lacks the enzymes necessary for 
glycosylation. The antigens are readily recognized by natural 

in causing allograft loss. The major impact comes from the 
effects of B and DR antigens; little additional effect comes 
from the A locus. Transplant data from the United Kingdom 
show that DR matching has a much greater effect than 
matching of A or B. As compared with the results when no 
mismatches are present for A, B, or DR, the addition of a 
single mismatch for A, B, or DR increases the chances of 
allograft loss twofold for A, threefold for B, and fivefold for 
DR. The UNOS system uses as the mandatory sharing crite-
rion of a zero mismatch for HLA-A, HLA-B, and HLA-DR. 
There also appears to be a temporal effect of HLA-A, HLA-B, 
and HLA-DR mismatching: HLA-DR matching is the  
most important in the first 6 months after transplantation, 
the HLA-B effect emerges during the first 2 years, and 
HLA-A matching does not show an effect before 3 years. 
These findings are similar to those of Opelz,23a who found 
that during the first posttransplantation year, the class II 
HLA-DR locus had a larger impact than the class I HLA-A 
and HLA-B loci. In subsequent years, however, the influence 
on allograft survival of the three loci was found to be roughly 
equivalent and additive. This would indicate that, in the 
absence of prior sensitization, HLA-A mismatches have a 
deleterious effect only on long-term allograft survival.

The more effective immunosuppressive therapy in 
common use today produces 1-year deceased donor allograft 
survival rates as high as those associated with one-haplotype 
matched living, related donors. The short-term results are 
approximately 95% allograft survival for first allografts at 1 
year (see Figure 71.5). These results are in keeping with the 
steady increase in early allograft survival and late allograft 
survival with newer and more powerful immunosuppressive 
agents. Although 1-year allograft survival rate has steadily 
improved to more than 95% over the past few decades with 
better immunosuppressant strategies, this has not been suc-
cessfully translated to improved long-term kidney allograft 
survival. Five-year overall adjusted allograft survival of 
extended criteria donor, non–extended criteria donor, and 
living donor kidney recipients is only 57%, 72%, and 81%, 
respectively.23 The association of HLA matching with long-
term allograft survival is less apparent. Patients experienc-
ing an acute rejection episode have shorter long-term 
allograft survival. Acute rejections were of less importance 
when donor and recipient were HLA matched. It should be 
noted that the degree of mismatch was not in itself directly 
predictive of early rejection, but it did predict the prognosis 
once a rejection episode had occurred. Acute vascular rejec-
tion has poorer long-term outcome than less severe tubu-
lointerstitial rejection. Multiple acute rejection episodes are 
associated with a higher risk for chronic allograft injury. A 
poor long-term outcome is significantly more common in 
patients who had more than one acute rejection episode 
compared to those with only one episode (34.8% vs. 8.9%, 
respectively). Likewise, a single, late acute rejection episode 
(occurring >3 months after transplantation) carries a much 
higher risk for allograft failure than early (<3 months) acute 
rejections. Studies have shown that patients with acute rejec-
tion episodes who recovered their baseline kidney function 
to more than 95% at 1 year post transplantation had signifi-
cantly higher 6-year allograft survival compared with their 
counterparts who had less than 75% baseline recovery. 
Intrinsic responsiveness of individual patients may to a large 
extent determine the rejection rate, but in those patients 
who do reject, the HLA barrier becomes important to 
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T CELL–ANTIGEN-PRESENTING  
CELL INTERACTIONS

There are two fundamental questions in allorecognition 
that must be clarified. First, why is the frequency of alloreac-
tive T cells so high? Second, how can positively selected (in 
the thymus) self-MHC restricted T cells recognize foreign 
antigens as well as allo-MHC? For one thing, it is apparent 
that there are at least two distinct, but not necessarily mutu-
ally exclusive, pathways of allorecognition.26 In the so-called 
direct pathway, T cells recognize intact allo-MHC molecules 
on the surface of donor or stimulator cells. In the indirect 
pathway, T cells recognize processed alloantigen as peptides 
in the context of self-APCs, which is the normal route of T 
cell recognition of foreign antigens. Both pathways have 
been shown in experimental animals to contribute indepen-
dently to allograft rejection.

The relative contributions of the direct and indirect path-
ways of allorecognition to allograft rejection in humans are 
under investigation, although data in cardiac, renal, and 
lung transplant recipients suggest that indirect allorecogni-
tion of donor HLA peptides may play a key role in chronic 
rejection (Figure 71.6).

Direct recognition of intact MHC molecules, though 
focused on the polymorphic MHC epitopes, is strongly 
influenced by the presence of peptide in the MHC groove. 
MHC molecules “empty” of peptide generally are not rec-
ognized unless the missing self-peptides are reconstituted. 
It has also been shown that changing the bound peptide can 
alter the allorecognition of a given MHC molecule. These 
observations have provided the rationale for studying the 
immunomodulatory functions of synthetic peptides, par-
ticularly MHC peptides in vitro and in vivo.

The basic premise for indirect allorecognition as a mech-
anism for initiation or amplification of allograft rejection is 
that donor alloantigens are shed from the allograft, taken 
up by recipient APCs, and presented to CD4+ T cells.27 
Indeed, it has been demonstrated that intact HLA mole-
cules are present in the circulation of renal transplant recip-
ients. Therefore, during transplantation, shed fragments of 
allo-MHC could be processed by host APCs and presented 
as allopeptides to T cells on self-MHC. This indirect pathway 
of allorecognition may lead to activation of TH, which secrete 
lymphokines and provide the necessary signals for the 
growth and maturation of effector cytotoxic T lymphocytes, 
B cells, and monocytes and macrophages, leading to allograft 
rejection (see Figure 71.6). Other important yet poorly 
understood mechanisms that may contribute to allograft 
destruction include nonspecific tissue injury and repair and 
allograft cell apoptosis. Ischemia-reperfusion injury of the 
allografted organ leads to upregulation of MHC class II and 
costimulatory molecules, which in turn increase the “immu-
nogenicity of the allograft” and amplify the immune 
response to it. The clinical syndromes of rejection are 
described in detail in Chapter 72.

T CELL RECEPTOR COMPLEX

T cell recognition of alloantigens on APCs is the primary 
and central event that initiates allograft rejection. The inter-
actions among T lymphocytes and APCs involve multiple T 
cell surface molecules and their counter-receptors expressed 

antibodies, termed hemagglutinins because they cause red 
cell agglutination. They are relevant to transplantation 
because they are also expressed on other cell types, includ-
ing the endothelium. Thus they may cause hyperacute rejec-
tion of vascular allografts because of preformed natural 
antibodies. Specifically, individuals with group A or B types 
produce natural antibodies to the opposite type, and those 
with group O produce antibodies to both A and B. However, 
because group O does not express the glycosylated moiety, 
both A and B fail to produce antibodies to group O. Allograft 
rejection because of red blood cell type mismatching can 
be readily prevented by routine blood typing before trans-
plantation. The rhesus (Rh) factor and other red cell anti-
gens are of little concern, because they are not expressed 
on endothelial cells. In recent years, a variety of desensitiza-
tion protocols have been developed to enable ABO-
incompatible pairs to proceed with transplantation. The 
currently recommended protocol involves plasmapheresis, 
pooled intravenous immunoglobulin, and monoclonal anti-
CD20 antibody; long-term graft outcomes of patients desen-
sitized with this regimen have been excellent.24

EFFECTS OF BLOOD TRANSFUSIONS

Blood transfusions are associated with a 20% risk for sensi-
tization to incompatible HLA antigens, even with the use of 
leukocyte-reduced irradiated blood. With the introduction 
of erythropoietin-stimulating agents, the need for blood 
transfusions before transplantation has dramatically dimin-
ished, and this has helped in the reduction of sensitization 
in potential transplant recipients.

THE IMMUNE RESPONSE TO ALLOGRAFTS

Acute allograft rejection in an unsensitized host is character-
ized by a lymphocytic infiltration into the allograft. The vast 
majority of these cells are not alloantigen specific. Immune 
cells, as part of the immune surveillance process, pass from 
the circulatory system through the endothelium and into 
tissues before returning via the lymphatic system into the 
circulation. The inevitable tissue damage that occurs during 
transplantation results in a non–antigen-specific inflamma-
tory response, which greatly increases leukocyte recruitment 
(including T cells). This in turn is mediated through inter-
actions between surface molecules (known as adhesion mol-
ecules) and their receptors on endothelial cells and 
leukocytes, and also through the secretion and binding of 
small soluble proteins known as chemokines. The site of 
alloantigen recognition had been believed to be to the 
allograft itself, but data seem to indicate that antigen recog-
nition may occur in lymphoid tissues.25 Unique to the trans-
plant setting, T cells may also recognize foreign MHC and 
antigen through a process of “molecular mimicry,” where 
the foreign MHC and antigen complex resemble the 
intended receptor of the TCR and activate the T cell. After 
T cell interaction with APC through the TCR, a number of 
other cellular interactions between the cells stabilize the 
interaction and lead to full T cell activation. The context of 
antigen presentation, most strongly defined by the type of 
cell that presents antigen, is also increasingly recognized as 
important in whether the T cell mounts an aggressive or 
passive response to the antigen.
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Figure 71.6  A, Mechanisms of allorecognition and T cell response. T cells recognize antigen through direct and indirect pathways. In the direct 
pathway, T cells recognize intact major histocompatibility molecules on donor antigen-presenting cells (APCs). In the indirect pathway, T cells 
recognize processed alloantigen in the form of peptides presented by recipient APCs. Recipient monocytes are recruited by endothelial cells to 
the graft tissue. They are also transformed to become highly efficient antigen-presenting dendritic cells that recirculate to peripheral lymphoid 
organs for maturation. The dendritic cells and intragraft macrophages present donor peptides by way of the indirect pathway to recruited CD4+ 
T cells. CD8+ T cells, conversely, are activated by donor endothelial cells and can either directly kill endothelial cells or traverse the endothelium 
and kill parenchymal graft cells. B, The alloreactive T cells can undergo a number of different fates. They may provide help for macrophages, B 
cells, and monocytes by secreting cytokines and by cell-cell contact-dependent mechanisms or kill graft cells in an antigen-specific manner 
through the release of toxic agents and by Fas-mediated apoptosis. As a process of activation, some T cells undergo cell death or become 
unresponsive (anergic) to antigenic stimulation through either regulation soluble factors or direct cell contact. Yet others may become memory 
T cells and await antigenic restimulation to provide a recall response. CTL, Cytotoxic T lymphocyte; DTH, delayed-type hypersensitivity. (A from 
Briscoe DM, Sayegh MH: Rendezvous before rejection: where do T cells meet transplant antigens? Nat Med 8:220-222, 2002; B from Salama AD, 
Remuzzi G, Harmon WE, Sayegh MH: Challenges to achieving clinical transplantation tolerance, J Clin Invest 108:943-948, 2001.)
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molecules. Thus the specificity of class I versus class II rec-
ognition is determined by whether a T cell expresses CD4 
or CD8 in conjunction with the specificity of the TCR. In 
addition, CD4 and CD8 promote and stabilize the immuno-
logic synapse between the T cell and the APC. The cytoplas-
mic tails of CD4 and CD8 molecules are associated with the 
tyrosine kinase p56lck, which plays an important role in T 
cell activation. Binding of the CD4 or CD8 coreceptor 
approximates the cytoplasmic tail to immunoreceptor 
tyrosine-based activation motifs on the CD3 complex. This 
in turn leads to the phosphorylation of a series of intracel-
lular proteins, resulting in the activation of a variety of 
enzymes, including calcineurin (the target of the immuno-
suppressive drugs cyclosporine and tacrolimus), and the 
activation of transcription factors, such as nuclear factor of 
activated T cells (NFAT) and nuclear factor κ light-chain 
enhancer of activated B cells (NF-κB). These transcription 
factors are responsible for the increased and, in some cases, 
decreased expression of a variety of gene products associ-
ated with T cell activation. This signaling process is also 
dependent on the binding of T cell costimulatory or coin-
hibitory receptors with their specific ligands present on 
APCs.

ADHESION MOLECULES

Cells of the immune system infiltrate the allograft from 
nearby lymphoid organs and the bloodstream through a 

by APCs (Figure 71.7). Antigen specificity is determined by 
the TCR, which recognizes processed antigen in the form 
of short peptides bound to an MHC molecule. The specific-
ity of antigen recognition is exquisitely precise; the altera-
tion of a single amino acid in the peptide antigen or MHC 
molecule can alter recognition by the TCR. Thus T cell 
recognition of antigen involves a trimolecular interaction 
involving the TCR on the surface of the T cell, the MHC 
molecule on the surface of the APC, and the antigenic 
peptide bound to the MHC molecule. While the T cell 
receptor is responsible for antigen recognition, the invari-
ant proteins CD3 and ζ-chain (which are noncovalently 
bound to the TCR) are responsible for signal transduction 
through the activation of protein tyrosine kinases associated 
with the cytoplasmic tails of CD3 and other TCR-associated 
receptors. This interaction provides “signal 1” of T cell acti-
vation (see later). Binding of the TCR to a peptide-MHC 
complex is of itself usually insufficient to cause T cell activa-
tion. Provision of signal 1 alone leads instead to a state of T 
cell unresponsiveness or “anergy.”

CD4 AND CD8 T CELLS

The two major subsets of T cells, cytotoxic CD8+ T cells 
and helper CD4+ T cells, recognize processed antigen on 
MHC class I and II molecules, respectively. Although not 
directly involved in antigen recognition, the CD4 and CD8 
coreceptors bind to nonpolymorphic regions of the MHC 

Figure 71.7  CD28:B7 and TNF : TNF-R T cell costimulatory superfamilies. Following ligation of the receptor-ligand pair there is a net stimu-
latory (+) or inhibitory (−) signal transduced. In some cases, there is bidirectional signaling, and for certain pairs both the ligand and receptor 
are expressed on the same cell constitutively or more commonly following activation. The expression of ligands is also not limited to profes-
sional antigen-presenting cells and may also be observed on endothelial and parenchymal cells. (From Clarkson MR, Sayegh MH: T cell costimu-
latory pathways in allograft rejection and tolerance. Transplantation 80:555-563, 2005.)
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within a few weeks of birth.29 Ise and associates elegantly 
showed that this phenomenon is not an autonomous T cell 
proliferation but rather an autoantigen-dependent and 
tissue-specific T cell response. As an example, pancreatic T 
cell infiltration was driven by a pancreatic acinar autoanti-
gen called protein disulfide isomerase-associated 2 (PDIA2). 
Interestingly, the infiltration of self-reacting T cells is 
enhanced by CTLA4 deficiency on either PDIA2-specific 
effector T cells or regulatory T (Treg) cells, suggesting a criti-
cal role of CTLA4 in the immune regulation of both effector 
and Treg cells. Furthermore, use of anti-CTLA4 antibody 
prevents maintenance of tolerance in an experimental 
model of tolerance.30 Reinforcing those findings, autoim-
munity is attenuated in mice expressing transgenic TCR or 
in mice lacking positive costimulatory signals through 
CD28:B7. In addition, Treg cell–specific depletion of CTLA4 
is not sufficient to fully rescue the autoimmune phenotype, 
suggesting a role of CTLA4 in effector function. In summary, 
CTLA4 plays a major role in immune homeostasis in mice. 
Interestingly, in humans CTLA4 polymorphisms are associ-
ated with type 1 diabetes and other autoimmune diseases.

Signaling via the TCR plus the CD28 costimulatory mol-
ecule is sufficient to activate T cells. In contrast, signaling 
via the TCR alone without costimulation induces long-term 
T cell unresponsiveness (i.e., anergy) or ignorance. Experi-
mental analysis of the minimal signal transduction event 
necessary to induce anergy showed that an increase in intra-
cellular calcium concentration was sufficient. Because 
increased intracellular calcium is produced by signaling via 
the TCR, these results are consistent with the observation 
that anergy can be induced by monoclonal antibodies to the 
TCR or by APCs expressing the appropriate MHC molecule 
but lacking the costimulatory counter-receptor. In vivo, 
anergy is defined as failure of T cell clonal expansion after 
immunization with antigen. Anergic T cells remain viable 
but are unresponsive for at least several weeks in experimen-
tal murine models in vitro and in vivo. In vitro, some anergic 
states can be reversed by cytokines such as interleukin-2 
(IL-2). The fate and function of anergic T cells in vivo 
remain undetermined; however, evidence from experimen-
tal models suggests that anergic T cells can be reactivated 
by some processes (e.g., viral infections). These observa-
tions suggest that anergy is a reversible state, and that thera-
peutic use of anergy during clinical transplantation, 
although potentially very useful, will require thorough eval-
uation and careful monitoring. Certain anergic states may 
not be reversible and may be associated with T cell death by 
apoptosis. Strategies targeted at inducing such states in vivo 
are clinically desirable. Inhibition of costimulation with 
soluble receptors to (e.g., CTLA4- Ig) or monoclonal anti-
bodies against the B7 molecules has been shown to dramati-
cally prolong allograft survival and induce tolerance in some 
animal models. However, the fact that blockade of the 
CD28-B7 pathway alone does not appear to be effective at 
inducing tolerance in the more stringent models of trans-
plantation, including primate models, has lead to specula-
tion that other pathways are capable of providing T cell 
costimulation.

Additional members of the CD28 family with costimula-
tory or coinhibitory function have been recognized. Induc-
ible T cell costimulator (ICOS) is a homologue of CD28 and 
binds to B7h. It does not interact with B7-1 and B7-2, and 

three-step process. First, they roll along the vessel wall 
through interactions between selectins on the endothelium 
and receptors on immune cells. Second, they adhere to 
vessel endothelium. Third, chemoattractant cytokines (che-
mokines) are released. Adhesion molecules and chemokines 
are important regulators of rejection and appear to be 
targets for immunotherapy. Adhesion molecules on T cells 
include lymphocyte function–associated antigen-1 (LFA-1), 
which interacts with intercellular adhesion molecule-1 
(ICAM-1) and intercellular adhesion molecule-2 (ICAM-2); 
CD2, which interacts with CD58 (lymphocyte function–
associated antigen-3 [LFA-3]); and very late activation 
antigen-4 (VLA-4) (α4β1-integrin, CDw49d, CD29), which 
interacts with vascular cell adhesion molecules (VCAM-1, 
CD106). These receptors are of two large structural families. 
The integrins, including LFA-1 and VLA-4, are made up of 
α, β heterodimers, whereas members of the immunoglobu-
lin superfamily, including CD2, LFA-3, VCAM-1, and the 
ICAMs, are made up of disulfide-linked “receptor” domains. 
Some of these receptors have also been shown to transduce 
signals and thus are more appropriately called accessory mol-
ecules. The inhibition of adhesion or accessory cell function 
has been shown to attenuate the alloimmune response. Pre-
vious studies in a primate model showed increased allograft  
survival with anti–ICAM-1 monoclonal antibodies, although 
clinical trials have failed to demonstrate benefit in human 
renal transplant recipients. Similarly, alefacept (LFA-3 immu-
noglobulin [Ig]) promoted allograft survival in a kidney 
primate transplant model; however, it did not improve 
patient or graft survival in humans and was associated with 
increased cancer risk in a randomized controlled study.

COSTIMULATORY MOLECULES

Classical understanding of T cell function is based on 
Bretscher and Cohn’s two-signal hypothesis of T cell activa-
tion. One signal is transduced by the antigen-specific TCR 
when it recognizes processed antigen bound to an MHC 
molecule on the surface of an APC (see earlier). The second 
signal is mediated by a costimulatory molecule that is inde-
pendent of antigen. The TCR and costimulatory signal 
transduction pathways are distinct and use different second 
messengers. At the level of the regulation of transcription, 
as shown for the interleukin-2 gene (IL2), the two pathways 
interact by poorly understood mechanisms to control gene 
expression. By controlling the level of expression of IL2 and 
other genes, the TCR and costimulatory pathways can regu-
late T cell activation and function. The best-characterized 
costimulatory molecule is CD28, which is constitutively 
expressed on the surface of essentially all CD4+ and approxi-
mately 50% of CD8+ peripheral T lymphocytes.28 CD28 
binds a family of counter-receptor cell types termed B7 
(B7-1 and B7-2 or CD80 and CD86, respectively), which are 
expressed by APCs. T cell cosignaling pathways may also 
downregulate T cell responses. Following activation, cyto-
toxic T lymphocyte activation antigen 4 (CTLA4), which 
also binds B7 but with greater affinity than CD28, is expressed 
by the T cell. CTLA4 interaction with B7 transduces a “nega-
tive” signal to the T cell, resulting in physiologic termination 
of the immune response (see Figure 71.7). CTLA4-deficient 
mice exhibit severe lymphoproliferative disease, with infil-
tration of activated T cells to various organs and death 
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CYTOKINES AND CHEMOKINES

In addition to cell-to-cell interactions, cell function can be 
directed through proteins produced by a variety of cell 
types. These factors can function as growth, activation, and 
differentiation factors (cytokines) or as chemoattractants 
(chemokines) of inflammatory cells to a site of immune 
responses. They can act locally or systemically through sig-
naling cell surface receptors that result in changes in gene 
expression of the cell. Cytokines are produced by cells that 
participate in the immune response, including T cells, B 
cells, and APCs. In addition, nonimmune cells, such as 
endothelial cells, also produce lymphokines that can modu-
late an immune response. Thus, complex regulatory net-
works of lymphokines that are incompletely understood 
modulate the antiallograft immune response.

Chemokines (chemoattractant cytokines) are structurally 
related by amino acid homologies, in particular the place-
ment of cysteines. The nomenclature of chemokines is 
becoming increasingly complex; four chemokine families 
are now recognized, of which most members belong to the 
C-C chemokine family, represented by RANTES (regulated 
on activation, normal T expressed, and secreted), or the 
C-X-C chemokine family, typified by IL-8. In general C-C 
chemokines attract monocytes and T lymphocytes, and 
C-X-C chemokines attract granulocytes. Receptors on the 
surface of immune cells are named after the family of che-
mokines with which they interact and can bind with a variety 
of chemokines in that family. For example CCR1 and CCR5 
can respectively bind with the chemokines monocyte che-
moattractant protein-3 (MCP-3) and macrophage inflam-
matory protein-1α (MIP-1α), and both can bind RANTES 
and MIP-1α. They act to create a chemoattractant gradient 
across tissues to move cells into sites of inflammation. Detec-
tion of altered chemokine messenger RNA (mRNA) in 
experimental models of rejection suggests that they play an 
important role in this process; however, because of redun-
dancy and differences in the function of chemokines among 
rodents and humans, the exact role individual chemokines 
play in an alloimmune response remains unclear, although 
data suggest that expression of CCR5 is associated with acute 
allograft rejection.

HELPER T CELLS AND THEIR ROLE IN THE 
ALLOIMMUNE RESPONSE

Upon alloantigen encounter, naive effector CD4+ TH cells 
are activated and differentiate into distinct subsets, such as 
TH1, TH2, TH17, follicular helper T cells (TFH), and Treg cells. 
The differentiation decision is influenced by a number of 
factors, including the prevailing cytokine milieu and the 
nature of the costimulatory molecules providing the second 
signal to the TCR complex.17

In experimental models of transplantation, altering the 
T cell response from TH1 to TH2 has been shown to prevent 
acute allograft rejection. Except for blockade of the 
interleukin-2 receptor (IL-2R), therapeutic strategies  
that modulate lymphokines have not proved highly effective 
in human transplantation. This may be caused by the  
pleiotropic effects of each lymphokine and by the complex 
interactions exhibited by regulatory networks of multiple 

in contrast to CD28 it is not constitutively expressed but is 
upregulated on activated T cells. Blocking this pathway  
leads to increased allograft survival in experimental models. 
Programmed death 1 (PD-1), which binds to its ligands 
PD-L1 and PD-L2, is one of the more recently recognized 
members of the CD28 family.31 PD-1–deficient C57BL/6 
mice develop lupus-like autoimmune disease or autoim-
mune dilated cardiomyopathy. However, compared to 
CTLA4-deficient mice, PD-1–deficient mice exhibit a much 
milder phenotype of disease, particularly in autoimmune-
prone mouse backgrounds.31

PD-1 is known to regulate both central and peripheral 
tolerance. In the thymus, PD-1/PD-L1 is important for the 
maturation of T cells from double negative to double posi-
tive population. In the periphery, PD-1 signaling controls 
peripheral tolerance both through inhibition of effector T 
cell function and induction of peripheral Treg (iTreg) cells. 
PD-1 on peripheral APC restrains initial activation or reac-
tivation of self-reactive effector T cells. PD-1 signaling 
enhances peripheral iTreg cells in several ways. First, PD-L1–
expressing DCs induce the conversion of naive T cells to 
Foxp3+ iTreg cells, and conversely, signaling from iTreg cells 
into PD-L1–expressing DCs may promote APC tolerogenic-
ity.32 Consistently, in the presence of anti-CD3 and trans-
forming growth factor-β (TGF-β), PD-L1-Ig can induce 
a profound increase in the de novo generation of 
CD4+Foxp3+Treg cells from naive CD4 T cells in the periph-
ery via attenuation of the Akt-mTOR pathway. In addition, 
PD-L1 on endothelial cells restricts extravasation of T cells 
into target organs. The importance of the PD-1 pathway in 
peripheral tolerance is shown in several animal models of 
autoimmune disease such as in the NOD mouse model of 
autoimmune T cell mediated diabetes and an experimental 
autoimmune encephalomyelitis model of human multiple 
sclerosis. In sum, it appears that the PD-1–PD-L1/PD-L2 
pathway regulates the generation and functions of periph-
eral Treg cells.

A separate family of costimulatory molecules that belong 
to the TNF : TNF-R family of molecules also play a role in T 
and B cell activation. CD40 and its ligand CD40L (CD154) 
were the first members of this family to have demonstrable 
costimulatory function. CD40 is expressed on B cells and 
other APCs, including dendritic cells and endothelial cells, 
and belongs to the TNF superfamily of molecules. Its ligand, 
CD40L (CD154), is expressed early on activated T cells. 
CD40 is critical in providing cognate T cell help for B cell 
immunoglobulin production and class switching. A defect 
in CD154 expression is responsible for the hyper-IgM syn-
drome, where there is failure to switch from IgM to IgG, 
seen in humans. Blockade with anti-CD154 antibodies has 
been shown to be effective at prolonging allograft survival 
in rodent and primate models of transplantation. There is 
evidence that CD154 acts “directly” to transduce a costimu-
latory signal to the T cell or “indirectly,” by ligation of CD40 
on APCs and induction of B7 expression, thus enhancing 
CD28-B7 costimulation. Other members of the group 
include the CD134-CD134L, CD30-CD30L, CD27-CD70, 
and the 4-1BB–4-1BBL pathways (see Figure 71.7). In 
summary, costimulatory signals are critical to fully activating 
T cells, and modulating this pathway has become an attrac-
tive target for the prevention of rejection and promotion of 
tolerance.
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differentiation into long-lived plasma cells. B cells may par-
ticipate in the immune response through different roles, 
including antibody production, as well as enhancing T cell 
response via antigen presentation, costimulatory signal 
delivery, and/or cytokine production.

Long-lived plasma cells are nondividing terminally dif-
ferentiated cells with no expression of surface immuno-
globulin and major function of antibody secretion. This cell 
subtype is the one responsible for the production of high-
affinity anti-HLA antibodies.33 They are located early in the 
immune response in secondary lymphoid organs and later 
migrate to the bone marrow, where their survival is tightly 
regulated by the microenvironment composed of macro-
phages, eosinophils, and prosurvival signals such as IL-6, 
APRIL (a proliferation-inducing ligand), and BAFF (B-cell 
activating factor of the TNF family; or also known as BLyS, 
B lymphocyte-stimulating factor). The presence of long-
lived plasma cells is in particular demonstrated by the main-
tenance of stable anti-HLA levels for years in previously 
sensitized patients.

EFFECTOR MECHANISMS OF  
ALLOGRAFT REJECTION

Cellular (delayed-type hypersensitivity [DTH] responses, 
cell-mediated cytotoxicity) and humoral components con-
tribute to transplant rejection. Once fully activated, CD4+ 
TH cells produce cytokines that orchestrate various effector 
arms of the alloimmune response (see Figure 71.6). TH1 
cytokines activate macrophages, and both CD4+ TH1 cells 
and activated macrophages effect DTH responses. Although 
initiated by a specific immune response, DTH results in 
nonspecific tissue injury and repair. Although the exact 
mechanisms by which DTH leads to allograft destruction 
remain unclear, it is hypothesized that some of the cytokines 
produced by T cells and macrophages (TNF-α) mediate 
apoptosis of allograft cells. It has been suggested that DTH 
responses, presumably initiated by indirect allorecognition, 
are particularly important in the pathogenesis of chronic 
rejection.

Several effector mechanisms that participate in allograft 
destruction have been identified (see Figure 71.6). Adaptive 
immune responses mediated by B and T cells play a signifi-
cant role in allograft destruction as evidenced by the  
fact that inhibiting these cell types can often prevent allograft 
destruction. T cells mediate destruction of allografts by 
direct lysis of donor tissues via CD8+ cytotoxic T lymphocytes 
and by the production of proinflammatory cytokines via 
CD4+ T cells, as occurs in DTH. Alloantigen-specific antibod-
ies produced by B cells are able to mediate endothelial cell 
activation leading to allograft loss, as well as mediate lysis of 
allogenic cells within the allograft by activating the comple-
ment cascade. Innate immune responses also play  
a role, although they are insufficient to mediate allograft 
rejection in the absence of an adaptive response. CD8+ 
precytolytic T lymphocytes recognize specific HLA class I 
antigens on the surface of donor cells, and in the presence 
of helper T cytokines (IL-2, IL-4, and IL-5), differentiate  
and divide. Mature cytotoxic T lymphocytes damage target 
cells displaying foreign HLA class I by at least two  
mechanisms (Figure 71.8). A secretory pathway involves 

lymphokines. It has also been suggested that a TH1 profile 
is associated with rejection, whereas a TH2 phenotype pro-
motes tolerance. However, this paradigm has been chal-
lenged by several investigators, although it may hold true in 
cases of lower mismatched allografts. For example, IL-2 has 
been shown by several criteria to promote allograft rejec-
tion, and blockade of the IL-2R has been shown to promote 
allograft survival. However, knockout mice, which do not 
express any IL-2 owing to inactivation of the Il2 gene by 
homologous recombination, reject allografts as easily as do 
normal mice. Rejection in animals that lack IL-2 is likely 
mediated by other lymphokines that compensate for the 
IL-2 deficit by having overlapping functions. Furthermore, 
studies with specific TH1 or TH2 cytokine gene knockout 
animals indicate the complexity of the TH1-TH2 paradigm in 
allograft rejection and tolerance. Interesting data from 
animal and human studies have shown that TH2 clones 
propagated from patients with stable kidney transplant 
function, or animals tolerant to kidney transplants, can 
regulate a proliferative response from TH1 clones isolated 
from patients or animals undergoing active rejection. 
Therefore, although manipulation of lymphokine functions 
may hold promise as a therapeutic modality, we will have to 
better understand the role of lymphokines under physio-
logic conditions if we are to develop novel, more effective 
treatments to prevent rejection and/or induce tolerance.

In summary, cell-to-cell interactions between T cells  
and APCs can be mediated by five classes of receptors:  
the antigen-specific TCR, the CD4 or CD8 coreceptor, 
costimulatory molecules, accessory or adhesion molecules, 
and lymphokine receptors. Therapeutic or experimental 
manipulation of members of each class of receptors has 
been shown to prolong allograft survival. The most effective 
in clinical studies to date have been thymoglobulin and 
antibodies targeting the IL-2R complex. Interaction of allo-
reactive T cells and alloantigen does not uniformly lead to 
an aggressive T cell response. While TH1 and TH17 have 
been linked with allograft rejection, TH2 cells and Treg cells 
are believed to favor long-term graft survival. Furthermore, 
TFH cells have been identified as key supporters of B cells in 
the generation of an alloantibody response. TFH cells enter 
the germinal center via an ICOS-dependent signal and 
support the affinity maturation, isotype class–switching, and 
memory responses of antigen-specific B cells. The challenge 
in the transplant setting is to drive the immune response 
toward regulatory phenotypes (e.g., Treg cells) and away 
from effector T cells such as TH1, TH17, TFH, and cytotoxic 
CD8+ T cells.

B CELLS AND ANTIBODY PRODUCTION

B lymphocytes develop from hematopoietic precursor cells 
in the bone marrow. After undergoing immunoglobulin 
rearrangement and deletion of autoreactive B cells, imma-
ture B cells then migrate to the spleen and differentiate  
into follicular or marginal zone B cells. Mature, naive B  
cells (CD20+,CD19+, CD27−, IgD+, and IgM+) are able to 
recognize cognate antigen via B cell receptor and become 
activated in either a T cell independent or dependent 
process. The latter is capable of supporting the generation 
of early memory B cells and the formation of germinal 
centers that lead to immunoglobulin class switch and B cell 
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surface receptors, immunoglobulins that together with Igα 
and Igβ make up the BCR complex. Igα and Igβ are the B 
cell equivalent to the CD3 and ζ molecules that make up 
the TCR complex. When cell surface immunoglobulin 
binds specific antigen in the context of soluble helper 
factors such as IL-4, IL-6, and IL-8, B cells are activated. In 
addition to initiating B cell proliferation and differentia-
tion, these events also prepare the B cells for subsequent 
interactions with T cells by upregulating cell surface expres-
sion of MHC and costimulatory molecules and cytokine 
receptors. To ensure direct interaction between T and B 
cells, activated T cells upregulate CXCR5, a chemokine 
receptor that allows it to home toward the B cell–rich 
primary follicles of the lymph node. Simultaneously, B cells 
upregulate CCR7 to respond to T cell zone chemokines 
CCL19 and CCL21. In addition to antigen stimulation, 
naive B cells also need to bind to B cell survival regulators 
such as BAFF and APRIL. Once activated, B cells differenti-
ate, divide, and become plasma cells, which secrete soluble 
forms of antigen-specific antibodies that are displayed on 
their cell surfaces. These antibodies in turn can bind allo-
geneic target antigens and induce allograft damage by 
fixing complement, triggering Fc-dependent cellular cyto-
toxicity, and/or direct cell injury. IgM and IgG alloantibod-
ies can be detected in the serum and in the allografts (of 
animals and humans) that are being rejected. Preformed 
anti-HLA class I antibodies, and occasionally antiendothelial 
antibodies, play an important role in hyperacute rejection 
and accelerated vascular rejection observed in previously 
sensitized transplant recipients. In xenotransplantation, 
naturally occurring xenoreactive antibodies play a critical 
role in hyperacute rejection of allografts. Finally, alloanti-
bodies, particularly IgG, play important pathogenic roles in 
the development of chronic rejection and allograft arterio-
sclerosis. CD4 T cells are also able to mediate allograft 
rejection through a mechanism that is most similar to DTH. 
CD4 T cells activated following recognition of alloantigen 
produce a variety of cytokines that are able to recruit other 
cell types to the allograft site, including CD8+ lymphocytes, 
B cells, and macrophages. Resulting inflammation leads to 
allograft destruction by production of cytokines such as 
TNF-α.

Other effector mechanisms include cell death through 
NK cells. NK cells express cell surface receptors called killer 
inhibitory receptors that recognize HLA class I molecules. 
Although the role of NK cell–mediated cytotoxicity in 
allograft rejection remains controversial, NK cells seem to 
play an important role in antibody-mediated injury.

It has become apparent that a relatively recently defined 
IL-17–producing T cell lineage, TH17 cells, may play a role 
in rejection responses. It has been shown that when TH1 
responses are avoided, such as in Tbet-deficient mice, allo-
immune responses by TH17 cells can mediate chronic rejec-
tion. Tbet knockout animals, which lack TH1 cells, have a 
strong TH17 cell response and reject transplanted organs 
faster than wild-type mice. Rejection seems to be at least 
partially dependent on IL-17 production. These observa-
tions open up the possibility that altering the response of T 
cell lineages, in this case TH1 cells, may allow for other T 
cell lineages to participate in mounting a rejection response. 
Interestingly, blocking the interaction of T cell immuno-
globulin mucin-1 (TIM-1) with its ligand inhibited the 

granule-mediated exocytosis of soluble factors, including 
granzymes (serine esterases) and a complement-like mole-
cule, perforin. These proteins induce cell death by means of 
both DNA degradation and osmotic lysis secondary to pore 
formation in the target cell membrane. Detection of both 
the perforin and granzyme mRNA from cells isolated from 
the allograft, peripheral blood lymphocytes of urinary lym-
phocytes, have been shown to predict whether acute rejec-
tion is ongoing within the allograft. A second cytolytic 
pathway involves interaction between Fas (CD95), a TNF-like 
protein, and Fas ligand. Fas ligand is induced on  
cytotoxic T lymphocytes through triggering of the TCR. Fas-
expressing target cells undergo apoptosis when Fas ligand is 
engaged. It is possible to demonstrate ex vivo specific cyto-
toxicity against donor cells in rejecting animals and humans. 
In addition, passive transfer of specific “killer” T cell clones 
to naive animals induces allograft rejection, particularly skin 
allografts. In humans, both CD8 and CD4 cells play an 
important role in rejection, with CD8 cells being most impor-
tant early after transplant, while CD4 T cells are critical for 
indirect allorecognition and for providing help to antibody 
production by B cells later in the transplant course.

Alloantibody response against the allograft represents 
another effector mechanism that contributes to allograft 
injury. Naive B cells circulate through the follicles of periph-
eral lymphoid tissues; at some point they encounter antigen 
either presented by dendritic cells or in soluble form. B 
lymphocytes express clonally restricted antigen-specific cell 

Figure 71.8  Mechanisms of CD8+ T cell–mediated killing. Cyto-
toxic T cells (top) activated through the class I major histocompatibil-
ity  peptide  complex  can  cause  target  cell  killing  by  two  pathways. 
One involves granule exocytosis, releasing perforin and granzyme B, 
which  in  turn  cause  membrane  damage  and  cell  lysis  by  osmotic 
dysregulation and activation of caspase cascade, giving rise to pro-
grammed cell death (apoptosis). The second involves expression of 
Fas  ligand on activated T cells. When Fas on  target  cells  interacts 
with  its  ligand on activated T cells, the target cell undergoes apop-
tosis by activation of caspase cascade. MHC, Major histocompatibil-
ity complex; TCR, T cell receptor. 
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have shown that rejection and glomerular disease accounted 
for more than 50% of graft loss with the remaining due to 
infections such as BK virus, recurrent pyelonephritis, ure-
teral obstruction, and medical or surgical complications. A 
minority of cases was due to isolated calcineurin inhibitor 
(CNI) toxicity.34

A number of different antigen-independent or so-called 
nonimmunologic factors have been associated with progres-
sion of allograft dysfunction. These include factors present 
before transplantation, such as ischemia-reperfusion injury 
suffered by the kidney at the time of transplantation, brain 
death in the donor, and nonspecific factors associated with 
donor age, hypertension, and diabetes. Posttransplantation 
factors have also been shown to accelerate the course of 
chronic allograft injury, including reduced functional 
nephron mass, CNI toxicity, hypertension in the recipient, 
BK virus infection, and cytomegalovirus infection. In  
many cases, the innate immunity is activated, leading to 
increased MHC expression on donor tissue augmenting the 
adaptive immunity. In nearly every transplant, there is a 
degree of tissue incompatibility, whether this is a mismatch 
of the minor histocompatibility antigens alone or in combi-
nation with the MHC. Figure 71.5 shows that the half-life of 

secretion of IL-17 by TH17 cells. Although costimulation 
blockade is ineffective in preventing rejection in Tbet 
knockouts by TH17 cells, combining costimulation and 
TIM-1 blockade can prevent rejection. Thus the discovery 
of new T cell subsets able to participate in rejection responses 
has made it apparent that old strategies capable of prevent-
ing rejection may need to be expanded.

ACUTE CELLULAR AND  
HUMORAL REJECTION

Acute rejection is the clinical syndrome that occurs as the 
result of an alloimmune response against a transplanted 
organ and can be caused by either a cellular or humoral 
response. An acute cellular rejection normally occurs in the 
first 3 months after transplant surgery in an unsensitized 
recipient but can occur in an accelerated fashion if this is 
the result of a secondary immune response and previously 
primed T cells are present. In addition, the tempo of rejec-
tion has changed after the introduction of induction therapy 
leading to significant T cell depletion, delaying acute rejec-
tion episodes to later time points. Clinically, acute cellular 
rejection is characterized by a mononuclear cellular inter-
stitial infiltrate, edema, and tubulitis. A humoral response, 
by definition, requires CD4+ T cells and preformed anti-
HLA antibodies that have long been recognized as a cause 
of accelerated rejection. The ability to detect evidence of 
antibody-mediated injury through peritubular C4d staining 
within the allograft and the characteristic histologic changes 
of neutrophilic infiltration of the peritubular capillaries and 
the detection of circulating anti-HLA antibodies have led to 
increasing awareness of acute antibody-mediated rejection. 
The clinical aspects of acute rejection are covered in more 
detail in Chapter 72.

CHRONIC REJECTION

Chronic rejection is the slow progressive deterioration in 
kidney function characterized clinically by an increase in 
serum creatinine level, increasing proteinuria, and progres-
sive hypertension and histologically by tubular atrophy, 
interstitial fibrosis, and fibrous neointimal thickening of 
arterial walls; it is an almost universal finding in renal trans-
plant recipients (Figure 71.9). Previously the terminology 
most commonly used to describe these changes was chronic 
allograft nephropathy. The term chronic rejection is more com-
monly used to denote an immunologic cause of injury. The 
Banff classification system for renal allograft injury has 
adopted the term interstitial fibrosis and tubular atrophy (IFTA) 
to describe these changes. In addition to these pathologic 
findings, allografts may demonstrate peritubular C4d stain-
ing, suggesting a role for antibody-mediated injury, whereas 
a subset of transplanted kidneys may have changes of trans-
plant glomerulopathy characterized by swollen glomeruli, 
infiltration of the glomeruli with mononuclear cells, mesan-
gial matrix expansion, mesangiolysis, and splitting of the 
glomerular basement membrane with a subendothelial 
deposition of electron lucent material. Transplant glomeru-
lopathy with IFTA is an almost universal finding in trans-
planted kidneys over time. Serial protocol biopsy studies 

Figure 71.9  Mechanisms of chronic allograft dysfunction. Many 
different forms of injury can contribute to the development of chronic 
allograft dysfunction. Immunologically mediated injury, in the form of 
cellular and/or humoral rejection, may lead to chronic graft injury and 
shorten graft survival. This  injury is most  likely mediated by indirect 
alloreactivity, in which recipient T cells recognize allopeptides present 
on  recipient  antigen-presenting  cells  and  trigger  antibody-  and 
cellular-mediated injury. Antigen-independent factors, such as isch-
emic injury at the time of transplantation, are thought to be important 
by triggering innate immunity and enhancing the alloimmune response 
through  upregulation  of  cell  surface  molecules  involved  in  antigen 
presentation and secretion of chemokines that mediate immune cell 
trafficking  to  the  allograft.  CMV,  Cytomegalovirus;  CNI,  calcineurin 
inhibitor. 
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result in a complete solution to this problem. There has 
been growing evidence that the humoral response plays an 
important role in chronic rejection. Studies have shown that 
development of anti-HLA antibodies after transplantation is 
associated with a substantial decrease in transplant sur-
vival.35 Whether intervening to decrease donor-specific anti-
bodies may improve long-term graft survival remains to be 
determined.

MECHANISMS OF IMMUNOSUPPRESSION

CORTICOSTEROIDS

Most immunosuppressive drug regimens use an adrenocor-
ticosteroid, such as prednisone, in combination with  
other immunosuppressive agents. Corticosteroids modulate 
the immune response by regulating gene expression. The 
steroid molecule enters the cytosol, where it binds the 
steroid receptor, inducing a conformational change in  
the receptor. The complex then migrates to the nucleus  
and binds regulatory regions of DNA called glucocorticoid 
response elements, which regulate the transcription of many 
genes, including the genes for IL-1, IL-2, IFN-γ, TNF-α,and 
IL-6 (Figure 71.10). Thus the many effects of corticosteroids 
on multiple cell types account for both their efficacy and 
the diverse array of complications (see Chapter 72).

AZATHIOPRINE

Azathioprine is a purine analog that in vivo is enzymatically 
converted to 6-mercaptopurine and other derivatives, which 
are molecules that function as antimetabolites. After meta-
bolic conversion, it has multiple activities, including incor-
poration into DNA, inhibition of purine nucleotide 
synthesis, and alteration of RNA synthesis (see Figure 71.10). 
The major immunosuppressive effect is thought to be 
caused by blocking of DNA replication, which prevents lym-
phocyte proliferation after antigenic stimulation. Although 
it is useful for inhibiting primary immune responses, aza-
thioprine has little effect on secondary responses or the 
reversal of acute allograft rejections, which are not depen-
dent on lymphocyte proliferation. Azathioprine also 
decreases the number of migratory mononuclear and gran-
ulocytic cells while inhibiting proliferation of promyelocytes 
in bone marrow. As a result, the number of circulating 
monocytes capable of differentiating into macrophages is 
decreased. Among the possible deleterious effects of aza-
thioprine administration are severe leukopenia and occa-
sionally thrombocytopenia, gastrointestinal disturbances, 
hepatoxicity, and increased risk for neoplasia.

MYCOPHENOLIC ACID

In most centers, mycophenolate mofetil or mycophenolate 
sodium has replaced azathioprine in standard immunosup-
pression protocols for new kidney and pancreas-kidney 
transplantation. Both mycophenolate mofetil and mycophe-
nolate sodium are metabolized into MPA, which is the active 
agent. The rationale for this switch is that MPA is a selective 
inhibitor of the pathway of de novo purine synthesis. In the 
normal mammalian cell, guanine and adenine nucleotides 

death-censored allograft survival differs greatly when com-
paring HLA-identical to HLA-nonidentical living transplant 
recipients. The same effector mechanisms that are respon-
sible for acute rejection are thought to be active chronically, 
although the relative importance of each may be different. 
Indirect, as opposed to direct, allorecognition is thought to 
play an important role in the process. The evidence for this 
comes from a number of studies that have shown that donor 
MHC–derived peptides are capable of eliciting an immune 
response long after donor-derived APCs (the main target of 
the direct alloimmune response) have disappeared from the 
allograft. Alloantibodies have always been thought to be 
important in the development of chronic rejection, and 
studies have supported this hypothesis.

The overall pathways involved in development of fibrosis 
and tissue remodeling in transplanted kidneys have not 
been elucidated as yet. However, a number of studies have 
shed some light on individual components that influence 
this process. TGF-β has been shown to play an important 
role in the development of fibrosis in native kidney disease; 
however, it is well known that TGF-β has both immunosup-
pressive and profibrotic properties, and while the tolerance 
and immunosuppressive aspects of TGF-β production are 
desirable in transplantation, the remodeling and fibrosing 
are damaging. Data have shown that anti–TGF-β antibody 
in high doses can abrogate long-term allograft survival 
induced by cyclosporine administration in a cardiac rat 
transplant model, indicating the importance of TGF-β in 
mediating the immunosuppressive properties of cyclospo-
rine. In the same model both high and low doses of anti–
TGF-β antibodies prevent cyclosporine-related fibrotic renal 
injury. TGF-β has also been shown to be crucial in the regu-
lation of transplantation and other forms of tolerance. In 
rodent models of transplantation tolerance, induction does 
not prevent the development of chronic rejection, and a 
transplanted animal can exhibit tolerance to a second 
donor-specific allograft and have evidence of chronic 
allograft dysfunction within the original allograft simultane-
ously. Regulation of TGF-β–associated fibrosis has been 
achieved by a variety of inhibitors that inhibit TGF-β expres-
sion or signaling, including decorin, pirfenidone, relaxin, 
and bone morphogenetic protein 7 (Bmp7), or by agents 
that interfere with TGF-β–associated profibrotic pathways, 
including angiotensin II, endothelin-1, and connective 
tissue growth factor. Of particular interest is epithelial-
mesenchymal transition (EMT). This describes the process 
of phenotypic change that cells of a variety of origins, 
including mesenchymal cells, resident fibroblasts, and epi-
thelial cells, undergo, leading to fibrosis. Both Bmp7 and 
hepatocyte growth factor have been used to reduce TGF-β–
associated EMT in experimental models of renal fibrosis.

Clinically, prevention of chronic allograft injury is focused 
on preventing alloantibody formation, minimization of CNI 
nephrotoxicity, and optimal control of blood pressure and 
blood glucose levels. Numerous approaches have been 
studied in clinical trials, including substitution of CNIs with 
the mTOR inhibitors everolimus and sirolimus, as well as 
the use of belatacept, a modified CTLA4-Ig fusion protein 
that blocks T cell CD28 costimulation. However, because 
multiple factors have been shown to contribute to the devel-
opment of chronic graft injury, it is unlikely that the modi-
fication of one factor, such as CNI-associated toxicity, will 

http://www.myuptodate.com


2246 SECTION XI — KIDNEy TRANSPLANTATION

CYCLOSPORINE

Cyclosporine, a small cyclic peptide of fungal origin, has 
played a major role in preventing allograft rejection and has 
improved allograft survival rates. Although highly effective in 
blocking the initiation of an immune response, cyclosporine, 
like azathioprine, is of limited value in treating acute allograft 
rejection. Its primary action is to block the expression of 
cytokine genes produced by T cells, including the genes for 
IL-2, IL-3, IL-4, IFN-γ, and TNF-α, but it does not interfere 
with IL-1, TNF-α, or TGF-β produced by APCs, including 
macrophages. There is likewise no evidence that NK cells are 
affected by cyclosporine. In the presence of cyclosporine, T 
cell proliferation is indirectly inhibited owing to the absence 
of cytokines; however, the addition of exogenous IL-2 has 
been shown to restore T cell proliferation.

It is now understood that cyclosporine blocks the calcium-
dependent component of the TCR signal transduction 

are manufactured to form smaller precursors through two 
mechanisms, a de novo pathway or a salvage pathway (where 
purine bases are recycled). Mycophenolate is a reversible 
inhibitor of inosine monophosphate dehydrogenase, which 
is the rate-limiting enzyme in the de novo synthesis of  
guanosine nucleotide and nucleosides. Inhibition of this 
enzyme results in the selective inhibition of T and B lym-
phocyte proliferation (see Figure 71.10). MPA has minimal 
effects on other cell populations because proliferation of T 
and B cells is dependent on the de novo pathway for purine 
synthesis, whereas other cells are capable of using a salvage 
pathway. The main active metabolite of mycophenolate is 
mycophenolic acid glucuronide (MPAG), which is excreted 
into bile and undergoes enterohepatic recirculation. Cyclo-
sporine, but not FK506 (tacrolimus), inhibits MPAG excre-
tion into bile and thereby decreases circulating levels of 
MPA, which would suggest that lower doses of mycopheno-
late are required when used in combination with FK506.

Figure 71.10  Mechanisms of action of immunosuppressive agents viewed as a function of inhibiting T cell activation. Signal 1: The 
calcium-dependent signal  induced by T cell  receptor  (TCR) stimulation  results  in calcineurin activation, a process  inhibited by cyclosporine 
(CsA) and tacrolimus. Calcineurin dephosphorylates nuclear factor of activated T cells (NFAT), enabling it to enter the nucleus and bind to the 
interleukin-2 (IL-2) promoter. Corticosteroids bind to cytoplasmic receptors, enter the nucleus, and inhibit cytokine gene transcription in both 
T cells and the antigen-presenting cells (APCs). Corticosteroids also inhibit nuclear factor κ light-chain enhancer of activated B cells (NF-κB) 
activation (not shown). Signal 2: Costimulatory signals are necessary to optimize T cell IL-2 gene transcription, prevent T cell anergy, and inhibit 
T cell apoptosis (belatacept target). Signal 3: IL-2 receptor stimulation induces the cell to enter the cell cycle and proliferate. Signal 3 may be 
blocked by IL-2 receptor antibodies (basiliximab) or by mammalian target of rapamycin (mTOR) inhibitors (such as rapamycin), which inhibits 
S6 kinase activation. Following progression into the cell cycle, azathioprine (AZA) and mycophenolate mofetil (MMF) interrupt DNA replication 
by inhibiting purine synthesis. Antithymocyte globulin (ATG) has multiple targets, including IL-2R, CD3, and CD28, leading to T cell depletion. 
Alemtuzumab selectively targets CD52 receptor on T cells. MHC, Major histocompatibility complex; PI3K, phosphatidylinositol-3-kinase. 
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use either cyclosporine or tacrolimus, though the latter is 
currently the preferred agent based on its stronger immu-
nosuppressive effect.

MAMMALIAN TARGET OF  
RAPAMYCIN INHIBITORS

Rapamycin (sirolimus) was first used as an immunosuppres-
sive drug through a search for drugs with a similar structure 
to FK506. Like FK506, it is a macrolide antibiotic and binds 
to the same family of FKBP isomerase proteins.

However, whereas cyclosporine and tacrolimus inhibit 
calcineurin in the calcium-dependent component of the 
TCR signal transduction pathway, rapamycin binds to mTOR 
and prevents phosphorylation of p70 S6 kinase in the CD28 
costimulatory and IL-2R signal transduction pathways (see 
Figure 71.10). In functional studies, activation of T cells by 
monoclonal antibodies to the TCR was inhibited by either 
cyclosporine or tacrolimus but not rapamycin. Conversely, 
the activation of T cells by exogenous IL-2 plus protein 
kinase C stimulation with a phorbol ester was inhibited by 
rapamycin but not by cyclosporine or tacrolimus. Similarly, 
T cell activation by monoclonal antibodies to the CD28 
costimulatory molecule plus protein kinase costimulation 
with a phorbol ester was also inhibited by rapamycin but not 
by cyclosporine or tacrolimus. Cell-cycle analysis shows that 
rapamycin blocks T cell proliferation during late G1 phase 
of the cell cycle and before S phase. Thus rapamycin inhibits 
late signals in T cell activation that are transduced by either 
the IL-2R or CD28 costimulatory signal transduction path-
ways.38 In contrast, cyclosporine and tacrolimus inhibit an 
early signal in T cell activation that is transduced by the TCR 
signal transduction pathway. Despite interacting with the 
same binding proteins as tacrolimus, there is no competitive 
inhibition of these drugs, as the binding proteins are present 
in great excess compared to the tacrolimus and rapamycin. 
In experimental models the combination of rapamycin with 
a CNI results in a synergistic effect. Everolimus (RAD) is a 
rapamycin derivative and has a similar mode of action to 
sirolimus. The mTOR inhibitors have been shown to be 
potent inhibitors of vascular endothelial growth factor, 
which may explain their role in preventing progression of 
many forms of cancer. Because the mTOR inhibitors have 
powerful immunosuppressive properties, they are also being 
used as CNI-sparing agents in transplant recipients (see 
Chapter 72).

POLYCLONAL IMMUNE GLOBULINS

Polyclonal antithymocyte globulin (ATG) preparations have 
been available for approximately 2 decades and have proven 
more effective than steroids alone for reversing acute renal 
allograft rejection. Polyclonal immune globulins are pro-
duced by injecting animals such as horses or rabbits with 
human thymocytes to obtain the purified γ-globulin frac-
tions of the resulting immune sera. Polyclonal immune 
globulin may exert its immunosuppressive effect by several 
mechanisms, including classical complement-mediated  
lysis of lymphocytes, clearance of lymphocytes through retic-
uloendothelial uptake, masking of T cell antigens, and  
the possible expansion of regulatory cells. Administration 
of immune globulins produces prompt and profound 

pathway (see Figure 71.10). Cyclosporine binds to a family 
of cytoplasmic molecules termed cyclophilins, and the 
complex then inhibits calcineurin, which is a cytoplasmic 
serine threonine phosphatase. After T cell activation in the 
absence of cyclosporine, calcineurin dephosphorylates the 
cytosolic component of NFAT. After dephosphorylation, 
NFAT is translocated from the cytosol to the nucleus, where 
it forms a complex with other DNA-binding proteins, includ-
ing FOS and JUN. The complex of DNA-binding proteins 
regulates gene transcription, including the gene for IL-2. 
During treatment with cyclosporine, the inhibition of the 
formation of the NFAT complex has been shown to prevent 
transcription of the gene for IL-2,36 and a similar complex 
has been shown to regulate TNF-α gene transcription. The 
net result is a reduction of IL-2 and resultant T cell activa-
tion. Clinically, a reduction in IL-2 concentrations mini-
mizes the immune response associated with allograft 
rejection. Patients maintained on therapeutic levels of cyclo-
sporine experience approximately a 50% reduction in cal-
cineurin activity, allowing the patient to retain a degree of 
immune responsiveness sufficient enough to maintain  
host defenses. It is likely that identical or similar DNA-
binding complexes regulate the transcription of multiple 
lymphokine genes. The mechanism of action of cyclospo-
rine in cells other than lymphocytes remains poorly under-
stood; however, it has been shown that nontoxic analogs of 
cyclosporine also lack immunosuppressive effects. These 
findings suggest that the toxic and immunosuppressive 
effects are mediated by similar signal transduction mecha-
nisms. The differential susceptibility to cyclosporine of lym-
phocytes, as compared with other cell types, may be caused 
by differential levels of expression of calcineurin and the 
cyclophilins.

TACROLIMUS

Tacrolimus (FK506), another CNI, is a potent immunosup-
pressive agent that inhibits T cell activation in vitro. In 
contrast to cyclosporine, tacrolimus is a macrolide antibiotic 
produced by fungi, yet the immunosuppressive effects on T 
cells are similar. Because of structural differences, tacroli-
mus binds a family of cytosolic proteins termed FK506-
binding proteins (FKBPs), which are different from the 
cyclosporine-binding cyclophilins. Interestingly, both FKBP 
and cyclophilin have peptidylprolyl isomerase activity and 
collectively are called immunophilins; however, the similar 
immunosuppressive properties of the two drugs are attribut-
able to the fact that both agents inhibit the phosphatase 
activity of calcineurin (see Figure 71.10).37 Thus, although 
tacrolimus and cyclosporine have different structures and 
binding partners, their immunosuppressive effects are 
mediated through a common final pathway. Thus it is not 
surprising that both drugs block the induction of lympho-
kine mRNA, including IL-2, inhibit lymphokine production, 
and indirectly inhibit T cell proliferation. The side-effect 
profiles of tacrolimus and cyclosporine are similar, with 
certain exceptions such as hirsutism and gingival hyperpla-
sia caused by cyclosporine and alopecia and neurotoxicity 
caused by tacrolimus. In experimental studies, the combina-
tion of tacrolimus and cyclosporine show additive increases 
in toxicity and in efficacy. Therefore, in clinical transplanta-
tion, immunosuppressive protocols involving multiple drugs 
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activity against the allograft. However, in patients 10% to 
15% of T cells are IL-2R positive; therefore use of IL-2R 
antibodies may also have more of a generalized antiinflam-
matory effect. These antibodies are indicated for prophy-
laxis rather than treatment of acute allograft rejection.

Alemtuzumab (Campath) is a lymphocyte-depleting  
antibody (anti-CD52) that has been approved for use  
in leukemia. It has been used for induction therapy in 
kidney transplantation with low-dose cyclosporine, siroli-
mus, or alone with variable results. One of the major advan-
tages of alemtuzumab is the requirement of only a single 
dose, significantly reducing the cost of the induction therapy 
and possibly shortening the number of admission days. 
Interestingly, a high rate of acute rejection rates, including 
humoral rejection, was reported when the antibody was 
used alone or with sirolimus monotherapy.39 In addition, a 
study found that 30% of patients treated with alemtuzumab 
for multiple sclerosis developed autoimmune disease.  
Thymoglobulin and alemtuzumab administration led to 
similar patient and graft outcomes in a randomized trial, 
though late rejections were more common in the alemtu-
zumab group.

T cell costimulatory blockade, in the form of CTLA4-Ig 
(belatacept)40 was approved for use in transplantation by the 
U.S. Food and Drug Administration (FDA) in 2011 as a 
CNI-sparing agent (see Chapter 72). Belatacept, which pre-
vents the interaction of CD28 on T cells with CD80/86 (B7) 
on APCs, is the first agent available for use in transplanta-
tion that specifically blocks a signal II pathway. Two other 
costimulatory pathways that are also being looked at as 
potential targets are the CD40-CD154 pathway and the 
LFA-3–CD2 pathway. A study using an anti-CD154 agent in 
kidney transplant recipients was prematurely terminated 
because of the development of thromboembolic events in 
the patients. This was thought to be related to the upregula-
tion of CD154 on human platelets, an unforeseen side effect 
that was not predicted from the animal models. Agents 
targeting the CD40 end of this pathway are being tested in 
preclinical trials. In humans, unlike in many of the animal 
models of transplantation, the memory immune response 
plays an important role in allograft rejection. The fusion 
protein alefacept blocks interaction of LFA-3 with its ligand 
CD2.41 Memory T cells have a high expression of CD2, and 
alefacept has been shown to be particularly effective at 
inhibiting, as well as depleting, the memory T cell response. 
However, alefacept in a randomized controlled trial did not 
improve graft survival or decrease the rate of rejection.

Other agents that have been FDA approved for other 
indications are been increasingly used in the kidney trans-
plant setting, especially for the treatment or prevention  
of antibody-mediated rejection. Bortezomib, a proteasome 
inhibitor that selectively targets dividing metabolically active 
cells, such as plasma cells, has been used as an effective 
therapy for multiple myeloma. In the transplant setting it 
has been shown to reduce the number of plasma cells  
and alloantibody production. Eculizumab, a C5a inhibitor 
approved for use in treatment for paroxysmal nocturnal 
hemoglobinuria, has been used as a last-resort therapy in 
severe antibody-mediated rejection.42 Unlike other thera-
pies aimed at interrupting antibody-mediated rejection, 
eculizumab inhibits the complement activation cascade trig-
gered by anti-HLA antibodies and as such would either need 

lymphopenia. It soon abates, however, and the number of 
circulating T cells gradually increases, even while treatment 
continues, but the proliferative response continues to be 
impaired. It has been suggested that regulatory cells may be 
responsible for the prolonged immunosuppressive effect 
that persists after the resolution of lymphopenia. Thus the 
resolution of cell-mediated allograft rejection results from 
elimination of circulating T cells, and the subsequent inhibi-
tion of proliferative responses sustains the immunosuppres-
sive effect.

Each polyclonal immune globulin preparation has differ-
ent constituent antibodies. Because of the unpredictable 
nature of the antibody mixtures, treatment is associated with 
variable efficacy and risks for adverse reactions, though 
batch standardization has improved lately. Unwanted anti-
bodies could cause thrombocytopenia, granulocytopenia, 
serum sickness, or glomerulonephritis. Although polyclonal 
immune globulins are potent immunosuppressive agents, 
the major concern is the potential for excessive immunosup-
pression, which not infrequently results in opportunistic 
infections and higher risk for long-term malignancies. 
Therefore caution is the rule when combining immune 
globulins with other immunosuppressive agents. There has 
been an increased interest in the use of ATG as induction 
therapy in renal transplantation, partially because of the 
suggested benefit in protecting against delayed graft func-
tion by postponing the introduction of CNI and allowing 
steroid elimination from maintenance immunosuppressive 
regimens.

MONOCLONAL ANTIBODIES

The development of monoclonal antibodies to T cell surface 
molecules offers the advantage of homogeneous prepara-
tions and more predictable therapeutic agents. A number 
of monoclonal antibodies have been shown in clinical trials 
to be effective immunosuppressive agents. One of the most 
effective monoclonal antibodies was muromonab-CD3 
(OKT3), which binds the CD3 of the TCR complex; however, 
this drug has fallen out of favor because of its significant 
adverse drug reactions. The TCR is a complex of six or seven 
polypeptides, including the polymorphic α- and β-chains, 
which provide the antigen-recognition component, and the 
γ-, δ-, and ε-chains, plus a ζζ-homodimer or ζη-heterodimer, 
which provide the signal transduction function of the recep-
tor. Muromonab-CD3 binds to the TCR ε-chain, which is a 
pan–T cell nonpolymorphic component of the antigen 
receptor. Immunosuppression with muromonab-CD3 blocks 
both CD4+ and CD8+ T cell function.

Chimeric and humanized antibodies targeted against the 
IL-2R have also been developed. They are created by splic-
ing together the DNA encoding the antigen-recognition 
portion of the murine antibody and human immunoglobu-
lin DNA. Humanized antibodies contain 90% human and 
10% murine antibody sequences. Chimeric antibodies are 
composed of mouse light and heavy chains and the human 
Fc portion. Anti–IL-2R antibodies bind to the α subunit of 
the high-affinity IL-2R, which is only expressed on activated 
lymphocytes.6 This agent competitively inhibits the IL-2 acti-
vation of lymphocytes. Therapy with IL-2R antibodies results 
in a highly specific inhibition of the lymphocytic immune 
response of activated T cells, therefore suppressing T cell 
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and is encountered rarely in patients who have become 
noncompliant with their medications or in cases for which 
physicians have withdrawn immunosuppression for severe 
adverse effects or malignancy. In clinical practice, opera-
tional tolerance is defined as “a well-functioning graft lacking 
histological signs of rejection, in the absence of any immunosuppres-
sive drugs (for at least 1 year), in an immunocompetent host.”44

There are multiple proposed strategies to promote toler-
ance in transplantation, including the induction of central 
tolerance through a combined bone marrow–kidney trans-
plant or the development of peripheral tolerance through 
cellular therapy with regulatory cells. Chimerism is the 
concept that cells of different donor origins can coexist in 
the same organism and is generally described as mixed or 
full chimerism. Mixed chimerism is defined as the presence 
of both donor and recipient cell lineages coexisting in the 
recipient bone marrow. Full chimerism implies complete 
elimination of recipient hematopoietic lineages and popula-
tion of the recipient bone marrow by 100% donor cells.  
Full chimerism is associated with significant higher morbid-
ity and mortality from the effects of myeloablative therapy 
and risk for graft-versus-host disease (GVHD). In addition, 
full chimerism often leads to defects in the immune response 
since these patients lack a supply of peripheral recipient 
APCs to present antigens optimally to donor T cells that  
are positively selected on recipient thymic epithelial MHC 
molecules. In the absence of MHC sharing between  
donor and recipient, T cells do not efficiently recognize 
peptides presented by donor APCs, which are the only ones 
available in full chimeras. Therefore mixed-chimerism strat-
egies have been the main focus of tolerance protocols in 
transplantation.

Bone marrow transplantation is able to promote mixed 
chimerism through a combination of nonmyeloablative 
conditioning and infusion of a certain amount of donor-
derived bone marrow cells. Multiple successful attempts 
have been made to achieve mixed chimerism,45-47 though 
inability to obtain a sustained chimerism and toxicity related 
to conditioning protocol have been significant limitations. 
In one study, 12 living-donor HLA-matched kidney trans-
plant recipients received a donor-cell infusion of 5 to l6 × 
106 CD34+ cells per kilogram mixed with l to 10 ×106 CD3+ 
T cells per kilogram after conditioning with total lymphoid 
irradiation and five doses of rabbit ATG.47 Eight of these 
patients are now more than 2 years after transplant off 
immunosuppression, while four recipients developed rejec-
tion and were maintained on some immunosuppression. 
None of the patients developed GVHD. In another study, 
patients underwent combined kidney and bone marrow 
transplantation after conditioning with cyclophosphamide, 
thymic irradiation, anti-CD2 monoclonal antibody, ritux-
imab, and a short course of CNI and steroids after transplan-
tation.45 All recipients developed transient chimerism and 
reversible capillary leak syndrome, but only four patients 
could be maintained off immunosuppression long-term. 
The other six patients developed rejection or recurrence of 
original disease, with two patients losing their graft. A phase 
II clinical trial investigated the use of hematopoietic stem 
cell transplantation in combination with facilitating cell 
infusion to promote the development of chimerism and 
subsequent tolerance in eight HLA-mismatched living-
donor kidney transplant recipients.46 Similar to prior studies, 

to be given continuously or combined with other agents that 
would reduce antibody levels.

GENOMICS AND PROTEOMICS

Completion of a draft of the sequence of the human 
genome,43 in addition to concurrent technologic advances, 
have made the simultaneous analysis of tens of thousands 
of genes feasible. The application of DNA microarrays to 
the analysis of transplantation is evolving. A study of rejec-
tion in human recipients of kidney allografts analyzed gene 
expression in biopsy specimens of renal allografts from 
patients on triple immunosuppression with a confirmed 
diagnosis of acute rejection.3 Expression of gene transcripts 
from seven renal biopsy specimens with histopathologic evi-
dence of acute cellular rejection were compared to tissue 
from three normal renal biopsy specimens. Using a 
minimum threshold of fourfold induction, four genes were 
identified in each acute rejection sample: human monokine 
induced by interferon-γ (a CXC chemokine crucial for 
murine acute allograft rejection), TCR active β-chain 
protein, IL-2–stimulated phosphoprotein (expressed pre-
dominantly in T cells), and RING4 (important in intracel-
lular antigen processing). Murine cardiac allografts analyzed 
for the expression of approximately 6500 genes and ESTs 
(expressions sequenced tagged) following transplantation 
identified 181 genes with significantly modulated expres-
sion in at least one of the experimental groups of ischemia, 
stress, innate, or adaptive immunity. In an additional study, 
differentially expressed genes were identified using self-
organizing maps; 29 genes were upregulated as early as 6 
hours after transplantation. These genes included those 
encoding the interleukin-1 receptor (IL-1R), IL-6, and hap-
toglobin, all of which have been associated with the acute 
phase response. In addition, studies from Halloran and col-
leagues have demonstrated the potential benefit of using 
microarrays from biopsy specimens to more accurately diag-
nose antibody-mediated rejection.37 In current clinical prac-
tice, acute rejection is typically diagnosed solely by histologic 
analysis of allograft biopsy specimens. The application of 
these newer technologies could produce a molecular profile 
of each biopsy specimen that could provide more precise 
diagnostic criteria.

Although the study of genomics has given us insight into 
the upregulation of genes that occur in certain circum-
stances such as allograft rejection, genomic data alone do 
not provide the whole picture because distinct genes may 
be upregulated in different cells, and proteins are subject 
to a variety of modifications during translation. The corol-
lary study of the entire complement of proteins has been 
dubbed the proteome. Many investigators are actively working 
on correlating the various forms of rejection with the study 
of proteomics using mass spectrometry.

TOLEROGENIC PROTOCOLS IN 
TRANSPLANTATION

Since the original work in tolerance by Medawar in the 
1940s, multiple attempts have been made to achieve toler-
ance in human organ transplantation. Tolerance is infre-
quently achieved outside of liver transplantation in humans 
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all patients initially developed chimerism, though only half 
showed stable persistent chimerism over time and could be 
withdrawn from immunosuppression. One patient with per-
sistent chimerism developed a severe viral infection that led 
to graft loss. In sum, combined bone marrow and kidney 
transplantation is an interesting strategy to promote central 
tolerance, though the toxicity of the conditioning protocol 
and the partial maintenance of chimerism long-term are 
major limitations to the broad application of this approach.

The development of peripheral tolerance has been pro-
posed through the use of cellular therapy with Treg cells, 
mesenchymal stem cells, or tolerogenic APCs, as well as with 
agents that promote regulatory cells such as low-dose IL-2. 
The idea is based on the clear importance of the peripheral 
regulatory immune system in maintaining self-tolerance, 
and therefore expanding this arm of the immune system 
may permit downregulation of the effector alloimmune 
response. There has been a successful trial using low-dose 
IL-2 to promote Treg cells in bone marrow transplantation 
resolving refractory cases of chronic GVHD, and preclinical 
trials have suggested a potential benefit of adoptive transfer 
of regulatory cells in solid organ transplantation.44 Several 
larger clinical studies are being conducted in Europe and 
the United States to address the potential benefit of toler-
ance induction strategies in solid organ transplantation. 
There are a number of difficult questions still to be answered, 
including the optimal type of regulatory cell (Treg cells, mes-
enchymal stem cells, or myeloid-derived suppressor cells), 
timing and location of administration, and the longevity 
and fate of these cells after infusion.

Though our knowledge has significantly expanded  
since the initial work from Medawar more than 70 years  
ago, achieving tolerance remains a major challenge based 
on the heterogeneous outcome of trials and the lack of 
stability of this immunologic state. Rather than achieving 
tolerance, a more realistic approach is to develop protocols 
that allow minimization of immunosuppression and there-
fore limiting the frequency and severity of side effects  
from drugs and potential long-term consequences of over-
immunosuppression such as increased malignancy risk.
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TRANSPLANTATION SURGERY 
PROCEDURE

The kidney allograft is placed in the extraperitoneal iliac 
fossa (Figure 72.1). A curvilinear incision is made in the 

right or left lower quadrant, the retroperitoneal space is 
widened, and the iliac vessels exposed. The external iliac 
artery and vein are mobilized, and surrounding lymphatic 
vessels are ligated and divided. End-to-side anastomoses are 
performed between the renal vein and external iliac vein, 
followed by the renal artery and external iliac artery. 
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access are variants of the laparoscopic donor nephrectomy. 
All these techniques avoid flank incision by intraabdominal 
mobilization of the kidney after establishing the pneumo-
peritoneum. A periumbilical or infraumbilical small inci-
sion, which spares transection of muscle tissue, is used to 
retrieve the kidney. The hand-assisted variant is the most 
popular approach. A small periumbilical or infraumbilical 
incision of 8 cm allows the surgeon to insert one hand 
inside the abdomen with the help of a device that seals the 
pneumoperitoneum. The hand is used to help with retrac-
tion of the kidney and also allows faster retrieval of the 
kidney, reducing the warm ischemia by 50% compared to a 
pure laparoscopic approach. The left kidney is preferred 
even more than with the open nephrectomy because the 
laparoscopic instrument used to secure the renal vein effec-
tively reduces its length by 0.5 to 1 cm. When the open 
nephrectomy surgical technique is used, an incision is made 
from the rectus muscle in direction of the tip of the 12th 
rib on the right or left side. This operation is retroperito-
neal, as opposed to the laparoscopic approach, which is 
transperitoneal. Smaller incisions and muscle sparing are 
now used to improve the postoperative recovery of this 
operation.

HANDLING AND PRESERVATION OF  
DONOR KIDNEY

The basic principle of organ preservation is to prevent 
damage from ischemia by replacing the circulating blood 
with a preservation solution and by retrieving and cooling 
the organs expediently. The composition of preservation 
solutions vary, but all have ingredients designed to: (1) mini-
mize cell edema; (2) preserve the energy and integrity of 
cells and tissue; and (3) buffer free radicals.

The two cold storage preservation solutions most  
widely used in the United States are the University of Wis-
consin solution (Viaspan, UW) and histidine-tryptophan-
ketoglutarate (HTK) solution (Custodiol). The UW solution 
has an electrolyte composition similar to that of the intracel-
lular fluid, with a high concentration of potassium 
(120 mmol/L). Among other additives, lactobionate and 
raffinose prevent cellular edema, and hydroxyethyl starch 
buffers free radicals. Its viscosity is three times that of  
water, making it relatively difficult to flush. The HTK solu-
tion is a low-viscosity solution. The concentration of potas-
sium is low (15 mmol/L), and this decreases the risk of 
hyperkalemia after transplantation. Histidine serves as a 
strong buffer, and tryptophan and mannitol are free radical 
scavengers.

The UW solution had been the preservation solution of 
choice since its introduction in 1988 for multiorgan deceased 
donor recovery. However, HTK is used by a growing number 
of organ procurement organizations (OPOs). One of the 
major advantages of HTK is its relatively low cost. Two small 
randomized studies comparing UW to HTK preservation 
solutions found no difference in delayed graft function or 
graft survival between groups.6,7 However, a large retrospec-
tive (nonrandomized) study comparing HTK versus UW 
preservation found that HTK use was associated with an 
increased risk of late death-censored graft loss.8 For living 
donor kidneys with short ischemia times, the use of simple 
and inexpensive solutions such as heparinized lactated 

Alternate techniques for the renal artery are end-to-side 
anastomosis to the common iliac artery or end-to-end anas-
tomosis to the mobilized internal iliac artery. The site of 
anastomosis is chosen after examining the length, size, and 
quality of the donor and recipient vessels. The Lich-Gregoir 
implantation of the ureter to the bladder, a technique 
designed to minimize urinary reflux into the ureter, has 
become the preferred technique for neoureterocystostomy. 
A double-J ureteric stent can be inserted either routinely or 
selectively for higher risk candidates. It is usually retrieved 
2 to 4 weeks after transplantation in the outpatient setting. 
A recent Cochrane review has suggested that the incidence 
of urine leak and ureteric stenosis are significantly reduced 
with prophylactic uretic stenting.1 A low-pressure suction 
drain can also be used and retrieved within the first week 
after surgery. While the surgical techniques for deceased 
and living donor kidney transplant are similar, attention is 
given to preserving longer stretches of the donor vessels 
with deceased donor allografts. The renal artery or arteries 
are procured along with an aortic patch; this technique 
facilitates the vascular anastomosis and reduces the risk of 
post-transplant renal artery stenosis.

LIVE DONOR NEPHRECTOMY

Traditionally, the procurement of kidneys from live donors 
has been performed through a right or left flank incision.  
In 1995, a laparoscopic approach for kidney donation  
was introduced as an alternative that would reduce post-
operative pain, wound morbidity, and recovery time asso-
ciated with the traditional donor nephrectomy.2 The 
laparoscopic approach is now the procedure of choice, and 
is performed in over 90% of live kidney donations in the 
United States.3 Initial concern regarding ureteral complica-
tions and graft dysfunction has mostly subsided with the 
improvement of surgical technique and experience.4,5 Pure 
laparoscopic, hand-assisted, robotic-assisted, and single-port 

Figure 72.1  Anatomy of a typical first kidney transplant. A, External 
iliac artery; B, external iliac vein; C, implanted donor ureter; D, native 
ureter. 

A
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Surgical exploration with thrombectomy followed by antico-
agulation can be attempted; however, it is rarely successful. 
Contributing factors, such as thrombophilia, should be 
evaluated and corrected, if possible.12

Pseudoaneurysm of the arterial anastomosis is a rare 
infectious complication that leads almost invariably to graft 
loss and is associated with significant mortality and morbid-
ity. Depending on its severity, noninvasive treatment with 
covered stenting can be attempted; however, usually trans-
plantation nephrectomy, vascular reconstruction, or exci-
sion with extraanatomic bypass is required. Limb loss due 
to distal thrombosis or dissection of the femoral artery at 
the time of transplant is a rare but reported vascular com-
plication, and usually associated with preexisting vascular 
disease in the recipient.13

Lymphocele

A lymphocele is a lymphatic fluid collection originating 
from the severed iliac lymphatics or lymphatic drainage of 
the renal allograft itself. Most lymphoceles are asymptom-
atic. However, some may compress the ureter, causing 
hydronephrosis, or obstruct lower limb venous return, 
resulting in unilateral edema. Large lymphoceles may 
present as an abdominal mass. Analysis of aspirated fluid 
will typically show a high lymphocyte count and creatinine 
concentration similar to that of serum. This contrasts with 
urinoma fluid, which has a creatinine concentration much 
higher than serum. Percutaneous drainage alone is often 
associated with persistent drainage or recurrence but has 
been successful in some cases, particularly those associated 
with injection of a sclerosing agent. The preferred and more 
definitive treatment is internal drainage of the lymphocele 
into the peritoneal cavity. In many centers, a laparoscopic 
transabdominal approach has replaced the traditional open 
approach that uses the kidney transplant incision site.14

IMMUNOSUPPRESSIVE AGENTS USED IN 
KIDNEY TRANSPLANTATION

OVERVIEW

The immunosuppressive drugs commonly used in clinical 
transplantation are summarized in Table 72.1, and their 
mechanisms of action are illustrated in Figure 72.2. T lym-
phocytes play a central role in the recognition of the 
allograft as foreign and in the initiation of the rejection 
process. The T cell immune response is described as requir-
ing three distinct signaling events (the three-signal model). 
Briefly, antigen-presenting cells (APCs—dendritic cells, 
macrophages, activated endothelium), most likely of  
donor origin, migrate to the secondary lymphoid organs  
of the recipient where a foreign antigen or major histocom-
patibility (MHC) complex is presented to the (recipient) T 
cell receptor (signal 1). A costimulatory T cell–APC interac-
tion (signal 2) is then required for downstream signal trans-
duction to occur. The ensuing activation of the T cell 
calcineurin-nuclear factor of activated T cells (NFAT), 
mitogen-activated protein (MAP) kinase, and nuclear factor-
kappa B (NF-κB) signaling pathways results in the produc-
tion of cytokines (e.g., interleukin-2 [IL-2], IL-15) and 
surface molecules (e.g., the IL-2 receptor). IL-2 and other 

Ringer’s with procaine has been proposed9; however, we 
prefer to use a preservation solution such as HTK.

Machine perfusion is an alternative to static cold preser-
vation of the deceased donor kidney. Following standard 
retrieval and flushing of the kidney allograft, the renal 
artery is connected to a perfusion pump that circulates a 
preservation solution, maintained at 1° to 10° C. Perfusion 
parameters can also be used to determine the quality of the 
graft. Machine perfusion compared to static cold storage 
has been associated with a reduction of delayed graft func-
tion and an improvement of graft survival at 1 year.10

COMPLICATIONS OF  
TRANSPLANTATION PROCEDURES

SURGICAL COMPLICATIONS
Advances in donor and recipient surgical technique,  
anesthesia, organ preservation, and perioperative care  
have all likely contributed to improvements in 1-year patient 
and graft survival rates. However, early recognition and 
management of surgical complications remain important. 
Specific vascular and urologic complications are described 
more fully later (see “Management of Allograft Dysfunc-
tion” section). A brief description of these complications is 
presented here.

VASCULAR COMPLICATIONS
Hemorrhagic Complications

Acute and life-threatening hemorrhagic complications in 
the immediate postoperative course usually involve the anas-
tomotic site. Bleeding can be brisk and requires immediate 
surgical exploration. Perirenal hematomas can result from 
both venous and small arterial bleeding or be related to the 
incision or retroperitoneal dissection. Unless small and 
stable, perirenal hematomas require surgical exploration to 
ensure adequate hemostasis. Large hematomas should be 
evacuated to reduce the risk of subsequent infection.11

Arterial Thrombosis

Renal artery thrombosis of the allograft is rare (0.5% to 
1%). Acute thrombosis is usually related to an anastomotic 
problem or kink in the renal artery. Recipient arteriosclero-
sis, multiple arteries, vasospasm, and hypotension are also 
significant risk factors. Sudden anuria should raise suspi-
cion for arterial thrombosis. Arterial thrombosis results in 
immediate warm ischemia. Delays associated with confirm-
ing the diagnosis and preparing the patient for surgical 
exploration usually exceed the time required to reestablish 
arterial flow to the kidney, resulting in prolonged warm 
ischemia, hypoxia and often permanent loss of function.

Venous Thrombosis

Renal vein thrombosis usually presents with local swelling, 
pain, and hematuria. The ultrasound Doppler findings 
reveal the persistence of an arterial flow to the kidney, 
however, no diastolic flow or even reversal flow during the 
diastole is seen. Venous flow is usually not detectable. The 
causes of venous thrombosis include problems with the sur-
gical anastomosis, extrinsic compression by a lymphocele or 
a hematoma, and a deep venous thrombosis that extends 
from the iliac vein at the level of the venous anastomosis. 
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Figure 72.2  Stages of T cell activation—multiple targets for immunosuppressive agents. Signal 1, The Ca2+-dependent signal induced by T 
cell  receptor  (TCR) stimulation  results  in calcineurin activation, a process  inhibited by  the calcineurin  inhibitors  (CNIs). Calcineurin dephos-
phorylates nuclear factor of activated T cells (NFAT), enabling it to enter the nucleus and bind to the interleukin-2 (IL-2) promoter. Corticosteroids 
bind to cytoplasmic receptors, enter the nucleus, and inhibit cytokine gene transcription in the T cell and antigen-presenting cell (APC). Cor-
ticosteroids also  inhibit  the activation of  the  transcription  factor, nuclear  factor-κB. Signal 2, Costimulatory signals, such as  those between 
CD28 on the T cell and CD80 or CD86 on the APC, are necessary to optimize T cell transcription of the IL-2 gene, prevent T cell anergy, and 
inhibit T cell apoptosis. Signal 3,  IL-2 receptor stimulation  induces the cell  to enter the cell cycle and proliferate.  IL-2 and related cytokines 
have autocrine and paracrine effects. Signal 3 may be blocked by IL-2 receptor antibodies or by sirolimus. Further downstream, azathioprine 
and mycophenolate mofetil  (MMF) inhibit progression into the cell cycle by inhibiting purine and therefore DNA synthesis.  (From Halloran PF: 
Immunosuppressive drugs for kidney transplantation. N Engl J Med 351:2715-2729, 2004.)
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Table 72.1 Drugs Used for Maintenance Immunosuppression

Drug Mechanism of Action Adverse Effects

Corticosteroids Block synthesis of several cytokines including IL-2; 
multiple antiinflammatory effects

Glucose intolerance, hypertension, hyperlipidemia, 
osteoporosis, osteonecrosis, myopathy, cosmetic 
defects; growth suppression in children

Cyclosporine Inhibits calcineurin-induced synthesis of IL-2 and other 
molecules critical for T cell activation

Nephrotoxicity (acute and chronic), hyperlipidemia, 
hypertension, glucose intolerance, cosmetic defects

Tacrolimus Similar to cyclosporine, although binds to different 
cytoplasmic protein (FKBP)

Broadly similar to cyclosporine; diabetes mellitus more 
common; hypertension, hyperlipidemia, and cosmetic 
defects less common

Azathioprine Inhibits purine biosynthesis, inhibiting lymphocyte 
replication

Bone marrow suppression; rarely, pancreatitis, hepatitis

MMF Inhibits de novo pathway of purine biosynthesis, 
inhibiting lymphocyte replication

Bone marrow suppression, gastrointestinal upset; 
invasive CMV disease more common than with 
azathioprine

Sirolimus Sirolimus-FKBP complex inhibits mTOR blocking the 
lymphocyte proliferative response

Bone marrow suppression, hyperlipidemia, interstitial 
pneumonitis; enhances nephrotoxicity of 
cyclosporine-tacrolimus

Belatacept Blocks T cell costimulation PTLD in EBV-seronegative patients, PML (rare), 
reactivation of TB

CMV, Cytomegalovirus; EBV, Epstein-Barr virus; FKBP, FK-binding protein; IL-2, interleukin-2; MMF, mycophenolate mofetil; PML, 
progressive multifocal leukoencephalopathy; PTLD, posttransplantation lymphoproliferative disorder; TB, tuberculosis; TOR, target of 
rapamycin.
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cytokines then stimulate T cell proliferation (signal 3) via 
the phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian 
target of rapamycin (mTOR), Janus kinase 3 (JAK3)/signal 
transducer and activator of transcription 5 (STAT5), and 
MAP kinase signaling pathways.15 Most immunosuppressive 
agents either deplete lymphocytes (depleting agents) or act 
at the level of, or downstream from, one or more of the 
three T cell immune activation signals.

Immunosuppressive strategies can also be divided  
into induction and maintenance therapy. Induction of 
immunosuppression is defined as the rapid achievement of 
profound immunosuppression, usually at the time of trans-
plantation, with the use of depleting agents. Maintenance 
immunosuppression is achieved by the combination of oral 
agents that take advantage of additive or synergistic immu-
nosuppressive effects of different drug categories to mini-
mize their nonimmunosuppressive side effects. Dosage is 
usually greater during the first 3 months after transplanta-
tion and decreases afterward. A combination of a calcineu-
rin inhibitor (CNI), antiproliferative agent, and corticosteroid 
is the most common regimen.

IMMUNOSUPPRESSIVE DRUGS

DEPLETING AGENTS
Rabbit antithymocyte globulin (Thymoglobulin), horse 
antithymocyte globulin (Atgam), and muromonab-CD3 
(Orthoclone OKT3) are agents approved in the United 
States for the treatment of acute rejection. Alemtuzumab 
(Campath) is approved for the treatment of B cell chronic 
lymphocytic leukemia but has to be used off label for the 
induction of immunosuppression.

POLYCLONAL ANTIBODY PREPARATIONS
Polyclonal antibodies against human T cells, antithymocyte 
globulins (ATGs), are prepared by immunization of animals 
with human lymphoid cells. Available products include Thy-
moglobulin (globulin derived from rabbits inoculated with 
human thymocytes), ATG-Fresenius (globulin derived from 
rabbits inoculated with Jurkat T cells; not available in the 
United States), and Atgam (gamma globulin derived from 
horses inoculated with human thymocytes). For Thymo-
globulin, the resulting purified globulin includes antibodies 
that target more than 20 different T cell epitopes. Antibod-
ies at higher concentrations include TCR, CD2, CD3, CD5, 
CD6, CD8, CD11A, CD49, and β2-microglobulin.16,17 The 
mechanism of T cell depletion is thought to involve 
complement-dependent lysis, mostly in the blood compart-
ment, and apoptosis and phagocytosis in the peripheral 
lymphoid tissue. Antibodies against adhesion molecules that 
are present in the ATG preparation may also play a role by 
modulating leukocyte function.18

A number of randomized controlled trials (RCTs) have 
compared ATG induction with other strategies. A study 
from the late 1970s compared a 1-month induction using 
horse ATG with no induction treatment in patients treated 
with azathioprine and a steroid-based immunosuppression 
regimen and found a significantly improved 2-year graft 
survival in the ATG-treated group.19 Rabbit ATG (ATG-
Fresenius) induction resulted in an equivalent 1-year graft 
survival but a lower rate of acute rejection and infection- 
and noninfection-related complications compared to OKT3 

in patients treated with cyclosporine, azathioprine, and 
steroid maintenance immunosuppression.20 A long-running 
randomized trial comparing horse ATG to rabbit ATG 
induction therapy demonstrated the superiority of rabbit 
ATG in terms of reduction of the composite of death, graft 
loss, or rejection.21 In sensitized patients, defined as a 
current or peak panel reactive antibody (PRA) more than 
30% or 50%, respectively, rabbit ATG induction was associ-
ated with significantly lower rate of biopsy proven acute 
rejection and steroid resistant rejection in the first year post-
transplantation but no difference in 1-year survival com-
pared to daclizumab induction.22 In another study of kidney 
transplant recipients with risk factors for delayed graft func-
tion or acute rejection, rabbit ATG resulted in a lower acute 
rejection rate than basiliximab induction but no difference 
in delayed graft function or 1 year graft survival. A 5-year 
follow-up of this study showed sustained superiority of rabbit 
ATG in terms of acute rejection.23,24 Notably, infectious com-
plications were more common in the rabbit ATG groups of 
both trials which compared the agent with IL-2 receptor 
antagonizing antibodies. In immunologically high-risk 
kidney transplant recipients randomly assigned to rabbit 
ATG or alemtuzumab induction, no differences were seen 
in acute rejection rates between the groups followed up to 
3 years posttransplantation,25 although infectious complica-
tions were more common in rabbit ATG–treated subjects.

ATG also has an important role in the treatment of severe 
or steroid-resistant acute cellular rejection. A randomized 
study has shown superiority of rabbit ATG compared to 
horse ATG in the treatment of acute rejection in terms of 
rejection reversal and 90-day recurrence rates.26 In another 
study, rabbit ATG and OKT3 were shown to be similarly 
efficacious in the treatment of steroid-resistant acute rejec-
tion; however, rabbit ATG had the advantage of a more 
favourable side-effect profile.27 Given a more favorable side-
effect profile, rabbit ATG has now replaced OKT3 as the 
second-line therapy for acute rejection. OKT3 still may still 
have had a role as a potential rescue therapy in “ATG-
resistant” rejection; however, the agent is no longer available 
in the United States.28

Rabbit ATG is given at a dosage of 1.5 mg/kg/day. The 
initial regimen of 7 to 14 days of treatment is rarely used 
today because a shorter course of treatment (5 days) has 
been demonstrated to be efficacious.23 Infusion-related side 
effects, such as fever, chills, hypotension and, less frequently, 
cardiovascular events, are usually mild, particularly if coad-
ministered with adequate steroid and antihistamine pre-
medication are infused slowly. These reactions are more 
likely to occur during the first few infusions and become 
rare with subsequent infusions. Serum sickness, character-
ized by fever, rash, and arthralgia, occurring 10 to 15 days 
after treatment, have been reported as well,29 possibly more 
frequently in patients not receiving steroid prophylaxis.

MONOCLONAL ANTIBODIES
Muromonab-CD3 is a mouse antihuman monoclonal anti-
body against the T cell receptor–associated CD3 antigen 
that was first approved for clinical use in 1986. OKT3 results 
in apoptosis and rapid depletion of T cells from the circula-
tion. The cytotoxic effect is preceded by a transient, 
antibody-induced T cell activation and cytokine surge, an 
effect responsible for many of the undesired side-effects 
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placebo.39,40 Daclizumab was “retired” from the market by 
the manufacturer at the end of 2009, and thus basiliximab 
is the only IL-2 blocker currently available in the United 
States. The treatment regimen consists of two infusions of 
20 mg, the first at the time of transplantation and the 
second 3 to 4 days posttransplantation. The pharmacokinet-
ics of that dose regimen provides prophylaxis for 30 days 
posttransplantation. Few data exist regarding the use of IL-2 
receptor antagonists (IL-2 RAs) for the treatment of acute 
rejection.

ANTI-CD20 MONOCLONAL ANTIBODY
Rituximab (Rituxan) is a chimeric, anti-CD20, cytolytic 
monoclonal antibody that has been approved for the treat-
ment of non-Hodgkin’s lymphoma, chronic lymphocytic 
leukemia, and rheumatoid arthritis. Rituximab was initially 
used in the transplant population for the treatment of post-
transplantation lymphoproliferative disease.41 It interferes 
with the humoral alloresponse by specifically targeting 
normal B lymphocytes. Rituximab has become an important 
element in many successful desensitization protocols (see 
later, “Desensitization” section).42,43 Rituximab has also been 
used successfully in combination with plasmapheresis and/
or intravenous Ig (IVIg) for the treatment of acute humoral 
rejection.44,45 It is typically administered intravenously at 
375 mg/m2 or 1 g twice over 2 weeks. Steroid and antihista-
mine premedication and administration over 6 hours result 
in a lower incidence of infusion-related side effects. Notably, 
an RCT comparing induction with rituximab versus dacli-
zumab was stopped early because of an excess of acute 
rejection in the rituximab group.46

MAINTENANCE IMMUNOSUPPRESSIVE AGENTS
Calcineurin Inhibitors

Calcineurin is a calcium-dependent, serine-threonine phos-
phatase involved in a diverse range of cellular functions, 
including T cell signal transduction.47 In brief, the binding 
of foreign antigen to the T cell receptor, when accompanied 
by a costimulatory signal, triggers the cytosolic influx of 
calcium and downstream activation of calcineurin. Activated 
calcineurin dephosphorylates the transcription factor, 
NFAT, which then translocates to the nucleus and activates 
a host of target genes, including the cytokine IL-2.48 IL-2 
then binds to its receptor and initiates T cell expansion.15 
CNIs have contributed to a significant improvement in 
kidney transplantation survival and to the expansion of 
transplantation of extrarenal organs. Despite considerable 
toxicity, CNIs remain the cornerstone of immunosuppres-
sion in clinical transplantation. CNI-associated nephrotoxic-
ity certainly contributes to the reduction of long-term graft 
survival and to nephrotoxicity among recipients of extrare-
nal solid organs.49,50 The magnitude of graft failure attribut-
able to CNI-toxicity is still hotly debated.

Cyclosporine

Cyclosporine is a lipophilic amino acid cyclic peptide that 
binds to cytoplasmic cyclophilin and forms a complex that 
inhibits calcineurin. The introduction of cyclosporine in the 
early 1980s heralded a new era in kidney transplantation. 
European and American clinical trials demonstrated the 
superiority of cyclosporine, alone or with steroid, over the 

associated with OKT3. T cell number and function usually 
return to normal limits 1 week after completion of treat-
ment. Cytokine release syndrome is present, usually after 
the first infusion. It is most frequently reported to be mild, 
self-limited, flulike illness; however, severe life-threatening 
reactions, such as serious cardiovascular and central nervous 
system manifestations, have been reported.30 Noncardiac 
pulmonary edema has also been seen, particularly if the 
patient is fluid-overloaded pretransplantation. Patients may 
develop anti–mouse-neutralizing antibodies rapidly, which 
may limit efficacy of the treatment and prevent retreat-
ment.31 The efficacy of OKT3 as an induction agent and in 
the treatment of acute rejection has been well established.30,32 
As a result of its side effects, the use of OKT3 decreased 
considerably following the emergence of alternative immu-
nosuppressive agents, such as ATG and IL-2 blockers.33

Alemtuzumab (Campath) is a humanized monoclonal 
antibody against CD52 that was originally developed to treat 
refractory B cell chronic lymphocytic leukemia. Alemtu-
zumab treatment results in profound and long-lasting deple-
tion of T and B lymphocytes. Evidence for the efficacy of 
alemtuzumab as an induction agent was provided by an RCT 
that compared a single 30-mg dose of alemtuzumab to 
induction with basiliximab in immunologically low-risk 
patients and to rabbit ATG in immunologically high-risk 
patients. Alemtuzumab treatment proved superior to  
basiliximab and equivalent to rabbit ATG in terms of biopsy-
confirmed acute rejection followed up to 3-years posttrans-
plantation, although the overall rate of late biopsy-proven 
rejection (from 1 to 3 years posttransplantation) was signifi-
cantly higher in the alemtuzumab group.25 Infectious com-
plications were higher with alemtuzumab than basiliximab, 
but lower with alemtuzumab than rabbit ATG. Alemtu-
zumab may cause an infusion first-dose reaction, which can 
be avoided if the subcutaneous route is used.34 Neutropenia 
and anemia are also seen. Concern about the development 
of autoimmune disease (especially thyroid-related) follow-
ing alemtuzumab treatment was initially raised after publica-
tion of data from a study comparing the agent with 
interferon-β for the treatment of multiple sclerosis.35 The 
development of autoimmune diseases has also been reported 
in solid organ transplant recipients treated with alemtu-
zumab induction.36,37 Potential advantages of alemtuzumab 
include the simplicity of a single-dose treatment and lower 
cost compared to other induction agents.

INTERLEUKIN-2 RECEPTOR ANTAGONIST
Daclizumab is a humanized monoclonal antibody, and basi-
liximab is a chimeric monoclonal antibody. Both are IgG1 
(immunoglobulin G1) antibodies directed against the α-
chain of the IL-2 receptor (CD25 antigen), which is 
expressed on activated T lymphocytes. Blockade of the IL-2 
receptor inhibits a key T lymphocyte proliferation signaling 
pathway, thereby blunting the cellular immune response. 
These agents reduce the rate of rejection by about 30% to 
40% compared to placebo when used in combination with 
conventional immunosuppression.38-40 Rabbit ATG and 
alemtuzumab are both more effective in reducing the rate 
of rejection but incur a higher infectious risk than the IL-2 
receptor blockers.22,25,23 Advantages of IL-2 receptor block-
ers include minimization of injection-related side effects 
and lack of risk of infection or cancer compared to 
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voclosporin to tacrolimus in immunologically low-risk 
kidney transplant recipients showed voclosporin to be non-
inferior in terms of episodes of rejection and kidney func-
tion. Notably, rates of PTDM were significantly lower in the 
low-dose voclosporin group.60 Recently, the development of 
voclosporin for kidney transplantation maintenance immu-
nosuppression was halted due to lack of funding. The drug 
remains under investigation for the treatment of lupus 
nephritis.

ANTIPROLIFERATIVE AGENTS
Azathioprine

Azathioprine (Imuran) is a prodrug whose metabolites exert 
a number of actions, including the following: (1) the incor-
poration of thioguanine purine analogs into DNA and RNA, 
resulting in cell death; (2) inhibition of de novo purine syn-
thesis by methylthioinosine monophosphate; and (3) T cell 
apoptosis via inhibition of the Rho family GTPase, Rac1.61 
Azathioprine, in combination with prednisone, was the 
mainstay of transplant immunosuppression from the early 
1960s until the introduction of cyclosporine in the early 
1980s, at which point it maintained its role as an adjuvant 
medication to cyclosporine. Azathioprine has now been 
largely replaced by mycophenolate mofetil (MMF; see later) 
in most new immunosuppressive protocols,62 although many 
older vintage kidney transplant recipients remain on the 
drug. Also, azathioprine is commonly substituted for MMF in 
female transplant recipients who are planning to conceive. 
The most important side effect of azathioprine is myelosup-
pression. Individuals with reduced thiopurine methyltrans-
ferase (TPMT) enzyme activity tend to accumulate active 
drug metabolites and are predisposed to myelosuppression. 
By some estimates, 10% of the population has reduced TPMT 
activity and 0.3% has absent TPMT activity.63 Notably, coad-
ministration of allopurinol with azathioprine also shifts aza-
thioprine metabolism toward the production of metabolically 
active substrates and may lead to potentially serious toxicity.

Mycophenolate Acid

MMF is a prodrug that releases mycophenolate acid, an 
inhibitor of inosine monophosphate dehydrogenase 
(IMPDH) required for the de novo pathway synthesis of 
guanosine from inosine. The effects of MMF are relatively 
lymphocyte-specific because, lacking a purine salvage 
pathway, T and B cells rely exclusively on de novo purine 
synthesis. By limiting the pool of available guanine triphos-
phate, MMF prevents T and B lymphocyte replication and 
suppresses the cellular and humoral immune responses. 
Clinical trials have demonstrated that MMF reduces acute 
rejection rates by 50% compared to azathioprine or 
placebo.64 A meta-analysis of 19 trials has shown that MMF 
is associated with a reduction of acute rejection and 
improved graft survival compared to azathioprine.62 Cyclo-
sporine inhibits the enterohepatic recirculation cycle of the 
metabolism of MMF, reducing the exposure by approxi-
mately 40%. Tacrolimus and sirolimus do not interfere with 
the metabolism of MMF.57 The side effects of MMF predomi-
nate as gastrointestinal symptoms (diarrhea, epigastric pain, 
nausea). MMF can also cause neutropenia and, less fre-
quently, anemia. However, it is not associated with nephro-
toxicity, hyperlipidemia, or hypertension. MMF is associated 

standard immunosuppression regimen of azathioprine and 
steroid.51,52 The original oil-based formulation of cyclospo-
rine (Sandimmune) was associated with erratic gastrointes-
tinal absorption and highly variable bioavailability. The 
subsequent development of a microemulsion formulation 
of cyclosporine (Neoral) significantly improved the drug’s 
absorption and pharmacokinetic profile.53 Cyclosporine is 
now also available in a generic microemulsion formulation. 
Gengraf is an alternative water-based microemulsion that 
many patients find more palatable.54 Care should be taken 
to avoid nonmicroemulsion generic cyclosporine formula-
tions without the prescriber’s knowledge, as they are associ-
ated with unpredictable absorption and may expose the 
patient to an increased risk of rejection or toxicity.

Therapeutic drug monitoring of cyclosporine is most 
commonly performed using 12-hour trough levels, although 
monitoring blood levels 2 hours after ingestion of cyclospo-
rine (C2 level) actually has a better correlation with drug 
exposure.55 The side effects of cyclosporine include hyper-
tension, hyperlipidemia, gingival hyperplasia, hypertricho-
sis, tremors, and nephrotoxicity. Cyclosporine is also 
associated with the development of posttransplantation  
diabetes mellitus (PTDM) and, rarely, hemolytic uremic 
syndrome.

Tacrolimus

Tacrolimus (Prograf) is a macrolide antibiotic that binds 
FK506 binding protein (FKBP12). The resulting drug-
protein complex inhibits calcineurin activity. Many trials 
have demonstrated reduced rates of rejection compared to 
cyclosporine,56 particularly the original formulation of cyclo-
sporine. The toxicity profile is slightly different than that of 
cyclosporine; tacrolimus is not associated with gingival hyper-
plasia, hypertrichosis, or hyperlipidemia. However, it is asso-
ciated with greater neurotoxicity, higher incidence of PTDM, 
and gastrointestinal toxicity. Hypertension and nephrotoxic-
ity appear to be milder than with cyclosporine. The exposure 
to mycophenolate acid is increased by approximately 40% 
with tacrolimus as compared to cyclosporine (see below).57 
Tacrolimus is now also available in generic formulation. An 
extended-release formulation of tacrolimus (Astagraf) has 
also been approved in the United States. This once-daily 
tacrolimus formulation may be advantageous in terms of 
compliance.58 Notably, an increase in the total daily tacroli-
mus dose is frequently required to achieve equivalent drug 
exposure following the switch from the twice-daily to once-
daily tacrolimus formulation.59 Therefore, close monitoring 
of drug levels, especially in early posttransplantation patients, 
is recommended following formulation changeover.

Voclosporin

Voclosporin (ISA247) was developed by modification of the 
functional group on the amino acid residue at position 1 of 
the cyclosporin A (CsA) molecule. This small modification 
results in a conformational change associated with tighter 
binding to calcineurin and a consequent increase in the 
inhibition of phosphatase activity. In addition, the number 
of inactive metabolites available to compete for binding to 
calcineurin is significantly smaller. As a result, voclosporin 
can achieve a higher inhibition of calcineurin at doses 4 to 
10 times lower than cyclosporine. A 6-month, phase 2 ran-
domized trial comparing low, medium, and high doses of 
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associated with similar graft function but a higher rate of 
acute rejection.73

An RCT with median follow-up of 8 years reported 
increased acute rejection rates and lower glomerular  
filtration rates (GFRs) in cyclosporine/sirolimus and tacro-
limus/sirolimus– versus tacrolimus/MMF–treated subjects. 
Tacrolimus/sirolimus treatment was also associated with an 
excess in death with a functioning graft compared to the 
other groups. A trend toward a worse GFR in CNI/sirolimus 
treatment combinations (especially cyclosporine) is consis-
tent with animal studies showing that sirolimus cotreatment 
potentiates CNI nephrotoxicity.74,75

Late conversion from CNI to sirolimus has shown some 
promise in improving or stabilizing kidney function in 
patients with chronic allograft dysfunction, with the caveat 
that the development of nephrotic- or subnephrotic-range 
proteinuria following conversion to sirolimus is relatively 
common and requires cessation of the treatment. The pres-
ence of proteinuria before conversion is predictive of a poor 
response and should be screened for prior to considering a 
switch to sirolimus.76 Finally, conversion from a CNI to siro-
limus is associated with regression of Kaposi’s sarcoma  
and reduction in the development of squamous cell skin 
cancers.77,78 Sirolimus use peaked at just under 20% of 
kidney transplants in the early 2000s, but its use has since 
declined to the low single digits.

Everolimus (Zortress) is derived from sirolimus and has 
a shorter half-life. It has been approved in the United States 
for prophylaxis against rejection in kidney and heart trans-
plant recipients. It has also been approved for the treatment 
of advanced renal cell carcinoma (Afinitor).

JAK3 Inhibitor

Tofacitinib (formerly CP-600550) is an oral agent that inhib-
its JAK3-induced phosphorylation and activation of its 
downstream signal transducing molecule, STAT5. Inhibi-
tion of JAK3 blocks the signaling of the γ-chain subfamily of 
cytokines (IL-2, -4, -7, -9, -15, and -21), resulting in immu-
nosuppression. In contrast to mTOR, JAK3 expression is 
restricted to T, B, and natural killer (NK) cells, and this level 
of specificity may improve the toxicity profile. A phase 2 
RCT that compared two doses of tofacitinib with cyclospo-
rine, both combined with MMF and steroid, showed equiva-
lent rejection rates, higher GFR, and better kidney histology 
in the tofacitinib groups. However, the rates of posttrans-
plant lymphoproliferative disease (PTLD) and serious infec-
tion, particularly BK virus and cytomegalovirus (CMV) 
infection, were higher in the tofacitinib groups.79 Tofaci-
tinib (Xeljanz) has been approved for the treatment of 
rheumatoid arthritis. The development of the drug for 
kidney transplantation has been halted.

COSTIMULATORY SIGNAL BLOCKERS
Belatacept is a selective costimulation blocker. This human 
fusion protein binds the ligands CD80 and CD86 on APCs 
and prevents their interaction with the costimulation recep-
tor on the T cells (CD28). Blockade of the costimulation 
signal prevents T cell activation. Belatacept is given as an IV 
infusion. Two studies randomized recipients of living or 
standard deceased donor (Benefit) and expanded criteria 
for deceased donor kidneys (Benefit-Ext) to higher dose 
belatacept, lower dose belatacept, or cyclosporine, with all 

with an increased risk of major fetal malformations, and 
patients planning pregnancy should be switched to azathio-
prine at least 6 weeks before conception.65 Despite the high 
inter- and intra-individual variability of its pharmacokinet-
ics, routine therapeutic drug monitoring of MMF has not 
been established. MMF is approved at a dose of 1 g twice 
daily when used in conjunction with a CNI and steroids. The 
excellent results obtained with a standard dosing regimen 
and the poor correlation of a single time point to the AUC 
(area under the concentration-time curve, particularly when 
used in combination with cyclosporine A [CsA]) supports a 
fixed-dose regimen.15,66 However, the emergence of calci-
neurin and/or steroid-minimizing strategies have contrib-
uted to a growing interest in MMF therapeutic drug 
monitoring and optimization of early exposure. Mycophe-
nolate mofetil is now also available in a generic formulation 
in the United States.

Mycophenolate sodium (Myfortic) is an enteric-coated, 
slow-release formulation of mycophenolic acid that was 
developed to decrease the gastrointestinal side effects of 
MMF. Multiple randomized trials have demonstrated a 
similar efficacy and side effect profile to that of MMF.67

TARGET OF RAPAMYCIN INHIBITORS
Sirolimus (Rapamune) is a macrocyclic antibiotic that has 
immunosuppressive properties. Even though it shares its 
cytoplasmic binding protein with tacrolimus (FKBP12), the 
resulting complex does not interfere with calcineurin. 
Rather, it binds with the mammalian target of rapamycin 
(mTOR). The resulting inhibition of mTOR prevents the 
propagation of IL-2–mediated cell proliferation signaling 
through the PI3K/AKT/mTOR pathway.68 Sirolimus inhib-
its cellular proliferation of T and B lymphocytes and reduces 
antibody production.15 Its immunosuppressive effects have 
been demonstrated in preclinical studies to be synergistic 
with those of CsA and tacrolimus.69,70 Side effects of siroli-
mus include hyperlipidemia, thrombocytopenia, anemia, 
delayed wound healing, diarrhea, pneumonitis, mouth 
ulcers, proteinuria, and peripheral edema. High drug with-
drawal rates due to side effects have been a common theme 
in many of the sirolimus trials.

Sirolimus has been studied in a number of different 
immunosuppression protocols, including as de novo main-
tenance immunosuppression in combination with a CNI  
and steroid or an antimetabolite and steroid, in early CNI 
withdrawal protocols, or as replacement for a CNI in  
patients with chronic allograft dysfunction or cancer. 
Sirolimus/MMF versus cyclosporine/MMF combined with 
rabbit ATG induction and 6 month of steroids resulted in 
similar 12-month survival and rejection rates, although 
adverse drug events and discontinuation rates were sig-
nificantly higher in sirolimus-treated subjects.71 Another 
study that compared sirolimus/tacrolimus withdrawn at  
3 months, sirolimus/MMF and tacrolimus/MMF in  
patients treated with daclizumab induction and steroid 
maintenance reported significantly higher acute rejection 
rates with sirolimus/MMF treatment, prompting early  
withdrawal of the group from the trial. Impaired wound 
healing and dyslipidemia were both more common in the 
sirolimus-treated groups, as was drug withdrawal.72 In 
another study, switching from tacrolimus to sirolimus at 3 
months posttransplantation (vs. staying on tacrolimus) was 
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with an increase in death-censored graft loss and acute rejec-
tion. However, the increased risk of acute rejection was seen 
in those treated with cyclosporine but not tacrolimus-based 
immunosuppressive regimens.91 Steroid-sparing strategies 
are a reasonable option for low immunologic risk patients 
treated with modern era immunosuppressive regimens 
(e.g., tacrolimus/MMF). Most steroid withdrawal protocols 
wean steroids within 3 to 6 months of transplantation. Late 
withdrawal from steroid use (>1 year posttransplantation) 
has been associated with increased acute rejection rates  
and deterioration in graft function in studies from the 
cyclosporine-azathioprine era.92,93 While late withdrawal may 
be safer in the tacrolimus-MMF era, ongoing caution is 
recommended with this approach.94

IMMUNOSUPPRESSION PROTOCOLS

CNI-associated nephrotoxicity represents a major drawback 
of current immunosuppression protocols95 and, as such, the 
last several years has seen a greater focus on strategies to 
minimize CNI exposure. Data from two RCTs from the late 
2000s have supported the efficacy and safety of lower dose 
cyclosporine and tacrolimus-based regimens in immuno-
logically low-risk patients.96,97 However, the importance of 
CNI in kidney transplantation was emphasized by a recent 
study that withdrew tacrolimus at 6 months in stable, immu-
nologically low-risk patients maintained on steroid and 
MMF. The study was discontinued due to an unacceptably 
high rate of acute rejection (6 of 14 patients) and donor-
specific antibody development in the withdrawal group.98 To 
date, belatacept probably represents the best available 
option for calcineurin avoidance.80

The vast majority of kidney transplant recipients in the 
United States are maintained on tacrolimus and MMF, with 
about two thirds of patients also treated with maintenance 
steroids. The greatest source of intraprogram variability in 
an immunosuppressive regimen is the choice of induction 
therapy and patient selection for, and method of, steroid 
withdrawal. When deciding on a regimen for a given recipi-
ent, the following factors are taken into consideration: (1) 
the patient’s immunologic risk; (2) the baseline quality of 
the allograft; and (3) the anticipated vulnerability profile to 
specific side effects of immunosuppression. Familiarization 
with local challenges (e.g., regional distribution of patient 
risk factors, organ attribution scheme) is essential for suc-
cessful optimization of immunosuppression protocols for 
any given patient.

EVALUATION OF RECIPIENT

IMMEDIATELY BEFORE TRANSPLANTATION

The general pretransplantation workup is reviewed in 
Chapter 64.

MEDICAL STATUS

The potential recipient should be evaluated to ensure that 
there are no new contraindications to general anesthesia 
and transplantation surgery. This is more relevant for recipi-
ents of deceased donor allografts for whom the date of 

subjects receiving IL-2 antagonist induction, MMF, and 
steroid concurrently. Results at 1 year showed similar graft 
and patient survival across the groups but significantly 
higher GFR in belatacept-treated subjects. Acute rejection 
was significantly higher in those treated with belatacept in 
the Benefit study but not in Benefit-Ext.80,81 The calculated 
GFR remained approximately 22 and 11 mL/min/1.73 m2 
higher with belatacept versus cyclosporine treatment at 
5-year follow-up of the Benefit and Benefit-Ext trials respec-
tively.82,83 The incidence of PTLD (mostly central nervous 
system) was higher in patients treated with belatacept in 
both trials and was associated with pretransplantation 
Epstein-Barr virus (EBV) seronegativity. The current package 
insert recommends use of belatacept only in kidney trans-
plant patients who are documented as anti-EBV antibody 
seropositive because of the risk of PTLD.

An anti-CD40 antibody, ASKP1240, that blocks CD40/
CD154 costimulatory signaling, is currently under in-
vestigation in a phase 2a randomized trial with three  
arms—basiliximab-tacrolimus-MMF-steroid versus basilix-
imab-ASKP1240-MMF-steroid versus basiliximab-tacrolimus-
ASKP1240-steroid. The drug has shown some promise in 
preclinical studies.84

CORTICOSTEROIDS
Since the early days of clinical transplantation, corticoste-
roids have played an important role in the immunosuppres-
sive management of transplant recipients and remain 
first-line treatment for acute rejection. Corticosteroids have 
antiinflammatory and immunosuppressive properties. The 
antiinflammatory effects of steroids are mediated by the 
reduction of proinflammatory molecules, including platelet-
activated factor (PAF), prostaglandins, and leukotrienes and 
reduction of the release of tumor necrosis factor-α (TNF-α). 
Immunosuppressive properties of steroids include preven-
tion of T cell proliferation, inhibition of cytokine produc-
tion, including IL-2, and interference with antigen 
presentation. Some of these effects are mediated through 
the inhibition of the transcription factor NF-κB. The chronic 
use of steroids potentiates lymphocyte apoptosis, results in 
lymphopenia, and interferes with leukocyte trafficking.11 
These various mechanisms of action acting in concert make 
steroids potent and versatile immunosuppressive drugs. 
However, side effects related to their chronic use are also 
extensive (e.g. diabetes, hypertension, hyperlipidemia, 
osteoporosis, avascular necrosis, truncal obesity, hypertri-
chosis, acne, cataracts). The emergence of new, more potent 
immunosuppressive drugs has allowed the successful imple-
mentation of steroid-sparing protocols—avoidance, minimi-
zation, or withdrawal.85,86 This is reflected by a significant 
trend toward decreased steroid use, with just over 60% com-
pared to 90% of U.S. kidney transplant recipients main-
tained on steroids in 2011 and 1995, respectively.

The reported benefits of steroid-sparing strategies are 
manifold and include improvements in blood pressure, gly-
cemic and lipid control, reduced posttransplantation weight 
gain, and better bone mineral density, growth, and physical 
appearance.87-90 A Cochrane review of 30 randomized trials 
of steroid avoidance (<2 weeks of exposure) and steroid 
withdrawal (>2 weeks of exposure) has demonstrated that 
such steroid-sparing strategies are not associated with an 
increase in mortality or all-cause graft loss but are associated 
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antigen results in a distinct fluorometric signal that is then 
detected by flow cytometry. Molecular (e.g., polymerase 
chain reaction [PCR]) HLA typing techniques have now 
superseded serologic identification of HLA type for donors 
and recipients. Accurate molecular donor HLA typing and 
SAB-based recipient anti-HLA antibody screening can be 
combined to perform a virtual cross-match. Many centers 
will now proceed with a deceased donor transplant in low 
immunologic risk patients based on a negative virtual cross-
match. For high immunologic risk donors, virtual cross-
matching has assisted in the identification of potentially 
compatible donors and has improved transplantation rates 
for sensitized donors.102 Computerized virtual cross-match 
algorithms have also been central to the success of kidney 
paired donor exchange and transplant chains.103,104 In the 
United States, wait-listed kidney transplantation candidates 
usually have SAB-based HLA-antibody screening performed 
every 2 months. Transplantation centers regularly update 
each candidate’s antibody status on UNet, a centralized 
computer database that virtually matches candidates with 
potential donors. HLA antigens against which a candidate 
has antibody are listed as unacceptable HLA antigens or 
“avoids” on the system.

The calculated panel reactive antibody (cPRA) replaced 
the measured PRA in the United States in 2009 as the main 
measure of immune sensitization. The cPRA is calculated 
using an algorithm that correlates donor anti-HLA antibody 
(as measured by SAB assay) with the population frequency 
of HLA antigens to generate a percentage score. A candi-
date with no anti-HLA antibody will have a cPRA of 0, 
whereas a sensitized candidate with a cPRA of 85% will be 
immunologically incompatible with 85% of the donor popu-
lation. The choice of predonation cross-match depends 
mostly on a donor’s immunologic risk (Table 72.2). Intended 
recipients should be specifically asked if they have recently 
received a blood transfusion because this could cause a 
surge in alloantibodies.105

Donor-specific anti-HLA antibody (DSA) may be present 
pretransplantation or develop de novo posttransplantation. 
De novo DSA development frequently follows acute cellular 
rejection episodes and is also associated with patient non-
compliance.106 Preformed and de novo DSAs are both asso-
ciated with an increased risk of antibody-mediated rejection 
and poor graft outcomes.107,108 DSAs may also be measured 
using a variation on the SAB technique, the Luminex C1q 
assay, which detects anti-HLA antibodies that bind and acti-
vate complement. The development of posttransplantation 
C1q-binding DSA is strongly associated with poor graft 
outcomes.109

DSA may be accompanied by the following: (1) normal 
renal function and histology; (2) normal renal function and 

surgery cannot be planned. Special emphasis should be 
placed on cardiovascular and infectious risks. With longer 
waiting periods for transplantation, it is common for a 
potential recipient’s cardiovascular risk profile to have 
changed since the time of his or her last evaluation. The 
need for hemodialysis prior to surgery should be assessed. 
In general, preoperative hemodialysis is advisable if the 
plasma potassium level is greater than 5.5 mmol/L or severe 
volume overload is present. The threshold for preoperative 
dialysis should be lower when delayed or slow graft function 
is anticipated or patients are of higher cardiovascular risk. 
A short session of 1.5 to 2 hours without anticoagulation 
usually suffices. Patients on peritoneal dialysis need to have 
instilled peritoneal dialysis fluid drained out before surgery; 
if the patient is hyperkalemic, several rapid exchanges can 
be performed. If there is a history of coronary artery disease, 
β-blockers should be administered before and after surgery.99

IMMUNOLOGIC STATUS

DONOR IMMUNE STATUS AND CROSS-MATCH
The presence of preformed recipient antibody against the 
donor ABO blood group or donor HLA will frequently result 
in hyperacute rejection. The past 50 years have seen huge 
advances in the laboratory detection of recipient anti-HLA 
antibody. The complement-dependent lymphocyte cytotox-
icity (CDC) assay, in which donor lymphocytes are incubated 
with recipient serum, was first developed in the 1960s.100 
Preformed recipient antibody to donor lymphocytes (subse-
quently identified as anti-HLA antibody) resulted in lympho-
cyte death in vitro and predicted rapid (hyperacute) graft 
failure in vivo. The assay has been refined in many respects 
and is now performed as separate assays with donor T lym-
phocytes, which exclusively express HLA class I antigen, and 
to donor B lymphocytes, which express both HLA class I and 
II antigens. The addition of antihuman globulin to the CDC 
assay increases its sensitivity. A positive CDC T cell cross-
match is an absolute contraindication to transplantation. A 
negative B cell cross-match is reassuring. However, the assay 
has a high false-positive rate due to the binding of non-HLA 
antibody or autoantibody, therefore a positive result should 
always be interpreted in combination with other HLA anti-
body detection techniques.

The flow cytometric cross-match (FXM) test is a more 
sensitive assay for detecting donor anti-HLA antibody. 
Donor T lymphocytes (T cell flow) or B lymphocytes (B cell 
flow) are mixed with recipient serum and a fluorescent anti-
IgG antibody. Any recipient antibody that binds to donor 
HLA on the lymphocyte cell surface will be tagged by the 
fluorescent IgG and subsequently detected using flow 
cytometry. The FXM assay detects low-titer and non–
complement-binding, anti-HLA antibody and may be posi-
tive when a CDC cross-match is negative. A negative CDC 
cross-match but positive T cell FXM is associated with poor 
short-term transplantation outcomes and is a relative con-
traindication to transplantation.101

Solid-phase technologies such as the Luminex single 
antigen bead (SAB) anti-HLA antibody assay permit detec-
tion and quantification of a wide array of anti-HLA antibod-
ies. Multiple color-coded beads coated with a broad range 
of HLA antigens are incubated with recipient serum. The 
binding of antibody to a bead coated with a specific HLA 

Table 72.2 Recipient Risk Factors for 
Acute Rejection

Previous blood transfusions, particularly if recent
Previous pregnancies, particularly if multiple
Previous allograft, particularly if rejected early
African ancestry (e.g. African-American)
History of high panel reactive antibody (>20%)
Donor-specific antibody (current or historic)
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intraoperative fluids administered, blood pressure, and 
urine output. An immediate excellent urine output, which 
should always be the case with living donor transplants, 
greatly simplifies management. The management of the oli-
goanuric recipient can be complicated and is discussed later.

MANAGEMENT OF ALLOGRAFT 
DYSFUNCTION

In the current era of surgical technique and immunosup-
pression, major postoperative complications are rare. The 
focus of clinical management has shifted from improving 
short-term outcomes to long-term outcomes. Early detec-
tion and treatment of early graft dysfunction is an important 
factor in preserving long-term allograft function. Because 
early signs of graft dysfunction rarely manifest as detectable 
symptoms, routine surveillance laboratory testing is a cor-
nerstone of posttransplantation management. Surveillance 
laboratory testing should be performed, regardless of the 
difficulty of the immediate postoperative course. In general, 
surveillance is performed frequently in the early posttrans-
plantation period and progressively less frequently with 
time. While there may be variations to this schedule among 
different centers, a typical schedule for routine surveillance 
laboratory testing is shown in Table 72.3.

Management is discussed here for three time periods—
immediate, early, and late posttransplantation.

IMMEDIATE POSTTRANSPLANTATION  
PERIOD (FIRST WEEK)

Patients can be divided into three groups based on allograft 
function in the first posttransplantation week—those with 

antibody-mediated rejection (AMR) histology (subclinical 
AMR); (3) overt AMR; or (4) chronic AMR (transplantation 
glomerulopathy). Posttransplantation DSA monitoring 
practices vary from center to center, but DSA screening is 
certainly warranted in immunologically high-risk recipients 
and at the time of “for clinical indication” biopsy. Treatment 
of DSA depends on accompanying clinical and histologic 
findings. Isolated de novo DSA warrants intensification of 
immunosuppression and, in some centers, will be trigger 
specific therapies, such as IVIg. Treatment of DSA accom-
panied by AMR is discussed separately. There is currently 
no effective therapy for chronic AMR transplantation 
glomerulopathy.

DESENSITIZATION

The number of highly sensitized patients (PRA > 80%) wait-
listed for kidney transplantation is growing.3 Difficulty in 
finding a compatible match for highly sensitized patients 
results in low transplantation rates; for patients who are 
close to 100% sensitized, the likelihood of finding a success-
ful transplant match, in the absence of intervention, is very 
low.3,110 The last decade has seen significant growth in desen-
sitization protocols that aim to lower anti-HLA antibody 
titers in sensitized kidney transplant candidates sufficiently 
to create an immunologic window for successful transplan-
tation. Desensitization protocols among centers but fall 
broadly into two categories: (1) high-dose IVIg/anti-CD20-
based43 and (2) low-dose IVIg/plasmapheresis-based110 regi-
mens. High-dose IVIg has been used as a monotherapy and 
effectively lowers donor-specific antibody titers and permits 
successful transplantation.111 However, a number of studies 
have suggested that IVIg alone (vs. IVIg plus plasmapheresis 
and rituximab or IVIg plus rituximab) is associated with a 
posttransplantation rebound in DSA titers and increased 
incidence of AMR.112 Recent reports have also described 
good results with the incorporation of newer agents such as 
the 26S proteasome inhibitor, bortezomib, and the comple-
ment inhibitor, eculizumab,113,114 into desensitization proto-
cols. Other novel agents that are currently being investigated 
for desensitization are tocilizumab, a monoclonal antibody 
against the IL-6 receptor, and IdeS (for IgG-degrading 
enzyme of Streptoccus pyogenes), an enzyme that cleaves and 
inactivates IgG.

Desensitization may be performed in patients who have 
an identified living donor or may be timed to coincide with 
the candidate being positioned at the top of the deceased 
donor waiting list. In addition, desensitization may be facili-
tated by identifying more immunologically favorable donor 
candidates through living donor paired exchange.115,116 
Desensitization greatly increases the prospect of sensitized 
patients receiving a transplant and is associated with good 
medium-term graft survival rates and a survival advantage 
compared to remaining on dialysis.42,110,117 However, AMR 
rates are high,42,118 and few data are available about long-
term graft survival in desensitized patients.

IMMEDIATELY AFTER TRANSPLANTATION

The nephrologist should carefully review the donor history 
and operating room notes, with particular emphasis on cold 
and warm ischemia times, technical difficulties encountered, 

Table 72.3 Routine Surveillance Laboratory 
Testing After Transplantation

Test

<6 Months After 
Transplantation

>6 Months After 
Transplantation

q 2 wk q mo q 2 mo q 12 mo

CBC x x x
Electrolytes, 

glucose, BUN
x x x

Creatinine x x x
Drug level* x x x
Albumin, calcium, 

phosphate, uric 
acid†

x x x

Liver enzymes x x x
Urinalysis x x x
Lipid profile
BK virus‡ x§

*Depending on the immunosuppressive regimen, to include 
tacrolimus, cyclosporine, and mycophenolic acid.

†Posttransplantation parathyroid hormone (PTH) monitoring 
frequency determined by individual PTH and calcium levels.

‡Frequency per individual transplant center.
§Once at 2-3 months post-transplant then annually.
BUN, Blood urea nitrogen; CBC, complete blood count.
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Risk factors for DGF include recipient factors such as 
male gender, black race, longer dialysis vintage, higher PRA 
status, and greater degree of HLA mismatching. Donor 
factors include use of deceased donor kidneys (especially 
with ECD or donation after cardiac death [DCD]), older 
donor age, and longer cold ischemia time. Most of these 
factors mediate their effects through ischemia-reperfusion 
injury as well as immunologic mechanisms. Older studies 
have suggested that CNIs prolong or worsen DGF. However, 
a French RCT comparing delayed versus immediate intro-
duction of cyclosporine posttransplantation showed no dif-
ference in DGF rates or graft function at 3 months but did 
show a numeric trend toward increased acute rejection in 
the delayed cyclosporine group.120

The diagnosis of the underlying cause of DGF is based on 
clinical, radiologic, and histologic findings. Careful review of 
the donor history and of the retrieval and transplantation 
procedures provides clues about the cause of DGF. Notably, 
interpretation of the posttransplantation urine output 
requires knowledge of the residual (native) urine output. 
Prerenal and postrenal causes (e.g., volume depletion, 
urinary catheter malposition or obstruction) should be 
excluded. If such simple steps fail to improve urine output, 
further investigation is warranted. Standard ultrasonogra-
phy is commonly used to assess potential surgical complica-
tions in the immediate postoperative period. Ultrasonography 
can be performed quickly, is inexpensive and noninvasive, 
and is usually effective in identifying postrenal causes of 
kidney failure. Duplex sonography is also useful in assessing 
the graft’s arterial and venous blood flow. The resistive index 
(RI) is often reported in transplant kidney ultrasounds and 
is elevated in the setting of intrarenal graft dysfunction. 
However, a raised RI does not discriminate between ATN 
and rejection and is therefore of limited diagnostic utility.121

The evaluation and management of DGF is patient 
context–dependent. Persistent oliguria in a living donor 

excellent graft function, delayed graft function (DGF), and 
slow graft function (SGF). Excellent allograft function is 
manifest by an ample urine output and rapidly falling 
plasma creatinine concentration. Management of patients 
with excellent allograft function (almost all living donor 
recipients and a highly variable percentage of deceased 
donor allograft recipients) is relatively straightforward. 
Routine imaging studies are not required.

DGF is usually defined by the need for one or more dialy-
sis treatments within the first posttransplantation week. SGF 
defines a group of recipients with moderate early graft dys-
function. One commonly used definition of SGF is a plasma 
creatinine level higher than 3 mg/dL at 1 week posttrans-
plantation; the causes, management, and outcomes of SGF 
are similar to those of DGF (see below).119 Interventions that 
simply convert DGF to SGF appear to have little effect on 
allograft outcomes. A scheme for managing allograft dys-
function in the immediate posttransplantation period is 
depicted in Figure 72.3.

DELAYED GRAFT FUNCTION
The definition of DGF as the requirement for dialysis within 
1 week of transplantation is somewhat arbitrary. The desig-
nation excludes some patients with residual native kidney 
function, such as those undergoing preemptive transplanta-
tion who have DGF per se but do not require dialysis. There 
is also likely significant intracenter variation in the use  
of dialysis posttransplantation. The incidence of DGF, by the 
conventional definition, varies widely, depending on the 
donor source. Recent Scientific Registry of Transplant 
Recipients data reported a 3%, 23%, and 31% incidence  
of DGF in living donor, standard deceased donor, and 
expanded criteria donor (ECD) allografts, respectively.3 
Although the causes of DGF include prerenal, intrarenal, 
and postrenal insults, ischemic acute tubular necrosis (ATN) 
is the most common cause of DGF.

Figure 72.3  Management of kidney allograft nonfunction and oliguria immediately after transplantation. CVP, Central venous pressure; CXR, 
chest x-ray; JVP, jugular venous pressure. 
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Assess volume status (perioperative
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and ensure adequate blood pressure
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higher doses if poor response

No diuresis

Further diagnostic workup:
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Hypervolemic

Euvolemic

Cautious fluid challenge(s):
� diuretic

No

Yes

Appropriate specific
intervention (e.g., surgical

exploration)
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Fluid challenges (250-500 mL
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when volume replete
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should be a diagnosis of exclusion. Several of the risk factors 
identified in Table 72.5 may be present. Intact allograft 
perfusion and the absence of obstruction should be con-
firmed with renal imaging. Histology, if available, shows 
tubular cell damage and necrosis. Patchy interstitial mono-
nuclear cell infiltrates, but not tubulitis, may be present. 
The natural history of uncomplicated ATN is spontaneous 
resolution. Usually, improvements in urine output begin 
from 5 to 10 days after transplantation, but ATN may persist 
for weeks.

kidney is much more likely to be a major surgical complica-
tion than ATN. However, in many cases, prerenal and 
postrenal causes of DGF are excluded in deceased donor 
kidney transplant recipients (KTRs) who are at high risk of 
ischemic ATN. In the absence of a high suspicion for an 
alternative diagnosis (such as rejection), expectant manage-
ment for 7 to 10 days posttransplantation is a reasonable 
approach. A typical algorithm for managing persistent DGF 
is shown in Figure 72.4.

Causes of Delayed Graft Function

Ischemic Acute Tubular Necrosis. Ischemic ATN is the 
most common cause of DGF in deceased donor kidney 
recipients. At multiple steps during the surgical transplanta-
tion procedure, the allograft is at risk of ischemia-reperfusion 
injury (Table 72.4).122

There are no clinical or radiologic features unique to 
early posttransplantation ATN. As is the case with acute 
kidney injury (AKI) in native kidneys, posttransplant ATN 

Figure 72.4  Algorithm for management of persistent delayed graft function. The presence of antidonor human leukocyte antigen (HLA) anti-
bodies should prompt immediate biopsy in this setting. AMR, Antibody-mediated rejection; DGF, delayed graft function. 

High-risk recipient

Biopsy day 3-5

No rejection

Acute AMR

Rejection

Mild/moderate cellular Severe cellular

Biopsy day 7-10

No rejection

Rebiopsy in
7-10 days if

DGF persists

Low-risk recipient

Steroid pulse or
thymoglobulin

Steroid pulsePulse steroids
Plasmapheresis

IgGRebiopsy in
5-10 days if

DGF persists

Table 72.4 Risk Factors for Delayed 
Graft Function

Prerenal

Severe hypovolemia, hypotension
Renal vessel thrombosis

Intrarenal

Ischemic ATN
Hyperacute rejection
Accelerated or acute rejection superimposed on ATN
Acute CNI nephrotoxicity (±ATN)

Postrenal

Urinary tract obstruction/leakage

ATN, Acute tubular necrosis; CNI, calcineurin inhibitor.

Table 72.5 Causes of Ischemic Damage to the 
Deceased Donor Kidney Allograft

Preharvest Donor State

Shock syndromes
Endogenous and exogenous catecholamines
? Brain injury
Nephrotoxic drugs

Organ Procurement Surgery

Hypotension
Trauma to renal vessels

Organ Transport and Storage

Prolonged storage (cold ischemia time)
Pulsatile perfusion injury

Transplantation of Recipient

Prolonged second warm ischemia time
Trauma to renal vessels
Hypovolemia/hypotension

Postoperative Period

Cyclosporine, tacrolimus
Acute heart failure (myocardial infarction)
? Hemodialysis
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Accelerated Rejection Superimposed on Acute Tubular 
Necrosis. Accelerated acute rejection refers to rejection 
occurring roughly 2 to 5 days after transplantation. Acceler-
ated rejection occurs in recipients with pretransplantation 
sensitization to donor alloantigens and is frequently  
associated with the presence of historic or low-titer pretrans-
plantation anti-donor antibodies. Rapid posttransplanta-
tion antibody production by memory B cells underlie this 
phenomenon.123

Accelerated acute rejection may be superimposed on 
ischemic ATN, in which case there may be no signs of rejec-
tion. Diagnosis is made by kidney biopsy in conjunction with 
cross-match findings and DSA titers. Histology usually shows 
evidence of antibody rather than cell-mediated immune 
damage. The diagnosis and management of these two forms 
of rejection are discussed in detail below.

Acute Cyclosporine or Tacrolimus Nephrotoxicity Superim-
posed on Acute Tubular Necrosis. Cyclosporine and tacro-
limus, especially in high doses or by the intravenous route 
of administration, may result in an acute decrease in the 
GFR through renal vasoconstriction, particularly of the 
afferent glomerular arteriole. Such vasomotor effects may 
potentially exacerbate ischemic ATN. Acute CNI toxicity is 
now rare with the targeting of lower CNI levels. However, 
caution should be taken in the context of drug interactions 
that raise CNI levels (discussed later).

Vascular and Urologic Complications of Surgery. Renal 
vessel thrombosis, urinary leaks, and obstruction are rare 
but important causes of DGF. These complications may also 
cause allograft dysfunction in the early postoperative period 
and are discussed later in this chapter.

Outcome and Significance of Delayed  
Graft Function

In most cases, recovery of kidney function is sufficient to 
become independent of dialysis. Renal recovery fails to 
occur in less than 5% of cases, resulting in primary nonfunc-
tion (PNF). Most studies have suggested that DGF has a 
negative impact on long-term kidney allograft survival.122 
Patients with DGF require longer hospitalization and more 
investigations and are at higher risk of occult rejection. 
Postoperative fluid and electrolyte management are more 
difficult.

Therefore, measures that limit the incidence and dura-
tion of DGF are important. Graft injury may occur in the 
following settings: (1) prior to donation; (2) at retrieval; (3) 
during transport; (4) during transplantation surgery; or (5) 
postoperatively.

Prior to donation, heart-beating donors are potentially 
exposed to various renal insults that may affect future graft 
function. Good intensive care unit (ICU) management of 
the potential deceased donor is of great importance in miti-
gating many of these factors. Treating the brain dead donor 
with dopamine prior to organ harvesting has been shown to 
reduce the rate of DGF.124 However, other specific donor 
interventions, including desmopressin and steroids, have 
not been shown to improve subsequent graft function.125,126

Meticulous surgical technique, rapid transport of retrieved 
allografts, and use of optimum preservation solutions are 
also of extreme importance. Data regarding machine 

Management of the patient during this period is sup-
portive. When early hemodialysis is required, minimal  
anticoagulation should be used to reduce the risk of post-
surgical bleeding. Intradialytic hypotension should also be 
avoided to prevent further exacerbation of ischemic kidney 
injury. Peritoneal dialysis may be successfully continued 
posttransplantation, although it should be avoided if the 
peritoneum was violated at the time of surgery. Early post-
operative treatments should be performed with low-volume 
exchanges.

A major concern in the management of the patient with 
posttransplantation ATN is that evidence of new surgical  
or medical complications involving the allograft may be 
masked. Rejection, for example, may be easily missed. In 
fact, acute rejection occurs more frequently in allografts 
with delayed as opposed to immediate function. The  
postulated mechanism is that ischemia-reperfusion injury 
increases the immunogenicity of the allograft, thereby pre-
disposing to acute rejection. Experimental animal models 
have demonstrated that ischemic ATN is associated with 
increased expression or production of class I and II MHC 
molecules, costimulatory molecules, proinflammatory cyto-
kines, and adhesion molecules within the kidney paren-
chyma.122 Such an altered local milieu could amplify the 
alloimmune response. Therefore, a high degree of suspi-
cion for additional complications related to the allograft 
must be maintained. The possibility of accelerated acute 
rejection must be considered, particularly in the high-risk 
recipient. We recommend a low threshold for performing 
a kidney biopsy in patients with DGF. Radiologic evaluation 
of the graft should also be repeated if there is suspicion of 
new urinary or vascular complications.

Hyperacute Rejection. Hyperacute rejection has become a 
rare cause of immediate graft nonfunction because of 
modern tissue-typing technology. However, the increased 
prevalence of desensitization protocols has once again made 
this diagnosis clinically relevant. Hyperacute rejection is 
caused by preformed recipient antibodies reacting with anti-
gens on the endothelium of the allograft, resulting in activa-
tion of the complement and coagulation cascades. These 
antibodies are usually directed against antigens of the ABO 
blood group system or against HLA class I antigens. Anti-
HLA class I antibodies are formed in response to previous 
transplantation, blood transfusion, or pregnancy. Less com-
monly, hyperacute rejection is caused by antibodies directed 
against donor HLA class II antigens or endothelial or mono-
cyte antigens (the last two are not detected in the standard 
cross-match). In classic hyperacute rejection, cyanosis and 
mottling of the kidney and anuria occur minutes after the 
vascular anastomosis is established. Disseminated intravas-
cular coagulopathy may occur. Histology shows widespread, 
small-vessel endothelial damage and thrombosis, usually 
with neutrophils incorporated into the thrombus. There is 
no effective treatment, and transplant nephrectomy is indi-
cated. Screening for recipient-donor ABO or class I HLA 
incompatibility (the presence of the latter is often termed 
a positive T cell cross-match) has ensured that hyperacute rejec-
tion is now uncommon. Rare cases occur because of clerical 
errors or the presence of other preformed antibodies 
(described earlier) that are not detected by routine screen-
ing methods.
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Calcium channel blockers have been shown in experimental 
models to prevent ischemic injury and attenuate CNI-
mediated renal vasoconstriction. These properties suggest 
that their administration to recipients or the donor before 
organ retrieval might reduce the incidence and duration of 
ischemic ATN. A Cochrane review that included 13 trials 
suggested a reduced risk of ATN and delayed graft function 
associated with perioperative calcium channel blocker use, 
but no difference in graft loss or mortality.136 Early reports 
of a randomized study comparing p53 small interfering 
RNA (siRNA) infusion with placebo at the time of ECD 
transplantation suggested a benefit in terms of reduced 
DGF in the treatment group and may represent an impor-
tant therapy in the future.137

EARLY POSTTRANSPLANTATION PERIOD  
(FIRST 6 MONTHS)

Table 72.7 shows the causes of allograft dysfunction during 
the early posttransplantation period. Despite its known limi-
tations, the primary measure of early and late transplant 
function remains the plasma creatinine concentration. Pre-
renal and postrenal causes of graft dysfunction should be 
systematically excluded. An algorithm for the management 
of allograft dysfunction in the early posttransplantation 
period is shown in Figure 72.5.

PRERENAL KIDNEY DYSFUNCTION
Hypovolemia and Drugs

Hypovolemia may develop secondary to excessive diuresis 
from the transplanted kidney or from diarrhea. Diarrhea  
is a common adverse effect of MMF, especially when used 
with tacrolimus. Angiotensin-converting enzyme inhibitors 
(ACEIs), angiotensin receptor blockers (ARBs), and nonste-
roidal antiinflammatory drugs (NSAIDs) should be avoided 
in the early posttransplantation period because of the risk 

perfusion have been somewhat conflicting. A study that 
randomly assigned one kidney from 336 consecutive 
deceased donors to machine perfusion and the other to 
cold storage showed a reduction in DGF and an improve-
ment in 1-year graft survival in the machine perfusion 
group.10 However, machine perfusion was associated with 
no benefit compared to cold storage in kidneys donated 
after cardiac death in the United Kingdom.127 The major 
disadvantages of machine perfusion are its relative expense 
and complexity compared to standard cold perfusion 
techniques.

Cold ischemia time (CIT) is an important risk factor for 
DGF.128 Measures designed to decrease CIT include faster 
identification of potential recipients, establishment of a list 
of patients in each transplant region who would quickly 
accept ECD kidneys, and a consensus on allocation and 
management of DCD organs.129,130 Nationwide organ sharing 
of zero–HLA-mismatched organs also results in the prolon-
gation of CIT in some cases. However, the small increase in 
CIT, associated with national organ sharing, is offset by the 
substantial immunologic benefits of zero– HLA-mismatched 
transplantation.131

Intraoperative mean arterial pressure should be main-
tained greater than 70 mm Hg in the recipient. In cases in 
which DGF is expected, antilymphocyte antibody prepara-
tions are often used and may have benefits beyond acute 
rejection prophylaxis. In experimental models, ATGs 
directly ameliorate ischemia reperfusion injury through 
modulation of adhesion molecule expression and of the 
inflammatory response.132 Intraoperative (vs. postoperative) 
thymoglobulin administration was associated with reduced 
DGF in one randomized study.133 Another study demon-
strated reduced DGF with thymoglobulin over daclizumab.22 
The advantages and disadvantages of antibody therapy in 
the setting of DGF are summarized in Table 72.6.

Despite theoretical benefits, peritransplantation erythro-
poietin treatment showed no effect on DGF in two RCTs.134,135 

Table 72.6 Advantages and Disadvantages of 
Induction Regimens in the Setting of 
Delayed Graft Function

Polyclonals OKT3
Interleukin-2 
Receptor 

Effectiveness in 
preventing early 
acute cellular 
rejection

+++ +++ ++

Increased risk of 
opportunistic 
infection

++ ++ 0

Increased risk of 
neoplasia

++ ++ 0

Cytokine release 
syndrome

+ ++ 0

Sensitization, 
affecting future 
use of product

? ++ 0

Cost +++ +++ +++

Table 72.7 Causes of Allograft Dysfunction in 
the Early Postoperative Period

Prerenal

Hypovolemia, hypotension
Renal vessel thrombosis
Drugs: ACE inhibitors, NSAIDs
Transplantation renal artery stenosis

Intrarenal

Acute rejection
Acute CNI nephrotoxicity
CNI-induced thrombotic microangiopathy
Recurrence of primary disease
Acute pyelonephritis
Acute interstitial nephritis

Postrenal

Urinary tract obstruction, leakage

ACE, Angiotensin-converting enzyme; CNI, calcineurin inhibitor; 
NSAIDs, nonsteroidal antiinflammatory drugs.
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make this treatment worthwhile. Furthermore, thrombolysis 
is relatively contraindicated in the early posttransplantation 
period because of the high risk of graft-related bleeding.

INTRARENAL DYSFUNCTION
Acute Rejection

Acute rejection is characterized by a decline in kidney func-
tion mediated by a recipient immune reaction against the 
allograft. Although acute rejection can occur at any time, it 
is most common in the first 6 months posttransplantation. 
Fortunately, the incidence of acute rejection has decreased 
dramatically in the past 20 years; it is now around 10% in 
the first 12 months posttransplantation in the United 
States.138

In the era of modern immunosuppression, symptoms and 
signs of acute rejection are rarely pronounced, but low-
grade fever, oliguria, and graft pain or tenderness may 
occur. Most cases of acute rejection are identified through 
surveillance monitoring of graft function. However, the cre-
atinine level is a rather late and insensitive marker of renal 
injury. There is, therefore, a growing interest in the develop-
ment of early biomarkers of immune system activation. 

Acute rejection may involve both cellular and/or humoral 
immune components. Clinical transplantation has tradition-
ally been focused on cell-mediated responses. However, 
AMR has been receiving more attention because of improve-
ments in diagnostic techniques and the increased transplan-
tation of immunologically high-risk candidates. Differences 
between acute cellular rejection (ACR) and AMR are sum-
marized in Table 72.8.

of prerenal failure, a risk that may be potentiated by the 
renal vasoconstrictive effects of CNIs.

Renal Vessel Thrombosis

Transplant renal artery or renal vein thrombosis usually 
occurs in the first 72 hours but may be delayed for up to 10 
weeks. Acute vascular thrombosis is the most common cause 
of allograft loss in the first week. Although poor surgical 
technique is a factor in some cases, there is now a greater 
appreciation of the role of hypercoagulable states.12

Renal artery thrombosis presents with abrupt onset of 
anuria (unless there is a native urine output) and rapidly 
rising plasma creatinine level, but often with negligible graft 
pain. Duplex studies show absent arterial and venous blood 
flow. Renography or magnetic resonance (MR) angiography 
shows absent perfusion of the transplanted kidney. Removal 
of the infarcted kidney is indicated.

Renal vein thrombosis also manifests with anuria and a 
rapidly increasing plasma creatinine level. Pain, tenderness, 
swelling in the graft, and hematuria are more pronounced 
than in renal artery thrombosis. Severe complications such 
as pulmonary embolus, graft rupture, or hemorrhage may 
occur. Duplex studies show absent renal venous blood flow 
and characteristic renal arterial waveforms. MR venography 
demonstrates thrombus in the vein. Transplant nephrec-
tomy is usually indicated. If the venous thrombosis extends 
beyond the renal vein, anticoagulation is necessary to reduce 
the risk of embolization. There are reports of salvaging 
kidney function after early diagnosis of renal vessel throm-
bosis and its treatment with thrombolysis or thrombectomy. 
In almost all cases, however, infarction occurs too quickly to 

Figure 72.5  Algorithm for management of allograft dysfunction in early posttransplantation period. 
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Acute Cellular Rejection. The modified Banff classification 
(Table 72.9) is a widely used schema for classifying rejection. 
Histologic findings characteristic of ACR include the follow-
ing: (1) mononuclear cell infiltration of the interstitium, 
mainly with T cells but also with some macrophages and 
plasma cells; (2) tubulitis (infiltration of tubule epithelium 
by lymphocytes); and (3) arteritis, which manifests as infil-
tration of mononuclear cells beneath the endothelium. Vas-
cular involvement reflects more severe rejection.

Focal infiltrates of mononuclear cells without tubulitis or 
arteritis may occur in the presence of stable allograft func-
tion, and treatment is not required. Conversely, histologic 
evidence of rejection can also be seen in the presence of 
stable allograft function (subclinical rejection). Some 
studies have reported improvement of graft function with 
treatment of subclinical rejection,139 but no benefit was 
found in a larger multicenter trial.140 The presence of eosin-
ophils in the infiltrate suggests severe rejection, but allergic 
interstitial nephritis should also be considered. Note that 

Table 72.8 Differences Between Pure Forms 
of Acute Cellular Rejection (ACR) 
and Acute Antibody-Mediated 
Rejection (AMR)

Parameter ACR Acute AMR

Clinical onset >5 days >3 days
Donor-specific antibody 

in serum
Usually 

absent
Present

Tubulitis Present Absent
Neutrophil polymorphs in 

glomerular and 
peritubular capillaries

Absent Present

C4d staining of 
peritubular capillaries

Absent Present

Primary therapy Pulse 
steroids

Plasmapheresis, 
IVIg, pulse 
steroids, rituximab

IgG, Immunoglobulin G.

Table 72.9 Banff 2009 Diagnostic Categories for Renal Allograft Biopsies

1.  Normal
2.  Antibody-mediated changes (may coincide with categories 3, 4, 5, and 6)
Due to documentation of circulating antidonor antibody, C4d, and allograft pathology
(a)  C4d deposition without morphologic evidence of active rejection
C4d+, presence of circulating antidonor antibodies, no signs of acute or chronic T cell–mediated rejection (TCMR) or ABMR (i.e., g0 (no 

glomerulitis), cg0 (no chronic transplantation glomerulopathy), ptc0 (no peritubular capillaritis), no ptc lamination (<five layers by 
electron microscopy), no ATN-like minimal inflammation). Cases with simultaneous borderline changes are considered as 
indeterminate.

(b)  Acute antibody-mediated rejection
C4d+, presence of circulating antidonor antibodies, morphologic evidence of acute tissue injury, such as type or grade
I.  ATN-like minimal inflammation
II.  Capillary and or glomerular inflammation (ptc/g > 0) and/or thromboses
III.  Arterial (v3)
(c)  Chronic active antibody-mediated rejection 
C4d+, presence of circulating antidonor antibodies, morphologic evidence of chronic tissue injury, such as glomerular double contours 

and/or peritubular capillary basement membrane multilayering and/or interstitial fibrosis/tubular atrophy and/or fibrous intimal 
thickening in arteries

3.  Borderline changes—suspicious for acute TCMR (may coincide with categories 2, 5, and 6) This category is used when no intimal 
arteritis is present, but there are foci of tubulitis (t1, t2, or t3) with minor interstitial infiltration (i0 or i1) or interstitial infiltration (i2, i3) 
with mild (t1) tubulitis

4.  TCMR (may coincide with categories 2, 5, and 6)
(a)  Acute TCMR (type, grade)
IA.  Cases with significant interstitial infiltration (>25% of parenchyma affected, i2 or i3) and foci of moderate tubulitis (t2)
IB.  Cases with significant interstitial infiltration (>25% of parenchyma affected, i2 or i3) and foci of severe tubulitis (t3)
IIA.  Cases with mild to moderate intimal arteritis (v1)
IIB.  Cases with severe intimal arteritis comprising >25% of the luminal area (v2)
III.  Cases with transmural arteritis and/or arterial fibrinoid change and necrosis of medial smooth muscle cells with accompanying 

lymphocytic inflammation (v3)
(b)  Chronic active TCMR
Chronic allograft arteriopathy (arterial intimal fibrosis with mononuclear cell infiltration in fibrosis, formation of neointima)
5.  Interstitial fibrosis and tubular atrophy, no evidence of any specific cause (may include nonspecific vascular and glomerular 

sclerosis, but severity graded by tubulointerstitial features)
Grade
I.  Mild interstitial fibrosis and tubular atrophy (<25% of cortical area)
II.  Moderate interstitial fibrosis and tubular atrophy (26%-50% of cortical area)
III.  Severe interstitial fibrosis and tubular atrophy/loss (>50% of cortical area)
6.  Other—changes not considered to be due to rejection, acute and/or chronic*

*Includes calcineurin nephrotoxicity, chronic hypertension, viral infection, pyelonephritis, recurrent or de novo glomerulonephritis.
Adapted from Sis B, Mengel M, Haas M, et al: Banff ’09 meeting report: antibody-mediated graft deterioration and implementation of 

Banff working groups. Am J Transplant 10:464-471, 2010.
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polyoma virus infection may also cause tubulointerstitial 
nephritis.

Uncomplicated ACR is generally treated with a short 
course of high-dose steroids. There is a 60% to 70% response 
rate to this regimen, but the dose and duration of treatment 
have not been standardized. Typically, methylprednisolone, 
250 to 500 mg, is given intravenously for 3 to 5 days. After 
completion of pulse therapy, the dose of oral steroids can be 
tapered back or resumed immediately after the maintenance 
dose. If the patient has been on a steroid-free regimen, 
adding a maintenance dose should be considered as an 
episode of acute rejection suggests that prior immunosup-
pression may have been inadequate. The patient’s compli-
ance with prescribed medications should be reviewed. If 
there are no contraindications, baseline immunosuppres-
sion should be increased or changed, at least in the short 
term. Lymphocyte-depleting antibodies are highly effective 
in treating first rejection episodes but, because of toxicity and 
cost, these agents are usually reserved for steroid-resistant 
cases or when there is severe rejection on the initial biopsy.141

Steroid-resistant ACR, defined somewhat arbitrarily as 
failure of improvement in urine output or plasma creatinine 
level within 5 days of starting pulse treatment, is usually 
treated with depleting antibodies. If steroid treatment was 
based on an empirical rather than a histologic diagnosis, 
allograft biopsy should be performed to confirm this diag-
nosis before starting treatment with depleting antibody 
agents. A higher grade of ACR with endothelial involvement 
(Banff II or III) is more likely to be steroid-resistant, and 
many centers use depleting antibody therapy as an initial 
treatment. The advantage of this approach is prompt and 
effective treatment of the ACR in higher risk patients. The 
disadvantage is cost, inconvenience, and exposure of the 
patients to potentially serious complications of therapy, such 
as infection and cancer. However, in steroid-resistant rejec-
tion, the benefits of lymphocyte-depleting agents outweigh 
their risks. ATG is better tolerated than OKT3 and is the 
most commonly used depleting agent.27

Refractory Acute Cellular Rejection. Refractory ACR is 
generally defined as ACR resistant to treatment with anti-
lymphocyte antibody. By definition, the patient has already 
received aggressive immunosuppression; the risks and ben-
efits of further amplifying immunosuppression should be 
very carefully considered. Renal histology is helpful in this 
regard. Therapeutic options include the following: (1) con-
tinuing maintenance immunosuppression in the hope that 
kidney function will slowly improve; (2) repeating a course 
of antilymphocyte antibody therapy; or (3) switching from 
cyclosporine to tacrolimus, if not already done.142 If there is 
a component of acute AMR, this can be treated as discussed 
below.

Acute Antibody-Mediated Rejection. AMR is increasingly 
recognized as a cause of allograft dysfunction and has been 
reported in 3.5% to 9% of for-cause biopsies.143,144 Increased 
recognition of AMR is partly a result of improved diagnos-
tics (in particular, C4d staining and DSA detection145) and 
the expansion of immunologically high-risk and incompat-
ible transplantation.146 The diagnosis of acute AMR requires 
allograft dysfunction and at least two of the following:  
(1) histologic features, including peritubular capillaritis, 

glomerulitis, thrombi in glomerular capillaries, arterioles or 
small arteries, and arterial fibrinoid necrosis; (2) diffusely 
positive staining of peritubular capillaries for C4d; and (3) 
serologic evidence of antibody against donor HLA or ABO 
antigens.147 Acute AMR typically occurs early after transplan-
tation but can also occur late, especially in the setting of 
reduced immunosuppression or noncompliance. Acute 
AMR may occur alone or with ACR. In addition, subclinical 
AMR is commonly present on surveillance biopsies of immu-
nologically high-risk KTRs and is associated with poor graft 
outcome.148

The prognosis of acute AMR is poorer than that of ACR. 
The optimal treatment of AMR is currently unknown.149 
Strategies that have been used to treat AMR include combi-
nations of plasma exchange to remove DSA and/or intrave-
nous immunoglobulins and anti-CD20 monoclonal antibody 
to suppress DSA.150

Significance of Acute Rejection

Although acute rejection is frequently reversed, retrospec-
tive studies have shown that it is strongly associated with the 
development of chronic rejection and poorer allograft sur-
vival. Poorer allograft outcome also correlates with the 
severity of rejection and with rejection occurring after 6 
months posttransplantation.151 Whatever the outcome is in 
terms of allograft function, treatment involves exposing the 
patient to supplemental immunosuppression and its atten-
dant risks. Reducing the incidence of acute rejection has 
been a major goal in kidney transplantation.

Acute Calcineurin Inhibitor Nephrotoxicity. The CNIs, 
especially in high doses, cause an acute decrease in GFR by 
renal vasoconstriction, particularly of the afferent glomeru-
lar arteriole. This is manifested clinically as a dose- and 
blood concentration–dependent acute reversible increase 
in the plasma creatinine level. Because acute CNI nephro-
toxicity is mainly hemodynamic in origin, histology is fre-
quently normal. However, with prolonged CNI toxicity, 
tubular cell vacuolization and hyaline arteriolar thickening 
may be seen.152 The treatment of acute CNI nephrotoxicity 
is dose reduction.

Distinguishing Acute Calcineurin Inhibitor Nephrotoxicity 
and Acute Rejection. Distinguishing acute CNI nephrotox-
icity and acute rejection clinically can be difficult. Low and 
high blood concentrations in the presence of rising creati-
nine levels suggest but do not imply rejection and drug 
nephrotoxicity, respectively. Both syndromes can coexist. 
Indicators of a diagnosis of acute CNI nephrotoxicity are 
severe tremor (neurotoxicity), a moderate increase in 
plasma creatinine (>25% over baseline), and high trough 
blood CNI concentrations (e.g., cyclosporine levels >350 ng/
mL or tacrolimus levels >20 ng/mL). Indicators of a diagno-
sis of acute rejection are low-grade fever, allograft pain and 
tenderness (although, with current drug regimens, these 
symptoms or signs are uncommon), rapid, nonplateauing 
increases in plasma creatinine levels, and low drug concen-
trations. Fever and symptoms localized to the allograft do 
not occur with CNI toxicity but do not necessarily imply 
rejection; acute pyelonephritis must also be considered.

If acute CNI nephrotoxicity is suspected, our practice is 
to reduce the CNI dose and repeat serum creatinine and 
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multiple factors, such as level of risk for rejection and 
degree of side of effects from drugs.

Biopsies have remained the gold standard for diagnosing 
intrarenal allograft dysfunction. Ongoing efforts are being 
made to identify noninvasive serum or urine biomarkers, 
which could aid in early detection of graft dysfunction or 
obviate the need for biopsy. Biomarkers that have been 
investigated include cytokines, IL-2 receptors, adhesion 
molecules, and other inflammatory markers, such as com-
plement and acute phase proteins. Urinary mRNA levels of 
perforin and granzyme B have been shown to be associated 
with acute rejection.159 While levels of FOXP3 mRNA in 
urinary cells have been demonstrated to predict the revers-
ibility of acute rejection and identify patients at high risk for 
graft loss after an episode of acute rejection.160 A urinary 
mRNA signature has been reported to show good discrimi-
nation for acute rejection, with the test preempting acute 
rejection episodes by up to 10 days.161 There is also increas-
ing interest in the use of donor-derived, cell-free DNA as a 
biomarker of acute allograft injury.162,163

The use of molecular diagnostic tools, such as the molec-
ular microscope, which use a microarray-based approach to 
measure differential gene expression in renal biopsy tissue 
has shown great promise. They may prove particularly useful 
in the diagnosis and prognosis of AMR.164

Acute Thrombotic Microangiopathy

Acute TMA after kidney transplantation is a rare but serious 
complication.165 It usually occurs in the early posttransplan-
tation period and is accompanied by increasing plasma cre-
atinine and lactate dehydrogenase levels, thrombocytopenia, 
falling hemoglobin level, schistocytosis, and low haptoglo-
bin concentrations. This diagnosis can be overlooked 
because thrombocytopenia and anemia commonly occur 
after transplantation in the setting for induction therapy. 
The diagnosis is confirmed by allograft biopsy, which shows 
endothelial damage and, in severe cases, thrombosis of glo-
merular capillaries and arterioles.

Causes include CNIs,166 OKT3, AMR,167 viral infections 
such as CMV, and recurrence of primary disease. The pres-
ence of hepatitis C and anticardiolipin antibodies increases 
the risk.168 Early diagnosis of TMA is essential to salvage 
kidney function. There are no controlled trials of therapy 
for TMA after transplantation. Suggested measures are ces-
sation of CNIs and other implicated drugs and control of 
any hypertension present. Although plasma exchange has 
been used, the benefit is unclear.169 Eculuzimab, which 
blocks the complement activation cascade at the level of C5, 
has also been successfully used.170

Acute Pyelonephritis

Urinary tract infections (UTIs) may occur at any period but 
are most frequent shortly after transplantation because of 
catheterization, stenting, and aggressive immunosuppres-
sion.171 Other risk factors for UTIs are anatomic abnor-
malities and a neurogenic bladder. Fortunately, acute 
pyelonephritis is less common since the widespread use of 
prophylactic sulfamethoxazole-trimethoprim (SMX-TMP). 
Fever, allograft pain and tenderness, and leukocytosis are 
usually more pronounced in acute pyelonephritis than in 
acute rejection. Diagnosis requires urine culture, but empir-
ical antibiotic treatment should be started immediately. 

drug level monitoring within 48 to 96 hours. If graft func-
tion has not improved or plateaued at this point, we usually 
go on to kidney biopsy. The threshold for biopsy is lower in 
high-risk patients—those who are highly sensitized, have 
previously rejected an allograft, or are at high risk of early 
recurrent primary kidney disease (see later). In certain 
cases, where kidney biopsy is deemed high risk, we will 
empirically treat with a steroid pulse for a presumptive diag-
nosis of acute rejection. However, failure of graft function 
to improve rapidly with this strategy will usually prompt a 
biopsy.

Most transplant centers provide rapid biopsy and process-
ing of tissue, with basic histology available within 5 to 6 
hours. Since a delay of 6 hours in initiating specific therapy 
should not be detrimental to the graft, a biopsy-proven 
diagnosis is the preferred approach. In addition to deter-
mining the degree and type of rejection in the allograft, 
histology also occasionally reveals unexpected pathology, 
such as thrombotic microangiopathy (TMA) or polyoma 
virus infection. Biopsy results alone should not dictate man-
agement; rather, the combination of clinical and histologic 
findings should be used to determine a treatment plan.

Immune Monitoring. Signs and symptoms of graft dysfunc-
tion often occur late, after significant graft injury. Thus, 
monitoring of serum electrolyte and immunosuppressive 
drug levels is an essential part of posttransplantation man-
agement. Serum creatinine levels, basic chemistry panel, 
liver function tests, and complete blood count (CBC) are 
routinely checked to screen for graft dysfunction and mani-
festations of drug toxicity. Drug levels for CNI, MMF, and 
mTOR are also monitored for adjustment of immunosup-
pressive drug dosing. The frequency of monitoring is greater 
immediately posttransplantation and is gradually decreased. 
At our institution, we monitor routine blood levels twice 
weekly during the first month, once a week during the 
second month, and once every 2 weeks during the third to 
sixth months posttransplantation. Thereafter, we require 
monitoring on a monthly basis. The frequency of monitor-
ing is increased if there is graft dysfunction and subsequent 
treatment.

Most patients are on CNIs. CsA levels can be measured 
using trough (C0) levels, 2-hour postdose (C2) levels, or 
through abbreviated AUCs. C0 is the measured level after 
the dosing interval (e.g., 12 hours after dosing if given every 
12 hours), C2 is the measured level 2 hours after dosing, and 
AUC is the area under the curve during the first 4 hour after 
dosing. C2 levels correlate more closely with the AUC, but 
no significant differences have been found in the incidence 
of acute rejection, graft loss, or adverse events between 
patients monitored using C0 or C2 levels.153 The standard 
target level for CsA is a C0 level of 150 to 300 ng/mL early 
and 100 to 200 ng/mL late posttransplantation,154 or a C2 
level of 1400 to 1800 ng/mL early and 800 to 1200 ng/mL 
later after transplantation.155 Tacrolimus C0 levels correlate 
better with AUC,156,157 and measuring the C0 tacrolimus level 
is usual practice. The standard target level for tacrolimus C0 
is 10 (5 to 15) ng/dL. A low-dose level with a C0 of 5 ng/
mL (range, 3 to 7 ng/mL) has also been used success-
fully.97,158 Note that these levels serve as guidelines based on 
case series and multicenter randomized controlled studies, 
but the optimal level for any given patient depends on 
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molecule B7-1 (CD80) on their podocytes.175 Because of the 
high risk of recurrence in those who have had previous 
recurrences, subsequent living donor transplantation in 
such individuals is often discouraged.

Antiglomerular Basement Membrane Disease. Before trans-
plantation, patients with end-stage kidney disease (ESKD) 
due to antiglomerular basement membrane (GBM)  
disease should generally be on dialysis for at least 6 months 
and have negative anti-GBM serology.176 If these criteria are 
fulfilled, posttransplantation recurrence is rare. De novo 
anti-GBM disease can occur in recipients with Alport’s  
syndrome. Here, the recipient with abnormal type IV col-
lagen produces antibodies against the previously unseen 
normal α5-chain NC1 domain in the basement mem-
brane of the transplanted kidney. Patients with allograft 
dysfunction should be treated with plasmapheresis and 
cyclophosphamide.176

Hemolytic Uremic Syndrome/Thrombotic Thrombocytope-
nia Purpura. The causes of TMA after kidney transplanta-
tion have been discussed earlier. Recurrence of classic 
(diarrhea-associated) HUS/TTP is uncommon. However, 
transplantation should still be deferred until the disease is 
quiescent for at least 6 months. In contrast, recurrence of 
atypical (non–diarrhea-associated) HUS/TTP, particularly if 
inherited, has been reported to be as high as 80%.177 Certain 
genetic disorders of complement regulation (such as of 
factor H) are associated with high risks of severe recurrence, 
so it is very useful to define these risks, if possible, before 
proceeding with transplantation.178 The prognosis of disease 
recurrence had previously been considered very poor; 
however, the complement inhibitor eculizumab has recently 
been shown to halt recurrent atypical HUS successfully.170

POSTRENAL DYSFUNCTION
Most urologic complications are secondary to technical 
factors at the time of transplantation and manifest them-
selves in the early postoperative period, but immunologic 
factors may play a role in some cases.

Urine Leaks

Leaks may occur at the level of the renal calyx, ureter, or 
bladder. Causes include infarction of the ureter due to peri-
operative disruption of its blood supply and breakdown of 
the ureterovesical anastomosis. Severe obstruction may also 
result in rupture of the urinary tract with leakage. Clinical 
features include abdominal pain and swelling; the plasma 
urea and creatinine levels increase due to resorption of 
solutes across the peritoneal membrane. If a perirenal drain 
is being used, however, a urine leak may present with high-
volume drainage of fluid. Ultrasound may demonstrate a 
fluid collection (urinoma); aspiration of fluid from the col-
lection (or from the drain bag) by sterile technique allows 
comparison of the fluid and plasma creatinine level. When 
the excretory function of the kidney is good, the creatinine 
concentration in the urinoma greatly exceeds that in the 
plasma.

In cases in which ultrasound diagnosis is difficult, renal 
scintigraphy may be useful in demonstrating extravasation 
of tracer from the urinary system, provided there is ade-
quate kidney function. Rough localization of the site of the 

Delay in treatment can lead to rapid clinical decline in the 
immunosuppressed patient. The most commonly impli-
cated microorganisms are gram-negative bacilli, coagulase-
negative staphylococci, and enterococci. Kidney function 
usually returns to baseline quickly with antimicrobial therapy 
and volume expansion. Recurrent pyelonephritis requires 
investigation to exclude underlying urologic abnormalities. 
A voiding cystourethrogram (VCUG) should be considered 
to evaluate for reflux into the transplant allograft.

Acute Allergic Interstitial Nephritis

In the setting of kidney transplantation, acute allergic inter-
stitial nephritis is a diagnosis of exclusion. Distinguishing 
acute allergic interstitial nephritis and ACR is very difficult. 
In fact, the pathogenesis is somewhat similar in both cases, 
and mainly involves cell-mediated immunity. While fever 
and rash after ingestion of a new drug favor the former, 
these clinical features are rarely seen. Mononuclear cell and 
eosinophil infiltration of the transplanted kidney may occur 
with either condition, but endothelialitis implicates rejec-
tion. Polyomavirus infection must also be considered in the 
differential diagnosis. Acute allergic interstitial nephritis 
and ACR usually respond to steroids; of course, the sus-
pected drugs must be stopped. SMX-TMP is the drug most 
commonly implicated in causing allergic interstitial nephri-
tis in KTRs; other antibiotics, including penicillins, cepha-
losporins and quinolones, can also be implicated.

Early Recurrence of Primary Disease

Several kidney diseases may recur early and cause acute 
allograft dysfunction. These may be classified into three 
groups: (1) glomerulonephritides; (2) metabolic diseases 
such as primary oxalosis; and (3) systemic diseases such as  
hemolytic uremic syndrome/thrombotic thrombocytope-
nia purpura (HUS/TTP). Primary focal segmental glo-
merulosclerosis (FSGS) is considered in more detail in  
the following section because of its relatively high fre-
quency of recurrence and its propensity to cause severe graft 
injury.

Primary Focal Segmental Glomerulosclerosis. The recur-
rence of primary FSGS is variable. The sporadic variety is 
reported to be about 30%,172 but recurrence of familial 
FSGS is rare. Risk factors for recurrence include non- 
African ancestry recipient, younger recipient, rapidly pro-
gressive FSGS in the recipient’s native kidneys, and 
recurrence of disease in a previous allograft. Most cases 
become manifest (as proteinuria) hours to weeks after trans-
plantation. This rapidity of recurrence suggests the pres-
ence of a pathogenic circulating plasma factor.173 Because 
of the poor prognosis associated with delayed treatment, 
patients with primary FSGS should be monitored after trans-
plantation for new-onset proteinuria. Early biopsy is exhibit 
in those who develop proteinuria; this may not show FSGS 
lesions per se but may exhibit diffuse foot process efface-
ment on electron microscopy. Treatment options include 
plasmapheresis or immunoadsorption, high-dose CNIs, 
ACEIs, high-dose corticosteroids, cyclophosphamide, and 
rituximab, but controlled studies are lacking.174 A recent 
case series reported successful treatment of recurrent 
FSGS with the costimulation blocker abetacept in patients 
who had positive immunostaining for the costimulatory 
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Obstruction in the early postoperative period due to an 
enlarged prostate should be managed with bladder catheter 
drainage and drugs such as tamsulosin.

LATE POSTTRANSPLANTATION PERIOD

LATE ACUTE ALLOGRAFT DYSFUNCTION
The causes and evaluation of late acute allograft dysfunction 
(defined as occurring >6 months posttransplantation) 
include those of early acute dysfunction. Acute prerenal 
failure may occur at any time; the causes are similar to those 
seen with native kidneys, such as shock syndromes, and may 
be further exacerbated by the hemodynamic effects of con-
current ACEI or NSAID use. Urinary tract obstruction must 
also be considered in the differential diagnosis. In contrast 
to the early posttransplantation period, the causes of 
obstruction are similar to those associated with native kidney 
disease (e.g., stones, bladder outlet obstruction, neoplasia). 
Ureteric obstruction due to BK virus infection has also been 
described. Several causes of late acute allograft dysfunction 
are reviewed in more detail below.

LATE ACUTE REJECTION
Acute rejection is less common after the first 6 months. Late 
acute rejection should alert the physician to prescription of 
inadequate immunosuppression or patient noncompli-
ance.179 Withdrawal of steroids or CNIs by the physician may 
be initiated due to side effects of these medications, but 
when carried out later in the posttransplantation period, 
may be associated with a high risk of acute rejection.180,181 
Therefore, the plasma creatinine level must be carefully 
monitored in this setting. AMR has been increasingly recog-
nized as an important cause of late acute allograft dysfunc-
tion, especially many years posttransplantation; in a recent 
study, over 50% of 173 subjects biopsied for acute graft 
dysfunction, a mean of 7 years posttransplantation, had evi-
dence of AMR.182

Acute rejection can also occur when CNI levels are sub-
therapeutic in the setting of newly prescribed medications 
that are known to decrease CNI levels (Table 72.10). 

leak is sometimes possible by this technique. Antegrade 
pyelography allows precise diagnosis and localization of 
proximal urinary leaks. Cystography is the best test to dem-
onstrate a bladder leak.

The clinical features may mimic those of acute rejection. 
Whenever urine leakage is suspected, a bladder catheter 
should be immediately inserted to decompress the urinary 
tract. Selected patients may do well with a bladder catheter 
or endourologic treatment. Many cases, however, require 
urgent surgical exploration and repair. The type of repair 
depends on the level of the leak and viability of involved 
tissues.

Urinary Tract Obstruction

Although urinary tract obstruction can occur at any time 
after transplantation, it is most common in the early post-
operative period. Intrinsic causes include poor implantation 
of the ureter into the bladder, intraluminal blood clots or 
slough material, and fibrosis of the ureter due to ischemia 
or rejection. Extrinsic causes include an enlarged prostate 
in older men (causing bladder outlet obstruction) and com-
pression by a lymphocele or other fluid collection. Rarely, 
calculi cause transplantation urinary tract obstruction.

Urinary tract obstruction is often asymptomatic and 
should always be considered in the differential diagnosis of 
allograft dysfunction in the early transplantation period. 
Ultrasound often demonstrates hydronephrosis. However, 
some dilation of the transplant urinary collecting system is 
often seen in the early postoperative period, and serial scans 
showing worsening hydronephrosis may be needed to 
confirm the diagnosis. Renal scintiscanning with diuretic 
washout is useful in equivocal cases. Percutaneous ante-
grade pyelography is the best radiologic technique for 
determining the site of obstruction and can be combined 
with interventional endourologic techniques. In expert 
hands, endourologic techniques (e.g., balloon dilation, 
stenting) may be effective in treating ureteric stenosis and 
stricture. More complicated cases require open surgical 
repair. Extrinsic compression requires specific intervention, 
such as draining or fenestration of the lymphocele. 

Table 72.10 Agents That May Induce Acute Kidney Injury in Kidney Transplant Recipients

Class of Drug Increase Level Decrease Level

Drugs That Interact with CNIs and Sirolimus

Calcium channel blocker Diltiazem, verapamil
Antibiotics Erythromycin, azithromycin, clarithromycin Nafcillin
Antifungals Fluconazole, ketoconazole, itraconazole, voriconazole
Antituberculin Rifampin, rifabutin
Antiviral Ritonavir, nelfinavir, saquinavir Efavirenz, nevirapine
Antiseizure Phenytoin, phenobarbital, carbamazepine, primidone
Antidepressant Fluoxitine, nefazodone, fluvoxamine

Foods and Herbal Preparations That Interact with CNIs

Food Grapefruit juice
Herb St. John’s wort

CNIs, Calcineurin inhibitors; INH, isoniazid.
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Common agents that decrease CNI levels include antituber-
culin medications and antiseizure medications. CNI levels 
should be measured more frequently, and dose adjustments 
should be made when prescribing or withdrawing these 
medications.

Treatment is the same as for early acute rejection (whether 
ACR, acute AMR, or both) but responses are poorer, with  
a greater negative impact on allograft survival than early 
acute rejection or DGF. Risk factors for noncompliance 
include adolescence, more immunosuppressant adverse 
effects, poor social support and psychologic stress or 
illness.183 Closer monitoring, simplification of the drug 
regimen, and social worker assistance may aid in the man-
agement of patients with a high risk of nonadherence.

LATE ACUTE CALCINEURIN  
INHIBITOR NEPHROTOXICITY
Although lower doses of CNIs are generally prescribed  
after the first 6 to 12 months, acute CNI toxicity may  
occur at any time after transplantation. This may occur  
in the setting of taking new medications that impair the 
metabolism of the CNIs (see Table 72.10). Patients should 
be made aware of common medications that interact with 
CNI. CNI levels should be monitored closely, and dose 
adjustments should be made when such medications are 
prescribed.

TRANSPLANT RENAL ARTERY STENOSIS
Renal Artery Stenosis

Transplant renal artery stenosis (TRAS) is the most common 
transplant vascular complication and is associated with 
reduced long-term allograft survival.184,185 TRAS can arise at 
any time after transplantation, although the mean time to 
diagnosis is 0.83 ± 0.81 years posttransplantation.186 The 
reported incidence varies widely.185 TRAS may be a conse-
quence of an inadequate arterial anastomosis, inherent vas-
cular disease of the recipient, or preexisting renovascular 
disease of the donor. Immune-mediated or infection-related 
damage to the transplant renal artery also plays an impor-
tant role in some patients; new posttransplantation DSAs 
and CMV infection are both associated with the develop-
ment of TRAS.187,188

Luminal narrowing of more than 70% is probably 
required to render a stenosis functionally significant. The 
stenosis may occur in the donor or recipient artery or at the 
anastomotic site. Stenosis of the recipient iliac artery may 
also compromise renal arterial flow. Worsening or difficult 
to control hypertension, an unexplained deterioration in 
kidney function, or azotemia associated with the introduc-
tion of an ACE or ARB should raise suspicion of TRAS.185,189,190 
Clinical examination may also reveal a new vascular bruit 
over the graft. Ultrasound with Doppler, magnetic reso-
nance, and computed tomography (CT) angiography can 
support a diagnosis but direct angiography is usually 
required for confirmation. CO2 or minimal contrast angiog-
raphy can be used to reduce the risk of radiocontrast 
injury.191 Good outcomes have been reported with primary 
angioplasty and stent placement in terms of blood pressure 
control and renal function.192,193 If the diagnosis is made in 
the early postoperative period, a surgical approach with 
revision of the anastomosis may be preferred.185

INFECTIONS CAUSING LATE ACUTE  
ALLOGRAFT DYSFUNCTION
Human Polyomavirus Infection

The polyomaviruses are DNA viruses, the best known of 
which are the BK virus, JC virus, and SV40 virus. BK virus 
causes a mild self-limiting upper respiratory tract infection 
in healthy individuals (mostly in childhood). Around 80% 
of the adult population have serologic evidence of prior BK 
infection. Following primary infection, the virus remains 
dormant in the urothelium. In immunosuppressed states, 
the virus may reactivate and replicate. Viral reactivation may 
result in viral shedding into the urine, viremia, cystitis, ure-
teritis, or interstitial nephritis (BK nephropathy).

Over the past 20 years, BK virus has been increasingly 
recognized as an important cause of kidney allograft dys-
function and loss. This probably reflects improved recogni-
tion and reporting of the disease and the use of more potent 
maintenance MMF and tacrolimus-based immunosuppres-
sion regimens. BK nephropathy is most common in the first 
2 years posttransplantation. Around 30% to 40% of renal 
transplant recipients develop viruria, around 25% of those 
patients (10% to 20%) will become viremic, and about 50% 
of those viremic patients (0% to 10%) will manifest BK 
nephropathy on biopsy.194 Because viruria and viremia 
almost always precede BK nephropathy, urine or plasma 
viral screening offers the opportunity to screen for early 
infection and instigate measures to clear the virus before 
nephropathy occurs.195 Many centers advocate biopsy when 
plasma viral titers reach a predefined threshold (usually 
>104 copies/mL), while others, such as our own, treat empir-
ically and reserve biopsy for patients with evidence of new 
graft dysfunction.

Approaches to screening vary and are influenced by local 
prevalence and economic factors. Many transplantation 
centers now screen all new transplant recipients at intervals 
over the first 2 years posttransplantation. Protocols for 
screening include testing the urine by light microscopy for 
decoy (infected) cells or by PCR quantification of urinary 
or plasma viral load. KDIGO guidelines recommend quan-
titative plasma PCR testing as follows: (1) monthly for the 
first 3 to 6 months after transplantation; (2) then every 3 
months until the end of the first posttransplantation year; 
(3) whenever there is an unexplained rise in serum creati-
nine level; and (4) after treatment of acute rejection.149

Allograft biopsy is required for the diagnosis of BK inter-
stitial nephritis. Adequate sampling is needed, as the inter-
stitial nephritis can be patchy. The presence of intranuclear 
tubule cell inclusions by light microscopy should raise sus-
picion; diagnosis is confirmed by immunohistochemistry 
using antibodies against BK viral proteins (SV40). The 
excellent performance of immunohistochemical stains and 
concurrent measurement of BK viral titers at the time of 
for-cause biopsy mean that BK nephropathy is no longer 
frequently mistaken for and treated as acute cellular 
rejection.

The mainstay of treatment is reduction in immunosup-
pression.195 Our usual practice has been to first discontinue 
the antimetabolite (usually MMF) in response to significant 
viremia or biopsy evidence of nephropathy. If this measure 
fails to result in a favorable viral response, we reduce the 
dose of CNI by 30% to 50% and continue to monitor viral 
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Drugs with known nephrotoxic effects, such as aminogly-
cosides, amphotericin, and NSAIDs, probably have enhanced 
toxicity when used concomitantly with a CNI. Nevertheless, 
they are sometimes required in transplant recipients. Use of 
the liposomal preparation of amphotericin is preferable 
because it is less nephrotoxic than the standard preparation 
(amphotericin B).

Plasma creatinine levels can be increased with high-dose 
SMX-TMP by inhibiting tubular secretion of creatinine 
(GFR per se is not compromised, and the plasma creatinine 
level decreases within 5 days of stopping SMX-TMP). Rarely, 
SMX-TMP can provoke allergic interstitial nephritis.

Not surprisingly, ACEIs or ARBs have been implicated in 
precipitating acute renal failure (ARF) in the presence of 
TRAS. Overall, if carefully prescribed, these agents are well 
tolerated. The use of ACEIs or ARBs in the immediate post-
transplantation period, when volume status and CNI dosages 
are fluctuating, is not recommended.

The risk of developing AKI after administration of radio-
contrast to KTRs has not been well defined. Single-center 
studies point toward a higher prevalence in KTRs.205 Presum-
ably, risk factors for contrast nephrotoxicity are similar to 
those in patients who have not undergone transplantation 
surgery. Thus, the same preventive measures should be used.

LATE ALLOGRAFT DYSFUNCTION AND  
LATE ALLOGRAFT LOSS

Preventing late allograft loss remains a major challenge. 
Death with a functioning graft accounts for approximately 
half of graft losses. Important causes of death-censored late 
graft loss include acute rejection, recurrent or de novo glo-
merular disease, AKI related to sepsis or hypotension, and 
pyelonephritis.206 Most of the remaining late graft failures, 
with features of interstitial fibrosis and tubular atrophy (IF/
TA) on histology, were conventionally attributed to an 
amalgam of immune and non–immune-mediated fibrosis 
and vascular injury, termed sclerosing/chronic allograft nephrop-
athy. More recently, improved pathologic and immunologic 
diagnostic tools (e.g., C4d stain, DSA) mean that underlying 
chronic AMR is increasingly recognized in biopsies with IF/
TA. The Banff 2005 update added the term chronic active 
antibody-mediated rejection, currently defined as positive C4d 
staining, presence of circulating antidonor antibodies, mor-
phologic evidence of chronic tissue injury, such as glomeru-
lar double contours and/or peritubular capillary basement 
membrane multilayering and/or IF/TA and/or fibrous 
intimal thickening in arteries. The term IF/TA without evi-
dence of any specific cause is reserved for cases without 
evidence of chronic immune injury. In addition, any biopsy 
with IF/TA may be further supplemented to include fea-
tures suggestive of nonimmune causes of IF/TA, such as 
CNI toxicity, chronic hypertension, obstruction, pyelone-
phritis, viral infection, and recurrent or de novo glomerular 
disease (see Table 72.9). Increasing attention is also being 
paid to the presence of subclinical inflammation accompa-
nying fibrosis (often below the Banff threshold for ACR), as 
it appears to portend a poor prognosis.207,208 Figure 72.6 
illustrates factors thought to contribute to the development 
of late allograft failure.

The causes of late dysfunction are summarized in Table 
72.11 and further discussed in the following sections. 

titers. There are a number of adjunct therapies that may be 
considered in subjects who fail to respond to immunosup-
pression reduction or for whom very aggressive immunosup-
pression reduction is unattractive because of their immune 
risk status. Leflunomide is a tyrosine kinase inhibitor, 
approved for the treatment of rheumatoid arthritis, that has 
antiviral effects in vitro. A number of small series have sug-
gested that treatment with leflunomide (usually as a substi-
tute for an antimetabolite) results in enhanced BK viral 
clearing, although in the absence of clinical trials its efficacy 
remains contentious.196,197 The antiviral cidofovir has also, 
by some reports, been associated with a reduction in BK 
viral load, but note that prudent dosing is important in view 
of the drug’s potential nephrotoxicity.198 Finally, hopes for 
fluoroquinolones as a treatment for BK virus were consider-
ably dashed by a recent small RCT showing that a 30-day 
course of levofloxacin cleared BK virus no better than 
placebo.199

Hepatitis C

Treatment options for hepatitis C virus (HCV) infection in 
the general population have greatly improved with the 
recent emergence of the NS3-4A protease and NS5B poly-
merase inhibitors, permitting successful interferon-α (IFN-
α)–free treatment of the virus.200 There are currently no 
data on the use of these new agents in KTRs, although we 
expect this to change soon. Currently, IFN-α–based treat-
ment of HCV is relatively contraindicated posttransplanta-
tion because of the associated increased risk of graft 
rejection.201,202 Treatment is therefore limited to reduction 
in immunosuppression, reserving rescue interferon treat-
ment for patients with rapidly worsening liver failure. Dialy-
sis patients on the transplant waiting list may currently be 
treated with interferon monotherapy. The addition of riba-
virin, which is renally excreted, improves viral clearance but 
has traditionally been avoided because of the risk of devel-
oping hemolytic anemia. However, recent trial data have 
suggested that ribavirin may be safely used at reduced doses 
in dialysis patients.203

Both membranoproliferative glomerulonephritis (MPGN) 
and membranous nephropathy are more commonly seen in 
HCV-positive compared with HCV-negative KTRs. MPGN is 
often associated with cryoglobulinemia, although severe sys-
temic vasculitis is rare. An association of TMA with anticar-
diolipin antibodies in HCV-positive patients has also been 
reported.168 KTRs with HCV also have a higher risk of post-
transplantation diabetes mellitus.204

DRUG AND RADIOCONTRAST NEPHROTOXICITY

Drugs that cause nephrotoxicity in the native kidney will 
also adversely affect the kidney allografts. Drug-related 
nephrotoxic effects that are more common in the setting of 
transplantation are listed in Table 72.10. Special attention 
should be paid to drugs that interact with CNIs. CNIs are 
metabolized by the cytochrome P450 isoenzyme CYP3A5, 
and drugs that interact with CYP3A5 will affect its plasma 
level. When prescribing diltiazem, verapamil, ketoconazole, 
and the macrolide antibiotics, particularly erythromycin, 
the dosage of CNI should be reduced and levels should be 
followed. Conversely, rifampin, phenobarbital, and phenyt-
oin lower the CNI level, so the CNI should be increased.
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The diagnosis is supported by positive peritubular capillary 
immunostaining for the complement split product, C4d, 
and the presence of DSA.

Chronic AMR, commonly accompanied by transplanta-
tion glomerulopathy on histology, is clinically characterized 
by a slow decline in kidney function, hypertension, and 
often heavy proteinuria. Treatment options are limited. A 
single-center study of 23 consecutive KTRs with AMR diag-
nosed at least 6 months posttransplantation, nearly half of 
whom had some evidence of transplantation glomerulopa-
thy on biopsy, observed minimal benefit in response to 
therapies that included plasmapheresis, IVIg, rituximab, 
and bortezomib.210 Our approach is largely supportive, with 
the use of ACE inhibitors or ARBs, control of hypertension, 
and modification of cardiovascular risk factors. Most of our 
patients already take tacrolimus and MMF; we do not aggres-
sively escalate immunosuppression.211

CALCINEURIN INHIBITOR TOXICITY
Over 30 years after CNI-associated nephropathy was first 
described in heart transplant recipients, there remains 
debate about the importance of CNI in late graft failure.212 
Nankivell and colleagues reported longitudinal histologic 
data on 120 diabetic KTRs (119 were simultaneous pancreas-
kidney [SPK] recipients) who underwent sequential kidney 
transplantation biopsies from the time of transplantation up 
to 10 years posttransplantation.49 The study identified histo-
logic evidence of CNI toxicity, defined as the presence of 
striped cortical fibrosis or new-onset arteriolar hyalinosis 
(not from renal ischemia or preexisting hyalinosis in the 
allograft) supported by tubular microcalcification (without 
preceding acute tubular necrosis) in over 50% of biopsies 
at 5 years and 100% of biopsies at 10 years posttransplanta-
tion. Based on the pathologic findings, the authors attrib-
uted most of the late graft dysfunction to CNI toxicity. In 
contrast, newer studies have suggested a much lower preva-
lence of interstitial fibrosis at 5 years postbiopsy and ques-
tion the specificity of arteriolar hyalinosis for the diagnosis 
of CNI toxicity.206,213 This, combined with increased evidence 
for immune-mediated injury in many cases of late allograft 
failure, has led many to deemphasize the importance of 
chronic CNI toxicity.

Certain causes such as TRAS and urinary tract obstruction 
have been discussed earlier.

CHRONIC ANTIBODY-MEDIATED REJECTION
Several studies have recently shown that an antibody-
mediated process frequently accompanies late graft injury. 
In one study, 99 of 173 patients (57%) who underwent for-
cause biopsy, a mean of 7 years posttransplantation, had 
evidence of an AMR, indicated by C4d positivity, DSA, or 
both.182 Another study that evaluated all death-censored 
graft losses in 1317 KTRs, irrespective of time since trans-
plantation, found evidence for chronic AMR in 18% (with 
histologic evidence of transplantation glomerulopathy or 
IF/TA). The probability of AMR on for-cause biopsies rises 
from around 10% at 6 months to 35% at 5 years posttrans-
plantation, is associated with medication nonadherence, 
and augurs poor graft survival.209

The histopathologic changes of chronic AMR are seen in 
the tubulointerstitium, vessels, and glomeruli and include 
glomerular double contours with variable mesangial matrix 
expansion, peritubular capillary basement membrane mul-
tilayering, IF/TA, and fibrous intimal thickening in arteries. 

Figure 72.6  Immune and non-immune factors that contribute to the pathogenesis of chronic allograft injury. CNI, Calcineurin inhibitor. 
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used to reduce the risk of thrombosis of the allograft or 
other sites.

Granulomatosis with Polyangitis and  
Microscopic Polyangiitis

Renal and extrarenal recurrences of these diseases  
have been described. In a pooled series of 127 patients, 
antineutrophil cytoplasmic antibody (ANCA)–associated 
small vessel vasculitis recurred in 17% of cases, renal involve-
ment recurred in 10% of cases, and the recurrence rate was 
not lower with cyclosporine therapy.222 A lower incidence 
(7%) of recurrence has been reported in a more recent 
study.223 These studies have found that positive ANCA 
serology at the time of transplantation does not predict 
relapse. Patients with ESKD secondary to ANCA-associated 
vasculitis should not undergo transplant surgery until the 
disease is clinically quiescent. Recurrences usually respond 
to cyclophosphamide.

Membranoproliferative Glomerulonephritis

MPGN has recently been reclassified based on the  
deposition of C3 alone (the C3 nephritides) versus C3  
and immunoglobulin on immunofluorescence.224 The C3 
nephritides (dense deposit disease and C3 nephritis) are 
driven by an underlying defect in regulation of the alterna-
tive complement pathway. The recent classification change 
means that there are limited data on the recurrence rate of 
the C3 nephritides; however, 5-year graft survival in 75 
patients with ESKD from MPGN type II (now termed dense 
deposit disease) was reported to be significantly worse than 
other pediatric KTRs, and recurrence was documented in 
12 of the 18 patients biopsied.225 Limited success has been 
reported in treating posttransplantation recurrence of the 
C3 nephritides with the complement inhibitor ecluz-
imab.226,227 MPGN associated with glomerular deposition 
of C3 and immunoglobulin should trigger the evaluation 
and treatment of underlying causes such as infection (espe-
cially hepatitis C), autoimmune diseases, and plasma cell 
dyscrasias.

Membranous Nephropathy

Membranous nephropathy may recur after transplantation 
or arise de novo.228 The associated clinical features vary from 
minimal to nephrotic syndrome. De novo membranous 
nephropathy is often associated with IF/TA. As with native 
kidney disease, hepatitis B virus (HBV) and HCV infection 
and other conditions associated with membranous nephrop-
athy should be excluded. The recurrence of primary IgG4 
anti-PLA2R1 antibody–associated disease is more likely in 
patients with persistently detectable posttransplantation 
titers and may be related to the intensity of posttransplanta-
tion immunosuppression.229 Management includes treat-
ment of the underlying cause and supportive measures. The 
recurrence of primary membranous nephropathy has been 
successfully treated with rituximab.230

Diabetic Nephropathy

Recurrence of diabetic nephropathy in the allograft has not 
been well studied. This reflects the relatively poor long-term 
survival of diabetic KTRs; the duration of exposure to the 
diabetic milieu is often insufficient to allow development  
of severe diabetic nephropathy. PTDM can also result in 

We remain believers in CNI toxicity as a cause of graft 
dysfunction. If the clinical and histologic picture suggests a 
significant component of chronic CNI nephrotoxicity 
without evidence of rejection, we dose-reduce the CNI. Sub-
stituting CNI with sirolimus has also been used successfully, 
although the development of proteinuria (and other issues 
noted above) is a problem.76 The use of sirolimus should 
probably be avoided in those with baseline proteinuria or a 
GFR of less than 40 mL/min.214 The significant difference 
in GFR between belatacept- and cyclosporine-treated 
patients 5 years posttransplantation in the Benefit trial  
lends credence to the nephrotoxic effects of CNIs and the 
emphasizes the potential merits of developing CNI-free 
immunosuppression regimens.82

RECURRENCE OF PRIMARY DISEASE
Diseases that recur early in the posttransplantation period 
have been addressed earlier. The incidence of late recur-
rence is difficult to estimate for several reasons: the original 
cause of ESKD is often unknown; transplant kidney biopsies 
are not always performed; and most relevant studies are 
small and retrospective, with variable follow-up periods. In 
one large study of patients who underwent transplantation 
after developing ESKD from glomerulonephritis, recur-
rence was the third most frequent cause of graft loss at 10 
years (after chronic rejection and death).215 Recurrence can 
present as decreasing GFR, proteinuria, or hematuria.

IgA Glomerulonephritis

Studies with longer follow-up times have shown that histo-
logic recurrence of this condition is common. The reported 
incidence varies from 13% to 53%216 and likely reflects the 
varying threshold for biopsies among different centers. The 
estimated 10-year incidence of graft loss due to recurrence 
was 9.7%.215 The risk of recurrence is higher if a previous 
graft was lost to recurrent disease.217 As with the treatment 
of native disease, ACEIs and ARBs can be used.218

Lupus Nephritis

Allograft and patient survival overall had been thought to 
be similar in patients with ESKD due to lupus nephritis 
compared with those with ESKD from other causes,219 but 
analysis of the U.S. Renal Data System (USRDS) database 
has shown worse outcomes of deceased donor transplant 
recipients with ESKD due to lupus nephritis.220 Recurrence 
of severe systemic lupus erythematosus (SLE), systemically 
or within the graft, is uncommon. Low rates of recurrence 
in SLE probably reflect patient selection, disease activity 
burning out on maintenance dialysis, and the effects of 
powerful posttransplantation immunosuppression. A recent 
analysis of nearly 7000 KTRs with ESKD from SLE suggested 
that acute rejection (affecting 26%) had a more important 
impact on graft failure than recurrent disease (affecting 
3%).221 As with other glomerular diseases that may recur, 
transplantation should be deferred until SLE is clinically 
quiescent. Many centers prefer a 6- to 12-month period  
of clinical quiescence before proceeding with transplanta-
tion to reduce the risk of recurrence. If the patient is  
receiving anticoagulation for antiphospholipid syndrome 
(APS) before transplantation, anticoagulation should be 
resumed as soon as safely possible (initially with intravenous 
heparin) after transplantation surgery. This procedure is 
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Figure 72.7  Secular  trends  in  acute  rejection  in  the  first  year 
posttransplantation. 
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diabetic nephropathy,231 and histologic evidence of this may 
occur rapidly after transplantation.232

ASSESSING OUTCOMES IN KIDNEY 
TRANSPLANTATION

The most convenient and widely used method for assessing 
outcomes after kidney transplantation is measurement  
of allograft survival. Other important measures include 
allograft function (typically measured by plasma creatinine 
level), patient survival, number of rejection episodes, days 
of hospitalization, and quality of life indices. Registry data 
from the USRDS, Collaborative Transplant Study (CTS), 
and Australia and New Zealand Dialysis and Transplant Reg-
istry (ANZDATA) have all proved extremely useful in assess-
ing these outcomes.

ACTUAL AND ACTUARIAL ALLOGRAFT AND 
PATIENT SURVIVAL

Allograft survival is calculated from the day of transplanta-
tion to the day of reaching a defined end point (e.g., return 
to dialysis, retransplantation, or death). The most widely 
accepted measure of outcome is the Kaplan-Meier probabil-
ity estimate of patient and graft survival. One-year, 5-year, 
and 10-year actuarial survival rates are frequently presented, 
but actual survival may ultimately not be as impressive as 
projected survival.233 Another actuarial measure commonly 
used is allograft half-life (median allograft survival).

Traditionally, allograft survival is assessed under two dis-
tinct time phases, early and late. Early allograft loss refers 
to loss within the first 12 months, and late loss refers to any 
time thereafter. This distinction is empirical but makes clini-
cal sense. In the first 12 months, the most common causes 
of allograft loss are technical complications and rejection. 
After 12 months, the incidence is lower and generally stable 
over time. Frequently, analysis of long-term survival is 
restricted to allografts that have survived to 12 months after 
transplantation. Patient death is, in essence, equivalent to 
allograft loss, but allograft survival is also sometimes calcu-
lated after censoring for patient death (death-censored 
allograft survival).

SURVIVAL BENEFITS OF KIDNEY 
TRANSPLANTATION

Comparison of survival between the general dialysis popula-
tion and transplanted patients is greatly affected by selec-
tion bias, as only relatively healthy patients are referred (and 
listed) for transplantation. Thus, comparisons among 
patients on the waiting list who do or do not receive a trans-
plant are usually performed instead. Such analyses assume 
that the two groups (those who have undergone transplanta-
tion surgery and those still on the list) can otherwise be 
matched; this is not necessarily true.

One USRDS study found that during the first 106 days 
after transplantation, the risk of death after transplantation 
was higher than the corresponding risk while remaining  
on the waiting list (on dialysis). This mainly reflected the 
risks associated with the transplantation procedure itself. 
Thereafter, transplantation conferred a survival benefit. On 

the basis of 3 to 4 years of follow-up, transplantation was 
found to reduce the risk of death overall by 68%.234

SHORT-TERM OUTCOMES
The acute rejection rate has fallen substantially over the past 
20 years. The rate of acute rejection in the first year post-
transplantation is currently around 10%. Figure 72.7 illus-
trates the decline in rates of acute rejection in the first 
posttransplantation year from 1992 to 2010.138 The same 
period has seen a significant improvement in short-term 
graft survival. One-year graft survival in 2010 was 91% for 
deceased donor transplants and 97% for living donor trans-
plants. Figures 72.8 and 72.9 illustrate 1-year graft survival 
by donor type between 1992 and 2010. The principal causes 
of allograft loss in the first posttransplantation year are 
acute rejection, thrombosis, primary nonfunction, and 
patient death.

LONG-TERM OUTCOMES
There has also been an improvement in long-term allograft 
survival (see Figures 72.8 and 72.9). Recently, this increase 
has occurred mainly in higher-risk patients, such as those 
receiving retransplants. When first deceased donor trans-
plants alone are assessed, recent improvements are less 
impressive. These findings indicate that improving long-
term allograft survival is not just a matter of preventing early 
acute rejection.235

Beyond the first posttransplantation year, the principal 
causes of kidney allograft loss are patient death and chronic 
allograft injury (CAI); less common causes are late acute 
rejection and recurrent disease.206 The primary cause of 
death remains cardiovascular disease, followed by infection 
and malignancy (Figure 72.10). In children, however, death 
is a much less common cause of allograft loss; conversely, in 
older adults, death is more common.

FACTORS AFFECTING KIDNEY  
ALLOGRAFT SURVIVAL

Prospective studies and analyses of registry data have  
shown that many variables influence kidney allograft sur-
vival. These can be considered as donor, recipient, and 
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Figure 72.8  Secular trends in 1-, 5-, and 10-year mortality and graft failure for first-time adult deceased donor transplant recipients. 
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Figure 72.9  Secular trends in 1-, 5-, and 10-year mortality and graft failure for first-time adult living donor transplant recipients. 
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Figure 72.10  Causes of death with a functioning graft in adult first-
time kidney transplant recipients, 2007 to 2011. CVD, Cardiovascular 
disease. 
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donor-recipient factors. Many of them contribute to the 
development of chronic allograft injury and have been dis-
cussed above.

DONOR-RECIPIENT FACTORS
Delayed Graft Function

DGF is associated with poorer allograft and patient survival 
and poorer allograft function.236 Registry data have shown 
that DGF reduces allograft half-life by 30%, a larger effect 
than early acute rejection.237 Even though CITs have steadily 
decreased from 24 to 18 hours over the past 20 years, the 
incidence of DGF in deceased donor transplants has 
remained at approximately 25%.3

Human Leukocyte Antigen Matching

Registry data have demonstrated that even with current 
immunosuppression regimens, better HLA-matched 
allografts have better survival.238,239 This benefit applies 
to living and deceased donor kidneys. The difference in 
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further emphasizes the importance of the healthy trans-
plant kidney effect. Allograft outcomes are superior from 
deceased donors with trauma as opposed to nontrauma 
being the cause of death.250

Donor Age

Older kidney donor age is associated with reduced kidney 
transplant survival. A donor age effect is apparent among 
deceased and living donor transplants.3,251 These results 
are thought to reflect a higher incidence of DGF and 
nephron underdosing. Allografts from older donors  
have fewer functioning nephrons because of the aging 
process252 as well as donor-related conditions such as hyper-
tension and atherosclerosis. However, because of the organ 
donor shortage, older deceased donor kidneys are being 
increasingly used. Donor age younger than 5 years is also 
associated with poorer outcomes, reflecting higher rates of 
technical complications and probably nephron underdos-
ing (see later). En bloc transplantation (two kidneys) from 
donors aged 0 to 5 years significantly improves survival, 
however.

Donor Gender

There is evidence that allografts from female donors have 
slightly poorer survival.253 Again, this probably reflects a 
nephron underdosing effect (see later), because women 
have a smaller kidney mass than men. However, female 
recipients of male kidneys may have poorer graft survival 
related to the immune response to antigens encoded by the 
Y chromosome,254-256

Donor Population Ancestry and Ethnicity

Deceased donor allografts from African Americans are at 
greater risk of loss.257 There is increasing evidence that 
much of the increased risk of graft loss associated with 
African American donated kidneys is attributable to the 
presence of the apolipoprotein L1 (APOL1) high-risk 
variant (16% of African American donors in one study). 
African American–donated kidneys from donors lacking  
the APOL1 high-risk variant have outcomes comparable to 
those of non-African American–donated kidneys.258,259

Donor Nephron Mass

An imbalance between the metabolic and excretory 
demands of the recipient and the functional transplant mass 
has been postulated to play a role in the development and 
progression of chronic allograft injury (see Figure 72.6). 
Nephron underdosing, exacerbated by perioperative isch-
emic damage and postoperative nephrotoxic drugs, might 
lead to nephron overwork and eventual failure, similar to 
the mechanisms occurring in native, progressive, kidney 
disease. Thus, kidneys from small donors transplanted into 
recipients with a large body surface area or large body mass 
index would be at highest risk of this problem. There is 
support for this hypothesis from animal260 and retrospective 
human studies.261-263

Cold Ischemia Time

Prolonged CIT is associated with higher risk of DGF and 
poorer allograft survival.128,264 Registry data have suggested 
that a CIT longer than 24 hours is particularly deleterious 
to the graft.

10-year graft survival between the best and worst HLA 
matches was 10%, with half-lives from 11.6 to 8.6 years. 
Evidence suggests that the benefits of HLA matching are 
diminishing in deceased donor recipients and are much less 
pronounced in living donor recipients, although a large 
survival advantage is still seen in those with two haplotype 
matches.240 In the 11% of living donor transplants that were 
HLA-matched 10-year graft survival was 74% compared to 
58% for HLA-mismatched transplants. The half-lives for 
HLA-matched and HLA-mismatched living donor trans-
plants were 27 and 15 years, respectively.

Cytomegalovirus Status of Donor and Recipient

Registry data have shown a small but definite association of 
donor and recipient CMV serologic status with kidney 
allograft and recipient survival (hazard ratio, 1.1).241 Donor-
negative–recipient-negative pairings have the best out-
comes, whereas donor-positive–recipient-negative pairings 
have the worst. Cytomegalovirus probably affects graft out-
comes through overt infection, but subclinical effects on 
immune function may also be important.

Timing of Transplantation

In the case of living donor transplantation, there is evidence 
that preemptive (before initiation of dialysis) transplanta-
tion is associated with a lower risk of acute rejection and 
allograft failure.242 Other retrospective studies have shown 
that longer time on dialysis is independently associated with 
poorer graft and patient survival.243,244 In 2012, 15% of all 
living donor transplantations were preemptive. Minimizing 
time on dialysis has many potential benefits; this strategy 
should thus be pursued whenever possible.3,245

Center Effect

Not surprisingly, reported outcomes have varied among 
transplantation centers.246 This reflects normal statistical 
variance as well as center expertise. Outcomes are con-
founded by many donor and recipient factors that differ 
across centers.247 USRDS data have suggested minimal dif-
ference in outcomes among small and large U.S. transplan-
tation centers.248

DONOR FACTORS
The quality of the kidney immediately before transplanta-
tion has a major impact on long-term graft function and the 
risk of developing chronic allograft injury.

Donor Source: Deceased Versus Living Donor

The donor source is one of the most important predictors 
of short- and long-term allograft outcomes. In general, 
living donor allografts are superior to deceased donor 
allografts (see Figures 72.8 and 72.9). This benefit applies 
across all degrees of HLA mismatching. The better out-
comes reflect several factors, such as the good health of 
living donors, absence of brain death, benefits of elective  
as opposed to semiemergency surgery, minimization of 
ischemia-reperfusion injury, higher nephron mass, and the 
effects of a shorter time on or complete avoidance of dialy-
sis. Excellent results also occur with living unrelated kidney 
transplantation.239 Potential donors must be fully informed 
of the donation process in all its aspects..249 Overall, the 
relationship of outcome to transplant kidney donor source 
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outcomes (e.g., rates of DGF, primary nonfunction) are 
inferior to those of brain-dead donors. However, long-term 
outcomes of DCD organs (from donors < 50 years old) are 
similar to those from standard deceased donors.269

RECIPIENT FACTORS
Recipient Age

In general, allograft survival rates are poorer in those at the 
extremes of age—that is, younger than 18 or older than  
65 years of age.3,270 In the very young, technical causes of 
graft loss such as vessel thrombosis are relatively more 
common. Acute rejection is also a more common cause of 
allograft loss; conversely, death with a functioning graft is 
relatively rare. Death with a functioning allograft is a much 
more common cause of graft loss in older adults (respon-
sible for >50% of graft failures). Conversely, acute rejection 
may be less common. Thus, although RCTs are not available 
to inform practice definitively, it seems reasonable, in 
general, to use less aggressive immunosuppression in older 
patients.271

Recipient Race and Ethnicity

African American recipients have poorer allograft survival 
compared with that of whites.272 This probably reflects mul-
tiple factors, including higher incidence of DGF, higher 
incidence of acute and late acute rejection, stronger immune 
responsiveness, predominantly white donor pool (with 
resultant poorer matching of HLA and non-HLA antigens), 
altered pharmacokinetics of immunosuppressive drugs, and 
higher prevalence of hypertension. Socioeconomic factors, 
including the ability to pay for transplantation medications 
and access to high-quality medical care, unfortunately may 
also play a role.273 There is some evidence that African Euro-
peans have equivalent outcomes to whites in Europe.274 
Asian and Hispanic recipients have superior outcomes to 
whites; the reasons for this are unknown.272 Strategies that 
may improve outcomes in African American recipients 
include diligent use of higher doses of immunosuppression 
and attention to social factors that may limit access to health 
care or medications.275 Increasing living donations from 
African American donors is also desirable. Predonation 
screening for the ApoL1 high-risk genotype in donors of 
African descent may improve African American living donor 
safety and recipient outcomes.258

Recipient Gender

Registry studies of the association of recipient gender with 
transplantation outcomes have yielded differing results. In 
the CTS database, female recipients had slightly better 
allograft survival than male recipients of deceased donor 
kidneys or HLA-identical living donor kidneys.253 Data from 
U.S. transplant centers have shown better allograft survival 
in male as opposed to female recipients of living donor 
kidneys.276 An important difference between female and 
male transplantation candidates is the higher degree of 
sensitization of the former to HLA antigens, as well as to 
non-HLA antigens. Women tend to be more sensitized 
because of pregnancy and possibly as a result of more blood 
transfusions because of anemia related to menstruation. An 
immune response to H-Y antigens by female recipients may 
play a role, although the generally larger nephron dose in 

Expanded Criteria Donors and Kidney  
Donor Profile Index

As the discrepancy between the numbers of patients await-
ing kidney transplantation and available organs increases, 
many centers worldwide are now using ECD allografts. ECD 
kidneys are defined by donor characteristics associated  
with a 70% greater risk of allograft failure when compared 
to a reference group of nonhypertensive donors aged 10 to 
39 years whose cause of death was not a cerebrovascular 
accident (CVA) and whose terminal creatinine level is less 
than 1.5 mg/dL.265 ECD kidneys are defined as kidneys 
from all donors who are 60 years of age or older, or donors 
aged 50 to 59 years who also meet two of the following  
criteria: (1) CVA as cause of death; (2) history of hyperten-
sion; or (3) terminal creatinine level more than 1.5 mg/dL. 
ECD kidneys are associated with a 70% greater risk of 
allograft failure when compared to nonhypertensive donors 
aged 10 to 39 years whose cause of death is not a cerebro-
vascular accident (CVA) and whose terminal creatinine level 
is less than 1.5 mg/dL.265 Survival of ECD kidneys is, on 
average, shorter for two general reasons: (1) the baseline 
GFR of these kidneys is likely lower; and (2) ECD kidneys 
tend to be transplanted into older recipients, who have 
higher rates of posttransplantation death. However, older 
patients have a higher risk of mortality while awaiting trans-
plantation and have been shown to benefit from ECD kidney 
transplantation.266

In the United States, a new allocation system has recently 
replaced the previous standard and expanded criteria 
deceased donor categories, with a single pool of kidneys 
graded using the kidney donor profile index (KDPI). The 
KDPI score is calculated using 10 donor characteristics and 
is a modified version of the predictive tool first described by 
Rao and associates.257 The KDPI is expressed as a percentile 
score, with 0 and 100% signifying excellent quality and 
marginal organs, respectively. To maximize the utility of the 
deceased donor organ supply, deceased donor kidneys with 
a KDPI less than 20% will be allocated to candidates with 
the highest posttransplantation life expectancy, as judged by 
the four-variable, estimated posttransplantation survival 
(EPTS) score. Older candidates, for whom long waiting 
times represent a barrier to transplantation, who would pre-
viously have agreed to receipt of an ECD kidney, may now 
choose to accept deceased donor kidneys with a high KDPI 
value (>85%).

Donation after Cardiac Death (DCD)

There has been a significant increase in the use of  
DCD kidneys.267 DCD donors can be subclassified as uncon-
trolled or controlled. Uncontrolled donors are those who 
are unsuccessfully resuscitated or present dead on arrival to 
hospital, while controlled donors suffer a cardiac arrest fol-
lowing the withdrawal of life support in the controlled envi-
ronment of the ICU or operating room immediately prior 
to donation. The duration of warm ischemia time is likely 
to be significantly greater in the setting of uncontrolled 
donation.268 Protocols for managing DCD kidneys vary from 
center to center. In uncontrolled donation, isolated perfu-
sion of the kidneys with cold preservation solution can be 
achieved using double-balloon aortic catheterization, with 
balloons inflated in the aorta above and below the renal 
arteries, to minimize warm ischemia time. Short-term 
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difficult dosing of immunosuppressive drugs. Nevertheless, 
a study of patients with a BMI greater than 30 kg/m2 has sug-
gested that transplantation provides a survival benefit over 
remaining on the waiting list (on dialysis), at least up to a 
BMI of 41 kg/m2.287 Bariatric surgery prior to transplanta-
tion is an option for morbidly obese patients.288 The issue of 
nephron underdosing has been discussed in regard to donor 
factors (see earlier) but also relates to its interaction with the 
recipient’s size. Body surface area (BSA) has been used as a 
surrogate measure for donor nephron mass and recipient 
metabolic demand. Gross mismatch (i.e., low donor BSA 
and high recipient BSA) has been associated with poorer 
long-term allograft survival.262,263

Recipient Cause of End-Stage Kidney Disease

Diabetes mellitus as the primary cause of ESKD is a risk 
factor for allograft failure due to death with a functioning 
graft.

Recipient History of Hepatitis C

Hepatitis C antibody positivity is a risk factor for allograft 
failure due to premature graft failure and death with a 
functioning graft.289

Recipient Hypertension

Good blood pressure control (systolic blood pressure  
<140 mm Hg) is important for graft survival. It is associated 
with improved allograft and patient survival.290

RECURRENCE OF PRIMARY DISEASE
As discussed earlier, determining the incidence and preva-
lence of recurrent or de novo kidney disease is difficult. An 
Australian study of patients with biopsy-proven glomerulo-
nephritis found a 10-year incidence of graft loss from recur-
rence of 8.4%.215 However, patients whose primary kidney 
disease was biopsy-proven glomerulonephritis had allograft 
survival comparable to patients with nonglomerulitis causes. 
As kidney allograft survival improves, recurrent or de novo 
disease is being increasingly diagnosed and is recognized as 
an important cause of late graft loss.206

PROTEINURIA
Proteinuria, even when modest, is associated with poorer 
allograft survival.291

IMPROVING KIDNEY ALLOGRAFT OUTCOMES: 
MATCHING KIDNEY AND RECIPIENT RISK

The number of kidney transplant candidates far outweighs 
the number of available organs. First, maximizing the 
number of deceased and living organs available for trans-
plantation is a key goal for national transplantation pro-
grams. Organ donor cards, education of medical staff and 
family members, and expanded criteria donor and DCD 
programs have all positively influenced deceased donor 
rates. Unfortunately, in the United States, living donation 
rates have fallen despite increased access to donor exchange 
programs292 and desensitization protocols.279

A second parallel goal is to maximize the life span of 
donated organs. In this respect, the criteria used for alloca-
tion of deceased donor allografts can have an important 
effect on overall allograft survival. A purely utilitarian 

male donors may be a confounding factor in registry 
analyses.

Recipient Sensitization

Patients who are highly sensitized generally have poorer 
early and late graft survival compared with nonsensitized 
recipients. This is mainly related to an increased incidence 
of complications in the early posttransplantation period, 
such as DGF and acute rejection. The principle reasons for 
sensitization are previous transplants, pregnancy, and blood 
transfusion. Thus, allograft survival is poorer in recipients 
of subsequent transplants compared with recipients of a first 
transplant.277 Highly sensitized patients have longer wait 
times until transplantation and are usually given more 
intensive immunosuppression. Improvements in desensiti-
zation protocols have offered such patients better access to 
transplantation.278,279

Acute Rejection

Acute rejection remains a significant risk factor for allograft 
loss. Even when acute rejection is successfully treated,  
some irreversible graft injury has likely occurred. Such 
damage accentuates the effects of poor-quality donor  
tissue, perioperative ischemic injury, and nephron under-
dosing. Acute rejection refractory to steroids, acute rejec-
tion with a humoral component, and late acute rejection 
have particularly negative impacts on allograft and patient 
outcomes.233 Although current immunosuppressive regi-
mens have steadily decreased rates of acute rejection, major 
improvements in long-term allograft survival have not been 
observed.233

Recipient Immunosuppression

Undoubtedly, improvements in the acute rejection rate and 
allograft survival reflect the effectiveness of modern antire-
jection drugs, such as the CNIs and MMF. The contribution 
of long-term calcineurin nephrotoxicity, particularly with 
currently used maintenance doses, to chronic kidney 
allograft dysfunction and loss remains controversial (see 
earlier, “Late Allograft Dysfunction and Late Allograft 
Loss”). For now, CNIs remain the cornerstone of immuno-
suppression.280 Registry data have shown that the most 
common immunosuppression regimen used in the United 
States is tacrolimus and MMF with or without steroid.

Recipient Compliance

Poor compliance with the immunosuppressive regimen 
markedly increases the risk of acute rejection (particularly 
late acute rejection) and allograft loss.281 Allograft loss has 
been reported to be sevenfold higher in nonadherent 
patients.282 Efforts are being made to improve strategies to 
prevent nonadherence.283 Noncompliance is a particularly 
difficult problem in pediatric transplantation.281,284

Recipient Body Size

Morbid obesity (grade 2 or higher), corresponding to a  
Quételet body mass index (BMI) of 35 kg/m2 or greater, is 
associated with more transplantation surgery–related com-
plications, more DGF, and poorer allograft survival.285,286 
Even grade 1 obesity (BMI = 30 to 34.9 kg/m2) is a risk factor 
for allograft failure. Poorer long-term graft survival probably 
reflects the effects of DGF, nephron overwork, and more 
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respiratory muscle weakness. Phosphate normalizes in most 
patients by 1 year posttransplantation, mirroring posttrans-
plantation declines in the fractional excretion of phosphate, 
PTH, and FGF-23.298 In the longer term, persistent negative 
phosphate balance likely contributes to posttransplantation 
bone disease. Treatment involves a diet high in phosphorus 
(e.g., inclusion of low-fat dairy products) and vitamin D 
replacement. Overaggressive replacement of phosphate 
posttransplantation can lower calcium and vitamin D levels 
and potentially exacerbate hyperparathyroidism.299 In addi-
tion, acute phosphate nephropathy has been reported in 
posttransplantation recipients on phosphate replacement.300 
We tend to reserve oral phosphate supplements for patients 
with a phosphate level lower than 1 to 1.5 mg/dL or symp-
tomatic hypophosphatemia.

HYPERKALEMIA
Mild hyperkalemia is common, even with good allograft 
function. The principle cause is CNI-induced impairment 
of tubular potassium secretion. A recent study has suggested 
that tacrolimus activates the thiazide-sensitive, renal sodium-
chloride cotransporter (NCC), resulting in hypertension 
and reduced renal potassium excretion.301 Hyperkalemia 
may be exacerbated by poor allograft function, ingestion of 
excess potassium, hyperglycemia, and medicines such as 
ACEIs and β-blockers. Because the hyperkalemia is usually 
not severe and typically improves with reduction in CNI 
dosage, additional treatment is often not required; exacer-
bating factors should be minimized. In an occasional case, 
treatment with the mineralocorticoid fludrocortisone will 
be necessary. Hyperkalemia can also be caused by an 
amiloride-like effect of trimethoprim, a component of TMP-
SMX, that is frequently used for prophylaxis against Pneu-
mocystis jiroveci.

METABOLIC ACIDOSIS
Mild metabolic acidosis is also common and often associated 
with hyperkalemia. In most cases, it has the features of a 
distal (hyperchloremic) renal tubular acidosis. This reflects 
tubular dysfunction caused by CNIs, rejection, or residual 
hyperparathyroidism (and the effect of TMP, as above). 
Alkali repletion with oral bicarbonate may be necessary.

OTHER ELECTROLYTE ABNORMALITIES
Hypomagnesemia is common and due to a magnesuric 
effect of the CNIs, as well as to residual hyperparathyroid-
ism, and is usually asymptomatic. Magnesium supplements 
are sometimes prescribed when the plasma magnesium  
level is less than 1.5 mg/dL. However, their effectiveness  
is limited, they can cause diarrhea, and they add more  
complexity to the multidrug regimen of the transplant 
recipient.

BONE DISORDERS AFTER KIDNEY 
TRANSPLANTATION

Bone disease in the ESKD patient is multifactorial and 
involves varying degrees of hyperparathyroidism (osteitis 
fibrosa cystica), vitamin D deficiency, low bone turnover, 
aluminum intoxication (osteomalacia), and amyloidosis 
(see Chapter 55). Unfortunately, bone disease can remain 
a problem after transplantation owing to persistence of the 

approach to maximize allograft survival would direct organs 
only to the youngest and healthiest, maximizing the life 
years from transplantation (LYFT) gained.293 In practice, a 
balance must be struck between utility and equity, ensuring 
that anyone medically fit for a transplant has a reasonable 
chance of obtaining one. In many countries, this balance is 
achieved by means of a point system, with points being 
awarded for characteristics such as fewer HLA mismatches 
and time on the waiting list. There is evidence that prefer-
ential allocation of organs of younger donors to younger 
recipients (as opposed to the current system, where some 
organs of younger donors are transplanted into older 
patients) would significantly improve overall allograft sur-
vival.294 In the United States, a new allocation system was 
instituted in late 2014. This system will match the 20% 
highest quality deceased donor kidneys with the top 20% of 
candidates to maximize the usefulness of the best organs 
(see earlier, “Expanded Criteria Donors and Kidney Donor 
Profile Index”).

MEDICAL MANAGEMENT OF 
TRANSPLANT RECIPIENTS

More emphasis is being placed on the general medical man-
agement of patients who have received a transplant. Com-
prehensive practice guidelines on the care of KTRs were 
published by the American Society of Transplantation and 
European Best Practice Guidelines Expert Group in 2000 
and 2002, respectively.295,296 More recently, KDIGO (Kidney 
Disease: Improving Global Outcomes) has published its 
evidenced-based 2009 KDIGO Clinical Practice Guideline for the 
Care of Kidney Transplant Recipients.149 Reflecting the paucity 
of quality evidence, only 25% of the KDIGO graded guide-
lines were level 1 (“we recommend”) and 75% were level 2 
(“we suggest”). The evidence supporting the guidelines was 
of low or very low quality in almost 85%. There is much 
opportunity for improving our understanding and manage-
ment of transplant recipient care.

Transplantation is generally preferable to dialysis, but 
there is an increased appreciation that the posttransplanta-
tion state is often one of chronic kidney disease (CKD). The 
management of common electrolyte, endocrine, and car-
diovascular complications posttransplantation is discussed 
in the following sections.

ELECTROLYTE DISORDERS

HYPERCALCEMIA AND HYPOPHOSPHATEMIA
Hypercalcemia is common and is due mainly to persistent 
hyperparathyroidism or the overzealous administration of 
calcium and vitamin D. The management of posttransplan-
tation hyperparathyroidism is discussed later. Hypophos-
phatemia is also common in the early posttransplantation 
period, particularly when allograft function is excellent. 
This is due to a combination of reduced phosphate 
absorption (vitamin D depletion is common) and urinary 
phosphate wasting, which is a consequence of high fibro-
blast growth factor 23 (FGF-23) and parathyroid hormone 
(PTH) levels and the tubular effects of CNIs, sirolimus, and 
high-dose steroids.297 Rarely, phosphate depletion is severe 
enough to cause profound muscle weakness, including 
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alternative is to change azathioprine to MMF; no adjustment 
of MMF is required. The newer xanthine oxidase inhibitor 
febuxostat has also been successfully used in hyperuricemic 
kidney transplantation patients.307 The packaging insert for 
febuxostat warns against concurrent azathioprine use. In 
cases of severe recurrent gout, it may be worthwhile to stop 
CNIs altogether. The uricouric agent probenecid may be 
cautiously used in KTRs with excellent renal function. The 
uricase pegloticase remains untested in the transplantation 
population.

CALCINEURIN INHIBITOR–ASSOCIATED BONE PAIN
A syndrome of severe bone pain in the lower limbs has been 
associated with CNI use. This is uncommon and thought to 
represent a vasomotor effect of the CNIs. Osteonecrosis and 
other common bone lesions should be excluded before the 
diagnosis is made. Symptoms usually respond to reduction 
in CNI dosage and administration of calcium channel block-
ers. Magnetic resonance imaging (MRI) of the involved 
bones may show bone marrow edema.308

OSTEONECROSIS
Osteonecrosis (avascular necrosis) is a serious bone compli-
cation of kidney transplantation. The pathogenesis is not 
well understood, but high doses of steroids are one risk 
factor. Up to 8% of KTRs develop osteonecrosis of the 
hips309; this figure is falling with lower dose steroid proto-
cols.310 The most commonly affected site is the femoral 
head; other sites are the humeral head, femoral condyles, 
proximal tibia, vertebrae, and small bones of the hand and 
foot. Many patients have bilateral involvement at the time 
of diagnosis. The principal symptom is pain; signs are non-
specific. Diagnosis is made by imaging studies—MRI is the 
most sensitive, plain radiography is the least sensitive, and 
scintigraphy is intermediate. However, MRI abnormalities 
do not always imply clinically significant osteonecrosis. 
Treatment remains controversial. Options include resting 
the joint, decompression, and joint replacement.

OSTEOPOROSIS
Osteoporosis is a common bone disorder characterized by a 
parallel reduction in bone mineral and bone matrix so that 
bone mass is decreased but is of normal composition. The 
most commonly used definition is that based on the World 
Health Organization scoring system. Osteoporosis is defined 
as bone density greater than 2.5 SDs (standard deviation) 
below the mean bone density of gender-matched, young 
adults (T-score); osteopenia is defined as 1.0 to 2.5 SDs  
below the T-score. In the general population, reduced bone 
mineral density is strongly associated with fracture risk.

Reduction in bone mineral density is now recognized as 
a very common complication of kidney transplantation. 
Most bone loss occurs in the first 6 months posttransplant.311 
Risk factors for posttransplant osteoporosis include steroid 
use, ongoing hyperparathyroidism, vitamin D deficiency  
or resistance, and phosphate depletion. Diabetes mellitus  
is also associated with an increased risk of posttransplant 
fracture. The risk of hip fracture in KTRs is as high at  
3.3 to 3.8 events/1000 person-years; KTRs have a 34% 
increased risk of fracture early posttransplantation when 
compared to dialysis patients on the transplant waiting list. 
The risk of hip fracture in wait-listed dialysis patients and 

conditions discussed above and the superimposed effects of 
immunosuppressants on bone.

HYPERPARATHYROIDISM
Residual hyperparathyroidism is very common in the first 
posttransplant year, but can persist for years. One study 
found elevated serum PTH levels in 23 of 42 (54%) normo-
calcemic patients with plasma creatinine levels less than  
2 mg/dL more than 2 years after transplantation.302 Not 
surprisingly, the main risk factors for posttransplant hyper-
parathyroidism are the degree of pretransplant hyperpara-
thyroidism and duration of dialysis.303 Inadequate vitamin D 
stores and poor allograft function (de novo secondary 
hyperparathyroidism) probably contribute to persistence of 
the condition in some patients.

Typically, posttransplant hyperparathyroidism is manifest 
by a low plasma phosphate level and a mild to moderate 
elevation in the plasma calcium level. The serum PTH  
level is inappropriately high for the level of plasma calcium. 
Posttransplant hyperparathyroidism is often asymptomatic 
and tends to improve with time. Therapy with paricalcitol 
has been shown to increase the likelihood of resolution  
of hyperparathyroidism at 1 year posttransplantation.304 
However, active vitamin D analogs must be used with caution 
and stopped if the plasma calcium level rises above the 
normal range or complications of hypercalcemia occur. The 
calcimimetic cinacalcet has been shown to lower serum PTH 
and calcium levels safely and effectively and raise serum 
phosphate concentrations in a placebo-controlled study of 
KTRs with persistent hyperparathyroidism.305

There are two main indications for posttransplantation 
parathyroidectomy: (1) severe symptomatic hypercalcemia 
(in the early posttransplantation period, now rare, and 
usually managed medically with cinacalcet and/or bisphos-
phonate); and (2) persistent, moderately severe hypercalce-
mia (serum calcium level ≥ 12.0 to 12.5 mg/dL) for more 
than 1 year after transplantation or calcific uremic arterio-
lopathy (calciphylaxis), a rare complication following  
transplantation. Subtotal parathyroidectomy is the proce-
dure of choice.

GOUT
The most important cause of hyperuricemia and gout after 
transplantation are the CNIs, particularly cyclosporine. The 
CNIs impair renal uric acid clearance. Approximately 80% 
of CNI-treated KTRs develop hyperuricemia, and about 
13% develop new-onset gout.306 Diuretic use may exacerbate 
hyperuricemia and precipitate a gout attack.

Acute gout should be treated with colchicine or high-dose 
steroids; NSAIDs should generally be avoided. Colchicine-
induced neuromyopathy is more common in patients with 
impaired kidney function and in cyclosporine-treated (and 
presumably tacrolimus-treated) patients due to an increase 
in colchicine levels. Therefore, the lowest effective dose of 
colchicine should be used, and patients should be moni-
tored for muscle weakness. For prevention of further gouty 
attacks, allopurinol is generally used. Note that the metabo-
lism of azathioprine is inhibited by allopurinol. Ideally, 
these drugs should not be coprescribed. If azathioprine 
must be used in conjunction with allopurinol, then the 
azathioprine dose should be reduced by at least 75% of the 
original dose and the CBC closely monitored. A safer 
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no cardiovascular benefit and more frequent complications 
related to intensive glucose-lowering therapy.149

CARDIOVASCULAR DISEASE

Cardiovascular disease is a leading cause of death in KTRs.326 
Despite pretransplantation screening, the cumulative  
incidences of myocardial infarction (MI), stroke, and de 
novo peripheral arterial disease are 11%, 7%, and 24%, 
respectively.327-329 De novo congestive heart failure is also 
common.330 The KTR population is enriched with tradi-
tional cardiovascular risk factors such as smoking, diabetes 
mellitus, and hypertension and are also burdened with non-
traditional CKD-related and transplantation-associated risk 
factors.331,332 Aspirin is an effective therapy for the primary 
and secondary prevention of cardiovascular disease in the 
general population333,334 However, one study has shown 
marked variability in the use of cardioprotective medica-
tions, including aspirin, in KTRs.335

SMOKING
Tobacco smoking should be strongly discouraged; there is 
evidence that it affects allograft function as well as recipient 
survival.336

HYPERTENSION
The prevalence of hypertension in the CNI era is at least 
60% to 80%.149 Causes include use of steroids, CNIs, weight 
gain, allograft dysfunction, native kidney disease, and TRAS. 
The complications of posttransplantation hypertension are 
presumed to be a heightened risk of cardiovascular disease 
and allograft failure.

The new Joint National Committee Guidelines (JNC 8) 
revised its recommended blood pressure target for patients 
with CKD to 140/90 mm Hg or lower.337 A recent post hoc 
analysis of the FAVORIT (Folic Acid for Vascular Outcome 
Reduction in Transplantation) trial found that each increase 
of 20 mm Hg in baseline systolic blood pressure was associ-
ated with 32% and 13% increases in the adjusted relative 
risks of cardiovascular events and death, respectively. In 
contrast, each 10-mm Hg drop in diastolic blood pressure 
below 70 mm Hg was associated with a 31% increase in the 
relative risks of cardiovascular events and death, possibly 
due to the association of pulse pressure with vascular stiff-
ness and the association of vascular stiffness with left ven-
tricular hypertrophy, arrhythmia, and sudden death. The 
highest risk was seen in patients with a systolic blood pres-
sure higher than 140 mm Hg and diastolic blood pressure 
lower than 70 mm Hg.338

Nonpharmacologic measures such as weight loss, reduced 
sodium intake, reduced alcohol intake, treatment of obstruc-
tive sleep apnea, and increased exercise should be encour-
aged. The dosage of steroids and CNIs should be minimized. 
However, antihypertensive drug therapy is still frequently 
required. There is little evidence for one antihypertensive 
drug class over another. Results from retrospective studies 
in the kidney transplantation population have been conflict-
ing regarding the benefits of angiotensin receptor block-
ade.339,340 We routinely use ACEIs and ARBs, especially in 
patients with proteinuria, diabetes, or other cardiovascular 
indications (Table 72.12). KDIGO guidelines have sug-
gested the use of any class of antihypertensive medication, 

transplant recipients subsequently equalizes by 2 years 
posttransplant.312

Bone mineral density (BMD), as measured by dual energy 
X-ray absorptiometry (DEXA), has been shown to predict 
fractures in the general population.313 Surprisingly, the 
effects of steroid avoidance and minimization protocols on 
BMD and fracture rates in the kidney transplant population 
have been somewhat contradictory, with some studies 
finding an association with reduced fracture rates and 
improved BMD, while others have identified no beneficial 
association.310,314-316 Treatment with bisphosphonates early 
posttransplantation has been shown to prevent bone loss 
when compared to controls but may exacerbate preexisting 
adynamic bone disease.317 Perhaps as a consequence, 
bisphosphonates have not been shown to reduce fracture 
rates in KTRs.318 Notably, bisphosphonates are not recom-
mended in patients with a GFR lower than 30 mL/
min/1.73 m2. A number of studies have shown a favorable 
effect for vitamin D derivatives, with or without calcium 
supplementation, on BMD in KTRs.319,320 In patients with 
persistent posttransplantation hyperparathyroidism and 
hypercalcemia, cinacalcet treatment may improve BMD in 
addition to serum calcium and PTH levels.321

Current KDIGO guidelines recommend monitoring of 
calcium, phosphate, and PTH levels posttransplantation. 
DEXA scanning is recommended in the first 3 months post-
transplantation for patients on steroids or with risk factors 
for osteoporosis and a GFR higher than 30 mL/min/1.73 m2. 
For KTRs within 1 year of transplantation, with a GFR higher 
than 30 mL/min/1.73 m2 and low BMD, treatment with 
vitamin D, vitamin D, calcitriol or alfacalcidol, or bisphos-
phonate should be considered.149

POSTTRANSPLANTATION DIABETES MELLITUS

PTDM, formerly referred to as new-onset diabetes after 
transplantation (NODAT), is common after kidney trans-
plantation. First-time KTRs in the United States from 2004 
to 2008 had a 3-year cumulative incidence of posttransplan-
tation diabetes of over 40%. Risk factors include older age, 
obesity, positive HCV antibody, CMV infection status, non-
white ethnicity, family history, steroids, CNIs (especially 
tacrolimus), and episodes of acute rejection. Strategies to 
prevent and treat PTDM include steroid minimization, 
avoidance of tacrolimus, and lifestyle modification. The 
adoption of steroid-free immunosuppression regimens at 
discharge after kidney transplantation has been shown to 
reduce the odds of developing PTDM.322,323 A small Austrian 
study reported a reduction in PTDM at 1 year in patients 
whose blood glucose level was strictly maintained with insulin 
immediately posttransplantation versus those who received 
standard management of their blood glucose level.324

Unfortunately, PTDM is associated with reduced graft and 
patient survival.325 PTDM may require treatment with oral 
agents or insulin. Metformin is probably the drug of choice 
in KTRs with an adequate GFR because it is the most effective 
in reducing complications of type 2 diabetes mellitus, but its 
propensity for inducing lactic acidosis in the setting of 
impaired kidney function, albeit rare, must be considered.231 
Targeting a hemoglobin A1c (HbA1c) level of 7.0% to 7.5% 
and avoiding HbA1c of 6.0% or less is recommended based on 
recent trials in the general diabetic population, which showed 
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The high prevalence of metabolic syndrome, a conse-
quence of dysregulation of glucose and vascular metabolism, 
is being increasingly recognized in KTRs.347 Better recogni-
tion and management of metabolic syndrome, including 
control of obesity, glucose, hyperlipidemia, and blood pres-
sure, are expected to decrease the morbidity and mortality 
of KTRs.

HYPERHOMOCYSTEINEMIA
As in the general population, hyperhomocysteinemia has 
been proposed as a risk factor for cardiovascular disease in 
KTRs. Plasma homocysteine concentrations typically fall 
after transplantation but do not normalize. Based on the 
results of well-performed RCTs in the general and CKD 
populations, current interventions to lower homocysteine 
levels cannot be recommended.348

CANCER AFTER KIDNEY TRANSPLANTATION

A number of studies have linked transplant and cancer 
registry data, giving good insight into posttransplant cancer 
incidence. Data from the United States and the United 
Kingdom have shown that KTRs are at considerably greater 
risk for certain cancers when compared to the general popu-
lation (Table 72.13).349-351

There are several reasons why reported cancer incidence 
has increased. First, immunosuppression inhibits normal 
tumor surveillance mechanisms, allowing unchecked prolif-
eration of spontaneously occurring neoplastic cells. There 
is also experimental evidence that cyclosporine has tumor-
promoting effects mediated by its effects on transforming 
growth factor-β (TGF-β) production352 and expression of 
the angiogenic, cytokine, vascular endothelial growth factor 
(VEGF).353 Second, immunosuppression allows uncon-
trolled proliferation of oncogenic viruses (Table 72.14). 
Third, factors related to the primary kidney disease (anal-
gesic abuse, certain herbal preparations, HBV or HCV infec-
tion) or the ESKD milieu (acquired renal cystic disease) 
might promote neoplasia.

It is believed that the cumulative amount of immuno-
suppression rather than a specific drug is the most impor-
tant factor increasing the cancer risk. However, there is 
evidence that the routine use of CNIs has increased the  
risk of skin cancers354; fortunately, these are usually not 
fatal. The long-term impact of currently used powerful 

provided that adverse side effects and potential drug-drug 
interactions are monitored closely.149

HYPERLIPIDEMIA
The prevalence of hyperlipidemia after transplantation is 
very high.341 Steroids, CNIs (cyclosporine more than tacro-
limus), and sirolimus are the principal causes. Some studies 
have suggested that hyperlipidemia is associated with poorer 
allograft outcomes, although no causal relationship has 
been established. The American Heart Association guide-
lines (for the general population) have deemphasized the 
importance of cholesterol level on the decision to treat with 
statin and highlighted the importance of assessing cardio-
vascular risk. High-intensity statin is recommended for the 
following: (1) patients between 21 and 75 years of age with 
atherosclerotic cardiovascular disease; (2) patients with a 
low-density lipoprotein (LDL) level higher than 190 mg/dL 
(moderate intensity is recommended those older than 75 
years or those who are not candidates for high-intensity 
statin); and (3) those aged 40 to 75 years with diabetes mel-
litus and an estimated 10-year cardiovascular risk higher 
than 7.5%. Moderate intensity statin is recommended for 
the following: (1) persons aged 40 to 75 years with diabetes 
mellitus and an estimated 10-year cardiovascular risk lower 
than 7.5%; (2) nondiabetics 40 to 75 years of age with an 
estimated 10-year cardiovascular risk higher than 5%; and 
(3) those patients older than 75 years with atherosclerotic 
cardiovascular disease..342 The application of a risk-guided 
statin treatment algorithm in the kidney transplantation 
population seems like a reasonable approach. The only 
caveat is that the starting dose of a statin should be reduced 
in KTRs because the CNIs (especially cyclosporine) increase 
statin blood levels and may predispose to statin-related 
toxicities.343

The main RCT of statin therapy in KTRs showed no 
benefit in the primary outcome—composite of cardiac 
death, nonfatal MI, or coronary intervention procedure.344 
However, follow-up after an additional 2 years of statin 
therapy showed a significantly reduced risk of major cardiac 
events.345 As in the general population, statin use is associ-
ated with an increased risk hyperglycemia in KTRs.346

Hypertriglyceridemia can be a problem posttransplanta-
tion. Strategies for lowering triglyceride levels include life-
style modification, substitution of sirolimus for an alternative 
agent (e.g., MMF), and treatment with ezetimibe.

Table 72.12 Recommended Antihypertensive Agents in the Transplant Recipient

Indication

Recommended Drug

β-Blockers ACEI ARB Diuretic Calcium Channel Blocker

Hypertension only X X X X
CHF X X X
Post-MI X X X
CAD X X X
Diabetes X X

ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CAD, coronary artery disease; CHF, congestive heart 
failure; MI, myocardial infarction.

Adapted from James PA, Oparil S, Carter BL, et al: 2014 evidence-based guideline for the management of high blood pressure in 
adults: report from the panel members appointed to the Eighth Joint National Committee (JNC 8). JAMA 311:507-520, 2014.
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ANOGENITAL CANCERS
Cancers of the vulva, uterine cervix, penis, scrotum, anus, 
and perianal region are significantly more common in 
KTRs. Furthermore, these cancers tend to be multifocal and 
more aggressive than in the general population. Infection 
with certain human papillomavirus strains is an important 
risk factor. Secondary prevention measures include yearly 
physical examination of the anogenital area and, in women, 
yearly pelvic examinations and cervical histology. Suspicious 
lesions should be excised, and patients should be closely 
followed for recurrence.

KAPOSI’S SARCOMA
The incidence of Kaposi’s sarcoma in transplant and non-
transplant patients depends greatly on ethnic background. 
Those of Jewish, Arab, and Mediterranean ancestry are at 
much higher risk. Other risk factors are the cumulative 
immunosuppressive dose and human herpes virus-8 infec-
tion. Visceral (lymph nodes, lungs, gastrointestinal tract) 
and nonvisceral (skin, conjunctivae, oropharynx) involve-
ment may occur. The prognosis for the former is poor, but 
for the latter it is good. Treatment involves various combina-
tions of surgical excision, radiotherapy, chemotherapy, and 
immunotherapy. Immunosuppression, of course, should be 
reduced or modified. Substitution of sirolimus for CNIs has 
been reported to stop progression of the disease without 
sacrificing allograft function.77

POSTTRANSPLANTATION  
LYMPHOPROLIFERATIVE DISORDER
PTLD is one of the most feared complications of transplan-
tation because it can occur early after transplantation and 
carries a high morbidity and mortality. The cumulative 
3-year incidence of PTLD is 0.5% in adult and 1.5% in 
pediatric KTRs. More than 90% are non-Hodgkin’s lympho-
mas, and most are of recipient B cell origin.356 Risk factors 
include the following: (1) EBV-positive donor and EBV-
negative recipient; (2) CMV-positive donor and CMV-
negative recipient; (3) pediatric recipients (in part because 
children are more likely to be EBV-naive); and (4) intensity 
of immunosuppression.357 Clinical trials of belatacept found 
high rates of PTLD in EBV-negative subjects; the drug is now 
contraindicated in patients who are seronegative for EBV.80

immunosuppression regimens on cancer incidence is 
unknown but is certainly of concern. The single most impor-
tant measure to prevent cancers is to minimize excess immu-
nosuppression. A general rule is that when cancer occurs, 
immunosuppression should be greatly decreased. In some 
cases, rejection of the allograft may result, but the risks and 
benefits of immunosuppression must be judged on a case-
by-case basis.

SKIN AND LIP CANCERS
Squamous cell carcinoma, basal cell carcinoma, and malig-
nant melanoma are all more common in KTRs. The inci-
dence of nonmelanomatous skin cancer in KTRs is 13 times 
greater than in the general population.350 Risk factors 
include time after transplantation, cumulative immunosup-
pressive dose, exposure to ultraviolet light, fair skin, and 
human papillomavirus infection. Primary and secondary 
prevention is important; patients should be specifically 
counselled on minimizing exposure to ultraviolet light and 
to self-screen for skin lesions.149 Retinoids are sometimes 
used in high-risk patients.355 Suspicious skin lesions should 
be surgically excised. In patients with posttransplant squa-
mous cell carcinoma, switching from a CNI to sirolimus 
reduces the risk of further tumors developing by 44%.

Table 72.13 Cancers Categorized by Standard Incidence Rate (SIR) for Kidney Transplant Patients and 
Cancer Incidence

Standard Incidence Rate Common Cancers
Common Cancers in Transplant 
Population Rare Cancers

High SIR (>5) Kaposi’s sarcoma (with HIV) Kaposi’s sarcoma, vagina, non-
Hodgkin’s lymphoma, kidney, skin 
cancer, nonmelanoma, lip, thyroid, 
penis, small intestine

Eye

Moderate SIR (>1 to 5; 
P < 0.05)

Lung, colon, cervix, stomach, 
Hodgkin’s disease (liver)

Oronasopharynx, esophagus, bladder, 
leukemia, lymphoma

Melanoma, larynx, multiple 
myeloma, anus

No increased risk shown Breast, prostate Rectum Ovary, uterus, pancreas, 
brain, testis

Adapted from Kasiske BL, Zeier MG, Chapman JR, et al: Kidney disease: Improving global outcomes: KDIGO clinical practice guideline 
for the care of kidney transplant recipients: a summary. Kidney Int 77:299-311, 2010.

Table 72.14 Viral Infections Associated with 
Development of Cancers in Kidney 
Transplant Patients

Virus Neoplasm

HBV Hepatocellular cancer
HCV Hepatocellular cancer
EBV PTLD
HPV Squamous cell cancers of anogenital area 

and mouth
HHV-8 Kaposi’s sarcoma

EBV, Epstein-Barr virus; HBV, hepatitis B virus; HCV, hepatitis C 
virus; HHV-8, human herpes virus-8; HPV, human 
papillomavirus; PTLD, posttransplantation lymphoproliferative 
disorder.
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powerful, and much older patients are undergoing trans-
plant surgery; on the other hand, antimicrobial prophylaxis 
is becoming more effective. An outline of the pattern of 
infection according to time after transplantation is shown 
in Table 72.16.

A general point is that whenever life-threatening infec-
tion occurs, immunosuppression should be reduced to an 
absolute minimum or stopped altogether (so-called stress 
dose steroids often are required). Prompt diagnosis (e.g., 
bronchoscopy in patients with pneumonitis) and therapy 
are essential.359

PATTERNS OF INFECTION
Infections in the First Month

Most infections in the first month are standard infections, 
as would be seen in nontransplantation patients after 
surgery. Thus, infections of surgical wounds, lungs, and 
urinary tract and infections related to vascular catheters 
predominate. Bacterial infections are much more common 
than fungal ones. Preventive measures include ensuring 
that donor and recipient are free of overt infection before 
transplantation, good surgical technique, and SMX-TMP 
prophylaxis to prevent UTIs.

Infections 1 to 6 Months After Transplantation

Weeks of intensive immunosuppression increase the risk of 
opportunistic infections. Infections with CMV, EBV, Listeria 
monocytogenes, P. jiroveci, and Nocardia spp. are relatively 
common. Preventive measures include antiviral prophylaxis 
(for 3 to 6 months) and SMX-TMP prophylaxis (for 6 to  
12 months).

Infections More Than 6 Months  
After Transplantation

With gradual reduction in immunosuppression, the risk of 
long-term infection usually diminishes. However, patients 
can be roughly divided into two groups based on risk. Those 
with good ongoing allograft function and no need for late 
supplemental immunosuppression are at low risk for devel-
oping opportunistic infections unless exposure is intense 
(e.g., to Nocardia spp. from soil). In contrast, those with poor 
allograft function are at higher risk for opportunistic infec-
tion. This probably reflects poor allograft function and the 
fact that many of these patients have received large cumula-
tive doses of immunosuppression.

Important in the pathogenesis of PTLD is the infection 
and transformation of B cells by EBV; transformed B cells 
undergo proliferation that is initially polyclonal, but a 
malignant clone may evolve. Thus, the clinical and histo-
logic spectrum of PTLD at presentation and its treatment 
can vary greatly (Table 72.15). Extranodal, gastrointestinal 
tract, and central nervous system involvement is more 
common than in nontransplant-associated lymphomas. The 
kidney allograft may be involved. Treatment options for 
PTLD include immunosuppression reduction, rituximab 
and CHOP (cyclophosphamide, doxorubicin [Adriamycin], 
vincristine, and prednisone). Screening high-risk patients 
(EBV-positive donor/EBV-negative recipient) for EBV 
viremia in the first year posttransplantation with the institu-
tion of rituximab treatment for persistently viremic patients 
has been shown to reduce PTLD incidence in one small 
study.358

CANCER SCREENING
Since life expectancy in KTRs is significantly improved com-
pared to patients undergoing dialysis, we recommend that 
patients follow cancer screening guidelines (cervical smear, 
mammography, colonoscopy) for the general population. 
We also recommend annual dermatologic screening. Screen-
ing for kidney cancer is not advised in the most recent 
KDIGO guidelines.149

INFECTIOUS COMPLICATIONS OF  
KIDNEY TRANSPLANTATION

The transplant procedure itself and subsequent immuno-
suppression increase the risk of serious infection. The prin-
cipal factors determining the type and severity of infection 
are exposure (in the hospital and community) to potential 
pathogens and the state of immunosuppression.359 Factors 
affecting the net state of immunosuppression include the 
cumulative amount of immunosuppression, recipient 
comorbidities (e.g., diabetes, UTI), infection of viruses that 
affect the immune system (e.g., EBV, CMV, human immu-
nodeficiency virus [HIV], HCV), and the integrity of muco-
cutaneous barriers.

The patterns of infection after kidney transplant can be 
roughly divided into three time periods: 0 to 1 month, 1 to 
6 months, and more than 6 months after transplantation.359 
These divisions of time serve as guidelines only. Mainte-
nance immunosuppressive regimens are becoming more 

Table 72.15 Clinical and Pathologic Spectrum of Posttransplantation Lymphoproliferative Disorder (PTLD) 
and Management

Early Disease (50%) Polymorphic PTLD (30%) Monoclonal PTLD (20%)

Clinical features Infectious mononucleosis-
type illness

Infectious mononucleosis type illness 
± weight loss, localizing symptoms

Fever, weight loss, localizing symptoms

Pathology Preserved architecture; 
atypical cells infrequent

Intermediate transformed cells High-grade lymphoma with confluent and 
marked atypia

Clonality Polyclonal Usually polyclonal Monoclonal
Treatment Reduce immunosuppression; 

acyclovir
Reduce immunosuppression; 

acyclovir; if poor response, then 
treat as here

Reduce immunosuppression to low-dose 
steroids only; combination surgery, 
chemotherapy, radiotherapy, 
immunotherapy, rituximab

Prognosis Good Intermediate Poor
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CYTOMEGALOVIRUS
Exposure to CMV (as evidenced by the presence in serum 
of anti-CMV IgG) increases with age; more than two thirds 
of adult donors and recipients are latently infected before 
kidney transplant. Infection may arise from the following: 
(1) reactivation of latent recipient virus; (2) primary infec-
tion with donor-derived virus (transmitted in the allograft 
or less commonly via blood products); or (3) reactivation of 
latent donor-derived virus. CMV disease means that there is 
infection with symptoms, evidence of tissue invasion, or 
both. The risk of CMV infection or disease is highest in 
CMV-positive donor/CMV-negative recipient pairings, fol-
lowed by CMV-positive donor/CMV-positive recipient pair-
ings and then CMV-negative donor/CMV-positive recipient 
pairings. The risk is lowest with CMV-negative donor/CMV-
negative recipient pairings. OKT3/polyclonal antibody 
therapy, particularly when prescribed for treatment of rejec-
tion, significantly increases the risk of subsequent CMV 
disease.

CMV disease usually arises 1 to 6 months after transplanta-
tion, although gastrointestinal and retinal involvement often 
occurs later. Typical clinical features are fever, malaise, and 
leukopenia; there may be symptomatic or laboratory evi-
dence of specific organ involvement (Table 72.17). Urgent 
investigation and immediate empirical treatment are needed 
in severe cases. Confirmation of presumed CMV disease is by 
demonstration of the virus in body fluids or solid organs. 
CMV infection after transplant is usually associated with 
viremia; CMV viremia may be detected by culture, antigen-
emia assay, or quantitative PCR. The PCR assay is fast and 
sensitive and allows the monitoring of viral load in response 
to therapy. However, viremia may be absent in certain CMV 
infections, most notably the retina or gastrointestinal tract. 
In such cases, the CMV infection may be diagnosed by oph-
thalmologic examination, with or without vitreous humor 
CMV PCR and immunohistochemistry or culture of gastro-
intestinal tissue, respectively. Other procedures, such as 
lumbar puncture and bronchoscopy, should be aggressively 
pursued according to symptoms and signs. A tissue diagnosis 
is also required to exclude co-infection with other microbes, 
such as P. jiroveci. In addition to its direct effects, CMV may 
have indirect effects after transplantation, including an 
increased risk of infection, rejection, and PTLD.360

The treatment of posttransplantation CMV infection 
depends on disease severity and organ systems involved. 
Low-grade CMV viremia usually responds to a reduction in 
immunosuppression (usually the antimetabolite). Patients 
with symptomatic or significant viremia but relatively  
mild symptoms may be treated as outpatients, with immu-
nosuppression reduction and oral valganciclovir. The 
VICTOR trial demonstrated that oral valganciclovir was 
noninferior to intravenous ganciclovir in the treatment of 
non–life-threatening CMV infection in solid organ trans-
plantations.361 However, patients with severe systemic CMV 
infection or organ-specific disease (e.g., pneumonitis, gas-
trointestinal, or central nervous system [CNS]) should be 
treated initially with intravenous ganciclovir, with a transi-
tion to oral valganciclovir as symptoms improve. For viremic 
patients with mild to moderate disease, some advocate con-
tinuing treatment for 2 weeks after resolution of viremia, 
while others treat for at least 2 weeks and discontinue 

Table 72.16 Infections After Transplantation 
According to Time After 
Transplantation

Time After 
Transplantation 
(mo) Type of Infection

<1 Infection with antimicrobial-resistant 
species—MRSA, VRE, Candida spp. 
(non–Candida albicans); aspiration; 
catheter infection; wound infection; 
anastomotic leaks and ischemia; 
Clostridium difficile colitis; donor-
derived infection (uncommon)—HSV, 
LCMV, rhabdovirus (rabies), West Nile 
virus, HIV, Trypanosoma cruzi; 
recipient-derived infection 
(colonization)—Aspergillus, 
Pseudomonas

1-6 With PCP and antiviral (CMV, HBV) 
prophylaxis—polyomavirus, BK 
infection, nephropathy; C. difficile 
colitis; HCV infection; adenovirus 
infection, influenza; Cryptococcus 
neoformans infection; Mycobacterium 
tuberculosis infection; without 
prophylaxis—Pneumocystis jiroveci; 
infection with herpesviruses (HSV, VZV, 
CMV, EBV); HBV infection; infection 
with Listeria, Nocardia, Toxoplasma, 
Strongyloides, Leishmania, T. cruzi

>6 Community-acquired pneumonia, UTI; 
infection with Aspergillus, typical 
molds, Mucor spp.; infection with 
Nocardia, Rhodococcus spp.; late viral 
infections—CMV infection; hepatitis 
(HBV, HCV); HSV encephalitis; 
community-acquired (SARS, West Nile 
virus infection); JC polyomavirus 
infection (PML); skin cancer, lymphoma 
(PTLD)

BKV, Human polyomavirus BK; CMV, cytomegalovirus; EBV, 
Epstein-Barr virus; HBV, hepatitis B virus; HCV, hepatitis C 
virus; HIV, human immunodeficiency virus; HSV, herpes 
simplex virus; LCMV, lymphocytic choriomeningitis virus; 
MRSA, methicillin-resistant Staphylococcus aureus; PCP, 
Pneumocystis jiroveci pneumonia; PML, progressive multifocal 
leukoencephalopathy; PTLD, posttransplantation 
lymphoproliferative disease; SARS, severe acute respiratory 
syndrome; UTI, urinary tract infection; VRE, vancomycin-
resistant enterococcus; VZV, varicella-zoster virus.

Adapted from Fishman JA: Infection in solid-organ transplant 
recipients. N Engl J Med 357:2601-2614, 2007.

Late amplification of immunosuppression may increase 
the risk of opportunistic infection in any patient. Therefore, 
any patient receiving a late steroid pulse or antithymoglobu-
lin therapy should be restarted on SMX-TMP with or without 
anti-CMV prophylaxis (if donor or recipient were CMV-
positive). The role of EBV infection in causing PTLD has 
been discussed earlier; CMV and P. jiroveci pneumonia infec-
tion are discussed later.
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comprehensive review of this issue has recently been pub-
lished.366 Vaccines that are recommended and contraindi-
cated are summarized in Table 72.18. Household contacts 
of KTRs should receive yearly immunizations against 
influenza.

SUMMARY
Infections are a predictable complication of kidney trans-
plantation. Minimizing infections requires meticulous surgi-
cal technique, antiviral prophylaxis for the first 3 to 6 
months, SMX-TMP prophylaxis for the first 6 to 12 months, 
and avoidance of excess immunosuppression. A substantial 
increase in immunosuppression, no matter how long after 
transplantation, should trigger resumption of SMX-TMP 
and probably antiviral prophylaxis.

TRANSPLANTATION ISSUES IN SPECIFIC 
PATIENT GROUPS

PATIENTS WITH DIABETES

Although the survival rate of diabetic patients after kidney 
transplantation is lower than that of nondiabetic patients, 

therapy. Treatment of severe or invasive disease may benefit 
from longer courses of treatment followed by prophylactic 
dose therapy.362 Dose adjustment is required in kidney dys-
function for valganciclovir and ganciclovir. Although sup-
portive data are unavailable, it is reasonable to add CMV 
hyperimmune globulin in severe cases.363

The prevention of CMV disease is of great clinical impor-
tance. One strategy is to give prophylaxis to all patients at 
risk (D+/R−, D−/R+, D+/R+ [D, donor; R, recipient]). 
Another strategy is to monitor for CMV viremia and begin 
prophylaxis only when there is evidence of active viral rep-
lication.360 Prophylactic and preemptive strategies using val-
ganciclovir have been shown to be comparable in terms of 
cost and prevention of symptomatic CMV.364

PNEUMOCYSTOSIS
Antimicrobial prophylaxis is very effective in preventing 
pneumonia due to P. jiroveci. The preventive agent of choice 
is SMX-TMP. It is generally well tolerated and quite inex-
pensive; furthermore, it prevents UTIs and opportunistic 
infections such as nocardiosis, toxoplasmosis, and listeriosis. 
Alternative preventive agents include dapsone and pyri-
methamine, atovaquone, and aerosolized pentamadine.365 
Typical symptoms of pneumonia due to P. jiroveci are fever, 
shortness of breath, and cough. Chest radiography charac-
teristically shows bilateral interstitial alveolar infiltrates. 
Diagnosis requires detection of the organism in a clinical 
specimen by colorimetric or immunofluorescent staining. 
Because the organism burden is usually lower than in HIV-
infected patients, the sensitivity of induced sputum or bron-
choalveolar lavage specimens is lower in KTRs; tissue should 
be quickly obtained if these tests are negative and clinical 
suspicion remains high.

The treatment of choice remains SMX-TMP.365 High-dose 
SMX-TMP may increase the plasma creatinine level without 
affecting the GFR. There is no firm evidence to support the 
use of higher dose steroids during the early treatment phase 
of pneumocystosis in KTRs.

IMMUNIZATION IN KIDNEY TRANSPLANT RECIPIENTS
Important general rules concerning immunization in KTRs 
are the following: (1) immunizations should be completed 
at least 4 weeks before transplantation; (2) immunization 
should be avoided in the first 6 months posttransplantation 
because of ongoing high doses of immunosuppression and 
a risk of provoking allograft dysfunction; and (3) live vac-
cines are generally contraindicated after transplantation. A 

Table 72.17 Manifestations of Cytomegalovirus Disease in Kidney Transplant Recipients

Tissue Affected Clinical Features Comment

Systemic Fever, malaise, myalgia Nonspecific but very important clue to cytomegalovirus disease
Bone marrow Leukopenia Usually not severe; reduce azathioprine or mycophenolate mofetil; 

valganciclovir can also cause leukopenia
Lungs Pneumonitis May be life-threatening; exclude co-infection with other 

organisms
Gastrointestinal tract Inflammation and ulceration of esophagus 

or colon
May be life-threatening; often occurs late

Liver Hepatitis Rarely severe
Eyes (retina) Blurred vision, flashes, floaters Rare in kidney transplants; if occurs, usually late

Table 72.18 Recommended and 
Contraindicated Vaccines in Kidney 
Transplant Recipients

Recommended Vaccines Contraindicated Vaccines

Diphtheria-pertussis-tetanus Varicella zoster
Haemophilus influenzae B BCG (Bacillus Calmette-

Guérin)
Hepatitis A (for travel, 

occupational, or other 
specific risk)

Smallpox

Hepatitis B Intranasal influenza
Pneumovax (consider booster 

every 3 to 5 years)
Live Japanese B 

encephalitis
Inactivated polio Oral polio
Influenza types A and B, H1N1 

(administer annually)
Rubella

Meningococcus (if recipient is 
high risk)

Measles (except during 
outbreak)

Typhoid V Live oral typhoid Ty21a, 
yellow fever
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allografts. With the introduction of antiretroviral agent 
therapy in 1996 and subsequent improvements in the survival 
of HIV-positive patients, many centers accept patients with 
HIV for transplantation. Relatively good allograft and recipi-
ent survival has been reported.370 These patients should be 
referred to centers specializing in the management of trans-
planted HIV-positive patients because of the complexity of 
management (e.g., the potential for interactions between the 
multiple antiviral medicines, some of which inhibit and some 
of which induce the CYP450 system). A recent prospective, 
nonrandomized trial in HIV-infected patients showed very 
good 1- and 3-year patient survivals of 95% and 88%, respec-
tively, and corresponding graft survivals of 90% and 75% with 
no increases in complications associated with HIV infec-
tion.371 Patients selected in this study had CD4+ T cell counts 
of at least 200/m3 and undetectable viral RNA levels. A sur-
prising finding was that rejection rates were higher than 
expected. Studies directed at optimizing immunotherapy in 
this population are needed. Successful transplantation of 
kidneys from HIV-positive donors to HIV-positive recipients 
has been reported.372

PREGNANT KIDNEY TRANSPLANT RECIPIENTS

Fertility is often improved after kidney transplantation.373 
Although the risks of pregnancy and childbirth are greater 
in KTRs compared to the general population, it is generally 
considered safe for the mother, fetus, and kidney allograft 
if the following criteria are met before conception: good 
general health for more than 18 months before conception, 
stable allograft function with a plasma creatinine level less 
than 2.0 mg/dL (preferably <1.5 mg/dL), minimal hyper-
tension, minimal proteinuria, immunosuppression at main-
tenance doses, and no dilation of the pelvicaliceal system 
on recent imaging studies.374

A recent systematic review and meta-analysis of 50 studies, 
which included data on 4706 pregnancies in 3570 KTRs 
from 2000 to 2010, gives insight into the relative risks of 
pregnancy post–kidney transplantation.375 The rate of live 
births was actually higher than that of the general popula-
tion. However, KTR pregnancies were more likely to end 
with cesarean section, preterm birth (35.6 vs. 38.7 weeks), 
and lower birth weight (2.4 vs. 3.3 kg). Preeclampsia and 
gestational diabetes were both more common in KTRs than 
in the general population. More than 50% of KTRs were 
hypertensive during pregnancy. Overall, pregnancy did not 
appear to be associated with an increased risk of acute rejec-
tion or subsequent graft loss.

All pregnant kidney allograft recipients should be 
managed as high-risk obstetric cases, with nephrology 
involvement. Throughout the pregnancy, regular monitor-
ing of blood pressure, proteinuria, kidney function, and 
urine cultures is advised. Significant kidney dysfunction 
occurs in a minority of cases; the principal causes are severe 
preeclampsia, acute rejection, acute pyelonephritis, and 
recurrent glomerulonephritis. Distinguishing these causes 
clinically may be difficult. Initial investigations should 
include plasma creatinine level, creatinine clearance, 
24-hour urinary protein excretion, urine microscopy, urine 
culture, and kidney ultrasound. Acute rejection should be 
confirmed by allograft biopsy before instituting antirejec-
tion therapy. Pulse steroids are used to treat rejection.

the benefits of transplant are greater in younger recipi-
ents.219 Cardiovascular disease is highly prevalent in the 
diabetic ESKD population and should be aggressively 
treated. A subset of diabetic ESKD patients are also suitable 
for kidney-pancreas transplantation (see the following 
discussion).

KIDNEY-PANCREAS TRANSPLANTATION

The benefits of pancreas transplantation are the following: 
(1) freedom from insulin therapy and the metabolic 
derangements of type 1 diabetes mellitus; and (2) poten-
tially slowing or reversing the progression of end-organ 
damage from this condition. The disadvantage of pancreas 
transplantation is that it has a higher risk of surgical com-
plications and the need for higher levels of immunosuppres-
sion. Thus, patients must be carefully selected for this 
procedure. Although select patients with type 2 diabetes can 
undergo pancreas transplantation, the vast majority of pan-
creas transplants are performed in patients with type 1 dia-
betes. For diabetic ESKD patients deemed suitable candidates 
for kidney plus pancreas transplantation, options include 
SPK transplantation or pancreas after kidney (PAK) trans-
plantation (the latter allows living donor kidney transplanta-
tion). Pancreas transplant alone (PTA) is also performed in 
a minority of patients without ESKD. In contrast to SPK 
transplantation, there is some concern as to whether pan-
creas transplant alone or later improves patient survival. 
However, PAK transplantation offers the advantages of pre-
emptive living donor kidney transplantation and better 
kidney allograft outcomes. Rates of pancreas transplanta-
tion have decreased somewhat over the past decade, from a 
peak of around 1500 procedures in 2004 to just over 1000 
in 2012.

Complications of pancreatic transplantation include 
thrombosis, infection, rejection, and problems related to 
drainage of the exocrine secretions.367 Safe drainage of the 
exocrine secretions is vital. Drainage of exocrine secretions 
into the bladder affords the advantages of sterility and of 
serial measurement of urinary amylase concentrations, 
which can aid in the early detection of pancreatic allograft 
dysfunction. Important disadvantages include severe cystitis, 
hypovolemia, and acidosis (the last two due to large losses 
of bicarbonate-rich fluid). Because rates of technical com-
plications from enteric drainage have decreased, this tech-
nique is becoming more popular.367

The graft half-life for pancreas transplantations is over 12 
years in the United States. Pancreas graft survival rates are 
better for recipients of SPK allografts than for PTA or PAK 
recipients.368 The major causes of graft failure are technical 
(40%) and acute rejection (15%) in the early posttransplan-
tation period and chronic rejection (25%) in the late post-
transplantation period.369

PATIENTS WITH HUMAN IMMUNODEFICIENCY 
VIRUS INFECTION

Until recently, HIV infection was considered an absolute 
contraindication to kidney transplantation. This reflected 
fears that immunosuppression would promote severe infec-
tions and that the short survival of HIV-positive patients 
undergoing transplantation surgery would waste valuable 
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is then prescribed separately. Intravenous cyclosporine 
should be prescribed in slow infusion form at one third of 
the total daily oral dose, and intravenous tacrolimus should 
be at one fifth of the total daily dose.

PATIENTS WITH A FAILING KIDNEY

As for native CKD, management of anemia, hyperparathy-
roidism, hypertension, preparation for dialysis, and creation 
of appropriate dialysis access are important. If there are no 
contraindications, patients can be listed again for another 
transplant. The waiting time may be prolonged, however, 
because of sensitization to HLA antigens. Once the patient 
returns to dialysis, immunosuppression should be weaned 
gradually. Active communication between the primary 
nephrologist and transplantation physician is critical to 
ensuring a smooth transition for the patient. In cases in 
which management of the patient has been primarily through 
a transplantation center, early referral to a primary nephrolo-
gist is important for preparation and initiation of dialysis. 
Conversely, patients who are managed primarily by a general 
nephrologist should alert the transplantation center to coor-
dinate the modification and weaning of immunosuppressive 
medications. Abrupt cessation of immunosuppressive agents 
can precipitate acute rejection, resulting in the need for 
transplantation nephrectomy. Finally, patients with a failing 
allograft should be evaluated for repeat transplantation.

TRANSPLANTATION AND 
IMMUNOSUPPRESSION: THE FUTURE

Major areas of ongoing investigation include expansion of 
the donor pool,292,378 optimization of immunosuppression 
regimens (with particular focus on individualizing immuno-
suppression), induction of tolerance,379-381 and xenotrans-
plantation. There is also growing interest in therapies that 
modulate B cell and plasma cell function, thus preventing 
or treating AMR. Some of these topics are discussed in 
greater detail in Chapter 71.

CONCLUSION

Improvements in short-term and to some extent long-term 
kidney allograft survival have been encouraging. This 

There are no transplantation-specific reasons to perform 
a cesarean section; if it is performed (for obstetric reasons), 
care should be taken to avoid damaging the transplanted 
ureter. Kidney function should be monitored closely for 3 
months postpartum because of the increased risk of HUS 
and possibly acute rejection.

Short-term and long-term data indicate that children 
born to transplant recipients using cyclosporine, steroids, or 
azathioprine do not have a significant increase in morbidity. 
Short-term data on tacrolimus are similarly reassuring. 
Dosages of cyclosporine and tacrolimus may need to be 
increased to maintain prepregnancy trough concentrations. 
MMF is considered to be teratogenic and should not be 
used in women contemplating pregnancy.376 Sirolimus 
should also be avoided. Limited data regarding the paternal 
use of cyclosporine, steroids, azathioprine, tacrolimus, and 
MMF are reassuring.

SURGERY IN THE KIDNEY  
TRANSPLANT RECIPIENT

ALLOGRAFT NEPHRECTOMY
Allograft nephrectomy is not commonly required. Indica-
tions include the following: (1) allograft failure with ongoing 
symptomatic rejection causing fever, malaise, hematuria, 
and graft pain; (2) infarction due to thrombosis; (3) severe 
infection of the allograft such as emphysematous pyelone-
phritis; and (4) allograft rupture. The morbidity associated 
with allograft nephrectomy is relatively high. Ongoing rejec-
tion in a failed allograft can sometimes be controlled with 
steroids, but prolonged immunosuppression of a patient 
who is on dialysis is obviously not ideal. Rejection in this 
context is less likely to be controlled by small doses of ste-
roids when it is acute and when the transplant is recent. 
Whether nephrectomy of the allograft after a patient returns 
to dialysis offers a survival advantage remains controversial. 
In a retrospective analysis of registry data, the authors noted 
a survival advantage in transplant recipients who underwent 
allograft nephrectomy after returning to dialysis.377 The 
observed survival advantage was attributed to cessation of 
immunosuppressive agents and removal of a source for 
chronic inflammation. However, a limitation to this type of 
study is the effects of confounding factors and treatment 
biases intrinsic to such retrospective studies. The risk of 
surgery needs to be weighed against the risk of chronic 
inflammation and continued immunosuppressive therapy.

NONTRANSPLANTATION-RELATED SURGERY  
OR HOSPITALIZATION
Many KTRs are hospitalized or undergo surgery for non-
transplant related reasons. Precautions for procedures and 
surgery in transplant recipients are listed in Table 72.19. 
Common sense measures such as maintenance of adequate 
volume status, avoidance of nephrotoxic medicines (includ-
ing NSAIDs), and proper dosing of immunosuppressive 
drugs are advised. Whenever possible, immunosuppressive 
drugs should be given by the enteral route; if this is not 
possible, a regimen of intravenous steroids and intravenous 
CNIs usually suffices. A simple way to dose intravenous ste-
roids is to prescribe the same milligram for milligram dose 
of intravenous methylprednisolone as the maintenance 
prednisone dose; supplemental stress dose hydrocortisone 

Table 72.19 Precautions for Procedures 
and Surgery in Kidney  
Transplant Recipients

Use caution with radiocontrast exposure.
Maintain volume status and hydration.
Avoid nephrotoxic antibiotics and analgesics.
Administering stress dose steroids is not always necessary.
If enteral route of medication is contraindicated, give CNI via 

IV route (at one third and one fifth of total oral dose of 
cyclosporine and tacrolimus respectively).

Monitor allograft function, plasma potassium level, and 
acid-base balance daily.

Consider wound-healing impairment.
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reflects multiple influences, including more effective immu-
nosuppression, more frequent use of living donors, and 
better medical and surgical care. The focus is likely to shift 
somewhat toward improving other posttransplantation out-
comes, such as complications of immunosuppression, 
chronic allograft dysfunction, and morbidity from cardio-
vascular disease. The availability of adequate numbers of 
organs for transplantation remains an ongoing problem.
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Developmental disorders of the kidney and urinary tract 
comprise a spectrum of malformations ranging from  
complete absence of kidney tissue to minor structural 
abnormalities.

Kidney–urinary tract structural abnormalities are an 
important cause of human disease; they are the most 
common cause of all birth defects, making up 23% of all 
such defects,1 and cause 30% to 50% of all cases of end-stage 
kidney disease (ESKD) in children.2 Within the adult popu-
lation, congenital anomalies of the kidney and urinary 
tract (CAKUT) are the cause of 2.2% of all ESKD. Adult 
patients with CAKUT differ from adults with other causes 
of chronic kidney disease in their requirement for renal 
replacement therapy at a mean age of 30 years compared 
to 61 years.3 This chapter focuses on the classification, epi-
demiology, pathogenesis, and clinical management of 
kidney malformations.

CLINCAL CLASSIFICATION OF  
KIDNEY MALFORMATION

As a group, renal–urinary tract malformations have been 
grouped together under the rubric “congenital anomalies 
of the kidney and urinary tract” (CAKUT). This classifica-
tion is supported by the following: (1) multiple structures 
within one or both kidney–urinary tract units may be 
affected within any given affected individual, (2) mutation 

in a particular gene is associated with different urinary tract 
anomalies in different affected individuals, and (3) muta-
tions in different genes give rise to similar renal and lower 
urinary tract phenotypes. A classification of kidney and 
urinary tract malformations within the CAKUT rubric is as 
follows:

• Aplasia (agenesis), defined as congenital absence of 
kidney tissue

• Simple hypoplasia, defined as renal length less than two 
standard deviations below the mean for age, a reduced 
number of nephrons, and normal renal architecture

• Dysplasia with or without cysts, defined as malformation 
of tissue elements

• Isolated dilation of the renal pelvis or ureters or both 
(collecting system)

• Anomalies of position, including the ectopic and fused 
(horseshoe) kidney

Simple renal hypoplasia is defined by the presence of a 
small kidney with a decrease in the number of nephrons 
and normal renal architecture. Viewed through the lens of 
embryology, normal tissue architecture indicates that pat-
terning of renal tissue elements is normal.

Renal dysplasia is defined as an abnormality of tissue pat-
terning (Figure 73.1). Renal dysplasia is a polymorphic dis-
order. At the level of gross anatomy, the dysplastic kidney 
varies in size from one extreme to the other compared to 
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An ectopic kidney is classified by its position and its rela-
tionship with an independent kidney unit (Figure 73.3). 
Simple non-crossed (nonfused) ectopy refers to a kidney 
that lies on the correct side of the body but lies in an abnor-
mal position. Kidneys that cross the midline are referred to 
as crossed renal ectopy. Crossed renal ectopy can occur with 
and without fusion to the contralateral kidney. Ectopic 
kidneys that do not ascend above the pelvic brim are com-
monly called pelvic kidneys. Renal fusion occurs when a 
portion of one kidney is fused to the other. The most 
common fusion anomaly is the horseshoe kidney, which 
involves abnormal migration of both kidneys (ectopy), 
resulting in fusion (Figure 73.4). This differs from crossed 
fused renal ectopy, which usually involves abnormal move-
ment of only one kidney across the midline with fusion of 
the contralateral noncrossing kidney.

Figure 73.1  Histologic section of renal dysplastic tissue.  Dys-
plastic renal tissue demonstrates a paucity of glomerular and tubular 
elements,  disorganization  of  tissue  elements,  an  abundance  of 
stroma, and thickened and dilated renal tubules. 

Figure 73.2  Histologic section of a multicystic dysplastic kidney. 
The  kidney  consists  in  large  part  of  multiple  polymorphic  cysts 
(arrow). Normal renal tissue elements cannot be identified. 

the mean size for age. However, most dysplastic kidneys are 
small for age. Dysplastic kidneys also vary in the presence of 
epithelial cysts, the number of cysts, and cyst size. The mul-
ticystic dysplastic kidney (MCDK) is an extreme form of 
renal dysplasia in which large polymorphic cysts dominate 
kidney structure (Figure 73.2). At the level of histopathol-
ogy, the dysplastic kidney (see Figure 73.1) is characterized 
by several primary features: (1) abnormal differentiation  
of mesenchymal and epithelial elements, (2) decreased 
nephron number, (3) loss of corticomedullary differentia-
tion, and (4) metaplastic transformation of mesenchyme to 
cartilage and bone. Renal tubular dysgenesis represents a 
particular form of renal dysplasia and is characterized by the 
absence or poor development of proximal tubules and is 
accompanied by thickening of the renal arterial vasculature 
from the arcuate to the afferent arteries.4

Figure 73.3  Crossed fused ectopia. Renal ectopia is classified as simple (nonfused), fused, and bilateral. A fused kidney migrates across 
the midline and fuses to the lower pole of the normally positioned contralateral kidney. A simple crossed (nonfused) kidney migrates across 
the midline, does not fuse with the normally positioned contralateral kidney, and is usually positioned at the rim of the pelvis. In bilateral ectopia, 
both kidneys are ectopic and cross the midline with their native ureters, which are inserted normally into the bladder. 

Fused Nonfused Bilateral
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Figure 73.4  Horseshoe kidney. A horseshoe kidney with fusion of 
the lower poles. Note that the renal pelvis is positioned anteriorly and 
the ureter traverses the anterior aspect and the fused lower pole of 
each kidney. 

EPIDEMIOLOGY OF CAKUT

CAKUT is the most frequent malformation detected in 
utero. The incidence of renal and urinary tract malforma-
tions identified in fetal ultrasonography is 0.3 to 1.6 per 
1000 liveborn and stillborn infants.5 Lower urinary tract 
abnormalities can be identified in approximately 50% of 
affected patients, consistent with the common origin of the 
kidney and ureter from the mesonephric duct. These anom-
alies include vesicoureteral reflux (25%), ureteropelvic 
junction obstruction (11%), and ureterovesical junction 
obstruction (11%).6 Renal malformations, other than mild 
antenatal pelviectasis, occur in association with nonrenal 
malformations in approximately 30% of cases.5

The reported incidence of particular types of renal–
urinary tract malformation is no doubt dependent on the 
ascertainment method. Most incidence rates are not based 
on population-based studies during pregnancy. Rather, they 
are based on autopsy series or studies in selected liveborn 
infants. Incidence rates based on methods other than 
population-based ascertainment may underestimate the 
true incidence because fetal loss may not be accounted for 
and because CAKUT can be clinically silent in the surviving 
fetus.

Complete or partial duplication of the renal collecting 
system is the most common congenital anomaly of the 
urinary tract.7 Autopsy studies report an estimated inci-
dence of 0.8% to 5%.8 A similar rate was reported in a study 
of 13,705 fetuses with antenatal ultrasonography performed 
in a tertiary center in Turkey.9 However, a study that screened 
132,686 Taiwanese schoolchildren (6 to 15 years of age) 
found a lower incidence of 1 per 5000 children.10 Bilateral 
renal agenesis occurs in 1 per 3000 to 10,000 births. Males 
are affected more often than females. Unilateral renal agen-
esis has been reported with a prevalence of 1 per1000 autop-
sies. The incidence of unilateral dysplasia is 1 per 3000 to 
5000 births (1 per 3640 for the MCDK) compared to 1 per 
10,000 for bilateral dysplasia.11 The male/female ratio for 
bilateral and unilateral renal dysplasia is 1.32 : 1 and 1.92 : 1, 
respectively.12 The incidence of renal ectopia is 1 per 1000 

autopsies, but the clinical recognition is estimated to be only 
1 per 10,000 patients.13 Males and females are equally 
affected. Renal ectopia is bilateral in 10% of cases; when 
unilateral, there is a slight predilection for the left side. The 
incidence of fusion anomalies is estimated to be approxi-
mately 1 per 600 infants.14 The most common fusion 
anomaly is the horseshoe kidney, which occurs with fusion 
of one pole of each kidney. The reported incidence of 
horseshoe kidney based upon data from birth defect regis-
tries varies from 0.4 to 1.6 per 10,000 live births.14,15

PATHOGENESIS OF CAKUT

MECHANISMS OF INHERITANCE

The genetics of CAKUT are complex. In the majority of 
affected patients, congenital renal malformations occur as 
sporadic events. In approximately 30% of affected individu-
als, these malformations occur as part of a multiorgan 
genetic syndrome. Renal–urinary tract malformations and 
extrarenal malformations can go unrecognized unless a 
careful phenotypic examination is performed. Over 200 dis-
tinct genetic syndromes feature some type of kidney and 
urinary tract malformation. More than 30 genes have been 
identified as mutant in multiorgan syndromes with CAKUT 
(Table 73.1). Incomplete penetrance with variable expres-
sivity is frequent in affected families. That is, within any 
particular family in which affected members carry the same 
mutation, the renal phenotype can vary from agenesis to 
dysplasia to isolated abnormalities of the collecting system 
(e.g., hydronephrosis).

The majority of CAKUT occurs without a clear mendelian 
pattern of inheritance. In probands with bilateral renal 
agenesis or bilateral renal dysgenesis and without evidence 
of a genetic syndrome or a family history, 9% of first-degree 
relatives were shown by ultrasonography to have some type 
of malformation in the kidney and/or lower urinary tract.16 
A study of CAKUT in asymptomatic first-degree relatives of 
patients with CAKUT in Turkey revealed a positive family 
history of CAKUT in 23% and ultrasonographic evidence of 
CAKUT also in 23% of individuals.17 A study of 100 patients 
with renal hypodysplasia and renal insufficiency demon-
strated a gene mutation in 16% of affected individuals. The 
majority of mutations were identified in TCF2 (hepatocyte 
nuclear factor-1β [HNF-1β]), especially in patients with 
kidney cysts; mutations in PAX2 and EYA1 were identified 
in single cases.18 Some of the mutations were de novo 
mutations, explaining the sporadic appearance of CAKUT. 
Careful clinical analysis of patients with TCF2 and PAX2 
mutations revealed the presence of extrarenal symptoms in 
only 50%, which supports previous reports that TCF2 and 
PAX2 mutations can be responsible for isolated renal tract 
anomalies or at least CAKUT malformations with minimal 
extrarenal features.19,20

Studies suggest that polymorphic variants in genes that 
control renal development contribute to the pathogenesis 
of CAKUT. Analysis of a cohort of 168 white newborns from 
Montreal suggests that single nucleotide polymorphisms in 
PAX2 are associated with newborn kidney size at the low end 
of the population spectrum.21 Analysis of the RET gene in 
the aforementioned Montreal cohort demonstrated that a 
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reduction in newborn kidney volume by 9.7% was signifi-
cantly associated with the single nucleotide polymorphism 
rs1800860, which encodes a G→A nucleotide transition at 
codon 1476.22 Analyses in vitro indicate that the amount of 
messenger RNA (mRNA) generated from this allele is 
reduced consistent with decreased RET expression in 
affected individuals.

MOLECULAR PATHOGENESIS

The morphologic and genetic events that control kidney 
development are detailed in Chapter 1. Briefly summarized, 
formation of the human kidney is initiated at 5 weeks of 
gestation in the human when the ureteric duct is induced 
to undergo lateral outgrowth from the wolffian duct and to 
invade the adjacent metanephric mesenchyme. The ure-
teric bud then undergoes repetitive branching events, so 
termed because each event consists of expansion of the 
advancing ureteric bud branch at its leading tip, division of 
the ampulla resulting in formation of new branches, and 
elongation of the newly formed branches. Beginning with 
the tenth- to eleventh-branch generation, the pattern of 
branching becomes terminally bifid. During branching 
morphogenesis 65,000 collecting ducts are formed, both as 
cortical and medullary collecting ducts, a process that is 
essential to the function of the mature kidney. During the 
latter stages of kidney development, tubular segments 
formed from the first five generations of ureteric bud 
branching undergo remodeling to form the kidney pelvis 
and calyces.23

Table 73.1 Human Gene Mutations Associated with Syndromic CAKUT

Primary Disease Gene Kidney Phenotype References

Alagille’s syndrome JAG1 Cystic dysplasia 161
Apert’s syndrome FGFR2 Hydronephrosis 162
Beckwith-Wiedemann syndrome p57KIP2 Medullary dysplasia 77
Branchio-oto-renal (BOR) syndrome EYA1, SIX1, SIX5 Unilateral or bilateral agenesis/dysplasia, 

hypoplasia, collecting system anomalies
56

Campomelic dysplasia SOX9 Dysplasia, hydronephrosis 163, 164
Duane–radial ray (Okihiro) syndrome SALL4 UNL agenesis, VUR, malrotation, cross-fused 

ectopia, pelviectasis
165

Fraser’s syndrome FRAS1 Agenesis, dysplasia 166
Isolated renal hypoplasia BMP4, RET Hypoplasia, VUR 22, 35
Hypoparathyroidism, sensorineural deafness, 

and renal anomalies (HDR) syndrome
GATA3 Dysplasia 167

Kallmann’s syndrome KAL1, FGFR1, 
PROK2, PROKR2

Agenesis 168

Mammary-ulnar syndrome TBX3 Dysplasia 169
Pallister-Hall syndrome GLI3 Agenesis, dysplasia, hydronephrosis 70, 72
Renal-coloboma syndrome PAX2 Hypoplasia, VUR 40
Renal tubular dysgenesis RAAS components Tubular dysplasia 95
Renal cysts and diabetes syndrome HNF1B Dysplasia, hypoplasia 170
Rubinstein-Taybi syndrome CREBBP Agenesis, hypoplasia 171
Simpson-Golabi-Behmel syndrome GPC3 Medullary dysplasia 172
Smith-Lemli-Opitz syndrome DHCR7 Agenesis, dysplasia 173
Townes-Brock syndrome SALL1 Hypoplasia, dysplasia, VUR 47
Ulnar-mammary syndrome TBX3 Hypoplasia 169
Zellweger’s syndrome PEX1 VUR, cystic dysplasia 174

RAAS, Renin angiotensin aldosterone system; UNL, unilateral; VUR, vesicoureteral reflux.

Genetic analyses in humans have identified mutant alleles 
associated with CAKUT. Studies in mice have identified 
genes that are required during renal development. Together, 
such studies have provided complementary information and 
critical insights into the likely functions of CAKUT-related 
genes during human renal morphogenesis. In this section 
the functions of genes mutated in human CAKUT and for 
which a function has been elucidated are reviewed as a 
framework for understanding the molecular pathogenesis 
of CAKUT.

URETERIC BUDDING, ROBO2, AND BMP4
The proto-oncogene RET, a tyrosine kinase receptor, and its 
ligand, glial cell line–derived neurotrophic factor (GDNF), 
regulate ureteric budding and renal branching morphogen-
esis. RET is expressed on the surface of ureteric cells.24 
GDNF is expressed by metanephric mesenchyme cells.25 
Homozygous deletion of either Ret or Gdnf in mice causes 
failure of ureteric outgrowth and renal agenesis. Patients 
with CAKUT have mutations in the RET-GDNF signaling 
pathway.26-29 A study of 122 patients with CAKUT identified 
heterozygous deleterious sequence variants in GDNF or RET 
in 6 of 122 patients, 5%, whereas another group screened 
749 families from all over the world and identified 3 families 
with heterozygous mutations in RET.26 Similar findings have 
been reported in studies of fetuses with bilateral or unilat-
eral renal agenesis.27,29

The site of ureteric bud outgrowth from the wolffian duct 
is normally invariant, and the number of outgrowths is 
limited to one. Outgrowth of more than one ureteric bud 
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associated with vascular abnormalities and cilioretinal arter-
ies, with mild visual impairment limited to blind spot 
enlargement.39 In other cases the only ocular anomaly is 
optic nerve dysplasia with an abnormal vessel pattern and 
no functional consequence.

The PAX2 gene is located on chromosome 10q24-25. It 
encodes a transcription factor that belongs to the paired box 
family of homeotic genes. The vast majority of the mutations 
are located in exons 2 and 3 encoding the DNA-binding 
domain. In 1995, Sanyanusin and colleagues reported het-
erozygous mutations in two families with renal-coloboma 
syndrome.40 Since then, more than 30 mutations have been 
reported, most of them lying in the second and third exons, 
which encode the paired domain that binds to DNA, or in 
exons 7 to 9, which encode the transactivation domain.37,41

During renal development, Pax2 is expressed in the 
wolffian duct, the ureteric bud, and the metanephric mes-
enchyme. Studies in the 1Neu mouse strain, which is char-
acterized by a Pax2 mutation, demonstrated decreased 
ureteric branching in association with decreased nephron 
number. Decreased ureteric branch number and nephron 
number are rescued by inhibition of apoptosis in the  
ureteric lineage.42,43 Studies in normal full-term newborns 
suggest that loss of PAX2 function may also contribute to 
generating a lower number of nephrons within the range of 
nephron number (approximately 250,000 to 1,600,000) 
observed in humans.44 Quinlan and associates hypothesized 
that gene polymorphisms that generate loss of PAX2 func-
tion could contribute to mild reductions in nephron number 
and discovered that a PAX2 haplotype (PAX2AAA) is associ-
ated with an approximately 10% decrease in kidney volume 
in a cohort of newborn infants.21

Ureteric branching is also mediated in large part by the 
GDNF-RET signaling axis. During ureteric branching, RET 
is expressed on the surface of ureteric tip cells and controls 
the number and pattern of branches elaborated.45 The 
observation that Ret+/- mice exhibit a 22% reduction in 
nephron number46 suggested that allelic variants in RET 
associated with decreased RET function contribute to 
decreased nephron number in humans. Indeed, a RET 
allelic variant that generates a reduced amount of RET 
mRNA in vitro, in comparison with the predominant allele 
in the RET gene, has been associated with an approximately 
10% decrease in total kidney volume, used in this case as a 
quantitative trait and surrogate measure of nephron number, 
in a cohort of newborn infants.22

CONTROL OF GDNF EXPRESSION IN THE 
METANEPHRIC MESENCHYME: SALL1, EYA1, 
AND SIX1
As discussed earlier, Gdnf expression by metanephric mes-
enchyme cells is critical to ureteric branching. In the meta-
nephric mesenchyme, Sall1, Eya1, and Six1 positively control 
Gdnf expression. Sall1, a member of the Spalt family of 
transcriptional factors,47 is expressed in the metanephric 
mesenchyme before and during ureteric bud invasion. 
Mutational inactivation of Sall1 in mice causes renal agen-
esis or severe dysgenesis and a marked decrease in Gdnf 
expression.48 Mutations in SALL1 are associated with Townes-
Brock syndrome, an autosomal dominant malformation 
syndrome characterized by imperforate anus, preaxial poly-
dactyly, and/or triphalangeal thumbs, external ear defects, 

can result in renal malformations, including a double col-
lecting system and duplication of the ureter. The position 
at which the ureteric bud arises from the wolffian duct rela-
tive to the metanephric mesenchyme is critical to the nature 
of the interactions between the ureteric bud and the meta-
nephric mesenchyme. Ectopic positioning of the ureteric 
bud is associated with renal tissue malformation (dysplasia) 
due to abnormal ureteric bud–metanephric mesenchyme 
interactions and is also thought to contribute to the integ-
rity of the ureterovesical junction. Mackie and Stephens 
postulated that an abnormal position of the ureteral orifice 
in the bladder is associated with vesicoureteral reflux in 
humans.30 Consistent with this hypothesis, mutations in 
ROBO2 are associated with vesicoureteral reflux in humans.31 
ROBO2, a cell surface receptor, is expressed in the nephro-
genic mesenchyme.32 Mice deficient in Robo2 exhibit ectopic 
ureteric bud formation, multiple ureters, and hydroureter. 
Interestingly, the domain of Gdnf expression is expanded 
anteriorly in these mice, which suggests that loss of inhibi-
tion of Gdnf expression by Robo2 dependent signaling 
expands the domain of Gdnf expression and results in 
ectopic ureteric budding.33 Members of the bone morpho-
genetic protein (BMP) family of secreted proteins also nega-
tively regulate GDNF signaling. Bmp4 is expressed in stromal 
cells immediately adjacent to the wolffian duct and the ure-
teric bud. Mice heterozygous for Bmp4 exhibit ectopic or 
duplicated ureteric buds, which suggests that BMP-4 sup-
presses ureteric induction by antagonizing the local effect 
of GDNF-RET signaling at the normal site of induction on 
the wolffian duct. Indeed, exogenous BMP-4 has been 
shown to block GDNF-induced ureteric bud outgrowth from 
the wolffian duct in vitro.34 Consistent with these observa-
tions, mutations in BMP4 have been identified in humans 
with CAKUT phenotypes, including renal dysgenesis and 
vesicoureteral reflux.35

URETERIC BRANCHING, PAX2, AND RET
Branching of the ureteric bud is initiated immediately  
following invasion of the metanephric mesenchyme by  
the ureteric bud. The number of ureteric bud branches 
elaborated is considered to be a major determinant of final 
nephron number because each ureteric bud branch tip 
induces a discrete subset of metanephric mesenchyme cells 
to undergo nephrogenesis (see Chapter 1). Regulation of 
ureteric branch number has been informed by complemen-
tary studies in humans and mice. These investigations have 
demonstrated an essential role for PAX2, a transcription 
factor of the paired box family of homeotic genes that is 
expressed in the mesonephros and in the metanephros 
during renal development.

Mutations in PAX2 cause renal-coloboma syndrome (also 
named papillorenal syndrome), an autosomal dominant  
disorder characterized by the association of renal hypopla-
sia, vesicoureteric reflux, and optic nerve coloboma.36 
Although the prevalence of the syndrome is unknown, 
approximately 100 affected families have been reported.37 
A wide range of renal malformations is observed in  
renal-coloboma syndrome; these include most frequently 
oligomeganephronic hypoplasia, renal dysplasia, and vesico-
ureteral reflux.38 Ureteropelvic junction obstruction has 
also been described.18,19,38 The ocular phenotype is extremely 
variable. The most common finding is an optic disc pit 
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The syndrome is caused by heterozygous mutations in  
the DHCR7 gene, encoding delta-7-steroid reductase, which 
is required in mammalian sterol biosynthesis to convert 
7-dehydrocholesterol into cholesterol.66 Reduced Hedge-
hog modification with cholesterol may be pathogenic in 
Smith-Lemli-Opitz syndrome.

Pallister-Hall syndrome is an autosomal dominant multi-
organ disorder characterized by multiple renal abnormali-
ties, including agenesis or dysplasia, hypoplasia, and 
hydronephrosis.67-69 Affected individuals carry frameshift/
nonsense and splicing mutations exclusively in the second-
third of the GLI3 gene. These mutations are predicted to 
generate a truncated protein similar in size to GLI3 repres-
sor.70,71 The pathogenic role of GLI3 repressor was demon-
strated in mice with homozygous Shh deficiency in which 
the levels of GLI3 in kidney tissue are elevated. Remarkably, 
renal dysgenesis in the absence of Shh is completely rescued 
by homozygous inactivation of Gli3.72 Murine deficiency of 
Smo, which encodes a cell surface protein required for 
Hedgehog signaling, targeted to the metanephric mesen-
chyme lineage, causes hydronephrosis, dyskinesia of the 
ureter, and absent expression of cell surface markers that 
characterized pacemaker cells in the renal pelvis and upper 
ureter. Homozygous deficiency of Gli3 in these mutant mice 
rescues these abnormalities.73

THE MEDULLA AND GLYPICAN-3
Between the twenty-second and thirty-fourth week of human 
fetal gestation, the peripheral (cortical) and central (medul-
lary) domains of the developing kidney are established. 
Glypican-3 (GPC3), a glycosylphosphatidylinositol–linked 
cell surface heparan sulfate proteoglycan, whose gene is 
mutated in Simpson-Golabi-Behmel syndrome, is required 
for normal patterning of the medulla.74,75 Medullary dyspla-
sia in mice deficient in Gpc3 is associated with increased 
ureteric branching and cell proliferation,74 and subsequent 
destruction of medullary collecting ducts due to apoptosis.75 
The defect is thought to be caused by insensitivity to inhibi-
tors of branching morphogenesis, including BMPs, and 
enhanced sensitivity to the stimulatory effect of other 
factors, including FGF7. The finding of medullary dysplasia 
in humans and mice mutant for p57KIP2, an inhibitor of cell 
proliferation, further suggests that regulation of cell prolif-
eration and apoptosis is important in the renal medulla76 
and suggests a further link to human renal medullary  
dysplasia as observed in some patients with Beckwith-
Wiedemann syndrome and P57KIP2 mutations.77

TCF2, MATURITY-ONSET DIABETES TYPE 5, AND 
SPORADIC FORMS OF CAKUT
TCF2 encodes HNF-1β, a homeotic DNA-binding transcrip-
tion factor, which is required during the development of  
the pancreas, kidneys, liver, and intestine. During kidney 
development in mice, Tcf2 is expressed in the wolffian 
duct, ureteric bud, comma- and S-shaped bodies, and proxi-
mal and distal tubules.78 Epithelial-specific inactivation of 
Tcf2 in the kidney causes renal cystic disease and downregu-
lation of several genes, inactivation of which cause renal 
cystic disease.79 In humans, heterozygous mutations in TCF2 
cause maturity-onset diabetes type 5 (MODY5).80,81 More 
than 50 different TCF2 mutations have been reported, most 
of which are located in the first four exons that encode the 

sensorineural hearing loss, and, less frequently, kidney, uro-
genital, and heart malformations.49,50 SALL1 mutations have 
also been identified in patients who lack extrarenal features 
of Townes-Brock syndrome.18

EYA1, a DNA-binding transcription factor, is expressed in 
metanephric mesenchyme cells in the same spatial and tem-
poral pattern as GDNF. EYA1 functions in a molecular 
complex with SIX151 to control expression of GDNF.52 Both 
EYA1 and SIX1 are also expressed in developing otic and 
branchial tissues.53,54 Mice with Eya1 deficiency demonstrate 
renal agenesis and failure of Gdnf expression.55 Mutations 
in EYA1 and SIX1 occur in humans with branchio-oto-renal 
(BOR) syndrome.51,56 Classic BOR syndrome, an autosomal 
dominant disorder, is defined by its major features: conduc-
tive and/or sensorineural hearing loss (95% of patients), 
branchial defects (49% to 69% of patients), ear pits (83% 
of patients), and renal anomalies (38% to 67% of 
patients).57,58 Renal malformations include unilateral or 
bilateral renal agenesis, hypodysplasia, and malformation of 
the lower urinary tract, including vesicoureteral reflux, 
pyeloureteral obstruction, and ureteral duplication. Differ-
ent renal malformations can be observed in the same family. 
Many patients have only one or two of these major BOR 
syndrome features; these findings in the absence of renal 
findings is termed branchio-oto syndrome. Mutations in 
EYA1 have been identified as well in children with CAKUT 
who lack any of the extrarenal features of BOR or branchio-
oto syndrome.18

BOR syndrome is transmitted as an autosomal dominant 
trait with incomplete penetrance and variable expressivity. 
A mutation in EYA1 has been identified in approximately 
40% of patients with BOR syndrome.58 Mutations are most 
commonly identified in a highly conserved region called the 
eyes absent homologous region encoded within exons 9  
to 16. It is estimated that 5% may have a mutation in  
SIX1.59 Molecular testing can confirm the diagnosis and 
provide genetic recurrence risk information to families. 
However, variability of the phenotype even with the same 
mutation does not permit accurate prediction of the disease 
severity. Within the same family a given mutation may be 
associated with renal malformation in some individuals, but 
not in others.

HEDGEHOG SIGNALING, GLI3 REPRESSOR,  
AND CAKUT
Studies in mice and humans have demonstrated a critical 
role for hedgehog-dependent signaling during kidney 
development. Hedgehog ligands function within concentra-
tion gradients. Binding of hedgehog ligand, including Sonic 
hedgehog (SHH), to its cognate cell surface receptor stimu-
lates nuclear translocation of full-length GLI transcriptional 
activators and inhibits proteolytic processing of full-length 
GLI3 to a shorter transcriptional repressor.60 Loss-of-func-
tion mutations in SHH have been identified in patients with 
holoprosencephaly and renal hypoplasia or urogenital mal-
formations.61 Renal malformations have also been reported 
in patients exhibiting deletions of chromosome 7q, encom-
passing the SHH gene locus.62-64 Posttranslational modifica-
tion of hedgehog ligand is essential for regulated diffusion 
of hedgehog proteins and signaling.65 A hedgehog loss-
of-function phenotype, including renal agenesis and  
hypodysplasia, is observed in Smith-Lemli-Opitz syndrome. 
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hypoplasia, ear anomalies, and deafness), with 20% of these 
patients affected with CAKUT phenotypes, including horse-
shoe kidneys, renal agenesis, renal dysplasia, vesicoureteral 
reflux, ureterovesical junction obstruction, posterior ure-
thral valves, and renal cysts.98,99

DSTYK AND CAKUT
DSTYK is a dual serine-threonine and tyrosine protein 
kinase that is coexpressed with fibroblast growth factor 
receptors in the developing mouse and human kidney in 
both metanephric mesenchyme and ureteric bud cells. Het-
erozygous mutations in DSTYK have been identified in a 
small number of individuals (7 of 311) with CAKUT.100

COPY NUMBER VARIANTS, CAKUT, AND 
NEUROPSYCHIATRIC DISORDERS
Copy number variants (CNVs) are stretches of DNA that are 
larger than 1 kb in length. Rare CNVs have been implicated 
in neuropsychiatric and craniofacial syndromes and in syn-
dromes with CAKUT.101,102 Sanna-Cherchi and colleagues 
examined the frequency of rare CNVs in individuals with 
CAKUT and identified such variants in 10% of affected 
individuals compared with 0.2% of population controls.102 
Deletions at the HNF1 locus (chromosome 17q12) and the 
locus for DiGeorge’s syndrome (chromosome 22q11) were 
most frequently identified, which suggests that these are 
“hot spots” for copy number variation. Interestingly, 90% of 
the CNVs associated with congenital renal malformations 
were previously reported to predispose to developmental 
delay or neuropsychiatric disease, which suggests that there 
are shared pathways implicated in renal and central nervous 
system development. Similarly, Handrigan and associates 
demonstrated that CNVs at chromosome 16q24.2 are associ-
ated with autism spectrum disorder, intellectual disability, 
and congenital renal malformations.101

THE ENVIRONMENT IN UTERO AND CAKUT

An increasing body of evidence, derived from human epi-
demiologic studies and animal models, demonstrates an 
important role for the intrauterine environment and fetal 
programming in the pathogenesis of renal hypoplasia and 
predisposition to later kidney disease (reviewed by Denton103) 
(Table 73.2). Low birth weight or intrauterine growth 
restriction is generally considered to be due to a suboptimal 
in utero environment. Here, the fetal kidney is particularly 
susceptible, which leads to reduced nephron number. In 
humans intrauterine growth restriction is most often due to 
uteroplacental insufficiency and maternal undernutrition. 
Modeling of these disorders in animals causes a significant 
reduction in nephron endowment.104,105 Maternal dietary 
protein restriction results in decreased nephron number, 
reduced renal function, and hypertension in a variety of 
species, including rodents and sheep.106-109 Although the 
underlying mechanisms are not well defined, some evidence 
suggests that the maternal diet programs the expression of 
critical genes required for embryonic kidney development, 
cell survival, and renal function.107,110,111

Studies in mutant mice have identified a requirement for 
vitamin A and its retinoic acid receptor–signaling effectors 
in RET expression and ureteric branching.112 Vitamin A 
deficiency during pregnancy causes renal hypoplasia and 

DNA-binding domain. In more than one-third of the cases, 
the gene is entirely deleted.20,82 Diabetes mellitus is present 
in approximately 60% of all the cases reported, usually 
occurs before 25 years of age, and is often associated with 
pancreatic atrophy.82-84 In the presence of renal cysts, the 
term renal cysts and diabetes syndrome, is used.

Although TCF2 mutations were first identified in MODY5, 
such mutations are likely to be observed more frequently in 
fetuses with bilateral hyperechoic kidneys. An analysis of 62 
newborns or fetuses with antenatally diagnosed bilateral 
hyperechogenic kidneys revealed that large genomic TCF2 
deletions were the most frequent cause (29%).85 A comple-
mentary retrospective analysis of 377 patients with a TCF2 
mutation demonstrated that isolated hyperechogenic kidney 
with normal or slightly enlarged size is the most frequent 
phenotype observed before birth in these patients.86 After 
birth, TCF2 mutations most commonly manifest as bilateral 
small cortical cysts.20 However, other manifestations of 
CAKUT are observed in these patients, including renal 
hypoplasia and dysplasia, multicystic dysplastic kidney, renal 
agenesis, horseshoe kidney, ureteropelvic junction obstruc-
tion, and clubbing and tiny diverticula of the calyces.83,86-89 
Patients with hyperechoic kidneys as a fetus and bilateral 
cortical cysts after birth and found to harbor TCF2 muta-
tions rarely manifest extrarenal anomalies during infancy 
and childhood.

TUBULAR DYSGENESIS AND MUTATIONS OF RENIN 
ANGIOTENSIN ALDOSTERONE SYSTEM ELEMENTS
Renal tubular dysgenesis is a severe perinatal disorder char-
acterized by absence or paucity of differentiated proximal 
tubules, early severe oligohydramnios, and perinatal death. 
The latter is usually due to pulmonary hypoplasia and skull 
ossification defects.4,90,91 This condition has also been 
described in clinical conditions associated with renal isch-
emia, including the twin-twin transfusion syndrome, major 
cardiac malformations, severe liver diseases, and fetal or 
infantile renal artery stenosis,92 and in fetuses that are 
exposed in utero to angiotensin-converting enzyme (ACE) 
inhibitors or angiotensin II receptor blockers.93 All of these 
pathophysiologic states are postulated to lead to chronic 
hypoperfusion of the fetal kidneys with upregulation of the 
renin angiotensin aldosterone system.94 Mutations in the 
genes that encode components of the renin angiotensin 
aldosterone system have been identified in some families.95 
Mutations in the ACE and renin genes have been identified 
in 65.5 % and 20% of cases, respectively. Mutations in angio-
tensinogen and in the angiotensinogen type 1 receptor 
genes occur much less frequently.96

CHD1L, CHD7, AND CHARGE SYNDROME
Chromodomain helicase DNA binding protein 1-like 
(CHD1L) protein is a member of the SNF2 family of 
helicase-related adenosine triphosphate (ATP)-hydrolyzing 
proteins. Like its related family member, CHD7, CHD1L 
contains a helicase-like region. CHD1L is expressed in  
early ureteric bud and comma- and S-shaped structures 
during human kidney development.97 Heterozygous mis-
sense mutations in CHD1L were identified in 3 patients 
among 85 with CAKUT.97 Mutations in CHD7 have also been 
identified in CHARGE syndrome (coloboma, heart defects, 
choanal atresia, retarded growth and development, genital 
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a capacity to accelerate the rate of nephron formation in 
children born prematurely or to extend the period of 
nephrogenesis beyond the equivalent of 34 weeks of gesta-
tion.123 Thus the integrity of nephron formation in utero is 
absolutely critical to postnatal life.

Growth of renal tubules and expansion of glomerular 
cross-sectional area in utero and after birth is critical to 
renal functional capacity. The general observation that 
tubule number, cross-sectional area, and cellular maturation 
are abnormal in renal dysgenesis is consistent with clinical 
observations that infants with moderate to severe renal 
hypoplasia or dysplasia demonstrate a limitation of GFR and 
tubular function. The developmental maturation of renal 
structures is discussed in this chapter in the context of their 
functions. Illustrative examples are provided for how abnor-
mal differentiation, growth, and maturation in the mal-
formed kidney can limit these functions. Existing knowledge 
has been generated, for the most part, from the study of 
maturing preterm and term animals. In contrast, very few 
data have been derived from the study of animals, such as 
mutant mice, with renal malformation. Thus interpretation 
of physiologic abnormalities in humans and experimental 
animals with renal malformation is largely an extrapolation 
from developmental studies in experimental animals with 
normal kidney development.

A major increase in glomerular basement surface area 
after birth contributes to the maturational increase in GFR 
during infancy, childhood, and adolescence.124 Low GFR at 
birth limits excretion of free water, which increases the 
susceptibility of newborns to hyponatremia in association 
with a hypotonic fluid challenge.125 Maximum urine concen-
trations achieved by preterm and term infants following 
fluid restriction are 600 mOsm/kg and 800 mOsm/kg, 
respectively.126 An adult level of urine concentrating capac-
ity is attained by 6 to 12 months of age.127 Establishment of 
cortical and medullary domains during the twenty-second 
to twenty-fourth weeks of gestation is critical to urine con-
centration.123 During embryogenesis the renal cortex grows 
along a circumferential axis with a 10-fold increase in its 
volume. The renal medulla expands 4.5-fold in thickness 
along a longitudinal axis, an increase that is mainly due to 
elongation of the outer medullary collecting ducts.128 Lon-
gitudinal growth of the medulla contributes to lengthening 
of the loops of Henle such that they reach the inner renal 
medulla in the mature kidney. Elongation of the loops of 
Henle is important to the urine concentration mechanism 

decreased glomerular number and Ret expression in the 
rodent fetus.113 Interestingly, a single dose of retinoic acid 
administered at midgestation is able to normalize kidney 
size and nephron number in rat offspring exposed to mater-
nal protein restriction, which raises the possibility of preven-
tive approaches in humans.114

Maternal diabetes and in utero exposure to drugs and 
alcohol are associated with renal hypoplasia in the absence 
of reduced birth weight. In animal models, offspring of 
hyperglycemic or diabetic mothers demonstrate a signifi-
cant nephron deficit.115 Exposure of human fetuses to ACE 
inhibitors during the first trimester is associated with an 
increased risk for renal dysplasia, as well as cardiovascular 
and central nervous system malformations.116 Human infants 
exposed to cocaine in utero have an increased risk for  
renal tract anomalies.117 Similarly, infants with fetal alcohol 
syndrome have a higher incidence of CAKUT.118 The patho-
genic mechanisms underlying fetal alcohol exposure are 
beginning to be elucidated. Ethyl alcohol administration to 
pregnant rats at E13.5 and E14.5, stages that correspond to 
human E5 to E7, caused a modest decrease in nephron 
number but no deleterious effect on fetal kidney weight or 
maternal weight gain. The expression of Gdnf and Wnt11, 
both of which are required during ureteric branching was 
reduced, consistent with a decrease in nephrogenesis. Anal-
ysis of blood pressure at 6 months of age in pups exposed 
to ethyl alcohol in utero demonstrated a 10% increase in 
both males and females compared with age-matched sham-
treated controls, although glomerular filtration rate (GFR) 
and renal vascular resistance differed between sexes.119

FUNCTIONAL CONSEQUENCES OF CAKUT

A growing body of evidence indicates that the number of 
functional nephrons formed by 32 to 34 weeks of gestation 
has important implications for short- and long-term renal 
function. Infants with simple renal hypoplasia or a moder-
ate to severe degree of hypodysplasia exhibit renal insuffi-
ciency. A more subtle deficiency in nephron number has 
been associated with adult-onset hypertension.120 The asso-
ciation of decreased nephron number with hypertension is 
consistent with the Barker hypothesis, which is based on 
epidemiologic evidence showing a correlation between 
birth weight and the incidence of cardiovascular diseases 
and proposes that adult-onset diseases such as hypertension 
have a fetal origin.121,122 The human kidney does not exhibit 

Table 73.2 Factors Influencing In Utero Environment That Are Associated with Renal Hypoplasia

Fetal Exposure To Renal Phenotype Reference

Uteroplacental insufficiency Hypoplasia 104
Vitamin A deficiency Hypoplasia, hydronephrosis/hydroureter 113
Low-protein diet Hypoplasia 106, 108
Hyperglycemia Agenesis, ectopic/horseshoe kidney, cystic dysplasia, hypoplasia, 

hydronephrosis/ureter
115

Cocaine Agenesis, hypoplasia, hydronephrosis/hydroureter 117
Alcohol Agenesis, ectopia/horseshoe kidney, cystic dysplasia, hypoplasia, 

hydronephrosis/hydroureter
118, 119

Angiotensin-converting enzyme inhibitors 
and angiotensin II receptor blockers

Renal dysgenesis 116
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is normally thin. If the bladder wall is thick, urethral obstruc-
tion such as posterior urethral valves in a male fetus may be 
present.

Development of the kidney in utero is commonly assessed 
using fetal renal length standardized for gestational age as 
a surrogate marker.139 The volume of amniotic fluid is a sur-
rogate measure of renal function. Fetal urine production 
begins at 9 weeks of gestation. By 20 weeks of gestation and 
thereafter, fetal urine is the primary source of amniotic fluid 
volume.140 A decrease in amniotic fluid volume, termed oli-
gohydramnios, at or beyond the twentieth week of gestation 
is an excellent indicator of a critical defect in both kidneys, 
for example, bilateral renal dysplasia (or a critical defect in 
one kidney if a solitary kidney exists), bilateral ureteral 
obstruction, or obstruction of the bladder outlet. Severe 
oligohydramnios in the second trimester can result in lung 
hypoplasia because an adequate amniotic fluid volume is 
critical for lung development.141 In its most severe form, 
oligohydramnios results in Potter’s syndrome, which con-
sists of a typical facies characterized by pseudoepicanthus, a 
recessed chin, posteriorly rotated and flattened ears, and 
flattened nose, as well as decreased fetal movement, club-
foot, hip dislocation and joint contractures, and pulmonary 
hypoplasia.

The composition of fetal urine is also used as a marker 
of kidney function. Urine levels of sodium and β2-
microglobulin decrease with increasing gestational age, and 
urine osmolality increases.142,143 Impaired resorption occurs 
in fetuses with bilateral renal dysplasia or severe bilateral 
obstructive uropathy and results in abnormally high urine 
levels of sodium and β2-microglobulin and low urine osmo-
lality.144 In general, sodium and chloride concentration 
greater than 90 mEq/L (90 mmol/L) and urinary osmolal-
ity less than 210 mOsmol/kg H2O (210 mmol/kg H2O) are 
indicative of fetal renal tubular impairment and poor renal 
prognosis.145 In addition, urinary β2-microglobulin levels 
greater than 6 mg/L are predictive of severe renal damage 
with a sensitivity and specificity of 80% and 71%, 
respectively.146

CLINICAL PRESENTATION OF SPECIFIC  
FORMS OF CAKUT

RENAL AGENESIS
A diagnosis of unilateral renal agenesis depends on the 
certainty that a second kidney does not exist in the pelvis or 
some other ectopic location. Because absence of one kidney 
induces compensatory hypertrophy in the existing kidney, 
the presence of a large kidney on one side supports a diag-
nosis of unilateral renal agenesis. Unilateral renal agenesis 
is generally asymptomatic. A solitary kidney is most often 
detected either during routine antenatal ultrasonography 
or during the assessment of an accompanying urinary tract 
abnormality, the occurrence of which has been reported in 
33% to 65% of cases.147 Vesicoureteral reflux is the most 
commonly identified urologic abnormality, occurring in 
approximately 37% of patients with unilateral renal agenesis 
and prompting investigation particularly in newborn infants. 
Other associated urologic anomalies include obstruction of 
the ureteropelvic junction in 6% to 7% and ureterovesical 
junction in 11% to 18% of patients.

because the magnitude of sodium and urea transport is 
greatest in longer loops, which generate steeper medullary 
tonicity gradients. The responsiveness of collecting duct 
cells to vasopressin is limited in newborns. This is thought 
to be due to high intrarenal levels of prostaglandins, which 
antagonize vasopressin.129

Maturation of sodium transport in the fetus and infant is 
dependent on growth and differentiation within the proxi-
mal tubule, loop of Henle, and distal tubule. Normal 
newborn infants are limited in their capacity to respond to 
sodium restriction by reducing urinary sodium excretion. 
Interruption of tubule generation, differentiation, and 
growth, which are hallmark features of renal dysplasia, con-
tributes to an exaggerated limitation in the capacity to 
absorb sodium in affected infants and children. The proxi-
mal tubule exhibits dramatic growth and maturation  
during renal development. The epithelium matures from a 
columnar to a cuboidal epithelium, microvilli are elabo-
rated on the apical and basal domains, and expression  
of sodium-potassium adenosine triphosphatase (Na+-K+-
ATPase) and the sodium-hydrogen isoform 3 exchanger 
(NHE3) increase.130-132 At birth proximal tubule length is 
heterogeneous between the inner and outer cortex124; by 1 
month of life, proximal tubule length becomes uniform and 
tubule length and diameter have increased.130 Maturation 
of tubule length is associated with the capacity to absorb 
sodium.133 The loop of Henle is also characterized by 
increased spatial expression of transporters (Na+-K+-2Cl−-
cotransporter type 2[NKCC2], NHE3, renal outer medul-
lary potassium [ROMK], Na+-K+-ATPase) key to sodium 
transport.134 Similarly, expression of Na-Cl cotransporter 
(NCC) and epithelial sodium channel [ENaC] is low in the 
neonatal kidney and increases thereafter.135

Urinary potassium secretion is achieved predominantly 
by secretion of potassium in the cortical collecting duct via 
apical ROMK K+ channels. In neonates, K+ secretion is lower 
than in children due to the low secretory capacity of the 
cortical collecting duct. The postnatal increase in K+ secre-
tion is thought to be due to a developmental increase in the 
number of ROMK channels.136 Malformation of tubules in 
disorders such as renal dysplasia is commonly associated 
with limited K+ secretion, particularly during infancy.

CLINICAL PRESENTATION OF CAKUT

CLINICAL PRESENTATION IN THE FETUS

The majority of renal malformations are diagnosed antena-
tally, largely because of the widespread use and sensitivity of 
fetal ultrasonography. The human fetal kidney can be visual-
ized at 12 to 15 of weeks of gestation. A screening antenatal 
ultrasound examination is recommended between 16 and 
20 weeks of gestation, by which time renal anatomy can be 
imaged with considerable definition and anomalies can  
be detected with a sensitivity of approximately 80%.137 
Corticomedullary differentiation is distinct by 25 weeks of 
gestation and sometimes earlier. The fetal ureters are not 
normally detected by ultrasonography. Visualization of 
ureters may be indicative of ureteric or bladder obstruction 
or vesicoureteral reflux. A urine-filled bladder is normally 
identified at 13 to 15 weeks of gestation.138 The bladder wall 
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RENAL ECTOPY

Renal ectopy (see Figures 73.3 and 73.4) results from dis-
ruption of the normal embryologic migration of the kidneys. 
Rapid caudal growth during embryogenesis results in migra-
tion of the developing kidney from the pelvis to the retro-
peritoneal renal fossa. With ascension comes a 90-degree 
rotation from a horizontal to a vertical position with the 
renal hilum finally directed medially. Migration and rota-
tion are complete by 8 weeks of gestation. Simple congenital 
ectopy refers to a low-lying kidney that failed to ascend 
normally. It most commonly lies over the pelvic brim or in 
the pelvis and is termed a pelvic kidney. Less commonly, the 
kidney may lie on the contralateral side of the body, a state 
that is termed crossed ectopy without fusion. Although 
affected individuals are generally asymptomatic and are 
identified during an imaging study performed for some 
other indication, some patients develop symptoms due to 
complications, such as infection, renal calculi, and urinary 
obstruction.139 The ectopic kidney is often characterized by 
decreased function. In a case study of 82 cases of unilateral 
renal ectopy, decreased renal function was detected by  
technetium 99m (99mTc)–labeled dimercaptosuccinic acid 
(DMSA) renal scan in 74 patients.139 A high incidence of 
other urologic abnormalities has been associated with renal 
ectopy. The most frequent of these is vesicoureteral reflux, 
which occurs in 20% of crossed renal ectopy, 30% of simple 
renal ectopy, and 70% in bilateral simple renal ectopy.139 
Other associated urologic abnormalities include contralat-
eral renal dysplasia (4%), cryptorchidism (5%), and hypo-
spadias (5%).13

RENAL FUSION
Renal fusion occurs when a portion of one kidney is fused 
to the other (see Figure 73.4). The most common fusion 
anomaly is the horseshoe kidney, which involves abnormal 

RENAL DYSPLASIA

The dysplastic kidney is generally smaller than normal and 
is characterized with ultrasonography by increased echo-
genicity, loss of corticomedullary differentiation, and cysts 
of varied size and location. Large cystic elements can con-
tribute to large kidney size. The multicystic dysplastic kidney 
is an extreme example of a large dysplastic kidney (see 
Figure 73.2). Renal dysplasia may be unilateral or bilateral 
and may be discovered during routine antenatal screening 
or postnatally when renal ultrasonography is performed in 
a dysmorphic infant. Bilateral dysplasia is likely to be diag-
nosed earlier than unilateral dysplasia, especially if oligohy-
dramnios is present. Infants with bilateral dysplasia may 
demonstrate impaired renal function shortly after birth. 
Associated urinary tract abnormalities include hydrone-
phrosis, a duplicated collecting system, megaureter, ureteral 
stenosis, and vesicoureteral reflux.145 Clinical presentation 
may be related to complications such as urinary tract infec-
tion associated with these disorders.

The multicystic dysplastic kidney is identified by ultraso-
nography as a large cystic nonreniform mass in the renal 
fossa and by palpation as a flank mass. The multicystic dys-
plastic kidney is nonfunctional and usually unilateral. If the 
condition is bilateral, it is fatal. In unilateral multicystic dys-
plastic kidney, associated contralateral abnormalities occur 
in 25% of cases and can include rotational or positional 
anomalies, renal hypoplasia, vesicoureteric efflux, and ure-
teropelvic junction obstruction.11 Although hypertension 
rarely occurs (0.01% to 0.1% of cases), blood pressure 
should be monitored intermittently during the first few years 
of life. Wilms’ tumor and renal cell carcinoma have also 
been described, but the incidence of malignant complica-
tions is not significantly different from that in the general 
population.148 The natural history of a multicystic dysplastic 
kidney is gradual reduction in size such that the kidney even-
tually cannot be detected using noninvasive imaging. At 2 
years of age, an involution in size can be detected by ultraso-
nography in up to 60% of the affected kidneys.

DOUBLE COLLECTING SYSTEM
Complete or partial duplication of the renal collecting 
system is the most common congenital anomaly of the 
urinary tract7 (Figure 73.5). A double collecting system is 
thought to result from duplication of the ureteric bud, 
whereby the superior bud is associated with the upper renal 
pole and the inferior bud with the lower renal pole. In 
complete duplication the kidney has two separate pelvicaly-
ceal systems and two ureters. The ureter from the lower 
collecting system usually enters the bladder in the trigone, 
whereas the ureter from the upper collecting system can 
have a normal insertion in the trigone or be inserted ectopi-
cally in the bladder or elsewhere. In boys, insertion can 
occur in the posterior urethra, ejaculatory ducts, or epididy-
mis; in girls, insertion can occur in the vagina or uterus. 
Ectopic insertion of the ureter can result in obstruction or 
vesicoureteral reflux. Depending upon the location of the 
ectopic insertion, incontinence also may be present. Partial 
duplication is more common than complete duplication. In 
these cases the kidney has two separate pelvicalyceal systems 
with either a single ureter or two ureters that unite before 
insertion into the bladder.

Figure 73.5  Duplicated collecting system.  Duplicated  ureters 
(white arrows) are shown on the right. A single dilated ureter  (black 
arrow) is shown on the left. Each ureter is dilated due to obstruction 
at the level of the bladder. 
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CLINICAL MANAGEMENT OF CAKUT

Because CAKUT plays a causative role in 30% to 50% of 
cases of ESKD in children,153 it is important to diagnose and 
initiate therapy to minimize renal damage, prevent or delay 
the onset of ESKD, and provide supportive care to avoid 
complications of ESKD.

OVERALL APPROACH TO MANAGEMENT OF 
CAKUT IN UTERO AND IN THE IMMEDIATE 
POSTNATAL PERIOD

Counseling of families during pregnancy is a key element 
in the management of CAKUT. Coordinated consultation 
among professionals in the disciplines of obstetrics, pediat-
ric nephrology, pediatric urology, and neonatology is criti-
cal. Consistent and clear clinical information regarding 
diagnosis and prognosis should be provided during preg-
nancy and after birth. The level of certainty regarding the 
severity of the diagnosis and prognosis has a major impact 
on decision making during pregnancy and in the immediate 
postnatal period. Intervention in utero has been designed 
to (1) reduce renal damage arising from urinary tract 
obstruction and (2) rescue pulmonary development in the 
face of urinary tract obstruction and oligohydramnios. To 
date, little evidence exists that relief of urinary tract obstruc-
tion in utero prevents the development of associated renal 
dysplasia or renal scarring. In contrast, insertion of a 
bladder–amniotic cavity shunt in the fetus with obstruction 
below the bladder neck can rescue oligohydramnios and 
pulmonary hypoplasia.152,154 Diagnostic and therapeutic 
management after birth should be anticipated via the coor-
dinated actions of obstetricians, neonatologists, pediatric 
nephrologists, and pediatric urologists and should include 
an immediate assessment in the postnatal period of the 
need for specialized imaging, assessment of renal function, 
and management of nutrition and electrolytes.

After delivery a detailed history and careful physical 
examination should be performed in all infants with an 
antenatally detected renal malformation. The examination 
should include the respiratory system to assess the presence 
of pulmonary insufficiency; the abdomen to detect the pres-
ence of a mass that could represent an enlarged kidney due 
to obstructive uropathy or multicystic dysplastic kidney or a 
palpable enlarged bladder, which could suggest posterior 
urethral valves; the ears, because outer ear abnormalities are 
associated with an increased risk for CAKUT; and the umbi-
licus, because a single umbilical artery is associated with an 
increased risk for CAKUT.

In newborns with bilateral renal malformation, a solitary 
malformed kidney, or a history of oligohydramnios, abdomi-
nal ultrasonography is recommended within the first 24 
hours of life because an intervention such as decompression 
of the bladder with a transurethral catheter may be required. 
Newborn infants with unilateral involvement do not need 
immediate attention. In these infants renal ultrasonography 
is generally performed after 48 hours of age and within  
the first week of life. Ultrasonographic examination before 
48 hours of age may not detect collecting system dilation 
because a newborn is in a relatively volume-contracted  
state during this period of time.155 The serum creatinine 

migration of both kidneys (ectopy). The horseshoe kidney 
differs from crossed fused renal ectopy, which usually 
involves abnormal movement of only one kidney across the 
midline with fusion of the contralateral noncrossing kidney. 
In more than 90% of cases of horseshoe kidney, fusion 
occurs at the lower poles; as a result two separate excretory 
renal units and ureters are maintained. The isthmus (fused 
portion) may lie over the midline (symmetric horseshoe 
kidney) or lateral to the midline (asymmetric horseshoe 
kidney). Depending on the degree of fusion, the isthmus 
can be composed of renal parenchyma or a fibrous band. 
Fusion is thought to occur before the kidneys ascend 
between the fourth and ninth week of gestation from the 
pelvis to their normal dorsolumbar position. If large por-
tions of the renal parenchyma fuse, the fusion anomaly loses 
its horseshoe appearance and appears as a flattened disk or 
lump kidney. Early fusion also causes abnormal rotation of 
the developing kidneys. As a result, the axis of each kidney 
is shifted so that the renal pelvis lies anteriorly and the 
ureters either traverse over the isthmus of the horseshoe 
kidney or the anterior surface of the fused kidney. Fusion 
anomalies seldom ascend to the dorsolumbar position of 
normal kidneys and are typically found in the pelvis or at 
the lower lumbar vertebral level (L4 or L5). The blood 
supply of the fused kidney is variable and may come from 
the iliac arteries, aorta, and at times the hypogastric and 
middle sacral arteries.149

The majority of patients with renal fusion are asymptom-
atic. Some, however develop urinary tract obstruction, 
which presents with loin pain, hematuria, and may be associ-
ated with urinary tract infections due to urinary stasis or 
vesicoureteric reflux. Renal calculi may occur in up to 20% 
of cases.150 Other associated urologic anomalies include ure-
teral duplication, ectopic ureter, and retrocaval ureter. 
Investigations should include static imaging (renal ultraso-
nography) and functional imaging such as a 99mTc–labeled 
DMSA scan and voiding cystourethrography (VCUG). Renal 
calculi are reported to occur in 20% of cases. Obstruction 
resulting in urinary stasis and complicating urinary tract 
infection have been thought to be the major contributing 
factors to stone formation. Patients with a horseshoe kidney 
appear to have an increased risk for Wilms’ tumor. This was 
illustrated in a retrospective review of 8617 patients from 
the National Wilms Tumor Study, between 1969 and 1998, 
that identified 41 patients with Wilms’ tumor in a horseshoe 
kidney.151

In crossed fused ectopy, the ectopic kidney and ureter 
cross the midline to fuse with the contralateral kidney, but 
the ureter of the ectopic kidney maintains its normal inser-
tion into the bladder. In most cases the ectopic kidney is 
positioned inferiorly to the contralateral kidney. The con-
tralateral kidney can either retain its normal dorsolumbar 
position or is positioned lower in the pelvis or lower lumbar 
vertebral level (L4 or L5). Most patients with crossed fused 
ectopy are asymptomatic and are detected coincidentally, 
often by antenatal ultrasonography. As is true in patients 
with horseshoe kidney, most patients have an excellent 
prognosis without need for intervention. In some cases, 
complications can occur, including obstructive uropathy 
due to extrinsic ureteric compression by aberrant blood 
vessels or ureteropelvic junction obstruction, renal calculi, 
urinary tract infection, and vesicoureteral reflux.152
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Further evaluation is based upon the results of renal ultra-
sonography and VCUG and on the serum creatinine con-
centration. No further evaluation is required in the patient 
with a normal-appearing contralateral kidney and no evi-
dence of hydronephrosis in the ectopic kidney. If the serum 
creatinine concentration is elevated or if the contralateral 
kidney appears abnormal, a DMSA renal scan should be 
performed to assess differential renal function. Diuretic 
renography should be performed with 99mTc–labeled mer-
captoacetyltriglycine (MAG3) or 99mTc–labeled diethylene-
triaminepentaacetic acid (DTPA) to detect obstruction if 
there is severe hydronephrosis and the VCUG findings are 
normal. If the hydronephrosis is mild or moderate and the 
VCUG findings are normal, then follow-up ultrasonography 
should be performed 3 to 6 months later. If there is progres-
sive hydronephrosis, then MAG-3 or DTPA diuretic renog-
raphy should be performed to detect obstruction.

LONG-TERM OUTCOMES OF  
RENAL MALFORMATION

Clinical outcomes in CAKUT vary widely from no symptoms 
whatsoever to chronic kidney disease resulting in a need  
for renal replacement during a period ranging from the 
newborn period to the fourth and fifth decades of life. Risk 
factors for mortality during infancy and early childhood 
include coexistence of renal and nonrenal disease, prema-
turity, low birth weight, oligohydramnios, and severe forms 
of renal–urinary tract malformation (agenesis, hypodyspla-
sia).157 In a case series of 822 children with prenatally 
detected CAKUT who were followed for a median time of 
43 months, Quirino and coworkers reported a mortality  
of 1.5% and morbid conditions including urinary tract 
infection, hypertension, and chronic kidney disease in  
29%, 2.7%, and 6% of surviving children, respectively.158 A 
faster rate of decline of renal function in patients with 
CAKUT and chronic kidney disease has been associated 
with a urine albumin to creatinine ratio greater than 
200 mg/mmol compared with less than 50 mg/mmol  
(estimated GFR [eGFR]: −6.5 mL/min/1.73 m2/yr vs. 
−1.5 mL/min/1.73 m2/yr), and with more than two (vs. 
less than two) febrile urinary tract infections (eGFR: 
−3.5 mL/min/1.73 m2/yr vs. −2 mL/min/1.73 m2/yr). A 
greater decline in eGFR occurs during puberty (eGFR: 
−4 mL/min/1.73 m2/yr vs. −1.9 mL/min/1.73 m2/yr).159 A 
study examining the risk for dialysis in patients with CAKUT 
demonstrated a significantly higher risk for patients with a 
solitary kidney compared to controls without disease.160 
These results raise the possibility that the prognosis for a 
solitary apparently, normal kidney may not be as “normal” 
as previously thought. Finally, a study of CAKUT patients 
receiving some form of replacement therapy and registered 
within the European Renal Association–European Dialysis 
and Transplant Association registry showed that some of 
these patients only require renal replacement in the third, 
fourth, or fifth decade of life. The finding that the mean 
age at which patients with CAKUT require dialysis and/or 
transplantation is 31 years indicates that children with 
CAKUT are at risk for developing a requirement for dialysis 
and/or transplantation as adults.3

Complete reference list available at ExpertConsult.com.

concentration can be used to estimate the extent of renal 
impairment and should be measured when there is bilateral 
renal disease or an affected solitary kidney. The serum cre-
atinine concentration at birth is similar to that in the mother 
(usually ≤1.0 mg/dL [88 µmol/L]). Thus serum creatinine 
concentration should be measured after the first 24 hours 
of life. It declines to normal values (0.3 to 0.5 mg/dL [27 
to 44 µmol/L]) within approximately 1 week in term infants 
and 2 to 3 weeks in preterm infants.

MANAGEMENT OF SPECIFIC TYPES OF CAKUT

RENAL DYSPLASIA
Because of the frequent association of renal dysplasia with 
a collecting system anomaly, particularly vesicoureteral 
reflux, VCUG should be considered in all patients with renal 
dysplasia. The presence of vesicoureteral reflux or some 
other collecting system abnormality in the normal contra-
lateral kidney places children with unilateral renal dysplasia 
at increased risk for long-term sequelae of renal scarring 
from recurrent urinary tract infection. A DMSA radionu-
clide scan can provide further information on the differen-
tial function of each kidney, which may be useful in 
management decisions regarding surgical interventions.

The prognosis for a patient with renal dysplasia depends 
on whether there is unilateral or bilateral disease. In general, 
the long-term outcome of unilateral renal dysplasia is excel-
lent, particularly if there is a normal contralateral kidney. 
Serial ultrasonography can assess compensatory renal 
growth of a normal contralateral kidney and any further 
change in the size of the abnormal kidney.

Over time, as mentioned previously, a multicystic dysplastic 
kidney is gradually reduced in size to the point that the kidney 
eventually cannot be detected through noninvasive imaging. 
Renal ultrasonography is generally recommended at intervals 
of 3 months for the first year of life and then every 6 months 
up to involution of the mass, or at least up to 5 years.156 Com-
pensatory hypertrophy of the contralateral kidney is expected 
and should be monitored by renal ultrasonography. Hyper-
tension is unusual; blood pressure should be monitored inter-
mittently during the first few years of life. Medical therapy is 
usually effective in treating hypertension in the small number 
of affected patients, but nephrectomy may be curative in resis-
tant cases. As mentioned earlier, Wilms’ tumor and renal cell 
carcinoma have also been described, but the incidence of 
malignant complications is not significantly different from 
that in the general population.148

RENAL ECTOPY AND FUSION
Detection of an ectopic kidney provides a basis to determine 
renal function and any associated urinary tract anomalies. 
Reduced renal function in the ectopic kidney can be deter-
mined by radionuclide scan. Abdominal and pelvic ultraso-
nography is indicated to determine the presence of a 
collecting system. VCUG should be undertaken, particularly 
if there is hydronephrosis, given the risk for vesicoureteral 
reflux and urinary tract obstruction. VCUG should be per-
formed in all patients with a horseshoe kidney because of 
the increased association with vesicoureteral reflux. If vesi-
coureteral reflux is detected, then prophylactic antibiotics 
should be considered, especially in patients who have a 
history of urinary tract infections.
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SPECTRUM OF KIDNEY AND URINARY 
TRACT DISORDERS IN CHILDREN

The spectrum of chronic pediatric kidney disorders differs 
greatly from the distribution of nephropathies in adults 
(Figure 74.1). Approximately 70% of pediatric patients have 
congenital abnormalities of the kidneys and/or urinary 
tract. In these patients, renal failure develops if there is 
significant renal hypoplasia or dysplasia. Obstructive uropa-
thies (e.g., posterior urethral valves, pelvicoureteric or  
distal ureteric stenosis) are often detected in the prenatal 
or neonatal period and then relieved surgically if function-
ally relevant. Chronic kidney disease (CKD) may still develop 
if the obstruction has caused significant renal dysplasia in 
utero. Inherited monogenic kidney disorders constitute 
another major cause of pediatric CKD, accounting cumula-
tively for another 15% to 20% of cases. Nephronophthisis, 
polycystic kidney disease, oxalosis, cystinosis, Alport’s syn-
drome, and a large proportion of childhood cases of focal 

segmental glomerulosclerosis and atypical hemolytic uremic 
syndrome are caused by identifiable genetic abnormalities. 
Other causes include kidney injury following ischemic 
insults (most importantly, perinatal asphyxia and septice-
mia). In contrast, even large pediatric patient registries have 
not reported significant numbers of children with diabetic 
or hypertension attributed nephropathy, the two most 
common causes of CKD in adult populations. Acquired glo-
merulopathies leading to CKD are limited to rare cases  
of immunoglobulin A (IgA) nephropathy or Henoch-
Schönlein nephritis and systemic vasculitides such as lupus 
erythematosus and Wegener’s granulomatosis.

The prevalence of end-stage kidney disease (ESKD) 
among children younger than 15 years in Europe is cur-
rently 34 per million age-related population (pmarp) or 5.4 
per million population (pmp).1 The annual incidence is 6.5 
pmarp or 1.0 pmp. When the pediatric population is defined 
as those up to age 19 years, the prevalence of ESKD in chil-
dren and adolescents is 80 to 90 pmp and the annual inci-
dence is 15 pmp. This is only 10% of the incidence in young 
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significant impairment in their glomerular filtration rate 
(GFR) and for the development of interventional programs, 
including individualized education programs (IEPs) to opti-
mize developmental and educational outcomes for these 
children.

EVALUATION OF KIDNEY FUNCTION  
IN CHILDREN

ASSESSMENT OF GLOMERULAR  
FILTRATION RATE

Several issues need to be considered when assessing and 
interpreting kidney function in children. Childhood is the 
final extrauterine period of growth and maturation. During 
this phase, the metabolic needs of the organism, on the one 
hand, and the functional capacity of the kidneys, on the 
other, undergo profound, synchronized changes. From 
birth to adulthood, body weight increases 20-fold, body 
length three to fourfold, and body surface area (BSA), the 
closest correlate of basal metabolic rate, eightfold. By con-
vention, the GFR is normalized to the BSA of an average-
sized adult—that is, 1.73 m2.

Although nephron formation is complete by the 30th 
gestational week, nephrons continue to grow in size and 
functional capacity after birth. In early postnatal life, 
nephron size and capacity increase not only in absolute 
terms but also relative to BSA, which results in a significant 
physiologic gain in normalized global renal function. The 
average GFR in the neonate is 20 to 30 mL/min/1.73 m2 
and increases rapidly in the first few months of life. From 
18 months of age, the absolute increase in GFR precisely 
matches the growth in body surface area, which results in a 
constant normal range of BSA-indexed GFR throughout 
childhood and adolescence. After 2 years of age, the con-
ventional CKD staging system, which assigns stages of CKD 
based on estimated GFR (eGFR) in multiples of 15 and 
30 mL/min/1.73 m2, can be used.

Regular assessments of GFR are crucial for the staging 
and monitoring of renal function in children with CKD. The 
direct measurement of GFR is a challenging task in chil-
dren. Although inulin clearance is still considered the gold 
standard, inulin is unavailable in many countries, and 
formal steady-state inulin clearance studies are difficult to 
perform in the pediatric setting due to technical problems 
and ethical considerations. Radioisotope single-injection 
dilution studies (e.g., using chromium 51–labeled ethylene-
diaminetetraacetic acid [51Cr-EDTA] or technetium 99–
labeled diethylenetriaminepentaacetic acid [99Tc-DTPA]) 
have been largely abandoned due to the significant radia-
tion exposure. A simplified single-injection clearance proto-
col using the radiocontrast agent iohexol has been validated 
in children with CKD and may become a standard tech-
nique, at least for research purposes. However, even iohexol 
carries a small but definite risk of toxicity, and injection and 
timed blood collection protocols are not trivial to establish 
and perform regularly in busy clinical programs. Therefore, 
use of such protocols will depend on the availability of valid 
noninvasive alternatives.

The most commonly used direct GFR measurement in 
children is endogenous creatinine clearance, measured and 

adults and fewer than 2% of that observed in the older 
population. Because of the preponderance of males among 
those with certain urinary tract abnormalities (e.g., urethral 
valves), renal replacement therapy occurs almost 50% more 
often in males than in females. ESKD incidence is highest 
in adolescence (8 pmarp), lowest in middle childhood (4.6 
pmarp), and intermediate in children younger than 5 years 
of age (6.7 pmarp).

The demographics of mild to moderate CKD in children 
are unknown but is likely to be similar to that in the adult 
population. In countries with a high prevalence of consan-
guineous marriages, the prevalence of pediatric CKD is  
estimated to be several-fold higher than in the Western 
countries.

Because of the predominantly genetic origin of pediatric 
nephropathies, CKD in children is frequently associated 
with a variety of extrarenal abnormalities. The prevalence 
of severe associated comorbid conditions appears to have 
been increasing because a growing number of children with 
severe syndromal disease are accepted into CKD and ESKD 
management programs. In the Registry of the International 
Pediatric Peritoneal Dialysis Network, 13% of children with 
CKD starting dialysis had a defined syndrome with one or 
several extrarenal manifestations. Impaired neurocognitive 
development was observed in 16%, cardiac anomalies in 
15%, ocular abnormalities in 13%, and hearing abnormali-
ties in 5% of patients.

Impaired neurodevelopment and sensory dysfunctions 
are among the most severe general disabilities interfering 
with psychosocial adjustment and integration in children 
with CKD. Some 20% to 25% of infants undergoing appro-
priate neurodevelopmental testing show moderate to severe 
developmental delays, which usually remain unchanged 
after successful kidney transplantation. IQ testing of chil-
dren with CKD at school age usually reveals a distribution 
of scores that is shifted downward with respect to total verbal 
and performance IQs compared with healthy children. 
Although testing may be biased in a substantial proportion 
of patients due to associated sensory disorders, such as 
hearing loss or visual impairment, these disturbing findings 
clearly show a need for regular assessment of neurodevelop-
mental and/or neurocognitive function in all children with 

Figure 74.1  Spectrum of underlying  renal diagnoses  in 1367 chil-
dren with end-stage kidney disease.  (From the International Pediatric 
Peritoneal Dialysis Network Registry.)
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glomerulus and is then metabolized after being reabsorbed 
in the proximal tubule. Because of this, serum cystatin C 
levels increase in a predictable fashion as GFR falls. The use 
of a cystatin C–based eGFR may be particularly advanta-
geous in children because its production rate, after correc-
tion for BSA, is much less influenced by age than serum 
creatinine concentration, and its serum levels are indepen-
dent of gender and muscle mass. After decreasing by 
approximately 50% in the first year of life, cystatin C plasma 
levels remain stable until about age 50 years. Cystatin C 
appears to be a more sensitive and reliable marker of GFR 
than the serum creatinine level, with an earlier increase in 
serum levels in patients with early stages of CKD. Filler and 
Lepage4 have derived an equation to predict GFR from 
serum cystatin C levels in a pediatric validation study using 
99Tc-DTPA, single-injection clearance as the standard. The 
sensitivity for detecting CKD stage 2 in children was 74% for 
the serum cystatin C level compared with 46% for the serum 
creatinine level. Confidence intervals were consistently nar-
rower for the cystatin C–based than for the creatinine-based 
eGFR. In children with CKD stages 3 to 5, the intrapatient 
coefficient of variation of cystatin C values is significantly 
lower than that of serum creatinine values, which suggests 
that cystatin C may be a better tool for longitudinal monitor-
ing of patients with advanced CKD.5

Schwartz and colleagues derived a best-fitting GFR predic-
tion equation based on height, serum creatinine level (SCr), 
cystatin C level, blood urea nitrogen (BUN) level, and 
gender.3 Validated against iohexol clearance in North 
American children older than 12 months, this refined 
formula promises improved precision and accuracy of GFR 
estimation:

Estimated GFR height S
cystatin C

Cr=
× ×
39 1

1 8 3

0 516

0 294
. [ ]

[ . ] [

.

. 99
1 099 1 4

0 169

0 188
BUN

heightmale
]

[ . ] [ . ]

.

.× ×

The formula is thought to be useful in the GFR range of 15 
to 75 mL/min/1.73 m2.

ASSESSMENT OF PROTEINURIA

Proteinuria is a common laboratory finding in children. A 
rapid semiquantitative assessment of proteinuria can be 
made using dipstick testing. The most precise quantitation 
is obtained by measuring protein excretion in 12- or 24-hour 
samples with the Coomassie blue method. However, precise 
urine collections are usually difficult to obtain in infants  
and young children. If timed urine collections are not pos-
sible, assessment of the protein/creatinine ratio in random 
urine samples is a valid alternative. Most healthy children 
excrete small amounts of protein in their urine. Physiologic 
proteinuria varies with the age and size of the child.  
When corrected for BSA, the upper normal limit of protein 
excretion is 300 mg/m2/day at age 1 month in full-term 
infants, 250 mg at 1 year, 200 mg at 10 years, and 150 mg 
in late adolescence. Urinary protein excretion exceeding 
1.0 g/m2/day is strongly indicative of inherent kidney 
pathophysiology.

The upper limit of normal for the urine protein/creatinine 
ratio (as grams of protein/gram of creatinine) is 0.5 at age 
6 months to 2 years and 0.2 in older children and 

normalized to a BSA of 1.73 m2. Measurement of creatinine 
clearance requires that the child be able to control his or 
her voiding. A shortened protocol with a carefully timed 
urine collection over 3 to 6 hours in an ambulatory setting 
is a valid alternative to 24-hour sampling. Creatinine clear-
ance accurately reflects GFR in patients with normal or 
mildly impaired renal function. As GFR declines, tubular 
creatinine secretion increases, which results in an overesti-
mation of true GFR. In advanced CKD (GFR < 20 mL/
min/1.73 m2), the mean of creatinine and urea clearances 
is a well-established estimator of actual GFR.

The need for simple and rapid GFR assessment in clinical 
practice has led to the development of prediction equations 
that allow estimation of GFR from levels of serum markers. 
The most widely used eGFR markers are creatinine, a 
product of muscle metabolism, and cystatin C, a low-
molecular-weight (13-kDa) serum protein.

Creatinine generation, and consequently steady-state 
serum creatinine levels, strongly depend on the relative 
muscle mass, which in turn strongly depends on age and 
gender. Mean serum creatinine levels gradually increase 
during childhood from 0.3 to 0.4 mg/dL (26 to 35 µmol/L) 
in early infancy to 1.0 mg/dL in female and 1.3 mg/dL in 
male adolescents (88 and 115 µmol/L, respectively). Hence, 
Schwartz devised a formula to estimate GFR from the serum 
creatinine level that accounted for the developmental changes 
in creatinine generation. The eGFR equals the ratio of height 
to serum creatinine concentration multiplied by a constant, 
K.2 In the original Schwartz equation, K was age- and gender-
specific. Although the Schwartz formula, due to its simplicity 
and ready availability, has found wide acceptance in the field 
of pediatrics, validation studies have demonstrated poor pre-
cision and accuracy of the original equation. True GFR tends 
to be overestimated by 10% to 15%, and the average 95% 
confidence intervals typically range from −40% to +50%. 
Since the relationship of serum creatinine concentration to 
GFR is exponential, with very little change in serum creatinine 
level down to a GFR of 50 to 60 mL/min/1.73 m2, serum 
creatinine–based prediction equations are particularly insen-
sitive in detecting GFR changes for CKD stage 2. Another 
problem arises from changes in laboratory methodology. The 
original K values were validated using the Jaffé method to 
measure creatinine. Most laboratories currently use enzy-
matic assays and, more recently, an isotope dilution mass 
spectrometric assay was introduced to which creatinine assays 
are now being calibrated. Enzymatic assays and isotope dilu-
tion, mass spectrometry–calibrated assays systematically yield 
lower serum creatinine values, which results in GFR overesti-
mations by 5% to 10% when the original K values are used. In 
a more recent study, Schwartz and colleagues validated a new 
equation adapted for use with enzymatic creatinine measure-
ments.3 The newer Schwartz formula uses a uniform K value 
for both genders and is valid in children from 1 to 16 years  
of age:

Estimated GFR height cm
serum creatinine mg dL

=
×

( )
. ( )0 413

Cystatin C has been advocated as a serum marker of GFR. 
Cystatin C is produced by all nucleated cells at a relatively 
stable rate. The principal mode of excretion of cystatin C is 
via the renal route. Cystatin C is freely filtered by the 
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Renal fusion anomalies occur in about 1 in 600 infants.10 
The incidence of renal ectopy is 1 in 1000 autopsies.11 Bilat-
eral agenesis occurs in 1 in 3,000 to 10,000 births, and 
unilateral renal agenesis has been found at a prevalence of 
1 in 1,000 autopsies. The incidence of renal dysplasia is 1 in 
3,000 to 5,000 births for unilateral disease and 1 in 10,000 
for bilateral disease.12 Boys are 1.3 to 1.9 times more likely 
to be affected than girls.13

PHENOTYPES

RENAL ECTOPY
During embryogenesis, the developing kidneys migrate 
from the pelvis to the retroperitoneal renal fossa and rotate 
from a horizontal to vertical position. Failure to ascend 
results in the pelvic kidney phenotype. Less commonly, the 
kidney is located on the contralateral side (crossed ectopy 
without fusion). Ectopic kidneys are commonly associated 
with urinary tract abnormalities. VUR is present in 30% of 
simple and in 20% of crossed ectopic kidneys. Other associ-
ated urogenital abnormalities include dysplasia of the con-
tralateral kidney, cryptorchidism, and hypospadias in boys 
and malformation of the uterus and vagina in girls.13-16 
Adrenal, cardiac, and skeletal anomalies can also occur in 
association with renal ectopia. Ectopic kidneys are usually 
clinically asymptomatic and diagnosed during routine pre-
natal or postnatal sonography, but sometimes manifest with 
symptoms of urinary tract infection (UTI), hematuria, 
incontinence, renal insufficiency, and/or hypertension.

RENAL FUSION ANOMALIES
Fusion anomalies are believed to arise between the fourth 
and ninth weeks of gestation, before the kidneys ascend 
from the pelvis to the dorsolumbar space. The most common 
configuration is the horseshoe kidney, in which fusion 
usually occurs at the lower poles of each kidney. The fused 
kidney may lie symmetrically around the midline or in an 
asymmetric lateral position. The maximal variant of ectopic 
fusion is the crossed ectopic kidney, which has crossed the 
midline completely to fuse with the contralateral kidney. 
Early fusion is associated with altered ascension and rotation 
of the developing kidneys and is frequently accompanied by 
ectopy of the renal vessels, which often connect to the iliac 
vessels rather than to the aorta and vena cava. The ureters 
are frequently compressed by traversing the horseshoe 
isthmus, the anterior surface of the fused kidney, and/or 
aberrant arteries. Whereas most patients with fused kidneys 
are clinically asymptomatic, ureteric obstruction may some-
times cause loin pain, hematuria, and renal stasis related to 
UTI or renal calculi.15 Associated urogenital abnormalities 
such as duplication and ectopic ending of ureters, hypospa-
dias, cryptorchidism, and malformations of the uterus have 
been described, as well as extrarenal anomalies involving 
the gastrointestinal tract (e.g., anal atresia, Meckel’s diver-
ticulum), neural tube, and skeleton.

RENAL AGENESIS AND HYPOPLASIA
Although major disorders of kidney formation are usually 
diagnosed by antenatal ultrasonographic screening, subtle 
forms of hypoplasia may be detected incidentally at the time 
of abdominal ultrasonography for another indication.  
Bilateral renal agenesis leads to anhydramnios and the 

adolescents.6 A urine protein/creatinine ratio above 3.0 is 
consistent with nephrotic-range proteinuria, thought to 
reflect glomerular disease, and is often associated with sys-
temic manifestations, such as salt and fluid retention and 
edema.7

Isolated asymptomatic proteinuria in children can occur 
as a transient phenomenon (e.g., caused by fever, strenuous 
exercise, extreme cold or heat exposure, epinephrine 
administration, emotional stress, congestive heart failure, 
abdominal surgery, seizures) or as a persistent abnormality. 
It can represent a benign condition (e.g., orthostatic pro-
teinuria) or may be the manifestation of serious CKD.

Estimates of the prevalence of isolated asymptomatic pro-
teinuria in children range between 0.6% and 6%. Ortho-
static proteinuria accounts for up to 60% of all cases of 
asymptomatic proteinuria reported in children, with an 
even higher incidence in adolescents. Children with ortho-
static proteinuria usually excrete less than 1 g of protein/
day (urine protein/creatinine ratio < 1.0). Although patients 
with orthostatic proteinuria have an excellent prognosis, the 
long-term prognosis for children with isolated fixed protein-
uria remains unknown.7

CONGENITAL ANOMALIES OF THE 
KIDNEY AND URINARY TRACT

DEFINITIONS

Kidney malformations are classified according to macroscopic 
and microscopic anatomic features, which are usually deter-
mined by ultrasonographic assessment in clinical practice. 
Renal fusion and ectopic kidney localization are general 
anomalies of kidney development. The congenital absence of 
the kidney and ureter is termed renal agenesis. The term renal 
hypoplasia defines a small kidney with a reduced number of 
nephrons but normal renal architecture. Renal dysplasia is 
characterized by abnormal mesenchymal and epithelial tissue 
differentiation, a reduced nephron number, absent cortico-
medullary differentiation, and the presence of dysplastic ele-
ments, including cartilage and bone. Dysplastic kidneys vary 
in size and may or may not contain cysts. Small dysplastic 
kidneys without macroscopic cysts are usually termed hypodys-
plastic kidneys. The multicystic dysplastic kidney is an extreme 
form of renal dysplasia. Polycystic kidneys of the recessive or 
dominant type and nephronophthisis are additional specific 
entities of dysplastic kidneys.

Common abnormalities of the lower urinary tract include 
vesicoureteral reflux (VUR) and obstruction of the uretero-
pelvic junction, ureterovesical junction, or urethra due to 
posterior urethral valves. Renal hypoplasia and dysplasia 
and malformations of the urinary tract are variably associ-
ated, constituting a spectrum of phenotypes summarized by 
the term congenital anomalies of the kidney and urinary tract 
(CAKUT).

EPIDEMIOLOGY

The incidence of CAKUT is 0.3 to 1.6/1000 births.8 Abnor-
malities of the lower urinary tract are present in approxi-
mately 50% of children with renal malformations. Refluxive 
and obstructive uropathies are observed with equal 
frequency.9
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urinary tract should be performed to determine whether 
these abnormalities are present. The dysplastic kidney is 
typically of small size but may also be enlarged if cystic ele-
ments are present. Renal dysplasia is usually discovered inci-
dentally by ultrasonography. Severe bilateral disease may 
cause oligohydramnios, pulmonary hypoplasia, and pro-
gressive renal failure soon after birth.

MULTICYSTIC DYSPLASTIC KIDNEY
The multicystic dysplastic kidney (MCDK) is an extreme 
phenotype of renal dysplasia that presents as a unilateral 
flank mass by palpation and as a large cystic nonreniform 
mass by ultrasonography (Figure 74.2). The ureter is atretic, 
which results in a nonfunctioning kidney. Abnormalities of 
the contralateral urinary tract are observed in 25% of cases. 
These include ureteropelvic junction obstruction (5% to 
10% of cases), VUR, renal hypoplasia, and rotational or 
positional anomalies.12

Although a temporary increase in size may occur postna-
tally, the MCDK gradually shrinks in size. Complete involu-
tion of MCDK has been reported in 3% to 4% of patients 
at birth and in 20% to 25% at age 2 years. Therefore, many 
patients diagnosed with unilateral renal agenesis in later 
childhood or adult life may originally have had MCDK. The 
contralateral kidney undergoes compensatory hypertrophy. 
Hypertension and malignant tumors very rarely arise in the 

typical Potter’s appearance with facial dysmorphic features, 
decreased fetal movement, joint contractures and disloca-
tion, and pulmonary hypoplasia, usually leading to death 
within hours after birth. Unilateral agenesis induces com-
pensatory hypertrophy of the contralateral kidney, the lack 
of which suggests a developmental abnormality of the exist-
ing kidney. In approximately one third of cases of unilateral 
agenesis, urinary tract abnormalities are present on the con-
tralateral side, which necessitates careful diagnostic evalua-
tion. Whereas unilateral agenesis or hypoplasia is usually 
asymptomatic, bilateral renal hypoplasia is the most common 
single cause of chronic kidney disease in childhood.

Oligomeganephronia, characterized by progressive pro-
teinuric renal failure in childhood, represents a severe 
variant of bilateral hypoplasia in which the kidneys are 15% 
to 50% of normal weight.17 Nephron numbers are reduced 
by 80% and the nephrons are markedly hypertrophied. Glo-
merular diameter is increased up to 12-fold and tubular 
length up to fourfold.18

RENAL DYSPLASIA
Dysplastic kidneys are usually diagnosed by ultrasonographic 
features such as increased echogenicity, loss of corticome-
dullary differentiation, and cortical cysts. Renal dysplasia is 
strongly associated with obstructive or refluxive abnormali-
ties of the urinary tract.19 Accordingly, imaging of the lower 

Figure 74.2  Anomalies at various stages of kidney development may lead to renal agenesis, aplasia, hypoplasia, or dysplasia. (From Kerecuk 
L, Schreuder MF, Woolf AS: Renal tract malformations: perspectives for nephrologists. Nat Clin Pract Nephrol 4:312-325, 2008.)
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parenchyma is termed intrarenal reflux. It can be primary or 
secondary to obstruction or bladder dysfunction. VUR is 
caused by lateral-proximal dystopia of the ureteric orifice, 
which results from ectopic ureteric budding from the  
Wolffian duct during embryogenesis. The dystopic location 
causes a shortened submucosal tunnel, with insufficient 
function of the intramural muscular valve mechanism.

Epidemiology

Primary VUR is the most common entity in the CAKUT 
complex, with an estimated prevalence of 1% to 6%. It is 
characterized by a high familial occurrence, with a preva-
lence of around 30% in siblings and 50% to 60% in off-
spring of affected patients. These findings are compatible 
with dominant inheritance with variable penetrance, 
although pedigrees suggestive of recessive transmission have 
also been described.27 Recently, a heterozygous deleterious 
mutation in TNXB (encoding tenascin XB) has been 
described in a family with hereditary VUR.28 TNXB is 
expressed in the uroepithelial lining of the ureterovesical 
junction and may be important for generating tensile forces 
that close the ureterovesical junction during voiding.

Diagnosis

Ultrasonography is a useful initial investigation to evaluate 
for kidney size, presence of hydroureteronephrosis, bladder 
wall thickness, and extent of bladder emptying. A sono-
graphic examination of the kidneys and urinary tract is 
recommended for all children with febrile UTI.29 Micturi-
tion cystourethrography (MCUG) is still indicated as the 
primary diagnostic imaging procedure for VUR in boys, in 
whom exclusion of subvesical obstruction by a posterior 
urethral valve is also required.30 In girls, MCUG should 
only be performed after a second febrile UTI or if abnor-
malities such as hydronephrosis or scarring are noted on 
ultrasound.29 Contrast-enhanced micturition urosonogra-
phy has been an increasingly popular alternative for  
diagnosing and monitoring VUR.31 Staging systems that 
allow quantification of the severity of reflux (grades I 
through V) have been defined for both imaging approaches 
(Figure 74.3).

Prognosis

VUR grading is of high prognostic relevance. Spontaneous 
resolution of VUR is observed during the first decade of life 
in 100% of cases with unilateral and in 50% of those with 
bilateral grade III reflux and in 40% of those with bilateral 
grade IV reflux. The likelihood of spontaneous resolution 
is negatively affected by older age at diagnosis, male gender, 
low bladder volume and bladder dysfunction, and the pres-
ence of other CAKUT features, such as urinary tract duplica-
tion and renal hypodysplasia.32

VUR is usually diagnosed in children who come for treat-
ment of a UTI. VUR is present in 30% of children with 
febrile UTI. The incidence of kidney injury after acute 
pyelonephritis in children with VUR has been estimated  
to be up to 6%, particularly in girls, and appears to be 
related to the severity of reflux.26 However, the risk of 
development of postpyelonephritic parenchymal scars 
(reflux nephropathy) may have been overestimated in  
the past. Scars, which are diagnosed based on perfusion 
defects in dimercaptosuccinic acid (DMSA) isotope scans, 

setting of MCDK and are not more common than in the 
normal population.20 Hence, the management of patients 
with MCDK has shifted from routine nephrectomy to obser-
vation and medical therapy. Because of the risk of associated 
anomalies in the contralateral kidney, the possibility of VUR 
should be evaluated, and blood pressure should be mea-
sured. If the contralateral kidney is normal, long-term renal 
functional outcome is excellent. Regular ultrasonographic 
monitoring is recommended to document involution of the 
mass and compensatory hypertrophy of the contralateral 
kidney.

UPPER URINARY TRACT DUPLICATION
Duplex collecting systems are the most common anomaly 
of the upper urinary tract, with a reported incidence of 
0.8%.21 A duplex kidney is one that has two separate pelvi-
caliceal systems. If two separate ureteric buds originate from 
the mesonephric duct, two separate interactions will develop 
between the ureter and metanephric blastema, resulting in 
the formation of a duplex system. This duplex system 
includes two separate renal units and collecting systems, 
ureters, and ureteral orifices. Bifid pelvis, bifid ureters, or 
double ureters can be formed, depending on the level at 
which the ureters join. Duplication anomalies are usually 
asymptomatic; therefore they often remain undetected. 
However, a proportion of duplex kidneys may be associated 
with VUR or obstruction. Fetal urinary tract dilations are 
related to complicated renal duplication in 4.7% of cases.22

The final position of the ureteral orifices in the bladder 
follows the somewhat counterintuitive so-called Weigert-
Meyer rule—the lower orifice belongs to the upper pole 
orifice and the higher orifice to the lower pole. To achieve 
these positions, the two ureters and orifices rotate 180 
degrees clockwise in their longitudinal axes.23 The orifice 
draining the lower moiety is commonly refluxive, whereas 
the ureter draining the upper moiety may end in an obstruc-
tive ureterocele that inserts into the bladder in a more distal 
position than normal. Ectopic insertion—for example, into 
the urethra—is also seen occasionally and may be a cause 
of primary enuresis.24 The upper renal moiety is frequently 
dysplastic and may contribute only a small part of the kid-
ney’s overall function.

The routine postnatal radiologic imaging workup of 
abnormal duplex kidneys is based on ultrasonography and 
voiding cystourethrography. Voiding cystourethrography is 
performed to detect VUR and evaluate the ureterocele. 
Isotope studies are required to determine the function of 
the dilated renal moiety.

The presence of ureteral ectopy compromises the ability 
of the VUR to subside spontaneously.24 Compared with 
single-system reflux, duplex-system VUR tends to be of a 
higher grade, with an elevated incidence of lower pole  
dysplasia.22 Although deflux injection can be tried,25 many 
patients with duplex systems require surgical management 
of the VUR if recurrent ascending infections occur.24 
Although surgery is clearly indicated for ectopic ureters, the 
need for surgical correction of ureteroceles depends on the 
degree of functional obstruction.

VESICOURETERAL REFLUX
VUR is defined as the retrograde flow of urine from the 
bladder into the ureter and renal pelvis.26 Reflux into renal 
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alternative for patients with frequent symptomatic UTIs, 
particularly those who have difficulty adhering to a continu-
ous antibiotic prophylactic regimen. Endoscopic techniques 
have recently gained wide acceptance as an early alternative 
to continuous prophylactic antibiotic administration in the 
management of reflux.26,32 A systematic review has shown an 
overall success rate of dextranomer–hyaluronic acid injec-
tion of 77% per ureter after 3 months.45 The likelihood of 
successful endoscopic VUR correction is inversely related to 
the grade of VUR.45 A recent head-on comparison study has 
demonstrated similar efficacy of endoscopic intervention 
and antibiotic prophylaxis in reducing UTI rates.36

VUR management guidelines have increasingly focused 
on the role of bladder and bowel dysfunction (BBD) as a 
risk factor for VUR and recurrent UTIs.42,46 Nearly 50% of 
infants with dilating VUR exhibit dysfunctional voiding 
characterized by overactive bladder and urge incontinence, 
voiding postponement, and/or underactive bladder func-
tion, with or without abnormalities of bowel function such 
as constipation and encopresis.47 BBD reduces the likeli-
hood of spontaneous resolution of VUR and the success rate 
of endoscopic injection therapy for VUR. Even following 
surgical correction, BBD is associated with a high rate of 
febrile UTI, irrespective of surgical success.42,48-50 Hence, 
therapy of BBD should precede surgical therapy. Available 
treatments include biofeedback, medical therapy, and 
behavioral modification.

URETEROPELVIC JUNCTION OBSTRUCTION
Fetal hydronephrosis is the most common anomaly detected 
on antenatal ultrasonographic examination, affecting 1% to 
5% of pregnancies.51 Ureteropelvic junction obstruction is 
believed to account for 35% to 50% of these uropathies. It 
is twice as common in boys as in girls and affects the left 
ureter twice as often as the right ureter.52 The narrowing of 
the ureteropelvic portion of the ureter is intrinsic (i.e., 
caused by segmental intrafascicular and perifascicular fibro-
sis, smooth muscle hypertrophy, and abnormal innervation) 

can sometimes be visualized even in neonates with VUR, 
which suggests that they may reflect developmental dysplas-
tic regions in the renal parenchyma.18

Management

The major goal of therapy in children with VUR should be 
the prevention of long-term morbidity due to recurrent 
UTIs and reflux nephropathy.26 Available management 
options include close monitoring and early treatment of 
UTIs, continuous antibiotic prophylaxis, and surgical cor-
rection, which can be performed by open reimplantation of 
ureters or by endoscopic correction of VUR.

Continuous antibiotic prophylaxis (trimethoprim, 1 to 
2 mg/kg, nitrofurantoin 1 to 2 mg/kg, or cefaclor, 10 mg/
kg administered as a single evening dose) was traditionally 
recommended for virtually all patients with VUR but has 
been revisited and scrutinized in light of the results of 
several randomized controlled trials (RCTs) and meta-
analyses demonstrating a low overall risk of developing a 
second febrile UTI (20%), a modest protective effect of 
antibiotic prophylaxis (50% risk reduction) and, most 
importantly, lack of beneficial effect of prophylaxis on new 
scar formation following UTI.33-39 Moreover, there has been 
increasing concern about the emergence of resistant organ-
isms caused by long-term antibiotic prophylaxis.38-41 Cur-
rently, the American Urological Association guideline panel 
continues to recommend prophylaxis for children younger 
than 1 year with a history of UTI and/or VUR grade III to 
V. For children older than 1 year, prophylaxis is recom-
mended only for those with documented bladder-bowel dys-
function or history of febrile UTI.42 The optimal duration 
of prophylaxis has not been established; in most prospective 
trials, treatment has been limited to 1 to 2 years.

Although open surgical correction has a 95% technical 
success rate and reduces the incidence of recurrent  
febrile UTI, it is not superior to antibiotic prophylaxis with 
respect to scar formation, renal growth, and preservation of 
kidney function.32,43,44 Therefore, surgical intervention is an 

Figure 74.3  Grading scheme  for vesicoureteric  reflux  (I  to V).  (From Schaefer F: Pädiatrische Nephrologie. In Mayatepek E, editor: Pädiatrie, 
Munich, 2007, Elsevier/Urban & Fischer, pp 683-733.)
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indicators of a low risk of renal damage. Most children are 
monitored using ultrasonographic studies and nuclide scans 
in case of ultrasonographic deterioration at 3- to 6-month 
intervals. Pyeloplasty is usually successful in restoring urine 
drainage, although urinary leaks and recurrent stenosis may 
occur. Laparoscopic pyeloplasty is a recently favored, mini-
mally invasive, safe, and effective therapeutic modality asso-
ciated with shorter hospital stays, reduced postoperative 
complications, and excellent short-term outcomes.60

PRIMARY MEGAURETER
Primary megaureter is defined as a ureteric width of more 
than 7 mm caused by a functional or anatomic abnormality 
involving the ureterovesical junction.61 It is classified into 
four subtypes based on the presence of reflux, obstruction, 
or both. The term secondary megaureter is reserved for dila-
tion resulting from other processes, such as neurogenic 
bladder, ureteroceles, or infravesical obstruction (e.g., pos-
terior urethral valves, urethral atresia, cloacal dysgenesis).62 
Primary megaureter is the second most common cause of 
hydronephrosis in newborns, accounting for approximately 
20% of cases, with an estimated incidence of 0.36/1000 live 
births.63 Boys are affected more frequently, and the left 
ureter is affected more commonly than the right one.

Pathogenesis

The pathogenesis of primary megaureter is uncertain. It 
appears to be most commonly due to impaired or delayed 
smooth muscle development in the distal ureter at around 
20 weeks’ gestation.64 This results in the formation of an 
aperistaltic segment, which leads to functional obstruction. 
The refluxive megaureter also has an abnormal transvesical 

or extrinsic (i.e., related to aberrant crossing of renal pole 
vessels or fibrosis of adjacent tissue).53 Obstruction of urine 
flow during intrauterine life leads to dilation of the renal 
pelvis. The spectrum of phenotypes ranges from slight 
pelvic dilation with normal urine flow to an almost complete 
obstruction with renal parenchymal damage and atrophy.53 
It is important to note that in the overwhelming majority of 
cases, congenital ureteropelvic junction obstruction is a 
transient condition. Whereas the population prevalence of 
pelvic dilation as determined by prenatal and neonatal 
ultrasonography is approximately 2.5%, it is 0.07% to 0.1% 
by age 2 years.54-56

Cause

The cause of ureteropelvic junction obstruction is poorly 
understood. Although most cases are isolated, ureteropelvic 
junction obstruction may be associated with other CAKUT 
features or comprise one manifestation of a complex syn-
drome. Polygenic inheritance as well as nongenetic patho-
genic mechanisms have been invoked.57

Clinical Phenotype

The condition is usually asymptomatic and is mostly detected 
by prenatal ultrasonography. Older children occasionally 
complain of colicky pain episodes, typically after rapid 
ingestion of large fluid volumes. Concrements in the renal 
pelvis can also occur as a consequence of urinary stasis. In 
up to 10% of cases, ureteropelvic junction obstruction is 
associated with ipsilateral VUR. Infections are uncommon, 
but require urgent intervention and drainage.

Diagnosis

Ultrasonography and diuresis isotope scanning are the most 
important diagnostic tools. Ultrasonographically deter-
mined intrarenal and extrarenal pelvis diameter relative to 
established reference values can be used for longitudinal 
montoring.56,58,59 The thickness of the renal parenchyma 
gives some indication of pressure-induced damage to kidney 
tissue. The definitive functional relevance of an obstructed 
ureteropelvic junction may be obtained by a mercaptoacet-
yltriglycine (MAG3) isotope scan before and after stimula-
tion of diuresis by a defined furosemide bolus. This test can 
be performed once excretory function has matured, around 
the sixth week of life. Both the urodynamic effect of the 
stenosis and partial function of the affected kidney can be 
visualized. A more time-consuming but radiation-free alter-
native is dynamic magnetic resonance urography, which 
allows simultaneous assessment of renal morphology and 
partial function, as well as the dynamics of urinary drain-
age58 (Figure 74.4).

Management

Patients with ureteropelvic junction obstruction are gener-
ally considered at risk of pressure-induced renal damage. 
However, congenital obstruction resolves spontaneously in 
most cases, although individual cases of late deterioration 
of kidney function have been reported.59 Since valid pro-
spective outcome studies in large populations are lacking, 
individual risk prediction is difficult. Currently, mild pelvic 
dilation on ultrasonography (<15 mm), more than 40% 
partial function and, most importantly, more than 50% 
nuclide drainage on diuresis renography are considered 

Figure 74.4  Magnetic resonance urography of bilateral pelvicoure-
teric  junction obstruction. Mild,  functionally  insignificant pelvic dila-
tion on  the  left side contrasts with subtotal obstruction of  the  right 
collecting  system,  with  ballooning  of  the  pelvis  and  calices.  (From 
Schaefer F: Pädiatrische Nephrologie. In Mayatepek E, editor: Pädiatrie, 
Munich, 2007, Elsevier/Urban & Fischer, pp 683-733.)
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Diagnosis

In the developed world, the overwhelming majority of pos-
terior urethral valve cases are identified by prenatal ultraso-
nography. Postnatally, the presumptive diagnosis of posterior 
urethral valves is made by voiding cystourethrography, 
which demonstrates the hallmark findings of a dilated and 
elongated posterior urethra, with a thin linear defect during 
the voiding phase (Figure 74.5). The diagnosis is confirmed 
by cystoscopy.

Management

Prenatal surgery (e.g., vesicoamniotic shunt placement, 
valve ablation, bladder marsupialization) to relieve obstruc-
tive uropathy has been explored. However, fetal interven-
tions are associated with a high morbidity rate, and evidence 
that such procedures improve outcomes and reduce the risk 
of CKD is lacking.72,73 Postnatally, initial management of 
suspected or confirmed posterior urethral valves includes 
drainage of the urinary tract. In neonates, this is tradition-
ally accomplished by suprapubic catheterization followed by 
cystoscopic valve ablation at age 3 months. Alternatively, 
primary valve ablation at a neonatal age is also possible, even 
in premature babies.74,75 In one third of children with 
secondary VUR, reflux resolves after valve ablation. If valve 
ablation cannot be performed within the first few months 
of life, vesicostomy is the next preferred procedure. Abnor-
mal bladder function often persists, requiring intermittent 
catheterization and anticholinergic medication.71

Prognosis

Some 15% to 40% of boys with posterior urethral valves 
experience persistent continence problems. Due to renal 
dysplasia and possibly additional acquired renal damage by 
infections and bladder dysfunction, one third of patients 
develop significant CKD and 15% to 20% eventually prog-
ress to ESKD.74,76 Most patients require surgical augmenta-
tion of bladder capacity prior to kidney transplantation.

SYNDROMIC FORMS OF CONGENITAL 
ANOMALIES OF THE KIDNEY AND  
URINARY TRACT

The following sections describe selected syndromic forms  
of CAKUT that are of high clinical relevance because of 
their prevalence, prognostic relevance, and/or mild extra-
renal phenotype. For comprehensive listings of syndromic 
CAKUT, see Chapter 73.27,77

RENAL CYST AND DIABETES SYNDROME
Hepatocyte nuclear factor-1β (HNF-1β), encoded by the 
gene TCF2, is a transcription factor involved in the develop-
ment of the pancreas, kidneys, liver, and intestine. Abnor-
malities in TCF2 can cause a wide spectrum of renal 
developmental anomalies, the most consistent of which  
are bilateral small cortical cysts of glomerular origin.78,79 
Abnormalities in TCF2/HNF-1β are the most common 
known cause of cystic renal dysplasia, accounting for 22% 
to 31% of cases of ultrasonographically identified cysts or 
hyperechogenicity at birth.79,80 TCF2 gene variations have 
also been found in patients with noncystic renal hypoplasia 
and dysplasia, multicystic dysplastic kidneys, renal agenesis, 

tunnel, which allows urine to reflux up the ureter. In patients 
with refluxive-obstructive megaureter, the refluxed urine 
does not return through the ureterovesical junction.

Diagnosis

The diagnosis of primary megaureter is made by prenatal 
or neonatal ultrasonography. Postnatal presentation can 
occur at any age, with symptoms of UTI, hematuria, abdomi-
nal pain and/or mass, and sometimes uremia. Diuresis scin-
tigraphy establishes the presence of obstruction, and voiding 
cystourethrography identifies VUR. Magnetic resonance 
urography provides excellent anatomic detail, often allow-
ing identification of the site of obstruction.65

Prognosis

The prognosis of primary megaureter is generally good. 
Most cases resolve spontaneously within the first 3 years of 
life. In children with high-grade hydronephrosis or a retro-
vesical ureteral diameter of more than 1 cm, the condition 
may persist and may require surgical reinsertion of the 
ureter.66 Poor renal outcome appears to be related to con-
comitant congenital renal hypodysplasia rather than to the 
megaureter per se, except in the setting of high-grade and 
worsening obstruction.67

Management

In symptomatic patients with any type of megaureter, surgi-
cal intervention to relieve the obstruction is recommended. 
In asymptomatic patients with nonrefluxing, nonobstructed 
megaureters, regular ultrasonographic monitoring and  
prophylactic antibiotics during the first year of life are 
suggested.

POSTERIOR URETHRAL VALVES
Posterior urethral valves—tissue leaflets fanning distally 
from the prostatic urethra to the external urinary sphincter—
are the most common cause of neonatal lower urinary tract 
obstruction in males, occurring in 1 in 5000 to 8000 preg-
nancies.68 Although the cause is not completely under-
stood,69 it appears that the normal embryologic development 
of the male urethra is disrupted between weeks 9 and 14 of 
gestation, which results in persistence of the urogenital 
membrane. Posterior urethral valves act as rigid bands or 
membranes and balloon into the urethral lumen with urine 
flow, causing obstruction and proximal dilation (dilated 
posterior urethra, keyhole sign).

Phenotype

Most cases are identified by prenatal ultrasonography. The 
enhanced urethral resistance causes detrusor hypertrophy, 
bladder enlargement and trabeculation, sacculation of the 
bladder wall, and formation of pseudodiverticuli, secondary 
unilateral or bilateral VUR, hydronephrosis, and (typically 
microcystic) renal dysplasia. The degree of renal dysplasia 
determines the postnatal course. Oligohydramnios and 
associated pulmonary hypoplasia are common.70 Neonates 
and infants may present with respiratory distress, abdominal 
distension, urosepsis, and failure to thrive, whereas older 
boys typically show primary enuresis and other signs of 
bladder dysfunction, such as frequency, straining to void, 
poor urinary stream, a large urinary volume per void,71 occa-
sional UTIs, and eventually progressive CKD.
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Figure 74.5  Voiding cystourethrogram of posterior urethral valve. Filiform narrowing of the posterior urethra is seen with prestenotic dilation 
of  the  prostatic  urethra,  trabeculated  and  sacculated  bladder  and  secondary  bilateral  vesicoureteric  reflux.  (From Schaefer F: Pädiatrische 
Nephrologie. In Mayatepek E, editor: Pädiatrie, Munich, 2007, Elsevier/Urban & Fischer, pp 683-733.)

horseshoe kidneys, and pelviureteric junction obstruction, 
although they appear to be much less common in these 
entities.81-83

Mutations in the TCF2 gene were initially found in 
patients with maturity-onset diabetes of the young (MODY) 
type 5.84,85 Diabetes mellitus develops in approximately 60% 
of mutation carriers, usually in the third decade of life.86-88 
Subclinical deficiencies of the exocrine pancreas function 
have also been described. Early metabolic alterations in 
renal cyst and diabetes syndrome (RCAD) include impaired 
glucose tolerance, hyperuricemia due to reduced fractional 
excretion of uric acid, hyperlipidemia, and mild elevation 
of liver enzyme levels.

In addition to renal developmental anomalies, various 
genital tract malformations are found in 10% to 15% of 
patients with TCF2 gene abnormalities. These include 
aplasia or duplication anomalies of the vagina and uterus in 
females and hypospadias, epididymal cysts, and agenesis of 
the vas deferens in males.86

More than 50 mutations have been reported in TCF2, 
most of which are located in the DNA-binding domain. In 
more than one third of cases, the gene is entirely deleted.78,87 
Because deletions are usually missed in conventional muta-
tion screening, specific deletion screening methods are 

required in the molecular genetic workup of TCF2. Notably, 
more than 50% of the genetic abnormalities occur de novo. 
There is no genotype-phenotype correlation, and large phe-
notypic variability exists, even within families with the same 
mutation. Isolated renal cysts, diabetes, or urogenital anom-
alies may occur in individual family members.

The high prevalence of TCF2 abnormalities and the 
associated risk of developing metabolic abnormalities, 
including diabetes mellitus, in early adult life make it  
reasonable to screen for TCF2 abnormalities in all children 
with renal cysts, irrespective of family history. In children 
with other CAKUT phenotypes, TCF2 screening appears to 
be indicated in cases of associated metabolic abnormalities, 
genital malformations, or family history of early-onset 
diabetes.

RENAL COLOBOMA SYNDROME
Renal coloboma syndrome (RCS) is an autosomal dominant 
congenital anomaly usually caused by mutations in PAX2, a 
gene encoding a transcription factor with key functions in 
kidney development. PAX2 is expressed in the mesonephros 
and metanephros at the earliest stages of nephrogenesis 
(see Chapter 73 for details). PAX2 mutations account for 
50% of RCS cases. More than 30 mutations have been 
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relatives should be examined for renal disease, hearing 
impairment, preauricular pits, and branchial cysts or fistu-
las. Molecular testing should be performed in patients with 
complete BOR syndrome and in those with an incomplete 
phenotype but a suggestive family history.

TOWNES-BROCKS SYNDROME AND  
VATER/VACTERL ASSOCIATIONS
Townes-Brocks syndrome is an autosomal dominant malfor-
mation syndrome characterized by an imperforate anus, 
preaxial polydactyly and/or triphalangeal thumbs, external 
ear defects, sensorineural hearing loss and, less frequently, 
kidney, urogenital, and heart malformations.106,107 The pre-
sentation of Townes-Brocks syndrome is highly variable 
within and between affected families. The gene mutated in 
human Townes-Brocks syndrome is SALL1, a member of the 
Spalt family that is required for the normal development of 
the limbs, nervous system, kidney, and heart.108

Features of Townes-Brocks syndrome partially overlap 
with those seen in the VATER association (vertebral defects, 
anal atresia, tracheoesophageal fistula with esophageal 
atresia, and radial and renal malformations) but do not 
include tracheoesophageal fistula or vertebral anomalies. 
Ear anomalies and deafness are not typical of VATER. The 
VATER association is usually sporadic, and there is no rec-
ognized teratogen or chromosomal abnormality.

The VACTERL association with hydrocephalus, reported 
as an X-linked or autosomal recessive condition, may include 
radial, cardiac, and renal anomalies and imperforate anus, 
along with other VATER features. Some of these patients 
also have Fanconi’s anemia.

KALLMANN’S SYNDROME
Kallmann’s syndrome is defined by the presence of hypogo-
nadotropic hypogonadism and deficiency of the sense of 
smell (anosmia or hyposmia).109,110 Anosmia and hyposmia 
are related to the absence or hypoplasia of the olfactory 
bulbs and tracts. Hypogonadism is due to a deficiency in 
gonadotropin-releasing hormone (GnRH). The GnRH-
synthesizing neurons migrate during development from the 
olfactory epithelium to the forebrain along the olfactory 
nerve pathway.111

About one third of individuals affected by Kallmann’s 
syndrome exhibit unilateral renal agenesis. Other renal and 
urinary tract malformations such as duplex systems, hydro-
nephrosis, and VUR have also been reported. Other faculta-
tive features of Kallmann’s syndrome include a cleft lip and/
or palate, selective tooth agenesis, bimanual synkinesis, and 
hearing impairment.112 Kallmann’s syndrome is genetically 
heterogeneous. Four genes with mutations in affected 
patients have been identified: KAL1, an X chromosome–
encoded gene that gives rise to anosmin-1; FGFR1 (fibro-
blast growth factor receptor 1), mutated in autosomal 
dominant forms of Kallmann’s syndrome113; PROK2 
(prokinectin-2); and PROK2R (prokinectin-2 receptor).114 
Renal anomalies seem to be limited to patients with KAL1 
mutations.115

PRUNE-BELLY SYNDROME
Prune-belly (Eagle-Barrett) syndrome is a congenital  
disorder defined by a characteristic clinical triad that 
includes abdominal muscle deficiency, nonobstructive 

reported, most of which are located in exons 2 and 3 encod-
ing the DNA-binding domain.

RCS is classically characterized by the association of renal 
hypoplasia, VUR, and optic nerve coloboma.89 However, the 
range of renal malformations described in RCS includes also 
noncystic or multicystic renal dysplasia82 and ureteropelvic 
junction obstruction.90-92 The ocular phenotype is similarly 
variable, ranging from subtle optic nerve dysplasia and 
abnormal vascular configuration, to mild visual impairment 
limited to blind spot enlargement,93 to large colobomas of 
the optic nerve or of the chorioretina, with severe visual 
impairment.94 Apart from the metanephros and optic fissure, 
PAX2 is also expressed in the developing hindbrain. Conse-
quently, disease manifestations can include sensorineural 
hearing loss, seizures, and the Arnold-Chiari malformation.95-96

The RCS phenotype is highly variable, even in patients 
harboring the same PAX2 mutation, which strongly suggests 
a role of modifier genes. PAX2 mutations were found in 7 
of 100 individuals with renal hypodysplasia and mild to 
moderate renal insufficiency (The ocular phenotype was so 
subtle that it had escaped clinical detection in five of the 
seven children.) Given the high prevalence of PAX2 muta-
tions in renal hypodysplasia and the frequent minimally 
associated ocular and otic phenotypes, thorough ophthal-
mologic and audiometric investigation are recommended 
for any child with newly diagnosed renal hypodysplasia, fol-
lowed by PAX2 screening in case of abnormalities. Con-
versely, any patient with coloboma should undergo kidney 
ultrasonography.

BRANCHIO-OTO-RENAL SYNDROME
The association of branchial, otic, and renal anomalies 
defines BOR syndrome, an autosomal dominant disorder 
with incomplete penetrance and expressivity and an inci-
dence of about 1 in 40,000 births.97 Sensorineural or conduc-
tive hearing loss is present in 93% to 98%, branchial defects 
in 49% to 69%, ear pits in 82% to 84%, and renal anomalies 
in 38% to 67% of cases.98,99 Renal malformations include 
unilateral or bilateral renal agenesis, hypodysplasia, and mal-
formation of the lower urinary tract, including VUR, ure-
teropelvic obstruction, and ureteral duplication. Different 
renal phenotypes may occur within families, including indi-
viduals with normal kidneys (branchio-oto syndrome).

Hearing impairment usually results from cochlear hypo-
plasia and malformation of the internal auditory canals.98 
Less frequent abnormalities include aplasia of the lacrimal 
ducts, congenital cataract, and anomalies of the anterior 
ocular segment.100,101 BOR syndrome is caused by abnormali-
ties in the EYA1102 or, less commonly, the SIX1 gene. EYA1 
is a non-DNA binding transcription cofactor, and SIX1 is a 
transcription factor interacting with EYA1.103 EYA1 and SIX1 
control the expression of PAX2 and GDNF (glial cell line-
derived neurotrophic factor) in the metanephric mesen-
chyme.104 More than 50 different mutations in EYA1 have 
been identified. In addition, large deletions, duplications, 
and chromosomal rearrangements account for 20% to 25% 
of abnormalities in EYA1,105 which mandates screening for 
DNA copy number variations if results of direct sequencing 
are negative. SIX1 heterozygous mutations are much less 
frequent than EYA1 abnormalities.103

The diagnostic approach to BOR syndrome is com-
plicated by its wide phenotypic spectrum.99 First-degree 
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the collecting ducts, thick ascending limb, and hepatic bile 
ducts.123-125 The reported incidence of ARPKD is 1 in 20,000 
live births. ADPKD is caused by mutations in the PKD1 gene 
(85% of patients) or PKD2 gene, which encode for polycys-
tin 1 and polycystin 2, respectively.126-128 These proteins are 
localized to the primary cilia of renal epithelial cells, and 
mutations cause multiple cysts in all parts of the nephron. 
The phenotype of ARPKD can be mimicked by mutations in 
TCF2/HNF-1β and other genes. About 2% of patients with a 
mutation in PKD1 or PKD2 (often de novo, with an unre-
markable family history) exhibit an early and severe pheno-
type indistinguishable from that of ARPKD. Furthermore, 
mutations in the ADPKD genes can also be inherited as a 
recessive trait.129 The pathogenic effects of mutations in cys-
toproteins have been the subject of intense research and are 
described in detail in Chapter 46.

Although ADPKD, occurring in 1 in 400 live births, is 
approximately 50 times more common than ARPKD, the 
two disorders are seen at comparable frequency by pediatric 
nephrologists because ARPKD is usually diagnosed in utero 
or at birth and is symptomatic at pediatric age, whereas only 
2% of patients affected by ADPKD show symptoms during 
childhood.

Clinical Features

ARPKD is characterized by enlarged hyperechogenic kidneys 
with multiple microcysts, without corticomedullary differen-
tiation. Neonates present with massively enlarged, palpable 
kidneys, oligohydramnios, and pulmonary hypoplasia. 
About 25% to 30% of affected neonates die due to respira-
tory insufficiency.130 Some children with rapid kidney growth 
require unilateral or bilateral nephrectomy to relieve symp-
toms of abdominal compression and/or malignant hyper-
tension (Figure 74.6). Those who survive the neonatal 
period often experience an extended period of stabilized 
kidney size and function. However, polyuria and electrolyte 
losses due to tubular dysfunction require attention, and 
hypertension and proteinuria herald the development of 
renal insufficiency.128 Approximately 50% of individuals 
affected by ARPKD progress to ESKD within the first 10 to 
15 years of life.130 However, some affected patients are only 
diagnosed as adults, with renal function ranging from 
normal to ESKD.131 In addition to the renal symptoms, 
hepatic involvement is commonly present; it is usually char-
acterized by bile duct dysplasia and ectasia and progressive 
liver fibrosis, gradually leading to portal hypertension. In 
many cases, the hepatic complications are more prominent 
than the renal disease manifestations.

ADPKD usually remains clinically silent during the child-
hood years, although a small subset of patients have early 
disease onset, with episodes of hematuria and cyst infection 
and symptoms similar to those observed in ARPKD.132 Pro-
gressive macrocystic enlargement usually starts during  
adolescence and is commonly associated with arterial hyper-
tension.133 Subclinical cardiovascular alterations such as 
nocturnal hypertension, increased arterial stiffness, and left 
ventricular hypertrophy may develop long before progres-
sive cyst growth and CKD manifest clinically.134,135

Diagnosis

The diagnosis of PKD is usually based on family history, clini-
cal and imaging findings and, if required, molecular genetic 

dilative urinary tract malformation, renal dysplasia, and 
bilateral cryptorchidism. The estimated incidence is 1 in 
30,000 live births.116 Boys are primarily affected, although 
rare cases in females have been reported.

Cause

Prune-belly syndrome is thought to be due to a local 
anomaly of mesenchymal development occurring in the 
fourth to twelfth weeks of gestation. A primary defect in the 
intermediate and lateral plate mesoderm would affect 
embryogenesis of the musculature of the abdominal wall, 
the mesonephric and paramesonephric ducts, and the 
urinary organs.117

Phenotype

The characteristic multiple abdominal skin wrinkles at birth 
tend to smooth out as the child grows older. About 50% of 
children develop ESKD due to severe renal dysplasia.118 In 
severe cases, oligohydramnios leads to pulmonary hypoplasia 
and high neonatal mortality.119 The ureters are grossly elon-
gated, dilated, and tortuous. The bladder is usually enlarged, 
and urodynamic abnormalities are present. The posterior 
urethra is dilated due to hypoplasia of the prostate. Hence, 
the urinary tract malformation resembles the pattern of  
posterior urethral valves but no infravesical obstruction is 
present. Other clinical findings may include malrotation of 
the midgut or anorectal malformations, skeletal abnormali-
ties (e.g., clubfoot), and, rarely, cardiac anomalies.

Management

The management of prune-belly syndrome depends on the 
severity of the clinical findings. In rare cases, antenatal inter-
vention has been performed to reduce the risk and severity 
of pulmonary hypoplasia. Postnatal surgical intervention 
may be needed to provide adequate urinary drainage and 
avoid UTIs in some patients.120 Renal replacement therapy 
for those patients with ESKD includes dialysis and renal 
transplantation.121,122 Other interventions include additional 
genitourinary procedures to improve bladder control and 
capacity, orchidopexy, abdominal wall reconstruction and, 
in rare cases, orthopedic surgery for skeletal deformities.

CILIOPATHIES

The identification of the primary cilia-centrosome complex 
of the tubular epithelial cell as the organelle centrally 
involved in the pathogenesis of cystic nephropathies has 
been an important milestone in the molecular understand-
ing of this peculiar type of kidney malformation. The follow-
ing sections describe the cilia-related dysplasias, with special 
reference to the diagnostic, therapeutic, and prognostic 
aspects of disease relevant to the pediatric nephrologist.

POLYCYSTIC KIDNEY DISEASE
The term polycystic kidney disease (PKD) is reserved by con-
vention for two genetically distinct conditions, autosomal 
recessive PKD (ARPKD) and autosomal dominant PKD 
(ADPKD).

ARPKD is caused by mutations in the polycystic kidney 
and hepatic disease 1 gene, PKHD1, located on chromo-
some 6p21, coding for fibrocystin (also called polyductin), a 
protein localized to the primary cilia of epithelial cells lining 

http://www.myuptodate.com


2320 SECTIoN XII — PEDIATRIC NEPHRoLoGy

within families affected by the same mutation, inviting  
speculation about the role of disease-modifying genes,  
epigenetic factors, hormonal effects, and environmental 
influences.131,138

Treatment

The treatment of ARPKD is limited to supportive therapy, 
including the management of respiratory distress in affected 
neonates, fluid and electrolyte substitution, strict blood 
pressure control, prevention of sequelae of CKD, and renal 
replacement therapy in patients who progress to ESKD. 
Unilateral or bilateral nephrectomy may be required, par-
ticularly in patients undergoing peritoneal dialysis and renal 
transplantation.

Until recently, the management of ADPKD was limited to 
controlling blood pressure and lowering lipid levels. 
Angiotensin-converting enzyme (ACE) inhibition may help 
stabilize GFR in young ADPKD patients.139 An ongoing study 

analysis. Recessive and dominant forms can usually be dif-
ferentiated reliably by ultrasonographic appearance. Recent 
progress in genetic diagnostic testing has been accomplished 
by next-generation sequencing; this has made it possible to 
investigate all genes associated with cystic and polycystic 
kidney disease and other ciliopathies simultaneously, greatly 
facilitating diagnostic ascertainment and genetic counseling 
in ambiguous cases.136 In ARPKD, knowledge of the causative 
mutation allows rapid screening in early pregnancy.137

A moderate genotype-phenotype correlation is observed 
in ARPKD. Severe phenotypes, such as neonatal demise, are 
more frequent in carriers of a truncating PKHD1 mutation, 
and the presence of two truncating mutations invariably 
results in perinatal lethality. In contrast, amino acid substitu-
tions are typically associated with a nonlethal presentation, 
and the presence of at least one amino acid substitution is 
required for affected individuals to survive the perinatal 
period. However, the phenotypic appearance varies, even 

Figure 74.6  Severe nephromegaly  in a 3-month-old infant with autosomal recessive polycystic kidney disease, with x-rays.  (From Schaefer 
F: Pädiatrische Nephrologie. In Mayatepek E, editor: Pädiatrie, Munich, 2007, Elsevier/Urban & Fischer, pp 683-733.)
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latter term describes a group of rare autosomal recessive 
cystic kidney diseases typically characterized by chronic 
kidney disease progressing to ESKD during childhood. 
NPHP-RCs include isolated nephronophthisis (NPHP) and 
certain syndromes with additional extrarenal manifesta-
tions, including Senior-Loken syndrome (SLS), Joubert’s 
syndrome (JBTS), Jeune’s syndrome (JS), and Meckel-
Gruber syndrome (MKS). More than 80 genes encoding 
proteins involved in ciliary structure and function have been 
associated with the different forms of NPHP-RCs.153 Whereas 
mutations in some genes lead to distinct phenotypes, others 
exhibit a variable phenotypic appearance, with overlapping 
clinical features. To date, molecular subtypes of NPHPs are 
constituted by abnormalities in 16 genes— JBTS in 22, MKS 
in 11, JS in 11, and Bardet-Biedl syndrome in 17 genes. Nine 
of these genes are associated with more than one NPHP-RC 
(Table 74.1).153

NEPHRONOPHTHISIS
Nephronophthisis, an autosomal recessive disorder, is the 
most frequent single genetic cause of ESKD in children. In 
the early stage of the disease, impaired urine-concentrating 
ability causes polyuria and polydipsia. Subsequently progres-
sive CKD develops, leading to severe anemia and growth 
failure. ESKD occurs within the first 2 decades of life.154,155 
Nephronophthisis is characterized histopathologically by 
microcysts at the corticomedullary border, thickening of the 
tubular basement membrane, and marked tubulointerstitial 
fibrosis. Infantile, juvenile, and adolescent disease variants 
are distinguished, with ESKD reached at a median age of 1, 
13, and 19 years, respectively, in the three groups.154 Neph-
ronophthisis may also occur in association with characteris-
tic extrarenal manifestations.

These phenotypic variants reflect mutations in distinct 
genes encoding for the nephrocystins, a family of proteins 
involved in primary ciliary function. Nephrocystins interact 
with one another and with other proteins (e.g., tensin, 
filamins, tubulins) involved in cell-cell and cell-matrix sig-
naling. Mutations in the NPHP genes alter ciliary function 
via defects in intracellular signaling pathways, resulting in 
the inability of the ciliary mechanosensors to sense luminal 
flow rates, dysregulation of tissue growth, and cyst formation 
correctly.154,156 The 16 genes associated with NPHP (see 
Table 74.1)153 explain less than half of all cases.

NPHP1 (gene product, nephrocystin-1) is the gene most 
commonly involved. Deletions or mutations in NPHP1 cause 
the common juvenile disease variant at an incidence of 1 in 
5000, accounting for 25% of all nephronophthisis cases.154,156 
The juvenile form may also be caused by mutations in 
NPHP3 to NPHP13 and AHI1. Mutations in NPHP2 (encod-
ing inversin or nephrocystin-2) cause the infantile variant 
and, in mutations in NPHP3, the adolescent variant.

Retinitis pigmentosa is the most common extrarenal 
finding and occurs in approximately 20% of patients. The 
combination of nephronophthisis and retinitis pigmentosa 
is termed Senior-Loken syndrome.157 The common pathophysi-
ologic basis of the two disorders is explained by the struc-
tural equivalence of the primary cilium of renal epithelial 
cells and the connecting cilium of the photoreceptor cells 
in the retina.157 Senior-Loken syndrome is usually caused by 
mutations in NPHP5 and NPHP6, although mutations in 
most NPHP genes have been found with this syndrome.

in adults with ADPKD has been evaluating the potential 
benefits of rigorous blood pressure control and intensified 
renin angiotensin aldosterone system (RAAS) inhibition on 
kidney disease progression.140 In a double-blind, placebo-
controlled clinical trial in pediatric ADPKD patients, pravas-
tatin administered in combination with ACE inhibitor 
therapy significantly attenuated the increase of total kidney 
volume within a 3-year treatment period.141

In recent years, the unraveling of the molecular basis of 
cystogenesis has yielded exciting innovative pharmacologic 
approaches to attenuate cyst progression and kidney volume 
expansion. Several new therapies with demonstrated effi-
cacy in preclinical studies have been or are being explored 
in clinical trials in ADPKD patients. Clinical trials with 
mTOR (mammalian target of rapamycin) inhibition have 
yielded largely negative results.142 Two placebo-controlled 
randomized trials investigating the effect of the somatosta-
tin analog octreotide have found borderline effects on total 
kidney volume.143,144 A placebo-controlled randomized trial 
evaluating the vasopressin type 2 receptor antagonist tolvap-
tan demonstrated significant reduction of cyst growth and 
superior preservation of GFR within a 2-year treatment 
period.145 However, adverse events related to aquaresis and 
regarding hepatic function led to treatment discontinuation 
in a significant number of subjects.

Further trials evaluating epidermal growth factor 
receptor–specific tyrosine kinase inhibitors, and triptolide, 
a natural proapoptotic molecule, are currently underway.146 
Once the safety and anticystogenic efficacy of some of these 
drugs are demonstrated, further exploration of their 
nephroprotective potential will require long-term trials 
starting at an early stage of cyst formation—that is, during 
adolescence and young adulthood. Another particular pedi-
atric interest is to test the efficacy of novel anticyst drugs in 
ciliopathies other than ADPKD.

Prognosis

The outcome of ARPKD depends on the degree of renal and 
hepatic involvement, which is usually reflected by age at pre-
sentation.147 The mortality risk is greatest for patients with 
neonatal renal failure. Late liver failure occurs in a consider-
able proportion of children with ARPKD, which necessitates 
a comprehensive strategy for sequential or combined kidney 
and liver transplantation. Combined liver-kidney transplan-
tation is a viable option for patients with advanced kidney 
disease or ESKD and recurrent cholangitis or complications 
of portal hypertension.148 Simultaneous liver-kidney trans-
plantation from the same donor provides an immunologic 
advantage, with a reduced risk of kidney allograft rejection 
and lower immunosuppression requirements.148-150

Children diagnosed with ADPKD are likely to have pre-
served renal function for decades. However, those who are 
symptomatic during childhood are at risk for early progres-
sion to ESKD. In such children and adolescents, transplanta-
tion of kidneys from living related donors requires exclusion 
of the disease in the donor relative by molecular testing.151

NEPHRONOPHTHISIS-RELATED CILIOPATHIES
The discovery of the crucial role of primary cilia led to  
the general term ciliopathy, which includes the polycystic 
kidney diseases, medullary cystic kidney disease, and the 
nephronophthisis-related ciliopathies (NPHP-RCs).152 The 
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Table 74.1 Inheritance Patterns and Defective Proteins in Ciliopathies

Disorder Transmission Affected Proteins*

Autosomal dominant polycystic kidney 
disease (types 1 and 2)

Both autosomal dominant PKD1, PKD2

Autosomal recessive polycystic kidney 
disease

Autosomal recessive PKHD1

Medullary cystic kidney disease and familial 
juvenile hyperuricemic nephropathy

Autosomal dominant UMOD; REN; MUC1

Nephronophthisis types 1 to 16 Autosomal recessive NPHP1, INVS, NPHP3, NPHP4, IQCB1, CEP290, 
GLIS2, RPGRIP1L, NEK8, SDCCAG8, TMEM67, 
TTC21B, WDR19, ZNF423, CEP164, ANKS6

Joubert’s syndrome (subtypes with renal 
phenotype 1-7, 9-11, 14-16, 18-22)

All autosomal recessive 
except type 9 (X-linked 
inheritance)

INPP5E, TMEM216, AHI1, NPHP1, CEP290, TMEM67, 
RPGRIP1L, CC2D2A, OFD1, TTC21B, TMEM237, 
CEP41, TMEM138, TCTN3, ZNF423, TMEM231, 
CSPP1, PDE6

Meckel-Gruber syndrome (type 1-11) Autosomal recessive KS1, TMEM216, TMEM67, CEP290, RPGRIP1L, 
CC2D2A, NPHP3, TCTN2, B9D1, B9D2, TMEM231

Short rib–polydactyly syndrome (Jeune’s 
syndrome; types 1-11)

Autosomal recessive Unknown, IFT80, DYNC2H1, TTC21B, WDR19, NEK1, 
WDR35, WDR60, IFT140, IFT172, WDR34

Bardet-Biedl syndrome (types 1-15,17) Autosomal recessive BBS1, BBS2, ARL6, BBS4, BBS5, MKKS, BBS7, 
TTC8, PTHB1, BBS10, TRIM32, BBS12, MKS1, 
CEP290, Human fritz (WDPCP; C2orf86), LZTFL1

Alström’s syndrome Autosomal recessive ALMS1
Cranioectodermal dysplasia (types 1-4) Autosomal recessive IFT122, WDR35, IFT43, WDR19
Oral-facial-digital syndrome (type 1) X-linked inheritance OFD1
Renal-hepatic-pancreatic dysplasia Autosomal recessive NPHP3 (nephrocystin-3); NEK8 (nephrocystin-9)

*HUGO gene Nomenclature Committee symbol.
Adapted from Devuyst O, Knoers NV, Remuzzi G, Schaefer F; Board of the Working Group for Inherited Kidney Diseases of the 

European Renal Association and European Dialysis and Transplant Association: Rare inherited kidney diseases: challenges, 
opportunities, and perspectives. Lancet 383:1844-1859, 2014.

NPHP1 deletions or mutations have also been described 
in association with Cogan’s syndrome (nephronophthisis 
associated with oculomotor apraxia), MKS (see below), and 
in a subset of individuals with JS.153,158,159 This overlapping 
phenotypic spectrum, with abnormalities in a single gene, 
points to the role of genetic modifiers in the nephro-
nophthisis complex.

JOUBERT’S SYNDROME
In JS, nephronophthisis is combined with mid-hindbrain 
malformation and cerebellar vermis hypoplasia or aplasia, 
descriptively designated as a molar tooth sign on a cranial 
magnetic resonance imaging (MRI) scan. This anomaly 
results in various neurologic features, including develop-
mental delay, intellectual disability, muscle hypotonia, 
ataxia, oculomotor apraxia, nystagmus, and respiratory dis-
tress. Mutations in AHI1, encoding jouberin, are the most 
common among the more than 20 genes associated with 
JS.153 Jouberin is a centrosome protein interacting with 
nephrocystin-1.

MECKEL-GRUBER SYNDROME
MKS is an autosomal recessive, usually perinatally lethal 
disorder, characterized by central nervous system malforma-
tion (e.g., occipital encephalocele), bilateral renal cystic 
dysplasia, cleft palate, postaxial polydactyly, and ductal pro-
liferation in the portal area of the liver.160,161 The condition 
is caused by abnormalities in various genes (currently 11) 
encoding ciliary proteins.153

BARDET-BIEDL SYNDROME
Bardet-Biedl syndrome (BBS) is an autosomal recessive cili-
opathy characterized by extremely variable polydactyly, 
obesity, mild developmental delay, hypogonadism, and an 
atypical retinitis pigmentosa. Variable renal abnormalities 
are present in up to 90% of patients, and renal failure 
occurs in up to 60%, usually in adulthood. Polydactyly may 
be the only obvious feature prenatally. The disorder is highly 
heterogeneous, with 17 BBS-associated genes identified to 
date. Complex genetic interactions between causal and 
modifying alleles of ciliary genes seem to contribute to phe-
notypic variability.153,162

GLOMERULAR DISORDERS

Glomerular disease in children may be caused by a plethora 
of primary kidney diseases and may also be secondary to 
systemic disorders such as autoimmune disease, vasculitis, 
or infectious disease. Many of these conditions vary in pre-
sentation from absent or mild symptoms to serious renal 
disease with life-threatening complications. Childhood glo-
merular diseases can be categorized principally according 
to their clinical presentation into nephritic and nephrotic 
phenotypes.

On histologic analysis of biopsy specimens, a nephritic 
pattern is seen to be associated with inflammation and pres-
ents with an active urine sediment with dysmorphic red 
cells, white cells, red cell and granular casts, and a variable 
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is subcategorized according to histopathologic appearance, 
mainly including MCG, FSGS, membranoproliferative glo-
merulonephritis (MPGN), membranous nephropathy, and 
diffuse mesangial proliferation. The term secondary nephrotic 
syndrome refers to NS associated with an identifiable systemic 
disease or infection, which is often accompanied by a 
nephritic component. Congenital nephrotic syndrome has 
been defined as NS occurring within the first 3 months of life. 
Although this classification is useful for clinical purposes, in 
this chapter NS has been stratified primarily by the presence 
or absence of a genetic cause.

HEREDITARY NEPHROTIC SYNDROME
Inherited structural defects of the glomerular filtration 
barrier account for a large proportion of pediatric SRNS 
cases, highlighting the crucial role of the development and 
structural architecture of podocytes in the pathogenesis of 
glomerulopathies.169,172,173 Abnormalities in genes encoding 
podocyte-specific proteins may lead to loss of foot processes 
and slit membrane integrity, disruption of cell-cell signaling at 
the slit diaphragm,174 defects in foot process–GBM interac-
tion,175 altered podocyte motility, and mitochondrial dysfunc-
tion, resulting in glomerular protein leakage and NS.176-179

To date, mutations in more than a dozen genes (NPHS1, 
NPHS2, NPHS3 [PLCE1], ACTN4, CD2AP, TRPC6, INF2, 
PTPRO, ITGA3, MYO1E, ARHGDIA, COQ2, COQ6, ADCK4) 
have been implicated in nonsyndromic SRNS (Table 
74.2).169,172-175,178-183 Nephrin, podocin, and CD2-associated 
protein, encoded by NPHS1, NPHS2, and CD2AP, respec-
tively, are major structural elements of the slit dia-
phragm.169,172,173,180 Nephrin is a transmembrane protein and 
contributes to the porous structure of the slit diaphragm, 
forming pores of approximately 40 nm. These pores are 
partly responsible for the size selectivity of the slit diaphragm 
and filtration barrier. Nephrin also appears to participate in 
intracellular signaling pathways maintaining the functional 
integrity of the podocyte. A number of proteins within this 
signaling platform have been identified to interact with 
nephrin, among them podocin, CD2-associated protein, 
phospholipase Cε1, and transient receptor potential cation 
channel, subfamily C, member 6 (TRPC6). PTPRO (protein 
tyrosine phosphatase receptor type O) is a membrane-bound 
tyrosine phosphatase involved in cell-cell signaling at the 
podocyte slit membrane.174 ITGA3 (integrin alpha 3) is a key 
protein in foot process–GBM interaction.175 In addition, a 
number of cytoskeleton-regulating proteins are expressed 
selectively in podocytes (e.g., ACTN4, encoding α-actinin-4; 
INF2, a member of the formin family of actin-regulating pro-
teins; and the non-muscle class I myosin 1E [MYO1E]).169,173,178 
ARHGDIA, a regulator of Rho GTPases, indirectly regulates 
actin cytoskeleton-dependent cellular functions.179 COQ2, 
COQ6, and ADCK4 are important components of CoQ10 
biosynthesis in the mitochondria181-183 (Figure 74.7).

In addition, syndromic forms of SRNS may be due to 
mutations in genes encoding the following: transcription 
factors (WT1, LMX1B); GBM components (LAMB2, ITGB4); 
lysosomal protein (SCARB2); a DNA-nucleosome restructur-
ing mediator (SMARCAL1);169,172,173,184 and mitochondrial 
proteins (COQ6)181 (see Table 74.2).

All hereditary proteinuria syndromes share a common 
electron microscopic phenotype, which uniformly demon-
strates flattening of the foot processes and loss of the slit 

degree of proteinuria. Acute nephritic syndrome is charac-
terized by the sudden onset of macroscopic hematuria 
accompanied by hypertension, oliguria, edema, and renal 
insufficiency. Most cases of acute nephritic syndrome occur 
after an infection, most commonly a group A beta-hemolytic 
streptococcal infection.

By contrast, the nephrotic pattern presents with marked 
proteinuria and inactive urine sediment with few cells or 
casts, characterized histopathologically by the absence of 
inflammation. Children with nephrotic syndrome usually 
show generalized edema, including anasarca, ascites, and 
pleural effusion, but have a preserved GFR.

Some patients with severe kidney disease have nephritic 
and nephrotic features on presentation. Conversely, there 
are also patients with suspected glomerular disease who do 
not fit either category because they are likely to have a mild 
course of a glomerulonephritis. For example, children with 
mild IgA nephropathy may have recurrent gross hematuria 
after an upper respiratory tract infection without an active 
sediment or proteinuria.

The following sections focus on the most common glo-
merulopathies observed in childhood.

NEPHROTIC SYNDROME

The pediatric definition of nephrotic syndrome (NS) is pro-
teinuria greater than 40 mg/m2/hr (50 mg/kg/day) or a 
urine protein/creatinine ratio of more than 2.0 mg/mg, 
hypoalbuminemia of less than 2.5 g/dL, and the presence 
of edema and hyperlipidemia.163,164

The pathogenesis of NS has long been investigated, with 
an emphasis on the mechanisms of glomerular injury and 
proteinuria. It has been suggested that idiopathic steroid-
sensitive NS, as well as a subset of steroid-resistant nephrotic 
syndrome (SRNS), is caused by an immunologic alteration 
that possibly implies the production of a circulating protein-
uric factor secondary to T cell dysfunction.165 Sera of patients 
with focal segmental glomerulosclerosis (FSGS) have been 
demonstrated to increase glomerular permeability to 
albumin when incubated with rat glomeruli in vitro.166 This 
mechanism appears to affect adults and children, except for 
mutations in epithelial membrane protein-2 (EMP2), which 
cause childhood-onset SSNS.167 There have been 24 muta-
tions in podocyte-specific genes regulating foot process struc-
ture and function identified in inherited forms of SRNS, with 
congenital, infantile, and adolescent onset.167-169

In addition to primary alterations of the foot process and 
slit diaphragm, the glomerular basement membrane (GBM) 
is also likely to play a role in the pathogenesis of proteinuria. 
The GBM contributes to the unique charge and size selectivity 
of the filtration barrier restricting the filtration of macromol-
ecules such as albumin across the glomerular capillary wall.170 
Children with minimal change glomerulopathy (MCG) show 
decreased anionic charges in the GBM,170,171 without any struc-
tural damage or change to the glomerular filtration unit 
observed by light microscopy. In glomerular diseases other 
than MCG, structural injury, with podocyte loss and denuda-
tion of the GBM, allows movement of normally restricted 
proteins of varying sizes across the filtration barrier.

NS in children is traditionally classified into three catego-
ries: primary (also termed idiopathic nephrotic syndrome), sec-
ondary, and congenital NS. Idiopathic nephrotic syndrome 

http://www.myuptodate.com


2324 SECTIoN XII — PEDIATRIC NEPHRoLoGy

Table 74.2 Causative Genes and Histologic Patterns of Nephrotic Syndrome by Time of Disease Onset

Cause Inheritance/Locus Gene/Protein
Histologic 
Features

Congenital Onset (0-3 mo)

Isolated Congenital nephrotic syndrome of the 
Finnish type (CNF)

AR NPHS1/nephrin Radial dilation of 
proximal tubule

Recessive SRNS, type 2 AR NPHS2/podocin FSGS/MGC
Recessive SRNS, type 3 AR NPHS3/PLCE1 DMS
Isolated DMS AR WT1 DMS
Recessive SRNS AR COQ2 FSGS, collapsing
Recessive SRNS + deafness AR COQ6 FSGS
Dominant SRNS + deafness AD/11q24 Unknown FSGS
DMS + neurologic findings AR ARHGDIA/Rho GDP dissociation 

inhibitor (GDI) alpha
DMS

NS + lung and skin disease AR ITGA3/integrin alpha 3 DMS
Steroid-sensitive nephrotic syndrome AR/2p12-13.2 Unknown MGC/FSGS

Syndromic Denys-Drash syndrome AD WT1 DMS
Pierson’s syndrome AR LAMB2/laminin-β2 FSGS
Nail-patella syndrome AD LMX1B/LIM homeobox 

transcription factor-1β
Frasier’s syndrome AD WT1 FSGS
Schimke’s immunoosseous dysplasia AR SMARCAL1 FSGS
Epidermolysis bullosa + FSGS AR ITGB4/integrin-β4 FSGS
Galloway-Mowat syndrome AR Unknown MGC to FSGS

Infancy-Childhood Onset

Genetic Recessive SSNS AR EMP2/epithelial membrane 
protein 2

Recessive SRNS AR NPHS2/podocin FSGS/MGC
Recessive SRNS AR NPHS1/nephrin FSGS/MGC
Recessive SRNS AR NPHS3/PLCE1 DMS
Isolated DMS AD WT1 DMS
Recessive SRNS + deafness or 

intellectual disability
AR ARHGDIA DMS

SRNS AR MYOE1/nonmuscle class I 
myosin E

FSGS

SRNS AR PTPRO/GLEPP1 protein tyrosine 
phosphatase receptor type O/
glomerular epithelial protein-1

FSGS

Juvenile-Adult Onset

Genetic SRNS AR or sporadic NPHS2 (p.R229Q) FSGS
Familial SRNS AD INF2/formin family of actin-

regulating proteins
FSGS

FSGS, type 1 AD/19q13 ACTN4/α-actinin-4 FSGS
FSGS, type 2 AD/11q21-22 TRPC6/transient receptor potential 

cation channel, subfamily C, 
member 6

FSGS

FSGS, type 3 AR-AD/6p12 CD2AP/CD2-associated protein FSGS
SRNS AR PTPRO/GLEPP1 protein tyrosine 

phosphatase receptor type O/
glomerular epithelial protein-1

FSGS

SRNS AR ADCK4/aarF domain containing 
kinase 4

FSGS

SRNS (no extrarenal symptoms) AD or sporadic LMX1B encodes homeodomain-
containing transcription factor

FSGS

AD, Autosomal dominant; AR, autosomal recessive; DMS, diffuse mesangial sclerosis; FSGS, focal segmental glomerulosclerosis; MGC, 
minimal glomerular changes; NS, nephrotic syndrome; SRNS, steroid-resistant nephrotic syndrome.

Adapted from references 169, 172-175, 178-183.
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a CNF phenotype, the NPHS1 mutation detection rate 
approaches 66%.185

Congenital NS is not synonymous with CNF, because 
mutations in other genes encoding slit diaphragm proteins, 
such as podocin (see later), can also cause early-onset NS. 
In one study, mutations in NPHS2 were shown to be respon-
sible for up to 40% of all cases of NS occurring in the first 
3 months of life.168 These patients showed histologic fea-
tures similar to those of CNF. On the other hand, NPHS1 
mutations have been described in individual patients with 
disease onset in later childhood, and there have been even 
anecdotal reports of adult-onset SRNS.189,190

Other genes causing early-onset NS are Wilms’ tumor-1 
(WT1), phospholipase Cε1 (PLCE1), laminin-β2 gene 
(LAMB2), ARHGDIA, and ITGA3.168,171,172,175,179 These disor-
ders have a more widespread age of onset and spectrum of 
clinical manifestations. Mutations in PLCE1, a cytoplasmic 
enzyme required for podocyte maturation, have been associ-
ated with as many as 28% of cases of congenital NS due to 
isolated diffuse mesangial sclerosis. Mutations in the devel-
opmental regulatory gene WT1 are associated with forms of 
congenital NS caused by diffuse mesangial sclerosis with 
male to female sex reversal and Wilms’ tumor (Denys-Drash 
syndrome) or gonadoblastoma (Frasier’s syndrome).191 
Nail-patella syndrome, a disorder characterized by skeletal 
and nail dysplasia as well as NS, is caused by mutations in 
the LMX1B gene, which regulates expression of type IV col-
lagen and the podocyte proteins nephrin, podocin, and 
CD2-associated protein.152 LMX1B mutations can also cause 
isolated SRNS.192

Pierson’s syndrome, characterized by microcoria, abnor-
mal lens shape, cataracts, blindness, severe neurologic defi-
cits, congenital NS, and progressive kidney failure, is caused 
by mutations in LAMB2, which codes for laminin-β2, a 
constituent of the GBM, retina, lens, and neuromuscular 
synapses.173

diaphragm. However, the clinical phenotype can be diverse. 
The early-onset nephrotic presentation with a severe course 
is seen in individuals with mutations in nephrin and 
podocin, whereas in families with INF2 or ACTN4 mutations, 
the disorder presents in early adolescence or adulthood, 
typically with moderate proteinuria that is slowly progres-
sive, often leading to ESKD in adulthood.164,169,172,173,180,185 
These distinct hereditary forms of NS are discussed in the 
following sections.

Early Onset

The most common subtype of congenital NS is the Finnish 
type (CNF), an autosomal recessive disorder that is very 
common in Finland (incidence of 1 in 8200 live births). 
Patients typically show massive proteinuria at birth, a large 
placenta, marked edema, enlarged kidneys, and character-
istic radial dilation of the proximal tubules. The glomeruli 
show a slight increase of mesangial matrix and mesangial 
hypercellularity. Degenerative changes such as shrinking of 
the glomerular tuft, fibrotic thickening of Bowman’s capsule, 
and glomerular sclerosis become evident with time.185 Elec-
tron microscopy shows effacement of foot processes, irregu-
larity in the GBM, and some swelling of the endothelial cells 
and rarefaction of tubulointerstitial capillaries.186,187 CNF is 
steroid-resistant; treatment options include albumin infu-
sions, pharmacologic interventions with ACE inhibitors  
and indomethacin and, ultimately, unilateral or bilateral 
nephrectomy. CNF generally progresses to ESKD within the 
first decade of life, although patients with milder forms of 
the disease have been described.173,185,188

The gene affected in CNF, NPHS1, was mapped in 1994 
to chromosome band 19q13.1. To date, more than 140 dif-
ferent NPHS1 mutations have been identified.185 Two muta-
tions, Fin-major (p.L41fsX91) and Fin-minor (p.R1109X), 
account for 78% and 16% of the mutated alleles, respec-
tively, among Finnish patients. In non-Finnish patients with 

Figure 74.7  Proteins involved in the maintenance of the structure and function of podocyte foot processes and the slit diaphragm. (Modified 
and reproduced with permission from Weber S: Hereditary nephrotic syndrome. In Geary DF, Schaefer F, editors: Comprehensive pediatric nephrol-
ogy, Philadelphia, 2008, Mosby, pp 219-228.)
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age, as well as in patients with isolated FSGS occurring at 1 
to 14 years of age.191 Similarly, mutations in PLCE1, the gene 
encoding phospholipase Cε1, have been found in some 
infantile- and childhood-onset SRNS cases with histologic 
features of diffuse mesangial sclerosis, with first disease 
manifestation occurring up to 4 years of age.198-200 All patients 
identified to date had truncating mutations.

In addition to these relatively common genetic causes of 
SRNS, a rapidly increasing number of genes expressed spe-
cifically or preferentially in the podocyte are being identi-
fied; mutations in these genes cause rare recessive forms of 
SRNS. Truncating and splice-site mutations in PTPRO 
(protein tyrosine phosphatase receptor-type O), a receptor-
like membrane protein tyrosine phosphatase expressed at 
the apical membrane of podocyte foot processes, caused 
childhood-onset SRNS in two Turkish families.174 Mutations 
in MYO1E, encoding a nonmuscle, membrane-associated, 
class I myosin, have been associated with childhood- and 
adolescent-onset SRNS with FSGS histopathology.178

Finally, mutations in several mitochondrial enzymes 
involved in CoQ10 biosynthesis have been identified in chil-
dren with SRNS. These include COQ2, PDSS2, ADCK4, and 
COQ6. PDSS2 and COQ2 mutations are typically character-
ized by early onset and variable extrarenal manifestations, 
which may include encephalopathy, lactic acidosis, myo-
clonic epilepsy and hypertrophic cardiomyopathy. COQ6 
(CoQ10 biosynthesis monooxygenase 6) has been identified 
as a cause of early-onset SRNS with sensorineural deafness. 
Patients with ADCK4 mutations have a less severe pheno-
type, with isolated SRNS and disease onset typically at 
adolescence.181-183 The early identification of genetic mito-
chondriopathies may be of immense clinical relevance since 
preliminary findings suggest that the disorders might be 
amenable to oral treatment with CoQ10.181

Newly identified ARHGDIA and integrin alpha 3 (ITGA3) 
mutations cause congenital NS with the histology of diffuse 
mesangial sclerosis (DMS) and extrarenal findings.175,179

Genetic screening in infantile- and childhood-onset  
SRNS with histologic features of MCG or FSGS should start 
with NPHS2, followed by NPHS1 and WT1. Patients with 

As many as 85% of cases that occur during the first 3 
months of life can be explained by mutations in one of  
four candidate genes—NPHS1, NPHS2, WT1, and LAMB2.168 
Genetic screening in nonsyndromic patients with congeni-
tal NS should start with NPHS1, followed by NPHS2 if results 
are negative. Patients with congenital NS presenting some-
what later in infancy should probably be screened initially 
for NPHS2 mutations, followed by NPHS1. If diffuse mesan-
gial sclerosis is revealed by kidney biopsy, genetic testing 
should start with WT1, and PLCE1, with ARHGDIA and 
ITGA3 to follow172,175,179 (Figure 74.8).

Finally, NS manifesting in the first 3 months of life may 
also result from congenital infections such as syphilis and 
cytomegalovirus infection (see Table 74.2).

Infantile and Childhood Onset

The term infantile nephrotic syndrome has been proposed for 
NS developing between the ages of 4 and 12 months, while 
childhood-onset usually refers to those in the 1- to 10-year-
old age range. The most common genetic abnormalities 
found in these age groups are recessive mutations in the 
NPHS2 gene, which encodes the podocyte membrane 
protein podocin.169,173,184 In whites, mutations in this gene 
account for about 40% of familial and approximately 6% to 
17% of sporadic SRNS cases.168,193,194 Patients typically 
progress to ESKD before the end of the first decade of 
life.168,193-195 Renal histologic findings show MCG (if biopsy 
is performed early) or FSGS. Podocin is part of a membrane 
protein complex that links the slit diaphragm to the podo-
cyte cytoskeleton. To date, 126 pathogenic NPHS2 muta-
tions and 43 variants of unknown significance have been 
reported.169,196 Frameshift, nonsense, and the homozygous 
p.R138Q missense mutations are associated with early 
disease manifestation.148,166 R138Q, the most common muta-
tion, causes defective protein folding and retention of the 
mutant protein in the endoplasmic reticulum.196

WT1 mutations may account for about 9% of cases of 
nonfamilial isolated SRNS,197 and they have been identified 
in patients with isolated diffuse mesangial sclerosis, with 
clinical onset varying from a few days of life to 2 years of 

Figure 74.8  Molecular  genetic  screening  strategy  for  patients  with  steroid-resistant  nephrotic  syndrome.  (Modified from Podonet Registry. 
Available at: http://www.podonet.org/opencms/opencms/podonet/podonet_en/Algorithms/screen/diagnostics.html. Reproduced with permission.)
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Although the definition of steroid resistance varies in the 
literature, patients who fail to enter remission after 8 weeks 
of glucocorticoid treatment are generally categorized as 
having SRNS.163,164,213 Some patients initially show a response 
to glucocorticoid treatment but experience a relapse, either 
two consecutive relapses during corticosteroid therapy or 
within 14 days of ceasing therapy. These patients are consid-
ered to have steroid-dependent NS (SDNS). Patients who 
show a response to steroids but develop relapses after dis-
continuation of treatment are referred to as relapsers. One 
relapse within 6 months of initial response or one to three 
relapses in any 12-month period is termed infrequent relapse; 
two or more relapses within 6 months of initial response or 
four or more relapses in any 12-month period is termed 
frequent relapse (FR).214

INS with MCG can be differentiated clinically from  
other causes of NS.209 The relevant findings include age 
younger than 6 years, absence of hypertension, absence of 
hematuria, normal complement levels, and normal renal 
function.209

Pathogenesis

INS is believed to have an immune pathogenesis that 
remains to be fully elucidated and may not be uniform  
in all phenotypes. Abnormal regulation of T cell subsets  
has been suggested, as well as expression of a circulating 
glomerular permeability factor.165,166,215 Evidence of the 
immune-mediated nature of INS is demonstrated by the fact 
that immunosuppressive agents can induce complete disease 
remission. Also, NS has been known to undergo remission 
during infection with the measles virus, which suppresses 
cell-mediated immunity. Improvement of posttransplanta-
tion proteinuria by plasmapheresis lends further support to 
the presence of one or several circulating factors.164,215

The association of allergic responses with NS also illus-
trates the role of the immune system in INS. NS has been 
reported to occur after various allergic reactions. Food 
allergy might play a role in relapses of INS. Various cyto-
kines and growth factors have been implicated, of which 
interleukin-13 seems to be most consistently associated with 
acute disease episodes.164,216,217

The precise mechanism of proteinuria in MCNS remains 
unknown.218,219 MCG has been recently suggested to result 
from a two-hit podocyte immune response. In the first  
step, the costimulatory membrane molecule CD80, a part of 
the innate immune system, is induced in podocytes by cir-
culating cytokines, microbial products, or allergens. In the 
case of regulatory T cell dysfunction and/or impaired auto-
regulatory podocyte functions, elevated CD80 expression 
becomes persistent and induces proteinuria.220,221

Recently, soluble urokinase receptor (suPAR), the soluble 
form of urokinase plasminogen-type activator receptor, has 
been reported to be elevated in two thirds of patients 
with primary FSGS but not in other forms of primary 
glomerular diseases. Experimentally, suPAR binding and 
activation of β3-integrin on podocytes led to alterations 
in the morphology (foot process effacement) and func-
tion of podocytes, which resulted in proteinuria and ini-
tiation of FSGS.222 In two clinical trial cohorts, elevated 
suPAR levels were found in 55% of pediatric and 84% 
of adult patients with FSGS.223 However, subsequent studies 
in adults and children with FSGS did not confirm a 

histologic findings of diffuse mesangial sclerosis should  
be tested for mutations in WT1 followed by PLCE1 (see 
Figure 74.8).

Mutations in the ARHGDIA, ACTN4, and TRPC6 genes 
(see later) have been only anecdotally reported in infants 
and children. These reports do not justify systematic muta-
tional screening of these genes for patients in this age group 
unless there is an autosomal dominant familial history of 
FSGS.172,179

Late Onset

NS first manifesting in adolescence is commonly steroid 
resistant. Although most cases remain unexplained, a few 
genetic causes have been identified.

Compound heterozygous mutations in podocin involving 
one allele carrying the p.R229Q variant probably constitute 
the most frequent known cause of sporadic late-onset 
SRNS.201,202 R229Q is a non-neutral polymorphism leading 
to impaired podocin-nephrin interaction. It is present  
in approximately 6% of the European population. In  
combination with another mutated allele, it causes a podo-
cytopathy of relatively late onset and slowly progressive 
course.

INF2, ACTN4, and TRPC6 have been identified as 
causing autosomal dominant familial forms of SRNS first 
manifesting in adolescence or adulthood, usually with  
moderate proteinuria and a slow progression to ESKD over 
decades.172,180,203 INF2 mutations have been shown to account 
for 17%, TRPC6 mutations for 6%, and ACTN4 mutations 
for 4% of autosomal dominant SRNS cases.174-176 De novo 
mutations in INF2, TRPC6, and ACTN4 are rare.203-206 
Among 227 patients with nonsyndromic familial and spo-
radic SRNS with adolescent disease onset, NPHS2 mutations 
explained 7% and WT1 4% of cases, whereas INF2 was exclu-
sively found in familial cases. Thus, screening of NPHS2 
and exons 8 and 9 of WT1 should be the most rational and 
cost-effective screening approach in sporadic, juvenile, 
steroid-resistant NS, whereas screening of INF2, ACTN4, and 
TRPC6 can be restricted to dominant familial forms of the 
disease.207

IDIOPATHIC NEPHROTIC SYNDROME
Epidemiology and Definitions

Idiopathic nephrotic syndrome (INS) is the most common 
form of childhood NS. The annual incidence of INS in 
children in the United States and Europe is 1 to 3/100,000 
children, with a cumulative prevalence of 16/100,000 chil-
dren.208 More than 90% of these cases manifest between 1 
and 10 years of age.209

Diffuse foot process effacement on electron microscopy 
corresponds to MCG, FSGS, or mesangial proliferation on 
light microscopy. The vast majority of preadolescent chil-
dren with INS (77%) show MCG on kidney biopsy.209,210

Of children with MCG, 90% respond to glucocorticoid 
treatment and have a favorable long-term prognosis,164,210 
but the 10% who do not respond to corticosteroids are at 
particular risk for the development of ESKD, which occurs 
in 30% to 40% of children with SRNS after a follow-up of 
10 years.211,212 Based on these observations, patients with INS 
are further classified according to their response to empiri-
cal glucocorticoid therapy.
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nephropathy are rather infrequent forms of INS.226 A 
detailed discussion of the various types of INS and histologic 
findings is beyond the scope of this chapter. Briefly, the most 
common features are as follows.

The designation “MCG” indicates glomerular morphol-
ogy that on light microscopic examination is little different 
from normal. Minimal mesangial hypercellularity may be 
present. Immune deposits are absent. Occasionally, mesan-
gial IgM deposition may be seen. Some authors consider  
the presence of IgM to represent a separate entity (IgM 
nephropathy), whereas others consider this to be a variant 
of MCG. The presence of IgM may indicate a more difficult 
course of NS. Electron microscopy shows uniform abnor-
mality of the podocytes, with marked effacement of the foot 
processes over at least 50% of the glomerular capillary 
surface. The cytoplasm of the cells may be enlarged, with 
clear vacuoles and prominence of organelles. This is accom-
panied by microvillous transformation along the urinary 
surface of the podocytes.226

Mesangioproliferative glomerulonephritis is character-
ized by generalized, diffuse mesangial cell hyperplasia 
involving more than 80% of the glomeruli. Increased 
numbers of mesangial cell nuclei are present within the 
mesangial matrix, which is normal or only mildly increased. 
Many cases of mesangioproliferative glomerulonephritis 
show positive granular mesangial IgM with or without C3 
and, very occasionally, small amounts of C1q or IgG, 
although some cases have negative immunofluorescence. 
On electron microscopy, there is mesangial cell hyperplasia 
with effacement of epithelial cell foot processes and micro-
villous transformation of epithelial cells. Patients with 
diffuse mesangial proliferation have an increased incidence 
of steroid resistance.226

FSGS is the most common finding in SRNS. FSGS 
describes a lesion in which, as seen on light microscopy, 
discrete segments of the glomerular tuft reveal sclerosis 
(segmental); some glomeruli are involved, whereas others 
are spared (focal). Adhesion of the glomerular tuft to Bow-
man’s capsule (synechiae) is observed. Glomerular hyper-
trophy is common. Interstitial fibrosis and tubular atrophy 
are often present and correlate with the severity of disease. 
IgM and C3 are trapped in the sclerotic areas. As in MCG, 
electron microscopy reveals effacement of the podocyte foot 
processes and obliteration of capillary lumens by fine granu-
lar and lipid deposits. Five variants of FSGS have been 
defined in adult patients—collapsing, cellular, tip lesion, 
perihilar, and “not otherwise specified.” The collapsing type 
is associated with the highest rate of progression to ESKD, 
followed by the tip lesion histologic type.226 A single pediat-
ric study looked for clinical and histologic markers predict-
ing the outcome of FSGS; 66 patients were followed for at 
least 10 years. Mesangial expansion and tip lesions were 
independent predictors of a favorable response to cytotoxic 
therapy, whereas the presence of renal impairment and 
extensive focal segmental sclerosis predicted an unfavorable 
response.227

MPGN is characterized by mesangial proliferation and 
thickening of the peripheral GBM. Typically, the thickening 
is due to mesangial cell interposition, with double contours 
of the GBM. Immunofluorescence reveals a characteristic 
capillary deposition of C3. Three types of MPGN can be 
distinguished by electron microscopy according to the 

specific elevation of suPAR levels in FSGS patients; suPAR 
concentrations seemed to accumulate nonspecifically with 
failing renal function.224

Clinical Features

Edema is the presenting symptom in about 95% of children 
with INS. It usually appears first in areas of low tissue resis-
tance (e.g., periorbital, scrotal, and labial regions) and pro-
gresses during the disease course. Ultimately, it becomes 
generalized and can be massive (anasarca). An upper respi-
ratory tract infection, allergic reaction, or another factor 
(e.g., drugs, vaccination) may immediately precede the 
development or relapse of the disease. A history of allergy 
is present in approximately 30% of children.225

Microscopic hematuria may be seen in up to 23% of 
patients with MCG and in a higher percentage of patients 
with other histologic variants.209 Macrohematuria develops 
in 3% to 4% of MCG cases. Given the increased risk of 
venous thrombosis in NS, renal vein thrombosis must be 
considered in patients with significant hematuria and in 
cases of acute kidney injury due to intravascular volume 
depletion. Other thrombotic events can have various mani-
festations, including tachypnea and respiratory distress (pul-
monary thrombosis or embolism) and, in rare cases, seizures 
(e.g., sinus vein thrombosis). Symptoms of infection such as 
fever, lethargy, irritability, or abdominal pain due to sepsis 
or peritonitis should not be overlooked. Hypotension and 
signs of shock can be present in children with sepsis. 
Anorexia, irritability, fatigue, abdominal discomfort, and 
diarrhea are common. Gastrointestinal distress can be 
caused by ascites, bowel wall edema, or both. Respiratory 
distress can occur due to massive ascites, frank pulmonary 
edema, or pleural effusions.225 Hypertension has been 
reported in up to 21% of children 6 years of age and younger 
with biopsy-confirmed MCG and may be present in up to 
50% of children with other histologic types.209

Classification, Kidney Biopsy Indications, and 
Histology Patterns

The high correlation of the response to empirical glucocor-
ticoid therapy with short- and long-term prognoses makes 
steroid responsiveness the first classifying criterion in child-
hood INS. A kidney biopsy is not indicated for the first 
manifestation of typical childhood INS occurring between 
1 and 8 years of age unless history, physical findings, and/
or laboratory results indicate the possibility of secondary NS 
or INS other than MCG. Thus, patients in the typical age 
range—and even older children with normal kidney func-
tion, no macroscopic hematuria, no symptoms of systemic 
disease (fever, rash, joint pain, weight loss), normal comple-
ment levels, negative results on viral screens (e.g., human 
immunodeficiency virus, hepatitis B and C viruses), and no 
family history of kidney disease—will usually be treated pri-
marily with glucocorticoids; kidney biopsy is reserved for 
complicated and steroid-resistant cases.225,226

INS in childhood can be classified by histologic subtype. 
MCG is the most common form and is associated with 
steroid sensitivity in 90% of cases. FSGS is the most common 
histopathologic correlate of steroid-resistant disease with a 
risk of progressing to ESKD. Mesangial proliferative glo-
merulonephritis has an intermediate prognosis. MPGN, 
membranous nephropathy, IgM nephropathy, and C1q 
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can be infused. However, this is controversial because 
albumin has a short plasma half-life but a strong transient 
oncotic action, which puts the child at risk of pulmonary 
edema if administered rapidly.164

Antihypertensive therapy should be administered to chil-
dren with persistent hypertension. In some patients, the 
hypertension will respond to diuretics. ACE inhibitors or 
angiotensin II receptor blockers may also help reduce pro-
teinuria but should be used cautiously in the presence of 
compromised kidney function or volume depletion. Calcium 
channel blockers and β-blockers may also be used as first-
line agents.226

Second-Line Therapies in Steroid-Sensitive Nephrotic Syn-
drome. About 80% to 90% of children with steroid-sensitive 
NS (SSNS) develop relapses. About 50% become frequent 
relapsers and are at risk of adverse effects of glucocorticoid 
therapy. Alternative immunosuppressive agents are success-
fully used to prolong periods of remission in these children. 
However, these agents have significant potential adverse 
effects.

Currently, there is no consensus as to the most appropri-
ate second-line agent for children.236 Eight-week courses of 
cyclophosphamide or chlorambucil as well as maintenance 
cyclosporine and levamisole therapy reduce the risk of 
relapse in children with relapsing SSNS compared with cor-
ticosteroids alone. More recently, mycophenolate mofetil 
and rituximab have been applied successfully.236

Alkylating agents offer the benefit of sustained remission, 
albeit at a substantial risk of side effects. Cyclophosphamide 
and chlorambucil are equally efficacious.236 Recommended 
dosing for cyclophosphamide is 2 mg/kg/day orally for 8 to 
12 weeks (maximum cumulative dose, 168 mg/kg), and  
for chlorambucil it is 0.1 to 0.2 mg/kg/ day for 8 weeks 
(limited to 11.2 mg/kg total dose).214 Cyclophosphamide 
induced remission for at least 2 years in 70% of children 
with frequently relapsing NS (FRNS); however, it induced 
remission in fewer than 30% of children with SDNS. Hence, 
alkylating agents are recommended only for FRNS.214 
Patients should be monitored for leukopenia. After achiev-
ing remission, patients must also maintain adequate hydra-
tion and take cyclophosphamide in the morning to limit the 
risk of hemorrhagic cystitis.214 The main long-term limita-
tions of alkylating agents, however, are gonadal toxicity and 
carcinogenicity.237 Irreversible azoospermia has been 
reported to occur with high incidence when the cumulative 
cyclophosphamide dose exceeds 200 to 250 mg/kg. In addi-
tion, long-term follow-up studies have suggested a potential 
increased risk of malignancy in patients exposed to alkylat-
ing agents during childhood.237 Hence, second courses of 
alkylating agents are not suggested; alternatives to these 
agents are increasingly being used as second-line treatment 
of relapsing steroid-sensitive NS.

The calcineurin inhibitor agents cyclosporin A (CsA) and 
tacrolimus are now commonly considered as first-choice 
steroid-sparing agents in children. Complete remission is 
achieved by calcineurin inhibitor therapy in the vast major-
ity of patients with steroid-sensitive disease.214,226,236 However, 
maintenance therapy is required since NS tends to recur 
when treatment is discontinued. Relapses may also occur 
during extended treatment. Steroids can be discontinued 
in many but not all patients.214 Kidney biopsy should be 

location of immune deposits. Type I, the classical form of 
MPGN, is characterized by subendothelial deposits. The 
additional presence of numerous electron-dense deposits 
on the subepithelial side of the GBM defines type III 
MPGN.228 The presence of ribbon-like, dense intramembra-
nous deposits differentiates dense deposit disease, formerly 
known as MPGN type II. Recently, the group of disorders 
with glomerular C3 without immunoglobulin deposition 
has been termed the C3 glomerulopathies, which comprise 
dense deposit disease and C3 glomerulonephritis.229 Both 
disorders are caused by fluid phase dysregulation of the 
complement cascade. They are defined by their shared 
pattern of immunofluorescence and distinguished on elec-
tron microscopy by the character and location of comple-
ment deposits in the glomeruli.230,231 Genetic abnormalities 
in genes regulating the alternative complement pathway are 
found in 20% to 25% of these subjects.

Membranous nephropathy is a very rare cause of INS 
during childhood, identified in only approximately 1% of 
biopsy specimens, in contrast to the 25% to 40% prevalence 
observed in adult INS. See Chapters 32 and 33 for more 
details.

Treatment of Idiopathic Nephrotic Syndrome

First-Line Therapy. Oral glucocorticoids are the first line of 
treatment for a child with INS. About 90% of children who 
are experiencing their first episode of NS achieve remission 
with glucocorticoid therapy. Of those who show a response, 
about 95% do so after 4 weeks of daily glucocorticoid 
therapy and 98% after 8 weeks of glucocorticoid therapy.209

The recommended standard therapy for the first episode 
of NS is oral prednisolone, 60 mg/m2/day (maximum, 
60 mg) in three divided doses for 4 to 6 weeks, followed by 
40 mg/m2/day (maximum, 40 mg) given as a single dose 
for 4 to 6 weeks, with or without tapering over 2 to 5 
months.214,232,233 A Cochrane systematic review has concluded 
that continuation of alternate-day steroid therapy for 6 
months reduces the subsequent relapse rate by 33% com-
pared with shorter, alternate-day treatment regimens.234 
However, a recent placebo-controlled randomized clinical 
trial has demonstrated that extension of steroid exposure 
from 3 to 6 months at the same cumulative dose does not 
reduce relapse risk, questioning the usefulness of steroid 
tapering.235

Therapy for relapse is shorter than initial treatment. For 
infrequent relapses (one relapse within 6 months of initial 
response or one to three relapses in any 12-month period), 
prednisone should be administered at 60 mg/m2/day until 
the child has been in complete remission for at least 3 days, 
followed by 40 mg/m2 alternate-day therapy for 4 weeks. 
Steroids may then be stopped or gradually tapered.214,233 In 
frequently relapsing disease, daily prednisone until there is 
remission for 3 days, followed by alternate-day prednisone 
at the lowest dose to maintain remission for at least 3 
months, is suggested. During episodes of infection, prophy-
lactic daily prednisone administration is suggested for chil-
dren prone to relapses.214

Intravenous loop diuretics (e.g., furosemide 3 to 6 mg/
kg/day), if necessary combined with thiazides to maximize 
natriuresis, are usually highly efficient in mobilizing edema 
and effusions. In patients with anasarca and signs of intra-
vascular volume depletion, 20% albumin at 1 to 2 g/kg/day 
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the drug might act also directly on podocytes by stabilizing 
the cytoskeleton and preventing apoptosis.256

Rituximab is infused at a dose of 375 mg/m2. Remission 
rates tend to be higher with two to four once-weekly doses 
(40% to 60% at 11 to 29 months) as compared to single 
dosing (25% to 40% at 12 to 17 months).252,257-259

A recent RCT of 48 patients with FRNS or SDNS showed 
significantly longer remission following rituximab than 
placebo at 1-year follow-up (267 vs. 101 days). Side effects 
were generally mild, and the frequency of serious adverse 
events did not differ between groups.260 An excellent long-
term safety profile of rituximab has been observed in thou-
sands of adult patients treated for rheumatologic diseases 
over the past decade.261 Although rituximab has little to no 
effect on overall infection rates, potentially increased sus-
ceptibility to Pneumocystis infections mandates cotrimoxa-
zole prophylaxis.262 Also, hepatitis B reactivation may occur, 
and a few cases of progressive multifocal leukoencephalopa-
thy, a John Cunningham virus (JCV)–induced lethal condi-
tion, have been observed mainly in patients who received 
rituximab as part of chemotherapy, stem cell transplanta-
tion, or combined immunosuppressive protocols.263 It is cur-
rently recommended to consider rituximab for children 
with relapses despite conventional steroid-sparing therapy 
and for patients with calcineurin inhibitor nephrotoxicity.214 
Further study is needed to explore the benefit-risk ratio  
of rituximab relative to other steroid-sparing therapies in 
SSNS.260

Treatment of Steroid-Resistant Nephrotic Syndrome. In 
children who fail to respond to standard oral glucocorti-
coids and intravenous methylprednisolone pulses, calcineu-
rin inhibitors, MMF, and ACE inhibitors, administered 
alone or in combination, are principal therapeutic options. 
Cyclophosphamide is not effective in SRNS and therefore 
should not be used when steroid resistance has been 
diagnosed.213,264-266

Calcineurin Inhibitors. In a case series of 65 children with 
primary nonresponse to steroids published by the French 
Pediatric Nephrology Society in 1994, complete remission 
of proteinuria was achieved by cyclosporin A therapy in 46% 
of children with MCG and 30% with FSGS.267 Subsequent 
RCTs confirmed that cyclosporine was significantly superior 
to placebo, no treatment, or intravenous cyclophosphamide 
in inducing remission.212,265,266,268,269 Most previous studies 
had not taken into account the information that patients 
with SRNS who have a genetic origin to their disease are 
unlikely to respond to any immunosuppressive therapy.270 A 
retrospective analysis of children with nongenetic FSGS 
observed complete remission in 84% of children receiving 
intravenous methylprednisolone, cyclosporine, and oral 
prednisone and in 64% of children treated with cyclospo-
rine and oral prednisone alone.270 In contrast, none of 20 
children with genetic forms of SRNS experienced remission 
by immunosuppressive drug protocols.

Tacrolimus appears to be at least as effective as cyclospo-
rine in inducing remission in SRNS, with 86% complete or 
partial remission rates for tacrolimus versus 80% for cyclo-
sporine reported in a RCT.271 Among patients who experi-
enced relapses while receiving treatment, relapses were 
steroid-sensitive in a significantly higher fraction of the 
tacrolimus-treated patients.

performed in children with decreasing GFR on calcineurin 
inhibitor therapy to rule out nephrotoxicity.214

Cyclosporine is usually started at 4 to 5 mg/kg/day,  
with recommended trough levels of 50 to 100 ng/mL or, 
preferably, C2 levels of 300 to 400 ng/mL.238 Adjusted 
dosing of cyclosporine according to blood levels is  
more effective in maintaining remission than fixed-dose 
administration.239 Tacrolimus is typically administered at 
0.1 to 0.2 mg/kg/day, with trough levels adjusted to 3 to 
8 ng/mL.240

Adverse effects are significant, with 4% to 13% of 
cyclosporine-treated children developing hypertension, 6% 
to 10% experiencing reduced renal function, 28% to 33% 
showing gum hypertrophy, and 35% to 70% developing 
hypertrichosis.214,226,233,236 Since at least the cosmetic side 
effects occur much less frequently with tacrolimus and ther-
apeutic efficacy is at least equivalent,241 this drug is increas-
ingly favored over cyclosporine in the treatment of SDNS 
and FRNS.214

Mycophenolate mofetil (MMF), an inhibitor of the de 
novo purine pathway with inhibitory effects on T and B 
lymphocyte proliferation, is increasingly being used as a 
steroid-sparing agent in children with FRNS or SDNS. Three 
prospective studies involving 76 children treated for 6 to 12 
months reported a reduction in relapse rate by 50% to 75% 
during treatment. Prednisone dosage could be reduced in 
many patients and the drug discontinued in about 50% of 
cases.242-244 Treatment at a dose of of 1200 mg/m2/day for 
at least 12 months is recommended, as most children will 
relapse when MMF is stopped.214 Trough levels of mycophe-
nolic acid below 2.5 µg/mL were associated with a greater 
risk of relapse.244 A recent randomized crossover trial com-
paring 1-year treatment periods with MMF or CsA in 60 
children with frequently relapsing SSNS showed that MMF 
is less effective than cyclosporine in maintaining remis-
sion.245 The study confirmed that relapse risk is inversely 
correlated to mycophenolate blood levels, indicating that 
therapeutic drug monitoring might improve the efficacy of 
MMF therapy in SSNS. Furthermore, the GFR was main-
tained with MMF while it decreased during CNI therapy. 
Another comparative trial showed MMF to be less effica-
cious than cyclosporine in maintaining remission following 
rituximab therapy in children with SDNS.246

The main adverse effects of MMF, gastrointestinal and 
hematologic alterations, have so far not limited its use in 
children with steroid-sensitive NS.

Levamisole is a repurposed anthelmintic agent with mild 
immunosuppressive activity. Administered at 2.5 mg/kg on 
alternate days for at least 12 months, it is an inexpensive, 
steroid-sparing, therapeutic alternative virtually devoid of 
side effects.214 In an early randomized clinical trial, levami-
sole reduced relapse risk by 57%.247 Levamisole and MMF 
were recently compared head to head in children with fre-
quently relapsing or SDNS. While both drugs efficiently 
reduced relapse rates, levamisole was less efficacious than 
MMF, with 16% versus 38% of children in persistent remis-
sion after 12 months of treatment.248

Rituximab, a chimeric anti-CD20 antibody, is highly effec-
tive in inducing and maintaining remission in steroid-
sensitive NS.249-254 The drug causes complete depletion of 
circulating B lymphocytes and may thereby modulate regu-
latory T lymphocyte activity.255 It has been speculated that 
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cacy of plasma exchange or immunoadsorption in the treat-
ment of primary FSGS and SRNS,290 which supports 
its use as maintenance therapy in selected cases of drug-
resistant disease.

NEPHRITIC SYNDROME

Nephritic syndrome is a clinical condition defined by the 
association of hematuria, proteinuria, and often hyperten-
sion and renal failure. There is inflammation on histologic 
examination of biopsy specimens and an active urine sedi-
ment with red cells, often composed of red cell and other 
cellular casts, and a variable degree of proteinuria. Clinical 
presentations in childhood mainly include acute nephritic 
syndrome, sometimes with a rapidly progressive course, 
recurrent macroscopic hematuria, and chronic glomerulo-
nephritis, although there are considerable numbers of  
subclinical cases.291 Clinical presentation, family history, 
presence of extrarenal symptoms, results of immunologic 
tests, and renal histologic analysis usually identify the under-
lying disease. Glomerulonephritis may be isolated to the 
kidney (primary nephritic syndrome) or may be a compo-
nent of a systemic disorder (secondary nephritic syndrome). 
The most common cause of nephritic syndrome in children 
is acute postinfectious glomerulonephritis.

ACUTE POSTINFECTIOUS GLOMERULONEPHRITIS
Glomerulonephritis caused by an immunologic response of 
the kidney that occurs after a nonrenal infection, often with 
group A streptococci and rarely with other strains of strep-
tococci (groups C and G), staphylococci, gram-negative 
bacilli, mycobacteria, parasites, fungi, and viruses,291 led to 
the introduction of the term postinfectious glomerulonephritis. 
This term is generally used interchangeably with poststrepto-
coccal glomerulonephritis. Since acute poststreptococcal glo-
merulonephritis (APSGN), the prototype of postinfectious 
glomerulonephritis, remains the most common cause of 
nephritic syndrome in children in some developing coun-
tries, where it accounts for 50% to 90% of cases, this chapter 
focuses particularly on APSGN.292

Epidemiology

Although the incidence of APSGN has decreased consider-
ably in Europe, America, and Asia, it continues to be the 
most common cause of acute nephritis globally.293,294 The 
estimated worldwide yearly burden of APSGN is 472,000 
cases; approximately 404,000 of those cases occur in chil-
dren. Most of the burden of APSGN is borne by developing 
countries. In children from less developed countries, and in 
minority populations, the median incidence of disease was 
estimated at 24.3 cases/100,000 person-years.295 However, 
the true incidence of APSGN is difficult to determine 
because subclinical disease is thought to be 1.5 to 19 times 
more common than symptomatic disease.291,296 A few studies 
have examined mortality due to poststreptococcal glomeru-
lonephritis, and these reported low mortality rates (mean, 
0.028/100,000 in developing countries).293

In the tropics, APSGN is usually a complication of  
pyoderma, whereas in countries with moderate and cold 
climates, it typically occurs as a complication of tonsillopha-
ryngitis during winter. Over time, the prevalence of 
pyoderma-associated APSGN has decreased markedly.296 

Current guidelines recommend using a calcineurin inhib-
itor (CNI) as first-line therapy for children with SRNS.213 A 
minimum of 6 months of treatment combined with low-dose 
glucocorticoid therapy is suggested to determine efficacy.  
If complete or partial remission is achieved by 6 months, 
continuation of therapy for at least 6 months more is 
recommended.213

Mycophenolate Mofetil. There has been limited treatment 
experience with MMF in children with SRNS. Observa-
tional studies involving a total of 42 children with SRNS 
who were treated for a minimum of 6 months with MMF 
suggested complete remission in 23% to 62%, partial 
remission rate in 25% to 37%, and no remission in 8% 
to 40%.272,273 An RCT in 138 young patients with primary 
SRNS and FSGS found complete or partial remission in 
46% of patients receiving cyclosporine and in 33% of 
patients treated with a combination of high-dose dexa-
methasone and MMF.274 Hence, the role of MMF as a 
monotherapy or add-on therapy in SRNS is currently 
unclear.

Renin Angiotensin Aldosterone System Antagonists. ACE 
inhibitors and angiotensin II receptor blockers attenuate 
protein excretion by about 50% in children with proteinuric 
kidney disorders.275-277 In children with moderate, mainly 
obesity-related proteinuria, Chandar and colleagues have 
demonstrated that long-term treatment with angiotensin II 
receptor blockers efficiently reduces proteinuria, even when 
administered as the sole treatment.278 Angiotensin inhibi-
tion might yield a long-term nephroprotective effect in 
SRNS,279 although evidence for such an effect from con-
trolled trials is lacking. Small pediatric studies have sup-
ported an additional benefit of dual blockage of the RAAS 
in the reduction of proteinuria, with few side effects.278,280,281 
However, larger studies are necessary before dual blockage 
can be recommended for children, particularly in view of 
the negative effect of combination therapy on renal 
outcome, as highlighted in the Renal Outcomes with Telmis-
artan, Ramipril, or Both, in People at High Vascular Risk 
(ONTARGET) study in adults.282

Rituximab. There are limited data with mixed results 
regarding the efficacy of rituximab therapy in children with 
difficult to treat SRNS.251 A recent RCT evaluating the effi-
cacy and safety of add-on rituximab in 31 children with 
steroid- and CNI-resistant NS did not show a clear benefit.283 
On the contrary, the four largest case series evaluating the 
efficacy of rituximab, including a total of 87 patients  
with steroid- and CNI-resistant NS, revealed an overall 
remission rate of 46%, confirming previous reports of  
rituximab efficacy, at least in a fraction of patients with 
multidrug-resistant disease who are at high risk of rapid 
progression to ESKD.263,284 Remission usually occurred 
within 4 to 6 weeks from completion of therapy and was 
sustained for 6 to 24 months. In the patients who achieved 
remission, immunosuppressive treatment could be tapered 
or discontinued.250,253,285,286

Plasma exchange is an effective and established therapy 
for most cases of posttransplantation disease recurrence.287-289 
Given its obvious efficacy in treating posttransplantation 
proteinuria recurrence,289 it is remarkable that plasma 
exchange is rarely tried in patients with multidrug-resistant 
FSGS who are progressing toward ESKD. The few case 
reports and small series available to date suggest some effi-
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hematuria is present in about 30% to 50% of cases. Hyper-
tension is present in 50% to 90% and is primarily caused by 
fluid retention.306,307

APSGN is associated with a variable decline in GFR detected 
by a rise in the serum creatinine concentration. The severity 
of renal insufficiency is proportional to the degree of prolif-
eration and crescent formation.308,309 Although uncommon, 
rapid progression to oligoanuric acute renal failure may 
occur and requires prompt management.

Diagnosis

APSGN is usually diagnosed based on clinical findings of 
acute nephritis and demonstration of a recent group A 
streptococcal infection. Documentation of a recent strepto-
coccal infection includes a positive finding on culture of 
throat or skin specimens (seen only in 25% of patients) or 
positive results on serologic tests (e.g., antistreptolysin A 
titer or the streptozyme test, which measures five different 
streptococcal antibodies). Positive streptococcal serologic 
test results are more sensitive (94.6%) than a history of 
recent infection (75.7%) or positive culture results (24.3%) 
in supporting the diagnosis.305

The combination of a low C3 level and normal or only 
slightly decreased C4 level is found in 90% of patients and 
indicates activation of the alternative complement pathway. 
In contrast, lupus nephritis is associated with activation of 
the classical pathway, with reductions in levels of C3 and  
C4. C3 levels return to normal within 4 to 8 weeks after 
presentation.307

Pathology. Renal biopsy is not routinely performed to 
confirm the diagnosis of APSGN since the clinical history is 
usually highly suggestive and resolution typically begins 
within 1 week of presentation. Indications for biopsy are 
hypocomplementemia persisting beyond 6 weeks, recurrent 
episodes of hematuria, and a progressive increase in the 
serum creatinine concentration.

Light microscopic examination of biopsy specimens 
shows diffuse proliferative glomerulonephritis, with promi-
nent endocapillary proliferation and numerous neutro-
phils. Trichrome stain may show small subepithelial 
hump-shaped deposits. Crescent formation is uncommon 
and is associated with a poor prognosis.308,309

Immunofluorescence analysis commonly reveals granular 
deposition of complement C3, often with IgG and occasion-
ally with IgM; IgA deposition is rare. So-called full house 
immunostaining (positive staining for IgG, IgA, IgM, C3, 
C4, and C1q) resembling the picture of lupus nephritis is 
frequently reported. Several histologic patterns of immuno-
fluorescence, including mesangial, capillary wall (garland), 
and diffuse (starry sky) patterns, have been described. The 
garland pattern is more commonly associated with protein-
uria and a poor prognosis.310 The starry sky pattern is seen 
in crescentic forms.311,312

The dome-shaped, subepithelial, electron-dense deposits 
or humps are characteristic electron microscopic lesions. 
They correspond to the deposits of IgG and C3 found on 
immunofluorescence studies.313,314

Differential Diagnosis

In general, although the diagnosis of acute glomerulone-
phritis is straightforward, identification of the cause often 

Certain serotypes are associated with postinfectious glomer-
ulonephritis following pyoderma, whereas others are associ-
ated with postinfectious glomerulonephritis following 
pharyngitis. The male/female ratio is up to 2 : 1.291,297 The 
disease is most common in children aged 3 to 12 years, 
although it has been reported in infants as well.298

Pathogenesis

Several mechanisms have been proposed for the immuno-
logic glomerular injury induced by group A streptococcal 
infection,299 such as the following: deposition of circulating 
immune complexes with streptococcal antigenic compo-
nents; in situ immune complex formation within the  
GBM; in situ formation of glomerular immune complexes 
that cross-react with glomerular components (molecular 
mimicry); and alteration of a normal renal antigen that 
elicits autoimmune reactivity. The available evidence sug-
gests that the major pathogenetic mechanism is in situ 
immune complex formation due to deposition of strepto-
coccal nephritogenic antigens within the glomerulus.299

Streptococcal glyceraldehyde phosphate dehydrogenase 
(nephritis-associated plasmin receptor)298,300 and streptococ-
cal cationic proteinase exotoxin B (nephritis strain–associated 
protein) have been proposed as putative antigens.298-300 Anti-
bodies to streptococcal glyceraldehyde phosphate dehydro-
genase and streptococcal proteinase exotoxin B are found 
specifically in patients with APSGN and persist for at least 10 
years and 1 year, respectively, after the acute attack, which 
indicates long-lasting immunity.301 Streptococcal proteinase 
exotoxin B has also been found in the glomeruli of these 
patients, co-localized with complement deposition and within 
the subepithelial electron-dense deposits.302,303

Both antigens activate the alternative complement 
pathway, leading to low plasma C3 levels.298,300 When 
deposited in glomeruli, they can interact with plasmin  
or plasminogen, which leads to activation of latent metal-
loproteinases or collagenases, with subsequent enzymatic 
degradation of the GBM and loss of its negative charge.298 
Immune complexes can then pass through the damaged 
GBM and accumulate as humps in the subepithelial 
space.298,300 Damage to the GBM also causes podocyte foot 
process effacement and proteinuria.

Although local plasmin and complement activation by 
these nephritogenic antigens has been demonstrated, 
doubts about their pathogenic role persist. Both antigens 
can also be found in strains of group A streptococci that 
rarely cause glomerulonephritis.304 Therefore, individual 
susceptibility, possibly determined by the genetic disposition 
of the host, might exert a major influence on the pathoge-
nicity of the precipitating organism.303

Clinical Features

The clinical presentation varies from asymptomatic micro-
scopic hematuria to full-blown acute nephritic syn-
drome.291,297 There is usually a history of a group A 
streptococcal skin or throat infection297,305 and edema after 
a latent period of a group A streptococcal infection, fol-
lowed by smoky and scant urine and increasing blood  
pressure. Anuria and nephrotic-range proteinuria are some-
times observed. Generalized edema, caused by sodium and 
water retention, is present in about two thirds of patients. 
Severe fluid overload may lead to pulmonary edema. Gross 
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20% had abnormal urinalysis results (proteinuria and/or 
hematuria), but almost all (92% to 99%) had normal or 
only modestly reduced renal function 5 to 18 years after 
presentation.294 NS or an elevated creatinine concentration 
at presentation, crescentic glomerulonephritis, glomerulo-
sclerosis, and a garland immunofluorescence pattern are 
associated with a less favorable prognosis.308,309,319

A recent study in Aboriginal Australians has shown that 
poststreptococcal glomerulonephritis due to streptococcal 
A skin infections (often related to scabies) during child-
hood is a risk factor for albuminuria and CKD in later life 
in this population, which is at high general risk for CKD.320

TUBULAR DISORDERS

See also Chapter 45.

BARTTER-LIKE SYNDROMES

For many years, the term Bartter’s syndrome was applied 
inconsistently for various salt-losing tubulopathies. More 
recently, the elucidation of the molecular causes and mech-
anisms of individual tubulopathies has allowed unambigu-
ous classification of Bartter-like syndromes according to the 
underlying genetic defect and replacement of the historical 
typology by a pharmacologic classification consisting of 
three major subgroups of inherited salt-losing tubulopathies 
(Table 74.3)321:

1. Thiazide-like distal convoluted tubule (DCT) disorders, 
DC1, DC2, and DC3 (traditionally referred to as Gitel-
man’s syndrome [GS]) and classical (or type III) Bartter’s 
syndrome caused by mutations in the sodium chloride 
cotransporter (NCCT), basolateral chloride channel 
(ClC-Kb, encoded by the CLCNKB gene), or Kir 4.1

2. More severe polyuric and furosemide-like loop disorders, 
types L1 and L2 (traditionally referred to as antenatal 
Bartter’s syndrome/HPS [hyperprostaglandin E syn-
drome] or Bartter’s syndrome types I and II) caused  
by mutations in the type 2 sodium-potassium chloride 
cotransporter (NKCC2, encoded by the SLC12A1 gene), 
or the renal outer medullary potassium channel (ROMK, 
encoded by the KCNJ1 gene)

3. Combination of both tubular disorders, types L-DC1 and 
L-DC2 (traditionally referred to as antenatal Bartter’s 
syndrome/HPS with sensorineural deafness [BSND], or 
Bartter’s syndrome type IV), the most severe conditions, 
caused by mutations in the ClC-Ka and ClC-Kb chloride 
channels or their β-subunit barttin (encoded by the 
BSND gene)321

Bartter’s and Gitelman’s syndromes are autosomal reces-
sive disorders characterized by hypokalemia, hypochloremic 
metabolic alkalosis, hyperreninemia, hyperplasia of the jux-
taglomerular apparatus, hyperaldosteronism and, in some 
patients, hypomagnesemia.322,323 The estimated prevalence 
is approximately 1 in 40,000 for Gitelman’s syndrome and 
1 pmp for Bartter’s syndrome.324

Bartter’s syndrome generally presents early in life and  
is often but not always associated with growth and mild 
mental retardation. Polyuria, polydipsia, and decreased 

is a challenge. If there is progressive disease beyond 2 weeks, 
hematuria or hypertension that persists beyond 4 or 6 weeks, 
and absence of a documented preceding group A strepto-
coccal infection, MPGN, IgA nephropathy, glomerulone-
phritides, and secondary vasculitic disorders such as systemic 
lupus erythematosus and Henoch-Schönlein purpura need 
to be considered. Increased serum antistreptolysin A titers 
may result from previous infections unrelated to the current 
disorder. The differential diagnosis of a low serum C3 level 
includes systemic lupus erythematosus and MPGN.

Treatment

There is no specific therapy for APSGN. Management is sup-
portive and focuses on treating the clinical manifestations of 
the disease, particularly complications due to volume over-
load. These include hypertension and, less commonly, pul-
monary edema. General measures include sodium and 
water restriction and administration of loop diuretics. Intra-
venous furosemide is given at an initial dosage of 1 to 4 mg/
kg/day. Control of hypertension is essential to reduce mor-
bidity and may require the use of calcium channel blockers 
in addition to loop diuretics.307,313 Although a recent system-
atic review has shown that better control of blood pressure 
is achieved with ACE inhibitors than with other antihyper-
tensive drugs or diuretics, RAAS antagonists should be used 
with caution in APSGN due to the risks of acute kidney 
injury (AKI) and hyperkalemia.315 Potassium exchange resin 
and sodium polystyrene sulfonate can be used to treat 
hyperkalemia. Spontaneous diuresis typically begins within 
1 week, and the serum creatinine level normalizes within 3 
to 4 weeks. Occasionally, acute renal failure, severe fluid 
retention unresponsive to diuretics, and intractable hyper-
kalemia necessitate hemodialysis or continuous venovenous 
hemofiltration. Infrequently, at presentation, patients have 
hypertensive encephalopathy due to severe hypertension, 
which requires emergency treatment.307,313 Reversible poste-
rior leukoencephalopathy syndrome, characterized by 
hyperintense signals in the parietooccipital regions on 
T2-weighted MRI scans, has also been observed in patients 
with APSGN; these patients may have decreased visual acuity, 
focal neurologic signs, and confusion.316

The urinary abnormalities disappear at differing rates. 
Hematuria usually resolves within 3 to 6 months. Protein-
uria also falls during recovery, but at a much slower rate. A 
mild increase in protein excretion is still present in 15% of 
patients at 3 years and in 2% at 7 to 10 years.317

Patients with evidence of persistent group A streptococcal 
infection should receive a course of antibiotic therapy. 
Although there is no evidence from randomized studies that 
aggressive immunosuppressive therapy has any beneficial 
short- or long-term effect in patients with rapidly progressive 
crescentic disease,315,318 patients with more than 30% cres-
cents on renal biopsy specimens are commonly treated with 
methylprednisolone pulses and/or plasmapheresis.309,310

Prognosis

APSGN usually has a benign clinical course, with full  
recovery of renal function and a good long-term progno-
sis,301,312,313,317 even in patients who have acute renal failure 
at presentation and crescentic glomerulonephritis on the 
initial renal biopsy specimen.296,318 A review of three case 
series of 229 children with APSGN found that approximately 

http://www.myuptodate.com


2334 SECTIoN XII — PEDIATRIC NEPHRoLoGy

Gitelman phenotype. Clinical and biochemical criteria  
will guide genetic diagnostics—deafness indicates BSND, a 
neonatal history of hyperkalemia indicates KCNJ1, and 
severe hypokalemic alkalosis indicates CLCNKB. In ambigu-
ous cases, genetic workup will follow the mutation fre-
quency: KCNJ1 > SLC12A1 > CLCNKB > BSND.328

Antenatal Neonatal Bartter’s and 
Hyperprostaglandin E Syndromes (Types I and II)

These are the most severe forms of Bartter’s syndrome and 
are associated with maternal polyhydramnios, premature 
birth, intrauterine and postnatal polyuria complicated by 
severe dehydration episodes, recurrent vomiting, failure to 
thrive, and growth retardation. Hypercalciuria and nephro-
calcinosis are frequent, and renal function is usually normal, 
although ESKD may occur. This phenotype is caused by 
defects in the Na-K-2Cl cotransporter or the luminal potas-
sium channel. Familial hypomagnesemia with nephrocalci-
nosis can be confused with this form of antenatal BS.327,329

Classical Bartter’s Syndrome (Type III)

The classical Bartter’s syndrome phenotype first manifests 
in infancy or early childhood, with a variety of clinical fea-
tures. These range from mild muscle weakness and cramps, 
chronic fatigue, constipation, and recurrent vomiting to 
severe polyuria and volume depletion. Nephrocalcinosis is 
not a constant feature. This form is caused by mutations in 
the basolateral chloride channel.327,329 In the Internet-based 
tubulopathy registry (www.renaltube.com), classical Bart-
ter’s syndrome (19%) is the second most common tubu-
lopathy after renal tubular acidosis (23%).330

concentrating ability are also common.323,325 Blood pressure 
is lower than that in the general population due to salt 
wasting and increased renal release of prostaglandin E2 
and prostacyclin.326 Urinary calcium excretion is usually 
increased, and the plasma magnesium level is normal or 
mildly reduced.325

The genetic defects underlying the Bartter’s syndrome 
phenotype involve several ion transport channels in the 
thick ascending limb of the loop of Henle and distal convo-
luted tubule. The process of active sodium chloride trans-
port is mediated by the loop diuretic–sensitive NKCC 
cotransporter that results in sodium chloride entry into the 
tubular cells and by potassium channels (ROMK) that 
permit reabsorbed potassium to leak back into the lumen 
for continued sodium-potassium chloride cotransport. The 
chloride channels permit the chloride that has entered the 
cell to exit and be returned to the systemic circulation.327

SUBTYPES OF BARTTER’S SYNDROME
The application of genetic testing combined with clinical 
phenotyping currently allows us to characterize six subtypes 
of Bartter’s syndrome. The presence of early transitory 
hyperkalemia suggests mutations in KCNJ1, whereas the 
presence of deafness is in most cases associated with BSND 
mutations. However, these signs might be absent at diagno-
sis, and the genetic classification does not perfectly match 
the clinical classification. Patients with mutations in the 
SLC12A1 gene may become manifest beyond the neonatal 
period. Most mutations in the CLCNKB gene (type III) are 
responsible for classical Bartter’s syndrome but can also  
lead to a neonatal or antenatal phenotype, as well as to a 

Table 74.3 New Terminology and Pharmacologic Classification of Salt-Losing Tubulopathies 
(Bartter-Like Syndromes)

Type of Disorder
(Gene Product Affected)

Affected Tubular 
Segment Pharmacotype Polyhydramnios

Key Features of Clinical 
Presentation

Loop Disorders

L1 type (NKCC2) TAL Furosemide type +++ Polyuria, hypercalciuria, NC
L2 type (ROMK) TAL/CCDb Furosemide-

amiloride type
+++ Polyuria, hypercalciuria, NC, 

transient hyperkalemia

DCT Disorders

DC1 type (NCCT) DCT Thiazide type − Hypomagnesemia, hypocalciuria, 
growth retardation

DC2 type (ClC-Kb) DCT/TALb Thiazide-furosemide 
type

+ Hypochloremia, mild 
hypomagnesemia, FTT in infancy

DC3 type (Kir 4.1) DCT Thiazide type − Hypomagnesemia, hypocalciuria, 
EAST sydrome

Combined Disorders

L-DC1 type (ClC-Ka + b) TAL + DCT Furosemide-
thiazide type

+++ Polyuria, hypochloremia, mild 
hypomagnesemia, SND, CRF

L-DC2 type (barttin) TAL + DCT Furosemide-
thiazide type

+++ Polyuria, hypochloremia, mild 
hypomagnesemia, SND, CRF

CRF, Chronic renal failure; DCT, distal convoluted tubule; NC, nephrocalcinosis; SND, sensorineural deafness; TAL, thick ascending limb of 
the loop of Henle.

From Seyberth HW, Schlingmann KP: Bartter- and Gitelman-like syndromes: salt-losing tubulopathies with loop or DCT defects. Pediatr 
Nephrol 26:1789-1802, 2011.

http://www.renaltube.com
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diuretic (e.g., spironolactone or amiloride, often required 
in higher than usual daily doses of 10 to 15 mg/kg and 0.1 
to 0.3 mg/kg, respectively, to maximize blockade of distal 
potassium secretion) can raise the plasma potassium con-
centration toward normal, largely reverse metabolic alkalo-
sis, and partially correct hypomagnesemia. ACE inhibitors 
may also be used to block the secondary activation of  
the RAAS.329 Rehydration and/or indomethacin lead to 
improved statural growth (Figure 74.9).328 Long-term studies 
in children treated with indomethacin and potassium sup-
plementation have demonstrated an adequate metabolic 
and electrolyte balance and recovered growth velocity. In 
the long term, mild impairment of kidney function develops 
in approximately 25% of patients. Finally, a large subset of 
patients develops gallbladder stones.336

In general, the long-term prognosis of Gitelman’s syn-
drome is excellent. Most asymptomatic patients with Gitel-
man’s syndrome remain untreated. Lifelong supplementation 
of magnesium (magnesium oxide and magnesium sulfate) 
and a high-sodium and high-potassium diet are recom-
mended. Since prostaglandin excretion is normal,337 prosta-
glandin synthesis inhibitors are of little benefit in Gitelman’s 
syndrome.325

RENAL TUBULAR ACIDOSIS

Renal tubular acidosis (RTA) is a disease state characterized 
by metabolic acidosis with a normal anion gap. There are 
inherited and acquired forms (Table 74.4). The three main 
forms of RTA are proximal (type 2) RTA, distal (type 1) 
RTA, and hyperkalemic (type 4) RTA. Mixed lesions (those 
with elements of types 1 and 2 RTA) are designated as type 
3 RTA by some authors.338

Distal RTA is due to impaired distal acid secretion by 
α-intercalated cells that results in an inability to excrete the 
daily acid load. Patients with distal RTA cannot acidify their 
urine and thus have a urine pH of more than 5.5, despite 
metabolic acidosis. Acidosis can be provoked by giving oral 
ammonium chloride (100 mg/kg) or furosemide (40 mg) 
plus fludrocortisone (1 mg) and monitoring the urine pH 
over 8 hours or 4 hours, respectively. In distal RTA, the urine 
pH should not fall to less than 5.3.339

Patients with distal RTA may develop hypokalemia, hyper-
calciuria, hypocitraturia, nephrolithiasis, and nephrocalci-
nosis. Failure to thrive caused by chronic metabolic acidosis 
is the most common presenting complaint. Bone deminer-
alization and rickets are also common. Mutations in genes 
that encode the chloride-bicarbonate exchanger AE1 
(SLC4A1 gene) or subunits of the H+–adenosine triphospha-
tase pump (ATP6V1B1 and ATP6V0A4 genes) cause domi-
nant and recessive forms of distal RTA.340 The clinical 
manifestations vary depending on the underlying cause. 
The autosomal dominant form is relatively mild, and many 
patients do not show manifestations of the disease until 
adulthood. Patients typically have mild or no acidosis, mild 
to moderate hypokalemia, and, rarely, bone disease or poor 
growth.341 Autosomal recessive distal RTA is more severe, 
presents in infancy, and is often associated with deafness.342 
Acquired distal RTA may occur at any age due to renal 
tubular injury (see Table 74.4).

Proximal RTA is caused by a reduction in proximal 
bicarbonate reabsorptive capacity, which results in a fall in 

Antenatal Bartter’s Syndrome with Deafness 
(Types IV and VI)

This form is rare and disabling. The product of the affected 
gene, barttin, regulates the chloride channels ClC-Ka and 
ClC-Kb; both are also present in the inner ear, explaining 
the association with deafness.331 Bartter’s syndrome type VI 
is clinically similar to type IV but is caused by a digenic 
mutation affecting the genes for ClC-Ka and ClC-Kb.329

Hypocalcemia with Bartter’s Syndrome (Type V)

This is a very rare form specifically associated with hypopara-
thyroidism. It is due to gain-of-function mutations in the 
calcium-sensing receptor (CaSR) located at the parathyroid 
gland and at the renal tubular basolateral membrane.332 
Clinical features include hypocalcemia, hypercalciuria, 
hypokalemic metabolic alkalosis, and hypomagnesemia.333

GITELMAN’S SYNDROME
Gitelman’s syndrome (familial hypokalemia-hypomagnese-
mia)334 is a more benign condition than Bartter’s syndrome 
that is often not diagnosed until late childhood or even 
adulthood.325 Mutations in the solute carrier family 12, 
member 3 gene (SLC12A3), which encodes the thiazide-
sensitive NaCl cotransporter (NCC), are found in most GS 
patients. A defect in this transporter can account for the 
magnesium wasting and often marked decrease in calcium 
excretion, which is the opposite of the hypercalciuria seen 
in classical Bartter’s syndrome.325

Transient periods of muscle weakness and tetany, fatigue 
of variable degree, and occasional abdominal pain, vomit-
ing, and fever are typical symptoms of Gitelman’s syndrome. 
Paresthesias, especially in the face, also occur frequently. 
Remarkably, some patients are completely asymptomatic 
except for the appearance of chondrocalcinosis at adult age 
that causes swelling, local heat, and tenderness of the 
affected joints. Polyuria is usually mild or absent. Blood 
pressure is significantly lower than in the general popula-
tion. Statural growth is generally normal but can be delayed 
in Gitelman’s syndrome patients with severe hypokalemia 
and hypomagnesemia.335 Sudden cardiac arrest has been 
reported occasionally due to potassium and magnesium 
depletion leading to ventricular arrhythmias.

The diagnosis is based on clinical symptoms and bio-
chemical abnormalities (hypokalemia, metabolic alkalosis, 
hypomagnesemia, hypocalciuria) but can be confirmed by 
genetic testing.

TREATMENT OF BARTTER-LIKE SYNDROMES
The tubular defects in Bartter’s or Gitelman’s syndrome 
cannot be corrected. Treatment, which must be lifelong,  
is limited to substituting electrolytes and minimizing  
the effects of the secondary increases in prostaglandin and 
aldosterone production.

Most patients require oral potassium (1 to 3 mmol/kg/
day) and magnesium supplementation. However, the resto-
ration of normal magnesium and potassium balance is often 
difficult to achieve due to gastrointestinal side effects of  
oral electrolyte supplements (nausea, vomiting, diarrhea, 
constipation).

The combination of a nonsteroidal antiinflammatory 
drug (NSAID; indomethacin, 2 to 4 mg/kg/day) in case of 
elevated prostaglandin excretion with a potassium-sparing 
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urinary citrate excretion, except in proximal RTA due to 
Fanconi’s syndrome, in which rickets and osteomalacia 
occur because of phosphaturia and vitamin D deficiency.343 
The ability to acidify the urine is intact; therefore, untreated 
patients have a urine pH of less than 5.5. However,  
bicarbonate therapy increases bicarbonate losses in the 
urine and the urine pH increases. In patients with proxi-
mal RTA, bicarbonate loading to normalize serum bicar-
bonate concentration results in renal bicarbonate leak 
measured by fractional bicarbonate excretion, which will 
be higher than 15%.344

the plasma bicarbonate level. It is rarely present in isola-
tion. In most patients, proximal RTA is part of Fanconi’s 
syndrome, a generalized dysfunction of the proximal 
tubule. This leads to glycosuria, aminoaciduria, and exces-
sive urinary losses of phosphate and uric acid. Low serum 
uric acid levels, glycosuria, and aminoaciduria are helpful 
diagnostic hints. Clinical findings include growth failure, 
hypovolemia, osseous abnormalities, and constipation and 
muscle weakness due to hypokalemia. Systemic acidosis is 
less severe than in distal RTA. Renal stones and nephro-
calcinosis are less common, in part because of increased 

Figure 74.9  Length and weight gain during  treatment  (water and electrolyte substitution,  indomethacin) according  to  the gene  involved  in 
antenatal-neonatal Bartter’s syndrome. The x-axis represents observation time in months under indomethacin treatment; the y-axis represents 
weight or height expressed as a z score normalized to age (normal range, −2 to 2). (From Brochard K, Boyer O, Blanchard A, et al: Phenotype-
genotype correlation in antenatal and neonatal variants of Bartter syndrome. Nephrol Dial Transplant 24:1455-1464, 2009.)
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Mixed RTA (type 3) is a rare autosomal recessive disorder 
that has features of types 1 and 2 RTA. It is due to an inher-
ited carbonic anhydrase II deficiency resulting in a syn-
drome with multiple clinical findings, including mixed  
RTA, osteopetrosis, cerebral calcification, and mental retar-
dation. Other clinical features include bone fractures  
(due to increased bone fragility) and growth failure. Exces-
sive facial bone growth leads to facial dysmorphism as well 
as conductive hearing loss and blindness due to nerve 
compression.340,345,346

In type 4 (hyperkalemic) RTA, the renal excretion of acid 
and potassium is impaired. This form is due to aldosterone 
deficiency or an inability of the kidney to respond to aldo-
sterone. It is generally characterized by hyperkalemia and 
mild acidosis (serum bicarbonate level >17 mEq/L). The 
manifestations depend on the severity of aldosterone defi-
ciency or insensitivity. In addition to inherited defects (e.g., 
type 1 pseudohypoaldosteronism), the most common cause 
of type 4 RTA is the administration of drugs that impair 
aldosterone release or function (e.g., heparin, NSAIDs, ACE 
inhibitors or angiotensin II receptor blockers, CNIs, and 
potassium-sparing diuretics).344

The treatment of RTA is empirical and mainly involves 
oral alkali supplementation, which is best given as potassium 
citrate or bicarbonate, especially when hypokalemia is 
present. In distal RTA, 1 to 2 mmol/kg/day of oral alkali is 
usually sufficient to maintain the plasma bicarbonate con-
centration above 20 mmol/L. Much larger amounts of oral 
bicarbonate (up to 10 mmol/kg/day) are necessary in prox-
imal RTA. Correction of hypokalemia is important to prevent 
muscle weakness. High fluid intake is necessary for patients 
with distal RTA prone to stone formation. Thiazide diuretics 
can be used in proximal RTA to increase paracellular bicar-
bonate reabsorption indirectly.344 Treatment of type 4 RTA 
depends on the underlying cause. Drug-induced acidosis is 
usually readily reversible on discontinuation of the causative 
agent. If withdrawal is not an option, oral mineralocorticoid 
administration can be useful.344

NEPHROGENIC DIABETES INSIPIDUS

Nephrogenic diabetes insipidus (NDI) refers to a decrease 
in urinary concentrating ability that results from resistance 
to the action of antidiuretic hormone (arginine vasopressin 
[AVP]). In the collecting ducts, AVP binds to its receptor 
V2, which leads to the insertion of water channels 
(aquaporin-2 [AQP2]) in the apical membrane of the prin-
cipal cells of the collecting tubule, which makes them water-
permeable.347 AQP2 channels are stored in the cytosol. 
Under the influence of antidiuretic hormone, they are 
phosphorylated and redistributed to the apical (luminal) 
membrane; this allows water to be reabsorbed along the 
tonicity gradient between the tubular fluid and hypertonic 
medullary interstitium, which results in urine concentra-
tion.348,349 In NDI, mutations in AQP2 and its receptor result 
in an impaired response to AVP.

NDI can occur in congenital and acquired forms. Con-
genital forms present in the first weeks to months of life. 
They can be X-linked recessive due to mutations in V2 (90%) 
or autosomal recessive due to mutations in AQP2 (10%).350 
In one kindred, the autosomal dominant form of NDI was 
mediated by deficient phosphorylation of the AQP2 water 

channel.351 Acquired forms mainly result from renal causes 
(e.g., obstructive uropathy, acute kidney injury, tubulointer-
stitial nephritis, renal dysplasia, nephronophthisis, cystic 
kidney disease), use of certain drugs (e.g., lithium, cidofovir, 
foscarnet, amphotericin B, ifosfamide), and electrolyte dis-
turbances (e.g., hypokalemia, hypercalcemia). Symptoms 
present much later in this form and are characterized by 
polyuria and frequency.352,353

Congenital NDI typically presents with polyuria, hyperna-
tremic dehydration, fever, irritability, constipation, and 
failure to thrive. Polyhydramnios is not seen due to solute 
clearance via the placenta. Breast-fed infants do better than 
formula-fed ones, possibly because of the osmolar load of 
breast milk. Symptoms typically improve with increasing 
age. Free access to water helps self-regulation of plasma 
osmolality. Polyuria, bed wetting, and mental retardation 
can be seen in untreated patients.347,352,353 At 5 years, 20% to 
30% of children with X-linked NDI show severe growth 
retardation.354

DIAGNOSIS
A desmopressin (DDAVP) test can be used to discriminate 
central from nephrogenic diabetes insipidus. DDAVP can 
be administered via the intranasal (10-20 µg), oral (200 µg/
kg), intramuscular (0.4 µg if <10 kg; 2 µg if >10 kg), or 
intravenous route (0.3 µg/kg). Oral or intravenous admin-
istration of DDAVP requires 2 to 4 hours of observation; 
administration by other routes requires 4 to 6 hours. Urine 
osmolality should increase to more than 800 mOsm/kg 
(>500 mOsm/kg in young infants). Persistently low osmolal-
ity of less than 200 mOsm/kg is diagnostic of NDI, whereas 
intermediate values may indicate acquired partial NDI. If 
intravenous DDAVP is used, systemic vasodilation causing 
mild hypotension and tachycardia may occur. This response 
is helpful in discriminating X-linked V2 receptor defects 
from autosomal recessive aquaporin defects353 because V2 
receptors mediate the antidiuretic response as well as 
peripheral vasodilation.355 Molecular genetic testing is also 
available.350

TREATMENT
There is no specific therapy for NDI. Early and proper 
symptomatic treatment is important to prevent hyperna-
tremic complications. High fluid intake (150 mL/kg/day) 
is necessary for excretion of solute load. Thiazide diuretics 
(hydrochlorothiazide, 2 mg/kg/day, or bendroflumethia-
zide 50 to 100 µg/kg/day) inhibit reabsorption of sodium 
and chloride in the distal convoluted tubule and increase 
proximal tubular reabsorption of sodium. As a result, less 
fluid is delivered to the collecting duct and the urine volume 
decreases. Amiloride (0.1 to 0.3 mg/kg/day) can also be 
used. Prostaglandin synthesis inhibitors (indomethacin 1 to 
3 mg/kg/day) can help decrease urine output. A combina-
tion of thiazide and indomethacin, with or without amiloride, 
is useful during the first years of life.353

Several molecular therapies for NDI may become avail-
able in the foreseeable future. Mutant V2 receptor proteins 
are frequently misfolded, which leads to their trapping in 
the endoplasmic reticulum and nability to reach the plasma 
membrane. Vasopressin receptor antagonists (vaptans; e.g., 
tolvaptan) can act as chaperones, inducing correct folding 
and transport of the protein to the plasma membrane. Pilot 
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related to bone marrow fibrosis, and vascular calcifica-
tions.362,363 The severe growth failure peculiar to infantile 
cystinosis is multifactorial in origin. It is not only caused by 
decreased renal function but probably also by direct deposi-
tion of cystine crystals in the growth plates. It is further 
aggravated by malnutrition and electrolyte imbalances that 
lead to rickets and metabolic acidosis, hypothyroidism, and 
steroid treatment after transplantation.363,364

The intermediate form of cystinosis generally presents 
around 8 years of age, with manifestations due to renal 
tubular dysfunction. These patients also have a progressive 
decline in GFR, resulting in ESKD by 15 years of age. Adult 
cystinosis is the most benign form. Patients are generally 
asymptomatic except for photophobia or ocular discomfort 
due to crystal deposition in the cornea.359,360

Diagnostic confirmation is achieved by measuring the 
cystine concentration in leukocytes, which is more than 
2 nmol of cystine/mg of protein in untreated cystinosis 
(normal level < 0.2 nmol). The presence of corneal crystals 
is also pathognomonic for cystinosis. Molecular genetic 
testing is also available.365

TREATMENT
Treatment consists of general measures and specific cystine-
depleting therapy with cysteamine. High fluid intake, potas-
sium and phosphate supplementation, correction of acidosis 
by sodium bicarbonate or sodium-potassium citrate solu-
tions, vitamin D therapy, and growth hormone (GH) therapy 
are recommended.365,366 When gross polyuria is present, a 
trial of indomethacin may be undertaken at a dosage of 1 
to 2 mg/kg/day. It may be sufficient to provide indometha-
cin as a single evening dose of 1 to 2 mg/kg/day to reduce 
polyuria and excessive drinking.

The introduction of oral cysteamine therapy marked the 
advent of specific pharmacologic therapy for cystinosis. Cys-
teamine reacts with intralysosomal cystine to form cysteine 
and mixed disulfide cysteamine-cystine, both of which freely 
leave the cystinotic lysosome. Oral cysteamine therapy can 
lower intracellular cystine content by 95%. For children 
younger than 12 years or weighing less than 50 kg, the rec-
ommended maintenance dosage is 1.3 g/m2/day adminis-
tered in four equal divided doses. For older patients, the 
maximal recommended dosage is 2 g/day.365 Cysteamine 
therapy should be started as early as possible after diagnosis 
of the disease. In infants, it is usually administered via naso-
gastric tube. The leukocyte cystine level should be measured 
regularly to monitor treatment efficacy, with a goal of less 
than 1 nmol of cystine/mg of protein.365

Recently, an enteric-coated, delayed-release cysteamine 
formulation for twice-daily administration (cysteamine 
bitartrate) has become available (Procysbi). It is as effective 
in lowering the leukocyte cystine level as immediate-release 
cysteamine.367,368

Kidney transplantation successfully restores kidney func-
tion. Although the disorder does not affect the kidney 
allograft, apart from occasional interstitial cystine crystal 
deposition, the complications of the metabolic defect prog-
ress in all other affected tissues.360

PROGNOSIS
Untreated children are at risk of life-threatening dehydra-
tion and electrolyte imbalance. They progress to ESKD 

studies have shown a significant decrease in urine output 
with the use of these antagonists.356 Other nonpeptide 
agonists have been identified that can activate mutant V2 
receptors at their intracellular sites.357 Another experimen-
tal concept is to bypass defective vasopressin receptor  
signaling and promote AQP2 trafficking to the membrane 
via other intracellular pathways, such as activation of the 
cyclic adenosine monophosphate (cAMP) or cyclic guano-
sine monophosphate (cGMP) pathways by phosphodiester-
ase inhibitors (e.g., sildenafil, rolipram), prostanoid 
receptor agonists (e.g., butaprost) or calcitonin. Another 
therapeutic approach under consideration involves the use 
of statins, which increase expression of AQP2 at the apical 
membrane.358

CYSTINOSIS

Cystinosis is a metabolic disease characterized by an accu-
mulation of cystine in different organs and tissues, leading 
to potentially severe organ dysfunction. In the kidney, the 
disease causes a profound global tubulopathy (Fanconi’s 
syndrome), which progresses to a fibrosing tubulointerstitial 
nephropathy and eventually ESKD. Cystinosis is classified 
into three forms based on age at presentation and severity 
of symptoms—infantile (nephropathic), intermediate (juve-
nile, late onset), and adult (benign, ocular).359,360

CAUSE
Nephropathic cystinosis is an autosomal recessive disorder 
caused by mutations in the CTNS gene (17p13.3), which 
encodes for cystinosin, a lysosomal cystine carrier. The 
disease is characterized by elevated levels of intracellular 
cystine. The estimated incidence of the disease is 1 in 
100,000 to 200,000 live births.359 Although cystine accumula-
tion due to altered transmembrane cystine transport is the 
primary pathogenetic lesion, numerous additional lyso-
somal functions appear to be impaired in cystinosis. Find-
ings include accumulation of autophagosomes in cystinotic 
cells and increased plasma chitotriosidase activity, indicating 
lysosome stress in cystinotic children. The exploration of 
cellular pathways beyond cystine accumulation is a major 
challenge for cystinosis research.361

CLINICAL FEATURES
Infantile cystinosis is the most common and severe pheno-
type. Patients are usually asymptomatic at birth and develop 
normally during the first few months of life. Around 6 
months of age, they typically show failure to thrive, vomit-
ing, constipation, polyuria, excessive thirst, dehydration, 
and sometimes rickets.360 These symptoms result from Fan-
coni’s syndrome, which is characterized by inappropriate 
urinary losses of water, amino acids, phosphate, bicarbon-
ate, glucose, sodium, potassium, low-molecular-weight  
proteins, and other solutes as a consequence of defective 
renal proximal tubular reabsorption.359-361 Untreated patients 
develop CKD during early childhood, progressing to ESKD 
in the first decade of life. Moreover, the spontaneous course 
of cystinosis is characterized by numerous extrarenal com-
plications, such as very severe growth failure, hypothyroid-
ism, hypogonadism with delayed puberty, impaired glucose 
tolerance, diabetes mellitus, dysphagia, distal myopathy, 
progressive corneal crystal deposition and clouding, anemia 
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hyperphosphaturia, hyperoxaluria, hypocitraturia, hyper-
uricosuria, cystinuria, low urinary volume, defect in urinary 
acidification), UTI, and/or a structural renal or urinary  
tract abnormality, is identified in 75% to 85% of affected 
children.377-379

The cause of metabolic abnormalities and of renal stones 
is multifactorial and depends on the interplay of environ-
mental, anatomic, and genetic factors. The main risk factors 
for renal stone formation are summarized in Table 74.5.380 
An increasing role for environmental risk factors such as 
dietary changes and obesity, as compared with the constant 
genetic predisposition, has been suggested.380

URINARY METABOLIC ABNORMALITIES
Hypercalciuria

Hypercalciuria, which can be diagnosed by measuring 
24-hour urine calcium excretion or the calcium/creatinine 
ratio in a spot urine sample, is the most common metabolic 
abnormality associated with stone disease in children.381 
Urinary calcium excretion indices are increased in recur-
rent stone formers, especially when referenced to citrate.382 
The risk of urolithiasis in children with idiopathic hypercal-
ciuria varies between 0% to 16%.383 Of note, spot urine 
electrolyte/solute ratios vary inversely with age in children, 
whereas 24-hour excretion rates normalized to body size are 
constant across the pediatric age range (Table 74.6).384-386 
Hypercalciuria may be absorptive, renal, or resorptive. The 
primary abnormality in absorptive hypercalciuria is intesti-
nal hyperabsorption of calcium. The term renal hypercalciuria 
refers to impaired renal tubular reabsorption of calcium. 
Resorptive hypercalciuria is found in patients with primary 
hyperparathyroidism.383 A diagnostic algorithm for children 
with hypercalciuria is presented in Figure 74.11.387

Hyperoxaluria

Hyperoxaluria is detected in 10% to 20% of children with 
nephrolithiasis.378 The cutoff values defining hyperoxaluria 
are given in Table 74.6.384,385 Idiopathic hyperoxaluria is the 
most common cause of oxalate stones in children. Increased 
urinary oxalate excretion is due to increased oxalate pro-
duction or enhanced gastrointestinal oxalate absorption.

The primary forms of hyperoxaluria are discussed in 
detail later (see “Primary Hyperoxaluria”). Secondary hyp-
eroxaluria is more common and can be caused by increased 
intake of oxalate and oxalate precursors such as vitamin C, 
pyridoxine deficiency, and ingestion of methylene glycol or 
methoxyflurane, which are metabolized to oxalate.384 
Enteric hyperoxaluria is observed in conditions such as 
inflammatory bowel disease, extensive bowel resection, pan-
creatic insufficiency, and biliary disease, in which there is 
gastrointestinal malabsorption of fatty acids. Excess fatty 
acids bind calcium in the intestinal lumen, which leads to 
an increased fraction of free oxalate available for enteric 
absorption. Intensified treatment of the underlying disor-
der, if possible, reduction of dietary oxalate and fat, use of 
dietary calcium supplements, and increased fluid intake are 
suggested for those with these conditions.384

Hypocitraturia

Citrate inhibits precipitation by forming complexes with 
calcium, increasing the solubility of calcium in the urine, 

around 10 years of age,362 exhibit severe growth failure, and 
develop a plethora of extrarenal disease manifestations 
during the second and third decades of life, which used to 
limit life expectancy to less than 30 years. This dismal prog-
nosis has profoundly changed with the advent of cysteamine 
therapy, which has proven efficacious in delaying renal glo-
merular deterioration, enhancing growth, preventing hypo-
thyroidism, and lowering muscle cystine content.363,369,370 
Early initiation of cysteamine therapy is the most important 
predictor of preserved renal function and normal or near-
normal growth in children with cystinosis363,370 (Figure 
74.10). The impressive clinical efficacy of oral cysteamine 
treatment makes early diagnosis and treatment of nephro-
pathic cystinosis imperative. Every effort should be made to 
identify patients with this disorder in their first year of life. 
Careful prevention and correction of metabolic and nutri-
tional deficits and treatment of hypothyroidism are further 
prerequisites for appropriate growth.364 If cysteamine treat-
ment, adequate nutrition, and electrolyte supplementation 
do not prevent growth retardation, GH treatment should be 
started early in the course of the disease because this has 
been demonstrated to be efficacious and safe in children 
with nephropathic cystinosis.366

UROLITHIASIS AND NEPHROCALCINOSIS 
IN CHILDREN

If the physiologic mechanisms preventing crystal formation, 
aggregation, and retention in the urine are overwhelmed 
by dietary or environmental influences or are affected by an 
underlying metabolic defect, the consequence is a tendency 
to form renal stones.371

Although kidney stone disease (urolithiasis or nephroli-
thiasis) affects approximately 3% to 5% of the general popu-
lation,372 only 2% to 3% of stone formers are children.373 
Urinary tract calculi account for 1 in 1000 to 7600 hospital 
admissions of children in the United States. Admission rates 
have been increasing, possibly due to improved radio-
graphic techniques, increased survival of premature neo-
nates taking medications that lead to nephrocalcinosis, 
changing dietary habits (e.g., increased protein and sodium 
intake), and increasing prevalence of obesity.374-376

Nephrocalcinosis, which can affect the medulla, cortex, 
or both, is characterized by deposits of calcium salts in the 
tubules, tubular epithelium, or interstitial tissue. The most 
common causes of nephrocalcinosis are furosemide  
administration, distal RTA, hyperparathyroidism, medullary 
sponge kidney, hypophosphatemic rickets, sarcoidosis, corti-
cal necrosis, hyperoxaluria, prolonged immobilization, 
Cushing’s syndrome, and hyperuricosuria.

In children, stones from the upper urinary tract are com-
prised of calcium oxalate in 40% to 60% of cases, calcium 
phosphate in 15% to 25%, mixed calcium oxalate and phos-
phate in 10% to 25%, magnesium ammonium phosphate in 
17% to 30%, cystine in 6% to 10%, and uric acid in 2% to 
10%.377

RISK FACTORS FOR STONE FORMATION

In children with nephrolithiasis, an underlying risk factor, 
such as a urinary metabolic abnormality (e.g., hypercalciuria, 
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Figure 74.10  A  and D, Evolution of  serum creatinine concentration  in children with cystinosis  treated with cysteamine before or after 2.5 
years of age. Hashed lines indicate the 3rd, 50th, and 97th percentiles of the reference population. B, C, E, and F, Growth charts for the same 
patients. (From Greco M, Brugnara M, Zaffanello M, et al: Long-term outcome of nephropathic cystinosis: a 20-year single-center experience. Pediatr 
Nephrol 25:2459-2467, 2010.)
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INFECTIOUS AND ANATOMIC RISK FACTORS
UTIs are associated with nephrolithiasis in 20% to 25% of 
children. Infection with urea-splitting organisms (most 
often Proteus spp.) leads to urinary alkalinization and exces-
sive production of ammonia, which can result in the pre-
cipitation of magnesium ammonium phosphate (struvite) 
and calcium phosphate. The calculi often have a staghorn 
configuration, filling the calyces. These stones are often 
seen in children with neuropathic bladder dysfunction, par-
ticularly those who have undergone an ileal conduit proce-
dure.384,390 Also, obstructive uropathies leading to local urine 
stasis (e.g., severe pelvicoureteric junction obstruction) can 
predispose to stone formation.

PRESENTATION AND TREATMENT OF KIDNEY 
STONE DISEASE

CLINICAL FEATURES
Younger children typically have hematuria or UTI at presen-
tation. Adolescents are more likely to develop ureteric 
stones and usually have renal colic391 if the calculus is in the 
renal pelvis, calyx, or ureter, causing acute obstruction. If 

and inhibiting the aggregation of calcium phosphate and 
oxalate crystals. Hypocitraturia has been reported in 10% 
of children with renal calculi388 and may be more important 
than hypercalciuria in stone formation in certain regions of 
the world (e.g., Turkey).389 Proposed causes include the 
ingestion of a high-protein diet and polygenetic factors.

Hyperuricosuria

Hyperuricosuria is detected in 2% to 8% of children with 
nephrolithiasis. Uric acid excretion is highest in infants and 
remains high in children until adolescence. In infants, the 
normal urinary uric acid excretion is so high that crystals 
may precipitate in the diaper and be misidentified as blood. 
Age-specific reference values are given in Table 74.6. 
Increased urinary excretion of uric acid can result from 
enhanced renal excretion or increased production of uric 
acid.

In childhood, pure uric acid stones are usually caused by 
overproduction of uric acid due to tumor lysis syndrome, 
lymphoproliferative disorders, or rare genetic disorders 
(e.g., Lesch-Nyhan syndrome, glycogen storage diseases). 
High dietary intake of purines and hemolysis have also been 
associated with uric acid nephrolithiasis in children.384,390

Table 74.5 Major Risk Factors for Renal Stone Formation in Children

Parameter Type of Stone

1. Urinary Constituents, Absorption Calcium Stones

Solute excess (calcium, oxalate, uric acid, cystine)
Dysregulation of urinary pH
Dehydration
Low urine volume
Decrease in stone inhibitors (e.g., citrate, magnesium, 

pyrophosphate, Tamm-Horsfall protein, 
nephrocalcin, osteopontin/uropontin, bikunin, 
urinary trefoil factor 1, prothrombin fragment 1)

Dysregulation of urinary pH

Hypercalciuria
Hyperparathyroidism
Distal renal tubular acidosis, type 1 

(calcium phosphate)
Sarcoidosis
Furosemide administration
Vitamin D excess
Immobilization
Corticosteroid administration
Cushing’s disease
Medullary sponge kidney
Autosomal dominant polycystic 

kidney disease

Horseshoe kidney
Hyperoxaluria (calcium oxalate)
Primary hyperoxaluria types 1 and 2
Secondary hyperoxaluria (increased 

intake or enhanced absorption of 
oxalate)

Enteric hyperoxaluria
Fat malabsorption
Chronic bowel disease
Cystic fibrosis
Bowel resection
Hyperuricosuria
Hypocitraturia

2. Diet, Solute Production Uric Acid Stones

High animal protein diet
High-fructose diet
Excess production of uric acid

Hyperuricosuria
Lesch-Nyhan syndrome
Myeloproliferative disorders
After chemotherapy
Hemolysis
Glycogen storage disease

3. Anatomic Considerations Struvite Stones (magnesium ammonium phosphate)

Anomalies of the urinary tract leading to urinary tract 
infection

Urinary tract infection (urea-spitting microorganisms)
Urinary stasis (e.g., neurogenic bladder, ileal loops, megaureter, augmentation 

of the bladder)

4. Enzymatic Defects Cystine stones—cystinuria
Oxalate stones—primary hyperoxaluria

Adapted from Sayer JA: Renal stone disease. Nephron Physiol 118:35-44, 2011.
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Table 74.6 Pediatric Normal Values for Solute Urinary Excretion Rates

Solute Solute/Cr Ratio Solute/Cr Ratio 24-hour Urinary Excretion

Calcium mol/mol g/g 0.1 mmol/kg (4 mg/kg)

<1 yr <2.2 <0.8
1-3 yr <2.5 <0.5
3-5 yr <1.1 <0.4
5-7 yr <0.8 <0.3
>7 yr <0.6 <0.2

Oxalate µmol/mmol µg/mg <0.5 mmol/1.73 m2 (<45 mg/1.73 m2)
<1 yr 15-260 12-207
1-5 yr 11-120 9-96
5-12 yr 60-150 47-119
>12 yr 2-80 1.6-64

Glycolate µmol/mmol µg/mg <0.5 mmol/1.73 m2 (<45 mg/1.73 m2)
<1 yr 8-70 5-47
1-5 yr 6-91 4-61
5-12 yr 6-46 4-31
>12 yr 4-40 3-27

Glycerate µmol/mmol µg/mg
0-5 yr 13-190 12-177
>5 yr 22-123 19-115

Cystine mmol/mol mg/g <10 yr: <55 µmol/1.73 m2

>10 yr: <200 µmol/1.73 m2

Adults: <250 µmol/1.73 m2

<1 mo <85 <180
1-6 mo <53 <112
>6 mo <18 <38

Uric acid mol/mol g/g From age 1 yr: <815 mg/1.73 m2/24 hr
<1 yr <1.5 <2.2
1-3 yr <1.3 <1.9
3-5 yr <1.0 <1.5
5-10 yr <0.6 <0.9
>10 yr <0.4 <0.6

Citrate mol/mol g/g >0.8 mmol/1.73 m2 (>0.14 g/1.73 m2)
0-5 yr >0.12-0.25 0.20-0.42
>5 yr >0.08-0.15 0.14-0.25

Adapted from references 384-386.

the calculus is in the distal ureter, the child may have irrita-
tive symptoms of dysuria, urgency, and frequency. Bladder 
stones may be asymptomatic. If the stone is in the urethra, 
dysuria and difficulty in voiding may result.

DIAGNOSIS
The presence of colorless hexagonal cystine crystals in the 
urine is diagnostic of cystinuria. Massive, envelope-shaped, 
calcium oxalate crystals may be suggestive of hyperoxaluria. 
Serum levels of calcium, phosphorus, alkaline phosphatase, 
creatinine, uric acid, and electrolytes, as well as the anion 
gap should be measured, and evaluation should be per-
formed for hypercalciuria, hyperoxaluria, hyperuricosuria, 
and cystinuria.

Ultrasonography, plain radiography, and noncontrast 
helical computed tomography (CT) can be used to visualize 
stones. In small children, ultrasonography should be the 
first option due to concerns about radiation exposure.392 
However, stones smaller than 5 mm, papillary or calyceal 
concrements, and ureteral stones may escape ultrasono-
graphic detection.393 Noncontrast helical CT is the most 
sensitive modality to detect small renal or ureteral radiolu-

cent stones in children375,394 and provides additional infor-
mation about obstruction or a structural abnormality.395

TREATMENT
Episodes of colicky pain should be treated with analgesic 
agents. In a child with a renal or ureteral calculus, the deci-
sion whether to remove the stone depends on its location, 
size, and composition (if known) and on the presence of 
obstruction, infection, or both. Most stones smaller than 
5 mm will pass spontaneously, even in small children. Hydra-
tion increases urinary flow and facilitates stone passage.

Administration of α-adrenergic blockers decreases ure-
teral pressure and decreases the frequency of the peristaltic 
contractions of the obstructed ureter. Also, experience in 
adult patients suggests that calcium channel blocking 
agents, with or without steroids, facilitate stone passage.396 
Although use of these agents in children with ureteral 
calculi has been reported anecdotally, their safety and effi-
cacy have not been demonstrated.397

Interventional stone removal is suggested for children 
with severe debilitating pain refractory to parenteral anal-
gesic therapy, significant urinary obstruction (immediate 
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of nephrolithiasis,401 with inheritance as a monogenic or, 
more commonly, a polygenic quantitative trait. Studies of 
these monogenic forms of hypercalciuric nephrolithiasis in 
humans have helped identify a number of transporters, 
channels, and receptors involved in the regulation of  
renal tubular calcium reabsorption. In addition to these 
rare monogenetic hypercalciuric disorders, cystinuria and 
primary hyperoxaluria, the most important normocalciuric 
disorders leading to stone formation, will be discussed.387

HYPERCALCIURIC NEPHROLITHIASIS
Bartter’s Syndrome

Bartter’s syndrome is a heterogeneous group of disorders 
of electrolyte homeostasis characterized by hypokalemic 
metabolic alkalosis, renal salt wasting, hyperreninemic 
hyperaldosteronism, increased urinary prostaglandin excre-
tion, and hypercalciuria with nephrocalcinosis.402 Mutations 
of several ion transporters and channels have been associ-
ated with Bartter’s syndrome, and six types are now recog-
nized402 (see earlier, “Bartter-Like Syndromes” and Chapter 
45 for a more detailed discussion).

Dent’s Disease

Dent’s disease is an X-linked, recessive, renal tubular  
disorder characterized by hypercalciuria, nephrocalcinosis, 

removal is required), struvite stones, and associated UTIs 
and in children who fail to pass a stone within 2 weeks. 
Interventional treatment options include extracorporeal 
shock wave lithotripsy, percutaneous nephrolithotomy, and 
ureteroscopy. Extracorporeal shock wave lithotripsy has 
been successfully used in children with renal and ureteral 
stones smaller than 2 cm, with a success rate of more than 
75%.398 In patients with stones larger than 2 cm in diameter, 
ureteroscopy with lithotripsy is suggested.399 In some cases, 
placement of a ureteral stent provides pain relief and dilates 
the ureter sufficiently to allow the calculus to pass.

Urinary alkalinization and maintenance of a high urine 
output are effective methods to prevent further stone 
formation.

In children with hypercalciuria, some reduction in 
calcium and sodium intake is necessary. Thiazide diuretics 
also reduce renal calcium excretion. Addition of potassium 
citrate, an inhibitor of calcium stones, at a dose of 1 to 
2 mEq/kg/24 hr is beneficial. In patients with uric acid 
stones, allopurinol is effective.400

GENETIC KIDNEY STONE DISEASE

Hypercalciuria is found in approximately 40% of pediatric 
patients with kidney stones.381 Up to 65% of patients with 
hypercalciuric nephrolithiasis have a positive family history 

Figure 74.11  Diagnostic algorithm for hypercalciuric monogenic stone disorders.  (From Stechman MJ, Loh NY, Thakker RV: Genetic causes 
of hypercalciuric nephrolithiasis, Pediatr Nephrol 24:2321-2332, 2009.)
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Familial Hypomagnesemia with Hypercalciuria 
and Nephrocalcinosis

The syndrome of familial hypercalciuria and hypomagnese-
mia with renal magnesium wasting (FHHNC) leads to pro-
gressive nephrocalcinosis with renal failure.411 It is caused 
by a mutation of the CLDN16 gene that encodes the tight 
junction protein paracellin-1 (claudin-16). The diagnosis is 
often missed unless the magnesium level is measured in 
serum and urine. No effective therapy is currently available. 
The risk of progressing to end stage kidney disease is high.412 
Treatment consists mostly of hydrochlorothiazide and oral 
magnesium supplementation; however, this does not appear 
to prevent early ESKD.413 FHHNC is genetically heteroge-
nous because mutations in another tight junction gene 
encoding claudin-19 cause a similar renal and skeletal  
phenotype.414 In addition to FHHNC, CLDN19 defects cause 
severe myopia, nystagmus, or macular coloboma, which 
have led to the designation of the CLDN19-related disease 
entity as FHHNC with severe ocular involvement.

NONHYPERCALCIURIC NEPHROLITHIASIS
Cystinuria

Cystinuria is a rare autosomal recessive cause of kidney 
stones characterized by defective reabsorption of cystine 
and other dibasic amino acids (e.g., ornithine, arginine, 
lysine) along the luminal brush border of the proximal 
renal tubule cells. Most cases of classical cystinuria (type A) 
are due to mutations in the SLC3A1 gene. Heterozygotes 
have normal dibasic amino acid excretion. Mutations in 
SLC7A9 are responsible for types II and III disease (type 
B).384,415 Digenic inheritance (one mutated allele each in 
SCL3A1 and SLC7A9) is not sufficient to induce stone 
formation.416 Genetic differentiation offers little clinical 
advantage because subtypes do not appear to correlate with 
disease severity or treatment response.416,417

The median age at onset of nephrolithiasis is 12 years, 
but stones may occur even in infancy.418 The diagnosis 
of cystinuria is typically based on family history, stone analy-
sis, and identification of the pathognomonic hexagonal 
cystine crystals on urinalysis. In first-time stone formers, 
urine should be screened for cystine using the cyanide-
nitroprusside test (Figure 74.12). A positive result indi-
cates a cystine concentration of more than 75 mg/L,419 
and a quantitative test for cystine (colorimetric or high-
performance liquid chromatography [HPLC]) should then 
be performed.420 Recently, a method to estimate the poten-
tial for stone formation (cystine capacity) has been pro-
posed as a monitoring tool.416

The upper limit of daily cystine excretion increases from 
13 mg/1.73 m2 in young children to 60 mg/1.73 m2 in 
adults (see Table 74.6). In comparison, patients with cystin-
uria generally excrete more than 400 mg/day.384,421 Hetero-
zygotes and patients with Fanconi’s syndrome excrete less 
than 250 mg/day and usually do not form stones because 
the urinary cystine concentrations remain within the range 
of solubility.

General measures, including high fluid intake, urinary 
alkalinization with potassium citrate or Shohl’s solution,422 
and limitation of dietary sodium intake can be helpful in 
preventing the recurrence of cystine calculi.

nephrolithiasis, low-molecular-weight proteinuria, and 
eventual renal failure.403 Dent’s disease is also associated 
with renal Fanconi’s syndrome. With the exception of 
rickets, which occurs in a minority of patients, there appear 
to be no extrarenal manifestations in Dent’s disease.403 The 
gene causing Dent’s disease, CLCN5, encodes the chloride-
proton antiporter ClC-5,404 which is expressed predomi-
nantly in the kidney and, in particular, in the proximal 
tubule, thick ascending limb of Henle, and α-intercalated 
cells of the collecting duct. Defects in ClC-5 cause defective 
endocytosis within the renal tubule, which results in hyper-
calciuria and hyperphosphaturia, leading to calcium stone 
formation.384,405

Oculocerebrorenal Syndrome (Lowe’s Syndrome)

Oculocerebrorenal syndrome (Lowe’s syndrome) is an 
X-linked recessive disorder characterized by congenital cata-
racts, mental retardation, muscle hypotonia, rickets, and 
defective proximal tubular reabsorption of bicarbonate, 
phosphate, and amino acids. Hypercalciuria, nephrocalci-
nosis, and stones are well described.406 Manifest disease is 
nearly always confined to boys, who develop renal dysfunc-
tion in the first year of life and have delayed bone age and 
reduced height. Later in life, progressive renal failure is 
typical.407 Female carriers, who have normal neurologic and 
kidney function, can be identified in 80% of cases by micro-
punctate cortical lens opacities.

Deficiency of OCRL1 (oculocerebrorenal syndrome 
protein 1), the product of the Lowe’s syndrome gene, leads 
to disruptions in lysosomal trafficking and endosomal 
sorting. Phosphatidylinositol-4,5-bisphosphate, the pre-
ferred substrate of OCRL1, accumulates in the renal proxi-
mal tubular cells of patients with Lowe’s syndrome.408

Autosomal Dominant Hypocalcemia with Hypercalci-
uria. Autosomal dominant hypocalcemia with hypercalci-
uria (ADHH) is a stone disease associated with activating 
mutations of the calcium-sensing receptor. Patients with 
ADHH usually have mild hypocalcemia that is generally 
asymptomatic, but in some patients it may be associated with 
carpopedal spasm and seizures. The serum phosphate level 
is elevated or in the upper normal range, serum magnesium 
level is low or low normal, and parathyroid hormone level 
is low normal. Treatment with active vitamin D metabolites 
to correct hypocalcemia has been reported to result in 
marked hypercalciuria, nephrocalcinosis, nephrolithiasis, 
and renal impairment, which were partially reversible after 
cessation of the vitamin D treatment. Thus, it is important 
to identify ADHH patients and their families, whose hypo-
calcemia is due to a gain-of-function mutation in the CaSR 
mutation and not hypoparathyroidism, and to restrict their 
use of vitamin D treatment.387,384,409

Hereditary Hypophosphatemic Rickets with Hypercalci-
uria. Hereditary hypophosphatemic rickets with hypercalci-
uria is due to mutations in the type 2C sodium-phosphate 
cotransporter and presents with rickets, short stature, 
increased renal phosphate clearance, hypercalciuria but 
normal serum calcium levels, increased gastrointestinal 
absorption of calcium and phosphate due to elevated serum 
levels of 1,25-dihydroxyvitamin D, suppressed parathyroid 
function, and normal urinary excretion of cAMP.384,410
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these medications have an antipyridoxine effect, supple-
mental vitamin B6 should be provided.

Primary Hyperoxaluria

The primary hyperoxalurias (PHs) are rare metabolic disor-
ders with autosomal recessive inheritance characterized  
by increased generation and urinary excretion of oxalate. 
There are three forms—PH types 1, 2, and 3. Type 1 is the 
most devastating form and type 3 the least severe. However, 
sometimes type 1 and 2 PH cannot be distinguished accord-
ing to age at onset and, in some cases, PH type 2 is initially 
assumed to be type 1. The two forms can be distinguished 

In refractory cases, α-mercaptopropionylglycine, which 
forms a soluble dimer with cystine, administered orally at 10 
to 15 mg/kg/day, can reduce the formation of new stones 
and even dissolve existing calculi.423 Another important 
medication is D-penicillamine, a chelating agent that binds 
to cysteine or homocysteine, increasing the solubility of  
the product. Since both compounds can cause some toxic 
damage to podocytes, proteinuria should be monitored. 
N-acetylcysteine appears to have low toxicity and may be 
effective, but long-term experience is lacking. Captopril also 
forms soluble dimers with cystine.384 Bucillamine, a dithiol 
compound, is another promising alternative.424 Because 

Figure 74.12  Cystinuria. A, Multiple stones in plain x-ray. B, Positive nitroprusside test. Primary hyperoxaluria type 1. C, Severely echogenic 
kidneys due to oxalosis. D, Angulation of  tibia and fibula  leading to bowing and mineralization defect  in metatarsal bones. E, Disseminated 
luminal oxalate crystals in the tubules of a kidney allograft. F, Oxalate crystals under polarized light. 
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AGXT mutation screening. More than 180 mutations have 
been described to date.385

Medical treatment includes the following: high fluid 
intake (3 to 4 L/day, with the aim of keeping oxalate concen-
tration <0.5 mmol [45 mg]/L); avoidance of high-oxalate 
foods such as tea, chocolate, spinach, and rhubarb; and 
administration of potassium citrate (0.3 to 0.5 mmol/kg per 
day, as long as GFR is preserved) to inhibit calcium oxalate 
precipitation. Oral high-dose pyridoxine (5 to 20 mg/kg/
day) is helpful in a fraction of patients and should be tried 
empirically for 3 months. Genetic information is helpful in 
anticipating pyridoxine responsiveness; the Gly170Arg, Phe-
152Ile, and Ile244Thr genotypes are associated with a sus-
tained reduction of urinary oxalate levels on pyridoxine 
administration, leading to an improved overall prognosis.385

These therapeutic measures are more effective if started 
at an early age, before significant impairment of kidney 
function has occurred. In a multicenter retrospective study, 
20 of 22 children with primary hyperoxaluria (median age 
at diagnosis, 2.4 years) who were treated with medical man-
agement did not require renal replacement at a median 
follow-up of 8.7 years.437

The dialytic oxalate clearance achieved with standard 
hemodialysis or peritoneal dialysis is not sufficient to com-
pensate for the enhanced oxalate synthesis in patients with 
PH type 1 because progressive tissue oxalosis occurs during 
maintenance dialysis. High-intensity dialysis protocols with 
more than 40 hours of hemodialysis/week and/or com-
bined hemodialysis and peritoneal dialysis have been used 
in individual patients but can at best slow down the progres-
sion of systemic oxalosis. Isolated kidney transplantation is 
usually contraindicated in patients with systemic oxalosis, 
since mobilization of the large tissue oxalate pool leads to 
rapid deposition of oxalate crystals in the transplant (see 
Figure 74.12) and loss of graft function. It may be an option 
for select patients with residual enzyme activity responding 
to pyridoxine and with minimal tissue oxalate deposition438 
and possibly for adults with a late-onset form of the disease. 
Liver transplantation cures primary hyperoxaluria because 
the defective enzymes are exclusively expressed in the liver. 
Isolated liver transplantation is recommended if the diag-
nosis is made before significant impairment of kidney func-
tion has occurred (i.e., GFR > 40 to 50 mL/min/1.73 m2). 
In children with CKD stage 3 or 4, a sequential transplanta-
tion strategy can be considered, with observation of the 
course of kidney function after liver transplantation.439 In 
patients with CKD stage 5, combined liver-kidney transplan-
tation is the treatment of choice.439,440

Probiotic therapy with Oxalobacter formigenes, an oxalate-
degrading intestinal bacterium, was recently tested in a 
placebo-controlled randomized clinical trial for its potential 
to promote intestinal oxalate excretion, but with disappoint-
ing results.441

Primary Hyperoxaluria Type 2. PH type 2 is caused by 
mutations in the GRHPR gene, which encodes the glyoxylate 
reductase/hydroxypyruvate reductase (GRHPR).442 The 
disease generally has a more benign clinical course than 
PH1. It typically first manifests with recurrent oxalate stones 
during adolescence. Progressive CKD occurs in approxi-
mately 10% of patients. Biochemically, hyperoxaluria is 
accompanied by increased excretion of L-glycerate. The 

biochemically by assessing the urinary excretion of glycolate 
and L-glyceric acid, respectively.385,425

Primary hyperoxaluria type 1 is caused by mutations in the 
gene AGXT, which encodes for the hepatic peroxisomal 
enzyme alanine-glyoxylate aminotransferase (AGT).426,427 
AGT metabolizes the oxalate precursor glyoxylate to glycine, 
which is further metabolized to serine. Deficient AGT activity 
results in failure to detoxify glyoxylate, which is oxidized to 
oxalate or reduced to glycolate. The presence of AGT activity 
in liver biopsy specimens does not rule out the diagnosis of 
primary hyperoxaluria type 1 because mutant enzymes may 
be mistargeted to mitochondria instead of peroxisome.

Primary Hyperoxaluria Type 1. Patients with primary hyp-
eroxaluria type 1 typically develop severe nephrolithiasis 
and nephrocalcinosis, with progressive kidney failure. 
However, there is enormous phenotypic variability, which 
can range from neonatal nephrocalcinosis to isolated kidney 
stones first occurring in adulthood.428 The first symptoms 
of primary hyperoxaluria type 1 occur before 1 year of age 
in 15% of patients and before 5 years of age in 50%.429 
Primary hyperoxaluria type 1 is responsible for approxi-
mately 1% of ESKD cases in children.429 The rate of progres-
sion is variable. Certain AGXT mutations allow residual 
enzyme activity430 and, in some, this residual enzyme activity 
can be stimulated with the co-factor pyridoxine, which pro-
motes the conversion of glyoxylate to glycine rather than to 
oxalate. Primary hyperoxaluria type 1 caused by these muta-
tions typically has a less severe clinical course. The most 
malignant infantile form is characterized by massive paren-
chymal oxalosis and nephrocalcinosis and rapid progression 
to ESKD within a few months, typically without stone forma-
tion.431 Older children exhibit bilateral, radiopaque, calcium 
oxalate stones. In some patients, the disease is not identified 
until adulthood, when the patient comes for treatment of 
ESKD.384,432,433

Systemic oxalosis occurs when serum oxalate levels 
increase as kidney function deteriorates and oxalate clear-
ance becomes impaired. At the stage of systemic oxalosis, 
calcium oxalate crystal deposition occurs in many tissues, 
including skeleton, heart, blood vessels, joints, retina, and 
skin,384 with devastating functional consequences.

Markedly increased urinary excretion of oxalate is  
essential for a diagnosis of primary hyperoxaluria type 1 
(>0.7 mmol [90 mg]/1.73 m2/day). By comparison, normal 
urinary oxalate excretion is less than 0.5 mmol (45 mg)/ 
1.73 m2/day.384,385,434 Glycolate excretion is elevated in two 
thirds of patients with PH type 1 but may also be increased 
in patients with PH type 3. Measurement of plasma levels of 
oxalate should be reserved for patients with stage 3b chronic 
kidney disease, since plasma levels remain relatively normal 
until kidney function is substantially impaired.385

Delayed diagnosis is common (40% of patients) with an 
average lag time of 3.4 years after the onset of symptoms.432 
The diagnosis of primary hyperoxaluria should be suspected 
in a patient with recurrent calcium stones, nephrocalcinosis, 
normal urinary calcium and uric acid excretion, calcium 
oxalate crystals in the urine sediment, pure calcium oxalate 
monohydrate stones, and marked hyperoxaluria.384,434

The determination of AGT enzyme activity in liver biopsy 
tissue used to be the gold standard for diagnosing primary 
hyperoxaluria type 1435,436 but has been largely replaced by 
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blood cell casts, proteinuria).446,452 In a review of 254 patients, 
the frequency of skin, joint, gastrointestinal, and renal man-
ifestations was 100%, 66%, 56%, and 30%, respectively.453 
Testicular, ocular, pulmonary, and central and peripheral 
nervous system manifestations occur less frequently. The 
diagnosis of IgAV is usually based on clinical manifestations 
of the disease. No laboratory test is diagnostic for IgAV. Skin 
biopsy specimens show inflammation of the small blood 
vessels (leukocytoclastic vasculitis). Definitive confirmation 
is provided by the demonstration of IgA deposition in the 
skin or kidney.446

It has long been speculated that HSP nephritis and IgA 
nephropathy share common pathogenetic mechanisms and 
may represent two ends of a spectrum,454 since both mani-
festations can occur consecutively in the same patient and 
are found in identical twins.455 The clinical, genetic, and 
immunologic features of these conditions are so closely 
linked that one could consider HSP nephritis as the systemic 
form of IgA nephropathy.456 Both conditions are character-
ized by the presence of galactose-deficient IgA1 in the cir-
culation and its deposition in the glomerular mesangium.456,457 
A recent study has shown that not only pediatric patients 
with HSP nephritis and IgA nephropathy but also a signifi-
cant fraction of their first-degree relatives exhibit increased 
serum levels of hypoglycosylated IgA1, which supports a 
common genetic basis and pathogenic link between these 
disorders.457 However, the factors leading to systemic activa-
tion of IgA-containing immune complexes in IgAV and 
selective activation of IgA-containing immune complexes in 
IgA nephropathy have not been identified.455

Renal Manifestations of Immunoglobulin  
A Vasculitis

Renal disease can develop at any time over a period of 
several days to several weeks, generally within a month of 
presentation, and is not predictably related to the severity 
of extrarenal involvement.458 Some degree of renal involve-
ment is observed in 20% to 50% of children at initial pre-
sentation,453 ranging from asymptomatic hematuria and 
sometimes proteinuria to NS, hypertension, and acute renal 
failure.453,459 In a systematic review assessing the course of 
HSP nephritis in 1133 children, renal involvement was 
found to occur in 34% of children; 80% of them showed 
isolated hematuria and/or proteinuria, and 20% had acute 
nephritis or NS.458 There is a general correlation between 
the severity of the renal manifestations, kidney biopsy find-
ings, and disease prognosis.459-461

Histopathologic Features. Light microscopic findings range 
from isolated mesangial proliferation to focal and segmen-
tal proliferation to severe crescentic glomerulonephritis. 
The diagnostic finding is dominant or codominant IgA 
deposition in the mesangium on immunofluorescence 
testing (see Figure 74.13). In addition, immunofluores-
cence may reveal IgG, IgM, fibrinogen, C3, and properdin 
in the glomeruli. By electron microscopy, dense deposits are 
typically found in the mesangial areas. The histologic clas-
sification of HSP nephritis distinguishes minimal or moder-
ate glomerular lesions and absence of crescents (class I or 
II), extracapillary cellular proliferation of variable extent 
(<50% of glomeruli, class III; 50% to 75%, class IV; >75%, 
class V), and pseudomembranoproliferative glomerulone-
phritis (class VI).462

diagnosis is confirmed by genetic screening of GRHPR or 
by the demonstration of deficient enzyme activity in liver 
biopsy specimens.442 Patients with type 2 PH do not benefit 
from pyridoxine treatment. Because liver transplantation 
has not been demonstrated to correct the metabolic defect 
in patients with type 2 disease, and because such patients 
may do well with kidney transplantation alone, distinguish-
ing between PH types 1 and 2 is especially important when 
managing primary hyperoxaluria patients who have renal 
failure.

Primary Hyperoxaluria Type 3. PH type 3 is caused by 
mutations in the gene encoding 4-hydroxy-2-oxoglutarate 
aldolase (HOGA1 gene).443-445 The mitochondrial enzyme is 
expressed in liver and kidney and catalyzes hydroxyproline 
metabolism from 4-hydroxy-2-oxoglutarate to glyoxylate and 
pyruvate. The clinical phenotype of PH3 is mild and limited 
to recurrent stone formation, which may even improve 
spontaneously over time, despite persisting hyperoxaluria. 
Nephrocalcinosis or the development of chronic kidney 
disease is uncommon.

SYSTEMIC DISORDERS AFFECTING  
THE KIDNEY

CHILDHOOD VASCULITIDES WITH  
KIDNEY INVOLVEMENT

Childhood vasculitides may occur as a primary process or 
secondary to an underlying disease. Clinical symptoms vary 
widely, depending on the type and location of the vessels 
involved and the extent of inflammation. The most recent 
classification criteria proposed by the European League 
Against Rheumatism, Paediatric Rheumatology Interna-
tional Trials Organisation, and Paediatric Rheumatology 
European Society is based primarily on the size of the  
predominantly involved arteries.446 This section focuses 
on Henoch-Schönlein nephritis, childhood polyarteritis 
nodosa, microscopic polyangiitis, Wegener’s granulomato-
sis, and Takayasu’s arteritis.

HENOCH-SCHÖNLEIN PURPURA (IMMUNOGLOBULIN 
A–ASSOCIATED VASCULITIS)
Henoch-Schönlein purpura (HSP) is the most common sys-
temic small vessel vasculitis in childhood, with an estimated 
annual incidence of 10 to 20/100,000 in children younger 
than 17 years of age.447-449 The disorder manifests predomi-
nantly in the fall, winter, and spring. Approximately 10% of 
HSP cases occur in adults (incidence, 0.8 to 1.8/100 000).450 
A seasonal pattern is not seen in adults.

HSP, recently renamed as immunoglobulin A vasculitis 
(IgAV),451 is an IgA-mediated small vessel leukocytoclastic 
vasculitis predominantly affecting the skin, joints, gastroin-
testinal tract, and kidneys and occasionally other organs. A 
diagnosis of IgAV requires the presence of purpura or pete-
chiae (mandatory) with lower limb predominance (Figure 
74.13), plus at least one of the following four signs or  
symptoms: (1) abdominal pain; (2) histopathologic findings 
showing leukocytoclastic vasculitis or proliferative glomeru-
lonephritis with predominantly IgA-containing immune 
complex deposition see (see Figure 74.13); (3) arthritis or 
arthralgia; and (4) kidney involvement (e.g., hematuria, red 
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Figure 74.13  A, B,  IgA vasculitis. A, Typical palpable purpura. B, Mesangial  IgA deposition apparent by  immunofluorescence microscopy. 
C, D, Polyarteritis nodosa. C, Necrotic skin lesions. D, Polyarteritis with disintegrated tunica muscularis of an arcuate artery wall, perivascular 
inflammation, and fibrinoid necrosis. E-H, ANCA-associated vasculitis. E-G, Granulomatosis with polyangiitis. E, Bone destruction in paranasal 
sinuses.  F,  Multiple  pulmonary  cavitary  lesions.  G,  Glomerulus  showing  large  cellular  crescent,  with  irregular  focus  of  fibrinoid  necrosis. 
H, MPO-ANCA–positive vasculitis—diffuse  infiltration due to pulmonary capillaritis.  I, Takayasu’s arteritis—narrowing abdominal aorta at the 
level of iliac artery bifurcation (MRI scan). 
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central nervous system, and muscles.458,476,477 The peak age 
of disease onset in childhood is 7 to 11 years, and no gender 
difference is noted.478

Diagnosis

The diagnosis of childhood polyarteritis nodosa requires 
the presence of a systemic inflammatory disease with evi-
dence of necrotizing vasculitis or angiographic abnormali-
ties of medium-sized and small arteries (mandatory 
criterion) plus one of the following: (1) skin involvement 
(livedo reticularis, tender subcutaneous nodules, superficial 
or deep skin infarctions; see Figure 74.13); (2) myalgia or 
muscle tenderness; (3) hypertension; (4) peripheral neu-
ropathy; (5) renal involvement (e.g., proteinuria, hematu-
ria, or red blood cell casts, or GFR < 50% the normal value 
for the patient’s age).446,452

Pathogenesis

Infections are implicated as a triggering mechanism in a 
predisposed host. A number of reports have pointed to the 
role of streptococcal infection in childhood polyarteritis 
nodosa.478 An increased frequency of polyarteritis nodosa 
has been suggested in patients with familial Mediterranean 
fever; this association may be related to the inflammatory 
milieu in these patients.479,480 However, the precise mecha-
nisms linking specific infectious agents and/or general 
inflammatory conditions with polyarteritis nodosa have not 
been elucidated to date.

Clinical Features

Childhood polyarteritis nodosa typically presents with sys-
temic symptoms (e.g., fever, malaise, weight loss) and signs 
of multisystem involvement, including skin rash, myalgia, 
abdominal pain, and arthropathy, renal manifestations such 
as hematuria, proteinuria, hypertension, and acute renal 
failure, and neurologic features such as focal defects, hemi-
plegia, visual loss, and mononeuritis multiplex.478,481-483

Laboratory Findings

Anemia, leukocytosis, thrombocytosis, increased erythrocyte 
sedimentation rate, and increased C-reactive protein level 
are usually present in childhood polyarteritis nodosa.481 If 
renal involvement is present, renal angiography or, rarely, 
kidney biopsy is indicated. The classical angiographic 
finding in polyarteritis nodosa is aneurysms affecting renal, 
celiac, and coronary arteries.476 However, nonaneurysmal 
changes are detected more commonly on renal angiogra-
phy than are aneurysms. The most reliable signs of nona-
neurysmal arteriopathy are perfusion defects, presence of 
collateral arteries, lack of crossing of peripheral renal arter-
ies, and delayed emptying of small renal arteries.480,484 
Kidney biopsy specimens show necrotizing arteritis charac-
terized by fibrinoid necrosis and perivascular inflammation 
(see Figure 74.13). Antineutrophil cytoplasmic antibodies 
may be present in rare cases.

Treatment

There are no pediatric RCTs to guide treatment of polyar-
teritis nodosa in children. Induction of remission is usually 
achieved with high doses of corticosteroids and cyclophos-
phamide, in combination with antiplatelet doses of aspirin. 
Maintenance therapy with daily or alternate-day low-dose 

Treatment. The large majority of IgAV cases require symp-
tomatic treatment only. There is suggestive evidence that 
corticosteroid therapy enhances the rate of resolution of 
abdominal pain. However, the evidence for a reduction in 
the incidence of nephritis with oral steroid administration 
early in HSP is conflicting.463-467 A meta-analysis has sug-
gested that early corticosteroid treatment reduces the risk 
of developing persistent renal disease.462,464 However, two 
RCTs and a Cochrane review have concluded that steroids 
do not prevent kidney involvement in HSP.465,466,468

A meta-analysis of treatment of severe established kidney 
disease468 and a systematic review of various reports of 
treatment with prednisolone, methylprednisolone, cyclo-
phosphamide, azathioprine, cyclosporine, dipyridamole, 
warfarin, and plasma exchange have shown that there is 
insufficient evidence to guide best practice in the manage-
ment of HSP nephritis.469 A single-center, retrospective 
therapy review of severe (>class III) HSP and IgA nephropa-
thy has suggested that different combinations of steroids, 
cyclophosphamide, and RAAS antagonists are associated 
with good outcomes in 54% of children with severe histo-
logic changes on initial kidney biopsy specimens.470 In chil-
dren with crescentic disease, there is low-grade evidence 
from uncontrolled trials for the benefit of intense immuno-
suppressive therapy (pulse methylprednisolone, 250 to 
1000 mg/day for 3 days) followed by oral prednisone 
(1 mg/kg/day) and, in these patients, steroid and immuno-
suppressive combination therapy is often initiated.471,472 
However, spontaneous recovery can also be observed, even 
in patients with crescent formation. Thus, aggressive thera-
pies, particularly combination therapies, are suggested for 
clinically and histologically severe HSP nephritis (higher 
than class III with NS), but not for moderate to severe 
disease (histologic classes I to III and serum albumin level 
> 2.5 g/dL).473 Plasma exchange and intravenous immuno-
globulin have shown at least short-term efficacy in individual 
cases.460,474 ACE inhibitors are effective in lowering protein-
uria; however, their long-term benefit is unknown.458,473

Prognosis. The overwhelming majority of children with 
IgAV experience full recovery. Persistent renal involvement 
ensues in 1.8% of all children with IgAV, in 1.6% of those 
with isolated hematuria and/or proteinuria, and in 19.5% 
of those with nephritic syndrome and/or NS during the 
initial disease phase.458 Long-term outcomes are poorest in 
children who initially have a mixed nephritic-nephrotic pre-
sentation,459 with up to 33% of these children developing 
CKD. HSP nephritis is the underlying diagnosis in 1% to 3% 
of children with end-stage renal failure.459,467 Among patients 
with HSP nephritis progressing to ESKD and undergoing 
transplantation, mild disease recurrence is seen in approxi-
mately 35% of these patients 5 years after transplantation. 
Approximately 10% of them experience graft loss due to 
recurrent disease. Disease recurrence is more likely in 
patients with aggressive initial disease who progressed to 
ESKD within fewer than 3 years.475

CHILDHOOD POLYARTERITIS NODOSA
Childhood polyarteritis nodosa (also termed macro-
scopic polyarteritis or classic polyarteritis nodosa) is a systemic 
necrotizing vasculitis affecting small and/or medium-sized 
arteries predominantly in skin, abdominal viscera, kidneys, 
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immune complex formation in kidneys. S. aureus carriage 
might also induce antibodies to PR3 that in turn, by 
idiotypic–anti-idiotypic interactions, result in the develop-
ment of PR3-ANCA.490

GPA is a rare disease in childhood. The only incidence 
study in children, examining a 15-year period in southern 
Alberta, Canda, showed an overall average annual incidence 
of childhood GPA of 2.75 cases/pmp (95% confidence 
interval [CI], 1.93 to 3.70), with a significant increase from 
0.9 cases pmp in 1994 to 2003 to 6.4 cases pmp from 2004 
to 2008.491

A diagnosis of GPA requires the presence of at least three 
of the following six indicators446,452: (1) histopathologic evi-
dence of granulomatous inflammation; (2) upper airway 
involvement (chronic or recurrent purulent or bloody nasal 
discharge or crusting or recurrent epistaxis); (3) laryngotra-
cheobronchial stenosis; (4) pulmonary involvement (chest 
radiograph or CT scan showing nodules, cavities, or fixed 
infiltrates); (5) ANCA positivity; (6) renal involvement 
(hematuria, proteinuria, or red blood cell casts or necrotiz-
ing pauci-immune glomerulonephritis).

Symptoms and signs of upper respiratory tract involve-
ment include epistaxis, otalgia, and hearing loss. Nasal septal 
involvement with cartilaginous collapse results in the char-
acteristic saddle nose deformity. Chronic sinusitis may be 
observed. Lower respiratory tract manifestations also 
include granulomatous pulmonary nodules or pulmonary 
hemorrhages. The typical renal lesion is a focal segmental 
necrotizing glomerulonephritis, with pauci-immune cres-
centic glomerular changes (see Figure 74.13). Involvement 
of other systems with atypical leading symptoms is not 
uncommon.485 These may include blurred vision, eye pain, 
conjunctivitis, episcleritis, persistent otitis media, cranial 
nerve palsies, seizures, and neuropathies. Skin lesions 
include purpuric maculae, nodules, ulcerations, and 
gangrene.

Eosinophilic Granulomatosis with Polyangiitis. EGPA is 
defined as an eosinophil-rich granulomatous inflammation 
involving the respiratory tract and necrotizing vasculitis 
affecting small to medium-sized vessels. There is an associa-
tion with asthma and eosinophilia.451 In a review of 33 cases 
of childhood EGPA, all patients had significant eosinophilia 
and asthma.487 ANCA positivity was found in only 25% of 
children with EGPA. Compared with EGPA in adults, mor-
tality is substantial in pediatric cases, pulmonary and cardiac 
involvement is predominant, and peripheral nerve involve-
ment is rare.487

Treatment

Treatment of pediatric ANCA-associated vasculitis (AAV) 
includes an induction phase with intravenous corticosteroid 
pulse therapy, cyclophosphamide, plasma exchange (par-
ticularly in dialysis-dependent patients and in the presence 
of diffuse alveolar hemorrhage289), and aspirin at an 
antiplatelet dosage. Intravenous cyclophosphamide pulses 
are preferred to oral cyclophosphamide since they cause 
fewer side effects at dosages with equal efficacy. In milder 
cases of AAV, methotrexate can be tried as a less toxic  
alternative to cyclophosphamide to induce remission. Also, 
MMF may be as efficient as cyclophosphamide in inducing 
remission. During the subsequent maintenance phase, low-

prednisolone and oral azathioprine is frequently continued 
for up to 18 months. Other immunosuppressive agents used 
in the maintenance phase include methotrexate, MMF, and 
cyclosporine.458,476,485 Adjunctive plasma exchange can be 
used in life-threatening situations.474 Successful treatment 
with biologic agents such as infliximab or rituximab in 
refractory cases has been reported.474,481,486

ANTINEUTROPHIL CYTOPLASMIC ANTIBODY-
ASSOCIATED VASCULITIDES
Antineutrophil cytoplasmic antibody (ANCA)–associated 
vasculitides do occur in children but are less common than 
polyarteritis nodosa.487 The ANCA-associated vasculitides 
include microscopic polyangiitis, granulomatosis with poly-
angiitis (GPA), formerly known as Wegener’s granulomato-
sis, and eosinophilic granulomatosis with polyangiitis 
(EGPA), formerly known as Churg-Strauss vasculitis. All 
these disorders target the small arteries. The most accepted 
pathogenetic model proposes that ANCA activates cytokine-
primed neutrophils, which leads to bystander damage of 
endothelial cells and an escalation of inflammation, with 
recruitment of mononuclear cells. Of the two main ANCA 
classes, the cytoplasmic ANCA (C-ANCA) and perinuclear 
or antimyeloperoxidase ANCA (P-ANCA, MPO-ANCA) 
types, a pathogenic role in renal vasculitis is more evident 
for the myeloperoxidase type. A third type of ANCA, directed 
against human lysosome membrane protein-2, has been 
described as a potentially sensitive and specific marker for 
renal ANCA-associated vasculitis.488 However, other concom-
itant exogenous factors and genetic susceptibility also 
appear to be necessary for disease expression.485

Types of Antineutrophil Cytoplasmic Antibody-
Associated Vasculitides

Microscopic Polyangiitis. Microscopic polyarteritis or poly-
angiitis is a nongranulomatous, necrotizing, multisystem, 
pauci-immune small vessel vasculitis without upper airway 
involvement that is often associated with a high titer of 
MPO-ANCA or positive P-ANCA staining.446,452 Microscopic 
polyangiitis differs from classical polyarteritis nodosa in that 
extensive glomerular involvement is present and the pulmo-
nary capillaries also are often involved (see Figure 74.13).451 
The typical clinical manifestations are rapidly progressive 
glomerulonephritis and alveolar hemorrhage, which can be 
difficult to distinguish from GPA.489

Granulomatosis with Polyangiitis. GPA is a systemic vasculi-
tis with granulomatous inflammation of small and medium-
sized arteries, typically affecting the upper and lower 
respiratory tracts and kidneys (see Figure 74.13). The cause 
of GPA is unknown, but staphylococcal infections have been 
postulated as a potential trigger. Nasal carriage of Staphylo-
coccus aureus is a strong risk factor for relapse and may have 
a causative role in the pathogenesis of the disorder. Prophy-
lactic treatment with cotrimoxazole was found to result in a 
60% reduction in relapses. The role of S. aureus carriage 
can be explained in different ways. Carriage may induce 
low-grade infection in the upper airways, resulting in 
priming of neutrophils, and primed neutrophils can be 
further activated by proteinase 3 (PR3)-ANCA, which results 
in vasculitis. Alternatively, superantigens from S. aureus may 
nonspecifically activate an autoimmune response and 
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treatment. In addition, methotrexate, azathioprine, MMF, 
and cyclophosphamide have been used. Cyclophosphamide 
has been used in refractory cases.500 Steroid and cyclophos-
phamide induction followed by methotrexate has been  
suggested as effective and safe for childhood Takayasu’s 
arteritis.501 Anti–tumor necrosis factor therapy is a promis-
ing treatment option.502

In addition to pharmacologic therapy, surgical interven-
tion is frequently required to alleviate end-organ ischemia 
and hypertension resulting from vascular stenoses.503

HEMOLYTIC UREMIC SYNDROME

Hemolytic uremic syndrome (HUS) is defined by the 
simultaneous occurrence of microangiopathic hemolytic 
anemia, thrombocytopenia, and acute renal failure.504 The 
classical form, formerly known diarrhea-positive (D+) HUS, 
is caused by infectious agents. It accounts for 90% of 
all cases and is a common cause of acute kidney injury 
in young children. Atypical HUS (aHUS) is a rare condi-
tion that occurs without preceding diarrhea and is char-
acterized by a recurrent course and frequent progression 
to ESKD.504,505 In most patients with aHUS, genetic or 
acquired defects in the alternative complement pathway 
are found.506-508

SHIGA TOXIN–ASSOCIATED HEMOLYTIC  
UREMIC SYNDROME
Shiga toxin (Stx)–positive HUS usually occurs within 5 to 7 
days of a prodromal episode of diarrhea that is frequently 
bloody. It is caused by infection with Stx-producing Esche-
richia coli (STEC) or Shigella,509 with considerable regional 
variation in strain prevalence. In Argentina, where HUS is 
endemic, 1 in 25 children presenting with diarrhea is 
infected with STEC.510 The organism is responsible for at 
least 70% of cases of D+ HUS in the United States, and 80% 
of these are caused by the O157:H7 serotype.511 In Europe 
and other areas of the world, non-O157:H7 strains are 
emerging as important pathogens. The O111 serotype 
caused a large outbreak of hemorrhagic colitis and HUS in 
Australia and is also a common cause of disease in European 
children. Shigella dysenteriae type 1–associated HUS occurs in 
South Africa.512

Epidemiology

HUS principally affects children younger than 5 years. Only 
5% to 10% of individuals infected with Stx-producing E.coli 
progress to HUS.510,513 The incidence of D+ HUS in Germany 
and Austria is between 0.7 and 1/100,000 in children 
younger than 15 years and 1.5 to 1.9/100,000 in children 
younger than 5 years. Similarly, a Canadian surveillance 
study found an annual incidence of 1.1 cases/100,000 chil-
dren younger than 16 years.513 In Argentina, an annual 
incidence of 10.4 to 12.2/100,000 children younger than 5 
years has been reported.514

Consumption of unpasteurized milk and undercooked 
beef is the primary cause of infection.515 Secondary human 
to human contamination is also possible.516 Although 
epidemics are notable, most cases of HUS due to STEC 
infection are sporadic. The largest STEC outbreak to date 
occurred in Germany in 2011, caused by contamination of 
sprouts with an E. coli strain (O104:H4) that showed features 
of STEC and enteroaggregative E. coli. 22% of the 3816 

dose oral corticosteroids and azathioprine are therapeutic 
options.476,477,481,482,485

In adults with severe AAV, a single course of B cell–depleting 
antibody rituximab is as effective as continuous conventional 
immunosuppressive therapy (cyclophosphamide followed by 
azathioprine) for the induction and maintenance of remis-
sion over the course of 18 months.492 Rituximab has also 
been used successfully to achieve remission in children with 
AAV,481,485,486 but randomized comparative trials are still 
lacking. Rituximab should be considered for the treatment 
of children with AAV who fail to respond to conventional 
induction therapy with glucocorticoids and cyclophospha-
mide, and also for patients with relapsing disease in whom 
there is particular concern regarding cumulative glucocorti-
coid and/or cyclophosphamide toxicity.493

Cotrimoxazole is routinely added for the treatment of 
GPA, serving both as prophylaxis against opportunistic 
infections and as a disease-modifying agent.

Prognosis

ANCA-associated vasculitis carries considerable morbidity 
and mortality, mainly due to progressive CKD or aggressive 
respiratory involvement. Flares of GPA occur in up to 75% 
of patients during weaning from treatment, and significant 
long-term renal impairment occurs in 17% to 40%.494,495 
Furthermore, significant treatment-related infections have 
been observed in 20% to 40% of patients.494 Mortality from 
GPA was 12% in one pediatric series.496 In children, severe 
renal involvement is more common with microscopic  poly-
angiitis or microscopic polyarteritis than with GPA. Mark-
edly decreased GFR, oliguria, nephrotic range proteinuria 
and chronic glomerular lesions at first presentation are pre-
dictors of poor outcome.497 In children with EGPA, one 
report found 18% mortality, with all deaths attributed to 
disease rather than to therapy.487

TAKAYASU’S ARTERITIS
Takayasu’s arteritis is a chronic inflammatory, large vessel 
vasculitis of unknown cause that primarily affects the aorta 
and its major branches (see Figure 74.13). The disease is 
most common in Asia. At disease onset, only 7% of patients 
are younger than 10 years, but 19% are 10 to 20 years old.498

A diagnosis of Takayasu’s arteritis in childhood requires 
the demonstration of the typical angiographic abnormali-
ties of the aorta or its main branches and pulmonary  
arteries (e.g., aneurysm or dilation, narrowing, occlusion, 
arterial wall thickening not due to fibromuscular dysplasia) 
in addition to the presence of one of the following: (1) pulse 
deficit (lost, decreased, or unequal peripheral artery  
pulses) or claudication; (2) blood pressure discrepancy in 
any limb; (3) bruits or thrills over the aorta and/or its major 
branches; (4) hypertension; (5) elevated level of acute 
phase reactant.446,452

In a series of 19 children with Takayasu’s arteritis, the 
most common complaints at presentation were headache 
(84%), abdominal pain (37%), claudication of extremities 
(32%), fever (26%), and weight loss (10%).499 Hypertension 
was present in 89%, absent pulses in 58%, and arterial bruits 
in 42% of patients.499

Treatment

Therapy for Takayasu’s arteritis in children is largely  
empirical, with corticosteroids remaining the mainstay of 
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detection of free fecal Stx, and detection of circulating Stx 
antibodies.514 Progression to HUS occurs in 5% to 15% of 
STEC enteritis cases. Bloody diarrhea and a high neutro-
philic leukocytosis may indicate patients at increased risk of 
developing HUS.510

In the typical presentation, examination of a blood smear 
reveals helmet and burr cells and fragmented red blood 
cells (fragmentocytes). Plasma hemoglobin levels are ele-
vated, whereas plasma haptoglobin becomes undetectable. 
Strikingly high levels of lactate dehydrogenase quantitatively 
reflect ongoing intravascular hemolysis. The Coombs test 
yields negative results. Significant leukocytosis is common, 
and thrombocytopenia is found in more than 90% of 
patients. The degree of anemia and thrombocytopenia do 
not predict disease severity.525,526 By definition, all patients 
with STEC-HUS manifest some degree of renal insufficiency. 
Renal involvement may range from hematuria and protein-
uria to oligoanuric acute renal failure. Marked hypertension 
is also common, and 30% to 40% of cases will require dialy-
sis therapy; the prognosis for recovery of renal function is 
generally favorable. However, dialysis for more than 7 days 
is associated with worse long-term renal outcomes, and 
renal function rarely recovers substantially if the duration 
of dialysis is longer than 4 weeks.527,528

Microangiopathic lesions may also occur in organs other 
than the kidneys. Central nervous system symptoms (sei-
zures, altered vision, hemiparesis) are observed in up to 
25% of patients and are usually transient, although severe 
and even lethal courses have been reported.529

Treatment

No specific therapy has proven to affect the course of the 
disease in children. Supportive therapy during diarrhea  
and colitis (e.g., compensation for the electrolyte and  
water deficits) is most important to prevent an additional 
prerenal component during acute kidney injury. Use of  
antibiotics and antimotility drugs in children with con-
firmed or suspected E. coli O157:H7 infection during the 
bloody diarrheal phase is questionable due to the poten-
tially increased risk of subsequent development of HUS. 
However, a meta-analysis has not shown a higher risk of HUS 
associated with antibiotic administration.530 Approximately 
50% of patients require dialysis during the course of the 
disease.531 Peritoneal dialysis, hemodialysis, and slow dialy-
sis–continuous renal replacement therapy appear to be 
equally effective.532

There are no published data to prove that plasma 
exchange positively affects the outcome of Stx-mediated 
HUS. A meta-analysis of seven RCTs involving 476 children 
with HUS concluded that supportive therapy, including 
dialysis, is still the most effective treatment for patients with 
postdiarrheal HUS.533,534 The studied interventions included 
heparin and heparin with urokinase or dipyridamole, fresh-
frozen plasma, glucocorticoids, and experimental therapy 
with a Stx-binding globotriaosylceramide receptor analog 
(Synsorb Pk). None of the assessed interventions was supe-
rior to supportive therapy alone as judged by all-cause  
mortality and the occurrence of neurologic and/or other 
extrarenal events, changes in renal biopsy specimens, pro-
teinuria, or hypertension at the last follow-up visit.

Anticomplement 5 therapy with eculizumab was associ-
ated with rapid clinical improvement in three infants with 
fulminant STEC-HUS with extrarenal manifestations.535 

infected individuals developed HUS; of these, only 12% 
were children, probably due to the peculiar distribution 
chain of the contaminated food to restaurants.517,518

Pathogenesis

E. coli O157 can produce two different Shiga toxins. Stx1 is 
very similar to the type 1 toxin of S. dysenteriae. The expres-
sion of Stx2 strongly correlates with the occurrence of 
bloody diarrhea and HUS. Orally ingested Stx-producing 
bacteria attach to the intestinal mucosa and cause entero-
cyte effacement.519 Stx is then transferred through the intes-
tinal barrier and probably travels bound to leukocytes in the 
circulation.

Kidney biopsy specimens show a fibrin-rich glomerular 
microangiopathy, with apoptosis of glomerular and tubular 
cells.519 The specific pathogenetic event in HUS is endothe-
lial cell injury. Stx binds to glycosphingolipid globotriaosyl-
ceramide, a cell surface receptor present on glomerular 
endothelial cells, podocytes, and tubular epithelial cells. 
Toxins are internalized and inhibit protein synthesis by 
acting on the 28S eukaryotic ribosomal RNA, which results 
in cytokine release and apoptotic cell death.519 Endothelial 
injury generates thrombin, and fibrin is deposited in the 
microvasculature. Concentrations of plasminogen activator 
inhibitor-1 rise. Plasminogen activator inhibitor-1 blocks 
fibrinolysis, which further accelerates the accumulation of 
fibrin in vessels and exacerbates the thrombotic injury.509

Furthermore, Stx increases endothelial cell expression 
of the chemokine receptor CXCR4 and its ligand stromal 
cell-derived factor 1 (SDF-1). Specific blockade of this 
ligand-receptor system ameliorates STEC-HUS in mice.520 
Plasma levels of SDF-1 are nearly fourfold higher in chil-
dren with STEC enteritis who progress to HUS than in 
those who do not develop HUS,520 raising hopes that SDF-1 
could become a useful biomarker to predict patients prone 
to develop HUS.

Finally, complement activation plays a role in the patho-
genesis of STEC-HUS.521-523 Serum markers of alternative 
complement pathway activation are found to be increased 
during STEC-HUS episodes.521 Experimentally, Stx induces 
activation and binding of C3 to endothelial cells, promoting 
thrombus formation on endothelial cells.522 Factor B defi-
ciency and treatment with a C3a antagonist were found to 
be partially protective in a murine HUS model.522 Finally, 
Stx-induced activation of the alternative pathway of comple-
ment and generation of C3a promotes integrin-linked 
kinase signaling, leading to podocyte dysfunction and loss 
in Stx-HUS.523 A mutation in the complement-regulating 
gene MCP was reported in a fatal case of STEC-HUS.524

Hemolytic anemia is believed to result from mechanical 
damage to red blood cells as they pass through the altered 
vasculature. Thrombocytopenia is caused by intrarenal and 
diffuse microvascular platelet adhesion or damage.515

Diagnosis

The diagnosis of Stx-associated HUS in children is based on 
the presence of microangiopathic hemolytic anemia, throm-
bocytopenia, and acute renal injury following a diarrheal 
prodrome (Table 74.7). About 3 days after ingestion of the 
organism, the patient develops diarrhea, abdominal pain, 
fever, and vomiting. In 80% to 90% of cases, the diarrhea 
turns bloody within 1 to 3 days.509 Three criteria must be 
met to diagnose STEC infection: isolation of STEC strains, 
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Table 74.7 Features of Typical and Atypical Hemolytic Uremic Syndrome (HUS)

Parameter Typical Diarrhea-Positive HUS Atypical Diarrhea-Negative HUS

Cause Shiga toxin–producing Escherichia coli or 
Shigella

Genetic (dysregulation of complement pathway due to mutations 
or autoantibodies)

Infectious (Streptococcus pneumoniae)
Metabolic (Cobalamin C synthase deficiency)
Coagulation (von Willebrand factor–cleaving protease deficiency, 

DGKE)
Drugs (quinine, possibly calcineurin inhibitors, ganciclovir, oral 

contraceptives, etc.)
Rare reported associations include systemic lupus erythematosus, 

systemic sclerosis, bone marrow transplantation, leukemia
Age Primarily <5 yr, but possible at any age Preferentially infants and young children, but possible at any age
Seasonal preference Summer None
Onset Sudden, mostly diarrheal prodrome More insidious, no diarrhea, sometimes prodromal features like 

fever, vomiting
Outbreak Yes, mostly sporadic No
Clinical findings Paleness, hematuria (microscopic) and 

proteinuria to severe renal failure and 
oligoanuria, edema, arterial 
hypertension, coma, and seizures

More severe clinical course (particularly renal insufficiency and 
hypertension)

Laboratory findings Hemolytic anemia, hemoglobin <10 g/dL
Fragmented erythrocytes
Thrombocytopenia <150,000/mm3

Increased serum creatinine
Reduced serum haptoglobin
Elevated lactate dehydrogenase

Laboratory findings of typical HUS plus:
  Low C3, elevated C3d
  Reduced CH50, factors H, D, I, B
  Mutations in genes for complement factors H, I, B, C3, 

membrane cofactor protein, thrombomodulin
  Factor H autoantibodies associated with CFHI/III gene deletions
  Low von Willebrand factor-cleaving protease activity/ADAMTS13 

mutations
  Elevated plasma homocysteine

Treatment Mostly symptomatic (energetic fluid-
electrolyte therapy, dialysis when 
required; rarely, plasma exchange in 
cases of severe clinical course with 
suspected complement system 
disorder)

Plasma exchange
Eculizumab

Recurrence Rare Common
Prognosis Generally favorable Historically poor; some forms now improved with anti-C5 therapy

Eculizumab was subsequently used nonselectively without 
complement status testing in more than 200 adult patients 
during the 2011 German outbreak, but a clear short-term 
benefit could not be demonstrated in face of very good 
overall outcomes.536,537

Promising therapies under development include toxin 
binders (e.g., neutralizing monoclonal antibodies, receptor 
analogues, receptor synthase inhibitors), inhibitors of 
CXCR4/SDF-1 interaction (plerixafor [Mozobil]), and sec-
ondary therapies targeting downstream molecular events 
(e.g., inhibitors of caspase, mitogen-activated protein kinase, 
thrombin-platelet signaling).532,538,539

Prognosis

Spontaneous resolution usually begins 1 to 3 weeks after the 
onset of disease. With proper management, most patients 
show a favorable recovery. The hematologic manifestations 
of Stx HUS usually resolve within 1 to 2 weeks, and GFR 
returns to normal.

Overall mortality from D+ HUS is around 4% to 9%, with 
most deaths occurring during the acute phase of the disease, 
mainly from extrarenal causes.528,540 In a review encompass-
ing 17 children who died from HUS, central nervous system 

involvement was the leading cause of death. Other causes 
included hyperkalemia, heart failure, and pulmonary hem-
orrhage. Patients who had lethargy, oligoanuria, dehydra-
tion, leukocyte count of more than 20,000/mm3, and 
hematocrit less than 23% at presentation were at increased 
risk of death.540

The long-term renal prognosis of D+ HUS was analyzed 
in a meta-analysis of 49 studies involving 3476 patients, with 
a mean follow-up of 4.4 years. The average mortality was 9%, 
incidence of ESKD was 3%, and incidence of residual renal 
damage was 25%. The latter figure included 15% of patients 
with proteinuria, 10% of patients with hypertension, and 
8%, 6%, and 1.8% of those with a GFR of 50 to 80, 30 to 59, 
and 5 to 29 mL/min/1.73 m2, respectively.528

The severity of the acute illness, particularly the presence 
of central nervous system symptoms and the need for  
initial dialysis, is strongly associated with a worse long-term  
prognosis.528 Renal recovery will remain incomplete when 
dialysis is needed for longer than 4 weeks. In addition, pro-
longed oligoanuria (>5 days of anuria and >10 days of oli-
guria) and a white blood cell count of more than 20,000/
mm3 at presentation are risk factors for permanent renal 
dysfunction.541
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The defective complement inactivation causes persistent 
endothelial damage after resolution of the activating event, 
which usually is a bacterial or viral infection, and explains 
the recurrent nature of aHUS. Persistently low C3 and more 
sensitively elevated C3d serum levels indicating alternative 
pathway activation are an important clue to the diagnosis of 
complement-mediated aHUS.549

The type of complement abnormality determines the 
clinical presentation, response to plasma therapy, and risk 
of recurrence before and after kidney transplantation.526 
Complement factor H is usually affected, generally by het-
erozygous mutations leading to altered synthesis or, more 
often, deficient C3-inactivating function of this circulating 
protein. Factor H–related aHUS usually presents during 
infancy or early childhood, although some cases with first 
manifestation in adult life have been observed.552-554 Substi-
tution of normal factor H by plasma exchange is effective 
in interrupting the disease process, but because of the  
short half-life of factor H (2 to 3 days), intense treatment  
is required, and relapses are common. More than 80% of 
patients with factor H–related aHUS progress to ESKD, and 
the risk of recurrence after transplantation is very high 
(30% to 100%).526,544,554 Living donor transplantations 
should be avoided due to the high risk of recurrence of the 
disease in the patient and the potential risk of triggering the 
disease in the donor, who may be carrying an unrecognized 
genetic susceptibility factor.506

Neutralizing autoantibodies against factor H are an 
important alternative mechanism of factor H inactivation. 

Conversely, patients with an eGFR of more than 80 mL/
min/1.73 m2, are free of proteinuria, and are normotensive 
1 year after having D+ HUS have an excellent long-term 
prognosis.528 Therefore, further follow-up can probably be 
limited to children with proteinuria, hypertension, abnor-
mal morphologic findings by ultrasonography, and/or 
impaired GFR at 1 year.542

ATYPICAL HEMOLYTIC UREMIC SYNDROME
Atypical HUS is an ultrarare disorder, with an estimated 
prevalence of 7 million children in Europe.543 However, the 
condition may have been underdiagnosed in the past, and 
diagnosis rates appear to be increasing recently due to 
greater awareness and better understanding of its pathogen-
esis and genetic background. A wide variety of triggers have 
been identified, including nonenteric bacterial infections, 
viruses, drugs, and genetic, immunologic, and metabolic 
abnormalities (see Table 74.7). Atypical HUS occurs in 
familial and sporadic forms. Inherited and acquired alterna-
tive complement pathway regulator deficiencies are increas-
ingly understood to have a pivotal role in the pathogenesis 
of the disorder.507,526,544

Streptococcus pneumoniae–Associated Hemolytic 
Uremic Syndrome

About 14% to 30% of aHUS cases occur following an infec-
tion with Streptococcus pneumoniae.545,546 The clinical picture 
is unique and usually severe, with respiratory distress,  
anuria, neurologic involvement, and coma. Children with S. 
pneumoniae–associated HUS are generally younger, more 
likely to require dialysis, and have a higher mortality 
rate.525,547 Cellular injury in S. pneumoniae–associated HUS is 
related to circulating bacterial neuraminidase, which 
exposes normally hidden Thomsen-Friedenreich T antigen 
on platelets and endothelial cell surfaces to preformed cir-
culating IgM antibodies, with subsequent platelet aggrega-
tion and endothelial injury.548 The outcome is strongly 
dependent on the effectiveness of antibiotic treatment. 
Plasma therapy is contraindicated because it delivers fresh 
antibodies against Thomsen-Friedenreich antigen, which 
may accelerate polyagglutination and hemolysis.548

Hemolytic Uremic Syndrome Due to  
Complement Disorders

Abnormalities affecting components of the complement 
regulatory system are the most common causative factor526 
in aHUS unrelated to S. pneumoniae infection (Figure 
74.14).515 These abnormalities are usually caused by muta-
tions in complement system genes (components of C3 con-
vertase [C3 and factor B] or its regulators [factor H, factor 
I, membrane cofactor protein, and thrombomodulin]), but 
autoimmune mechanisms may also be involved (anti–factor 
H antibodies).549 The number of identified complement 
mutations has increased from 109 in 2008 to 604 in 2013.550 
Altogether, these abnormalities explain up to 70% of aHUS 
cases. Although the penetrance of complement mutation in 
aHUS is incomplete, and healthy mutation carriers are fre-
quently found within families, genetic investigations are 
clinically useful because they allow the risk of posttransplan-
tation disease recurrence, eligibility for liver transplantation 
and, possibly, the safety of withdrawing eculizumab treat-
ment to be assessed.551

Figure 74.14  Alternative  complement  pathway  and  regulatory 
systems. Shown are  inhibitors of  the activated complement system 
and its action sites in the complement cascade. The inhibition site of 
the C5 antibody eculizumab, the first clinically available complement 
inhibitor, is indicated.  (From Scheiring J, Rosales A, Zimmerhackl LB: 
Clinical practice: today’s understanding of the haemolytic uraemic syn-
drome. Eur J Pediatr 169:7-13, 2010.)
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of diagnosing the disorder, plasma homocysteine screening 
should be part of the diagnostic workup of childhood atypi-
cal HUS.

Hemolytic Uremic Syndrome Due to Diacyl 
Glycerol Kinase ε Mutations

Recessive mutations in DGKE (encoding diacylglycerol 
kinase epsilon) that cosegregated with aHUS in nine  
unrelated kindreds were recently identified.565 DGKE 
gene variants were also reported as the cause of a 
membranoproliferative-like glomerular microangiopathy.566 
DGKE is found in endothelium, platelets, and podocytes 
and attenuates intracellular protein kinase C (PKC) signal-
ing by inactivating arachidonic acid–containing diacylglyc-
erols. Loss of DGKE function results in a prothrombotic 
state. Affected individuals present with aHUS before 1 year 
of age. Episodes are usually self-limited, but patients develop 
persistent hypertension, hematuria, proteinuria (sometimes 
in the nephrotic range), and progressive CKD. ESKD usually 
occurs in the second decade of life.565

Treatment and Prognosis

Historically, plasma therapy has been the empirical first-line 
treatment in patients with aHUS.567 Plasma exchange and 
sometimes even repetitive plasma infusions appear to have 
some beneficial effect in patients with mutations in factor 
H, factor I, C3, or factor B mutations.526,557,567 However, in 
view of the short half-life of complement factors, plasma 
therapy needs to be performed at least two or three times 
a week to achieve and maintain sufficiently high serum 
concentrations.567 In contrast, plasma therapy does not 
correct the underlying pathogenic defect in patients with 
mutations in the endothelial membrane co-factor protein 
(MCP) and has not been found to affect clinical outcomes 
in these patients.567

During the last 5 years, a dramatic improvement in the 
management of aHUS patients has been achieved by the 
introduction of an effective complement-inhibiting drug, 
the monoclonal antibody eculizumab, into clinical prac-
tice.551 Eculizumab blocks complement activity by cleavage 
of the complement protein C5 and prevents the generation 
of the inflammatory peptide C5a and cytotoxic membrane 
attack complex (see Figure 74.14).515

In the pre-eculizumab era, patients with mutations in 
complement-regulating genes who showed no response to 
plasma therapy and/or had a recurrent course of disease 
were likely to progress to ESKD.557 Historically, one third 
of patients died or progressed to ESKD following the  
initial disease manifestation, and two thirds did so within  
12 months from disease onset. Eculizumab use has dramati-
cally improved the prognosis of aHUS episodes and the 
disease overall.508,551,568-571 Remarkable late improvement 
in renal function has been observed, even in CKD patients 
who had undergone chronic plasma therapy.572 Conse-
quently, eculizumab is now the recommended first-line 
therapy for children with aHUS while awaiting the results 
of diagnostic testing. In addition to being more effective 
than plasma therapy, eculizumab infusions avoid the risks 
and complications of plasma exchange and central venous 
catheters.551

If autoantibodies against factor H or ADAMTS13 are 
detected, eculizumab should be replaced by plasmapheresis 

Factor H autoantibodies appear to arise in patients with 
deletions in the genes coding for complement factor H–
related protein I or III.526,555 In a multicenter cohort of 138 
Indian children with anti–factor H antibody–associated 
HUS (56% of patients with HUS), combined plasma 
exchanges and induction immunosuppression comprised of 
prednisolone, with or without intravenous cyclophospha-
mide or rituximab, resulted in significantly improved renal 
survival and decreased antibody titers. Significant indepen-
dent risk factors for adverse outcomes were an antibody titer 
greater than 8000 arbitray units (AU)/mL, low C3 level, and 
delay in plasma exchange.554 Heterozygous and homozygous 
deletion of CFHR1 and CFHR3 through nonallelic homolo-
gous recombination events downstream of CFH is associated 
with an increased risk of aHUS.556

Mutations in complement factor I, the circulating 
co-factor for membrane co-factor protein and factor H, 
usually causes protein deficiency detectable by low circulat-
ing factor I levels. The clinical effect and response to plasma 
therapy are similar to those in factor H–mediated disease.557

Membrane co-factor protein is expressed on the surface 
of endothelial cells. The protein is part of the C3-inactivating 
complex. Mutations in the membrane co-factor protein 
gene lead to a loss of protein expression on all endothelial 
cell surfaces. Although plasma therapy is ineffective, the 
disease is often self-limited. In cases progressing to ESKD, 
the disease does not recur in transplanted kidneys, which 
have normal membrane co-factor protein expression.557

Atypical HUS can also be caused by mutations in comple-
ment factor C3. Since these mutations usually affect the 
factor H binding domain,558 the disease course is similar to 
that in factor H mutations, with a recurrent progressive 
course and a very high risk of posttransplantation 
recurrence.549

Hemolytic Uremic Syndrome Due to von 
Willebrand Factor–Cleaving Protease Deficiency

Atypical HUS can also be caused by deficient activity of von 
Willebrand factor (vWF)–cleaving protease (ADAMTS13, a 
disintegrin-like metalloprotease with thrombospondin type 
1 repeat motifs 13).544,559 This protease normally degrades 
large vWF multimers. Accumulation of vWF multimers leads 
to systemic platelet activation and thrombosis.525 Autosomal 
recessive vWF-cleaving protease deficiency is a very rare 
cause of childhood atypical HUS.560 In adolescents and 
adults, autoantibodies against vWF-cleaving protease can be 
a cause of thrombotic microangiopathy.561

Hemolytic Uremic Syndrome Due to Cobalamin C 
Synthase Deficiency

Another important, most likely underdiagnosed, and treat-
able cause of atypical HUS in children is cobalamin C  
synthase deficiency.562,563 This metabolic disorder is caused 
by mutations in the MMACHC (methylmalonic aciduria 
and homocystinuria type C protein) gene and leads to 
excessively high endotheliotoxic plasma homocysteine 
levels. Supplementation of vitamin B12 and folic acid rapidly 
lowers plasma homocysteine to near-normal levels and 
reverses aHUS symptoms. Whereas initial case reports 
described disease onset at neonatal-onset aHUS, milder vari-
ants of the disease apparently can manifest in later child-
hood.564 In view of the important therapeutic implications 
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retardation. During the first year of life, as much as 1 stan-
dard deviation (SD) of relative height can be lost within 2 
months of untreated uremia.575 Between the second year of 
life and onset of puberty, growth inhibition is more subtle. 
Growth patterns typically remain stable along the normal 
percentiles as long as GFR remains higher than 25 mL/
min/1.73 m2 but gradually deviate from the normal range 
in CKD stages 4 and 5576 (Figure 74.15). However, even in 
children with reduced absolute height who appear to be 
growing normally along a given height percentile, successful 
kidney transplantation may result in catch-up growth into 
the normal range as optimal growth conditions are restored, 
which suggests persistent suppression of growth potential in 
the uremic state.

The onset of clinical signs of puberty, as well as the start 
of the pubertal growth spurt, occur with a delay of up to 2 
years, depending on the degree of renal dysfunction.577 
Pubertal height gain is diminished by up to 50% (from 30 
to 15 cm) in adolescents with ESKD. Final adult heights 
below the normal range are attained by 30% to 50% of 
children with CKD, although a trend of improving final 
heights has been noted during the past decade. The dura-
tion of CKD, presence of a congenital nephropathy, and 
male gender are among the most important predictors of a 
reduced final height.575

CAUSES OF GROWTH FAILURE AND 
DEVELOPMENTAL DELAY IN CHRONIC  
KIDNEY DISEASE
During infancy, growth depends largely on nutritional and 
metabolic factors. Growth failure in infants with CKD usually 
is caused by inadequate spontaneous intake of nutrients due 
to anorexia and frequent vomiting. Reduced spontaneous 
energy intake resulting from uremic anorexia starts to 
impair growth rates when it falls below 70% to 80% of the 
recommended dietary allowance. The almost inevitable 
anorexia and wasting in infants with CKD may or may not 
be related to a subclinical state of microinflammation, as 
found in adult patients.578 Additional factors contributing to 
vomiting and anorexia include the accumulation of circulat-
ing satiety factors and the frequent general retardation of 
psychomotor development in uremia. Gastric emptying is 
abnormally slow. Fluid and electrolyte losses due to tubular 
dysfunction in dysplastic kidney disorders and catabolic epi-
sodes related to intercurrent infections may also play a role 
in worsening infantile growth failure.

Metabolic acidosis, which usually occurs when GFR is 
below 50% of normal, contributes to CKD-associated growth 
failure by various mechanisms, including increased protein 
breakdown, suppressed secretion of GH and insulin-like 
growth factor-1 (IGF-1), as well as impaired GH and IGF-1 
receptor expression in target tissues. Hence, metabolic  
acidosis in CKD induces a state of GH insufficiency and 
insensitivity.575

Independent of metabolic acidosis, the endocrine systems 
show a complex dysregulation in the uremic state. Circulat-
ing GH levels are normal or increased due to impaired 
metabolic clearance, but the actual rate of GH secretion 
from the pituitary is diminished.579 GH-induced IGF-1 syn-
thesis is impaired in uremia due to impaired activation of 
the GH-dependent JAK2/STAT5 (Janus kinase 2/signal 
transducer and activator of transcription-5) signaling 

using albumin substitution,289 and immunosuppressive 
therapy should be initiated to prevent antibody 
restitution.526

The appropriate duration of costly eculizumab therapy in 
aHUS related to hereditary complement disorders is cur-
rently a matter of debate. In patients with mutations associ-
ated with poor outcomes (CFH, C3, CFB), lifelong eculizumab 
treatment may be appropriate. By contrast, eculizumab 
therapy may reasonably be withdrawn in the subgroup of 
children with an isolated MCP mutation who have fully 
recovered from aHUS.551

Aytpical HUS patients undergoing kidney transplantation 
have a high risk of recurrence and graft loss.549 In a series 
of 57 aHUS patients (two thirds confirmed complement 
mutation carriers) who received 71 renal allografts, death-
censored 5-year graft survival was 51%.573 For some genetic 
abnormalities, the recurrence risk is probably close to 100%. 
Consequently, patients with ESKD due to aHUS were histori-
cally often not considered candidates for transplantation. 
The advent of eculizumab has profoundly changed the 
outlook for this patient population.508,569,570 Eculizumab is 
not only effective in reversing recurrent HUS after trans-
plantation572 but is also likely to prevent posttransplantation 
disease recurrence if administered prophylactically to high-
risk patients.508,569,570 Alternatively, since the bulk of circulat-
ing complement factors is synthesized by the liver, hepatic 
transplantation (or combined liver-kidney transplantation if 
ESKD is already established) may be considered for patients 
with confirmed genetic complement abnormalities as a 
curative treatment option.549

In patients with cobalamin C deficiency, lifelong vitamin 
B12 substitution may be required. No effective therapy exists 
for children with DGKE nephropathy. Since the disorder  
is not associated with abnormal complement activation, 
disease episodes are resistant to eculizumab, and the disease 
does not recur after transplantation.574

Other previously applied therapeutic modalities, such as 
antiplatelet agents, heparin or fibrinolytic agents, steroids, 
and intravenous immunoglobulins, are not effective in 
aHUS.526

PEDIATRIC ASPECTS OF CHRONIC  
KIDNEY DISEASE

GROWTH, NUTRITION, AND DEVELOPMENT

Impaired statural growth and sexual development are 
among the most obvious and important complications of 
CKD in childhood. Growth retardation and delayed matura-
tion can interfere markedly with psychosocial adjustment 
and are mentioned most consistently by young adult survi-
vors of childhood-onset CKD as major factors compromising 
their social integration and subjective quality of life.

PATTERNS OF GROWTH FAILURE IN  
CHRONIC KIDNEY DISEASE
The impact of uremia and its sequelae on statural growth 
depends on the age at first manifestation of CKD. One  
third of total postnatal growth occurs during the first 2 years 
of life. Therefore, any circumstances affecting growth  
rates during infancy will cause rapid and severe growth 
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Figure 74.15  Glomerular  filtration  rate  (GFR)–dependent  growth  pattern  in  children  with  chronic  renal  failure  due  to  hypodysplastic  renal 
disorders. Approximately 100 children per age interval were evaluated. Mean ± 1 standard deviation (SD) of height is shown for children with 
an average GFR more or less than 25 mL/min/1.73 m2. (Adapted from Schaefer F, Wingen AM, Hennicke M, et al: Growth charts for prepubertal 
children with chronic renal failure due to congenital renal disorders. European Study Group for Nutritional Treatment of Chronic Renal Failure in 
Childhood. Pediatr Nephrol 10:288-293, 1996.)
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Figure 74.16  Impaired  postreceptor  growth  hormone  signaling  in 
rats with experimental uremia. Top, Deficient nuclear accumulation 
of tyrosine-phosphorylated STAT5 (signal transducer and activator of 
transcription-5)  and  STAT3  protein  on  growth  hormone  stimulation  
in  livers  of  rats  with  chronic  kidney  disease  (CKD)  compared  with 
pair-fed controls. Bottom, Reduced hepatic phosphorylation of JAK2 
(Janus  kinase  2),  STAT5,  STAT3,  and  STAT1  in  uremic  rats.  (From 
Schaefer F, Chen Y, Tsao T, et al: Impaired JAK-STAT signal transduc-
tion contributes to growth hormone resistance in chronic uremia. J Clin 
Invest 108:467-475, 2001.)
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pathway580 (Figure 74.16). This postreceptor signaling 
defect may be caused by upregulation of inhibitory suppres-
sors of STAT signaling (SOCS [suppressor of cytokine sig-
naling] proteins), which are induced by inflammatory 
cytokines in the uremic state. In addition, accumulation of 
IGF-1–binding proteins results in a molar excess of IGF-
binding proteins relative to circulating IGFs, which results 
in reduced IGF bioactivity. Finally, the normal or reduced 
GH secretion in the presence of markedly reduced IGF-1 
bioactivity is compatible with an insufficient feedback activa-
tion of the somatotropic hormone axis at the hypothalamic 
and pituitary levels. In summary, these findings indicate 
multilevel homeostatic failure of the GH–IGF-1 system, 
which may in part be related to chronic inflammation.

The gonadotropic hormone axis is subject to a similarly 
impaired activation in CKD.579 Peripubertal patients with 
advanced renal disease or ESKD exhibit normal or low sex 
steroid levels in the presence of elevated levels of circulating 
gonadotropins. The elevation of circulating gonadotropins 
is explained by impaired metabolic hormone clearance, 
whereas pituitary secretion rates are low, possibly due to 
impaired hypothalamic GnRH secretion related to increased 
inhibitory neurotransmitter tone. In addition to deficient 
central nervous activation, there is accumulation of circulat-
ing factors that inhibit GnRH release from the hypothala-
mus and testosterone release from Leydig cells. Finally, the 
crosstalk between gonadotropic and somatotropic hor-
mones during puberty appears to be impaired, as evidenced 
by a blunted surge of GH secretion in response to rising sex 
steroid levels. Hence, uremia appears to cause a state of 
multiple endocrine resistance, effectively inhibiting longitu-
dinal growth and sexual development.

PREVENTION AND TREATMENT OF GROWTH 
FAILURE IN CHRONIC KIDNEY DISEASE
In infants with CKD, the most important measures for avoid-
ing uremic growth failure are the provision of adequate 
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children with CKD have been demonstrated in numerous 
short- and long-term trials. The administration of rGH at 
pharmacologic dosages (0.05 mg/kg/day subcutaneously) 
overcomes endogenous GH resistance and markedly 
increases systemic and local IGF-1 production, with only a 
slight effect on IGF-binding proteins. This restores normal 
IGF-1 bioactivity and stimulates longitudinal growth. In chil-
dren with predialytic CKD, height velocity typically doubles 
in the first treatment year, and a steady albeit less marked 
catch-up growth is observed during subsequent years of 
therapy. Long-term studies have demonstrated mean stan-
dardized height increases of −2.6 to −0.7 SD in North Ameri-
can children, −3.4 to −1.9 SD in German children, and −3.0 
to −0.5 SD in Dutch children after 5 to 6 treatment years.575

The therapeutic response to rGH in CKD patients is supe-
rior to that observed in children who are undergoing dialy-
sis or who have undergone kidney transplantation, probably 
due to a more marked uremic GH resistance in ESKD and 
the growth-suppressive effect of glucocorticoids in renal 
allograft recipients. In patients receiving rGH studied at 
around 9 to 10 years of age and followed through puberty 
until attainment of final height, catch-up growth was largely 
limited to the prepubertal period584 (Figure 74.17). Final 
height was markedly improved in comparison with an 
untreated control group, with an overall benefit attributable 
to rGH treatment of 10 to 15 cm. Total height gain was 
positively correlated with the duration of rGH therapy and 
was negatively affected by the time spent on dialysis. These 
experiences permit one to conclude that rGH therapy 
should be initiated as early as possible in the predialytic 
CKD period, preferentially before severe growth retardation 
has occurred.

CARDIOVASCULAR COMORBIDITY IN PEDIATRIC 
CHRONIC KIDNEY DISEASE

A common assumption in cardiovascular medicine is that 
high blood pressure and other risk factors identified in 

energy intake, correction of metabolic acidosis, and main-
tenance of fluid and electrolyte balance.581 Supplementary 
feedings via nasogastric tube or gastrostomy are frequently 
required to achieve these targets.

Caloric intake should be targeted to provide 80% to  
100% of the regular daily allowance for healthy children. 
Increasing caloric intake above 100% of the recommended 
daily allowance does not induce further catch-up growth but 
rather results in obesity, with a potential adverse impact on 
long-term cardiovascular health. Protein intake should be 
at least 100% of the dietary reference intake but should not 
exceed 140% of the dietary reference intake in patients with 
CKD stage 2 or 3 and 120% of the reference intake in chil-
dren with CKD stage 4 or 5. Excessive protein intake should 
be avoided in advancing CKD to limit phosphorus and acid 
load in patients with failing kidney function. Moderate 
protein restriction is safe with respect to the preservation of 
growth and nutritional status.582

Metabolic acidosis should be rigorously treated by oral 
alkaline supplementation. In addition, the supplementation 
of water and electrolytes is essential for children with  
polyuria and/or salt-losing nephropathies. Water and elec-
trolyte losses are very common and are frequently underes-
timated in children with hypoplastic and dysplastic renal 
malformations.

Early and consistent provision of supplementary nutri-
ents, fluids, and electrolytes, with delivery ensured by enteral 
feeding via a nasogastric tube or percutaneous gastrostomy 
whenever necessary, has markedly improved the growth and 
development of young children with CKD.575,583 In the 
postinfantile phase of childhood, nutrition, fluid, and elec-
trolyte balance continue to be permissive factors for ade-
quate longitudinal growth, but catch-up growth can rarely 
be provided by dietary and supplementary measures alone. 
If growth failure is imminent and/or has already occurred, 
despite adequate provision of nutrients, salts, and fluid, 
then treatment with recombinant growth hormone (rGH) 
is a viable option. The efficacy and safety of rGH therapy in 

Figure 74.17  Favorable effects of long-term recombinant human growth hormone (GH) therapy on final adult height in children with chronic 
kidney disease (CKD). Synchronized mean growth curves are shown for 38 children (32 boys and 6 girls) with CKD who were treated with GH 
and for 50 control children with CKD who did not receive GH. Normal values are indicated by the 3rd, 50th, and 97th percentiles. The circles 
indicate the time of the first observation (the start of GH treatment in the treated children) and the end of the pubertal growth spurt. (Haffner 
D, Schaefer F, Nissel R, et al: Effect of growth hormone treatment on the adult height of children with chronic renal failure. German Study Group for 
Growth Hormone Treatment in Chronic Renal Failure. N Engl J Med 343:923-930, 2000.)
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blood pressure in the general population matched for age, 
gender, and height. Hypertension is defined as a systolic 
and/or diastolic blood pressure that on at least three occa-
sions is greater than or equal to the 95th percentile for age, 
gender, and height. Blood pressure values of more than 
5 mm Hg above the 99th percentile define stage 2 hyperten-
sion. Values from the 90th to 95th percentile at any blood 
pressure level at or above 120/80 mm Hg are termed prehy-
pertension.588 It is important to note that children may be 
hypertensive at absolute blood pressure values that may not 
seem high by adult standards. For example, a blood pres-
sure of 120/75 mm Hg represents severe stage 2 hyperten-
sion in a 2-year-old, stage 1 hypertension in a 7-year-old,  
and prehypertension in an 11-year-old of average height. 
Altered circadian blood pressure patterns, as described in 
adult patients with CKD, can be detected by ambulatory 
blood pressure monitoring in children.589 Approximately 
10% of children with CKD have so-called masked 
hypertension—that is, elevated blood pressure with 24-hour 
monitoring despite normal office readings, a condition  
associated with an increased prevalence of left ventricular 
hypertrophy.590 Various online calculators are available to 
compare the blood pressure of a child of a given gender, 
age, and height with that in the normal population (e.g., 
www.pediatriconcall.com/fordoctor/pedcalc/bp.aspx).

Current management guidelines recommend regular 
blood pressure screening for all children with CKD.591 In 
addition to clinic measurements, ambulatory blood pres-
sure monitoring should be performed at least once a year 
and within 1 to 2 months of modification of therapy in 
patients receiving antihypertensive medication. Children 
with CKD should be considered at increased risk for cardio-
vascular complications, and therapeutic interventions 
should be initiated when blood pressure exceeds the 90th 
percentile for age and height. Interventions should aim at 
achieving a 24-hour blood pressure well below the 75th 
percentile.591 Lifestyle changes such as increased physical 
activity, avoidance of salty foods, and reduction of weight in 
obese patients are also recommended for children with 
CKD but are rarely effective as sole measures.587 ACE inhibi-
tors and angiotensin receptor blockers should be the first 
choice of antihypertensive medications (see later, “Progres-
sion of Chronic Renal Failure in Children”) and, if given at 
appropriate dosages (e.g., ramipril 6 mg/m2/day592 or can-
desartan 0.2 to 0.4 mg/kg/day593), will normalize blood 
pressure in most patients. If the blood pressure–lowering 
effect is insufficient, a loop diuretic should be added (e.g., 
furosemide, 2 to 4 mg/kg/day), followed by a calcium 
channel antagonist (e.g., amlodipine, 0.2 mg/kg/day). The 
timing of drug dosing should be adapted to achieve optimal 
blood pressure control throughout 24 hours as verified by 
ambulatory blood pressure monitoring.

INTERMEDIATE CARDIOVASCULAR END POINTS IN 
CHILDREN WITH CHRONIC KIDNEY DISEASE
Left ventricular hypertrophy (LVH) and increased carotid 
intima-media thickness have been demonstrated not only in 
hypertensive children with advanced CKD, in whom altera-
tions of mineral metabolism and volume overload are 
important superimposed risk factors, but also in children 
with early essential hypertension and even in children with 
masked hypertension. LVH is the most common identifiable 

adult populations affect only older adults. However, CKD-
associated cardiovascular disease is present already in child-
hood and manifests relatively early in the course of CKD,585 
leading to significant morbidity and mortality from cardio-
vascular causes when ESKD has developed, even during 
childhood (Figure 74.18).586 Among individuals younger 
than 19 years of age with ESKD, cardiac disease is respon-
sible for 22 deaths/1000 patient-years, accounting for 16% 
of all deaths in whites and 26% in African Americans. This 
represents up to a 1000-fold increase in risk compared with 
that in the general population.

HYPERTENSION
CKD is the most common reason for arterial hypertension 
in childhood. The prevalence of hypertension is around 
40% to 50% in children with CKD stages 2 to 4 and 
approaches 90% by the time ESKD has developed. High 
blood pressure is associated with target organ damage 
during childhood and is closely related to the rate of pro-
gression of renal failure.

CKD-associated hypertension develops by a variety of 
pathophysiologic mechanisms.587 Fluid overload and activa-
tion of the RAAS are certainly crucial in this process, and 
sympathetic hyperactivation, endothelial dysfunction, and 
chronic hyperparathyroidism are likely to contribute to pedi-
atric nephropathies as they do in adult kidney disorders.

The definition of arterial hypertension in the pediatric 
population is a challenging issue. Blood pressure increases 
physiologically by approximately 30 mm Hg over the course 
of childhood. Furthermore, at any given age, blood pressure 
also depends on relative body size. Due to the low mortality 
and long time lag to cardiovascular complications, hard 
clinical outcome criteria are not available to define critical 
cutoff blood pressure values in children. Therefore, child-
hood hypertension is defined based on the distribution of 

Figure 74.18  Long-term  survival  of  283  patients  with  childhood-
onset ESKD. Green dotted line, Survival rate considering all causes 
of death. Red line, Survival rate considering cardiovascular and cere-
brovascular  causes  of  death  only.  Blue line,  Survival  rate  in  the 
general population. Inset, CT sections from 27-year-old male hemo-
dialysis patient with extensive calcification in all three coronary arter-
ies  and  aorta.  (From Oh J, Wunsch R, Turzer M, et al: Advanced 
coronary and carotid arteriopathy in young adults with childhood-onset 
chronic renal failure. Circulation 106:100-105, 2002.)
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carotid artery correlate with the degree of hyperparathy-
roidism, serum calcium-phosphorus ion product, and cumu-
lative dose of calcium-containing phosphate binders.

PROGRESSION OF CHRONIC RENAL FAILURE  
IN CHILDREN

COURSE OF RENAL FUNCTION IN CHILDREN WITH 
CHRONIC KIDNEY DISEASE
The course of renal function in pediatric CKD is mainly 
determined by the age and degree of renal failure at the 
time of first disease manifestation. Two thirds of children 
with CAKUT progress to ESKD during the first 2 decades of 
life.608 The physiologic early increase in GFR is typically 
extended to the first 3 to 4 years of life, which potentially 
reflects an adaptive hypertrophy of the reduced number of 
functioning nephrons.609 In approximately 50% of children, 
this early incremental phase is followed by a period of stable 
or very slowly deteriorating renal function, which usually 
lasts for 5 to 8 years. Around the onset of puberty, the GFR 
loss tends to accelerate, typically leading to ESKD in late 
adolescence or early adulthood (Figure 74.20). The reasons 
for this nonlinear progression of renal failure are incom-
pletely understood and may include an insufficient capacity 
of the nephrons to adapt to the rapidly growing metabolic 
needs during the pubertal growth spurt, adverse renal 
effects of puberty-related increases in sex steroid produc-
tion, and/or an accelerated sclerotic degeneration of a 
diminishing number of remnant hyperfiltering nephrons. 
In children with very severe renal hypoplasia, the early 
increase in GFR may be blunted, and early progression to 
ESKD may occur instead. About 20% of patients with renal 
hypoplasia maintain a stable GFR, even beyond puberty. 
Follow-up studies have shown that in patients with mild 
bilateral renal hypoplasia, progressive deterioration of GFR 
frequently ensues in the third decade of life.

RISK FACTORS FOR PROGRESSIVE RENAL FAILURE 
AND PHARMACOLOGIC NEPHROPROTECTION
Among the numerous factors predicting progressive  
renal failure in adult populations and in animal models, 

cardiac alteration in CKD and the most important indicator 
of cardiovascular risk in adult and pediatric patients with 
ESKD.594-597 LVH is believed to contribute to the high risk of 
sudden cardiac death in children with CKD due to lethal 
arrhythmias brought about by myocardial fibrosis and cel-
lular hypertrophy. LVH is present in approximately 15% to 
30% of children with stage 2 to 4 CKD,598,599 in 50% to 75% 
of children undergoing dialysis,600,601 and in 50% to 67% of 
renal allograft recipients.602,603 Concentric and eccentric 
changes of left ventricular geometry are observed, which 
suggests that volume- and pressure-related pathogenic 
mechanisms are operative.604 An increase in circulating 
volume early in CKD might be brought about by hyperacti-
vation of the RAAS and sympathetic nervous system. More-
over, some evidence has indicated that nonhemodynamic 
mechanisms affect left ventricular growth and function in 
CKD, including hyperparathyroidism, inflammatory cyto-
kines, and other autocrine and paracrine pathways. In addi-
tion to these morphologic changes, a subclinical impairment 
of left ventricular systolic function is found in about 25% of 
children with mild to moderate CKD.605 Systolic dysfunction 
is most common in patients with concentric LVH and is 
associated with a low GFR and anemia.

Moreover, increasing evidence in children, as in adults, 
has suggested that the CKD-associated bone mineral disor-
der and its treatment not only affects bone and mineral 
metabolism but also contributes to the development of cal-
cifying uremic vasculopathy. This is a consequence of a 
redistribution of mineral salts from the skeleton to the large 
arteries and soft tissue compartments. Coronary artery cal-
cifications are found in individual adolescent patients 
undergoing dialysis606 and in more than 90% of young 
adults with childhood-onset CKD586 (see Figure 74.18). Early 
signs of vasculopathy, such as an increased intima-media 
thickness and stiffness of the carotid artery, can be detected 
as early as the second decade of life.607 Both morphologic 
and functional alterations are progressive over time and are 
most marked in adolescents undergoing dialysis, but they 
also may be seen in children with moderate CKD and appear 
to improve partially after successful renal transplantation 
(Figure 74.19). Intima-media thickness and stiffness of the 

Figure 74.19  Change in sonographically determined carotid intima-media thickness (cIMT) in children with chronic kidney disease, children 
undergoing dialysis, and children who underwent kidney transplantation. Mean time interval between the first and second observations (obs) 
was 12 months. IMT is expressed as a standard deviation (SD) score normalized for age and gender. Shaded area denotes normal range, with 
SDs of −1.64, 0, and +1.64 corresponding to the 5th, 50th, and 95th percentiles. cIMT SDS, Change in Intima media thickness standard devia-
tion score. (From Litwin M, Wühl E, Jourdan C, et al: Evolution of large-vessel arteriopathy in pediatric patients with chronic kidney disease. Nephrol 
Dial Transplant 23:2552-2557, 2008.)
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persistent nephrotic-range proteinuria is a risk factor for 
progressive renal injury. In the ESCAPE trial, for children 
receiving fixed-dose ACE inhibitors, residual proteinuria 
proved to be predictive of CKD progression, despite treat-
ment. These findings provide a strong rationale for the early 
and consistent application of RAAS antagonist treatment 
protocols.610

Both ACE inhibitors and angiotensin receptor blockers 
have been shown to be safe and effective in children with 
CKD. Ramipril, administered at a dosage of 6 mg/m2/day, 
normalized blood pressure and lowered proteinuria by 
approximately 50% in the ESCAPE trial patients.592 Similar 
results have been obtained with the angiotensin receptor 
blockers losartan,277,611 valsartan,612 and candesartan.593 It 
should be noted, however, that the renoprotective superior-
ity of RAAS antagonists over other antihypertensive agents 
has not been formally demonstrated in pediatric CKD. Data 
from the ItalKid registry did not show significant modifica-
tion of CKD progression by ACE inhibitor treatment in 
children with hypodysplastic kidney disease compared with 
matched untreated subjects.613 However, no information 
regarding the type and dosages of ACE inhibitors used and 
prevailing degree of proteinuria was available, and the base-
line progression rate was very slow.

Another important observation in the ESCAPE trial was 
a gradual return of proteinuria, despite ongoing ACE inhib-
itor treatment. This effect was dissociated from persistently 
excellent blood pressure control and might limit the long-
term renoprotective efficacy of ACE inhibitor monotherapy 
in pediatric CKD.610
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New findings in gene mutations of channels, receptors, and 
transporters in renal tubular cells continue to improve our 
understanding of acid-base, water, and electrolyte disorders. 
In this esteemed textbook of nephrology, it is fitting to have 
a chapter on fluid-electrolyte and acid-base disorders, 
unique to the neonate and child.

Pediatricians have always worked with the developing 
child’s ever-changing body size and prescribed treatment 
based on the body weight and other parameters related to 
growth from infancy to young adulthood. Many pediatric 
nephrologists maintain dialysis in children under an inter-
nal medicine certificate of need and have research mentors/
collaborators in internal medicine. These connections are 
valuable in the transition of the pediatric patient to adult 
nephrology care.

SODIUM AND WATER DISORDERS

NORMAL METABOLISM OF WATER AND SODIUM 
OF SPECIFIC INTEREST TO THE PEDIATRIC AGE

The most abundant constituent of the human body is  
water. The relative amount of water changes with age.1,2 In 

newborns and infants, total body water (TBW) constitutes a 
greater proportion of body weight than in adults, approxi-
mately 75% to 80% in preterm newborns, 70% in term 
infants, and 65% to 66% from 1 to 12 months of age. From 
this age on, the percentage of TBW progressively diminishes 
to approximately 60% to 65% of body weight in adults. Vari-
ability in TBW among individuals of similar age is related to 
differences in fat content because adipocytes practically do 
not contain water, but approximately 80% of the weight of 
other cells is water. Fat and water content are inversely 
related to each other in any given individual. Therefore 
obese individuals have a lower percentage of TBW. For the 
same reason, TBW is 5% to 10% lower in women than men. 
This gender-related difference in TBW is not observed 
before puberty.

The TBW comprises the intracellular fluid (ICF) and the 
extracellular fluid (ECF), which may in turn be subdivided 
into intravascular and interstitial fluids. The age-dependent 
changes in TBW that occur during infancy and childhood are 
mostly attributable to variations in ECF because the ICF pro-
portion remains essentially constant after the first year of life 
at roughly 40% of the body weight.1 The ECF decreases 
rapidly during the embryonic development stage, during the 
first year of life, and more slowly from 1 year of age onward.
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Thirst is the body’s signal to increase water consumption. 
Thirst is stimulated by intracellular water loss (dehydra-
tion), so small increments of plasma osmolality from 1% to 
4% are able to produce a strong stimulus to drink by activat-
ing osmoreceptors located in the central nervous system 
(CNS). Different neural projections connect the primary 
osmoreceptors to brain areas responsible for arginine vaso-
pressin (AVP) secretion (see later) and thirst. It must be 
kept in mind that osmoreceptor cells in the brain primarily 
respond to plasma tonicity rather than to total plasma osmo-
lality. The physiologic relevance of this finding is that osmo-
receptors function primarily to preserve cell volume. 
Elevations of solutes such as urea do not cause cellular 
dehydration and consequently do not activate the mecha-
nisms that protect body fluid homeostasis.4 Thirst can also 
be caused by intravascular hypovolemia. This mechanism is 
less sensitive because sustained reductions of at least 4% to 
8% in ECF volume or blood pressure are needed to stimu-
late cardiovascular baroreceptors. Under physiologic condi-
tions, plasma osmolality in humans usually does not change 
above the threshold required to stimulate thirst, and water 
balance is maintained by modifications in the effective 
solute-free component of urinary volume.

Urinary flow is determined by changes in the renal load 
of solutes and in the excretion of solute-free water. A high 
intake of sodium will expand the ECF volume, leading to a 
compensatory reduction of renal tubular reabsorption and 
solute-driven water excretion and therefore increased urine 
volume (see later). Free water excretion, which is water 
elimination in excess of what is needed for solute excretion, 
is regulated by the action of AVP (also termed antidiuretic 
hormone in reference to one of its principal functions). AVP 
is synthesized as a prohormone in the hypothalamus and 
stored in the neurohypophysis until its release. Circulating 
AVP activates type 2 vasopressin (V2) receptors located in 
the basolateral membrane of the collecting tubule principal 
cells to increase water reabsorption through the insertion 
of water channels, aquaporin 2, into the luminal mem-
branes of these cells (see also Chapters 10 and 11). The 
lower urinary concentrating capacity of young infants in 
comparison with older children and adults can be at least 
partially attributed to immaturity of expression of these 
water channels.5 Pituitary AVP secretion occurs in response 
to small increases of only 1% or less in plasma osmolality. 
Accordingly, maximal urine concentration and therefore 
maximal antidiuresis is achieved after increases in plasma 
osmolality of only 5 to 10 mOsm/kg H2O. Hypovolemia also 
stimulates AVP secretion, but, similar to thirst, AVP secre-
tion is much less sensitive to changes in blood volume and 
blood pressure than to changes in osmolality. There are also 
nonosmotic stimuli to AVP secretion that probably play no 
role in the control of water metabolism in physiologic condi-
tions. Thus the sensation of nausea is by far the most potent 
stimulus to AVP secretion known in humans and is able to 
elevate circulating AVP levels.

Sodium balance is mainly dependent on the modulation 
of renal excretion, because a specific appetite for salt  
has only been unequivocally observed in the presence of 
adrenal insufficiency. Likewise, sodium intake is not sponta-
neously inhibited in the setting of excess sodium and ECF 
volume. The renal elimination of sodium is regulated by 
several complex factors: glomerular filtration rate (GFR), 

The solute composition of the ICF and ECF differs consid-
erably. The electroneutrality within each compartment is 
maintained by the balance between the sum of positive 
charges from cations and the sum of negative charges from 
anions. The major cationic electrolyte in the ECF is sodium, 
with smaller contributions from calcium, magnesium, and 
potassium. With regard to ECF anions, chloride is the most 
abundant, followed by bicarbonate and, in the plasma, by 
proteins, which are physiologically restricted by the capillary 
membrane from passage to the interstitial fluid. In the ICF, 
potassium is the predominant cation. There are significant 
amounts of magnesium but only a small concentration of 
sodium. With respect to ICF anions, proteins and organic 
phosphates are by far the most abundant. The potassium and 
sodium gradients between the ICF and the ECF compart-
ments are maintained by membrane-bound Na+/K+ pumps.

Most biologic membranes are permeable to water but not 
to aqueous solutes. Thus water molecules free of solutes 
cross the cell and capillary membranes, driven by osmotic 
pressure gradients. The hydrostatic pressure and the intrin-
sic permeability of the capillary membrane also intervene 
in the net movement of water across the capillary barrier.

Osmolality is defined as the number of milliosmoles 
(mOsm) of solute per kilogram of solvent. The mOsm is a 
measure of the number of particles dissolved in a solution 
and results from the number of electrolytic particles pro-
duced by dissociation of a millimole (mmol) of a given 
substance. Osmolality is the property of a solution indepen-
dent of any membrane and independent of the size or 
weight of the particles. The major extracellular osmoles are 
sodium and its accompanying anion, chloride. Other physi-
ologic osmoles within the extracellular water are glucose 
and urea. Plasma osmolality (mOsm/kg H2O) can be esti-
mated for practical purposes as 2 × Na + Urea + Glucose (all 
in mmol/L). Plasma urea and glucose concentrations often 
provided by clinical laboratories in mg/dL are converted to 
mmol/L by dividing by 2.8 and 18, respectively. In terms of 
the movement of water caused by the osmotic pressure gra-
dient, urea permeates the cell membrane freely and there-
fore is not considered as an “effective” osmole. That is, 
unlike sodium, urea does not contribute to tonicity, which 
is the property of a solution with reference to a membrane 
and represents the effective osmolality of a solution (i.e., the 
sum of the concentrations of solutes that are able to exert 
an osmotic force across a semipermeable membrane). 
Glucose, at normal physiologic plasma concentrations, is 
taken up by cells via active transport mechanisms and there-
fore is osmotically ineffective in many, but not all, tissues. 
However, glucose produces an osmotic gradient in hypergly-
cemic conditions (e.g., diabetes mellitus) when the cellular 
uptake of glucose is impaired.3

In addition to the internal distribution of water hitherto 
described, water and electrolyte metabolism depends on the 
external balance between intake and output.3 Children 
must keep a positive balance to allow body growth. A young 
infant gains approximately 30 g of weight per day, which 
means a physiologic retention of 20 mL/day of water and 
2 mEq/day of sodium. On the other hand, the ratio of 
surface area to weight is higher in infants than adults, and 
the skin is more permeable in infants. This means that water 
loss is proportionately much greater in infants than adults, 
especially in children with fever.
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DEHYDRATION
It should be noted that in pediatrics the term dehydration is 
often used as the most general term, encompassing the dif-
ferent forms of net fluid loss, including forms in which (1) 
water loss exceeds solute loss, leaving the child hypertonic; 
(2) water and solute loss are proportionate, leaving the 
child normotonic; and (3) solute loss exceeds water loss, 
leaving the child hypotonic. Although not as strictly rigor-
ous as the term net fluid volume depletion, the term dehydration 
will be retained in this chapter in order to be consistent with 
terminology used in everyday pediatrics.

HYPERNATREMIC DEHYDRATION
Dehydration may occur as a result of inappropriately low 
intake (anorexia, coma, fluid restriction) or excessive loss 
of fluids by gastrointestinal (GI; vomiting, diarrhea, fistula, 
or drains), renal (polyuric states), and/or cutaneous (heat, 
cystic fibrosis, burns, inflammatory skin disease) routes. 
Hypernatremic dehydration (plasma sodium concentration 
> 150 mEq/L) results from insufficient water intake or net 
loss of water in excess of solutes (see Table 75.1; i.e., the net 
fluid loss is hypotonic). In hypernatremic dehydration, 
water shifts from the ICF to the ECF, driven by an osmotic 
gradient. Thus a certain degree of extracellular and intra-
cellular volume loss coexists. In view of the fact that many 
of the most commonly assessed clinical manifestations are 
proportional to the reduction of ECF volume, the manifesta-
tions of dehydration will be less intense for the same degree 
of water loss in the hypernatremic dehydration state than in 
other forms of dehydration (see later); therefore progres-
sive dehydration associated with hypernatremia may be 
overlooked even in babies with marked weight loss.9

Any form of dehydration is characterized by weight loss 
in the child. The magnitude of acute weight loss reflects the 
amount of water loss and is the best clinical indicator of the 
degree of dehydration. Weight losses in infants of 5%, 10%, 
and 15% (50, 100, 150 mL/kg, respectively) classically cor-
respond with mild, moderate, and severe degrees of dehy-
dration.1 Older children and adults manifest symptoms at a 
somewhat lower degree of fluid loss than infants because 
the former have relatively smaller TBW and ECF volume 
whereby weight losses of 3%, 6%, and 9% are better used 

intrarenal hemodynamic changes, aldosterone levels, and 
several other factors, as outlined in detail elsewhere in this 
book. Preterm infants have a low capacity to retain sodium, 
and their sodium excretion is often inappropriately high. 
Both full-term and preterm infants have, compared with 
adults, a low capacity to excrete excessive salt loads.5 Vascu-
lar volume expansion increases renal perfusion pressure 
and subsequently increases fractional sodium excretion. 
Aldosterone production by the adrenal cortex is stimulated 
by angiotensin II, which is formed as the end result of  
renin secretion from the juxtaglomerular apparatus in 
response to renal hypoperfusion. Whereas hyperkalemia 
also increases aldosterone secretion, atrial natriuretic 
peptide and hyperosmolality are potent inhibitors. Aldoste-
rone stimulates distal reabsorption of sodium with accom-
panying potassium excretion, by a mechanism that partly 
involves the epithelial sodium channels (ENaCs) at the 
luminal membrane of collecting tubule cells. Normal values 
of plasma renin activity and aldosterone increase with 
upright position and with sodium restriction, vary within a 
wide range, are higher in children than adults, and are 
particularly high in infants.6 Reasons for the elevated plasma 
concentrations of renin and aldosterone in infancy may be 
low sodium intake at this age, immature proximal tubular 
reabsorption that allows an increased delivery of filtered 
sodium to the macula densa, low expression of Na+-K+-
ATPase (which is the energy generator for salt transport), 
deficient dynamic regulation of Na+-K+-ATPase activity, low 
numbers of angiotensin II receptors in the vessel wall, low 
blood pressure, and increased renal vascular resistance. 
Positive, although weak, correlations have been found 
between resistive index measured by Doppler ultrasonogra-
phy in the renal interlobar artery arteries and active plasma 
renin concentrations (r = 0.158) and plasma aldosterone 
concentrations (r = 0.222) in 169 healthy children.7 Refer-
ence values for renin and aldosterone are scarce in the lit-
erature. Third and 97th percentiles for serum aldosterone 
(2.5 and 20.6 ng/dL; 1 pmol/L = 0.036 ng/dL), plasma 
renin activity (0.6 and 7.5 ng/mL/hr), and aldosterone 
renin ratio (0.8 and 13.1) have been reported in 211 nor-
motensive children aged 4 to 16 years in the sitting position 
with at least a 15-minute rest.8

HYPEROSMOLALITY AND HYPERNATREMIA: 
PATHOGENESIS AND CLASSIFICATION

Hyperosmolality results from a deficiency of water relative 
to solutes in the ECF. The vast majority of situations leading 
to hyperosmolality are attributable to losses of body water 
in excess of body solutes caused by either insufficient water 
intake or excessive water excretion or both, although a 
minority of cases can occur as a result of excessive total-body 
sodium loading.3 A detailed examination of the causal 
mechanisms of hyperosmolar disorders summarized in 
Table 75.1 allows us to appreciate just how vulnerable young 
infants are to developing hypernatremia. The conjunction 
of several factors such as lack of voluntary access to water, 
high physiologic insensible water loss because of a large 
body surface in relation to body weight, occurrence of acute 
diarrhea frequently associated with fever, vomiting, and 
intolerance of oral fluid intake all contribute to this poten-
tially dangerous vulnerability.

Table 75.1	 Pathogenesis	of	
Hyperosmolar	Disorders

Insufficient water intake
• Inability to obtain water: preambulatory infants, 

unconscious or disabled children, lack of water
• Abnormalities of thirst: hypodipsia secondary to CNS 

disorders
Net loss of water in excess of solutes

• Renal losses: central and nephrogenic diabetes insipidus
• GI losses: vomiting, diarrhea
• Cutaneous losses: sweating, burns
• Pulmonary losses: hyperventilation

High sodium intake + low intake of water free of solutes
• Excessive administration of NaCl or NaHCO3

−: parenteral 
nutrition, cardiopulmonary resuscitation, seawater intake

CNS, Central nervous system; GI, gastrointestinal.
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differentiate this situation of prerenal failure from that of 
established renal failure with tubular or cortical necrosis 
secondary to prolonged ischemia.11

NEPHROGENIC DIABETES INSIPIDUS
Nephrogenic diabetes insipidus (NDI) is a disease defined 
by renal resistance to AVP action, which results in an inabil-
ity to concentrate urine adequately. It is clinically character-
ized by an increased risk for dehydration from polyuria and 
polydipsia, low urinary osmolality, persistent predisposition 
to hypernatremia, and serum hyperosmolality. Unlike 
central diabetes insipidus, NDI occurs with high or normal 
circulating levels of AVP and lack of response to exogenous 
administration of desmopressin, an AVP analog.

This chapter focuses on the primary forms of NDI. NDI 
may also be present in the context of other congenital and 
acquired tubular or interstitial disorders that interfere with 
the normal process of urine concentration. Thus polyuria 
and defective urinary concentration capacity form part of 
the wide spectrum of clinical manifestations of hypokalemic 
tubulopathies, including Bartter’s syndrome, Fanconi’s  
syndrome, distal renal tubular acidosis (RTA), interstitial 
cystic diseases, Bardet-Biedl syndrome, nephronophthisis 
complex, nephrocalcinosis, obstructive uropathy, acute 
interstitial nephritis, chronic kidney disease, diabetes mel-
litus, and hypercalcemia, as well as secondary forms caused 
by the ingestion of medications such as lithium, cisplatin 
and other antineoplastics, demeclocycline, amphotericin B, 
and diphenylhydantoin, among others.12 These secondary 
forms of NDI are generally less severe than primary NDI. 
The risk for dehydration is lower because patients are able 
to increase urinary osmolality above plasma osmolality, 
although normal maximum urine osmolality between 800 
and 1200 mOsm/kg H2O is not achieved. With the excep-
tion of prolonged lithium treatment, NDI secondary to  
most therapeutic pharmacologic agents is usually reversible 
after discontinuation of the medications.13 In polyuric 
states, induced by osmotic diuresis (i.e., diabetes mellitus), 
the urine osmolality is usually above 300 mOsm/kg H2O, 
in contrast to the dilute urine typically found with the 
aquaretic diuresis of diabetes insipidus. Primary congenital 
NDI is a rare inherited disease linked to the X chromosome 

as indicative of mild, moderate, and severe dehydration, 
respectively.1

In addition to weight loss, the reduction of ECF will cause 
a range of symptoms and physical signs depending on the 
intensity and rate of the dehydration, such as decreased skin 
turgor; dry mucous membranes; sunken anterior fontanelle; 
cool and mottled skin with poor capillary refilling; oliguria; 
acceleration of heart rate and pulse; decrease in blood pres-
sure; and in the most severe cases (most commonly com-
bined volume depletion with concomitant net sodium loss 
as well), hypovolemic shock. A review of the literature to 
find out the precision and accuracy of symptoms, signs, and 
basic laboratory tests for evaluating dehydration in infants 
and children came to the conclusion that delayed capillary 
refill time, reduced skin turgor, and deep respirations with 
or without an increase in rate were the most useful clinical 
signs that predicted 5% hypovolemia, and these parameters 
should be the basis of the initial assessment of dehydration 
in young children.10 In patients with hypernatremic dehy-
dration, the reduction of the ICF volume will also cause 
fever and CNS manifestations such as irritability, a high-
pitched cry, seizures, and other neurobehavioral distur-
bances, reminiscent of febrile and neurologic illness. 
Hyperosmolality causes thirst and avidity for water. Eleva-
tions of hematocrit and plasma concentrations of total pro-
teins, uric acid, and urea are biochemical indicators of 
dehydration, although they are not reliable parameters to 
assess its severity.10 Metabolic acidosis is usually present 
because of frequent associated loss of bicarbonate and alka-
linizing organic anions from the GI tract (non–anion gap 
[AG] acidosis) or anaerobic metabolism caused by poor 
peripheral perfusion (AG acidosis caused by lactate accu-
mulation). A value of plasma bicarbonate below 17 mEq/L 
is indicative of moderate or severe hypovolemia.10 Renal 
hypoperfusion leading to decreased GFR and oliguria is a 
compensatory mechanism to ECF volume depletion. In 
hypernatremic dehydration, serum osmolality is greater 
than 310 mOsm/kg H2O, stimulating AVP secretion and 
intensifying the oliguria. Thus a variable degree of prerenal 
failure, with preserved structural integrity of the kidneys, 
occurs reactively in a patient with dehydration of nonrenal 
origin. Table 75.2 provides indices used in pediatrics to 

Table 75.2	 Urinary	Indices	for	the	Clinical	Diagnosis	of	Prerenal	and	Intrinsic	Renal	Failure	in	
Oliguric	Children

Prerenal Failure Intrinsic Renal Failure

Children Neonates Children Neonates

Urinary Na (mEq/L) <10-20 <20-30 >30-40 >30-40
Urinary osmolality (mOsm/kg H2O) >400-500 >350 <350 <300
FE of Na (%)* <1 <2.5 >2 >3
U/P osmolality >2 >1.5 <1 <1
U/P creatinine >40 >30 <20 <10
Renal failure index† <1 <2.5 >2 >2.5

*FE of Na = Fractional excretion of Na = (Urine Na/Plasma Na) × (Plasma creatinine × 100/Urine creatinine).
†Renal failure index = Urine sodium/(U/P creatinine).
U/P = Urine-to-plasma ratio.
From Chim S: Acute renal failure: medical (non-dialytic) management. In Chiu MC, Yap HK, editors: Practical paediatric nephrology: an 

update of current practices, Hong Kong, 2005, Medcom Limited, pp 227-233.
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AVP, but in the recessive forms, either X-linked or autoso-
mal, the symptoms are usually of great and similar severity. 
The dilatation of the urinary tract secondary to the polyuria 
is frequent in patients with NDI, and this manifestation 
often leads to the correct diagnosis.24 Urinary symptoms 
associated with polyuria and hydronephrosis such as incon-
tinence, enuresis, urine retention, or traumatic rupture of 
the urinary tract may be found as well as some degree of 
renal insufficiency, which has been attributed to bladder 
dysfunction.25,26 The typical biochemical profile of infants 
with congenital NDI consists of hypernatremia or plasma 
sodium concentration at the upper normal limits, plasma 
hyperosmolality, normal or high values of circulating AVP, 
and dilute urine with osmolality below that of plasma often 
approaching minimal urinary osmolality values of 50 to 
70 mOsm/kg H2O. High plasma concentrations of urea, 
creatinine, uric acid, and total proteins are also found when 
the patient is dehydrated.

The family history as well as the clinical picture and the 
biochemical profile just described lead to a diagnostic 
workup for NDI, which should be confirmed by mutational 
analysis of the AVPR2 or AQP2 genes.27 Low or normal 
plasma sodium concentration in a polyuric child is indica-
tive of primary polydipsia. Acquired forms of NDI are usually 
of later onset and cause less severe urine concentration 
defects than congenital NDI so that urine osmolality may 
increase above plasma osmolality, and the risk for dehydra-
tion is low unless additional factors such as vomiting, diar-
rhea, or prolonged fasting are present. Polyuria in the 
context of other primary tubulopathies can start in the first 
weeks of life, such as congenital NDI, but associated clinical 
and biochemical findings, such as nephrocalcinosis, meta-
bolic acidosis or alkalosis, hypokalemia, manifestations of 
proximal tubular dysfunction, and so on are usually present. 
Central diabetes insipidus results from defective synthesis or 
release of AVP secondary to acquired lesions of the CNS in 
the majority of cases. These patients have polyuria with 
hypernatremia, but they can be differentiated from patients 
with NDI by the response of urinary osmolality to exogenous 
AVP. Administration of intranasal (10 µg in infants; 20 µg 
in children) or intravenous (IV) (1 µg; maximum dose, 0.4 
µg/kg infused over 20 minutes) desmopressin will increase 
urine osmolality over the subsequent 2 hours in patients 
with central diabetes insipidus so that the ratio of urine 
osmolality to plasma osmolality will become greater than 
1.5; urine osmolality does not increase by more than 
100 mOsm/kg H2O over baseline in children with congeni-
tal NDI. A classical water restriction test is used in the dif-
ferential diagnosis of polyuria and polydipsia. However, in 
infants and children with complete forms of NDI, this test 
is not advisable to confirm the diagnosis because of the high 
risk for inducing dangerous dehydration. If it is to be done, 
the patient should be admitted to the hospital with close 
medical supervision during regular daytime hours and coor-
dinated with the clinical laboratory to obtain immediate test 
results as soon as possible after the sample is collected. The 
test must be terminated when one of the following end 
points is reached: urine specific gravity of 1.020 or above, 
urine osmolality of 600 mOsm/kg H2O or above, plasma 
osmolality greater than 295 or 300 mOsm/kg H2O, plasma 
sodium concentration at or greater than 147 mEq/L, or loss 
of 5% of body weight or signs of volume depletion. In any 

(OMIM 304800) in approximately 90% of cases (http://
www.ndif.org), with an estimated prevalence rate of four to 
eight cases per million, except in the Canadian provinces of 
Nova Scotia and New Brunswick, where the incidence is 
more than six times higher.14 Carrier females may be asymp-
tomatic or have partial defects of urine concentration 
ability; more rarely, they have severe polyuria, likely because 
the normal X chromosome is preferentially inactivated.15 
X-linked NDI is caused by loss-of-function mutations in the 
gene encoding the AVP type 2 receptor (AVPR2) located on 
Xq28.16 Type 2 receptors of AVP are normally located on the 
basolateral membrane of the principal cells of the collecting 
tubule. In primary congenital NDI, five classes of molecular 
defects leading to defective function of the receptor have 
been described. The most prevalent type of mutations 
results in misfolding of the receptor and retention in the 
endoplasmic reticulum.17

In approximately 10% of patients, primary congenital 
NDI results from loss-of-function mutations in the gene 
encoding the aquaporin-2 water channel (AQP2) located on 
12q13. These forms follow autosomal recessive18 or, more 
rarely, autosomal dominant19 modes of inheritance (OMIM 
125800). Mutations in AVPR2 or AQP2 genes have not been 
found in some families with hereditary NDI, suggesting that 
mutations in other genes encoding the several proteins that 
take part in the development of interstitial hypertonicity in 
the renal medulla and in the water permeability of the col-
lecting duct might be responsible for some cases of NDI.20

Clinical manifestations of congenital NDI present in male 
patients in the first few weeks of life. Polydipsia and polyuria 
with dilute urine, hypernatremia, and a high risk for dehy-
dration are the hallmarks of the disease. Repeated episodes 
of brain dehydration and brain edema (brought about by 
attempts to rehydrate too quickly) can lead to mental retar-
dation. Values of permanent urine output greater than 
3 mL/kg/hr, greater than 80 mL/m2/hr, or greater than 
2 mL/m2/day are considered to be polyuria. The concepts 
of polydipsia and polyuria are not easy to define in infants 
who normally ingest large amounts of liquids per kilogram 
of weight and eliminate high volumes of urine. A young 
infant receiving enough quantities of mother’s milk or fed 
with low–solute concentration formulas may remain asymp-
tomatic or nearly so. Later in life, as more solid food is 
introduced to the diet, the increased solute load causes 
more water excretion. Irritability, avidity for water, vomiting, 
constipation with emission of pebble-like hardened stools, 
failure to thrive related at least to a great extent to inade-
quate caloric intake, and intermittent bursts of fever and 
dehydration are common and represent major manifesta-
tions of congenital NDI. A delay in the diagnosis may lead 
to repeated episodes of hypernatremic dehydration, sei-
zures, and irreversible neurologic damage. In 30 male 
patients with a diagnosis of NDI confirmed by mutation 
analysis, the median age of diagnosis was 9 months. The 
majority of the children (63%) were diagnosed during the 
first year of life, and vomiting or anorexia, growth failure, 
fever, constipation, and polydipsia were the most frequent 
presenting symptoms and signs.21 There are infants with 
partial forms of congenital NDI caused by mutations in the 
AVPR2 gene in whom the symptoms are milder, and the 
diagnosis is often missed in early infancy.22,23 In some patients 
with autosomal dominant NDI, there is partial resistance to 
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Table 75.3	 Summary	of	Typical	Responses	to	Water	Deprivation	Test	and	Administration	of	Antidiuretic	
Hormone	in	Clinical	Situations	Characterized	by	Polyuria	and	Polydipsia

Primary 
Polydipsia

Nephrogenic Diabetes Insipidus Central Diabetes Insipidus

Complete Partial Complete Partial

Baseline plasma 
sodium and 
osmolality

Low/normal High/normal Normal High/normal Normal

Baseline plasma 
AVP

Low High/normal High/normal Very low Low

Baseline urine 
osmolality

Low; below 
plasma

Very low; 
<100 mOsm/kg 
H2O

Low; below plasma Very low; 
<100 mOsm/kg 
H2O

Low; below plasma

Maximum urine 
osmolality after 
water restriction

≥500-600 mOsm/
kg H2O

No elevation with 
respect to 
baseline values

Small increment 
with respect to 
baseline values; 
≤45%

No elevation with 
respect to 
baseline values

Variable increment with 
respect to baseline 
values; above 
plasma osmolality

Maximum urine 
osmolality after 
exogenous AVP 
administration

No further 
increase

No further 
increase

No further increase 
or increment 
<100 mOsm/kg 
H2O

Marked increment; 
much greater than 
100%; noticeable 
decrease in urine 
volume

15%-50% increase; 
noticeable decrease 
in urine volume

AVP, Antidiuretic hormone.

case the duration of water restriction should not exceed 6 
hours in infants younger than 6 months of age, 8 hours in 
children from 6 months to 2 years of age, or 12 hours in 
children older than 2 years of age. Typical responses to 
hydropenia and AVP administration in NDI and other poly-
uric disorders are summarized in Table 75.3. It is notewor-
thy that maximum urine concentrating ability is frequently 
impaired in children with primary polydipsia, likely because 
of the chronic washing out of the renal medulla, downregu-
lation of AVP, and aquaporin synthesis. However, a progres-
sive reduction of water intake over several weeks results in 
normalization of the urine output volume and restoration 
of the normal urine concentration ability.

Treatment of patients with congenital NDI is aimed at 
providing enough water to prevent hypernatremia and 
dehydration, minimizing polyuria by diminishing the  
solute renal load and by using pharmacologic treatments, 
and decreasing polydipsia to allow enough ingestion of calo-
ries and nutrients to facilitate growth and development. 
Patients must be allowed free access to water. Young chil-
dren should be offered water every 2 hours during the day 
and night; in severe cases, continuous gastric feeding may 
be required. Infants with congenital NDI must receive 
human milk or the commercial milk-based formula with the 
lowest osmotic load; after infancy, a low-salt diet should be 
recommended. Prolonged treatment with thiazide diuretics 
(oral hydrochlorothiazide at 1 to 3 mg/kg/day twice or 
three times a day.) paradoxically decreases the urine output 
in patients with NDI on a low-salt diet, presumably through 
a hypovolemia-induced increase in proximal sodium and 
water reabsorption, thereby diminishing water delivery to 
the AVP-sensitive sites in the collecting tubules.28 The addi-
tion of amiloride, 0.1 to 0.3 mg/kg/day, to block the epi-
thelial sodium channel localized at the luminal membranes 
of the cortical collecting tubule enhances the antipolyuric 
effect of thiazides and minimizes the risk for hypokalemia 

and alkalosis.29,30 Indomethacin, at dosages of 0.75 to 2 mg/
kg/day given every 8 to 12 hours, has been used effectively 
with thiazides to reduce urine output in pediatric patients 
with NDI.31 Indomethacin decreases the synthesis of prosta-
glandins, which has been shown to antagonize the action of 
AVP, and increases the availability of AQP2 channels in the 
apical membrane of collecting ducts. The use of indometha-
cin should be reserved for patients who fail to respond to a 
low-salt diet and thiazides plus amiloride. Administration of 
desmopressin has been shown to reduce polyuria in adults 
and children with partial forms of NDI.32 More interestingly, 
intranasal desmopressin may be useful to treat nocturnal 
enuresis in pediatric patients with congenital NDI even 
though it does not decrease the daily urine output, suggest-
ing that the activation by this drug of CNS AVP receptors is 
important for the nervous regulation of bladder control.33,34 
In addition to the treatment of clinical symptoms of NDI, 
later studies have used new molecular strategies to restore 
the functionality of the mutant receptors. These innovative 
approaches have not been tested in children but provide a 
promising means of therapy in the near future.35

HYPO-OSMOLALITY AND HYPONATREMIA: 
PATHOGENESIS AND CLASSIFICATION

Hypo-osmolality indicates excess water relative to solute in 
the ECF. Because water moves freely between the ECF and 
the ICF, this also indicates an excess of TBW relative to total 
body solute. Hyponatremia (plasma sodium concentration 
< 135 mEq/L) and hypo-osmolality (plasma osmolality < 
180 mOsm/kg H2O) are used synonymously. However, 
high/normal osmolality with low sodium concentration may 
be found when effective solutes other than sodium are 
present in the plasma, enlarging the osmolal gap. The latter 
is the difference between the measured osmolality and the 
calculated osmolality (see earlier), which stands normally in 
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Table 75.4	 Clinical	Classification	of	Hyponatremic	Disorders	in	Children	According	to	the	Status	of	
Extracellular	Fluid	Volume

Contracted Normal Expanded

Renal solute loss
• Diuretics (thiazides)
• Osmotic diuresis: hyperglycemia
• Salt-wasting nephropathies
• Mineralocorticoid deficiency
• Cerebral salt wasting

Administration of hypotonic solutions
SIADH
Nephrogenic syndrome of inappropriate antidiuresis
Severe hypothyroidism
Glucocorticoid deficiency

Congestive heart failure
Cirrhotic liver disease
Nephrotic syndrome
Advanced oliguric renal failure
Excessive water intake

Nonrenal solute loss
• Gastrointestinal: vomiting, diarrhea, 

aspiration, fistula, stoma, third space
• Cutaneous: sweating, burns, cystic 

fibrosis

SIADH, Syndrome of inappropriate antidiuretic hormone secretion.

children between 0 and 10 mOsm/kg H2O.36 In this respect 
a high osmolal gap has been found in two of six edematous 
children with nephrotic syndrome and marked hypopro-
teinemia, pointing to the existence of unidentified nonso-
dium and nonpotassium osmoles in the plasma of these 
patients.37 An increase of 100 mg/dL in the plasma glucose 
concentration decreases plasma sodium concentration by 
approximately 1.7 mEq/L, resulting in an increase in osmo-
lality of approximately 2.0 mOsm/kg H2O.38 On the other 
hand, pseudohyponatremia, with normal osmolality, can be 
produced by marked elevation of plasma lipids or proteins. 
Although the concentration of sodium per liter of plasma 
water is unchanged, the concentration of sodium per liter 
of plasma is decreased because of the increased nonaqueous 
portion of the plasma occupied by lipids or protein. Methods 
that measure sodium in the whole plasma (i.e., flame pho-
tometry) underestimate sodium concentration by about 
2 mEq/L for an increment of 1 g/dL in triglyceride levels.39 
This does not occur with use of more modern analyzers 
based on techniques such as direct potentiometry, in which 
the water content of the sample does not affect the measure-
ment of sodium concentration.

The normal range for plasma sodium concentration varies 
between different laboratories but is often quoted as 135 to 
145 mEq/L. Significant hyponatremia is defined as plasma 
sodium concentration of less than 130 mEq/L. However, 
clinical symptoms are usually not noticeable until plasma 
sodium concentrations fall below 125 mEq/L. A major con-
sequence of hyponatremia is the influx of water into the 
intracellular space, resulting in cellular swelling, which gives 
rise to cerebral edema and encephalopathy. Neurologic 
manifestations related to hyponatremia are lethargy, apathy, 
depressed sensorium, confusion, agitation, seizures, and 
even death. More than 50% of children with plasma sodium 
concentration below 125 mEq/L develop hyponatremic 
encephalopathy,40 although the severity of the clinical mani-
festations depends on the degree of hyponatremia and the 
rate of sodium decline. Adverse outcomes are more strongly 
correlated with an acute decrease in serum sodium concen-
tration (within 48 hours) than with the same absolute 
decrease that spans a longer period of time, allowing the 
brain to adapt.41 Children are at increased risk for developing 

hyponatremic encephalopathy because of their relatively 
larger ratio of brain to intracranial volume compared with 
adults. The brain reaches adult size by 6 years of age, but the 
skull does not reach adult size until 16 years of age.42 The 
average plasma sodium concentration in children with hypo-
natremic encephalopathy has been found to be 120 mEq/L; 
in adults, it is 111 mEq/L. Hypoxia is also a major risk factor 
for the development of hyponatremic encephalopathy 
because it impairs the ability of the brain to adapt to hypona-
tremia and hyponatremia in turn leads to a decrease in both 
cerebral blood flow and arterial oxygen content.43

Briefly, hyponatremia may result from loss of sodium in 
excess of water or from gain of water in excess of sodium. 
Both mechanisms may coexist in the same patient. Solute 
depletion is accompanied by some degree of secondary 
retention of water by the kidneys in response to the result-
ing intravascular hypovolemia or secondary stimulation of 
AVP secretion. On the other hand, water retention can lead 
to hypervolemia that in turn causes solute losses.4 Patients 
with hyponatremia are usually classified according to the 
status of the ECF volume (Table 75.4). This classification  
is useful from the clinical point of view, although such a 
pathophysiologic approach may be too simplistic because 
the regulation of plasma sodium concentration is complex 
and the definite assignment of a given patient to one of the 
three groups is not always possible despite the use of  
the clinical and biochemical indexes described earlier. The 
measurement of urine sodium concentration is more useful 
in arriving at a correct classification and diagnosis of  
hyponatremia in a pediatric patient than in adults because 
the confounding effect of frequently concomitant primary 
sodium-retaining states may be less problematic. In the  
presence of ECF volume contraction, a urine sodium value 
less than 10 mEq/L indicates that the renal response is  
well preserved and suggests that the loss of solutes is of 
cutaneous or GI origin. Urine sodium concentration of  
20 to 30 mmol/L or greater is found in most patients with 
euvolemic hyponatremia, unless they have become second-
arily sodium depleted or are receiving a diuretic. In edema-
tous patients with ECF expansion, low urinary sodium 
concentration points to avid tubular sodium reabsorption 
induced by secondary hyperaldosteronism.
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minimum value of less than 100 mOsm/kg H2O in a patient 
who is euvolemic. The diagnosis requires absence of clinical 
or biochemical signs of hypovolemia, of diuretic use, and of 
other causes of impaired free water excretion by the kidneys, 
such as hypothyroidism; adrenal insufficiency; renal, cardiac, 
or hepatic failure. Characteristically the patient is not edem-
atous, and the urinary sodium concentration is greater than 
20 mEq/L.

SIADH is the result of the release of endogenous AVP pro-
duced ectopically by a tumor or eutrophically by the neurohy-
pophysis, in response to some unknown stimuli induced by a 
variety of illnesses and drugs. In children, CNS diseases, pul-
monary infections, and postsurgery states are the leading 
causes of SIADH.55 SIADH causes an absolute increase in body 
water that results from a degree of fluid intake in a patient who 
cannot dilute his or her urine sufficiently to mount a compen-
satory water diuresis.56 In this syndrome, hyponatremia is ini-
tially caused by simple dilution and subsequently by natriuresis 
triggered by a homeostatic response to volume expansion and 
probably mediated, at least in part, by suppression of plasma 
renin activity and aldosterone secretion and an increase of 
plasma atrial natriuretic peptide.56

It is important to emphasize that the vast majority of 
SIADH in children is acute and transient, resolving with the 
passage of time or after the underlying condition improves 
or heals. Thus pediatricians usually do not cope with chronic 
states of hyponatremia. If the SIADH resolves while the 
patient has hyponatremia, AVP secretion will be suppressed 
by the hypo-osmolality, and a water diuresis will ensue. The 
excretion of maximally dilute urine can rapidly increase the 
serum sodium concentration. Therefore the treatment of 
choice for patients with acute SIADH is water restriction, 
which usually achieves the normalization of plasma sodium 
concentration within 2 or 3 days. In occasional patients 
whose plasma sodium concentration is low enough to cause 
neurologic symptoms, it is necessary to infuse hypertonic 
3% sodium chloride to increase plasma sodium concentra-
tion to a safe range because patients with euvolemic hypo-
osmolality such as SIADH do not respond to isotonic saline.57 
It is usually recommended to program and monitor the  
rate of infusion to achieve an increase in plasma sodium 
concentration by approximately 1 mEq/L/hr.57 The sodium 
content of 3% sodium chloride is 0.513 mEq/mL; if we 
assume that the TBW of an infant is approximately 70% of 
body weight, an infusion of 0.7 mEq/kg/hr of sodium 
(1.4 mL/kg/hr of 3% sodium chloride) will increase the 
serum sodium concentration by 1 mEq/L, although this will 
depend on the simultaneous sodium losses. As mentioned 
previously, chronic SIADH is rarely seen in children. It 
requires slow correction of hyponatremia to avoid the risk 
for the dreaded complication demyelinating encephalopa-
thy and may include the use of AVP receptor antagonists 
(vaptans) or of demeclocycline. The efficacy of urea in treat-
ing hyponatremia secondary to SIADH by inducing an 
osmotic water drive has been reported in a study of Euro-
pean children.58

NEPHROGENIC SYNDROME OF  
INAPPROPRIATE ANTIDIURESIS

In 2005 Feldman and colleagues described two male infants 
whose clinical and laboratory evaluations were consistent 

HYPONATREMIA IN HOSPITALIZED CHILDREN

The prescription of hypotonic solutions as maintenance IV 
fluids in hospitalized children, according to the classical 
recommendations of Holliday and Segar,44 has been chal-
lenged by a growing number of studies over the past 2 
decades, which have drawn attention to the risk for severe 
neurologic complications and even death in hospitalized 
children who developed hyponatremia. The incidence of 
acute hospital-acquired hyponatremia has been reported to 
be as high as 10% in a case-control study performed in a 
pediatric tertiary hospital.45 Likewise, 11% of infants with 
severe bronchiolitis had serum sodium levels of less than 
130 mEq/L at the time of admission to the intensive care 
unit.46 The retrospective incidence of postoperative hypona-
tremia among 24,412 pediatric patients with generally 
minor illnesses subjected to routine surgical procedures has 
been reported to be 0.34% with a mortality rate of those so 
affected at 8.4%.47

Hospital-acquired hyponatremia is usually attributed to 
the administration of hypotonic fluids in the presence of 
simultaneous impaired free water excretion resulting from 
elevated AVP secretion by hemodynamic (i.e., effective cir-
culating volume depletion) and nonhemodynamic (i.e., 
malignancies, CNS disorders, pulmonary diseases, medica-
tions, nausea, pain, stress) stimuli.48 Excessive fluid admin-
istration is also considered a common contributing factor.49 
Despite the general assumption that hypotonic fluids are a 
crucial factor in the development of hyponatremia of hos-
pitalized children, a systematic review of studies to deter-
mine whether hypotonic solutions increase the risk for 
acute hyponatremia comparing hypotonic versus isotonic IV 
maintenance fluids in hospitalized children came to the 
conclusion that these studies were observational and incon-
clusive and that hypotonic fluid administration does not 
always explain the development of hyponatremia.50 By con-
trast, Choong and colleagues using a similar system of litera-
ture analysis, concluded that hypotonic solutions significantly 
increased the risk for developing acute hyponatremia and 
resulted in greater patient morbidity.51 To prevent the risk 
for hyponatremia, the British National Patient Safety Agency 
has recommended increasing the tonicity of IV fluids admin-
istered as maintenance therapy in children (see later) from 
0.18% NaCl, as formerly used, to 0.45% NaCl and prescribe 
isotonic solutions to hospitalized children with disorders 
entailing high risk for elevated AVP secretion and ensuing 
hyponatremia.52 This approach has been criticized on the 
grounds that this might cause more children to develop 
hypernatremia than it would help prevent children from 
developing hyponatremia.53 Additional measures to decrease 
the risk for hyponatremia include the reduction of fluids to 
two thirds of the normal recommended volume except in 
dehydrated children.54 Treatment of patients with symptom-
atic hyponatremia is described later.

SYNDROME OF INAPPROPRIATE ANTIDIURETIC 
HORMONE SECRETION

Syndrome of inappropriate antidiuretic hormone secretion 
(SIADH) is characterized by hyponatremia less than 
135 mEq/L, low plasma osmolality (<275 mOsm/kg H2O in 
classical descriptions), and urine osmolality that is not at 
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on the basis of the following benefits: improved GI perfu-
sion that allows earlier oral feeding, improved renal perfu-
sion, and a lower morbidity and mortality rate.54 If the child 
has signs of severe hypovolemia (see earlier), repletion 
therapy should begin with rapid IV infusion of 20 mL/kg of 
isotonic 0.9% saline (Table 75.5), which should be repeated 
as needed until adequate perfusion is restored under careful 
monitoring of the patient. Even in patients with less severe 
forms of dehydration and subtle signs of hypovolemia, 
administration of 20 to 40 mL/kg of 0.9% saline over 2 to 
4 hours is safe.66 Lactated Ringer’s solution is a valid alterna-
tive to normal saline54 (see Table 75.5), although its use is 
less common.

After extracellular volume depletion has been restored 
with IV fluid, fluid repletion can continue with either con-
tinued IV fluid or, if possible, oral rehydration therapy. The 
type of IV repletion fluid that is given in this second step of 
fluid therapy varies with the serum sodium concentration. 
Maintenance fluids can be calculated following the Holliday-
Segar method,44 which estimates physiologic losses of water 
scaled to the metabolic rate, as shown in Table 75.6, keeping 
in mind that this calculation does not apply to newborn 
infants; that the total volume of fluid should not exceed 

with the presence of SIADH but whose circulating AVP 
levels were undetectable.59 This novel disease, termed neph-
rogenic syndrome of inappropriate antidiuresis, is caused by acti-
vating mutations of the AVPR2 gene. Its prevalence is 
unknown, but some cases of patients currently diagnosed 
with SIADH with undetectable AVP concentrations may 
indeed correspond to this syndrome. The syndrome has 
been reported in additional pediatric cases60–62 as well as 
in hyponatremic men.63,64 Heterozygous women may have 
some degree of inappropriate antidiuresis when challenged 
with a water load, indicating penetrance of the disease in 
female individuals.63 The spectrum of symptoms has been 
reported to vary within the same family ranging from infre-
quent voiding to incidentally noted hyponatremia to recur-
rent admissions with hyponatremic seizures.64 Male patients 
meeting all criteria for a diagnosis of SIADH without any 
apparent cause for the disorder or if there is a family history 
of hyponatremia, particularly if plasma AVP levels are unde-
tectable, require sequencing of the AVPR2 gene.57 Adminis-
tration of oral urea as osmotic agent at a dose titrated up 
from 0.1 to a maximum of 2 g/kg/day given in up to four 
divided doses has been shown to be effective in these chil-
dren.60 Some patients harboring mutations that do not lock 
the receptor in an irreversible active state might respond 
favorably to vaptans.65

BASIS OF FLUID THERAPY FOR DEHYDRATION  
IN CHILDREN

The three steps in treating dehydration are (1) repletion of 
deficit, which means previous losses of fluids and can be 
estimated by the patient’s weight loss; (2) maintenance 
therapy, which means physiologic requirements of fluid and 
electrolytes; and (3) sustained provision of continuing 
extraordinary losses. Replacement of the deficit was tradi-
tionally carried out slowly, over 24 to 48 hours, particularly 
in the presence of hyponatremia or hypernatremia. In acute 
processes, usually from a GI origin and when most of the 
fluid lost by the child comes from the ECF, current recom-
mendations are more in favor of a policy of rapid repletion 
of the isotonic depletion to quickly restore the ECF volume 

Table 75.6	 Calculation	of	Intravenous	
Maintenance	Fluid	Therapy		
in	Children

Child’s Weight Daily Metabolic Rate

3-10 kg 100 kcal/kg
10-20 kg 1000 + 50 kcal for each kilogram 

above 10
>20 kg 1500 + 20 kcal for each kilogram 

above 20

From Holliday MA, Segar WE: The maintenance need for water 
in parenteral fluid therapy. Pediatrics 19:823-832, 1957; 
Friedman A: Pediatric hydration therapy: historical review 
and new approach. Kidney Int 67:380-388, 2005.

Table 75.5	 Features	of	Intravenous	Fluids	Commonly	Used	in	Pediatrics

Solution
Osmolality 
(mOsm/L)

Sodium 
(mEq/L)

Osmolality (Compared 
with Plasma)

Tonicity (with Reference 
to Cell Membrane)

NaCl 0.9% 308 154 Isosmolar Isotonic
NaCl 0.45% 154 77 Hyposmolar Hypotonic
Glucose 5% 278 0 Isosmolar Hypotonic
Glucose 10% 555 0 Hyperosmolar Hypotonic
NaCl 0.9% with glucose 5% 586 150 Hyperosmolar Isotonic
1
2 NaCl 0.9% + 1

2  glucose 5%* 293 77 Isosmolar Hypotonic
1
3  NaCl 0.9% + 2

3 glucose 5%* 288 77 Isosmolar Hypotonic
1
5 NaCl 0.9% + 4

5 glucose 5%* 285 31 Isosmolar Hypotonic
Lactated Ringer’s solution† 273 130 Hyposmolar Isotonic
Hartmann’s solution 278 131 Isosmolar Isotonic
Human albumin 5% 260 140 Hyposmolar Isotonic

*Fractions indicate the proportions of NaCl 0.9% and glucose 5% that form part of the whole solution.
†Lactated Ringer’s solution also contains 4 mEq/L of potassium as well as 1.4 mmol/L of calcium and 28 mmol/L of lactate.
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oral administration of small and frequent volumes of the 
solution often succeeds in correcting the dehydration.

POTASSIUM DISORDERS

ASPECTS OF NORMAL METABOLISM  
OF POTASSIUM OF SPECIFIC INTEREST  
TO THE PEDIATRIC AGE

Homeostasis of potassium and its principal regulating mech-
anisms are extensively reviewed elsewhere in this book. The 
vast majority of total body potassium is intracellular,  
the largest fraction being located in the muscle. Although 
the intracellular potassium concentration (100 to 
150 mEq/L) is much higher than that of the ECF (3.5  
to 5.0 mEq/L), the latter is what is usually available for 
measurement. The circulating concentration of potassium 
is tightly regulated by mechanisms that control the distribu-
tion between intracellular and extracellular compartments 
and the external potassium balance. The distribution of 
potassium results from two processes: the active cellular 
uptake by Na+-K+-ATPase and the passive leak of potassium 
from cells. It depends on the concentration of potassium in 
the ECF, acid-base status, and hormones, such as insulin, 
insulin-like growth factor-1, catecholamines, and aldoste-
rone. The external potassium balance depends on dietary 
intake versus renal and GI eliminations. In the small intes-
tine and in the proximal tubule of the kidney and thick 
ascending limb of Henle’s loop (TAL), reabsorption of 
potassium takes place in connection with water and sodium 
and does not appear to be the site of tight regulation. 
However, in the colon and in the distal nephron, both potas-
sium reabsorption and secretion occur and are regulated by 
similar factors. The capacity of colonic potassium secretion 
is limited, and in physiologic conditions, the kidneys excrete 
the bulk of potassium. In the connecting tubule and cortical 
collecting tubule, principal cells mediate potassium secre-
tion, and intercalated cells are responsible for potassium 
reabsorption. Most of the factors known to modulate potas-
sium excretion do so by changing its secretion, which in 
turn is modulated by distal delivery of sodium and increased 
tubule fluid flow as elicited by extracellular volume expan-
sion and administration of diuretics. Factors that stimulate 
potassium secretion in urine are potassium dietary intake, 
increased luminal electronegativity in the distal nephron as 
happens when urine becomes alkaline in acute metabolic 

2400 mL/day67; and that calories should be provided, 
usually as glucose, to supply at least 20% of the daily meta-
bolic rate. The maintenance fluid calculation does not take 
into account abnormal fluid losses such as those frequently 
presented by dehydrated children. Fluids used to replace 
ongoing losses should reflect the electrolyte composition of 
the fluid being lost (Table 75.7), if possible by direct mea-
surement, although in most circumstances, an isotonic solu-
tion (see Table 75.5) administered over a minimum of 24 
hours is an appropriate initial option.

A bolus of 20 mL/kg represents 2% of body weight. 
Normal saline or lactated Ringer’s solution is usually used 
because the sodium concentration of these solutions is com-
parable to that of plasma (see Table 75.5) and achieves the 
expansion of intravascular volume without causing major 
fluid shifts. After the expansion of ECF volume is accom-
plished, the remaining fluid deficit, if any, can be corrected 
in a few hours with isotonic saline if the patient is isonatremic 
or has mild hyponatremia.67 However, when hypovolemia is 
associated with significant hyponatremia or hypernatremia 
or when hypovolemia and associated alterations in serum 
sodium concentration have evolved slowly, attention must 
be paid to the rate of correction of the serum sodium con-
centration to avoid excessive shifts of water out of the brain 
(too rapid treatment of hyponatremia) or into the brain 
(too rapid treatment of hypernatremia) that can lead to 
serious neurologic complications. Treatment of symptom-
atic hyponatremia has been described earlier. The sodium 
deficit is calculated by the following formula:

Na deficit in mEq normal TBW mEq L
current TBW

plasma

= ×
−
×

( )
(

140

  sodium in mEq L)

In hypernatremic dehydration, no neurologic sequelae 
appear to occur if the plasma sodium concentration is 
lowered at a rate of 0.5 mEq/L/hr or less; thus the calcu-
lated deficit fluid and electrolyte requirements are typically 
administered in 48 hours.68

Rehydration therapy with oral solutions, such as World 
Health Organization solution (osmolality, 330 mOsm/kg 
H2O; glucose, 110 mmol/L; sodium, 90 mEq/L; chloride, 
80 mEq/L; bicarbonate, 30 mEq/L; potassium, 20 mEq/L), 
should be attempted as an alternative to IV therapy in chil-
dren with mild (≤50 mL/kg over 12 to 24 hours) and mod-
erate (25 to 50 mL/kg over 6 to 12 hours) dehydration, and 
good oral tolerance.54 Even in patients with initial vomiting, 

Table 75.7	 Approximate	Electrolyte	Composition	of	Gastrointestinal	Fluids	in	Infants

Sodium (mEq/L) Potassium (mEq/L) Chloride (mEq/L) Bicarbonate (mEq/L)

Salivary glands 50 20 30 40
Stomach 35 10 180 —
Gallbladder 150 10 90 40
Pancreas 150 10 50 110
Small intestine 140 5 70 75
Colon (stool) 40 90 15 30

From Awazu M, Kon V, Barakat AY: Volume disorders. In Ichikawa I, editor: Pediatric textbook of fluids and electrolytes, Baltimore, 
1990, Williams & Wilkins, pp 121-129.
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manifestations in several organs and tissues (Table 75.9). In 
general, the same degree of hypokalemia is better tolerated 
when it results from a chronic potassium loss than from an 
acute decline, but both conditions may coexist in the same 
patient. Arrhythmias and marked weakness or paralysis of 
respiratory muscles are life-threatening symptoms that 
require urgent therapy. Growth retardation is a characteris-
tic of potassium-depleted young animals and of a large, 
although not well-defined, percentage of children with 
hypokalemic tubular disorders.72,73 Association with growth 
hormone (GH) deficit, reported in a few of these patients,74 
resistance to GH action, and a disturbed process of growth 
plate chondrocyte hypertrophy have been invoked as patho-
genic factors of longitudinal growth failure in potassium 
depletion.75,76 Long-standing hypokalemia leads to so-called 
hypokalemic nephropathy, which includes development of 
renal cysts; chronic interstitial nephritis; and, in the very 
long term, progressive loss of renal function. Polyuria resis-
tant to the administration of AVP and polydipsia linked to 
both the excessive diuresis and the stimulus of the thirst 
center by potassium depletion via increased production of 
angiotensin II may be important manifestations in hypoka-
lemic children. In rats, potassium depletion results in kidney 
hypertrophy.77 Studies on kidney size in children with 
chronic hypokalemic disorders have not been performed.

The cause of hypokalemia is usually apparent from anam-
nesis and the global assessment of the patient. Excessive 
renal wasting of potassium can be identified by measuring 
potassium loss in urine collected for 24 hours or by calculat-
ing urinary indices in spot samples. Thus a child with a rate 
of daily urinary excretion of potassium exceeding normal 
potassium intake, fractional excretion of potassium [frac-
tional excretion of potassium = [(Urine K/Plasma K) × 
(Plasma creatinine × 100/Urine creatinine)] above 30%, or 
urinary sodium to potassium ratio consistently less than 1 in 
the absence of renal failure is suspected of having renal 
potassium wasting. A urinary ratio of potassium to creati-
nine below 1.5 mmol/mmol has been proposed as an index 
of adequate renal conservation of potassium in adult patients 
with hypokalemia based on the assumption that patients 

and respiratory alkalosis, and increased levels of aldoste-
rone.69,70 The effect of aldosterone is dual because aldoste-
rone maximizes sodium reabsorption during hypovolemia, 
whereas it stimulates distal potassium secretion in the pres-
ence of hyperkalemia and noncontracted ECF volume.71

Unlike adults, infants and children need to maintain a 
continual positive balance of potassium to grow normally 
because cellular mass depends on potassium as the major 
intracellular cation. Total body potassium increases from 
approximately 8 mEq/cm body height at birth to greater 
than 14 mEq/cm body height by 18 years of age, the rate of 
accumulation of body potassium per kilogram of weight 
being more rapid in infants than children and adolescents.69 
In vitro and experimental studies indicate that the capacity 
of neonatal kidney to secrete potassium is less than in the 
adult.69 The immature kidneys are relatively insensitive to 
aldosterone, which in the clinical setting correlates with the 
higher plasma concentrations of aldosterone and potassium 
and the lower ratio of urinary sodium to potassium charac-
teristic of newborns and infants.

HYPOKALEMIA

Hypokalemia is usually defined as a serum potassium con-
centration of less than 3.5 mEq/L. Acute changes in serum 
potassium concentration usually reflect modifications in the 
distribution of potassium between the extracellular and 
intracellular compartments. By contrast, alterations in the 
external potassium balance give rise to more chronic 
changes of plasma potassium concentration and lead to situ-
ations of true potassium deficit. Clinical conditions leading 
to sustained hypokalemia are listed in Table 75.8.

Potassium is critical for many important cell functions, so 
hypokalemia and potassium depletion may result in clinical 

Table 75.8	 Most	Relevant	Causes	of	
Hypokalemia	in	Pediatric	Patients

Acute redistribution of potassium to the intracellular 
compartment
• Metabolic alkalosis
• Insulin administration
• Hypokalemic periodic paralysis

Prolonged lack of intake
Increased renal loss

• Drugs: diuretics, antibiotics, aminoglycosides, penicillin, 
amphotericin B, capreomycin

• Metabolic acidosis and diabetic ketoacidosis
• Increased mineralocorticoid activity

• Cushing’s syndrome
• Congenital adrenal hyperplasia
• Primary or secondary hyperaldosteronism

• Primary tubulopathies
• Bartter’s syndrome
• Gitelman’s syndrome
• Liddle’s syndrome
• Types 1 and 2 renal tubular acidosis
• Epilepsy, ataxia, sensorineural deafness, and 

tubulopathy (EAST) syndrome
• Fanconi’s syndrome

Increased gastrointestinal loss
• Vomiting (hypertrophic pyloric stenosis)
• Diarrhea

Table 75.9	 Main	Manifestations	of	Hypokalemia	
and	Potassium	Deficit	in	Pediatric	
Patients

Organ System Manifestation

Neuromuscular • Skeletal muscle weakness
• Muscular paralysis
• Paralytic ileum
• Muscle ischemia and rhabdomyolysis

Heart • ECG alterations
• Depression of S-T segment
• Low amplitude of T wave
• Appearance of U wave

• Arrhythmias
Nutrition and 

growth
• Mild glucose intolerance
• Growth retardation

Kidney • Hypokalemic nephropathy
• Polyuria-polydipsia

ECG, Electrocardiographic.
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can be used in life-threatening situations under intensive  
care control and continuous electrocardiographic 
monitoring.81

BARTTER’S SYNDROME
In 1962 Bartter and colleagues described two patients  
with a new syndrome characterized by hypokalemia, meta-
bolic alkalosis, hyperaldosteronism with normal blood  
pressure, decreased pressor response to angiotensin II infu-
sion, and hyperplasia of the juxtaglomerular apparatus of 
the kidneys.82 It is currently appreciated that Bartter’s syn-
drome includes several entities having different genetic 
mutations and diverse molecular pathophysiology but 
sharing the common denominator of decreased tubular 
transport of sodium chloride in the TAL (Table 75.10 and 
Figure 75.2).83,84

Types 1 and 2 of Bartter’s syndrome have antenatal or 
neonatal variants, also termed hyperprostaglandin E syndrome,85 
caused by loss of function in the Na+-K+-2Cl− cotransporter 
type 2 (NKCC2) encoded by the SLC12A1 gene86,87 and in 
the potassium channel ROMK (renal outer medullary potas-
sium) encoded by the KCNJ1 gene,88,89 respectively. Type 4 
Bartter’s syndrome is also a neonatal form associated  
with neurosensory hearing loss caused by loss of function  
of barttin, a protein coded by the BSND gene required 
for the insertion of chloride channels ClC-Ka and ClC-Kb in 
the plasma membrane.90 These channels are expressed 

with a very low potassium excretion rate eliminate 10 to 
15 mmol/day and that creatinine excretion rate in adults is 
of 10 to 15 mmol/day.78 This assessment needs to be vali-
dated in children. In the clinical setting the coexistence of 
hypokalemia of renal origin and arterial hypertension 
points to hyperaldosteronism, either associated (in the cases 
of renal vascular hypertension or coarctation of the aorta) 
or not with elevated plasma renin activity or expanded extra-
cellular volume (e.g., congenital adrenal hyperplasia, Cush-
ing’s syndrome, Liddle’s syndrome). If blood pressure is 
normal, the presence of acidosis suggests RTA, diabetic 
ketoacidosis, penicillin or other nonresorbable anion toxic-
ity, and the presence of alkalosis raises the suspicion of 
diuretic use, administration of aminoglycosides or capreo-
mycin, Bartter’s syndrome, and Gitelman’s syndrome79,80 
(Figure 75.1).

Hypokalemia secondary to internal potassium redistribu-
tion is transient and normalizes after the underlying  
disorder is corrected. Potassium deficit is treated with a 
potassium-rich diet and, if needed, oral potassium supple-
ments, usually potassium chloride; potassium citrate is pre-
ferred in cases with concomitant acidosis. Patients with 
arrhythmias, respiratory paralysis, or rhabdomyolysis or 
those unable to take oral medications must be treated with 
IV potassium chloride at a maximum rate of 0.5 mEq/Kg/
hour and maximum concentration of 40 mEq/L in saline 
solutions. Higher concentration and rate of administration 

Figure	75.1 Diagnostic	approach	 to	persistent	hypokalemia	 in	children. Transient hypokalemias are usually secondary to transcellular 
shifts of potassium ion. EAST, Epilepsy, ataxia, sensorineural deafness, and tubulopathy; RTA, renal tubular acidosis. 
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enteral nutrition, or both may be needed during prolonged 
periods of time to avoid dehydration and even death. If 
needed, cyclo-oxygenase inhibitors, such as indomethacin, 
can be used to ameliorate the polyuria and the electrolyte 
wasting,95 but the physician must be aware of the risk/
benefit ratio because of the high risk for toxicity, including 
necrotizing enterocolitis.96 After 4 to 6 weeks of life, the vast 
majority of patients benefit from the combined administra-
tion of indomethacin (1 to 2 mg/kg/day) and potassium 
chloride. In most cases, sodium and potassium supplemen-
tation can be reduced or even discontinued by the age of  
2 years.97 Patients with type 2 Bartter’s syndrome respond 
very well to low doses of indomethacin, less than 1 mg/kg/
day, and may not need potassium supplements.96 By con-
trast, patients with type 4 Bartter’s syndrome are resistant  
to indomethacin.98 Animal studies have shown that admin-
istration of drugs that rescue endoplasmic reticulum–
retained mutant barttin ameliorates hypokalemia, metabolic 

invariably, associated with their β-subunit barttin, in the 
nephron, where they are crucial for the reabsorption of 
NaCl and for the mechanisms of urine concentration.91,92 
Likewise, both the ClC-K channels and barttin participate 
in transcellular chloride reabsorption in the stria vascularis 
of the inner ear.91 A few cases of children having renal salt 
wasting and deafness and no mutation in the BSND gene 
have been described. These patients were found to have 
loss-of-function mutations in the two closely adjacent genes 
encoding ClC-Ka (CLCNKA) and ClC-Kb (CLCNKB) on 
chromosome 1p3693,94 (Bartter’s syndrome type 6).

The clinical manifestations of these forms of Bartter’s 
syndrome start during intrauterine life or immediately after 
birth and include polyhydramnios, premature birth, massive 
polyuria and loss of salt, hypercalciuria, and nephrocalcino-
sis. Salt wasting increases the formation of renal and sys-
temic prostaglandin E2 by stimulating the enzymatic activity 
of cyclo-oxygenase-1 and -2.95 IV infusion of saline solutions, 

Figure	75.2 Schematic	representation	of	a	cell	of	the	thick	ascending	limb	of	the	loop	of	Henle	(TAL)	showing	the	transport	systems	
disturbed	in	the	four	types	of	Bartter’s	syndrome. The bumetanide-sensitive Na+-K+-2Cl− cotransporter (NKCC2) and the renal outer medul-
lary K+ channel (ROMK) are depicted on the luminal membrane of the cell. The Na+-K+-ATPase and the chloride channels ClC-Ka and ClC-Kb 
with their barttin subunit are represented on the basolateral side. See text for description of type 5 and type 6 Bartter’s syndrome. ATP, Adenos-
ine triphosphate; ATPase, adenosine triphosphatase. 
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Table 75.10	 Distinctive	Characteristics	of	the	Four	Types	of	Bartter’s	Syndrome*

Type 1 Type 2 Type 3 Type 4

Defective gene SLC12A1 KCNJ1 ClCNK BSND
Abnormal protein NKCC2 cotransporter ROMK channel ClC-Kb channel Barttin
Clinical onset Perinatal Perinatal 0-5 yr Perinatal
Clinical manifestations Polyhydramnios

Premature birth
Severe polyuria

Polyhydramnios
Premature birth
Severe polyuria

Classical Bartter’s 
syndrome

Polyhydramnios
Premature birth
Chronic renal failure

Associated findings Nephrocalcinosis Nephrocalcinosis Calciuria
Normal or mildly high 

hypomagnesemia

Sensorineural deafness

Pharmacotype Furosemide Furosemide + amiloride Thiazide + furosemide Furosemide + thiazide

*Common features are salt-losing hypokalemic metabolic alkalosis, hyperaldosteronism with normal blood pressure, elevation of 
prostaglandin E2, and autosomal recessive inheritance.

NKCC2, Na+-K+-2Cl− cotransporter type 2; ROMK, renal outer medullary potassium.
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Figure	75.3 Schematic	representation	of	a	cell	of	the	distal	convoluted	tubule	(DCT)	showing	the	transport	systems	involved	in	the	
reabsorption	 of	 NaCl. The thiazide-sensitive Na+-Cl− cotransporter (NCC), the magnesium transporting channel TRPM6, and the epithelial 
calcium channel (ECaC) are depicted on the luminal membrane of the cell. The Na+-K+-ATPase and the chloride channel ClC-Kb with their 
barttin subunit are represented on the basolateral side. NCC, ClC-Kb, and TRPM6 are expressed in the early downstream segment of the DCT, 
and ECaC is expressed in the late downstream portion of DCT. TRPM6, Transient receptor potential channel melastatin 6. 
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alkalosis, and hearing loss, pointing to a new modality of 
treatment for patients with Bartter’s syndrome type 4.99 
Hypercalciuria can be expected because 25% of filtered 
calcium is reabsorbed in the ascending loop of Henle by a 
mechanism of paracellular absorption facilitated by a lumen-
positive voltage gradient and dependent on the adequate 
function of the NKCC2 cotransporter. No current treatment 
has succeeded in significantly decreasing the hypercalciuria 
and nephrocalcinosis.96 Patients with BSND mutations do 
not have hypercalciuria or nephrocalcinosis but can be at 
high risk for developing early and progressive chronic 
kidney disease (CKD),98 although renal function is pre-
served in some patients.100,101 It is also of note that most 
patients with type 2 Bartter’s syndrome have transient hyper-
kalemia during the first week of life, which is likely caused 
by reduced distal secretion of potassium secondary to 
involvement of the distal ROMK channel102; these neonates 
exhibit hyperkalemia and hyponatremia, mimicking pseu-
dohypoaldosteronism (PHA) type 1 (PHA1). Failure to 
thrive is the rule in infants with neonatal forms of Bartter’s 
syndrome, but long-term growth may be normal provided 
that appropriate treatment, frequent monitoring, and meta-
bolic control are maintained.96,97 A similarity in facial fea-
tures, including a prominent forehead, a large head, 
triangular facies with a drooping mouth, and large eyes and 
pinnae has been noted in infants with Bartter’s syndrome.103-105

Type 3 or classical Bartter’s syndrome is caused by loss of 
function mutations in the ClC-Kb channel encoded by the 
ClCNK gene,106,107 the p.Ala204Thr mutation being highly 
prevalent in Spanish families.108 There is a large phenotypic 
variation in patients with type 3 Bartter’s syndrome. In some 
cases the clinical presentation is similar to those described 
earlier for neonatal variants of Bartter’s syndrome, but 

others resemble Gitelman’s syndrome (see later).109-111 
Moreover, features of Bartter’s syndrome have also been 
reported in patients with autosomal dominant hypocalce-
mia,112 a disease caused by activating mutations in the 
calcium-sensing receptor (CaSR).113 This form of Bartter’s 
syndrome (type 5) likely results from inhibition of the activ-
ity of NKCC2, ROMK, and Na+-K+-ATPase by the activated 
CaSR, a mechanism similar to that of the hypokalemia 
caused by aminoglycosides or capreomycin toxicity.80,83 The 
natural history of patients with type 3 Bartter’s syndrome is 
favorable using combined treatment with indomethacin 
and supplements of potassium chloride; some patients 
require the administration of spironolactone (10 to 15 mg/
kg/day) or magnesium salts to control the hypokalemia and 
hypomagnesemia, respectively.96

GITELMAN’S SYNDROME
Gitelman’s syndrome is a primary tubular disorder first 
described by Gitelman, Graham, and Welt in 1966.114 It is 
caused by a wide variety of loss-of-function mutations in the 
SLC12A3 gene, located in chromosomic region 16q13, 
encoding the thiazide-sensitive NaCl cotransporter of the 
distal convoluted tubule,115,116 which is believed to be the 
principal mediator of sodium and chloride reabsorption in 
this segment of the nephron (Figure 75.3). The disease is 
transmitted with an autosomal recessive inheritance pattern. 
Although rare, it is one of the most frequently inherited 
tubular disorders with an estimated prevalence of 1 in 
40,000 and, accordingly, a prevalence of heterozygotes of 
approximately 1%.117 The prevalence is much higher in 
the Roma population, who present a specific mutation 
intron 9+1 G>T in the SLC12A3 gene suggestive of a founder 
effect in this large ethnic group.118,119 In some patients with 
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symptoms are swelling, local heat, and tenderness over the 
affected joints.117 Chronic renal failure and type 2 diabetes 
mellitus have been found in 6.0% and 4.3%, respectively, of 
adults with Gitelman’s syndrome, these complications being 
related to the development of hypokalemic nephropathy 
and the inhibitory effects of potassium and magnesium defi-
cits on the secretion of insulin and its intracellular signal 
transduction pathway.124

Patients with Gitelman’s syndrome must be encouraged 
to maintain a diet high in sodium, potassium, and magne-
sium and to avoid alcoholic drinks. Oral lifelong magne-
sium supplementation, preferably as magnesium chloride, 
is recommended to prevent symptoms, particularly in the 
case of intercurrent processes such as vomiting and diar-
rhea, and to avoid the development of chondrocalcino-
sis.96,117 In case of acute tetany, 20% magnesium chloride 
should be administered IV (0.1 mmol Mg/kg per dose) and 
can be repeated every 6 hours.117 To correct the hypokale-
mia, some patients may need the concomitant administra-
tion of potassium chloride and potassium-sparing diuretics. 
Some mutations have been associated with higher require-
ments of potassium and magnesium and with the risk for 
developing arterial hypertension in adult life, likely as a 
result of chronic secondary hyperaldosteronism.131

EAST SYNDROME
The EAST syndrome (epilepsy, ataxia, sensorineural deaf-
ness, and tubulopathy), also known as SeSAME syndrome 
(seizures, sensorineural deafness, ataxia, mental retarda-
tion, and electrolyte imbalance),132 is rare and was described 
in 2009 in five children from two consanguineous families 
with epilepsy, ataxia, sensorineural deafness, and normoten-
sive hypokalemic metabolic alkalosis secondary to renal salt 
tubulopathy.133 Mutations in the KCNJ10 gene encoding a 
potassium channel expressed in the brain, inner ear, and 
basolateral membrane of the distal convoluted tubule in the 
kidney have been found in these children. Loss of function 
of this channel impairs salt reabsorption and secondarily 
causes hypokalemia, hypomagnesemia, and hypocalciuria.134 
The detection of these biochemical alterations, which mimic 
Gitelman’s syndrome, in patients with any cardinal signs or 
symptoms of epilepsy, ataxia, or sensorineural deafness 
should raise the suspicion of EAST syndrome.

LIDDLE’S SYNDROME
Liddle’s syndrome is a very rare autosomal dominant  
disorder characterized by severe hypertension and hypo-
kalemia resulting from hyperactivity of ENaC of the prin-
cipal cell of the cortical collecting tubule. The syndrome 
is caused by gain-of-function mutations in the SCNN1B 
or SCNN1G genes encoding the β- and γ-subunits of 
ENaC, respectively.135,136 The exaggerated reabsorption of 
sodium chloride leads to extracellular volume expansion, 
arterial hypertension, and marked inhibition of the 
renin aldosterone axis. Hypokalemia and metabolic alka-
losis develop in response to reabsorption of cationic 
sodium in the absence of an anion. This creates a lumen-
negative electrical gradient, which promotes secretion of 
potassium and hydrogen ions into the collecting tubule.137 
Treatment must be based on a low-sodium diet and the 
administration of a diuretic, such as triamterene or 
amiloride, which is able to block ENaC.96

Gitelman’s syndrome, only one mutation in the SLC12A3 
coding exons and flanking intronic nucleotides has been 
identified, suggesting that a second mutation was present in 
a gene region not sequenced (i.e., the promoter or the 
introns). The theoretical possibility of a dominant effect of 
some mutations is unlikely because of the lack of symptoms 
in the parents of affected children and in families having 
one of the parents and some of the offspring with Gitel-
man’s syndrome.120,121 High-throughput sequencing tech-
nologies now available will readily sort this out and enable 
a population assessment of the postulated impact of the 
Gitelman’s syndrome carrier state with one loss-of-function 
copy of the SLC12A3 mutations on protection from 
hypertension.122

Gitelman’s syndrome is biochemically characterized by 
hypokalemic metabolic alkalosis in association with hypo-
magnesemia and hypocalciuria. Patients present older than 
6 years of age or even as adults and may remain asymptom-
atic and be diagnosed as a result of a family study. The most 
frequent manifestations are crises of tetany, paresthesias, 
muscle cramps, salt craving, generalized weakness, and 
fatigue. Significant polyuria is generally absent.96 Data indi-
cate that passive calcium reabsorption in the proximal 
tubule and reduced abundance of the epithelial magnesium 
channel TRPM6 (transient receptor potential channel 
melastatin 6) located in the distal convoluted tubule account 
for the hypocalciuria and hypomagnesemia.123 Hypomagne-
semia and hypocalciuria may be absent in less than 10% of 
patients.124 A tendency to mild hypophosphatemia and asso-
ciated renal phosphate wasting related to the leak of potas-
sium and chloride has also been noted.125 Although there 
may be considerable phenotypic overlap among some 
patients with type 3 classical Bartter’s and Gitelman’s syn-
dromes,109,110 the severity of the symptoms is usually much 
milder in those with Gitelman’s syndrome than in those with 
Bartter’s syndrome in agreement with the fact that only 5% 
of filtered sodium is reabsorbed in the distal convoluted 
tubule in contrast with 25% to 30% in the TAL of the loop 
of Henle. In addition, functional clinical studies suggest that 
the renal sodium loss in patients with Gitelman’s syndrome 
can be partly compensated for by the enhancement of 
sodium reabsorption in the cortical TAL.126 It has also been 
proposed that a low fractional excretion of chloride in 
response to administration of hydrochlorothiazide might 
help differentiate Gitelman’s syndrome from other hypoka-
lemic tubular disorders.127 There is no genotype-phenotype 
correlation in Gitelman’s syndrome, so patients with the 
same mutation may exhibit a large variability of symptoms, 
even within the same family.118,128,129 However, it has been 
reported that males and patients harboring some specific 
mutations exhibit more severe phenotypes, severe neuro-
muscular manifestations, growth retardation, and ventric-
ula.130 It is also of note that when responding to a 
questionnaire, 45% of adults with Gitelman’s syndrome con-
sider their symptoms a moderate to serious problem with 
significant adverse impact on their quality of life.128 Growth 
retardation has been found in 20% to 30% of children with 
Gitelman’s syndrome at diagnosis, particularly in males; 
height deficit improves with supplemental treatment, 
although not in all patients.110,118,130 Some adult patients with 
Gitelman’s syndrome have chondrocalcinosis, which is 
assumed to result from chronic hypomagnesemia. The 
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HYPERKALEMIA

Hyperkalemia is usually defined as a plasma potassium  
concentration exceeding 6.0 mEq/L in newborns and 
5.5 mEq/L in older children. Pseudohyperkalemia refers to 
those conditions, mainly hemolysis caused by mechanical 
trauma during sample extraction, in which the elevation in 
the measured serum potassium concentration is caused by 
potassium movement out of the cells during or after the 
blood specimen has been drawn. It is of note that because 
of potassium release from clotting, serum values of potas-
sium may be up to 0.5 mEq/L greater than the correspond-
ing plasma values. Causes of hyperkalemia are listed in 
Table 75.11. Appropriate urinary potassium excretion may 
be identified by measuring 24-hour urinary potassium elimi-
nation, spot urine test for potassium concentration, frac-
tional excretion of potassium (>30%), and urine K/Na ratio 
(>1). In the absence of advanced renal failure (GFR < 
15 mL/min/1.73 m2), reduced potassium elimination in 
urine points to aldosterone deficiency or aldosterone resis-
tance in the distal nephron. These measures may not be 
optimal indices of the distal potassium secretion reflecting 
actual aldosterone action because the effect of water reab-
sorption, which also takes place in the distal nephron, is not 
taken into account.

In an attempt to overcome this limitation, the transtubu-
lar potassium concentration gradient (TTKG) is formu-
lated. The TTKG is calculated as (Urine potassium/Plasma 
potassium) × (Plasma osmolality/Urine osmolality).138 
Normal values of TTKG in normokalemic children and in 

Table 75.11	 Most	Relevant	Causes	of	
Hyperkalemia	in	Pediatric	Patients

Pseudohyperkalemia
• Improper collection of blood
• Hematologic disorders: leukocytosis, thrombocytosis, 

spherocytosis
Transcellular shift of potassium

• Acidosis
• Insulin deficiency
• Hyperosmolality
• Exercise with nonselective β-blockers
• Familial hyperkalemic periodic paralysis

Increased potassium load
• From exogenous origin: pharmacologic supplements
• From endogenous origin (cellular lysis): burns, trauma, 

intravascular hemolysis, rhabdomyolysis, tumor mass 
destruction

Decreased urinary excretion
• Renal failure
• Mineralocorticoid deficiency

• Addison’s disease
• Hypoaldosteronism

• Mineralocorticoid resistance
• Type 1 and type 2 pseudohypoaldosteronism

• Renal tubular acidosis: type 4 and hyperkalemic form of 
type 1

• “Hyperkalemic” drugs: potassium-sparing diuretics, 
trimethoprim, calcineurin inhibitors, blockers of the 
renin angiotensin aldsosterone system

infants are 4.1 to 10.5 (median, 6.0) and 4.9 to 15.5 (median, 
7.8), respectively.139 In the presence of sufficient delivery of 
sodium to the collecting duct, a decreased TTKG suggests 
aldosterone deficit or insensitivity to aldosterone. The 
TTKG may be most helpful in the evaluation of hyperkale-
mia to discriminate between low aldosterone levels and 
aldosterone resistance. It has been suggested that in adults 
after a physiologic dose (0.05 mg) of 9α-fludrocortisone, 
the TTKG should increase to greater than 6 within 4  
hours in mineralocorticoid-deficient but not in aldoste-
rone-resistant states. There may be a delayed response  
(>24 hours) after a pharmacologic dose (0.2 mg) of 9α-
fludrocortisone in mineralocorticoid-resistant states.140,141

Hyperkalemia is often asymptomatic until the plasma 
potassium concentration exceeds 7.0 mEq/L. The clinical 
consequences of hyperkalemia are related to impaired myo-
cardial or neuromuscular transmission, and immediate 
therapy is warranted if characteristic progressive ECG 
changes (i.e., tall, peaked T waves; long PR interval; wide 
QRS complex; disappearance of P waves, “sine wave” pattern, 
ventricular fibrillation, and cardiac arrest or peripheral neu-
romuscular abnormalities) are encountered, regardless of 
the degree of hyperkalemia. Management of hyperkalemia 
must be based on the measures listed in Table 75.12.142,143 
In addition, treatment should be given to treat the underly-
ing disease and to suppress the potassium ingress. In this 
regard the addition of sodium polystyrene sulfonate to 
infant formula for 1 hour has been shown to reduce mark-
edly the content in potassium of the formula.144

PSEUDOHYPOALDOSTERONISM
PHA is a clinical syndrome caused by end-organ resistance 
to the effects of aldosterone, resulting in hyperkalemia, 
metabolic acidosis, and normal to high serum aldosterone 
levels.145,146 PHA may be primary (hereditary) or secondary 
(acquired). Primary forms are subclassified into two distinct 
congenital syndromes: PHA1 and PHA type 2 (PHA2; Gor-
don’s syndrome). Secondary forms (also termed PHA3) 
may be caused by medications or tubulointerstitial diseases 
(i.e., underlying urologic malformations and severe urinary 
tract infection).147 This secondary PHA is transient and 
resolves after the infection resolves. Abnormal renal sodium 
handling typically is present in patients with PHA and may 
be characterized by either sodium wasting (PHA1) or 
sodium retention (PHA2).

PHA1 may be renal or systemic. The renal form is more 
frequent and is caused by inactivating mutations in the 
NR3C2 gene encoding the human mineralocorticoid recep-
tor.148 It follows autosomal dominant transmission, although 
apparent sporadic cases are also reported and intrafamilial 
phenotypic heterogeneity is common. The clinical manifes-
tations start in the first weeks of life with failure to thrive 
and frequent episodes of vomiting and dehydration. Patients 
are hyponatremic, hyperkalemia is generally mild, and met-
abolic acidosis is not always detectable.149 There is a state of 
renal salt wasting similar to that found in congenital adrenal 
hyperplasia but with normal genitalia, normal urinary excre-
tion of 17-ketosteroids and pregnanetriol, normal plasma 
17-OH-progesterone, and very high levels of aldosterone 
and renin.96 Medical treatment consists of sodium supple-
mentation in amounts sufficient to lower the elevated potas-
sium levels. Sodium supplementation becomes generally 
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not develop symptoms but have elevated sodium and chlo-
ride levels in sweat.152

PHA2 (or Gordon’s syndrome or familial hyperkalemic 
hypertension) is an autosomal dominant disease character-
ized by hyperkalemia and hyperchloremic metabolic acido-
sis with normal to high circulating levels of mineralocorticoids. 
It is distinguished clinically from PHA1 by its distinct lack 
of sodium wasting and volume depletion. Rather, salt reten-
tion and hypertension are the hallmarks of this syndrome.146 
Consistent features of PHA2 are normal GFR, hyperkalemia 
between 6 and 8 mEq/L, mild metabolic acidosis, and renin 
consistently low in untreated individuals; aldosterone levels 
are more variable.146 Less consistent features are age of clini-
cal onset (2 weeks to 59 years) and the presence of hyperten-
sion at the time of diagnosis. The phenotypic variability is 
high. Hypertension is present in approximately two thirds 
of patients at the time of diagnosis, is often absent early in 
life, and is believed to develop eventually in all patients  
with time.153 Hypertension and biochemical abnormalities, 
including hypercalciuria, which is also frequent and pre-
cedes hypertension,154 improve with the administration of 
thiazides. It is of note that the PHA2 phenotype resembles 
a mirror image of that seen in Gitelman’s syndrome. 

unnecessary by 1 to 3 years of age, although the high con-
centrations of aldosterone persist.

Systemic PHA1 follows an autosomal recessive transmis-
sion and is caused by mutations in the SCNN1A, SCNN1B, 
or SCNN1G genes encoding the α-, β-, and γ- subunits of the 
ENaC, respectively.150 Mutations have been found in all 
three subunits, more frequently in the α-subunit, which is 
expressed in epithelial cells of the renal collecting ducts, 
respiratory airways, colon, and salivary and sweat glands.151 
Autosomal recessive PHA1 manifests in the first week of  
life with severe renal salt wasting, life-threatening hypo-
volemia, extreme hyperkalemia, metabolic acidosis, and 
markedly elevated plasma renin activity and aldosterone 
levels. Disruption of ENaC function in extrarenal epithelia 
causes excessive salt loss through sweat and the colon, as 
well as accumulation of excess fluid in respiratory airways, 
leading to frequent pulmonary infections, although, inter-
estingly, no neonatal respiratory distress syndromes are 
reported.149

In patients with systemic PHA1, neonatal mortality is 
high, and spontaneous remissions do not occur. Patients 
require lifelong high salt supplementation and ion-exchange 
resins to control hyperkalemia.146 Heterozygous carriers do 

Table 75.12	 Management	of	Severe	Hyperkalemia	in	Children*

Via Dose
Onset of 
Action Comments

Stabilization	of	Cardiac	Membranes

Calcium gluconate, 
10% solution

IV 0.5-1 mL/kg over 10 min Immediate Repeat one dose after 5 min if ECG changes 
persist; cardiac monitor.

Movement	of	Potassium	into	Cells

Glucose +
Regular insulin

IV 10% dextrose at 5 mL/kg/hr + 
Insulin 0.1-0.2 U/kg/hr

15-30 min Monitor blood glucose at least hourly.

Salbutamol Nebulized 0.1-0.3 mg/kg 20-30 min Doses may be repeated as often as  
needed The effect lasts for up to 2 hr. 
Tachycardia is the main side effect.

IV 4 µg/kg over 10-20 min 5-10 min

Sodium bicarbonate IV 2-3 mEq/kg over 30 min 15-30 min Do not give in the same IV line as calcium; 
minimum effect unless the patient has acidosis.

Remove	Potassium	from	the	Body

Cation exchange 
resins

PO 1 mo to 18 yr: 125-250 mg/kg 
(max 15 g)

1-2 hr 3-4 times daily.

Rectal Neonate to 18 yr:  
125-25 mg/kg

1-2 hr Repeat doses every 6 hr if needed; colonic 
irrigation to remove resin after 6-12 hr. Dilute 
1 g resin with 5-10 mL methylcellulose or 
water. Do not give within 1 wk of surgery. Do 
not use enema with sorbitol, and keep in mind 
that sodium polystyrene sulfonate use, both 
with and without sorbitol, may be associated 
with fatal gastrointestinal injury.

Furosemide IV 1-2 mg/kg 5 min Repeat dose every 2 hr if needed; monitor fluid 
balance.

Hemodialysis or 
peritoneal dialysis

Hemodialysis is more effective.

*The measures listed here can be taken simultaneously. The choice of therapy to be used depends on the severity of the symptoms and on 
the particular clinical situation.

ECG, Electrocardiographic, IV, intravenously; PO, orally.
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Table 75.13	 Metabolic	Acidosis	in	Children	
According	to	the	Serum	Anion	Gap

Normal serum anion gap
• Loss of bicarbonate in the stool

• Diarrhea
• Digestive fistulas or surgical drainage
• Drugs: CaCl2, MgCl2, cationic exchange resins

• Loss of bicarbonate in urine
• Mild to moderate renal failure (greater tubulointerstitial 

than glomerular damage)
• Renal tubular acidosis
• Extracellular volume expansion

High serum anion gap
• Advanced renal failure (uremic acidosis)
• Ketoacidosis

• Diabetes mellitus
• Inborn errors of metabolism
• Prolonged fasting

• Lactic acidosis
• Tissue hypoxia
• Inborn errors of metabolism
• Toxics: salicylate, methanol, ethylene glycol

However, no mutations of the SLC12A3 gene leading to 
activation of the Na+-Cl− cotransporter (NCC) have been 
described. Mutations in with-no-lysine (WNK) kinases WNK1 
and WNK4,155 and later in KLHL3 (encoding kelch-like 3) 
and CUL3 (encoding cullin 3),156,157 components of an E3 
ubiquitin ligase complex that ubiquinates and degrades 
WNK4,158 have been found to regulate the activity of the 
NCC cotransporter and cause PHA2.

HYDROGEN ION DISORDERS

ACID-BASE EQUILIBRIUM IN CHILDREN

The normal mean pH of arterial blood is 7.40 and is physi-
ologically maintained within narrow limits, between 7.36 
and 7.44, by the following regulatory mechanisms: extracel-
lular and intracellular buffering, control of the partial pres-
sure of CO2 (PCO2) by the respiratory system, renal tubular 
bicarbonate (HCO3

−) reabsorption, and renal acid excre-
tion. The most important extracellular buffer is bicarbonate 
(HCO3

−), which reacts with H+ as follows: H+ + HCO3
− ⇋ 

H2O + CO2. The equilibrium of this reaction in blood can 
be expressed by the Henderson-Hasselbalch equation:  
pH = 6.1 + log [HCO3

−/(0.03 × PCO2)]. Volatile CO2 is pro-
duced by the complete oxidation of carbohydrates and fats, 
and its accumulation in the body is prevented by the respira-
tory exhalation. Nonvolatile acids (acids other than car-
bonic acid) mostly derive from the metabolism of proteins 
and are buffered by bicarbonate. The kidneys reabsorb the 
filtered bicarbonate, mostly in the proximal tubule, where 
85% of filtered bicarbonate is recovered and, in the collect-
ing duct, regenerate the plasma bicarbonate used in buffer-
ing the nonvolatile acids at the time that eliminates the H+ 
as phosphate and ammonium.159 Net acid excretion (NAE) 
is defined as the sum of titratable acid and ammonium 
(NH4

+) minus urine HCO3
−. Urine HCO3

− is negligible at a 
urine pH below 6.3. Titratable acid is a function of the urine 
pH and the amount of H3PO4/NaH2PO4 buffer system in 
urine. NAE mostly depends on urinary NH4

+. NAE per kilo-
gram of body weight is higher in infants than adults and less 
in infants fed human milk than in infants fed formulas.160

According to the Henderson-Hasselbalch equation, alka-
lemia, or high blood pH, results from a process leading to 
increase of plasma HCO3

−, metabolic alkalosis, or decreases 
of Pco2 (i.e., respiratory alkalosis). Conversely, acidemia, or 
low blood pH, results from a process leading to decrease of 
plasma HCO3

−, metabolic acidosis, or increases of Pco2 (i.e., 
respiratory acidosis). In an attempt to avoid the deviation 
of pH, changes in HCO3

− elicit compensatory modifications 
in Pco2 and vice versa. Each mEq/L reduction in plasma 
HCO3

− results in an approximately 1.0 to 1.2 mm Hg 
decrease in the Pco2, and each mEq/L increment in plasma 
HCO3

− results in an approximately 0.7 mm Hg increase in 
the Pco2, limited of course by the need to oxygenate. In 
compensated acidosis or alkalosis, variations in HCO3

− and 
Pco2 temper excessive deviations in acid-base balance.

Except for the few hours after birth, the blood pH during 
infancy and childhood remains relatively constant, and 
values are equivalent to normal adult values at 3 to 5 years 
of age. In pediatrics, samples for acid-base measurement are 
often collected from arterialized capillary blood or from 

venous blood. The pH and Pco2 of venous samples are 
approximately 0.05 lower and 6 mm Hg higher, respectively, 
than those of arterial blood in a child with well-perfused 
extremities, although both parameters decrease quickly 
after removal of the tourniquet used for blood extraction.

Metabolic acidosis results from the net loss of HCO3
− or 

from the net gain of acid. It is diagnosed by low plasma 
HCO3

− concentration (<22 to 24 mEq/L in children and 
<20 to 22 mEq/L in infants) and low blood Pco2 (<40 mm Hg 
in children and <35 mm Hg in infants). To avoid erroneous 
diagnoses, it is important to note that the venous HCO3

− 
concentration must be determined using a blood gas ana-
lyzer. Clinically, it is useful to classify the metabolic acidosis 
according to the value of the plasma or serum AG estimated 
by the following formula: (Na+ + K+) − (Cl− + HCO3

−) (Table 
75.13). The normal range varies among laboratories and 
with the methods used for measurement of electrolytes. 
Therefore it is essential that each clinician establishes the 
normal range of plasma AG in his or her clinical setting.161 
The most commonly cited normal range in adults is 8 to 
16 mEq/L (i.e., 12 ± 4 mEq/L). The normal value in chil-
dren younger than 2 years of age may be somewhat higher 
at 16 ± 4 mEq/L.162 The use of autoanalyzers yields lower 
reference values. Modifications in the circulating concentra-
tions of albumin and phosphate, which account for the 
majority of unmeasured anions, affect the AG value. The AG 
falls approximately 0.5 mEq/L for every 1 mg/dL reduction 
in serum phosphate concentration and 2.3 mEq/L for every 
1 g/dL reduction in serum albumin concentration.163 Meta-
bolic acidosis caused by the overproduction or decreased 
excretion of organic acids is associated with an elevated 
plasma AG and can also be called normochloremic metabolic 
acidosis. If the acid that accumulates in blood is hydrochloric 
acid, then no change in the serum AG is expected because 
an equivalent number of chloride ions are retained in the 
blood to maintain charge neutrality when bicarbonate ions 
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has been identified in children with osteopetrosis174; the 
majority of patients are of Arabic origin and come from 
North Africa and the Middle East.175

Patients with proximal RTA have a low renal HCO3
− 

threshold that is normally 22 mEq/L in infants and 
26 mEq/L in older children and adults. With normal con-
centrations of HCO3

−, these individuals lose large amounts 
of HCO3

−, greater than 15% of filtered HCO3
−. After the 

circulating HCO3
− concentration falls below the abnormally 

low threshold, the bicarbonaturia ceases, and because the 
distal mechanisms of urine acidification are intact, the urine 
pH decreases to less than 5.5, and the excretion of NH4

+ 
increases substantially. Sustained correction of metabolic 

are titrated by the retained protons. This type of metabolic 
acidosis therefore is termed normal anion gap or hyperchlore-
mic metabolic acidosis. Likewise, the loss of bicarbonate in the 
urine or the stool (directly or indirectly after its metabolic 
conversion to another organic anion) also can produce 
normal AG metabolic acidosis likely because the loss of 
bicarbonate, along with sodium, produces volume contrac-
tion, thereby stimulating the renal tubule to retain sodium 
with chloride.161

RENAL TUBULAR ACIDOSIS

The term renal tubular acidosis refers to a group of clinical 
entities in which normal AG hyperchloremic metabolic aci-
dosis occurs as a result of defective transport of the proximal 
tubular reabsorption of HCO3

− or of the distal secretion of 
H+. The GFR is normal or comparatively less impaired than 
is the defect in tubule function. From a pathophysiologic 
point of view, RTA can be classified as proximal or type 2 
RTA, distal or type 1 RTA, or hyperkalemic type 4 RTA 
(Table 75.14). Autosomal recessive type 3 RTA occurs in 
association with osteopetrosis, cerebral calcification, and 
mental retardation in patients with loss-of-function muta-
tions in the gene encoding carbonic anhydrase II (see 
later). This section focuses on the primary congenital inher-
ited forms of RTA because they are characteristic of the 
pediatric age; acquired forms are more prevalent in adults.

PRIMARY PROXIMAL TYPE 2 RENAL  
TUBULAR ACIDOSIS
Primary proximal type 2 RTA results from a decreased reab-
sorption of HCO3

− in the proximal tubule secondary to a 
genetic defect in some of the transporters or enzymes 
involved in this reabsorption (Figure 75.4). Primary forms 
of proximal RTA are extremely rare, the majority of cases  
in children being found in the context of Fanconi’s 
syndrome.164

Autosomal dominant proximal RTA has been reported in 
only two families, and the underlying genetic and molecular 
defects have not yet been identified.165,166 Autosomal reces-
sive pure proximal RTA associated with severe short stature 
and ocular abnormalities (cataracts, glaucoma, and band 
keratopathy) is caused by mutations in the SLC4A4 gene 
leading to loss of function of the Na+-HCO3

− cotransporter 
(NBC1),167,168 which also plays a major role in overall HCO3

− 
transport by the ocular lens epithelium and is indispensable 
not only for the maintenance of corneal and lenticular 
transparency but also for the regulation of aqueous humor 
outflow.169 Additional features reported in patients having 
this form of proximal RTA are enamel defects of the perma-
nent teeth, psychomotor retardation, impaired intellectual 
capacity, calcification of the basal ganglia, hypothyroidism, 
and hyperamylasemia.170 Functional analysis of NBC1 
mutants have suggested that approximately 50% reduction 
of NBC1 activity is necessary to cause severe proximal RTA 
with ocular abnormalities.171

A nonfamilial transient type of isolated proximal RTA has 
been reported in infants with recurrent vomiting and growth 
retardation,172,173 perhaps resulting from immature Na+-H+-
exchanger isoform 3 (NHE3), NBC1, or low carbonic anhy-
drase activity. A mixed form of proximal and distal RTA 
(type 3 RTA) secondary to carbonic anhydrase II deficiency 

Table 75.14	 Etiologic	Classification	of	Renal	
Tubular	Acidosis	in	Children

Proximal type 2 RTA
• Primary

• Sporadic (transient)
• Inherited

• Autosomal dominant: isolated
• Autosomal recessive: with ocular abnormalities

• Secondary
• Component of Fanconi’s syndrome: idiopathic, 

cystinosis, Lowe’s syndrome, Wilson’s disease, 
galactosemia

• Other diseases: nephrotic syndrome, vitamin 
deficiency, renal transplantation, cyanotic congenital 
heart disease, paroxysmal nocturnal hemoglobinuria

• Drugs and toxics: ifosfamide, carbonic anhydrase 
inhibitors, heavy metals

Distal type 1 RTA
• Primary

• Sporadic (persistent)
• Inherited

• Autosomal dominant
• Autosomal recessive: with or without sensorineural 

deafness
• Secondary

• Systemic genetic diseases: osteopetrosis, 
elliptocytosis, Ehlers-Danlos syndrome, primary 
hyperoxaluria type 2

• Acquired
• Autoimmune diseases: Sjögren’s syndrome, 

rheumatoid arthritis, hyperglobulinemia
• Renal transplantation
• Medullary sponge kidney
• Hyperthyroidism
• Malnutrition
• Drugs and toxics: amphotericin B, lithium salts, 

amiloride, toluene
Type 3 RTA: hybrid of type 1 and type 2 RTA

• Deficiency of carbonic anhydrase II (associated with 
osteopetrosis and mental retardation)

Hyperkalemic type 4 RTA
• Hypoaldosteronism
• Pseudohypoaldosteronism
• Drugs and toxics: potassium salts, heparin, 

spironolactone, triamterene, trimethoprim, indomethacin, 
captopril, cyclosporin A

RTA, Renal tubular acidosis.
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PRIMARY DISTAL TYPE 1 RENAL TUBULAR ACIDOSIS
Primary distal type 1 RTA is the most common distal RTA 
found in children. It results from defective urinary acidifica-
tion in the cortical collecting tubule secondary to a genetic 
defect in transporters involved in the elimination of H+ and 
associated regeneration of HCO3

− (Figure 75.5). Autosomal 
dominant distal RTA is caused by mutations in the SLC4A1 
gene leading to loss of function by abnormal processing or 
trafficking of the Cl−-HCO3

−-exchanger (AE1) located at the 

acidosis in these patients is difficult because the needed 
dose of alkali is high (10 to 15 mEq/kg/day), necessitating 
unwieldy frequent doses every 2 to 4 hours. The leak of large 
amounts of bicarbonate enhances the urinary losses of 
potassium by increasing sodium and water delivery to the 
distal nephron.176 Therefore a fraction of alkali supplemen-
tation should be given as potassium salt, usually in the form 
of potassium citrate. The concomitant administration of 
hydrochlorothiazide may facilitate the correction of acidosis 
with lower doses of alkali supplementation.96

Figure	 75.4 Schematic	 representation	 of	 the	 reabsorption	 of	 bicarbonate	 in	 a	 cell	 of	 the	 proximal	 tubule	 showing	 the	 transport	
systems	involved	in	the	genesis	of	primary	proximal	renal	tubular	acidosis	(RTA). The Na+-H+-exchanger isoform 3 (NHE3) is depicted on 
the luminal membrane of the cell. The Na+-K+-ATPase and the Na+-HCO3

− cotransporter (NBC1) are represented on the basolateral side. AR, 
Autosomal recessive; ATP, adenosine triphosphate; ATPase, adenosine triphosphatase; CA II, intracellular carbonic anhydrase; CA IV, luminal 
carbonic anhydrase. 
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Figure	75.5 Schematic	representation	of	the	system	of	acidification	and	regeneration	of	bicarbonate	in	an	α-intercalated	cell	of	the	
cortical	collecting	duct	 (CCD)	showing	the	transport	systems	involved	 in	the	genesis	of	primary	distal	renal	tubular	acidosis	 (RTA). 
The H+-ATPase pump and the H+-K+-ATPase are depicted on the luminal membrane of the cell. The Na+-K+-ATPase and the Cl−-HCO3

−-
exchanger (AE1) are represented on the basolateral side. AD, Autosomal dominant; AR, autosomal recessive; ATP, adenosine triphosphate; 
ATPase, adenosine triphosphatase; CA II, intracellular carbonic anhydrase. 
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GFR, which is normal at the early stages of the disease. 
Hypokalemia of variable degree is frequently found in 
patients with distal RTA; its pathogenic mechanism is not 
well understood, but it has been related to a low activity of 
the Na+-K+-ATPase pump in the collecting duct.201 Infants 
with permanent distal RTA may manifest transient proximal 
leaks of HCO3

−, which normalize as the child becomes older. 
This form of RTA was formerly termed type 3 RTA.202 Two 
siblings with distal RTA and mutations in the ATP6V1B1 
gene and with reversible generalized proximal tubular dys-
function with hyperoxaluria have been reported.203 In addi-
tion, it is noteworthy that the existence of incomplete forms 
of distal RTA has been proposed in patients with nephrocal-
cinosis or urolithiasis without overt metabolic acidosis but 
with hypocitraturia and the inability to decrease urine pH 
appropriately.204 However, it should be kept in mind that 
urine concentration disorders, such as those seen in inter-
stitial nephropathies, result in defective urinary acidifica-
tion because of the inability to achieve high H+ concentrations 
and do not represent true forms of distal RTA. In the pres-
ence of elevated bicarbonaturia, low urine Pco2 during alka-
line loading has been proposed as a sensitive marker 
indicative of a low rate of H+ secretion.205

Primary forms of distal RTA manifest in early infancy with 
vomiting, polyuria and polydipsia, dehydration crisis, failure 
to thrive, and growth retardation. The nephrocalcinosis is 
usually present at diagnosis. Primary distal RTA may present 
in children with neuromuscular symptoms linked to potas-
sium deficit, including hypokalemic paralysis,203,206 although 
this is more common in adults with distal RTA and Sjögren’s 
syndrome.207 Long-term treatment with oral alkali supple-
mentation, potassium citrate, or sodium bicarbonate at 
doses of 2 to 3 mEq/kg/day every 4 to 6 hours to maintain 
normal values of serum HCO3

− concentration induces 
catch-up growth, arrests progressive nephrocalcinosis and 
the related development of renal failure, and may avoid the 
appearance of urolithiasis and bone deformities.208,209 Nor-
malization of urine calcium excretion follows the correction 
of acidosis,202 although not always,195 but nephrocalcinosis is 
irreversible. Hearing must be systematically and repeatedly 
tested even in patients who have ATP6V0A4 mutations 
because of the risk for late and mild hearing impairment.

The progress in the knowledge of both the physiology of 
urinary acidification in the collecting duct and the genetic 
and molecular basis of primary distal RTA has facilitated 
understanding of the mechanisms responsible for the acidi-
fication defect in patients in whom the use of functional 
tests, such as the analysis of urinary pH and the kaliuretic 
response to furosemide or the assessment of urine Pco2 
in alkaline urine or after phosphate loading, to explore  
the underlying cause of distal RTA is not indicated or  
yields ambiguous results. In forms of secondary distal RTA, 
these tests may be needed to clarify the pathogenesis of  
the defective acidification that can result from the inabil-
ity to create a steep lumen-to-cell H+ gradient because of 
increased backleak of secreted H+ (gradient defect), absence 
of a distal lumen-negative transepithelial difference (voltage-
dependent defect), or reduced urinary NH4

+ available to 
buffer the free H+. Patients with obstructive uropathy and 
an inability to maximally acidify the urine because of voltage-
dependent defects have impaired K+ secretion and develop 
hyperkalemia (hyperkalemic distal RTA).210 On the other 

basolateral surface of α-intercalated cells and in the 
erythrocytes.177-181 Mutations in SLC4A1 also cause the domi-
nant red cell morphologic diseases hereditary spherocytosis 
and ovalocytosis, although the association of these entities 
with distal RTA is rare.182-185 Families from several countries 
in Southeast Asia with distal RTA caused by mutations in 
AE1, either associated or not with hemolytic anemia, who 
follow an autosomal recessive transmission pattern have 
been reported.186-189 This form of distal RTA presents in 
children and adults.182,185,190,191

The apical proton pump H+-ATPase that transfers H+ into 
the urine (see Figure 75.5) is composed of at least 13 differ-
ent subunits.192 Mutations in the gene ATP6V1B1 encoding 
the B1-subunit of H+-ATPase are responsible for a form of 
autosomal recessive distal RTA associated with sensorineural 
deafness.193,194 H+-ATPase containing the B1 subunit is prob-
ably required for maintaining a pH of 7.4 and low Na+ and 
high K+ concentrations in the endolymph. These patients 
have congenital and severe deafness, although in some indi-
viduals hearing impairment is delayed in onset,195 and some 
hearing-impaired children harboring ATP6V1B1 mutations 
are not acidotic.196 Mutations and deletions in the gene 
ATP6V0A4 encoding the a4 subunit of H+-ATPase are 
responsible for another form of autosomal recessive distal 
RTA with preserved hearing.197,198 Long-term follow-up of 
patients with distal RTA caused by ATP6V0A4 mutations 
demonstrate that some of them develop mild, moderate 
hearing loss in consonance with the expression of ATP6V0A4 
within the human cochlea.199 Apart from the hearing impair-
ment, the clinical expressivity of these two forms of distal 
RTA, secondary to ATP6V1B1 or ATP6V0A4, is similar.199

Biochemically, distal RTA manifests normal AG hyper-
chloremic metabolic acidosis with simultaneous inability to 
acidify the urine below a pH of 5.5. Unlike proximal RTA, 
the amount of bicarbonate lost in urine in the presence of 
normal bicarbonatemia is low (i.e., <5% of filtered bicar-
bonate). The reduced NAE causes persistent accumulation 
of nonvolatile acids and buffering by bone salts leading to 
hypercalciuria. Urinary net charge (formerly termed urinary 
AG) defined as [Na+] + [K+] − [Cl−] can be used in the clini-
cal setting as a crude estimate of urinary NH4

+ concentration 
because direct measurement of NH4

+ is not routinely done 
in many laboratories. To maintain electroneutrality, when 
more NH4

+ is present in the urine, the sum of [Na+] + [K+] 
decreases, but [Cl−] does not. Therefore as NH4

+ increases, 
the urinary net charge decreases and, in the normal response 
to acidosis, becomes negative. By contrast, when elimination 
of NH4

+ is abnormally low, as happens in patients with distal 
RTA, the urine net charge remains positive.200

Urinary excretion of citrate is decreased because the 
increased availability of hydrogen ions in the tubular lumen 
converts the filtered trivalent citrate anion into the divalent 
anion, which is more easily reabsorbed via a sodium-citrate 
cotransporter in the luminal membrane. Intracellular aci-
dosis may also contribute by increasing cell citrate utiliza-
tion. Coexistence of hypercalciuria and hypocitraturia leads 
to nephrocalcinosis and urolithiasis characteristic of these 
patients. Nephrocalcinosis can be identified by ultrasonog-
raphy very early within the first weeks of life and is irrevers-
ible, but renal calculi are not usually detected until an older 
age and are preventable by adequate alkaline therapy. Pro-
gression of nephrocalcinosis may result in a reduction in 
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and interstitial renal diseases usually associated with some 
degree of renal insufficiency.210 In children it can be 
observed in patients with PHA either primary or secondary 
to obstructive uropathies and urinary tract infections (see 
earlier).

Table 75.15 summarizes the main features of primary RTA 
types in children.

MAGNESIUM DISORDERS

METABOLISM OF MAGNESIUM

Magnesium is the fourth most abundant mineral in the body 
and is the most abundant intracellular divalent cation. It is 
essential for a diverse range of physiologic functions.211 Sixty 

hand, progress in genetic analysis and testing may render 
mutation identification more cost-effective and, impor-
tantly, more straightforward for the child and family and 
then be used to direct either functional testing or therapeu-
tic intervention.27

TYPE 4 RENAL TUBULAR ACIDOSIS
Type 4 RTA is found together with aldosterone deficiency 
or aldosterone resistance. Both conditions cause hyperkale-
mia, low synthesis of ammonium, and ensuing low levels of 
urinary NH4

+ and NAE. Patients are able to decrease urine 
pH well below 5.5 (because urine ammonium is deficient as 
a buffer of free hydrogen ions), and the proximal reabsorp-
tion of HCO3

− in the face of normal serum HCO3
− concen-

tration is decreased but not as much as in type 2 RTA.96 Type 
4 RTA has been found in patients with obstructive uropathy 

Table 75.15	 Schematic	Description	of	Major	Features	of	the	Three	Types	of	Primary	Renal	Tubular	Acidosis	
in	Children*

 Type 1 RTA Type 2 RTA Type 4 RTA

Genetic	and	Molecular	Features

Mutated gene ATP6V1B1 ATP6V0A4 SLC4A1 SLC4A4 ? NR3C2 SSCNN1A
SCNN1B
SCNN1G

Defective protein H+-ATPase 
B1-subunit

H+-ATPase 
a4-subunit

AE1 NBC1 ? MC 
receptor

α, β, γ subunits 
of ENaC

Inheritance AR AR AD and AR AR AD AD AR
Associated 

extrarenal 
findings

Early and 
severe 
deafness

Risk for late 
deafness

Cases with 
hemolytic 
anemia

Ocular 
abnormalities

— Systemic PHA

Comments Most cases 
from 
Southeast 
Asian 
countries

Most type 2 RTAs are part of 
Fanconi’s syndrome with 
gene, molecular defects, and 
inheritance being those of the 
primary systemic disease

Renal PHA

Type 3 RTA is a combined type 1 and type 2 RTA, caused by mutations in intracellular CA associated with 
osteopetrosis. It was also used to denominate infants with permanent type 1 RTA and transient proximal leak 
of bicarbonate

Clinical	and	Biochemical	Features	Common	to	the	Three	Types	of	RTA

Vomiting, dehydration episodes, and failure to thrive when onset in infancy; polyuria; growth failure
Normal serum anion gap hyperchloremic metabolic acidosis
Normal or mild reduction of glomerular filtration rate

Distinctive	Clinical	and	Biochemical	Features

Normokalemia or hypokalemia, 
hypercalciuria, hypocitraturia, 
nephrocalcinosis, urolithiasis

Hypokalemia Hyperkalemia, salt wasting, 
hyponatremia, elevated 
renin and aldosterone

Minimum urinary pH in acidosis >5.5 <5.5 <5.5
Urinary NH4

+ in acidosis Low Normal Low
Urinary anion gap in acidosis as 

estimate of urinary NH4
+

Positive Negative Positive

FE of HCO3
− with normal serum 

HCO3
−

<5% >15% 5%-10%

Urine minus blood PCO2 with normal 
serum HCO3

− and alkaline urine
<20 mm Hg >20-30 mm Hg >20-30 mm Hg

*See text for details.
AD, Autosomal dominant; AE1, Cl−-HCO3

−-exchanger; AR, autosomal recessive; ATPase, adenosine triphosphatase; CA, carbonic 
anhydrase; ENaC, epithelial Na+ channel; FE, fractional excretion; MC, mineralocorticoid; NBC1, Na+-HCO3

− cotransporter; PHA, 
pseudohypoaldosteronism; RTA, renal tubular acidosis.
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Hypomagnesemia is usually asymptomatic, and clinical 
manifestations of magnesium deficiency are generally not 
manifested until serum magnesium concentration decreases 
below 1.0 mg/dL, although the appearance of symptoms 
may depend more on the rate of development of magne-
sium deficiency or on the total body deficit.

Magnesium depletion inhibits PTH secretion and causes 
resistance to PTH action, leading to hypocalcemia, neuro-
muscular hyperexcitability and risk for tetany and convul-
sions. Cardiac manifestations of hypomagnesemia include 
prolongation of the QT interval and a wide range of 
arrhythmias.

Severe manifestations related to hypomagnesemia must 
be treated with IV magnesium sulfate under strict monitor-
ing. A diet rich in magnesium and oral supplements must 
be used in asymptomatic patients with chronic magnesium 
loss.

FAMILIAL HYPOMAGNESEMIA WITH HYPERCALCIURIA 
AND NEPHROCALCINOSIS
Familial hypomagnesemia with hypercalciuria and nephro-
calcinosis (FHHNC) is an autosomal recessive primary  
tubulopathy caused by loss-of-function mutations in the 
CLDN16222,223 or, less frequently, CLDN19 genes.224 These 
genes encode two proteins, claudin-16 (formerly paracellin-1) 
and claudin-19, members of the claudin family that consti-
tute a 22-gene family that encodes essential structural pro-
teins of the tight junction, which are the principal regulators 
of paracellular permeability.225 These mutations prevent the 
claudins from reaching the surface membrane, decrease 
membrane residence time, or render them functionless.226,227 
Claudin-16 and claudin-19 co-localize in the TAL of Henle’s 
loop, where the magnesium ion is absorbed paracellularly, 

percent of body magnesium is in bone, 29% is in muscle, 
10% is in soft tissue, and only 1% is in the ECF. Normal 
values of serum total magnesium concentrations are 1.8 to 
2.3 mg/dL (to convert to mmol/L, multiply by 0.4114).

Magnesium circulates free or ionized, complexed to 
anions and bound to proteins. The ratio of ionized magne-
sium to total serum magnesium in healthy children is 64.8 
± 3.1%.212 There appears to be no demonstrable advantage 
to measuring ionized magnesium as opposed to total mag-
nesium for evaluating magnesium status.211 Serum magne-
sium is dependent on dietary intake, intestinal absorption, 
and urinary elimination.

The main site of magnesium absorption is the small 
bowel, where approximately one third of dietary magne-
sium is absorbed. Absorption in jejunum and ileum occurs 
via paracellular simple diffusion at high intraluminal con-
centrations and, at low concentrations, by active transcel-
lular uptake via TRPM6.213

Regulation of serum magnesium concentration depends 
primarily on the kidney. Approximately 95% to 97% of  
filtered magnesium is reabsorbed along the nephron;  
5% to 15% in the proximal tubule, although it is of note 
that a much larger fraction of filtered magnesium is reab-
sorbed in the proximal tubule in newborns; and 50% to 
72% in the TAL of Henle’s loop, where it diffuses passively 
through the paracellular pathway. Finally, 5% to 10% of  
Mg is reabsorbed in the early distal convoluted tubule.  
This segment determines the final urinary magnesium  
concentration by active absorption, via the TRPM6 channel. 
Epidermal growth factor (EGF)214,215 and 17β-estradiol216 
stimulate the magnesium reabsorption by promoting the 
transcription, surface expression, or activity of TRPM6 
channels. Other hormones, such as parathyroid hormone 
(PTH), 1,25-dihydroxyvitamin D, calcitonin, AVP, mineralo-
corticoids, and insulin, stimulate renal magnesium reab-
sorption through an unknown mechanism of action.217 
Thiazides,123 calcineurin antagonists,218 and cisplatin219 
downregulate TRPM6. Renal TRPM6 expression is decreased 
in chronic metabolic acidosis and increased in chronic met-
abolic alkalosis.220

After magnesium is absorbed by the early distal convo-
luted tubule cell, the mechanisms of transcellular transport 
and its passage through the basolateral membrane are not 
well defined. Findings indicate that CaSR activity reduces 
cell surface expression of the basolateral potassium channel 
Kir4.1. This channel provides potassium ions to the Na+-K+-
ATPase, which maintains a local negative membrane poten-
tial essential for transcellular Mg reabsorption.221

HYPOMAGNESEMIA

In the clinical setting, low serum magnesium concentrations 
indicate magnesium deficiency, although values in the 
normal range do not rule out the possibility of a total body 
deficit, compensated for by the release of magnesium from 
the bone.211 In the face of hypomagnesemia, normal kidneys 
retain magnesium by decreasing its excretion to as little as 
0.5% of the filtered load. Prevalent causes of hypomagnese-
mia in children are listed in Table 75.16. Hypokalemic 
primary tubular disorders and CaSR-related diseases with 
associated hypomagnesemia are discussed elsewhere in this 
chapter.

Table 75.16	 Main	Causes	of	Hypomagnesemia	
in	Children

Primary inherited disorders
• Familial hypomagnesemia with hypercalciuria and 

nephrocalcinosis
• Hypomagnesemia with secondary hypocalcemia
• Autosomal dominant hypomagnesemia
• Isolated autosomal recessive hypomagnesemia with 

normocalciuria
• Activating mutations of calcium-sensing receptor
• Gitelman’s syndrome
• Bartter’s syndrome

Secondary disorders
• Decreased gastrointestinal absorption

• Malabsorptive syndromes
• Vomiting and diarrhea

• Increased urinary excretion
• Extracellular volume expansion
• Polyuric states: obstructive uropathy, kidney transplant
• Drugs

• Diuretics
• Calcineurin antagonists
• Others: cisplatinum, aminoglycosides, amphotericin 

B
• Metabolic acidosis

• Miscellaneous: “hungry bone,” low-birth-weight newborn, 
infant of diabetic mother
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FAMILIAL HYPOMAGNESEMIA WITH  
SECONDARY HYPOCALCEMIA
Familial hypomagnesemia with secondary hypocalcemia 
(HSH) is a rare autosomal recessive disorder caused by loss-
of-function mutations in the TRPM6 gene encoding the 
TRPM6 protein.236-239 As already mentioned, the TRPM6 
channel is essential for the intestinal and renal reabsorption 
of magnesium (Figure 75.6).

Accordingly, patients with HSH and complete loss of 
function of TRPM6 manifest a homogeneous clinical picture 
with onset in early infancy with generalized convulsions 
associated with extremely low levels of serum magnesium, 
hypocalcemia, and inadequately low PTH levels. Patients 
need acute and urgent IV magnesium supplementation to 
control the seizures, to avoid permanent neurologic 
sequelae, and to normalize calcium levels followed by life-
long oral magnesium supplementation. The renal wasting 
of magnesium becomes appreciable after magnesium sup-
plementation is unable to restore serum magnesium con-
centrations to a normal range.238

AUTOSOMAL DOMINANT HYPOMAGNESEMIA
Autosomal dominant hypomagnesemia with renal magne-
sium wasting has been detected in a few families with a 
heterogeneous genetic basis and intrafamilial variability in 
age of onset and/or severity of symptoms (see Figure 
75.6).240-245 In families with hypomagnesemia and hypocalci-
uria the disease has been linked to a putative dominant-
negative mutation in the gene FXYD2 encoding the 
Na+-K+-ATPase γ-subunit, leading to defective routing of 
the protein.241 The precise molecular mechanism of the 
renal wasting of magnesium and hypocalciuria remains to 
be elucidated. It has been speculated that abrogation of 
γ-mediated modulation of the Na+-K+-ATPase kinetics 

driven by a favorable electrical gradient (see Figure 75.2). 
Although the precise mechanism is unknown, the interac-
tion of both proteins is required at the tight junction to 
keep the lumen-positive transepithelial diffusion potential 
that favors the reabsorption of Mg2+ and Ca2+ via the paracel-
lular pathway.225

Most common presenting manifestations of FHHNC are 
recurrent urinary tract infections and polyuria and polydip-
sia.228,229 Hematuria, abdominal pain, sterile leukocyturia, 
growth failure, and seizures are also frequent. Hypomagne-
semia, hypercalciuria, and nephrocalcinosis are always 
found, and the majority of patients have increased PTH 
levels, urine acidification defect, hypocitraturia, and hyper-
uricemia. Hypocalcemia has been reported in some 
patients.230 Ocular alterations, mostly myopia, are identified 
in 25% of individuals with demonstrated claudin-16 muta-
tions.228 However, severe ocular involvement, including 
myopia, nystagmus, ocular colobomata, and marked visual 
impairment, is characteristic of patients with mutations in 
CLDN19.224,231

Renal failure is often present at diagnosis and is more 
frequently observed in patients with CLDN19 mutations,232 
although patients with two mutations causing complete  
loss of claudin-16 function have been found to present  
early and undergo rapid progression to renal failure.233 
Family members heterozygous for CLDN16 mutations fre-
quently have hypercalciuria, urolithiasis, or urinary tract 
infections.234

The clinical course of FHHNC is not modified by treat-
ment with magnesium supplements and thiazides. Hypercal-
ciuria, hypomagnesemia, and the progression of renal 
failure persist despite the therapy.228,229 Inhibitors of endo-
cytosis might be useful for patients with mutated claudin-16 
protein not retained in the plasma membrane and rapidly 
retrieved by internalization.235

Figure	75.6 Schematic	representation	of	a	cell	of	the	distal	convoluted	tubule	(DCT)	showing	the	transport	systems	involved	in	the	
reabsorption	of	magnesium	and	its	inherited	disorders. The thiazide-sensitive Na+-Cl− cotransporter, the magnesium transporting channel 
TRPM6, and the voltage-gated Kv1.1 potassium channel are depicted on the luminal membrane of the cell. The Na+-K+-ATPase, a putative 
Na+-Mg++-exchanger, the cyclin M2 protein (CNNM2), the receptor of epidermal growth factor (EGF), and the precursor of this peptide, the 
membrane protein pro-EGF are represented on the basolateral side (see text for details). AD, Autosomal dominant; AR, autosomal recessive; 
ATP, adenosine triphosphate; ATPase, adenosine triphosphatase; hypoCa, hypocalcemia; hypoMg, hypomagnesemia; TRPM6, transient recep-
tor potential channel melastatin 6. 
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diseases of calcium homeostasis may yield unexpected 
insight into basic mechanisms and possible treatments of 
overlapping illnesses.251

Serum total calcium concentrations normally range from 
8.8 to 10.4 mg/dL (2.2 to 2.6 mmol/L).252 Extracellular 
calcium is in three fractions: a non-ultrafiltrable protein-
bound fraction and two ultrafiltrable fractions of calcium 
complexes and ionized calcium.

Serum inorganic phosphate concentrations normally 
range from 3 to 5 mg/dL (0.9 to 1.5 mmol/L) in a child or 
adolescent. However, in the neonatal period and infancy, 
the inorganic phosphate concentrations are higher, ranging 
from 4 to 6 mg/dL (1.3 to 1.9 mmol/L).252

This neonatal hyperphosphatemia may be linked to 
higher tubular reabsorption of phosphate, coupled with 
blunted tubular response to the already low circulating 
PTH, normally encountered in neonatal life. Finally, milk is 
the main nutritional intake at this age. The easily absorbable 
phosphate in milk is high to start with and especially so with 
formula milk.253

This high serum phosphate concentration continues to 
fall after infancy and reaches adult normal value by adoles-
cence. Small seasonal variations are encountered, as well as 
variations with fasting and with circadian cycle.

Extracellular inorganic phosphate is bound to protein 
(10%), and one third is bound to sodium, calcium, and 
magnesium.252

CALCIUM AND PHOSPHATE BALANCES

To satisfy the requirements of bone mineralization and 
growth in the rapidly growing child, there needs to be 
balance between absorption and excretion of calcium and 
phosphate, respectively (Figures 75.7 and 75.8). The daily 
calcium intake (see Figure 75.7) on a North American or 

changes the electrochemical gradients of Na+ and K+ with a 
secondary reduction in magnesium reabsorption through 
the apical TRPM6 channel.241

Families with autosomal dominant renal magnesium loss 
with low or normal calciuria and no mutations in the FXYD2 
gene have also been described.242,243 Mutations in the KCNA1 
gene encoding the voltage-gated Kv1.1 potassium channel 
subunit that co-expresses with the TRPM6 channel in the 
luminal membrane of the distal convoluted tubule have 
been described in a Brazilian family with dominant hypo-
magnesemia, normokalemia, and no alterations in serum or 
urinary levels of calcium.244 The study of this family indicates 
that Mg2+ influx in the distal convoluted tubule through 
TRPM6 is driven by a favorable membrane voltage estab-
lished by the Kv1.1 potassium channel. The ability to set this 
membrane potential would be impaired by KCNA1 muta-
tions. Mutations in the cyclin M2 (CNNM2) gene encoding 
CNNM2, a protein with high expression at the basolateral 
membrane of TAL and distal convoluted tubule, have been 
described in two families with dominant hypomagnesemia 
caused by renal magnesium loss.245 The role of this protein 
in the regulation of magnesium tubular reabsorption is still 
to be defined.246

Hypomagnesemia has retrospectively been detected in 
children with dominant renal cysts and diabetes syndrome 
bearing heterozygous mutations in the HNF1B (hepatocyte 
nuclear factor 1B) gene, which is a transcription factor asso-
ciated with abnormal renal development and that regulates 
the transcription of FXYD2, the gene linked to autosomal 
dominant hypomagnesemia with hypocalciuria.247 Homozy-
gous mutations in the PCBD1 gene that functions as a dimer-
ization cofactor for the transcription factor HNF1B have 
been shown to cause hypomagnesemia and renal magne-
sium loss associated or not with maturity-onset diabetes of 
the young.248

ISOLATED AUTOSOMAL RECESSIVE 
HYPOMAGNESEMIA WITH NORMOCALCIURIA
This is a very rare disease found in two sisters from consan-
guineous parents who showed psychomotor retardation and 
seizures with low serum magnesium concentrations and 
normal urinary calcium concentrations.249 The disease was 
shown to be caused by a homozygous mutation in the EGF 
gene encoding the pro-EGF protein expressed in the 
luminal and basolateral membranes of the distal convoluted 
tubule cells, where it is thought to play a role in the activa-
tion of TRPM6 channels214 (see Figure 75.6).

CALCIUM AND PHOSPHATE DISORDERS

CALCIUM AND PHOSPHATE DISTRIBUTION  
AND REGULATION

The 2013 Nobel Prize in Physiology or Medicine honored 
Thomas C. Südhof (together with James E. Rothman and 
Randy W. Schekman) for discovering the calcium-sensitive 
molecular machinery regulating the traffic of vesicle cell 
membrane junction. The malfunctions of such molecules 
give rise to tetany and other neurologic malfunctions. 
Calcium is central to the precision and timing of vesicle 
release of its cellular cargo.250 Research into rare genetic 

Figure	 75.7 The calcium pool is sustained essentially by balance 
between dietary intake, intestinal absorption, and renal excretion of 
calcium. Every day, the skeletal system uses calcium at 4 mg/kg 
body weight per day to form new bone. This rate of calcium accretion 
in new bone formation is balanced by the same rate of calcium 
resorption from bone. Calcium in food is the most important source. 
Food provides calcium nutrition of 15 mg/kg body weight per day on 
a North American diet. Approximately 7 mg/kg is absorbed to 
augment the calcium pool. Digestive juice contributes 3 mg/kg to 
bring the total intestinal calcium content to 18 mg/kg body weight 
per day, out of which fecal loss is 11 mg/kg body weight per day. 
Finally, the renal excretion is 4 mg/kg body weight per day to maintain 
calcium balance. 
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here on four of the key regulators engaged in maintaining 
calcium and phosphate balance: vitamin D, parathyroid 
hormone, calcitonin, and fibroblast growth factor 23 
(FGF-23).

Vitamin D exists in two principal forms: vitamin D2 (ergo-
calciferol) from plants and vitamin D3 (cholecalciferol) 
from animal tissues and by ultraviolet light activation of skin 
dehydrocholesterol.255

Cholecalciferol is carried in vitamin D–binding protein 
(DBP) to hepatocytes, which activate it to 25-hydroxyvitamin 
D [25(OH)D], by enzyme activity256 of CYP2R1 and CYP27A1. 
DBP is also known as GC-globulin with three polymorphic 
forms: GC1F, GC1S, and GC2. Bound to DBP, 25(OH)D 
circulates to the proximal tubular brush border, where DBP 
is replaced by the receptor-associated protein, megalin 
(LRP2). Megalin, a transmembrane protein, facilitates inter-
nalization of megalin–25(OH)D.257,258

On reaching the mitochondria, megalin–25(OH)D is 
separated, with megalin degraded within the mitochondria. 
On reaching the kidney, 25(OH)D undergoes a second 
hydroxylation256 by 1α-hydroxylase (CYP27B1) to produce 
the potent 1,25-dihydrovitamin D [1,25(OH)2D].259 At the 
antiluminal surface, 1,25(OH)2D is again bound to DBP 
before entering circulation. Finally, the DBP–1,25(OH)2D 
complex accounts for the bulk of circulating calcitriol.

The key enzyme for 1,25(OH)2D catabolism is CYP24A1. 
In a five-step progression, starting with 24-hydroxylation, 
CYP24A1 catabolizes 1,25(OH)2D into a water-soluble cal-
citroic acid.256

The mitochondrial 1α-hydroxylase activity is tightly regu-
lated, stimulated by low concentrations of circulating 
1,25(OH)2D, calcium, and phosphate as well as high 
concentration of circulating PTH. The key enzyme for 
1α-hydroxylase is CYP27B1.

High 1,25(OH)2D concentration downregulates CYP27B1 
and inhibits 1α-hydroxylase. In addition, high concentra-
tion of 1,25(OH)2D stimulates the production of FGF-23 
and Klotho, both of which inhibit 1α-hydroxylase.256 Such 
feedback loops precisely control 1,25(OH)2D production.

Klotho and FGF-23 are strong stimuli to the renal excre-
tion of phosphate. Thus, by their downregulation of 
CYP27B1, phosphate homeostasis is linked to vitamin D 
metabolism. To maintain normal mineral balances, for 
example, hypocalcemia stimulates 1α-hydroxylation of 
25(OH)D to 1,25(OH)2D, promoting active intestinal 
absorption and skeletal mobilization of calcium to normal-
ize serum calcium concentration.

Similar to hypocalcemia, hypophosphatemia also stimu-
lates the 1α-hydroxylase system and brings about the same 
responses. In contrast, hypercalcemia or hyperphosphate-
mia promotes the reverse.

Intestinal absorption of calcium258,259 is accomplished via 
two major pathways: the concentration gradient–dependent, 
passive paracellular channel and two actively regulated 
calcium channels (epithelial calcium channel 1 [ECaC1] 
and epithelial calcium channel 2 [ECaC2]). The latter two 
channels are dependent on calcitriol enhancing gene tran-
scription by nuclear vitamin D receptor (VDR) binding, 
promoting messenger RNA of the ECaC1 and ECaC2 pro-
teins, thus augmenting the number of channels.259,260

After calcium enters the intestinal cell, it is carried by 
calbindin (calcium-binding protein) to the basolateral 

European diet is 15 mg/kg body weight per day from food 
consumption.254 The digestive juice internally contributes 
3 mg/kg body weight per day. Total absorbed intestinal 
calcium is 7 mg/kg body weight per day, balanced by a 
urinary excretion of 4 mg/kg body weight per day and fecal 
excretion of 11 mg/kg body weight per day (see Figure 
75.7). Finally, bone accretion of 4 mg/kg body weight per 
day is balanced by calcium resorption of the same amount.

It is important to recognize that depending on the 
calcium intake,254 the net intestinal absorption of calcium 
varies widely, from 25% to 50%. For example, a North Amer-
ican diet, commonly referred to as a Western diet, is high 
in calcium from diary and meat products. In contrast, in 
non-Western countries, where vegan or vegetarian diets are 
more common, the calcium intake is low, and the intestine 
absorbs a higher percentage of the dietary calcium, to main-
tain calcium balance.

Phosphate intake in food amounts to 20 mg/kg body 
weight per day and digestive juices contribute 3 mg/kg body 
weight per day (see Figure 75.8). Thus a total of 23 mg/kg 
body weight per day is available in the intestine. With fecal 
excretion of 7 mg/kg body weight per day, the intestinal 
absorption of phosphate is 16 mg/kg body weight per day. 
The exchanges between bone formation and resorption are 
3 mg/kg body weight per day. The urinary phosphate excre-
tion is 13 mg/kg body weight per day to achieve net zero 
balance in the steady state.254

VITAMIN D, PARATHYROID HORMONE, 
CALCITONIN, AND FIBROBLAST  
GROWTH FACTOR 23

The control of calcium and phosphate homeostasis is com-
plicated. For the purposes of this chapter, we shall focus 

Figure	75.8 The phosphate pool is sustained essentially by dietary 
intake, intestinal absorption, and renal excretion of phosphate. Every 
day, the skeletal system uses phosphate at 3 mg/kg body weight per 
day to form new bone. This rate of phosphate used in new bone 
formation is balanced by the same amount of phosphate resorption 
from bone. Phosphate in food is the most important source. Food 
provides phosphate nutrition of 20 mg/kg body weight per day on a 
North American diet. Approximately 16 mg/kg body weight per day 
is absorbed to augment the phosphate pool. Digestive juice contrib-
utes 3 mg/kg body weight per day to bring the total intestinal phos-
phate content to 23 mg/kg body weight per day, out of which fecal 
loss is 7 mg/kg body weight per day. Finally, the renal excretion of 
phosphate is 13 mg/kg body weight per day to maintain phosphate 
balance. 
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At the parathyroid glands, high serum phosphate concen-
trations stimulate PTH production, promoting phosphatu-
ria to restore serum phosphate to normal concentrations.

In essence, PTH and FGF-23 are hypophosphatemic, 
whereas 1,25(OH)2D is hyperphosphatemic (see Figure 
75.9). These three hormones are regulated by reciprocal 
interaction and by the stimuli of calcium and 
phosphate.262,263

HYPOCALCEMIA

In preterm infants, hypocalcemia is defined as total serum 
calcium concentration of less than 7 mg/dL; in newborns, 
less than 8 mg/dL; and in older children less than 8.8 mg/
dL. The causes of hypocalcemia are listed in Table 75.17.

Clinical presentation of mild hypocalcemia is often 
masked by the underlying disorders.252 However, severe 
hypocalcemia strikes with symptoms of paresthesia, tetany, 
positive Chvostek’s and Trousseau’s signs, prolongation of 
the QT interval, QRS and ST complex changes, and eventu-
ally grand mal seizures and ventricular arrhythmias.

EARLY NEONATAL HYPOCALCEMIA
Early neonatal hypocalcemia, presenting in the first 3 days 
of life, is frequently seen in premature infants of diabetic 
mothers and in asphyxiated neonates.252,264,265 The hypocal-
cemia is due to inadequate parathyroid response, com-
pounded by hyperphosphatemia secondary to delayed 
phosphaturic action of PTH and by the hypomagnesemia 
common in diabetic pregnant mothers.

LATE NEONATAL HYPOCALCEMIA
Late neonatal hypocalcemia presents at 5 to 10 days of life 
and is commonly due to anticonvulsants administered to the 
pregnant mother.264,265 Phenytoin and phenobarbital anti-
convulsants amplify hepatic clearance of vitamin D, result-
ing in hypovitaminosis D, in both the mother and neonate, 
in that the impaired absorption of calcium gives rise to the 
delayed hypocalcemia. Another cause of the hypocalcemia 
is the reciprocal chemical relationship between calcium and 
phosphate concentrations. Thus hypocalcemia arises from 
the neonatal hyperphosphatemia, which is the result of 
three compounding factors: (1) the diminished phosphate 
excretion of the immature neonatal kidneys and the high 
circulating GH, (2) the low circulating PTH at this stage of 
life, and (3) the high phosphate load in milk.

Maternal hyperparathyroidism also causes late neonatal 
hypocalcemia in the first few weeks to as late as 1 year of 
life, due to the fact that maternal hypercalcemia leads to 
fetal hypercalcemia, which inhibits fetal PTH produc-
tion.266,267 The inability of maternal PTH to cross the pla-
centa further aggravates the low circulating fetal PTH, 
which leads to the late neonatal hypocalcemia.

Familial hypocalciuric hypercalcemia (FHH) in the 
mother suppresses fetal parathyroid secretion.266-268 Such 
neonates develop a transient hypocalcemia, owing to over-
suppression of the parathyroid function.

INFUSIONS OF LIPID OR CITRATE BLOOD PRODUCTS
Infusions of lipid or citrate blood products cause hypo-
calcemia.252,269 Fatty acids or citrates combine with ionized 
calcium, decreasing serum ionized calcium concentrations.

membrane and enters the circulation by a plasma mem-
brane Ca2+-ATPase (PMCA)–dependent process. Finally, 
PMCA gene expression is upregulated by calcitriol.

Parathyroid hormone, from the chief cells of the parathy-
roid glands, stimulates renal excretion of phosphate and 
renal retention of calcium and magnesium, while simultane-
ously promoting release of calcium phosphate and magne-
sium from bone.

Low extracellular ionized calcium concentration activates 
CaSR in the parathyroid chief cell, triggering uncoupling  
of a Gαq subunit from the G protein complex.252 The Gαq 
subunit stimulates membrane-bound phospholipase C  
activity and phosphatidylinositol triphosphate generation. 
The ensuing calcium release from the endoplasmic reticu-
lum reduces PTH secretion.

Calcitonin (CT), produced by the parafollicular cells (C 
cells) of the thyroid gland, inhibits calcium resorption from 
osteoclasts. CT operates via the same CaSR as PTH, but the 
action of CT is opposite to that of PTH.

FGF-23 from osteocytes is a potent phosphaturic agent. 
In concert with calcium, phosphate, 1,25(OH)2D, and para-
thyroid hormone, FGF-23 plays an important role in regulat-
ing phosphate homeostasis.261

FGF-23 decreases serum phosphate concentration by 
downregulating expression of sodium-phosphate transport-
ers, both NaPi-IIa and NaPi-IIc, in the proximal tubular 
membrane. FGF-23 and Klotho inhibit renal 1α-hydroxylase 
expression. FGF-23 promotes 24-hydroxylase expression.261 
Consequently, 1,25(OH)2D production is reduced, resulting 
in lowered phosphate absorption from the intestine and 
bone.

In contrast, with low serum phosphate concentration 
and/or low serum PTH concentration, the kidneys increase 
production of 1,25(OH)2D (Figure 75.9). Consequently, the 
intestinal absorption of phosphate is increased.

Figure	75.9 Serum phosphate homeostasis is conserved by three 
potent hormones: the parathyroid hormone (PTH), fibroblast growth 
factor 23 (FGF-23), and 1,25-dihydroxyvitamin D (1,25D). As indicated 
by the green arrowheads in the diagram, PTH and FGF-23 lower 
serum phosphate concentrations and 1,25D increases serum phos-
phate concentrations. Secretion of these hormones is regulated by 
reciprocal relationships and by the interaction of calcium (Ca2+) and 
phosphate (PO4

−). Specifically, the kidney’s production of 1,25D is 
stimulated by low serum PO4

− and PTH and inhibited by FGF-23. At 
the parathyroid gland, high PO4

− stimulates production of PTH, which 
increases phosphaturia. 
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RESPIRATORY ALKALOSIS
Finally, respiratory alkalosis causes hypocalcemia, due to a 
shift of ionized calcium to the protein-bound compart-
ment.252

The majority of mild hypocalcemia resolves after 2 to 4 
weeks of neonatal life. If hypocalcemia and hyperphospha-
temia persist beyond this period of time, further workup for 
hypocalcemia is essential to rule out vitamin D metabolic 
defects, isolated hypoparathyroidism, or pseudohypopara-
thyroidism.252 Finally, neonates with chronic kidney failure 
are expected to show hypocalcemia, hyperphosphatemia, 
and elevated concentrations of serum PTH, as well as urea 
nitrogen and creatinine.

DIAGNOSTIC WORKUP FOR HYPOCALCEMIA
Diagnostic workup for hypocalcemia in the neonate, infant, 
or child follows the algorithm presented in Figure 75.10 and 
starts with a careful history to rule out false hypocalcemia. 
The next steps are a determination of the serum albumin 
level, spot urine sample for calcium-to-creatinine ratio to 
delineate hypocalciuria or hypercalciuria, and then deter-
mination of values for serum PTH, magnesium, phosphate, 
serum creatinine, and 25(OH)D and other specific tests as 
dictated by the underlying disease causing the hypocalcemia 
(see Table 75.17). In the presence of persistent hypocalce-
mia and suspected maternal hypoparathyroidism or vitamin 
D deficiency, the mother should be tested for levels of 
maternal serum total and ionized calcium, magnesium and 
phosphate, PTH, 25(OH)D3 and 1,25(OH)2D, and spot 
urine examination for calcium-to-creatinine ratio.252

TREATMENT OF HYPOCALCEMIA
Treatment of acute, symptomatic hypocalcemia (Table 
75.18) consists of 10% calcium gluconate at a dose of 1 to 
2 mL/kg body weight (9 mg of elemental calcium/mL) 
intravenously at a slow drip of less than 1 mL/min over  
10 minutes with ECG monitoring of the QT interval  
until symptoms vanish.252,269 If tetany or seizures persist, 
calcium infusion is repeated as necessary at intervals of 6 to 
8 hours until resolution of severe symptoms. Alternatively, a 
continuous infusion of elemental calcium, 1 to 3 mg/kg 
body weight per hour can be given. The addition of 
amiloride, 0.1 to 0.3 mg/kg/day, if serum calcium concen-
tration fails to rise with such therapy, primary hypomagne-
semia must be sought, and if proven, it requires magnesium 
sulfate intravenously at a dose of 0.1 to 0.2 mL/kg body 
weight (50% solution) under cardiacmonitoring or given 
intramuscularly.

Elemental calcium continuous infusion at 1 to 3 mg/kg 
body weight per hour to resolve symptomatic hypocalcemia 
may be needed to maintain serum calcium concentration 
above 7.5 to 8.0 mg/dL.252,269

Hypocalcemic infants with hyperphosphatemia may 
benefit from low-phosphate formula or breast milk with 
overall calcium to phosphate ratio of 4 : 1. Infants with 
vitamin D deficiency rickets due to maternal hypovitamino-
sis D respond well to oral vitamin D (1000 to 2000 U daily 
for 4 weeks) and elemental calcium (40 mg/kg body weight 
per day).

For early neonatal hypocalcemia this treatment brings 
about normalization in 2 to 3 days, after which the calcium 

Table 75.17	 Causes	of	Hypocalcemia

Neonatal	Hypocalcemia

Early neonatal hypocalcemia (first few days of life)
• Maternal hyperparathyroidism
• Maternal diabetes mellitus
• Toxemia of pregnancy
• Sepsis
• SGA, IUGR, prematurity
• Asphyxia
• Transfusion (citrated blood products)
• Congenital rubella
• Hypomagnesemia
• Respiratory or metabolic alkalosis

Late neonatal hypocalcemia (fourth to tenth day of life)
• Vitamin D deficiency: nutritional deficiency; VDR loss-of-

function mutation; deficient 1α-hydroxylase activity
• Phosphate overload: excessive intake of evaporated/

whole milk
• Nutritional calcium deficiency
• Hypomagnesemia
• Hypoalbuminemia (nephrotic syndrome)
• Transfusion (citrated blood products)
• Acute/chronic kidney insufficiency
• Diuretics (furosemide)
• Organic acidemia
• Primary hypoparathyroidism: DiGeorge’s syndrome; 

familial hypoparathyroidism; pseudohypoparathyroidism; 
Kenny-Caffey syndrome; partial deletion of GCMB; 
retardation dysmorphism syndrome; Pearson’s 
mitochondriopathy; Kerns-Sayre mitochondropathy; PTH 
gene defects; CaSR-activating gene mutation

Hypocalcemia	in	Childhood

Parathyroid-related hypocalcemia
• Primary hypoparathyroidism: DiGeorge’s syndrome; 

familial hypoparathyroidism; pseudohypoparathyroidism; 
Kenny-Caffey syndrome; Sanjad-Sakati syndrome; partial 
deletion of GCMB; retardation dysmorphism syndrome; 
Pearson’s mitochondropathy; Kerns-Sayre 
mitochondropathy; PTH gene defects; CaSR-activating 
gene mutation; Bartter’s syndrome type 5

• Secondary hypoparathyroidism: radiation; surgery; 
infiltration (hemochromatosis, thalassemia, Wilson’s 
disease)

• Autoimmune polyglandular syndrome type 1
Vitamin D–related hypocalcemia

• Nutritional vitamin D deficiency
• Defective 1α-hydroxylase activity
• VDR loss-of-function mutation

Nutritional calcium deficiency
Hypomagnesemia
Hyperphosphatemia: kidney failure; rhabdomyolysis; tumor 

lysis
Hypoalbuminemia (nephrotic syndrome)
Medications: diuretics; chemotherapy; transfusion (citrated 

blood)
Organic acidemia (IVA, MMA, PPA)

CaSR, Calcium-sensing receptor; GCMB, glial cell missing 
homolog B (a parathyroid-specific transcription factor); IUGR, 
intrauterine growth retardation; IVA, isovaleric acidemia; MMA, 
methylmalonic acidemia; PPA, propionic acidemia; PTH, 
parathyroid hormone; SGA, small for gestational age; VDR, 
vitamin D receptor.
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HYPERCALCEMIA

Although the range of normal for serum calcium concentra-
tions vary between laboratories, serum calcium concentra-
tion of 12 mg/dL is usually considered mild hypercalcemia,269 
which usually is asymptomatic and resolves spontaneously. 
Serum calcium concentration between 12 and 13.5 mg/dL 
is considered moderate hypercalcemia, and the patient is 
invariably symptomatic.252

Presenting features of hypercalcemia include hyperten-
sion and GI symptoms due to its effect on increasing con-
tractility of cardiac and smooth muscle.269 Complaints of 
weakness, hypotonia, anorexia, nausea, colic, and constipa-
tion are common. The polyuria and dehydration are caused 
by hypercalcemia inhibiting the action of AVP on the col-
lecting tubules. The vasoconstriction of hypercalcemia 
reduces renal blood flow and GFR, with the fall in GFR 
aggravated by the dehydration. Nephrocalcinosis ensues 
from prolonged hypercalcemia and dehydration. Acute 
pancreatitis associated with hypercalcemia is related to 

supplementation is reduced by half for 2 days and then 
discontinued. If prolonged calcium supplementation is 
required, hypoparathyroidism, pseudohypoparathyroidism, 
or defective vitamin D metabolism must be considered.

MONITORING OF HYPOCALCEMIA
Monitoring of hypocalcemia during treatment includes 
determination of fasting total and ionized serum calcium 
concentration, fasting serum phosphate concentration, and 
spot urine examination for calcium-to-creatinine ratio. 
Twenty-four hour urinary collection at home before the 
clinic visit is recommended to measure calcium and creati-
nine excretion.

The goal is to keep 24-hour urinary calcium excretion 
below 4 mg/kg body weight per day to prevent hypercalci-
uria and nephrocalcinosis related to the calcium supple-
mentations and vitamin D administration. Serum PTH level 
is included in the monitoring if hypocalcemia is not due to 
PTH deficiency or resistance. Serum magnesium concentra-
tions should be checked at least annually.

Figure	75.10 Algorithm	for	diagnosis	of	hypocalcemia. After false hypocalcemia has been excluded by careful history, the first laboratory 
diagnostic step is to examine serum albumin concentrations. Low serum albumin concentration points to specific disorders associated with 
hypocalcemia, such as nephrotic syndrome, malabsorption, and malnutrition. Normal serum albumin concentration points to an examination 
of urinary calcium excretion. Low urinary calcium excretion relative to low serum PTH points to hypoparathyroidism, hypomagnesemia, and 
postparathyroidectomy. Low urinary calcium excretion associated with high serum PTH relative to low, normal, and high serum PO4 concentra-
tion, respectively, points to several diagnostic conditions as listed. AD, Autosomal dominant; CaSR, calcium-sensing receptor; 1α-OH, 
1α-hydroxylase; PO4, phosphate; PTH, parathyroid hormone; VDR, vitamin D receptor. 
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identify those at genetic risk for idiopathic infantile hyper-
calcemia resulting from vitamin D prophylaxis.

WILLIAMS-BEUREN SYNDROME
Microdeletion at chromosome 7q11.23 gives rise to the  
multisystem disorder Williams-Beuren syndrome (OMIM 
194050; also known as Williams syndrome), which is charac-
terized by hypercalcemia, supravalvular aortic and pulmo-
nary stenosis, growth retardation, and variable gradations of 
mental retardation.251

Williams-Beuren syndrome (prevalence: 1 in 10,000) is 
now regarded as an excellent model of contiguous gene 
syndrome, which may reveal genetic factors underlying 
calcium and cardiovascular lesions, hypertension, glucose 
intolerance, and anxiety disorders.

Presenting features include round, elfin face and full lips, 
broad forehead, strabismus, flat nasal bridge, upturned nos-
trils, dental malocclusion, hypodontia; early graying hair, 
and slight premature aging. Short stature and obesity are 
persistent features. Hypotonia, poor balance, and reduced 
coordination; scoliosis, lordosis, joint laxity, and hyperre-
flexia; and inguinal hernia and rectal prolapse are findings 
described in patients with Williams-Beuren syndrome.

A history of problematic feeding, colic, constipation, and 
delayed toilet training may lead to findings of gastroesopha-
geal reflux, diverticular disease, or celiac disease. Urinary 

microcalcinosis. How hypercalcemia induces somnolence, 
lethargy, stupor, and coma is poorly understood. Vasocon-
striction reducing cerebral blood flow is considered a pos-
sible mechanism.

Table 75.19 lists the causes of hypercalcemia. This list  
is extensive, and many of the individual conditions are 
covered elsewhere in this book. Here we will focus on the 
following four conditions: idiopathic infantile hypercalce-
mia, Williams-Beuren syndrome, familial hypocalciuric 
hypercalcemia, and neonatal severe hyperparathyroidism.

IDIOPATHIC INFANTILE HYPERCALCEMIA
In Britain in the 1950s, vitamin D supplementation of infant 
formula and fortified milk at high doses (up to 4000 IU per 
day) brought about an epidemic of infantile hypercalcemia, 
presenting with failure to thrive, intermittent fever, vomit-
ing, dehydration, and nephrocalcinosis. A number of fatal 
cases occurred. Vitamin D hypersensitivity and/or defective 
catabolism of vitamin D was suspected, but never resolved.

In response to such fatalities, a dramatic reduction in 
vitamin D supplementation to 400 IU per day was enforced, 
resulting in a significant drop in idiopathic infantile hyper-
calcemia in Britain.256

Later evidence256 shows loss of function of CYP24A1, 
causing poor degradation of 1,25(OH)2D. This plays a 
central role in autosomal recessive idiopathic infantile 
hypercalcemia.

Prophylactic vitamin D is valuable in preventing rickets. 
But mutations in CYP24A1 in idiopathic infantile hypercal-
cemia stress the need for close attention to family history to 

Table 75.18	 Treatment	of	Hypocalcemia

Medication Dose Administration

Symptomatic Hypocalcemia in the Neonate

Calcium gluconate IV 10% solution 
1 mg/kg

(9 mg elemental 
Ca2+/mL)

1 mL/min over 
10 min

Repeat dose in 
8 hr

Magnesium sulfate, 
50% solution

0.1 mL/kg IV or IM

Symptomatic Hypocalcemia in the Infant

Calcium gluconate IV 10% solution 
1 mg/kg (9 mg 
elemental Ca2+/
mL) 1 mL/min 
over 10 min

Repeat dose in 
8 hr

Elemental Ca2+ 
continuous 
infusion

1 mg elemental 
Ca2+/kg/hr

Asymptomatic	Hypocalcemia	in	the	Infant

Calcium carbonate 
PO

50 mg elemental 
calcium/kg/day

Divided into 4 
doses per day

IM, Intramuscularly; IV, intravenously; PO, orally.

Table 75.19	 Causes	of	Hypercalcemia

Neonatal	Hypercalcemia

• Maternal hypervitaminosis D
• Idiopathic infantile hypercalcemia
• Excess calcium and vitamin D intakes
• Infantile hypothyroidism
• Neonatal Bartter’s syndrome
• Williams-Beuren syndrome
• Renal tubular acidosis

PTH-Dependent	Hypercalcemia

• Primary hyperparathyroidism: adenoma, hyperplasia, 
carcinoma

• Tertiary hyperparathyroidism
• Drug-induced: lithium
• Familial hypocalciuric hypercalcemia
• PTH receptor gain-of-function mutation (Jansen’s syndrome)
• Autoimmune hypocalciuric hypercalcemia

PTH-Independent	Hypercalcemia

• Immobilization
• Vitamin D excess: ingestion or topical analogues; 

granulomatous disease; Williams-Beuren syndrome
• Drug induced: thiazides; milk-alkali syndrome; estrogen; 

vitamin A intoxication; aminophylline
• Kidney insufficiency: acute kidney injury; chronic kidney 

disease with aplastic bone disease
• Neoplasm: multiple endocrine neoplasia types 1 and 2 ; lytic 

bone metastases; hyperparathyroidism-jaw tumor syndrome
• PTH receptor excess (non-neoplastic)
• Thyrotoxicosis
• Adrenal insufficiency

PTH, Parathyroid hormone.
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Overall, this syndrome encompassing growth failure, 
hypertension, autosomal dominant familial supravalvular 
aortic stenosis (OMIM 185500) results from a microdeletion 
of the elastin gene (ELN). It is not a point mutation disor-
der. A segment of an allele of the ELN gene is completely 
lacking. The FISH test includes ELN-specific probes and has 
become the most widely used laboratory test to establish the 
diagnosis of Williams-Beuren syndrome.251

Intense research into contiguous gene deletion involving 
the ELN gene on chromosome 7 may yield insight into a 
wide range of disorders from Chiari malformation and sleep 
disorders to the central features of hypercalcemia, vascular 
stenosis, hypertension, short stature, and mental retarda-
tion that characterize Williams-Beuren syndrome.

FAMILIAL HYPOCALCIURIC HYPERCALCEMIA
FHH is a rare asymptomatic autosomal dominant condition 
(prevalence 1 in 78,000) with mild to moderate elevation of 
total and ionized calcium concentration.270

The hypocalciuria is characterized by fractional excretion 
of calcium as low as 1%. Serum vitamin D concentrations 
are normal. Serum PTH concentrations are normal in the 
majority of patients, but in 15% to 20% of patients the PTH 
is mildly elevated. Serum magnesium concentrations are 
normal or slightly elevated. Serum phosphate concentra-
tions are low or normal. Bone mineral density is normal.

FHH has been regarded as a benign condition, although 
a lifelong ailment, with a small risk for pancreatitis and 
chondrocalcinosis. Hence FHH is also known as familial 
benign hypocalciuric hypercalcemia.

Three variants of FHH have been identified, based on 
research into signaling pathways of CaSR,270 as follows:

1. Type 1 FHH is due to loss-of-function mutations of CaSR, 
a guanyl-nucleotide-binding protein (G protein) coupled 
receptor. CaSR signals by means of G protein subunit  
α11 (Gα11).

2. Type 2 FHH is due to loss-of-function mutations of Gα11, 
encoded by the GNA11 gene, which co-localized with the 
FHH type 2 loci on chromosome 19p13.3.270

3. Type 3 FHH is due to mutations of adaptor-related 
protein complex 2, σ1-subunit (AP2S1), which modifies 
CaSR endocytosis.270

Associated with activation of CaSR, hypercalcemia stimu-
lates G protein–dependent activation of phospholipase C, 
through Gq and G11 signal transduction. This spurs a buildup 
of inositol 1,4,5-triphosphate and boosts intracellular 
calcium concentration, which in turn reduces PTH produc-
tion and stimulates renal calcium excretion. In FHH the 
loss-of-function mutations of CaSR weaken these CaSR-
mediated signal pathways and block this renal response. 
Therefore, despite hypercalcemia, the hypocalciuria persists 
in FHH.270

The hypercalcemia of FHH is asymptomatic and does not 
need medical intervention. Occasionally a calcimimetic 
agent, for example cinacalcet, has been used successfully.

NEONATAL SEVERE HYPERPARATHYROIDISM
Neonatal severe hyperparathyroidism is an extremely rare 
autosomal recessive disorder, characterized by relentlessly 
symptomatic hypercalcemia, elevated PTH level, severe 

urgency and frequency, enuresis, and recurrent urinary 
tract infections often lead to investigations revealing struc-
tural anomalies and nephrocalcinosis.251

Subclinical hypothyroidism (in 15% to 30% of patients), 
early-onset puberty, glucose intolerance or diabetes melli-
tus, osteopenia, and osteoporosis present management 
challenges.

Hypercalcemia, once regarded as a constant feature of 
Williams-Beuren syndrome, is actually found in a minority 
of patients, varying from 5% to 50% of cases.251 This large 
degree of variability in hypercalcemia is probably due to 
divergent study methods and diagnostic standards before 
the availability of the fluorescence in situ hybridization test 
(FISH) test (see later). Transient hypercalciuria usually 
accompanies the duration of the hypercalcemic episode. 
Whether the hypercalcemic episode is the result of vitamin 
D hypersensitivity as originally proposed or of elevated 
1,25(OH)2D or defective calcitonin production has not 
been resolved The suboptimal bone density found in 45% 
of patients presents a challenging concern. The long-term 
outcome of vitamin D prophylactics in children with 
Williams-Beuren syndrome remains unsettled.

Hypertension is present in 50% of patients.251 The mecha-
nism is unclear. Hypertension from renovascular lesions is 
uncommon in patients with Williams-Beuren syndrome. No 
general guidelines have been available on treating the 
hypertension of such patients. Management of hypertension 
has to be individualized.

The choice of surgical procedures to treat supravalvular 
aortic stenosis varies with the structural form and severity of 
the stenosis. Stent insertion and balloon angioplasty have 
been used.251 However, as the child grows bigger, the stent 
stays the same or narrows from in-stent restenosis. There is 
a distinct hazard of rupture, aneurysm, and restenosis from 
vascular smooth muscle overgrowth. For these reasons, 
infants and children do not always have stents implanted. 
In addition, balloon angioplasty in younger children does 
not work well. Severe cases of supravalvular aortic stenosis 
are initially corrected by surgical reconstruction. When the 
child is older, if restenosis occurs, it will be more responsive 
to stent implantation or balloon angioplasty.

Unless it is severe, supravalvular pulmonary stenosis in 
patients with William-Beuren syndrome can be monitored 
without surgical intervention.

Intracranial stenosis (extremely rare) can cause strokes. 
There are reports of sudden death from coronary artery 
stenosis and outflow tract obstruction from biventricular 
hypertrophy. There are also increased risks when anesthesia 
is used in these patients. Overall, cardiovascular complica-
tions are the leading cause of death in patients with Williams-
Beuren syndrome.251

These patients are often friendly, engaging, and endear-
ing. Such a “cocktail personality” and attention deficit/
hyperactivity mask underlying severe anxiety, phobia, 
obsessive-compulsive traits, and dysthymia. Cognitive impair-
ment varies over a wide range, with IQ scores from 40 to 
100 (mean IQ 55). Some patients suffer from hypersensitiv-
ity to sound, visuospatial weaknesses, and enormous learn-
ing difficulties but selective language skills. A special 
education curriculum is beneficial and needs to be individu-
alized, given these multiple behavioral phenotypes and 
disabilities.
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TREATMENT OF HYPERCALCEMIA

Treatment of patients with hypercalcemia (Table 75.20) 
consists of rehydration with IV normal saline at twice main-
tenance to restore normal circulating volume and improve 
GFR and calcium excretion.252 To further augment calcium 
excretion, furosemide is given intravenously. To keep up 
with the furosemide-induced diuresis, additional fluid 
intake must be provided. As soon as calcium concentration 
falls below 12 mg/dL, furosemide is no longer needed.

Severe hypercalcemia with serum values exceeding 
13.5 mg/dL requires reversal with bisphosphonate, which 
cuts bone reabsorption.252 To prevent recurrent dehydra-
tion during treatment, monitoring of fluid intake and 
output is critical. In addition, dialysis to remove calcium has 
been effective. Finally, parathyroidectomy is indicated in 
severe hypercalcemia from primary hyperparathyroidism 
that fails to respond to medical therapy.

HYPOPHOSPHATEMIA

Serum phosphate concentration of 1.5 to 3.5 mg/dL  
(0.48 to 1.12 mmol/L) is usually accepted as mild hypo-
phosphatemia, which usually is asymptomatic and may 

parathyroid hyperplasia, and hyperparathyroid bone 
disease. The patient inherits two copies of an allele of the 
CASR gene from consanguineous PHH parents, and bears 
inactivating mutations. The hypercalcemia of neonatal 
severe hyperparathyroidism is fatal without total parathy-
roidectomy. Postoperatively, the neonate needs lifelong 
vitamin D and calcium supplementation.

DIAGNOSTIC WORKUP FOR HYPERCALCEMIA
Diagnostic workup for hypercalcemia follows the algorithm 
presented in Figure 75.11 and starts by ruling out false 
hypercalcemia by careful history, to exclude laboratory 
error and tourniquet not released during blood sampling. 
Then serum PTH concentrations are examined in relation 
to the presence of hypercalciuria or hypocalciuria with a 
spot urine test to determine calcium-to-creatinine ratio. 
Next, in the face of a low serum PTH concentration, exami-
nation of PTH-related protein (PTHrP), followed by  
serum 25(OH)D3 and 1,25(OH)2D3, is indicated. It is essen-
tial to examine the family history for FHH270 as shown in 
the algorithm, and for occult neoplasms, including mul-
tiple endocrine neoplasia syndromes, and to review the 
history of medications (see Table 75.19) with side effects of 
hypercalcemia.

Figure	75.11 Algorithm	for	diagnosis	of	hypercalcemia. After false hypercalcemia has been excluded by careful history, the first laboratory 
diagnostic step is to examine serum parathyroid hormone (PTH) concentrations. Low serum PTH in relation to PTH-related peptide (PTHrP) 
suggests specific disorders associated with hypercalcemia and may need an examination of vitamin D metabolites: 25 hydroxyvitamin D (25D) 
and 1,25-dihydroxyvitamin D (1,25D) for differential diagnosis. Normal or high serum PTH concentration calls for an examination of urinary 
calcium excretion. High urinary calcium excretion relative to normal or high serum PTH concentration points to several diagnostic considerations. 
Low urinary calcium excretion with normal or high serum PTH concentration yields another set of diagnostic conditions as listed in the algo-
rithm. HPT-JT, Hyperparathyroidism–jaw tumor syndrome; MEN, multiple endocrine neoplasia. 

Normal or high serum PTH Low serum PTH �15 pg/mL

False hypocalcemia
Laboratory error
Tourniquet not released
during blood sampling

Hypercalcemia
serum calcium � 11 mg/dL

or � 2.6 mmol/L

ionized calcium � 5.3 mg/dL
or � 1.3 mmol/L

Low urinary calcium
� 1.5 mg/kg/24 hr or
� 0.04 mmol/kg/24 hr

PTH-related peptide (PTHrP)
Low  High

Vitamin D
overdose

Sarcoidosis
granulomatous
disease

Vitamin A toxicity
Thyrotoxicosis
Neoplasm
Milk-alkali syndrome
Immobilization
Pheochromocytoma

Humoral hypercalcemia
of malignancy

High urinary calcium
� 4 mg/kg/24 hr or

� 0.1 mmol/kg/24 hr

Neonatal severe
hyperparathyroidism (NSHPT)

Familial hypocalciuric
hypercalcemia (FHH)

Malignancy

25D

1,25D

25D

1,25D

25D

1,25D

Primary hyperparathyroidism
Tertiary hyperparathyroidism
Lithium administration
MEN 1
HPT-JT
Familial isolated

hyperparathyroidism (FIHP)
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resolve spontaneously.271 One exception is long-standing 
hypophosphatemia (e.g., in X-linked hypophosphatemia), 
in which the patients may be asymptomatic, despite low 
phosphate concentrations. Another exception is in early 
infancy, when normal serum phosphate concentrations 
range from 4 to 7 mg/dL. Thus, in the first 6 months of 
infancy, hypophosphatemia is suggested by serum concen-
tration of 4 mg/dL or less.

CAUSES OF HYPOPHOSPHATEMIA
Serum phosphate concentration of less than 1.5 mg/dL 
(0.48 mmol/liter) in a child is severe and usually symptom-
atic, demanding prompt treatment.252 The causes of hypo-
phosphatemia are listed in Table 75.21.

Clinical features of severe hypophosphatemia result  
from reduction in intracellular adenosine triphosphate 
level, increasing the risks for hemolysis, rhabdomyolysis, 
and myopathies including respiratory and cardiac  
failures.252 Paradoxically, intracellular phosphate released 
from cell breakdown may result in normophosphatemia or 
hyperphosphatemia, which may mask the true hypophos-
phatemia.

DIAGNOSTIC WORKUP FOR HYPOPHOSPHATEMIA
Diagnostic workup for hypophosphatemia follows the algo-
rithm presented in Figure 75.12 and starts with serum PTH 
concentration and urine for calculation of the FEP, potas-
sium concentration, and other specific tests such as PTHrP 
and FGF-23 as indicated.252

Depending on the dietary phosphate intake, FEP varies 
from 5% to 15% when serum phosphate concentration is 
normal. However, in response to hypophosphatemia, the 
tubular reabsorption of phosphate rises sharply as reflected 
in the corresponding drop in FEP. Thus, in the presence of 
severe hypophosphatemia, FEP persisting at 15% or higher 
confirms renal phosphate wasting.271-273

The serum calcium concentration is particularly helpful 
in the workup for hypophosphatemia. Because PTH is a 
powerful phosphaturic hormone, a high FEP accompanied 
by hypercalcemia points to primary hyperparathyroidism as 

Table 75.20	 Treatment	of	Hypercalcemia

Therapy Dosage Administration

Saline infusion 3000 mL/m2/
day IV

This is twice the daily 
maintenance; reduce  
to maintenance  
dose as soon as serum 
calcium is below 
12 mg/dL

Furosemide 1 mg/kg IV q12-24 hr
Hydrocortisone 150 mg/m2/

day IV
Repeat no more than 5 

days
Prednisone 30 mg/m2/ 

day PO
Repeat no more than 5 

days
Bisphosphonate 1-2 mg/kg IV 

over 4 hr
Once

Calcitonin 4-8 IU/kg SC q12-24 hr
Dialysis

IV, Intravenously; PO, orally; SC, subcutaneously.

Table 75.21	 Causes	of	Hypophosphatemia

Decreased	Phosphate	Intake

• Starvation, inadequate phosphate intake, chronic diarrhea, 
chronic alcoholism

• Total parenteral nutrition with insufficient phosphate content

Increased	Loss	of	Phosphate

• Increased renal phosphate excretion
• Primary hyperparathyroidism
• Secondary hyperparathyroidism: vitamin D deficiency or 

resistance (including 1α-hydroxylase deficiency, VDR 
mutations, VDDR); imatinib

• Excess FGF-23 or phosphatonins: X-linked 
hypophosphatemia, AD hypophosphatemic rickets, 
tumor-induced osteomalacia, epidermal nevus, McCune-
Albright syndrome

• Fanconi’s syndrome, cystinosis, Wilson’s disease, Dent’s 
disease, Lowe’s syndrome, multiple myeloma, 
amyloidosis, heavy-metal toxicity, rewarming of 
hyperthermia, Na/Pi-IIa and Na/Pi-IIc mutation (HHRH)

• PTHrP-dependent hypercalcemia of malignancy
• Hypomagnesemia

• Decreased intestinal absorption
• Vitamin D deficiency or resistance (VDDR I and II)
• Malabsorption

• Increased intestinal loss
• Phosphate binding antacids used in treating peptic ulcers

• Increased loss from other routes
• Skin: severe burns
• Vomiting

Phosphate	Shifting	from	Extracellular	Compartment		
to	Cells	and	Bones

• Diabetic ketoacidosis
• Alcohol intoxication
• Acute respiratory alkalosis, salicylate intoxication, gram-

negative sepsis, toxic shock syndrome, acute gout
• Refeeding syndromes from starvation, anorexia nervosa, 

hepatic failure: acute intravenous glucose, fructose, glycerol
• Rapid cellular proliferation: intensive erythropoietin therapy, 

GM-CSF therapy, leukemic blast crisis
• Recovery from hypothermia
• Heat stroke
• Post parathyroidectomy; “hungry bone” disease: 

osteoblastic metastases, antiresorptive treatment of severe 
Paget’s disease

• Catecholamine (albuterol, dopamine, terbutaline, epinephrine)
• Thyrotoxic periodic paralysis
• Hypocalcemic periodic paralysis

Miscellaneous

• Hyperaldosteronism
• Oncogenic hypophosphatemia
• Post kidney transplantation
• Post partial hepatectomy
• High-dose corticosteroids, estrogens
• Medications: ifosfamide; toluene; calcitonin; 

bisphosphonate; tenofovir; paraquat, cisplatin; 
acetazolamide and other diuretics

• Post obstructive diuresis

AD, Autosomal dominant; FGF-23, fibroblast growth factor 23; 
GM-CSF, granulocyte-macrophage colony-stimulating factor; 
HHRH, hereditary hypophosphatemic rickets with 
hypercalciuria; Na/Pi-II, type II sodium-dependent phosphate 
cotransporter; PTHrP, parathyroid hormone–related peptide; 
VDR, vitamin D receptor; VDDR, vitamin D–dependent rickets.

http://www.myuptodate.com


2398 SECTION XII — PEDIATRIC NEPHROLOGY

Figure	75.12 Algorithm	for	diagnosis	of	hypophosphatemia. Diagnostic workup requires examination of serum parathyroid hormone (PTH) 
and fractional excretion of phosphate (FEP), as well as serum potassium concentrations. Hypophosphatemia in the face of increased serum 
PTH and FEP requires an examination of the serum calcium concentrations. FGF-23, Serum fibroblast growth factor 23; PTHrP, PTH-related 
peptide; XLH, X-linked hypophosphatemia. 

Serum PTH and   FEP Hypokalema

Hypophosphatemia
� 3 mg/dL (� 0.9 mmol/L)

Neonate � 4 mg/dL (� 1.3 mmol/L)

Diabetic ketoacidosis
Fanconi’s syndrome
Respiratory alkalosis

Hypercalcemia

PTHrP-
dependent malignancy

Normocalcemia

Hypomagnesemia
XLH     FGF-23
Primary

hyperparathyroidism

Hypocalcemia

Malabsorption
Vitamin D deficiency
Secondary

hyperparathyroidism

the cause of the hypophosphatemia. In contrast, if high FEP 
is accompanied by hypocalcemia, vitamin D deficiency and 
malabsorption must be considered. The symptoms of mal-
nutrition may already be obvious on physical examination, 
but hypoalbuminemia not only supports such a diagnosis 
but also accounts for the hypocalcemia due to reduction of 
the albumin-bound fraction of serum calcium. A fall of 1 g/
dL of serum albumin level accounts for a drop of 0.8 mg/
dL of serum calcium concentration.

IMAGING STUDIES IN CHRONIC 
HYPOPHOSPHATEMIA
Imaging studies in chronic hypophosphatemia include skel-
etal x-ray examination to delineate osteopenia, osteomala-
cia, and rickets. Ultrasonography of the neck is helpful to 
rule out parathyroid adenoma. Finally, a scan using techne-
tium 99m as an imaging agent may be indicated to delineate 
the presence of an ectopic parathyroid gland.

TREATMENT OF HYPOPHOSPHATEMIA
Treatment of hypophosphatemia from long-standing  
conditions, such as starvation or diabetic ketoacidosis, is 
complicated by the risk for rapid progression to severe,  
life-threatening hypophosphatemia during refeeding, as 
precipitated by rehydration and IV glucose infusion. Thus 
the concurrent use of oral phosphate supplementation 
(Table 75.22) is indicated. The fat and lactose content in 
skim milk is less than in whole milk and may be better toler-
ated by severely anorexic children. Intolerance to oral sup-
plementation compels the use of IV phosphate (see Table 
75.22).

Total body phosphate is depleted in diabetic ketoacidosis 
of many weeks’ duration, in which there is a greater risk for 
rapid progression to severe hypophosphatemia on initiation 
of insulin and fluid therapy.252 IV phosphate administered 
concurrently with the oral treatment is indicated for the first 
few days, especially if mental acuity is initially impaired. The 
side effects of diarrhea, diuresis, and volume depletion 
require close monitoring of fluid electrolyte balance, body 

Table 75.22	 Treatment	of	Hypophosphatemia

Therapy Dosage Administration

Mild	and	Moderate	Hypophosphatemia

Low-fat milk Phosphate 0.9 mg/mL
Buffered Na 

phosphate (Fleet 
enema)

1-3 g/day in 4 divided 
doses

Neutra-Phos 
(250 mg elemental 
phosphorus per 
capsule)

1-3 g/day in 4 divided 
doses

Calcitriol 30-70 ng/kg body 
weight per day

Asymptomatic	Severe	Hypophosphatemia

Elemental 
phosphate

2.5 mg/kg body 
weight

IV over 6 hr

Symptomatic	Severe	Hypophosphatemia

Elemental 
phosphate

5 mg/kg body 
weight

IV over 6 hr

IV, Intravenously.

weight, and blood pressure. IV phosphate is contraindicated 
in kidney failure, hypocalcemia, hypercalcemia, or hyperka-
lemia. Once the serum phosphate concentration returns to 
above 2 mg/dL, parenteral phosphate can be discontinued 
and the oral therapy curtailed.

HYPERPHOSPHATEMIA

As discussed earlier in this chapter, the hyperphosphatemia 
(up to 7 mg/dL or 2 mmol/L) in the neonatal period  
is physiologic. But beyond 2 years of age, a serum phos-
phate concentration higher than 5 mg/dL (1.6 mmol/L) is  
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considered nonphysiologic and clinically significant hyper-
phosphatemia.

CAUSES OF HYPERPHOSPHATEMIA
Table 75.23 lists the causes of hyperphosphatemia. The  
clinical features of hyperphosphatemia are related to  
hypocalcemia. In view of the reverse interrelationship 
between these divalent ions, a high serum phosphate con-
centration is chemically linked to a low serum calcium con-
centration and vice versa.251 Thus hyperphosphatemia 
becomes symptomatic from the hypocalcemia (e.g., tetany 
and other symptoms, discussed earlier under the section on 
hypocalcemia).

DIAGNOSTIC WORKUP FOR HYPERPHOSPHATEMIA
The diagnostic workup for hyperphosphatemia follows the 
algorithm presented in Figure 75.13 and starts with serum 
calcium concentration to delineate the presence of hypocal-
cemia, normocalcemia, or hypercalcemia. Next, concentra-
tions of serum PTH, potassium, creatinine, and 25(OH)D 
are indicated. The underlying disease (see Table 75.23) 
causing hyperphosphatemia dictates other specific tests. 
Finally, spurious hyperphosphatemia results from interfer-
ence with phosphate measurement by hyperlipidemia, 
hyperbilirubinemia, and hyperglobulinemia, requiring spe-
cific tests for each condition.251

IMAGING STUDIES IN HYPERPHOSPHATEMIA
Imaging studies in hyperphosphatemia depend on the 
underlying disease, for example, wrist x-ray examination to 
delineate renal osteodystrophy and magnetic resonance 
imaging to rule out pituitary adenoma in acromegaly.

TREATMENT OF HYPERPHOSPHATEMIA
Treatment of hyperphosphatemia includes adequate fluid 
intake to promote diuresis and restriction of phosphate 
intake252 with the addition of phosphate binders (Table 
75.24). Finally, specific treatment for the underlying disease 
is discussed in other chapters.

Figure	75.13 Algorithm	for	diagnosis	of	hyperphosphatemia. The first step is to differentiate between conditions associated with hyper-
calcemia, normocalcemia, and hypocalcemia, respectively. Subsequently, serum parathyroid hormone (PTH) and serum potassium concentra-
tions point to related diagnoses. 

Hypocalcemia

Hyperphosphatemia
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Neonates � 7 mg/dL (� 2 mmol/L)

NormocalcemiaHypercalcemia

Thyrotoxicosis
Vitamin D toxicity

High PTH

Chronic kidney disease
Pseudohypoparathyroidism
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Hyperostosis with
hyperphosphatemia

Tumoral calcinosis

Low PTH

Hypoparathyroidism

Hyperkalemia

Chronic kidney disease
Rhabdomyolysis
Blood transfusion

�
�

�
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Table 75.23	 Causes	of	Hyperphosphatemia

Impaired	Renal	Excretion	of	Phosphate

• Renal insufficiency
• Hypoparathyroidism, pseudohypoparathyroidism
• Transient parathyroid resistance of infancy
• Acromegaly
• Tumoral calcinosis
• Hyperthyroidism
• Juvenile hypogonadism
• High ambient temperature
• Heparin
•  Bisphosphonate etidronate

Increased	Phosphate	Intake

Exogenous loads
• Phosphate salts: laxatives and enemas
• Vitamin D intoxication
• Blood transfusion
• White phosphorus burns
• Liposomal amphotericin B
• Fosphenytoin
• Parenteral phosphate

Endogenous loads
• Crush injury
• Rhabdomyolysis
• Cytotoxic therapy of neoplasms: tumor lysis
• Hemolysis
• Malignant hyperthermia
• Catabolic states
• Lactic acidosis
• Fulminant hepatitis

Transcellular	Shift	of	Phosphate

• Cellular shift in diabetes ketoacidosis
• Metabolic acidosis
• Respiratory acidosis

Miscellaneous

• Hyperostosis
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CHAPTER SUMMARY AND CONCLUSION

We have highlighted the etiology, clinical characteristics, 
and management of acid-base, water, and electrolyte disor-
ders in pediatric patients, in particular the pathogenesis and 
treatment of hyperosmolar and hyponatremic disorders. We 
have delineated how the gain or loss of function of renal 
tubular pathways contribute to disorders of potassium and 
hydrogen ion homeostasis, in particular in the different 
types of Bartter’s syndrome and RTA.

Research into magnesium, calcium, and phosphate disor-
ders in infancy and childhood has advanced our under-
standing of the sophisticated, interlinked homeostatic 
controls of these divalent ions, as exemplified by FHH. 
Finally, Williams-Beuren syndrome represents a contiguous 
gene syndrome, which may reveal genetic regulators key to 
calcium and cardiovascular lesions, hypertension, glucose 
intolerance, and anxiety disorders.

As the child with CKD grows older and transitions to adult 
medical care, nephrologists need to be cognizant that dis-
eases once regarded as specific vulnerabilities of middle and 
old age may reveal risk predictors in childhood. For example, 
chronic hyperphosphatemia and elevated serum FGF-23 
concentrations in the child with CKD forecast coronary cal-
cification.274 These and other considerations require inter-
vention and coordination between pediatric and internal 
medicine nephrology teams.

Complete reference list available at ExpertConsult.com.

KEY REFERENCES
1. Winters RW: Regulation of normal water and electrolyte metabo-

lism. In Winters RW, editor: The body fluids in pediatrics, Boston, 
1973, Little, Brown & Company, pp 95–112.

3. Verbalis JG: Disorders of body water homeostasis. Best Pract Res 
Clin Endocrinol Metab 17:471–503, 2003.

8. Martinez-Aguayo A, Aglony M, Campino C, et al: Aldosterone, 
plasma renin activity, and aldosterone/renin ratio in a normoten-
sive healthy pediatric population. Hypertension 56:391–396, 
2010.

17. Moeller HB, Rittig S, Fenton RA: Nephrogenic diabetes insipidus: 
essential insights into the molecular background and potential 
therapies for treatment. Endocr Rev 34:278–301, 2013.

Table 75.24	 Treatment	of	Hyperphosphatemia

Therapy Dosage Administration

Reduce phosphate 
intake

<800 mg/day Low-phosphate milk in 
infants

Adequate fluid 
intake

Promote diuresis

Calcium carbonate 5 g/day Given with meals to 
bind phosphate

Calcium acetate 5 g/day Given with meals to 
bind phosphate

Parathyroidectomy Severe 
hyperphosphatemia 
and 
hyperparathyroidism 
uncontrollable by 
medical means

http://www.ExpertConsult.com
http://www.uptodate.com:UptoDate
http://www.uptodate.com:UptoDate
http://www.myuptodate.com


 CHAPTER 75 — FLuID, ELECTROLYTE, AND ACID-BASE DISORDERS IN CHILDREN 2401

KCNA1 is linked to human autosomal dominant hypomagnese-
mia. J Clin Invest 119:936–942, 2009.

251. Pober BR: Williams-Beuren syndrome. N Engl J Med 362:239–252, 
2010.

253. Lyon AJ, McIntosh N: Calcium and phosphorus balance in 
extremely low birth weight infants in the first six weeks of life. 
Arch Dis Child 59:1145–1150, 1984.

254. Nordin BE: Calcium, phosphate and magnesium metabolism: clinical 
physiology and diagnostic procedures, Edinburgh, 1976, Churchill 
Livingstone.

258. Kumar R: Vitamin D metabolism and mechanisms of calcium 
transport. J Am Soc Nephrol 1:30–42, 1990.

259. Bouillon R, van Cromphaut S, Carmeliet G: Intestinal calcium 
absorption: molecular vitamin D mediated mechanisms. J Cell 
Biochem 88:332–339, 2003.

262. Santos F, Fluente R, Mejia N, et al: Hypophosphatemia and 
growth. Pediatr Nephrol 28:595–603, 2013.

263. Rachez C, Freedman LP: Mechanisms of gene regulation by 
vitamin D3 receptor: a network of coactivator interactions. Gene 
246:9–21, 2000.

265. Kovacs CS: Commentary: calcium and bone metabolism in preg-
nancy and lactation. J Clin Endocrinol Metab 86:2344–2348, 2001.

270. Nesbit MA, Hannan FM, Howles SA, et al: Mutations affecting 
G-protein subunit α11 in hypercalcemia and hypocalcemia. N Engl 
J Med 368:2476–2486, 2013.

273. Mount DB, Pollak MR: Molecular and genetic basis of renal disease: a 
companion to Brenner & Rector’s the kidney, Philadelphia, 2008, Saun-
ders Elsevier.

142. Masilamani K, van der Voort J: The management of acute hyper-
kalaemia in neonates and children. Arch Dis Child 97:376–380, 
2012.

145. Bonny O, Rossier BC: Disturbances of Na/K balance: pseudohy-
poaldosteronism revisited. J Am Soc Nephrol 13:2399–2414, 2002.

155. Wilson FH, Kahle KT, Sabath E, et al: Molecular pathogenesis of 
inherited hypertension with hyperkalemia: the Na-Cl cotrans-
porter is inhibited by wild-type but not mutant WNK4. Proc Natl 
Acad Sci U S A 100:680–684, 2003.

156. Louis-Dit-Picard H, Barc J, Trujillano D, et al: KLHL3 mutations 
cause familial hyperkalemic hypertension by impairing ion trans-
port in the distal nephron. Nat Genet 44:456–460, 2012.

161. Kraut JA, Madias NE: Serum anion gap: its uses and limitations in 
clinical medicine. J Am Soc Nephrol 2:162–174, 2007.

170. Igarashi T, Sekine T, Inatomi J, et al: Unraveling the molecular 
pathogenesis of isolated proximal renal tubular acidosis. J Am Soc 
Nephrol 13:2171–2177, 2002.

192. Karet FE: Inherited distal renal tubular acidosis. J Am Soc Nephrol 
13:2178–2184, 2002.

224. Konrad M, Schaller A, Seelow D, et al: Mutations in the tight-
junction gene claudin 19 (CLDN19) are associated with renal 
magnesium wasting, renal failure, and severe ocular involvement. 
Am J Hum Genet 79:949–957, 2006.

236. Schlingmann KP, Weber S, Peters M, et al: Hypomagnesemia with 
secondary hypocalcemia is caused by mutations in TRPM6, a new 
member of the TRPM gene family. Nat Genet 31:166–170, 2002.

244. Glaudemans B, van der Wijst J, Scola RH, et al: A missense muta-
tion in the Kv1.1 voltage-gated potassium channel-encoding gene 

http://www.myuptodate.com


 CHAPTER 75 — FLuID, ELECTROLYTE, AND ACID-BASE DISORDERS IN CHILDREN 2401.e1

REFERENCES
1. Winters RW: Regulation of normal water and electrolyte metabo-

lism. In Winters RW, editor: The body fluids in pediatrics, Boston, 
1973, Little, Brown & Company, pp 95–112.

2. Ruth JL, Wassner SJ: Body composition: salt and water. Pediatr Rev 
27:181–187, 2006.

3. Verbalis JG: Disorders of body water homeostasis. Best Pract Res 
Clin Endocrinol Metab 17:471–503, 2003.

4. Verbalis JG: How does the brain sense osmolality? J Am Soc Nephrol 
18:3056–3059, 2007.

5. Holtbäck U, Aperia AC: Molecular determinants of sodium and 
water balance during early human development. Semin Neonatol 
8:291–299, 2003.

6. Dillon MJ, Ryness JM: Plasma renin activity and aldosterone con-
centration in children. Br Med J 4:316–319, 1975.

7. Sigirci A, Hallaç T, Akyncy A, et al: Renal interlobar artery param-
eters with duplex Doppler sonography and correlations with age, 
plasma renin, and aldosterone levels in healthy children. AJR Am 
J Roentgenol 186:828–832, 2006.

8. Martinez-Aguayo A, Aglony M, Campino C, et al: Aldosterone, 
plasma renin activity, and aldosterone/renin ratio in a normoten-
sive healthy pediatric population. Hypertension 56:391–396, 2010.

9. Coulthard MG, Haycock GB: Distinguishing between salt poison-
ing and hypernatraemic dehydration in children. BMJ 326:157–
160, 2003.

10. Steiner MJ, DeWalt DA, Byerley JS: Is this child dehydrated? JAMA 
291:2746–2754, 2004.

11. Chim S: Acute renal failure: medical (non-dialytic) management. 
In Chiu MC, Yap HK, editors: Practical paediatric nephrology: an 
update of current practices, Hong Kong, 2005, Medcom Limited, 
pp 227–233.

12. Bockenhauer D, Bichet DG: Inherited secondary nephrogenic 
diabetes insipidus: concentrating on humans. Am J Physiol Renal 
Physiol 304:F1037–F1042, 2013.

13. Ordoñez FA, Santos F: Diabetes insípida nefrogénica. In Argente 
J, editor: Diabetes insípida, Madrid, 2009, Justim, pp 115–128.

14. Arthus MF, Lonergan M, Crumley MJ, et al: Report of 33  
novel AVPR2 mutations and analysis of 117 families with X-linked 
nephrogenic diabetes insipidus. J Am Soc Nephrol 11:1044–1054, 
2000.

15. Kinoshita K, Miura Y, Nagasaki H, et al: A novel deletion mutation 
in the arginine vasopressin receptor 2 gene and skewed X chro-
mosome inactivation in a female patient with congenital nephro-
genic diabetes insipidus. J Endocrinol Invest 27:167–170, 2004.

16. Rosenthal W, Seibold A, Antaramian A, et al: Molecular identifica-
tion of the gene responsible for congenital nephrogenic diabetes 
insipidus. Nature 359:233–235, 1992.

17. Moeller HB, Rittig S, Fenton RA: Nephrogenic diabetes insipidus: 
essential insights into the molecular background and potential 
therapies for treatment. Endocr Rev 34:278–301, 2013.

18. Langley JM, Balfe JW, Selander T, et al: Autosomal recessive inher-
itance of vasopressin-resistant diabetes insipidus. Am J Med Genet 
38:90–94, 1991.

19. Ohzeki T, Igarashi T, Okamoto A: Familial cases of congenital 
nephrogenic diabetes insipidus type II: remarkable increment of 
urinary adenosine 3′,5′-monophosphate in response to antidi-
uretic hormone. J Pediatr 104:593–595, 1984.

20. Sasaki S: Nephrogenic diabetes insipidus: update of genetic and 
clinical aspects. Nephrol Dial Transplant 19:1351–1353, 2004.

21. van Lieburg AF, Knoers NV, Monnens LA: Clinical presentation 
and follow-up of 30 patients with congenital nephrogenic diabetes 
insipidus. J Am Soc Nephrol 10:1958–1964, 1999.

22. Ala Y, Morin D, Mouillac B, et al: Functional studies of twelve 
mutant V2 vasopressin receptors related to nephrogenic diabetes 
insipidus: molecular basis of a mild clinical phenotype. J Am Soc 
Nephrol 9:1861–1872, 1998.

23. Faerch M, Christensen JH, Corydon TJ, et al: Partial nephrogenic 
diabetes insipidus caused by a novel mutation in the AVPR2 gene. 
Clin Endocrinol (Oxf) 68:395–403, 2008.

24. Shalev H, Romanovsky I, Knoers NV, et al: Bladder function 
impairment in aquaporin-2 defective nephrogenic diabetes insipi-
dus. Nephrol Dial Transplant 19:608–613, 2004.

25. Streitz JM, Jr, Streitz JM: Polyuric urinary tract dilatation with 
renal damage. J Urol 139:784–785, 1988.

26. Higuchi A, Kawamura T, Nakai H, et al: Infrequent voiding in 
nephrogenic diabetes insipidus as a cause of renal failure. Pediatr 
Int 44:540–542, 2002.

27. Mejía N, Santos F, Claverie-Martín F, et al: RenalTube: a network 
tool for clinical and genetic diagnosis of primary tubulopathies. 
Eur J Pediatr 172:775–780, 2013.

28. Earley LE, Orloff J: The mechanism of antidiuresis associated with 
the administration of hydrochlorothiazide to patients with 
vasopressin-resistant diabetes insipidus. J Clin Invest 41:1988–1997, 
1962.

29. Alon U, Chan JC: Hydrochlorothiazide-amiloride in the treatment 
of congenital nephrogenic diabetes insipidus. Am J Nephrol 5:9–13, 
1985.

30. Kirchlechner V, Koller DY, Seidl R, et al: Treatment of nephro-
genic diabetes insipidus with hydrochlorothiazide and amiloride. 
Arch Dis Child 80:548–552, 1999.

31. Monnens L, Jonkman A, Thomas C: Response to indomethacin 
and hydrochlorothiazide in nephrogenic diabetes insipidus. Clin 
Sci (Lond) 66:709–715, 1984.

32. Mizuno H, Sugiyama Y, Ohro Y, et al: Clinical characteristics of 
eight patients with congenital nephrogenic diabetes insipidus. 
Endocrine 24:55–59, 2004.

33. Jonat S, Santer R, Schneppenheim R, et al: Effect of DDAVP on 
nocturnal enuresis in a patient with nephrogenic diabetes insipi-
dus. Arch Dis Child 81:57–59, 1999.

34. Müller D, Marr N, Ankermann T, et al: Desmopressin for noctur-
nal enuresis in nephrogenic diabetes insipidus. Lancet 359:495–
497, 2002.

35. Mouillac B, Mendre C: Vasopressin receptors and pharmacologi-
cal chaperones: from functional rescue to promising therapeutic 
strategies. Pharmacol Res 83:74–78, 2014.

36. McQuillen KK, Anderson AC: Osmol gaps in the pediatric popula-
tion. Acad Emerg Med 6:27–30, 1999.

37. Kapur G, Valentini RP, Imam AA, et al: Serum osmolal gap in 
patients with idiopathic nephrotic syndrome and severe edema. 
Pediatrics 119:e1404–e1407, 2007.

38. Adrogué H, Madias NE: Hyponatremia. N Engl J Med 342:1581–
1589, 2000.

39. Yared A, Foose J, Icikawa I: Disorders of osmoregulation. In Ichi-
kawa I, editor: Pediatric textbook of fluids and electrolytes, Baltimore, 
1990, Williams & Wilkins, pp 165–185.

40. Moritz ML, Ayus JC: Preventing neurological complications  
from dysnatremias in children. Pediatr Nephrol 20:1687–1700, 
2005.

41. Playfor SD: Hypotonic intravenous solutions in children. Expert 
Opin Drug Saf 3:67–73, 2004.

42. Sgouros S, Goldin JH, Hockley AD, et al: Intracranial volume 
change in childhood. J Neurosurg 91:610–616, 1999.

43. Ayus JC, Achinger SG, Arieff A: Brain cell volume regulation in 
hyponatremia: role of sex, age, vasopressin, and hypoxia. Am J 
Physiol Renal Physiol 295:F619–F624, 2008.

44. Holliday MA, Segar WE: The maintenance need for water in 
parenteral fluid therapy. Pediatrics 19:823–832, 1957.

45. Hoorn EJ, Geary D, Robb M, et al: Acute hyponatremia related to 
intravenous fluid administration in hospitalized children: an 
observational study. Pediatrics 113:1279–1284, 2004.

46. Hanna S, Tibby SM, Durward A, et al: Incidence of hyponatrae-
mia and hyponatraemic seizures in severe respiratory syncytial 
virus bronchiolitis. Acta Paediatr 92:430–434, 2003.

47. Arieff AI, Ayus JC, Fraser CL: Hyponatraemia and death or per-
manent brain damage in healthy children. BMJ 304:1218–1222, 
1992.

48. Moritz ML, Ayus JC: Prevention of hospital-acquired hyponatre-
mia: a case for using isotonic saline. Pediatrics 111:227–230, 
2003.

49. Halberthal M, Halperin ML, Bohn D: Acute hyponatraemia in 
children admitted to hospital: retrospective analysis of factors 
contributing to its development and resolution. BMJ 322:780–782, 
2001.

50. Beck CE: Hypotonic versus isotonic maintenance intravenous 
fluid therapy in hospitalized children: a systematic review. Clin 
Pediatr (Phila) 46:764–770, 2007.

51. Choong K, Kho ME, Menon K, et al: Hypotonic versus isotonic 
saline in hospitalised children: a systematic review. Arch Dis Child 
91:828–835, 2006.

http://www.myuptodate.com


2401.e2 SECTION XII — PEDIATRIC NEPHROLOGY

52. National Patient Safety Agency: Patient safety alert 22: reducing 
the risk of hyponatraemia when administering intravenous  
infusions to children. Available at: <http://www.npsa.nhs.uk>.

53. Coulthard MC: Will changing maintenance intravenous fluid 
from 0.18% to 0.45% saline do more harm than good? Arch Dis 
Child 93:335–340, 2008.

54. Friedman A: Pediatric hydration therapy: historical review and 
new approach. Kidney Int 67:380–388, 2005.

55. Haycock GB: The syndrome of inappropriate secretion of antidi-
uretic hormone. Pediatr Nephrol 9:375–381, 1995.

56. Robertson GL: Regulation of arginine vasopressin in the syn-
drome of inappropriate antidiuresis. Am J Med 119(Suppl):S36–
S42, 2006.

57. Verbalis JG, Goldsmith SR, Greenberg A, et al: Diagnosis, evalua-
tion, and treatment of hyponatremia: expert panel recommenda-
tions. Am J Med 126(Suppl 1):S1–S42, 2013.

58. Chehade H, Rosato L, Girardin E, et al: Inappropriate antidi-
uretic hormone secretion: long-term successful urea treatment. 
Acta Paediatr 101:e39–e42, 2012.

59. Feldman BJ, Rosenthal SM, Vargas GA, et al: Nephrogenic syn-
drome of inappropriate antidiuresis. N Engl J Med 352:1884–1890, 
2005.

60. Gitelman SE, Feldman BJ, Rosenthal SM: Nephrogenic syndrome 
of inappropriate antidiuresis: a novel disorder in water balance in 
pediatric patients. Am J Med 119(Suppl):S54–S58, 2006.

61. Bes DF, Mendilaharzu H, Fenwick RG, et al: Hyponatremia result-
ing from arginine vasopressin receptor 2 gene mutation. Pediatr 
Nephrol 22:463–466, 2007.

62. Marcialis MA, Faà V, Fanos V, et al: Neonatal onset of nephrogenic 
syndrome of inappropriate antidiuresis. Pediatr Nephrol 23:2267–
2271, 2008.

63. Decaux G, Vandergheynst F, Bouko Y, et al: Nephrogenic syn-
drome of inappropriate antidiuresis in adults: high phenotypic 
variability in men and women from a large pedigree. J Am Soc 
Nephrol 18:606–612, 2007.

64. Bockenhauer D, Penney MD, Hampton D, et al: A family with 
hyponatremia and the nephrogenic syndrome of inappropriate 
antidiuresis. Am J Kidney Dis 59:566–568, 2012.

65. Carpentier E, Greenbaum LA, Rochdi D, et al: Identification and 
characterization of an activating F229V substitution in the V2 
vasopressin receptor in an infant with NSIAD. J Am Soc Nephrol 
23:1635–1640, 2012.

66. Holliday MA, Ray PE, Friedman AL: Fluid therapy for children: 
facts, fashions and questions. Arch Dis Child 92:546–550, 2007.

67. Endom EE, Somers MJ: Clinical assessment and diagnosis of  
hypovolemia (dehydration) in children. Available at: <www.
uptodate.com:UptoDate>.

68. Roberts KB: Fluid and electrolytes: parenteral fluid therapy. 
Pediatr Rev 22:380–387, 2001.

69. Gurkan S, Estilo GK, Wei Y, et al: Potassium transport in the 
maturing kidney. Pediatr Nephrol 22:915–925, 2007.

70. Giebisch G, Krapf R, Wagner C: Renal and extrarenal regulation 
of potassium. Kidney Int 72:397–410, 2007.

71. Welling PA: Regulation of renal potassium secretion: molecular 
mechanisms. Semin Nephrol 33:215–228, 2013.

72. Gil-Peña H, Mejía N, Alvarez-García O, et al: Longitudinal growth 
in chronic hypokalemic disorders. Pediatr Nephrol 25:733–737, 
2010.

73. Haffner D, Weinfurth A, Manz F, et al: Long-term outcome of 
paediatric patients with hereditary tubular disorders. Nephron 
83:250–260, 1999.

74. Buyukcelik M, Keskin M, Kilic BD, et al: Bartter syndrome and 
growth hormone deficiency: three cases. Pediatr Nephrol 27:2145–
2148, 2012.

75. Schaefer F, Yoon SA, Nouri P, et al: Growth hormone-mediated 
janus associated kinase-signal transducers and activators of tran-
scription signaling in the growth hormone-resistant potassium-
deficient rat. J Am Soc Nephrol 15:2299–3306, 2004.

76. Gil-Peña H, García-López E, Alvarez-García O, et al: Alterations of 
growth plate and abnormal insulin-like growth factor I metabolism 
in growth retarded hypokalemic rats. Effect of growth hormone 
treatment. Am J Physiol Renal Physiol 297:F639–F645, 2009.

77. Fervenza FC, Rabkin R: The role of growth factors and ammonia 
in the genesis of hypokalemic nephropathy. J Ren Nutr 12:151–
159, 2002.

78. Groeneveld JH, Sijpkens YW, Lin SH, et al: An approach to the 
patient with severe hypokalaemia: the potassium quiz. Q J Med 
98:305–316, 2005.

79. Assadi F: Diagnosis of hypokalemia: a problem-solving approach 
to clinical cases. Iran J Kidney Dis 2:115–122, 2008.

80. Zietse R, Zoutendijk R, Hoorn EJ: Fluid, electrolyte and acid-base 
disorders associated with antibiotic therapy. Nat Rev Nephrol 5:193–
202, 2009.

81. Garcia E, Nakhleh N, Simmons D, et al: Profound hypokalemia: 
unusual presentation and management in a 12-year-old boy. 
Pediatr Emerg Care 24:157–160, 2008.

82. Bartter FC, Pronove P, Gill JR, Jr, et al: Hyperplasia of the juxta-
glomerular complex with hyperaldosteronism and hypokalemic 
alkalosis. A new syndrome. Am J Med 33:811–828, 1962.

83. Hebert SC: Bartter syndrome. Curr Opin Nephrol Hypertens 12:527–
532, 2003.

84. Seyberth HW: An improved terminology and classification of 
Bartter-like syndromes. Nat Clin Pract Nephrol 4:560–567, 2008.

85. Seyberth HW, Rascher W, Schweer H, et al: Congenital hypokale-
mia with hypercalciuria in preterm infants: a hyperprostaglandin-
uric tubular syndrome different from Bartter syndrome. J Pediatr 
107:694–701, 1985.

86. Simon DB, Karet FE, Hamdan JM, et al: Bartter’s syndrome,  
hypokalaemic alkalosis with hypercalciuria, is caused by mutations 
in the Na-K-2Cl cotransporter NKCC2. Nat Genet 13:183–188, 
1996.

87. Vargas-Poussou R, Feldmann D, Vollmer M, et al: Novel molecular 
variants of the Na-K-2Cl cotransporter gene are responsible  
for antenatal Bartter syndrome. Am J Hum Genet 62:1332–1340, 
1998.

88. Simon DB, Karet FE, Rodriguez-Soriano J, et al: Genetic hetero-
geneity of Bartter’s syndrome revealed by mutations in the K+ 
channel, ROMK. Nat Genet 14:152–156, 1996.

89. Derst C, Konrad M, Köckerling A, et al: Mutations in the ROMK 
gene in antenatal Bartter syndrome are associated with impaired 
K+ channel function. Biochem Biophys Res Commun 230:641–645, 
1997.

90. Birkenhäger R, Otto E, Schürmann MJ, et al: Mutation of BSND 
causes Bartter syndrome with sensorineural deafness and kidney 
failure. Nat Genet 29:310–314, 2001.

91. Estévez R, Boettger T, Stein V, et al: Barttin is a Cl− channel beta-
subunit crucial for renal Cl− reabsorption and inner ear K+ secre-
tion. Nature 414:558–561, 2001.

92. Krämer BK, Bergler T, Stoelcker B, et al: Mechanisms of disease: 
the kidney-specific chloride channels ClCKA and ClCKB, the 
Barttin subunit, and their clinical relevance. Nat Clin Pract Nephrol 
4:38–46, 2008.

93. Schlingmann KP, Konrad M, Jeck N, et al: Salt wasting and deaf-
ness resulting from mutations in two chloride channels. N Engl J 
Med 350:1314–1319, 2004.

94. Nozu K, Inagaki T, Fu XJ, et al: Molecular analysis of digenic 
inheritance in Bartter syndrome with sensorineural deafness.  
J Med Genet 45:182–186, 2008.

95. Reinalter SC, Jeck N, Brochhausen C, et al: Role of cyclooxygenase-2 
in hyperprostaglandin E syndrome/antenatal Bartter syndrome. 
Kidney Int 62:253–260, 2002.

96. Rodríguez-Soriano J: Tubulopatías. In Hernando-Avendaño L, 
editor: Nefrología clínica, Madrid, 2009, Editorial Médica Panameri-
cana, pp 627–654.

97. Brochard K, Boyer O, Blanchard A, et al: Phenotype-genotype 
correlation in antenatal and neonatal variants of Bartter syn-
drome. Nephrol Dial Transplant 24:1455–1464, 2009.

98. Jeck N, Reinalter SC, Henne T, et al: Hypokalemic salt-losing 
tubulopathy with chronic renal failure and sensorineural deaf-
ness. Pediatrics 108:E5, 2001.

99. Nomura N, Kamiya K, Ikeda K, et al: Treatment with 17-allylamino-
17-demethoxygeldanamycin ameliorated symptoms of Bartter 
syndrome type IV caused by mutated BSND in mice. Biochem 
Biophys Res Commun 441:544–549, 2013.

100. Shalev H, Ohali M, Kachko L, et al: The neonatal variant of 
Bartter syndrome and deafness: preservation of renal function. 
Pediatrics 112:628–633, 2003.

101. García-Nieto V, Flores C, Luis-Yanes MI, et al: Mutation G47R in 
the BSND gene causes Bartter syndrome with deafness in two 
Spanish families. Pediatr Nephrol 21:643–648, 2006.

http://www.npsa.nhs.uk
http://www.uptodate.com:UptoDate
http://www.uptodate.com:UptoDate
http://www.myuptodate.com


 CHAPTER 75 — FLuID, ELECTROLYTE, AND ACID-BASE DISORDERS IN CHILDREN 2401.e3

102. Finer G, Shalev H, Birk OS, et al: Transient neonatal hyperkale-
mia in the antenatal (ROMK defective) Bartter syndrome. J Pediatr 
142:318–323, 2003.

103. James T, Holland NH, Preston D: Bartter syndrome. Typical facies 
and normal plasma volume. Am J Dis Child 129:1205–1207, 1975.

104. Landau D, Shalev H, Ohaly M, et al: Infantile variant of Bartter 
syndrome and sensorineural deafness: a new autosomal recessive 
disorder. Am J Med Genet 59:454–459, 1995.

105. Madrigal G, Saborio P, Mora F, et al: Bartter syndrome in Costa 
Rica: a description of 20 cases. Pediatr Nephrol 11:296–301, 1997.

106. Simon DB, Bindra RS, Mansfield TA, et al: Mutations in the chlo-
ride channel gene, CLCNKB, cause Bartter’s syndrome type III. 
Nat Genet 17:171–178, 1997.

107. Konrad M, Vollmer M, Lemmink HH, et al: Mutations in the 
chloride channel gene CLCNKB as a cause of classic Bartter syn-
drome. J Am Soc Nephrol 11:1449–1459, 2000.

108. García Castañño A, Pérez de Nanclares G, Madariaga L: Genetics 
of type III Bartter syndrome in Spain, proposed diagnostic algo-
rithm. PLoS One 8:e74673, 2013.

109. Jeck N, Konrad M, Peters M, et al: Mutations in the chloride 
channel gene, CLCNKB, leading to a mixed Bartter-Gitelman 
phenotype. Pediatr Res 48:754–758, 2000.

110. Peters M, Jeck N, Reinalter S, et al: Clinical presentation of geneti-
cally defined patients with hypokalemic salt-losing tubulopathies. 
Am J Med 112:183–190, 2002.

111. Zelikovic I, Szargel R, Hawash A, et al: A novel mutation in the 
chloride channel gene, CLCNKB, as a cause of Gitelman and 
Bartter syndromes. Kidney Int 63:24–32, 2003.

112. Watanabe S, Fukumoto S, Chang H, et al: Association between 
activating mutations of calcium-sensing receptor and Bartter’s 
syndrome. Lancet 360:692–694, 2002.

113. Pearce SH, Williamson C, Kifor O, et al: A familial syndrome of 
hypocalcemia with hypercalciuria due to mutations in the calcium-
sensing receptor. N Engl J Med 335:1115–1122, 1996.

114. Gitelman HJ, Graham JB, Welt LG: A new familial disorder char-
acterized by hypokalemia and hypomagnesemia. Trans Assoc Am 
Physicians 79:221–235, 1966.

115. Simon DB, Nelson-Williams C, Bia MJ, et al: Gitelman’s variant of 
Bartter’s syndrome, inherited hypokalaemic alkalosis, is caused by 
mutations in the thiazide-sensitive Na-Cl cotransporter. Nat Genet 
12:24–30, 1996.

116. Lemmink HH, Knoers NV, Károlyi L, et al: Novel mutations in the 
thiazide-sensitive NaCl cotransporter gene in patients with Gitel-
man syndrome with predominant localization to the C-terminal 
domain. Kidney Int 54:720–730, 1998.

117. Knoers NV, Levtchenko EN: Gitelman syndrome. Orphanet J Rare 
Dis 3:22, 2008.

118. Coto E, Rodriguez J, Jeck N, et al: A new mutation (intron 9 +1 
G>T) in the SLC12A3 gene is linked to Gitelman syndrome in 
Gypsies. Kidney Int 65:25–29, 2004.

119. Bouwer ST, Coto E, Santos F, et al: The Gitelman syndrome muta-
tion, IVS9+1G>T, is common across Europe. Kidney Int 72:898, 
2007.

120. Bettinelli A, Bianchetti MG, Borella P, et al: Genetic heterogeneity 
in tubular hypomagnesemia-hypokalemia with hypocalcuria 
(Gitelman’s syndrome). Kidney Int 47:547–551, 1995.

121. Coto E, Arriba G, García-Castro M, et al: Clinical and analytical 
findings in Gitelman’s syndrome associated with homozygosity for 
the c.1925 G>A SLC12A3 mutation. Am J Nephrol 30:218–221, 
2009.

122. Fava C, Montagnana M, Rosberg L, et al: Subjects heterozygous 
for genetic loss of function of the thiazide-sensitive cotransporter 
have reduced blood pressure. Hum Mol Genet 17:413–418, 
2008.

123. Nijenhuis T, Vallon V, van der Kemp AW, et al: Enhanced passive 
Ca2+ reabsorption and reduced Mg2+ channel abundance explains 
thiazide-induced hypocalciuria and hypomagnesemia. J Clin Invest 
115:1651–1658, 2005.

124. Tseng MH, Yang SS, Hsu YJ, et al: Genotype, phenotype, and 
follow-up in Taiwanese patients with salt-losing tubulopathy associ-
ated with SLC12A3 mutation. J Clin Endocrinol Metab 97:E1478–
E1482, 2012.

125. Viganò C, Amoruso C, Barretta F: Renal phosphate handling in 
Gitelman syndrome—the results of a case-control study. Pediatr 
Nephrol 28:65–70, 2013.

126. Favre GA, Nau V, Kolb I, et al: Localization of tubular adaptation 
to renal sodium loss in Gitelman syndrome. Clin J Am Soc Nephrol 
7:472–478, 2012.

127. Colussi G, Bettinelli A, Tedeschi S, et al: A thiazide test for the 
diagnosis of renal tubular hypokalemic disorders. Clin J Am Soc 
Nephrol 2:454–460, 2007.

128. Cruz DN, Shaer AJ, Bia MJ, et al: Gitelman’s syndrome revisited: 
an evaluation of symptoms and health-related quality of life. 
Kidney Int 59:710–717, 2001.

129. Lin SH, Cheng NL, Hsu YJ, et al: Intrafamilial phenotype vari-
ability in patients with Gitelman syndrome having the same muta-
tions in their thiazide-sensitive sodium/chloride cotransporter. 
Am J Kidney Dis 43:304–312, 2004.

130. Riveira-Munoz E, Chang Q, Godefroid N, et al: Belgian Network 
for Study of Gitelman Syndrome: transcriptional and functional 
analyses of SLC12A3 mutations: new clues for the pathogenesis of 
Gitelman syndrome. J Am Soc Nephrol 18:1271–1283, 2007.

131. Berry MR, Robinson C, Karet Frankl FE: Unexpected clinical 
sequelae of Gitelman syndrome: hypertension in adulthood is 
common and females have higher potassium requirements. 
Nephrol Dial Transplant 28:1533–1542, 2013.

132. Scholl UI, Choi M, Liu T, et al: Seizures, sensorineural deafness, 
ataxia, mental retardation, and electrolyte imbalance (SeSAME 
syndrome) caused by mutations in KCNJ10. Proc Natl Acad Sci 
U S A 106:5842–5847, 2009.

133. Bockenhauer D, Feather S, Stanescu HC, et al: Epilepsy, ataxia, 
sensorineural deafness, tubulopathy, and KCNJ10 mutations.  
N Engl J Med 360:1960–1970, 2009.

134. Scholl UI, Dave HB, Lu M, et al: SeSAME/EAST syndrome—
phenotypic variability and delayed activity of the distal convoluted 
tubule. Pediatr Nephrol 27:2081–2090, 2012.

135. Shimkets RA, Warnock DG, Bositis CM, et al: Liddle’s syndrome: 
heritable human hypertension caused by mutations in the beta 
subunit of the epithelial sodium channel. Cell 79:407–414, 1994.

136. Hansson JH, Nelson-Williams C, et al: Hypertension caused by a 
truncated epithelial sodium channel gamma subunit: genetic het-
erogeneity of Liddle syndrome. Nat Genet 11:76–82, 1995.

137. Garovic VD, Hilliard AA, Turner ST: Monogenic forms of low-
renin hypertension. Nat Clin Pract Nephrol 2:624–630, 2006.

138. West ML, Marsden PA, Richardson RM, et al: New clinical 
approach to evaluate disorders of potassium excretion. Miner Elec-
trolyte Metab 12:234–238, 1986.

139. Rodriguez-Soriano J, Ubetagoyena M, Vallo A: Transtubular potas-
sium concentration gradient: a useful test to estimate renal aldo-
sterone bio-activity in infants and children. Pediatr Nephrol 
4:105–110, 1990.

140. Zettle RM, West ML, Josse RG, et al: Renal potassium handling 
during states of low aldosterone bioactivity: a method to differen-
tiate renal and non renal causes. Am J Nephrol 7:360–365, 1987.

141. Choi MJ, Ziyadeh FN: The utility of the transtubular potassium 
gradient in the evaluation of hyperkalemia. J Am Soc Nephrol 
19:424–426, 2008.

142. Masilamani K, van der Voort J: The management of acute hyper-
kalaemia in neonates and children. Arch Dis Child 97:376–380, 
2012.

143. Harel Z, Harel S, Shah PS: Gastrointestinal adverse events with 
sodium polystyrene sulfonate (Kayexalate) use: a systematic 
review. Am J Med 126:264.e9–264.e24, 2013.

144. Cameron JC, Kennedy D, Feber J: Pretreatment of infant formula 
with sodium polystyrene sulfonate: focus on optimal amount and 
contact time. Paediatr Drugs 15:43–48, 2013.

145. Bonny O, Rossier BC: Disturbances of Na/K balance: pseudohy-
poaldosteronism revisited. J Am Soc Nephrol 13:2399–2414, 2002.

146. Proctor G, Linas S: Type 2 pseudohypoaldosteronism: new insights 
into renal potassium, sodium, and chloride handling. Am J Kidney 
Dis 48:674–693, 2006.

147. Rodríguez-Soriano J, Vallo A, Oliveros R, et al: Transient pseudo-
hypoaldosteronism secondary to obstructive uropathy in infancy. 
J Pediatr 103:375–380, 1983.

148. Geller DS, Rodriguez-Soriano J, Vallo Boado A, et al: Mutations 
in the mineralocorticoid receptor gene cause autosomal domi-
nant pseudohypoaldosteronism type 1. Nat Genet 19:279–281, 
1998.

149. Riepe FG: Clinical and molecular features of type 1 pseudohypoal-
dosteronism. Horm Res 72:1–9, 2009.

http://www.myuptodate.com


2401.e4 SECTION XII — PEDIATRIC NEPHROLOGY

150. Chang SS, Grunder S, Hanukoglu A, et al: Mutations in subunits 
of the epithelial sodium channel cause salt wasting with hyperka-
laemic acidosis, pseudohypoaldosteronism type 1. Nat Genet 
12:248–253, 1996.

151. Rossier BC, Pradervand S, Schild L, et al: Epithelial sodium 
channel and the control of sodium balance: interaction between 
genetic and environmental factors. Annu Rev Physiol 64:877–897, 
2002.

152. Riepe FG, van Bemmelen MX, Cachat F, et al: Revealing a sub-
clinical salt-losing phenotype in heterozygous carriers of the novel 
S562P mutation in the alpha subunit of the epithelial sodium 
channel. Clin Endocrinol (Oxf) 70:252–258, 2009.

153. Gordon RD: Syndrome of hypertension and hyperkalemia with 
normal glomerular filtration rate. Hypertension 8:93–102, 1986.

154. Mayan H, Munter G, Shaharabany M, et al: Hypercalciuria in 
familial hyperkalemia and hypertension accompanies hyperkale-
mia and precedes hypertension: description of a large family with 
the Q565E WNK4 mutation. J Clin Endocrinol Metab 89:4025–4030, 
2004.

155. Wilson FH, Kahle KT, Sabath E, et al: Molecular pathogenesis of 
inherited hypertension with hyperkalemia: the Na-Cl cotrans-
porter is inhibited by wild-type but not mutant WNK4. Proc Natl 
Acad Sci U S A 100:680–684, 2003.

156. Louis-Dit-Picard H, Barc J, Trujillano D, et al: KLHL3 mutations 
cause familial hyperkalemic hypertension by impairing ion trans-
port in the distal nephron. Nat Genet 44:456–460, 2012.

157. Boyden LM, Choi M, Choate KA, et al: Mutations in kelch-like 3 
and cullin 3 cause hypertension and electrolyte abnormalities. 
Nature 482:98–102, 2012.

158. Shibata S, Zhang J, Puthumana J, et al: Kelch-like 3 and Cullin 3 
regulate electrolyte homeostasis via ubiquitination and degrada-
tion of WNK4. Proc Natl Acad Sci U S A 110:7838–7843, 2013.

159. Dell RB: Normal acid-base regulation. In Winters RW, editor: The 
body fluids in pediatrics, Boston, 1973, Little Brown & Company, 
pp 23–45.

160. Manz F, Kalhoff H, Remer T: Renal acid excretion in early infancy. 
Pediatr Nephrol 11:231–243, 1997.

161. Kraut JA, Madias NE: Serum anion gap: its uses and limitations in 
clinical medicine. J Am Soc Nephrol 2:162–174, 2007.

162. Schwaderer AL, Schwartz GJ: Back to basics: acidosis and alkalosis. 
Pediatr Rev 25:350–357, 2004.

163. Durward A, Mayer A, Skellett S, et al: Hypoalbuminaemia in criti-
cally ill children: incidence, prognosis, and influence on the 
anion gap. Arch Dis Child 884:419–422, 2003.

164. Haque SK, Ariceta G, Batlle D: Proximal renal tubular acidosis: a 
not so rare disorder of multiple etiologies. Nephrol Dial Transplant 
27:4273–4287, 2012.

165. Brenes LG, Brenes JM, Hernandez MM: Familial proximal renal 
tubular acidosis. A distinct disease entity. Am J Med 63:244–252, 
1977.

166. Katzir Z, Dinour D, Reznik-Wolf H, et al: Familial pure proximal 
renal tubular acidosis—a clinical and genetic study. Nephrol Dial 
Transplant 23:1211–1215, 2008.

167. Igarashi T, Inatomi J, Sekine T, et al: Mutations in SLC4A4 cause 
permanent isolated proximal renal tubular acidosis with ocular 
abnormalities. Nat Genet 23:264–266, 1999.

168. Zhu Q, Shao XM, Kao L, et al: Missense mutation T485S alters 
NBCe1-A electrogenicity causing proximal renal tubular acidosis. 
Am J Physiol Cell Physiol 305:C392–C405, 2013.

169. Usui T, Hara M, Satoh H, et al: Molecular basis of ocular abnor-
malities associated with proximal renal tubular acidosis. J Clin 
Invest 108:107–115, 2001.

170. Igarashi T, Sekine T, Inatomi J, et al: Unraveling the molecular 
pathogenesis of isolated proximal renal tubular acidosis. J Am Soc 
Nephrol 13:2171–2177, 2002.

171. Horita S, Yamada H, Inatomi J, et al: Functional analysis of NBC1 
mutants associated with proximal renal tubular acidosis and 
ocular abnormalities. J Am Soc Nephrol 16:2270–2278, 2005.

172. Nash MA, Torrado AD, Greifer I, et al: Renal tubular acidosis in 
infants and children. J Pediatr 80:738–743, 1972.

173. Rodriguez-Soriano J, Boichis H, Edelman CM: Proximal renal 
tubular acidosis. A defect in bicarbonate reabsorption with normal 
urinary acidification. Pediatr Res 1:81–98, 1967.

174. Sly WS, Hewett-Emmett D, Whyte MP, et al: Carbonic anhydrase 
II deficiency identified as the primary defect in the autosomal 

recessive syndrome of osteopetrosis with renal tubular acidosis 
and cerebral calcification. Proc Natl Acad Sci U S A 80:2752–2756, 
1983.

175. Hu PY, Roth DE, Skaggs LA, et al: A splice junction mutation in 
intron 2 of the carbonic anhydrase II gene of osteopetrosis 
patients from Arabic countries. Hum Mutat 1:288–292, 1992.

176. Sebastian A, McSherry E, Morris RC, Jr: On the mechanism of 
renal potassium wasting in renal tubular acidosis associated with 
the Fanconi syndrome (type 2 RTA). J Clin Invest 50:231–243, 
1971.

177. Bruce LJ, Cope DL, Jones GK, et al: Familial distal renal tubular 
acidosis is associated with mutations in the red cell anion 
exchanger (Band 3, AE1) gene. J Clin Invest 100:1693–1707, 
1997.

178. Jarolim P, Shayakul C, Prabakaran D, et al: Autosomal dominant 
distal renal tubular acidosis is associated in three families with 
heterozygosity for the R589H mutation in the AE1 (band 3) Cl−/
HCO3− exchanger. J Biol Chem 273:6380–6388, 1998.

179. Karet FE, Gainza FJ, Gyory AZ, et al: Mutations in the chloride-
bicarbonate exchanger gene AE1 cause autosomal dominant but 
not autosomal recessive distal renal tubular acidosis. Proc Natl Acad 
Sci U S A 95:6337–6342, 1998.

180. Devonald MA, Smith AN, Poon JP, et al: Non-polarized targeting 
of AE1 causes autosomal dominant distal renal tubular acidosis. 
Nat Genet 33:125–127, 2003.

181. Fry AC, Su Y, Yiu V, et al: Mutation conferring apical-targeting 
motif on AE1 exchanger causes autosomal dominant distal RTA. 
J Am Soc Nephrol 23:1238–1249, 2012.

182. Kaitwatcharachai C, Vasuvattakul S, Yenchitsomanus P, et al: Distal 
renal tubular acidosis and high urine carbon dioxide tension in 
a patient with southeast Asian ovalocytosis. Am J Kidney Dis 
33:1147–1152, 1999.

183. Bruce LJ, Wrong O, Toye AM, et al: Band 3 mutations, renal 
tubular acidosis and South-East Asian ovalocytosis in Malaysia and 
Papua New Guinea: loss of up to 95% band 3 transport in red 
cells. Biochem J 350(Pt 1):41–51, 2000.

184. Rungroj N, Devonald MA, Cuthbert AW, et al: A novel missense 
mutation in AE1 causing autosomal dominant distal renal tubular 
acidosis retains normal transport function but is mistargeted in 
polarized epithelial cells. J Biol Chem 279:13833–13838, 2004.

185. Khositseth S, Sirikanerat A, Wongbenjarat K, et al: Distal renal 
tubular acidosis associated with anion exchanger 1 mutations in 
children in Thailand. Am J Kidney Dis 49:841–850, 2007.

186. Tanphaichitr VS, Sumboonnanonda A, Ideguchi H, et al: Novel 
AE1 mutations in recessive distal renal tubular acidosis. Loss-of-
function is rescued by glycophorin A. J Clin Invest 102:2173–2179, 
1998.

187. Vasuvattakul S, Yenchitsomanus PT, Vachuanichsanong P, et al: 
Autosomal recessive distal renal tubular acidosis associated with 
Southeast Asian ovalocytosis. Kidney Int 56:1674–1682, 1999.

188. Yenchitsomanus PT, Vasuvattakul S, Kirdpon S, et al: Autosomal 
recessive distal renal tubular acidosis caused by G701D mutation 
of anion exchanger 1 gene. Am J Kidney Dis 40:21–29, 2002.

189. Choo KE, Nicoli TK, Bruce LJ, et al: Recessive distal renal tubular 
acidosis in Sarawak caused by AE1 mutations. Pediatr Nephrol 
21:212–217, 2006.

190. Cheidde L, Vieira TC, Lima PR, et al: A novel mutation in the 
anion exchanger 1 gene is associated with familial distal renal 
tubular acidosis and nephrocalcinosis. Pediatrics 112(6 Pt 1):1361–
1367, 2003.

191. Sritippayawan S, Kirdpon S, Vasuvattakul S, et al: A de novo 
R589C mutation of anion exchanger 1 causing distal renal tubular 
acidosis. Pediatr Nephrol 18:644–648, 2003.

192. Karet FE: Inherited distal renal tubular acidosis. J Am Soc Nephrol 
13:2178–2184, 2002.

193. Karet FE, Finberg KE, Nelson RD, et al: Mutations in the gene 
encoding the B1 subunit of H+-ATPase cause renal tubular acido-
sis with sensorineural deafness. Nat Genet 21:84–90, 1999.

194. Mohebbi N, Vargas-Poussou R, Hegemann SC, et al: Homozygous 
and compound heterozygous mutations in the ATP6V1B1 gene 
in patients with renal tubular acidosis and sensorineural hearing 
loss. Clin Genet 83:274–278, 2013.

195. Gil H, Santos F, García E, et al: Distal RTA with nerve deafness: 
clinical spectrum and mutational analysis in five children. Pediatr 
Nephrol 22:825–828, 2007.

http://www.myuptodate.com


 CHAPTER 75 — FLuID, ELECTROLYTE, AND ACID-BASE DISORDERS IN CHILDREN 2401.e5

196. Santos F, Rey C, Málaga S, et al: The syndrome of renal tubular 
acidosis and nerve deafness. Discordant manifestations in dizy-
gotic twin brothers. Pediatr Nephrol 5:235–237, 1991.

197. Karet FE, Finberg KE, Nayir A, et al: Localization of a gene for 
autosomal recessive distal renal tubular acidosis with normal 
hearing (rdRTA2) to 7q33-34. Am J Hum Genet 65:1656–1665, 
1999.

198. Miura K, Sekine T, Takahashi K, et al: Mutational analyses of  
the ATP6V1B1 and ATP6V0A4 genes in patients with primary 
distal renal tubular acidosis. Nephrol Dial Transplant 28:2123–2130, 
2013.

199. Stover EH, Borthwick KJ, Bavalia C, et al: Novel ATP6V1B1 and 
ATP6V0A4 mutations in autosomal recessive distal renal tubular 
acidosis with new evidence for hearing loss. J Med Genet 39:796–
803, 2002.

200. Batlle DC, Hizon M, Cohen E, et al: The use of the urinary anion 
gap in the diagnosis of hyperchloremic metabolic acidosis. N Engl 
J Med 318:594–599, 1988.

201. Batlle D, Moorthi KM, Schlueter W, et al: Distal renal tubular 
acidosis and the potassium enigma. Semin Nephrol 26:471–478, 
2006.

202. Rodríguez Soriano J, Vallo A, Castillo G, et al: Natural history of 
primary distal renal tubular acidosis treated since infancy. J Pediatr 
101:669–676, 1982.

203. Tasic V, Korneti P, Gucev Z, et al: Atypical presentation of distal 
renal tubular acidosis in two siblings. Pediatr Nephrol 23:1177–
1181, 2008.

204. Norman ME, Feldman NI, Cohn RM, et al: Urinary citrate excre-
tion in the diagnosis of renal tubular acidosis. J Pediatr 92:294–400, 
1978.

205. Batlle DC, Grupp M, Gaviria M, et al: Distal renal tubular acidosis 
with intact capacity to lower urinary pH. Am J Med 72:751–758, 
1982.

206. Bresolin NL, Grillo E, Fernandes VR, et al: A case report and 
review of hypokalemic paralysis secondary to renal tubular acido-
sis. Pediatr Nephrol 20:818–820, 2005.

207. Ren H, Wang WM, Chen XN, et al: Renal involvement and 
follow-up of 130 patients with primary Sjögren’s syndrome. J Rheu-
matol 35:278–284, 2008.

208. Santos F, Chan JC: Renal tubular acidosis in children. Diagnosis, 
treatment and prognosis. Am J Nephrol 6:289–295, 1986.

209. Caldas A, Broyer M, Dechaux M, et al: Primary distal tubular 
acidosis in childhood: clinical study and long-term follow-up of 28 
patients. J Pediatr 121:233–241, 1992.

210. Batlle DC, Arruda JA, Kurtzman NA: Hyperkalemic distal renal 
tubular acidosis associated with obstructive uropathy. N Engl J Med 
304:373–380, 1981.

211. Arnaud MJ: Update on the assessment of magnesium status. Br J 
Nutr 99(Suppl):S24–S36, 2008.

212. Hoshino K, Ogawa K, Hishitani T, et al: Characteristics of 
improved NOVA magnesium ion-selective electrode: changes of 
ionized magnesium values and reference interval in healthy chil-
dren. Magnes Res 14:203–210, 2001.

213. Voets T, Nilius B, Hoefs S, et al: TRPM6 forms the Mg2+ influx 
channel involved in intestinal and renal Mg2+ absorption. J Biol 
Chem 279:19–25, 2004.

214. Groenestege WM, Thébault S, van der Wijst J, et al: Impaired 
basolateral sorting of pro-EGF causes isolated recessive renal 
hypomagnesemia. J Clin Invest 117:2260–2267, 2007.

215. Thebault S, Alexander RT, Tiel Groenestege WM, et al: EGF 
increases TRPM6 activity and surface expression. J Am Soc Nephrol 
20:78–85, 2009.

216. Groenestege WM, Hoenderop JG, van den Heuvel L, et al: The 
epithelial Mg2+ channel transient receptor potential melastatin 6 
is regulated by dietary Mg2+ content and estrogens. J Am Soc 
Nephrol 17:1035–1043, 2006.

217. Xi Q, Hoenderop JG, Bindels RJ: Regulation of magnesium reab-
sorption in DCT. Pflugers Arch 458:89–98, 2009.

218. Nijenhuis T, Hoenderop JG, Bindels RJ: Downregulation of Ca2+ 
and Mg2+ transport proteins in the kidney explains tacrolimus 
(FK506)-induced hypercalciuria and hypomagnesemia. J Am Soc 
Nephrol 15:549–557, 2004.

219. Ledeganck KJ, Boulet GA, Bogers JJ, et al: The TRPM6/EGF 
pathway is downregulated in a rat model of cisplatin nephrotoxic-
ity. PLoS One 8:e57016, 2013.

220. Nijenhuis T, Renkema KY, Hoenderop JG, et al: Acid-base status 
determines the renal expression of Ca2+ and Mg2+ transport pro-
teins. J Am Soc Nephrol 17:617–626, 2006.

221. Ferrè S, Hoenderop JGJ, Bindels RJM: Sensing mechanisms 
involved in Ca2+ and Mg2+ homeostasis. Kidney Int 82:1157–1166, 
2012.

222. Simon DB, Lu Y, Choate KA, et al: Paracellin-1, a renal tight junc-
tion protein required for paracellular Mg2+ resorption. Science 
285:103–106, 1999.

223. Weber S, Hoffmann K, Jeck N, et al: Familial hypomagnesaemia 
with hypercalciuria and nephrocalcinosis maps to chromosome 
3q27 and is associated with mutations in the PCLN-1 gene. Eur J 
Hum Genet 8:414–422, 2000.

224. Konrad M, Schaller A, Seelow D, et al: Mutations in the tight-
junction gene claudin 19 (CLDN19) are associated with renal 
magnesium wasting, renal failure, and severe ocular involvement. 
Am J Hum Genet 79:949–957, 2006.

225. Hou J, Renigunta A, Konrad M, et al: Claudin-16 and claudin-19 
interact and form a cation-selective tight junction complex. J Clin 
Invest 118:619–628, 2008.

226. Kausalya PJ, Amasheh S, Günzel D, et al: Disease-associated muta-
tions affect intracellular traffic and paracellular Mg2+ transport 
function of claudin-16. J Clin Invest 116:878–891, 2006.

227. Günzel D, Haisch L, Pfaffenbach S, et al: Claudin function in the 
thick ascending limb of Henle’s loop. Ann N Y Acad Sci 1165:152–
162, 2009.

228. Weber S, Schneider L, Peters M, et al: Novel paracellin-1 muta-
tions in 25 families with familial hypomagnesemia with hypercal-
ciuria and nephrocalcinosis. J Am Soc Nephrol 12:1872–1881, 2001.

229. Benigno V, Canonica CS, Bettinelli A, et al: Hypomagnesaemia-
hypercalciuria-nephrocalcinosis: a report of nine cases and a 
review. Nephrol Dial Transplant 15:605–610, 2000.

230. Müller D, Kausalya PJ, Bockenhauer D, et al: Unusual clinical 
presentation and possible rescue of a novel claudin-16 mutation. 
J Clin Endocrinol Metab 91:3076–3079, 2006.

231. Claverie-Martín F, García-Nieto V, Loris C, et al: Claudin-19 muta-
tions and clinical phenotype in Spanish patients with familial 
hypomagnesemia with hypercalciuria and nephrocalcinosis. PLoS 
One 8:e53151, 2013.

232. Godron A, Harambat J, Boccio V, et al: Familial hypomagnesemia 
with hypercalciuria and nephrocalcinosis: phenotype-genotype 
correlation and outcome in 32 patients with CLDN16 or CLDN19 
mutations. Clin J Am Soc Nephrol 7:801–809, 2012.

233. Konrad M, Hou J, Weber S, et al: CLDN16 genotype predicts renal 
decline in familial hypomagnesemia with hypercalciuria and 
nephrocalcinosis. J Am Soc Nephrol 19:171–181, 2008.

234. Praga M, Vara J, González-Parra E, et al: Familial hypomagnese-
mia with hypercalciuria and nephrocalcinosis. Kidney Int 47:1419–
1425, 1995.

235. Müller D, Kausalya PJ, Meij IC, et al: Familial hypomagnesemia 
with hypercalciuria and nephrocalcinosis: blocking endocytosis 
restores surface expression of a novel claudin-16 mutant that lacks 
the entire C-terminal cytosolic tail. Hum Mol Genet 15:1049–1058, 
2006.

236. Schlingmann KP, Weber S, Peters M, et al: Hypomagnesemia with 
secondary hypocalcemia is caused by mutations in TRPM6, a new 
member of the TRPM gene family. Nat Genet 31:166–170, 2002.

237. Walder RY, Landau D, Meyer P, et al: Mutation of TRPM6 causes 
familial hypomagnesemia with secondary hypocalcemia. Nat Genet 
31:171–174, 2002.

238. Schlingmann KP, Sassen MC, Weber S, et al: Novel TRPM6 muta-
tions in 21 families with primary hypomagnesemia and secondary 
hypocalcemia. J Am Soc Nephrol 16:3061–3069, 2005.

239. Zhao Z, Pei Y, Huang X, et al: Novel TRPM6 mutations in familial 
hypomagnesemia with secondary hypocalcemia. Am J Nephrol 
37:541–548, 2013.

240. Geven WB, Monnens LA, Willems HL, et al: Renal magnesium 
wasting in two families with autosomal dominant inheritance. 
Kidney Int 31:1140–1144, 1987.

241. Meij IC, Koenderink JB, van Bokhoven H, et al: Dominant iso-
lated renal magnesium loss is caused by misrouting of the Na(+), 
K(+)-ATPase gamma-subunit. Nat Genet 26:265–266, 2000.

242. Kantorovich V, Adams JS, Gaines JE, et al: Genetic heterogeneity 
in familial renal magnesium wasting. J Clin Endocrinol Metab 
87:612–617, 2002.

http://www.myuptodate.com


2401.e6 SECTION XII — PEDIATRIC NEPHROLOGY

243. Meij IC, van den Heuvel LP, Hemmes S, et al: Exclusion of muta-
tions in FXYD2, CLDN16 and SLC12A3 in two families with 
primary renal Mg2+ loss. Nephrol Dial Transplant 18:512–516, 
2003.

244. Glaudemans B, van der Wijst J, Scola RH, et al: A missense muta-
tion in the Kv1.1 voltage-gated potassium channel-encoding gene 
KCNA1 is linked to human autosomal dominant hypomagnese-
mia. J Clin Invest 119:936–942, 2009.

245. Stuiver M, Lainez S, Will C, et al: CNNM2, encoding a basolateral 
protein required for renal Mg2+ handling, is mutated in dominant 
hypomagnesemia. Am J Hum Genet 88:333–343, 2011.

246. de Baaij JH, Stuiver M, Meij IC, et al: Membrane topology and 
intracellular processing of cyclin M2 (CNNM2). J Biol Chem 
287:13644–13655, 2012.

247. Adalat S, Woolf AS, Johnstone KA, et al: HNF1B mutations associ-
ate with hypomagnesemia and renal magnesium wasting. J Am Soc 
Nephrol 20:1123–1131, 2009.

248. Ferrè S, de Baaij JH, Ferreira P, et al: Mutations in PCBD1 cause 
hypomagnesemia and renal magnesium wasting. J Am Soc Nephrol 
25:574–586, 2014.

249. Geven WB, Monnens LA, Willems JL, et al: Isolated autosomal 
recessive renal magnesium loss in two sisters. Clin Genet 32:398–
402, 1987.

250. Hata Y, Slaughter CA, Sudhof TC: Synaptic vesicle fusion complex 
contains unc-18 homologue bound to syntaxin. Nature 366:347–
351, 1993.

251. Pober BR: Williams-Beuren syndrome. N Engl J Med 362:239–252, 
2010.

252. Roth KS, Ward RJ, Chan JCM, et al: Disorders of calcium, phos-
phate and bone metabolism. In Sarafoglou K, Hoffmann GF, Roth 
KS, editors: Pediatric endocrinology and inborn errors of metabolism, 
New York, 2009, McGraw-Hill Medical, pp 619–664.

253. Lyon AJ, McIntosh N: Calcium and phosphorus balance in 
extremely low birth weight infants in the first six weeks of life. 
Arch Dis Child 59:1145–1150, 1984.

254. Nordin BE: Calcium, phosphate and magnesium metabolism: clinical 
physiology and diagnostic procedures, Edinburgh, 1976, Churchill 
Livingstone.

255. Chan JCM, Bell NH: Disorder of phosphate metabolism. In Chan 
JCM, Gill JR, editors: Kidney electrolyte disorders, New York, 1990, 
Churchill Livingstone, pp 223–260.

256. Schlingmann KP, Kaufmann M, Weber S, et al: Mutations in 
CYP24A1 and idiopathic infantile hypercalcemia. N Engl J Med 
365:410–421, 2011.

257. Holick MF: Bioavailability of vitamin D and its metabolites in black 
and white adults. N Engl J Med 369:2047–2048, 2013.

258. Kumar R: Vitamin D metabolism and mechanisms of calcium 
transport. J Am Soc Nephrol 1:30–42, 1990.

259. Bouillon R, van Cromphaut S, Carmeliet G: Intestinal calcium 
absorption: molecular vitamin D mediated mechanisms. J Cell 
Biochem 88:332–339, 2003.

260. Carlberg C: Ligand-mediated conformational changes of the VDR 
are required for gene transactivation. J Steroid Biochem Mol Biol 
89:227–232, 2004.

261. Bonewald LF, Wacker MJ: FGF23 production by osteocytes. Pediatr 
Nephrol 28:563–568, 2013.

262. Santos F, Fluente R, Mejia N, et al: Hypophosphatemia and 
growth. Pediatr Nephrol 28:595–603, 2013.

263. Rachez C, Freedman LP: Mechanisms of gene regulation by 
vitamin D3 receptor: a network of coactivator interactions. Gene 
246:9–21, 2000.

264. Kovacs CS, Kronenberg HM: Maternal-fetal calcium and bone 
metabolism during pregnancy, puerperium, and lactation. Endocr 
Rev 18:832–872, 1997.

265. Kovacs CS: Commentary: calcium and bone metabolism in preg-
nancy and lactation. J Clin Endocrinol Metab 86:2344–2348, 2001.

266. Dahlman T, Sjoberg HE, Bucht E: Calcium homeostasis in normal 
pregnancy and puerperium. A longitudinal study. Acta Obstet 
Gynecol Scand 73:393–398, 1994.

267. Gaboury CL, Woods LL: Renal reserve in pregnancy. Semin Nephrol 
15:449–453, 1995.

268. Schauberger CW, Pitkin RM: Maternal-perinatal calcium relation-
ships. Obstet Gynecol 53:74–76, 1979.

269. Kainer G, Bell NH, Chan JCM: Disorder of calcium metabolism. 
In Chan JCM, Gill JR, editors: Kidney electrolyte disorders, New York, 
1990, Churchill Livingstone, pp 171–222.

270. Nesbit MA, Hannan FM, Howles SA, et al: Mutations affecting 
G-protein subunit α11 in hypercalcemia and hypocalcemia. N Engl 
J Med 368:2476–2486, 2013.

271. Popovitzer MM, Knochel JP, Kumar R: Disorders of calcium, phos-
phorus, vitamin D, and parathyroid hormone activity. In Schrier 
RW, editor: Renal electrolyte disorders, ed 4, 1992, Little Brown & Co, 
pp 287–369.

272. Berndt TJ, Schiavi S, Kumar R: “Phosphatonins” and the regula-
tion of phosphorus homeostasis. Am J Physiol Renal Physiol 
289:F1170–F1182, 2005.

273. Mount DB, Pollak MR: Molecular and genetic basis of renal disease: a 
companion to Brenner & Rector’s the kidney, Philadelphia, 2008, Saun-
ders Elsevier.

274. Srivaths PR, Goldstein SL, Krishnamurthy R, et al: High serum 
phosphorus and FGF 23 are associated with progression of coro-
nary calcifications. Pediatr Nephrol 29:103–109, 2014.

http://www.myuptodate.com


2402

Renal Replacement 
Therapy (Dialysis and 
Transplantation)  
in Pediatric End-
Stage Kidney Disease
Yaacov Frishberg | Choni Rinat | Rachel Becker-Cohen

76 

CHAPTER OUTLINE

EPIDEMIOLOGY OF END-STAGE KIDNEY 
DISEASE, 2403
ETIOLOGY, 2404
CLINICAL CONSEQUENCES OF PEDIATRIC 
END-STAGE KIDNEY DISEASE, 2404
Nutrition and Weight, 2404
Linear Growth, 2405
Electrolyte Imbalance, 2405
Metabolic Acidosis, 2405
Anemia, 2405
Chronic Kidney Disease–Mineral Bone 
Disorder, 2406
Cardiovascular System, 2406
Neurodevelopment, 2408
Quality of Life, 2409
MORTALITY, 2409
Cardiovascular Mortality, 2409
MEDICATIONS, 2409
RENAL REPLACEMENT THERAPY, 2410
ADVANTAGES OF KIDNEY 
TRANSPLANTATION OVER LONG-TERM 
DIALYSIS IN CHILDREN, 2410
Survival, 2410
Quality of Life, 2410
Neurodevelopment, 2410
Exhaustion of Access Sites, 2410
Cost, 2411
COMPARING HEMODIALYSIS WITH 
PERITONEAL DIALYSIS, 2411
HEMODIALYSIS, 2411
Vascular Access, 2412
Dialysis Apparatus, 2413
Dose of Dialysis, 2414
Fluid Removal, 2414

Complications, 2414
PERITONEAL DIALYSIS, 2415
Access, 2415
Peritoneal Dialysis Prescription, 2415
Adequacy of Dialysis, 2416
Complications, 2416
Adherence to Treatment, 2417
Global Disparities, 2417
Change of Dialysis Modality, 2417
RENAL REPLACEMENT THERAPY FOR 
CHILDREN WITH INBORN ERRORS OF 
METABOLISM, 2417
CONTINUOUS RENAL REPLACEMENT 
THERAPY, 2417
Indications, 2418
Comparison to Hemodialysis and  
Peritoneal Dialysis, 2418
Technical Considerations, 2418
Dosing of Continuous Renal Replacement 
Therapy, 2418
Continuous Renal Replacement Therapy 
Outcomes, 2418
KIDNEY TRANSPLANTATION, 2418
Incidence, Prevalence, and Allocation, 2419
PREPARATION OF THE RECIPIENT FOR 
TRANSPLANTATION, 2420
Timing, 2420
Contraindications, 2420
Recipient Evaluation, 2420
TRANSPLANTATION IMMUNOLOGY, 2422
HLA Matching and Sensitization, 2422
ABO Compatibility, 2423
IMMUNOSUPPRESSION, 2423
Induction Immunosuppression, 2423

http://www.myuptodate.com


 CHAPTER 76 — RENAL REPLACEMENT THERAPy (DIALySIS AND TRANSPLANTATION) IN PEDIATRIC END-STAGE KIDNEy DISEASE  2403

Maintenance Immunosuppression, 2424
Immunosuppression Combinations, 2426
PERIOPERATIVE MANAGEMENT, 2427
IMMEDIATE POSTOPERATIVE PERIOD, 2427
EARLY COMPLICATIONS OF KIDNEY 
TRANSPLANTATION, 2427
Delayed Graft Function, 2427
Acute Rejection, 2428
Infections, 2428
Recurrence of Primary Kidney Disease, 2431
CHRONIC ALLOGRAFT  
NEPHROPATHY, 2431
PATIENT SURVIVAL, 2431
GRAFT SURVIVAL, 2432

LONG-TERM FOLLOW-UP OF CHILDREN 
WITH KIDNEY TRANSPLANT, 2432
Hypertension, 2432
Cardiovascular Disease, 2432
Metabolic Syndrome and Diabetes 
Mellitus, 2433
Cancer, 2433
Anemia, 2434
Bone Health and Growth, 2434
Urologic Issues, 2435
Puberty and Reproduction, 2435
Nonadherence, 2436
Transition, 2436
Rehabilitation and Quality of Life, 2436

Until the middle of the twentieth century, end-stage kidney 
disease (ESKD) was a lethal condition, with a life expectancy 
of weeks to months at most. The developments over the 
subsequent 2 decades in both dialysis and transplantation 
completely transformed the lives of patients with chronic 
kidney disease (CKD), dramatically reducing mortality and 
morbidity. As technologies and surgical techniques devel-
oped, these treatments became available for children and 
later infants as well.

Treating pediatric patients with ESKD poses unique chal-
lenges to families, the medical team, and the health care 
system, which must address not only the disease itself, but 
the many manifestations that affect patients’ lives and fami-
lies. Reynolds reported 20 years ago that compared to the 
general population, adult survivors of pediatric ESKD were 
less socially mature and had lower educational qualifica-
tions, fewer had intimate relationships outside the family, 
and more were unemployed.1 Two decades later, changing 
this unfavorable state should be one of the main goals for 
providers treating children with ESKD.

EPIDEMIOLOGY OF END-STAGE  
KIDNEY DISEASE

There are many barriers to accurate assessment of the global 
epidemiology of ESKD in pediatric patients. Approximately 
80% of pediatric renal replacement therapy (RRT) is pro-
vided to patients who live in high-income countries, which 
account for only 12% of the global population. Registries, 
such as the North American Pediatric Renal Trials and Col-
laborative Studies (NAPRTCS), the European Society of 
Paediatric Nephrology, the European Renal Association and 
European Dialysis and Transplant Association (ESPN/ERA-
EDTA), which can provide robust information, exist only in 
those developed countries. The information from develop-
ing countries is derived from surveys conducted among 
health care providers or from reports of patients admitted 
to tertiary centers. Both these methods result in underesti-
mation, because most of the population has limited access 

to health services. Also, in countries in which registries exist, 
there are differences in the age span reported. Thus infor-
mation from high-income countries shows an incidence of 
9.5 per million age-related population (pmarp) in most 
Western European countries and Australia and 15 pmarp in 
the United States.2-5 This is less than 10% of the incidence 
of ESKD in adults in the same countries. On the far end of 
the spectrum, Nepal, Nigeria, and some Eastern European 
countries report an incidence of less than 1 pmarp.4-5 This 
very low reported incidence probably reflects underdiagno-
sis rather than true rarity of ESKD.

The incidence in all registries is higher in adolescents, 
due to both a different range of diseases in this age-group 
and the natural accelerated progression of CKD during ado-
lescence because of rapid physical growth and possibly also 
due to hormonal factors. Higher incidence in males, due to 
the higher prevalence of congenital anomalies of the kidney 
and urinary tract (CAKUT) in boys compared to girls, is also 
a finding common to all registries or reports.6-10

The population ancestry composition of each one of the 
registries may also affect the incidence of ESKD reported, 
suggesting yet-undefined genetic susceptibility factors. In 
the United States, African American children have a twofold 
increased incidence of ESKD compared to white children.2 
In the United Kingdom the incidence was higher in patients 
who originated from Southeast Asia.11 In Australia and New 
Zealand the incidence was higher in Aboriginal Australians, 
Maori, and inhabitants of the Pacific Islands.12 In Kuwait 
there is a high incidence of pediatric ESKD, at 17 pmarp, 
probably the result of the increased incidence of autosomal 
recessive inherited diseases among populations with a high 
rate of consanguineous marriages.13

Over the years there has been an increase in both inci-
dence and prevalence rates for pediatric ESKD in Western 
countries.2,14 This probably does not mean that there is a real 
biologic change in the disease course. Instead it may result 
from the inclusion of patients who in previous years would 
not have been eligible for RRT, such as infants, thus increas-
ing the reported incidence, together with improved survival 
of patients on RRT, which increases the prevalence.
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diseases constitute the next category, although there are 
variations in which diseases are classified under this heading 
in different reports. The frequency varies from 6% (Austra-
lia and New Zealand) to 47.5% (Iran).3,18 In countries where 
there is a high rate of consanguineous marriages, autosomal 
recessive inherited diseases cause a much higher proportion 
of ESKD. Specific diagnoses include cystinosis, familial 
steroid-resistant nephrotic syndrome (mostly due to muta-
tions in NPHS1, NPHS2, and PLCE1), autosomal recessive 
polycystic kidney disease, primary hyperoxaluria type 1, 
nephronophthisis, and others.

CLINICAL CONSEQUENCES OF PEDIATRIC 
END-STAGE KIDNEY DISEASE

In children with ESKD the treatment goal is not only  
to prolong survival and to enable a life as normal as pos-
sible, but also to promote normal long-term growth and 
development.

Because life expectancy is much longer in a young child 
with ESKD, compared to a patient in the sixth to seventh 
decade of life, the child may go through the cycle of CKD-
dialysis-transplantation more than once. This also has impli-
cations for the choice of treatment modalities (e.g., type of 
dialysis, vascular access) and the priority given in allocation 
of organs for transplantation.

Before describing the various modalities of RRT in chil-
dren, the main medical issues of pediatric ESKD and their 
management will be discussed.

NUTRITION AND WEIGHT

Nutrition has a critical role in childhood. It significantly 
affects both linear growth and neurocognitive development. 

ETIOLOGY

A major obstacle to accurately evaluating and comparing 
the various causes of ESKD worldwide is the actual defini-
tion of a given entity, which varies by reporting center (Table 
76.1). This may be due to the introduction of a more accu-
rate diagnosis based on genetic or other studies, which may 
be expensive and not widely available, or on the other hand, 
adherence to traditional dogmas that are now regarded as 
inaccurate. These include, for instance, focal segmental glo-
merulosclerosis (FSGS), which encompasses many different 
disease processes, and reflux nephropathy, which is better 
described as hypodysplastic kidneys with vesicoureteral 
reflux (VUR). In addition, a specific patient’s diagnosis may 
occasionally fit more than one etiologic category; for 
example, autosomal dominant FSGS may be recorded under 
FSGS or as a hereditary disorder. A strictly defined and 
universally accepted CKD etiologic classification is lacking. 
Having said that, it is still possible to state that CAKUT is 
the leading primary diagnosis in pediatric patients with 
ESKD worldwide, responsible for 24% to 39.5% of patients 
with ESKD (see Table 76.1:).2,4,6,14-19 Of note, this is propor-
tionately lower than the incidence of CAKUT at earlier CKD 
stages, reflecting the relatively slow progression rate of this 
subgroup of diseases, at least during childhood and early 
adolescence. Hypoplastic-dysplastic kidneys, with or without 
VUR, and obstructive uropathies are the main categories of 
CAKUT, and the differences in listed diagnoses between 
various reports or registries are often semantic rather than 
biologic in nature. In most countries the second most fre-
quent category is glomerulonephritis (8.3% to 30.4%), of 
which the most common entity is FSGS, especially in Japan 
and the United States (where it is the most common cause 
of ESKD among adolescent African Americans). Inherited 

Table 76.1  Major Causes of End-Stage Kidney Disease in Various Registries and Reports Worldwide

USRDS ANZDATA Italkid ERA-EDTA Iran Japan
United 
Kingdom

Years of data 
collection

2006-2010 2006-2011 1990-2000 2008-2010 1993-2006 1998 2011

Number of patients 6711 308 263 1598 120 582 675
Age <18 <18 <20 <15 <14 <20 <16
Registry type Prevalence Incidence Prevalence Incidence Incidence Prevalence Prevalence
CAKUT (%) 

Hypoplasia/
dysplasia ± VUR 
Obstructive 
uropathy

1580 (24%) 
998 (15%) 
582 (9%)

107 (35%) 
86 (28%) 
21 (7%)

104 (39.5%) 
27%* 
12%*

536 (33.5%) 32 (26.7%) 
21 (17.5%) 
9 (7.5%)

208 (35.7%) 
198 (34.0%) 
10 (2%)

218 (32.3%) 
121 (17.9%)

Glomerulonephritis 
(%) FSGS

1501 (22%) 
790 
(11.8%)

91 (30%) 28 (10.6%) 
16 (6.1%)

222 (13.9%) 8.3% 5.0% 177 (30.4%) 
112 (19.2%)

93 (13.8%)

Hereditary (%) 
Autosomal 
recessive

631 (9%) 
455 (7%)

19 (6%) 
≈3%

66 (25.1%) 
57 (21.7%)

298 (18.6%) 57 (47.5%) 
57 (47.5%)

101 (17.4%) 
73 (12.5%)

114 (16.9%)

*Estimated.
ANZDATA, Australia and New Zealand Dialysis and Transplant Registry; CAKUT, congenital anomalies of the kidney and urinary tract; 

ERA-EDTA, European Renal Association and European Dialysis and Transplant Association; FSGS, focal segmental glomerulosclerosis; 
USRDS, United States Renal Data System; VUR, vesicoureteral reflux.

Data adapted from references 2, 4, 6, and 14-19.
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races and in growth curves, with normal values available 
only for some (developed) countries. In countries with pop-
ulation heterogeneity, attempts to construct uniform growth 
charts for the whole population create inaccuracies, which 
may lead to inappropriate clinical decisions.25

Many factors contribute to impaired linear growth:

• Low calorie and protein intake: this is especially signifi-
cant in early childhood.

• Disturbed GH/insulin-like growth factor-1 (IGF-1) axis.
• Additional factors include water and electrolyte imbal-

ance, anemia, mineral bone disorder (MBD),26 and meta-
bolic acidosis. Correcting these abnormalities may 
improve the likelihood of achieving normal growth.

Beyond correction of the metabolic disorders and provid-
ing the best nutritional support, treatment includes recom-
binant GH therapy. This treatment was proved to be efficient 
by a study based on NAPRTCS data. Of 5122 patients receiv-
ing dialysis who are registered, 33% received GH treatment. 
Catch-up growth was achieved in 11% of the treated patients 
(compared to 27% of patients in earlier stages of CKD). The 
mean increase was 0.5 standard deviation score (SDS) (com-
pared to 0.8 SDS in earlier stages).27 In addition, a Cochrane 
database meta-analysis found increased height velocity 
(+3.9 cm/yr after 1 year), without advance in bone age.28 In 
the NAPRTCS 2011 report, children younger than 6 years 
had improvement in z score of +0.63 compared to −0.1 in 
the untreated patients. Older children had less pronounced 
improvement of +0.26 z scores.29

ELECTROLYTE IMBALANCE

Hyperkalemia is commonly found in children with ESKD. 
Treatment includes dietary restriction and the use of sodium 
polystyrene sulfonate. Formula adapted for infants with 
CKD, low in potassium, phosphorus, and calcium, is com-
mercially available. Further reduction in the potassium 
content of a formula-based diet can be achieved by pretreat-
ment of the food with sodium polystyrene sulfonate.30 This 
method is associated with increased sodium intake, which 
may lead to hypervolemia and hypertension.

METABOLIC ACIDOSIS

Chronic metabolic acidosis is treated in children because of 
its impact on bone linear growth and structure. The effect 
of acidosis on bone health and growth is multifactorial, 
including increased osteoclastic and decreased osteoblastic 
activity, blunted action of the GH/IGF-1 axis on bones, 
decreased 1,25-dihydroxyvitamin D production and hence 
less intestinal calcium absorption, and alteration of homeo-
static relationships between vitamin D, parathyroid hormone 
(PTH), and ionized calcium. Metabolic acidosis is treated 
with bicarbonate salts, and the target serum bicarbonate 
levels are 20 to 22 mEq/L.

ANEMIA

Hemoglobin starts to decline in children when estimated 
glomerular filtration rate (eGFR) is lower than approxi-
mately 50 mL/min/1.73 m2.31 Diagnosis of iron deficiency 

Malnutrition, which is the result of poor appetite, vomiting, 
and decreased intestinal absorption, is common in children 
with ESKD. Close monitoring is crucial when the patient is 
younger than 1 year (every 2 to 4 weeks), decreasing in 
frequency as the patient grows. Dietary intake should be 
assessed periodically. In patients on a formula-based diet 
this includes formula type, caloric value, protein content, 
volume, and length of each meal. Height and weight are 
plotted on appropriate growth curves and z scores calcu-
lated. Head circumference is measured regularly in chil-
dren younger than 3 years. Normalized protein catabolic 
rate can be calculated for patients undergoing dialysis. The 
individual nutritional plan is based on Kidney Disease Out-
comes Quality Initiative (KDOQI) guidelines with adjust-
ments to achieve weight gain and linear growth targets while 
addressing clinical and laboratory issues. The majority of 
younger children fail to meet the energy and protein 
requirements by oral feeding alone and need supplementa-
tion by nasogastric tube or gastrostomy.

Initial recommended caloric intake is the age-related 
dietary reference intake (DRI), but it is adjusted according 
to weight gain. Protein intake recommendation is 100% to 
120% of the age-related DRI, with somewhat higher intake 
in patients undergoing peritoneal dialysis (PD) to compen-
sate for peritoneal losses.20 In contrast to adults, a Cochrane 
review found that protein restriction has no impact on 
delaying progression of renal failure in children.21,22 Another 
study raises concern about the detrimental influence of 
protein restriction on linear growth.23

Dietary restrictions may include fluid, sodium, phospho-
rus, and potassium; special infant formulas are adapted to 
the needs of patients with CKD. Human milk also has the 
adequate electrolyte composition for the infant with CKD, 
because it is relatively low in potassium and phosphorus. 
However, because the infant’s diet is fluid based, it may 
ultimately cause volume overload. This requires in some 
cases concentrating the formula to achieve a higher caloric 
intake in a smaller volume (80 to 120 kcal/100 mL versus 
the usual 67 kcal/100 mL). It may also influence the dialytic 
modality selected or the frequency of the dialysis sessions. 
On the other hand, in several renal diseases (e.g., dysplastic 
kidneys, nephronophthisis, and cystinosis) patients may be 
polyuric due to a renal concentrating defect even when they 
reach ESKD. This makes water handling and nutrition 
easier.

LINEAR GROWTH

Growth is severely impaired in children with ESKD. Almost 
half of children with ESKD reach a final adult height below 
the third percentile if growth hormone (GH) is not pre-
scribed.24 A longer period with ESKD and short stature at 
disease onset are associated with decreased final height. 
Short stature affects body image and may have an impact 
on self-esteem. Patients, including young adults, are often 
treated as younger than their chronologic age. In the 
context of chronic illness this leads to overprotection, low 
expectations, and delayed independence and may subse-
quently affect socioeconomic status and forming intimate 
relationships.

When assessing the present stature of a patient, the clini-
cian should remember that there are differences between 
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growth. The newer sevelamer carbonate addresses the issue 
of acidosis, but it is not yet approved by the U.S. Food and 
Drug Administration (FDA) for use in children.37 The use 
of lanthanum carbonate is not recommended in children 
because lanthanum deposits in bones, including growth 
plates, and the consequences on the developing bone are 
as yet unknown.

Vitamin D supplementation is important especially in 
CKD stages 2 to 4, whereas in CKD stage 5 active vitamin  
D metabolite is often added.38,39 Pediatric studies of 
paricalcitol, a new vitamin D analog, have shown either 
equivalent efficacy to intravenous calcitriol in all parameters 
(PTH, calcium, phosphorus levels and calcium-phosphorus 
product [Ca × P]) or superiority to calcitriol only in invok-
ing fewer episodes of increased Ca × P above 70 mg2/dL2.40,41 
Finally, calcimimetics, which increase the sensitivity of the 
parathyroid calcium receptors, are not yet approved for use 
in children.

The recommended KDOQI PTH levels in CKD stage 5 
are 200 to 300 pg/mL. This is concordant with the interna-
tional pediatric PD network,42 but there is no consensus, 
and other opinions have suggested a much lower target.43

Deformities of the growing bone and impaired linear 
growth are complications that are typical in the pediatric 
age-group, in addition to vascular calcification (VC), which 
is also well described in the adult patient population. 
Because abnormal linear growth is attributable to a number 
of factors whose relative contribution remains to be deter-
mined, the consensus is to treat whatever is treatable. Of 
note, it has been shown that correcting active vitamin D 
metabolite deficiency alone can increase growth rate.26 
This was possibly achieved due to maintaining PTH levels at 
near normal values.44 Skeletal deformities in CKD, similar 
to the phenotype of vitamin D–dependent rickets, may  
be very debilitating but are amenable to medical therapy 
with marked improvement and even complete resolution 
(Figure 76.1).

CARDIOVASCULAR SYSTEM

Cardiovascular system (CVS) disease is common in children 
with ESKD. Because clinical entities such as ischemic heart 
disease and valvular heart disease are rare in children, there 
is an opportunity to better define the development and 
progression of CKD-related CVS disease. There are some 
distinct, although interrelated, clinical features.

HYPERTENSION
Hypertension, defined as blood pressure (systolic or dia-
stolic) above the ninety-fifth percentile for age, gender, and 
height percentile or treated hypertension, is found in 51% 
to 79% of patients with ESKD.45-48 In one of these studies 
21% of the children with hypertension were not treated at 
all, and 74% of the treated patients had uncontrolled hyper-
tension. It was more frequent in patients receiving hemodi-
alysis (HD) compared to PD or children who had received 
transplants (63.8%, 54.6%, and 26.6%, respectively).47 
Other risk factors for hypertension are age under 3 years, 
short time on RRT, acquired (as compared to congenital) 
kidney disease, and very low body mass index (BMI). The 
younger patients with hypertension are more likely to be 
untreated. This may be due to underestimation of the 

may be challenging, because many patients with ESKD have 
low transferrin levels due to malnutrition and/or a chronic 
inflammatory state, causing the transferrin saturation not to 
reflect the low levels expected in iron deficiency. Ferritin 
concentrations, on the other hand, may be high because 
ferritin is an acute phase reactant. Additional data, includ-
ing mean corpuscular volume, red blood cell width distribu-
tion index, reticulocyte count, and a blood smear, may assist 
in diagnosis. Other assays such as hepcidin and soluble 
transferring receptor are not in routine clinical use. The 
physiologic hemoglobin concentrations vary with age and 
gender as do the recommended target levels: above the fifth 
percentile of the specific age. Treatment includes iron sup-
plementation and erythropoietin-stimulating agents (ESAs). 
Target iron levels are higher than in the healthy population: 
transferrin saturation greater than 20% and ferritin greater 
than 100 ng/mL (to optimize the effect of ESA). The rela-
tive ESA dose (units per kilogram per week) is higher in 
children and may even reach 1250 units/kg/wk of epoetin 
in infants.32 In very young children undergoing chronic 
hemodialysis, there is an obligatory blood loss in the dialysis 
tubing, which is comparable (in absolute volume units) to 
the situation in adults, but when calculated per kilogram of 
body weight, it is much higher and may reach a total volume 
almost equivalent to 3 units of blood (27 mL/kg) per 
month.32 Other causes for failure of ESA include osteitis 
fibrosa cystica, chronic inflammation, malnutrition, hemo-
lysis, and rarely carnitine deficiency or aluminum toxicity. 
Studies in adults receiving dialysis found that excessive cor-
rection of anemia (even within the physiologic hemoglobin 
level) is associated with increased mortality, so it is recom-
mended not to exceed hemoglobin levels of 13 g/dL. The 
pathophysiology of this phenomenon is unclear and has not 
been validated in children.

CHRONIC KIDNEY DISEASE–MINERAL  
BONE DISORDER

Although the pathophysiology of CKD-MBD and the patho-
logic types in children are similar to those in adults, both 
the management and the consequences are different as 
children grow. Monitoring of various CKD-MBD–associated 
parameters, including measurement of serum calcium, 
phosphorus, and PTH levels, is performed every 1 to 3 
months, and vitamin D levels and bone radiography annu-
ally. Because normal blood concentrations and DRI are age 
dependent, the target levels and nutritional recommenda-
tions also vary with age. Age-adjusted hypophosphatemia 
should be avoided because it can result in hypophospha-
temic rickets, often seen in preterm infants with insufficient 
phosphorus intake or in children with phosphaturia due  
to proximal tubulopathy. In CKD stage 5 the KDOQI  
2008 guidelines recommend phosphorus restriction to  
80% to 100% of the DRI, depending on blood levels.20 
This is expected to result in lower PTH and increased 
1,25-dihydroxycholecalciferol (calcitriol) levels, as well as 
better bone morphologic characteristics and reduced risk 
for CKD-associated vasculopathy,33,34 without linear growth 
restriction.23,35 The choice of phosphate binders is limited 
in children. The first line remains calcium-based phosphate 
binders. Sevelamer hydrochloride was associated with 
increased metabolic acidosis,36 which may impair linear 
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VASCULAR CALCIFICATION
Milliner and colleagues first noted the high prevalence of 
VC as part of systemic calcinosis in autopsies of pediatric 
patients with ESKD undergoing dialysis or after renal trans-
plantation: 43 of 120 patients (36%) had systemic calcinosis, 
30 (70%) had VC.50 A positive correlation was found with 
the use of vitamin D and peak Ca × P (but also age and male 
gender), now well-known risk factors.

In vivo, VC can be measured anatomically by duplex ultra-
sonography measuring carotid intima-media thickness or by 
electron beam computed tomography enabling quantifica-
tion of VC. Functional studies also exist and measure arte-
rial stiffness by various modes.51

In contrast to adults, in whom two different vascular-
calcifying processes coexist (intimal-atherosclerotic plaque 
and medial), in children with CKD medial calcification is 
the predominant pathologic condition. VC is associated 
with hyperphosphatemia, high Ca × P, incremental dose of 
vitamin D and calcium (as phosphate binder), as well as 
reduced calcification inhibitors such as fetuin A, all leading 
to calcification and concomitant osteoblastic differentiation 
of vascular smooth muscle cells. There is increased vascular 
stiffness rather than narrowing of the arterial lumen despite 
the mineral deposition. These may in turn cause hyperten-
sion, increased pulse pressure, and later left ventricular 
hypertrophy (LVH) and relative cardiac ischemia. Carotid 
intima-media thickness has also been found to be elevated 
in children with ESKD, though not in all studies.

The primary process, endothelial dysfunction, is found in 
early stages of CKD in children and worsens as disease pro-
gresses. Subsequently, medial VC appears and worsens, both 
quantitatively and functionally, with the increase in CKD 
stage.33,34,52,53 In young adults with ESKD since childhood, 
increased arterial stiffness is found.54

Possible preventive strategies include lowering Ca × P, 
reduction of calcium-containing phosphate binder dose, 
reduction of calcitriol intake, reducing PTH levels, optimal 
blood pressure control, and shortening of time on dialysis. 
This may be achieved by reducing dietary phosphate  
intake, using non–calcium-containing phosphate binders,55 
rarely parathyroidectomy, intense antihypertensive therapy, 
intensified dialysis, and early transplantation. Two studies, 
exploring the effects of various parameters are of special 
interest. Shroff and associates, in an observational rather 
than an interventional study, showed that patients with  
time-integrated PTH levels of less than twice the upper 
normal limit had normal vessels, measured by carotid 
intima-media thickness and stiffness, compared to those 
with higher PTH levels.53 Hoppe and colleagues demon-
strated that intensified dialysis improved all variables associ-
ated with VC, in addition to improved blood pressure 
control, and, surprisingly, better quality of life and school 
attendance.56 Anatomic and functional VC measures were 
not tested.

Classic atherosclerosis has an accelerated course in adults 
with ESKD, and this disease process starts even among the 
healthy population in childhood. The only prevalent modi-
fiable risk factor for atherosclerosis is hypertension. The 
dyslipidemia observed in children with ESKD is not the 
typical atherosclerosis risk profile (high triglyceride levels, 
low high-density lipoprotein [HDL] levels but usually 

measured blood pressure as hypertension. For example, in 
a 2-year-old girl of average height, the ninety-fifty percentile 
of blood pressure is as low as 104/59 mm Hg. Other expla-
nations are that this group of patients tends to be hypervol-
emic due to a predominantly liquid diet and that correct 
assessment of dry weight is difficult and continually chang-
ing with the patient’s growth. A short time on RRT is a risk 
factor for hypertension. This may be because the patient is 
not yet accustomed to fluid intake limitation or the follow-up 
is too short for adequate blood pressure control. Patients 
with congenital kidney diseases (mostly dysplastic kidneys) 
tend to be polyuric and thus normotensive. The definition 
of hypertension is blood pressure measurement at or above 
the ninetieth percentile, and the treatment goal in high-risk 
patients, including children with CKD, is blood pressure 
measurements below the ninetieth percentile.49 Using this 
cutoff, more children with CKD are defined as hypertensive 
and may therefore be undertreated. In conclusion, hyper-
tension, with its extreme detrimental effects (as detailed 
later), is frequently overlooked, undertreated, or even 
untreated in pediatric patients with ESKD.

Figure  76.1 Severe  renal  osteodystrophy  in  a  boy  with  end-
stage kidney disease with resolution obtained with medical treat-
ment. A, Age 1 year: severe rickets, absorption of the metaphyseal 
edges of the radius and ulna. Delayed bone age (6 months). B, Age 
2 years: deformation in the radius and ulna bones, widening of the 
metaphyseal edges, healing rickets. C, Age 4 years: normal bone 
structure. Bone age is 3 1

2 years. D, Age 2 years: deformation with 
angulations of the femur, tibia, and fibula bones, healing phase.  
E, Age 4: marked improvement although some angulation can still be 
seen. 
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nephrotic syndrome of the Finnish type) or associated with 
oligohydramnios and hypoplastic lungs and hence possible 
perinatal hypoxia (autosomal recessive polycystic kidney 
disease). Uremic toxins, hypertension (or blood pressure 
fluctuations during hemodialysis), and chronic anemia can 
cause further damage to the developing brain. Motor skills 
development can also be delayed because the sick infant is 
not free to move and play while connected to the dialysis or 
feeding machine. Various catheters, feeding tube, or gas-
trostomy may interfere with rolling over and crawling, and 
there is less sensory stimulation during hospitalization or 
dialysis. Muscle tone is diminished, and renal osteodystro-
phy may be painful and prevent the needed physical activity 
for normal development. Some medications frequently 
given to patients with CKD, including aminoglycoside anti-
biotics and furosemide, are potentially ototoxic. Several 
studies over the past 30 years have shown that patients with 
CKD have compromised cognitive functions. This can be 
seen even in the early stages of CKD.67 Specifically, studies 
found lower IQ levels (approximately 10 points), verbal or 
written language difficulties, impaired memory, decreased 
executive functions, and inefficiency in key neurocognitive 
domains.68-72 Particularly affected are children who reached 
ESKD at a younger age (Figure 76.2),69,73 children with 
longer dialysis vintage,70,74,75 more severe hypertension or 
hypertensive crisis events,68,74 and children with comorbid 
conditions.76 Sensorineural hearing loss was found in 14% 
to 18% of the patients, and ischemic lesions of variable 
severity on magnetic resonance imaging (MRI) were seen 
in 18% to 33%.74,76 Despite this, 61% to 79% of the children 
with ESKD attend regular school70,74 and have academic 
achievement comparable with their siblings.71 Long-term 
follow-up in adults treated since childhood for ESKD75 
found impaired schooling and lower IQ (9.2 to 10.4 points 
less than controls). Current ESKD treatment modality (dial-
ysis or transplantation) was not associated with IQ score. 
However, dialysis for more than 4 years was associated with 

normal total and low-density lipoprotein [LDL] cholesterol 
levels in CKD, as opposed to low HDL levels and high total 
and LDL cholesterol levels57), nor does it correlate with 
current CVS disease58; therefore it is not clear whether lipid-
lowering therapy is appropriate.59 Diabetes, smoking, and 
obesity are all rare before transplantation in children.

CARDIAC PATHOLOGIC CONDITIONS
Left Ventricular Hypertrophy

LVH is found in 30.4% to 63% of pediatric patients with 
ESKD.48,57,60 It is correlated (in different studies) to systolic 
blood pressure, anemia, gender, and PTH levels. The patho-
physiologic factors are complicated and include hyperten-
sion, volume overload, anemia, and the uremic milieu per 
se. Important components of the uremic milieu are the 
endogenous cardiotonic steroids, digitalis-like substances 
whose secretion is augmented in patients with CKD as an 
adaptation to the uremic electrolyte–water imbalance.61 
Another pathogenic factor that has been shown to induce 
LVH is elevated serum fibroblast growth factor 23 (FGF-23) 
levels. LVH by itself may lead to relative ischemia and dia-
stolic dysfunction. In adults, LVH is considered as a mortal-
ity risk factor, although this has not been directly proven in 
children.

Diastolic Dysfunction

Diastolic dysfunction prevalence may be as high as 22.5% to 
43.4% in patients with ESKD.48,52 It is associated with left 
ventricular mass index (left ventricular mass corrected for 
height to power of 2.7), Ca × P, anemia, hypertension, and 
PTH levels.57,60,62 The pathophysiologic features may be poor 
compliance of the hypertrophied left ventricle, myocardial 
fibrosis, and relative ischemia.

Arrhythmia

The common findings of arrhythmia are ventricular and 
supraventricular extrasystoles, first-degree arteriovenous 
(AV) block, or sinus tachycardia and transiently prolonged 
corrected QT interval.63-65 The incidence of these arrhyth-
mias is not higher than in the general pediatric popula-
tion.63 Life-threatening arrhythmia is rare and is usually 
associated with severe electrolyte abnormalities.

Valvular Disease

Valvular disease with incidence of 6% to 15% (depends on 
age and race) was reported.63 The specific pathologic condi-
tion may be not structural but secondary to overload (mitral 
regurgitation) or to pulmonary hypertension (tricuspid 
regurgitation)—frequent findings in patients receiving 
hemodialysis.66 Aortic valve calcification, without hemody-
namic significance, was found in 12% to 25% of patients in 
a single report.57

NEURODEVELOPMENT

There are a number of reasons for neurodevelopmental 
compromise in children with ESKD. Some pediatric renal 
diseases are part of a syndrome or systemic disease that may 
have an effect on the central nervous system and on psycho-
motor development (e.g., Bardet-Biedl syndrome, cystino-
sis). Others can be associated with prematurity (congenital 

Figure  76.2 Distribution  of  IQ  scores  by  age  at  onset  of  renal 
failure (creatinine level >2.5 mg/dL). The earlier the onset of chronic 
kidney disease, the lower the IQ score (r = 0.49; P = 0.029). (Adapted 
from Lawry KW, Brouhard BH, Cunningham RJ: Cognitive functioning 
and school performance in children with renal failure. Pediatr Nephrol 
8:326-329, 1994, p 328, Figure 2.)
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0.63) and in older patients declined from 16.2 to 9.3 per 
1000 person-years (HR 0.66, 95% CI, 0.61 to 0.70). A similar 
trend was found for infection-related mortality. A different 
point of view was presented by Kramer and colleagues study-
ing young adults who started RRT as children.81 The 5-year 
survival from the eighteenth birthday was 95.1% (95% CI, 
93.9 to 96.0), with average life expectancy of 63 years for 
young adults with a functioning graft and 38 years for those 
continuing to undergo dialysis.

CARDIOVASCULAR MORTALITY

CVS disease is the most frequent reported cause of death: 
14% to 41% of all pediatric deaths, depending on age and 
race.63,78,79,81-83 Although CVS disease has a major impact, it is 
conceivable that the percentages are an overestimation, and 
death may not be caused directly or exclusively by a disease 
of either the heart or blood vessels. All of the studies are 
inevitably retrospective and depend on reliability of physi-
cian reporting. The most frequent cause of death is “cardiac 
arrest” (25% to 52%), a very nonspecific diagnosis, which 
may well be the final common pathway of various primary 
causes of death.78,81 In a single study in which the authors 
directly reviewed all patient files, the report includes under 
the heading of CVS death, CVA (58% of cardiac deaths), 
congestive heart failure (15%), and other diagnoses that 
may be the consequence of hypertension, heparinization, 
and volume overload.83 In addition, most of the data avail-
able are for children who reached ESKD 2 or 3 decades ago. 
There has been a marked reduction not only in the absolute 
death rate but also in the percentage of deaths attributed to 
cardiac causes over the years: from 44.4% in 1972 to 1981 to 
33.3% in 1992 to 1999.83 This was also shown in the period 
of 1990 to 2010: In patients younger than 5 years at initiation 
of dialysis, CVS mortality decreased from 35.3% in 1990 to 
1994 to 22.6% in 2005 to 2010.79 More specific causes of 
death must be defined. This is not merely semantic, because 
accurate determination of causes of death can help focus 
efforts aimed at decreasing the death rate.

Nevertheless, to underscore the high risk for morbidity 
and mortality, the American Heart Association classified 
pediatric patients with CKD in the same high-risk group  
as children with homozygous familial hypercholesterol-
emia, type 1 diabetes mellitus, and post–orthotopic heart 
transplantation.49

MEDICATIONS

Any medication theoretically needs to be specifically 
approved for use in children, after testing its pharmacoki-
netics, pharmacodynamics, bioavailability, efficacy, dosing, 
and effects on growth and development at various ages. 
Many routinely used drugs have not been through this 
process, have never received such formal approval for use 
in children, and yet are widely used based on clinical experi-
ence accumulated and lack of alternatives. Newer medica-
tions approved for adults are often not yet adequately tested 
in children, for example, some long-acting ESAs, whereas 
others have raised concerns over safety, such as calcimimet-
ics. Some drugs used for treatment of patients with CKD are 
contraindicated in children due to possible side effects 

3.4 times higher risk for decreased IQ. The authors con-
clude that it is not clear whether the lower IQ and achieve-
ments are the result of lower potential or lack of school 
attendance.

QUALITY OF LIFE

Quality of life of children on RRT was assessed in only a few 
studies.77 Quality-of-life scores are lower than the general 
population norms in all domains. Generally, patients per-
ceive their quality of life as better than their parents do.78 
This may be due to the patients’ not knowing any different—
this has always been their reality; it may be a defense mecha-
nism; or it may reflect parental overprotection. The 
disadvantage is that parents’ lower rating may decrease 
motivation of the patients and family members or caregivers 
and thus may adversely affect patient outcomes.

MORTALITY

The mortality rate in pediatric patients with ESKD is 30 
times higher than in the healthy age-adjusted population, 
with overall survival of 79% at 10 years and 66% at 20 years.79 
Factors associated with higher death rates are earlier era, 
younger age at initiation of RRT, and mode of treatment 
(mortality rate is higher for dialysis than for transplanta-
tion). These factors were repeatedly confirmed in other 
studies. Mortality hazard ratio (HR) was highest in younger 
age-groups compared to adolescents: hazard ratio 5.13 
(95% confidence interval [CI], 2.62 to 10.03) in patients 
less than 2 years of age and 2.69 (95% CI, 1.20 to 6.02) in 
patients 2 to 3.99 years old.19 In the youngest age-group 
most deaths occurred within the first year of life, and the 
mortality rate among survivors of the first year is compara-
ble to other age groups. (In the first year the annual death 
rate is 14%, and then there is a marked decrease: In the 
second year the annual death rate is 3%; years 3 to 5, 1% 
per year; and in the next 5 years, 0.6% per year). Similar 
results are presented in the United States Renal Data System 
(USRDS) database: Overall 5-year survival is 79% for patients 
beginning RRT during the years 2001 to 2005, with the worst 
results for patients aged 0 to 4 years. Analysis by type of RRT 
found 5-year survival of 95% for patients who had under-
gone transplantation, 75% for patients who were receiving 
HD, and 81% for patients who were receiving PD. A later 
study80 also found improvement in survival in the United 
States over time: For patients under 5 years of age the 
adjusted hazard ratio per 5-year increment in calendar year 
at ESKD initiation from 1990 to 2010 is 0.80 (95% CI, 0.75 
to 0.85), and for patients more than 5 years of age, the 
hazard ratio is 0.88 (95% CI, 0.85 to 0.92).

The main causes of death are cardiovascular disease and 
infection, responsible for 45% and 21%, respectively, accord-
ing to the Australia and New Zealand Dialysis and Trans-
plant Registry (ANZDATA).79 Similar findings in the United 
States showed death from cardiovascular disease of 27.1% 
to 39.3% and from infection 9.7% to 22.5%.80 A decrease 
over time of death rates from both these causes was demon-
strated. CVS mortality decreased in patients younger than 5 
years from 36.3 per 1000 person-years in 1990 to 1994 to 
22.6 in 2006 to 2010 (adjusted HR 0.54, 95% CI, 0.47 to 
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the ninety-fifth percentile were significantly more prevalent  
in patients on HD compared to transplant recipients (as  
well as those undergoing PD) with odds ratios of 2.48 and 
1.59, respectively.47 In addition, there is slower coronary 
artery calcification after transplantation as compared to 
patients undergoing HD.85 Carotid intima-media thickness 
does not progress and sometimes regresses after kidney 
transplantation.86

QUALITY OF LIFE

Parents of patients who underwent kidney transplantation 
(but less so the children themselves) noted a positive impact 
of transplantation on almost all the domains of health-
related quality-of-life questionnaire.87 Another study found 
that patients after kidney transplantation and their parents 
reported better health -related quality of life compared to 
patients on chronic HD.88

NEURODEVELOPMENT

Neurodevelopment is improved following kidney transplan-
tation. This was shown in 198489 and later in a longitudinal 
study90 showing improved mental processing speed and 
better sustained attention and in comparative studies in 
which patients after kidney transplantation had better lan-
guage performances and school grades compared to patients 
undergoing dialysis.69 Furthermore, more dialysis years was 
reported to correlate with worse neurocognitive outcome.70,74

EXHAUSTION OF ACCESS SITES

Because life expectancy is longer than the graft survival in 
children, pediatric age-group patients may pass more than 
once through the cycle of dialysis and transplantation. 
Being exclusively on dialysis as RRT will exhaust access sites 
(vascular and peritoneal) sooner.

specific to children (e.g., lanthanum carbonate, which has 
been shown to accumulate in bone growth plates).

RENAL REPLACEMENT THERAPY

All available RRT modalities can be used in children. Trans-
plantation is the preferred long-term modality, but it is not 
always possible initially.

ADVANTAGES OF KIDNEY 
TRANSPLANTATION OVER  
LONG-TERM DIALYSIS IN CHILDREN

SURVIVAL

Survival is longer following kidney transplantation in all 
age-groups and in both genders (from 6 months after trans-
plantation and on): The adjusted relative risk of a child who 
underwent transplantation compared to a child who contin-
ued to receive dialysis at 30 months is 0.26 (P < 0.001; 95% 
CI, 0.11 to 0.46)84 (Figure 76.3).

Similar results are presented in the USRDS 2011 report: 
The all-cause mortality rate per 1000 patient-years is 58.2, 
48.0, and 11.9 for children undergoing HD, PD, and after 
renal transplantation, respectively. Five-year survival in the 
same report is 95% for patients who have undergone trans-
plantation, compared to 81% for patients undergoing PD 
and 75% for patients undergoing HD. In a report from the 
ANZDATA registry, hazard ratio was calculated using HD as 
the reference value; PD was equivalent to HD, but transplan-
tation had a reduced hazard ratio of 0.15 to 0.30 (depen-
dent on era tested).79

Several risk-associated variables are improved in chil-
dren who have undergone transplantation compared to 
children treated with dialysis. Blood pressure values above 

Figure 76.3 Estimated relative risk for mortality by time since transplantation. A, Estimates from a model including all ages. B, Model-
based estimates stratified by age. CI, Confidence interval. (Adapted from Gillen DL, Stehman-Breen CO, Smith JM, et al: Survival advantage 
of pediatric recipients of a first kidney transplant among children awaiting kidney transplantation. Am J Transplant 8:2600-2606, 2008, p 2603, 
Figure 1.)
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(and the rate steadily declines the longer the patient is 
receiving HD). However, with PD the treatment burden is 
on nonprofessional caregivers, so they have to be compliant 
and capable of performing dialysis at home, with the addi-
tional risk for parental stress and burnout. Taken together, 
the final decision is based upon center experience, patient 
or family choice, socioeconomic issues, compliance, and 
treatment availability.

The first treatment modality used for children with ESKD 
in developed countries according to the registries is pre-
sented in Table 76.2. Preemptive transplantation is per-
formed in 16.6% to 26% of patients. The Norwegian RRT 
program, on the other hand, reports 51% preemptive trans-
plantations (from living donors) and median duration of 
dialysis treatment before first transplantation of 3 months.95 
The cause of the disparities between the reports reflects 
differences in attitudes toward kidney donation, traditions, 
and religious beliefs, as well as the health care system and 
financial issues.

The choice of selection of HD versus PD is greatly influ-
enced by patient age. According to the NAPRTCS 2011 
report, of 927 patients initiating dialysis at the age of 0 to 1 
years, 857 (92%) were receiving PD, 552 of 727 (77%) of 
the 2 to 5 age-group, 1373 of 2125 patients (65%) of the 6 
to 12 age-group, and 1648 of 3250 (51%) in the 13 to 18 
age-group. In Australia and New Zealand similar propor-
tions are seen: 89.8% of infants were initially treated with 
PD, with declining percentage to 34.5% of adolescents.96 
Similar trends were noted in the United Kingdom: For age 
0 to 2 years, 80% were receiving PD, and for age 16 to 18 
years, only 10.4%.

The proportion of patients under the age of 1 year at 
initiation of dialysis has steadily increased29 and doubled 
from 10% to around 20% of all pediatric patients undergo-
ing dialysis from 1990 to 2010. This is explained by the fact 
that nephrologists are encouraged to treat younger patients 
as their survival improved. The same trend was found in the 
UK registry. From the 1996 to 2000 period to the 2006 to 
2010 period the percentage of patients at age 0 to 2 years 
increased from 13.7% to 17.6% (the absolute figures are 
from 70 to 104 per year), whereas the age-group of 12 to 16 
years decreased by 2.3%.

In the United States there is steady trend of increased use 
of HD instead of PD, from 34% of patients receiving HD in 
1991 to 54% in 2010. This trend was not found in the United 
Kingdom, where a relatively constant percentage, around 
30%, of pediatric patients undergoing dialysis has been 
receiving HD since 1996. Similarly, in Australia and New 
Zealand, 30% to 40% of all patients undergoing dialysis 
were receiving HD during the period 2006 to 2010.

HEMODIALYSIS

Given the complexity of the treatment with HD in children, 
a hospital providing this service needs to have a multidisci-
plinary team with expertise in the various facets of this 
modality. The specialties include pediatric nephrologists, 
dialysis nurses, dietitians, invasive radiologists, vascular sur-
geons, pediatric surgeons, a vascular laboratory, and all the 
subspecialties in pediatrics, as well as social workers, educa-
tors, psychologists, and other therapists.

COST

Kidney transplantation is more cost effective than any other 
RRT modality. In a meta-analysis of articles published 
between 1968 and 1998,91 after adjusting for changing price 
levels, in-center HD was found to be the most expensive 
modality (steady over the years between $55,000 and $80,000 
per life-year saved) compared to kidney transplantation 
($10,000 per life-year saved), becoming more cost effective 
over time). Another study92 calculated cost effectiveness of 
RRT in Austria: The first year of treatment costs €43,600 for 
HD, €25,900 for PD, and €51,000 for kidney transplantation. 
In the third year of treatment, medical costs decline to 
€40,600 for HD, €20,500 for PD, and €12,900 for the patient 
after kidney transplantation. In some developing countries 
where most people do not have health insurance, dialysis is 
not a valid option due to its high price as well as the limited 
professional services. Kidney transplantation remains the 
only potential option, although at times with catastrophic 
financial ramifications for the families.93

Usually a minimal weight of 8.5 to 10 kg is required to 
achieve good surgical results, necessitating postponement 
of transplantation in smaller infants. Although the pediatric 
patient often has potential willing and suitable donors, pri-
marily the parents, this is not always the case. Donor issues 
such as ABO incompatibility, positive cross-match, medical 
conditions or unwillingness to donate a kidney, and some-
time patient size or medical reasons preclude or delay trans-
plantation. For all these reasons in the great majority of 
children, dialysis is regarded as a necessary but temporary 
interim solution until transplantation is possible.

COMPARING HEMODIALYSIS WITH 
PERITONEAL DIALYSIS

If preemptive transplantation is not an option, the mode of 
dialysis (HD or PD) has to be selected. There are no com-
parative studies proving superiority of one mode over the 
other in the long-term outcome. The treatment burden on 
the patients’ families is extreme, whatever dialysis mode is 
chosen. Parents of patients on RRT, in addition to their 
usual parental roles, must become high-level health care 
providers, able to solve problems and seek information, and 
have financial resources and practical skills. Caregivers are 
in continuous need of emotional, psychologic, and financial 
support.78 All these in turn may cause fatigue, stress, and 
disruption of work and social life.94 Thus, once a patient 
approaches ESKD, the family’s abilities and socioeconomic 
and psychologic background have to be carefully evaluated 
by a multidisciplinary team, including a nephrologist, a 
dialysis nurse, a social worker, a psychologist, and other 
allied health professionals. PD enables more liberal fluid 
intake, which is especially important in infants with fluid-
based nutrition. In-center HD mandates traveling at least 
three times weekly to the dialysis center, which is time con-
suming, costly, and in some places not available. PD enables 
better school attendance than HD: according to the 2011 
NAPRTCS report: 74% to 85% of patients undergoing PD 
receive full schooling in the first 3 years (the rate is steady 
from initiation of dialysis to 36 months later), but only 47% 
to 59% of patients undergoing HD attend school regularly 

http://www.myuptodate.com


2412 SECTION XII — PEDIATRIC NEPHROLOGy

Table 76.2  First Treatment Modality for Pediatric Patients with End-Stage Kidney Disease in the Major 
Registries Worldwide

ESPN/
ERA-EDTA ANZDATA

UK Renal 
Registry NAPRTCS

Year(s) of data collection 2008-2010 
(incidence)

1963-2006 
(incidence)

2006-2011 
(incidence)

1997-2011 
(prevalence)

1992-2010 
(prevalence)

N 1641 1445 308 1208 9198*
Age limit <15 <18 <18 <16 <18
Preemptive transplant 272 (16.6%) 281 (19.4%) 57 (18.5%) 24%†‡ 26%*
HD 549 (33.5%) 473 (32.7%) 115 (37.3%) 48%† 46%*
PD 820 (50.0%) 691 (47.8%) 136 (44.2%) 28%† 26%*

*Approximate percentages and total number (N): N calculated from absolute preemptive transplants number plus number of first course of 
dialysis.

†Data for treatment at 3 months from initiation of RRT.
‡Preemptive transplantation includes both living (15%) and deceased donors (9%).
ANZDATA, Australia and New Zealand Dialysis and Transplant Registry; ESPN/ERA-EDTA, European Society of Paediatric Nephrology, the 

European Renal Association and European Dialysis and Transplant Association; HD, hemodialysis; NAPRTCS, North American Pediatric 
Renal Trials and Collaborative Studies; PD, peritoneal dialysis; RRT, renal replacement therapy.

Adapted from references 3, 4, 14-16, 19, and 29.

There are several modifications of the HD procedure 
distinct for children and several specific medical issues that 
have to be addressed in addition to tailoring the dialysis 
prescription for every child according to weight.

VASCULAR ACCESS

The main forms of vascular access are central venous cath-
eter (CVC), AV fistula, or rarely AV graft. AV fistula is the 
recommended choice because of the lower rate of complica-
tions, including infection and malfunction, and longer  
longevity. The median survival time is 3.14 year for AV fistula 
(95% CI, 1.22 to 5.06) compared to 0.6 year for a CVC  
(95% CI, 0.2 to 1.00).97 Additional advantages attributed to 
AV fistulas, including better clearance and higher albumin 
and hemoglobin levels, are less convincing.98 CVCs cause 
more damage to blood vessels, and the resulting central 
venous stenosis may preclude future ipsilateral AV fistula 
creation. This is important in children, who are expected to 
require RRT for longer, and therefore blood vessel preserva-
tion is crucial. The National Kidney Foundation KDOQI 
guidelines therefore recommend AV fistula,99 with the 
exception of children weighing less than 20 kg, for whom 
CVC is the better and sometimes the only option, because 
of the technical difficulties of vascular surgery. Although 
some exceptions exist, AV fistula is rarely created in patients 
weighing less than 15 kg.100 When HD is planned for a short 
time, bridging for PD or awaiting a potential living donor 
to complete their evaluation, CVC should be used. However, 
reviewing the pediatric registries shows a different picture.

A survey in Europe found that the use of CVCs was more 
frequent than recommended in prevalent pediatric patients 
undergoing HD: 40% had AV fistula or graft versus 57% who 
had CVCs.101 There were more patients with AV fistula as an 
access only in children over 15 years of age. In the ANZDATA 
2009 registry all children under 9 years of age had CVC as 
their prevalent access. Although in adolescents the overall 

use of AV fistulas was more prevalent, there is a decreased 
trend over time in Australia from78% in 2005 to only 46% 
in 2008.102 According to the NAPRTCS 2011 report, the 
majority of patients receiving HD use CVCs. Of all pediatric 
patients starting HD, 78.7% have a CVC, and there is a clear 
increase in this trend, from 73% in 1992 to more than 90% 
in 2010.29 However, this is probably due to the choice of HD 
using CVC access preferentially by patients who are expected 
to require dialysis for a short time. Time receiving dialysis 
is shorter in children with CVCs: At 3 months 20.7% ± 1.0% 
of patients with CVCs have discontinued dialysis compared 
to 7.2% ± 1.6% for AV fistula and 7.0% ± 2.0% for AV grafts. 
At 24 months the comparable figures are 71.9% ± 1.2%, 
50.0% ± 3.2%, and 57.5% ± 4.3%. In addition, dialysis is 
terminated sooner in patients undergoing HD compared to 
those undergoing PD. Within 6 months 30.0% ± 1.0% of 
patients undergoing HD have discontinued treatment com-
pared to only 18.9% ± 0.6% of patients undergoing PD.29 
Other reasons for increased use of CVC in pediatric HD 
include lack of needling experience in small HD units, the 
ease of achieving a functioning CVC with the advancement 
of invasive radiology, and the preference for painless con-
nection to the dialysis machine. Not all centers have vascular 
surgeons experienced in construction and maintenance of 
AV fistulas in children, a factor that is crucial to fistula 
patency and function, and therefore CVCs may be used 
more often in such units.103 An AV fistula needs time to 
mature before it can be used, usually longer in children 
than adults.104 In the majority of cases appropriate planning 
can overcome this issue.

CVCs should be adjusted to patient size. Catheter diam-
eter of 8 Fr is the smallest tunneled catheter size available 
and can be used even in patients as small as 3 kg in weight. 
This is also the smallest size that can provide long-term 
adequate flow to ensure sufficient solute and fluid removal, 
because the flow is proportional to the fourth power of the 
CVC diameter. The distance between the arterial and venous 
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pediatric HD population. Pulmonary hypertension is par-
tially reversible after kidney transplantation, but this may 
have significant sequelae, including increased mortality.

DIALYSIS APPARATUS

TUBING
Tubing has to be adapted to the patient’s size. The extracor-
poreal volume, consisting of the arterial and venous seg-
ments and the dialyzer, should not exceed 10% of the 
patient’s blood volume. For patients weighing less than 6 kg 
this goal cannot be achieved with the smallest available 
tubing, and priming of the extracorporeal system is needed, 
either with whole blood, or with packed red blood cells 
diluted with normal saline to an estimated hematocrit of 
33% to 36%. Although blood units can be divided so a single 
unit can be used for four HD sessions, there still is a high 
exposure to blood products. Iron overload does not occur 
because at the end of each session the blood in the extra-
corporeal system is not routinely washed back to the patient 
unless the patient requires a transfusion.

Exposing a patient to many units of blood increases the 
risk for infection and for HLA sensitization. However, for 
infants treated with chronic HD necessitating multiple 
transfusions, the risk for becoming highly sensitized has not 
been systematically studied.

The procedure of washing back blood at the end of dialy-
sis in any patient deserves special consideration because the 
blood volume filling the tubing is equivalent to 0.5 to 1 
weight-adjusted blood units. Even with the slowest possible 
pump speed the whole volume will be washed back within 
2 to 3 minutes, which is exceptionally fast. This may cause 
an abrupt increase in the right atrial pressure, and if the 
patient has a patent foramen ovale, it would increase the 
risk for possible microthrombi paradoxical embolism. 
Despite this concern, as well as the known relative cognitive 
deficiency in patients undergoing dialysis and the frequent 
(18% to 33%) finding of ischemic lesions on brain MRI 
studies74,76 in pediatric patients with ESKD, this point has 
not been explored. In adult patients receiving HD there was 
no proof for a faster cognitive deterioration with patent 
foramen ovale compared with those without patent foramen 
ovale, although atrial pressures during blood return at the 
end of dialysis may not be as high in adults.116

DIALYZER
The dialyzer should also be adjusted to patient size to ensure 
adequate clearance with minimal extracorporeal blood 
volume, and therefore hollow-fiber dialyzers are used. The 
dialyzer size is determined by patient’s body surface area.

MACHINE
The HD machine to provide dialysis for children must be 
compatible with the use of small tubing, be adjustable to low 
pump speed, and have a volumetric function. The latter is 
crucial because the ultrafiltrate has to be measured directly, 
and small volumes that are negligible in adults can be 
removed accurately.

BLOOD FLOW
Blood flow speed is a major determinant of solute clearance, 
but excessively high flow can cause cardiovascular instability, 

ends should ideally be as far as possible to reduce recircula-
tion but close enough to ensure that both are within the 
right atrium, preventing sealing of the catheter ends by the 
venous wall. However, an 8-Fr CVC is almost the same size 
as the venous lumen of the small child, increasing the risk 
for vascular damage and stenosis. Patients weighing more 
than 18 to 20 kg can accommodate 10-Fr catheters. Ultraso-
nographic and fluoroscopic guidance are used to prevent 
catheter malposition, reducing the primary failure rate to 
almost zero. Although there are no published data in chil-
dren, it is recommended to follow the experience in adults, 
using the internal jugular veins as the preferred access. 
Anecdotally, in newborns who need short-term HD as in the 
case of inborn errors of metabolism, the umbilical vein can 
be used as an access.

The main CVC complications are infections and malfunc-
tion. Infections are more common in younger patients105,106 
possibly due to close proximity of the exit site to the infec-
tion source: diapers and gastrostomy tubes. Infection rate is 
usually 1.5 to 4.8 per 1000 CVC days,107-110 although an 
exceptionally favorable report documented a rate of 0.5 per 
1000 CVC days.111 Malfunction is the result of thrombosis, 
fibrin sheath formation, vascular stenosis, or mechanical 
damage to the CVC. If local fibrinolysis fails, the CVC must 
be replaced. A major complication with long-term sequelae 
is central venous stenosis. It occurs more often in younger 
patients, with small-diameter veins, with prolonged use of 
CVCs, with many reinsertions, and possibly also depending 
on CVC locations: The worst outcome is for subclavian 
veins, followed by left internal jugular vein, and the use of 
the right internal jugular vein carries the smallest chance of 
becoming obstructed. Clinically, stenosis is often asymptom-
atic until an ipsilateral AV fistula is constructed, but some-
times superior vena cava syndrome may develop.

AV fistulas, and rarely AV grafts, have a much lower com-
plication rate, resulting in fewer hospitalizations and fewer 
revisions, and they have higher access longevity.112 In a small 
survey, although with significant difference in ages between 
groups, the hospitalization rate for access-related issues was 
0.44% versus 3.1% per year in the AV fistula versus the CVC 
groups.113 Because fistula thrombosis or malfunction is the 
main complication, and this is usually the result of vessel 
stenosis, routine surveillance of the fistula by Doppler ultra-
sonography should be performed by an experienced profes-
sional. Vascular surgeons and invasive radiologists should be 
available to detect and treat stenosis or thrombosis.

The average AV fistula blood flow is 800 to 1200 mL/min. 
In adults this is significant compared to the normal cardiac 
output (CO): normal adult CO is 5.2 to 8.6 L/ min, and the 
flow through an AV fistula will increase CO by 9% to 23%. 
A similar flow in a child, required for adequate dialysis, may 
increase the CO of a child with a 0.7-m2 body surface area, 
whose normal CO is 2.1 to 3.5 L/min, by 23% to 57%. 
Theoretically this may lead to high-output heart failure, 
although this rarely becomes of clinical significance.

Pulmonary hypertension is another complication of 
adults receiving HD, and the presence of an AV fistula con-
tributes, at least in part, to this process.66 High pulmonary 
blood flow, a direct result of the AV fistula, may cause pul-
monary hypertension.114,115 Other contributing factors 
include hormonal imbalances such as high thelin-1 and low 
nitric oxide levels. This issue has not been tested in the 
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is that childhood growth is accompanied by expected weight 
gain, such that dry weight reassessment is required on a 
frequent basis, especially in the very young age-groups. 
There is no single reliable marker of the correct dry weight, 
and thus it is estimated as the lowest weight not causing 
symptomatic hypovolemia.

Infants, receiving fluid-based nutrition, often require HD 
4 to 5 days weekly, to enable adequate caloric intake without 
volume overload.

COMPLICATIONS

Complications associated with vascular access for HD were 
detailed earlier and include catheter-related infections, mal-
function, and in the long term, central venous stenosis. AV 
fistula complications include fistula malfunction and throm-
bosis or rarely high-output heart failure or pulmonary 
hypertension. In smaller children there is obligatory expo-
sure to multiple blood products, which may increase the risk 
for infection or HLA sensitization.

HYPOTENSION
Hypotension is a common complication during dialysis. It 
is associated with excessive or rapid fluid removal, which 
often exceeds 5% of body weight, both in younger children 
on liquid diets and in adolescent patients who are not 
adherent to their fluid restriction requirements. Hypoten-
sion may appear without warning, particularly in infants, 
and manifest as pallor, irritability, vomiting, or altered 
mental status. Accurate measurement of ultrafiltration (UF) 
volume is crucial in small children, because small volumes 
constitute a relatively large percentage of their blood 
volume. Sodium profiling, osmotic agents such as mannitol, 
or lowering dialysate temperature can be helpful in some 
cases. More frequent dialysis sessions may be necessary for 
large interdialytic weight gain, to reach dry weight and avoid 
hypotension during dialysis.125

DISEQUILIBRIUM SYNDROME
Disequilibrium syndrome is now a rare, yet potentially 
dangerous complication of HD. It is usually precipitated by 
overly rapid urea removal causing a discrepancy between 
the osmolality of the plasma and that of the brain cells, 
causing fluid shift into the brain.126 Seizures are more 
common in children with disequilibrium syndrome than in 
adults. Prevention is aimed at a gradual reduction of blood 
urea nitrogen level, especially in new patients undergoing 
HD and when urea level is very high. This is achieved by 
selection of an appropriately small dialyzer and limiting 
blood flow and session length for the first few treatments. 
Mannitol infusion, or in cases of hypertension and hyper-
volemia, high dialysate glucose or slightly increased dialy-
sate sodium concentration may also be helpful, by 
preventing the decrease in plasma osmolality. Blood flow 
rate should be slowed if mild symptoms such as nausea, 
vomiting, or headache appear, and dialysis stopped if more 
significant neurologic manifestations appear.127

HYPOTHERMIA
Hypothermia may occur if the dialysate is not warmed, par-
ticularly in small children, because the dialysate flow is gen-
erally constant regardless of patient size.

which might manifest as pallor, irritability, vomiting, or 
altered mental status. Blood flow is determined according 
to body size and is usually not higher than 10% of blood 
volume in milliliters per minute.

DOSE OF DIALYSIS

According to the National Kidney Foundation KDOQI  
2006 guidelines, dialysis should be initiated once the eGFR 
falls below 15 mL/min/1.73 m2, or earlier if other meta-
bolic derangements, volume overload, or medical signs and 
symptoms are refractory to conventional treatment. The 
recommendation states that solute clearance should be 
greater than that recommended for adults ((Kt/V [dialyzer 
urea clearance times treatment time divided by body urea 
volume]) > 1.2, urea reduction ratio > 65%), given that it 
should support higher protein intake, needed for adequate 
growth and development. However, there is little observa-
tional information and no randomized studies regarding 
the correct dose of dialysis for children. Hence HD is arbi-
trarily delivered three times weekly, for 3 to 4 hours each 
session. However, the true adequacy test is based on clinical 
grounds, which in children is, in the short term, optimal 
balance of electrolytes, blood pressure, and volume, and in 
the long term, adequate weight gain, linear growth, neuro-
development, and quality of life. Several small studies 
suggest that delivering more dialysis can improve blood 
pressure control and hyperphosphatemia, obviate dietary 
restriction, and improve appetite and general well-being, 
linear growth, and even school attendance.117-122 Intensive 
dialysis may also attenuate vascular disease, which is a major 
concern.55 This goal can be achieved either by nocturnal 
home HD, performing five to seven sessions per week, 
hemodiafiltration, or a combination of both. The theoreti-
cal basis for these observations was established in a study by 
Daugirdas.123 In the standard calculation, the dose of dialysis 
is scaled to urea distribution volume, which is similar to total 
body water. If, however, dialysis is scaled to body surface 
area, similar to calculation of the GFR, because body surface  
area is relatively higher in children, this would require 
increased dialysis time for smaller children. When these 
calculations were applied to two of the studies of intensive 
dialysis,120,122 the patients were indeed found to have a much 
higher weekly dialysis dose. Despite this, intensive dialysis is 
still not widely used, and it is premature to recommend a 
general increase in the dose or frequency of dialysis in all 
pediatric patients. Randomized studies with clinical end 
points are necessary. Widespread changes in clinical prac-
tice would have substantial financial ramifications. Daily or 
nocturnal home HD is not available in most countries for 
children.

FLUID REMOVAL

Total body water percentage changes by age from 80% in 
neonates to 65% in 12-year-old children to 55% to 60% in 
adults (women and men, respectively). Moreover the extra-
cellular volume falls from 52% in infancy to only 18% to 
20% in the adult.124 For this reason the allowance of inter-
dialytic fluid gain is larger and also the tolerance of dialytic 
fluid removal is better in infants (up to 8% to 10% of body 
weight) compared to adolescents (up to 5%). Another point 
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associated with a lower infection rate. Specifically in infants 
or children receiving PD, the catheter has to be placed as 
far as possible from sources of infection such as diapers or 
gastrostomy tubes.130

PERITONEAL DIALYSIS PRESCRIPTION

TYPES OF PERITONEAL DIALYSIS
All available PD modalities can be used in children. Con-
tinuous ambulatory peritoneal dialysis (CAPD) is usually 
reserved for special circumstances. However, in many parts 
of the world, if dialysis is at all available, this is the only 
modality used.18 Because automated PD (APD) is easier 
and flexible, this is almost the exclusive modality used in 
developed countries. Nocturnal intermittent PD, which is 
APD at night, no dialysis in the daytime, can be used when 
there is significant RRF, because fluid removal and solute 
clearance are limited. The advantages are daytime conve-
nience, lower intraperitoneal pressure, lower risk for 
hernia formation, less glucose absorption, and less mem-
brane exposure to glucose. In continuous cycling PD a 
daytime exchange is added, thus the nocturnal intermit-
tent PD advantages are partially abolished, although better 
fluid and clearance are achieved, making it more suitable 
for patients with low RRF or with continuous need for 
efficient fluid removal (e.g., infants with a fluid-based 
diet). Tidal PD is an option when complete drainage 
either causes pain or is inefficient. Only part of the fluid 
is removed each cycle. This makes the dialysis less efficient, 
but this is partially compensated for by shorter drainage 
time and thus more possible cycles.

PERITONEAL DIALYSIS SOLUTIONS
Solutions contain buffer to control acidosis, electrolytes, 
and an osmotic agent (usually dextrose at varying concen-
trations) to enable net fluid removal and water as a carrier. 
Dialysis is satisfactorily performed with standard solutions; 
however, long-term membrane exposure to lactate-acidic 
solution and high dextrose concentration are detrimental, 
leading to peritoneal fibrosis and reduced function.131 This 
is more common in frequent and short cycles as used in 
APD. For this reason newer solutions have been developed 
and also tested in children. In addition, there are special 
considerations in children at varying ages. Recommenda-
tions by the European Pediatric Dialysis Working Group 
have been published and include the use of the lowest 
glucose concentration possible and fluids with reduced 
glucose degradation products content whenever possible.132 
In the face of the paucity of studies prospectively comparing 
low glucose degradation products solutions or various 
buffers, firm recommendations cannot yet be given, but it 
seems that correction of metabolic acidosis with pH-neutral 
bicarbonate-based fluids is superior to single-chamber, 
acidic, lactate-based solutions. Icodextrin (high-molecular-
weight glucose polymers, with high osmotic power) may be 
applied once daily in a long dwell, in particular in children 
with insufficient UF. In addition, sodium balance needs to 
be closely monitored because infants receiving PD are at risk 
for UF-associated sodium depletion, whereas anuric adoles-
cents may have water and salt overload. Dialysate calcium 
level should be adapted according to individual needs as the 
child grows, to maintain positive calcium balance.130 The use 

HYPOPHOSPHATEMIA

Hypophosphatemia may be caused by HD, particularly in 
younger children, when renal function is normal (when HD 
is done as emergency treatment for inborn errors of metab-
olism) and when intensive dialysis is performed (for fluid 
removal purposes or daily dialysis for ESKD due to primary 
hyperoxaluria). Hypophosphatemia is attributed to exces-
sive phosphate clearance due to high flow of dialysate rela-
tive to patient weight.128 This can be treated either by adding 
phosphate, for example sodium phosphate in enema prepa-
rations to the dialysate concentrate, or by slowing the dialy-
sate flow.

HYPOGLYCEMIA
Hypoglycemia may occur during HD as described in 
adults.129 It is associated with the use of glucose-free dialysate 
and high dialysate flow, leading to excessive glucose clear-
ance. Infants, especially if catabolic, may be at a higher risk 
for hypoglycemia, and plasma glucose should be monitored 
during dialysis if it is suspected.

PERITONEAL DIALYSIS

PD is the most common modality of dialysis treatment in 
children worldwide, especially at young ages.2,4,29 The PD 
prescription can be individualized according to the patient’s 
age, body size, residual renal function (RRF), nutritional 
intake, and growth-related metabolic needs. Because there 
are no studies comparing outcomes of children treated with 
HD or PD, this choice is based on the assumption that PD 
is better adapted to the infant’s or child’s lifestyle and diet. 
Sometimes PD is the default choice due to the lack of expe-
rienced HD personnel or equipment. However, family pref-
erence and center philosophy may direct even newborns to 
HD. As opposed to HD, PD efficacy is dependent on bio-
logic properties of the patient’s peritoneal membrane rather 
than on a synthetic dialyzer. This means the initial prescrip-
tion has to be modified according to membrane character-
istics (determined only after initiation of PD). The 
peritoneum is periodically assessed and the prescription 
modified according to findings, and it may also fail, preclud-
ing further PD. Assessing the membrane function is done 
by the peritoneal equilibration test, which is modified 
according to the patient’s body surface area because 
exchange volume may affect test results.

Some contraindications are specific to the pediatric 
patient.130 These include various abdominal congenital anom-
alies such as gastroschisis, omphalocele, diaphragmatic hernia, 
or bladder exstrophy, and usually polycystic kidney disease, 
which may literally fill the whole abdominal cavity. In addition, 
because PD depends on the availability of a compliant care-
giver, the lack of appropriate parental support precludes using 
this technique. Finally, medical issues, including abdominal 
surgery, ventriculoperitoneal shunt, abdominal adhesions, 
and membrane failure may all preclude the use of PD.

ACCESS

A reliable access is critical for successful PD. A double-cuffed 
Tenckhoff catheter with a downward-pointing exit site is 
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gastrostomy tubes in the young ages. Similar results were 
found in Australia (1 per 16.9 months), however, with no 
correlation to age.133 A report of the Italian Registry of Pae-
diatric Chronic Dialysis found somewhat better results: 1 per 
20.7 months in infants and 1 per 28.3 months in older chil-
dren.134 In a survey including 47 centers in 14 countries, 44% 
of the peritonitis events were due to gram-positive bacteria, 
25% due to gram-negative bacteria, and 31% were culture 
negative.135 Less than half of the patients had fever above 
38° C, less than half had abdominal pain, and 70% had 
marked effluent cloudiness. Of 482 children, 420 (87%) 
made a full recovery, and 39 (8.1%) had to discontinue PD 
permanently because of UF problems, adhesions, uncon-
trolled infection, and secondary fungal infection. As such, 
infections are the most common reason for modality change 
for patients receiving PD. In another study, including 501 
peritonitis events from 44 pediatric dialysis centers in 14 
countries,136 significant regional variability was found both 
for bacteria type and sensitivity. This makes recommenda-
tion for global treatment guidelines more complex. Perma-
nent discontinuation of PD varied considerably, from 0 of 18 
episodes (Argentina) to 9 of 46 episodes (20%) in Eastern 
Europe.

Other infections include exit site and tunnel infections. 
Preventive measures include aseptic handling of the cathe-
ter, daily cleansing, immobilization, and applying topical 
antibiotics.

TECHNIQUE FAILURE
Catheter Malfunction

Catheter malfunction may preclude efficient dialysis and 
includes catheter migration or occlusion. Technical solu-
tions, such as the use of specific types of catheters and 
omentectomy at the time of catheter insertion, may reduce 
the incidence.

Ultrafiltration Failure

UF failure is a main cause of a technique failure and leads 
to volume overload. High solute transport, as detected by 
the peritoneal equilibration test, causes rapid dissipation of 
the osmotic gradient needed for UF. Peritonitis events and 
long-term exposure to glucose degradation products in the 
standard PD solutions are the main causes. Filling volume 
that is too high can in addition lead to UF failure due to 
lymphatic absorption, whereas low exchange volumes may 
falsely seem to be peritoneal failure, because with low 
volumes there is rapid solute equilibration.

Fluid Leaks

Fluid leaks secondary to high intraperitoneal pressure are 
more common in infants, often manifesting as hernias. 
Recurrent hydrothorax is due to pleura-peritoneal connec-
tions and the negative pressure produced on inhalation. 
Pericatheter exit site leak is usually an early event after inser-
tion and is usually managed by postponing the start of PD 
or using smaller volumes initially. Leak into the abdominal 
wall causes subcutaneous edema.

ENCAPSULATING PERITONEAL SCLEROSIS
Encapsulating peritoneal sclerosis is a rare complication 
with a high fatality rate, characterized by extensive intraperi-
toneal fibrosis, which causes UF failure occasionally with 

of amino acid–based PD fluids (designed to compensate for 
excessive protein loss during PD) in children is well toler-
ated but has little anabolic effect.

EXCHANGE VOLUME
The volume of dialysate infused is adjusted to patient size, 
1000 to 1200 mL/m2 for patients 2 years of age or older,130 
approximately two-thirds of that volume for younger 
patients. As in adults, volumes that are too small can lead 
to rapid solute equilibration and thus inadequate UF, and 
too high a volume may result in increased intraperitoneal 
pressure, with increased lymphatic absorption (causing 
reduced UF), physical discomfort, dyspnea, hernia forma-
tion, and gastroesophageal reflux.

DWELL TIME
The length of each exchange depends on PD modality; it is 
short in APD compared to CAPD. Membrane properties, as 
detected by the peritoneal equilibration test, guide the sub-
sequent adjustment of the initial prescription, shortening 
the dwell time in patients with higher solute transport to 
prevent loss of osmotic gradient due to solute equilibration 
and reduced UF.

ADEQUACY OF DIALYSIS

No large-scale prospective studies have been performed in 
children that assess the correlation between solute removal 
and clinical outcomes. This is due to the rarity of ESKD in 
children and the relatively shorter time on dialysis in chil-
dren compared to the adult patient. Also, longer life expec-
tancy in pediatric RRT precludes the assessment of the 
effect of dialysis prescription changes on survival. In areas 
where there is no pediatric data, adult clinical practice 
guidelines serve as a minimal standard. Clinical and labora-
tory assessment should be performed at least once a month 
(more often if clinically necessary). Kt/V should be mea-
sured 1 month after initiating PD and subsequently at least 
every 6 months; RRF is assessed by 24-hour urine collection 
every 3 months. Adequacy is evaluated clinically, seeking 
signs and symptoms of uremia: hypertension, pulmonary 
congestion, pericarditis, hyperkalemia, hyperphosphate-
mia, and worsening school performance and general well-
being. In addition, laboratory data may indicate inadequacy 
of dialysis (serum solute concentrations, hemoglobin and 
albumin levels), and Kt/V is calculated. Target Kt/V is 1.8 
per week or higher, whereas V, or total body water, should 
be calculated using age- and gender-specific nomograms.130 
The prescription should be modified if needed, also taking 
into account preservation of RRF, patient convenience 
(intraperitoneal pressure, time consumption), and lowest 
possible dialysate dextrose concentration to achieve suffi-
cient fluid removal.132

COMPLICATIONS

INFECTION
Peritonitis is a major complication in patients undergoing 
PD, which may result in long-term membrane failure. The 
reported rate by NAPRTCS in 2011 is one episode per 18.8 
PD months, higher in infants (1 per 15.3 months) compared 
to adolescents (1 per 21.2 months), probably due to close 
proximity to contamination sources such as diapers or 
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more demanding for caregivers, one might expect higher 
rates of family choice to switch modaility in peritoneal dialy-
sis, compared to hemodialysis, reflecting caregiver burnout.29

The answer to this may be the following. Half of patients 
undergoing HD that change modality do so within 3 months 
and two-thirds within 6 months, over a total 36-month obser-
vation period, whereas patients undergoing PD change 
modality at a steady pace over the time period. This means 
that most modality changes from HD to PD are actually 
planned in advance, and only insufficient time for PD cath-
eter insertion and PD learning time mandated starting HD 
temporarily. In addition, some patients live very far from 
pediatric HD centers and therefore have no option of 
modality change to HD.

Several other reports from around the world demonstrate 
the transition of pediatric patients from PD to HD. In a 
report from Taiwan 8 of 29 (27.5%) changed modality: 2 
due to refractory peritonitis, 3 due to inadequate dialysis, 
and 3 due to UF failure.141 In Turkey, of 476 children treated 
with CAPD, 142 converted later to APD; 95% continued 
receiving PD at 1 year and 69% at 5 years,142 whereas 13.7% 
changed to HD. In a report from Iran, outcomes improve 
by era but are still poor.18 Between 1998 and 2001 the death 
rate was 60%, 13% switched to HD, 11% underwent trans-
plantation, and only 4% continued to receive PD. In the 
next era (2002 to 2006) the death rate decreased to 23%, 
15% switched to HD, 10% were transplanted, and 50% were 
still receiving PD.

RENAL REPLACEMENT THERAPY  
FOR CHILDREN WITH INBORN  
ERRORS OF METABOLISM

Some inborn errors of metabolism manifest in early infancy 
and may lead to death or permanent, severe neurologic 
damage due to accumulation of neurotoxic abnormal metab-
olites. Long-term outcome depends upon quick diagnosis 
and removal of the toxins by diet (reducing their synthesis) 
or medications (redirecting the toxins to alternative meta-
bolic pathways). These modalities are frequently insufficient 
in the short term and necessitate more aggressive treatment 
to reduce metabolites to a nonhazardous range, especially in 
neonates.1 All RRT modalities have been used for metabolite 
clearance in various diseases, such as urea cycle defects, 
maple syrup urine disease, and methylmalonic acidemia. In 
the past, acute PD was the only technologic solution for clear-
ance of toxic metabolites, but HD, continuous venovenous 
HD, and continuous venovenous hemofiltration are now pos-
sible even in neonates and have been found to be superior in 
clearance rate.143-146 Comparison of later outcomes to histori-
cal cohorts shows clearly better outcomes. However, due to 
the rarity of these diseases and their detrimental outcome, 
there are no comparative studies of long-term outcomes of 
the various treatment modalities.

CONTINUOUS RENAL  
REPLACEMENT THERAPY

Over the past 2 decades, continuous renal replacement 
therapy (CRRT) has become the preferred modality for the 
management of children with acute kidney injury (AKI) and 

symptoms of bowel obstruction. It was found in 14 of 712 
(1.9%) pediatric patients undergoing PD registered in the 
Italian registry of chronic dialysis.137 Eleven of the patients 
were treated with PD for longer than 5 years. Because the 
disease is insidious and progresses slowly, five (36%) were 
diagnosed when no longer receiving dialysis. In 71% of the 
patients, high-dextrose solutions were used over the 6 
months before diagnosis. The peritonitis rate was not higher 
than in patients without this complication. A second study 
found the same rate of encapsulating peritoneal sclerosis 
but a higher infection rate relative to those without this 
complication, and no correlation to dialysate type.138

ADHERENCE TO TREATMENT

Patient compliance was evaluated in 51 patients in a single-
center study,139 using automatic PD device memory cards. 
Variables tested were number of sessions per month, dura-
tion of each session, number of cycles per session, and 
volume of PD solution instilled. Only 55% were adherent in 
all four variables; males and African Americans were less 
likely to be adherent. Nonadherent patients tended to skip 
whole sessions or instill reduced volumes more than short-
ening sessions or reducing the number of cycles. Apart from 
being aware of the gap between prescribed and provided 
PD treatment, this can shed light on the challenge of being 
compliant with complex treatment, the aspiration for some 
“treatment holidays,” and the discomfort of large-volume 
instillation.

GLOBAL DISPARITIES  
(see also Chapters 77 to 84)
Gross national income has a major impact not only on the 
availability but also on the practices of PD. In a study of the 
International Pediatric Peritoneal Dialysis Network Registry, 
close associations were found between gross national income 
and percentage of infants undergoing dialysis, lack of diag-
nosis of the primary disease, prevalence of APD and more 
advanced techniques such as biocompatible solutions, 
enteral feeding, calcium-free phosphate binders, ESAs, and 
vitamin D analogues.140 Lower gross national income led to 
a higher death rate from infectious complication (although 
peritonitis incidence was not higher), lower hemoglobin 
and calcium levels, higher PTH levels, lower height percen-
tile, and overall higher mortality.

CHANGE OF DIALYSIS MODALITY

The main reasons for termination of PD are transplantation, 
transition to HD, death, and rarely withdrawal of treatment 
or recovery of renal function.

The NAPRTCS 2011 report provides information about 
termination of 4687 PD courses in the registry (excluding 
deaths): 19.4% still had working access, 53.7% underwent 
transplantation, and 16.0% changed modality. The main 
reason for modality change was excessive infections (43%), 
8.8% were due to family choice, 8.2% due to access failure, 
and 26.7% due to other medical issues.29 The report does 
not address the relative role of ultrafiltration failure. It is 
interesting to note that in patients receiving HD, reasons 
for modality change were mainly family choice (43.0%) and 
only rarely excessive infections (7.0%). Because PD is much 
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in the inferior vena cava (IVC), are significantly affected  
by patient movement and may require the patient to be 
sedated or even paralyzed for proper use. The recommended 
blood flow is 3 to 10 mL/kg/hr with a relatively higher flow 
in the very young child if an adult-sized device is used. 
Whereas in previous years, lactate-based fluids were used, 
resulting in lactic acidosis, cardiac dysfunction, and hypoten-
sion, bicarbonate-based dialysate and replacement fluids are 
currently considered standard of care.154 Large volumes of 
replacement fluid, containing varying amounts of electro-
lytes, are administered. This requires close monitoring of the 
patient laboratory profile to ensure stable acid-base and elec-
trolyte balance. Activation of the clotting cascade, affecting 
circuit longevity, results from the contact of blood with the 
artificial filter, as well as slow blood flow and the small cath-
eters used. This mandates the administration of anticoagu-
lants. Although a single pediatric study demonstrated that 
heparin and citrate are equally efficacious, with more bleed-
ing episodes occurring with the former,155 most adult studies 
favor regional citrate, together with systemic calcium infu-
sion, for better longevity of the circuit and fewer bleeding 
episodes. In a multicenter pediatric survey, it was shown that 
citrate was used in 56% of children, compared to heparin in 
37%.152 Citrate is metabolized to bicarbonate in the liver and 
should be cautiously used in patients with liver failure.

DOSING OF CONTINUOUS RENAL  
REPLACEMENT THERAPY

There are no robust studies in children exploring the 
optimal CRRT dosing, but the consensus in adults is that 
there is no benefit to delivering high-volume CRRT reach-
ing greater than 20 to 25 mL/kg/hr clearance.156 Attention 
should be paid though to the potential discrepancy between 
the prescribed and the delivered doses of CRRT, particularly 
those that are due to technical difficulties, which are preva-
lent among very young patients. Higher intensity of CRRT 
may lead to hypophosphatemia, increased amino acid loss, 
and augmented drug clearance rate.

CONTINUOUS RENAL REPLACEMENT  
THERAPY OUTCOMES

Patient outcomes are largely dependent on the underlying 
disease state and comorbid conditions. According to the 
ppCRRT registry, overall mortality was 42%, with higher rates 
in children with liver failure or liver transplant, children with 
pulmonary disease or lung transplant, and stem cell trans-
plant recipients, ranging from 55% to 69%.157 Children with 
multiple organ dysfunction syndrome, defined as receiving 
one vasoactive medication and invasive mechanical ventila-
tion, have been found in the same registry to have a higher 
mortality rate with an odds ratio of 4.7. Also, fluid overload 
at the initiation of CRRT is an independent risk factor for 
mortality: Patients with greater than 20% fluid overload were 
8.5-fold more likely to die than those with less than 20%.158

KIDNEY TRANSPLANTATION

Although long-term dialysis provides clearance of uremic 
toxins and, together with medications and strict dietary 

volume overload, who may be hemodynamically unsta-
ble.147,148 CRRT allows provision of diffusive and convective 
clearance separately or in combination. Diffusion refers to 
the movement of molecules down a concentration gradient 
across a semipermeable membrane, and convection 
describes the movement of dissolved solutes with water in 
response to transmembrane pressure. Both mechanisms 
provide similar clearance of small molecules, although 
larger ones would be better cleared by convection. The 
nomenclature of CRRT stems from the access type and the 
mode of clearance. Although CRRT was originally devel-
oped based on combined arterial and venous access, namely 
continuous arteriovenous hemofiltration, current practice 
uses pump-driven venovenous access, which, on its own, 
provides convective clearance through high UF rates. To 
prevent volume depletion, most of the ultrafiltrate is 
replaced by electrolyte-containing fluid. Continuous veno-
venous hemodiafiltration combines both diffusive and con-
vective clearance by countercurrent infusion of dialysate 
and net UF to maintain euvolemia. The choice of a given 
modality is often center dependent.

The shift in the epidemiology of AKI in developed coun-
tries affects the use of CRRT as it is delivered to critically ill 
patients with AKI. During the 1980s the leading causes of 
AKI were primary renal diseases, including hemolytic uremic 
syndrome (HUS), sepsis, and burns.149 Studies reporting on 
more recent periods show that most children have at least 
one comorbid condition such as congenital heart disease 
and corrective surgery, acute tubular necrosis (ATN), sepsis, 
and the administration of nephrotoxic agents.150,151

INDICATIONS

Of the Prospective Pediatric Continuous Renal Replace-
ment Therapy (ppCRRT) registry, 46% received CRRT to 
treat fluid overload and electrolyte abnormalities, 29% for 
isolated volume overload, and 3% to obviate the need for 
fluid restriction and allow better intake of nutrition or the 
administration of blood products. An additional 6% were 
treated for inborn errors of metabolism, primarily hyperam-
monemia, or intoxications/overdose.152

COMPARISON TO HEMODIALYSIS AND 
PERITONEAL DIALYSIS

Although CRRT shares similar principles with HD, both the 
blood and dialysate flows are significantly slower, resulting 
in a lower hourly clearance rate. This is compensated for by 
extending the clearance time. Over 24 hours, CRRT pro-
vides solute clearance comparable to a 4-hour HD session. 
The main advantage of CRRT in the critically ill child is the 
ability to maintain hemodynamic stability. CRRT and PD are 
continuous in nature, but the former provides much greater 
daily clearance rates.

TECHNICAL CONSIDERATIONS

Double-lumen catheters are usually used, and the diameter-
size is selected based on the patient’s body surface area. 
Although femoral catheters are used four times more often 
than internal jugular ones, the latter result in a far better 
circuit survival.153 Also, femoral catheters, unless located 
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transplantation in the United States. Of the 16,485 kidney 
transplants performed in 2012, 758 were in children (4.6%), 
a significantly higher proportion than those wait-listed. Of 
these, 38% of pediatric kidney transplants were from a living 
donor, whereas 51.7% of the kidney transplants in the entire 
population were from living donors. The most frequent 
living donor was a parent (61% of living donors in 2012); 
the rest were siblings, other family members, and living 
unrelated donors. This is in contrast to adult living-donor 
transplant recipients, for whom the most common donor 
was a sibling, followed by a biologic child and a spouse.160 
Whereas there was an increase in living-donor kidney dona-
tion to pediatric patients between 1987 and 2001, with a 
peak of 64% living-donor transplantation, there has been a 
gradual decrease in this trend in the years between 2001 and 
2012 in the United States. This may be due to a change in 
allocation of deceased-donor kidneys—the “Share 35” 
policy, giving priority to patients younger than 18 years to 
be offered a kidney from a deceased donor under the age 
of 35. Since the implementation of this policy, waiting time 
has shortened, and the proportion of children receiving 
deceased-donor kidneys increased.159,160,163 Overall, 24% of 
pediatric renal transplantations were preemptive, that is, no 
dialysis had been performed before transplantation.159 The 
majority of preemptive transplantations were from living 
donors.

In Europe a survey including 32 countries reported 900 
kidney transplants in children in 2008, constituting 4.4% of 
total renal transplants. Approximately 43% were from living 
donors, and 27% were preemptive. Most countries imple-
ment an allocation scheme that prioritizes pediatric patients 
on the waiting list, in particular in regard to younger donors. 
The rates of pediatric kidney transplantation, waiting time, 
and donor source vary considerably between the different 
European countries. A positive correlation between the 
national gross domestic product per capita and the rate of 
pediatric kidney transplantation was noted.164

limitations, enables long-term survival of patients with 
ESKD, renal transplantation offers significant advantages, 
particularly in children, as discussed earlier.2 A well-
functioning kidney graft can provide all the functions of a 
normal kidney, in addition to efficient clearance of meta-
bolic waste products and fine tuning of water and electrolyte 
balance, as well as secretion of hormones involved in sys-
temic and renal hemodynamics, ESAs, and calcitriol. Despite 
the need for long-term immunosuppressive medications 
and close monitoring, children after kidney transplantation 
can lead, in many cases, normal lifestyles, with improved 
growth, development, and rehabilitation in comparison to 
children treated with dialysis.

INCIDENCE, PREVALENCE, AND ALLOCATION

NAPRTCS is a voluntary database active since 1987, col-
lecting information on pediatric patients undergoing 
kidney transplantation from centers in the United States 
(later expanded to include children with CKD). The latest 
report in 2010 provides data on 11,603 renal transplants 
performed in 10,632 pediatric patients.159 The Organ Pro-
curement and Transplantation Network (OPTN) contains 
the database of all organ transplantations in the United 
States since 1986, including pediatric kidney transplanta-
tion.160 Both these registries provide current information 
about the status of pediatric renal transplantation in the 
United States, and extensive analysis has been performed 
on the data collected. Other registries providing informa-
tion on pediatric renal transplantation include ESPN/
ERA-EDTA, the Cooperative European Paediatric Renal 
TransplAnt INitiative (CERTAIN), the UK renal registry, 
ANZDATA, and others.3,161

As of June 2013, 919 children under the age of 18 years 
were on the U.S. waiting list for a kidney, out of a total of 
103,574 patients listed (0.89%).159 Table 76.3 summarizes 
the demographics of pediatric patients undergoing renal 

Table 76.3  Age, Race, Gender and Cause of End-Stage Kidney Disease at Time of Transplantation in the 
United States, 1987-2010

Age 0-1 Years 
(%)

Age 2-5 Years 
(%)

Age 6-12 Years 
(%)

Age 13-17 Years 
(%)

Age ≥18 Years 
(%)

Transplants 5.3 14.7 32.8 39.2 8
Gender
 Male 69.2 65.5 58.7 56.4 55.9
 Female 30.8 34.5 41.3 43.6 44.1
Race
 White 73.6 63 60.3 56.1 51.7
 Black 8.2 14.4 14.7 19.8 25
 Hispanic 11.9 16.2 18.2 17.6 15.7
 Other 6.3 6.4 6.9 6.5 7.6
Primary diagnosis
 Hypoplasia/dysplasia 29 23.5 16.6 11.3 9.6
 Obstructive uropathy 18.6 20.6 16 13.2 10.1
 FSGS 0.7 8.4 12.3 13.2 16.6
 Other 51.7 47.4 55.1 62.2 63.7

FSGS, Focal segmental glomerulosclerosis.
Adapted from North American Pediatric Renal Trials and Collaborative Studies: NAPRTCS 2010 annual transplant report. Available at: 

https://web.emmes.com/study/ped/annlrept/2010Report.pdf. Accessed July 10, 2013.
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and graft thrombosis. Some specialized centers, with greater 
experience in this age-group, have demonstrated excellent 
results.179 The alternative, continuing to receive dialysis for 
a prolonged period of time, also carries a high morbidity 
and mortality, particularly in this young age-group.32,180,181 
Most units refer young patients for transplantation when 
they reach a weight close to 10 kg, but the risks and benefits 
must be carefully considered in each case. The other poten-
tially complex age-group is adolescents. There is a higher 
rate of acute rejection episodes, shorter graft survival, and 
lower creatinine clearance in this group.159 This is mostly 
due to nonadherence, which is more frequent in teenagers 
and may manifest as missed doses of immunosuppressive 
medications, more extensive “drug holidays,” missed clinic 
visits, and other high-risk behaviors.182,183

CONTRAINDICATIONS

Some clinical situations may present a temporary or perma-
nent contraindication to transplantation. Malignancy should 
postpone plans for transplantation until complete remission 
is achieved, chemotherapeutic medications are discontin-
ued, and no relapse is evident. High-dose immunosuppres-
sive therapy after transplantation may increase the risk for 
cancer recurrence, presumably due to progression from 
occult residual tumor and/or micrometastases. The time 
period between completion of therapy for cancer and listing 
for transplant will depend also on the type of malignancy 
and its characteristics.184 Immunosuppressive medications 
also impair the ability to fight infection; therefore active 
infection is a temporary contraindication to transplantation, 
and latent infections should be sought out and addressed 
before proceeding to transplantation. Severe comorbid con-
ditions or profound neurodevelopmental disability may 
render a child unsuitable for transplantation. Each child 
should be evaluated individually to assess the impact of 
transplantation on life expectancy, quality of life, and reha-
bilitation, taking into account the wishes of the family. 
Recalcitrant nonadherence to medication or dialysis sched-
ule, diet, and clinic appointments may also be a temporary 
contraindication to transplantation.

RECIPIENT EVALUATION

Before transplantation an extensive evaluation of the recipi-
ent must be performed. The goals of this workup are to 
provide an optimal plan for each individual patient, reduce 
complications, and increase long-term patient and graft sur-
vival. The main elements of the pretransplant evaluation are 
summarized in Table 76.4. Some of the important issues are 
discussed in the following sections.

INFECTION
A history, physical signs, or laboratory findings suggesting 
active infection need to be addressed before subjecting  
the patient to major surgery and high-dose immunosup-
pression. The respiratory tract, teeth, skin, dialysis access 
exit site, and other sites of possible chronic infection should 
be carefully examined. Even a minor infection may be  
exacerbated by immunosuppressive therapy. Serologic 
testing for cytomegalovirus (CMV) and Epstein-Barr virus 
(EBV) to assess the risk for posttransplantation viral disease 

Kidney transplantation in infants under the age of 1 year 
is uncommon, with 96 transplantations in this age-group 
between 1987 and 2010 in the United States; however, only 
10 were performed between 2004 and 2010.159 Living-donor 
kidneys are associated with improved long-term graft sur-
vival in pediatric recipients, even when compared to younger 
deceased-donor kidneys.165 The estimated half-life (median 
survival) of a graft from a living donor performed in 2010 
is 15 years, in comparison to approximately 11 years for a 
deceased-donor kidney.160 The added beneficial effect of a 
biologically related donor compared to an unrelated donor 
is minor.

As noted earlier, deceased-donor kidneys from younger 
donors are preferentially allocated to children in the United 
States. However, use of deceased-donor kidneys from infants 
under the age of 2 years in the 1980s yielded poor outcomes 
both in Europe and in the United States, resulting in fewer 
infant kidneys being used in the subsequent years.166-168 
Later data have shown good results in children receiving 
kidneys from small pediatric donors, either a single kidney 
or both donor kidneys en bloc.169-172 One study from Europe 
reported a significant increase in allograft size after trans-
plantation and superior graft function in the recipients of 
pediatric kidneys.173

PREPARATION OF THE RECIPIENT  
FOR TRANSPLANTATION

TIMING

In general, renal transplantation is the preferred modality 
of treatment for children with ESKD. There is a significant 
survival advantage for children with a functioning graft over 
children remaining on the waiting list, from 6 months after 
transplantation (see Figure 76.3).84,174 If preemptive trans-
plantation is not possible, a short period on dialysis (up to 
1 to 2 years) does not significantly affect patient survival, 
according to a large study in European registries.175 There 
is some controversy whether preemptive transplantation 
offers an advantage in graft survival over patients who spent 
time undergoing dialysis first. After adjusting for donor 
source, a possible small increase in graft survival may be 
demonstrated in preemptive transplantation compared with 
HD first.176,177 However, this does not take into account other 
considerations, particularly morbidity on dialysis, effect on 
neurocognitive development, and decreased linear growth. 
Certain situations preclude preemptive transplantation, 
such as active nephrotic disease, which is also a hypercoagu-
lable state, presenting a high risk for thrombosis during 
transplantation. To be a candidate for transplantation 
without dialysis, a patient must have sufficient urine output 
and balanced electrolyte levels. When the patient approaches 
KDOQI stage 4 CKD, preparation of the patient for trans-
plantation and evaluation of potential living donors should 
be pursued. Transplantation should not be performed 
before the child reaches ESKD, because graft survival is not 
indefinite, and no benefit has been demonstrated for this 
practice.178

Two age-groups require special consideration. Very young 
children, in particular those weighing less than 10 kg, may 
have inferior results mainly because of technical difficulties 
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is important in planning, monitoring, and antiviral prophy-
laxis after transplantation. Many pediatric patients are sero-
negative for these viruses and should be monitored 
frequently while on the waiting list, to avoid inadvertently 
referring for transplantation during a subclinical primary 
infection. Vaccinations should be reviewed and completed 
before transplantation, because response to vaccines may be 
attenuated by immunosuppressive medications, and live vac-
cines are not recommended following transplantation.185 
The regular pediatric schedule should be given, including 
pneumococcus, influenza, and varicella, as well as other 
vaccines depending on age, gender, and exposure.186

MALIGNANCY
Although less common in children, a basic workup to rule 
out malignancy includes history, physical examination, 
chest x-ray examination, and abdominal ultrasonography, as 
well as routine laboratory tests. Children with a history of 
cancer should be evaluated by a pediatric oncologist to 
assess remission and risk for recurrence and to help deter-
mine the timing of transplantation.184

UROLOGIC ISSUES
The most frequent cause of ESKD in younger children is 
CAKUT.159 Structural and functional evaluation of the 
urinary tract is important before transplantation, because 
the kidney allograft may be compromised by an abnormal 
urinary tract, with obstructed drainage, massive reflux, or a 
small defunctionalized bladder. Investigation should begin 
with ultrasonography of the kidneys and urinary tract, 
including imaging of the full and postvoiding bladder. In 
patients with an abnormal urinary tract, further tests such 
as a voiding cystourethrogram and urodynamic evaluation 
provide further information. When the child has prolonged 
anuria, it is sometimes difficult to assess bladder capacity 
and function. Surgical intervention to alleviate obstruction 
or correct massive reflux if needed or occasionally bladder 
augmentation can be performed before or during trans-
plantation. However, a small defunctionalized bladder may 
increase in capacity after renal transplantation and enable 
normal voiding without compromising graft function, thus 
avoiding the need for bladder augmentation.187 Nephrec-
tomy of native kidneys is indicated in cases of persistent 
nephrotic syndrome of presumed immunologic cause to 
enable prompt and accurate diagnosis of recurring nephrotic 
syndrome, chronically infected kidneys, very large kidneys 
in a relatively small recipient, for example, in polycystic 
kidney disease (to enable more physical space for the graft 
and to alleviate discomfort), and sometimes for uncon-
trolled hypertension.188 In cases of congenital nephrotic 
syndrome, particularly the Finnish type, because of the high 
mortality associated with this condition, bilateral nephrec-
tomy is usually performed when the child has reached a size 
compatible with transplantation, even if renal function is 
good or even normal.189

CARDIOVASCULAR ISSUES
Congenital heart disease may coexist with CKD in some 
patients, which requires consultation with a pediatric cardi-
ologist and consideration of surgical correction before 
transplantation. Hypertension is very common in ESKD, in 
many cases causing LVH, with diastolic and occasionally 

Table 76.4  Evaluation of Pediatric Candidates 
for Kidney Transplantation

Medical history ESKD cause, family history of renal or 
other disease, biopsy results, previous 
transplantation history, dialysis access 
and prescription, medication list, 
compliance with medical regimen, 
urologic interventions, urine output, 
other comorbid conditions, allergies, 
previous procedures, transfusions, 
growth charts

Physical 
examination

Weight, height, BMI and percentiles, 
blood pressure and pulse, general 
well-being, complete physical 
examination

Specialist 
assessments

Pediatric nephrologist, transplant 
surgeon, urologist, anesthesiologist, 
transplant coordinator, nurse, social 
worker, dietitian, pediatric dentist. As 
indicated: psychologist, cardiologist, 
hematologist, pulmonologist

Laboratory tests Blood type, CBC, electrolytes, BUN, 
creatinine, calcium, phosphorus, liver 
enzymes, protein, albumin, lipids, iron, 
PTH, thyroid, fasting glucose and Hb 
A1c, PT/PTT, urinalysis, 24-hour urine 
collection for creatinine clearance and 
proteinuria

Serologic tests EBV (IgG, EBNA, and IgM), CMV (IgG 
and IgM), HBV (surface Ag and Ab), 
HCV, HIV, varicella, PPD test

Histocompatibility 
testing

HLA typing—class I (A, B), class II (DR, 
DQ), PRA, DSA, cross-match with 
donor (T and B cell cross-match, by 
CDC-AHG or flow cytometry)

Imaging Chest x-ray examination; abdominal 
ultrasonography, including kidneys, 
bladder, and postvoiding volume; 
echocardiography; and ECG. Doppler 
study of abdominal and pelvic arteries 
and veins, VCUG, urodynamic testing 
or other if indicated

Vaccinations DTaP, Hib, IPV, HAV, HBV, varicella, 
MMR, pneumococcus, influenza. 
Selected patients: meningococcus, 
HPV

Social Evaluation of the family, support 
systems, financial issues, school

Ag, Antigen; Ab, antibody; BMI, body mass index; BUN, blood 
urea nitrogen; CBC, complete blood count; CDC-AHG, 
complement-dependent cytotoxicity with anti–human globulin; 
CMV, cytomegalovirus; DSA, donor-specific antibodies; DTaP, 
diphtheria and tetanus toxoids and acellular pertussis vaccine; 
EBNA, Epstein-Barr virus–associated nuclear antigen; EBV, 
Epstein-Barr virus; ECG, electrocardiography; ESKD, end-
stage kidney disease; HAV, hepatitis A virus; Hb A1c, 
hemoglobin A1c; HBV, hepatitis B virus; HCV, hepatitis C virus; 
Hib, Haemophilus influenzae type B; HIV, human 
immunodeficiency virus; HPV, human papillomavirus; Ig, 
immunoglobulin; IPV, poliovirus vaccine inactivated; MMR, 
measles-mumps-rubella; PPD, purified protein derivative 
(tuberculin); PRA, panel-reactive antibodies; PTH, parathyroid 
hormone; PT, prothrombin time; PTT, partial thromboplastin 
time; VCUG, voiding cystourethrogram.
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Treatment strategies have included frequent plasma infu-
sions, plasmapheresis, or combined liver and kidney trans-
plantation, all aimed at providing the deficient factor and 
preventing relapse. Treatment with the monoclonal anti-
body to complement factor 5, eculizumab, was found to be 
effective in the treatment of atypical HUS and to prevent 
recurrence after transplantation by inhibiting complement 
activation.198 Eculizumab was FDA approved for the treat-
ment of atypical HUS in 2011.

SENSITIZATION
Blood type, HLA typing, and panel-reactive antibodies 
should be tested in each transplant candidate. Donor-
specific antibodies (DSA) should be identified and quanti-
fied if panel-reactive antibody test results are positive. A 
negative direct cross-match by complement-dependent cyto-
toxicity with anti–human globulin is crucial to avoid hyper-
acute rejection. Cross-match by the flow cytometry method 
is more sensitive, but the clinical implications of a positive 
test result are less clear cut. Ideally, blood type compatibility 
and close HLA matching without DSA are preferred. 
However, in some cases for which such a match is not avail-
able, ABO incompatibility or the presence of low titers of 
DSA can be overcome with special desensitization protocols, 
with good results, as detailed later.199

TRANSPLANTATION IMMUNOLOGY

HLA MATCHING AND SENSITIZATION

Chapter 71 covers the subject of transplantation immunobi-
ology in detail. The importance of human leukocyte antigen 
(HLA) matching between donor and recipient was recog-
nized in the 1960s to 1970s and became the cornerstone of 
deceased-donor allocation policy. A clear association 
between number of HLA mismatches and graft survival was 
shown in several large studies.200 With the introduction of 
more potent immunosuppression, the significance of HLA 
matching may have diminished,201 while other factors such 
as peak panel-reactive antibodies, cold ischemic time, and 
donor age retained their relative importance. However, 
other publications have shown that HLA mismatches con-
tinue to adversely affect renal allograft outcomes in the 
present era, as shown by a study from ANZDATA that 
included children.202 Studies that examined the effect of 
HLA matching specifically in children have also shown that 
an increase in the number of HLA mismatches is associated 
with decreased graft survival.203 Mismatch at the DR locus 
may be correlated with increased acute rejection.204 The 
algorithm that prioritizes children in allocation of deceased-
donor kidneys from younger donors shortens waiting times 
but deemphasizes HLA matching. Both donor age and HLA 
matching are important in determining deceased-donor 
graft survival and may be offset by each other.205

Most pediatric patients with CKD will need to undergo 
more than one transplantation over their lifetime, and HLA 
matching of the first kidney graft may have an impact on 
subsequent transplants. More HLA mismatches at the first 
transplantation are associated with HLA sensitization,206 
longer waiting time for a second transplant, and decreased 
graft survival.207

systolic dysfunction. Treatment with antihypertensive medi-
cations and avoiding chronic volume overload in patients 
undergoing dialysis are important, though optimal control 
of hypertension is often difficult to achieve. However, 
FGF-23, which is elevated in CKD, induces LVH indepen-
dent of blood pressure. Therefore LVH may not be com-
pletely correctible as long as CKD persists.190 Cardiomyopathy 
may improve significantly in children undergoing renal 
transplantation.191

Evaluation of abdominal vasculature before transplanta-
tion is beneficial in planning anastomoses and anticipating 
significant surgical challenges. Children who have had pre-
vious abdominal or pelvic surgery, CVCs in the lower body, 
including neonatal umbilical arterial or venous catheteriza-
tion, and patients with hypercoagulable state should have 
Doppler studies of the large arteries and veins before trans-
plantation. Abnormal study results can be followed by 
formal venography.192

RISK FOR RECURRENCE
Recurrence of the underlying disease after renal transplan-
tation, affecting graft function, can be due to persistence of 
the causative immunologic or humoral factor (FSGS, mem-
branoproliferative glomerulonephritis [MPGN] type II), 
enzymatic defect (primary hyperoxaluria, atypical HUS), or 
due to a parallel mechanism unique to a specific disease 
entity (proteinuria in congenital nephrotic syndrome of the 
Finnish type, Alport’s syndrome).

Recurrence is particularly frequent in idiopathic FSGS, 
with a rate in children of 30% to 80% depending on the 
report. Nephrotic syndrome and graft dysfunction may 
appear immediately after transplantation, and prompt inter-
vention is needed. In these cases pretransplantation 
nephrectomy of native kidneys, if the patient still has pro-
teinuria, will assist in timely diagnosis of recurrence and 
enable early treatment. However, FSGS is a histologic diag-
nosis, which may be due to one of several underlying patho-
physiologic processes. For example, genetic forms of 
steroid-resistant nephrotic syndrome with mutations in the 
gene encoding podocin, NPHS2, have a very low rate of 
recurrence in the graft.193,194

MPGN also carries a high risk for recurrence, which 
affects graft survival. The risk for graft loss at 5 years is sig-
nificantly higher in children with FSGS or MPGN compared 
to children with renal dysplasia.195,196 Other glomerular dis-
eases, such as lupus nephritis and immunoglobulin A (IgA) 
nephropathy, may recur but are not usually associated with 
graft loss.

Primary hyperoxaluria type 1 is a disorder of glyoxylate 
metabolism in which an enzymatic defect in the liver causes 
overproduction of oxalate and deposition of calcium oxalate 
in the kidneys and in other organ systems once advanced 
renal failure develops. Presentation in infancy is associated 
with nephrocalcinosis and early CKD. Kidney transplanta-
tion alone usually results in massive oxalate deposition in 
the new kidney and early graft failure. In these cases, com-
bined liver and kidney transplantation (or liver transplanta-
tion alone if renal function is not severely affected) is 
curative, correcting the underlying enzymatic defect.197

Genetic forms of atypical HUS are usually due to deficien-
cies of regulatory elements of the complement system, can 
cause ESKD, and have a high rate of recurrence in the graft. 
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this study none of the patients had acute rejection, and 
there was no difference in graft function compared to ABO-
compatible transplantation.219 Immunoadsorption therapy 
for ABO-incompatible renal transplantation has been asso-
ciated with surgical bleeding in some cases.220 Late AMR in 
the setting of ABO incompatibility is less frequent than AMR 
in HLA sensitization.208,221,222 Despite more intense immuno-
suppressive regimens, a study in adults did not demonstrate 
a higher risk for cancer in patients undergoing ABO-
incompatible transplantation.223

IMMUNOSUPPRESSION

A wide range of immunosuppressive medications are used 
in pediatric renal transplantation, and they are a key factor 
in preventing rejection and enabling long-term graft func-
tion. In general more information is available from trials in 
adult patients undergoing transplantation, and specific data 
in children do not always exist. Special considerations in 
children include altered drug metabolism, as well as adverse 
effects particular to children, including effects on growth 
and development. The optimal immunosuppression 
regimen should minimize the risk for rejection, without 
causing overimmunosuppression or other side effects of 
medications.

INDUCTION IMMUNOSUPPRESSION

The risk for acute rejection is highest in the immediate 
posttransplantation period, which is why in addition to 
higher doses of maintenance immunosuppressive drugs, 
many transplantation protocols include a biologic induction 
agent. These antibody preparations are aimed at depleting 
T cells or preventing their activation and are administered 
in the perioperative period.

Antilymphocyte preparations are T cell–depleting agents 
that can be polyclonal or monoclonal. In addition to their 
use for induction immunosuppression, they have a role in 
treatment of acute cellular rejection. The polyclonal anti-
body antithymocyte globulin (ATG) contains antibodies to 
a wide variety of lymphocyte antigens in serum of animals 
immunized with human lymphocytes.

Monoclonal preparations include antibodies to the CD3 
antigen of T cells, muromonab-CD3 (Orthoclone OKT3), 
and antibodies to CD52, alemtuzumab, which binds to T 
and B cells as well as monocytes and natural killer cells, 
causing cell lysis.

T cell activation induces interleukin-2 (IL-2) production 
causing T cell proliferation; therefore monoclonal IL-2 
receptor antibodies block this pathway, preventing T cell 
activation without depletion. Two products were initially 
available in this category, daclizumab and basiliximab; 
however, daclizumab has been withdrawn by the manufac-
turer and is no longer available.

Antibody induction has been shown to improve outcomes 
in kidney transplantation in adults compared to conven-
tional immunosuppression alone. However, in children 
there are less supportive data. Observational data from the 
NAPRTCS database in the late 1990s suggested a beneficial 
effect of T cell–depleting antibody induction, though most 
patients were receiving maintenance therapy consisting of 

In addition to HLA matching, panel-reactive antibodies 
are measured in renal transplant candidates, and if positive, 
should be characterized by solid-phase assays.208 The pres-
ence of DSA is associated with increased risk for acute 
antibody-mediated rejection (AMR) as well as chronic AMR 
and decreased graft survival. When DSA are further charac-
terized, patients with complement-binding DSA after trans-
plantation are at the highest risk for graft loss and AMR.209 
The deleterious impact of DSA has been demonstrated in 
children, even when the direct cross-match between donor 
and recipient is negative by flow cytometry,210 though not in 
all series.211 Although good HLA matching without DSA is 
desirable, not all patients will find an appropriate donor. In 
fact, when comparing data from 2009 to 2011 to a decade 
earlier, the OPTN report shows that children undergoing 
renal transplantation were now more likely to have panel-
reactive antibody results above 80% (5.1% vs. 2.7%).160 
Desensitization protocols, including treatment with combi-
nations of intravenous γ-globulin, plasmapheresis, and ritux-
imab, enable transplantation for adult patients with 
acceptable outcomes.212,213 Less data are available on these 
treatment protocols in children.214

De novo DSA appear in 25% of children in the first years 
after transplantation; the most common antibody is to 
HLA-DQ loci. These antibodies are associated with increased 
risk for AMR and graft dysfunction.215 Serial monitoring of 
DSA in children after transplantation may help to identify 
patients at risk for adverse outcomes and guide tailoring of 
immunosuppression.216

Although it has been suggested that kidneys transplanted 
from mothers to their children might have a survival advan-
tage compared to other one-haplotype–matched living 
related donors because of fetal-maternal microchimerism, 
this was not found to be the case in a study of data from the 
Scientific Registry of Transplant Recipients.217

ABO COMPATIBILITY

In the past, ABO incompatibility was considered a contrain-
dication to transplantation, because of the high risk for 
hyperacute AMR. However, in the past few years there have 
been increasing reports of successful ABO-incompatible 
renal transplantation in children. According to the 
NAPRTCS report, 0.6% of pediatric kidney transplantations 
in the United States are ABO incompatible, though most of 
the cases are since the year 2000.159 ABO-incompatible trans-
plantation is more common in Japan, where deceased-donor 
transplants are not frequently performed. Treatment proto-
cols include pretransplantation plasmapheresis, in order  
to remove anti-A and anti-B antibodies, together with sple-
nectomy or rituximab to prevent ongoing antibody produc-
tion after transplantation. With this regimen there was an 
increase in acute rejection episodes in comparison with 
ABO-compatible transplantation using conventional immu-
nosuppression, but no significant difference in long-term 
graft survival.198 The risk for AMR is associated with higher 
titers of anti-A or anti-B isoagglutinins, and the intensity  
of desensitization may be modifiable according to pre-
treatment titers, thus potentially opening this option in 
deceased-donor transplantation as well.218 Rituximab with 
antibody-specific immunoadsorption has been used, with 
the goal of less long-term impact on the immune system. In 
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basiliximab have decreased their use in the last few years.159 
On the other hand, steroid-avoidance protocols have used 
prolonged daclizumab dosing or rabbit ATG induction with 
excellent results, thus increasing the percentage of children 
receiving rabbit ATG.

In general, most centers use rabbit ATG induction for 
high-risk renal transplantation, especially in sensitized 
patients or in children on a steroid-free protocol. Antibody 
induction may be avoided in low-risk patients, though basi-
liximab is used in some centers.

MAINTENANCE IMMUNOSUPPRESSION

CALCINEURIN INHIBITORS
Cyclosporine

Cyclosporine was introduced as an immunosuppressant for 
kidney transplantation in 1982, revolutionizing the treat-
ment of transplant recipients. Whereas in 1996, 82% of 
children were treated with cyclosporine 1 month after renal 
transplantation, this decreased to 1% in 2009, because it was 
largely replaced by tacrolimus.159 Cyclosporine doses in chil-
dren need to be higher per body weight, because it is more 
rapidly metabolized than in adults. It has been suggested 
that cyclosporine should therefore be divided every 8 hours 
in young children and infants; however, this may actually 
result in lower dose–normalized area under the curve 
(AUC) throughout the day, in addition to being a drug 
regimen that is more difficult to follow.231 Drug level moni-
toring is important for maintaining therapeutic concentra-
tions, while avoiding toxicity. Trough levels are usually kept 
at 150 to 300 µg/L initially, and 75 to 125 µg/L after the 
first 6 months. Monitoring AUC or 2-hour–postdrug level, 
as an indicator of AUC, may be more effective in avoiding 
toxic effects. Cyclosporine is available as capsules and oral 

azathioprine, steroids, and cyclosporine at that time.224 
Rabbit ATG (Thymoglobulin) is usually the agent of choice, 
with a lower rate of acute rejection than horse-derived ATG 
(ATGAM).225 Another study, based on NAPRTCS, showed 
no advantage in graft or patient survival in children treated 
with muromonab-CD3 or rabbit ATG compared to children 
without antibody induction, and a higher risk for infection 
in the antibody-treated group.226 However, this was a retro-
spective study that did not consider whether patients were 
at a higher risk and therefore more likely to receive induc-
tion therapy. Pediatric studies using the IL-2 receptor 
blocker basiliximab as induction therapy combined with 
triple-drug maintenance immunosuppression showed a 
good safety profile but minimal or no additional benefit.227,228 
Alemtuzumab induction has been described in several small 
series of children, enabling steroid avoidance or tacrolimus 
monotherapy, with good results. Additional data will be nec-
essary to assess long-term graft outcomes and the risk for 
infection and posttransplantation lymphoproliferative 
disease (PTLD) associated with the use of this agent.229,230

According to NAPRTCS data, 50% to 60% of children 
receive antibody induction, a figure that did not change 
significantly between 1996 and 2009. Initially this was divided 
between rabbit ATG and muromonab-CD3; however, the 
use of muromonab-CD3 for induction in children declined 
sharply, because of its adverse effects, particularly the “first-
dose reaction,” which occurs in more than two-thirds of 
patients, and consists of fever, chills, headache, vomiting, 
diarrhea, hypotension, and occasionally pulmonary edema. 
In addition, some children may develop antibodies to 
muromonab-CD3. IL-2 receptor blockers were introduced 
in the late 1990s, and their use increased and largely 
replaced T cell–depleting agents in low-risk patients in the 
following years (Figure 76.4). However, the withdrawal of 
daclizumab together with data suggesting minor efficacy of 

Figure 76.4 Trends in immunosuppression treatment in pediatric kidney transplant (tx) recipients in the United States in 1998-2011. IL2-RA, 
Interleukin-2 receptor antibodies; mTOR, mammalian target of rapamycin. (Adapted from Scientific Registry of Transplant Recipients: OPTN/SRTR 
2011 annual data report: kidney. Pediatric transplant, pp 37-44. Available at: http://srtr.transplant.hrsa.gov/annual_reports/2011/pdf/01_kidney_12.pdf. 
Accessed June 29, 2013, p 42, Figure KI 8.23.)
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significantly lower rate of acute rejection in patients treated 
with mycophenolate.240 Whereas 20 years ago most children 
were treated with azathioprine as part of their immuno-
suppression regimen, in 2010, according to NAPRTCS,  
only 2.5% of children were receiving azathioprine, 
although it has not been proven inferior to mycophenolate 
in combination with tacrolimus.159 Adverse effects of 
azathioprine include myelosuppression and hepatotoxicity, 
which might require dose reduction. The therapeutic  
efficacy, bone marrow toxicity, and liver toxicity of azathio-
prine and its active metabolite 6-mercaptopurine (6-MP) 
may be related to their metabolites: 6-thioguanine and 
6-methylmercaptopurine. Thiopurine methyltransferase 
(TPMT) enzyme activity is a major factor determining aza-
thioprine and 6-MP metabolism. Testing for TPMT geno-
type and enzyme activity is available and can help guide 
therapy. The myelosuppressive action of azathioprine is 
potentiated by xanthine oxidase inhibitors such as allopuri-
nol, and if these medications are absolutely necessary, the 
dose of azathioprine must be reduced by 50% to 75%. 
Although azathioprine is still classified by the FDA as cate-
gory D for use in pregnancy, suggesting positive evidence of 
risk to the fetus, data accumulated over the years, especially 
from the National Transplantation Pregnancy Registry, have 
shown that the incidence of birth defects is similar to that 
in the general population.241 In addition, azathioprine is 
significantly less expensive than mycophenolate.

Mycophenolate

Mycophenolate mofetil, a reversible inhibitor of inosine 
monophosphate dehydrogenase, which downregulates spe-
cifically T and B cell proliferation, was developed as an 
alternative antimetabolite to azathioprine, with less bone 
marrow toxicity. It is rapidly metabolized to mycophenolic 
acid in vivo. It was shown to reduce the frequency of acute 
rejection and improve 5-year graft survival in children com-
pared to azathioprine, in combination with cyclosporine 
and prednisone.242 Some data suggest that in children with 
chronic allograft nephropathy (CAN), adding mycopheno-
late to the immunosuppressive regimen improves graft func-
tion.243 The main adverse effects of mycophenolate mofetil 
are gastrointestinal, including abdominal discomfort, 
nausea, and diarrhea. An alternative formulation, enteric-
coated mycophenolic acid, has been shown to have fewer 
side effects, as shown in small studies in children.244 Myco-
phenolate mofetil is available as capsules, tablets, and oral 
suspension, as well as intravenous preparation. Enteric-
coated mycophenolic acid cannot be made into a suspen-
sion, which limits its use in younger children, who may also 
be more susceptible to adverse gastrointestinal effects and 
leukopenia. However, a study did not demonstrate a higher 
rate of mycophenolate discontinuation due to side effects 
in children compared to adults.245 Anemia and leukopenia 
may also necessitate dose reduction. There is debate whether 
mycophenolic acid monitoring is beneficial in prevention 
of acute rejection. At this time approximately two-thirds of 
children with a kidney graft in the United States are treated 
with mycophenolate.159 Although initially dosing was 
600 mg/m2 body surface area twice daily, some protocols 
give a lower dose (300 mg/m2) to low-risk patients, with less 
adverse effects.246

solution. Absorption of different formulations may vary, and 
dosing should be guided by drug levels.

Of note, cyclosporine is nephrotoxic in a dose-dependent 
manner. It is associated with hypertension, hyperlipidemia, 
and hyperuricemia, all of which may contribute to cardio-
vascular disease. Cosmetic side effects are a major issue in 
young patients and include hirsutism, gum hyperplasia, and 
less frequently coarse facial features, which may contribute 
to nonadherence, particularly in teenagers.232 Several drugs 
interact with cyclosporine, in many cases decreasing its 
metabolism and potentially causing toxic concentrations. 
Common examples in children include macrolide antibiot-
ics or azole antifungal medications, which should be given 
with care, while monitoring calcineurin inhibitor levels. 
Ingestion of grapefruit juice may also decrease calcineurin 
inhibitor metabolism and should be avoided.

Tacrolimus

In the past decade, tacrolimus has been part of the immu-
nosuppression regimen in 60% to 70% of children after 
kidney transplantation in the United States.159 Metabolism 
varies greatly between individuals, younger children may 
require higher doses by weight,233 and all patients should 
have regular drug level monitoring. Initial target tacrolimus 
levels are high (10 to 15 ng/mL), gradually decreasing to 3 
to 6 ng/mL after the first 6 months. Several studies have 
been published comparing tacrolimus and cyclosporine in 
children. A NAPRTCS study comparing tacrolimus and 
cyclosporine, both in combination with mycophenolate 
mofetil and prednisone, showed no difference in rejection 
or graft survival at 1 and 2 years after transplantation. 
However, the children in the tacrolimus group were less 
likely to require antihypertensive treatments and had a 
higher GFR.234 A similar multicenter study from Europe 
showed decreased frequency of acute rejection and a higher 
GFR in the tacrolimus group, with a similar safety profile 
for both drugs.235 Long-term data showed better graft sur-
vival and GFR in the tacrolimus group, as well as lower 
cholesterol levels. There was no difference between the 
groups in regard to PTLD or diabetes mellitus.236 A compari-
son of protocol biopsy results in children demonstrated 
more subclinical acute rejection in those treated with 
cyclosporine.237

Tacrolimus adverse effects are similar to those for cyclo-
sporine, with a higher rate of posttransplantation diabetes 
mellitus and neurotoxicity for tacrolimus, manifested as 
tremor or seizures.238 A frequent reason for changing treat-
ment from cyclosporine to tacrolimus in children and ado-
lescents is the lack of cosmetic side effects of tacrolimus. A 
once-daily modified-release formulation of tacrolimus has 
been shown to improve patient compliance.239

ANTIMETABOLITES
Azathioprine

Azathioprine was found to be effective in prevention  
of renal graft rejection in the early 1960s, especially  
when combined with corticosteroids. When it is given as  
part of triple therapy with cyclosporine, pediatric doses are 
generally 1 to 2 mg/kg. In the 1990s several studies compar-
ing azathioprine with mycophenolate mofetil showed a  
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Sirolimus

The first drug in this group, sirolimus, was approved for use 
in adult solid organ transplantation in 2000. It is available 
as tablets and in liquid form. In adults it is usually prescribed 
once daily, but it has a shorter half-life in children, usually 
requiring twice-daily dosing. Trough levels should be moni-
tored and maintained at lower concentrations if used 
together with calcineurin inhibitors, because the combina-
tion enhances calcineurin inhibitor toxicity.

A study that used calcineurin inhibitors together with 
sirolimus and basiliximab induction, with the goal of  
steroid withdrawal in children, found a higher incidence of 
PTLD.254 Sirolimus has mostly been used in place of calci-
neurin inhibitors, in an attempt to reduce nephrotoxicity. 
A protocol treating children with IL-2 receptor blocker 
induction, mycophenolate, sirolimus, and steroids showed 
a higher incidence of acute rejection, as well as more adverse 
effects in the sirolimus group.255 Conversion from calcineu-
rin inhibitor to sirolimus to treat calcineurin inhibitor–
induced nephrotoxicity has also been attempted with 
improved GFR in some children, but with an increase in 
adverse events.256,257 Adverse effects of sirolimus include 
impaired wound healing, which can present a problem 
when used immediately after transplantation, hyperlipid-
emia, proteinuria, decreased levels of testosterone in some 
adolescent males, aphthous ulcers, interstitial pneumonia 
(including Pneumocystis jiroveci infections), anemia, and 
thrombocytopenia.258,259 The use of sirolimus in pediatric 
renal transplantation peaked in 2002 at 25% but subse-
quently decreased to less than 3% in the United States159,160; 
a similar trend was also seen in the Australia and New 
Zealand registry report.3

Everolimus

Everolimus has been studied in several small uncontrolled 
studies in children in combination with low-dose calcineu-
rin inhibitors with good short-term graft function.260 It may 
have less adverse effects than sirolimus, but there are no 
pediatric studies comparing the two medications.

OTHER IMMUNOSUPPRESSIVE MEDICATIONS
In most cases, new immunosuppressive agents are studied 
in adults before trials in children are performed. Belatacept, 
a costimulation inhibitor, has shown promise in adult 
patients undergoing renal transplantation, demonstrating 
improved GFR compared with cyclosporine, though with a 
higher incidence of acute rejection.261 Studies in children 
have not been performed, and a specific concern might be 
the higher frequency of PTLD in the belatacept-treated 
patients, particularly of the central nervous system. Because 
more children are seronegative for EBV going into trans-
plantation, the potential risk for PTLD could be even higher 
in this population.

IMMUNOSUPPRESSION COMBINATIONS

In North America the most common combination of immu-
nosuppression for pediatric kidney transplantation in the 
past decade has been tacrolimus, mycophenolate, and pred-
nisone, followed by tacrolimus and mycophenolate without 
corticosteroids.159 Approximately half the children receive 

Pregnancies in patients exposed to mycophenolic  
acid are associated with a high rate of birth defects;  
therefore adolescent girls must be cautioned to use reli-
able contraception if sexually active while treated with 
mycophenolate.247

CORTICOSTEROIDS
Corticosteroids have been a cornerstone drug in prevention 
of rejection of transplanted organs for decades. However, 
chronic corticosteroid therapy is associated with many 
adverse effects, including hypertension, hyperlipidemia, 
cardiovascular disease, glucose intolerance, osteoporosis 
and aseptic bone necrosis, cataracts and glaucoma, as well 
as weight gain, cushingoid appearance, acne, and psycho-
logic effects. The cosmetic effects are often a cause of non-
adherence in many patients, particularly adolescents. 
Corticosteroids also inhibit linear growth by several mecha-
nisms of action, including interference with the action of 
GH and inhibition of bone formation.248 Efforts to reduce 
the adverse effects of corticosteroids in children undergo-
ing renal transplantation have included using lower doses 
of prednisone, alternate-day regimens, steroid withdrawal 
protocols, and steroid avoidance.

Studies of steroid withdrawal protocols have shown 
improved linear growth and cardiovascular risk factors 
without increased acute rejection in low-risk children on 
combined cyclosporine or tacrolimus and mycopheno-
late.249,250 Steroid avoidance in unsensitized pediatric renal 
transplantation was reported initially in a single-center non-
randomized controlled study and demonstrated improved 
graft function and linear growth in the steroid-free group. In 
this protocol, induction therapy of prolonged daclizumab 
followed by tacrolimus and mycophenolate was given, and 
13% required conversion to steroid-based immunosuppres-
sion due to rejection.251 A subsequent multicenter random-
ized controlled trial of the same protocol also showed no 
difference in the rate of biopsy-proven acute rejection 
between the steroid-free and steroid-based groups. Improved 
systolic blood pressure and serum cholesterol levels were 
seen in the steroid-free group, but improvement in linear 
growth was seen only in a subgroup of children under the 
age of 5 years.246 As daclizumab became unavailable, this 
protocol was tested in a small group of higher-risk children 
using ATG with similar results.252 Most centers that use rapid 
discontinuation of corticosteroids or steroid-free protocols 
now do so with ATG induction therapy.253 Steroid avoidance 
protocols have not been well studied in high-risk pediatric 
transplant recipients, including nonwhites, patients who 
have undergone retransplantation, and sensitized patients. 
According to NAPRTCS, corticosteroid use was almost uni-
versal in children undergoing renal transplantation until the 
year 2000. Subsequently their use has decreased to approxi-
mately 60%, which has remained constant over the past few 
years (see Figure 76.4).160 Centers that continue to use triple 
immunosuppression in low-risk patients generally taper cor-
ticosteroid dose within a few weeks to doses of 0.1 mg/kg or 
less, and many give alternate-day low-dose steroids.

MAMMALIAN TARGET OF RAPAMYCIN INHIBITORS
Mammalian target of rapamycin (mTOR) inhibitors  
block the proliferative response of lymphocytes to IL-2 
stimulation.
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graft perfusion. Good urine output, particularly in a patient 
previously oliguric or anuric, is a useful marker of graft 
function. Oligoanuria or a significant decrease in urine 
output, on the other hand, needs to be evaluated and 
treated immediately. Bladder drainage must be assessed by 
flushing or exchanging the bladder catheter. Ultrasonogra-
phy can assess the kidney, its perfusion, the presence of a 
fluid collection suggesting leak or bleeding, the ureter, and 
the bladder. Absent blood flow may be due to thrombosis 
and necessitates prompt surgical intervention, as does sig-
nificant bleeding or a urinary leak. Intravenous fluids are 
given to replace insensible losses and urine output, as well 
as additional fluids to account for third-space losses and to 
keep central venous pressure on the high side of normal. 
This approach should maintain good graft perfusion, which 
in turn will increase urine output. However, if urine output 
does not increase, intravascular volume overload may result, 
manifesting as respiratory compromise and hypertension. 
Volume overload may respond to diuretics, but dialysis may 
be necessary in some patients.

Prophylactic treatment for infections is started postopera-
tively. Perioperative antibiotics are usually given to prevent 
wound infection. P. jiroveci prophylaxis, usually with 
trimethoprim-sulfamethoxazole, may also decrease the inci-
dence of urinary tract infection (UTI). Antiviral medication 
is given to prevent CMV disease, usually oral valganciclovir, 
the duration of therapy depending upon pretransplantation 
donor and recipient serologic status and on whether 
lymphocyte-depleting induction immunosuppression was 
given.263,264 Some centers prescribe antifungal prophylaxis, 
especially in patients with prolonged intensive care unit stay 
or antibiotic treatment. Low-molecular-weight heparin or 
aspirin is often given after transplantation to prevent graft 
thrombosis.265

EARLY COMPLICATIONS OF KIDNEY 
TRANSPLANTATION

DELAYED GRAFT FUNCTION

Delayed graft function (DGF) is usually defined as the need 
for dialysis during the first week after renal transplanta-
tion.266 The most common cause of DGF is postischemic 
acute injury of the graft, which is associated with deceased-
donor kidney, prolonged ischemic time, and hemodynamic 
factors during and immediately after transplantation.159 
Laparoscopic donor nephrectomy may have been associated 
with a higher risk for recipient DGF,267 but later data showed 
no difference in adverse outcomes for kidneys procured by 
laparoscopy.268 Deceased-donor kidneys are associated with 
a higher risk for DGF, particularly from donors after cardiac 
death.269 DGF adversely affects long-term graft survival and 
function, reducing 5-year survival by approximately 20%, 
both in living- and deceased-donor kidney transplants.159,270 
Other causes of DGF include graft thrombosis, which can 
be diagnosed by ultrasonography or radionuclide scan, and 
may require surgical revision. Thrombosis can be prevented 
by meticulous surgical technique and attention to fluid 
balance, as well as identifying and treating patients with 
thrombophilic risk factors. Use of antibody induction may 
decrease the incidence both of postischemic DGF and graft 

antibody induction therapy, most commonly ATG, followed 
by IL-2 receptor blocker basiliximab. Most steroid-free pro-
tocols use antibody induction therapy.159

PERIOPERATIVE MANAGEMENT

Pediatric renal transplantation should always be managed 
by an experienced team that includes pediatric transplant 
surgeons, nephrologists, anesthesiologists, intensive care 
experts, and other specialists, to ensure an optimal outcome.

Technical causes are responsible for a higher proportion 
of early graft loss in young children, primarily from graft 
thrombosis. Vascular anastomoses of the graft in very small 
children are usually to the aorta and the IVC, rather than 
the iliac vessels used in older children and adults, to provide 
sufficient renal perfusion, particularly when the graft is an 
adult-sized kidney. The donor renal artery may be the same 
size as the recipient aorta, and the renal vein may be signifi-
cantly larger than the recipient’s IVC. A straight and direct 
course for each renal vessel to the aorta and vena cava will 
avoid kinking and risk for thrombosis. A midline transperi-
toneal approach is often used in the youngest patients, in 
contrast to the usual lower abdominal extraperitoneal inci-
sion. Stenosis or thrombosis of the IVC is a rare finding but 
may be seen in children who have had CVCs in infancy, 
abdominal surgery, or a hypercoagulable state, posing a 
problem for graft anastomosis. This should be evaluated 
before transplantation by Doppler ultrasonography or 
venography, and in case of a significant IVC pathologic 
condition an alternative vein should be selected. There may 
be an advantage for transplanting a pediatric (deceased) 
donor kidney in such cases.262

The adult-sized kidney graft requires a major increase in 
CO to maintain good perfusion and avoid AKI attributed to 
ATN or vascular thrombosis. Even with optimal mainte-
nance of recipient intravascular volume, blood flow to the 
adult-sized donor kidney is significantly reduced at trans-
plantation. Further reduction in blood flow could result in 
graft ischemia; therefore blood pressure values, which may 
be relatively high for the young child, and high-normal 
central venous pressure need to be maintained during trans-
plant surgery and postoperatively. After anastomosis is com-
pleted, release of vascular clamps will cause immediate flow 
of a large portion of the child’s blood volume into the graft, 
a critical time point when intravascular volume must be 
controlled. Maintaining relative hypervolemia immediately 
after transplantation may delay weaning from mechanical 
ventilation for 1 to 2 days. Aggressive volume administration 
to optimize intravascular volume and graft blood flow is 
important in the following weeks and months and may 
require fluid supplements by the nasogastric route.262 Avoid-
ing AKI in the postoperative period also enables early full 
dosing of calcineurin inhibitors, thus preventing early acute 
rejection.

IMMEDIATE POSTOPERATIVE PERIOD

In the first few days after transplantation the child is usually 
treated in the intensive care unit. Close attention is paid to 
vital signs and fluid management with the goal of optimizing 
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severe cases. In acute AMR there is acute tissue injury, 
including findings of ATN, capillary endothelial swelling, 
arteriolar fibrinoid necrosis, or fibrin thrombi in glomeru-
lar capillaries. In addition, there is evidence of an antibody-
mediated complement activation—C4d deposition in the 
peritubular capillaries of the allograft, together with circu-
lating DSA. The two types of acute rejection may coexist.

The cornerstone of therapy for acute cellular rejection  
is high-dose corticosteroids, most often pulse intravenous 
methylprednisolone. In steroid-resistant rejection, lymph-
ocyte-depleting agents, particularly rabbit ATG, may be 
administered. Premedication with methylprednisolone and 
antihistamine usually prevents a cytokine release syndrome, 
which may be seen, particularly with the first dose of rabbit 
ATG. Approximately 50% to 60% of children treated for 
acute rejection will have a complete response, with GFR 
returning to baseline, and another 30% to 40% will have a 
partial response.159 When acute rejection is diagnosed, the 
possibility of underimmunosuppression must be addressed. 
This may be due to underdosing of medications, or more 
commonly, particularly in teenage patients, nonadherence 
to immunosuppressive drugs.278,279 Attention must be given 
to maintenance immunosuppression, considering adding 
prednisone to a steroid-free protocol, substituting cyclospo-
rine for tacrolimus, or increasing the antimetabolite dose, 
in order to improve response to therapy and reduce the 
incidence of recurrent acute rejection.280 Acute AMR is 
often refractory to conventional antirejection therapy and 
has a high rate of graft loss. Intensification of maintenance 
immunosuppression and plasmapheresis, with or without 
intravenous immune globulin, have been used with some 
success in children.281,282 Therapies aimed at depleting B 
cells (rituximab), plasma cells (bortezomib), and inhibition 
of complement (eculizumab) have also been described  
in pediatric patients, with mixed results.283-285 Acute rejec-
tion is a predictor for tubular atrophy and interstitial  
fibrosis and adversely affects long-term graft survival and 
function.286-288

Close monitoring is imperative to avoid early acute rejec-
tion and enable its prompt detection and treatment. Serum 
creatinine level is monitored daily in the first few days after 
transplantation, followed by at least twice weekly for 2 to 3 
months, together with drug concentration monitoring. 
Later, if there are no complications, the frequency of testing 
is decreased to once a month after the first 6 to 12 months. 
Even stable children and adolescents require regular 
follow-up at the pediatric transplant clinic, to help prevent 
nonadherence and the resulting graft rejection, as well as 
for long-term management of the many other aspects of 
their health.

INFECTIONS

As more-potent immunosuppressive agents were introduced 
into the treatment of renal transplantation, the frequency of 
acute rejection decreased, as did hospitalizations for rejec-
tion episodes. In the pediatric population in particular, the 
price for this has been a higher rate of infections, particu-
larly CMV and EBV, and the emergence of new infection-
related complications—PTLD and BKVAN. The use of 
antibody induction and the presence of indwelling vascular 
or urinary catheters increase the risk for infection.226,289 

thrombosis in pediatric renal transplantation,271,272 though 
the reasons for this are not clear.

Urologic complications such as urinary leak or obstruc-
tion may also cause DGF or acute decrease in urine output; 
diagnosis is aided by ultrasonography and radionuclide 
scan. Ureteral stents are sometimes placed at transplanta-
tion for 4 to 6 weeks to prevent obstruction, but their use is 
controversial and may be associated with increased risk for 
UTI.273

Hyperacute rejection or accelerated acute rejection 
superimposed upon postoperative ATN may also present as 
DGF. Hyperacute rejection is usually due to preformed anti–
donor ABO or HLA antibodies, manifesting as irreversible 
rapid destruction of the graft within minutes to hours of 
transplantation. Because blood type and HLA matching 
have been routinely performed, these reactions are exceed-
ingly rare. Pretreatment of recipients with grafts mismatched 
for ABO antigens or with DSA with desensitization protocols 
generally prevents this disastrous outcome.200,212-214 Graft 
nephrectomy is usually the only therapeutic option.

FSGS recurrence can manifest as primary nonfunction 
and requires a graft biopsy for diagnosis, particularly if pre-
senting as oligoanuria.274,275

ACUTE REJECTION

Acute renal allograft rejection is a common complication of 
pediatric renal transplantation, though its frequency has 
decreased significantly from over 70% in 1987 to 1990, to 
13% since 2007.159 This is thought to be due to newer, more 
potent immunosuppressive medications now used. The 
highest risk for acute rejection is in the first few weeks to 
months; however, it may occur at any time, even years after 
transplantation. It is more frequent after deceased-donor 
transplantation compared to living donor (15% versus 10% 
in 2007 to 2010),159 suggesting susceptibility of the graft with 
longer ischemic time, for example, due to exposure of anti-
gens promoting an immune reaction. It is also more 
common in African Americans159 and in non-European 
immigrant children compared to native Western Europe-
ans, adjusted for donor source.276 Graft tenderness and fever 
as manifestations of acute rejection are unusual in the 
present era of immunosuppression, and acute decrease in 
GFR may be the only sign. Even a small increase in serum 
creatinine level, particularly when baseline creatinine level 
is normal, may indicate a significant decrease in GFR and 
should prompt investigation. This will include urinalysis and 
urine culture to rule out infection and glomerular disease, 
BK virus polymerase chain reaction (PCR), and ultrasonog-
raphy to look for obstruction, fluid collection, or vascular 
compromise. Biopsy should be performed whenever possi-
ble to confirm the diagnosis, because other causes of graft 
dysfunction, such as drug toxicity, particularly calcineurin 
inhibitor, or viral infection including BK virus–associated 
nephropathy (BKVAN), may be difficult to distinguish from 
acute rejection on clinical grounds alone. Graft biopsy is 
safely performed under ultrasonographic guidance, and 
light general anesthesia or conscious sedation is helpful in 
reducing anxiety and pain. The Banff criteria are used to 
grade acute rejection.277 Acute cellular rejection is charac-
terized by lymphocyte infiltration of tubules (tubulitis) and 
interstitium, with involvement of arterial walls in more 
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in 25% to 40% of pediatric kidney transplant recipi-
ents.264,297,299 Infection is generally defined as positive CMV 
PCR results (viremia) and may be asymptomatic. CMV 
disease is defined as viremia with clinical symptoms, most 
commonly fever and malaise, with tissue-invasive disease in 
some cases, involving the respiratory, hepatic, and gastroin-
testinal tracts. Allograft dysfunction, leukopenia, and throm-
bocytopenia are frequently observed laboratory findings.  
In invasive disease, treatment is usually started with intrave-
nous ganciclovir, followed by oral valganciclovir when  
clinical improvement and reduction in viral load are  
seen. Although the VICTOR study demonstrated equivalent 
efficacy of oral valganciclovir and intravenous ganciclovir  
in adult transplant recipients, it is not clear if these find-
ings can be extrapolated to the pediatric population.300 
Immunosuppression should be reduced, usually by 
discontinuation of the antimetabolite drug—azathioprine 
or mycophenolate.300 Hyperimmune CMV globulin prepara-
tion may be given to the most severe cases, though its effi-
cacy is questionable.297 Although CMV infection is usually 
an indicator of overimmunosuppression, there have been 
studies linking CMV with acute rejection.301 Subclinical 
CMV, as well as EBV infection, which may occur despite 
prophylactic treatment, is associated with chronic allograft 
injury in children.302 Treatment is continued until after viral 
eradication is demonstrated, followed by a prophylactic 
dose for several weeks. Relapse may occur after the end of 
therapy299; therefore viral monitoring should be continued 
for several weeks after treatment cessation, and after rein-
troduction of the antimetabolite, which is usually at a lower 
dose than before CMV infection. Failure to respond to 
therapy, either clinically or virologically, may be due to viral 
ganciclovir resistance, usually due to viral UL97 mutations. 
Treatment options include high-dose ganciclovir or switch-
ing to foscarnet, which is nephrotoxic, though studies in 
children are lacking.300,303

EPSTEIN-BARR VIRUS INFECTION
Similar to the situation with CMV serologic results, approxi-
mately half of the pediatric patients undergoing renal trans-
plantation are seronegative for EBV, whereas only 10% of 
donors are EBV naive.160 Seronegative patients receiving 
grafts from EBV-positive patients are at a higher risk for 
infection; therefore EBV disease is more common in younger 
children. EBV infection may be asymptomatic, it can present 
as an acute viral syndrome, or it may be associated with 
PTLD. Of the patients with primary EBV infection, adoles-
cents may be more likely to develop PTLD and have a 
poorer prognosis.304

Monitoring viral load in peripheral blood by quantitative 
PCR, particularly in high-risk patients in the first year after 
transplantation, is important to identify infection and 
enable early intervention. A prospective study in Germany 
found that primary infection occurred in 63% of seronega-
tive pediatric patients and reactivation or reinfection in 44% 
of seropositive patients, though many of the infections were 
asymptomatic.305 More intensive immunosuppression is 
associated with a higher rate of symptomatic EBV infection. 
Prophylaxis with ganciclovir or valganciclovir in high-risk 
patients was shown to reduce the incidence of EBV viremia 
and also to decrease the viral load in those who were 
infected.306 Clinical disease usually presents with protracted 

Hospitalization for infection was higher in children after 
kidney transplantation in the first 3 years compared to adults 
(47.4% vs. 39.8%).290 In the immediate posttransplantation 
period, the most frequent infections are surgical, UTI, and 
pneumonia. Subsequently, in the early months after trans-
plantation, viral infections are common, cause significant 
morbidity, and may adversely affect graft function.

URINARY TRACT INFECTION
UTI is a common complication in children who have under-
gone renal transplantation, with an overall frequency of 
30% to 40% over the first 3 years. Risk factors include a 
pretransplantation diagnosis of obstructive uropathy or 
VUR, bladder abnormalities, and pretransplantation UTI.291 
Ureteral stents placed during transplantation may also 
increase the risk for UTI.273 Although graft dysfunction may 
occur during allograft pyelonephritis, long-term graft func-
tion may not be affected.291-293 Trimethoprim-sulfamethoxa-
zole prophylaxis for Pneumocystis infection may reduce the 
incidence of UTI, but bacterial susceptibilities vary between 
medical centers and may render this strategy ineffective. 
Many clinics routinely culture urine from patients who have 
undergone transplantation at every visit, and the indication 
for treatment of asymptomatic bacteriuria without pyuria 
remains unclear, because resistant organisms may emerge.294 
The association between VUR to the kidney graft and UTI 
is not clear, though preexisting reflux to the native kidneys 
is a risk factor for UTI after transplantation. A study in 
adults found early VUR to the graft in 40.7% of patients, 
despite using extravesical mucosal tunneling technique to 
prevent reflux. There was no increased incidence of UTI or 
impact on graft function.295 Nonetheless, in children with 
recurrent UTI after transplantation and documented VUR, 
small case series have shown successful endoscopic correc-
tion, particularly in patients without underlying lower 
urinary tract abnormalities.296

CYTOMEGALOVIRUS
Despite widespread use of antiviral prophylactic treatment, 
CMV infection continues to be a common, and occasionally 
severe, complication of pediatric renal transplantation.264 
The most vulnerable group is children who are seronegative 
for CMV before transplantation, receive a kidney from a 
seropositive donor, and then develop a primary infection.297 
Children who receive rabbit ATG induction are also at a 
higher risk for CMV infection.226,264 According to OPTN 
data, 64% of children undergoing kidney transplantation in 
2007 to 2011 had negative CMV serologic results, whereas 
donors were more likely to have positive results (60.6% of 
deceased donors and 50.7% of live donors in the United 
States).160 Secondary infection may also occur, either as reac-
tivation of the host strain or infection from the donor strain, 
and may be less severe clinically. Valganciclovir has been 
shown to be at least as effective as oral ganciclovir in chil-
dren for CMV prevention and has better bioavailability and 
easier once-daily dosing.263 Dosing should be based on body 
surface area and corrected for renal function.298 The main 
adverse effect of prophylaxis is hematologic toxicity, occa-
sionally necessitating dose reduction or discontinuation of 
treatment.264,299 The duration of treatment is usually 3 to 6 
months, depending on the state of seroconversion. Most 
cases of CMV infection occur after cessation of prophylaxis, 
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histologic findings in association with high BK viral load in 
the blood are diagnostic.

Initial treatment of BK viremia is reduction of immuno-
suppression, usually discontinuation of the antimetabolite 
or decrease in the target levels of the calcineurin inhibitor. 
This is best done when persistent viremia or increasing viral 
load is observed and can prevent progression to overt 
nephropathy.309-312 The reduction of immunosuppression 
enables the patient’s immune system to clear viremia more 
effectively by expanding BK virus–specific cell immunity and 
specific immunoglobulins.309 Treatment of established 
BKVAN is often less successful. Several medications with 
antiviral activity have been used to treat patients with BKVAN 
unresponsive to immunosuppression minimization, with 
varying degrees of success, but no randomized controlled 
studies have been performed.313 These medications include 
intravenous γ-globulin, quinolone antibiotics, cidofovir, and 
leflunomide.314,315

VARICELLA
Immunization against varicella-zoster virus is recommended 
before transplantation, because the use of live attenuated 
viral vaccine is controversial in immunocompromised 
patients.185 Varicella infection in an unimmunized renal 
transplant recipient may result in severe disease, with vis-
ceral involvement in some cases. Postexposure prophylaxis 
of nonimmunized patients with varicella-zoster immuno-
globulin should be administered as early as possible, and if 
clinical disease develops, treatment with intravenous acyclo-
vir is initiated. Temporary discontinuation of the antime-
tabolite, or dose reduction, is usually recommended.316

OTHER INFECTIONS
Respiratory Viruses

Respiratory viruses, in particular influenza virus infection, 
may be associated with severe morbidity in the immunosup-
pressed host. Disease severity may be related to the degree 
of immunosuppression, and clinical presentation may be 
atypical. Pretransplantation vaccination is recommended, as 
well as yearly seasonal inactivated influenza vaccine after 
transplantation. Young children (<9 years) receiving the 
vaccine for the first time should receive two doses, 4 weeks 
apart. Vaccine immunogenicity is variable, but data suggest 
that immunization reduces mortality and clinical severity as 
well as infection-related acute rejection.317

Cutaneous Warts

Cutaneous warts, usually due to infection with human papil-
lomavirus, are common in children after renal transplanta-
tion. Although malignant potential is low, these lesions can 
be numerous and cause distress due to cosmetic issues. 
Lesions may be refractory to treatment or recurrent.318

Pneumocystis jiroveci Pneumonia

P. jiroveci pneumonia is a classic example of an opportunistic 
infection, which is very rare in the immunocompetent  
host. With the widespread use of prophylaxis, usually  
with trimethoprim-sulfamethoxazole, the true incidence  
of posttransplantation infection is unknown. Antipneumo-
cystis prophylaxis is usually given for 6 to 12 months after 
kidney transplantation, after which net immunosuppression 

fever, lymphadenopathy, tonsillitis, and hepatosplenomeg-
aly. Laboratory findings may include leukopenia, atypical 
lymphocytes, elevated liver enzyme levels, and IgM antibod-
ies for EBV, and allograft dysfunction may occur. Diagnosis 
is confirmed by EBV viral load, which is also used to monitor 
the course of the disease and response to therapy. PTLD 
appears to be due to B cell proliferation induced by infec-
tion with EBV, and there is a continuum of EBV-associated 
diseases from mononucleosis to full-blown monomorphic 
lymphoma. Imaging will help in detecting lymphoid masses, 
which might require biopsy to rule out malignant PTLD. 
The cornerstone of therapy and prevention of PTLD is 
immunosuppression reduction when there is a significant 
EBV viral load, specifically, decreasing the dose of the anti-
metabolite or discontinuing the antimetabolite and lower-
ing the target levels of tacrolimus. Antiviral therapy for 
persistent EBV viremia with valganciclovir has been shown 
to be effective in reducing viral loads in pediatric liver trans-
plant recipients, but its use in treatment of EBV infection 
after renal transplantation is controversial. Some children 
after renal transplantation may have persistent high EBV 
viral load without ever developing PTLD.305,307 Adolescents 
with primary EBV infection are more likely to develop PTLD 
and have a poorer prognosis.304

BK VIRUS INFECTION
BK polyomavirus infection emerged as an important clinical 
entity in patients undergoing renal transplantation in the 
late 1990s, coinciding with the introduction of more potent 
immunosuppression regimens. BK virus infection may result 
in BKVAN, manifesting as tubulointerstitial nephritis with 
graft dysfunction and potential graft loss, as well as ureteral 
stenosis and hemorrhagic cystitis. Although previously 
thought to be rare in children, data from NAPRTCS showed 
a prevalence of 4.6%, similar to that in adults.308 BK trans-
mission occurs in childhood, when the virus remains latent 
in the tubular epithelial cells. Immunosuppression after 
transplantation may cause reactivation and high-rate viral 
replication in the kidney graft and is therefore considered 
a consequence of immunosuppression. Young recipients 
may develop primary BK infection transmitted from the 
donor kidney. Risk factors for BKVAN include antibody 
induction, DR mismatch, and treatment for rejection.308

The virus appears first in the urine and if progression 
occurs, is detected in the blood by quantitative PCR for viral 
DNA. Histologic changes are observed in patients with per-
sistent or increasing plasma viral loads.309 Surveillance is 
recommended to enable early diagnosis and intervention. 
Detection of viruria has questionable clinical implications, 
because it is not correlated with graft damage, but it does 
identify patients at risk for subsequent viremia. Monitoring 
plasma quantitative PCR periodically, particularly in the 
early months after transplantation, after acute rejection, 
and at any time when there is an unexplained elevation of 
the serum creatinine level, is the accepted strategy for diag-
nosis in children.309,310 Kidney biopsy is performed if there 
is graft dysfunction. Typical findings include cytopathic 
changes and tubulointerstitial nephritis, which can be dif-
ficult to differentiate from other viral infections or acute 
cellular rejection and may even coexist with other condi-
tions in some cases. Immunohistochemical staining for 
SV40 viral antigen is highly specific for BKVAN. Relevant 
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shown in a case series from France.198 Three patients in 
whom treatment was discontinued experienced a relapse, 
suggesting that long-term therapy is needed.

In primary hyperoxaluria type 1, abnormal massive 
oxalate production by the liver causes ESKD, and this 
process continues after isolated kidney transplantation, 
causing graft failure. Combined liver-kidney transplantation 
corrects the underlying enzymatic defect and enables long-
term graft survival.197

Other diseases that may recur and may cause graft dys-
function or failure include lupus nephritis, IgA nephropa-
thy, Henoch-Schönlein nephritis, membranous nephropathy, 
and diabetic nephropathy.

CHRONIC ALLOGRAFT NEPHROPATHY

The most common cause of graft loss after the first year is 
CAN, accounting for approximately 35% of failed kidney 
grafts, according to several pediatric databases world-
wide.3,160 CAN is also known as chronic rejection, transplant 
nephropathy, and chronic renal allograft dysfunction or 
injury. There are no universally accepted diagnostic criteria, 
and the pathogenesis is not completely understood. On 
biopsy, the revised 2005 Banff classification system changed 
the terminology to grading of interstitial fibrosis and tubular 
atrophy, without evidence of any specific cause, although 
pathologic involvement also typically includes the blood 
vessels and glomeruli.277 Clinically, CAN is suspected when 
there is a slow deterioration in allograft function beyond the 
first 3 months after transplantation with no evidence of 
acute rejection, drug toxicity, infection, or other pathologic 
process. There may also be increasing proteinuria and wors-
ening hypertension. The etiology of CAN is multifactorial 
and includes immunologic and nonimmunologic factors. 
Adequate long-term immunosuppression is important in 
prevention of immunologically mediated CAN, although 
chronic calcineurin inhibitor toxicity may be difficult to 
distinguish from CAN in some cases. Changes in immuno-
suppression may occasionally ameliorate CAN, for example, 
treatment with mycophenolate in children with CAN may 
improve graft function.243 Optimal control of hypertension 
and treatment of hyperlipidemia are also important. Non-
adherence to medical therapy in pediatric renal transplant 
recipients is associated with a higher rate of chronic rejec-
tion and graft loss.323

PATIENT SURVIVAL

Survival of children after kidney transplantation improved 
in 1996 to 2007 compared to the previous decade and was 
96.3% for recipients of deceased-donor allografts and 97% 
for recipients of living-donor allografts, at 5 years. Survival 
was lower in infants younger than 24 months at transplanta-
tion. The most common cause of death was infection 
(28.5%), followed by cardiopulmonary causes (14.7%) and 
malignancy (11.3%). Overall, death was more likely in 
patients with failed grafts, though 47.5% of patients who 
died had a functioning allograft.159 Survival after renal trans-
plantation is higher than in children remaining on chronic 
dialysis. Adjusted all-cause mortality is approximately 

is lower. Pneumocystis infection may coexist with CMV 
or respiratory viruses and should be considered in the  
immunosuppressed child with unexplained respiratory 
symptoms.319,320

RECURRENCE OF PRIMARY KIDNEY DISEASE

According to NAPRTCS data, 7.8% of grafts in children are 
lost to disease recurrence.159 The most common recurring 
kidney disease is FSGS, but MPGN (type II in particular), 
atypical HUS, primary hyperoxaluria type 1, and others can 
recur in the graft. It is important to identify patients at risk 
for recurrence to enable early diagnosis and therapeutic 
intervention.

FSGS is responsible for approximately 10% of ESKD in 
children in the United States, presenting as steroid-resistant 
nephrotic syndrome, and carries an overall risk of 30% for 
recurrent nephrotic syndrome. It is, however, a histologic 
finding that may be caused by different underlying patho-
genetic mechanisms, for example, genetic mutations in 
genes responsible for components of the glomerular barrier 
such as podocin. This group of genetic structural abnor-
malities causing FSGS has a low rate of recurrence post-
transplantation. In idiopathic FSGS the risk for recurrence 
is higher in children than in adults, in patients with rapidly 
progressive disease, and in those who already had recur-
rence in a previous graft.274 Native kidney nephrectomy 
before or during transplantation surgery should be consid-
ered in children with FSGS who have residual urine output, 
to enable prompt diagnosis of recurrence. Recurrent FSGS 
is thought to be due to humoral factors that cause damage 
to the glomerular barrier, which is the rationale for treat-
ment strategies aimed at removal of such a factor. Serum 
soluble urokinase-type plasminogen activator receptor has 
been identified as a possible permeability factor responsible 
for recurrent FSGS, though this has not been supported in 
pediatric studies.321,322 Preemptive and therapeutic plasma-
pheresis for disease recurrence, as well as treatment with 
anti-CD20 antibody rituximab, have shown some efficacy in 
achieving remission of proteinuria. Recurrent FSGS in the 
graft, particularly if unresponsive to therapy, is associated 
with a high rate of graft failure.275

MPGN type I is the underlying diagnosis in 1.7% of  
children receiving their initial kidney transplant and  
may recur in 20% to 30% after transplantation. MPGN type 
II is rarer, but the recurrence rate is higher at 45% and is a 
cause of graft failure in many of the patients. There is no 
evidence of any successful treatment for either of these 
conditions. Recurrence in a subsequent graft is almost 
universal.195

Atypical HUS causes ESKD in more than half of patients. 
It may be due to various disorders of complement regula-
tion, including mutations in complement factor H or I, 
membrane cofactor protein, and others. The specific cause 
of the disease should be investigated before considering 
transplantation, to assess the risk for recurrence. Renal 
transplantation without specific intervention is associated 
with a very high rate of recurrence and of graft loss. Eculi-
zumab, an anti–complement factor 5 monoclonal antibody 
aimed at stopping uncontrolled complement activation, has 
been used both to prevent and to treat recurrence of atypi-
cal HUS after transplantation with excellent results, as 
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appropriate-sized cuff should be used, and at least two or 
three measurements should be performed when the child is 
calm. Blood pressure measurements are compared to normal 
value for gender, age, and height percentile, as published in 
“The Fourth Report on the Diagnosis, Evaluation, and Treat-
ment of High Blood Pressure in Children and Adoles-
cents,”327 which provides ninetieth and ninety-fifth 
percentiles. The vast majority of children reaching ESKD 
have hypertension, defined as values above the ninety-fifth 
percentile, and it remains a problem for many patients after 
renal transplantation. In a European study reporting data 
from 10 countries, approximately two-thirds of children 
receiving RRT had hypertension, but uncontrolled hyper-
tension was more common in children undergoing dialysis 
than in patients who have undergone transplantation.47

In the early period after transplantation the causes of 
hypertension include volume overload, acute rejection, and 
therapy with corticosteroids and calcineurin inhibitors, 
which are given at higher doses at this time. Hypertension 
may appear months or even years after transplantation, as 
shown in a cohort of pediatric renal transplant recipients in 
the United Kingdom.328 Ambulatory 24-hour blood pressure 
monitoring is a useful tool in diagnosing masked or noctur-
nal hypertension, which may be quite common.329,330

Hypertension is often associated with graft dysfunction 
from any cause but may also be due to renal allograft artery 
stenosis, or end-stage native kidneys even with a well-
functioning graft. Obesity that predates transplantation or 
develops subsequently is also associated with hypertension 
and metabolic syndrome.331

New-onset hypertension, occasionally associated with a 
murmur audible over the graft, should be investigated with 
imaging to rule out renal artery stenosis. Allograft artery 
stenosis can in some cases be corrected by angioplasty, with 
improvement in hypertension. Antihypertensive medication 
is prescribed as necessary, with target blood pressure mea-
surements under the ninetieth percentile for age and 
height, as in other high-risk pediatric groups.327 Choice of 
therapeutic agent depends on the underlying cause; 
angiotensin-converting enzyme (ACE) inhibitors and angio-
tensin receptor blockers may be appropriate in patients with 
hypertension, particularly associated with proteinuria, but 
possibly hazardous in uncorrected allograft artery stenosis. 
Diuretics are helpful in treatment of early volume overload–
associated hypertension, whereas calcium channel blockers 
may minimize calcineurin inhibitor–related renal vasocon-
striction.332,333 Uncontrolled hypertension may affect graft 
function, as shown in adults in the Collaborative Transplant 
Study, which demonstrated that lowering systolic blood pres-
sure was associated with improved graft function.334

CARDIOVASCULAR DISEASE

LVH is the most frequent cardiac abnormality in children 
after renal transplantation, with a prevalence of 10% to 50% 
in various studies.335-338 LVH is correlated to hypertension 
and also to the presence of metabolic syndrome.339 In most 
children with LVH it appears before transplantation, and 
some studies have shown improvement in left ventricular 
mass index after transplantation.337

Cardiovascular mortality is much higher in children with 
CKD compared to the general pediatric population. 

fourfold higher in children undergoing dialysis than in chil-
dren after renal transplantation.2

GRAFT SURVIVAL

A similar improvement in graft survival is seen over time, 
with 5-year deceased-donor graft survival of 78.4% in the 
cohort of 1996 to 2010 compared to 62.4% in patients under-
going transplantation in 1986 to 1995. In living-donor kidney 
allografts the increase in 5-year graft survival is more modest: 
85.7% in the cohort of 1996 to 2010 compared to 78.9% in 
patients undergoing transplantation in 1986 to 1995.159 Data 
from Australia, pooling living- and deceased-donor renal 
transplantation in children, demonstrates 5-year graft sur-
vival of approximately 80% since 2002.3 Reports from several 
developing countries that have a pediatric kidney transplan-
tation program (some with the living-donor option only) 
have shown 5-year graft survival of 65% to 92%.324 Graft 
failure is defined by return to dialysis, repeat transplanta-
tion, or death. The most common cause of graft failure is 
CAN or chronic rejection (35%), with various types of acute 
rejection responsible for 15% of graft loss. In comparison to 
adults, death with functioning graft is less common in chil-
dren (9%), whereas vascular thrombosis or technical diffi-
culties are more frequent (approximately 11%).159 This is 
due to better general health in pediatric kidney recipients 
on the one hand, and smaller blood vessels, which make 
vascular anastomoses technically challenging on the other. 
Children who receive a living-donor kidney have a graft half-
life of 15 years, compared to 11 years in those who receive a 
deceased-donor allograft.160 Prognostic factors associated 
with shorter graft survival include race (black vs. nonblack), 
prior transplantations, HLA mismatching, and blood trans-
fusions. A study showed that patients receiving their graft at 
age 14 to 16 years were at risk for graft failure, in particular 
if they were black or did not have private insurance.325 It is 
difficult to evaluate the association of antibody induction 
therapy with graft outcome because of patient selection 
bias.159 Delayed graft function due to ATN is associated with 
a 20% reduction in 5-year graft survival in living- and 
deceased-donor kidney recipients.159 GFR, estimated by a 
serum creatinine–based formula, has also improved over the 
last decade, with approximately 70% of patients in 2010 dis-
charged from the hospital after renal transplantation with 
eGFR greater than 60 mL/min/1.73 m2, which is essentially 
unchanged 1 year later.160

Graft failure may be associated with an inflammatory 
reaction, which may be severe enough to necessitate graft 
nephrectomy. This is more common in early graft loss or 
high-grade rejection by biopsy. However, graft nephrectomy 
is associated with higher circulating HLA antibodies, which 
may affect future retransplantation outcomes.326

LONG-TERM FOLLOW-UP OF CHILDREN 
WITH KIDNEY TRANSPLANT

HYPERTENSION

Blood pressure monitoring is an integral part of regular 
follow-up of pediatric kidney transplant recipients. The 
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increasing. It is associated with older age (adolescents versus 
younger children), higher BMI, and treatment with tacroli-
mus.344 Fasting blood glucose level should be monitored 
regularly in the first months after transplantation; hemoglo-
bin A1c is also helpful in diagnosing insidious-onset diabetes. 
Corticosteroid dose is reduced if possible, and usually a 
combination of dietary modification and pharmacologic 
therapy is needed.

CANCER

Immunosuppressive therapy for prevention of rejection 
after solid organ transplantation carries a risk for malig-
nancy. In children, 2.4% of kidney transplant recipients 
develop a malignancy,159 of which 84% were classified as 
lymphoproliferative cancers. The 3-year incidence of malig-
nancy increased from 1.05% in 1987 to 1990 to 2.96% in 
1999 to 2002; however, in the latest cohort an improvement 
has been noted, 1.13% in 2003 to 2010. This trend mirrors 
the introduction of newer, more potent immunosuppressive 
agents such as tacrolimus in the early 1990s, followed by the 
use of lower doses and immunosuppression minimization 
protocols in subsequent years. A study that collected data 
from nine centers in France reported a 6% rate of malignan-
cies in all pediatric solid organ transplant recipients, most 
of which were PTLD.345

PTLD is an uncontrolled proliferation of B cells in the 
constellation of posttransplantation immunosuppression, 
most often associated with EBV infection. The cumulative 
incidence of PTLD in children in the United States is  
2% at 5 years following transplantation but is 4.5% in  
children who are EBV seronegative at the time of kidney 
transplantation.160 On the other hand, PTLD in children 
infected with EBV who were previously seronegative is  
associated with better survival.346 Diagnosis is made by his-
tologic examination of involved tissue and is classified by 
the World Health Organization into four categories: early 
lesions, polymorphic PTLD, monomorphic PTLD, and 
Hodgkin’s lymphoma. Early lesions are usually managed by 
immunosuppression reduction to restore the host’s virus-
specific immunity and by monitoring of viral loads to assess 
response. In CD20-positive B cell polymorphic disease, 
rituximab, an anti-CD20 antibody, is often effective together 
with immunosuppression reduction. Monomorphic disease 
is most frequently large B cell lymphoma and may also 
respond to rituximab therapy, but many patients require the 
addition of chemotherapy. Hodgkin’s lymphoma PTLD is 
very rare. In a retrospective study of 45 consecutive patients 
with PTLD younger than 25 years, 80% of tumors expressed 
EBV and 70% were CD20 positive. Both of these presented 
earlier after transplantation, and CD20-positive PTLD was 
associated with a higher 5-year survival.347 Patients with 
PTLD are at risk for graft dysfunction and loss, due to acute 
rejection or CAN.304,346

Other types of cancer in children after renal trans-
plantation include the urinary tract, primarily renal cell  
or urothelial cell carcinoma, which may arise from the 
native kidneys or the allograft.348 Nonmelanoma skin 
cancer is common in transplant recipients, though more 
frequently diagnosed in young adults than in children.349 
Regular use of high protection factor sunscreen can reduce 
the incidence of skin cancer, and referral for an annual 

Although mortality is lower in children after kidney trans-
plantation than in children undergoing dialysis, it remains 
unacceptably high. According to the NAPRTCS database, 
14.7% of mortality is due to cardiopulmonary causes, second 
only to infection and ahead of malignancy.159 Traditional 
risk factors such as hypertension, dyslipidemia, diabetes 
mellitus, and obesity are more frequent due to impaired 
renal function and the adverse effects of immunosuppres-
sive medications. Nontraditional risk factors such as abnor-
malities in calcium-phosphorus metabolism, anemia, 
hyperuricemia, and hyperhomocysteinemia are frequent in 
children with CKD and are correlated with arterial stiffness 
and carotid intimal-medial thickness.48 Some of these risk 
factors may persist after transplantation, particularly if graft 
function is impaired. Whereas vascular lesions progress in 
children with CKD, abolition of the uremic state by trans-
plantation resulted in stabilization or partial regression of 
CKD-associated arteriolopathy in one study.340

Interventions to reduce premature cardiovascular disease 
after renal transplantation include optimization of graft 
function and treatment of hypertension. Corticosteroid 
minimization or avoidance protocols reduce blood pressure 
and blood cholesterol levels,246 as does changing from cyclo-
sporine- to tacrolimus-based immunosuppression.234,236 
Dietary interventions should be offered to all children, in 
particular to those with obesity and dyslipidemia. Encourag-
ing physical activity is important, as is education to prevent 
smoking in young transplant recipients. Treatment with 
3-hydroxy-3-methylglutaryl–coenzyme A reductase inhibi-
tors has been shown to be effective and safe in reducing 
total and LDL cholesterol levels in children.341 Although the 
Assessment of LEscol in Renal Transplantation (ALERT) 
study showed a reduction in cardiac deaths and nonfatal 
myocardial infarctions in adults,342 this has not been shown 
in other studies, and there are data beginning in the pedi-
atric age-group with subsequent end points for cardiovascu-
lar events.

METABOLIC SYNDROME AND  
DIABETES MELLITUS

Metabolic syndrome, a combination of abdominal obesity, 
hypertension, dyslipidemia, and insulin resistance, is increas-
ingly common, and its frequency correlates with age. It is 
estimated to be approximately 9% in children older than 12 
years in the United States.343 Screening and prevention of 
metabolic syndrome in childhood is important, because it 
continues into adulthood and carries an increased risk for 
cardiovascular disease, and even in childhood, there is evi-
dence of significant atherosclerotic changes. In a study of 
children undergoing renal transplantation in six centers in 
the United States, 18.8% were diagnosed with metabolic 
syndrome at the time of transplant, which increased to 37% 
1 year later.339 Dietary intervention and physical activity are 
the mainstay of prevention and treatment. In patients 
treated with corticosteroids, late steroid withdrawal has 
been shown to improve metabolic parameters and decrease 
the frequency of metabolic syndrome from 39% to 6% 2 
years later.249

New-onset diabetes mellitus after transplantation is less 
common in children than in adult patients, with an inci-
dence of 7.1% at 3 years. However, its frequency may be 
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BONE HEALTH AND GROWTH

One of the issues that are unique to renal transplantation 
in children is that of linear growth, which is closely related 
to bone health and mineral metabolism, as well as hormonal 
factors. Preexisting renal osteodystrophy at the time of 
transplantation, impaired graft function, and the effects of 
medications, particularly corticosteroids, are the main 
causes of bone disease and growth retardation. Successful 
kidney transplantation corrects many of the metabolic 
abnormalities that characterize CKD; however, some may 
persist, particularly in cases of decreased allograft function. 
New mineral disturbances may appear such as hypophos-
phatemia, which is enhanced by residual hyperparathyroid-
ism and hypomagnesemia due to calcineurin inhibitor 
treatment. Vitamin D deficiency is common among children 
with CKD and does not improve significantly after transplan-
tation, whereas PTH levels decrease in most patients and 
are inversely correlated with 25-hydroxyvitamin D concen-
trations.360,361 Bone mineral density is usually measured by 
dual energy x-ray absorptiometry, which has limitations in 
children with CKD because it underestimates bone mass in 
children with poor growth. After adjusting for height and 
age, bone mineral density is still significantly lower among 
patients who have received a transplant compared with con-
trols.362 Peripheral quantitative computed tomography is 
another modality to assess bone mineralization that may 
overcome these limitations.363 Therapeutic strategies include 
steroid minimization, promoting good nutrition, regular 
physical activity, and correction of metabolic abnormalities 
and vitamin D deficiency.364

At the time of transplantation, most children have linear 
growth retardation, with a mean height deficit of −1.75 SDs 
according to NAPRTCS data.159 After transplantation, rever-
sal of the uremic milieu should allow normal GF/IGF-1 
secretion and function; however, catch-up growth is not 
seen in all patients. Improved height deficit is observed in 
children younger than 6 years at transplantation, whereas 
other age-groups tend to maintain a relatively normal 
growth rate without improvement in z scores (Figure 76.5).

A large study compared children treated with RRT 
enrolled in the EDTA registry between 1985 and 1988 with 
a later cohort of German children followed between 1998 
and 2009; most of the patients in both groups underwent 
transplantation. The mean height SDS improved signifi-
cantly over the time period studied, with overall score 
increasing from −3.03 to −1.8; the improvement was mainly 
noted in adolescents.365

Corticosteroid treatment and impaired allograft function 
are associated with decreased linear growth. Steroid avoid-
ance or early steroid withdrawal protocols have shown 
improved linear growth particularly in younger chil-
dren.246,366 Interestingly, one retrospective study found 
greater growth velocity in children who received a living 
related donor graft compared with deceased-donor graft, 
despite similar GFR.367 Although recombinant human GH 
(rhGH) is not approved for use in pediatric renal transplant 
recipients with growth retardation in Europe or North 
America, several studies have demonstrated its efficacy. A 
NAPRTCS randomized controlled study showed improved 
growth velocity at 1 year with no increase in adverse effects 
such as acute rejection.368 A meta-analysis found that five 

dermatologic examination may help in detection of malig-
nant and premalignant lesions.350,351

ANEMIA

Anemia is usually defined in children as hemoglobin con-
centration more than 2 standard deviation (SD) below 
mean for age, or dependency on ESA therapy. It is common 
in children after renal transplantation; in one study 25% of 
children were anemic 1 year after transplant with a higher 
frequency in recent years compared to previous decades.352 
The authors suggest this is related to newer immunosup-
pressive medications such as tacrolimus and mycopheno-
late. Another study found the frequency of anemia peaked 
at 1 month after transplantation, reaching 84%, and 
remained above 60% up to 5 years later. Iron deficiency, as 
well as suboptimal production of erythropoietin, is fre-
quently found.353 Both studies found that in the long term, 
anemia was correlated with creatinine clearance level, 
reflecting the fact that anemia is a marker of allograft dys-
function due to impaired erythropoietin production. Immu-
nosuppressive agents with a direct antiproliferative action 
on the bone marrow, in particular azathioprine and myco-
phenolate, are associated with anemia, as well as leukopenia 
and neutropenia. Other causes of anemia include nutri-
tional deficiencies and blood loss, particularly in the peri-
operative period, viral infections, chronic inflammation, 
severe hyperparathyroidism, and treatment with ACE inhibi-
tors. CMV infection is associated with anemia, as well as 
leukopenia and thrombocytopenia, in some patients, and 
the anemia resolves with antiviral treatment. Parvovirus B19 
infection has been described in pediatric kidney transplant 
recipients, presenting as severe anemia with reticulocytope-
nia and bone marrow findings compatible with pure red cell 
aplasia.354 Parvovirus B19 infection can be confirmed by 
bone marrow and sometimes peripheral blood PCR, and 
treatment with intravenous immunoglobulin is successful in 
viral eradication and correction of anemia.355

Posttransplantation anemia should be treated to opti-
mize oxygen delivery to organs and improve patient well-
being. It is important to avoid unnecessary blood 
transfusions, which may cause alloantigen sensitization.356 
An iron-rich diet is insufficient, and oral iron supplementa-
tion is usually required, with or without ESAs. In some 
patients, parenteral iron sucrose or sodium ferric gluco-
nate may be beneficial, because it results in faster repletion 
of iron stores and is not dependent on patient compli-
ance.357 Complete blood count and iron stores parameters 
should be monitored, and other causes of anemia, includ-
ing vitamin B12 and folate deficiencies, occult infection, 
inflammation, or blood loss must always be considered in 
the differential diagnosis.

Leukopenia or neutropenia may also be seen in renal 
transplant recipients, though the frequency in children is 
not known.358 It is usually noted in the first few months after 
transplantation and is associated with immunosuppressive 
medications, most frequently mycophenolate, though both 
viral infections and antiviral prophylactic therapy may also 
induce neutropenia. Drug withdrawal may increase the risk 
for rejection or viral infection, respectively, and granulocyte 
colony-stimulating factor therapy may accelerate recovery in 
severe cases.359
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these patients.374 Allograft VUR was associated with renal 
failure in children whose primary cause of CKD was poste-
rior urethral valves, suggesting that abnormal bladder func-
tion was the cause of both VUR and of graft dysfunction.375 
In patients who do experience recurrent febrile UTI associ-
ated with documented allograft VUR, endoscopic correc-
tion is a feasible option and less invasive than open 
surgery.376,377

Boys who undergo renal transplantation due to posterior 
urethral valves may have ongoing bladder dysfunction. Small 
defunctionalized bladders can increase in capacity and com-
pliance after transplantation, but meticulous care must be 
taken to ensure good drainage in the initial posttransplanta-
tion period.187,378 Bladder dysfunction may manifest as 
increased postvoiding volume; daytime frequency, urgency, 
or incontinence; and nighttime incontinence. Some chil-
dren may require intermittent catheterization, particularly if 
they have undergone bladder augmentation.379

PUBERTY AND REPRODUCTION

Delayed onset of puberty, menstrual irregularity, and infer-
tility are common in patients with CKD, particularly ESKD. 
After transplantation many of the hormonal disturbances 
resolve, and fertility is usually restored. Pubertal develop-
ment was found to be normal in females and most males 
after renal transplantation in childhood.380 Pregnancy after 
renal transplantation is high risk both to the mother and 
the fetus; planned pregnancy and close monitoring of the 
patient and fetus are crucial to achieve good outcomes. 
However, 71% to 76% of pregnancies produce a live birth; 
the percentage is higher with meticulous prenatal care in 
patients with stable graft function and well-controlled hyper-
tension.241 Changes in medications, including immunosup-
pressive regimen, may be necessary before considering 

randomized controlled trials with a total of over 400 patients 
demonstrated an increase of 0.52 height SDS in the treat-
ment groups compared to controls. Acute rejection and 
GFR were not significantly different between the groups.369 
Treatment with rhGH improves final adult height without 
affecting graft function.370 Analysis of NAPRTCS data from 
the past 20 years demonstrates an increase in height z score 
at the time of transplantation over time, from 1987 to 2010, 
which has a major impact on final height. Final adult height 
in pediatric renal transplant recipients has improved over 
time also as a result of steroid minimization protocols, a 
lower incidence of acute rejection and consequent steroid 
use, and broader use of rhGH in transplant recipients.371

UROLOGIC ISSUES

Early urologic complications include urinary leak or obstruc-
tion, discussed earlier. Ureteral obstruction may occur later 
after renal transplantation, though approximately half of 
the cases are in the first 3 months. Children with ESKD due 
to posterior urethral valves are at the highest risk for ure-
teral stenosis, most likely due to an abnormal bladder wall.372 
BK virus infection has been reported to be associated with 
ureteral stenosis; however, a causal relationship has not 
been established. In fact, a retrospective study of 67 adult 
kidney transplant recipients with BK infection found the 
incidence of ureteral stenosis to be 8.9%, which was similar 
to the control group.373

Vesicoureteral reflux to the allograft is quite common 
(40%), though its clinical impact on most patients may not 
be significant, because no change in frequency of UTI or 
graft function was observed in adults.295 In children after 
transplantation, on the other hand, VUR was found in 58% 
and was associated with an increased risk for pyelonephritis. 
Antibiotic prophylaxis prevented recurrent infection in 

Figure 76.5 Standardized height score (z score; mean ± standard error) by age at transplant. (Adapted from North American Pediatric Renal 
Trials and Collaborative Studies: NAPRTCS 2010 annual transplant report. Available at: https://web.emmes.com/study/ped/annlrept/2010Report.pdf. 
Accessed July 10, 2013, p 6-4, Exhibit 6.2.)
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of education, neurodevelopmental outcome, psychologic 
morbidity, and other parameters, using various question-
naires and scales have reported good long-term psychoso-
cial outcomes after transplantation. Although health-related 
quality of life is higher in pediatric kidney transplant recipi-
ents compared with those remaining on dialysis, it is still 
lower than in healthy controls.390 Many issues remain perti-
nent, for example, distress arising from physical symptoms 
and body image, adverse effects of medications, nonadher-
ence, and psychologic problems such as anxiety and depres-
sion. School function is affected by prolonged absences for 
medical reasons, which affects academic achievements  
and peer relationships.391 This is in addition to the higher 
frequency of learning disabilities, specifically in the areas  
of memory and executive functions in children with CKD,72 
although studies have shown improvement in specific neu-
rocognitive functions in children after transplantation.90

Kidney transplantation in childhood has a long-term 
influence on socioeconomic rehabilitation in adulthood. 
Two studies report on adult outcomes of children who 
underwent transplantation in an earlier era (1970s and early 
l980s) and reached adulthood. One study found a lower 
level of education than in the general population and a 
lower rate of independent living, marriage, and parent-
hood, although most of the patients were employed.392 A 
significant correlation was found between education level, 
employment, marriage, independent living, and final 
height. A similar study from the United States also demon-
strated a high rate of employment, as well as education 
levels and overall satisfaction equivalent to the general pop-
ulation, despite significant physical morbidity.349 Of note, in 
both these studies a large percentage of the patients were 
severely short and therefore different from other cohorts 
who are treated with rhGH. A later study from Portugal fol-
lowed adolescent renal transplant recipients into adulthood 
and reported similar levels of education to the general pop-
ulation, though lower rates of employment, particularly 
among those whose allograft had failed.393
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NONADHERENCE

Patient adherence to the medical regimen, or in the case of 
children, parental or caregiver adherence, is crucial to max-
imize good clinical outcomes in organ transplantation. 
Adherence can be measured by missed appointments, 
prescription-filling patterns, self-report or patient question-
naires, variance in immunosuppressive drug levels, or 
various electronic monitoring systems.279,381 The prevalence 
of drug nonadherence in pediatric renal transplant recipi-
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the group and the method used to assess adherence.182,278 
Adolescents are at high risk for nonadherence and have 
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and 24 years the adjusted hazard ratio of graft loss was 1.61 
compared to age 3 to 17 years and 1.28 compared to young 
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Persistent nonadherence is associated with acute rejec-
tion, graft loss, and death, as well as increased medical 
costs.279,323,383,384 It is important to develop strategies to 
improve patient and family adherence to the medical 
regimen, using a multidisciplinary approach aimed at 
improving communication between the medical team and 
the family, as well as between the patient and caregivers. 
Attention to adverse effects and trying to minimize them, as 
well as simplifying the medication regimen, may help 
improve patient adherence.

TRANSITION

The transition of adolescents or young adults from the pedi-
atric to adult nephrology or transplant unit is a challenging 
process, which may potentially be associated with nonadher-
ence and graft loss.385 Although some clinics may use chron-
ologic age alone to guide timing, other measures such as 
medical adherence, patient competency, and responsibility 
for care should be taken into account. Use of specialized 
transition clinics may assist in a smoother transition, less 
medication changes, and higher patient satisfaction.386 
Assessment of an adolescent’s readiness to take on respon-
sibility for his or her care should be performed, and adoles-
cents need to take an active part in preparing for 
transition.381,387 Some studies have shown no increase in 
acute rejection or graft loss after planned patient transfer 
to adult care.388,389

REHABILITATION AND QUALITY OF LIFE

Optimizing kidney transplantation in children cannot be 
defined only by excellent patient and graft survival rates. 
Studies measuring overall health, general well-being, and 
psychosocial adjustment, including school attendance, level 
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Two hundred years after achieving political independence 
from European colonizers, Latin America became an area 
of rapid growth and great economic opportunity. Despite 
the unifying term, this region is very heterogenous, consist-
ing of 20 different countries with different languages and 
degrees of economic as well as social development. Even 
within a single country such as Brazil, different regions may 
have diverse levels of development and medical needs.

The total population of Latin America is estimated at  
595 million people. Brazil, Mexico, Chile, Colombia, and 
Peru represent more than 70% of the population and 
account for three-quarters of its gross domestic product 
(GDP). Poverty and extreme poverty are present in 29% and 
11% of the population, respectively, with a predominance 
in rural areas.1 Average life expectancy in Latin America is 
74 years, though differences of more than 10 years can be 
seen between countries. Similar differences are observed in 
infant mortality rate, ranging from 7.8 deaths per 1000 live 
births in Chile to 50 in Bolivia (average 15.5). Other prob-
lems, such as maternal mortality, malnutrition, and the lack 
of access to safe water and sanitation, tend to be obscured 
by regional averages.1 High prevalence of certain infectious 
diseases, such as tuberculosis, malaria, dengue fever, and 
cholera, is also characteristic. Total health expenditure in 
Latin America rose to 7.3% of GDP in 2010, though this 
figure is still inferior to that of the United States (14%) and 
Europe (8.5%), and almost half of Latin America’s popula-
tion lack health insurance (46%).1

On the basis of its geographic location, diverse ethnic 
backgrounds, and socioeconomic status, Latin America  
is the setting for a number of unique diseases that may  
affect kidney function and are reviewed in this chapter. 
Infections such as dengue fever, malaria, yellow fever,  
leptospirosis, schistosomiasis, and leprosy are prevalent, and 

nephrotoxicity from the venom of spiders, caterpillars, or 
snakes has become more frequent with changes in the  
environment. In addition, chronic kidney disease (CKD) 
has become a major health concern with the epidemic of 
western metabolic syndrome and unique obscure cases of 
progressive kidney disease in sugarcane agricultural workers. 
This chapter attempts to summarize the current status of 
care of patients with kidney disease in Latin America and to 
describe some leading priorities necessary for the improve-
ment and progress of kidney health in the region.

TROPICAL DISEASES AND KIDNEY INJURY

DENGUE FEVER

Dengue fever (DF) is a mosquito-borne infection that causes 
a severe flulike illness and, sometimes, a potentially lethal 
complication called dengue hemorrhagic fever (DHF). The 
main dengue vector is the female of the Aedes aegypti mos-
quito. Male mosquitoes do not transmit the disease because 
they feed on plant juices. DF and DHF are primarily diseases 
of tropical and subtropical areas, and the four different 
dengue serotypes are maintained in a cycle that involves 
humans and the Aedes mosquito. Global incidence of dengue 
has grown dramatically in recent decades.

Approximately half the world’s population lives in areas 
potentially at risk for dengue and 50 to 100 million cases 
are estimated to occur annually.2,3 Brazil has the highest 
absolute number of cases and the highest incidence of the 
disease in Latin America.2 The principal method for preven-
tion of dengue virus transmission is to directly combat  
the disease-carrying mosquitoes. The higher incidence of 
dengue in Latin America has been ascribed to global 
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glomerular basement membrane. Immune complexes (IgG, 
IgM or both, and C3) were found in glomeruli and arteri-
oles in biopsy specimens from 10 cases that were collected 
2 weeks after the onset of symptoms. Dense, spherical  
particles were found in the 12 cases in which electron 
microscopy was carried out. The researchers in this  
series hypothesized that the particles might be nucleocapsid 
cores of dengue virions.5

Experimental studies with inoculation of the virus in mice 
suggest that the dengue virus can induce glomerulopathy. 
In one study in which the dengue virus type 2 was inoculated 
in mice, diffuse proliferative glomerular injury was seen 14 
days after the inoculation, and in another study, enlarged 
glomerular volume, increased endocapillary and mesangial 
cellularity, and glomerular IgM deposition were observed 48 
hours after virus inoculation.6 In a case report from Brazil, 
the presence of proteinuria, hematuria, generalized edema, 
and hypertension associated with low levels of C3 and C4 
suggested an immune-mediated acute glomerular injury.4

There is no specific treatment for dengue fever, so man-
agement consists of supportive care, including controlling 
fever (acetaminophen), preventing dehydration (oral [PO] 
or intravenous [IV] fluids), and managing complications 
such as bleeding. Aspirin and nonsteroidal antiinflamma-
tory drugs (NSAIDS) should be avoided. There are no vac-
cines available, and the only mode of prevention is to protect 
against the mosquito bite by covering exposed skin areas 
and using an effective mosquito repellent, such as N,N-
diethyl-meta-toluamide (DEET).

YELLOW FEVER

Yellow fever (YF) is a viral hemorrhagic fever transmitted by 
infected mosquitoes. There are three types of transmission 
cycle: sylvatic, intermediate, and urban. All three cycles exist 
in Africa, but in South America, only sylvatic and urban 
yellow fever occur.7 Sylvatic (or jungle) yellow fever occurs 
in tropical rainforests, where monkeys, infected by sylvatic 
mosquitoes, pass the virus onto other mosquitoes that feed 
on them; these mosquitoes, in turn, bite and thus infect 
humans entering the rainforest. This type of transmission 
produces sporadic cases, the majority of which affect young 
men working in the forest (e.g., logging). The intermediate 
cycle of yellow fever transmission, which occurs in humid or 
semihumid savannahs of Africa, can produce small-scale 
epidemics in rural villages. Semidomestic mosquitoes infect 
both monkey and human hosts, and increased contact 
between human and infected mosquito leads to disease. 
This is the most common type of outbreak seen lately in 
Africa. Urban yellow fever results in large, explosive epidemics 
when travelers from rural areas introduce the virus into 
areas with high human population density. Domestic mos-
quitoes, most notably Aedes aegypti, carry the virus from 
person to person. These outbreaks tend to spread outward 
from one source to cover a wide area. Since October 2008, 
an intense increase in circulation of the jungle yellow fever 
virus has been observed in the Americas, affecting Argen-
tina and Brazil in the southern part of the continent, Colom-
bia and Venezuela in the Andean region, and Trinidad and 
Tobago in the Caribbean (Figure 77.1).7

Yellow fever transmission in the Americas continues to 
follow the jungle cycle. However, in order to avoid the 

warming and ecosystem modifications, facilitating the dis-
semination of pathogens and vectors of the disease. In addi-
tion, demographic factors, including uncontrolled migration 
of people and unplanned urbanization, have facilitated the 
increase in occurrence of dengue in urban areas and large 
cities.

Dengue is caused by one of four closely related, but anti-
genically distinct, virus serotypes (DEN-1, DEN-2, DEN-3, 
and DEN-4) of the genus Flavivirus. Infection with one of 
these serotypes provides immunity to only that serotype  
for life; therefore, persons living in a dengue-endemic area 
can have more than one dengue infection during their 
lifetimes.

Dengue virus infection may manifest clinically as an 
undifferentiated fever, DF, DHF, or dengue shock syndrome 
(DSS). DHF usually occurs in patients who have previously 
been infected with other serotypes of dengue virus (“sec-
ondary infection”), although it may follow primary infec-
tions, particularly in infants.3 Classic dengue fever is an 
acute febrile illness accompanied by headache, retroorbital 
pain, and muscle and joint pains that lasts approximately 5 
days but that has no specific physical findings except a 
maculopapular rash in about 50% of cases. DHF is a severe 
form of the disease and it manifests with fever, hemorrhagic 
phenomena, thrombocytopenia, and evidence of plasma 
leakage (high hematocrit, pleural effusion, ascites, and 
hypoalbuminemia). Malaria, leptospirosis, hantavirus infec-
tion, typhoid fever, human immunodeficiency virus (HIV) 
infection, enterovirus infection, influenza, and sepsis must 
be ruled out in the differential diagnosis. The diagnosis of 
acute dengue virus infection is mainly a clinical one, but 
serologic tests are available in specialized reference labora-
tories, including hemagglutination inhibition (HI) assay 
(considered the gold standard), immunoglobulin (Ig) G  
or IgM enzyme immunoassays, and reverse transcription 
polymerase chain reaction (RT-PCR) analysis for dengue 
virus RNA.

KIDNEY INVOLVEMENT IN DENGUE FEVER
Renal injury, composed of acute tubular injury, glomerulo-
nephritis, or hemolytic uremic syndrome, has been reported 
in patients with dengue fever. Clinical presentation is  
variable, ranging from an elevation in creatinine, protein-
uria, and active urinary sediment to thrombotic microangi-
opathy. The possible pathogenesis of renal involvement 
includes ischemic or hemoglobin-associated tubular injury, 
glomerular injury, secondary immune complex deposition, 
and thrombotic microangiopathy.4 Lima and colleagues 
described a case of DHF-induced acute kidney injury (AKI), 
in which renal injury occurred without hemodynamic insta-
bility, hemolysis, rhabdomyolysis, or use of nephrotoxic 
drugs.2

The prevalence of AKI in dengue infection is variable, 
ranging from 0.3% to as high as 15%.4 In a series from 
Thailand, 51 deaths were reported among 6154 cases of 
DHF with an overall incidence of AKI of 0.3%, but an inci-
dence of 33.3% among the fatal cases. Kidney biopsies per-
formed in patients with DHF and proteinuria, hematuria, 
or both revealed glomerular changes characterized by 
hypertrophy and hyperplasia of mesangial and endothelial 
cells, presence of monocyte-like cells in some of the glo-
merular capillary lumens, and focal thickening of the 
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reduction in urine volume and albuminuria. The mecha-
nism of kidney involvement is poorly understood, although 
multiple etiologies are possible, including ischemic tubular 
injury due to shock, rhabdomyolysis, glomerulonephritis, 
and acute interstitial nephritis.8,9 In experimental kidney 
injury, during the first 24 hours it appears to be related to 
hypovolemia, and later, oliguria, metabolic acidosis, albu-
minuria, and cylindruria occur. Viral antigen has been 
found in glomeruli and tubules. No treatment beyond sup-
portive care is currently available.7

MALARIA

Cases of malaria declined 32% in Latin America and the 
Caribbean between 2000 and 2010, and deaths dropped 
nearly 40%. Yet more than 140 million people in the region 
(16% of the population) remain at risk of the disease.7 The 
progress so far is largely due to improved treatment of the 
most deadly form of the disease along with more effective 
mosquito control.

Malaria is caused by Plasmodium parasites, which are 
carried by mosquitoes and transmitted to people through 
their bites. In Latin America and the Caribbean, 75% of 
malaria infections are caused by Plasmodium vivax and are 
rarely fatal, while 25% are caused by the more lethal Plas-
modium falciparum, the dominant malaria parasite in Africa. 
Out of a total 775,500 malaria cases in 2007 in Latin America 
and the Caribbean, 212 deaths were reported.7

The clinical manifestations of malaria vary according to 
geography and prior immunity. Following the bite of an 
infected female Anopheles mosquito, the inoculated sporozo-
ites go to the liver within 1 hour. Individuals are asymptom-
atic for 2 to 3 weeks (depending on parasite species), until 
the erythrocytic stage of the parasite life cycle. Release of 
merozoites from infected red blood cells when they rupture 

reurbanization of this disease—there has already been an 
outbreak, confirmed at the beginning of 2008 and success-
fully controlled—A. aegypti control measures are critical, 
mainly in cities and in localities bordering affected areas. 
These measures also facilitate the prevention of dengue 
outbreaks.

One of the most important mechanisms for preventing 
yellow fever is vaccination. The live attenuated vaccine 
against yellow fever yields protective immunity in about 90% 
of individuals within 10 days of receiving the 0.5-mL subcu-
taneous dose, and in nearly 100% of individuals within 3 to 
4 weeks after vaccination. A booster dose is recommended 
every 10 years. The World Health Organization (WHO) 
recommends vaccination for travelers to yellow fever–
endemic areas of Africa and South America as well as for 
residents of those areas. The vaccine is contraindicated in 
persons who have known egg allergy or are immunosup-
pressed (e.g. transplant recipients). Yellow fever causes  
epidemics that can affect 20% of the population. When 
epidemics occur in unvaccinated populations, case-fatality 
rates may exceed 50%. Clinical presentation is character-
ized by three stages: infection, remission, and intoxication. 
The period of infection consists of viremia with nonspecific 
symptoms and signs including fever, malaise, headache, 
joint pain, nausea, and vomiting. This is followed by a period 
of remission with resolution of symptoms for up to 2 days. 
The subsequent period of intoxication is characterized by 
hepatic dysfunction, AKI, coagulopathy (low platelets), and 
shock. Diagnosis is confirmed by serologic testing such as 
IgM enzyme immunoassays or RT-PCR analysis for the yellow 
fever virus genome.

RENAL INVOLVEMENT IN YELLOW FEVER
Renal complications occur most often in the severe form  
of the disease between the fifth and seventh days, with 

Figure 77.1  Yellow fever events in South America and Caribbean by first administrative level, January 2009. (Data from Pan American Health 
Organization: Control of yellow fever: field guide, 2005 [Scientific and Technical Publication No. 603]. Available at www.paho.org/english/ad/fch/im/
fieldguide_yellowfever.pdf. Accessed January 24, 2011.)
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institution of RRT, and avoidance of nephrotoxic drugs are 
standard practice for the prevention and management of 
AKI. Preliminary data suggest that albumin infusion for 
volume expansion may reduce mortality rates.12

LEPTOSPIROSIS

Leptospirosis is a zoonosis with protean manifestations 
caused by the spirochete, Leptospira interrogans. The genus 
Leptospira consists of two species, L. interrogans and L. biflexa, 
only the former of which is known to cause human disease. 
More than 200 serovars of L. interrogans have been 
identified.

Leptospirosis is distributed worldwide except for the 
polar regions. However, the majority of clinical cases occur 
in the tropics. Leptospirosis presents a greater problem in 
humid tropical and subtropical areas, where most develop-
ing countries are found, than in areas with temperate cli-
mates. The magnitude of the problem in tropical and 
subtropical regions can be largely attributed not only to 
climatic and environmental conditions but also to the 
greater likelihood of contact with a Leptospira-contaminated 
environment caused by, for example, local agricultural prac-
tices as well as poor housing and waste disposal, all of which 
give rise to many sources of infection.1

Human leptospirosis is endemic in Latin America and 
usually reaches epidemic levels after either higher rainfall 
periods with flooding or natural disasters such as hurri-
canes. In Brazil, 23,574 cases were reported from 1997 
through 2008 with a mortality rate of 11.2% (Figure 77.2).

The natural hosts for the organism are various mammals, 
including rodents, dogs, pigs, cattle, and horses; humans are 
only incidentally infected, typically after exposure to the 
environment contaminated by animal urine, contaminated 
water or soil, or infected animal tissue. Portals of entry 
include cuts and abraded skin, mucous membranes, or con-
junctiva. The infection is rarely caused by ingestion of food 
contaminated with urine or via aerosols. Controversy exists 
as to whether Leptospira can penetrate the intact skin.

Leptospirosis is a potentially serious but treatable disease. 
It can provoke a broad range of manifestations, from benign 
infection (characterized by nonspecific symptoms) to Weil’s 
disease, a severe form of the disease that causes jaundice, 

causes fever, malaise, headache, nausea, vomiting, and myal-
gias. Severe cases of hyperparasitemia may be associated 
with shock, acute respiratory distress syndrome (ARDS), 
AKI, coagulopathy, and hepatic failure. Physical findings 
include pallor, petechiae, jaundice, hepatomegaly, and sple-
nomegaly. Clinical suspicion should prompt a confirmatory 
test for the parasite, which may involve light microscopy 
(visualization of parasites in stained blood samples), a rapid 
diagnostic test (detecting antigen or antibody), or a molecu-
lar technique for detecting parasite genetic material.

RENAL INVOLVEMENT IN MALARIA
AKI is one of the most dreaded complications of severe 
malaria. According to WHO criteria, AKI (serum creatinine 
level ≥ 3 mg/dL or ≥ 265 µmol/L) occurs as a complication 
of P. falciparum malaria in less than 1% of cases, but the 
mortality rate in these cases may be up to 45%. It is more 
common in adults than children. Renal involvement varies 
from mild proteinuria to severe azotemia associated with 
metabolic acidosis. It may be oliguric or nonoliguric. AKI 
may occur as a component of multiorgan dysfunction or as 
a lone complication. AKI is seen mostly in P. falciparum infec-
tions, but can occasionally occur with P. vivax and P. malar-
iae. Malarial AKI is commonly found in nonimmune adults 
and older children with falciparum malaria.

Several hypotheses have been proposed to explain the 
pathogenesis, including mechanical obstruction of glomer-
ular capillaries by infected erythrocytes, immune-mediated 
glomerular injury, and acute tubular necrosis secondary to 
shock and/or free hemoglobin tubular toxicity.10 Possibly 
more than one of these mechanisms may occur simultane-
ously to produce the clinical manifestation. The predomi-
nant lesions on biopsy are acute tubular necrosis and mild 
proliferative glomerulopathy. Patients with these findings 
tend not to progress to chronic kidney disease. Excessive 
fluid administration, oxygen toxicity, and yet unidentified 
factors may contribute to pulmonary edema, acute respira-
tory distress syndrome (ARDS), multiorgan failure, and 
death.11

The management of malaria-induced AKI includes appro-
priate antimalarials (parenteral artesunate or quinine), 
fluid and electrolyte management, and early renal replace-
ment therapy. Currently, high-quality intensive care, early 

Figure 77.2  Cases and lethality of leptospi-
rosis in Brazil, 1997 to 2008. (Brazilian Health 
Ministry. Epidemiological situation of leptospiro-
sis. Available at: http://portalsaude.saude.gov 
.br/index.php/situacao-epidemiologica-dados. 
Accessed on 02/10/2014.)
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organism in the urine. In a second trial, patients with severe 
leptospirosis who were treated with penicillin had fewer days 
of fever, more rapid resolution of serum creatinine eleva-
tions, and shorter hospital stays; penicillin therapy also pre-
vented urinary shedding. Therefore, symptomatic patients 
should receive antimicrobial therapy to shorten the dura-
tion of illness and reduce shedding of organisms in the 
urine. For patients with mild leptospirosis a course of doxy-
cycline, amoxicillin, or azithromycin is recommended. 
Severe leptospirosis is usually treated with intravenous peni-
cillin (1,500,000 U every 6 hours). Intravenous ceftriaxone 
(1 g once daily) or cefotaxime (1 g every 6 hours) has effi-
cacy equivalent to that of penicillin. Treatment must be 
maintained for 7 days.

Doxycycline prophylaxis appears to be protective, reduc-
ing morbidity and mortality during outbreaks.14 Control of 
reservoirs is difficult and no vaccines are available. China 
and Brazil, countries in which leptospirosis is a major health 
problem, have completed the sequence of the L. interrogans 
genome. Together with new genetic tools and proteomics, 
new insights have been made into the biology of Leptospira 
and the mechanisms used to adapt to host and external 
environments. Surface-exposed proteins and putative viru-
lence determinants have been identified that may serve as 
subunit vaccine candidates.20

NEPHROTOXICITY DUE TO VENOMS

SPIDERS

Spiders of the genus Loxosceles are known colloquially as 
recluse spiders, violin spiders, fiddleback spiders, and, in 
South America, by the nonspecific name “brown spiders.” 
In South America, Loxosceles spiders of medical importance 
are found in Brazil and Chile. The most common species 
involved in envenomations are Loxosceles laeta, Loxosceles 
intermedia, and Loxosceles gaucho. L. laeta is often considered 
the most dangerous of the recluse spiders, in part because 
it is the species that attains the largest body size.

Recluses are found mostly inside homes, in basements, in 
attics, behind bookshelves and dressers, and in cupboards. 
As their name implies, these spiders prefer dark, quiet areas 
that are rarely disturbed. Out of doors, they are found 
under objects, such as rocks and the bark of dead trees.

Loxosceles spider bites are the leading cause of spider 
envenomation and necrotic arachnidism in humans. The 
venom of the spiders is inoculated to paralyze and digest 
their prey. Loxoscelism, the term used to describe lesions and 
reactions induced by bites from spiders of the genus Loxos-
celes, causes skin necrosis, rhabdomyolysis, hemolysis, coagu-
lopathy, AKI, and systemic inflammatory response syndrome 
(SIRS) in humans (Figure 77.3). Loxoscelism is currently 
considered a serious public health problem in southern 
Brazil. There are 3000 reports of Loxosceles bites annually 
and it constitutes the third leading cause of accidents involv-
ing venomous animals in Brazil.20a

The venom can trigger a powerful host of inflammatory 
responses characterized by local and systemic production of 
cytokines and chemokines as well as activation of comple-
ment and nitric oxide production, together with inflamma-
tory cell migration and platelet aggregation.21 The venom 

hemorrhagic events, and AKI. Its symptoms may mimic 
those of a number of other unrelated infections, such as 
influenza, meningitis, hepatitis, dengue, and viral hemor-
rhagic fever.

Leptospirosis manifests as an abrupt onset of fever, rigors, 
myalgias, and headache in 75% to 100% of patients, after an 
incubation period of 2 to 26 days (average 10 days). After the 
acute septicemic stage, hyperbilirubinemia occurs in 85% of 
cases.13 On physical examination conjunctival suffusion is an 
important sign. Most patients have muscle tenderness, sple-
nomegaly, lymphadenopathy, pharyngitis, hepatomegaly, 
muscle rigidity, abnormal respiratory auscultation, or rash.

The most widely used method for diagnosing leptospiro-
sis is the microscopic agglutination test (MAT), which is 
performed using two blood samples collected 2 weeks apart. 
The MAT results are considered positive when the antibody 
titers are four times higher than the reference value.14 Avail-
able in some laboratories, detection of antigens by PCR 
offers the possibility of earlier diagnosis.

RENAL INVOLVEMENT IN LEPTOSPIROSIS
Renal involvement is common in leptospirosis. Clinical 
manifestations vary from urinary sediment changes to AKI, 
which is observed in 44% to 67% of patients.13,15 Leptospi-
rosis manifesting as AKI is a severe disease frequently leading 
to multiorgan failure and death. Leptospirosis-induced AKI 
typically is nonoliguric and often includes hypokalemia.14

The renal pathologic findings in leptospirosis are charac-
terized by acute interstitial nephritis that may be associated 
with acute tubular necrosis.16 The tubular injury may reflect 
a direct toxic effect of leptospiral compounds on tubular 
epithelial cells or indirect effects of dehydration, hypovole-
mia, and ischemia due to ionic wasting defects and the 
inability to concentrate urine.13,17 Vasculitis is also observed 
in the acute phase of the disease. A cellular infiltrate consist-
ing primarily of mononuclear cells can be diffuse or can be 
focused around the glomeruli and venules.14 There are data 
suggesting that inflammation is most likely a secondary 
feature following acute epithelial damage and is observed 
only in patients who survive long enough for this feature to 
develop.18

Silver and other immunohistochemical staining reveals 
large numbers of intact leptospires throughout the tubular 
basement membrane, among tubular cells, and within the 
tubular lumens and the interstitium with associated intersti-
tial nephritis. In some cases organisms are seen in limited 
numbers within glomeruli, but glomerular changes in 
general are not remarkable.

An experience of leptospirosis-associated AKI in Thailand 
showed that the use of hemodialysis or hemofiltration was 
associated with lower mortality (0 vs. 10%), shorter recovery 
time (8 vs. 16 days) and faster reduction in serum levels of 
bilirubin, urea, and creatinine in comparison with standard 
peritoneal dialysis.19 There is, however, no data from ran-
domized clinical trials evaluating different methods of RRT 
in patients with leptospirosis.17

The vast majority of infections with Leptospira are self-
limiting. Two small, randomized, placebo-controlled trials 
showed a benefit of antimicrobial therapy. In one of these 
trials, in which doxycycline (100 mg PO twice daily) was 
compared with placebo, doxycycline shortened the illness 
by an average of 2 days and prevented shedding of the 
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The results of studies involving animal models suggest 
that specific antivenom decreases the lesion size and limits 
systemic illness even when its administration is delayed. To 
date, the most extensive use of antivenin treatment has been 
in Brazil, and the Brazilian Ministry of Health has developed 
guidelines for its use in extensive cutaneous lesions or 
severe systemic illness.22 South American recluse antiven-
oms may help reduce the risk of dermonecrosis as well as 
systemic envenomation and its severe complications (e.g., 
hemolysis, AKI, and disseminated intravascular coagulation 
[DIC]). The data regarding efficacy of antivenom treatment 
is largely based on animal studies and the benefit in humans 
is not well established.

LONOMIA CATERPILLARS

Caterpillars are the larval stage of moths and butterflies and 
are found worldwide.24 Lonomia caterpillars (family: Saturni-
idae) are found in South America and their venom affects 
mainly the coagulation system.25 Accidental poisoning by 
caterpillars has become increasingly frequent in southern 
Brazil, partly owing to deforestation and elimination of 
natural predators.24 Accidental contact with caterpillars’ 
bristles induces allergic and toxic signs and symptoms that 
range from mild cutaneous reaction to severe systemic reac-
tions, depending mainly on the number and species of the 
caterpillar involved. Symptoms include local irritation, urti-
carial dermatitis, allergy, ocular injuries, osteochondritis, 
hemorrhage, secondary coagulopathy, and AKI. Hemor-
rhagic complications including intracerebral hemorrhage 
can result in death.14,24

Caterpillars cluster in large numbers on tree barks and 
blend in very well (Figure 77.4). Contact with large numbers 
of caterpillars can occur, exposing the individual to large, 

also has a direct hemolytic effect on red blood cells and 
damages the membranes of endothelial cells in blood vessel 
walls.22

RENAL INVOLVEMENT IN LOXOSCELISM
Rhabdomyolysis and hemolysis are recognized co-factors 
involved in the genesis of AKI22 and there is also evidence 
of a direct nephrotoxic action. The nephrotoxic effect of 
the Loxosceles spider venom is demonstrated experimentally 
in mice exposed to whole venom. Light microscopic analysis 
of kidney biopsy specimens showed alterations including 
hyalinization of proximal and distal tubules, erythrocytes in 
Bowman’s space, glomerular collapse, tubule epithelial cell 
blebs and vacuoles, interstitial edema, and deposition of 
eosinophilic material in the tubule lumen.23 Electron micro-
scopic findings indicated changes including glomerular epi-
thelial and endothelial cell cytotoxicity as well as disorders 
of the basement membrane. Tubule alterations include epi-
thelial cell cytotoxicity with cytoplasmic membrane blebs, 
mitochondrial changes, increase in smooth endoplasmic 
reticulum, presence of autophagosomes, and deposits of 
amorphous material in the tubules. In the same study, con-
focal microscopy with antibodies against venom proteins 
showed direct binding of toxins to renal structures, con-
firmed by competition assays.23

The treatment of a recluse spider bite involves local 
wound care, pain management, and tetanus prophylaxis if 
indicated. Dapsone may be administered in some cases, 
both to prevent progression to necrosis, and to reduce pain. 
Antivenoms for the treatment of recluse spider bites are 
available in Brazil, Mexico, and Peru, although not in the 
United States. The bites of South American Loxosceles species 
(e.g., L. gaucho) are more severe than those of recluse 
spiders found in the United States.

Figure 77.3  Evolution of skin lesions after brown spider bite. 

Brown spider After 3 days After 5 days

After  6 days After 9 days After 10 days
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and avoid direct contact. Accidental poisoning should be 
reported immediately to the health authorities nearest the 
site where the poisoning took place, because they are more 
likely to have immediate access to anti-Lonomia serum. Most 
countries do not stock this product, so timely administration 
and supportive measures are critical.

SNAKES

Envenomation resulting from snakebites is a particularly 
important public health problem in rural areas of tropical 
and subtropical countries situated in Africa, Asia, Oceania, 
and Latin America. One study estimates that at least 421,000 
envenomations and 20,000 deaths occur worldwide from 
snakebite each year but warns that these figures may be as 
high as 1,841,000 envenomations and 94,000 deaths. The 
highest burdens of snakebites are in South Asia, Southeast 
Asia, and sub-Saharan Africa.30

There are approximately 3000 species of snakes, of which 
approximately 19% are venomous. Most snakebites occur in 
tropical regions, where they represent a serious public 
health burden because of the resulting morbidity and mor-
tality. Latin America is the third most affected area after Asia 
and Africa. Snakebites are more common in the rainy 
seasons and are related to the increase in human activity in 
rural areas. The most affected group is 25- to 49-year-old 
men. Lower limbs are the most frequently injured sites.

Epidemiologic data on snakebite envenomation in Latin 
America are scarce. In Brazil, there are 20,000 accidents 
involving venomous snakes per year, an incidence of 13.5 
accidents per 100,000 inhabitants, and a mortality rate of 
about 0.45%. AKI is one of the main complications after 
snakebite envenomation and it is an important cause of 
death in affected patients. Snakebite-induced renal injury 
has been reported with almost all venomous snakes; however, 
AKI is more frequent with Vipera russelli in Asia as well as 
Bothrops and Crotalus in South America.31

CROTALUS SNAKES
The South American rattlesnake, which belongs to the 
Viperidae family, Crotalinae subfamily, Crotalus genus, is 
represented in Brazil by a single species, Crotalus durissus, 
distributed into 5 subspecies, of which Crotalus durissus ter-
rificus and Crotalus durissus collilineatus are the most impor-
tant. Crotalus venom effects are multiple and the most 
important clinical manifestations are neurotoxicity, myotox-
icity, nephrotoxicity, and coagulopathy.

Crotalus venom induces clinical manifestations that can 
vary from mild local to severe systemic manifestations. Neu-
rotoxicity may manifest as eyelid ptosis, blurred and/or 
double vision, ophthalmoplegia, and facial paralysis. Myo-
toxicity is revealed by generalized myalgia and myoglobin-
uria due to the rhabdomyolysis. The coagulopathy caused 
by the thrombin-like enzyme produces blood incoagulability 
and afibrinogenemia in 40% to 50% of patients, although 
bleeding is a rare manifestation.32

Renal Involvement in Crotalus Bites

The prevalence of AKI associated with Crotalus envenom-
ation ranges from 10% to 29% and occurs within the first 
24 to 48 hours after the bite. Experimental and clinical 
studies suggest that the pathogenesis of Crotalus venom–

dangerous doses of venom. Two species of Lonomia, the 
Brazilian caterpillar Lonomia obliqua and the Venezuelan 
caterpillar Lonomia achelous, provoke activation of the coagu-
lation cascade through the action of several compounds that 
are the subject of toxicology research.24 In L. obliqua bristle 
extract, toxins were identified, including a factor X activator 
named Losac and a prothrombin activator named Lopap. 
Zannin and colleagues reported a series of 105 patients 
poisoned by L. obliqua and found coagulation factor deple-
tion and enhanced levels of fibrin degradation in keeping 
with a DIC, although platelet counts were typically 
preserved.26

Mortality in Brazil secondary to these toxins peaked at 
20% before falling to less than 2% following the introduc-
tion of the anti-Lonomia horse serum (in Brazil) in 1995 
and educational campaigns. Since 1989 the southern Brazil-
ian States have reported accidental poisoning by L. obliqua 
in 2067 individuals. AKI developed in 1.9% of patients, and 
of these, 32% required dialysis, with 10.3% going on to have 
CKD.27 Our group has reported an event with a successful 
outcome due to early recognition and treatment with the 
antivenom serum.28

RENAL INVOLVEMENT IN LONOMIA ACCIDENTS
Even with anti-Lonomia serum, AKI can still occur.29 Coagula-
tion factors tend to be more profoundly altered in all 
patients with AKI, in keeping with their having more severe 
cases. The renal lesion appears to be secondary to massive 
deposition of fibrin in the glomeruli leading to ischemia. 
Some of the toxin components also cause direct toxicity to 
endothelium and tubular cells. The histology is poorly char-
acterized because the coagulopathy prevents biopsies in the 
acute phase of the illness.

When travelling to endemic zones in Central and South 
America, travelers should be aware of poisonous caterpillars 

Figure 77.4  Cluster of caterpillars on the trunk of a tree. (Photo by 
M. Vennegoor.)
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described previously, in association with low platelet count 
and coagulation abnormalities. Moreover, hemorrhagins 
are potent inhibitors of platelet aggregation.32,34

Early and progressive pain and edema, bruises, blisters, 
and bleeding are frequently observed at the venom inocula-
tion area. In most severe cases, there is necrosis of soft 
tissues with abscess formation and the development of com-
partment syndrome, which may result in functional or ana-
tomic loss of the affected limb.32 Systemic manifestations 
include bleeding (preexisting skin injuries, gingival bleed-
ing, epistaxis, hematemesis, and hematuria), nausea, vomit-
ing, sudoresis, and hypotension. The most severe systemic 
complications are shock, AKI, septicemia, and a DIC-like 
syndrome.32

Renal Involvement in Bothrops Bites

AKI associated with Bothrops envenomation has been attrib-
uted to hemodynamic changes, myoglobinuria, hemoglo-
binuria, coagulation abnormalities, and direct venom 
nephrotoxicity.31 Myoglobinuria is unlikely to be an impor-
tant factor in the pathogenesis of renal injury because 
Bothrops venom may cause localized muscular injury but 
does not have a systemic myotoxic effect like Crotalus venom 
and does not induce significant increase in creatine kinase.

The development of hypotension or shock is a rare event 
after a Bothrops snakebite. Venom may cause hemodynamic 
abnormalities as a result of sequestration of fluids at the bite 
site, bleeding, and release of vasoactive substances. Bothrops 
venom is considered hemolytic in vitro and there are clinical 
reports of anemia and hemolysis after Bothrops envenom-
ation as well as reports of hemoglobinuria after administra-
tion of Bothrops venom to rats. Hemoglobinuria might 
contribute to renal injury, worsening renal vasoconstriction, 
glomerular coagulation, and tubular nephrotoxicity.

Renal dysfunction after Bothrops poisoning occurs early, is 
usually severe and oliguric, and presents the need for dialy-
sis in 33% to 75% of cases. The most frequent renal struc-
tural injury found is acute tubular necrosis, although cases 
of bilateral cortical necrosis, interstitial nephritis, and acute 
glomerulonephritis with mesangial proliferation have also 
been reported. The mortality rate of Bothrops venom–
induced AKI ranges from 13% to 19%.

Management of snakebites involves immobilizing the 
injured part of the body in order to reduce the spread of 
venom and expediting transfer to an appropriate medical 
center. Tourniquets are not indicated because of the risk of 
significant ischemic damage. Expert consultation with a 
clinical toxicologist/poison control center is necessary for 
timely administration of the appropriate antivenom.

CHRONIC KIDNEY DISEASE IN  
LATIN AMERICA

Latin America has undergone tremendous demographic 
and socioeconomic development in the past few decades. 
Improvement in sanitation, access to clean water, and expan-
sion of health care programs have contributed to a signifi-
cant reduction in infant mortality as well as death due  
to malnutrition and infectious diseases, resulting in an 
improvement in life expectancy. However, urbanization and 
assimilation of western lifestyle have resulted in an increase 

induced AKI likely is related to rhabdomyolysis, renal vaso-
constriction, and direct tubular cell toxicity.

Crotalus venom and probably crotoxin, the most important 
component of the venom, have direct and indirect actions 
on renal cells. Histologic injury usually found in Crotalus 
snakebite victims is acute tubular necrosis, although cases 
of interstitial nephritis have also been reported. Shock, 
hypotension, hemolysis, sepsis, or nephrotoxic drugs can 
contribute to the AKI. In one report dialysis was necessary 
in 24% of cases.33 Mortality rates reported for AKI after 
Crotalus envenomation range from 8% to 17%.

BOTHROPS SNAKES
In Latin America, the vast majority of snakebite envenom-
ations are inflicted by species of the genus Bothrops. Bothrops 
asper, a species widely distributed in southern Mexico, 
Central America, and the northern areas of South America, 
is responsible for the majority of cases in these regions.

Snakes of the Bothrops genus belong to the Viperidae 
family and Crotalinae subfamily. There are more than 30 
species distributed from southern Mexico to Argentina and 
Brazil. The most important species are Bothrops asper in 
Central America and Bothrops atrox, Bothrops erythromelas, 
Bothrops neuwiedi, Bothrops moojeni, Bothrops jararaca, Bothrops 
jararacussu, and Bothrops alternatus in Brazil.32 These species 
are found in rural areas and on the outskirts of large cities 
and prefer humid environments such as forests, plantation 
areas, and structures (e.g., barns, silos, and wood deposits) 
that are thought to contribute to the proliferation of snakes 
and rodents. These animals have nocturnal or crepuscular 
habits and an aggressive defensive behavior.32

Bothrops venom has proteolytic, coagulant, and hemor-
rhagic activity. A direct nephrotoxic action of the venom has 
also been shown. Local manifestations at the bite site such 
as edema, blisters, and necrosis are caused by the venom’s 
proteolytic action. Lesions result from the activity of prote-
ases, esterases, hyaluronidases, and phospholipases (phos-
pholipase A2 [PLA2]), release of inflammatory mediators, 
action of hemorrhagins on the vascular endothelium, and 
the procoagulant action of the venom.32,34

The pathogenesis of these pathologic alterations has 
been investigated in experimental models. The observed 
effects result mostly from the combined action of Zn2+-
dependent metalloproteinases (SVMPs) and myotoxic 
PLA2.34 SVMPs are able to degrade extracellular matrix com-
ponents, such as those present in the basement membrane 
of microvessels and at the dermal-epidermal junction, 
whereas myotoxic PLA2 disrupts the integrity of the plasma 
membrane of skeletal muscle fibers. In addition, a promi-
nent inflammatory reaction of multifactorial origin devel-
ops, resulting in a pronounced edema and an inflammatory 
cell infiltrate. The edema, in turn, contributes to hypovole-
mia and may promote increments in intracompartmental 
pressures in some muscle compartments, thus inducing 
further ischemia and tissue damage.

Bothrops venoms activate factor X and prothrombin, either 
alone or simultaneously. They also have thrombin-like activ-
ity, converting fibrinogen into fibrin. These actions may lead 
to DIC. Bothrops venom may induce platelet function abnor-
malities as well as a low platelet count.

Hemorrhagic manifestations result from the action of 
hemorrhagins, the metalloproteinases containing zinc 
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habits that include high fat and high carbohydrate con-
sumption adopted in Latin America have contributed to the 
described comorbidities and expansion of obesity.

Other important risk factors for CKD in the region 
include infectious complications, glomerulonephritis, and 
interstitial nephritis of unclear etiology (the last is discussed 
later as Mesoamerican nephropathy).

In summary, it is clear that the rising incidence of CKD 
is a major public health concern in Latin America, and dili-
gent assessment of its prevalence, geographic distribution, 
and risk factors will be critical to establishing appropriate 
prevention programs for early screening and intervention. 
Uruguay has initiated a prevention program enrolling 
patients with CKD, and preliminary results showed a signifi-
cant improvement in blood pressure and glycemic control 
in association with a reduction in the rate of deterioration 
of renal function (from 3.1 mL/min/year to −0.13 mL/
min/year in patients with CKD stages 2 to 3).41 In Southern 
Brazil, the Pro-Renal Foundation has taken a leading role 
in raising awareness of chronic kidney disease in the com-
munity.39 It has completed a study on 6000 individuals ran-
domly selected in the community and found a prevalence 
of CKD of 11.4% (unpublished data, MCR). Pro-Renal 
Foundation has also been a local pioneer in providing mul-
tiprofessional care for patients with CKD with teams of 
nephrologists, nurses, social workers, dentists, podiatrists, 
psychologists, and dietitians.42

These successes demonstrate that it is possible to  
modify health trends in Latin America with the help of  
the local community. Even basic interventions, such as 
encouraging lifestyle changes through exercise and dietary 
substitutions, in combination with augmenting the aware-
ness of blood pressure and blood glucose control may yield 
significant reductions in occurrence and progression of 
kidney disease.

MESOAMERICAN NEPHROPATHY

Over the last decade we have seen numerous reports from 
Central America regarding a rising prevalence of CKD, par-
ticularly among agricultural workers. CKD in this region 
seems to have a higher prevalence in men, favoring regions 
with lower altitudes and in particular affects workers involved 
with sugarcane plantations.37,43-48 The World Health Organi-
zation had demonstrated a high prevalence of CKD in 
regions of Nicaragua, Costa Rica, and El Salvador, with the 
highest mortality in the latter country.1

These early reports described a clinical presentation char-
acterized by an elevation of serum creatinine and nonne-
phrotic proteinuria in young men without evidence of any 
known risk factors for CKD, raising the possibility of an 
interstitial disease due to an unknown environmental or 
occupational hazard. Another hypothesis raised was an isch-
emic injury as a result of the heavy workload in a hot climate 
leading to chronic dehydration and hypovolemia. The sig-
nificance of heat stress was suggested by the male prepon-
derance and high prevalence in low-altitude farming villages 
close to the Pacific Ocean, where it is hotter. The combina-
tion of repeated episodes of dehydration during heavy 
manual work and perhaps the concomitant use of nonste-
roidal antiinflammatory drugs may explain the renal lesion. 
Nonetheless, it is clear that a second “hit” would be 

in noncommunicable diseases such as diabetes, obesity, and 
hypertension, leading to a significant rise in kidney disease 
prevalence.35,36 Currently, cardiovascular disease, diabetes, 
and malignancies are the leading causes of death in Latin 
America. This section discusses the prevalence of, risk 
factors for, and treatment strategies for CKD in various Latin 
American countries as well as the importance of the devel-
opment of health programs for earlier detection and pre-
vention of CKD in this population.

PREVALENCE OF CHRONIC KIDNEY DISEASE

The prevalence of CKD in Latin America is difficult to assess 
owing to the lack of reliable and systematically recorded 
information in the region. Most of the data comes from 
voluntary registries so may be skewed or incomplete, creat-
ing an inaccurate picture. In addition, these records are 
confounded by heterogeneity in the population screened as 
well as in the methods used to determine glomerular filtra-
tion rate and proteinuria. If we extrapolate the values pub-
lished in the Third National Health and Nutrition 
Examination Survey (NHANES III) for the population of 
Latin America in comparable age groups, there may be 
47,000,000 patients with CKD in the region. In a Mexican 
population–based study, the prevalence rate of creatinine 
clearance (Ccr) less than 15 mL/min was 1142 per million 
population, and that of Ccr less than 60 mL/min was 80,788 
per million population.37 Most of the data available are 
based on advanced stages of CKD (end-stage kidney disease 
[ESKD]), showing that the prevalence has been growing by 
7% annually during the past 10 years in Latin America. As 
an example, the prevalence of RRT has risen from 131 
patients per million people (pmp) in 1993 to a projected 
rate of 630 pmp in 2010.38 The improvement in life expec-
tancy has also further enlarged the burden of chronic non-
communicable diseases such as diabetes and hypertension 
and as a consequence, of CKD. Coping with this growth in 
noncommunicable diseases may be unsustainable and unaf-
fordable for most countries, urging interventions to halt the 
trend. In order to achieve this goal, better characterization 
of the problem through data collection is critical.

RISK FACTORS FOR CHRONIC KIDNEY DISEASE

Following the universal trend, the major risk factors for 
CKD in Latin America are hypertension and diabetes. Dia-
betic nephropathy is responsible for more than 30% of all 
cases of CKD in the region, though variation occurs (Mexico 
40% vs. Argentina 20%).36,38 The epidemic of diabetes is 
expected to continue worldwide, and an increase of more 
than 248% is forecast for the region from 2000 to 2030. 
Hypertension also is a silent cause of CKD, with prevalence 
as high as 30% in the Mexican population. An evaluation of 
8883 individuals in Southern Brazil showed that 16% of the 
population screened had a history of hypertension. A family 
history of hypertension or diabetes was present in 42%.39 In 
addition, 30% of patients evaluated in this screening 
program had signs of hematuria, 6% had proteinuria, and 
3% had hematuria and proteinuria.39 In a Mexican screen-
ing study, 9.2% of participants had proteinuria, which was 
strongly associated with hypertension, diabetes, obesity, and 
age.40 Sedentary lifestyle, smoking, and unhealthy dietary 
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American, MeN could represent a larger entity, explaining 
CKD epidemics seen in countries such as Sri Lanka, Bangla-
desh, and central Australia (Table 77.1).45

END-STAGE KIDNEY DISEASE  
IN LATIN AMERICA

The prevalence of ESKD in Latin America is extrapolated 
from data provided about RRT in the region. However, due 
to the heterogeneous availability of RRT according to the 
nations’ health care coverage and budget, these numbers 
do not clearly represent the true prevalence. The best avail-
able information comes from the Latin American Dialysis 
and Kidney Transplant Registry (LADKTR), a committee of 
the Latin American Society of Nephrology and Hyperten-
sion (SLANH), that has been collecting data since 1991 
(Table 77.2). These data show a growth of more than 200% 
in the prevalence of ESKD in Latin America over the past 
13 years (Figure 77.5). Data collected in 2010 from the 20 
SLANH countries show that 189,137 patients were undergo-
ing long-term hemodialysis (44% in Brazil), 65,824 were 
undergoing long-tem peritoneal dialysis (65% in Mexico), 
and more than 58,000 were living with a functioning kidney 
graft51 (see Table 77.1).

Although RRT is provided to all patients with a diagnosis 
of ESKD in Argentina, Brazil, Chile, Cuba, Puerto Rico, 
Uruguay, and Venezuela, some countries may provide RRT 
for as little as 20% of such patients and others, such as 
Bolivia, may pay for only twice-weekly dialysis.51 The conse-
quence of this heterogeneous coverage is that the preva-
lence rate of RRT may vary enormously among countries 
(see Table 77.2). Thus, the prevalence rate is more than 
600 pmp in Puerto Rico, Chile, Uruguay, and Argentina; 
between 300 and 600 pmp in Colombia, Brazil, Mexico, 
Panama, and Venezuela; and significantly lower, perhaps 
less than 100 pmp, in the remaining countries. The leading 
cause of ESKD in Latin America is diabetes, with the highest 
incidence reported in Puerto Rico (65%), Mexico (51%), 
Venezuela (42%), and Colombia (35%).51

necessary for significant kidney injury to develop in such 
healthy young men. This endemic form of chronic kidney 
disease of unknown etiology was named Mesoamerican 
nephropathy (MeN) and seemed to be endemic to Pacific 
coastal communities in Central America.46

Wijkström and colleagues presented the first study on the 
correlation of clinical data with biochemical and morpho-
logic findings in patients with MeN. The investigators ana-
lyzed renal biopsy samples from eight male sugarcane 
workers (aged 22-57 years) from a rural area of El Salvador 
who had presented with impaired renal function (estimated 
glomerular filtration rate 27-77 mL/min/1.73 m2), inactive 
urinary sediment, and nonnephrotic proteinuria.43 The 
morphologic picture was similar in biopsy specimens of all 
included patients. Chronic tubulointerstitial damage with 
tubular atrophy and interstitial fibrosis was found in combi-
nation with chronic glomerular changes. The most striking 
and surprising finding was the presence of relatively exten-
sive global sclerosis, involving 29% to 78% of glomeruli 
analyzed.43 These biopsies confirmed the suspicion of a 
primary tubulointerstitial disease. Immunofluorescence 
and electron microscopy did not show immune complex 
deposits, so an immune complex disease seems unlikely.43

In one study, recurrent dehydration has been shown to 
raise serum osmolarity and activate the polyol pathway in 
the kidney, leading to increased conversion of glucose to 
sorbitol and fructose. Fructose in turn can be metabolized 
by the fructokinase that is constitutively present, resulting 
in the generation of uric acid, oxidants, and chemokines 
that can cause local tubulointerstitial injury.49,50 The same 
group has also shown that repeated dehydration can  
cause chronic kidney injury in mice and that this injury is 
fructokinase-dependent, because mice with knockout of 
fructokinase are protected.49 Thus, it is possible that 
Mesoamerican nephropathy may be a kidney disease due  
to chronic dehydration and that recurrent dehydration is 
almost certainly a component of its pathogenesis leading  
to tubulointerstitial injury. However, toxins or heavy metals 
might contribute as a second factor in the development  
of the disease. Though originally reported in Central 

Figure 77.5  End-stage kidney disease (ESKD) prevalence 
rate  (all  modalities)  in  Latin  America  between  1992  and 
2005.  p/m/p,  Patients  per  million  population.  (From Latin 
American Dialysis and Transplant Registry. Available at: http://
www.nature.com/kisup/journal/v3/n2/full/kisup20132a.html.)
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Table 77.2 Potential Causes of Mesoamerican 
Nephropathy

Toxins Pesticides and agricultural 
chemicals

Heavy metals
Herbal toxins

Drugs Nonsteroidal anti-inflammatory 
drugs

Infections Leptospirosis
Pyelonephritis

Genetic/developmental 
susceptibility

Low birth weight
Specific genetic predisposition of 

unclear origin (APOL1-like)
Heat-related volume 

depletion
Ischemia
Repeated rhabdomyolysis
Fructose-mediated injury

The low prevalence of ESKD in some regions should raise 
the suspicion of underdiagnosis and/or lack of available 
resources to offer RRT. The direct correlation of the degree 
of development of a country with the prevalence of RRT 
suggests that access to ESKD care is an important compo-
nent. One report has confirmed this relationship by showing 
that RRT prevalence and kidney transplantation rates cor-
related significantly with gross domestic product, health 
expenditure, proportion of the population older than 65 
years, life expectancy at birth, and proportion of the popula-
tion living in urban settings.51 Owing to the substantial eco-
nomic burden of providing dialysis in many countries that 
still lack essentials such as sanitation, prevention strategies 
to halt kidney disease progression are critical.

TRANSPLANTATION

Renal transplantation has also developed significantly in 
Latin America, with more than 20 countries having active 
programs and more than 9500 kidney transplantations per-
formed in 2009. The kidney transplantation rate increased 
from 3.7 pmp in 1987 to 6.9 pmp in 1991 and to 17.1 in 
2008, although there were remarkable geographic varia-
tions in that year, from 36 pmp in Uruguay to 3 pmp in 
Peru. These rates are still remarkably lower than those  
in other developed countries, such as the United States 
(46 pmp) and Sweden (41 pmp). About 52% of these trans-
plants are from deceased donors, though some countries, 
such as Nicaragua, Peru, and El Salvador, performed solely 
living-donor kidney transplantation. Brazil and Mexico 
account for 63% of renal transplantations in Latin America 
(3780 and 2259, respectively).51

Brazil has been one of the countries with the greatest 
expansion in kidney transplantation numbers, in part 
because of its free universal health coverage system, which 
includes full ambulatory and hospital medical care along 
with provision of all immunosuppressive drugs for patients 
undergoing transplantation. A single city in Brazil (São 
Paulo) has developed the largest kidney transplantation 
program in the world, through which 7833 procedures were 
performed in a 12-year period.52 The annual number of 
kidney transplantations increased from 428 in 1999 to 1048 

in 2010 in association with a significant improvement in 
organ procurement (35% donor success rate; 22.5 pmp 
effective donations). In addition to increased efficiency in 
organ procurement, several other factors have contributed 
to this expansion, including the development of a dedicated 
hospital for kidney transplantations and a system for rapid 
workups of recipient and donor. This program has approxi-
mately 5011 patients on the waiting list, and the recipient 
selection is based on HLA matching. A significant propor-
tion of the recipients was of black ethnicity and had been 
on dialysis for a long time. More than 700 first consultations 
for living donation are done every year, and the majority of 
patients are followed locally after transplantation, with more 
than 200 appointments per day. Transplant outcomes 
among living-donor recipients are comparable to those 
reported in large registries but inferior outcomes have been 
observed among recipients of deceased-donor organs, likely 
due to prolonged ischemia time.

The criteria for brain death are well established and cul-
turally accepted in all Latin American countries, and family 
consent is required for organ donation.52 The regulations 
for living donors are also well defined, with restrictions 
against unrelated donors and prohibition of any kind of 
commerce. Access to transplantation is limited by the health 
care models of individual countries. In addition, lack of an 
organized organ procurement system leads to significant 
limitation in the number of organs available in many coun-
tries. One of the greatest challenges is to reduce the regional 
disparities related to access to transplantation. Further-
more, improvements and resources could be better used, 
with the development of a Latin American registry of out-
comes of transplanted patients and living donors. Lastly, 
clinical and experimental studies to better understand the 
transplantation-related immune response of the ethnically 
diverse Latin American population would be critical to 
further advance the transplantation field in this region.

TRENDS AND THE FUTURE

The greatest challenge for the nephrology community in 
Latin America in the coming years will be dealing with the 
growing number of patients with ESKD, the lack or incom-
pleteness of health care coverage for RRT in some coun-
tries, late referrals, shortage of trained personnel, small 
kidney transplantation programs, and lack of registries. In 
addition, early identification and aggressive treatment of 
infectious diseases complicated by AKI may minimize long-
term renal sequelae. In spite of the worldwide concern 
about the increasing number of patients with ESKD and 
efforts to identify risk groups as well as development of 
strategies for prevention of chronic kidney disease, there is 
little activity in Latin America. Dialogue between the 
nephrology community and government authorities in the 
region has to be based on data, which are lacking. Only a 
few countries have reliable registries of ESKD and transplan-
tation programs. The lack of universal health care coverage 
in some countries and, in many cases, a restrictive renal 
replacement program poses a much greater challenge 
because it reflects the public health agenda of a particular 
country and is a difficult scenario to modify. It is to be hoped 
that the combined efforts of scientific nephrology and 
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Africa, the second largest and second most populous conti-
nent, with a land mass of 30.2 million km2 (11.7 million 
square miles) and 54 countries, including adjacent islands, 
was home to a population of 1.1 billion as of 2013. This 
continent of people, of diverse ethnic origins, religions, and 
languages, is expected to grow to 2.4 billion by the year 
2050.1 The mortality due to human immunodeficiency virus 
(HIV)–acquired immunodeficiency syndrome (AIDS) has 
been decreasing since about 2005 with the increasing avail-
ability of antiretroviral therapy (ART), allowing average life 
expectancy at birth to increase again in Africa from 50 years 
in 2000 to 56 years in 2011.2

Rapid urbanization, which is occurring in many parts of 
the continent, contributes to overcrowding and poverty. Mil-
lions of Africans live in overcrowded and unhygienic condi-
tions, in which lack of clean water and inadequate sanitation 
foster breeding grounds for infectious diseases. This milieu 
of infectious disease is conducive to the development of 
acute and chronic kidney diseases. Diseases that had seemed 
to be under control, such as tuberculosis and malaria, have 
become major health problems, and resistance to therapy 
has developed. HIV and AIDS have reached epidemic pro-
portions; 25 million people live with HIV infection or AIDS 
in sub-Saharan Africa.3

Although infections and parasitic diseases are still the 
leading cause of death in Africa—with more than 5.5 million 
deaths in 2005 and more than 2 million deaths caused by 
HIV infection or AIDS—noncommunicable diseases are 

coming to the forefront, having caused more than 2. 4 
million deaths in 2005.4 Africa has a double burden of 
disease; although infectious disease remains the major 
health problem, the incidence of noncommunicable dis-
eases such as hypertension and diabetes mellitus is increas-
ing. Heart disease, diabetes, and stroke together constitute 
the second most important cause of death in adult South 
Africans, with kidney disease in fifth place (Figure 78.1).5 
This dual pattern of disease is responsible for the burden 
of acute kidney injury (AKI, resulting from infectious 
disease) and chronic kidney disease (CKD, in the form of 
glomerular disorders mediated by infectious diseases, as 
well as chronic disorders such as hypertension and diabetes 
mellitus). AKI caused by infections such as malaria and HIV 
predominate in many parts of sub-Saharan Africa. Hyper-
tension is common in the populations of sub-Saharan Africa, 
with a reported prevalence of 21% to 25% in South Africa, 
and has been reported to be a major cause of end-stage 
kidney disease (ESKD) in this region.

Approximately 70% of the least industrialized countries 
of the world are in sub-Saharan Africa, with an annual gross 
domestic product per capita of less than $1500; half the 
population live on less than $1 per day. Annual per capita 
expenditure on health care ranges from US$9 to US$158, 
in comparison with more than US$2000 in Europe. Those 
in low-income countries have a decreased life expectancy, 
probably as a result of an increased burden of disease (espe-
cially infectious disease), inadequate financial resources, 
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There are no nephrologists in many parts of Africa; else-
where, the numbers vary.8,9

FLUID AND ELECTROLYTE ABNORMALITIES

Diarrheal diseases are major causes of death in Africa;  
much of the morbidity and mortality is probably caused by 
dehydration and electrolyte abnormalities. The cholera 

and limited access to health care.6 Health care workers from 
Africa continue to emigrate to more affluent regions.7 Large 
rural areas of Africa have no health professionals to serve 
these populations. Table 78.1 shows the distribution of phy-
sicians and nephrologists in a spectrum of African countries 
compared with industrialized nations and their correspond-
ing rates of renal replacement therapy (RRT).8 Most of 
Africa, consisting of low-income countries, has the lowest 
numbers of physicians and nurses to serve its population. 

Figure 78.1  Deaths caused by different diseases/100,000 population in 15- to 64-year-old male and female South Africans compared to the 
population aged 65 years and older. 

Diabetes mellitus
Stroke Ill-defined heart disease

Ischemic heart disease

Hypertensive heart disease Nephritis or nephrosis

Tracheal, bronchial, or lung cancer
Chronic obstructive pulmonary disease Asthma

Cervical cancer

Breast cancer
Prostate cancer

Esophageal cancer

0

80

90

60

70

40

50

20

30

10

100

15–64 years
D

ea
th

s 
pe

r 
10

0,
00

0 
po

pu
la

tio
n

0

800

900

600

700

400

500

200

300

100

1000

65 years or older

D
ea

th
s 

pe
r 

10
0,

00
0 

po
pu

la
tio

n

0

20

25

10

15

5

30

15–64 years

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

D
ea

th
s 

pe
r 

10
0,

00
0 

po
pu

la
tio

n

Year

0

200

250

100

150

50

300

65 years or older

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

D
ea

th
s 

pe
r 

10
0,

00
0 

po
pu

la
tio

n

Year

http://www.myuptodate.com


2456 SECTION XIII — GLOBAL CONSIDERATIONS IN KIDNEY DISEASE

abnormalities reported were hyperuricemia (41.3%), hypo-
phosphatemia (17.2%), and low bicarbonate levels (13.6%); 
hypocalcemia was present in 9.2% of those with a CD4 count 
below 200/mm3.

Protease inhibitor therapy was a significant risk factor for 
hyperuricemia, whereas non-nucleoside reverse transcrip-
tase inhibitors were associated with less hyperuricemia.15 In 
a randomized trial and longitudinal study of first-line therapy 
in HIV-infected adults in South Africa in 2011, female 
gender, increased body mass index (BMI), and use of stavu-
dine (d4T) were confirmed as contributing to and increased 
risk of developing lactic acidosis.16,17 In a longitudinal study 
of 9040 HIV-infected individuals, stavudine was demon-
strated to be associated with lactic acidosis.17 Fanconi’s 
syndrome, presence of a hyperchloremic nonanion gap  
metabolic acidosis, hypokalemia, hypophosphatemia, glu-
cosuria, and proteinuria have been described in a patient 
secondary to the use of tenofovir.18 Functional adrenal insuf-
ficiency resulting in hyponatremia, hyperkalemia, acidosis, 
and hypotension has also been described in African patients 
with advanced HIV disease.19 Hyperkalemia related to 
trimethoprim-sulfamethoxazole (cotrimoxazole) has been 
widely described and is frequently seen in HIV-positive 
patients, but its prevalence in Africa has not been reported. 

epidemics in Zimbabwe in 2008 to 2009 highlighted this 
problem, which coincided with significant deterioration in 
the social services and infrastructure of the country, with 
deteriorating food and water supplies after economic and 
political crises. Health care provision was hampered and, 
consequently, more than 3000 people died. Refugees from 
this cholera epidemic ensured that the epidemic spread 
regionally, although the health care system in South Africa 
limited deaths in that country.10 Diarrhea-causing rotavirus 
has been identified as a leading cause of preventable mortal-
ity and morbidity in children in Africa.11 HIV-infected 
patients also frequently present with gastrointestinal disease, 
which results in marked fluid loss. In a case-control study, 
Moshabela and colleagues found that the clinical and social 
determinants of diarrheal illness in a rural HIV/AIDS clinic 
in South Africa were related to female gender, older  
age, limited access to water, and pre-ART status.12 A study of 
400 consecutive patients with HIV infection in Nigeria 
revealed that hyponatremia occurred in 74%, hypokalemia 
in 11%, and hyperkalemia in 5.6%.13 Hyponatremia, hypo-
kalemia, hyperkalemia, and acidosis were the major abnor-
malities in HIV-infected individuals who had never received 
ART.14 This pattern persists in Africa. In the era of highly 
active antiretroviral therapy (HAART), the most frequent 

Table 78.1 Global Health Work Force and Delivery of Renal Replacement Therapy in Africa and 
Non-African Countries

Country Year Population
GNI (Per 
Capita)

Physicians 
(Per 10,000 
Population)

Nephrologists 
(pmp)

Prevalence 
of HD 
(pmp)

Prevalence 
of CAPD 
(pmp)

Renal 
Transplantations/
Year

North Africa

Egypt 2008 81,121,000 6,060 179,900 (24) 500 (6.5) 421 45 500
Morocco 2008 31,951,000 4,600 1,303 (<1) 135 (4.5) 162 30 13
Tunisia 2008 10,549,000 9,060 2,245 (<1) 70 (<1) 650 20 70

West Africa

Cameroon 2004 19,598,000 2,270 3,124 (1.6) 6 (0.3) 3.6 ND ND
Cote d’Ivoire 2008 19,737,000 1,800 2,746 (1.4) ND 6 ND ND
Ghana 2009 24,391,000 1,620 2,033 (0.8) 2 (0.1) 6.4 0 0
Mali 2008 15,369,000 1,030 729 (0.5) ND 1.3 ND ND
Nigeria 2008 158,423,000 2,240 55,376 (3.5) 70 (0.3) 6.3 0 70
Senegal 2008 12,433,000 1,910 741 (0.6) 2 (0.2) 4 2 0

East and Central Africa

DRC 2004 65,965,000 320 5,827 (0.9) 7 (0.1) ND 0.2 ND
Ethiopia 2007 82,949,000 1,040 1,806 (0.2) 2 (<0.1) ND ND ND
Kenya 2002 40,512,000 1,640 4,506 (1.1) 15 (0.5) 6.4 0.7 10

Southern Africa

Mauritius 2004 1,280,000 13,980 1,303 (10.2) 10 (8.3) ND ND ND
South Africa 2011 50,586,000 10,360 38,236 (7.6) 108 (2.1) 41.4 21.2 250

Non-African Countries

SLANH region 2006 544,233,000 4,756 ND ND 280.6 96.7 8224
UK 2008 63,047,000 35,840 ND ND 342 69 2,230
United States 2010 313,847,000 47,310 ND ND 1,132.5 89.6 179,361

CAPD, Continuous ambulatory peritoneal dialysis; DRC, Democratic Republic of Congo; GNI, gross national income; HD, hemodialysis;  
ND, no data; SLANH, Sociedad Latinoamericana de Nefrología e Hipertensión.

From Swanepoel CR, Wearne N, Okpechi IG. Nephrology in Africa—not yet Uhuru. Nat Rev Nephrol 9:610-622, 2013.)
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ratio of 2.82 for those treated with ART and 4.62 in the pre-
HAART era.29 Patients hospitalized with complications of 
HIV may be at increased risk of AKI that develops in relation 
to volume depletion, hemodynamic stress, infections, malig-
nancy, and administration of nephrotoxic medication or 
radiocontrast material. HIV-related renal disease can mani-
fest as AKI or CKD or as AKI superimposed on CKD. AKI in 
hospitalized HIV-infected patients who have never received 
ART is associated with a sixfold higher risk of in-hospital 
mortality. The most important risk factors include severe 
levels of immunosuppression (CD4 count < 200 cells/mm3) 
and opportunistic infection. The most common causes are 
acute tubular necrosis and thrombotic microangiopathy. 
After initiation of ART, HIV-infected patients with AKI still 
have an increased risk of in-hospital mortality, and episodes 
of AKI seem to be more frequent in the first year of ART. 
In such patients, AKI has been associated with infection, 
antibiotics, and antifungal agents. Risk factors are low CD4 
count, co-infection with hepatitis C, acute or chronic liver 
injury, diabetes mellitus, and underlying CKD. Kidney injury 
related to ART occurs in less than 10% of patients.29

Data on AKI with HIV infection in developing countries 
are emerging. According to a survey of patients referred to 
the acute renal service at Johannesburg Hospital, Johan-
nesburg, South Africa, over a 1-year period from November 
2005 to October 2006, 101 of 700 patients (14.8%) were 
HIV-positive, with a mean age of 38 years. Sepsis was the 
cause of AKI in 60% of the HIV-positive patients. Mortality 
occurred in 44% of the HIV-positive patients and 47%  
of a control group of HIV-negative patients. Hyponatremia 
(P = 0. 018), acidosis (P = 0. 018), anemia (P = 0. 019), and 

Although the spectrum of electrolyte, acid-base, and water 
balance disorders is wide, the limitations or absence of labo-
ratory services, especially in rural areas, make diagnosis dif-
ficult. Self-prepared oral solutions may be all the therapy 
that is available in many areas.20 Nathoo and associates21 
described a range of electrolyte abnormalities—particularly 
hypokalemia and acidosis—in Zimbabwean children treated 
for dehydration with a simple, self-prepared, salt-sugar  
solution. They recommended potassium-containing World 
Health Organization (WHO) oral rehydration solution as 
the preferred rehydration solution. Changes to oral rehydra-
tion solutions to make them hypo-osmolar have been pro-
moted. A reduced-osmolarity WHO oral rehydration solution 
has been associated with less vomiting, less stool output,  
and reduced need for unscheduled intravenous infusions  
in comparison with standard oral rehydration solution in 
infants and children with noncholera diarrhea.22

ACUTE KIDNEY INJURY

Treatment of acute kidney injury (AKI) is challenging in 
Africa because of the burden of disease (especially HIV-related 
AKI in sub-Saharan Africa, diarrheal disease, malaria, and 
nephrotoxins), late presentation of patients to health care 
facilities, and lack of resources in many countries to support 
patients with established AKI. The causes of AKI in Africa 
differ from those in more industrialized countries; nephro-
toxins, infections, and obstetric and surgical complications 
are major causes of AKI in most parts of Africa.23 On the basis 
of sporadic regional publications, the annual incidence has 
been estimated as 150 per million population (pmp).24

MAJOR CAUSES OF ACUTE KIDNEY INJURY,  
BY REGION

The major causes of AKI in Africa were determined from a 
survey of colleagues in nephrologic practice in different 
regions in Africa and are presented in Table 78.2.23 Infec-
tions (e.g., malaria, HIV, diarrheal diseases), nephrotoxins, 
obstetric complications, and surgical complications were 
reported as the major causes in all regions. This pattern has 
not changed substantially from published literature of the 
previous 4 decades.24 Medical causes were the dominant 
cause of AKI, occurring in 65% of patients in Durban,  
South Africa, followed by gynecologic (17%), surgical 
(10%), and obstetric (7.3%) causes; the overall mortality 
rate was 35%.25 The most common cause was nephrotoxins, 
mainly herbal remedies. A subsequent study in the period 
from 1986 to 1988 from the same region revealed that sepsis 
replaced nephrotoxins as the predominant cause of AKI.26 
In a 5-year audit of 45 patients, Okunola and colleagues 
described sepsis (35.5%), pregnancy-related events (22.2%), 
and toxin nephropathy as the major causes of AKI in 
Nigeria.27 Factors limiting the outcomes of AKI are late 
referral, severity of AKI, and financial constraints28

ACUTE KIDNEY INJURY IN HUMAN 
IMMUNODEFICIENCY VIRUS INFECTION

AKI is a common complication in ambulatory HIV-infected 
patients compared with uninfected patients, with an odds 

Table 78.2 Most Common Causes of Acute 
Kidney Injury in Africa, by Region*

Region Country Causes

North Africa Algeria, Egypt, 
Morocco

Toxins, surgery, 
obstruction, 
infection

West Africa Cameroon, Cote 
d’Ivoire, Nigeria, 
Senegal, Democratic 
Republic of Congo

Infection or malaria, 
toxins, obstetric 
complications

East Africa Burundi, Rwanda, 
Ethiopia, Eritrea, 
Sudan

Infection or malaria, 
toxins, surgery or 
trauma

Southern 
Africa

South Africa, 
Mozambique, 
Zambia, Zimbabwe, 
Malawi

Infection or malaria, 
toxins, obstetric 
complications

*We thank our colleagues who contributed information reported 
in Table 78. 2: Dr. M. Soliman (Egypt), Dr. F. Haddoum 
(Algeria), Dr. G. Ashuntantang (Cameroon), Dr. D. Gnionsahe 
(Cote d’Ivoire), Dr. E. Bamgboye (Nigeria), Dr. A. Niang 
(Senegal), Dr. M. Ntseka (Democratic Republic of Congo), Dr. 
A. Twahir (Kenya), Dr. J. Ntarindwa (Rwanda), Dr. R. 
Nkurunziza (Burundi and Mozambique), Dr. D. Windus (Eritrea), 
Dr. C. E. Ndhlovu (Zimbabwe), Dr. J. Chabu (Zambia), and Dr. 
D. Namarika (Malawi).
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PREGNANCY-RELATED ACUTE KIDNEY INJURY

Obstetric AKI has become rare in industrialized countries, 
whereas it continues to be a frequent clinical problem in 
many African countries, mainly secondary to preeclampsia 
and eclampsia (74.5%), septic conditions (11%), and obstet-
ric hemorrhage (7.2%).36 Dialysis was required for this 
clinical condition in 75% of patients. In Morocco, pregnancy-
related AKI occurred in the third trimester in 66.6% and 
postpartum in 25% of patients. Preeclampsia and hemor-
rhagic shock (25%) were reported as the major causes of 
AKI.37 Hemodialysis was required in 16.2% of the patients. 
Poor prognosis was related to age older than 38 years and 
advanced stage, according to the RIFLE criteria (risk, injury, 
failure, loss, end-stage kidney disease). In a retrospective 
study of patients admitted to an ICU for eclampsia in Nigeria 
over a 42-month period from 2001 to 2005, Okafor and 
Efetie found a case-fatality rate of 29%, with 9.1% deaths 
related to AKI.38 The incidence of eclampsia was inversely 
related to good antenatal care, standard of living, and lit-
eracy rate. During a prospective study of 178 consecutive 
women with eclampsia in Morocco, Mjahed and associates39 
found that the incidence of AKI (serum creatinine concen-
tration >140 µmol/L) was 25.8%. Dialysis was needed in 
one third of patients, and mortality rates were higher among 
patients with AKI than those without AKI (32.6% vs. 9.1%). 
Randeree and coworkers found that pregnancy-related dis-
orders were responsible for 16% of all cases of AKI that 
necessitated dialysis from 1990 to 1992 in South Africa, with 
the major causes being preeclampsia or eclampsia, septic 
abortion, and herbal toxins; maternal mortality was reported 
to be 5%.40

ACUTE KIDNEY INJURY IN THE INTENSIVE  
CARE UNIT

There are no prospective studies available that compare the 
outcomes of AKI in HIV-infected patients to those of unin-
fected patients admitted to an intensive care unit (ICU). 
Meyers and Bonegio reported on risk factors and mortality 
in patients who required dialysis for AKI in an ICU in Johan-
nesburg, South Africa, in three cohorts—1968 to 1972 (110 
patients), 1975 to 1984 (520 patients), and 1998 to 1999 
(335 patients).41 Incidence of AKI was calculated as 48 pmp/
year. Mortality rates were 32% among medical patients, 84% 
among surgical patients, and 36% among obstetric patients; 
among patients with septic abortions, the mortality rate was 
75%. The overall mortality rate among ICU patients was 
73%, in comparison with 27% among non-ICU patients with 
AKI. Ezekiel and associates42 reported on outcomes of 174 
patients undergoing dialysis for AKI in the ICU in Johan-
nesburg from January 2003 to December 2004; 53% of 
patients supported by continuous venovenous hemodialysis 
died, in comparison with 38% of those treated with intermit-
tent hemodialysis. This outcome likely reflects the greater 
severity of illness in the former group. In a single-center 
cohort study over 12 months at Tygerberg hospital in Cape 
Town, AKI was associated with a high mortality and longer 
duration of stay in ICU, higher APACHE (Acute Physiology 
and Chronic Health Evaluation) score, and need for 
mechanical ventilation.43 The need for dialysis and multior-
gan failure were indicators of a higher mortality rate. In a 

hyperphosphatemia (P = 0. 003) were predictors of mortal-
ity in HIV-positive patients with AKI.30 A 5-year study of 117 
HIV-positive patients with AKI in Cape Town showed that 
sepsis was present in over 50% of patients at presentation. 
Acute tubular necrosis was diagnosed in 58%; mortality 
occurred in 41%.31 In our experience, hospitalized patients 
in South Africa are at advanced stages of immunosuppres-
sion; many cases of AKI are prerenal due to volume loss, 
which implies that with aggressive and appropriate manage-
ment, the AKI is potentially reversible, even if patients have 
an underlying chronic component. This concept is critical 
for physicians who manage patients in regions where access 
to intensive or high-care units and acute dialysis is limited 
or unavailable.

Glomerular disease in HIV-infected patients can also 
manifest as AKI and may be the underlying condition on 
which an additional acute insult has precipitated a decline 
in kidney function. Herbal toxin ingestion, sepsis, or severe 
gastroenteritis with dehydration commonly results in AKI in 
our experience.

ACUTE KIDNEY INJURY AND TOXINS

Among the nephrotoxic agents encountered in some 
African countries, especially in East Africa and the Maghreb, 
are some hair dye preparations that contain paraphenylene-
diamine. Some of these hair dyes are added to henna, which 
is a traditional cosmetic agent applied to the upper and 
lower limbs to increase its skin staining effect. Paraphenyl-
enediamine can be absorbed through the skin, but more 
severe intoxication is produced by ingestion of the hair dye, 
mostly in suicide attempts.32 In addition to acute tubular 
necrosis, AKI can be caused by rhabdomyolysis and hemo-
globinuria, which occur with paraphenylenediamine poi-
soning. A cohort study of 315 patients was reported in 
200633; the mean age was 23 ± 9 years, with a clear female 
predominance. In 93.3% of cases, the intoxication was 
caused by a suicide attempt. Mortality occurred in 47% and 
resulted from other manifestations of the poisoning—
namely, angioedema, which occurs early, and arrhythmias 
caused by direct cardiotoxicity of the chemical.32 There is 
no known antidote. Accordingly, immediate dialysis is rec-
ommended to remove the toxin.

Plant toxins may cause AKI when they are used as tradi-
tional medicines. A common nephrotoxic plant is impila 
(ox-eye daisy; Callilepis laureola), found in South Africa, 
Democratic Republic of Congo, Zimbabwe, and Zambia.34,35 
Other identified plant toxins are fava beans, poisonous 
mushrooms, and Euphorbia matabelensis, a shrub. Nephrotox-
icity can occur because of direct renal injury with acute 
tubular necrosis and acute interstitial nephritis or by indi-
rect mechanisms, such as intravascular hemolysis and dehy-
dration that results from diarrhea.

Animal toxins are a major cause of AKI in Africa. Snake-
bites cause AKI secondary to systemic manifestations, which 
include intravascular hemolysis, hypotension, blood hyper-
viscosity, myoglobinuria, and hemorrhage. Snake venom 
can produce various renal lesions such as acute tubular 
necrosis, cortical necrosis, acute interstitial nephritis, and 
diffuse proliferative glomerulonephritis (GN). Scorpion 
stings cause AKI in some patients as a result of disseminated 
intravascular coagulation and hemorrhage.
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modern, single-center trauma unit in Johannesburg, a ret-
rospective study of 64 patients with severe trauma (burns, 
penetrating and blunt trauma) requiring dialysis has shown 
that mortality in trauma patients with AKI was high, with the 
highest being in burn patients (84%). This study showed 
that survival was not related to any of the published risk 
factors (e.g., trauma scores [Revised Trauma Score, Injury 
Severity Score], APACHE II, age, duration of dialysis) in 
patients requiring hemodialysis for AKI.44

THERAPY FOR ACUTE KIDNEY INJURY

Prevention of AKI is vital because many countries in Africa 
are not able to provide RRT. Education regarding the avoid-
ance of nephrotoxins, prompt treatment of infections, and 
fluid replacement are important facets of therapy. If basic 
health care services are underdeveloped, treatment of 
reversible AKI may be delayed. Such a delay often leads to 
severe kidney injury and death. Most patients who are  
supported with dialysis undergo hemodialysis; acute perito-
neal dialysis is provided in a few countries, especially  
for children, currently the focus of the International  
Society of Nephrology (ISN) Saving Young Lives project. 
Continuous RRT (when available) and sustained low-
efficiency dialysis (SLED) are provided for ICU patients  
who are hemodynamically unstable. Many dialysis technolo-
gies are, however, not available in most countries, and only 
a few people in Africa can afford RRT. Mortality caused by 
AKI is therefore very high, ranging from 13.3% to 79.8% 
(compared with 12.1% for hospitalized AKI patients in the 
United States.8

CHRONIC KIDNEY DISEASE

GLOMERULAR FILTRATION RATE ESTIMATION

There are no reliable statistics in most African countries 
because of the lack of renal registries. The lack of reporting 
is further complicated by the controversies in the tools used 
to diagnose CKD. One study found that the CKD-EPI (Epi-
demiology Collaboration) equation with the correction 
factor for ethnicity was more accurate than the Cockcroft-
Gault and Modification of Diet in Renal Disease (MDRD) 
equations in estimating the prevalence of CKD in a popula-
tion of mixed ancestry.45 Van Deventer and coworkers have 
reported that the MDRD formula without the ethnicity 
factor and the Cockcroft-Gault with correction for bias can 
be used to assess CKD prevalence in black African patients.46 
Similarly, MDRD-eGFR (estimated glomerular filtration 
rate) calculated without the African American correction 
factor improved GFR prediction in African CKD patients in 
Durban, South Africa.47

PREVALENCE OF CHRONIC KIDNEY DISEASE

There is a general impression that CKD is at least three to 
four times more frequent in Africa than in more industrial-
ized countries; this is substantiated by analysis of the causes 
of death, which revealed that uremia accounted for 1% to 
1.5% of total annual deaths among Egyptians, both in the 
predialysis era and for 2 decades thereafter.48 It has been 

estimated that death from renal disease is in the range of 
200 pmp.49 Figure 78.2 shows the incidence and prevalence 
of ESKD globally and in some sub-Saharan countries.50

CAUSES OF CHRONIC KIDNEY DISEASE

In the North African countries of Morocco, Libya, Tunisia, 
Egypt, and Algeria, which share similar sociodemographic 
features, Barsoum, in direct contact with nephrologists from 
these countries, has found that glomerulonephritis, diabe-
tes, hypertensive nephrosclerosis, chronic interstitial nephri-
tis, and polycystic kidney disease accounted for 9% to 20%, 
11% to 18%, 10% to 35%, 7% to 17%%, and 2% to 3%, 
respectively, of the causes of CKD. Diabetes has become 
more common than the glomerulonephritides.51 In a cross-
sectional study in the Democratic Republic of the Congo, 
one in three at-risk persons was reported as having CKD.52 
In a single center in Sudan, the vast majority of ESKD 
patients on dialysis had an unknown cause for their renal 
failure. It was speculated that the cause in patients younger 
than 40 years was glomerular disease; patients between the 
ages of 40 and 60 years had hypertension listed as the cause, 
and in patients older than 60 years, the cause was most likely 
obstructive uropathy. However, in 53.6% of patients, the 
cause of ESKD was listed as unknown.53

A South African study of 1126 patients described the main 
clinical presentations as chronic renal failure in 37.9%, 
nephrotic syndrome in 16.7%, hypertension in 13.2%, and 
abnormal urinary findings in 10.5%. Renal biopsy revealed 
focal segmental glomerulosclerosis in 3.8%, minimal change 
in 1.9%, membranoproliferative disease in 3%, and mem-
branous glomerular disease in 2.3%. Hypertension was sus-
pected to be the cause in 51.2% of patients with CKD.54

Even though adult polycystic kidney disease has been 
described in West and East Africa, it is grossly underre-
ported in Africa. In Senegal, the prevalence of autosomal 
dominant polycystic kidney disease (ADPKD) has been 
reported to be as high as 1 in 250. Age and GFR were identi-
fied as the major risk factors for hypertension in these 
patients.55,56 A new PKD1 mutation has been described in 
Senegal, a deletion-insertion mutation. Molecular testing 
found a deletion of two nucleotides, A and C, at positions 
7290 and 7291, followed by the insertion of five base pairs 
(CTGCA) located on exon 18 of the PKD1 gene.57

The reported annual incidence of new patients with CKD 
ranges between 34 and 200 pmp in North Africa.58 CKD is 
prevalent in Nigeria, accounting for 8% to 12% of hospital 
admissions. 59 CKD affects mainly adults aged 20 to 50 years 
in sub-Saharan Africa and is primarily secondary to hyper-
tension and glomerular diseases. In industrialized countries, 
in contrast, CKD manifests in middle-aged and older patients 
and is predominantly secondary to diabetes mellitus and 
hypertension.60-64

HYPERTENSION

The South African Demographic Health Survey of more 
than 13,000 adults in 1998 showed that the prevalence of 
hypertension was 21.3% among adults of both genders, 
according to WHO/International Society of Hypertension 
criteria. In addition, hypertension in South Africans was 
characterized by poor rates of awareness of the diagnosis and 
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cross-sectional household surveys in Kwara State, Nigeria; 
Nandi district, Kenya; Dar es Salaam, Tanzania; and Greater 
Windhoek, Namibia, between 2009 and 2011. They sampled 
5500 households and 7568 individuals older than 18  
years. The prevalence of hypertension was 19.3% in rural  
Nigeria, 21.4% in rural Kenya, 23.7% in urban Tanzania, and 
38.0% in urban Namibia. Control of hypertension ranged 
from 2.6% in Kenya to 17.8% in Namibia. Obesity preva-
lence (BMI > 30) ranged from 6.1% (Nigeria) to 17.4% 
(Tanzania).

The Birth-to-Ten study (a birth cohort study that was  
initiated in Johannesburg, Soweto, in 1990) reported  
that 11.6% of children aged 5 years had significant hyper-
tension (BP ≥ 115/74 mm Hg but <124/84 mm Hg), with 

even poorer rates of adequate blood pressure control; fewer 
than 50% of patients were receiving treatment, and fewer 
than one third of those were achieving adequate control.65 
Edwards66 reported on blood pressure (BP) control of about 
12,000 patients with hypertension who consulted with 3503 
private practice physicians in South Africa. All patients were 
covered by medical health insurance. The proportion with 
adequate BP control (BP < 140/90 mm Hg) was only 34.7%. 
Connor and colleagues67 reported on 9731 persons, 30 years 
of age or older, who sought private sector primary health 
care services; the overall hypertension prevalence rate was 
55%—59% in black Africans, 55% in Indians, and 50% in 
whites. Uncontrolled hypertension (>140/90 mm Hg) was 
present in 47%. Hendricks and associates68 carried out four 

Figure 78.2  A, B, Incidence and prevalence of end-stage kidney disease worldwide. 
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GLOMERULONEPHRITIS

Glomerular disease is common in Africa and is a significant 
cause of ESKD, according to reports from North Africa77 
and sub-Saharan Africa.78-80 Reports from different areas of 
Africa have elaborated differences in the prevalence of pat-
terns of glomerular injury. For example, in Nigerian chil-
dren with nephrotic syndrome, membranoproliferative 
patterns predominate, whereas in series from South Africa, 
focal segmental glomerulosclerosis (FSGS) seems to be 
most common.81,82 Similarly, the incidence of several infec-
tions known to be associated with glomerular disease varies 
across Africa. Quartan malaria in association with nephrotic 
syndrome has been reported primarily in children from 
areas in West Africa, where infection with Plasmodium malar-
iae is endemic.83,84 Although epidemiologic data from many 
regions in Africa are sparse, the incidence of glomerular 
disease, particularly nephrotic syndrome, seems to be many 
times higher in Africa than elsewhere in the world.85 Fur-
thermore, Africans, even after they have left the continent, 
seem to have more aggressive disease, with poor outcomes. 
The most common glomerular diseases in Africa reflect the 
high burden of infectious diseases on the continent. From 
north to south, biopsy series results are dominated by dis-
eases such as schistosomiasis, hepatitis B and C, malaria, 
HIV infection and, perhaps most common, poststreptococ-
cal GN.86-89

POSTSTREPTOCOCCAL GLOMERULONEPHRITIS
Poststreptococcal GN (PSGN) remains common in several 
parts of Africa. Although the exact incidence is unknown, 
it was overwhelmingly the most common cause of acute 
nephritis in sub-Saharan Africa in series from the middle to 
late twentieth century.87-92 Poststreptococcal GN occurs in 
areas in which infection with Streptococcus organisms remains 
epidemic. This situation is closely linked to socioeconomic 
factors such as poverty, poor living conditions, and poor 
access to health care. The association of PSGN with socio-
economic and racial circumstances has been demonstrated 
starkly in data from apartheid era South Africa.90,93 During 
the apartheid era, hospitals were racially segregated; socio-
economic and living conditions of black South Africans 
were in dire contrast to those of most white communities. 
Poststreptococcal GN accounted for only 2.5/1000 pediatric 
admissions to a white hospital versus 10.7/100 pediatric 
admissions to a black hospital. Today, in contrast, the  
frequency of PSGN seems to be decreasing in North 
Africa91,92,94,95, possibly in relation to general improvements 
in socioeconomic and health conditions in this area, but 
PSGN has increased in sub-Saharan Africa in association 
with the HIV epidemic.

HEPATITIS B VIRUS NEPHROPATHY
Hepatitis B is endemic in many areas of Africa. Glomerular 
involvement tends to follow the geographic distribution  
of the virus. Infection acquired perinatally or in childhood 
may manifest with chronic glomerular disease, often without 
features of overt liver disease.91,94 Hepatitis B–related 
membranous GN was a feature in biopsy series from  
children in South Africa and Zimbabwe.96-100 In Nigeria, 
however, an association with membranoproliferative GN has 
been described epidemiologically, with few reports of 

substantial variation among ethnic groups: 12.5% black; 
10.5% Indian, and 0% white. Severe hypertension (≥124/
84 mm Hg) was observed in 10.7%. Levitt and coworkers69 
showed that the systolic BP of the children at age 5 years 
was inversely related to birth weight independent of current 
weight, height, gestational age, or socioeconomic status. 
The highest level of systolic BP at 5 years was found in chil-
dren who had a low birth weight and who had gained the 
most weight since birth.

The Kenyan Luo migration study of Poulter and col-
leagues70 was the first to show that migration of people living 
in traditional rural villages on the northern shores of Lake 
Victoria to the urban settings of Nairobi was associated with 
an increase in BP. The urban migrants had higher body 
weight, pulse rate, and urinary sodium/potassium ratio 
than those who remained in the rural areas, implying that 
weight gain and increased dietary sodium are important 
factors in the pathogenesis of hypertension associated with 
urbanization.

Hypertension is an important association with CKD in 
Africa; it has been listed as the cause of CKD in 25% of 
ESKD cases in Senegal, 29.8% in Nigeria, 45.6% in South 
Africa, and 48.7% in Ghana, especially in black patients.71 
Prevalence studies in the adult black population of Natal, 
South Africa, have shown that hypertension is present in 
25% of urban Zulus (a black South African ethnic group), 
17.2% of whites, and 14% of Indians.72 The clinical pattern 
of severe uncontrolled hypertension in hospitalized patients 
takes a rapid course, with uremia and death, frequently 
from cerebral hemorrhage. Malignant hypertension is an 
important cause of morbidity and mortality among urban 
black South Africans; hypertension accounts for 16% of all 
hospital admissions and, untreated, they had a 5-year sur-
vival of about 1%. Hypertension affects about 25% of the 
adult population and is listed as the cause of ESKD in 21% 
of patients receiving RRT in the South African registry 
report.73 Hypertension was the most common reported 
cause of ESKD, accounting for 34.6% of cases of ESKD in 
black South Africans. In a study to determine the pathologic 
basis of ESKD in black South Africans, Gold and colleagues74 
reported that essential malignant hypertension was the most 
common cause, occurring in 49% of patients with ESKD. In 
a 6-year study of 3632 patients with ESKD, based on statistics 
from the South African Dialysis and Transplantation Regis-
try, hypertension was reported to be the cause of ESKD in 
4.3% of white patients, 34.6% of black patients, 20.9% of 
patients of mixed ancestry, and 13.8% of Indians. Among 
patients with essential hypertension, 15.9% developed ESKD 
and, in 57% of these, it was associated with malignant 
hypertension.75

Hypertensive nephropathy is viewed as the major cause 
of ESKD in many other parts of Africa. In a 10-year study of 
368 patients with CKD in Nigeria, the cause was undeter-
mined in 62%. Of the remaining patients for whom the 
cause was ascertained, hypertension accounted for 61%, 
diabetes mellitus for 11%, and chronic GN for 5.9%.76 CKD 
accounted for 10% of all medical admissions in that study. 
ESKD accounted for 24% of medical admissions in most 
major referral hospitals in Nigeria; hypertension and 
chronic GN were the leading causes of CKD in all centers, 
and diabetic nephropathy was the third most common 
cause.
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HIV-positive patients in Durban, South Africa, Han and col-
leagues112 prospectively screened for proteinuria, including 
microalbuminuria, and found that only 6% had persistent 
proteinuria. Of these patients, 30 consented to renal biopsy, 
and 25 were found to have HIVAN on histology. In contrast, 
Emem and associates13 found evidence of kidney disease as 
manifested by proteinuria or abnormal serum creatinine 
level in 38% of 400 consecutive HIV-positive patients. 
However, biopsies were performed in only 10 patients. 
Peters and coworkers113 reported on the effect of ART on 
renal outcomes in 508 Ugandans over 2 years of follow-up. 
Baseline data showed that 8% had a serum creatinine  
concentration higher than 133 µmol/L, and 20% had 
reduced renal function (creatinine clearance rate = 25 to 
50 mL/min). After 2 years of ART, the median serum cre-
atinine concentration decreased by 16%, and the median 
creatinine clearance rate increased by 21%. The authors 
suggested that in resource-constrained settings, in which  
the ability to monitor renal function may be limited, ART 
could be initiated at standard weight-based dosing regimens 
and doses adjusted thereafter if kidney function did not 
improve. Outcomes of ART for 4 to 5 years in 3316 HIV-
infected individuals in Zimbabwe and Uganda showed that 
CKD stage 4 or 5 was present in 2.8% of patients after 4 
years.114

In a study from Johannesburg, initiation of ART pro-
duced rapid and sustained immunologic, clinical, and renal 
responses, irrespective of histology. The histologic patterns 
were highly variable, ranging from nonspecific lesions such 
as mesangial hyperplasia and interstitial nephritis to HIV 
immune complex disease (HIV-ICD), with or without fea-
tures of HIVAN; the histologic response to treatment was 
variable, including no change, progression, and regression 
of lesions.115

The predilection for HIVAN in individuals of African 
descent has suggested a genetic predisposition; initial 
studies indicated an association with polymorphisms of 
MYH9, encoding nonmuscle myosin IIA heavy-chain protein 
on chromosome 22.116 The identification of a MYH9 genetic 
variation as a risk factor for FSGS (both idiopathic and HIV-
related) and hypertensive ESKD has suggested a strong 
genetic link with these conditions in those of African origin. 
Subsequent studies confirmed that variants of a gene closely 
associated with MYH9, APOL1, may contribute to the risk of 
FSGS and presumed hypertension-related CKD in people of 
African descent.117-119 Kopp and colleagues119 have reported 
that African Americans carrying two APOL1 risk alleles had 
a greatly increased risk for glomerular disease, and APOL1-
associated FSGS (both related to HIV and idiopathic) 
occurred earlier and progressed to ESKD more rapidly. A 
study recently completed in Johannesburg has, for the first 
time in a South African black population, confirmed the 
genetics of HIV CKD. MYH9 risk alleles (E1 haplotypes 
rs4821480, rs4821481, and rs3752462) were associated with 
an odds ratio of 2.1 for HIVAN (95% confidence interval 
[CI], 0. 07 to 60.99; P = 0.67), whereas in a recessive model, 
individuals carrying any combination of two APOL1 risk 
alleles G1 and G2 had 89-fold higher odds (95% CI, 17.7  
to 911.7; PFET = 1.2 × 10−14) of developing HIVAN.120 
Several studies have been published and some are underway 
surveying the potential contribution of the APOL1 risk 
variant to CKD in other regions of Africa as well.121-123 The 

membranous GN.101 The hepatitis B vaccination program in 
South Africa has, fortunately, decreased the incidence of 
this condition.102

MALARIA
Malaria is endemic in many areas of Africa. Nephrotic syn-
drome in association with quartan malaria was reported 
mostly from Nigeria in the 1970s. However, questions have 
been raised about the role of malaria in the pathogenesis 
of this condition, and biopsy series from Nigeria have 
revealed a decreased prevalence.103-106 Plasmodium falciparum 
malaria is largely associated with AKI, although glomerular 
damage may also occur.

SCHISTOSOMIASIS
Schistosomal disease with Schistosoma haematobium or Schisto-
soma mansoni is endemic to Egypt and Sudan in particular, 
but also to several areas of sub-Saharan Africa. Renal failure 
results predominantly from deposition of ova in the genito-
urinary system, which causes obstruction. However, these 
organisms can also cause immune-mediated glomerular 
disease. Immune complexes containing S. haematobium or S. 
mansoni worm antigens may become deposited in the glom-
eruli, which leads to different patterns of GN, including 
mesangioproliferative, exudative, and membranoprolifera-
tive types, focal segmental sclerosing lesions, or amyloidosis. 
Exudative lesions occur in the presence of Salmonella 
co-infection. The development of membranoproliferative 
GN and focal segmental sclerosis correlates with the degree 
of associated hepatic fibrosis; immunoglobulin A (IgA) 
appears to play a major role in the pathogenesis of the liver 
and kidney lesions.107

HUMAN IMMUNODEFICIENCY  
VIRUS–ASSOCIATED RENAL DISEASE
HIV infection is epidemic in sub-Saharan Africa. Although 
HIV causes renal disease in various ways, HIV-associated 
glomerular disease is the most common mechanism for 
ESKD in infected patients. HIV-related glomerular disease 
has been described in association with various histologic 
patterns. Gerntholtz and associates108 described their find-
ings in a retrospective review of biopsy findings in HIV-
positive patients obtained over 2 years. Only 27% of the 99 
biopsy samples showed classic, HIV-associated nephropathy 
(HIVAN), and 21% had various forms of immune complex 
disease without evidence of other infections. A typical ball 
in cup pattern of basement membrane reaction to immune 
complexes was described. Of note, in more than half the 
biopsies, other diagnoses were made, including IgA 
nephropathy, postinfectious GN, and membranous nephrop-
athy. This adds to the description of the variation in the 
pattern of HIV-associated GN described previously.109,110 
Wearne and coworkers111 have described a series of 192 
biopsies in HIV-positive individuals in Cape Town; HIVAN 
was the most common finding, present in 110 biopsies and 
in combination with immune complex disease in a further 
42 biopsies. The authors also described a fetal variant of 
FSGS in this biopsy series.

Data on the prevalence of HIV-related glomerular disease 
in Africa are scarce because, in Africa, patients with the 
disease present late, often requiring dialysis at presentation, 
and biopsy is not performed. In a study of 615 ART-naive, 
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in developing countries.139 The prevalence of diabetes mel-
litus in Africa is anticipated to rise to 12.7 million by 2025, 
an increase of 140%.140

Diabetes mellitus currently affects 9.4 million people in 
Africa. The prevalence of diabetic nephropathy in diabetic 
populations is estimated to be 14% to 16% in South Africa141, 
23.8% in Zambia, 12.4% in Egypt, 9% in Sudan, and 6.1% 
in Ethiopia. Diabetes accounts for 11% of patients with 
ESKD in Nigeria76 and 9% to 15% in Kenya.142 Only a minor-
ity of these patients are offered RRT in public sector dialysis 
programs in South Africa because of associated comorbid 
conditions. Most will therefore die from ESKD unless they 
are able to fund RRT themselves or have health insurance. 
Afifi and coworkers143 have described increasing numbers of 
diabetic patients in ESKD in the Egyptian renal data system. 
The prevalence of patients with diabetic nephropathy 
undergoing dialysis increased from 8.9% to 14.5% between 
1996 and 2001. This study and others have confirmed the 
poor rates of survival in Africa among diabetic patients 
undergoing dialysis.144

RENAL DISEASE DUE TO SICKLE CELL ANEMIA 
(see also Chapter 33)
The prevalence of sickle cell disease is 2% in West Africa. 
Renal manifestations of sickle cell disease include renal  
papillary necrosis, glomerulonephritis, hypertension, and 
ESKD. U.S. studies have shown that sickle cell disease 
accounts for less than 1% of patients initiating RRT. A study 
of adults with sickle cell disease in Nigeria has found that 
41.7% had stage 2 CKD and 2.7% had stage 3 CKD; no 
patients were reported with stage 4 or 5 CKD.145

RENAL REPLACEMENT THERAPY

RRT places an unaffordable financial burden on poor coun-
tries. The availability of RRT is very limited in much of sub-
Saharan Africa because of high costs and shortage of skilled 
personnel, and these limitations are responsible for the 
high rates of morbidity and mortality associated with ESKD 
(Figures 78.3 and 78.4). Most dialysis centers are situated in 
cities, which places a further burden on many patients who 
have to travel long distances to a dialysis center. Because of 
technical and human resource limitations, dialysis is often 
inefficient; the availability of essential therapy such as eryth-
ropoietin is erratic, which results in only partial rehabilita-
tion of patients undergoing chronic dialysis.

In 2011, RRT was accessed by approximately 2,164,000 
patients globally but only 19,550 in sub-Saharan Africa; less 
than 1% of the population of dialysis recipients was from 
sub-Saharan Africa (Figure 78.5).146 Most African countries, 
because they have low-income regions, have a correspond-
ingly poor availability of RRT. The current rate of dialysis 
treatment ranges from 421 pmp in Egypt to fewer than 
20 pmp for most of the rest of Africa (and is zero in many 
countries of sub-Saharan Africa). The corresponding statis-
tics in industrialized countries are as follows, according to 
the U.S. Renal Data System report for 2013: 2309 pmp in 
Japan; 1924 pmp in the United States; 1382 pmp in Mexico; 
and 871 pmp in the United Kingdom.147 In-center hemodi-
alysis is the modality for RRT in most African countries. 
Many patients are undertreated with dialysis; only 20% of 

relationship between HIVAN and APOL1-mediated risk is 
further highlighted by combined findings of low levels of 
APOL1 kidney disease risk alleles and of HIVAN in certain 
regions of Africa, such as Ethiopia.123

NEPHROTIC SYNDROME IN CHILDREN
The incidence of FSGS has been rising globally, particularly 
in Africa.82,124-127 The lack of quality pathology services in 
many parts of Africa also makes assessment of the preva-
lence of glomerular injury difficult. In two large series, 
Bhimma and associates82,128 reviewed the records of 636 chil-
dren with nephrotic syndrome in Durban, South Africa. 
They noted striking differences in the patterns of glomeru-
lar disease in children of different races in the same area. 
These patterns included a predominance of steroid-sensitive, 
minimal change disease in children of Indian origin and a 
predominance of FSGS lesions in black children. In the  
few cases of minimal change disease in black children,  
more than 50% (18 of 32) had steroid-resistant disease. This 
has led to the practice of treating nephrotic syndrome in 
Indian and white children with steroids empirically  
while reserving biopsy for all black children or other chil-
dren with steroid resistance. Also in this study, 81 of 236 
(34.3%) black children had hepatitis B–related disease,  
but no cases occurred in any other population group. The 
prevalence of this disease has now regressed following the 
introduction of hepatitis B vaccination. Thomson93 reported 
a similar pattern of biopsy findings in Johannesburg, in 
which FSGS predominated. Patterns of steroid resistance 
among black patients are consistent in several areas of the 
world.128-130 Although reports of association with steroid 
resistance and various mutations in podocyte proteins are 
available from Europe, Asia, the Middle East, and North 
America (where African American patients are included), 
there are few data from Africa.29,130 However, Thomson did 
confirm the presence of congenital nephrotic syndrome in 
African infants.93

OTHER DISORDERS RELATED TO 
GLOMERULONEPHRITIS
Although previously thought to be uncommon, several 
more recent reports have indicated that lupus nephritis 
occurs more commonly than previously reported through-
out Africa.131-135 Lupus nephritis occurred in 13% of all 
patients with GN in Tunisia134 and in 39% of all patients with 
secondary GN in Cape Town.35 Among people with prolif-
erative lupus nephritis, cumulative event-free survival rates 
(with a composite end point of doubling of serum creati-
nine level, ESKD, or death) were 54%, 34%, and 27% at 1, 
10, and 15 years, respectively.135 Reports of IgA nephropathy, 
however, remain uncommon in sub-Saharan Africa.136-138

DIABETIC NEPHROPATHY

Diabetes mellitus represents one of the most daunting 
health care challenges today. The number of patients with 
diabetes mellitus worldwide is currently estimated to be 
about 135 million; this number is expected to rise to about 
300 million by 2025. The main reasons for this increase are 
population aging, unhealthy diets, obesity, and sedentary 
lifestyle. Although the increase in cases will exceed 40% in 
industrialized countries, it is anticipated to be about 170% 
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except in South Africa, where deceased donor kidneys are 
transplanted to a greater extent (80% from deceased donors 
and 20% from living donors). Deceased donation is ham-
pered in many countries by lack of a legal framework gov-
erning brain death and by religious and social constraints; 
as a result, opportunities for commercial transplantation 
abound. Thus, transplantation is limited by cost, donor 
shortages, and lack of a brain death law in most of sub-
Saharan Africa. The transplantation rate averages 4 pmp in 
Africa and 9.2 pmp in South Africa.9 Funding for RRT is 
primarily private in much of Africa; the governments of only 
a few countries (e.g., Mali, Mauritius, South Africa) provide 
RRT for small numbers of patients. Indigent South Africans 
are able to access government-provided chronic dialysis only 
if they are eligible for transplantation. In many African 
countries, chronic dialysis is not sustainable because patients 
are unable to afford dialysis beyond the first 2 to 3 months.

patients in a Nigerian center could afford to have dialysis 
three times weekly, and 70% could afford it only once 
weekly.148,149

Rates of patients undergoing dialysis were 133 pmp in 
South Africa in 2012—two thirds on hemodialysis and one 
third for continuous ambulatory peritoneal dialysis 
(CAPD)150 in comparison with 421 pmp for hemodialysis 
and 45 pmp for CAPD in Egypt and 650 pmp for hemodi-
alysis and 20 pmp for CAPD in Tunisia.9 The availability of 
CAPD is limited in sub-Saharan Africa because of the high 
cost of dialysis fluids and the perception of a high rate of 
peritonitis. The average cost of hemodialysis in Africa is 
US$100/session. The annual cost of CAPD is equivalent to 
that of in-center hemodialysis.

Transplantation is performed in only a few African 
countries—South Africa, Kenya, Nigeria, Tunisia, Morocco, 
and Egypt. Most of the transplants are from living donors, 

Figure 78.3  Top panel, Proportion of reported dialysis patients worldwide by country or geographic region. Bottom panel, Reported numbers 
of dialysis patients by country (or region) in Africa. EU, European Union; SSA, Sub-Saharan Africa. 
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PREVENTION STRATEGIES

Screening programs have been developed in most of Africa. 
One of the largest is the MaReMar project; 10,524 individu-
als were screened for CKD and will be followed up over 5 
years under the aegis of the Ministry of Health in Morocco, 
together with the Moroccan Society of Nephrology, WHO, 
and International Society of Nephrology (ISN). Shortage of 
health care workers and lack of availability of pharmaceuti-
cal agents on a sustained basis to retard progression of CKD 
are impediments in many African countries. Screening for 
CKD in populations at high risk (e.g., patients with hyper-
tension, diabetes mellitus, HIV infection, and family history 
of renal disease) should probably be instituted as the first 
step in CKD prevention in developing countries, such as 
those in Africa.9,71,151 Education of patients and health care 
workers with regard to hypertension, diabetes, obesity, pro-
teinuria, and health promotion (e.g., prudent diet, cessa-
tion of smoking, exercise) is essential. The programs of the 
ISN and World Kidney Day have heightened awareness of 
renal disease among medical professionals and the public 
in developing countries. Efforts should be made to  
optimize therapy for hypertension, diabetes mellitus, and 
renal disease. Implementation of recommended targets for 
control of hypertension and diabetes is essential. In areas 
with insufficient numbers of physicians, nurses and other 
health care workers could be trained to manage these condi-
tions at a local level, with clearly defined criteria for referral 
of patients. Even though there are active screening pro-
grams in a few countries in sub-Saharan Africa, which have 
detected a CKD prevalence of 5% to 33%, based on protein-
uria and increased serum creatinine levels, data on the  
prevention and treatment arms of these programs are not 
available.

CHALLENGES FOR NEPHROLOGY 
PRACTICE IN AFRICA

Lack of resources (finances and health care workers) is a 
major constraint on optimal renal care in many parts of 
Africa. Although RRT may be available, it is not sustainable 
for many patients because of lack of funding. Transplanta-
tion is not available in many African countries, which also 
contributes to morbidity in CKD patients. Rationing of ser-
vices is practiced in many parts of Africa, including South 
Africa; as a result, only small numbers of patients are selected 
for RRT.152 Reliable statistics are not available because renal 
registries are just beginning to be developed in African 
countries. Appropriate training and retention of health care 
workers is a challenge for many African countries. The 
health status of Africans is intricately woven into their socio-
political and economic milieu. Ensuring stable societies is 
crucial to the goal of improved health for all.

CONCLUSION

ESKD is challenging for the physician and a death sentence 
for most patients in Africa. Provision of RRT is especially 
daunting in sub-Saharan Africa. Nephrologists and physi-
cians are faced with large numbers of patients with ESKD 

The reality is that not enough money is available for 
health care in developing countries, and the provision of 
RRT is especially challenging in sub-Saharan Africa. The 
primary goal should be promotion of prevention strategies 
at all levels of health care in Africa. In countries with a 
national program for RRT and with appropriate use of 
donor aid, the goal should be a circumscribed chronic dialy-
sis program, with as short a time on dialysis as possible and 
increased availability of transplantation (from living related 
and deceased donors). Patients with renal disease should be 
referred to a nephrologist at an early stage so that measures 
to retard progression of disease and plan timely transplanta-
tion or dialysis may be instituted; this is particularly impor-
tant when related donors may be available.

Figure 78.4  RRT  prevalence  according  to  gross  domestic 
product  (GDP)  in  different  countries.  R-squared  or  coefficient  of 
determination. 
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and inadequate facilities, funding, and support. Increasing 
disease burdens are predicted as the dual epidemics of HIV 
and diabetes with hypertension reach their peak in Africa.

Support from the ISN and its global outreach programs 
have gradually improved the capability of physicians in 
many African countries to provide renal care. Although 
prevention strategies are recognized as optimal therapy in 
managing CKD, they are still underdeveloped in much of 
Africa, mainly because of the lack of health care workers 
and funding.
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This chapter is a discussion of the epidemiology, causes, 
predisposing factors, management, and prevention of 
kidney diseases, and future strategies for dealing with kidney 
diseases in the Near and Middle East are proposed. The 
term Near and Middle East is a historical, Eurocentric, and 
Western term that was used to describe a geographic region 
whose boundary is imprecise and whose internal borders 
are constantly changing because of political and historical 
evolution.1 Therefore the Near and Middle East, hereafter 
called the Middle East, is defined for the purpose of this 
chapter as the region that encompasses the following 20 
countries (in alphabetical order): Algeria, Bahrain, Egypt, 
Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Libya, Morocco, 
Oman, Palestinian Authority, Qatar, Saudi Arabia, Syria, 
Tunisia, Turkey, the United Arab Emirates (UAE), and 
Yemen (Figure 79.1).

The Middle East (ME) has always been important for (1) 
its strategic location as a tricontinental hub that links Asia, 
Africa, and Europe; (2) its economic resources; and (3) its 
spiritual significance as the birthplace of the world’s three 
major monotheistic religions: Judaism, Christianity, and 
Islam. Of the adherents to the three religions, Muslims 
constitute the largest religious population in the ME; the 
sizes of the Christian and Jewish populations are smaller and 
vary from country to country in the ME.1 Although the ME 
has several cultural, linguistic, and geographic associations, 
considerable disparity exists between the different countries 
in terms of economy, resources, political systems, health 
care systems and expenditure, and disease incidence and 
prevalence.

According to data from the World Health Organization 
(WHO),2 the estimated population in the 20 ME countries 
in 2012 was 468,470,000, and the median ages ranged 
between 19 and 31.5 years (Table 79-1). The gross national 
income (GNI) per capita varies for each ME country. 
According to the classification system of the World Bank,3,4 
most ME countries are considered “developing countries.” 
Egypt, Morocco, Syria, Palestinian Authority, and Yemen are 
considered lower-middle-income countries because the GNI 

per capita of each is between $1046 and $4125 (USD) per 
annum, whereas Algeria, Iran, Iraq, Jordan, Lebanon, Libya, 
Tunisia, and Turkey are considered upper-middle-income 
countries because the GNI per capita of each is between 
$4126 and $12,745 per annum. The following countries are 
considered high-income countries because the GNI per 
capita of each is more than $12,746 per annum: Bahrain, 
Israel, Kuwait, Oman, Qatar, Saudi Arabia, and UAE (Figure 
79.2). Inevitably, disease incidence, prevalence, course, and 
outcomes are affected by the different socioeconomic 
factors and health policies in each country5-7 (see Figure 
79.2). For example, the life expectancy and infant mortality 
rate in each ME country are concordant with the socioeco-
nomic, political, and health status of that country. The 
median life expectancy in the 20 ME countries ranges from 
58 to 83 years for men and from 66 to 84 years for women. 
The life expectancy for men is lowest in the low-income ME 
countries and in countries affected by man-made conflicts 
(see Table 79.1).

The mortality rate before the age of 5 years in Yemen, the 
poorest country in the ME, is at least five times higher (60 
per 1000 live births) than that in industrialized high-income 
ME countries (4 to 12 per 1000 live births; see Table 79.1). 
Also, a health disparity exists among minority populations 
who live in industrialized ME countries and individuals of 
ME origin who live in countries that are not in the ME.7-13 
Many developing ME countries have been affected by 
various types of natural disasters (such as earthquakes, 
floods, and droughts) and other disasters (such as military 
conflicts). Casualties, displacement, and migration are sig-
nificant consequences of such disasters and adversely affect 
the socioeconomic stratum and health status of a country.14,15 
Therefore many ME countries and their communities need 
help in upgrading their existing health structures to improve 
their ability to cope with any future disasters. Consequently, 
the WHO and national and international nephrology societ-
ies, such as the International Society of Nephrology (ISN), 
have pooled their resources to enhance the resilience of 
nations to the effects and consequences of disasters.14,16-19
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study from a single center in northern Israel, Shema and 
associates reported that the annual incidence rate of AKI 
among hospitalized adult patients was 1% to 5.1%, depend-
ing on the AKI definition that was used.25 In a case series 
study of the ME respiratory syndrome coronavirus outbreak, 
AKI requiring renal replacement therapy (RRT) was 
reported in 58% of critically ill patients.28 This percentage 
is high, compared to that reported in equivalent critically ill 
patients who were treated during the severe acute respira-
tory syndrome epidemic in Canada (5%).29

The causes of AKI have changed over time in ME coun-
tries. A nationwide prospective study, conducted by the 
Turkish Society of Pediatric Nephrology Acute Kidney Injury 
Study Group,30 demonstrated that the cause of AKI in 
Turkish pediatric patients has greatly evolved during the last 
2 decades. Acute gastroenteritis and acute poststreptococcal 
glomerulonephritis have decreased significantly as causes of 
AKI, and prematurity, malignancy, and congenital heart 
disease have increased. In adults, obstructive uropathy, 
unspecified postsurgical complications, and crush injury 
were the most prevalent causes of AKI in Syria during the 
1980s, according to Hadidy and colleagues.22 In contrast, 

ACUTE KIDNEY INJURY

As in many countries worldwide, data on the incidence and 
prevalence of acute kidney injury (AKI) in many ME coun-
tries are scarce and imprecise because of an inconsistent 
definition of AKI in medical reports, underreporting, sea-
sonal dependency on the occurrence of AKI, and the fre-
quency and location of natural and human-engendered 
disasters.17,20,21 There are large knowledge gaps about the 
age, number, natural history, and outcome of patients with 
AKI in either the community or hospitals and about the use 
of preventive measures in each ME country. Most published 
reports on AKI in ME countries have concerned a short-
term study in a tertiary-level hospital or a single-center study, 
and of these studies, only a few were of the prospective type. 
Moreover, the definition of AKI is not consistent in these 
reports.22-27 Al-Homrany reported that the incidence of AKI 
among hospitalized patients was 0.6% in a 2-year prospec-
tive study in one hospital in southern Saudi Arabia.24 Of 
these cases of AKI, 62% were hospital acquired and 38% 
were community acquired. In a 1-year retrospective cohort 

Figure 79.1  Map of Middle Eastern countries. Countries illustrated in light green also known as “El Maghreb”; those in dark green, as “El 
Mashreq.”1 (Adapted and modified from a public domain image available at http://en.wikipedia.org/wiki/Middle_East.)
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Table 79.1 Demographics, Health Indicators, and Human Development Index in Middle Eastern Countries 
and Western Industrialized Countries

Country Total Population
Median Age 
(years)

Life 
Expectancy at 
Birth (years)

Rate of Mortality 
before Age 5 
Years (per 1000 
Live Births)

Country Ranking in 
Human Development 
Index (of 185 
Countries)*Male Female

Middle Eastern Countries

Algeria 38,482,000 26.62 71 74 20 93
Bahrain 1,318,000 30.07 78 80 10 48
Egypt 80,722,000 24.93 71 75 21 112
Iran 76,424,000 27.99 72 75 18 76
Iraq 32,778,000 19.5 65 72 34 131
Israel 7,644,000 30.1 80 84 4 16
Jordan 7,009,000 23.6 72 75 19 100
Kuwait 3,250,000 28.95 80 80 11 54
Lebanon 4,647,000 29.4 72 76 9 72
Libya 6,155,000 26.25 58 74 15 64
Morocco 32,521,000 26.7 70 74 31 130
Oman 3,314,000 25.88 70 76 12 84
Palestinian Authority† 4,046,901 NA 71 75 23 110
Qatar 2,051,000 31.64 83 81 7 36
Saudi Arabia 28,288,000 27.03 74 80 9 57
Syria 21,890,000 22.21 73 77 15 116
Tunisia 10,875,000 29.89 74 78 16 94
Turkey 73,997,000 29.04 73 73 14 90
United Arab Emirates 9,206,000 29.37 75 77 8 41
Yemen 23,852,000 18.78 63 66 60 160

Western Countries Industrialized Countries

Australia 23,050,000 37.08 80 84 5 2
Canada 34,838,000 39.99 80 84 5 11
France 63,937,000 40.43 78 85 4 20
Germany 82,800,000 45.09 78 83 4 5
Italy 60,885,000 43.99 80 85 4 25
Japan 127,000,000 45.53 79 86 3 10
United Kingdom 62,783,000 40.7 79 82 5 26
United States 318,000,000 37.3 76 81 7 3

*Data from the 2013 Human Development Report published for the United Nation Development Programme. Available at: http://
hdr.undp.org/sites/default/files/reports/14/hdr2013_en_complete.pdf. Accessed April 5, 2014.

†Data from World Bank: Indicators. Available at: http://data.worldbank.org/indicator. Accessed April 5, 2014.
NA, Not available.
Source data for country profiles from the World Health Organization: Countries. Available at: http://www.who.int/countries/en/. Accessed 

April 5, 2014.

Said reported findings similar to those from industrialized 
countries in 215 patients with AKI, whose ages ranged 
between 12 and 90 years, in three Jordanian hospitals over 
an 18-month study period.31 Renal parenchymal disease was 
the most common cause of AKI (58%), and acute tubular 
necrosis (ATN) and contrast-induced nephropathy were the 
two most prevalent causes of renal parenchymal disease. 
Prerenal causes (28%) and postrenal causes (14%) 
accounted for the remaining causes of AKI.31 Of note, 
obstructive uropathy was a common cause of AKI as a result 
of the high prevalence of nephrolithiasis in the study 
patients who originally came from Yemen and Sudan. In 
another study from one center in Qatar, ATN was reported 
in 83% of all patients with AKI, who were referred mainly 
from intensive care units.32 Al-Homrany24 reported that ATN 
resulting from sepsis, ischemia, and rhabdomyolysis, as well 

as distinctive causes, such as malaria and snakebites (4.6% 
of all cases), were the major causes of AKI in tropical south-
ern Saudi Arabia.

Malaria is rarely reported as a primary cause of AKI in 
most ME countries, except for Yemen.33,34 In the Hajjah and 
Sanaa regions of Yemen, malaria caused by Plasmodium fal-
ciparum was the cause of 29% of all cases of AKI.34 However, 
prerenal disorders, such as infectious diarrheal diseases,  
are still the predominant cause of AKI in Yemen because of 
the tropical climate and poor hygiene. Malarial kidney 
injury is often a consequence of several hemodynamic, 
immune, and metabolic disturbances, which may also be 
accompanied by central nervous system sequelae and by 
fluid and electrolyte alterations.35,36 Malarial kidney disease 
can manifest as AKI in the form of (1) ATN that accompa-
nies or occurs as a complication of severe hemolysis, 

http://hdr.undp.org/sites/default/files/reports/14/hdr2013_en_complete.pdf
http://hdr.undp.org/sites/default/files/reports/14/hdr2013_en_complete.pdf
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Figure 79.2  Indices of wealth and health care expenditure in the 20 Middle Eastern and selected Western and industrialized countries 
in 2012. For each country, three indices are presented: gross national income per capita, on a purchasing power parity, expressed in interna-
tional dollars (blue bars); total expenditure on health per capita, expressed in international dollars (red bars); and total expenditure on health, 
expressed as percentages of gross domestic product (GDP) (green bars). The upper seven countries are the wealthy high-income Middle East 
nations. UAE, United Arab Emirates; USA, United States of America.  (Data from the World Health Organization: Countries. Available at http://
www.who.int/countries/en/. Accessed April 5, 2014.)
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7. The availability of medical support and the availability 
and efficiency of rescue teams.

8. The availability of RRT.16,19,40-42

An important issue in such disasters is the selection of 
patients with AKI who need early referral to specialized 
nephrology facilities. The ISN Renal Disaster Relief Task 
Force in cooperation with European Renal Best Practice 
published comprehensive clinical practice guidelines for 
the management of crush victims in mass disasters.19 These 
recommendations included both medical and logistic prin-
ciples and were based on lessons that have been learned 
from the activities of the Renal Disaster Relief Task Force in 
disaster-affected areas during the past 2 decades.16,19,40-43 Of 
note, vigorous fluid resuscitation and the use of mannitol 
are now proven therapies for saving limbs and preventing 
the development of compartment syndrome in crush inju-
ries, which is the second leading cause of death after disas-
ters (Figure 79.3). These therapies can also reduce the need 
to perform fasciotomies, which are associated with severe 
bleeding, sepsis, and amputations.19,39,40,44,45

In summary, it is difficult to draw general conclusions 
about the epidemiology, causes, and outcomes of AKI in 
many ME countries because of regional variation and meth-
odologic differences in the few studies that have been per-
formed in the region. Well-conducted studies in which the 
published definition of AKI46 is used are needed to clarify 
the actual occurrence of AKI. Accordingly, the results of 
these studies can then be used to identify the needed infra-
structure and evaluate treatment strategies to improve the 
clinical outcomes.

CHRONIC KIDNEY DISEASE

EPIDEMIOLOGY

The incidence and prevalence of noncommunicable dis-
eases are changing rapidly as a result of demographic transi-
tion, and the burden of disease has consequently shifted 
from the pediatric population to the adult population in 
many ME countries.8,47-50 This demographic shift in the 
burden of disease is exemplified by the emerging epidemic 
of diabetes mellitus that is occurring globally and affects 
Arab and Chaldean Americans. In 2013 the International 
Diabetes Federation ranked Saudi Arabia (24%), Kuwait 
(23.1%), and Qatar (22.9%) as having the seventh, ninth, 
and tenth highest estimated prevalence of diabetes mellitus, 
respectively, in the world.51 The International Diabetes Fed-
eration also predicts that the prevalence of diabetes mellitus 
in ME countries will increase by 2035. These alarming  
statistics for ME countries have been attributed to a combi-
nation of increasing urbanization, aging populations, 
increasing obesity, and falling levels of physical activ-
ity.7,8,47,48,52-60 Accordingly, the direct and indirect medical 
expenditures that are associated with diabetes mellitus will 
become a profound economic burden. As a result, ME coun-
tries with limited or scarce resources (see Figure 79.2) will 
be unable to cope with the social, economic, and public 
health consequences of complications of diabetes mellitus, 
one of which is CKD.

hemodynamic derangements, and tissue hypoxemia; (2) 
interstitial nephritis; or (3) glomerular mesangial prolifera-
tive lesions with immune complex deposits.35

Reporting of the cause of AKI may, however, be biased by 
the type of referral hospital that documents the various 
causes. In a retrospective 18-month study from one cancer 
hospital in the UAE, sepsis and drug-induced nephrotoxic-
ity were the leading causes of AKI because 30% of the 
patients were immunocompromised and were receiving 
chemotherapy.37 Preexisting comorbid conditions, such as 
diabetes, hypertension, and chronic kidney disease (CKD), 
were documented in approximately one-third of all patients 
with AKI in Jordan and the UAE23,37 and in as many as 87% 
of all such patients in Qatar.32 AKI-associated mortality rates 
range between 18% and 77% in ME countries.22-25,31,32,37,38 
Al-Homrany24 reported that uncontrolled sepsis and multi-
organ failure were the leading causes of death in southern 
Saudi Arabia. In his study, mortality was associated with 
advanced age, oliguria, hospital-acquired AKI, the need for 
dialysis, and hepatic failure.24

Devastating earthquakes have struck some ME countries 
and are a constant threat because their territory encom-
passes the Great African Rift Valley. In several publications, 
investigators have described and analyzed the factors that 
have had major implications for kidney involvement and 
outcomes in survivors who sustained crush syndrome in 
catastrophic earthquakes in Turkey and Iran. Crush syn-
drome often causes profound hypovolemic shock that (1) 
is complicated and aggravated by gross disorders of acid-
base balance and electrolytes, of which hyperkalemia is life-
threatening, and (2) increases susceptibility to myoglobinuric 
AKI. These complications can occur within hours of the 
initial injury and can lead to early loss of limb or life.16,39,40 
According to data that were collected after the 1999 Marmara 
earthquake in Turkey and the 2003 Bam earthquake in Iran, 
the number of casualties, the incidence of crush injury, and 
the incidence of myoglobinuric AKI are related to several 
variables, including the following:

1. The intensity of the earthquake and the magnitude of 
the aftermath.

2. The time of the day that the earthquake happened: The 
Turkish earthquake occurred during the night and was 
associated with more crush injuries than earthquakes 
that have occurred during the day, because the victims 
were in the supine position.

3. The population density and the type of residential area 
at the site of the earthquake: The population density in 
rural areas, where the buildings are single storied and 
made from light construction materials, is less than that 
in urban areas, where the buildings may be multistoried 
and made of heavy construction materials.

4. The climate: Earthquake survivors suffer more volume 
depletion and dehydration in hot weather than in cold 
weather.

5. The time to rescue, because it reflects both the amount 
of time under the rubble and the magnitude of imposed 
pressure in a given time.

6. The extent of destruction of health care facilities at the 
site of the earthquake and the distance from referral 
hospitals.
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Figure 79.3  Algorithm for fluid resuscitation in crush victims of mass disasters before, during, and after extrication. IV, Intravenous. (Modified from 
Sever MS, Vanholder R: Management of crush victims in mass disasters: highlights from recently published recommendations. Clin J Am Soc Nephrol 
8:328-335, 2013; and adapted from Gibney RT, Sever MS, Vanholder RC: Disaster nephrology: crush injury and beyond. Kidney Int 85:1049-1057, 2014.)
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In addition, the common practice of consanguineous 
marriages in ME countries has led to a high incidence of 
genetic disorders, some of which may lead to CKD and end-
stage kidney disease (ESKD), especially in children, and 
possibly alter the pattern of renal disease in these coun-
tries.7,61-66 Genetic renal diseases and their complications in 
the ME are discussed further later in this chapter.

It is difficult to estimate the incidence and prevalence of 
CKD in most ME countries. Obtaining the epidemiologic 
statistics concerning CKD, ESKD, and RRT is a work in 
progress that is hampered by the lack of well-conducted 
cross-sectional and longitudinal cohort studies and a lack of 
reliable registries that incorporate data on comorbid condi-
tions. Furthermore, additional research is required to estab-
lish the best, cost-effective approach for screening for CKD.67

Hence the creation of a reliable and easily accessible 
medical registry is urgently needed in the ME countries 
where one is lacking, unreliable, or difficult to access. The 
information in these registries is essential for planning 
health policies and the allocation of funds. Community-
based screening programs for CKD and risk factors, such as 
diabetes mellitus, obesity, proteinuria, and hypertension, 
have been launched in developing countries worldwide 
under the auspices of the Research and Prevention Com-
mittee of the ISN. This initiative includes ongoing programs 
in Egypt and Morocco.68,69 These programs are expected to 
detect CKD in populations in which the people are unaware 
of such chronic diseases.

The Egypt Information, Prevention, and Treatment of 
Chronic Kidney Diseases program was the first to report 

http://www.myuptodate.com


2474 sECTiON Xiii — GlOBAl CONsiDERATiONs iN KiDNEY DisEAsE

3 was relatively low, 3.5%, 1.6%, and 0.6%, respectively, 
which may be attributed to the low mean age of the partici-
pants (37.4 ± 11.3 years).80

In Kuwait a 4-year prospective study from one referral 
center by El-Reshaid and associates81 reported a high inci-
dence of CKD among Kuwaiti nationals. Specifically, they 
reported an average annual incidence of 366 per million 
population (pmp), with a higher incidence among the 
elderly population (aged 60 years or older) of 913 pmp. Of 
patients with CKD who were admitted to the center, 6% pre-
sented with uremic syndrome, and 40% experienced acute 
deterioration of their kidney function that resulted mainly 
from drugs (mostly over-the-counter nonsteroidal antiin-
flammatory drugs), infection, and volume depletion. Yet the 
authors did not report categories of eGFR or proteinuria in 
their patients.

Although the number of patients who underwent pre-
emptive kidney transplantation might not be included, esti-
mates of the prevalence and incidence of ESKD are more 
reliable in countries that have a national database in which 
each patient who has received RRT is registered. Neverthe-
less, patient numbers in a national registry in ME countries 
may be underestimated for two additional reasons: (1) The 
treatment of ESKD may be beyond the reach of the average 
citizen in low-income ME countries, such as Yemen, and (2) 
a high number of expatriates live in some ME countries that 
may not be included. Tables 79.2 and 79.3 summarize the 
available data on ESKD from published articles, registries, 
and abstracts of proceedings of international symposia in 
ME countries. Of note, most investigators relied mainly on 
the results of limited retrospective studies and answers to 
questionnaires that were sent to leading nephrologists in 
each country and not on accurate documented statistics, 
registries, or results of epidemiologic studies.

Israel and Turkey report their ESKD data to the European 
Renal Association–European Dialysis and Transplantation 
Association registry,82 and the United States Renal Data 
System.83 The registry in Turkey was established in 1990.84,85 
In 201183 the prevalence of ESKD was 868 per million Turkish 
population (50% of the reported U.S. prevalence), and  
the incidence rate for new RRT patients was 238 pmp (66% 
of the U.S. incidence). Diabetic nephropathy and hyperten-
sion were the two main causes of ESKD in Turkey.82,83,85,86

Data from the report of the Israeli Center for Disease 
Control (ICDC) indicated that the incidence of ESKD 
increased by 65.5% during the past 2 decades, from 113 to 
187 pmp. The average annual increase was highest in the 
years 1996 to 1999, but it has stabilized since 2003. The 
increase in ESKD was observed mainly in the elderly popula-
tion (aged 65 years or older). Likewise, a 2.7-fold increase 
in the prevalence of ESKD was observed, from 416 pmp in 
1990 to 1109 pmp in 2010. Of note, diabetes mellitus was 
the cause of ESKD in 11.5% of prevalent patients in 1990 
and increased to 42.7% in 2010.87,88 The Tunisian registry 
was started in 1990 and has also reported an increase in the 
incidence and prevalence of ESKD.89 The incidence of 
ESKD increased from 81.6 pmp in the period 1992 to 1993 
to 158.8 pmp in 2000 to 2001; the average annual increase 
was 9.6%. The incidence of ESKD in elderly persons, women, 
and individuals with diabetic nephropathy has risen steeply. 
However, regional variations were noted among urban and 
rural districts.89,90

interim results. It investigated the prevalence of microalbu-
minuria among first-degree relatives of people with ESKD 
in the city of Damanhour and the surrounding towns in 
Al-Buhayrah governorate, in Lower Egypt.70 Microalbumin-
uria was detected in 10.6% of participants. In an adjusted 
logistic regression analysis, smoking and personal history of 
cardiovascular disease were strongly associated with micro-
albuminuria. In long-term, nationwide, population-based, 
retrospective cohort studies, overweight, obesity, or persis-
tent asymptomatic isolated hematuria detected in Israeli 
adolescents and young adults were strongly associated with 
an increased cumulative incidence of treated ESKD, with 
crude hazard ratios of 3, 6.89, and 18.5, respectively.71,72 
Therefore, although not proven yet, it is hoped that early 
detection of CKD and its risk factors will increase health 
awareness and early intervention, which in turn may modify 
disease course, complexity, and costs of overall therapy.67,68,73

Similarly, the International Federation of Kidney Founda-
tions is attempting to raise awareness of CKD by creating 
educational programs in industrialized and developing 
countries.74 In addition, many ME countries are involved in 
the activities of the World Kidney Day initiative of the ISN 
to enhance public and governmental awareness of the 
burden of and risk factors for CKD.

The actual or estimated number of patients with CKD at 
each stage of the classification developed by Kidney Disease: 
Improving Global Outcomes (KDIGO),75 in each ME 
country, is unclear.76 In 2007 a study involving 31,999 taxi 
drivers in Tehran, mostly males, showed that 6.5% of drivers 
had an estimated glomerular filtration rate (eGFR) of less 
than 60 mL/min/1.73 m2.77 However, community-based 
studies revealed considerable differences in CKD preva-
lence between counties of Iran (10.2% to 18.9%).58,78 In 
a pioneering work, Tohidi and colleagues79 examined 
the incidence of CKD among a subgroup, 20 years or  
older, of the Tehran Lipid and Glucose Study, which is  
a long-term community-based prospective study. During 
10-year follow-up, the cumulative incidence of CKD stages 
3 to 5 among women and men was 27.8% and 14.2%, respec-
tively. Age, hypertension, and diabetes were found to be 
independent predictors of CKD stages 3 to 5 in both genders, 
with greater relative risks among men than women. In addi-
tion, for males, high-normal blood pressure and, for females, 
current smoking and being single or divorced/widowed 
were significant risk factors of CKD.79

According to the Chronic REnal Disease In Turkey 
(CREDIT) study,57 the population-based estimated preva-
lence rates for CKD stages 1, 2, 3, 4, and 5 among Turkish 
adults were 5.4%, 5.2%, 4.7%, 0.3%, and 0.2%, respectively, 
with overall prevalence of 15.8%. Moreover, the frequency 
of concomitant cardiovascular risk factors such as diabetes, 
hypertension, dyslipidemia, and obesity was increased in 
patients with CKD, and odds ratios versus non-CKD popula-
tion were 3.22, 2.86, 1.60, and 1.65, respectively. Based on 
analysis of one spot urine specimen per participant, 10.2% 
of the cohort subjects had microalbuminuria and 2% had 
macroalbuminuria.57 The causes of CKD were not detailed, 
but the study cohort continues to be followed longitudinally. 
A small pilot study, which is part of the Global SEEK Project, 
demonstrated the feasibility of screening and early detec-
tion of CKD in a Saudi population. Using standardized GFR 
prediction equations, the prevalence of CKD stages 1, 2, and 
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Table 79.2 Epidemiology of Renal Replacement Therapy in Middle Eastern Countries

Country

Dialysis Kidney Transplantation

First 
Hemodialysis*

No. of Hemodialysis 
Centers Incidence† Prevalence†

Date of Country’s 
First Transplantation Incidence†

Algeria 1962 281 104 482 1986 3.9
Bahrain 1971 NA 120 428 1995 35
Egypt 1958 1050 NA 412 1976 13.8
Iran 1965 316 63.8 507 1967 31.6
Iraq 1967 27 NA 83 1973 12.2
Israel 1948 76 184 771 1964 34.5
Jordan 1968 75 111 607 1972 29.2
Kuwait 1976 4 72 240 1979 20
Lebanon 1960 66 NA 700 1972 17.2
Libya 1972 53 282 624 1989 8.6
Morocco 1980 197 42 415 1990 0.56
Oman 1983 12 NA 189 1988 6.2
Palestinian 

Authority
NA 13 NA 240.3 2011 NA

Qatar 1981 5 202 536 1986 3.3
Saudi Arabia 1971 182 129 499 1979 22
Syria 1974 66 111 228 1976 16.2
Tunisia 1963 146 142 812 1986 13.2
Turkey 1965 834 198.7 773 1975 39.3
United Arab 

Emirates
1975 17 NA 329 1985 2.3

Yemen 1982 13 64 91 1998 1.4

*For acute kidney injury or end-stage kidney disease.
†Per million population.
NA, Not available
Data from Abomelha301; Aghighi et al99; Al Arrayed300; Erek et al84; Batieha et al102; Erlik et al347; Saeed et al298; Saeed341; Mahdavi-

Mazdeh366; Najafi et al100; Al Sayyari303; Soliman et al112; Barsoum et al394; Khader et al395; Shaheen et al352,353; Shigidi et al308; Masri and 
Haberal345; Alashek et al96; the 2012 report by the Saudi Center for Organ Transplantation91; the 2013 report by the Israeli Center for 
Disease Control; the 2011 report of the European Renal Association–European Dialysis and Transplantation Association82; the 2012 
report of the Lebanese kidney registry92; the Hashemite Kingdom of Jordan Ministry of Health, Non-Communicable Diseases 
Directorate: National Registry of End Stage Renal Disease (ESRD) annual report 2012. Available at: www.moh.gov.jo/Documents/
annual%20report-2012.pdf; El Matri356; El Matri A: Economic challenge of renal replacement therapy in the Arab world (poster 
session). Presented at the 2009 World Congress of Nephrology, Satellite Conference: 7th Conference on Kidney Disease in 
Disadvantaged Populations; Milan, May 26-28, 2009; and Benghanem Gharbi M: Epidemiology of ESRD in the Maghreb (lecture). 
Presented at the 5th Maghrebian Congress of Nephrology, March 19-22, 2014, Djerba Island, Tunisia.

Table 79.3 Modalities of Renal Replacement Therapy for Treating End-Stage Kidney Disease in Selected 
Middle Eastern Countries

Country Transplantation (%) Peritoneal Dialysis (%) Hemodialysis (%)

Algeria 7.8 2.1 90.1
Iran 44.7 4.1 51.2
Israel 36.2 6.2 57.6
Jordan 13.9 2.4 83.6
Kuwait 5 12.5 82.5
Lebanon 18 4 78
Libya 19.4 0.7 79.9
Morocco 2.6 0.4 97
Oman 39.1 1.8 59.1
Qatar 48.4 6.5 45.2
Saudi Arabia 34 6 60
Tunisia 9.3 2.4 88.3
Turkey 11 7.3 81.7
United Arab Emirates 34.2 4.6 61.2

Data from Najafi et al100; Najafi302; the 2012 report by the Saudi Center for Organ Transplantation91; the 2013 report by the Israeli Center 
for Disease Control; the 2011 report of the European Renal Association–European Dialysis and Transplantation Association82; the 2012 
report of the Lebanese kidney registry92; and Benghanem Gharbi M: Epidemiology of ESRD in the Maghreb (lecture). Presented at the 
5th Maghrebian Congress of Nephrology, March 19-22, 2014, Djerba Island, Tunisia.

http://www.moh.gov.jo/Documents/annual%20report-2012.pdf
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of proliferative glomerulonephritis in these ME countries 
reflects postinfectious glomerulonephritis caused by viruses, 
bacteria, and parasites. In Egypt, Libya, and southern 
Algeria, approximately 7% of patients with CKD suffered 
from obstructive uropathy as a result of urinary schistoso-
miasis caused by Schistosoma haematobium or Schistosoma 
mansoni. It is noteworthy that tuberculosis, other bacterial 
infections, and familial Mediterranean fever (FMF) are the 
main causes of renal (type AA) amyloidosis in many ME 
countries.106,108

However, the frequency of causes of ESKD has changed. 
All ME countries except Algeria and Yemen report diabetes 
mellitus as the most frequent cause of ESKD (20% to  
48%) in incident patients receiving RRT, followed by hyper-
tension (11% to 30%) and glomerulonephritis (11% to 
24%).10,50,60,82,88,91,92,97,98,100,109-112

GENETIC DISORDERS

Genetic kidney diseases have received much attention in 
pediatric and adult nephrology because the underlying 
molecular defects in many of these diseases have been elu-
cidated as a result of advances in genetics and molecular 
biology. The ME population is ethnically and genetically 
diverse.113 The primary demographic features of Arab 
Muslim and Druze communities in the ME include large 
families, rapid population growth, and high rates of consan-
guinity. Among Palestinian Arabs, more than 40% of mar-
riages are between relatives, and of these, 50% are between 
first cousins.113,114 In Bedouin society, 40% of women of 
childbearing age are married to first cousins.115 In contrast, 
the consanguinity rate among Israeli Jews is reported to be 
2.3%, and of these, first-cousin marriages account for 0.8%. 
The highest consanguinity rate among Israeli Jews (7.1%) 
is found among Eastern (i.e., Asian non-Sephardic) Jews.116

High consanguinity rates have also been reported in the 
Saudi Arabian, Kuwaiti, Lebanese, and Moroccan popula-
tions.61,63-65,117-119 The results of an epidemiologic survey from 
Lebanon revealed that 26% of patients receiving chronic 
hemodialysis were the children of consanguineous parents.61 
In addition, Barbari and colleagues61 reported that the risk 
for a family history of kidney disease was particularly high 
among patients from consanguineous families who were 
receiving hemodialysis. Populations with a high rate of con-
sanguinity also have an increased prevalence of adulthood 
diseases that are associated with renal insufficiency, such as 
hypertension, metabolic syndrome, and diabetes melli-
tus.62,120 A study of kidney biopsies from three pathology 
centers in Lebanon showed that mesangioproliferative glo-
merulonephritis was significantly more frequent among 
Muslims and offspring of consanguineous unions, whereas 
focal segmental glomerulosclerosis was most prevalent in 
Christians.66

A significant proportion of genetic kidney diseases are 
inherited in an autosomal recessive manner. It is therefore 
not surprising that these diseases occur most frequently  
in communities with high consanguinity rates.121 Consan-
guineous populations are not expected to have a different 
mutation rate. Consanguinity, however, may enhance allelic 
and locus heterogeneity.62,120-122 Seventy-one different auto-
somal recessive kidney diseases were reported in Palestinian 
Arabs (reviewed by Zlotogora)114; these include primary 

The Saudi Center for Organ Transplantation (SCOT) has 
established an open-access RRT registry that provides annual 
information on the epidemiology and treatment of ESKD 
in Saudi Arabia. In 2012 the incidence and prevalence of 
RRT were 151 pmp and 751 pmp, respectively.91

In March 2011, Lebanon launched its national kidney 
registry,92 aiming to report reliable data on prevalence, inci-
dence, patient management, practice patterns, clinical out-
comes, and survival among CKD patients. In the first annual 
report of the registry in 2012, the incidence of ESKD and 
patient survival could not be accurately calculated because 
of incomplete data. However, the prevalence was estimated 
to be 855 pmp.92

A comprehensive 1-year observational study, conducted 
by Alashek and colleagues,60,93-96 shed light on the epidemi-
ology of ESKD and RRT practices in Libya before the con-
flict. The prevalence and incidence of dialysis-treated ESKD 
from mid-2009 until August 2010 were 624 pmp and 282 
pmp, respectively.60

In Iran a treatment program for ESKD was introduced in 
1975. The reported number of Iranians with ESKD has also 
increased, and this increase is mirrored in the growing 
number of dialysis centers and renal transplantation pro-
grams. The incidence and prevalence of ESKD were 49.9 
pmp and 238 pmp, respectively, in 2000 and increased to 
63.8 pmp and 357 pmp, respectively, in 2006.97-99 By the end 
of 2009, 38,060 adult patients were receiving RRT in Iran, 
giving a prevalence of 507 pmp.100

In the ME countries for which detailed data are available, 
there is a male predominance among patients with ESKD, 
similar to that reported worldwide.83,101 The mean age of 
patients undergoing dialysis in each ME country varies 
between 42 and 68 years. Interestingly, the youngest patients 
with ESKD on dialysis are in the developing ME countries, 
and the oldest patients with ESKD on dialysis are in 
Israel.86,88,97,102-104 Of note, kidney diseases and risk factors or 
therapy in expatriates—who may make up as much as 50% 
of the population, especially in the wealthy Gulf countries—
have not been carefully investigated. This population needs 
to be distinguished from the resident population and may 
require special attention because of their different ethnic, 
socioeconomic, and environmental backgrounds.10,12,97,105

CAUSES OF CHRONIC KIDNEY DISEASE

The causes of CKD in ME countries are highly influenced 
by the bioecology of a particular region, and the ethnic and 
socioeconomic background of its population. Accordingly, 
the various causes of CKD are ranked differently in ME 
countries. The populations of the five ME countries in 
North Africa—Morocco, Algeria, Tunisia, Libya, and 
Egypt—have similar ethnicity and socioeconomic back-
grounds, in that they are of African descent that has been 
intermixed with Berber, Arab, and Mediterranean popula-
tion streams.106 In the 1990s, interstitial nephritis and glo-
merulonephritis each accounted for approximately 20% of 
all cases of CKD in these countires.106 The number of 
individuals with interstitial nephritis increased during the 
2000s, possibly as a result of environmental pollution and 
abuse of over-the-counter drugs.107 Most cases of glomerulo-
nephritis are of the proliferative type, whereas immuno-
globulin A (IgA) nephropathy is rare. The high prevalence 
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were reported in Turkish and Israeli children who partici-
pated in a large international study.128,129 Likewise, other 
ciliopathies, including juvenile nephronophthisis, infantile 
nephronophthisis, and Joubert’s syndrome with mutations 
in NPHP1, NPHP2 (INVS), and NPHP3, encoding nephrocys-
tin 1, inversin, and nephrocystin 3, respectively, have been 
reported in several ME countries130-132 (see also Table 79.5).

GENETIC GLOMERULAR DISEASES
A substantial number of patients in the ME with renal 
disease have familial glomerular diseases whose spectrum 
includes familial hematuria, Alport’s syndrome, IgA 
nephropathy, and familial focal glomerulosclerosis.64,123,133 A 
recessive form of steroid-resistant nephrotic syndrome has 
been shown to be associated with mutations in the NPHS2 
gene, which encodes the glomerular protein podocin.134 
The most common phenotype is of a nephrotic syndrome 
that is resistant to immunosuppressive treatment in early 
childhood, and most patients with this disease develop 
ESKD after 5 to 20 years. In a group of children from two 
consanguineous families of Israeli Arab descent, mutation 
analysis of the NPHS2 gene revealed homozygosity for 
the C412T nonsense mutation (R138X).135 The same muta-
tion was also found in Israeli Arab patients with nonfamilial 
steroid-resistant nephrotic syndrome, but not in Jewish  
children or in children from both ethnic groups with 
steroid-sensitive nephrotic syndrome.135 Interestingly, 
cardiac anomalies, especially left ventricular hypertrophy, 

renal diseases (congenital nephritic syndrome and nephro-
nophthisis), metabolic and tubular defects (cystinuria, Bart-
ter’s syndrome, renal tubular acidosis, and oxalosis), and 
FMF (discussed in detail later in this chapter). The influ-
ence of genetic factors is very evident in pediatric patients 
with kidney diseases, particularly in Saudi Arabia and Syria, 
where increased numbers of congenital and hereditary 
kidney and urologic diseases are now being reported.113,123 
The results of an extensive study of both Jewish and Bedouin 
populations in southern Israel showed that genetic kidney 
diseases are overrepresented in the pediatric population 
(Table 79.4).64

CYSTIC KIDNEY DISEASES
Autosomal dominant polycystic kidney disease is one of the 
most common genetic renal diseases in adults and occurs 
in 3% to 10% of ESKD patients in several ME communi-
ties.88,124-126 Autosomal recessive polycystic disease (ARPKD, 
Online Mendelian Inheritance in Man [OMIM] catalog 
number 263200) occurs with a proposed incidence of 1 per 
20,000 to 1 per 40,000. In most cases the mortality is very 
high in the first month of life. Its principal manifestations 
include fusiform dilation of the renal collecting ducts and 
distal tubules, and dysgenesis of the hepatic portal triad. 
ARPKD is associated with mutations in the PKHD1 gene on 
chromosome 6p12, encoding fibrocystin, a membrane 
protein located on the primary cilium.127 At least 300 muta-
tions in PKHD1 gene have been reported. Several mutations 

Table 79.4 Genetic Kidney Diseases in Southern Israel, 1994 to 2010

Type of Disease Disease OMIM No.
No. of 
Patients

No. of 
Families

No. of Bedouin 
Patients

No. of Jewish 
Patients

Glomerular Alport’s syndrome 301050 5 3 0 5
Benign familial hematuria 141200 3 2 2 1

Tubular Familial hyperkalemic hypertension 145260 1 1 0 1
Cystinuria 220100 14 7 14 0
Distal RTA 602722 4 3 2 2
Nephrogenic diabetes insipidus 125800 18 11 17 1
Type 2 Bartter’s syndrome 241200 10 6 3 7
Type 4 Bartter’s syndrome 602522 20 13 20 0
Unclassified Bartter’s syndrome 3 3 1 2
Familial hypomagnesemia 602014 21 15 21 0
Gitelman’s syndrome 263800 3 3 1 2
Hypophosphatemic rickets 307800 4 2 3 1

Cystic/NPHP ADPKD 173900 14 13 0 14
ARPKD 263200 16 12 13 3
Bardet-Biedl syndrome 209900 5 4 5 0
Juvenile nephronophthisis 256100 3 3 2 1
Infantile nephronophthisis 602088 5 4 5 0

Metabolic Fanconi-Bickel syndrome 227810 2 2 2 0
Xanthinuria 278300 5 2 5 0
Lowe’s syndrome 309000 1 1 0 1
Cystinosis 219800 3 3 0 3

Other Atypical HUS 134370 8 4 8 0
Renal tubular dysgenesis 267430 5 5 4 1

Total 173 122 128 45

ADPKD, Autosomal dominant polycystic kidney disease; ARPKD, autosomal recessive polycystic kidney disease; CKD, chronic kidney 
disease; HUS, hemolytic uremic syndrome; NPHP, nephronophthisis; OMIM, Online Mendelian Inheritance in Man catalog (http://
www.ncbi.nlm.nih.gov/omim); RTA, renal tubular acidosis.

Modified from Landau D, Shalev H: Childhood genetic renal diseases in southern Israel. Harefuah 149:180-185, 2010.
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pulmonary stenosis, and discrete subaortic stenosis, were 
detected in a high proportion of the children with NPHS2 
mutations.136 Frishberg and associates136 speculated that 
podocin may have a role in normal cardiac development 
because podocin messenger RNA is reported to be expressed 
in the human fetal heart.

At least 53 NPHS2 mutations have also been found in 
Turkish children with familial and sporadic steroid-resistant 
nephrotic syndrome.137,138 Among Turkish patients with 
these mutations, the proportion of patients with CKD or 
ESKD was significantly higher (19 of 73) than that of patients 
without these mutations (28 of 222). Furthermore, the 
mean time for progression to ESKD was significantly shorter 
in patients with these mutations than in those without these 
mutations.138

The NPHS1 gene encodes nephrin, an essential protein 
for maintaining the normal structure and function of the 
slit diaphragm of the visceral glomerular epithelial cell. 
Three mutations in the NPHS1 gene were reported in 12 
children with congenital nephrotic syndrome from a large 
consanguineous Israeli Arab family.122 Steroid-sensitive 
nephrotic syndrome is rarely reported to have a familial 
pattern. However, a familial pattern associated with this con-
dition has been reported in Israeli Bedouin families with a 
high rate of consanguinity, and the authors of the report 
proposed that the increased incidence of steroid-sensitive 
nephrotic syndrome resulted from selective enrichment of 
susceptibility genes in this population.139

A study evaluated causative mutations related to child-
hood nephrotic syndrome in 49 families from Saudi 
Arabia.140 Sixty-two patients were screened for mutations 
in genes associated with congenital, infantile, or child-
hood nephrotic syndrome, such as NPHS1, NPHS2, 
LAMB2 (laminin-β2), PLCE1 (phospholipase Cε1), CD2AP 
(CD2-associated protein), MYO1E (myosin 1E), WT1 
(Wilms’ tumor 1), PTPRO (protein tyrosine phosphatase 
receptor type O), and NEIL1 (Nei endonuclease VII-like 
1).140 A homozygous mutation in the NPHS2 gene was found 
in 11 (22%) families, and was the most common cause of 
nephrotic syndrome. Other mutations were found in NPHS1 
(12%), PLCE1 (8%), and MYO1E (6%) genes. Focal seg-
mental glomerulosclerosis was the most common pattern of 
histopathologic injury, and a significant proportion of 
patients developed ESKD requiring RRT.140

The Rho family of small GTPases (Rho GTPases) is associ-
ated with actin remodeling, and podocyte migratory ability. 
Alterations in Rho GTPases signaling interfere with podo-
cyte mobility and cause proteinuria.141 Rho GDP-dissociation 
inhibitor 1, a regulator of Rho GTPases, is a protein that in 
humans is encoded by the ARHGDIA gene and is also 
expressed in podocytes. ARHADIA mutations, associated 
with steroid-resistant nephrotic syndrome and early death 
due to ESKD, were reported in three siblings from a family 
of Ashkenazi Jews and in a Moroccan infant.142

GENETIC METABOLIC DISEASES AND INHERITED 
TUBULAR DISORDERS
Primary hyperoxaluria type 1 and type 2 are relatively rare 
autosomal recessive inborn errors of glyoxylate metabolism. 
Types 1 and 2 are characterized by overproduction of oxalate 
in the liver, and type 2 by oxalate overproduction in other 
tissues.143,144 The more frequent primary hyperoxaluria type 

1 (OMIM number 604285) is caused by a deficiency of the 
liver-specific peroxisomal enzyme alanine-glyoxylate amino-
transferase (AGT), which catalyzes the conversion of glyox-
ylate to glycine. Primary hyperoxaluria type 2 (OMIM 
numbers 260000 and 604296) is caused by a deficiency  
of the cytosolic enzyme glyoxylate reductase (glyoxylate 
hydroxypyruvate reductase), which catalyzes the reduction 
of glyoxylate and hydroxypyruvate. When AGT activity is 
absent, glyoxylate is converted to oxalate, which forms insol-
uble calcium oxalate, which in turn is deposited in the 
kidneys and causes progressive renal insufficiency (nephro-
lithiasis, nephrocalcinosis, and progressive inflammation 
with interstitial fibrosis). Deposition of calcium oxalate also 
occurs in extrarenal tissues, including the retina, myocar-
dium, blood vessels, bone, and central nervous system.143,144

Cases of primary hyperoxaluria type 1 and isolated cases 
of type 2 have been reported in Israeli families.145-147 In 22 
Israeli Arab families with type 1 hyperoxaluria at least 15 
different mutations in the AGT-encoding AGXT gene have 
been detected.145,147 Marked intrafamilial phenotypic het-
erogeneity with no definite genotype-phenotype correlation 
was noted in these families, and the prevalent phenotype 
was one of early onset of disease with progression to ESKD 
in the first decade of life.147 A large European study of 155 
patients from 129 families with type 1 hyperoxaluria, includ-
ing a large proportion of ME individuals, showed that the 
most common mutation was p.GLY170Arg (allelic frequency 
21.5%). This mutation was associated with a better long-
term prognosis.148

In 2010, primary hyperoxaluria type 3 (OMIM number 
613597) was described in Ashkenazi Jews with calcium 
oxalate nephrolithiasis.149 In affected members of nine 
unrelated families without type 1 or type 2 hyperoxaluria, 
Belostotsky and colleagues found loss-of-function mutations 
in HOGA1, formerly DHDPSL, which encodes a mitochon-
drial 4-hydroxy-2-oxoglutarate aldolase that catalyzes the 
fourth step in the hydroxyproline pathway.149,150

Primary hyperoxaluria is a common cause of nephroli-
thiasis, nephrocalcinosis, and kidney failure in children 
from the ME countries in western North Africa, from Saudi 
Arabia, and from Kuwait.106,151,152 Primary hyperoxaluria is 
probably underdiagnosed because by the time of diagnosis, 
advanced CKD has usually developed, or it is diagnosed on 
biopsy of kidney transplant recipients with early graft dys-
function resulting from oxalate deposition.144

Cystinuria is another common cause of nephrolithiasis in 
various ethnic groups in ME countries.106,151,153 This autoso-
mal recessive kidney disease is caused by a mutation in 
either one or both of two genes: the SLC3A1 gene on chro-
mosome 2p16.3, which encodes the solute carrier family 3 
(cystine, dibasic, and neutral amino acid transporters), 
member 1 (also known as rBAT, abo,+, AT transporter related 
protein); and the SLC7A9 gene on chromosome 19q13.1, 
which encodes the solute carrier family 7 (cationic amino 
acid transporter, y+ system), member 9 (also known as 
BAT1, bo,+, AD transporter protein). The disease manifesta-
tions caused by either mutation are similar.111,154,155 Muta-
tions in SCL3A1 have been detected in Turks, Muslim Arabs, 
Druze, and Ashkenazi and Sephardic Jews of Persian and 
Yemenite origin. The disease is also common among Libyan 
Jews, in whom the estimated prevalence is 1 per 2500 and 
the carrier rate is 1 per 25. In this population the disease is 

http://www.myuptodate.com


 CHAPTER 79 — NEAR AND MiDDlE EAsT 2479

caused by a single founder mutation, V170M, in the SLC7A9 
gene.111,155-159

Fabry’s disease is a rare X-linked sphingolipidosis caused 
by deficiency of α-galactosidase A (ceramide trihexosidase). 
A mutation in the gene that encodes this enzyme results in 
insufficient breakdown of lipids, which accumulate to 
harmful levels in the eyes, kidneys, autonomic nervous 
system, and cardiovascular system. In untreated patients the 
accumulation of globotriaosylceramide in lysosomes may 
result in multiple organ damage that includes the develop-
ment of ESKD between the fourth and fifth decades of life. 
Histologic evidence of Fabry’s disease has been detected in 
graft biopsy samples many years after successful kidney 
transplantation.160,161 Although most disease features have 
been reported in adults, a pediatric disease phenotype that 
includes acroparesthesia, skin manifestations, and glomeru-
lar alterations has been described.161-163 Fabry’s disease has 
been diagnosed in families in Israel and Turkey.160,161,163-165 
However, Fabry’s disease is probably underdiagnosed  
in other ME countries because of limited screening or 
awareness.

Bartter’s syndrome and Gitelman’s syndrome belong to a 
group of inherited salt-losing tubulopathies with distinct 
phenotypes; they are caused by inherited defects in ion 
transporters in the loop of Henle and distal convoluted 
tubule, respectively. Most cases of the variants of Bartter’s 
syndrome in the ME are reported in Israeli Arabs, in large 
Bedouin communities living in southern and northern 
Israel, and in Kuwaiti children.64,166,167

Renal hypodysplasia is the most common congenital 
anomaly of the kidney and urinary tract. To better under-
stand its pathologic basis, Vivante and associates identified 
20 Israeli pedigrees with isolated nonsyndromic renal hypo-
dysplasia and screened for mutations in genes known to be 
involved in kidney development.168 Two brothers were found 
to have a heterozygous PAX2 nonsense mutation, responsi-
ble for renal-coloboma syndrome, which includes kidney 
dysplasia, eye coloboma, and hearing impairment. Nine 
affected subjects from two unrelated families were found to 
harbor heterozygous HNF1B mutations. These mutations 
associated with variable renal phenotypes and hyperurice-
mia. In one family, two affected brothers were heterozygous 
for a missense mutation in WNT4. Functional analysis of this 
variant in different cell lines revealed both agonistic and 
antagonistic canonical WNT stimuli. In primary cultures of 
human fetal kidney cells, this mutation caused loss of func-
tion, resulting in diminished canonical WNT/β-catenin sig-
naling. These findings were interpreted as suggestive  
of a role for heterozygous WNT4 variants in renal 
hypodysplasia.168

Some rare genetic kidney diseases that have been reported 
in ME communities are listed in Table 79.5.156,169-187 
Other nonrenal genetic diseases may cause glomerular and 
tubulointerstitial complications; an example is sickle cell 
anemia, a hemoglobinopathy that is prevalent in the ME 
countries in western North Africa and the Arabian 
Peninsula.106,113,154,188,189

FAMILIAL MEDITERRANEAN FEVER
FMF is the most common of the hereditary periodic fever 
syndromes and a common genetic disease in the ME. FMF 
is an autoinflammatory autosomal recessive inherited 

disease that is characterized by recurrent attacks of fever, 
serositis, arthritis, and erysipelas-like skin lesions. The 
disease affects several ethnic groups in the ME, including 
Sephardic Jews, Armenians, Turks, and Arabs.190 The most 
significant complication of FMF is renal amyloidosis that 
progresses to nephrotic syndrome and ESKD. Renal amyloi-
dosis is occasionally diagnosed in patients without a typical 
history of FMF attacks.

In the 1990s two groups identified the MEFV gene by 
positional cloning as the underlying genetic cause of 
FMF.191,192 At least 296 mutations in the MEFV gene have 
been reported, and more than 150 of these mutations have 
been found to be associated with FMF.193 The MEFV gene 
encodes the protein pyrin (or marenostrin). The gene is 
located on the short arm of chromosome 16 (16p13.3) and 
includes 10 exons that encode 781 amino acids. The MEFV 
gene is expressed predominantly in polymorphonuclear 
cells (PMNCs), eosinophils, and monocytes but not in lym-
phocytes. It is also expressed in dendritic cells and fibro-
blasts from the synovium, peritoneum, and skin.194,195 Pyrin 
is thought to be involved in the regulation of cellular pro-
cesses that are associated with the synthesis, processing, and 
release of inflammatory proteins by PMNCs and with cell 
death.196

The carrier frequency of mutant alleles is high, as much 
as 1 in 3 to 1 in 5 in certain populations in ME countries 
(Armenians, Jews, and Turks), and the most common 
reported mutations are in M694V, V726A, M680I, M694I in 
exon 10 and E148Q in exon 2.197,198 The first four mutations 
are believed to be pathogenic, with the M694V homozygotes 
having the most severe phenotype. Although the E1489Q 
homozygotes are asymptomatic in 50% of cases, this variant 
may be associated with other systemic inflammatory dis-
eases, including Behçet’s disease, vasculitis, ulcerative colitis, 
rheumatoid arthritis, and multiple sclerosis.199 The most 
frequent MEFV mutations in the ME populations are listed 
in Table 79.6.199–227 Mutations in the MEFV gene have also 
been reported in Spanish, Italian, Greek, Portuguese, 
Indian, Chinese, and Japanese populations.228,229 Most MEFV 
mutations are single–amino acid substitutions (missense), 
and many patients with FMF have a single MEFV mutation.

The clinical spectrum of FMF and the elucidation of the 
molecular biology, structure, and regulation of pyrin and its 
role during inflammation have been reviewed.196,230-232 Five 
different domains have been identified within pyrin: a 
PYRIN domain, a bZIP transcription factor basic domain, a 
B-box zinc finger domain, an α-helical (coiled-coil) domain, 
and a B30.2 domain (Figure 79.4). The B30.2. domain is 
present in primate and human pyrin but not in rodent 
pyrin.232 It includes a SPRY domain that is located in front 
of the C-terminal region, and a PRY extension at the N 
terminus (not shown in Figure 79.4). The SPRY domain is 
a protein interaction module, which is implicated in several 
biologic pathways, including those that regulate innate and 
adaptive immunity.233

Each pyrin domain has a distinct role in protein-protein 
interactions during inflammation that results in cytokine 
activation, transcriptional regulation, cytoskeleton signaling, 
and apoptosis. The PYRIN domain had been found in more 
than 20 inflammatory and apoptotic proteins. Through 
homotypic domain interactions, the PYRIN domain can bind 
to the common adaptor apoptosis–associated specklike 
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Table 79.5 Rare Genetic Diseases with Renal Involvement Reported in Middle Eastern Communities

Country/
Community Disease OMIM No. Phenotype Defect/Mutation References

Saudi Arabs, 
Turks

Alström’s syndrome* 203800 Retinal degeneration, obesity, 
cardiomyopathy, sensorineural 
hearing loss, insulin resistance, 
renal impairment

ALMS1 gene, 
ubiquitously 
expressed, 
encodes a protein 
of unknown 
function

156, 176

Israeli Jews 
of Iraqi 
origin

Renal hypouricemia  
type I

220150 Hypouricemia, hyperuricosuria, 
nephrolithiasis, exercise-induced 
acute kidney injury

SLC22A12 gene, 
encodes uric acid 
transporter URAT1

180

Israeli Arabs Renal hypouricemia  
type II

612076 Increased renal clearance of uric 
acid, hypouricemia, 
nephrolithiasis, exercise-induced 
acute kidney injury

SLC2A9 gene, 
encodes glucose 
transporter 9 
(GLUT9)

169, 173, 
181

Israeli Jews, 
Turks

Dent’s disease* 300009 Low-molecular-weight proteinuria, 
hypercalciuria, nephrocalcinosis, 
nephrolithiasis, rickets, renal 
failure, hypokalemic metabolic 
alkalosis,

focal glomerulosclerosis

CLCN5, encodes the 
chloride/proton 
ClC-5 antiporter

170, 172, 
182

Egyptian and 
Saudi 
Arabs, 
Turks, 
Iranians

Cystinosis 219750 
(adult)

219900 
(juvenile)

219800 
(infantile)

Failure to thrive, polydipsia, 
polyuria, Fanconi-like syndrome; 
corneal, conjunctival, and retinal 
deposition

CTNS, encodes the 
lysosomal cystine 
carrier protein

177, 178, 
185, 186

Israeli Druze Autosomal recessive 
proximal tubulopathy 
with hypercalciuria

Proximal tubulopathy, 
hypercalciuria, normal or slightly 
elevated urinary phosphate 
excretion

SLC2A2 (GLUT2), 
encodes the 
glucose 
transporter 2†

184

Israeli Arabs Autosomal recessive 
Fanconi’s syndrome 
and hypophosphatemic 
rickets

613388 Proximal tubulopathy, renal 
phosphate wasting, 
normocalciuria, bone mineral 
deficiency, decreased glomerular 
filtration rate

SLC34A1, encodes 
the renal sodium 
phosphate 
cotransporter IIa

183

Israeli Arabs Familial renal glycosuria 
and aminoaciduria‡

233100 and 
182381

Glycosuria, aminoaciduria SLC5A2, encodes 
the kidney-specific 
Na+/glucose 
cotransporter

175

Israeli Jews Proximal renal tubular 
acidosis and glaucoma

604278 and 
603345

Short stature, deformed teeth, 
bilateral glaucoma, blindness, 
metabolic acidosis

SLC4A4, encodes 
the sodium 
bicarbonate 
cotransporter 
(NBCe1)

171

Israeli Arabs 
and Jews

Familial autosomal 
recessive renal tubular 
acidosis

267300 Distal renal tubular acidosis, 
deafness

ATP6V1B1, encodes 
the B1-subunit of 
H+-ATPase

187

Israeli Arabs Familial autosomal 
recessive renal tubular 
acidosis

259730 Proximal and distal renal tubular 
acidosis, osteopetrosis, mental 
retardation

CA2, encoding 
carbonic 
anhydrase

187

Egyptian 
Arabs

Familial hypomagnesemia 
with hypercalciuria and 
nephrocalcinosis

248250 Hypocalcemia, hypomagnesemia, 
hypercalciuria, nephrocalcinosis, 
congenital cataracts

CLDN16, the 
claudin-16 gene

179

Iranians Familial lecithin-
cholesterol 
acyltransferase 
deficiency§

245900 Lower extremity edema, proteinuria, 
corneal opacities, 
hypercholesterolemia, hemolytic 
anemia

Lecithin-cholesterol 
acyltransferase 
(LCAT) gene

174

*X-linked.
†Homozygous mutations in GLUT2 also cause Fanconi-Bickel syndrome.
‡Autosomal recessive.
§Diagnosis made on the basis of family history and electron microscopic findings on kidney biopsy.
OMIM, Online Mendelian Inheritance in Man catalog (http://www.ncbi.nlm.nih.gov/omim).
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Table 79.6 Genotype-Phenotype Correlations in Several Patient Populations with Familial 
Mediterranean Fever

Population/
Community

Frequent 
Mutations Phenotype

Amyloidosis 
(% Patients)

Associated 
Syndromes and 
Diseases Reference

Israeli Jews and 
Arabs

M680I, M694V, 
M694I, V726A

Arthritis, fever, 
serositis, vasculitis

1.4% 
(associated 
with mutation 
in M694V)

NR Brik et al213

Israeli Jews and 
Arabs

M694V (very 
common in Jews), 
M694I (exclusive 
in Arabs), M680I, 
V726A, E148Q

Arthritis, fever, 
serositis, vasculitis

NR NR Ben-Chetrit et al212

Israeli Arabs M694V (associated 
with severe 
disease), V726A 
(most common)

Arthritis, fever, 
serositis, vasculitis

NR NR Shinawi et al223

Israeli Jews of 
North African 
origin and 
Arabs*

M694I, M694V (very 
common in North 
African Jews), 
E148Q

Synovitis, pleuritis, 
abdominal pain, 
skin rash

95%* Focal 
glomerulosclerosis

Ben-Chetrit and 
Backenroth211

Israeli Jews of 
North African 
origin, Ashkenazi 
Jews, Jews of 
Iraqi origin, 
Israeli Arabs, 
and Druze

E148Q, M694V  
(very common in 
North African 
Jews), V726A

FMF criteria217 4.6% (most 
common in 
M694V 
homozygous)

NR Zaks et al226

Israeli Jews 
(Ashkenazi and 
non-Ashkenazi), 
Arabs, and 
Druze

M694V (very 
common in Jews), 
E148Q, M694V, 
V726A (equally 
common in Arabs), 
E148Q (most 
common in Druze)

Fever, serositis NR NR Sharkia et al227

Turks M680I, M694V, 
M694I, V726A, 
E148Q

Abdominal pain, fever, 
arthralgia, chest 
pain, skin rash

3% (mostly 
associated 
with M694V)

NR Solak et al224

Turks M680I, M694V, 
V726A

Abdominal pain, fever, 
arthralgia, pleuritis, 
muscle pain, skin 
rash

12.9%; 0.9% 
as the main 
disease 
manifestation 
(phenotype 
II, associated 
with M694V)

Nonamyloid renal 
disease, Henoch-
Schönlein purpura, 
polyarteritis 
nodosa, Behçet’s 
syndrome, 
rheumatic fever, 
uveitis, 
inflammatory bowel 
disease

Tunca et al225

Turks† M680I, M694V (most 
common), V726A, 
E148Q

Abdominal pain, fever, 
arthralgia, chest 
pain, erysipelas-like 
lesion, vomiting, 
family history of 
renal failure

0% NR Caglayan et al205

Turks M680I, M694V (most 
common), M694I, 
V726A E148Q 
(common)

Abdominal pain, fever, 
arthritis, pleuritis, 
erysipelas-like 
erythema, peritonitis

NR NR Ozdemir et al200

Turks M680I, M694V (most 
common), V726A, 
E148Q

Fever, arthritis, 
pleuritis, erysipelas-
like erythema, 
peritonitis, vasculitis

8.6% (most 
common in 
M694V 
homozygous)

NR Kasifoglu et al202

Azeri Turks M680I, M694V (most 
common), M694I, 
V726A E148Q

Fever, serositis, 
synovitis, kidney 
failure

NR NR Mohammadnejad 
et al201

Continued on following page
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Table 79.6 Genotype-Phenotype Correlations in Several Patient Populations with Familial Mediterranean 
Fever (Continued)

Population/
Community

Frequent 
Mutations Phenotype

Amyloidosis 
(% Patients)

Associated 
Syndromes and 
Diseases Reference

Jordanian Arabs
Palestinian Arabs

M680I, M694V, 
M694I, V726A, 
E148Q

Abdominal pain, fever, 
arthralgia, myalgia, 
skin rash

1% (associated 
with M694V)

Protracted fever, 
myalgia syndrome; 
42% homozygous 
for M694V

Langevitz et al,216 
Majeed et al218

Jordanian Arabs M680I, M694V, 
V726A, E148Q

Abdominal pain, fever, 
arthralgia

9% (M694V in 
1 patient, 
V726A/M680I 
in 2 patients)

Celiac disease, 
folliculitis

Medlej-Hashim 
et al220

Palestinian Arabs M680I, M694V, 
V726A, E148Q

NR NR NR Ayesh et al209

Arabs from 
Jordan, Egypt, 
Syria, Iraq, and 
Saudi Arabia

M694V, V726A, 
E148Q

NR NR NR Al-Alami et al208

Iranian Azeris who 
live in Turkey

M680I, M694V, 
M694I, V726A, 
E148Q

Abdominal pain, fever, 
arthralgia, pleuritis, 
skin rash

7% NR Esmaeili et al215

Iranians (72% 
Azeri)

M680I (most 
common), M694V, 
V726A

Fever, peritonitis, 
arthralgia, pleuritis, 
skin rash

5.6% NR Bidari A et al207

Egyptian Arabs M680I, M694V, 
V726A

Abdominal pain, chest 
pain, fever, arthritis, 
myalgia

NR NR Settin et al222

Egyptian Arabs M680I, M694I (most 
common), M694V, 
V726A, E148Q

Fever, serositis Mostly 
associated 
with M694V

NR El Gezery et al204

Egyptian Arabs V726A (most 
common),  
M694V (common), 
M680I, M694I, 
E148Q

Abdominal pain, fever, 
arthralgia, pleuritis, 
skin rash, myalgia

2.9% 
(associated 
with M694V)

NR El-Garf et al203

Syrian Arabs M680I, M694V, 
M694I, V726A, 
E148Q, A744S, 
R761H

Serositis, fever, 
arthritis, pleuritis

5% NR Mattit et al219

Lebanese Arabs M680I, M694V (very 
frequent), M694I, 
V726A, E148Q 
(very frequent); 
minor alleles also 
detected

Serositis, fever, 
arthritis, chest pain

NR NR Sabbagh et al221

Algerian, 
Moroccan, and 
Tunisian Arabs

M694V and M694I 
(most common), 
M680l, M680I, 
A744S, V726A, 
E148Q

Serositis, fever, 
arthritis, chest pain

NR NR Belmahi et al210

Algerians M694I (most 
common), M694V, 
E148Q, A744S, 
M680I

Abdominal pain, fever, 
arthritis, chest pain, 
erythema

8% NR Ait-Idir et al206

Tunisian Arabs M680I (most 
common), M694V, 
M694I, V726A, 
E148Q, A744S, 
R761H, 1692del

FMF criteria217 3.5% NR Chaabouni et al214

*Study performed in patients with end-stage kidney disease.
†Study performed in compound heterozygous patients.
FMF, Familial Mediterranean fever; NR, not reported.
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modulates the arrangement of pyroptosome, a protein that 
activates caspase-1 and promotes the release of IL-1β.239 The 
B30.2 domain of pyrin is the target of most MEFV mutations. 
This domain, which is located at the C-terminal domain of 
the protein, is a site of ligand binding and signal transduc-
tion. Thus mutations in the B30.2 domain may lead to an 
excessive inflammatory response as a result of the decreased 
ability of pyrin to control IL-1β activation.

The putative role of pyrin in the pathogenesis of FMF is 
depicted in Figure 79.5. According to this model, the active 
caspase-1 subunits p10 and p20 are produced in the inflam-
masome by inducing proximity-mediated autocatalysis. The 
wild-type B30.2 domain of pyrin interacts with the p20 and 
p10 subunits and consequently prevents the formation of 
an active p20/p10 heterodimer. In FMF, FMF-associated 
pyrin B30.2 mutants interact with the p20 and p10 subunits 
but to a lesser extent than does the wild-type B30.2 domain, 
therefore enabling assembly of the p20/p10 heterodimer, 
activation of IL-1β, and the induction of inflammation. The 
active p20/p10 heterodimer then cleaves pyrin at Asp330, 
which is located between the bZIP basic domain and the 
B-box zinc finger domain. The N-terminal–cleaved frag-
ment then interacts with the p65 subunit of NF-κB and the 
inhibitor protein IκB kinase α through the bZIP basic 
domain and adjacent sequences to activate NF-κB and 
induce the expression of inflammatory genes.196 An alterna-
tive hypothesis of pyrin stimulation has been proposed.235,240 
According to this hypothesis, under stimulation, pyrin forms 
its own inflammasome with ASC and caspase-1 that is able 
to activate IL-1.235 Another study showed that a severe auto-
inflammatory phenotype occurs independently of NLRP3, 
in homozygous but not in heterozygous knock-in mice car-
rying the mutated human pyrin. This study also suggested 
that missense PYRIN mutations are gain-of-function muta-
tions with a dosage effect.240

protein (ASC), which has an N-terminal PYRIN domain  
and a C-terminal CARD domain, participates in the  
proteolytic activation of caspase-1 in cytoplasmic protein 
complexes (inflammasomes), and regulates the maturation 
and secretion of the proinflammatory cytokines interleukin 
(IL)–1β, IL-18, and IL-33.234 Inflammasomes contain 
members of the nucleotide-binding oligomerization  
domain, leucine-rich repeat, and PYRIN domain–containing 
subfamily of proteins, now known as NLRP proteins.  
Mutations in the gene expression of the NLRP protein, 
NLRP3 (cryopyrin), are associated with monogenic 
autoinflammatory diseases (cryopyrin-associated periodic 
syndromes).235,236

The presence of the bZIP transcription factor basic 
domain, the B-box zinc finger domain, and two universal 
nuclear localization signals in the N terminus of pyrin sug-
gests that pyrin may act as a nuclear factor. Several studies 
have shown that pyrin is cleaved by caspase-1, and the 
N-terminal cleaved fragment (330 amino acids) localizes to 
the nucleus and potentiates activation of nuclear factor κ 
light-chain enhancer of activated B cells (NF-κB).237 The N 
terminus of pyrin is also needed for pyrin to bind to the 
microtubules. The three serine residues 208, 209, and 242 
that are located between the PYRIN and bZIP domains are 
critical for the interactions with 14.3.3 proteins, which are 
potent antiapoptotic factors and play an important role in 
the subcellular compartmentalization of pyrin.238

The effects of pyrin on IL-1β are complex. Pyrin com-
petitively binds with the ASC adaptor protein through the 
PYRIN domain (see Figure 79.4), an action that prevents 
ASC binding to caspase-1 and the formation of the inflam-
masome. Pyrin also binds to caspase-1 through the B30.2 
domain. The overall result of these two actions is suppres-
sion of IL-1β release. Under certain circumstances, however, 
the interaction of pyrin with ASC adaptor protein 

Figure 79.4  The structure of pyrin and its interacting proteins. Pyrin comprises five domains, each of which has specific protein-protein 
interactions: a PYRIN domain, a bZIP transcription factor basic domain, a B-box zinc finger domain, an α-helical (coiled-coil) domain, and a 
B30.2 domain. B30.2 includes a SPRY domain, located in front of the C-terminal region, and a PRY extension at the N terminus (not shown 
in figure). The entire N terminus of pyrin is necessary to bind pyrin to microtubules, and three serine residues, which are located between the 
PYRIN  and  the  bZIP  domains,  are  essential  for  the  14.3.3  protein–PYRIN  interaction.  The  PYRIN  domain  interacts  with  common  adaptor 
apoptosis–associated specklike protein (ASC); the bZIP basic domain and adjacent sequences interact with p65 and IκB kinase α (IκB-α); the 
B-box zinc finger and α-helical  (coiled-coil) domains  interact with PAPA protein (PSTPIP1), which is also known as CD2BP1; and the B30.2 
domain interacts with caspase-1.The caspase-1–mediated cleavage site of pyrin is located between the bZIP basic domain and the B-box zinc 
finger domain.  (Adapted from Chae JJ, Aksentijevich I, Kramer DL: Advances in understanding of familial Mediterranean fever and possibilities for 
targeted therapy, Br J Haematol 146:467-478, 2009.)
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M694V mutation is associated with more severe disease  
but not with amyloidosis.225,231 In contrast, the homozy-
gous M694V mutation was reported to be associated  
with amyloidosis in Jews from North Africa, in Arabs, in 
Turks, and also with the protracted febrile myalgia syn-
drome, which is a type of myalgia that is associated with FMF 
in Arabs.212,213,218,220,225,226,241

FMF has traditionally been considered an autosomal 
recessive genetic disease, but as many as 25% of patients with 

Clinical Spectrum and Renal Disease

The wide clinical spectrum and the genotype-phenotype 
correlations in FMF are influenced by genotype (extent  
and position of the MEFV mutation), ethnicity, and environ-
mental factors. In Arab patients with FMF, the worst  
disease severity is associated with alleles carrying the muta-
tions M694V/M694V and M694V/M726A, whereas the 
M694I/M694I mutation is associated with a mild form of 
the disease.241 In Turkish patients with FMF, the common 

Figure 79.5  Proposed role of pyrin in the pathogenesis of familial Mediterranean fever (FMF). The structural organization of a representa-
tive inflammasome (NLRP3) is shown. The active caspase-1 subunits p10 and p20 are produced in the inflammasome by inducing proximity-
mediated autocatalysis. The wild-type B30.2 domain of pyrin interacts with the p20 and p10 subunits and, as a consequence, prevents formation 
of an active p20/p10 heterodimer. FMF-associated pyrin B30.2 mutants interact with p20 and p10 but to a lesser extent than does the wild-
type B30.2 domain,  therefore enabling p20/p10 heterodimer assembly,  IL-1β  activation, and  induction of  inflammation. The active p20/p10 
heterodimer  cleaves  pyrin  at  Asp330  (located  between  the  bZIP  basic  domain  and  the  B-box  zinc  finger  domain).  The  N-terminal–cleaved 
fragment  interacts with p65 and IκB kinase α  (IκB-α)  through the bZIP basic domain and adjacent sequences, by which NF-κB is activated 
with  induction  of  inflammatory  genes  expression.  IL-1β,  Interleukin-1β;  NF-κB,  nuclear  factor  κ  light-chain  enhancer  of  activated  B  cells. 
(Adapted with permission from Chae JJ, Aksentijevich I, Kramer DL: Advances in understanding of familial Mediterranean fever and possibilities for 
targeted therapy, Br J Haematol 146:467-478, 2009.)
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study, serum cystatin C level was found to be significantly 
increased in patients with FMF and secondary amyloidosis. 
It was suggested that cystatin C serum level may be an early 
marker of renal impairment even before the onset of albu-
minuria.253 Proteinuria, mostly represented by albumin, can 
reach the nephrotic range with urinary protein excretion 
rates higher than 20 g/day. If untreated, AA amyloidosis 
progresses to ESKD that ultimately necessitates RRT. Renal 
disease due to amyloidosis accounts for 35% and 60% of 
deaths in men and women, respectively, with FMF.254 Extra-
renal deposits of AA amyloid can be found in liver, spleen, 
lung, thyroid, heart, adrenal glands, stomach, and testes. 
These deposits can be clinically significant and are associ-
ated with intestinal malabsorption and adrenal insufficiency 
that are often diagnosed after the initiation of chronic 
hemodialysis or after kidney transplantation.252,255,256

The diagnosis of amyloidosis can be confirmed by tissue 
biopsy; the sensitivities of the rectal or bone marrow biopsy 
and renal biopsy are 79.5% and 88%, respectively, whereas 
the sensitivity of biopsy of abdominal fat is lower.257-259 The 
presence of amyloid deposits is demonstrated histologically 
with Congo red staining of the biopsy tissue sample. Congo 
red–stained amyloid has an orange appearance when viewed 
under a light microscope and an apple-green birefringence 
when viewed under polarized light. Another amyloid-specific 
stain, thioflavin T, is used less frequently than Congo red. 
Amyloidosis is diagnosed definitively on electron micros-
copy by the demonstration of characteristic amyloid fibrils. 
The AA protein in tissue can also be detected with antibod-
ies against AA protein.259

In addition to AA amyloidosis, other kidney diseases have 
been diagnosed in patients with FMF. It is worthwhile men-
tioning that many of the reports of systemic and inflamma-
tory diseases in patients with FMF contain descriptions of 
kidney involvement.225 In fact, the frequency of the reported 
nonamyloid glomerular lesions reflects the number of 
kidney biopsies that are performed in patients with abnor-
mal findings on urinalysis or on kidney function tests. 
Recurrent focal and proliferative glomerulonephritis and 
polyarteritis nodosa were described in an early report of the 
disease.260 Rapidly progressive glomerulonephritis, mesan-
gial proliferative glomerulonephritis, IgA nephropathy, and 
membranous nephropathy have also been reported.225,230,261-264

Treatment of Familial Mediterranean Fever

Daily oral colchicine is the most effective therapy for patients 
with FMF, and its use since the 1980s has dramatically 
changed the course of the disease. Colchicine prevents both 
acute attacks of FMF and SAA amyloidosis.265,266 The mecha-
nism of colchicine action is not well understood. It is 
believed that one of its major actions is to interact with 
cytoskeletal structures, such as microtubules. It has been 
shown that colchicine accumulates in PMNCs, where it 
depolymerizes the microtubules and suppresses microtu-
bule dynamics. Pyrin is also expressed in PMNCs and associ-
ates with microtubules.267 Because colchicine also has an 
inhibitory effect on chemotaxis and reduces serum levels of 
IL-6, IL-8, and tumor necrosis factor-α,268 its antiinflamma-
tory action is thought to be related to its ability to suppress 
NF-κB activation by attenuating calpain-mediated IκB kinase 
α degradation, which is enhanced by N-terminal cleaved 
pyrin.237 Suppression of caspase-1 expression in PMNCs was 

clinical FMF have only one MEFV mutation.224,225,230 This 
finding could explain the vertical transmission of the disease 
in some families. In patients with FMF who have a single 
MEFV mutation, an additional but less common mutation 
may account for the disease, but this has not yet been con-
firmed in carefully performed studies. A dominant segrega-
tion of a heterozygous MEFV mutation was reported in some 
families. Therefore it was suggested that complex alleles can 
lead to a more severe form of disease.242 One study reported 
that heterozygous mutations at amino acid position 577 of 
pyrin (T577) can induce autosomal dominant autoinflam-
matory disease. The T577 is located in front of the C-terminal 
B30.2/SPRY domain and is crucial for pyrin function.243,244 
The T577 mutations were found in a family of Turkish 
descent with autosomal dominant FMF phenotype and also 
in European patients with other periodic syndromes. The 
impact of MEFV mutations has been shown in other inflam-
matory diseases, such as Henoch-Schönlein purpura, polyar-
teritis nodosa, Behçet’s disease, rheumatic heart disease, and 
rheumatoid arthritis (reviewed by Guz and associates).231 Of 
interest is that individuals who carry a single mutated allele 
in the MEFV gene can also suffer from the syndrome of peri-
odic fever, aphthosis, pharyngitis, and adenitis (PFAPA); 
ankylosing spondylitis; and Crohn’s disease.245

Secondary or reactive AA amyloidosis is the most severe 
complication of FMF. Before the advent of colchicine treat-
ment, amyloidosis was reported to occur in approximately 
75% of patients with FMF who were older than 40 years.246 
The disease is caused by the extracellular deposition of 
amyloid A fibrils. These fibrils consist of β-pleated sheet 
polymers of the N-terminal fragments, the products of 
incomplete proteolytic digestion of the acute-phase precur-
sor serum amyloid A (SAA) protein, whose production is 
markedly increased in chronic inflammatory processes.247 
Amyloidosis is frequently found in Jews from North African 
countries in the ME, in Turks, and in Armenians. As men-
tioned earlier, a positive association of amyloidosis with the 
M694V mutation has been reported in patients from several 
ethnic groups.211,213,218,220,224,225,248 The M694V mutation has 
also been found in patients with FMF phenotype II, in which 
amyloidosis is detected before the onset of clinical symp-
toms of FMF.225 Phenotype III is defined as the presence of 
two MEFV mutations (homozygous or compound heterozy-
gote state) without clinical manifestation of FMF or amyloi-
dosis. This condition, however, like phenotype II, could 
predispose to development of amyloidosis in families in 
which one sibling is afflicted with FMF.249 A screening study 
of patients with FMF from 14 countries worldwide—which 
included Israel, Turkey, Qatar, Jordan, and Lebanon—
revealed that amyloid nephropathy was present in 11.4% of 
patients with FMF.250 In this study, however, the country of 
recruitment, rather than MEFV genotype, was found to be 
the leading risk factor for amyloidosis.250 These findings 
underscore the relative contribution of environmental 
factors to the genetic background in defining the pheno-
typic variation and severity of the disease.251

Male gender, a positive family history of amyloidosis, pain 
flares in joints, and the SAA1 α/α genotype have been sug-
gested as additional risk factors for amyloidosis.242 Albumin-
uria is usually the first manifestation of renal involvement 
in patients with FMF and amyloidosis, and in untreated 
patients it may appear early in the course of FMF.252 In one 
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hemodialysis and after kidney transplantation.284,285 The 
main limitation of anakinra treatment in patients with FMF 
is probably the need for daily subcutaneous injections. 
Administration of either the long-acting IL-1 decoy receptor 
rilonacept (IL-1 Trap) every week or the administration of 
canakinumab, a human monoclonal antibody against IL-1β, 
every 8 weeks has also been associated with rapid remission 
of symptoms in FMF and cryopyrin-associated periodic syn-
dromes.233,286,287 Therefore these antibodies seem to be 
promising therapeutic options in patients with refractory 
FMF or who are resistant to colchicine.

Familial Mediterranean Fever and End-Stage 
Kidney Disease

In contrast to the poor prognosis of patients with primary 
(AL) amyloidosis who require RRT, most patients with FMF 
and secondary (AA) amyloidosis do relatively well with 
chronic dialysis.288 However, the issue of which dialysis 
modality is the ideal for the treatment of FMF-associated 
ESKD is still unresolved,65 and prospective studies that 
compare the different modalities are still needed. Of the 
dialysis modalities, hemodialysis is more widely used in 
patients with FMF. Continuous ambulatory peritoneal dialy-
sis (CAPD), however, has been performed successfully in 
selected patients. The effects of CAPD on azotemia  
and overall survival are similar in patients with nonamyloid 
diseases and patients with FMF. However, the serum 
albumin levels are reported to be lower and the rate  
of peritonitis and requirements for erythropoietin-
stimulating agents (ESAs) were higher in patients with FMF 
who received CAPD than in patients with FMF who received 
hemodialysis.289,290

A considerable number of patients with FMF and ESKD 
have undergone kidney transplantation in the last few 
decades. The rates of survival of patients and allografts are 
reported to be worse or similar to those in the general 
population of kidney transplant recipients.65,225,291-294 Main-
tenance colchicine therapy is obligatory after kidney trans-
plantation because it may prevent the recurrence both of 
FMF symptoms and of amyloidosis. However, recurrence of 
AA amyloidosis has been frequently reported 8 to 10 years 
after kidney transplantation,295 and the rate of recurrence 
may be as high as 71%.294 Adverse drug effects are seen in 
kidney transplant recipients with FMF who are taking cyclo-
sporine. In addition, increased gastrointestinal complica-
tions can be observed in patients who are treated with a 
combination of mycophenolate mofetil and colchicine.296

MANAGEMENT OF END-STAGE KIDNEY 
DISEASE IN THE MIDDLE EAST

Dialysis and kidney transplantation are available in all ME 
countries. In all industrialized and many developing ME 
countries, RRT is accessible to every patient with ESKD, 
regardless of the patient’s socioeconomic status or whether 
the patient has health insurance.10,12,33,89,97,102,103,106,110,162,297-301 
On the other hand, the number of patients offered RRT in 
other developing ME countries may be affected by late diag-
nosis and referral, the presence of comorbid conditions, the 
country’s health system, reimbursement, and the availability 
of dialysis facilities.106

also suggested to be a potential mechanism of action of 
colchicine.269

In vitro, colchicine was shown to have a specific effect on 
pyrin and pyrin-interacting protein such as proline-serine-
threonine phosphatase interacting protein 1 (PSTPIP1) and 
ASC. In THP-1 cells, colchicine reorganized cytoskeleton 
and downregulated MEFV expression. This effect, which 
may result in a reduction of level of a proinflammatory 
mutant pyrin, may explain the suppressive mechanism of 
colchicine on FMF attacks.270

The most common adverse effects of colchicine are gas-
trointestinal, especially abdominal pain and diarrhea. Col-
chicine toxicity from overdosing is associated with hepatic, 
renal, muscle, and cerebral effects.271 Nonresponsiveness to 
colchicine has been reported in 5% to 10% of patients. The 
reasons for nonresponsiveness are complex and include 
noncompliance, socioeconomic factors, and clinical factors. 
In M694V homozygotes, a significant proportion of patients 
show partial or minimal response to colchicine despite 
being treated with appropriate doses.272 In contrast, 
prolonged colchicine-free remission was noted in some  
individuals, none of whom was homozygous for this 
mutation.273

One study revealed the existence of an association 
between polymorphism of adenosine triphosphate–binding 
cassette, subfamily B, member 1 (ABCB1) gene and the 
response to colchicine in Turkish patients with FMF. The 
ABCB1 gene encodes p170 (also known as multidrug resis-
tance 1 [MDR1]), a glycoprotein that functions as a drug 
transport pump, which can cause a variety of drugs, includ-
ing colchicine, to become extruded from cells. In this study, 
patients with FMF who had the TT genotype for the 
3435C→T variant of ABCB1 responded better to colchicine 
in terms of treatment efficacy and lower dose requirements 
in comparison with patients who had the CT and CC geno-
types.274 These results warrant validation in further studies 
in patients with FMF from different ethnic populations.

Thalidomide, nonsteroidal antiinflammatory drugs, cor-
ticosteroids, azathioprine, prazosin, and eprodisate diso-
dium, an inhibitor of fibril formation, are occasionally used 
to treat patients with FMF whose disease is refractory to 
colchicine.259,275-277 Interferon-α was one of the first drugs 
that was used to treat patients with FMF who were refractory 
to colchicine.278 Two studies of patients with FMF who were 
treated with interferon-α showed that the duration and pain 
intensity of the majority of the attacks were reduced by more 
than 50%.279,280 In addition, clinical improvement has been 
reported in patients with FMF who were treated with the 
tumor necrosis factor-α antagonists etanercept or inflix-
imab.276,281,282 Because most inflammatory manifestations of 
FMF are believed to be associated with the induction of 
IL-1β production by mutations in the C-terminal B30.2 
domain of pyrin (see Figure 79.4), it has been proposed that 
IL-1β antagonists may be an effective therapy for FMF. The 
IL-1β receptor antagonist anakinra has been shown to have 
a beneficial effect in patients with FMF and with cryopyrin-
associated periodic syndromes.275,277 Indeed, significant 
improvement and resolution of FMF symptoms have been 
reported in patients with colchicine-resistant FMF who were 
treated with anakinra.275,283,284 Anakinra elicited a beneficial 
therapeutic response in individuals with FMF and chronic 
kidney disease, and even in a patient on maintenance 
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cerebral stroke (10%), and infection (8%).100 Interestingly, 
use of peritoneal dialysis is growing in Qatar since its intro-
duction in 1997, and peritoneal dialysis is offered to approxi-
mately 23% of ESKD patients. Most of these patients are 
non-Qatari male expatriates, a group that favors a mode of 
dialysis that can be self-administered, secures the ability to 
work or travel, requires less dietary restrictions, and poten-
tially decreases the hospital and medical cost.304

These advantages of peritoneal dialysis, which provides 
flexibility and ease of adjustment for lifestyle and daily 
schedule, encouraged some clinically stable Moslem patients 
on peritoneal dialysis to fast during the holy month of 
Ramadan.307 However, patients who intend to fast need to 
be comprehensively educated and followed up by their peri-
toneal dialysis units.307

HEMODIALYSIS
There are limited published data on hemodialysis in the ME 
with regard to practice patterns and outcomes, such as  
the quality of dialysis, survival of patients per technique, 
type of vascular access, standard dialysate solutions and dia-
lyzers, medical complications and their management, 
comorbid conditions, and other measures of quality assur-
ance.94,96,103,299,300,308-313 In general, quality is ensured accord-
ing to best medical practice guidelines in industrialized ME 
countries with more resources, easily accessible health care 
systems, and advanced medical supplies, such as in Israel 
and the Gulf Cooperation Council countries. In ME coun-
tries that lack resources, prescription of hemodialysis is 
minimal, and the quality of dialysis is dictated by nonmedi-
cal financial considerations. In these countries, dialysis may 
be offered only once or twice weekly because of lack of 
skilled personnel, the distance of the dialysis centers from 
the patient’s residence, and inability of the patient to pay 
for more frequent treatment. On this last point, the number 
of patients who withdraw from hemodialysis therapy because 
of financial problems has not been documented. Nonethe-
less, a small number of patients do seek pre-ESKD care in 
most ME countries.5,103

Practice guidelines for hemodialysis have been developed 
in Egypt. These included five main domains: personnel, 
patient care practices, infection prevention and control, 
facility, and documentation or records. Before distribution 
of the guidelines, one study disclosed flawed compliance 
and variability in adoption of evidence-based hemodialysis 
guidelines among 16 Egyptian facilities affiliated with the 
Ministry of Health and Population.309 Therefore it is manda-
tory to distribute these guidelines to all hemodialysis facili-
ties in Egypt, along with organization of workshops to 
educate staff and follow-up to ensure implementation of the 
guidelines. In Libya the provision of dialysis was adequate 
in 2010. Yet several areas for improvement have been identi-
fied by Alashek and associates,96 such as lack of national 
dialysis practice guidelines and few clinical practitioners 
were familiar with KDOQI guidelines. Because of continu-
ous drought, many dialysis centers were obliged to dig their 
own wells to maintain water supply. However, testing of 
water quality was not regularly practiced. In addition, wide 
discrepancy in methods applied to manage and monitor 
patients was observed between centers.94,96

According to the 2012 SCOT report,311 12,844 patients 
receiving hemodialysis were treated in 182 centers in Saudi 

DIALYSIS

PERITONEAL DIALYSIS
Throughout the ME, hemodialysis is the preferred treat-
ment modality for ESKD (see Table 79.3). Peritoneal dialysis 
is an underused treatment modality for ESKD, although its 
use is increasing in Tunisia, Kuwait, Iran, Saudi Arabia, 
Qatar, and Turkey.302-304 Several medical and nonmedical 
factors play an important role in inhibiting the widespread 
use of peritoneal dialysis throughout the ME: (1) Health 
providers generally offer low or no reimbursement for peri-
toneal dialysis; (2) the numbers of peritoneal dialysis train-
ing programs, qualified nephrologists, and skilled dialysis 
nurses are limited, and the salaries of attending physicians 
for peritoneal dialysis are low; (3) many patients have poor 
education and poor hygiene practices; and (4) patients and 
caregivers have concerns about high rates of peritonitis.

At the end of 2006, 38,824 patients were treated with dialy-
sis (87.4% with hemodialysis, 12.6% with peritoneal dialysis) 
in Turkey, and 99.7% of all patients receiving dialysis were 
covered by the social security system.162 The Turkish experi-
ence in establishing a peritoneal dialysis program has been 
outstanding and could be used as an example by other ME 
countries. The Turkish Multicenter Peritoneal Dialysis Study 
Group (TULIP) has established a platform for organizing 
peritoneal dialysis facilities and units. The group helped 
standardize patient records and various peritoneal dialysis 
treatments and maximized the number of patients with 
ESKD who can benefit from this treatment modality. This 
group has published clinical research that has affected peri-
toneal dialysis practice locally and worldwide.162 The Turkish 
peritoneal dialysis program has good rates of survival of 
patients and technique efficacy, which are comparable with 
those in Western industrialized countries.109 The peritoneal 
dialysis dropout rate was 21%, and the incidence of peritoni-
tis was one episode per 35.5 patient-months in 2007. Dyslip-
idemia was the most common noninfectious complication86; 
cardiovascular diseases (42.3%), followed by infections 
(19.9%) and cerebrovascular events (13.6%), were the major 
causes of death among Turkish patients undergoing perito-
neal dialysis.86,109 Moreover, peritoneal dialysis has been sug-
gested as a means of reducing the seroconversion rate for 
hepatitis C virus (HCV) in populations with ESKD and a high 
prevalence of infection305; such treatment thereby confers an 
advantage to kidney transplant candidates.306

Peritoneal dialysis was started in Iran in 1978 and in Saudi 
Arabia and Kuwait during the 1980s with imported perito-
neal dialysis solutions. The costs of this treatment are low in 
Turkey and Iran because peritoneal dialysis solutions began 
to be produced locally in Turkey in 1994 and in Iran in 
1995.302 Establishment of a peritoneal dialysis registry and a 
multidisciplinary approach has dramatically increased the 
numbers of patients undergoing peritoneal dialysis in Iran 
since 2001.100 The peritonitis rate in these patients is reported 
to be one episode per 19.4 patient-months, and the dropout 
rate is 11%; dropout is caused mainly by infectious complica-
tions.302 In 2010 the 1-year, 3-year, and 5-year patient survival 
rates in Iran were reported as 89%, 64%, and 49%, respec-
tively, whereas technique survival rates were 90%, 73%, and 
58%.100 The peritonitis rate was one episode in 25 patient-
months, and the main causes of death among Iranian patients 
undergoing peritoneal dialysis were cardiac events (46%), 
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because the physicians’ assessment of the prevalence, pat-
terns, and results of therapeutic interventions in patients 
with CKD-MBDs was relatively inadequate. Approximately 
25% of their patients had hyperphosphatemia (serum phos-
phorus levels > 6 mg/dL), and 20% had hypocalcemia 
(serum calcium levels < 8.4 mg/dL), although vitamin D 
was administered orally to most patients. In view of the 
current status of CKD-MBD in the ME countries and the 
associated economic and logistic constraints, a committee 
of experienced nephrologists from the region was consti-
tuted. Its members examined the KDIGO guidelines and 
formulated recommendations that can be implemented 
practically for the management of CKD-MBD in the ME.319

MANAGEMENT OF END-STAGE KIDNEY DISEASE 
WITH VIRAL HEPATITIS
Available global data indicate that the prevalence of chronic 
infection with hepatitis B virus (HBV) and HCV is high in 
populations of the African and ME regions.320,321 These two 
viral infections have considerable effects on morbidity and 
mortality among patients with ESKD, as well as on graft sur-
vival in kidney transplant recipients.103,322-325 However, surveys 
are still needed to correctly estimate the incidence and preva-
lence of these infections in patients with CKD and ESKD in 
each ME country. In addition, screening will identify patients 
who would benefit from a number of highly efficacious, new 
oral therapies.326-328 The HCV epidemic is particularly devas-
tating in Egypt, where its prevalence in the general popula-
tion is estimated to be more than 18%. The start of the HCV 
epidemic in Egypt is attributed to the use of unsterilized 
needles and syringes during the mass antischistosomiasis 
treatment programs that were conducted during the 1960s 
and 1970s.329 Several studies reported a dismal prevalence of 
anti-HCV serologic findings among Egyptian patients under-
going hemodialysis and kidney transplant recipients that 
ranged between 46% and 100%.103,329-332 Implementation of 
an infection control program by 60 Egyptian dialysis facilities 
resulted in improvements in infection control practices 
among health care workers and a subsequent decrease in the 
annual incidence of HCV infection among patients undergo-
ing dialysis from 28% to 6%, 3 years later.330

Among Saudi patients receiving hemodialysis, according 
to the 2012 SCOT report,311 the prevalence of HBV positivity 
is 3.8%, whereas HCV infection continued to be problem-
atic (18.7%). Nonetheless, it has decreased compared with 
previous reports.311 However, there is considerable variabil-
ity in the prevalence of HCV infection between the various 
regions of Saudi Arabia (11% to 23%).311,333 This variability 
is important to consider when patients receiving hemodialy-
sis travel to other units and emphasizes the importance of 
screening them for seroconversion after their return. The 
annual rate of HCV seroconversion in Saudi patients receiv-
ing hemodialysis is between 7% and 9%. The most common 
variant of the virus is HCV genotype 4334 (which is also 
prevalent in North African countries in the ME103,322,330,335), 
followed by HCV genotype 1a and HCV genotype 1b. Imple-
mentation of strict measures of infection control and isola-
tion of HCV-positive patients and dialysis machines resulted 
in a significant drop in the annual incidence of HCV infec-
tions from 2.4% to 0.2% in one Saudi hemodialysis center.333

In Iran, where genotypes 3a and 1a are the common vari-
ants, impressive drops in the rates of HCV and hepatitis B 

Arabia. Of these patients, approximately 24% are on the 
waiting list for kidney transplantation. Bicarbonate dialysis 
solutions were used in all centers, and only a few centers 
(6.3%) still use acetate dialysis solutions. The predominant 
type of vascular access for hemodialysis is arteriovenous fis-
tulas (71.2% of all patients), followed by jugular catheters 
(12.6%), and arteriovenous grafts (7.6%). In comparison, 
the prevalent types of vascular access in Israel in 2013 were 
arteriovenous fistulas (60%), arteriovenous grafts (10%), 
and permanent catheters (30%; E. Golan, April 2014, per-
sonal communication). In Tehran, arteriovenous fistula is 
the type of vascular access used most in patients receiving 
hemodialysis (91%); only 3% of such patients have arterio-
venous grafts, and 4% have permanent catheters.97 Arterio-
venous fistula is also preferred in Turkey: in 2008, 
arteriovenous fistula were used in 85.4% of Turkish patients 
receiving hemodialysis, grafts were used in 2.9%, permanent 
tunneled catheters were used in 7.7%, and temporary cath-
eters were used in 4%.312

Reuse of dialyzers is not practiced in Saudi Arabia, Libya, 
and Iran96,314 and is prohibited by law in Egypt.103 Approxi-
mately 87% of Saudi patients receiving hemodialysis are 
treated with ESAs, and of these patients, approximately 23% 
have hemoglobin levels lower than 10 g/dL. In Turkey, 
ESAs are administered to 61.8% of patients receiving hemo-
dialysis. In comparison, 48.2% of patients receiving hemo-
dialysis in Tehran have anemia as a result of low-dose 
treatment with ESAs, and dialysis may be inadequate because 
the mean measured treatment adequacy for these patients 
was 0.97 ± 0.25.97 Thus common clinical practice for hemo-
dialysis in Iran does not meet all the targets recommended 
by international guidelines.97,313

No adequate studies have been conducted to describe the 
patterns, prevalence, or therapy of CKD-associated mineral 
bone disorders (CKD-MBDs) in patients undergoing dialysis 
in any of the 20 ME countries. In developing ME countries, 
the use of aluminum-based phosphate binders, presence of 
high amounts of strontium in the soil, and the use of dialysis 
acetate concentrates that are contaminated with strontium 
have been implicated as causes of osteomalacia in adult 
patients receiving hemodialysis and rickets in pediatric 
patients receiving hemodialysis.315,316 Hyperphosphatemia 
and increased serum level of calcium-phosphorus product 
are serious problems in dialysis recipients in developing ME 
countries, and their occurrence is correlated with poor 
patient knowledge of appropriate diet. In a large cross-
sectional multicenter study that included 1005 patients in 
Egypt who were undergoing hemodialysis, two-thirds of the 
patients had hyperphosphatemia, and one-third had an 
elevated serum level of calcium-phosphorus product. The 
patients used mainly calcium-based phosphate binders.317 
In most developing ME countries, economic considerations 
hinder the use of the newer non–calcium-based phos-
phate binders, calcium-sensing receptor agonists (calcimi-
metics), or vitamin D receptor agonists. Therefore 
prolonged or additional dialysis sessions are frequently pre-
scribed to control hyperphosphatemia in patients receiving 
hemodialysis.97,317

The results of one survey suggested that practicing Saudi 
nephrologists have an adequate perception of the morbidity 
in patients with CKD-MBDs.318 However, the results of this 
survey also identified a need for creating national guidelines 
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largely on funding.103 In Syria, the 3-year survival rate among 
patients receiving hemodialysis was unsatisfactory, ranging 
from 26% to 64% in different hemodialysis centers.298 In 
Jordan, the 1-year mortality rate among patients receiving 
hemodialysis is approximately 20%.102 In Libya, the 1-year 
mortality was similar to Jordan and many other countries 
(21.2%). However, this is a poor outcome when taking into 
consideration the young mean age of patients undergoing 
hemodialysis. Although not reported, it is expected that the 
survival of Libyan ESKD patients was aggravated by the con-
flicts in their country.93 According to the 2012 ICDC report,88 
the unadjusted 1-year, 2-year, 3-year, and 10-year survival 
rates among Israeli patients receiving dialysis were 80%, 
66.6%, 54.9%, and 10%, respectively, from 1990 to 2010. Of 
note, there appears to be a survival advantage for Arab 
patients over Jewish patients on maintenance dialysis in 
Israel, in contrast to the life expectancy of Arabs in the 
general population which is 3 to 4 years lower than that of 
the Jewish population.87 The survival of patients undergoing 
hemodialysis was high in Qatar, with 1-year and 5-year sur-
vival rates of 84% and 53%, respectively.308

It is of interest that a health disparity exists for both legal 
and illegal immigrants from ME countries with CKD who 
live and work in Western industrialized countries and may 
need RRT. The ethnic and educational backgrounds of 
these patients are different from those of the local popula-
tion. Accordingly, they face potential problems with com-
munication, health insurance, and care.9 Fogazzi and 
Castelnovo reported their experience with such patients 
who were treated in an Italian dialysis unit.340 Although the 
number of patients was small, they reported that those 
receiving hemodialysis who came from developing coun-
tries, which included some ME countries, were younger at 
the initiation of dialysis (38.2 ± 7.9 years versus 63 ± 12.6 
years), were referred at a later stage of their disease, and 
had more infections, such as tuberculosis and viral hepatitis, 
than did patients from the local population who were 
undergoing hemodialysis. Furthermore, they also reported 
that a visit to their native countries was usually associated 
with medical complications, such as worsening of anemia.

KIDNEY TRANSPLANTATION

In ME countries, as in all other countries, kidney transplan-
tation is recognized as the treatment of choice for ESKD. 
The beneficial effects of kidney transplantation on life 
expectancy, quality of life, and medical expenses are greater 
than those associated with maintenance dialysis. However, 
legislative obstacles, an underdeveloped and poorly funded 
health infrastructure, poor public awareness of the impor-
tance of organ donation, lack of effective kidney transplan-
tation programs, cultural and religious barriers, and lack of 
trained multidisciplinary medical teams are some of the 
obstacles that prevent the promotion of kidney transplanta-
tion in some ME countries.341-346

Most ME countries are members of the Middle East Society 
for Organ Transplantation (MESOT). MESOT includes 
Iran, Turkey, and all of the Arab countries in the ME, as well 
as Pakistan, Cyprus, and some countries of central Asia.342,345 
There are very few organ procurement centers in the MESOT 
member countries for overseeing the activities of organ 
donation, sharing, and transplantation at a national level. 

surface antigen (HBsAg) positivity have been reported in 
patients receiving hemodialysis. These decreases (14.4%  
in 1999 to 4.5% in 2006 for HCV and 3.8% in 1999 to 2.6% 
in 2006 for HBV) have been attributed to the introduction 
of several measures, such as strict isolation policies, no reuse 
of dialyzers, compulsory HBV vaccination in patients, and 
early kidney transplantation.314 Implementation of routine 
virologic testing, strict isolation measures, HBV vaccination, 
and ESA administration with few blood product transfusion 
requirements have resulted in a low prevalence of both HBV 
(1.7% to 2%) and HCV (3.7% to 5.7%) infection among 
Israeli patients receiving dialysis between 2005 and 2010, 
according to the 2012 ICDC report.88

Using second-generation immunoassays to detect HCV 
infection in 30 Turkish dialysis centers, Köhler found that 
the prevalence of HCV was 49.9% in 1995.323 Sayiner and 
colleagues reported that the duration of dialysis, kidney 
transplantation history, and history of blood products  
transfusion were all related to HCV transmission and high 
prevalence of HCV among Turkish patients receiving hemo-
dialysis.336 Turkey is also endemic for HBV infection. Ten 
percent of patients receiving hemodialysis and 2.9% of 
blood donors are HBsAg positive. Of note is that the 2008 
registry of the Turkish Society of Nephrology312 reported a 
decline in the prevalence of HBV infection (4.5%), HCV 
infection (12.7%), and both infections (0.9%) in Turkish 
patients receiving hemodialysis. The results of a survey that 
was conducted among Jordanian patients receiving hemo-
dialysis during 2003 revealed HBV positivity in 4% and HCV 
positivity in 21%, with annual seroconversion rates of 0.34% 
for HBV and 2.6% for HCV.102 In 2007, high seropositivity 
for HBV (8%) and HCV (22%) was also detected in Palestin-
ian patients undergoing hemodialysis who were residing in 
the Gaza Strip.337

Alashek and colleagues found a remarkably high preva-
lence of seropositivity for HCV among Libyan patients 
undergoing hemodialysis (31.1%), which is 25-fold higher 
than the general population.95 The overall incidence of 
seroconversion during this 1-year prospective study was 
7.1%, with wide variation between hemodialysis units. Con-
versely, the prevalence of HBsAg positivity was low (2.6%) 
with seroconversion incidence of 0.6%. Factors that were 
associated with seroconversions, such as duration of dialysis, 
history of receiving dialysis in another center in Libya, and 
prior kidney transplant, possibly suggest nosocomial trans-
mission.95 In comparison, the adjusted prevalence of HBV 
is 4.6% among patients in Germany who are undergoing 
hemodialysis, 4.3% in Italy, 3.7% in France, 2.1% in Spain, 
2.1% in Japan, and 2.4% in the United States, and adjusted 
seroconversion rates range from 0.4 to 1.8 per 100 patient-
years.338 The adjusted prevalence of HCV also varies among 
these countries: 22.9% in Spain, 20.5% in Italy, 10.4% in 
France, 3.8% in Germany, 2.6% in the United Kingdom, 
14.8% in Japan, and 14% in the United States. The adjusted 
seroconversion rates range from 1.2 to 3.9 per 100 patient-
years and are highest in Italy and Spain.339

DIALYSIS-RELATED OUTCOMES
With regard to other dialysis-related outcomes, reports from 
Egypt have revealed significant center-specific effects (which 
were not defined) on the survival and quality of life of 
patients receiving dialysis; these effects were dependent 
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continuously widening in all ME countries. To meet the 
growing demand for kidneys and the shortfall in donors, 
some countries have initiated kidney transplantation pro-
grams involving organs from living unrelated donors. Using 
emotionally related donors extends donor eligibility to 
include individuals who are not genetically related to 
recipients.

Although kidney transplantation involving organs from 
deceased donors is increasing in the ME, it accounts for less 
than 21% of kidney transplantations in most ME countries, 
with large national variations.345 In 2011, of the kidneys that 
were used for the 5934 kidney transplantations that were 
performed in Turkey, 27% were from deceased donors, 
according to the European Renal Association–European 
Dialysis and Transplant Association registry.82 In Saudi 
Arabia, kidney transplantation from living unrelated donors 
is forbidden. SCOT reported that 624 kidney transplanta-
tions were performed in 2012, and 19% (118) of the kidneys 
were obtained from deceased donors362; the rest were 
obtained from living related donors. In fact, in 2006 Saudi 
Arabia had the highest reported rate of living-donor kidney 
transplantation worldwide at 32 procedures pmp, followed 
by Jordan (29 procedures pmp), Iceland (26 procedures 
pmp), Iran (23 procedures pmp), and the United States (21 
procedures pmp).297 However, the quoted Saudi statistic 
should be interpreted cautiously because the rate of living 
related donor kidney transplantations is 10.1 pmp. Accord-
ing to Nöel, the report by Horvat and colleagues probably 
included “transplant tourism” activity because it incorpo-
rated data on kidney transplantation in Saudi patients from 
living unrelated donors that was performed in other 
countries.297,363

In Egypt approximately 7% of Egyptian patients with 
ESKD are offered kidney transplantation in the year of diag-
nosis, and no kidneys are obtained from deceased donors: 
80% of the kidneys are obtained from living unrelated 
donors, and 20% are obtained from living related donors. 
In 2013, 264 kidney transplantations were performed in 
Israel; of the transplanted kidneys, 43.5% were obtained 
from deceased donors and 54.5% from living related and 
living unrelated donors. However, the ratio of deceased 
donors to living donors is not constant, according to the 
annual reports of the Israeli National Transplant Center. 
Kidney transplantation in Syria commenced in 1976 with 
exclusive reliance on kidneys from living related donors. 
Since 2003, transplantation of kidneys from deceased 
donors has been allowed. As of 2010, 13.2 pmp kidney 
transplantations were performed, of which 22% were from 
deceased donors.298,341

In Iran the living unrelated donor transplantation 
program operates under the close supervision and scrutiny 
of the Ministry of Health and Medical Education, the Iranian 
Scientific Society of Organ Transplantation, the Foundation 
for Patients with Special Diseases, and the Dialysis and 
Transplant Patients Association (DATPA).364 In the “Iranian 
model,” patients who need kidney transplantation are 
referred to the DATPA, a charity founded in 1978 by Iranian 
patients with ESKD, which acts as a liaison agency between 
patients and potential donors. The altruistic volunteers are 
also registered by the DATPA and undergo evaluation in the 
foundation’s clinics. Several important features characterize 
the “Iranian model” of living unrelated donors for kidney 

Israel is not a member of MESOT; it has its own national 
center for organ transplantation. The first successful living- 
and deceased-donor kidney transplants in the ME were per-
formed in Israel (1964 and 1966, respectively)347 and were 
reported to have been performed in Iran in 1967 and 2003, 
respectively.345,348 The first successful kidney transplantation 
in an Arab country in the ME was performed with a kidney 
from a deceased donor with no heartbeat in Jordan in 1972. 
Most other ME countries, such as Lebanon and Turkey, 
started their kidney transplantation programs during the 
early 1970s, and Egypt and Saudi Arabia commenced their 
programs in 1976 and 1979, respectively. Since then, the 
remaining ME countries have established their own kidney 
transplantation programs; Libya did so in 2004. Currently, 
kidney transplantation programs are active in most ME 
countries but are relatively limited in Algeria, Yemen, the 
UAE, and Bahrain (see Table 79.2).303,341,345,349-353

Most kidneys for transplantation are obtained from living 
donors. An important milestone that paved the way for 
organ donation for transplantation from deceased donors 
in the Arab countries in the ME was the Amman declaration 
in 1986. In this declaration, Islamic theologians recognized 
that brain death was irreversible and could be used to 
declare a person legally dead, thereby making it permissible 
to disconnect that person from mechanical life-support 
systems. This declaration was preceded in 1982 by a resolu-
tion of the Islamic Council in Saudi Arabia that permitted 
the use for transplantation of organs from both living and 
deceased donors.303,354,355 Similar declarations have since 
been made by religious authorities in Egypt, Turkey, and 
Iran.303,355 As a result of these declarations, most Arab coun-
tries in the ME, including Egypt, have now enacted laws for 
regulated organ donation for transplantation from both 
living and cadaveric donors, and transplantation programs 
for kidneys and other organs are beginning to expand.298,356,357 
Yet programs for donation after cardiac death are limited 
in many Arab countries because of religious, legal, ethical, 
and social issues.358

In his code of Jewish law, the Mishneh Torah (Laws of 
Sanhedrin, 12 : 3), the twelfth century philosopher and phy-
sician Maimonides interpreted the Talmud as saying that 
someone who saves the life of one person is considered to 
have saved the entire world. This is similar to what is written 
in the Koran, Chapter 5, verse 32: “… if any one saved a life, 
it would be as if he saved the life of all mankind.” Therefore 
organ donation that saves life is considered in Islam and 
Judaism to be a good deed. With regard to living related 
donors, Bulka argued that organ donation is permissible, 
because the danger to the donor is minimal, but it is not 
obligatory.359 Likewise, Christians believe that organ dona-
tion is an act of love and nobility (e.g., as interpreted from 
Corinthians and from the parable of the Good Samaritan 
in Luke, Chapter 10, verses 25 to 37).360

Active deceased-donor kidney transplantation programs 
exist in Iran, Israel, Turkey, and eight Arab countries: 
Algeria, Kuwait, Lebanon, Morocco, Oman, Qatar, Saudi 
Arabia, and Tunisia.341,361 However, deceased-donor kidney 
transplantation is inadequate to address the current need 
for allografts, and the number of patients on kidney trans-
plantation waiting lists in these ME countries is progressively 
increasing. The use of kidneys from living related donors is 
increasing, but the gap between demand and supply is 
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To undermine the practice of global commercial kidney 
transplantation, the Transplantation Society and the ISN 
convened an international summit meeting in Istanbul, 
Turkey, in April 2008. The outcome of this meeting was the 
“Declaration of Istanbul on Organ Trafficking and Trans-
plant Tourism,” which suggested that strategies to increase 
the donor pool and encourage legitimate, lifesaving trans-
plantation programs be developed by countries to prevent 
organ trafficking, transplant commercialism, and transplant 
tourism. In addition, strategies should be aimed at stopping 
and prohibiting unethical activities, as well as encouraging 
safe and accountable practices that both meet the needs of 
transplant recipients and protect donors.375,379,380 Many ME 
countries need to develop national self-sufficiency in organ 
donation to combat organ tourism and achieve global 
justice in transplantation.375,379

In 2008, two laws were approved by the Israeli parliament: 
the Brain-Respiratory Death Law and the Organ Transplan-
tation Law. As a result, health insurance reimbursement for 
transplantation performed abroad that contravenes local 
Israeli laws was prohibited, and criminal penalties for bro-
kering organ sales were introduced. Consequently, Israel 
has both increased organ donations from living and 
deceased sources and has reduced the number of transplant 
candidates seeking transplantation abroad (from 150 in 
2006 to 41 in 2013).361,381 In Egypt, however, in spite of the 
April 2010 organ transplantation law, which prohibits and 
penalizes organ trafficking and permits deceased donation 
in accord with the WHO Guiding Principles and the Decla-
ration of Istanbul, little enforcement has been evident, and 
the problem of a black market in organs from living donors 
has increased.343,357,375,382

PHARMACOLOGIC TREATMENT OF KIDNEY 
TRANSPLANT RECIPIENTS
In general, all approved medications that are used world-
wide to treat kidney transplant recipients are also used in 
the ME.349,366 In all ME countries with kidney transplantation 
programs, induction therapy with methylprednisolone, 
lymphocyte-depleting agents, or IL-2 receptor antagonists is 
widely used. In most of the commercial transplantation pro-
grams, induction therapy is routinely given to reduce the 
frequency of acute graft rejection so that the recipient can 
be discharged early after the transplantation surgery. No 
reports have yet been published on the long-term complica-
tions of this routine treatment, such as bone marrow sup-
pression, cytomegalovirus infections, and posttransplantation 
lymphoproliferative disorder.

Maintenance treatment after kidney transplantation in 
most ME countries consists of triple therapy with corticoste-
roids, azathioprine or mycophenolate mofetil, and calcineu-
rin inhibitors. For economic reasons, several countries prefer 
to prescribe azathioprine and the cheap generic forms of 
cyclosporine instead of mycophenolate mofetil and tacroli-
mus. A small number of kidney transplantation centers have 
started prescribing rapamycin, a drug that inhibits a serine/
threonine kinase called the mammalian target of rapamycin 
(mTOR), to prevent transplant rejection.355,366 Treatment of 
acute rejection in most ME countries consists mainly of meth-
ylprednisolone (Solu-Medrol) and rabbit antithymocyte 
globulin (Thymoglobulin). Hyperimmune globulins and 
plasmapheresis are rarely used because both are expensive.

transplantation: No coercion is allowed; written consent is 
obtained from the donor and the donor’s parents or spouse; 
donors are rewarded with gifts from the government; no 
commercialism is allowed; the medical teams receive no 
financial benefit; recipients and donors must be Iranian 
citizens; and time on the waiting list is minimal.350,365 Con-
sequently, the annual number of kidney transplantations 
has substantially increased in Iran, from 1421 in 2000 to 
2285 in 2010.350,366 However, the 86% share of living unre-
lated kidney donation in 2000 (20.1 pmp) decreased to 75% 
in 2006 (23 pmp) and 69% in 2010 (21.8 pmp). This change 
was mainly due to a substantial parallel increase in brain-
dead kidney donation (2.2% in 2000, equivalent to 0.4 pmp, 
increasing to 26% and 7.9 pmp in 2010), after the Organ 
Transplantation and Brain Death Act in 2000, which legal-
ized brain-dead organ donation.366 Of note, 10 years after 
the introduction of the controlled living unrelated donor 
kidney transplantation program in Iran, the national waiting 
list for renal transplants was eliminated.302,367

Simforoosh and associates reported that patient and graft 
survival of 2155 Iranian recipients of kidneys from living 
unrelated donors after 15 years were 76.4%, and 53.2%, 
respectively.368 These results are comparable with survival 
data in the 2003 annual report of the United States Renal 
Data System on living donor kidney transplantations.369 
However, the Iranian model has been criticized for ethical 
reasons because 85% of the vendors are very poor, a fact 
that may increase the risk that potential donors will with-
hold relevant medical information.370 A study from the 
Shiraz Transplant Center revealed that Iranian paid unre-
lated donors have a lower quality of life and a higher inci-
dence of microalbuminuria compared with related donors.371 
Hence the lack of long-term donor follow-up and the direct 
financial connection between donor and recipient are 
major weak points that should be ethically reviewed.366,372-374

COMMERCIAL KIDNEY TRANSPLANTATION
The lack of deceased donors for kidney allograft transplan-
tation, combined with other medical factors (prolonged 
graft survival and improved surgical techniques, including 
laparoscopic nephrectomy) and nonmedical factors (eco-
nomic and cultural), have motivated a large number of 
patients with ESKD to seek kidney transplants from living 
unrelated donors outside their home countries. This prac-
tice is often called “commercial kidney transplantation” or 
“organ tourism” because the donor sells his or her kidney 
for a certain amount of money. These kidney transplanta-
tions are performed in many countries around the world, 
such as the Philippines, Russia, India, China, Pakistan, and 
South Africa, as well as some ME countries, such as Turkey, 
Iraq, and Egypt.343,375-378 The surgery is commonly performed 
in substandard conditions under the cover of secrecy. Many 
transplant recipients return to their homelands 1 to 2 weeks 
after transplantation without crucial information (a com-
plete medical report; important information about the 
donor; HLA typing; and details of the medical treatment, 
surgery, and postoperative care). In addition, the recipients 
are exposed to potential risk for infection, such as HBV, 
HCV, or human immunodeficiency virus infection, as well 
as tuberculosis from inadequately evaluated donors. Thus 
the results of such commercial kidney transplantations are 
reported to be substandard.376-378
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their economics, political systems, culture, and bioecology, 
all of which eventually translate into disparities in their 
health systems, as well as in disease epidemiologic features, 
causes, management, and outcomes. The burden of kidney 
diseases is high in all ME countries and is compounded by 
many risk factors in the region, although data from develop-
ing countries are possibly underestimates. Practicing 
nephrologists in the ME are familiar with the genetic back-
ground, social habits, and culture of their patients. However, 
this is not so for many individuals of ME origin who now 
live in non-ME countries. Nephrologists in those countries 
need to take these considerations into account when diag-
nosing or treating the kidney diseases and comorbid condi-
tions of their patients of ME origin. Therefore the emerging 
epidemic of diabetes mellitus in many ME countries is per-
tinent, and the prevailing genetic kidney diseases in the 
various population groups who live in the ME have been 
reviewed in this chapter.

Moreover, the ME has experience in management of mass 
disasters and consequent kidney complications, which can 
be implemented in regions outside of the ME. However, 
several issues still need to be addressed and hurdles must 
be overcome to improve the overall management of kidney 
diseases in the ME. Well-conducted epidemiologic cohort 
studies are urgently needed, and regional and national reg-
istries must be established as sources of transparent and 
accurate data. The results of the studies should provide 
accurate estimates of the public health burden of AKI, CKD, 
and ESKD; their risk factors; and comorbid conditions. This 
information should also improve the quality of therapy pro-
vided to patients. In addition, these efforts should also focus 
on the special needs of refugees in countries where human-
engendered and natural disasters have occurred.

The entire international nephrology community agrees 
that improving existing diagnostic methods and establishing 
preventive strategies for the detection and treatment of 
kidney diseases at the earliest possible stage is of utmost 
importance, especially in countries with limited resources 
or health expenditures. Therefore, to achieve these goals, 
ME countries need to invest in (1) training qualified 
nephrologists and medical personnel; (2) public education 
and campaigns for lifestyle modification to combat obesity 
and diabetes mellitus and for proper use of over-the-counter 
drugs; (3) premarital genetic counseling to decrease the 
burden of genetic diseases; (4) vigorous treatment of comor-
bid conditions, which include infectious diseases, and strate-
gies for preventing dehydration in tropical ME countries; 
and (5) use of low-cost, generic medication.

Because transplantation is the most cost-effective treat-
ment for ESKD, ME countries also need to create a societal 
environment that motivates and encourages its population 
to support organ donation for transplantation in patients 
with ESKD. Encouraging organ donation through deceased 
donors, living related donors, and paired-exchange kidney 
transplantation programs, as well as organ sharing among 
the MESOT member states, will enable ME countries to 
reach national sufficiency for organ transplantation. The 
establishment of such programs will then help to reduce the 
long waiting lists in each ME country and combat unethical 
commercial kidney transplantation.342,345,393

Complete reference list available at ExpertConsult.com.

POSTTRANSPLANTATION COMPLICATIONS
There are only a few reports in the literature on the out-
comes, as well as patient and graft survival rates, after kidney 
transplantation in ME countries. In general, these reports 
claim that outcomes in Saudi Arabia, Kuwait, Egypt, and 
North African countries in the ME are in line with interna-
tional standards, although infections remain the main 
reason for morbidity and mortality.10,106,368,377,383 Distinctive 
infections are of special concern in some ME countries. 
Tuberculosis is prevalent among dialysis recipients in some 
countries such as Saudi Arabia, Yemen, Turkey, and the 
North African countries in the ME.346,384-388 Patients in these 
countries are at increased risk for developing active tuber-
culosis after kidney transplantation, and approximately 30% 
have symptoms of tuberculosis in extrapulmonary organs, 
particularly the lymph nodes, gastrointestinal tract, and 
peritoneal cavity. The Mantoux test often yields negative 
results in kidney transplant recipients, possibly because of 
the suppression of cellular immunity. Tuberculosis in the 
graft kidney tends to manifest as granulomatous interstitial 
nephritis. Urinalysis results are often negative for bacilli. 
The diagnosis is usually made on kidney biopsy or after 
nephrectomy in recipients, who often present with fever of 
unknown origin and deteriorating graft function.

Prophylactic treatment with isoniazid or rifampin for 
patients at high risk (Mantoux skin test reaction of >10 mm) 
has decreased the development of active tuberculosis. An 
important sequela of this treatment is the induction of cyto-
chrome P450 enzymes by the antituberculous drugs, which 
results in a severe drop in the circulating therapeutic levels 
of calcineurin inhibitors and, consequently, severe acute 
rejection. Therefore increasing the dose of calcineurin 
inhibitors and frequent monitoring of their circulating 
levels are mandatory in such cases.346,386,387

Viral hepatitis, as discussed previously, is also common in 
the ME, especially among patients receiving dialysis. Eligible 
patients with HBV and HCV infections are offered trans-
plantation in many ME kidney transplantation centers after 
appropriate presurgical workup and management.331,387

The most common types of neoplasia among kidney 
transplant recipients are skin malignancies, lymphoprolif-
erative disorders, and Kaposi’s sarcoma. The incidence of 
some uncommon tumors in the general population (e.g., 
Kaposi’s sarcoma) can be 400- to 500-fold higher among 
kidney transplant recipients. Kaposi’s sarcoma is most often 
seen in transplant recipients of Mediterranean, Jewish, and 
Arabic descent. Its reported incidence is 0.5% in most 
Western industrialized countries and as high as 5.3% in 
Saudi Arabia.387,389-392 The preponderance of cases of Kapo-
si’s sarcoma in certain ethnic groups appears to be linked 
to the geographic distribution of human herpesvirus 8 infec-
tion, inasmuch as more than 80% of transplant recipients 
with Kaposi’s sarcoma are seropositive for human herpesvi-
rus 8 before undergoing transplantation.392

SUMMARY

The ME has a strategic global location. Its fascinating geog-
raphy is combined with rich national histories, cultures, and 
resources. In addition, the countries of the ME differ in 
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The Indian subcontinent occupies the southern portion of 
the Asian continent and includes India, Pakistan, Bangla-
desh, Sri Lanka, Nepal, Bhutan, and the Maldives. The sub-
continent is home to well over one fifth of the world’s 
population, making it the most densely populated region in 
the world. These countries are all approximately at the same 
stage of economic development and are considered emerg-
ing and developing economies according to the Interna-
tional Monetary Fund’s World Economic Outlook report.1,2 
Most of the population of the region lives in rural areas, 
relies on agriculture for its livelihood, and has limited access 
to health care. The countries of the subcontinent fall into 
the category of “medium” human development3 as mea-
sured by the human development index, which takes into 
account not only the standard of living as determined by 
purchasing power parity but also the literacy rate and life 
expectancy.

India is the largest country in the subcontinent, with a 
population of more than 1 billion, and is also the largest 
economy in the region. It has enjoyed impressive economic 
growth, as a result of which India has been put into the 
category of “newly industrialized countries,” a classification 
between “industrialized” countries and “developing” coun-
tries. The mean per capita gross national product has grown, 
but 0.7 billion people still continue to live on less than one 
U.S. dollar a day. Economic and development indicators of 
major countries of the region are shown in Table 80.1.2,3 
This combination of underdevelopment plus a rapidly 
growing economy is reflected in the disease spectrum. On 
the one hand, countries of the subcontinent are challenged 
with epidemics of infectious disease, and on the other hand, 

diabetes mellitus, the so-called disease of the affluent, has 
reached epidemic proportions. Health care in the public 
sector in these countries is organized in the shape of a 
pyramid, with primary health centers at the bottom, fol-
lowed by intermediate-level hospitals, and referral hospitals 
at the top. Specialized care for disease is usually available 
only at the major referral hospitals. There are only about 
900 nephrologists in India. There is a thriving private sector 
health care industry, but treatment costs are quite high, and 
only the rich or patients whose expenses are covered by 
their employers can afford treatment in these hospitals.

The differences in living standards and availability of 
health care determine the variations in disease patterns, 
management practices, and disease outcome. The spectrum 
of kidney diseases in this region is characterized by a mix of 
conditions that are globally encountered and those specific 
to the subcontinent. The latter can be secondary to a genetic 
predisposition in specific ethnic groups or related to expo-
sure to environmental factors like climatic conditions, infec-
tious agents, envenomation, and chemical toxins. A high 
prevalence of nephrolithiasis in some areas, aggravated by 
dehydration caused by a combination of exposure to high 
ambient temperatures and a high prevalence of diarrheal 
diseases, is an example. Genetic factors that predispose to 
kidney disease in the tropics include glucose-6-phosphate 
dehydrogenase (G6PD) deficiency, which gives rise to  
intravascular hemolysis and pigment-induced acute kidney 
injury (AKI). Indigenous health care systems are still popular 
in rural areas, and patients are frequently treated with  
herbs and potions that could add to the burden of kidney 
disease.
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Over the years there has been a change in the spectrum 
of AKI (Table 80.2). Improvements in obstetric care have 
led to a virtual disappearance of pregnancy-related AKI in 
the industrialized world. The rate of obstetric AKI in India 
also has declined from 22% to 5% of all cases of AKI in the 
last four decades. The frequency distribution of AKI is 
bimodal in terms of the duration of gestation. The first 
peak, seen between 8 and 16 weeks of gestation, is associated 
chiefly with induced septic abortions. The abortion prac-
tices include the use of sticks; the insertion of abortifacient 
chemicals, pastes, and soap solutions; and dilation and 
curettage performed under unhygienic conditions and by 
untrained personnel.10 The incidence of AKI has decreased 
since the legalization and regulation of abortions and the 
wider availability of medical facilities.10,11 The second peak, 
after 34 weeks of gestation, is related to preeclampsia, 
eclampsia, abruptio placentae, postpartum hemorrhage, 
and puerperal sepsis. Acute cortical necrosis has been 
observed in about 25% of patients with obstetric AKI in 
parts of India.10

ACUTE KIDNEY INJURY

Reliable statistics on the patterns and prevalence of AKI in 
this region are not available, but it is the most commonly 
encountered renal emergency.4-6 About 0.1% to 0.25% of all 
hospital admissions are for AKI. Most of the causes of AKI 
described elsewhere in the world are encountered in the 
Indian subcontinent as well. Several causes, however, either 
are unique or are seen with increased frequency in this part 
of the world. Compared with industrialized countries, in 
which AKI is mainly a disease of the elderly and is seen 
primarily in hospitalized patients, community-acquired AKI 
in otherwise healthy individuals is common in countries in 
this region, a characteristic they share with other developing 
countries.7 Patients with AKI are younger in this region than 
their counterparts in the West. The median age of patients 
with AKI in the West increased from 41.2 years in the 1950s 
to 60.5 years in the 1980s8; the average age of patients with 
AKI in India is 37.1 years.7 Hospital-acquired AKI is more 
common in the elderly population than in the young.9

Table 80.1  Economic and Development Indicators on the Indian Subcontinent

India Pakistan Bangladesh Sri Lanka

Population (billions) 1.22 0.193 0.163 0.021
Population growth rate (%) 1.31 1.55 1.58 0.91
Life expectancy at birth (yr) 67.48 66.7 70.36 76.15
Median age (yr) 26.7 22.2 23.9 31.4
Percentage of total population that is elderly (>65 yr) 5 4 5 8
Literacy rate (%) 64.84 (year 2011) 55 (year 2009) 57.7 (year 2011) 92.5 (year 2010)
Infant mortality rate (per 1000 live births, year 2013) 44.6 59.35 47.30 9.24
Per capita gross domestic product purchasing 

power parity (U.S.$) (year 2012)
3800 3100 2000 6000

Percentage living below national poverty line 29.8 22.3 31.5 8.9
Human development index 0.554 0.515 0.515 0.715
Country ranking by human development index (of 

179 countries)
136 146 146 92

Table 80.2  Causes of Acute Kidney Injury in a Tertiary Referral Center on the Indian 
Subcontinent (Percentage)

1965-1974* 1975-1980* 1981-1986* 2001-2006†

Medical causes 67 55 61 65
Diarrheal diseases 23 12 10 7.3
Intravascular hemolysis due to glucose-6-phosphate 

dehydrogenase deficiency
12 12 6 1

Glomerulonephritis 11 9 9.5 11
Copper sulfate poisoning 12 12 6 1
Chemical and drug exposure 4 5 7 7.2
Snakebites and insect stings 3 3 2.5 6.5
Sepsis 0 3 4 17.8
Miscellaneous 7 11 17 13.2
Obstetric causes 22 21 9 5
Surgical causes 11 24 30 30

*Data from Chugh KS, Sakhuja V, Malhotra HS, et al: Changing trends in acute renal failure in third world countries-Chandigarh study.  
Q J Med 73:1117-1123, 1989.

†Authors’ unpublished data.
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cause of kidney injury’ occasionally, acute cortical necrosis 
can also occur.23a

HEMOLYTIC UREMIC SYNDROME
Hemolytic uremic syndrome is responsible for 25% to 55% 
of all cases of pediatric AKI in some parts of the 
subcontinent.24-26 This condition is seen mainly in preschool-
aged children and is less common in adults. The main 
feature is oliguric renal failure, preceded by a diarrheal pro-
drome in about 70% of cases. Neurologic involvement is 
seen in 30% to 50% of cases. Examination shows pallor and 
mild icterus. Renal failure is severe and requires prolonged 
dialysis. Diagnosis is confirmed by demonstration of frag-
mented erythrocytes on blood smear as well as of thrombo-
cytopenia. Supportive evidence includes unconjugated 
hyperbilirubinemia and increased plasma lactate dehydro-
genase levels. The etiologic organism in the Indian subcon-
tinent is usually Shigella and not E. coli.27,28 The histologic 
hallmark of this condition is thrombotic microangiopathy in 
the renal vasculature. Histologic examination shows fre-
quent involvement of arterioles and small arteries with severe 
intimal proliferation and luminal stenosis. Patchy or diffuse 
renal cortical necrosis develops in up to 40% of patients.24 
The treatment is mainly supportive. Plasma infusions or 
plasma exchange is used infrequently; the outcome is poor, 
with a mortality rate of 60%.29 Of those who recover, a signifi-
cant proportion are left with residual renal dysfunction and 
eventually progress to end-stage kidney disease (ESKD).

MALARIA
Malaria is caused by the protozoan Plasmodium and is trans-
mitted by the Anopheles mosquito. Of the four Plasmodium 
species, AKI is seen most frequently with Plasmodium falci-
parum infection. A few reports have described an association 
of AKI with Plasmodium vivax infection.30,31 Multiple organ 
dysfunctions have been also associated with vivax malaria.32

These forms of malaria predominate in warmer regions 
closer to the equator in the subcontinent (parts of India, 
Pakistan, Bangladesh, and Sri Lanka) and are associated 
with intense year-round transmission. In addition to being 
a burden to the native communities, malaria is a danger to 
nonimmune travelers to endemic areas.

The contribution of malaria to overall hospital admis-
sions for AKI varies from 2% to 39%.33 The incidence of 
malarial AKI among those living in endemic areas is 2% to 
5%, but 25% to 30% of nonimmune visitors with malaria 
experience renal failure.34 Among those with severe parasit-
emia, as many as 60% have AKI.35 In Pakistan, malaria-
induced AKI also contributes significantly to the total AKI 
burden.36

Clinical Features

Malaria causes classic paroxysms of spiking fever along with 
malaise, myalgia, headache, and chills, and the disease can 
be confused with a viral illness. Nausea, vomiting, and hypo-
tension are common in nonimmune individuals. Severe 
infection may involve several vital organs, including the 
central nervous system, manifesting as deep coma and sei-
zures, noncardiogenic pulmonary edema, shock, and dis-
seminated intravascular coagulation (DIC). AKI usually is 
seen by the end of the first week and is nonoliguric in 50% 
to 75% of cases.34 In more than 75%, AKI is associated with 

The proportion of AKI from surgical causes has increased 
from 11% to 30%. Obstructive nephropathy constitutes a 
major cause of surgical AKI.12 The high incidence of nephro-
lithiasis contributes and is related to inherited metabolic 
disorders, dietary factors, and fluid losses. Faith in the effi-
cacy of indigenous medicines to dissolve stones causes delay 
in surgical intervention and hastens the development of 
renal failure. In urban areas, the causes of AKI are similar to 
those in the industrialized world, but in rural areas, AKI is 
mainly the result of diarrheal illnesses, chemicals, snakebite, 
and insect stings.13 Renal failure after the suicidal ingestion 
of copper sulfate has shown a significant decline,14,15 possibly 
because of the easy availability of other poisons, such as 
organophosphorus insecticides.16 Data from a large tertiary 
care referral institute in India has shown that sepsis as a cause 
of AKI has increased almost seven times from just 1.57% from 
1983 through 1995 to 11.43% from 1996 to 2008.17

Finally, treatment facilities are grossly inadequate. Patients 
are referred late, only after renal failure becomes severe and 
complications set in. They often require immediate dialysis, 
and, therefore, the mortality rate is high. Intermittent peri-
toneal dialysis is still used in several areas18-20 because hemo-
dialysis (HD) facilities are limited to bigger cities. The 
outcome of AKI is worse in the elderly than in the younger 
population.21 Conditions causing AKI that are specific to 
the Indian subcontinent are discussed in the following 
sections.

ACUTE KIDNEY INJURY DUE TO INFECTIONS

DIARRHEAL DISEASES
AKI secondary to diarrhea is encountered not only in chil-
dren but also in adults. In adults diarrheal diseases cause 
30% of all AKI,7 whereas 35% to 50% of all children under-
going dialysis for AKI have preceding diarrhea and dehydra-
tion.12,22,23 This problem is common in rural areas and urban 
slums inhabited by poverty-stricken individuals, where sani-
tation is poor and potable water is not available. The inci-
dence increases during summer and the rainy season. 
Associated vomiting is an early feature of rotavirus infection. 
Loose watery stools indicate infection with enterotoxigenic 
Escherichia coli or Vibrio cholerae. Fever, cramps, tenesmus, 
and blood and mucus in stools suggest Shigella, Salmonella, 
or enteroinvasive E. coli infection. The diagnosis of cholera 
can be confirmed by microscopic demonstration of the 
highly motile V. cholerae organisms in a hanging drop prepa-
ration; culture is necessary to confirm the presence of other 
organisms.

Early and adequate fluid replacement is the cornerstone 
of therapy. Widespread use of the oral rehydration solution 
recommended by the World Health Organization has led to 
a significant decline in the mortality rate from this condi-
tion. Intravenous rehydration with lactated Ringer’s solu-
tion may be required in patients with severe dehydration, 
persistent vomiting, or paralytic ileus. Hypokalemia may 
worsen as the metabolic acidosis is corrected, and large 
amounts of potassium may be required to prevent life-
threatening cardiac arrhythmias. Because peritoneal dialysis 
fluid is potassium free, potassium should be replaced 
through an intravenous or intraperitoneal route in patients 
treated with this modality. Volume depletion secondary to 
acute gastroenteritis is presumed to be the most common 

http://www.myuptodate.com


 CHAPTER 80 — INDIAN SubCoNTINENT 2497

of treatment because of their activity against chloroquine-
resistant strains. Quinine often causes hyperinsulinemia and 
hypoglycemia, and many centers recommend administra-
tion of a continuous infusion of 5% to 10% dextrose to all 
patients.40 Compounds derived from artemisinin (isolated 
from the Chinese herb Artemisia annua) such as artesunate, 
artemether, and arteether are particularly valuable in areas 
with quinine resistance and in patients with recurrent 
quinine-induced hypoglycemia. All patients should also 
receive gametocidal therapy (tetracycline or pyrimethamine/
sulfadoxine). Mefloquine, halofantrine, atovaquone, arte-
misinin, and pyrimethamine/sulfadoxine (Fansidar) deriva-
tives are possible alternatives for resistant falciparum 
malaria. Patients with evidence of hemolysis should receive 
adequate hydration and parenteral sodium bicarbonate to 
alkalinize the urine to a pH of more than 7.0. AKI is usually 
associated with a hypercatabolic state, and frequent dialysis 
may be needed.41 Hyperkalemia should be watched for and 
adequately treated. The peritoneal microcirculation is 
impaired as a result of clogging with infected erythrocytes 
and vasoconstriction, reducing the efficacy of peritoneal 
dialysis. Despite these limitations peritoneal dialysis has 
been shown to improve survival by 16% with early institution 
of manual immediate PD in AKI due to falciparum malaria.42 
Exchange transfusion has also been tried in patients with 
severe parasitemia.

LEPTOSPIROSIS
Leptospirosis, the most widespread zoonosis in the world,43 
is particularly prevalent in parts of southern and western 
India.44,45 The animal hosts include rats, mice, gerbils, 
hedgehogs, foxes, dogs, cattle, sheep, pigs, and rabbits. 
Even asymptomatic animals carry a high number of organ-
isms (>1010/g) in their kidneys and shed leptospira in urine 
for years. Human infection occurs incidentally either 
directly through contact with the urine or tissue of an 
infected animal or indirectly through contaminated water, 
soil, or vegetation. The usual portals of entry are abraded 
skin and exposed mucosae. Leptospirosis is an occupational 
hazard for coal miners and sewage, abattoir, and farm 
workers as well as workers in the aquaculture industry. The 
genus Leptospira includes the pathogenic Leptospira interro-
gans strains and the saprophytic Leptospira biflexa. The 
disease occurs throughout the year, with an increase in inci-
dence during or soon after the rainy season, especially after 
floods. Adult men are affected most frequently.

Clinical Features

The manifestation of leptospirosis varies from subclinical 
infection or a self-limited anicteric febrile illness to severe 
and potentially fatal disease.43,44 Symptoms appear 1 to 2 
weeks after exposure and are typically biphasic in character. 
The leptospiremic phase is characterized by high fever with 
chills, headache, and severe muscle aches and tenderness. 
Renal failure develops in the second, immune phase, when 
patients also have progressive jaundice, epistaxis, hemopty-
sis, gastrointestinal bleeding, hemorrhagic pneumonia, and 
bleeding into the adrenal glands. The triad of renal failure, 
cholestatic jaundice, and bleeding constitutes Weil’s syn-
drome. AKI occurs in 20% to 85% of cases.45-47 In about half 
the cases of AKI, renal failure is associated with polyuria and 
hypokalemia along with increased fractional excretion of 

cholestatic jaundice. It is usually associated with a hypercata-
bolic state, with a rapid increase in creatinine levels. In a 
study from India, of a total of 101 patients with malarial AKI 
over a 1-year period, about 37% required dialytic support, 
and hospital mortality was around 10%.37 Other manifesta-
tions include nonnephrotic proteinuria, microscopic hema-
turia, hemoglobinuria, and electrolyte abnormalities.

Diagnosis can be established by the demonstration of 
asexual forms of the parasite in peripheral blood smears 
stained with Giemsa stain. Staining with the fluorescent dye 
acridine orange allows more rapid diagnosis. Also, simple 
but specific antibody-based card tests that detect P. 
falciparum–specific histidine-rich protein 2 or lactate dehy-
drogenase antigens in finger-stick blood samples have been 
introduced. They allow differentiation of falciparum from 
non-falciparum malarias, but results can remain positive for 
several weeks after acute infection. A scoring system based 
on the number of organ systems involved has been sug-
gested for judging the severity and predicting outcomes in 
falciparum malaria.38

Histologic Features

Acute tubular necrosis is the most common lesion found on 
histologic analysis. Pigment casts may be seen in tubular 
lumina in patients with intravascular hemolysis. Varying 
degrees of interstitial edema and mononuclear cell infiltrate 
are common accompaniments.38

Pathogenesis

Disease severity is related to the intensity of infection. The 
most important pathogenetic factor is the hemodynamic 
change caused by altered erythrocyte rheology. The infected 
cell becomes more spherical and less deformable as a result 
of the formation of membrane protuberances or knobs on 
the cell surface. These knobs extrude a strain-specific adhe-
sive variant protein of high molecular weight that mediates 
attachment to receptors on venular and capillary endothe-
lium, causing a phenomenon called cytoadherence. The major 
adhesive protein family is known as P. falciparum erythrocyte 
membrane protein. The cell surface receptors for these knobs 
include complement receptor 1, glycosaminoglycans, inter-
cellular adhesion molecule-1, chondroitin sulfate B, CD36, 
platelet endothelial cell adhesion molecule 1/CD31, throm-
bomodulin, E- and P-selectins, and vascular cell adhesion 
molecule-1. Some of these receptors are expressed constitu-
tively, whereas others are induced by inflammatory media-
tors released in severe disease. Infected erythrocytes also 
adhere to uninfected red cells, platelets, monocytes, and 
lymphocytes. These aggregated and sequestered red blood 
cells interfere with microcirculatory flow in the kidneys and 
other organs.39 This phenomenon is unique to P. falciparum 
infection and has not been observed in infection with other 
species.

Treatment

Mortality from malarial AKI varies between 15% and 50%.35 
Severe falciparum malaria requires intensive nursing  
and close multidisciplinary care.35 Prompt assessment of 
volume status, blood glucose level, and acid-base status is 
essential. All patients with P. falciparum infection should 
be presumed to have chloroquine-resistant infection. The 
cinchona alkaloids (quinine or quinidine) are the mainstay 
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treatment of leptospirosis can be debated.49 Patients with 
renal failure need close monitoring and dialysis when neces-
sary. Poor prognostic indicators include increasing age and 
the presence of jaundice, pulmonary complications, hyper-
bilirubinemia, diarrhea, hyperkalemia, pulmonary rales, or 
hypotension on admission. Internal hemorrhage and myo-
carditis are common causes of death.

ZYGOMYCOSIS
Zygomycosis is a rare opportunistic infection caused by 
fungi of the order Mucorales and genera Rhizopus, Absidia, 
and Rhizomucor. Organ involvement occurs through vascular 
invasion, which leads to thrombosis of large and small arter-
ies and infarction and necrosis of the affected organ. The 
major presentations have rhinocerebral, pulmonary, gastro-
intestinal, and disseminated forms. Renal mucormycosis 
involving the major renal vessels has been reported primar-
ily in northern India in the last decade and may occur as 
isolated renal involvement or as part of disseminated 
disease.50 The administration of intravenous fluids contami-
nated with fungus may be responsible in some patients. 
Bilateral involvement leads to oliguric AKI. The condition 
usually develops in otherwise immunocompetent individu-
als; presentation is with fever, lumbar pain, pyuria, and oli-
guria. Computed tomography (CT) reveals enlarged 
nonenhancing kidneys with perirenal collections and/or 
intrarenal abscesses (Figure 80.1).51 The diagnosis can be 
confirmed by demonstration of hyphae in the material 
obtained by aspiration or percutaneous biopsy. The only 
definitive treatment is extensive debridement of affected 
tissue, which may include bilateral nephrectomy, and sys-
temic antifungal therapy with amphotericin B. Bilateral 
renal mucormycosis carries an extremely poor prognosis.50

DENGUE FEVER
Dengue fever is the most prevalent mosquito-borne viral 
disease. There are four closely related, but serologically dis-
tinct dengue viruses, called DENV-1, DENV-2, DENV-3, and 
DENV-4, of the genus Flavivirus. The infection is primarily 

potassium. Renal failure is mild and nonoliguric in patients 
without icterus. Hypotension is noted in more than 60% of 
cases and is often unresponsive to volume expansion and 
inotropic support. Hypotensive patients are also more likely 
to have adult respiratory distress syndrome.

Diagnosis is based on either culture or serologic testing. 
Organisms can be isolated in blood cultures during the first 
phase and later from urine. However, growth takes up to 4 
weeks in Fletcher’s or Stuart’s semisolid medium. The mac-
roscopic agglutination test can be used as a screening test 
but is not specific. The benchmark is the microscopic agglu-
tination test, but this is a complex procedure that requires 
maintenance of live Leptospira cultures. An immunoglobulin 
M (IgM)–specific dot enzyme-linked immunosorbent assay 
has been found to be specific in diagnosing leptospirosis in 
endemic areas. Urinalysis during the leptospiremic phase 
reveals mild proteinuria as well as hyaline and granular 
casts.

Histologic Features

The kidneys typically are swollen and may be bile stained. 
The main lesions seen on light microscopy are interstitial 
edema and infiltration with mononuclear cells and eosino-
phils. Mild and transient mesangioproliferative glomerulo-
nephritis with C3 and IgM deposition may sometimes be 
observed.48

Pathogenesis

Renal involvement results from direct invasion of the renal 
tissue by the organism, which leads to liberation of enzymes, 
metabolites, and endotoxins as well as complement activa-
tion. Ultrastructural studies after inoculation of Leptospira 
pomona into mice showed the organism infiltrating the glo-
merular capillary lumen at day 2, the interstitium at days 4 
to 8, the proximal tubular cells by day 10, and the tubular 
lumen by day 14.48a Several leptospiral outer membrane 
proteins have been localized to the proximal tubules and 
interstitium of infected animals. The addition of Leptospira 
endotoxin to human macrophages induces tumor necrosis 
factor-α. The glycoprotein component of endotoxin could 
inhibit renal Na+-K+–adenosine triphosphatase (Na+-K+-
ATPase), in turn affecting the apical Na-K-2Cl cotransporter 
and leading to potassium wasting. An upregulation of 
nuclear factor-kappaB binding to DNA was noted on addi-
tion of outer membrane extracts from pathogenic serovars 
to cultured medullary thick ascending limb cells; it was 
accompanied by an increase in inducible nitric oxide syn-
thase, monocyte chemoattractant protein-1, and tumor 
necrosis factor-α. Alterations in intravascular volume, hemo-
globinuria, and myoglobinuria also contribute.48 The tubules 
become insensitive to the action of antidiuretic hormone.

Treatment

Leptospirosis is a self-limiting disease, and patients with 
mild cases recover spontaneously. The emphasis is on symp-
tomatic measures, together with correction of hypotension 
and fluid and electrolyte imbalances. Administration of crys-
talline penicillin or doxycycline shortens the duration of 
fever and hospital stay and may hasten amelioration of lep-
tospiruria. In a meta-analysis of controlled trials the role of 
various antibiotics in treatment of leptospirosis was found 
to be uncertain; this finding could be attributed to lack of 
adequate clinical trials. The role of penicillin in the 

Figure  80.1 Renal mucormycosis. Contrast-enhanced computed 
tomography scan showing bulky kidneys with large nonenhancing 
areas (arrows) involving the cortex and medulla and with no contrast 
in the pelvicalyceal system. 

http://www.myuptodate.com


 CHAPTER 80 — INDIAN SubCoNTINENT 2499

useful clue to impending renal failure. Jaundice and hemo-
globinuria resulting from intravascular hemolysis are not 
infrequent after Russell’s viper or E. carinatus bites and have 
been reported in India and Sri Lanka.57

Laboratory investigations reveal varying degrees of 
anemia, resulting from a combination of intravascular 
hemolysis and blood loss. Hemolysis results in unconjugated 
hyperbilirubinemia, reticulocytosis, elevated plasma free 
hemoglobin level, and hemoglobinuria. In some patients, 
the peripheral blood smear may show fragmented erythro-
cytes, suggesting microangiopathic hemolysis. The blood 
fails to coagulate normally, and features of DIC are often 
present.60 Thrombocytopenia may occur, however, even in 
the absence of a consumptive coagulopathy.

The mortality rate for snakebitten patients with AKI varies 
with the nature of the renal lesion. According to one report, 
although only 16% of those with acute tubular necrosis 
died, as many as 80% of those with cortical necrosis had a 
fatal outcome.57

Histologic Features

Renal histologic examination shows either acute tubular or 
cortical necrosis. Glomerular changes have been described 
in rare cases, but their significance is not known.

Acute Tubular Necrosis. Acute tubular necrosis is the pre-
dominant lesion seen in 70% to 80% of snakebitten patients 
with AKI. On light microscopy, the tubules appear dilated 
and lined by flattened epithelium. Severe cases exhibit cell 
necrosis and desquamation of necrotic cells from the base-
ment membrane. Hyaline, granular, or pigment casts are 
seen in tubular lumina. Varying degrees of interstitial edema, 
hemorrhage, and inflammatory cell infiltration are present. 
Later biopsy specimens reveal regenerating tubular epithe-
lium. Intrarenal blood vessels are usually unaffected.

On ultrastructural examination, proximal tubules show 
dense intracytoplasmic bodies that represent degenerating 
organelles or protein resorption droplets.61 Small areas of 
basement membrane are denuded. Distal tubular cells have 
a dilated endoplasmic reticulum and many degenerating 
organelles. Apoptosis, a prominent feature in the distal 
tubules, indicates a high cell turnover. In the interstitium, 
fibroblasts appear active, with increased numbers of organ-
elles and cytoplasmic processes. Mast cells and eosinophils 
show both granulated and partially degranulated forms.

Acute Cortical Necrosis. Bilateral diffuse or patchy cortical 
necrosis has been observed in 20% of patients with snakebite-
induced AKI.57 The presence of fibrin thrombi in the arte-
rioles is a prominent feature in these patients. A narrow 
subcapsular rim of cortex often escapes necrosis. The area 
underlying this rim, however, shows necrosis of glomerular 
as well as tubular elements. The necrotic zone is often bor-
dered by an area of hyperemia and leukocytic infiltration.

Pathogenesis

The exact pathogenesis of AKI following snakebite is not 
well established because of the lack of a reproducible animal 
model. However, a number of factors may contribute, 
including bleeding, hypotension, circulatory collapse,  
intravascular hemolysis, DIC, microangiopathic hemolytic 
anemia, and also the direct nephrotoxicity of the venom. 
Bleeding either into tissues or externally and loss of plasma 

transmitted by Aedes mosquitoes, particularly Aedes aegypti. 
Dengue fever is self-limiting illness with symptoms including 
fever, headache and muscle and joint pain. However, a life-
threatening dengue hemorrhagic fever (DHF) develops in 
a small minority of patients, with low platelet count, bleed-
ing, and capillary plasma leakage. In severe cases patients 
may have dengue shock syndrome. The cardinal features of 
DHF are increased vascular permeability (plasma leakage 
syndrome), marked thrombocytopenia, hemorrhagic ten-
dency (as demonstrated by a positive tourniquet test result), 
and spontaneous bleeding.

In a study from South India AKI was seen in 10.8% of 
patients with dengue fever. Of these, 12 (5.4%) had mild 
AKI; 7 (3.1%) had moderate AKI, and 5 (2.2%) had severe 
AKI according to Acute Kidney Injury Network (AKIN) cri-
teria.52 Proposed mechanisms for AKI are capillary leak, 
shock resulting in hypoperfusion, and acute tubular necro-
sis. Additionally, hemolysis or rhabdomyolysis contribute to 
AKI. Of 198 patients with dengue admitted to an intensive 
care unit 15 (7.6%) required dialytic support.53 Presence of 
dengue hemorrhagic and dengue shock syndrome, neuro-
logic involvement, and prolonged activated partial throm-
boplastin time have been found to be independent 
predictors of AKI. Mortality is about 6% to 9% in patients 
with dengue fever and AKI. AKI during hospitalization for 
dengue fever is a predictor of death.54

ACUTE KIDNEY INJURY DUE TO SNAKEBITE  
AND INSECT STINGS

SNAKEBITE
Snakebite is an occupational hazard and occurs when 
people are working barefoot in the fields. On the Indian 
subcontinent, AKI develops after bites by snakes of the viper 
family such as Russell’s viper, the saw-scaled viper (Echis cari-
natus), and pit vipers. The incidence of AKI varies from 13% 
to 32% in India after Russell’s viper or E. carinatus bites55-57 
and is 27% in Sri Lanka after bites of unidentified vipers.58

Clinical Features

The severity of the symptoms and signs is related to the type 
of venom as well as to the dose injected during the bite. 
Severely envenomed patients experience DIC, which fre-
quently results in spontaneous bleeding and coagulopathy. 
The latter features often dominate the clinical course until 
coagulation returns to normal.59 Many viper-envenomed 
patients have hypotensive shock as a consequence of hypo-
volemia from significant blood loss. Blood can ooze continu-
ously from the fang marks, and severe hemorrhage may 
manifest as hematemesis, melena, hemoptysis, or bleeding 
into the muscles, fascial compartments, serous cavities, and 
subarachnoid space.60 Pain and swelling of the bitten part 
are generally the earliest symptoms, appearing within a few 
minutes. The swelling may spread to involve the whole limb 
and is due to exudation of plasma or extravasation of blood 
into the subcutaneous tissues. Blistering or local necrosis is 
observed in one third to one half of patients.

In patients with AKI, oliguria often develops rapidly, 
within the first 24 hours, but it may be delayed until 2 to 3 
days after the bite. Some patients become anuric, whereas 
occasional patients remain nonoliguric. Urine may show 
gross or microscopic hematuria. Some patients complain of 
pain in the renal angle preceding oliguria, which may be a 
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by a swarm of insects introduces a large dose of the venom 
sufficient to cause systemic symptoms.65-67 These include 
vomiting, diarrhea, hypotension, loss of consciousness, and 
AKI. Patients with AKI have been reported to have received 
from 22 to more than 1000 stings. AKI is secondary to hemo-
lysis and/or rhabdomyolysis. Hemolysis results from the 
action of a basic protein fraction as well as melittin and 
phospholipase A present in the venom. Rhabdomyolysis has 
been attributed to polypeptides, histamine, serotonin, and 
acetylcholine. A direct nephrotoxic role for these venoms 
has also been suggested. Renal biopsy specimens reveal 
acute tubular necrosis.

ACUTE KIDNEY INJURY DUE TO  
CHEMICAL TOXINS

COPPER SULFATE POISONING
Copper sulfate is a strong corrosive that produces symptoms 
within minutes of ingestion. Metallic taste, excessive saliva-
tion, burning retrosternal and epigastric pain, nausea, and 
repeated vomiting are the initial features. The vomitus is 
blue-green and turns deep blue on the addition of ammo-
nium hydroxide, which allows it to be differentiated from 
bile. Diarrhea, hematemesis, and melena follow. Jaundice, 
hypotension, convulsions, and coma may develop in severe 
cases. Acute pancreatitis, myoglobinuria, and methemoglo-
binemia have also been reported. AKI is seen in 20% to 25% 
of cases and is invariably oliguric. Hemoglobinuria may be 
seen in about 40% of cases. Diuresis ensues after 7 to 10 
days and is usually followed by complete renal recovery.14

Copper can produce considerable oxidative stress and 
interferes with the activity of several key enzymes such as 
Na+-K+-ATPase, G6PD, glutathione reductase, and catalase. 
Direct nephrotoxicity, severe hemolysis, and hypovolemia 
secondary to fluid loss are the main factors responsible for 
kidney injury. In experimental animals, copper sulfate 
causes toxic damage to the proximal tubules. Histologic 
examination usually shows acute tubular necrosis, with pre-
dominant involvement of the proximal tubules. Hemoglo-
bin casts may be seen in patients with intravascular hemolysis. 
Acute cortical necrosis has been seen rarely.

Management entails gastric lavage using 1% potassium 
ferrocyanide, which leads to the formation of insoluble 
cupric ferrocyanide. Egg whites or milk can be administered 
as an antidote. Emesis should not be induced. Any volume 
deficit should be corrected quickly. Hyperkalemia may be 
severe and sustained because of the ongoing hemolysis and 
requires early and frequent dialysis.

ETHYLENE GLYCOL POISONING
Diethylene and polyethylene glycols have been used as 
cheap substitutes for propylene glycol as vehicles in pediat-
ric syrup preparations. Epidemics of diethylene glycol–
induced AKI have been reported in India and Bangladesh.68-70 
In one large study, 236 deaths were recorded among 339 
children with unexplained AKI in a children’s hospital in 
Dhaka, Bangladesh. A total of 51 children had ingested a 
brand of acetaminophen (paracetamol) known to contain 
diethylene glycol, whereas 85% of the remaining patients 
had ingested an unknown elixir for fever.68 In another 
report, 14 patients died of AKI after administration of glyc-
erol to decrease intracranial or intraocular pressures.69 

into the bitten extremity can produce hypotension and cir-
culatory collapse. These effects are caused by venom metal-
loproteinases that degrade basement membrane proteins 
surrounding the vessel wall, leading to loss of integrity. 
Hemorrhagic toxins have been isolated from the venom of 
many snakes of the Viperidae and Crotalidae families.59 In 
addition, vasodilation and increased capillary permeability 
can aggravate the circulatory disturbances of shock. Hemo-
lysis results from the action of phospholipase A2, which is 
present in almost all snake venoms. Phospholipase A2 causes 
hemolysis directly by hydrolysis of red blood cell membrane 
phospholipids or indirectly via production of the strongly 
hemolytic lysolecithin from plasma lecithin. The human 
hemostatic system is regulated through a number of critical 
interactions involving blood proteins, platelets, endothelial 
cells, and subendothelial structures. Snake venoms, particu-
larly those from the viper and pit viper families, contain 
many proteins that interact with members of the coagula-
tion cascade and the fibrinolytic pathway.

Treatment

The therapeutic approach to renal failure after snakebite is 
the same as that to AKI from any other cause. Early adminis-
tration of antivenom is vital; delay results in a steep increase 
in the dose requirements. Indications include prolonged 
coagulation time or failure of blood coagulation, spontane-
ous systemic bleeding, intravascular hemolysis, local swelling 
involving more than two segments of the bitten limb, and a 
serum concentration of fibrin degradation products greater 
than 80 µg/mL. Knowledge of the offending snake species 
allows administration of monovalent antivenom if available. 
Immunodiagnostic techniques are helpful in identification 
of the venom antigen. Enzyme-linked immunosorbent assay 
has been used extensively in rural Thailand for this purpose.62 
The currently available test, however, is not quick enough for 
clinical application. Because only polyvalent antivenom is 
available in most parts of Asia, precise identification of the 
snake is not essential for management.

Indian studies recommend initial administration of 20 to 
100 mL of antivenom, followed by repeated dose of 25 to 
50 mL every 4 to 6 hours until the effects of systemic enven-
omation disappear.60,63 A simple way to monitor antivenom 
treatment efficacy is by monitoring whole-blood clotting 
time three or four times daily. Coagulability is generally 
restored within 6 hours of an adequate dose. The test must 
be performed for at least 3 more days, because delayed 
absorption of the venom can lead to recurrence of the 
coagulopathy. Immunoassays permit serial estimation of 
venom levels and are useful in guiding antivenom therapy.

Other therapeutic measures include replacement of lost 
blood with fresh blood or plasma, maintenance of electro-
lyte balance, administration of tetanus immunoglobulin, 
and treatment of pyogenic infection with antibiotics. The 
prognosis is good in patients who receive adequate doses of 
antivenom. One study showed the outcome for venom-
induced AKI to be better after HD than after peritoneal 
dialysis.64 The overall mortality rate is about 30%.57

BEE, WASP, AND HORNET STINGS
Honeybees, yellow jackets, hornets, and paper wasps are 
stinging insects belonging to the order Hymenoptera. An 
isolated sting causes just a local allergic reaction, but attack 
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on the nature of the genetic defect. The G6PD variant 
(Mediterranean) in parts of India and Pakistan leads to 
hemolysis only in response to oxidative stress.78 Individuals 
deficient in the enzyme cannot maintain an adequate level 
of reduced glutathione, leading to precipitation of oxidized 
hemoglobin in red blood cells, which are then sequestered 
and lysed. Hemolytic crisis develops within hours of expo-
sure to the stress, most commonly in the form of drugs, 
toxins, or infections. Specific causes include pharmacologic 
agents such as primaquine, sulfonamides, acetylsalicylic 
acid, nitrofurantoin, nalidixic acid, furazolidone, nirid-
azole, doxorubicin, and phenazopyridine; toxic compounds 
such as naphthalene balls; infections such as viral hepatitis, 
rickettsiosis, typhoid fever, and urinary tract infections; and 
severe metabolic acidosis of any cause. Passage of dark urine 
followed by oliguria is the most common presentation.79 Of 
all causes of AKI, G6PD deficiency may contribute to 5% to 
10% of cases in certain regions.6 Estimation of G6PD level 
in the erythrocytes by the fluorescent spot test confirms the 
deficiency. Normally the enzyme activity decreases as the 
cells age, and older cells with the lowest enzyme activity are 
destroyed first in a crisis. This process can result in a false-
negative test result during a hemolytic episode when the 
surviving red blood cell population consists of younger 
erythrocytes, especially in an individual with mild deficiency. 
The test should therefore be repeated after the patient  
has recovered from the acute episode to confirm the 
diagnosis.

ACUTE CORTICAL NECROSIS

Acute renal cortical necrosis is the most catastrophic of all 
types of AKI. Of more than 2900 patients with AKI treated 
with dialysis over 28 years in a study in northern India, 3.8% 
were found to have acute cortical necrosis.80 It can develop 
after a variety of conditions, the most common being obstet-
ric complications and snakebite. Obstetric complications 
were responsible in 56% of all cases of acute cortical necro-
sis, whereas snakebite accounted for 14%. In children, the 
most common cause is hemolytic uremic syndrome. The 
most striking feature of this condition is prolonged oliguria 
or anuria. This phase may extend for weeks to months, and 
patients with diffuse cortical necrosis may never enter a 
diuretic phase.81,82

Renal recovery depends on the amount of viable cortical 
tissue and can be slow and incomplete as the surviving 
nephrons hypertrophy to compensate for the lost nephron 
mass. In the study in northern India, only 17% of patients 
could discontinue dialysis by the end of 3 months. Kidney 
function deteriorates with time in patients who have 
achieved partial functional recovery. The longest recorded 
dialysis-free survival has been 12 years.80

The gold standard for establishing the diagnosis is renal 
biopsy, although CT has emerged as a reliable noninvasive 
imaging modality for early diagnosis of acute cortical necro-
sis.83,84 The characteristic findings include a lack of enhance-
ment of renal cortex except for the subcapsular rim after 
injection of a contrast agent, medullary enhancement, and 
absence of pelvicalyceal excretion. Cortical tram-track or 
eggshell calcification develops later and may be detected on 
a plain radiograph, ultrasonogram, or CT scan. Histologic 
examination shows a variable degree of necrosis of all 

Analysis of this preparation showed it to be 70% ethylene 
glycol. Autopsy revealed acute cortical necrosis as the most 
frequent lesion.

ETHYLENE DIBROMIDE POISONING
Ethylene dibromide (EDB), a pesticide fumigant, is absorbed 
from the skin, gastrointestinal tract, and intestinal mucosa. 
Both accidental and suicidal poisonings with EDB have been 
reported. AKI and hepatocellular injury are the chief mani-
festations.71,72 The mortality remains very high despite all 
supportive measures.73 EDB is postulated to lead to genera-
tion of free oxygen radicals through the cytochrome P450 
pathway, causing lipid peroxidation and membrane damage. 
Dimercaprol has been suggested as an antidote on the basis 
of the structural similarities of the two compounds.

CHROMIC ACID POISONING
Chromic acid (H2CrO7) and its salts (chromates and dichro-
mates) are used in the electroplating, leather tanning, and 
anticorrosive metal treatment industries. Renal lesions have 
been reported after acute ingestion of large quantities of 
these substances.74,75 Ingestion is followed by severe abdomi-
nal pain, vomiting, gastrointestinal bleeding, and circula-
tory collapse. Renal damage manifests as acute tubular 
necrosis. Dichromate is directly nephrotoxic and causes 
extensive proximal tubular necrosis. Hypotension and 
hemolysis also contribute to tubular damage. Management 
entails gastric lavage with alkaline solutions such as sodium 
bicarbonate to prevent absorption and intravenous fluids to 
combat hypotension. Forced diuresis enhances renal excre-
tion of the compound. Reducing agents such as vitamin C 
have been shown to prevent chromic acid–induced acute 
tubular necrosis in experimental animals.

HAIR DYE–RELATED AKI
Hair dye and its constituent paraphenylenediamine (PPD) 
have been reported as an accidental and intentional cause 
of poisoning on the Indian subcontinent. Acute poisoning 
with PPD due to accidental or intentional consumption 
causes edema of face and neck, resulting in severe respira-
tory distress that requires tracheostomy. The preceding 
manifestations are followed by rhabdomyolysis and AKI. In 
one study, AKI was seen in 32% of patients consuming hair 
dye. The mean nephrotoxic dose was 79 mL.76 Mechanisms 
of AKI are direct nephrotoxicity, myoglobinuria, hemoglo-
binuria, hypovolemia, and hypotension. The renal lesions 
are usually found to be acute tubular necrosis or acute 
interstitial nephritis in patients undergoing biopsy. Renal 
replacement therapy is required in 82% of patients in whom 
AKI develops.76 The overall mortality rate is about 26%, and 
death is attributed mainly to acute respiratory distress, 
cardiac arrhythmias, and shock.77

ACUTE KIDNEY INJURY DUE TO INTRAVASCULAR 
HEMOLYSIS AND GLUCOSE-6-PHOSPHATE 
DEHYDROGENASE DEFICIENCY

G6PD is a key enzyme that protects erythrocytes from oxida-
tive stresses. Deficiency caused by mutations in the G6PD 
gene causes intravascular hemolysis. The gene is located on 
the X chromosome, and hence males carrying the affected 
gene have more severe hemolysis. The severity also depends 
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equation) in a cohort of 3398 otherwise healthy adults.88 
Studies from Pakistan,89 Nepal,90 and Bangladesh91 have 
reported CKD prevalences of 25.3%, 10.7%, and 13.1% to 
16%, respectively, in the general population. These figures 
must be interpreted with caution because of the wide varia-
tions in the definition of CKD, study methodology, and 
sampled population. Despite a high prevalence of CKD, 
there is a low awareness of the disease; only 7.9% and 2.3% 
of subjects were aware of the disease in the studies from 
India87 and Pakistan,89 respectively. Lack of both health care 
resources and education is possibly responsible for the low 
awareness of disease.

Commonly used formulas for estimation of glomerular 
filtration rate (GFR) such as the MDRD equation have been 
validated only in small population-based studies in the 
Indian subcontinent.92,93 Differences in body habitus and 
dietary habits make it likely that these formulas may require 
further validation and possibly correction factors for accu-
rate assessment of GFR in this population.93 Two of the later 
studies showed the mean measured GFR in healthy Indian 
adults (kidney donors) to be only 81 mL/min, substantially 
lower than values reported in the West.94,95 This finding 
raises the question of whether the thresholds used to define 
CKD should be modified. The crude and age-adjusted inci-
dences of ESKD in India have been estimated to be 151 and 
232 per million population, respectively.96 This means that 
250,000 to 300,000 new patients need RRT every year. Data 
on the prevalence of ESKD are not available.

DEMOGRAPHICS OF END-STAGE  
KIDNEY DISEASE

In the past, glomerulonephritis was reported to be the most 
common cause of ESKD in the Indian subcontinent.97The 
high prevalence of glomerular diseases was linked to the 
prevalence of bacterial and viral infections. The etiologic 
spectrum, however, has been changing in the past decade 
(Table 80.3).

elements of the renal parenchyma, especially the cortical 
region. Some cortical tissue in the subcapsular and juxta-
medullary regions may be spared, and its hypertrophy is 
responsible for partial recovery of renal function. Other 
findings include fibrin thrombi in the glomerular capillar-
ies, fibrinoid necrosis of vessel walls, calcification of the 
necrotic areas, and cortical hemorrhages. The lesions may 
be classified into patchy and diffuse types, depending on 
whether the entire parenchyma or only a part of the renal 
tissue examined shows features of acute cortical necrosis.80 
Needle biopsy can at best give only an approximate idea of 
the extent of the lesions and can underestimate or overes-
timate the extent of lesions because of sampling error.

The pathogenesis of acute cortical necrosis remains 
unclear. The main hypotheses are vasospasm of small vessels 
and toxic capillary endothelial damage. Prolonged vaso-
spasm of both cortical and medullary vessels induces corti-
cal necrosis in experimental animals. The reasons for 
increased propensity for renal cortical necrosis during preg-
nancy are not clear. Renal vasculature in pregnancy may be 
more prone to vasoconstriction secondary to the effect of 
sex hormones. Similarities between acute cortical necrosis 
and the generalized Shwartzman reaction induced in exper-
imental animals by injection of endotoxin have also been 
noted. Unlike in nonpregnant animals, in which two small 
doses administered 24 hours apart cause this phenomenon, 
only one injection is sufficient in pregnant rabbits.

The presence of fibrin thrombi in the vasculature of 
patients with acute cortical necrosis has led to consideration 
of intravascular coagulation as the initial event. A role for 
endothelium-derived vasoactive substances in the genesis of 
acute cortical necrosis has also been proposed.81 The 
increased endothelin-1 levels in women with preeclampsia 
could contribute to renal ischemia, and a potential role for 
polymorphisms in the endothelin-1 gene has been sug-
gested. However, more studies are needed to establish the 
exact role of endothelin in the pathogenesis of acute corti-
cal necrosis.

CHRONIC KIDNEY DISEASE

INCIDENCE AND PREVALENCE

An accurate estimate of the number of patients on the 
Indian subcontinent who have chronic kidney disease 
(CKD) or need renal replacement therapy (RRT) is not 
available owing to the lack of nationwide registry data. In 
India, Mani reported a prevalence of CKD of 1.1% among 
a rural population of 25,000 who were subjects of a universal 
screening program in which serum creatinine concentra-
tion was measured only in those with hypertension or pro-
teinuria.85 Agarwal and colleagues screened 4700 adults in 
an urban community and found a point prevalence of 7852 
per million individuals with a serum creatinine level greater 
than 1.8 mg/dL.86 Another cross-sectional study that 
screened 5588 adults from different parts of India reported 
a CKD prevalence of 17.2% with about 6% having CKD stage 
3 or worse.87 Prevalence of early stages of CKD (stage 1-3) 
was reported to be about 13.1% to 15% (with use of the 
Chronic Kidney Disease Epidemiology Collaboration [CKD-
EPI] or Modification of Diet in Renal Disease study [MDRD] 

Table 80.3  Causes of Chronic Kidney Disease/
End-Stage Kidney Disease in India 
and Pakistan (Percentage)

India  
(N = 57,273)*

Pakistan  
(N = 6127)†

Diabetic nephropathy 31.3 40.35
Hypertension 12.9 28.89
Chronic glomerulonephritis 13.8 11.57
Chronic interstitial nephritis/

calculus disease/obstructive 
nephropathy

10.4 7.6

Other/unknown 31.8 11.48

*Data from Rajapurkar MM, John GT, Kirpalani AL, et al: What 
do we know about chronic kidney disease in India: first report 
of the Indian CKD registry. BMC Nephrol 13:10, 2012.

†Data from Dialysis registry of Pakistan 2007-2008, Karachi, 
2008, The Kidney Foundation.
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CKD is 50.1 ± 14.6 years; 70.3% are males and 29.7% females 
according to the Indian CKD registry.98 This lower mean age 
is likely related to unique environmental exposures at a 
younger age and poor availability of health care, which 
delays diagnosis and leads to a loss of opportunities to insti-
tute timely preventive measures, culminating in faster pro-
gression to ESKD.

FINANCIAL AND REIMBURSEMENT ISSUES

Unlike in Western nations, the concept of health insurance 
(both government funded and private) is in a primitive 
stage on the Indian subcontinent. The costs of RRT, there-
fore, have to be borne by most patients out of their own 
funds.109 Some government and private organizations cover 
the cost of treatment of employees and their dependents as 
part of employment benefits. The overall cost of RRT is less 
in dollar terms than in the industrialized countries because 
of the lower staff salaries and the low cost of drugs. Never-
theless, it is still several times higher than the per capita 
gross national product and remains out of reach for the 
majority of the population.

One Indian study reported that about two thirds of 
patients who needed RRT obtained financial assistance 
from employers or accepted charity, one third sold property 
or family valuables, and a quarter took out loans to cover 
the cost.85 Many patients raised funds in more than one way. 
Only 4% were able to cover the cost using their family 
resources.

According to the Indian CKD Registry, about 57% of 
patients with ESKD are not receiving any replacement 
therapy. The situation is even worse in the elderly; one study 
reported that of those elderly patients who started HD, only 
18% were still receiving dialytic support at the end of 1 
year.99 The cost is also influenced by late presentation, with 
resulting poor clinical status that necessitates hospitaliza-
tion. Poor hygiene, hot and humid climate, and overcrowd-
ing predispose to a variety of life-threatening infections. It 
is reported that 12% to 18% of all patients undergoing 
dialysis eventually have tuberculosis.110

HEMODIALYSIS

There are about 5500 dialysis centers in India, over 90% in 
the private sector. Pakistan had 140 dialysis centers in 2004, 
which increased to 175 in 2009. They are spread over 53 
cities; about 30% are government funded, and 45% are 
under private management. The rest are run by community 
support or charitable agencies. In both countries, a large 
number of dialysis units are small minimal care facilities, 
owned and looked after by non-nephrologists or even 
technicians.110a

Decisions on the frequency and duration of HD sessions 
are based on patient symptomatology, financial consider-
ations, and the availability of dialysis slots. Most patients 
receive one or two 4-hour sessions every week. Dialyzer reuse 
is practically universal, and reprocessing is often performed 
manually. The absence of regulation by the government or 
professional societies has prevented standardization of  
dialysis procedures, including establishment of minimum 
standards for dialysis machines, water quality, type of dialyz-
ers, and reuse policies.109

Diabetic nephropathy, previously restricted to high-
income urban residents and older individuals, has now 
emerged as the most important cause of CKD in this region. 
According to Indian CKD Registry, which has information 
on more than 57,000 patients, diabetes was listed as the 
primary diagnosis in 31% of cases of the CKD.98 The fre-
quency increased to 40% in incident ESKD cases.96 In the 
elderly (>60 years) diabetic nephropathy accounted for 
around 58% of all cases of CKD99; however, this is not a 
nationwide registry. According to the Dialysis Registry of 
Pakistan, more than 40% of ESKD is due to diabetic 
nephropathy.100 In Sri Lanka and Bangladesh too, diabetic 
nephropathy is an important cause of CKD.101,102 This 
change has paralleled the increase in the prevalence of type 
2 diabetes in the general population, especially in the areas 
undergoing rapid urbanization.103 The projected increase in 
the prevalence of diabetes in the region suggests that these 
numbers will rise further over the next 15 years.103a

Certain diseases have been shown to predominate in speci-
fied geographic locations. Obstructive nephropathy due to 
urolithiasis is common in Pakistan and contiguous parts of 
northern India, which constitute a “renal stone belt.”

A large proportion of Indian patients with ESKD come 
for treatment with a relatively short history of kidney prob-
lems and advanced renal failure with no previous health 
records. This makes the task of determining the primary 
disease difficult. Thus there is a large proportion of patients 
with ESKD of unknown etiology, which accounts for over 
one third of all patients at our center. Reports of CKD of 
uncertain etiology also emerged from the north central 
provinces of Sri Lanka. Most of the affected individuals were 
male paddy farmers of low socioeconomic status who had 
progressive nonproteinuric CKD.104,105 Biopsy specimens 
showed tubulointerstitial nephritis with minimal inflamma-
tion and extensive fibrosis. The disease bears a strong resem-
blance to Balkan nephropathy and Chinese herbal 
nephropathy. It has been suggested that this could be a 
result of exposure to environmental toxins: residual pesti-
cides, fluoride, aluminium, and cadmium that contaminate 
drinking water, rice, and edible fish.

The role of the intrauterine environment in the develop-
ment of chronic disease in adults, particularly systemic arte-
rial hypertension and CKD, has come to the fore and could 
explain the link between poverty and malnutrition in the 
mother and subsequent development of CKD in the off-
spring. Low birth weight and early malnutrition followed by 
overnutrition in adult life have been shown to be associated 
with the development of metabolic syndrome, diabetes, and 
diabetic nephropathy in an Indian cohort.106 Whether 
nephrogenesis is influenced by intrauterine malnutrition 
and/or any adverse intrauterine environment is a matter of 
ongoing investigation (see discussion of nephron endow-
ment and developmental programming of blood pressure 
and renal function in Chapter 23). The finding of a high 
prevalence of proteinuria and high blood pressure in south-
ern Asian children could be part of this jigsaw puzzle.107,108 
Also not investigated is the role of dietary habits and indig-
enous medicines. Whether any of these factors has an 
adverse effect on kidney function remains unknown.

The mean age of patients with CKD, including those 
requiring RRT, is generally lower in this region than in other 
parts of the world. The mean age of Indian patients with 
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on three 2-L exchanges daily.119 It is not uncommon 
for patients to reduce the number of exchanges as their 
financial resources dwindle and eventually to die of the 
complications of underdialysis. Cycler-assisted PD and the 
use of newer solutions remain the exclusive privilege of the 
rich.

In addition to factors directly related to PD, cardiovascu-
lar disease is an important killer. Patients often do not 
undergo cardiovascular evaluation, having already exhausted 
their resources on PD. This scenario is similar to that seen 
in the early years of PD practice in Mexico, where aggressive 
marketing led non-nephrologists to start PD without atten-
tion to quality.120

Peritonitis remains the major problem associated with PD 
on the Indian subcontinent. The initial rate of peritonitis 
was one episode every 5 to 6 patient-months,121 but this 
declined significantly as training improved and patients 
switched to the double-bag system. Some programs reported 
a higher incidence of infections in the summer months.121 
Peritonitis rates are now around 0.39 to 0.41 episodes per 
patient year.122-125 Two unique features of PD-related infec-
tions in Indian patients are a high rate of culture-negative 
cases and a predominance of gram-negative peritonitis 
mainly in northern India. Culture-positive peritonitis was 
found in only 63% to 72% of episodes.122,123

Gram-negative bacteria constitute 60% to 66% of all 
organisms found on culture of patients undergoing  
PD.126-129 E. coli is most commonly found. Other organisms 
are Klebsiella pneumoniae, Acinetobacter calcoaceticus, Pseudomo-
nas aeruginosa, and Enterobacter species. Overall, organisms 
of fecal origin are more common than those of skin origin. 
This finding could be related to the unique habit of ablu-
tion after defecation in the region, which facilitates the 
transfer of fecal organisms to the hand. Patients with gram-
negative peritonitis require more frequent hospitalization 
and have higher risks of catheter loss, switch to HD, and 
death.123

In southern India, Pakistan, and Nepal, gram-positive 
infections are predominant, in contrast to the pattern of 
infections seen in North India.126,129 Fungal peritonitis is 
noted in about 10% to 14% of all peritonitis episodes.127 
More than 90% of these are Candida infections. Most epi-
sodes are preceded by bacterial peritonitis. Prompt catheter 
removal improves outcomes. Despite the high frequency of 
mycobacterial infections in the community, tuberculous 
peritonitis has not emerged as a significant problem in the 
Indian PD population.

Malnutrition is a major problem in these patients. Prasad 
and associates showed that nutritional status at the time of 
PD initiation was predictive of peritonitis rates. Malnour-
ished patients experienced significantly more peritonitis 
episodes than patients with normal nutritional status (1.0 
vs. 0.2 annually).130

KIDNEY TRANSPLANTATION

Constraints in operating an effective maintenance dialysis 
program leave renal transplantation as the only viable 
option for patients with ESKD. However, transplantation 
activity falls woefully short of demand: lack of finances, lack 
of an organized cadaver-donor transplant program, and 
social issues are the major stumbling blocks.

Viral hepatitis is among the most common viral infections 
encountered in patients undergoing dialysis. Hepatitis B 
vaccination, despite low seroconversion rates, has reduced 
the prevalence from 32% to 4.7% among patients in India.111 
Hepatitis C virus (HCV) has emerged as the predominant 
cause of viral hepatitis in patients undergoing maintenance 
HD. The annual incidence of HCV infection as detected by 
anti-HCV antibodies among patients at an Indian HD center 
was reported to be as high as 18%, compared with around 
2% in patients receiving continuous ambulatory peritoneal 
dialysis.112 Prevalence of HCV was found to be 27.7% when 
HCV RNA was tested in patients receiving HD at a tertiary 
care hospital.113 The high incidence of HCV in HD units 
could be related to the high prevalence of HCV seropositiv-
ity in patients undergoing HD, total transfused blood 
volume, lack of enforcement of universal precautions, high 
comorbid illness burden, and greater frequency of interven-
tion. It has been shown that isolation of HCV-infected 
patients during HD significantly decreases the HCV sero-
conversion rate, from 36.2% to 2.7%.114

Malnutrition affects most patients receiving dialysis in this 
region; the reported frequency is 44% to 77%.115 The impo-
sition of protein restriction in patients who are already con-
suming a calorie-deficient diet, delay in initiation of dialysis, 
and delivery of inadequate dialysis contribute to this 
problem. In fact, in one study, protein malnutrition was 
found to increase in as many as 86% of Indian patients after 
initiation of dialysis.116

PERITONEAL DIALYSIS

Facilities for HD are available only in the larger cities. 
Because peritoneal dialysis (PD) can be done at home, it 
could be regarded as the preferred form of dialysis for the 
majority of patients who live in rural areas and small towns. 
Despite this advantage, PD continues to be grossly underuti-
lized. The major reason is its higher cost in comparison with 
HD on the subcontinent. Other reasons include delayed 
presentation to dialysis units, which gives insufficient time 
for patient education and preparation, and the fact that 
many nephrologists are not adequately trained to provide 
PD. Concerns are often raised on the grounds that poorly 
educated patients are likely to be nonadherent with therapy 
and would be at greater risk of peritonitis owing to the hot, 
humid climate and poor hygienic conditions.

Although PD has been available for close to 25 years in 
India, this modality is used in fewer than 20% of all patients. 
In 2008, the number of patients treated with long-term PD 
in India and Pakistan was only around 6500 and 100, respec-
tively.117 Patients are assigned to PD not as a matter of choice 
but mainly because they are unfit for other modalities of 
RRT. In one large hospital, only 8% of PD recipients were 
started on PD directly; 92% were shifted after receiving HD 
for a mean duration of about 6 months. Of those, two thirds 
were switched because they tolerated HD poorly, 30% 
because of comorbid conditions and vascular access prob-
lems, and 3% because of lifestyle issues.118 Patients who 
initially received PD were more likely to have diabetes mel-
litus and coronary artery disease. Their average age was 63 
years, compared with 34 years for the HD population.

The patient’s economic status also determines the PD 
prescription. The most common practice is to start patients 
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thereafter.138 The reported 6-month milestone of a decrease 
in the susceptibility to infections after stepdown of immu-
nosuppression is not seen in these patients. This lack reflects 
an altered susceptibility pattern caused by coexisting infec-
tions in immunosuppressed patients in the region together 
with a higher prevalence of endemic infections.139

Tuberculosis affects 10% to 13% of renal transplant  
recipients in India140-142 and results from reactivation of a 
quiescent focus. It manifests in the first year after transplan-
tation in more than 50% of patients. Although pleuropul-
monary involvement is the most common, disseminated 
disease occurs in about 30% of patients. Unusual sites of 
involvement include the skin, tonsils, vocal cords, and 
prostate.

Renal transplant recipients with tuberculosis present 
numerous diagnostic difficulties. The Mantoux test is gener-
ally unhelpful, classical radiologic findings are seen only in 
a minority, examination of a sputum smear for acid-fast 
bacilli has a low yield, and culture takes 4 to 6 weeks. Bron-
choalveolar lavage, bone marrow biopsy, and liver biopsy 
must be used to make a diagnosis of tuberculosis.

There are also problems with treatment of tuberculosis 
in transplant recipients, specifically in selecting antituber-
culous drugs and determining duration of therapy. Rifam-
picin is a well-known hepatic P450 microsomal enzyme 
inducer that increases the clearance of both prednisolone 
and calcineurin inhibitors. The dosage of calcineurin inhib-
itors needs to be increased threefold to fourfold to maintain 
therapeutic blood levels. This change raises the cost of 
therapy and is unacceptable to the vast majority of patients. 
The alternative regimen that has been successfully utilized 
consists of a combination of isoniazid, ethambutol, pyrazin-
amide, and ofloxacin or ciprofloxacin.143 The optimal dura-
tion of therapy is a matter of debate. For combinations using 
rifampicin and isoniazid, 9 months of treatment has been 
recommended.143 However, the duration is increased to 18 
months for patients who are not receiving rifampicin.140 
Initiation of isoniazid chemoprophylaxis during dialysis pre-
vents the development of tuberculosis after transplantation. 
However, isoniazid can cause hepatic dysfunction, for which 
it often must be discontinued.144 Drug-resistant mycobacte-
rial strains are also of concern, and the incidence of primary 
isoniazid resistance is increasing steadily.145 The role of iso-
niazid prophylaxis thus remains controversial.146

Other common infections in transplant recipients are 
hepatitis B and hepatitis C, both of which are highly preva-
lent in patients undergoing dialysis. Hepatitis B is encoun-
tered in about 5%, whereas hepatitis C is seen in 15% to 
20%. The cost of interferon therapy and indirect expenses 
(including dialysis) during therapy for HCV infection are so 
prohibitive that the majority (≈75%) of HCV-positive 
patients undergo kidney transplantation without receiving 
anti-HCV treatment.147 Although patient and graft survivals 
at 5 years were reported to be similar in HCV-positive  
and HCV-negative patients, serious bacterial infections were 
significantly more common in HCV-positive patients.148,149 
The rate of cytomegalovirus infection was found to increase 
from 4% in the years before calcineurin inhibitors were 
widely used to 17% in the calcineurin inhibitor era in  
one autopsy series. Primary infection is seldom seen because 
the vast majority of both donors and recipients are seroposi-
tive.110 Opportunistic fungal infections occur in 4% to 

Cadaver donors are seldom used because of absence or 
ineffectiveness of an organ procurement network, lack of 
facilities for taking care of potential donors, and poor public 
education. The process depends on the initiative of indi-
vidual transplant physicians, surgeons, and cooperating 
intensive care units. Even though more than 70,000 road 
fatalities are recorded annually in India, lack of prompt 
transport and unavailability of life-support services preclude 
organ donation, even in situations in which the families 
could be approached for consent.131 Of around 4000 renal 
transplantations performed annually in India, only 2% use 
organs from cadaveric donors. For transplantations involv-
ing living related donors in India, the proportion of spousal 
donors (mainly wives) has increased over the last decade 
and they constitute around 40% of all donors.132

Affordability is another major barrier. Even though 
patients do not have to bear hospitalization costs in state-
subsidized hospitals, the cost of immunosuppressive therapy 
is not reimbursed. In a prospective analysis of 50 kidney 
transplant recipients in India, direct expenses for kidney 
transplantation—physician fees, cost of drugs and dispos-
ables, dialysis, and costs of laboratory investigations and 
hospitalization—were estimated to range from $2,151 to 
$23,792 and indirect expenses—travel, food, stay, and loss 
of income—from $226 to $15,283 (all in U.S. dollars). 
Overall, about 54%, 8%, and 10% of families suffered from 
severe, moderate, and some financial crisis, respectively.133 
Antibody induction therapy and prophylaxis for cytomega-
lovirus infection are therefore rarely used. Pretransplanta-
tion HCV infections also often go untreated. Patients are 
non-adherent with regimens of expensive drugs like calci-
neurin inhibitors, leading to high rates of graft loss. The 
cost of treating steroid-resistant rejections is prohibitive. 
Cost reduction strategies that are frequently used include 
limiting induction therapy to high-risk patients, using cyto-
chrome P450 inhibitors (ketoconazole/non-dihydropyri-
dine calcium channel blocker), using azathioprine instead 
of mycophenolate mofetil, continuing prednisolone long 
term, and using bioequivalent generic drugs.

The worldwide shortage of organs for transplantation 
gave rise to the practice of the purchase of kidneys from 
poor donors by affluent persons in India in the 1980s and 
early 1990s.134 The buyers came from both within and 
outside the country; hence the term transplant tourism. The 
exploitation of donors and substandard medical care pro-
vided to recipients were widely condemned and prompted 
the enactment of a law by the Indian Parliament in 1994 
officially banning this practice. Since then, it has been 
carried out only clandestinely in India; it is more common 
in some parts of Pakistan, although exact numbers are not 
known.135,136 The Human Organ and Tissue Transplantation 
Ordinance, which was passed in September 2007 in Paki-
stan, explicitly and unambiguously makes buying and selling 
of human organs a crime and prohibits transplantation of 
organs from Pakistanis into foreigners.137 Of late, more 
transplants from unrelated living donors are being done in 
Sri Lanka, as reported in the lay press.

Infections complicate the course in 50% to 75% of kidney 
transplant recipients in the region, with mortality ranging 
from 20% to 60%.115 Rubin categorized these infections into 
those occurring within the first month after transplantation, 
those occurring within 2 to 6 months, and those occurring 
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is a lower prevalence of the perihilar and collapsing variants 
and a higher prevalence of tip and cellular variants. Second-
ary amyloidosis is an important cause of glomerular disease 
on the subcontinent and is much more common than 
primary amyloidosis. Tuberculosis is the main cause of sec-
ondary amyloidosis in India, accounting for two thirds of 
cases, whereas rheumatoid arthritis is responsible in only 
6% of cases.158,159

RENOVASCULAR HYPERTENSION

The most common causes of renovascular hypertension 
worldwide are fibromuscular dysplasia in the young and 
atherosclerosis in the elderly. On the Indian subcontinent, 
however, Takayasu’s arteritis or nonspecific aortoarteritis is 
the main cause of renovascular hypertension in young 
adults as well as in children, accounting for 59% to 80% of 
all cases in these groups.160,161 In the elderly, as elsewhere, 
atherosclerosis is the most common cause.

Takayasu’s arteritis is an inflammatory vascular disease of 
unknown etiology predominantly affecting young females 
in the second and third decades. It involves the large elastic 
arteries and results in occlusive or ectatic changes mainly in 
the aorta and its major branches. The average age of Indian 
patients is between 25 and 30 years.162

Aortoarteritis has been classified into the following types 
according to the sites of involvement: type I affects the 
branches of the aortic arch; type IIa affects the ascending 
aorta, aortic arch, and its branches; type IIb affects the 
ascending aorta, aortic arch, and its branches and the 
descending thoracic aorta; type III affects the thoracic aorta, 
abdominal aorta, and/or renal arteries; type IV affects the 
abdominal aorta and/or renal arteries; type V is a combina-
tion of types IIb and IV. Involvement of a coronary or pul-
monary artery is indicated by appending the suffix C(+) or 
P(+) to any of the types.163 Involvement of the abdominal 
aorta and/or renal arteries is more common in India and 
other Southeast Asian countries and South America than in 
Japan, where the aortic arch and its branches are more com-
monly involved. In Indian and Bangladeshi patients, type III 

7% of recipients, but these carry a high mortality rate,  
more than 65%.150,151 Malaria and leishmaniasis are also 
encountered.152

GLOMERULONEPHRITIS

In the absence of a biopsy registry, the exact spectrum of 
glomerulonephritis cannot be known. However, a large 
study of more than 5400 kidney biopsy specimens at a south 
Indian tertiary care center that treats not only patients from 
India but also those from neighboring countries provides 
an insight into the range of glomerulonephritis in  
the region.153 Primary glomerulonephritis was diagnosed 
in 71% of all biopsy specimens. Mesangioproliferative  
glomerulonephritis without IgA was the most common 
lesion (20.2%), followed by idiopathic focal segmental glo-
merulosclerosis (FSGS) (17%), minimal change disease 
(11.6%), membranous nephropathy (9.8%), IgA nephropa-
thy (8.6%), and membranoproliferative glomerulonephritis 
(3.7%). Postinfectious glomerulonephritis accounted for 
12.3% of all lesions.

To ascertain changing trends, biopsy data collected 
between 1971 and 1985 were compared with later data in 
the same study. The later data showed significant increases 
in FSGS (17% vs. 8.6%) and membranous glomerulonephri-
tis (9.8% vs. 6.4%) during the period 1986 to 2002, whereas 
minimal change disease (11.6% vs. 16.5%) and membrano-
proliferative glomerulonephritis (3.7% vs. 7.2%) decreased 
significantly during the same period. Thus, in comparison 
with other registries, the prevalence of IgA nephropathy is 
much lower than that in East Asians, whereas FSGS is more 
common. Similar trends have been reported in another 
study from the northern region of the subcontinent.154 Anal-
ysis of data for adults presenting with nephrotic syndrome 
due to primary glomerular disease reveals that FSGS is the 
most common lesion in both India and Pakistan. The fre-
quency of occurrence of other primary glomerular diseases 
in these patients is shown in Table 80.4.154-156 The morpho-
logic categories of FSGS in the Indian population have been 
described and are different from those in the West.157 There 

Table 80.4  Spectrum of Primary Glomerular Lesions Causing Nephrotic Syndrome on the Indian 
Subcontinent*

India (N = 324)† Pakistan (N = 316)‡ Nepal (N = 137)§

Focal segmental glomerulosclerosis 99 (30.6) 126 (39.9) 11 (8.0)
Membranous nephropathy 79 (24.4) 84 (26.6) 58 (42.3)
Membranoproliferative glomerulonephritis 58 (17.9) 14 (4.4) 30 (21.9)
Minimal change disease 48 (14.8) 50 (15.8) 14 (10.2)
Postinfectious glomerulonephritis 9 (2.8) 9 (2.8) 4 (2.9)
Immunoglobulin A nephropathy 6 (1.8) 8 (2.5) 3 (2.2)
Other 25 (7.7) 25 (8.0) 17 (12.4)

*Numbers in parentheses are percentages.
†Data from Rathi M, Bhagat RL, Mukhopadhyay P, et al: Changing histologic spectrum of adult nephritic syndrome over five decades in 

Northern India: a single center experience. Ind J Nephrol 24:13-18, 2014.
‡Data from Kazi JI, Mubarak M, Ahmed E, et al: Spectrum of glomerulonephritides in adults with nephrotic syndrome in Pakistan. Clin Exp 

Nephrol 13:38-43, 2009.
§Data from Garyal, Kafle RK: Histopathological spectrum of glomerular disease in Nepal: a seven-year retrospective study. Nepal Med Coll 

J 10:126-128, 2008.
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membranoproliferative, and crescentic forms of glomerulo-
nephritis have been reported. Renal amyloidosis in associa-
tion with Takayasu’s arteritis has also been reported in rare 
instances.166

Prednisolone, at a dosage of 1 mg per kg body weight per 
day tapered to 15 mg/day by 3 months,166a often dramati-
cally improves the constitutional symptoms, halts disease 
progression in patients with inflammatory stage disease, and 
lowers the erythrocyte sedimentation rate (ESR) toward 
normal. However, even the ESR is not a reliable marker of 
disease activity. If progression of disease is seen in patients 
undergoing steroid therapy, cytotoxic drugs such as cyclo-
phosphamide or azathioprine may be used. Alternatively, 
low-dose methotrexate may enhance the efficacy of steroid 
therapy and facilitate steroid sparing. The results of balloon 
angioplasty with stent placement in narrowed arteries are 
highly encouraging. In patients in whom stents cannot be 
implanted, surgical reconstruction may be carried out after 
the disease becomes inactive.

RENAL CALCULI

Parts of northern India and Pakistan compose an important 
part of the “renal stone belt,” where nephrolithiasis is 
responsible for 5% of all cases of ESKD.

The available literature on urinary calculi shows a differ-
ent stone pattern across the world, highlighting different 
geographic and etiologic factors. Studies in northern India 
have shown that the vast majority (>90%) of calculi are 
calcium oxalate stones, predominantly calcium oxalate 
monohydrate (80%).167 Apatite, struvite, and uric acid 
stones account for less than 2% each. This incidence of 
calcium oxalate monohydrate stones is significantly higher 
than that in Western countries, where such stones constitute 
up to 55% of the total.168 Classically, staghorn calculi are 
composed of calcium magnesium ammonium phosphate. 
However, in Indian studies, even staghorn calculi are made 
up predominantly of calcium oxalate. Reasons for the high 
incidence of calcium oxalate calculi in this region could 
include the oxalate-rich vegetarian diet along with its high 
carbohydrate content and the high mineral and fluoride 
content of drinking water. Fluoride is thought to promote 
stone formation by increasing oxaluria and insoluble 
calcium fluoride in urine.169

INDIGENOUS THERAPIES

HERBAL MEDICINE TOXICITY
On the subcontinent a combination of ignorance, poverty, 
nonavailability of health facilities, high cost of modern med-
icines, and the widespread belief in indigenous systems 
drives people to turn to indigenous drugs. It is commonly 
believed that that these remedies are gentler and without 
any side effects. Herbal remedies are often classified as 
dietary supplements for regulatory and marketing purposes 
and hence are exempt from rigorous safety testing. However, 
adulteration of herbal medicines is common in many coun-
tries. A state government report cited the finding of unde-
clared pharmaceuticals or heavy metals in 32% of Asian 
patent medicines sold in California.170 The high heavy metal 
content of indigenous herbal drugs could be due to heavily 
polluted soil or irrigation water. Dwivedi and Dey found 

disease is the most common, accounting for 53% to 76% of 
all cases.164

In a large study of 650 cases in India, clinical manifesta-
tions of aortoarteritis included unequal pulses (96%), 
hypertension (72%), oliguria due to renal failure (30%), 
intermittent claudication (25%), neurologic symptoms 
(amaurosis fugax, syncope, transient ischemic attacks) 
(22.5%), eye changes (8.1%), and skin manifestations (ery-
thema nodosum, Raynaud’s phenomenon, leg ulcers) 
(3.8%).164 It is important to record blood pressure in all four 
limbs, because arteries supplying the upper limbs are often 
involved in the disease process.

The renal artery is narrowed at its ostium and in the 
proximal third. Bilateral renal artery stenosis is seen in 
about half of all patients (Figure 80.2). Histologic findings 
in affected vessels vary according to the stage of the disease. 
In the early stages, granulomatous inflammation and infil-
tration with polymorphs, mononuclear cells, and multinu-
cleated giant cells are seen in all the layers but are more 
marked in the adventitia than in the media or intima.165 
These features may also be seen around the vasa vasorum, 
which show endothelial proliferation and obliteration of the 
vessel lumen. In more advanced disease, the inflammatory 
process is less evident, but adventitial fibrosis and intimal 
smooth muscle proliferation and fibrosis result in marked 
luminal narrowing.

Nonspecific ischemic glomerular lesions resulting from 
arterial narrowing and hypertension are frequently observed 
in patients with renal artery involvement. Rarely, glomerular 
lesions such as mesangioproliferative, focal proliferative, 

Figure  80.2 Takayasu’s arteritis. Bilateral renal artery narrowing 
(vertical arrows) with post-stenotic dilation on the left side, dilation 
and irregularity of the abdominal aorta (black arrow), and a large col-
lateral vessel (horizontal arrow) arising from the inferior mesenteric 
artery. 
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nephrologists and the high cost of treatment pose the 
biggest challenges to the management of patients with 
kidney disease in this region of the world.
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high lead and cadmium levels in the leaves of medicinal 
plants from India.171

The medical community has increasingly recognized the 
potential role of these remedies in causing harm to various 
organ systems, including the kidneys. Indigenous therapies 
may cause AKI as well as CKD. In AKI the cause-and-effect 
relationship is easier to establish because there is a temporal 
relation between intake of the agents and injury. However, 
physicians often do not seek the history of intake of natural 
medicines. Moreover, a chemical analysis of such drugs is 
seldom carried out. Recently Prakash and colleagues 
described the case of a 60-year-old man who had unex-
plained kidney failure.172 Investigation revealed that he had 
been taking an herbal medicine from India containing a 
large amount of lead. After discontinuation of the herbal 
medicine and several sessions of lead chelation therapy, his 
creatinine level declined. This case highlights the need for 
clinicians to consider lead intoxication due to indigenous 
medicinal therapy in the differential diagnosis of patients 
with AKI or CKD.

TOXICITY OF NATURAL MEDICINES  
FROM ANIMAL SOURCES
The raw gallbladder or bile of freshwater and grass carp is 
used in parts of eastern India to reduce fever, treat cough, 
decrease hypertension, improve visual acuity, treat rheuma-
tism, and promote general health.173 A syndrome of acute 
hepatic and renal failure has been reported in exposed 
patients. Symptoms appear minutes to hours after ingestion 
and include abdominal pain, nausea, vomiting, and watery 
diarrhea. Hepatocellular jaundice is observed in more than 
60% of patients. AKI sets in within 48 hours and is oliguric 
in the majority of patients. More than 75% also show micro-
scopic hematuria. The duration of AKI ranges from 2 to 3 
weeks. The variation in symptomatology is likely to be 
related to differences in the varieties of fish or amount of 
bile ingested as well as in individual susceptibility. Renal 
histologic examination reveals tubular necrosis and intersti-
tial edema.

The mechanism by which AKI develops is not well under-
stood and may include bradycardia and hypotension owing 
to the cardiotoxic effect of the bile salts. Bile salts also 
inhibit intestinal Na+-K+-ATPase, which increases mucosal 
permeability and leads to diarrhea. Bile produces diuresis, 
excessive salt loss, and cardiac depression in rats. Hypoten-
sion and hemolysis may also contribute to renal failure. 
Recovery has been universal among patients who have 
sought medical attention in a timely manner, and death has 
occurred only in those who reported late and had multior-
gan failure.

SUMMARY

The spectrum of both acute and chronic kidney disease on 
the Indian subcontinent differs significantly from that 
encountered both in the industrialized world and in  
other developing countries. Community-acquired AKI in 
otherwise healthy individuals continues to be common  
in the region. Although glomerulonephritis has been the 
most common cause of ESKD, it is being replaced by dia-
betic nephropathy. The lack of an adequate number of 
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The Far East consists of East Asia (including Northeast 
Asia), Southeast Asia, and the Russian Far East (part of 
North Asia, Siberia), with South Asia sometimes also 
included for economic and cultural reasons. Geographi-
cally, this area covers approximately 12,000,000 km2, or 
approximately 28% of the Asian continent. More than 1.5 
billion people, approximately 38% of the population of Asia 
and 22% of all people in the world, live in geographic East 
Asia. The territories and regions that are conventionally 
included under the term Far East are East Asia: China (with 
Hong Kong and Macau), Japan, Mongolia, North Korea, 
South Korea, and Taiwan; Southeast Asia: Brunei, Cambo-
dia, Timor-Leste (East Timor), Indonesia, Laos, Malaysia, 
Myanmar, Papua New Guinea (PNG), the Philippines, Sin-
gapore, Thailand, Vietnam; and North Asian Russia.

The Far East is an area with extreme heterogeneity in 
ethnic composition, environment, and socioeconomic con-
ditions. Thus, differences in living standards, environments, 
cultural practices, availability of health care, and genetic 
susceptibility determine the variations in disease patterns 
and management practices. In general, this area has the 
following characteristics: (1) high incidence of infections 
(bacterial, viral, and parasitic) and their associated kidney 
complications, including community-acquired acute kidney 
injury (AKI), particularly in tropical areas; (2) high inci-
dence of toxic injury, including snakebites and bee stings, 
and high rate of herbal medication use, which may lead to 

kidney damage; (3) diabetic nephropathy as the most 
common cause of chronic kidney disease (CKD) and end-
stage kidney disease (ESKD) in some countries and regions, 
with glomerulonephritis as the major cause of CKD/ESKD 
in other countries, particularly in developing countries; and 
(4) different genetic susceptibilities to certain kidney dis-
eases and treatment responses, such as immunoglobulin A 
(IgA) nephropathy.

ACUTE KIDNEY INJURY

AKI is a common renal emergency in the Far East. The 
causes of AKI vary with socioeconomic status, climate, and 
cultures.

In developed, large, urban areas, the pattern of AKI is 
very similar to that found in developed countries and 
regions in other areas of the world; it is predominantly a 
hospital-acquired disease occurring mostly in older, criti-
cally ill patients with multiorgan failure and complex 
medical or surgical conditions. The main cause of AKI in 
this population is renal ischemia, principally due to sepsis, 
which is often associated with nephrotoxic drugs. In con-
trast, in rural areas or smaller cities in the countryside, 
particularly in developing tropical regions, AKI is usually a 
community-acquired disease, affecting younger and previ-
ously healthy individuals. In this population, the specific 
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the second phase, Weil’s disease. In this phase, which may 
last from 4 to 30 days, more severe symptoms, such as jaun-
dice, meningitis, pulmonary hemorrhage, and AKI, can 
occur6 (Tables 81.1 through 81.3).

The kidney is one of the principal target organs of Lepto-
spira. The reported incidence of AKI in severe leptospirosis 
varies from 40% to 60%.10 A presentation of fever, jaundice, 
and AKI in acutely ill patients should alert the clinician to 
consider leptospirosis.11 A case-control study was conducted 
in patients with multiorgan dysfunction to differentiate lep-
tospirosis from other infections.12 Twenty-two confirmed 
cases of leptospirosis were identified from 169 suspected 
cases, and 21 cases were excluded. The confirmed leptospi-
rosis group most commonly presented with fever (95.5%, 
21/22), AKI (86.4%, 19/22), myalgia (72.7%, 16/22), and 
jaundice (63.6%, 14/22). The following presenting signs 
and symptoms were more common in the confirmed lepto-
spirosis group: hemorrhagic diathesis, myalgia, enlarged 
kidneys, sterile pyuria, and thrombocytopenia. Penicillin 
treatment in the confirmed leptospirosis group, even in a 
group with multiorgan dysfunction, was associated with a 
low fatality rate, 4.5% (1/22). Thrombocytopenia appears 
to be closely related to the occurrence of AKI, seems to be 
independent of disseminated intravascular coagulopathy 
(DIC), and was present in all cases of AKI without icterus.13

Tubulointerstitial nephritis is the main cause of AKI in 
leptospirosis.14,15 Glomerular manifestations, when present, 
are of a mild, nonspecific, reactive nature (Figures 81.1 and 
81.2). Tubular functional alterations precede a decrease in 
the glomerular filtration rate. Both humans and experimen-
tal animals demonstrate increased urinary fractional excre-
tion of potassium and sodium, which suggests increased 
distal potassium secretion caused by increased distal sodium 
delivery consequent to proximal tubule damage and the 
impairment of sodium reabsorption.16 The characteristic 
laboratory finding is hypokalemia in the setting of nonoli-
guric AKI. Proximal tubular dysfunction (bicarbonaturia, 

causes of AKI include diarrheal diseases with dehydration, 
infectious diseases, animal venoms (snakes and bees), and 
natural medicines.

ACUTE KIDNEY INJURY DUE TO INFECTIONS

Tropical infections can cause AKI in four major ways: (1) 
direct invasion of the renal parenchyma by microbial agents; 
(2) induction of an immune response that leads to renal 
inflammation; (3) induction of hemodynamic disturbances 
that lead to tubular necrosis; and (4) intrinsic renal injury 
associated with pigment nephropathy.

Typical causes of AKI that are epidemic to Far East are 
zoonoses such as leptospirosis, scrub typhus, hantavirus, 
dengue, and malaria. Leptospirosis and hantavirus are 
rodent-borne diseases; the vector for scrub typhus is a 
chigger-mite, an ectoparasite that is isolated from wild 
rodents1; and mosquitoes are the vector for malaria and 
dengue. Bunyaviridae is a newly described virus emanating 
from Chinese domestic animals that is spread by ticks. 
The clinical characteristics of AKI due to these infections 
can be similar,2 co-infection has been demonstrated,2,3 and 
serologic identification is necessary to guide antibiotic 
therapy.

LEPTOSPIROSIS
Leptospirosis, the most widespread zoonosis, is caused by 
a microorganism of the genus Leptospira, a spirochetal 
infection.4 This disease is caused by infected mammals 
(especially rodents, cattle, swine, dogs, horses, sheep, and 
goats), the natural hosts, which shed spirochetes through 
urine into water or soil that in turn infect humans via 
skin or the gastrointestinal route. The most common 
exposure routes are occupational, recreational, and house-
hold contacts with animals and exposure from episodes 
of flooding.

Leptospira outer membrane proteins (OMPs) elicit inflam-
mation and tubular injury through a Toll-like receptor 
(TLR)–dependent pathway, followed by activation of nuclear 
transcription factor kappaB and mitogen-activated protein 
kinases with differential induction of chemokines and cyto-
kines that are relevant to tubular inflammation.5,6 Lepto-
spira OMPs may activate the transforming growth factor-β/
SMAD-associated fibrosis pathway, leading to extracellular 
matrix accumulation.6,7 One study showed that Leptospira 
OMP extract induces an increase in fibronectin production 
through a TLR2-mediated pathway.8 In Taiwan, a genomic 
analysis of Leptospira santarosai serovar shermani, the most 
frequently encountered serovar, is presently underway to 
categorize those sequences associated with virulence.9 
Genomic sequencing should permit studies of pathogenesis 
and development of leptospiral vaccines.

Leptospirosis can provoke a broad range of manifesta-
tions, from benign infection (characterized by nonspecific 
symptoms) to Weil’s disease, a severe form of the disease 
that causes jaundice, myocarditis, and pulmonary hemor-
rhage. The early phase of leptospirosis manifestation lasts 3 
to 7 days and includes fever, headaches, myalgia (especially 
in the calves), nausea, vomiting, malaise, and conjunctival 
hyperemia. In this phase, it is possible to isolate leptospires 
from blood samples. Eighty percent to 90% of patients are 
symptom free after this initial phase. Only 10% progress to 

Figure 81.1  The renal pathology from a patient who died of 
leptospirosis. Kidney histopathology of a patient who died of lepto-
spirosis. The micrograph shows focal interstitial nephritis and moder-
ate acute tubular necrosis. (From Abdulkader RC, Silva MV: The kidney 
in leptospirosis. Pediatr Nephrol. 23:2111, 2008.)
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Table 81.1 Differences in Clinical Manifestations Between Confirmed and Excluded Cases of 
Suspected Leptospirosis*

Value Confirmed Cases (%) Excluded Cases (%) P Value

Acute renal failure 86.4 76.2 0.46
Thrombocytopenia 86.4 57.1 0.045
Pancreatitis† 43.8 12.5 0.19
Rhabdomyolysis‡ 23.6 15.4 0.69
Jarisch-Herxheimer reaction§ 22.2 0 0.037
Respiratory failure‖ 13.6 0 0.24

*Values are means ± (min-max) or frequency of presentation (%). Leptospirosis surveillance was performed at Chang Gung Memorial 
Hospital, Taiwan, between September 2000 and December 2001 after flooding caused by Typhoon Nali, which had occurred 1 month 
previously, and the number of leptospirosis cases peaked to seven. Leptospira shermani, the most common serovar, was identified in 
86.4% (n = 19) of the confirmed cases, followed by Leptospira bratislava in 13.6 % (n = 3). Suspected clinical cases were included in the 
sample and investigated. Diagnosis was confirmed with fourfold or greater increase in microscopic agglutination test (MAT) titer in paired 
sera; positive immunoglobulin M (IgM) dipstick with single MAT titer ≥400; or isolation of Leptospira. Cases were classified as excluded on 
basis of confirmed etiology other than leptospirosis or negative paired serologic titers.

Twenty-two confirmed cases and 21 excluded cases of leptospirosis were identified from among 169 suspected cases. The most common 
presentations in the confirmed group were fever (95.5%), acute renal failure (86.4%), myalgia (72.7%), and jaundice (63.6%). The 
prevalences of myalgia (72.7% vs. 25%; P = 0.022) and hemorrhagic diathesis (45.5% vs. 7.7%; P = 0.027) were significantly higher in 
confirmed cases than excluded cases. The Jarisch-Herxheimer reaction is thought to be associated with endotoxin-related cytokine 
release and was found to be specific for leptospirosis (P = 0.037).

†Pancreatitis: acute abdominal pain with serum lipase 3× normal upper limit.
‡Rhabdomyolysis: myalgia, muscle tenderness with elevated creatine kinase.
§See text for description.
‖Respiratory failure: mechanical ventilation support for hypercapnia or hypoxia.
Modified from Yang H, Hsu P, Pan M, et al: Clinical distinction and evaluation of leptospirosis in Taiwan: a case-control study. J Nephrol 

18:45-53, 2005.

Table 81.2 Differences in Renal Manifestation Between Confirmed and Excluded Cases of 
Suspected Leptospirosis*

Value Confirmed Cases (n = 22) Excluded Cases P Value

Kidney size (cm): left 12.8 ± 0.8 (11.2-13.9) 10.9 ± 1.2 (8.4-12.9) 0.002
Kidney size (cm): right 12.5 ± 0.8 (11.0-13.6) 10.8 ± 1.3 (8.3-12.5) 0.009
K + (mEq/L):
  Hypokalemia (<3.5 mEq/L (%) 50 16.7 0.045
  Hyperkalemia (>5.0 mEq/L) (%) 5 22.2 0.16
Na (mEq//L) 135.5 ± 4.8 (126-145) 137.5 ± 5.4 (127-144) 0.24
  Significant hyponatremia (< 130 mEq/L (%) 40 26.7 0.49
Proteinuria (%)† 86 74 0.44
Hematuria (%)‡ 45 42 >0.99
Pyuria (%)§ 52.4 15 0.02
Specific gravity 1.012 ± 0.007 (1.00-1.03) 1.015 ± 0.006 (1.005-1.025) 0.16
Oliguria (%)‖ 13.3 35.7 0.21

*Values are means ± SD (min-max) or frequency of presentation (%). In confirmed cases, ARF developed in 86.4% of patients and oliguria in 
13.3% of patients. Hemodialysis (HD) was administered to two patients with renal failure. In comparison with excluded cases, the 
confirmed cases had a significantly higher percentages of presentations including pyuria (52.4% vs. 15%; P = 0.02) and hypokalemia (50% 
vs. 16.7%; P = 0.045). Ultrasonography revealed that renal size in the confirmed cases was significantly larger than in the excluded cases. 
Renal biopsy was performed in four of the confirmed cases. All of the lesions revealed acute tubulointerstitial nephritis.

†Proteinuria: urinary protein excretion >300 mg/day.
‡Hematuria: >5 red blood cells per high-power microscopic field.
§Pyuria: >5 white blood cells per high-power microscopic field.
‖Oliguria: a 24-hr urine volume <500 mL.
Modified from Yang H, Hsu P, Pan M, et al: Clinical distinction and evaluation of leptospirosis in Taiwan: a case-control study. J Nephrol 

18:45-53, 2005.
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Figure 81.2  Electron  micrograph  of  the  kidney  biopsy  specimen 
from the same patient as in Figure 81.1 showing a leptospire (arrow) 
between  two endothelial  cells.  (From Abdulkader RC, Silva MV: The 
kidney in leptospirosis. Pediatr Nephrol. 23:2111, 2008.)

Table 81.3 Clinical Presentations and Odds Ratios Associated with Leptospirosis*

Feature Odds Ratio 95% Confidence Interval P Value

Hemorrhagic diathesis 10.0 1.1-90.8 0.04
Myalgia 8.0 1.4-45.8 0.02
Nephromegaly 7.5 2.5-22.7 0.0004
Risk factor exposure 6.9 1.8-26.4 0.005
Sterile pyuria 6.2 1.4-27.8 0.017
Hypokalemia 5.0 1.1-22.3 0.035
Thrombocytopenia 4.8 1.1-21.1 0.04

*Myalgia, hemorrhagic diathesis, and thrombocytopenia were the most distinct presentations of leptospirosis in comparison with the 
excluded cases in this study. However, the comparison of excluded and confirmed leptospirosis cases revealed that differences in the 
more common presentations, such as fever, acute renal failure, and jaundice, were not statistically significant and can also be caused by 
overwhelming sepsis.

From Yang H, Hsu P, Pan M, et al: Clinical distinction and evaluation of leptospirosis in Taiwan: a case-control study. J Nephrol 
18:45-53, 2005.

glycosuria, decreased proximal sodium reabsorption, phos-
phaturia, magnesuria, and uricosuria) can occur even in the 
absence of AKI.14,17,18 Rhabdomyolysis is often part of the 
clinical picture.17 In one study, defective Na-K-2Cl cotrans-
porter (NKCC2) was identified in L. santarosai serovar 
shermani–infected patients with polyuria and hypokale-
mia.19 In another, OMP extract downregulated NKCC2 
messenger RNA (mRNA) expression and inhibited NKCC2 
cotransport activity in medullary thick ascending limb cells 
in vitro.20

The diagnosis of leptospirosis most commonly depends 
on the serologic detection of leptospiral antibodies using 
the microscopic agglutination test (MAT). Other tests 
include polymerase chain reaction (PCR), leptospiral 
culture, and enzyme-linked immunosorbent assay (ELISA) 
tests for IgM.21,22

The effectiveness of early antibiotic treatment has been 
demonstrated in leptospira infection, improvement in 
serum creatinine being observed within days of intravenous 

penicillin treatment (Figure 81.3).12 Outpatients with mild 
disease should receive treatment with doxycycline (adults: 
100 mg orally twice daily) or azithromycin (adults: 500 mg 
orally once daily for 3 days). Pregnant women should  
be treated with either azithromycin or amoxicillin. Hospital-
ized adults with severe disease should receive either  
penicillin (1.5 million units intravenously [IV] every 6 
hours), doxycycline (100 mg IV twice daily), ceftriaxone  
(1 to 2 g IV once daily), or cefotaxime (1 g IV every 6 hours) 
for a duration of at least 7 days. Pregnant women with  
severe leptospirosis may be treated with intravenous penicil-
lin, ceftriaxone, cefotaxime, or azithromycin, but not 
doxycycline.

SCRUB TYPHUS (TSUTSUGAMUSHI DISEASE)
Scrub typhus is a potentially fatal infectious disease that is 
caused by the organism Orientia tsutsugamushi, an obligate 
intracellular bacterium that belongs to the family Rickettsia-
ceae in the order Rickettsiales.23,24 This typhus is a zoonosis 
that is transmitted by infected larval trombiculid mites (also 
known as chiggers) and is widespread in the Asia-Pacific 
region, including Afghanistan, China, Korea, the islands of 
the southwestern Pacific, and northern Australia.25 The first 
six cases of scrub typhus were reported among United 
Nations military personnel during the Korean War in 1951.26 
Typical signs include eschar formation, typically at the site 
of the chigger bite, and an acute febrile illness with symp-
toms that include abrupt fever, chills, severe headache, rash, 
lymphadenopathy, abdominal pain, and myalgia.26 The clin-
ical manifestations and complications of scrub typhus vary; 
most symptoms are mild, but severe complications have 
been reported, including acute respiratory distress syn-
drome (ARDS), encephalitis, interstitial pneumonia leading 
potentially to ARDS, myocarditis and pericarditis, rhabdo-
myolysis, AKI, and acute hepatic failure.23 Multiorgan failure 
generally occurs in a small percentage of patients.26 AKI 
after tsutsugamushi disease has been reported to range 
from 8% to 40% of patients in association with septic shock, 
DIC, vasculitis, and volume depletion.27-29

Reports have demonstrated a risk of AKI of about 20% in 
groups of older individuals. Older age as defined in these 
studies (>65 years and 70 years) and previous CKD 
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recovery or for at least 3 months. The incidence of AKI was 
21.1%, of which 10.7% of the cases were classified as “Risk,” 
9.4% as “Injury,” and 1% as “Failure.” In comparison with 
patients in whom AKI did not develop, those in the AKI 
group were older (70 ± 9 vs. 61 ± 14 years of age, P = 0.01) 
and had one or more comorbidities, such as hypertension, 
diabetes, and CKD (77% vs. 22%, P = 0.01). Age and comor-
bidity were significant independent predictors of AKI. After 

(estimated glomerular filtration rate [eGFR] <60 mL/min) 
were risk factors for the development of AKI and a generally 
more severe clinical course (Table 81.4).

Sun and colleagues evaluated the incidence, clinical char-
acteristics, and severity of AKI associated with scrub typhus 
on the basis of the Risk, Injury, Failure, Loss and End-stage 
kidney disease (RIFLE) classification. A total of 223 Korean 
patients with scrub typhus were monitored until renal 

Figure 81.3  A, Changes  in serum creatinine concentration after  treatment with penicillin  (PCN)  in confirmed  leptospirosis. B, A case with 
anuric acute kidney injury and a delay in penicillin treatment. (From Yang H, Hsu P, Pan M, et al: Clinical distinction and evaluation of leptospirosis 
in Taiwan: a case-control study. J Nephrol. 18:45-53, 2005.)
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Table 81.4 Differences in the Clinical Presentation and Frequency of Complications Between Elderly and 
Non-Elderly Patients with Scrub Typhus*

No. of Patients (%)

P ValueElderly (n = 328) Non-elderly (n = 287)

No complication 177 (54.0) 221 (77.0)
Complications: 151 (46.0) 66 (23.0) <0.001
  Acute kidney injury 75 (22.9) 22 (7.7) <0.001
  Pneumonia 70 (21.3) 32 (11.1) 0.001
  Septic shock 46 (14.0) 13 (4.5) <0.001
  Meningoencephalitis 31 (9.5) 12 (4.2) 0.011
  Acute respiratory distress syndrome 11 (3.4) 5 (1.7) 0.208
  Peptic ulcer 6 (1.8) 7 (2.4) 0.600
  Gastrointestinal bleeding 4 (1.2) 1 (0.3) 0.379
  Cholecystitis 3 (0.9) 2 (0.7) 0.100
  Death or hopeless discharge 10 (3.0) 1 (0.3) 0.013

*A retrospective study to examine differences between elderly and non-elderly patients with scrub typhus and to identify risk factors 
predictive of disease outcomes was performed. A total of 615 Korean patients admitted to a tertiary care hospital with scrub typhus 
between 2001 and 2011 were enrolled in the study, 328 of whom were >65 years of age. Of the elderly patients, 46.0% (151/328) 
experienced at least one complication compared with only 23.0% (66/287) of younger patients. A linear trend was observed between age 
and complication rates (P = 0.002). The most common complication in elderly patients was acute kidney injury (75/328, 22.9%).

Modifed from Jang M, Kim J, Kim U, et al: Differences in the clinical presentation and the frequency of complications between elderly 
and non-elderly scrub typhus patients. Arch Gerontol Geriatr 58:196-200, 2014.
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treatment with antibiotics and supportive care all patients 
recovered baseline renal function without renal replace-
ment therapy (RRT).30

A retrospective study from a single Korean medical center 
evaluated 615 individuals with scrub typhus who were older 
than 16 years.31 Forty-six percent of patients who were older 
than 65 years of age had one or more complications, com-
pared with 23% of younger patients. AKI was the most 
common complication, occurring in 23% of elderly indi-
viduals. Mental confusion and dyspnea were more common 
in older patients, whereas the frequencies of fever, rash, and 
eschars were similar in the two groups. Delays in therapy 
were also associated with a higher risk of complications. The 
average time from onset of illness to effective therapy was 
modestly greater in patients with complications than in 
those without complications (approximately 7 versus 6 
days). CKD was a risk factor for severe disease in the elderly, 
as was hypoalbuminemia.

Kidney biopsies have been reported in only small numbers 
of patients (4), and their findings have been indicative of 
tubulointerstitial nephritis (3) or mesangial hyperplasia 
(1).27-29 In one report, a patient who presented with nephrotic 
syndrome had membranous nephropathy that responded to 
antibiotics.32 Another interesting report described the direct 
invasion of Orientia tsutsugamushi on electron microscopy in 
a kidney biopsy specimen from a patient with scrub typhus; 
histologic examination showed chronic interstitial nephritis 
and acute tubular necrosis (ATN).33

Serologic diagnosis may be performed by the indirect 
fluorescent antibody (IFA) test. Among patients living in 
endemic areas, the serologic diagnosis of acute infection 
must be differentiated from immunity against a scrub typhus 
background. When using the IFA test,34 a diagnosis of acute 
scrub typhus infection should be based on at least a fourfold 
increase in titer in paired samples that are drawn at least 14 
days apart. A single measurement should only be used when 
there is sufficient locally validated evidence for a positive 
test result. A common cutoff titer is 1 : 50 (range 1 : 10 to 
1 : 400). Serum PCR technology can diagnose scrub typhus.35 
In addition to serum PCR, eschar PCR also appears to be a 
sensitive and specific assay for scrub typhus despite prior 
antibiotic treatment.36 The latter two assays are not generally 
available outside of specific centers. Treatment should be 
initiated with doxycycline 100 mg orally or IV twice daily.37 
Alternatively, chloramphenicol in doses of 250 to 500 mg 
orally or IV every 6 hours is similarly effective. Because the 
delayed administration of doxycycline was independently 
associated with major organ dysfunction, including AKI, 
early empiric doxycycline therapy should be considered.37

AKI associated with scrub typhus infection is not rare. The 
possibility of scrub typhus should be considered when a 
patient presents with fever and AKI, particularly if an eschar 
is detected, as well as in the patient with a history of envi-
ronmental exposure in areas where scrub typhus is endemic. 
Even in the setting of AKI, most patients show response to 
antibiotics. One unusual patient is described, age 71, in 
whom kidney biopsy demonstrated tubulointerstitial nephri-
tis requiring maintenance hemodialysis.38 Prompt diagnosis 
and the use of appropriate antibiotics can rapidly alter the 
clinical course of the disease and prevent the development 
of serious or even fatal complications, including dialysis 
dependence.

HANTAVIRUS
Hantaviruses are single-stranded, enveloped, negative-sense 
RNA viruses in the Bunyaviridae family.39 Hantaviruses infect 
rodents but do not cause disease in these hosts. Hantavirus 
infection is acquired by the inhalation of aerosolized virus-
containing particles or by contact with the feces, urine, or 
secretions of infected rodents. Some strains of hantavirus 
cause potentially fatal diseases in humans, such as hantavi-
rus hemorrhagic fever with renal syndrome (HFRS) and 
hantavirus pulmonary syndrome (HPS), and others have 
not been associated with human disease.

In HFRS, the clinical picture is characterized by AKI, 
often with massive proteinuria due to tubular and glomeru-
lar involvement.39 The viruses that cause HFRS include 
Hantaan, Dobrava, Saaremaa, Seoul, and Puumala. Hantaan 
virus is widely distributed in eastern Asia, particularly in 
China, Russia, and Korea.40,41 Puumala virus is found in 
Scandinavia, Western Europe, and western Russia. Dobrava 
virus is found primarily in the Balkans, and Seoul virus is 
found worldwide. Saaremaa is found in central Europe and 
Scandinavia. Infection with hantavirus is associated with sig-
nificant morbidity and mortality worldwide. It has been esti-
mated that hantaviruses cause hemorrhagic fever with renal 
syndrome in more than 150,000 people annually in China, 
far western Russia, and Korea. Generally, only approxi-
mately a quarter of patients have a severe course; however, 
the mortality reported from Korea is 5% to 10%, whereas 
European forms of the disease show 0.5% mortality.39

Symptoms of HFRS usually develop within 1 to 2 weeks 
after exposure to infectious material, but in rare cases, they 
may take up to 8 weeks to develop. Initial symptoms begin 
suddenly and include intense headaches, back and abdomi-
nal pain, fever, chills, nausea, and blurred vision. Individuals 
may have flushing of the face, inflammation or redness of 
the eyes, or a rash. Later symptoms can include low blood 
pressure, acute shock, vascular leakage, and AKI.

HFRS follows a typical clinical course, as follows39:

Febrile phase: Symptoms include redness of cheeks and nose; 
fever; chills; sweaty palms; diarrhea; malaise; headaches; 
nausea; abdominal and back pain; respiratory symptoms, 
such as the ones common in the influenza virus; and 
gastrointestinal symptoms. These symptoms normally 
occur for 3 to 7 days and arise approximately 2 to 3 weeks 
after exposure.

Hypotensive and hemorrhagic phase: This phase occurs often 
with thrombocytopenia (Figure 81.4). Hypotension is due 
to increased vascular permeability, which can lead to 
tachycardia and hypoxemia. Laboratory values show leu-
kocytosis and elevations of lactate dehydrogenase and 
C-reactive protein. This phase can last for approximately 
2 days.

Kidney phase: This phase lasts for 3 to 7 days and is character-
ized by the onset of AKI with frequent oliguria, hematu-
ria, proteinuria, and hypoalbuminemia. The oliguric 
phase is followed by a diuresis of 3 to 6 L per day that can 
last for days.

Serology is the primary method of diagnosis: When  
symptoms are present, patients predictably exhibit both 
hantavirus IgM and even IgG.42 Diagnostic hantavirus assays 
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appropriate treatment of any secondary infections. Dialysis 
may be required to treat uremia and fluid overload. Intra-
venous administration of ribavirin, an antiviral drug, has 
been shown to decrease illness and death associated with 
HFRS if used early in the disease,48 although this outcome 
has not been uniform.49 The severity of the disease varies 
according to the virus causing the infection. Hantaan and 
Dobrava virus infections are commonly observed in the Far 
East and usually cause severe symptoms, whereas Seoul, Saa-
remaa, and Puumala virus infections are usually more mod-
erate. The Hantaan virus RNA load also correlates with 
disease severity.50 Studies of acute infection have been pub-
lished from Korea43,51 and China.52 In a report of HFRS due 
to hantavirus (11 patients with detectable hantavirus RNA 
by RT-PCR) from Korea, 35 patients were seen over a 10-year 
period; 77% had AKI and 34% required ICU admission to 
intensive care units. Complete recovery can require weeks 
or months.51 Although the long-term kidney prognosis for 
hantaviruses in Europe has been described as favorable, 
hypertension is a reported consequence of infection, and 
follow-up has not extended beyond 10 years.53 Long-term 
follow-up data for hantaviruses in the Far East are not 
available.

SEVERE FEVER WITH THROMBOCYTOPENIA 
SYNDROME VIRUS
Patients with severe fever with thrombocytopenia syndrome 
(SFTS) virus, which was initially recognized in the Henan 
and Hubei Provinces of China between 2007 and 2010, 
present with respiratory and gastrointestinal symptoms, 
chills, joint pain, myalgia, thrombocytopenia, leukopenia, 
and some hemorrhagic manifestations. SFTS results in mul-
tiorgan dysfunction and AKI in about 20% of cases and has 

include ELISA, strip immunoblot assay (SIA), Western blot, 
IFA, complement fixation, hemagglutinin inhibition, and 
focus or plaque reduction neutralization tests. Hantaan 
virus and Seoul virus infections are often diagnosed in 
centers in the Far East with the use of bead agglutination 
(HantaDia), ELISA, and IFA formats.43 Reverse transcrip-
tion PCR (RT-PCR) is often used as a confirmatory diagnos-
tic test because serology has a high diagnostic accuracy. A 
study from China describes centers without hantavirus 
testing available at the time of diagnosis of hemorrhagic 
fever, making accurate diagnosis challenging.44

The basic mechanisms underlying HFRS pathogenesis 
relate to increased vascular permeability suggested by an 
increase in hematocrit, a decrease in serum protein levels, 
and a vascular leak as demonstrated by tracer studies.45 HFRS 
pathogenesis appears to be immune mediated, involving 
immune complexes, the B cell response, the T cell response, 
and hantavirus-induced cytokine production. The comple-
ment system is activated in hantavirus infections via both 
classical and alternate pathways, and the findings are similar 
to those of septic shock.46 The causative agents appear to 
infect endothelial cells without cytopathic effects, suggesting 
that viral replication together with the immune response are 
involved in tissue injury.39 Hantaviral entry in target cells is 
mediated by integrins and CD55. Upon cell entry, viral repli-
cation takes place. Studies of biopy samples and in vitro cel-
lular studies demonstrate a disruption of cell-to-cell contact, 
which correlates with the clinical picture (Figure 81.5).47

Supportive therapy is the mainstay of care for patients 
with hantavirus infections. Care includes careful manage-
ment of the patient’s fluid (hydration) and electrolyte (e.g., 
sodium, potassium, and chloride) levels, maintenance  
of the correct oxygen and blood pressure levels, and 

Figure 81.4  Course of serum creatinine levels (A) and platelet counts (B) in patients with milder or severe acute renal failure during infection 
with European hantavirus, nephropathica epidemica (NE). Nadir in platelet count is predictive of severe renal failure. Mean values and S.D. are 
shown. Mean values in mild cases were compared with those in severe cases using Student t-test (*P<0.05, **P<0.01, ***P<0.0001). Levels of 
platelets rose significantly faster in milder than in severe cases of NE. In milder cases, platelets reached values of the lower limit of the refer-
ence range (150-440 gigaparticles per liter [G/L]) within the first week after illness onset, whereas in severe cases platelet counts at day 5 and 
6 were still very low. Interestingly, creatinine levels up to day 6 after the onset of symptoms were equal, and although milder cases then showed 
a continuous decrease, creatinine  levels  increased suddenly at day 7  in severe cases.  (From Krautkrämer E, Zeier M, Plyusnin A: Hantavirus 
infection: an emerging infectious disease causing acute renal failure. Kidney Int 83:23-27, 2013.)
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Because PCR is a highly specific, sensitive, and rapid diag-
nostic method for laboratory SFTS virus diagnosis, the mul-
tiplex RT-PCR assay, which can detect four hemorrhagic 
fever pathogens (SFTS virus, Hantaan virus, Seoul virus, and 
Dengue virus), is clinically useful when available.63

Therapy at present is mostly supportive with the use of 
intravenous fluids and blood. G-CSF and broad-spectrum 
antibiotics are given as needed.56 In the event of AKI, RRT 
should be initiated.

MALARIA
Malaria is the most widespread parasitic disease worldwide: 
in 2013, 200 million people worldwide were infected, 
causing 584,000 deaths.64,64a Malaria is caused by parasites of 
the genus Plasmodium, which are transmitted via the bites of 
infected female Anopheles mosquitoes, inoculating micro-
scopic mobile sporozoites that seek out and invade hepato-
cytes, where they multiply (Figure 81.7).64 The sporozoites 
multiply in the liver, producing merozoites at a factor of 105, 
which then burst and invade red blood cells (RBCs). Illness 
begins when parasite numbers in the circulation reach more 
than 108.64 Five species of Plasmodium can infect and can be 
transmitted by humans. The vast majority of deaths are 
caused by Plasmodium falciparum and Plasmodium vivax, 
whereas Plasmodium ovale and Plasmodium malariae cause a 
generally milder form of malaria that is rarely fatal. The 
zoonotic species Plasmodium knowlesi, which is prevalent in 
Southeast Asia, causes malaria in macaques but can also 
cause severe infections in humans.65 Malaria is common in 
tropical and subtropical regions because rainfall, warm tem-
peratures, and stagnant waters provide an environment that 
is ideal for mosquito larvae. In the Far East, malaria is 
common in rural China, Cambodia, Indonesia, Laos, Malay-
sia, Myanmar, and the Philippines.

In P. falciparum malaria, protuberances emerge on the 
infected erythrocyte 15 hours after invasion, promoting 
adherence to the vascular endothelium. The parasitic  
proteins include ring surface proteins 1 and 2 and P. falci-
parum erythrocyte membrane protein-1 (PfEMP-1), and 
they promote adherence using the endothelial cell recep-
tors CD36, thrombospondin (TSP), and intracellular  
adhesion molecule-1 (ICAM-1) or chondroitin sulfate A.66 

a case-fatality rate of 12% to 30%54 (Figure 81.6). Genetic 
analysis shows that this virus is a novel member of the Bun-
yaviridae family of the viral genus Phlebovirus. Both SFTS 
virus and viral DNA have been isolated from Haemaphysalis 
longicornis ticks, and viral RNA has been detected in Rhipi-
cephalus microplus ticks from domestic animals in China.54 A 
subsequent report of 48 cases of SFTS indicated that within 
a few days of onset, patients exhibited coagulation defects, 
hematuria, and ecchymoses—gastrointestinal bleeding was 
seen in 10%, proteinuria in 98%, azotemia (creatinine 
>150 mmol/L) in 64%, and hepatic dysfunction in 95%—
leading to encephalopathy (48%) and coma (8%). Dialysis 
was required in 23% of the patients; 27% of the patients 
died.55

Since then, 2500 cases of SFTS have been reported from 
11 provinces of China with an average case-fatality rate of 
7.3%.56 This disease has been reported from Japan57 and 
elsewhere,56 and a genetically related virus has been reported 
from the United States.58

A study from Dandong, China, showed the similarity in 
presentation between SFTS (Phlebovirus) and HFRS 
(Hantaan virus and Seoul virus) and the need for serologic 
diagnosis (IgM and IgG for hantavirus) and PCR for the 
detection of SFTS.44 Notably, enlarged lymph nodes were 
observed only in the SFTS cases (44%). AKI was more prom-
inent in the hantavirus cases than in the SFTS virus cases 
(85% vs. 23%).44

The immune response to SFTS shows that CD3+ and 
CD4+ T lymphocyte counts are lower than normal and that 
natural killer (NK) cell counts are increased.59 NK cells 
produce interferon, tumor necrosis factor α (TNF-α), 
interleukin-10 (IL-10), and granulocyte-colony stimulating 
factor (G-CSF).60 Serum from patients contains nearly unde-
tectable levels of interferon-β, one of the defense mecha-
nisms of the host’s innate immune system.61 Several 
proinflammatory cytokines that are associated with the 
severity of SFTS are abnormally expressed in a cytokine 
storm.62

Specific antibodies to the SFTS virus are detectable after 
7 days and are usually detected by ELISA; IgM becomes 
undetectable at 4 months, and IgG is detectable for up to 4 
years.56 A fourfold rise in antibody titer indicates infection. 

Figure 81.5  Hantavirus infection disrupts cell-to-cell contacts.  Human  renal  glomerular  endothelial  cells  were  infected  with  European 
hantavirus, Puumala, and analyzed for the expression of hantaviral N antigen  (red) and localization of the tight  junction marker protein ZO-1 
(green) by immunofluorescence. Left, Uninfected human renal glomerular endothelial cells with well-organized cell-to-cell contacts forming an 
intact monolayer. Right, Infected cells display hantavirus-induced changes at their margins, with a discontinuous staining of ZO-1 and break-
down of the endothelial barrier function.  (From Krautkrämer E, Zeier M, Plyusnin A: Hantavirus infection: an emerging infectious disease causing 
acute renal failure. Kidney Int 83:23-27, 2013.)
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the blood supply to vital organs. The classic symptom of 
malaria is a paroxysm—a cyclic occurrence of sudden cold-
ness followed by shivering and then fever and sweating, 
occurring every 2 days (tertian fever) in P. vivax and 
P. ovale infections and every 3 days (quartan fever) for 
P. malariae. P. falciparum infection can cause recurrent fever 
every 36 to 48 hours or a less pronounced and almost 
continuous fever.

Severe disease results from cytoadherence of erythrocytes 
(many parasitized), causing organ damage, altered con-
sciousness, ARDS, hypotension, metabolic acidosis, hepatic 
failure, hypoglycemia, coagulopathy, severe anemia or 
massive intravascular hemolysis, hemoglobinuria, and AKI. 
AKI is a feature of blackwater fever, in which hemoglobin 
from lysed RBCs appears in the urine. AKI is one of the most 
dreaded complications of severe malaria.

Malarial AKI is found in up to 4.5% of the native patients 
of endemic areas, whereas in nonimmune individuals, 
usually of European ancestry, AKI occurs in as many as 30% 
of cases.69 According to a study by Kanodia and associates 
of 100 hospitalized patients with malarial AKI from India, 

Parasite-infected erythrocytes are less pliable, contributing 
to capillary plugging and decreased tissue perfusion.67 Pro-
inflammatory cytokines, such as IL-1β and tumor necrosis 
factor-α (TNF-α), upregulate adhesion molecules. Adher-
ence causes sequestration of parasite-infected RBCs into 
vital organs and allows parasites to interfere with tissue  
perfusion, metabolism, and endothelial function. In  
experimental models, P. falciparum merozoite proteins have 
been shown to use a Scr-family-kinase–dependent kinase to 
disrupt endothelial barrier function, causing vascular per-
meability.68 The geographic distributions of sickle cell 
disease and many other hemoglobinopathies are roughly 
similar to the distribution of malaria, suggesting that these 
disorders confer a survival advantage against the disease. 
Similarly, a role for complement receptor 1 has been postu-
lated in which individuals with polymorphisms in the CR1 
gene are protected against severe disease.

Symptoms of malaria include fever, headache, shivering, 
and vomiting. Malaria appears between 10 and 15 days 
after the malaria-containing mosquito bite. If not treated, 
malaria can quickly become life-threatening by disrupting 

Figure 81.6  Geographic distribution of cases of severe fever with thrombocytopenia syndrome (SFTS) in mainland China in 2012. The 
red triangle represents the first SFTS case, in Dingyuan county, Chuzhou city, Anhui province, in September 2006. (From Liu Q, He B, Huang 
S, et al: Severe fever with thrombocytopenia syndrome, an emerging tick-borne zoonosis. Lancet Infect Dis 14:763-772, 2014.)
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nephritis and proliferative and segmental necrotizing glo-
merulonephritis69; however, ATN is the most consistent 
histologic finding.69,73 Glomerular lesions of mesangial 
proliferation are observed at autopsy in the kidneys of  
20% of patients with falciparum malaria (Figures 81.9 and 
81.10).69

Diagnosis is made by thick and thin blood film micros-
copy, but sensitive and specific antibody-based rapid diag-
nostic tests that detect P. falciparum histidine-rich protein 2 
(PfHRP2) antigens in finger-stick blood specimens are now 
performed widely.64

In Asia, parenteral artesunate treatment significantly 
reduces mortality of malarial AKI to 14.7% from the 22.4% 
seen with quinine treatment.64 Resistance to artemisin in 
P. falciparum has emerged in Western Cambodia and on the 
Thailand-Myanmar border.

Severe falciparum malaria is a medical emergency and 
requires intensive care: treatment of fever, seizure control, 
hypoglycemia monitoring, correction of acidosis and  
hyperkalemia, treatment of bacterial confection with  
broad-spectrum antibiotics, treatment of hypotension with 
volume expansion and pressors, and mechanical ventilation 
for deterioration of respiratory status with the early use  
of positive-pressure ventilation.74 AKI should be monitored 
and treated with an RRT, such as hemofiltration, especially 
in the setting of hypotension.75 The use of exchange trans-
fusions has been suggested in the setting of severe 

P. falciparum was the causative organism in 85% of the 
patients, P. vivax in 2%, and both in 13%.70 Patients with 
AKI required dialysis (78%). Sixty-four percent of patients 
with AKI recovered completely, 10% recovered incom-
pletely, and 5% experienced ESKD; death occurred in 21% 
of the patients.70 Predictors of mortality were low hemoglo-
bin, oligoanuria on admission, increased lactic dehydroge-
nase (LDH), hyperbilirubinemia, increased aspartate 
transaminases, elevated alanine transaminases, cerebral 
malaria, DIC, and high serum creatinine.70 Using the RIFLE 
criteria, Thanachartwet and coworkers evaluated 257 
medical records of adult hospitalized patients with severe 
falciparum malaria and found that 73.9% (190 patients) 
had AKI. RRT was required in 11.6% (5 patients) of patients 
with RIFLE-I disease and 44.9% (48 patients) of patients 
with RIFLE-F disease. The in-hospital mortality gradually 
increased with the severity of AKI. Therefore, the RIFLE 
criteria can be used to diagnose AKI and predict outcomes 
in patients with severe malaria.71

The clinical features of malarial AKI consist of jaundice 
(75%); anemia (70%); thrombocytopenia (70%), which 
may progress to frank DIC; hypotension due to reduced 
peripheral vascular resistance (20%); proteinuria, usually 
less than 1 gram per 24 hours (60%); hyponatremia (55%) 
and hyperkalemia; lactic acidosis, hemolysis, and rhabdo-
myolysis69,72 (Figure 81.8). Various histologic lesions have 
been associated with malarial AKI, including interstitial 

Figure 81.7  Life cycle of Plasmodium falciparum in the human body and the anopheline mosquito. The cycle begins with inoculation of 
motile sporozoites into the dermis (A; magnified), which then travel to the liver (B); each sporozoite invades a hepatocyte and then multiplies. 
After about a week, the liver schizonts burst, releasing into the bloodstream thousands of merozoites, which invade red blood cells and begin 
the asexual cycle (C). Illness starts when total asexual parasite numbers in the circulation reach roughly 100 million. Some parasites develop 
into sexual forms (gametocytes). Gametocytes are taken up by a feeding anopheline mosquito (D) and reproduce sexually, forming an ookinete 
and then an oocyst in the mosquito gut. The oocyst bursts and liberates sporozoites, which migrate to the salivary glands to await inoculation 
at the next blood feed. The entire cycle can take roughly 1 month. Estimated numbers of parasites are shown in boxes—a total body parasite 
burden of 1012 corresponds to roughly 2% parasitemia in an adult. (From White NJ: Malaria. Lancet 383:723-735, 2014.)
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DENGUE VIRAL INFECTION
Dengue, a systemic viral infection that is transmitted between 
humans by Aedes mosquitoes, is a leading cause of illness 
and death in the tropics and subtropics, with a large burden 
in many of the countries in the Far East.77 As many as 
400 million people are infected yearly. Dengue is caused  
by four viral serotypes of the genus flavivirus (DENV-1 to 
DENV-4).78

After an incubation period of up to 8 days after a mos-
quito bite, symptoms may appear that include fever, head-
ache, muscle and joint pain, and a characteristic rash that 
is similar to measles, lasting up to 7 days. In a small propor-
tion of cases, the disease develops into the life-threatening 
dengue hemorrhagic fever (DHF), resulting in bleeding, 
thrombocytopenia, DIC, and blood plasma leakage, as evi-
denced by hemoconcentration, hypoproteinemia, pleural 
effusions, and ascites, or into dengue shock syndrome 
(DSS), in which systemic vascular leaks and severe hypoten-
sion occur and fluid resuscitation is required.79 Patients with 
dengue infection may also experience hepatitis, neurologic 
disorders, and myocarditis. If this infection is left untreated, 
the mortality rate may reach 20%; intravenous hydration 
may reduce the rate to less than 1%78(Table 81.5). Since 
2009, a revised World Health Organization (WHO) classifi-
cation has replaced the previous designations with just two 
categories: dengue with and without warning signs, and 
severe dengue.78

Dengue is transmitted by several species of mosquito 
within the genus Aedes, principally Aedes aegypti.78 The virus 
has four different types; infection with one type usually 
confers lifelong immunity to that type but only short-term 
immunity to the others. Subsequent infection with a differ-
ent type increases the risk of severe complications. Because 
there is no commercially available vaccine and no specific 
antimicrobial therapy, prevention aims at reducing the 
habitat and the number of mosquitoes and limiting expo-
sure to bites.

Figure 81.8  Manifestations of severe falciparum malaria by age 
in children associated with central nervous system involvement, 
acidosis, and uremia. Data from 3228 prospectively studied African 
children with severe falciparum malaria. Uremia here is defined as a 
blood urea nitrogen level higher than 7.14 mmol/L. The percentages 
denote the observed mortality associated with the presenting signs. 
(From White NJ: Malaria. Lancet 383:723-735, 2014; data from von 
Seidlein L, Olaosebikan R, Hendriksen IC, et al: Predicting the clinical 
outcome of severe falciparum malaria in African children: findings from 
a large randomized trial. Clin Infect Dis 54:1080-1090, 2012.)
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parasitemia to prompt a reduction of the parasite load, 
correct anemia, and eliminate cytokines, but this approach 
remains controversial.76 Despite optimal treatment, the 
mortality in patients with greater than 10% parasitemia 
ranges from 20% to 40% in the context of impaired cerebral 
or kidney function and approaches 80% in the presence of 
ARDS.76
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comorbid conditions.88 A multivariable analysis showed that 
DSS was an independent risk factor for the development of 
AKI in patients with DHF.85,88

The diagnosis of acute dengue virus infection is most 
frequently accomplished serologically. For an acute-phase 
serum specimen that is obtained 3 days or more after the 
onset of illness, an IgM immunoassay (IgM antibody capture 
ELISA [MAC-ELISA] or equivalent) is the procedure of 
choice for rapid diagnosis. If the acute-phase sample that 
was obtained within the first 3 days after the onset of 
illness has a negative IgM assay result, testing for the pres-
ence of the dengue viral RNA or NS1 antigen is performed. 
To confirm a positive IgM result or if the result of initial 
testing is negative in a patient with suspected dengue virus 
infection, a convalescent-phase serum sample should be 
obtained at least 10 to 14 days after acute-phase serum 
collection. The acute and convalescent specimens should 
be analyzed together with a hemagglutination inhibition 
(HI) assay or enzyme immunoassay for definitive serologic 
testing.78

SEVERE ACUTE RESPIRATORY SYNDROME
Severe acute respiratory syndrome (SARS) began as a highly 
infectious atypical pneumonia caused by the SARS corona-
virus (SARS-CoV) between November 2002 and July 2003 
(Figure 81.11).89,90 The SARS outbreak emerged in southern 
China but eventually caused 8273 cases and 775 deaths in 
multiple countries, with the majority of cases in Hong 
Kong.91 In the initial months, many of the affected 

Dengue infection has been associated with a variety of 
kidney disorders. Proteinuria has been detected in as many 
as 74% of patients with severe dengue infection.80 Hema-
turia has been reported in up to 12.5% of patients.81 
Various types of glomerulonephritis have been reported 
during or shortly after dengue infection in humans and 
in mouse models of dengue infection. Mesangial prolifera-
tion and immune complex deposition are the dominant 
histologic features of dengue-associated glomerulonephri-
tis.82 On rare occasions, dengue infection is associated 
with IgA nephropathy and lupus nephritis, and one patient 
has been reported to have anti–glomerular basement mem-
brane (anti-GBM) antibody disease with antineutrophil 
cytoplasmic antibody (ANCA) and myeloperoxidase (MPO) 
specificity.83 Severe dengue infection, particularly DHF and 
DSS, may give rise to multiorgan failure. AKI is a potential 
complication of severe dengue infection and is typically 
associated with hypotension, rhabdomyolysis, or hemoly-
sis.84 The prevalence of AKI varies, reported to be 0.9% 
in Thai children, 1.6% among 617 children with DHF in 
Colombia, 3.3% in hospitalized adults with DHF, 4.9% in 
81 Chinese patients with DHF/DSS, and 5% in patients 
with DHF in Qatar.85-87

The development of AKI in patients with dengue infec-
tion is associated with increased mortality. In Thailand, the 
prevalence of AKI in fatal DHF was 33.3%, compared with 
0.3% in all cases of DHF.88 In a retrospective study, 60% of 
hospitalized patients with DHF and AKI died88; these patients 
were predominantly male and elderly and had other 

Figure 81.10  Renal lesions associated with malarial acute kidney injury. A, Acute tubular necrosis (note the remarkable epithelial disrup-
tion, red blood cells in the tubular lumen and interstitial edema, and cellular infiltration). B, Acute interstitial nephritis. C, Proliferative glomeru-
lonephritis. D, Segmental necrotizing glomerulonephritis. (From Barsoum RS: Malarial acute renal failure. J Am Soc Nephrol 11:2147-2154. 2000.)
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yielded a SARS-CoV–like virus with 99% homology to the 
human SARS-CoV–like virus;94 workers who handled the 
animals in these wet markets had antibodies to the animal 
SARS–like virus, although they did not have SARS disease, 
making it likely that these wet markets provide an interface 
for the transmission of the virus to humans.95 Evidently, the 
animal precursor SARS-CoV–like virus adapted to more effi-
cient human-to-human transmission, and SARS arose.95 The 
major routes for the transmission of SARS are droplet infec-
tion, aerosolization, and fomites.89 The initial symptoms are 
flulike and include lower respiratory tract symptoms such as 
fever, myalgia, lethargy, cough, and a sore throat.96 The only 
symptom common to all patients appears to be a fever above 
38° C (100°F). Some patients have presented with diarrhea 
and hepatic dysfunction.97 Laboratory evaluation shows 
decreased platelet counts, profound lymphopenia (T cell 
with decreased CD4+ and CD8+ cells), liver function abnor-
malities, and prolonged coagulation profile (DIC).89 Chest 
radiography shows infiltrates or a ground-glass appearance. 
Thirty percent of individuals with SARS require ICU man-
agement; the overall fatality rate is 15%, progressively 
increasing with age, with patients older than 65 years 
showing a mortality rate of more than 50%.89

The WHO and CDC issued criteria for the definition of 
SARS.96,97a The case definition consists of a history of fever 
or documented fever, one or more symptoms of lower respi-
ratory tract illness (cough, difficulty breathing, and short-
ness of breath), and radiographic evidence of lung infiltrates 
consistent with pneumonia or ARDS or autopsy findings 
consistent with the pathology of pneumonia or ARDS 
without an identifiable cause and no alternative diagnosis 
fully explaining the illness. The required laboratory diag-
nostic tests include one or both of the following: detection 
of the virus (RT-PCR) by an assay for viral RNA present in 
two separate samples and virus culture from any clinical 
specimen. The detection of antibody (an increase in anti-
body titer, either from negative to positive or at least a 
fourfold increase) is performed by ELISA and/or IFA.

Chu and colleagues examined the records of 536 indi-
viduals who were diagnosed with SARS using the case defini-
tion and admitted to a Hong Kong hospital.98 Among these 
536 patients with SARS, 36 (6.7%) had AKI, which occurred 
for a median duration of 20 days (range 5-48 days) after the 
onset of viral infection, despite a normal plasma creatinine 
concentration at presentation, and in the context of multi-
organ failure and ARDS. A total of 92% of those with AKI 
died. Death due to SARS occurred more often in patients 
with AKI than in those without (92% vs. 9%; P < 0.0001). 
Kidney pathology evaluation in 7 patients with SARS (who 
underwent postmortem examination) showed ATN in 6 
(86%) patients. SARS-CoV has never been successfully  
isolated from the postmortem kidney tissue of infected 
patients.99 With these findings considered, the etiology of 
SARS AKI seems more likely related to the systemic inflam-
matory response in the context of multiorgan failure than 
to kidney viral infection per se.100

OPISTHORCHIASIS
Opisthorchiasis is a parasitic disease caused by species of 
liver flukes in the genus Opisthorchis (specifically, Opisthorchis 
viverrini and Opisthorchis felineus). Opisthorchiasis is preva-
lent in geographic regions in which raw cyprinid fishes  

Table 81.5 Clinical Manifestations and 
Laboratory Confirmation of  
Dengue Infection

Dengue Fever (DF) Acute febrile illness with ≥ 2 of the 
following:

•  Headache
•  Retro-orbital pain
•  Myalgia
•  Rash
•  Hemorrhagic manifestations
•  Leukopenia

Dengue 
Hemorrhagic Fever 
(DHF)

All of the following must be present:
1.  Fever, lasting 2 to 7 days, 

occasionally biphasic
2.  Hemorrhagic manifestations with at 

least one of the following:
•  Positive tourniquet test result
•  Petechiae, ecchymoses, or 

purpura
•  Bleeding from mucosa, 

gastrointestinal tract, injection 
sites, or other locations

•  Hematemesis or melena
3.  Thrombocytopenia (≤100,000 red 

blood cells/mm3)
4.  Evidence of plasma leakage 

manifested as at least one of the 
following:
•  Increase in the hematocrit level 

20% for age, sex, and population
•  Decrease in the hematocrit after 

volume replacement ≥ 20% of 
baseline

•  Signs of plasma leakage, such 
as pleural effusion, ascites, and 
hypoproteinemia

Dengue Shock 
Syndrome (DSS)

Criteria for DHF associated with:
•  Tachycardia
•  Pulse pressure < 20 mm Hg
•  Hypotension for age
•  Cold skin
•  Restlessness

Laboratory Criteria 
Confirmation

At least one of the following:
•  Isolation of dengue virus from 

serum or autopsy samples
•  ≥Fourfold change in 

immunoglobulin G or M antibody 
specific to dengue virus

•  Detection of dengue virus in tissue, 
serum, or cerebrospinal fluid by 
immunohistochemistry, 
immunofluorescence, or enzyme-
linked immunosorbent assay

From Lizarraga KJ, Nayer A: Dengue-associated kidney 
disease. J Nephropathol 3:57-62, 2014.

individuals had had contact with the live animal game 
trade.92 The etiologic agent of SARS was identified as a 
coronavirus that was not previously observed to cause disease 
in humans.93 Specimens that were collected from apparently 
healthy animals in the wild game market in Guangdong 

http://www.myuptodate.com


 CHAPTER 81 — THE FAR EAST 2523

opisthorchiasis do show development of mesangiocapillary 
glomerulonephritis that is characterized by immune 
complex deposition and IgG and C3 deposition with opis-
thorchiasis antigen.110 A corollary to the findings in the 
hamster model system has been reported after the examina-
tion of individuals in seven villages with high opisthorchiasis 
transmission along the Chi River Basin in Khon Kaen, Thai-
land. Urinary IgG to opisthorcis antigen is an effective bio-
marker for ultrasonography-detected advanced periductal 
fibrosis (adjusted odds ratio [OR], 6.69; 95% confidence 
interval [CI], 2.87 to 15.58) and cholangiocarcinoma 
(adjusted OR, 71.13; 95% CI, 15.13 to 334.0), providing an 
inexpensive screening method for the pathologic detection 
of affected individuals.111

ACUTE KIDNEY INJURY DUE TO  
TOXINS AND CHEMICALS

SNAKEBITE
The number of snakebites that occur globally each year may 
be as high as 5 million, with the majority in South Asia, 
Southeast Asia, and Sub-Saharan Africa, resulting in as many 
as 94,000 deaths.112 The affected regions often include rural 
areas lacking medical facilities. Kidney involvement has 
been observed in victims of bites from snakes belonging to 
three families, Elapidae, Viperidae, and Colubridae (Table 
81.6).113 In tropical Asia, bites of Russell’s viper and the saw-
scaled viper are most common. The other snakes that have 
been reported to cause kidney toxicity include sea snakes, 
green pit vipers, and hump-nosed pit vipers.114

are a staple of the human diet.101-103 These parasites cause 
immense suffering to tens of millions of people; more than 
600 million in total are at risk of infection. The prevalence 
of human infection can be as high as 70% in some regions, 
for example, in Khon Kaen Province in Thailand.104 In the 
Lao People’s Democratic Republic, the prevalence of opis-
thorchiasis was 40% in 1992, with infection of approximately 
1,744,000 people. O. felineus is prevalent in Vietnam, the 
Philippines, and India, whereas O. viverrini is common in 
Thailand, Laos, and Cambodia. Humans become infected 
by consuming raw or undercooked fish. This infection can 
be eliminated by the drug praziquantel; however, despite 
efforts at mass drug administration in northeast Thailand, 
opisthorchiasis prevalence remains high.105

This parasite establishes itself in the bile ducts of the liver 
as well as the extrahepatic ducts and the gallbladder of the 
mammalian (definitive) host.104 The liver is the affected 
organ, with parasites lodging in the biliary tract. Experimen-
tal and epidemiologic evidence links these opisthorchis 
infections to the etiology of cholangiocarcinoma and 
advanced periductal (bile duct) fibrosis.106-108 In the setting 
of obstructive jaundice due to cholangiocarcinoma, AKI 
frequently occurs.109 AKI is observed in 49% of patients with 
cholangiocarcinoma and severe jaundice. Multiple factors 
are responsible for the development of AKI, including hypo-
volemia, endotoxemia, cardiac dysfunction, hypotension, 
hyperbilirubinemia, and hyperuricosuria. Hyponatremia 
and hypokalemia secondary to natriuresis and kaliuresis are 
frequently observed.

Although renal disease has not been considered a critical 
pathology of chronic opisthorchiasis, hamster models of 

Figure 81.11  The global spread of severe acute respiratory syndrome (SARS). The number of probable cases of SARS and the date of 
onset of  the first case  in each country  (or group of countries)  is denoted. The countries with notes  in  red are  those where substantial  local 
transmission occurred. The data are based on World Health Organization table “Summary of probable SARS cases with onset of illness from 
1 November 2002  to 31 July 2003”  (available at  http://www.who.int/csr/sars/country/table2004_04_21/en_21/en/print.html).  (From Peiris JS, 
Guan Y, Yuen KY: Severe acute respiratory syndrome. Nat Med 10:S88-S97, 2004; and Christian MD, Poutanen SM, Loufty MR, et al: Severe acute 
respiratory syndrome. Clin Infect Dis 38:1420-1427, 2004.)
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East Asia, the ingestion of raw carp bile is traditionally 
believed to improve visual acuity, stop coughing, and 
decrease fever. The amount of bile that is ingested, ranging 
from 15 to 30 mL, can cause toxicity. Poisoning symptoms, 
which occur 10 minutes to 12 hours after ingestion, include 
abdominal pain, nausea, vomiting, and diarrhea, followed 
by jaundice in 62% and AKI in 54% of patients.130 Bradycar-
dia and convulsions may be observed. Hematuria is observed 
in 77% of patients. Oliguria can occur 2 to 48 hours after 
ingestion, and the duration of renal failure is 2 to 3 weeks. 
AKI is attributed to the nephrotoxicity of cyprinol, a bile 
alcohol in the bile and bile acid.131 Volume depletion from 
diarrhea may be a contributing factor.

DJENKOL BEANS
Djenkol beans (Pithecellobium lobatum and Pithecellobium 
jiringa) are consumed by people in Southeast Asian coun-
tries, especially Indonesians, Malaysians, and Thais.132 These 
beans are considered a delicacy and are eaten raw, fried, 
boiled, or roasted. AKI due to djenkolic acid in the bean 
occurs after the ingestion of the raw beans (often more 
than five beans) with a low fluid intake. However, suscep-
tibility varies among individuals. Toxicity may be caused 
by a single bean for some individuals but by 20 beans in 
others. There is also variation in the djenkolic acid content 
in beans from various sources. The consumption of boiled 
beans does not cause toxicity because djenkolic acid is 
removed by this process. Poisoning symptoms occur 2 to 
6 hours after the beans are ingested and include abdominal 
discomfort, nausea, vomiting, loin pain with colic, dysuria, 
gross hematuria, and oliguria.133 Hypertension may be 
present. In one report of 22 patients with djenkol bean 
poisoning, dysuria was noted in 77%, hematuria in 68%, 
proteinuria in 45%, hypertension in 36%, and AKI in 
55%.134 Needle-like crystals of djenkolic acid are observed 
in the urine; kidney biopsy reveals focal areas of ATN.134 
AKI is attributed to mechanical irritation and to the obstruc-
tion of renal tubules and the urinary tract by djenkolic 
acid crystals. Urolithiasis can occur. Treatment requires 
hydration and urine alkalinization with sodium bicarbonate 
to increase djenkolic acid solubility.134 Most patients recover 
within a few days.

STAR FRUIT
The ingestion of star fruit (Averrhoa carambola) as a cause of 
oxalate nephropathy was first described in Taiwan.135 Drink-
ing a large quantity of pure fresh star fruit juice can cause 
nausea, vomiting, abdominal pain, backache, and oliguric 
AKI. The development of renal failure is determined by the 
content of oxalate in each fruit and the state of hydration 
of the individual. The high oxalate content of the star fruit 
and renal pathologic changes showing diffuse calcium 
oxalate deposition suggest oxalate nephropathy. One study 
indicated that apoptosis is the mode of renal tubular cell 
death.136 Patients with CKD should be warned against inges-
tion of even small amounts of star fruit, which may result in 
AKI.137

TOXIC MUSHROOMS
Amanita, Cortinarius, and Galerina mushrooms are nephro-
toxic. Amatoxin, phallotoxin, and orellanine are among the 
toxic substances that have been implicated.138-140 Amatoxin 

Proteinuria, hematuria, and AKI are among the common 
clinical renal manifestations of snakebites.114 Cobra venom 
causes proteinuria in rats following intrarenal injection.115 
The geographic variation and the species of snake are 
important factors; proteinuria generally disappears as 
patients recover. Nephrotic syndrome has been described.116 
Hematuria may occur as a result of coagulation defects and 
vascular injury; extracapillary proliferative glomerulone-
phritis has been reported.117,118 AKI occurs in 5% to 29% of 
snakebites.119,120 The pathogenesis of AKI following snake-
bites includes bleeding, hypotension, circulatory collapse, 
intravascular hemolysis, DIC, microangiopathic hemolytic 
anemia, hemolytic uremic syndrome, rhabdomyolysis, and 
the direct nephrotoxicity of venom. Monospecific antivenin 
administration is the treatment of choice; plasmapheresis 
and plasma exchange can be used when antivenin is not 
available.121,122 Dialysis has been used successfully to treat 
snakebite AKI.123 Death can occur in 1% to 20% of cases.113

INSECT STINGS
Wasps and bees are venomous arthropods belonging to the 
order Hymenoptera.124 The order consists of three families: 
Apidae (bees), Vespidae (wasps), and Formicidae (ants). 
Most wasp or bee sting victims do not seek medical attention 
owing to the minor, self-limiting, and localized nature of 
symptoms. Wasp and bee stings are associated with a wide 
variety of reactions, ranging from mild local reactions (such 
as edema, erythema, and urticaria) to fatal systemic compli-
cations (such as anaphylactic shock, hemolysis, rhabdomy-
olysis, AKI, myocardial infarction, acute hepatic failure, and 
encephalitis). AKI is among the rare but important life-
threatening complications of insect stings that forces 
patients to seek medical care. AKI usually develops only 
after multiple stings, often in relation to rhabdomyolysis 
and hemolysis.125 The usual underlying lesion is ATN125 
occasionally with interstitial nephritis,126 and the course is 
generally characterized by recovery.

Xuan and colleagues reported a study from Vietnam of 
65 patients who were attacked by swarming hornets, in 38 
(59%) of whom AKI developed, 29 (76%) requiring dialy-
sis.127 These investigators reported that the patients who 
experienced more than 50 stings had a high mortality 
(19%), 90% had AKI, and 22% had shock. Shock, which 
appeared to develop 2 to 3 days after the wasp stings, had a 
particularly poor prognosis (4/7 patients, or 57%, died). In 
contrast, Zhang and associates reported a retrospective 
analysis of 103 patients from China who were admitted with 
multiple wasp stings (>50 stings), in 81 (79%) of whom 
oliguric AKI developed. Of the 75 patients with AKI avail-
able for follow-up, only 7 (9.3%) died, and 8 (10.7%) went 
on to have CKD.128

A host of kidney injury effects due to animal toxins  
from scorpions, spiders, jellyfish, and centipedes has  
been reported; they have been reviewed by Sitprija and 
coworkers.129

RAW CARP BILE
The raw bile of carp from the family Cyprinidae, which 
includes the grass carp (Ctenopharyngodon idellus), the 
common carp (Cyprinus carpio), the silver carp (Hypophthal-
michthys molitrix), the black carp (Mylopharyngodon piceus), 
and the bighead carp (Aristichthys nobilis), is nephrotoxic. In 
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complications of CKD, and the availability of medical help 
vary greatly because of differences in genetics, environment, 
cultures, and socioeconomics. The early identification of 
CKD and the control of its risk factors are critical to prevent-
ing rapid progression and to reducing the risk of cardiovas-
cular morbidity and mortality.

Serum creatinine-based GFR estimation (eGFR) is widely 
used to assess kidney function in clinical practice and for 
epidemiologic studies. The method that is used for eGFR 
calculation was first developed by the Modification of Diet 
in Renal Disease (MDRD) Study Group in a North Ameri-
can sample. This equation includes a coefficient for people 
of African ethnicity. Several studies have tested the validity 
of the MDRD equation in the Asian population. Zuo and 
colleagues reported that in Chinese patients, the GFR that 
was estimated by the MDRD study equation was significantly 
lower than the measured GFR in CKD stages 1 and 2 and 
significantly higher than the measured GFR in CKD stages 
3, 4, and 5.148 In healthy Korean subjects, the MDRD equa-
tion was also found to underestimate the measured GFR.149 
Modifying the racial coefficient for the MDRD equation has 
been attempted to improve the estimation of the GFR in 
Chinese150 and Japanese151 populations. However, a 30% dif-
ference in the reported coefficients between Chinese and 
Japanese population has been observed.152 Although the 
GFR that is calculated by the MDRD equation has limita-
tions with respect to the accuracy of serum creatinine deter-
mination and patient ethnicity, it is a practical index and is 
widely used in staging CKD.

According to available data, the prevalence of CKD in Far 
East countries and regions varies from 8% to 17% of the 
population. These differences may come from the hetero-
geneity in the populations that are screened, the methods 
that are used to determine the glomerular filtration rate, 
and proteinuria assays.

Zhang and associates reported a cross-sectional survey 
of a nationally representative sample of Chinese adults 
with 47,204 participants.153 CKD was defined by either an 
eGFR less than 60 mL/min/1.73 m2 using the adjusted 
MDRD equation or the presence of albuminuria.150 The 
adjusted prevalence of eGFR less than 60 mL/min/1.73 m2 
was 1.7% (95% CI, 1.5 to 1.9), and that of albuminuria 
(>30 mg/g creatinine) was 9.4% (95% CI, 8.9 to 10.0). 
The overall prevalence of CKD was 10.8% (95% CI, 10.2 
to 11.3)154 On the basis of these data, the estimated number 
of people with CKD in China is 119.5 million (95% CI, 
112.9 to 125.0)153 (Table 81.7). The prevalence of CKD 
was higher in the north (16.9%) and southwest (18.3%) 
regions than in the other regions in China. In Japan, a 
survey of 574,024 participants from the general adult popu-
lation in 2005 showed the following prevalences of CKD 
by stage: 1 (0.6%), 2 (1.7%), 3 (10.5%), and 4 and 5 
(0.2%) (total 12.9%).155 In a study from Taiwan, a nation-
ally representative cohort of 200,000 individuals who were 
randomly sampled from National Health Insurance enroll-
ees was followed from 1996 to 2003. The prevalence of 
clinically recognized CKD (defined as having a diagnostic 
code for CKD present in either an inpatient or outpatient 
service claim form among those who have not reached 
ESKD requiring RRT) increased from 1.99% in 1996 to 
9.83% in 2003. The overall incidence rate from 1997 to 
2003 was 1.35 per 100 person-years.156

inhibits DNA-dependent RNA polymerase II. Phallotoxin 
binds to F-actin and polymerizes G-actin. Orellanine is toxic 
to proximal tubular cells. Clinical presentations of mush-
room toxicity begins with gastrointestinal symptoms, consist-
ing of abdominal pain, nausea, vomiting, and diarrhea 10 
to 14 hours after ingestion, followed by jaundice and renal 
failure. AKI and hepatic injury are severe, with a mortality 
rate of more than 50%. Kidney manifestations may be 
delayed by 1 to 4 days.140 Treatment with acetylcysteine,141 
plasmapheresis, charcoal hemoperfusion, hemodiafiltra-
tion, and dialysis with the Molecular Absorbent Regenerat-
ing System should be performed within 48 hours of 
ingestion.142

Recommendations for patients with amatoxin-containing 
mushroom poisoning include performing gastrointestinal 
decontamination with activated charcoal, aggressively man-
aging fluid losses due to vomiting and diarrhea, disrupting 
the hepatocellular uptake of amatoxins with silibinin 
dihemisuccinate or, if silibinin is not available, high-dose 
intravenous penicillin G, providing antioxidant therapy with 
intravenous N-acetylcysteine, and anticipating and provid-
ing supportive care for fulminant hepatic failure, including 
intensive care in an institution with liver transplantation 
capability.143

MELAMINE
An epidemic of melamine contamination of baby formula 
was reported to be associated with the development of 
urinary tract stones in 2008 in China.144 More than 250,000 
children in China were exposed to the tainted infant 
formula, more than 50,000 were hospitalized, and at least 6 
died.145 Children from other Asian countries, including 
Taiwan, Singapore, and Vietnam, were reportedly exposed 
as well. Melamine was apparently added to milk to falsely 
elevate the protein content determination by the Kjeldahl 
method because this method detects not only the nitrogen 
in protein but also the nitrogen in organic nitrogenous 
compounds such as melamine.146 Infants who were exposed 
to high-melamine formula were 7.0 times as likely to have 
stones as those who were exposed to non-melamine formula. 
Unlike typical urinary tract stones, most of the melamine-
associated stones were not characterized by shadowing on 
ultrasonography.144 An analysis of the stone composition 
demonstrated melamine and uric acid.146

Melamine is an organic base and a trimer of cyanamide 
with a 1,3,5-triazine skeleton containing 66% nitrogen by 
mass.146 Melamine combines with cyanuric acid to form 
melamine cyanurate, which is absorbed into the blood-
stream and excreted by the kidney, provoking tubular 
damage and obstruction. Long-term toxic exposure in 
animals leads to granulomatous tubulointerstitial changes 
and fibrosis.147

CHRONIC KIDNEY DISEASE

As in the rest of the world, CKD is a growing problem in the 
Far East, partly because of the increasing prevalence of 
noncommunicable diseases, such as hypertension and dia-
betes, and partly because the population is aging. In Far East 
countries, the causes of CKD, the risk factors for and 
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patients), 97% of these occurring in less developed coun-
tries. Additionally, these calculations represent only symp-
tomatic poststreptococcal glomerulonephritis, which is a 
fraction of the total number.

Hass reported in 2003 from the United States a rate of 
18% for ultrastructural evidence of IRGN among kidney 
biopsies of patients with diabetic nephropathy.164 Nasr and 
colleagues also reported from the United States on the 
changing clinical picture of IRGN; 109 cases of IRGN in 
patients 65 years or older and diagnosed by kidney biopsy, 
of whom 61% had diabetes mellitus or malignancy.165 The 
sites of infection were skin, pneumonia, and urinary tract; 
the organisms were staphylococci (46%), streptococci 
(16%), gram-negative organisms (12%), and the rest 
unknown. Hypocomplementemia was present in 72% of 
patients, the mean peak creatinine was 5.1 mg/dL, and 46% 
of patients required acute dialysis. Of the 72 patients with 
more than 3 months of follow-up, only 22% achieved com-
plete recovery, 44% had persistent CKD, and 33% pro-
gressed to ESKD. Three reports from the Far East corroborate 
the U.S. findings, describing 36 patients from Thailand,166 
20 patients from Taiwan,167 and 64 patients from China168 
(Table 81.8). The average age was 47, 61, and 29 years, 
respectively; the organisms were both streptococcus and 
non-streptococcus; and a total of 29%, 40%, and 12% of 
patients had CKD, 13%, 20%, and 4% with ESKD, respec-
tively. These findings confirm that IRGN in the Far East 
occurs in adults as well as children; manifests with more 
heterogeneous organisms and sites of infection; and results 
in persistent CKD for many individuals.

Yang and coworkers demonstrated, among 3045 partici-
pants of a Taiwan survey, that individuals with previous 

The etiology of CKD in the Far East area varies in differ-
ent regions. Data from the Chinese Renal Data System, a 
national registry system for patients undergoing dialysis, 
revealed that glomerular disease was the most common 
cause of ESKD (57.4%), followed by diabetic nephropathy 
(16.4%), hypertension (10.5%), and cystic kidney disease 
(3.5%).157 A shift in the epidemiology of kidney disease has 
been observed in China. Among elderly Chinese patients, 
the leading causes of CKD are diabetes mellitus and hyper-
tension.158 Moreover, it is possible that the prevalence of 
diabetic nephropathy in China will continue to increase, 
given the rapid increase in the prevalence of diabetes mel-
litus.159 Diabetic nephropathy now accounts for 46.2% and 
43.2% of cases of ESKD in the more developed regions of 
Hong Kong and Taiwan, respectively.160

CHRONIC KIDNEY DISEASE AFTER INFECTION

Throughout the industrialized and developing world, the 
incidence of infection-related glomerulonephritis (IRGN) 
has decreased in the past five decades.161,162 These trends 
relate to early and effective antibiotic use; the increasing 
improvements in living conditions, nutrition, and general 
sanitation; and the practice of water fluoridation, which has 
been shown to attenuate the expression of Streptococcus pyo-
genes virulence factors.163 Carapetis and associates estimated 
the incidence of poststreptococcal glomerulonephritis in 
less developed countries and more developed countries, 
respectively, at 24.3 cases and 6 cases per 105 person-years 
in children and at 2 and 0.3 cases per 105 person-years in 
adults. These values represent a total of about a half million 
new cases worldwide annually, with a 1% death rate (5000 

Table 81.7 Chonic Kidney Disease (CKD) Epidemics in the United States and China

United States China

Number of people with CKD (% of 
population)

26.3 million (13.1%) 119.5 million (10.8%)

Prevalence of CKD types (%):
  1 1.78 5.70
  2 3.24 3.40
  3 (a and b) 7.69 1.60
  4 0.35 0.10
  5 0.03
  5d 0.18
Incidence of end-stage kidney 

disease
362.4 cases per 1 million people per year; rate 

of increase slowing
80 cases or more per 1 million people per 

year, with likely exponential acceleration
Renal replacement therapy Third highest prevalence of CKD stage 5/

dialysis or transplantation worldwide
Disproportionately rare, but frequency rapidly 

increasing
Cost of end-stage kidney disease US$39.46 billion per year in public and private 

spending7

Main cause Diabetes mellitus (roughly 50%) and 
hypertension (roughly 25%)7

Unknown; diabetes mellitus is probably a 
major contributor

Number of kidney transplantations7 17,413 per year
Timing of start of dialysis Tends to be early (eGFR 10-15 mL/min/ 

1.73 m2). Low-protein diets or keto-analogs 
used much less to slow CKD progression

Tends to be late (eGFR <10 mL/min/1.73 m2). 
Replacement renal therapy alternatives 
more likely than in U.S. (e.g., dietary 
intervention or uremic toxin modulation)

eGFR, Estimated glomerular filtration rate.
Adapted from Kovesdy CP, Kalantar-Zadeh K: Enter the dragon: a Chinese epidemic of chronic kidney disease? Lancet 379:783-785, 

2012.
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Figure 81.12  Chronic kidney disease (CKD) and leptospirosis in Taiwan. A, Prevalence of CKD according to positive (+; ≥100) or negative 
(−; 0) results of the microscopic agglutination test  in a 2007 population-based survey (n = 3045). B, Prevalence of CKD stages according to 
MAT results. **P < 0.001. Higher CKD prevalence was found in patients with previous exposure to Leptospira infection, as indicated by positive 
MAT result. (From Dr. Chih-Wei Yang, personal communication, April 2015.)
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Table 81.8 Clinical Spectrum of Non-epidemic Infection-Related Glomerulonephritis in Adults

Study

Srisawat et al166 Wen et al167 Luo et al168

Period of study 1998-2005 2000-2008 2000-2009
Country Thailand Taiwan China
No. of pts 36 20 64
Biopsy incidence (%) NA NA NA
Median age (years) 47 NA (mean 61) 29
Male : Female 1 : 1.3 2.3 : 1 1.5 : 1
Percentage of pts with alcoholism NA NA 2
Percentage of pts with diabetes NA NA 2
Most common sites of infection NA Skin (20%)

Endocarditis (20%)
Lung (15%)
Bone/joint (15%)
Urinary tract (15%)

Upper respiratory tract (67%)
Skin (20%)

Most common bacteria Streptococcus (22%)*
Non-streptococcus† (78%)

Staphylococcus (60%)*
Streptococcus (15%)

Streptococcus (67%)*
Non-streptococcus† (33%)

Percentage of pts without clinical evidence 
of infection

NA 5 NA

Duration of follow-up in months (mean) NA 27 12-118 (42)
Normal renal function (compete recovery) (%) 71 30 86
Persistent renal dysfunction (%) 16 20 8
End-stage kidney disease (%) 13 20 4
Death (%) NA 30 0
Correlates of renal outcome by multivariate 

analysis
NA NA Underlying disease

NA, Not applicable; pts, patients.
*Determined by elevated anti–streptolysin O titers and/or culture.
†Type of nonstreptococcal infection not known.
From Nasr SH, Radhakrishnan J, D’Agati VD: Bacterial infection related glomerulonephritis in adults. Kidney Int 83:792-803, 2013.

Leptospira exposure (as measured by a MAT titer of ≥100) 
had a lower eGFR (98 ± 0.4 vs. 100.8 ± 0.6 mL/min/1.73 m2; 
P < 0.001) and a higher percentage of CKD stages 3a to 5 
(14.4% vs. 8.5%) than those without Leptospira exposure 
(Dr. Chih Wei Yang, personal communication April 2015) 
(Figure 81.12). These findings are consistent with those 

from a long-term study of individuals with AKI due to lep-
tospirosis in Sri Lanka, in which 4 of 44 patients (9%) had 
persistently abnormal kidney function after 1 year consis-
tent with CKD stage 3.169 It is unclear, at present, whether 
the nature of the kidney injury in these individuals with 
leptospirosis infection is related to AKI or to interstitial 
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prediabetes in China shows no sign of abating.171 The high 
prevalence of diabetes may also translate into a major epi-
demic of diabetes-related complications, including CKD.

GLOMERULONEPHRITIS

PRIMARY GLOMERULONEPHRITIS
Primary glomerular diseases (PGDs) are the most common 
renal diseases in Far East countries. According to data from 
a single center in China, among 8909 kidney biopsy speci-
mens from 1997 to 2011, 6337 (71.13%) were diagnosed as 
showing primary glomerular disease. IgA nephropathy 
(IgAN) was the most common PGD (36.66%). The fre-
quency of membranous nephropathy (MN) increased 

nephritis. These data, however, underscore the role of infec-
tion in the burden of CKD in the Far East as well as 
worldwide.

DIABETES MELLITUS

According to the WHO, as of 2010, an estimated 285 million 
people worldwide had diabetes, 90% of whom had type 2 
diabetes mellitus. This incidence is increasing rapidly world-
wide, and by 2030, the prevalence is projected to be 439 
million.170 In China, studies have reported a prevalence of 
type 2 diabetes of 9.7% to 11.6% of the adult population, 
with an estimated 92 to 113.9 million affected individuals 
(Figure 81.13).159 Importantly, the epidemic of diabetes and 

Figure 81.13  Age-specific prevalences of diabetes and prediabetes among Chinese adults 20 years or older. The prevalences of total 
diabetes (A) and prediabetes (C) among men and women are shown, according to age. The crude and age-standardized prevalences of total 
diabetes and prediabetes among men and women are shown  in B  and D,  respectively. Total diabetes  includes both previously diagnosed 
diabetes and previously undiagnosed diabetes. Prediabetes was defined as impaired fasting glucose or impaired glucose tolerance test result. 
Error bars indicate 95% confidence intervals. (From Yang W, Lu J, Weng J, et al: Prevalence of diabetes among men and women in China. N Engl 
J Med 362:1090-1101, 2010.)
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hypercellularity also had higher proteinuria, lower eGFR 
value, and higher mean blood pressure than those whose 
glomeruli had less endocapillary hypercellularity. Mesangial 
hypercellularity and tubular atrophy and interstitial fibrosis 
were independent predictors of the lack of therapeutic  
efficacy of renin angiotensin aldosterone system (RAAS) 
blockade alone. Crescents were not significant in predict-
ing prognosis or in therapeutic efficacy.177 Tanaka and col-
leagues from Japan reported that proteinuria (hazard ratio 
[HR], 1.30, for every 1 g/24 hours), eGFR (HR, 0.84, for 
every 10 mL/min), mesangial proliferation (HR, 1.85), seg-
mental sclerosis (HR, 3.21), and interstitial fibrosis/tubular 
atrophy (Oxford classification T1: HR, 5.30; T2: HR, 20.5) 
were independent risk factors for development of ESKD in 
people with IgAN.178 Another study with 69 adult Korean 
patients with IgAN showed that in the Oxford classification, 
endocapillary hypercellularity (E) and tubular atrophy/
interstitial fibrosis (T) lesions predicted the renal outcome 
after clinical variables were considered.179 These studies 

significantly from 6.48% in the period 1997 to 1999 to 
22.79% in the period 2009 to 2011. MN was the most fre-
quently found PGD in patients 60 years or older (39.64%)172,173 
(Figures 81.14 and 81.15).

IgA nephropathy is the most common PGD in Asians, 
is moderately prevalent in Europeans, and is rare in Afri-
cans. In a geospatial analysis of 85 populations, a genetic 
risk score based on the replicated genome-wide associated 
study (GWAS) loci is highest in Asians, intermediate in 
Europeans, and lowest in Africans, accounting for the 
known differences in prevalence of IgAN among world 
populations.174-176

The Oxford classification of IgAN has been validated in 
Asian countries. In a study of 410 patients with IgAN from 
one center in China, the performance of the Oxford clas-
sification to predict ESKD was evaluated. Segmental glo-
merulosclerosis, tubular atrophy, and interstitial fibrosis 
were independent predictive factors of ESKD. Patients in 
whom more than 25% of glomeruli had endocapillary 

Figure 81.14  Age-adjusted prevalences of various primary glomerular diseases in China.  *P < 0.05;  **P < 0.01;  ***P < 0.001. CreGN, 
Crescentic glomerulonephritis; EnPGN, endocapillary proliferative glomerulonephritis; FSGS, focal segmental glomerulosclerosis; IgAN, immu-
noglobulin A (IgA) nephropathy; MCD, minimal change disease; MN, membranous nephropathy; MPGN, membranoproliferative glomerulone-
phritis; MsPGN, non-IgA mesangioproliferative glomerulonephritis. (From Zhou FD, Zhao MH, Zou WZ, et al: The changing spectrum of primary 
glomerular diseases within 15 years: a survey of 3331 patients in a single Chinese centre. Nephrol Dial Transplant 24:870-876, 2009.)
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Figure 81.15  Frequency of  IgA nephropathy  in primary glomerular diseases  in different countries.  (From Zhou FD, Zhao MH, Zou WZ, et al: 
The changing spectrum of primary glomerular diseases within 15 years: a survey of 3331 patients in a single Chinese centre. Nephrol Dial Transplant 
24:870-876, 2009.)
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The incidence of idiopathic membranous nephropathy 
has increased significantly in the past 10 years in China. The 
reason for this increase in not known. Qin and coworkers 
examined the prevalence of serum PLA2R autoantibody in 
Chinese patients with idiopathic membranous nephropathy, 
showing that 82% of these patients had the PLA2R anti-
body,192 a value that is comparable to data from Western 
countries.

SECONDARY GLOMERULONEPHRITIS
Lupus Nephritis

Systemic lupus erythematosus (SLE) is a common disease in 
Asian populations and is associated with more renal compli-
cations than in white populations. A systematic review of 
SLE in Asia has shown higher rates of renal involvement in 
Asian patients (21% to 65% at diagnosis and 40% to 82% 
at follow-up) than in Caucasian patients.193 Of all of the 
secondary glomerular diseases that are diagnosed by renal 
biopsy, lupus nephritis (LN) is the most common in Asian 
countries, including China, Japan, Korea, Malaysia, and 

suggest that the Oxford classification may aid in predicting 
the prognosis and providing a therapeutic strategy in 
patients with IgAN in Asia.

Long-term renal survival and related risk factors in 
patients with IgA nephropathy have been analyzed from a 
cohort of 1155 cases from the Nanjing Glomerulonephritis 
Registry database.180 Thirty-six percent of Chinese adult 
patients with IgAN progress to ESKD within 20 years. Higher 
proteinuria, hypertension, reduced GFR, hypoproteinemia 
and hyperuricemia are independent predictors of an unfa-
vorable renal outcome. Patients with time-average protein-
uria (TA-P) values more than 1.0 g/day evidenced a 9.4-fold 
greater risk of ESKD than patients with TA-P values less than 
1.0 g/day and a 46.5-fold greater risk than those with TA-P 
values less than 0.5 g/day. Patients in whom therapy achieved 
TA-P values less than 0.5 g/day benefited much more than 
did those in whom therapy achieved TA-P values between 
0.5 and 1.0 g/day (HR, 13.1 for ESKD). Ninety percent  
of these patients were treated with a RAAS inhibitor  
for at least 12 months, and 19% were treated with 
immunosuppression.

Moriyama and associates reported a 30-year analysis of 
1012 patients with IgA nephropathy at a single center in 
Japan.181 The 10-, 20-, and 30-year renal survival rates were 
84.3%, 66.6%, and 50.3%, respectively. The initial treatment 
consisted of corticosteroids in 26.9% of the patients, RAAS 
inhibitors in 28.9%, and tonsillectomy plus steroids in 
11.7% (Figure 81.16).

Six months of steroid treatment is renal protective in 
Asian patients with IgA nephropathy,182 a finding consistent 
with the results from other regions.183 Tonsillectomy com-
bined with steroid pulses is a frequently used protocol in 
the treatment of active IgAN in Japan,184 on the basis of 
retrospective studies showing that tonsillectomy plus ste-
roids improves renal outcomes.181,185 A multicenter random-
ized controlled trial was conducted to evaluate the effect of 
tonsillectomy in patients with IgAN.186 Within 12 months of 
the time of baseline measurements, the percentage decrease 
in urinary protein excretion was significantly larger in the 
tonsillectomy plus steroids group than that in the steroids 
alone group. However, the frequency of the disappearance 
of proteinuria, hematuria, or both (clinical remission) at 12 
months was not significantly different between the groups. 
The impact of tonsillectomy on renal function outcomes 
remains to be clarified.

The effects of mycophenolate mofetil (MMF) on IgAN 
from the available data from randomized controlled trials 
are variable. Patients with IgAN from Asia seem to have a 
better response to MMF. A study of 40 patients from Hong 
Kong found a significant reduction in proteinuria at 18 
months with MMF given for 6 months in comparison with 
controls.187 A 6-year follow-up of the same cohort demon-
strated a kidney survival benefit.188 A favorable effect of 
MMF on IgAN nephropathy was also observed in another 
study from China.189 However, in a study from Belgium, no 
difference in proteinuria reduction or preservation of GFR 
was observed.190 Similarly, a North American study found no 
benefits over a period 24 months of a 1-year regimen of 
MMF at 2 g/day in comparison with placebo in 32 patients.191 
The reasons for this heterogeneity of outcomes requires 
further investigation, but different ethnicities or differences 
in drug levels may be contributory factors.

Figure 81.16  Prognosis in immunoglobulin A (IgA) nephropathy: 
30-year analysis of 1012 patients at a single center in Japan. Little 
is known about the long-term prognosis of patients with IgA nephrop-
athy  (IgAN).  Initially,  the  disease  was  regarded  as  benign.  In  this 
retrospective cohort study reporting the long-term outcome of IgAN, 
spanning  from  1974  to  2011,  1012  patients  at  Tokyo  Women’s 
Medical  University  were  diagnosed  with  primary  IgAN  by  kidney 
biopsy. IgAN was diagnosed by light microscopic findings of mesan-
gial proliferative changes, immunofluorescence findings of mesangial 
IgA and C3 deposition, and electron microscopic findings of electron-
dense deposits in the mesangial area. Patients were observed for a 
mean 7.9 ± 7.1 years (maximum 36 years); 4 patients died during the 
observation period. A retrospective analysis showed that the 10-, 20-, 
30-, and 36-year cumulative renal survival rates were 84.3%, 66.6%, 
50.3%, and 46.4%, respectively. IgAN is not a benign disease, with 
approximately  50%  of  patients  progressing  to  end-stage  kidney 
disease within 30 years despite treatment. (From Moriyama T, Tanaka 
K, Iwasaki C, et al: Prognosis in IgA nephropathy: 30-year analysis of 
1,012 patients at a single center in Japan. PLoS ONE 9:e91756, 2014.)
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difference may reflect different genetic backgrounds. A 
genomewide association study supports genetic differences 
in MPA and GPA.210

MPA or GPA mostly occurs in older adults, although it 
has been reported at all ages. According to a series of 234 
cases from China, more than 40% of patients with AAVs are 
elderly (>65 years old at diagnosis), and 94.9% of the elderly 
patients have MPO-ANCAs.211 The annual incidence of 
MPA was approximately 10 times higher in seniors than in 
younger adults (15 to 64 years old).205 Compared with 
younger patients, older patients had more severe pulmo-
nary involvement and a higher risk of secondary pulmonary 
infection after the initiation of immunosuppressive 
therapy.211

Patients with AAVs typically present with constitutional 
symptoms, including fever, migratory arthralgias, malaise, 
anorexia, and weight loss. Prodromal symptoms may last for 
weeks to months without evidence of specific organ involve-
ment. Such organs as the ears, nose, and throat (ENT), 
lung, and kidney are mostly involved. In a study comparing 
the organ involvement of new-onset of AAVs between Japan 
and the United Kingdom, ENT and respiratory involve-
ments were more common in the United Kingdom than in 
Japan. Of patients with MPA in Japan, 93% had renal 
involvement, and 7% ENT involvement; in patients with 
GPA, 100% had ENT involvement, and 38% renal 
involvement.205

The survival of patients with AAV has improved substan-
tially over the past 10 years, although the mortality is still 
relatively high. In a cohort study of 398 patients who were 
followed up for an average of 25.5 months, 135 out of 398 
patients (33.9%) died. Secondary infection was the leading 
cause of death (53/153, or 39.3%) during the first year after 
diagnosis, whereas cardiovascular events were the leading 
cause of death (15/53, or 28.8%) 12 months after 
diagnosis.212

HEPATITIS B/HEPATITIS C  
VIRUS–ASSOCIATED NEPHRITIS

According to the WHO, East Asia is one of the regions in 
the world with the highest hepatitis B prevalence. Five 
percent to 10% of the adult population in these areas are 
chronically infected with HBV. In contrast, less than 1% of 
the population in Western Europe and North America are 
chronically infected.213 Glomerulonephritis is an important 
extrahepatic manifestation of chronic hepatitis B virus 
(HBV) infection. Hepatitis B virus–associated glomerulone-
phritis (HBV-GN) is one of the most common forms of 
secondary glomerulonephritis in countries such as China, 
although its incidence decreased after the popularization of 
HBV vaccination.214

The diagnosis of HBV-GN is usually established by sero-
logic evidence of persistent HBV infection, serologic evi-
dence of circulating hepatitis B surface antigen (HBsAg) 
and hepatitis B e antigen (HBeAg), or by the presence  
of glomerular deposits containing one or more HBV-
related antigens in an immunohistochemical study.215,216 
The most common pattern of renal involvement in  
renal biopsy is membranous nephropathy, followed by  
membranoproliferative glomerulonephritis, IgAN, and focal 
segmental glomerulosclerosis.217

Thailand. LN accounts for 60% to 90% of cases of secondary 
glomerulonephritis in Asian countries.194-196 In females, LN 
accounts for more than 80% of cases of secondary glomeru-
lonephritis in these countries. Asian patients with SLE may 
also present with more severe nephritis than other ethnic 
groups, and lupus nephritis is an major cause of ESKD in 
Asia.197 Genetic susceptibility to SLE among Asian popula-
tions is responsible for the high incidence of organ damage.

The management of lupus nephritis has evolved consider-
ably, and the outcome of treatment has improved over the 
past three decades. There is evidence that treatment out-
comes following cyclophosphamide (CYC) or MMF therapy 
vary according to race and ethnicity.198 In a report of Chinese 
patients with proliferative LN, treatment with either intra-
venous or oral CYC resulted in favorable long-term out-
comes, with 5- and 10-year renal survival rates of 88.7% and 
82.8%, respectively.199 MMF combined with prednisolone 
for 6 months showed an efficacy comparable to that of oral 
CYC in Chinese patients, and MMF treatment was associated 
with lower rates of severe infection, alopecia, and amenor-
rhea.200 Equivalence of efficacy between MMF and intrave-
nous pulse CYC, both combined with corticosteroids, as 
induction therapy has also been demonstrated in Malaysian 
patients with proliferative LN.201 Regarding the MMF dose 
for the induction treatment of proliferative LN, the target 
dose is mostly within the range of 1.5 to 2 g/day in Chinese 
studies, but there are few data on the optimal dosage in 
other Asian populations.202 Higher targeted doses, 3 g/day, 
seem to raise the risk of severe infection.203 With prompt 
diagnosis and treatment, the long-term outcome in Asian 
patients with LN appears more favorable than in patients of 
African or Hispanic descent.202

Over the past few decades, the survival of patients with 
LN has improved significantly because of advances in immu-
nosuppressive and supportive treatments and earlier diag-
nosis. Data from a single center in Hong Kong showed 5-, 
10-, and 20-year survival rates of patients with LN to be 
98.6%, 98.25%, and 90.5%, respectively.204 Infection is a 
leading complication of immunosuppressive treatment and 
is the cause of death in 50% of patients.204 The management 
of patients should consider infections that are prevalent or 
endemic in Asian countries, such as hepatitis B and tuber-
culosis, because prophylaxis or preemptive treatment may 
be indicated.

ANCA-ASSOCIATED VASCULITIDES

ANCA-associated vasculitides (AAVs) are characterized by 
the necrotizing inflammation of small vessels in conjunction 
with ANCAs directed to either proteinase 3 (PR3) or MPO. 
According to one report from Japan, the annual incidence 
of AAV was 22.6 per million,205 similar to that reported in 
Europe, 10 to 20 per million.206 However, the incidence of 
microscopic polyangiitis (MPA) is much higher in Asian 
countries, as reported from China and Japan, relative to 
northern Europe, where granulomatosis with polyangiitis 
(GPA) is predominant.205,207,208 MPA constitutes approxi-
mately 80% to 83% of cases of AAV in China and Japan.205,209 
In terms of antigenicity, sera from approximately 80% 
Chinese patients with AAV showed MPO.209 Even in patients 
with a clinical picture of GPA, approximately 60% have 
ANCAs associated with MPO antibodies. This geographic 
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higher in Thailand and Papua New Guinea. Although 
numerous studies have reported demographic data for 
kidney disease in HIV-infected patients in Western coun-
tries, only a few studies have investigated kidney disease in 
Asian populations with HIV.225 A study from Japan showed 
that the presence of albuminuria presents a potentially sig-
nificant risk for renal dysfunction in Japanese patients with 
HIV,226 consistent with findings in Western populations.227 
In Hong Kong, CKD is prevalent in Chinese patients with 
HIV, but those with CKD are more likely to be older, to use 
indinavir, and to have a CD4+ lymphocyte count nadir of less 
than 100 cells/µL.228 In one study in Thai patients with HIV 
who exhibited proteinuria, the most common renal patho-
logic change was mesangial proliferative glomerulonephri-
tis.229 Of special note is that none of the cases in this 
series demonstrated a pathologic finding of HIV-associated 
nephropathy.229 This result suggests that ethnic and genetic 
differences exist in susceptibility to the development of HIV-
associated nephropathy.230,231

DISTAL RENAL TUBULAR ACIDOSIS

In some tropical countries, particularly Thailand, Malaysia, 
the Philippines, and Papua New Guinea, distal renal tubular 
acidosis (dRTA), caused by mutations of the SLC4A1 gene 
encoding the erythroid and kidney isoforms of anion 
exchanger 1 (AE1 or band 3), has a high prevalence. Here, 
the disease is almost invariably recessive and can result from 
either homozygous or compound heterozygous SLC4A1 
mutations.232 The high prevalence of recessive dRTA in the 
tropics suggests the existence of an environmental factor 
that has favored the local evolution of these SLC4A1 muta-
tions.232 In a study by Khositseth and associates, the majority 
of patients were young children, with an average age of 4 
years old at clinical presentation.232 Males and females were 
approximately equally represented. At presentation, the 
most conspicuous feature was failure to thrive, with body 
weights usually less than the third percentile. Rickets was 
present in 74% of patients. Medullary nephrocalcinosis was 
found in at least 80% of patients. On initial presentation, 
patients had the characteristic blood and urine biochemis-
try of dRTA, with hyperchloremic acidosis and urine pH 
values that were inappropriately alkaline in the presence of 
acidosis. Hypokalemia was present in the majority. The 
plasma creatinine values were usually in the normal range.232

HERBAL MEDICINES

The use of herbs as supplementary or alternative medicines 
is common in China and many other Asian countries.233 
Traditional Chinese herbal medicines are used for the treat-
ment of kidney and other diseases. Triptolides, extracts of 
Tripterygium wilfordii Hook F, have been used to treat glo-
merulonephritis for more than 30 years in China, with anti-
proteinuric effects.234 Astragalus and Rheum palmatum L are 
frequently used to treat chronic kidney disease. Chen and 
associates reported results of a randomized trial comparing 
Shenqi particle, a specific mixture of 13 traditional Chinese 
medicine remedies, to conventional immunosuppression 
with cyclophosphamide-prednisone in 190 patients with 
biopsy-confirmed idiopathic membranous nephropathy.235 
After 48 weeks, the primary outcomes of complete or partial 

Many of the data on the treatment of HBV-related glo-
merular diseases are derived from patients with membra-
nous nephropathy, whereas data on membranoproliferative 
glomerulonephritis (MPGN) and focal segmental glomeru-
losclerosis remain largely anecdotal.217 Treatment with inter-
feron or nucleoside analogues has been reported to lead to 
a reduction of proteinuria in patients with HBV-related 
membranous nephropathy. Interferon treatment given for 
4 to 12 months was associated with the sustained remission 
of proteinuria in 20% to 100% of patients and with the 
clearance of HBeAg in 20% to 80%. The resolution of pro-
teinuria was often associated with the clearance of HBeAg 
and/or HBsAg and usually occurred within 6 months of 
seroconversion.217,218 HBeAg is considered to be a marker 
of HBV replication and infectivity: HBeAg seroconversion 
(disappearance of HBeAg and appearance of anti-HBe  
antibodies) is usually associated with a decrease in HBV 
DNA and remission. In patients who are initially HBeAg 
negative, monitoring of HBV DNA levels is required,  
documenting hepatitis B viremia suppression, to ensure that 
therapy is effective.

Nucleoside analogs, such as lamivudine, telbivudine, ade-
fovir, entecavir, and tenofovir, suppress HBV replication 
through their inhibitory effect on viral DNA polymerase.217 
In comparison with interferon, nucleoside analogs offer the 
advantages of convenient administration and high tolerabil-
ity but may lead to the selection of drug-resistant HBV 
strains or mutations. Some nucleoside analogs may have 
nephrotoxic effects. Lamivudine is effective in the treat-
ment of HBV-GN; however, the emergence of resistance 
mutations in the reverse transcriptase domain of HBV poly-
merase frequently results in overt viral rebound and disease 
progression. Resistance to entecavir is rare.219 Entecavir also 
appears to be safe in patients with kidney disease, but the 
dose must be adjusted in patients with impaired kidney 
function.219 The long-term use of adefovir or tenofovir has 
been associated with dose-dependent renal toxicity. The 
inhibition of mitochondrial DNA replication may result  
in the disruption of normal mitochondrial respiratory  
function in proximal renal tubular epithelial cells, leading 
to abnormal phosphorus absorption. Qi and colleagues, 
evaluating the prolonged effect of different nucleosides on 
eGFR, found that adefovir treatment was associated with a 
decrease in eGFR, lamivudine and entecavir did not signifi-
cantly influence eGFR, and telbivudine treatment increased 
eGFR.220 The mechanism by which telbivudine increases 
eGFR remains unknown.

East Asia is also a region with high prevalence of hepatitis 
C virus (HCV) infection, with a seroprevalence of 3.7%.221 
In China, the reported incidence of HCV infection increased 
from 0.7 cases per 100,000 in 1997 to 15.0 cases per 100,000 
in 2012.222 MPGN is the most common renal manifestation 
of HCV infection,223 although other nephropathies, such as 
MN and IgAN, have also been detected.224

HUMAN IMMUNODEFICIENCY VIRUS INFECTION

Human immunodeficiency virus (HIV) infection is a 
common infectious disease. By the end of 2013, approxi-
mately 35 million people worldwide were infected with HIV. 
There are approximately 3.4 million patients with HIV 
infection in Southeast Asia; the prevalence is substantially 
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Renal transplantation rates reflect not only the countries’ 
health care systems but also cultural diversity. In some coun-
tries, deceased-donor kidney transplantation is not accepted 
by the community. Despite the high number of dialysis 
recipients in Japan, only a small number are registered with 
Japan’s Organ Transplant Network for organ allocation. 
There is cultural resistance to mutilation of the body, and 
the concept of brain death has not been widely accepted by 
some communities.

Although the average age of patients with ESKD or on 
dialysis in China is 10 years younger than in Western coun-
tries, and the average body mass index is lower, the cause of 
ESKD is primarily glomerulonephritis instead of diabetes or 
hypertension, and the main cause of death is still cardiovas-
cular disease (CVD).244 According to a 2013 report, there 
are currently more than 40,000 prevalent PD recipients in 
China, representing approximately 20% of the total dialysis 
population.245

TAIWAN

Taiwan has the highest incidence and prevalence rates of 
ESKD.243a The incidence and prevalence rates of ESKD in 
Taiwan in 2010 were 361 and 2580 per million population, 
respectively.243a Almost 90% of the patients with ESKD were 
on hemodialysis. There are several possible explanations for 
the high incidence and prevalence of ESKD in Taiwan. First, 
the launching of the National Health Insurance (NHI) 
program in 1995 began to provide free cost coverage for 
dialysis therapy without copayment. Second, the better 
health care system may improve the survival rate of patients 
with chronic diseases and increase the overall life expec-
tancy. Third, the low transplantation rate and low mortality 
rate in dialysis recipients further increase the numbers of 
people requiring dialysis.160 Diabetes mellitus (43.2%), 
chronic glomerulonephritis (25.1%), hypertension (8.3%), 
and chronic interstitial nephritis (2.8%) are major underly-
ing renal diseases causing ESKD. Older age, diabetes, hyper-
tension, smoking, obesity, regular use of herbal medicine, 
long-term lead exposure, and hepatitis C are associated with 
higher risk for CKD.160

JAPAN

In Japan, the prevalence of ESKD reached 2309 per million 
in 2011.243a According to the 2011 report from The Japanese 
Society for Dialysis Therapy (JSDT),246 the total number of 
prevalent dialysis patients was 2383 per million population. 
There were a total of 36,590 dialysis recipients in 2012,247 
and the leading cause of ESKD was diabetes (44.2%). The 
number of patients in Japan with chronic glomerulonephri-
tis has decreased linearly since 1998. The survival among 
Japanese dialysis recipients is better than that among recipi-
ents in Europe and the United States; the reasons for this 
difference remain to be determined. Patient compliance 
with a dialysis regimen among Japanese patients is good. 
The most common vascular access is an arteriovenous 
fistula. A relatively small body size, with a mean BMI of 
approximately 21 kg/m2, might be advantageous for receiv-
ing adequate dialysis.246 Renal transplantation is performed 
in approximately only 1200 patients per year, and transplan-
tation from deceased donors is uncommon, being 

remission occurred at a similar rate in the two groups 
(Shenqi 73.1% vs. standard 78.3%). Fewer serious adverse 
events were reported in the Shenqi particle group than in 
the standard therapy group.235

However, some herbal medicines are known to cause 
nephrotoxicity. Approximately 10% of ESKD incidents in 
Taiwan are due to Chinese herb nephropathy.236 The best-
described renal toxicity associated with traditional Chinese 
herbal medication is aristolochic acid-induced nephropathy 
(AAN).237,238 Aristolochic acid is also responsible for the 
Balkan endemic nephropathy. Despite the awareness of the 
toxicity of aristolochic acid, some Chinese herbal prepara-
tions may still contain traces of this compound. The pathol-
ogy of AAN is characterized by extensive renal interstitial 
fibrosis and tubular atrophy without obvious glomerular 
injury. Uroepithelial malignancies are commonly observed 
in long-term associations with AAN.233 In one cohort of 300 
patients with AAN, 13 presented with AKI, 7 with abrupt 
tubular dysfunction but normal serum creatinine concen-
tration, and 280 with chronic tubulointerstitial nephropathy 
and decreased eGFR.237

Taxus celebica, which is used in traditional Chinese medi-
cine to treat diabetes mellitus, can cause fever, gastrointes-
tinal upset, hemolysis, and AKI.239,240 Toxicity is due to the 
flavonoid sciadopitysin. The long-term use of ma huang 
(Ephedra sinica), an ancient Chinese stimulant, can cause 
ephedrine renal stone formation.241 The consumption of 
rhubarb (Rheum) leaves can induce oxalate renal stones 
owing to the high oxalic acid content.242

BETEL NUT CHEWING

Betel nut is the fourth most widely used addictive substance 
in the world, particularly in Southeast Asia countries and 
areas. In addition to its association with oral cancer, cardio-
vascular disorders, metabolic syndrome, type 2 diabetes mel-
litus and liver cirrhosis, betel nut chewing has been reported 
to be associated with CKD. The association between betel 
nut use and CKD is independent of age, body mass index 
(BMI), smoking, alcohol consumption, hypertension, diabe-
tes, and hyperlipidemia.243

RENAL REPLACEMENT THERAPY

The incidence and prevalence of RRT in ESKD patients in 
the Far East varies from the highest to the lowest globally. 
The low incidence and prevalence in some areas are caused 
by the lack of universal insurance or cost coverage for RRT 
and the lack of nephrologists.

Taiwan and Japan are the countries with the highest inci-
dence and prevalence of RRT in the world and show a con-
stant increase year by year.243a In Japan, the prevalence of 
ESKD reached 2309 per million in 2011.243a Preferences of 
RRT modality differ among the Far East countries. The 
overall proportional utilization of PD by patients currently 
undergoing dialysis in the Far East region is lower than the 
utilization of hemodialysis, and the growth in PD use remains 
modest except in Hong Kong. In Hong Kong, more than 
80% of patients undergoing RRT receive PD, the highest 
reported rate worldwide, which results from a “PD first” gov-
ernment policy.
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years, respectively; death-censored survival rates of 97%, 
93%, 90%, 88%, respectively, and a peritonitis incidence 
rate of 0.198 per patient-year); the results from under-
developed regions in northwest and southwest China 
were less encouraging.245

Data from the Chinese Renal Data System, a national 
registry system for patients undergoing dialysis, revealed 
that glomerular disease was the most common cause of end-
stage renal disease (ESKD; 57.4%), followed by diabetic 
nephropathy (16.4%), hypertension (10.5%), and cystic 
kidney disease (3.5%).157 The main causes of death for 
patients on hemodialysis in China were cardiovascular 
(31.0%), stroke (20.3%), infection (19.9%), and other 
causes (28.8%). No large cohort study on dialysis outcomes 
in Chinese populations has been published.

KOREA

The incidence and prevalence of ESKD in Korea in 2011 
were 205 per million population and 1225 per million popu-
lation, respectively.243a According to the statistics of the 
National Health Insurance Service (NHIC) on medical aid, 
the number of hemodialysis recipients in Korea increased 
by 31.9% from 44,136 in 2006 to 58,232 in 2010.249 Accord-
ing to data from the ESKD Registry Committee of the 
Korean Society of Nephrology, in 2009, the proportion of 
patients undergoing RRT was 66.3% on HD, 13.5% on PD, 
and 20.2% with a kidney transplant.250 The most common 
primary causes of ESKD were diabetic nephropathy (45.4%), 
hypertensive nephrosclerosis (18.3%), and chronic glomer-
ulonephritis (11.1%).250 The overall 5-year survival rate of 
male patients undergoing dialysis was 65.4%, and that of 
female patients was 67.4%.250

THAILAND

In Thailand, the incidence rate of reported ESKD in 2011 
was 227 per million population. The prevalence of ESKD in 
Thailand reached 750 per million population in 2011.243a Of 
affected patients, 72.6% were receiving hemodialysis, 19.8% 
were on PD, and 7.4% had a functioning renal transplant. 
As reported by Thailand Renal Replacement Therapy (TRT) 
registry data, the total yearly prevalence of RRT increased 
by an average of 14.8% after the implementation of national 
health insurance and the “PD First” policy from 2007 to 
2009.251 The incidence of all RRT modalities rose by an 
average of 34.8% from 2007 to 2009. The yearly incidence 
of HD modestly increased (8.1%), and the total yearly inci-
dence of PD increased remarkably by 157.8%. Diabetic 
nephropathy was the cause of ESKD in 34.6% of patients 
receiving RRT in 2007. In the Thai registry, patients with 
ESKD related to high blood pressure (hypertensive nephrop-
athy) for whom there was no other clinical information, 
such as renal biopsy results, accounted for 47% of cases. 
Patients with primary glomerulonephritis accounted for 
5.8% of prevalent cases.

MALAYSIA

Malaysia has seen a remarkable growth in the number of 
patients receiving RRT, most of whom are on hemodialysis. 
Data from the National Renal Registry (NRR) showed that 

approximately 200 annually for a total Japanese population 
of 128 million people.246

HONG KONG

In Hong Kong, peritoneal dialysis was used by 74% of 
patients in 2011.243a The establishment of a “PD first” policy 
in Hong Kong has contributed significantly to the develop-
ment of a successful RRT program. A cost analysis indicates 
that the yearly expenditure for a patient receiving PD is 
approximately 40% of that for a patient receiving hemodi-
alysis. Several retrospective studies showed a significant asso-
ciation between survival advantage and receiving PD in the 
initial period of dialysis treatment.248 PD is also associated 
with better residual kidney function preservation, lower 
infection risk, and greater patient satisfaction while reduc-
ing financial stress to governments by addressing the burden 
of managing the growing number of patients with ESKD.248 
Despite successes in improving patient survival, PD treat-
ment has limitations, notably the shortcoming of technique 
failure. In nearly 40% of all new dialysis recipients, diabetic 
nephropathy was the underlying disease, whereas in 21% it 
was glomerulonephritis.

CHINA

A survey by the Chinese Society of Blood Purification esti-
mated that the point prevalence of patients with ESKD on 
maintenance hemodialysis or peritoneal dialysis was 71.9 
per million population in mainland China in 2008.157 The 
estimated prevalence of ESKD in China is ~250 cases per 
million population.245 The lower rate of dialysis in China 
may stem from unaffordable health care, major financial 
risks associated with out-of-pocket medical expenses, and 
inequalities in access to health care and in health status 
across populations with different socioeconomic status and 
across urban and rural regions.157 These issues are now 
being tackled under the new Chinese health reform strat-
egy. As of 2014, basic medical insurance covered more than 
95% of urban and rural residents with a high reimburse-
ment policy for ESKD.245

Although hemodialysis is the major dialysis modality 
in China, by 2014, the use of PD was increasing. The 
major advantages of PD as a RRT for China include 
it being home based, which is especially important 
for patients in China’s vast rural areas, allowing greater 
independence freedom of movement. PD has been 
shown to slow decreases in residual kidney function 
and has generally stable hemodynamics and good middle 
molecule clearance. In addition, the annual cost of 
PD is ~CN Y93,520 (USD $14,380) whereas HD costs 
CN Y103,416 (US $15,910).245 As of 2014, approximately 
1024 hospitals offered PD to more than 40,000 patients 
with ESKD accounting for ~20% of the dialysis patients 
in China. Most supplies were produced by Baxter China 
and a few local Chinese companies. A few (0.2%) 
PD patients were treated with automated PD; newer 
solutions such as icodextrin, low-glucose-degradation-
product-solutions were made available. The quality and 
utilization of PD vary tremendously. Although major 
centers in large cities had excellent patient survival 
rates (Shanghai 97%, 79%, 71%, 64% at 1, 2, 3, 5 

http://www.myuptodate.com


2536 SECTION XIII — GLOBAL CONSIDERATIONS IN KIDNEY DISEASE

THE PHILIPPINES

The incidence and prevalence of ESKD in the Philippines 
in 2011 were 103 and 159 per million population, 
respectively.243a Hemodialysis was the modality in 96.4% of 
all dialysis recipients in the same year. The transplantation 
rate was 3.8 per million population. The leading cause of 
ESKD in the Philippines is diabetic nephropathy occurring 
in ~45% of patients.

SCIENTIFIC PUBLICATIONS

Nephrology and urology have been practiced in China, 
Hong Kong, and Taiwan since the 1950s and have devel-
oped significantly in mainland China since China’s integra-
tion with the international community in the 1980s. A 2011 
report assessed the contribution of Chinese writers from the 
different regions to kidney research.255 A total of 101,632 
articles were published in 61 journals from 1999 to 2008 
(Figure 81.17). The number of articles from the mainland 
has exceeded that from Hong Kong since 2004 and sur-
passed that from Taiwan in 2008. The total number of ran-
domized control trials did not differ among the three 
regions. According to the ISI Journal Citation Report, the 
cumulative impact factor (after exclusion of those publica-
tions for which this information was not available) of articles 
from Taiwan (3620.7) was much higher than that of articles 
from mainland China (2272.9) and Hong Kong (1589.2; P 
= 0.008). However, articles from Hong Kong had the highest 
impact factor (3.2), followed by those from Taiwan (2.7) 
and mainland China (2.3; P < 0.001).

Complete reference list available at ExpertConsult.com.
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in 2010, a total of 24,773 patients were receiving RRT, of 
whom nearly 80% were on HD.252 Patients older than 65 
years constitute the fastest-growing group of HD recipients. 
Diabetes mellitus is the most common cause of ESKD in the 
country.252

SINGAPORE

The incidence of reported ESKD in Singapore in 2011 was 
279 per million population, and the prevalence was 1661 
per million population.243a Hemodialysis accounted for 87% 
and PD for 13% of dialysis therapy. The prevalence of 
patients with a kidney transplant was 353, 360, and 369 per 
million population in 2009, 2010, and 2011, respectively. 
More than 60% received a kidney from a deceased donor. 
The proportion of incident patients with ESKD due to dia-
betes in 2011 was 60%.

INDONESIA

The prevalences of patients with ESKD and patients receiv-
ing RRT in Indonesia have not been reported. A question-
naire survey from 13 nephrology centers in Indonesia 
showed that the prevalence of ESKD had risen, and the 
results of this study support previous data. A national registry 
of ESKD has just been developed for Indonesia. Although 
hemodialysis facilities have been developed rapidly, further 
development is still required. Continuous ambulatory peri-
toneal dialysis as an alternative RRT is only now being intro-
duced. Kidney transplantation programs are expanding very 
slowly.253 RRT still imposes a high cost of treatment for 
ESKD; therefore, these treatments are unaffordable for most 
patients. Government health insurance has begun to cover 
financially strained families requiring RRT.253 A question-
naire survey in Java showed an increasing prevalence and 
incidence of RRT. The prevalence of RRT (HD, CAPD, and 
transplantation) in Indonesians increased from 1517 in 2002 
to 3549 in 2006, with a rise in the prevalence rate from 
10.2 to 23.4 per million population.253 Health insurance is 
limited primarily to government officials. Most of the cost 
of dialysis must be covered by patients. The provision of 
RRT is therefore limited because the average gross domestic 
product per capita is far less than the cost of dialysis. Renal 
transplantation is performed in a few centers in major cities. 
Kidney donors are living relatives because deceased donors 
are not accepted.253

VIETNAM

The data available to public about the RRT in Vietnam are 
limited. According to a preliminary study, the prevalence of 
treated ESKD in Vietnam is approximately 120 per million 
population,254 and the most common causes of the disease 
are glomerulonephritis, hypertension, and diabetes melli-
tus. PD was first performed in 1968, and hemodialysis in 
1983. The first kidney transplant procedure was performed 
in 1992. In 2007, approximately 4000 patients with ESKD 
were treated with hemodialysis. Hemodialysis facilities are 
located in major cities. The total number of dialysis units 
has risen from 20 in 2001 to more than 60 in 2009. During 
the 10-year period 1992 to 2002, only 200 patients received 
a kidney transplant in Vietnam.

Figure 81.17  Trends  in  annual  numbers  of  articles  published  by 
researchers from mainland China, Hong Kong, and Taiwan from 1999 
to 2008.  (From Xu J, Mao ZG, Kong M, et al: Scientific publications in 
nephrology and urology journals from Chinese authors in East Asia: a 
10-year survey of the literature. PLoS ONE 6:e14781, 2011.)
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Oceania is a term coined by the French explorer Dumont 
d’Urville (1790-1842) that is now generally used to encom-
pass a group of about 14 nations, mainly in the South Pacific 
(Figure 82.1). It includes Australia (population, 23.3 
million), New Zealand (4.5 million), Papua New Guinea 
(7.1 million), and many other island nations with popula-
tions ranging from 858,000 to less than 2000 (Table 82.1). 
There are also great variations in economy, ethnicity, geog-
raphy, and climate. The per capita income (gross domestic 
product [GDP] nominal per capita) does not account for 
cost of living, and purchasing power ranges from among the 
world’s highest (Australia, $67,039; New Zealand, $38,674), 
to under $10,000 in many island nations (see Table 82.1). 
The combination of small population and low income 
means that renal care services are limited or absent in most 
of these small Pacific islands, as are accurate data on the 
incidence of renal disease. Exceptions to this are the Pacific 
Island groups, including French Polynesia, New Caledonia, 
and American Samoa, which are managed as dependent 
territories and thus have access to more substantial renal 
services.

This chapter discusses renal disease in Australia, New 
Zealand, and the island nations of Oceania, but not in the 
dependent territories. Because of the limited services in and 
data for the small island nations in Oceania, most of the 
focus will be on Australia and New Zealand.

The population mix of Oceania nations has important 
implications for the incidence of chronic kidney disease 
(CKD). Not only do Australia and New Zealand have large 

white communities of European heritage, but both have 
significant indigenous and Asian populations. In Australia, 
the indigenous Australians (sometimes termed Aboriginal 
Australians) are the descendants of the original human 
inhabitants of Australia who arrived on the continent over 
40,000 years ago during the last Ice Age; they were separated 
from the rest of the world until the arrival of British settlers 
(mainly convicts) in 1788. The Aboriginal Australians and 
Torres Strait Islanders represent about 2.5% of Australians1 
and have been clearly demonstrated to have a very high risk 
of CKD.2 In New Zealand, the Maori are the indigenous 
people of Polynesian origin, probably arriving from about 
1200 ad, following a long period during which sea-borne 
Polynesians and Melanesians colonized the South Pacific 
Islands. Maori people also have a very high incidence of 
CKD.2

Throughout the rest of the Pacific Islands are the descen-
dants of Melanesian (particularly in Papua New Guinea and 
the Solomon Islands), Micronesian (mainly in northern 
Oceania), and Polynesian (mainly in the Solomons and 
western Oceania) settlers, with a considerable intermixture 
and influences of Asian and white populations. Again, these 
island people, as far as can be ascertained, are particularly 
prone to CKD.

Australia and New Zealand have developed a number of 
valuable resources for monitoring and recommending man-
agement approaches for patients with renal disease (Table 
82.2). They are fortunate in having maintained, since 1965, 
a comprehensive database of all patients beginning renal 
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biannual Dialysis, Nephrology, and Transplantation work-
shop that examines important contemporary issues in 
nephrology practice, including the CARI CPGs. Australia 
and New Zealand have a strong tradition of basic and clini-
cal renal disease research. Coordination of multicenter 
clinical trials investigating renal disease is being facilitated 
by the Australasian Kidney Trials Network (http://
www.uq.edu.au/aktn).

AUSTRALIA

ACCESS TO HEALTH CARE IN AUSTRALIA

Australia has a taxpayer-funded medical care provision 
system (Australian Medicare) that provides health care to 
all Australians at minimal or no direct cost to the patient, 
as well as an active private health system underpinned by 
private health insurance. Accordingly, at least theoretically, 
all forms of renal care are available to all Australians. 
However, there are many areas of Australia that are sparsely 
populated, particularly those where indigenous Australians 
commonly live and, although health care costs are low for 
the patient, they are by no means negligible, because trans-
port, a proportion of medication expenses, and accommo-
dation costs when away from home are not covered under 
the Medicare arrangement. Accordingly, strategies to deal 
with geographic distance (e.g., transplantation, home and 
satellite dialysis) and to minimize cost to Australia and the 
patient are an ongoing reality of nephrology practice. Poor 

Figure 82.1  Oceania region, an area mainly in the South Pacific, comprising Australia, New Zealand, Papua New Guinea, and a number of 
island states. (Modified from Geography World: Available at: http://www.geographyworldonline.com. Accessed December 2013.)
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replacement therapy (RRT)—the Australia and New Zealand 
Dialysis and Transplant Registry (ANZDATA). The past and 
most recent annual reports, including by regular and occa-
sional chapters of items of interest, can be accessed online 
(http://www.anzdata.org.au).3 This registry has provided an 
invaluable resource for health care surveillance, clinical 
care planning, research into renal diseases, and descriptions 
of outcomes of RRT. From ANZDATA reports and associated 
papers comes information essential to this chapter. There is 
also a registry of living renal transplant donors (Australia 
and New Zealand Organ Donation Registry [ANZOD], 
which can also be accessed through the ANZDATA website).3 
There are no accessible registries of renal disease for the 
rest of Oceania.

The Australian and New Zealand Society of Nephrology 
(ANZSN; http://www.nephrology. edu.au) and Kidney 
Health Australia (KHA; http://www.kidney.org.au; previ-
ously the Australian Kidney Foundation) combined in 1999 
to set up an ongoing, evidence-based, clinical practice 
guideline (CPG) project titled Caring for Australasians with 
Renal Impairment (CARI, http://www.cari.org.au). Since 
then, a large number of CPGs have been produced that can 
be accessed through this website. A valuable resource for 
evidence from clinical trials for such CPGs is the Cochrane 
Renal Group, based in Sydney, Australia (http://
www.cochrane-renal.org). The KHA has developed a number 
of other valuable initiatives and resources, such as the health 
professional education program Kidney Check Australia 
Taskforce (KCAT), which can be accessed via the KHA 
website. In addition, ANZSN and KHA jointly sponsor a 
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access to nephrology services by those in rural and remote 
communities has been compounded by a relative deficit in 
the number of nephrologists who service these communi-
ties. It is doubtful that all Australians who should have renal 
care are recognized and treated, and isolated indigenous 
communities and the socioeconomically underprivileged 
are particularly vulnerable to remaining unnoticed. This 
concern is underscored by marked variation in the standard-
ized incidence of patients beginning RRT in the various 
capital cities of Australia.4 In areas where socioeconomic 
disadvantage is more common, the incidence of RRT is 
higher,5 yet late referral is more frequent, which suggests 
less access to care before end-stage kidney disease (ESKD) 
has developed.4,6

RENAL REPLACEMENT THERAPY IN AUSTRALIA

The 2012 ANZDATA Registry report7 showed that on 
December 31, 2011, there were 19,751 Australians (885 
patients per million population [pmp]) receiving RRT, 392 
pmp with a functioning renal transplant, and 493 pmp 
undergoing dialysis (Figure 82.2). In 2011, 2453 Australians 
commenced RRT, an incidence rate of 110 persons pmp, 
similar to that of New Zealand (108 pmp)7 and the United 
Kingdom (UK; 108 pmp),8 but markedly lower than in the 
other predominantly white populations in the United States 
(348 pmp in 2010),9 Canada (159 pmp),10 and Europe as a 
whole, UK included (123 pmp).11 The explanation for these 
discrepancies is unclear, but the prevalence and treatment 
of causes of progressive CKD, as well as acceptance criteria 
for RRT, are suspected to be two contributing factors.12 Even 
among various regions or states of Australia, the incidence 
rates vary widely, influenced partly by the proportion of the 
population made up of indigenous Australians, who have a 

Figure 82.2  Patients receiving renal replacement therapy in Austra-
lia  in December 2011  (total, 19,751 patients; 88,597 patients pmp). 
APD,  Automated  peritoneal  dialysis;  CAPD,  continuous  ambulatory 
peritoneal dialysis; HD, home hemodialysis.  (Data from McDonald S, 
Clayton P, Hurst K [editors]: ANZDATA registry report, thirty-fifth report, 
Adelaide, Australia, 2012, Australia and New Zealand Dialysis and Trans-
plant Registry.)
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Table 82.1 Population and Gross 
Domestic Product per capita  
of Oceania Nations

Nation
Population (in 
thousands)*

GDP per Capita
($ per person/year)†

American Samoa 56 3,629
Australia 23,168 67,039
Cook Islands 15 13,478
Fiji 858 4,391
Kiribati 106 1,813
Marshall Islands 56 3,448
Federated States 

of Micronesia
101 2,855

Nauru 10 6,954
New Caledonia 259 38,690
New Zealand 4,474 38,674
Niue 2 4,700
Palau 21 11,096
Papua New 

Guinea
7,060 1,794

Samoa 189 6,300
Solomon Islands 561 1,518
Tokelau Islands 1.4 Not available
Tonga 103 4,335
Tuvalu 11 3,713
Vanuatu 265 3,168

*Data from Wikipedia: List of countries by population. Available 
at: http://www.wikipedia. org/wiki/list_of_countries_by_
population. Accessed December 2013.

†Data from National Accounts Main Aggregates Database, 
December 2012, United Nations Statistics Division; Nuie data 
from The World Factbook, Central Intelligence Agency, 
October 2013. Available at: http://en.wikipedia.org/wiki/
List_of_countries_by_GDP_(nominal PPP)_per_capita. 
Accessed December 2013.

Table 82.2 Valuable Australia and New Zealand 
Websites Relevant to Renal Disease*

Website URL

Australian and New Zealand 
Dialysis and Transplant 
Registry (ANZDATA)

Australian and New Zealand 
Organ Donor Registry 
(ANZOD)

http://www.anzdata.org.au

Australasian Kidney Trials 
Network (AKTN)

http://www.uq.edu.au/aktn

Australian and New Zealand 
Society of Nephrology

http://www.nephrology.edu.au

Caring for Australasians with 
Renal Impairment (CARI)

www.cari.org.au

Cochrane Renal Group www.cochrane-renal.org
Kidney Health Australia (KHA) www.kidney.org.au
Transplantation Society of 

Australia and New Zealand
www.tsanz.com.au

*Accessed December 2013.
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http://en.wikipedia.org/wiki/List_of_countries_by_GDP_(nominal
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Figure 82.4  Acceptance  of  new  patients  for  renal  replacement 
therapy  in  2006  to  2011—age-specific  rates  for  Australia.  (From 
McDonald S, Clayton P, Hurst K [editors]: ANZDATA registry report, 
thirty-fifth report, Adelaide, Australia, 2012, Australia and New Zealand 
Dialysis and Transplant Registry.)
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Figure 82.3  Number of patients starting renal replacement therapy 
in Australia and New Zealand. (From McDonald S, Clayton P, Hurst K 
[editors]: ANZDATA registry report, thirty-fifth report, Adelaide, Australia, 
2012, Australia and New Zealand Dialysis and Transplant Registry.)
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particularly high incidence rate of RRT when compared 
with nonindigenous Australians.2,7,13,14 Nonindigenous rural 
Australians have a lower incidence of RRT; whether this 
reflects lower disease rates or differential uptake or access 
to RRT is not known.15

There was an almost continuous growth in the number 
of Australians commencing RRT each year from 1965 until 
about 2005; since then, the number has stabilized at about 
2500 new RRT patients (110 pmp)/year (Figure 82.3).3,7 
The age and coded causes of renal failure for patients com-
mencing RRT in 2010 in the United States9 and 2011 in 
Australia7 are summarized in Table 82.3. The mean age in 
the United States was slightly higher, at 63.0 years, com-
pared with 60.0 years in Australia. Of U.S. incident RRT 
patients, 25% were 75 years of age or older, whereas in 
Australia only about 21% were in this age group (Figure 
82.4), confirming a greater tendency for older patients to 
begin RRT in the United States. In addition, there is a great 
discrepancy in the coded causes of ESKD, with the United 
States reporting more cases than Australia as being due to 
diabetes (43% vs. 35%) and hypertension (28% vs. 15%); 
Australia had a much higher proportion coded as glomeru-
lonephritis (23% vs. 6%). The higher proportion caused by 
diabetes could account for some of the higher incidence 
rates of RRT in the United States. The higher proportion 
of cases due to hypertension in the United States is balanced 
by the higher proportion due to glomerulonephritis in Aus-
tralia, a discrepancy that may be real or may be related to 
coding and renal biopsy practices.

The pressures of remote geography, cost, and a belief  
that home therapies offer a better lifestyle, with less  
morbidity and mortality, have led Australia to encourage 
home dialysis and renal transplantation. Accordingly, the 
2012 ANZDATA report7 showed that at the end of 2011, 
27.7% of the 10,998 Australian dialysis patients were receiv-
ing some form of home treatment; of these, 18.8% were 

Table 82.3 Age, Gender, and Coded Causes of 
End-Stage Kidney Disease in 
Patients Beginning Renal 
Replacement Therapy

Parameter
United States 
(2010 figures)*

Australia 
(2011 figures)†

Number (% male) 114,281 (56.9%) 2453 (59.6%)
Incidence rate (pmp) 348 110
% of cases > 75 yr 25.1 20.8
Coded causes of 

ESKD (%)
•  Diabetes 44 35
•  Hypertension 29 15
•  Glomerulonephritis 6 23
•  Polycystic disease 2 6
•  Other (including 

unknown)
— 21

*Data from Collins AJ, Foley RN, Herzog C, et al: US Renal Data 
System 2012 annual data report. Am J Kidney Dis 61(Suppl 
1):A7, e1-e476. 2013.

†Data from McDonald S, Clayton S, Hurst K (editors): ANZDATA 
registry report, thirty-fifth report, Adelaide, Australia, 2012, 
Australia and New Zealand Dialysis and Transplant Registry.
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undergo dialysis for 8 to 10 hours at home overnight on 
alternate nights or on 6 nights a week. A variety of clinical 
advantages and cost savings over satellite or center HD have 
been suggested.24,25 In many cases, however, the change has 
only meant that patients who would previously have per-
formed more conventional home HD are now performing 
nocturnal home HD because the same technologic barriers 
of machine complexity, vascular access, and environmental 
constraints still exist. Accordingly, this has not yet resulted 
in any increase in the proportion of HD patients perform-
ing home HD.

Consistent with data suggesting an increased mortality 
associated with the use of central venous catheters (CVCs) 
and arteriovenous grafts (AVGs),27 great attention has been 
paid to vascular access modalities in Australia.28-30 Despite 
this, and despite evidence showing that an early referral and 
access program could reduce CVC usage,31 in 2011 54% of 
Australians began HD with a CVC (42% tunneled, 12% 
nontunneled), with great center to center variation from a 
reported 0 to about 80% of patients in each of 45 centers 
commencing HD with an arteriovenous fistula (AVF) or 
AVG.7 A previous review of HD access trends from 2000 to 
2005 found an increase in the use of CVCs and AVGs.30 
Multivariate analyses were performed to examine the effects 
of age, gender, race, body mass index (BMI), time of refer-
ral, smoking status, cause of ESKD, comorbid conditions, 
and duration of dialysis on the type of access in each cohort 
year from 2000 to 2005. However, adjustment for these 
factors did not alter the trend, which was then attributed to 

undergoing peritoneal dialysis [PD] and 7.9% home hemo-
dialysis [HD]. Of RRT patients, 44.3% were alive with a 
functioning renal transplant, meaning that overall nearly 
60% of all 19,751 prevalent RRT Australians were treated at 
home (see Figure 82.2).

The economic issues of RRT in Australia have been ana-
lyzed in depth. In 2006, a report on the economic impact 
of ESKD in Australia showed the potential savings to be 
made by increasing the number of ESKD patients treated 
by renal transplantation or home dialysis rather than 
hospital-based dialysis.16 This was followed by further analy-
ses, which indicated that from 2005 to 2010, increasing 
renal transplantations by 10% to 50% would have saved 
between A$5.8 to $26.2 million in cumulative costs, and 
switching all new RRT patients from hospital HD to home 
HD or home PD would have saved A$46.6 million or A$122.1 
million, respectively.17 Government policy in Australia there-
fore strongly encourages renal transplantation over dialysis 
and home dialysis over hospital dialysis.

DIALYSIS
In December 2011, 10,998 persons (493 pmp) were under-
going dialysis treatment in Australia. Of these, 8.8% received 
home HD, 18.8% received PD (virtually all at home), and 
72.3% were on hospital- or satellite unit–based HD18 (see 
Figure 82.2). The distinction between hospital and satellite 
unit is blurred, because many satellite units are positioned 
in or near smaller metropolitan and rural hospitals.

Home Hemodialysis

Home HD began in Australia in 1967, after a patient travel-
ing in the United States became uremic and was treated with 
HD in Seattle. He was then sent to the Royal Melbourne 
Hospital and was taught to perform dialysis, which he then 
did at home in Sydney (see George19 for a review of the 
history of home HD in Australia). In 1968, the advisory  
body to the government on health and science, the National 
Health and Medical Research Committee (NHMRC), sug-
gested that if renal transplantation were unlikely or impos-
sible, the preferred alternative should be HD for financial 
and medical reasons. Since then, there has been ongoing 
encouragement of home HD throughout Australia, with 
observational evidence suggesting a survival benefit20 
(Figure 82.5). This has not been matched, however, by a  
rise in the proportion of Australian dialysis patients per-
forming home HD, which peaked at 52% in 1977 and is now 
only 8.8%, with stable, actual patient numbers around 950 
to 980 since around 2010.7 Many clinicians hope that an 
evidence-based change in technology (simpler machines) 
or practice (extended hours or increased frequency) would 
be required to increase home HD numbers and 
proportions.21-23 There are marked regional variations in 
home HD rates,18 from the lowest proportion in South Aus-
tralia (2.5% of all dialysis patients) to the highest in New 
South Wales/Australian Capital Territory (NSW/ACT; 
12.8%), suggesting that geography, demographics, and local 
attitudes all play a role.

Nocturnal home HD has been enthusiastically promoted 
and implemented by many HD services as a method of 
increasing dialysis hours, frequency, or dose, as well as 
increasing the adoption of home HD.21,24-26 Usually, with 
conventional HD machines and consumables, patients 

Figure 82.5  Method and location of dialysis in Australia (December 
2007 to 2011). APD, Automated peritoneal dialysis; CAPD, continu-
ous  automated  peritoneal  dialysis;  HD,  home  hemodialysis;  SAT  
satellite.  (From McDonald S, Clayton P, Hurst K [editors]: ANZDATA 
registry report, thirty-fifth report, Adelaide, Australia, 2012, Australia and 
New Zealand Dialysis and Transplant Registry.)
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has not been assessed, but a comparison of transplantation 
activity and waiting times in free-standing and integrated 
programs will be of interest in the future.

Cancer in Renal Transplant Recipients

Because of the combination of a large population of people 
of northern European heritage (fair skin), intense summer 
sunlight, and an outdoor culture, Australia and New Zealand 
became a focus for data on renal transplantation–related 
skin and other cancers from the very early days of renal 
transplantation.36-44 Australia has the highest community 
rate of skin cancer in the world, almost four times that in 
the United States, UK, and Europe. Nearly two of every 
three Australians will have one or more skin cancers by the 
age of 70 years.45 It should not be surprising, therefore, that 
as early as 1977 high cancer rates in renal transplant recipi-
ents in Australia and New Zealand were being reported35 
and, by 1981 the ANZDATA report began an annual review 
of cancers in renal transplant recipients, which is still 
ongoing. By 1982, these reviews showed that by 10 years 
after transplantation, over 30% of recipients had some form 
of skin cancer, and a further 10% had a non–skin cancer.44 
By 30 years after transplantation, 80% of Australian and New 
Zealand recipients had contracted some form of cancer, 
with 75% being skin cancers36 (Figure 82.6).

If skin cancers and cancers known to cause renal failure 
are excluded, the risk of cancer in Australian and New 
Zealand transplant recipients is still over three times that in 
the general population, with a standardized incidence ratio 
(SIR) of 3.27, whereas the dialysis population has only a 
slightly increased risk (SIR = 1.35).46 The 2012 ANDATA 
registry indicated an SIR after kidney transplantation for  
all cancers of 2.51.7 This risk of cancer of two to three 
times that of the general community is not dissimilar to the 
rate found in renal transplant recipients in the United 
States,47 with a similar but not identical pattern domi-
nated by virus-associated conditions, (e.g., those linked to 
human papillomavirus [genitourinary and nasopharyngeal 
cancers], Epstein-Barr virus [lymphoproliferative diseases, 

unidentified practice patterns, attitudes, or preferences. No 
systematic approach to changing this situation is currently 
in place.

Recent prominent randomized clinical trials (RCTs) 
involving dialysis practices in Australia and New Zealand 
have included the IDEAL study, comparing early with late 
initiation of dialysis,32 and the balANZ study, comparing the 
effects of peritoneal dialysis with low levels of glucose deg-
radation products with conventional solutions.33 It is too 
early to determine whether these RCTs will have any effect 
on Australian dialysis practices. The death rate among 
patients receiving dialysis in Australia in 2011 was 13.7/100 
patient-years, with some indication of a steady improvement 
over the last decade.7 Comparisons are, however, con-
founded by factors such as age, comorbidities, and with-
drawal of transplanted patients.

RENAL TRANSPLANTATION
The renal transplantation rate for Australians in 2011 was 
37 pmp, just over one third of the rate of patients beginning 
RRT (110 pmp).7 Renal transplant rates have increased 
slowly but reasonably steadily over the decades3 (374 in 
1981, 470 in 1991, 541 in 2001, and 825 cases/year in 2011). 
Deceased donor transplant numbers increased from 344 to 
570/year from 2007 to 2011. Live donor transplantation has 
become a very important part of RRT in Australia, increas-
ing from 78 in 1991 to 255 cases/year in 2011.3 The peak 
was in 2008, when 354 live donor transplants resulted in 
43.5% of all renal transplantations. Since then, this has 
steadily declined toward 2011, both in number (255/year) 
and proportion (30.9% of renal transplantations). Some of 
this decrease may be attributable to a previous catch-up 
period in which, as confidence in live donor transplantation 
increased, a backlog of dialysis patients previously languish-
ing on dialysis were transplanted, but research is required 
to ascertain what barriers still exist. There is considerable 
variation in these rates among regions, states, and individual 
hospitals, which suggests variations in local practices and 
attitudes to living donation. The proportion of live donor 
transplantations performed before dialysis (preemptive) 
has increased from 26% in 2007 to 37% in 2011.3

Many other factors have contributed to the overall 
increase in transplantation rates, including a federal 
government–funded organ donor recruitment program, 
reintroduction of nonbeating heart organ donors, introduc-
tion of ABO incompatible donations, and a nationwide, 
paired, kidney exchange program. Concurrent with this, the 
deceased renal donor kidney waiting list in Australia has 
been decreasing, from 1380 on the active waiting list on 
December 31, 2007 to 1190 on December 31, 2010.7 The 
death rate for transplant patients with functioning grafts in 
2011 was 2.3% (the major causes being cardiovascular and 
malignancy); the graft failure rate was 2.2% (mainly due to 
chronic allograft nephropathy), giving a total annual graft 
loss rate of 4.5%.7

The benefits of a system in Australia whereby renal dialy-
sis and renal transplantation units were integrated to facili-
tate patient movement between these modalities of RRT 
were outlined over 30 years ago.34 However, the trend toward 
the establishment of free-standing, publicly funded and 
private dialysis units has gradually decreased such integra-
tion over that period. The effect on transplantation rates 

Figure 82.6  Risk of cancer after transplantation, 1982 to 2009. (Date 
from McDonald S, Clayton P, Hurst K [editors]: ANZDATA registry report, 
thirty-fifth report, Adelaide, Australia, 2012, Australia and New Zealand 
Dialysis and Transplant Registry.)
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by microscopy), and reduced estimated creatinine clear-
ance adjusted for body size (defined as <60 mL/min/1.73 
m2 by the Cockcroft-Gault equation). Approximately 16% 
had at least one such indicator of damage, a prevalence of 
CKD similar to that seen in screening projects conducted 
elsewhere in the West. The most common finding was a 
reduced estimated creatinine clearance, which was present 
in 9.7% of those screened, mostly in subjects 65 years of age 
or older, particularly women. As elsewhere, much of this 
reduction in renal function seemed to be age-related, 
whereas proteinuria (2.4%) was associated more closely with 
diabetes.57 When the Modification of Diet in Renal Disease 
(MDRD) and Chronic Kidney Disease Epidemiology Col-
laboration (CKD-EPI) formulas were used to define esti-
mated creatinine clearance, the prevalence of CKD was 
reduced to 13.4% and 11.5%, respectively.58 Most of those 
reclassified in this way as having no CKD were at low risk for 
cardiovascular disease. The causes of renal failure requiring 
RRT have changed considerably over the last 3 decades, with 
a decrease in the proportion and number of cases due to 
analgesic nephropathy and an increase in those coded as 
diabetic nephropathy or nephropathy due to hypertension. 
The latter could include a variety of conditions, such as 
various forms of nephrosclerosis, and probably reflects an 
aging population beginning RRT. The mean age at RRT 
commencement was 43 years in 1978 and increased to 60 
years in 2011 (Table 82.4).3,7

The pattern of renal biopsy–proven glomerulonephritis 
in the state of Victoria in southern Australia was studied in 
a retrospective review examining all native kidney biopsy 
reports from hospitals in 1995 and 1997.59 The biopsy rate 
for native kidneys was 21.5 individuals undergoing biopsy/
year/100,000 population. The most common forms of glo-
merulonephritis found were immunoglobulin A (IgA) 
disease, focal segmental glomerulosclerosis (FSGS; of all 
types), vasculitis, and lupus glomerulonephritis. A similar 
study was performed and reported for the white population 
of Minnesota.60 Biopsy rates were similar in the two studies; 
it is interesting to note that reasonably similar proportions 
of the same types of glomerular abnormality were found.

In the Victorian biopsy study, the calculated incidence 
and proportions of lupus nephritis, membranous nephropa-
thy, IgA disease, and FSGS differed in patients who were 
beginning RRT, most likely reflecting the differing relative 
likelihood that patients with these diseases will progress to 
ESKD and RRT.59 In all of Australia in 2011, of patients 
beginning and coded as having ESKD due to glomerulone-
phritis, 26% had biopsy-proven IgA disease, 14% glomeru-
losclerosis, 11% various forms of vasculitis, 7% membranous 
glomerulonephritis, and 5% lupus. Correctly or not, 15% 
were coded as having presumed glomerulonephritis without 
a renal biopsy having been performed.7

ANALGESIC NEPHROPATHY IN AUSTRALIA

A feature of Australian nephrology, not devoid of an element 
of Australian embarrassment, is the history of analgesic 
nephropathy (see detailed reviews by Kincaid-Smith,61 
Burry,62 and Nanra63,64). Within about a decade of the first 
description in Swiss watch factory workers of an association 
between intake of phenacetin-containing analgesics, renal 
papillary necrosis, and chronic interstitial nephritis, the 

nasopharyngeal cancer], and human herpesvirus type 8 
[Kaposi’s sarcoma, lymphoma]).37,46 The relative risk 
decreases with increasing age and is lower for those with 
diabetic kidney disease, perhaps due to competing cardio-
vascular risk.42

Attention has thus been focused on the health and eco-
nomic impact of screening programs for nonskin cancer in 
renal patients.42,48 Although economic analyses have sug-
gested that annual cervical cancer screening by the Papani-
colaou (Pap) test of female renal transplant recipients aged 
18 years or older is cost-effective,43 and fecal occult blood 
testing or even regular surveillance colonoscopy for bowel 
cancer has been suggested,40,41 doubts are raised when all 
physical, psychologic, and economic costs and benefits are 
considered. This has led to recommendations for an indi-
vidualized approach and for further research, including 
prospective randomized trials.48

RENAL SUPPORTIVE CARE

As is happening globally, in recent years in Australia, there 
has been a steady increase in the age of patients presenting 
or dying with advanced kidney failure,49 with estimates that 
about 50%, especially older persons, do not receive RRT.50,51 
Many of these older patients are frail and have considerable 
comorbidity. Dialysis may not be in their best interest. The 
ANZDATA 2012 report indicated that the presence of one 
to three or more comorbidities (e.g., chronic heart disease, 
peripheral vascular disease, cerebrovascular disease, chronic 
lung disease, diabetes mellitus) at the time of commencing 
dialysis in older ANZ patients was associated with an 
increased hazard ratio (HR) for death of 1.43, 1.61, and 
2.00, respectively, when compared with patients without any 
comorbidity.7 In older patients with high comorbidity, sur-
vival may be no better with dialysis than with conservative 
nondialysis care.52 Moreover, any increase in survival time in 
patients with comparable comorbidity may be consumed 
mainly by days on dialysis, and the quality of life may be no 
better with dialysis than with conservative care.53 Accord-
ingly, in Australia, as elsewhere, there has been a renewed 
interest in offering a supportive alternative to dialysis.54 In 
conjunction with palliative care experts, comprehensive 
ANZSN guidelines focusing especially on symptom control 
have now been developed for renal supportive and palliative 
care.55 Many of the details of clinical care in these recom-
mendations are equally applicable to patients on dialysis, 
since they often suffer the same symptoms. Of the 1476 
Australian dialysis patients who died in 2011 (nearly 40%), 
485 were reported to have withdrawn from dialysis therapy 
for a wide variety of reasons, with the most being coded as 
“psychosocial.”7 The palliative care and symptom control 
requirements of this group of patients also warrant formal 
addressing.

CHRONIC KIDNEY DISEASE IN AUSTRALIA

The prevalence of CKD in Australia was first systematically 
estimated in the AusDiab Kidney Study.56,57 Over 11,000 
noninstitutionalized Australian adults aged 25 years or  
older were interviewed in 1999 and 2000 and tested for 
proteinuria (defined as a spot urine protein/creatinine 
ratio > 0.20 mg/mg), hematuria (dipstick testing confirmed 
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all age groups in a community, aging patients with this 
disease continued to enter dialysis programs for many years, 
concurrent with an increase in the acceptance of older 
patients into RRT programs. Accordingly, the highest actual 
number of patients (not population-adjusted) beginning 
dialysis in Australia and coded as having analgesic nephrop-
athy was in 1991, with 118 such patients (12% of all incident 
patients), 13 years after the banning of the APC com-
pounds.3,66 Since then, the number has declined steadily, to 
42 patients in 2007 (2%) and only 2 to 5 patients (0 to 1%)
per year since then (Figure 82.7). It seems likely that most 
patients with analgesic nephropathy now entering RRT pro-
grams in Australia are the very old survivors of the group, 
who were ingesting large amounts of compound analgesics 
before 1979 and are now 30 years older.66

It has been noticed that renal papillary necrosis, the hall-
mark of the phenacetin-associated analgesic syndrome, has 

disease was widely recognized in Australia. An added asso-
ciation, that of peptic ulceration, was attributed to the 
aspirin contained in the compound analgesics regularly 
consumed in Australia.65

The social trend leading to this phenomenon could be 
seen to be particularly Australian. Although men could 
relieve their stress by enjoying “a few beers with their mates,” 
women were left at home, where “a cup of tea, a Bex, and a 
good lie down” was the recommended solace. Bex and Vin-
cent’s brands of powders and pills were the most common 
compound analgesics freely available over the counter in 
general stores and milk bars throughout Australia. These 
contained aspirin, phenacetin, and caffeine (APC); encour-
aged by solid advertising campaigns, some women (and 
occasionally men) took 8 to 20 compound analgesic pills and 
powders every day for headaches, dysmenorrhea, other aches 
and pains, and even fatigue. The APC powders and pills com-
bined the nephrotoxicity of phenacetin with the addictive 
properties of caffeine, and aspirin might have altered papil-
lary microcirculation. The powders were especially trouble-
some, because they could be taken in large amounts without 
water and hence without dilution. Attempts to reduce intake 
were frustrated by caffeine withdrawal headache.

The virtual eradication of this disorder has been a triumph 
of investigative clinical research combined with laboratory 
science and applied public health measures. The descrip-
tions of strong epidemiologic associations between phenac-
etin or compound analgesic intake and renal papillary 
necrosis were followed by experimental demonstrations of 
renal papillary necrosis and chronic tubulointerstitial 
nephritis induced in animals by various analgesics and non-
steroidal antiinflammatory drugs (NSAIDs).63,64

A determined effort by a group of Australian nephrolo-
gists led to the banning of the sale of compound analgesics 
in milk bars and grocery stores, as well as limitation of  
their availability from pharmacies from 1979 to the present. 
The age distribution of patients beginning maintenance 
dialysis for ESKD coded as being due to analgesic nephrop-
athy quickly began to rise. As an indicator of just how  
long it takes for such a health measure to travel through  

Figure 82.7  Number and proportion of Australian patients beginning 
renal  replacement  therapy  (RRT)  for  whom  analgesic  nephropathy 
was coded as the cause of end-stage kidney disease  (ESKD). Bars 
indicate the absolute numbers of patients/year; blue line represents 
the  proportion  of  new  RRT  patients.  (Data from ANZDATA registry 
reports 1979 to 2012, Adelaide, Australia, Australia and New Zealand 
Transplant Registry.)
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Table 82.4 Changing Patterns in Renal Replacement Therapy (RRT) in Australia*

Year

1977 1987 1997 2007 2011

No. of patients beginning RRT (pmp) 28 46 79 110 110
New transplants (pmp) 20 25 27 29 37
Total number with ESKD (pmp) 135 311 430 802 885
Mean age of new RRT patients (yr) 43 Not available 55.2 60.2 60.0
Cause of renal failure (%)
•  Glomerulonephritis 34 33 34 25 23
•  Analgesic nephropathy 22 13 5 2 1
•  Diabetic nephropathy 5 8 21 31 42
•  Hypertension 5 5 12 16 11
•  Polycystic kidney disease 2 8 6 6 5
•  Other (including unknown) 34 41 28 26 18

*Over 34 years.
Data from ANZDATA registry reports 1979 to 2012, Adelaide, Australia, Australia and New Zealand Transplant Registry.
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vast geographic differences in incidence within indigenous 
Australians. However, worldwide, wherever adequate RRT is 
generally available, incidence rates are higher in nonwhite 
populations.

In the United States, rates among African Americans and 
Native Americans are 3.6 and 1.8 times higher, respectively, 
than the rates among whites.12 In northern California, white 
persons have a much lower incidence of ESKD than African 
Americans or Asians living in the same area.73 The ESKD 
Incidence Study Group reported that in Europe, Canada, 
and the Asia-Pacific region, all nonwhite populations had 
excess ESKD compared with their white counterparts.6 In 
Asia, Japan and Taiwan, two nonwhite nations in which RRT 
is generally available, have the world’s highest incidence of 
RRT for ESKD.74,75 In Australia, immigrants from the British 
Isles and the rest of Europe have been shown to have a lower 
incidence of RRT than Australian-born citizens, whereas 
those from Asia, the Middle East, and southern Europe have 
a higher incidence.76

In all transitional non-Hispanic, nonwhite races studied, 
a higher incidence of type 2 diabetic ESKD has been  
found than in whites.77 This might have a genetic basis, 
which has been suggested by familial clustering of diabetic 
nephropathy in type 2 diabetes in white and nonwhite fami-
lies, but gene linkage studies to determine possible underly-
ing genetic factors are at this stage very much in their 
infancy.77 Hypertension is also more common in indigenous 
Australians.78

It is currently impossible to dissociate genetic or racial 
associations from geographic and socioeconomic consider-
ations, and the latter are more amenable to intervention. 
One accepted framework links socioeconomic deprivation 
to low birth weight, fewer pancreatic islets, and fewer neph-
rons, and hence a propensity to the development of type 2 

become less common than the finding of tubulointerstitial 
nephritis on renal biopsy.63 Similarly, transitional cell carci-
noma of the uroepithelium, a common finding in cases of 
analgesic nephropathy due to APC abuse, is not often seen 
in the more recently diagnosed cases, in which NSAIDs have 
been implicated as the cause of chronic tubulointerstitial 
nephritis.

In Switzerland, where analgesic nephropathy was also 
common, changes typical of analgesic disease were found in 
3% to 4% of autopsy cases during 1978 to 1980.67 Phenac-
etin was banned from mixed analgesics in 1981 and was not 
available after 1983. An autopsy study conducted in 2000 
found only one clear case of analgesic nephropathy in 616 
consecutive autopsies, and that was in a patient who had had 
transplantation for ESKD due to analgesic nephropathy 14 
years previously.67 No new cases of classic analgesic nephrop-
athy were found, although other patients had papillary 
necrosis or chronic interstitial fibrosis thought not to be due 
to analgesic abuse.

From 1971 to 2005, 10.2% of the 31,654 incident RRT 
patients in Australia were coded as having analgesic 
nephropathy.66 Compared with nondiabetic patients receiv-
ing RRT, these patients had more vascular and pulmonary 
comorbid conditions and a higher all-cause, cardiovascular, 
infection, and cancer mortality.

RENAL DISEASE IN INDIGENOUS AUSTRALIANS

The indigenous Australian people had lived a mainly 
nomadic isolated existence for about 50,000 years before 
the white invasion, commencing with the arrival of the First 
Fleet in Sydney Cove in 1788. Their descendants now 
number about 549,370, or 2.5% of the overall Australian 
population.1 They are irregularly distributed throughout 
Australia, with the highest numbers in NSW and Queensland, 
but the highest population proportion is in the Northern 
Territory, where they represent over 25% of the population. 
The incidence of ESKD in these indigenous Australians (as 
in indigenous New Zealanders) far exceeds that in the non-
indigenous population.14,68-72 In 2011, 250 indigenous 
persons began RRT in Australia, an incidence rate of over 
450 pmp for Aboriginal and Torres Strait Island people,72 
about four times the incidence rate for Australians overall 
(110 pmp).7 This incidence varies considerably in different 
states; it is lowest (140 pmp of Aboriginal and Torres Strait 
Island people) in Victoria/Tasmania and highest in the 
Northern Territory and Western Australia (980 and 630 
pmp of Aboriginal and Torres Strait Island people, respec-
tively). In the remote regions of the Northern Territory and 
Western Australia, the incidence can be as high as 30 times 
the national incidence for all Australians.14 The average age 
of indigenous persons beginning RRT is about 10 years 
younger than the age for nonindigenous people,63 with a 
particularly high relative incidence rate among those aged 
35 to 64 years (Figure 82.8).

The reasons for the excessive burden of kidney disease 
among indigenous Australians have been the subject of 
much concern, investigation, and speculation for many 
years. Because indigenous Australians have been an isolated 
race for over 50,000 years, it seems possible that genetic 
influences could play a role. There are no good scientific 
data to support this notion, and it would not explain the 

Figure 82.8  Relative incidence rate of renal replacement therapy for 
aboriginal versus nonaboriginal Australians. (From McDonald S, Jose 
M, Hurst K: End-stage kidney disease among indigenous peoples of 
Australia and New Zealand. In McDonald S, Clayton P, Hurst K, editors: 
ANZDATA registry report, thirty-fifth report, Adelaide, Australia, 2012, 
Australia and New Zealand Dialysis and Transplant Registry.)
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and in those 18 years and older, scabies, obesity, hyperten-
sion, diabetes, and hyperlipidemia.

The message from this study was the multifaceted nature 
of the associations between environmental and clinical risk 
factors, all of which could be attributed to “poverty, disad-
vantage and accelerated lifestyle change.” Most importantly, 
it was the authors’ view that this situation was amenable to 
intervention.90 Studies in which individuals were followed 
over the next 1 to 6 years (mean = 3.9 years) showed increas-
ing albuminuria and decreasing glomerular filtration rate 
(GFR).92 In the same community, a study of 825 adults fol-
lowed from 1.0 to 9.8 years (mean = 5.8 years) showed that 
for each 10-fold increase in the urine albumin/creatinine 
ratio, the risk of renal death was increased by more than 
400-fold, the risk of cardiovascular death by fourfold, and 
all-cause mortality by 3.7-fold.93

The obvious challenge was to establish an intervention 
program. This was achieved using screening for hyperten-
sion, diabetes, and microalbuminuria and then treating the 
patients for 1 month to 4.56 years.94 Treatment included 
health education, use of an angiotensin-converting enzyme 
inhibitor, and control of blood pressure, glucose and lipid 
levels. The outcomes of treated patients were compared 
with those of a cohort of historical controls matched for 
disease severity who had received no treatment or inconsis-
tent treatment. In the treated cohort, the natural death rate 
was 50% that of the control cohort, and the renal death rate 
was 47% that of the control rate. It was estimated that treat-
ment of as few as 11.6 persons was needed to prevent one 
natural death.94 The program was unfortunately inter-
rupted, which allowed a resurgence of deaths and ESKD in 
this population.95 With aggressive political pressure brought 
to bear, and armed with these data, this program has now 
been reestablished, funded, and expanded in connection 
with a government policy to enhance the outlook for indig-
enous Australians; however, positive outcomes have yet to 
be published.

There are many types of renal disease found in indige-
nous Australian communities. In the 1998 study reported by 
Hoy and colleagues,90 88 renal biopsies were performed 
and, even among diabetic individuals, only 28% showed 
features of diabetic nephropathy. Glomerulomegaly was 
common in conjunction with variable degrees of focal  
or global glomerulosclerosis. In analyses comparing the 
findings of renal biopsies performed on Aboriginal  
Australian patients and on white patients in South Australia 
and the Northern Territory, glomerular hypertrophy,  
mesangial proliferation—including IgA disease, mesangio-
capillary glomerulonephritis, and diabetic nephropathy—
were more common in indigenous Australians, as were 
other proliferative forms of glomerular abnormality, which 
perhaps represented atypical postinfectious glomerulone-
phritis.82,96 Obviously, the indications for renal biopsy would 
have influenced these findings. For example, in a type 2 
diabetic patient with clinically typical diabetic nephropathy, 
renal biopsy might rarely have been performed, whereas in 
a patient with hematuria and acute deterioration in func-
tion, renal biopsy might have been more commonly 
performed.

The demonstration of various forms of proliferative  
glomerular changes suggests a causative role for the  
chronic infections found in this population. Even illnesses 

diabetes and progression of CKD79,80 (see also Chapter 23). 
This would be consistent with the high rates of RRT in 
indigenous Australians and the regional variations, with 
much higher rates in the more disadvantaged remote areas 
of Australia.14 It could also perhaps contribute to the high 
rates in Asia, where the years surrounding World War II 
were characterized by social and dietary deprivation.81 Glo-
merulomegaly has been reported in renal biopsy specimens 
from Aboriginal patients with renal disease,82-85 but a very 
small autopsy study (n = 10) of Aboriginal Australians 
without renal disease did not show any evidence that the 
glomeruli were larger than those in Australian whites (n = 
17). However, the kidneys were much smaller, as was the 
body size of the Aboriginal individuals, which was propor-
tionately reduced.85

Socioeconomic deprivation and isolation bring continu-
ing health risks after birth. These include exposure to  
infections and toxins, reduced access to health care  
facilities, and often inadequate education about lifestyle 
risks, such as smoking and obesity, all of which can contrib-
ute to the risk of renal disease. In indigenous Australians, 
excessive incidences of ESKD due to type 2 diabetes  
and glomerulonephritis have been noted; in addition, type 
1 diabetes, hypertensive renal disease, and analgesic 
nephropathy occur more frequently than in the nonindig-
enous population.70

The global problem of increasing ESKD in disadvantaged 
and developing populations is an ongoing concern, and the 
focus of efforts is to differentiate the influences of ethnicity 
from those of the environment.73,86-89 In indigenous Austra-
lians, particularly those in remote regions, a wide range of 
risk factors for CKD has been identified. In 1998, Hoy and 
colleagues published the results of a community-wide 
screening program conducted in an isolated Northern Ter-
ritory Aboriginal island community, where the ESKD inci-
dence rate was 2700 pmp/year.90 The results were truly 
shocking. Among the 71% for whom birth weight was 
known, 27.6% of individuals had been low-birth-weight 
babies (<2.5 kg). Many children had infections (e.g., skin 
sores, 67%; chronic middle ear disease, 80%; productive 
cough, 10%). Episodes of poststreptococcal glomerulone-
phritis had been experienced by 28.4% of those younger 
than 30 years and in 86% of them before 10 years of age. 
An association between childhood poststreptococcal glo-
merulonephritis and later albuminuria or proteinuria was 
demonstrated in later reports.91

Of the adults, 75% smoked, and many drank alcohol to 
excess; 20% had skin sores, 33% were overweight (BMI > 25 
kg/m2), 24% were hypertensive (systolic blood pressure 
≥ 140 mm Hg or diastolic blood pressure ≥ 90 mm Hg, 
usually untreated), 19% had diabetes, and a further 12% 
had impaired glucose tolerance. Perhaps not surprisingly in 
this context, microalbuminuria or overt albuminuria was 
found in 5% of children aged 5 to 9 years, and this rose 
progressively with age, so in those individuals aged 50 years 
or older, 38% had microalbuminuria and 47% had overt 
albuminuria. Of all participants, 25% had hematuria by 
dipstick testing. Even after adjustment for all confounders, 
the following were found to be risk factors for an elevated 
albumin/creatinine ratio: in those between 5 and 17 years, 
low birth weight and scabies; in those between 5 and 29 
years, a history of poststreptococcal glomerulonephritis; 
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Since Aboriginal patients may be undergoing dialysis hun-
dreds or in some cases 1000 miles from the nearest trans-
plantation center, geography is an obvious barrier to workup 
for transplantation, listing, and even timely access to the 
patient when a deceased donor graft becomes available. 
Cultural issues are protean. Adequately counseling the 
patient and obtaining consent to undergo an operation 
involving risk and insertion of another person’s body part 
can be difficult, even when language barriers are not a 
factor. Donation of organs from deceased indigenous Aus-
tralians often is not possible due to strict cultural views 
regarding the dignity of the dead.

Deceased organ allocation in Australia is controlled by a 
national organ-matching system that is heavily weighted 
toward HLA matching. Because HLA antigens are distrib-
uted variably in different populations, and few deceased 
donors are indigenous, this works against indigenous popu-
lations receiving deceased donor grafts.102 The outcome is 
that indigenous patients are less likely to be listed for trans-
plantation or are delayed in listings for deceased donor 
transplantation. Even when listed, they are likely to wait 
about twice as long as nonindigenous patients106 and to 
receive poorly matched grafts, allocated more because of 
waiting time than HLA match.

Graft survival is also poorer among indigenous than non-
indigenous Australians (Figure 82.9).50,51,77,106 Among first 
deceased donor organ recipients, the risk ratios for graft loss 
and for patient death have been reported to be 3.1 (95% 
confidence interval [CI], 2.2 to 4.2) and 3.6 (95% CI, 2.5 
to 5.1) for indigenous recipients compared with their non-
indigenous counterparts.106 As expected, the number of 
HLA mismatches was significantly greater in Aboriginal 
recipients (mean = 4.11 mismatches) than in nonindige-
nous recipients (mean = 2.95 mismatches), and more 
Aboriginal recipients were presensitized against HLA 
antigens.106

not directly related to lifestyle or infections may be  
more common and/or more severe in indigenous Austra-
lians. For example, it has been reported that systemic lupus 
erythematosus is more prevalent and severe in Northern 
Territory Aboriginal people.97

Clarifying the relationship between genes and the envi-
ronment is an expectation of twenty-first-century medical 
science. In the meantime, there are ample opportunities for 
intervention, irrespective of genetic influences. The isolated 
nature of many indigenous Australian communities, par-
ticularly in the north and west of the continent, and their 
greater need for treatment has raised particular issues in 
relationship to RRT. Special programs have evolved. Satel-
lite HD units in remote regions14 have been followed by 
home dialysis programs directed at remote areas, with 
ongoing close cooperation among staff, tribal elders, 
patients, and their communities.98-100 PD is often considered 
the first choice for ESKD patients living in remote areas.98,99 
Poor housing and hygiene are at least partially responsible 
for higher rates of peritonitis, technique failure, and mortal-
ity with PD.100 Isolation, language barriers (many indigenous 
Australians in remote areas speak little English), recruit-
ment and retention of support staff, and problems such as 
delivery of supplies, particularly during the tropical wet 
season, are ongoing difficulties in providing care.101

As with white Australians, renal transplantation is a pre-
ferred option compared with dialysis; however, there are 
significant barriers resulting in transplantation rates for 
indigenous Australians that are only about one third those 
in nonindigenous patients.102-104 Live donors are uncom-
mon, partly for cultural and socioeconomic reasons and also 
because of the very high prevalence of hypertension, diabe-
tes, renal diseases, and other comorbidities in related  
prospective donors. Between 1990 and 2011, of patients 
younger than 18 years starting RRT in Australia, indigenous 
patients were least likely to receive a live donor transplant.105 

Figure 82.9  Graft survival of primary transplants in Australia by indigenous status, 1977 to 2003. ATSI, Aboriginal and Torres Strait Islanders; 
PP, Pacific Island People. (Redrawn from McDonald S: Indigenous transplant outcomes in Australia: what the ANZDATA Registry tells us. Nephrol-
ogy 9:s138-s143, 2004.)
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planning, and coordination and collaboration across the 
sectors.

There is a comprehensive private primary health care 
system substantially but not fully funded by the DHBs. It 
coordinates the management of patient care and is the first 
medical contact for all patients. Over the last decade, there 
has been a strong government focus on increasing the roles 
of and funding for primary health care, particularly in the 
area of chronic disease screening and management. Primary 
health care plays a central role in the diagnosis and manage-
ment of patients with stages 1 to 3 CKD. The Ministry of 
Health Renal Advisory Board recommends referral to 
nephrology services for all patients with stage 4 CKD, and 
earlier for those with signs of active kidney diseases, such as 
proteinuria and hematuria.

There are relatively low partial charges that most patients 
pay for primary care and for outpatient pharmaceuticals. 
This, along with transportation costs, constitutes a barrier 
to health care, particularly for those in the lowest socioeco-
nomic groups, many of whom are Maori or Pacific people, 
among whom the incidence of diabetes and kidney disease 
is high.110

HEALTH STATUS OF THE  
INDIGENOUS POPULATION

In New Zealand census data, ethnicity is self-identified. The 
resident population in New Zealand in 2013 was 4.47 
million, of whom 74% identified themselves as being of 
European origin, 14.9% of Maori origin, 7.4% of Pacific 
origin, and 11.8% of Asian origin, as well as other ethnici-
ties. The total adds up to more than 100% because some 
people identify with more than one ethnic group.111

The Maori population has, on average, the poorest health 
status of any ethnic group in New Zealand.112,113 This has 
been recognized for some time, and the government, 
through the Ministry of Health, has made it a key priority 
to reduce the health inequalities that affect the Maori. For 
both Maori and non-Maori populations, the major causes of 
death are chronic diseases. Ischemic heart disease is the 
leading cause of death for both populations; lung cancer is 
the second leading cause of death in Maori, and diabetes is 
the third leading cause in Maori males and the fifth leading 
cause in Maori females. Diabetes is not one of the top five 
causes of death for non-Maori of either gender.

Life expectancy at birth of non-Maori exceeded that of 
Maori by 8.6 years for males and 7.9 for females in 2005 to 
2007.113 Approximately 75% of this difference is due to 
higher death rates at age 40 to 79 years for Maori males and 
higher death rates at age 50 to 84 years for Maori females. 
The Maori/non-Maori differential partly reflects different 
rates of diabetes and smoking. The cause of death statistics 
for 2005 show that age-standardized death rates from diabe-
tes were four times higher for male Maori than for male 
non-Maori and five times higher for female Maori than for 
female non-Maori. The 2006 census reported that 42% of 
Maori aged 15 years and older were regular smokers com-
pared with 18% of non-Maori.108

The gap between Maori and non-Maori life expectancy 
has narrowed.113 In 1995 to 1997, it was 9.1 years, but by 2000 
to 2002 it had dropped to about 8.5 years and in 2005 to 2007 
the gap was 8.2 years. Detailed statistics are not available for 

Worldwide, the issues surrounding CKD in indigenous 
populations and in developing societies continue to vex 
nephrologists and, more recently, governments. A continu-
ing effort to stimulate global cooperation, as through the 
Global Outreach program of the International Society of 
Nephrology (ISN-GO; www.theisn.org) and the Kidney 
Disease: Improving Global Outcomes (KDIGO) initiatives, 
hopefully will force the World Health Organization and 
other global health interests to focus on this ongoing tragedy.

NEW ZEALAND

The land mass that is now called New Zealand consists of 
two major islands and many smaller islands, which broke 
away from what is now Australia about 70 million years 
ago.107 New Zealand is situated approximately 1240 miles 
(2000 km) east and south of Australia and has a very large 
coastline around two major islands, with a total size of 
165,000 square miles (see Figure 82.1). The first New Zea-
landers traveled thousands of miles from the tiny islands of 
East Polynesia in a vast tropical ocean to the temperate New 
Zealand islands. They transformed their East Polynesian way 
of life into a distinctively Maori culture.107 This Maori settle-
ment began about 800 years ago, probably over a period of 
several hundred years.

By the time of the first contact with European explorers 
(1642), the Maori population had reached about 100,000 
people. Further contact with Europeans occurred, steady 
immigration of European settlers commenced around 1840, 
and by 1900 there were 17 settlers for every Maori New 
Zealander. A second wave of Polynesian immigration to New 
Zealand started in 1950 and was driven by New Zealand’s 
need for workers and the promise of high wages. This  
led to a substantial population of Pacific peoples in New 
Zealand, many living within the region of Auckland,  
New Zealand’s largest city (population >1,400,000). In New 
Zealand in 2013 there were 4.47 million people.108 For the 
purposes of this chapter, Maori and Pacific peoples are both 
labelled as indigenous, although this is not strictly correct for 
the latter group.

ACCESS TO HEALTH CARE IN NEW ZEALAND

New Zealand has a taxpayer-funded public health system. 
Most of the daily business of New Zealand’s health system, 
and around 75% of the funds, are administered by 20 dis-
trict health boards (DHBs), which plan, manage, provide, 
and purchase services for the populations of their districts.109 
This includes funding for primary care, public health ser-
vices, care for the aged, and secondary and tertiary care, as 
well as services provided by other nongovernmental health 
providers, including Maori and Pacific providers. New 
Zealand citizens and permanent residents are provided with 
government-funded health care. This includes free access 
to all modalities of RRT. The New Zealand Ministry of 
Health is responsible for directing policy and ensuring that 
DHBs provide a fully comprehensive range of preventive 
and health management services to their populations. It 
focuses on strategy, policy, and system performance, provid-
ing advice on improvement of health outcomes, reduction 
of inequalities and increase in participation, nationwide 
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glomerulonephritis in New Zealand children, with most 
patients (85%) being of Maori or Pacific ethnicity.120 In a 
recently published nationwide study, the annual incidence 
was reported at 9.7 episodes/100,000 (Pacific, 45.5; Maori, 
15.7; Asian, 2.1; European or Other, 2.6/100,000).121

In a small study, Maori and Pacific people with systemic 
lupus erythematosus were shown to have a significantly 
higher risk of developing lupus nephritis.122

Long-term outcome data were recently presented for 
patients enrolled in the NZGS.123After a median follow-up 
of 30.1 years (range, 1 to 42.3 years), 264 of the study popu-
lation (34.5%) progressed to ESKD, of whom 181 (62%) 
were transplanted; 401 (47.2%) have died, with the highest 
mortality rate in patients with rapidly progressive glomeru-
lonephritis (RPGN; 88%), those with dense deposit disease 
(83%), and those with ESKD at the time of biopsy (86%). 
This is the longest reported follow-up series of patients with 
glomerulonephritis.

CHRONIC KIDNEY DISEASE AND DIABETES

Diabetes mellitus is the most common cause of ESKD in 
New Zealand, accounting for 40% of new ESKD cases, a rate 
similar to that reported in the United States.7 Diabetes is 
diagnosed more than 10 years earlier in Maori and Pacific 
people compared with Europeans and is associated with a 
higher incidence of renal complications.124

The Diabetes Cohort Study, based on primary health care 
data collected prospectively from the year 2000 onward, 
includes approximately 60% of all those diagnosed with 
diabetes in New Zealand (Pacific people, 90%; Maori, 
38%).125 In the years 2000 to 2006,125 75,529 people had at 
least one medical checkup; 0.3% were undergoing dialysis 
and were excluded from further analysis. For 65,171 (86%), 
the urine albumin/creatinine ratio was recorded.

Important findings are that the average age at diagnosis 
of diabetes was 50 years for Maori and Pacific people as 
opposed to 61 years for those of European ancestry. Maori 
and Pacific people were overrepresented in the lowest  
socioeconomic quintile (56.8% of Maori and 65% of Pacific 
people vs. 23% of Europeans), and BMIs were much  
higher in the Maori and Pacific population than in the 
European population (34, 33, and 29 kg/m2, respectively). 
There was also a much higher incidence of smoking in 
Maori and Pacific diabetic populations. Abnormal albumin-
uria of any degree occurred in 28% of European, 50% of 
Maori, and 49% of Pacific people. Those with severe mac-
roalbuminuria (albumin level > 100 mg/mmol or 880 mg/g 
creatinine) were much more likely to be Maori or Pacific 
(8.11% and 7.8% of cases, respectively) than European 
(1.7% of cases). Based on Cox regression analysis, the 
adjusted proportional odds ratio for an elevated urine 
albumin/creatinine ratio was associated with a higher 
hemoglobin A1C level, higher systolic blood pressure, higher 
BMI, lower socioeconomic quintile, current smoker status, 
and Maori and Pacific ethnicity.

The Diabetes Cohort Study group has recently devel-
oped and validated a risk stratification tool using multiple 
factors (e.g., age, gender, ethnicity, duration of diabetes, 
smoking status, presence of cardiovascular disease, HbA1C, 
serum creatinine level, albuminuria) to predict fatal or  
nonfatal ESKD. This tool provides more accurate risk 

the Pacific population, but the age-standardized death rates 
can be compared. (The standardized death rate indicates 
the overall death rate defined as deaths/1000 population if 
the observed age- and gender-specific death rates are applied 
to a standard population.) In 2005 to 2007, there was an age-
standardized death rate by ethnic group of 9.9 for Maori, 8.8 
for Pacific peoples, and 5.4 for European and other ethnic 
groups. The overall standardized death rate for the New 
Zealand population was 5.8.113 There are still major dispari-
ties in New Zealand between Pacific peoples and others 
across a range of socioeconomic indicators, including unem-
ployment, occupational and industrial distribution, self-
employment, personal and household incomes, housing 
tenure, and access to household amenities.114

ETHNIC DIFFERENCES IN MICROALBUMINURIA, 
DIABETES, HYPERTENSION, AND 
GLOMERULONEPHRITIS

In New Zealand, cross-sectional studies of particular groups 
have addressed the prevalence of microalbuminuria, diabe-
tes, and hypertension. In a study of 3960 nondiabetic, non-
hyperlipidemic, nonproteinuric middle-aged working men 
and women aged 40 years and older, microalbuminuria was 
found to be five times more common in Maori and Pacific 
people than in Europeans.115 The Diabetic Heart and Health 
Study was a population-based survey of 1011 Pacific people 
and 1745 European people.116 In this study the prevalence 
of diabetes was 26.2% in Samoan men, 35.8% in Tongan 
women, and 17.8% in Tongan men. Approximately one in 
three Maori and Pacific individuals had hypertension (blood 
pressure > 140/90 mm Hg) compared with one in five of 
others. In a New Zealand workforce study of 5651 employed 
people aged 40 to 64 years, mean systolic and diastolic blood 
pressures were higher in Maori (by 5 to 6 mm Hg) and 
Pacific people (by 4 to 6 mm Hg) than in Europeans.117 The 
odds ratio for treatment of hypertension in those with 
hypertension was 0.33 (95% CI, 0.19 to 0.58) for Maori and 
0.27 (95% CI, 0.16 to 0.47) for Pacific people compared 
with Europeans.

The first nationally representative study on nutrition and 
blood pressure was published in 2013.118 The overall preva-
lence of hypertension was 31%, with 15% reporting taking 
antihypertensive medications. Rates increased from 18.6% 
in those aged 30 to 39 years to 59.9% in those aged 60 to 
69 years. For men, Maori had a statistically significant higher 
prevalence of hypertension (P = 0.024) compared with 
people of European origin. For women, both Maori and 
Pacific people had a significantly higher prevalence of 
hypertension (P = 0.001 for both).

Glomerulonephritis has also been shown to be more 
common among Maori and Pacific people than Europeans. 
The New Zealand Glomerulonephritis Survey (NZGS) 
included all 803 patients in four of the five nephrology 
centers in New Zealand who were older than 14 years  
and had biopsy-proven glomerulonephritis during the  
years 1972 to 1983.119 Polynesian people (mostly Maori) 
were found to have a higher incidence of postinfectious 
glomerulonephritis, mesangiocapillary glomerulonephritis, 
and focal glomerulosclerosis, but a lower incidence of  
IgA nephropathy.119 Poststreptococcal glomerulonephritis 
is reported to be the most common cause of severe acute 
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nephrologists that this is the best way to optimize outcomes 
and limit expenditure. In addition, because of New Zea-
land’s small, thinly spread population, home therapies allow 
widespread access to treatment. Thus, there has been 
limited availability of hospital and satellite HD facilities until 
relatively recently. In some parts of New Zealand, home 
therapy is used by more than 90% of dialysis patients,127 and 
access to hospital dialysis is minimal. This home-focused 
strategy has been an important determinant of the slower 
growth of dialysis use by the older population compared 
with that in Australia.

Concerns about the possibility of inequitable access to 
dialysis led to a 2-year audit in 1997 and 1998 of the outcome 
for all patients with ESKD (n = 823) who came for assess-
ment and evaluation at all New Zealand renal services. Of 
those who were assessed and evaluated, 86% with ESKD 
were offered dialysis therapy; of that group, 5% chose not 
to have dialysis, and the remainder began RRT. Compared 
with those who started dialysis, those not offered treatment 
were older (mean, 67.4 vs. 53.3 years), had much higher 
rates of comorbid conditions and had reduced ability to 
perform the activities of daily living.128

In New Zealand, the numbers commencing dialysis 
peaked in 2009 at 135/million population (pmp) and have 
since eased back; most recently, it was 111 pmp in 2012.13 
The rate of dialysis commencement for new patients aged 
65 to 74 years averaged 400 pmp/year between 2003 and 
2006 but has since declined and most recently was 309 pmp 
in 2012. This compares to a current rate of 233 pmp for 
those aged 45 to 64 years, which has not changed signifi-
cantly over the last decade. The number of patients begin-
ning dialysis among those aged 75 to 84 years was 213 pmp 
in 2012, which is less than half that reported for the same 
age group in Australia. These differences reflect the differ-
ent approaches to RRT undertaken in Australia and New 
Zealand, most particularly the emphasis that New Zealand 

stratification than estimated GFR (eGFR) or albuminuria 
alone and has been made available for use in primary and 
secondary care.126

RENAL REPLACEMENT THERAPY

Dialysis and kidney transplantation first became available in 
New Zealand in the 1960s. As in other countries, the number 
of patients beginning dialysis had steadily increased but has 
plateaued over the last 5 years, ranging from 108 to 135 
patients per million (ppm), which is comparable to the rates 
in Australia7 (Figure 82.10).

In New Zealand, there is a very strong focus on home 
therapies. New Zealand has the highest utilization of home 
HD of any reported population.12 Ten years ago,16 80% of 
all New Zealand dialysis patients were undergoing some 
form of home dialysis, with 56% receiving PD and 24% 
receiving home HD. More recently, these percentages have 
decreased, although the total numbers receiving home ther-
apies have increased. The most recent ANZDATA report,13 
based on December 2012 data, listed 2469 patients undergo-
ing dialysis therapy and 1520 with functioning renal trans-
plants. Of the dialysis patients, 19% were undergoing home 
HD and 31% were undergoing PD (47% by automated PD7; 
Figure 82.11). There is a particularly high utilization of PD 
by those older than 65 years. In the age group 75 to 84 years, 
33% of all New Zealand patients were undergoing PD, com-
pared with 17% of Australian patients in this age group.

There are many reasons for the high utilization of  
home therapies. New Zealand renal services have always 
provided home therapies as the standard of care for all new 
dialysis patients. There has been strong support for this 
approach from health funders and providers of renal ser-
vices, and there is a firmly held consensus among 

Figure 82.10  Acceptance  of  new  patients  for  renal  replacement 
therapy in 2002 to 2007—age-specific rates for New Zealand. (From 
McDonald S, Excell L, Livingston B [editors]: ANZDATA registry report, 
thirty-first report, Adelaide, Australia, 2008, Australia and New Zealand 
Dialysis and Transplant Registry.)
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admission to a requirement for RRT compared with New 
Zealand Europeans.133 There is also an increased incidence 
of glomerulonephritis as a cause of ESKD in the indigenous 
population, with Maori having a 1.9-fold higher incidence 
of glomerulonephritis (particularly lupus nephritis) and 
Pacific people a 2.3-fold higher incidence than Europeans. 
The incidence of ESKD secondary to hypertension is also 
higher in the indigenous group.76

OUTCOME OF RENAL REPLACEMENT THERAPY
Maori and nonindigenous people have similar rates of sur-
vival on dialysis when survival is adjusted for age, presence 
of diabetes, gender, select comorbid conditions, and exclu-
sion from transplantation. In contrast, Pacific peoples have 
a significantly better survival—70% at 5 years compared with 
50% to 60% for the Maori and nonindigenous population. 
The explanation for this difference is yet to be determined. 
It may be related to an increased incidence of cardiovascu-
lar events in the Maori population.

A recent analysis looked at the association between ethnic-
ity and cardiovascular outcomes in people with type 2 diabe-
tes in New Zealand.125 Data were collected for 48,044 patients 
with type 2 diabetes, with a median follow-up of 2.5 years. 
The HR for first cardiovascular event, defined as first 
recorded fatal or nonfatal cardiovascular event (ischemic 
heart disease, cerebrovascular accident, transient ischemic 
attack, or peripheral vascular disease) were 1.3 (95% CI, 1.19 
to 1.41) for Maori and 1.04 (95% CI, 0.95 to 1.13) for Pacific 
people compared with people of European ancestry.

places on home HD therapy, with limited access to facility 
dialysis in many centers. As at December 31, 2012, there 
were 552 pmp managed on dialysis, and prevalent patient 
numbers have increased by 3.8%/year over the last 6 years. 
The most common comorbid condition in patients begin-
ning RRT is coronary artery disease, with 20% of new 
patients with definite disease in 2012 and another 10% 
suspected of having coronary artery disease.7 New Zealand 
has had a high incidence of diabetic nephropathy as a cause 
of renal failure, particularly among the indigenous popula-
tion. In 2012, 50% of all new patients starting RRT had 
diabetes, and 95% of these had type 2 diabetes. Glomerulo-
nephritis accounted for 20% of causes of ESKD; the most 
common forms of glomerulonephritis were focal sclerosing 
glomerulonephritis, primary and secondary, and IgA 
nephropathy. Renal transplantation commenced in 1965 in 
New Zealand129 and is currently performed in three units 
across the country.

Transplantation rates in New Zealand have changed little 
over the last decade. In 2010 and 2011, 4.0% of all dialysis 
patients underwent transplantation, and the transplant rate 
was 27 pmp/year in 2011 compared with 37 pmp/year in 
Australia. Over the last decade, the proportion of patients 
receiving kidney transplants from living donors has risen; in 
2011, it was 48%. This is a reflection of the shortage of 
deceased donors and the introduction of donor laparo-
scopic nephrectomy, which is associated with lower morbid-
ity and shorter recovery time.130 The rates of loss of grafts 
and death with a functioning graft have improved over the 
5 years from 2006 to 2011, from 6% to 4.6% annually. Since 
1999, there has been a national kidney allocation system for 
all deceased donor kidneys based on an agreed-on algo-
rithm, which allocates organs on the basis of the number of 
HLA mismatches and recipient waiting time.131 This has 
ensured improved equality of access for all patients on the 
waiting list.132

END-STAGE KIDNEY DISEASE IN MAORI AND 
PACIFIC POPULATIONS

Overall, the incidence rates (pmp) for ESKD in indigenous 
peoples in New Zealand are considerably higher than those 
for nonindigenous people. Direct comparisons are con-
founded by different age distributions—the indigenous 
population is considerably younger than the nonindigenous 
population (Figure 82.12).

In the years 2003 to 2007, the incidence of RRT initiation 
among Maori people was 262 pmp, among Pacific people, 
283 pmp, and among people of European ancestry, 77 pmp 
(according to ANZDATA information).13 Thus, there is an 
overall 3.5-fold higher incidence of treated ESKD in Maori 
and Pacific peoples. Maori and Pacific patients accounted 
for 57% of the total dialysis population but only 16% of 
those with functioning transplants in 2012.

Diabetes is the primary cause of new ESKD in 63%  
of Maori patients and 65% of Pacific patients, but in only 
17% of patients of European ancestry. Thus, the incidence 
of ESKD secondary to diabetes is 13.6-fold higher for  
Maori than for Europeans and the incidence for Pacific 
people is 14.7-fold higher than for Europeans.7,76 In addi-
tion, Maori patients have been shown to progress at a sig-
nificantly faster rate from their first kidney-related hospital 

Figure 82.12  Overall, the incidence rates (pmp) for ESKD in indig-
enous peoples  in New Zealand are  considerably  higher  than  those 
for nonindigenous peoples. Direct comparisons are confounded by 
the different age distributions; the indigenous population is consider-
ably younger than the nonindigenous population. (From McDonald S, 
Jose M, Hurst K. End-stage kidney disease among indigenous peoples 
of Australia and New Zealand. In McDonald S, Clayton P, Hurst K, 
editors: ANZDATA Registry report, thirty-fifth report, Adelaide, Australia, 
2012, Australia and New Zealand Dialysis and Transplant Registry.)
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avoidable hospitalization, and avoidable mortality have each 
consistently shown evidence for health care outcome dispar-
ity.143 Although there have been no robust assessments of 
disparity in the health care of Maori and Pacific patients 
with kidney disease, it is possible that similar issues occur in 
these populations and account for some of the differences 
in outcome. To this end, since 2000, a growing number of 
government and DHB-funded initiatives have been in place 
to detect and prevent diabetes and its complications.144

PACIFIC ISLANDS

There is considerable evidence for a high rate of kidney 
disease in many Pacific Island populations, which is worsen-
ing with westernization and urbanization. Based on 
ANZDATA studies, in which self-reported ethnicity is 
recorded for Maori and Pacific peoples according to nation 
of origin, and on data retrieved for persons normally resi-
dent in Australia or New Zealand, the rates of ESKD (treated 
by RRT) in Maori and Pacific adults were two to ten times 
higher than those of “other” New Zealanders and nonindig-
enous Australians.76 This was still only a little more than half 
the rate seen in indigenous Australians. The excess in Maori 
and Pacific people was attributed to type 2 diabetes and 
diabetic nephropathy, hypertensive renal disease, and glo-
merulonephritis, particularly lupus and membranoprolif-
erative glomerulonephritis. Diabetes and other cardiovascular 
risk factors have been shown to be common in Pacific Island 
immigrants in New Zealand.116 Similarly, in Hawaii, the 
native population is of Polynesian ancestry and has a signifi-
cantly higher prevalence rate of diabetes compared with 
other ethnic groups, as well as a higher rate of ESKD second-
ary to diabetes.145

The high incidence of diabetic nephropathy secondary 
to type 2 diabetes is not surprising, because the latter disease 
is prevalent in many Pacific Island nations. Over 25 years 
ago, very high rates of type 2 diabetes were reported in 
Nauru and the Republic of Kiribati.146,147 In the tiny island 
of Nauru in the central Pacific, which then had a population 
of about 4000, the prevalence rate of diabetes was over 25% 
by age 44 years, 40% by 54 years, and 54% by 64 years.146 At 
that time, this made the Nauruan incidence of diabetes 
among the highest known in the world, second only to that 
of the Pima Indians of North America, who had rates among 
adults older than 25 years about twice that of Nauruans. 
Since then, it has become obvious that most of those in the 
Pacific Island nations have high incidence rates of diabetes 
and, as a consequence, high but poorly documented rates 
of diabetic kidney disease.148-152

The provision of renal services in island nations correlates 
with the level of dependence, with fully independent Pacific 
countries having limited availability of renal services. French 
Polynesia and New Caledonia are protectorates of France, 
and American Samoa is a protectorate of the United States; 
as a consequence, their populations have access to renal 
services similar to that in the mother countries. The Cook 
Islands, Niue, and Tokelau Islands were previously New 
Zealand dependencies, and their populations are entitled 
to access renal services in New Zealand. Samoa (formerly 
Western Samoa) has established dialysis for some of its pop-
ulation, as have Fiji, Nauru, and Palau. Other countries have 

TRANSPLANTATION
Transplantation rates for Maori and Pacific people are 
approximately 25% of those for Europeans. The adjusted 
likelihood of receiving a transplant was significantly lower 
in these groups in the years 1995 to 2003, with an HR of 
0.23 compared with Europeans.134 This trend of unequal 
access to renal transplantation is not unique to New Zealand. 
Compared with white patients, the adjusted likelihood of 
receiving a transplant for indigenous patients has been 
found to be significantly lower in most countries with mul-
tiple ethnic groups (e.g., Australia, HR = 0.23; Canada, HR 
= 0.34; United States, HR = 0.44). A recent analysis of this 
situation7 has indicated that it is partly related to a reduced 
listing rate of about 50% and a reduced transplantation rate 
of about 50% among those recorded as being of Maori and 
Pacific extraction. The causes of reduced listing are likely 
to be multifactorial, relating to increased rates of morbid 
obesity, comorbid conditions associated with diabetes, and 
probably to other factors involving socioeconomic status 
and access to health care. For Maori and Pacific patients 
who undergo transplantation, graft survival is reduced com-
pared with nonindigenous patients. Among recipients of a 
deceased donor graft, there is a 50% 8-year graft survival 
among Maori and Pacific patients, compared with a 50% 
14-year graft survival among nonindigenous patients. Part 
of the reason for reduced graft survival in Maori patients is 
their increased mortality. At 8 years, patient survival is 75% 
for the Maori population versus 90% for the nonindigenous 
population and a similar rate for the Pacific population.

REASONS FOR DIFFERENCES IN INCIDENCE  
OF END-STAGE KIDNEY DISEASE AND 
OUTCOMES FOR INDIGENOUS MAORI  
AND PACIFIC POPULATIONS

The reasons for the marked differences in ESKD cause, 
incidence rates, and outcome of therapies in Maori and 
Pacific patients compared with nonindigenous patients 
could relate to a number of factors. Low birth weight has 
been shown to be a significant predictor of subsequent 
kidney disease.85 Birth weights of 2.5 kg and below were 
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tices are also likely to be important and include consump-
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disease.137 The documented higher rates of smoking, obesity, 
and lower socioeconomic status are factors associated with 
CKD progression. In addition, novel risk factors for CKD 
such as hyperuricemia138 and periodontitis139 are also more 
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Disparity in health care outcomes can be defined as  
differences in appropriate treatment leading to poorer  
outcomes not attributable to patients’ clinical or demo-
graphic characterisics.142 Based on this definition, a higher 
frequency of adverse events and poorer outcomes has been 
documented for Maori in obstetric care.143 Additional 
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no access to dialysis and limited or no renal care for their 
populations. Because the problems of economy and geog-
raphy are unlikely to be resolved in the near future, most 
efforts should be aimed at primary prevention, such as early 
detection and appropriate treatment of diabetes.153,154

CONCLUDING REMARKS

Kidney disease in the Oceania region offers unique opportu-
nities and challenges. The small population and high GDP 
per capita in Australia and New Zealand have allowed for the 
development of integrated systems to provide publicly 
funded RRT for their citizens, as well as resources such as the 
ANZDATA Registry to supply data for benchmarking. An 
unexplained issue is the low rate of RRT compared with the 
United States and Canada. Historically, analgesic nephropa-
thy has been a disease for which identification, research, and 
public health measures allowed the virtual eradication of a 
major cause of ESKD in the past. The low population density 
has encouraged a high proportion of home-based therapies, 
both transplantation and dialysis. Unfortunately, with trans-
plantation has come a very high incidence of skin cancer. 
The situation for the indigenous populations, the Aboriginal 
people in Australia and the Maori and Pacific Island people 
in New Zealand, is not so impressive. Very high rates of ESKD 
requiring RRT are seen in these populations. Lifestyle issues 
are a very important part of the modifiable risk factors, 
which must be addressed to reduce this disease burden. 
Whether there are additional ethnic or social predisposi-
tions to CKD remains to be clarified.
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PAST

NEPHROLOGY’S CONTRIBUTION TO  
THE BIRTH OF BIOETHICS

A chapter about the ethical issues facing nephrology needs 
to start with an acknowledgment of the key role that nephrol-
ogy played in the development of the field of bioethics. 
Nephrology has this unique position because its life-
sustaining therapies, kidney dialysis and renal transplanta-
tion, predate other life-sustaining therapies. In his 1964 
presidential address to the American Society of Artificial 
Internal Organs, Dr. Belding Scribner, one of the early 
fathers of nephrology, identified four major ethical prob-
lems that he and his nephrology colleagues were facing: (1) 
patient selection for dialysis; (2) termination of dialysis, 
which he called “dialysis suicide” but which has since been 
referred to as “stopping” or “withdrawing” dialysis; (3) 
“death with dignity,” which involved the treatment of 
patients with end-stage kidney disease (ESKD) who were 
having dialysis withheld or withdrawn; and (4) donor selec-
tion for transplantation.1

In 1945 in the Netherlands, Dr. Willem Kolff first used 
hemodialysis to save the lives of patients with acute kidney 
injury (AKI) from trauma or poisoning. In 1954, the first 
successful renal transplantation was performed between 
identical twins, and the recipient lived 8 years.2 In 1960, Dr. 

Scribner invented the arteriovenous shunt, which enabled 
patients with ESKD to undergo long-term hemodialysis. In 
1962 the Seattle Artificial Kidney Center opened and faced 
the unprecedented ethical problem of determining which 
patients should be given access to long-term hemodialysis 
in its nine-bed capacity dialysis center. There were many 
more patients seeking treatment than there were trained 
staff and machines available to provide dialysis to them. 
Journalist Shana Alexander called national attention to this 
ethical problem in her Life magazine article, “They Decide 
Who Lives, Who Dies: Medical Miracle Puts Moral Burden 
on Small Committee.”3 In 1968, a Harvard Medical School 
committee defined brain death as a new criterion for death.4 
The legal recognition of brain death as death enabled 
cadaveric kidney transplantation.

In 1972, the U.S. Congress included ESKD in the Social 
Security Amendments to the Medicare bill, Public Law 
92-603 (HR 1), which established the End-Stage Renal 
Disease Program. One of the sponsors of the ESRD Amend-
ment, Senator Russell Long of Louisiana, was, in retrospect, 
overly optimistic about the benefits of dialysis. He said at 
the time of passage of the bill, “We are the greatest nation 
in the world, the wealthiest per capita. Are we so hard 
pressed that we cannot pay for … a life extended for 10-15 
years?”5 The ESRD Amendment, Section 299I of Public Law 
92-603, provided financial support for kidney dialysis and 
transplantation to all persons eligible for Social Security 
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In 1972, the passage of the ESRD Amendment to Public 
Law 92-603 virtually eliminated the need to ration dialysis. 
This legislation classified patients with a diagnosis of ESKD 
as disabled, authorized Medicare entitlement for them, and 
provided the financial resources to pay for their dialysis. The 
only requirement for this entitlement was that the patients 
or their spouses or (if dependent children) parents be 
insured or entitled to monthly benefits under Social Secu-
rity. When Congress passed this legislation, its members 
believed that money should not be an obstacle to providing 
life-saving therapy.10 Although the legislation stated that 
patients should be screened for “appropriateness” for dialy-
sis and transplantation, the primary concern was to make 
dialysis available to those who needed it. Neither Congress 
nor physicians thought it necessary or proper for the gov-
ernment to determine patient selection criteria.

By 1978, many U.S. physicians believed that it was morally 
unjustified to deny dialysis treatment to any patient with 
ESKD.8 As a consequence, patients who would not previ-
ously have been accepted as dialysis candidates were started 
on treatment. A decade later, the first report of the U.S. 
Renal Data System documented the progressively greater 
acceptance rate of patients for dialysis treatment,11 and sub-
sequent reports have shown that the sharp rise in the 
number of patients undergoing dialysis could be explained 
in part by the inclusion of patients who had poor prognoses, 
especially the elderly and those with diabetic nephropathy.12 
By 2000, of the new patients starting dialysis, 48% were 65 
years or older and 45% had diabetes as the cause of ESKD. 
Observers raised concerns about the appropriateness of 
treating patients with a limited life expectancy and quality 
of life.13,14 Specifically, questions were raised about the 
appropriateness of providing dialysis to two groups of 
patients: those with a limited life expectancy despite the use 
of dialysis, and those with severe neurologic disease. The 
first group included patients with kidney failure and other 
life-threatening illnesses, such as atherosclerotic cardiovas-
cular disease, cancer, chronic pulmonary disease, and 
acquired immunodeficiency syndrome (AIDS). The second 
group included patients whose neurologic disease rendered 
them unable to relate to others, such as those in a persistent 
vegetative state and those with severe dementia or cerebro-
vascular disease.15

The Institute of Medicine Committee for the Study of the 
Medicare End-Stage Renal Disease Program, which issued 
its report in 1991, acknowledged that the existence of the 
public entitlement for treatment of ESKD does not obligate 
physicians to treat all patients who have kidney failure with 
dialysis or transplantation.14 For some patients with kidney 
failure, the burdens of dialysis may substantially outweigh 
the benefits; the provision of dialysis to these patients would 
violate the medical maxim, “Be of benefit and do no harm.” 
This committee recommended that guidelines be devel-
oped for identifying such patients and that the guidelines 
allow physicians discretion in assessing individual patients. 
The committee thought that such guidelines might help 
nephrologists make dialysis decisions more uniformly, with 
greater ease, and in a way that promoted patient benefit and 
the appropriate use of dialysis resources. Subsequent studies 
confirmed the committee’s concerns and demonstrated that 
nephrologists differed in how they made decisions to start 
or stop dialysis for patients.16,17

coverage. The number of persons who would need to be 
supported by the program and the cost of the program were 
greatly underestimated. At the time it was thought that 
perhaps 11,000 patients per year might need to receive 
dialysis at a cost of approximately $250 million. The fact that 
not all could receive dialysis who might benefit from it 
created the first ethical problem alluded to in Dr. Scribner’s 
American Society of Artificial Internal Organs presidential 
address.

PATIENT SELECTION CRITERIA AND THE OVERT 
RATIONING OF DIALYSIS

The problem of selecting patients for dialysis had major 
ramifications, because the patients denied access would die. 
The solution of the physicians of the Seattle dialysis center 
was to ask the county medical society to appoint a commit-
tee of seven laypersons to make the selection decisions for 
them from among persons they had identified as being 
medically appropriate. The physicians recognized that the 
selection decision went beyond medicine and would entail 
value judgments about who should have access to dialysis 
and be granted the privilege of continued life. Historian 
David Rothman says that their decision to have laypersons 
engaged in life-and-death decision making was the historic 
event that signaled the entrance of bioethics into medicine.6 
Bioethics scholar Albert Jonsen believes that the field of 
bioethics emerged in response to these events in Seattle 
because they caused a nationwide controversy that stimu-
lated the reflection of scholars regarding a radically new 
problem at the time, the allocation of scarce life-saving 
resources.7

The physicians regarded children and patients older than 
45 years as medically unsuitable for dialysis, but they gave 
the committee members no other guidelines with which to 
work. At first the committee members considered choosing 
patients by lottery, but they rejected this idea because they 
believed that difficult ethical decisions could be made about 
who should live and who should die. In the first few meet-
ings, the committee members agreed on factors they would 
weigh in making their decisions: age and sex of the patient, 
marital status and number of dependents, income, net 
worth, emotional stability, educational background, occupa-
tion, and future potential. They also decided to limit poten-
tial candidates to residents of the state of Washington. As 
the selection process evolved, a pattern emerged of the 
values the committee was using to reach its decisions. The 
committee weighed very heavily a person’s character and 
contribution to society.3

Once it became public, the Seattle patient selection 
process for dialysis was subjected to harsh criticism. The 
committee was castigated for using middle-class American 
values and social-worth criteria to make decisions.8 The 
selection process was believed to have been unfair and to 
have undermined American society’s view of equality and 
the value of human life. Critics of the Seattle patient selec-
tion committee criteria wrote, “The prejudices and mindless 
clichés that pollute the committee’s deliberations … [rule 
out] creative non-conformists, who rub the bourgeoisie the 
wrong way but who historically have contributed so much 
to the making of America. The Pacific Northwest is no place 
for a Henry David Thoreau with bad kidneys.”9
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several decades … have made death more a matter of delib-
erate decision. Matters once the province of fate have now 
become a matter of human choice” (pp. 1-2).21 The Presi-
dent’s Commission reached two major conclusions that 
provide justification for withholding and withdrawing dialy-
sis: “the voluntary choice of a competent and informed 
patient should determine whether or not life-sustaining 
therapy will be undertaken; and health care professionals 
serve patients best by maintaining a presumption in favor 
of sustaining life, while recognizing that competent patients 
are entitled to choose to forgo any treatments, including 
those that sustain life” (p. 3).21

Similarly, in its 1993 annual report the End-Stage Renal 
Disease Data Advisory Committee to the U.S. Renal  
Data System articulated ethical justifications and general 
and specific principles to be used in making decisions about 
withholding or withdrawing dialysis. This report reflected 
the deliberations of an ad hoc committee gathered to 
examine bioethical issues related to ESKD. The ad hoc  
committee was composed of nephrologists, ethicists, and 
health policy experts. The Data Advisory Committee 
endorsed the recommendations of this ad hoc committee. 
The report described two ethical justifications for forgoing 
dialysis: (1) the right of patients to refuse dialysis based  
on the ethical principle of respect for autonomy and the 
legal right of self-determination; and (2) a judgment that 
dialysis does not offer a reasonable expectation of medical 
benefit based on the ethical principles of beneficence and 
nonmaleficence.22

Withdrawal from dialysis has long been known to be the 
third most common cause of death in patients undergoing 
dialysis, after cardiovascular diseases and infections. In the 
earliest major study calling attention to the frequency of 
dialysis withdrawal, researchers in one large dialysis program 
noted that dialysis withdrawal accounted for 22% of deaths.23 
Subsequent research found that older patients and those 
with diabetes were the most likely to stop dialysis. Over time, 
as the percentage of diabetic and older patients (those 65 
years or older) receiving dialysis rose, withdrawal from dialy-
sis became more common. According to a survey of dialysis 
units performed in 1990, most dialysis units had withdrawn 
one or more patients from dialysis in the preceding year, 
with the mean number being three.16

Because of the greater frequency of decisions to withhold 
and withdraw dialysis in the 1980s and 1990s, the clinical 
practices of nephrologists in reaching these decisions with 
patients and families generated heightened interest. Discus-
sions of the ethics and process of withholding or withdraw-
ing dialysis became more frequent.24 In this later analysis, 
the two ethical justifications that were given for withholding 
or withdrawing dialysis essentially agreed with earlier formu-
lations: (1) the patient’s right to refuse dialysis, which was 
based on the right of self-determination; and (2) an unfa-
vorable balance of benefits to burdens for the patient that 
continued life with dialysis would entail.

Nephrologists and ethicists recommended that decisions 
to start or stop dialysis be made on a case-by-case basis, 
because individual patients evaluate benefits and burdens 
differently. These authorities noted that such decisions 
should result from a process of shared decision making 
between the nephrologist and the patient with decision-
making capacity. If the patient lacked decision-making 

ACCESS TO DIALYSIS AND THE JUST ALLOCATION 
OF SCARCE RESOURCES
The numbers of patients undergoing dialysis steadily grew 
each year, resulting in an ever-increasing cost of the Medi-
care ESRD Program. In the 1980s, the United States experi-
enced record-breaking budget deficits, and questions began 
to be raised about continued federal funding of the ESRD 
Program. Observers wondered whether the money was well 
spent or whether more good could be done by using the 
same resources for other patients.18 Critics of the ESRD 
Program observed that it satisfied neither of the first princi-
ples of distributive justice: equality and utility. On neither a 
macroallocation nor a microallocation level did the ESRD 
Program provide equality of access. On the macroallocation 
level, observers asked, as a matter of fairness and equality, 
why the federal government should provide almost total 
support for one group of patients with end-stage disease—
those with ESKD—and deny such support to those whose 
failing organs happened to be hearts, lungs, or livers.10,18 On 
a microallocation level, only 93% of patients with ESKD had 
been eligible for Medicare ESKD benefits. The poor and 
ethnic minorities were thought to constitute most of the 
ineligible. The Institute of Medicine Committee for the 
Study of the Medicare End-Stage Renal Disease Program 
recommended that the U.S. Congress extend Medicare enti-
tlement to all citizens and resident aliens with ESKD.15

From a utilitarian perspective, the ESRD Program could 
not be argued to be maximizing the good for the greatest 
number. In the 1980s, more than 5% of the total Medicare 
budget was being spent on patients undergoing dialysis or 
kidney transplantation, who represented fewer than 0.2%  
of the active Medicare patient population. Furthermore, 
although in 2000 more than 40 million Americans were 
without basic health insurance, the cost to treat one patient 
with ESKD receiving dialysis—of whom there were more 
than 300,000—exceeded $50,000 per year. Despite the high 
cost, the unadjusted 1-year mortality for patients with ESKD 
approached 25%; for many, life on dialysis was synonymous 
with physical incapacitation, dependency, chronic depres-
sion, and disrupted family functioning.19

CESSATION OF AND WITHDRAWAL FROM DIALYSIS
In the 1960s patients were fortunate to be chosen by dialysis 
selection committees to receive dialysis. No one considered 
that patients might want to stop dialysis and die. Faced with 
patients’ requests to “turn off the machine,” physicians and 
ethicists grappled with whether stopping dialysis was “dialy-
sis suicide” and a form of psychopathology or whether, given 
the unprecedented nature of the life-sustaining therapy, 
requests to stop dialysis should be analyzed differently. To 
reason about this issue, ethicists and theologians drew on 
Catholic moral theology and the distinction between ordi-
nary and extraordinary means. They concluded that patients 
may refuse or stop life-sustaining interventions such as dialy-
sis, which they regarded as extraordinary.20

In its report Deciding to Forego Life-Sustaining Treatment, the 
President’s Commission for the Study of Ethical Problems 
in Medicine and Biomedical and Behavioral Research con-
sidered the ethical and legal issues raised by the use of life-
sustaining treatments such as dialysis. The commission 
understood that “biomedical developments of the past 
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capacity, the decisions were to be made on the basis of the 
patient’s expressed wishes (given either verbally or in a 
written advance directive) or, if these were unknown, the 
patient’s best interests. They also advised that in cases in 
which patients lacked decision-making capacity, a surrogate 
be selected to participate with the physician in making deci-
sions for the patient. Questions were identified to help 
nephrologists evaluate a patient’s request to stop dialysis 
(see Table 83.1). If, after patient evaluation based on the 
questions in Table 83.1, the patient still requested discon-
tinuation of dialysis, nephrologists were counseled to honor 
the competent patient’s request.

In several studies, 9 out of 10 nephrologists indicated that 
they would stop dialysis at the request of a patient with 
decision-making capacity.16,17 In half or more of the cases in 
which decisions were made to withdraw dialysis, patients 
lacked decision-making capacity. Nephrologists expressed a 
willingness to stop dialysis of “irreversibly incompetent” 
patients who had clearly said they would not want dialysis if 
they were in such a condition, but they disagreed about 
stopping dialysis of patients without clear advance direc-
tives.17 Consistent with the President’s Commission report, 
from the beginning of the availability of dialysis, there has 
been a presumption in favor of continued dialysis for 
patients who cannot or have not expressed their wishes. In 
the absence of an advance directive a patient’s right to forgo 
dialysis was therefore usually difficult to exercise.

ADVANCE DIRECTIVES AND PATIENTS 
UNDERGOING DIALYSIS

The Patient Self-Determination Act, which applied to insti-
tutions participating in Medicare and Medicaid and became 
effective December 1, 1991, was intended to educate health 
care professionals and patients about advance directives and 
to encourage patients to complete them. Although the 
ESRD Program was almost entirely funded by Medicare, 
dialysis units were inadvertently left out of the act. The 
completion of advance directives as part of the process of 
advance care planning has been recognized as particularly 
important for patients undergoing dialysis for four reasons25: 
(1) about half of the dialysis population is elderly, and the 
elderly have the shortest life expectancy with dialysis and 
are the most likely to withdraw or be withdrawn from dialy-
sis; (2) prior discussion of advance directives has been 
shown to help such patients and their families approach 
death in a reconciled fashion26; (3) patients who discuss and 
complete written advance directives are significantly more 
likely to have their wish to die at home respected; and (4) 
unless a specific directive to withhold cardiopulmonary 
resuscitation is obtained—which can be done in the frame-
work of advance care planning—it will be automatically pro-
vided, although it rarely leads to extended survival in 
patients undergoing dialysis.27

For these reasons, nephrologists have been encouraged 
to discuss the circumstances under which patients would 
want to discontinue dialysis and forgo cardiopulmonary 
resuscitation and to urge patients to complete written 
advance directives.28 When patients lack decision-making 
capacity and have not completed advance directives, ethi-
cally complex issues often arise in making the decision 
whether to start or stop dialysis. In these situations, many 

Table 83.1  Systematic Evaluation of a Patient or 
Family Request to Stop Dialysis35

1.	 Determine	the	reasons	or	conditions	underlying	the		
patient/surrogate	desires	regarding	withdrawal	of	dialysis.	
Such	assessment	should	include	specific	medical,		
physical,	spiritual,	and	psychological	issues,	as	well	as	
interventions	that	could	be	appropriate.	Some	of	the	
potentially	treatable	factors	that	might	be	included	in	the	
assessment	are	as	follows:
(a)	 Underlying	medical	disorders,	including	the	prognosis	

for	short-	or	long-term	survival	on	dialysis
(b)	 Difficulties	with	dialysis	treatments
(c)	 The	patient’s	assessment	of	his	or	her	quality	of	life	and	

ability	to	function
(d)	 The	patient’s	short-	and	long-terms	goals
(e)	 The	burden	that	costs	of	continued	treatment/

medications/diet/transportation	may	have	on	the	
patient/family/others

(f)	 The	patient’s	psychological	condition,	including	
depression	and	conditions	or	symptoms	that	may	be	
caused	by	uremia

(g)	 Undue	influence	or	pressure	from	outside	sources,	
including	the	patient’s	family

(h)	 Conflict	between	the	patient	and	others
(i)	 Dissatisfaction	with	the	dialysis	modality,	the	time,	or	

the	setting	of	treatment
2.	 If	the	patient	wishes	to	withdraw	from	dialysis,	did	he	or	

she	consent	to	referral	to	a	counseling	professional	(e.g.,	
social	worker,	spiritual	advisor,	psychologist,	or	
psychiatrist)?

3.	 If	the	patient	wishes	to	withdraw	from	dialysis,	are	there	
interventions	that	could	alter	the	patient’s	circumstances	
that	might	result	in	his	or	her	considering	it	reasonable	to	
continue	dialysis?
(a)	 Describe	possible	interventions.
(b)	 Does	the	patient	desire	the	proposed	intervention(s)?

4.	 In	cases	in	which	the	surrogate	has	made	the	decision	to	
either	continue	or	withdraw	dialysis,	has	it	been	determined	
that	the	judgment	of	the	surrogate	is	consistent	with	the	
stated	desires	of	the	patient?

5.	 Questions	to	consider	when	a	patient	asks	to	stop		
dialysis:
(a)	 Is	the	patient’s	decision-making	capacity	diminished	by	

depression,	encephalopathy,	or	other	disorder?
(b)	 Why	does	the	patient	want	to	stop	dialysis?
(c)	 Are	the	patient’s	perceptions	about	the	technical	or	

quality-of-life	aspects	of	dialysis	accurate?
(d)	 Does	the	patient	really	mean	what	he	or	she	says	or	is	

the	decision	to	stop	dialysis	made	to	get	attention,	
help,	or	control?

(e)	 Can	any	changes	be	made	that	might	improve	life	on	
dialysis	for	the	patient?

(f)	 Would	the	patient	be	willing	to	continue	dialysis	while	
the	factors	responsible	for	the	patient’s	request	are	
addressed?

(g)	 Has	the	patient	discussed	his	or	her	desire	to	stop	
dialysis	with	significant	others	such	as	family,	friends,	or	
spiritual	advisors?	What	do	they	think	about	the	
patient’s	request?
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partly attributed to the acceptance for dialysis in the United 
States of a much higher number of patients with poor prog-
noses. Some have argued that this high acceptance rate is a 
sign that nephrologists and dialysis units are seeking to 
maximize their incomes, whereas others have commented 
that many physicians believe they are obligated to provide 
dialysis to all patients with ESKD who want it.13

In the 1990s, the concerns about conflicts of interest 
heightened. Two thirds of patients with ESKD were under-
going dialysis in for-profit units. Short dialysis times were 
found disproportionately in for-profit units and were associ-
ated with higher mortality. Patients treated in for-profit 
dialysis units were noted to have a 20% higher mortality rate 
and a referral rate for renal transplantation 26% lower than 
that for patients treated in not-for-profit units.31 The 
nephrologist who owned all or a share of a for-profit unit 
was confronted with a clear conflict of interest. In respond-
ing to financial pressures created by a dialysis reimburse-
ment rate that failed to keep up with inflation and in 
instituting cost-cutting measures, he or she was believed to 
be treading a very fine line between maintaining adequate 
profit to keep the dialysis unit open and compromising 
patient care.

A decade earlier, nephrologist and then New England 
Journal of Medicine editor Arnold Relman had anticipated 
the predicament that nephrologist owners of dialysis units 
would face. He had warned that the private enterprise 
system—the so-called new medical-industrial complex—had 
a particularly striking effect on the practice of dialysis, and 
he urged physicians to separate themselves totally from any 
financial participation so as to maintain their integrity as 
professionals.32 Education of nephrologists about these 
issues, both in training and in continuing education courses, 
was advocated to help them to identify present and potential 
conflicts of interest and resolve them in a way that placed 
patients’ interests first.

To hold dialysis units, both for-profit and nonprofit, 
accountable for the quality of care they provided, the Medi-
care ESRD Program, through the 18 ESRD Networks, estab-
lished quality indicators to measure the performance of 
individual dialysis units and all the dialysis units within a 
region. These measures monitored adequacy of dialysis, 
anemia management, vascular access placement, and stan-
dardized mortality ratios as well as other indicators.

PRESENT

CLINICAL PRACTICE GUIDELINE ON 
WITHHOLDING AND WITHDRAWING DIALYSIS

In 1991, the Institute of Medicine Committee for the Study 
of the Medicare End-Stage Renal Disease Program recom-
mended development of a clinical practice guideline “for 
evaluating patients for whom the burdens of renal replace-
ment therapy may substantially outweigh the benefits.”15 
After that time, nephrologists reported being increasingly 
asked to provide dialysis to patients for whom they perceived 
dialysis to be of marginal benefit. Not surprisingly, in a 1997 
survey of the Renal Physicians Association and the American 
Society of Nephrology leadership, the topic of who should 
receive dialysis and how that decision should be made was 
given highest priority for guideline development, because 

nephrologists indicate that they would consult an ethics 
committee, if available, for assistance in making decisions 
in different cases.16

EFFECT OF REIMBURSEMENT

Reimbursement affects both dialysis techniques and the 
quality of care provided to patients undergoing dialysis.15 
There has been concern on the part of dialysis providers 
that their ethical obligation to provide competent, quality 
care to their patients is being compromised by insufficient 
funding of the Medicare ESRD Program. In the 1980s, cost 
was the federal policy makers’ primary concern about the 
program, and federal reimbursement rates for dialysis were 
reduced twice. By 1989, the average reimbursement rate for 
freestanding dialysis units, adjusted for inflation, was 61% 
lower than it had been when the program began.15 When 
the U.S. Congress established the Medicare ESRD Program, 
the highest estimate for cost of the program by 1977 was 
$250 million; the actual cost in 1977 was approximately $1 
billion.8 At least two major reasons were held to be respon-
sible for the higher cost: the growing number of patients 
being started on dialysis, for some of whom dialysis would 
have been “unthinkable” 10 years earlier, and the growth of 
in-center dialysis while the use of less costly home dialysis 
declined.

Despite inflation and increases in the costs of salaries, 
equipment, and supplies, there were only two modest 
increases in the Medicare reimbursement to dialysis provid-
ers in the 1990s. By the end of the twentieth century, the 
rate of reimbursement for dialysis by Medicare adjusted for 
inflation was only one third of the amount in 1973. A long-
time historian of the ESRD Program, Richard Rettig, 
observed, “No other part of Medicare has been subjected to 
this severe, even punitive, economic discipline.”29 Mean-
while, the incidence of ESKD in the United States had 
tripled over the previous 20 years. Almost 100,000 new 
patients were starting dialysis each year.

CONFLICTS OF INTEREST

A conflict of interest occurs when there is a clash between 
a physician’s personal financial gain and the welfare of his 
or her patients. Although a conflict of interest generally 
exists for all physicians who practice fee-for-service medi-
cine, there is a potentially greater conflict of interest for 
physicians who share in the ownership of for-profit dialysis 
units in which they treat patients. Physicians who receive a 
share of the profits are financially rewarded for reducing 
costs. Although measures to reduce costs may simply lead 
to greater efficiency, they may also compromise patient 
welfare if they entail reducing dialysis time; purchasing 
cheaper, possibly less effective dialyzers and dialysis 
machines; and hiring fewer registered nurses, social workers, 
and dietitians.

In the past, for-profit dialysis companies were quite open 
about their policy of giving physicians a financial stake in 
their companies. Such companies flourished under the 
ESRD Program.30 Since the inception of the program, physi-
cians and dialysis units have been paid on a per-patient and 
per-treatment basis, respectively, and the acceptance rate of 
patients to dialysis in the United States is higher than any-
where else in the world.12 This higher rate has been at least 
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recommendations with regard to decision making about 
withholding or withdrawing dialysis and the care of patients 
who forgo dialysis (Table 83.3). The guideline recommends 
shared decision making, which it defines as the process by 
which physicians and patients agree on a specific course of 
action based on a common understanding of the treatment 
goals and the risks and benefits of the chosen course in 
comparison with reasonable alternatives. The association 
acknowledges, however, that there are limits to the shared 
decision-making process that protect the rights of patients 
and the professional integrity of health care professionals. 
The guideline states that the patient has the right to refuse 
dialysis even if the renal care team disagrees with the 
patient’s decision and wants the patient to undergo dialysis. 
Similarly, the renal care team has the right to refuse to offer 
dialysis when the expected benefits do not justify the risks.

The most difficult ethical quandaries for nephrologists 
have lately been how to address conflicts when the family of 
a dying patient undergoing dialysis who lacks decision-
making capacity requests that “everything possible be done” 
when the nephrologist believes that such treatment would 
be nonbeneficial. The guideline provides recommendations 
for how to resolve such conflicts.

The target audience for the guideline was health care 
providers involved in the care of patients with either AKI or 
ESRD: nephrologists, intensivists, primary care physicians, 
nephrology nurses, advanced practice nurses, and nephrol-
ogy social workers. The writers thought it might also be 
useful to patients and their families, renal dietitians, dialysis 
technicians, renal administrators, clergy, and policy makers. 
This guideline has been widely quoted in the nephrology 
and palliative care literature, and studies have documented 
the effectiveness of the guideline in managing patient 
care.36,37

In a study to determine whether nephrologists’ attitudes 
and reported practices in dialysis decision making had 
changed over time, survey responses from 296 nephrologists 

the renal professional community recognized that the inci-
dent and prevalent ESRD population had changed substan-
tially. A growing number of patients who were initiating 
renal replacement therapy were elderly and had substantial 
numbers of comorbid conditions, which in turn adversely 
affected the patients’ health-related quality of life. On the 
basis of currently available data, from the U.S. Renal Data 
System for 1993 to 1995, the incident treatment rate per 
million population per year was found to have increased for 
all age categories.33 For Americans 55 years or older, the 
highest incident treatment rates in descending order were 
for 75- to 79-year-old, 70- to 74-year-old, and 80- to 84-year-
old patients. Older patients were noted to have the most 
comorbid conditions and to be at the greatest risk for devel-
opment of illnesses during their subsequent course of 
dialysis.

In 2000, the Renal Physicians Association and the Ameri-
can Society of Nephrology published the clinical practice 
guideline Shared Decision-Making in the Appropriate Initiation 
of and Withdrawal from Dialysis.34 Since then, researchers have 
extensively investigated dialysis decision making and have 
found a substantial body of new evidence with regard to (1) 
the poor prognosis of some elderly patients with stage 4 and 
stage 5 chronic kidney disease (CKD), many of whom are 
likely to die prior to initiation of dialysis or for whom dialysis 
may not provide a survival advantage over medical manage-
ment without dialysis; (2) the prevalence of cognitive 
impairment in patients undergoing dialysis and the need to 
periodically assess them for decision-making capacity; (3) 
the underrecognition and undertreatment of pain and 
other symptoms in patients undergoing dialysis; (4) the 
underutilization of hospice in patients undergoing dialysis; 
and (5) the distinctly different treatment goals of patients 
with ESRD that are based on their overall condition and 
personal preferences. In 2010, the Renal Physicians Associa-
tion developed a second edition of the guideline to provide 
clinicians, patients, and families with (1) the most current 
evidence about the benefits and burdens of dialysis for 
patients with diverse conditions, (2) recommendations for 
quality in decision making about treatment of patients with 
AKI, CKD, and ESKD, and (3) practical strategies to help 
clinicians implement the guideline recommendations.35

In this second edition, the Renal Physicians Association 
made explicit recommendations to integrate palliative care 
into the treatment of patients with CKD and ESKD and to 
develop quality metrics for patients undergoing dialysis 
whose goals of care are mainly comfort distinct from those 
whose goals are aggressive, life-prolonging therapy with 
optimization of function. The association also noted that 
good communication improves patients’ adjustment to 
illness, increases adherence to treatment, and results in 
higher patient and family satisfaction with care. The new 
guideline calls on nephrologists and other members of the 
interdisciplinary team to communicate information, includ-
ing prognosis, that patients and families can use to reach 
informed decisions about dialysis and transplantation 
options, and urges nephrology fellowship programs to 
incorporate training in effective, empathetic communica-
tion skills so that patients’ decisions can be based on an 
accurate understanding of their overall condition and the 
pros and cons of treatment options.35

The objectives for both editions of this guideline are 
listed in Table 83.2. The second edition provides ten 

Table 83.2  Objectives of the Clinical Practice 
Guideline Shared Decision Making in 
the Appropriate Initiation of and 
Withdrawal from Dialysis

•		Synthesize	available	research	evidence	regarding	patients	
with	acute	kidney	injury	and	end-stage	renal	disease	(ESRD)	
as	a	basis	for	making	recommendations	about	withholding	
and	withdrawing	dialysis.

•	 Enhance	understanding	of	the	principles	and	processes	
useful	for	and	involved	in	making	decisions	to	withhold	or	
withdraw	dialysis.

•	 Promote	ethically	as	well	as	medically	sound	decision	
making	in	individual	cases.

•	 Recommend	tools	that	can	be	used	to	promote	shared	
decision	making	in	the	care	of	patients	with	acute	kidney	
injury	or	ESRD.

•	 Offer	a	publicly	understandable	and	acceptable	ethical	
framework	for	shared	decision	making	among	health	care	
providers,	patients,	and	their	families.

From Renal Physicians Association: Shared	decision-making	in	
the	appropriate	initiation	of	and	withdrawal	from	dialysis, ed 
2, Rockville, MD, 2010, Renal Physicians Association.
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Table 83.3  Clinical Practice Guideline Recommendations for Shared Dialysis Decision Making

Establishing a Shared 
Decision-Making 
Relationship

RECOMMENDATION NO. 1: Develop a Physician-Patient Relationship for Shared Decision Making.

Shared	decision	making	is	the	recognized	preferred	model	for	medical	decision	making	because	it	
addresses	the	ethical	need	to	fully	inform	patients	about	the	risks	and	benefits	of	treatments,	as	well	
as	the	need	to	ensure	that	patients’	values	and	preferences	play	a	prominent	role.	Because	of	the	
number	and	complexity	of	decisions	involved	in	treating	kidney	failure,	a	shared	decision-making	
relationship	is	particularly	important	for	patients	with	acute	kidney	injury	(AKI);	stage	4	and	5	chronic	
kidney	disease	(CKD);	and	stage	5	CKD	requiring	dialysis	or	end-stage	kidney	disease	(ESKD).	
Participants	in	shared	decision	making	should	involve	at	a	minimum	the	patient	and	the	physician.	In	
addition,	patients	should	identify	and	include	a	person	who	could	serve	as	their	decision	maker	in	the	
event	they	lose	decision-making	capacity.	If	a	patient	lacks	decision-making	capacity,	decisions	
should	involve	the	person	legally	authorized	to	make	health	care	decisions	on	behalf	of	the	
incapacitated	patient.	This	person	is	often	(though	not	always)	a	family	member	and	will	be	called	
“the	legal	agent”	in	the	remainder	of	this	document.	With	the	patient’s	consent,	shared	decision		
making	may	include	family	members	or	friends	and	other	members	of	the	health	care	team.

Informing Patients RECOMMENDATION NO. 2: Fully Inform AKI, Stage 4 and 5 CKD, and ESRD Patients About Their 
Diagnosis, Prognosis, and All Treatment Options.

In	the	setting	of	critical	illness	many	patients	with	CKD	will	require	urgent	dialysis	and	the	vast	majority	
of	patients	with	AKI	will	have	multiple	medical	problems,	in	addition	to	kidney	failure.	The	concept	of	
shared	decision	making	necessitates	a	multidisciplinary	approach	including	nephrologists,	
intensivists,	and	others	as	appropriate	and	decisions	about	acute	renal	replacement	therapy	should	
be	made	in	the	context	of	other	life-sustaining	treatments.	For	example,	a	decision	to	withhold	
dialysis	in	a	patient	agreeing	to	and	receiving	multiple	other	forms	of	life-sustaining	therapy	could	
represent	discordant	treatment	in	the	same	way	that	offering	dialysis	to	a	patient	who	has	decided	to	
forgo	other	forms	of	life-sustaining	therapy	might	be	inappropriate.	Intensive	care	physicians	need	to	
be	included	in	shared	decision	making	for	kidney	patients	in	the	intensive	care	unit	(ICU).

For	ESRD	patients,	the	shared	decision-making	options	include:	1)	available	dialysis	modalities	and	
kidney	transplantation	if	applicable;	2)	not	starting	dialysis	and	continuing	medical	management;	3)	a	
time-limited	trial	of	dialysis;	and	4)	stopping	dialysis	and	receiving	end-of-life	care.	Choices	among	
options	should	be	made	by	patients	or,	if	patients	lack	decision-making	capacity,	their	designated	
legal	agents.	Their	decisions	should	be	informed	and	voluntary.	The	renal	care	team,	in	conjunction	
with	the	primary	care	physician,	should	ensure	that	the	patient	or	legal	agent	understands	the	
benefits	and	burdens	of	dialysis	and	the	consequences	of	not	starting	or	stopping	dialysis.	Research	
studies	have	identified	a	population	of	chronic	kidney	disease	patients	for	whom	the	prognosis	is	
particularly	poor.	This	population	has	been	found	to	include	patients	with	two	or	more	of	the	
following	characteristics:	1)	elderly	(defined	by	research	studies	identifying	poor	outcomes	in	patients	
who	are	age	75	years	and	older);	2)	patients	with	high	comorbidity	scores	(e.g.,	modified	Charlson	
Comorbidity	Index	score	of	8	or	greater);	3)	marked	functional	impairment	(e.g.,	Karnofsky	
Performance	Status	Scale	score	of	less	than	40);	and	4)	severe	chronic	malnutrition	(e.g.,	serum	
albumin	level	less	than	2.5	g/dL	using	the	bromcresol	green	method).	Patients	in	this	population	
should	be	informed	that	dialysis	may	not	confer	a	survival	advantage	or	improve	functional	status	
over	medical	management	without	dialysis	and	that	dialysis	entails	significant	burdens	that	may	
detract	from	their	quality	of	life.

RECOMMENDATION NO. 3: Give All Patients with AKI, Stage 5 CKD, or ESRD an Estimate of 
Prognosis Specific to Their Overall Condition.

To	facilitate	informed	decisions	about	starting	dialysis	for	AKI,	stage	5	CKD,	or	ESRD,	all	patients	
should	have	their	prognosis	estimated	and	discussed,	with	the	realization	that	the	ability	to	predict	
survival	in	the	individual	patient	is	limited.	Depending	on	the	setting,	a	primary	care	physician,	
intensivist,	or	nephrologist	who	is	familiar	with	estimating	and	communicating	prognosis	should	
conduct	these	discussions	(see	RECOMMENDATION	NO.	10	for	communication	strategies).	For	
patients	with	ESRD,	the	“surprise”	question,	“Would	I	be	surprised	if	this	patient	died	in	the	next	
year?,”	can	be	used	together	with	known	risk	factors	for	poor	prognosis:	age,	comorbidities,	severe	
malnutrition,	and	poor	functional	status.	For	patients	with	stage	5	CKD	pre-dialysis,	the	estimate	of	
prognosis	should	be	discussed	with	the	patient	or	legal	agent,	patient’s	family,	and	among	the	
medical	team	members	to	develop	a	consensus	on	the	goals	of	care	and	whether	dialysis	or	active	
medical	management	without	dialysis	should	be	used	to	best	achieve	these	goals.	These	discussions	
should	occur	as	early	as	possible	in	the	course	of	the	patient’s	kidney	disease	and	continue	as	the	
kidney	disease	progresses.	For	ESRD	patients	on	dialysis	who	experience	major	complications	that	
may	substantially	reduce	survival	or	quality	of	life,	it	is	appropriate	to	reassess	treatment	goals,	
including	consideration	of	withdrawal	from	dialysis.
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Table 83.3  Clinical Practice Guideline Recommendations for Shared Dialysis Decision Making (Continued)

Facilitating Advance Care 
Planning

RECOMMENDATION NO. 4: Institute Advance Care Planning.

The	purpose	of	advance	care	planning	is	to	help	the	patient	understand	his/her	condition,	identify	his/
her	goals	for	care,	and	prepare	for	the	decisions	that	may	have	to	be	made	as	the	condition	
progresses	over	time.	For	chronic	dialysis	patients,	the	interdisciplinary	renal	care	team	should	
encourage	patient-family	discussion	and	advance	care	planning	and	include	advance	care	planning	in	
the	overall	plan	of	care	for	each	individual	patient.	The	renal	care	team	should	designate	a	person	to	
be	primarily	responsible	for	ensuring	that	advance	care	planning	is	offered	to	each	patient.	Patients	
with	decision-making	capacity	should	be	strongly	encouraged	while	they	have	capacity	to	talk	to	their	
legal	agents	to	ensure	that	the	legal	agent	knows	the	patient’s	wishes	and	agrees	to	make	decisions	
according	to	these	wishes.

The	renal	care	team	should	attempt	to	obtain	written	advance	directives	from	all	dialysis	patients.	
Where	legally	accepted,	Physician	Orders	for	Life-Sustaining	Treatment	(POLST)	or	similar	state-
specific	forms,	also	should	be	completed	as	part	of	the	advance	care	planning	process.	At	a	
minimum,	each	dialysis	patient	should	be	asked	to	designate	a	legal	agent	in	a	state-specific	
advance	directive.	Advance	directives	should	be	honored	by	dialysis	centers,	nephrologists,	and	
other	nephrology	clinicians	except	possibly	in	situations	in	which	the	advance	directive	requests	
treatment	contrary	to	the	standard	of	care	(see	RECOMMENDATION	NO.	8	on	conflict	resolution).

Making a Decision to Not 
Initiate or to Discontinue 
Dialysis

RECOMMENDATION NO. 5*: If Appropriate, Forgo (Withhold Initiating or Withdraw Ongoing) Dialysis 
for Patients with AKI, CKD, or ESRT in Certain, Well-Defined Situations.

These	situations	include	the	following:
•		Patients	with	decision-making	capacity,	who	being	fully	informed	and	making	voluntary	choices,	

refuse	dialysis	or	request	that	dialysis	be	discontinued.
•	 Patients	who	no	longer	possess	decision-making	capacity	who	have	previously	indicated	refusal	of	

dialysis	in	an	oral	or	written	advance	directive.
•	 Patients	who	no	longer	possess	decision-making	capacity	and	whose	properly	appointed	legal	

agents/surrogates	refuse	dialysis	or	request	that	it	be	discontinued.
•	 Patients	with	irreversible,	profound	neurological	impairment	such	that	they	lack	signs	of	thought,	

sensation,	purposeful	behavior,	and	awareness	of	self	and	environment.

RECOMMENDATION NO. 6: Consider Forgoing Dialysis for AKI, CKD, or ESRD Patients Who Have a 
Very Poor Prognosis or for Whom Dialysis Cannot Be Provided Safely.

Included	in	these	categories	of	patients	are	the	following:
•		Those	whose	medical	condition	precludes	the	technical	process	of	dialysis	because	the	patient	is	

unable	to	cooperate	(e.g.,	advanced	dementia	patient	who	pulls	out	dialysis	needles)	or	because	the	
patient’s	condition	is	too	unstable	(e.g.,	profound	hypotension).

•	 Those	who	have	a	terminal	illness	from	nonrenal	causes	(acknowledging	that	some	in	this	condition	
may	perceive	benefit	from	and	choose	to	undergo	dialysis).

•	 Those	with	stage	5	CKD	older	than	age	75	years	who	meet	two	or	more	of	the	following	statistically	
significant	very	poor	prognosis	criteria	(see	RECOMMENDATIONS	No.	2	and	3):	1)	clinicians’	response	
of	“No,	I	would	not	be	surprised”	to	the	surprise	question;	2)	high	comorbidity	score;	3)	significantly	
impaired	functional	status	(e.g.,	Karnofsky	Performance	Status	score	less	than	40);	and	4)	severe	
chronic	malnutrition	(i.e.,	serum	albumin	less	than	2.5	g/dL	using	the	bromcresol	green	method).

Resolving Conflicts About 
What Dialysis Decisions 
to Make

RECOMMENDATION NO. 7: Consider a Time-Limited Trial of Dialysis for Patients Requiring Dialysis, 
but Who Have an Uncertain Prognosis, or for Whom a Consensus Cannot Be Reached About 
Providing Dialysis. 

If	a	time-limited	trial	of	dialysis	is	conducted,	the	nephrologist,	the	patient,	the	patient’s	legal	agent,	and	
the	patient’s	family	(with	the	patient’s	permission	to	participate	in	decision	making)	should	agree	in	
advance	on	the	length	of	the	trial	and	parameters	to	be	assessed	during	and	at	the	completion	of	the	
time-limited	trial	to	determine	whether	dialysis	has	benefited	the	patient	and	whether	dialysis	should	
be	continued.

RECOMMENDATION NO. 8: Establish a Systematic Due Process Approach for Conflict Resolution If 
There Is Disagreement About What Decision Should Be Made with Regard to Dialysis.

Conflicts	may	occur	between	the	patient/legal	agent	and	the	renal	care	team	about	whether	dialysis	will	
benefit	the	patient.	Conflicts	also	may	occur	within	the	renal	care	team	or	between	the	renal	care	team	
and	other	health	care	providers.	In	sitting	down	and	talking	with	the	patient/legal	agent,	the	nephrologist	
should	try	to	understand	their	views,	provide	data	to	support	his/her	recommendation,	and	correct	
misunderstandings.	In	the	process	of	shared	decision	making,	the	following	potential	sources	of	conflict	
have	been	recognized:	1)	miscommunication	or	misunderstanding	about	prognosis;	2)	intrapersonal	or	
interpersonal	issues;	or	3)	special	values.	If	dialysis	is	indicated	emergently,	it	should	be	provided	while	
pursuing	conflict	resolution,	provided	the	patient	or	legal	agent	requests	it.

Continued on following page
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Table 83.3  Clinical Practice Guideline Recommendations for Shared Dialysis Decision Making (Continued)

Providing Effective 
Palliative Care

RECOMMENDATION NO. 9: To Improve Patient-Centered Outcomes, Offer Palliative Care Services 
and Interventions to All AKI, CKD, and ESRD Patients Who Suffer from Burdens of Their Disease.

Palliative	care	services	are	appropriate	for	people	who	choose	to	undergo	or	remain	on	dialysis	and	for	
those	who	choose	not	to	start	or	to	discontinue	dialysis.	With	the	patient’s	consent,	a	multi-
professional	team	with	expertise	in	renal	palliative	care,	including	nephrology	professionals,	family	or	
community-based	professionals,	and	specialist	hospice	or	palliative	care	providers,	should	be	
involved	in	managing	the	physical,	psychological,	social,	and	spiritual	aspects	of	treatment	for	these	
patients,	including	end-of-life	care.	Physical	and	psychological	symptoms	should	be	routinely	and	
regularly	assessed	and	actively	managed.	The	professionals	providing	treatment	should	be	trained	in	
assessing	and	managing	symptoms	and	in	advanced	communication	skills.	Patients	should	be	
offered	the	option	of	dying	where	they	prefer,	including	at	home	with	hospice	care,	provided	there	is	
sufficient	and	appropriate	support	to	enable	this	option.	Support	also	should	be	offered	to	patients’	
families,	including	bereavement	support	where	appropriate.	Dialysis	patients	for	whom	the	goals	of	
care	are	primarily	comfort	should	have	quality	measures	distinct	from	patients	for	whom	the	goals	are	
aggressive	therapy	with	optimization	of	functional	capacity.

RECOMMENDATION NO. 10: Use a Systematic Approach to Communicate About Diagnosis, 
Prognosis, Treatment Options, and Goals of Care.

Good	communication	improves	patients’	adjustment	to	illness,	increases	adherence	to	treatment,	and	
results	in	higher	patient	and	family	satisfaction	with	care.	Patients	appreciate	sensitive	delivery	of	
information	about	their	prognosis	and	the	ability	to	balance	reality	while	maintaining	hope.	In	
communicating	with	patients,	the	critical	task	for	clinicians	is	to	integrate	complicated	biomedical	facts	
and	conditions	with	emotional,	social,	and	spiritual	realities	that	are	equally	complex	but	not	well	
described	in	the	language	of	medicine.	This	information	must	be	communicated	in	a	way	that	patients,	
legal	agents,	and	families	can	understand	and	use	to	reach	informed	decisions	about	dialysis	and	
transplantation	options.	Patients’	decisions	should	be	based	on	an	accurate	understanding	of	their	
condition	and	the	pros	and	cons	of	treatment	options.	To	facilitate	effective	communication,	reliance	
upon	a	multidisciplinary	approach	including	nephrologists,	intensivists,	and	others	as	appropriate	is	
warranted.	Decisions	about	acute	renal	replacement	therapy	in	AKI	should	be	made	in	the	context	of	
other	life-sustaining	treatments.	Intensive	care	physicians	should	be	included	in	shared	decision		
making	for	kidney	patients	in	the	ICU	to	facilitate	discussions	on	global	disease	or	injury	prognosis.	
Fellowship	programs	should	incorporate	training	to	help	nephrologists	develop	effective,	empathetic	
communication	skills,	which	are	essential	in	caring	for	this	patient	population.

From Renal Physicians Association: Shared	decision-making	in	the	appropriate	initiation	of	and	withdrawal	from	dialysis, 2nd ed, 
Rockville, MD, 2010, Renal Physicians Association.

*Medical management incorporating palliative care is an integral part of the decision to forgo dialysis in AKI, CKD, or ESRD, and attention to 
patient comfort and quality of life while dying should be addressed directly or managed by palliative care consultation and referral to a 
hospice program (see RECOMMENDATION NO. 9 on palliative care services).

who completed an online survey in 2005 were compared 
with those from 318 nephrologists who completed a similar 
mailed survey in 1990. More than half of the respondents 
indicated awareness of and use of the guideline.

In 2005, less variability was noted in reported practices to 
withhold dialysis from a permanently unconscious patient 
(90% would withhold in 2005 vs. 83% in 1990, P < 0.001) 
and to stop dialysis in a severely demented patient (53% in 
2005 would stop vs. 39% in 1990, P < 0.00001). In 2005, 
significantly more dialysis units were reported to have 
written policies on cardiopulmonary resuscitation (86% in 
2005 vs. 31% in 1990, P < 0.0001) and withdrawal of dialysis 
(30% in 2005 vs. 15% in 1990, P < 0.0002). Nephrologists 
were also more likely to honor a do-not-resuscitate order for 
a patient undergoing dialysis (83% in 2005 vs. 66% in 1990, 
P < 0.0002) and to consider consulting an ESRD network 
ethics committee (52% in 2005 vs. 39% in 1990, P < 0.001). 
The study concluded that nephrologists’ reported practices 
in end-of-life care had changed significantly over the 15 
years separating the two surveys, suggesting that the devel-
opment of the clinical practice guideline was worthwhile.37

In another study of the guideline’s effectiveness, nephrol-
ogist members of the Renal Physicians Association and the 
Canadian Society of Nephrology were invited to participate 
in an online survey of their end-of-life decision-making prac-
tices. The purpose of the study was to determine nephrolo-
gists’ perceived preparedness to make end-of-life decisions 
and factors associated with the highest level of prepared-
ness. A total of 39% of 360 respondents perceived them-
selves as very well prepared to make end-of-life decisions. In 
multivariate analysis, very well-prepared nephrologists had 
completed their fellowships before 1992 and were more 
aware of the Renal Physicians Association and American 
Society of Nephrology guideline on dialysis decision making 
(P < 0.001 for all). These very well-prepared nephrologists 
had stopped dialysis of more patients in the previous year 
(odds ratio [OR] 2.39; P = 0.002), used time-limited trials 
more often (OR 2.38; P = 0.003), and referred more patients 
to hospice (OR 1.84; P = 0.024).

The study concluded that nephrologists who have been 
in practice longer and are knowledgeable about the Renal 
Physicians Association and American Society of Nephrology 
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guideline report greater preparedness to make end-of-life 
decisions and report doing so more often in accordance 
with guideline recommendations. The investigators recom-
mended that nephrology fellowship programs teach the 
recommendations in the guideline.36 Earlier research had 
shown that nephrology fellows were not prepared to manage 
pain and address decision making at the end of life. The 
majority of fellows had reported not knowing how to 
respond to a patient’s request to stop dialysis or when to 
refer a patient undergoing dialysis to hospice.38

END-OF-LIFE CARE

In the wake of public dissatisfaction with end-of-life care and 
efforts to legalize physician-assisted suicide in several states, 
physician groups, including the Renal Physicians Associa-
tion and American Society of Nephrology, recognized their 
ethical responsibility to improve end-of-life care for their 
patients. In 1997, in a joint position statement titled “Quality 
Care at the End of Life,” these two organizations urged 
nephrologists and others involved in the care of patients 
with ESKD to obtain education and skills in palliative care.39 
They noted that such knowledge and skills were especially 
important for nephrologists because they treat patients with 
ESKD who die from complications despite the continuation 
of dialysis or after withholding or withdrawal of dialysis. For 
example, in 2011, 92,000 patients undergoing dialysis died, 
and withdrawal from dialysis was second only to cardiovas-
cular disease as the second most common cause of death in 
this group.

In 1999, the Robert Wood Johnson Foundation convened 
a series of work groups to evaluate how end-of-life care 
could be improved for special populations of patients. The 
Foundation included the ESRD population because it per-
ceived a readiness to address end-of-life care issues among 
the health care professionals treating patients with ESKD. 
In its report issued in 2002, the Foundation’s ESRD Work-
group noted that “most patients with ESRD, especially those 
who are not candidates for renal transplantation, have a 
significantly shortened life expectancy.”40 In the United 
States, patients undergoing dialysis live about one-quarter 
as long as patients of the same age and gender not undergo-
ing dialysis. The adjusted 1-year probability of survival for 
ESKD patients newly starting dialysis is 78%; and the 10-year 
survival probability for such patients is only 19 percent. The 
report also noted that life expectancy is also shortened by 
comorbid conditions. Forty-five percent of patients newly 
diagnosed with ESKD have diabetes, and many have other 
comorbid conditions, including hypertension, congestive 
heart failure, ischemic heart disease, and peripheral vascu-
lar disease. The report observed that the care of patients 
with ESKD requires expertise not only in the medical and 
technical aspects of maintaining patients on dialysis but also 
in palliative care—encompassing pain and symptom man-
agement, advance care planning, and attention to ethical, 
psychosocial, and spiritual issues related to starting, con-
tinuing, withholding, and stopping” (p. 5).40

The Robert Wood Johnson Foundation ESRD Workgroup 
also noted the following with regard to the unresolved issue 
of cardiopulmonary resuscitation in the dialysis unit: (1) 
research studies of cardiopulmonary resuscitation have indi-
cated that the outcomes for patients with ESKD are poor; 

(2) most patients undergoing dialysis express a preference 
for undergoing cardiopulmonary resuscitation, but more 
than 90% believe that the wish of a patient undergoing 
dialysis not to undergo cardiopulmonary resuscitation 
should be respected by dialysis unit personnel41; and (3) it 
is necessary for nephrologists and other members of the 
renal team to educate patients undergoing dialysis about 
the likely outcome of cardiopulmonary resuscitation based 
on patients’ particular medical conditions. The group rec-
ommended that “dialysis units should adopt policies regard-
ing cardiopulmonary resuscitation in the dialysis unit that 
respect patients’ rights of self-determination, including the 
right to refuse cardiopulmonary resuscitation and to have a 
do-not-resuscitate order issued and honored”40 (p. 11). The 
Renal Physicians Association and the American Society of 
Nephrology accepted this recommendation and revised 
their position statement in “Quality Care at the End of Life” 
in 2002 to include this and other recommendations of the 
ESRD Workgroup.

THE “DIFFICULT” PATIENT  
UNDERGOING DIALYSIS

As early as 1990, the “difficult” patient undergoing dialysis 
was identified as one of the top three ethical challenges 
facing nephrologists.42 In 1998, when the Renal Physicians 
Association and the American Society of Nephrology were 
first developing their Shared Decision-Making clinical practice 
guideline, the Centers for Medicare and Medicaid Services 
(CMS) asked them to devote a chapter to such patients.34 
Dialysis units are facing an increasing number of patients 
who are disruptive or difficult to treat. These patients pose 
ethical challenges to dialysis personnel because they disrupt 
the smooth functioning of a dialysis unit, interfering with 
the ability of dialysis staff to promote the benefit and main-
tain the welfare of the difficult patients, other patients, and 
the staff.43

Verbal and physical abuse, nonadherence to medical 
advice, and substance abuse are considered the defining 
features of a disruptive or difficult patient undergoing dialy-
sis.44 In a survey completed by dialysis unit caregivers, 
approximately 69% of the respondents indicated that their 
facilities had witnessed an increase in disruptive-difficult 
patient situations within the 5 years preceding the survey. 
Forty-nine percent of the survey participants said that they 
were not adequately trained to deal with disruptive-difficult 
patient situations. Forty percent of dialysis facilities where 
these participants worked lacked written policies addressing 
a disruptive-difficult patient situation.44

The ESKD community collaborated in the Decreasing 
Dialysis Patient-Provider Conflict (DPC) project to develop 
resources to promote understanding, education, and ability 
to cope with patient-provider conflict. This project was 
funded by the CMS and coordinated by the Forum of ESRD 
Networks. The goal was to increase awareness of conflict and 
improve skills to decrease conflict. The project also created 
a common language to describe conflict. These efforts were 
undertaken to improve staff-patient relationships and to 
create safer dialysis facilities.43

The spectrum of disruptive-difficult patients undergoing 
dialysis ranges from the patient whose behavior harms only 
himself or herself to the patient whose behavior endangers 
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age, nonambulatory status, and presence of comorbid  
conditions. Geriatric researchers proposed that more dis-
cussions of prognosis and advance care planning, as recom-
mended by the Renal Physicians Association and American 
Society of Nephrology clinical practice guideline,34 would 
be needed with elderly patients and their families to deter-
mine the relative benefits and goals of care.48

In a study to compare the survival of 129 patients who 
had stage 5 CKD and were older than 75 years who were 
managed either with dialysis or conservatively without dialy-
sis, the researchers found that those who opted for dialysis 
had a 2.9-fold greater survival.47 The researchers under-
scored that conservative management in their study was not 

other patients and staff in the dialysis unit.45 Nephrologists 
and other dialysis personnel have a moral obligation to deal 
with the difficult-disruptive patient in the broader context 
of protecting and promoting patient rights and well-being. 
Mere nonadherence should not usually lead to denial of 
treatment by a physician or to discharge from the dialysis 
unit. In the case of a patient undergoing dialysis, the 
nephrologist or other nephrology clinician should consider 
the ethical and legal obligations to the patient who requires 
dialysis, a life-sustaining treatment. At the same time, the 
caregiver has to safeguard the interests of other patients and 
staff in the unit. The ethical principles of respect for patient 
autonomy, beneficence, nonmaleficence, and justice apply 
as much to the other patients as to the disruptive-difficult 
patient. Nephrologists and other dialysis personnel must 
use their judgment to balance the implementation of these 
principles while dealing with disruptive-difficult patients. 
Discharge of a disruptive-difficult patient from a dialysis unit 
should be undertaken only as a last resort, after the other 
strategies presented in Table 83.4 have been exhausted.46 
Commentators noted that the application of ethical prin-
ciples can help dialysis staff (1) balance their ethical obliga-
tions to disruptive and difficult patients with those to other 
patients and staff and (2) establish policies and strategies 
for the treatment of challenging patients. This approach 
allows health care professionals to identify the limited situ-
ations in which involuntary patient discharge from a dialysis 
unit is ethically justified.46

FUTURE

DIALYSIS OF THE OLDER PATIENT

Old age is no longer seen as a contraindication to dialysis, 
and patients starting dialysis who are older than 85 years 
have become common. The number of very elderly patients 
with stage 5 CKD has been projected to rise considerably in 
coming years.47 This increase in the very elderly receiving 
dialysis has been attributed to the aging of the population, 
the increasing prevalence of type 2 diabetes mellitus, the 
initiation of dialysis in patients with higher glomerular filtra-
tion rates, and a more liberal acceptance approach to pro-
viding dialysis to the very elderly. Deciding whether or not 
to provide dialysis to the very elderly is challenging, because 
it includes consideration of comorbid conditions, reduced 
overall life span, and the impact of the dialysis treatment 
itself on the patient’s quality of life.47

Between 1996 and 2003, rates of dialysis initiation among 
octogenarians and nonagenarians in the United States 
increased by 57%. The incidence of dialysis initiation 
increased for each 5-year age group from 65 to 69 years and 
up, with the most dramatic increase among patients between 
75 and 84 years of age.48 This increase translated into a near 
doubling of the number of patients starting dialysis who 
were older than 80 years in the United States. The survival 
of these very elderly patients undergoing dialysis was modest. 
Although median survival for patients beginning dialysis at 
65 to 70 years of age was 24.9 months, median survival for 
patients 85 to 89 years of age was only 8.4 months. Clinical 
characteristics associated with these very elderly patients 
who were likely to live the shortest on dialysis were older 

Table 83.4  Strategies for Dealing with the 
Disruptive or Difficult Patient 
Undergoing Dialysis46

Strategies for Working with the Patient

1.		Learn	the	patient’s	story	and	seek	to	understand	his	or	her	
perspective.

2.	 Identify	the	patient’s	goal	for	treatment.
3.	 Share	control	and	responsibility	for	treatment	with	the	

patient.
•		 Educate	the	patient	so	that	he	or	she	can	make	

informed	decisions.
•	 Involve	the	patient	in	the	treatment	as	much	as	possible.
•	 Negotiate	a	behavioral	contract.

4.	 Appoint	a	patient	advocate.

Strategies for Preparing the Staff

1.	 Teach	the	staff	not	to	criticize	patients	or	call	them	
names.

2.	 Have	the	staff	use	“reflective	listening”	to	show	that	the	
patient	has	been	heard.

3.	 Deal	directly	with	problem	behavior;	involve	the	patient,	
build	on	the	patient’s	strength,	and	be	clear	about	who	is	
to	do	what	and	when.

4.	 Take	a	nonjudgmental	approach.
5.	 Focus	on	the	issue	that	started	the	disagreement.
6.	 Detail	the	consequences	of	aberrant	behavior	in	terms	that	

are	comprehensible.
7.	 Prepare	a	behavior	contract	that	specifies	what	is	to	be	

done	by	the	patient	and	the	renal	team.
8.	 Prepare	in	advance	to	manage	anger.
9.	 Be	patient	and	persistent.

10.	 Do	not	tolerate	verbal	abuse.
11.	 Outline	for	the	staff	step	by	step	the	means	of	coping	with	

agitated	and	disruptive	patients.
12.	 Establish	and	publicize	a	grievance	procedure.
13.	 After	effective	resolution	of	a	conflict,	follow	up	with	the	

patient	to	monitor	the	patient’s	progress	and	demonstrate	
to	the	patient	the	commitment	to	resolve	a	conflict.

14.	 Contact	law	enforcement	officials	when	physical	abuse	is	
threatened	or	occurs.

15.	 As	a	last	resort	consider	transfer	of	the	patient	to	another	
facility	or	discharge.

16.	 Consult	with	legal	counsel	before	proceeding	with	plans	
for	discharge,	and	do	not	discharge	the	patient	without	
advance	notice	and	disclosure	of	future	treatment	options.

17.	 Contact	the	end-stage	renal	disease	network	if	
satisfactory	resolution	has	not	occurred	with	the	use	of	
these	strategies.
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one of the most common and severe symptoms that such 
patients report.55,58 Using the World Health Organization 
three-step analgesic ladder, researchers have documented 
that in the vast majority of patients undergoing dialysis this 
pain can be managed successfully.56 Like other patient pop-
ulations, most patients undergoing dialysis do not report 
pain unless they are explicitly asked about it.56 Nephrolo-
gists are largely unaware of their patients’ symptoms.58

For the pain of patients undergoing dialysis to be ade-
quately managed, it needs to be assessed for intensity and 
quality. Pain intensity is assessed on a 0 to 10 scale in which 
0 equals no pain at all and 10 equals the worst pain imagin-
able.55 Pain that is described as aching, dull, throbbing, or 
sharp is nociceptive pain. Pain that is described as burning, 
tingling, stabbing, or numb is neuropathic pain. Depending 
on the intensity of the pain, nociceptive pain is usually 
responsive to step I pain medications such as acetamino-
phen, step II pain medications such as tramadol, or step III 
pain medications such as hydromorphone, fentanyl, and 
methadone. Neuropathic pain most often responds best to 
medications for peripheral neuropathy or seizures, such as 
gabapentin, pregabalin, desipramine, nortriptyline, and val-
proic acid. Because of an improved understanding of the 
metabolism of opioids, it is now known that drugs that have 
renally excreted metabolites are more likely to cause opioid 
neurotoxicity in patients with CKD. For that reason, codeine, 
meperidine, morphine, and propoxyphene are not recom-
mended for use in patients with CKD.59

Researchers have recommended that nephrologists 
implement a standardized symptom assessment protocol to 
improve clinicians’ recognition of symptoms as well as their 
utilization of symptom-alleviating treatments.58 Not only 
do objective studies demonstrate an inverse relationship 
between the number of symptoms (including pain) that 
patients undergoing dialysis experience and their self-
reported quality of life60,61; qualitative focus group studies of 
patients undergoing dialysis have identified adequate pain 
and symptom management as a vital component of quality 
end-of-life care.62 Treatment of pain has been associated 
with improved quality of life for such patients.56

PALLIATIVE CARE AND REFERRAL TO HOSPICE

Palliative care is especially appropriate for patients undergo-
ing dialysis because of their advanced age, significantly 
shortened life expectancy, high symptom burden, and  
multiple comorbid illnesses. In addition, there is a greater 
need for advance care planning for these patients because 
of their dependence on life-sustaining treatment for  
their continued existence and because a decision to stop 
dialysis is the second most common reason for death.63 The 
“surprise question”—“Would I be surprised if this patient 
died in the next year?”—has been determined to identify 
patients undergoing dialysis at high risk for early death.  
The odds of dying within a year for patients in the “No, I 
would not be surprised” group were 3.5 times higher  
than for patients in the “Yes” group (OR 3.507, 95% confi-
dence interval 1.356 to 9.067; P = 0.01). Nephrologists have 
been encouraged to implement the surprise question 
monthly on dialysis rounds to screen patients and identify 
those for whom referral for palliative care consultation is 
appropriate.64

simply the absence of dialysis but entailed active disease 
management with treatment of anemia and other complica-
tions of CKD. In a Cox proportional hazards regression 
analysis, modality choice (to treat with dialysis or not), age, 
and comorbidity were most strongly associated with survival. 
In multivariate analysis there was no survival advantage for 
patients with ischemic heart disease who chose dialysis (P = 
0.27). There was also no survival advantage for those patients 
with the highest comorbidity score when those who chose 
dialysis were compared with those who chose conservative 
management.

In this study, the researchers were surprised to note that 
the presence of comorbid conditions had no effect on the 
decision whether or not to initiate dialysis. The researchers 
concluded that comorbid conditions, and especially isch-
emic heart disease, substantially reduced the survival advan-
tage for elderly patients who chose dialysis. They urged that 
comorbid conditions be one of the main considerations in 
shared decision making with elderly patients about whether 
or not to initiate dialysis. Others have also noted that the 
presence of comorbid conditions is an independent prog-
nostic factor in predicting survival of patients who are 
managed conservatively without dialysis.49,50

A study of 209,622 U.S. veterans with CKD stages 3 to 5 
examined outcomes by stage of CKD and age. The research-
ers noted that older members of the cohort, especially those 
75 years or older, were far more likely to die than to have 
ESKD and start dialysis. They cautioned against “age-neutral” 
approaches to the management of CKD, observing that 
because such a small number of elderly patients initiate 
dialysis, there is a need for prognostic tools that will enable 
clinicians to identify the subgroup of older patients who are 
most likely to benefit from dialysis.51 Pointing out that the 
rates of dialysis withdrawal are highest among the oldest 
patients, one writer raised the possibility that the standard 
content of informed consent for dialysis warrants an age-
sensitive approach that is attuned to very different balances 
of pros and cons of dialysis between older patients with 
multiple comorbid conditions and younger patients with 
limited or no comorbid conditions.52 An integrated prog-
nostic tool to estimate 6-month mortality in patients under-
going dialysis was developed and validated, with a C-statistic 
of 0.80. It takes account of age, serum albumin, dementia, 
peripheral vascular disease, and the nephrologist’s response 
to the “surprise question”—“Would I be surprised if this 
patient died in the next six months?”53 The accuracy of this 
tool in the stage 5 CKD population remains to be studied.

TREATMENT OF CHRONIC PAIN

As early as 1990 the World Health Organization identified 
the treatment of pain as an ethical issue. It declared that 
freedom from pain should be seen as a right of patients and 
that treatment of pain is the measure of the respect for this 
right.54 Judged by this standard, the right to be free from 
pain is not being respected for most patients undergoing 
dialysis. In the first decade of the twenty-first century, three 
studies of chronic pain in patients undergoing dialysis 
reached the same conclusion: The pain of three quarters of 
these patients is undertreated or untreated.55-57

Several studies have found that 50% or more of patients 
undergoing dialysis experience chronic pain and that it is 
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transplantation of an organ from a deceased donor. Research 
has also shown that unrelated living-donor transplants can 
be associated with survival results equivalent to those for 
related living-donor transplants.69

The “profound organ shortage” has created the ethical 
challenge of trying to help patients in need of transplants 
to gain access to them more expeditiously while maintaining 
the integrity of the overall allocation system. Since 2000, the 
number of live donors has exceeded that of deceased 
donors, but because two kidneys are usually available from 
cadaveric donors, most kidney transplants are still of cadav-
eric kidneys.71 Alternative sources of organs to attempt to 
address the shortage include elderly brain-dead donors 
(using extended criteria for donation), living donors, and 
donors without a heartbeat (what has been called donation 
after cardiac death). It has been estimated that even if all 
potential deceased donors became actual deceased donors, 
there would still be a shortage of organs.72 Because of the 
shortfall in potential deceased donors, the use of unrelated 
living donors has been said to hold the greatest potential 
for increasing the number of organ donors in the future.69

Organ donation by a living donor presents a unique 
ethical dilemma in that the physician risks the health and 
sometimes even the life of a healthy person to save or 
improve the life of a patient. This practice is also of concern 
because no national organization or allocation policies reg-
ulate it.73

There are three categories of organ donation by living 
persons: (1) directed donation to a loved one or a friend, 
(2) nondirected donation to a general pool in which the 
organ goes to the person at the top of the waiting list, and 
(3) directed donation to a stranger. Each category raises 
ethical concerns. In directed donation, there is the concern 
that pressure can be put on the family member or friend to 
donate. Directed donation to a stranger raises concerns 
about the motivation of the person making the donation. 
There are often psychologically suspect motivations such as 
trying to compensate for depression, seeking media atten-
tion, and hoping to become involved in the life of the recipi-
ent. Directed donation to a stranger may occur when a 
patient advertises for an organ publicly, whether on televi-
sion, billboards, or an Internet site. Matchingdonors.com is 
one such Internet site, and the number of individuals reg-
istering as potential donors on the site increased from more 
than 2000 donors in 2005 to more than 6000 donors in 
2009.

Ethicists have called for higher standards of responsibility 
and accountability for solicitation of organs over the Inter-
net.74 Directed donations to strangers potentially violate 
standards of fairness. In one case the family of a brain-dead 
Florida man who was known to be a racist insisted that the 
man’s organs be donated only to recipients who were white. 
In another case, a Jewish man in New York who wanted to 
help someone of his own faith donated one of his kidneys 
to a Jewish child in Los Angeles who needed a kidney trans-
plant.74 These two cases are contrary to the United Network 
for Organ Sharing policies, which bar directed donation to 
patients based on race, sex, religion, and national origin.73

The scarcity of kidneys for organ donation has led trans-
plant programs to seek creative ways to obtain organs for 
their patients. A variant of directed donation is “paired 
exchange.” Two couples with reciprocal blood type and 

Although in 2000 the Renal Physicians Association and 
the American Society of Nephrology included a recommen-
dation for palliative care in their guideline, there is still a 
need for significant improvement in palliative care for 
patients undergoing dialysis and for greater collaboration 
between nephrologists and palliative care clinicians.65,66 One 
particular area in which palliative care has been found to be 
deficient for patients undergoing dialysis is referral to 
hospice. In 2001 and 2002, patients undergoing dialysis who 
were dying were found to use hospice roughly half as often 
as dying patients in the nation as a whole (13.5% vs. >22%). 
Even among patients who withdrew from dialysis, only a 
minority (41.9%) used hospice. This low percentage was of 
particular concern, because death after dialysis withdrawal is 
much more predictable than death in patients with cancer. 
After dialysis withdrawal, 96% of patients die within 30 days.67

To encourage consideration of hospice, in 2004 the  
CMS added a question about hospice use prior to death  
to the CMS-2746 ESRD Death Notification form. The U.S.  
Renal Data System 2008 Annual Data Report noted that 
hospice use after dialysis withdrawal in the 2005 to 2006 
cohort had increased significantly, to 54.8%, and attributed 
the increase in hospice use to the educational efforts of the 
Renal Physicians Association and the American Society of 
Nephrology.68

Patients undergoing dialysis may receive both the Medi-
care ESRD benefit and the Medicare hospice benefit, but 
many dialysis units and hospice programs have been unaware 
of this eligibility. To continue dialysis under the Medicare 
dialysis benefit and also qualify for the Medicare hospice 
benefit, a patient must be certified by his or her attending 
physician to (1) have a life expectancy of 6 months or less 
if the disease takes its normal course and (2) have a terminal 
diagnosis for hospice other than kidney disease, such as 
cancer or end-stage heart disease.67

ACCESS TO RENAL TRANSPLANTATION

In 1964, Dr. Scribner was prescient when he identified 
donor selection for transplantation as one of the major 
ethical problems faced by nephrologists. At the time of Dr. 
Scribner’s 1964 American Society of Artificial Internal 
Organs presidential address, a huge demand for donor 
kidneys in the twenty-first century was unthinkable. In its 
2008 Annual Data Report, the U.S. Renal Data System indi-
cated that 68,576 persons were on the kidney transplant 
waiting list. Because the growth in the number of transplan-
tations has not kept pace with the growth in the incidence 
of ESKD, the number of transplantations per 100 dialysis 
patient–years actually fell by 29% between 1991 and 2006.68 
In many parts of the country the average waiting time on 
the list for a kidney transplant is longer than 5 years. Organ 
shortage has replaced immunologic barriers as the major 
hurdle to transplantation.69

There is little disagreement that (1) the quality of life for 
patients with ESKD is better after successful transplantation 
or that (2) most patients prefer renal transplantation to 
continuing on dialysis.70 Research has shown that, com-
pared with dialysis, kidney transplantation leads to a longer 
life, a better quality of life, and lower costs for the health 
care system. Furthermore, transplantation of a kidney from 
a living donor leads to better patient and graft survival than 
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donor) organ donation. The committee concluded that 
four proposed approaches to increase deceased-donor 
organ donations were unwise and might even be counter-
productive and recommended five other approaches instead 
(Table 83.5).82 The committee noted that even if its five 
recommended approaches were effective, it still doubted 
that they would close the gap between demand and supply 
for kidney organ donors.

The committee identified as another potential source of 
organ donors the estimated 22,000 people who die suddenly 
of cardiac arrest outside the hospital. It proposed demon-
stration projects in cities with sophisticated trauma and 
emergency response systems to determine whether it is fea-
sible to increase organ donations after cardiac death in 
these circumstances. The committee realized that this 
approach is controversial because it would necessitate insert-
ing a vascular access device and beginning organ preserva-
tion techniques while seeking to locate the family and 
obtain their consent for donation. The report called for 
organ procurement organizations to “work with relevant 
stakeholders to obtain community authorization” for such 
an approach. It noted that education and efforts to gain 
public trust would be key to the success of this approach.83

Although not charged with studying living-donor organ 
donation, the Institute of Medicine committee did express 

cross-match incompatibilities have the donor from each 
couple donate to the recipient in the other couple. Paired 
exchanges have occasionally even been expanded to “triple 
swaps” or even much larger exchanges.75

Because of the potential harm to living donors, a consen-
sus statement was developed to guide organ transplantation 
from living donors. This consensus statement included the 
following requirements for the living organ donor: the 
person must be competent, willing to donate, free from 
coercion, medically and psychosocially suitable, fully 
informed of the risks and benefits of being a donor, and 
fully informed of the risks, benefits, and alternative treat-
ment options for the recipient. The statement also indicated 
that the benefits to both the donor and recipient must out-
weigh the risks associated with the donation and transplan-
tation of the living-donor organ.76

Over the years there has been an undercurrent suggest-
ing that living donors or families of deceased donors should 
be compensated for agreeing to donate. Proponents of an 
approach that would permit the sale of organs for transplan-
tation have argued that it would resolve the scarcity of 
organs and the life-or-death situations that occur with it.77 
At times it is not always clear what approach is being advo-
cated in a proposal to allow donor kidneys to be sold. It 
could entail compensating families for the removal of a 
cadaveric organ, allowing the purchase of a kidney from a 
living donor, creating an open market in organs with supply 
and demand setting the price, establishing a regulated 
market with an official body fixing the price of organs, or 
setting up a futures market with a donor agreeing to give 
an organ after death in exchange for immediate compensa-
tion or for compensation that would go to his or her estate.77 
Others have questioned whether a market in organs would 
increase the supply by providing an incentive to donate or 
decrease the supply by countering the prevailing ethos of 
altruism that motivates donations.78

An appealing argument that has been made for organ 
sale is that it may provide a means for indigent people to 
escape from poverty. At least two studies in India quashed 
this idea by showing that donors’ health and financial status 
were worse after the sale of organs.77 An international 
summit reached a consensus that transplant commercialism 
(defined as a practice in which an organ is treated as a com-
modity, including being bought or sold), transplant tourism, 
and organ trafficking should be prohibited.79

Another ethically troubling aspect of renal transplanta-
tion in the United States is the racial disparity. Studies have 
found that blacks are less likely than whites to be deemed 
appropriate candidates for transplantation, to be referred 
for transplant evaluation, to complete a transplant evalua-
tion, to be added to a transplant waiting list, and to receive 
a kidney transplant.80 There are multiple factors at play, 
including clinical characteristics such as body mass index 
greater than 35 and social characteristics such as level of 
education. The transplant community has addressed racial 
disparity in part by removing the HLA-B match as a priority 
for allocation of organs, which has resulted in more trans-
plants for blacks. To promote equality in treatment of 
patients, efforts continue to be undertaken to eliminate 
system-wide disparities in renal transplantation.81

In 2006, an Institute of Medicine committee released a 
report on how to raise the rates of postmortem (deceased-

Table 83.5  Institute of Medicine (IOM) 
Recommendations with Regard  
to Increasing Postmortem  
Organ Donations

IOM	recommended	
against	the	following	
approaches

•	 Provision	of	financial	incentives
•	 Assignment	of	priority	to	persons	

who	registered	for	postmortem	
organ	donation	if	they	ever	need	
an	organ	transplant

•	 Requirement	for	mandated	
choice	forcing	people	to	commit	
with	regard	to	their	willingness	to	
be	a	postmortem	organ	donor

•	 Presumption	of	consent	to	
postmortem	organ	donation	with	
an	opt-out	provision

IOM	recommended	in	
favor	of	the	following	
approaches

•	 Enhanced	public	education	about	
organ	donation

•	 Influencing	of	the	sociocultural	
atmosphere	to	support	an	
expectation	of	donation

•	 Simplification	of	ways	for	people	
to	register	to	be	organ	donors

•	 Expansion	of	the	efforts	of	state	
donor	registries

•	 Improvement	in	organ	
procurement	organizations’	
systems	so	that	best	practices	
result	in	a	higher	percentage	of	
families	giving	consent	for	organ	
donation

Data from Childress JF, Liverman CT (editors): Organ	donation:	
opportunities	for	action, Washington, DC, 2006, National 
Academies Press.

http://www.myuptodate.com


2572 SECTION XIV — CHALLENGES IN NEPHROLOGy

likelihood of benefits and burdens of a course of dialysis for 
a patient based on the patient’s overall condition.35 Covert 
age rationing of dialysis by the British National Health 
Service in the 1980s raised the ire of the British people and 
caused the Service to raise the level of dialysis services pro-
vided to the elderly to be more consistent with those in 
neighboring European countries. Because the use of age as 
a criterion for dialysis was discredited in debates in Britain, 
researchers doubt that Britain will return to it.87

In line with the commentators’ predictions regarding the 
Medicare ESRD Program, on July 1, 2013, CMS released a 
proposed rule that would cut 12% from the prospective 
payment system (PPS) “bundle” that became effective in 
2011 to pay dialysis facilities for the provision of dialysis 
services to patients with ESKD. Section 153(b) of the Medi-
care Improvements for Patients and Providers Act of 2008 
(MIPPA) amended the Social Security Act to require CMS 
to implement a fully bundled PPS for renal dialysis services 
furnished to Medicare beneficiaries for the treatment of 
ESKD effective January 1, 2011.88

On November 22, 2013, the CMS issued a final rule that 
updated payment policies and rates under the ESRD PPS 
for renal dialysis services furnished to beneficiaries on or 
after January 1, 2014. This final rule implements a provision 
in the American Taxpayer Relief Act of 2012 that reduces 
payments to account for changes in the utilization of ESKD-
related drugs and biologicals. The final rule provides for a 
3- to 4-year phase-in of this 12% decrease to mitigate its 
impact on providers and is likely to take effect in 2016 or 
2017.89 The nephrology community has yet to respond to 
how it will continue dialysis after a 12% cut in reimburse-
ment for each treatment is fully implemented.

CONCLUSION

The ethical issues facing nephrologists in the 1950s and 
1960s were said to have ushered in the field of bioethics. 
Despite being decades old, the ESRD Program is still con-
fronted with ethical challenges about who should receive 
dialysis, what the appropriate ethical response to difficult 
patients is, the amount of federal funding the program 
should receive, and how systems of care should be improved 
to best treat patients with ESKD at the end of life. Because 
of the use of paired exchanges, triple swaps, directed dona-
tion to strangers, and organ donation after circulatory death 
outside the hospital as methods to help overcome the large 
and growing organ shortage, nephrologists know that new 
ethical issues arise with every advance in renal transplanta-
tion. With the growth in the ESKD population, the changes 
in its demographics, and the economic challenges being 
presented by a federal government that is increasingly 
unwilling to fund the current level of dialysis services for 
patients with ESKD, there is every expectation that in the 
future, nephrologists will continue to be at the forefront of 
those facing ethical issues in medicine.
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Disparities in the incidence, progression, and treatment of 
kidney disease according to socioeconomic status, race-
ethnicity, and geographic location have been documented 
for many years. These relative differences arise and are 
sustained via multiple intermediaries, including biologic 
susceptibility, differential access to high-quality health care, 
and contextual impediments to healthy living. This chapter 
provides a framework for evaluating systematic differences 
in health, describes what is known about root causes of 
disparities in nephrology and nephrology care, and high-
lights broad strategies for addressing key determinants of 
these inequities.

DISPARITY

The term “health disparity” often refers to suboptimal 
health processes or outcomes experienced by demographi-
cally defined groups that occur in the context of social or 
economic inequality. The U.S. National Library of Medicine 
defines a health status disparity as variation in rates of disease 
occurrence and disabilities between (among) socioeco-
nomic and/or geographically defined population groups.1 
On the other hand, a health care disparity refers to a differ-
ence in access to or availability of health care facilities and 
services.1 Health status and health care disparities relate to 
systematic inequalities in health among social groups that 
are deemed to be avoidable by reasonable means.

This chapter covers four broad areas of health status  
and health care disparities in nephrology observed in 

socially disadvantaged groups: (1) disparities in the inci-
dence and prevalence of risk factors for chronic kidney 
disease (CKD); (2) disparities in the progression and  
treatment of CKD; (3) disparities in the incidence of end-
stage kidney disease (ESKD); and (4) disparities in the treat-
ment of ESKD.

Worldwide estimates of ESKD incidence vary widely and 
are strongly influenced by the availability of funding for the 
treatment of kidney disease and its risk factors.2 In fact, prior 
to passage of U.S. Public Law 92-603 in 1972, access to 
maintenance dialysis in the United States was often based 
on the candidate’s financial health and social worth criteria 
such as occupation.3 Such biases remain operative in many 
countries, where people of low socioeconomic status and 
members of socially disadvantaged minority groups experi-
ence higher incidence of ESKD.4-8 In the United States, for 
example, black Americans compose approximately 13% of 
the general adult population but constitute over one third 
of persons receiving maintenance dialysis.2,9 Paradoxically, 
despite this higher burden of ESKD, black Americans 
receive proportionately far fewer living and deceased donor 
kidney transplants than white counterparts.2,9,10 Although 
much less is known about non–dialysis requiring CKD, 
reports suggest that compared with U.S. adults with earlier 
stages of CKD, those with more advanced CKD are younger 
and more likely to be nonwhite, poor, and uninsured.2,11 
The magnitude and persistence of these disparities have led 
some governments to prioritize elimination of the dispari-
ties while also attempting to reduce the overall burden and 
costs of CKD.12,13
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‘‘fundamental causes of disease because these conditions 
govern access to resources that influence health and 
disease.”19 Prior studies have reported that the incidence of 
progressive CKD and ESKD is highest among persons living 
in the most impoverished neighborhoods.4,8,20 Additional 
U.S.-based studies have reported lack of health insurance 
coverage and residence in a high-poverty area as exposures 
linked with worse CKD-related biochemical abnormalities at 
dialysis initiation and marked delays in receipt of a kidney 
transplant.21-23 Although these disparities arise from a variety 
of mechanisms, including biologic susceptibility and eco-
nomic vulnerability, environmental exposures such as con-
textual impediments to healthy living likely play a central 
role. Discussion of the hypothesized influences of social 
conditions on disparities in nephrology through various life 
stages uses the framework shown in Figure 84.1.

PRENATAL ENVIRONMENT AND DISPARITIES IN 
KIDNEY DISEASE RISK

In 1990, Barker noted, “The womb may be more important 
than the home” in terms of the origins of adult disease.24 
Much debate surrounds the influence of early fetal pro-
gramming on subsequent risk of chronic diseases such as 
CKD. The “critical periods” model is one of three models 
that have been proposed to explain how socioeconomic 
position over the life course may influence subsequent 
health.25 Intrauterine growth retardation and low birth 
weight are invariably linked with measures of maternal 
poverty.26-28 The “fetal programming” hypothesis is based on 
the critical periods model and states that intrauterine 
growth retardation results in permanent alterations in fetal 
physiology that become deleterious later in adult life.24 
Brenner hypothesized that retardation of renal develop-
ment as occurs in individuals of low birth weight both 
increases postnatal risks for systemic and glomerular hyper-
tension and predisposes an individual to further nephron 

HEALTH JUSTICE

In 1966, Dr. Martin Luther King, Jr. proclaimed, “Of all the 
forms of inequality, injustice in health care is the most 
shocking and inhumane.” The pursuit of equal health out-
comes or equal access to health care plays a prominent role 
in contemporary debates on health care.14,15 Examples of 
equal access and equal outcomes with respect to health care 
reflect the Aristotelian principles of horizontal and vertical 
equity.16 However, such debates in health care often include 
conflicting views of justice. For example, a medical model 
of justice focuses attention at a point in time when someone 
who is already ill seeks access to scarce and/or an expensive 
service such as dialysis or kidney transplantation. (Many 
credit the birth of bioethics in the United States to the 
introduction of the arteriovenous shunt by Belding Scribner 
in 1960 which allowed for long-term hemodialysis to treat 
patients with ESKD.) In contrast, a social model of justice 
highlights how social determinants such as access to educa-
tion, employment, preventative care, safe neighborhoods, 
and nutritional foods affect the health of a population.15,17 
In other words, the social model focuses on how a person’s 
need for health care arose in the first place. Although ineq-
uities in distributive justice (e.g., in kidney transplantation) 
persist in many areas of medicine, health status and health 
care disparities in nephrology have focused growing atten-
tion on the social conditions that place people at risk for 
kidney disease as well as some of its determinants (e.g., 
obesity, type 2 diabetes mellitus, and hypertension).14,18

SOCIAL ORIGINS OF DISPARITIES IN 
NEPHROLOGY

Link and Phelan originally referred to social conditions, 
including social class, race, income, and education level, as 

Figure 84.1  Social determinants of health disparities framework. 
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POSTNATAL ENVIRONMENT AND DISPARITIES IN 
KIDNEY DISEASE RISK

Over the past two decades, the nephrology community has 
paid increasing attention to how a person’s living environ-
ment may influence his or her downstream risk of chronic 
disease. This heightened attention is evidenced by the 
growing body of literature examining the associations of 
individual-level socioeconomic status, area-level characteris-
tics, and kidney disease processes and outcomes.4,20,50,51 
Persons residing in impoverished neighborhoods experi-
ence more crime, less access to high-quality educational and 
employment opportunities, and poorer health outcomes in 
comparison with persons from less distressed areas.17,52 
Several contemporary studies have described higher inci-
dence of ESKD as well as higher prevalence of CKD in areas 
of high residential poverty than in areas of low residential 
poverty.4,20,50 However, much debate surrounds how and how 
much adverse social conditions in childhood and early adult 
life influence a person’s subsequent risk of developing 
kidney disease.18 Many writers posit that social conditions 
act through a host of intermediaries such as housing, diet, 
and social networks, thereby molding health-related behav-
iors, which in turn influence CKD risk.19,51,53 The social dis-
tribution of important CKD risk factors, including the 
higher prevalence of type 2 diabetes mellitus, hypertension, 
and obesity within poor as compared with less impoverished 
areas, lends evidence to these claims.14,18 This unequal dis-
tribution of intermediary exposures linked to kidney disease 
is further compounded by the vulnerability of certain groups 
(i.e., persons of low socioeconomic position) to health-
compromising illnesses such as ESKD. Poor health then 
exerts potent feedback on an individual’s socioeconomic 
position through lost income or medical costs associated 
with a major illness (see Figure 84.1).53

The concept of allostatic load, the accumulation of physi-
ologic insults due to repeated insults or chronic stressors 
experienced in daily life, has gained increasing interest as a 
model for explaining socioeconomic (and racial-ethnic) dis-
parities in the processes and outcomes of chronic dis-
eases.54,55 Specific measures of allostatic load include levels 
of hormones secreted in response to stress and biomarkers 
that reflect the effects of these hormones on the body.54,56 
This concept, which is based on the cumulative exposures 
theory, posits that stress may accumulate from early life and 
manifest as an accumulation of physiologic dysregula-
tion.54,57 Chronic stressors such as food insecurity, discrimi-
nation, living in substandard housing, inadequate access to 
health care, and exposure to violence are more pronounced 
among persons of lower than of intermediate or higher 
socioeconomic status.55,56 Such psychosocial stressors may 
lead to hypertension and autonomic dysregulation (e.g., 
diminished heart rate variability), which in turn are linked 
to increased risk of incident ESKD.56,58 Accordingly, higher 
levels of exposure and adaptation to life stressors experi-
enced more commonly by the poor or members of some 
racial-ethnic minority groups may put them at greater risk 
for kidney disease through the aforementioned pathways 
than their less impoverished or white counterparts.59-61

Similarly, contemporary debates in many industrialized 
countries have increasingly focused on the role of nutrition 
and childhood obesity on later-life risks for development of 

loss and the development of progressive kidney disease.29-31 
This hypothesis draws support from reports of (1) a direct 
relationship between birth weight and nephron number,32 
(2) an inverse relation between birth weight and hyperten-
sion later in life,24,33-36 and (3) an inverse relation between 
nephron number and blood pressure.37

In addition to hypertension, low birth weight has been 
variably linked with CKD risk factors such as diabetes  
and obesity and has been directly associated with later-life  
onset of microalbuminuria, reduced kidney function, and 
ESKD.38-41 One study conducted on a cohort of term single-
tons born around the time of the 1944-1945 Dutch famine 
found that midgestational exposure to famine was associ-
ated with microalbuminuria and that late gestational expo-
sure was associated with glucose intolerance.39 Notably, a 
rapid increase in nephron number occurs in midgestation, 
which is a critical period for determining nephron endow-
ment at birth.39 Moreover, rapid growth and weight gain 
during infancy and childhood that occur after intrauterine 
growth restriction (and/or low birth weight) are associated 
with increased risks of insulin resistance, obesity, diabetes, 
and hypertension.29,41,42

Because low birth weight is strongly linked to indices of 
parental poverty and occurs more commonly among some 
racial-ethnic minority groups, researchers have posited that 
low birth weight may partly account for socioeconomic and 
racial-ethnic disparities in kidney disease.43,44 For example, 
Australian Aboriginals experience higher rates of poverty 
and an approximate tenfold higher risk of ESKD than non-
indigenous Australians.45 One study conducted in a remote 
Australian Aboriginal community (where low-birth-weight 
infants compose approximately 25% of live births) observed 
that low as compared with high birth weight was significantly 
associated with lower kidney volumes, higher blood pres-
sure, and later in life, higher levels of urinary albumin 
excretion.37 In the Bogalusa Heart Study, a biracial prospec-
tive cohort study of cardiovascular risk factors in children 
and adolescents in the Southern United States, the preva-
lence of low birth weight was higher among black than white 
infants.46 Subsequent reports have linked lower birth weight 
in this cohort with higher blood pressure levels later in life. 
These reports have also noted that the magnitude of the 
association between lower birth weight and higher blood 
pressure appears to increase with advancing age.35,36,46

Globally, many high- and medium-income countries are 
now faced with a rising incidence of maternal overnutrition.47-49 
In some countries, maternal obesity has replaced tobacco 
smoking as the most important preventable risk factor for 
adverse pregnancy outcomes including preterm births.47,49 
In addition to preterm delivery, excessive weight gain during 
pregnancy is associated with increased risk for development 
of obesity, diabetes, and hypertension in the offspring.47 
Less is known, however, about the pathways through which 
excessive weight gain during pregnancy and maternal 
obesity affect later-life CKD risk factors. The degree to which 
maternal obesity and excessive weight gain during preg-
nancy contribute to socioeconomic and racial-ethnic dis-
parities in kidney disease incidence is likewise unknown. 
The trend toward increasing survival of low-birth-weight 
infants further underlines the importance of intrauterine 
fetal environment and timing of insults in future risk for 
development of precursors to progressive kidney disease.44
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employment opportunities, recreation, social norms renders 
the evaluation of specific pathways to these outcomes 
elusive.17 Although provocative, the results of the Moving to 
Opportunity Study highlight the challenges faced by policy-
makers and clinicians in addressing more proximal media-
tors of socioeconomic disparities in important CKD risk 
factors. These findings also raise questions about how we 
might improve a person’s or family’s health through altering 
social support via simple, low-cost means, such as text mes-
saging and Web-based networks.

RACE, SOCIAL CONDITIONS, AND DISPARITIES 
IN INCIDENT KIDNEY DISEASE

Regrettably in many parts of the world, race is highly cor-
related with socioeconomic conditions. Link and Phelan 
emphasize that race is itself so closely tied to social and 
economic resources that it should also be considered a fun-
damental cause of health inequality.19 Insight into the 
origins of racial-ethnic disparities in kidney disease, however, 
requires a firm understanding of the social context in which 
the inequities occur. For example, the United States has 
witnessed substantially higher incidence rates of ESKD 
among members of racial-ethnic minority groups, most 
prominently among black Americans, than among white 
Americans.2,5,72 Black Americans are also much more likely 
than white Americans to be members of the urban “under-
class” (residing in areas of intensely concentrated poverty) 
and to lack health insurance coverage and access to a usual 
source of care.73 These data led to claims that social disad-
vantage largely explains the disparity in kidney disease risk 
between black and white Americans through pathways previ-
ously described.72 In fact, nearly three quarters of the excess 
risk of incident CKD among blacks in comparison with 
whites in the Atherosclerosis Risk in Communities Study was 
attributable to measures of socioeconomic status and health 
care access.74,75 However, studies in other U.S. health care 
settings indicate that a substantial fraction of the excess risk 
of incident ESKD among black and white Americans remains 
unexplained even after one has accounted for differences 
in the distribution of ESKD risk factors, measures of socio-
economic status, and access to health care.72,76-78 The persis-
tence of marked racial disparities in ESKD risk within 
settings where socioeconomic gradients are theoretically 
reduced, along with emerging genetic data (see later) 
linking African ancestry to certain forms of progressive 
kidney disease, further highlights the complex influences of 
gene-environment interactions on these disparities.77-80

Our understanding of disparities in kidney disease among 
other racial-ethnic groups is less well developed, but the 
origins of these disparities have common social constructs. 
In North America, for example, the prevalence of ESKD is 
substantially higher among Native Americans (primarily 
among American Indians and Aboriginal Canadians) than 
among non-Hispanic whites.81,82 This situation is mirrored 
in the indigenous people (Aboriginals, Maori, and other 
Pacific Islanders) of Australia and New Zealand.45 Differ-
ences in social circumstances and prevalent CKD risk factors 
may account for substantial fractions of this excess risk of 
ESKD among indigenous people.45,83 In addition to encoun-
tering higher rates of poverty than their white counterparts, 
indigenous people from North America, Australia, and New 

chronic disease.62,63 Estimates suggest that more than a third 
of children in North America and Europe, and approxi-
mately a quarter in the western Pacific and southeast Asia, 
are overweight or obese.64 Public health policy and nutrition 
experts attribute the marked growth in childhood obesity 
to the widespread availability of energy-dense, inexpensive 
foods and the low energy requirements of modern daily 
life.64 In the United States, the prevalence of childhood 
obesity is markedly higher among black and Hispanic chil-
dren than among non-Hispanic white children.62

Several studies have also linked residence in impover-
ished areas with higher levels of processed food consump-
tion (rich in sodium and phosphorus), lower levels of 
physical activity, and increased risk for chronic diseases such 
as cardiovascular disease, diabetes, and hypertension in 
comparison with residence in more affluent areas.51,65-67 In 
addition to offering fewer options for affordable, nutritious 
foods, poorer neighborhoods tend to have fewer (or less 
attractive) areas to promote physical activity such as parks 
and community centers.67 The undue influence of crime, 
poor housing quality, and suboptimal educational and 
medical infrastructure may also render poor communities 
less supportive of healthy lifestyles than less distressed 
neighborhoods.17,51 One study linked racial-ethnic dispari-
ties in childhood obesity to differential exposure to risk 
factors during early life, such as gestational diabetes, rapid 
infant weight gain, excessive television viewing, and high 
intake of sugar-sweetened beverages or fast food.63 The 
strong relation between childhood obesity and later-life 
antecedents of kidney disease (obesity, hypertension, meta-
bolic syndrome, type 2 diabetes mellitus) suggests that inter-
ventions targeting the early life period may contribute 
substantially to reducing socioeconomic and racial-ethnic 
disparities in kidney and other chronic diseases.68

Perhaps the strongest evidence that neighborhood socio-
economic distress may influence downstream CKD risk 
factors and lead to health status disparities emanates from 
the Moving to Opportunity Study.69,70 During the period 
1994-1998, the U.S. Department of Housing and Urban 
Development conducted this “randomized social experi-
ment” in five cities (Baltimore, Boston, Chicago, Los Angeles, 
and New York City) to examine the extent to which relocat-
ing from a more to a less distressed neighborhood might 
influence downstream health outcomes. Collectively, 4498 
women (90% were either black or Hispanic) with children 
from high-poverty neighborhoods were randomly assigned 
to one of three groups: 1788 were assigned to receive housing 
vouchers that were redeemable only if they relocated to a 
low-poverty area; 1312 received unrestricted vouchers, and 
1398 were assigned to a control group that offered neither 
of these opportunities. In terms of CKD risk factors, the 
study found that participants who received a voucher to 
relocate to a low-poverty neighborhood experienced abso-
lute risk reductions of 5% and 4% for extreme obesity and 
diabetes, respectively, 10 to 15 years later in comparison with 
controls.69 Notably, the effects of relocation occurred without 
detectable effects on individual-level income.71 In other 
words, an individual may experience substantial benefits by 
moving from a more to a less impoverished neighborhood 
in terms of reducing long-term risk for development of pro-
gressive CKD. However, the strong correlation between 
neighborhood characteristics (e.g., crime, educational and 

http://www.myuptodate.com


2578 SECTIon XIV — CHAllEngES In nEPHRology

overcome.93-95 However, the detailed mechanisms whereby 
APOL1 variants induce kidney injury are yet to be fully 
elucidated.96 Furthermore, the relative contributions of 
biology and built environment to black-white disparities in 
glomerular disease have yet to be clarified. Similar observa-
tions linking APOL1 mutations with progressive CKD or 
ESKD among other ancestral groups have not been 
described and specific genetic causes for the substantially 
higher risk of ESKD in these groups relative to European 
whites remain unclear.80 Please refer to Chapter 43 for 
further discussion of the complex relations among ancestry, 
genes, and various forms of kidney disease.

HEALTH SYSTEM AND DISPARITIES  
IN NEPHROLOGY

More than 30 years ago, Donabedian proposed a model for 
assessing the quality of medical care based on structure, 
process, and outcome. According to Donabedian’s model, 
“process—the method by which health care is provided— is 
limited by the structure or environment in which it oper-
ates.”97 The health system plays an important role in mediat-
ing disparities in nephrology. Health systems are responsible 
for promoting and implementing interventions to improve 
health by altering exposure to key intermediaries. However, 
in many countries, differential access to the health system 
and differential access to high-quality health care often lead 
to relative differences in the receipt of key interventions to 
promote and maintain health.

UNEQUAL HEALTH SYSTEM ACCESS  
AND SURVEILLANCE

Disparities in the surveillance and treatment of CKD risk 
factors may contribute to the higher incidence of more 
advanced CKD in persons of low socioeconomic status than 
in those of intermediate or high socioeconomic status. In 
the United States, more than a third of patients with inci-
dent ESKD are persons of severely limited economic means 
(enrolled in Medicaid, the U.S. joint federal and state health 
insurance program for the poor, or uninsured at ESKD 
onset).2 However, persons with CKD from impoverished 
communities are difficult to identify because there is no 
national system for tracking the care of poor or uninsured 
patients in most countries.2 In other words, disadvantaged 
patients with non–dialysis-dependent CKD are essentially 
“invisible” to much of the health care system until they actu-
ally have ESKD. In many instances, CKD can be slowed or 
prevented. Interventions such as blood pressure lowering, 
angiotensin inhibitor use, and avoidance of nephrotoxins 
are effective in reducing morbidity and slowing CKD 
progression.98-102 Because of differences in health system 
access according to socioeconomic position, however, the 
time and resources needed to effectively implement these 
interventions in patients with CKD from socially disadvan-
taged groups are limited, as evidenced by underutilization 
of these therapies among the poor and uninsured.11,103

Using national data, we previously reported that in  
comparison with U.S. adults with earlier stages of CKD, 
those with more advanced CKD were younger and more 
likely to be nonwhite, poor, and uninsured (Figure 84.2).11 

Zealand also experience a higher prevalence of CKD risk 
factors such as diabetes, hypertension, and obesity.45,82,84 In 
fact, long-term cohort studies of Aboriginal Australians 
suggest that the lifetime risk of ESKD among people with 
diabetes may be as high as 41% in this group.85 Moreover, 
the remote location of many indigenous communities com-
bined with cultural differences in their approach to illness 
often hinders the implementation of interventions to ade-
quately address these risk factors.84,86,87 Notably, the U.S. 
Indian Health Services began systematic efforts in the 1990s 
to identify, screen for, and address CKD risk factors, includ-
ing diabetes, among American Indians.83,88 These efforts 
have been widely touted as the primary reason for the steady 
decline in ESKD incidence among American Indians over 
the ensuing two decades.2,89 Lastly, detection of racial-ethnic 
disparities in nephrology strongly depends on the manner 
in which health statistics are collected and organized. Unlike 
in many European countries, where health statistics are 
commonly organized according to occupational or class 
hierarchies, health data in North America, Australia, and 
New Zealand have historically included race or ethnicity.

BIOLOGIC ORIGINS OF DISPARITIES  
IN NEPHROLOGY

Although differences in the built environment undoubtedly 
play a central role in promoting racial-ethnic disparities in 
the incidence and treatment of kidney diseases, epidemio-
logic and genetic studies support the presence of strong 
biologic influences as well.79,80 Notably, the higher ESKD 
incidence experienced by members of racial-ethnic minor-
ity groups in comparison with non-Hispanic whites exists 
even within integrated health systems (with theoretically 
equal care access) and among socioeconomically disadvan-
taged populations (in which socioeconomic gradients are 
attenuated).77,78,90 The persistence of racial-ethnic differ-
ences in ESKD risk in these studies suggests that factors 
other than socioeconomic status and health care access play 
a more influential role in determining disease progression 
than previously inferred.79,80

Like many chronic diseases, kidney disease is hypothe-
sized to occur among susceptible individuals through a 
complex interaction of genetic predisposition and environ-
mental exposures.80 In the United States, blacks have a 
twofold higher likelihood than whites of having a first-
degree relative with ESKD.91 Shared exposures from the 
familial environment such as poverty, nutrition, and health-
related behaviors may contribute to these associations, but 
further studies have linked APOL1 gene mutations with 
certain types of progressive nondiabetic kidney disease 
including focal segmental glomerulosclerosis and human 
immunodeficiency virus (HIV) nephropathy.79,92 Owing 
partly to the protective effects conferred by APOL1 muta-
tions against trypanosomal disease and other pathogens, 
APOL1 mutations appear to be relatively common among 
individuals of West African descent but virtually absent 
among persons from Europe, East Africa, and other 
regions.92 It has been estimated that as much as 40% of the 
increased burden of progressive nondiabetic CKD in Sub-
Saharan African ancestry populations could be eliminated 
if the injury mechanism for APOL1 risk variants could be 
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IMPORTANCE OF HEALTH SYSTEM STRUCTURE

The medical care of most poor and underserved popula-
tions is concentrated in the hands of relatively few provid-
ers.109 For example, owing to their relatively limited options 
for ongoing ambulatory care, many of America’s poor and 
underinsured seek ambulatory care from public hospitals 
and safety net health care clinics.110,111 Even within universal 
health care systems, the isolated nature of some minority 
communities strongly influences the frequency and quality 
of care received.84,86 Several United States–based studies 
have now demonstrated that socioeconomic and racial-
ethnic disparities in care may be partly explained by differ-
ences in where and by whom patients are treated, leading 
to systematic differences in the care environment, provider 
quality, and access to care.112-114 For example, Bach and asso-
ciates found that black and white Medicare beneficiaries 
were treated for the most part by different physicians. Strik-
ingly, 80% of all outpatient primary care visits by black 
patients in this study were accounted for by only 22%  
of physicians.112 Moreover, the primary care physicians 
who cared primarily for black patients were less likely to be 
board certified, more likely to be in training, and more 
likely to report encountering system barriers to providing 

Consistent with the differential exposure framework from 
Figure 84.1, uninsured adults with CKD had a higher preva-
lence of risk factors for progression to ESKD than their 
insured counterparts but were far less likely to receive inter-
ventions based on and recommended by clinical practice 
guidelines to slow disease progression.11

As noted earlier, prior studies showed that lack of health 
insurance coverage, residential poverty, and nonwhite  
race-ethnicity were independently associated with worse 
CKD-related laboratory abnormalities at dialysis initia-
tion, including more severe hypoalbuminemia, azotemia, 
and anemia, and with marked delays in accessing the trans-
plant waiting list and in receiving a kidney transplant.21,22,104 
These reports suggest that socially disadvantaged groups 
may receive less and perhaps substandard care in earlier 
stages of CKD.51,105 Although differences in individual-level 
factors such as adherence to screening and treatment rec-
ommendations may partly contribute to these disparities, it 
is likely that differential access to the health system plays a 
central role in determining which groups receive these 
interventions, particularly at earlier stages of CKD.106 Yet to 
a certain degree, such disparities in ESKD incidence by 
socioeconomic status appear to exist even within developed 
countries with universal access to care.107,108

Figure 84.2  Demographic composition of U.S. adults with chronic kidney disease (CKD) by disease stage (CKD3 through CKD5). ESRD, End-
stage renal (kidney) disease. 
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Similarly, Olomu and associates reported that only 38% of 
hypertensive patients achieved target blood pressure control 
in a federally qualified health clinic in Michigan103; the 
national average is 50%.115 Even fewer (31%) hypertensive 
patients with diabetes achieved target blood pressure control 
in the same clinic.103

In addition to experiencing reduced access to high-
quality care, low-income and racial-ethnic minority groups 
may harbor risk factors that heighten their risk for CKD 
morbidity and mortality. While observing a high (10%-35%) 
prevalence of moderate-to-advanced CKD among ambula-
tory users of a large safety net health system, we found that 
the prevalence of “socially determined” risk factors that 
might influence CKD outcomes—such as chronic viral dis-
eases, substance abuse, homelessness, and mental illness—
was far higher than observed in other health care settings.78,116 
In one safety net setting, more than 7% of persons with 
moderate-to-advanced CKD progressed to ESKD and 16% 
died during follow-up (median observation time 6.6 years).78 
Notably, nearly 30% of patients were never assessed for 
proteinuria, and fewer than 20% were ever seen by nephrol-
ogy specialists during follow-up.78 The elusive nature of this 
population, their frequent loss to follow-up, and limited 
provider accountability further complicate patient-provider 
interactions, highlighting a critical need for more effective 
strategies to enhance CKD risk factor surveillance and man-
agement in traditionally underserved populations in order 
to mitigate health status and health care disparities.

END-STAGE KIDNEY DISEASE

ESKD now affects an estimated 2.5 million individuals 
worldwide and at considerable cost to society.2 In some high-
income countries with universal access to ESKD treatment, 
there are persistent racial-ethnic and socioeconomic dis-
parities in access to certain types of renal replacement thera-
pies.2 In most medium- and low-income nations, access to 
ESKD treatment remains limited and is governed predomi-
nantly by socioeconomic position and occupation.117

DIALYSIS: PROCESS AND OUTCOME
In terms of access to maintenance dialysis, socioeconomic 
disparities are evident at several levels, from the country’s 
health system to the individual patient. Regular access to 
maintenance dialysis remains, for the most part, limited 
to patients receiving care in high-income nations.2,118 In 
many low-income and in some middle-income countries, 
most patients who initiate dialysis either die or stop treat-
ment within the first 3 months because of cost restraints.13,118 
The numbers who do not receive treatment for ESKD is 
unknown. Within high-income nations, an increasing 
number of studies have focused on differences in dialysis 
process measures as indicators of the quality of dialysis 
care received.119-122 A large fraction of these studies emanate 
from the United States, likely reflecting incorporation of 
specific measures for anemia management and dialysis 
adequacy into facility performance assessment and care 
reimbursement.120,121

As noted previously, there are prominent and persistent 
racial-ethnic disparities in process measures at dialysis initia-
tion that largely reflect the presence and quality of care 
leading up to ESKD.104,123 However, data from the U.S. 

high-quality care to their patients (e.g., securing referrals to 
specialists).112 Varkey and colleagues further found that 
clinics serving higher proportions of patients from racial-
ethnic minority groups were more chaotic than and had 
different organizational characteristics from those of other 
clinics.113 In short, several key factors linked to the provision 
of high-quality medical care, such as provider experience 
and subspecialist access, differ markedly according to the 
health system. Such health system–level determinants may 
delay or restrict the access of poor and underserved patients 
to receiving adequate management of kidney disease and its 
antecedent risk factors.

DISPARITIES IN THE TREATMENT OF 
KIDNEY DISEASE

CHRONIC KIDNEY DISEASE

Blood pressure control is a central target to reduce morbid-
ity and mortality in CKD.98 Hypertension as a contributing 
cause of ESKD is blamed for more than a quarter of incident 
cases in the United States.2 Hypertension is also the most 
common modifiable risk factor for CKD progression among 
uninsured American adults with CKD, affecting approxi-
mately 57% of this population as compared with obesity 
(40%), diabetes (22%), and overt albuminuria (13%).11 
However, several United States–based studies have described 
marked disparities in blood pressure control in CKD accord-
ing to measures of socioeconomic status and health system 
access. For example, data from the U.S. National Health and 
Nutrition Examination Surveys indicated that hypertensive 
adults with CKD who lacked health insurance were far less 
likely to be receiving treatment for their hypertension than 
insured counterparts.11 Moreover, among hypertensive 
adults with CKD, those who lacked health insurance cover-
age were 55% less likely to be receiving treatment with an 
angiotensin inhibitor than insured adults (Table 84.1).11 

Table 84.1 Odds Ratio (OR) of Hypertension 
Treatment and Renin-Angiotensin 
Antagonist Use Among Uninsured as 
Compared with Insured U.S. Adults 
with Chronic Kidney Disease and 
Hypertension

Outcome
Unadjusted OR
(95% CI)

Adjusted OR
(95% CI)

Hypertension treatment* 0.44 (0.31-0.62) 0.59 (0.40-0.85)
Renin-angiotensin-

aldosterone inhibitor 
use†

0.34 (0.20-0.59) 0.45 (0.26-0.77)

*Treated: We considered participants with hypertension to be 
“treated” if they reported that they were currently taking 
medications to lower blood pressure.

†Adjusted for age, sex, race-ethnicity, health insurance status, 
CKD stage, diabetes, obesity, and overt albuminuria.

CI, Confidence interval.
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Additional studies have identified differences in attitudes 
and knowledge about kidney transplantation among black 
and Hispanic Americans in comparison with white Ameri-
cans.133 Providers may also be less likely to recommend 
kidney transplantation to minority patients owing to 
impaired communication and misconceptions regarding its 
benefits relative to prolonged dialysis.9,134 The influence of 
cultural and/or linguistic isolation on delays in accessing 
the transplant waiting list or in receiving a kidney transplant 
remains understudied.23

Specific mechanisms by which socioeconomic status influ-
ence access to transplantation include low educational 
attainment, suboptimal health insurance coverage, and con-
textual impediments to healthy living. Poor or uninsured 
patients appear to encounter more difficulty than less dis-
advantaged patients in navigating the complex steps 
required to successfully receive a kidney transplant.130,135 
This may be a direct effect of low educational attainment, 
inadequate insurance coverage, and suboptimal patient-
provider communication, all of which have been linked with 
delays in accessing the transplant waiting list, in completing 
the transplant evaluation, and in successful receipt of a 
transplant.87,130,131,134,136 Nephrology providers also appear 
reticent to refer poor patients for transplant because of 
concerns about inadequate coverage for prescription and 
procedural costs.134,137 In a national survey of U.S. transplant 
programs, more than 70% responded that they frequently 
or occasionally exclude patients from the kidney transplant 
waiting list owing to concerns that the patients will not be 
able to afford the immunosuppressive medications.138

Although socioeconomic status and contextual poverty 
are linked with disparities in transplantation rates in the 
United States,63,130,139 the magnitude of such disparities is 
markedly higher in middle-income nations such as in 
Mexico, where transplantation rates are more than tenfold 
higher among insured patients than among uninsured 
patients.140 As concerning is the unethical practice of organ 
trafficking and exploitation of disadvantaged populations 
for profit that occur in many low- and middle-income 
nations.117 This pervasive commercialization of live donor 
transplantation is supported by reports of affluent foreign-
ers undergoing large fractions of the kidney transplanta-
tions performed in some low- and middle-income 
countries.141 Although some writers justify paying persons to 
donate a kidney as mutually benefitting recipient and donor, 
one study conducted in India showed that such transactions 
do not lead to long-term economic benefit and may be 
associated with a decline in health for the donor.142

Historically, racial-ethnic differences in the distribution 
of ABO blood type and antibodies to human leukocyte anti-
gens (HLA) have been linked with disparities in receiving a 
deceased donor kidney transplant among patients who have 
successfully accessed the waiting list.23,143,144 In particular, 
black candidates have encountered marked delays in receiv-
ing a deceased donor kidney owing partly to their higher 
frequencies of ABO types that are associated with longer 
waits.9,144-146 However, the influence of biologic perpetrators 
of racial-ethnic disparities in transplantation access, such as 
the distribution of blood type and HLA, has progressively 
declined as a result of changes in the deceased donor alloca-
tion policy. Recognizing the contribution of HLA matching 
to racial disparities in receiving a deceased donor kidney, 

Centers for Medicare and Medicaid Services (CMS) suggest 
that these disparities attenuate and may even reverse for 
some racial-ethnic groups over time.124,125 In two studies 
from the CMS’s ESRD Clinical Performance Measures 
Project, Frankenfield and associates reported that Hispanic 
and Asian patients undergoing hemodialysis experienced 
process measures (e.g., arteriovenous fistula use and serum 
albumin, hemoglobin, and dialysis adequacy targets) that 
were equivalent, and in some cases superior, to those of 
non-Hispanic whites 1 year after dialysis initiation; and that 
black patients receiving hemodialysis continued to experi-
ence the worst process measures of all racial-ethnic groups 
surveyed.125,126 While the first study did not elucidate specific 
mechanisms by which racial-ethnic differences in process 
measures abated, it seems plausible that the establishment 
of a regular site of care with access to wraparound services 
(i.e., social work, dietician, primary nephrology care) may 
have offset the lack of, or variation in, medical care received 
prior to ESKD onset. Whether achievement of specified 
targets for these measures actually reflects dialysis-related 
quality of care remains a source of substantial debate.119,120,122 
Regardless, in the setting of universal access to dialysis ser-
vices, more research is needed to determine how quality 
improvement methods can be effectively targeted to reduce 
health disparities without misprioritizing low-value care and 
creating unwarranted and wasteful incentives that might 
also exclude vulnerable patients.122,127

KIDNEY TRANSPLANTATION: PROCESS
In terms of survival and quality of life, kidney transplanta-
tion is the optimal treatment for most patients who progress 
to ESKD. However, significant disparities in receiving a 
transplant according to socioeconomic status, race-ethnicity, 
and geography persist worldwide.2,23,128-130 In the United 
States, transplantation rates are significantly lower among 
the poor and among most racial-ethnic minority groups 
than among disadvantaged groups and whites, respectively.2 
Racial-ethnic disparities are also present in Canada, where 
kidney transplantation rates in Aboriginal, African, Indo 
Asian, and East Asian Canadians range from one half to 
two thirds those of white Canadians.129 In Australia, trans-
plantation rates in Aboriginal Australians experience are 
77% lower than those in non-indigenous Australians, and 
in New Zealand, Maori/Pacific Islanders are similarly disad-
vantaged.45 Although key mediators of, and their relative 
contributions to, racial-ethnic disparities in transplant access 
vary by population and health system, many are directly 
linked to social conditions described previously.

For example, in the United States, American Indian and 
black patients encounter delays in accessing the kidney 
transplant waiting list that are partly attributable to lower 
socioeconomic status and a higher prevalence of diabetes 
in comparison with white patients.23,130,131 Similarly, contex-
tual poverty and health insurance coverage account for the 
largest fraction of the disparity in live-donor kidney trans-
plantations among American Indians, Alaska Natives, and 
black and Hispanic Americans in comparison with white 
Americans.132 On the other hand, geographic differences 
(primarily attributed to organ availability) account for sub-
stantial fractions of the disparity in receiving a deceased 
donor kidney from the waiting list among U.S. Hispanics, 
Pacific Islanders, and American Indians/Alaska Natives.23
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beliefs attribute reduced graft survival among black recipi-
ents to heightened immune responsiveness and poorer 
immunologic matching, remarkably few reports have  
actually linked better HLA matching with improved graft 
survival in this racial group.9,143,155 In addition, Asian recipi-
ents enjoy the longest graft survival of all racial-ethnic 
groups despite the presence of suboptimal HLA matching 
comparable to that observed in black recipients.9,156 
Alternatively, pharmacokinetic studies report greater clear-
ance and/or lower bioavailability of certain immunosup-
pressive agents among black than among white transplant 
recipients.157-159 However, the influence of these biologic 
factors on racial disparities in allograft survival is likely  
mediated at least in part through differences in immuno-
suppressive medication regimens and nonadherence.151,160-162 
In the United States, nonadherence strongly correlates in 
turn with social factors such as household income, presence 
and type of health insurance coverage, and history of drug 
abuse.9,151,163,164

Lastly, studies have raised concerns regarding inequities 
in the quality of transplanted organs based on recipient 
socioeconomic status and race-ethnicity.165 Emerging data 
on provision of comparatively “lower quality organs” to 
black, low-income, or less educated recipients than to white, 
more affluent or college-educated counterparts has cast 
additional light on the complex nuances that underlie this 
social gap in allograft access and survival.165,166

MOVING TOWARD MORE  
EQUITABLE CARE

Currently, global cost estimates of treating CKD remain 
elusive. In the United States alone, treatment of CKD costs 
the federal government more than $56 billion annually, 
including $26 billion for ESKD. Hence, there is an urgent 
need to identify cost-effective strategies to address CKD risk 
factors, particularly among populations that bear a dispro-
portionate burden of disease.1 Strategies to reduce dispari-
ties in chronic diseases include three general approaches: 
(1) targeted programs, (2) gap programs, and (3) gradient 
programs.53,167 Targeted programs comprise strategies aimed at 
improving the health of groups that are particularly disad-
vantaged in terms of disease burden or treatment access. 
Such targeted programs are advantageous in that they focus 
on a well-defined, often small segment of the population. 
This aspect provides for ease in monitoring and assessing 
results. However, the targeted approach is similarly weak-
ened by its narrow focus and its lack of commitment to 
reduce the disparity between the most and least disadvan-
taged groups. In some instances, health gains in the tar-
geted groups may still lag behind those observed in less 
disadvantaged groups, leading to widening of the dispari-
ties.53 An example is programs that attempt to promote 
live-donor kidney transplantation among patients of low 
socioeconomic status. Although such programs may increase 
live-donor kidney transplantation rates among the poor, the 
disparity between patients of lower and those of intermedi-
ate or higher socioeconomic status may actually increase 
owing to the differential effects of other programs (e.g., 
paired donation) or resource-mediated advances (e.g., 
Internet use and social networking).

U.S. policymakers eliminated the HLA-B locus as a priority 
for the allocation of deceased kidney donors on May 7, 
2003.147 This change led to an increase in the proportion of 
deceased donor organs directed to minority candidates on 
the waiting list. Specifically, in the 6 years after the policy 
change, deceased donor transplantation in minority recipi-
ents rose 40%, compared with an 8% rise for non-Hispanic 
whites and a 23% increase overall.148 Moreover, this improved 
access to transplantation for minority groups has not been 
accompanied by declines in short-term graft survival during 
the initial period after the policy change.148

In 2013, the U.S. Organ Procurement and Transplanta-
tion Network approved additional amendments to the 
kidney allocation policy that included changes to promote 
greater equity in accessing deceased donor kidneys.149 In 
particular, two amendments, one that allows for blood type 
B recipients to receive kidney offers from donors with 
certain subtypes of blood type A and another that calculates 
waiting time from the start of dialysis (or qualifying esti-
mated glomerular filtration rate [eGFR] ≤ 20 mL/min), will 
likely lead to further reductions of the racial-ethnic gap in 
transplantation rates in the United States.149,150 Additional 
measures to promote greater racial-ethnic and social equity 
in rates of assigning patients to the waiting list and in living 
donor kidney transplantation remain areas of heightened 
investigation.

KIDNEY TRANSPLANTATION: OUTCOMES
Socioeconomic and racial-ethnic disparities in kidney trans-
plantation extend to outcomes after receipt of a functional 
allograft. Similar to transplant access, specific causes of 
these disparities in allograft survival may differ by popula-
tion and health system, but the root causes commonly 
reflect differential social conditions and access to high-
quality health care. For example, adherence to posttrans-
plantation immunosuppressive therapy remains a critical 
determinant of long-term allograft survival. Regrettably, the 
inability to afford immunosuppressive medications appears 
to be a primary mechanism that restricts disadvantaged 
patients from not only receiving a kidney transplant but  
also in maintaining one.151,152 In the United States, for 
example, federal prescription drug coverage for immuno-
suppressive medications extends to only 36 months after 
kidney transplantation, with few exceptions.151 For this 
reason, disadvantaged patients are particularly vulnerable to 
the long-term financial burden of maintaining a functional 
allograft.153 In one study, more than 40% of transplant recip-
ients reported financial difficulty after transplantation, with 
health-related out-of-pocket expenses averaging approxi-
mately $475 per month.152 Socioeconomic disparities in 
maintaining a transplant are magnified in medium-income 
countries such as Mexico and Pakistan, where excellent 
long-term results for allograft survival are offset by the pro-
hibitive cost of immunosuppressive and antiviral medica-
tions. In these countries, transplant access and allograft 
maintenance for the average citizen often require a state-
sponsored model.36,117,140

Racial differences in biologic factors such as age at trans-
plantation, HLA mismatching, and APOL1 genotype status 
may account to some degree for the disparity in allograft 
survival between some racial-ethnic groups, such as between 
black and white Americans.9,145,154 Although prevailing 
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progression and economic loss; such strategies might offer 
additional care or health coverage to members of disadvan-
taged groups who have conditions (obesity, diabetes, hyper-
tension, homelessness) that are linked to the excess burden 
of progressive CKD in these groups.53

INITIATIVES TO REDUCE DISPARITIES

Successful initiatives to reduce socioeconomic and racial-
ethnic disparities in CKD risk factors might reference the 
U.S. government–sponsored Vaccines for Children Program, 
the Standards of Care for Diabetes and Kidney Disease Pro-
grams administered by the U.S. Indian Health Services, and 
the U.S. National Health Service Corps’ scholarship and 
loan repayment programs. A generation ago, fatal outbreaks 
of measles in predominantly poor, minority communities in 
several U.S. cities underscored marked disparities in vacci-
nation coverage that placed disadvantaged children at 
increased risk for disease. In direct response to these dis-
parities, the U.S. government initiated the Vaccines for Chil-
dren Program, which now purchases and provides vaccines 
for children who are particularly vulnerable to lapses in 
vaccination coverage (i.e., those who were uninsured, on 
Medicaid, or of American Indian or Alaska Native ancestry, 
or who had health insurance that did not cover universally 
recommended vaccines). From 2000 to 2010, racial-ethnic 
disparities in vaccination series completion rates in the 
United States decreased from 6% to 4% (for minority 
groups vs. non-Hispanic white children), and poverty-related 
inequalities from 8% to 3%.169

Several decades ago, in response to rising concerns over 
the burden of ESKD due to diabetes in many American 
Indian communities, the Indian Health Service established 
the Standards of Care for Diabetes Program (followed later 
by the Kidney Disease Program) in order to improve the 
screening of and the management of patients with diabetes 
and CKD.89 Based on the Chronic Care Model, these two 
programs implemented routine reporting of estimated glo-
merular filtration rate, annual monitoring of protein excre-
tion, utilization of renin-angiotensin system antagonists, and 
aggressive control of blood pressure in association with 
enhanced patient and provider education.89,170 By 2001, age-
adjusted ESKD incidence among American Indians with 
diabetes had decreased by 31% from that in 1990. By 2006, 
82% of American Indians with hypertension and diabetes 
were receiving a renin-angiotensin-aldosterone system 
inhibitor. Perhaps without coincidence, American Indians 
are the only U.S. racial or ethnic group in which ESKD 
incidence has consistently declined over the past decade.2,89 
A similar gap initiative by the Australian government, the 
Medical Outreach–Indigenous Chronic Disease Program, 
aims to close the disparity in life expectancy between indig-
enous and non-indigenous Australians by improving access 
of indigenous people to best-practice chronic disease man-
agement.13 Notably, the five areas of highest priority include 
diabetes and chronic kidney disease.

In 1970, the U.S. government established the National 
Health Service Corps to help underserved communities 
across the nation receive critically needed primary medical, 
oral, and mental and behavioral health care. Through  
the National Health Service Corps, clinicians receive 

Strategies that aim to target the health gap address the 
issue of disparities, but these programs are more challeng-
ing than those that seek to improve the health status of 
targeted groups. In order to succeed, gap programs must 
achieve absolute improvements in health status among, for 
example, persons in the lowest socioeconomic position at a 
rate of improvement that exceeds that observed in the com-
parison group. Like targeted programs, gap programs often 
focus solely on the most disadvantaged groups and largely 
ignore gradients in health and the health status of those in 
the intermediary groups.53 For example, over the past 
decade, collective efforts to increase kidney donation in the 
United States among black Americans have yielded a near 
doubling of the donation rate of deceased donor kidneys 
(from 15.1 per million population [pmp] in 2000 to 28.1 
pmp in 2010) from this racial group. However, donation 
rates from deceased donors of American Indian (7.7 pmp) 
and Asian (8.5 pmp) descent have seen only modest gains 
during the same period, and they remain far below those of 
white donors (21.4 pmp) in 2010.2

Addressing socioeconomic gradients in health relies on 
comprehensive strategies that involve the entire population. 
In contrast to targeted and gap programs, gradient strategies 
address the effect of socioeconomic inequality on health 
across the socioeconomic hierarchy. In other words, a gra-
dients model addresses not only intermediaries of health 
disparities among the disadvantaged but also systematic 
inequities in life course exposures (educational and occu-
pational opportunities, nutrition, living standards, and 
health care access) that strongly influence an individual’s 
position in the socioeconomic hierarchy.53 Needless to say, 
gradient strategies must often contend with conflicting 
political agendas, major logistical challenges, and prohibi-
tive costs.168 Moreover, such strategies commonly yield 
results only in a prolonged timeframe. These three strate-
gies (targeted, gap, and gradient) for reducing disparities 
are intended to complement one another and can often 
provide sequential layers for addressing socioeconomic 
(and racial-ethnic) inequities.53

On the basis of the framework shown in Figure 84.1, 
researchers have identified four major intervention areas 
for addressing socioeconomic and racial-ethnic disparities 
in kidney disease.53 First, reducing inequalities in the distri-
bution of structural determinants such as education, occupa-
tion, and income may alter social stratification and mitigate 
its effects on health outcomes. Second, addressing specific 
intermediary determinants that mediate the effects of socio-
economic position on health (e.g., consumption of high-
calorie foods and beverages, lack of physical exercise, 
unhealthy living conditions, and cigarette smoking) may 
reduce specific health-damaging exposures that dispropor-
tionately affect disadvantaged groups; in other words, chang-
ing the distribution of risk factors related to socioeconomic 
position may attenuate long-term health consequences for 
underprivileged groups.18 Third, reversing the effect of 
health status on socioeconomic position may lessen the vul-
nerability of disadvantaged groups to the health-damaging 
conditions they face14; examples include programs to keep 
persons with chronic diseases such as diabetes and CKD 
within the workforce.153 Lastly, targeting the delivery of 
health care to socially disadvantaged groups may reduce the 
unequal consequences of illness and prevent further disease 
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the effects of social conditions that disproportionately 
affect, disadvantaged populations. Reducing disparities 
based on social factors may improve health care quality 
more than would marginal improvements in overall medical 
care.169 The social distribution of diabetes, hypertension, 
and obesity and their indelible link to kidney disease pro-
vides further evidence in favor of this approach to address 
disparities in nephrology.18 Unfortunately, many high- and 
medium-income countries continue to witness stagnant or 
reduced social mobility, increased social unrest, and widen-
ing inequities in living conditions. Needless to say, even in 
the presence of astute public policies aimed to address 
marked differences in social conditions, reducing long-
standing disparities in nephrology will remain a major chal-
lenge for the foreseeable future.
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SUMMARY
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the reader is referred to the Global Considerations in 
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BACKGROUND

Although chronic kidney disease (CKD) is a significant 
public health issue for patients of all ages, there is a limited 
body of literature addressing the management of CKD  
in older adults. However, most health care practitioners 
would agree that caring for older adults with CKD presents 
unique challenges because of the substantial differences 
between older and younger patients with this condition.  
In this chapter, we will provide an overview of care for the 
older adult with CKD. We begin by presenting background 
on the prevalence and outcomes associated with CKD in 
older adults. We then focus on treatment and common 
comorbid conditions (hypertension, diabetes, dyslipidemia 
and anemia), followed by considerations when caring for 
older adults with more severe CKD, including the options 
of kidney replacement therapy, as well as management strat-
egies including shared decision making and advanced care 
planning.

PREVALENCE OF CHRONIC KIDNEY DISEASE 
AND AGE-RELATED CHANGES IN ESTIMATED 
GLOMERULAR FILTRATION RATE

CKD, defined as an estimated glomerular filtration rate 
(eGFR) of less than 60 mL/min/1.73 m2 for longer than 3 

months, is common, with prevalence in the adult popula-
tion of 8%. This rate increases substantially to almost 45% 
among individuals 70 years of age and older.1 Contemporary 
guidelines for the care of patients with CKD generally rec-
ommend that the same definition and approach to staging 
of CKD be applied to both older and younger adults. 
However, there is considerable debate in the literature as to 
whether differences in eGFR among patients of different 
ages, and the resultant increased prevalence of CKD among 
older adults, represents the course of “natural” aging, or 
whether these changes reflect the presence of underlying 
kidney disease.2 In an evaluation of 365 healthy potential 
kidney donors, Rule and colleagues3 have described marked 
increases in the prevalence of renal fibrosis and a linear 
reduction in GFR (using the gold standard for assessing 
kidney function—iothalamate clearance) of 4.6 mL/min/
decade in men and 7.1 mL/min/decade in women with 
increasing age. However, the level of the GFR did not cor-
relate perfectly with degree of fibrosis, and there was sub-
stantial heterogeneity in GFR among patients of the same 
age with similar degrees of fibrosis. It has been argued that 
this decline in GFR with age is natural and not a pathologic 
phenomenon, and that these reductions begin from about 
the age of 30 years.4 At the same time, multiple studies have 
shown that older and younger patients with lower levels  
of eGFR and proteinuria are at increased risk for death, 
progression of kidney disease, and other adverse health 
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Figure 85.1  Percentiles  of  GFR,  Cockcroft-Gault  creatinine  clear-
ance  by  age,  and  inulin  clearance  in  healthy  men.  Percentiles  are 
calculated using a fourth-order polynomial weighted quantile regres-
sion. The solid line shows a polynomial regression to the inulin data. 
Dashed lines without symbols show the 5th and 95th percentiles for 
GFR estimates.  (Reprinted with permission from Coresh J, Astor BC, 
Greene T, et al: Prevalence of chronic kidney disease and decreased 
kidney function in the adult US population: Third National Health and 
Nutrition Examination Survey. Am J Kidney Dis 41(1):1-12, 2003.)
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outcomes, although the magnitude of relative and absolute 
risks for some outcomes vary systematically with age.

ESTIMATED GLOMERULAR FILTRATION RATE

In most cases, kidney function in routine clinical practice is 
estimated based on serum creatinine concentration, rather 
than determined using exogenous filtration markers such 
as inulin, iothalamate, or other radiocontrast clearance 
measures. Use of serum creatinine concentration alone to 
estimate kidney function, however, may underestimate the 
prevalence of chronic kidney disease, especially among 
those with low muscle mass, including women and older 
adults. Over the last 10 to 15 years, there have been major 
advances in the approach to estimating GFR through the 
use of estimating equations. Nevertheless, commonly  
used formulas may overestimate or underestimate true GFR 
in older adults. This has been shown using data from  
the Third National Health and Nutrition Examination 
Survey (NHANES III; Figure 85.1). In general, however, the 
Modification of Diet in Renal Disease equation5 and the 
Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI)6 provide a closer approximation than the Cockcroft-
Gault equation7 to the true GFR, including among older 
adults. For further discussion of methods for estimating 
GFR, see Chapter 26.

In estimating kidney function using a creatinine-based 
equation, it is important to recognize that the loss of muscle 
mass that may occur with aging may result in a decrease in 

serum creatinine level and an overestimation of eGFR, par-
ticularly among patients with more severe underlying 
comorbid conditions. There is considerable interest in 
determining whether other clearance markers, and in par-
ticular serum cystatin C, are more accurate in estimating 
GFR in older adults.8,9 Cystatin C is a cysteine proteinase 
with endogenous and constant production that is freely fil-
tered, catabolized, and reabsorbed, but not secreted, by the 
kidney tubules.

The Kidney Disease Improving Global Outcomes 
(KDIGO) 2012 Clinical Practice Guideline for Evaluation 
and Management of CKD10 has recommend reporting eGFR 
using the 2009 CKD-EPI creatinine-based equation, with the 
use of additional tests such as cystatin C or a clearance mea-
surement for confirmatory testing in specific circumstances. 
For example, use of cystatin C may be especially useful in 
confirming the presence of CKD in patients with an eGFR 
of 45 to 59 mL/min/1.73 m2 based on creatinine-based 
equations. Exogenous filtration markers may be used to 
measure kidney function when the results may affect treat-
ment decisions, such as acceptance for kidney donation or 
dose adaptation of toxic drugs. Contemporary clinical prac-
tice guidelines for CKD do not comment on the potential 
implications of age in the use of these equations to estimate 
the GFR.

PREVALENCE AND IMPLICATIONS  
OF ALBUMINURIA

Albuminuria is now recognized as an important risk factor 
for adverse outcomes and is independently associated with 
mortality, vascular events, and progression to end-stage 
kidney disease (ESKD), independent of the eGFR.11,12 The 
prognostic value of albuminuria appears to be relevant for 
the older adult population as well. Although an earlier study 
(N = 13,177; age ≥ 75 years) in the United Kingdom sug-
gested that albuminuria was associated with a modest 
increase in risk of death, this association was not present at 
all levels of eGFR.13 In contrast, a more recent study of 
94,934 U.S. veterans with diabetes demonstrated an associa-
tion between the albumin-to-creatinine ratio (ACR) and 
increased mortality risk.14 Importantly, this increased risk 
was not attenuated with age and was also present at all levels 
of eGFR, with mortality rates increasing with higher levels 
of albuminuria (Figure 85.2). A large meta-analysis of 46 
cohorts worldwide, the CKD Prognosis Consortium,15 has 
provided the strongest evidence to date of a graded and 
independent risk of albuminuria on the risk of mortality 
and ESKD outcomes, across all ages. Together this evidence 
supports the important prognostic value of albuminuria for 
adverse outcomes in adults of all ages.

SCREENING FOR CHRONIC KIDNEY DISEASE

Screening for CKD in the general population has been 
advocated, although this is an area of considerable contro-
versy.16,17 Although population-based screening does have 
potential benefits through early identification and treat-
ment of affected patients, it also carries with it certain risks, 
such as identification of patients with only mild disease  
for whom additional treatment might not be warranted.18 
The earlier National Kidney Foundation/Kidney Disease 
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benefits of screening to identify CKD in older adults, among 
whom both life expectancy and the risk of progression may 
be lower, are uncertain.

ADVERSE OUTCOMES ASSOCIATED WITH 
REDUCED ESTIMATED GLOMERULAR  
FILTRATION RATE

MORTALITY
Older adults with mild reductions in eGFR (e.g., 45 to 59 
mL/min/1.73 m2) have a similar risk of death compared 
with those of similar age, but with higher levels of eGFR.23 
However, more severe reductions in eGFR have consistently 
been shown to be associated with worse outcomes. Raymond 
and colleagues24 have shown that although the relative mor-
tality risk may be attenuated, the absolute mortality risk 
increases with declining eGFR for all ages (Figure 85.3).

The age-dependent effects of CKD on the competing 
risks of ESKD and death are evident in Figure 85.4.23 As 
shown in this figure, among patients with a comparable 
level of eGFR, the relative frequency of these outcomes 
(death and ESKD) varies substantially by age. Older indi-
viduals, especially those older than 75 years, are much more 
likely to die than develop ESKD, even when their eGFR is 
severely reduced. A recent study from the CKD Prognosis 
Consortium15 has provided further evidence of the impor-
tance on adverse outcomes and mortality risk of CKD in 
older adults. In this large collaborative meta-analysis, includ-
ing more than 2 million participants from 46 cohorts, CKD 
was associated with excess mortality risks among older adults 
that were as high as, or higher than, the excess risk observed 
among middle-aged adults. Similar to prior studies, the 
relative risk of death at each level of eGFR was generally 
lower at older ages, with the result that the threshold level 
of eGFR at which the absolute risk of death increased above 
the referent was lower in older compared with younger 
patients.

Outcomes Quality Initiative19 clinical practice guidelines for 
CKD have recommended targeted screening of high-risk 
patients, including those with diabetes or hypertension and 
older than 60 years, whereas the more recent KDIGO CKD 
guidelines10 do not address the issue of screening.

Evidence to support screening for CKD in the general 
population is limited. Hallan and associates20 used data from 
a large-scale (N = 65,604) health survey in Norway to evalu-
ate screening strategies for CKD in the general population, 
with the outcomes of ESKD and cardiovascular mortality. 
The authors reported that screening people with hyperten-
sion, diabetes, or age 55 and older was the most effective 
screening strategy; they detected over 90% of all cases of 
CKD, with the number needed to screen to find one case 
of 8.7. A cohort study in the Netherlands (N = 6879), with 
6 years of follow-up for the primary outcome of kidney 
replacement therapy, reported that screening for albumin-
uria was effective in identifying patients at increased risk for 
progressive kidney disease, including 40% of those who 
were previously not known to have kidney disease.21 They 
were unable to determine whether the benefits of screening 
for albuminuria to prevent ESKD were sufficient to out-
weigh the costs and effort. Using a population-based cohort 
from Alberta, Canada, Manns and coworkers22 reported that 
population-based screening for CKD using eGFR was not 
cost-effective for the overall population, older adults, or 
those with hypertension. However, they did find that tar-
geted screening of people with diabetes was associated with 
a cost per quality-adjusted life year was similar to that 
accepted in other publically funded interventions.

These studies, suggesting that the overall benefit of 
detecting and treating asymptomatic CKD among people 
without diabetes is low and not cost-effective, seem to 
provide evidence for a targeted case-finding approach, 
rather than a general screening strategy for adults of all 
ages. The purpose of screening is to identify people at an 
early stage to prevent disease progression. The potential 

Figure 85.2  Crude annual mortality  rates by albumin-to-creatinine  ratio  (ACR,  in mg/g),  estimated glomerular  filtration  rate  (eGFR,  in mL/
min/1.73m2), and age group.  (Reprinted with permission from O’Hare AM, Hailpern SM, Pavkov ME, et al: Prognostic implications of the urinary 
albumin to creatinine ratio in veterans of different ages with diabetes. Arch Intern Med 170:930-936, 2010.)
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END-STAGE KIDNEY DISEASE
As noted, the age-dependent effects of CKD on the risk  
of ESKD have been demonstrated (see Figure 85.4),23 
with older individuals much more likely to die than progress 
to ESKD that requires dialysis. In defining the progression 
of CKD in older adults, most studies have focused on the 
development of ESKD requiring long-term dialysis as the 
outcome, a definition that reflects disease progression and 
a treatment decision. Using a population-based cohort of 
more than 1.8 million adults from the province of Alberta, 
Canada, we found that the rate of progression to treated 
kidney failure (defined as the initiation of long-term dialysis 
or receipt of a kidney transplant) and untreated kidney 
failure (defined as progression to a sustained eGFR < 15 
mL/min/1.73 m2) varied substantially by age.25 Among 
younger participants, the absolute and relative risks of 
treated kidney failure were highest. However, the rate of 
progression to untreated kidney failure was considerably 
higher among older participants (Figure 85.5). What these 
results suggest is that kidney disease does progress in older 
adults, and that the actual prevalence of advanced kidney 
disease and incidence of progressive CKD may be underes-
timated when defined by receipt of kidney replacement 
therapy alone.

Figure 85.3  Average  annual  mortality  by  age  and  eGFR  bands.  (Reprinted with permission from Raymond NT, Zehnder D, Smith SC, et al: 
Elevated relative mortality risk with mild-to-moderate chronic kidney disease decreases with age. Nephrol Dial Transplant 22:3214-3220, 2007. )
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most consistent with vascular disease and primarily affects 
attention and executive function. With respect to physical 
function, individuals with CKD have evidence of reduced 
physical function based on tests of balance and gait speed,27,33 
as well as lower levels of physical activity overall.27,33,34

Following the initiation of dialysis, there is evidence that 
there can be significant decline in functional status among 
older adults. Among nursing home residents, decline in 
functional status after dialysis initiation was independent of 
age, gender, race, and functional status trajectory before 
starting dialysis.35 Overall, only 13% of patients maintained 
their predialysis functional status at 1 year (Figure 85.7). 
Even among older adults living independently in the com-
munity at the time of dialysis initiation, a large proportion 
lose independence and transition to nursing homes or 
related care facilities following initiation of dialysis. A retro-
spective study reported that although most patients 80 years 
of age and older were living independently at home at the 
time of dialysis initiation, more than 30% experienced func-
tional loss requiring caregiver support or transfer to a 
nursing home within 6 months.36 Outcomes after dialysis 
initiation are discussed in greater detail in a later section of 
this chapter.

TREATMENT CONSIDERATIONS

MANAGEMENT OF COMMON COMORBIDITIES

These include hypertension, diabetes, dyslipidemia, and 
anemia.

HYPERTENSION
Multiple chronic conditions, including hypertension  
and diabetes, among others, are common in older  
adults with CKD, particularly among the very old (>85 
years).37,38 The relationship between CKD and hypertension 
is complex, with CKD contributing to the pathophysiology 

CARDIOVASCULAR DISEASE, STROKE, DIABETES, 
AND CONGESTIVE HEART FAILURE
CKD has been associated with an increased risk of cardio-
vascular disease events in multiple populations,11,26 includ-
ing older adults.27,28 In the Cardiovascular Health Study, a 
community-based cohort of U.S. adults aged 65 years and 
older, those with CKD had more than twice the prevalence 
of coronary artery disease compared with those without 
CKD, and they were more than 50% more likely to have 
hypertension.29,30 Stevens and associates28 also reported the 
prevalence of CKD and comorbid illness in U.S. individuals 
aged 65 and older using three large data sources—the 
Kidney Early Evaluation Program (KEEP; N = 27,017), 
the National Health and Nutrition Examination Survey 
(NHANES), 1999 to 2006 (N = 5,538) and the Medicare 5% 
sample (N = 1,236,946). Among members of these cohorts 
with CKD, the prevalence of diabetes ranged from 21.4% to 
46.2%, whereas the prevalence of hypertension was 90% or 
higher in all three cohorts. The prevalence of high choles-
terol, coronary artery disease, congestive heart failure, car-
diovascular disease, and cancer for the KEEP and NHANES 
cohorts are presented in Figure 85.6. These data, from mul-
tiple sources, clearly demonstrate the high burden of 
chronic conditions in older adults with CKD. Management 
of these common chronic conditions among older adults 
with CKD will be discussed later in this chapter.

FUNCTIONAL AND COGNITIVE IMPAIRMENT  
AND FRAILTY
Unfortunately, most of the evidence regarding functional 
and cognitive impairment and frailty in older adults with 
kidney disease has been limited to those with ESKD on 
dialysis. However, there is evidence that advanced CKD is 
also associated with a high prevalence of cognitive and func-
tional impairment,31 and that albuminuria is an indepen-
dent risk factor for cognitive impairment.32 Cognitive 
impairment in patients with CKD seems to follow a pattern 

Figure 85.5  Treated and untreated kidney failure as a function of age  in Alberta, Canada.  (Reprinted with permission from Hemmelgarn BR, 
James MT, Manns BJ, et al: Rates of treated and untreated kidney failure in older vs younger adults. JAMA 307:2507-2515, 2012.)
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There is variability in the recommended target blood 
pressure for patients with CKD across guidelines. The Cana-
dian Hypertension Education Program recommends target-
ing a blood pressure less than 140/90 mm Hg, regardless of 
age, for patients with nondiabetic CKD.42 However, guide-
lines from KDIGO43 recommend a lower target of less than 
130/80 mm Hg for those with proteinuria and less than 
140/90 mm Hg for all others with CKD; guidelines from the 
National Institute for Health and Care Excellence44 recom-
mend a target of less than 150/90 mm Hg in people aged 
80 years and older.

Treatment decisions for older adults with hypertension 
and CKD should take several factors into consideration, 
including goals of therapy (e.g., slowing CKD progression, 
cardiovascular protection, and/or reducing mortality), 
treatment targets, potential adverse consequences of 
therapy, and patient-specific factors, such as comorbidities 
and preferences. In contrast to younger individuals, arterial 
stiffening that commonly occurs with advancing age predis-
poses older adults with or without CKD to isolated systolic 
hypertension, with diastolic blood pressures that generally 
decline with age.45,46 Advanced age and elevated systolic 
blood pressure are risk factors for orthostatic hypotension, 
which is observed in up to 30% of older adults and can 
complicate blood pressure reduction strategies.47,48

Most data describing the benefits of treating elevated 
blood pressure in older adults have been extrapolated from 
observational studies and randomized controlled trials 
(RCTs) in older adults with hypertension, irrespective of 
underlying kidney function. Several large trials of older 
adults with hypertension (with most having isolated systolic 
hypertension) have reported that hypertension treatment 
versus placebo reduces cardiovascular end points, most 
notably stroke, even among the very old (≥80 years).49–51 A 

of hypertension and blood pressure influencing the pro-
gression of underlying CKD. Large population-based studies 
have observed that CKD is commonly seen among older 
individuals with hypertension, and hypertension is com-
monly observed among older persons with CKD.39-41

Figure 85.6  Comorbid conditions by  level of eGFR  in Kidney Early Evaluation Program  (A) and National Health and Nutrition Examination 
Survey (B). (Reprinted with permission from Stevens LA, Li S, Wang C, et al: Prevalence of CKD and comorbid illness in elderly patients in the United 
States: results from the Kidney Early Evaluation Program (KEEP). Am J Kidney Dis 55(Suppl 2):S23-S33, 2010.)
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DIABETES
As with hypertension, the prevalence of type 2 diabetes mel-
litus increases with advancing age and frequently coexists 
with comorbidities such as CKD and cardiovascular disease.57 
Furthermore, diabetic nephropathy is the leading cause of 
CKD and ESKD worldwide, particularly among the rapidly 
growing North American older population.1 Diabetic kidney 
disease is responsible for at least one third of incident ESKD 
cases in individuals older than 75 years, rates that have 
almost doubled between 1996 and 2006.58,59 Among these 
older individuals with diabetic ESKD, life expectancy is at 
least 25% lower than similarly aged persons without diabetes 
and is largely attributable to the substantial cardiovascular 
disease burden in this population.59

Despite the tremendous morbidity and impact on health 
care resources, care of the older individual with diabetic 
kidney disease remains underemphasized and underrepre-
sented in current practice guidelines. Most diagnostic and 
treatment considerations for this population are extrapo-
lated from data on younger persons with diabetic kidney 
disease or older diabetic patients, without specific reference 
to the presence of nephropathy. Screening for kidney 
disease in people with type 2 diabetes should begin at the 
time of diagnosis, with assessment of both a random 
albumin-to-creatinine ratio and serum creatinine level (for 
estimation of GFR), repeated annually if normal.60,61 The 
diagnostic criteria for diabetic kidney disease are the same, 
regardless of patient age, and require persistent albumin-
uria more than 30 mg/day and/or depressed eGFR, gener-
ally defined as less than 60 mL/min/1.73 m2. However, the 
decline in GFR that typically accompanies advancing age 
does not necessarily indicate progressive kidney disease and 
should be interpreted in light of the expected natural 
history of diabetic nephropathy.3,4 Furthermore, atypical 
presentations of diabetic kidney disease, such as impaired 
GFR in the absence of albuminuria and albuminuria related 
to nondiabetic kidney disease, are more commonly observed 
in older than younger diabetic patients.62,63

Strict metabolic control (hemoglobin A1c less than 6.5% 
to 7.0%) has been shown to delay the onset of albuminuria 
and progression of CKD but not macrovascular outcomes in 
patients with type 2 diabetes.64-66 However, no RCTs have 
addressed the impact of intense glycemic control on micro-
vascular or macrovascular complications in patients with 
diabetes older than 65 years with or without CKD. Although 
those treated with an intensive glycemic control strategy in 
the ADVANCE (Action in Diabetes and Vascular Disease: 
Preterax and Diamicron Modified Release Controlled 
Evaluation)66a and ACCORD (Action to Control Cardiovas-
cular Risk in Diabetes)66b trials demonstrated renoprotective 
benefits (mean age of participants, 66 and 62 years, respec-
tively), they were largely at the expense of increased risk of 
severe hypoglycemic episodes, which occurred two to three 
times more frequently in the intensive groups than in con-
trols. This complication is concerning because older indi-
viduals are already at increased risk for severe hypoglycemia 
due to age-related reduction in counterregulatory hor-
monal responses, hypoglycemia unawareness, and physical 
and cognitive barriers impairing prompt treatment of hypo-
glycemia.67,68 The altered pharmacokinetic properties of 
medications used to treat diabetes with advancing age and/

2009 Cochrane systematic review of RCTs including patients 
60 years of age and older with baseline systolic blood pres-
sure (BP) 140 mm Hg or higher and/or diastolic BP 90 mm 
Hg or higher found that treatment to lower BP reduced 
overall mortality (relative risk [RR] 0.90; 95% confidence 
interval [CI], 0.84 to 0.97) and cardiovascular morbidity 
and mortality (RR, 0.72; 95% CI, 0.68 to 0.77), with similar 
results observed among patients with isolated systolic hyper-
tension.52 However, among the very old (≥80 years), total 
mortality risk was not reduced with treatment of hyperten-
sion, despite a similar benefit on cardiovascular morbidity 
and mortality. It should be noted that the targeted and 
achieved systolic BPs in these studies were well above the 
130-mm Hg targets currently recommended in certain CKD 
guidelines. Furthermore, these trials excluded patients with 
varying degrees of kidney impairment at baseline on the 
basis of serum creatinine measurements, precluding wide-
spread application of the results to older persons with more 
advanced CKD.

Data comparing different pharmacologic agents for 
reducing BP and/or slowing progression of CKD in older 
adults are sparse. Angiotensin-converting enzyme (ACE) 
inhibitors or angiotensin receptor blockers (ARBs) have 
established benefits in patients with diabetic and/or pro-
teinuric CKD, and thus are recommended as first-line 
therapy in these settings by several clinical practice guide-
lines, irrespective of underlying hypertension.43 It is less 
clear whether these agents should be used as initial treat-
ment of hypertension in all older adults with CKD. Most 
trials guiding these recommendations excluded patients 
older than 70 years and selected for those with proteinuria 
and for those with diabetes, whereas most older adults with 
CKD do not have proteinuria or diabetes.53 Also, limited 
safety data exist on the use of these and other agents in 
older individuals with or without CKD.52,54 In the Cochrane 
meta-analysis described above, a significantly greater 
number of older adults treated for hypertension withdrew 
from the trials due to adverse drug effects than controls 
(RR, 1.71; 95% CI, 1.45 to 2.00), although only three trials 
reported these data.52 An ongoing randomized trial, SPRINT 
(Systolic Blood Pressure Intervention Trial), assessing sys-
tolic BP targets of less than 120 or 140 mmHg in patients 
without diabetes or significant proteinuria, has included 
both older and CKD patients and is likely to provide addi-
tional evidence to guide hypertension treatment in this 
population.55,56

The 2012 KDIGO hypertension guidelines do not make 
specific recommendations regarding BP treatment targets 
or specific antihypertensive agents for older adults with 
CKD due to lack of available evidence. However, they sug-
gested that cautiously targeting a BP of less than 140/90 mm 
Hg is reasonable in the absence of adverse effects, such as 
orthostatic hypotension.43 Because current hypertension 
guidelines for CKD patients do not make specific recom-
mendations based on patient age, it is reasonable to indi-
vidualize treatment for the older patient with CKD, with 
consideration given to comorbidities or indications for a 
specific therapy, risk of adverse events from therapy, concur-
rent medications prescribed, quality of life, and patient pref-
erence. It is reasonable to begin therapy at a low dose, titrate 
gradually, and monitor closely for clinical response and 
adverse effects.
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treatment targets without hypoglycemia or other significant 
side effects.

DYSLIPIDEMIA
CKD is associated with an increased risk of major cardiovas-
cular events and mortality, independent of hypertension and 
diabetes.26 In fact, the rate of coronary death or myocardial 
infarction among patients with CKD is similar to that of 
patients with diabetes, and thus may be considered a coro-
nary risk equivalent.85 This risk, associated with CKD, appears 
to be age-dependent, with those older than 50 years at great-
est risk. Although dyslipidemia is an important modifiable 
risk factor for cardiovascular disease in the general popula-
tion, its role and relevance in the CKD population, and in 
particular older adults with CKD, is less clear. Some evidence 
exists to guide pharmacologic treatment of dyslipidemia in 
the predialysis CKD population,86-89 but no trials have specifi-
cally addressed persons of advanced age with CKD.

In the PROSPER (PROspective Study of Pravastatin in the 
Elderly at Risk) trial of older individuals aged 70 to 82 years, 
treatment with 40 mg of pravastatin as compared with 
placebo reduced the risk of fatal or nonfatal myocardial 
infarction or stroke by 15%.90 However, those with advanced 
kidney disease (serum creatinine level > 200 µmol/L) were 
excluded from this study. A post hoc analysis of three pravas-
tatin trials (mean age, 65.7 years) has found that pravastatin 
significantly reduces cardiovascular outcomes in patients 
with moderate CKD (eGFR = 30 to 59.99 mL/min/1.73 m2) 
to a similar extent as in those with normal kidney function.91 
More recently, the SHARP (Study of Heart and Renal Pro-
tection) trial reported a lower incidence of major athero-
sclerotic events in patients with CKD treated with low-dose 
simvastatin plus ezetimibe compared with placebo, with 
similar benefits seen among the subgroup of those 70 years 
and older at randomization.86 Since the publication of 
SHARP, two meta-analyses of lipid-lowering therapies in 
patients with CKD have found similar cardiovascular bene-
fits in the nondialysis CKD population, although neither 
specifically addressed the role of age.87,88

The most recent KDIGO guidelines have recommended 
initiation of statin therapy, with or without ezetimibe in 
combination, for all nondialysis patients older than 50 years 
with eGFR less than 60 mL/min/1.73 m2, irrespective of 
baseline lipid profile, because these patients are at signifi-
cantly increased risk for cardiovascular events and are most 
likely to benefit from treatment.89 However, no guidelines 
for evaluating and treating dyslipidemia specific to older 
persons with CKD currently exist, so these recommenda-
tions are often applied similarly to this older population. 
Given the propensity for polypharmacy and adverse medica-
tion reactions in older adults with CKD, initiation of lipid 
therapy should be carefully considered, weighing the poten-
tial benefits and risks (as discussed in a later section of this 
chapter).

ANEMIA
Anemia associated with CKD may be seen once the eGFR 
declines below 60 mL/min/1.73 m2, but it is more common 
at an eGFR less than 30 mL/min/1.73 m2. At this point, 
approximately half of patients with stage 4 CKD and nearly 
all patients with stage 5 CKD develop anemia.92 Among 
older adults, the prevalence of anemia is also significantly 

or CKD can further predispose these patients to unintended 
adverse effects. Because hypoglycemia in older adults, even 
when mild, can impair cognitive function, increase falls risk, 
and predispose to cardiovascular events and dementia,69,70 
avoidance of hypoglycemia is one of the main principles of 
diabetes management in this population, with or without 
underlying CKD.

Clinical practice guidelines recommend targeting a 
hemoglobin A1c value of less than 7.0% to prevent or delay 
the progression of microvascular complications in adult dia-
betics with or without CKD, which includes albuminuria or 
depressed GFR.10,60,61,71 In otherwise healthy older adults 
with diabetes, the same glycemic targets are reasonable 
when the risk of hypoglycemia is low. However, in frail older 
individuals at risk for hypoglycemia or with limited life 
expectancy, glycemic targets should be extended above this 
to a hemoglobin A1c level of 8.5% or lower, or fasting plasma 
glucose level of 5.0 to 12.0 mmol/L, because the risks of 
hypoglycemia outweigh the benefits of tight glycemic 
control.10,60,72 Hemoglobin A1c may not accurately reflect 
glycemic control in older patients with diabetes and CKD 
who have shortened red cell survival, even if receiving iron 
or erythropoiesis-stimulating agents, and should be inter-
preted with caution.73,74 In these individuals, pre- and post-
prandial home blood glucose readings may provide a more 
accurate estimate of true glycemic control.

Oral hypoglycemic agents are typically first-line therapies 
for treatment of diabetes in older patients, although some 
should be administered cautiously at a reduced dose or 
avoided altogether in the setting of more advanced kidney 
impairment due to concerns regarding adverse events. Met-
formin is an effective agent that should be given in a reduced 
dose in older patients with stage 3 CKD and discontinued 
when the GFR falls below 30 mL/min/1.73m2 due to the 
potential for lactic acidosis with accumulation.75 The sulfo-
nylureas and thiazolidinediones should also be used cau-
tiously in older adults because of concerns regarding severe 
hypoglycemia and exacerbating symptomatic heart failure, 
respectively.76,77 Of the sulfonylureas, glyburide appears to 
portend the highest risk of hypoglycemia, particularly in the 
setting of kidney impairment,77 whereas others such as glipi-
zide and gliclazide are metabolized through hepatic mecha-
nisms and could be continued cautiously without dose 
adjustment until advanced renal impairment develops.78,79 
Repaglinide, a short-acting meglitinide, can be used in 
those with advanced CKD without dose adjustment and has 
a lower risk of hypoglycemia in older adults than the sulfo-
nylureas.71,80 Although newer agents, such as the dipeptidyl 
peptidase (DPP)-4 inhibitors and glucagon-like peptide 
(GLP)-1 analogues, are effective agents that cause minimal 
hypoglycemia in young and old patients, many require a 
reduced dose or discontinuation in the setting of impaired 
kidney function.81-83 Insulin therapy may be required to 
achieve adequate and stable glycemic control in advanced 
CKD or in those with poor control, despite oral hypoglyce-
mic agents. In this case, a dosage reduction of 25% to 50% 
and careful titration are recommended for patients with an 
eGFR of 10 to 50 mL/min/1.73 m2 due to less predictable 
responses and hypoglycemia risks.84 Pharmacologic therapy 
for older diabetic patients with CKD should be individual-
ized according to patient profile, preferences, and response 
to treatment, with careful adjustment as needed to attain 
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SPECIAL CONSIDERATIONS REGARDING 
MEDICATION USE

Given the high burden of comorbidities among older indi-
viduals, it is not surprising that they take, on average, five 
prescription and nonprescription medications daily.100 Safe 
medication prescribing in older adults with CKD is compli-
cated not only by the number of medications and presence 
of comorbidities, but by the altered pharmacokinetics and 
pharmacodynamics in the setting of advancing age and pres-
ence of CKD. The combined age-related changes and CKD 
may increase the risk of drug accumulation and potential 
for adverse drug effects.101,102 Evidence to guide prescribing 
is severely limited in this segment of the population because 
a large proportion of clinical trials has excluded those older 
than 65 years103; therefore, treatment decisions are often 
based on evidence extrapolated from patient groups with 
fewer physiologic deficits.104 Relatively little research has 
been done to define the safety and effectiveness of medica-
tions in older adults with kidney disease.100 Factors to con-
sider when assessing medications in the older CKD 
population include individual-specific factors (e.g., eGFR, 
alterations in body composition and weight, overall health, 
and the indications for each medication) and drug factors 
(Table 85.1). Drugs that have a narrow therapeutic index, 
are primarily eliminated by the kidneys, or have active 
metabolites that are primarily eliminated by the kidneys 
should be assessed for adjustments of dose, interval, or both, 
depending on pharmacokinetic and pharmacodynamic 
parameters.105 Individuals should be monitored carefully for 
the intended drug response and appearance of any adverse 
effects that might indicate toxicity, and the drug dosing 
regimen should be altered as required.

TOOLS TO AID MEDICATION USE

Several tools have been developed to identify medications 
for which the risks of use in older adults outweigh the ben-
efits and to identify medications that have been omitted but 
are indicated and likely to benefit. These tools include the 
following: the Beers Criteria106; Screening Tool to Alert 
doctors to the Right Treatment (START)107; and Screening 
Tool of Older Person’s potentially inappropriate Prescrip-
tions (STOPP).108 START has focused on ensuring that 
medications that are indicated and likely to provide benefit 
are not omitted in older adults, whereas the Beers Criteria 
and STOPP have aimed to minimize exposure to medica-
tions for which risks in older adults outweigh potential  
benefits. The Beers criteria are divided into three sections—
potentially inappropriate medications (PIMs) for all older 
adults, PIMs used for drug-disease or drug-syndrome inter-
actions, and PIMs to be used with caution in older adults. 
The STOPP list is arranged by physiologic system and pro-
vides a concise explanation as to why a medication may be 
considered inappropriate. The medications of concern are 
those that have anticholinergic or extrapyramidal side 
effects or may cause sedation, orthostatic hypotension, con-
stipation or delirium or increased risk of bleeding. Prescrib-
ing multiple medications, regardless of indication, is a risk 
factor for reduced adherence, falls, weight loss, and other 
adverse outcomes, so reducing the overall number of medi-
cations is an important strategy to reduce risk.100

greater than in the general population, with 10% of indi-
viduals older than 65 years being anemic.93 Therefore, 
determining the underlying cause of the anemia and appro-
priate investigations and treatment in older adults with CKD 
and anemia can be challenging, particularly in the earlier 
stages of CKD.

According to NHANES III data, the anemia in older indi-
viduals (≥65 years) was attributable to CKD in approximately 
8% of cases,93 highlighting the importance of considering 
other causes of anemia in this population. Numerous factors 
may contribute to the anemia seen in older adults with CKD, 
including nutritional deficiencies (e.g., iron, vitamin B12, or 
folate deficiency), malignancies (particularly hematologic 
and gastrointestinal malignancies), medication use, and 
other comorbidities, in addition to the erythropoietin defi-
ciency seen in the anemia of CKD.94 Furthermore, using 
eGFR criteria alone to establish the likelihood of anemia 
being attributable to CKD in older persons may not be 
appropriate, given the potential for misclassification of true 
kidney function using GFR estimating equations in older 
individuals. Therefore, a reasonable approach to diagnos-
ing the cause of anemia in this population would include 
initial evaluation of a complete blood count and red cell 
parameters, reticulocyte count, iron studies, and kidney 
function.95 Abnormalities in these test results or other clini-
cal indices may guide additional testing, including, for 
example, serum and urine protein electrophoresis, periph-
eral blood smear, hematology consultation, or referral for 
colonoscopy, as indicated.

Any reversible causes of anemia identified in older adults 
with CKD should be treated accordingly. If the anemia is 
thought to be secondary to underlying CKD, iron supple-
mentation to replete the iron deficiency commonly seen in 
CKD, as well as erythropoietin-stimulating agents (ESAs), 
are the principal therapies. A full review and guidelines for 
hemoglobin targets and available therapies for anemia in 
the general CKD and ESKD populations are available. 
However, it is important to note that current CKD guide-
lines do not make anemia treatment recommendations spe-
cifically for older adults with CKD.95-98 Instead, the guidelines 
for the general CKD population are often similarly applied 
to older individuals, despite the relative lack of clinical trials 
in this age group. Although most of these studies include 
persons older than 65 years, none have been designed to 
assess this population specifically. For example, the land-
mark TREAT (Trial to Reduce Cardiovascular Events with 
Aranesp Therapy) study (median age of participants, 68 
years) found that in patients with CKD and diabetes, a 
higher hemoglobin target (13 g/dL in the darbepoetin 
group vs. 9 g/dL in the control group) did not reduce the 
risk of cardiovascular or kidney events and was associated 
with an increased risk of stroke.99 Similar results were noted 
in the different age subgroups. Given the prevalent comor-
bidities in older adults with CKD, such as vascular disease, 
malignancy, atrial fibrillation, and hypertension, the 
increased risk of stroke or other adverse events with higher 
hemoglobin targets is particularly concerning. Therefore, 
the general CKD recommendations to initiate ESA at a 
hemoglobin concentration between 9.0 and 10.0 g/dL95 
may be reasonably applied to older adults with CKD and 
anemia, although individual patient concerns and prefer-
ences should also be taken into consideration.
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in opioid-naive persons.111 Long-acting benzodiazepines 
(e.g., chlordiazepoxide, flurazepam, nitrazepam), benzodi-
azepines with long-acting metabolites (e.g., diazepam), and 
any benzodiazepine use for longer than 1 month are associ-
ated with increased risk of cognitive impairment, delirium, 
falls, fractures, and motor vehicle accidents in older 
adults.106,108 All benzodiazepines should be avoided for the 
treatment of insomnia, agitation, or delirium; however, 
appropriate use in older adults includes treatment of with-
drawal and severe anxiety disorder and end-of-life care.106 
Nonbenzodiazepine sedatives, such as zopiclone, have 
similar adverse event rates as benzodiazepines and are not 
recommended to be used for longer than 90 days.106

Psychotropic medications such as tricyclic antidepressants 
and antipsychotics should generally be avoided due to seda-
tion, anticholinergic side effects, orthostatic hypotension, 
and potential to cause delirium.108 However, low-dose ami-
triptyline and nortriptyline have been effective in persistent 
pain syndromes.108

REFERRAL TO NEPHROLOGISTS AND STRATEGIES 
FOR OPTIMIZING CARE
Late referral to nephrologists is common and has been 
reported to be associated with increased morbidity and mor-
tality. However, not everyone with CKD needs to be seen by 
a nephrologist, which may be particularly true for older 
individuals with multiple comorbidities who are more likely 
to die than progress to ESKD. Although observational data 
from the general population suggest that earlier nephrology 
consultations result in better access to peritoneal dialysis 
and kidney transplantation,112 as well as better preparation 
for the chosen modality and overall survival,113,114 much less 
is known about the role that nephrologists play in the deci-
sion about whether to initiate dialysis or choose conservative 
management for older adults with kidney failure.115

Furthermore, a U.S.-based study of 323,977 adults 67 
years of age and older who initiated dialysis reported that 
despite trends toward earlier use of nephrology consulta-
tion in older patients approaching dialysis, there was no 
improvement in 1-year survival rates after dialysis initia-
tion.116 The KDIGO Clinical Practice Guidelines for CKD10 
have outlined indications for which referral to specialist 
kidney care services be considered, including an eGFR less 
than 30 mL/min/1.73 m2, persistent albuminuria (ACR > 
30 mg/mmol), and other factors, such as rapid progression 
of CKD, refractory hypertension, and abnormalities of 
serum potassium levels. These indications, however, are for 
the general population and do not take into account the 
presence of advanced age or comorbidities. Further evi-
dence is required to provide clear indications for referral 
for older adults with CKD.

Given the complexity of care for older individuals with 
CKD, a standardized multidisciplinary treatment approach 
may improve management and outcomes in this popula-
tion. Observational studies have consistently shown that 
patients with CKD are generally undertreated with respect 
to receipt of indicated cardiovascular medications and, of 
those treated, a large proportion do not achieve optimal 
treatment targets for their conditions117,118 Chronic disease 
management programs, with a coordinated multidisci-
plinary team that includes medicine, nursing, pharmacy, 
and nutrition, have been proposed as a strategy for 

USE OF ANALGESICS, SEDATIVES,  
AND PSYCHOTROPICS
Analgesics are among the most commonly used medications 
in older adults.100 Older adults should not be denied access 
to pain medications, but initial therapy should start with low 
doses and include careful upward titration and frequent 
assessments to ensure effectiveness and avoid adverse 
effects.109 Opiates increase the risk of severe constipation 
without concurrent use of laxatives, may exacerbate cogni-
tive impairment when used in older adults with dementia, 
and can have sedative effects, which may increase the risk 
of falls.108 Morphine, codeine, and meperidine are not rec-
ommended for use in CKD because of the accumulation of 
neurotoxic metabolites that are excreted by the kidney 
system.106 Hydromorphone, tramadol (with dose and inter-
val adjustments), and oxycodone are the preferred opioids 
for initial therapy in CKD.110 Methadone and fentanyl are 
also safe for use in those with CKD, but should not be used 

Table 85.1 Key Elements in Considering Risks 
and Benefits When Prescribing for 
Older Adults with Kidney Disease

Risk Considerations Benefit Considerations

Medication-Associated Risk

•  Is the medication cleared in 
whole or in part by the 
kidney? Does the 
medication have a narrow 
therapeutic window?

•  Is the medication thought 
to be of high risk in the 
general older population or 
in individuals with similar 
comorbidities to the patient 
in question?

•  Does the medication have 
potential central nervous 
system effects?

•  Are data available to guide 
dosing in patients with 
kidney disease 
(pharmacokinetic studies, 
drug level monitoring)?

Patient-Associated Risk

•  Is the patient already taking 
multiple medications?

•  Does the patient have 
cognitive dysfunction, poor 
vision, frailty? Risk of 
additional medications may 
be higher in this group.

•  Does the patient have a 
history of adherence 
problems, and what would 
the consequences be of 
patient-related erratic 
dosing?

•  What is the population in 
which this medication has 
been studied? Does it 
include older adults or 
those with kidney disease? 
Is there observational or 
clinical trial evidence that 
benefits extend to those 
with kidney disease?

•  If patients with kidney 
disease have not been 
studied, does the 
medication have a “track 
record” of safety in 
postapproval studies?

•  Would benefits of the 
medication be due to 
improvement in symptoms 
or in decrease in risk from 
asymptomatic disease? 
What are the patient’s 
preferences in adding new 
medications?

•  Does the medication 
address a problem for 
which the patient is at 
significant risk (e.g., 
cardiovascular disease in 
patients with kidney 
disease)? Is the patient 
likely to accrue significant 
absolute risk reduction 
from the new medication?

From Rifkin DE, et al: Medication issues in older individuals with 
CKD. Adv Chronic Kidney Disease 17:320-328, 2010.
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kidney disease are treated conservatively and do not receive 
dialysis.126-131 Almost nothing is known about dialysis treat-
ment practices in the United States, and what is known 
comes from registry data that do not include patients with 
advanced kidney disease who are not treated with dialysis or 
transplantation. Nevertheless, several lines of indirect evi-
dence support the possibility that in the United States, a 
substantial number of older adults with advanced kidney 
disease are not treated with dialysis. Based on registry data, 
the incidence of treated ESKD per million population peaks 
in the 75- to 79-year age group and decreases thereafter, 
despite a linear increase in the overall prevalence of CKD 
with increasing age.124 Similar patterns have been reported 
for the incidence of hospitalized patients with acute kidney 
injury (AKI) treated with dialysis.132 There is also marked 
variation across U.S. hospital referral regions in the inci-
dence of treated ESKD in older adults133; the highest inci-
dence is observed in regions with the highest levels of health 
care spending, with the most pronounced regional differ-
ences in incidence observed in much older patients (Figure 
85.8). However, these studies provide only indirect informa-
tion about U.S. treatment practices for advanced kidney 
disease.

OUTCOMES
Although it is often assumed that treatment with dialysis will 
extend life and alleviate the signs and symptoms of advanced 
kidney disease, there is growing evidence that these benefits 
may not always accrue in older adults. Median life expec-
tancy after the initiation of chronic dialysis in the United 
States is less than 2 years for patients aged 75 years or 
older.127,128,130,134-140 Quartiles of life expectancy for U.S. 
patients aged 65 years and older are presented in Figure 
85.9. Limited observational data have suggested that in 
much older patients with a high burden of comorbidity 
and/or disability, survival may be no better for those who 
initiate dialysis than for those managed without dialysis 
(often referred to as supportive or conservative care).130 As 
noted above, several studies have reported that in older 
adults, level of disability and functional impairment may 
actually increase rather than decrease after dialysis is initi-
ated.35,36 There is often substantial escalation of care after 
dialysis is initiated, with many patients experiencing high 
rates of hospitalization and use of life-prolonging proce-
dures, such as intubation, feeding tube placement, and car-
diopulmonary resuscitation, compared with older adults 
with other chronic conditions.141 It is possible that for some 
of these patients, any survival benefit afforded by dialysis 
may be outweighed by the additional treatment burden.

Although registry data serve as a valuable source of infor-
mation about outcomes in older adults with ESKD who are 
treated with dialysis, almost nothing is known about out-
comes among those who are not treated with dialysis. What 
little is known about this group comes from a handful of 
small, single-center studies that have examined outcomes 
among patients with advanced kidney disease who were 
managed conservatively.127,128,130 Survival generally appears 
to be better for patients who initiate dialysis as compared 
with those managed conservatively, but some studies have 
suggested that there may be a subgroup of older patients 
with a high burden of comorbidity who do not experience 
a meaningful gain in life expectancy after dialysis 

optimizing care for patients with CKD.119 A longitudinal 
cohort study of 6978 older outpatients with CKD in Alberta, 
Canada, has shown that participation in a multidisciplinary 
care program reduces the risk of death by approximately 
50% compared to older adults with CKD and a similar 
comorbidity and eGFR who were not managed in a multi-
disciplinary care clinic.120 Although the observational data 
appears promising, results from RCTs regarding the effect 
of multidisciplinary care are less convincing. Barrett and 
coworkers121 have reported no difference in targeted out-
comes (blood pressure or low-density lipoprotein choles-
terol levels) among 474 patients with CKD who were 
randomly assigned to a nurse-coordinated team versus stan-
dard care. However, the mean eGFR in this study was 42 
mL/min/1.73 m2 and was not limited to older individuals. 
Considering the complexity of care required for these 
patients, an organized and standardized approach targeting 
the highest risk individuals would appear to be reasonable, 
particularly given the evidence to support such care delivery 
to patients with other chronic conditions, including 
diabetes.122

CARE FOR OLDER ADULTS WITH END-
STAGE KIDNEY DISEASE

DIALYSIS INITIATION

Approximately one in four patients treated with long-term 
dialysis in the United States is older than 75 years. These 
older patients currently represent one of the fastest growing 
demographic groups within the ESKD population. Several 
lines of indirect evidence suggest that criteria for dialysis 
initiation in the United States have become more inclusive 
over time. First, the incidence of ESKD defined as treat-
ment with long-term dialysis or kidney transplantation has 
increased over the last decade, particularly in older adults. 
This trend does not appear to be completely explained by 
a rising prevalence of CKD and/or associated risk factors, 
such as diabetes and hypertension.123,124 Second, patients are 
initiating long-term dialysis at progressively higher levels of 
kidney function, as reflected in eGFR measures. This trend 
also does not appear to reflect changes in the composition 
of the ESKD population because the same pattern is present 
across a wide range of different subgroups.125 Rather, secular 
trends toward initiation of dialysis at higher levels of eGFR 
most likely reflect changes in clinical practice, whereby 
dialysis is now initiated earlier in the course of advanced 
kidney disease compared with earlier years.125

Almost nothing is known about how often U.S. patients 
with advanced stages of CKD choose not to be treated with 
dialysis. Recent evidence from Alberta, Canada, has sug-
gested that the burden of advanced kidney disease among 
older adults may be more substantial than previously recog-
nized.25 This study demonstrated that older adults with 
advanced kidney disease are less likely to be treated with 
dialysis than their younger counterparts, and that there is 
probably a relatively large “reservoir” of older adults with 
very low levels of eGFR who do not undergo chronic dialysis 
(see Figure 85.5). These findings are consistent with single-
center studies from Europe and Australia demonstrating 
that a substantial number of older patients with advanced 
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suggested that there may be ample opportunity to enhance 
this process to ensure that treatment decisions are optimally 
aligned with patient values and preferences. Many older 
patients with advanced kidney disease face a singularly 
complex set of treatment decisions toward the end of their 
lives, often in the setting of great uncertainty about the rela-
tive benefits and harms of recommended interventions.148,149 
Approximately one third ultimately discontinue this therapy 
before death.149 Many patients with ESKD are not aware of 
their prognosis, and many have unrealistic expectations 
about their expected disease course and appropriate treat-
ment options.150 Qualitative studies conducted among older 
patients followed in nephrology clinics seem to suggest that 
dialysis is more often presented as a necessity than as a true 
treatment choice.148

KIDNEY REPLACEMENT THERAPY: DIALYSIS  
MODALITY SELECTION
Ideally, discussions about dialysis versus more conserva-
tive approaches should be integrated with decisions about 

initiation.127,128,130 To our knowledge, comparative outcome 
data based on treatment assignment are lacking for older 
adults with advanced kidney disease, nor are we aware of 
studies that have reported other outcomes that might matter 
to patients and their families, such as quality of life and 
independence.

SHARED DECISION MAKING ABOUT DIALYSIS 
INITIATION
Most contemporary clinical practice guidelines recom-
mend that patients, their families, and providers engage  
in a process of shared decision making around dialysis 
initiation.142-144 The American Board of Internal Medicine’s 
Choosing Wisely Campaign recently highlighted shared 
decision making around dialysis initiation as one of “five 
things” that should be prioritized in patients with kidney 
disease.145 However, it is important to recognize that for 
many patients, treatment decisions about dialysis are best 
viewed as a process, rather than as a discrete decision occur-
ring at single point in time.146,147 Available data have 

Figure 85.9  Quartiles of life expectancy after dialysis 
initiation by age group. (Reprinted with permission from 
Tamura MK, Tan JC, O’Hare AM: Optimizing renal 
replacement therapy in older adults: a framework for 
making individualized decisions. Kidney Int 82:261-269, 
2012.) Age group
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common among hemodialysis patients with a central venous 
catheter. There are also other advantages to choosing peri-
toneal dialysis, including fewer invasive interventions155 and 
greater preservation of residual kidney function. The extent 
to which protein loss and resultant malnutrition may attenu-
ate the treatment advantages of peritoneal dialysis in older 
adults remains to be determined.

VASCULAR ACCESS
Currently, in the United States and elsewhere in developed 
countries, arteriovenous fistulas are viewed as the preferred 
form of vascular access for hemodialysis.156,157 However, 
some studies have questioned the appropriateness of  
this approach for all older adults, for whom reduction in 
life expectancy and increased risk of failed fistula matura-
tion may negate any potential survival benefits of fistulas 
over grafts as a dialysis access choice.152,158 DeSilva and 
colleagues159 analyzed data from 115,425 incident U.S. 
patients on hemodialysis aged 67 years and older for mortal-
ity outcomes based on first vascular access placed; they 
found no difference in mortality for patients with a graft as 
the first access compared with a fistula. Importantly, the 
authors also reported that only 50.7% of these older patients 
who had a fistula placed as their first access actually used 
the fistula at the time of dialysis initiation. Delayed matura-
tion of fistulas in older adults is not uncommon. Given the 
complexity of their care, a more practical approach has 
been proposed to guide the choice of vascular access for 
older adults initiating hemodialysis.160 Further factors are 
important to consider in making decisions regarding vascu-
lar access, including patient preferences and goals and the 
prognosis and circumstances of the individual patient,161 to 
ensure a more patient-centered approach to vascular access 
planning.

KIDNEY TRANSPLANTATION

There has been a large increase in the number of older 
adults who have received a kidney transplant over the past 
decade, with a doubling of the proportion of newly trans-
planted patients aged 65 years and older in the United 
States.162 The decision to pursue kidney transplantation 
does not rely on age alone because there is no specific 
chronologic age beyond which transplantation would not 
be considered. However, the decision to undergo transplan-
tation in older adults involves a careful assessment of the 
potential benefits and harms, including an assessment of 
comorbidity and time spent on dialysis (an important risk 
factor for patient and graft survival).163 Although there are 
benefits of transplantation for younger and older patients,164 
the survival advantage of deceased donor kidney transplan-
tation is not recognized for approximately 8 months post-
surgery due to the increased mortality risk during the 
perioperative and early posttransplantation period.165 The 
length of time it takes to achieve a survival advantage with 
transplantation is longer for older patients because of their 
higher postoperative mortality risk. One study (N = 25,468) 
has confirmed earlier reports of an early risk of transplanta-
tion from different sources, with living donor transplanta-
tion being the safest decision for older patients.164 However, 
kidney transplantation in those deemed eligible does have 
acceptable results. In a study using national registry data, 

dialysis modality because there are large differences in treat-
ment models for center hemodialysis, home hemodialysis, 
and peritoneal dialysis, and the experiences of patients 
receiving each modality may be quite distinct. The decision 
regarding treatment options for advanced kidney disease 
among older adults must take into account their higher 
burden of illness, increased comorbidities, and life expec-
tancy, as discussed earlier. Although discussion regarding 
prognosis may be difficult for care providers, most patients 
referred to nephrologists report wanting to know this prog-
nostic information.151 Among patients 65 years of age and 
older initiating dialysis in the United States, most of them 
(93% to 98%) will start in-center hemodialysis as their initial 
modality choice, followed by peritoneal dialysis (2% to 5%) 
and preemptive transplantation (0% to 2%), as shown in 
Figure 85.10.152

Survival in general is reported to be comparable for 
patients initiating hemodialysis or peritoneal dialysis, but 
there has been some suggestion that for the subgroup of 
patients aged 65 and older with diabetes, survival with peri-
toneal dialysis is lower than for hemodialysis.153 However, 
selection bias, rather than the effect of treatment itself, may 
explain the lower reported survival rates for patients initiat-
ing dialysis on peritoneal dialysis.154 Among older adults, 
there are other reported advantages to peritoneal dialysis 
over hemodialysis. A recent review of kidney replacement 
therapy for older adults152 has clearly demonstrated that 
compared with hemodialysis using a central venous catheter 
(a common form of vascular access among older adults), 
peritoneal dialysis is associated with reduced rates of hospi-
talization for sepsis, a serious infection-related morbidity 

Figure 85.10  Initial  kidney  replacement  therapy  modality  in  the 
United States in 2008, according to age group. (Reprinted with permis-
sion from Tamura MK, Tan JC, O’Hare AM: Optimizing renal replace-
ment therapy in older adults: a framework for making individualized 
decisions. Kidney Int 82:261-269, 2012.)
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acknowledges that patients may be at different stages along 
the continuum of behavior change at any given time.

Beyond documenting preferences, key elements of ACP 
include providing patients and their families with informa-
tion about their prognosis and the expected course of their 
underlying illness, eliciting their values, goals, and prefer-
ences for care in the event of known complications of the 
underlying illness, communicating these preferences with 
family and providers, and periodically reviewing and updat-
ing these preferences in light of changes in health status or 
life events. Patient-centered, process-oriented approaches 
to ACP have shown some success in promoting end-of-life 
care that is more congruent with patient preferences.170 
Detering and colleagues tested a facilitated ACP interven-
tion using the “Respecting Choices” framework—a compre-
hensive program to help instruct medical professionals on 
how best to honor end-of-life choices of their patients.187 
The study was conducted in 309 older medical inpatients in 
Australia; it found that of the 56 patients who died within 6 
months, end-of-life wishes were much more likely to be 
known and followed in the intervention group compared 
with the control group. In the intervention group, family 
members of patients who died had significantly less stress, 
anxiety, and depression than those of the control patients. 
Patient and family satisfaction was also higher in the inter-
vention group.

DISEASE-SPECIFIC ADVANCED CARE PLANNING
Building on the basic Respecting Choices model of facili-
tated patient-centered ACP, Briggs and associates have 
developed a disease-specific process to facilitate ACP in 
chronically and terminally ill patients tailored to the specific 
treatment decisions that tend to arise in patients with spe-
cific advanced disease states.188-191 The disease-specific ACP 
model recognizes that patients with specific advanced 
disease states may face unique treatment decisions and 
incorporates condition-specific treatment scenarios into the 
ACP process. A disease-specific approach to ACP has been 
tested in small randomized trials for advanced conditions 
such as congestive heart failure and patients undergoing 
chronic dialysis.188-191 Trials using this approach have dem-
onstrated that patients and proxies are receptive to the 
intervention, and that the disease-specific model results in 
an improved understanding of patient goals among inter-
vention group surrogates. When patients were followed lon-
gitudinally to the time of death, end-of-life wishes were 
fulfilled more frequently among patients in the intervention 
group, and family members experienced less stress, anxiety, 
and depression.188,190

ADVANCED CARE PLANNING IN PATIENTS WITH 
KIDNEY DISEASE
Most prior studies of ACP in patients with kidney disease 
focused on advance directives rather than on the broader 
process of ACP.192-197 Most have also been cross-sectional in 
nature and have not provided information on outcomes 
associated with ACP. In general, these studies reported rela-
tively low rates of completion of advance directives among 
dialysis patients and the failure of advance directives to 
address uniquely kidney issues, such as dialysis withdrawal. 
Most were conducted at the level of the dialysis facility and 
thus focused exclusively on patients already receiving 

Rao and associates166 have reported that even patients aged 
70 years and older demonstrate a survival benefit with trans-
plantation. There is considerable lack of evidence to guide 
decisions regarding transplant referral and eligibility in 
older adults; there is a need to develop more selective cri-
teria for determining which older adults would benefit from 
transplantation to reduce the number of patients on the 
waiting list with little potential gain from transplantation.

ADVANCED CARE PLANNING

Advanced care planning (ACP) is the process whereby 
patients engage in discussions with their families and pro-
viders about their preferences for treatment should they 
develop a serious, life-threatening illness (especially one 
that leaves them unable to communicate these preferences). 
This process can provide an important opportunity to 
ensure that patients receive care at the end of life that is 
congruent with their preferences. Integration of ACP into 
the care of older adults with advanced kidney disease prior 
to initiation of chronic dialysis may provide a useful context 
for disease-related treatment decisions (e.g., dialysis initia-
tion, preparation for dialysis, choice of dialysis modality, 
referral for transplantation). This approach may also 
strengthen the process of ACP by grounding theoretical 
discussions about future health states and treatment prefer-
ences in the reality of a patient’s evolving experience of 
illness. In the next section, we provide a brief summary of 
approaches to ACP and summarize available literature 
about patients with kidney disease.

ADVANCE DIRECTIVES
Advance directives represent the cornerstone of the ACP 
process. Advance directives usually address the question of 
who will serve as the patient’s surrogate decision maker 
and/or information about the patient’s preference for life-
sustaining interventions in the event of a serious illness.167 
Although advance directives may be a useful tool for pro-
moting ACP, there is growing evidence that completion of 
advance directives alone may not be sufficient to ensure that 
patients receive care at the end of life that is congruent with 
their preferences.168-172 It can be impossible to predict the 
myriad circumstances and treatment decisions that arise in 
the clinical setting, and the wording in advance directives is 
often too vague and inflexible to be helpful in supporting 
real-world clinical decisions.173 In addition, surrogate deci-
sion makers are often poorly educated and prepared for 
their role, particularly if they have not participated in the 
ACP process with the patient.174-182

BROADER CONCEPTUALIZATIONS OF ADVANCED 
CARE PLANNING
ACP is increasingly conceptualized more broadly as a 
process in which advance directives represent one of several 
supportive tools. Pearlman and coworkers and others183-186 
have argued that similar to other preventive and health 
promotion interventions, completion of advance directives 
and ACP can be conceptualized as a process of behavior 
change with discrete stages, including precontemplation, 
contemplation, preparation, action, and reflection. This 
approach is appealing because it explicitly recognizes the 
complexity and time-dependent nature of ACP and 
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chronic dialysis rather than patients with earlier stages of 
CKD. Only one single-center study has described patterns 
of ACP in patients with advanced kidney disease who had 
not yet initiated chronic dialysis. This study demonstrated 
that among approximately 500 patients in a predialysis 
clinic at a single center in Canada, less than 10% of patients 
reported having a discussion about end-of-life care issues 
with their nephrologist during the previous year.198 Most 
patients reported that they would welcome the opportunity 
to discuss prognosis and treatment preferences with their 
nephrologist, but expected physicians to initiate these 
discussions.199

There have been very few interventional studies of ACP 
in patients with CKD. The aforementioned trial using the 
Respecting Choices framework included patients receiving 
chronic dialysis. It was found that the program led to greater 
understanding of preferences between patients and their 
surrogates and resulted in end-of-life care that was more 
congruent with patient preferences.188,190 Davison and 
coworkers implemented a disease-specific, patient-centered 
ACP model in dialysis units in Northern Alberta, Canada, 
and provided a detailed description of their process, includ-
ing detailed examples of open-ended questions that were 
used in semistructured interviews to promote ACP.200 We are 
not aware of prior efforts to adapt and test a patient-centered 
approach to ACP in patients with advanced CKD who are 
not yet on dialysis.

CONCLUSION

CKD is common among older adults, but caring for these 
patients presents unique challenges because there are con-
siderable differences between older and younger patients 
with CKD. In particular, equations for estimating GFR to 
diagnose and monitor CKD perform less well in older 
adults. Treatment strategies must often address multiple 
comorbid conditions, including hypertension, diabetes, dys-
lipidemia, anemia, and cognitive impairment. In many 
cases, evidence to guide therapy is extrapolated from 
younger patients with CKD, although important differences 
regarding treatment targets and drug dosing considerations 
have been noted. Finally, there are unique issues to consider 
when caring for older adults with more severe CKD, includ-
ing options of renal replacement therapy, shared decision 
making, and advanced care planning.
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Patients with kidney disease were the first to benefit from 
transplantation, as the kidney was the first entire human 
organ to be replaced in 1955.1 In the early 1960s, Murray 
performed a nonrelated kidney transplantation from one 
non–genetically identical patient into another. This trans-
plant, which overcame the immunologic barrier, marked a 
new era in medical therapy and opened the door for use of 
transplantation as a means of therapy for different organ 
systems. However, the complications of those initial proce-
dures still exist. For example, combating the side effects of 
immunosuppressive medications while monitoring and con-
trolling graft rejection remains a significant clinical concern. 
Donor organ shortages exist throughout the world and 
many patients sit for years, waiting for transplants. To meet 
these challenges, new technologies for renal replacement 
therapy have been developed.

With technical and manufacturing advances, synthetic 
materials were introduced to replace or rebuild diseased 
tissues or parts in the human body. The advent of new syn-
thetic materials, such as tetrafluoroethylene (Teflon) and 
silicone, led to the development of a wide array of devices 
that could be applied for human use. These early devices 
were based on structural support, and they have particular 
clinical utility in orthopedics as hip or knee replacements. 
The functional capacity of human tissue composition and 
architecture has been much more difficult to achieve.

Simultaneous with the development of new biomaterials 
for structural support in the body, scientists were rapidly 

adding to the body of knowledge in the biologic sciences, 
and new techniques for cell harvesting, culture, and expan-
sion were developed. The areas of cell biology, molecular 
biology, and biochemistry were advancing rapidly. In addi-
tion, studies of the extracellular matrix and its interaction 
with cells, and with growth factors and their ligands, led to 
a better understanding of cell and tissue growth and dif-
ferentiation. The concept of cell transplantation took hold 
in the research arena and culminated with the first human 
bone marrow cell transplant in the 1970s.

At this time, a natural evolution occurred wherein 
researchers began to combine the field of devices and mate-
rials sciences with techniques from cell biology, in effect 
starting a new field, called tissue engineering. As more scien-
tists from different fields came together with the common 
goal of tissue replacement, the field of tissue engineering 
became more formally established. Tissue engineering was 
defined as “an interdisciplinary field which applies the prin-
ciples of engineering and life sciences towards the develop-
ment of biologic substitutes that aim to maintain, restore or 
improve tissue function.” The first use of the term tissue 
engineering in the literature can be traced to a reference 
dealing with corneal tissue in 1985.2

Since the inception of tissue engineering, its goal has 
been the successful replacement or repair of diseased 
organs. In patients with end-stage kidney disease (ESKD), 
this is a daunting task. The difficulty in applying regen-
erative medicine techniques to the kidney is inherent in 
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and ethical factors. The societal controversy surrounding 
stem cells began in 1998 with the creation of human embry-
onic stem (hES) cells derived from discarded products of in 
vitro fertilization. hES cells were isolated from the inner cell 
mass of a blastocyst (an embryo 5 days after in vitro fertiliza-
tion) using an immunosurgical technique. Given that some 
cells cannot be expanded ex vivo, hES cells could be an ideal 
resource for regenerative medicine because of their funda-
mental properties: the ability to self-renew indefinitely and 
the capacity to differentiate into cells from all three embry-
onic germ layers. Skin and neurons have been formed, indi-
cating ectodermal differentiation.5-7 Blood, cardiac cells, 
cartilage, endothelial cells, and muscle have been formed, 
indicating mesodermal differentiation.8-10 Pancreatic cells 
have been formed, indicating endodermal differentiation.11 
In addition, as further evidence of their pluripotency, ES 
cells can form embryoid bodies, which are cell aggregations 
that contain all three embryonic germ layers while in 
culture, and can form teratomas in vivo.12 These cells have 
demonstrated longevity in culture and can maintain their 
undifferentiated state for at least 80 passages when grown 
using current published protocols.13,14

Various researchers have shown that ES cells may be 
useful in renal regenerative medicine. Schuldiner and col-
leagues were able to induce differentiation of hES into cells 
that produce the renal-specific products renin and Wilms’ 
tumor 1 (WT1) using culture media, including activin A and 
hepatocyte growth factor.15 Kim and Dressler have evaluated 
whether murine ES cells could be cultured in vitro to renal 
precursor cells and mesoderm. By culturing the ES cells in 
activin A, retinoic acid, and bone morphogenic protein 7 
(Bmp7), they were able to induce genetic expression of 
paired box gene 2 (Pax-2, a marker of intermediate meso-
derm, from which the renal epithelial cells arise), WT1 
(seen in high levels in podocytes), cadherin 6 (an early 
marker for proximal tubules), and Lim1 (seen in intermedi-
ate mesoderm). These cells also formed tubule-like struc-
tures when introduced in vivo to cultured kidney rudiments 
from 12.5-day embryonic mice.16

Vigneau and colleagues showed that ES expressing 
brachyury, an embryonic nuclear transcription factor that 
possibly denotes mesoderm, may differentiate into renal 
progenitor cells in the presence of activin A. When these 
cells were injected into a developing metanephros, they 
were incorporated into the blastemal cells of the nephro-
genic zone. Additionally, after only a single injection into 
the kidneys of live newborn mice, the cells were capable of 
integration into proximal tubules. At 7 months, there was 
no evidence of teratoma formation, and the cellular mor-
phology and polarization appeared normal.17 Narayanan 
and colleagues found ES could be induced in vitro to 
produce tight junctions and have a polarized morphology 
with apical microvilli and tubular structure. When placed in 
a bioreactor and stimulated with parathyroid hormone, they 
noted significant increase in intracellular cyclic adenosine 
monophosphate.18

Recently, Morizane and coworkers, using activin to stimu-
late kidney-specific protein (KSP) expression, have been 
able to use anti-KSP antibodies to identify a population of 
murine ES cells that had the capacity to grow as tubular 
structures in vitro and incorporate into murine embryonic 
kidneys. These cells had expression profiles characteristic of 

the complexity of the organ. Clinically, not only is the 
kidney responsible for secretion and filtration, but it has 
endocrine properties as well. The kidney produces  
erythropoietin and renin and secretes active vitamin D 
by converting circulating 25-hydroxycholecalciferol into 
1,25-dihydroxycholecalciferol. In addition, the kidney 
releases prostaglandins into the circulation. Complete renal 
tissue regeneration or replacement must provide for these 
functions in addition to strict replacement of filtration.

Embryologically, the kidney is derived from the integra-
tion of several anlagen (see Chapter 1). While the meta-
nephros is responsible for the development of the proximal 
section of the nephrons, the ureteric bud forms the collect-
ing ducts and distal structures. The large vessels of the 
kidney are induced from extrarenal tissues. Divergent 
embryologic origin converges to produce at least 26 distinct 
functional cells in the kidney.3 The heterogeneity of the 
kidney produces hurdles with in vitro culture and in identi-
fying potential renal stem or progenitor cells.

This chapter summarizes the current strategies in tissue 
engineering aimed at improving renal function and includes 
a discussion of the identification of various types of stem 
cells, including renal progenitor cells, and their potential 
role in future therapeutics. Developmental approaches for 
renal replacement therapy are also reviewed.

SOURCES OF CELLS FOR THERAPY

STEM CELLS

The cells used in regenerative medicine techniques can be 
autologous or heterologous in origin, and they can be either 
native cells or stem cells. Stem cells are defined as having 
three important properties: the ability to self-renew, the 
ability to differentiate into a number of different cell types, 
and the ability to easily form clonal populations (popula-
tions of cells derived from a single stem cell). In general, 
there are three broad categories of stem cells obtained from 
living tissue that are used for cell therapies. Embryonic stem 
(ES) cells are obtained through the aspiration of the inner 
cell mass of a blastocyst or, more recently, a single cell from 
this mass. Fetal and neonatal amniotic fluid and placenta 
may contain multipotent cells that may be useful in cell 
therapy applications. Adult stem cells, on the other hand, 
are usually isolated from organ or bone marrow biopsies 
and have a progressively more limited repertoire of differ-
entiation capacity.

Many techniques for generating stem cells have been 
studied over the past few decades. Some of these techniques 
have yielded promising results, but others require further 
research.

EMBRYONIC STEM CELLS

In 1981, pluripotent cells were found in the inner cell mass 
of the human embryo, and the term human embryonic stem 
cell was coined.4 These cells are able to differentiate into all 
cells of the human body, excluding placental cells (only cells 
from the morula are totipotent, that is, able to develop into 
all cells of the human body). These cells have great thera-
peutic potential, but their use is limited by both biologic 
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reproductive cloning, the embryo that is produced using 
SCNT is implanted into the uterus of a pseudopregnant 
female to produce an infant that is a clone of the donor. A 
world-famous example of this type of cloning resulted in the 
birth of a sheep named Dolly in 1997.26 However, there are 
many ethical concerns surrounding such practices, and as a 
result, human reproductive cloning has been banned in 
most countries.

While therapeutic cloning also produces an embryo that 
is genetically identical to the donor, this process is used to 
generate blastocysts that are explanted and grown in culture, 
rather than in utero. ES cell lines can then be derived from 
these blastocysts, which are only allowed to grow up to a 
100-cell stage. At this time, the inner cell mass is isolated 
and cultured, resulting in ES cells that are genetically identi-
cal to the patient. This process is detailed in Figure 86.1. It 
has been shown that nuclear transferred ES cells derived 
from fibroblasts, lymphocytes, and olfactory neurons are 
pluripotent and can generate live pups after injection into 
blastocysts. This shows that the embryos generated from 
cells produced by SCNT have the same developmental 
potential as blastocysts that are fertilized and produced 
naturally.27-29 In addition, the ES cells generated by SCNT 
are perfectly matched to the patient’s immune system, and 
no immunosuppressants would be required to prevent 
rejection should these cells be used in regenerative medi-
cine applications.

Although ES cells derived from SCNT contain the nuclear 
genome of the donor cells, mitochondrial DNA (mtDNA) 
contained in the oocyte could lead to immunogenicity after 
transplantation. To assess the histocompatibility of tissue 
generated using SCNT, Lanza and coworkers microinjected 
the nucleus of a bovine skin fibroblast into an enucleated 
oocyte.30 Although the blastocyst was implanted (reproduc-
tive cloning), the purpose was to generate kidney, cardiac, 
and skeletal muscle cells, which were then harvested, 
expanded in vitro, and seeded onto biodegradable scaf-
folds. These scaffolds were then implanted into the donor 
steer from which the cells were cloned to determine if cells 
were histocompatible. Analysis revealed that cloned renal 
cells showed no evidence of T cell response, suggesting that 
rejection will not necessarily occur in the presence of oocyte-
derived mtDNA. This finding represents a step forward in 
overcoming the histocompatibility problem of stem cell 
therapy.

To determine whether renal tissue could be formed using 
an alternative cell source, SCNT was performed to generate 
histocompatible tissues, and the feasibility of engineering 
syngeneic renal tissues in vivo using these cloned cells was 
investigated (Figure 86.2). Renal cells from the cloned 
embryos were harvested, expanded in vitro, and seeded 
onto three-dimensional renal devices. The devices were 
implanted into the back of the same steer from which the 
cells were cloned and were retrieved 12 weeks later. This 
process produced functioning renal units. Urine produc-
tion and viability were demonstrated after transplantation 
back into the nuclear donor animal. Chemical analysis sug-
gested unidirectional secretion and concentration of urea 
nitrogen and creatinine. Microscopic analysis revealed for-
mation of organized glomeruli and tubular structures. 
Immunohistochemical and reverse transcriptase polymerase 
chain reaction (RT-PCR) analysis confirmed the expression 

metanephric mesenchyme but without tubule-specific 
genes. After in vitro stimulation with WNT4, they expressed 
segment-specific genes for the proximal and distal tubule, 
loops of Henle, podocytes, collecting duct, and Bowman’s 
capsule.19

In addition to the societal and ethical dilemma surround-
ing the use of hES cells, their clinical application is limited 
because they represent an allogenic resource and thus have 
the potential to evoke an immune response. New stem cell 
technologies (such as somatic cell nuclear transfer and 
reprogramming) promise to overcome this limitation.

SINGLE-CELL EMBRYO BIOPSY
One major objection to hES cell research is that it results 
in the destruction of embryos. Thus, a method of isolating 
these cells without destroying the embryo would be advanta-
geous. In 2006, Chung and colleagues20 were the first 
authors to report the generation of mouse ES cell lines in 
this manner. Their method was based on a technique used 
to obtain a single-cell embryo biopsy for preimplantation 
genetic diagnosis. Cells were taken from eight-cell blasto-
meres rather than from blastocysts. The cells differentiated 
into derivatives of all three embryonic germ layers in vitro 
as well as into teratomas in vivo. In addition, the mouse 
embryos that resulted from the biopsied blastomeres devel-
oped to term without a reduction in their developmental 
potential.

OBTAINING CELLS FROM ARRESTED EMBRYOS
hES cell lines can also be derived from arrested embryos.21 
During in vitro fertilization, only a small proportion of 
zygotes produced will develop successfully to the morula 
and blastocyst stages. Over half the embryos stop divid-
ing22,23 and are, therefore, considered dead embryos.24 Such 
embryos have unequal or fragmented cells and blastomeres 
and are usually discarded. Not all the cells within these 
arrested embryos, however, are abnormal,21,25 and these 
embryos might be a source of hES cells. More studies are 
needed to characterize the full proliferation and differentia-
tion potential of ES cells derived from arrested embryos.

THERAPEUTIC CLONING (SOMATIC CELL  
NUCLEAR TRANSFER)
Somatic cell nuclear transfer (SCNT), or therapeutic 
cloning, entails the removal of an oocyte nucleus in culture, 
followed by its replacement with a nucleus derived from a 
somatic cell obtained from a patient. After nuclear transfer, 
the gene expression pattern of the transferred nucleus must 
be reprogrammed to that similar to an early embryo. This 
is accomplished through DNA modifications, including 
histone protein modification, cytosine methylation, chro-
matin remodeling, and reengineering the framework of the 
normal methylation patterns. This is accomplished in vitro 
through a series of chemical signals or introduction of  
electric potentials.

At this point, it is extremely important to differentiate 
between the two types of cloning that exist—reproductive 
cloning and therapeutic cloning. Both involve the insertion 
of donor DNA into an enucleated oocyte to generate an 
embryo that has identical genetic material to its DNA source. 
After this point, however, there are important differences in 
the ethical and scientific implications of the techniques. In 
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Figure 86.2  Combining therapeutic cloning and tissue engineering to produce kidney tissue. A, Illustration of the tissue-engineered renal 
unit. B, Renal unit seeded with cloned cells, 3 months after implantation, showing the accumulation of urine-like fluid. C, Clear unidirectional 
continuity between the mature glomeruli, their tubules, and Silastic catheter. D, Enzyme-linked immunosorbent spot (ELISpot) analyses of the 
frequencies of T cells that secrete interferon-γ (IFNγ) after stimulation with allogeneic renal cells, cloned renal cells, or nuclear donor fibroblasts. 
Cloned renal cells produce fewer IFNγ spots than the allogeneic cells, indicating that the rejection response to cloned cells is diminished. The 
presented wells are single representatives of duplicate wells. 
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Figure 86.1  Illustration indicating the potential use of therapeutic cloning in regenerative medicine. 
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THERAPEUTIC CLONING STRATEGIES

of renal messenger RNA (mRNA) and proteins. These 
studies demonstrated that cells derived from nuclear trans-
fer can be successfully harvested, expanded in culture, and 
transplanted in vivo with the use of biodegradable scaffolds 
on which the single suspended cells can organize into tissue 

structures that are genetically identical to that of the host. 
These studies were the first demonstration of the use of 
therapeutic cloning for regeneration of tissues in vivo.

However, although promising, SCNT has certain limita-
tions that require further improvement before its clinical 

http://www.myuptodate.com


2606 SECTIon XIV — CHAllEngES In nEPHRology

reprogrammed into an “induced pluripotent state (iPS).”40 
These iPS cells were capable of immortal growth similar to 
the self-renewing characteristics of ES cells, expressed genes 
specific for ES cells, and generated embryoid bodies in vitro 
and teratomas in vivo. When iPS cells were injected into 
mouse blastocysts, they differentiated into several cell types. 
This discovery earned the Nobel Prize in Medicine in 2012. 
While iPS cells selected in this way were pluripotent, they 
were not identical to ES cells. Unlike ES cells, chimeras 
made from iPS cells did not result in full-term pregnancies. 
Gene expression profiles of the iPS cells showed that they 
possessed a distinct gene expression signature that was dif-
ferent from that of ES cells. In addition, the epigenetic state 
of the iPS cells was somewhere between that found in 
somatic cells and that found in ES cells, suggesting that the 
reprogramming was incomplete.

Wernig and colleagues significantly improved these 
results in July 2007.41 In this study, DNA methylation, gene 
expression profiles, and the chromatin state of the repro-
grammed cells were similar to those of ES cells. Teratomas 
induced by these cells contained differentiated cell types 
representing all mesoderm, ectoderm, and endoderm. Most 
importantly, the reprogrammed cells from this experiment 
were able to form viable chimeras and contribute to the 
germ line like ES cells, suggesting that these iPS cells were 
completely reprogrammed.

It has been shown that reprogramming of human cells is 
possible.42,43 Yamanaka generated human iPS cells that are 
similar to hES cells in terms of morphology, proliferation, 
gene expression, surface markers, and teratoma formation. 
Thompson’s group showed that retroviral transduction of 
the stem cell markers OCT4, SOX2, NANOG, and LIN28 
could generate pluripotent stem cells. However, in both 
studies, the human iPS cells were similar but not identical 
to hES cells. Recent efforts by several researchers have dem-
onstrated successful creation of iPS in a porcine model. 
They each published retroviral transfection of cells with 
expression of stem cell markers. Due to the similarities with 
human and porcine kidneys, these are exciting potential 
preclinical models for future therapeutic directions.44

The reprogramming of somatic cells to iPS has led to 
debate as to the most suitable somatic cells to be used as the 
source. Song and associates have used renal mesangial cells 
for iPS creation. Human mesangial cells were obtained from 
an 18-year-old male. These were virally transfected with 
Oct3/4, Sox-2, c-Myc, and Klf4. These iPS cells demon-
strated normal karyotypes and had downregulation of 
mesangial-specific proteins, including megsin; Thy-1; 
desmin, a smooth muscle actin; and RUNX1. RT-PCR con-
firmed expression of ES cell markers, including nanog, 
Sox-2, Oct3/4, and fibroblast growth factor 4. After 18 days, 
these cells had differentiated into embryoid bodies and 
showed gene expression of endoderm, mesoderm, and ecto-
derm.45 These studies confirm that mesangial cells are a 
potential source for iPS cells; however, obtaining these cells 
in vivo would be prohibitively invasive on a routine basis 
because they would require kidney biopsy.

Zhou and colleagues have proposed using renal tubular 
cells found in the urine as an ideal population of cells  
for reprogramming. They grew CD13 (a renal tubular 
marker) positive cells from urine from healthy individuals 
on enriched medium. At passage two, these cells were 

application in addition to the ethical considerations regard-
ing the potential of the resulting embryos to develop into 
clones if implanted into a uterus. In addition, this technique 
has not been shown to work in humans to date. The initial 
failures and fraudulent reports of nuclear transfer in 
humans reduced enthusiasm for human applications,31-33 
although it was recently reported that nonhuman primate 
ES cell lines were generated by SCNT of nuclei from adult 
skin fibroblasts.34,35 In addition, before SCNT-derived ES 
cells can be used as clinical therapy, careful assessment of 
quality of the lines must be determined. For example, some 
cell lines generated by SCNT have contained chromosomal 
translocations, and it is not known whether these abnormali-
ties originated from aneuploid embryos or if they occurred 
during ES cell isolation and culture. In addition, the low 
efficiency of SNCT (0.7%) and the inadequate supply of 
human oocytes further hinder the therapeutic potential of 
this technique. Still, these studies renew the hope that ES 
cell lines could one day be generated from human cells to 
produce patient-specific stem cells with the potential to cure 
many human diseases that are currently untreatable.

ALTERED NUCLEAR TRANSFER
Altered nuclear transfer is a variation of SCNT in which a 
genetically modified nucleus from a somatic cell is trans-
ferred into a human oocyte. This embryo, which contains a 
deliberate genetic defect, is capable of developing into a 
blastocyst, but the induced defect prevents the blastocyst 
from implanting in the uterus. This process has the poten-
tial to generate customized hES cells from the blastocyst 
stage.36 Human embryos with this genetic defect might lack 
the capacity to develop into viable fetuses, as a result of their 
inability to implant, thus providing a source of stem cells 
without destroying viable embryos. Proof of concept was 
obtained in mice by Meissner and Jaenisch37 in 2006 using 
embryos lacking the Cdx2 homeobox gene.

The viability of human embryos lacking the CDX2 gene 
is unclear, as is whether this mutation restricts human devel-
opmental potential into certain lineages. While much 
research must be done before therapeutic strategies based 
on this technique can ever enter the clinic, at this time hES 
cells derived from altered nuclear transfer can provide 
opportunities to study pluripotency in hES cells, without the 
need for destruction of viable embryos. The exact effects of 
CDX2 gene knockout on the development of human 
embryos are not well known. The effects of this gene 
however, have been thoroughly investigated in the gastric 
and intestinal epithelium.38,39

REPROGRAMMING (INDUCED PLURIPOTENT  
STEM CELLS)
Reports of the successful transformation of adult cells into 
pluripotent stem cells through a type of genetic “reprogram-
ming” have been published. Reprogramming is a technique 
that involves dedifferentiation of adult somatic cells to 
produce patient-specific pluripotent stem cells. The advan-
tage of this technique is that it obviates the need for creation 
of embryos. Cells generated by reprogramming would be 
genetically identical to the somatic cells (and thus, the 
patient who donated these cells) and would not be rejected. 
Takahashi and Yamanaka initially discovered that mouse 
embryonic fibroblasts and adult mouse fibroblasts could be 
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colleagues investigated if AFPS cells could differentiate into 
renal structures by labeling human cells and injecting them 
into murine embryologic renal tissues. The anlagen were 
cultured in vitro using a novel method to allow embryologic 
survival through 10 days in culture. The AFPS cells inte-
grated in renal structures including C and S bodies. RT-PCRs 
demonstrated zonula occludens 1, claudin, and glial-derived 
neurotrophic factor, all of which are early markers for renal 
differentiation and were not seen in AFPS cells not injected 
into the anlagen.55 This study demonstrates that AFPS cells 
can differentiate into renal lineage when cultured in vitro 
with renal precursors.

AFPS cells derived from humans can be combined with 
disassociated murine kidneys to produce chimeric renal 
structures. When CellTracker-labeled hAFPS were grown 
with the disaggregated E11.5 murine kidneys, expression of 
WT1, Pax-2, and laminin was noted in the CellTracker-
labeled cells. This effect was noted to be mammalian target 
of rapamycin (mTOR) dependent, and p70S6K-mediated 
phosphorylation of endogenous S6 protein could be 
reduced using small interfering RNA (siRNA) targeted at 
mTOR.56

A potential application for AFPS could be delaying pro-
gression of renal tubular fibrosis and progressive glomeru-
lopathy. Using a murine Col4a5−/− model that develops 
abnormal glomerular morphology and tubular fibrosis, 
Sedrakyan and colleagues noted a 20% improvement in 
overall survival with the infusion AFPS at 1.5 months. One 
theory is that this effect was due to an antifibrotic role with 
downregulation of transforming growth factor-β (TGF-β) 
transcription factors in the AFPS mice. An immunosuppres-
sive effect was noted with decreased local M-1 macrophage 
recruitment and reduced tumor necrosis factor (TNF-α), 
C-X-C motif ligand 2 (CXCL2), macrophage colony-
stimulating factor (M-CSF), and CC motif chemokine ligand 
2 (CCL2) expression locally.57 Renoprotection by AFPS was 
noted in the glycerol-induced renal dysfunction model as 
well. In this case, the effect was more persistent than the 
effect found using MSCs.58 Although this approach is prom-
ising, further in vivo studies and functional assays are 
required prior to clinical applications with AFPS.

ADULT STEM CELLS

Adult stem cells, especially hematopoietic stem cells (HSCs), 
are the best understood cell type in stem cell biology.59 
However, adult stem cell research remains an area of intense 
study, as the potential of these cells for therapy may be 
applicable to myriad degenerative disorders. Within the past 
decade, adult stem cell populations have been found in 
many adult tissues other than the bone marrow and the 
gastrointestinal tract, including the brain,60,61 skin,62 and 
muscle.63 Many other types of adult stem cells have been 
identified in organs all over the body and are thought to 
serve as the primary repair entities for their corresponding 
organs.64 The discovery of such tissue-specific progenitors 
has opened up new avenues for research.

Although almost all adult stem cells are tissue specific, a 
notable exception is the MSC, also known as the multipo-
tent adult progenitor cell. This cell type is derived from 
bone marrow stroma.65,66 Such cells can differentiate in vitro 
into numerous tissue types67,68 and can also differentiate 

transfected with Oct4, Sox2, c-Myc, and Klf4 and confirmed 
with green fluorescent protein. These cells, obtained from 
12 healthy volunteers up to age 65, had DNA microarray 
global gene expression similar to that of ES cells with normal 
karyotypes. They were able to induce teratoma, hepatocyte, 
cardiomyocyte, and neural differentiation in these cells.46

The iPS cells have also been used to generate podocytes, 
which previously were very difficult to create due to their 
specialized function, terminal differentiation, and complex 
cytoarchitecture. Song and colleagues describe a 10-day spe-
cific culture regimen that generates iPS-derived cells that 
have similar morphologic appearance to human podocytes 
following nephrectomy. In addition, they demonstrate 
increased expression of WT1, synaptopodin, nephrin, and 
Pax-2 while downregulating OCT3/4 and integrating into 
embryonic kidneys appropriately.47

STEM CELLS DERIVED FROM AMNIOTIC  
FLUID AND PLACENTA

The amniotic fluid and placental membrane contain a het-
erogeneous population of cell types derived from the devel-
oping fetus.48,49 Cells found in this heterogeneous population 
include mesenchymal stem cells (MSCs).50,51 In addition, the 
isolation of multipotent human and mouse amniotic fluid– 
and placental-derived stem (AFPS) cells that are capable of 
extensive self-renewal and give rise to cells from all three 
germ layers was reported in 2007.52 AFPS cells represent 
approximately 1% of the cells found in the amniotic fluid 
and placenta. The undifferentiated stem cells expand exten-
sively without a feeder cell layer and double every 36 hours. 
Unlike hES cells, the AFPS cells do not form tumors in vivo. 
Lines maintained for over 250 population doublings retained 
long telomeres and a normal complement of chromosomes. 
AFPS cell lines can be induced to differentiate into cells 
representing each embryonic germ layer, including cells of 
adipogenic, osteogenic, myogenic, endothelial, neural-like, 
and hepatic lineages. In addition to the differentiated AFPS 
cells expressing lineage-specific markers, such cells can have 
specialized functions. Cells of the hepatic lineage secreted 
urea and α-fetoprotein, while osteogenic cells produced 
mineralized calcium. In this respect, they meet a commonly 
accepted criterion for multipotent stem cells, without imply-
ing that they can generate every adult tissue.

AFPS cells represent a new class of stem cells with proper-
ties somewhere between those of embryonic and adult stem 
cell types, probably more agile than adult stem cells, but less 
so than ES cells. Unlike embryonic and induced pluripotent 
stem cells, however, AFPS cells do not form teratomas and, if 
preserved for self-use, avoid the problems of rejection. The 
cells could be obtained either from amniocentesis or chori-
onic villous sampling in the developing fetus, or from the 
placenta at the time of birth. They could be preserved for 
self-use and used without rejection, or they could be banked. 
A bank of 100,000 specimens could potentially supply 99 
percent of the U.S. population with a perfect genetic match 
for transplantation. Such a bank may be easier to create than 
with other cell sources, since there are approximately 4.5 
million births per year in the United States.

Since the discovery of the AFPS cells, other groups have 
published on the potential of the cells to differentiate to 
other lineages, such as cartilage53 and lung.54 Perin and 
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months. They found the label-retaining cells were localized 
in the renal papillae in the region closest to the urinary 
space. Co-staining with von Willebrand factor ruled out the 
possibility that these cells were of vascular origin. They were 
able to isolate and culture the BrdU cells in vitro and when 
cultured appropriately could produce epithelial or mesen-
chymal proteins.78 The authors subsequently induced an 
ischemic insult and this caused a decrease in the population 
of papillary BrdU cells, with a concomitant rise in Ki-67 (a 
marker for cellular proliferation) positive cells localized in 
the outer renal papillae adjacent to the urinary space. The 
authors concluded that this population of cells was associ-
ated with renal repair following AKI.78 Kim and associates 
injected BrdU into pregnant rats between embryonic days 
17 and 19 and histologically examined the resulting kidneys 
at 2 and 6 months after birth. They found these label-
retaining cells were localized to the corticomedullary junc-
tion as tubular cells or to the papilla as epithelial, endothelial, 
or interstitial cells.79

While it has been demonstrated that these BrdU-retaining 
cells respond to renal insult with propagation, others have 
challenged whether these are in fact renal progenitor cells. 
Vogetseder and colleagues evaluated kidneys of rats follow-
ing 2 weeks of BrdU administration for label retention or 
cyclin D1 (a protein heavily expressed in early G1 and 
required for cell cycle progression). They described BrdU 
retention in tubular epithelial cells based on proportions of 
Ki-67 or cyclin D1.80 Their findings suggested that the BrdU 
population may in fact be a quiescent differentiated cell 
rather than a true renal stem cell.

Other methods for identifying stem cells include the rec-
ognition of specific cell surface markers. Bussolati and col-
leagues chose to evaluate if CD133+ cells reside in the 
human renal parenchyma.81,82 CD133 is expressed in hema-
topoietic and progenitor cells, and also in the embryonic 
kidney. The observed CD133 population was approximately 
0.8% of the total cell population within the renal cortex. 
These cells expressed Pax-2 but not CD45 (a marker of 
hematopoietic lineage) or c-Kit or CD90 (stem cell 
markers).82 In vivo these cells formed tubule-like structures 
after implantation into immunocompromised mice.82 Fol-
lowing enzymatic digestion of rat kidneys, Plotkin and asso-
ciates identified a single clone that expressed Sca-1, CD44, 
CD34; transcription factors Pod-1 and BF-2; and receptors 
for sonic hedgehog, bone morphogenic protein, and reti-
noic acid. When these cells were injected subcapsularly fol-
lowing ischemia/reperfusion injury, the isolated cells 
integrated into the peritubular capillaries and periphery of 
the papillae.83 Gupta and coworkers enzymatically digested 
4-week-old rat kidneys and grew the cellular suspension in 
culture methods similar to those used for bone marrow–
derived cells. They identified a population of cells that were 
capable of more than 200 population doublings without 
senescence and expressed vimentin, octamer-binding tran-
scription factor 4 (Oct-4), and Pax-2 without any markers of 
either major histocompatibility complex (MHC) class or 
other markers of differentiated cells. When labeled cells 
from this study were reintroduced in vivo, they demon-
strated integration into the renal architecture but did not 
improve kidney function following ischemia-reperfusion 
injury.81 The identification of renal cells that can integrate 
into the renal parenchyma could have future implications 

developmentally if injected into a blastocyst. Multipotent 
adult progenitor cells can develop into a variety of tissues, 
including neuronal,69 adipose,63 muscle,63,70 liver,71,72 lung,73 
spleen,74 and gut tissue,66 but notably not bone marrow or 
gonads. There has been considerable research into the 
identification, characterization, and expansion of renal 
multipotent progenitor cell.

INTRARENAL PROGENITOR CELLS

The kidney possesses the ability to perform endogenous 
repair following acute injury. This is made evident by the 
fact that most patients with acute kidney injury (AKI) do not 
progress to chronic kidney disease (CKD) or ESKD, but 
instead they regain function (see Chapter 31). Understand-
ing the cellular responses that permit regeneration of renal 
tissue can help investigators identify mechanisms associated 
with endogenous repair and provide guidance for develop-
ing future therapeutics. Recent evidence suggests that 
within the renal parenchyma, a progenitor cell that is able 
to differentiate into the various cells of the nephron may 
exist. Using a zebrafish model, progenitor cells have been 
identified which can form new functional nephrons during 
growth or following injury and repair. In this study, the 
integration of cells required a previous aggregation and not 
single cell transplantation. The “community effect” with 
cells responding to signals within their environment is not 
novel,75 and these insights may help to translate to mam-
malian progenitor cell identification.

One functional definition of a stem cell in the skin or 
stomach would be the ability to retain bromodeoxyuridine 
(BrdU) over long chase periods. BrdU is a synthetic nucleo-
side analog of thymidine, which is incorporated into the 
DNA during replication. Retention of this compound for 
extended periods of time suggests that a cell has a very long 
cell cycle time, and this is one characteristic of stem cells. 
Maeshima and colleagues were able to identify such label-
retaining cells localized in renal tubular epithelial cells of 
normal adult rats 2 weeks after intraperitoneal BrdU injec-
tions.76 Following ischemic insult in these rats, a high pro-
portion of cells positive for BrdU and proliferating cell 
nuclear antigen (PCNA) were found in the tubules; this 
suggests that the cells responsible for regeneration of 
tubular epithelium are derived from the BrdU+ population. 
The authors subsequently characterized in vitro properties 
of the label-retaining cells. These HoechstLowBrdU+ cells 
identified by fluorescence-activated cell sorter (FACS) dem-
onstrated significant plasticity. Additionally, when injected 
into day 15 rat metanephros, a proportion of the labeled 
cells stained positive for proximal tubule (Lotus tetragonolo-
bus lectin) and ureteric bud (Dolichos biflorus lectin) 
markers.77 Following unilateral ureteral obstruction, the 
BrdU label-retaining cells were found to replicate at high 
numbers based on PCNA staining. Also, these cells appeared 
to cross the tubular basement membrane and contribute to 
fibrosis of the kidney as they had an epithelial to mesenchy-
mal transition. The BrdU+ cells were noted to lose staining 
for E-cadherin (an epithelial marker) and develop positivity 
for α-smooth muscle action and vimentin.77

Oliver and associates injected BrdU subcutaneously in 
3.5-day rats and harvested their kidneys beginning at 2 
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WT1 and 30% coexpression of nephrin or podocin. These 
RLCs also served as progenitor cells for the PECs. In these 
cells, which migrate, expression of claudin-1 and Pax-2, 
indicative of PECs, was noted.89

Identification of renal progenitor cells is a substantial 
step toward understanding the inherent regenerative capac-
ity of the kidney. The ability to identify the subset(s) of cells 
responsible for endogenous kidney repair and expansion of 
these cells in vitro could provide future therapeutic implica-
tions. Care must be taken in referring to these identified 
cells as renal stem cells. No group has yet demonstrated a 
population of cells that satisfy the strict definition of stem 
cell, including the ability to form clonal populations in vitro. 
However, this technology still needs refinement prior to 
clinical usage.

BIOMATERIALS

For renal regenerative therapy and development of an 
implantable renal unit, it is mandatory that biocompatible 
materials be developed that can assist in function and 
provide the structural and architectural parameters needed 
for solute excretion. Biomaterials in renal regenerative med-
icine function as an artificial extracellular matrix (ECM) and 
elicit biologic and mechanical functions of native ECM 
found in tissues in the body. Native ECM brings cells together 
into tissue, controls the tissue structure, and regulates the 
cell phenotype.90 Biomaterials facilitate the localization and 
delivery of cells and/or bioactive factors (e.g., cell adhesion 
peptides, growth factors) to desired sites in the body; define 
a three-dimensional space for the formation of new tissues 
with appropriate structure; and guide the development of 
new tissues with appropriate function.91 Direct injection of 
cell suspensions without biomaterial matrices has been used 
in some cases,92,93 but it is difficult to control the localization 
of transplanted cells. Localization of transplanted renal cells 
can be performed with subcapsular injection or direct injec-
tion into the renal artery. However, most mammalian cell 
types are anchorage dependent and will die if not provided 
with a cell-adhesion substrate.

DESIGN AND SELECTION OF BIOMATERIALS

The design and selection of biomaterials in renal regenera-
tive therapy must provide structural integrity for implanta-
tion and adhesion capabilities for cellular attachment. The 
selected biomaterial should be biodegradable and biore-
sorbable to support the reconstruction of a completely 
normal tissue without inflammation. Such behavior of the 
biomaterials avoids the risk of inflammatory or foreign-body 
responses that may be associated with the permanent pres-
ence of a foreign material in the body. The degradation rate 
and the concentration of degradation products in the tissues 
surrounding the implant must be at a tolerable level.94

The biomaterials should provide an appropriate regula-
tion of cell behavior (e.g., adhesion, proliferation, migra-
tion, differentiation) in order to promote the development 
of functional new 